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Benzenesulfenyl chloride adds diaxially to 5a-cholest-2-ene (1) yielding 2P-chloro-3a-(pheny1thio)- 
5a-cholestane (3). Assuming that the reaction proceeds via the episulfonium ion (2), this allows the 
inclusion of these species within the scope of the diaxial opening rule. On heating, 3 undergoes rearrange- 
ment to 3~-chloro-2a-(phenylthio)-5a-cholestane (4). This reaction is the first instance of a diaxial -+ 
diequatorial rearrangement of 6-halothioethers. 

Mild oxidation of 3 gives a mixture of the two sulfoxides epimeric at the sulfur atom (160 and 160). 
On heating, both sulfoxides suffer pyrolytic elimination, without any sign of diaxial -t diequatorial 
rearrangement. A major product of the elimination, evidently 2-chloro-5a-cholest-2-ene (18), was found 
to be formed a little more readily from the S-sulfoxide (160) than from the R-isomer (16a). This observa- 
tion is in accord with the conclusion of previous investigators that the elimination of the sulfenic acid 
from an alkyl sulfoxide involves bond formation between the hydrogen and sulfinyl oxygen during the 
rate determining stage (cf. 19). 

Canadian Journal of Chemistry, 46, 1 (1968) 

The diaxial + diequatorial rearrangement (1) 
has been shown to take place with dihalides 
(2-4), and carboxylic (1, 5) and sulfo~lic esters 
(6) of halohydrins. Our interest in this reaction 
has led us to consider the possibility of such 
rearrangement with other types of compounds, 
not only to  discover the full scope of the reaction 
but also with an eye to elucidating details of its 
~nechanism (cf. (7)). From the examples already 
known it appeared that a sufficient-though not 
necessarily exclusive-requirement for the re- 
arrangement was the presence in a 1,2-diaxial 
relationship of a good leaving group and a 
function capable of neighboring group partici- 
pation. We therefore expected that p-halo- 
thioethers should be capable of undergoing the 
diaxial + diequatorial rearrangement. In addi- 
tion, these species possess structural features 
which we hoped would be helpful to us in our 
general study (and which are discussed, in part, 
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in the following paper), and we set out to make 
2~-chloro-3a-(phei~yltl~io)-5a-cholestane (3) as 
an appropriate substrate with which to test these 
notions. This account describes the preparation 
of this compound, its thermal rearrangement, 
and the proof of structure of these materials, 
together with some observations on the corres- 
ponding sulfoxides. The following paper outlines 
experiments designed to shed light on the 
mechanism of this reaction, and upon the 
diaxial + diequatorial rearrangement in general. 

Electrophilic attack on 5a-cholest-2-ene is well 
known to take place preferentially from the a: 
face, which is presumably less hindered than the 
p face because of the absence of angular methyl 
groups. As it is believed that sulfenyl chlorides 
react with simple olefins with initial formation 
of an episulfonium ion (8-lo), it was therefore 
anticipated that the reaction of 5a-cholest-2-ene 
with benzenesulfenyl chloride would lead first t o  
the episulfonium ion (2). It would further be 
expected that 2 would open according to the 
"diaxial opening rule" giving the corresponding 
diaxial compound, 2~-chloro-3a-(pl1enylthio)- 
5a-cholestane (3). This expectation is based on 
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analogy with the observed behavior of other 
three-membered ring species, such as epoxides 
(ll) ,  halonium ions (12), and ethylenimines (13), 
and not on any direct evidence from episulfonium 
ions themselves. Therefore, when the reaction 
was in fact found to yield a 1 :1 adduct, the 
compound was subjected to careful scrutiny in 
order to be entirely certain the structure was 
indeed 3. 

As the usefulness of the compound to us 
depended on whether or not it would undergo 
diaxial --t diequatorial rearrangement, it was 
immediately subjected to the appropriate con- 
ditions and found to isomerize. Among the 
dozen examples of diaxial --t diequatorial re- 
arrangement reported with 2,3-disubstituted 
5a-cholestane derivatives (4-7), the molecular 
rotation difference ([+IEq - [+Izi3 varies from 
-290" to -730°, with most in the range of 
roughly -400" to -550". The difference in the 
present instance is -410°, in excellent agreement 
with the expectation that the 5a-cholest-2-ene - 
benzenesulfenyl chloride adduct is in fact diaxial, 
and rearranging to a diequatorial isomer. 

Comparison of the nuclear magnetic resonance 
(n.1n.r.) spectra of the two compounds confirmed 
this. The diaxial isomer showed bands centered 
near 4.4 and 3.75 p.p.m. and assigned to the 
methine protons on C-2 and C-3 respectively.3 
Both bands showed as unresolved humps with 
widths measured at one-half their heights 
("llalf-widths") of less than 9 c.p.s. Hassner and 
Heathcock (15) have examined the spectra of a 
number of analogous steroids and have found 
that such methine hydrogen atoms when equa- 
torial have half-widths of from 5 to 12 c.P.s., 
whereas axial protons, presu~nably because of 
the greater couplillg with vicinal axial protons, 

PtlSCI - 

3This assignment, rather than the rcverse, is made on 
the basis of (i) the greater deshielding effcct of chlorine 
as compared with sulfur (14), and (ii) the observation that 
the band at  3.75 p.p.m. is shifted to  3.95 p.p.m. in the 
p-nitro analoguc of 3 (see J. F. King and K. Abikar, Can. 
J. Chem. This issue.) while the 4.4 p.p.m. band is 
unchanged. 

show much broader bands, viz. froin 15 to 
30 c.p.s. The rearranged compound (4) showed 
only a single broad band (half-width > 40 c.p.s.) 
around 4.4 p.p.m. but the picture was somewhat 
clearer with the sulfone (12), obtained by oxida- 
tion of 4. The spectrum of 12 has broad bands 
centered around 3.9 and 3.25 p.p.m. with half- 
widths of about 15 and 20 c.p.s. respectively, 
clearly indicating that the protons at C-2 and C-3 
in the sulfone (12) and hence in the rearranged 
thioether (4) are axial. 

The above argument establishes that the 5a- 
cllolest-2-ene - benzenesulfenyl chloride adduct 
is diaxial and rearranges thermally to a diequa- 
torial isomer. No data, however, have been 
presented to show that the compound is in fact 
3, and not the diaxial coinpound in which the 
positiolls of the substituents are reversed, i.e. 
3a-chloro-20-(pheny1thio)-5a-cholestane. The re- 
quired evidence was obtained from a sequence 
of reactions beginning with the oxidation of 3 
to the corresponding sulfone (5). Hydrogenation 
of 5 in the presence of Raney nickel gave the 
decl~loro-sulfone (6), together with a somewhat 
larger amount of 5a-cholestane. The structure 
of the dechloro-sulfone was established by 
independent synthesis from 5a-cholestan-30-yl 
pl~enylmetl~anes~~lfonate (8) as in the reaction 
scheme. The assignment of the stereochemistry 
of 7 (and hence of 6) follows froin the well-known 
predilection of thiophenoxide ions to attack with 
inversion of configuration at carbon atoms 
bearing easily displaced groups, as in the closely 
related example of the 4-t-butylcyclol~exyl 
tosylates studied by Eliel and Ro (16). As a 
check on this point 5a-cholestan-3a-y1 mesylate 
(11) was treated with sodium thiophenoxide and 
the product (10) oxidized to thc sulfone (9). This 
inaterial was clearly different from 6 but could 
be obtained from 6 by treatment with strong 
base, which allows the phenylsulfonyl group to 
epiinerize to the less compressed equatorial 
position. 

As a final check that the diaxial coinpound (3) 
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was in fact, undergoing a diaxial -+ diequatorial 
rearrangement, the product (4) was oxidized to 
12 which was then hydrogenolyzed giving 
2a-(phenylsulfony1)-5a-cholestane (13). Sulfone 
13 was synthesized from 5a-cholestan-2,B-yl 
tosylate (15) via the sulfide (14) in a manner 
similar to the preparation of 6 and 9. In agree- 
ment with the assigned stereochemistry, 13 was 
stable to the conditions under which 6 isomerized 
to 9. 

The above results, coupled with the recent 
discovery of neighboring group participation by 
sulfinyl groups (17), prompted us to determine 
whether or not the corresponding p-chloro- 
phenylsulfoxides would undergo diaxial -) di- 
equatorial rearrangement. Accordingly sulfides 
3 and 4 were subjected to mild oxidation to 
yield the corresponding sulfoxides. The material 
from 3 was found to be a roughly 2:l mixture of 
the two sulfoxides epimeric at the sulfur atom, 
and which proved to be separable on thin-layer 
chromatography. The major component melted 
at 125" and showed a strong positive Cotton 
effect (a  = +300). Following the work of 
Mislow and co-workers on optically active aryl 
alkyl sulfoxides (18, 19), it was assigned the R 
configuration at the sulfur atom, as in 16a. The 
other diaxial sulfoxide (m.p. 160") showed a very 
strong negative Cotton effect (a  = -1432) and 
was accordingly formulated as the S-isomer 
(16b). Further oxidation of the original mixture 
of the two epimeric sulfoxides gave a virtually 

quantitative yield of sulfone 5.  The diequatorial 
chloro-sulfide (4) was also oxidized under mild 
conditions giving what appeared from its sharp 
melting point and chromatographic behavior to 
be a single product (17), though no very serious 
attempts were made to determine whether or not 
the product was in fact coinposed of epimeric 
materials. 

On heating, neither 16n nor 166 gave any 
detectable quantity of 17. The major isolated 

,/ -(7 I' j; 
' H 
, S....Ph 6, 
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product (in 40-50 % yield) from the sulfoxide 
mixture was evidently derived from pyrolytic 
elimination of the elements of benzenesulfenic 
acid (PhSOH). The presence of one olefinic 
hydrogen (at 5.7 p.p.m.) and the known pro- 
pensity of sulfoxides to undergo cis elimination 
(20) indicate the vinyl chloride structure (18) for 
the pyrolysis product. 

Kingsbury and Cram (20) have suggested that 
such eliminations proceed via a transition state 
in which the hydrogen becomes bonded to the 
oxygen atom of the sulfinyl group rather than the 
sulfur atom, and two recent papers supply 
stereochemical support for this idea (21, 22). For 
the pyrolysis of 16a and 166, these transition 
states may be formulated as in 19a and 19b, 
respectively. On sucll a basis it would be expected 
that the S-sulfoxide (166) would form 18 more 
readily than the R-sulfoxide (16a), because 19b 
lacks the non-bonding repulsion between the 
phenyl group and the 5a-hydrogen present in 
19a (and which is probably not present in the 
starting material (16a)). This expectation was, 
in fact, realized. Upon heating a toluene solution 
of each sulfoxide at 95" for a number of hours, 
taking samples at intervals for assay by thin-layer 
chron~atography, we found in each sample that 
the S-sulfoxide (16b) produced more 18 than did 
the R-isomer (16a). Accompanying 18 in the 
pyrolysis and running at only slightly slower rate 
on the chromatogram, was a second material 
which appeared to be formed in larger amount 
from the R-sulfoxide than from the S-compound. 
No attempt was made to characterize this 
material owing to the small quantities at hand. 
The observation, however, raises the interesting 
possibility that the material is 2-chloro-5a- 
cholest-3-ene, an allylic isomer of 18, which for 
a reason similar to that given for the relative 
ease of forming 18, might be expected to be 
produced more readily from 16a than from 166. 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected. Infrared spectra were obtained with 
a Beckman IR-7 instrument equipped with sodium 
chloride optics. Nuclear magnetic resonance spectra were 
measured on a Varian A-60 instrument with tetramethyl- 
silane as internal standard. Optical rotations at  the D line 
were determined with a Rudolph model 80 polarimeter 
using approximately 1 % solutions in chloroform; all 
other rotations were obtained using a Jasco ORD/UV-5- 
CD spectropolarimeter. 

Petroleum ether refers to the fraction of boiling range 

35-60". Thin-layer chromatography was carried out o n  
Camag Kieselgel D F  5. A multiple development technique 
was employed to separate compounds with very similar 
Rr values. In  these cases the plate was developed using 
solvent which gave a low Rr value, then air-dried and 
redeveloped, the procedure being repeated until the 
desired separation had been achieved. 

2~-Cl1loro-3a-(pl1e~lt/1io)-5a-cl~olestnr1e (3) 
5a-Cholest-2-ene was prepared by the method of Alt 

and Barton ( 4 ,  and benzenesulfenyl chloride by chlorina- 
tion of diphenyl disulfide (23). A solution of 5a-cl~olest-2- 
ene (1) (2.7 mmole) in methylene chloride (60 ml) was 
cooled in an ice bath. Benzenesulfenyl chloride (3.0 
mmole) in methylene chloride (30 ml) was added with 
stirring over a period of 15 min. The brownish-red color 
of the sulfenyl chloride disappeared rapidly as  long as  
there was any unreacted cholest-2-ene; the conversion of 
all of the olefin was marked by persistence of the color. 
The reaction mixture was quickly washed with two 50 m l  
portions of water, the methylene chloride layer dried with 
sodium sulfate, and the solvent evaporated under reduced 
pressure. The product (1.35 g, 90%) crystallized in the 
flask immediately. Recrystallization from acetone gave 
needles melting at 109-11O0, [a],, +20.5". 

Anal. Calcd. for C33H51SC1: C, 76.92; H,  9.98; 
S, 6.22; C1, 6.88. Found: C, 76.98; H,  9.96; S, 6.29; 
C1,6.87. 

3~-Clrloro-2~-(phe1yltl1io) -5a-cl~olestnne (4) 
2~-Chloro-3a-(phenylthio)-5~-cholestane (3) (0.90 g) 

was dissolved in 1-butanol and heated at 80" for 1-$ h. The 
solvent was removed under reduced pressure and the 
residue chromatographed on silica gel. The fraction 
(651 mg) eluted with petroleum ether was recrystallized 
from ether-methanol; m.p. 74", [ a ] ~  -57". 

Anal. Calcd. for C33H51SCl: C, 76.92; H,  9.98; S, 6.22; 
C1,6.88. Found: C, 76.94; H ,  10.01; S, 6.38; C1, 6.63. 

2~-Cl1loro-3a-(phe/1yls11,fo11yl)-ja-clrolestone (5) 
2~-Chloro-3a-(phenylthio)-5a-cholestane (3) (100 mg) 

in acetic acid (10 ml) was heated at 91" with excess 30% 
hydrogen peroxide (-1 ml) for 2 h. The reaction mixture 
was poured into water and extracted with chloroform. 
The chloroform extract was washed successively with 
dilute NaOH, dilute HCl, and water. The solvent was 
removed under reduced pressure leaving a product 
(96 mg) which was then recrystallized from acetone. 
The compound melted at 154O, solidified and melted again 
at  165"; [a]D +53". 

Anal. Calcd. for C33H51S02Cl: C, 72.43; H ,  9.40; 
S, 5.86; C1, 6.48. Found: C, 72.62; H,  9.38; S, 6.08; 
C1, 6.62. 

3a-(Plre/gvlthio)-5a-cl1olestane (7) 
5a-Cholestan-38-yl phenylmcthanesulfonate (8) was 

prepared by the reaction of cholestan-38-01, phenyl- 
methanesulfonyl chloride, and triethylamine, as described 
by Durst (24). A portion (250 mg) of the sulfonate was 
added to a solution prepared by mixing benzenethiol 
(0.50 g), metallic sodium (40 mg), 95% ethanol (2 ml) 
with tetrahydrofuran (10 ml), and the mixture refluxed 
in a nitrogen atmosphere for 9 h. The reaction mixture 
was then poured into dilute aqueous NaOH and extracted 
with chloroform. The extract was washed with dilute 
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HC1 and water and dried over Na2S04. The crude prod- 
uct (256 mg) obtained on evaporation of the solvent 
was purified by thin-layer chromatography giving a 
material (174 mg, 81 %) which on rec~ystallization from 
ether-ethanol melted at 105-106", [a],, $19.5". 

Anal. Calcd. for C33HszS: C, 82.44; H, 10.90; S, 6.66. 
Found: C, 82.18; H, 10.65; S, 6.94. 

3a-(PIierzylsulfo~2yl)-5a-~holestorie (6) 
3a-(Phenylsulfony1)-5a-cholestane was prepared by 

oxidation of 3~~-(phenylthio)-5a-~holestane (7) with 
hydrogen peroxide as already described in the preparation 
of 2~-chloro-3a-(phenylsulfonyl)-5a-cholestane (see 
above). The yield was virtually quantitative. The analy- 
tical specimen was obtained by recrystallization from 
ether-thanol, m.p. 159-160", [ a ] ~  $17.5". 

Anal. Calcd. for C33H52S02: C, 77.29; H, 10.22; 
S, 6.24. Found: C, 77.17; H, 9.79; S, 6.24. 

Hydrogeriatiorr of 2p-CIzloro-3a-(pI1e1iyls11lfo11yl)-5a- 
cholestane 

2p-Chloro-3a-(phenylsulfony1)-5a-cholestn (5) (1 57 
mg) was dissolved in 2-methoxyethanol and shaken with 
hydrogen at atmospheric pressure in the presence of 
Raney nickel catalyst (ca. 3.3 g) and calcium carbonate 
(200 mg). The crude product obtained after filtration and 
evaporation of the solvent from the filtrate, was separated 
by thin-layer chromatography into two components. The 
major component (85 mg) was shown to be cholestane 
and the minor component (23 mg) to be 3a-(phenyl- 
sulfony1)-5a-cholestane (6), in each case by comparison 
of specific rotation, infrared spectrum, melting point, and 
mixture melting point with that of an authentic specimen. 

3~-(Pl1et1ylthio)-5a-cholestarre (10) 
3p-(Pheny1thio)-5a-cholestane was prepared in 76 % 

yield from 5a-cholestan-3a-yl methanesulfonate (11) by 
the method given for 3a-(pheny1thio)-5a-cholestane (see 
above), m.p. 79-80", [a],, $18". The reaction mixture 
also contained a small amount (12 %) of 5a-cholest-2-ene. 

Anal. Calcd. for C33HszS: C, 82.44; H,  10.90; S, 6.66. 
Found:C,82.23;H,11.21;S,7.05. 

3p-(PIzer1ylsulfotzyl)-5a-~holestatre (9) 
Oxidation of 3p-(pheny1thio)-5a-cholestane (10) with 

hydrogen peroxide as described above in the preparation 
of 2p-chloro-301-(phenyIsulfony1)-5a-cholestane gave a 
70 % yield of crude 38-(phenylsu1fonyl)-5a-cholestane. 
Recrystallization from methylene chloride - ethanol gave 
the pure material, m.p. 182", [a]D $20.5". 

Anal. Calcd. for C33H52S02: C, 77.29; H, 10.22; 
S, 6.24. Found: C, 77.54; H, 9.88; S, 6.59. 

Epimerizatiorz of 3~-(PI1eriylsulfot1yl)-5a-~holestatze 
3a-(Phenylsulfony1)-5a-cholestane (6) (25 mg) was 

heated with potassium hydroxide (135 mg) in distilled 
dimethyl sulfoxide at -75" for 16 h. The reaction mixture 
was poured into water and extracted with chloroform. 
The extract was washed with dilute hydrochloric acid and 
water, dried, and the solvent evaporated. The material 
(21 mg, 84 %), melting at 182-183", obtained on recrystal- 
lization from ether-ethanol, was shown by infrared 
spectrum and mixture melting point to be identical to 
38-(p11enylsulfonyl)-5~cholestane obtained by hydrogen 
peroxide oxidation of 3p-(pheny1thio)-5a-cl~olestane 
(see above). 

2a-(PIreriy1thio)-5a-cholestane (14) 
Benzenethiol(2.0 ml) and tetrahydrofuran (80 ml) were 

added to a solution (5 ml) of sodium ethoxide (from 300 
mg of sodium) in ethanol. 5m-Cholestan-28-yl tosylate 
(865 mg) was added and the mixture refluxed under 
nitrogen for 6 h. It  was then poured into dilute NaOH, 
extracted with methylene chloride, and the extract washed 
with dilute HC1 and water, and dried over sodium sulfate. 
The crude product, which was contaminated with phenyl 
disulfide. was subjected to thin-layer chronlatography 
using cyclohexane-ether (9:l) and developing two or 
three times. The purified material (136 mg) so obtained, 
was recrystallized from ether-methanol and acetone 
methanol; n1.p. 55-86". 

Anal. Calcd. for C33Hj2S: C, 82.44; H, 10.90; S, 6.66. 
Found: C, 82.15; H, 10.66; S, 6.90. 

2~-(Plierrylsulfor2yl)-5~-cholestorre (13) 
201-(Pheny1thio)-5a-cholestane was oxidized in good 

yield with hydrogen peroxide as in the preparation of 
2p-chloro-3~-(phenylsulfonyl)-5a-cholestane (see above). 
The product was chromatographed and then recrystallized 
from ether-methanol giving an analytical sample melting 
at 167-168"; [ a ] ~  $9". 

Anal. Calcd. for C;;H5202S: C, 77.29; H, 10.22; S, 
6.24. Found: C, 77.47; H, 10.15; S, 6.39. 

Hydrogens t iotz of 3p-CI1loro-2~-(pkerrylszrlfor1yl) -501- 
cholestnrre 

3p-Chloro-2a-(phenylsulfony1)-5a-cholestne (12) (317 
mg) was dissolved in z-methoxyethane (50 ml) and shaken 
with hydrogen in the presence of Raney nickel catalyst 
(-1.0 g) and lithium carbonate (0.2 g) for 46 h. On thin- 
layer chromatography the crude product (270 mg) was 
separated into unreacted 12 (1 16 mg), cholestane (72 mg, 
53 % yield, on the basis of unrecovered starting material), 
and 2a-(phenylsulfony1)-5a-cholestane (13) (45 mg, 24 % 
yield, on the basis of unrecovered starting material) 
identified by melting point, mixture melting point, and 
specific rotation. 

2p-Clzloro-3a-(phenylsrrfiyl) -5a-cholestorre 
(R- arzd S-isomers, 160 orrd 160) 

2~-Chloro-3a-(phenylt11io)-5a-cholestane (3) (682 mg, 
1.32 rnmoles) was suspended in glacial acetic acid (200 ml) 
and 30 % hydrogen peroxide solution (2.0 ml) added. The 
solid particles were scratched with a glass rod to aid 
dissolution, and the reaction mixture was then let stand 
for 2 h at room temperature. The material was then 
pourcd into water (ca. 300 ml) and the mixture extracted 
with methylene chloride. The extracts were washed 
successively with dilute NaOH, water, dilute HCl, and 
water again. The methylene chloride layer was then dried 
with anhydrous MgSO? and the solvent evaporated 
giving the crude product (701 mg). On recrystallization 
from ether-methanol a crystalline product (591 mg) 
melting from 115 to 130" was obtained. This material was 
used directly in both the preparative pyrolysis forming 18, 
and the oxidation to sulfone 5. It showed only one spot 
on thin-layer chromatography with a number of solvents, 
but was found to be resolved into two components with 
cyclohexane-ether (3:l). A portion (200n1g) of the 
recrystallized sulfoxide mixture was placed on thin-layer 
plates and developed two or three times with the cyclo- 
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hexane-ether mixture. The front-running material (63 mg) 
melted at 160" after recrystallization from ether- 
methanol. The n.m.r. spectrum showed unresolved peaks 
at 3.1 and 4.9 p.p.m. with widths at half-heights of 
8 c.p.s. each. The optical rotatory dispersion (0.r.d.) 
curve of an ethanol solution showed a trough at 270 mp, 
[+I -9202", and a peak at 221 mp, [4] +20770°, 
([cu]~ -4' in chloroform); on the basis of the work of 
Mislow et al. (18), it was assigned the S configuration at 
the sulfur atom. 

Anal. Calcd. for C33H51C10S: C, 74.61; H, 9.68; 
C1, 6.68; S, 6.04. Found: C, 74.33; H, 9.64; C1, 6.72; 
S, 5.91. 

The slower-running component (139 mg) was recrystal- 
lized from ether-methanol, n1.p. 125". The n.m.r. spec- 
trum showed humps at 3.0 and 4.1 p.p.m., half-widths 
roughly 10 c.p.s. each. The 0.r.d. curve (ethanol) showed 
a peak at 270 inp, [@I +24 980°, and a trough at 221 mp, 
[4] -118 200" ( [ a ] ~  +118" in chloroform); it was 
assigned the R-configuration at the sulfur atom. 

Anal. Calcd. for C33H51C10S: C, 74.61; H, 9.68; 
C1, 6.68; S, 6.04. Found: C, 74.60; H, 9.86; C1, 6.45; 
S, 6.01. 

Pyrolysis of 2p-Cl~loro-3a- (phetlylsitlfi~iyl) -5a- 
cholesta~~e (16) 

The diaxial sulfoxide (16, mixture of epimers at the 
sulfur atom) (250 mg) was heated in a mixture of nitro- 
methane (8 n ~ l )  and chloroform (2 ml) for 21 h at 98 f 2". 
The solution was evaporated to dryness. Thin-layer 
chromatography of the residue showed no material 
corresponding to either the starting material (16) or the 
diequatorial sulfoxide (17); most of thc product appeared 
to run near the front and only slightly more slowly than 
5a-cholest-2-ene. A benzene solution of the residue was 
filtered through silica gel and the solvent evaporated. 
This inaterial was chromatographed on alumina (grade I) ; 
elution with petroleum ether yielded 80 mg of a product 
which after four recrystallizations from ether-methanol 
melted at 122"; [ a ] ~  +7Io. The n.m.r. spectrum showed 
unresolved humps at -5.7 p.p.in. and 2.1 p.p.m. in 
addition to the complex absorption from 0.5 to 2.0 p.p.m. 

Anal. Calcd. for CZ7H45C1: C, 80.04; H, 11 .I9 ; C1,8.75. 
Found: C, 80.47; H, 11.21; C1, 8.44. 

To determine the relative ease with which each of the 
two sulfoxides (160 and 16b) formed the compound 
melting at 122" (18), 6 mg samples of each sulfoxide were 
dissolved in dry toluene (5 ml) and each solution divided 
into five alnpoules. Each ampoule was flushed with dry 
nitrogen, sealed, and heated in a water bath at 95". An 
ampoule of cach sulfoxide was opened after 1 11, 2 h, and 
4 h and the remaining two after 102 h. In each case the 
solvent was removed with a stream of nitrogen, and a 
portion of thc residue analyzed by thin-layer chromatog- 
raphy. Development with cyclohexane-ether (3:l) 
showed the reaction to be nearly complete after 105 h, 
and that there was no detectable amount of material 
running at the same rate on the chromatogram as 
3p-chloro-2~-(phenylsulfinyl)-5~-cholestane (17) in any 
of the samples. Development with petroleum ether 
showed a matcrial from each sulfoxide with the same Rr 
value as 18; for each pair of samples the intensity of that 
spot from the S-sulfoxide (16b, m.p. 160") was distinctly 
greater than that from the I<-sulfoxide (160, m.p. 125"). 

In the chromatogram of each reaction product there 
appearcd another spot immediately following that 
corresponding to 18. The intensity of this spot in the 
material from the R-sulfoxide was greater than that of the 
corresponding spot from the S-sulfoxide. From the 
R-sulfoxide the spots due to 18 and the slower moving 
material appeared to be of very similar intensities, 
whereas froin the S-sulfoxide the spot due to 18 was a 
good deal more intense than that of the slower moving 
material. 

Oxidatiorl of the 2p-Cl1lo:'o-3a-(pl1e11yls11lfi1iyl) -5a- 
cl~olesta~ie Mixtirre (16) 

The crystalline mixture of the two sulfoxides epirneric 
at the sulfur atom (100 mg) was dissolved in glacial acetic 
acid (10 ml). Hydrogen peroxide solution (30%, 1.0 ml) 
was addcd and the mixture hcated for 2 h at 91". It was 
then poured into water and extracted with chloroform. 
The extract was washed with dilute NaOH, water, dilute 
HC1, and water, respectively, and dried over MgS04. 
The solvent was evaporated giving the crude product 
(96 mg). Recrystallization from acetone gave the pure 
product, melting at 165" with a transition at 154". Its 
infrared spectrum was identical to that of the material 
obtained directly by oxidation of the diaxial chloro- 
sulfide (3). 

3p-Cl~loro-2a- (pl~etiylsulfi~ryl) 5a-cholestane (1 7) 
3p-Chloro-2~-(phenylthio)-5~-cholestane (4) was oxi- 

dized in good yield with hydrogen peroxide in glacial 
acetic acid in a manner similar to that used in the prepara- 
tion of 2p-chloro-3a-(phenylsultinyl)-5a-cl~olestane (16). 
On recrystallization from methylene chloride - methanol 
the product melted at 201-202"; [ a ] ~  -184". 

Anal. Calcd. for C33H51C10S: C, 74.61; H, 9.68; 
C1, 6.68; S, 6.04. Found: C, 74.56; H, 9.65; C1, 6.78; 
S, 6.18. 
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Reaction mechanism studies. 5. The mechanism of the d i a x i a l j  diequatorial 
rearrangement of 6-chlorothioethers 

J. F.  KING^ AND K. ABIKAR 
Depart~ne~lt of Clle~nistry, Utliversity of Wester11 Ontario, LOII~OII, 011tario 

Received August 23, 1967 

p-Methoxy- andp-nitro substituted analogues (lb and lc) of the diaxial 8-chlorothioether 28-chloro- 
3a-(pheny1thio)-5a-cholestane (la), have been prepared and found to undergo the diaxial + diequatorial 
rearrangement. The rates of rearrangement of these compounds show the sequencep-methoxy > H > p- 
nitro. It is concluded that the transition state for the rearrangement is polarized in the sense of a sulfoniurn 
chloride (3). The rearrangement of l a  is 1600 times faster in butanol than in decalin (at 110"). There is 
thus no inherent insensitivity to solvent change in a rearrangement in which there may be a "four-atom 
arrangement" in the transition state, a conclusion relevant to previous work on the diaxial + diequatorial 
rearrangement of 1,2-dibromides (1). It was further found that the nitro group slowed the rearrangement 
(at 110") more in butanol than in decalin, an observation regarded as consistent with, but not requiring, 
the incursion of a merged ion-pair, cyclic concerted mechanism. 

Canadian Journal of Chemistry, 46, 9 (1968) 

The previous paper (2) describes the synthesis 
of a diaxial p-halothioetl~er (la) by the action 
of benzenesulfenyl chloride on 5a-cholest-2-ene, 
and the thermal rearrangement of this product 
to its diequatorial isomer (2a). In the present 
account we outline experiments which provide 
some definition of the mechanism of this 
transformation. 

From what is known of the relative capacities 
of chlorine and arylthio groups to function as 
leaving groups and as participating functions at 
neighboring centers, it seemed highly likely that 
ionization of l a  would proceed in the sense of a 
sulfonium chloride (3), rather than a cl~loronium 
sulfide (4). To obtain experimental evidence on 
the point we prepared the corresponding 
p-methoxy and p-nitro derivatives, l b  and lc,  
respectively, and found that both of these 
materials rearrange on heating. 

The structures of these compounds follow 
from the close similarities between them and the 
unsubstituted compounds ( la  and 2a), both in 
method of synthesis and in properties. The 
nuclear magnetic resonance (n.m.r.) spectra of 
all of the sulfenyl chloride adducts (la-c) are 
very similar except, of course, for those differences 
expected as a result of the substitution in the 
aromatic ring; the spectra of the rearrangement 
products are also correspondingly similar. In 
addition, the change in molecular rotation 
accompanying the transformation 1 --t 2 was 

1Fellow of the Alfred P. Sloan Foundation, 1966-1968. 

found to be ca. -600" for l b  --t 2b2 and -830" 
for l c  -) 2c, as compared with -410" for the 
reaction of the unsubstituted compound. 

Measurement of the rates of rearrangement 
indicated the reactions to be first order. As may 
be seen in Table I, in all of the solvents and at all 
of the temperatures at which the rates were 
studied, the rate constants followed the sequence 
p-methoxy > the unsubstituted compound > 
p-nitro. This is readily interpreted in terms of 
charge separation in the transition state in the 
sense of a sulfonium chloride (3), and not that 
of a chloronium sulfide (4). 

As mentioned at the beginning of the previous 
paper (2), the reason for investigating this 
reaction was to gain information relevant to our 
general study of the diaxial --t diequatorial 
rearrangement. We had found (1) that the rates 
of rearrangement of 5a, 5b, 6a, and 6b were 
much more sensitive to a change in solvent than 
was the rate of rearrangement of the analogous 
dibromide (5c). Though the exact positions of 
the rearranging atoms in the transition states of 
these reactions are not known, it could have been 
argued that the difference between the dibromide 
reaction on the one hand and that of the bromo- 
hydrin esters on the other, derived from a differ- 
ent geometrical arrangement in the transition 

2Compound 2b was not obtained in a pure, crystalline 
state, but was characterized as the sulfone. The molecular 
rotation change quoted is that for the conversion of l b  
into the equilibrium mixture of l b  and 26, which is prob- 
ably at least 90 % 2b. 
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state. Thus perhaps C-2, C-3, and the two change in the reaction medium, and that the 
bromine atoms of the dibromide forill a four- smaller change in sensitivity to solvent change 
center arrangement in the transition state, shown by the dibroinide rearrangemellt com- 
whereas C-2, C-3, the bromine, the two oxygens, pared with that of the bromol~ydrin esters, does 
and the sulfur (or carbon) of the esters become not have its origin in differences in geometrical 
ordered in a six-membered ring pattern. It  is arrangement of the atoins in the transition state. 
further at least conceivable that such six-atom The auestioil of whether or not the cliaxial -+ 
transition states would (by some unspecified diequatorial rearrangement proceeds under any 
process) be nlore susceptible to interaction with circumstances via a merged ion-pair, cyclic 
solvent, and hence lead to a greater seilsitivity coilcerted mechanism was taken up in Part 3 
of the rate of reaction to change in solvent. In of this series (1). After a discussion of some 
the system under discussion in the present study, length it was concluded that the data available 
C-2, C-3, and the chlorine and sulfur atoms are at that time were consisteut with the incursion 
the only atoms directly involved in bond breaking of a "merged" mechanism, but that it was also 
and forming processes. Therefore, if the geo- at least conceivable that the reaction was 
metrical effect of the type just indicated were proceeding in all cases via an ion-pair mechanism 
significant, it would be expected that the rate of in which the ratio of ion-pairs returning to 
rearrangement of the P-chlorothioethers would starting material to ion-pairs giving product was 
be as insensitive to change in solvent as that of varying with changes in medium and substrate. 
the dibromide (5c). We have previously shown In the course of the present study we wondered 
that on changing the solvent from nitromethane if the p-cl~lorothioether systeln might not be 
to decalin (at 9g0), the rate of rearrangement of used to obtain evidence on the question. 
the dibroillide 5c decreased 22-fold, whereas In particular we were interested to see if the 
those of the bromol~ydrin esters (5a, 5b, 6n, and presence of a p-nitro group, especially in a 
4b) decreased 100- to nearly 300-fold. The solvent of very low ionizing power such as 
p-chlorotl~ioethers (1) in this study were not decalin, might lead to a manifestly "merged- 
sufficiently soluble in nitromethane for the rate mechanism" process. We found that the intro- 
to be measured in that solvent. However, the duction of a nitro group had a smaller effect on 
rate was measured in a nlixture of nitromethane the rate of rearrangement in decalin solution 
and chloroform (60:40) and also in butan01 than in butanol. Thus the ratio k,,?/kk is 0.11 
(both at 60") and the rates were found to be very in decalin and 0.053 in butanol (at 110"). This 
similar in these solvents (see Table I). As may be change in the kNo2/k ,  ratio, though small, is 
further seen in Table I, the rate of rearrangement qualitatively what would be expected from a 
of %a is reduced about 1600-fold on changing "merged" reaction. In such a process complete 
from butanol to decalin (at 110"). It  is therefore ionization to an ion- air would not occur in less 
concluded that the "four-atom arrangement" in polar media. Thus when the reaction is carried 
the transition state has no intrinsic features out in decalin, the lnagnitude of the charge on 
rendering it significantly less responsive to a the sulfilr atom in the transition state wo~ilcl be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KING AND ABIKAR: REACTION MECHANISM STUDIES. 5 11 

TABLE I 
Rate constants for the diaxial -+ diequatorial rearrangement of the 28-chloro-30~-(pheny1thio)-cholestanes (1) 

Temperature 
Solvent ("'3 kcquil* (s-1) k / k l , i  

2P-Chloro-3a-~henyIthio)-5a-cholestane (la) Nitromethane- 60 1.51 ~ 1 0 - 4  
chloroform (3 :2) 

(1 .oo) 

2~-Chloro-30~-(phenyIthio)-5a-cholestane (la) 1-ButanoI 50 4 . 7 ~ 1 0 - 5  (1 .OO) 
2P-Chloro-3~-(phenyIthio)-5~-cholestane (la) 1-Butanol 60 1 . 5 5 ~ 1 0 - 4  (1 .OO) 
2~-Chloro-3a-(pl1enyIthio)-5a-cholestane (la) 1-Butanol 80 9 . 2 ~ 1 0 4  
2~-Chloro-3a-(phenyltl1io)-5a-cholestane (la) 1-Butanol 110 1 . 3 6 ~ 1 0 - 2  

(1 .'lo) 
(1 .OO) - - 

(estimated) 1 
2P-Chloro-30~-(phenylthio)-5~-cholestane (la) Decalin 110 8.5 x 10-6 (1 .OO) 
2P-Chloro-3~-~~-methoxyphenylthio)-5a- Nitromethane- 60 4.5 x 10-4 3 .O 

cholestane (lb) chloroform (3 :2) 
2P-Chloro-3a-(p-nitropheny1thio)-5a- Nitromethane 60 5.1 x10-6 0.034 

cholestane (lc) chloroform (3 :2) 
2p-Chloro-3~u-(~-nitrophenylthio)-5a- 1-Butanol 110 7.3 ~ 1 0 - 4  0.053 

cholestane (lc) 
2P-Chloro-3~-(p-nitrophenyltl1io)-5a- Decalin 110 9 . 3 ~ 1 0 - 7  0.11 

cholestane(1c) 

,kequll is the first order rate constant for the rate of format~on of the equilibr~um mixture of 1 and 2. 
tThe ratio of kequ,l for the compound to kequfi~ for l a  under the same conditions. 
$Estimated by extrapolation of the plot of lo:! ke",,,i for the other three temperatures vs. 1/T. 

CI- 
\ 

C-C 
/ 

' \+/  \ 
S 

less t l~an  in butanol. Accordingly in decalin the 
presence of the nitro group would have a smaller 
effect on the reaction rate than in butanol. It 
must be pointed out, lzowever, that the above 
experimental result is in effect a small change in 
the Hanlmett p value accompanying a change in 
solvent. In view of the difficulties generally 
associated with determining the origin of small 
variations in p, there seems little point in 
elaborating the discussion any further than 
merely pointing out that the results qualitatively 
agree with what would be expected of a "merged- 

mechanism", but can probably be accounted for 
in other ways as well. 

Experiment a1 
The general techniques, apparatus, and ternlinology 

are the same as in the previous paper (2). 
The solvents used in the kinetic nleasurements were 

purified as follows. 1-Butanol (British Drug Houses 
"Analar" grade was shaken with 10% sulfuric acid, 
5 "/, sodium bisulfite, and 5 "/, S O ~ ~ L I I ~ I  hydroxide solutions, 
respectively. It  was then washed with two portions of 
water and dried ovcr anhydrous sodium carbonate; 
final drying was effected by refluxing over calcium hydride 
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followed by distillation under reduced pressure. Fisher 
"spectranalyzed" grade chloroform was washed five times 
with water, dried over anhydrous magnesium sulfate, and 
refluxed over calcium hydride and distilled. Fisher reagent 
grade nitromethane was distilled from calcium hydride. 
Decalin was purified as described previously (1). 

2p-C/rloro-3a-(p-rritrop/1er1ylthioJ-5a-c/1olestatre (IcJ 
Freshly crystallized p-nitrothiophenol (462 mg, 2.98 

mmole) was chlorinated in methylene chloride at 0". The 
solvent and excess chlorine were evaporated quickly. The 
resulting sulfenyl chloride was dissolved in methylene 
chloride and added to 5a-cholest-2-ene (1.0 g, 2.7 mmole) 
in methylene chloride little by little with shaking. The 
mixture was washed quickly three times with water. The 
solvent was removed after drying over anhydrous mag- 
nesium sulfate. The crude product was crystallized from 
ether-methanol; yield 1.01 g (67%), m.p. 55-60". 
Recrystallization from methylene chloride - petroleum 
ether yielded pure product, m.p. 129", [alu 4-28.5". The 
nuclear magnetic resonance (n.m.r.) spectrum showed 
bands at 3.95 and 4.35 p.p.m., each with "half-width" of 
8 c.p.s. and each corresponding in area to one hydrogen. 

Anal. Calcd. for C33HjoN02SC1: C, 70.73; H, 9.00; 
N, 2.50; S, 5.73; C1, 6.33. Found: C, 70.88; H, 8.82; 
N, 2.67; S,5.95; C1,6.45. 

2~-C/rloro-3a-(p-rnet/roxyp/ie~iyIt/rio)-5a-cIrolestatre (16) 
A saturated solution of chlorine in carbon tetrachloride 

at 0" was added slowly and with shaking to a well-cooled 
solution of p-methoxythiophenol in carbon tetrachloride 
until a permanent deep red color was obtained. The 
excess chlorine and solvent were removed quickly by 
evaporation under reduced pressure. The residue was 
distilled under reduced pressure; b.p. 118" at 5 mm. 

A solution of 5a-cholest-2-ene (500 mg, 1.35 mmole) in 
methylene chloride was cooled to -5" and the similarly 
cooled solution of the sulfenyl chloride in the same solvent, 
was added gradually with shaking until the mixture 
acquired permanent yellow color. The mixture was 
washed twice with watcr. The solvent was removed after 
drying over anhydrous magnesium sulfate. The residue 
was crystallized from methylene chloride - petroleum 
ether; yield 448 mg (60 %), m.p. 109-1 13". After further 
crystallization from ether-methanol, the compound 
melted at 113-115"; [ a ] ~  +16.0°. The n.m.r. spectrum 
showed bands at 3.53 and 4.33 p.p.m., each with "half- 
widths" of 10 c.p.s., and each corresponding in area to 
one hydrogen. 

Anal. Calcd. for C34H53SOCI: C, 74.89; H, 9.98; 
S, 5.88; C1, 6.50. Found: C, 75.34; H, 9.54; S, 6.16; 
C1, 6.53. 

3~-Cl1loro-2~-(p-nitrop/1etrylt6io)-5a-clrolestmte (2c) 
2~-Chloro-3a-(p-nitrophenylthio)-5a-cholestane was 

heated for about 2 h (ca. 8 half-lives) in 1-butanol at 110". 
The solvent was removed under reduced pressure. The 
residue was dissolved in benzene and filtered through 
silica gel; yield 170 mg (85%). Recrystallization from 
acetone yielded a product melting at 131"; [ a ] ~  -120". 
The only absorption in the n.m.r. spectrum between 2.5 
and 7.3 p.p.m. was a broad band from 3.24.2 p.p.m. 
having an area consistent with the presence of two 
hydrogen atoms. 

Anal. Calcd. for C33HjoN02SC1: C, 70.73; H, 9.00; 

N, 2.50; S, 5.73; C1, 6.33. Found: C, 71.07; H, 8.89; 
N,2.64;S,5.91;C1,6.68. 

3p-Cl1loro-2a-(p-tnet/1oxyp/~et1yltlrio)-5~-cl10lestm1e (26) 
20 - Chloro-3a-(p -methoxyphenylthio) -501-cholestane 

(300mg, 0.55 mmoles) was heated in nitromethane- 
chloroform (3 :2) for 4 h at 60". The solvent was evapor- 
ated to dryness. Thin-layer chromatography showed only 
one major spot. The n.m.r. spectrum indicated diaxial 
methine protons showing a broad band from 2.8 to 
3.9 p.p.m. partly obscured by the methoxyl peak at 
3.75 p.p.m. The compound was not obtained in the crys- 
talline state and for the purposes of characterization was 
oxidized by heating with hydrogen peroxide in acetic 
acid as described in the previous paper, whereupon the 
sulfone was obtained in 77% yield. Crystallization from 
ether-methanol yielded a compound melting at 181" ; 
[ a ] ~  -30.5". The n.m.r. spectrum showed the broad 
absorption band from 3.14.1 p.p.m., again partly 
obscured by the methoxyl peak at 3.83 p.p.m. 

Anal. Calcd. for C34H53S03C1: C, 70.73; H, 9.25; 
S, 5.55; C1, 6.14. Found: C, 70.78; H, 9.16; S, 5.45; 
Cl, 6.05. 

Rate Meas~rretnet~ts a t d  Deterrtzirlatiotr of tlze Coarpositiotz 
of the Pyrolytic Eqrlili6riirtn Mixt~ires 

The rate measurements were carried out in sealed Pyrex 
ampoules in the manner previously described (1, 3) 
except that the samples were heated in an ethylene glycol 
bath maintained at the specified temperature *O.lO. The 
extent of reaction was determined polarimetrically, the 
rotation being measured in the solvent of the reaction 
together with an equal volume of chloroform. 

The equilibrium values for thep-nitro and unsubstituted 
materials in nitromethane-chloroform (3:2) were deter- 
mined by pyrolyzing two or three samples each of the 
diaxial and diequatorial compounds for a period corres- 
ponding to 8 half-lives and averaging their optical 
rotations. For the equilibrium l a  = 2a, the [ a ] ~  values 
starting from l a  were -57, -51, and -60°, and those 
from 2a, -57, -58, and -58"; the average (-57") 
corresponds to an equilibrium mixture containing 
98 i 2% 2a. For the equilibrium l c  @ 2c, the [ a ] ~  
values from l c  were -99 and -106, and from 2c, -112, 
-108, and -114"; the average (-110")corresponds to an 
equilibrium mixture with 93 & 5 % 2c. In the p-methoxy 
series the diequatorial isomer (26) was not obtained pure. 
To obtain a reasonable approximation of the equilibrium 
rotation, six samples of the diaxial isomer (16) were 
pyrolyzed as above. The [ a ] ~  values so obtained were 
-36, -30, -32, -38, -35, and -33"; the average, 
-34". In butanol the pyrolyses were accompanied by a 
larger measure of decomposition. The samples were 
accordingly heated for relatively short times and the 
equilibrium rotation found by plotting the [ a ] ~  values 
vs. time and visually estimating the convergence point of 
the curves. In this way the following values were obtained: 
l a  $2a, -44 3" (corresponding to 87 * 4% 2a), 
and l c  $2c, -97 * 15" (corresponding to 87 i 10% 
2c). As in our previous study of the halohydrin esters (I), 
the direct determination of the equilibrium rotation in 
decalin was found to be impracticable, owing to de- 
composition accompanying the long reaction times. As 
before (I), it was assumed that no important error would 
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be introduced by taking the same equilibrium composition of Ontario, and by the National Research 
as in another solvent; in this case the data from nitro- council of canada. 
methane-chioroforn~ were used. 
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The alkaloids of Lycopolkram akopeczkr.oides E. 

W. A. AYER, B. ALTENKIRK, AND S. VALVERDE-LOPEZ 
Departr~lerlt of Cl~ernistry, U/iiversity of Alberta, E~lrnor~torr, Alberta 
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Srnitlr, Klitre, ar?rl Freticll Laboratories, Plrilade~l~ia, Per~risylvarria 

Received August 15, 1967 

The alkaloids o f  Lycopodi~rrn alopecuroides L. have been examined and seven alkaloids isolated. 
These include the known alkaloids lycopodine, lycodoline, and clavolonine, and three previously un- 
reported alkaloids, alopecurine, debcnzoylalopecuri~~e, and alopecuridine. Anhydrolycodoline, prcviously 
obtained as a degradation product o f  lycodoline, was also isolated. The properties o f  the new alkaloids 
are described. 

Canadian Journal of Chemistry. 46, 15 (1968) 

The members of the genus Lycopodium (family 
Lycopodiaceae) thus far examined have proved 
to be a rich source of alkaloids (1). To date, 
however, only 16 species and varieties have been 
examined in any detail, although there are pos- 
sibly well over 400 species (2). The presence of 
alkaloids in L. alopecuroicles L. has been noted 
previously (3) but no detailed study appears to 
have been carried out. Wc have now examined 
the alkaloids of this species in some detail and 
have isolated a total of seven alkaloids, four of 
which have not been obtained previously from 
natural sources. 

Thc separation of the alkaloids was achieved 
by adsorption chromatography on alumina. A 
preliminary separation was carried out by eluting 
with solvents of increasing polarity, and the 
fractions thus obtained were further separated 
by "dry-column" chromatography (4) and by 
crystallization. The progress of the separation 
was monitored by thin-layer chromatograpl~y 
(t.1.c.). In order to facilitate the presentation, the 
alkaloids will be discussed in order of decreasing 
Rf value. 

The first substance eluted was an oil, somewhat 
unstable in air, which was best isolated as its 
crystallille hydrochloride. The mass spcctrunl of 
the free base was almost identical with that of 
anhydrolycodoline (1) (5) and comparison of the 
melting point and infrared spectrum of the 
hydrochloride with those of authentic anhydro- 
lycodoline hydrochloride confirmed the identity. 
The natural occurrence of anhydrolycodoline 
has not been noted previously. 

One of the most abundant alkaloids present 

was lycopodine (2), the most widely distributed 
of the Lycopodi~im allcaloids (1). Lycopodine 
was closely followed by a con~pound, n1.p. 
244-245", which could be separated from 
lycopodine by virtue of its slight solubility in cold 
acetone. The properties of this compound (vide 
iilfra) do not correspond to any previously 
reported Lycopodium alkaloid, and we suggest 
the name alopecurine for this substance. 

Alopecurine was assigned the molecular for- 
mula C23H2903N on the basis of the analytical 
and inass spectral data. The presence of a 
benzoyloxy group was indicated by the infrared, 
ultraviolet, and mass spectra. The infrared 
spectrum (Fig. 1) showed bands at 1705, 1595, 
1580, 1270, and 11 10 cm-1 characteristic (6) of 
benzoates, the ultraviolet spectrunl showed 
typical (7) benzoate absorption at 230, 272, and 
280 mp, and the mass spectrum showed strong 
pealcs at nzle 245 (loss of benzoic acid), 122, 105, 
and 77 (8). The third oxygen of alopecurine is 
present as part of a hydroxyl group as shown by 
the presence of OH absorption in the infrared 
spectrum and by the formation of a mono O- 
acetyl derivative on acetylation. Laclc of NH 
absorption in the infrared spectrum of 0-acetyl 
alopecurine indicates that the nilrogen is 
tertiary. 

Alkaline hydrolysis of alopecurine yielded ben- 
zoic acid and debenzoylalopecurine, C16H2502N, 
m.p. 230-232", which does not seem to be 
identical with any known Lycopodi~ilml alkaloid 
or derivative of the same n~olecular formula. 
Debenzoylalopecurine was also isolated in small 
amounts directly from the plant extract, but 
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WAVELENGTH !MICRONS] 

3500 3 m  2500 2003 
FREQUENCY (CM') 

FIG. 1 

whether it occurs as such or is formed by 
hydrolysis of alopecurine during the isolation 
procedure is not known. Since debenzoyl- 
alopecurine does not seem to contain a carbon- 
carbon double bond (attempted catalytic hydro- 
genation, nuclear magnetic resonance (11.m.r.) 
and infrared evidence) it appears that the 
molecule is pentacyclic. Although acetates are 
quite coillmon among the Lycopodiunz alkaloids 
(I), alopecurine is the first benzoylated Lyco- 
podium alkaloid to be reported. 

Alopecurine was followed off the column by 
lycodoline (3) (5) and then clavolonine (4) (9), 
both of which were identified by comparison 
with authentic samples. Further elution provided 
another new alkaloid, m.p. 171-172", which we 
have called alopecuridine. Analytical and mass 
spectral data indicated the molecular formula 
C16H2503N for alopecuridine. The infi-ared 
spectra of this substance were unusual. The 
spectrum determined in chloroform (Fig. 2) 
showed strong OH absorption at 3575 cm-1 and 
weak absorption at 3330 cm-1 (NH?). In the 
carbonyl region there was strong absorption at 
1740 cm-1, medium intensity absorption at 
1690 cin-1, and weak absorption at 1595 cm-1. 
The spectruin (Nujol mull, Fig. 3) of alo- 
pecuridine which had been crystallized from 

acetone exhibited a series of bands in the OH, 
NH region, as well as carbonyl absorption at 
1730 (strong) and 1640 cm-1 (medium inten- 
sity). The Nujol spectrum of a sublimed sample 
of alopecuridine (Fig. 4) showed a sharp band at 
3480 cm-1 and a single carbonyl band at 1710 
cm-1. Both of these crystalline forms exhibited 
the solution spectrum mentioned above. The 
infrared spectra of the hydroperchlorate and the 
hydrobromide (Nujol) showed a single carbonyl 
band at 1750 cm-1. Acetylation of alopecuridine 
yielded a neutral N-acetyl derivative C18H2704N 
(Fig. 5) which showed hydroxyl absorption, as 
well as carbonyl absorption at 1740, 1685, and 
1620 cm-1 (both in solution and in Nujol mull). 
We feel that these spectra are best interpreted on 
the basis of a transannular interaction (10) 
between a secondary amino group and a carbonyl 
group of alopecuridine. 

The results may be summarized in terms of the 
part structures -A and B. The chloroform 
spectrum of the base and the nujol spectrum of 
the crystallized material represent form A or an 

equilibrium mixture of A and B, whereas the 
sublimed sample must be entirely in form B. The 
salts are of form B, but the acetyl derivative is of 
form A. The fact that the non-interacting 
carbonyl group absorbs at different positions 
(e.g. 1730 cm-1 in the crystallized base, 1710 
cm-1 in the sublimed base) may be due to 
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WAVELENGTH (MICRONS) 

FIG. 3 
WAVELENGTH (MICRONSI 

FREQUENCY (Ch4') 

FIG. 4 

varying degrees of intermolecular hydrogen- 
bonding in the crystal. The possibility that one 
of the carbonyl groups in part structure A is an 
aldehyde carbonyl is excluded by the fact that 
the nuclear magnetic resonance (n.1n.r.) spec- 
trum of N-acetylalopecuridine shows no absorp- 
tion below T 6.0. The n.m.r. spectrum does show 
the presence of a secondary C-methyl group 

(3-proton doublet at T 8.92) as well as the acetyl 
methyl (singlet at T 7.91). It thus appears that 
alopecuridine has two ketonic carbonyl groups, 
one of which is present in an 8-10-membered ring 
which contains a transannular secondary amino 
group (10). The other keto group gives rise to 
absorption at 1740 cm-1 in the infrared and 
hence may be located in a five-membered ring. 
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WAVELENGTH :MICRONS1 

The hydroxyl group in alopecuridinc is not 
readily acetylated and thus is either tertiary or 
highly hindered, or both. Since there does not 
appear to be a carbon-carbon double bond in 
alopccuridine, the molecule is tricyclic. 

Many of the properties of alopecuridine are 
sinlilar to those described for fawcettinline (1 1, 
12) which has been shown to possess structure 5. 
Alopecuridine contains one oxygen Inore than 
fawcettimine and it seems possible that alo- 
pecuridine is a hydroxylated fawcettimine. 

Chemical and x-ray crystallographic studies 
aimed at the elucidation of the structures of 
alopecurine and alopecuridine are in progress. 

Experimental' 
Plnrlt Collectiorz 

The material used was collccted by Drs. R. K. Godfrey 
and S. McDanicl in pine flatwoods near Tallahassee, 
Florida, during September, 1964, and a voucher specimen 
(No. 5255) is o n  file in the Florida State University 
Herbarium. 

Isolntiort of the Crlrcle Allcnloicls 
The ground whole plant of Lycopocli~inz nlopec~rroicles L. 

(6.8 kg) was extracted for three days with 10:l ethanol- 
n~etllanol in a large Soxhlet apparatus. The extract was 
concentrated at atmospheric pressure and any remaining 
solvent was removcd by agitation with a stream of air. 

IMelting points werc determined on a hot stage and are 
uncorrected. Infrared spectra were mcasured on a 
Perkin-Elmer model 441 spectrophotometer; ultraviolet 
spcctra with a Cary modcl 14 spectrophoton~eter; nuclear 
magnetic resonancc spectra with a Varian Associates 
model A-60 spectromcter; mass spectra with an AEI 
MS2-H mass spectrometer. Thin-layer chromatograms 
were carried out on 0.25 mm layers of Alumina G (Rc- 
search Specialties Co., Richmond, California) which 
were dried for several hours at  100' and were dcveloped 
with Dragendorff's reagent o r  with iodine vapor. The 
solvent systems used were benzene:ether (1 :I)  (solvent 
system n) and chloroform:metl~anol (49:l) (solvent 
system b). Microanalyses are by C. Daessle, Montreal. 

The residue was treatcd with ethyl acetate (4 1) and con- 
centrated aqueous ammonia (20 ml) and the mixture 
stirred and refluxed for 2 h. Thc solution was filtered and 
the separated solid washcd with additional ethyl acetate 
(2 x 500 ml). The combined organic laycrs were extracted 
with dilute sulfuric acid (5%, total of 2.8 l), which was 
then washed with benzene (3 x 500 ml, discardcd). The 
acidic solution was coolcd and takcn to p H  9 with con- 
centrated aqueous ammonia; the alkaline mixture was 
extracted with chloroform until further extracts gave a 
negative test with Mayer's reagent. The combined chloro- 
form layers were washcd with saturated salt solution, 
dried over Na2S04, and concentrated ill vnclro to yield 
the total, non-quaternary bascs (12.9 g). 

Sepnrntiorr of the Alknloids 
The crude alkaloid (4.5 g) was placed on a colunln of 

basic alu~nina (150 g, Activity 111) and eluted in 13 
fractions as shown in Table I. 

TABLE I 

Weight of 
Volume fraction 

Fraction Eluant (lnl) (9) 

benzene 
benzene 
benzene 
bcnzene 
benzene<thcr (4: 1) 
benzene<ther 
ether 
ether 
cl~loroform 
chloroform-methanol 

(99 : 1) 
ch1orofor111-metha1101 

(49 : 1) 
chloroform-nlethanol 

(24:l) 
chloroform-methanol 

(9:l) 

Fractions 1 and 2 contained non-basic material and 
were not further investigatcd. Fraction 3 showed two 
spots, RI 0.9 and 0.5 (solvent system a), on t.1.c. Fraction 3 
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was combined with similar material from another 
chromatogra~n (total, 0.5 g), dissolved in bcnzene (5 ml), 
and applied to the top of a dry-packed alumina (250 g) 
column (4). The chromatogram was developed with cther 
(200 ml), the column extruded and the componcnts 
located by t.1.c. of appropriate aliquots washed off the 
alumina with methanol. The component of Rf  0.9 was 
obtained as a yellow oil (0.1 g) which slowly turned dark 
on exposure to air. This material was converted to the 
hydrochloride and crystallized from methanol-acetone to 
yield off-white crystals of anhydrolycodoline hydro- 
chloride, m.p. 274276" (decomp.). Identity was cstab- 
lished by comparison of the infrared spectrum of the salt 
with that of an  authentic sample, and by mixture melting 
point determination. The mass spectrum of the free base 
was idcntical to that of anhydrolycodoline (5). The com- 
ponent of Rr 0.5 was lycopodine (determined by infrared). 

Fractions 4, 5, and 6 contained mainly lycopodine. 
Fraction 7 contained five components (t.1.c.) none of 
which could be isolated in pure form. 

Fraction 8 showed three spots (R?s 0.98, 0.90, 0.82, 
solvent systein b) on t.l.c., the first of which is probably 
lycopodine. The inaterial was dissolvcd in hot acetone 
and allowed to cool. Colorlcss crystals of nlopeczrrirre 
(0.10 g) separated which, after recrystallization from 
acetone, melted at 244-245". Spectral details are described 
in the text, Rf 0.90. 

Anal. Calcd. for C23Hz9O3N (mol. wt., 367): C, 76.17; 
H, 7.95;. N, 3.81. Found (1-1101. wt., mass spectrometry, 
367): C, 75.52; H, 7.94; N, 3.67. 

Concentration of the acetone mother liquors obtaincd 
above yieldcd crystalline lycodoline, m.p. 179-18O0, 
identical (t.1.c. behavior, infrared spectrum, mixture 
melting point) with an authentic sample. 

Fraction 9 showed two spots corresponding to lyco- 
doline (Rr 0.82) and clavolo~line (Rr 0.58) on t.1.c. 
(solvent b). These two components wcre separated by dry 
column chrornntography as described above except that 
c11lorofor1~1:mctl~anol (49:l) was used as developing 
solvent. 

Fractions 10, 11, and 12 all showed the presence of a 
component of Rr 0.29 (solvent b) which crystallized from 
acetone and acetone-ether solutions of these fractions. A 
total of 0.75 g of alopecuridine, which melted at  171-172" 
after recrystallization from acetone, was obtained in this 
way. Further small amounts of alopecuridine were 
obtained by rechromatography of the mother liquors, but 
the bulk of the remaining material, which was a dark 
brown resin and which did not move from the origin on 
t.1.c. (solvent b), could not be separated into pure com- 
ponents. The nuclear magnetic resonance spectrum of 
alopecuridine (pyridinc solution) showed a doublet at  
7 9.12 (CH-CH3) as the only clcanly resolvcd peak. The 
mass spectrum showcd intcnse peaks (percentage of base 
peak in brackcts) at  rn/e 279 (3, parent peak), 223 (26), 
220 (21), 165 (70), 150 (loo), 127 (97), 98 (69), and 97 (47). 
The remaining spectral properties are discussed in the text, 

Anal. Calcd. for C16Hzj03N: C, 68.79; H ,  9.02; N. 
5.01. Found: C, 68.63; H ,  8.88; N, 5.31. 

Crystallization of fraction 13 from acetone yielded a 
small amount (20 mg) of material Rf  0.08 (solvent b), 
m.p. 230-232" which proved to be identical with the 
debcn~oylalo~ecurine dcscribed below. The remainder of 
the fraction could not be scparated into pure components. 

'COPODIUM ALOPECUROIDES L. 19 

Acetylntio~r of Alopecurir~e 
Alopccurine (50 mg) was dissolvcd in acetic anhydride - 

pyridine (6 ml. of 1 : l )  and the solution kcpt at  room 
temperature for 24 11. The solvcnts were then removed at 
the pump, the residue dissolved in chloroforn~, and the 
resulting solution washed first with sodium bicarbonate 
solution, thcn with water. Evaporation of the chloroform 
left a glassy mater~al which could not be crystallized but 
which yielded a crystalline hydroperchlorate, m.p. > 300°, 
from aqueous acetone. Infrared spectrum (Nujol mull): 
3175 ( fNH) ,  1725 (0-acetyl), 1700 (0-benzoyl), 1595, 
1580, 1500 (phenyl), 1275 (0-benzoyl), 1250 (0-acetyl), 
1100 cnl-1 (ClO.,). The infrared spectrum of the free base 
showed no O H  or  N H  absorption. 

Anal. Calcd. for C25H3104N.HC10.+: C, 58.87; H, 
6.32. Found: C, 59.59; H, 6.11. 

IIyclrolysis of Alopecuri~re 
Alopecurine (100 mg) was dissolved in alcohol (9 ml) 

and 4 %  aqueous KOH (6 ml) addcd. The resulting solu- 
tion was rcfluxcd for 14 h, then concentrated atthe pump, 
diluted with water, and extracted with chlorofornl. 
Evaporation of the chloroform left a solid (50 mg) which 
was purified by sublimation and then crystallization from 
acetonc. The debenzoylalopecurine thus obtained meltcd 
at 23C232". Infrared spectrum (Nujol): 3350 (broad O H  
absorption). No  bands in the 1500 to 1800 cm-1 region. 
The mass spectrum showed a parent peak at rn/e 263 
corresponding to ClGH250zN and a base pcak at m / e  216. 

Acidificatio~l of the aqueous hydrolysis solut~on and 
extraction with chloroform affordcd benzoic acid (1 3 nig), 
idcntical in melting point and infrared spectrum with an 
authcntic sample. 

Acetylntiori of Alopecuridir~e 
Alopccuridine (55 mg) was dissolved in acctic an- 

hydride - pyridine (6 ml of I :1) and heated on the stcam 
bath for 24 h (the same result was obtained at room 
temperature). The solvent was removed a t  the pump and 
thc rcsidue dissolved in chloroform and washed with 
bicarbonate solution, dilute hydrochloric acid, and water. 
Evaporation of the chloroform left a solid which was 
crystallized from acetone to give colorless, fine needles 
(50 mg), m.p. 223-224". Details of the infrared and 
nuclear magnetic resonance spectra are described in the 
text. 

Anal. Calcd. for C18H2704N (11101. wt., 321): C,67.26; 
H ,  8.47; N, 4.36. Found (1-1101. wt., mass spcctrometry, 
321): C, 67.01; H ,  8.75; N, 4.18. 
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Hydrogen bonding and conformation in cis- and 
trans-2-alkoxy-3-hydroxytetrahydrofurans 

W. W. ZAJAC, J R . , ~  F. SWEET,' AND R. K. BROWN 
Departn~etlt of Cllen~istry, Ut~iversity of Alberta, E d t n o ~ ~ t o ~ ~ ,  Alberta 

Received July 14, 1967 

Infrared spectra show both free and hydrogen bonded hydroxyl absorption in several tl.alu-2-alkoxy-3- 
hydroxytetrahydrofurans. The extent of non-bonded hydroxyl is greater than that of bonded hydroxyl. 
Suggestions are made of possible conformations which might account for the infrared data. 

Canadian Journal of Chemistry, 46, 21 (1968) 

Introduction 
Relatively little consideration has been given 

to the correlation of conformation with physical 
and chemical properties in cyclopentane and even 
less to the saturated five-membered ring hetero- 
cycles (1,2). Having previously synthesized a 
series of 2-alkoxy-3-hydroxytetrahydrofurans 
(3), we undertook an investigation of the con- 
formations of these compounds. Of the physical 
methods available, infrared spectroscopy (4) and 
proton nuclear magnetic resonance are particu- 
larly well-suited for the conformational studies 
of 2- alkoxy - 3 - hydroxytetrahydrofurans. The 
present paper reports the results of an exainina- 
tion of the hydrogen bonding in these molecules 
to obtain information concerning their confor- 
mation. Proton magnetic resonance studies will 
be presented in a later paper. 

Experimental 
Infrared spectra were obtained with a Perkin-Elmer 

model 421 grating spectrophotometer. Carbon tetra- 
chloride, used as solvent, was dried and distilled from 
phosphorus pentoxide. Concentrations of the alcohols 
were 0.005 M or less and 1 cm or 2 cm cells were used, 
depending upon concentration of the solutions. Generally, 
successive dilutions were made to ensure that intra- 
molecular and not intermolecular hydrogen bonding was 
being observed. The instrument was calibrated in the 
3600 cm-1 region with carbon dioxide. Spectra for 
ethylene glycol were also obtained. The values for free and 
bonded hydroxyl agreed with literature values to f 2 
cm-1 (5). 

The 2-alkoxy-3-hydroxytetrahydrofurans were pre- 
pared according to published directions. The remaining 
compounds listed in Table I were prepared as described in 
the accompanying references. 
3-Hydroxytetro/1ydrofura11 (item 3, Table I) was pre- 

1 0 n  leave during 1965-1966 from Villanova Univer- 
sity, Villanova, Pennsylvania. 

2Doctoral candidate in the Department of Chemistry, 
University of Alberta, Edmonton, Alberta. 

pared by a more productive route than previously 
reported (8, 9). 2-C/1loro-3-lrydroxytetra11y~lrojiwat was 
obtained in 62% yield according to published directions 
(18) by addition of hypochlorous acid (19) to 2,Sdihydro- 
furan (Aldrich Chemical Co.); b.p., 80" a t  4 mm, 101" at  
14 mm; 12~25, 1.4789 (lit. b.p., 102-103' at  14 mm (18); 
99-103" at  12 mm, I I D ~ Q ,  1.4883 (20)). 

The above chlorohydrin (9.5 g, 0.078 mole) was dis- 
solved in 50 ml of dry 1,2-dimethoxyethane (distilled from 
lithium aluminium hydride) contained in a 200 ml round 
bottom flask equipped with a magnetic stirrer, reflux 
condenser, and drying tube. T o  this was added slowly 
3.97 g (0.093 mole) of sodium hydride (a 56 % dispersion 
in mineral oil) while the flask was kept at 0-5" with an  ice 
bath. After hydrogen evolution had ceased the mixture 
was refluxed for 12 h, during which time sodium chloride 
precipitated. The mixture was cooled and diluted with 
ether to complete precipitation of the chloride and excess 
sodium hydride and then filtered by gravity. The filtrate 
was freed from solvents on a spinning band column and 
the residue was distilled giving 6.3 g (94%) of 3,4-epoxy- 
tetral~ydrofinat~; b.p., 45" at  14 mm; 11~25, 1.4439; (lit. 
b.p., 143-145"; 11~20, 1.4442 (20)). This was shown to 
contain only one component when subjected to gas-liquid 
chromatography using a Burrell model K-2 Kromo-Tog 
equipped with a 2.5 m column packed with 20% butane- 
diol succinate on Gas-Chrom P (60-80 mesh); column 
temperature, 125"; helium carrier gas at a flow rate of 
60 ml/min. 

The above epoxide (2.0 g, 0.023 mole) in 25 ml of dry 
ether was added slowly to a mixture of 0.40 g (0.01 mole) 
of lithium aluminium hydride in 50 ml of ether at room 
temperature. After addition was complete (-30 min), the 
solution was diluted with 25 ml of ether and the mixture 
stirred overnight a t  room temperature. The mixture was 
then cooled to about -10" with a dry ice - acetone bath 
and the complex decomposed by the successive addition 
of 1 ml of water, then 3 ml of 15% aqueous sodium 
hydroxide, followed by 1 ml of water. The mixture was 
filtered free of solids, and the solid washed with ether, 
then with chloroform. The combined filtrate and washings 
were dried over MgS04 and freed from solvent by 
fractional distillation and the residue was distilled to give 
1.9 g (96 %) of 3-/1yclvoxytetralzyrlrofr1rn11 boiling at 87" a t  
24 mm; 12~24, 1.4482; (lit. b.p., 84-88" at 24 mm, TID~Q,  
1.4507 (8); 82-88" at  24 mm, n~25, 1.4497 (21)). Gas- 
liquid chromatography showed that this alcohol con- 
tained a trace of impurity which was not unreacted 
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TABLE I 
Infrared spectral data 

Item Compound Free (€1 Bonded ( e )  Av* Ref. 5 t  Ref. l2f Reference 

1 R = CII3 3628 (30) 3604 (24) 24 2 .5  2.9 This work 
R = C2Hs 3628 (43) 3604 (32) 24 2.5 2.9 This work 
R = CH(CH3)z 3629 (43) 3601 (35) 25 2 .5  2.9 This work 

0 R R = C(CH3)3 3628 (40) 3604 (35) 24 2.5 2.9 This work 

3620 (<5) 3565 (80) 55 2.0 2.2 This work 

3625 3612 13 2.9 3.9 9 
3621 (60) 3599 (32) 25 2.5 2.9 This work 

*Av = vfrco - ~ h ~ ~ d ~ d :  vfrcc taken as 3 629 cm-'(13). 
+Calculated from Av = (250/r) - 74. 
$Calculated fronl Av = [42.5/(r - 1.4)) - 3.5. 

epoxide. Pure 3-hydroxytetrahydrofuran was obtained by 
gas-liquid chromatography using an Aerograph Autoprep 
model A-700 with a 20 ft x 114 in. (O.D.) column filled 
with 25 % Carbowax 20 M on Gas-Chrom P (60-80 mesh) 
with helium as the carrier gas at a flow rate of 110 ml/min. 

Results and Discussion 

The infrared spectra were obtained in carbon 
tetrachloride at concentrations below 0.005 M, 
conditions which suppress intermolecular llydro- 
gen bonding (4-7). 

In Table I are recorded the infrared absorption 
frequencies in the l~ydroxyl stretching region. 
Also included are tlle literature data for 3-hy- 
droxytetral~ydrof~~ran (8, 9), cis- and trans- 
cyclopentane-1,2-dio1 (5) and cis- and trms-2- 
metl1oxycyclopentano1 (ICj. The data (items 1 

and 2, Table I), clearly show that both tlle cis- 
and trans-2-alkoxy-3-l~ydroxytetral~ydrofurans 
have an l~ydroxyl group wllicll is intramolecularly 
bonded to oxygen. Althougll the extinction co- 
efficients are good only to +lo%, the figures 
show a somewhat higher proportion of tlle 
conformer with a free hydroxyl group in the 
tratls conlpound, while tlle cis isomer is essen- 
tially devoid of unbonded l~ydroxyl. 

It has been established that no iiltranlolecular 
hydrogen bonding occurs in either trans-2- 
n~etl~oxycyclopentanol (10) or in trans-cyclo- 
pentane-1,2-diol ( 9 ,  tlle minimum distance 
between hydroxyl hydrogen of one substituent 
and oxygen of the second substituent being too 
large for such bonding (>3.3 A). Yet in our 
tmtzs-2-alkoxy-3-l~ydroxytetsahydrofurans con- 
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siderable bonding does occur. Since the 3- 
llydroxyl and 2-alkoxy groups are trans, no 
bonding is possible between them. Accordingly, 
hydrogen bonding must occur between the 
hydroxyl group at position-3 and the ring 
oxygen. 

Barker et al. (8) have reported only free 
hydroxyl absorption for 3-hydroxytetrahydro- 
furan (item 3, Table I) whereas Eugster and 
Allner (9) detected both free and bonded 
hydroxyl absorption for this compound. We have 
obtained the infrared spectrum of 3-hydroxy- 
tetrahydrofuran and found both free and bonded 
hydroxyl absorption in roughly the same propor- 
tion as found by Eugster and Allner.3 There is a 
discrepancy between the value reported by the 
latter authors (9) for bonded hydroxyl (3612 
cm-1) and that found in our work (3599 cm-1). 
This we have been unable to  resolve. It  is note- 
worthy that our value gives a AV of 25 cm-1 
which is consistent with the AV values found for 
the trans-2-alkoxy-3-l~ydroxytetral~ydrofurans. 

Comparison of the extinction coefficients 
for 3-l~ydroxytetrahydrof~~ran and the trans-2- 
alkoxy-3-hydroxytetrahydrofurans shows that 
introduction of the alkoxy group at position-2 
causes an increase in tlle proportion of tlle 
conformer having a bonded llydroxyl (free/ 
bonded = 60132 in the former vs. 30-43124 in 
the latter). 

Kuhn (5) has shown that the hydrogen bond is 
stronger tlle larger the difference (Av) between 
the non-bonded and bonded absorptioil fre- 
quencies. Comparison of AV for each pair of 
cis-trans isomers listed in Table I shows that AV 
is greater for tlle cis- than for the tt~ans-2- 
alkoxy-3-hydroxytetral~ydrofurai~. This further 
corroborates the original assignment of con- 
figuration made for tllese compounds based on 
nuclear magnetic resonance data (3). Using 
either the equation derived by Kuhn (5) or the 

modified equation by Brutcller and Bauer (12) 
relating the AV to the hydrogen bonded distance 
between H and 0 ,  it is seen that these distances 
are greater in the trans compounds than they are 
in tlle cis isomers. These are in reasonable agree- 
ment witll tlle distances found in accurate scale 
models. For tllese simple calculations we chose 
3629 cin-1 as the absorption frequency of tlle 
non-bonded secondary hydroxyl group as sug- 
gested by Cole and Jeffries (13). 

To account for tlle free and bonded hydroxyl 
absorption found for the trans-2-alkoxy-3- 
hydroxytetrallydrofurans, two possible situa- 
tions arise. In the first of these we envisage two 
molecular conformations4-one in which the 
hydroxyl group is in a position which permits 
hydrogen bonding (a in Scheme I) and one in 
which such bonding is not possible (b in Scheme 
I). Each of tllese two conformations can be 
obtained by rotation about the C1-C2 bond. 
Clockwise rotations of C2  (sigl~ting from C1 to 
C2), which is accompanied by m~ticlockwise 
rotation of C1, removes the hydrogen-oxygen 
eclipsing interaction and both the hydroxyl and 
alkoxy groups assume a quasiaxial (or axial)6 
orientation (a in Scheine I). Hydrogen bonding 
witll tlle ring oxygen is possible in this conforma- 
tion. The reverse rotatioil about C 1-C2, which 
also decreases eclipsed hydrogen-oxygen inter- 
action, places the two substituents in a quasi- 
equatorial (or equatorial) arrangement (b in 
Scheme I). In this conformation no intra- 
nlolecular hydrogen bonding can occur. One 

4Nuclear magnetic resonance data suggests that the 
molecule is probably not in the simple envelope con- 
formation. 

5For convenience in this part of the discussion we have 
numbered the tetrahydrofuran as shown in Scheme I with 
the carbon atom adjacent to the oxygen, and bearing the 
alkoxy group, labelled C, and the vicinal carbon (bearing 
the OH group) as C?, etc. Names and numbering of the 
ring atoms of compounds in Table I follow the normal 
rules. 

6We assume the half chair conformation. The infrared 
3Both free and bonded hydroxyl absorption has been data do not permit one to discern betwecn the axial and 

found for the analogous heterocycle, 3-hydroxytetra- quasiaxial arrangement. The same is true for the equa- 
hydrothiophene and some of its derivatives (1 l) .  torial and quasiequatorial conforn~ation. 
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might expect the latter conformation to be less 
stable because of gauche oxygen-oxygen inter- 
action at C1 and C2 which is about 0.35 kcall 
mole in the cyclitols (14). Furthermore, the 
anomeric effect (15) should tend to stabilize the 
former conforillation (a in Scheme I) in which 
the substituents are quasiaxial (or axial). Hence 
conforiner a should be more stable than con- 
former b. Use of the extinction coefficients for 
the bonded and non-bonded hydroxyl groups 
(item 1, Table I) to calculate the proportion of 
the two conformers suggested above is not justi- 
fied since it is known that bonded hydroxyl has a 
higher extinction coefficient than does free 
hydroxyl (16, 17). However, it is clear from the 
extinction coefficients that if one assumes that 
free and bonded hydroxyls are due only to the 
two conformers above, conformer b (free 
hydroxyl) is in greater proportion. 

The alternate possibility, which might account 
for the hydrogen bonding data, assumes that 
essentially one conformer exists (i.e. a,  Scheme I) 
because of the reasons cited above (gauche 0 , O  
interaction; anomeric effect). Rotation about the 
C2-0 bond would then permit both free and 
bonded hydroxyl (a and a') with the conformer 
a '  in greater abundance. It  should be pointed out 
that the OH - - - 0 distance (Table I) of 2.5 to 
2.9 A indicates no particularly strong hydrogen 
bond. If this second alternative (a and a') is the 
one which is responsible for the observed bonded 
and free hydroxyl, then it follows that the 
hydrogen bonding in the t1-aw-2-alkoxy-3-11y- 
droxytetrahydrofurans is a consequence of the 
conformational preference for a,  which in turn 
is due to the anomeric effect and minimization of 
0 , O  gauche interaction. 

Acknowledgment 
The authors thank the National Research 

Council of Canada for financial support during 
-. 

the course of this work. 

1. E. L. ELIEL, N. L. ALLINGER, S. J. ANGYAL, and 
G. A. MORRISON. Conforrnational analysis. John 
Wiley and Sons, Tnc., New York. 1965. 

2. M. HANACK. Conformation theory. Academic 
Press, Inc., New York. 1965. 

3. F. SWEET and R. K. BROWN. Can. J. Chem. 44, 
1571 (1966). 

4. M. TICHY. Advances in organic chemistry. Vol. 5. 
Interscience Publishers, Inc., New York. 1965. pp. 
1 15-398 - - - ? - . 

5. L. P. KUHN. J. Am. Chern. Soc. 74, 2492 (1952). 
6. L. P. KUHN. J. Am. Chem. Soc. 76, 4323 (1954). 
7. L. P. KUHN. J. Am. Chern. Soc. 80, 5950 (1958). 
8. S. A. BARKER, J. S. BRIMACOMBE, A. B. FOSTER, D. H. 

WHIFFEN, and G. ZWEIFEL. Tetrahedron, 7, 10 
(1959). 

9. C. H. EUGSTER and K. ALLNER. Helv. Chirn. Acta, 
45. 1750 (1962). 

10. K.'w. BUCK, A. B. FOSTER,A. LABIB, and M. WEBBER. 
J. Chen~. Soc. 2846 (1964). 

11. A. LUTRINGHAUS, S. KABUSS, H. PRINZBACK, and F. 
LANGENBUCHER. Ann. 653. 195 (1962). 

12. F. V. BRUTCHER, JR. and W. BAUER,'JR. J. Am. 
Chern. Soc. 84, 2236 (1962). 

13. A. R. H. COLE and P. R. JEFFRIES. J. Chern. Soc. 
4391 (1956). 

14. S. J. ANGYAL and D. J. HOUGH. Chem. Ind. 
London, 1147 (1956). 

15. J. T. EDWARD and J. PUSKAS. Can. J. Chern. 40,711 
(1962). 
\ - -  .-,. 

16. A. D. CROSS. Introduction to practical infrared 
3pectroscopy. 2nd ed. Butterworths, London. 1964. 
p. 40. 

17. G. C. PIMENTEL and A. L. MCCLELLAN. The hvdro- 
gen bond. W. H. Freeman and Co., San ~rancisco. 
1960. p. 170. 

18. W. REPPE. Ann. 596, 138 (1955). 
19. G. H. COLEMAN and H. F. JOHNSTON. Ill Organic 

svnthesis. Coll. Vol. I. John Wilev and Sons. Inc.. , , 
~ e w  York. 1941. p. 158. 

20. E. G. E. HAWKINS. J. Chern. Soc. 248 (1959). 
21. H. WYNBERG. J. Am. Chern. Soc. 80, 364 (1 958). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Preparation and base-catalyzed reactions of some 9-halohydroperoxides 
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The reaction between olefins, N-chloroacetamide or 1,3-dibromo-5,5-dimethylhydantoin, and hydrogen 
peroxide affords p-halohydroperoxides in good yields. These conlpounds react extremely rapidly in 
basic solution to give products w~llich depend upon their structure. The 3-halo-2,3-dimethyl-2-butyl 
hydroperoxides form 2,3-dimethyl-3-llydroperoxy-1-butene and from the 2-halo-1,2-dimethylcyclohexyl 
hydroperoxides 1-methyl-2-methylene-cyclohexyl hydroperoxide is obtained. No  allylic hydroperoxide 
can be detected from the reaction between base and 3-bromo-2-methyl-2-butyl hydroperoxide. Mainly 
cleavage products, acetone and acetaldehyde, are formed together with some 2,3-epoxy-2-methylbutane. 
The reaction between base and 2-bromo-1-phenylethyl hydroperoxide gives styrene oxide, benzoic acid, 
and some benzaldehyde. From trorts-2-bromocyclol~exyl hydroperoxide, Iron.s-2-bron1ocyc1ohexano1, 
cyclohexene oxide, and some Irarls-l,2-cyclohexanediol are obtained upon reaction with base. No  evidence 
for the formation of the allylic hydroperoxide was obtained. 

Canadian Journal of Chemistry. 46, 25 (1968) 

Introduction 

The dye-photosensitized oxidation of olefins 
affords a unique route to allylic hydroperoxides 
of definite structure (1, 2). The hydroperoxy 
group is always introduced at  one of the origi- 
nally olefinic carbon atonls and a shift of the 
double bond always occurs, eq. [I], so that the 
reaction is very useful from a synthetic point of 
view. 

0-OH 

While the reaction proceeds well with tetra- 
substituted olefins and somewhat less so with 
trisubstituted olefins, disubstituted and mono- 
substituted olefins are oxidized very slowly (3). 
The latter require very long irradiation times for 
significant yields of products so that other re- 
actions of the olefins and further reactions of the 
product become important. This led to a con- 
sideration of other routes which would be as 
specific and more generally useful for the con- 
version of olefins to allylic hydroperoxides. It 
appeared that a reaction between base and 
p-l~alohydroperoxides could yield allylic hydro- 
peroxides. Thus, conversion of an olefin to the 
p-halohydroperoxide and then the elimination 
of the elements of halogen acid would constitute 
a simple, two step, chemical transformation of 
the olefin to an allylic hydroperoxide. This 

transformation could introduce the hydroperoxy 
group and relocate the double bond of an olefin 
into the same positions as is observed in the 
photosensitized oxidation, eq. [2]. 

OH 
/ 
n - 

\ H 2 0 2  1 i I base 
[2] ,C1=c2-L3 -+ -C1-CI-C3- + 

I "X8" I I I 

This paper reports some of the results obtained 
in the study of this approach. After work had 
begun there appeared several reports on the 
reactions of p-halo- and p-cyanohydroperoxides 
with base (46) .  It is reported that l-chloro-2- 
methyl-2-propyl hydroperoxide is rapidly decoin- 
posed by base to acetone and formaldehyde (4), 
while other workers report that upon treatment 
with base the brorno analogue, l-bromo-2- 
methyl-2-propyl hydroperoxide is converted 
partly to isobutylene oxide as well as to acetone 
and formaldehyde (5). A similar cleavage reac- 
tion was observed when 2-methyl-2-hydroper- 
oxypropionitrile was treated with base (6). Ace- 
tone and cyanate ion are produced. The above 
p-halohydroperoxides have halogen on the 
ter~niilal carbon atom and a simple elimination 
route is not available to these materials. 

-- Results and Discussion 
'Holder of a National Research Council of Canada 

Studentship, 1964-1967 and a University of Alberta ' f  P-Hazohydroperoxides 
Dissertation Fellowship, 1967. p-Halohydroperoxides have been prepared by 
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autoxidation of halogenated hydrocarbons (7, 
8), by the acid-catalyzed addition of hydrogen 
peroxide to allylic halides (4), by the reaction 
between olefins, hydrogen peroxide, and t-butyl 
hypocl~lorite (9), and by the addition of bromine 
or chlorine to olefins in the presence of hydrogen 
peroxide (5, 10). In the present study it has been 
found that p-halohydroperoxides can be pre- 
pared conveniently and in good yield by the 
reaction belween olefins, N-haloamides, and 
excess 98 "/:, hydrogen peroxide in ether solution. 
The reaction appears to be general and gives 
essentially no dihnlogenated adducts, which are 
major by-products in Rieche's method (5,10). 

0-Cl~lorohydroperoxides were prepared by 
the reaction between equivalent amounts of 
N-chloroacetamide and olefin and a 10-fold 
excess of 98% hydrogen peroxide in ether 
solution. The reaction was very slow at room 
temperature; however, a very vigorous, exo- 
thermic reaction occurred when a trace of y- 
toluenesulfonic acid was added to the reaction 
mixture at  0". The p-broillohydroperoxides 
were prepared by the reaction between equivalent 
amounts of 1,3-dibromo-5,5-dimethylhydantoin 
and olefin and a 5-fold excess of hydrogen 
peroxide in ether. This reaction proceeded very 
rapidly at OD, but some coloring occurred and 
some dibroinide was produced. Dibromide 
formation could be entirely eliminated by adding 
the brominating agent to a solution of olefin 
and hydrogen peroxide in ether at -40". Excess 
hydrogen peroxide and amide were removed by 
washing the reaction mixtures with water. 

The p-halohydroperoxides prepared are listed 
in Table I. The 3-halo-2,3-dimethyl-2-butyl 
hydroperoxides, l a  and l b  (lo), could be isolated 
as crystalline solids. This was done by concentra- 
tion of the ether solution and crystallization froin 
peiltane. Several attempts at  isolation of 2- 
chloro-l,2-dimethylcyclol~exyl hydroperoxide, 
2a, resulted in explosions, so that neither 2a nor 
2-bron~o-l,2-din1ethylcyclohexy1 hydroperoxide, 
2b, were isolated or characterized. The remaining 
compounds, 3-bromo-2-methyl-2-butyl hydro- 
peroxide (3), trans-2-bron~ocyclol~exyl hydro- 
peroxide (4), and 2-bromo-1-phenyletl~yl hy- 
droperoxide (§), were isolated as liquids which 
gave clean nuclear magnetic resonance (n.1n.r.) 
spectra and had 80-90 % of the theoretical active 
oxygen content. These nlaterials were isolated 
by removing the ether under 0.5 mnl pressure at 

TABLE I 
Yield of P-halohydroperoxides from olefins 

Halogen P-Halo- 
Olefin source* hydroperoxide % yield? 

"A, iV-chloroacetamide; B,  1,3-dibromo-5,5-di111~tI1ylhydantoin. 
lYields based onstarting olcfin and determined by iodometric titra- 

tion unless otherwise indicated. 
$Also isolafed as a solid in 30% yield. 
$[solated yleld of crystalllnc product. 
!/By difference from unreacted starting material 'u dctcrnlined by 

gas chromatography. 
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KOPECKY ET AL.: BASE-CATALYZED REACTIONS 

TABLE I1 
Products from reaction between p-halohydroperoxides and base 

p-Halohydroperoxide Total % yield Product coinposition "/: yield* 

(y R r  + OoH Br 
trace, 27 

*As determined by gas chromatographic analysis unless otherwise indicated. 
?Yield of isolated product. 
:Characterized as the alcohol 9 after rcduction. 

30". p-Broinol~ydroperoxides are formed in 
higher yields than 0-chlorohydroperoxides. 

All of the p-halohydroperoxides isolated were 
characterized by iodometric titration and by 
their nuclear nlagnetic resonance spectra. All 
showed broad singlet absorption of relative peak 
area ca. 1 in the range 7 1 to 2 in the 1l.m.r. 
spectrum. This is the characteristic region for 
the absorption of the hydroperoxy proton (1 1). 
Other features of the n.m.r. spectra of these 
compounds are straightforward and will not be 

discussed. In addition l a ,  4, and 5 were further 
characterized by reduction to the corresponding 
halohydrins which proved in each case to be 
identical with authentic material. 

Reaction of P-Halol7ydroj1eroxides wit12 Base 
It  was found that all the p-halohydroperoxides 

reacted extrenlely rapidly with base. The products 
fornled are listed in Table 11. The reactions were 
carried out by mixing the 0-halohydroperoxide 
in lnethanol or ether solution with a inethanolic 
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solution of base at temperatures ranging from 0" 
to 30". After about 1 to 2 h the reaction mixtures 
were poured into water and extracted with ether, 
except in the reaction of 2a. In this reaction 
sodium borohydride was added to the reaction 
mixture prior to workup to reduce the allylic 
l~ydroperoxide. The yields of products obtained 
from la ,  lb,  20, and 2b are yields of products 
actually isolated by distillation. The yields of 
products from the other reactions were deter- 
mined by gas-liquid chronlatography (g.1.c.) 
using internal standards. 

The product from l a  and l b  was identical in 
every respect with authentic 2,3-dimethyl-2- 
hydroperoxy-1-butene (6), prepared by photo- 
sensitized oxidation of 2,3-dimethyl-2-butene 
(12). 

The allylic hydroperoxides, 2-metllylene-l- 
metl~ylcyclohexyl llydroperoxide (7) and 1,2- 
dimethyl-2-cylol~exenyl hydroperoxide (8) were 
reduced to the correspondiilg alcohols, 2-methyl- 
ene- 1-metl~ylcyclohexano1 (9) and 1,2-dimethyl- 
2-cyclohexen-1-01 (lo), and characterized as 
such. Essentially the same ca. 97-3 mixture of 
alcohols was produced in 80 %yield by the photo- 
sensitized oxidation of 1,2-dimethylcyclol~exene 
followed by reduction of the hydroperoxides 
formed. The product (9), always the major one, 
was identified by its n.m.r. spectrum and by 
conlparison with authentic material (13) which 
was prepared by the Grignard reaction between 
methyl magnesium iodide and 2-methylene- 
cyclol~exanone. The n.m.r. spectrum showed two 
one proton absorptions at T 5.15 and 5.39 
characteristic of a terminal olefin. 

Compound 10 was present in such a sinall 
amount in every case that it appeared not to 
affect the spectral properties of 9 and was only 
detectable by gas cllroinatograplly. It was identi- 
fied in the reaction mixtures only by comparison 
of its gas chroinatograpllic retention time with 
that of an authentic sample of 10 (14) prepared 
by reaction of inethyllithium with 2-methyl-2- 
cyclol~exenone. It is estimated that only ca. 3 % 
to  5% of 10 was present in any of the product 
mixtures from 2a or 2b or froin the photo- 
oxidation-reduction sequence. 

Thus, the addition-elimination sequence out- 

lined in eq. [2] can, in fact, be used to transform 
2,3-dimethyl-2-butene and 1 ,2-dimethylcyclo- 
hexene to the corresponding allylic hydro- 
peroxides in good yield. The products are the 
same as those obtained from the photosensitized 
reaction, and in the case of 1,2-dimetl~ylcyclo- 
hexene even the selectivities of the two processes 
are similar. The pllotosensitized reaction of 1,2- 
dimethylcyclohexene is rather selective when 
compared with other examples in which Inore 
than one product is possible (l,2). 

However, the situation in the case of 2-methyl- 
2-butene and cyclol~exeile is quite different. 
Altllougll a rapid reaction took place, no evi- 
dence was found for the formation of any allylic 
hydroperoxide from the base-catalyzed reactions 
of 3 and 4. Portions of the reaction mixture were 
reduced with sodiuin borohydride and analyzed 
by gas cl~romatograpl~y for the products of 
reduction of the allylic hydroperoxides, 3-methyl- 
1-butene-3-01 (11) and 2-methyl-1-butene-3-01 
(12) in the case of the reaction mixture from 3, 
and cyclohexene-3-01 (13) in the case of the 
reaction mixture froin 4. In neither case was any 
of the allylic alcol~ol detectable. Less than 0.5 % 
of any of these compounds could have been 
detected. 

Instead, the products from 3, found in the 
unreduced reaction mixture, consisted mainly 
of acetone and acetaldehyde, together with 
2,3-epoxy-2-metllylbutane (14). Thus, cleavage 
of the 2,3-carbon - carbon bond was the pre- 
dominant reaction. This is the same type of 
reaction previously reported for the l-bromo- 
and 1-cllloro-2-methyl-2-propyl hydroperoxides 
(4, 5). I t  has been suggested (4, 5) that the cleav- 
age proceeds via a four-atom cyclic peroxide. 
The oxide (14), must have resulted from ring 
closure of the intermediate broinohydrin, 15. 
The bronlollydrin could have resulted from a 
base-catalyzed reduction of the bromohydro- 
peroxide, a reaction which is known to occur 
with tertiary hydroperoxides (15). Another, 
more likely, mode of formation of 15  is dis- 
cussed below. 

The predominant reaction of trans-2-bromo- 
cyclohexyl llydroperoxide (4) in the presence 
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of base appears to be reduction to the bromo- 
hydrin which, in turn, is partly converted to 
cyclohexene oxide. A small amount of the latter 
is further converted to trans-l,2-cyclol~exanediol. 
A search was made for adipaldehyde which might 
result from ring cleavage, and possible products 
derived from it, but no such material could be 
identified. Also, a search was made for 2-bromo- 
cyclohexanone, which would be expected to be 
formed by base-catalyzed elimination of hy- 
droxide ion from the secondary hydroperoxide, 
4, (16). Again, although traces of a strongly 
lachrymatory substance were produced, no 
further evidence of it or products derived from it 
was obtained. The material balance in this 
reaction is not satisfactory, however, and some of 
the latter reactions may have occurred (see 
below). 

Both reduction and carbon-carbon bond 
cleavage reactions were observed in the reaction 
between 2-bromo-1-phenylethyl hydroperoxide, 
(5), and base. An elimination pathway is not 
available to 5. Products identified were styrene 
oxide, 2-bromo-1-phenylethanol, and benzoic 
acid. The latter may have resulted from a 
Cannizzaro reaction between formaldehyde and 
benzaldehyde which would be the primary prod- 
ucts of carbon-carbon bond cleavage. 

However, the benzoic acid may also be formed 
from oxidation of benzaldehyde by unreacted 
bromol~ydroperoxide, 5. The other product of 
this reaction would be the bromohydrin, 2- 
bromo-1-phenylethanol, which, in turn, could 
be converted to styrene oxide under the reaction 
conditions. Such a sequence also seems to be a 
more plausible route to the oxides formed in the 
base-catalyzed reactions of 3 and 4 rather than 

amounts of cleavage product, acetone, were 
detected from reaction of the tetrasubstituted 
p-l~alol~ydroperoxides, l a  and 16. Nor could the 
yield of any cleavage products from 2b have 
been significant, since a 66 % yield (by analysis) 
of elimination product was formed. Also, p-halo- 
hydroperoxides of tetrasubstituted olefins suffer 
little, if any, reduction with base. No evidence 
for the formation of any halohydrin or epoxide 
from l a ,  1b,2a, or 26 was found. 

In contrast, neither 3 or 4, wllicll have, in 
principle, elimination pathways available to 
them, gave any trace of elimination product with 
base. The difference in behavior toward base 
between l a  or l b  and 3 is striking since the only 
difference between these materials is a methyl 
group. 

The addition-elimination sequence outlined in 
eq. [2] is thus seen to lead to the desired allylic 
hydroperoxide only with tetrasubstituted olefins 
where it works very well. 

The conversion of a trisubstituted or a genz- 
disubstituted olefin to the p-halol~ydroperoxide 
followed by the reaction of the latter with base 
may be a useful process for the cleavage of 
olefinic bonds. 

Experimental 
Melting points and boiling points are uncorrected. 

Infrared spectra were recorded on Perkin-Elmer model 
421 and model 337 spectrophotometers. Nuclear mag- 
netic resonance (n.m.r.) spectra were determined with a 
Varian A-60 analytical spectrometer with tetramethyl- 
silane as internal standard. Gas-liquid chromatography 
(g.1.c.) was carried but  on Aerograph 202 and A-90-P 3 
gaschromatographs. Quantitativeg.1.c. analyses weremade 
with calibrated internal standards. Microanalyses were 
determined by Mrs. D. Mahlow of these laboratories. 
Solutions were dried using anhydrous magnesium 

the base-catalyzed reduction (15) of the hydro- 
All preparations of p-haloperoxides were carried out peroxy group mentioned in discussing the prod- behind shields. Apparatus containing these compounds 

ucts formed from 3. Such reactions, in the case was manipulated with the aid of tongs and hands were 
of tertiary hydroperoxides without other func- protectedkith heavy canvas gloves. - 

tional gdups  (15), seem to require much higher N-Chloroacetamide was prepared according to the 

temperatures than those used here, and it is not method of Orton (171, m.P. 111"- Reported (18) m.P. 
110". Iodometric analysis showed 38.18% C1; required 

obvious that halogen substitution should speed 37.97 C1. 
the reaction.  he" 1,3-dibromo-5,5-dimethylhydantoin used was 

The reactions between p-l~alohydroperoxides obtained from Matheson, Coleman, and Bell and con- 

and base may take a variety of paths and the tained 98% of the theoretical amount of active bromine 

products of these reactions depend upon struc- by iodometric analysis. 

ture. Although it is probably too early to general- 3-Cl1loro-2,3-di1nefl1yl-2-b1rtyl Hydroperoxide, In 

ize, it appears that p-llalohydroperoxides formed The 2,3-dimethyl-2-butene was prepared from 2,3- 
dimethyl-2-butanol by dehydration over 85% phosphoric 

from 'lefins give ex- acid. The crude product was fractionally distilled through 
clusivel~ elimination products, allylic hydro- a nest or-Faust annular teflon s~inniner band distillation 
peroxides, when treated with base. Only trace column. The product had b.p.A70-71;" (700 mm), rlD25 
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1.4075. Reported (19) b.p. 73", 12~25  1.4094. Analysis by 
g.c. using a 5 ft x 114 in. FFAP column indicated that 
the material was > 99 %pure. 

To a solution of 9.0 g (107 mmole) of 2,3-dimethyl- 
2-butene, 9.45 g (101 mmole) N-chloroacetamide and 
50 ml ether in a three-necked flask, fitted with a thermom- 
eter and reflux condenser and cooled in an ice bath, was 
added 15 g (400 rnmole) of 98% hydrogen peroxide 
(FMC Corp.) at  a rate to keep the temperature from rising 
above 10". After the resulting solution had cooled to 0" 
ca. 1 g ofp-toluenesulfonic acid was added. The tempera- 
ture rose rapidly and the solution began to boil. I t  was 
stirred in the ice bath for 1 h. (Usually, the solution ceased 
boiling after a few minutes. Howevcr, in some reactions 
the reaction was so exothermic that all the ether was 
driven out and temperatures of up to  150" were observed 
in the reaction flask.) The reaction mixture was then 
washed with several portions of water and with 10% 
sodium bicarbonate solution. In separate exeriments it 
was determined that four washings with water werc 
sufficient to removc all the hydrogen peroxide and 5,5- 
dimethylhydantoin or acetamide from ethcr. 

Twenty per cent of the dried ethereal solution was con- 
centrated on a bath at 40" and the residue taken up in 
15 ml pentane. The pentane solution was cooled to -65". 
The precipitate, which formed over several hours, was 
filtered in a low-tcmperature filtration apparatus. This 
material, (1.0 g, 30%), m.p. 72-73" (decomposition), 
appeared to be hygroscopic. The n.m.r. spectrum (CC14) 
showed absorption at  T 1.9-2.1 (broad singlet) for the 
hydroperoxy proton and at  T 8.38 (singlet) and 8.60 
(singlet) for the protons of the two ge172-dimethyl groups 
with relative peak areas 0.9:6.4:6.0, required 1 :6:6. A 
satisfactory elemental analysis could not be obtained on 
this material, but it had 99% of the theoretical active 
oxygen content as determined by iodometric titration. 
Thep-nitrobenzoate ester was prepared, m.p. 104.5-105". 
The n.m.r. spectrum (benzene) showed absorption at  
T 2.40 (singlet) for the aromatic protons and at T 8.43 
(singlet) and 8.68 (singlet) for the protons of the two 
getn-dimethyl groups with relative peak areas 4.28:6.0: 
5.65, required, 4:6:6. 

Anal. Calcd. for C13H16N05C1: C, 51.75; H ,  5.35. 
Found: C, 51.25; H ,  5.56. 

Ten per ccnt of the ether solution of l a  was added to  a 
stirred slurry of 0.3 g of lithium aluminium hydride in 20 
ml ether at  0'. The mixture was hydrolyzed after 10 min 
with 15% potassium hydroxide. Gas-liquid chromato- 
graphic analysis using a 5 ft :< I /4 in. column of 10% 
DEGS on Chromosorb W at 70" showed the presence of 
only onc product in addition to some 2,3-dimethyl-2- 
butene. The product, 3-chloro-2,3-dimethyl-2-butanol, was 
collected from the efllucnt stream of the g.1.c. and had 
n.m.r. and infrared spectra identical with those of an 
authentic (20) sample. 

2,3-Dimeth)~/-3-/1)~(/ropero,~j~-l-b11tt1 (6)  froln I n  
Sixty per ccnt or the solution of l a  prepared above was 

added to a solution of 4.0 g sodium hydroxide in 100 ml 
methanol at 0" and the resulting mixture was stirred for 
1 h. Tllc reaction mixture was then poured into ice-water. 
This lllixture was cxtracted twice with ether. The combincd 
ether layers wcre washed several times with water and 
dried. After ca re f~~ l  distillation of the ether through a 
4 ft Podbielnial< column the residual oil was distilled to 

yield 3.6 g (48 %) of 6 ,  b.p. 56-57" (16 mrn), t z ~ 2 j  1.4390. 
Reported (12) b.p. 55" (12 mm), nu20 1.4428. The n.m.r. 
spectrum (CC14) showed absorption at T 1.6-1.8 (broad 
singlet) for the hydroperoxy proton, T 5.1-5.2 (multiplet) 
for the vinyl protons, T 8.22 (multiplet) for the protons 
of the allylic methyl group, and T 8.70 (singlet) for the 
protons of the getn-dimethyl groups with relative peak 
areas 1.05:1.88:3.0:5.8, required, 1 :2:3:6. This material 
was identical (n.m.r. and infrared spectra) with a sample 
of 6 prepared by the photosensitized oxidation (12) of 
2,3-dimethyl-2-butene. 

Another solution of l a  prepared as described above 
from 5.0 g of 2,3-dimethyl-2-butene was shown by iodo- 
metric titration to  contain a 60% yield of chlorohydro- 
peroxide, la .  Four-fifths of this solution was reacted with 
methanolic base and the product isolated as described 
above. There was obtained 2.3 g (42 % overall, 70 % based 
on l a  formed) of 6, 12DZ5 1.4385, identical (n.m.r. and 
infrared spectra) with authentic 6. 

Gas-liquid chromatographic analysis of the reaction 
mixtures containing 6 before distillation indicated only 
traces of material with the retention-time of acetone. No  
evidence for the formation of any chlorohydrin o r  oxide 
was obtained. 

3-Bro11~0-2,3-di1netI1~~/-2-br1ty/ Hydroperoxide, l b  
T o  a solution of 4.8 g (57 mn~ole) of 2,3-dimethyl-2- 

butene and 9.0 g (260 mmole) of 98 % hydrogen peroxide 
in 50 ml ether stirred a t  -40" was added 8.1 g (57 mmole) 
of 1,3-dibromo-5,5-dimethylhydantoin in small portions 
over a 10 min period. The reaction mixture, protected 
with a calcium chloride tube, was allowed to warm to 
room temperature, washed with 25 ml cold, saturated 
sodium bicarbonatc solution and several times with water. 
Ether was distilled from the dried organic layer through a 
2 ft Podbielniak column using a 40" water bath. The 
residual oil crystallized when the remainder of the ether 
was removed under vacuum. Two recrystallizations from 
pentane gave 8.5 g (76%) of constant melting product, 
m.p. 93-94'. Reported (5) m.p. 93". Two iodometric 
titrations indicated 96.77 % and 96.75 % of the theoretical 
amount of active oxygen. The n.m.r. (CCl4) spectrum 
showed absorption at T 1.8-2.3 (broad singlet) for the 
hydroperoxy proton and at  T 8.19 (singlet) and 8.55 (sing- 
let) for the protons of the two getn-dimethyl groups with 
relativc peak areas of 0.7:6.0:6.1, required 1 :6:6. 

The reaction as carried out above gave colorless solu- 
tions. No  dibromide and no gas evolution could be 
dctected. Addition of the brominating agent a t  O0 
resulted in a vigorous reaction with the evolution of gas 
and the generation of a bromine color. Considerable 
amounts of dibromide were also produced. 

2,3-Dimethyl-3-/1yrl,.operoxy-l-b~1tettefrot~z l b  
Four grams of l b  gave 1.8 g (77 %) of the allylic hydro- 

peroxide 6 ,  1 1 ~ 2 5  1.4385, when treated with base in the 
manner described for l a .  The product was identical 
(n.m.r. and infrared spectra) with authentic 6.  

1-Met/ry/-~-trzet/r)~!e~recj~c/o/rexat~o/, 9 
(a)  Fro111 2-Bronzo-1,2-riinzetI1ylcyclo/1exy! Hydro- 

peioxir/e, 2b 
The method due to Hammond (21) was used to prepare 

1,2-dimethylcyclol~cxene. The product was fractionally 
distilled through the annular teflon spinning band dis- 
tillation colunln and had b.p. 133" (700 mm), tlDZ4 1.4573. 
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Reported (21) b.p. 136.2" (745 mm), I I D Z ~  1.4587. Gas 
chromatographic analysis using a 5 ft x 1/4 in. column of 
dinonylphthalate on Chromosorb P at 110" showed that 
less than 1 % of the isomeric olefins were present in the 
fraction collected. 

A solution of 26 in ether was prepared from 2.0 g 
(18.2 nunole) 1,2-dimethylcyclohexene, 2 n ~ l  (82 n~mole) 
of 98 % hydrogen peroxide and 2.6 g (9.1 mmole) of 1,3- 
dibron~o-5,5-dimethylhydantoin in 20 ml ether using the 
procedure describcd above for the preparation of 16. 
Iodometric titration of an aliquot of the solution showed 
that 86 % of hydroperoxide had for~ned. The solution was 
added to a solution of 2 g sodium hydroxide in 100 11-11 
methanol at 0'. After stirring for 90 min at 0" the reaction 
mixture was poured into 200 ml ice-water. The resulting 
mixture was extracted twice with 100 ml ethcr and the 
combined organic layers were washed three times with 
100 ml water. The dried solution was added slowly to a 
stirrcd slurry of 1.5 g lithium alunlinium hydride in 35 ml 
ether. This mixture was heated under reflux for 1 h and 
then a solution of 15 % potassium hydroxide was added 
dropwise until the organic layer became clear. The organic 
laycr was decanted and the precipitate slurried several 
times with ether and the combined organic solutions were 
dried. An aliquot of the solution was analyzed by g.1.c. 
on a 5 ft x 1 /4 in. column of 10 % FFAP on Chromosorb 
W at 120". There were present 12% 1,2-dimetliylcyclo- 
hexene and 66% of product, 9, based on the hydroperoxide 
yicld. Also present was ca. 2% of a material with the same 
g.c. retention time as the isomeric alcohol, 1,2-dimethyl-2- 
cyclol~exenol(l0). 

Ether was distilled from the solution and the residual 
oil was distilled to give 0.85 g (42% bascd on the hydro- 
peroxide contcnt of the starting solution) of 9, b.p. 
58-61" (15 mm), rlnZ 1.4799. Rcported (13) b.p. 58" 
(10 mm). The n.m.r. spectrum (CC14) showed absorption 
at T 5.15 (multiplet) and 5.39 (multiplet) for the olcfinic 
protons, T 7.6 to 8.6 (broad)for the ring and hydroxyl pro- 
tons and T 5.72 (singlet) for the protons of the methyl 
group with relative peak areas of 1.0:0.92:9.2:2.84, re- 
quired: 1:1:9:3. The infrared spectrum (ncat) showed 
hydroxyl absorption at 3660 (sharp) and 3550 to 3200 
(broad) cm-1 and absorption characteristic of a terminal 
olefin at 1640 (strong) and 990 (strong) cm-1. There was 
no absorption at 7 4.68 in the n.m.r. spectrum where 
the olefinic proton of the isomeric alcohol 10 absorbs. 

This product was identical (g.1.c. retcntion time, n.m.r. 
and infrared spectra) with authentic 9 (13) prepared by 
the addition of methylmagnesium iodide to Zmethylene- 
cyclohexanone as describcd below. 

(6) Frotr~ 2-Cl1lor0-1,2-clin~etl1j~Icyclo~vl Hydro- 
per.oxic/e, 2n 

The procedure described for the preparation of I n  
was used to prepare a solution of 20 from 9.6 g (86 mmole) 
of 1,2-dimethylcyclohexene, 11 g (500 mmole) of 98% 
hydrogen peroxide, and 8.4 g (86 mmole) of N-chloro- 
acetamide. An aliquot of the dried solution, after removal 
of hydrogen peroxide and acetamide, was analyzed by 
g.c. on the FFAP column using chlorobenzene as an 
internal standard. It  was found that 43 % of the original 
1,2-dimctliylcyclohcxene had not reacted. The solution 
containing 2a was then added to 4 g sod~um hydroxide 
in 100 ml methanol at 0' and the resulting mixture was 
stirred at 0" for 1 h. To this mixture was added 0.25 g 
sodium borohydride dissolved in a 11ttle methanol. After 
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1 h at room temperature the reaction mixture was poured 
into ice-water. The resulting mixture was extracted twice 
with ether. The combined ether extracts were washed 
several times with water and dried. The ether was dis- 
tilled and the residual oil adsorbed on a 2.5 x 30 cm 
column of basic alumina. The colunln was washed with 
200 ml pentane to remove the unreacted 1,2-dimethyl- 
cyclohexene and then the product was eluted with 200 ml 
ethcr. The ether was removed and the rcsidual oil dis- 
tilled to give 1.1 g (19% based on reacted olefin) of 9, 
rln2j 1.4813. This material was identical (n.m.r. and infra- 
red spectra) with authentic 9. The n.m.r. spectrum showed 
no absorption at 4.68 whe1.e the olefinic proton of 
the isomeric alcohol 10 absorbs. Gas-chromatographic 
analysis indicated the prcsence of cn. 1 % of a material 
with the same rctention time as the isomeric alcol~ol 10. 
Several attempts to isolate 2a resulted in explosions. 

(c) Frorn Sensitized Oxiclntion of 1,2-Di1?1etl~~~lcyclo- 
Aexene 

The photolysis cell consisted of a 2.5 cm x 25 cm 
water-jacketed test tube fitted with a ground glass stopper 
containing an outlet tube and an inlet tube with a fritted 
disk which rcached to the bottom of the test tube. The 
inlet tube was connected to the exhaust port of a Dynaport 
air pump. The outlet tube was connected to a T-tube 
which was, in turn, connected to an oxygen burct and to 
the inlet port of the air pump. 

A solution of 3.0 g 1,2-dimethylcyclohexene and 30 mg 
of nlethylene blue in 30 ml methanol was placed in the 
photolysis cell. The pump was turned on and after pres- 
sure equilibrium was reached the cell was illun~inated 
with two 100 W frosted light bulbs placed against the cell 
on either sidc. Aluminium foil was placed around the 
apparatus. Oxygen uptake became very slow after 70 inin 
when 610 ml (STP) had bcen consumed (theoretical 570 
ml). This solution was poured into 100 ml ice-water and 
the resulting mixture extracted twice with 30 rnl pentane. 
The combined pentane extracts were washed with water 
and with saturated sodium chloride. The dried solntion 
was added slowly to a slurry of 1 g lithium aluminium 
hydride in 50 ml ether. The mixture was heated under reflux 
for 2 h and then worked up as described under A. The 
product was separated from olefin on alumina as described 
under B. The product was distilled to give 2.4 g (71 "/,) of 
an oil, b.p. 88-90" (85 mm), 1 1 ~ 2 5  1.4786. The product was 
identical (n.m.r. and infrared spectra) with authentic9. The 
nn1.r. spectrum showed no absorption at 7 4.68 where the 
vinylic proton of the isomeric alcohol 10 absorbs. Gas- 
liquid chromatographic analysis indicated the presence of 
ca. 5 "/, of a material with the same retention time as 10. 

(cl) From 2-Metl~yler~ecyclohexnnone 
The 2-n~ethylenecyclohexanone was prepared accord- 

ing to the procedure of Mannich (22). A mixture of 9 g 
37% formaldehyde solution, 9 g dimethylamine hydro- 
chloride, and 48 g cyclohexanone was heated on the 
steam bath. Water (50 ml) was added to the cooled 
mixture and the aqueous layer extracted scveral times with 
ether. The aqueous layer was concentrated using a rotatory 
evaporator. The crystals which formed were recrystallized 
from acetone-alcohol to give 10 g (54%) of salt, n1.p. 
150-151" (reported (22) m.p. 152"). 

This salt (5 g) was pyrolyzed under vacuum (0.15 mm). 
The pyrolysate was caught in a trap a t  -70°, redistilled 
and stored a t  -70' until a solution of methylmagnesium 
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trans-2-Bron~ocyclohexyl Hydroperoxide, 4 
The procedure described for the preparation of l b  

was used to prepare an ether solution of trans-2-bromo- 
cyclohexyl hydroperoxide from 8.2 g (100 mmole) of 
redistilled cyclohexene, 14.3 g (50 mmole) of 1,3-dibromo- 
5,s-dimethylhydantoin, and 17 g (500 mmole) of 98% 
hydrogen peroxide. The dried solution was concentrated 
under aspirator pressure using a rotary evaporator on a 
water bath at 30". The crude product, 19.8 g, contained 
72% of the theoretical amount of hydroperoxide by 
iodometric titration. It was taken up in 100 ml pentane 
and the resulting solution was cooled to -78". The pen- 
tane was decanted from the crystals which formed. These 
melted at ca. -20'. The hydroperoxide content of this 

iodide made from 0.5 g magnesium and 3 g methyl iodide 
in 50 ml ether was added. The reaction mixture was 
allowed to warm to room temperature and then hydro- 
lyzed with water. The ether layer was dried and the sol- 
vent removed. The small amount of residual oil had two 
high-boiling components in a 60:40 ratio which were 
isolated by trapping theeffluent from g.1.c. (FFAPcolumn). 
A sufficient quantity of each was isolated for spectral 
analysis. The major component had ag.1.c. retention time 
and n.m.r. and infrared spectra which were identical with 
9 prepared by methods (a)-(c) above. The second 
conlponent was not identified. It had hydroxyl but no 
olefinic absorption inthe infrared spectrum and no absorb- 
tion in the n.1n.r. spectrum below T 6. 

1,2-Di1netl~yl-2-cyclohexe1~e-I-ol, 10 
The procedure of Warnhoff and Johnson (23) was used 

for the preparation of 2-methylcyclol~exenone, b.p. 95- 
100" (75 mrn), rrD25 1.4820. Reported (23) b.p. 98-101 
(77 mm), 1 1 ~ 2 5  1.4836. 

2-Methylcyclohexenone (1 g) in 5 ml ether was added 
to 4 ml of 0.24 M methyllithium at -40" under a nitrogen 
atmosphere. The reaction mixture was allowed to warm 
to room temperature and was then hydrolyzed with 10% 
potassium hydroxide solution. The organic layer was 
dried, the ether was removed, and the residual oil was 
distilled to give 0.4 g material b.p. 82-85" (25 mm). 
Reported (14) for 10, b.p. 132" (180 mm). Gas chromato- 
graphic analysis on the FFAP column at 120" showed two 
components in a ca. 60:40 ratio in addition to a small 
amount of starting material. The two products were 
collected from the effluent of the g.1.c. The major product, 
1 1 ~ 2 6  1.4764 (reported (14) for 10, 1 1 ~ 2 0  1.4844), had the 
same g.c. retention time as the minor product formed with 
9 in thc various oxidations of 1,2-dimethylcyclohexene 
described above. Its n.1n.r. spectrum (CC14) showed 
absorption at T 4.68 (multiplet) for the olefinic proton, 

7.9-8.6 (b) for the ring, hydroxyl, and allylic methyl 
protons and 8.80 (singlet) for the protons of the other 
methyl group with relative peak areas of 1:11.3:3.5, 
required: 1:10:3, consistent with the structure of 10. 
The infrared spectrum (CCld showed hydroxyl absorp- 
tions at 3600 (sharp) and 3500-3300 (broad) cm-1 as 
well as olefinic CH stretching absorption at 3160-3120 
cm-1 . 

The minor product, 1 1 ~ 2 5  1.4616, showed hydroxyl 
absorptions but no absorption characteristic of an olefin 
in the infrared spectrum and had no absorption in the 
n.m.r. spectrum below T 6. It was not investigated further. 

oil was 88 % of the theoretical. The n.nl.r. spectrum (CC14) 
showed absorption at 1.04 (broad singlet) for the hydro- 
peroxy proton, T 5.80 (multiplet) for themethine protons, 
and T 7.4-9.0 (broad) for the methylene protons of the 
ring with relative peak areas 0.89:2.0:8.1, required 1 :2:8. 

Hydrogenation of 1.95 g (0.01 mole) of this oil in 
25 ml ether over platinum oxide at 0" and one atmosphere 
resulted in the rapid uptake of 178 in1 (STP), 80% (based 
on weight of starting material) of hydrogen. The reaction 
mixture was filtered, the filtrate dried, and the ether 
removed. Gas-liquid chromatographic analysis of the re- 
sidual oil on a 5 ft x 1/4 in. column of 10% QF-1 on 
Chromosorb W at 150" showed the presence of a trace of 
dibromocyclohexane in addition to the major product 
which had a retention time identical with authentic 
trans-2-bromo-cyclohexanol (24). The p-bromobenzene- 
sulfonyl ester was prepared, m.p. and mixture melting 
point with authentic nlaterial 90.0-90.5"; reported (24) 
m.p. 90-90.5". 

Reactio~z of tra~ls-2-Bromocyclohexyl Hydroperoxide with 
Base 

A solution of 5.6 g potassium hydroxide in 25 ml 
ethanol was added to a solution of 19.5 g trans-2-bromo- 
cyclohexyl hydroperoxide (80% hydroperoxide) in 100 ml 
ether at 25". The resulting mixture began to boil and 
deposit a precipitate. Boiling continued for ca. 30 min, 
and the solution was allowed to stir overnight at 25". 
Titration of an aliquot showed that 95% of the hydro- 
peroxide had been consumed. The mixture was filtered 
and the filtrate stirred vigorously with 50 ml of 2 M  
sodium sulfite for I h. The organic layer was then washed 
twice with water, dried, and the ether was removed 
through a vigreaux column. 

The residual oil had a pungent odor. The infrared 
spectrum (neat) showed broad, strong absorption in the 
region 3600-3200 cm-1 and a medium intensity absorp- 
tion with several maxima at 1735-1715 cm-1. The major 
volatile components were found by g.1.c. analysis to be 
cyclohexene oxide and trans-2-bromocyclohexanol. These 
compounds were identified by comparison of their reten- 
tion times with authentic cyclohexene oxide (25) and 
trans-2-bromocyclohexanol (24) on the QF-I column 
and on a 5 ft x 1/4 in. column of 20% DEGS on 
Chromosorb W. Quantitative g.1.c. analysis using the QF-I 
colunln showed that 29 % cyclol~exene oxide and 27 % 
trans-2-bromocyclohexanol had been formed (based on 
the hydroperoxide content of the starting material). 
No trace of any material with the retention time of 
authentic cyclohexen-3-01 could be found. 

Attempted distillation of a portion of the oil resulted in 
decomposition soon after boiling began (pot temperature 
10O0, 10 mm). A small amount of material which had 
collected in the condenser was taken up in carbon tetra- 
chloride. The infrared spectrum of this material was 
identical with that of authentic cyclohexene oxide. 

The combined aqueous extracts were extracted several 
times with ether and the combined ether extracts were 
concentrated. The viscous oil, 0.3 g which remained 
crystallized on standing, and was recrystallized from 
benzene, m.p. 96.0-97.5". The mass spectrum of this 
material showed a parent peak at mle 116.0835 corre- 
sponding to a molecular formula of C6Hl2O2 which 
requires 116.0837. It was identified as trans-1,2-cyclo- 
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hexanediol by its melting point behavior, mixture melting 
point with authentic tra11s-l,2-cyclohexanediol (26) 
96-101" and mixture melting point with authentic cis-1,2- 
cyclohexanediol2 (27) 65-74". The authentic diols had 
m.p. 98-10lo, reported (26) m.p. 104", and 96-98", 
reported (28) m.p. 98", respectively. 

The precipitate obtained on filtering the initial reaction 
mixture was taken up in a small amount of water. The 
resulting solution was made acid with 6 N hydrochloric 
acid and extractcd with chloroform. The organic layer 
was dried and the solvent was removed to leave 0.8 g of a 
viscous oil. A thin-layer chromatogram of this material 
using silica gel G.F. 254 as adsorbent and ether as eluent 
indicated that at least six components were present. The 
material was not investigated further. 

Several other reactions between tra~zs-2-bromocyclo- 
hexyl hydroperoxide and base were carried out. The reac- 
tion temperature and timne,concentrations of reactants, and 
method of reduction (sodium borohydride, lithium alu- 
minium hydride) of the crude reaction mixture were varied. 
In no case was any trace of cyclohcxen-3-01 found. 

C)~clohexetz-3-01 
A solution of 8 g (0.05 mole) 3-bromocyclohexene 

(29) and 4.1 g (0.05 mole) of sodium acetate in 50 ml acetic 
acid was heated on the steam bath for 5 min. The resulting 
mixture was filtered and the filtrate was slowly poured into 
an aqucous slurry of sodium carbonate. The resulting 
mixture was extracted with 100 ml ether. The dried ether 
solution was added to a slurry of 1 g lithium aluminium 
hydride in 50 ml ether. The reaction mixture was hydro- 
lyzed by dropwise addition of saturated potassium car- 
bonate until the organic layer became clear. The solution 
was decanted, the precipitate washed with a little ether, 
and the combined ether solutions were concentrated. 
Distillation of the residue gave 2.0 g, 45 %, of colorless 
oil, b.p. 53" (6 mnl). Reported (30) b.p. 63-65" (12 mm). 
The n.m.r. spectrum (neat) showed absorption at T 4.32 
(multiplet) for the olefinic protons, T 4.97 (singlet) for the 
hydroxyl proton, T 5.89 (b) for the methine proton and 
T 7.8-8.8 (b) for the ring methylene protons with relative 
peak areas 2.0:0.96:0.96:6.3, required 2:1 :I :6. 

2-Bro1no-l-phe1r)~letl1yl Hydroperoxide, 5 
The procedure described for the preparation of 16 

was used to prepare an ethe~eal solution of 5 from 10.4 g 
(0.1 mole) of purified styrene, 14.3 g (0.05 mole) of 1,3- 
dibromo-5,5-dimethylhydantoin, and 17 g (0.5 mole) of 
98% hydrogen peroxide. The dried solution was con- 
centrated to constant weight under 0.5 mm pressure on a 
water bath at 30" using a rotary evaporator. The residual 
oil, 14.1 g, and 86% of the theoretical hydroperoxide 
content. The n.rn.r. spectrum (CCl3 showed absorption 
at T 1.00 (b) for the hydroperoxy proton, T 2.80 (singlet) 
for the phenyl protons, T 5.07 (triplet, J = 6.5 c.p.s.1 
for the methine proton, and T 6.48 (doublet, J = 6.5 
c.p.s.) and T 6.53 (doublet, J = 6.5 c.p.s.) for the non- 
equivalent rnethylene protons. The relative peak areas 
were 0.57:5.0:0.85:1.8, required 1:5:1:2. A mixture of 
13.0 g of this material in 100 ml ether and 31 g sodium 
bisulfite was stirred vigorously overnight. The organic 
layer was separated, dried, and concentrated. Distillation 
of the residual oil yielded 9.2 g, 87% (based on hydro- 

2Kindly donated by Mr. S. Evani. 

peroxide content) of 2-bromo-1-phenylethanol, b.p. 
78-79" (0.3 rnm), 1 1 ~ 2 6  1.5763. Reported (31) b.p. 120-123" 
(5 mm), tzD19 = 1.5785. The n.m.r. and infrared spectra 
were identical with those of an authentic sample (31). 

Renctiotz of 2-Brotno-I-plzetzylerl~yl Hydroperoxide wirh 
Base 

A solution of 4 g sodium hydroxide in 15 ml methanol 
was added to 20.6 g of 5, 78% hydroperoxide content, 
in 100 rnl methanol at 0". A white precipitate soon began 
to form. The mixture was stirred at OD for 2 11. Water 
(200 ml) was added and the mixture extracted four times 
with 100 ml pentane. The aqueous layer was concentrated 
to a small volume and made acidic with 6 N hydrochloric 
acid. An oil separated which began to crystallize. The 
mixture was extracted with 100 rnl ether and the ether 
was dried. Evaporation of the ether left an oil which 
crystallized on standing, 4.3 g. The solid, recrystallized 
from methanol, had m.p. and mixture melting point with 
benzoic acid 119-120". The yield was 45% based on the 
hydroperoxide content of the starting material. 

The dried organic layer was concentrated to a small 
volume through a 4 ft Podbielniak column. The odor of 
benzaldehyde was detected in the concentrate. 1,2-Di- 
anilinoethane (2 g) (32) in 20 ml methanol was added to 
21 % of the concentrate. The solution was left at 0" over- 
night. The crystals which separated were filtered to give 
0.133 g, 2.9 % (based on the hydroperoxide content of the 
starting material 5), of 1,2,3-triphenyltetrahydroimidazole, 
melting point and mixture melting point with authentic 
(32) material 131-131.5". Reported (32) m.p. 137". 

The remainder of the concentrate was adsorbed on a 
1.5 x 30 cm column of neutral alumina. The column was 
washed with 100 ml pentane and with 200 ml ether. The 
eluents were analyzed by g.1.c. on a 9.5 ft X 1 /4 in. 
column of 10% Ucon-50-HB-5100 on Chromosorb W 
at 158". The pentane eluent contained only styrene and 
the ether eluent only benzaldehyde and styrene oxide. 
Further elution of the column with 200 ml ether gave no 
more product. Quantitative g.1.c. analysis showed that 4 % 
benzaldehyde and 45% styrene oxide (based on the 
hydroperoxide content of the starting material) had been 
formed in the reaction. 

Concentration of 63 % of the ether eluent and distilla- 
tion of the residual oil yielded 1.34 g, 3374, of styrene 
oxide, b.p. 53" (2.8 mm), 1.5312. Reported (31) 
b.p. 65" (5 mm), 1 1 ~ 2 0  1.5340. The n.m.r. spectrum of this 
product was identical with authentic (31) material as was 
the infrared spectrum except for a weak absorption at 
1 700 cm-1. 

3-Bromo-2-metl~yl-2-6utyl Hydroperoxirle, 3 
The procedure described for the preparation of 16 

was used to prepare an ether solution of 2 from 7.0 g 
(0.1 mole) of 2-methyl-2-butene, 14.3 g (0.05 mole) of 
1,3-dibromo-5,5-di-methylhydantoin, and 17 g (0.5 mole) 
of 98 % hydrogen peroxide. The dried solution was con- 
centrated to constant weight under 0.5 mm pressure on a 
water bath at 30" using a rotary evaporator. The residual 
oil, 16 g, had 92% of the theoretical hydroperoxide 
content. The n.m.r. spectrum (CC14) showed absorption 
at T 1.40 (b) for the hydroperoxy proton, T 5.56 (quartet, 
J = 7 c.p.s.) for the methine proton 7 8.32 (doublet, 
J = 7 c.p.s.) for the terminal methyl protons, and 8.63 
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and 8.72 for the protons of the non-equivalent gem- 
dimethyl groups. The relative peak areas were 0.77: 
1.0:3.3 5.9, required 1 :1:3:6. 

Renction of 3-Bronto--3-metlgYI-2-b~1tyl Hydroperoxirle with 
Base 

A solution of 4.4 g sodium hydroxide in 16 ml methanol 
was added slowly to a well-stirred solution of 18 g of 3 
in 100 ml cther kept at 0". The solution was stirred at 0" 
for 1: h after addition was complete. Gas-liquid chro- 
matographic analysis of an aliquot on a 5 ft x 114 in. 
column of 10% Carbowax 1500 on Chromosorb W at 50" 
indicated that 76 % acetone and 77 % acetaldehyde had 
been formed. Acetaldehyde and acetone were idcntified by 
conlparison of their retention times on the Carbowax col- 
umn and on a 5 ft x 1 /4 in. column of 10% glycerol on 
Chromosorb W. Thin-layer chromatography on silica gel 
GF-254 using benzene as eluent of a mixture of 2,4-dini- 
trophenylhydrazones obtained from an aliquot of the 
reaction mixture gave two partially resolved spots. The Rr 
values were equal to those of the 2,4-dinitrophenylhy- 
drazones of acetone and acetaldehyde. 

The reaction mixture was poured into 200 ml water and 
the mixture was extracted with ether. An aliquot of the 
dried organic layer analyzed by g.1.c. on the Carbowax 
column at 50" showed that 10% of 2,3-epoxy-2-methyl- 
butane had been formed. 

The organic layer was carefully concentrated through a 
4 ft Podbielniak column. From the residual oil 2,3- 
epoxy-2-methylbutene was isolated by trapping it from the 
effluent of the g.1.c. column. Its n.m.r. and infrared spectra 
were identical with those of authentic (33) material. 

This work was supported in part by a grant 
from the National Research Council of Canada. 
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Cyclohexane compounds. VII. Nucleophilic scission of the stereoisomeric 
3-methoxycyclohexene oxides1 

R. A. B. BANNARD AND A. A. CASSELMAN 
Deferrce Clretnical, Biological, ar~d Radiatioiz Laborafories, Ottawa, Cariada 

AND 

E. J. LANGSTAFF AND R. Y. MOIR 
Departnrerrf of Ct~einistry, Queen's Uiziversity, Kiirgstorz, Otztario 

Reccived June 12, 1967 

The mode of scission of cis- and trans-3-methoxycyclohexene oxides by hydrogen chloride, hydrogen 
bromide, ammonia, acetic acid, and methanol (under both acidic and alkaline conditions) has been 
examined using vapor-phase chromatography to detect and isolate minor isomers. Approximately 10 % 
of the product from opening of the trarls oxide is formed by attack at position-2 with each of tliese 
nucleophiles, whereas opcning of the cis oxide proceeds exclusivcly by attack at position-1. The results 
are interpreted as reflecting very similar transition states for all of these reactions, witli differences in 
product distributions for the two oxides being governed by the inductive effect of the rnethoxyl group and 
by stcric factors in the corresponding transition states. 

Cztnadian Journal of Chemistry, 46, 35 (1968) 

For the past several years we have been 
interested in finding a reasonable, quantitative 
explanation for the product distribution and 
differences in reaction rates for the scission and 
formation of the oxirane ring in the stereoiso- 
meric oxides of 3-metl~oxycyclol~exene (1 and 2). 
We have attempted to utilize measurable steric 
and electronic data from the forination step to 
explain tlle product distribution found experi- 
mentally for tlle oxide scission. In the early 
stages of the investigation progress was hampered 
by the difficulty of separating tlle oxides in a 
pure condition and in establishing their struc- 
tures (1-3). Similar separation and structural 
identification probleills arose each time the 
behavior of a new nucleopl~ile was examined. 
Nevertheless, investigations by McRae, Moir, 
and co-workers (I), Lemieux, Kullnig, and 
Moir (2), and by Bannard and Hawkins (3) 
made it evident that under alkaline conditions 
these oxides are attacked by nucleoplliles such 
as methanol, water, and ammonia predomin- 
antly, if not exclusively, at position-I. More 
recently (4, 5), examination of the scission of 
these compounds by hydrobromic and llydro- 
chloric acids again demonstrated an over- 
whelming preference for attack at position-1 
and showed that there is apparently no marked 
tendency toward a change in the direction of 
opening of the oxirane ring in these alicyclic 
epoxides under acidic conditions as has fre- 

'Issued as DCBRL Rcport No. 541. 

quently been observed for unsymmetrical ali- 
phatic oxides (6-8). 

A major step forward in the analysis of product 
mixtures from the halogen hydracid scission of 
the oxides was made possible by the application 
of preparative vapor-phase chromatography to 
the purification and elucidation of structure of 
the chlorohydrins and bromohydrins, which are 
formed by the action of aqueous N-chloro- and 
N-bromosuccinimide on the two conformers 3 
and 4 of 3-n~etl~oxycyclohexene as shown in 
Fig. 1. In connection with the latter work, 
Bannard, Casselman, and Hawkins (9) inter- 
preted the distribution of bromohydrin isomers 
(5b-8b) obtained by assuming tlle formation of 
bro~llonium ion intermediates from the two 
conformers of 3-rnethoxycyclol~exene wl~icll then 
underwent scission with hydroxide ion in a 
manner analogous to the opening of the corre- 
sponding oxides. I t  was assumed (a) that the 
electron-withdrawing effect of the methoxyl 
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TABLE I 
Nucleophilic scission of trans-oxide 

Percentage yield of products 

0CH3 

e 0 g c H 3  x HO &x Total 
percentage 

Nucleophile X 6 5 yield 

n C1 84.9 
6 Br 86.6 
c OAc*' 76.5 
d OMe 69.4 
e NH2 80.2 
d OMe 82.1 

''lsolarr.d asdiacctylder:\ali\e. 
t1.9Cg seconddr, arnlnc;~lso formed. 

NXS 1 H.0 

X- OCH 3 

FIG. 1 .  The action of aqueous N-chloro- and N- 
bromosuccininlide on conformers 3 and 4. 

group establishes a very strong preference for 
nucleopl~ilic attack at position-1 by exerting a 
greater inhibitory influence on the development 
of carbonium ion character at position-2 in the 
transition state of a "borderline S,2" mechanism 
(2, 7); (b) that the ring opens with a great 
preference for the initial formation of diaxially- 
oriented products in chair forms (10, 1 I), and (c) 
that the reaction rates of conformers of the 
bromoilium ions may be adversely affected by 

steric interference in the transition state. Lang- 
staff, Hamanaka, Neville, and Moir (5) examined 
an almost identical interpretation for the dis- 
tribution of the chlorohydrin isomers (5a-8a) 
involving cl~loronium ion intermediates. Both 
groups of workers (5,9) agreed that the observed 
differences in the distribution of the isomers in 
the two series might be ascribed to the well 
known low participation energy of chlorine (12) 
relative to bromine, but also that the apparently 
exclusive formation of I-substituted derivatives 
during scission of the oxides (1-5, 9) coilstitutes 
rather strong evidence against the analogy 
suggested (5, 9) between the oxide scissions and 
the N-haloimide - olefin reactions. With the 
object of clarifying the situation, it was decided 
to reexamine the oxide cleavage reactioils with 
a variety of nucleopl~iles under both acidic and 
basic conditions, this time using vapor-phase 
chromatography to detect, isolate, and identify 
any minor products formed by attack at  
position-2. 

The hydrochloric acid cleavages were con- 
ducted in anhydrous ether at -50" and the 
hydrobromic acid experiments in the same 
solveilt a t  -15". Acetolyses were coilducted 
at  70" in the presence of a catalytic amount of 
sulfuric acid and the methanolyses were per- 
formed at rooin temperature and under reflux 
conditions respectively in the presence of cata- 
lytic quantities of sulfuric acid or sodium meth- 
oxide. Ammonolyses were performed in aqueous 
ethanolic ammonia at 110". In connection with 
these experiments, it should be pointed out that 
the ininor products from the acetolysis, methanol- 
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TABLE I1 
Nucleophilic scission of cis-oxide 

Percentage yield of products 

0CH3 

&OH X 
HO e x o C H 3  percentage Total 

Nucleophile X 7 8 yield 

c OAct 86.2 
d OMe 1 
e NH2 92.0 
d OMe 82.0 

*Not detected. 
tIsolatedas diacetylderivative. 
fHigh(see Experimentalsection). 
54.7% secondary anline alsoisolated. 

ysis, and ammonolysis of the trans oxide had 
not been obtained nor characterized previously. 
The structures of these compounds were readily 
established from their nuclear magnetic reso- 
nance (n.m.r.) spectra after the preparation of 
suitable derivatives to remove extraneous hy- 
droxylic proton resonances. 

Considering the trans oxide scissions first, it is 
clear from Table I that although there is a very 
great preference for attack at position-1, 
approximately 10 % of the product results from 
reaction at position-2. Yields are, in general, 
quite high and the product distribution remains 
relatively constant regardless of the size and 
strength of the nucleophile and the acidity or 
basicity of the reaction medium. In relation to 
the ammoillyses it is noteworthy that in addition 
to the primary amines, 4.9 % of secondary amine 
is also formed. This result agrees with the 
observation made by Hawkins and Bannard (13) 
that 3-5 % of secondary amine is formed during 
the ammonlysis of cyclohexene oxide under 
identical conditions. 

In the cis oxide ring openings summarized in 
Table 11. exclusive attack occurs at ~osition-1 
to within the limits of detection of the minor pro- 
ducts 8a-8e by vapor-phase chromatography.2 

2Experiments on the bromohydrins and aminoalcohols 
indicated that the lower limit of detectability was approxi- 
mately 0.5-1.0%. In the scission of the cis oxide 2 by 
acetic acid (followed by acetylation) in addition to 7c, 
2.2% of an unidentified product was obtained. This sub- 
stance cannot be the compound arising from abnormal 
opening at position-2 since this would furnish 8c identical 
with the major isomer 6c isolated from the similar scission 
of the trans oxide 1. 

The results from all these oxide scissions indicate 
that the transition states in all these kinetically 
controlled reactions are equivalent about the 
reactive centers, although they differ in gross 
structure due to the position and orientation of 
the methoxyl group. Assuming as before (2, 7) 
that the electron-withdrawing effect of the 
methoxyl group exerts a constant inductive 
influence in favor of attack at position-1 in a 
"borderline SN2" mechanism in both isomers, 
and that preference is shown for initial diaxial 
opening to yield chair forms (10, l l ) ,  it follows 
that the transition states for the opening of the 
trans oxide approximate to structures 9 and 10 
and those for the cis oxide approximate to struc- 
tures 11 and 12. In these transition states, the 
presence or absence of a proton on the leaving 
group seems immaterial for transition-state 

geometry in view of the results just reported. If 
it is assumed that the inductive effect of the 
methoxyl group is constant, the difference 
observed in the product distribution from the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



38 CANADIAN JOURNAL O F  ( ZHEMISTRY. VOL. 46, 1968 

trans and cis oxides must be the result of steric 
factors such as the presence of axially-oriented 
substituents, gauche substituent interactions, and 
1,3-diaxial interactions in the transition state.3 
Kinetic studies of the reverse reaction suggest 
that the transition states must be mucl~ nlore 
product-like tllan oxide-like. For both oxides 
scission at  position-1 is favored by a very large 
inductive effect.4 Qualitatively it would be 
anticipated that 9 would have a higher energy 
content than 10 because of the extra axial group 
and the 1,3-diaxial interaction in the former. 
Consequently, scission at  position-1 in the trans 
oxide would be less favored to this extent, i s .  
unfavorable steric iilteractions in the transition 
state 9 impede the normally favored opening at 
position-1. In the cis oxide openings, 12 would be 
expected to have a higher energy content than 11 
because of the same unfavorable steric factors 
mentioned above. Steric interactions in transition 
state 11 therefore reinforce the inductive effect 
which already favors opening at  position-1. It  is 
therefore not surprising that the trans oxide 
leads to two products by a competition process 
involving 9 and 10, and that the scission of the 
cis oxide leads to only one product because no 
such competition is involved since the formation 
of 11 is overwhelmingly favored over 12. It is 
noteworthy that a complete qualitative corre- 
spondence exists between the products from the 
epoxide scissions just described and those from 
the reactions between aqueous N-haloimides 
and 3-inethoxycyclohexene (5, 9). This can be 
construed as strong evidence in favor of the 
bromoniuin and chloronium ion interillediates 
suggested earlier for the N-haloimide - olefin 
reactions. 

In  connection with these studies on the dis- 
tribution of products from the oxide ring open- 
ings, the reverse reactions were studied kinetically 
for the cl~lorol~ydrins and broinohydrins to place 
the qualitative interpretation just presented on a 
firmer foundation, and the results of these 
investigations will be reported in detail else- 
where. With these kinetic data in mind, we are 

3Ground state effects have no influence on the product 
ratio since the ground state may bc taken as common to 
both modes of scission of a given oxide. It is true that 
different conformations are involved, but they are in 
rapid equilibrium, so that either one, or  the equilibrium 
mixture of both, may be used in expressing the rate law 
for both scissions. 

4We use this term in its most general sense to include 
electrostatic effects transmitted though single bonds as 
well as directly through space. 

now convinced that the product distribution 
from these reactions is governed by an intricate 
but predictable interplay of substituent inversion 
effects (A-factors), gauche substituent inter- 
actions (G-factors), and 1,3-diaxial interactions 
(Z-factors), together with an inductive parameter 
involving the methoxyl substituent and the 
nucleophile in the transition states 9 to 12. 
~lear l ;  it is now imuortant to examine the 
influence of other substituent groups at  position-3 
on the nature of the products fornled during the 
scission of alicyclic epoxides. 

~~-trnris-3-Met/zosycyc/o/1exerie Oxide ( I )  
The traru oxide was prepared by tlic addition at 20-32" 

ovcr a 30 min period of 12.0 g (0.30 mole) of sodium 
hydroxide dissolved in 30 1111 of water, to a meclianically- 
stirred suspension of DL-(1,312)-1-bromo-2-hydroxy-3- 
methoxycyclohexane (6b) (4) (41.8 g, 0.200 mole) in 
30 ml of water, followed by heating at 50' with stirring 
for 30 min. Extraction with ether (5 x 50 ml), followed 
by drying over anhydrous magnesium sulfate and dis- 
tillation irr vacuo, gave 24.9 g (97.3 %) of colorless fragrant 
oil, b.p. 56.5--57.0" at 10 mm; 1 1 ~ 2 5  1.4516 (3). 

~~-cis-3-Met/ioxycyc/o/iexe1ze Oxide (2) 
The cis oxide was prepared in cxactly the same manner 

as the trnrrs oxide exccpt that DL-(1 /2,3)-1-bromo-2- 
hydroxy-3-methoxycyclohexane (7b) (4) was used as the 
starting material, and the addition of the alkali was 
completed over a period of 12 min. Stirring was continued 
at 28" for a further 15 rnin, following which the oxide was 
immediately extracted and isolated as described for its 
isomer. The yield of colorless fragrant oil was 24.8 g 
(97.0%), b.p. 74-75" at 10 mm, I ~ D ~ '  1.4582 (3). The purity 
of both isomers was verified by comparison of their 
infrared spectra with those of authentic samples (3) and 
by vapor-phase chromatography (v.p.c.) in the Wilkens 
Autoprep model A-700 gas chromatograph at 150" 
(10 ft 3 /S in. diameter aluminium column, Anakrom 60/70 
mesh, impregnated with 30% diethyleneglycol succinate). 
The retention times for the trans and cis oxides respectively 
were 2 and 4 min. 

Hydrochloric Acid Scissiorz of ~~-trn1rs-3-Metl~oxycyclo- 
liexerie Oxide (1 )  

DL-trnrrs-3-Methoxycyclohexene oxide (16.7 g, 0.130 
mole) was weighed into a long-necked flask and 30 ml of 
anhydrous diethyl ether was added. The resultant solution 
was cooled to -50" and saturated with anhydrous hydro- 
gen chloride, then allowed to warm to room temperature 
(14 h). Most of the ether and hydrogen chloride was 
removed by bubbling air through the solution and the 
remainder was removed by evaporation irz vnclio on the 
rotary evaporator. The residual thick yellow oil (19.8 g, 
93.0%) was subjected to v.p.c. analysis on a 10% 
Versamid-900 column (5 ft 3/8 in. diameter, 150') and 

5.411 melting points are uncorrected. 
6Analyses by J. Helie of theselaboratories. 
7Heliun1 flow rates in v.p.c. experiments were 300 ml/ 

min unless otherwise specified. 
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BANNARD ET AL.: CYCLOHEXANE COMPOUNDS. VII 3 9 

found to consist o f  84.9 % DL-(1,312)-1-chloro-2-hydroxy- the yields o f  6b and 56 are 9.26 g (86.6%) and 1.09 g 
3-methoxycyc1ohexane (6a) (5) and 8.1 "/, DL-(1/2,3)-1- (10.2%) respectively. 
hydroxy-2-chloro-3-methoxycyclohexane (So), the un- 
expected isomer. Both compounds were identified by 
comparison o f  the retention times and peak enhancement 
found for the mixture with those o f  previously synthesized 
and identified samoles o f  the same comuounds. 

Hydroclrloric Acid Scissiorr of DL-cis-3-Merhoxycyclo- 
hexer~e Oxide (2) 

DL-cis-3-Methoxycyclohexene oxide (30.2 g, 0.236 
mole) was treated in the same manner as described for 
the trnrls oxide. After the removal o f  exccss reagent and 
solvent there remained 38.9 g, (100%) o f  yellow oil, 
which when analyzed by v.p.c. on a neopentyl glycol 
scbacate (4 ft)  column at 70 "C. and 40 pounds per square 
inch (p.s.i.) proved to be pure DL-(1 /2,3)-I-chloro-2- 
hydroxy-3-methoxycyclohexane (70) (5). The compound 
was idcntified by comparison o f  its retention time and 
peak enlianccment with an authentic sample, and proven 
to be free of  the minor product 8a by the same means, i.e. 
the column used was shown to be capable o f  separating 
mixtures o f  the two isomers prepared from authentic 
samples. 

Hydrobrornic Acid Scissior~ of ~~-rrn11s-3-Met/roxycyclo- 
Irexerre Oxide (1 )  

DL-rrnns-3-Methoxycyclohexene oxide (6.40 g ,  0.500 
mole) was transferred in 30 n11 o f  anhydrous ether to  a 
500 ml three-neek flask equipped with a magnetic stirrer, 
thermometer, reflux condenser, and pressure-equalizing 
dropping funnel. A solution o f  anhydrous hydrogen 
bromide in anhydrous ether (350 ml, 0.21 N )  was added 
to the stirred solution at -10" to -15" over a period o f  
35 min. Stirring was continued while the temperature 
o f  the clear solution was allowed to  rise spontaneously 
to room temperature (4 h). The solution was heated at 
35" with stirring for another hour, following which the 
ether was removed irr vncuo, furnishing 11.4 g o f  crystalline 
solid. Recrystallization from ether and ether-pentane 
gave 8.17 g o f  colorless stout needles, m.p. 67.5-69", 
which was identified as DL-(1 ,3 12)-1-bromo-2-hydroxy-3- 
metl~oxycyclohexane (6b) by a nmixture melting point 
determination and by comparison o f  infrared spectra. 
The residual oil, 2.18 g, was analyzed by v.p.c. in the 
Wilkens Autoprcp model A-700 gas chromatograph at 
150" (5 ft column, Chromosorb P, 45/60 mesh, impreg- 
nated with 10% Versanmicl-900). The chromatogram 
sliowcd two peaks with retention times o f  17 and 22 min 
respectivelys which were identified as Gb (4) (m.p. 
67.5-69") and DL-(1 /2,3)-1-hydroxy-2-bromo-3-methoxy- 
cyclohexane (5b) (9) (rl@ 1.5148) respectively by actual 
recovcry and comparison o f  their properties with authen- 
tic samples. The relative proportions were found to be 1 :1 
by peak area measurements after caIibration experiments 
had been performed witli the authentic compounds. Thus, 

. 

sA shouIder on this peak at 13 min was subsequently 
shown to owe its origin to  a reproducible isomerization 
o f  6b to ~~-(1,2/3)-1-bromo-2-hydroxy-3-methoxycyclo- 
hexane on the chroinatographic column as described 
below. It was; therefore, necessary to confirm the relative 
proportions o f  6b and 5b by chromatography at 150" 
on Anakrom impregnated with 30% diethyleneglycol 
succinate, under which conditions no isomerization of  66 
occurs. 

. . 

Isorrzerizariorr of ~~-(1,3/2)-l-Brorno-2-11ydroxy-3- 
~nerlroxycyclohexnrre (6b). Vapor-pl~nse Clrrornntog- 
rophy orr Versornid-900 nt 170" 

Vapor-phase chro~natography o f  a 60 P: methanolic 
solution o f  ~~-(1,3/2)-1-bromo-2-hydroxy-3-methoxy- 
cyclohexane (6b) at 170" in the Wilkens model A-700 gas 
chroniatograph using a 5-ft, 318 in. diameter, aluminium 
column packed with Chromosorb P which had been 
impregnated with 15 % Versamid-900 gave a broad peak 
with retention time 1848 niin together with a broad 
shouldcr at 9-18 min. Serial injections o f  150 , ~ 1  o f  the 
methanol solution were made and collectcd as one frac- 
tion with a retention time o f  9 4 8  min; recovery was 41 %. 
Scrial injections o f  a 45 % methanol solution o f  the rccov- 
ered oil were made employing the same apparatus at 150°, 
but substituting an Anakrom column impregnated with 
30 % dicthylencglycol succinate. Thc two fractions, which 
had retention times o f  15 (55 0/,) and 25 niin (45%), were 
collected separately; recovery was 65%. The slower- 
moving fraction crystallized and was identified as 6b by 
conlparison o f  the melting points and infrared spectra. 
The faster-moving fraction was a colorless oil isomeric 
with the starting material but different from the other 
three methoxybromocyclohexanols described previously 
(4,9). 

Anal. Calcd. for C7H1302Br: C,  40.22; H ,  6.27; Br, 
38.22. Found: C,40.05; H ,  6.08;Br, 38.05. 

Acetylation of  250 mg o f  this substance in the usual 
manner furnished 265 mg (88.3 %) o f  colorless oil which 
was purified by preparative v.p.c. at 150" (retention time 
15 nlin) using a 5 ft Fluoropak 80 column which had been 
impregnated with 10 % SE30.9 

Anal. Calcd. for C9H1503Br: C,  43.04; H ,  6.02; Br, 
31.82. Found: C,  43.23; H, 5.92; Br, 31.81. 

Hydrobrorrlic Acid Scissiorr of ~~-cis-3-Metlzox~~cyclo- 
hexer~e Oxide (2) 

The reaction conditions and method o f  isolation were 
identical with those used for the trarls oxide. The product 
was a liquid and was distilled irr vncuo using a micro 
"Bantamware" distillation assembly, yielding 10.4 g 
(97.3 "/,) of  DL-(1 /2,3)-1-bromo-2-1mydroxy-3-rnethoxy- 
cyclohexane (7b) (4), b.p. 59" at 0.005 nlm pressure; 
nD25 1.5082. The compound was identified by comparison 
o f  its infrared spcctrum witli that o f  an authentic sample 
and showed only 1 peak on v.p.c. at 150" in the Autoprep 
model A-700 gas chromatograph (10 ft column Anakrom 
60170 mesh, impregnated with 30% dietliylenegIyco1 
succinate) with a retention tinme o f  13.5 min. An authentic 
sample o f  DL-(1,3 12)-1-hydroxy-2-bromo-3-methoxycyclo- 
hexene (8b) (9) had retention time 18.0 ~ n i n  under identical 
conditions and synthetic mixtures were resolvable. 

- 

9The nucIear magnetic resonance spectrum o f  this 
substance in deuteriochloroform (15 % solution) showed 
an acetoxyl methyl at T 7.90, methoxyl methyl at T 6.65, 
and methine protons at T 6.55,5.50, and 5.15. The methine 
proton resonance at lowest field clearly must be due to  
the proton attached to  the carbon atom which bears the 
acetoxyl group (14). The multiplet pattern for this proton 
is a quartet with J J , ~  = 3.0 C.P.S. and J2,3 = 6.7 c.p.s. 
From these data the structure o f  the isomeric bromo- 
hydrin is concluded to be ~~-(1,2/3)-1-bromo-2-hydroxy- 
3-metl~oxycyclohexane. 
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Acetolysis of ~~-cis-3-MethoxycycloI1exe11e Oxide ( 2 )  
DL-cis-3-Methoxycyclohexene oxide (10.5 g, 0.082 mole) 

was treated with glacial acetic acid (100 ml) and concen- 
trated sulfuric acid (0.10 g) at 70" for 6 h. Acetic anhydride 
(25 ml) was added and the solution was kept for 36 h at 
room temperature. The acid and excess anhydride were 
largely removed in vaclro on the rotary evaporator and 
the residue was neutralized with sodium bicarbonate and 
potassium carbonate to pH 8. The resultant solution was 
extracted with ether (6 x 30 ml) and dried over anhydrous 
magnesium sulfate. Removal of the ether furnished 16.3 g 
(86.2%) of an oil, analysis of which by v.p.c. at 85" on a 
6 ft column of Chro~nosorb P impregnated with 10% 
neopentyl glycol sebacate showed it to consist of a single 
diacetate isomer. The structure of the diacetate was 
established as DL-(1 /2,3)-1,2-diacetoxy-3-methoxycyclo- 
hexane (7c) by its n.m.r. spectrum. 

Anal. Calcd. for CllH1805: C, 57.35; H,  7.88. Found: 
C, 57.31 ; H: 7.81. 

A small quantity of a second product (2.2 %) was sepa- 
rated from 7c by preparative v.p.c. This substance was not 
identified but it cannot be the minor isomer 8c formed by 
opening at position-2 since its v.p.c. characteristics differ 
markedly from those of the latter substance which is 
identical with the major isomer 6c obtained by scission 
of the trails oxide at position-1 (see below). 

Acetolysis of DL-trans-3-Metkoxycyclohexene Oxide ( I )  
DL-trarrs-3-Methoxycyclohexene oxide (60.8 g, 0.475 

mole) was treated with acetic acid as described for its 
isomer except that the addition of acetic anhydride was 
omitted. After isolation in the manner indicated above, 
78.0 g (87.4%) of a mixture of oil and crystals was ob- 
tained. Vapor-phase chromatographic analysis of this mix- 
ture under the same conditions as mentioned in the scission 
of the cis isomer indicated the presence of two isomers 
in the ratio 87.5:12.5. Fractional distillation of the mixture 
at 75-90" at 0.02 mrn pressure gave 7.60 g of an oil which 
was further acetylated and redistilled in a Spath tube (air- 
bath temperature 90-100") at 0.02 mm yielding 8.85 g of 
oily product. Analysis of the latter material by v.p.c. at 
85" as described above gave two peaks with retention 
times of 15.75 and 20 min respectively. When pure 
DL-(1 /2,3)-1,2-diacetoxy-3-methoxycyclol~exane (5c) was 
added to a sample of the oil, the first peak was reinforced, 
strongly suggesting that the first peak is 5cl0 formed by 
attack at position-2. Analysis of the oil showed it to con- 
sist solely of diacetate so that the second peak must be 
DL-(1,312)-1,2-diacetoxy-3-methoxycyclohexane (6c) 
formed by normal opening at position-1. 

Anal. Calcd. for CllH1805: C, 57.36; H, 738. Found: 
C,57.47,57.43;H,8.13,8.04. 

The crystalline compound recovered from the pot 
residue from the first distillation was recrystallized twice 
from ligroin, had m.p. 73.5-75.O0, and was identified as 
DL-(1,3 /2)-l-acetoxy-2-hydr0xy-3-methoxycyclohexane by 
its n.m.r. spectrum. 

Anal. Calcd. for C9Hl604: C, 57.41; H, 8.57. Found 
C, 57.29,57.43; H, 8.43,8.27. 

Metlranolysis of ~~-cis-3-Met~roxycyclo~rexe1ze Oxide ( 2 )  
Basic Corrrlitio~rs 
DL-cis-3-Methoxycyclohexene oxide (9.63 g, 0.075 mole) 

loThis material was identical with the diacetylated 
compound 7c obtained from scission of the cis oxide 
with acetic acid followed by subsequent acetylation. 

was heated under reflux for 48 h in methanol (35 ml) 
containing sodium (0.651 g). The solution was then kept 
at room temperature for 5 days, acidified with acetic acid, 
and distilled through an 8 in. Vigreux column until a 
colorless mushy solid remained in the pot. The latter was 
collected by filtration, washed with ether, and the filtrate 
and washings were fractionated yielding 1.55 g of color- 
less oil, b.p. 45" at 0.03 mm pressure, 1 1 ~ 2 5  1.4558, 
identified by v.p.c. as unreacted cis oxide (5); and 8.28 g 
(82.0%) of colorless oil, b.p. 45-53" at 0.03 mm, 1 1 ~ 2 5  
1.4592, identified as DL-(1 /2,3)-1,3-dimethoxy-2-hydroxy- 
cyclohexane ( 7 4  by the n.m.r. spectrum of its p-nitro- 
benzoate. Vapor-phase chromatographic analysis at 85" 
on a 6-ft column of Chromosorb P impregnated with 10% 
neopentyl glycol sebacate indicated the fraction to consist 
of only one isomer. 

Acidic Co~rditior~s 
DL-cis-3-Methoxycyclohexene oxide (3.00 g, 0.0234 

mole) was added to anhydrous methanol (15 ml) con- 
taining one drop of concentrated sulfuric acid. The 
solution warmed spontaneously to 60°, and was allowed 
to cool to room temperature and kept overnight. The 
methanol was removed in V ~ C ~ I O  on the rotary evaporator 
and the residue was distilled yielding 3.98 gll of DL- 

(1 /2,3)-1,3-dimethoxy-2-hydroxycyclohexane ( 7 4  as a 
colorless oil, b.p. 42-48" at 0.02 mm. Identification was 
made as described above and v.p.c. analysis again indi- 
cated that 7d was the only isomer formed. 

Metlrarroljlsis of'~~-tra11s-3-Metl1oxycyclol1exe11e Oxide ( I )  
Basic Co~rrlitio~rs 
DL-trarrs-3-Methoxycyclohexene oxide (25.2 g, 0.197 

mole) was treated with a solution of sodium methoxide as 
described for its stcreoisomer. After neutralization with 
acetic acid, the solution was distilled yielding 2.51 g of 
unreacted oxide identified by v.p.c. analysis, and 25.7 g 
(90.5%) of colorless oil, b.p. 80-85" at 0.01 mm, 1rn25 
1.4585, which by v.p.c. analysis proved to be a mixture of 
DL-(1,3 12)-1,3-dimethoxy-2-hydroxycyclohexane (6d) and 
DL-(1 /2,3)-2,3-dimethoxy-1-l~ydroxycyclol~exane ( 5 4  in 
the ratio 90.7:9.3. Several attempts were made to separate 
this mixture on the Fisher Preparative Partitioner but only 
6d was obtained pure by this means, no25 1.4584. This 
compound was identified by its n.m.r. spectrum (2). 

The second isomer was isolated only in an enriched 
form and was further purified by conversion to thep-nitro- 
benzoyl derivative, followed by fractional crystallization. 
The pure derivative had m.p. 71.2-71.8" and was identi- 
fied by its n.m.r. spectrum. 12 

Anal. Calcd. for CI5Hl9O6N: C, 58.22; H, 6.20; N, 
4.53. Found:C,58.25;H,5.99;N,4.54. 

Acidic Co~rditio~~s 
~~-tra1rs-3-Methoxycyclohexene oxide (16.0 g, 0.125 

mole) was subjected to acidic methanolysis in the same 
manner as described for its stereoisomer. Isolation by 
distillation in vacua afforded 15.5 g (77.5%) of colorless 

llThe % yield was high but indeterminate due to error 
in weights. 

l2The n.m.r. spectrum of this substance did not show 
the expected quartet for the C-2 methine proton of 5d 
because of overlap with another peak. However, it did 
show two non-equivalent methoxyl methyl proton reso- 
nances at T 6.60 and 6.52 respectively in contrast to that 
of 6d which showcd only one methoxyl methyl proton 
resonance equivalent to G protons at T 6.64. 
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oil, b.p. 80-85" at 0.01 nlnl pressure, 12~25  1.4593. Vapor- 
phase chromatographic analysis revealed it to contain 
the same two compounds as the product from the basic 
cleavage of the same oxide but in the ratio 89.5:10.5. 

Am1no17olysis of ~~-lrarls-3-Mellioxycyc/0/1exerre Oxide (I) 
The procedure was identical with that reported by 

Bannard and Hawkins (3) except that 20.5 g (0.160 mole) 
of oxide was used and heating was conducted at 110". 
Removal of the excess ammonia and ethanol in tJncuo 
followed by recrystallization from absolute methanol, 
with addition of decolorizing charcoal, furnished 21.3 g 
of pale-yellow crude crystalline material together with 
1.74 a of dark residue. Recrystallization of the former 
from-absolute methanol furnished 18.3 g of DL-(1,3/2)-1- 
amino-2-hydroxy-3-methoxycyclohexane (6e) (3), as 
colorless platelets, m.p. 11 1.5-1 12.5"13 alone, and in 
admixture with an authentic sample. The dark residue, 
on heating at 10-3 mm pressure furnished two sublimates, 
one a colorless crystalline solid at 40-60' (m.p. 60-9S0), 
and the other a more waxy solid at 80-100" (m.p. 95- 
125"). Similar treatment of the residue obtained on 
evaporation to dryness in vac~ro of the mother liquor from 
the recrystallization of the major product yielded identical 
sublimates. Recombination of corresponding fractions 
followed by resublimation and fractional recrystallization 
of the lower-melting sublimate from anhydrous ether 
gave a further 700 mg of 6e as colorless leaflets, m.p. 
11 1.5-112.5" and 1.75 g of the previously unreported 
~~-(1/2,3)-l-hydroxy-2-amino-3-metl1oxycyclohexane (5e), 
as long thickleaflets, m.p. 89.5-90.5O.14 

Anal. Calcd. for C7H1502N: C, 57.90; H, 10.41; N, 
9.65. Found: C,57.78;H, 10.42;N,9.73. 

The residue (680 mg) recovered by evaporation to 
dryness of the mother liquors was analyzed by v.p.c. at 
165" in the Autoprep A-700 gas chromatograph (10 ft 
colu~lln, Chromosorb P 45/60 mesh, impregnated with 
5 % potassium hydroxide and 25 % polyethylene glycol 
20000) after suitable calibration experiments with the 
pure 1-amino (55.5 min) and 2-amino (66 min) isomers in 
question. The relative amounts wcre found to be 33.6 % 
and 66.4% respectively. Thus, the yields of l-amino- 
and 2-amino derivatives were 19.2 g (80.2%) and 2.20 g 
(9.0 %) respectively. 

The higher-melting sublimate was rccrystallized from 
anhydrous ether, yielding 1.10 g (4.9 %) of colorless 
crystalline substance, m.p. 95-125", which was concluded 
to be a mixture of stereoisomeric secondary amines, 
judging from its analysis and chromatographic properties. 
This mixture was not eluted from the above-mentioned 
chromatographic column at temperatures up to 195' 
and similar behavior was exhibitcd by an analogous 

13The m.p. of this compound was erroneously reported 
earlier (3) as 107-108". 

14The structure of 5e was established by deetherification 
to DL-(1/2,3)-2-amino-1 ,3-~~c~ohexanediol,  m.p. 112- 
113", in 95 % yield (15) and conversion of the latter to a 
triacetyl derivative, m.p. 144-146", in 98% yield, which 
was identical with an authentic specimen of DL-(1/2,3)-2- 
acetamido-1,3-diacetoxycyclol~exane kindly provided by 
Prof. S. Ogawa. Confirmation of the structure was 
obtained from the 60 Mcycle/s n.m.r. spectrum of 
~~-(1/2,3)-l-acetoxy-2-acetamido-3-methoxycyclol1cxane. 
The spectrum exhibited a double quartet at 7 4.07 due to 
the methine proton at C-2 which was collapsed to a 
quartet (Jzr3 = 2.8 C.P.S. and J1,2  = 9.3 c.p.s.) by spin 
decoupling the proton attached to n~trogen. 

secondary amine obtained previously by Hawkins and 
Bannard (13) from the ammonolysis of cyclohexene oxide. 
The primary and secondary amines could be separated, 
however, by paper chromatography on Whatman No. 1 
paper using n-butano1:acetic acid:water (4:1:5). Under 
these conditions, the 1-amino derivative, the 2-amino 
derivative and the secondary amine mixture had Rr 
values 0.50, 0.60, and 0.70 respectively (chromogen, 
bromcresol green). Consequently, paper chromatography 
was used to check for the presence of secondary amine in 
the primary amines. 

Anal. Calcd. for Cl4HZ7O4N.1/2 H20:  C, 59.56; 
H, 10.00; N, 4.96. Found: C, 59.40; H ,  10.12; N,4.75. 

DL- (1 /2,3)-I-Aceloxy-2-acelamido-3-mellzoxycyclolzexane 
This substance was obtained in quantitative yield by 

heating DL-(1 /2,3)-1-hydroxy-2-amino-3-methoxycyclo- 
hexane (5e) under reflux for 1 h with a large excess of 
acetic anhydride as described previously (16). Recrystal- 
lization from anhydrous ether gave colorless rosettes, 
m.p. 108-108.5". 

Anal. Calcd. for C11H1904N: C, 57.62; H ,  8.35; 
N,6.11.Found:C,57.52;H,8.46;N,6.10. 

DL- ( I  /2,3)-2-Ami1zo-1,3-cyclohexa1zediol 
DL-(1 /2,3)-1-Hydr0xy-2-amino-3-methoxycyclohexane 

hydrobromide, m.p. 234235.S0, (248 mg, 1.1 x 10-3 
mole) and 68 % aqueous hydrobromic acid (1.0 ml) were 
heated together in a Carius tube at 68' for 1.5 h. The 
pale-yellow solution was evaporated to dryness in vacuo 
and the crystalline residue was pumped at a pressure of 
1.0 x 10-3 mm to  remove traces of excess hydrogen 
bromide. The residual tan-colored rosettes (221 mg) were 
dissolved in water (10 ml) and the solution was passed 
through Amberlite IRA-400 (OH) resin (5 ml), after which 
the resin was washed with water (50 ml). Evaporation 
of the combined eluates to  dryness in vnczro furnished a 
colorless crystalline residue, sublimation of which at 
60-65" at 1.0 x 10-3 mm pressure gave 151 mg (95.0%) 
of DL-(1 /2,3)-2-amino-1,3-cyclohexanediol, as colorless 
crystals, m.p. 112-113°. Suami and Ogawa (15) report 
112-1 13" for this compound. Acetylation of the aminediol 
(136 mg) gave 260 nlg (97.4%) of a crystalline triacetyl 
derivative (sublimes at 110-120" at 1.0 x 10-3 mm pres- 
sure), which had m.p. 144146" alone and in admixture 
with an authentic sample of DL-(1 /2,3)-2-acetamido-l,3- 
diacetoxycyclohexane (15). The infrared spectra of the 
two specimens were also identical. 

A~nmorzolysis of ~~-cis-3-Metlzox)~cyc/ohexe17e Oxide (2) 
The procedure was the same as described for the trans 

oxide except that 2.05 g (0.0160 mole) of cis oxide was 
used. Removal of the ethanol and excess am~nonia in 
vaciro from the pale-yellow solution left an almost color- 
less residue, heating of which at 65" at 10-3 mm pressure 
furnished 2.21 g (92.0 %) of colorless crystalline sublimate, 
m.p. 95-97', which was identified as DL-(1 /2,3)-1-amino- 
2-hydroxy-3-methoxycyclol~exane (7e) (3) by mixture 
melting point determination with an authentic specimen, 
and by comparison of infrared spectra. Vapor-phase 
chromatographic analysis on the Autoprcp A-700 gas 
chromatograph at 165" (10 ft column, 45/60 mesh 
Chro~nosorb P impregnated with 5 %potassium hydroxide 
and 25% polyethylene glycol 20 000) gave a single peak 
with retention time 49 min. Its Rr value in paper chro- 
matogranis on Whatnlan No. 1 paper using 11-butanol: 
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Photochemical rearrangement and dimerization of P,l-disubstituted indenes 

JOHN J. MCCULLOUGH 
Departmer~t of Cl~emistry, McMaster University, Hamiltori, Ontario 

Received July 26, 1967 

The pliotochemical behavior of 1,l-diphenylindene and 1,l-dimethylindene has been studied. The 
fornicr undergoes efficient rearrangement on direct irradiation or on acetophenone sensitization, forming 
2,3-diphenylindene and 1 ,Zdiphenylindene. In contrast, 1,l-dimethylindene gave n o  detectable products 
of methyl migration but formed dimeric cyclobutanes on scnsitized and direct photolysis. The structures 
of thc two dimers formed in the sensitized reaction were assigned from their nuclear magnetic resonance 
spectra. I t  was also demonstrated that hydrogen, like methyl, migrated inefficiently if at all in this system. 
This difference in migrato~y aptitudes is discussed in terms of orbital symmetry of the indene system. 

Canadian Journal of Chemistry 46, 43 (1968) 

Introduction 

Indene is capable of reacting by several 
photochemical pathways. For example, on sensi- 
tized photolysis, with light absorbed by aceto- 
phenone or Michler's ketone, the cis-nnti-cis 
cyclobutane dimer (1-4), with head-to-head ori- 
entation (4) is formed in 11igh yield. However, 
on direct irradiation in wllicl~ the light is 
absorbed by indene, extensive polymerization 
occurs. Cyclobuta~les can also be obtained by 
sensitized cross-addition reactions of indene 
with counlarin (1, 4) or acrylonitrile (5). Photo- 
lysis of indene and acrylonitrile with no sensitizer 
results in the forination of 2-(1-indeny1)-propio- 
nitrile as the major product (5). 

In order to obtain further information on the 
pl~otocl~emical behavior of the indene system, a 
study of 1,l-diphenylindene and 1,l-dimethyl- 
indene was undertaken. In these two cases there 
were the following npriori possibilities. First, the 
compounds could dimerize, rearrange,l poly- 
merize, or give products of all three reactions. 
If rearrangement or dimerization occurred, there 
was the question as to what the products would 
be. Second, it was of considerable interest to 
make a co~nparison of the reactions with and 
without a sensitizer, since the parent compound 
behaves differently in the two reactions. 

Results 
Sytzthetic n t ~ d  Structural Aspects 

The two model compounds for photolysis, 
1,l-diphenylindene and 1,l-dimethylindene were 
prepared by similar routes from the appropriate 

indanones. For example, 3,3-diphenyl-1- 
indanone obtained by cyclization of 3,3,3-tri- 
phenyl propionic acid with stannic chloride, was 
reduced by sodium borohydride in ethanol, and 
the 3,3-diphenyl-1-indanol was dehydrated on 
treatment with p-toluenesulf~nic acid in acetic 
acid at reflux to give 1,l-diphenylindene m.p. 
89-90" (lit. 91-92", (6)); the route is essentially 
that of Brown and Jackman (6). The method of 
Bosch and Brown (7) was followed in obtaining 
1,l-din~ethylindene, and the nuclear magnetic 
resonance (n.1n.r.) spectrum of the product was 
identical with the published spectrum (7). 

On photolysis in hexane or ethanol, 1,l-di- 
phenylindene gave products of phenyl and 
hydrogen migration which were identified as 
2,3-diphenylindene (1) and 1,2-dipl~enylindene 
(2). These were formed in the ratio 75:25 as 
determined by gas chromatography (Column A, 
220") and were isolated by chromatography on 
alumina. Reduction of 2,3-dipl~enylindenone 
with zinc and l~ydrocl~loric acid as described by 
Sllriner and Knox afforded 1,2-dipl~enylindene, 
m.p. 175" (8). The reactions are shown in 
Scheme I. 

This had X,,,,(hexane) 237, 305 mp log 6 4.1 1 
and 4.28 respectively. The n.m.r.2 was in accord 
with this structure and had a rather broad singlet 
at 4.90 (1 proton, benzylic) as well as a nlultiplet 
centered at 7.10 (15 protons, aromatics and vinyl 
proton).3 This synthetic material was identical 
in all respects, with the minor photolysis product 
of 1,l-diphenylindene. On treatment of 1,2-di- 
phenylindene with dimetllylamine (9) in pyridine 

2Cliemical shifts are given in p.p.ni., see experimental. 
lPhotolysis of 1,1,3-triphenylindene leads to  phenyl 3There is at least one precedent for this n.ni.r. pattern 

migration; see ref. (13). in the 2-substituted indene system (24). 
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the 2,3-isomer 111.p. 108" was formed in quanti- 
tative yield.4The latter, which was tllemajorprod- 
uct of the photolytic migration, had X,,,(hex- 
ane) 237 and 305 mp, log E 4.30 and 4.26 respec- 
tively, and showed n.nl.r. peaks at 3.75, (two- 
proton singlet, nlethylene group) and at 7.15 and 
7.25 (14 protons, aromatics). 

These same rearrangement products were 
obtained on pllotosensitization with aceto- 
phenone. A dimer was also obtained, m.p. 
160-162", tlle n.m.r. of which showed tllat it was 
not derived directly from 1,l-diphenylindene, 
but from one of the rearrangement products. 

Tlle pl~otocl~emical behavior of 1, l-dimethyl- 
indene was quite different. No products of methyl 
migration could be detected. These were sought 
for by gas cl~romatograpl~y (Column A, 110") 
and by n.nl.r. spectroscopy. No peaks of reten- 
tion time similar to 1,l-dimethylindene were 
observed, and no trace of allylic methyl reso- 
nance was seen in the n.m.r. spectra of aliquots 
taken at all stages of tlle reaction. Gas chroina- 
tography (Column B, 200") did show that several 
compounds, presumably dimers were formed. 

As in the case of indeile (1-4) the mixture of 
products of pllotosensitization was simpler. Two 
diiners (Scheme 11) forinulated as tlle llead-to- 
head isomer (4) and the head-to-tail compound 
(5) were isolated by alumina chromatography. 

4111 our hands, use of potassium hydroxide in ethanol to 
effect isomerization gave intractable material. 

CHEMISTRY. VOL. 46, 1968 1 

Tlle former was non-crystalline and was tlle 
major product; tlle latter had m.p. 92-95" and 
was the only other significant product. The above 
structures for these dimers are derived from 
infrared and n.nl.r. spectra. Both compounds had 
two bands of equal intensity at 1362 and 1383 
cm-1 in the infrared, showing tllat the gem- 
dimethyl system (10) was intact. The n.m.r. of 
the major, low-melting dimer showed singlets at 
1.31 and 0.95 (6 protons per peak, methyl group) 
and a multiplet at 7.15 (8, protons, aromatic). 
The methine protons of tlle cyclobutane system 
appeared as two doublets at 3.47 (2 benzylic pro- 
tons) and 2.52 (2 protons), the splitting for each 
doublet being 4.5 Hz. Alt11ougl1 these protons 
belong to an AAlXXl system, there is only one 
large coupling constant between protons of 
different chemical shifts. Inspection of a related 
case, the head-to-head diiners of coumarin (11), 
leads to the conclusion that the A and X portions 
could appear as doublets. 

The crystalline dimer of dimetllylindene shows 
singlets at 1.14 and 1.57 (6 protons per peak, 
methyl protons) and at 7.18 (8 aromatic protons). 
Tlle methine protons gave rise to two quartets 
centered at 3.76 (2 benzylic protons) and at 2.42 
(2 protons), which had an object-image relation- 
ship. This pattern is consistent with the head-to- 
tail orientation, since the corresponding cou- 
nlarin dimer (1 1) has an AAlXXl spectrum with 
a similar appearance. 

Support for tlle above assignment of structures 
to the dimetllylindene dimers derives from the 
n.m.r. of the photo-dimer of indene itself. The 
latter was shown to be the head-to-head com- 
pound (4), and in the n.1n.r. the signal from tlle 
benzylic nletlunes appears as a doublet, centered 
at 3.64, with a splitting of 5.4 Hz. The corre- 
sponding protons of the major, low-melting diiner 
of dimetllylindene give rise to a similar doublet 
at 3.47 (vide s ~ y ~ r n ) .  Tlle signal at 3.76 from the 
crystalline di~ner is a quartet. These facts point 
to the head-to-head structure for the low-melting 
dimer of dimetllylindene. 

In order to determine whether pl~otolytic 
hydrogen migration occurs in the indene system, 
1,1,3-trideuterioindene was prepared by tlle 
method of Bergson (12). This was photolyzed to 
80 % polymerization, and the resid~lal indene 
recovered by distillation. Nuclear magnetic 
resonance spectroscopy showed tllat no change 
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CH3 CH3 

h v 
P~COCH,+ 

CH3 CH3 

+ Q L F F  
CH3 CH3 CH3 CH3 CH3 CH3 

(4) 83 % (5) 17% 
SCHEME I1 

in deuterium distribution had occurred. I t  was 
also found that the 1,2- and 2,3-diphenylindene 
isomers did not interconvert on irradiation. 

Discussion 
Mechanistic Aspects 

are a number of reports in the recent 
literature of photolytic migration of hydrogen, 
methyl, and phenyl groups in unsaturated hydro- 
carbon systems. Specifically, Griffin and co- (6) (7) 
workers have found that all three of the above FIG. I. Models for transition states for phenyl and 
groups migrate in suitably substituted alkenes methyl migration. 

(13-15) and Jones and Jones reported similar 
migrations of methyl and hydrogen in the tri- migration of a r ~ l  groups, the .rr system of the 
methylcycloheptatriene system (16). migrating group must be taken into account. In 

In this work it has beell demonstrated that this case thep-orbitals of the .rr system are of the 
while rearrangement is the exclusive photo- correct symmetry for positive overlap wit11 $6 at 
chemical process of 1,l-diphenylindene, no C i  and C2, as sllown in (6). Also, the lowest 
rearrangement products of the 1,l-dimetllyl antibonding orbitals of benzene have nearly the 
derivative could be found, nor could evidence same energy (-1.00P) as $6 of the indeny1 
for hydrogen migration in indene be produced. radical (-0.90P) (18) hence the overlap will 
The low migratory aptitudes of hydrogen and cause a significant energy lowering in the transi- 
methyl relative to phenyl callnot be an inherent tion state, resulting in the facile migration of a 
quality in the former two, since all three groups phenyl group.5 
migrate readily in other systems (13-16). Migration of a phenyl group would result in 

The difference in migratory aptitudes can be the formation of an 0-quinodimethane, or iso- 
understood if the selection rules for sigmatropic indene structure. Such species intervene in several 
reactions (17) are applied to the indene system. A reactions including photochemical (19-211, ther- 
model for the transition state for migration (see mal (22-241, and elimination (24, 251 processes. 
Fig. l), following the suggestion of Woodward The isoindene6 (3) could undergo a hydrogen 
and Hoffmann (17), would consist of an indenyl shift to form the products, (1) and (2). This shift 
radical and a methyl radical, hydrogen atom, or probably occurs in the ground state of (31, since 
phenyl radical. The syminetry of the lowest the photochemical process, which is just the 
unoccupied illolecular orbital of the indenyl reverse of photo-migration of hydrogen in 
radical then determines whether migrations in indene, is symmetry forbidden. On the other 
the excited state are permitted. This radical has hand, the ground state process is well known; 
9 .rr electrons, hence the orbital in question is $b6 
which has the symmetry shown in (6 )  and (7). 5Woodward and Hoffmann (17) have pointed out that 
It can be seen that the coeficients at the migra- for migrating groups with r systems, reversal of the 
tion start and terminus are of opposite sign (181, selection rules from those for o-bonded groups can be 

envisaged. 
and suprafacial migrations from C1 to C2 of GGrlfin et 01. (13) suggested these same steps in a 
groups which interact with the indene T system mechanism for the rearrangement of 1,1,3-triphenyl- 

indene, but did not discuss the mechanism in any detail. as Or We have been unable to trap the isoindene intermediate 
hydrogen, are forbidden. In considering the same using dienophiles as trapping agents. 
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Roth (22) found that deuterium scrambling 
occurred on heating deuterioindene and Alder 
and Fremery (25) generated isoindene by a de- 
bromination reaction to obtain indene as the 
product. The mixture of dipllenylindenes is not a 
photostationary state, for the products do not 
interconvert on irradiation. The ratio is therefore 
that of kinetically controlled hydrogen shift, 
which of course can occur in either of two senses 
giving (I) and (2). 

Tlle sensitized dimerization of 1,l-dimethyl- 
indene gives two products, while the same 
reaction of indene yields a single diiner (1-4). 
The major dimes in both cases is the llead-to- 
head compound, formed via the more stable 
diradical intermediate (27). Steric interaction 
between methyl groups may be responsible for 
the fornlation of some head-to-tail product in the 
diinethylindene diinerization. 

Experimental 
The nuclear magnetic resonance (n.m.r.) spectra were 

obtained with a Varian A-60 spectrometer. The chemical 
shifts are 6 values measured against tetramethylsilane 
(6 = 0) as internal standard. Infrared spectra were run on 
a Beckman IR 5 o r  on a Perkin-Elmer 521 instrument. 

Gas chron~atography was performed with a Varian- 
Aerograph 202B instrument, with 60-70 ml/min of 
helium, using Column A (5 ft x 114 in. 20% SE 30 on 
Chromosorb W) or Column B (5 ft  x 114 in. 15 % 
carbowax on Chromosorb W). Melting points were taken 
on a Kofler hot stage and are uncorrected. 

Nitrogen was Canadian Liquid Air certilied grade and 
was further purified by passage through vanadous sulfate 
(26) solution, concentrated sulfuric acid, and then over 
potassium hydroxide pellets. 

Alumina used was Adsorption Fisher Alumina and the 
Ethanol (95 %) was distilled before use. 

Microanalyses were by the Spang Micro-analytical 
Laboratory, Ann Arbor, Michigan. 

Plrotolysis of l,l-Dipltert~~1irtderte 
A solution of 1,l-diphenylindene (1.054g; 0.00393 

mole) in ethanol (400 ml) was photolyzed through quartz 
with a type L450W Hanovia lamp in the usual water- 
cooled irnmcrsion apparatus. The vessel was fitted with a 
magnetic stirrer, an inlet and capillary outlet for nitrogen, 
and a means of withdrawing aliquots by a syringe. The 
solution was purged with purified nitrogen for 1 h prior 
to and during thc photolysis. Aliquots were removed and 
monitored by ultraviolet absorption and by gas chroma- 
tography. The ultraviolet spcctrum showed considerable 
absorption at  305-325 mp after 10 min photolysis. By gas 
chromatography (Column A, 220") the 1,2-diphenyl- 
indcne peak (retention time, 20 min) was seen to  decrease, 
whilc the two product pcaks (28 min and 34 min) 
increased. When the 1,l-diphenylindene had all reacted 
(2 h), the solvent was removed and the mixture chroma- 
tographed on a 4.0 x 90 cm column of alumina slurry 

packed in hexane. The column was eluted with 10% 
benzene-hexane, and 250 ml fractions were collected. 
Fractions 7-10 contained 2,3-diphenylindene (700 mg, 
m.p. 95-105"). The m.p. was raised to 108-110', lit. 108" 
(8), by one crystallization from light petroleum, b.p. 
80-100". Fractions 11-15 were mainly 1,Zdiphenylindene 
(200 mg, m.p. 100-125"). Crystallization from light 
petroleum gave material of m.p. 175-176", lit. 175-177" 
(8). 

Sertsitized Plrotolysis of 1,l-DQ~lrerylirtrlelre 
Acetophenone (26.75 g, 0.222 mole) and 1,l-diphenyl- 

indene (0.9454 g, 0.00353 mole) in cthanol (400 ml) wcre 
photolyzed as above except that a Vycor sleevc was used. 
The reaction was essentially complete after 3 11 as shown 
by the absence of the 1,l-diphcnylindene peak on gas 
chromatography, in which the same products in the same 
ratio as in the direct photolysis were observed. After 
distillation of solvent and acetophenone, chromatog- 
raphy as described above gave 2,3-diphenylindcne 
(fractions 10-17) 180 n ~ g ,  m.p. 105-110". Fractions 25-30 
contained dimer, 400 mg, m.p. 156-160" (160-162" from 
cthanol-benzene). 

Anal. Calcd. for C42H32: C, 93.99; H, 6.01. Found: 
C, 94.09; H, 5.86. 

The n.m.r. spectrum (CDC13) was simple, having a 
sharp singlet at 4.0 (4 protons) and a scries of multiplets 
between 7.2 and 8.2 (28 protons, aromatic). This spectrum 
shows thatthe dimer is not formed directly from 1,l-  
diphenylindene since such a dimer would not give a 
singlet from the methine protons (cf. dimethylindene 
dimers). 

Irraclintiorz of 2,3-Dipherrj~/irtdette 
2,3-Diphenylindene (138.9 mg, 4.86 x 10-4 mole as 

above) in ethanol (350 ml) was irradiated for 2 h, aliquots 
being taken at 30 min intervals. No  peak corresponding to 
1,2-diphenylindene was observed on gas chromatography. 
On terminating the photolysis the solvent was removed 
and the residue, in benzene solution, was filtered through 
alumina. The benzene was evaporated to  give 110.9 mg of 
oil which crystallized m.p. 100-115" on adding light 
petroleum b.p. 80-100". The n.m.r. of the crystalline 
material showed no peak at  4.90, which would have been 
present if isomerization to  1,2-diphenylindene had 
occurred. 

Irradintiorr of 1,2-Dip/reriylbtderre 
1,2-Diphenylindene (140 mg, 5.24 x 10-4 mole) in 

ethanol (300 ml) was irradiated (quartz) with the usual 
apparatus. Aliquots were taken and checked by gas 
chromatography for 2,3-diphenylindene; none of the 
latter was detected, after short (30 min) or longer (G h) 
photolysis times. 

Base-cntnlyzerl Isornerizotiorz of 1,2-Dipher1ylirrderre to 
2,3- Diplrerrylbrderze 

1,2-Diphenylindene (66.0 mg) was treated with 
dimethylamine (0.5 ml) in pyridine (3.0 ml) for 12 h at  
25". Benzene and water were added, the organic layer was 
separated, washed with 2 N HlSO4 and water, and dried 
(MgSO4). The residue on evaporation of the solvcnt was 
crystalline m.p. 102-108". 60 mg (91 x)). Recrystallization 
from light petroleum b.p. 80-100" raised the m.p. to  
108-109'. 
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Se~~sitized Plzotolysis of 1,l-Dinzethyli~zde~ze 1. G. 0. SCHENCK, W. HARTMANN, S. P. MANNSFELD, 
1,l-Dimethylindene (2.083 g, 0.0144 mole) and aceto- W. METZNER, and C. H. KRAUCH. Ber. 95, 1642 

phenone (19.425 g, 0.0162 mole) in t-butyl alcohol 
(380 ml) and methanol (20 ml) were photolyzed in the 2. C. H. KRAucH, W. METZNERp and G. O. S c ~ E N c K -  

Naturwiss. 50, 710 (1963). usual apparatus for 5 h using a Vycorfilter. Aliquots were 3. ~ ~ 1 ~ .  pat. 630,110 (1963); them. ~ b ~ ~ ~ .  60, 15801 
withdrawn at 30 min intervals and analyzed for products (1964). 
of rearrangement (Column A, 110") and dimerization 4. J. BOWYER and Q. N. PORTER. Australian J. Cllcm. 
(Column B, 220"). The lattcr showed a major peak, 19, 1455 (1966). 
retention time 7 min, accounting for about 90% of the 5. J. J. MCCULLOUGH and C. W. HUANG. Cllem. 
total peak areas. The solvent and acetophenone wcre Commun. 815 (1967). 
removed and the residue chromatographed on a 4.0 x 90 6. R. BROWN and L, M. JACKMAN. J. Cllem. Sot. 
cm column of alumina, slurry-packed in hexane. The 3147 
column was eluted with 250 ml fractions of this solvent. 7. A. BOsc~l and R. K. Can. J. C1lcm. 42, 

1718 (1964) Fractions 6-11 contained 900 mg of matcrial which 8. R. L. sHRINER and W. R. K ~ ~ ~ .  J. Org. Cllem. 16, 
declincd to crystallize and gave a single peak on gas 1064 (1951). 
chromatography (Column B, 220"). This was shown by 9. G. BERGSON. Acta Chem. Scand. 17, 2691 (1963). 
n.m.r. to be the head-to-head dimer of 1,l-dimethylindene. 10. L. J. BELLAMY. The infrared spectra of complex 

Anal. Calcd. for CZ2Hz4: C, 91.61; H, 8.29. Found: C, molecules. Methuen and Co., Ltd., London. 1959. 
91.45; H, 8.57. 

Fractions 13-17 contained 150 mg of the head-to-tail 
dimer, m.p. 50-70" (92-95" from aqueous cthanol). 

Anal. Calcd. for C22H24: C, 91.61; H, 8.39. Found: C, 
91.68; H, 8.43. 

Direct Irrarlintiolz of l , l - D i ~ , ~ e t l ~ j ~ l i ~ ~ d e ~ ~ e  
Photolysis of 2.0 g of 1,l-dimethylindene in ethanol 

(400 ml) as described for 1.1-diphenylindene resulted in . - -  
disappearance of starting material. No allylic proton 
signals were observed in the n.m.r. of aliquots taken at 
20 min intervals; these aliquots showed one peak on gas 
chromatography (Column B, 110") corresponding to 
1.1-dimethylindene. Several peaks wcre observed on this 
column at 220°, one of which had the same retention time 
as the head-to-head dimer from the sensitized reaction. 

Irradiatiot~ of 1,1,3-Triderrterioi1rhr1e 
1,1,3-Trideuterioindene (5.363 g, 90% deuterium sub- 

stituted) in ethanol (400 ml) was irradiated until about 
80% of the indene had reacted, as estimated by gas 
chromatography. The solvent was removed, and the 
indene distilled at 1 mm, b.p. 35". About 0.5 g of deu- 
terated indene was recovered, and the n.m.r. was identical 
with that of starting material, demonstrating that hydro- 
gen migration had not occurred. 
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Low molecular weight carbohydrates from potato (Solanum tubevosum)' 

BRANKO URBAS 
Food Research Institute, Canada Department of Agriculture, Ottawa, Canada 

Received August 30, 1967 

An investigation was made of the low molecular weight carbohydrates of potato, Netted Gem variety. 
The material soluble in 80% alcohol was fractionated and separated by a combination of charcoal-Celite 
column and paper chromatography. Fifteen major components were isolated and characterized, and five 
minor components were detected. The major components were galactose, glucose, fructose, myoinositol, 
and eleven oligosaccharides, namely, sucrose, melibiose (Gal, 1 -+ 6 G,), maltotriose (G, 1 -, 4 G, 1 --t 
4 G,), digalactosyl glycerol (Gal, 1 --t 6 Gal, 1 --t 1 Glyc), glucosyl --t myoinositol, raffinose (Gal, 1 -+ 
6 G, 1 -+ 2 FIX/), planteose (Gal, 1 --t 6 FN, 2 --, 1 G,), galactinol (D-1-0-a-D-galactopyranosyl- 
myoinositol), manninotriose (Gal, 1 --t 6 Gal, 1 --t 6 G,), stachyose (Gal, 1 --t 6 Gal, 1 --t 6 G, 1 --t 
2 Frul), and trigalactosyl glycerol (Gal? 1 -6 Gal, 1 -+ 6 Gal, 1 -+ 1 Glyc). The five components 
detected in small amounts were: three disaccharides, ribosyl-glucose, xylosyl-glucose, and arabinosyl- 
glucose, and two trisaccharides both made up of fructose and glucose units in the ratio of 2:l. 

Canadian Journal of Chemistry, 46, 49 (1968) 

The carbohydrates of low molecular weight 
present in potato, as exemplified by the Netted 
Gem variety, were studied in this investigation. 
The potatoes were harvested at Fredericton, New 
Brunswick, in October, 1966. The purpose of the 
investigation was to determine the nature of the 
mono- and oligosaccharides found in potato. 

In the literature (1-3), potato carbohydrates of 
low molecular weight were considered to be a 
mixture of xylose, fructose, glucose, mannose, 
sucrose, maltose, raffinose, heptulose, melezi- 
tose, inositol, and fructan. The evidence for the 
presence of these sugars was based solely on the 
paper chroinatography technique and the reac- 
tion of the sugars to  various spray reagents. 

In this study, a mixture of neutral carbo- 
hydrates was obtained by extracting the raw 
potato with 80 % aqueous alcohol. The mixture 
was fractionated on a carbon/Celite coluinn and 
subfractionated by paper chromatography and 
thin-layer chromatography. The isolated oligo- 
saccharide material was divided into four groups 
of compounds based on their composition. 

The first group of oligosaccharides contained 
sucrose and members of the raffinose family. The 
latter occurs, probably as reserve carbohydrate, in 
a wide variety of plant sources, notably seeds and 
roots (4). The members of the family isolated in 
this study were melibiose, raffinose, planteose, 
manninotriose, stachyose, and two trisacchar- 
ides made up of fructose and glucose units in a 

The second group of oligosaccharides con- 
tained myoinositol, D-1-0-a-D-galactopyranosyl- 
myoinositol (galactinol), and glucopyranosyl- 
myoinositol. 

Myoinositol occurs widely in nature in both 
free and bound fonns. The bound forin has a 
varied composition but the phosphate esters are 
a major component. This form can be easily 
hydrolyzed by strong acid and partially hydro- 
lyzed by phosphatases and glycosidases. Structural 
studies on inositol containing phosphatides 
indicate that the myoinositol is chemically 
joined in these compounds through glucosidic 
bonds and phosphate ester links. It  is quite 
possible, therefore, that galactinol and newly 
isolated glucosyl-inyoinositol represents one of 
the building units present in the pl~ospl~oino- 
sitides. 

Methylation of the galactinol showed that 
this compound has the same structure as the 
coinpound found earlier in sugar beet juice (5,  
6). The glucopyranosyl-myoinositol gave glucose 
and inyoinositol on hydrolysis. Its structure was 
further investigated, particularly with respect to 
the point of attachment of the glucosidic linkage 
to the myoinositol. Exhaustive inethylation 
failed to give nonainethylated ether. Hydrolysis 
of the methylated glucosyl-inyoinositol gave 
three products. The glucose unit was identified 
as crystalline 2,3,4,6-tetra-0-methyl-N-phenyl-D- 
glucosylamine. There was insufficient material to 

ratio of 2: l  but whose structure was not com- separate the fraction containing pentamethyl and 
pletely defined due to  lack of material. tetramethyl inyoinositol. Only myoinositol was - - 

lIssued as Contribution No. 61 of the Food Research present on demethylation of ;he mixture. Until 
Institute. enough material becomes available to elucidate 
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its structure completely, this naturally occurring 
glycoside of inyoinositol is tentatively assigned 
the structure p-D-glucopyranosyl-n~yoinositol. 

The third group of compounds contained 
digalactosyl glycerol and trigalactosyl glycerol. 
Monogalactosyl and digalactosyl glycerol occur 
widely in plants and glycolipids. They constitute 
a major class of lipids in photosynthetic tissues 
and algae. Moilogalactosyl and digalactosyl 
glycerol, as glycolipids, have recently been 
reported in potato by Lepage (7, 8). A higher 
menlber of this homologous series, trigalactosyl 
monoglyceride, was reported by Benson et rrl. (9) 
in the lipids of Chlorella. As far as the author is 
aware, the free carbohydrate moiety of these 
glycolipids has not as yet been reported, althougl~ 
Sastry and Kates (10) isolated specific enzymes 
from runner-bean leaves which catalyze the 
hydrolysis of inonogalactosyldilii~olenin and 
digalactosyldilinolenin to corresponding galacto- 
sylglycerols and free linolenic acid. This suggests 
that the compounds isolated from potato could 
be the products of enzymic hydrolysis of the 
glycolipids. A methylation study of the digalacto- 
syl glycerol showed it to have the structure 
galactopyranosyl 1 -+ 6 galactopyranosyl 1 -> 1 
glycerol. Thus, this compound in the potato 
extract has the same structure as that previously 
found for a carbohydrate moiety of known 
glycolipids froin wheat flour (11, 12) and from 
runner-bean leaves (13). On methylation the 
trigalactosyl glycerol gave a dodecamethylated 
product which on hydrolysis yielded 2,3,4,6- 
tetra-0-methyl-D-galactose, 2,3,4-tri-O-n1ethyl- 
D-galactose, and 2,3-di-0-methyl glycerol, in the 
proportion of 1:2:1. This indicated that the 
- - 

trigalactosyl glycerol had a straight chain 
structure containing two 1 -+ 6 and one 1 -+ 1 
glycosidic linkages, and was a higher member of 
the hon~ologous series of galactosyl glycerols. 

The foiourth group of oligosaccharides consisted 
of three disaccharides: ribosyl-glucose, xylosyl- 
glucose, and arabinosyl-glucose, and one tri- 
saccharide, n~altotriose. The disaccharides were 
studied by hydrolysis both with and without 
prior borohydride reduction. The products were 
then investigated by means of paper electro- 
phoresis. 

Experimental 
Solutions were concentrated on a rotatory-type evap- 

orator under reduced pressure and below 40"  unless 
otherwise stated. Melting points were determined on a 

Thomas-Kofler micro hot-stage apparatus, and are 
corrected. Optical rotations were recorded on a Carl Zeiss 
polarimeter with circular scale reading. Glass plates 
coated with silica gel G were used for thin-layer chroma- 
tography (t.1.c.). The solvent systems used were (i) 6 %  
methanol in benzene and (ii) 10% methanol in benzene 
(14). Paper chromatograms were run by the descending 
method using the following solvent systems (v/v): (a) 
butan-1-01 - pyridine - water (10:3:3); (b) ethyl acetate - 
pyridine - water (2.5:l :2.5); and (c )  butanone - water 
azcotrope containing ammonia. Paper electrophoresis was 
done on Whatman 3MM paper in 0.2 M sodium tetra- 
borate buffer (15) at 800V for 2-3 h. Rcducing sugars 
were detected with aniline hydrogen phthalate (16); keto 
sugars with naphthoresorcinol (17); and non-reducing 
sugars by alkaline silver nitratc (18). 

Isolatior~ of' Carbolgvd~'ate Fraction 
Tlic potatocs, of the Netted Gem variety, werc har- 

vested at  Fredericton, New Brunswick, in October, 1966, 
and stored for two months at  4 ". The potato sample (50 
kg) was hand-peeled, diced, and ground up by means of an  
Urschel dicer and a Fitz-Mill grinder. The slurry was 
extracted with 95% ethanol (220 l), filtered, and the 
residue washed with 80 % ethanol (2 x 20 1). T11e alcohol 
extract was concentrated to a volume of 2 1 and filtered 
through a mat of Celite 545. Methanol (5 1) and chloro- 
form (2.5 1) were added to the filtrate. The solution was 
shaken for 5 min and left to  stand for 2 h. Addition of 
water (2.5 1) and chloroform (2.5 1) followed by shaking 
and standing gave a two-phase system. The chlorofor~n 
phase was discarded and the methanol-water phase was 
concentrated to  a volume of 800 ml and deionized by 
passage through columns of Rexyn 101 (HT) and Rexyn 
AG5 (OH-) ion exchange resins. The neutral solution was 
freeze-dried to yield a crude mixture of carbohydrate 
components as a yellow powder (250 g). This was dis- 
solved in water (2 1) and fractionated on a charcoal/Celite 
column (8 x 50 cm ) by elution with, respectively, water, 
2.5 % and 40% aqueous ethanol (19). 

Paper chromatography of the fraction (200 g) eluted 
with water (25 1) showed that it contained fructose 
(40.5 %), glucose (45.5 %), myoinositol (0.G %), galactose 
(0.35%), and small amounts of organic and inorganic 
material. A portion of this fraction was further scparated 
by paper chromatography in solvent a. 

The fraction (22 g) elutcd with 2.5 % aqueous ethanol 
(12 1) showed by paper chromatography mainly sucrose 
with traces of fructose and glucose. This fraction was 
purified by crystallization from aqueous ethanol. 

The fract~on (14 g) elutcd with 40% aqueous ethanol 
gave dcfinite oligosaccharide material with traces of the 
material eluted earlicr. This fraction was separated by a 
combination of paper chromatograpliy (solvents a and b) 
for the sugars and t.1.c. (solvent (i)) for their acetylated 
products. 

The products described below ale in thc order of their 
elution from the carbon/Cclite column. 

D-Fnrctose 
The syrup showed [ c Y ] D ~ ~  -90 (c, 2.2 in water) and 

yielded crystalline 1,3,4,6-tctra-0-benzoyl-D-fructofuran- 
ose, with n1.p. and mixture inelting point 122-123 " (20). 
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URBAS: CARBOHYDRATES F ;ROM SOLANUM TUBEROSUM 5 1 

~-G/rccose 
The syrup, with [a]$G +50 (c, 1.4 in water), was 

identified as crystalline N(p-nitropheny1)-D-glucopyrano- 
sylamine, m.p. 184-186 ", undepressed on admixture with 
an authentic sample (21). 

D-Gnlnctose 
The syrup failed to crystallize and was converted to 

crystalline P-D-galactopyranose pentaacetate, m.p. 142 " 
and [a]~25 +25 O (c, 3.2 in chloroform) (22, 23). 

Myoitiositol 
This compound was chromatographically and electro- 

phoretically indistinguishable from an authentic sample 
and had m.p. and mixture melting point 225-226 ". On 
acetylation it gave myoinositol hexaacctatc with m.p. 
218-219 "(24, 25). 

Sucrose 
This fraction crystallized whcn kept in a desiccator; it 

was rccrystallized from aqucous ethanol to yield 19.7 g of 
pure material; m.p. and mixturc rnclting point 184-185 " 
and [a11122 -t66 O (c, 2.6 in watcr) (26, 27). 

Ribos)ll-glucose 
This was a reducing sugar (6 mg) having R,,,,,,,, 0.79 

and 0.81 in solvcnts n and b rcspectively. Mild acid 
hydrolysis with 0.1 N sulfuric acid gave approximately 
equimolar amounts of r~bose and glucose. Reduction with 
borohydride and hydrolysis of the product yielded ribose 
as the only reducing sugar. 

Xylosyl-~lrrcose 
This reducing disaccharide (5 mg) had R,,,,,,,, 0.82 and 

0.84 in solvents n and b respcctively. On hydrolysis it gave 
xylose and glucose (1 :I). Reduction followed by hydroly- 
sis yielded xylose as the reducing sugar. 

Arnbitzosyl-gl~~cose 
The syrupy disaccharide (15 mg) had a mobility on 

paper chromatograms R,,,,,,,, 0.56 and 0.60 in solvents a 
and b respcctively. Location of glucose as the reducing 
end group was established by hydrolysis both before and 
after borohydride reduction. 

Trisacclmrides 1 a?lcl 2 
These ncre non-reducing sugars. Conlpounds 1 (16 mg) 

and 2 (20 ing) reacted slowly with alkaline silver nitrate 
spray rcagent, while with naphthoresorcinol spray re- 
agent they gave a purple color characteristic for fructose- 
containing sugars. Mild acid hydrolysis (0.1 N sulfuric 
acid at 100 " for 5 min) gave glucose and fructose (1 :2). 
Emulsin had no effect on the sugars whe~eas amylo- 
glucosidasc produced conlplete hydrolysis to glucose and 
fructose. 

The mobilities of the sugars on paper chromatograms 
were, for con~pound 1, R ,,,,,,,, 0.54 (n) and 0.58 (b), for 
compound 2, R,,,e ,,,, 0.47 (0) and 0.53 (b). M, valucs by 
papcr electrophoresis werc 0.07 for compound 1 and 0.1 1 
for compound 2. Insufficient material for determination 
of thc linkagcs precluded further study of these sugars. 

Melibiose 
This was a rcducing sugar (25 mg) which on completc 

hydrolysis gave glucose and galactose (1 :I). The sequence 
of  non no saccharides in the sugar was determined by 
borohydride reduction, followed by hydrolysis. Paper 
chromatography of the products showed galactose and 
sorbitol, thus establishing glucose as the reducing sugar 
portion of the disaccharide. The mobility of this disac- 

charide was the same as melibiose in solvents a and b. I t  
was characterizcd as 8-melibiose octaacetate having [aID2S 
+103.6 " (c, 0.9 in chloroform) and m.p. 177-178 " (28). 

Mnltotriose 
This was a reducing sugar (12 mg) which on partial 

acid hydrolysis gave glucose, maltose, and the original 
sugar. Complete hydrolysis was achicved both by acid and 
amyloglucosidase, giving glucose as the parent sugar. Its 
mobilities on paper chroinatograms and on a paper 
electrophorogram were the samc as maltotriose. On 
acetylation it gave p-maltotriose hendccaacetate, m.p. and 
mixture melting point 134-136 " (29). 

Dignlnctos~~l glvcerol 
This component (420 mg) was obtained as an amor- 

phous powder. On paper chromatograms it had R,,,ii,norc 
values of 1.0 in solvent n, and 0.84 in solvent b; on papcr 
electrophorogram, M,: value was 0.52. This componcnt 
gave a positive reaction only with alkaline silver nitrate 
spray reagent. Partial hydrolysis yiclded glycerol, galactose, 
reducing disaccharide, and unchanged products, whereas 
complete hydrolys~s produced galactosc and glycerol. 

Thc amorphous product was crystallized and recrystal- 
lizcd by dissolving in a minimum quantity of watcr, 
adding absolute cthanol to turbidity, and allowing to 
stand a t  room temperature ovcrnight. The digalactosyl 
glycerol (a-D-galactopyranosyl-l,6-p-D-galactopyranosyl- 
1-glycerol) crystallized in fine needles, m.p. 194-195 " and 
[a11127 +87.7 (c, 1.7 in water). Reported valucs for m.p. 
182-184 " (12), 195-197 " (30), and 188-189 " (13). 

Anal. Calcd. for c l s H 2 8 0 1 3 :  C, 43.27; H, 6.68; Found: 
C, 43.27; H,  6.78. 

A portion (250 n ~ g )  of digalactosyl glycerol was methyl- 
ated in dimethyl formamide (8 ml) with methyl iodide 
(5 ml) and silver oxide (2 g), according to Kuhn's pro- 
cedure (31). The syrupy product was thcn mcthylated 
twice by Purdie's reagent (32) giving 165 mg of a yellow 
oil with [o1]$7 +65 O (c, 2.0 in chloroform). 

Anal. Calcd. for C24H46013 (11101. wt., 542): 0 C H 3 ,  
51.4. Found (mol. wt., 560): OCH3, 51.4. 

The methylated product (150 mg) was hydrolyzed with 
N hydrochloric acid (10 ml) for 10 h at  100 ", cooled, 
neutralized (Ag2C03), filtered, and concentrated to a 
syrup (145 mg). Chromatographic analysis in solvent c 
showed two methylated sugars which by their mobility 
were identified as: 2,3,4,6-tetra-0-methyl-D-galactose and 
2,3,4-lri-O-met11yl-~-galactose. 

The mixture was fractionated on a silica gel column, 
using solvent (i), and yieldcd three fractions. The first 
fraction (25 mg) was identified as I-1)-nitrobenzoyloxy- 
2,3-di-0-methyl glycerol, m.p. 42-44 ", a value in agrec- 
ment with that of the p-nitrobcnzoic acid ester of 2,3-di- 
0-mcthyl glycerol (33). 

The second fraction (60 mg) had the same R, value as 
an  authentic sample of 2,3,4,6-tetra-0-methyl-~-galactose. 
The sugar was further identified as crystalline 2,3,4,6- 
tetra-0-methyl-N-phenyl-D-galactosylaminc, m.p. and 
mixture mclting point 193-195 " (34). 

The third fraction (63 mg) had the same mobility by 
paper chromatography, solvent c, as an authentic 2,3,4- 
tri-0-methyl-D-galactose. The sugar was further identified 
as a crystalline 2,3,4-tri-0-methyl-N-phenyl-D-galacto- 
sylamine and had m.p. 170-172 ", undepressed on admix- 
ture with an authentic specimen (m.p. 166-168 ") (35). 
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~-~-Ghrcopyr.anosy~-myoir2osito~ 
The material (50 mg) had R,,rri,,,, 1.0 (a), and 0.86 (b) 

o n  paper chromatograms and on paper electrophoresis 
M, of 0.52. I t  did not react with aniline hydrogen phthal- 
ate and naphthoresorcinol spray reagents but gave a 
positive reaction with alkaline silver nitrate. On complete 
hydrolysis it gave glucose and myoinositol in a ratio of 
1:l. I t  was recrystallized from methanol and had m.p. 
264266 " and [orlo27 -17.8 (c, 1.4 in water). 

Anal. Calcd. for C12H22Oll: C, 42.11 ; H, 6.48. Found: 
C, 42.14; H, 7.06. 

The above compound (45 mg) was acetylated with 
sodium acetate and acetic anhydride a t  110-120 " for 2 h. 
The reaction mixture was poured into ice water. The solid 
acetate was recovered by filtration and recrystallized from 
ethanol to yield 102 mg of pure material; m.p. 165-167 " 
and [or]+ -39 (c, 1.2 in chloroform). 

Anal. Calcd. for C30H40020 (mol. wt., 720): C, 50.00; 
H,  5.60; CH3C0, 53.7. Found (mol. wt., vapor pressure, 
710): C, 50.20; H ,  5.89; CH3C0,  53.3. 

The deacetylated product (40 mg) was methylated first 
by Kuhn's procedure then exllaustively by Purdie's 
reagent to  give a syrup (30 mg). 

Anal. Calcd. for O m 3 :  59.5. Found: 54.02. 
Further methylation with sodium and methyl iodide in 

ether solution failed to increase the methoxy content (36). 
The partially methylated product (30 mg) was hydrolyzed 
under reflux with N hydrocl~loric acid for 4 h, neutralized 
(Ag2C03), and concentrated under reduced pressure. 
The syrupy product showed, by paper chromatography in 
solvent c, a mobility corresponding to  2,3,4,6-tetra-0- 
mcthyl-D-glucose. Examination of the product by t.1.c. in 
solvent (ii) showed that, besides 2,3,4,6-tetra-0-methyl- 
D-glucose, two additional products were present. They 
were not detectable with aniline hydrogen phthalate spray 
reagent and could only be detccted by spraying the plate 
with 5 % sulfuric acid in ethanol and charring. The hydro- 
lyzed product (30 rng) was refluxed with aniline (20 mg) 
in ethanol (1 ml) for 2 h. Thc anilide formed was separa- 
ted from the tetra- and pentamethyl myoinositols by 
t.1.c. in solvent (ii). 2,3,4,6-Tetra-0-methyl-N-phenyl-D- 
glucosylamine after rccrystallization from elher -light 
petroleum (1:l) had m.p. 136-137 ", in agreement with 
the reported value (37). Efforts to  crystallize or separate 
the methylated myoinositol fraction were unsuccessful 
duc to lack of material and therefore the fraction was 
demethylated with boron trichloride (38) to  give myo- 
inositol having m.p. and mixture melting point 225-227 ". 

Rnfirlose 
This non-reducing sugar (SO0 mg) on partial hydrolysis 

with 0.1 N hydrochloric acid (100 ", 5 min) gave only 
melibiose and fructose. Completc hydrolysis afforded 
galactose, glucose, and fructose (1 :1 :I). The mobility of 
this trisaccharide in solvents n and b was the same as for 
rafinose. The product after recrystallization from aqueous 
ethanol had m.p. and mixture melting point 134138 ", 
and [or]& + 105 " (c, 2.62 in water) (39). 

Plnrzteose 
This was a non-reducing sugar (12 mg) (R raiii,ou, 1.0 in) 

and 0.85 (b)) which gave a positive test with naphthoresor- 
cinol spray reagent indicating that it contained sucrose. 
On partial hydrolysis it gave glucose, disaccharide, and 
unchanged material, and, on complete hydrolysis it 

yielded fructose, glucose, and galactose (1 :1 :I). Hydroly- 
sis by emulsin for two weeks yielded unchanged planteose, 
sucrose, galactose, and traces of glucose and fructose. O n  
the basis of these observations the sugar was identified as 
planteose. 

Gnlactinol 
This non-reducing component (40 mg) had R,,iiinoso 

0.60 and 0.56 in solvents a and b, respectively. M, value by 
paper electrophoresis was 0.34. On acid hydrolysis it gave 
galactose and myoinositol (1 :l). The compound was re- 
crystallized from water-ethanol and had m.p. 218-222 ", 
and [ c Y ] D ~ ~  +130.5 " (c, 1.2 in water). 

Methylation of this compound (38 mg) by the Kuhn  
and the Purdie procedure, respectively, gave a nona- 
methyl ether (30 mg) which was recrystallized from pen- 
tane and had m.p. 88-93 ", +115.2' (c, 0.72 in  
water). Reported values for m.p. 96.5-98 " and [ a ] ~  
+I19 (5). 

The nonamethyl ether of galactinol(30 mg) was hydro- 
lyzed with N hydrochloric acid (4ml) for 10 h. The 
reaction mixture was neutralized (Ag2C03), filtered, and 
concentrated under reduced pressure to a syrup (30 mg). 
The mixture was separated by t.1.c. using solvent (ii) 
giving equimolar amounts of 2,3,4,6-tetra-0-methyl-D- 
galactose and pentamethyl myoinositol. 

The 2,3,4,6-tetra-0-methyl-D-galactose was converted 
into its anilide derivative which after recrystallization from 
ethanol had m.p. 193-195 ", undepressed on admixture 
with an authentic specimen. 2,3,4,5,6-Penta-0-methyl 
myoinositol was recrystallized from hot pentane to give 
fine needles with m.p. 117 '. Reported m.p. 117-117.5 " 
(6). 

Mnr~nir~otriose 
This reducing component (21 mg) with Rr,rrinase 0.37 

(n) and 0.39 (b) gave on complete hydrolysis galactose and 
glucose (2:l). On partial hydrolysis it gave galactose, 
glucose, melibiose, and an additional disaccharide 
having R, value less than melibiose. On reduction with 
borohydride, followed by complete acid hydrolysis, 
galactose was found as the only reducing sugar, showing 
that glucose was the reducing end of the trisaccharide. 
The trisaccharide had the samc mobility on paper chro- 
matograms and paper electrophorogram as mannino- 
triose (manninotriose was prepared from stachyose by 
hydrolysis with 20 % acetic acid). 

Stnclryose 
This non-reducing component (480 mg) had R,,~ii,,,,, 

0.22 in solvent a and 0.41 in solvent b. M, value for paper 
electrophorogram was 0.33. Hydrolysis by emulsin for 10 
days yielded fructose, galactose, sucrose, and raffinose. 
Complete hydrolysis gave galactose, glucose, and fructose 
(2:l:l). Amorphous material obtained after separation 
from paper chromatograms was crystallized from 91 % 
ethanol on seeding and had [a11127 + 132 (c, 2.3 in water), 
m.p. and mixture melting point 150 " (40). 

Trigalnctosyl Glycerol 
This compound (98 mg) was isolated as a glass-like 

material. I t  was non-reducing and on paper chromato- 
grams had R,,iiinOse 0.23 and 0.34 in solvents a and b 
respectively. On paper electropl~orogram its ME valuc 
was 0.48. Acid hydrolysis gave galactose and glycerol. 
The product, a-D-galactopyranosyl-1,6-a-D-galactopyra- 
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Photochemical synthesis.1 19. The flash photolysis of unsaturated sultones 

J. L. CHARLTON AND P. DE MAYO 
Departtt~etlt of C/letnistry, Ut~iversity of  Wester71 Otltario, Lot~dott, 011lnrio 

Received August 22, 1967 

The hypothesis that the irradiation of unsaturated sultones gives the final products, the ketos~~lfonic 
esters, via a sulfene intermediate has been reexamined. In the case of sultone (4), it has been shown that, 
if such a species be an intermediate, it must have a lifetime, in cyclohexane solution, of less than 20 ps. 
The consequenes of this observation are discussed. 

The flashing of sultonc (4) in methanol generates the en01 of the keto ester end product (13) which 
decays with a half life of about 20 s 

Canadian Journal of Chemistry, 46, 55 (1968) 

In a previous paper (I), the possible photo- 
chemical generation of sulfenes was discussed. 
It  was considered possible that since unsaturated 
sultones of type (1) contained the homoannular 
diene systein in a six-membered ring, irradiation 
might induce the ring opening, known to occur 
in such systems, to give the sulfenes (2). In the 
presence of methanol these interinediates would 
be expected to react further to give the corre- 
sponding esters (3) (and/or isomers). 

Upon irradiation, the sultones (4) (5) ,  (5), and 
(6) did indeed give the predicted esters in 
methanol, whilst in the case of (4) irradiation in 
ether containing two equivalents of benzylamine 
gave the corresponding sulfonamide, character- 
ized as the 2,4-dinitrophenyll~ydrazone. 

In view of this evidence, the generation of a 
sulfene intermediate seemed probable. Further 
evidence in support if this hypotl~esis was that 
irradiation of (4) in diglyme was found to give 
up to 23% mole of sulfur dioxide. 

The evidence for the existence of the sulfene 
intermediate was, nonetl~eless, circumstantial 

lFor the preceding paper in this series, see P. de Mayo 
and J. S. Wasson, Chem. Commun. 970, (1967). 

and in the intervening years it becaine clear that 
other processes were, in principle, possible. With 
the availability of apparatus for flash photolysis 
a reexamination of the system was considered 
desirable. 

Sultoile (4) was chosen for exainination be- 
cause its absorption fell at a convenieilt wave- 
length. Prior to the investigation however, it was 
necessary to clarify the isoinerisill (positional and 
geometrical) possible in the pl~otocl~emical end 
products; a matter not clearly resolved pre- 
viously (I). 

Solutions of sultone (4) in methanolic base 
gave a deep blue solution containing, presuin- 
ably, the anion (7). Simple acidification and 
isolation of the product gave a mixture of three 
esters (8) which could be separated by thin-layer 
cl~romatograpl~y. These were the two isomers 
wit11 the double bond exocyclic to the five- 
membered ring (8a and 8b), and the endo 
isomer (8~ ) .  Dissolution of the three esters, . , 

separately, in base followed by re-isolation, gave 
the same mixture of all three components, 
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wavelength (m,u) - 
FIG. 1. The ultraviolet spectra of 9 and exo-ester 1 and exo-ester 2. 

lending support to the conclusion, based on 
analytical data, that they are indeed isomers. 

The formation of the esters, directly from the 
sultone by the action of methoxide ion must 
result from'direct substitution on the sulfur. This 
is in direct contrast with saturated sulfonic esters 
where substitution on the carbon bearing oxygen 9 10 
would be expected to occur. difference in ultraviolet spectrum. The latter 

The two isomers (8a and 8b) were resembled the spectrum of ( l l ) ,  a substance 
by the general resemblance of their ultraviolet ,previously obtailled from the ester mixture (8) 
spectra to that of (912 the latter being by by alkaline llydrolysis (1). TIle position of the 
the dehydration of (10) (5) ~ ~ ~ s ~ ~ o r u s  double bond in (11) had been shown by ozonol- 
ox~chloride and pyridine. Both had carbon~l '  ysis to the diketone followed by cyclization to 
absorption at 1660 cm-1, to be compared with the perinap~lt~lenone (12). 
1657 for (9). The stereochemistry about the 
double bond is not known in (9) but it is believed 
to be a single isomer as the nuclear magnetic 
resonance (n.m.r.) exhibits a singlet for the non- 
aromatic hydrogens. The stereochemistry of (8a 
and 8b) could not be assigned unambiguously 

11 12 froin spectral data. 
The endo isomer (8c) was recognized by its Chemical evidence as to the structure of (8c) 

higher carbonyl absorption (1685 cm-1) and the was also obtained. Ozonolysis in ethanolic 
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solution followed by treatment with base, gave, tion at 4500 A reached, as stated, a maximum 
after isolation and sublimation, naphthalic and was not further reduced with increased 
anhydride. The generation of this substance may power. Nevertheless, some absorption still re- 
be formulated as follows. mained at this wavelength. Since the exo esters 

d 
have no absorption in this region, the absorption 

f O H i  

was evidently that of an intermediate. Indeed, '8 Me +% 03.e 
the residual absorption at 4500 A decayed to 
near zero within a minute of flashing. Siillilarly 

Hoe a band produced at 3370 A on flashing, also 
d 

\ / \ / - slowly decreased in intensity a t  the same rate. 
An approximate rate constant for the disap- 

0 0 0  
pearance of this transient was obtained by 

HOOC COOH monitoring the change at 4500 A, and was found ..a to  be 3 min-1. The spectrum of the transient was 
obtained both by spectrographic and photo- 
electric recording (see Experimental). 

With the nature of the methanolysis products The lifetime and nature of the transient 
of the sultone clarified, those obtained by appeared, hopefully, to be compatible with 
irradiation were now examined. This process was naive expectation for a sulfene intermediate. I t  
now facilitated by the use of thin-layer chroma- was soon apparent, however, that such optimism 
tography, a process not employed in the original was unjustified since the formation of the sulfene, 
study. if not its decay, should be essentially independent 

By running successive chromatograms of of the solvent. In an inert solvent, therefore, the 
irradiated methanolic solutions it was found that formation of the same transient was to be ex- 
addition proceeded rapidly to give, first, exo- pected, followed by reversion to the original 
ester 1 followed by the appearance of exo-ester 2 absorption. In cyclohexane, however, no tran- 
(see Experimental regarding nomenclature). The sient could be detected down to 20 ps after the 
endo ester (8c) could not be detected. Irradiation initiating flash. From this is was concluded (a) 
of either (8a) or (86) generated the other exo that the transient in methanol was not the sulfene, 
ester, but, again, no endo ester was observed. and (6) that if a sulfene were an intermediate, its 
Prolonged irradiation led to the formation of a lifetiine was exceedingly short. 
further, non-isomeric substance (which will be The question then arose as to the nature of the 
the subject of another communication), and the observed intermediate. The fact that it decayed 
further accun~ulation of other unidentified com- under mild conditions to the exo ester limited the 
pounds. number of possibilities. Further, the absorption 

The background chemistry now having been at long wavelength was significant, requiring a 
resolved it was possible to  attempt the flash more extended chromophore than found in the 
study. It  was found that exposure of solutions of exo or endo esters. The starting sultone (4) was 
the sultone (4) to flashes of up to  103 J produced the only other compound in this series having 
no transient with absorption at longer wave- significant absorption at this wavelength. A 
length than that of the sultone itself. However, plausible intermediate fitting all the available 
it was by no means clear that a sulfene or other data was the en01 (13). The slowness of the 
intermediate would necessarily absorb at  such tautomerisnl in a neutral medium is not sur- 
a wavelength. prising, and has recent analogy in the formation 

The only illethod of detection available then of (115) from (14) (4). 
was by complete annihilation of the starting 
sultone. Flashing a 5 x 10-7 M solution of the 
sultone in methanol with increasing power + / S03Me 
showed that the (rapid) disappearance of the & 
absorption at 4500 A reached a maximum at 
1100 J, increased power thereafter having on 

\ oe 
further effect. 

On flashing at 1100 J the decrease in absorp- 13 14 15 
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I 
300 3% 400 450 5CO 

Wavelength (mp) - 
FIG. 2. The ultraviolet spectra of sultone 4 and en01 13. 

If this structure be accepted, then a possible 
pathway could involve addition of methanol to  
the activated sultone in two steps; the addition 
of n~etl~oxyl being separated, though briefly, 
from protonation. (The addition to a sulfene is 
merely a particular instance of the general path- 
way.) If the addition of the two moieties were 
separated in time, an intermediate carbanion 
became a possibility, and this species could be 
the same as that observed on dissolution of the 
esters in alkali. Since this has high intensity 
absorption at 625 mp ( E  = 104 in 3.3 N meth- 
anolic potassium hydroxide) it should be readily 
detectable. Experimentally, however, no such 
transient could be observed. 

It must be concluded, therefore, that the 
methanolysis of (4) occurs by either direct 
addition of methanol to the excited sultone, or 
that any ground state intermediate formed from 
the sultone, if there be one, is separated ener- 

getically from that sultone by an activation 
barrier of less than about 10 kcal/mole. 

Exposure of sultones (5) and (6)  in concentra- 
tions of 6 x 10-5 and 6 x 10-4 M to comparable 
flashes revealed no transient of wavelength longer 
than 320 mp and lifetime longer than about 20 ps. 

The sultam (16) has been found to give the 
pyrol on irradiation and the solvent does not 
participate. Again a mechanism passing through 
a sulfene is conceivable but not obligatory. In 
this case, however, the sulfene should have a 
greatly extended cl~romopl~ore, and if formed 
should be readily detected. Again, no transient 
wit11 a longer wavelength than 3200 a could be 
observed. I t  must be concluded that the participa- 
tion of a sulfene in these reactions is improbable. 
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Experimental 
Flash Apparatns 

The technique and general arrangement has been 
described by Porter (2) and was modified slightly in the 
present study. 

Stainless steel O-ring fittings with tungsten inserts were 
used for electrodes in the flash lamps. A vacuum con- 
nection at the fitting allowed evacuatio~l and filling of the 
lamps with Argon (10-100 mm), Both of the capacitor 
banks, spectroflash (lOpF/lOkV, General Electric) and 
photoflash (two, 5pF/20kV, General Electric) were 
charged by Sorenson high voltagc power supplies 
(230-6P, 30kV/8 mA). Quartz cells of 20 cm path length 
were used with a reservoir to permit degassing. A tungsten 
quartz lamp (Phillips 7023F5) was used as the source in 
the photoelectric arrangement. 

The transmitted beam was passed into a Spex 1700-11 
monochromator. With a swing-away mirror it could be 
used as a spectrograph or a recording spectrometer. In 
the spectrographic mode, the spectrum was recorded on 
Polaroid film (P/N55) and plate densities were recorded 
with a Kipps and Zonen densitometer (BDII). A Hilger 
and Watts 7-step neutral density filter was used for 
calibration. In the photoelectric mode the signal was 
monitored with an EM1 6256 B photomultiplier con- 
nected directly to a R M  503 Tetronix oscilloscope. 
Permanent records of the oscilloscope traces werc made 
with a Polaroid Tetronix C-27 camcra. The delay circuit 
used was similar to that of Goodfriend and Woods (3) 
and had a range of 2 to  250 ps. 

The sultone (8.6 x 10-7 M) was flashed with complete 
annihilation of the starting material. Flashing a fresh 
solution and monitoring the transmittance before and 
0.5 s after the flash at intervals of 50A yielded a spectrum 
of the intermediate. I t  was plottcd with reference to a 
standard spectrum of the sultone by the equation 

where A1 is the absorbance of the sultone, A 2  is that of 
the intermediate, 4 the transmittancc of the sultone before 
the flash, and II is the transmittance of the intermediate 
0.5 s after the flash. Using thespcctrograph and densitom- 
eter similar results were obtained. 

Dehj~rl~.atiorz of Ketol (10) 
The ketol (350 mg) was dissolved in pyridine (50 ml) 

containing phosphorus oxychloride (10 ml) at  0 "C and 
the mixture then heated under reflux for 6 h. After 
pouring onto ice the product was isolated with ether, the 
solvent washed, and after evaporation the residue was 
cryst~lllized from chloroform. About 50 % of the starting 
material was recovered. Crystallization of the mother 
liquors from methanol~hloroform, and then benzene - 
light petroleum gave the conjugated ketone (9) (100 mg) 
m.p. 153-156"; A,,, (MeOH) 342 (e 13 200), 327 (e 
13 700), 249 (e 30 400), 236 (e 29 400) mp; v,,,, 1 657 
cm-1. 

Anal, Calcd. for C26H180: C, 89.82; H, 5.25. Found: 
C, 90.14; H, 5.24. 

Acetjdation of Ketol (10) 
The Ketol (350 mg) was stirred in suspension in acetyl 

chloride (15 ml) and zinc chloride (50 mg) for 4 h, until 

all the starting material was dissolved. The mixture was 
then poured onto ice and the product isolated with ether. 
The extract was washed with sodium hydrogen carbonate 
solution, water, and dried over MgS04. The residue was 
chromatographed on silicic acid (100 g). 

Elution with benzene gave the chloridc (17; R = C1) 
(100 mg) which, (crystallized from benzene - light petro- 
leum) had n1.p. 142 - 145"; v,, ,, 1678 cm-1; A,,,, (MeOH) 
288 (e 9200), 276 (e 9700), 255 (e 13 400), 226 ( e  71 500) 
mp; nuclcar magnetic resonance (n.m.r.) 6 7.4 (m), 5.2 
(t, lH),  3.2 (s, lH), 3.1 (qu, 1H). 

Anal. Calcd. for C26H1gOCl: C, 81.56; H, 5.00; Cl, 
9.27. Found: C, 81.64; H ,  5.10; C1, 9.39. 

Further elution with benzene then gave thc acetate 
(17; R = OAc) (50 mg) which, (crystallized from 
benzene - light petroleum) had m.p. 186-189"; v,,,,, 
1740, 1680 cm-1; A,,,,, (MeOH) 280 (e 8900), 290 
(e 9300) In+; nm1.r.: 6 7.7 (m), 5.2 (qu, lH), 3.7 (nl, 2H), 
1.7 (s, 1H). 

Anal. Calcd. for C28H2203: C, 82.73; H, 5.45. Found: 
C, 82.65; H, 5.40. 

Hydrolysis of the acetate (0.0125 N NaOH in 1 :I 
aqueous ethanol) at  room temperature regenerated the 
starting ketol. Pyrolysis of the acetate in the gas phase 
(.005 mm) by sublimation through a quartz tube at  400" 
gave a mixture. Separation by thin-layer chromatography 
(eluant: benzene) gave, as the main component, benzil, 
identified by comparison with an  authentic specimen. 

hletlranolysis o f  Sctltorze ( 4 )  
The sultone (220 mg) was dissolved in ca. 3 ml dioxane 

and this solution added to  a methanolic solution of 
potassium hydroxide (100 ml; 2.5 N). The solution im- 
mediately became dark blue. After 1 min the solution 
was acidified with slightly more than one equivalent of 
hydrochloric acid in water (250 ml). The yellow solution 
was extracted with chloroform, the solvent removed and 
the residue separated by preparative thin-layer chroma- 
tography. [Eluant: ethyl acetate - light petroleum (1 :4)]. 
In  order of increasing Rr,  the following werc obtained. 

(a )  Eso-ester 2 
Exo-ester 2 was crystallized from chloroform in white 

needles, with m.p. 202-204" (decomp.); v ,,I,,, 1660, 1360, 
1170, 995 cnl-1; A,,, (MeOH) 338 (e 10 900), 328 (e 
11 800), 320 (C 12 700), 254 (C 24 OOO), 233 (e 43 400) mp; 
n.m.r.: 6 3.3 (s), 6.2 (s), 7.4 (m), 8.2 (m). 

Anal. Calcd. for C27HZ004S: C, 73.62; H, 4.58: S, 7.28. 
Found: C, 73.21; H,  4.50; S, 7.41. 

(b) Eso-ester 1 
Exo-ester 1 was CI-ystallized from chloroform -ethyl 

acetate in yellow needles that had m.p. 179-180.5" 
(decomp.) ; v,,,,, 1660, 1360, 1170, 995 cm--l, A,,,:,, 
(MeOH), 353 (e 12 800), 328 (e 10 900), 256 ( e  24 300), 
231 (e 49 300) mp; n.m.r.: 6 3.5 (s), 6.5 (s), 7.5 (m). 
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Anal. Calcd. for C27H200~S: C, 73.62; H, 4.58; S, 7.28. 
Found: C, 73.60; 11, 4.65; S, 7.06. 

Treatment of the separated esters (1 mg, in 1 ml 
dioxane) with base (5 rnl 1 N  KOH in MeOH) and isola- 
tion gave in each case a mixture of the three esters as 
indicated by thin-layer chromatography (eluant: ethyl 
acetate - light petroleum, 1 :4). All three esters gave the 
same absorption spectrum in base (0.67 N in KOH/ 
MeOH), A,,,,, 346 ( E  10 200, broad), 625 (s 2200) mp. 

ester 1, followed, more slowly, by exo-ester 2. No endo 
ester was detectable on thin-layer chromatograms. 
Irradiation of either exo-ester generated, under the same 
conditions, a mixture of exo-esters. Again, no endo isomer 
was produced. 

Prolonged irradiation led to the formation of a new 
substance. This material, m.p. 180-183" (from benzene) 
was not isomeric with the other substances. Its structure 
will be the subject of a later communication. 

Ozonolysis of Etido-ester (8c) 
The ester (27.1 mg) was treated with a stream of ozone '. ~ A ~ ~ N ~ ; ~ . ~ E $ ~ ~ ; , f .  ~ ~ ~ ~ E ~ & , ~ b ~ . l $ i  at -20" in ethanolic solution (10 ml) for 70 min. Base (1963). 

(2% sodium hydroxide; 12 ml) was added and the mixture 2. G. PORTER. zt2 Technique of organic chemistry. 
heated to 65" for 30 min. The acidic material was isolated Vol. VIII. Part 11. Edited by S. L. Friess, E. S. Lewis, 
in the usual way and crystallized from methanol (10 ma) and A. Weissberaer. Interscience Publishers. Inc.. 
m.p. 264-268". ~ublimaiion gave needles, m.p. 272-274". New York. 1963. i .  1056. 
A mixture melting point with naphthalic anhydride in an 3. P. L. GOODFRIEND and H. P. WOODS. Rev. Sci. Instr. 
evacuated capillary showed no depression. 36, (1) 10 (1965). 

4. E. F. ULLMAN and W. A. HENDERSON. J. Am. Chem. 
Zrradiatiotz of S ~ t l t o ~ ~ e  (4)  ntrrl Exo-estecs 1 and 2 SOC. 88, 4942 (1960). 

Irradiation of a solution of the Sultone (4) (1 mg in s- P. DE MAYO and A. STOEssEL. Can. J. Chem. 40, 57 
25 cm3 MeOH) proceeded rapidly and gave first exo- (1962). 
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Preparation of unsaturated carbohydrates. A facile synthesis of methyl 
4,6-0-BenzyKdene-D-hex-2-enopyranosides 

R. U. LEMIEUX, E. FRAGA, AND K. A. WATANABE~ 
Depnrtnzerlt of CI~ernistry, University of Alberta, Eclnzonton, Alberta 

Received August 21, 1967 

A simple method was explored for the preparation of methyl 4,6-0-benzylidene-hex-2-enopyranosicles. 
Methyl 2,3-anhydro-4,6-0-benzylidene-D-hexopyranosides were converted to  diaxial iodohydrins using 
sodium iodide in acetone which contained sodium acetate and acetic acid. Trcatment of the iodohydrins 
with either methane- or p-toluenesulfonyl chloride in refluxing pyridine yielded the 2,3-unsaturated 
derivative in excellent yield. The four isomers for methyl 4,6-0-benzylidene-D-hex-2-enopyranoside 
were thus prepared. The rotations of the anomeric pairs followed Hudson's rules of isorotation. Evidence 
is provided that, in the absence of strong destabilizing interactions in the product, the epoxide ring of one 
of the above-mentioned 2,3-anhydroglycosides is opened by lithium iodide in ether to  form the iodohydrin 
as the lithium alkoxide in high yield. This observation provides an  explanation for the reduction of 
methyl 2,3-anhydro-4,6-0-benzylidene-a-D-allopyranoside to  4,6-0-benzylidene-D-allal. Reaction of 
methyl 4,6-0-benzylidene-2-deoxy-2-iodo-~-~-idopyranoside with methyl lithium provided 4,6-0- 
benzylidene-D-gulal. The conformational properties of a number of the compounds prepared and of 
acetylated methyl pentopyranosides, as derived from their nuclear magnetic resonance parameters, 
are discussed with particular reference to  the role that geminal coupling constants may play in the 
determination of configuration and conformational equilibria. 

Canadian Journal of Chemistry, 46, 61 (1968) 

It has been suggested that 2,3-unsaturated 
sugars play significant biological roles in meta- 
bolic pathways. For example, ribonucleosides 
may be converted into deoxyribonucleosides 
through the 2',3'-unsaturated intermediate (1, 
2). The antibiotic cordycepin (3, 4) is formed 
from adenosine (5) probably via 2',3'-dehydro- 
deoxyadenosine (6). Unsaturated compounds of 
this type occur naturally, for example, ascorbic 
acid (7-9) and a nucleoside antibiotic blasticidin 
S (6, 10). 

Two methods have been used to prepare 
derivatives of 2,3-unsaturated sugars. One is the 
acid-catalyzed double bond shift in derivatives of 
glycals. Thus, already in 1914, Fischer (11) 
prepared 4,6-di-0-acetyl-D-erythro-hex-2-eno- 
pyranose and the compound has since served as 
a precursor to the a-ethyl (12,13), a-phenyl (l4), 
a- and /3-p-nitrophenyl(l5, 16) glycosides and to 
the 4,6-di-0-acetyl and 4,6-di-0-benzoyl deriva- 
tives of D-erythro-hex-2-enopyranosyl fluoride 
(17). The 2-acetoxy derivative of both the 
anomers of 1,4,6-tri-0-acetyl-D-erythro-hex-2- 
enopyranose was obtained by acid isomerization 
of 2-acetoxy-3,4,6-tri-0-acetyl-D-glucal (18, 20). 
The a-threo isomer was also prepared from the 
corresponding galactal derivative (19). Also, a 
derivative of an unsaturated nucleoside was pre- 

pared by the acid-catalyzed reaction between 
tri-0-acetyl-D-glucal and theophylline (21). 

The second method involves direct introduc- 
tion of a 2,3-olefinic double bond. Thus, methyl 
4,6-O-benzylidene-a-~-erythro-hex-2-enopyrai10- 
side was first prepared by Bolliger and Prins (22) 
from methyl 4,6-0-benzylidene-3-deoxy-2-0-p- 
toluenesulfonyl-a-D-mannopyranoside. This 
compound has since beell prepared in a variety 
of other ways including epoxide (23), iodohydrin 
(24), episulfide (25, 26), thionocarbonate (26), 
sulfonate (26, 27), xanthate (16), thiouronium 
(28), and aziridine (29) intermediates. Unsatur- 
ated nucleosides have also been synthesized 
(30-36). 

On repeating the preparation of 4,6-0-benzyl- 
idene-D-allal (4,6-0-benzylidene-1 ,2-dideoxy-D- 
ribo-hex-1-enopyranose) (3b) reported by Feast, 
Overend, and Williams (37), which involves 
reaction of methyl 2,3-anhydro-4,6-0-benzyl- 
idene-a-D-allopyranoside (I) with methyl lithium 
in ether (prepared from methyl iodide and 
lithium), methyl 4,6-0-benzylidene-2-deoxy-2- 
iodo-a-D-altropyranoside (2b) (38) was isolated 
as the product of the reaction and utilization of 
this compound as starting material gave the 
product (3b) in higher yield. Evidently, lithium 
iodide, in contrast to sodium iodide (39), is 
capable of reacting with an epoxide under basic 
conditions to yield the lithium alkoxide (e.g., 2a) 
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of the iodohydrin. With sodium iodide, acid is ported in Table I for J2,3 was derived from the 
required to neutralize the product. The formation spacing of the outer strong lines in the quartet 
of the allal derivative (3a) could now be appre- obtained when H-1 was spin decoupled. 
ciated as involving nucleophilic attack on the The iodohydrin 2b was obtained in quantita- 
iodine atom of 2a leading to elimination of the tive yield from 1 using five molar equivalents of 
methoxy group.2 On applying the reaction to lithium iodide in ether at room temperature for 
methyl 4,6-0-benzylidene-2-deoxy-2-iodo-~~-~- 30 min. That the reaction leads to the alkoxide 
idopyranoside (7), as expected from the above 
considerations, 4,6-0-benzylidene-D-gulal (4,6- 
0-benzylidene-1 ,2-dideoxy-D-xylo-hex- 1 -eno- 
pyranose) was formed. Nuclear magnetic reson- 
ance (n.m.r.) parameters for this compound and 
its 3-0-acetyl derivative and the corresponding 
derivatives of D-allal are given in Table I. The 
general characteristics of the n.m.r. parameters 
for the gulal derivative as compared to those of 
the allal compound leave no doubt that the 

(2a) was apparent from the fact that the addition 
of acetic anhydride to the reaction mixture gave 
an immediate formation of the 3-0-acetate 
(2c)-a transformation which did not occur at a 
comparable rate when acetic anhydride was 
added to the iodohydrin dissolved in the solution 
of l i t l~iun~ iodide in ether. A compound identical 
to the iodohydrin 2b was obtained by iodo- 
methoxylation (41) of the allal derivative 3b. 

On the other hand, the isonleric methyl 
former compi~~nd is also a 4,6-0-benzylidene- 2,3-anl1~dro-4,6-0-benz~lidene-~~-~-mann~- 
glycal. The magnitude of J',J requires the pyranoside (4) reacted very slowly with lithium 
equatorial orientation for H-3. The values for iodide leading after 9 days to an equilibrium 
J5,6e and J5,6a require that H-5 be in axial mixture which appeared (n.m.r.) to contain an 
orientation to be in gauche relationship with about 3 : 2 ratio of 4 and the adduct (§a), respec- 
both the neighboring H-6's. Since H-5 is axial tively. The non-bonded interaction in the product 
and weakly coupled (J4.5 = 1.5 C.P.S. for the between the axial iodine atom and the axial 
monoacetate) with H-4, H-4 must be equatorially methoxy group allows the rationalization of the 
oriented as required for the assigned D-xylo results and appears to be present in the transition 
configuration. The assignments and n.1n.r. pa- state. Since the formation of the iodohydrin (5b) 
rameters in Table I are based on uneauivocal became quantitative when acetic acid was added 
evidence derived from appropriate spin de- to the reaction mixture, there can be little doubt 
coupling experiments. In the case of the 4,6-0- that in fact the lithillin alkoxide (§a) of the 
benzylidene-D-gulal, the signals for H-3 and H-4 iodohydrin was the product of the reaction in 
were almost exactly superin~posed. For this absence of acid-a matter of considerable 
reason, the signal for H-2 appeared as a rough theoretical interest and of possible synthetic 
septet of lines and the coupling constant re- value. 

In order to prepare iodohydrins from e~oxides. 
2Sharma and Brown (40) have commented on the the conditiol;s prescribedeby ~ ~ ~ ~ f ~ A l ~  (39); 

reaction of lithiurn iodide with 1 and the conversion of 
20 to  30. reactions which were discovered as reDorted in e l n ~ l o ~  sodium iodide, sodium acetate, 
this publication. and acetic acid in acetone, are most convenient. 
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LEMIEUX ET AL.: PREPARATION O F  UNSATURATED CARBOHYDRATES 

TABLE I 
Nuclear magnetic resonance parameters for 4,6-0-benzylidene-1,2-dideoxy-hex-1-enopyranoses 

and their 3-0-acetyl derivatives 

Chemical shifts ( T )  

Compound H- 1 H-2 H-3 H-4 H-5 H-6e H-6a Ref. 

Coupling constants (c.p.s.) 

Compound J 1 . 2  J 2 . 3  J 3 . 4  J 4 , 5  J S , G C  J 5 . 6 0  J 6 n . r ~ e  Ref. 

The known iodohydrins 2b and 5b (23, 38) were 
obtained from the epoxides 1 and 4, respectively, 
in quantitative yield. Nuclear magnetic resonance 
parameters for these compounds are reported in 
Table 11. 

In order to test more extensively the synthetic 
methods developed in this research and also to 
achieve the synthesis of all the methyl 4,6-0- 
benzylidene-D-hex-2-enopyranosides, the inethyl 
2,3-anhydro-4,6-0-benzylidene-glyco- 
pyranosides with the @-~-allo (42), a-D-gulo (43, 
44), and P-u-talo (45, 46) configurations were 
prepared following the published procedures. 
These epoxides all underwent ready conversioil 
to iodohydrins using Cornforth's reagent. Except 
for the compound with the P-D-0110 configura- 
tion, as for compounds 2b and 513, the diaxial 
products (6, 7, and 8) were formed in near 
quantitative yield as expected on the basis of the 
Furst-Plattner rule (47). In the case of the 
P-D-flllo coinpound about 20% of 2,3-di-equa- 
torial product was formed. The structures of the 
iodohydrins were established as follows. 

Reaction of the 2,3-anhydro-p-~-allo com- 
pound with sodium iodide gave a mixture of 
iodohydrins. The p-D-gl~tco configuration was 
required for the higher melting (m.p. 230") 

isomer (9) in view of the coupling interactions 
observed in the n.m.r. spectrum of its 0-acetyl 
derivative. The quartet signal at T 4.62 with 
spacings of 10.8 and 7.5 c.p.s. was assigned to the 
2-proton since it is coupled with the doublet 
signal for the anomeric proton at T 6.28 with the 
spacing of 7.5 c.p.s. (deuterated benzene as 
solvent). Thus, both H-2 and H-3 must be in 
axial orientation. The isomer (6) (m.p. 175-176 ") 
was assigned the p-D-altro configuration on a 
similar basis. The 0-acetyl derivative (benzene-d6 
as solvent) gave signals at T 4.25 (triplet), 5.52 
(quartet), 5.87 (quartet), and 6.41 (doublet) 
assigned to the protons at positioils 3,4,2, and I,  
respectively, on the basis of unequivocal spin 
decoupling experiments. First order analysis 
indicated coupling constants, J1,2 = 2.0, J2 ,3  = 
3.1, J 3 , 4  = 3.0, and J4,5 = 9.2 c.p.s., which are 
compatible with the structure and conformation 
indicated in 6 (48, 49). The occurrence of appre- 
ciable (about 20%) oxide ring-opening to di- 
equatorial product (9) in this reaction is readily 
understood since the metboxy group must be 
expected to destabilize the transition state leading 
to the diaxial product by non-bonded interaction 
with the entering iodide ion. The reactions of the 
other epoxides all proceeded to diaxial product 
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64 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46 1968 

TABLE I1 
Nuclear magnetic resonance parameters for methyl 4,6-0-benzylidene-2(or 3)-deoxy-2(or 3)-iodo-D-glyco- 

pyranosides in benzene-d6 and Methyl 4,6-0-Benzylidene-D-hex-2-enopyranosides in Pyridine-dj 

Chemical shifts (7) Coupling constants (c.p.s.) 

Iodohydrins H-1 H-2 H-3 H-4 H-5 J 1 , 2  J 2 . 3  J 3 . 4  J4.5 

2-0-acetyl- 
p-gluco 6.05 4.61 6.22 6.04 7.5 10.8 10.2 

2-0-acetyl- 
a-altro 5.48 4.58 5.68 5.85 6.39 1.1 2.2 3.5 

3-0-acetyl- 
a-nllro 5.18 5.57 4.49 5.57 5.70 0.5  2.0 2.5 

3-0-acetyl- 
6-altro 6.41 5.87 4.24 5.52 6.17 2.0 3.1 3.0 9.0 

2-0-acetyl- 
p-id0 4.92 4.76 5.52 6.28 5.93 1.1 2.1 2.5 

3-0-acetyl- 
a-id0 4.93 5.93 4.60 6.36 6.56 2.9 4.6 2.7 3.0 

Chemical shifts (7) Coupling constants (c.p.s.) 

Alkenes H-1 H-2 H-3 H-4 H-5 J1.z J 1 . 3  J1.4 J2,4 J G , , . ~ .  

in high yield since the n.m.r. spectra of tlle crude 
products were virtually identical with those of 
the purified conlpounds. These results are in 
general agreement with considerations based on 
conformational analysis. 

The a-D-altro iodohydrins 26 and 56 provided 
the mono-0-p-toluenesulfonyl derivatives 10 and 
11 when the reaction was carried out near 0" for 
44 h. At room temperature, the iodo-p-toluene- 
sulfonates were reduced to methyl 4,6-0-benzyl- 

idene-a-D-erythro-hex-2-enopyranoside (12) at an 
appreciable rate. After 3 days, the yield of 12 was 
near quantitative. Neither the p-toluenesulfonyl 
nor methanesulfonyl derivatives of the iodo- 
hydrins 6, 7, and 8 could be obtained. Instead 
the olefinic compoui~ds 13, 14, and 15, respec- 
tively, were produced. T11e metl~anesulfonations 
gave the better yields wllicll were nearly quanti- 
tative. Although the reactions proceeded to com- 
pletioil at  room temperature, several days were 
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LEMlEUX ET AL.: PREPARATlON OF UNSATURATED CARBOHYDRATES 

MsCl 
pyridinef 

MsCl 
~ y r i d i n e '  

MsCl 
~ y r i d i n e '  

required. Only several minutes were required at 
the boiling point of the mixture to achieve 
similar yields. 

The p-toluenesulfonate (10) was only very 
slowly converted to the olefin 12 when refluxed 
in pure pyridine. However, when an equimolar 
amount of tetraetliylammonium chloride was 
added to 10 dissolved in pyridine, the olefin was 
rapidly formed. It is evident, therefore, that the 
reaction proceeds by nucleopl~ilic attack by 
chloride ion on the iodine as indicated in tlie 
equation 10 -+ 12. Under the preferred condi- 
tions, pyridiniuin hydrochloride for~iled in tlie 
course of the sulfonylation is the source of 
chloride ion. An attempt to prepare tlie olefin 12 
from either tlie epoxide 1 or the iodoliydrin 2b 
using Cornforth's procedures (39) failed. Fur- 
thermore, tlie procedure used by Albano, 
Horton, and Tsucliiya (26) to convert methyl 
4,6-0-benzylidene-2,3-di-0-p-toluenesulfonyl-a- 
D-glucopyranoside to 12and which involves treat- 
ment of the ditosylate with sodium iodide and 
zinc dust in dinietliylformamide did not, in our 
hands, prove useful for tlie conversion of the 
4,6-0-benzylidene-2,3-di-0-y-toluenesulfonyl 
derivatives of methyl p-D-glucopyranoside and 
methyl a-D-galactopyranoside to the olefins 13 
and 14, respectively. 

The structures assigned to tlie olefins 12 to 15 
are coinpletely in accord with the compositions 

and n.m.r. parameters (see Table 11) obtained 
for the compounds. The 2-0-methanesulfonyl 
derivative of the P-D-gluco iodohydrin (9) was 
highly resistant to attack by chloride ion to form 
the olefin 13. This observation is in keeping with 
the requirement of an antiparallel arrangement 
of the iodine atom and the methanesulfonyldeoxy 
group for facile reaction. 

The rotations of a number of anomeric pairs of 
2,3-unsaturated pyranoid structures are listed in 
Table 111. It is of interest to note that Hudson's 
rules of isorotation do not apply when there is 
present an acyloxy group at the 2-position. 

The signs for the 5J1x-H couplings are reported 
as positive in view of the recent publication by 
Coxon, Jennings, and McLauclilan (50) on a 
related compound. Hall and Manville (51) have 
recently reported on the relative signs of proton- 
proton coupling constants in saturated and un- 
saturated carbohydrate derivatives. It is of 
interest to note that the J6a,6c geininal coupling 
constants for the C-4 epimers reported in Table I 
are larger for the xylo than for tlie rib0 con- 
figuration. This finding is in accord with the 
suggestion (52) that the 2J,-, coupling constant 
will depend in part upon the relative orientation 
of an electronegative vicinal substituent with the 
coupling being numerically larger when the 
electronegative substituent is gauche to only one 
of the geminal hydrogens than when it is in 
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TABLE I11 
Specific rotations of anomeric pairs of 2,3-unsaturated pyranoid structures 

Compound [a] Solvent Ref. 

Methyl 4,6-O-benzylidene-a-~-eryth,.o-hex-2-enopyranoside +12g0 CHC13 
Methyl 4,6-O-benzylidene-p-~-eryt/lro-hex-2-enopyranoside +4S0 CHC13 
Methyl 4,6-O-benzylidene-ff-~-t/1reo-hex-2-enopyranoside -130" CHC13 
Methyl 4,6-0-benzylidene-p-~-t/1reo-hex-2-enopyranoside - 172" CHC13 
p-Nitrophenyl 4,6-di-0-acetyl-a-D-erytho-hex-2-enopyranoside + 174" Benzene 14 
p-Nitrophenyl 4,6-di-O-acetyl-p-~-eryt~1ro-hex-2-enopyranoside +5l0 Benzene 14 
1,2,4-Tri-0-acetyl-2-hydroxy-a-~-glycero-pent-2-enopyranose -t1S0 CHC13 19 
1,2,4-Tri-O-acetyl-2-hydroxy-p-~-glycero-pent-2-enopyranose + 169" CHC13 19 
1,2,4,6-Tetra-O-acetyl-2-l~ydroxy-a-~-erythvo-hex-2-enopyranose +SOo CHC13 18 
1,2,4,6-Tetra-O-acetyl-2-hydroxy-p-~-erytl~ro-hex-2-enopyranose +146" CHC13 18,20 
1 -0-Acetyl-2,4,6-tri-O-benzoyl-2-hydroxy-a-~-erythro-hex-2-enopyranose +52" CHC13 15 
1-0-Acetyl-2,4,6-tri-O-benzoyl-2-hydroxy-p-~-erythro-hex-2-enopyranose $91" CHC13 15 

gauche relationship to both the geminal protons. 
Coxon (53) has observed examples with ribo- 
pyranose derivatives and Hall and Manville (54) 
with 2-deoxyhexopyranose derivatives. It is seen 
from Table I1 that this situation is also present 
for the J6a,6e couplings observed for the erythro 
and threo-hex-2-enopyranose derivatives. Dr. 
Harold Spedding, in an unpublished work per- 
formed in this laboratory in 1962, observed 
JSa,  j e  coi~pling constants for the a: and /3 forms 
of methyl tri-0-acetyl-D-xylopyranoside in 
chloroform of - 10.7 and -11.8 c.p.s., respec- 
tively. In contrast, for the corresponding a: and p 
derivatives of L-arabinopyranose wherein the 
4-acetoxy group is gauche to only H-5e, the 
values for J5a,5e were -13.1 and -13.2 c.p.s., 
respectively. As expected, the value of J5a,5e 
for methyl tri-0-acetyl-a:-D-lyxopyranoside was 
numerically small, -10.7 c.p.s. However, the 
value for this coupling constant was - 12.3 c.p.s. 
for the p anomer. This result may indicate (53) 
an appreciable abundance of the compound in 
the 1C as well as the C1 conformation. This may 
also be the situation for methyl tri-0-acetyl-/3- 
D-ribopyranoside since J5a,5e  was -12.6 c.p.s. 
for this compound. Recently, Holland, Horton, 
and Jewel1 (55) reported JSa , j e  to be 12.9 c.p.s. 
for tri-0-acetyl-/3-D-xylopyranosyl chloride both 
in cl~loroform and in benzene. This result 
obviously is in support of their contention, based 
on vicinal coupling constants, that the compound 
exists to a large extent in the 1C-conformation. 
It may be noted in this regard that the value of 
11.8 c.p.s. observed for methyl tri-O-acety1-p- 
D-xylopyranoside is suggestive of a considerable 
abundance of the 1C conformation for this 
compound as well. In fact, the value J4,5a = 7.8 

c.p.s. is small as coillpared to that expected 
(about 9 c.p.s.) for the C1 conformation. Also, 
the value J4,5e  = 6.0 C.P.S. is large as compared 
to the value expected (about 3 c.p.s.) for protons 
in gauche relationship. The role of the anomeric 
effect (56) in controlling these confornlational 
equilibria is apparent. 

Experimental 
Methyl 4,6-O-Ber1zyli(lerle-2-deoxy-2-io~lo-a-~-altvo- 

pyranoside (2b) 

(a) Frorlt Metlryl2,3-Anl~ydro-4,6-O-ber~zylider1e-~-~- 
allopyrarloside ( I )  

Compound 1 (57) (2.64 g, 0.01 mole) was dissolved in 
acetone (50 ml) and gently refluxed for 1 h with sodium 
iodide (7.5 g, 0.05 mole), sodium acetate (0.41 g, 0.005 
mole), and acetic acid (12 ml, 0.2 mole). The mixture was 
evaporated to d~yness irz vac~lo and the residue was 
dissolved in a mixture of chloroform (70 ml) and water 
(100 ml). The aqueous layer was separated and extracted 
with chloroform (70 ml). The combined chloroform 
solutions were washed with water (100 ml), dried over 
sodium sulfate, and evaporated to d~yness irt vacuo. The 
residue was crystallized from ethanol to yield 2b (3.72 g, 
95 %); m.p. 105-106", [a]? -135.0" (c, 2.0 in chloroform). 
[Lit. (38), m.p. 105-106", [a]2,0 +39.0° (c, 1.3 in chloro- 
form).] 

Anal. Calcd. for C14H17051: C, 42.86; H, 4.34. 
Found: C, 42.73; H, 4.31. 

Compound 1 (0.264 g, 0.001 mole) was added to 50 ml 
of 0.1 M lithium iodide in ether (58). After 30 min, a 
clear yellow solution was obtained and thin-layer chro- 
matography showed the reaction to be virtually complete. 
Acetic acid was added to neutralize the solution and 
work-up in the usual manner gave 0.390 g (99%) of 26. 

In a second expcriment, 1.2 ml of acetic anhydride was 
added to the reaction mixture instead of the acetic acid. 
After 2 min water was addcd and the product was 
isolated. The n.m.r. spectrum of the syrup was identical 
to that of the acetate 2c. In a control experiment, the 
iodohydrin 26 (0.392 g, 0.001 mole) was treated with 50 
ml of 0.1 M lithium iodide in ether. After 30 min 1.2 ml 
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LEMIEUX ET AL.: PREPARATION OF UNSATURATED CARBOHYDRATES 67 

of acetic anhydride was added and after 2 min the product dark below -5", it changed to a dark tar within a few 
was isolated. The iodohydrin 26 was recovered in near days at room temperature. 
quantitative yield. 

( b )  Fro111 4,6-0-Benzylitlerie-~-allal (3b) 
A mixture of 3b (37), (0.86 g, 0.0036 mole) and silver 

acetate (0.71 g, 0.0042 mole) in methanol (50 ml) was 
cooled to 0". Iodine (0.5 g, 0.0042 mole) was added over a 
period of 5 min. The product, isolated in the usual manner 
as a syrup, was found by n.m.r. analysis to be a 1:l 
mixture of two Isomers. Crystallization from ethanol gave 
a 0.33 g (23 %) yield of compound 2b. 

Renctiori of Metliyl Lithiurn with 2b 
The ether solution containing 5.25 % of methyl lithium 

(32 ml, 0.079 mole) was added to a solution of compound 
26 (1.00 g, 0.0025 mole) in ether (100 ml) under stirring. 
The reaction mixture, after being gently refluxed for 18 h, 
was neutralized with acetic acid (0.9 ml) and was workcd 
up In usual manner. The product (0.502 g, 85%) was 
isolated as colorless, fluffy needles, m.p. 83.5", [a]:? 
t209.5' (c, 2.0 in ethanol). 

Anal. Calcd. for C13H1404: C, 66.68; H ,  6.03. Found: 
C, 66.51; H, 5.90. 

This product was identical with 4,6-0-benzylidene-D- 
allal (3) prepared, in a 72% y~eld, following the published 
procedure (37) by mixture melting point, n.m.r., and 
infrared spectra. [Lit. (37), m.p. 8484.5", [a]2,5 f 2 1 0 °  
(c, 0.44 in ethanol).] 

4,6-0-Ber1zylidene-~-g11lnl 
Conipound 7 (0.90 g, 2.3 mmoles) was treated with 

methyl lithium (12 ml, 5.25% ether solution) as described 
above. The reaction mixture, after being refluxed for 2 h, 
was worked up as usual. The crystalline product (349 mg) 
was recrystallized from ether-Skellysolve B; colorless 
needles, m.p. 128.5-129.5", [a]? f 192" (c, 1.4 in chloro- 
form). The n.m.r. parameters are reported in Table I. 

Anal. Calcd. for C13H1404: C, 66.68; H, 6.03. Found: 
C, 66.70; H, 5.81. 

Methyl 4,6-O-Berizylider1e-2-deo~~~-2-~odo-3-O-(p-toli1e11e- 
sulfbrijd)-a-D-nltropyr nrro~ide (10) 

Compoi~nd 2b (1.96 g, 0.05 mole) and p-toluenesulfonyl 
chloride (1.05 g, 0.055 mole) were dissolved in pyridine 
(20 ml) and the rcaction was stored at near O0 for 44 h. 
The mixture was poured onto an ice-water mixture 
(100 ml) and extracted with two 100-ml portions of 
chloroform. The extracts were combined and washed 
with watcr (100 ml), d~ ied  over sodium sulfate, then 
evaporated irr VOCLIO at room temperature. Ethanol (10 nil) 
was addcd to thc rcsiduc and evaporated. This procedure 
was repeated sevcral times until the odor of pyridine had 
disappeared. During this treatment, crystallization cc- 
curred. The crystals were well triturated with cold ethanol 
(20 ml), filtered, and washed with ethanol. Thc yield was 
2.07 g, (76 %); n1.p. 122-123" (decomp.), [a]:: -;28.4" 
(c ,  1.0 in chloroforni). Richards and Wiggins (38) reported 
m.p. 1 14.5-1 15" (decomp.), [a]?! - 15.6' in chloroform 
for the iodotosylate 10. 

Anal. Calcd. for C21H22071: C, 46.24, H, 4.04. Found: 
C, 46.39; H, 4.17. 

Prolonged reaction at 0' or at room tcrnperature 
causcd the formation of tlle olefin 12. Thus, from the 
reaction after four days at room temperature a 73 % yield 
of 12 was obtained. Although I0 could be stored in the 

Methyl 4,6-0-Benzy l ider ie -3-c leoxy-3- iodo-ol -  
pyrarioside (5b) 

Methyl 2,3-anhydro-4,6-0-benzylidene-a-D-mannopy- 
ranoside (4) (59) reacted considerably more slowly with 
sodium iodide, under the conditions described above for 
the preparation of 2b, than did the nllo epoxide 1. A 
20 h period of reflux was used to prepare a 91 % yield of 
rods, m.p. 163.5-164.5", [a]?; f116" (c, 1.2 in chloro- 
form) recrystallized from ethyl acetate. Literature (60) 
m.p. 163-163.5", [a]?? f 11 l o  (c, 4 in chloroform). 

Anal. Calcd. for C14Hl7O5I: C, 42.86; H, 4.34. 
Found: C, 42.41 ; H, 4.24. 

Reactiori of 4 with Litbiurn Iodide 
Compound 4 (26.4 mg 0.1 mmole) was dissolved in 

ether (4.5 ml) in a 5-ml polarimeter tube. To this was 
addcd a 1 M solution of lithium iodide in ether (0.5 ml, 
0.5 mmole). Change of optical rotation was checked at 
intervals. The value of rotation reached constant after 9 
days. The reaction mixture was neutralized with a drop of 
acetic acid and extracted with water. After being dried 
over sodium sulfate, the ether solution was evaporatcd to 
dryness. The n.m.r. spectrum indicated that the residue 
was a 3 : 2 mixture of 4 and 5b. 

Metliyl 4,6-O-Berizyliderie-3-deo,~y-3-iodo-2-(O-p-tolrrerie- 
sirlfbny1)-a-D-nltropyrnrroside (11) 

Compound 5b (1.96 g, 0.05 mole) andp-toluenesulfonyl 
chloride (1.05 g, 0.055 mole) were dissolved in pyridine 
(20 ml). After being kept for 44 h at near 0°, the reaction 
mixture was worked up as described above for the 
preparation of 10. Trituration of the product with cold 
ethanol (20 ml), provided 1.56 g (53 %) of fine needles, 
m.p. 128-129"; [a]?; ',537S0 (c, 1.0 in chloroform). [Lit. 
(23) m.p. 127.5-129", [a]?; +46.4 in chloroform.] 

Anal. Calcd. for C21H2207SI: C, 46.24; H, 4.04. 
Found: C, 45.92; H, 4.20. 

This compound was ilnstable to storage at room 
tcmperature and decon~posed to a dark tar within a 
few days. 

Methyl 4,6-0-Berizylic/erie-a-D-erythro-hex-2- 
erropyrar~osirle (12) 

(n) Fro171 the loclol~ydr~irr 2b 
2 (1.96 g, 0.005 mole) was refluxed in pyridine (15 ml) 

with p-toluenesulfonyl chloride (1.05 g, 0.0055 mole) for 
20 min. After cooling to room temperature, thc dark- 
brown reaction mixture was partitioned betwecn water 
(100 ml) and cther (100 ml). The aqueous layer was 
separated and washed with ether (100 nil). The combined 
ether solutions were washed with 0.1 A4 sodii~nl thio- 
sulfate (100 ml) and water (100 nil) and dried over 
sodium sulfate. The solvent was evaporated h~ vncllo. 
Pyridinc was rcnioved by azeotropic distillation with 
cthanol. The solid residue was recrystallized from 
ethanol (15 ml). Long needles 1.17 g (95%) were 
obtained; m.p. 1 19.5-12O0, [a]? + 129.03, (c, 1.4 chloro- 
form). 

Anal. Calcd. for C14H1604: C, 67.72; H, 6.47. Found: 
C, 67.67; H, 6.23. 

(b )  Fro111 the Iodoliydri~i 50 
In the manner dcscribed above, p-toluenesulfonylation 

of 1.96 g of 56 gave a 1.18 g (95 %) yield of the olefin 12. 
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Metl1yl2,3-Arilry&o-4,6-O-ber~z)~liclerre-p-~-o((opyrarroside 
This compound was prepared by Peat and Wiggins (42) 

by treatment of methyl 4,6-0-benzylidene-3-0-p-toluene- 
sulfonyl-p-D-glucopyranoside with base. This latter com- 
pound was obtained by 0-benzylidenation of the methyl 
3-0-toluenesulfonyl-p-D-ghcopyranoside prepared by 
Oldham and Oldham (61). We have observed that the 
compound can be prepared in 20% yield by mono-p- 
toluenes~~lfonylation of methyl 4,6-0-benzylidene-p-D- 
glucopyranoside (62). Treatment with base gave a prod- 
uct with the same melting point and rotation as those 
reported by Peat and Wiggins for the title compound. 
However, the compound was more readily prepared as 
follows. 

Methyl 4,6-0-benzylidene-2,3-di-0-p-(toluenesu!fonyl)- 
p-D-glucopyranoside (63) (15 g, 0.025 mole) was sus- 
pended in 1,2 dichloroethane (200 ml). To the ice-cold 
mixture, 100 ml of a cold 1.9 M solution of sodium 
methoxide in methanol was added. After shaking at room 
temperature for 48 h, water (400 ml) and 1,2-dichloro- 
ethane (100 ml) was added and thc organic layer pro- 
cessed in the usual manner. Solvent removal left a color- 
less solid which was extracted with boiling Skellysolve B. 
Evaporation of the extract gave 6.5 g (93%) of crude 
methyl 2,3-anhydro-4,6-0-benzylidene-p~-allo- 
pyranoside, m.p. 130-132". Rccryslallization from 
ethanol raised the mclting point to 133-135", -15" 
(c, 1.5 in chloroform). Peat and Wiggins (42) reported 
m.p. 138", [a]L9 -15.6". 

Methyl 4,6-O-Be1rzylicle1re-2-cleoxy-2-iodo-/3- 
pyranosicle (6)  mid Methyl 4,6-O-Be11zylicle11e-3- 
deo,~y-3-ioc~o-~-~-g~1rcopy,.mloside 

Treatment of the abovc epoxide (2.64 g) under the 
conditions used to convert 4 to 56 gave a product which 
was fractionally crystallized from cthanol (50 ml). The 
first crop, 187 mg, m.p. 225-227" gave, on further purifi- 
cation by recrystallization from ethanol, needles m.p. 
230°, [a]2,' -135" (c, 1.0 in pyridine) to which the 
p-D-glrrco configuration was assigned on the basis of the 
n.m.r. parameters reported in the discussion. 

Anal. Calcd. for C14H17051: C, 42.86; H, 4.34. 
Found: C, 42.99; H, 4.29. 

The monoacetate derivative melted at 165-166", 
[a]:: = -148' (c, 4.3 in chloroform). 

Anal. Calcd. for C16HI9o61: C, 44.24; H ,  4.38. 
Found: C, 43.98; H ,  4.17. 

The mother liquor from the above crystallization 
yielded cubic crystals (743 mg, m.p. 168-171") which 
were purified by recrystallizat~on from ethanol. The 
constants for the analytical sample were m.p. 175-176", 
[a]2; -91" (c, 2.8 in chloroform) and the n.m.r. para- 
meters used to assign the p-D-a1tr.o configuration (6) are 
reported in the discussion. 

Anal. Calcd. for Cl4Hl7o5I:  C, 42.86; H ,  4.34. 
Found: C, 42.99; H ,  4.29. 

The monoacetate derivative was obtained as needles, 
m.p. 123-123.5", [a]',5 = -109" (c, 3.0 in chloroform). 

Anal. Calcd. for C16H19061: C, 44.24; H ,  4.38. 
Found: C, 41.42; H, 4.34. 

klroP$rmrosicie i13) 
To  the solution of the iodohvdrin 6 (196 ma, 0.0005 

mole) in pyridine (4 ml) was-added methan&ulfonyl 
chloride (0.05 ml) and the mixture was refluxed for 10 
min. The reaction was dilutcd with ice-water (20 mi), 

then extracted with ether (10 ml x 2). The combined 
extracts were washed successively with 10 ml portions of 
water, 0.1 N hydrochloric acid, water, 0.1 M sodiunl 
thiosulfatc, and finally with water. After being dried over 
sodium sulfate, the ether was evaporated to dryncss. 
Upon recrystallization of the residue from a small amount 
of ethanol, 13 was obtained as fine needles; 98 mg, (79 %), 
m.p. 94-95", l o 1 - 1 ~ ~  $45" (c, 1.3 in chloroform). 

Anal. Calcd. for C14HL603:  C, 67.74; H, 6.45. Found: 
C, 67.67; H ,  6 29. 

Metllyl 4,6-O-Be11zylide1re-2-r(eoxy-2-iodo-a-~- 
idopyra~rosicle (7) 

Methyl 2,3-anhydro-4,6-0-benzylidene-a-D-gulo- 
pyranoside (43, 44) (1.76 g) was converted to the iodo- 
hydrin (7) with sodium iodide under the conditions used 
to prepare 56 from 4. The colorless solid product was 
recrystallized from ethanol to give colorless needles, 
(1.60 g, 61.3%), m.p. 162-163", [a]L5 $28" (c, 1.2 in 
chloroform). 

Anal. Calcd. for C14HI7O5I: C, 42.86; H ,  4.34. 
Found: C, 43.08; H, 4.15. 

The monoacetate derivative was obtaincd as leaflets, 
m.p. 142-143", [a]? $31" (c, 2.3 in chloroform). 

Anal. Calcd. for Cl6HI9o61: C, 44.24; H ,  4.38. 
Found: C, 44.52; H ,  4.31. 

Metlzyl 4,6-O-Ber1z)~licle1re-a-~-I/1reo-he,~-2-enopj~r~a1zoside 
(14) 

Compound 7 (0.196 g, 0.005 mole) was treated with 
methanesulfonyl chloride (0.045 ml, 0.006 mole) in 
pyridine for 20 min as described for the preparation of 13. 
The product isolated as fine needlcs, 0.112 g, (go%), 
m.p. 163-164", [a]:: -130" (c, 3.0 in chloroform). 

Anal. Calcd. for Cl4Hl6O4:  C, 67.74; H ,  6.45. Found: 
C, 67.55; H ,  6.45. 

Metlryl 4,6-O-Berrzylicle11e-3-rleoxy-3-~odo-~-ido- 
pyrarroside ( 8 )  

Methyl 2,3-anhydro-4,6-0-benzylidene-p-D-talo- 
pyranoside (45, 46) (1.76 g, 0.0067 mole) was treated 
with sodium iodide (5.0 g, 0.033 mole) as described for the 
preparation of 6.  The product obtained as long needles, 
1.82 g (70%), m.p. 132-133", [a]? -30" (c, 2.8 in 
chloroform). 

Anal. Calcd. for Cl~H17051: C, 42.86; H,  4.34. 
Found: C, 43.15; H ,  4.45. 

The mono-0-acetyl derivative was prepared as cubes, 
m.p. 174-17S0, [a]:; -28' (c, 2.4 in chloroform). 

Anal. Calcd. for Cl6H19o6I: C, 44.24; H ,  4.38. 
Found: C, 44.30; H, 4.24. 

Metlryl 4,6-O-Be1rzylider1e-p-~-t/rreo-hex-2-erropyrn,~oside 
(15) 

Compound 8 (0.196 g, 0.005 mole) was treated with 
methanesulfonyl chloride (0.045 ml, 0.006 mole) in pyri- 
dine for 5 min as described for the preparation of 13. 
Fine needles for the product (96 mg, 76 %) had m.p. 122- 
123", [el"; - 172" (c, 1.1 in cl~loroform). 

Anal. Calcd. for C14H160J: C, 67.74; H, 6.45. Found: 
C, 67.42; H, 6.35. 
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analyses and n.m.r. spectra were determined in 
this department .  
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NOTES 

Thiohydantoins. VI. Hydrolysis of I-acyl-2-thiohydantoins: 
reported anomalies 

J. T. EDWARD AND J. K. LIU 
Departnler~t of Cizernistry, McCill Urziversity, Mor~treal, Quebec 

Received August 4, 1967 

Two reports in which it was claimed that the I-acyl group of a 1-acyl-2-thiohydantoin was not rapidly 
removed by dilute acid or alkali were investigated and found erroneous. 

Canadian Journal of Chemistry,46, 71 (1968) 

1-Acyl-2-thiohydantoins are rapidly hydro- 
lyzed in dilute acid (1) or alkali (2, 3) to  car- 
boxylic acids and 2-thiohydantoins. The latter 
are slowly hydrolyzed further to a-thioureido 
acids by alkali (1, 4), but are stable in mineral 
acids at ordinary temperatures' (4). Use is made 
of these properties in Schlack and Kumpf's 
procedure (2) for identifying the C-terminal 
amino acid of a polypeptide or protein: this 
anlino acid residue is converted into a l-acyl-2- 
thiohydantoin, and the 2-thiohydantoin can then 
be detached from the remainder of the peptide 
chain by mild acid or alkaline l~ydrolysis. 
However, there are two anonlalous cases of 
1-acyl-2-tlliohydantoin behavior reported in the 
literature (5, 6). The work described below shows 
that in both cases the results reported are 
probably erroneous. 

The first case is the report of Dains et al. (5) 
that acid hydrolysis of l-benzoyl-3-phenyl-2- 
thiohydantoin (3) yields, not benzoic acid and 
3-pllenyl-2-tl~iollydantoin (4)) but benzoic acid, 
aniline, and hippuric acid. Dains claimed to 
prepare 1 - benzoyl- 3 -phenyl- 2- thiol~ydantoin, 
m.p. 177-179", by heating hippuric acid (1) 
with pl~enyl isotlliocyanate to 150". Under these 
conditions carboxylic acids are known to react 
wit11 phenyl isothiocyanate to give carbon 
oxysulfide and anilides (7), and indeed we found 
that hippuric acid gave hippuranilide (2) (8), 
m.p. 212-213". The possibility that in the hands 
of Dains the reaction had taken a different 
course to  give 1-benzoyl-3-phenyl-2-thiohydan- 
toin was excluded by preparing an authentic 
specimen of this compound (3) by treating 
3-pllenyl-2-tl~iollydantoin (4) with benzoyl chlor- 

1J. T. Edward and I. Lantos, unpublished results. 

ide in pyridine. The compound melted at 132- 
133", and was hydrolyzed almost instantaneously 
by 0.05 N sodium hydroxide to benzoic acid and 
3-phenyl-2-thiohydantoin. 

It accordingly seems likely that the product, 
m.p. 177-179", obtained by Dains et al. was 
inlpure hippuranilide, which would be expected 
to give benzoic acid, hippuric acid, and aniline on 
acid hydrolysis. 

A second apparent anomaly is the report of 
Johnson and O'Brien (6) that 5-benzal-1-benzoyl- 
2-thiohydantoin (6) is hydrolyzed by dilute 
sodiuill hydroxide to the thioureido acid 
(isolated as the yellow sodium salt 7), and not 
to benzoic acid and 5-benzal-2-thiohydantoin (8). 
The salt (7) was reported to give the latter com- 
pound when treated with hydrochloric acid, the 
benzoyl group being apparently split off at this 
stage. 

In an attempt to check this work, l-benzoyl-2- 
thiohydantoin (5) was allowed to react with 
benzaldehyde in acetic acid containing sodium 
acetate, under the conditions claimed by 
Johnson and O'Brien to give 6. A yellow solid 
was obtained which decomposed at  about 
260-262" (Johnson and O'Brien reported no 
melting point) and which showed some of the 
properties reported by Johnson and O'Brien for 
6. However, it was shown by its analysis 
(Johnson and O'Brien reported no analysis) and 
nuclear magnetic resonance spectrum to be not 6 
but 5-benzal-2-tlliohydantoin (8). I t  is likely 
that the 1-benzoyl derivative 6 is formed first, 
but that it loses the benzoyl group by acetolysis 
under the catalytic influence of the acetate ion. 
Analogously, I-acetyl-2-thiollydantoin has been 
found to condense with benzaldehyde in acetic 
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1 2 
I 
I PhN=C=S 
i 

CI-12 PhCOCl CH2 
/ \  <- / \  

PhCO-N C=O - i H N  C=O 
I I OH- 1 I 

S=C----NPh S=C-NPll 

----, Authenticated reactions 
----- -t Spurious reactions 

acid containing sodium acetate to give 8, the 
1-acetyl group being lost in this case (9). Regard- 
less of the precise mechanism, the results show 
the extreme ease with which the 1-acyl group is 
reinoved from 1-acyl-2-thiohydantoins. 

Treatment of 5-benzal-2-thiol~ydantoin (8) 
with sodium hydroxide according to the direc- 
tions of Johnson and O'Brien gave a yellow 
sodium salt having some of the properties of the 
compound whicll they forinulated as 7. However, 
the analytical data excluded this formula, and 
indicated formula 9 (plus 0.5 inolecule of water 
of crystallization); the spectroscopic data were 
in agreement with this structure. The ionization 
of 2-thiohydantoins at the 3-position as in 8 -+ 9, 
is now well established (lo), but this appears to 
be the first report of the isolation of the sodium 
salt 9. It is possible that Johnson and O'Brien 
were misled by a faulty ailalysis of their corn- 
pound (they reported only one nitrogen analysis) 
into thinking it the carboxylate salt 7. 

Experimental 
Hipprrra~iilide (2) 

A mixture of hippuric acid (17.9 g) and phenyl isothio- 
cyanate (13.5 g) was heated to 150-154' for 1.5 h. The 
dark red product was dissolved in hot ethanol (50 ml), 
and treated with charcoal. Colorless needles of hippur- 
anilide (7.5 g), m.p. 212-213" (lit. 208.5" (8)) separated 
from the solution when cool; A,,,, (EtOH) 241 mp; E,,,, 
24 000. 

Anal. Calcd. for C15H14N202: C, 70.85; H,  5.55; 
N, 11.02; 0 ,  12.58. Found: C, 71.07; H,  5.73; N, 10.95; 
0,12.42. 

I-Ber1zoy/-3-plrerzyl-2-tl1io/~ycIn1~toi1~ (3) 
A mixture of 3-phenyl-2-thiohydantoin (1 1) (0.4 g) and 

benzoyl chloride (0.5 ml) in pyridine (10 ml) was warmed 
to 80-90" for 30 min. The resultant solution was poured 
into 5% aqueous sodium bicarbonate (20 ml) and the 
mixture extracted with diethyl ether (25 ml). The ether 
layer was washed with water and diluted with methanol. 
The solution was concentrated, treated with charcoal, 

and filtered. Overnight the filtrate deposited pale-yellow 
crystals of I-benzoyl-3-phenyl-2-thiohydantoin (0.34 g), 
m.p. 132-133"; A,,, (EtOH) at 375, 285, and 245 mp 
(E,,,,,\- 123, 9200, and 18 300) (cf. I-benzoyl-2-thiohydan- 
toin: A,,, (EtOH) at 373, 280, and 240 mp; E,, 132, 
10 200, and 25 000). 

Anal. Calcd. for Cl6HI2N2O2S: C. 64.86; H, 4.32; 
N, 9.46. Found: C, 64.78; H,4.48; N,9.51. 

Renctiorz of l-Be1zzoyl-2-thiol~ycIn11toi11 isith Berlznldehyde 
A solution of 1-benzoyl-2-thiohydantoin (12) (2.0 g), 

benzaldehyde (2.8 g) and anhydrous sodium acetate 
(4.0 g) in glacial acetic acid (10 ml) was heated under 
reflux for 3 h. The solution was cooled and diluted with 
water (20 ml). A yellow solid separated which decomposed 
at 260-261" (lit. m.p. of 5-benzal-2-thiohydantoin, 258' 
(12)); A ,,,,, (EtOH) 294, 265, and 245 mp; E ,,,, 5160, 
29 400, and 9400; v,,,, (KBr) 1715 (C=O), 1630 (C=C) 
cm-1. Nuclear magnetic resonance spectrum:2 6 6.60 
(lH), 7.53 (5H), and 12.53 (2H). 

Anal. Calcd. for CloHsN20S: C, 58.82; H ,  3.95; 
N, 13.72.Found:C,59.01;H,4.08;N, 13.66. 

Sodium Snlt of 5-Ber~zol-2-tlliohyclorrtobr 
5-Benzal-2-thiohydantoin (1 g) dissolved in warm 

0.2 N sodium hydroxide solution (20 ml). The solution 
when cool deposited yellow prisms (1.1 g). These were 
recrystallized from water and dried for 72 h over phos- 
phorus pentoxide under a pressure of 1.Om1t-1. The 
crystals sintered at 85-88", melted at 90", partially 
resolidified at 132-136", and finally melted at 306", 
v,,, (KBr) 1626 cm-1. (Johnson and O'Brien (6) 
reported their yellow salt to sinter at 85', decomp. at 
88-89 to an oil which partially resolidified at 115-120" 
and did not melt up to 260°.) The ultraviolet spcctrum of 
the salt in dilute ethanol solution was identical with that 
of 5-benzal-2-thiohydantoin. 

Anal. Calcd. for CloH7N20SNa.+H20: C, 51.00; 
H, 3.41. Found: C, 50.75, 50.88;H, 3.51,3.54. 
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The effect of tetra-11-butylammoniunra salts on the nuclear magnetic 
resonance of nitrobenzene 

J. B. HYNE AND A. R. FABRIS 
Departrtzetlf of Cllernistry, Uitiversity of Calgary, Calgary, Alberta 

Received July 6, 1967 

Tetra-n-butylal~~rnonium salts effect the nuclear magnetic resonance response of the para and meta 
protons of nitrobenzene to a greater extent than that of the ortho protons in solutions in carbon tetra- 
chloride. It is suggested that this effect may be due to a specific interaction between the salt, in ion-pair 
form, and the aromatic ring of nitrobenzene. 

Cnnndian Journal of Chemistry, 46, 73 (1968) 

In connection with our studies of tetraalkyl- 
an~lnonium salts in various solvents, we have 
observed the nuclear magnetic resonance (n.m.r.) 
spectra of tetra-n-b~itylammonium bromide and 
iodide in 10% nitrobenzene/CCI4 solvent mix- 
tures. We wish to report briefly an apparent 
unusual effect of the quaternary ammonium salts 
on the aromatic proton resonances of the nitro- 
benzene conlponent of the binary solvent. 

Figure 1 illustrates the effect of addition of 

tetra-n-butylammonium bromide on the n.m.r. 
proton shifts of nitrobenzene (10% solution in 
CC14). Peak assignments for the various ring 
protons are those of Corio and Dailey (1). 
Vir t~~al ly  identical behavior was observed for the 
iodide salt. The shift change for the ortho 
aromatic protons (-1 c.p.s.) over the salt con- 
centration range used is barely outside the 
experimental uncertainty (A-60 nuclear magnetic 
resonance spectrometer, sweep width 50 c.p.s., 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 

CHPh CHPh 

CH2 
I I 
C 

I1 
C 

/ \ PhCHO / \  NaOH 
P hCO-N C=O - PhCO-N C=O 

/\ 
PhCO-N COz- Na+ 

1 1 AcONa 
S=C- NH S=C-NH S=C-NH2 

I I 

1 H+,/' 

CHPh CHPh ,/ 
II 

C 
/I 

C g' 
/ \ NaOH /\ 

H N  C-0 HN G O  
I 11 S z C z N O  H+ I 1 

S=C-NH 

9 8 

1. E. WARE. Chern. Rev.46,403(1950). V. H. BAPTIST 6. T. B. JOIINSON and W. B. O'BRIEN. J. Biol. Chem. 
and H. B. BULL. J. Am. Chern. Soc. 75,1727 (1953). 12,205 (1912). 

2. P. S c ~ ~ ~ c ~ a n d  W. KUMPF. 2. Physiol. Chern. 154, 7. E. A. WERNER. J. Chern. Soc. 59, 544 (1891). 
125 (1926). F. KRAFFT and H. KARSTEUS. Chern. Ber. 25, 452 

3. S. G. WALEY and J. WATSON. J. Chem. Soc. 2394 (1892). 
(1951). A. KJAER and P. ERIKSEN. Acta Chem. 8. T. CURTIUS. J. Prakt. Chern. [2] 52, 243 (1895). 
Scand. 6, 448 (1952). G. W. KENNER, H. C. KHOR- 9. H. SHIRAI and T. YASHIRO. Nagoya Shiritsu Daigaku 
ANA, and R. J. STEDMAN. J. Chern. Soc. 673 (1953). E. Yakugabuka Kiyo 8, 30 (1960); Chem. Abstr. 55, 
SCOFFONE and A. T u ~ c o .  Ric. Sci. 26, 865, 1506 - 11 396 (1961). 
(1965). 10. J. T. EDWARD and S. NIELSEN. J. Cbern. Soc. 5075 

4. J. T. EDWARD and S. NIELSLN. J. Chem. Soc. 5080 (1957). 
(1957). 11. P. EDMAN. Acta. Chern. Scand. 4,283 (1950). 

5. F. B. DAINS, R. THOMPSON, and W. ASENDORF. J. 12. T. B. JOHNSON and B. H. NICOLET. J. Am. Chem. 
Am. Chem. Soc. 44,2310 (1922). Soc. 33,1973 (191 1). 

The effect of tetra-11-butylammoniunra salts on the nuclear magnetic 
resonance of nitrobenzene 

J. B. HYNE AND A. R. FABRIS 
Departrtzetlf of Cllernistry, Uitiversity of Calgary, Calgary, Alberta 

Received July 6, 1967 

Tetra-n-butylal~~rnonium salts effect the nuclear magnetic resonance response of the para and meta 
protons of nitrobenzene to a greater extent than that of the ortho protons in solutions in carbon tetra- 
chloride. It is suggested that this effect may be due to a specific interaction between the salt, in ion-pair 
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an~lnonium salts in various solvents, we have 
observed the nuclear magnetic resonance (n.m.r.) 
spectra of tetra-n-b~itylammonium bromide and 
iodide in 10% nitrobenzene/CCI4 solvent mix- 
tures. We wish to report briefly an apparent 
unusual effect of the quaternary ammonium salts 
on the aromatic proton resonances of the nitro- 
benzene conlponent of the binary solvent. 

Figure 1 illustrates the effect of addition of 

tetra-n-butylammonium bromide on the n.m.r. 
proton shifts of nitrobenzene (10% solution in 
CC14). Peak assignments for the various ring 
protons are those of Corio and Dailey (1). 
Vir t~~al ly  identical behavior was observed for the 
iodide salt. The shift change for the ortho 
aromatic protons (-1 c.p.s.) over the salt con- 
centration range used is barely outside the 
experimental uncertainty (A-60 nuclear magnetic 
resonance spectrometer, sweep width 50 c.p.s., 
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sweep time 0.2 c.p.s./s, radio frequency field 0.13 
MG., response 0.4 c.p.s.) whereas the shift for 
the meta and para protons (-6 c.P.s.) is clearly 
significantly greater. The downfield shift of the 
meta and para protons is essentially a linear 
function of the salt concentration. Solubility 
limitations precluded studies at a higher salt 
concentration. 

464 C p a r a  - H 
/ 

FIG. 1. The effect of added salt on the proton reso- 
nances of nitrobenzene. The shifts are in c.p.s. at 60 
Mcycles relative to internal TMS. The ortho protonvalues 
are given as the center of the multiplet. 

We consider this observation interesting 
because of the possible importance of a specific 
interaction between the quaternary amlnoniuln 
salts, largely in the ion-pair forin in this low 
dielectric medium, and the strongly dipolar 
nitrobenzene. Nicholls and Szwarc (2) have 
recently reported the observation of similar 
effects on the proton shifts of cyclic ethers on the 
addition of salts to  these solvents. Lithium 
perchlorate and silver tetrafluoroboride both 
caused downfield shifts of the ether solvent 
protons, the effects being greatest on the 
protons CY to the ethereal oxygen which is pre- 

)HEMISTRY. VOL. 46, 1968 

sumably the site of specific interaction with the 
salt. Lithium and sodium tetraphenylborides, 
however, produced upfield shifts which were 
greater for the more remote fi protons than for 
the protons CY to the ethereal oxygen. These 
authors suggest that this reversal of behavior is 
caused by the anisotropy of the aromatic rings 
of the salt anion which avoid the vicinity of the 
ether oxygen atoms and adopt a preferred orien- 
tation with respect to the p protons. 

We have previously suggested that the unusu- 
ally high ion-pair association constant for the 
tetra-n-butylammonium salts in nitrobenzene 
may be due to the nitrobenzene acting as a 
'template' for the ion pair thus favoring its 
formation (3). The observed downfield shift of 
the ineta and para protons, but not the ortho 
protons, cannot be the result of interaction solely 
between the nitro substituent and the salt ion 
pair. This would be expected to have the most 
pronounced effect on the n.1n.r. shift of the 
ortho protons in a similar manner to the CY 

proton effect in the ethers observed by Nicholls 
and Szwarc. If, however, the halide ion of the 
ion pair occupied a preferred location at the 
metalpara end of the aromatic ring, polarization 
of the molecule in the direction of the electron 
flow toward the nitro substituent or simple Van 
der Waals interaction would deshield the para 
and meta protons leading to a small downfield 
shift. The effect at the ortho protons would be 
small due to the dominant influence of the 
proximate nitro group and steric inhibition of 
close approach of either component of the ion 
pair. We have examined the effect of added salt 
on the ultraviolet spectrum of nitrobenzene in 
the hope of obtaining some evidence for a weak 
interaction of the type suggested. No convincing 
evidence was obtained. The n.1n.r. results, 
however, appear to be beyond question and it 
may well be that whereas the interaction between 
the salt and the aromatic ring is strong enough 
to elicit a small shift in the proton resonance it 
is too weak effectively to influence the electronic 
trailsitions responsible for the ultraviolet absorp- 
tion. 

I. P. L. CORIO and B. P. DAILEY. J. Am. Chem. Soc. 
78,3043 (1956). 

2. D. NICHOLLS and M. SZWARC. J. Phys. Chem. 71. 
2727 (1967). 

3. J. B. HYNE. J. Am. Chem. Soc. 85,304 (1963). 
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Convenient synthesis of myristicinaldehyde 

ALEXANDER T. SHULGIN 
1453 Sh~~lgitz Rood, Lofayette, Califorr~ia 

Received August 8 ,  1967 

The conversion of isomyristicin to a Schiff base of myristicinaldehyde is described. The subsequent 
hydrolysis of this base to the free aldehyde establishes a convenient preparation of this material. 
Apiolealdel~yde is similarly generated from isoapiole, suggesting that this procedure may have general 
application in the conversion of the natural aromatic ethers of essential oils to the correspondingly 
siibstituted benzaldehydes. 

Canadian Journal of Chemistry, 46, 75 (1968) 

In connection with a study of the syntheses of 
alkaloids related to An/za10izi~~i72 lewinii, the need 
arose for appreciable quantities of myristicin- 
aldehyde (4, R = H). Three preparatory routes 
were considered: the cyclic ether could be pre- 
pared from 5-hydroxyvanillin; 2,3-metl~ylene- 
dioxyanisole could be appropriately formylated; 
or modifications could be made on the chain of 
naturally available myristicin. 

Examples of the first process which employ 
methylene bromide (1) and methylene sulfate (2) 
in the formation of the methylenedioxy ring 
have been reported. In both instances the yields 
of myristicinaldellyde were prohibitively poor. 
Present attempts in this manner employing 
methylene iodide proved to be equally impracti- 
cal. 

The Vils~neier reaction, which adds a formyl 
group to the aromatic ring, has been applied to 
2,3-n~ethylenedioxyanisole. The earliest report 
(3) described a 46 % yield of product substituted 
adjacent to the methoxyl group, but subsequently 
it was observed that an appreciable percentage of 
substitution also occured adjacent to the methyl- 
enedioxy group (4). A careful gas-liquid 
cl~romatograpl~ic analysis has been performed 
of the crude reaction mixture. The two isonless 
described are indeed the principal components, 
but a third peak of the desired orientation was 
consistently present. It amounted to only 5% of 
the total aldehyde content, however, and no 
experinlental variation could be found to increase 
this yield. 

The third route, that which starts with myristi- 
cin, appeared to be the only practical synthesis of 
the title compound. Base-catalyzed isomerization 
to  isomyristicin (1) places the double bond in a 
positioil appropriate to an aldehydic end 
product. KMn04  has been employed in a number 

of procedures (5) to provide the final aldehyde, 
but there is concurrent formation of the corre- 
sponding benzoic acid. Hydrogen peroxide with 
a vanadium catalyst (6) precludes acid formation 
but still provides only modest yields. It has 
only been through ozonolysis that sizable 
quantities of 4 have been prepared (7) but here 
minor variations in the reaction conditions 
seriously affect the yields realized (7c). 

It  has been observed in the course of the 
preparation of a number of p-nitrophenyl- 
propenes from the corresponding olefinic pre- 
cursors (8), that there was invariably produced 
a small amount of the aromatic aldehyde that 
would result from cleavage of the propenyl- 
benzene at the double bond. This hydrolysis of 
the product nitropropene into its theoretical 
synthetic precursors (benzaldehyde and nitro- 
alkane) was explored as a preparative route to  
these aldehydes which are otherwise dificult to  
obtain. 

It  has been found that this hydrolytic reaction 
is the principal reaction to occur when an alnine 
that can form a Schiff base (3) is introduced. 
The conlpletion of the synthetic cycle by the 
base-catalyzed condensation of the product 
aldehyde with nitroethane to regenerate the 
nitropropene (2) both verifies the structure of 
the aldehyde generated and confirms that the 
action of tetranitromethane is indeed on the 
p-carbon of the phenylpropene. Of a number of 
bases explored as agents in this displacement, 
primary amines related to benzylamine gave the 
most coilsistent results, and of these DL-a- 

methylbenzylamine appeared to  be the best. 
The reaction is allowed to occur between 

stoichiometric amounts of the benzylainine and 
the nitropropene. If the amine is employed in 
excess as a solvent a material that corresponds t o  
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a 1 :1 adduct of these two com~onents is obtained 
as the principal product. 

This procedure has been successfully employed 
in the preparation of apiolealdehyde (4, R = 

0CH3) froin isoapiole (85 %) and appears to be 
generally applicable to nitropropenes derivable 
from natural essential oils. 

Experimental 
1- (3-Methoxy~-,5-ttzetl~ylet1e~lioxyphe~1yl) -2-11itro- 

propem (2) 
A solution of 50 g isomyristicin (1) in 300 ml dry acetone 

and 24 g pyridine was cooled to 0 "C with vigorous stir- 
ring. There was then added 54 g of cold tetranitromethane 
which caused a slight temperature rise (to 5") despite the 
external cooling. The stirring was continued for 2 min at 
which time the reaction mixture was quenched with a 
chilled solution of 16.8 g KOH in 300 ml HzO. Stirring 
was continued while the heat of neutralization dissipated, 
and the product was then removed by filtration. An 
additional quantity of the nitropropene (for a total of 
50.7 g, 82 %) was obtained from the filtrates by extraction 
with methylene chloride. The low melting point (103") 
was due to a small contamination with myristicinaldehyde 
which is generated concurrently. Although it cannot 
interfere with the subsequent reaction below, it can be 
removed by recrystallization from methanol to yield 
yellow needles of 2, m.p. 110". 

Myrisricil~nldel~yde (4; R = H )  
An intimate mixture of 50 g 2 and 26 g DL-a-methyl- 

benzylamine was heated on the steam bath until solution 
was effected and the evolution of nitroethane was com- 
plete. The intermediate Schiff base 3 was hydrolyzed 
without isolation by the addition of dilute hydrochloric 
acid and continued heating. At 60 to 80" there was an 
abrupt solidification of the myristicinaldehyde that had 
formed and further heating was unnecessary. The aldehyde 
is removed by filtration of the cooled reaction mixture 
and could be purified either by crystallization from water, 
or better by exhaustive extraction of this crude solid 
product with boiling hexane. The yield thus obtained is 
36.9 g (97 %of  theory and 79 %overall from isomyristicin) 
of a cream-colored solid with m.p. 128-129". 

Complete integrity of the ether orientation was estab- 
lished by the reconversion of 4 to 2 with nitroethane as 
has been described for the trimethoxy counterpart (8). 

Prepnrntiot~ of the Nitropropene: a-Metl~yIbet~zyln~~~it~e 
A~lcl~[cr, C l g H 2 ~ N 2 0  j .xHzO 

When an excess of the benzylamine is employed as a 
solvent, the addition of water at the end of the above- 
mentioned dissolution resulted in an intensely insoluble 
product, n1.p. 161" (decomposition) which is soluble in 
neither the aqueous nor the organic phase. This white 
solid, on washing with acetonitrile, showcd an analysis 
that indicated it to be an adduct of one molecule of each 
of the reactants, with about two molecules of water of 
hydration. 

Anal. Calcd. for C19H22N20j .2H20:  C, 57.85; 
H, 6.39;N,7.10. Found: C,58.14; H,5.99;N,6.72. 

A more convincing argument for this molecular formula 
comes from mass spectrometric analysis, which showed a 
molecular ion at  m/e 358 which corresponds to the water- 
free I :1 adduct. A daughter ion at m/e 283, corresponding 
to the loss of the CHjCH2N02 moiety, is confirmed by an 
appropriate metastable peak. An independent daughter 
peak at m/e 237 indicated the loss of a-methylbenzylamine 
moiety but with the retention of the nitroethane; this 
corresponds to the production of an  ion corresponding to 
2. The use of benzylamine lcd to a similar product 
(m.p. 152" decomposition) and lends weight to the sug- 
gested stoic11iometry.l Although the microanalytical 
results indicated some two or three molecules of water of 
hydration, again the mass spectrum showed only the 
molecular ion peak corresponding to the anhydrous I :1 
adduct ( C I ~ H ~ ~ N ~ O  j; m/e 344,  and both daughter ions 
corresponding to the loss either of nitroethane (m/e 
269) or of benzylamine (m/e 237). 

Apiolenldehyde (4, R = 0CH3)  
Employing the procedure described above for iso- 

myristicin, isoapiole (m.p. 55-56" obtained from apiole 
of Oil of Parsley) was nitrated to 1-(2,5-dimethoxy-3,4- 
methylenedioxypheny1)-2-nitropropene, and this inter- 
mediate was similarly converted to the aldehyde. This 

]Both of these hydrated adducts showed in their 
infrarcd spectra, a salt-like structure involving the N-H 
bond which indicated an intramolecular interaction with 
the nitro group. 
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product aldehyde (1n.p. 102-103") was obtained in a 
75 % overall yield from isoapiole. 

Fori~~.vl~tioii of'2,3-Metlrylei~erliosynr1isole 
The c r ~ ~ d e  reaction product, obtained from the inter- 

action of 2,3-methylenedioxyanisolc with the Vilsmeier 
Con~plex generated from N-methylformanilide and POC13, 
was analyzed by gas-liquid chron~atography. Con~plete 
separation of the three possible benzaldchydes was 
achieved through the use of an ethylene glycol succinate 
column ( l j x ,  150 x 1 cm) at 190 "C. The two major 
peaks emerged at 7.8 min and at 12.0 rnin, and were 

2. W. BAKER, L. V. MONTGOMERY, and H. A. SMITH. 
J. Chem. Soc. 1281 (1932). 

3. W. B. BROWNELL and A. W. WESTON. J. Am. C l ~ e n ~ .  
Soc. 73,4971 (1951). 

4. A. F. WAGNER, E. WALTON, A. N. WILSON, J. L. RODIN, 
F. W. HOLLY, N. G. BRINK, and K. FOLKERS. J. Am. 
Chem. Soc. 81,4987 (1959). 

5. (n) F. W. SEMMLER. Chem. Ber. 24, 3818 (1891). (b) 
H. THOMS. Chem. Ber. 36,3446 (1903). (c) A. H. SAL- 
WAY. J. Chem. Soc. 95,1204 (1909). (d) A. R. SURREY. 
J. Am. Chem. Soc. 70, 2887 (1948). (e) C. E. REDE- 
MANN, B. B. WISEGARRER, and R. N. ICKE. J. Org. 
Chern. 13.886 (1948). 
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benzaldehyde and 4-methoxy-2,3-methylenedioxyben7- 71,2210 (1949). 
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LIPP. Monatsh. Chem. 91, 1089 (1960). (c) B. F. tcristic ratio for thesc materials was 45:9:1, and variation 
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Steroid 16,17-furoxan derivatives 
HANS REIMANN AND HELEN SCHNEIDER 

Nnturnl Procl~rcts Researcl~ Depnrtiiieiit, Sclieririg Cor.por~tiot7, Bloonifielrl, New Jersey 
Received August 11, 1967 

Thc syntheses of 3-111etl1oxy-1,3,5(1O)-estratrieno[l6,17-]furoxan (3) and 3-keto-4-androsteno[l6, 
17-clf~~roxan (8) from 16-oximinoestronc methyl ethcr and 16-oxi1nino-5-androsten-3~-01-17-one, 
respectively, are described. 

C a n a d ~ a n  Journal ol Chemistry. 46, 77 (1968) 

In recent years there has been considerable 
interest in steroid analogues containing a fused 
l~eterocyclic ring, particularly a t  the 2,3- or 16,17- 
positions of the steroid nucleus (1). We now 
report the synthesis of [16,17-c]fiiroxans ([16,17- 
c][l',2',5']oxadiazole N-oxides) in the andro- 
stane and estrane series. 

The reaction of 16-oximinoestrone 3-methyl 
ether (1) (2,3) with hydroxylamine hydrochloride 
in pyridine afforded the 16,17-bisoximino com- 
pound 2 (2, 4) which was oxidized with sodium 
hypochlorite (5) to give 3-methoxy-1,3,5(10)- 
estratrieno[l6,17-clfuroxan (3). While com- 
pound 3 had a sharp melting point and appeared 
honlogeneous in two chron~atographic systems, 
its nuclear magnetic resonance (n.m.r.) spectruinl 
showed bands for the C-18 protons a t  1.21 and 

1We thank Mr. M. Yudis for the nuclear magnetic 
resonance evaluations. Nuclcar magnetic resonance spec- 
tra were recorded in dc~~teriochloroform solution, unless 
otherwise noted, on a Varian A-60 A instrument. 

1.18 p.p.m., representing the two possible N- 
oxides 3a and 3b, the upfield band presumably 
being due to shielding by the 5'-N-oxide in the 
latter (6). The formation of two isomeric furox- 
ans is in agreement with the observations of 
Havranek and co-workers (7), who recently 
described the syntheses of soine steroid [2,3-c]- 
furazans ([2,3-c] [I ',2',5']oxadiazoles) and [2,3-c]- 
furoxans ([2,3-c][1',2',5']oxadiazole N-oxides). 
The preparation of a series of androstano [2,3-c]- 
furazans and [2,3-clfuroxans has also recently 
been reported by a Japanese group (8). 

In  a similar manner 16-oxiinino-5-androsten- 
3P-01-17-one (4) (9) was converted to the 16,17- 
bisoxime 5, which on oxidation afforded 3p- 
hydroxy-5-androsteno[l6,17-clfuroxan (6). The 
nuclear magnetic resonance (n.m.r.) spectrum of 
6 again showed the presence of both the 2'- and 
5'-N-oxides, 60 and 6b (C-18 bands at 1.22 and 
1.18 p.p.m., C-19 singlet at 1.08 p.p.in.), with 
the former predominating. Compound 6 was 
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NOH 

HO 

&"OH - Ho&NOH 

4 5 

oxidized with Jones' reagent (10) to the 3-keto 
analogue 7. The latter was not fully character- 
ized but was isonlerized directly to afford the 
desired 3-keto-4-androsteno[16,17-clfuroxan (8). 
The n.m.r. spectrum of 8 in deuteriochloroform 
showed a summation band for the C-18 and C-19 
protons at 1.27 p.p.m. In pyridine, however, this 
was resolved into a doublet, the more intense, 
upfield band (1.02 p.p.m.) presumably represent- 
ing a summation of the C-19 protons and of the 
C-18 protons of the 5'-N-oxide isomer 8b, while 

the lesser, downfield band (1.05 p.p.m.) is due to 
the C-18 protons of the 2-N-oxide isonler 8n. 

Experimental2 
3-Metl1o,~y-16,17-bisoxi1~~l110-1,3,5(10)-esti~atriet1e (2) 

To a solution of 925 mg of 16-oximinoestrone methyl 
ether (m.p. 202-205"; AX,,, (MeOH) 230, 276, 285 mp 

2Melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. Rotations were measured 
in dioxane unless otherwise noted. Physical and analytical 
data were obtained by the Physical Chemistry Depart- 
ment, Schering Corporation. 
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NOTES 79 

(e 13 300, 2500, 2000); X,, (MeOH-NaOH) 287 mp; 
AA,,,(Nujol)3.05, 5.73, 6.09, 6.17, and6.64p; [ a ] ~  +90° 
(reported (3, 4): m.p. 180-183"; .H20m.p. 198"))in 20 ml 
of pyridine was added 1.0 g of hydroxylamine hydrochlor- 
ide and the mixture allowed to stand at room temperature 
for 18 h. The solution was poured into ice water and the 
resulting precipitate was filtered, washed with water, and 
dried to give 954 mg of 2. The product was crystallized 
from much methanol to afford a total of 673 mg of pure 2, 
m.p. 251-255' (decomp.); [ a ] ~  -23" (pyridine); AX,,, 
(MeOH) 223,228, 245, 286 mp (E  13 800; 13 400; 9000; 
2600); AX ,,,, (Nujol) 2.94, 6.16, 6.31, 6.64 p. (Reported 
(4): m.p. 230" (decomp.)) 

Anal. Calcd. for Cl9H2~N203: C, 69.49; H, 7.37; N, 
8.53. Found: C, 69.56; H, 7.72; N, 8.42. 

3-Metlzoxy-1,3,5(10) -estratrietzo[l6,17-c]firoxat~ (3)  
To a suspension of 638 mg of compound 2 in a mixture 

of 28.8 ml of 10% aqueous sodium hydroxide and 56.4 
ml of water, chilled in an ice bath, was added dropwise 
with stirring 150 ml of a freshly prepared 1.0 N solution 
of sodium hypochlorite. Stirring was continued in the 
cold for 90 min, then the precipitate was filtered, washed 
with water and dried, giving 614 mg of 3, m.p. 182-184". 
Crystallization from acetone-hexane, after treatment with 
decolorizing carbon, afforded analytically pure material,3 
m.p. 185-187"; [ a ] ~  +55"; AX,,, (Me0l-I) 223, 261, 286 
mp (e 10 600, 6500, 2400); AX,,, (Nujol) 6.00, 6.16, 
6.33, 6.50, 6.65 p. 

Anal. Calcd. for ClgHzzN203: C, 69.92; H, 6.79; N, 
8.58. Found: C, 69.77; H, 6.68; N, 8.41. 

16,I 7-Bisoxi1~zit10-5-a11drostet~-3B-ol(5) 
A solution of 3.533 g of 16-oximino-5-androsten-3~-ol- 

17-one and 3.5 g of hydroxylamine hydrochloride in 75 
ml of pyridine was kept at room temperature overnight. 
The solution was then poured into ice water and the 
resulting precipitate was filtered, washed with cold water, 
and dried to give 3.594 g of crude 5. The material was 
crystallized from methanol to y~eld a total of 2.332 g of 
pure 5, m.p. 262-263" (decomp.); [ a ] ~  - 148" (pyridine); 
A ,,,,, (Me0l-I) 247 mp (e 8200); A,,, (MeOH-NaOH) 
275 mp; AX,,, (Nujol) 2.94, 3.14, 6.0 (w)p. 

Anal. Calcd. for C19H28N203.HzO: C, 65.1 1 ; H, 8.63 ; 
N, 7.99. Found: C, 65.32; H, 8.55; N, 8.21. 

3~-Hy&oxy-5-nt1drostet1o[I6,17-c]furox1(6) 
To a suspension of 2.000 g of compound 5 in a mix- 

ture of 88 ml of 10% aqueous sodium hydroxide, 
160 ml of water and 40 ml of ethanol, chilled in an ice 
bath, was addcd dropwise with stirring 312ml of a 
freshly prepared 1.0 N solution of sodium hypochlorite. 
The reaction mixture was stirred at 0" for 2 h, then kept 
in the refrigerator overnight. The precipitated product was 
filtered, washed with water, and dried, giving 1.839 g, m.p. 
172-175". The material was crystalli~ed from acetone- 

-- 

3Thin-layer chromatography of 3 on silica gel, using 
triple development with benzene or single development 
with 0.5% methanol in benzene, showed a single spot by 
ultraviolet absorption and by staining with 50:50 metha- 
nol - sulfuric acid spray. 

hexane to yield 1.505 g, m.p. 178-179". The analytical 
sample was recrystallized from aqueous methanol, m.p. 
178-179'; [a]D -101 O; A,,, (MeOH) 259 mp (e 5810); 
AX,,, (Nujol) 3.03, 6.00, 6.50 p. 

Anal. Calcd. for C19H26N203: C, 69.06; H, 7.93; N, 
8.48. Found: C, 68.82; H, 8.03; N, 8.67. 

3-Ket0-5-at1rl,.osteno[l6,17-c]frrroxa1~ ( 7 )  
A solution of 300 mg of compound 6 in 15 ml of 

acetone was chilled in an ice bath and chromic - sulfuric 
acid reagent (266 mg chromium trioxlde/ml solution) was 
added dropwise with stirring until a permanent orange 
coloration of the solution was obtained. After standing in 
the cold for 5 min, some methanol was added, then the 
mixture was poured into ice water. The resulting precipi- 
tate was filtered, washed with water, and dried to afford 
225 mg of crude 7, m.p. about 140-210" (decomp.); 4A,,, 

(MeOH) 258 mp(e 6250); AX,,, (Nujol) 5.83, 6.00, 6.50,~. 
This material was used without further purification in the 
next experiment. 

3-Keto-4-ntrrlroste110[16,1 7-c]fi1roxot (8 )  
To a filtered solution of 220 mg of crude 7 in hot 

methanol was added 5 % sodium hydroxide to pH 8-9. 
The solution was heated on the steam bath for 5 min, 
then neutralized with acetic acid, concentrated to a low 
volume and poured into ice water. The resulting precipi- 
tate was filtered, washed with water, and dried to afford 
180 mg of crude 8, m.p. 198-200". The product was 
dissolved in acetone, treated with decolorizing carbon, 
and crystallized from acetone-hexane, giving 85 mg, m.p. 
208-210" (decomp.) and a second crop of 64mg. The 
analytical sample was recrystallized from acetone-hex- 
ane, m.p. 212-214" (decomp.); [a]" +31°; A,,,, (MeOH) 
240 rnp (e 20 000); AX,,, (Nujol) 5.98, 6.04, 6.19, 6.50 p. 

Anal. Calcd. for C19H24N203: C, 69.49; H, 7.37; N, 
8.53. Found: C, 69.52; H, 7.57; N, 8.69. 

1. P. DE RUGGIERI, C. GANDOLFI, V. GUZZI, D. CHIARA- 
MONTI, and C. FERRARI. Farmaco, Pavia, Ed. Sci. 
20, 280 (1965). For a review and leading references. 

2. M. N. HUFFMAN. J. Biol. Chem. 167, 273 (1947). 
3. A. BUTENANDT and E. L. SCHAFFLER. Z. Natur- 

forsch. 1,  82 (1 946). 
4. M. N. HUFFMAN. J. Am. Chem. Soc. 64,2235 (1942). 
5. J. H.  BOYER and U. TOGGWEILER. J. Am. Chem. 

SOC. 79. 895 (1957). 
6. F. B. MALLORY and A. CAMMARATA. J. Am. Chem. 

SOC. 88, 61 (1966). 
7. R. E. HAVRANEK, G. B. HOEY, and D. H. BAEDEII. 

J. Med. Chem. 9, 326 (1966). 
8. G. OHTA, T. TAKEGOSHI, K. UENO, and M. SHIMIZU. 

Chem. Pharm. Bull. Tokvo. 13.1445 (1965). 
9. F. H. STODOLA. E. C. KENDALL'. and B. F. MCKENZIE. 

J. Org. Chem. 6 ,  841 (1941). 
' 

10. R. G. CURTIS, I. ~ ~ E I ~ . D R O N ,  E. R. H. JONES, and G. F. 
WOODS. J. Chem. Soc. 461 (1953). 

11. K. E. PFITZNER and J. G. MOFFATT. J. Am. Chem. 
SOC. 87, 5670 (1965). 

Compare with ref. 11, in which it is shown that steroid 
5-en-3-ones are rearranged to the corresponding 4-en-3- 
ones in the course of melting point determinations. 
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Reactions of nitro sugars. VII. A study on acetylation and some chemical 
properties of acetates1 

HANS H. BAER, FRANK KIENZLE, AND FAROUK RAJABALEE 
Deparrri~errf of Cl~emisfry, University of Orm~vn, Ormwn, Carrnda 

Receivcd August 10, 1967 

The 2,4,6-tri-0-acetates of methyl 3-deoxy-3-nitro-p-D-glucopyranoside, -galactopyranoside, and-man- 
nopyranoside, the 2-0-acetates of the 4,6-0-benzylidene derivatives of the two first-mentioned glycosides, 
and the tetra-0-acetatc of 1,4-dideoxy-1,4-dinitro-r~eo-inositol arc prepared by boron trifluoride - 
catalyzed acetylation. The advantages of the procedure over acetylation in pyridine are pointed out. The 
gl~rco triacetate, when produced in the presence of pyridine, is acco~npanied by crystalline by-products 
of a novel nature. It suffers undetermined changes by the action of activated alumina, and in dilute 
aqueous alkali it is instantly converted into an unsaturated nitronate. 

Canadian Journal of Cl~emistry, 46, SO (1968) 

In recent investigations coilcerning the acety- 
lation of the hydroxyl group at C-2 of methyl 
4,6-0-benzylidene-3-deoxy-3-nitro-hexopyrano- 
sides, a nunlber of complications to the seein- 
ingly simple problem were uncovered. Thus, hot 
acetic anhydride and sodium acetate effected 
straightforward acetylation of the P-D-gluco 
isomer, but caused C-2 epinlerization in the 
p-D-nzanno isomer and dehydration in the P-D- 
galacto and a-D-talo isomers. Acetylation with 
acetic anhydride and pyridine gave satisfactory 
results in the ~-glztco and D-manno series but 
failed with the P-D-galncto and a-D-talo isonless 
(1, 2). Catalysis by acids such as sulfuric or 
perchloric was deemed inadvisable because of 
the inherent danger of acetolysis in the glycoside 
and benzylidene acetal structures. When it 
became evident that the preparation of 2,4,6-tri- 
0-acetates of methyl 3-deoxy-3-nitrol~exopyrano- 
sides, which were required for certain synthetic 
purposes, was attended with similar or even 
greater difficulties, an alternative method of 
acetylation was sought. 

Using acetic anhydride in the presence of 
boron trifluoride, a catalyst that has been 
employed for many purposes (3) but apparently 
not to any great extent for the esterification of 
nitro alcol~ols, we have now been able to prepare, 
conveniently and with yields of up to 90%, 
crystalline methyl 2,4,6-tri-0-acetyl-3-deoxy-3- 
nitro-p-D-glucopyranoside, -p-D-n~annopyrano- 
side, and -p-D-galactopyranoside. The method 
is applicable also to cyclic acetal derivatives as 
was demonstrated with the examples of methyl 
4,6-0-benzylidene-3-deoxy-3-nitro-p-u-gluco- 
and p-D-galactopyranosides that were acetylated 

smootl~ly with retention of the benzylidene 
group. Further examples include the O-acetyla- 
tion of an acetamidonitro glycoside' and of a 
dinitroinositol. The latter, 1,4-dideoxy-1,4-di- 
nitro-mo-inositol, gave its tetra-0-acetate in 
excellent yield.3 

It has been reported (6) that sonle prilnary and 
secondarv nitroalkanes when treated wit11 acetic 
anhydridk and boron trifluoride undergo a 
displacement of the nitro group by the acetoxy 
group. Nitrocyclohexane, for instance, has been 
stated to give cyclohexyl acetate in yields of up 
to 58 %. Although the same reaction conditions 
were actually adopted for glycoside acetylations 
in the present work, no displacement was ob- 
served. In fact, attempts to induce it by modify- 
ing the conditions were unsuccessful. I t  would 
therefore appear that nitro sugars, perhaps be- 
cause of the abundance of oxygen functions, do 
not lend themselves to this interesting reaction. 

The action of base upon a P-acetoxynitro- 
alkane is known to cause elimination of acetic 
acid; the a-nitroalkene so generated is prone to 
immediate nucleopl~ilic addition of the base 
present, provided the latter is a sufficiently 
strong nucleophile. The over-all result then is an 
exchange of the acetoxy group for the nucleo- 
phile employed (7). Alcol~olic alkoxide or 
ammonia solutions ~ r o d u c e  &nitro ethers and 
p-nitroamines respectively. consequently, it is 
not feasible with these standard reagents to 
regenerate structurally unchanged nitro glyco- 
sides from their 0-acetates (4, 8). The use of 

2This has alrcady been communicated in another 
conncction (4). 

3This compound can be prepared in cqually good yield 
bv catalvsis with sulfuric acid. whereas in ovridine. 

lFor part VI in this series, see H. H. Raer, T. Neilson, 
and W. Rank. Can. J. CIiem. 45,991 (1967). 

a;omati<ation to 2,5-dinitrophenyl acetate ta!% place 
(5). 
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NOTES 8 1 

aqueous alkali for such regenerations was there- 
fore wort11 considering, altllough it was realized 
that, because of the intermediacy of a-nitro- 
alkene structures, the glycosides would still be 
subject to epinlerizations. A spectroscopic ex- 
periment revealed, however, that the action of 
0.01 N sodiiun hydroxide at 25" upon methyl 
2,4,6-tri-0-acetyl-3-deoxy -3-nitro-P-D-gluco- 
pyranoside (16) does not lead to the deacetylated 
parent glucoside (la) nor to any epi~ner thereof. 
Shortly after being alkalized an aqueous solution 
of l b  exhibits a strong peak in its ultraviolet 
absorption spectrum at X,,,,302 n ~ p  (6, 19 000 
after 4 min). No high intensity absorption is seen 
in the 250 mp region where the nitronate 26 as 
well as the deacetylated nitronate 2a would be 
expected to absorb. Upon acidification of the 
alkaline solution, the peak incurs a shift from 
302 to 288 mp and then decreases rapidly in 
intensity, disappearing within 30 min. Thereafter, 
if the solution is again made alkaline, the 
original absorption pattern is not restored. These 
observations are ex~licable on the basis of our 
recent study (9) concerning the formation of 
allylic glycoside nitronates. It I~as  been shown 
that the non-acetylated glucoside (la) is con- 
verted ilia 2a into the unsaturated nitronate 4a, 
wit11 an a-nitroalkene (30) postulated as an inter- 
mediate. Even at 98" this Drocess was slow 
enough to permit spectral observation of a 
gradual disappearance of 2a and concurrent 
production of 4a. From the present study it is 
evident that the reaction of the triacetate l b  is 
too rapid for intermediary, saturated 2b to be 
observed, and the formation of the unsaturated 
nitronate (4b) is nearly complete within the time 
required for recording the spectrum. The most 
likely reason for this acceleration is the superior 
character of acetoxyl vs. hydroxyl as a leaving 
group at C-4 in the saturated nitronate and the 
inductive assistance to proton abstraction from 
C-5 by the acetoxyl group a t  C-6 in the inter- 
mediate a-nitroalkene.4 Tlle spectral changes 

40bviously, the product 46 (A,,,,, 302 mp) is not iden- 
tical with 4a (A,,:,, 297 mp (9)), although the latter might 
have been expected to arise by the loss of the remaining 
two acetyl groups. Hydrolysis of the C-6 acetyl presum- 
ably is slow under the conditions of the experiment; it 
should be faster at higher temperture, and heating (30 
min at 100") did in fact cause a hypsochromic shift of 
about 4 mp, which may be interpreted in terms of such 
hydrolysis. A replacement of the C-2 acetoxyl by hydroxyl 
through the p-elimination - addition mechanism may of 
course have occurred in 26 at the outset of the reaction, 
but this aspect, which requires futurc clarification, is 
ignored here in a tentative formulation as 2,6-di-0- 
acetates, of all the products originating from 26. 

that follow acidification are fully analogous to 
those occurring with the non-acetylated com- 
pound and are seen as a result of the liberation 
of nitronic acid 5b (llypsochromic shift of 14 mp) 
wit11 subsequent aci-nitro - nitro tautomeriza- 
tion to 66 (loss of absorbance at 288 mp). Since 
after this transfornlation, the spectrum charac- 
teristic of 4b is not restored by the addition of 
alkali, 66 appears to undergo further chemical 
changes, which are as yet unelucidated. 

The considerable sensitivity of l b  is also 
attested to by the finding that it reacts with 
activated silica gel during thin-layer chrornatog- 
raphy in iz-l~eptane - 2-butanone. Pure l b  gave, 
in addition to its main spot at R, 0.6, a weak spot 
at  R, 0.8. The intensity of the latter increased at 
the expense of the former by prolonging the time 
of contact of the material with the silica gel 
prior to irrigation. When l b  was boiled for 15 
min in cl~loroforn~ in the presence of a large 
excess of the gel, it was converted co~npletely 
into the fast-moving material. A preparative 
experiment yielded a colorless, strongly levo- 
rotatory syrup ([a], -132") which contained 
methoxyl and acetyl groups in a ratio of 1 :2 as 
judged from the integration of nuclear magnetic 
resonance (n.1n.r.) signals near T 6.5 and 7.9. 
Low-field resonance near T 2.5 (intensity, 1 H) 
and an infrared band at 1 530 cm-1 nlay be 
assigned to a structural element -C(N02):CH-. 
These preliminary indications suggest that silica 
gel effects an elimination of a molecule of acetic 
acid from 16. 

Prior to adopting the superior boron tri- 
fluoride method of acetylation, we have acetyl- 
ated with modest success the glucoside l a  in the 
presence of pyridine. When the crude triacetate 
16 produced in this manner was recrystallized 
from hot aqueous ethanol, the mother liquor 
turned yellow and exhibited a strong absorption 
peak at A,,, 346 mp. This was not observed when 
pure 16, or 16 prepared with boron trifluoride, 
were recrystallized. The crude triacetate was 
therefore suspected of containing a (colorless) 
by-product which, engendered by an action of 
pyridine as yet unrecognized, was subsequently 
transformed into the yellow species under the 
conditions of re crystallization.^ Two yellow, 
crystalline compounds, m.p. 147"-148" and m.p. 
119", were isolated in small amounts and will be 
shown in a forthcoming paper (10) to possess the 

sIndeed, heating of pure l b  in aqueous ethanol with a 
small quantity of added pyridine produced the sarnecolor. 
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series u: R = H 
series b: R = COCH3 

con~positions C15H15NOs and C17H19N08, with 
structures derived froin 7-nitro-isochroinene. One 
experiment yielded, in addition to lb ,  a small 
amount of a colorless product C18H22N2012, 
which will be shown (10) to be indeed a pre- 
cursor of the yellow compounds. 

Experimental 
Methyl 2,4,6-Tri-O-ucety~-3-deoxy-3-11itro-p-~-glrrco- 

pyrurlosirle (ID) 
(n) Acetylntiorz irz the Preser~ce of Pyr-irlir~e 
Acetic anhydride (2 ml) was added to a solution of 

methyl 3-deoxy-3-nitro-p-D-glucopyranoside (1 1) (200 mg) 
in tetrahydrofuran (25 ml) and pyridine (2 ml). The 
mixture was left at ambient temperature for 1 h and was 
then stirred vigorously for 5 min with water (50 ml) and 
chloroform (50 ml). After separation of the phases the 
aqueous phase was extracted once with chloroform. The 
combined chloroform extracts were washed twice with 
4 %  sulfuric acid, once with M sodium bicarbonate 
solution, and twice with water. After drying with sodium 
sulfate, filtering the mixture, and evaporating the solvent, 
a solid was obtained, which, after recrystallization from 
50 % aqueous ethanol, gave 125 mg (39 %) of l b  as color- 
less prisms of 1n.p. 149-150". A subsequent recrystallization 
gave m.p. 152-153" and [a]~23-23.5" (c, 1 in chloroform) 
for lb. 

Anal. Calcd. for C I ~ H I ~ N O I O  (349.3): C, 44.75; H ,  
5.48; N, 4.02. Found: C, 44.83; H, 5.65; N, 4.22. 

By-prorlrrcts-The preceding experiment was repeated 
using fourfold amounts of materials. The crude acetyla- 
tion product (550 ing) was recrystallized as described. 
Addition of water to the yellow mother liquor of re- 
crystallization, to incipient turbidity, caused the separa- 
tion of yellow needles (24 mg) that melted at  147-148" 
and showed A,,, 240 mp (E, 9800) and A,,, 346 m r  (E, 
11 000) in methanol. No volatile alkyl iodide was formed 
in a Zeisel alkoxyl determination. The infrared spectrum 
revealed identity of the substance with compound 
ClsHlsNOs (10). 

+ 
unidentified 
products 

An acetylation experiment was performed using 2.5 g 
of nitro glucoside, 5 ml of acetic anhydride, and 7 ml of 
pyridine in 50 ml of tetrahydrofuran. The reaction time 
was, however, 18 h a t  4'. The crude product (2.2 g) 
melted below 100"; it was recrystallized several times from 
boiling 50% ethanol, whereby each time the solvent 
became yellow during the operation. From the mother 
liquors was obtained, upon addition of some water, a 
yellow crystalline material (145 mg) with m.p. 113-115" 
which rose to 118-119" by one recrystallization. Ultra- 
violet peaks were at Amnx 240 mp (E, 10 000) and A,,, 345 
inp (E, 12 000, in methanol). The infrared spectrum 
revealed identity of the substance with compound 
C I ~ H I ~ N O ~  (10). 

In a similar experiment, also pcrfor~ned at  4', 2 g of 
nitro glucoside gave only 0.92 g of crude acetylation 
product in the first crystallization. Addition of water to 
the mother liquor caused the separation of colorless 
crystals (70mg, m.p. 120-121" decomposition). The 
infrared spectrum differed from that of pure triacetate l b  
in the fingerprint region, and also, most strikingly, by the 
presence of two asymmetric nitro vibrations (v,,, 1553, 
1530, in Nujol) of about equal intensities. The spectrum 
suggested structural identity of the substance with com- 
pound C18H~~N2012  (10). 

(b) Acetylutior~ Cntnlyzed by Boror~ Tr-iflrror-iu'e 
To a suspension of methyl 3-deoxy-3-nitro-p-D-gluco- 

pyranoside (2.4 g) in acetic anhydride (15 ml) were added 
ten drops of boron triiluoride etherate. Thc glycoside 
dissolved rapidly, and the solution, after standing at room 
temperature for 1 h, was poured into 200 rnl of mag- 
netically stirred ice water. The acetate separated in 
crystalline form while the excess anhydride decomposed. 
After thorough washing with water and drying in vncrro 
over potassium hydroxide, the isolated material (3.4 g, 
90.5%) melted at 153-154"; [or]$ -24' (c,l in chloro- 
form). The infrared spectrum was identical with that of 
l b  prepared according to (a). 

In an attempt at displacing the nitro group during the 
acetylation, nitro glucoside (200 mg) was treated with an  
excess of acetic anhydride (3.5 ml) and a molar quantity 
(130 mg) of boron trifluoride etherate for six days at room 
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NOTES 8 3 

temperature. The reaction mixture was worked up as just which caused crystallization of the triacetate, 148 mg 
described but the product failed to crystallize. The infra- (47.570, m.p. 133-134". Recrystallization from 50% 
red spectrum of the water-insoluble syrup indicated that aqueous ethanol gave plates of unchanged melting point; 
the nitro group was still present. A similar result was [aIDz3 -66' (c, 0.7 in ethanol). 
obtained when the nitro glucoside (180 mg) and the Anal. Calcd. for C13H19NOlo (349.3): C, 44.75; H ,  
catalyst (130 mg) were refluxed for 3 h in 6 ml of acetic 5.48; N, 4.02. Found: C, 44.71 ; H, 5.45; N,  3.86. 
anhydride. 

(c) Reactions of l b  
The behavior of l b  in alkaline solution was investigated 

by use of a Perkin-Elmer 202 spectrophotometer. The 
substance (3.49 mg) was dissolved in a few drops of 
dimethyl sulfoxide and introduced into 200ml of 0.01 
N sodium hydroxide to give a solution that was 0.5 x 
10-4M in 16. Acidification was effected in the cell with 
2 N hydrochloric acid in slight excess. Basic cond~t~ons  
were subsequently re-established by adding a drop of 
20% sodium hydroxide solution. 

For the experiments relating to thin-layer chromatog- 
raphy, silica gel G (E. Merck, Darmstadt) was activated 
at 14W.6 The plates were irrigated with 11-heptane - 2- 
butanone (1 :I). For a preparative conversion into the fast- 
moving product, a suspension of silica gel (4 g) in chloro- 
form (50 ml, reagent grade) containing 130 mg of 16 was 
briskly stirred and heated under reflux for 15-20 min, 
after which tune l b  Has no longer detectable. The gel was 
filtered off and washed with chloroform, and the filtrate 

. ~ . . . . 

Metlzyl 2-0-Acetyl-4,6-0-be~zylicle,re-3-deoxy-3-r1itro-p- 
D-galnctopyrar~osicle 

Methyl 4,6-O-ben~ylidene-3-deoxy-3-nitro-p-~-galac- 
topyranoside (1) (100 mg), acetic anhydride (1.5 ml) and 
boron trifluoride etherate (1 drop) were allowed to react 
at ambient temperature for l0min. The mixture was 
worked up by stirring with ice water whereby the product 
separated in crystalline form in a yield of 95 mg (83 %). 
The compound ([a]& -4.5' in chloroform, c, 0.8) was 
analytically pure, although it showed a melting range of 
142-156" which remained essentially unchanged upon 
recrystallization from 50% aqueous ethanol. Infrared 
spectroscopy revealed that heating to the vicinity of the 
melting point causes a partial decomposition of the pure 
compound (r,,,, 1555 cm-1 for alkane nitro, no hydroxyl 
band) into nitroolefin (v,nnr 1525 cm-1) and acetic acid 
(broad hydroxyl absorption). 

Anal. Calcd. for C16HlsNOs (353.3): C ,  54.40; H, 
5.42; N, 3.97. Found: C, 54.28; H, 5.26;N, 3.82. 

was evaporated to give a colorless syrup. Crystallization 
was attempted from ethyl acetate - petroleum ether, but 
in the course of several days at 4" only a very small 
amount of needles was isolated. It  represented residual 
starting material l b  of quantity below the level detectable 
chroniatographically. The syrupy product was recovered 
by evaporation of the solvents and showed [a]$ -132" 
(c, 1.1 in chloroform). An n.m.r. spectrum was taken in 
deuteriochloroform. 

Metl~yl 2,4,6-Tri-O-ncetyl-3-deo.uy-3-11itro-~-p-galacto- 
pyrniiosicle 

Methyl 3-deoxy-3-nitro-p-D-galactopyranoside (11) 
(280 mg) was treated with acetic anhydride (3 ml) and 
boron trifluoride etherate (4 drops). After 1 h the excess 
anhydride was destroyed with methanol (3 ml) and thc 
mixture was then diluted with water (15 ml) and extracted 
four times with chloroform. The combined extracts were 
washed twice with water and dried with sodinm sulfate. 
The mixture \Xias filtercd and solvent evaporated to give a 
crystalline residue which was trituratcd with a few milli- 
liters of 50"/,aqucous ethanol,filtered, and dried. Theprod- 
uct (420 mg, 91 %) had m.p. 115", raised to 122' by 
recrystallization from aqueous ethanol. 

Anal. Calcd. for Cl3Hl9NOlo (349.3): C, 44.75; H ,  
5.48; N,  4.02. Found: C, 45.01; H, 5.74; N, 4.24. 

Metlryl 2,4,6-Tri-O-ncety/-3-c/eo,uy-3-riitro-p-~-1nn11110- 
p) ratioside 

Methyl 3-deoxy-3-nitro-p-D-mannopyranoside (1 1) 
(200 mg) was allowcd to react for 1 11 with acetic an- 
hydride (2 ml) and boron trifluoride etherate (3 drops). 
The mixture was then stirred with ice water (SOml), 

61t was noticed that a gel which had becomc deactivated 
by 3 wecks' cxposure to atmospheric moisture did not 
react with l b ,  although it was still capable of separating 
16 and the fast-moving reaction product. 

Metlryl 2-0-Acetyl-4,6-0-be,1zyliiIe11e-3-rlroxy-3-r1itro-p- 
~-g/~~0pyrf l l20~ide 

Methyl 4,6-0-benzylidcnc-3-deoxy-3-nitro-p-D-gluco- 
pyranoside (12) (200 n~g)  was suspended in a mixture of 
acetic anhydride (3 n11) and anhydrous ether (4 ml). One 
droplet of boron trifluoride ctherate was added, and the 
mixture was gently warmed until a clear solution was 
obtained (5 min). Petroleum e t h e ~  (b.p. 30-60.) was then 
added in excess, which caused immediate crystallization 
of the acetate in a yield of 200 mg (88%), m.p. 189-19O0, 
[or]$ -79.1° (c, 0.8 in chloroform). Reported (12), m.p. 
193-194", [a]# -77.7'. The infrared spectrum confirmcd 
the identity of the product with that obtained earlier (12). 

2,3,5,6-Tetra-0-ncetj~l-I ,4-di~leoxy-l,4-clir1itro-r1eo-iriositol 
To a suspension of carefully powdered 1,4-dideoxy-1,4- 

dinitro-rreo-inositol (5) (238 mg) in acetic anhydride (2.4 
ml) was added boron trifluoride ethcrate (0.13 ml), and 
the mixture was hcatcd for 5 min on a stcam bath. During 
the hcating the inositol dissolved and its acetate bcgan to 
crystallize. After cooling of the mixture with ice for 5 min, 
the crystals were isolated, washed wcll with ether, and 
dried. The yield was 331 mg, and another 21 mg was 
obtained from the mother liquor following removal of 
the excess anhydride by several evaporations with meth- 
anol. Yields of 80-90% were also found in several similar 
experiments using minor variations in the amount of 
catalyst, reaction time, and isolation procedure. 

The infrared spcctruni of the product was idcntical with 
that of a sample prepared by sulfuric acid catalysis (5). 
The compound decomposed gradually on heating near 
285" (reported ( 3 ,  abovc 250"). 
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Two-step synthesis of cis,cis-1,6-cycllodecadiene 

S.  N. SHARMA, R. K. SRIVASTAVA, AND D. DEVAPRABHAKARA 
Department of Clretnistry, Brclinn Institute of Technologjr, Knrrpnr, India 

Received September 12, 1967 

A convenient synthesis of cis,cis-1,6-cyclodecadiene (3) has been described starting from cis,cis-1,s- 
cyclononadiene (1). This two-step sequence involves the synthesis of 1,2,6-cyclodecatriene (2) in one- 
step followed by chemical reduction with sodium and liquid ammonia. 

Canadian Journ:~l of Chemistry, 46, 84 (1968) 

Recently we have been investigating the 
chemistry of the medium-sized ring dienes, cis, 
cis-1,5-cyclono11adiene (1) and cis,cis,-1,6-cyclo- 
decadiene (3). The molecular model construction 
of the diene, 3, suggests that it is capable of 
existing in one of the Pitzer strain-free conforma- 
tions (30) in which the opposite sides of the ring 
come into close proximity, the condition which is 
responsible for various transannular reactions 
observed in the medium-sized ring compounds. 
The subject of this note deals with a illore efficient 

a iene nlethod of synthesizing cis,cis-1,6-cyclodec d' 
(3) than the two routes described in the literature 
(1,2) since it req~iires few good-yield steps. 

The one-step allene synthesis described recent- 
ly by Untch and co-workers (3) was found to be 
nicely adaptable to the synthesis of 1,2,6-cyclo- 
decatriene (2). The treatment of a fourfold excess 
of cis,cis-1,5-cyclononadienel (1) (4) with one 
equivalent of carbon tetrabroillide and two 
equivalents of methyl lithium in diethyl ether 
at about -65" gave 1,2,6-cyclodecatriene (2) in 
60% yield based on carbon tetrabromide. The 
structure of the allene (2) was established by 

IThis starting material was prepared by similar steps 
starting from the readily available cis,cis-1,s-cycloocta- 
diene. 

elemental analysis, characteristic infrared ab- 
sorptions at 1 961 and 862 cnl-1, and nuclear 
magnetic resonance signals for two olefinic 
protons at 7 4.65 and allenic protons at 7 4.89. 

We (5) have shown earlier that sodium in 
liquid ammonia reduces allenes to olefins in good 
yields. The alleile (2) on reduction with sodium 
in liquid amillonia gave the diene (3) in 76% 
yield. The diene (3) was characterized tl~oroughly 
by physical and chemical data. 

Gas chroinatograpl~ic analysis of the diene (3) 
on two different columns showed it to be a single 
substance. The infrared spectrum showed a weak 
band at 1656 cm-1 (C=C stretching) and a 
strong baud at 710 cm-1 (out of the plane hydro- 
gen bending) characteristic of the cis double bond 
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and the abscnce of a strong band at 965 cm-1 
(out of the plane hydrogen bending) characteris- 
tic of the tratzs double bond (6). Thus the con- 
figurations of the two double bonds in the diene 
(3) were established to be cis,cis. The ultraviolet 
spectrunl showed only end absorptions. Nuclear 
magnetic resonance showed a multiplet at 7 4.64 
corresponding to four olefinic protons. 

The presence of two double bonds was estab- 
lished by hydrogenation. The hydrogenation 
value was fouild to be 1.94. The reduction 
product was shown to be cyclodecane. The 
positions of the double bonds were established 
by ozonolysis followed by oxidation and esteri- 
fication which gave only dimethyl glutarate. The 
identity of the product in each case was estab- 
lished by colllparison of retention times by gas 
chromatography and superimposable infrared 
spectra with those of authentic samples. 

Experimental 
Boiling points arc uncorrected. All infrared spectra 

were recorded on a Perkin-Elmer Infracord model 137B 
as films between salt plates. The ultraviolet spectrum was 
determined in rz-hexane using a Beckman model DB 
spectrophotometer. Nuclear magnetic resonance (n.m.r.) 
spectra were taken on a Varian HR-100 instrument with 
tetramethylsilane as the internal standard. Gas chrornato- 
graphic analyses were made with an Aerograph model 90P 
instrument using 6 ft by 114 in. columns. The following 
liquid phases were employed (percentages by weight on 
60180 mesh chromosorb W): 15 % carbowax 20M-silver 
nitrate, 15 j/, ucon, and 15 %polyethylene glycol succinate. 
Microanalyses were carried out by Mr. A. H. Siddiqui of 
the Department of Chem~stry, Indian Institute of Tech- 
nology, Kanpur, India. 

1,2,6-Cyclodecntrier~e (2) 
Form cis,cis-1,s-cyclononadiene (62 g, 0.50 mole), 

carbon tetrabromide (41.5 g, 0.125 mole), and methyl 
lithium in diethyl ether (154.5 ml, 0.250 mole), 1,2,6- 
cyclodecatriene (10.1 g, -GO%), b.p. 81-82" at 16 mm, 
r 1 ~ 2 9  1.5230 was prepared by the procedure described by 
Untch and co-workers (3). 

Anal. Calcd. for C10H13: C, 89.55; H, 10.44. Found: 
C, 89.66; H, 10.40. 

Examination of the material by means of gas chroma- 
tography on a 6 ft by 114 in. carbowax 20M-silvcr nitrate 
column showed it to be a single substance. The infared 
spectrum showed strong bands at 1961 and 862 cm-1 
characterist~c of the allene group. The n.m.r. spectrum of 
the neat sample showed a multiplet at T 4.65 (two protons) 
for olefinic protons and another multiplet at T 4.89 (two 
protons) for the allenic protons. 

cis,cis-1,6-Cyclo~lecnrlier~e (3) 
To a solution of sodium (6.9 g, 0.25 mole) dissolved in 

liquid ammonia (200 ml) was added 1,2,6-cyclodeca- 
triene (6.7 g, 0.05 mole) in anhydrous ether (30 ml). The 
solution was stirred at its boiling temperature for 1 h and 
then treated with excess of ammonium chloride. Evapora- 

tion of ammonia and processing of the residue in the usual 
manner gave cis,cis-1,6-cyclodecadiene (5.2 g, 76%), b.p. 
66-67" at 12 mm, 1 1 ~ 2 9  1.4965. The reported (1) values 
are: b.p. 67" at I 1 mm, f i ~ ~ ~  1.4964. 

Anal. Calcd. for C10131~: C, 88.23; H, 11.76. Found: 
C, 88.14; H, 11.72. 

Gas chromatography on 6 ft by 114 in. carbowax 20M- 
silver nitrate and also on 6 ft by 114 in. ucon columns 
indicated it to be a homogenous substance. Thc infrared 
spectrum showed bands at 1656 cm-1 (C=C stretching) 
and 710 cm-1 (cis double bond). The ultraviolet spectrum 
showed the following absorptions: A,,, (hexane) 220 
mp (log e 2.43), 215 mp (log E 2.53), 210 mp (log B 2.67), 
and 206 mp (log e 2.92). Nuclear magnetic resonance 
showed a multiplet at T 4.64 corresponding to 4 olefinic 
protons. 

Hydroge~lntiorz 
A solution of cis,cis-1,6-cyclodecadiene (200mg) in 

methanol (15 ml) was reduced with 5% Pd-C catalyst 
(100 mg) in amicrohydrogenator. The uptake of hydrogen 
ceased after 1.94 mole-equivalent had been absorbed. .The 
catalyst was filtered off and the filtrate was concentrated 
to obtain cyclodecane (100 mg). Authenticity was estab- 
lished by comparison of gas chromatographic retention 
times and superirnposable infrared spectra using an 
authentic sample of cyclodecane. 

Ozonntior~ 
cis,cis-1,6-Cyclodecadiene (2.7g) in carbon tetra- 

chloride (30 ml) was ozonized at -30° with appi-oximate- 
ly 4 % ozone-oxygcn mixture. The ozone was completely 
absorbed until 2 moles of ozone had reacted. At this 
stage ozone passed through was observed to release iodine 
in the adjoining potassium iodide trap. The rcaction 
mixture was allowed to come to room temperature and 
was transferred into a 150 ml round bottom flask. To this 
were added 30 ml of 10 % sodium hydroxide and 30 ml of 
30% hydrogen peroxide. The flask was fitted with a 
reflux condenser and gently warmed until a vigorous 
reaction set in. After the spontaneous reaction had 
ccasccl(20-30 min), the reaction mixture was heated under 
reflux for about 6 h, at which time it gave no peroxide 
test with sodium iodide. Thc mixture was cooled and the 
carbon tetrachloride layer was separated. The aqueous 
layer was acidified with concentrated hydrochloric acid. 
The acidificd aqueous solution was subjected to contin- 
uous hot ether extraction for about 48 h. The ether 
solution was dried and esterified using diazomethane to 
give only dimethyl glutarate (1.8 g). Identity was estab- 
lished by gas chromatography and infrared spectra using 
an authentic sample of dimethyl glutarate. 
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A rapid, mild procedure for the preparation of alkyl chlorides and bromides 

J. Hooz AND S. S. H. GILANI 
Depflrtment of Cl~elnistr.~, Ut~iversity of Alberta, Erlnlontotr, Alberta 

Received May 17, 1967 

Primary and secondary alkyl chlorides have been conveniently prepared by the reaction of tri-n- 
octylphosphine with carbon tetrachloride solutions of the corresponding alcohols. This rapid, high yield 
reaction proceeds with inversion of configuration. By using carbon tetrabromide the method has been 
extended to the synthesis of alkyl bromides. 

Canadian Journal of Chemistry, 46, 86 (1968) 

The formation of ylid 1 (R = C6H5) and 
trivhenvlvhosvhine dihalide (2) from the inter- [41 R~$OR' 2 -> R'X + R3P0 

aciion oi trip~ienylphosphine with carbon tetra- Accordingly, we have found that phosphines 
halides (eq. [l]) was simultaneously and inde- snloothly convert alcohols to chlorides (eq. [5]). 
pendently discovered by Rabinowitz and Marcus 
(1) and Ramirez and co-workers (2). An ionic 

mechanism iilvolving nucleophilic displacement 
on halogen has been invoked (3) to account for 
the formation of these products (eqs. [2] and [3]). 

Ylids of structure 1 (R = C6Hj) possess 
considerable syntlietic potential since they 
provide a route to otherwise difficultly accessible 
1,l-dihaloalkenes on reaction with carbonyl 
compounds (1,2,4). Reagents of the type R3PX2 
(R = C6H5 or 12-C4H9) have been demonstrated 
to perinit the conversion of alcol~ols to alkyl 
halides to proceed generally without complica- 
tion of elii1liilation or rearrangement (5, 6); in 
addition, they convert phenols to aryl ha!ides 
(6,7) without formation of position isomers. 

The present study arose out of a consideration 
that intermediates of structure 3 (or 4) C O L I ~ ~  be 
trapped by reaction with alcohols to provide 
5 (or 6) ,  e.g. 

The anticipated collapse of 6 to alkyl halide and 
tertiary phosphine oxide finds ample analogy 
in a related study (8). 

[5]  R3P + R'OH + CCI4 + R'C1 + R3P0 + HCC13 
where R = t1-C8Hl7 or C6H5 

Using tri-12-octylphosphine (TOP) and primary al- 
cohols, conversions are of the order 90-100 % in 
favorable cases. Tripl~enylphospl~ine may also be 
used at longer reaction times.1 Although no at- 
tempts at optin~ization have been made, we find 
that this facile transformation is conveniently ac- 
complished (for chlorides) by adding a slight ex- 
cess over one inole equivalent of TOP to a solution 
of alcohol in carbon tetracl~loride as solvent. A 
vigorous reaction ensues which is con~plete, in 
the case of primary alcohols, in ca. 5 min. The 
product is readily isolated by standard methods 
of distillation and chromatograpl~y (cf. Experi- 
mental). 

Typical results are the formation of i2-C5H1 lC1 
(94%), C6H5CH2CI (loo%), rz-C8HI7Cl (93 %), 
and C6H5CH2CH2C1 (66 %).2 

Secondary alcohols also react. Thus, after ca. 5 
mill reaction time, sec-butyl chloride and 2-chlo- 
rooctane were formed in 60 % and 80 % yields, 
respectively, from the corresponding alcohols. 
When (+)-2-octanol was subjected to this 
reaction, (-)-2-chloroocta~~e was obtained in 
90% optical purity, a result consistent with a 
bimolecular displacement process acco~npanied 
by a Walden inversion in the product determin- 
ing step (eq. [4]). 

The incursion of a competing olefin-forming 
elimination process renders this method of 

IRecently, and concurrent with the present work, a 
similar study has been reported (10) using triphenyl- 
phosphine. 

2Analysis by gas-liquid partition chromatography. 
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limited value for the preparation of tertiary 
chlorides. For example, t-butanol gave only 
13-15% t-butyl chloride, and isobutylene was 
detected by gas-liquid partition chromatography 
(g.1.p.c.). 

Bromides may also be prepared by this method 
but in this case the ratio of reagents is ROH: 
TOP:CBr4 = 1 :2:2. Diethyl ether is a suitable 
solvent. In this manner n-C5H11Br (97%) and 
C6H5CH2Br (96%)2 were formed after ca. 
5 min reaction time. 

In view of the mild conditions employed and 
good yields obtained, this method offers con- 
siderable promise as a synthetic tool. 

Experimental 
All melting and boiling points are uncorrected. The 

alcohols, chlorides, and bromides were commercially 
available materials whose homogeneity was established 
by g.l.p.c., using an Aerograph A90-P3 instrument 
equipped with a thermal conductivity detector. Infrared 
spectra were recorded on a Perkin-Elmer model 421 
spectrophotometer. Nuclear magnetic resonance spectra 
were recorded on a Varian A-60 analytical spectrometer 
using tetramethylsilane as internal standard. 

All conversions of alcohol to akyl  chloride were 
accomplished by a procedure similar to that employed 
for the preparation of 1-chlorooctane which is described 
in detail. Bromides were prepared by the method des- 
cribed for the synthesis of 1-bromopentane. 

Preparation of1 -Ci~lorooctat~e 
To a magnetically-stirred solution of 1-octanol (10.0 

mmoles) in 20 ml carbon tetrachloride was added tri-n- 
octylphosphine (10.5 mmoles). An exothermic reaction 
ensued. (In larger scale runs it is recommended that the 
reaction be modcrated by a cooling bath.) Approximately 
5 min after complete addition of the phosphine an aliquot 
was analyzed by g.1.p.c. (5 ft x 1 /4 in. FFAP on Chromo- 
sorb W column operated at 140°, helium flow 55 ml/min). 
No octanol was present, but a new peak appeared, and 
was shown to be I-chlorooctane by comparison of 
retention timc with that of an authentic sample. The yield3 
(as determined by g.1.p.c.) was 94%. By operating at a 
column temperature of 50" and helium flow of 25 ml/min, 
the peaks due to carbon tetrachloride and chloroform 
could be resolved but the yield of the latter was' not 
determined. 

Chloroform and carbon tetrachloride were distilled 
through a 25 cm Vigreaux column and the residue was 
chromatographed on BDH alumina. The pentane eluate 

3Under otherwise identical conditions, the yield of 
1-chlorooctane was 47 % after 5 min reaction time cmploy- 
ing trlphenylphosphine. 

was concentrated and distilled to give an 88% yield of 
pure 1-chlorooctane.4 

Zsolatiotz of Tri-tz-octylphospizit~e Oxide 
The above-described experiment was duplicated, and 

after ca. 5 min reaction time the crude mixture was 
distilled to remove all material boiling up to ca. 184'. 
The residue was triturated with pentane and cooled to 
-78". The resulting solid was filtered, washed with cold 
pentane, and dried. In this manner there was obtained 
3.55 g (92%) of solid, m.p. 48-52" (lit. (9) m.p. 48-54"), 
vmns (Nujol) 1138 cm-1 (PO). The nuclear magnetic 
resonance spectrum (CDC13) showed absorption for 
9 protons as a multiplet centered at T 9.1 (CH3) and 42 
protons with absorption from ca. T 8.0-8.92 (CH2). 

Preparatiot~ of I-Brornopentane 
Tri-/I-octylphospl~ine (20 rnmoles) was added to a 

magnetically-stirred solution of 1-pentanol (10 mmoles) 
and carbon tetrabromide (20 mmoles) in 20 ml anhydrous 
ether. An immediate exothermic reaction took place 
and the initially colorless mixture turned yellow. Fivc 
minutes after complete addition of the phosphine an 
aliquot was analyzed by g.1.p.c.; the yield of l-bromo- 
pentane was 97%. The mixture was worked up in a 
manner identical to that described for 1-chlorooctane, 
and upon distillation there was obtained an 80% yield 
of 1-bromopentane.4 Since no special precautions were 
taken to minimize handling losses this yield can doubtless 
be improved. 
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The r-radiolysis of homogeneous solid solutions of SF6 and NzO in cyclohexane has been examined 
at  77 "K. With SF6, yields of the major products, hydrogen, bicyclohexyl, and cyclohexene, were all 
reduced, and no large yields of other products were observed. Thus, since SF6 reduces hydrogen yields 
by capturing electrons, combination of the SF6 anion and cyclohexane cation does not lead to  bond 
breaking. Experimental evidence suggests that the ratio of disproportionation to  combination of cyclo- 
hexyl radicals in solid cyclohexane at 186 "K is 0.3 * 0.2. 

With N 2 0 ,  hydrogen yields are decreased to 3.5 G units, but large yields of cyclohexene, bicyclohexyl, 
and cyclohexanol (4.7, 2.0, and 1.0 G units respectively) are produced. Thus combination of 0- and the 
cyclohexane cation leads to  a great deal of bond breaking. The yields are explained by a mechanism 
similar to Dyne's mechanism for the radiolysis of hydrocarbons. I t  was, however, necessary to assume 
that excited states of cyclohexane formed directly behave differently from those formed by electron- 
cation combination. 

Canadian Journal of Chemistry, 46, 89 (1968) 

lrntroduction other rather than abstract hydrogen from the 

Charge separation is important in the radial- ll~drocarbon at low temperatures. On the other 
ysis of liquid l ~ y d r ~ c a r b o n ~ .  This charge separa- hand, Dyne Denhastog ( 5 )  found evidence 
tion has been studied in our laboratory by using that the hydrogen Precursors were probably 
N20,  SFG (I), and CC14 (2) to capture the major "hot" hydrogen atoms which had a high 
negatively cllarged species, the electron. ~ y d r o -  probability of reactioll before being moderated 

gen yields were reduced, but with N 2 0  and cc14, to therlnal energies. It was hoped that by using 
secondary reactions occurred which resulted N2° and SF6 to get an estimate total 

in even more total decomposition than the electron yield we could gain some insight as to 

scavengers were absent. Consideration of these the yields are lower from the solid. 

extra yields has led to the suggestion (1) that ''lid  SF^ and 

the true electron yield is somewhat greater than N 2 0  in c~clollexane were prepared by slow 
indicated by tile reduction in hydrogell yield deposition from the gas phase and were irradi- 

an electron scavenger is added. In the study ated with 6 0 C ~  "Prays. All yields were decreased 

reported here, the work with electron scavengers wit11 SF63 but the fractional decreases in the 

is extended to using  SF^, a yields of the products were not identical, whereas 
scavenger wllich gives no detectable yields of were in the liquid (1). Thus the lnecbanism 

secondary products, and ~ ~ 0 ,  one gives is probably ~ ~ l n e w l l a t  different in the solid than 
large yields of secondary products. in the liquid. With N20,  large yields of liquid 

~~d~~~~~ yields from the radiolysis of pure products and nitrogen were obtained which 

solid cyclohexane are solnewhat smaller than be by assuming G(e-) to 

those from the radiolysis of the liquid (3). It has be = 4. It is suggested that the smaller yields of 
been suggested e.g. (4) that such decreases arise "ydrogen from the radiolysis pure solid 
because hydrogen atollls combine with each cyclohexane colnpared with the liquid result 

fro111 a smaller efficiency for the production of 

lIssued as A.E.C.L. No. 2981. hydrogen precursors when a positive ion is 
2F0r Part I of this series, see ref. 1. neutralized by an electron. 
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Results and Discussion Pal XII + CsHll 

(a) SF6 iiz C6H1 2 CsHi2* 
/= 

The hydrogen, bicyclol~exyl, and cyclohexene 
[361 

\ 
yields are presented in Fig. 1 as a function of the 

Hz + C6Hio 

mole fraction of SF6. These yields are indepen- [41 Xn + CsHiz -' Hz + CsHi I 
dent of dose up to doses of at least 1023 eV/1. As 

[5 1 e- + solute -' solute- 

, I I 1 [61 solute- + C6H12+ + not -CsH12*, 

h 0 HYDROGEN 

A C Y C L O H E X E N E  

0 BICYCLOHEXYL 

FIG. 1. Yields of hydrogen, cyclohexene, and bicyclo- 
hexyl for the cyc10hexane-SF6 system. 

with the liquid (I), all yields are reduced by SF6, 
but in the solid, bicyclohexyl is reduced much 
more efficiently than cyclohexene or hydrogen. 
The yields in the absence of SF6 compare 
favorably with those obtained by Stone using 
large samples (3). Other products include hexene- 
1 which was reduced from 0.25 to  0.15 G units, 
n-hexane with a yield of 0.1 G units which was 
little affected by SF6, and, in the presence of SF6 
only, a small (- 0.1 G units) yield of a product 
whose retention time on a carbowax column was 
almost identical with that of benzene. Alt l~ougl~ 
the low yield of this product made it difficult 
to  obtain good mass spectra, those that were 
obtained were more consistent with identification 
of this product as cyclohexyl fluoride than as 
benzene. As was found by Stone (3), material 
balances are poorer than those obtained from 
radiolysis of the liquid, and almost 1 G unit of 
hydrogen is unaccounted for. 

These results will be discussed using Dyne's 
(6) mechanism for hydrocarbon radiolysis. 

where the initial acts are thought of as being 
ionization (reaction [la]) and direct excitation 
(reaction [lb]). Recombination of an electron 
and a positive ion leads to an excited molecule 
(reaction 121) which is indistinguishable from one 
formed initially. The excited molecule decom- 
poses to give cyclohexene and hydrogen or to 
give cyclohexyl radicals and a species X,, 
presumably a hot hydrogen atom, that can 
further react (reaction [4]) to produce hydrogen 
and another radical. An electron-capturing 
solute may form an anion which, when it reacts 
with the solvent cation (reaction [6]), does not 
lead to an excited state which decomposes t o  
give X, or Hz. When SF6 is used as a solute 
there is no evidence that reaction [6] leads to 
more than 0.1 G units of bond breaking. 

If the solute scavenges all the electrons, the 
limiting yield of hydrogen, which is 3.4 G units, 
may be equated with the hydrogen from C6H 12:x 

formed from direct excitation (reaction [I]). Since 
the yield of hydrogen in the absence of solute is 
4.75 G units, then the difference between this 
and the limiting yield with solute present, 1.4 G 
units, may be taken as the yield of hydrogen from 
C6H12* produced by ion-electron combination 
in the absence of solute. Dyne and Denhartog 
(5) have argued convincingly that the hydrogen is 
produced at liquid nitrogen temperature so that 
electron reactions and reactions involving X, (5) 
take place at this temperature. The species 
C6H12+, SF6-, and C6Hl 1 are left trapped in 
the matrix along with the "molecular" C6HI0 
formed by reaction [3b]. On warming, the posi- 
tive and negative ions combine giving few 
products and the C6Hll radicals conlbine and 
disproportionate. 

To get an estimate of the ratio of dispropor- 
tionation to  combination, an estimate of the 

[la1 C6H12+ -k e- "molecular" yield is necessary. The term 
CsHiz hh -̂ [ 

t161 CsHi2* 
"molecular" refers to  the unimolecular decom- 
position of C6HI2* to give hydrogen and 

[21 C6Hiz+ + e-+ csH12* cyclohexene (reaction [3b]), regardless of 
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whether the C6H12* is produced directly or by 
ion-electron combination. The results of Dyne 
and his co-workers on the first-order yield of 
D2  (G1(D)) from 5% C6D12 in C6H12 are of 
some help. They found that G1(D) from the 
liquid is about 0.27 (7), and from the solid is 
0.45 to 0.50 (5). Since the total "molecular" 
yield in liquid cyclohexane is about 1.0 (1, 8), . 
the total "molecular" yield in the solid may be 
considerably greater and may be estimated to be 
1.8 to 2.0. If the yield of C6H12* is proportional 
to the yield of hydrogen as required by Dyne's 
mechanism, the "molecular" yield in the pre- 
sence of 3 % SF6 is about 1.5. In the solid phase 
it would appear that C6H12* produced directly 
is about twice as likely to decompose "molecu- 
larly" as C6H12* produced by ion-electron 
combination. This is the simplest explanation 
for the observation that the radical yield, as 
manifested in the bicyclohexyl yield, is reduced 
much more than the total yield of hydrogen or of 
cyclohexene. 

If the above values for the molecular yields 
are adopted and it is assumed that bicyclohexyl 
is only produced by radical combination, the 
ratio of disproportionation to combination is 
0.3 A 0.2. This is much lower than the value 
of 1.1 found in the liquid phase (9). However, it 
is known froin electron spin resonance (e.s.r.) 
experiments that the disappearance of radicals 
formed at low temperatures takes place close to 
a phase change at 186 OK as the matrix is 
warmed, and not at the melting point (10). 
Hence it is not surprising that the liquid phase 
ratio does not apply, since the radicals may be 
held in a position favoring combination as they 
approach each other. 

( b )  N20  in C6H12 
Yields of hydrogen and nitrogen for the radi- 

olysis of homogeneous solid solutions of N 2 0  
in C6H12 are shown in Fig. 2, and yields of 
liquid products are shown in Fig. 3. These yields 
are also linear with dose up to 1023 eV/1. In the 
presence of N 2 0  there are also small yields of 
benzene (< 0.1 G unit), cyclohexylcyclohexene 
(0.2 G units), hexene-1 (0.12 G units), n-hexane 
(0.1 G units), and at high N 2 0  concentration, 
cyclohexanone (0.3 G units). No oxygen gas 
was produced. The solid points are for samples 
deposited at a flow rate of 1.8 cclmin rather than 
the more usual rate of 3.5 cclmin. No significant 

changes in yields resulted, indicating that 3.5 
cc/min is a flow rate small enough to ensure a 
uniform deposit. 

FIG. 2. Yields of gaseous products from the cyclo- 
hexane-N20 system. Open points are samples deposited 
at 3.5 cc/min. Closed points are the sample deposited at 
1.8 cc/min. 

FIG. 3. Yields of liquid products from the cyclo- 
hexane-N20 system. Open points are samples deposited 
at 3.5 cc/min. Closed points are the sample deposited at 
1.8 cclmin. 

(i) Low Concentration of N20  (I %) 
With N 2 0  the hydrogen yield is reduced to 

3.5 G units, indicating that the "direct" yield 
(reaction [lh]) of C6HI2'" is of this order. The 
electron and hot hydrogen atom reactions will 
take place at 77 OK. Scavenging of electrons by 
N 2 0  can be considered to take place at 77 OK 
also. 

The C6H12+, C6Hll, and 0- (or N20-) will 
then be trapped in the matrix and will be released 
on warming. With N20,  large yields of liquid 
products are formed, so that reactions analogous 
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to reaction [6] lead to a great deal of bond 
breaking. 

Of the fates considered for 0- in the liquid (1) 

the latter should be suppressed in the solid at low 
temperature since it is an abstraction and prob- 
ably requires some activation energy. If the yield 
of electrons and positive ions is 4 G units (1, 11) 
the yield of OH will be about 4 G units. The yield 
of C6Hll may be as high as 8 G units. Of this 
4 G units are produced by reaction [8] along 
with OH radicals. The yield of C6H12" by direct 
excitation has been shown to be 3.4 G units, and 
of this 1.5 G units decompose molecularly. Thus 
1.9 G units of X, and C6H 11 are formed (reaction 
[3a]) and the X, will give another 1.9 G units 
of C6Hll when it abstracts hydrogen from 
cyclohexane (reaction [4]). 

yields are sufficient to explain the 
enhanced yield of cyclohexanol, bicyclohexyl, 
and cyclohexene if the ratio of disproportionation 
to combination of OH and C6Hll (reaction [lo]), 

is about 3, and if the ratio of disproportionatioil 
to combinatioil for two C6Hll radicals is 0.3. 
It is also necessary that the "molecular" yield 
of cyclohexene be 1.5 as used above, and that 
OH f OH be small. Calculations using the gas 
phase rate constant for OH plus propane 
measured by Greiner (12), corrected to 186 OK 
using his estimate of the activatioil energy 
(5.6 kcal/mole), show that the abstraction of a 
hydrogen atom from cyclohexane by a hydroxyl 
radical cannot conlpete with reaction [lo]. 

(ii) Higlzel. Concentrations of N 2 0  (> 5%)  
With higher coilceiltrations of N 2 0  reactions 

[ill, 

may become important (13, 14). Reaction [ l l ]  
produces an increase in N2 yield and a decrease 
in OH if it is followed by 

and 

[12b] NO- 4- CGH 12' -+ HNO + C6Hl1. 

The decrease in OH of a G unit would explain 
the decreased yield of C6H10 at high N 2 0  
concentration. The small increase in G(cyc10- 
hexanol) may result from the combination of 
H 0 2  with C6H1 1 or from the reaction of C6H 
with 0 2  produced from reaction [13] (15). 

Yields of N2 were about a G unit higher than can 
be readily explained. In the solid phase, as in the 
liquid, there may be a small amount of chain 
decomposition of N20. 

To account for the large increase in the yields 
of liquid products, as well as the large N2 yield, 
it has been necessary to postulate that electrons 
and ions are produced with G values at least as 
large as those in the liquid, i.e. - 4. However, 
in the absence of scavenger, only about 1.4 G 
units of hydrogen come from ion-electron com- 
bination. Thus this process occurs with about 
35 % efficiency; much less than its efficiency in 
the liquid (- 75 %). This efficiency could be 
less because hydrogen precursors combine with 
themselves, rather than abstract hydrogen from 
hydrocarbon. The efficiency could also be less 
because hydrogen precursors are produced less 
efficiently from the combination of an electron 
and a cyclohexane cation. It  was not possible 
to make a clean-cut distinction from this work, 
However, we had to assume that all the X, from 
C6H12" formed directly was capable of abstract- 
ing hydrogen from the hydrocarbon. Thus, 
most of the X, can be considered capable of 
abstracting hydrogen, which supports its identi- 
fication as a "hot" hydrogen atom, and leads to 
the suggestion that yields of hydrogen are lower 
from the solid because hydrogen precursors are 
produced less efficiently from the combination 
of an electroil and a cation. 

Experimental 
Cyclohexane (Fisher Spectrograde), N20 (Canadian 

Liquid Air), and SF6 (Matheson) were used as received. 
The cyclohexane was free of cyclohexene and was not 
purified further. Cyclohexane samples of 1 nllvolume were 
degassed by the freeze-thaw technique and transferred 
to a 2 1 flask on a mercury-free, grease-free vacuum line. 
The additives were degassed and transferred to the same 
flask. The gases were then thoroughly mixed and deposited 
slowly (about 3.5 cc/min) at 77°K in the irradiation cell. 
The design of the ccll and the techniques used to ensure a 
hon~ogeneous deposit have been described in detail by 
Stone (3). Samples were irradiated at 77 "K in a60 Co 
?-source at a dose rate (in cyclohexane) of 6.9 x 1020 
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SAGERT: -1-RADIOLYSIS OF CYCLOHEXANE. I1 93 

eV/l min to a total dose of about 4.3 x 10'2 eV/1 unless 
otherwise specified. All G values reported are partial 
yields based on energy absorbed in the cyclohexane. The 
dose rate was determined using ferrous sulfate dosimetry, 
taking G(Fe3+) to be 15.5. After irradiation the samples 
were melted and refrozen to allow trapped gas to escape. 
Gases not condensable at 77 "K were measured volu- 
metrically and analyzed mass spectrometrically. Liquid 
products were analyzed by gas chromatography using 
columns and conditions similar to those used by Stone 
(16). The cyclohexanol and cyclohexanone were measur- 
able on the XE-60 column at 160 OC. The gas chromato- 
graphic peaks were identified by mass spectrometry where 
necessary, using a Consolidated 21-130 mass spectro- 
meter. Water was not determined quantitatively. 
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y-Radiolysis of cyclohexane with electron scavengers. 111. Perfluorocarbons 
as electron s~avengersl*~ 

N. H. SAGERT 
Resenrclr Clrenzistry Brrrrrclr, Clralk River N~rclear. Laboratories, Clralk River, Otltario 

Received July 28, 1967 

The room temperature, liquid phase radiolysis of cyclohexane in the presence of three solutes: per- 
fluorocyclohexane (PCH), perfluoromethylcyclohexane (PMCH), and perfiuorocyclobutane (PCB) 
has been examined. All decrease the hydrogen yield from 5.6 to 2.6 G units by capturing electrons. 
However, with PMCH and PCB the yields of cyclohexene and bicyclohexyl are not decreased as much as 
the hydrogen yield and with PCH, dimer and olefin yields are increased. Furthermore, large yields of 
monohydrofluorocarbon (e.g. undecafluorocyclohexane) are produced, indicating that a carbon-fluorine 
bond has been broken. It  is concluded that electron capture by these fluorocarbon compounds causes 
dissociation; possible mechanisms are discussed, but it was not possible to reach a clear conclusion 
on the basis of our results. 

The radiolysis of homogeneous solid solutions of these solutes at 77 "K has also been studied, but only 
PMCH was studied in detail. Under these conditions there is no evidence for dissociative electron capture 
and apparently the combination of solute anion and hydrocarbon cation on warming does not lead to 
bond breaking. 

Canadian Journal o f  Chemistry, 46 ,95  (1968) 

Introduction 
Charge separation is known to play an impor- 

tant part in the radiolysis of hydrocarbons. N20,  
SF6, and CC14 have been used to study this 
charge separation by capturing the negatively 
charged species, the electron, thereby reducing 
hydrogen yields. 

In this laboratory more thorougl~ studies of 
the action of CC14 (I), N20,  and SF6 (2, 3) have 
been carried out, and a general mechanism has 
been proposed (4). With SF6, all major products, 
hydrogen, cyclohexene, and bicyclohexyl, are 
reduced and no large yields of other products 
can be found. This indicates that SF6 probably 
captures electrons non-dissociatively and that 
neutralization of the SF6 anion by the cyclo- 
hexane cation does not result in bond breaking 
to give either hydrogen or cyclohexyl radical 
precursors. With CC14 and N20,  yields of 
products other than hydrogen increased, indi- 
cating that these substances capture electrons 
dissociatively or that the neutralization of the 
anion by the cyclohexane cation leads to bond 
breaking. 

Perfluorocycloalkanes have been used as 
electron scavengers and are known to lower 
hydrogen yields (5, 6). Rajbenbach (6) has 
measured hydrogen yields and has concluded 

1Issued as A.E.C.L. No. 2982. 
2Presented in part at 50th Chemical Institute of Canada 

Conference, Toronto, Ontario, June 1967. 

that these solutes capture electrons non- 
dissociativelv. It was therefore of interest t o  
measure the yields of all the major liquid 
products using these perfluorocarbons as solutes 
to see if evidence for carbon-fluorine bond 
breaking could be found. 

In liquid solutions, irradiated at 25 OC, con- 
clusive evidence was found that carbon-fluorine 
bonds were broken. and that almost one bond 
was broken for every electron scavenged. Two 
possible mechanisms by which this bond 
breaking might occur are considered. In solid 
solutions, irradiated at 77 OK, only a small 
amount of bond breaking took place; less than 
one bond was broken for every 10 electrons 
scavenged. 

Experimental 
Cyclohexane (Fisher Spectrograde), N 2 0  (Canadian 

Liquid Air), perfluoromethylcyclohexane (Imperial Smelt- 
ing), perfluorocyclohexane (Aldrich), and perfluoro- 
cyclobutane (Matheson) were used as received. Materials 
were degassed on a mercury-free, grease-free vacuum line. 

Perfiuoromethylcyclohexane (PMCH) and perfiuoro- 
cyclohexane (PCH) solutions were made up by weighing. 
These solutions were of 2 ml volume and were contained 
in pyrex cells fitted with a breaking device (7). The samples 
were irradiated at 25 "C in a 60C0 7-source at dose rates 
(in cyclohexane) of 6.9 x 1020 eV/1 min to total doses of 
4 x 1022 eV/1 as determined by ferrous sulfate and 
cyclohexane dosimetry. 

Perfiuorocyclobutane (PCB) solutions and N20-PCH 
solutions were of 3 ml volume and were contained in the 
stainless steel cells described previously (2). Concentra- 
tions were determined from gas solubilities. The solubility 
of PCB at 23 "C was determined to be 0.213 mole/l atm 
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in cyclohexane. These samples were also irradiated at  25 
"C with 60C0 ?-rays at dose rates (in cyclohexane) of 
5.7 x 1020 eV/1 min, as determined by ferrous sulfate 
and cyclohexane dosimetry using G(Fe3+) = 15.6 and 
G(H2) = 5.55 respectively. 

Solid samples of 1 ml liquid volume were deposited 
slowly from the gas phase as described by Stone (8) 
and were irradiated at 77 OK. 

After irradiation, gases not condensable at  77 "K were 
measured volumetrically and analyzed mass spectro- 
metrically. Liquid producls were determined by gas 
chromatography (9). C6F11H and C4F7H were deter- 
mined on a squalane column at 70 "C. The C6Fl1H was 
identified by retention time and by mass spectrometry. 
The mass spectrum on a Consolidated 21-130 mass 
spectrometer was similar to that of an authentic sample 
of C6FI1H (Aldrich) and to published spectra (10). 

,,trum C4F7H was identified by mass spectrornstry. Its sp'" 
was similar to published spectra (10). 

Results 
(i) Per~uorocyclolzexane in Liquid Cyclolzexane 

The major products formed in the radiolysis 
of pure cyclohexane are hydrogen, cyclohexene, 
and bicyclohexyl (11). Yields of these products 
in the presence of PCH are shown in Figs. 1 and 
2. PCH reduces the hydrogen yield, probably by 
electron capture as discussed by Rajbenbach (6). 
However, the yields of the other major products, 
cyclohexene and bicyclol~exyl, are not reduced 
and the latter yield is actually increased. The 
hydrogen and bicyclol~exyl yields are linear with 
dose up to 2 x 1023 eV/l. Cyclohexene yields 
show a small dose dependence: the yield extra- 
polated to zero dose being 3.25 molecules for 
each 100 eV absorbed by the cyclohexane, or 
3.25 G units. 

FIG. 2. Bicyclohexyl and cyclohexene yields from the 
radiolysis of solutions of PCH in cyclohexane at 25 "C. 
Dose = 2.81 x 1022 eV/l. 

C6F11H is produced in large yields. These 
yields are shown in Fig. I and approach the total 
electron yield (4.1 G units (2)). The C6F11H 
accounts for about half the hydrogen precursors 
scavenged by PCH. No attempt was made to 
determine HF, but there are no large yields of 
n-hexane, propane, or other hydrogen-rich 
products. 

In order to show that electrons were pre- 
cursors of C6F11H, N20 was added to a 0.1 M 
solution of PCH. In Fig. 3, it may be seen that 
N20  decreases the C6F11H yield, while at the 

0 HYDROGEN - 1  4 . 0 7 7  

0 NITROGEN 

I 

'3 1.0 

0. i 0.2 0 . 3  
0.1 0.2 0.3 0.4 

C6 F,? (rnoler/l N20 (MOLESI I  ) 

FIG. 1. Hydrogen and C 6 F l l H  yields from the radi- FIG. 3. Hydrogen, nitrogen, and C6F1lH yields from 
olysis of solutions of PCH in cyclohexane a t  25 "C. the radiolysis of 0.1 M solutions of PCH in cyclohexane 
Dose = 2.81 x 1022eV/1. with N20 at 25 "C. Dose = 3.35 x 1022 eV/l. 
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FIG. 4. Stern-Volmer type plot of the C ~ F I  1H yields 
given in Fig. 3. Go, the yield of C6F1 1H in the absence of 
N20,  is 2.7 G units. Slope = 0.47. 

same time nitrogen is produced. The C6FI1H 
yields, plotted in the Stern-Volmer fashion in 
Fig. 4, imply that electron capture by PCH is 
twice as efficient as by N 2 0  in this system. 

(i i)  Pery¶uorocyclobutane iiz Liquicl Cyclohexane 
Perfluorocyclobutane (PCB) also reduces hy- 

drogen yields from liquid cyclohexane (Fig. 5) 
as has been noted by Rajbenbach (6). The liquid 
products, although reduced somewhat, still total 
4.4 G units at  0.3 M PCB whereas the hydrogen 
yield is 2.6 G units. Thus some of the precursors 
of hydrogen are captured by the PCB and give 
liquid product precursors, but not hydrogen. 
The zero-dose yield of liquid products is higher 
than 4.4 since, although there is no dose effect 
with hydrogen yields up to  2 x 1023 eV/1, liquid 
product yields are somewhat dose dependent. 
G(cyc1ohexene) extrapolated to  zero dose was 

2.75, and G(bicyclohexy1) similarly extrapolated 
was 2.1 5. 

C4F7H was produced. Unfortunately no 
authentic standards were available. G(C4F7H) 
is 4.5 at 0.2 M PCB if the sensitivity of the 
hydrogen flame detector is the same for it as for 
C4F8. Since the detector is 2.8 times as sensitive 
to C6F11H as to  PCH, it is likely that the 
C4F7H yield is from 1.5 to  2.0 G units. This still 
means that a large number of C-F bonds are 
broken. This yield is approximately equal to the 
liquid product yield (4.4) minus the hydrogen 
yield (2.6) for 0.2 M PCB. 

(iii) Perf-luorometlzylcyclohexane in Liquid Cyclo- 
hexane 

Yields of hydrogen and the two major liquid 
products for the radiolysis of liquid cyclohexane 
with PMCH are shown in Fig. 6. This solute 

0 H Y D R O G E N  

A B I C Y C L O H E X I L  

O CYCLOHEXEP+E 

, 
0 I 0 . 2  0 . 3  

C6F,, CF, ( m a l e r l l l  

FIG. 6. Hydrogen and liquid product yields from the 
radiolysis of solutions of PMCH in cyclohexane at 25 "C. 
Dose = 2.83 x 1022 eV/l. 

I I 

0 0.1 0.2 0.3 0.4 

1 (iv) Perf-luorocarbons in Solid Cyclohexane 
C n  F. ~ m o ~ e r / ~  I Irradiations of homogeneous solid solutions of 

I  
6 - 

reduces hydrogen yields less efficiently than 
0 H l O i l O G E I l  

5 

PCH. Liquid products yields total 4.6 in 0.3 M 
A OICICLC,leXIL solution, while the hydrogen yield is 2.9 G units. 
0 CICLOHEXENE Thus the captured precursors of hydrogen give 

O 4 -  liquid product precursors. Hydrogen yields are 
, 

0 . linear with dose but the zero-dose yields for 
- 
E - bicyclohexyl and cyclohexene are 1 .83 and 3.1 G 

- " 

all these solutes were carried out. In all cases the 
FIG. 5. Hydrogen and liquid product yields from the hydrogen, cyclohexene, and bicyclohexyl were radiolysis of solutions of PCB in cyclohexane at 25 "C. 

Dose = 3.42 x 1022 eV/l. reduced. PMCH solutions were studied in more 

- 
0 2 -d .- - - 

. 

units respectively. This is a somewhat larger dose 
dependence than noted with other solutes. 
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detail and the results are shown in Fig. 7. As 
with SF6, bicyclohexyl was reduced more 
efficiently than cyclohexene and hydrogen. These 
results are qualitatively similar to those obtained 
for solid solutions of SF6 (3). For a solid solution 
of PCH in cyclohexane, G(C6F11H) was about 
0.3. These results indicate that much less dis- 
sociation takes place in the solid. All yields from 
the solid were independent of dose up to doses 
of 1023 eV/1. 

C.5, CF, ( m o l ~ l l l  

FIG. 7. Hydrogen and liquid product yields from the 
radiolysis of solid solutions of PMCH in cyclohexane at 
77 OK. Dose = 3.18 x 1022eV/1. 

Perfluoroethane was not able to change the 
yield of any of the products in the solid phase. 

Discussion 

Arguments in favor of electron capture by 
perfluorocycloalltanes have been given by Raj- 
benbach (6). Thermal atom reactions may be 
ruled out by the high strength of the C-F bond 
(12). Hot atom reactions are possible, but large 
effects are noted for small concentrations of 
additives and there is no apparent reason why hot 
atoms should selectively attack fluorocarbons. 
The ionization potentials of fluorocarbons are 
usually greater than those of the corresponding 
hydrocarbons (13) so that charge transfer from 
solvent to solute cannot occur, and charge 
transfer is considered to be the most common 
form of "energy transfer" in saturated hydro- 
carbons (4). There is considerable recent experi- 
mental evidence that PMCH attaches thermal 
electrons very efficiently (14, 15). Thus it is 
reasonable to conclude that the effects of per- 
fluorocycloalkanes on the radiolysis of hydro- 
carbons can be attributed to electron capture. 

The mechanism of Dyne (4) as used by Sagert 

and Blair (2) for the radiolysis of liquid cyclo- 
hexane will be taken as a basis for discussion. 

L 
1361 Hz + C6Hio 

[41 H + C~HI:! + H2 + C ~ H I  I 

[51 solute + e- -+ solute- 

[61 solute- + C6H12+ -> not-C6H12* 

The main features of this nlechanisin are that 
initially ions and electrons as weli as excited 
n~olecules are produced (reaction [I]). Ions and 
electrons which recombine, either in the spur or 
outside, lead to excited states of the hydro- 
carbons which, in the liquid, are indistinguish- 
able from those formed initially (reaction [2]). 
The excited molecules then decompose (reaction 
[3]) to give either hydrogen and olefin (n~olecular 
decomposition), or radicals and bimolecular 
hydrogen precursors. It is thought that the latter 
are "hot" hydrogen atoms (16). An electron- 
capturing solute forms an anion which when it 
reacts with the positive ion does not foim the 
same excited state of the hydrocarbon (reaction 
[6]), and thus does not lead to hydrogen pro- 
duction. 

In the case of SF6 as solute (2), reaction [6] 
not only does not produce hydrogen precursors 
but also fails to produce cyclohexyl radicals 
since the yields of cyclohexene and bicyclohexyl 
are also reduced. Thus the solute anion is 
neutralized without further detectable reaction. 
By contrast, the present results show that with 
perfluorocycloalkanes in solution, electron cap- 
ture 

[71 C6Fll + e--i C6F12- 

leads to an anion that, while not producing 
hydrogen, does produce at least two cyclohexyl 
radicals, a C6F1 1H molecule and possibly other 
products. Thus in some way a C-F bond is 
broken. This might be by 

[81 C6F12-j C6Fll + F- 

followed by 

191 F- + C6H12+-+ HF + C6Hll 

and 

[lo] C6Fll + C6Hi2 -+C6FiiH + CGHII. 
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However, in the gas phase, the appearance solutions of SF6 (3). Furthermore, with PCH, 
potential for F- from PCH is 1.8 eV (17). Thus only - 0.3 G units of C6F11H were produced. 
reaction [8] is extremely endothermic. Electrons Thus at the low temperature where the ions 
are initially formed with several eV excess begin to diffuse in the solid, it would appear that 
energy and are moderated by collision to thermal reaction [8] does not occur and that the anion 
energies. It might be thought that electrons could and cation neutralize each other with little bond 
react with solute before being moderated to  breaking. As with solid solutions of SF6, 
thermal velocities. However, it would appear bicyclohexyl was reduced more quickly than 
that moderation is much too fast a process to  cyclohexene. This behavior has been inter- 
allow this a t  the low solute concentration used preted (3) as implying that there is a larger 
(18, and references cited therein, 19). Armstrong "molecular" yield in the solid at low temperature 
et al. (20) have discussed the difficulties involved and that there may be two or more distinguish- 
for HC1 gas. Thus reaction [8] can only occur if able types of C6H12*. C2F6 did not affect any 
the energetics in the liquid are very much yield, and so appears not to attach electrons at  
different from those in the gas phase, so that low temperature. 
reaction [8] becomes thermoneutral or exo- 
thermic in the liquid. This is quite possible since Acknowledgments 
Claridge and Willard (21) have shown that phase The would like to thank D ~ ~ .  A. W. 
changes have a considerable effect on dissociative ~ ~ ~ d ,  J. W. ~ l ~ t ~ h ~ ~ ,  and p. J. D~~~ for helpful 
electron capture processes. discussions and encouragement. 

A second proposal is that 

[ I l l  C6F12- + C6Hi2+- C6Fii i C ~ H I I  f HF 1. J. A. STONE and P. J. DYNE. Can. J. Chem. 42, 669 
(1964). occurs, followed by reaction [lo]. Reaction [ I l l  2. N. H. SAGERT and A. S. BLAIR. Can. J. Chem. 45, 

would be exothermic if a reasonable electron 1351 (1967). 
affinity (<5 eV) is assumed for PCH. Because 3. N. H. SAGERT. Can. J. Chem. 46, 89 (1968). 

4. P. J. DYNE. Can. J. Chem. 43,1080 (1965). 
of the long lifetime measured for PMCH- (14) 5. P. J. DYNE and J. DENHARTOG. Unpublished work. 
this proposal is attractive. The data presented 6. L. A. RAJBENBACH. J. Am. Chem. Soc. 88, 4275 

(1966); J. Chem. Phys. 47,242 (1967). here do not allow a clear choice between these 7. FARHATAZIZ and P. J. DYNE. An anthology of 
two  proposal^. experimental techniques in radiation chemistry. 

The amount of dissociation may be measured A.E.C.L. Rept. CRC-1205.1964. p. 7. 
8. J. A. STONE. Can. J. Chem. 43,809 (1965). as the liquid product yield minus the hydrogen 9, J. A. STONE. Can. J. Chem. 42,2872 (1964). 

yield. At 0.3 M of solute, the yields of dis- lo. J. R. MAJER. Advan. Fluorine Chem. 2,55 (1961). 
sociation are 3.1, l.61, and 1.9 G units for PCH, l 1  &&(Eyf and STONE. Can  Chem. 39, 

PMCH, and PCB respectively, indicating that 12. M. M. BIBBY and G. CARTER. Trans. Faraday Soc. 
the efficiency for dissociation is much higher 59,2455 (1963). 
with PCH. For p c H  and PCB, these llulnbers 13. V. I. VEDENEYEV, L. V. GURVICH,~ .  N. KONDRAT'YEV, 

V. A. MEDVEDEV, and YE. L. FRANKEVICH. Bond 
agree very well with the yields of C6F11H and energies, ionization potentials, and electron affinities. 
C4F7H, which are 3.3 and 1.5-2.0 G units Edward Arnold (Publishers) Ltd. London. 1966. 

pp. 153-165 respectively. The total electron yield in c~c lo -  14. B. H. MAHAN and C. E. YOUNG. J. Chem, phys. 
hexane is probably around 4 (2), so that the 44,2192(1966). 
efficiency of dissociation is quite high. 15. R. K. ASUNDI and J. D. CRAGGS. Proc. ~ h y s .  Soc. 

London 83 61 1 (1964). 
The yields of c~clohexene and bic~clollex~l in 16. P. J.  and J. DENHARTOG. Can. J. Chem. 44, 

the presence of solute are consistent with the 461 (1966). 
ratio of ~ ~ s p r o p o r t ~ o n a t ~ o n  to for 17. M. M. BIBBY and G. CARTER. Trans. Faraday Soc. 

62 2637 (1966). 
cyclohexyl radicals of 1.3 (22), and a small 18. T.'L. COT~RELL and I. C. WALKER. Quart. Rev. 20, 
"molecular" yield (reaction [3b]) of 0.1 to 0.3 G 153 (1966). 

19. R. H. HEALEY and J. W. REED. The behaviour of 
units of cy~l011e~ene, if it is assumed that the ,low electrons in gases. Amalgamated Wireless, 
bicyclohexyl yield arises largely from radical (Austra1asia)Ltd. 1941. 

~h~~ are also consistent with the 20. R. S. DAVIDOW, R. A. LEE, and D. A. ARMSTRONG. 
J. Chem. Phys. 45 3364 (1966).  ore recently determined ratio of 1.1 and a 21. R. F. c. CLARIAG, and J. E. WILLARD. J. Am. 

slightly larger "molecular" yield (23). Chem. Soc. 87,4992 (1965). 
yields for the homogeneous solid irradiated 22. C. E. KLOTS and R. H. JOHNSEN. Can. J. Chem. 41, 

2702 (1963). 
a t  77 OK resemble those from hoinogeneous solid 23. w. A. CRAMER. J. ~ h y s .  Chem.71,1112 (1967). 
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Some observations on the ion-molecule reactions in ethylene 

J. J. MY HER^ AND A. G. HARRISON 
Departnjent of Clrenlistry, University of Toronto, Toronto, Ontario 

Received August 15, 1967 

The ion-molecule reactions in ethylene have been studied under conditions where C2H4+ was the only 
primary ion. In addition to the expected secondary ions C3H5+ and C4H7+, the C3H4+, C2H2+, and 
C2H3+ ions have been detected, presumably formed by the reactions 

[a] C2H4+ + C2H4 + C3H4+ -k CH4 

[bl --t C2H2+ -b C2H6 
I:cl + C2H3+ C2H5. 
Reactions [ / I ]  and [c] are endothermic for ground state reactants and it has been shown that the kinetic 
energy of the reactant ion plays a major role in determining the relative importance of these endothermic 
reactions. 

The C5Hg+ ion has been shown to originate by further reaction of the C3H5+ secondary ion rather 
than by reaction of the (C4H8+)* collision complex. The reversion of the (C4H8+)'~omplex to reactants 
has been confirmed by the observation of isotopically mixed ethylene ions in C2H4-C2D4 mixtures. 

Canadian Journal of Chemistry, 46. 101 (1968) 

Introduction 

Although the ion-molecule reactions in gas- 
eous ethylene have been studied extensively (1- 
9), a number of features of the reactions remain 
uncertain. The present study of the ionic reac- 
tions in ethylene was carried out under condi- 
tions where C2H4+ was the only significant 
primary ion and the results obtained permit 
clarificatioil of a nuillber of these uncertainties. 

It has been well established that the major 
secondary ions in the high pressure mass spec- 
trum of ethylene originating from reaction of the 
C2Hdt ions are the C3H5' and C4H7+ ions 
resulting from the reaction sequence, 

Recently, Szabo (10) has reported that the 
reaction of C2H4+ with ethylene leads to forma- 
tion of C2H3+ and C2H2+ as product ions, 
presunlably by the reactions 

[51 C2H4+ + C2H4 + C2H2+ -I- C2H6. 

The occurrence of these apparently endothermic 
reactions has been confirmed in the present work 
and it is shown that the kinetic energy of the 
reactant ion plays a major role in determining 
the relative importance of these reactions. 

1Present address: Department of Physical Chemistry, 
Cambridge University, Cambridge, England. 

At elevated ethylene pressures product ions of 
higher order have been observed by numerous 
workers (2,4,6-10). The two major higher-order 
ions at medium pressures, originating from a 
C2H4+ precursor, are C4Hft and C5H9+. It has 
been conclusively established that the C4H8+ ion 
is third order in pressure and originates by 
collisional stabilization of the coillplex formed in 
reaction [I], viz.2 

Although the origin of C4Hs+ appears to be 
established, the mechailism of forination of 
C5H9+ has been in dispute. Field (4) has pro- 
posed that it originates by the reaction sequence 

while Wexler and Marshall (6) have proposed 
that it originates by the reaction sequence 

[gal C3H5+ -I- C2H4 + (C5H9+)" 

[80] (C5Hg+)" -I- C2H4 + C5H9+ + C2H4*. 

Basically the two mechanisms differ in the life- 
time and/or reactivity assigned to the collision 
complex (C4H8+)'i'. The Field mechanism re- 
quires that the complex reacts by collision with 
C2H3 before dissociation to C3H5+ or other 
products occurs, while the Wexler mechanism 

2Szabo (10) has concluded that C4Hs+ is a secondary 
ion while C3H5+ and C4H7+ are tertiary ions. This con- 
clusion is in disagreement with all previous studies and 
also with the results obtained in the present work. 
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FIG. 1 .  Normalized ion intensities as  a function of 
pressure 3.4 eV ion exit energy. 

assumes that (C4H8+)* has such a short lifetime 
(or is sufficiently unreactive) that dissociation to 
C3H5+ (and other products) occurs before further 
significant reaction is possible. Convincing 
evidence for either mechanism has been lacking. 
Results will be presented in the following which 
provide strong support for reaction [8] as the 
major path for formation of C5Hg+. 

The present work also provides evidence that 
a significant fraction of the (C4H8+)* collision 
complexes revert to reactants, in some cases with 
isotopic mixing of the hydrogens in the complex. 

Experimental 
The present experiments were carried out on the 

medium pressure instrument previously described (1 1). 
The pertinent operating conditions were a source tem- 
perature of approximately 100 "C and a primary ion 
travel distance of 0.54 cm. Pressure studies were carried 
out at various repeller fields and hence various ion exit 
energies as detailed in the follovving section. The electron 
beam was pulsed and the primary ion residence times were 
measured by the deflection technique previously described 
(11). T11e source pressures were measured directly using 
an MKS Baratron capacitance micromanometer. 

Phillips research grade ethylene was used without 
further purification. Ethylene-d4 was obtained from 

Merck, Sharp and Dohme of Canada. Low energy 
analysis showed it to  be 98.6% C2D4 and 1.4% C2D3H. 

Results and Discussion 

A typical pressure plot obtained at 3.4 eV ion 
exit energy and an electron energy where C2H4+ 
was the only significant primary ion is shown in 
Fig. 1. In addition to the C3H5+ (mle 41) and C4- 
H7+ (mle 55) ions, which are the expected secon- 
dary ions (reactions [2] and [3]), the C2H3+ 
(mle 27) and C3H4+ (mle 40) ion intensities in- 
crease with pressure in a manner characteristic of 
secondary ions, while C2H2+ (mle 26) increases 
initially and then decreases as expected for a re- 
active secondary ion. In addition to these ions 
significant ion currents were noted at mle ratios 
of 69 (C5Hg+), 56 (C4Hsf), 39 (C3H3+), and 29 
(C2H5+); only the results for mle 69 are shown 
in Fig. 1. The zero initial slope and upward 
curvature are characteristic of ions formed by 
processes which are greater than second order in 
ethylene pressure. The remaining ions not shown 
in Fig. 1 exhibited a similar behavior with in- 
creasing pressure. 

For the case of one reactant ion leading to a 
number of product ions by competing reactions, 
i.e. 

we may write for any given pressure 

where I,+ is the normalized intensity of the ion 
X+, i.e. fraction of total measured ion current, 
and I,+o is the normalized intensity of the 
reactant ion extrapolated to zero pressure (i.e. 
no reaction). Rearrangement yields 

Since the concentration of M is much larger than 
that of P+ we may consider the competing re- 
actions as being quasi-first order and can write 

Equation [l 11 predicts that a plot of Is,+ versus 
Alp+ should be a straight line the slope of which 



MYHER AND HARRISON: SOME O B S E R V A T I O ~ S  ON ION-MOLECULE REACTIONS 103 

gives the fraction of the total reaction producing 1.6 

that secondary ion. 

TABLE I 
Fractional yields for reactions of C2H4' with C2H4 

Fractional yield 

Exit energy 
Secondary - 

in/e ion 3 . 5 e V  0.85 eV 

26 C2H2+ 0.09 - 
27 C2H3+ 0.04 - 
40 C3H4+ 0 . 0 1 ~  0.020 
41 C3Hs+ 0.81 0.885 
55 C4H7+ o.Os9 0.075 

Figure 2 shows a plot of 141+ (C3H5+), 140+ 
(C3H4+), and (C4H7+) as a function of 
A12,+ for the results at 3.4 eV ion exit energy. As 0 4 

predicted straight lines are observed, the slopes 
of which give the fractional yields recorded in 
Table I, Column 2. The similar plot for the 0 2  

remaining ions is shown in Fig. 3. The m/e 27 
(C2H3+) ion shows an initial quasi-linear rise 
followed by a dropoff from the linear relation. 
This is to be expected if the secondary ion 
reacts further and a similar behavior has been 01,8+ 

noted for a number of secondary ions i n  propyne i o ~ ~ i t ~ n e ~ ~ d ~ ~ t  ion 
versus ~ I 2 8 + ~  3.4 e v  

and allene (12). From the initial slope the frac- 
tional yield given in Table I has been determined. estimate that approxilnately 9 % ofthe c ~ H ~ +  
The m/e 26 (CZHZ') ion shows an initial increase ion reacts to form CzH2+, although this estimate 
followed by a rapid falloff. Fro111 the initial slope is o ~ v i o u s ~ y  subject to large error. l-he m/e 56 

I I rT---.i-- 
(C4Hs+) and 69 (C5Hg+) ions show an initial 
slope of zero followed by a rapid increase in 

5- - 
slope at  higher conversions, a behavior which is 
to be expected for tertiary or higher order ions. 
The situation for the mle 39 (C3H3+) and m/e 29 

Z 4 -  

2 
- 

(CzH5+) ions is not completely clear since the 
+ 
Q 

initial slopes (particularly for C2H5+) are not 
N zero. It is possible that C2H5+ may be formed to 
Z 3- 
2 

- 
a slight extent (- 1 % of total reaction) by 

_I reaction of C2H4+ with C2H4, although from 
Q the upward curvature it is clear that the major - 

part of the C2H5+ originates by a tertiary reac- 
tion, presumably 

1121 C2H3+ + C2H4 + C2H5+ + C2H2. 

It should be noted that C2H2+ is not entirely 
absent from the primary spectrum and the 

10 2 0 30 4 0 50 reaction 

AI28+ 
[I31 C2Hz+ + CzHl+ C3H3+ + CH3 

FIG. 2. Product ion intensities versus AI*~+, 3.4 eV probably accounts for both the secon- 
ion exit energy. dary and tertiary C3H3+ formation. 
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Frc. 4. Ion intensities as a function of pressure, 0.85 
eV ion exit encrgy. 

In contrast to the above results, the results 
obtained at 0.85 eV ion exit energy are consider- 
ably simpler with only the C3H4+ (n~/e  40), 
C3H5+ (i?~/e 41), and C4H7+ (rille 55) ions being 
observed as secondary ions while C4H8+ (mle 56) 
and C5Hg+ (mle 69) are formed as higher order 
ions. The pressure plot is shown in Fig. 4 while 
the plot of the norillalized product ion intensities 
as a function of the C2H4+ reacted, A128-1-, is 
shown in Fig. 5. Froill the slopes of the straight 
lines of Fig. 5 the fractional yields given in 
Column 3 of Table I were obtained. 

The results obtained at 3.4 eV support the 
observations of Szabo (10) that reactions [4] and 
[5] do occur. However, conlparison of the results 
at 0.85 eV and 3.4 eV ion exit energy shows that 
the importance of the reactions is strongly 
dependent on the kinetic energy of the reactant 
C2H4+ ion. Using heats of forn~ation tabulated 
by Field and Franklin (13) reaction [4] is cal- 
culated to be 40 kcal/mole endothermic while 
reaction [5] is calculated to be 29 kcal/mole 

endothermic for ground state reactants. Although 
there must be some internal excitatioil of the 
C2H4+ ion, even at these low electron energies, 
the run at 0.85 eV ion exit energy (.-. 10 kcall 
mole maximum available kinetic energy) shows 
that the internal energy is insufficient to drive 
reactions [4] and. [5]. The run at 3.4 eV ion exit 
energy (- 40 kcal/mole maximum available ki- 
netic energy) shows that the utilization of both 
the kinetic and internal energies of the reactant 
ion is very important to bring about an other- 
wise endothermic reaction. 

One further point of interest co~lcerning the 
results summarized in Table I is the observation 
of C3H4+ (m/e 40) as a product ion, presuinably 
formed by the reaction 

This reaction, accounting for approxiinately 2 % 
of the total reaction, of C2H4+, has not been 
reported previously, a l t l~ougl~ examination of 
the high pressure mass spectra reported by Field 
(4) and Wexler and Marshall (6) indicates in both 
cases a significant ion current at nz/e 40. The 
spectrunl given by Field yields a ratio C4H7+/ 
C3H4+ = 3.6 compared with a ratio of 3.0 to 3.7 
obtained in the present work. The C3H4+ 
intensity reported by Wexler and Marshall is 
considerably lower. 

Mechanism of Formation of C5Hgf 
As sl~own in Fig. 5 155+ and IeO+ are linear 

functions of A178+ over the entire range covered 
(up to - 70% conversion of C2H4+). This indi- 
cates, first, that these ions are not formed by 
tertiary reactions and, second, that they do not 
react appreciably with C2H4. 011 the other hand 
the plot of Iel+ (C3H5+) versus AIZ8+ begins to 
show a negative deviation from linearity at 
approximately 40 % conversion of the C2H4+ 
reactant. This is to be expected only if the C3H5+ 
product ion is reacting further with C2H4. The 
only significant higher-order ion present in the 
spectrum is C5Hg+ and, indeed, the suin 141+ 
-/- IG9+ (dotted line of Fig. 5) is a linear function 
of A128+ up to 70% conversion. This material 
balance suggests that C5Hg+ is produced by 
reaction of C3H5+ with C2H4 and therefore 
favors reaction [8] over reaction [7] as the 
mechanism of formation of C5Hgf. 
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A I28+ 

FIG. 5. Product ion intensities versus A128i-, 0.85 eV ion exit energy. 

To obtain further evidence a run was carried 
out at 0.80 eV ion exit energy (and low electron 
energy) which extended to coilsiderably higher 
conversioil of the C2H4+ ion. As shown by the 
pressure plot (Fig. 6) approximately 94 % of the 
C2H4+ ion has reacted at the highest pressures 
studied and the CjH9+ (tnle 69) ion has reached 
approxiinately 22% of the total ionization, 
indeed it is the second largest peak in the Inass 
spectrum. In addition the C3H5+ ion intensity 
passes through a inaxiinuin and then decreases 
with increasing ethylene pressure. 

The plot of these results as a function of 
ATz8+ is shown in Fig. 7. The ~ n / e  55 (C4H7+) ion 
intensity is a linear f~lnciion of the C2H4+ 
reacted over the entire range examined indicating 
that the C4H7+ ion is quite unreactive. Siinilarly 
the C3H4+ (tn/e 40) ion intensity is linear over 
inost of the range although it shows a slight 
dropoff a t  higher conversion. On the other hand, 
as in Fig. 5, the m/e 41 (C3H5+) ion intensity 
deviates from a linear relation with ATzs+ a t  
approxilnately 40 % conversion. The suin 
$- 169+ (C3H5+ $- CjH9+) is linear with AIZ8+ up 
to ca. 80% conversion following which a slight 

10 15 20 25 30 
negative deviation is observed. This deviation 

PRESSURE ( v )  lnay be due to forination of higher order ions 

FIG. 6. Ion intensities as a function of pressure, 0.80 (e.g. C7HI3+) by further reaction of C5H9+ (the 
eV ion exit energy. higher Inass region was not examined). However, 
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FIG. 7. Product ion intensities versus All8+, 0.80 eV ion exit energy. 

the C5H7+ (m/e 67) ion accounts for - 2 % of the 
total ionization at higher pressures (Fig. 6) and 
the sun1 C3H5+ + C5H7+ + C5Hg+ is a linear 
function of AIzs+ over the entire range.3 

The essential observations relevant to the 
mechanism of formation of C 5 H S  are that the 
C3H4+ and C4H7+ ion intensities are linear 
functions of the C2H4+ reacted while the C3H5+ 
intensity shows the characteristic dropoff ex- 
pected for a reactive secondary ion with the sum 
of the C3H5+ and C5Hg+ intensities being 
essentially linear with the C2H4+ reacted. These 
observations cannot be explained by assuming 
a single collision complex (C4H8+)* which may 
either dissociate to form the secondary ions 
(reactions [2], [3], and [14]) or react further with 
C2H4 to form C5Hg+ (reaction [7]). If these two 
channels for reaction of (C4H8+)*, i.e. decompo- 
sition versus further reaction, were conlpetitive 

3Previous workers (4, 6) have attributed formation of 
CsH7+ to  reactions involving a C2H3+ precursor ion. The 
observation of CsH7+ in the present case where C2H4+ is 
the only reactant ion indicates that at  least part of the 
CsH7+ ion is formed in a reaction chain involving the 
C2H4+ ion. 

one would expect the intensity of all secondary 
ions to deviate from a linear relation with A128+ 
as an increasing fraction of the collision com- 
plex reacted to form C5H9+. However, one 
observes that only the C3H5+ ion intensity 
deviates from a linear relation with A128+. 

One can explain this observation in two 
possible ways. It can be explained by assuming 
that more than one collision con~plex is formed 
by collision of C2H4+ with C2H4. In this case it 
is necessary to assume f~~r the r  that one of these 
conlplexes forms only C4H7+ and C3H4+ by 
dissociation and does not react further with 
ethylene to form C5Hg+, while a second complex 
either dissociates to form C3H5+ or reacts further 
(reaction [7]) to form C5Hg+. In this case the 
formation of C3H f and C5Hg+ are competitive 
and the linearity of 141+ + 169+ with AIz8+ would 
be expected. 

Alternatively the results can be simply ex- 
plained by assuming that the C5Hg+ ion is formed 
by reaction [8] rather than reaction [7], i.e. that 
C5Hg+ originates by reactions of the secondary 
C3H5+ ion with C2H4 rather than by reaction of 
the (C4H8+)* collision complex. Although the 
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FIG. 8. z56+/z55+ and Z69+/Is5+ as a function of 
pressure. 

explanation in terms of two complexes, outlined 
above, cannot be completely eliminated, the 
explanation in terms of the occurrence of re- 
action [8] is preferred. Some independent 
evidence in favor of this explanation is found in 
the kinetic order of the C5Hg+ ion. The reaction 
scheme [7] predicts that C5Hg+ should be third 
order overall in pressure while reaction scheme 
[8] predicts that C5Hg+ should be fourth order 
in pressure. Field (4) observed some years ago 
that the C5Hg+ intensity increased more rapidly 
with pressure than expected for a third order 
reaction and this has been confirmed in the 
present work. Figure 8 shows plots of IS6+/Is5+ 
(C4H8+/C4H7+) and 1~g+/I55+ (C5H9+/C4H7+) as 
a function of pressure. Since C4H8+ is well known 
to be third order in pressure and C4H7+ is 
second order in pressure the ratio should increase 
linearly with pressure and, within experimental 
error, this behavior is observed experimentally. 
On the other hand the ratio 169+/155+ shows a 
curved relationship as a function of pressure 
indicating that C5Hg+ is formed by a reaction 
which is greater than third order in pressure. A 
plot of I6g+/IS5+ against P2 does not lead to a 
straight line and the apparent order of C5H9+ 
would appear to be between 3 and 4. Whether 
this apparent non-integral order is real or an 

experimental artifact is not known. If some of the 
C5Hg+ collision complexes formed in [So] have 
sufficient lifetimes to  be detected then a kinetic 
order of less than 4 would be observed. 

The conclusion that C5Hg+ is formed by 
reaction [8] rather than by reaction [7] can be 
stated in other terms that the rate of reaction [8] 
is much greater than the rate of reaction [7]. This 
appears to  be so even though reaction [8] is 
presumably of higher order in ethylene pressure 
than [7]. No conclusive independent evidence 
on the relative rates ofthese reactions is available. 
Kebarle et al. (8) have shown that C4Hs+ ions 
produced by electron impact react very slowly 
with ethylene (the cross section being 11400 that 
for reaction of C2H4+ with ethylene); however, 
it does not necessarily follow that (C4Hs+)* also 
reacts slowly. For reaction [8] to  be responsible 
for the relatively high yield of C5H9+ the reaction 
must obviously be very efficient. Our opinion is 
that this apparent high efficiency may be due in 
part to a relatively long lifetime for the (C5H9+)* 
collision complex. Indeed as pointed out above 
the experimental kinetic order suggests that we 
may be observing directly some of the collision 
complexes. Further experiments to study more 
directly the reaction of C3H5+ with ethylene are 
planned which it is hoped will provide more 
conclusive evidence on this point. 

Decomposition of Collision Co1?7pIex illto 
Reactants 

The present results lead to rate constants for 
the disappearance of C2H4+ of 5.7 x 10-10 cm3 
molecule-1 s-1 at 3.5 eV ion exit energy and 8.3 
x 10-10 cm3 molecule-1 s-1 at 0.85 eV ion exit 
energy. These results are to be compared with a 
rate constant of 2.8 x 10-10 cm3 molecule-1 s-1 
obtained by Field et al. (1) and 8.3 x 10-10 cm3 
molecule-1 s-1 calculated from the date of 
Wexler et nl. (9). All of these rate constants are 
considerably lower than the collision rate con- 
stant of 13.1 x 10-10 cm3 molecule-1 s-1 cal- 
culated from the ion-induced dipole model (14). 
Although the applicability of the theory to such 
a complex system is perhaps questionable the 
results suggest the possibility that an appreciable 
fraction of the collision complexes may revert to 
reactants and led us to examine this possibility 
by searching for isotopically mixed ethylene ions 
in the spectra of C2H4-C2D4 mixtures. 

Table I1 records the spectrum obtained 
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TABLE I1 
Partial mass spectrum of C2H4-C2D4 mixtures (intensities in arbitrary units) 

1 .O p CzD4 1.0 p 1.1 p Difference Ionic 
rn/e + 1.1 p C2H4 C2D4 C2H4 spectrum assignment 

between nz/e 26 and 32 for a mixture of 1.0 p 
C2D4 and 1.1 p C2H4 at 3.4 eV ion exit energy 
and a continuous 1.2 pA ionizing electron 
current at 11 V nominal electroil energy. Also 
given in Table I1 are the spectra obtained under 
identical conditions for 1.0 p CzD4 and 1.1 p 
C2H4 run separately. All spectra have been 
corrected for natural abundance 13C and those 
for the pure coinponents have been normalized so 
that the intensities of in/e 28 (C2H4+) and rnle 32 
(C2D4+) are equal to the respective intensities in 
the mixture. Subtraction of the spectra found for 
the pure C2H4 and pure C2D4 from the spectrum 
obtained for the mixture leaves the residual 
spectrunl recorded in Table 11, Column 5. 

The excess ion currents observed at in/e 26 and 
in/e 27 in the illixture presumably originate by 
the reactions 

The saine reactions can be expected to contribute 
to forination of m/e 28 (C2D2+) and m/e 30 
(C2D3+). It cannot be determined froin the 
present experiments whether reactions [4a] and 
[5a] proceed with or without isotopic inixing. If 
they proceed with coinplete isotopic inixing one 
would expect the intensity distributions C2H2+: 
C2DH+:C2D2+ = 3:8 :3 and C2H3+:C2H2D': 
C2HD2+:C2D3+ = 1 :6:6:1. In the absence of 
any isotopic mixing one would anticipate, since 
all concentrations are similar, that C2H2+:C2D2+ 
= 1 : 1 and CzH3+:C2D3+ = 1 : 1. Thus in either 
case the maximum contribution of C2D3+ at m/e 
30 should be approxiinately the same at that of 
C2H3+ at m/e 27 or approximately 0.43 intensity 
units leaving approximately 2.5 intensity units to 
be ascribed to C2H2D2+. 

The observation of significant intensity which 
must be ascribed to the C2H2D2+ ion indicates 

that some back reaction nlust occur to give 
L 2  

isotopically mixed products. If we assume com- 
plete isotopic scrambling in the (C4H4D4+)* 
collision complex we calculate C2H4 :C2H3D : 
C2H2D2+:C2HD3+:C2D4+ = 1 :16:36:16:1, 
hence C2H2D2+ would be the illost abundant 
s~ecies formed in the back reaction. Excess inten- 
sities are found in the spectra of the mixture a t  
m/e 29 and in/e 31. That at rnle 29 inay corre- 
spond, in fact, to C2D2H-I', however, the impor- 
tance of this fragment cannot be determined with- 
out knowing the extent of isotopic scrainbling in 
reaction [4a]. If we assuinethat thetotalintensities 
at rn/e 29 and 31 correspond respectively to C2- 
DH3+ and C2D3H+ we calculate the intensity 
distribution C2H3D+:C2H2D2+:C2HD3f = 20: 
53 :16 which is not greatly different from the pre- 
dicted distribution of 16 :36: 16 altl~ough there 
appears to be a slight preference for forination of 
the CzH2D2+ ion. 

TABLE 111 
Intensity distribution for C3H5+ type ions in C2H4- 

C2D4 mixture 

Experimental, 
Ion Calculated this work Ref. 15 

The results with C2H4-C2D4 inixtures show 
that the formation of condensation products 
proceeds with extensive isotopic mixing. Table 
111 coinpares the measured distributioil of iso- 
topically mixed C3H5+ type ions forined in 
C2H4-C2D4 ~nixtures with that calculated on the 
basis of complete scrambling in the (C4H4D4+)* 
complex. The experimental distribution is reason- 
ably close to that calculated on the basis of 
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The theory of nucleation in solid state reactions is formulated in a general way and a solution to the 
problem of multi-step nucleation obtained. Two special cases of the general formulation are considered: 
the second of these corresponds to Bagdassarian's approximate model and some corrections to his 
treatment are pointed out. A new equation describing the kinetics of a solid state reaction, which involves 
multi-step nucleation followed by a constant and isotropic rate of growth, is derived. This equation is 
termed the generalized Avrami equation since it removes the restriction, in Avrami's treatment, of a 
single-step nucleation process. Erofeev's analysis of the problem is shown to be valid only in the limit of 
short times: the generalized Avrami equation reduces to Erofeev's equation in this limit. 
Canadian Journal of Chemistry. 46, I l l  (1968) 

It is generally accepted that in the decompo- 
sition of a solid to yield a second product phase, 
the chemical reaction initiates at certain 
discrete points in the reactant called nucleus- 
forming sites. This results in the formation of 
sub-microscopic particles of the solid product 
phase called nuclei which are distributed over 
the surface of, or embedded in the bulk of, the 
reactant. Further chemical reaction is localized 
at the interface between the nuclei and the 
reactant matrix so that the nuclei grow in size as 
the reaction proceeds. As the nuclei grow, the 
area of this interface increases, thus accounting 
for the rapid acceleratory stage which is usually 
a feature of the isothermal kinetics. Further 
growth leads to overlap of the nuclei, resulting in 
a reduction in the area of the interface and a 
consequent deceleration of the reaction, which 
continues until the reactant is consumed. If 
nucleation occurs over the whole surface, or if 
the growth of surface nuclei is unusually rapid, 
then the surface soon becomes covered by a 
product layer and the kinetics are governed by 
the rate of inward propagatioil of this contracting 
envelove. Thus the reaction is entirelv decelera- 
tory in character. A constant rate of propagation 
leads to the familiar 'contracting volume' 
expression (1, 2). 

The conventional theory of the decomposition 
of solids distinguishes between formation and 
growth of nuclei in a very real way by ascribing 
different rate constants kc and k, to these two 
processes. This is a realistic procedure if a nucleus 
can be formed as a result of a single reaction step 
because the first molecular decomposition at a 

1Permanent address: Department of Chemistry, The 
University, Manchester 13, England. 

nucleus-forming site is clearly occurring in a 
different environment from that for subsequent 
ones. If the presence of a single product mole- 
cule provides the autocatalytic conditions neces- 
sary for nucleus growth, then one might expect 
that kg > kc .  On the other hand if the nucleus- 
forming site contains some special structural 
feature which is eliminated or altered by the act 
of decomposition, then lc, might well be > kg. 
The latter situation is essential for the kinetics to 
be entirely deceleratory. 

An important advance was made by Bagdas- 
sarian (3) who introduced the concept of multi- 
step nucleation. He proposed that, in general, /I 
successive molecular decoinpositions at a single 
site are required to form a stable growth nucleus 
and that nuclei containing less than y product 
atoms are not growth nuclei, but germ nuclei, 
which may become growth nuclei by acquiring 
the requisite number of product atoms. Bagdas- 
sarian considered only the special case 

where ki is the rate constant for the addition of 
a product atom to a nucleus containing i atoms. 
Bagdassarian recognized that [I] was an approxi- 
mation but evidently believed that a knowledge 
of the dependence of lci on i was necessary to 
make the problem soluble. In this paper we 
present the general solution to the problem of 
multi-step nucleation. This falls into two parts: 
first we consider the situation in which the rate 
constants are all different and then we consider 
the modifications to the theory which are neces- 
sary when the k's are all different up to i = r and 
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equal for i > r. We also reconsider the Bagdas- e-~:o t - e-kl c 

sarian special case in greater detail, since his 191 = no(o)k0[ k l  - ko  
solution, though correct, is incomplete. 

ePA0 

I 
Multi-Step Nucleation 1101 nl(t) = no(O)kokl[ (kl - ko) (k? - ko) + 

General Solution 
The differential equation controlling the num- 

ber of nuclei ni which contain i product atoms is 

This equation is to be solved subject to the 
boundary conditions n, = 0 for i < 0; ni = 0 
for i > 0 at t = 0, ni = no(0) for i = 0 at t = 0; 
n , = O f o r i = O a t t =  m.Let 

13 I 
denote the Laplace transform of ni(t). Then [2] 
transforms to 

which has the solution 

fli(0) + kiPl[ 
ni-l(0) + hi-zEi-2 I , etc. 

s + hi-1 
The solution may be continued down to no(0) by 
repeated use of [5]. But according to the bound- 
ary conditions n,(O) = 0 for all i except i = 0 and 
therefore 

Therefore 

where Tr denotes the inverse transform. Thus 

The solutions for i = 0, 1, 2 are 

[8 1 no(t) = 7z0(0) e-kO1 

e-" ' e-" ' I (k2 - kl)(ko - kl) + (KO - k2)(kl - k ~ )  ' 
These results for i = 0, 1, 2 are identical with 
those obtained by direct solution (4) of the 
differential eq. [2], but the direct method becomes 
impractical for large i and so does not lead to a 
general solution to the problem. 

The form of these solutions is particularly 
interesting for kit << 1. Equations [9] and [lo] 
then simplify to 

and 

suggesting the basis for a general power law for 
nucleation: if the formation of a stable growth 
nucleus requires the successive deconlposition of 
p molecules of reactant, and if the nucleation 
rate constants are such that kit << 1, then the 
number of growth nuclei formed in time t is 
proportional to tP. 

The general proof follows by induction; 
application of the Faltung theorem to the result 
[6] gives 

We desire to show that if, in the limit t +'o, ni-l 
behaves like ti-1 then ni behaves like ti. Suppose 

[14] niPl(7) = ai-l~i-l + b i - l~ i  + --- . 
Then [13], [14] give 

Expand both exponentials as far as the second 
term and integrate, giving 

so that 

[16] Lim ni(t) = 
' 3 0  
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ALLNATT AND JACOBS: THEORY OF NUCLEATION IN SOLID ST.4TE REACTIONS 113 

In view of [ll .] and [16] it follows that Equations [19] and [22] give the general solution 
to the problem of multi-step nucleation when 

[171 n d t )  = 
ki-~k i-2 --- k0n0(0)  i = the rate constants are all different a t  the start, 

i! but after the nucleus contains inore than r  atoms. 
(k,t << 1 for all j ) ,  the nucleation rate constants have a constant 

value lc for the addition of successive atoms of 
which is the general power law for nucleation. ~roduc t .  

The limit for short times may be obtained by 
a technique similar to that already used. We have 
that 

The solution [7] for n,(t) is inconvenient in the [14'1 nz(t)  = a,tz + bltz+l f --- 
limiting case when any two of the nucleation rate 
constants are equal. We therefore consider the for i ,< r. For i > r ,  one requires (see [7] and 
situation in which the k ,  are all different for [21]) 
i = 0 ,  1 ,  2 --- r ,  but Ici=k for i > r +  1. It  L-T-1 

follows then from the general formula [6] that, [as] I , ( t )  = S z  [dT (t - e-h(~- i )  

for i > r ,  0 ( i - Y - l ) !  

[ 151 7T. = (A) (&) (A) -- - - 
noco, il; h,  

J=O 

---------- (A) no (0 ) .  
s + ko 1 

7 7  X 
Transforming [ I S ]  gives (i - r - l ) ! n o ( 0 )  n k ,  

1-0 

[19] n,(t) = rzo(0)kokllcz --- lc,lcl-'-1 x I,(t), 
a tr+' e-lLtt"l[ -+ o(t'+?)] 

where r + l  I 

so that 
[20] I , ( t )  = S ' d r  T r  [l] '-' X 

s + k .t(Z-T, 
[24] Lim I ,  ( t )  = 

1 
7-1 X 

l+ 0 

Tr [ (A --- (A) Iat  ( i  - Y - l ) !no(O)  n k J  
1-0 

or 
(t - T ) l - ' - l  e -k ( z -T)  [;$]tZ. 

[2 l ]  I , ( t )  = lidT [ 
(i - Y - l ) !  1 Substituting from [24] in [19] gives 

e-hl 7 , k Z - ~ - l k  [ 6 ,, , - ) ]  251  n z ( t )  = (i - - 1  ( e i ) t l  

J=O 
( 3 2  1 )  (kt, klt << 1).  

on substituting the inverse transforms. Integral- But 
ing gives Liin n,( t )  = n,tT 

j [ (k  - k ,)t] "-' 
+ 1 (i - Y - l ) !  

, , 
Z J O  

and so [25] and [17] give 

k i - ~ - l  

[26] ?zi(t) = 
kTk7-l --- kano(0) t i  = 

(,i - Y - l ) !  (,r+ l ) !  

Kit  i, provided kt, kit << 1. 

[ (k  - k1)tli-'-' ' I  Thus the power law for nucleation is still valid, 
(i - Y - 2 ) !  + --- . but note that the meaning of the constant Kt 
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depends on whether the k i  are all unequal or 
whether k ,  = k for i > r (see eqs. [17] and [26] 
respectively). 

Bagdassarian Model 

Bagdassarian assumed (3) that 

The general expression [6] for the transform of 
n, reduces in this case to 

[a71 a , =  ko i  n0(0) t o r i  < 9 ,  ( S  + ko) i+ l  
and so 

(kot) 
[2S] n ,  ( t )  = no ( 0 )  7 ' (i < 9 )  . 
For i >, p, 

k i-n 

[29] = 
k on 

( S  + k)i-R+l (s  + ko)" no(0) 

and 

P O I  n i ( t )  = k i - p k ~ n o ( 0 ) ~ i ( t ) ,  
where 

Evaluating the integral and substituting the 
result in [30] gives 

(m + p - 111 - e i t - i o , t  -- 

m! (9 - l ) !  \ [ l  + --- + 

which holds for i >, p. 
The total number of growth nuclei formed in 

time t is 

m 

Now f i ( t )  = x G f ;  
i=n 

on substituting from [29] and evaluating the 
inverse transform, we have 

which is identical with Bagdassarian's formula 
[4 ' ] .  However, his formula on page 447 of ref. 3 
for ni(t) is valid only for i < p. The result [33] is 
clearly correct, since 

whence [33] follows immediately on substituting 
for tli(t) from [28]. Bagdassarian used this 
method to evaluate n(t) and thus obtained the 
correct result [33],  since his formula for n,(t) is 
correct if i < p. I t  is important to recall that 
Bagdassarian's theory was one of photographic 
development but that we are utilizing his basic 
idea of multi-step nucleation in solid state 
thermal reactions. Thus in Bagdassarian's theory 
nuclei go on growing after they contain p atoms 
of product but with a different rate constant k 
(f  k o )  All nuclei with i >, p will then undergo 
development when the grains are exposed to the 
developer. In our theory, as soon as a nucleus 
reaches the size characterized by p atoms, it 
becomes a stable growth nucleus and no further 
assumptions about k, ,  i >, p, are necessary since 
lci is automatically determined by whatever 
assumptions are made concerning the nuclear 
growth rates. For example, a constant growth 
rate means that lci rn i2'3. 

Growth of Nuclei 

The two main theories of nucleus growth are 
those due to Avrami (5) and to Erofeev (6).  
Avrami assumed that germ nuclei are converted 
into growth nuclei in a single activated step. 
However, some unactivated germ nuclei are 
lost through incorporation into growing nuclei. 
Also growth nuclei formed from germ nuclei, 
which happen to be near one another in the 
reactant, will impinge together and overlap 
during growth. This ingestion and overlap result 
in the fractional decomposition a being smaller 
than a,,, the extended fractional decomposition, 
which Avrami defines as the fractional decom- 
position which would have occurred without 
ingestion and overlap. If we assume that de- 
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ALLNATT AND JACOBS: THEORY OF NUCLEATION IN SOLID STATE REACTIONS 115 

composition is a purely random pl~enomenon~ 
then 

[351 da  = da,,(l - a). 

Formula [35] is the simplest expression that 
satisfies the required boundary conditions daldt 
= da,,/dt at a = 0, daldt = 0, but da,,/dt 
finite at a = 1. It follows from [35] that the 
fractional decon~position a is given by the 
Avrami equation 

[See refs. 1,2,4, and 5 for the detailed arguments 
and for explicit expressions for the constant kt.] 
ko is the nucleation rate constant. 

The approach used by Erofeev (6) is to take 
the rate of formation of growth nuclei as 

which we have shown to be the correct form for 
small t, eq. [17]. The extended fractional de- 
composition is then 

I381 a,, = [ v ( ~ ) I - '  L t d i  X 

if the nuclei are assumed to be spherical with a 
constant growth rate in a radial direction of G. 
V(m) is the total volume of product when re- 
action is complete. Integrating [38] and substi- 
tuting in the integral of [35], -log (1 - a) = a,,, 
gives the Erofeev equation 

[391 -log (1 - a) = (k,t)", 

2Following Avrami, both nucleation and subsequent 
decomposition are assumed to be random in both space 
and time. The latter assumption is well grounded in 
statistical mechanics: spatial randomness will be valid for 
exactly equivalent segments of reactant. In real crystals, 
however, topochemical equivalence may not be a realistic 
assumption in view of the occurrence of point defects, 
dislocations, and grain boundaries together with grosser 
imperfections such as cracks or scratches. In  h e  powders 
the particle size distribution may also be important. 
Alignment of nuclei along dislocations or grosser imper- 
fections can lead to non-random overlap and hence to 
substantial modifications in the observed time dependence 
of the reaction rate. Some special cases of this are dis- 
cussed in ref. 4. 

where 12 = y + 3, and En is the overall rate 
constant for the reaction determined by analyzing 
the kinetic data by plotting [-log (1 - a)]"" 
against t. Equation [39] is one of the most 
commonly used formulae in solid state reaction 
kinetics; it is frequently referred to as the 
Avrami-Erofeev equation on the grounds that 
the Avrami eq. [36] would reduce to this form 
for either short times, kt << 1, or for long times, 
k t  >> 1. As this approximation is clearly not 
valid when k t  is of order unity, it seems better to 
drop this nomenclature and to preserve the name 
Avrami equation for [36]. 

The nucleation law used by Erofeev is, how- 
ever, only approximate, since it is of the correct 
form for a multi-step nucleation process, with 
the k's all different, only if kit << 1 (see eq. [17]). 
I t  will now be shown that the use of the exact 
form of the nucleation law for multi-step nuclea- 
tion leads to a generalized Avrami equation 
which, for small t, reduces to the Erofeev equa- 
tion. This new development also replaces the 
weak point in Avrami's formulation which lies 
in restricting the nucleation law to a single-step 
process. 

Suppose that nucleation is a multi-step process 
characterized by rate constants ko,  kl  --- k,, and 
that once a nucleus containing y atoms of 
product is formed it becomes an active growth 
nucleus. The rate of formation of active growth 
nuclei is therefore 

where the general result [7] has been used for 
n,-l(t) and 

The extended fractional decomposition a,, is 
then 

s O t d T  L%] X [42] a,, = -- 
V(m > t=r 

where G is the constant radial growth rate and CT 
is a shape factor (= 4 r / 3  for spherical nuclei). 
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Substituting from [40] in [42], integrating, and But we have already proved (see [17]) that ni 
evaluating a from a,, in the usual way gives behaves like ti as t -+ 0, so that the first p - 1 

coefficients in [45] must be zero. Therefore [44] 
[43] -log (1 - a )  = 6 ~ [ V ( a  ) I - ' ~ o ( o ) G ~  X becomes 

Equations [43] and [41] give the general solution 
to the problem of multi-step nucleation followed 
by a constant rate of growth in three dimensions. 
Equation [43] is of the same form as eq. [36] and Thus -log ( I  - a )  behaves like tp+3 when k,t 

we therefore term it the generalized Avrami << 1, if there are p steps in forming a growth 

equation. The limit for short times is of interest: nucleus. But this is just Erofeev's conclusion, 

as t -+ 0, [43] becomes which is therefore exact in the limit of short 
times. 

) ] - 1 n o ( ~ ) ~ 3  'E B , ~  ii + 0 (1"). 1 P. W. M. JACOBS and F. C. TOMPKINS. In Chemistry 
L=O of the solid state. Edited by W. E. Garner. Butter- 

But from [7], worths, London. 1955. Chap. 7. 
2. D. A. YOUNG. Decomposition of solids. Pergamon, 

P-1 Oxford. 1966. 
[45] k,l-lnl,-l = ?LO (0) C B, e-" ' = 3. CH. BAGDASSARIAN. Acta Physicochim. U.R.S.S. 20, 

I=O 441 (1945). 

J P-1 1 4. P. W. M. JACOBS. Kinetics of the thermal decom- 
position of solids. Kinetics of reactions in ionic 

no(o)[ z + 1 C Bo l(-k + systems. Plenum Press, New York. To be published. 
L=O I=O 5. M. AVRAMI. J. Chem. Phys. 7, 1103 (1939); 8, 212 

(1940); 9, 177 (1941). 
6. B. V. EROFEEV. Con~pt. Rend. Acad. Sci. U.R.S.S. 

I=O 52, 511 (1946). 
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Coordination compounds of norbornadiene with siIver tetrafluoroboratel 

HAROLD W. QUINN 
Exploratory Research Laboratory, Dow CIzemical of Canada, Litnited, Sarnia, Ontario 

Received August 8, 1967 

Crystalline complexes of norbornadiene with silver tetrafluoroborate have been obtained both from 
anhydrous and aqueous solution. While both solutions yield complexes of stoichiometry AgBF4.C7Hs 
and 2AgBF4. 3C7H8, those from the aqueous solutions also contain water of crystallization. The infrared 
spectra show that norbornadiene is similarly complexed in both the anhydrous and hydrated complexes 
but that the coordination in the 1 :I complex is different from that in the 2:3 complex. The anhydrous 
and hydrated 1 :1 complexes have the same X-ray diffraction powder patterns while those of 2:3 com- 
plexes are different. 

Canadian Journal of Chemistry, 46, 117 (1968) 

Introduction 
The addition of norbornadiene (bicyclo[2.2.1]- 

hepta-2,5-diene) to an aqueous silver nitrate 
solution has been observed to produce a mix- 
ture of AgNO3.C7H8 and 2AgN03.C7H8 (1). 
Recrystallization of the product from ethanol 
yielded 2AgN03.C7Hs (the complex observed 
by a number of investigators (2-4)), the structure 
of which has been reported (5) to involve a 
cross-linking of AgN03 chains with norborna- 
diene molecules. 

In view of the differing stoichiometry of the 
butadiene-1,3 complex of AgN03 and AgBF4 (6), 
it was considered to be desirable to investigate 
the norbor~ladiene complexes of AgBF4. Con- 
sequently a study has been made of those com- 
plexes obtained from both aqueous and non- 
aqueous solutions of silver tetrafluoroborate. 

Experimental 
Anhydrous silvcr tetrafluoroborate was prepared as 

previously described (6). Saturated aqueous solutions 
containing about 47 % by wc~ght of AgBF4 wcre obtained 
from Fairmount Chemical Company. The solution was 
filtered and the filtrate analyzed at 28.0 weight % Ag. 

Norbornadiene ( N I I ~ ~  1.4703) was obtained from 
Aldrich Chemical Company. Prior to use it was vacuum 
distillcd to free it of polymeric products and stored in a 
refrigerator. 

The solvents enlployed, nitromethane and toluene, 
were Eastman Spcctro grade and Fisher certified reagent 
grade rcspectively. They were used without further 
pur~fication. 

Coniplex Fortnation from Atrllyrlro~rs Sol~rfiotl 
The calculated compositions (weight %) of the com- 

plexes which, on the basis of the literature, one might 
anticipate are as follows: 

2AgBF4.C7Hs: Ag, 44.80; C, 17.46; H ,  1.67. 

lcontribution No. 152. 

AgBF4.C7Hs: Ag, 37.61; C, 29.31; H, 2.81. 

2AgBF4.3C7H8: Ag, 32.40; C, 37.88; H, 3.63. 

Affe~npfed Preparation of 2AgBF4C7Hs 
AgBF4 (2.151 g, 0.0110 mole) was dissolved in 3 ml 

toluene and 0.455 g (0.0049 mole) norbornadiene dis- 
solved in 1 ml toluene added with shaking. A greyish- 
white precipitate was obtained, filtered under vacuum, 
washed twice with 1 ml quantities of toluene and thrice 
with petroleum ether, and vacuum dried at room tem- 
perature. 

Anal. Found: Ag, 37.9; C, 28.4; H, 2.80 (corresponds 
to AgBF4.0.962C7H8). 

It was noted that the toluene washings did not mix 
readily with the original filtrate. Addition of more 
norborandiene to this filtrate resulted in further prccipi- 
tation of white solid, indicating an incomplete initial 
complexing of the AgBF4. 

Preparafiotr of AgBF4.C7H8 (I) 
AgBF4 (1.038 g, 0.0053 mole) was dissolved in 2.5 ml 

toluene and 0.455 g (0.0049 mole) norbornadiene added 
with shaking. The white precipitate obtained was 
separated by vacuum filtration, washed four times with 
petroleum cther, and vacuunl dried at room temperature. 
The product, which was somewhat hygroscopic, showed 
no melting point but discolored at about 110 "C and 
deconlposed rapidly at about 150 "C. 

Anal. Found: Ag, 37.5; C, 29.7; H, 2.85 (corresponds 
to AgBF4.1.016C7H8). 

Prepm'atiol~ of 2AgBF4.3C7Hs ( I I )  
AgBF4 (0.723 g, 0.0037 mole) was dissolved in 2 ml 

toluene. Upon addition of 0.910 g (0.0099 mole) norborna- 
diene with shaking a fine white precipitate was obtained. 
The toluene was removed by vacuum filtration and the 
precipitate was washed four times with petroleum ether 
and vacuum dried at room temperature. The product, 
which showed no tendency to be hygroscopic, did not 
melt but began to discolor at about 140 "C and rapidly 
decomposed at about 165 "C. 

Anal. Found: Ag, 32.6; C, 37.6; H, 3.70 (corresponds 
to AgBFj.1.469C7H8). 

Preparatior~ of 2AgBF4.3C7Hsfiorn Nitronlethane Sol~rfiotz 
Norbornadiene (1.090 g, 0.012 mole) was added to 

0.767 g (0.0039 mole) AgBF4 dissolved in 2 ml CH3N02. 
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NORBORNADIENE 

FIG. 1. Infrared spectra of norbornadiene and the complexes AgBF4.C7Hs and 2AgBF4.3C7Hs obtained from 
anhydrous solution. 

The white crystalline product obtained was dissolved by 
heating to about 80 "C. Upon cooling, fine needles were 
obtained. One milliliter of CH3N02 was added and the 
system warmed to  effect solution; upon slow cooling, 
large needle-like crystals were obtained. The crystals 
were filtered, washed twice with petroleum ether, and 
vacuum dried (weight 0.248 g). 

Anal. Found: Ag, 32.35; C, 36.05; H,  3.60. 

Complex Formation from Aqueous Solutio?~ 
Preliminary experimentation established that the 

norbornadiene complexes obtained from aqueous 
solution were hydrated and that a mixture of complexes 
of differing stoichiometry was usually obtained. Over a 
period of time, techniques were developed which per- 
mitted isolation of single complexes. 

Preparatio~z of AgBFd.C7Hs Hydrate (111) 
Norbornadiene (5.144 g, 0.056 mole) dissolved in 

6.58 g petroleum ether was added to  23.169 g aqueous 
AgBF4 containing 0.060 mole AgBF4 and shaken for 
10 min. (Prelimina~y experiments had established the 
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QUINN:  COORDINATION COME 'OUNDS OF NORBORNADIENE 119 

desirability of dissolving norbornadiene in petroleum 
ether in order to prevent a marked precipitation of com- 
plex at the organic-aqueous interface.) A significant 
evolution of heat was observed. The aqueous laycr was 
removed with a hypodermic syringe, filtered, and re- 
frigerated at about 10 "C for 48 11. Transparent crystals 
ranging from about 0.5 to 3 mm in diameter were obtained, 
vacuum filtered, and surface dried on filter paper. Some 
crystals were blocky, while others were long. Employing a 
microscope, some of the longer crystals (111) were 
removed from the mass (IIIa) and analyzed. 

Anal. Found for 111: Ag, 33.55; C, 26.25; H, 2.97; 
H?O. 9.68. Anal. Found for 1110: Ag, 29.35; C, 31.0; H, 
3 . 5 9 ; ' ~ ~ 0 ,  11.65. 

I11 corresponds to AgBF4.1.004C7Hs.l.729H20 and 
1110 to AgBF4.1.355C7Hs.2.379H20. 

Preparation of 2AgBF4.3C7Hs Hydrate (IV) 
Aqueous AgBF4 (30.369 g) containing 0.080 mole 

AgBF4 was diluted with 16.741 g distilled water. To this 
was added 3.786 g (0.041 mole) norbornadiene dissolved 
in 5.331 g petroleum ether and the system shaken for 
5 mln. The aqueous layer was separated, filtered, and 
refrigerated at 10 "C for 18 h with no crystal growth 
observed. An additional 2.864 g (0.031 mole) norborna- 
diene dissolved in 4.061 g petroleum ether was added 
and the same treatment appl~ed. Over a period of 3 days 
at 10 "C, transparent blocky crystals of 3 to 4 mm diam- 
eter were obtained, removed from the supernatant, and 
surface dried with filter paper, whereupon the surface 
became opaque. 

Anal. Found: Ag, 31.0; C, 34.9; H, 4.06; HzO, 7.7 
(corres~onds to AnBF4.1.444C7Hs.1.489H20). 

~ o t h  I11 and IV show partial melting between 95 and 
105 "C, followed by discoloration above 120 "C and rapid 
decomposition above 150 "C. 

Etlrar~ol Recrystallizatio~z of Co~nplexfrom Aq~teorrs 
Solrrfiorz 

Norbornadiene (4.568 g, 0.050 mole) was added to 
10.422 g aqueous AgBF4 containing 0.015 mole AgBF4. 
The massive white precipitate obtained was filtered on a 
s~ntered disc and dissolved in 5 ml of hot ethanol. Upon 
cooling a mass of white needle-like crystals was obtained, 
filtered, and dried on filter paper (weight 1.304 g). The 
product did not melt but decomposed rapidly at about 
170 "C. 

Anal. Found: Ag, 26.35; C, 36.6; H, 3.27. 

I12fvared Spectra 
All infrared spectra were obtained on a Beckman IR9 

spectrophotometer employing AgCl windows for the 
hydrated complexes and KBr windows for all others. 
The complexes were run as Nujol and fluorolube mulls 
prepared in a nitrogen-blanketed dry box. The spectrum 
of norbornadiene was obtained from CC14 and CS2 
solutions. 

Nuckar Mugr~etic Resonance Spectra 
The proton resonance spectra of I, 11, and norborna- 

diene dissolved in nitromethane were determined at 
room temperature on a Varian A60 spectrometer. 

X-Ray Diffrlaction 
DebyeScherrer patterns were obtained on all samples 

using a General Electric camera of 143.2 mm diameter. 

Results 
Comnplexesfi.om Anhydrous Solzrtion 

The complex obtained from a preparation 
employing toluene as solvent and a 3 : l  mole 
ratio of norbornadiene:AgBF4 shows an analy- 
sis corresponding essentially to 2AgBF4.3C7H8 
(11), while that obtained employing a ratio of 
1 :I or lower appears to be AgBF4.C7H8 (I). 
The complex obtained with a mole ratio of - 0.5 :1 had an infrared spectrum and a Debye- 
Scherrer pattern identical with those of I, while 
the product of reactions employing mole ratios 
of 1:l to 1.5:l was observed to be a mixture 
of I and 11. 

With nitromethane as solvent, the product 
analysis indicated some possible incorporation 
of solvent. Wbile the infrared spectrum showed 
bands attributable to nitromethane, it was 
otherwise identical with that of 11, as was the 
Debye-Scherrer pattern. 

Infiared Spectra 
Each of the complex species I and I1 has its 

characteristic infrared spectrum shown in Fig. 1. 
In the C-H stretching region for norborna- 

diene, the bands at  3070 and 2990 cm-1, a t  
2980 cm-1, and at  2937 and 2870 cnl-1 are 
probably assignable (7) to the bonds involving 
olefinic, bridgehead, and bridging hydrogens 
respectively. In this region the primary differ- 
ences between the spectra of I and I1 are the 
presence of the band at  3037 cm-1 and the 
absence of the band at about 2990 cin-1 in I. 
The spectrum of I1 is more akin to that of the 
uilcomplexed dieile than is that of I. 

The bands at 1642 and 1544 cnl-1 in norbor- 
nadiene have been assigned to the C=C stretch- 
ing vibration split by vibrational coupling (3). 
Complex I has bands of equal intensity at 1470 
and 1481 cm-1. While it is not certain that both 
of these bands are due to C=C stretching 
vibrations, it has definitely been established that 
they decrease identically in intensity with 
decreasing amount of I in the complex; I1 shows 
a single band at 1489 cm-1. (The spectrum of I1 
in Fig. 1 shows the presence of a sinall amount 
of I.) The complex spectra show no bands near 
1550 cm-1, indicating the presence of uncoordi- 
nated double bonds, as has been observed with 
CuCl.C7H8 (8). Increasing intensity of the band 
at  1489 cm-1 is accompanied by some intensity 
increase of the weak bands at 1522 cm-1 and 
1456 cm-1. 
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FIG. 2. Infrared spcctra of the fluorolube mulls of complexes obtained from aqueous solution. 
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TABLE I 
Stoichiometric and X-ray diffraction data for hydrated complexes 

Mole fraction H z 0  :AgBF4 

S a m ~ l e  C7Hn:AgBFd I11 IV Calcd.* Obs. X-ray ~ h a s e  

*Calculated on basis x = 2 andy = 3. 

A number of other bands, which have not 
been assigned, appear at somewhat different 
frequencies in I than in 11. The band at 1227 
cm-1 in the diene appears at 1241 cm-1 in I 
and 1236 cm-1 in 11, while the band at 1204 
cm-1 in C7H8 appears at 1193 and 1204 cm-I 
in I and I1 respectively. Also the band at 798 
cm-1 in the diene appears to be split in the com- 
plexes into bands with a frequency difference of 
about 11 cm-1. 

The intense band at 658 cm-1 in norborna- 
diene, which may represent the out-of-plane 
deformation vibration of the olefinic hydrogens, 
is shifted to about 735 to 750 cm-1 in the 
complexes. It is not possible to establish which 
band in this region corresponds to that parti- 
cular deformation. 

The bands at about 520, 770, 1060, and 1345 
can be assigned to AgBF4. 

X-Ray Diflaction 
The diffraction pattern of I1 shows a single 

phase A, while that of I shows another single 
phase B. Samples of complex which show 
significant amounts of both I and I1 (as indicated 
by the infrared spectrum) contain both phase A 
and phase B. Such samples can be obtained by 
exposing a sample of I1 to the nitrogen atmos- 
phere of a dry box. 

Nuclear Magnetic Resonance Spectra 
A comparison of the proton chemical shifts 

of the complexes dissolved in nitromethane 
with the diene in the same solvent shows a 
deshielding of the olefinic, the bridgehead, and 
bridging protons (9) amounting to 40, 28, and 
6 c.p.s. for I and to 34, 22, and 6 c.p.s. for 11. 
Because the complexes are essentially insoluble 
ill an n.1n.r. solvent such as chloroform, it was 

necessary to employ nitromethane, which is 
known to compete to some extent with olefins 
for complexing at the silver ion. The addition of 
surplus norbornadiene to the nitromethane 
solutions produces a spectrum with smaller 
chemical shifts, indicating a rapidly established 
equilibrium between complexed and uncom- 
plexed diene molecules (10). Thus one cannot 
conclude that the lesser deshielding of I1 
indicates less strongly complexed norborna- 
diene, since in nitromethane solution a complex 
dissociation equilibrium is probably established. 

Complexes from Aqueous Solution 
Crystallization from aqueous solution always 

produced hydrated complexes. While the prod- 
uct usually appeared to be a mixture of hydrated 
I and 11, it was possible in certain instances to 
obtain crystals that could be represented essen- 
tially by one of the formulae AgBF4.C7H8.xH20 
(111) or 2AgBF4.3C7H8.yH20 (IV). While inte- 
gral values of x and y have not been observed, 
there is an indication that x may have an upper 
limiting value of 2 while y appears to have a 
value between 2 and 4. 

In Table I are reported the mole fractions of 
111 and IV, calculated from the observed 
C7Hs:AgBF4 mole ratio, encountered in the 
mixtures obtained from several preparations. A 
comparison is made of the observed H20:AgBF4 
ratio with that calculated on the basis that 
x = 2 a n d y = 3 .  

It was found that, even from systems with a 
C7Hs :AgBF4 mole ratio of less than 1, the first 
hydrated complex to crystallize was IV, indi- 
cating a lower aqueous solubility, probably as a 
result of its higher organic character. 

Recrystallization of the product from ethanol 
resulted in a complex which appeared to contain 
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both ethanol and water molecules in addition 
to norbornadiene. 

Ilzfiared Spectra 
The spectra of the region between 4000 and 

1300 cm-1 of 111, IV, and a mixture of I11 and IV 
(of composition AgBF4.1.3 14C7H8,1 .599H20) 
are depicted in Fig. 2. Except for the bands assign- 
able to the vibrational modes of the water 
molecules, the spectra of I11 and IV are essen- 
tially identical with those of I and I1 respectively. 
The bands assigned to the C=C stretching 
vibrations are at exactly the same frequency in 
both the anhydrous and hydrated complexes, 
i.e. at 1470 and 1481 cm-1 for I11 and at 
1489 cm-1 for IV. The pattern of the C-H 
stretching region in 111 is somewhat different 
from that in I. 

The bands appearing at 3540, 3490, 3220, 
1635, 1415, 655, and 430 cm-1 are considered 
to be due to vibrational modes involving the 
water molecules. In general the bands in the 
3000 cm-1 region, i.e. the 0-H stretching 
bands, appear to become less well-resolved with 
increasing diene content of the complex, with 
the spectrum of IV showing a broad band 
extending from about 3680 to 3120 cm-1 with 
a inaxinlum at about 3510 cm-1. Also the band 
at 3220 cm-1 appears to decrease in intensity 
with increasing diene content (decreasing H 2 0  
content) of the complex, while simultaneously 
there appears to be some decrease in the inten- 
sity of the 3490 cm-1 band relative to the 3540 
cm-1 band. In 111, the bands in this region and 
that at 1635 cm-1 (due to the in-plane bending 
mode (72)) are quite analogous to the water 
bands shown by compounds such as [ z r ~ ( H ~ o ) ~ ] -  
SiF6 or [Fe(H20)6]SiF6 (1 1). 

While the low frequency bands at  655 and 
420 cm-1 may be due to librational modes (12) 
of hydrogen-bonded water molecules, the assign- 
ment of the band at 1415 cin-1 remains un- 
certain. In general, its intensity appears to 
increase with increasing ratio of IV to I11 in 
the complex. 

X-Ray D~~iac t io i z  
As indicated in Table I, the complex I11 shows 

the same solid phase B as does the anhydrous 
complex I. In fact, this phase only is observed to 
the point where the overall complex stoi- 
chiometry is equivalent to a mixture of about 
40 % of I11 and 60 % of IV. Another solid phase 

C then appears and increases in proportion to 
phase B until the overall stoichiometry 
corresponds to about 25 % of I11 and 75 % of IV 
and represents the only solid phase at higher 
diene levels. 

Discussion 

The anhydrous silver tetrafluoroborate com- 
plexes of norbornadiene correspond exactly in 
stoichiometry to those of the conjugated diolefin, 
1,3-butadiene (6). The differing stoichiometry 
of the complexes of norbornadiene with AgBF4 
and AgN03 (1-4) is probably due to the differing 
coordination of the silver ion with the respective 
anion, as has been suggested earlier for 1,3- 
butadiene (6). The structural investigation of 
Baenziger et al. (5) has established a bonding 
between the silver ion and the nitrate ion in 
2AgNO 3.C7Hs. 

With the exception of the presence of the 
water molecules in 111, it would appear that 
exactly the same 1 :1 complex species is produced 
both from anhydrous and aqueous solutions of 
AgBF4. The similarity of the infrared spectra 
and of the X-ray diffraction pattern for I and 
I11 indicates that norbornadiene is similarly 
coordinated in both and that the water molecules 
of 111 must occupy sites that were available in 
the lattice of I. 

Also, the infrared spectra indicate that the 
diene molecules are similarly complexed in I1 
and IV species. However, the difference in the 
diffraction patterns, showing phase A for I1 and 
phase C for IV, indicates that the lattice of I1 
cannot accommodate the water of crystallization 
found in IV without undergoing some change. 

The differences between the infrared spectra of 
I and I1 are such as to suggest that there is some 
basic difference between the coordination of 
norbornadiene in the two complexes. This obser- 
vation is in contrast to that made with 1,3- 
butadiene (6), wherein it was suggested that the 
formation of the 2:3 coinplex resulted from 
weaker complexation of additional diene mole- 
cules without significant change in the steric 
configuration of the 1 :1 complex. The result 
was a 2:3 con~plex wit11 two differently coordi- 
nated types of diene inolecules. 

The infrared spectrum of 2AgBF4.3C7H8, 
with only a single band at 1489 cnl-1, represent- 
ing the C=C stretching vibration, suggests a 
con~plex with all double bonds equivalently 
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coordinated. The two bands at 1470 and 1481 
cm-1, representing the C=C stretching bands in 
AgBF4.C7H8, suggests on the other hand two 
differently coordinated double bonds in that 
complex. While the question of con~plex struc- 
ture can be adequately answered only by com- 
plete structural analysis, it is quite reasonable 
to believe that the 1 :1 co~nplex exists in the 
solid state as a polyineric chain with alternating 
AgBF4 and C7H8 units, as suggested by 
Traynham (1). The 2:3 complex might then be 
formed by cross-linking of the chains by 
additional diene nlolecules. The configuration 
of the norbornadiene ~nolecule is such that the 
spatial arrangement of the diene molecules 
about the silver ion may be quite different in I1 
than in I. The ease of interconversion of I and 
I1 by simple addition or removal of norborna- 
diene suggests that the basic structure of I is 
perhaps not too markedly changed upon for- 
mation of 11. 

The observation, particularly with the hy- 
drated complex, that a significant quantity of 
norboriladiene can be added to I11 before the 
crystal structure, phase B, converts to that of 
IV, phase C, indicates that the lattice of I or 
I11 is sufficiently open to accomn~odate some 
additional norbornadie~le without a major 
reorganization being necessary. Similarly phase 
C can lose some norbornadiene without revert- 
ing to phase B. 

The frequencies of the well-defined 0-H 
stretching bands shown by I11 are very similar to 
those observed for several hydrated salts (11, 
13). On the basis of the assignments made by 
Balicheva and Andreev (13), it would be suggest- 
ed that the band at  3490 cm-1 represents the 
stretching frequency when the proton is hydro- 
gen bonded to another water molecule, while 
the band at 3540 cm-1 indicates that the proton 
is hydrogen bonded to tbe anion. It is, however, 
more probable that the bands at 3540 and 3490 
cm-1 can be assigned to the asymmetric (y3) 
and synlmetric (yl) stretching modes respectively 
of water molecules interstitially held in the 
crystal lattice, perhaps through weak interaction 
with the anions. While it has been shown (14) 
that BF4- demonstrates some electron donor 
property, it is not so marked that one would 
expect strong hydrogen boilding between water 
molecules and the anions. 

While one might expect to observe a weak 

bond at about 3200 cm-1 attributable to tlle 
overtone (2y2) of the bending mode at  1635 
cm-1, it is surprising to observe that, in 111, the 
3220 cm-1 band is of similar intensity to the 
1635 cm-1 band. 

Furthermore, it has been observed in this 
laboratory that the infrared spectrum of a 
sample of anhydrous AgBF4 exposed for a few 
minutes to the atmosphere shows rather strong 
water absorption bands only at 3560, 3480, and 
1635 cm-1. Since the band at about 3220 cm-1 
is only very weak and since, relative to the band 
at 3540 cm-1, that band in I11 decreases in 
intensity with increasing diene content (decreas- 
ing water content), it is suggested that in I11 it 
represents more strongly interacting water 
molecules, perhaps hydrogen bonded to the 
interstitial water molecules. The spectral broad- 
ening observed with increasing amount of 1V 
(phase C) in the system is perhaps indicative of 
less discretely different types of water molecules 
in that structure. 

The somewhat higher C=C stretching fre- 
quencies demonstrated by I1 and IV than by I 
and I11 indicate slightly weaker conlplexing of 
the diene in the 2:3 than in the 1 :I complexes. 
This is to be expected. It is, however, somewhat 
surprising, that hydration of the coinplexes 
results in no change in the C=C stretching 
frequency. This observation leads one to suggest 
that there is, at most, only a weak interaction 
between the silver ions and water molecules 
and that the interstitial water molecules may 
be held in the lattice largely by weak interaction 
with the anions and by hydrogen bonding with 
one another. 
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Enthalpy and entropy of activation for benzyl chloride solvolysis in 
various alcohol-water solvent mixtures 
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The first order rate constants for the solvolysis of benzyl chloride in a series of mixtures of methyl, 
ethyl, i-propyl, and t-butyl alcohols with water are reported at 40.05 and 60.50 "C. The AH* and AS* 
values are calculated using these rate constants and those previously reported at 50.25 "C (1, 2). The 
dependence of these parameters on solvent composition is discussed. 

Canadian Journal of Chemistry, 46, 125 (1968) 

Introduction 

We previously reported the solvent dependence 
of activation volumes for benzyl chloride 
solvolysis in aqueous binary solvents (1, 2). The 
negative value of the activation volume was 
found to pass through a ininimum as solvent 
composition was varied. It was also found that 
the position and depth of the extremum varies 
in a characteristic manner as the nonaqueous 
component of the solvent is varied. We were 
interested in determining whether a parallel 
effect would be observed in the extremum 
behavior of the activation enthalpy and entropy, 
as has been demonstrated for other solvolytic 
reactions (3-10). 

Arnett et al. (11-13) have demonstrated that 
the extrema observed in AH* in aqueous ethyl 
alcohol can arise as the result of variation of 
solvation of the initial state, the transition state, 
or both. We have demonstrated that the behavior 
of A P o  for benzyl chloride solvolysis in the 
solvent systems studied is due mainly to variation 
of solvation of the initial state (2). Recently, 
Martin and Robertson (14) demonstrated that 
AC*, for t-butyl chloride solvolysis in aqueous 
ethyl alcohol also shows extremum behavior. 
The question as to which state causes this 
extremum must await further calorimetric 
measurements, but by analogy with the AH:': 
behavior of this reaction (1 1) it is to be expected 
that the initial state solvation variation will be 
found responsible. 

If the extre~na in the various activation param- 
eters are related to the same physical phen- 
omena, it is to be expected that the variation of 

1Present address: Division of Pure Chemistry, National 
Research Council of Canada, Ottawa, Canada. 

these extrema with changes in the organic 
component of the solvent should parallel one 
another. It is the purpose of this work to 
investigate the reality of this expectation. 

Experimental 
The conductimetric technique for determining the 

solvolysis rates at 40.05 and 60.50 "C was similar to that 
reported previously (8). 

Results 

The conductimetric data were analyzed by the 
method of Guggeilheim (15) using a least squares 
calculation (1). The observed first order rate 
constants at 40.05 and 60.50 "C are presented in 
Table I. Those at 50.25 "C have been reported 
previously (l,2). 

Activation enthalpies were calculated fro111 
the rate constants in Table I using eq. [I]. 
Activation entropies 

[ I . ]  AN* = - R(  [In (k2/kl) - 

were then calculated by eq. [2] using the rate 
constants 

[2] AS* = R[ln k - In (~Tllz) + AH* IRT] 

at 50.25 "C. The results for both A H  and AS* 
are presented in Table 11. The reported error 
limits were estimated by the method previously 
reported for activation volumes (16). 

The use of only two rates at temperatures 20" 
apart for the evaluatioil of AH* requires some 
justification. Robertson and Scott (17) have 
reported a value of AC*, of -40.4 cal/deg mole 
for benzyl chloride sol~olysis in water. The 
Arrhenius plot of In k versus 1 /T is therefore 
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TABLE I TABLE I1 
Rate constants for the solvolysis of 

benzyl chloride 

105 x R (s-1) 
Mole 

fraction 40.05 "C 60.50 "C 

Methvl alcohol 

Ethvl alcohol 

i-Pronvl alcohol 

t-Butyl alcohol 
0.050 1.630 10.001 9.78 1 0 . 0 4  
0.100 0.236 10.002 1.80310.008 

nonlinear. By taking the slope of the straight line 
drawn between the two In k values at 40.05 and 
60.50 "C as the tangent to the In k versus 1 /T plot 
at 50.28 "C a very good value for AH* at the 
median temperature is obtained. 

Although the activation enthalpies are associ- 
ated with a mean temperature of 50.28 "C, the 
difference of 0.03" is negligible for calculating 
the AS" values at 50.25 "C. Indeed, the AC*, 
value of -40.4 cal/deg mole reported by 
Robertson and Scott (17) for benzyl chloride 
solvolysis in water predicts an error of only 
0.005 e.u. in AS* due to this temperature 
difference. 

Comparison of the AH" and AS" values in 
Table I1 with those reported by other workers 
shows good agreement. Robertson and Scott (17) 
report values of 20 370 cal/mole for AH*50.28 
and -12.4 e.u. for AS:r50.25 in water. Hyne, 
Wills, and Wonkka (8) report AH*51.65 values 
of 20 367 cal/mole in water and 19 555 cal/mole 
in 0.203 mole fraction ethyl alcohol. 

Discussion 

Entlzalpy of Activation 
The dependence of AH* on the composition 

and nature of the solvent is illustrated in Fig. 1. 

Activation parameters for the solvolysis of 
benzyl chloride 

Mole ~ f I : k  50.28 AS"5~.25 
fraction (kcal /mole) (cal /deg mole) 

Methyl alcohol 
0.000 20.3 1 0 . 3  -12.510.9 
0.100 19.5410.08 -16.110.3 
0.200 19.3 1 0 . 3  -18. 1 1 .  
0.300 19.0 1 0 . 3  -20.1f0.8 
0.400 20.1 1 0 . 3  -18.210.8 

Ethvl alcohol 

i-Propyl alcohol 
18.26k0.02 -20.72k0.06 
18.45k0.07 -23.1 1 0 . 2  
20.8 k0 .03  -19.1 1 1 .  
20.16+0.07 -22.3 1 0 . 2  
21.0 1 0 . 2  -20.6 1 0 . 5  

t-Butyl alcohol 
17.610.2 -24 .5 i0 .7  
20.0+0.2 -20.53~0.5 
22.210.2 -16.4k0.7 
21.2k0.3 -20.7k0.8 

It can be seen that in each of the four systems 
a minimum occurs. The observed minimum in 
aqueous methyl alcohol is contrary to the 
findings of Tommila et al. (1 8-20), who observed 
no minimum in this medium and concluded that 
both the substrate and the organic component 
of the solvent had to possess large hydrophobic 
groups in order that a minimum be observed 
(21). The appearance of the minimum in aqueous 
methyl alcohol in our work signifies that this 
explanation is an oversimplification. Nonetheless 
the depth of the minimum in AH", relative to 
pure water, does increase as the hydrophobic 
character of the alcohol molecule increases. The 
activation volume for this reaction (2) and the 
enthalpy of activation for p-methylbenzyl chlo- 
ride (22) behave in a similar manner. As the .. z 

depth of the minimum increases its position is 
shifted toward the pure water end of the solvent 
composition scale. Such behavior was predicted 
by Arnett and McKelvey (23) on the basis of the 
behavior of heats of solution in aqueous 
alcohols. These workers found that the heat of 
solution of sodium tetravhenvlboride has an 

A " 

endothermic maximum relative to pure water 
of 16.9 kcal/mole in aqueous t-butyl alcohol as 
compared with the value of 10.7 kcal/mole in 
aqueous ethyl alcohol (23). In t-butyl alcohol 
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the extremum occurs at 0.045 mole fraction 
alcohol, whereas it was observed at 0.12 mole 
fraction alcohol in the ethyl alcohol media. 

Mole Fraction Alcohol 
FIG. 1. Dependence of A H *  on solvent composition. 

In order to dissect the contributions of the 
initial and transition states to the behavior of 
AH* in the manner now well established by 
Arnett and co-workers (13), values for the heat 
of solution of benzyl chloride in each of the 
solvent systems are required. Arnett and 
McKelvey (13) presented a preliminary dissection 
of this type for benzyl chloride in ethanol-water, 
but the limited solubility of the halide in the 
highly aqueous end of the solvent range renders 
the heat measurements at least suspect if not 
unobtainable. 

behavior of this parameter parallels that of both 
AH" and AVao in that a minimum is observed, 
the depth and position of which are dependent 
upon the nature of the alcohol in the solvent. 
However, the positions of the AH* and AS* 
minima do not appear to coincide in all cases. In 
the ethyl and i-propyl alcohol systems the entropy 
minimum occurs at higher alcohol concentrations 
than the enthalpy minimum. Hyne and Wills (7) 
also found that coincidence of these minima is 
not a general phenomenon; only two of the 
systems studied by these authors coincided. 

I I I I I I 
0.1 0.2 03 0.4 

Mole Fraction Alcohol 
FIG. 2. Dependence of AS* on solvent composition. 

Due to the lack of available data, no dissection 
of AS* into initial state and transition state 
contributions is possible. 

Burris and Laidler (24) have suggested that 
since AS* and AV* both reflect solvent behavior 
for ionic reactions, they should parallel one 
another in sign and magnitude. In fact these 
authors obtained a linear relation between these 
~arameters for six different reactions in water. 

Entropy of Activation ?he question then arises as to the possibility of 
The variation of AS.* with solvent composition a similar linear relationship between AS* and 

is shown in Fig. 2. It is apparent that the AV* for a single reaction in several solvents. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



128 CANADIAN JOURNAL OF 

present data, available for 17 solvents, represent 
a fair test of this postulate. The results are shown 
in Fig. 3. The AV* values for 0.05 mole fraction 
isopropyl and t-butyl alcohols are interpolated 
(see ref. 2). 

FIG. 3. Partial linear relationships (full line) between 
AV"o and AS". Value shown above points is mole fraction 
of solvent mixture for point. 

It is at once apparent that overall linearity is 
not observed. Instead we find quite conlplex 
curves similar to the so-called isokinetic relation- 
ships (25, 26). Despite the apparent complexity, 
however, the linearity of the AS" versus 
plot from pure water to approxin~ately that 
solvent composition at which the extremum is 
found in the behavior of the parameters with 
respect to solvent composition should be noted. 
These portions of the plots are shown in full line 
in Fig. 3. Furthermore the slopes of these sections 
of the plots are identical within the limits of 
uncertainty of the data. In these solvent com- 
position ranges, therefore, AS* and AV* do 
indeed parallel one another in both sign and 
magnitude, suggesting similar solve~lt behavior 
in all four cases. It is in this region of initial 
cosolvent addition to water that the structure- 
making effect of the cosolvent is considered to be 

CHEMJSTRY. VOL. 46, 1968 

effective (27). On a mole fraction composition 
basis t-butyl alcohol maximizes water structure 
at lowest mole fraction (circa 0.05) and methyl 
alcohol at highest mole fraction (circa 0.3). It is, 
therefore, not surprising that in each binary 
solvent mixture, while the cosolvent is enhancing 
the water structure, the entropy and volumes of 
activation should manifest such parallelism in 
behavior. Over the different solvent composition 
ranges the solvent structure is passing through 
the same change from pure water structure to 
enhanced water structure brought about by the 
added cosolvent. The similarity of the AS* 
versus AV* slope in all cases reflects this common 
solvent behavior. Beyond the solvent composi- 
tion corresponding to maximum cosolvent- 
induced structuredness the bulk effect of the 
cosolvent becomes predominant and the solvent 
structures begin to diverge toward those 
characteristic of the pure cosolvent. Parallelism 
in the behavior of AS* and AV* would therefore 
not be expected. 

Comparison of Activation Parameters and Mixing 
Pammeters 

Available data on the position of the extremum 
of the activation and thermodynamic parameters 
of mixing for the various binary solvent systems 
discussed in this work are collected in Table 111. 
It is immediately obvious that the position of the 
extremum in the heat and entropy of mixing 
does not always occur at the same solvent com- 
position. The tendency is for the entropy 
extremum to occur at somewhat higher cosolvent 
mole fraction. Insofar as both the activation 
parameters and thermodynamic paranleters of 
mixing reflect the structural properties of the 
binary solvent system it is not surprising that 
this same tendency is shown in the relative 
positions of the enthalpy and entropy of 
activation. 

TABLE I11 

Mole fraction of organic cosolvent at which high aqueous 
region extremum in parameter appears 

Activation Binary solvent 
parameters mixing parameters 

Organic cosolvent AH* AS* AHA' A S E  

Methyl alcohol 0.28 0.3 0.3 0 .3  
Ethyl alcohol 0.12 0 .2  0.22 0.31 
i-Propyl alcohol 0.06 0.1 0.10 - 
t-Butylalcohol 0.05 0.05 0.10 0.23 
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Nature of the coordination bond in metal complexes of substituted pyridine 
derivatives. I. The substituent effect on the coordination bond 

PATRICK T. T. WONG~ AND D. G. BREWER 
Depnrtmet~t of Cl~etnistry, Ut~iversity of New Brlors~uick, Frederictotz, Nelv Br~lnswick 

Received May 29, 1967 

The nature of the coordination bond in some metal complexes of 4-substituted pyridines has been 
investigated by thermodynamic and infrared spectroscopic methods. The effccts of the substituents upon 
the coordination bond strength in the copper(I1) complexes of these ligands have been found by direct 
measurement of the heats of coordination. These effects have been further described by the substituent 
effect upon the change in free energy of the coordination center in the ligands. A new parameter, Rr ,  
measuring the relative T bonding in thc conlplexes of 4-substituted pyridines has been introduced. For 
this purpose a series of complexes of the types [M(~--R-C~H~N)ZCI~] and [(4-R-CjH?N).HCI] 
(R = CH3, CH20H, H, COCH,, CONH?, COOCH3, CN; M = Cu(II),,Zn(II)) has been isolated, and 
the ~nfrared spectra of these complexes and the free ligands have been exam~ned. 

Canadian Journal of Chemistry, 46, 13 1 (1968) 

Introduction sequence of substituent-aided back donation. 

Although metal complexes of pyridine deriva- 
tives have been studied for years, only one sys- 
tematic study (1) has attempted to estimate the 
coordiilation bond strength as affected by the 
substituents on the pyridine ring. In that investi- 
gation, the relative bond strength of silver com- 
plexes of substituted pyridines was studied by 
comparing their stability constants in aqueous 
solution. The absence of a linear relationship 
between these stability constants and the basicity 
of the free ligands was attributed to the forma- 
tion of a T bond. 

Recently Da  Silva (2, 3) analyzed the data 
from this same study and suggested a T factor, 
Sf, which was related to the additional stabiliza- 
tion caused by the forination of a n bond. For 
silver-substituted pyridine systems, Sf was 
defined as 

where P2 and P20 are overall stability constants 
for the substituted pyridine and for pyridine 
itself respectively and the Ka's are the acid 
dissociation constants of the corresponding 
pyridinium ions. When this "T  factor" was 
plotted versus the Hammett's substituent con- 
stants, the slope of the line obtained was in the 
opposite direction to that for the logarithmic 
plot of the K, versus the substituent constants. 
This reversal was explained as being the con- 

lPresent address: Division of Applied Chemistry, 
National Research Council of Canada, Ottawa, Canada. 

~ i w e v e r ,  a conclusion was reached upon re- 
investigation (4) of these arguments that this 
"T  factor" was unacceptable, since the same 
inverse relationship was obtained for aliphatic 
amine - silver complexes, where there is no 
opportunity for T bonding. 

In the present work, the substituent effect 
on the bond strength between the pyridine ring 
and the metal ion was studied directly by the 
measurement of the heats of coordination. The 
ligands 4--R-C5H4N (R = CH3, CH20H, H, 
COCH3, CONH2, COOCH3, CN) were selected 
for this study. 

Since Hammett's substituent constants did 
not satisfactorily describe the effects of substitu- 
ents upon the reactivity of ligands in the previous 
studies (3), an attempt was made to correlate 
the bond strength in these substituted pyridine 
coin~lexes to a new substituent constant. This 
constant, designated a,, measures the sub- 
stituent effect on the free energy change of the 
coordination center in the ligands, viz. the ring 
nitrogen atom. 

Furthermore, the effects of substituents upon 
the relative T contribution to the coordination 
bond were determined by an infrared spectro- 
scopic method. In order to deduce a general 
equation for the correlation of the infrared data 
of the complexes with a new parameter, R,, 
measuring the relative magnitude of T bonding, 
the infrared frequencies of the ring vibrational 
mode, v12, of the free ligands, their hydro- 
chlorides, and the corresponding zinc and copper 
complexes were determined. 
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TABLE I 

Preparation of complexes of zinc chloride with heterocyclic bases, [ZnL2CI2] 

Calculated (%) Found (%) 

L C H N C H N 

Pyridine 
4-Methylpyridine 
4-Cyanopyridine 
4-Acetvl~vridine 

TABLE I1 
Preparation of complexes of cupric chloride with heterocyclic bases, [CuL2C12] 

Calculated ( %) Found (%) 

L C H C1 N Cu C H C1 N Cu 

Pyridine 41.04 3.44 24.23 9.57 21.71 40.93 3.46 24.19 9.41 21.56 
4-Methylpyridine 44.94 4.40 22.11 8.74 19.81 44.88 4.32 22.08 8.76 19.76 
4-Cyanopyridine 42.06 2.35 20.70 16.35 18.54 42.07 2.42 20.58 16.32 18.56 
4-Acetylpyridine 44.63 3.75 18.82 7.44 16.87 44.46 3.78 18.82 7.34 16.67 
4-Carbinylpyridine 40.86 4.00 20.11 7.94 18.02 40.69 3.98 20.23 7.90 17.82 
4-Pyridinecarboxamide 38.06 3.19 18.73 14.80 16.78 37.84 3.29 18.71 14.72 16.43 
4-Carbomethoxypyridine 41.14 3.45 17.35 6.85 15.55 41.15 3.23 17.45 6.84 15.51 

Experimental 
I .  Reagents 

The 4-substituted pyridines were supplied by Aldrich 
Chemical Company Incorporated. 4-Methylpyridine, 
4-acetylpyridine, 4-carbomethoxypyridine, and pyridine 
were dried over potash overnight and then distilled twice. 
4-Cyanopyridine and 4-carbinylpyridine were recrystal- 
lized twice from benzene, and 4-pyridinccarboxamide 
twice from absolute alcohol. 

The cupric nitrate solution for the determination of 
the heat of coordination was prepared by dissolving the 
recrystallized cupric nitrate in water and then determining 
the metal content gravimetrically by the pyridine method 
(5). 
II. Prepnrntiori of Zinc Cornplexes 

The pyridine, 4-methylpyridine, 4-acetylpyridine, and 
4-carbomethoxypyridine complexes of the form ZnL2C12 
were prepared by adding the ligand (2 moles) into an  
aqueous solution of zinc chloride (1 mole). The resulting 
precipitates were recrystallized from absolute alcohol. 

The 4-cyanopyridine and 4-pyridinecarboxamide com- 
plexes were obtained by mixing a 50% alcoholic solution 
of the ligand (2 moles) and an aqueous solution of zinc 
chloride (1 mole). The con~plexes were recrystallized from 

111. Preparation of Copper Cornplexes 
Complexes of the form CuL2C12 were prepared by a 

method similar to that for the preparation of dichlorobis- 
(pyridine)copper(II) (6), where L was pyridine or 4-sub- 
stituted pyridines. The ligand (2 moles) was added drop- 
wise into the cupric chloride (1 mole) solution in absolute 
alcohol with constant stirring (4-cyanopyridine, 4-car- 
binylpyridine, and 4-pyridinecarboxamide were dissolved 
in absolute alcohol before addition to the cupric chloride 
solution). Thecomplex was separated by filtration, washed 
with absolute alcohol and anhydrous ether several times, 
and dried in a vacuum desiccator over sulfuric acid. 

Microanalysis for carbon, hydrogen, nitrogen, chlorinc, 
and copper gave values close to theoretical ones (Table 11). 

IV. Preparation of Pyridine arrrl I-Substituted Pyrirline 
Hydrocl~lorides 

The white precipitates of the hydrochlorides were 
obtained by passing anhydrous hydrogen chloride gas 
into anhydrous ether solutions of the ligands (absolute 
alcohol solutions in the cases of 4-carbinylpyridine and 
4-pyridinecarboxamide). The precipitates were recrystal- 
lized from a methanol-acetone mixture. 

Microanalysis results for carbon, hydrogen, nitrogen, 
and chlorine are listed in Table 111. 

95 %alcohol. ' 

The 4-carbinylpyridine complex was prepared by V. Determhlatiotr of tlre Heat of Coorditratiorz 
adding aqueous solution of 4-carbinylpyridine (2 moles) The calorimeter consisted of a Dewar flask (approxi- 
to an aqueous solution of zinc chloride (1 mole) with mately 500 ml capacity) containing a Beckman calibrated 
constant stirring in an ice bath. The resulting precipitate thermometer, a motor-driven stirrer, an inner sample 
was dissolved in 95% alcohol and reprecipitated out by holder with an  outlet hole on the bottom plugged by 
adding ethyl ether into the solution of the conlplex. silicone stopcock grease (which can be blown out by 
Microanalysis data are listed in Table I applyingair pressure at  the top), and a glass coil connected 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WONG AND BREWER: NATURE O F  THE COORDINATlON BOND. I 

TABLE I11 

Preparation of hydrochlorides of heterocyclic bases, [LHCI] 

Calculated (%) Found ("/,) 

L C H N C1 C H N C1 

Pyridine 51.96 5.23 12.12 30.68 51.51 5.63 11.47 30.00 
4-Methylpyridine 55.61 6.22 10.80 27.36 51.46 6.53 9.64 26.50 
4-Cyanopyr~d~ne 51.26 3.56 19.93 25.22 51.07 3.45 20.28 25.24 
4-Acetylpyr~dine 53.34 5.12 8.89 22.50 53.33 5.03 9.14 22.69 
4-Carbinylpyridine 49.49 5.54 9.62 24.36 49.43 5.45 9.69 24.45 
4-Pyridinecarboxamide 45.44 4.45 17.67 22.36 46.25 4.47 17.75 22.08 
4-Carbomethoxv~vrid~ne 48.43 4.65 8.07 20.44 48.44 4.59 8.10 19.64 

to a thermostated bath, maintaining the contents of the 
calorimeter at  an original temperature of 25.0& 0.1 "C. 

The heat capacity of the calorimeter was determined 
by neutralizing 10 ml of standard 2 N sodium hydroxide 
with a slight excess of standard hydrochloric acid a t  25 "C. 
The heat capacity of the calorimeter thus obtained was 
86.85 calloK. 

In a typical run, the covered calorimeter was placed 
in a thermostated bath at  25.0 & 0.1 "C. A 10 ml al~quot 
of copper nitrate solution, with a precisely known con- 
centration around 1.5 M, was introduced into the inner 
sample holder. Then 500 ml of a solution, 0.2 M in ligand 
and 0.01 M in nitric acid, were measured into the calori- 
meter. After a suitable interval of time for temperature 
equilibration, the glass coil was disconnected from the 
thermostated bath and the copper nitrate solution was 
allowed to mix with the ligand by blowing out the silicone 
plug. The increase in temperature was recorded every 
30 s and the temperature change for the reaction was then 
calculated using the standard method (7). 

The heat of dilution for cupric nitrate in 0.01 M nitric 
acid was determined in a separate experiment (using 10 ml 
of copper nitrate solution with the same concentration as 
that in each run) and was found to be 113.3 cal/mole. The 
heat of dilution of the ligand solution by the water con- 
tained in the copper nitrate solution was found to be 
negligible. 

VI. Dissociatiotz Co~lsta~zts of Pyriclitzium mid 4-Sub- 
stitutedPyri(li1zi~rm lolls 

The dissociation constants were determined by the 
usual p H  titration method (8). The nature of the systems 
was kept similar to those in the AH determination, viz. 
a 0.2 M solution of the ligands was titrated with standard 
nitric acid. Using those points from the buffer region of 
the titration curves, the dissociation constants were 
calculated according to the following equation (8). 

KD = 
[H'] I CP, - (CEIVO, - [HCI) I 

(CUNO, - [HCI) 

where Cpy and C H ~ ~ ~  are the original concentration of 
the ligands and of the nitric acid added respectively. 

VII. Itflrared Absorptiotz Spectra 
T o  obtain the infrared spectra in the region between 

4000 and 300 cm-1, a Beckman IR-12 filterlgrating 
spectrophotometer was used. The solid samples were 
measured using the potassium bromide disc method, and 

the liquid free ligands as capillary films. The spectro- 
photometer was continually purged with dry air and the 
calibration of the spectrophotometer was checked against 
the rotational spectra of water vapor and ammonia 
gas. 

Results and Discussion 

I. Relative Coordination Bolid Strength 
The calorimetric data for the formation of the 

copper complexes of pyridine and 4-substituted 
pyridines are listed in Table IV. The values of 
the heat evolved in each experiment have been 
corrected for the heat of dilution of the metal 
salts and are given in column five. The third 
column gives the amount of nitric acid added 
to the ligand solutions to keep the pH value of 
the solutions below 6, so that the hydrolysis of 
cupric ion in these systems can be neglected. 

Since successive enthalpies, AH, ,  for a given 
metal ion with neutral ligands are approximately 
constant (9, lo), the relative magnitude of the 
coordination bond strength of copper-pyridine 
complexes can be determined by the correspond- 
ing values of the average heat of coordination 
per mole of ligand bonded to the metal, viz. 
AH,= AH,/E, which are shown in column seven. 

Bjerrum's degree of formation, ii, can be 
obtained by ineans of the following equation 
(derived in the normal way from appropriate 
totality expressions, electrical neutrality expres- 
sions, etc.) 
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TABLE IV 
Heat of coordination 

L 
- 

Ccu2+ ( M )  c ~ < ~ ~ ~  (M) CL (M) AH. (kcallmole) 11 AH, (kcal/mole) 

4-Carbinylpyridine 3.0835~10-2 9.980~10-3 0.19609 
0.19607 
0.19607 

Pyridine 3.0835~10-2 9.980~10-3 0.19600 
0.19598 
0.19596 

where C,,, C,, and C13N03 are the original 
concentration of ligand, cupric nitrate, and nitric 
acid respectively. 

Obviously any inaccuracy in the KD value 
results in a considerable error in the calculation 
of the 7i value. Therefore, the KD values of the 
pyridines were redetermined under the same 
conditions as those in heat of coordination 
determination and are shown in Table V. 

TABLE V 
Dissociation constants of heterocyclic bases 

Heterocyclic bases KD 

4-Methylpyridine 9.40 x 10-7 
4-Carbinylpyridine 3 . 9 2 ~  10-6 
Pyridine 5 . 4 2 ~  10-6 
4-Acetylpyridine 3.19~10-4 
4-Pyridinecarboxamide 3 . 7 5 ~  10-4 
4-Carborncthoxypyridine 5 . 6 9 ~  10-4 
4-Cyanopyridine 1.26 x 10-2 

An examination of the AH, values as well as 
the AH, values in Table IV shows that 4-sub- 
stitution of -CH3 and -CH20H groups on the 
pyridine ring increases the coordination bond 
strength, whereas 4-substitution of -COCH3, 
-CONH2, -COOCH3, and -CN groups gives 
a lower coordination bond strength. The relative 
magnitude of the coordination bond strength in 
these complexes is 

4-CH3Py > 4-CH20HPy > Py > 4-COCH3Py 
> 4-CONH2Py = 4-COOCH3Py > 4-CNPy. 

The difference in the coordination bond 
strength of these complexes is entirely dependent 
upon the substituents on the pyridine ring. This 
effect can be understood without any difficulty 
by using a molecular orbital model (12) and the 
relative energy levels of the orbitals on the 
pyridine ring and the substituents (13, 14). The 
direction of the migration of electron density 
between the pyridine ring and the substituents 

~h~ uncertainty of the 2 value for the 4-acetyl- influences the availability of the "non-bonding" 

pyridine system may be due to the fact that some pair of electrons at the ~ ~ r i d i n e  nitrogen. 

side equilibria are involved in this system (1 1). The substitution of electron-attracting groups 
(such as -COCH3, -CONH2, -COOCH3, 

CH3 CH 3 CH3 and -CN) causes the electron density on the 
I I / O H +  H+ pyridine ring to be lowered. Therefore, the 

PY-CEO + Hz0 ~t PY-C(OH)~ ~t Py-C 
'0- a-coordination bond in cupric complexes of these 
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ligands is weaker than that in the cupric- 
pyridine complex. The electron-releasing sub- 
stituents (-CH3 and -CH20H) result in a 
migration in the opposite direction, and enhance 
the U-coordination bond strength. 

Furthermore, by consideration of the relative 
ability of these substituents to either release or 
attract electron density, as nleasured by the acid 
dissociation constants of the corresponding free 
ligand, one inay predict that the relative magni- 
tude of u bonding in cupric complexes of these 
ligands is as follows. 

4-CH3Py > 4-CH20HPy > Py > 4-COCH3Py 

complexes system is expected, since the original 
Hammett's u factor is related only to the change 
in free energy of a side chain in a benzene series. 
In substituted pyridines, the reaction center for 
complex formation is the nitrogen atom which is 
within the ring, rather than in a side chain. 
Therefore, a different balance between the induc- 
tive and resonance effects is involved. Further- 
more, the polarization of the aromatic ring by 
the nitrogen atom will likely result in different 
substituent effects than are encountered in 
benzene systems. 

In the present study, it was also not possible 
to find a direct correlation between the bond 

> 4-CONH2Py > 4-COOCH3Py > 4-CNPy strength and Hammett's substituent constants. 

With respect to the T-bonding contribution, 
the increase in electron density on the pyridine 
ring caused by the -CH3 and -CH20H 
substituents inhibits the back donation of T- 

electron density from the metal. Therefore, the 
bonding between the metal and the ligands with 

these substituents is probably not important. 
However, the electron density on the pyridine 
ring is lowered by the substitution of -COCH3, 
-CONH2, -COOCH3, and -CN groups, 
and the a contribution to the coordination bond 
of the complexes involving these ligands becomes 
appreciable. 

  ow ever, the effect of the substituents on the 
complex formation in the pyridine series can be 
described by a new substituent constant, defined 
as U, = log K - log KO (where K and KO are 
acid dissociation constants of the substituted 
and unsubstituted pyridinium ions respectively). 

A plot of the values of 6 = AH - AH0 
(where AH and AHO are heats of coordination of 
cupric complexes of substituted and unsub- 
stituted pyridines respectively) against the 
corresponding U I ~  values gives a fairly good linear 
relationship, as shown in Fig. 1. The "goodness 
of the fit" in the cases of 4-methylpyridine and 

- 
In this kind of coordination bond, u bonding 

4,0 
plays the predominant part in determining the 
total bond strength (12). Therefore, in a series 1 such as the one under study, the relative total 2.0- 
bond strength should follow the same order as 
that for u bonding. This prediction is identical 
to the bond strength order as determined by the 0.0- 

AH values, except in the case of the 4-pyridine- 
carboxamide and 4-carbomethoxypyridine com- _2D 
plexes. In these complexes, T bonding becomes 
important and is higher in the 4-pyridine- 
carboxamide complex. It turns out that the net -4.0- 
bond strength in these two complexes is very 
similar, even though the u bonding in the former 
complex is a little lower than in the latter (by -6.0- 
comparison of their KD value). 

It was reported (3, 15) that there is no direct -8,0 
correlation of the stability of metal complexes 
of substituted pyridines with Hammett's sub- 
stituent constants. The only known case of such 

- 

a direct relationship was given by May and Jones -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 

(16) for cupric complexes of substituted benzoic w~ - 
acid. FIG. 1. The correlation between the change of AH, 

The absence of this correlation in pyridine and substituent constant mH. 
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4-carbinylpyridine systems indicates that the 
n bonding in these complexes is not important. 
The higher 6 values of those electron-attracting 
substituent systems are due to the a contribution 
in their coordination bonds. 

II. Correlation of tlze Ring Vibration with tlze 
Relative n-Contribution in the Metal- 
Nitrogen Coordination Bond 

The infrared vibrational frequencies of the ~ 1 2  

mode of some 4-substituted pyridines and their 
copper complexes, zinc complexes, and hydro- 
chlorides are listed in Table VI. It was reported 
(17) that this vibrational mode was an aromatic 
ring vibration, without any mass effect of the 
substituents, and did not involve any substituent- 
ring and hydrogen-ring bending. The normal 
coordinate calculation of these systems in a 
sequential paper of this series, to be submitted 
shortly, shows that the vibrational frequency 
of this mode is mainly affected by the aromatic 
CN stretching force constant. The intensity 
of this mode, however, was found to be affected 
very much by the substituents on the 4-position 
of the pyridine ring. Electron-attracting sub- 
stituents decreased the intensity a great deal, 
due to the lower mesomeric moment of these 
substituted pyridines (18). For instance, the 
electronic dipole moment of the pyridine mole- 
cule is decreased from 2.22 to 1.61 D by the 
substitution of a -CN group on the 4-position 
of the ring (19). It was also found that the v12 

intensity of these substituted pyridines appeared 
to be increased when they coordinated with 
copper(I1) or zinc(I1) ion. This is expected, since 
the coordination causes a strong perturbation of 
one of the centers of polarity, the lone-pair 
electrons of the nitrogen atom, which contributes 
about 80% of the total dipole moment of the 
pyridine molecule (20). 

I t  is seen in Table VI that the frequency of the 
~ 1 2  mode is greatly shifted by complex formation 
with both copper and zinc ions. The results 
show that the frequencies of the complexes with 
electron-attracting substituents are higher than, 
and those with electron-releasing substituents 
are a little lower than, that of the pyridine com- 
plex, except for the 4-carbinylpyridine complex 
of copper(I1). The relative magnitude of the 
frequency is in the order 

This order can again be interpreted by 
rationalizing the migration of electron density. 
For electron-releasing substituents, the electron 
density migrates to the delocalized system in the 
pyridine ring, which cannot further transfer 
to the metal because of filled d orbitals. It 
can only enhance the donation of the non- 
bonding electron pair of the nitrogen atom to 
the metal. Furthermore, the migration of elec- 
tron density from the substituent to the ring 
inhibits the back donation of electron density 
froin the metal to the ring. Therefore, the elec- 
tron density on the ring and thus the ring vibra- 
tional frequency in these complexes is similar to, 
or a little lower than, that of the pyridine com- 
plex. 

The high v l2  frequency of 4-carbinylpyridine- 
copper complex compared with that of pyridine- 
copper complex, as shown in Table VI, is due 
to the fact that the CH20H group is an electron- 
releasing group, which gives a higher electron 
density on the pyridine ring of the 4-carbinyl- 
pyridine complex than that of the pyridine 
complex, even though the back donation is less 
in the former complex. 

In the case of the complexes with electron- 
attracting substituents, the strong back donation 
of electron density by the metal to the delocalized 
system on the ring causes the electron density 
near the nitrogen atom to increase, and thus 
increases the vl2 frequency in these complexes 
over that in the pyridine complex. 

In order to obtain information about the 
relative n contribution to the coordination bond 
in these complexes, the vl2 vibrational frequencies 
of the free ligands and their hydrochlorides were 
compared. Only the wavenumber for 4-methyl- 
pyridine hydrochloride is uncertain, since it was 
overlapped by other peaks and appeared as a 
shoulder. 

The data in Table VI indicate that the fre- 
quencies of both the free ligands and their hydro- 
chlorides follow a similar trend. This is strong 
evidence that the higher v12 frequencies for the 
complexes with these electron-attracting sub- 
stituents are caused mainly by the back donation 
of electron density from the metal. In hydro- 
chlorides of these ligands, the back donation of 
electron density from the proton to the ring can 
be neglected, and with the migration of electron 
density from the ring to the substituents resulting 
in a lower ring vibrational frequency. 
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WONG AND BREWER: NATURE OF THE COORDlNATlON BOND. I 

TABLE VI 
Vibrational frequencies of vl ,  mode 

[Cu(LR-Py)2CI21 [Zn(LR-Py)zCI21 [LR-PY . HCII [LR-PYI 
R (cm-1) (cm-I) (cm-1) (cm-1) 

A plot of the frequency (in wavenumbers) 
of the v12 mode of the hydrochlorides against 
that of the free ligands gives a straight line 
(Fig. 2), indicating that the back donation in 
the hydrochlorides of these ligands is, in fact, 
negligible, and the electron density on the ring 
of the hydrochlorides is therefore similar to that 
of the corresponding free ligands. The same plots 
for the copper and zinc complexes are also shown 
in Fig. 2. 

From such a plot, it is seen that the relative 
electron density on the ring of the complexes of 
pyridine derivatives can be determined directly 
from the v12 vibration frequencies of the com- 

FIG. 2. A plot of the ring vibrational frequencies of the 
hydrochlorides, copper complexes, and zinc complexes 
of 4-substituted pyridines vs. those of the free ligands. 

plexes and the free ligands. This correlation can 
be expressed by the general equation 

R = VML - (Av, + B), 
where R is a parameter related to the relative 
electron density on the pyridine ring. v,, and 
V, are the v l2  frequencies in cin-1 of metal 
complex and the corresponding free ligand res- 
pectively, and A and B are constants. 

TABLE VII 
The Rr values of Zn(I1) and Cu(I1) complexes of 

4-substituted pyridines 

R, values 

Ligands Zn(I1) Cu(I1) 

4-Methylpyridine -5.5 3 . 5  
4-Carbinylpyridine -1.5 12.5 
Pyridine 15.5 15.5 
4-Acetylpyridine 39.6 36.6 
4-Pyridinecarboxamide 33.5 31.6 
4-Carbomethoxypyridine 32.5 33.5 
4-Cyanopyridine 58.6 58.6 

If the interaction between the delocalized 
system of the ring and the lone-pair electrons of 
the nitrogen atom is negligible, R becomes a 
parameter measuring the relative magnitude of 
the a contribution to the coordination bond of 
the complexes, since the higher electron density 
on the ring in these complexes over that of the 
corresponding free ligands is mainly caused by 
back donation from the metal. For the 4-sub- 
stituted pyridine series, A and B are equal to 
1.002 and -3.60 respectively. Therefore the 
relative magnitude of a bonding in the coordina- 
tion bond of the complexes of 4-substituted 
pyridines is directly related to the vl2 frequencies 
of the corresponding complex and the related 
free ligand by the following equation. 
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With tile R, values in Table VII, it is seen 2. H. IRVING and J. J. R. F. DA SILVA. Proc. Chem. 
SOC. 250 (1962). that the relative magnitude of a bonding in the 3. J. J. R. F. DA SILVA and J. G. CALADO. J. Inorg. 

coordination bond for both copper and zinc Nucl. Chem.28,125(1966). 
complexes is in the order 4. A. YINGST and D. H. MCDANIEL. J. Inorg. Nucl. 

Chem. 28.2919 (1966). 

The R, values of the zinc complexes of 4-car- 
binylpyridine and 4-methylpyridine are smaller 
than those of the corresponding copper com- 
plexes, and the vl2 frequencies of the zinc com- 
plexes are allnost the same as those of the 
corresponding hydrochlorides. This indicates 
that the back-donating ability of the zinc ion in 
the complexes is much lower than that of copper 
ion, which is identical with the prediction on the 
basis of their first ionization potentials (12). 

The extension of these R, calculatioils to other 
metal complexes of these ligands is currently 
under way in this laboratory. 
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Nature of the coordination bond in metal complexes of substituted 
pyridine derivatives. IP. The far infrared spectra and metal-ligand 

force constants of copper complexes of 4-substituted pyridines 

PATRICK T. T. W O N G ~  AND D. G. BREWER 
Deportment of' Chemistry, University of New Br~cnsndck, Freclericton, New Br~~rsn~ick  
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Infrared spectra, including the lower frequency region, of copper (11) complexes of the type [CuLrC12], 
where L = 4-methylpyridine, 4-carbinyIpyridine, pyridine, 4-acetylpyridine, 4-pyridinecarboxamide, 
4-carbomethoxypyridine, and 4-cyanopyridine have been measured. The substituent effect upon the 
copper-nitrogen (ligand) and copper-chlorine stretching frequencies has also been examined. It was found 
that the substituents on the pyridine ring not only affected the nature of copper-nitrogen bond, but also 
the copper-chlorine bond. It appears that an entirely delocalized system exists, involving the chlorine 
atoms and the substituents in the complexes. Force constants associated with the coordination bond 
between copper and the nitrogen of the ligands have been calculated by means of an IBM 1620 computer. 
By comparison of the copper-nitrogen stretching frequencies with the corresponding force constants, 
and the heats of coordination, it may be concluded that the magnitude of the metal-ligand stretching 
frequency is directly related to the metal-ligand coordination bond strength for the systems under study. 

Canadian Journol of Chemistry, 46,  139 (1968) 

Introduction 

The effects of substituents upon the coordina- 
tion bond strength and upon the relative T con- 
tribution to that bond in a series of metal 
complexes of 4-substituted pyridines have been 
studied in a previous paper (1). The present work 
has been undertaken to study the substituent 
effects upon the metal-nitrogen (ligand) and 
metal-chlorine stretching frequencies in the far 
infrared region, as well as the metal-nitrogen 
(ligand) stretching force constants of a series of 
complexes of the form [CuL2C12], where L is 
4-methylpyridine, 4-hydroxymethylpyridine, py- 
ridine, 4-acetylpyridine, 4-pyridinecarboxamide, 
4-carbomethoxypyridine, and 4-cyanopyridine. 

Recently, during this experimental work, a 
study (2) reported spectra in tlle 667-150 cm-1 
region on metal complexes of some pyridines, 
including two of tlle 4-substituted pyridines in 
the present study (4-n~ethylpyridine and 4-cyano- 
pyridine). Tentative assignments were made for 
M-N (ligand), M-NCS, M-0N02, and M- 
C1 stretching vibrations. An attempt to correlate 
the metal stretching band positions with the base 
strengths of the substituted pyridines was also 
made. However, no direct relationship between 
these two factors was found, when copper com- 
plexes of pyridine, 4-aminopyridine, 2-methylpy- 
ridine, 3-inetllylpyridine, 4-methylpyridine, 2,4- 

IPresent address: Division of Applied Chemistry, 
National Research Council of Canada, Ottawa, Canada. 

lutidine, 2,5-lutidine, 2,G-lutidine, 3,4-lutidine, 
and 3,5-lutidine were examined. The failure in 
this correlation is probably due to tlle fact that 
the bascity of a ligand, in terms of protonation, 
does not involve T bonding, which plays a very 
important role in complex formation of pyridine 
derivatives. Furthermore, solvent effects might 
complicate the relationship between the basicity 
of the ligands and the metal-ligand stretching 
frequencies, experilllentally determined from 
solid state spectra. 

In the present investigation, the metal-nitro- 
gen (ligand) stretching frequencies are correlated 
with both the heat of coordination data (1) and 
the metal-nitrogen (ligand) stretching force con- 
stants. In order to obtain the force constants a 
nornlal coordinate analysis has been carried out 
using an IBM 1620 computer. The final G matrix 
elements are tabulated in the Appendix2, whicll 
can be used for other similar systems. 

Experimental 
All the reagents and the preparation of cupric com- 

plexes of the type [CuL2C12], where L is 4-methylpyridine, 
4-hydroxymethylpyridine, pyridine, 4-acetylpyridine, 4- 
pyridinecarboxamide, 4-carbomethoxypyridine, and 4- 
cyanopyridine, have been described in a previous paper 
(1). 

2This Appendix has been placed in the Depository of 
Unpublished Data. Photocopies may be obtained, upon 
request, from: Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada. 
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1 2  

TABLE I P 2 
Infrared absorption bands of heterocyclic bases and their cupric complexes in the 343-162 cm-' region* P 

P 
P 

Absorption bands (cm-') z 
5 

[Cu-CI] [Cu-N] [CuCI bridge] c $7 

z 
4-CH3Py 206 m 167 w P 
[Cu(4-CHsP~)K121 296 s[299] 285 m[266] 259 s 207 rn[209] 168 rn[170] 
4-CH20HPy 258 w 209 w 174 w v 
[ C U ( ~ - C H ~ O H P Y ) ~ C ~ ~ I  295 s 276 s 252 w 240 s 183 s C) 

PY 3: 
178 m 

m 
[ C U P Y ~ C ~ Z ~  293 s 268 s 235 s 203 w 

219 m f 
4-COCH3Py v1 

296 s 265 m 241 s 173 s 1 [CU(~-COCH~PY)~CI~I  rn 
4-CONH2Py 274 w 242 s 225 sh 178 w 5 
[ C U ( ~ - C O N H ~ P ~ ) ~ C I ~ I  301 s 275 m 264 n~ 249 w 236 s 190 s 168 w < 
4-COOCH3Py 215 s 174 w 0 

301 s 264 w 235 s 164 rn r [ C U ( ~ - C O O C H ~ P ~ ) ~ C ~ ~ I  
172 s 

C 
4-CNPy m 

[Cu(4-CNPy)2C121 304 s[307] 243 s[242] 236 s 21 7 s[217] 169 m[171] ; 
rn 
m 

*Data in brackets from ref. 2. Py = pyridine, s = strong, m = medium, w = weak, sh = shoulder. 
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WONG AND BREWER: NATURE OF TI-IE COORDINATION BOND. I1 

A Perkin-Elmer 521 spectrophotometer was used to C I 
record the infrared spectra in the region between 4 000 
and 300 cm-1. The instrument was purged with dry air 
and was calibrated against water vapor, methane, 
ammonia gas, and methanol vapor. The infrared spectra 4 - R - T ~ ~  c' 
of the complexes were measured using the potassium 
bromide disk method. C I 4 - R - P y  

To obtain the far infrared spectra of the complexes and 
the free ligands in the region between 343 and 162 cm-1, 
a Perkin-Elmer model 301 spectrophotometer was used. 4 - R - p Y / - 7 $ 7  cl 
The solid samples were measured as mulls in Nujol, 
which were placed between two polyethylene windows 
and then inserted into the cell holder. For the liquid CI 4 -  R -  P y  

samples, polyethylene liquid cells were used. No absorp- 
tion was found in the region examined for both the 
polyethylene and Nujol. The spectrophotometer was 4-~-~7-- c1 
continually purged with dry nitrogen and was calibrated 
with water vapor. C I 4 - R - P y  

Results and Discussion 
I. For Itfiored Spectra 

The observed frequencies in the 343-162 cnl-1 
region of some 4-substituted pyridines and their 
cupric chloride complexes are given in Table I. 
Bands for the complexes of 4-cyanopyridine and 
4-methylpyridine, reported by Frank and Rogers 
(2) recently, are also included. However, two 
new bands, one in tlie 4-cyanopyridine complex 
(236 cm-1) and one in the 4-metliylpyridine com- 
plex (285 cin-1) are found in the present work. 

By comparing the spectra of the metal com- 
plexes versus the free ligands, the chloride com- 
plex of copper(I1) (3), and the recent studies 
(2, 4-6) of the metal stretcliing vibration of 
dichlorobis(pyridine)copper(II), the bands in tlie 
296-304 cm-1 region and the 219-236 cm-1 
region for the complexes under study can be 
assigned to the Cu-C1 stretching modes. The 
new bands at 285-243 cm-1, which are not avail- 
able in the spectra of the [CuCI4]2- complex and 
the free ligands, arise from a mode involving 
copper-nitrogen stretching. 

A recent study (5) of halogen-metal stretching 
vibration spectra for pyridine complexes of the 
form [MX2Py2-4] showed that only one X-sensi- 
tive band was observed for monomeric octa- 
hedral complexes and planar complexes in the 
400-200 cm-1 region, whereas two X-sensitive 
bands were available for tetrahedral and dis- 
torted polynleric octahedral complexes. In the 
spectra of tetrahedral complexes, both X-M 
stretching bands are located between 400-290 
cm-1, but in the case of distorted polymeric 
octahedral complexes, these two bands are 
separated into two regions, 400-290 cm-1 and 
near 240 cm-1. 

FIG. 1. Stereo-configuration of the copper con~plexes. 

The presence of two chlorine-copper stretch- 
ing bands for all the 4-substituted pyridine cop- 
per chloride complexes and the separation of 
these two bands into 343-290 cm-1 and 259-236 
cnl-1 regions indicate that the stereo-configura- 
tion of all the complexes under study is a dis- 
torted polymeric octahedral (Fig. 1). The band 
at 296-304 cm-1 is assigned to the stretching of 
the shorter chlorine-copper bonds and that at 
259-236 cm-1 is assigned to the bridging chlo- 
rine-copper bonds. 

The data in Table I show that the metal- 
nitrogen stretching frequency is appreciably 
changed by the effect of different substituents in 
the 4-position of the pyridine ring and decreases 
in the order 

CONH2 = COOCH3 > CN. 

This is identical to the bond strength trend 
determined by the values of the heat of coordina- 
tion. Therefore, apparently, these metal-nitrogen 
stretching frequencies play an important role in 
indicating the relative magnitude of coordination 
bond strength in metal complexes of pyridine 
derivatives. 

The data in Table I also show that not only 
Vcu-x, but also I ) ~ ~ - ~ ~ ,  of the complexes is very 
sensitive to the nature of the groups substituted 
on the pyridine ring. The effect of the substituents 
is to produce a shift of the chlorine-copper 
stretching frequency in dichlorobis(4-substituted 
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pyridine)Cu(II) conlplexes according to tlle order 

CH3 > CH20H > H < COCH3 < 
CONH2 - COOCH3 < CN. 

Since the metal-ligand stretching frequency is 
related to the metal-ligand bond strength, the 
relative magnitude of the chlorine-copper bond 
strength in the complexes should also follow this 
order. 

It is interesting tllat the effects of both the 
electron-releasing and electron-attracting groups 
appear to increase tlle chlorine-copper stretching 
frequencies and tlle strengthening of the copper- 
chlorine bonds. The substitution of electron-re- 
leasing groups on the pyridine ring gives a 
stronger copper-nitrogen u bond; thus a higher 
electron density on the copper atom results, which 
in turn enhances the drift of electron density from 
copper to chlorine and strengthens the d ~ - d ~  
copper to chlorine bonding. Stronger electron- 
releasing groups give a higher T contribution in 
the copper-chlorine coordination bond, so tllat 
the copper-chlorine bond strength of these com- 
plexes is in the order 

4-metllylpyridine > 4-hydroxymethylpyridine 
> pyridine. 

On tlle other hand, electron-attracting groups 
lower the electron density on the copper atom 
and result in a strengthening of the T contribu- 
tion and a weakening of the u contribution in 
the copper-nitrogen bond. Therefore the back 
donation of electron density from copper to 
chlorine in these systems becomes unimportant. 
Moreover the donation of electron density from 
the chlorine to the copper is much enhanced and 
results in a strengthening of the u bonding 
between copper and chlorine. Stronger electron- 
attracting groups on the pyridine ring give a 
stronger copper-chlorine bond and the above 
vc,,-,, trend for these complexes is expected. 

II. Normal Coordinate Analysis 
In order to study the substituent effects upon 

the copper-nitrogen stretching force constants 
for a series of 4-substituted pyridine - Cu(I1) 
complexes, as well as other force constants of 
the pyridine ring, a normal coordinate calcula- 
tion was carried out. For such a complicated 
molecule as the dichlorobis(4-substituted pyri- 
dine)Cu(II) complex, a reasonable assumption is 
desirable to simplify the calculation. Since most 

of the vibrational absorptions in the infrared 
spectra of the copper complexes are similar to 
those of the corresponding free ligands, and thus 
coupling between ligands in a molecule is 
expected to be small, a simple 1 :1 complex 
model may be sufficient as a first approximation 
(7). 

The 1 :1 complex model shown in Fig. 2 has 
30 normal vibrations, in which R is a substituent 
and is treated as a single "atom" having a mass 
of the particular substituent. These 30 normal 
vibrations are grouped into four species (1 lAl + 
3A2 + 6B1 + 10B2) of the point group C2". Since 
the in-plane vibrations (1 lAl + 10B2) are sepa- 
rable from the out-of-plane vibratioils (3A2 f 
6B1), only the 21 in-plane vibrations are cal- 
culated in this paper. 

FIG. 2. The 1: l  complex model of 4-substituted 
pyridine - Cu(I1) complexes and the 30 internal co- 
ordinates. 

The original G and F matrices were con- 
structed (11) according to the 30 internal co- 
ordinates for the 21 in-plane vibrations, as shown 
in Fig. 2. These matrices are further reduced and 
separated into 12th order Al and 11th order B2 
matrices by coordinate transformations. The 
elements of the final G matrices are tabulated in 
the Appendix. 

Apparently 9 redundant conditions are in- 
volved in the 30 internal c'oordinates; viz. there 
are 30 internal coordinates, but only 21 vibra- 
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tions. Seven of them can be easily found from 
Fig. 2. 

However, it is difficult to deduce the remaining 2 
redundant conditions directly from Fig. 2. These 
redundant conditions can be left in the secular 
equations to be used as a check on the calcula- 
tions, since these redundancies must yield fre- 
quencies equal to zero in the final results. 

Removal of the [I]-[6] redundancies can be 
accomplished by a linear combination of the 
internal coordinates (8). The transformation 
matrix, T, for this coordinate transformation is 
shown in Table 11. The redundancy concerning 
the sum of all the six angles in the ring (eq. [7]) 
can be removed by a symmetry coordinate trans- 
formation. The corresponding symmetry co- 
ordinates are given in Table 111. 

To construct the F matrix, the modified Urey- 
Bradley force field (9) of the following type was 
used. 

Furthermore, K, H, and Fa re  the force constants 
for the bond stretching, angle deformation and 
repulsion between the nearest non-bonded atoms. 
Ff is introduced as a force constant associated 
with the linear term of the repulsive energy and 
remains in the above equation as an internal 
tension term. Its value is assumed to be -O.lF, 
as usual (9). p is an average "Kekule" force 
constant. 

The secular equation ( GF - EX I = 0 was set 
up according to Wilson's method (10). By using 
a "high-frequency separation" method (1 1) for 
the C-H stretching modes, the order of both 
Al and B2 matrices was reduced. To find the 
eigenvalues of the final secular equations of 10th 
order and 9th order, the QR transformation 
method (12) was used. 

Numerical values of all the matrix elements 
were calculated using the parameters in Tables 
IV and V. Since no structural data are available 
for these substituted pyridine complexes and 
small changes in bond lengths do not affect the 
calculated frequencies at  all, it is assumed that 
the bond distances in the complexes do not 
change appreciably by substitution. 

The eigenvalues, X's, thus obtained, are con- 
verted into wavenumbers, and can then be com- 
pared with the observed frequencies. These are 
shown in Table VI. The agreement between cal- 
culated and observed values is seen to be satis- 
factory. A refinement of the force constants has 
been made only for the metal-nitrogen stretching 

where sij = (ri - r cos ail) /qij tji = (rf sin ai5)/qij 

Sjt = (rj - ri COS fftj)/qij qij2 = ri2 + ~2~ - 2rir3 cos aij. 
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TABLE I11 
Symlnetry coordinates for in-plane vibrations of the  1: 1 co~nplex model 

-- - .- ~-~ - 
~ .. - .. . 

8 1 i r i o  \ I r a  tion 
species Symnlctr!- coordinates modes species Symmetry coordinates I I ~ O ~ C S  

L ( ~ r l + ~ r ' l )  V, C-c 
4 2  

(Ars+ Ar'?) V8 C-C 

1 
- ( A n l - l n J + l a r > - l a ' l )  6, c-11 
v 2 

1 
- ( ~ P L - l P j + l P 1 ? - 1 8 ; )  6, C-I1 
4 2  

( - l f f l+affr l -~o,-a~t l )  Ring dei. 

(461-~YI)  Itins dci. 

% ( 2 ~ y l + 2 ~ 8 1 - ~ a l - ~ c u ' 1 - ~ ~ l - ~ P ' 1 )  Itills dcf. 

1 
( l n l + A n ' l + l f i I + A P ' 1 + l - / 1 + 1 6 1 )  Rct l i~~id~l~i t  

TJ,,$ c--c 

I::, c-c 

I',, T c-1 

v,,,, c-1-1 

I',, A c-1-1 

6,:  C-1-1 

6,,> C---1-1 

a,,, C-12, C-N 

Ring dcf. 

12ing dcf. 

TABLE IV 
Molecular parameters used in the calculation (13-17) 

mode. The descriptions of the fundamental vibra- 
tions in Table VI are according to the previous 
assignments (18, 19). It was found that the 
lowest band of the B2 species is sensitive to the 
mass of the metal ion in the complex, and there- 
fore it might be assigned to the metal-ligand 
asymmetric vibration. However, this band for 
some complexes is not observed. 

The results shown in Table V indicate that the 
copper-nitrogen stretching force constants of the 
coinplexes of 4-methylpyridine and 4-hydroxy- 
methylpyridine are larger than, and those of the 

remaining 4-substituted pyridines are sinaller 
than, that of the pyridine complex. Coinparing 
these force constants, it gives the same order as 
those obtained by both the heat of coordiilation 
data and the coppel--nitrogen stretching fre- 
quencies, viz. 

Moreover, the computation shows that the 
copper-nitrogen stretching frequency is mainly 
affected by the metal-ligand stretching force 
coilstant and, furthermore, is directly dependent 
upon it. Therefore, the normal coordinate treat- 
ment provides strong evidence that the magni- 
tude of the metal-ligand stretching frequency in 
the far infrared region may be used as a measure 
of the coordination bond strength for complexes 
of pyridine derivatives. 

The force constants for the repulsive inter- 
action between the nearest non-bonded carbon 
and nitrogen atoins in the pyridine ring, FCC and 
FcN, are larger in the substituted pyridine com- 
plexes than in the pyridine complex itself. This is 
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TABLE V 0 

Force constants (105 dyn/cm) t 
I 

K1 K2 K3 K g  K7 Hal Ha2 Ha3 Hpl Hp2 Hp3 , H~~ H~~ 5 
[Cu(4-CH3Py)2C121 3.65 3.65 4.50 5.32 1.86 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19 5 
[CU(~-CH~OHPY)~CI~I  3.41 3.41 4.50 6.80 1.74 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19 $ 
[ C U ( P Y ) ~ C ~ ~ ]  4.35 4.35 4.50 4.54 1.58 0.48 0.23 0.23 1.16 0.23 0.21 0.48 0.38 0.38 2 
[ C U ( ~ - C O C H ~ P ~ ) ~ C ~ ~ ]  3.32 3.32 4.50 6.82 1.50 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19 
[ C U ( ~ - C O N H ~ P Y ) ~ C ~ ~ ~  3.32 3.32 4.50 6.82 1.49 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19 
[CU(~-COOCH3Py)2C1z] 3.32 3.32 4.50 6.82 1.49 0.30 0.23 0.23 1.10 0.23 0.19 0.30 0.19 0.19 
[Cu(4-CNPy)zClz] 4.30 4.30 4.90 5.45 1.05 0.30 0.23 0.23 1.16 0.23 0.24 0.30 0.25 0.25 8 
- n 

H61 H62 H63 FI F2 F3 F4 F5 Ftj F7 F8 Fs Flo P - T 
Y 
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WONG AND BREWER: NATURE OF THE COORDINATION BOND. I1 

TABLE VI 
Fundamental vibrational frequencies of copper complexes of 4-substituted pyridines 

[Cu(4-CH3Py)2C12] [Cu(4-CH20HPy)~CI2] [C~(Py)2Clz] [ C U ( ~ - C O C H ~ P ~ ) ~ C ~ ~ ]  

Obs. Calcd. Obs. Calcd. Obs. Calcd. Obs. Calcd. 
Description (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) 

Al species 
u(M-N) 285 28 5 276 276 268 268 265 265 
v,50, ring, R-sens. 550 650 61 1 566 643 713 - 536 
~ 1 ,  ring, P(C-M) 1033 992 1032 1006 1016 1010 1027 996 
~12,  ring 1042 1059 1049 1046 1042 1046 1055 1043 
Ul8, dC-R), 

P(C-H) 1190 1163 1184 1158 3036 3040 1148 1151 
vgn, P(C-H) 1231 1231 1224 1228 1216 1216 1228 1230 
R-sens. 1432 1427 1419 1415 1400 1367 1420 1416 
vlg,, v(C-C, C-N) 1506 1524 1508 1519 1490 1499 1497 1519 
V 8 a 3  v(C-C) 1621 1617 1621 1622 1605 1597 1614 1626 

R9 snecies 

<, , % 

v14, V(C-C, C-N) 1335 1342 1338 1341 1365 1393 1333 1341 
vig6, u(C-C, C-N) 

@(C-R, C-H) 1439 1398 1430 1403 1450 1510 1416 1390 
V R ~ .  u(C-C) 1563 1551 1562 1553 1574 1642 1562 1547 - .  . 

-- 

[CU(~-COOCH~PY)~CI~]  [Cu(4-COOCH3Py)2C121 [ C U ( ~ - C N P Y ) ~ C ~ ~ ]  

Obs. Calcd. Obs. Calcd. 0 bs. Calcd. 
Description (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) (cm-1) 

A1 species 
v(M-N) 
vgo, ring, R-sens. 
vl, ring, P(C--M) 
~12, ring 
v i  8, v(C-R), @(C-HI 
VQn.  @(C-H) 
R-sens. 
vlg,, v(C-C, C-N) 
UP,, v(C-C) 

B2 species 
M-sens. 
~ 1 5 ,  R-sens. 
Y66, ring 
vlab, P(C-H) 
v3, P(C-H) 
v14, v(C-C, C-N) 
V196. Y(C-C, C-N) 

@(C-R, C-H) 
Y84, v(C-c) 

probably due to the charge density at the carbon obtained from the comparison of the frequencies 
and nitrogen atoms in the ring being affected by of the vl2 mode in the previous paper (1). 
the substituents. 

The aromatic CN stretching force constant is 
larger in the complex of 4-cyanopyridine, which Acknowledgments 
indicates that the back donation in this complex It is a pleasant duty to express our sincere 
is much greater. This is identical with the results gratitude to Dr. M. Falk, Dr. J. E. Bertie, and 
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New polyatomic cations of the group VI B elements: I. Solutions of 
selenium in highly acidic solvents 

J. BARR, R. J. GILLESPIE, R. KAPOOR, AND K. C. MALHOTRA 
Departmerit of Chemistry, McMaster Urriversity, Hamiltori, Orztario 

Received September 7, 1967 

Colored solutions of selenium in fluorosulfuric, sulfuric, and disulfuric acids have been investigated 
by conductometric, cryoscopic, spectrophotometric, and magnetic methods. Evidence is presented for the 
new species Se.p+ and Se82+ in the yellow and green solutions respectively. 

Canadian Journal  of Chemistry, 46, 149 (1968) 

Introduction 

Sulfur, selenium, and tellurium dissolve in 
certain strongly acidic solvents to form intensely 
colored solutions. The reaction of tellurium with 
concentrated sulfuric acid to produce a red 
solution was one of the first recorded properties 
of the element (1); in sulfuric acid or oleum, 
selenium produces green or yellow solutions 
(2-4) and sulfur gives blue solutions in oleum 
(4, 5). Similar reactions have been reported with 
SO3 (4-7), although the presence of a small 
quantity of water is necessary for this reaction 
(8). From the reactions of the elements with SO3, 
compounds analyzing as S203 (8, 9), TeS03 
(6, 10, l l ) ,  and SeS03 (7) have been reported. 
A green and a yellow form of SeS03 have been 
described (7) and the colors of the solutions in 
sulfuric acid and oleum have frequently been 
attributed to S2O3, SeS03, and TeS03 or poly- 
meric forms of them. The colors have also been 
attributed to unoxidized forms of the elements, 
e.g. in the form of polyatomic radicals (12). 

Some quantitative measurements on the blue 
sulfur solutions have been published (12-17); 
these will be discussed in a later paper, but 
quantitative information on the selenium and 
tellurium solutions is very limited and incon- 
clusive (12, 18). 

We have recently examined the colored 
solutions of all three elements in the three 
solvents sulfuric acid, disulfuric acid, and 
fluorosulfuric acid: this paper reports our 
results and conclusions for the selenium 
solutions. 

Experimental 
Electrical Coriductivity Measureriients 

The apparatus used has been described previously 
(19-21). Additions of selenium and of selenium dioxide 
to all three solvents were made from a weight burette: 

peroxydisulfuryl difluoride was added as a solution in 
fluorosulfuric acid from a glass syringe with a stainless 
steel needle. 

Measurements at -86.35 "C were made by immersing 
the cell in a trichlorethylene slush-bath: the temperature 
was measured with a platinum resistance thermometer, 
and was reproducible to f 0.05". 

The green solutions of selenium in both H2S04 and 
H2S2O7 were unstable with time, undergoing a slow 
further oxidation to the yellow solution. Conductivity 
measurements were recorded over several hours and 
extrapolated to  zero time: only one addition could 
therefore be made to each sample of solvent. The yellow 
solutions were stable. 

Magrietic S~rsceptibility Measurements 
Magnetic susceptibilities were determined by the 

standard Gouy method using a permanent magnet and 
a sample tube calibrated with standardized nickel 
dichloride solutions. The usual corrections for the sus- 
ceptibility of the sample tube and the air displaced by 
the sample were applied. 

Cryoscopic Measlrremer~ts 
The techniques for all three solvents have been de- 

scribed previously (21-23). 

Spectrophotornetric Meas~iremetits 
Measurements were made in 1 cm rectangular cells 

with silica inserts to  give path lengths from 0.1 to 1 mm, 
enabling comparatively concentrated solutions to be used. 
Optical densities were measured against a reference cell 
containing solvent on a Bausch and Lomb Spectronic 505 
recording spectrophotometer, or on a Cary model 14 
recording instrument from 240 to 700 mp. 

Materials 
Seleriiltrn 
Commercially available pure selenium was dried in a 

vacuum desiccator over P2O5. 
Peroxydisulfiiryl Di'uoride 
This was made by an electrolytic method similar to  

that described by Dudley (24): the product was condensed 
in the anodic compartment cold-trap, purified by trap-to- 
trap distillation in a vacuum line, and distilled into a 
weighed quantity of fluorosulfuric acid. 

Selerlirrm Dioxide 
Commercially available pure selenium dioxide was 

purified by evaporation with fuming nitric acid, and then 
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sublimed in a dry atmosphere at 200 "C. The white, 
needle-like crystals were stored over P2O5 in a desiccator. 

Results and Discussion 

Qualitative Observations 
Our qualitative observations of the reactions 

of selenium with the various solvents are set 
out below and are in general agreement with 
previously reported observations. 

Selenium reacts with disnlfuric acid at room 
teinperature and with 100% sulfuric acid at 
50-60" to form green solutions with evolution 
of SO2; the disulfuric acid solutions are unstable 
and slowly change to yellow. These solutions 
produce an immediate quantitative precipitation 
of red Se when added to water. It  is known that 
at much higher temperatures oxidation to Se02 
occurs with these solvents (25, 26) and the solu- 
tions are colorless. The previously reported 
yellow color of solutions of Se02 in sulfuric 
acid (27) is now attributed to the presence of 
trace amounts of selenium impurity. 

With highly purified fluorosulfuric acid selen- 
ium dissolves slowly to form a green solution. 
With acid containing a s~nall  quantity of SO3 
the same reaction is much more rapid, and in 
both cases SO2 is evolved. 

The green selenium solutions change to 
yellow on addition of oxidizing agents such as 
selenium dioxide, potassium persulfate, or 
peroxydisulfuryl difluoride. With Se02 as oxidiz- 
ing agent, no further change can be effected, 
but an excess of the other two oxidizing agents 
converts the yellow solution to a colorless 
solution of Se02. Addition of a reducing agent, 
e.g. hydrazine sulfate, reverses these changes. 

Seleniuin will not dissolve in 95% sulfuric 
acid at room temperature, but on addition of 
ceric sulfate the green solutioil is produced. 
Green, yellow, or colorless solutions can siinilarly 
be produced by potassium persulfate in 95% 
sulfuric acid. This shows that SO3 is not essential 
for the production of the colored species, but 
that an oxidizing agent is necessary. In all cases 
there is clear indication of an oxidation process 
in the formation of the colored species from Se, 
and this has often been overlooked in previous 
interpretations. 

The general conclusions to be drawn from 
these observations are: 1. The colored species 
correspond to positive oxidation states of selen- 
ium. 2. The oxidation states are less than IV, 

since selenium dioxide can be used as an oxidiz- 
ing agent to produce them. 3. The yellow species 
is a higher oxidation state than the green. 

Magnetic Susceptibility Measurements 
The magnetic susceptibilities of both the 

green and yellow species were measured for 10 % 
wt./wt. solutions of selenium in disulfuric acid. 
In calculating x for the solute the relationship 

was used, where w's represent weight fractions 
and x's represent mass susceptibilities. 

The susceptibilities per g-atom selenium were 
found to be -17 x 10-6 c.g.s. units for the 
yellow species and -12 x 10-6 c.g.s. units for 
the green species at 28.5 "C, i.e. both are dia- 
magnetic. 

Absorption Spectra 
By studying the absorption spectra under 

various conditions in all three solvents it is 
possible to attribute to the yellow species an 
intense absorption with a maximum at 410 m p  
and a very weak absorption at 330 mp. The green 
species has peaks at 295 mp (intense) and at 
470 mp (weak) and a broad band with a inaxi- 
mum at 685 inp. Reinoval of any SO2 froin the 
solutions by pumping had no effect on the inten- 
sity of the 295 mp peak, which cannot therefore 
be attributed to the 280 mp absorptioil of SO2 
(17). The spectra were essentially the same in all 
three solvents, and Table I shows the maximum- 
observed extinction coefficients.1 

TABLE I 
Extinction coefficients for green and yellow species in 
HS03F, HrSO4, and H2S2O7, expressed in tcrms of 

concentration in g-atom Selliter 

A. Yellow solutions 
41 0 2 120 1 920 1 850 
330 170 170 170 

B. Green solutions 
29 5 930 890 760 
470 260 200 270 
685 3 80 250 220 

1Extinction coefficients are quoted in terms of selenium 
concentration in g-atom;], although it is obvious later 
that monatomic selenium is not the species present in 
solution. 
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BARR ET AL.: NEW POLYATOMIC CATIONS. I 

FIG. 1. Absorption spectra of SelS206F2 mixtures in HS03F. Se/Sz06Fz = (A) 10.25, (B) 8.00, (C) 7.34, (D) 5.39, 
(E) 4.00, (F) 3.50. 

Figure 1 shows the spectra of seleniuin in 
fluorosulfuric acid containing various amounts 
of peroxydisulfuryl difluoride; Fig. 2 shows the 
extinction coefficients of the various peaks as a 
function of the ratio of selenium to peroxydi- 
sulfuryl difluoride. The intensity of the 410 mp 
peak of the yellow species reaches a clear 
nlaxirnum at the 4 : l  Se:S2O6F2 ratio. On adding 
more selenium the 410 mp intensity decreases 
and that of the 295 peak increases, suggesting 
that the green species is forined by the reaction 
between the yellow species and selenium: the 
final solution is almost blue. However, no clear 
indication could be obtained of the ratio of 
selenium to oxidizing agent required for forma- 
tion of the green species, although a solution 
with Se:S206F2 ratio 10.25:l showed no trace 
of the 410 inp peak. It is probable that some 
oxidation of selenium by the solvent occurs in 
solutions of high selenium content, and this 
would complicate the interpretation. 

On adding excess oxidizing agent to  the 

yellow solution the intensity of the 410 inp peak 
decreases and becomes zero at Se:S206F2 
= 0.5:l. 

As S2O6F2 behaves as an oxidizing agent 
according to 

1 SzO6Fz + 2e 4 2SO3F-, 

it is clear froin the spectrophotometric data that 
the yellow species corresponds to an oxidation 
state of +1/2 for selenium, while the green 
species has an oxidation state less than this. 
With an excess of oxidizing agent the final 
product is SeTV, presumably Se02 forined by 
reaction [2]. 

I:21 Se + 2 ~ ~ 0 ~ ~ ~  SeOz + 2Sz05F2 

An oxidation state of -k1/2 cannot be 
explained in terms of the known compounds of 
selenium; no compounds analogous to thiosul- 
fate, polythionates, etc. give the required 
oxidation state: an ion such as Se8032- similar 
to the ion S8032- suggested as an intermediate 
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FIG. 2. Variation of intensities of peaks in the absorp- 
tion spectrum with Se/S206F2 ratio: A, 410 mp; B, 
295 mp; C, 330 mp; D, 685 mp. (--) Calculated curves 
for formation of Se02, Sed2+, and Ses2+ with emnS (Seq2+) 
= 2 000. 

in the reaction of sulfur with sulfite to form 
thiosulfate (28) would not be expected to be 
stable under strongly acidic conditions. More 
feasible are polyatomic cations of the type 
SetL:lL+, e.g. Se2+, Se42+, Se63+, etc., similar to the 
ions formed by iodine under the same conditions 
(29) and to those formed by bismuth in melts 
(30-32). 

Conductometric and Cryoscopic Measurements 
Fluorosulfuric Acid 
Conductometric measurements were carried 

out on 4: l  Se:S206F2 solutions at 25 "C and at 
-86.35 "C; the results are given in Table I1 and 
Fig. 3. The solutions are conducting and a plot 
of "equivalent" conductance (A) against d c ,  
where c is the concentration of selenium in 
g-atom/kg solvent, is linear, and extrapolates 
to a value iio = 125 at 25 "C. 

The value for KS03F  at this temperature and 
on the same concentration scale is 262 (20). A 
similar plot gave Ao(KS03F) = 19.2, Ao(Se) 
= 8.8 at -86.3 "C. 

Values of y, the number of fluorosulfate ions 
produced per selenium atom, were calculated by 

TABLE I1 
Specific conductances of 4:l  Se:S206F2 solutions in 

HFSO3 at 25 "C and -86.35 "C. and of KSOxF 

- 

1 0 ' ~  (ohm-1 cm-1) 
Concentration 
(g-atom Se/kg) (25") (-86.35") 

Molality 10" (ohm-1 cm-1) 

the conventional method of comparing the 
concentrations of a strong base with that of the 
unknown required to produce the same con- 
ductance; values of y of 0.47-0.45 at 25 "C 
and 0.45-0.48 at -86.3 "C, were obtained using 
KS03F  as a reference. Values of y were also 
obtained by comparing values of A. for Se and 
for KS03F;  y = 0.48 at 25 "C and y = 0.46 at  
-86.3 "C. For the formation of an ion Se jn+  
the reaction would be 

For all values of 11, y would be 0.5, and the 
experimeiltal values are in reasonable agreement 
with this. 
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0.05 0.1 0 IWOLALITY 

F1c.3. Conductivities in HS03F at 25 "C and -86.35 "C. A, KS03F (25 "C). B, KS03F (-86.35 "C). 
C, 411 Se/SzO6F2 solutions (25 "C). D, 411 Se/S206F~ solutions (-86.35 "C). E, green solutions of Se in HS03F 
(25 "C). 

TABLE I11 on the grounds that it would be paramagnetic, 
Freezing points of 4:l Se:S206F2 solutions in HFSO3 in contrast to the observed diamagnetism. Thus 

the reaction can be written 
Concentration Freezing point 

(g-atom Se/kg solvent) (" c )  [41 4Se + SzO6Fz = Se4Zf + 2S03F-. 

The results of cryoscopic measurements on 
the 4:l solutions are given in Table 111. A value 
of 0.75 for V ,  the number of particles produced 
by one atom of selenium, was obtained from 
the slope of the linear freezing-point concentra- 
tion plot using the value of 3.93 "K mole-1 kg-1 
for the cryoscopic constant (23). For reaction 
according to eq. [3] v would have the value 
(n 4- 2)/2n, and would be 0.75 for Se42+ or 0.67 
for Sea;+. The observed value of v thus strongly 
suggests that the Se42+ ion is formed and the 
less probable Se63+ ion can also be eliminated 

For a doubly charged cation the conventional 
method of calculating y would not be expected 
to give wholly accurate results if a 1 :I electrolyte 
is used for con~parison. Using barium fluoro- 
sulfate, Ba(S03F)2, as a reference electrolyte 
y values ranged from 0.48-0.54 at 25 "C: 
however, since the Ba2+ cation is so milch 
smaller than a polyatomic selenium cation and 
since there is cryoscopic evidence that barium 
fluorosulfate lnay be incompletely dissociated 
in fluorosulfuric acid (33), even this coinparison 
is somewhat imperfect. Using o-phenylenedia- 
mine, a strong diprotonated base (34), as 
reference gave y values 0.49 =t 0.005 at 25 "C 
and 0.47 =t 0.01 at  -86.35 "C. 

Less certain information on the nature of the 
green species could be obtained in fluorosulf~~ric 
acid. More seleniunl will dissolve in the yellow 
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TABLE IV 
Conductivities of solutions obtained by adding 

selenium to 4:l Se:Sz06Fz solution* 

Time after 104~  
Ratio Se:SzOsF2 addition (h) (ohm-1 cm-1) 

*Concentration Se in original solution = 0.1362 m. 
tcontained undissolved selenium. 

solution with only a small increase in conduc- 
tance. Up to a ratio Se:S206F2 about 8:l  the 
selenium dissolves readily to produce stable 
green solutions; beyond this value, further selen- 
ium dissolves only very slowly and produces a 
marked increase in conductance (Table IV) 
suggesting reaction with the solvent. Both the 
conductivity and spectrophotometric results are 
consistent with a reaction of the type 

and the value of m would thus appear to be 
about 4, i.e. the green species is probably 
Se82+. This species would be expected to be 
diamagnetic in agreement with our experimental 
observations. 

TABLE V 
Conductivities of green solutions of selenium in 

HS03F at 25 "C 

Concentration 104x 
(g-atom Selkg solvent) (ohm-1 cm-1) 

Selenium dissolves in fluorosulfuric acid to 
produce the green solution, but this reaction is 
almost eliminated by the addition of potassium 
fluoride and thus appears to involve oxidation 
by sulfur trioxide which is normally present in 
small amounts even in the carefully purified 
solvent (23). Only with acid of the highest 
purity is this reaction negligible. For reaction 
with sulfur trioxide to produce a polyatomic, 
doubly charged cation, 

the value of y is given by 2.58/n (35), allowing 
for the hydrolysis reaction 

H30+ + S03F- Ft: HF + H2S04. 

Table V and Fig. 3 show the conductivity 
results at 25 "C for this green solution. The 
conductance drifted considerably with time over 
a period up to 24 h as reaction [5] is relatively 
slow, and the results are the final, stable figures. 
The value of y is 0.32 f 0.01, which corresponds 
to n = 8.1 f 0.3. 

Sulfuric Acid 
Reaction of selenium with sulfuric acid at 

50-60 "C produces the green species. Freezing 
points and conductivities interpolated from a 
larger number of measurements obtained in 
several experiments are given in Table VI. 

For the formation of SeS03, the reaction 
would be 

with values y = 1.0 and v = 3.0. This is not in 
agreement with the experimental values of y and 
v and the fact that SO2 is a known product rules 
out the possibility of this reaction. 

For the formation of polyn~eric cations, 
Se,L*, a series of reactions can be visualized: 

As it has a very low solubility in sulfuric acid, 
essentially all the sulfur dioxide formed in the 
above reactions is evolved from the solution, so 
that the expected values of y and v would be 
2x/n and (3x 4- I)/n respectively. The observed 
value of y = 0.5 shows that x/n = 0.25, i.e. the 
cation contains selenium in the +$ oxidation 
state and is of the form Se4+, Se82+, SeI23+, etc. 
The v values for these ions would be 1.0, 0.875, 
and 0.833 respectively, and hence the observed 
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TABLE VI 
Conductivities and freezing point of green solutions of selenium in 100% sulfuric acid 

Freezing 
point 1 0 2 ~  

Molality ("c) 0 v (ohm-' cm-1) Y 

FIG. 4. Titrations of green selenium solutions with SeOz in HzS04. A, cryoscopic titration. B, conductometric 
titration. C, photometric titration at 410 mp. 

(A)  

0 

-8.0 Se02/se 0.4 
0.2 

I I I 
I 

K x102 

+ - 

(B) 

value of 0.87-0.90 strongly suggests that the in all cases at a ratio of Se:Se02 = 1:0.07. 
cation is Ses2+. Beyond this end-point the changes in both 
[6] 8Se + 5H2S04 = conductivity and freezing point are those 

Ses2+ + 2H,O+ + 4 ~ ~ 0 ~ -  + SOz expected for addition of Se02, and the 410 mp 
peak is of unchanged intensity. 

The less probable Se123+ can be Out 0, the basis of tile formula Se42+ for the 
by the magnetic measurements. yellow species and Se82+ for the green, Se02 

The green can be oxidized to the would be expected to 14Se(+f) to 
yellow with and Fig. 14Se(++), being itself reduced to Se(++). Thus 
gives the results of conductometric, spectro- 

OPTICAL (c )  
DENSITY 

rJ 

-1.5 

-1.0 

_i 
() SeO, /Se 

0.06 0.1 2 
I 

photometric, and cryoscopic titrations b f  the [7] 7se82+ + 4Se02 + x H 2 S o 4  = 

green solution. There is a clear change of slope 15Se42+ + 8H30+ + 24HS04-. 
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TABLE VII 
Freezing points and conductivities at the mole ratio SeO2/Se = 0.071 

Freezing 
Total moles point 1 O?K 

Moles Se Moles Se02 selenium rn (" c )  v (ohm-' cm-I) Y 

TABLE VIIl 
Conductivities of solutions of selenium in H2S2O7 at 25 "C 

~ . - ~  - 

Green solutions Yellow solutions 

1 0 3 ~  1 O ~ K  

Molality x 102 (ohm-' cm-1) Molality x 102 (ohm-' cm-I) 

TABLE IX 
Freezing points of solutions of selenium in H1S2O7 

-- 
- ... 

Green solutions Yellow solutions 
- 

Freezing Freezing 
102 rn point (OC) 102 ,,I point ('C) 
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The calculated ratio Se02:Se at the equivalence 
point is 1 :14 or 0.071 :1, in excellent agreement 
with the observed value. 

- I 3  

K ~ 1 0 3  

From the freezing points and conductivities - 
of the end-point solutions in these titrations the 
values of -y and v given in Table VII were 
obtained. The equation for the overall reaction - 9  

is obtained by combining eqs. [6] and [7], 

181 56Se + 59HzS04 + 4SeOz = 

15Se.+zf + 22H30f + 52HS04- + 7SO2, 

hence the expected values for -y and v are 0.87 - 
and 1.48 respectively. The experimental results 
are in good agreement with these values and thus 
provide support for both the proposed species FIG. 5. Conductivities of selenium solutions in disul- 
Seg2+ and Se42+. furic acid at 25 "C. The curves are calculated for a solute 

ionizing according to eq. [9] with 11 = 8 (Curve A) and 
Disillfilric Acid rr = 4 (Curve B). Q Experimental points for green solu- 
Both green and yellow solutions of selenium tions of selenium. 0 Experimental points for yellow 

can be obtained in disulfuric acid at room of 

temperature. The green solutions are not very 
stable and on long standing (2-3 weeks) become overall reaction to produce the green solution is 

oxidized to yellow solutions. The conductivity [lo] 8Se + 6HzS207 --, 
and the freezing points of the green solutions at  Se$+ + 2HS3Olo- + 5HzS04 + SOz. 
first drift rapidly, but change only slowly after 
12-14 ll. The method for the conduc- Sulfur dioxide is very soluble ill disulfuric 

tivity and freezing point data for the green species acid and behaves as a nOnelectrO1yte (21). 

by extrapolating to zero tinle has been The amount of sulfuric acid formed was 

discussed. The yellow sollltions are stable and determined by c r~OscO~ic  titration with S03. 
their freezing points and conductivities do not The freezing point rises, passes through a 

time. ~l~~ yellow solutions were maximum, and then decreases on addition of 

prepared by keeping the green so~lltions at 60" SO3. The titration exhibits a inaxi~nuin in 

for several hours. The conductivity results are freezing point at S031Se = 0.7, 
given in ~ ~ b l ~  ~ 1 1 1  and cryoscopic results which suggests that selenium is reacting accord- 
are in Table IX. It is not possible to calclllate ing to eq. [lo], for which the expected value is 
values of v and -y fronl the results of cryoscopic 518 = 0.63. The sonlewllat hidl experimental 

and collductimetri~ measurements in d i s ~ l l f ~ ~ i ~  value is probably explained by partial reaction to 

acid ill the same manner as for which involves fornlation of Illore H2SO4 
sulfiiric and fluorosulf~~ric acid, rnainly because Per gram atom of Se. The rise ill the freezing 
of the extensive solvellt self-dissociation. The point also agrees wit11 the forination of 5 lnoles 
mode of ionization of a solute is best established H2S04 selenium 
by comparison of the observed freezing point to the 
and cond~lctivity curves wit11 "tlleoretical cllrves" freezing poillts and con- 
constructed from the results obtained cer- ductivities of the yellow s~llltions with the 
tain reference (21). ~ i ~ ~ .  5 and 6 the "theoretical" curves in Figs. 5 and 6 establishes 
results for the green solutions are compared that the overall reaction can be represented by 

with the predicted curves for a solute ionizing the 

according to eq. [9]. [Ill  4Se + 6HrS207 -) 

[9] nS -, Az+ + 2HS3Olo- + ~ H ~ S O J  + 5, Se42+ $- 2HS3Olo- + 5HzS04 + SO2. 

where n = 4 and 8 and B is a nonclectrolyte. The amount of sulfuric acid fornled was deter- 
The good agreement between the observed and mined by cryoscopic titration with SO3; the 
"theoretical" curves clearly establishes that the end-point occurs at S03/Se = 1.3, which agrees 
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FIG. 6. Freezing points of selcniurn solutions in 
disulfuric acid. The curves are calculated for a solute 
ionizing according to eq. 191 with n = 8 (Curve A) and 
n = 4 (Curve B). 9 Experimental points for green 
solutions of selenium. 0 Experimental points for yellow 
solutions of selenium. 

well with the value of 514 = 1.25 expected for 
reaction according to eq. [I :I]. 

Conclusions 

Our results slzow conclusively that the yellow 
species in solutions of selenium in strongly 
acidic solveilts is Se42+ and the corresponding 
green species is Se82+. We could find no evidence 
of other similar species in the solutions, the 
product of further oxidation of Se42+ being SeIV. 
Our results cannot be explained in terms of 
formation of SeS03 or in terms of uncharged 
radicals. The compound analyzing as SeS0 3 

seems well-established, but we feel that this is 
most unlikely to represent the true structure. In 
view of the fact that this compound is produced 
by reaction of Se with SO3 in the presence of 
traces of water, a formulation such as 
Se4?+.S40132-, with a very similar analysis, 
would seem more acceptable. We hope to be 
able to report more conclusively on this point 

at a later date. Solid compounds which appear 
to contain the Se42+ cation have been isolated 
from the fluorosulfuric acid and oleum solutions. 
The composition and structure of these com- 
pounds is under investigation. We are not able 
to assign structures to either Se42+ or Se82+- but 
structural investigations are being undertaken. 
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Catalytic hydrogenation of allene 
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The reaction between allene and hydrogen over pumice-supported metals of the eighth group has 
been investigated in a constant volume reactor for a wide range of temperature and reactant ratios. 
The shape of the pressure-time curves were found to be dependent upon the reactant ratios and their 
order of admission. The reaction over nickel-pumice is principally a selective formation of propylene 
with small yields of propane and reduced polymers of allene. The orders of hydrogenation reaction 
are first, or slightly higher, and zero with respect to hydrogen and allene respectively. The apparent 
activation energies for Pd, Pt, Co, Fe, Ni, Rh, Tr, Ru, and 0 s  are 13, 17.4, 10.8, 9.4, 7.8, 9.6, 5.3, 3.0, 
and 4.6 kcal/n~ole respectively. The catalytic activities of the metals are in the sequence 

While selectivity was found to decrease with increasing initial hydrogen pressures, it increased with 
increasing temperaturcs, 

Canadian Journal o f  Chemistry, 46, 161 (1968) 

Introduction 
Though several papers have appeared in the 

last 30 years describing tlie kinetics of catalytic 
liydrogenation of olefins and alkynes, very little 
work has been reported about the kinetics of tlie 
hydrogenation of allene over metal catalysts. 
Bond and Sheridan (1) studied the hydrogena- 
tion of allene over pumice-supported nickel, 
palladiun~, and platinum catalysts. Tlie order of 
rcactioiis were found to be one and about zero 
with respect to hydrogen and allene respectively. 
Kistiakowsky and co-workers (2) hydrogenated 
allene with a large excess of hydrogen. They did 
not specify the catalyst used. Recently Bond and 
co-workers (3) have reported about tlie selec- 
tivities observed in the first stage of the reaction, 
for alumina-supported ruthenium, rhodium, 
osmiu~n, iridium, and platinum catalysts. No 
mention has been made about tlie effect of reac- 
tant ratios and temperature on the selectivity. 

This paper describes a detailed study of tlie 
kinetics of allene liydrogenation over pumice- 
supported metals of the eighth group and the 
effect of the various experimental variables upon 
tlie selectivity of the reaction in presence of 
nickel-pumice catalyst. 

Experimental 
The apparatus, materials, and experimental techniques 

used were the same as reported by Mann and Naik (4) 
for methylacetylene hydrogenation. All catalysts, except 
osmium, werc prepared by impregnating and evaporating 
solutions containing the calculated weight of Analar 
grade chemicals, in presence of pumice. While iron, 

cobalt, and nickel catalysts were prepared from their 
nitrates, ruthenium, rhodium, palladium, and platinum 
were prepared from their chlorides. Iridium catalyst was 
prepared from iridic ammonium chloride. Osmium 
catalyst was prcpared by adding the required amount of 
aqueous solution of ammonium chlorosrnate to the pum- 
ice granules, and the mixture kept in a warm water bath, 
while being dried by a stream of nitrogen. 

The rcactions were followed by measuring the pressure 
fall using a mcrcury manometer. The product composi- 
tions were obtained by gas chromatography using a 
Fisher gas partitioner, mounted on thc top of a nlodel 27 
Fisher thermal stabilizer maintained at 30 "C. A 14 f t  
long 30% hcxarnethyl phosphoramide on 60-80 mesh 
Fisher Columpak and 8 ft long 30-60 mesh activated 
13 X molecular sieve columns were used to separate 
allene, propylcne, propane, and hydrogen. Helium at the 
rate of 70 mrn/min at a pressure of 20 p.s.i.g. was used as 
the carrier gas. 

Results and Discussions 
( a )  Pressure-Ti~ne Curves 

Tlie pressure drop - time curves observed in 
tlie liydrogenation of allene over metal catalysts 
were found to be dependent upon (i) initial 
hydrogenlallene ratios and (ii) the order of 
admission of reactants. Type I pressure time 
curves (4, 5) almost invariably resulted when 
allene was admitted first into the reaction vessel, 
provided that the initial hydrogen/allene ratio 
was greater than about two. Type I11 curves 
were always obtained, regardless of the order of 
admission of tlie reactants into the reaction 
vessel, provided that hydrogenlallene ratio was 
snlaller than about two. The inflection point, 
-&I,, was found to increase with increased 
hydrogen pressures. The pressure-time curves 
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obtained for allene hydrogenation over nickel at 
75 "C for several hydrogen/allene ratios (R) 
are shown in Fig. 1.  

Time, min 

FIG. 1. Pressure-time curves of different initial 
H2/C3H4 ratios, l?, for nickel-pumice catalyst at 75 "C 
using Pc3xl = 60 f 1 mm Hg. 

(b) Orders of Reaction with Respect to Hydrogen 
and Allene 

Using a fixed allene pressure of 60 mm, and 
a wide range of hydrogen pressures (30-300 mm), 
orders in hydrogen were determined at several 
temperatures. Similarly the order of reaction 
with respect to allene was obtained by using 
60 mrn hydrogen and varying the allene pres- 
sures between 30 and 300 mm. The dependence 
of initial rates upon the initial pressures of 
hydrogen and allene over nickel-pumice catalysts 
at 75 and 90 "Cis shown in Fig. 2. 

The orders of reaction with respect to hydro- 
gen (n) and allene (m) are given in Table I for 
the metal catalysts. While the orders with respect 
to allene were zero and almost independent of 
temperature, the order of reaction with respect 
to hydrogen varied between 0.8 and 1.6, and 

CHEMISTRY. VOL. 46, 1968 

Slope = 0 

/ Slope= 0 

b PH2 =120+1 mrnHg, varied 

0 = 60i 1 mrn Hg, PH varied 

1.8 2.2 

LoglO Init ial pressure 

FIG. 2. Dependence of initial rates upon initial 
pressures of hydrogen and allene over nickel-pumice at  
75 and 90 "C. 

increased very slightly with increasing tempera- 
tures. 

( c )  Activatioiz Energy 
Plots of loglo specific reaction rates against 

the absolute temperature were very good 
straight lines over a wide range of temperatures. 
The derived apparent activation energies for 
group VIII metals are given in Table I. 

( d )  Coinpensation Effect 
A "compensation effect" (6) was observed to 

exist among various catalysts tested. A plot of 
loglo A, against apparent activation energy for 
these catalysts gave a straight line, giving the 
relation 

loglo A, = 0.81 El - 2.0. 

( e )  The Eflect of Experimental Variables upon 
Selectivity for Nickel-Pumice Catalyst 

Selectivity (5') is defined as the ratio of pro- 
pylene to propylene plus propane, p,,, ,,,,,, / 
(Ppropyleno + P,ropanJ. Propylene, propane, and 
some polymers were observed as initial products 
of the reaction under all conditions studied, 
propylene being the major product. 

(i) Dependence of Selectivity tlpoiz Pressure Fall 
The dependence of selectivity upon pressure 

fall and the course of reaction were investigated 
for various hydrogenlallene ratios between 40 
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TABLE I 
Orders of reaction and activation energies for catalysts 

Average order Activation 
Temperature energy 

Catalyst range ("C) m n (kcal/mole) 

Pressure fall, m m  Hg 

FIG. 3. Course of reaction over nickel-pumice at 
75 "C. 

and 100 "C. The course of the reaction was 
followed by means of an analysis of the reaction 
products for various reactant ratios for different 
pressure falls. With an initial hydrogenlallene 
ratio of 2 a t  75 "C, the main initial reaction is the 
selective formation of propylene with relatively 
little propane (Fig. 3). The selectivity was fairly 
constant (Fig. 4) till the pressure had fallen by 
about 45 mm, when it started dropping rapidly 

Pressure fa l l ,  rnrn Hg 

FIG. 4. Dependenctof selectivity upon pressure falls 
using initial Hz/C3Hd, R, equal to 2. 

with further pressure falls. The dependence of 
selectivity on pressure fall at several temperatures 
is shown in Fig. 4. 

(i i)  Dependence of Selectivity upon Initial Pres- 
sures of Hydrogen and Allene 

The dependence of selectivity on the initial 
hydrogen pressures was studied between 40 and 
100 "C. While initial allene pressure was kept 
constant at 60 min, the pressure of hydrogen 
was varied between 60 and 300 mm. The prod- 
ucts were analyzed when the total pressure fall 
was equal to  40 mm. Selectivity decreased with 
increasing hydrogen pressures, and all the curves 
were concave towards the origin over the entire 
range of temperature and pressures studied 
(Fig. 5). It was found that for a particular 
hydrogenlallene ratio, higher selectivities could 
be achieved by increasing the reaction tempera- 
ture. No significant variation in the selectivity 
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TABLE 11 
Dependence of selectivity upon temperature (PIr, = 180 i. 1 mm; pressure fall = 30 mm; 

Pc,~r,  = 60 i. 1 mm) 
-p-ppp-p 

--- -- 

Pressure of product stream 
(mm) Allene lost 

Temp. (polymer) Select~vity 
("C) H Z  C3Hs C3Hs C3H4 (mm) (S) 

40 123 3 16 20 21.5 0.842 
60 110 2.5 16 15.1 26.4 0.865 
75 140 0 .9  18 13.5 26.4 0.952 
90 150 0.8 20 14.0 25.2 0.961 

100 132 0.8 19.9 14.5 25.8 0.962 
115 138 0 .7  18.0 14.5 26.8 0.962 
130 135 0.7 18.0 13.5 27.8 0.962 

TABLE 111 

Comparison of results of present investigations with those of Bond and Sheridan 

Present results Bond and Sheridan 

Type of catalyst studied Pu-Ni Pu-Pd Pu-Pt Pu-Ni Pu-Pd Pu-Pt 
Type of P-t curves 1 +I11 111 1 +I11 - - - 

Temperature range ("C) 40-130 21.5-40 112-147 0-1 14 89-1 97 48-1 73 
Order with respect to H 2  l f 0 . 0 8  1 . 0 3 i . 0 6  1 . 0 4 i . 0 4  1 1 1 
Order with respect to C3H4 0 0 0 0 0 0 
Activation energy ((kcal/mole) 7 . 8 i  .2 13.005.2  17.4+ .2 12 .9 f .5  1 2 . 3 i . 5  1 7 . l i . 5  

e 
0 ------ e 

IOO'C 
- 
VI 

0 . 8 0  - 0 \ 6 O o C  oe- 2 o Z  

I I 
9 0  130  1 7 0  210  

l n i t ~ o l  Hydrogen Pressure, m m  Hg 

FIG. 5. Dependence of selectivity and hydrocarbon lost 
(polymers) on initial H2/C3H4 ratios. 

with increasing allene pressure was observed at 
90 "C. Figure 6 shows the effect of allene pres- 
sures on the polymer formation. The anlouilt of 
polyiners formed (allene lost) increased with 
allene pressures, giving almost a linear relation- 
ship in the lower allene pressure ranges. 

(iii) Dependence of Selectivity ~cl)orz 
Temperature 

The temperature dependence of the selectivity 
for a hydrogen/allene ratio of 3 was studied 

between 40 and 130 "C. The products were 
analyzed for a total pressure fall of 30 mm. The 
results are given in Table 11. Selectivity increased 
very rapidly in the lower temperature (40-75 "C) 
and subsequently levelled off at higher tempera- 
tures (100-130 "C). 

ln i t io l  Al lene Pressure, m m  Hg 

FIG. 6. Dependence of polymers on initial allene 
pressure at PI[, = 120 i. 1 mm Hg and total pressure fall 
of 25 mm Hg. 

( f )  Cocnl~arison vvith the Results of Previolcs 
I l l ~ e ~ t i g a t o l ~  and General Discussions 

Bond and Sheridan (1) studied the kinetics of 
hydrogenation of allene over pumice-supported 
nickel, palladium, and platinurn catalysts only. 
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A comparison of our res~llts with those of Bond 
and Sheridan is given in Table 111. 

No comparison could be made for other 
catalysts besides platinum, palladium, and nickel, 
since no published data are available. Bond and 
Sheridan (1) do not give any information about 
the shape of the pressure-time curves they 
obtained for allene hydrogenation and hence no 
direct comparison of the pressure-time curves 
obtained in this investigation can be made 
with their work. 

The activation energies for platinum and 
palladium were nearly the same as obtained by 
Bond and Sheridan. However, the activation 
energy for nickel is much lower. There was no 
sign of a fall in the energy of activation of allene 
hydrogenation even at  higher temperature. 

The use of higher partial pressures of hydro- 
gen tended to slightly enhance the activity of the 
catalysts reversibly, while higher partial pres- 
sures of allene often poisoned the catalyst 
reversibly thus suppressing its catalytic acitivity. 
It was also noticed that under similar conditions 
slightly higher rates were obtained by admitting 
hydrogen first into the reaction vessel rather 
than allene. 

Though Bond and Sheridan (1) studied the 
general course of reaction for hydrogen/allene 
ratio of l :I at  66 and 73 "C, and the effect of 
reactant ratios on the yield of propylene and 
propane at 74 "C, they did not study the depend- 
ence of selectivity on temperature for various 
reactant ratios and the effect of reactant ratios 
on the selectivity and polymer fornlation. In the 
present investigations, the general characteristics 
and product analysis of allene hydrogenation on 
nickel between 40 and 100 "C were found to be 
similar to those obtained by Bond and Sheridan. 
While following the course of reaction for allene 
hydrogenation in a l :I ratio at  100 "C, we found 
that the formation of propylene ranged froin 35 
to 40 times that of propane, as compared wit11 
Bond and Sheridan, who reported the formation 
of propylene to be 14 times that of propane. 

Selectivity increased wit11 increasing tempera- 
ture in the lower temperature range (40-75 "C) 
and then at higher temperatures (100-140 "C) 
subsequently levelled off. This is very similar to 
the observation of Bond and Turkevitch (7), 
who noted that the rate of propylene exchange 
on platinum increased relative to the rate of 
deuteration as the temperature was raised. This 

is probably d ~ ~ e  to a decrease in the surface 
coverage of hydrogen as the temperature is 
raised. 

The reaction in almost all respects closely 
resembles the acetylene-hydrogen reaction. This 
similarly suggests that the mechailism of reac- 
tion is essentially the same as that proposed for 
acetylene hydrogenation by Bond and Wells (8). 

The zero or slightly negative order in allene 
and the positive order in hydrogen show that 
allene is more strongly adsorbed on the catalyst 
surface. Bond and Sheridan (9), while studying 
the hydrogenation of a mixture of hydrocarbons, 
found that allene was more strongly adsorbed 
than propylene. Added propylene did not show 
appreciable effect on the hydrogenatioil of 
allene. These results support the theory of 
associative adsorption. The very high selectivity 
observed in the present investigation also sui- 
ports the associative adsorption of allene, and a 
Twigg-type (10) associative mecllanism for the 
hydrogenation, involving the addition of hydro- 
gen in two steps. 

The similarities between acetylene hydrogena- 
tion and allene hydrogenation suggests that the 
mechanism of allene hydrogenation is one in 
which gaseous allene and hydrogen are adsorbed 
on the surface of the catalyst to form the half- 
hydrogenated state H2C=C-CH3, which in 

i: 

turn is further hydrogenated to form gaseous 
propylene or isomerizes to form a free radical 
H2C-C-CH3. The radical either reacts fi~rther * :> 
with adsorbed hydrogen (H) to form adsorbed 

i: 

propylene, whicll is hydrogenated further to 
propane or combines with adsorbed allene to 
form polymers. 

The small amount of propane that is formed 
is attributed to the fi~rthe; hydrogenation of 
adsorbed propylene. The longer the propylene 
remains adsorbed on the surface, the greater 
will be its chance of undergoing fiirther hydro- 
genation and isomerization, thus callsing a 
reductioil in the selectivity. 
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Reflectance spectroscopic determination of cobalt, nickel, and copper 
with pyridine-2-aldehyde-2-quinolylhydrazonel 
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Nickel, cobalt, and copper are separated from interfering metals by thin-layer chromatography on sili- 
ca gel andcellulose layers. The metals are sprayed with pyridine-2-aldehyde-2-quinolylhydrazone solution 
and determined by diffuse reflectance spectroscopy. Under optimum conditions, 0.01 pg per spot can be 
determined easily and with good reproducibility. 

Canadian Journal of Chemistry, 46, 167 (1968) 

Compounds capable of behaving as tridentate 
chelating agents can be selective in their reactions 
with metal ions; a number of such compounds 
(substituted l~ydrazones) were described in an 
earlier paper (1). One of these, pyridine-2- 
aldehyde-2-quinolylhydrazone (PAQH), has been 
used to develop sensitive and highly selective 
spectrophotometric methods for palladium, 
nickel, and cobalt (2, 3). PAQH gives visible 
colors with nine metal ions but, by combining 
PAQH with chromatographic techniques, it was 
hoped to take advantage of the high sensitivity 
of the reagent and to simultaneously determine 
nickel, cobalt, and copper without interference. 
Diffuse reflectance spectroscopy was used pre- 
viously (4) in a quantitative investigation of the 
rubeanic acid complexes of cobalt, copper, and 
nickel adsorbed on thin-layer chromatographic 
(t.1.c.) adsorbents. In this study the suitability of 
PAQH as a spray reagent for cobalt, copper, and 
nickel (after thin-layer chromatographic sepa- 
ration of these ions) has been investigated by 
the same technique. 

Experimental 
Reagents 

Stock solutions containing 1 g metal per liter of solution 
were prepared from reagent grade chlorides. PAQH was 
prepared as previously described (1) and the reagent 
solution was 0.03 % w/v in ethanol. Thin-layer chroma- 
tographic grade silica gel G from "Merck" Darmstadt 
with particle size of l a 0  p maximum and containing 
15 % plaster of paris as a binder was used. The cellulose 
layers were made from MN cellulose 300 manufactured 
by Macherey, Nagel and Co., Dueren, Germany, without 
binder and with a particle size of 10 p maximum. The 
solvent systems for the chromatographic separation were 

lPaper presented at the 18th Mid-America Symposium 
on Spectroscopy in Chicago, May 1967. 

described in a previous paper (4) and consisted of 0.5 % 
concentrated hydrochloric acid (specific gravity, 1.19) in 
acetone for silica gel plates and a freshly prepared mixture 
of methylethylketone : concentrated hydrochloric acid : 
water in the ratio 15:3 :2 by volume for cellulose plates. 

Apparatzrs 
Diffuse reflectance spectra and transmission spectra 

were measured with a Bausch and Lomb Spectronic 505 
recording spectrophotometer equipped with the standard 
reflectance attachment for the ultraviolet and visible 
regions; barium sulfate plates made with a powder press 
were used as reference standards. Quantitative photo- 
metric studies were done with a Beckman DU spectro- 
photometer, equipped with a reflectance attachment, at 
wavelength settings determined previously from the 
reflectance spectra. The cells used to hold the sample and 
reference material have been described elsewhere (5); 
although the prepared barium sulfate plates were 
occasionally used, the plate adsorbent usually served as 
reference standard. The chromatoplates were coated 
using a "Desaga" thin-layer chromatography applicator 
with thelayer thickness adjusted to 0.25 mm. 

General Procedire 
The 20 x 5 cm plates, after coating, were heated at 

110 "C (1 h for silica gel and 15 min for cellulose) and 
were stored in a dry cabinet over silica gel adsorbent. The 
metals were applied to the plate by spotting with a 10 p1 
Hamilton micro-syringe; the samples were dried for 5 
min at 110 "C, were cooled to room temperature, and then 
chromatographed in a preconditioned (12 h) chromatog- 
raphy chamber. After separation (20 to 30 min), the 
plates were air dried for 15 min or heated to 110 "C for 
5 min and treated as described in the various sections to 
follow. The optimum conditions have been determined for 
each adsorbent and are discussed in the corresponding 
sections. 

The technique used in quantitative analysis of the 
separated material has been described previously (5). The 
20-30 mg samples removed from the plates for analysis of 
the spots were weighed to f 0.1 mg and were ground in a 
small agate mortar for two periods of 1 min each to insure 
homogeneity and a more uniform particle size. Samples 
that were not analyzed immediately were stored in a 
desiccator over silica gel. 
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Results and Discussion 
Reagent 

Figure 1 shows the spectra of solutions of 
PAQH in ethanol; acidic and basic solutions 
contained 1 ml of 0.1 N hydrochloric acid or 
sodium hydroxide per 100 ml of solution. Tlie 
reagent is strongly yellow in fresh basic solution 
but fading occurs within a few hours (Fig. 2). An 
acidic solution is less intensely colored (Fig. 1) 
and is stable for several months. Tlie stock solu- 
tion of tlie reagent was therefore kept in ethanol 
containing 1 ml of 0.1 N hydrochloric acid per 
100 ml of solution. 

1 , . * , , . , . < , 8  , . . I  
3% 370 390 410 430 450 470 490 

WAVELENGTH ( m p l  

FIG. 1. Spectra of reagent. Legend: on cellulose 
(I, acidic; 2, basic); on silica gel (3, acidic; 4, basic); in 
ethanol solution (5, basic; 6, acidic). 

- & Y T b e % <  +9u 3% 
WAVELENGTH ( m ~ l  

FIG. 2. Time study of 0.03 % PAQH in basic ethanol. 
Legend: I, start; 2, 1 h;  3, 2 h;  4, 3.5 h;  5, 5 h;  6, 12 h. 

cellulose, as in solution, the color fades rapidly. 
The same characteristic double peak in tlie 

near ultraviolet is observed on neutral and 
acidic adsorbent as in acidic solution (Fig. 1). An 
additional minimum at 490 mp appears on 
cellulose which accounts for the orange color of 
the plate. The cellulose is not likely to contain 
significant transition metal impurities and it is 
probable that a chemical reaction occurs be- 
tween the reagent and cellulose; further support 
for such an assumption is given later by the 
unusual behavior of the metal chelates on 
cellulose. 

The optimum reagent concentration in the 
spray solution for maximum color formation 
with the metal ions is 0.03 %. No significant in- 

Figure 1 shows also the reflectance spectra of crease in spot intensity occurs at reagent con- the reagent on basic silica gel and cellulose centrations greater than 0.03 % w/v for the three 
with 0.03 % reagent cations and a spray solution of this concentration tion and then with 0.1 N sodium hydroxide); the was used in further studies. 

spectra are similar to the transmission spectrum 
in basic solution but the maxima a r e  shifted Cobalt Complex 
slightly to higher wavelengths and bands are pH Study 
broadened due to light scattering. The reagent is The cl~romatograms, after separation and 
stable for several weeks on basic silica gel but on neutralization of the plates in ammonia vapor, 
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TABLE I 
Absorption maxima (mp) of PAQH complexes 

Aqueous solution Silica gel Cellulose 

Co 500 (pH, 7-8) 508 (0.01 N NaOH) 536 (0.01 N NaOH) 
Ni 480 (pH, 9) 490 (1 . O  N NaOH) 520 ( I  . O  N NaOH) 
CLI 475 (pH, 9) 485 (1 .O N NaOH) 505 ( 1  .O  N NaOH) 

were sprayed with reagent solutions wl~ich were 
made 0.01 to 1.0 M in sodium hydroxide shortly 
before use. The highest spot intensity was 
observed for a 0.01 M solution. Under these 
conditions the reagent was colorless on silica gel 
but an orange background, as previously men- 
tioned, was observed on cellulose (Fig. 3). 

Teinperature S t~ ldy  
Heating of the plates at 110 "C for 5 min im- 

mediately after application of the reagent solu- 
tion resulted in a 2-3% R increase in spot 
intensity on silica gel and about 1-2 % R increase 
on cellulose. The intensity increased by another 
1 % on heating for 30 mi11 at 110 "C but no 
changes were observed on heating for longer 
periods. Heating of the plates for 5 min at 110 "C 
is recommended, therefore, as a standard 
procedure. 

I . .  I 
360 380 400 420 440 460 480 500 520 540 560 

VIAVELENGTH (ma)  

FIG. 3. Reflectance spectra for reagent and for 
cobalt complexes on silica gel and cellulose. Legend: on 
cellulose ( . . . . reagent, --- complex); on silica gel 
(-.- reagent, - complex). 

The reflectance spectra of the reagent and the 
cobalt complex (1 pglspot), under optimum pH 
and temperature conditions, are shown in Fig. 3. 
Little interference from the reagent is observed 
for silica gel plates. Similarly, altl~ougl~ there is a 

reagent maximum at 490 nip, there is no inter- 
ference on cellulose because the absorption 
maximum of the cobalt complex is shifted con- 
siderably to 536 m ~ .  This bathochroinic shift was 
observed for all three metals (Table I) but its 
magnitude, on cellulose, is rather unusual. Thus, 
for rubeanic acid complexes (4), a 10-20 mp 
batl~ocl~ron~ic shift of the reflectance spectra in 
the order cellulose < silica gel < alumina was 
reported as due to adsorbent-adsorbate inter- 
action; cellulose, being the weakest adsorbent, 
showed the smallest shift. For PAQH coinplexes 
a chemical reaction between the cell~~lose-water 
complex and the metal chelate is probably 
responsible for the unusually large shift. 
Repectance-Concentratio~z Relationship 
Reflectance spectra of a dilution series ranging 

from 0.01 to 2 /*g per spot are shown in Fig. 4. 
No significant peak shifts with concentration are 
observed and a working wavelength of 508 mp 
for silica gel and 536 117p for cellulose seeins 
appropriate for the entire concentration range. 
The sensitivity is 0.01 pg per spot at a 50% 
accuracy level. 

Figure 5 sllows calibration curves for R versus 
concentration and for the Kubelka-Munk func- 
tion (1 - R)"2R versus concentration. A linear 
relationship is obtained for the latter at concen- 
trations up to 1.3 pg per spot. 

The reproducibility of reflectance ineasure- 
merits for sa~nples of equal concentrations is 
given in Table 11; a significant improvement is 

TABLE I1 
Reproducibility of reflectance measurements for 

comp!exes 

Average standard deviations for six 
1 pg samples 

Spraying Dipping 
technique technique 
-- -- 

Co &0.85% R 3 ~ 0 . 5 5 %  R 
N i *0.78% R i0 .50" / ,  R 
Cu *1.02% R i O . 5 8 %  R 
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I I 

420 440 460 480 5M) 520 540 560 580 €00 
WAVELENGTH (qm) 

FIG. 4. Reflectance spectra of a dilution series of cobalt complexes adsorbed on silica gel. 

FIG. 5. Calibration curves for cobalt on silica gel. 
Legend: 1, % R vs. concentration; 2, Kubelka-Munk 
function vs. concentration. 

observed with the dipping technique. Best results 
are obtained when standards are processed with 
the samples although a calibration curve can be 
used over an extended period with some loss in 
accuracy. The samples, when stored in a desic- 
cator in the dark, remain stable for weeks. 

Nickel Con~plex 
PAQH reacts as a tridentate reagent to form 

either square planar (coordination number four) 
or octahedral (coordination number six) com- 
plexes with metals; both 1 :1 and 2:l (reagent to  
metal) complexes would be expected for nickel. 
Figure 6 shows the reflectance spectra for nickel 
on silica gel after spraying with solutions varying 
from 0.025 to 1.0 N in sodium hydroxide. A red 
complex with a maximum at 520 inp is pre- 
dominant at low basicity but conversion to a 
brown species (maximum 480-490 mp) occurs 
with increasing sodium hydroxide concentration; 
maximum sensitivity is obtained with 1.0 N 
sodium hydroxide spray solution when nearly 
quantitative formation of the brown species has 
occurred. The brown complex is the 2:l species 
normally encountered in solution (1). The red 
species observed at low basicity on silica gel is 
presumably the 1 :I planar complex; unlike in 
solution, the 1 :I species is readily observed on 
silica gel and the pronounced influence of adsor- 
bent on equilibrium conditions is evident. 
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WAVELENGTH (mp1 

FIG. 6. Reflectance spectra of nickel complex adsorbed on silica gel and sprayed with NaOH solutions. Legend: 
1,O .025 N NaOH; 2, 0.05 N NaOH; 3, 0.10 N NaOH; 4,0.25 N NaOH; 5, 0.50 N NaOH; 6,0.75 N NaOH; 7, 
1.0 N NaOH. 

On cellulose, however, only the red species is 
observed and the absorption maximum (520 mp) 
is independent of basicity; a higher sensitivity is 
obtained by spraying with a 1.0 N sodium 
hydroxide solution. It  was reported earlier that 
reagent and complex behavior on cellulose is 
unusual and that a chemical, rather than adsorp- 
tion, interaction was suspected. Stabilization of 
the 1 :I species on cellulose can be attributed to 
occupation of coordination sites by the cellulose- 
water complex. 

Temperature Study 
Figure 7 shows spectra obtained for various 

treatment after spraying. Immediate heating of 
the plate results in a considerable loss in sensi- 
tivity (curve 1). If the plate is allowed to stand for 
1 h there is a sensitivity increase of at least 5 % 
(curve 2) since the reaction is not quantitative 
immediately after spraying; curve 2 also shows 
that a significant portion of the nickel seems to be 
present in the red complex form after I h 
standing. However, if the sample is now heated 
at 110 "C for 5 inin the intensity increases and the 
red complex disappears to a large extent (curve 

3); the increase in peak height at 480 mp occurs 
a t  the expense of the red modification which is 
converted to the brown species. Further heating 
results only in a minor increase of the peak and 
the red complex disappears completely (curve 4); 
a small bathochromic shift is also observed upon 
prolonged heating. 

On cellulose, the samples are air dried for 1 h. 
Heating of the cellulose plates results in a dark 
yellow background coloration that is probably 
due to attack of the cellulose by sodium hydrox- 
ide. As mentioned previously, only the red 
species is obtained. 

Refectance-Conceiztration Relationship 
Figure 8 shows the spectra of a dilution series 

of nickel under optimum conditions (sprayed 
with a 1.0 Nsodium hydroxide solution, air dried 
for I11 after spraying, and heated for 5 min at 
110 "C before measuring spectra). The sensi- 
tivity is 0.01 pg per spot. Calibration curves 
similar to those for cobalt are obtained when R 
or the Kubelka-Munk function of R is plotted 
against concentration. Reproducibility data for 
nickel are shown in Table 11. 
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WAVELENGTH Imp)  

FIG. 7. Reflectance spectra of nickel complex on silica gel. Legend: 1, heated a t  110 'C for 5 min immediately after 
spraying; 2, air dried for 1 h; 3, as 2 and then heated for 5 min at  110 'C; 4, as 2 and then heated for 30 lnin at 110°C. 
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FIG. 8. Reflectance spectra of a dilution series of nickel complex on silica gel. Legend: numbers on spectra 
to  concentration of nickel in ~g per spot. 
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Colq~er Complex 
Copper, like nickel, forms square planar and 

octahedral coinplexes and the behavior of copper 
is very similar to nickel. On silica gel two species 
are observed but only one is found on cellulose. 
The optimum conditions for nickel also seem to 
be best for copper. Under these conditions a 
brown complex, with an absorption n~aximum at 
485 inp, is predominant on silica gel; an orange- 
to-reddish colored species (absorption lnaxi~num 
at 505 mp) is observed on cellulose. The sensi- 
tivity is 0.02 pg per spot; reproducibility data are 
given in Table 11. The Kubelka-Munk law is also 
valid for copper and a linear calibration curve is 

with the solvent front are then cut off and the 
plate used for analysis. Cadmium, lead, and iron 
in the sample move with the solvent front. Zinc 
and cadinium are chromatograpl~ically separated 
from nickel, cobalt, and copper and, in addition, 
even 10-fold excesses of these metal complexes 
fade almost coinpletely on silica gel upon heating 
at 110 "C. 
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Primary process in the photolysis of hexafluoroacetone in the presence 
of mercury vapor1 

R. K. G. B.  CARTER,^ AND K. 0. KUTSCHKE 
Division of Pure Clremistry, Natiorzal Research Courzcil of Canada, Ottawa, Canada 

Received May 23, 1967 

Studies have been made of the variation with ketone pressure of the quantum yield for the decomposi- 
tion of hexafluoroacetone, excited by 3130 A, at 25 and 78 "C, and of the relative yield of the total 
emission at several temperatures. These are described in considerable detail with a view to discerning 
possible sources of systematic error. No large systematic error could be identified except that of decreased 
yields caused by deactivation by mercury vapor. The decomposition data support the weak collision 
mechanism for vibrational relaxation in the excited singlet state unless an as yet unknown source of large 
systematic error can be identified. 

A description is offered of the path of the decomposition in terms of simplified diatomic representa- 
tions of the nr* singlet and triplet states and of a repulsive state arising from the radicals CF3 and 
CF3C0 in their ground electronic states. On the basis of that description an activation energy >, 11 kcal 
mole-1, derived from the combined decomposition and emission data, is to be ascribed to the first-order 
decomposition of triplet state molecules in vibrational equilibrium with their surroundings. 

Canadian Journal of Chemistry. 46, 175 (1968) 

Introduction 
An earlier publication (1) offered a reinter- 

pretation of literature data as they pertain to the 
mechanism of the primary process in the photol- 
ysis of hexafluoroacetone following excitation by 
the 3130 group of the mercury arc. The 
present paper describes in detail the new data 
cited there, reports additional new data bearing 
on the primary photodecomposition, and de- 
scribes a study of some aspects of the emission 
from the excited states of this ketone. Two brief 
studies of other aspects of the overall investiga- 
tion of the primary process have been reported 
recently (2, 3). 

Near the com~letion of the oresent work the 
investigations of Bowers and Porter, which are 
now published (4, 5), came to our attention. 
There are two important quantitative discrep- 
ancies between those results and those reported 
here. One of these discrepancies can be attributed 
to the quenching of the triplet state of this ketone 
by mercury vapor, which was reported recently 
(3) and since has been confirmed (6, 7). It seems 
probable that the method used by Bowers and 
Porter (8) to fill photolysis cells coincidentally 

lIssued as NRCC No. 9755. 
2NRCC Postdoctorate Fellow, 1962-1964. Present 

address: Dept. of Chemistry, University of Toronto, 
Toronto 2, Ontario. 

3NRCC Postdoctorate Fellow, 1962-1964. Present 
address: Imperial Chemical Industries, Ltd., Petro- 
chemical and Polymer Laboratory, The Heath, Runcorn, 
Cheshire. 

also eliminated a substantial fraction of the mer- 
cury from their reactant. Thus their result that 
4, -0.2 at room temperature is closer to the 
unquenched value than that found here (- 0.025). 
The discrepancy (9) regarding the shape of plots 
of 114 vs. pressure at low pressures cannot be 
explained as readily. 

Because of the unexplained discrepailcies the 
experimental work is described in greater detail 
here than is usually the case and a discussion is 
given of possible sources of systematic errors. 
This description is divided into two sections of 
which the first describes the experiments on the 
photodecomposition and the second those on 
the emission. 

Experimental 
( I )  P/~oton%cotnpositior~ 

The cylindrical quartz photolysis cell (10 crn long, 5 cm 
diameter) was housed in a cylindrical aluminium block 
furnace whose temperature was regulated wit11 a Fenwall 
Series 560 controller and monitored by two thermo- 
couples. The block and cell were placed in an air thermo- 
stat maintained several degrees below the temperature of 
the block. Also in the thermostat were a magnetically 
driven impeller to circulate gases through the cell and 
three metal valves (Hoke 413) which separated the cell 
from the storage manifold, from the analytical section, 
and from a cold finger which extended beyond the walls 
of the thermostat. When not in use as a condensation 
point, the finger was maintained near the temperature of 
the thermostat. 

A manometer and a multi-range McLeod gauge were 
used to measure pressures of reactants. These were 
attached to the storage manifold and, in pressure ranges 
where comparisons of reasonable precision could be made, 
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agreement well within 1 o/, was obtained between adjacent 
ranges of the McLeod gauge and between the McLeod 
and the manometer. The usual series of traps, a LeRoy- 
Ward still, and a solid nitrogen trap in the analytical 
section could be evacuated by a small mercury diffusion 
pump backed by a Toepler pump -gas burette combina- 
tion. Samples could be taken from the burette for com- 
bustion over hot copper oxide or withdrawn for gas 
chro~natographic or mass spectrometric analysis. A more 
detailed description of the apparatus for handling the 
product gases is given in ref. 10. 

The entire apparatus could be evacuated below 10-5 
mm as read on a McLeod gauge but was, of course, 
saturated with mercury vapor at its equilibriun~ vapor 
pressure at room temperature. 

The light source was a 550W Hanovia Type A medium 
pressure mercury arc fed from a reg~~lated a.c. supply, 
Filters described by Kasha (11) isolated the 3130 A 
group in thc slightly divergent beam which just filled the 
reaction vessel at the entrance window. A quartz lens 
collected the e~ncrging beam and focussed it onto an 
RCA 935 photocell whose output was measured with a 
critically dampcd galvanometer. The lincarity of the 
photometric apparatus was checked with calibrated neu- 
tral density filters and wire gauzes. A Beer's law plot for 
hexafluoroacetone vapor gave values for the decadic 
extinction coefficient of 6.S3, 7.58, and 8.04 (mole/l)-1 
cm-1 at room temperature, 78 "C, and 107 "C respec- 
tively for the "3130" radiation isolatcd in this way. Such 
plots were linear to optical densitics near unity and were 
assumed to remain linear at vcry small densities. 

HexaHuoroacetonc (HFA) from two sources was used. 
In early experiments it was generated from the hydratc 
(Merck, Sharpe and Dohme) and subjected to careful 
fractionation at low temperatures to removc the ethylene 
which presumably was produced in the dehydration pro- 
cedures from the small amounts of cthanol usually present 
in the hydrate. Traces of carbon dioxide werc found in 
the purified material. Later experimcnts were done with 
anhydrous HFA from Allied Chemical Co. A substantial 
impurity of fluorofor~n usually was present and was 
removed by distillation at -155 "C. Mass spectra of the 
purified material from the two sources were in complcte 
agreement as were the kinetic results. Acetonc-(1s had 
bcen carefillly dried and outgassed by earlicr workers and 
was merely outgassed further before use. Reagent grade 
acetone was dried and distilled from a trap at -78 'C. 
Decafluorobutane and carbon dioxide were taken from 
comlnercial cylinders; large head and tail fractions 
were rejected during outgassing procedures. 

Galvanometer readings A? and It, proportional to the 
light intensity transmitted by the empty cell and the cell 
containing ketone, were used to calculate a corrected 
fractional absorption f = &/At0, where A:, is propor- 
tional to the absorbed light intensity. "Typical" values of 
reflcctance and transmittance of quartz windows as cited 
by Hunt and Hi11 (12) were used; measurements made on 
similar optical components yielded results in complete 
agrcement with the typical values. Because of the furnace 
windows it was necessary to correct thc measurements for 
that light which was reflected back into the cell from those 
windows as well as for internal reflections within the cell. 

The rigorous type of trcatment used by Hunt and Hi11 (12, 
13) becomes unwieldy when four windows are involved. 
Consequently a simplified expression was obtained in 
which only first reflections at each window were con- 
sidered (compare ref. 10, p. 303). If second and third 
reilections were included the expression became too 
cumbersome to use, yet differed in its numerical value 
for a wide range of trial values of r. = by less than 
1.5%. These higher-order reflections were, therefore, 
omitted and the expression used was A:, = a?(l  - r )  
(TlT2)-l(l t (R1 + R2Tl)2r). TI and Tz are the fractions 
of a monochromatic, parallel beam which are transmitted 
by a cell window and by a furnace window, respectively, 
and RI and R2 are the similar fractions which are reflected. 
It is implicit in the derivation that the two cell windows 
are identical to one anothcr as are the two furnace win- 
dows. In fact, the measured values of R and T for all win- 
dows tried were identical (&2 %) and, when these values 
are inserted, the expression for A ,  becomes A:, = 1.21Ato 
(1 - r)(l 4- 0.130r). At very high and very low pressures 
r was calculated from the measured pressure and the 
extinction coeficient obtained for data in the regions 
where r. could bc measured precisely. 

A sample of ketone fro111 storage was allowed to 
expand into the reaction cell and storage manifold to 
the desired pressure; this was measured after temperaturc 
equilibration. If no additive was to be used the valve from 
the storage manifold was closed and the exposure begun. 
If an additive was to be ~lsed, the kctone was condensed 
into the cold finger and isolated by a valve. The additive 
was introduced as abovc, the cold finger opened, and 
mixing of the gases was carried out for a suitable time. 
A small correction to the initial pressures involving the 
volumes and temperatures of the cold finger and the cell 
was evaluated separately. 

The value of It was monitored throughout the exposure 
and maintained constant by minor adjustments of the 
lamp current. Values of ArO were taken inlmediately after 
the photolysis before the lamp was extinguished. 

Products were transfcrrcd to thc gas burcttc through 
several traps at -196 "C and a final trap a t  -210 "C. 
Sevcral trap-to-trap distillations were done to ensure the 
complete removal of physically occluded volatile material. 
That this procedure was successful was delnonstratcd in 
a few experimcnts with HFA in which several less volatile 
fractions were taken as well. These fractions always 
containcd in total less than 3 %, and usilally less than 1 %, 
of the carbon monoxide found in the first fraction. I n  
experiments with acetone or acetone-rlG the composition 
of the first fraction was determined by colnbustion over 
hot copper oxide; in a few experiments a mass spectro- 
metric analysis yielded a composition within f 112% of 
that obtained by con~bustion. 

It is assumed that 4, the quantum yield for the primary 
decomposition, is equal to the measured ace, as discussed 
earlier (1). The method of actinometry employed evaluates 
4 in terms of +D or + A ,  the primary quantum yields for 
the decomposition of acetone-r/s or acetonc respectively, 
through the following expression. 
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The subscript HFA refers to quantities measured in the 
photolysis of hexafluoroacetone and D to those in the 
actinometric experiments with acetone-dG; for actinomet- 
ric experiments with acetone, the subscript D is replaced 
by A. @ represents the number of moles of carbon 
monoxide produced in a time t when the illuminated 
volume was V. The product Atof is proportional to the 
absorbed intensity and was used in arbitrary units of gal- 
vanometer deflection. Most actinometric experiments 
were done with acetone-r16 because it was conveniently 
available on the apparatus from previous work, but some 
later experiments were done with natural acetone as well. 
+D, or +:\, was taken to be unit and to be equal to Qco for 
the conditions used (3130 l; several pressures in the 
range 50 to 100 mm ; temperatures near 150 and 180 "C). 

A brief discussion of possible systematic errors in the 
calculation of + is considered to be worthwhile. N o  signi- 
ficant systematic errors should arise in the first two factors 
in the expression for 6; in particular pnFa and @D always 
were measured on the same volume of the gas burette so 
that, even if the calibration of this volume were to be in 
error, no error would be introduced into the final value 
calculated. The illuminated volumes VD and VIIFA were 
geometrically identical so that the ratio was taken as unity. 
This assumption neglects at  least three phenomena which 
might give rise to error. (i) Because the lifetimes of the 
excited state intermediates for HFA and acetone-&, or 
acetone, are not identical, the mean diffusion distances of 
thcse differ. If the light beam does not fill the cell then 
VD might differ from VFIFA; if it does fill the cell, 
different fates of the excited species on the walls might 
give rise to an effective value of V F r ~ a / V ~  f 1. The light 
beam filled the cell in the present experiments but no 
assessment has been made of the possible effect of the 
walls. (ii) Strong absorption in the rotational fine structure 
of the absorption spectrum of the ketone or of the 
actinometric gas could cause V[~I::\ to differ from VD. In 
fact, it is probable that both spectra are highly pressure 
broadened, and perhaps difi~se,  so that this effect should 
be negligible. (iii) The bulk of the products are formed 
in a smaller volume at pressures for which the optical 
density is higher. Because no attempt was made to ensure 
that the fractional absorptions in thc actinometric experi- 
ments was the same as in those with HFA, this effect of 
Beer's law and of the slight polychromaticity of the light 
could cause changes in the effective value of Virrr:\/V~ if 
either or both systems involve bimolecular reactions be- 
tween excited species, or betwecn an excited species and 
a free radical. The absence of an effect of I,, on + elim- 
inates these latter possibilities and thus also any effec- 
tive volume effect for the conditions used here. 

Because galvanometer deflections were shown to be 
linear in incident intensity, because attempts were made 
to hold ate constant from one experiment to the next, and 
because the small changes which in fact occurred could be 
allowed for in a linear manner, no significant systematic 
errors can be ascribed to  the factor i lOt ,~/AOt,~~~. , \ .  
Systematic errors are present, but almost certainly are 
not significant, in the ratio fnFfr1;h. Because it was 
impractical to arrange f~ = f i I ~ a  for all pressures of HFA 
studied, the type of correction discussed above was 
employed. The actual corrections to be applied to 
( l - r . ~ ) / ( l - r i ~ ~ ~ )  to obtain j i ~ / f ~ l ~ a  are near unity 

because only the ratio of the corrections to the individual 
(1 - r)enters the calculation. Thus much of any systematic 
error which might enter because of the approximate 
formulation used is expected to cancel. The actual cor- 
rections to (1 - r ~ ) / ( l  - ~ H F . \ )  range from 0.91 at  low 
pressures through unity at a pressure of HFA such that 
its optical density was 0.2 (the optical density of acetone 
at the pressures used in the actinometry) to  1.03 at high 
pressures. 

The possibility exists that neither 61, nor +A, taken to 
be equal to unity and to be proportional to the rate of 
formation of carbon monoxide in the photolysis of 
acetone-rlG or acetone, is not unity for the conditions used 
in the actinometric experiments. Indeed, Hoare has sug- 
gested that the extinction coefficient of acetone changes 
when carbon dioxide is present and that +,, varies with 
the amount of carbon dioxide added (14, 15). These 
observations cast considerable doubt on the assumption 
that +n = +.\ = unity so that several tests were made to 
check them. 

The value of ~ H F : ~  for mixtures of HFA and carbon 
dioxide at 78 "C was as much as 25 % lower than that of 
HFA alone; the magnitude of the decrease was smaller 
at  lower values of [C02]/[HFA]. Eventually it was 
observed that mixing, as judged by light absorption, was 
a very slow process (> 16 h in the reaction systcm used) 
and that the operation or not of the impcller had little 
effect on the time required for complete mixing. A sccond 
impeller proved to be similarly inefficient. The sign of the 
effect observed here is opposite to  that reported by 
Hoare (14) but this probably merely reflects differences in 
the geometry of the two reaction systems or in the 
methods of filling the cells. Slow mixing was also observed 
when acetone, or acetone-dG, was mixed with carbon 
dioxide at 151 "C, but for all three ketones, the observed 
fractional absorption was independent (+I%,) of the 
amount of carbon dioxide added, provided that sufficient 
time was allowed for complete diffusive mixing. A similar 
observation was made with 20 mm of acetone and 161 mm 
of carbon dioxide at  107 "C in the apparatus, describcd 
below, used for emission studies. In this respect our 
observations agree with those of Martin and Sutton (16). 

Moreover, the rate of formation of carbon monoxide 
( R c , )  from the photolysis of acetone (36 mm, 151 "C) was 
independent (+0.5%) of the addition of - 58 mm of car- 
bon dioxide, provided that mixing was complete. Martin 
and Sutton (16) made a similar obscrvation at 120 "C. 

A series of cxperiments was done under the conditions, 
and with the results, tabulated in Table I. 

TABLE I 
- 

Pressure 
No. Ketone (mm) 7 ("C) (Rco/3t0f)" 

A1 Acetone-rlG 76.9 149 1.99 
A2 Acetone-d(; 50.4 175 2.00 
A36 Acetone 60.5 144.5 1.94 
A39 Acetone-r16 60.6 1.91 
A38 Acetone 134.0 1.93 
A37 Acetone 134.0 1.99 

- 
'iProportional to units a re  lo-'' mole s-' (react. vol.)-' 

(cm dcflcction)-'. 
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The optical train was different for A1 and A2 than for 
the last four experiments; hence the entrics in the last 
column are expected to be different in the two sets. For 
A37, ate was adjusted so that A,of was the same as for 
A36; the decreased Ate could not be read as precisely so 
that Rco/a to f  for this experiment carries a greater un- 
certainty than do the others. I t  is apparent that Rco/Atof  
does not depend on whether acetone or acetone-& is 
used (A36 and A39), is independent of temperature (A1 
and A2), of ketone pressure a t  constant incident intensity 
(A36 and A38), and, probably, but with rather less 
precision, is independent of ketone pressure at constant 
absorbed intensity (A36 and A37). The simplest inter- 
pretation of these observations is that +D and $A are 
each very close to unity for the conditions cited. Herr 
and Noyes (17) found +co = 1 + 10% at 120 "C. This 
observation is irreconcilable with the 40 % increase in @co 
in the acetone photolysis at 100 "C reported by Hoare 
and Caldwell(l5) to be caused by the addition of - 150 
mm of carbon dioxide. It  is concluded that the latter 
results are suspect because of the possibility of incomplete 
mixing and that our assumption of +D = + A  = 1 is not 
invalidated by those results. 

It is concluded that systematic errors in the present 
results, aside from the quenching caused by mercury 
vapor, are not important and probably are no greater 
than the scatter in the data. The latter can be assessed 
from the various plots of the data and, except at the 
lowest pressures, is probably less than 2%. 

It was noted in early experiments that analysis of the 
condensable fraction by gas chromatography indicated 
the presence of trace amounts of C3F8 and C4Fla among 
the products. These were not formed if the cell had been 
evacuated overnight with the first analytical trap held at 
-196 "C. Each experiment reported here was done after 
this pretreatment of the reaction cell. On several occasions 
a cell which had been evacuated for only a short time 
after a photolysis at high pressure was cxposcd without 
addition of ketonc; some carbon n~onoxide invariably 
was formed. It  is thought that a cyclic trimer of HFA of 
low volatility was responsible for these effects, but no 
definite conclusion was reached. In any event, the pre- 
treatment of the reaction vessel prevented the formation 
of spurious products and the mattcr was not pursued 
further. 

( I I )  Emission 
The emission from HFA following excitation at 3130 

consists of a broad, essentially structureless, band extend- 
ing from below 3500 A to abovc 8000 A (4, 7, 18, 19): 
some disagreement exists regarding the exact shape and 
extent of the emission spectrum (7), but the general 
description above suffices for present purposes. Contrary 
to a conclusion reached in the early work (1 8) the emission 
consists of at least two components, a fluorescence of 
short lifetime whose intensity is unaffected by the presence 
of moderate quantities of oxygen and a phosphorescence 
of much longer lifetime (3, 5, 7) which is quenched by a 
few mm of oxygen (4, 19, 20). The quantum yield of thc 
total emission, +, - + I  -t +,,, is about 0.01 with some vari- 
ation with conditions of excitation (4). 

In the present work measurements were made of 
Q = a+. as a function of [HFA] at several temperatures. 
The numerical factor o f  proportionality, 0, depends on 

the geometry of the apparatus, on the unknown absolute 
quanta1 sensitivity of the light detecting devices, and on 
the variations of that sensitivity over the wavelength 
region of interest. It is not frequently noted explicitly that 
if the emission spectrum changes withexcitation conditions 
the value of also changes, so that & need not be the 
same function of +, for all excitation conditions. 

The apparatus used for the measurement of & was of 
conventional basic design but contained sufficient useful 
modifications to warrant some discussion; most of these 
modifications were based on experience gained in earlier 
work (19). 

Exciting light at 3130 A, isolated by filters ( l l ) ,  was 
taken from a modified Hanovia lamp of the type used in 
the photodecomposition work. The modification consisted 
in replacing the middle - 4.5 cm length of - 24 mm out- 
side diameter quartz tubing comprising the envelope of 
the lamp by a similar length of - 12 mm outside diameter 
quartz tubing. At the two seals the envelope was further 
restricted to -- 7 mm inside diameter. While this modi- 
fication decreased the useful life of the lamp, geometrical 
stability of the arc was greatly increased in that wandering 
of the central core of the arc within the envelope was 
minimized (19)4. Thus the lamp could be used with a very 
small (3 rnm) aperture in a mask which almost touched 
the lamp envelope near the middle of the narrow tubing. 
In  this way a homogeneous, stable, and quite parallel 
beam could be obtained with a single lens and several 
stops. 

In most experiments a fused quartz cell 15 cm long and 
5 cm in diametcr was used. A quartz viewing window (4 
cm diarnetcr) was attached to a short sidearm at the 
middlc of the cell; diametrically opposite the viewing 
window was a sccond sidearm which terminated in a 
Wood's horn. The cell was housed in the center half of a n  
aluminium block furnace with end windows. Exciting light 
entered the furnace as a beam 1 cm in diameter and left 
the furnace with a diameter of 1.5 C I ~ .  

A small fraction of the incident light was reflected by a 
quartz plate to a collecting lens and an RCA 935 photo- 
cell which thus could be used to monitor the incident 
intensity, Ao. The transmitted light, at,  was focussed onto 
a sccond 935 photocell without casting a shadow of the 
anode onto the cathode. Measurements of Ate, the trans- 
mitted light with the ccll empty, and the transmission 
of thc ccll calculated fro111 thc typical values for window 
transmission given by Hunt and Hill (12), permitted cal- 
culation of the fraction of light absorbed by the gas from 
the mcasured At values. Because internal actinometry was 
not used, it was important to correct the absorbed light 
intensity, A, ,  for reflections from the cell and furnace 
windows. The value of a:, was obtained from the same 
expression as that used in the photodecomposition 
experin~ents. 

The photometric arrangements used in the emission 
studies were superior to those employed in the photo- 
decomposition work largely because of the smaller 
diameter of the light beam; consequently the extinction 
coefficients obtained are considered to be more reliable. 
Plots were made of loglo A?/& vs. pnF:t over a wide 

4We are greatly indebted to Mr. G. Ensell for modifying 
the commercial lamps used in this study. 
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rangc of pressures. At optical densities greater than N 2.5 as those employed in the photodecomposition work and 
the plot deviated significantly from linearity in a direction purification procedures were identical. 
which suggested the presence in the beam of small The data are given here in graphical form only (see 
amounts of wavelengths not absorbed by the ketone; Discussion). Copies of the tabulated results are available 
this since has been shown to be the case (6, 7). Therefore from the last-named author. 
this curvature was ignored in the calculations of Q and 
fractional absorptions have been calculated for high and 
low pressures by extrapolation from the linear portion of Discussion 
the curve. The decadic extinction coefficients, in (mole 
1-1)-1 cnl-1, were 6.92 at 25 "C, 7.42 at 78 "C, 7.76 at 
107 "C, 7.91 at 119 "C, 8.22 at 140 "C, and 8.47 at 170 "C. 

A portion of the column of emitting vapor was focussed 
through thc viewing window to an image of unit magni- 
fication at the aperture of a 1P21 photomultiplier tube. 
A mask with an opening of dimensions equal to those of 
the free aperture of the photomultiplier was placed on the 
viewing window. This had been shown (19) to decrease 
the photon~ultiplier signal from the empty cell, A,o, 20 
times, but to decrcase the signal due to emission, Ac, by 
only a few percent. This confirms that the portion of the 
emitting column of vapor viewed was limited by the 
aperture of the photomultiplier and thus had an area - 1 
cm x 1 cm at the center of the cell. A Corning 7380 filter, 
which is "opaque" below N 3 400 A, further reduced A,O, 
so that for the lowest emitted intensity studied, i.e. lowest 
pressure of HFA, A,o/A, < 5 %. All photocell and photo- 
multiplier currents were detected with a Victoreen VTE-1 
electrometer and recorded on a Leeds and Northrup 
recorder using a Leeds and Northrup microvolt amplifier 
as a preamplifier. These instruments were greatly superior 
in stability and ease of reading to the galvanometer and 
potentiometer systcms used earlier (19). 

Because the cinitted light was viewed a considerable 
distance from the entrance and exit windows of the cell 
whereas only the total absorption could be measured, it 
was necessary to calculate that fraction, g, of the total 

There is disagreement between the results 
obtained here and those reported by Porter and 
his co-workers in respect to two observations. A 
discussion of one of these is given now while that 
of the other fits more naturally in a later section. 

The data of Bowers and Porter (5) led to an 
extrapolated value of the quantum yield at 
infinite concentration of HFA of 4, h. 0.2 at  
room temperature. Figure 1 shows the higher 
pressure data obtained in the present study in 
the form of plots of 4 vs. [A]-l([A] - [(CF& 
CO]); the intercept at [A]-1 = 0 for the data at 
room temperature is 4, = 0.025. The greater 
part, and perhaps all, of this discrepailcy can be 
attributed to the presence in the present appara- 
tus of mercury vapor, whicll now is known to 
cause a decrease in the pl~ospl~orescence lifetime 
(3, 7), to decrease the ratio of the intensities 
phosphorescence/fluorescence (7), and to cause 
the quantum yields for decomposition to be too 
low under several experimental conditions (6). 
As noted in the Introduction it appears that the 
procedures used by Bowers and Porter essentially 

absorption which occurred in the viewed region (19). The prevented the entry of nearly all the mercury 
fraction of a parallel, monochromatic beam which is vapor into reaction vessel. H~~~~ lligller 
absorbed in a short length, 6 cm, situated at the middle 
of a cell of total length lcm, is given by g = (sinh (ecS/2)/ for 4, is 'Orrect for the 
(sin11 (~c1/2), in which E = 2.303~~;  is the decadic molar uninhibited system. 
extinction coefficient in (mole/l)-1 cm-1 and c is the Bowers and Porter (5) also report that 4, 
ketone concentration in mole/l. At high pressures g is ("b" in their Table 1) is - 0.2 when excitation 
very small and subject to large errors because the experi- 
mental quantities occur in the argument of exponential was at 3130 and 3340 A, but that it decreased 
functions. The data revorted here have been corrected for to 0.1 and zero for excitation at 2804 A and 
both reflection and local absorption phenomena and are 2652 tq respectively; all measurements Were 
recorded as Q = (A, - ~ , o ) / g ~ , .  made at 25 k. O n t h e  other hand the data of 

The cell was attached to a grease-free vacuum system ~~~~~~~h and steacie (21), taken at 3130 A, and 
which was saturated with mercury vapor. Pressures could 
be read on a mercury manometer, or a multi-range of Giacometti, Okabe, and Steacie (22), taken at 
McLeod gauge reading to - 10 mm. which were attached - 2650 A, can be plotted in the form 4 vs. - - 
to a storage manifolz Small quakt ies  of various gases rA1-1 and extra~olafed with no iniustice to the 

L- > 

could be -added to the cell contents from calibrated data to a intercept at 25-oC; this also 
volumes, attached to the storage manifold, by means of a 
Toepler pump which connected the manifold to the cell is true at 53 "C. Some scatter exists in those data 
system. The latter consisted of the cell, a cold finger, and and data were not taken at sufficiently high pres- 
an all-elass viston vumv which served to mix the cell sures to establish with certainty the conclusion - A A .  

contents very efficiently, provided the total pressure was that 4, depends only on temperature; neverthe- 
greater than - 10 mm. Constancy of fractional absorp- less it is difficult to earlier data 
tion and emission was attained a few minutes after mixing 
was begun. with those of Bowers and Porter. Although those 

The hexafluoroacetone used was from the same sources earlier data (21, 22) are im0rrect because of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

FIG. 1. Plots of + vs. [A]-1. (O) ,  (@) Left ordinate; two separate series at 25 "C. (A), (A) Left ordinate,; two 
separate series at  78 "C; the filled triangle with the horizontal line was in the second serles but represents an experiment 
in which the incident intensity was - 7.7% the usual value. ( O ) ,  (m) Right ordinate; two separate series at 107 "C. 
At 107 "C the two series wcre done consecutively but changes were made in the optical arrangements between series. 
At 25 "C and 75 "C the two series werc separated by several months and several changes in thc optical arrangements 
intervened. 

quenching by mercury vapor, it seems unreason- 
able to expect that an effect of exciting wave- 
length (A,) on +, should be obscured by that 
phenomenon. 

Moreover, it is difficult to reconcile a change 
of +, with A, with the usual postulate that 
absorption over the whole of the first absorption 
band of the ketone corresponds to a single 
electronic transition. Indeed. the mechanism dis- 
cussed below, which, aside from the quenching 
by mercury vapor, is essentially identical with 
that discussed by Bowers and Porter, predicts 
that +, depends only on temperature. The effect 
of a decrease of A, is predicted to be an increase 
in the initial slope of + vs. [A]-1 but to leave +, 
unaffected. As A, is made longer and longer this 
initial slope is expected to decrease and to reach 
zero for excitation in the zero-zero band, in 

data taken in the presence of mercury vapor with 
those taken in the future with mercury absent, 
Fig. 1 also includes the lligher pressure data at  
two higher temperatures. At 78 "C, 4, = 0.28 
and at 107 "C, 4, = 0.65, but the latter is sub- 
ject to considerable error because inadequate 
temperature control introduced an unacceptable 
amount of scatter into the data. For this reason 
other deductions based on the data at 107 "C 
will not be given. 

Tlze Overall Mecl~anisnz 
It is thought that reactions [ l ]  through [lo] are 

those wl~ich are important in the primary process 
under the conditions used here. In the inecha- 
nisin, A represents a molec~~le of HFA in its 
ground electronic state, S l n  a ~nolecule in the 
lowest excited singlet state containing 12 quanta 

which case + = +, for all pressures. In practice, of vibrational energy, S1O a molecule in low lying 
of course, the energy spread in A, and in the vibrational levels of that excited state from which 
absorbing molecules prevents the attainment of decomposition cannot occur for energetic, or 
such an ideal condition of excitation even if the other, reasons, and Tlo a n~olecule in the lowest 
absorption were large enough to observe. excited triplet state which essentially has reached 

Because it migllt be inlportant to compare vibrational equilibrium with its surroundings. 
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[1 1 A + hu i SIn 

[2,lzI SI" + CF3 + CF3C0 -) 2CF3 + CO 

[3,121 SI" + A ' SI"-l + A 

The series of reactions [3,i] (i = 1 to n) represent 
the multistage deactivation proposed earlier (1). 
An internal conversion from S1 to the ground 
state, [5], has been shown (5) to be important 
and is included here. The intersystem crossings 
[6] and [9] and the internal conversion [5] pre- 
sumably occur as more complicated sets of reac- 
tions, but in the absence of evidence to the con- 
trary, it is assumed that they may be represented 
over the whole range of pressure studied by the 
simple first-order processes shown. The decorn- 
position reactions [2,i] (i = 1 to n) and [8] are 
written to imply that the free radicals are formed 
in their ground, or very low-lying, electronic 
states, perhaps with excess vibrational energy 
although the amount cannot be specified, and 
that the lifetime of the CF3C0 radical with 
respect to decomposition is so small that none of 
its other possible reactions need be considered. 
A more detailed discussion of this latter point 
has been given earlier (1, 2). Recently Amphlett 
and Whittle (23) have reached a similar con- 
clusion regarding the fate of the trifluoroacetyl 
radical in this system. Reaction [lo] is included 
to give a pl~enomenological representation of the 
effect of mercury vapor; the path of the reaction 
cannot be specified in detail. 

It can be shown (1) that the mechanisn~ pre- 
dicts that 

11 

4J = 1 - (1 - 4J-In ([AI/([Al+ P,)) 
1=1 

in which 4Jm = k61c8/(k4 + kS $. kb) (k7 + k S  -k 
kg + klo[Hg]) and 11% = I G , , ~ ] ~  ,,,. Obviously 4~,  
will decrease when Hg is present so that [lo] cor- 
rectly represents the effect of mercury in a gen- 
eral way. 
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An overall qualitative description of the pres- 
sure dependence of the decomposition is as fol- 
lows. At very low pressures molecules decompose 
from the higher vibrational levels of S1 before 
collisions can remove sufficient vibrational energy 
to prevent that decomposition. At sufficiently 
high pressures collisions efficiently remove vibra- 
tional energy from molecules in S1 before de- 
composition can occur. A pressure-independent 
fraction of molecules in S1o are transferred 
to Tlo and decompose from there. This latter 
decomposition, corresponding to +,, is en- 
visaged to be a unimolecular decomposition in 
its high pressure region, and thus of the first 
order, proceeding with an activation energy of 
about 10-15 kcal mole-1 (5, 21). At intermediate 
pressures a transition occurs from the situation 
in which singlet decomposition dominates to that 
in which decomposition from the triplet is of 
major importance. Figures 2 and 3 show plots 
of 4~ vs. [A] at 25 "C and 78 "C respectively; the 
data of Ayscough and Steacie (21) are included 
to demonstrate the excellent quantitative agree- 
ment between the two studies. It is seen that the 
deductions from the mechanism do indeed pre- 
dict correctly the trend of the data. 

A further point merits consideration at this 
juncture. It is, in fact, rather surprising that [8], 
which has a relatively low activation energy and 
thus a relatively sinall value of EIRT, should 
remain first order over the range of pressures 
used here. The present data including those on 
the relative emission yield as a function of pres- 
sure which are discussed in a later section, 
require that reactions [7], [8], and [9] all exhibit 
the same pressure dependence. On the basis only 
of the data presented here it is not possible to 
decide whether all reactions of the triplet state, 
including pl~ospl~orescence, require a collision or 
whether none do. However, it has been shown 
that T~ (the lifetime of the pl~ospl~orescence) is 
independent of pressure in the region 4 7 6 0  mm 
(3); this independence has been verified with data 
which extend to N 0.5 mm (7). The present 
mechanism, from wl~ic l~  one obtains T ,  = (k, + 
kg -t kg + Iclo[HgJ)-1 and thus is independent 
of l<etone pressure, is in agreement with this 
observation. 

ViDr.ational Relaxation in S1 
Conflicting conclusions have been reached 

concerning the question whether the vibrational 
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[A], mole /L 

FIG. 2. Data at 25 "C @ vs. [A]. Left ordinate: (O), (@).present wofk; (0) Ayscough and Steacie. @-I vs. [A]. 
Right ordinate: (a), (A) present work; Ayscough and Steacie data not included. Filled symbols show second series 
done several months after first (open symbols). Inset: @-I vs. [A] in low pressure region. Approximate pressures in 
mm Hg can be obtained by multiplication of [A], in 10-4 mole/l, by 2. 

relaxation in S1 is best represented by a cascade 
of weak collisions (I), as is shown in the mecha- 
nism offered here, or by strong collisions (5, 9), 
in which case the series of reactions [2,i] and 
[3,i] (i = 1 to n) should be replaced by the pair 
of reactions [2] and [3]. 

Two experimental tests have been discussed. One 
involves the shape of plots of 4-1 vs. [A] at low 
pressures, and the second that of plots of (1 - 
+)/[A1 vs- [A]. 

Considerations (1) of the mechanism show 
that if a cascade of weak collisions is involved, 
plots of 4-1 vs. [A] rise from unity at [A] = 0 
with a slope which increases from zero at [A] 
= 0 until 4-1 reaches a point of inflection whence 
the plot continues to rise with decreasing slope 

to approach the asymptote, 4,-1, as [A] is in- 
creased without limit. If a single strong collision 
is involved in the relaxation, the curve rises with 
a finite, positive slope, which always decreases as 
[A] increases, to approach the same asymptote. 
The pressure at which any point of inflection 
might occur is rather low and its presence might 
not be demonstrable in an experimentally acces- 
sible region. Indeed Porter and co-workers (5, 9) 
have not detected such a point of inflection down 
to pressures of 0.1 mm at room temperature. 
Figures 2 and 3 also include plots of 4-1 vs. [A] 
for the present data. I t  is to be noted that the 
plots remain approximately linear in the low 
pressure region (see insets in Figs. 2 and 3) but 
extrapolate to values of 4-1 < 1 at [A] = 0. 
These linearly extrapolated intercepts are 0.74 at 
25 "C and 0.86 at 78 "C. 

An intercept less than unity suggests either 
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FIG. 3. Data at 78 "C. Symbols and scales as in Fig. 2 except that filled symbols with a vertical line represent an 
experiment at - 7.7 % of the usual incident intensity in second series. 

that the curve will pass through a point of inflec- 
tion at a still lower pressure and then through 
4-1 = 1 at [A] = 0, or that a systematic error 
exists in the measurements so that the values of 
4 reported are systematically too large. The 
former interpretation is consistent with the 
occurrence of a weak collision mechanism; the 
latter merits further consideration. 

If, because of systematic errors, the quantity 
actually measured was bv = (1 + x)4, where x > 
0, rather than 4 itself, the intercept obtained by 
linear extrapolation would indeed fall below 
unity on the ~ v - 1  scale. The observed intercepts 
require that x = 0.35 at 25 "C and x = 0.16 at 
78 "C. In view of the discussion of possible 
systematic errors given in the Experimental sec- 
tion, it is not reasonable to ascribe systematic 
errors of this magnitude to the present data. 

Moreover, the change of the systematic error 
with temperature is even more difficult to explain 
because the technique and procedures used in the 
experiments at the two temperatures were 
identical. 

One possible explanation for the change of x 
with temperature might involve the effect of 
mercury vapor. If the deactivation reaction has 
a negative activation energy then its rate will be 
lower at  the higher temperature. It should be 
recognized that the apparent collisional efficiency 
of deactivation is expected to be less at higher 
temperatures because of the positive activation 
energy of the competing reaction [8], and pos- 
sibly of [9], as well as because of any negative 
temperature coefficient for [lo]. Thus, although 
the effect of mercury vapor is to decrease 4, the 
magnitude of the effect could be less at  higher 
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temperature and, coupled with some unknown, 
larger, temperature-independent effect giving 
rise to a positive x, the mercury effect conceiv- 
ably could account for a smaller x at higher 
temperature. However, in the lower pressure 
region only a small fraction of the molecules 
which decompose do so from Tlo, which, it is 
assumed, is the only state affected by mercury 
vapor, so that this possible explanation of the 
temperature dependence of x is not realistic. 
Moreover, the larger, temperature-independent 
effect, which must also be present to give x a 
large overall positive value, has not been 
identified. 

It is worth emphasizing that Porter and 
Uchida's data (9) were obtained at pressures 
lower than were used here and the absence of a 
point of inflection in their data is strong evidence 
against the weak collision mechanism. However, 
it is also worth reemphasizing, as they do, that 
their data were adjusted to pass througl~ 4-1 = 

1 at [A] = 0, so that only the shape of their plot, 
and not the absolute values of + quoted, is signi- 
ficant. Indeed, a valid criticism of their data 
standing alone is simply that the point of inflec- 
tion exists at a still lower pressure and that their 
method of adjusting the data to pass through 
g l  = 1 disguises this possibility. However, the 
present data are such that the point of inflection 
is indeed expected in the region they studied. 

Another point should be made in connection 
with systematic errors. If IV, rather than 4, was 
the quantity measured, and if the strong collision 
mechanism operates so that only [2] and [3] 
remain as reactions for the vibrationally excited 
singlet state, then it is easy to show that ( { v  - 
{v,)[A] = (1 + x)p - pi), in which 1) = IcZ/1cJ. 
Obviously this expression will be most sensitive 
to randoin errors at high pressures. Hence four 
plots were made of the data taken at 78 "C using 
FV, = 0.26, 0.27, 0.28, and 0.29; the visually 
estimated scatter in the high pressure region was 
least for that in which w, = 0.28 and this 
particular plot is shown in Fig. 4. The slope and 
intercept yielded p = 280 x 10-6 mole/l and x 
= 0.37. A similar treatment of the data taken 
at 25 "C led to IIJ, = 0.025, p = 140 x 10-6 
mole/l, and s = 0.25. The agreement between 
these two independent determinations of x, while 
probably fortuitous at 78 "C, and wit11 the less 
precisely determined estimates cited earlier (I), 
supports the conclusion that a very large, posi- 

CHEMISTRY. VOL. 46, 1968 

tive, systematic error in the present measure- 
ments must be accepted if these data are to be 
interpreted in terms of the strong collision 
mechanism. 

FIG. 4. Evaluation of x at 78 "C if systematic error 
present. Experiments shown as triangles assumed to have 
large random error and were disregarded in drawing the 
line. Line corresponds to (tv - tv,)[A] = 3.85 x 10-" 
2.81 x 10-4tv mole/l, whence x = 0.37; tv, taken as 0.28. 

Plots of the function (1 - +)/[A] vs. [A] for 
the data taken at the two temperatures are shown 
in Figs. 5 and 6 ;  the plot reported earlier (1) used 
raw data which had not been corrected for reflec- 
tions. The existence of a ~naxiillu~n in these plots, 
again supportiilg a weak collision mechanism or 
an unreasonably large systematic error if the 
strong collision n~echanisin is valid, seems reason- 
ably well established at 78 "C and, with rather 
less certainty, at 25 "C. It should be noted that 
the pressure at which the maximum occurs, 
N 1.5 x 10-4 mole/l at 25 "C and - 4 x 10-4 
mole/l at 78 "C, changes with temperature in the 
sense predicted by qualitative considerations of 
the mechanism (1).  
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8 16 2 4  - 

[A] , rnole/ l  

FIG. 5. Plot of (1 - 

FIG. G .  Plot of (1 - 

" 0 4 0  80 120 160 

[A] , 1 0 - ~ r n o l e / l  

+)/[A] vs. [A] at 25 "C. Inset shows low pressure region. Symbols as for 

0 80 160 2 4 0  3 2 0  

[A] m o t e l l  

- +)/[A] vs. [A] at 78 "C. Inset shows low pressure region. Symbols for 

Fig. 2. 

Fig. 3. 
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It is concluded that the present data favor the 
weak collision mechanism. The source of the 
discrepancy between this conclusion and that 
reached by Porter and co-workers ( 5 , 9 )  remains 
disturbingly unresolved. 

4.0 

;;; 3.0 - .- 
2 

2' e - .- z - 
2.0 

1.0 

The Emission 
The dependence of Q on [A] as predicted by 

the mechanism can be described as follows, if it 
is assumed that the numerical factor P is in- 
dependent of [A]. Q is expected to rise from zero 
at [A] = 0 with a slope which increases from 
zero at [A] = 0 to a maximum and then to 
decrease as [A] is increased further; at very high 
pressures Q approaches an asymptotic limit of 

dicted behavior; a plot of 4 vs. [A] is included on 
the same pressure scale. It is seen that Q and 4 
essentially have reached their respective limits at 
approximately the same pressure. However, there 
are two respects in which the shape of the Q plots 
is not exactly as predicted. 

At the highest pressures Q falls slightly 
(- 20 %) as [A] increases rather than continuing 
to rise slowly to a definite limit. It is just in this 
region where the correction for local absorption 
becomes most inaccurate because small errors in 
the measured extinction coefficients are magni- 
fied greatly; at the highest pressure the relative 
error in Q is some three times that of the extinc- 
tion coefficient. It is believed that this, rather 

[A], mole/. 

FIG. 7. Variation of Q and 4 with [A] at 25 "C. Q vs. [A] (left ordinate). (0) Series 1 ;  [A] changed by expansion 
but each new value measured; the same procedure was used in all series. (0) Series 2 at  50% incident intensity of 
series 1. (8) Series 3. (@I) Fresh ketone from storage for each experiment. The following experiments were done 
several weeks after those already mentioned and after the outside of the viewing window had become partially fogged 
by an oily condensate which presumably distilled from the cell insulation during the high temperature work done in 
the interim. The fogging remained undiscovered until the apparatus was disassembled. Therefore, all the following Q 
values have been multiplied by a factor of 1.23 which was obtained by normalizing series 4 to series 1. (@) Series 4. 
(e) D y e  with fresh ketone for each experiment; symbols with a short horizontal line represent experiments done at  

7.7 A usual incident intensity. Not all data taken at low pressure are shown (see Fig. 9). 4 vs. [A] (right ordinate): 
( 0 )  first series; (I) second series. See caption to Fig. 2; data of Ayscough and Steacie are omitted. 

-I 1 &?+:: - - 

- I B 0 * 
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em = P(k4/(k4 + k5 + k6)) than a real decrease in Q or a change of P with 
pressure in this region, is the cause for the 

[I + (k6/k4)(k7/(k7 + ks + kg + klo[Hgl))l' apparent decrease. An alternative possibility is 

0.8 

0.6 

d 

0.4 

0.2 

0 

Figures 7 and 8, in which Q is plotted in arbitrary that the length, 6, of the emitting ;apor which 
units against [A], show approximately the pre- actually was viewed was not situated exactly at 
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[A], mole/-! 

FIG. 8. Variation of Q and 6 with [A] at 78 "C. Q vs. [A] (left ordinate). (A) Series 1 ; pressure changed by expan- 
sion but each value measured. (A) Fresh ketone from storage used for each of these experiments. (V) Series 2 done 
several weeks after first. Second series normalized to first with a factor of 1.19 to allow for partial fogging of viewing 
window (see caption to Fig. 7). Not all data taken at low pressures are shown (see Fig. 9). 6 vs. [A] (right ordinate): 
(0) first series; (188) second scries. See caption to Fig. 3 ;  data of Ayscough and Steacie are omitted. 

the midpoint of the cell. In that case the func- careful study than has been done previously of 
tional form of the local absorption correction the p l f  ratio as a function of pressure will be 
factor, g, is no longer that cited and a systematic 
error in Q, if calculated with g as given, would 
result. Henriques and Noyes (24) offer a solution 
for the form of g for apparatus of a more general 
geometry. The geometry of the present apparatus 
was not sufficiently well defined to permit an 
application of this more sophisticated treatment. 
A final conclusion on this matter must await 
the data, soon to be obtained (7), with short cells 
for which the local absorption correction remains 
relatively small and more accurately calculable. 

Figure 9 shows plots of Q vs. log [A] at several 
temperatures; logarithmic units are used to en- 
compass the large range of [A] studied. It  is seen 
that, even at the lowest pressures studied, Q does 
not tend toward zero, contrary to a prediction of 
the mechanism. The observation persists in plots 
using a linear pressure scale over a small range of 
low pressures. If this is a real phenomenon it 
suggests that emission occurs from all vibrational 
levels of S1. On the other hand the data are less 
reliable in this region of pressure and a more 

required to decide whether or not the observa- 
tion is an experimental artifact. 

Energetics 
It  might be useful to consider a simplified 

picture of the energetics of the excited states 
involved and a hypothesis concerning the path 
by which the decomposition might occur. The 
picture turns out to be a simplified analogy of 
the molecular orbital description since advanced 
by Abrahamson, Littler, and Vo (25) for the 
photochemistry of the simplest carbonyl com- 
pound, formaldehyde. 

A "diatomic" approximation of the states 
involved is depicted schematically in Fig. 10. 
The diagram is constructed largely by analogy 
with the known energy and geometry of the 
analogous states of formaldehyde (see ref. 26 for 
reviews). Thus S1 is shown with a larger equili- 
brium CF3-COCF3 distance than that of the 
gound state and is correlated at high energies 
with some unknown electronically excited states 
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FIG. 9. Q VS. loglO [A] at various temperatures. Note that the logarithmic scale accentuates the decrease in Q a t  
high pressure. Symbols for data at 25 "C and 78 "C are same as used in Figs. 7 and 8 respectively. 107 "C: ( 0 )  first 
series; (I) donelwith fresh ketone for each experiment. 140 "C: (0) series 1. Each point represents two experiments 
one at normal, and one at 50% normal incident intensity; greatest spread observed was 1.5%. ( 0 )  Series 2. 170 "C:  
( - I - )  series 1 ; ( x):series 2. 

of one or both of the fragments. Okabe and 
Steacie (18) locate the S1 state about 82 kcal 
mole-1 above the ground state so that the 
minimum of S1 lies approximately at the level 
of the dissociation limit of the ground state 
(D(CF3-COCF3) --. 80 kcal mole-1 assumed). 
The n ~ "  triplet state, TI, is shown with similar 
geometry, i.e. equilibrium CF3-COCF3 dis- 
tance, to that of the S1 state. It is not necessary 
to specify whether T1 correlates with the same, or 
different, electronically excited state of the frag- 
ments as does S1 ; it seems unlikely that T1 should 
correlate directly with the ground electronic state 
of the fragments. As is the case for formaldehyde 
the S1-T1 separation is set at N 9 kcal mole-1. 
The analogue of the &,,* orbital discussed by 
Abrahamson et al. (25) is represented by the 
repulsive curve rising from the fragments in their 
ground electronic states and crossing T1 and S1 
at distances only slightly larger than the bonding 
distances. As discussed there (25) placing the 
repulsive curve as shown implies a large stabiliza- 
tion of the repulsive orbital at near-bonding 

distances. The low energy, and thus this large 
stabilization, of the repulsive curve is of funda- 
mental importance for the validity of the overall 
scheme to be discussed here. 

Excitation at 3130 A (92 kcal mole-1) intro- 
duces a maximum of 10 kcal mole-1 vibrational 
energy into the symmetrical C-C stretching vi- 
bration represented in Fig. 10. It is probable 
that many other vibrations and rotations are 
excited in the transition (cf. the progression in 
the carbonyl stretching frequency which is 
prominent in the absorption spectrum of formal- 
dehyde (26) and propynal (27)), so that the 
vibrational energy initially present in the C-C 
mode inust be considerably less than the inaxi- 
mum. This maximum C-C vibrational energy 
is represented by the upper limit of the shaded 
area in S1 in Fig. 10. The lower limit of the 
shaded area is set by the point at which the 
repulsive curve crosses S1; the energy level at 
which this occurs is not known and has been 
drawn arbitrarily in the diagram. Decomposition 
from the singlet state is envisaged to occur as 
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FIG. 10. Diatomic approximation to potential energy 
surfaces for hexafluoroacetone. The diagram is schematic 
and not to scale. Energy values indicated are in kcal 
mole-1. f and p represent fluorescence and phosphores- 
cence, respectively. S, represents the lowest excited singlet 
state of HFA, T1 the lowest excited triplet, and U* the 
repulsive state formed from the fragments in their ground, 
or low-lying, electronic states. 

follows. During the presumably rapid exchange 
of vibrational energy among the various modes, 
sufficient energy will from time to time accunlu- 
late in the C-C stretching mode to energize it 
above the lower limit of the shaded area from 
which a transition to the repulsive curve can 
occur. This crossing need not occur whenever 
the energetic requirements are met but a speci- 
fication of other requirements which might be 
necessary cannot be given at this time. ColIisions 
reduce the total vibritional energy of the mole- 
cule and, thus, the probability that sufficient 
energy can accumulate in the C-C mode to 
~ e r m i t  the transition to the re~ulsive curve. It is 
this loss of vibratioilal energy to which the strong 
or weak collision mechanism applies. After the 
molecule has lost some large amount of vibra- 
tional energy, so that the accumulation of suffi- 
cient energy in the C-C mode to exceed the 
lower limit of the shaded area becomes an 
extremely improbable event, the molecule is 
referred to as being in the Slo state. It is from 

this region that the internal conversion and the 
fluorescence are thought to originate, although 
evidence that the fluorescence spectrum remains 
independent of pressure to very low pressures 
has not been obtained (18, 22), so that the pos- 
sibility of fluorescence from levels above Slo 
cannot be ruled out on the basis of published 
data (see above discussion of the emission). 

A detailed description of the intersystem cross- 
ing reaction [6] cannot be given. Presumably the 
crossing first produces molecules in high vibra- 
tional levels of T1 from which vibrational energy 
is lost rapidly by collision; a priori it is expected 
that if collisions do not intervene, the reverse 
transition would occur eventually. The fact that 
it is unnecessary to postulate a collision in [6] 
merely indicates that collisions are sufficiently 
frequent not to be rate determining. 

A nlolecule in the state Tlo is in a potential 
well from which it can escape by eillission of 
phosphorescence, by undergoing a second inter- 
system crossing, [9], whose details cannot be 
specified, by deactivation through a collision 
with an atom of mercury, by reaction with, or 
energy transfer to, an active addend (2, 3), or by 
uni~nolecular decomposition over the barrier ET 
indicated in Fig. 10. The height of this barrier is 
not known a priori but the general picture, if 
correct, requires that ET be rather greater than 
the S1-TI separation; the energy of activation, 
which may approximately be associated with 
+,, of 10-15 kcal mole-1 (5, 22) is in agreement 
with this requirement. 

An approximate evaluation of ET can be made 
from the data given here. It is clear that kS/1c7 = 
+,/+,,,, in which +,,, is the unknown absolute 
quantum yield of pl~osphorescence at infinite 
pressure. However, +,,, = Q,PPl(l i- (+,,,/ 
+,,,))-1, in which +,,, is the, also unknown, 
absolute quantum yield of fluorescellce at infinite 
pressure. If it is assumed that p and the ratio 
+f,,/+D,, are independent of temperature, Es - 
E7, but not ASIA7, can be obtained from the 
data. A priori it is not unreasonable to expect P to 
be relatively independent of temperature, since 
the maxima in the intensities of the fluorescence 
and the pl~osphorescence have only a small wave- 
length separation (4, 7, 19). On the other hand, 
+e,,/+D,, is expected to increase as temperature 
increases and has a value near 114 at  room tem- 
perature (4). Thus the energy difference derived 
will be a minimum. Q, is estimated as -4.0 at 
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25 "C and - 2.8 at 78 "C so that, using 4, data 4. p. G. BOWERS and G. B. PORTER. J. Phys. Chem. 
68, 2982 (1964). cited E8 - E7 > l1 kcal This is 5. P. G. BOWERS and G. B. PORTER. J. PhyS. Chem. 

also a minimum value for ET = E8. 70,1692 (1966). 
Finally it be noted that it is impossible 6. D. A. WHYTOCK. Unpublished work in these 

laboratories. to decide from the data available whether decoin- 7. A. G ~ ~ ~ ~ ~ .  unpubliSlled work in these lab- 
position from S1 proceeds directly to  the repul- oratories. 
sive state, as suggested above, or whether inter- 

l?-my;a?z~ and G. 
PoRTER. Private conl- 

systeln crossing occurs from Inany high vibra- 9. G. B. PORTER and K. UCHIDA. J. Phys. Chem. 70, 
tional levels of S1 to high vibrational levels of TI. 4079 (1966). 
~ ~ l ~ ~ ~ l ~ ~  in states would have a very high 10. H. W. MELVILLE and B. G. GOWENLOCK. Experi- 

mental methods in gas reactions. McMillan and Co., 
probability to accumulate sufficient energy in the ~ t d . ,  New York. 1964. p. 242. 
C-C bond to overcome the barrier E,. Indeed, 11- M. KASHA. J. Opt. SOC. Am. 38,929 (1948). 

12. R. E. HUNT and T. L. HILL. J. Chem. Phys. 15, 111 assuming, as is likely, that the repulsive curve is (1947). 
triplet, the non-crossing rule might be invoked, 13. J. G. CALVERT and J. N. PITTS, JR. Photochemistry. 
in whicl~ case the shape of T1 in the region of the Wiley and Sons, Inc.9 New York. 1966. P. 793. 

14. D. E. HOARE. Trans. Faraday Soc. 53, 791 (1957). original crossing point is changed to that shown 15. D. E. HOARE and J. CALDWELL. J. Am. Chem. Soc. 
as broken lines in Fig. 10. These two suggestions 84, 3987 (1962). 
bring the representation of the potential energy 16. ~ ' c R i 8 M ~ ~ 2 : ; 1 ~ ~  H. C. SuTToN- Trans Faraday 

diagram offered here into general agreement with 17. D. s. kERR and W. A. NOYES, JR. J. Am. Chenl. 
that advanced recently by Larson and O'Neal Soc. 62, 2052 (1940). 
(28) for the mecllanism of the primary process in 18. OKA"" and E. W. STEACIE. Can. J- Chem. 36, 

137 (1958). 
acetone. It is thought, however, that the stability 19. H. w. HOLDEN. 'unpublished work in these lab- 
of T1 in both acetone and l~exafluoroacetone is oratories. 

too great to be represented by their Fig. 7, in 20. R. E. REBBERT. Private communication. 
21. P. B. AYSCOUGH and E. W. R. STEACIE. Proc. Roy. 

which TI is shown to correlate directly with the soc. London, Ser. A, 234,476 (1956). 
fragments in their ground electronic states with- 22. G. GIACOMETTI, H. OKABE~ and E- W. R. SEACIE- 

out an intervening barrier. Proc. Roy. Soc. London, Ser. A, 250, 287 (1959). 
23. J. C. AMPHLETT and E. WHITTLE. Trans. Faraday 

Many, if not most, of the suggestions and in- SOC. 63, 80 (1967). 
terpretations made in this section are highly 

24. :h&. ~ ~ ~ ~ ~ ; l u ; f i 3 ~ n ( " 1 9 ~ ) . A -  
J- 

speculative. It is hoped that some of the areas of 25. E. W. ~ ~ ~ ~ ~ a ~ ~ ~ ~ ,  J. G. F. LITTLER, and KIM- 
uncertainty have been defined more precisely PHAN Vo. J. Chem. Phys. 44,4082 (1966). 
and that general picture offered, 26. D. A. RAMSAY. It2 Determination of organic struc- 

ture by physical methods. Vol. 2. Edited by F. C. 
obviously oversimplified, will stimulate further Nachod and W. D. PhiUips. Academic Press, New 
consideration of these processes. York. 1962. Chap. 4. J. C. D. BRAND and D. G.  

WILLIAMSON. It2 Advances in physical organic chem- 
istry. Vol. I. EdiledDyV. Gold. Academic Press, New 

1. A. N. STRACHAN, R. K. BOYD, and K. 0. KUTSCHKE. York. 1963. Chap. 5. 
Can. J. Chem. 42, 1345 (1964). 27. J. C. D. BRAND, J. H. CALLOMON, and J. K. G. 

2. S. N. KHANNA and K. 0. KUTSCHKE. Can. J. Chem. WATSON. Can. J. Phys. 39, 1508 (1961). 
44, 1465 (1966). 28. C. W. LARSON and H. E. O'NEAL. J. Phys. Chem. 

3. A. GANDINI and K. 0. KUTSCHKE. Can. J. Chem. 70, 2475 (1966). 
44,1720 (1966). 
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Pyrolysis of phenylmercaptoacetic acid 

A. T. C. H. TAN AND A. H. SEHON 
Departrize~zt of Clzeinistry, McGill University, Montreal, Qirebec 

Received March 23. 1967 

The pyrolysis of phenylmercaptoacetic acid was investigated by the toluene-carrier technique over the 
temperature range 760-835 OK. The main products of the decomposition were phenyl mercaptan, carbon 
dioxide, acetic acid, phenyl methyl sulfide, carbon monoxide, and dibenzyl. 

The overall decomposition was a first-order reaction with respect to phenylmercaptoacetic acid and 
could be represented by the two parallel steps: 

kl 
[1 1 C6H5SCH2COOH + C6HsS. + . CHlCOOH 

Reaction [ I ]  was shown to be a homogeneous first-order dissociation process, and its rate constant was 
represented by the expression 

k l  = 1.0 x 1015 exp (-58000/RT) s-1. 

The activation energy of this reaction, i.e. 58 kcal/mole, was identified with D(C6H5S-CH,COOH). 

Canadian Journal of Chemistry, 46, 191 (1968) 

Introduction 

In a previous investigation (1) the experi- 
mentally determined stabilization energy of the 
phenylsulfide radical, C6H5S., was estimated to 
be about 13 kcal/mole. Hence, the weakest bond 
in a coinpound of the type C6H5S-R would be 
expected to be the bond between the phenyl- 
sulfide and R radicals. 

The thermal decomposition of phenylmer- 
captoacetic acid was investigated in the present 
study, with the toluene-carrier technique, with a 
view to determining the C-S bond dissociation 
energy in this compound, i.e. C6H5S-CH2- 
COOH, and in the hope of elucidating the re- 
activity of the -CH2COOH radical. 

Experimental 
Materials 

Phenylmercaptoacetic acid, m.p. 63 "C, was obtained 
from Evans Chemetics, Inc., and was recrystallized three 
times from a solution of benzene and petroleum ether. 
The purity of the compound, as determined by titration 
against standard sodium hydroxide, was better than 99 %. 
The toluene was generously supplied by the Gulf Petro- 
leum Company, Pittsburgh, Pa. I t  was stirred for 20 h 
with calcium chloride and distilled through an efficient 

IPresented at the 47th Canadian Chemical Conference, 
Kingston, Ontario, June 1964. 

These results were incorporated in the thesis sub- 
mitted by A. T. C. H. Tan in partial fulfillment of the 
requirements for the M.Sc. degree, McGill University, 
1962. Present address: Department of Biochemistry, 
University of Vermont, Burlington, Vermont 05401, 
U.S.A. 

column. The fraction boiling at 110.5 "C was collected 
and used in all experiments. 

Apparatirs 
The pyrolysis was studied over the temperature range 

760-835 OK in an apparatus similar to those used in 
previous investigations employing the toluene-carrier 
technique (2). The toluene pressure was varied from 7 to 
18 mm. Known weights of the acid were introduced into 
a U-tube in the form of pellets. One arm of the U-tube 
was connected to the toluene reservoir and the other led 
to the furnace. During an experiment, the U-tube was 
heated by a removable oil bath maintained at constant 
temperature. The partial pressure of acid was varied from 
0.08 to 0.44 mm by varying the temperature of the oil 
bath between 138 and 165 "C. The time of residence of 
the reactants in the reaction vessel was varied from about 
0.2 to 1.4 s by changing the size of the capillary in the 
outlet of the tube connected to the reaction vessel. 

Gas Cliroruatography 
The apparatus for vapor-liquid chromatography was 

essentially similar to that described by Callear and 
Cvetanovi; (3). Helium was used as the carrier gas. For 
the analysis of the products condensed at liquid air 
temperature, a column made of pyrex glass tubing (t in. 
i.d.) filled with 10 g of dinonylphthalate on 24 g of celite 
505 was used. 

Ailalysis 
The products of the pyrolysis were separated from the 

remaining undecomposed portion of phenylmercapto- 
acetic acid and unreacted toluene by fractional distillation 
through a series of three traps maintained at -5, -78, 
and -188 "C, respectively. The noncondensable gases 
were transferred with the help of two diffusion pumps 
connected in series and collected into calibrated bulbs. 
The materials collected at -5 OC consisted of dibenzyl 
and undecomposed phenylmercaptoacetic acid. This trap 
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TABLE I 
Products of the decomposition of phenylmercaptoacetic acid* 

Noncondensable gases 
Acid (mmole) 

Expt. Temp. CsHsSH CH3COOH ( C G H ~ C H ~ ) ~  COz Total 9 
No. ("K) Initial Decomposed (mmole) (mmole) (mmole) (mmole) ( m o l e )  %HZ %CH4 % C O  + z 

75 760 1.065 0.171 0.018 0.015 - 0.005 - - - 
S 

0.07 
74 767 0.888 0.116 0.015 0.007 - 0.13 0.006 - - - 5 
6 6 ~  779 0.926 0.103 0.027 0.005 0.011 0.07 0.025 - - - - - 

a 
60 783 0.540 0.057 0.012 0.010 0.002 - - - C 
63 783 0.859 0.108 0.032 0.020 - 0.08 0.009 - - - 

7J z 
64 783 1.040 0.141 0.038 0.016 0.014 0.07 0.014 - - - 
65 783 0.852 0.108 0.034 0.013 0.012 0.07 0.015 - 27.8 

$ 
72.2 

67 793 0.944 0.160 0.052 0.030 0.035 0.10 0.018 - 28.6 
68 793 0.982 0.143 0.045 0.030 0.029 0.09 0.017 - 28.6 71.4 0 

71.4 

87 795 0.605 0.236 0.082 0.035 0.075 0.15 0.045 3.7 22.5 73.8 2 
73 804 0.296 0.067 0.029 0.010 0.032 0.04 0.013 4.7 13.3 

813 
82.0 5 

69 0.666 0.191 0.081 0.050 0.069 0.12 0.027 4.2 20.5 
70 813 0.601 0.161 0.058 0.042 0.058 0.09 0.018 3.9 24.1 

75.3 2 
86 813 1.065 0.149 0.067 0.040 0.026 0.10 0.024 5.7 11.2 83.1 5 

72.0 7J 

8 9 ~  813 0.573 0.379 0.154 0.012 0.137 0.22 0.140 3.7 6.8 
815 

89.5 
8 8 ~  0.692 0.474 0.184 0.022 0.133 0.30 0.153 1.1 10.7 88.2 
72 823 0.285 0.110 0.051 0.025 0.039 0.07 0.021 10.1 23.5 

828 
66.4 a 

80 0.577 0.273 0.104 0.052 0.095 0.18 0.033 9 .8  19.5 
829 

70.7 wrn 

79 0.255 0.114 0.055 0.030 0.047 0.07 0.017 9 .4  23.4 
84 833 0.591 0.496 0.287 0.200 0.205 0.28 0.076 11.7 21.2 

67.2 5 
85 833 0.849 0.234 0.086 0.040 0.057 0.15 0.034 10.0 18.4 

67.1 - 
81 833 0.353 0.192 0.097 0.060 0.077 0.13 0.024 10.2 20.0 

71.6 

833 
69.8 

9 1 ~  0.309 0.258 0.110 0.005 0.076 0.16 0.095 1 .O 10.8 88.2 
82 835 0.867 0.415 0.216 0.220 0.160 0.21 0.049 12.3 19.2 71.5 

"The - indicates that producls were not larse enough to be measured; p refers to experiments done in  the packed reaction vessel. 
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was weighed bcforc and after an cxperi~ncnt and its 
contents wcre dissolved inethanol, thendiluted with water, 
and titrated with standard sodium hydroxide. The number 
of milliequivalents of sodium hydroxide used was con- 
sidered to be cqual to the amount of unreacted acid and 
the amount of dibenzyl was taken as the difference 
between the total weight of the contents trapped at -5 OC 
and the weight corresponding to the unreacted acid. The 
validity of this procedure was established in "control" 
experiments, performed with the furnace tenlperature at 
200 "C, where no decomposition occurred; it was thus 
shown that the acid could be trapped quantitatively at 
-5 "C and thus removed from the stream of toluene. 

The trap at -78 "C contained toluene, acetic acid, 
phenyl mercaptan, and phenyl methyl sulfide. Acetic acid 
was demonstrated by gas chromatography and was 
determined by titration with standard sodium hydroxide. 
Phenyl mercaptan was deternlined as previously des- 
cribed (4) by ampcrometric tltration with a 0.1 N silver 
nitrate solution using a rotating plat~num electrode and a 
microammeter. The contents of the trap at -78 "C gave 
a deep-red color with chloranil and an orange-yellow 
color with quinone, which indicated the presence of 
phenyl methyl sulfide (5). However, the presence of the 
large excess of toluene did not permit the use of the latter 
procedure for the quantitative determination of phenyl 
methyl sulfide. 

The contents of the trap at -188 "C were separated by 
gas chromatography. One large and three tiny peaks were 
obtained. On the basis of the elution time, as determined 
from the gas chromatogram, and of infrared (i.r.) analysis, 
the major component in this trap was identificd as carbon 
dioxide. The i.r. spectrum of a cun~ulative sample of the 
contents of the trap at -188 "C, collected for several 
experiments, also revealed a strong absorption at 2150 
cm-1, which could be assigned to the -C=C=O asym- 
metric stretching vibration of ketene (6); the other three 
smaller absorption peaks of this i.r. spectrum (at 3070, 
1388, and 1120cm-1) confirmed further the presence 
of ketene in this sample (7, 8). 

The amount of carbon monoxide and the ratio of 
hydrogen to methane in the noncondensable gases was 
established by combustion over copper oxide at 350 "C. 

Results 

The main products of the decoillposition were 
carbon dioxide, phenyl mercaptan, acetic acid, 
dibenzyl, phenyl methyl sulfide, and carbon 
monoxide. Sillall quantities of ketene, methane, 
and traces of hydrogen were also found. Table I 
shows the main products and the amounts of 
acid decomposed under different experimental 
conditions. 

The contents of the trap at -5 OC, when 
warmed to room temperature, in the presence of 
air, turned slightly yellow. However, the infrared 
analysis of the contents of this trap revealed the 
presence of undecomposed acid and dibenzyl 
only. It is, therefore, concluded that the yellow 
color was due to substances produced in negli- 
gible amounts. 

The amount of the total lloilcondensable gases 
varied between 23 and 54% of the phenyl- 
mercaptan and it increased up to 90% in the 
experiinents performed in the packed reaction 
vessel. Carbon monoxide constituted about 60 
to 70% of the total noncondensable gases and 
the remainder consisted of methane. The per- 
centage of carbon monoxide rose to about 90% 
in the experiinents performed in the packed 
reaction vessel. At the highest temperatures 
used, a small amount of hydrogen was also 
formed. 

Discussion 

Mechanisin of Decomposition 
The analytical results suggested that the 

pyrolysis of phenylmercaptoacetic acid occurred 
primarily by two simultaneous processes [I] and 
[2], involving a free radical and a molecular 
dissociation reaction, respectively. 

From the relative amounts of the products 
formed, reaction [2] appears to predominate in 
the temperature range studied. If each phenyl- 
sulfide radical abstracted a hydrogen atom from 
toluene, i.e. by reaction [3], 

the sum of the phenyl mercaptan and of the 
carbon dioxide formed in reactions [3] and [2] 
would be expected to be equal to the total 
amount of phenylmercaptoacetic acid decom- 
posed. In actual fact, as can be seen from the 
data listed in the last two columns of Table 11, 
this expectation was supported by experimental 
results. 

Furtl~ermore, if each of the CH2COOH 
radicals abstracted a hydrogen atom from tolu- 
ene in reaction [4], the ratio of phenyl mercaptan 
to acetic acid would be unity. 

However, as shown in Table I, the amount of 
acetic acid was always less than that of phenyl 
mercaptan and, therefore, it must be concluded 
that reaction [4] was not sufficiently rapid to  
remove all the CHzCOOH radicals and that 
some of these disappeared also by other re- 
actions. 
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TABLE I1 
[CsH5SH + (COz - CH4*)]/acid decomposed? 

Expt.1 Temp. C6H5SH 
No. CK) (mmole) 

Total 
co 2 

(mmole) 

Acid 
decomposed 

(mmole) 

CsH5SH + COz 
acid 

decomposed 
CrjH5SH + (C02 - CH4*) 

acid decomposed 

1.25 
0.87 

tCHiX = [total CHI) - [CHl from the decomposition of toluene]. This calculation was based on  the assumption that all the hydrogen formed 
resulted from the decomposition oftoluene and  that  for each 1.5 moles of hydrogen formed, 1 mole ofmethane was formed (1 1). 

$The experiments marked p refer to those done in  the packed reaction vessel. 

Fate of the CH2COOH Radicals The benzyl radicals were assumed to dimerize 
The CH2COOH radicals may have abstracted to give dibenzyl. 

one hydrogen atom according to reaction [4], 
191 2CsHsCHz --, (CrjH5CH2)? 

[4] CHzCOOH + C6H5CH3 -' 
CH3COOH + CGH5CH2, If reactions [I] to [9] represent the mechanism 

of the decomposition of phenylmercaptoacetic 
or may have decomposed according to reactions acid in a stream of toluene, the following stoi- 
[5] and [6]. chiometry should have been observed. 
t51 CH2COOH 4 CH3 + COz 

[CGHSSH] = [(C6H5CH2)21 = 
[61 CHICOOH + CHzCO + OH 

[CH3COOHI + [CH2COl + [CH4] 
The methyl and hydroxyl radicals produced in 
reactions [51 and [6] would be expected to ab- However, the data listed in Table I indicate that 

stract a hydrogen atom from toluene to yield 
methane (9) and water (2), respectively. 

[7] CH3 + C6H5CH3 4 CH4 + C6H5CHz 

[81 OH + CGHsCH3 + C6H5CH2 + Hz0 

Owing to technical difficulties to establish a 
water-free system, all attempts to detect among 
the products the presence of small quantities of 
water, which might have been formed, were 
unsuccessful. Nevertheless, reaction [8] is be- 
lieved to be a probable reaction responsible for 
the removal of hydroxyl radical. 

In actual fact, the ratio of dibenzyl to phenyl 
mercaptan was, in most experiments conducted 
at the higher temperatures, somewhat smaller 
than unity, varying between 0.7 and 0.9. In 
previous studies it was shown that dibenzyl could 
not be trapped quantitatively at -5 "C from a 
stream of toluene and that its recovery was 
usually not better than 90% of the theoretical 
amount (10). It is clear that the relative losses in 
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the recovery of dibenzyl would be larger at the 
lower temperatures and higher flow rates, since 
the absolute amount of dibenzyl formed would 
be smaller under these conditions. In conse- 
quence it seems reasonable to conclude that tlle 
amount of dibenzyl actually formed in this 
investigation approached the amount of phenyl 
lnercaptan formed. 

Since the amount of ketene produced was 
small and since it did not account for the differ- 
ence between the phenyl mercaptan and [acetic 
acid plus methane], it is considered reasonable 
to postulate that some ketene was either dimer- 
ized or deconlposed. On concentration grounds 
alone, diinerization of ketene would not be too 
likely to occur. Moreover, the large amounts of 
carbon monoxide in the reaction would support 
the alternate explanation that a large fraction of 
the ltetene formed in reaction [6] had decom- 
posed. 

It is difficult to propose a mechanism for the 
formation of carbon nlonoxide. However, con- 
sidering that the ratio of carbon monoxide to 
pllenyl mercaptan increased considerably in the 
experiments performed in the packed reaction 
vessel3, it would appear that tlle carbon monox- 
ide was due to some heterogeneous decompo- 
sition reaction of the ketene on the wall of the 
reaction vessel. 

Calculation of' D(C6HjS-CH2COOH) 
The overall rate constant, k, for the pyrolysis 

of phenyln~ercaptoacetic acid was expressed as 

[lo] lc = l / t  In [(A)/(A - X)], 
where t is the time of contact in seconds, (A) and 
(A - X) represent the amounts of phenylmer- 
captoacetic acid passed through the reaction ves- 
sel and recovered in the trap at -5 "C, respec- 
tively. If the two parallel reactions [ I  ] and [2] 
were also first-order processes, and if reaction [3] 
were very rapid by comparison with reaction [I], 
one could write the additioilal rate expressions 

where (C6HjSH) and (COz) represent tlle 

3F0r example, at 833 OK, in experiment No. 85, the 
carbon monoxide formed was only about 0.25 of the 
amount of phenyl mercaptan formed; while in experi- 
ment No. 91p the ratio was increased to 0.77. 

amounts of phenyl inercaptan and of carbon 
dioxide formed during time t ,  respectively. 

The first-order rate constants, k and lcl, cal- 
culated for experiments under different condi- 
tions are listed in Table 111. Both rate constants 
were almost unaffected by the variation of the 
partial pressure of the acid by a factor of 5.5, of 
the toluene pressure by a factor of 2, of the time 
of contact by a factor of 6.5, and of the surface/ 
volume ratio of the reaction vessel by a factor of 
27 in the higher temperature range. However, at 
the lower temperature used, the scatter of the 
data suggest some heterogeneity. It is, therefore, 
concluded that the use of eqs. [lo] and [ l l ]  was 
justifiable in the higher temperature range, and 
that reaction [I], as well as the overall decompo- 
sition of pl~enylmercaptoacetic acid, were llomo- 
geneous first-order processes in this range. 
Moreover, because of tlle scatter of tlle data at 
the lower temperature, these were neglected for 
the calculation of the Arrhenius equation for the 
rate constant k of the overall decomposition. 

Since phenyl methyl sulfide could not be 
determined quantitatively, and since carbon 
dioxide was not produced exclusively in reaction 
[2], no attempt was made to calculate 1c2 wit11 the 
help of eq. [12]. The rate constant k2 represents 
the small difference between k and kl ; however, 
because of the inherently large error involved in 
such a calculation, such computations were not 
attempted. 

The Arrhenius plots of log lc and log lcl vs. 
1 / T  are shown in Figs. 1 and 2 respectively, and 
the corresponding rate constants computed from 
these graphs are given by the expressions 

k = 2 x 1012 exp (-46000JRT) s-1 and 

kl = 1.0 x 1013 exp (-58000/RT) s-1. 

With the usual assun~ption that the recom- 
bination of radicals requires no activation 
energy, the value of 58 kcal/mole, with an 
estimated uncertainty of &2 kcal/nlole, may be 
identified with the dissociation energy of the 
C6H5S-CH2COOH bond. By comparison, the 
C-S bond dissociation energy in phenyl methyl 
sulfide had been found to be 60 kcal/mole (I). 
This difference of 2 kcal/mole is obviously 
within experimental error of the technique. 
Nevertheless, it is in the right direction, since it 
is reasonable to expect that tlle CHzCOOH 
radical is slightly resonance stabilized with 
reference to  the methyl radical. 
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TABLE I11 
Rate constants for thc pyrolysis of phenylmercaptoacetic acid 

- -. . . . -- 

Toluene Acid Time of 
Expt." Temp. press. press. Toluene press. contact Overall % k Icl 0 

No. ("K) (mln Hg) (mm Hg) Acid press. (s) decomposition (s-l) 6--') $ 

:+p refers to experi~l~ents done in the packed reaction vessel. 
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TAN AND SEHON: PYROLYSIS OF  PHENYLMERCAPTOACETIC ACID 

FIG. 1. Plot of log Ic vs. I /T. Experiments done in the packed reaction vessel are indicated by the filled circles. 
FIG. 2. Plot of log kl vs. 1 /T. Experiments done in the packed reaction vessel are indicated by the filled circles. 
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The role of Hg 63P, atoms in mercury photosensitization. IV. Origin 
of the 4850 A and 3350 A bands 

J. E. MCALDUFF,~ D. D. DRYS DALE,^ AND D. J. LE ROY 
Lash Miller Ctzemical Laboratories, University of Toronto, Torolzto, Ontario 

Received May 16, 1967 

The continuous emission bands at 4850A and 3350A, attributed to the decay of electronically 
excited mercury molecules, have been studied in a flow system in which Hg 63P1 atoms were generated 
in the presence of nitrogen. The mechanism presented to account for the formation and decay of these 
eximers incorporates the assumption that these bands are derived by spontaneous emission from the 
A30,- and A31, states of the mercury molecule respectively. It is proposed that the A31, state is the 
precursor of the A3O; state. 

Canadian Journal of Chemislry, 46, 199 (1968) 

In Part I11 of this series (1) we postulated the 
formation of an electronically excited Hg2 
molecule to account for the steady-state con- 
centration of Hg 63Po atoms in a system com- 
prising mercury vapor and nitrogen illuminated 
by the mercury resonance line at 2537 A. At 
that time, we suggested that this molecule might 
be the species responsible for the visible con- 
tinuum emitted by mercury vapor in the region 
of 4850 A. The present communication is a 
report on the results and interpretation of an 
investigation of the bands at 4850 A and 3350 A 
and ofthe de~endence of their intensities on the 
concentrations of mercury and nitrogen. 

The fluorescence continua associated with 
electronically excited states of Hg2 have been 
studied extensively in systems containing mer- 
cury vapor alone at relatively high temperatures 
(2). The species responsible for the continuum at 
4850 A appears to have a long lifetime; thus 
Rayleigh (3) and Phillips (4) were able to ob- 
serve it in a flowing stream of gas some distance 
downstream from the region of excitation. 
Rayleigh (5) also showed that the gas giving rise 
to this continuum downstream contained meta- 
stable Hg 63Po atoms. In the presence of nitrogen, 
which is known to produce Hg 63Po atoms by 
quenching of the 63P1 state, the continuum can 
also be observed at the low mercury pressures 
obtaining at room temperature. For these 
reasons it has usually been assumed that the 
species responsible for the 4850 A band is the 
A30u- state of Hg2, which has as its dissociation 

1Present address: Department of Chemistry, St. 
Francis Xavier University, Antigonish, Nova Scotia. 

2Present address: Department of Physical Chemistry, 
The University, Leeds, 2, England. 

products a metastable 63Po atom and a ground 
state 61So atom. 

McCoubrey (6), with a system containing pure 
mercury vapor at 200 "C, found a common per- 
sistence time for the 4850 A band and the 
ultraviolet band at  3350 A. To account for this 
close relationship, he postulated that the 3350 A 
band arises by spontaneous emission from the 
A3Oc state while the 4850 A band results from 
a triple collision involving an Hg2 A30u- mole- 
cule and two mercury atoms in the ground state. 
This explanation was a departure from the 
earlier postulate of Mrozowski (7) that the 
3350 A band originates by spontaneous emission 
from the A31, state, for which the dissociation 
products are a 63P1 atom and a 61So atom. 

Berberet and Clark (8) studied the 4850 A 
band in the presence of nitrogen and postulated 
the formation of an electronically excited Hg2 
molecule in a triple collision of a 63Po atom, a 
61So atom, and a nitrogen molecule. The excited 
Hg2 molecule was then assumed to decay by 
either spontaneous emission of the 4850 A band 
or diffusion to the walls. 

The purpose of the present investigation was, 
then, to resolve the problem of the origins of 
the 4850 A and 3350 A bands and, if possible, 
to correlate the dependence of their intensities 
with the reactions of Hg3Po atoms studied 
previously (1). 

Experimental 
The apparatus was almost identical with that used 

previously by Kimbell and Le Roy (9) in studying the 
emission of the forbidden line (Hg 63Po + 61So). Initially 
quantitative measurements on the 4850 A band were 
made by isolating a single relatively narrow portion of the 
band in the region of 4850 A by using a GL-935 photocell 
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and a filter combination of an 8K2 and a 47C-5 Wratten 
filter. Subsequently an EMI-5683 photomultiplier was 
used in conjunction with a series of five filter combinations 
to isolate narrow portions of the emission band. These 
combinations, together with their regions of maximum 
transmission, are recorded in Table I. 

TABLE I 

Filter combinations used in isolating regions of the 
4850 A band 

Filter combination Wavelength range (A) Xmnl (A) 

Corning 3385 4550 - 4800 4660 
Corning 5113 

Wratten 8K2 4645 - 4975 4750 
Wratten 50 

Wratten 47 4885 - 5315 5030 
Corning 3384 

Wratten 47 5085 - 5340 5200 
Wratten 62 
Dal # 062901 5720 - 6140 5930 

(Interference filter) 

All measurements on the 3350 A band were made 
using a Hilger Model E-517 quartz spectrograph and 
Kodak 103-F spectrographic plates. The plates were 
developed in Kodak D-19 developer for 4 min at 20 "C 
and photometered on a Joyce-Loebel Mk I11 C double 
beam rnicrodensitometer. Since the plate sensitivity is 
dependent on wavelength, all measurements of optical 
density were made at the arbitrary wavelength 3400 A. 
For this wavelength, the value of rx  was determined as the 
slope of the plot of log (exposure time) (as abscissa) vs. 
resultant optical density, Dx (as ordinate), for a constant 
intensity I x :  

Dx = bx $ Y h  log I,, + rx log t. 

Thus for a constant exposure time, the intensities of the 
emission at various nitrogen pressures relative to the 
intensity at N2 = 97 mm could be calculated from 
optical densities by the expression 

A constant mercury pressure of 9.30 x 10-4mm was 
used. 

Scattered light from the walls of the reaction vessel was 
eliminated by the use of suitable apertures and in the case 
of the photometric measurements corrections were made 
for dark current and for fluorescence from the quartz 
windows. 

A quantity directly proportional to the concentration of 
metastable atoms, [HgO], was calculated for part of the 
present work making use of data evaluated in;III and 
elsewhere (1). Briefly, the product Ko[HgO]L was ob- 
tained from the expression 

where KO is the extinction coefficient for the absorption of 
4047 A by Hgo atoms, L is the path length of the analysis 

radiation (4047 A), KK" is the cffective extinction co- 
efficient of 2537 8, radiation, and x is the path length of 
the exciting radiation in the present apparatus. $ is a 
fi~nction of nitrogen and mercury concentrations, other- 
wise containing only known rate constants and quanti- 
ties that have bcen evaluated experimentally (I). Thus 
KO[Hgo]L can be calculated for various nitrogen and 
mercury pressures under conditions where its experimen- 
tal determination would be adversely affected by pressure 
broadening of the absorption lines. 

Results 
The 4850 2 Band 

In order to ascertain whether or not the slznpe 
of this emission band was dependent on the 
concentrations of nitrogen and mercury, relative 
intensity measurements were made in five differ- 
ent regions of the band. These were made in two 
series: in the first the mercury pressure was kept 
constant at 10.7* X 10-4mm and the nitrogen 
pressure was varied from 19.5 mm to 124.5 mm; 
in the second the nitrogen pressure was kept 
constant at 60.0 mm and the mercury pressure 
varied from 3.31 X 10-4mm to 10.7* x 10-4 
mm. The results are shown in Table I1 and 
Table 111. 

The intensities were measured in arbitrary 
units. In columns 7 to 11 of Table I1 intensities 
are given relative to those for a nitrogen pressure 
of 124.5 mm. It is evident that the relative 
intensities, while strongly dependent on nitrogen 
pressure, are essentially independent of wave- 
length. We therefore conclude that the shape of 
the emission band is independent of nitrogen 
pressure. The average values of the relative 
intensities, together with their standard devia- 
tions, are given for each nitrogen pressure in the 
last column of Table I1 and are plotted in Fig. 1. 
It can be seen that the scatter of the points from 
a smooth curve is, in every case, less than the 
standard deviations given in Table 11. 

From Table I11 it is evident the intensities, 
relative to those for a mercury pressure of 10.78 
x 10-4 mm, are strongly dependent on mercury 
pressure but essentially independent of wave- 
length. In these measurements the standard 
deviations are somewhat larger but here also the 
scatter of the average relative intensities from a 
smooth curve was considerably less than the 
standard deviations of Table 111, as shown in 
Fig. 2. 

The fact that the shape of the band was 
independent of both nitrogen and mercury 
pressure greatly simplified the analysis of the 
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McALDUFF ET AL.: THE R( 

FIG. 1. Dependence of 4850 A band intensity on 
[Nr] for [Hg] = 10.78 x 10-4 rnrn. The ordinate is the 
ratio of the intensity at [N2] to the intensity at [N2] 
= 124.5 mrn. 

results, because it was then unnecessary to take 
into account the variation of the sensitivity of 
the photon~ultiplier with wavelength in order 
to obtain the (integrated) band intensity as a 
function of nitrogen and mercury pressure. 

Because of the rather low intensity of the 
4850 A band it was not possible to investigate 
it, in the present research, at nitrogen pressures 
less than about 20 min. At this and higher 
pressures we felt that KO was likely to be in- 
fluenced by pressure broadening and that the 
optical density for the absorption of 4047 A 
would no longer be a very accurate measure of 
the concentration of Hgo. We have, therefore, 
calculated the values of Ko[Hgo]L using the rate 
constants given previously (I), together with the 
pressures of nitrogen and mercury used in the 
present experiments. 

In Fig. 3 the relative band intensities taken 
from Table I1 are plotted against the product of 
the relative concentration of Hgo times the 

3LE OF 1-lg 6 ' P d  ATOMS. I V  20 1 

nitrogen pressure. The latter is sinlply the value 
of Ko[Hgo]L[N2] for the nitrogen pressure con- 
cerned divided by the value for a nitrogen 
pressure of 124.5 mm. It is evident that for a 
constant mercury pressure (10.78 x 10-4 mm) 
the intensity of the band is proportional to the 
product of [Hgo] and [N2]. From Fig. 4 it is also 
seen that at constant [N2] the intensity of the 
band is proportional to the product of [Hgo] and 
[Hg]. We conclude, therefore, that the 4850 A 
band intensity is proportional to the product of 
[Hgo], [Hg], and [N2], at least in the range 20- 
125 mm of nitrogen. 

Ratio of the Relative Inte~zsities of the 4850 2 and 
3350 2 Bands 

The relative intensity data for the 3350 A band 
are given in Table IV. To compare these directly 
with similar data on the 4850 A band, the latter 
were interpolated graphically to give values of 

FIG. 2. Dependence of 4850 A band intensity on 
[Hg] fpr [Nz] = 60 rnrn. The,ordinate is the ratio of the 
intens~ty at [Hg] to  the intens~ty at [Hg] = 10.78 x 10-4 
mrn. 
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TABLE I1 
Photometric intensity measurements at [Hg] = 10.78 x 10-4 mm (4850 A band) 

NZ x = ~ ~ o o A ,  h = 4 6 6 0 A ,  ~ = 4 7 5 0 A ,  x = ~ o ~ o A ,  ~ = 5 9 3 0 A  
(mm) Iszoti A 14660 K 1475oA 15030 A 15930A 111 124.5 111 124.5 111 124.5 111 124.5 111 124.5 ' Ave. 111 124.5 

19.5 1.50 1.81 3.94 4.04 0.191 0.066 0.132 0.139 0.093 0.166 0.119f0.035 6 
34 4.45 3.22 7.48 9.33 0.283 0.196 0.235 0.264 0.214 0.246 0.2315 0.024 > 
51 7.90 5.23 9.45 15.29 0.405 0.349 0.382 0.333 0.350 0.352 0.35350.016 2 
60 9.70 6.64 11.81 18.17 0.458 0.428 0.485 0.417 0.416 0.398 0.429f0.030 3 
72 12.20 8.25 14.57 23.94 0.634 0.539 0.603 0.514 0.548 0.551 0.551f0.029 2 
96 17 .OO 11.27 21.26 33.56 0 .  879 0.751 0.824 0.750 0.769 0.764 0.77250.027 

124.5 22.65 13.68 28.35 43.65 1.15 1 .OO 1 .OO 1 .OO 1 .OO 1.00 1.00 F 
0 
v 

M rn 
6 

TABLE I11 3 
Photometric intensity measurements at [N2] = 60 mm (4850 A band) j 

C 
0 

~g x 104 X = 4660 A, X = 4750 A, X = 5030 A, h = 5930 A, r 
P 

(mnl) 14660 14750 A 15030 A 15930 .< 111 10.78 111 10.78 111 10.78 111 10.78 Ave. 111 10.78 P - 
w 

10.78 6.64 11.81 18.17 0.46 1 .OO 1 .OO 1 .OO 1 .OO 1 .OO m m 

8.18 4.02 7.09 12.02 0.31 0.605 0.600 0.662 0.683 0.6375 0.036 
6.25 3.62 4.33 7.69 0.18 0.545 0.367 0.423 0.384 0.429&0.070 
4.46 2.21 2.76 4.13 0.05 0.333 0.234 0.227 0 . 1 1 ~  0.2275 0.07, 
3.31 1.41 1.97 2.60 0.07 0.217 0.167 0.143 0.151 0.16~+0.02, 
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McALDUFF ET AL.: THE ROLE OF Hg 63Po ATOMS. IV 203 

FIG. 3. Dependence of2850 A band intensity on the product of [Nz]  and [Hgo] for [Hg] = 10.78 x lo-' mm. The 
abscissa is 

K O I H g O I L I N ~  
[K0[Hg0]L[N2]]~?-l?, , . :  mm. 

FIG. 4. Dependence of 4850A band intensity on the product of [Hg] and [HgO] for [N2]  = 60 mm. The abscissa is 

TABLE IV 
Relative intensities at [Hg] = 9.30 x 10-4 mm (3350 A band) 

N2 Exposure (h) DL-3400 DNz - DN2=97 ('N? - DN2- 97)  IAN2/IAN2-97 

35 3 5.4q -0.80 -0.09 0.813 

I ~ ~ , / I ~ ~ ~ ~ ~ ~  at the same nitrogen pressures at 
which the intensities of the 3350 A band were 
determined. For each of these nitrogen pressures 
the ratio of the intensities of the two bands was 
then calculated as the ratio of the corresponding 
relative intensities. As shown in Fig. 5, the ratio 
of the intensity of the 4850 A to that of the 
3350 A band is linear in [N2]. The 4850 A and 
3350 A band intensities were measured at 

slightly different mercury concentrations (10.78 
x 10-4 mm and 9.30 x 10-4 mm respectively), 
but as relative intensities were used to calculate 
the ratio 14850/13350, differences in the absolute 
intensities will tend to cancel in the present 
treatment. A least-squares analysis of the data 
gave the values of the slope and intercept as 
(1.01 f 0.05) x 10-2 mm-1 and(0.017 f 0.032) 
respectively. In this calculation the two points 
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that have very large deviations from the straight 
line in Fig. 5 have been neglected. 

While the standard deviation of the slope of 
Fig. 5 is small enough to warrant seine confidence 
in the value quoted, the errors inllerent in photo- 
graphic spectropl~otometry, used in the case of 
the 3350 A band, are such that the reality of a 
finite intercept is doubtful. 

FIG. 5. Ratio of the intensities of the 4850 A and 
3350 A bands as a function of the nitrogen pressure. 

Discussion 
In Part 111 of this series (I) we reported on the 

results of an investigation of the reactions of 
Hg 63Po atoms in systems containing from 2.34 
x 10-4 to 12.63 x 10-4 mm of mercury and 
from 0.075 to 7.95 mm of nitrogen. Relative 
concentrations of 63Po atoms were calculated 
from the optical densities for the absorption of 
an analysis beam of 4047 A radiation, Ko[Hgo]L, 
where KO is the decadic extinction coefficient for 
the absorption and L is the path length of the 
analysis beam. As before we will use Hg, Hg*, 
and Hgo to designate the 61So, the 63P1, and the 

63Po states of mercury; Hg20i and Hg20 repre- 
sent nascent and stabilized A30,- states. 

The following mechanism was proposed (I). 

121 Hg'" Hg -1- /,":" 

[41 Hg" + NZ = Hg0 + Nz 

[51 Hgo = Hg (on the wall) 

[61 Hgo = Hg +/IVO 

[71 Hgo + NZ = Hg + NZ 

[81 Hgo + NZ = HgiF $ Nz 

[lo1 HgO + Hg = Hg20i' 

[I21 Hg2Ot = HgO + Hg 

[I31 Hgz0.r -i- Nz = Hg20 + NZ 

Callear and Williams (10) found no evidence 
for third order removal of Hgo at nitrogen 
pressures of the order of 500 mm or more and 
were able to interpret their results in terms of 
two bimolecular reactions, one between Hgo and 
Hg, the other between Hgo and N2. On the other 
hand, it was found in our laboratory that a t  
nitrogen pressures of 8 inn1 or less, Hgo atoms 
are removed by a third order process involving 
Hgo, Hg, and N2, as well as by the bilnolecular 
processes suggested by Callear and Willian~s (10). 
The apparent discrepancy between the observa- 
tions at low and high pressures was resolved by 
the mechanism quoted above, and in particular 
by reactions [lo], [12], and [13]. 

However, it is impossible to reconcile this 
mechanism with the present observatioll that the 
intensity of the 4850 A band is proportional to 
the product [Hg][Hgo][N2] if we assume that 
the 4850 A band arises by reaction [17], 

If Hg20 molecules are formed by [13] and con- 
sumed by [17], then 

[i] IZ1S50 = kl-i[~g.2O] = kl3~-1g ,~"~] [N2]  = 

This expression will only predict a third order 
dependence for 14850 if k12/k13 is appreciably 
greater than [N2] in the range 20-125 mm. 
However, the value of k12/k13 consistent with 
Hgo consumption was found (I) to be only 
6.4 mm. 
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McALDUFF ET AL.: THE R .OLE OF HZ GVP~ ATOMS. 1v 205 

If we accept the conclusion (10) that the only 
important reactions removing Hgo at high (500 
- 1000 mm) pressures of nitrogen are the bi- 
molecular processes [7] and [lOa], 

[71 H ~ O  + NZ = H~ + Nz. 

[lofl] Hgo + Hg = 2Hg, 

the formation of Hg20 by the third order process 
[ill, 

would have to be of ininor importance in the 
removal of Hgo to have escaped observation. 
However, McAlduff and Le Roy (1) found that 
if they interpreted their results in terms of [lOa] 
and [ll] ,  rather than [lo], [12], and [13], the 
value of kl l  required was so large (4.8 x 1020 
cin6 mole-2 s-1) that the third order reinoval of 
Hgo would be predominant at high pressures of 
nitrogen. Quite aside from predicting a result at 
variance with the observations of Callear and 
Williams (lo), the calculated value of kll was 
unrealistically large. 

In a recent study of the steady-state emission 
of the 4850 A and 3350 A bands in the presence 
of nitrogen, Penzes, Gunning, and Strausz (11) 
have postulated a third order process for the 
removal of Hgo atoms with a rate constant of 
1.1 x 101s cm6 mole-2 s-1. While the assumed 
product of the reaction was not Hg20, no subse- 
quent reaction producing Hgo was postulated. 
Altl~ough the magnitude of their third order rate 
constant is more realistic than the value of kll 
calculated by McAlduff and Le Roy (I), it is, 
nevertheless, large enough to cause an observable 
third order effect at the nitrogen pressures used 
by Callear and Willialns (10). 

In the light of this analysis we feel that a 
mechanisin analogous to our original [lo], [12], 
and [13] is required, and suggest the following 
modifi cation. 

The essential difference between this mecl~anism 
and that postulated by McAlduff and Le Roy (1) 

is that we now assume that the transient species 
Hg2:*-i (referred to as Hg2i* in ref. 1) gives rise to 
Hg2* (i.e. the A3l,, state) in reaction [13] rather 
than Hg20 (the A30,- state). The assumption 
that Hgz* is the precursor of Hg20 has been 
suggested by Penzes, Gunning, and Strausz (1 1). 

Insofar as HgO removal is concerned, reactions 
[lo], [12], [13], and [14] above are kinetically 
equivalent to the reactions [lo], [12], and [13] 
postulated by McAlduff and Le Roy (1). Thus, 
the rate of consumption of Hgo atoms by [lo], 
[12], [13], and [14] of the present mechanism is 
given by 

in which kl2/(Icl3 -/- k14) = 6.4 111111 at room 
temperature, and hence becomes second order, 
independent of [N2], at high nitrogen pressures. 
It is not possible, with any available data, to 
calculate the relative magnitudes of k13 and Icl4 
and reaction [14] has been included on purely 
speculative grounds. 

By assuming that stabilization of Hg2*i results 
in the forination of Hg2* rather than HgzO it 
becomes possible to interpret all of the results of 
the present investigation. The predicted intensity 
of the 4850 A band is given by the expression 

[iii] I 4 8 5 0  = 

The second term in the deno~ninator of [iii] 
would approach [Nz] in the range of nitrogen 
pressures used in the present experiments. 
Further, the radiative lifetime of Hg2* is likely 
to be of the order of 10-7 s, so if k16 is less than 
about 3 x 104 111111-1 s-1 (or about 6 x 1011 cm3 
mole-1 s-1) the first tern1 in the denominator will 
be approximately equal to kl j/k16 in the range 
of nitrogen pressures used in the present experi- 
ments. Equation [iii] will then take the form 

[in] 1.,8:0 = 
k~okl&~fi 

kle(k1, + kl,) 
[T-1gl [ ~ g ' l  [ N ~ I ,  

in agreement with our observations. 
The proposed mechanisn1 is also in agree- 

ment with our observations on the dependence 
of the ratio of the intensities of the two bands on 
nitrogen pressure, viz. 
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Tumbling of methyl radicals adsorbed on a silica gel surface studied 
by electron spin resonance1 

C. L. GARDNER~ AND E. J. CASEY 
Defence Clzemicnl Biological and Rndintiorz Estczblishii~errt, Ottawa, Carznda 

Received July 12, 1967 

The electron spin resonance spectra of CH3 and CD3 adsorbed on a silica gel surface at 77 OK are 
characterized by a marked dependence of the line width on nuclear spin quantum number. This depen- 
dence can be interpreted in terms of the tumbling of the radicals on the surface, anisotropies in the 
hyperfine and g tensors giving rise to a relaxation mechanism dependent on MI .  A quantitative com- 
parison of the spectra with the theory of this relaxation mechanism developed by McConnell, Kivelson, 
and Freed and Fraenkel enables the tumbling frequencies, 2.0 x 107 s-1 and 1.3 x 107 s-1 for CH3 and 
CD3 respectively, to be determined. 

Canadian Journal o f  Chemistry, 46, 207 (1968) 

Introduction 
The electron spin resonance detection of 

methyl radicals adsorbed on various surfaces 
has been reported in recent years (1-4). Like 
V02+, for example (5), these spectra are often 
characterized by a marked dependence of the 
line width on the nuclear spin quantum number 
MI.  Although Kazanskii et al. (1) suggested that 
this dependence was due to a combination of 
spin-orbit relaxation and incomplete averaging 
of the anisotropic hyperfine interaction, this 
idea was not developed quantitatively. 

McConnell (6) first proposed a mechanism 
which could explain this phenomenon. He 
showed that the tumbling of a system with 
anisotropies in the hyperfine interaction and 
g tensors provided a relaxation mechanism 
dependent on MI.  Refinements and extensions 
to McConnell's theory have been made by 
Kivelson (7) and more recently by Wilson and 
Kivelson (8). Freed and Fraenkel (9) have given 
a more general theory capable of treating 
systems with sets of equivalent nuclei. In this 
case the lines can consist of several degenerate 
components with possibly different widths. 

In the present work we apply this theory to the 
electron spin resonance (e.s.r.) spectrum of 
methyl radicals adsorbed on a silica gel surface 
and quantitatively interpret the dependence of 
line width on M,. 

Experimental Results 
Samples were prepared by adsorbing reagent grade 

methyl iodide (British Drug Houses) or methyl-d3 iodide 

1Presented at the 2nd Canadian Catalysis Symposium, 
Hamilton, Ontario, June 12, 1967. Issued as DCBRE 
Report No. 540. 

2Present address: Department of Chemistry, University 
of Sheffield, Sheffield, England. 

(Stohler Isotope Chemicals) onto silica gel (Fisher) which 
had been degassed at 300 "C for several hours at a 
pressure < 1 V  rnm. The methyl iodide was allowed to 
adsorb at a pressure low enough that less than monolayer 
adsorption occurred (4a). The sample tubes were sealed, 
cooled to 77 OK, and irradiated with ultraviolet radiation 
from an unfiltered GE-UAZ mercury lamp. The e.s.r. 
spectra were recorded with a Varian V-4500 spectrom- 
eter. Figures 1 and 2 show e.s.r. spectra of CH3 and 
CD3 on silica gel at 77 OK. 

The experimental line widths were determined, as has 
been done previously (5), by measuring the width of one 
of the lines and determining the widths of the other lines 
from the derivative heights from the expression 

(derivative height) x (derivative width)2 = 

constant. 

Within experimental error, the above relation was found 
to hold for our spectra. Values are given in Figs. 3 and 4. 

Discussion 
Asymr??etr.y 

An unexplained feature of the spectra is the 
asymmetry of the lines with respect to the base 
line. It is possible that part of this may result 
from incomplete averaging of the g-tensor 
anisotropy as suggested by Kazanskii et al. (1). 
In this case, however, the broadening should 
depend on M12, that is be symmetric about the 
center. This is not the case with our spectra. In 
addition the broadening produced by this 
mechanism should be more pronounced for 
CD3 than CH3 because of the slower tumbling 
rate. This is not in agreement with experiment 
either and indicates further that incomplete 
averaging of anisotropy of the g tensor is not the 
prime cause of the line width variation. A similar 
asymmetry has also been observed by Rogers 
and Pake (5) in the solution spectrum of V02+. 
In their case, as they explain, the tumbling rate 
is sufficiently rapid that complete averaging 
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FIG. 1. Electron spin resonance spectrum of CH3 on silica gel at 77 OK: Al = 23.3 rt 0.2 G. 
FIG. 2. Electron spin resonance spectrum of CD3 on silica gel at 77 OK: A1 = 3.66 & 0.20 G. 

of the hyperfine and g-tensor anisotropies is 
expected. They suggested that in their studies 
the mixing of the real and imaginary parts of the 
resonant magnetic susceptibility could account 
for the asymmetry. (Asynlnletry has been 
observed and discussed in certain n.m.r. studies 
(lo).) 

Analysis of Results 
General equations for the secular, pseudo- 

secular, and nonsecular contributions to the line 
width have been given by Freed and Fraenkel 
(9). Their equations (4.46 to 4.48), for the 
condition that only anisotropic hyperfine and 
g-tensor interactions are important, are given 
below for a single set of equivalent nuclei, 

(T2)-I = (T2)-lseC -t 
( T 2 ) - 1 ~ 9 e ~ u d ~ ~ ~ ~  -t (T2)-1nonscc 

or in detail, 

(2;)-1no,,scc = 4 j D ( w O ) [ 7 ( / ( i  + 1 ) )  - d i 2 ]  + 4 j D G 2 ( w o ) ~ d i  + 2jG2(wo)B?, 
3 

where j(w) = spectral densities, B - static mag- The spectral densities j(w) are proportional to 
netic field, M = iluclear magnetic quantum num- ~ , ( l  + ~ . 2 ~ , 2 ) - 1 ,  and the pseudosecular and 
ber, and J = total nuclear spin quantum number. nonsecular contributions to the line width will 

In these equations an average line width has be negligible provided m.0 T ,  >> 1 and TV 5 T ,  >> 1.  
been assumed for the degenerate components of It can bc readily verified that the nonsecular 
a single line and in this form they are identical contribution to the line width is completely 
with those given by Kivelson (7). negligible by calculating correlation times from 

The quantity (J(J + 1)) depends on the the experiinental data, assuming both TVO T ,  >> 1 
system and nlay be evaluated from Kivelson's and T V O  r ,  << 1. The calculated correlation times 
equation 45. are inconsistent with the condition ~ v o  T,<< 1.  

ForCH3: (J (J+ 1 ) )  = 3 / 2 + M ?  To a fair approximation (-- 10%) the pseudo- 
secular contribution can also be neglected. For 

For CD3: ( J ( J  -' = 12' 8 y  5' (3017) this case the constants in eq. [2] can be evaluated 
for M = 3, 2, 1 ,  0 respectively. An exact analytic as 
expression for CD3 is not easy to obtain, and we 
assume the approximate form (J(J + 1)) = 
(3017) -t M2. 

It is seen that the detailed eq. [I] can be [3] 
written in the form 

[21 (T2)-1 = a0 -t alM + a2M2. 
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GARDNER AND CASEY: TUMBLlNG OF METHYL RADICALS 

FIG. 3. Line widths as a function of nuclear magnetic quantum no. for CH3 on silica gel. Fitted curve; experi- 
mental points. 

FIG. 4. Line widths as a function of nuclear magnetic quantum no. for CD3 on silica gel. Fitted curve; experi- 
mental points. 

where T ,  = correlation time, b = hyperfine an- 
isotropy = $(AI - A,), A-y = g-tensor anisot- 
ropy - gll - g,, K = other unspecified contri- 
butions to the line width independent of M. 

It should be pointed out that the constants al 
and a2 remain the same even if the small pseudo- 
secular contribution is included, since the M2 
dependence cancels out. It is also interesting to 
notice that the secular terms have no J depen- 
dence. This means that the degenerate com- 
ponents of a line will all have the same width, 
provided the pseudo- and non-secular contribu- 
tions to the line width can be neglected. As has 
already been shown, in our case the above 
condition holds to a fair approximation. 
Therefore the detailed eqs. [I], which are based 
on the assuinption of an average line width, 
should be nearly exact. 

A least squares fit of the CH3 line width data 
to eq. [2] yields 

Comparison of the data with the fitted curve is 
shown in Fig. 3. 

Equation [3] should enable us to determine 

the correlation time r,, provided a value of b or 
A-y is known. As far as we are aware there is no 
experimental deterinination of either of these. 
However, if we use Heller's (11) value of 
b = 4.5 x 106 s-1, obtained for the CH3 group 
in the radical CH3C(COOH)2, as an estimate of 
b in the methyl radical, then from the ratio nl /a2 
we obtain A-y = 1.20 x 10-3. Using the value 
for b and an average A-y = 1.08 X 10-3 from 
the CH3 and CD3 results, we obtain a val~ie of 
rc = 5.0 x 10-8 s from al .  

In a similar manner, a least squares fit of the 
CD3 line width data to eq. [2] yields 

A conlparison of the data with the fitted curve 
is shown in Fig. 4. 

The estimate of b = 0.69 x 106 s-1 for CD3 
is now made by dividing the b for CH3 by the 
ratio of the H:D nuclear moments, pH/ILD r~ 6.5. 
The ratio of al/a2 gives A y  = 9.5 x lo-" As 
before, we use the average value of 47 and the 
value estimated for b to obtain an estimate of 
rC = 7.9 x 10-8 s from the theoretical expression 
for al.  
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The values of Ay are somewhat larger than the 
value of 0.00053 calculated by Glarum (12). 
Fairly large g-value shifts can occur with change 
of environment (13), or even of surface prepara- 
tion (4), however. 

The correlation times of 5.0 x 10-8s and 
7.9 x 10-8 s for CH3 and CD3 radicals on the 
silica gel surface indicate tumbling frequencies 
of 2.0 x 107s-1 and 1.3 x 107 s-1 respectively. 
Although rapid, these tumbling frequencies still 
indicate a considerable hindrance to the rotation 
by the surface, "free" rotational frequencies 
usually being of the order of 103 faster. 

Since the methyl radical is symmetrical and 
planar, the lowest order non-vanishing electric 
multipole moment is the quadrupole moment. 
The most important first order contribution to 
the potential barrier to rotation would then be 
the interaction of this quadrupole moment with 
the field gradient at the surface. Previous 
experiments have shown this field gradient off 
the silica gel surface to be large (14). However, 
second order polarization effects, which could 
give rise to a non-vanishing dipole moment, 
might also be important. Although an inde- 
pendent estimate of the size of this barrier could 
not be made, from the experiments of Gutowsky 
et al. (15, 16), an estimate of the order of 1000 
cnl-1 seems to be reasonable. Although classical 
penetration of a barrier of this magnitude is 
very improbable at 77 OK, tunnelling at frequen- 
cies of the order of 107 s-1 should be possible 

(14, 15). Because of the uncertainties, however, 
the exact nature of "tumbling" remains some- 
what obscure. 
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Preparation of some organotin compounds containing methylthio, 
phenylthio, and pentafluoro-phenylthio groups 

M. E. PEACH~ 
Clrett1irtr.y Department, Lo~rglrboro~~gh U~~iversity of Tecltt~ology, E~rglarrd 

Received July 10, 1967 

The new compounds I I - B u ~ S ~ S R ,  n-Bu2Sn(SR)2, where R = Me, Ph, or C6F5, and Ph3SnSC6F5 have 
been prepared and characterized. The fracture of the Sn-S bond with iodine has been examined and 
affords a quantitative method for analysis of compounds containing a Sn-S bond. The 'H and l9F n.rn.r. 
have been studied; frequencies characteristic of the C6F5S- group in the infrared spectra have been 
tabulated. 

Canadian Journal of Chenlistry, 46, 21 1 (1968) 

Alkyl- and aryl-thioorganotin compounds 
have recently been shown to be hydrolytically 
stable, and can be prepared in an aqueous media : 
previously this type of compoulld was prepared 
using carefully maintained anhydrous conditions 
(1). It has been postulated that organotin oxides 
and hydroxides are the reactive entities when 
alkyl- and aryl-thio compounds of tin are pre- 
pared in water from organotin halides and thiols 
(1). This paper describes the preparation of 
compounds of the type n-Bu3SnSR and n-Bu2Sn- 
(SR)2 from the correspondiilg organotin oxide 
and inethanethiol, thiophenol, and pentafluoro- 
thiophenol. Some metal derivatives of penta- 
fluorotl~iophenol are known: transition metal 
derivatives and complex ions have been formed 
in aqueous solution, i.e. M(SC6F5)42- (M = Co, 
Pd, Pt, Zn, c d ,  Hg), M(SC6F5)2- (M = CU, Ag, 
Au), Pd(SC6F5)2, and AgSC6F5 (2). (Pentafluoro- 
pheny1thio)trimethyltin has been prepared by the 
reaction of pentafluorothiophenol with (n-butyl- 
thio)trimethyltin, n-butanethiol being evolved 
(3). The preparation of (pentafluorop11enyltl1io)- 
triphenyltin froin triphenyltin chloride and 
pentafluorothiopl~enol in aqueous solution is 
described. 

The fracture of the tin-sulfur bond with iodine 
has been studied in carbon tetrachloride solu- 
tion: mono alkylthio- and arylthio-organotin 
compounds can be estimated by titration against 
iodine solution in carbon tetrachloride. 

The proton, l9F nuclear magnetic resonance, 
and infrared spectra of all the compounds 
prepared have been examined. Chemical shifts 

have been measured and frequencies character- 
istic of the pentafluorothiophenyl group have 
been found in the infrared spectra. 

Discussion 

The preparations using tri-n-butyltin oxide and 
di-n-butyltin oxide show that it is possible to 
prepare organo-sulfur derivatives of tin directly 
from stoichiometric amounts of the appropriate 
oxide and thiol. 

(11-Bu3Sn)z0 + 2MeSH + 211-Bu3SnSMe + H20 

This is a convenient preparation, but it cannot 
be applied to the preparation of the known tetra- 
(phenylt11io)tin from stannic oxide and thio- 
phenol. Some (alky1thio)triethyltin con~pounds 
have been prepared similarly from triethyltin 
oxide and an excess of alkanethiol: the excess 
thiol and water were removed from the product 
by distillation (4). These reactions show the 
relatively acidic nature of the S-H hydrogens in 
thiols, and is in agreement with the observation 
that an -OR group can be displaced by the 
-SR group of thiols in organotin compounds 
(5 ) .  

The tin-sulfur bond in organotin sulfur 
derivatives can be fractured by bromine, forming 
an organotin bromide and a disulfide: a similar 
reaction has been reported as occurring with 
iodine, but no details are given (1). The fracture 
of the tin-sulfur bond is quantitative in carbon 
tetrachloride solution for derivatives of the type 
R3SnSR'. 

2n-Bu3SnSPh + 12 + 212-Bu3SnI + PhzS2. 
-- 

1Present address: Chemistry Department, Acadia For derivatives of the type R2Sn(SR')2 the 
University, Wolfville, Nova Scotia. results are not so good. This reaction probably 
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TABLE I 
Infrared frequencies characteristic of the C6F5S- group (cm-1) 

CsF5SH (C6F5S)2NH* CF3SSC6Fss 11-Bu3SnSC6F5 n-Bu2Sn(SC6F5)2 Ph3SnSC6F5 

'See ref. 10. 
Only recorded 4000 - 650cm-1. 
Exactassignnlent difficult,due to peaksfrom the othergroup in this region. 

proceeds through the initial fracture of the Sn-S 
bond with the formation of an organotin iodide 
and an unstable sulfenyl iodide, RSI: the latter 
decomposes to the corresponding disulfide and 
iodine, which reacts further with the Sn-S bond. 
An unstable sulfur iodide is also formed in the 
reaction of a sulfur chloride with potassi~im 
iodide in aqueous solution: the res~~l tant  iodine 
formed can be estimated quantitatively, and 
hence the original sulfur chloride determined 
(6, 7). The transient red color observed in the 
titration of thiopt~enol derivatives I T I U S ~  be due 
to the forn~ation of unstable benzenesulfenyl 
iodide, PhSI. 

Hexafluorobenzene is susceptible to nucleo- 
philic attack: pentafluorotl~iophenol is prepared 
from hexafluorobenzene and sodium bisulfide 
(8). The sulfiir in a sulfiir-tin bond can act as a 
nucleophile, forming a sulfonium compound; 
(methy1thio)-trimethyltin reacts with methyl 
iodide to form diinethyl(trimethylstannyl)sulf- 
onium iodide (1). No sulfonium fluoride contain- 
ing the pentafluorophenyl group attached to the 
sulfur could be prepared from hexafluorobenzene 
and (methylt11io)tri-n-butyltin. This is probably 
due to the difficulty of breaking a C-F bond in 
hexafluorobenzene. 

Infrared frequencies characteristic of the 
pentafluorophenyltl~io group have been deduced 
by conlparison with similar non-sulfur contain- 
ing compounds. These frequencies, other than 
the very weak ones, are shown in Table I. 
Assignment of these frequencies is difficult. 

Those at about 1500 cm-1 are due to carbon- 
carbon stretching in the fluorinated beilzene ring. 
The C-S stretching frequency in pentafluoro- 
thiophenol metal derivatives has been claimed to 
be a weak band at 710 cm-1 (2), but in com- 
pounds containing the trifluoron~ethylthio group, 
CF3S-, the C-S stretching frequency is stated 
to occur at a b o ~ ~ t  490 cm-1 (9). The methylene 
carbon-tin stretching frequency has been cal- 
culated to occur at  551 cm-l, and has been 
observed between 590 and 508 cnl-1 (1 1). The 
following frequencies can be assigned to methyl- 
ene carbon-tin stretching: 51 1 cin-1 (n-Bu3- 
SnSMe), 505 cnl-1 (M-BLI~SIISP~), 512 cm-1 (n- 
Bu3SnSC6F5), 5 15 cm-1 (~-Bu?sn(SMe)~),  512 
cm-1 ( n - B ~ ~ s n ( S P h ) ~ ) ,  518 cm-1 (n-Bu2Sn(SC6- 
F5)2). 

The proton n.m.r. of the 17-butyl compounds 
shows a sharp resonance corresponding to the 
methyl group and two ovcrlapping envelopes for 
the inethylene groups: the position of the reso- 
nances is slightly variable but there is no coupling 
when either an MeS- or PhS- group is 
attached to the tin. The methyl resonance of the 
MeS- group is sharp and shows no coupling. 
The l9F chemical shifts are approxiinately the 
same as those for the C6F5- group in other 
compounds (12). The chemical shifts of the 
ortho and meta fluorine are complex multiplets. 
The para fluorine appears as a triplet, each of 
which may be a triplet, having weak shoulders on 
the main resonance. The coupling constants for 
the fl~~orines ortho to the para fluorine lie at  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 11 
Products and analyses =! 

Found (%) Required (%) 2 
0 

m.p. v 
Product Color Method (") b.p. (")/mm 11~22 C H F S C H F z 

11-Bu3SnSMe Colorless A - 10410.2 1.5110 46.57 9.12 - 9.50 46.31 8.97 - 
z 

9.51 m 
11-Bu 3SnSPh Colorless A - 14710.3 1.5479 54.79 8.66 - 7.73 54.15 8.80 - 8.05 0 
I I - B u ~ S ~ S C ~ F ~  Colorless A - 118/0.03 1.5109 44.22 5.67 19.1 6.65 44.19 5.56 19.4 6.55 $ 
I I - B U ~ S ~ ( S M ~ ) ~  Colorless B - 9410.02 1.5538 37.25 7.40 - - 36.72 7.40 - - P 
11-Bu2Sn(SPh)~ Colorless B - 16210.05 1.6158 53.25 6.31 - 14.15 53.23 6.25 - 14.21 8 
I ? - B U Z S ~ ( S C ~ F ~ ) ~  Yellow B 30 13910.02 - 38.51 2.75 29.8 - 38.06 2.87 30.1 - 
Ph3SnSC6F5 White c 76 - - 52.49 2.80 16.9 5.80 52.49 2.75 17.3 5.84 8 

!2 
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approximately 22.5 c/s (C6F5SH), 22.2 c/s 
(n-Bu,SnSC6F5), 22.8 c/s ( ~ - B U ~ S ~ ( S C ~ F ~ ) ~ ) ,  
and 22.2 c/s (Ph3SnSC6F5) : these are somewhat 
higher than the quoted values 20.2-20.8 c/s (12). 
The coupling constants for the fluorines meta to 
the para fluorine are all less than 0.5 c/s: this is 
in agreement with the quoted value of 0-7 c/s 
(12). 

Experimental 
All reagents were available commercially. Micro- 

analyses were performed by Mikroanalytisches Labora- 
torium Beller, Gottingen, Germany. Infrared spectra were 
recorded on a Perkin-Elmer 237B, 337, or 521, or on a 
Unicam SP 100 or SP 200G. N.m.r. spectra were recorded 
on a Perkin-Elmer R 10. 

The new compounds prepared are shown in Table 11, 
together with some physical properties and analyses. In  
method A approximately 2 mmoles of tri-iz-butyltin oxide 
and 2 m o l e s  of the requisite thiol were shaken for 4 2 4  
h ;  magnesium sulfate was added to  dry the product, 
which was extracted with ether (ca. 20 ml). The product 
was purified by distillation after removal of the ether by 
fractionation. In method B approximately 1 m o l e  of 
di-n-butyltin oxide and 2 m o l e s  of the thiol in 20 ml of 
alcohol were stirred magnetically until the suspension of 
di-tz-butyltin oxide disappeared (usually about 4 h): a clear 
colorless solution resulted. The alcohol plus water was 
fractionated off and the product purified by distillation; 
2.11 mmoles of triphenyltin chloride and 2.11 mmoles of 
pentafluorothiophenol were dissolved on warming in a 
mixture of 20 ml water and 20 ml alcohol, and stirred 
magnetically overnight (method C). The acid produced 
was neutralized by the addition of an  equivalent amount 
of 0.1 N caustic soda. A copious white precipitate formed 
which was filtered off, dried, and purified by vacuum 
sublimation. 

No  reaction was observed when stannic oxide and 
thiophenol were mixed as in method B. 

Carbon tetrachloride solutions of various methylthio- 
and phenylthio-butyltins (ca. 0.05 M )  were titrated against 
an  approximately 0.05 M solution of iodine in carbon 
tetrachloride. An end point was observed when the iodine 
color remained for 2 min in a warm solution. The results 
are shown in Table 111. During the titration with the 

thiophenol derivatives a deep-red color formed which 
disappeared within 2 min. 

N o  reaction was observed when 3.55 mmoles of 
(methy1thio)tri-tz-butyltin and 3.54 m o l e s  of hexafluoro- 
benzene were refluxed in alcohol or carbon tetrachloride 

TABLE I11 
Titration of compounds with iodine in CC14 

Amount taken Iodine used 
Compound (mmoles) (mmoles) 

tz-Bu6nSMe 0.966 0.975 

for 3 h :  on heating a similar mixture, without solvent, in 
a sealed evacuated tube at  250" for 24 h decomposition 
of the (methy1thio)tri-12-butyltin occurred, forming tin 
and stannic sulfide. 

Details of the 1H and l9F n.m.r. spectra are shown in 
Tables IV and V. 

The infrared absorption peaks in the region 4000 to  
400 cm-I are: 

tz-Bu,SnSMe: 2958 s, 2922 s, 2876 m, 2856 m, 1468 s, 
1459 m, 1420 w, 1380 m, 1346 w, 1318 m, 1296 w, 1252 w, 
1185w, 1158w, 1076111, 1052w, 1025 w, 1003 w, 963 m, 
880 111, 871 m, 848 w, 695 s, 671 s, 602 m, 511 m, 454 w. 

TZ-Bu,SnSPh: 2960 s, 2928 s, 2875 m, 2855 m, 1582 m, 
1478 s, 1465 m, 1460 sh, 1440 m, 1420 w, 1380 m, 1345 w, 
1322 w, 1298 w, 1255 w, 1185 w, 1160 w, 1086 m, 1078 m, 
1069 m, 1027 m, 1002 w, 962 m, 880 m, 870 m, 850 w, 
743 vs, 697 sh, 692 vs, 666 nl, 597 m, 505 m, 481 m, 
445 w, 417 w. 

n-Bu3SnSC6F5 : 2963 s, 2931 s, 2880 In, 2860 m, 
1637 m, 1626 m, 1512 vs, 1484 vs, 1467 s, 1420 m, 
1401 w, 1381 m, 1370 w, 1345 w, 1295 m, 1253 m, 
1184 m, 1155 m, 1142 sh, 1100 sh, 1090 s, 1050 w, 
1025 sh, 1017 m, 983 vs, 913 w, 875 m, 863 vs, 772 m, 
748 m, 719 sh, 694 s, 674 s, 636 w, 606 m. 591 sh, 512 m, 
450 m, 425 sh. 

n - B ~ ~ S n ( s M e ) ~ :  2958 s, 2922 s, 2873 s, 2854 s, 1465 s, 
1459 s, 1442 m, 1419 m, 1379 m, 1360 w, 1342 w, 1318 s, 
1292 w, 1250 w, 1180 w, 1151 nl, 1074 m, 1049 w, 

TABLE IV 

1H n.m.r. relative to tetramethylsilane as internal standard (p.p.m.) 

12-Butyl group 

Methylene group -SPh 
Compound Solvent -CH3 envelopes -SMe envelope 

(11-Bu3Sn)zO CC14 -0.90 -1 8 to -0.7 - - 
11-Bu3SnSMe CC14 -0.93 -1.7 to -0.7 -2.00 - 

n-Bu3SnSPh cc14 -0.89 -1.7 to  -0.8 - -7.5 to  -7.0 
11-Bu3SnSC6F5 CC14 -0.90 -1.8 to -0.7 - - 
n-BuzSn(SMe)z None -0.91 -1.8 to -0.7 -2.17 - 

it-Bu2Sn(SPh)2 CC14 -0.92 -1.5 to -0.6 - -7.5 to  -7.0 
rz-BuzSn(SC6Fs)2 CC14 -0.93 -1 8 to -0.8 - - 
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PEACH: PREPARATION OF SOME ORGANOTIN COMPOUNDS 

TABLE V 
l9F chemical shifts relative to CFCI3 as internal standard (p.p.m.) 

Compound Solvent G(ortho) G(~ara) G(meta) 

CKFCSH None 

1024 w, 1003 w, 961 s, 878 s, 868 s, 845 w, 771 w, 749 w, 
696 s, 664 s, 602 m, 515 m, 458 w. 

n - B ~ ~ s n ( S P h ) ~ :  3573 m, 3560m, 3020 w, 3002 w, 
2960 s, 2924 s, 2874 s, 2855 s, 1579 s, 1477 s, 1463 s, 
1438 s, 1415 w, 1378 m, 1342 w, 1301 w, 1249 w, 1181 w, 
1154 w, 1082 s, 1068 m, 1024 s, 1002m, 961 n ~ ,  910 m, 
879 m, 869 m, 745 vs, 691 vs, 665 m, 512 w, 485 n ~ ,  454 w, 
423 nl. 

n-BuZSn(SC6F5),: 2965 w, 2930 w, 2880m, 2860m, 
1640 m, 1628 w, 1512 vs, 1485 vs, 1470 sh, 1463 sh, 
1455 sh, 1420 w, 1402 w, 1382 w, 1320 m, 1295 m, 
1252 w, 1194 w, 1152 w, 1146 w, 1090 vs, 1020 m, 981 vs, 
960 sh, 880 sh, 860 vs, 830 sh, 775 w, 751 w, 717 m, 
704 m, 681 s, 675 m, 650 vw, 636 m, 591 m, 575 sh, 
518 m, 510 w, 445 w. 

Ph,SnSC6F,: 3065 w, 3050 w, 1641 w, 1629 w, 1513 vs, 
1510 sh, 1495 sh, 1488 vs, 1472 sh, 1433 s, 1360 w, 
1334m, 1320n1,1306w, 1084vs, 1075vs, 1023 w, 1018m, 
999 m, 979 vs, 920 w, 860 vs, 729 vs, 722 sh, 697 vs, 
661 w, 631 vw, 621 vw, 460 m, 450 m, 445 w. 
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Kinetic study of iridium(1) complexes as homogeneous hydrogenation catalysts1 

B. R. JAMES AND N. A. MEMON 
Departrnet~t of Chemistry, Ut~iversity of British Columbia, Varicouver, British Colutnbia 

Received July 25, 1967 

A study is described of the kinetics of reactions in which the complexes traru-IrX(CO)(PPh3)2, where 
X = C1, Br, and I, are used for the catalytic homogeneous hydrogenation of olefinic bonds. Catalytic 
activity is enhanced in coordinating solvents such as dimethylacetamide. The rate law is complex, showing 
between zero and first order in each of iridium, substrate, and hydrogen concentrations, and the mecha- 
nisms proposed show the importance of a dissociation step in making available a coordination site on the 
transition metal complex. The dependence of rate on the halogen followed the order I > Br > C1. Quite 
remarkably, traces of oxygen in the system enhance the hydrogenation rate considerably. 

Canadian Journal of Chemistry, 46, 217 (1968) 

Introduction (1). Both samples were used. The corresponding bromo 
and iodo complexes were prepared according to the In 1961 Vaska and Diluzio (1) had reported methods of Chock and Halpern (4). 

that the square planar complex IrC1(CO)(PPh3)2 Reagent grade maleic acid and fumaric acid were 
reacted reversibly with molecular hydrogen to recrystallized before use. Prepurified Hz and N2 were 
form an octahedral Ir(III) dihydride complex in obtained from Canadian Liquid Air CO.; the H2 was 

which the hydrogen was present as anionic passed through a Deoxo catalytic purifier to remove Or 
before use. Ethylene was obtained as C.P. grade (99.5 %) 

hydride ligands. from Matheson Co. Benzene and N,N-dimethylacetarnide 

[I]  IrC1(CO)(PPh3)2 + Hz * IrC1(CO)(PPh3)rHz 

It seemed possible that in such a reaction the 
hydrogen molecule might be activated for chemi- 
cal reaction. At the commencement of the present 
work in 1965, there were no reports of homo- 
geneous hydrogenation by iridium complexes. 
Since then Vaska and co-workers (2, 3) have 
briefly reported that the complexes IrX(C0)- 
(PPh 3)2 and the five-coordinate species JrH(C0)- 
(Pp11~)~ do act as catalysts in benzene solution 
for the reduction of ethylene and acetylene. 
Detailed kinetics were not reported, however, 
and little could be said of the reaction mecha- 
nisms. Chock and Halpern (4) have recently 
studied the kinetics of oxidative-addition re- 
actions such as [ I ]  in benzene and dimethyl- 
formamide solutions and clearly these are of 
significance in the homogeneous catalytic re- 
actions. We report here the results of the first 
detailed kinetic investigation of the catalytic 
hydrogenation reactions, particularly for the 
IrCl(CO)(PPh3)2 catalyzed hydrogellation of 
rnaleic acid in dimethylacetamide solution. 

Experimental 
Muterials 

Trat rs- I~C~(CO)(PP~I~)~ was obtained from Johnson 
Matthey, the sample having properties identical with a 
sample prepared by the procedure of Vaska and Diluzio 

'Presented at the 50th annual conference of the Chemi- 
cal Institute of Canada, Toronto, June 1967. 

(DMA) were redistilled and dried over 5~ molecular 
sieve. Prior to use, the solvents were deoxygenated with 
NZ All other chemicals used were of reagent grade. 

Gas Uptake Measriretnet~ts 
The kinetics of the hydrogenation reactions were 

studied by measuring the rate of uptake of gas at constant 
pressure using the apparatus and procedure described 
earlier (5). The systems were found to be extremely 
sensitive to  the presence of traces of oxygen, and rigorous 
oxygen-free conditions were necessary in making up the 
reactant solutions of complex and substrate. The initial 
concentration of IrX(CO)(PPh3)2 in these experiments 
was in the range 5 x 10-4 to 6 x 10-3 M and the sub- 
strate concentration, for example maleic acid, was 10-2 
to 10-1 M. The partial pressure of H2  was varied from 
approximately 180 to 800 mm and the corresponding 
concentration in solution estimated from solubility data 
(6). 

Specfrophotometric Measuremerlts 
The kinetics and equilibria of some reactions of the 

chloro complex have been studied using spectrophoto- 
metric techniques in the ultraviolet (u.v.)/visible range. 
Oxygen was rigorously excluded by using an optical cell 
fitted with an extended T-piece sidearm and stopcock 
arrangement for evacuating and filling with solutions and 
gases. Optical density measurements were made on a 
Cary model 14 spectrophotometer fitted with a thermo- 
stated cell compartment. Reaction rates could be investi- 
gated by following the disappearance of selected absorp- 
tion peaks with time: IrC1(CO)(PPh3)2, X,,,, 340 mp  
(e = 3.1 x 103), X ,,,:,,, 387 mp  (e = 3.8 x lO3), A ,,,, 
439 mp (e = 7 x 102). A reflection spectrum of a 
powdered sample was measured over the range 320-750 
mp with a Bausch and Lomb Spectronic 600 spectro- 
photometer fitted with a diffuse reflection attachment and 
a magnesium carbonate reference disc. 
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Results 
Gas Uptake Experiments 

Hydrogenation of substrates such as hex-1-ene 
and cyclohexene using the IrC1(CO)(PPh3)2/H2 
system at 50' in benzene at 1 atm H2 pressure 
was extremely slow and not practical for kinetic 
studies. Vaska and Rhodes (2) had found that 
ethylene could be catalytically hydrogenated in 
benzene solution, but the process was inefficient. 
With [IrC1(CO)(PPh3)2] = 10-3 M, H2 - 1 atm, 
and C2H4 - 400 mm at 60°, a 40% yield of 
ethane was obtained after 18 11; they also 
reported that the iridium complex reacted 
reversibly with the olefin as well as the Hz. 

We observed no reduction of ethylene after 1 h 
under similar conditions but had observed the 
equilibrium [2]. 

Incompatibility in solubility problems and the 
knowledge that certain rhodium complexes 
showed enhanced catalytic activity in non- 
aqueous coordinating solvents such as dimethyl- 
acetamide (5) prompted us to investigate the 
activity of the iridium complexes in this medium. 
Slow gas uptake was observed from C2H4/H2 
mixtures (- 1 atm) by a 5 x 10-3 M solution of 
IrCI(CO)(PPh3)2 at SO", but a system using the 
solid substrates maleic or fumaric acid proved 
more amenable for a detailed study. 

Rates of H2 uptake were conveniently mea- 
sured in the temperature range 65-80". Figure l 
shows a complete uptake plot for the hydrogena- 
tion of maleic acid at 80"; in the absence of the 
chloro complex there is no measurable uptake. 
The initial rate increases for about 3000 s and 
then becomes linear allnost up to the end-point, 
which corresponds to complete reduction to 
succinic acid (isolated and characterized by 
infrared and melting point). The rates in the 
linear region have been estimated from the 
uptake plots for series of experiments in which 
the reaction parameters have been varied. 
Figures 2, 3, and 4 show the variation of this 
linear rate with concentration of the iridium 
chloro complex, maleic acid, and hydrogen 
respectively. For each reactant the dependence 
is seen to be between zero and first order, being 
essentially first order at lower concentrations 
and tending to become zero order at higher 
concentrations when the rates approach a 
limiting value. Addition of 10-2 M triphenyl- 
phosphine to a system essentially stops hydro- 
genation altogether. 

Much slower reactions were observed when 
fumaric acid was used as substrate; the rates were 
about 7 times slower than those for correspond- 
ing maleic acid systems. Uptake plots using 
dimetl~ylsulfoxide as solvent were very similar to 

TIME . s [ ~ r l  x lo3, M 
FIG. 1. Rate plot at 80°, 5.36 X 10-3 M IrCI- FIG. 2. Dependence of rate on [I~X(CO)(PPII~)~], 

(CO)(PPh3)*, 0.042 M maleic acid, 730 mm H2, DMA 80°, 0.07 Mmaleic acid, 730 mm H2, DMA solution; (A) 
solution. chloro complex; (a) bromo complex; (0) iodo complex. 
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MA X I O T M  
FIG. 3. Dependence of rate on maleic acid (MA) 

concentration, SO0, 5.36 x 10-3 M IrCl(CO)(PPh3)2, 730 
mm H2, DMA solution. 

He Pressure, m m  Hg 

FIG. 4. Dependence of rate on Hz pressure, 80°, 
1.34 x 10-3 M IrCI(CO)(PPh3)2, 0.07 M maleic acid, 
DMA solution. 

those observed in corresponding dimethyl- 
acetamide systems, but the initial autocatalysis 
region was more pronounced than in the latter. 
An extended linear region was again observed 
where the rates were about half those in dimethyl- 
acetamide solution; the initial rates were about 
3 times slower in the dimethylsulfoxide system. 

The catalytic hydrogenation of maleic acid 
has also been studied using the bromo and iodo 
iridium complexes. The uptake plots are similar 
to that shown in Fig. 1 for the chloro complex, 
but the rates in the linear region are about 2.5 
times faster in the bromo systems and 4 times 
faster in the iodo systems. The dependences on 
maleic acid and hydrogen are similar to those in 
the chloro co~nplex system. The dependence on 
IrBr(CO)(PPh3)2 concentration is again between 
zero and first order, but in the iodo complex 
system there is a first order dependence on 
iridium over the concentration range studied 
(Fig. 2). 

The presence of a few percent of added 
oxygen in the gas phase increased the hydro- 
genation rate of maleic acid by a factor of about 
100 for the I ~ C I ( C O ) ( P P ~ I ~ ) ~  catalyzed reaction. 

Spectrophotometric Experiments 
The gas uptake measurements clearly indicated 

that the hydrogenation reactions were not simple. 
Spectrophotometric studies were thus carried out 
to investigate separately the equilibrium between 
IrC1(CO)(PPh3)2 and H2 (eq. [I]) and the possi- 
bility of complexing between this chloro species 
and maleic acid (cf. eq. [2]). 

At temperatures above 30°, IrC1(CO)(PPh3)2 
in DMA solution undergoes a quite rapid 
reversible reaction with HZ, the yellow color of 
the chloro complex fading; the spectrunl of the 
dihydride shows a continuum below 400 n ~ p  with 
slight absorption at 387 mp (6 = 500) compared 
with the chloro complex. The equilibrium con- 
stant expression K, [H2](= [IrCl(CO)(PPh 3)2H2] / 
[1rCl(C0)(PP11~)~]) is readily estimated (Table I). 

TABLE I 
Equilibrium constant for hydride formation 

Temperature ("C) 40 50 60 70 80 

KH[HzI 5.3 2.4 1.7 1.0 0.6 

The spectrum of benzene solutions of IrCl(C0)- 
( P P ~ I ~ ) ~  remained unchanged in the absence of 
oxygen and exhibited the same absorption peaks 
as the reflection spectrum of a powdered sample 
at  340, 387, and 439 mp. In DMA solutions, 
however, the optical density decreased slowly, as 
shown in Fig. 5, to a steady equilibrium value. 
No change in optical density was observed when 
10-2 M triphenylphosphine was added. Con- 
ductivity measurements indicated no chloride 
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2.0 1.0 

I I I 

100 200 300 800 

TIME, MIN 

FIG. 5. Optical density plots at 387 mp for dissocia- 
tion of 1.10 x 10-4 M IrC1(CO)(PPh3)2 in DMA at 25", 
5 cm cell; (0) optical density; (A) corresponding log 
plot. 

ion formation and the carbonyl group was not 
being evolved as gaseous carbon monoxide. It is 
concluded that the dissociation reaction 

is occurring in DMA solution, a solvent molecule 
(S) presumably coordinating. This system can be 
analyzed by standard procedures (7) by the 
relationship 

where D l  is the optical density at time t and 
subscripts 0 and e refer to initial and final equi- 
librium values. A plot of the log term against t is 
also shown in Fig. 5 and is reasonably linear. 
Absorption of the IrC1(CO)(PPh3)(S) species at 
387 mp was taken as zero ; the slight curvature of 
the plot could result from a small contribution to 
the absorption by this species. The equilibrium 
constant K ( = kl/kPl) is readily calculated from 
Do and D, and the approximate data obtained 
are suinmarized in Table 11. 

TABLE I1 
Data for the dissociation reaction [3] 

kl (s-1) k ( 1  1 )  K (M) 

In the presence of maleic acid (MA) the 
decrease in optical density of IrCI(CO)(PPh3)2 in 

DMA is much greater than in a corresponding 
reaction without the acid, showing that com- 
plexing is occurring. Again an equilibrium is 
involved. Addition of triphenylphosphine com- 
pletely inhibits complex formation, indicating 
that maleic acid forms a complex with the 
solvated species rather than the original IrCl- 
(C0)(PPh3)2. 

Km 
[4] IrCl(CO)(PPh3)(S) + maleic acid % complex 

The kinetics of the complex formation are un- 
affected by variation in maleic acid concentration, 
showing that step [3] is rate determining followed 
by a relatively fast equilibrium [4]. The optical 
density curves can be analyzed by a procedure 
similar to that described for reaction [3] on its 
own. At 80" the data confirm that kl  is about 
10-4 s-1; K, is estimated to be about 1200 M-1. 

Discussion 

The various equilibria and paths that could 
be involve'd ,in the hydrogenation reactions are 
summarized below. 

KH 
IrCl(CO)P2 + Hp ;=f IrC1(CO)P2H2 

MA ' MA 
<. 

l tKm k2 '4 Lk3 
IrCL(CO)P(MA) + Hp + IrCl(C0)P + 

succinic acid (where P = PPh,) 

The molecular hydride IrC1(CO)(PPh3)2H2 is 
rapidly formed in the systems but is not directly 
involved in the main hydrogenation step; a 
reaction of this hydride with the olefin substrate 
would give an overall first order dependence on 
iridium and no initial autocatalysis would be 
expected in the uptake plot. Catalytic activity 
results froin loss of a triphenylphosphine ligand 
from the original complex in a relatively slow 
step (Itl), giving rise to this autocatalytic region. 
The fourth coordination position of the IrCI- 
(CO)(PPh3) species is probably occupied by a 
solvent inolecule. This species forms a coinplex 
with maleic acid in a rapid equilibrium (K,,,), 
which could then react with H2 (It2 path). 
Alternatively the hydride species IrCI(C0)- 
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(PPh3)H2 could be formed in a further both, gives a rate law of the same form. Once the 
equilibrium (K',), this then reacting with maleic slow dissociation has been established, the rate 
acid (k3 path). Either path, or reaction involving law obtained for reaction by both paths is 

rate = 
(k?K, + ~ X ' H )  [H?l[MAl[Irtotn~l 

1 + Km[MAl + K'EI[Hzl + [PPllsl(l + KE[H?I)/K ' 

where K = kl/kPl. The k2Km and k3KH terms 
refer respectively to the k2 and k3  paths; k3KH 
becomes zero if the k2 path predominates and 
vice versa. Such a rate law agrees at least quali- 
tatively with the data obtained. The reaction is 
between zero and first order in Hz and maleic 
acid; addition of triphenylphosphine inhibits the 
reaction, and the reaction becomes less than first 
order in iridium, since with increasing total 
iridium concentration the extent of association 
back to IrCl(CO)(PPh3)2 increases (this is 
reflected in the [PPh3]/K term in the denomi- 
nator). 

Since we have no evidence for the existence of 
the K', equilibrium but have evidence and data 
for the maleic acid equilibrium, we tend to favor 
the k2 path. The rate law simplifies to 

[5] rate = 

uptake against t2 for the data of Fig. 1; the 
initial linear slope is 7 x 10-10 M s-2. Using the 
kl, K,, and KH values determined spectroscopic- 
ally gives k2 = 0.1 M-1 s-1 at 80°, which is con- 
sidered in reasonable agreement with the value 
estimated from the limiting rate, particularly in 
view of the uncertainty associated with the 
equilibrium constants. Any absorption at 387 mp 
by the IrC1(CO)(PPh3) or IrCl(CO)(PPh3)MA 
species (assumed to be negligible) could give 
considerable error in K and Km and also the 
spectroscopic data are obtained at  concentrations 
of about one tenth those used in the gas uptake 
measurements. 

X 
and a somewhat more quantitative testing of the a 2,0 
data can then be made. An expression such as [5] r 

0 is normally analyzed by writing the inverse + n 
function (rate-') and plotting, for example, => 
rate-1 against [MA]-1 at constant [Hz]. However, cu 
remembering that I 

it is readily shown that the [PPh3]/K term also 
varies with both maleic acid and Hz concentra- 
tions, and good linear inverse plots are not 
obtained. However, at sufficiently high maleic 
acid concentration the limiting rate will be given 
by k2[H2][Irt,,,l]; Fig. 3 indicates a limiting 
value of about 5 x 10-6 M s-1, which gives 
k2[H2] = 1 x 10-3 s-1. Taking a value of 3.5 
x 10-3 M atm-I for the Hz solubility (quoted for 
dimethylformamide (6)) gives k2 =: 0.3 M-1 s-1 
at 80". For the initial autocatalytic part of the 
gas uptake plots, it can be shown that for rela- 
tively small values of time t, the total hydrogen 
uptake approximates to klk2Km[H2~I[MA][IrC1- 
(CO)(PPh3)2]t2/2. Figure 6 shows a plot of Hz 

( ~ i r n e ) ~  x s2 
FIG. 6. Plot of total HZ uptake vs. t z  for the data of 

Fig. 1 (autocatalytic region). 

To give the curved dependences shown in 
Figs. 2, 3, and 4 it is necessary that the three 
denominator terms K,[MA], [PPh3] /K, and 
K,[PPh3] [Hz] /K be of comparable magnitude; 
that this is so can readily be shown by calculation 
over the range of concentrations used. 

The kinetic and equilibrium data could be 
consistent therefore with a hydrogenation step 
involving reaction of molecular Hz with an 
olefin complex formed from a slowly produced 
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intermediate IrC1(CO)(PPh3). However, the 
alternate path of reaction with the olefin with a 
corresponding H2 complex cannot be completely 
ruled out. 

Mechanisms of catalytic hydrogenation have 
been discussed in detail by several workers (3, 
8-10). All systems must involve intermediate 
hydride species, but it is not known whether 
coordination of the olefin as a n-bonded ligand 
is a general feature. A plausible mechanism for 
the k2 path suggested here is shown in the 
following scheme. 

I I 
HC-CH 

I H  P C1 I I 

CI 
(where P = PPh3 and S = solvent) 

Hydride formation is accompanied by formal 
oxidation of the metal; hydrometallation of 
olefinic bonds (the second step) is well substan- 
tiated, being an example of a much wider class 
of insertion reactions. 

A system much in common with the one 
described here is the recent one reported by 
Wilkinson and co-workers (10) on the hydro- 
genation catalyst Rhcl(PP11~)~ in benzene solu- 
tions. This system is somewhat simpler in that 
the dissociation step 

is rapid even at 25" and lies essentially to the 
right, giving a high catalytic activity. In this 
system, however, it seems that the k 3  path 
involving reaction of RhC1(PPh3)2H2 with the 
olefill is dominant. Both studies show the im- 
portance of the dissociation step in making 
available a coordination site on the transition 
metal con~plex. 

The efficiency of the catalyst is governed 
principally by the equilibrium constant K for the 
dissociation step; this is small M at 80") 
for the IrCl(CO)(PPh3)2 complex. The first order 

dependence on iridium concentration noted for 
the iodo complex indicates greater dissociation 
for this complex, which could give rise to the 
increased catalytic activity. Other workers (2, 4) 
have reported increasing chemical reactivity of 
the IrX(CO)(PPh3)2 complexes in the order 
I > Br > C1 in benzene solutions where there is 
no measurable dissociation. 

A lower rate of reduction for fumaric acid is 
reasonable, since spectroscopic measurements 
indicate that the complexing with this substrate 
is weaker, corresponding to a smaller K, value. 

Catalytic activity of the IrC1(CO)(PPh3)2 
species in the different solvents is seen to decrease 
in the order dimethylacetamide > dimethyl- 
sulfoxide >>benzene. Both the donor strength 
and solvating power of the solvents are likely to 
be important for this type of system. Good co- 
ordinating solvents enhance the solvent path for 
the associative trigonal-bipyramidal substitution 
mechanism of square planar d8 complexes (1 1). 
Rates of hydrogen addition to IrX(CO)(PPh3)2 
complexes and hydrogenation rates catalyzed by 
the RhC1(PPh3)3 complex are increased by the 
use of more polar solvents (4, 10) and these 
findings have been interpreted in terms of re- 
action through a highly polar transition state. 
Generally the donor strength and solvating 
power of dimethylacetamide and dimethyl- 
sulfoxide are thought to be very similar (12). 

The reason for the marked increase in the 
hydrogenation rate in the presence of small 
amounts of 0 2  is not understood. The known 
equilibrium 

is presumably involved, and the oxygen adduct 
is known to be light sensitive, giving as yet 
unidentified products (13). This oxygen effect is 
being further studied. 
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Intermolecular fluorine exchange between tetrabutylammonium 
hexafluorophosphate and BF, or PF,I 

S. BROWNSTEIN AND J. BORNAIS 
Divisiorl of Applied Chemistry, Natiotznl Research Council of Canada, Ottawa, Carznda 

Received August 4, 1967 

A rapid exchange of fluorine between hexafluorophosphate ion and BF3 or PF5 in methylene chloride 
solution has been found to occur by a bimolecular mechanism. The exchange rates were determined by 
fluorine magnetic resonance spectroscopy and the apparent Arrhenius activation energies were obtained. 

Canadian Journal of Chemistry, 46, 225 (1968) 

Introduction 
The phenomenon of fluorine bridge bonding 

in Lewis acid fluorides and their anions has been 
found to occur frequently (1-5). It has also been 
observed that on the nuclear magnetic resonance 
(n.m.r.) time scale there is often rapid intra- and 
inter-molecular fluorine exchange. The purpose 
of this investigation was to attempt a quantita- 
tive determination of exchange rates in order to 
find the mechanism of some of the exchange 
reactions and the participation, if any, of fluorine 
bridge bonding in the fluorine exchange process. 
The hexafluorophosphate anion is an ideal 
system for magnetic resonance exchange rate 
investigations, since it has two narrow, well- 
separated resonance lines and contains only spin 
112 nuclei. There have been two previous reports 
that it will readily undergo fluorine exchange 
(697). 

Numerous discussions of the measurement of 
exchange rates by changes in nuclear magnetic 
resonance line shapes have been published 
(8-1 1). Only in the simplest cases have analytic 
functions for the line shapes been determined. 
Even in these cases calculation of the line shaves 
is so tedious that a computer is normally 
used. For the present study a computer was pro- 
grammed for a general N site case using the 
stochastic approach of Kubo (12, 13). At the 
limits of fast and very slow exchange this reduces 

. to the usual simple approximations of a change 
in line widths alone. 

Experimental 
Commercially obtained boron trifluoride and phos- 

phorus pentafluoride were distilled at low temperature 
into storage bulbs of the vacuum line and kept over 
phosphorus pentoxide. No signal from POF3 could be 
detected in the fluorine resonance spectrum of the PF5. 
The solvent, methylene chloride, and the tetrabutyl- 

lIssued as NRCC No. 9783. 

ammonium hexafluorophosphate were purified as before 
(7). Tetrabutylammonium perchlorate was synthesized 
and purified according to Fuoss et nl. (14). Fluorotri- 
chloromethane, used as an internal fluorine resonance 
reference, was distilled at room temperature into a 
storage container of the vacuum system and transferred 
as the vapor to the n.m.r. sample tubes. Tetrabutyl- 
ammonium hexafluorophosphate was vacuum dried in 
the sample container and the other components added 
by standard vacuum line techniques. The n.m.r. sample 
tubes were sealed before removal from the vacuum 
system and kept in liquid nitrogen at all times except 
when their spectra were being obtained. For those 
samples with a very low concentration of BF3 or PF5 it 
was necessary to prepare several milliliters of solution in 
order to use a sufficient quantity of gas for accurate 
measurement. In these cases the entire sample container 
was kept at "Dry Ice" temperature and then tilted to 
introduce some of the sample into the n.m.r. tube. The 
tube was then sealed while its contents and that of the 
main sample container were kept at "Dry Ice" tempera- 
ture. At this temperature essentially all of the BF3 or 
PF5 will be in solution. This procedure was adopted to 
insure that no changes in concentration would occur 
between the bulk sample and that in the n.m.r. tube. 
Despite all these precautions the principal error in this 
work is probably the value for the concentration of BF3 
or PF5. There was no independent method of checking 
that the entire amount of BF3 or PF5 was transferred to 
the n.m.r. tube. The variation in 7 values for almost 
identical samples was greater than the deviation from 
Arrhenius plots for individual samples. All concentrations 
are reported as molalities (m) assuming complete solution 
of the gas in the solvent. 

Fluorine resonance spectra were obtained at 94.1 MHz 
on a Varian spectrometer modified to operate by a 
"time division" scheme. The pulsing frequency of 10 KHz 
was generated by a crystal oscillator. For very wide lines 
the spectra were calibrated with the side bands of the 
pulsing frequency. Narrower lines were measured by 
conventional side band techniques and referred via a 
frequency counter to the same crystal oscillator used for 
the pulsing. The probe temperature was controlled by a 
Varian controller using a platinum resistance thermo- 
meter and calibrated against a copper-constantan ther- 
mocouple in a dummy sample tube. The sample temp- 
eratures should be accurate within 1 "C. 

All the data were correlated by least square procedures 
and any errors quoted are standard deviations. 
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Results and Discussion 
The spin coupling constant of the hexafluoro- 

phosphate ion was found to be independent of 
temperature in the interval of this study. The 
chemical shifts of all the fluorine containing 
species moved slightly to low field with lower 
temperature. Theoretical spectra were calculated 
for chemical shift values in the middle of the 
temperature range studied. Since the theoretical 
spectra only depend on the difference in chemical 
shift of the exchanging species there should be no 
appreciable effect of temperature dependent 
chemical shifts upon the theoretical spectra. 
Some typical theoretical spectra for the PF6- 
resonance regions of the system PF6- plus BF3 
with a population ratio of 12:l are shown in 
Fig. 1. Throughout this study only the reson- 
ances in the PF6- region of the spectrum were 
measured. Normally, the other species was 
present in much lower concentration and ac- 
curate measurement of its resonance would be 
difficult. From a study of the slow exchange 
region of the theoretical spectra, i.e. where the 
separate peaks of the PF6- resonance are well 
resolved, it was found that provided the popu- 
lation ratio was greater than 5:l the usual 
approximations for an exchange-broadened 
doublet were completely adequate to describe 
the spectra. For the system PF6- plus BF3 
measurements were made in the rate regions 
where both one and two lines occurred. Only in 
the two-line region were sufficiently narrow 
lines observed that corrections were required for 
the natural line width in the absence of exchange. 
Because of the uncertainty of the spectrum for 
PF5 in the absence of exchange (5) it was not 
possible to calculate theoretical spectra for the 

FIG. 1. Theoretical spectra of the PFs- region of the 
system PF6- + BF3. 

system PF6- plus PF5 over the entire range of 
exchange rates. Therefore measurements were 
only made in the slow exchange region and with 
population ratios where it had been shown that 
the exchange-broadened doublet approximation 
was adequate. 

The technique of measuring exchange rates 
by nuclear magnetic resonance spectroscopy, as 
employed in this study, measures the lifetime, r,  
of fluorine on a particular chemical species under 
equilibrium conditions. The relationship be- 
tween this lifetime and the change in concen- 
tration with time measured in conventional 
chemical kinetics is 

[lJ TZ = [Xl/(d[Xl/dt). 
The most general kinetic expression for the 
exchange of a fluorine on phosphorus in tetra- 
butylammonium hexafluorophosphate with a 
fluorine of BF3 or PF5 is 

where M F  is either BF3 or PF5. Therefore 

This implicitly assumes that only one fluorine 
atom is exchanged between the phosphorus 
fluoride species and M F  on each effective 
encounter. If more than one is exchanged there 
will be no change in the form of eq. [3] but k will 
be multiplied by an appropriate constant. 

It is assumed that the variation of rate con- 
stants with temperature will follow the usual 
Arrhenius dependence. It is then possible to 
directly compare the data for a given system at 
all temperatures and concentrations by a plot of 
log k versus the reciprocal temperature. This 
procedure is desirable when it is not possible to 
compare the rates at the same temperature for 
all concentrations. Such a plot for the system 
PF6- plus PF5, where x = 112 and y = 1, is 
shown in Fig. 2. From this data the Arrhenius 
activation energy for this exchange is 1.5 f 0.2 
kcal mole-1. Samples with concentrations of 
tetrabutylammonium hexafluorophosphate from 
2.16 x 10-1 to 3.43 x 10-2 172 and with PF5 
concentrations from 9.5 x 10-3 to 1.30 x 10-3 
In were studied. Over this concentration range 
the exponents x = 112 and y = 1 fit the data 
much better than other simple numbers. For 
example, with x = 1 and y = 1, A E  is found to 
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be 0.9 f 0.5 kcal mole-1. The raw data for this 
system are presented in Table I. Much more 
extensive data was obtained for tlle system PF6- 
plus BF3. The Arrhenius activation energy for 
fluorine exchange was found to be 4.6 f 0.2 
kcal mole-1. The tetrabutylammonium hexa- 
fluoropllosphate concentration was varied from 
8.70 x 10-1 to 3.47 x 10-2 m and the BF3 con- 
centration from 9.29 x 10-2 to 1.33 x 10-3 m. 
Again the exponents x = 112 and y = 1 were 
found to give the most satisfactory fit with the 
experimental results. 

TABLE I 
Lifetimes for fluorine exchange in the PF6- + PF5 system 

TCK) [PFs-I [PFsI T x 103 

FIG. 2. Temperature dependence of the exchange rate 
in the system PF6- + PF5. 

The dependence of exchange rate upon the 
concentration of BF3 or PF5  to the first power 
is what would be expected for a normal bimo- 
lecular mechanism and rules out the possibility 
that tlle rate-controlling process is the dissocia- 
tion of PF6- to PF5 and fluoride ion. This is 
also consistent with the very low activation 

energies for the exchange reactions. A possible 
explanation of the half order dependence upon 
concentration of tetrabutylammonium hexa- 
fluorophospllate is its existence in methylene 
chloride solution as ion pairs. If the exchange 
reaction only occurs with the free P F 6  ion and 
not when it is part of an ion pair the observed 
kinetics may be explained by the following 
scheme. 

fast 
(Bu)4NPF6 S PFs- + (Bu)~N+ 

provided that tlle dissociation occurs to only a 
slight extent. Substituting this into eq. [2] with 
x = 112 and y = 1 yields 

which is of the usual form for a bimolecular rate 
process. 

Such a scheme is also consistent with the very 
low Arrhenius activation energies which were 
measured. Since both the rate constant for 
exchange and the equilibrium donstant for 
dissociation will decrease with decreasing tem- 
perature, the temperature dependence of their 
ratio will be less than the variation of either 
alone. According to the above scheme it is the 
temperature dependence of this ratio which 
determines the apparent activation energy. 

Some support for the existence of tlle aggre- 
gate species is derived from inolecular weight 
determinations. The molecular weights of tetra- 
butylammonium hexafluoropllosphate and the 
homologous compound tetrabutylammonium 
hexafluoroarsenate were determined by vapor 
pressure osmometry on 2 x 10-2 M solutions 
in methylene chloride. In both cases tlle apparent 
molecular weight was about 5 %  greater than 
the formula weight. This suggests that both 
these compounds exist in solution primarily as 
ion pairs with tlle possibility of some association 
to higher aggregates. Conductivity studies on 
similar conlpounds in nonpolar solvents suggest 
that ion pairs predominate until quite low con- 
centrations (14). 

If the proposed mecllanisnl is correct, one 
would predict a reduction in the rate of exchange 
upon addition of another tetrabutylammonium 
salt, since this would reduce the concentration 
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fluorine exchange only occurs with the free 
PF6- ion. 
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Infrared and Raman spectral studies of KN02-KNO, solutions1 

M. H. BROOKER AND D. E. IRISH 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received July 27, 1967 

Potassium nitrite frequently contains significant nitrate impurity, detectable by vibration spectroscopy. 
Analyses based independently on infrared and Raman band intensities permit a quantitative determi- 
nation of the nitrate impurity. Reassignment of some previously reported vibrational frequencies is 
discussed. 

Canadian Journal of Chemistry. 46, 229 (1968) 

For many years the accurate measurement of 
physical chemical properties of potassium 
nitrite has been hampered by its lack of purity. 
In 1937 Bureau (I) reported nitrate, chloride, 
and carbonate as the major impurities. Improved 
preparations have eliminated all but the nitrate. 
Rapoport (2) found 0.3 to 1 % nitrate impurity 
in G.P.R. K N 0 2  listed at 97 % nitrite minimum. 
The assay of commercial reagent grade KNO-, 
varies from 89 to 97% nitrite. Much of the 
remaining weight is water. Since drying trans- 
forms the crystals to an unmanageable plastic 
the salt is commonly shipped moist. Recrystal- 
lization of KNO-, does not remove the nitrate 
impurity. This difficulty was explained by 
Bureau (1) who found that the solid formed in 
equilibrium with its saturated solution was a 
solid solution of K N 0 3  and KNO-,, with com- 
position almost identical with the solution com- 
position. Ray (3) was able to purify KN02  by an 
ion exchange method ; however, this achievement 
has not yet received the attention it deserves. 

Tlle development of a procedure for purifica- 
tion has probably been hindered by the lack of 
a suitable analytical method for the determina- 
tion of small amounts of nitrate in nitrite. The 
failure to find nitrate listed as an impurity on 
the label of reagent grade nitrites illustrates the 
analysis problem and has probably led to con- 
siderable incorrect data in the literature. The 
usual difference techniques involve a nitrite 
analysis followed by either oxidation or reduc- 
tion procedures and subsequent analysis for 
nitrate or total nitrogen. These procedures can 
be found in most analytical chemistry texts but 
are of little use if the nitrate is less than 2% of 
the nitrate-nitrite mixture, in part because of the 

lPresented in part at the 50th Canadian Chemical 
Conference, Toronto, Ontario, June 4-7,1967. 

instability of the nitrite ion in acid media. The 
resulting nitrous acid disproportioilates into 
nitrate and gaseous oxides (4). A nonaqueous 
titration proposed by Cundiff and Markunas (5) 
is also incapable of providing valid data when 
the nitrate concentration is low. The overlap of 
ultraviolet absorption bands hinders the use of 
electronic spectra (6). A semiinicro analysis of 
Leithe (7) is reported to determine nitrate to 
0.05 % in nitrate-nitrite mixtures. This method 
is far from routine and has two major draw- 
backs; the instability of the standard solutions 
and possibility of producing more nitrate during 
the nitrite reduction with sulfalnic acid. 

The infrared spectrum of the nitrite ion is well 
documented (8-10). Ralnan spectra have been 
recorded by photographic methods (1 I), but 
to our knowledge have not been studied with 
modern photoelectric instruments. For the 
nitrite ion with Ca, symmetry the predicted 
spectrum consists of three coincident infrared 
and Rainan lines (Fig. 1). The frequencies given 
in the figure are those observed from a 14.0 M 
aqueous solution of KN02. The v 2  frequency is 
sensitive to the cation and solution concentra- 
tion. The assignments are consistent with quali- 
tative observed degrees of depolarization of the 
Raman bands. 

The predicted spectrum for the unperturbed 
nitrate ion of D3,2 symmetry is also shown in 
Fig. 1. Differences from this idealized spectrum 
have been described elsewhere (12). 

For both solid K N 0 2  and the concentrated 
aqueous solution, variations from the simple 
three line infrared spectrum have been reported 
(8, 13, 14). Weston and Brodasky (8) have 
attributed the spectral variations to changes in 
the nitrite environment. This explanation 
aroused our interest since in this laboratory 
infrared and Raman spectroscopy are being used 
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NO; ' C2" 

(Al) ZJJB~) 0 2 ( A I )  

INFRARED 

R A M A N  

FIG. 1. Infrared and Raman spectra of unperturbed 
NO3- and N02-. 

to study ionic interactions in aqueous solutions. 
In this paper we will show that the anomalies 

in the infrared spectrum of KNOz are due to 
nitrate impurities. Experiments involved in 
characterizing the nitrate impurity have led to 
development of simple quantitative infrared and 
Raman analyses for small quantities of nitrate 
in potassium nitrite. Previous infrared studies of 
nitrate-nitrite mixtures have been qualitative 
(15) or of little value for low nitrate: nitrite ratios 
(16). To our knowledge no previous Raman 
work has been done on nitrate-nitrite mixtures. 

Experimental 
Chemicals were the highest purity commercially 

available. K N 0 2  and NaN02 were Baker and Adamson 
reagent grade with 95 and 98% minimum nitrite assay 
respectively. Ba(N02)? was supplied by Alfa Chemicals 
and listed at from 97 to 99% nitrite. K N 0 3  was Analar 
99% pure and used without further purification. NaN02 
and Ba(N02)2 were easily purified by recrystallization 
from aqueous solution. K N 0 2  was purified by the ion 
exchange method of Ray (3), using Dowex 2-X8, 50-100 
mesh anion exchange resin. 

Pure K N 0 2  was also prepared by mixing solutions of 
purified K2SO4 and Ba(N02)a and filtering off the BaS04. 

The purity of the nitrites was verified by absence of the 
v l  nitrate frequency at high Raman sensitivity. The vl  
nitrate line could be observed from the K N 0 2  before 
purification. It could also be seen in the effluent of the 
NaN02 regenerant from the ion exchange purification 
of the KN02. 

Nitratenitrite mixtures for the quantitative analyses 
were prepared by addition of K N 0 3  to a known volume 
of concentrated KNO? purified by ion exchange. The 
small volume change on mixing did not measurably 
change the nitrite concentration. A series of solutions was 
prepared in D20 for aqueous infrared studies. All 
solutions were filtered through fine porosity sintered 
glass filters and although yellow were free from turbidity. 

Solid mixtures were prepared by two methods. Aliquots 
of aqueous solutions containing KNO2 and K N 0 3  were 
dehydrated by evaporation to dryness followed by 
vacuum drying at 100 "C. A second series of solid samples 
was prepared by crystallization from the aqueous 
solutions. 

Raman spectra obtained with a Cary 81 Ramail 
spectrophotometer were excited by the 4358 A mercury 
line. A slit width of 10 cm-1 was used. Aqueous solutions 
were contained in a 5 ml thermostated glass Raman cell. 
Infrared spectra were obtained with the Beckman IR-9 
spectrophotometer operated on "three times standard" 
slits. Aqueous solutions were contained between silver 
chloride plates separated by a 0.025 mm Teflon gasket. 
Spectra of the solid mixtures were obtained for Nujol 
mulls between AgCl plates or solid powders pressed 
against an AgBr prism in the Wilks model 9 M.A.T.R. 
attachment. The latter method has the advantage of 
giving a clear spectrum in the region usually obscured by 
organic mulling agents. The infrared and Raman spectra 
for the aqueous mixtures were run at a constant tempera- 
ture of 25 & 0.2 "C controlled by a Haake constant 
temperature circulator. The solid samples were not 
thermostated. 

The relative integrated Raman intensities were ob- 
tained by measurement of the band areas with a standard 
planimeter. The relative absorbances of the infrared 
bands were measured from peak heights. For the solids 
these proved to be less base-line sensitive. 

Results 

The observed spectral lines for high purity 
commercial K N 0 2  are given in Table I. Band 
positions are expected to be accurate to + I  
cm-1. The change in frequency for the bands 
in the 800 cm-1 region is as expected for the 
change from solid to solution. If the bands at 
1330, 810, and 1240 cm-1 are assigned to v l ,  
v2, and v3 respectively for the nitrite ion, three 
bands remain. Reference to Fig. 1 shows that 
the 833 or 837, 1055, and 1387 cm-1 bands can 
be assigned to nitrate present as impurity. The 
1055 cm-1 band is Raman active but not infra- 
red active. The 833 or 837 cm-1 band is infrared 
active but not Raman active. The 1387 cn-1 
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I,,,, 
1810 

FIG. 2. Portion of the Raman spectrum of 14.0 M K N 0 2  and solutions with increased nitrate concentration 
from 0.1 to 0.9 M. 

Fig. 3. The Raman intensity ratio Ilas5/1810 versus concentration of KNO3. 

band is seen for the solid by M.A.T.R. but is not 
seen for Nujol mulls or aqueous solutions. For 
Nujol mulls the 1387 cm-1 band is masked by 
absorption of the oil. In both the Raman and 
infrared spectra of aqueous solutions the broad 
envelope from the vl-v3 nitrite region prevents 
its detection. v4 of nitrate at 719 cm-1 is not 
observed due to its inherent weakness. In all 
cases the bands assigned to the nitrate impurity 
exhibit enhancement on addition of nitrate. 

A portion of the Raman spectrum of 14.0 M 
KN02 as purchased and with increasing nitrate 

TABLE I 
Vibrational spectrum of high purity 

commercial KNO, 

Observed frequencies 

Raman* Infrared Assignment 

810 810*, 8067: v2 NOz- 
833*, 837-i-$ v2 NO3- 

1055 vl NO2- 

is shown in Fig. 2. The 1055 cm-1 band attrib- 
uted to nitrate can be seen in the spectrum of 
unadulterated commercial KNOz and increases 
with added nitrate. The 810 cm-1 nitrite band is 
invariant. The ratio 11055/z810 is directly propor- 
tional to concentration (Fig. 3). Since the nitrite 

crn-' 

FIG. 4. Portion of infrared spectrum of solid KN02. 
Lower trace: purified; middle trace: commercial salt; 
upper trace: crystallized from solution containing 
0.3 M KN03. 
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M O L A R I T Y  K N 0 3  M O L A R I T Y  K N 0 3  

FIG. 5. The infrared absorbance ratio As37/Aeo6 from Nujol mulls versus the concentration of K N 0 3  in solutions 
from which the solids were obtained: (0) dehydrated, (0)  crystallized. 

FIG. 6 .  The infrared absorbance ratio Ae33/Aslo for the KNO3-KNO? mixture in D 2 0  solution versus con- 
centration of KN03.  

concentration is constant the ratio is inde- the three analytical methods confirms the above 
pendent of refractive index or color changes. interpretation and indicates a 0.5% nitrate 
The intensity ratio from the commercial salt impurity in the coinmercial Baker and' Adamson 
corresponds to a nitrate molarity of 0.094, i.e. salt. 
0.49 k t .  % impurity. 

A portion of the infrared spectrum of solid 
KNO-, purified by ion exchange is shown in Fig. 
4 together with the spectrum of the coinmercial 
salt and a solid formed from a nitrate-nitrite 
solution. The linearity of As37/A806 versus 
concentration of added nitrate is shown in 
Fig. 5. Division by compensates for varia- 
tion in sample thickness. The linearity, obtained 
for solid samples, indicates their homogeneity 
and is consistent with the solid solution nature 
of the mixture. The slight decrease of slope in 
the graph for the crystallized solid indicates 
that only slight removal of nitrate occurs on 
crystallization. 

The intensity ratio, A833/A810, is plotted 
versus concentration of added nitrate (Fig. 6) 
for the KN03-KN02 mixture in D 2 0  solution. 
The line does not pass through the origin 
because the intense 810 cm-1 band contributes 
intensity at 833 cm-1. In each of the above 
procedures nitrate concentrations could be 
obtained with 5 % accuracy. The concordance of 

Discussion 

The weak band at 833 cm-1 in the infrared 
spectrum of concentrated aqueous K N 0 2  has 
previously been attributed to a split of the v2 
nitrite band by ionic interactions in solution (8). 
The band at 837 cm-1 from the crystal was at- 
tributed to v2 of nitrite, split by crystal forces or 
lattice interactions (8, 13). These are curious 
explanations, since the nitrite bending mode is 
a totally symmetric A1 species. Anbar et al. (13) 
observed a similar split in AgN02, i.e. bands at 
846 and 829 cm-1. We have prepared pure 
AgN02 as a precipitate from AgC104 and 
NaN02  solutions and observed only one band at 
846 cm-1, in agreement with the single band 
observed by Weston and Brodasky (8). The band 
at 829 cm-1 observed by Anbar et al. could be 
nitrate impurity or free nitrite. 

The v l  nitrate band at 1055 cni-1 has not 
been reported before for reagent grade KN02.  
The shift of the band maximum from 1049 
cm-1 where it occurs in a dilute solution of 
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K N 0 3  (17) can be attributed to cation inter- Acknowledgments - 
actions. The magnitude and direction of the  hi^ work was supported by a grant from 
shift are as a l 4  potassium ion National Research Council of Canada and by tile 
concentration (17, 18)- The 10 wavenumber shift Government of Ontario in the form of an ontario 
for ~2 of nitrate ion from 827 cm-1 in solid ~~~d~~~~ ~ ~ l l ~ ~ ~ h i ~  award to one of us 
K N 0 3  to 837 cm-1 in the KN03-KN02 solid (M. H. B.). 
solution may also be attributed to changes in 
the environment. 

The band at 1387 cm-1 has been seen pre- 
viously in the infrared spectrum of K N 0 2  run 
as a KBr disc (8) and as a deposit on a fluorite 
plate (19). Weston and Brodasky (8) assigned 
the band (1384 cm-1) to V, nitrite shifted by an 
orientation effect that changed the coupling 
between lattice and internal vibrations. Failure 
to observe u l  of nitrite probably prompted this 
explanation. However, ~1 is very weak in the 
infrared and often is completely masked in the 
solid by the strong broad ~ 3 .  In our opinion the 
837 cm-1 and 1384 cm-1 bands observed by 
Weston and Brodasky (8) arise from nitrate 
impurity in the K N 0 2  salt. The only bands 
attributable to pure K N 0 2  crystal are 806 cm-1, 
1240 cnl-1, and 1330 cm-1. 

In our estimation the quantitative infrared 
analysis will detect as low as 0.2 wt. % nitrate 
impurity in nitrite. The infrared methods are 
primarily useful for the potassium salt, due to 
the solid solution properties of the KN03- 
K N 0 2  mixtures. The Raman method probably 
permits detection of even lower concentrations 
of nitrate impurity. The M.A.T.R. solid samples 
were not used for quantitative analysis because 
an order break in the IR-9 at 1200 cm-1 causes 
a discontinuity in the spectrum and prevents the 
drawing of an accurate base line. 
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Reactions of oxygen atoms with 2-propanol and methanol1 

A. K A T O ~  AND R. J. CVETANOVI~ 
Division of Applied Clzemistry, National Research Council of Canada, Ottawa, Canada 

Received June 12, 1967 

An investigation of the reaction of 2-propanol at 25 "C with oxygen atoms in the ground electronic 
state, O(3P), and, as a corollary, with the excited mercury atoms, Hg 6(3P1), has been carried out. The 
reaction of oxygen atoms with methanol at 25 "C has also been briefly studied. The general mechanism 
of reaction of O(3P) atoms with simple alcohols is discussed. 
Canadian Journal of Chemistry, 46, 235 (1968) 

Introduction 

In our recent study (I) of the reaction of 
oxygen atoms in their ground electronic state, 
O(3P), with ethanol it has been established that 
abstraction of an alpha-hydrogen atom from 
ethanol to give the alpha-ethanol radicals, 
CH3CHOH, takes place in the primary step. 
The radicals form predominantly acetaldehyde 
and 2,3-butanediol, by mutual disproportiona- 
tion and combination, respectively. To test the 
generality of this finding, we have now extended 
the study of the reactions of oxygen atoms with 
alcohols to 2-propanol and, briefly, to methanol. 
The major initial organic reaction products 
observed with the three alcohols studied so far, 
methanol, ethanol, and 2-propanol, can be 
explained as resulting from the disproportiona- 
tion and combination of the corresponding 
alpha-alcohol radicals, CH20H, CH3CHOH, 
and (CH3)$OH. In the present article the 
results obtained with 2-propanol and methanol 
are reported and their implications are discussed. 

Experimental 
Oxygen atoms in their ground electronic state, O(3P), 

were produced by the mercury-photosensitized decom- 
position of nitrous oxide. The cylindrical quartz reaction 
vessel, reactor A of the previous study (I), was 5 cm in 
diameter, 10 cm long, and had a total volume of 240 ml. 
The mercury resonance radiation was supplied from a 
low-pressure mercury lamp placed at a distance of 11 cm 
from the reaction vessel window. 

Anachemia Chemicals Ltd. reagent grade 2-propanol 
was used after repeated bulb-to-bulb distillation it1 vac~ro 
and thorough degassing at -78 "C. It was further de- 
gassed at -196 "C before each run. No impurities could 
be detected in the purified 2-propanol on a 300 ft dino- 

nylphthalate capillary column with a flame ionization 
detector. Analytical reagent methanol was obtained from 
Mallinckrodt Chemical Works Ltd. Nitrous oxide was 
obtained from Matheson Company and was pursed by 
repeated bulb-to-bulb distillation bz vaaro at -196 OC. 

The reactions were carried out at room temperature, 
25 & 0.5 "C. 

2-Propanol + O(3P) Atoms 
Analysis of the products was similar to that used in the 

previous study (1). After irradiation, the reactant mixture 
was condensed by liquid nitrogen and the noncondensable 
gas was collected by means of a Topler pump and analyzed 
for Nz, CO, CH4, and Hz. The condensable product was 
transferred into a LeRoy still and about 80% of the 
unreacted nitrous oxide was distilled off at -160 "C. 
The nitrous oxide distillate, analyzed on the 300 ft 
dinonylphthalate capillary column with flame ionization 
detector, contained no detectable amount of acetone 
although there was a trace of acetaldehyde, which was not 
determined quantitatively. The residue from the LeRoy 
still, which contained the remainder of nitrous oxide 
together with the unreacted 2-propanol and the reaction 
products, was analyzed for acetone by gas chromatograph 
on a composite column of 4 m dinonylphthalate and 4.5 m 
Carbowax (1). No products other than acetone and a 
trace of acetaldehyde were detected on this column. 

Qualitative analysis for the less volatile "liquid" 
products was done separately using samples subjected to 
long reaction times. After the removal of the noncon- 
densable gases at - 196 "C, the reaction vessel was washed 
with acetone and the solution was analyzed at 120 'C on 
the trimer acid column (1). Pinacol was found to be the 
major liquid product. A quantitative determination of 
pinacol was made on a sample obtained by trapping the 
liquid products in a known amount of rz-propanol and 
analyzing on the trimer acid column. The chromato- 
grams also showed the presence of two unknown products, 
at shorter retention times and in much smaller amounts 
than pinacol. 

2-Propmlol + Hg 6(3P1) Atoms 
The experimental procedure was essentially the same 

as used in the study of the reaction of oxygen atoms, 
except for the simplified separation of the products 
because of the absence of nitrous oxide. 

1Issued as NRCC No. 9697. 
2NRCC Postdoctorate Fellow. Present address: De- Metllmrol + O('P) Atom 

partment of Applied Chemistry, Faculty of Engineering, Since it has been reported that methanol reacts with 
Kyushu University, Fukuoka, Japan. borosilicate (Pyrex) glass to form methyl borate and that 
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the formation of the borate is suppressed to an undetect- 
able amount when a small amount of water is present (2), 
we have used a 90 mole % aqueous solution of methanol 
as the source of methanol vapor. Over such a solution the 
partial vapor pressures of methanol and water are 114 and 
3.0 Torr at  25 "C, respectively (3). I t  is most unlikely that 
the presence of less than 3 %  water vapor would affect 
in any way the reaction of O(3P) atoms with methanol. 
In  the analogous reaction of O(3P) atoms with ethanol it 
was found that up to 5 % water vapor had no appreciable 
effect on the yields of reaction products. The aqueous 
methanol solution was degassed repeatedly a t  -78 "C 
and its vapor showed no organic impurity in detectable 
amounts on the 300 ft  dinonylphthalate capillary column 
with flame ionization detector. 

The noncondensable gas was analyzed in the same 
manner as in the study of the oxygen atom reaction with 
2-propanol. The analysis of the liquid products for 
ethylene glycol was carried out as follows. After the 
removal of the noncondensables, the residue, which 
contained the unreacted nitrous oxide and methanol 
together with water and other reaction products, was 
washed out with water. In other cases the liquid products 
were trapped into a known amount of n-propanol after 
the removal of compounds volatile a t  -78 "C. Both the 
aqueous and the 11-propanol extract were examined on a 
7 ft Porapak Q column a t  150 "C to  determine the amount 
of ethylene glycol. The chromatograms showed no 
products other than ethylene glycol. 

Results and Discussion 

Qzretzching Cross Section of2-Propatzol 
The quenching cross section of 2-propanol for 

the Hg 6(3P1) atoms, &2-p, was determined by 
the same com~etitive method as was used in the 
case of ethanol (1) and a large number of other 
substances (4). The reciprocal rate of nitrogen 
production is plotted in Fig. 1 against the 2- 
propanol to nitrous oxide ratio in agreement 
with the simple linear relationship between the 
two derived and discussed earlier (4). The plot 
gives a value of 6.4 A2 for , ~ 2 ~ - ~  based on 18 A2 

for &,,, (4). This value appears reasonable 
when compared with 3.5 A2 obtained similarly 
for ethanol (1). 

Reaction of 2-Propatzol with O(3P) Atoms 
The reaction was studied using 5OOTorr 

nitrous oxide with, alternatively, 10 and 40 Torr 
of 2-propanol. The volatile products were found 
to consist of a large amount of acetone and of 
small amounts of H2, COY CH4, and acetalde- 
hyde. Pinacol was also found to be a reaction 
product. The quantitative analyses were directed 
mainly towards a determination of the initial 
yield of acetone. The yields of acetone relative 
to  that of nitrogen at finite reaction times are 

FIG. 1. Plot of the reciprocal rates of nitrogen 
production against the ratio of the partial pressures of 
2-propanol and nitrous oxide (25 "C;  light intensity 
equivalent to  2.60 llmoles N2 per min; irradiation time 
2 min; 50 Torr N 2 0 ;  4.9 to 42 Torr 2-propanol). 

plotted in Fig. 2 as a function of the extent of 
the reaction. The very small change in the 
relative yield of acetone with reaction time at 
both pressures of 2-propanol shows that acetone 
reacts considerably slower than 2-propanol with 
O(3P) atoms and therefore suffers very little 
secondary attack. The initial yields of acetone 
and of the minor products, obtained by extra- 
polating to zero reaction time, are shown in 
Table I. At 40 Torr 2-propanol, it is also found 
that the relative yield of pinacol is 0.1 1 (after 
40 min irradiation, N2 = 96 pmoles). The over- 
all reaction of 2-propanol with O(3P) atoms can 
therefore be represented by the following 
stoichiometric equations. 

The oxygen atom material balance requires that 
the sum of the relative yields of acetone and 
pinacol should be unity and this is seen to be so 
within the experimental error. 

Reaction of 2-Propanol ~tqith Hg 6(3P1) Atoms 
The mercury-photosensitized reaction was 

studied using 40 Torr of 2-propanol. Acetone 
and H2 were found to be the major products, 
together with small amounts of CH4, CO, and 
acetaldehyde. Formation of pinacol was con- 
firmed qualitatively. The quantum yields of 
volatile products are shown as a function of 
reaction time in Fig. 3. The decrease in the 
quantum yield of acetone with increasing 
irradiation time shows its secondary reaction 
with the Hg 6(3P1) atoms, which is under- 
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TABLE I 
Initial yields of products of the reactions of O(3P) and of Hg 6(3P1) atoms with 

2-propanol at 25 "C 

2-Propanol + O(3P), 2-Propanol (40 Tom) + Hg 6(3PI), 
yields relative to N2 initial quantum yields, 40 

Products (10 Torr) (40 Torr) (0) (b) (c) 

(CH3)lCO 0.73 0.85 0.60 0.25 0.38 
H2 0.03-0.04 0.03-0.04 0.77 0.72 0.98 
CO 0.007 0.005 -0.005 -0 .ooo 
CH4 0.004 0.004 <0.01 -0.000 
CH3CHO <0.005 -0.000 

(0)  Present work. 
(b) Reference 5, continuous illumination. 
(c) Reference 5, intermittent illumination. 

FIG. 2. Relative yields of acetone in the reaction of 
O(3P) atoms with 2-propanol (25 "C; light intensity 
equivalent to 2.60 pmoles Nz per min): (A) 500 Torr NzO, 
40 Torr 2-propanol; (B) 500 Torr N20, 10 Torr 2-pro- 
panol; (C) 500 Torr N20,  40 Torr 2-propanol, 3.4 Torr 
butene-1. 

standable in view of its large quenching cross 
section ( ( ~ 2  = 53A2 (4)). The minor products 
CH4, CO, and acetaldehyde are most likely 
formed in secondary reactions. The initial 
quantum yields, obtained by extrapolations to 
zero reaction time, are shown in Table I, with 
the results of Knight and Gunning (5) shown 
also, for comparison. There is a large difference 
between the quantum yields of acetone obtained 
in the two studies, while the yields of hydrogen 
are in good agreement. 

Rate of Reaction of 2-Propanol with O(3P) 
Aton~s  

The reaction rate was measured by the 
competitive method using butene-1 as the refer- 
enc; substance. The relative yield of acetone in 
2-propanol/butene-1 mixtures is plotted against 

IRRADIATION T IME ( rn in  1 

FIG. 3. Quantum yields of products in the reaction of 
2-propanol with Hg 6(3Pi) atoms (25 "C; light intensity 
equivalent to 2.60 pmoles N2 per min; 40 Torr 2-pro- 
panol). 

the extent of reaction in Fig. 2(C). For the 
conditions employed, the extrapolated value of 
[(CH3)2CO/N2]a-1 at zero reaction time is 0.30. 
With this value and the corresponding value of 
0.85 in the absence of butene-1, a calculation 
similar to that used in the case of ethanol (1) 
gives 9.6 x 1010 cc mole-1 s-1 for the reaction 
rate of 2-propanol with oxygen atoms at 25 "C 
(Table I). The rate constant for 2-propanol is 
therefore 1.5 times larger than the value of 
6.2 x 1010 cc mole-1 s-1 for ethanol (I), which 
is in agreement with the trends observed in the 
reactivity of alcohols towards OH radicals 
(1.1-3.5) (6, 7), CH3 radicals (1.3-1.6) (8, 9), 
H atoms (2.3-3.1) (9, lo), and excited quinone 
(2.1) (11). The strength of the alpha-CH bond 
in 2-propanol has been reported as 90.3 kcal/ 
mole (12), a value which is almost the same as 
that in ethanol (I). On the basis of the approxi- 
mate parallelism between the reaction rates 
toward oxygen atoms and the strength of the 
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TABLE I1 
The yields of products in the reaction of O(3P) atoms with methanol at 25 "C 

Relative yields (N2 = 1) 
N20 CH30H Irradiation N2 HCHO 

(Torr) (Torr) (min) (pmole) C2Hs02* H2 CO CH4 test? 

501 97.6 10 23.6 n.d. 0.037 0.033 None 
505 98.8 10 24.5 0.43 (A) 0.047 0.027 None 
501 98.4 20 49.0 0.53 (A) 0.037 0.031 None 
505 98.2 30 74.7 n.d. 0.032 0.027 None 
501 98.1 63 158.7 n.d. 0.024 0.026 None 
507 98.0 100 248.8 0.34 (B) 0.031 0.027 None Negative 

- - 

'n.d. = not determined; (A) = products collected b y  trapping in n-propanol; (B) = products collected b y  washing the reaction vessel 
with water. 

tChromotropic acid test (19); "negative" signifies HCHO/Nz < 0.04. 

bonds attacked (I), the difference in the reaction 
rate between 2-propanol and ethanol can be 
accounted for by a small difference of about 
0.5 kcal/mole between the alpha-CH bond 
strengths in the two alcohols, which is well 
within the uncertainty of the thermochemical 
data. 

Major Processes in the Reaction of 2-Propanol 
wit12 0 (3P) and Hg 6(3Pl) Atoms 

The following reactions have been postulated 
(5) to explain the reaction of 2-propanol with 
Hg 6(3P1) atoms. 

Reactions analogous to [3:1-[5] could also be 
postulated as the primary reactions in the attack 
of O(3P) atoms on 2-propanol. However, 
electron spin resonance studies of the reaction 
of OH radicals with solid, liquid, and aqueous 
2-propanol show selective abstraction of an 
alpha-hydrogen (1 3-1 6) and a similar result 
has been obtained in the photolysis of iodine/2- 
propanol mixtures (17). Also, hydrogen atoms 
abstract an alpha-hydrogen 105 times faster than 
a beta-hydrogen from 2-propanol in aqueous 
solution (18). The formation of pinacol as a 
major product and the value of the reaction rate 
of 2-propanol with O(3P) atoms determined in 
the present work also support selective abstrac- 
tion of alpha-hydrogen by oxygen atoms. It 
appears likely therefore that the primary 

reactions in the attack of O(3P) atoms on 2- 
propanol are 

181 (CH3)2CHOH + O(3P) --t (CH3)2COH + OH and 

followed by reactions [6] and [7], as above. At 
the same time, reactions analogous to [3]-[5] 
cannot be ruled out. 

If the predominant fate of (CH3)2COH 
radicals were only disproportionation and 
combination in reactions [6] and [7], the initial 
values of (CH3)2CO/N2 and (CH3)2CO/H2 in 
the reactions of 2-propanol with oxygen atoms 
and with mercury atoms, respectively, would be 
expected to be the same or very similar. The 
observed values in Table I show a reasonably 
good agreement among the two reaction systems, 
in contrast to the fairly large difference between 
the analogous quantities in the case of ethanol 
(1). The one-step formation of acetone, 

is therefore not important under present 
conditions. 

The somewhat smaller yield of acetone at the 
lower pressure of 2-propanol (10 Torr), follow- 
ing a similar trend in the yield of acetaldehyde 
observed in the reaction of ethanol with oxygen 
atoms (I), is difficult to explain quantitatively on 
the basis of the experimental information 
available at present. I t  is unlikely to be due to 
appreciable secondary reactions of acetone since 
the results in Fig. 2 show that the secondary 
reactions probably take place only to a very 
small extent. Similarly, the slight increase in 
quenching by 2-propanol at the higher pressure 
(40 Torr) is too small to explain the difference in 
the yield of acetone. 
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TABLE 111 
The initial yields of the carbonyl compounds and of glycols in the reactions of alcohols 

with O(3P) and Hg 6(3P1) atoms at 25 "C 

Relative yields* 

Pressure Source Carbonyl compound Glycol 
of alcohol of 

Alcohol (Torr) data O(3P) Hg 6(3P~) O(3P) Hg 6(3P1) 

Methanol 40 Ref. 23 0.02 
98 Present <0.04t >0.53 

100 Ref. 24 0.053 
Ethanol 40 Ref. 25 0.15 

50 Ref. 1 0.55 0.32 0.37 0.53 

2-Propanol 40 Ref. 5 0.35 
40 Present 0.85 0.78 gO.155 G0.225 

*The yields in the reaction with O(aP) atoms are relative to nitrogen and in the reaction with Hg 6(aP1) atoms 
relative to hydrogen taken as unity. 

?After 100 rnin illumination. 
$After 120 min illumination. 
§Estimated from the yield of acetone as a difference from unity. 

Reaction of Methanol with O(3P) Atoms The 'CH20H radicals may be expected to 
Several - experiments were carried out with combine predominantly to form ethylene glycol, 

98 Torr methanol in the presence of 500 Torr 1161 .CH20H + .CH20H CH2(OH)CH2(OH), nitrous oxide. Ethylene glycol was found to be 
a major product. The experimental results are and to disproportionate into formaldehyde and 
summarized in Table 11. As mentioned in the methanol only to a very minor extent 
previous paper on ethanol (I), the recovery of 
such volatile products as ethylene glycol by 
trapping in n-propanol is not complete. The 
actual initial yield of ethylene glycol can there- 
fore be expected to be appreciably higher than 
0.53, the highest value observed. This can also 
be deduced from the fact that formaldehyde was 
not formed in detectable amounts and that no 
products other than ethylene glycol could be 
found by gas chromatography. 

In the reaction of methanol with Hg 6(3P1) 
atoms the following primary reactions are 
generally accepted, 

[ l l ]  CH3OH + Hg 6(3Pi) 4 CHjO' + H + Hg 6(1S0) 

and the reaction product consists almost entirely 
of hydrogen and ethylene glycol (4). In the 
reaction of O(3P) atoms with methanol, on the 
other hand, the primary reactions are likely to be 
reactions [14] and [15] in view of the relative 
strengths of the relevant bonds in methanol. 

[17] 'CH20H + 'CH20H 4 HCHO + CH30H. 

Disproportionation and Combination of 
Alpha-Alcohol Radicals 

The relative yields of the major organic 
products of the reactions of alcohols with 
O(3P) and Hg 6(3P1) atoms, the glycols and the 
carbonyl compounds, are summarized in Table 
111. The yields of the glycols decrease and those 
of the carbonyl compounds increase in the order 
CH30H, C2H50H, (CH3)2CHOH. This trend 
can be understood in terms of the number of 
beta-hydrogen atoms in the respective alpha- 
alcohol radicals, which may be expected to 
determine the disproportionation to combination 
ratio by analogy with alkyl radicals (20). The 
data in Table 111 are therefore consistent with 
the usual assumption that the glycols and the 
carbonyl coinpounds are formed, respectively, 
by combination and disproportionation of 
alpha-alcohol radicals. The ratio of dispropor- 
tionation to  combination of the alpha-alcohol 
radicals is about an order of magnitude larger 
than that of the corresponding alkyl radicals 
with the same number of beta-hydrogen atoms 
(0.12-0.14 for C2H5 and 0.5-0.63 for i-C3H7). 
The increased ease of disproportionation relative 
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to combination is apparently due to the presence 
of the electron-withdrawing OH groups in the 
alpha-alcohol radicals. 

Mechanism of Reaction of 0 (3P) Atoms with 
Alcohols 

The results of the present and our earlier (1) 
study show that O(3P) atoms react with methanol, 
ethanol, and 2-propanol, and presumably with 
other simple alcohols, by abstracting the most 
weakly bound hydrogen atoms in the alcohol 
molecules. In contrast to this, Avramenko, 
Kolesnikova, and Kuznetsova (21) have recently 
studied the reaction of oxygen atoms with 
inethanol in the presence of molecular oxygen 
and concluded that the one-step formation of 
formaldehyde, reaction [la], is the major 
primary process. 

81 CH30H + 0 HCHO + H20 or 
CH30H + 0 (complex) + HCHO + H20 

They used a flow system, producing oxygen 
atoms by electrical discharge in a stream of 
molecular oxygen, and observed formaldehyde 
as essentially the exclusive carbon-containing 
product. They considered the possibility that 
formaldehyde could be formed in the secondary 
reaction of the methoxy radicals with 02, 

[19] 'CH20H + 0 2  + 02CH20H + HCHO + HO2, 

but rejected it on the basis of their experiments 
with H atoms and methanol in the presence of 0 2 .  

Evidently the conclusions of Avramenko and 
co-workers (21) and the experimental results 
with methanol in the present work are mutually 
inconsistent. Under conditions of our experi- 
inents formaldehyde is at best a very insignificant 
product, while the yield of ethylene glycol is 
equivalent to at least 53 % of the oxygen atoms 
consumed in the process and probably to appre- 
ciably more than that. This indicates that the 
inajor process is the abstraction of one hydrogen 
atom from methanol in the primary step. In 
qualitative agreement with this view is the obser- 
vation of strong emission of the OH band in the 
study of the reaction of oxygen atoms with 
methanol by Harteck and Kopsch (22). Never- 
theless, it is necessary to point out the existence 
of these two radically different points of view, 
which are not confined to the reaction of oxygen 
atoms with methanol but extend to other 
reactions of oxygen atoms as well. Elsewhere 

(26) we have briefly discussed some of the 
features inherent in the flow system - electrical 
discharge technique, which in our opinion may 
complicate mechanistic studies and perhaps be 
responsible for the apparent discrepancies. 
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Acid strengths of some substituted picric acids 

P. J. PEARCE AND R. J. J. SIMKINS 
Explosives Research and Development Establisllment, Ministry of Tecl~nology, Waltlzam Abbey, Essex, England 

Received May 9, 1967 

The aqueous dissociation constants for a number of substituted picric acids and related compounds 
have been determined spectrophotometrically, and the values obtained correlated with the mid-equiv- 
alence potentials obtained by half-neutralization in acetone solution. Analysis of these results together 
with those obtained similarly for substituted benzoic acids shows that while the mid-equivalence 
potential method affords a rapid and convenient means of making a good estimate of the acid strength 
of a compound, it has its limitations and is only strictly applicable within the confines of a series of 
closely similar compounds. The observed pK, values of a large series of polysubstituted phenols were 
correlated with the predicted values obtained from the Hammett relation, and good agreement obtained, 
even with substituted picric acids; styphnic acids appear to behave anomalously. 
Canadian Journal of Chemistry, 46, 241 (1968) 

It has recently been suggested (I) that the spectrophotometric measurements. These are 
aqueous dissociation constant of an acid may rather tedious and suffer from a lack of precision 
be rapidly estimated by measuring the glass in the values assigned for the extinction coefficient 
electrode potential of a half-neutralized solution of the undissociated acid. 
of the acid in acetone solution. f i e  discrepancy Elder and Mariella (1) found that the mid- 
between the dissociation constant of styphnic equivalence potential (the electromotive force 
acid (2,4,6-trinitroresorcinol) inferred from such (e.m.f.) as measured with a glass electrode/ 
a mid-equivalence potential and the value we had modified calomel electrode pair in a standard 
obtained by spectrophotometric measurement acetone solution of acid half-neutralized with 
led us to investigate the method in more detail. 
Experimental work consisted of (a) the deter- 
mination of the dissociation constant in water 
of a large number of picric acids and related 
compounds and (b) the parallel measurement of 
the mid-equivalence potentials of the picric acids, 
and also of a large number of benzoic acids, the 
aqueous dissociation constants of which were 
known. An analysis was then made of the 
relationship between the mid-equivalence poten- 
tial, the solvent in which it was determined, and 
the aqueous dissociation constant of the acid 
involved. 

Discussion 

Although it has long been recognized that 
picric acid is a very strong acid, there has been 
no common agreement as to what its exact 
dissociation constant is; the following values 
for the pK, have been recorded: 0.29 (2), 
0.33 (3), and 0.96 (4). For the related acids 
inethylpicric and dimethylpicric pK, values of 
0.81 and 1.38 respectively have been found (5, 6). 
It has been accepted that the picric acids are too 
strong for the usual electrolyte methods to give 
good results, and the best values are based on 

tetrabutylammonium hydroxide) gave a measure 
of the relative acidity of a wide series of acids. 
These authors pointed out that there was a 
linear relationship between the relative acidities 
so determined and such aqueous dissociation 
constants (expressed as pK) as had been deter- 
mined. This rapid and convenient method is in 
effect a simplified version of the potentiometric 
microtitration technique developed by Simon 
et al. (7-9). Simon has used this method exten- 
sively, working on the premise that the apparent 
pH of a solution at half-neutralization of the 
functional group to be determined is equivalent 
to pK',o,v,n,, where Ktsolvent is the apparent 
dissociation constant for a given solvent system. 
Such apparent dissociation constants are func- 
tions of the nature of the solvent, the structure of 
the acid involved, concentration, and determina- 
tion procedure. However, rigid standardization 
of the technique employed can give pK',o,,.,L,t 
values dependent only on the structure of the 
acid being investigated and the solvent system 
used. It has been shown (10, 11) that such 
pK',,,v,,t values may justifiably be interpreted 
in analogous fashion to thermodynamic pK 
values; however, it must be borne in mind that 
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PK valuer p K values 

FIG. 1. Plot of mid-equivalence potential versus pK for substituted picric acids (in acetone solution). 
FIG. 2. Plot of mid-equivalence potential versus pK for substituted benzoic acids (in acetone solution). 

such values are specific to a given system, and 
that extensive extrapolation may not be war- 
ranted. 

It is possible to derive an expression 

~K'solvent = QpKa + constant, 

where Q is a term covering the various factors 
such as solvation energy inherent in the deter- 
mination of pK',ol,,t. Since the mid-equivalence 
potential, (e.m.f.)l12, and the apparent dissocia- 
tion constant are merely different scale readings 
of the same galvanometer deflection, one may 
write (e.m.f.)l12 = QpK, + C as the expression 
for the linear relationship that Elder and 
Mariella found. This relationship will only be 
general providing that the term Q remains 
constant; our results indicate that this is not so, 
and that while one given class of compounds 
(e.g. picric acids) have a certain linear relation- 
ship, this is not directly extensible to another 
class of acids (e.g. benzoic acids). Thus we 
conclude that while the mid-equivalence poten- 
tial method affords a rapid means of making a 
good approximation of the pK, value of an acid, 

it is really only valid within the confines of a 
series of closely related compounds, and that 
casual interpolation may give misleading results. 

The relationship between mid-equivalence 
potential and dissociation constant for 8 picric 
acids is plotted in Fig. 1 ; a good straight line can 
be drawn through the plot. The results are also 
given in Table I, and from this it can be seen 
that the actual mid-equivalence potential re- 
corded varied with the electrode system used. 
If, however, one takes the differences, A(e.m.f.), 
between the mid-equivalence potential of the 
test acid and that of a standard acid, in this case 
picric acid, both measured with the same 
electrode system, then consistent results are 
obtained. 

The relationship between mid-equivalence 
potential and dissociation constant for 22 benzoic 
acids in two different solvent systems is plotted 
in Figs. 2 and 3 (cf. Table 11). These plots show 
that, for a given solvent, one straight line cannot 
be drawn, but that two are necessary, one for the 
ortho-substituted benzoic acids and the other 
for the metalpara-substituted. As might be 
expected the slope of the plots is different in the 
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TABLE I 
Mid-equivalence potentials of picric acids in acetone solution* 

No. Acid D K, 

t-Butylpicric 1.593 
Dirnethylpicric 1.215 
Methylpicric 1 .OOO 
Ethylpicric 1.002 
Picric 0.402 
Methoxypicric 0.367 
Iodopicric 0.152 
Bromopicric -0.050 
Chloropicric - 
Dichloropicric - 

(e.m.f.)l/z observed A(e.m.f.)~ioric 

A B C A B C 

152 111 215 125 133 119 

- - - 

'Electrode system: A = glass electrodelacetone solution agar bridgelaqueous KCl/calomel electrode; B = glass electrode/acetone solu- 
tionlrnethanolic KCIicalomelelectrode; C = asB, but withdferent glasselectrode. 

tThe initial reading was 30 mV, but this decreased slowly to -9. 

TABLE I1 
Mid-equivalence potentials of benzoic acids 

No. Acid 

Acetone solution Ethanol solution 

A(e.m.f.)~enraio A(e.m.f.)~enzoic 
P Kn* (e.m.f.)~/z (mV) (e.m.f.) I I Z  (mV) 

20 2-Aminobenzoic 4.91 
2 1 4-.4minobenzoic 4.86 
22 4-Hydroxybenzoic 4.57 
23 4-Methoxybenzoic 4.47 
24 4-Methylbenzoic 4.37 
25 3-Aminobenzoic 4.36 
26 3-Methylbenzoic 4.27 
27 Benzoic 4.20 
28 4-Fluorobenzoic 4.14 
29 2-Methoxybenzoic 4.09 
30 3-Hydroxybenzoic 4.08 
3 1 4-Chlorobenzoic 3.98 
3 2 4-Bromobenzoic 3.97 
33 2-Methylbenzoic 3.91 
34 I -Naphthoic 3.70 
35 3-Nitrobenzoic 3.49 
36 4-Nitrobenzoic 3.42 
37 2-Hydroxybenzoic 2.97 
3 8 2-Chlorobenzoic 2.92 
39 2-Iodobenzoic 2.86 
40 2-Bromobenzoic 2.85 
41 2-Nitrobenzoic 2.17 

* p K ,  values taken from McDaniell and Brown (27). 

two solvents. These results indicate how the Q 
term may not only vary from solvent to solvent, 
but also how it may vary between different types 
of acid. It should be noted that in both solvents 
the 2-hydroxybenzoic acid and to a lesser extent 
the 2-aminobenzoic acid do not fit the ortho 
relationship. This deviation, which is probably 
the result of powerful intermolecular hydrogen 
bonding, illustrates the dangers of casual 
interpolation. 

A check on the objectivity of the results is 
given by Fig. 4, where our mid-equivalence 
potentials determined in acetone solution are 
plotted against the apparent dissociation con- 
stants determined by Simon in a methylcello- 
solve/water system (9). The data for both ortho 
and metalpara acids group onto the same line, 
suggesting that the variation of the Q term as a 
function of the structure of the acid involved is 
similar in both solvent systems. 
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2.0 3 .O 4 .O 5.0 5 . 0  6.0 7.0 8 .O 

P K  values  pKMcs VUIUPS 

FIG. 3. Plot of mid-equivalence potential versus pK for substituted benzoic acids (in ethanol solution). 
FIG. 4. Plot of mid-equivalence potential (in acetone) versus pK'nrcs (in 80% methylcellosolve/20% water) for 

substituted benzoic acids. 

When the results for the picric acids and for 
the benzoic acids are combined into a single plot 
(cf. Fig. 5), it can clearly be seen that there is no 
unique relationship between the mid-equivalence 
potential and aqueous dissociation constant for 
all acids, but rather a family of lines, one for 
each class of acids. It is possible that this concept 
of a strictly limited relationship explains why a 
simple interpolation of the observed mid- 
equivalence potentials of styphnic acid and of 
trinitrophloroglucinol suggests dissociation con- 
stants markedly different from those we deter- 
mined spectrophotometrically. The mid-equiva- 
lence potentials of 4 styphnic acids, 5 dinitro- 
phenols, and 8 picric acids are plotted against 
pK, values in Fig. 6 (cf. Table 111). Examination 
prompts the following suggestions. (1) Our 
determination of the primary dissociation con- 
stants of styphnic acid and trinitrophloroglucinol 
niould have to be reduced bv two orders of 
magnitude for them to fall on the picric acid line. 
(2) It seems probable that with the removal of 
one ortho-nitro group the dinitrophenols no 
longer fall on the picric acid line, but form 
another family with a lower Q value. As with 
the benzoic acids the ortho-amino compound 
does not conform. (3) It is possible that the 
styphnic acids constitute another family, with 
a line of steeper slope. 

Some calculations were made to see whether 

the experimentally determined acid strengths 
checked with those predicted by the Hammett 
relation log K = ~ C T  log KO (12). Barlin and 
Perrin (13) have shown that pK values may be 
predicted for polysubstituted phenols provided 
that appropriate CT constants are used. The 
values suggested by these authors are satis- 
factory except for ortho-methoxy (where 0.04 
gives better results than the suggested 0.00) and 
ortho-nitro. The results from polynitropl~enols 
indicate that a value of 1.40 is the correct one for 
ortho-nitro substitution, even though for 2- 
nitrophenol itself this predicts a lower pK than 
is actually observed. Using a least mean square 
analysis for a series of 86 phenols it was found 
that the pK could be predicted by the relation: 
pK = 9.94 - 2.26 ~ C T ,  with a relative deviation 
of 0.18. The observed and calculated results and 
CT constants used are given in Tables IV and V. 
Examination of the predicted values shows that 
serious deviation from the observed values 
normally only occurs when there are substituents 
on both sides of a nitro group. The effect of such 
grouping would be to hinder the coplanarity of 
the nitro group with the benzene ring, and by 
thus reducing the resonance effect give an 
observed pK value higher than that predicted. 
A single very bulky substituent between two 
nitro groups will produce the same effect. Such 
deviation can be noticed for 3,5-dimethyl-4- 



PEARCE A N D  SIMKINS: ACID STRENGTHS O F  PICRIC ACLDS 245 

0 -2-Benroic acids 
a "C/& .. .. 
0-Picric acids 

019 

0- Picric acids 
0-Styphnic acids 
0-Dinitrophenols 

p 1 4  

FIG. 5. Plot of mid-equivalence potential versus pK for three series of acids. (The numbered acids and pecke line 
indicate the relationship originally described.) 

FIG. 6. Plot of mid-equivalence potential versus pK for various di- and tri-nitrophenols. 

TABLE 111 
Mid-equivalence potentials of styphnic acids and dinitrophenols in 

acetone solution 

A(e.m.f.)~~,,,, 
No. Compound PKS (e.m.f.111~ (mv) 

11 Styphnic acid 1.74 10 -17 
4.86 561 534 

12 Methylstyphnic acid 1.17 48 21 
(Trinitroorcinol) 5.04 632 605 

13 Chlorostyphnic acid 1.13 122 95 
- 640 61 3 

14 Hydroxystyphnic acid 1.26 -71 -98 
(Trinitrophloroglucinol) 4.16 528 501 

7.66 791 764 
15 2,4-Dinitrophenol* 4.13 3 29 302 
16 6-Methyl-2,4-dinitrophenol* 4.35 339 312 
17 6-Chloro-2,4-dinitrophenol 2.01 210 183 
18 6-Bromo-2,4-dinitrophenol 2.35 209 182 
19 6-Amino-2,4-dinitrophenol 1 .OO 343 316 

*pKvalue taken from literature (28,291, the others were determined in this laboratory. 

nitro-, 3,5-dimethyl-2,4,6-trinitro-, and 3-t-butyl- 
2,4,6-trinitro-phenol. Allowing for this effect 
the predicted strength of the picric acids agrees 
well with the experimentally determined values. 
The Haininett relationship can be extended to the 
di- and tri-hydroxyphei~ols, with a good measure 
of agreement for simple substitution (the 
discrepancy for 2-methyl-p-hydroquinone is '  

quite exceptional), but it breaks down with the 
introduction of a third nitro group. 

One might expect a correlation between the 
pK, value and the OH stretching frequency for 
the picric acids, and indeed Fig. 7 (cf. Table VI) 
shows the normal type of plot. It should be noted 
that the styphnic acid values do not fall on this 
plot. A similar form of correlation, though over 
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TABLE IV 
Experimental and predicted pK values for phenols* 

PK PK 

Substituent Found Calcd. Substituent Found. Calcd. 

*Experimental pK values taken from literature (29) unless determined in this laboratory. 
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TABLE V I a , 
Apparent u constants for substituents in phcnols* 

(pK = 9.94 - 2.26 2u) 

Methyl 
Ethyl 
t-Butyl 
Phenyl 
Methylol 
Methoxy 
Methylthio 
Methylsulfonyl 
Formyl 
Acetyl 
Fluoro 
Chloro 
Bromo 
Iodo 
Cyano 
Nitro 
Hydroxy 

Substituent ror t tm urneta ugnra 

'Constants marked ' differ from those previously proposed (13). 

a much smaller range of wavenumbers, is found 
for the OH bending frequency. An interesting 
observation is that aminostyphnic acid has no 
peak in the 3100-3200 cm-1 range; the peak 
at 3410 cm-1 is undoubtedly NH stretching, and 
so probably is the less intense peak at 3290 cm-1. 

Experimental 
All but one (no. 10) of the picric acids were prepared 

by mixed acid nitration of the corresponding phenol; 
they were purified by recrystallization from ethanol or 
acetone to  constant melting point, and the purity then 
checked by thin layer chromatography on silica gel using 
a variety of solvent mixtures, of which methylene 
chloride/acetic acid 2011 was typical. Trinitroorcinol was 
prepared by mixed acid nitration of orcinol, trinitro- 
phloroglucinol by treatment of triacetoxybenzene with 
cold 98 % nitric acid. The monopyridinium salt of trinitro- 
phloroglucinol was treated with phosphorus oxychloride 
to give chlorostyphnic acid, m.p. 117 'C (Found: C, 
24.5; H, 1.5; N, 14.0. C6H2C1N30e.H20 requires C, 
24.2; H, 1.3; N, 14.1), and this was converted via 5- 
ethoxytrinitroresorcinol to aminostyphnic acid, which 
was identical with that prepared by alkaline hydrolysis of 
pentanitroaniline. The pyridinium salt of chlorostyphnic 
acid was treated with phosphorus oxychloride to  give 
dichloropicric acid. Melting points were determined on a 
Kofler hot-stage microscope; the melting points observed 
(and corresponding previous references) were: t-butyl- 
picric acid 171" (14), dimethylpicric 108" (15), methyl- 
picric 109" (16), ethylpicric 88' (4), picric 122" (17), 
methoxypicric 86" (la), iodopicric 196" (19), bromopicric 
147" (20), chloropicric 114" (21), dichloropicric 138' (22), 
2,4,6-trinitroresorcinol 174" (23), 5-methyltrinitroresor- 
cinol 164" (23), 5-chlorotrinitroresorcinol 117", 5-amino- 
trinitroresorcinol 240" (24), trinitrophloroglucinol 167" 
(25). 

OM Stretching 14 

3100 

t OH Bending 
8 

FIG. 7. Plot of infrared frequencies for (0) picric 
and (a) styphnic acid series. 

Spectrop/zotometric Deter'minatiorz of pK Valries 
The method used was that of Richard and Sykes (26), 

which does not require a knowledge of the extinction 
coefficients involved. If an acid dissociates according to  
the expression 

K 
HA H' + A', 

then assuming that both the undissociated acid and the 
anion absorb light in the wavelength range studied, one 
may write 

d(K + c) = E ~ a c a  + EatKa, 

where d is the optical density per unit cell length, c is the 
hydrogen ion concentration, E is the appropriate extinc- 
tion coefficient, and a is the initial concentration of acid. 
If at a standard acid concentration co one obtains an  
optical density do for any given wavelength, then one may 
write 

It follows that a plot of (c - co)/(d - do) versus c at  
constant wavelength should be linear, with slope - 
(K + co)/a(E2~l - EHA) and intercept = K(K + co)/a(E.tl 
- EHA), and that intercept/slope should equal K. 

Mixtures of varying proportions of 5 N perchloric acid 
and 5 N sodium perchlorate (total volume 4.8 ml) were 
made up to  50 rnl with 0.003 M solutions of the picric 
acids, the resultant ionic product being 0.5. The optical 
density was measured over the range 340-430 mp, and 
then (c - co)/(d - do) plotted against the hydrogen ion 
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TABLE VI 
Correlation of pK, with OH stretching and bending frequencies 

OH stretching OH bending 
No. Acid a K, (cm-') (cm-I) 

1 tert-Butylpicric 1.59 3195 1165 
2 Dimethylpicric 1.57 3200 1173 
3 Methylpicric 1 .OO 3175 1170 
4 Ethylpicric 1 .OO 3175 1171 
5 Picric 0.40 3157 1177 
6 Methoxypicric 0.37 3158 1181 
7 Iodopicric 0.15 3165 1172 
8 Bromopicric -0.05 3167 1177 
9 Chloropicric -0.20 3157 1176 

10 Dichloropicric -0.7 3195 1170 
11 Styphnic 1.74 3118 1157 
14 Hydroxystyphnic 1.26 3100 1172 
12 Methylstyphnic 1.17 3205 1167 

concentration for various wavelengths. Under the best 
conditions the intercept/slope ratio was the same for all 
wavelengths; with acids stronger than picric the plots 
tended to be curved, and thus the ratios were less precise. 
The mass dissociation constants obtained in this were 
transformed, approximately, into thermodynamic aqueous 
dissociation constants by applying the Debye-Huckel 
expression. For simplicity it was assumed that the second 
ionization of the styphnic acids did not start until the 
first was complete. The average difference of three units 
between pKr and pK11 makes this a fair assumption, but 
our failure to get a satisfactory differential plot for ~ K I I  
of chlorostyphnic acid suggests that it is not an inviolate 
one. 

Defert~~it~atior~ of Mid-Eqrrivalence Potetztinl 
The preparation of tetrabutylammonium hydroxide 

solution and the general conditions for determining the 
mid-equivalence potential followed those of Elder and 
Mariella (1). An Electronic Instruments Ltd. (E.I.L.) 
Model 23 direct reading pH meter was used, with an 
E.I.L. or a Cambridge Instruments Ltd. wide-range glass 
electrode. It was found that the use of an agar bridge with 
a normal calomel electrode (electrode system A) gave 
quicker and more reproducible results than did a modified 
calomel electrode (electrode systems B and C). In the 
case of polybasic acids after the initial reading a further 
113 mmole of alkali was added to determine the second 
mid-equivalence potential. 

Infrared spectra were determined in carbon tetra- 
chloride solution, using 4 cm Infrasil cells for the 
4000-2500cm-1 region, and as Nujol and Florube 
mulls, using a Perkin-Elmer 237 instrument. 
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Note on the thermodynamic state of laminar flow and on the viscosity of liquids1 
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Fluids in a steady state of laminar flow (shear) are not in their thermodynamic equilibrium states. 
They have more energy and (or) less entropy than their corresponding static states. 

Phenomenological considerations suggest that in the case of 'ideal' liquids, shear states involve 
dilational energy increases, while in the case of ideal gases shear states involve entropy decreases 
associated with distortions of momentum fluxes. 

It is shown that the viscosities of some liquids (metals, hydrocarbons, water, etc.) can be described 
approximately by the equation 

[a1 

where q is the viscosity, B the compressibility, D the coefficient of self-diffusion, M the molecular weight, 
p the density, and N ,  Avogadro's number. Fmeasures the strain or effective dilation necessary for a 'layer' 
to flow over an adjacent 'layer'. Ideally F should be about 0.06 but varies from about 0.05 for metals 
to 0.14 for water. 

Equation [a] implies that liquids in a state of laminar flow are somewhat dilated compared with the 
static state at the same temperature and pressure. The density change as a function of the velocity 
gradient 11' is given by 

Canadian Journal of  Chemistry, 46, 249 (1968) 

Introduction 

In this paper we present a simple pseudo- 
thermodynamic description of fluids in a 
laminar flow state. 

The description implies that under certain 
conditions a liquid in a state of laminar flow will 
be somewhat dilated, compared with the normal 
liquid at the same temperature and hydrostatic 
pressure. This implication is capable of experi- 
mental verification and hence the validity of 
some of the phenomenological aspects of the 
description can be tested experimentally. 

The description also implies that the 'activa- 
tion energy' of liquid viscosity is not primarily 
associated with the heat of evaporation, but is 
rather more a combination of the fluid shear 
strain potential and the activation energy of 
self-diffusion. 

Some Ideal Laminar Flow States 

Let N be the probable number of molecules 
per unit volume of a fluid 'layer' having a mean 
or 'mass' velocity u in, say, the +x direction. 
Let P be the mean value of any reasonably 
definite additive molecular property of the fluid. 

lNRCC No. 9767. 
ZNRCC Postdoctorate Fellow. 

The net property transported per second 
through unit area perpendicular to the +.u 
direction by the flowing fluid can be written 

where r, is the net flux in the +x direction of 
the property P and c is a dimensionless statistical 
correlation factor between the means N, P, and u. 

Let the 'flux' be the ideal flux equivalent to 
moving an imaginary plane at a velocity tr 
through a static fluid which is in reversible 
equilibrium with externally applied forces. Let 
A. be the mean Helmholtz free energy or 
Helmholtz potential per molecule of the fluid, 
then ignoring any kinetic energy effects (i.e. 
ignoring Helmholtz potentials relative to a 
moving frame of reference) the ideal flux of 
Helmholtz potential is given by 

Since we shall consider N as virtually constant, 
c is unity for the ideal case. 

This ideal 'process' is thermodynamically 
reversible in the sense that there is no creation 
of entropy or other energetically dissipative 
effects. 

If, however, the velocity u is that of a fluid 
layer relative to an adjacent, say, lower layer 
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whose velocity is taken arbitrarily as zero, this 
'process' will, in general, not be reversible. Work 
must be done on the system and (or) entropy 
created per second within the system to main- 
tain the relative motion. The 'moving' layer 
and the adjacent 'stationary' reference layer will 
not in general correspond to a system whose 
thermodynamic properties lie on what Gibbs 
calls 'the surface of dissipated energy'. Such a 
system will have either too much energy to be in 
equilibrium with its entropy or too little entropy 
to be consistent with its energy in the state of 
'dissipated energy'. In either case the Helmholtz 
potential A or E - TS, if we can use these terms 
in such cases, will be larger than that of a static 
system containing the same matter at the same 
temperature and either having the same volume 
or at the same hydrostatic pressure as measured 
remote from any shearing stresses. 

If for the relative flux of Helmholtz potential 
carried by the moving layer we write 

this potential flux will be larger than the ideal 
flux of eq. [2] and must involve some irreversi- 
bility. While I?,,. has the dimensions of work 
per second flowing through unit area it is not, 
of course, a measure of the actual work done 
per second. However, we can write, 

where w is the actual work done per second (or 
its equivalent) to maintain the total flux. Thus 
rl,,. or w represents the irreversible part of 
the potential flux and I'",,, the 'reversible' flux. 

We assume that in a simple fluid in a laminar 
flow state a fraction of the molecules will be 
statistically indistinguishable from those in the 
corresponding equilibrium or bulk state and that 
the remainder will have either too much energy 
and (or) too little 'entropy' to correspond to the 
equilibrium state. Thus we assuine that it is 
meaningful to write 

where A and A. are independent of the relative 
velocity u (or of the velocity gradient u') while 
+,, is of course dependent on u, i.e. when u --t 0, 
6, --t 0. Accordingly, A - A. or A+ is assumed 
a characteristic of the fluid in the laminar flow 
state. 

If the external forces which maintain the 

flow are suddenly eliminated the relative 
motion of the two layers and hence the excess 
potential &A+ will decrease due to diffusive 
interchange of molecules between the two layers. 
Hence the instantaneous rate of loss of potential 
should be proportional to +,A+D1, where D' 
is the 'velocity' of molecular interchange 
between the layers. Also the rate of gain of 
potential should be proportional to (1 - +,)A+u. 
In the steady state of flow these rates must be 
equal and we write 

where K is a proportionality constant for a 
given fluid. 

Evidently, 

Hence also, 

where NuAo and I"',,,t represent the reversible 
part of the potential flux and we assume that 
we can equate clNu+,,A+ to the irreversible work 
done per second (and (or) to the rate of creation 
of any entropy at the temperature T of the system 
which may be carried along with the flux) to 
maintain the flow. 

Let the volume per molecule of the layers in 
relative motion be as shown in the following 
sketch. 

i 
Since L, is also the distance between layers, 

u = L,(du/dy) = L,ul, where u' is the velocity 
gradient. 

The irreversible Helmholtz potential flow 
through the molecular volume is 

If w is the isothermal irreversible work done 
per second (or its entropy equivalent) by the 
shearing stresses or by the pressure gradient 
against the viscous forces we can write for the 
isothermal flow through the cell, L,, L,, L,, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FLOOD AND BARTHOLOMEW: NOTE O N  THE THERMODYNAMIC STATE OF LAMINAR FLOW 251 

where 7 is the viscosity, and u' is the velocity 
gradient. Therefore 

Inserting the value of 4,t from eq. [7] and put- 
ting ti' = u/L,, 

where c" includes the proportionality 'constant' 
of eq. [6] as well as statistical correlation 
coefficients, i.e. c" = c'K. 

Ideal Values of A+ and D' 
For a Newtonian viscous fluid in a state of 

laminar flow the stress tensor is equivalent to a 
shear stress, the shear stress being proportional 
to the rate of change of 'deformation'. Accord- 
ingly, principal stresses on small volumes of the 
viscous flowing fluid are not equal and the 
fluid behaves as though it had a transient 
modulus of rigidity. 

In dilute gases, the shear stress deformation 
involves no work against intermolecular forces 
but only a deformation of the velocity distri- 
butions f(v,), f(v,), etc., and the corresponding 
momentum fluxes. Hence compared with layers 
having the saine kinetic energy but no relative 
velocity, A+ must be largely a measure of an 
entropy decrease. 

However, in the case of liquids having con- 
siderable tensile strengths, the deformation 
involves displacements from the time average 
equilibrium positions of molecules with respect 
to their considerable intermolecular forces, i.e. 
involves work against the net intermolecular 
and stress forces of the corresponding bulk 
state. 

Referring to the two layers, where the upper 
layer flows over the stationary reference layer, 
if the state of stress results from shearing 
stresses only, i.e. little or no hydrostatic pressure 
but only such couples as are necessary to main- 
tain the laminar flow and to prevent rotation, 
we might expect that the molecules of the upper 
layer would tend to rise over the repulsive 
fields of the lower layer since the repulsive 
fields are much steeper than the attractive. In 
regions where molecules 'rise' in passing from 
one equilibrium position to another, there 
would be local dilations and we might expect 
A+ to include a work of dilation. Of course in 
the gradient free state, thermal fluctuations 

would also lead to local dilations and compres- 
sions, but in the laminar flow state the statistical 
weights of the local dilations should be increased 
when the hydrostatic pressure is small. When 
the attractive and repulsive fields balance, 
any appreciable compression will require a 
much larger 6A than a corresponding dilation. 

Hence we write 

1131 A+= 6AB f 6Af, 

where 6AB is the Helmholtz potential of the 
corresponding dilation of the bulk liquid and 
6A' provides for the difference in thermodynamic 
properties of the bulk fluid and that of an equal 
volume of the saine fluid having velocity 
gradients. 

For the bulk liquid we assume Hooke's law 
in the form (v - vo)/vo = -P(p - pO), where p 
is the compressibility and p o  the initial hydro- 
static pressure. Hence, 

where F = 6v/vo. 
When F is appreciable and p o  small, 

where B replaces P to provide for variation of 
compressibility with dilation. 

In the bulk state of given volume and tem- 
perature the entropy, S, will be a maximum and 
S' for the flowing fluid of equal volun~e and 
temperature will be equal to or less than S. 
Thus we can write 

where k is the Boltzman constant, T the tenl- 
perature, and D the appropriate partition func- 
tion for the bulk fluid. 

Putting 6QlD = Fa in eq. [16], we get from 
eqs. [13] and [15] 

Dense liquids just above their freezing 
temperatures have been described as 'random 
close-packed' structures. In close-packed (c-p) 
structures of spheres no sphere can move 
appreciably from its mean position. The closest 
packed regular structure having planes of spheres 
which can move through the structure is the 
tetragonal-sphenoid (t-s) structure. In a c-p 
bulk liquid at  'rest' thermal fluctuations will 
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probably produce structures of a variety of 
forms including pseudo t-s structures. We shall 
assume that in the laminar flow of more or 
less c-p spherical-molecule liquids the statis- 
tical weight of the pseudo t-s structures are 
increased, the increases being proportional to 
velocity gradients. The t-s structure has a 6 %  
greater volume than the corresponding c-p 
structure. The minimal rise of a inolecule lying 
in the well formed by three others when it rolls 
over any two is also 6%. Accordingly, we shall 
assume that under ideal conditions F i n  eq. [17] 
should be of the order of 0.06. Since at high 
temperatures and low densities F should 
approach zero and FE approach that for an 
ideal gas, we can write empirically 

when Fc refers to the ideal dilation (6%) of a 
close-packed liquid and Fns to the change in 
partition function per unit gradient of the ideal 
gas. 

The empirical parameters a and b are assumed 
to be functions of the temperature, critical 
temperature, liquid structures, etc. At tempera- 
tures well above the critical and at low densities, 
a --, 0 and b -+ 1. At low temperatures and 
high densities of liquids of considerable tensile 
strengths F2/2P should control A+, i.e. a should 
be of the order of unity and b should be con- 
siderably less than unity in many cases. 

If the volume of the liquid is kept constant 
during the flow A+ should have about the same 
value as that of the low constant pressure A+ 
but will be the result of a combination of com- 
pressions and dilations. Consequently the en- 
tropy term in A+ will probably be somewhat 
larger. The 6A of compression of condensed 
systems at room temperature consists of an 
energy decrease but a greater decrease in TS. The 
6A, we have used is the equivalent dilational 
potential of the bulk fluid at near zero initial 
pressure. The actual value of A+ consists of 
shear strain potential against a transient modu- 
lus of rigidity. It is only when the hydrostatic 
pressure is near zero that a unidirectional 
dilational potential of a bulk fluid resembles a 
shear strain potential of an elastic solid. At 
high pressures of bulk fluids the 6A of dilation 
is of course negative. The value of A+ for flow 
must always be positive. If the initial hydrostatic 
pressure of the flowing fluid is high, the dilation 

for flow will probably be about the same as a t  
lower pressures, but the "distortional" or shear 
strain potential probably somewhat greater, 
since one would expect the "transient modulus 
of rigidity" to increase with increasing pressure. 
Evidently the term yovoF in eq. [14] is not to 
be taken as a measure of the variation of A+ 
with pressure. 

Hence putting in the value of A+ from eq. 
[18] and assuming D' >> KLI, i.e. at low rates of 
shear, 

For the ideal gas of simple kinetic theory 
(step lengths statistically independent of veloc- 
ities) D' will be considerably less than the mean 
speed, 3. Most of the molecules emanating 
from the upper layer will pass through the lower 
'layer'. D' should be of the order of DLo/X2, 
where D is the self-diffusion coefficient 5~13 ,  
Lo = N-113, and X the mean free path. 

In the case of a more or less close-packed 
liquid, however, practically all molecules eman- 
ating from the upper layer which reach the lower 
layer will become statistically part of the lower 
layer and D' should be of the order DIL,. 

Putting in the appropriate values of D' we 
get for ideal gases and ideal liquids the following. 

Ideal gases, 

Ideal liquids, 
IV 2 c L [ n 7 ~ ~ ~ , 7 2 8  + bkTFn,] [21] q = - >  

DLL," 

Putting L ,  = Lo(l + F) ,  L,  = L ,  = L o ,  vo = L o ;  
= MIpNV, where M is gram molecular weight, 
p the liquid density, and Nv Avogadro's number, 

Neglecting F compared with unity and 
assuming b small, 

If the physical ideas underlying eqs. [23] and [24] 
have any validity, Fc should be of the order of 
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TABLE I 
Apparent dilations, F, for laminar flow of various liquids 

Liquid 

"All values ouoted for viscosity, density, anrl isothermal com~ressibilit? are taken from ref. I .  exceDt wl~ere marked bv . . 
superscript. ~ i l  values of D are from ref.2, except where marked. 

ORef. 3. !,Ref. 4. CRef. 5. dRef. 6. &Ref. 7. /Ref. 8. URef. 9. !<Ref. 10. iRef. I I. ?Ref. 12, eRef. 13. lRef. 14. 
trrRef.15. nRef. 16. oRef. 17. 

TABLE I1 
Variation of F with temperature 

T (OK) v (cp), p x lollh p (g/u)" D x 10jc F 

Methane 

94.9 0.1765 15.12 0.4481 2.31 0.0900 
102.6 0.1440 18.15 0.4372 3.01 0.1008 
105.6 0.1348 18.84 0.4328 3.31 0.1039 
111.4 0.1190 20.30 0.4241 3.91 0.1094 

Carbon tetrachloride 

Mercury 

0 1.685 0.400 13.5955 1.33 0.0461 
40 1.450 0.412 13.4973 1.69 0.0488 
80 1.298 0.426 13.4003 2.04 0.0515 

0.06 and the numerical values of cIV for liquids by more than a 100-fold while the variations of 
of similar structures should be about the same. F are comparatively small. If the 'deformation' 

Values of F calculated by eq. [24] from known involves 'breaking' of hydrogen bonds the ap- 
values of p, D, 7, etc. appear in Table I. parent value of F will be larger than the actual 

Evidently 7 is roughly inversely proportional value. 
to pD and F is of the order of 0.06, varying In Table I1 some variations of Fwith tempera- 
from about 0.05 to 0.15. In the table PD varies ture are calculated on the same basis. The 
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apparent increase in F with temperature suggests 
that the entropy term is not negligible. 

Equation [24] implies that a Newtonian 
liquid well below its critical temperature must 
be soillewhat dilated when in a state of laminar 
flow at constant external hydrostatic pressure. 

From eqs. [8] and 1241 

where v,, is the specific volume of the layer 
having the relative velocity ti = zifL,, with respect 
to an adjacent layer; v o  is the specific volume of 
normal liquid. Hence in terms of the density 
change, 

For liquid water at room temperature using 
the values of D, F, etc. from Table I, 

[27] 6p/p0 = - 5 x 10-12 (second)] u' (per 
second). 

Assuming that one can detect a density change 
of the order of 10-9 by interferometry, u' will 
have to be of the order of 103 per second, or 
more, in order that the predicted dilation be 
detectable. The temperature difference required 
to permit the flow of heat equivalent to the 
work of shear is readily calculated and will be 
small if the thermal conductivity of the vessel 
walls is high and the fluid layer very thin. The 
temperature control, however, will have to be 
very good. For water at room temperature 
dp/dT =: -2 x10-4. Hence variations in tem- 
perature greater than 10-6 "C will mask dila- 
tions due to shear at velocity gradients of the 
order of 103 per second. However, when the 
velocity gradient varies with distance from the 
walls, in a steady state of shear, one should 
be able to distinguish between thermal and 
velocity gradient dilations. In viscometers of 
the inner rotating cylinder type it is easily 
shown that at appreciable distances from the 
surface of the rotating cylinder, under ordinary 
laboratory conditions, dilations associated with 
thermal gradients (i.e. those necessary to dissi- 
pate the work done per second as heat flow) will 
be inuch larger than the "viscosity dilation" of 
eq. 1271. However, very near to the surface of the 
rotating cylinder the viscosity dilation will be 
the larger. The combined effects will lead to an 
intercept in the density vs. distance plot, the 

intercept being a measure of the viscosity 
dilation. 

Discussion 
The description of the ideal gas viscosity 

sketched above is intended to illustrate the 
possible effect that an entropy in A+ could have 
on the temperature coefficient of viscosity. 
The detailed molecular momentum scattering 
methods of calculating gas viscosities, such as 
those involving sophisticated tensor statistics, 
even those of simple classical kinetic theory, are 
of course much more direct than our pseudo- 
thermodynamic method. 

Practically all theoretical descriptions of both 
gas and liquid viscosities involve a modifica- 
tion of the equilibrium state distribution laws, 
partition functions, etc. However, it is seldom 
emphasized that such modifications imply 
~ositive A+ values in the laminar flow state. If 
the thermodynamic properties of a fluid in the 
laminar flow state were identical with those in 
the corresponding static state it would seem 
that there could be no viscous force. 

While the physical nature of the viscous 
forces of gases and gas-like liquids are reason- 
ably well understood, the situation concerning 
liquids is not so clear. It might help the theorist 
considerably, if experimental information con- 
cerning the nature of A+ were available. 

If it can be shown experimentally that New- 
tonian liquids, well below their critical tempera- 
tures, in the state of laminar flow are in fact 
dilated more or less as indicated by eq. [26], 
it might contribute a good deal to our knowledge 
of the mechanisms of liquid viscosities. The 
experimental determination of the temperature 
and pressure coefficients of F might prove 
particularly illuminating. 
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Infrared spectra and thermal decompositions of metal acetates 
and dicarboxylates' 

K. C. PATIL, G. V. CHANDRASHEKHAR, M. V. GEORGE, AND C. N. R. R A O ~  
Departtnelrt of Cl~etnistry, Itldin~z Itlstitute of Techt~ology, Kntlpru., Itrclicr 

Received June 1, 1967 

The infrared spectra of rare earth acetates have been studied to examine the metal-acetate bonding. 
The thermal decomposition of rare earth acetates as well as lead and copper acetates have been investi- 
gated in detail by employing thermogravimetric analysis and differential thermal analysis. Thermal 
decomposition of calcium dicarboxylates (malonate to sebacate) have been studied employing t.g.a. 
and d.t.a. Infrared spectra of the dicarboxylates have also been studied. Preliminary results on the 
products of decomposition of dicarboxylates have been reported. 

Cnnadlal~ Journal of Chernktry, 46, 257 (1968) 

Introduction 

The thermal decomposition of calcium acetate 
to acetone and calcium carbonate is a well- 
known reaction. There is, however, little or no 
information on the thermal decomposition of 
other metal acetates in the literature. In the 
present study, the thermal decompositions of 
copper acetate, lead di- and tetra-acetates, as 
well as of a few rare earth acetates, have been 
investigated employing differential thermal 
analysis (d.t.a.), thermogravimetric analysis 
(t.g.a.), and infrared spectroscopy. In addition, 
the infrared spectra of rare earth acetates have 
bee11 examined in order to study the nature of 
the metal-acetate bonding in the rare earth 
series. 

The thermal decompositions of several metal 
oxalates, particularly those of rare earths, have 
been studied exhaustively in the past few years 
(1, 2 and references cited therein, 3, 4). Prepara- 
tion of ketones by the decarboxylation of the 
metal salts of long chain dicarboxylic acids has 
long been known to organic cl~emists. While 
this method was found to be somewllat useful 
for the preparation of some ketones, the pyrolysis 
of many of the salts are found to give rise to a 
variety of products, Inany of which have not 
been identified. It was therefore considered 
interesting to examine the thermal decomposi- 
tion of the calcium salts of a few dicarboxylic 
acids (malonic to sebacic) employing t.g.a. and 
d.t.a. Such a study would throw light on the 
mode of decomposition and indicate, at least, 
the main inorganic residue left over after the 

lForms part of the Ph.D. Thesis of K .  C. F. 
2To whom all correspondence should be addressed. 

removal of the organic part. Results of a pre- 
liminary study of the decomposition products 
have also been presented. 

Experimental 
All the rare earth acetates were prepared by dissolving 

the oxides in boiling 50% acetic acid and evaporating the 
solutions to dryness, as reported by Witt and Onstott 
(5). The resulting compounds were recrystallized from 
water and heated to - 220 "C in vacuum to obtain an- 
hydrous acetates (5). Both lead and copper acetates were 
available commercially. 

All the dicarboxylic acids used were commercial 
samples. The calcium salts were prepared by the reaction 
of calcium carbonate with the acid solutions in warer. 
Calcium malonate and succinate were obtained as in- 
soluble salts, whereas calcium glutarate, adipate, and 
pimelate were obtained by the evaporation of the resulting 
solutions, after completely neutralizing the acids. Dys- 
prosium sebacate was prepared by the interaction of the 
sodium salt of the acid with the chloride solution. 

The t.g.a. curves were recorded with an Aminco thermo- 
balance. The heating rate employed was 10 "C/min and 
the ambient pressure was - 3 x 10-2 mm Hg. The d.t.a. 
curves were obtained by employing an Aminco thermo- 
analyzer with a temperature-programmed furnace (fitted 
with a voltage stabilizer), differential amplifier, and an 
X-Y recorder. Alumina was used as the reference. The 
heating rate employed was 16 "C/min. The enthalpy 
changes, AH, for the different reactions were obtained by 
measurement of peak areas with respect to a standard 
transformation. Dehydration of CuS04.5H20 and 
decomposition of C a C 0 3  were employed as standards. 
Uncertainties in the AH values were of the order of 
*IS%. 

The infrared spectra of all the acetates and the di- 
carboxylates were recorded on a Ferkin-Elmer model-521 
double-grating spectrometer. Samples were prepared as 
KBr pellets or mulls in Nujol. The vapor phase spectra 
were taken using 10 cm gas cells (NaC1). 

Vapor phase chromatographic (v.p.c.) analysis was 
done using F and M 700 (thermal conductivity detector) 
chromatograph fitted with 12 ft, x 1 /8 in. stainless steel 
column packed with fire brick powder. The temperature 
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TABLE I 
Infrared frequencies of metal acetates (cm-I)* 

 coo-) 

Acetates v.,,,,(COO-) vaum(COO-) LUm(CH3) baum(CH3) p(CH3) v(C-C) a(OC0) T(?H) 

Na 1575 1422 (153) 1438 1341 1046, 1014 923 650 620 
La 1545 1440 (105) 1460 1335 1050, 1030, 965,952, 674,660,640 610,604 

1015 940 
Pr 1550 1440 (110) 1455 1345, 1315 1052, 1024 955,948 675 610 
Nd 1569 1439 (130) 1464 1341 1048, 1016 940 675 610 
Sm 1550 1420 (130) 1458 1342 1050, 1018, 960,945 660,645 608 

10(18 

. . 

*Nomenclature of the bands is similar to that of Nakamoto (9). Values in parenthesis in the v , , ,  column are the Av(voaum(COO-) -vaum- 
(COO-)) values. 

of the column was maintained at 58 or 98 "C. Hydrogen 
was used as the carrier gas (at 35 cclmin). 

Results and Discussion 
Infrared Spectra of Rare Earth Acetates 

The free acetate ion has 15 infrared active 
fundamentals of which the asymmetric and 
symmetric stretching modes of the C02- 
group have been employed for structural studies. 
The various characteristic frequencies of the 
acetate ion in a number of metal acetates have 
been reported in the literature (6-8). Since the 
symmetry of the free ion is C20, no major differ- 
ences in the spectra are expected for the different 
coordinated structures of the acetate ion (9). 
Nakamoto and co-workers (10) have shown 
that the separation Av between the asymmetric 
and the symmetric frequencies of the C02- 
group is an indication of the nature of the 
coordination in a related group of acetates. The 
major frequencies of rare earth acetates charac- 
teristic of the acetate ion are shown in Table I 
along with the data on sodium acetate. It can 
be seen that the separation (Av) in the rare 
earth acetates varies between 105 and 140 cm-1, 
the largest separation being in the case of lutetium 
acetate. These separations are smaller than the 
AV in sodium acetate. Further, v ,,,,, and v,,, 
are both lower than in sodium acetate, just as 
in the case of nickel acetate (9). It is possible 
that the acetate ion in rare earth acetates is 
present as a unidentate ligand, as in the case of 
nickel acetate, rather than as the symmetrical 
bridged structure (11). The bidentate structure 
proposed by Nakamoto (9) cannot also be ruled 
out, since all the rare earth acetates were an- 

hydrous. Since AV in rare earth acetates does not 
vary much with the rare earth ion, it appears 
likely that the metal-oxygen bonds in all these 
cases are nearly of the same strength. The 
relatively high AV in lutetium acetate could be 
taken as indicative of the slightly stronger metal- 
oxygen bonding in the heavier rare earth acetates. 

TABLE 11 
Thermogravimetric analysis data on the thermal 
decomposition of rare earth acetates, Ln(CH3C02& 

Minimum 
Oxycarbonate oxide 

formation formation 
temperature temperature 

Ln Ln203. C02 PC) Ln203 PC) 

Thermal Decomposition of Rare Earth Acetates 
All the rare earth acetates prepared were 

hydrates and the number of water molecules 
varied from 1 to 4. The water molecules were 
lost on heating the hydrates to 200-220 "C in all 
cases. For the tetrahydrates of gadolonium, 
dysprosium, and lutetium acetates, the d.t.a. 
curves showed that dehydration took place in 
two stages at -- 120 "C and N 220 "C, indicating 
two types of water molecules bound differently. 

The anhydrous acetates prepared from the 
decomposition of the hydrated rare earth acetates 
were stable and decomposed only above 400 "C. 
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PATIL ET AL.: INFRARED SPECTRA AND THERMAL DECOMPOSlTlONS 

FIG. 1. The t.g.a. curves of anhydrous rare earth acetates (heating rate 10 'C/min). 

The results from the t.g.a. and d.t.a. of the 
anhydrous rare earth acetates are shown in 
Tables I1 and 111. Typical t.g.a. and d.t.a. 
curves are shown in Figs. 1 and 2 respectively. 
The t.g.a. curves of all the rare earth acetates 
showed evidence for only two stages of decom- 
position: the first stage between 420-460 "C 
corresponding to the decomposition of the an- 
hydrous acetate, Ln(CH3C02)3, to the oxy- 
carbonate, Ln20 3. C02  and the second stage 
corresponding to the formation of the sesqui- 
oxide, Ln203 (with the exception of praseodym- 
ium acetate where the end product is the non- 
stoicl~iometric Pr6011)3. 

There is no evidence for the formation of the 
normal carbonate, LII?(CO~)~, in the t.g.a. 
curves. The formation of the oxycarbonate, 
Ln203.  C02,  has been found to be the first stage 

TEMPERATURE ;C 

FIG. 2. The d.t.a. curves (in air) of anhydrous rare 3 P ~ 6 0 1 1  is found to be the final product of decomposi- 
earth acetates Ln(CH3C02)3. Curve 1, La;  2, Nd; 3, tion of praseodymium salts. Oxidation of Pr3T accom- 
Sm; 4, Gd ;  5, Dy; and 6 ,  Lu. panies the last stageof decomposition. 
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TABLE 111 
Differential thermal analysis data on the thermal decompositions of rare earth acetates, Ln(CH3C02)3 

Anhyd. acetate Carbonate to Oxycarbonate 
to carbonate AH oxycarbonate AH to oxide AH 

Ln T (OC) (kcal mole-1) T ("C) (kcal mole-1) T P-3 (kcal mole-1) 

La 335.405 70 465 40 900 77 

Anhyd. acetate Oxycarbonate 
to  oxycarbonate 4 H t o  oxide AH 

T PC) (kcal mole-1) T(OC) (kcal mole-1) 

in the decomposition of normal rare earth car- 
bonates (12, 13). The decomposition tempera- 
tures of rare earth carbonates are summarized 
in Table IV for purposes of comparison. 

TABLE IV 
Decon~position temperatures of rare earth carbonates 

from d.t.a. data 
-- 

Decomposition of Decomposition of 
Lnz(COd3 to Lnr03.  COz Ln203. C 0 2  to Ln203 

Ln (peak temperature (OC)) (peak temperature ("C)) 

The d.t.a. curves of lanthanum, neodymium, 
and samarium acetates showed evidence for the 
initial forination of the normal carbonate, 
Ln2(C03)3, prior to its deconlposition to 
Ln203. C02. 

where Ln = La, Nd, or Sm. Further, for- 
mation of the normal carbonate in the case of 
lanthanum and neodymium was found to take 
place in two stages, as can be seen from the d.t.a. 
curves (Fig. 2). The first of these two stages is 
unlikely to arise from the formation of oxy- 
acetates, since oxyacetates cannot yield normal 
carbonates as the decomposition products. It 
should be noted that the deconlposition tempera- 
tures of lanthanum, neodymium, and samarium 
carbonates are appreciably higher than the 
temperatures for these two stages (Table IV). 

The reactions for the two stages4 of formation 
of the normal carbonates may be written as 

where Ln = La, Nd, or Sm. The lanthanum, 
neodymium, and samarium carbonates then 
decompose to the Lnz03.  C02,  finally yielding 
LnzO (Tables I11 and IV). 

The d.t.a. curves of all the other rare earth 
acetates showed only two peaks corresponding 
to the decomposition of the acetate directly to  
the oxycarbonate and the subsequent decom- 
position of the basic salt to the oxide.5 The 
decomposition temperatures of the carbonates 
agree well with those reported in the literature 
(12, 13). The formation of the oxycarbonate was 
also confirmed by infrared spectroscopy (Table 
V). Tlie infrared data show that the carbonate 
ion is strongly coordinated to the metal ion, 
possibly as a unidentate ligaild (9). The tempera- 
ture of formation of the basic carbonate does not 
vary much with the rare earth ion. Apparently, 
the coordination between with acetate and the 
metal ion does not vary appreciably in the rare 
earth series (as already inferred from infrared 
spectra). The minimum oxide formation tempera- 
ture (from the basic carbonate), however, 

4These stages could not be seen in the t.g.a. curves. 
The differences in the t.g.a. and the d.t.a. results are not 
due to  the different rates of heatingemployed. 

5These results are in conformity with the known data 
on the stabilities of rare earth carbonates (12). The normal 
carbonates are found to be stable only in the case of the 
more basic (lighter) rare earths, while the heavier rare 
earths generally form the oxycarbonates. 
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TABLE V 
Infrared frequencies of oxycarbonates (crn-I), Ln203. COz 

Srn 1524 1459 1370 1055 873 844 
DY 1512 1449 1394 1055 870 844 
Gd 1504 1440 1389, 1333 1053 860 844 
*Assignment not clear. 

decreases markedly as one goes down the rare 
earth series, possibly indicating that the co- 
ordination of carbonate ion to the metal ion 
becomes stronger as one goes to heavier rare 
earths. The variation in the enthalpies of the 
various reactions (Table 111) are, however, 
difficult to interpret. 

Thermal Decomposition of Lead and Copper 
Acetates 

The t.g.a. curve of lead tetraacetate (Fig. 3) 
shows three distinct stages corresponding to the 
formation of the diacetate, carbonate, and oxide 
(PbO), the last two stages being confirmed by 
an independent t.g.a. curve of lead diacetate. 
The formation of lead diacetate from the tetra- 
acetate will involve reactions of the acetoxy 
radical. The d.t.a. curve (Fig. 3) shows two 
exothermic peaksG at -- 150 "C and 190 "C, prob- 
ably corresponding to the formation of diacetate 
as well as the products from the acetoxy radical. 
However, the d.t.a. results are difficult to under- 
stand. The products from the acetoxy radical 
were found to be mainly C02  and methyl acetate 
by vapor phase infrared spectroscopy. Ethane, 
if formed, must be present in small proportions. 
Thus, the different reactions in the decomposi- 
tion of Pb(CH3C02)4 are : 

[91 PbC03 + PbO + COz 

The t.g.a. curve of copper acetate, 
C U ~ ( C H ~ C O ~ ) ~ .  2H20, showed the first stage 

6The t.g.a. and d.t.a. curves may not be exactly corn- 
parable, particularly with respect to the reaction temper- 
atures, since the heating rates are not identical. Further, 
the t.g.a. was in vacuum (3 x 10-2 rnm Hg) while d.t.a. 
was in alr. 

- 

- 
- 
- 
- 

- PbO 

I I 

FIG. 3. The t.g.a. (3 x 10-2 mm Hg) and d.t.a. (in 
air) curves of lead tetraacetate. The heating rate was 
10 "C/min in the t.g.a. and 16 "C/rnin in the d.t.a. 

due to the dehydration at -- 180 "C. After the 
dehydration, there was only one rapid stage of 
decomposition. The decomposition was complete 
by -- 310 "C, but the t.g.a. curve showed a slight 
mass increase up to 550 "C. The mass increase 
indicated that some oxidation of Cu or Cu20 
formed in the decomposition may be taking 
place above -- 350 "C. The composition of the 
final product at 550 "C is CuO. The t.g.a. results 
from the present study agree with the d.t.a. 
studies of Hill and co-workers (14), who have 
also reported the product analysis by mass 
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I I I I L i  1 8 I I I I 

200 400 600 BOO 

TEMPERATURE ,OC 

FIG. 4. The t.g.a. curves of anhydrous calcium dicarboxylates: (1) malonate, (2) succinate, (3) 
pimelate, and (5) sebacate (heating rate 10 "C/min). 

spectrometry. Considering water, acetone, and 
C02  to be the main products, the following 
reactions can be written for the decomposition 
of C U ~ ( C H ~ C O ~ ) ~  .2Hz0. 

[lo] Cu2(CH3C02)4. 2H20 --t C U ~ ( C H ~ C O ~ ) ~  $. 2H20 

[I 11 C U ~ ( C H ~ C O ~ ) ~  --t 2CuO + 2CH3COCH3 + 2C02 

Methane and acetic acid, which have been found 
as (minor) products (14), are possibly formed 
from ketene (produced by the pyrolysis of 
acetone). 

Znjiared Spectra of'Dicarboxylates 
Infrared spectra of calcium dicarboxylates 

were studied with a view to examining the metal- 
carboxylate bonding. It has been shown that the 
magnitude of covalency of the metal-oxygen 
bonding in metal dicarboxylates can be inferred 
from the separation between the symmetric and 
asymmetric stretching frequencies of carboxylate 
ion (9). The separation between the symmetric 
and asymmetric stretching frequencies of the 
carboxylate ion in the various calcium dicarboxy- 
lates (malonate to sebacate) was nearly the same 
(- 140 cm-I), indicating that the metal-oxygen 
bonding is about the same in all these calcium 
salts. 

Results from T.G.A. and D.T.A. of Dicarboxylates 
The t.g.a. data of a number of calcium dicar- 

boxylates are summarized in Table VI and typical 

adipate, 

TABLE VI 
Thermogravimetric analysis data on the thermal deconl- 

position of calcium salts of dicarboxylic acids 

Formation Formation Formation 
of of of 

anhyd. salt C ~ C O ~  GO 
("C) ("C) ("0 

- -  

Oxalate. H 2 0  250 530 910 
Malonate. 2H20 250 400 910 
Succinate .2H20 200 580 920 
Glutarate. 4H10 290 550 940 
Adipate. H 2 0  200 550 950 
Pimelate. H 2 0  220 490 870 
Sebacate. 3H90 200 550 900 

t.g.a. curves are shown in Fig. 4. It can be seen 
that all the dicarboxylates (from malonate to 
sebacate) give CaC03 as the residue7 by losing 
elements of the ketone in one step. 

The decomposition temperatures of the various 
calcium dicarboxylates do not seem to vary 
widely, confirming that the metal-oxygen bond- 
ing in these carboxylates does not vary with the 

7The CaC03 formed decomposes to CaO at N 900 OC 
(see Table VI and Fig. 4). 
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anion. Further, the formation of CaC03 as 
the solid residue precludes the formation of 
anhydrides as the initial products of decomposi- 
tion.8 

FIG. 5 .  The d.t.a. curves in air of anhydrous calcium 
dicarboxylates (heating rate 10 "C/min). 

TABLE VII 
Differential thermal analysis data on the thermal 
decomposition of calcium dicarboxylates (peak 

temperatures in "C) 

Decom- 
position 

to 
Dehydration CaC03* 

Decom- 
position 

to 
CaO 

Malonate. 2H20 
Succinate. 2H20 
Glu tarate. 4H20 
Adipate . Hz0 
Pimelate. Hz0 
Sebacate. 3H20 

*Bettera~reement with t.g.a. data is found if the temperatures (at 
the base line) after the peaks are considered. 

The d.t.a. curves (Fig. 5) of calcium dicar- 
boxylates showed several endothermic peaks 
(below 320 "C) due to dehydration. After the 
dehydration, the major peak in the curves 
corresponds to the endothermic decomposition 
of the dicarboxylate to CaC03 and there is fair 

SAnhydrides have been found to be initially formed 
in the thermal decompositions of dicarboxylic acids (15).  

agreement between the results from d.t.a. 
(Table VII) and t.g.a. (Table VI). In the case of 
calcium malonate, there seems to be some 
evidence for an exothermic reaction after the 
decomposition. All the d.t.a. curves show the 
decomposition of CaC03 to CaO in the 840- 
910 "C range, again showing that CaC03 is the 
only residue left after the decomposition of 
calcium dicarboxylates. The decomposition tem- 
perature of CaC03 varies slightly from one 
carboxylate to another. 

The t.g.a. curve of dysprosium sebacate 
showed that the decomposition proceeded 
through the formation of the oxycarbonate. 
There was, however, clear evidence for'the loss 
of the elements of nonanone in the first-stage of 
decomposition. 

NUMBER OF CH2 GROUPS 

FIG. 6 .  Variation of A H  of the decomposition of 
dicarboxylates with the number of CH2 groups in the 
dicarboxylate. 

By employing the endothermic decomposition 
peak of CaC03 as the internal standard (AH- 40 
kcal mole-'), the enthalpies for the decomposi- 
tion of calcium dicarboxylates to CaC03 were 
estimated by measuring the areas of the endo- 
thermic peaks. The AH values thus obtained 
show an interesting trend in the series of metal 
dicarboxylates (Fig. 6).  The AH for the decom- 
position of dicarboxylates varies linearly with 
the number of methylene groups, showing an 
increment of - 2 kcal per methylene group. 
Apparently, the enthalpy of decomposition of 
dicarboxylates is a thermomolecular property. 
This finding indicates that the organic products 
obtained in the decompositions of dicarboxylates 
are produced by the vapor phase decompositions 
of the elements of the ketones. 
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TABLE VIlI 
Characterization of the products obtained by the thermal decomposition of calcium dicarboxylates 

Positions of important No. of 
infrared bands, particularly peaks Some of the 
in the vc=o region* (cm-1) in v.p.c. likely products References? 

Malonatea (V) 2310 (w) 1720 (m) 1640 (s) - Ketene" 
2115 (w) 

(L) 2105 (w) 1695 (s) 1640 (s) - Acetic acidb 

S u c ~ i n a t e ~ . ~  (M) 3270 (m) 1700 (s) 1600 (s) 2$ 1,4-Cyclohexane 
dione6 

(21) 

Glutaratea (L) 1780 (m) 1720 (m) 6-7c Cyclohexanone 
1709 (s) cyclobutanoneb 

acetone 
(19) 

Adipate 6 )  1750 (m) 1710 (s) 61 Cyclopentanone (16,201 
1 646 (m) 

Pimelate" (L) 1709 (s) 7 0  Cyclohexanone (1 6) 

Sebacate" (L) 1702 (s) 3~16 i 

*V = v a p o r  L = pureliquid; M = mullinNujol. 
tReference tb the earlierliterature on the thermal decomposition ofcalcium dicarboxylates. 
oAlso broadabsorption in the OH region ( N  3200-3400cm-1). bLikely to be one of the products, but not very certain. cSemi-solid. dV.p.c. 

in diethyl ether solution. 8V.p.c. in diethyl ether solution, some high boiling liquid insoluble in ether was left over. /Major fraction was cyclo- 
pentanone. oMajor fraction was cyclohexanone. hMore components likely to be present in the high boiling fraction. iPresent studies cannot es- 
tablish theidentity ofany of thecompounds. 

Preliminary Studies on the Characterization oj'the 
Decomposition Products 

Results of a preliminary examination of the 
decomposition products of a few metal dicar- 
boxylates by employing infrared spectroscopy 
and vapor phase chromatography are presented 
below. 

Sufficient quantities of the products obtained 
by the distillation of the calcium dicarboxylates 
were collected and their infrared spectra were 
recorded; in the case of calcium malonate the 
spectrum of the vapors was recorded. The prod- 
ucts were also passed through a firebrick column 
in a gas chromatograph. The findings from the 
infrared and vapor phase chromatographic ex- 
periments are summarized in Table VIII. 

From the data ill Table VIII it can be seen 
that thermal decompositions of calcium dicar- 
boxylates give a number of products. The major 
components have been identified in the decom- 
position of some of the dicarboxylates: acetic 
acid from malonate, cyclopentanone from 
adipate, and cyclohexanone from pimelate.The 
formation of these products is in conformity with 
the early literature (16-21) on the subject and 
lends support to the observation that the elements 
of ketones are removed in the decarboxylation 
reaction. The variety of products formed in the 
decomposition, however, results from the frag- 
mentation and subsequent reactions of the 

elements of ketone, many of which are likely to 
involve free radical mechanisms. It appears 
that a thorough study of the decomposition 
products will yield interesting results. 
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Recoil studies of the reaction l2C(p,pn)l1C from threshold to 85 MeV 

S. HONTZEAS~ 
Radiochemistry Laboratory, Department of Chemistry, McGill University, Montreal, Quebec 

Received June 7, 19662 

In order to survey the features of the simple lzC(p,pn)llC reaction from threshold to 85 MeV, data 
were obtained for average projected ranges of I1C along and perpendicular to the beam direction. The 
data from threshold to 45 MeV provide evidence for a large momentum transfer mechanism of the com- 
pound nucleus type. In the 45-85 MeV energy region the data were analyzed in terms of a vector model 
consistent with the cascadeevaporation mechanism. More detailed information regarding differential 
ranges and angular distributions are needed if the recoil parameters are to provide conclusive results. 

Canadian Journal of Chemistry, 46, 267 (1968) 

Introduction 
The present study was undertaken as an 

initial survey of some features of the recoil 
properties of (p,pn) reactions in the energy range 
from threshold to 85 MeV. The very simple thick 
target - thick catcher technique was used. Similar 
experiments using the 12C(p,pn)llC reaction have 
been done by Hintz (1) in the same energy region 
and by Singh and Alexander (2) in the energy 
range between 0.25 and 6 GeV. Merz and 
Caretto (3) have studied the 65Cu(pjpn)64Cu 
reaction in the energy range 100400 MeV by a 
similar technique. 

The reaction 12C(p,pn)llC was chosen because, 
under the conditions of the experiment, 11C 
should be the only detectable radioactive pro- 
duct. The identity of the 11C recoil product 
uniquely determines the other nucleons emitted 
from the reaction but leaves unanswered the 
query as to whether these are emitted singly, as 
deuterons, or both. 

Experimental Procedure and Results 

A foil stack (Fig. la) of polyethylene targets 
and thick beryllium catcher foils was irradiated 
at various positions in the circulating beam of 
the McGill synchrocyclotron. In the 'forward- 
backward' experiments the direction of the 
proton beam was perpendicular to the target 
plane. In the 'perpendicular' experiments the 
direction of the proton beam was at an angle of 
10" to the target plane. 

Before irradiation, the catcher foils were 

lPresent address: Division of Natural Sciences, Uni- 
versity of Saskatchewan, Regina Campus, Regina, Sas- 
katchewan. 

'Revised manuscript received July 25, 1967. 

cleaned by repeated washings in alcohol and 
acetone. The target foils were ,- 0.75 cm2 in 
area. The catcher foils were larger (- 1.20 cm2 
in area) and protruded in order to minimize 
losses from the very active leading edge of the 
target. While this experimental arrangement 
minimized these losses, account had to be taken 
of the fact that, in the Panontin-Sugarman 
equation (4) used in this work, these losses are 
normally neglected. Correction factors, as sug- 
gested by Panontin and Sugarman (4), were 

FIG. 1. Target assembly. (a) Experiment with target: 
Target assembly for bombardments that were along the 
beam and perpendicular to the beam direction. (b) Experi- 
ment without target: Be foils assembly for bombardments 
that were along the beam and perpendicular to the beam 
direction. 
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TABLE I 

Activation correction in a typical 11C recoil experiment 

Count rate 
corrected for 

Bombarding Count rate Count rate activation 
energy at end of corrected for FW B W using exp. FW B W  

in MeV Order bombardment activation F B g g without target F B h g /  (rg/ 
(lab) Sample number Type (c.p.m.) (c.p.m.) (%) (%) cmz) cmz) @.p.m.) (%) (%) cmz) cmz) 

Experiment with Target 
Backward 
Blank 1  Be 4.3 x103 0 

3  5  Backward 
b 

Catcher 2  Be 7.6x103 3.3x103 0.14 11.50 3 . 6 6 ~ 1 0 ~  0.143 

Target 3  P* 2 . 4 ~ 1 0 6  % 
Forward 

35 Catcher 4  Be 1 . 5 ~ 1 0 5  1 . 4 4 ~ 1 0 5  5.65 466 1.43X105 5.60 462 ! 
Forward 

3 
5  Be 6  x 103 c 

Blank P 
Experiment without Target 

Backward 1  Be 4.2X104 
E 

L '1 

Blank 
Backward 2  Be 3 . 8 5 ~ 1 0 4  0 3  5  Catcher 
Forward 5 
Catcher 3  Be 5 .40~104  g 
Forward 2 
Blank 4  Be 8 . 1 0 ~ 1 0 4  P 9 

Experiment with Target < 
Backward 
Blank 1  Be 1 . 4 3 ~ 1 0 4  $ 
Backward P 

Catcher 2  Be 2 . 4 0 ~ 1 0 4  9 . 7 ~ 1 0 3  0.26 21.5 0.29 24.5 -: 1 . 0 8 ~ 1 0 4  

75 Target 3  P* 3 . 5 ~ 1 0 6  w m m 

Forward 
Catcher 4  Be 1 . 5 3 ~ 1 0 5  1.34x105 3.7 305 1 .35~105  3.6 297 
Forward 5  Be 
Blank 

1 . 9 ~ 1 0 4  

Experiment without Target 
Backward 1  Be 1 . 9 0 ~ 1 0 4  
Blank 
Backward 
Catcher 2  Be 1 . 7 5 ~ 1 0 4  

7  5  
Forward 3  Be 1 . 6 6 ~ 1 0 4  Catcher 
Forward 4  Be 2 . 5 ~  104 Blank 

*P = polyethylene. 
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determined at bombarding energies of 24, 55, 
and 85 MeV and a correction factor of 0.984 
=t 0.001 was used to correct for this effect. 

After irradiation, the targets and catcher foils 
were separately mounted on cardboard cards and 
covered with thin (0.00025 in.) plastic sheet. The 
most active areas of the foils were centered on the 
cardboard trays and the side of the beryllium 
catcher foils that faced the target was mounted 
towards the counters. The relative activities of 
the polyethylene targets and beryllium catcher 
foils were determined with the aid of two end- 
window proportional p-counters. The relative 
efficiencies of these two counters were found to 
differ by less than 2 %  and day-to-day perform- 
ance was normalized with a standard source of 
36C1. 

In the polyethylene samples, activity attribut- 
able only to 11C was found. In the beryllium 
samples, additional activities with a 3-4 11 half- 
life were found. These were small (- 1 % of the 
initial "C activity) and the decay curves were 
easily resolvable. The 1lC decay curves were 
extrapolated and the activities in the target and 
catchers determined at the end of bombardment. 
The relative counting efficiency of 11C in the 
plastic targets and beryllium catchers was deter- 
mined with a positron coincidence counter 
(calibrated with a "Na source). The relative 
efficiency of the plastic targets to the catchers 
was found to be 1.026 =t 0.044. 

A correction had to be made for 'hot-atom' 
loss (2, 5) of 1lC from the plastic targets. The 
Brookhaven group had found (5) that the loss 
from polyethylene of 7-10 mg/cm2 superficial 
density was 14 =t 3%. Since the same type of 
polyethylene was used in this experiment the 
above value was en~ployed, giving a correction 
factor of 0.86 =t 0.03. 

The correction factors for counting efficiency, 
edge effect, and hot-atom loss were combined to 
give an overall correction factor of 0.87 =t 0.05. 

Althougl~ the beryllium was said to be free of 
traces of carbon, this was found not to be the 
case. During the progress of the experiment two 
different qualities of beryllium foils were used. The 
first quality of foil was found to be richer in C 
traces than the second one. This is indicated in 
Table I by the difference in the counting rates in 
the blanks at 75 and 35 MeV where the two 
different sets of beryllium foils were used. In 
general, the fraction of the total activity collected 

in the backward catcher becomes smaller as the 
bombarding energy decreases to the reaction 
threshold. Thus at low energies the correction 
for activation is extremely important. Table I 
shows a typical forward-backward experiment 
with and without target at bombarding energies 
of 35 and 75 MeV. In the experiment with the 
target, it can be seen that the fractions of the 
total activity collected in the forward catchers are 
5.6 % and 3.7 % at 35 and 75 MeV respectively. 
The fractions of the total activity collected in the 
backward catchers are only 0.14 % and 0.26 % at 
35 and 75 MeV respectively. It can also be seen 
that the ratios of activities found in the backward 
catchers to the backward blanks (inserted for 
activation correction for carbon impurities in 
the beryllium) were 1.76 and 1.66 at 35 and 75 
MeV respectively. The fact that the activation 
correction was such a large fraction of the total 
activity would have introduced very large errors 
and the following technique was adopted to 
improve the situation. 

A preliminary experiment was performed at 
each bombarding energy with no plastic target 
and only the four beryllium foils in place (Fig. 
lb). Subsequent irradiations were carried out at 
each energy with the beryllium foils in the same 
position in the target stack but with a polythene 
target introduced between the second and third 
foils (Fig. la). The two experiments were normal- 
ized for variations in beam intensity with respect 
to the first beryllium foil. It can be seen from 
Table I, in the blank experiment, that the 
activity of IlC fluctuates from foil to foil, show- 
ing a strong dependence on the position of the 
foil in the target stack. That this difference is 
associated with secondary effects, determined by 
the foil position, was clearly shown by reversing 
the order of the foils. To compensate for this 
effect after norn~alization of the beam intensity, 
the normalized count rate for the second foil in 
the blank experiment was used for the activation 
correction. This method of correction has the 
effect of slightly increasing the values of the 
backward fraction B. 

The effective forward range is defined (2) as 
the sum of the projections along the beam axis of 
the ranges of the nuclei recoiling forward, 
divided by the total number of recoils. It is given 
by the product F W  where F is the fraction of the 
11C activity observed in the forward catcher and 
W is the target thickness. Similarly the backward 
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TABLE I1 
Corrected recoil data for edge effect, hot-atom loss, and relative counting efficiency 

Bombarding 
energy in MeV FW BW 2PW 

- 
(lab) Gglcm2) Gglcm2) bglcm2) FWIB W 

25 
3 5 
45 
55 
65 
75 
85 

Spread f 2% 

"Large error due to counter difficulties. 

effective range is given by BW. The effective 
perpendicular range is expressed by 2P W, where 
P is the average fraction of the total 11C activity 
observed in the two beryllium catchers (front 
and back) for irradiations with the target plane 
at 10" to the beam direction. 

At each bombarding energy four to eight 
experiments were performed for the forward- 
backward experiments, four at 25 and 45 MeV 
and two at each other energy, for those experi- 
ments designed to give the perpendicular effec- 
tive ranges. The data with the estimated errors 
are shown in Table I1 and plotted in Fig. 2. At 
higher bombarding energies, the data of Singh 
and Alexander (2) are shown for purposes of 
comparison and extrapolate well from the present 
data. 

Analysis of the Recoil Data 

To analyze the data, it is necessary to know the 
effects of scattering of the recoil atoms and the 
relationship between range and energy. 

Very little quantitative information is available 
(6,7) about scattering effects which, in the present 
experiments, are not negligible. Alexander and 
Gazdik (7) have shown that scattering effects in 
fission experiments cause errors in the effective 
ranges as high as 5%. Sing11 and Alexander (2) 
pointed out that these errors are caused by 
preferential scattering of recoils out of a target of 
heavy atoms into a catcher of much lighter 
atoms. In the present experiment, as in ref. 2, 
scattering effects are much greater because the 
average recoil velocity is much less than that of 
fission products (6, 7). However, the number of 
recoils scattered into and out of the target foil 
should be similar because the inasses of the 
target and catcher are almost similar. In such a 

case, if it is assumed that the recoils followed a 
straight path, the deviations from this path are 
identical. 

Recently Lindhard et al. (8) developed a 
theory of energy loss from electronic and nuclear 
stopping. They defined the dimensionless quan- 
tities 

where the subscripts 1 and 2 refer to the recoiling 
particle and stoppiilg material respectively, and 
A = mass number, Z = atomic number, N 
= number of atoms per cc of stopping material, 
and a = 0.8853n0(Z12/3 f Z2Z13)-1'2, where a. 
= Bohr radius, E = energy of the recoiling 
particle, R = range of the recoiling particle, and 
e = electronic charge. 

The total energy loss is given by 

where (d~/dp), is the energy loss from nuclear 
stopping and (d~/dp),  is the energy loss from 
electronic stopping. The concept of extrapolated 
electronic range for large values of E, where 
electronic stopping is dominant, is introduced 
by Lindllard et al. (8) and is given by 

where A ( ~ , E )  is the reduction of range due to 
nuclear stopping and p(~)  is the true range. 

In the system under consideration the constant 
k = 0.1 1 is determined by the theory of L i n d l ~ a ~ d  
et nl. 
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PROTON ENERGY IN GEV 

FIG. 2. Effective ranges vs. proton energy: F W ( 8 )  this work, ( 0 )  Singh and Alexander (2);  2PW (v) this work, 
(V) Singh and Alexander (2);  BW (A) this work, (A) Singh and Alexander. 

FIG. 3. Theoretical and semi-empirical range-energy relationships: (a)  11C ranges in 12C calculated using theory 
of Lindhard et al. (8);  (b) 11C ranges in H2 calculated using theory of Lindhard et al. (8);  (c)  11C ranges in -+CH2),- 
calculated from (a) and (b) using the equation of Dorneij et al. (9); (4 11C ranges in -(CH2),- calculated with 
the help of the semi-empirical equation of Singh and Alexander (2), R = 0.176Eo.8; (e)  11C ranges in -(CH2),- 
calculated from the equation R = 0.156Eo.6. 

The values of p ( ~ )  obtained need a correction 
(8) which amounts to - 10% in the energy 
region of interest if they are to be compared with 
the projected ranges. 

Ranges of 11C in 12C and 11C in hydrogen were 
calculated for the energy region of interest and 
are presented in Figs. 3a and 3b respectively. 
Ranges of 11C in polyethylene were estimated 
from curves a and b, using the equations pro- 
posed by Domeij et a/. (9), and are given in Fig. 
3 c. 

In analyzing the data a range-energy relation- 
ship is required in which the range is expressed 
as proportional to the Nth power of the velocity 
of the recoil product, i.e. 

The constants K' and N may be determined 
from experimental data, but experimental values 
of 11C ranges in polyethylene are not yet available 
in the energy region of interest. 

Singh and Alexander (2) determined experi- 
mentally the range-energy relationship 

for 11C recoils in polystyrene for values of E up 
to 0.6 MeV. The same authors also measured the 
ratio of ranges of 11C in polystyrene and poly- 
ethylene and found a value of 0.83. On this basis 
a range-energy equation 

was determined for 11C in polyethylene for 
values of E up to 0.6 MeV. Values of 11C ranges 
in polyethylene predicted by eq. [5] are plotted 
in Fig., 3d. 

Extrapolation of the curve resulting from eq. 
[5] up to 1 MeV gives results in very good agree- 
ment with the theoretical curve 3c. Discrepancies 
with the theory (8) of 20-30% are reported by 
Panontin et a/. (10) for 11C ranges in alumiilium 
for values ofEin the region of - 0.65-1.65 MeV. 

The most probable explanation of discrepan- 
cies with the theory found by Panontin may be 
obtained from the results of Ormrod et a/. ( 1 1 ) .  
These authors have shown that the dependence 
of electronic stopping power on the atomic 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



272 CANADIAN JOURNAL OF 

number of the projectile oscillates on either side 
of the theoretically predicted curve by as much 
as 30 %. 

In the absence of experimental 11C ranges in 
polyethylene in the region 1-5 MeV the range- 
energy equation 

CHEMISTRY. VOL. 46, 1968 

where Eb is the energy of the bombarding 
particle, A,, A,, A,,, and At are the mass numbers 
for the bombarding particle, recoil product, 
compound nucleus, and target respectively, Q is 
the energy released in the reaction and 2 is the 
average number of nucleons per evaporating 
particle. 

was determined from the curve in Fig. 3c and 
used in the analysis of the data with the under- 
standing that values for ranges are predicted 
with an error of the order of 30 %, as the data of 
Panontin et al. (10) have indicated. 

The range-energy equation [6] is plotted in 
Fig. 3e. The data are now analyzed by consider- 
ing the following. 

A. Compound Nucleus Mechanism.for the 
Reaction 12C(p,pn)llC 

The experimental ranges are compared with 
values expected, assuming complete momentum 
transfer of the incident particle to the struck 
nucleus. 

In such a case, in the center-of-mass system, 
the outgoing particles are emitted symn~etrically 
about 90" to the beam direction. Since in the 
bombarding energy region of interest the amount 
of recoils in the backward direction is very small 
compared with that in the forward direction, F W  
is a measure of v, the velocity along the beam 
direction imparted to the recoil by the incident 
particle. 

Winsberg and Alexander (12) pointed out that 
a correction due to the velocity imparted to the 
recoil by particle evaporation is important where 
the range is not proportional to velocity. 

For N = 1.2 the Winsberg and Alexander 
exwression becomes 

where E, is the average kinetic energy imparted 
to the recoil in the evaporation system due to 
evaporation, E,, is the energy that the recoil 
product would have after complete momentum 
transfer, and Ro is the range which corresponds 
to v only. 

The values of E, and ECn are obtained from the 
equations given by Winsberg and Alexander (12) 

- - 
EbA t 

[Sl Ee = L X - +  Q ] &  and 

FIG. 4. Average range Ro vs. (Eon)li2: (a) Range 
energy curve expressing Ro corresponding to vll only and 
calculated from the equation Ro = 0.156Eo.6. (b) Average 
range Ro of 11C in -(CH2),- after being corrected for 
the effect of the recoil due to evaporation. Ro values are 
plotted vs. (Eo,)112 where E,, is the kinetic energy the 
recoil would have assuming full momentum transfer. 

In the present experiment, it was assumed that 
a single nucleon is evaporated ( i  = 1). 

The values of Ro, calculated from the data 
after corrections were made according to eq. [7], - . -  

are plotted in Fig. 4 and compare with Ro  
estimated from eq. [6] using the E,, values for 
energy. 

If the assumwtion for cornwound nucleus 
formation is coirect, the Ro vilues calculated 
from the data should fall on the energy-range 
curve. As can be seen in Fig. 4, the agreement up 
to a bombarding energy of 45 MeV is very good. 
This of course is not indubitable evidence that 
the range-energy curve for 11C in polyethyleile 
is the correct one and only an experimentally 
determined range-energy curve could clarify this 
matter. However, the above analysis does show 
that, from the threshold to 45 MeV, 11C is 
produced mainly by a compound nucleus type of 
reaction (large momentum transfer). 
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TABLE I11 
Recoil data for W(0) = 1 and v l  = 0 

Bomb. v,,, impact Forward-backward exp. Perpendicular exp. 
energy velocity 
(MeV) rill = (v, ,  /V) (MeV/c)(a.m.u.)-1 V (MeV)l/2 R b g  /cm2) V (MeV)I12 R (pg /cn12) 

TABLE IV 
Recoil parameters for W(0) = a f b cos20 and v ,  = 0 

Bomb. Forward-backward exp. Perpendicular exp. 
energy V I I  
(MeV) 17,, = ( v l i / V )  (MeV/c)(a.m.u.)-1 b /a  W(9O0)/ W(Oo) V (MeV)li2 R (pglcmz) V (MeV)ll2 R (pglcmz) 

B. Vector Analysis 
In order to account for the possible mecha- 

nism at energies higher than 45 MeV, an attempt 
is made to fit the data to a set of vectors shown 
in Fig. 5. 

FIG. 5. Diagram of vectors used in the analysis of the 
data: v represents the knock-on kick with components ull 
parallel and v l  perpendicular to the beam direction; V 
represents the evaporation kick, and 0 the angle of the 
recoil with respect to the beam direction, in the system of 
the struck nucleus. V accidently lies in the vll-vl plane. 

dicular to the beam direction respectively. In the 
moving system, the excited struck nucleus 
evaporates neutrons. The angle e is the angle of 
the recoil with respect to the beam in the system 
of the struck nucleus. The average velocity 
imparted to the recoil in the system of the struck 
nucleus is represented by the vector V, which 
may have an isotropic (W(0) = 1 )  or an an- 
isotropic ( W(6) = a + b cos' 8) distribution. 

Since we are not dealing with a compound 
type of reaction, the struck nucleus is not the 
center of mass. Therefore the parameters used in 
the analysis are v, the knock-on kick, and b / n  
the anisotropy of the evaporation kick. These 
parameters may be calculated from the data 
using the Sugarman equations quoted in ref. 13. 
The equations assume straight recoil paths, and 
the range R is proportional to the Nth power of 
velocity. For the value N = 1.2 used in this 
paper, the equations in ref. 13 are reduced to 

This set of vectors is consistent with the basic [gb] FW - BW = R[1.07n11 + O.Olb/an111 
cascade-evaporation model. The vector v repre- 
sents the average velocity of the struck nucleus L g c ]  FW + Bw - 2PW R[b/8n 1L 
as a result of the knock-on cascade. The com- nI12(0.585 - 0.145bla) - 
ponents v,, and v, of v are parallel and perpen- n,2(0.295 + 0.03b/a)], 
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TABLE V 

Recoil parameters for (bla) = 0 and (bla) = -0.26 

Bomb. VII  R bg/cm2) 
energy impact velocity corresponding to 
(MeV) (v l l  lV) = 1111 (v , 1 V) = 11 , (MeVIc) (a.m.u.)-1 V (MeV)1/2 V only 

PROTON ENERGY IN MEV 

6 - SFN E0=0.035 

SFN E.=0030 
5 

\ 4 -  
m= 

3 - 

PROTOIV ENERGY IN MEV 
FIG. 6. Recoil parameter rill vs. proton energy: (0) represents 1111 = (vll/V) values calculated from the data (Table 

11) using eq. [9] and assuming vJ = 0, W(0) = a + b C O S ~  8. The solid line was calculated from eq. [lOa] and fits the 
data for Eo = 0.049 nucleon units. 

FIG. 7. pII /EO parameter vs. proton energy. (a) Curve obtained using eq. [lla] (Turkevich mechanism). (b) Cal- 
culated s.f.n. curves from eq. [lOa] for different values of Eo. 

where n = vll/V, n = v ,  /V,  and R = range in 
the target. This set of  equations relate the ex- 
perimental data to the two normalized param- 
eters nil = vll/V and n, = v,/V and leaves one 
of the parameters undetermined, unless detailed 
experiments provide values for R or bla. 

The values of FW, B W, and 2P W from Table 
I1 are used, and eqs. [9] were solved assuming 
n, = 0 for cases in which W(8) = 1 and W(8) 
= a $- b cos2 8. The results are shown in Tables 
111 and IV respectively. 

In the present experiment, the parameter nil 
= vll /V is weighted according to R and, since N 
is closed to unity, ( N =  1.2), (nl lR) / (R)  = (v l l> /  
(V). In Table IV it is shown that R is not sensi- 
tive to energy in the bombarding region of 
interest (55-85 MeV) and is essentially constant. 
(At 55 MeV, R appears to be about 10% higher, 
but this is certainly due to the large experimental 
error which was introduced by counter difficulties 
(see Table 11). 

An average range ( R )  ,- 491 pg/cm2 is esti- 
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- 2 3  ' 1 * l a l  
0-02 0.04 0.08 0 . 1  0.2 04 06 0.8 1 2 3 4 5 6  10 20 

PROTON ENERGY IN G E V  PROTON ENERGY IN MEV 

FIG. 8. Calculated from the data anisotropy parameter bla vs. proton energy: (0)  present work, ( 0 )  Singh and 
Alexander (2). 

FIG. 9. Recoil parameter rill = ( v l l / V )  vs. proton energy: Solid line a, calculated values of rill using eq. [ l l a ]  
[k = 0.1171. (A )  Data from Table V [(bla) = -0.261. Solid line b, calculated values of rill using eq. Ella] [k = 0.1091. 
( 0 )  Data from Table V [(bla) = 01. 

uion corre- mated for the 55-85 MeV energy re,' 
sponding to (V) only (evaporation kick), where 
(V) - 2.58 MeV112. 

(a) Single Fast Nucleon Mechanism 
A simple mechanism which is consistent with 

these features is the single fast nucleon mechan- 
ism (14) (s.f.n.). This mechanism assumes that 
the incident nucleon passes through the nucleus 
undeviated, but deposits energy Eo. 

The s.f.n. mechanism is stated analytically 
(14, 15) in terms of the momentum imparted to 
the recoil. 

where p and E are the momentum and total 
energy of the incident particle in moc and mOc2 
natural units respectively. 

Since V is a constant [(V) = 3.70 MeV112 - 0.034 c units, Table V], the quantity rill 
= vll / V is a measure of pll in the energy region 
of interest (55-85 MeV). The second equation of 
set [lo] is consistent with the assumption v, 
= 0 used to solve the set of eqs. [9]. The vll/V 
values from Table IV are plotted in Fig. 6. The 
ratio p ;  /Eo, calculated from eq. [lOa] for various 
values of Eo (Eo = 0, Eo = 0.03, Eo = 0.049), 
is plotted in Fig. 7. 

The curve in Fig. 6 which fits the vll/V data 
was calculated from eq. [10a] for Eo = 0.049moc2 
= 45.90 MeV. 

Thus, according to the s.f.n. mechanism, the 
forward momentum of the recoil was explained 

in terms of constant deposition of energy for 
those knock-on cascades that would lead to 11C 
at bombarding energies of 65-85 MeV. The 
reason for constant deposition energy is that the 
forward deposition momentum decreases initially 
as E-112(Ap a E-112AE) with increasing bombard- 
ing energy, while the backward deposition mo- 
mentum increases. In these terms the falloff of 
the FWcurve in Fig. 2 is explained, as well as the 
rise of the B W curve. The relativistic extension of 
the p2 = 2mE equation predicts the flattening out 
at higher energies, in agreement with experiment 
(Fig. 2). The rising of the 2PW curve may be 
explained as indicating the importance of the 
cascade-evaporation mechanism in the energy 
region of interest. 

The anisotropy parameter bla decreases as 
energy increases (see data of Table IV plotted in 
Fig. 8) and assumes negative values at 75 MeV 
bombarding energy. The magnitude of the b/a 
values obtained from the analysis of the data in 
Fig. 8 is rather high. The s.f.n. mechanism 
cannot account for the negative values of b/a 
and will be discussed later. 

This mechanism also does not take into 
account the effect of Fermi motion (because 
collisions with stationary nucleons in the nucleus 
are considered), although this effect will cause a 
distribution in the momentum of the recoil 
which may add to the deposition of energy unless 
the struck particle is subsequently captured (15). 

(b) Tzlrkevich Mechanism 
In order to complete the survey of the features 

of the reaction at the energy region of interest, 
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the application of the mechanism proposed by 
Turkevich (quoted in refs. 15 and 16) was 
attempted. 

This mechanism assumes that the incident 
nucleon scatters elastically off one nucleon in the 
nucleus and escapes from the nucleus, giving a 
(p,pl) knock-on cascade. The struck nucleon is 
captured by the nucleus converting its kinetic 
energy Eo into deposition energy Eo (A- 1)lA and 
recoil, and momentump into recoil momentum p. 

The deposition of momentum parallel and 
perpendicular to the beam is given by 

where E is the bombarding energy in nucleon 
units. The components of the deposition momen- 
tum are related with the quantities rill = vll/ V 
and n, = v, 1 V respectively (provided V is con- 
stant), which can be calculated from the data in 
Table I1 using eqs. [9]. 

In this respect, for W($) = 1, eqs. [9] are 
applicable at bombarding energies of 75 and 85 
MeV only. Although the estimated bla values in 
Table V are rather high, the value bla = -0.26 
was used to solve eqs. [9] for W(8) = a + b 
cos2 0. 

It is interesting that the inclusion of a negative 
anisotropy of such magnitude has no appreciable 
effect on the results, as indicated in Table V. 

Only an average value of (R) corresponding 
to (V) can be extracted from the data in Table V. 
This value amounts to 0.39 mg/cm2 and 0.36 
mglcm2 for bla = 0 and bla = -0.26 respec- 
tively. The inclusion of anisotropy lowers the 
average value of (R) by 10 %. Equation [I la] is 
plotted in Fig. 7a, and the curve obtained is very 
different from the calculated curve, using the 
s.f.n. mechanism. The parameters rill and n, 
from Table V are plotted in Fig. 9 (for b/a = 0 
and b/a = -0.26). The same value for both 
cases is obtained for Eo a (V) = 30.9 MeV. 

If the kinetic energy acquired by the struck 
nucleus is taken into account, 28.30 MeV is left 

3The separation energy of a neutron from 12C is about 
18.3 MeV. This leaves an amount of about 10 MeV for 
r-deexcitation (- 5 MeV) and only about 5 MeV for the 
kinetic energy of one particle and recoil energy. 

as deposition energy.3 This low energy transfer 
predicted by the Turkevich mechanism inay be 
due to the fact that only elastic collisions are 
considered. Low energy transfer is consistent with 
the assumed negative anisotropy (17), but it is 
not consistent with a situation where W(0) = 1. 

Halpern (17) has proposed a mechanism to 
explain the negative anisotropy observed in 
fission experiments induced by high energy 
particles. This mechanism, as Poskanzer et al. (15) 
pointed out, may be considered an extension 
of the Turkevich mechanism. The negative an- 
isotropy observed is explained if the collisions 
occur preferentially in a region of the nucleus 
where the struck nucleon is moving preferably 
perpendicular to the beam. With the calculated 
value of Eo, eq. [llb] predicts values of 0.62 and 
0.65 for (n,) = v,/V at 75 and 85 MeV res- 
pectively. This means that the Turkevich mech- 
anism predicts the recoil should travel at a very 
large angle to the incident beam (but less than 
90"). The shape of the 2PW curve (Fig. 2) and 
the n, [for W($) = a + b cos2 $1 values of 
Table V are in fair agreement with this prediction 
of the Turkevich mechanism. However, it should 
be borne in mind that the analysis of the data, 
assuming W(0) = 1, leads to the same results. 
Thus the Turkevich mechanism does not give a 
unique answer and the situation cannot really 
be dissolved unless the thick-target data are re- 
analyzed in the light of experimental values ob- 
tained for R and bla from differential range 
and angular distribution experiments. 
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Reaction between iodine and sodium bromate 

D. E. C. KING AND M. W. LISTER 
Depnrtmet~t of Chetilistry, Utliversity of Toronto, Torot~to, Otimrio 

Received July 18, 1967 

The mechanism of the reaction: I 2  + 2BrO3- --, Br2 + 2103- in aqueous solution (pH 1.5 to 2.5) at 
25 "C has been investigated. It is found to go in four stages. Firstly, there is an induction period during 
which the acidified bromate produces a catalyst (probably HOBr) for the next stage. However, iodide ions, 
if present, destroy this catalyst. Secondly, iodine reacts by the overall equation, 12 + Br03- -+ IBr + IO3-, at a rate proportional to [H+]2[Br03-12. Thirdly, the iodine bromide reacts by the overall 
equation, 31Br + 2Br03- + 3H20 -+ 5Br- + 3103,- + 6H+, at a rate proportional to I[Br:l2PrO3-]2. 
Finally bromide and bromate ions react to give brom~ne. Mechan~sms are suggested for the various stages, 
and some of the rate constants are evaluated. 

Canadian Journal of Chemistry, 46, 279 (1968) 

Iodine is known (1) to displace bromine from and Lomb Spectronic 505. The other analytical methods 

aqueous bromate solutions, although, of course, consisted of extracting the reacting mixture with carbon 
tetrachloride, and estimating the halogen extracted the is the other way around in either spectrophotometrically, or by addition of aqueous 

halide solutions. The total reaction, which is potassium iodide and titration with sodium thiosulfate. 
Iodine-thiosulfate titrations were also used to standardize 

I2 + 2Br03--+ BrZ + 2103-, the stock solutions of iodine and sodium bromate. The 

can be expected to go in a number of steps, 
since it is unlikely that so many oxygen atoms 
would be transferred in a single stage. It seemed 
therefore to be of interest to investigate the 
mechanism of this reaction, especially as it 
might be expected to yield more information on 
oxy-halogen reactions in general. As will be 
seen in what follows, the reaction did indeed 
prove to be complicated, and although the 
mechanism has been elucidated to a considerable 
extent, only rather speculative proposals can be 
put forward for certain parts of the reaction. 

Experimental 
The experiments in general consisted of mixing aqueous 

solutions of iodine and sodium bromate, with added 
phosphoric acid and sodium dihydrogen phosphate as a 
DH buffer. The DH of the reaction mixture was in the 
;ange of 1.5 to i .5; and was measured on a Beckman 
101900 Research pH meter using a glass electrode, 
Beckman 40498, in the usual way. The pH reading was 
calibrated by means of a potassium tetroxalate buffer 
(pH 1.68) but various dilute HC1 solutions of pH 
about 1.0 to 1.5 were checked against this buffer. It was 
assumed that the HC1 was completely ionized, and con- 
sequently these measurements gave a correction which 
enabled pH readings to be converted to hydrogen ion 
concentrations. Sodium nitrate was also added to the 
reaction mixtures to control the ionic strength, which 
was always close to 0.15. The reacting solutions were 
kept in a thermostat at 25.0 =!= 0.1 "C. The reaction was 
chiefly followed by measurements of optical density on a 
Beckman DU. spectrophotometer. In some cases spectra 
over the range 200 to 500 m l  were measured on a Bausch 

substances used were all of analytical reagent grade, 
usually dried overnight at 11 5 OC, and made up by weight 
in standardized volumetric glassware. 

The stock iodine solution might be mentioned in a 
little more detail. British Drug Houses Analar reagent 
iodine was shaken with doubly distilled water 10 to 
15 times, and these solutions were discarded. In this way 
it was hoped to remove impurities such as traces of 
iodides or of lower halogens. The final solution was made 
up by shaking a few small crystals of iodine, which had 
been treated in this way, with fresh water. The saturated 
solution so produced, which is about 10-3 ilil, was 
poured off, standardized, and used as the stock solution. 

In a typical run various amounts of the reacting 
solutions, the buffer, and sodium nitrate, initially at 
25 "C, were rapidly mixed, and the reaction followed as 
described above. In almost all mixtures the bromate was 
in considerable excess, typical initial concentrations 
being: [I?] = 6 X 10-4 M, pro3- ]  = 2 X 10-2 M. 

Results 

The reaction was found to occur in four 
well-defined stages. 

(i) An induction period, during which very 
little, if any, iodine reacted. The length of this 
period depended on the concentrations, but was 
typically 20 to 30 min. 

(ii) Iodine disappearance. This lasted usually 
1 to 2 min, and during this time iodine was 
replaced by iodine bromide. 

(iii) Iodine bromide disappearance, This lasted 
usually 2 to 5 min. At the end the solution was 
colorless, and contained sodium bromide. 

(iv) Bromine appearance. This lasted several 
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TABLE I 
Values of the slope, s = d log D-]/dtl, for various concentrations 

Series [H+l (M) pro3-]  (M) Slope Kl (min-1 M-3) 

hours, and eventually gave a bromine concentra- slowly producing a product which catalyzes the 
tion equal to  the initial iodine concentration. reaction of iodine and bromate ion. This 

These stages will now be considered in detail. catalyst, however, reacts with traces of iodide 

1. Induction Period 
Initially the color of the solution, as estimated 

by eye, stays constant for some time, and then 
suddenly fades. It was found that the length of 
this induction period could be estimated 
visually to within a few seconds (roughly 0.05 
min). Spectrophotometric measurements at 460 
mp, which detect iodine with very little inter- 
ference from iodine bromide, also gave constant 
absorbances during this period. Experiments 
were also made in which the reacting solutions 
were shaken with carbon tetrachloride, and the 
iodine so extracted was estimated, either from 
the absorbance of the CC14 layer at 510 mp or 
by shaking the separated CC14 layer with 
aqueous potassium iodide and titrating with 
sodium thiosulfate. These experiments showed 
no loss of iodine within experimental error 
during the induction period. 

The existence of an induction period was 
attributed to the following mechanism. The 
acidified bromate ions are believed to decompose 

FIG. 1. Absorbance during the induction period of a 
solution initially containing 2.0 x 10-2 M NaBr03 and 
6.0 x 10-4 M I2 at pH 1.70. 

ions which are present, and it is only when 
virtually all the iodide has been used up that the 
iodine reaction can begin. The evidence for 
these statements will now be given. 

The absorption spectrum of a reaction mixture 
was found to be as shown in Fig. 1. Initially the 
absorbance followed curve (a) with maxima at 
460,355, and 290 mp. The peak at 460 mp is due 
to iodine, and the two other peaks are attributed 
to triiodide ions, which are reported (2) to have 
maxima with extinction coefficients of 26 400 at 
355 mp, and 40 000 at 290 mp. These last two 
maxima slowly diminished giving curve (b) 
after some minutes. If a trace of potassium iodide 
was then added, it restored the absorption curve 
approximately to curve (a). On further standing 
the triiodide peaks disappeared again at the 
same rate as before. 

The induction period was, as might be expected, 
lengthened by added potassium iodide, and the 
extent of this lengthening was investigated. 
If TI is the induction time, a plot of log (added 
iodide concentration) against TI was linear for 
larger amounts of added iodide. This linearity 
could be extended to all the measurements if it - - 

was assumed that the concentration of iodide ion 
present as an impurity was 1.5 x 10-5 M (in 
6 x 10-4 M iodine), and log (total iodide) was 
plotted against TI. The concentrations of added 
potassium iodide varied up to 2 x 10-4 M. The 
slope, d log [I-]/dTl, was measured at various 
pH and bromate ion concentrations with the 
results in Table I. These results can be explained 
by supposing that the slow stage is the reaction 

I- $ Br03- + 2H+ -t products, 

and that the induction period ends when [I-] 
has fallen to some critical value. The above 
equation requires that 

-d ln [I-] - - kl[~+]'[13rOy-] 
cl t 
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where kl  is the rate constant. To relate kl  to the 
slope, s, in Table I, a correction must be made 
for the fact that much of the iodide ion is com- 
bined as 13-. The equilibrium constant for 

is reported (3) to be 725 M-1, and as [Iz] was 
6.0 x 10-4 M in tliese runs, this means that 
69.7 % of the total iodide was free I-. Hence the 
relation of s and kl  should be 

Values of kl  obtained from this equation are 
given in the last column of Table I. The mean 
value of kl  is 1.87 x 104 min-1 M-3. Earlier 
workers on this reaction find the same rate law 
as given above, with values of kl  of 2.9 x 104 
min-1 M-3 (4), or 3.5 x 104 min-1 M-3 (5). 
These values were for somewhat different ionic 
strength, but if we consider the rather indirect 
way in which kl  is obtained in the present work, 
the agreement is sufficiently good that there can 
be little doubt that removal of iodide is respon- 
sible for the induction period. Extrapolation of 
the results to zero induction time suggests that 
this would correspond to a concentration of 
iodide ions of about 4 x 10-6 M, which is 
presumably the concentration at which iodide 
ions cease to compete effectively with 6 x 10-4 
M iodine for the decomposition product of the 
acidified sodium bromate. 

Various other substances were added in order 
to find their effect on the induction period. 
Sodium bromide had no effect, though it did on 
the next stage of the reaction. Sodium iodate 
reduced, but did not totally remove, the induction 
period. This is somewhat surprising in view of 
tlie explanation offered above, but perhaps the 
reason is that though iodate and iodide ions 
react at pH 2, iodate ions do not help to produce 
the catalyst required in the next stage of the re- 
action. It might be added that kinetic data on 
the reaction of iodate and iodide ions, measured 
by Abel and Stadler (15), show that the explan- 
ation of our observations is not that tlie reaction 
is quite slow at the low iodide concentrations in 
the present experiments. 

Sodiunl broinite, prepared as in ref. 16, at a 
coilcentration in the reaction mixture of 1.5 x 
10-4 M, reduced the induction period to about 
2 mill. Hypobromous acid solution (prepared 
fro111 aqueous broiniile and silver nitrate) at 

about 10-4 M removed the induction period 
completely. In this preparation, bromine was in 
a slight excess, so bromine as well as hypobro- 
mous acid was added: however, it was found that 
small amounts of bromine alone did not greatly 
reduce the induction period. The bromine would 
presumably mostly react to give iodine bromide. 
Hypoiodous acid (prepared from aqueous iodine 
and silver nitrate and very rapidly filtered into 
tlie reaction mixture) at about 10-4 M reduced 
the induction period to less than a minute. 
Solutions of hypoiodous acid, though unstable, 
can exist long enough to have the kinetics of 
their decomposition studied (6); and it can be 
seen that hypoiodous acid behaves differently 
from its decomposition products, iodine and 
iodic acid. The hypobromous and hypoiodous 
acid solutions are saturated with silver bromide 
and iodide respectively; however, these silver 
salts, by themselves, did not reduce tlie induction 
time. 

It was suggested earlier that acidified sodium 
bromate slowly produces a catalyst for its 
subsequent reaction with iodine. The effect on 
the induction period of various substances 
described above suggests that this catalyst is 
either bromous or hypobromous acid, illore 
probably the latter, since broinous acid produces 
liypobromous acid during the course of its 
decomposition (7). Possibly both are active, 
though there is some balance in favor of hypo- 
bromous acid, since this removed the induction 
period most strikingly. 

Another set of experiments was made in 
which the sodium bromate was acidified and 
allowed to stand for some time before the 
iodine solution was added. It was found that tlie 
triiodide ion absorption peaks, mentioiled above, 
were immediately reduced after the addition, 
showing that some material was accumulating 
in the sodium bromate, which oxidized iodide 
ions rapidly. If To is this "pre-acidification" 
period, and Ti the induction period, it was found 
that a plot of log TI against To was approxin~ately 
linear, provided To was not too long. Thus we 
can write 

log T I  -- n - DTo, 

where n and b are constants. The values of the 
slope, b, each of which was obtained from a 
number of experiments, are given in Table 11. 
It can be seen that b depends on pH and [Br03-1. 
Both tlie sodium bromate and iodine solutions 
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TABLE I1 
Variation of the slope, b = -d log Tl/dTo with pH and [Br03-] 

Run PH [BrO3-1 ( M )  b* b/[H+l2[BrO~]2 

* ~ i m e  in minutes. 

were brought to the pH values given in Table 11, 
before mixing, so the pH was constant through- 
out the experiment. The results in Table I1 show 
that at any broinate concentration, b is roughly 
proportional to [H+]2. The bromate concentra- 
tions in Table I1 are for the "pre-acidification" 
period, and these were halved on adding the 
iodine. Between 4 and 2 x 10-2 M bromate, b 
is proportional to [Br03-12, but b is lower than 
would be expected on this basis for 1 x 10-2 M 
sodium bromate. The last column in Table I1 
gives values of b/[H+]2[Br03-12, obtained with 
the help of the correction to the pH (0.115 to 
get -log [H+]) mentioned above. 

These observatioils are tentatively explained 
by the following proposals. 

(i) The catalyst, X, is produced at a constant 
rate in any one run, though this rate may depend 
on pH and [Br03-1, and it also decomposes so 
that its concentration is always low. 

(ii) When the iodine is added, the catalyst 
rapidly reacts with some of the iodide ions 
present, and is thereby destroyed. 

(iii) The remaining iodide ions then react 
with the acidified bromate during the induction 
period, by the usual iodide-bromate reaction. 
When the iodide concentration is low enough, 
the catalyst builds up again. 

(iv) The dependence of b above on the con- 
centrations probably indicates that the produc- 
tion of catalyst involves two hydrogen and two 
bromate ions, perhaps by the reaction (as a first 
slow stage) 

in particular, the mode of decon~position of the 
catalyst is unknown. Either a first or second 
order decomposition gives a curve of T1 against 
To of the right general shape, and the extent of 
the reduction of TI for not too large values of 
To depends on the rate of production of the 
catalyst, not on its decomposition. 

2. Disappearance of IorEine 
At the end of the induction period the rate 

of disappearance of iodine increased rapidly. 
As the iodine absorption peak vanished it was 
replaced by new pealts at 390 mp and 255 nlp. 
The absorptioil at 410 mp remained constant for 
a considerable part of the time of disappearance 
of the iodine, so that it behaved rather like an 
isosbestic point. This presumably indicates that 
there is a constant ratio between the amount of 
iodine disappearing and the amount of the new 
colored compound appearing. 

The rate of disappearance of iodine was 
followed at 500 mp, where there was very little 
absorption by the new colored intermediate. 
The rate of decrease of absorbance accelerated 
rapidly at first, but then stayed constant until 
the iodine had almost all disappeared. This 
constant rate was measured for different 
conditions with the results in Table 111. The slope 
in Column 2 of this table is -dA/dt, where A 
is the absorbance at 500 mp. Column 5 shows 
that the slope divided by [H+]2[BrO3-12 is 
reasonably constant, with an average value of 
1.20 x 107 min-1 M-4 (average deviation 
0.1 1 x 107). This means that 

It is not possible to put these proposals into -- 
mathematical form with any confidence, since, -d dt ["I - ~ ~ [ H + I ~ [ B ~ o < ] ~  
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TABLE I11 

Slope 
Run Slope (rnin-1) [H+l (MI IBrO3-I (MI [H+]2[Br03-12 

Mean 1.20 

and as the light path was 1 cm, and the extinction 
coefficient of iodine at 500 mp is 466, it follows 
that k2 is 2.6( 0.2) x 104 min-1 M-3. 

The colored intermediate was found to be 
iodine bromide, the evidence for this being as 
follows. Firstly, the solution was shaken with 
carbon tetrachloride, approximately at the 
instant when the iodine had disappeared, and 
gave a red solution (in CC14) with an absorption 
peak at 496 mp, which agrees with a peak 
previously reported for iodine bromide (8). 
The concentration of the iodine bromide was 
determined by shaking the carbon tetrachloride 
solution with aqueous potassium iodide, and 
titrating with sodium thiosulfate. From this the 
extinction coefficient at the maximum was 
calculated to be 394; the literature value is 390. 

Aqueous iodine bromide was prepared by 
mixing equimolar amounts of iodine and bro- 
mine solutions. As the equilibrium constant for 

is 8.3 x 104, from free energy data (9), the forma- 
tion of IBr is nearly complete. The extinction 
coefficients of aqueous iodine bromide were 
obtained from this solution, after corrections 
were made, firstly for hydrolysis by the reaction 

and secondly for the reaction 

IBr + Br- = IBr2-. 

Data from ref. 9 make the equilibrium constant 
of the first reaction 10-20 M9, and of the second 
370 M-1 (10). The pH of the solutions were 
measured after adjustment to somewhere in the 
range of pH 1.0 to 2.0 by addition of a little 
nitric acid, and the concentrations of all the 
species present were calculated. The extinction 
coefficients of IBr2- were obtained by adding 
sodium bromide at a concentration of 0.05 M, 
when most of the iodine bromide is converted to 
IBr2-. The results are given in Table IV, 
together with those for iodine. The curves for 
iodine and iodine bromide cross at 412 mp, close 
to the point where the absorbance stayed con- 
stant during most of the disappearance of iodine. 
This indicates that at this stage of the reaction 
one iodine molecule is being replaced by one 
iodine bromide. This was confirmed by the 
observation that the amount of iodine bromide 
extracted into carbon tetrachloride was some- 
times as high as 83 % of the maximum amount 
calculated from the equation 

It was also found that addition of sodium 
bromide (about 0.045 M) to the reaction inix- 
tures when the iodine had just disappeared gave 
the characteristic absorption peak of IBr2- at 
375 mp. The reported (1 1) extinction coefficient 
at 375 mp is 590, in agreement with our results, 
and this was used to calculate the concentration 
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TABLE IV 
Extinction coefficients (E) of various species 

Wavelength (mp) 380 390 400 410 420 440 
E of IBr 310 346 370 360 338 246 
E of IBr2- 580 500 378 250 179 96 
E of I2 157 176 245 341 450 650 

TABLE V 

d[IBr]-l/dt 
Run (M-1 min-1) [H+l (M) [Br03-1 (MI s/[BrO 3-12 

of IBr in the reaction mixtures. These were about 
90% of the maximum amount calculated from 
the equation above. Presumably a little iodine 
bromide has reacted before all the iodine has 
disappeared. 

The mechanism of this stage of the reaction 
will be considered briefly later. 

3. Disappearance of Iodine Bronzide 
The disappearance of iodine bromide was 

followed by its absorption at 390 mF. It was 
found that a plot of (absorbance)-1 against 
time was linear. As tlle extinction coefficient of 
IBr is 346 at this wavelength, tlle slopes of these 
lines could be converted to values of d[IBr]-lldt, 
and these are collected in Table V for experi- 
ments under different conditions. The bromate 
ion concentrations given in Table V allow for 
the amount of bromate consumed by the 
reaction 

I? + BrO3- -+ IBr + IO3-, 

the initial iodine concentrations being about 
5 >: 10-4 M. The results in Table V show that 
d[IBr]-lldt is proportional to [Br03-12 and the 
last column gives the slope d[IBr]-lldt divided 
by [Br03-12. There is also probably some 
dependellce on pH, since tlle last column 
increases as [H+] decreases, but it does not seem 
to depend on a simple power of [H+]. However, 
the pH reading fell a little during this stage of 
the reaction, as would be expected since the 
reaction produces hydrogen ions. 

The phosphate buffer limited the change of pH 
to about 0.02. Consequently we may write 

with kt about 1.5 x 108 min-1 M-3, but some- 
what dependent on pH. As before, the mechanism 
will be discussed later. 

4. Appearance of Bromine 
The equation for the removal of iodine 

bromide was given above, but so far the only 
evidence for it has been the observation that the 
pH fell somewhat during that stage of the reac- 
tion. Further evidence comes firstly from the 
observation that when the iodine bromide had 
disappeared tlle solution was colorless to the 
eye, and secondly from the data on the last 
stage of the reaction which will now be described. 

The appearance of bromine was followed by 
its absorption at 390 mp, and it was found (as 
was already known (1)) that the final concentra- 
tion of bromine agreed within experimental 
error with the overall equation 

The measured absorbailces were found to be 
consistent with the following explanation. The 
total reaction up to tlle start of this final stage is 

It was assumed that the concentration of bromide 
ions at the beginning of this final step in the 
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TABLE VI 

Values of -d log [Br-]/dt for various conditions 

Run -d log [Br-]/dt (min-1) [H+l ( M )  [Br03-I (M) k3 

1 6.49 x 10-3 2.37 x 10-2 2.00 x 10-2 1.33 x 103 
2 12.9 3.41 2.00 1.28 
3 3.66 2.66 1 .OO 1.19 
4 9.03 3.94 1 .OO 1.34 
5 20.0 5.50 1 .OO 1.52 

Run with added sodium bromide 

Part Added [Br-] (M) -d log [Br-]/dt (min-1) 

a 0.0 x 10-3 1.55 x 10-3 
b 0.25 1.55 
c 0.50 1.49 
rl 0.75 1.50 

reaction was determined by this equation, and 
that their subsequent concentrations could be 
calculated from the amount of bromine present 
in accordance with the equation 

Hence [Br-] could be calculated at various 
times, and it was found that a plot of log [Br-] 
against time was linear. Experiments were carried 
out at various pH and [Br03-1, and in addition 
some runs were made in which known amounts 
of sodium bromide were added to the reacting. u 

mixture. In the latter case it was found that log 
[Br-] against time was still linear, with the 
expected slope, thus confirming that the calcu- 
lated amount of bromide, formed by reaction of 
the iodine, was indeed correct. Table VI gives 
values of the slope -d log [Br-]/dt for various 
conditions, and it can be seen that the slope 
divided by [H+]2[Br03-] is approximately con- 
stant, as shown in Column 5. This column 
gives the calculated rate constant of the reaction, 
defined by 

-d ln [Br-I - 
clt 

- k 3 [ ~ + ] 2 [ ~ r 0 3 - ] .  

In the run with added sodium bromide, the 
calculated [Br-] at the beginning of part (a) was 
1.16 x 10-3 M, the bromate concentration was 
2.0 x 10-2 M, and hydrogen ion concentration 
about 3.6 x 10-3 M. It can be seen that the 
calculated d log [Br-]/dt stayed constant. The 
results in Table VI make k3 = 1.33 x 103 
min-1 M-3 wit11 an average deviation of 
0.08 >: 103, at 25 "C and an ionic strength of 
0.14. Literature values are 0.58 x 103 (5) at an 

ionic strength of 0.5, 1.5 x 103 at 0.013, 0.95 
x 103 (12) at 0.21, and 0.65 x 103 min-1 iM-3 
(13) at 0.26. These are a little lower than our 
results, but Young and Bray (12) extrapolate 
k3  to 2.7 x 103 min-1 M-3 at zero ionic 
strength. It may be noted that earlier values of 
the rate constant are generally reported in terins 
of d[Br03-]/dt, which is one fifth of d[Br-]/dt. 
The agreement between our rate constant and 
these earlier values is sufficiently good that they 
support the view that this is the same reaction. 

Discussion of Results 

This section will be an attempt to explain the 
results given above by mechanisms for the 
various stages of the reaction, and will be 
necessarily rather speculative in places. The 
various stages will be considered separately. 

I .  Ind~~ction Period 
The experiments seen1 to establish the fact 

that the induction is due to reaction of iodide 
ions, partly with bromate ions, and partly with a 
species which develops in the acidified sodium 
bromate and which catalyzes the next stage of 
the reaction. The kinetics of the reaction of 
bromate ions with either bromide or iodide 
suggest that the slow stage of the reaction is 

(where X- is bromide or iodide), with a reactive 
intermediate XBr02 of the sort proposed by 
Taube and Dodgen (14). This type of inter- 
mediate will be suggested for later stages of the 
present reaction. 
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The initial stage of the production of the 
catalyst mentioned above is probably 

2H+ + 2BrO3- -+ 2HBr02 + 0 2 ,  

in agreement with the kinetic data, but as bro- 
mous acid would decompose further (7), 

2HBr02 -+ HOBr + Br03- + H+, 

it is possible that either bromous or hypobro- 
mous acid could be the catalyst. 

2. Reinoval of Iodine 
The overall reaction in this period is 

Iz + Br03- -+ IBr + 103-, 

which proceeds over most of its range at a 
constant rate (in buffered solutions with a large 
excess of bromate ion) proportional to [H+]2 
[Br03-12. It is difficult to suggest a mechanism 
which does not require the rate to tail off at the 
end more than is observed. However, the follow- 
ing proposal 

Rate cotistatits 

2H+ + 2Br03- --, 2HBr02 + 0 2  k, 
2HBr02 4 HOBr t- H+ + BrO3- k ~ ,  

HOBr + I2 4 HOI + IBr k, 
HOI + Br03--+ HI02 + BrOz- Fast 

HIO. + Br03- -+ 1 0 3 -  + BrO2- + H+ Fast 

leads to the equations 

where x = [I2], z = [HOBr], and R is the rate, 
assumed constant, of the first reaction. These 
equations were integrated numerically, and give 
curves of different shapes depending on the 
ratio of kc to k,. If kc is much the same as kb, a 
curve of [I2] against time with marked tailing 
off is obtained; if kc is very much greater than k, 
a curve is obtained in which the rate of disap- 
pearance of iodine increases continuously. If kc 
is about look,, a curve with a long nearly linear 
portion and very little tailing off is obtained, 
approximately what is observed. It is not 
possible from the present data to evaluate k,, 
and all that can be said about kc, therefore, is 
that it must be at least lookb. 

3. Removal of Iodine Bromide 
Since this stage was apparently fourth order 

in the reagents, it seems reasonable to suppose 
that a rapid pre-equilibrium occurs, 

IBr + Br03- = BrIOBrOz-, 

to give a species rather like a polyhalide ion, 
and that two of these react slowly to give further 
intermediates, which in turn react rapidly to 
give eventually the final products. The slow stage 
is perhaps a transfer of oxygen, which is in 
effect a disproportionation. 

2BrIOBr02- -+ BrI-OBrOz- + BrIOBrO- 
I 
0 

then 
BrI-0Br02- + IBr -+ BrIOz + BrIOBrO- 

I 
I 

0 
BrIOBrO- -+ Br- + BrI02 

BrI02 + H 2 0  -+ Br- + 103-  + 2H+. 

This mechanism is, of course, only a suggestion 
to show that the final products can be reached 
by a fairly simple scheme. The species BrI02 is 
formally similar to other XY02 intermediates 
proposed for halide-halate reactions (14). 

4. Al,yenrance of BI-omine 
This is believed to be the usual bromide- 

bromate reaction with the slow stage 

Br- + Br03- + 2H+ -+ Br.BrO2 + Hz0 

followed by 
Br- 4- BrBrOz -+ Br2 + Br02- 

and other rapid steps which give bromine as the 
final product. 

1. R. LYDEN. Finska Kemistsamfundets Medd. 37, 20 
11 928). , - - - - , . 

2. A. D. AUTREY and R. E. CONNICK. J. Am. Chem. 
SOC. 73, 1842 (1953). 

3. G. DANIELE. Gazz. Chim. Ital. 90, 1068 (1960). 
4. R. H. CLARKE. J. Phvs. Chem. 10. 679 (1906). 
5. A. SKRABAL and H. SCHREINER. ~ o n a t s h .  65, 213 

(1935). 
6. M. L. JOSIEN. Bull. Soc. Chim. France, 301, 814 

(1948). 
7. P. ENGEL, A. OPLATKA, and B. PERLMUTTER- 

HAYMAN. J. Am. Chem. Soc. 76. 2010 (1954): B. 
P E R L M ~ E R - H A Y M A N  and G. STEIN. J. P&S. chem. 
63,734 (1959). 
A. E. GILLAM and R. E. MORTON. Proc. Roy. Soc. 
London, Ser. A, 124, 604 (1929). 
W. M. LATIMER. Oxidation potentials. 2nd ed. 
Prentice-Hall. Inc.. New York. 1952. D. 59. 
J. H. FAULL. ' J. dm.  Chem. Soc. 56,-522 (1934). 
A. E. GILLAM. Trans. Faraday Soc. 29,1132 (1933). 
H. A. YOUNG and W. C. BRAY. J. Am. Chem. Soc. 
54, 4284 (1932). 
J. SIGALLA. J. Chim. Phys. 55, 758 (1958). 
H. TAUBE and H. DODGEN. J. Am. Chem. Soc. 71, 

\ ~ ~, 
15. E. ABEL and F. STADLER. 2. Physik. Chem. Leipzig, 

A122, 49 (1926). 
16. Societe d'Etudes Chimiques pour L'Industrie et 

L'Agriculture. Brit. Patent No. 843,558 (Aug. 4,1960). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Molar excess volumes of binary n-alcohol systems at 25 "Cl 

H. D. PFLUG~ AND G. C. BENSON 
Divisiotz of Alre Chenristry, Nntiot~al Research Council of Canada, Ottawa, Canada 

Received August 22, 1967 

A dilatometer suitable for measuring small changes in volume associated with the mixing of liquids is 
described. The apparatus was used to measure the excess volumes of 11 binary tz-alcohol systems at 25 "C. 

Canadian Journal o f  Chemistry, 46, 287 (1968) 

I. Introduction 

Excess enthalpies at 25 "C for the 11 binary 
systems formed from the normal alcohols 
methanol (MeOH), ethanol (EtOH), propanol 
(PrOH), butanol (BuOH), hexanol (HxOH), 
octanol (OcOH), and decanol (DeOH), and 
containing either BuOH or OcOH as one com- 
ponent, were reported in a previous paper (1). 
The data were used to examine the applicability 
of the principle of congruence. Earlier work by 
Diaz Pens and Fernandez Martin (2) indicated 
that the heats of mixing of binary alcohol 
systems containing MeOH conformed to the 
principle fairly well; however, it was found that 
the principle provided only a rough correlation 
of the enthalpy data for the more extensive set 
of systems. 

The present paper continues our study of 
alcohol mixtures by describing measurements of 
the excess volumes for the same 11 systems at 
25 'C.  The experimental technique is outlined in 
the next Section; the results are summarized and 
discussed in Section 111. 

11. Experimental 
All the alcohols used for the present measurements 

were the same as employed in our previous calorimetric 
studies (1). Reference should be made to the report of 
that investigation for information about the component 
liquids. The changes in volume occurring when binary 
mixtures were formed by successive additions of one 
component to a known amount of the other were mea- 
sured in the dilatometer shown schematically in Fig. l .  
The apparatus is basically similar to the dilatometer used 
by Geffcken, Kruis, and Solana (3), but the differences in 
detail of design and operation are sufficient to warrant 
description. 

The mixing process is carried out in cell A (capacity 
approximately 200 cc) which can be joined at its top and 
bottom by two three-way stopcocks B and C to a tru-bore 
tube D (capacity approximately 10 cc). Angular bores in 

'Issued as NRCC No. 9810. 
2NRCC Postdoctorate Fellow, 1965-1967. FIG. 1. Schematic diagram of the dilatometer. 
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the thrce-way stopcocks also allow the upper and lower 
ends of the cell to be joined to a solvent reservoir E and 
to a mercury container F, respectively. The cell has two 
openings. One of them, G, is a standard taper joint which 
connects to a calibrated tru-bore capillary tube I, and has 
an extension reaching to the bottom of the cell. The other 
opening H is used for filling the cell; it is closed by a 
teflon plug J (see inset to Fig. 1) which is machined to fit 
the narrow aperture precisely and carries a latex washer 
K under its head. A brass screw-clamp L, slipped over a 
teflon collar M, makes it possible to pull a teflon cover N 
tightly against the plug, compressing the washer and 
providing an efficient seal. The cell is fitted with an ex- 
ternally driven magnetic stirrer 0 ,  the axle of which 
rotates with very little friction in the indentations in two 
supporting glass rods. The contents of the cell are sepa- 
rated from the solvent to be added by a cup P which 
contains sufficient mercury to cover the end of the inlet 
tube Q. In order to adjust the pressure on the liquid in 
the cell, the capillary I can be connected via a stopcock T 
to a vacuum line R and a U-tube manometer S contain- 
ing mercury and having one arm open to the atmosphere. 

The cell and solvent reservoir are immersed to level X 
in a water bath operated at 25.00 1 0.01 "C, and con- 
trolled to 10 .001  "C during a run. The capillary exten- 
sion U, attached to the dilatometer and kept at bath 
temperature by a water jacket V, makes it possible to 
remove mercury when the apparatus is immersed in the 
bath. Initially, the cell contains about 50 cc of one com- 
ponent (A) resting on the mercury which is in contact 
with the capillary I. Depending on whether expansion or 
contraction is expected on mixing, the meniscus in I is 
adjusted to be near either the lower (a) or upper (a') 
reference mark. The pressure above the meniscus is 
reduced until the solvent in the cell is effectively at at- 
mospheric pressure. Reservoir E, protected from atmos- 
pheric moisture by a drying tube W, holds component 
(B) which also fills the capillary from tube D to the cell. 
The part of this capillary containing reference mark (b) 
is made from calibrated tru-bore tubing (nominal i.d. 1.7 
mm). Before mixing, the desired quantity of component 
(B) is dropped from the reservoir into D, displacing mer- 
cury which is drawn off through U and subsequently 
weighed. Stopcocks C and B are then turned joining D 
and the ccll in a loop (as shown in Fig. I); mercury from 
the cell then forces component (B) from tube D into the 
cell. The amount of (B) added is calculated from the weight 
of the mercury removed via tube U and the change in the 
level of the mercury relative to mark (b) determined with 
a cathetometer before and after the addition. After re- 
adjusting the pressure in the cell, the volume change 
accompanying the mixing is obtained from differences in 
cathetometer measurements of the level of the mercury in 
tube I. It was convenient to have several different capil- 
laries for I (nominal i.d. values 1.7, 1.0, and 0.5 mm); the 
size used for a particular system was sclected on the basis 
of the volume change expected. Runs using different 
capillaries were carricd out for several systems; the results 
agreed within the estimated experimental uncertainty. 

The procedure of drawing mercury from D and dis- 
placing component (B) into the cell was repeated 10-12 
times with increasing increments (calculated to give 
approximately equal changes in mole fraction of the 
solution) until the liquid volume in thc ccll was more than 

doubled. The measurements yielded the volumes of 
mixing for a series of solutions predominantly rich in (A). 
To cover the whole concentration range, another run was 
carried out with the positions of the two components 
interchanged. 

During the filling of the dilatometer, it is important to 
avoid trapping air bubbles in the mercury and the com- 
ponent liquids. A few runs were carried out with solvents 
from which dissolved air was partially removed by 
equilibrating them at a reduced pressure. However, no 
difference was observed in the results obtained with these 
materials and in general the solvents used were not de- 
gassed. 

In our work, Apiezon N was used as a lubricant for 
stopcock B and care was taken to keep contact with the 
solvent to a minimum. The same lubricant was also used 
on C and G, both of which were always separated from 
the solvents by mercury. No effects attributable to con- 
tamination were detected., 

Estimates of the overall error of the volume measure- 
ment vary from 1 0 . 5  % in cases where the volume change 
per addition was of the order of 0.02 cc to 1 5 %  where 
the change was only 0.0002 cc. (These correspond to 
excess volumes at a mole fraction of 0.5 ranging from 0.2 
to 0.002 cm3 mole-1 respectively.) The performance of 
the dilatometer was investigated by comparison of the 
results for several systems with values measured by two 
different techniques: 

(i) Determinations of the densities of the pure com- 
ponents and of a series of their solutions were carried out 
for the system MeOH-OcOH in a lOcc twin-stem 
pycnometer. 

(ii) A banana-shaped dilatometer similar to that de- 
scribed by Duncan, Sheridan, and Swinton (4) was used 
for a number of individual measurements of the volume 
changes on mixing PrOH with OcOH. 

111. Results and Discussion 

The experimental results for the excess 
volumes (VE) of 11 binary n-alcol~ol systems at 
25 "C, measured with the new dilatometer, are 
given in Table I. The data for two of the systems 
are plotted in Figs. 2 and 3, along with values 
obtained by methods (i) and (ii) nlentioned 
above. The latter agree quite well wit11 the data 
from Table I and provide a check on the per- 
formance of the new dilatometer. It is inherent 
in the continuous dilution method that the 
results show less scatter than methods (i) or (ii). 
We have found that the new dilatometer facili- 
tates the collection of data and that the accuracy 
is as good or better than that obtained by the 
other methods. 

The excess voluilles are positive for all of the 
systems studied with the exception of PrOH- 
BuOH for which small contractions were ob- 

- - 

3For aromatic hydrocarbons, a Dow Corning silicone 
base grease has proved satisfactory. 
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needed to represent the data adequately was 
adopted. It will be noted that as the diflerence in 
chain length of the components increases the 
curves become more asymmetric and correspond- 
ingly more coefficients are needed to fit the 
results. Although as many as 6 coefficients are 
not generally used in representing data by means 
of eq. [I], their use for some of the present 
systems seems justified. Thus in the case of 
MeOH-OcOH the standard deviation is reduced 
by a factor of nearly 2 when the number of 
coefficients is increased from 5 to 6. It is clear 
that eq. [ l ]  is not particularly appropriate for 
the representation of data corresponding to 
fairly highly skewed curves. Similar difficulties 
have been encountered in representing the excess 
enthalpies (HE) of alcohol-aromatic systems 
(5) and the use of polynomial fits of the recip- 
rocal function x I x 2 / H E  has been reconlmended 
(6, 7). However, we have adopted eq. [ l ]  since it 
is the traditional form and is more convenient 
for interpolation. 

According to Brunsted's principle of con- 
FIG. 2. Volumes of mixing for system MeOH-OcOH gruence (8) the properties of solutions of n- 

at 25 "C. (0) and (0) results obtained with dilatometer; alkanes at constant temperature and pressure 
(0) values derived from density measurements (method 
(i)  in Section 11). 0 0 6  . ; 

I ,  1 '7 
served over most of the concentration range. In 
general there is a rough correlation between the 
present excess volumes and the heat effects 
reported for the same systems in ref. 1, in the 
sense that systems which have relatively large 
excess enthalpies also exhibit relatively large 
volumes of mixing. However, within this pattern, 
the excess volumes of systems containing MeOH 
are unusually large when compared with the 
behavior of the corresponding heats of mixing. 

Analysis of the experimental data follows lines 
similar to those already described for the excess 
entl~alpies (1). The excess volumes for each 
system were fitted with an equation of the form 

where sl and ~2 are mole fractions of the shorter 
and longer chain length components respectively. 
Values of the coefficients Cr determined by a 
least squares procedure are summarized in Table 
11 along with values of u,, the standard deviation 0 0 0 2 0 4 0 6 0 8 ' 3  

X (PrOH) 
between the experimental and calciilated values 

FIG. 3. Volumcs of mixing for system PrOH-OcOH of VE. In each case the number of coefficients at 2j oC, ( 0 )  Results obtained with dilatometer; (A) 
was varied from 2 to  6 and the minimum number values measured by method (ii) (see Section 11). 
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TABLE I 
Excess volumes of some binary n-alcohol systems at 25.00 "C (xl mole fraction of component with shorter chain length; V E  cm3 mole-') 
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TABLE I (Conclrided) 

MeOH-OcOH EtOH-OcOH PrOH-OcOH HxOH-OcOH OcOH-DeOH 

X 1 P x 1 V" X 1 x 1 y " 
x1 y I? 
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TABLE I1 
Coefficients for least squares fit of data by eq. [l]  

Component Component 
1 2 CO C I C2 C3 C4 CS 1040,. 

MeOH BuOH 
EtOH BuOH 
PrOH BuOH - 
BuOH HxOH 
BuOH OcOH . - 

BuOH DeOH 0.3112 -0.0463 0.0356 -0.0205 0.022 3.8 ~ -- - .- 
MeOH OcOH 0.6251 -0.6060 0.3560 -0.0196 0.280 -0.446 1 0 ~ 8  ~ - -  - - -  - - -  - -  - -  - - .  . . -  
EtOH OcOH 012398 -0.1849 0.1006 -0.0515 0.105 -0.098 2.9 
PrOH OcOH 0.2053 -0.0556 0.0206 -0.0287 0.043 2.6 
HxOH OcOH 0.0392 -0.0078 0.0029 2.7 
OcOH DeOH 0.0302 0.0021 0.0095 -0.0156 1.9 

call be expressed as functions of the mean chain 
length, 

where n l  and 112 are chain lengths of the pure 
components. The excess volume can then be 
written in the form 

where f(n) is a suitable f~~nction. The excess 
volun~es of n-alkane mixtures obey the principle 
quite closely (9-12). The extent to which the 
excess volumes of n-alcohol mixtures are con- 
gruent was investigated using the function 

This form was employed by Diaz Perla and 
Ferniildez Martin (2) in analyzing data for 
the heats of mixing of methanol with other 
n-alcol~ols and was also used in our similar 
study (1). 

Analogous to our treatment of the enthalpy 
data, the coefficients in eq. [4] were determined 
to miniillize 

where 
a 1 

[6] (us)? = 1 ( ~ ~ ~ ~ , ~ ( n ~ , ? z ~ , x ~ )  - 
* 0 

v:,,~) 'dxl. 

VEcnlc(~~IS,~~ZS,xI)  is the value calculated for 
system s from the principle of congruence using 
eqs. [3] and [4], and VEOb, is the experimental 
result given at mole fraction x l  by eq. [ l ]  with 
the coefficients C, from Table TI. The sum in eq. 
[5]  extends over a set of N systems. 

TABLE I11 
Coefficients for least squares fit of eq. [4] 

Set (a) Set (b) 
(I I systems) (9 systems) 

TABLE IV 

Standard deviations us and a 

Set (a) Set (b) 
(11 systems) (9 systems) 

MeOH-BuOH 
EtOH-BuOH 
PrOH-BuOH 
BuOH-HxOH 0.0020 

M&H-OCOH 0.0212 
EtOH-OcOH 0.0173 
PrOH-OcOH 0.0035 
HxOH-OcOH 0.0025 
OcOH-DeOH 0.0028 

Two sets of systems were considered: (a) the 
con~plete set of 11 systems, and (b) the 9 systems 
exclusive of methanol. Calculations carried out 
with an increasing number of constants B, 
indicated that there was no significant improve- 
ment in fit when more than 4 were used. Values 
of B, for the two sets of systeins are listed in Table 
111. The standard deviations (u) for each set are 
given in Table IV along with the standard 
deviations uqor  each system of the set. As in the 
case of the excess enthalpies, the excess volumes 
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0.04 I I I I I I I I 

- 

- 

- 

1 .O 2 .O 3.0 4.0 5.0 6.0 7 .O 8.0 9.0 10.0 

Mean Chain Length 

FIG. 4. Plot of deviations of V E  from congruence for 11 binary n-alcohol systems. The curves can be identified by 
the chain lengths corresponding to their termini. 

Mean Chain Length 

FIG. 5. Plot of deviations of HE from congruence for 11 binary rz-alcohol systems. The curves can be identified by 
thc chain lengths corresponding to their termini. 
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of these binary alcohol systems are only approxi- 
mately congruent. Omission of the two MeOH 
systems leads to an improved representation of 
the remaining data but the deviations are still 
relatively large. 

One interesting feature of the analysis of the 
data is the close parallel between the deviations 
from congruence exhibited by the excess volumes 
and the excess enthalpies. In Fig. 4 the difference 
between the experimental excess volume and the 
value calculated from eqs. [3] and [4] with 
coefficients for set (a) taken from Table I11 has 
been plotted against mean chain length. Figure 
5 is a similar plot of HEob, - HEm,, constructed 
from data in ref. 1. Comparison of Figs. 4 and 5 
reveals many features in common and illustrates 
the correlation between the excess volumes and 
excess enthalpies of these systems. 
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Quantum yields and primary processes in the photolysis of HNCO vapor 
at 2062 

W. D. WOOLLEY~ AND R. A. BACK 
Divisiorz of Pure C/~elanistry, National Research Council of Canada, Ottawa, Canada 

Received August 11, 1967 

Quantum yields of CO, N2, and Hz have been measured in the photolysis of HNCO vapor (2-23 Torr, 
25 "C) at 2062 A. Extrapolated values at zero pressure of HNCO were about 1.0, 0.40, and 0.13 respec- 
tively. @(CO) and @(N2) increased with increasing HNCO pressure and became approximately constant 
at values of 1.5 and 0.6 respectively between 10 and 20 Torr. From these and other data it was concluded 
that two primary processes, each with a quantum yield of about 0.5, occur. 

/ 

HNCO + hv 

The abstraction of H from HNCO by methyl radicals was found to be slow, even at 250 "C, and it was 
concluded that abstraction of H from HNCO plays no part in the photolysis mechanism, contrary to 
previous conclusions. A mechanism is suggested, based on radical-radical reactions at low HNCO 
pressure or high intensity, with radical reactions with HNCO becoming important at higher pressures or 
low intensity. It is concluded that Hz was formed in the system by reactions of H atoms. 

Canadian Journal of Chemistry. 46,295 (1968) 

Introduction might be occurring (3). This was also suggested 

The photolysis of HNCO vapor was first to account for differences in the products formed 

studied in detail in this laboratory a few years when HN3 and HNCO were photolyzed in the 

ago (1). The results were interpreted in terms of presence of olefins (4). The present experiments 
a single primary process, were undertaken to obtain further information 

about the mechanism of the HNCO photolysis. 
PA1 HNCO + hv -+ NH + CO, One feature of the previously suggested 

followed by rapid abstraction of hydrogen mechanism was the very ready abstrac&n of 
from HNCO, hydrogen from HNCO (reactions [2] and [3]). 

Similar rapid abstraction by hydrogen atoms, 
[21 NH + HNCO -+ NH2 + NCO 

[61 H + HNCO 4 Ha + NCO, 
[31 NH2 + HNCO 4 NH3 + NCO, 

and combination of NCO radicals, 

with the combination of NH radicals, 

becoming important at low HNCO pressures, 
low temperatures, and high light intensities. 

Subsequent work has cast some doubt on this 
mechanism (2-4). The production of hydrogen 
in the presence of alkanes suggested that a second 
primary process, 

[lBI HNCO + hv 4 NCO -t H, 

'Issued as NRCC No. 9806. 
2NRCC Postdoctorate Fcllow, 19641966. Present 

address: Fire Research Station, Borehalu Wood, Herts., 
England. 

was also required to account for the isotopic 
composition of the hydrogen from the photol- 
ysis of HNCO-C3D8 and DNCO-C3H8 mix- 
tures in terms of reaction [lA] as the exclusive 
primary process (3). Because nothing was known 
directly about the ease of abstraction of H froin 
HNCO, we undertook a study of the reaction of 
methyl radicals with HNCO to obtain such 
information. 

In previous studies of the photolysis, no 
quantum yields were measured, as there was 
no convenient monochromatic ligh! source in 
the wavelength region (2000-2400 A) in which 
HNCO absorbs. The development of the iodine 
lamp (5) seemed to offer a useful monochro- 
matic source at 2062 A, and measurements of 
quantum yields were therefore undertaken. 

Other experiments described in the present 
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paper include a study of the intensity depen- 
dence, and a reinvestigation of the effects of 
ethylene on the photolysis. 

Experimental 
Apparatus 

The conventional cylindrical quartz photolysis vessel 
was 5 cm in diameter and 10 cm long and equipped with 
a plane Suprasil window at each end. The vessel was 
connected, by a small sidearm at each end, in series with 
an all-glass piston-type circulating pump and a small 
U-trap, and joined to the vacuum line by a mercury 
cutoff. Reagents were condensed in the U-trap, the cutoff 
closed, the trap warmed, and the reagents thoroughly 
mixed by the circulating pump. As before (1, 3), the 
vessel was baked under vacuum at 200 "C before each 
experiment in order to remove small amounts of solid 
material (probably cyanuric acid) deposited on the 
windows during the previous photolysis. 

Lipl~t Softrces 
Two light sources were employed: a Hanovia S-500 

medium pressure mercury lamp and the iodine lamp. 
The latter was basically similar to that described by 
Harteck et a/. ( 9 ,  but considerably modified to suit our 
purposes. Argon (Linde, commercial grade) at a pressure 
of a few tenths of a Torr was pumped continuously 
through a trap containing iodine crystals at 25 "C, and 
thence through the lamp, a 13 mm 0.d. Suprasil quartz 
tube which passed through a cylindrical tuned cavity 
powered by a Raytheon PG-I0 85-watt 2450 Mc micro- 
wave generator. Light from the discharge emerged 
through a hole of about 1 cm diameter in one side of the 
wave guide, which was cooled by water and by a stream 
of air. A Suprasil quartz lens, mounted with the discharge 
at its focus, yielded a roughly parallel beam of light. 
Because the lamp generated objectionable amounts of 
ozone when operated in the open, the entire unit was 
enclosed in a box which was flushed continuously with 
a stream of air vented to a fume hood. 

When the flow rate and pressure of argon were care- 
fully adjusted to the minima required for a stable 
discharge, the only emission lines below 3500 A were 
those of atomic iodine at 2062, 1876, 1845, and 1830 A. 
About 90% of the light was in the 2062 line, but the 
shorter wavelengths caused serious actinometry problems 
because they were very much more strongly absorbed 
by the azomethane actinometer (Fig. 1). They were 
virtually completely removed by a liquid water filter 
45 mm thick, leaving a light source with 95% of its 
intensity in the 2062 A line. The remaining 5 %  was 
mostly in a very weak continuum ranging from about 
2400 to 3500 A. It was necessary to flow fresh non- 
aerated distilled water continuously through the water 
filter because strongly absorbing substances built up 
rapidly upon irradiation (perhaps H202) or upon 
exposure to air with the lamp off (perhaps H2CO3 or 
C03-). The use of Suprasil quartz in the lens and in all 
windows in the light path greatly enhanced the available 
intensity of the 2062 A light. The light transmitted and 
absorbed by the photolysis vessel was measured con- 
tinuously during allexperiments, using either the photo- 
multiplier signal from a grating spectrometer set at 2062 

A, or, after the chromatic purity of the source had been 
established, by a phototube with a platinum cathode 
treated by baking with H 2  until it was sensitive only to 
light of wavelength below about 2200 A. 
Analysis 

Gases noncondensable at -196 OC (CO, N2, H2, and 
CH4) were collected by a Toepler pump, measured in a 
gas burette, and analyzed by gas chromatography, 
using a molecular sieve column, 1.5 m long, at 25 "C. 
In experiments with added ethylene these gases were 
removed from a solid nitrogen trap (-210 "C). Ethane, 
ethylene, and residual methane were removed from a 
trap at - 155 "C and analyzed on a silica gel column, 
1.5 m long, at 25 "C. Other colun~ns used were di-nonyl 
phthalate (15%) on firebrick, 1 m long, at 50 "C (for 
HCN and to check the purity of the HNCO), and 
Poropak Q, 1.5 m long, at 100 "C (for C2Hs, C3Hs, 
C4H10, HCN, CH3NC0, C2H5NC0, and HNCO). All 
columns were of 6 mm 0.d. Pyrex tubing, as metal 
columns appear to interfere with the analysis of some 
of the nitrogen compounds. 

Materials 
Initially, HNCO was prepared by pyrolysis of cyanuric 

acid vapor, and purified, as described previously (1). 
A more convenient preparation, from the reaction of 
saturated aqueous KNCO solution with 95% H3POJ at 
25 "C (6), gave much purer HNCO and was used in the 
later stages of the work. Azomethane was obtained 
from Merck, Sharp and Dohme of Canada, Ltd. It was 
rigorously degassed to remove traces of N1 and C2H6, 
distilled from bulb to bulb under vacuum, and stored 
in the dark. Ethylene was Phillips research grade. 

Results 
The Reaction of CH3 ~villz HNCO 

Azomethane (6.6 Torr) was photolyzed with 
light from an S-500 medium-pressure mercury 
arc modified by a Corning glass filter No. 774 
(which removes light of wavelength below 2800 
A), from 25 to 250 "C, with and without HNCO 
added. Blank experiments showed that HNCO 
by itself was not decomposed, as was expected 
from its absorption spectrum (Fig. 1). Products 
of the azomethane photolysis detected and mea- 
sured were N2, C2H6, and CH4. At temperatures 
below 250 "C, the yields of these products were 
virtually unchanged by the presence of HNCO. 
Relative yields of the three products were in 
good accord with previous studies of the azome- 
thane photolysis (7-9). At 250 "C, with 100 
Torr HNCO present, the CH4 yield was margin- 
ally enhanced, while that of C2H6 was raised by 
about 30% (Table I). The latter effect can be 
attributed to the action of HNCO as a third 
body for the combination of methyl radicals 
(8); this would have reduced the concentration 
of methyl radicals somewhat, so that in fact there 
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was more abstraction from HNCO than appears 
at first sight. Taking this into account, it may 
be estimated that between 14 and 30% of the 
CH4 in the experiments at 250 "C wit11 added 
HNCO came from the reaction 

[7 1 CH3 + HNCO -+ CH4 + NCO, 

whicll is thus between 40 and 100 times slower 
than the corresponding abstraction from azome- 
thane. The failure to observe reaction [7] at 
lower temperatures indicates an activation 
energy considerably higher than that of the 
latter reaction. Small amounts of CO, not 
detected at the lower temperatures, were 
observed at 250 "C, perhaps arising from sub- 
sequent reactions of NCO radicals from 
reaction [7]. 

WAVELENGTH (8) 
FIG. 1. The absorption spectra of HNCO and azo- 

methane vapors. The left-hand scale shows loglo of the 
optical density of the photolysis vessel at a pressure of 
1 Torr. 

TABLE I 
Photolysis of azomethane (6.6 Torr)-at 250 "C with and 

without HNCO 

Rates of product formation 
(pmole/h) 

- 
Nz CH4 C2H6 CH3 loss 
-- 

Azomethane alone 8.68 4.78 1.39 9.78 
Azomethane with 

HNCO (100 Torr) 9.00 5.1G 1.86 9.12 

YIELDS A N D  PRIMARY PROCESSES 297 

As observed in previous studies of the azome- 
thane photolysis (7-9), there was considerable 
loss of methyl radicals to give products other 
than ethane and methane at the higher tem- 
peratures (Table I). There was a marginally 
greater loss in the presence of HNCO, approxi- 
mately independent of temperature, suggesting 
an addition reaction of CH3 wit11 HNCO 
yielding lligller products which were not detected. 
The rate of this reaction may be very roughly 
estimated to be about 100 times slower than the 
corresponding addition to azomethane. 

Relative Pl.oduct Yields f iom the Photolysis of 
HNCO at 2062 2 

As in the earlier studies, the noncondensable 
gases, CO, N2, and H2, were the only products 
detected and measured. As before, the elemental 
balance of these products implies that NH3 or 
its stoichiometric equivalent is also produced. 
Blank experiments showed that NH3 was 
rapidly removed by reaction with HNCO in the 
gas phase, forming a nonvolatile solid (probably 
NH4NC0  or urea), which rendered analysis of 
micromolar quantities of NH3  impossible, 
especially since small amounts are formed, 
together with C02,  by hydrolysis of HNCO. 

2 0  4 0  6 0  8 0  

HNCO PRESSURE (TORR) 

FIG. 2. The product ratio N2/CO vs. HNCO pressure. 
Circles represent experiments with the iodine lamp, the 
squares those with an unfiltered S500 mercury arc. Tri- 
angles are from Mui and Back (1). 

Figures 2 and 3 show yields of N2 and H2  
respectively, relative to that of CO, as a function 
of HNCO pressure. These data obtained at 
25 "C lie substantially higher than those of Back 
and Mui at 37 "C (plotted for comparison) 
obtained with an unfiltered S-500 mediuin- 
pressure mercury lamp (1). It was suspected 
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0 .00  
2 0  4 0  6 0  8 0  

HNCO PRESSURE (TORR) 

FIG. 3. The product ratio H2/C0 vs. HNCO pressure. 
Circles represent experiments with the iodine lamp, the 
squares those with an unfiltered S500 mercury lamp. Tri- 
angles are from Mui and Back (1). 

absorbed but otherwise independent of pressure 
(Fig. 4). 

Some photolysis of azomethane was observed 
with a Corning 7910 glass filter in front of the 
cell, which cut off the 2062 A ljne completely 
but transmitted light above 2200 A. This photol- 
ysis, which was thus due to light not absorbed 
by HNCO, amounted to about 9 % of the total, 
and was corrected for in the actinometry. 

(vide infra) that this difference was largely an 
effect of light intensity rather than of wavelength, 
so some experiments were made with an S-500 
lamp arranged in such a way as to approximately 
match the effective intensity of the iodine lamp. 
The results also plotted in Figs. 2 and 3 agree 
well with the 2062 A data, confirming the 
suspected intensity effect; the difference in 
temperature may also have played a small part. 

The trend of N2/C0 with HNCO pressure is 
similar to that observed previously (I), 
apparently increasing towards a value of 0.42 or 
0.43 as the pressure decreases towards zero. The 
value of H2/C0 on the other hand shows a 
levelling out or even a hint of a decrease at the 
lowest pressures, although the experimental 
uncertainty is considerable because the amounts 
of products became very small. The previous 
experiments (1) showed no such effect, but did 
not extend to as low pressures and are not 
incompatible with the present data (Fig. 3). 

Quantum Yield Measurements in tlze Photolysis 
of HNCO at 2062 2 

To measure quantum yields, the photolysis 
of azomethane at 25 OC was used as an 
actinometer, assuming Q(N2) = 1. While the 
photolysis has not been studied at 2062 A, the 
trend of observations at longer wavelengths 
suggest that this assumption is reasonably 
safe (7-9). I t  is supported by the observations 
that N2 and C2H6 (in equal amounts) were the 
only products observed, and that the yield of 
N2 was linearly proportional to the light 

ABSORBED LIGHT INTENSITY (ARBITRARY 
UNITS) 

FIG. 4. Nitrogen yields from the azomethane actino- 
metry experiments. Numbers give the azomethane pres- 
sure in Torr. 

Relative amounts of light absorbed in both 
azomethane and HNCO were measured by the 
platinum photocell, which proved very stable 
and reliable over a period of months. With 
HNCO the light transmitted by the vessel 
decreased measurably during the course of a 
photolysis experiment (30 to 60 min) because of 
the deposition of a solid compound (presumably 
the HNCO trimer, cyanuric acid) on the windows. 
Upon baking under vacuum at 200 OC for a few 
hours, the solid sublimed off the windows and 
the cell transmission was restored to its original 
value. This was done after each photolysis 
experiment and was quite reproducible. To 
correct for the loss of intensity during the course 
of a photolysis, the photocell output was moni- 
tored on a chart recorder and a simple 
correction made, assuming a linear dependence 
of product yields on intensity and assuming that 
deposition of solid on front and rear windows 
was equal. The correction was higher at the 
higher HNCO pressures but rarely exceeded 
10 %. 
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I 2 3 

ABSORBED LIGHT INTENSITY (ARBITRARY 
UNITS) 

FIG. 5. Product yields from the HNCO actinometry 
experiments. 

In Fig. 5 are shown the rates of production of 
CO, N2, and H2 plotted against the light 
absorbed. From a correlation of these data 
with those of Fig. 4, quantum yields were 
calculated, using the smoothed curves rather 
than the experimental points, and are shown in 
Fig. 6. 

H 
- - 4 - h n - ~ a - ~ L n  

0 
5 10 IS 20 

HNCO PRESSURE (TORRI 

A 1 
FIG. 6. Quantum yields from the photolysis of 

HNCO. The points shown do not represent individual 
euperiments, but are derived from the smooth curves in 
Fig. 5. 

A few experiments were made in a special 
reaction vessel cooled to -60 "C with 2.5 Torr 
HNCO. Quantum yields of N2 and CO were 
essentially unchanged from the values at 25 "; 
that of H2  was substantially lower, although 
the error in the measurements was fairly large. 

The Intensity Dependence of the Photolysis of 
HNCO 

These experiments were done with an unfil- 
tered S-500 medium-pressure mercury lamp. 
In one set of experiments the relative light 
intensity was varied by inserting in the light 
path wire gauzes of known transmission. 
Pressure of HNCO was constant at 4.5 Torr and 
the temperature was 37 "C. In Fig. 7 the yield of 
CO is shown as a function of relative intensity. 
In Fig. 8 are shown yields of N2 and H2 relative 
to that of CO for a much wider range of inten- 
sities. These are plotted against the rate of CO 
production, taken as a measure (not linear) of 
the light intensity, as relative light intensities 
were not known in this series of experiments.3 

RELATIVE LIGHT INTENSITY 

FIG. 7. Yield of CO vs. relative light intensity. 
HNCO = 4.5 Torr. 

The intensity dependence was studied partly 
to determine whether at high intensity and low 
HNCO pressure the product ratios would 
approach those of the flash photolysis (2). In 
the high-intensity plateaux in Fig. 8, N2/C0 was 
indeed approximately equal to the flash photol- 
ysis value of 0.42; H2/C0 was somewhat lower 
than in the flash photolysis. If the earlier inter- 
pretation of the flash photolysis data were 
correct, and could be applied in these experi- 
ments, the CO at high intensity should have 
been a primary product only and hence unaffected 
by the addition of ethylene. In fact, upon the 
addition of 100 Torr of ethylene, the CO yield 

3The authors are grateful to Mr. R. Ketcheson, 
formerly of these laboratories, for performing the experi- 
ments shown in Figs. 7 and 8. 
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CO YIELD (,LMOLES/H) 

FIG. 8. Product ratios vs. absorbed light intensity, 
taking the rate of CO production as a (nonlinear) measure 
of the latter. HNCO = 4.5 Torr. The points 8 and W 
are derived from Figs. 2 and 3, 6 and @I taken from 
Mui and Back (1). 

decreased by about a factor of 2. To ensure that 
competitive absorption of light by ethylene was 
not contributing to this decrease (as it apparently 
did in the flash photolysis (2)), a filter cell filled 
with ethylene was placed in the light pat11 during 
these experiments. 

Photolysis oJ.HNCO at 2062 2 in the Presence of 
Ethylene 

These experiments had a double purpose, 
first, to examine the effect of ethylene as a 
radical scavenger on the yields of the normal 
products, and second, from the new products 
formed to obtain evidence about the radicals 
present. The pressure of HNCO was 10 Torr 
and the temperature 25 "C. The addition of 
ethylene at pressures of 100 Torr and above 
reduced the CO production to about half its 
original value and almost completely suppressed 
formation of N2 and H2. Measurements of the 
transmitted light showed that even at 600 Torr, 
ethylene absorbed a quite negligible fraction of 
the light; this had been a point of uncertainty in 
earlier experiments (1-3). The suppression of N2 
and H2 is in agreement with previous observa- 
tions, while it will be seen that the reduction of 
CO by a factor of 2 rather than 3 can be 
attributed to differences in pressure and intensity. 

The effect of relatively low pressures of 
ethylene was also studied in some detail (Fig. 9). 
It is noteworthy that the hydrogen was reduced 
almost to zero at pressures of ethylene (0.3 Torr) 
which left the CO and N2 almost unaffected. As 

ETHYLENE PRESSURE (TORR) 

FIG. 9. Product yields from the photolysis of HNCO 
(10 Torr) in the presence of ethylene. 

the ethylene pressure was further increased, CO 
and N2 were reduced towards their limiting 
high-pressure values. 

A number of relatively minor new products 
were observed in the HNCO-ethylene system. 
These were CH4, C2H6, C3H8, n-C4HI0, 
shown in Fig. 10, and HCN and C2H5NC0, 
shown in Fig. 11. 

0 5 10 15 

E T H Y L E N E  PRESSURE (TORR)  

FIG. 10. Hydrocarbon products from the photolysis 
of HNCO (10Torr) in the presence of ethylene. 

The Co-photolysis of Azomethane and HNCO 
These experiments, done at 25 "C, were 

designed as an attempt to trap NCO radicals by 
combination with CH3. With about 5 Torr of 
each gas and an unfiltered S-500 lamp, the 
extent of photolysis of azomethane was about 
6 times that of HNCO. No CH3NC0 could be 
detected in any of a number of experiments 
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ETHYLENE PRESSURE (TORR) 

FIG. 11. HCN and C~HSNCO from the photolysis 
of HNCO (10 Torr) in the presence ofethylene. 

including several with inert gases added (650 
Torr CH4, 310 Torr N2, 600 Torr C2F6) in an 
attempt to stabilize CH3NC0 formed in a 
vibrationally excited state. Blank experiments 
showed that about 0.1 pmole of CH3NC0 could 
have been detected by gas chromatography, 
using a glass column packed with Poropak Q. 
There was an appreciable loss of CH3 radicals 
in the system, and since our earlier experiments 
showed that this did not occur when only 
azomethane was photolyzed in a mixture with 
HNCO, this suggests reactions of CH3 with 
NCO not yielding CH3NC0, or with NH. 

Discussion 

Primary Processes in the Photolysis of HNCO 
It is quite clear from the present results that 

the simple mechanism (reactions [I]-[5]) based on 
the single primary process, [lA], is untenable. 
The very slow rate of abstraction of hydrogen 
by CH3 from HNCO (reaction [7]) indicates 
that the H-NCO bond is relatively strong with 
a dissociation energy probably in excess of 100 
kcal. The relatively large value of the N-H 
stretching force constant in HNCO lends some 
support to this conclusion (10). The reactivity of 
NH2 in reaction [3] should be similar to that of 
CH3 in reaction [7], while reaction [2] is almost 
certainly endothermic if NH is in its ground 
state.4 It seems i~llpossible that reactions [2] and 

JThe bond energies for successive removal of H from 
NH3 are estimated to be about 102, 93, and 85 kcal/mole 
(11). A recent estimate of D(N-H) - 74 kcal, if sub- 
stantiated, would make D(H-NH) = 105 kcal, and 
change this conclusion (1 2). 

[3] should be quantitative at a pressure of a few 
Torr of HNCO at room temperature, as required 
by the simple mechanism. 

The interpretation of the isotopic composition 
of the hydrogen formed from DNCO-propane 
and HNCO-propane-& experiments (3) in 
terms of the single primary process [IA] required 
that the reactions 

[Sl D + HNCO -, HD + NCO 

[9 1 H + DNCO + HD + NCO 

be at least 100 times faster than the corre- 
sponding abstraction from propane. This also 
now seems most unlikely. 

The observed quantum yields are also not in 
accord with the simple mechanism based on 
[IA] as the only primary process, which would 
predict +(CO) = 3. 

From this and other evidence it appears quite 
certain that HNCO decomposes in two ways 
on photolysis: 
HA1 NH + CO 

7 
HNCO + hv 

There is no evidence from the absorption 
spectrum or from the photochemistry to suggest 
that any intermediate excited state has anything 
but a transient existence or takes part in pro- 
cesses other than dissociation. This is not 
surprising for such a simple molecule absorbing 
139 kcal of energy (at 2062 A), far in excess of 
that required to dissociate either the H-NCO 
or the HN-CO bond. 

The direct evidence for each of the primary 
processes may be summarized. Evidence for 
[IA] is the persistence of CO as a product in the 
presence of high pressures of hydrocarbons 
(1, 3); the observation of NH by absorption 
spectroscopy following flash photolysis (13, 14) 
and the production of CO in the matrix photol- 
ysis (1 5). Evidence for [IB] is the formation of 
H2  in the photolysis in the presence of alkanes 
(3), which was shown by isotopic experiments 
to contain one H atom from the alkane and one 
from HNCO, and presumably was formed by 
reaction of H with the alkane; the observation 
of NCO by absorption spectroscopy following 
flash photolysis (13, 14); the forination of n- 
butane, propane, and ethyl isocyanate in the 
photolysis of HNCO in the presence of ethylene 
(Figs. 10 and Il),  which almost certainly were 
formed from combination reactions of ethyl 
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radicals generated by the addition of H atoms 
to ethylene, with the last product, C2H5NC0, 
also providing evidence for the presence of NCO 
radicals; the elimination of H2 as a product by 
the addition of very small pressures of ethylene 
(Fig. 9), NO, or 0 2  (16), strongly suggesting 
that it was formed from reactions of H atoms. 

The relative extents of processes [lA] and 
[lB] respectively can be estimated from the 
limiting yields of CO with high pressures of 
alkanes or alkenes added, and from the yield of 
H2 in the presence of alkanes (3). From these 
data and the quantum yield measurements, it 
appears that the two processes are of approxi- 
mately equal importance, each with a quantum 
yield of about 0.5. 

Secondary Reactions at Low HNCO Pressure or 
High Light Intensity 

Secondary reactions must follow [lA] and 
[lB] .to produce the ultimate products of the 
photolysis, CO, N2, Hz, and NH3 (or its 
equivalent). At HNCO pressures approaching 
zero, or at high light intensities, radical-radical 
reactions should predominate, and all the 
possible interactions of NH, NCO, H, and N 
(from reaction [13], below) must be considered. 
Atom-atom reactions requiring a third body 
would be relatively slow and can be neglected, 
together with several spin-forbidden or endo- 
thermic processes. The following reactions 
remain and are probably important. 

This set of reactions can account for the 
extrapolated value of @(CO) = 1 at zero 
pressure, as each NCO is converted to CO and 
reaction [lA] of course yields CO directly. This 
suggests that in the zero pressure limit there is no 
radical attack on HNCO leading to CO 
formation. 

If the nitrogen in NH and NCO were all 
converted to N2, an extrapolated zero-pressure 
value of 9(N2) = 0.5 would be expected. In 

with the N2/C0 ratio (and hence @(N2) if 9(CO) 
= 1) approaching 0.42-0.43 at zero pressure 
(Fig. 2). The same limiting value was observed 
at high light intensity (Fig. 8) and in the flash 
photolysis (2), and is accompanied by a larger 
loss of hydrogen which in the flash photolysis 
approximately corresponded to the formation 
of NH3 or its stoichiometric equivalent. Reaction 
[11] seems to be the only reaction in the scheme 
above likely to lead to loss of N2 and H2 through 
ammonia formation. To account for the same 
behavior in the flash photolysis, it was suggested 
previously (2) that N2H2 formed in reaction 
[I l l  decomposed in such a way as to form 
N2 + NH3 rather than N2 + H2 or N2 5 2H, 
1161 N2Hz -+ 2/3(N2 + NH3), 

perhaps at the vessel wall, or by reaction 
with NH, 

~171 NH + N2H2 -+ N2 + NH3. 

The relative extents of reactions [lo] to [15] are 
difficult to estimate, but it seems possible that 
about half the NH radicals could have reacted 
via reactions [ll],  [16], and [17] as required by 
the observed deficit of about half the H2 and one 
sixth of the N2. The occurrence of reaction [15] 
would favor NH combination, and it is probably 
necessary that reaction [lo] be much slower 
than [ll]. This last requirement is the major 
weak point in the reaction scheme, as reaction 
[ l l ]  should be at least partly pressure dependent 
at low pressure and there is no reason to think 
that reaction [lo] should not be very fast. 

An alternative and perhaps more attractive 
mechanism for the photolysis at  low pressure or 
high intensity can be based on the assumption 
that even under these conditions the reaction 

[I81 H + HNCO + NH2C0 

is very fast, and together with 

and 
1201 H + NHzCO -+ H2 + HNCO 

consumes most of the H atoms. With reduced 
H-atom concentration, reactions [lo], [12], and 
[4], and perhaps 
[21] NH + NH2CO -) NH2 + HNCO 

[22] NCO + NH2C0 + 2HNCO 

[23] 2NHpCO -, HNCO + NH3 -1- CO, 

fact the data indicate a lower value than this, would become the only ones of importance. 
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There are two difficulties with this mechanism. 
The first involves the stability of the NH2C0  
radical formed in reaction [18], which by analogy 
with acetyl might be expected to decompose into 
NH2 + CO before the energy of formation of 
the N-H bond could be dissipated. There is 
some evidence, however, that D(NH2-CO) is 
considerably higher than D(CH3-C0) (17); and 
that in fact the weakest bond in the radical 
is H-NH.CO; this would remove the difficulty. 
The second problem is that reactions [19] and 
[23] produce one extra CO for each NH3, 
leading to @(CO) = 1.15 instead of 1 .O. Related 
to this, removal of H atoms by ethylene should 
have decreased the yield of CO somewhat (Fig. 
9). Loss of NCO (and hence ultimately of CO) 
in reaction [22] may, however, have approxi- 
mately compensated for the extra CO. Taking 
account of the uncertainty in the experimental 
data, this would seem to resolve this problem 
also. 

The mechanism of hydrogen formation and of 
hydrogen loss has an important bearing on the 
reaction mechanism. The complete suppression 
of H z  by low pressures of ethylene (Fig. 9), 
oxygen, or nitric oxide (16), virtually without 
affecting the yields of CO and N2, strongly 
suggests that reactions of hydrogen atoms, 
rather than the combination of NH radicals 
(reaction [5]) previously suggested, are the 
source of Hz, since scavenging of NH by these 
additives would have suppressed the reactions 
of NH leading to formation of N2 and CO 
(vide infra). Reaction [lo], proceeding through 
diimide, 

[lo] 2NH --t [HNNHI* --t [NNH] + H --t Nz + 2H, 

seems rather more likely than reaction [5] by 
analogy with the decomposition of azoalkanes, 
especially in view of the very large exother- 
micity of both reactions (157 and 55 kcal for 
reactions [5] and [lo] respectively). 

The chain sequence of reactions [13] and [14], 
or reaction [20], are the most probable sources 
of Hz. Both involve radical-radical reactions 
which would be favored at high light intensity 
and low HNCO pressure, as observed. Several 
facts suggest that reaction [20] is the more 
likely, and that the reaction sequence [18]-[23] 
rather than [Ill-[17] is predominant. This would 
offer the simplest explanation of the sharp 
reduction in H 2  with increasing temperature (1) 
which could be attributed to the thermal decom- 
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position of the NH2C0 radical. Reaction [21], 
and perhaps the thermal decoillposition of 
NH2C0, are sources of the NH2 radicals 
observed in the flash photolysis (13, 14). The 
[18]-[23] sequence can also explain the fact that 
while the N2/C0 ratio in the zero-pressure 
limit approaches the high-intensity value, H2 /C0  
does not (Figs. 2, 3, and 8). At high intensity, 
both in the flash photolysis (2) and the present 
experiments, the H2 /C0  and N2 /C0  ratios were 
such that the missing N2  and H 2  roughly corre- 
sponded to NH3 or its equivalent. At low pres- 
sure (Figs. 2 and 3) this was not so, as H2 /C0  
is much too low, and in fact shows a tendency to 
go through a maximum and decrease again with 
decreasing pressure. Thus hydrogen must be lost 
by reactions not forming NH3 and not affecting 
the N2 yield, which seems unlikely if reaction [5] 
or the [13] + [13] sequence were the source of Hz. 
Combination of NH2C0 radicals, however, 

[24] 2NHzCO --t NH2C0.CONH2 (biuret), 

or some other reaction of NH2C0  leading to 
higher products, could account for the loss of 
H z  without affecting CO or N2. It seems possible 
that the [13] + [14] sequence might still be 
important at high intensity. The dependence of 
the photolysis on pressure and on intensity are 
interrelated, and with probably six radicals 
present (NH, H, NCO, N, NH2C0,  NH2), the 
system is too complex to permit a more precise 
delineation of the low-pressure and high-inten- 
sity mechanisms at the present time. 

Secondary Reactions at Higher HNCO Pressures 
As the HNCO pressure was increased, 

quantum yields of CO and N2 rose, and by 
about 10 Torr had approximately levelled out 
at about 1.5 times their extrapolated zero- 
pressure values (Fig. 6). The magnitude of this 
increase suggests that either NH, or NCO, or H 
(each having @ = 0.5) had reacted quantita- 
tively with HNCO at this pressure, yielding 
CO and N2  in about the same proportions as 
the low-pressure photolysis (note that N2 /C0  
changed very little (Fig. 2)). Because H 2  could 
be completely suppressed by the addition of 
amounts of ethylene, NO, or O2 too small to 
affect N2 appreciably, reaction of H atoms with 
HNCO can be ruled out as a source of the 
extra CO and N2 at 10 Torr pressure of HNCO. 
The most probable source would seem to be 

1251 NH + HNCO --t NzHz + CO 
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followed by reaction [16]. The reaction 

[261 NCO f HNCO + N2 + 2C0 + H 

appears less likely than [25] on the general 
principle that diradicals are more reactive than 
monoradicals, and by analogy with the very 
fast reaction of CH2 with ketene (18). Reaction 
[26] on the other hand would presumably 
proceed through addition of NCO to the N 
atom of HNCO. and would reauire considerable 
energy release from incipient formation of N2  
and CO before the strong NH bond could be 
broken, which suggests an appreciable activation 
energy. 

The slight increase in +(Hz) observed with 
increasing pressure probably arises from effects 
of pressure and intensity on the reactions 
forming Hz, unrelated to the production of 
extra CO and N2. 

When the HNCO pressure was increased 
fiirther, above 10 Torr, the N2/C0 and H2/C0 
ratios fell steadily, as observed by Mui and 
Back (1). Quantum yield measurements were 
not extended beyond 23 Torr because polymer 
formation on the cell windows began to inter- 
fere seriously with the actinometry. There is a 
suggestion in the data in Fig. 6 that the decrease 
in these ratios was chiefly due to  an increase in 
+(CO). The ratio H2/C0 fell off rather faster 
than N2/C0, which might be attributed to 
reaction [23] or [24] becoming the predominant 
~llode of disappearance of NH2C0. Possible 

This is compatible with our suggested mechanism 
in which radical-radical reactions, favored at 
high intensity and low pressure, are in com- 
petition with reactions of radicals with HNCO, 
favored at low intensity and high HNCO 
pressure. The variables themselves, pressure 
and (absorbed) intensity, are of course them- 
selves related, as the local absorbed intensity 
(with fixed incident intensity) varies directly 
with HNCO Dressure. 

Reactions in the Photolysis o f  HNCO h the 
Presence of Ethylene 

The reduction of the Hz yield to  zero at 
relatively low pressures of ethylene has already 
been discussed and almost certainly is caused 
by removal of H in the reaction 

~271 H + CzH4 + C2H5. 

The reduction of the CO yield to about half its 
original value, and the N2 yield to  zero, at high 
pressures of ethylene can be attributed to  
removal of NH and NCO radicals by reaction 
with ethylene. At an HNCO pressure of 10 
Torr, +(CO) was 1.5, and according to our 
mechanism complete scavenging of NH and 
NCO should have reduced (P(C0) to  0.5, 
one third rather than one half its original value. 
This suggests that CO formation from NCO 
was not completely suppressed, perhaps because 
the CH2CH2NC0 radical formed in the reaction 

1281 NCO f C2H4 + CH2CH2NCO 

reactions, perhaps of NCO, leading to extra 
CO have been discussed ~reviouslv (I) and will decomposed part of the time by the reaction - > ,  

not be considered further, as the present results [29] CH2CH2NC0 + CO f [C2H4N] + products 
offer no new information about them. 

Tile dependence of the CO yield on relative 0' by Some other reaction that released CO. 
light intensity (Fig. 7) requires some comment. Mui and Back (1) did observe a reduction in 
The pressure of HNCO was 4.5 Torr in these CO by a factor of about 3 at high pressures of 
experiments, and from Fig. 6 +(CO) at this with 22 TOrr HNCo and 

pressure was about 1.4 with a co yield of about One half the present incident light intensity. 

1.1 pmoles/h. fixes the absolute value of The precise cause of the difference is not clear, 
+(co) at one point in ~ i ~ ,  7, as shown, and on but is probably related to  the differences in 
this basis the falloff in the CO yield with in- pressure and intensity- 
creasing intensity in Fig. 7 corresponds to a The hydrocarbon products (Fig. lo), over- 
change in @(CO) from about 1.5 at low intensity looked in ~ r e v i o ~ l s  studies (1-3), are of con- 

to 1.0 at highest intensity employed. ~ l ~ i ~  siderable interest. At the lowest ethylene pressure 

illustrates the interrelated dependence of the ethane and butane are main 
photolysis on both pressure and light intensity. 
~ l ~ ~ ~ ,  increasing the intensity at constant ethyl radicals from reaction [27], with butane 
pressure has the same general effect as decreasing produced by 
the pressure at constant incident light intensity. [30] 2C2Hs + CJHIO. 
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Attempts to  explain the large yield of ethane 
by the reaction 

[311 H + CzHs + C2H6 

are not successful, as at these pressures the 
cracking reaction 

[321 H + C2H5 [C2H6]* + 2CH3 

should have been at least as important as 
reaction [31] (19). Propane would then have 
arisen by the reaction 

[331 CH3 + C2H5 + C3H8. 

With rising pressure, reaction [31] should have 
tended to replace [32], propane should have 
decreased and ethane and butane increased. 
In fact the reverse was observed, with propane 
tending towards zero at zero ethylene pressure, 
while ethane and butane decreased with 
increasing ethylene. Formation of ethane by 
reactions of vibrationally excited ethyl radicals 
formed in reaction [27], either by abstraction 
of H from HNCO or by enhanced dispropor- 
tionation, also seems unlikely. The most 
probable explanation of the high initial yield 
of ethane is that at low ethylene pressure, 
reaction [18] was still competing with reaction 
[27], and ethane arose by 

[34] C2Hs + NH2C0 + C2H6 + HNCO. 

The behavior of the yields of ethane, propane, 
and butane with rising ethylene pressure sug- 
gests that CH3 radicals are being produced. It 
has been seen that their formation by reaction 
[32] does not fit the observed data. The most 
probable source of CH3 appears to be the 
decomposition of C2H4N formed in reaction 
~ 9 1 ,  

[351 C2H4N -> HCN + CH3. 

Reaction [35] has been postulated to  occur in 
the reaction of nitrogen atoms with ethylene 
(20, 21). The parallel rise of propane and HCN 
(Figs. 10 and 11) offers some support to  the 
idea that it occurs in the present system. With 
increasing ethylene pressure, reactions [l8] and 
[34] would decrease sharply. Ethane formation 
thus would decrease but this would be partly 
compensated by the reaction 

as nore  CH3 radicals were formed, and propane 
formation by reaction [33] would increase. The 

decrease and subsequent slight rise in butane 
production can be explained by the removal of 
C2H5 in reaction [33] and its enhanced forma- 
tion as reaction [27] replaced [18]. This general 
picture is supported by the observation that 
with 18 Torr of ethylene present, the ratio 
(propane)2/ (butane x ethane) has risen to 3.93, 
approaching the value of about 4 expected if 
these products arose solely by reactions [30], 
[33], and 36. The same ratio with 0.6 Torr of 
ethylene was equal to  0.073. 

The production of CH4 parallels that of 
propane, suggesting that it may have come 
from CH3 radicals. Disproportionation of CH3 
with C2H5, NH, or NH2C0 may have produced 
some CH4, but it seems probable that most of it 
came from the reaction (4) 

[371 NH + CZHj  + HCN + CH4. 

This and reaction [35] can account for the 
observed yield of HCN. It is of interest that 
CH3CN + Hz, alternate products of reaction 
[37] observed by Cornell et al. (4), were not 
detected in the present experiments. 

The C2H5NC0 almost certainly arose froill 
combination of C2H5 with NCO. The yield 
relative to butane is rather low if (as postulated) 
NCO and H were produced in equal amounts. 
An efficient disproportionation reaction 
reforming C2H4 and HNCO, together with 
reaction [29], may be responsible. The rapid 
fall of C2H5NC0 towards zero with increasing 
ethylene pressure reflects the loss of NCO 
radicals in reaction [28]. It is noteworthy that 
no CH3NC0 was observed although CH3 
radicals were evidently present. The mixed 
photolysis of azomethane and HNCO also 
failed to  yield CH3NC0 although CH3 radicals 
were consumed, and it appears that this com- 
bination product is not formed under the 
conditions of the present experiments. The 
reaction 

[381 CH3 -t NCO + CH3NC0 + HCN -k 

2H 4- CO (or CH3N f CO) 

may account for this behavior, and could also 
account for some of the CO formed from NCO 
in the presence of ethylene at high intensity, 
discussed earlier. 

In the photolysis of HNCO with 0.6Torr of eth- 
ylene present, our suggested mechanism predicts 
that the yield of H atoms in the system should 
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be given approximately by the sum, (2 x CzH6) 
+ C3H8 + (2 x C4H10) + C2H5NC0, which 
was equal to 0.58 gmole/h. The yield of CO at 
the same pressure of HNCO alone was 1.48 
gmoles/h and @(CO) was 1.5, from which 
@(H) = 0.59. Considering the uncertainties in 
the product yields this is in reasonable agree- 
ment with the suggested value of about 0.5. 

Summary and Conclusions 

The main conclusions of the present study can 
be summarized. 

(1) There is strong cumulative evidence from 
these and other experiments that there are two 
primary processes (reactions [lA] and [lB]) in 
the photolysis of HNCO, each with a quantum 
yield of about 0.5. 

(2) The H-NCO bond appears to be rather 
strong with a dissociation energy probably in 
excess of 100 kcal. Abstraction of H from 
HNCO by free radicals is unlikely to play a 
part in the photolysis mechanism, and a previous 
mechanism which assumed rapid abstraction 
from HNCO is untenable. 

(3) Hydrogen arises in the photolysis from 
reactions of H atoms, probably with NHzCO 
or NH (reactions [13] and [20]). It appears that 
H atoms add ra~id lv  to HNCO even at low 

reactions at low pressure or high light intensity, 
and reactions of radicals with HNCO at higher 
HNCO pressures or lower intensities, appears 
to account for most of the experimental 
observations. 
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Calculations on the rate of photodissociation of hexafluoroacetone 

P. G. BOWER$ 
Department of Chemistry, The University of British Columbia, Vnilcouver, British Columbia 

Received May 30, 1967 

The dissociation of hexafluoroacetone from high vibrational levels of its first excited singlet state 
is treated by the methods of RRKM unimolecular theory. Predictions of the relative photodissociation 
rates for various exciting wavelengths are in reasonable accord with the observed rates and indicate 
a critical predissociation energy of about 6 kcal/mole. The calculated temperature dependence is less 
satisfactory and somewhat lower than the experimental variation. 

Canadian Journal of Chemistry, 46, 307 (1968) 

Introduction where 

In a recent paper (I), we have shown how dm = 
k5(k7 + ks) + k~k7 

rate constants for the dissociation of ketene (k, + ks + k~)(k7 + ks) ' 
from its first excited singlet state may be ade- 
quately understood in terms of RRKM (Rice- 
Kassel-Ramsberger-Marcus) unimolecular theo- 
ry. The photodissociation was assumed to be a 
predissociation, rate controlled by the rate at 
which sufficient vibrational energy accumulates 
in a suitable internal mode. 

This paper reports similar calculations for 
hexafluoroacetone (HFA), where data for the 
primary dissociation rates can be extracted from 
conventional measurements of the decomposi- 
tion quantum yields. 

Extensive studies of the pl~otocl~emistry of 
HFA (2-5) have led to a generally accepted 
mechanism for the overall kinetics, which 
invokes reactions from three excited species, 
lA*, a vibrationally excited singlet state, and 
1Ao and 3A0, vibrationally equilibrated singlet 
and triplet states respectively. 

[3 I A + lA* -+ A + 'A0 

P I  1Ao -+ A( + hs) 

[51 1Ao --t CF3C0 + CF3 

t61 1AO --t 3A0 

171 3AO -+ CF3C0 + CF3 

[81 3Ao( + Hg) -+ A( + hv) 

Steady-state treatment leads to several equa- 
tions relating the primary quantum yield to 
concentration. A particularly useful form is 

-- .- 

'Present address: De~artment of Chemistrv. Boston -, 
University, Boston,  as's. 02215. 

Kutschke and his co-workers (7, 8) have 
recently shown that the discrepancy in the 4" 
values obtained in various laboratories is due 
to quenching of the triplet state by mercury 
vapor. Reaction [8] includes such quenching, as 
well as phosphorescence and true radiationless 
conversion. Dissociation of 1Ao (reaction [5]) 
has not previously been included in the analysis, 
but the detailed energetic considerations pre- 
sented below indicate that it may occur. In 
principle, eq. [i] may be used to obtain values 
for k2/1c3 regardless of whether 4" is determined 
by reaction [5] or reaction [7], and regardless 
of whether mercury vapor is present or not. 
In practice, however, the function 4/(1 - 4) 
plotted against 1 /[A] deviates considerably from 
linearity at low pressure. Part of the discrepancy 
arises from large random scatter when 4 is close 
to unity, but examination of the data of Ays- 
cough and Steacie (2) shows that there is in 
addition a systematic deviation at  some tempera- 
tures, even when the quantum yield is moder- 
ately low. Such behavior could be indicative of 
a complex deactivation mechanism, or it might 
arise because the value of k2, averaged over all 
energies, decreases at low pressure (1). For our 
present purposes, we have considered dissocia- 
tion data taken at higher pressures (>I0 mm), 
which do correlate reasonably well with eq. [i].2 
The values of k2 were obtained using a strong 

2In their original analysis, Ayscough and Steacie 
reduced the random scatter by taking points from a 
smoothed plot of + vs. log [A]. The kz values quoted by 
these authors are incorrect because their mechanism, 
while still predicting a linear relationship of the form of 
eq. [i], did not include triplet dissociation. 
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collision model (9) with the collision diameter of 
HFA equal to 6.0 A, independent of tempera- 
ture. These are listed in Table I. 

TABLE I 
Rate constants for the dissociation of 'A* 

x (A) T ("C) 10-7k2 (s-1) Ref. 

3130 -78 0.47 4 
3130 25 3.4 4 

Calculation of the Dissociation Rate Constants 

Detailed energetics for the dissociation of a 
vibrationally excited singlet state have been 
discussed in our previous paper ( 1 ) .  The rate 
constant k2 is calculated using the expression 

where Q and E are the vibrational partition 
function and total vibrational energy respec- 
tively, for the ground state molecule, and E, is 
the difference in energy between the exciting 
wavelength and the zero-zero energy, Eoo The 
specific rate constant for dissociation of a 1A* 
molecule with total internal energy E* is given, 
according to the Marcus theory (6),  by 

where E* = E, + E 

and E f  = E ,  - En,,, + E. 

Here, Z'/Z* is the ratio of the partition functions 
for adiabatic degrees of freedom of the activated 
complex and excited molecule respectively, and 
Emin is the critical dissociation energy. S f (E+)  
is the sum of all energy states for the active 
vibration-rotation degrees of freedom of the 
activated complex up to its energy E', while 
N*(E*) is the corresponding density of states 
for the excited molecule. In Fig. 1 ,  which sum- 
marizes the energetics, the f~~nct ion f (E)  is equal 

so s, 
FIG. 1. Energy diagram for photodissociation. 

to N(E) e-"lk2', the Boltzmann distribution func- 
tion for the ground state. 

Evaluation of Energy Level Densities and S~itns 
The vibrational analysis of Berney (10) was 

used to calculate the function N(E). For ease of 
computation, the 24 frequencies were grouped 
into 1 1  degenerate sets as follows : 1807 cm-l(l), 
1241(6), 972(1), 748(2), 633(1), 506(4), 343(2), 
256(3), 168(2), 66(1), 48(1). The density of vibra- 
tional states up to 3000 cm-1 was found by 
direct count. For higher energies, the Whitten- 
Rabinovitch ( 1  1 )  approximation was employed, 
and this gave good agreement with the direct 
count to within a few per cent at energies above 
2000 cm-1. 

The absorption spectrum of HFA has been 
studied only in the gas phase and gives no 
information about the excited singlet state 
frequencies. Hence these had to be estimated. 
The 16 modes associated with non-torsional 
motions of the CF3 groups are remote from the 
region of nr*  excitation and were assigned 
frequencies 10 % less than the corresponding 
ground state values. The C-C, C-0, and 
skeletal modes were reduced by 20%, by com- 
parison with the work of Sidman and McClure 
(13) on biacetyl. The two CF3 torsions, 66 and 
48 cm-1 in the ground state, were treated as 
free internal rotations in the excited state. This 
will almost certainly be the case at the excess 
energies (3000 cm-1 or more) possessed by the 
excited molecule. The overall assignment was 
as follows : 1450 cnl-'(l), 1120(6), 780(1), 
635(2), 572(1), 460(4), 309(2), 232(3), 150(2). 
Vibrational frequencies for the. activated corn- 
plex were taken to be the same as those for the 
excited molecule, omitting the asym~lletric C-C 
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TABLE I1 
Comparison between the calculated and observed rate constant ratios 

-. 

Calculated 

Model I Model II Observed 

Eoo (A) 3395 3454 3500 3500 3500 3340 3500 3700 3500 
Ern,, (cm-l) 2000 2000 2000 2500 3000 1800 2500 3500 1000 

Relative kr 
3130 A;  -78" 
3130 A: 25" 

stretching mode, which becomes the reaction plex models, and the comparison is shown in 
coordinate as the molecule decomposes into Table 11. 
CF3C0 and CF3. Two models for the activated 
complex were investigated. In model I, only the 
two torsional CF3 motions were treated as free 
rotors, while in model 11, eight free internal 
rotations were allowed. three for each CF7 
group, and two for the carbonyl group, and 
appropriate vibrations omitted. It  was felt that 
these two extremes should bracket the actual 
behavior. The modified Whitten-Rabinovitcl~ 
forinula (11) was used in calculating the vibra- 
tion-rotation functions N*(E") and S+(E+) in 
each case. All the calculations involved either 
a number of low vibrational frequencies and (or) 
rotations, so the density and sum functions could 
be regarded as continuous for energy regions of 
interest. 

Relati~le Rate Constants 
In order to calculate (k2) according to eqs. 

[ii] and [iii], values have to be assigned to 
Eoo and Em,,. From the overlap of the fluores- 
cence and absorption spectra, Eoo is approxi- 
mately 3500 A (28 570 cm-1) (3). The apparent 
"activation" energy for reaction [2], judged from 
the k2 values in Table I, is 1000 cm-1, and as we 
have previously indicated, E,,,, must be greater 
than this. Furthermore, 40, the extrapolated 
zero-pressure quantum yield, is unity for wave- 
length 3130 A or shorter (i.e. every molecule 
has enough energy to decompose in the absence 
of collisions), and hence E,(3130 A) > E,,,,,. 

With these points in mind, relative values for 
(It2) were calculated for each of the two com- 

Discussion 

Results of the calculations for the wavelength 
dependence of k2 at 25" are in good agreement 
with experiment using Eoo = 3500 A, and E,,, 
= 2000 cm-1 (model I) or 2500 cm-1 (model 11). 
However, using these same parameters, or indeed 
using any reasonable parameters, the calculated 
temperature variation is significantly too small. 
The discrepancy is less serious when the loose 
complex (model 11) is considered. This is so 
because of the behavior of the function S+(E+), 
which increases very sharply at low energies 
when many internal rotations are included. 

The experimental variation of k2 at elevated 
temperature would be somewhat smaller than 
indicated, if the effective collision diameter of 
HFA were subjected to a Sutherland correction, 
but the adjustment is unlikely to be more than 
10-15 %. 

Calculation of the absolute rate constants 
required further assumptions about the geometry 
of the excited molecule and complex and was 
not investigated in any detail. Approximate 
values for 1c2(3130 A, 25") using model I were 
109 s-1, about two orders of magnitude too high. 

Treatment of the photodissociation process 
according to RRKM unimolecular theory is 
severely limited at present by lack of any 
detailed knowledge about the excited states 
involved. In particular, two important factors 
have been necessarily neglected in our calcula- 
tions. The first concerns the probability of 
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crossover from the excited singlet state to the 
predissociating state. We have assumed that a 
molecule which accumulates any energy above 
Em, in the reaction coordinate always dissoci- 
ates, but this may not be so. A molecule which 
suddenly gathers a large excess energy in the 
C-C mode might possibly remain on the singlet 
potential energy surface, i.e. by analogy with the 
reappearance of fine structure above the pre- 
dissociation limit in some diatomic molecule 
spectra. This effect would decrease the absolute 
rate constant, particularly at short wavelength 
excitation. 

A second point is that the electronic transition 
probability will vary with ground state vibra- 
tional energy, depending on Franck-Condon 
and symmetry factors, whereas we have taken 
the energy profile f(E) to be retained in the 
excited state. The error introduced here might 
be quite large, particularly in the calculated 
temperature variation of photodissociation. 

Dissociation of 'A0 
The Boltzmann distribution of excited singlet 

molecules (1Ao) is sketched in Fig. 1, and has a 
maximum at around 1000 cm-1 at 25", and 
2000 cm-1 at 108". If Em,, is between 2000 - 
3000 cm-1, then a significant thermal dissocia- 
tion of 1Ao is possible, particularly at higher 
temperatures. For this reason, reaction [5] was 
included in the overall scheme. It may be the 
origin of the small (but reproducible) values of 
+m in the presence of mercury vapor. 

Dissociation via the Ground State 
It has been periodically suggested that dis- 

sociations such as reaction [2] could occur by 
fast internal conversion to high vibrational levels 
of the ground state, which then dissociates. 
A few calculations were made using this model, 
taking Em,, to be 18 000 cm-1, the value given 
by Batey and Trenwith (12) for the thermal 
dissociation of HFA into CO and C2F6. Relative 
to the rate at 3130 A, 25", the rates at 3130 A, 
108" and 2652 A, 25" were found to be 1.4 and 
4.9 respectively, which compare with the experi- 
mental ratios of 2.9 and 8.5. This reaction path 
therefore appears unlikely in HFA, and would 
indeed be difficult to reconcile with the rest of 
the kinetics. 
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Potentiometric and conductometric studies on the composition and 
stability of zinc complexes of thiomalic acid 

R. S. SAXENA, K. C. GUPTA, AND M. L. MITTAL 
Deparimetzi of Chetnisiry, Malaviya Regiot~al Engineering College, Jaipur, Ztldia 

Received May 19, 1967 

The precise nature of the reaction between zinc and thiomalic acid in aqueous 0.1 M K N 0 3  has been 
investigated potentiometrically and conductometrically. The formation of two complexes, one pre- 
dominating at pH 5.5-7 and another at pH 8-9.5, was found. The stability constants of the complexes 
formed have been determined by applying Calvin and Melchior's extension of Bjerrum's method a t  
three different temperatures. The log K values for 1 :1 and 1 :2 complexes computed by alternative 
methods at  25, 30, and 35 "C have been found to  be 8.75, 8.85, 8.86, and 6.82, 6.75, 6.93, respectively. 
The values of the overall changes in AG, A H ,  and Asaccompanying the reaction have also been evaluated 
at  30°C and found to be -21.61 kcal/mole, -5.3 kcal/mole, and +53.8 cal/deg respectively. 
Canadian Journal of Chemistry. 46. 311 (1968) 

Introduction 

A survey of the literature shows that though 
the metal complexes of thiomalic acid (TMA) 

CH2.COOH 
I 

HOOC-C-SH 

H 

containing an active -SH group have been 
studied by many authors, the stability constants 
and their refinement by alternative methods 
have not been reported. No exhaustive study of 
the Zn-TMA system has been done. The present 
investigation has, therefore, been carried out to 
make a detailed study of the system involving 
the computation of true stability constants by 

measurements. A glass electrode of G14 pH range, 
calibrated frequently by using buffer solutions of different 
pH values, was used in conjunction with a saturated 
calomel electrode connected to the cell by a low resistance 
salt bridge. All the pH titrations were carried out in 
aqueous 0.1 M K N 0 3 .  The temperatures were controlled 
by an electrically maintained thermostat. 

The conductance measurements were carried out with 
an  electronic eye type conductometer (Leitfahigkeits- 
meBgerat type LBR Wissenschafflich Technische Werk- 
staffen, G.m.b.H. Weilheim/obb, Germany). 

The experimental procedure consists in performing a 
series of pH and conductometric titrations of thiomalic 
acid with standard NaOH in the absence and presence of 
Znz+ at various ligand to  metal ratios, viz. 1 :1, 2:1, 3:1, 
etc. The Calvin and Melchior's (1) extension of Bjerrum's 
(2) method was used to  calculate the stability constants of 
the complexes formed and were further refined by 
alternative methods. 

alternative methods (method of successive ResuIts and Discussion 
approximation, least-square treatment, correc- Stoichiomet,.y 

term 'Onvergence of To establish the stoichiometry of the complex 
successive a~~l .oximatiOn,  and the effect of species formed during the interaction of &SO4 
temperature variation on the stabilities of com- and TMA, the magnitude of proton displace- 
plexes together with the determination of overall ment was determined by titrating solutions 
changes in free energy, e n t h a l ~ ~ ,  and entropy containing TMA and ZnS04 in different ratios 
accompanying the reaction. against standard alkali. 

Figure 1 represents the pH and conducto- 
Experimental metric titrations of solutions 3.33 x 10-3 M in 

Thiomalic acid (99.8%, Evan's Chemetics, Inc., New TMA (curves 1 and 5), 3.33 x 10-3 M in TMA 
York) and Anal-R (B.D.H.) reagents ZnS04, KNO3, and 3.33 x 10-3 M in ZnS04 (curves 2 and 6), 
NaOH, etc. were used and their solutions were prepared 
in doubly distilled air-free conductivity water. Freshly 6.66 x 10-3 M in TMA and 3.33 x 10-3 M in 
prepared solutions of the reagents were always used to  ZnS04 (curves 3 and 7 ) ~  10.0 x M in 
avoid the effects of age and hydrolysis. Zinc contents in TMA and 3.33 x 10-3 M in ZnS04 (curve 4) 
ZnS04 solutions were checked by estimating it as zinc with 0.1 M NaOH. The abscissa re~resents the 
pyrophosphate. 

A cambridge bench pattern (null-deflection type) pH moles of NaOH added per mole of iigand, m. 
meter, manufactured by Cambridge Instrument Co. Ltd., The appearance One (Fig. 
13, Grosvenor Place, London, S.W.I., was used for pH curve 1) after 2 moles of base per mole of ligand 
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1 I t I -I- 

I 2 3 4 5 6 7 8 9 10 
MOLES OF NaOH ADDED 'mi - 

FIG. 1. Potentiometric and conductometric titrations of TMA in the absence and presence of Znz+ with 0.1 M 
NaOH: curves 1 and 5, 3.33 x 10-3 M TMA; curves 2 and 6, 3.33 x 10-3 M TMA f 3.33 x 10-3 M ZnS04; 
curves 3 and 7,6 .66  x 10-3 M TMA f 3.33 x 10-3 M ZnS04; and curve 4, 10.0 x 10-3 M TMA + 3.33 x 10-3 M 
ZnSO,. 

was added, corresponds to the complete neutrali- and HSAZ- exist in equilibrium in the pH range 
zation of two carboxyl hydrogens in a single corresponding to the values of nz from 0-2. 
step. Hence if free TMA, having three replace- Addition of an equimolar concentration of 
able hydrogen ions, is denoted as H3SA, the Zn2+ ions (Fig. 1, curve 2) greatly alters the shape 
reaction between the nz interval of 0-2 inay be of the free ligand titration curve as a result of 
represented in single step by the equation complex formation and consequently a con- 

[1 1 H3SA + 20H- + HSA2- + 2H20. siderable shift in the position of the end point 
is indicated. Since the extent of the proton 

The absence of an inflection at m = 1 (Fig. 1, displacelllent depends on the relative affinities 
curve 1) indicates that the acidities of both the of the ligand for hydrogen ions and the metal 
l~ydrogens are fairly comparable in magnitude ions, it is obvious from the curve that the 
and that the three ligand species H3SA, H2SA-, affinity of Zn2+ for the ligand is not great 
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enough to compete with the relatively high 
concentration of hydrogen ions in the pH range 
3-4, and consequently Zn complex is not 
appreciably formed in this pH range. Beyond 
pH 4, the affinity of ligand for Zn2f ions in- 
creases, as a result of which a considerable 
lowering in buffer region starts, showing finally 
two inflections at 3 and 4 moles of NaOH per 
mole of metal. The first inflection at 3 moles of 
NaOH per mole of metal suggests the formation 
of ZnSA-, which may be given by the equation 

[2] Zn2' + H3SA + 30H- = ZnSA- + 3Hz0. 

This 1 :1 complex then changes to a relatively 
more stable 1 :2 complex above pH 8, as a result 
of disproportionation of 1:l complex with 
simultaneous precipitation of half of the metal 
in the form of its hydroxide in accordance with 
the equation 

justifying the inflection at m = 4. 
When 2 moles of ligand are added to zinc 

sulfate (Fig. 1, curve 3) the curve shows only two 
inflections, the first at 5 and the second at 6 
moles of NaOH per mole of metal, which corres- 
pond to the stepwise formation of ZnSA- and 
Zn(SA)24- respectively. The reaction equilibria 
may be expressed as 

[4] Znz+ + 2H3SA + 50H- e ZnSA- + 
HSA2- + 5Hz0 

[5] ZnSA- + HSAZ- + OH- e ZII(SA)~~- + HzO. 

The stepwise formation of these two complexes 
have been further confirmed by the inflections at 
7 and 8 moles of NaOH per mole of metal 
(Fig. 1, curve 4) even when the ratio of ligand to 
metal has increased to 3 : 1. 

Conductometric Studies 
Figure 1, curves 5, 6, and 7, represents the 

changes in conductance when TMA solutions 
were titrated against NaOH in the absence and 
presence of Zn2+. In such conductometric 
titrations, where the weak acid was neutralized 
by a strong base, the shape of the titration curves 
depends on the concentrations and dissociation 
constants of the acid. The curves show a minima, 
because when NaOH was added progressively 
to a solution of TMA, the salt formed during the 
first part of the reaction tends to repress the 
ionization of the acid still present, so that its 
conductance decreases. The rising salt concen- 
tration will, however, tend to increase the 

conductance; owing to these opposing influences, 
the titration curves show a minima. As the 
titration proceeds, a break at m = 2 (Fig. 1, 
curve 5) was obtained, beyond which the graph 
becomes linear. Figure 1, curve 6, for a solution 
containing TMA and zinc sulfate in the ratio of 
1 :1 shows two breaks at 3 and 4 moles of 
NaOH per mole of metal, corresponding to the 
formation of ZnSA- and the formation of 
Zn(SA)24- and Zn(OH)2 respectively in accor- 
dance with eqs. [2] and [3]. 

Figure 1, curve 7, for a solution containing a 
2:l ratio of TMA to ZnS04 shows two breaks 
at 5 and 6 moles of NaOH per mole of Zn2+, 
which corresponds to the formation of ZnSA- 
and Zn(SA)24- (eqs. [4] and [5]). 

These results are similar to those obtained by 
potentiometric methods, demonstrating the step- 
wise formation of 1 :1 and 1 :2 complexes. 

It may be particularly pointed out that the 
possible polynuclear complex Zn2SA+ is not 
formed because the a is a function of [SA3-] 
only (which has been tested by obtaining 
measurements at various metal ion concentra- 
tions) and is independent of the total metal ion 
concentration. 

Stability Constants 
The Calvin and Melchior's (1) extension of 

Bjerrum's (2) method was used to calculate the 
stability constants of the complexes formecl 
from potentiometric titration data. The two 
successive reactions of the complex formation 
may be represented by eqs. [6] and [7]. 

161 Znz+ $ SA3- e ZnSA- 

[71 ZnSA- -t SA3- e Zn(SA)24- 

The overall stability constant P is given by 

where K1 and K2 are the formation constants of 
reactions [6] and [7]. 

The evaluation of a values, which may be 
defined as the average number of ligand mole- 
cules bound per mole of metal, were made from 
Fig. 2, which represents the potentiometric 
titrations of TMA with standard alkali in the 
absence and presence of Zn2+ at three different 
temperatures. No precipitation of zinc was 
observed during any of these titrations. At any 
pH, the horizontal distances between curves 
1-2, 3-4, and 5-6 (corresponding to 25, 30, and 
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3,Y I 2 3 4 
VOLUME OF Na OH ADDED IN ml.+ 

FIG. 2. Potentiometric titrations of TMA in the ab- 
sence and presence of Znzf with 0.1 M NaOH at three 
different temperatures: curves l , 3 ,  and 5,3.0 ml M KN03  + 5.0 ml MI50 TMA (total volume 30.0 rnl) at 25, 30, and 
35 "C respectively; and curves 2, 4, and 6 ,  3.0 ml M 
KNO3 + 5.0 rnl MI50 TMA + 1.0 ml MI50 ZnS04 
(total volume 30.0 ml) at 25, 30, and 35 "C respectively. 

35 "C respectively) measures quite accurately 
the additional base consumed or the total 
number of SA3- complexed. This number 
divided by total Zn2+ is fi. At any pH, [SA3-] 
was calculated as 

where K,,, Ka2, and K,, are the first, second, and 
third dissociation constants of the acid. The 
pK,,, pK,,, and pK,, values determined are 
3.30, 4.94, and 10.64 respectively. All quantities 
in eq. [9] are known and thus a series of ri and 
[SA3-] values at various pH were obtained a t  

different temperatures and formation curves 
were plotted. Curves 1,2, and 3 of Fig. 3 are the 
plots of ri against - log [SA3-] at 25, 30, and 
35 "C respectively. The values of log Kl and 
log K2 were read directly from the graph at f i  
values of 0.5 and 1.5 respectively and their 
refinement was made using the following 
methods: (i) method of successive approximation 
(m.s.a.) (2), (ii) convergence formulas of 
Schroder for successive approximation (3), (iii) 
least-square treatment (4), and (iv) correction 
term method (4). 

FIG. 3. Plot of ii as a function of --log [SA3-] at three 
different temperatures: curve 1, at 25 "C; curve 2, at 
30 "C; curve 3, at 35 "C. 

Table I illustrates the comparative statement 
of the refined values of log Kl, log K2, and log /3 
obtained from various methods. 

It is apparent from the table that the direct 
expressions 

given by Schroder (3) for the convergence values 
of successive approximation as a modification 
of m.s.a., are strictly followed by our data and 
no divergence of the convergence formula is 
noted. This method is, however, recent and 
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TABLE I 

25 "C 30 "C 35 "C 

No. Methods Log KI Log K:! Log B Log Kl Log K:! LogB Log Kl Log Kz Log f l  

1 Extension of 
Bjerrum's method 8.74 6.88 15.62 8.80 6.79 15.59 8.91 6.91 15.82 

2 Method of successive 
approximation 8.72 6.89 15.61 8.88 6.80 15.68 8.89 6.92 15.81 

3 Convergenceformulas 8.72 6.89 15.61 8.88 6.80 15.68 8.89 6.92 15.81 
4 Least square 8.86 6.53 15.39 8.95 6.50 15.45 8.76 6.93 15.69 
5 Correction term 8.73 6.88 15.61 8.76 6.87 15.63 8.87 6.98 15.85 

Mean 8.75 6.82 15.57 8.85 6.75 15.60 8.86 6.93 15.79 

directly gives the true values of successive 
stability constants. 

Tl~ermoclynan~ic Functions 
The values of the overall changes in free 

energy (AG), enthalpy (AH), and entropy (AS) 
on complex formation have been determined at 
30 "C. The expression (5) 

relating overall stability coilstant /3 to the total 
free energy change of reaction was en~ployed for 
evaluating the value of AG, which was found to 
be -21.61 kcal/mole. The value of AH was 
determined with the help of an isobar equation 
(5) 

[I31 d In P/dT = AHJRT2, 

where T is the absolute temperature and R is 
the gas constant and may be conveniently 
written in the form 

[I41 d log @/d(l IT) = AHl4.57. 

The values of log /3 obtained at different 
temperatures were plotted as a function of 1 IT. 
The gradient of the tangent drawn at the point 
correspoilding to 30 "C was determined and 
equated with -AH/4.57. The value of AH 
thus obtained was found to be -5.3 kcal/mole. 

The overall entropy change (AS) of the 
reaction was calculated from the equation 

A S  = (AH - AG)/T and found to be +53.8 
cal/deg. 

The present investigation clearly reveals the 
formation of two complex species, ZnA- and 
Zn(SA)f+. The logarithm values of the succes- 
sive stability constants were found to be 8.75 
and 6.82 (at 25 "C), 8.85 and 6.79 (at 30 "C), 
and 8.86 and 6.93 (at 35 "C) respectively. The 
values of AG, AH, and AS, evaluated at 30 "C, 
were found to be -21.61 kcal/mole, -5.3 kcall 
mole, and +53.8 cal/deg respectively. 
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Organic and biological spectrochemical studies. XXV. Properties of the 
p-bis(methy1thio)benzene and p-bis(ethy1thio)benzene cation radicals' 

W. F. FORBES AND P. D. SULLIVAN~ 
Department of Chemistry, University of Waterloo, Waterloo, Ontario, and 

Departmetzt of Biochemistry, Ut~iversity of Rochester, Rochester, New York 
Received May 16, 1967 

The electron spin resonance spectra of the sulfur analogs of the p-dimethoxy and p-diethoxy benzene 
cation radicals, i.e. the cation radicals of p-bis(methy1thio)benzene (1) and p-bis(ethy1thio)benzene 
(2), were investigated in aluminium chloride - nitromethane. The spectra are interpreted in terms 
of cis-tratis isomerism. Empirical molecular orbital calculations support this assignment and yield 
qualitatively correct spin densities at the ring positions. Comparison of the spectral properties of these 
species with corresponding compounds containing oxygen atoms indicates changes which can be 
associated with the greater tendency of the sulfur atom to attract spin density. There is also evidence 
from the 8-alkyl proton splitting constants that the conformation of the radical of 2 differs from that 
of its oxygen analog. Slightly different g values are again observed for the cis and trans isomers, as 
previously noted for related compounds. 

Canadian Journal o f  Chemistry. 46. 317 (1968) 

Introduction 

The electron spin resonance (e.s.r.) spectra in 
aluminium chloride - nitromethane for a number 
of p-dialkoxybenzenes (I) and of hydroquinone 
(2) have recently been interpreted, assuming 
rotational isomerism. As an extension of this 
work, it seemed of interest to study some of the 
sulfur analogs, partly because of the known 
ability of sulfur atoms, under certain conditions, 
to attract unpaired electrons. For example, it is 
well known that on irradiation of proteins, 
peptides, and amino acids, there is a tendency 
for the unpaired electron to be located pre- 
dominantly on the sulfur atoms (3). 

The compounds investigated were the 
p-bis(methy1thio)benzene cation radical (1) and 
the p-bis(ethy1thio)benzene cation radical (2); 
the former compound has previously been 
studied by Zweig et al. (4), who were unable to 
resolve the spectrum completely, but who 
postulated rotational isomerism to account for 
the observed spectral complexity. 

Experimental and Results 

Generous samples of the parent compounds 
1 and 2 were obtained from Dr. A. Zweig and 
Professor Roger Adams, respectively. Radicals 
were produced, and their e.s.r. spectra recorded, 
as described previously (1, 2, 5, 6). E.s.r. spectra 

lPart XXIV; ref. 2. 
2Present address: Department of Chemistry, Uni- 

versity of Minnesota, Minneapolis, Minnesota, 55455. 

were determined in sulfuric acid and in alumi- 
nium chloride - nitromethane; they were gener- 
ally better resolved in the latter system. The 
computer programs used were also those pre- 
viously described (2,6), except that a Benson- 
Lehner Corp. plotter was used to trace out 
simulated spectra. 

E.S.R. Spectra of the Cation Radicals of 
p-Bis(methyltlzio)benzene ( I )  and 
p-Bis(ethy1thio)benzene (2) 

The spectrum of radical 1 is shown in Fig. la. 
The experimental spectrum can be siinulated 
(see Fig. lb), assuming the presence of two 
isomers, with their centers displaced by ca. 
30 mG, and using the splitting constants shown 
in Table I with a line width of 140 mG. 

A similar spectrum was obtained in sulfuric 
acid at +12 "C; this could be simulated using 
the splitting constants shown (Table I), but 
assuming slightly larger line widths (170 mG) 
than those used for the spectrum in aluminium 
chloride - nitromethane. 

The spectrum of 2 (Fig. 2a) could again be 
simulated (Fig. 2b), assuming rotatioilal isomer- 
ism with splitting constants as shown in Table I, 
a displacement of centers of ca. 40 mG, and a 
line width of 150 mG. It  may be noted that 
splittings due to the P-methyl groups could not 
be detected and, also, that the SCH2 splittings 
afforded no temperature dependence within the 
experimental error (cf. ref. I). 

Since the data for 1 (Table I) show six equiva- 
lent proton splittings, assigned to the two 
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FIG. 1. (a) E.s.T. spectrum of the cation radical of 1 in aluminium chloride - nitromethane at  -21°C. (O) Simulated 
spectrum using parameters shown in Table I. 

-SCH3 groups, the smaller splitting constants (3), for which experimentally obtained splitting 
are associated with the ring protons. By analogy, constants are available (9). These calculations 
the smaller splittings for 2 are also ascribed to gave a series of points, shown as dotted lines 
ring splittings. in Fig. 3b. For radical 3, however, negative spin 

Molecular Orbital Calculations densities are obtained at the unsubstituted ring 

The self-consistent field theory of McLachlan positions, which are larger than those found 

(7) was utilized to calculate spin densities and from experiinental splitting constants and which 

the sulfur atom was treated in terms of the were found to be insensitive to changes in the 

p-orbital model (8). The Coulomb and resonallce 11, and k c ,  parameters. There is therefore no 

integrals are defined as a s  = a + hSP, P c s  = 
unique set of h s  and Ices parameters giving good 

kc&. A variety of 11, and k c ,  values afforded agreement for both 2 and 3. However, decreasing 
the experimeiltally obtained spin densities for hs  and increasing k c ,  tends to give better 

the ring positions of radical 1 (dotted line agreement. 
connecting the circled points in Fig. 3a) and In selecting a set of parameters, previous 

these parameters were also plotted against molecular orbital calculations for sulfur-contain- 

different values of Q,,,,, calculated from the ing compounds were also considered. For 

relationship ascII ,  = PsQscII ,  (Fig. 3b).3 systems of type -CH=CH-S-CH=CH-, 

Similar calculatioils were made for the cation h s  values of between 1.0 and 1.1 give good 

radical of 1,2,4,5-tetrakis(inethylt11io)benzene results for a n~ulnber of correlations (10). Using 
the interinediate value of A s  = 1.05, calculated 

3 ~ s c t 1 3  refers to the constant relating spin density on spin densities at  the ring positions for radical 1 
the sulfur atom to the methyl proton splittings; following 
some methods of nomenclature, it could be written as agree if 0.97 (Fig. 3). 
Q1'scu. This value is larger than previously used values 
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TABLE I 
Proton splitting constants (in gauss) for the radicals 1 and 2 

Radical cations 

Number 1 (g value 2.00874 + 0.00002) 2 (g value 2.00872 + 0.00002) 
of Rotational 

Assignment protons isomer* A1C13-CH3N02 (-38 "C) H2S04 ( + I  2 OC) AIC13-CH3NO2 (-38 OC) 

a c ~ ( A )  2 T 1.033 1 .008 1.024 
acdB)  2 T 1.793 1.795 1.791 
OSCHJ 6 T 5.444 5 .  403 - 
OSCH* 4 T - - 4.466 
nca(A) 2 C 1.124 1 . 1 2 ~  1.130 
nca(B) 2 C 1.6g5 1 . 6 9 ~  1 .672 
~ S C E ~  6 C 5. 309 5.253 - 

OSCFI? 4 C - 4 .  368 

'See text. 

FLG. 2. (a) E.s.r. spectrum of the cation rad~cal of 2 in aluminium chloride - nitromethane at -38°C. (b) S~mulated 
spectrum using parameters shown in Table 11. 

(lo), possibly because of the different environ- as tentative, until additional experimental data 
i'nent of the s u l f ~ ~ r  atom in coillpounds such as for related sulfur con~pounds are available. 
1,4-dithiin, containing the c l ~ r o m o p l ~ o r z  
-CH=CH-S-CH=CH-, and in species Assignnlent of Splitting Constants 
such as 1 and 2, which contain the system It remains to assign the pairs of ring splitting 
Ph-SR. Using values of k ,  = 1.05 and k c ,  = constants, A and B, to the appropriate ring 
0.97, the relevant spin densities for 1 and positions, and also to assign each isomer to the 
3 are shown in Table I t .  The agreement between cis or tmns conforination (see Table I). This can 
the experimental and calculated proton split- be done using the empirical approach of Stone 
tings (0.71 and 1.18) for 3 is not good but the and Maki (13), which has been applied previously 
McLachlan nlethod is known to overestimate to the cation radicals of y-dimethoxybenzene (6) 
negative spin densities (11, 12). Nevertheless, and hydroquinone (2). Neglecting the P effect 
the h ,  and k c ,  values chosen must be regarded as a first approximation, and considering only 



320 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

kc, 

FIG. 3. (a) A plot of different kcS parameters against average ring splitting constants, acn, of radical 1 (obtained 
from the relation acH = pcQcH; QcH assumed to be -24) for values of Irs = 1.00, 1.10, 1.20, and 1.30. The circles 
lying on these lines correspond to the experimentally obtained average ring splitting constants (1.41). (b) A plot of 
different kcs parameters against Qsctr3 values for radical 1 (assuming different values of ps calculated from ascHl 
-- PsQsca3) for values of 1 1 ~  = 1.00, 1.10, 1.20, and 1.30 (full lines). The circles lying on the thin full lines, thus 
obtained, correspond to the circles in Fig. 3a. Similar calculations plotting Qsca3 (from ascn,(exp.) = ps(calcd.) 
Q s c ~ 3 )  against various combinations of hs and kcs values for radical 3 are shown in dotted lines. 

TABLE I1 
Calculated spin densities for radicals 1 and 3 

Compound Position p(calcd.)* a(calcd.) a(exp.) 

"Parameters used were I r  s = 1.05, kc s = 0.97 (see text), hCI13 = 3.0, f c C ~ ~ 3  = 0.70 (6). 
tcalcolated from (1~13 = pOcFI, where QCH is laken, somewhat arbitrarily, as -24;  values ranging between ca. 22 and  

30 have been reported in the literatore. 
:Calculated from ~ L S C H ~  = p s Q S C H 3 ,  where QscI13 = 18.5. 

the electrostatic effect of the SR group on the Moreover, the isomers can be identified, since 
carbon atoms of the ring (the a effect), the data differences between the two pairs of ring split- 
in Table I can be rationalized (see Table 111). ting constants are greater in the trans than in 
That is, assuming parameters as shown, the the cis isomer (see assignments in Table I, where 
differences between the pairs of ring splitting T = trarzs and C = cis). These assignments are 
constants can be approximately simulated. further confirmed by studying the cation radicals 
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of the 2,3- and 2,5-dimethylhydroquinones which by the ability of the sulfur atom to attract spin 
exist predominantly in the cis and trans confor- density. It may also be noted that the present 
mations, respectively (14). data are in qualitative agreement with the 

Co~npnrison between SuIfur and Oxygen Analogs 
The relevant splitting constants, in aluminium 

chloride - nitromethane, for the radical ions 
investigated and for the corresponding oxygen 
analogs are as shown 

The data indicate that for these compounds, 
the sulfur atom has a greater tendency than 
oxygen to concentrate spin density in areas 
away from the benzene ring (cf. refs. 15, 16). 
This tendency is also of interest because of the 
observation that sulfur-containing proteins and 
amino acids on irradiation frequently give rise 
to an e.s.r. signal associated predominantly 
with the sulfur atom (3, 17). Since there is no 
evidence that the unpaired electron is initially 
located on the sulfur atom and since it is believed 
that the unpaired electron site is able to migrate 
both intra- and inter-molecularly towards the 
sulfur atom, the formation of -S. radicals in 
proteins is probably determined, at least partly, 

relative electron-releasing abilities of the 
0CH3- and SCH3- groups, attached to sub- 
stituted benzene rings, as deduced from acid 
and base dissociation data (18). 

The data further show that for the dimethoxy 
and diethoxy compounds, the p-alkoxy proton 
splittings increase in the latter, whereas a de- 
crease is observed for the corresponding sulfur 
analogs. The change in p-alkoxy splitting con- 
stants has been discussed in terms of preferred 
conformations (I), following Stone and Maki 
(19). Recently, McKiniley and Geske (20, 21) 
have examined some alkyl-substituted nitro- 
benzenes in a similar manner. These authors 
defined a parameter R as the ratio of the 
p-proton4 splitting coilstant to that of the 
corresponding methyl proton constant (20, 21). 
For radicals of type RCH?Ar., two equilibrium 
conformations similar to Fig. 4a and 4b were 
considered, where the angle (8) between the 
CH bonds and the pa  orbitals was 60" and 30" 
respectively. Since R = 2(cos2 e), the corre- 
sponding R values are 0.5 and 1.5 respectively. 

For reasons discussed elsewhere (I), the 
11-dietl~oxybenzene cation radical is believed to 
possess the conformation in Fig. 46, and the 
lower (1.16) than predicted (1.5) R value can be 
ascribed to torsional oscillations about the 
equilibrium conformation. However, the R 
value of 0.83 for radical 2 suggests that the 
equilibrium conformation of radical 2 differs 
from that of the p-diethoxybenzene radical and 
is consistent with 0 = 60". Possibly, it exists as 
shown in Fig. 4a, because of the increased length 
of the C(aryl+S compared with the C(ary1)-0 
bond, which results in decreased steric inter- 
actions between the p-alkyl protons and the 
ortho-ring protons, and (or) because the in- 
creased sulfur lone-pair - R group interactions 
favor the conformation shown in Fig. 4a rather 
than that in Fig. 4b. If the form in Fig. 4a is 
indeed preferred for radical 2, examination of 
the appropriate molecular models shows that 
the C-H bond of the methyl group is at an 
angle of 60" with the p a  orbitals, whereas it is at 
an angle of 30" for the conformation shown in 

4p protons are defined as the protons on an sp3 carbon 
which is itself bonded to a T system. 
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TABLE I11 
Experimental and calculated parameters for the cation radical of 1 

ai(exp.)t 
Species Position pi(calcd.)* ni(calcd.) (G) 

- 

*Parameters used were h S  = 1.05, k C s  = 0.97, h C ( q  = hC(3)  = 0.17 for cis; h c ( 2 )  = hC(5) = 0.10 for trans. 
?Average values from Table I. 
$Calculated from aCH = PCQCR,  where QCH = -24. 
gCalculatedfrom ~ S C H ~  (experimentally obtainedvalues forthemethylgroup) = ~ S Q S C H ~ ,  where Q ~ ~ 5 1 ~  = 18.5. 

FIG. 4. Possible conformations for radicals 1 and 2 
and for the corresponding oxygen analogs (X = S or 0). 

Fig. 4b. This may account for the absence of 
detectable splittings, due to the 0-methyl group, 
in radical 2. This different conformation may 
also explain the temperature independence of the 

P-alkylthio protons in radical 2, but the reason 
for this independence cannot be ascribed with 
certainty to any particular electronic interaction. 

Lastly, for both the sulfur and oxygen conl- 
pounds studied the experimental data indicate 
a slightly different g value for the cis and trans 
isomers. Consistently, g ,,,,, is greater than g,,, 
by ca. 2.0 x 10-5. Since the first report (6) of 
this g value displacement between stereoisomers, 
several other examples have been noted (I,  
22-24) and the effect, therefore, appears to 
represent a general phenomenon. 

Acknowledgments 
The authors are indebted to the late Mr. A. B. 

Barabas for excellent technical assistance and 
to the National Research Council of Canada 
for a studentship (to P. D. S.) and financial 
assistance. This research was also supported, in 
part, by the National Cancer Institute of Canada, 
by the Defence Research Board of Canada, 
grant number 1675-04, and by the U.S. Public 
Health Service Research Grant RH00392, 
National Center for Radiological Health. 

1. W. F. FORBES, P. D. SULLIVAN, and H. M. WANG. J. 
Am. Chem. Soc. 89. 2705 (1967). 

2. AIB. BARABAS, W.'F. FORBES, and P. D. SULLIVAN. 
Can. J. Chem. 45, 267 (1967). 



FORBES AND SULLIVAN: ORGANIC AND BIOLOGICAL SPECTROCHEMICAL STUDIES. XXV 323 

3. W. GORDY, W. B. ARD, and H. SHIELDS. Proc. 14. P. D. SULLIVAN. Unpublished information. 
Natl. Acad. Sci. U.S. 41, 983 (1955). 15. E. T. STROM and G. A. RUSSELL. J. Am. Chem. 

4. A. ZWEIG, W. G. HODGSON, W. H. JURA, and D. L. SOC. 87, 3326 (1965). 
MARICLE. Tetrahedron Letters, No. 26,1821 (1963). 16. A. ZWEIG and J. E. LEHNSEN. J. Am. Chem. Soc. 

5. W. F. FORBES and P. D. SULLIVAN. J. Am. Chem. 87, 2647 (1965). 
SOC. 88, 2862 (1966). 17. W. GORDY and H. SHIELDS. Proc. Natl. Acad. Sci. 

6. W. F. FORBES and P. D. SULLIVAN. Can. J. Chem. U.S. 46, 1124 (1960). 
44, 1501 (1966). 18. C. C. PRICE and S. OAE. Sulfur bonding. Ronald 

7. A. D. MCLACHLAN. Mol. Phys. 3, 233 (1960). Press Co., New York. 1962. pp. 13-16. 
8. E. A. C. LUCKEN. Theoret. Chim. Acta, 1, 397 19. E. W. STONE and A. H. MAKI. J. Chem. Phys. 37, 

(1963). 1326 (1962); 38, 1254 (1963). 
9. A. ZWEIG and W. G. HODGSON. Proc. Chem. Soc. 20. T. M. MCKINNEY and D. H. GESKE. J. Am. Chem. 

417 (1964). SOC. 89, 2806 (1967). 
10. R. ZAHRADNIK. Advan. Heterocyclic Chem. 5, 1 21. D. H. GESKE. Progr. Phys. Org. Chem.4,125(1967). 

(1965). 22. J. V. RAMSBOTTOM and W. A. WATERS. J. Chem. 
11. I. BERNAL, P. H. RIEGER, and G. K. FRAENKEL. J. Soc. B, 220 (1966). 

Chem. Phys. 37, 1489 (1962). 23. H. C. HELLER and H. C. YAO. R61, Abstracts, 
12. A. CARRINGTON and I. C. P. SMITH. Mol. Phys. 153rd ACS Meeting, April 1967. 

9, 140 (1965). 24. C. CORVAJA, P. L. NORDIO, and G. GIACOMETTI. J. 
13. E. W. STONE and A. H. MAKI. J. Chem. Phys. 38, [Am. Chem. Soc. 89, 1751 (1967). 

1999 (1963). 



NOTES 

Organic and biological spectrochemical studies. XXVI. E.s.r. spectra of 
the 4,4'-dimethoxybiphenyl cation radical' 

W. F. FORBES AND P. D. SULLIVAN~ 
Departmetlt of Cllemistry, Utliversity of Waterloo, Wnterloo, Ontnrio, ntld 

Depnrttnetlt of Biochemistry, Ut~iversity of Rocl~ester, Rocllester, N. Y. 
Received July 26, 1967 

The electron spin resonance (e.s.1.) spectrum of 4,4'-dimethoxybiphenyl in aluminium chloride-nitro- 
methane is remarkably temperature dependent. The changes are explained by postulating the rapid 
interconversion of conforniational isomers, leading to line-width alternation. 

Canadian Journal of Chern~stry, 46, 325 (1968) 

The electron spin resonance (e.s.r.) spectrum of lines with splitting constants 1.89 G) give rise to  
the cation radical of 4,4'-dimethoxybiphenyl has only three lines (splitting 3.78 (2 x 1.89) G), and 
previously been reported (1, 2), but the spectra a t  -60 "C, instead of four equivalent splittings 
were not resolved completely. Further investi- of 0.79 G, three lines with splittings of 1.58 
gation of this radical in aluminium chloride - (2 x 0.79) G are observed. 
nitromethane at different temperatures afforded ' This of five lines with splitting 
spectra as shown (Fig. l(a-c)). The spectra a t  constant a reducing to three lines with splitting 
-20 "C and -60 "C (Figs. l a  and lc) could be constant 2a is ascribed to line-width alternation 
analyzed in terms of 12 interacting protons and the effect is confirmed by the observed 
(Table I), suggesting the presence of a species change in the intensities of the five lines separ- 
other than the 4,4'-dimethoxybiphenyl radical ated by 0.79 G. That is, at -36 "C, instead of a 
cation, which would be expected to give 14 quintet of relative intensity 1 :4:6:4:1, the lines 
proton splittings. It  is difficult to postulate a of relative intensity 4 have decreased, whereas 
likely species having 12 interacting protons. those of relative intensity 1 have increased, 
However, the spectra can be explained by assum- relative to the central line (see Fig. 16). Since 
ing that the splitting constants are modified as cis-trans isomers have previously been postulated 
shown in Table I. That is, it is assumed that a t  for related molecules, such as p-dimethoxy- 
-20 "C, 4 equivalent protons (predicted five benzene (3), and can account for line-width 

TABLE I 
Predicted and actual splitting constants (in gauss) for the 4,4'-dimethoxybiphenyl cation radical. 

(Apparent number of equivalent protons in parentheses) 

Ring splittings 

OMe- splittings 0- m- 

Predicted* : 1.78 (6) 1.89 (4) 0.79 (4) 

Actualf : -20°C 1 .783 (6) 3.781 (2) 0.79, (4) (g=2. 00306) 

-60°C 1 .783 (6) 1 .582 (2) 2.192 (2) 1 .582 (2) (g=2.0O3O6) 

'The "pred~cted"spectrum would be expected to be obrerved at hlgher temperatures. 
tThe spectrumat -20°C was completely analyzed through carefulanalysls of the wlng llnes and by computed slmulatlon. 

The agreement at -60 "C was less sat~sfactory, but the maln llnes are well accounted for by the values glven. 

lFor Part XXV in this series, see ref. 7. 
ZPresent address: Department of Chemistry, Univer- 

sity of Minnesota, Minneapolis, Minn. 
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Frc. 1. Electron spin resonance spectrum of 4,4'-dimethoxybiphenyl in aluminium chloride - nitromethane a t  
(a) -20 "C, (b) -36 "C, and (c) -60 "C. 

alternation, the present alternation also suggests 
the presence of conformational isomers. More 
specifically, a four-jump model (4) is postulated 
in which the spin densities on the ring hydrogens 
in the cis and trans isomers are equal. This 
implies that the cis and trans forms are of com- 
parable stability and that the conformatio~l of the 
~nethoxy groups does not affect the spin density 
in the opposite ring. 

An alternative explailatio~l of the temperature 
effect is to assume localization of unpaired 

spin density on only one ring at low temperatures 
(5). However, this explanation is rejected because 
the methyl proton splittings remain constant 
within the investigated temperature range (see 
Table I) and the observed maximal ultraviolet ab- 
sorptions near 810 and 740 mp at -k20 "C do not 
indicate locally excited states (cf. the absorption 
maxima at 440 and 460 mp for thep-dimethoxy- 
benzene cation radical under similar conditions). 

It remains to assign the two sets of four ring 
splittings given in Table I to the o- and in-posi- 
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tions (relative to the central C-C bond) respec- 
tively. This is done by comparison with the 
e.s.r. spectrum of the 3,3',5,5'-tetramethyl-4,4'- 
biphenol cation radical which shows four equiva- 
lent splittings of 1.83 G, indicating that the 
splittings of 1.89 G should be associated with 
the o-positions. An interesting feature is that 
molecular orbital calculations using normal 
parameters (3) do not afford the experimentally 
observed greater splittings for the o-hydrogens. 
However, if a bond order of > ca. 1.6 (which 
seems high, although a bond order of > 1 is 
necessary to rationalize the observed cis-trans 
isomerism) is ascribed to the central C-C bond, 
the ratio of the ring splitting constants reverts to 
that experimentally observed. 

Similar effects have also been obtained for 
4,4'-biphenol and 4,4'-diethoxybiphenyl. 

were determined, and computer programs used, as de- 
scribed previously (3, 6). 
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A number of disubstituted hydroxamic acids were investigated as possible replacements for benz- 
oylphenylhydroxylamine in the determination of vanadium; none is superior. At 378 mp, p-phenylazo- 
benzoylphenylhydroxylan~ine shows a marked sensitivity increase but selectivity is poor. In the visible 
region, there is an increase in molecular extinction coefficient as the reagent n. system is extended; how- 
ever, complete coplanarity of the aromatic and metal chelate rings is not possible and the increase is not 
large enough to be of much practical value. 
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A disubstituted hydroxamic acid, N-benzoyl- 
phenylhydroxylamine (BPHA), provides a rapid 
and selective method for the determination of 
vanadium (1); it is extremely valuable for the 
direct determination of small amounts of 
vanadium in ores, alloys, petroleun~ products, 
and biological inaterials (2). In strong hydro- 
chloric acid mediuitl vanadium(V) reacts with 
BPHA to form a 1 :2  species (3), (C13H1002N)2- 
VO2H2C1, which is extracted by chloroform; 
the purple-colored extract has a maximuin 
absorption at 530 mp and a molecular extinction 
coefficient of 4.5 x 103 l/mole cm. A number of 

]Abstracted from the M.Sc. Thesis of R. M. Cassidy. 

similar disubstituted hydroxamic acids have been 
recominended for the determination of vanadium 
(4-S), but, apart from some increase in sensitivity 
of reaction, they do not show any particular 
advantage over BPHA. 

Transition illetals are capable of forming T 
bonds with complexing ligands and can act as 
links in extending T systems from one chelating 
molecule to another. If the absorption band of 
the con~plex for~ned from the reaction of vana- 
dium with BPHA is influenced by T bonding, 
changes in the aroinaticity of the organic mole- 
cule might significantly affect sensitivity. The 
molecular extinction coefficient of a molecule 
can be quite sinlply related to the probability of 
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tions (relative to the central C-C bond) respec- 
tively. This is done by comparison with the 
e.s.r. spectrum of the 3,3',5,5'-tetramethyl-4,4'- 
biphenol cation radical which shows four equiva- 
lent splittings of 1.83 G, indicating that the 
splittings of 1.89 G should be associated with 
the o-positions. An interesting feature is that 
molecular orbital calculations using normal 
parameters (3) do not afford the experimentally 
observed greater splittings for the o-hydrogens. 
However, if a bond order of > ca. 1.6 (which 
seems high, although a bond order of > 1 is 
necessary to rationalize the observed cis-trans 
isomerism) is ascribed to the central C-C bond, 
the ratio of the ring splitting constants reverts to 
that experimentally observed. 

Similar effects have also been obtained for 
4,4'-biphenol and 4,4'-diethoxybiphenyl. 

were determined, and computer programs used, as de- 
scribed previously (3, 6). 
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ever, complete coplanarity of the aromatic and metal chelate rings is not possible and the increase is not 
large enough to be of much practical value. 

Canadian Journal of Chemistry, 46, 327 (1968) 

A disubstituted hydroxamic acid, N-benzoyl- 
phenylhydroxylamine (BPHA), provides a rapid 
and selective method for the determination of 
vanadium (1); it is extremely valuable for the 
direct determination of small amounts of 
vanadium in ores, alloys, petroleun~ products, 
and biological inaterials (2). In strong hydro- 
chloric acid mediuitl vanadium(V) reacts with 
BPHA to form a 1 :2  species (3), (C13H1002N)2- 
VO2H2C1, which is extracted by chloroform; 
the purple-colored extract has a maximuin 
absorption at 530 mp and a molecular extinction 
coefficient of 4.5 x 103 l/mole cm. A number of 

]Abstracted from the M.Sc. Thesis of R. M. Cassidy. 

similar disubstituted hydroxamic acids have been 
recominended for the determination of vanadium 
(4-S), but, apart from some increase in sensitivity 
of reaction, they do not show any particular 
advantage over BPHA. 

Transition illetals are capable of forming T 
bonds with complexing ligands and can act as 
links in extending T systems from one chelating 
molecule to another. If the absorption band of 
the con~plex for~ned from the reaction of vana- 
dium with BPHA is influenced by T bonding, 
changes in the aroinaticity of the organic mole- 
cule might significantly affect sensitivity. The 
molecular extinction coefficient of a molecule 
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TABLE I 
Analytical results 

Compound 

Xmnx in mp Molecular extinction 
for vanadium coefficicnt x 10-3 for 

Melting point ("C) complex vanadium complex 

150 
(decomposes slowly) 

147 
(decomposes slowly) 

0 OH 
200 

(decomposes slowly) 
I 

0 OH 
178-179 

(melts with 
decomposition) 

transition, a statistical factor, and the molecular 
diineilsions of the absorbing species (9). If 
changes are made in the aromaticity and thus 
also the size of the BPHA molecule, significant 
changes in the molecular extinction coefficient 
may result; no alteration of selectivity should 
occur since basic structural characteristics would 
remain unaltered. With these ideas in mind, a 
number of disubstituted hydroxamic acids were 
prepared in the hope of developing a reagent 
that would show a large increase in sensitivity 
over BPHA in its reaction with vanadium. 

Experimental 
Pveparatiotz of Reaget~ts 

The following compounds were prepared and purified 
by procedures previously described (10, 11): cyclohex- 
anoylphenylhydroxylamine (I), benzoylphenylhydroxy1- 
a~nine (2), benzoyl-4-biphenylhydroxylamine (3), benzoyl- 
4-fluorylhydroxylamine (4), 4-phenylbenzoyl-4-biphenyl- 
hydroxylamine (3, and p-phenylazobenzoylphenylhy- 
droxylamine (6). Compound 6, when recrystallized from 
an ethanol-water mixture, forms flaky red-orange 

crystals which melt at 178-179 "C with decomposition. 
The nuclear magnetic resonance (n.m.r.) spectrum shows 
a complex structure at 2.8 r (phenyl hydrogens) and a 
single peak at -0.5 (oxime hydrogen); integration is in 
the expected ratio of 14:l. Attempts to prepare o-phenyl- 
benzoyl-Zbiphenylhydroxylamine, o-naphthoyl-a-naph- 
thylhydroxylamine, and 9-anthroyl-9-anthrylhydroxyl- 
amine were not very successful; the crude reaction 
products would react with vanadium in certain instances 
but purified compounds were not obtained. Except for 
compound 6, these hydroxamic acids are white and their 
chloroform solutions show little or no absorption in the 
visible region of the spectrum. 

Proced~ire for Determinatioti of Vat~adium 
Five milliliters of solution containing a known amount 

of vanadium (-0.2 mg) were added to a separatory 
funnel and an equal volume of concentrated hydro- 
chloric acid was added. Four milliliters of a 0.5 % 
solution of the reagent in chloroform were added and the 
organic layer diluted to about 10 ml with chloroform. 
The funnel was shaken vigorously, the phases allowed to 
separate, and the organic phase transferred to a 50 n ~ l  
volumetric flask. The aqueous layer was extracted again 
with 10 ml of chlorofornl. The combined extracts were 
diluted to the mark with chloroform and the spectrum 
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WAVELENGTH ( m q )  CONCENTRATION of V A N A D I U M  (ag/rnl) 

FIG. 1. Absorption spectra: (1) 4.6 x 10-3 M vanadium-BPHA complex; (2) 3.68 x 10-5 M vanadium4 
complex ; (3) 2.0 x 10-4 M 6. 

FIG. 2. Beer's law plots for vanadium4 complexes: (1) at 378 mp; (2) at 550 mp. 

recorded in a 1 cm cell, using a Bausch and Lomb 
Spectronic 505 recording spectrophotometer; chloroform 
served as a blank except for compound 6 where a reagent 
blank was necessary. The results are shown in Table I. 

Results and Discussion 

Although there is an increase in the molecular 
extinction coefficient as the reagent n system is 
extended, there is no large increase in the 
sensitivity of reaction for vanadium in the visible 
region of the spectrum; complete coplanarity of 
the aromatic rings with the metal chelate ring 
is no more possible with these conlpounds than 
with BPHA and there is no large increase in " 
molecular extinction coefficient as a result of a n 
system extending over the entire chelate mole- 
cule. However, the p-phenylazobenzoylphenyl- 
hydroxylamine (6) complex exhibits a strong 
absorption at 378 mp in addition to that a t  
550 mp, and the molecular extinction coefficient 
is almost three times that with BPHA. This high 
sensitivity prompted further investigation of the 
possible use of this compound for the practical 
determination of vanadium. 

Figure 1 shows the absorption spectrum of 6 
and its vanadium complex in chloroform; a 
typical spectrum for complexes of the other 
compo~~nds is shown for comparison. If measure- 
ments are made at 550 mu. 6 is similar to BPHA , , 

in its reaction with vanadium and is subject to 
the same limited number of interferences; there 
is a 40-45 % increase in seilsitivity of reaction. 

At 378 mp there is a sharp absorption peak, 

the sensitivity is increased by almost a factor of 
three, and vanadium can be determined with an 
accuracy of 1 %. However, selectivity at 378 mp 
is very poor and apparent deviations from Beer's 
law occur at high vanadium concentrations. At 
this wavelength the titanium, zirconium, and 
niobium complexes that are extracted interfere 
seriously by absorption of light, although no 
interference occurs, except at high metal con- 
centrations, at 550 mp. Deviations from ideality 
for absorbance-concentration plots are caused 
by overcompensation by reagent blank for 
reagent in sample. Con~pound 6 absorbs light 
a t  378 mp and the amount of 6 reacting, with 
the concentrations used, is no longer negligible 
compared with the total amount of reagent 
added; the linear plot obtained from measure- 
ments made at 550 mp on these solutions shows 
that deviation is not caused by incomplete 
reaction. 

Despite increased sensitivity, p-phenylazo- 
benzoylphenylhydroxylamine cannot be reconl- 
mended over BPHA. At 378 mp, where there is 
a worthwhile increase in sensitivity, the selec- 
tivity is poor. At 540 mp, where selectivity is 
good, the small sensitivity increase of 45 % does 
not make the use of 6 much more attractive, 
particularly in view of the ready availability and 
ease of preparation and purification of BPHA. 

Conclusions 
None of the compounds prepared can be 

reasonably recommended as superior to BPHA 
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for determining vanadium and similar reserva- 
tions must be held for other disubstituted 
hydroxamic acids reported in the literature (48) .  
One of these compounds, N-cinnamoylphenyl- 
hydroxylamine ( 9 ,  is of interest; it is a pale- 
green solid whose vanadium complex has a 
molecular extinction coefficient ( E  = 6.3 x 103 
l/mole cm) similar to 6.  Here, however, the 
increase in E can be attributed to the presence of 
the HC=CH group which permits greater 
coplanarity of the aromatic rings with the metal 
chelate rings. It is probable that a more sensitive 
reagent for vanadium would result if a second 
HC=CH group could be introduced, so that 
both aromatic rings were coplanar with the 
chelate ring; a compound such as 

C6Hs-CH=CH-C-N-CH=CH-C6H5 
I1 I 
0 OH 

could replace BPHA as a colorimetric reagent for 
metals if it could be easily prepared and purified. 
BPHA, at the moment, remains the most prac- 

tical and useful reagent for determining trace 
amounts of vanadium. 
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Concerning the preparation of anhydrous hydrogen peroxide 
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Preparation of pure anhydrous hydrogen peroxide has been attempted by a literature method which 
involves extraction of the aqueous solution with diethylether, followed by fractional distillation under vac- 
uum. Mass spectrometric analysis shows that the product is seriously impure, and indicates that a reaction 
has occurred between the ether and hydrogen peroxide. 

Canadian Journal of Chemistry, 46, 330 (1968) 

Schmidt and Bornmann (1) have recently 
described an attractively simple procedure for 
preparing anhydrous hydrogen peroxide in small 
quantities. The procedure involves adding 100 
cc of pure diethyl ether to 10 g of a 90 % to  98 % 
aqueous solution of hydrogen peroxide and dry- 
ing the separated ether layer by gently shaking 
for several minutes with granular calcium 
chloride. Dehydration of the ethereal solution 
is completed by two successive treatments with 
pl~osphorus pentoxide, and anhydrous hydrogen 
peroxide is then recovered by distillation under 
vacuum. 

We have attempted to make small quantities 
of water-free hydrogen peroxide by this method. 
The procedure adopted was identical with that 

recommended by Schmidt and Bornmailil except 
for the following minor modifications: (i) we 
found it necessary to dry the ethereal solution 
over calcium chloride for at least 1 h to prevent 
ail over-vigorous evolution of heat on treatment 
with phosphorus pentoxide and (ii) the treatment 
with pl~osphorus pentoxide was carried out 
three times. The diethyl ether was removed on 
a water pump, and the residue distilled at 
45-50 "C under a good rotary puillp vacuum, 
only the 111iddle 50% of the distillate being col- 
lected. (Schmidt and Bornmann state that 
80-90% can be collected.) The ether used was 
taken from a freshly opened sealed can of 
Eastman Organic Chemicals Spectro grade 
dietliyl ether. This is a highly purified grade with 
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for determining vanadium and similar reserva- 
tions must be held for other disubstituted 
hydroxamic acids reported in the literature (48) .  
One of these compounds, N-cinnamoylphenyl- 
hydroxylamine ( 9 ,  is of interest; it is a pale- 
green solid whose vanadium complex has a 
molecular extinction coefficient ( E  = 6.3 x 103 
l/mole cm) similar to 6.  Here, however, the 
increase in E can be attributed to the presence of 
the HC=CH group which permits greater 
coplanarity of the aromatic rings with the metal 
chelate rings. It is probable that a more sensitive 
reagent for vanadium would result if a second 
HC=CH group could be introduced, so that 
both aromatic rings were coplanar with the 
chelate ring; a compound such as 

C6Hs-CH=CH-C-N-CH=CH-C6H5 
I1 I 
0 OH 

could replace BPHA as a colorimetric reagent for 
metals if it could be easily prepared and purified. 
BPHA, at the moment, remains the most prac- 

tical and useful reagent for determining trace 
amounts of vanadium. 
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Concerning the preparation of anhydrous hydrogen peroxide 

J. E. DOVE AND J. RIDDICK 
Depnrtn~ellt of Cf~emistry, U~~iversity of Tororlto, Tot.o~~to, 01ztario 

Received June 13, 1967 

Preparation of pure anhydrous hydrogen peroxide has been attempted by a literature method which 
involves extraction of the aqueous solution with diethylether, followed by fractional distillation under vac- 
uum. Mass spectrometric analysis shows that the product is seriously impure, and indicates that a reaction 
has occurred between the ether and hydrogen peroxide. 

Canadian Journal of Chemistry, 46, 330 (1968) 

Schmidt and Bornmann (1) have recently 
described an attractively simple procedure for 
preparing anhydrous hydrogen peroxide in small 
quantities. The procedure involves adding 100 
cc of pure diethyl ether to 10 g of a 90 % to  98 % 
aqueous solution of hydrogen peroxide and dry- 
ing the separated ether layer by gently shaking 
for several minutes with granular calcium 
chloride. Dehydration of the ethereal solution 
is completed by two successive treatments with 
pl~osphorus pentoxide, and anhydrous hydrogen 
peroxide is then recovered by distillation under 
vacuum. 

We have attempted to make small quantities 
of water-free hydrogen peroxide by this method. 
The procedure adopted was identical with that 

recommended by Schmidt and Bornmailil except 
for the following minor modifications: (i) we 
found it necessary to dry the ethereal solution 
over calcium chloride for at least 1 h to prevent 
ail over-vigorous evolution of heat on treatment 
with phosphorus pentoxide and (ii) the treatment 
with pl~osphorus pentoxide was carried out 
three times. The diethyl ether was removed on 
a water pump, and the residue distilled at 
45-50 "C under a good rotary puillp vacuum, 
only the 111iddle 50% of the distillate being col- 
lected. (Schmidt and Bornmann state that 
80-90% can be collected.) The ether used was 
taken from a freshly opened sealed can of 
Eastman Organic Chemicals Spectro grade 
dietliyl ether. This is a highly purified grade with 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 33 1 

TABLE I 
Mass spectra of distillate, diethyl ether solvent, and 98 % hydrogen peroxide 

Relative peak height 

Distillate Diethyl ether Hydrogen peroxide 

tn/e 50 volts 20 volts 50 volts 20 volts 50 volts 

stated impurity levels below 0.01 %. All glass- 
ware was cleaned by soaking for 24 h in con- 
centrated nitric acid and then thoroughly 
leached with distilled water. 

The collected distillate was analyzed mass 
spectroinetrically on a Bendix time-of-flight 
mass spectrometer. The relative heights of the 
main peaks in the mass spectrum at two settings 
of the energy of the ionizing electrons are given 
in Table I, together with the corresponding 
figures for the diethyl ether solvent. It is apparent 
that the vapor from the "anhydrous hydrogen 
peroxide" contains a large proportion of some 
organic impurity, and that the impurity is not 
ether solvent. Hydrogen peroxide vapor decom- 
poses fairly rapidly in the stainless steel inlet 
of the mass spectrometer and, indeed, an attempt 
to analyze the original hydrogen peroxide gave 
a spectrum (Table I) which indicated consider- 
able deconlposition to H 2 0  and 0 2  in the inlet 
system. This, however, in no way explains the 
Inass spectrum of the distillate. 

We have not attempted additional experi- 
ments to  identify the impurity, but the results 
quoted above strongly suggest that it is formed 
in a chemical reaction involving the ethyl ether 
and hydrogen peroxide. Although the physical 
properties of this system have been studied in 
some detail (2), there does not appear to be any 
previous record of a reaction between these two 
compounds. However, hydrogen peroxide has 
been found to react with certain substituted 
ethers and unsaturated ethers (3). Moreover, the 
-CH2- groups of ethyl ether are known to be 
relatively susceptible to oxidative attack (4, 5). 

Comparison of the mass spectrunl of the 
distillate with standard inass spectra (6, 7) did 
not yield any positive identification. However, 
the main features of the spectrum, including large 
peaks at nzle = 31 (CH30+), 43 (CH3CO+), and 
45 (C2HjO+ or HC02+) suggest a fairly com- 
plex oxygenated compound or mixture of 
compounds. The highest mass observed, ~nle  
= 87, is allnost certainly a fragment, so that the 
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corresponding heavier parent ion is presumably Oil Limited. We wish to thank Professor P. A. 
unstable and hence does not appear in the mass Gigukre for a helpful discussion. 
spectrum. 

We conclude that the preparation of anhy- 
drous hydrogen peroxide by this method can 
produce a seriously impure sample, and that all 
such samples should be carefully analyzed. Ether 
extraction has in fact been used for hydrogen 
peroxide purification by a number of previous 
workers (8) and can lead to serious explosions 
(9). It is therefore imperative to employ the 
appropriate safety precautions (1, 8, 10). This 
is particularly the case since our work indicates 
that organic peroxides may be formed, and 
many of these are known to be highly sensitive 
and dangerous explosives (10, 11). We therefore 
suggest that the alternative method of fractional 
crystallization (12), which does not require the 
use of other chemicals, may be more reliable in 
yielding a highly pure product. The improve- 
ments to the crystallization method suggested 
by Gigukre (13) appear to have made it relatively 
straightforward. 
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P'rifluoromethylfluoroformate 

TIMOTHY JOHNSTON, JULIAN HEICKLEN,~ AND WAYNE STUCKEY 
Aerospace Corporation, El  Segurrdo, California 

Received July 11, 1967 

Trifluoromethylfluoroformate (CF30CFO) was produced as a secondary product in the mercury- 
photosensitized oxidation of 2-C,Fs. It was identified by its mass, infrared, and fluorine n.m.r. spectra, as 
well as by vapor density and physical property determinations. 

Canadian Journal of Chemistry, 46. 332 (1968) 

The only published report of C F 3 0 C F 0  was 
by Aymonino (I), who produced it from the 
photolysis of a inixture of C F 3 0 F  and CO, 
listed some of its physical properties, and 
reported its infrared spectrum. We wish to 
report the formatioil of CF30CF0  as a second- 
ary product in the mercury-sensitized oxidation 
of 2-C4Fs. In addition to the properties reported 

'Present address: Department of Chemistry, Penn 
State University, University Park, Pennsylvania 16802. 

by Aymonino, we have also obtained the mass 
and fluorine nuclear magnetic resonance (n.m.r.) 
spectra. 

In the mercury-photosensitized oxidation of 
2-C4Fs, it was observed (2) that the rate of 
formation of CF3CF0 decreased as the expo- 
sure time was lengthened. Simultaneously, a 
secondary product was formed. Thus, it appeared 
that CF3CF0 decomposed (presumably by 
mercury sensitization) to ultimately yield the 
secondary product. To check this hypothesis, 
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listed some of its physical properties, and 
reported its infrared spectrum. We wish to 
report the formatioil of CF30CF0  as a second- 
ary product in the mercury-sensitized oxidation 
of 2-C4Fs. In addition to the properties reported 
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by Aymonino, we have also obtained the mass 
and fluorine nuclear magnetic resonance (n.m.r.) 
spectra. 

In the mercury-photosensitized oxidation of 
2-C4Fs, it was observed (2) that the rate of 
formation of CF3CF0 decreased as the expo- 
sure time was lengthened. Simultaneously, a 
secondary product was formed. Thus, it appeared 
that CF3CF0 decomposed (presumably by 
mercury sensitization) to ultimately yield the 
secondary product. To check this hypothesis, 
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we examined the mercury-sensitized oxidation 
of C3F6 for lengthy exposures, where CF3CF0 
is also produced, and observed the same results. 

The secondary product was isolated by gas 
chromatography, utilizing a 20 ft column com- 
posed of 20% fluorolube FS-5 on firebrick at 
0 "C. The retention time of the secondary 
product was identical with that for perfluoro- 
propyleneoxide, another product in the C3F6 
system. Since with 2-C4Fs, pe~uoropropylene- 
oxide is not produced, a clean separation could 
be effected in this system. Gas density measure- 
ments of the secondary product gave a molecular 
weight of 131 compared with the expected value 
of 132 for CF30CF0.  

FIG. 1. Mass spectrum of CF30CF0 at an ionizing 
voltage of 70 eV. 

The mass spectrum of the product is sum- 
marized in Fig. 1. In order to co~npensate for 
any material bleeding from the column, a sample 
was collected at the appropriate retention time 
from an unexposed mixture of 2-C4Fs and 02.  
This background mass spectrum indicated 
small anlounts of fluorocarbons containing no 
oxygen. The sample from the photolyzed mix- 

ture gave intense peaks at m/e 28(CO+), 
44(C02+), 47(FCO+), 66(CF20+), 69(CF3+), 
and 85(CF30+). The peak of highest m/e is at 
132 and must correspond to the parent molecule 
ion. The low intensity of the parent ion is a 
common feature of fluorocarbon mass spectra. 
Significantly, there are no peaks suggesting a 
carbon-carbon bond. The mass spectrum clearly 
indicates that the molecule is CF30CF0.  

The infrared spectrum, shown in Fig. 2, 
supports the identification as CF30CF0.  The 
spectrum is simple with bands at 5.28, 7.70, 
7.93, 8.50, 9.80, 11.20, 13.05, and 15.0 p. The 
prominent band at 5.28 p, characteristic of the 
-CFO group, is slightly shifted from the value 
of 5.25 p reported by Aymonino (1). The bands 
at 7.7 to 8.5 p can easily be associated with the 
intense C-F bond stretching vibrations. 
Except for the band 5.28 p and the weak band at 
11.20 p not reported by Aymonino, the frequen- 
cies of all the other bands correspond to those 
previously reported (1). The extinction coefficient 
(to base 10) for the 5.28 p band was found to be 
512 j= 28 l/mole cm. 

Final confirmation of the identification of 
CF30CF0  comes from the fluorine n.m.r. 
spectrum which showed a doublet with a 
chemical shift centered at 14.20 p.p.rn. and a 
quartet with a chemical shift centered at 59.68 
p.p.m., both downfield and with respect to 
CF3COOH. The integrated area of the doublet 
was three times that of the quartet. Thus the 
spectrum indicates two sets of fluorine atoms; 
one consisting of one fluorine atom, and the 
other consisting of three equivalent fluorine 
atoms. The relatively weak splitting of the bands 
of 10.3 cycles/s infers that the two sets of fluorine 
atoms are not bonded to adjacent atoms in the 
molecule. 

The vapor pressure curve of CF30CF0  
yielded a heat of vaporization of 6.1 kcal/mole 
between 169 and 238 "K. The boiling point was 
at 238 OK, which gives a value of 25.5 for 
Trouton's constant. Our values correspond 
favorably to the values of 6.3 kcal/mole and 
237 "K reported by Aymonino for the heat of 
vaporization and the extrapolated boiling point 
respectively. 

It is interesting to speculate on the formation 
of CF30CF0.  Presumably the initial step is [I]. 
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Fig. 2. Infrared spectrum of 2.57 Torr CFaOCFO. 

The radicals can then oxidize, possibly forming reactions [4] and [5] to be important, the 
C F 3 0  and FC02. There are four reactions chain length should be small. 
involving these radicals which could produce 
CF30CF0.  Acknowledgments 

121 C F 3 0  + FCO --+ CF3OCFO The authors wish to thank Professor Robert 
Taft for providing the facilities for the fluorine 

13 I CF3 + FCOz + CF3OCFO n.m.r. spectrum and Mr. Vester Knight for aid 
141 C F 3 0  + CF3CF0 -+ C F 3 0 C F 0  + CF3 in preparing the samples. 

151 FCOz + CF3CF0 --t CF3OCFO + FCO 1. P. J. AYMONINO. Chern. Cornrnun. 241 (1965). 
Tile last two reactions are chain steps. It did not 2. & o H ~ ~ ~ ~ ~ ~ ~ N ( ~ ~ ~ ~ 4 ~ - ~ ~ K ~ ; s p ~ ~ ~ ~ ~ ~ ~ $ ~ { ~ ~ ~  
appear that a long chain was involved. Thus for EI Segundo, California (1967). 

Mixed ligand complexes of cadmium(I1) 

B. PAUL AND D. V. RAMANA RAO 
Depnrtr~~etrt of Clretnistry, Regiotlnl Etrgitreeritig College, Rourkeln-8 (Orissa), Ztlclin 

Received May 18, 1967 

Trichloro or tetrachloro cadmium(I1) conlpounds were reacted with thiourea in ethanolic medium 
and mixed ligand anionic complexes having the fornlula M+(CdCl,.tu)-, where M is tetraethyl ani- 
nlonium, tetraphenyl arsonium, and tetraphenyl phosphonium, have been characterized. The infrared 
spectra indicate the presence of both the quaternary halide and thiourea. 

Canadian Journal  of Chemistry, 46, 334(1968)  

Previous work (1-4) in our laboratories sunlmarized by Chatt et a] .  (5). It was thought 
revealed that dl0 metal ions like Zn(II), Cd(II), worthwhile to investigate whether a stable 
and Hg(I1) form stable four-coordinated coin- complex can be formed containing hetero- 
plexes with a variety of ligands containing geneous ligand atoms. Earlier, several thiourea 
different donor atoms. The relative affinities of complexes of cad~nium(II) obtained by the 
ligand atoms for different acceptors have been direct reaction of cadmium chloride or nitrate 
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NOTES 

TABLE I 

Analysis, melting point, and molar conductance of mixed ligand complexes of 
cadmium(I1) 

Melting % cadmium % halogen 
point A N  

Complex ("C) Found Reqd. Found Reqd. (mhos) 

TABLE I1 

Infrared spectra of the mixed ligand complexes of cadmium(I1) (cm-1) 

Et4N+ Ph4As+ P h 4 P  tu [Et4N][CdCl3. tu] [Ph4As][CdC13. tu] [Ph4P][CdC13. tu] 

740 (br) 705 w 710 s 740 s 758 vs 745 vs 
800 vs 760 br 742 vs 1 095 s 763 w 762 s 

1 020 vs 1015 w 778 w 1 420 s 798 vs 772 vs 
1 070 w 1 095 s 1018 w 1 016 vs 1 000 vs 1 476 w 
1 180vs 1 122vs 1 610 s 1 100 w 1 025 sw 

1 180vs 1 090 vs 
1 630 vs 1 630 vs 
1 640 s 

AnnREvlATlo~s: s, sharp; vs, very sharp; w, weak; br, broad. 

with thiourea were reported (6-10) in the 
literature. In this communication, we report 
mixed ligand anionic complexes obtained by 
reacting trihalo or tetrahalo cadmium(I1) com- 
pounds with thiourea in ethanolic medium. They 
have the formula M+[CdC13. tu]- where M is 
tetraethyl ammonium, tetraphenyl arsonium, or 
tetraphenyl phosphonium cation. 

Experimental 
Tetroerkyl Amrnorrirrm Triclrloro Morrotlriourea 

Can'rniunr (11) 
To a suspension of freshly prepared tetraethyl ammon- 

ium trichloro cadmium(II), [Et4N:I[CdC13], in alcohol 
was added thiourea in 1 :2  ratio. No change took place 
immediately but on refluxing for 3 h a clear solution was 
obtained. When this was cooled overnight, a shining 
crystalline compound separated and was washed with 
ethanol followed by ether and dried irl vacrto. Alter- 
natively, a suspension of dichloro bis-thiourea cadmium- 
(II), Cdtu2Cl2, was reacted with tetraethyl ammonium 
chloride in 1: l  ratio. This process also resulted in a 
similar compound. 

Tetrcrplrerrj.1 Arsorrium Triclrloro Morlothiourea 
Ccrd?~ri~rrn(II) 

This compound was prepared as above by reacting a 
suspension of [Ph4As][CdC13] with thiourea in 1 : 2  ratio. 
On cooling overnight, a needle-shaped crystalline com- 
pound separated and was washed with ether and dried 
irr vaclro. 

Tetrapkerzyl Plrosphonium Tric/rloro Morrothiorrrea 
Cadmium (11) 

This compound, prepared as above, was obtained as 
beautiful shining long needles and dried in vacrro. 

Physical Measurernerrts 
All the complexes are fairly soluble in acetone. The 

conductance measurements were carried out in acetone 
medium. The analytical and conductance data are 
recorded in Table I. 

The magnetic susceptibility measurements made at 
room temperature over solid specimens using the Gouy 
method indicate that all the complexes are diamagnetic. 
The infrared spectra (i.r.) were recorded on Nujol mulls 
using a Karl-Zeiss UR-10 spectrophotometer, and the 
absorption bands in the region 5000-650 cm-1 are 
recorded in Table 11. 

Results and Discussion 
Usually cadmium(I1) ion favors the formation 

of four-coordinated tetrahedral complexes in- 
volving the use of 5s5p3 bonding orbitals. We 
had earlier reported (11) complexes containing 
the [CdCI3]- anion, presunlably having a 
diineric structure to increase the coordinatioil 
number to four. We have now observed that this 
dimeric anion breaks down to a monomeric 
form [CdCI4]2- 011 refluxing. When either of 
these two complexes was refluxed with thiourea, 
a inixed anionic complex [CdCI3. tu]- was 
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The room temperature liquid phase radiolysis of cyclohexane has been examined in the presence of C 0 2  
and of CO, with NzO. COz decreases the yields of all major products by scavenging electrons. It is 
concluded that the C 0 2  anion does not dissociate and that no precursors of cyclohexyl radicals are 
formed when it is finally neutralized by a hydrocarbon cation. No evidence that COz acts as an efficient 
0- scavenger in liquid phase cyclohexane was found. Its rate of reaction with 0- appears comparable 
to its rate of reaction with electrons. 

Canadian Journal of Chemistry, 46,336 (1968) 

Introduction 

Warman has recently suggested (I) that C 0 2  
acts as an 0- scavenger in the gas phase 
radiolysis of the propane-N20 system according 
to reaction [I]. 

[1 I 0- + C02 4 C03-. 

He further suggests that with sufficient C 0 2  
present, the nitrogen yield is a measure of the 
yield of electrons (reaction [2]), 

121 e- + N20 --, IN20-I --, N2 + 0-, 

and no nitrogen is then produced by reaction [3], 
which Johnson and Warman (2) proposed 

'Issued as A.E.C.L. No. 3 W k  
"2.q ; ;:, 

earlier to explain nitrogen yields from the gas 
phase propane-N20 system. 

[3 I 0- + N 2 0  4 Nz + Or- 

Yields of nitrogen which are larger than the 
normally accepted value of G(e-) are obtained 
from the liquid phase radiolysis of the cyclo- 
hexane-N20 system (3-6). The origin of this 
extra nitrogen yield is uncertain, although the 
suggestion has been made that reaction [3] is 
responsible (1, 5). Yields of the major liquid pro- 
ducts, bicyclohexyl and cyclohexene, are larger 
than when N 2 0  is absent (4). We have suggested 
that the increase in liquid product yields repre- 
sents that yield of electrons which, in the absence 
of electron scavengers, does not give hydrogen 
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Introduction 

Warman has recently suggested (I) that C 0 2  
acts as an 0- scavenger in the gas phase 
radiolysis of the propane-N20 system according 
to reaction [I]. 

[1 I 0- + C02 4 C03-. 

He further suggests that with sufficient C 0 2  
present, the nitrogen yield is a measure of the 
yield of electrons (reaction [2]), 

121 e- + N20 --, IN20-I --, N2 + 0-, 

and no nitrogen is then produced by reaction [3], 
which Johnson and Warman (2) proposed 

'Issued as A.E.C.L. No. 3 W k  
"2.q ; ;:, 

earlier to explain nitrogen yields from the gas 
phase propane-N20 system. 

[3 I 0- + N 2 0  4 Nz + Or- 

Yields of nitrogen which are larger than the 
normally accepted value of G(e-) are obtained 
from the liquid phase radiolysis of the cyclo- 
hexane-N20 system (3-6). The origin of this 
extra nitrogen yield is uncertain, although the 
suggestion has been made that reaction [3] is 
responsible (1, 5). Yields of the major liquid pro- 
ducts, bicyclohexyl and cyclohexene, are larger 
than when N 2 0  is absent (4). We have suggested 
that the increase in liquid product yields repre- 
sents that yield of electrons which, in the absence 
of electron scavengers, does not give hydrogen 
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The experimental procedures and sources of N20 and Albrecht using electron s ~ i n  resonance 

precursors when neutralized (4). It was therefore 
of interest to examine the radiolysis of the liquid 
phase cyclohexane-N20 system in the presence ,, 

and cyclohexane have been described (4). coz  athe he sin) (e.s.r.) ( 1 5  indicates <hat C02  may 
was used as received after removing permanent gases 
by the freeze-thaw technique. The solubility of CO2 in act as an electron scavenger in the liquid cyclo- 
cyclohexane used to calculate C02  concentrations was hexane-C02 system. 

HIORCGEI 
I CICLOHFXEIIE . BICICLollEXIL 

taken from the results of Dymond (8). PI e- + COz -+ CO2- 

of C 0 2  to see if a limiting yield of nitrogen 
could be obtained which could be equated with 
G(e-), and also to see if an 0- scavenger could 
eliminate part of the extra yields of cyclohexene 
and bicyclohexyl. 

The radiolysis of the liquid phase cyclohexane- 
C02  system was examined as well. Although 
yields of gaseous products from this system have 
been reported recently by Sato et al. (7), 
bicyclohexyl and cyclohexene yields do not CO. Inol..ll, 

appear to have been given previously. FIG. 1. Yields of hydrogen, cyclohexene, and bicyclo- 
hexyl from the cyclohexane-C02 system. Dose = 2.90 

Experimental x 1022 eV/1. 

Results and Discussion 

The major products from the radiolysis of 
cyclohexane are hydrogen, cyclohexene, and 
bicyclohexyl (9). Yields of these products in the 
presence of up to 0.9 mole of C 0 2  per liter are 
shown in Fig. 1. These yields are independent of 
dose up to 7 x 1022 eV/1. All G values are 
molecules produced for every 100 eV of energy 
absorbed in the entire system. The yields of 
major products are reduced simultaneously in a 
manner similar to that observed when SF6 is 
used as an electron scavenger (4), except that 
over five times as much C 0 2  is required. This is 
in direct contrast to the results of Sato et al. (7), 
who found SF6 and C 0 2  to have about the same 
scavenging efficiency. At least part of this 
discrepancy lies in the values of the gas solubil- 
ities used. There is a small yield of CO which 
increases with increasing C 0 2  concentration, but 
it is only 0.18 G unit at 0.845 mole11 of C02. 

Carbon dioxide is known to be inert to attack 
by atoms and has often been used as inert gas in 
systems containing H atoms (10). Hence it is 
improbable that C 0 2  is acting as an atom 
scavenger in this system. The high ionization 
potential of C 0 2  (11) indicates that charge 
transfer from the solvent to the solute is improb- 
able. The direct observation of C02- in the 
solid 3-methylpentane-C02 system by Johnson 

All yields are reduced simultaneously and no 
large yields of CO are observed. Thus C02- 
does not dissociate to any appreciable extent. 

As reaction [5] is endothermic by more than 3.6 
eV in the gas phase (13, 14), this is not surprising. 
The C02- ion will eventually be neutralized by a 
hydrocarbon cation. As all yields are reduced 
simultaneously, no precursors of hydrogen or 
cyclohexyl radicals are formed by this neutral- 
ization. 

Yields of nitrogen, cyclohexene, and bicyclo- 
hexyl when C 0 2  is added to a 0.28 M solution of 

FIG. 2. Yields of nitrogen, cyclohexene, and bicyclo- 
hexyl from the cyclohexane-N20-C02 system. m201 
= 0.28 mole/l. Dose = 2.90 x 1022 eV/1. 
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N 2 0  in cyclohexane are shown in Fig. 2. 
Hydrogen yields are reduced slightly from 2.7 
to 2.4 G units when the maximum amount of 
C 0 2  is added (1 molell). All yields are indepen- 
dent of dose to 7 x 1022 eV/l. The nitrogen 
yield is reduced smoothly to a value below the 
assumed total electron yield (4 G units) and 
the liquid product yields are reduced well 
below the yields from pure cyclohexane. Hence 
the action of C 0 2  in this system is to scavenge 
electrons as well as 0-. Asmus and Warman (15) 
have reached a similar collclusion based on 
hydrogen and nitrogen yields alone. 

At the largest concentration of C 0 2  the nitro- 
gen yield is still appreciable and the sum of the 
cyclohexene and bicyclohexyl yields (2.8 G 
units) is still larger than the hydrogen yield 
(2.4 G units), so that N 2 0  is scavenging some 
of the electrons. A plot of (G(N2Io - G(N2))-1 
against [N20]/[C02], where G(N2)0 is the yield 
of nitrogen in the absence of C02,  is curved, 
indicating that there are at least two ways in 
which the nitrogen yield is reduced. One of 
these processes is undoubtedly the competition 
of C 0 2  and N 2 0  for 0- as suggested by Warman 
(I) for the gas phase, or with some chain 
process of a type similar to that proposed by 
Holtslander and Freeman (16) for the gas phase 
N20-methylcyclohexane system. 

These results have shown that C 0 2  in irradiated 
liquid cyclohexane probably acts as a well- 
behaved electron scavenger which does not 
initiate secondary reactions. They have also 

shown that C 0 2  cannot be used as a simple 
0- scavenger. Its rate of reaction with electrons 
is comparable to or greater than its rate of reac- 
tion with 0-. 
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remaned constant, the rate of CO formation decreased significantly with an increase in the photolysis 
time. Such a lowering of the conversion rate is attributed to a light attenuation due to solid deposit 
being formed on the lamp window. 
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The far ultraviolet photolysis of carbon istry as well as that of the Mars and Venus 
dioxide is of importance toward our under- atmospheres. In addition, the llleasurement of 
standing of the upper atmosphere photochem- CO yields from carbon dioxide photolysis is 

widely used as an actinometer for light sources 
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N 2 0  in cyclohexane are shown in Fig. 2. 
Hydrogen yields are reduced slightly from 2.7 
to 2.4 G units when the maximum amount of 
C 0 2  is added (1 molell). All yields are indepen- 
dent of dose to 7 x 1022 eV/l. The nitrogen 
yield is reduced smoothly to a value below the 
assumed total electron yield (4 G units) and 
the liquid product yields are reduced well 
below the yields from pure cyclohexane. Hence 
the action of C 0 2  in this system is to scavenge 
electrons as well as 0-. Asmus and Warman (15) 
have reached a similar collclusion based on 
hydrogen and nitrogen yields alone. 

At the largest concentration of C 0 2  the nitro- 
gen yield is still appreciable and the sum of the 
cyclohexene and bicyclohexyl yields (2.8 G 
units) is still larger than the hydrogen yield 
(2.4 G units), so that N 2 0  is scavenging some 
of the electrons. A plot of (G(N2Io - G(N2))-1 
against [N20]/[C02], where G(N2)0 is the yield 
of nitrogen in the absence of C02,  is curved, 
indicating that there are at least two ways in 
which the nitrogen yield is reduced. One of 
these processes is undoubtedly the competition 
of C 0 2  and N 2 0  for 0- as suggested by Warman 
(I) for the gas phase, or with some chain 
process of a type similar to that proposed by 
Holtslander and Freeman (16) for the gas phase 
N20-methylcyclohexane system. 

These results have shown that C 0 2  in irradiated 
liquid cyclohexane probably acts as a well- 
behaved electron scavenger which does not 
initiate secondary reactions. They have also 

shown that C 0 2  cannot be used as a simple 
0- scavenger. Its rate of reaction with electrons 
is comparable to or greater than its rate of reac- 
tion with 0-. 
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ism and a knowledge of the product quantum 
yields are highly essential. Recent mechanistic 
studies on this subject have yielded significant 
findings to enable a reasonably complete under- 
standing of the major reaction processes (1-6). 
However, serious disagreement on the quantum 
yield of CO remains unresolved. In particular, a 
value of @(CO) = 0.25 for photolysis at 1470 A 
was reported by Ung and Schiff (7). Such a value 
is greatly different from the heretofore accepted 
value of near unity (1, 2, 8). It appears rather 
urgent to reexamine the CO quantum yield and 
to seek out possible causes for discrepancies in 
the reported findings. 

To achieve fairly precise and reproducible 
product analysis, a closed system was chosen for 
our experiments. The photolysis cell, as illus- 
trated in Fig. 1, consisted of a spherical section 
(10 cm dia.) to allow for divergence of the light 
source and a magnetic stirrer to eliminate 
possible inner filter effects. The 25 mm dia. 
x 1 mm thick sapphire window was sealed to 
the Pyrex body through a graded seal. The lamp 
assembly was baked at 400 "C for 24 11 while 
being evacuated to less than 1 x 10-6 Torr. 
The barium getter was deposited as a black 
mirror by flaming the quartz side arm to 800 OC. 
The lamp was filled to 0.9 Torr with research 
grade xenon (Air Reduction Company). The 
discharge was powered by a Raytheon Model 
PGM-10 microwave power generator (2 450 mc) 
operating at a power input of 100 W through an 
Ophthus Evenson type cavity (9) tuned to less 
than 1 % power reflection. The emission spectra 
of the discharge lamps were examined with a 
McPherson Model 230 S one meter vacuum UV 
scanning monochromator up to 3000 A, and in 
every case only the 1470 A line was observed. 
During pl~otolysis the getter arm of the lamp 
was immersed in a dry ice mixture and tlle lamp 
body was cooled by air blast from a ring-shaped 
source. 

The carbon dioxide was Air Products Com- 
pany C.P. grade and was further purified by 
bulb to bulb distillations first at 77 OK to remove 
air and then at 196 OK to eliminate water and 
mercury. T11e photolysis products CO and 0 2  

were transferred through cold traps at 77 OK 
by means of a Toepler pump, measured in a 
gas buret, and then analyzed by gas chroma- 
tography using a 2 in Linde 5A molecular sieve 
column at 50 "C. The yield was found to 
decrease with each successive photolysis. In 

FIG. 1. Photolysis cell. 

order to reproduce the initial rates, it was 
necessary to clean the cells by photolysis of 
water vapor followed by photolysis of oxygen 
at atmospheric pressure, each for a period of 
about half an hour. The products from water 
vapor photolysis were separated into fractions 
noncondensable at 77 and at 195 OK, and then 
analyzed gas cl~rornatographically through Linde 
5A molecular sieve and Porapak "Q" colun~i~s 
respectively. 

Two xenon discharge lamps were used, and 
their 1470 A light intensities were found to be 
2.1 x 1016 and 1.8 x 1016 quantals respectively. 
These values were determined by measuring the 
yield of nitrogen c&, = 1.4) (1 1, 12) from 
nitrous oxide photolysis. Stability of the output 
intensities is indicated by a constant rate of 
nitrogen formation even with the lamps having 
been operated continuously up to half an hour. 
The nitrogen yield was independent of the nitrous 
oxide pressure when the pressure was greater 
than 2 Torr. Since the absorption cross section 
for N 2 0  is about 10 times that for C02, possible 
effects of radiation divergence may be elinlinated 
by photolysis of C 0 2  at pressures greater than 
20 Torr. 

Carbon dioxide photolysis was carried out 
with total conversion not to exceed 1 % in each 
run. The 0 2  and CO yields were found to be 
independent of carbon dioxide pressure in the 
range of 50 to 600 Torr, and tlle 0 2 / C 0  ratio 
was 0.35 0.02. Carbon monoxide yields as 
functions of photolysis time are shown in Fig. 2 
for two separate light sources. In contrast to 
the reported findings of earlier investigations 
(1, 2, 7), the rate of CO formation decreased 
significantly with increasing photolysis time. 
However, in earlier studies the maxi~nun~ con- 
version was only 4 micromoles and up to that 
extent of reaction our data also appear to be 
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Pholo lyr~r  l ime,  msn 

FIG. 2. Yield of CO as function of time: ( 0 )  Xe lamp 
No. 1, ( 8 )  Xe lamp No. 2. 

linear. In addition, the intensities of our light 
sources are considerably higher than those used 
in previous studies. A similar nonlinearity at 
relatively high light intensities has been reported 
by Mahail (1) for carbon dioxide photolysis at 
1236 A. We have further observed that, for a 
given photolysis time, the CO yield from a single 
run is always the same as the sum of products 
from successive runs of shorter durations. Thus, 
the observed lowering of the rate of CO forma- 
tion cannot be accounted for by either back 
reactions or a possible inner filter effect. Another 
significant observation is that the initial rates 
can be reproduced by rigorous cleaning of the 
photolysis cells. Slanger (5) has suggested 
recently that solid products may result from wall 
reactions involving a C 0 3  intermediate. Under 
our experimental conditions, such a transient 
intermediate would be concentrated within a 
few millimeters of the lamp window, and the 
solid products will be deposited mainly on the 
window surface. Therefore, we attribute the 
observed lowering of the CO yield to an attenua- 
tion of the photo-intensity by impurities de- 
posited on the window, which has been noted 
earlier by Jucker and Rideal (10). 

It may be assumed that the deposit is formed 
by photo-initiated reactioils near the lamp 
wiildow and it is decomposed by absorption of 

the light within the layer. Thus, the growth of 
the deposit thickness is given by eq. [I], 

where kl and k2 inay be functions of the light 
intensity. When the fraction of the light absorbed 
in the layer is small, i.e. EI << 1, eq. [I] is reduced 
by an approxiination as follows, 

and a simple integration (I = 0, at t = 0) gives 
es. [31 

since the CO yield is proportional to the light 
quanta transmitted through such a layer, the 
rate of CO formation should decrease initially 
as a logarithmic function of the photolysis time 
and gradually reach a constant value. The 
instantaneous rates are taken from the slopes 
of the curves in Fig. 2, and these are plotted in 
Fig. 3. An initial quantum yield of @(CO) = 1.0 
is obtained. 

FIG. 3. Rate of CO formation: ( 0 )  Xe lamp No. 1, 
( 8 )  Xe lamp No. 2. 

The observed CO quantum yield of unity is 
in good agreement with findings by Groth (S), 
Mahan (I), and Warneck (2). The value of 2 
reported by Jucker and Rideal (10) may be 
dismissed for uncertainties in their actinometry. 
It is possible that their thermocouple output 
may show significant spectral dependence and 
thus lead to an erroneous calibration of their 
source intensity. The low value of 0.25 by Ung 
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and Schiff (7), however, is more difficult to 1. B. H. MAHAN. J. Chem. Phys. 33,959 (1960). 
2. P. WARNECK. Discussions Faraday Soc. 37, 57 dispute. Low CO yields may result from de- (1964). 

creased transparency of the lamp window, but 3. P. WARNECK. J. Chem. Phys. 43,1849 (1965). 
such a source of error would be compensated 

4. ~ C ~ ; ' $ $ & s ~ 5 ~ 4 4 ~ ~ q ~ ~ ~ ? .  and W. E. THOMPSON. by correspondingly lower values in actinometric 5. T. G. SLANGER. J. Chem. Phys. 45,4127 (1966). 
measurements. Reeves and co-workers (13) 6. M. CLERC and F. BARAT. J. Chem. Phys. 46, 107 

(1967). recently that the presence of 7. A. Y .  UNG and H. I. SCHIFF. Can. J. Chem. 44,1981 
traces of H 2 0  or H 2  will catalyze back reactions (1966). 
so as to inhibit the dissociation of C02 .  Since 8. W. E. GROTH. Z. Physik. Chem. ~ e i ~ z i g ,  B37, 307 

(1937). Ung and Schiff (7) found that Co yields were 9. F. C. FEHSENFELD, K. M. EVENSON, and H. P. BROIDA. 
not affected by the addition of Hz, their results Rev. Sci. Instr. 36,294 (1965). 
may have been influenced by the presence of lo. H. JuCKER and E. K. R 1 ~ E ~ L .  J. Chem. Soc. 

London, 1058 (1957). moisture in their photolysis systems. 11. M. ZELIKOFF and L. M. ASCHENBRAND. J. Chem. 
Phys. 22,1680 (1954). 
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of competitive unimolecular reactions' 
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A technique is described for the study of collisional deexcitation of highly vibrationally excited 
polyatomic n~olecules by use of externally activated competitive unimolecular reaction systems. This 
method has some advantages and is illustrated by the decomposition of chemically activated hexyl-3 
radicals in the presence of H, and CF, as heat bath molecules. The former removes - 1.2 kcal mole-I 
per successful collision; while for the latter a value in excess of 4.6 kcal is found so that CF, behaves 
operationally like a strong collider. 

Canadian Journal of Chemistry, 46, 341 (1968) 

We report on a technique for study of colli- Molecules may be inserted directly into high 
sional vibrational energy transfer in a chemically levels of vibrational excitation by "external" 
activated cor77petitive unimolecular reaction sys- activation methods, in contrast with internal 
tem which promises greater experimental accur- excitation by thermal collisional transport. In 
acy and facility than has been possible llereto- 
fore (1, 2). (Reference 2 gives a summary of the 
literature.) The method appears quite useful 
in the light of analysis and experimental results 
given recently for competitive unimolecular 
systems (3). The technique can extend to any 
type of external activation system. 

'Work supported by the U.S. Air Force Office of 
Scientific Research, Contract No. A F  49(638)-1633. 

2NASA predoctoral fellow. Present address, University 
of Toronto, Toronto, Ont. 

"SF predoctoral trainee. 

chemical activation, the substrate is simul- 
taneously formed and excited. If the excitation 
level exceeds a reaction threshold energy Eo, 
unimolecular reaction may occur. Collisional 
quenching of excited molecules to levels below 
Eo results in stabilization. Earlier work (1,2) has 
shown how the relative amounts of collisional 
cascade, leading to stabilization (S) ,  and of 
reaction, say decomposition (D), can yield 
information about the average amount of energy, 
(AE), transferred to a bath molecule on collision, 
and about the transition probabilities, p,,,,. 
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FIG. 1. Plots of the competitive rate ratio, k,B1/k,,P1 vs. the specific collision rate of hexyl-3 radicals, W. Experimental 
points: (0) H2; (0) 91 % CF4 + 9 %  Ha. Calculated values: solid curves: (curve 1) strong collider (SC); stepladder 
model (SL), AE (cm-1) = 1600 (curve 2), 800, (curve 3); 400, (curve 4); 200, (curve 5); dashed curves: exponential 
model (Exp), A E  (cm-1) = 800 and 400, lower and upper curves, respectively. Dotted curve is for a bath mixture that 
simulates the CF4 system in composition and is 83 % SC -i- 17% SL (400 cm-1). Collision rate calculated for 
Unn,Hp = 4.76 A, Un,,CF., = 6.38 A, so WE, = 3.95 x 107 s-I mm-I Ha and WCF, = 1.56 x 107 s-1 mm-1 CF4; the 
collision diameters were calculated in the manner of u ~ - ~  in ref. 2. It may be noted that for other than a strong 
collider a maximum exists in the curves, which is more pronounced and moved to higher pressures the lower is(1E). 

Information about p,, is best obtained at low 
pressures (low specific collision rates, a), where 
S / D  << 1, and is independent of the collision 
cross sections of t l ~ e  species concerned; by 
contrast, in the more convenient high pressure 
region where S / D  >> 1, only (AE) can be 
deduced, and its magnitude depends on the 
cross sections adopted and on the transition 
probability model assumed. 

In this communication we consider a substrate 
system which reacts concurrently by several 
channels, each characterized by a threshold 
energy, Eoi. Such a system provides a consider- 
able improvement in experimental accuracy, 
since relative rates within a system can be 
determined more accurately than can absolute 
values of individual rates (3). In addition, the 
competition confers independence from cross- 
sectional inforination upon deductions regarding 
energy transfer, even at high pressures where 
S/Z,Di >> 1 ; D, represents decomposition by 

the it11 channel; S is the amount of substrate 
quenched by collision to levels below the lo,t,est 
threshold, Eoi. Consider a molecule in the nth 
vibrational level having excess energies, E,,ii = 
En - Eoi, and specific microscopic reaction 
rates, kni. A collisional decrement AE reduces 
the excess energies to wit11 corresponding 
rates, kmi. The decomposition ratios Dl : D2: Di 
are 

where the NjQre the steady state populations 
whose ratios are independent of a at high 
pressure. The magnitudes of these ratios are 
peculiar to the particular scheme of transition 
probabilities involved in the energy cascade. 
When the index i is restricted to 1 or 2, only the 
average, (AE), can be determined from the high 
pressure ratio; as i rises above 2, iilcreasingly 
refined information about y,,,, may be obtained; 
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NOTES 343 

systems have been described (3b) where i might 
equal 18, and this technique could take on the 
aspect of chemical reaction "spectroscopy". 

We have restudied the hexyl-3 radical (H3) 
system (3a)4 

which, although not an optimum example,s 
call be used to illustrate the method. Rate ratio 
measureillents were made \tit11 Hz and CF4 as 
bat11 inolecules (Fig. 1). Analytical difficulties 
limited the lowest pressure accessible for CF4. 

Theoretical rate calculations were made for a 
stochastic model6 with use of the known input 
activation function and specific decomposition 
rates (2, 3). Step ladder and exponential transi- 

4For a description of the system and the experimental 
method see ref. 3a. 

H e r e  i assumes the values 1 or 2, only. Ideally, also, 
the d~fference in critical energies, AEo = Eo2 - Eol, 
should be large. For H3. AEn = 2.1 kcal with EminT"l = 
7.2 and E,,,,,~' = 5.1 kcalkole-1. See ref. 3 for the 
potential energy reaction profile and other details. 

6Determination of the set of p,,,, that fit the data by 
simultaneous solution of the coupled set of differential 
equations involved for reaction and collisional transfer at 
each level is not practical for several rcasons. 

tion probability models were employed.7 The 
calculations are compared with experiment in 
Fig. 1. As expected (3a), the average rate ratios 
knU1/knP1 increase as w -+ 0. At w = 0, all 
collision models give, of course, the same liinit- 
ing ratio. At w = a, the limiting rate ratio 
increases as (AE) decreases, and the data can be 
fitted to (AE) for a particular assumed transition 
model; the lower pressure data enhance the 
accuracy of fit and, for a system with more 
optimal energetics, could provide the form of 
p,,,, even when i is limited to 2. 

For this system, the best fit for Hz is (AE),, - 
(AE),,,, --. 1.2 kcal (400 cm-1); for CF,, ( 4 E )  > 
4.6 kcal (1 600 cm-1) and approaches the strong 
collision value (2 10 kcal) (2) without regard 
to model. These results give general agreement 
with earlier work (2). 

Further work is being done along these lines. 

1. R. E. HARRINGTON, B. S. RABINOVITCH, and M. R. 
HOARE. J. Chem. Phys. 33,744 (1960). D. W .  SETSER, 
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Chim. Belges, 71,662 (1962). 

2. G. KOHLMAIER and B. S. RABINOVITCH. J. Chen~.  
Phys. 38, 1692, 1709 (1963). 

3. (a)  D. C. TARDY, B. S. RARINOVITCH, and C. W. 
LARSON. J. Chem. Phys. 45, 1163 (1966). (0 )  C. W .  
LARSON, B. S. RARINOVITCH, and D.  C. TARDY. J. 
Chem. Phys. In press. 

4.  D. C. TARDY and B. S. RABINOVITCH. J. Chem. Phys. 
45, 3720 (1965); J. Chem. Phys. In  press. 

7The calculations were analogous to those given by 
Tardy and Rabinovitch (4)  with an appropriate input 
function. The stcp laddcr and exponential models 
reprcscnt tn80 markedly contrasting functional forms of 
the I),,,,, and are discussed in this reference in some detail. 

Erratum: Radiation chemical data in water using nitrous oxide 

D. A. HEAD AND D. C. WALKER 
C1retnistr.y Departmer~t, Uriiversity of British Colrrrnbia, Va~rcorrver, Britislr Col~rrrzDin 

Received September 28, 1967 

(Ref. Can. J. Chem. 45, 2051 (1967)) 

Canadian Journal  of Chemistry, 46, 343 (1968) 

On page 2056, line 4 of second column should On page 2057, line 21 of first columil should 
read: k g  >> h - 4  not kg >> k8. read: pH 4.8 not pH 4. 
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A new hydroxy fatty acid sophoroside from Candida bogoriensis' 

A. P. TULLOCH AND J. F. T. SPENCER 
Notiotral Research Coutzcil of Canada, Prairie Regio~ral Laboratory, Saskatoon, Saskatchewan 

AND 
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Agriclclt~rral University, Wageningen, Tlie Netherlands 

Received September 22, 1967 

When cultured in stirred fermentors the yeast Candida bogoriensis produces extracellular glycolipids 
in yields of 0.5 to 1 g/l. The principal component of these is a crystalline sophorosyl hydroxy fatty 
acid, the structure of which has been established as 13-[(2'-0-13-D-glucopyranosyl-8-n-glucopyranosy1)- 
oxy]docosanoic acid 6',6"-diacetate. The hydroxy acid portion of the molecule probably has the 
L-configuration. A monoacetyl glycolipid is also present as a minor component. 
Canadian Journal of Chemistry, 46, 345 (1968) 

Deinema (I) discovered that the yeast Candida 
bogoriensis, which had been isolated from the 
leaf surface of the shrub Randia malleiJera in 
Indonesia, produced insoluble extracellular 
acidic glycolipids when grown on a glucose-yeast 
extract medium. Sometimes the product ap- 
peared as crystals but on other occasions it 
separated as viscous droplets from which, how- 
ever, crystalline inaterial could usually be iso- 
lated. The crystalline glycolipid is now shown 
to be 13-[(2'-0-0-D-glucopyranosyl-0-D-glucopy- 
ranosyl)oxy]docosanoic acid 6',6"-diacetate (1). 
The total yield of crystalline glycolipid varied 
from a half to one tenth of this. However, 
chromatography of the crude glycolipid as 
methyl esters showed that, in fact, it contained 
about 50 % of the diacetyl sophoroside, 10-15 % 
of the remainder appeared to be a monoacetyl 
sophoroside, and the rest consisted of unsatu- 
rated 18-carbon fatty acids. 

Alkaline hydrolysis of the glycolipid gave 
about two moles of acetic acid per mole of 
glycolipid; acid methanolysis yielded about one 
mole of methyl 13-hydroxydocosanoate and 
about two moles of methyl cub-D-glucopyrano- 
sides. Reduction of the fatty acid ester gave 

lNRCC No. 9862. 

methyl docosanoate. Oxidative cleavage gave 
two dicarboxylic acids, dodecanedioic and tri- 
decanedioic acids, indicating that the hydroxyl 
group was at carbon-13. Methyl 13-oxodocosa- 
noate, indistinguishable from material syn- 
thesized by the 12-carbon chain extension 
method of Hiinig and Buysch (2), was obtained 
by mild oxidation. 

The hydroxy docosanoate from the glyco- 
lipid has a very low optical rotation at the D line, 
but optical rotatory dispersion (0.r.d.) measure- 
ments show that it has a positive plain disper- 
sion curve. Since 9-D-, 10-D-, and 12-D-hydroxy- 
octadecanoates have negative dispersion curves 
(3), the present acid probably has the L-con- 
figuration. The other hydroxy acid isolated from 
extracellular yeast lipids, 17-hydroxyoctadeca- 
noic acid from Torulopsis apicola (4), also has 
the L-configuration suggesting that hydroxy 
acids from yeasts have configurations opposite 
to those from plants. Monohydroxydocosanoic 
acids, substituted near the center of the chain, 
do not appear to have been found previously, 
though it is of interest that an unidentified 
species of yeast produces the triacetate of 8,9,13- 
trihydroxydocosanoic acid (5). 

Complete methylation of the glycolipid (4) 
yielded a hepta-0-methyl methyl ester which on 
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TABLE I 
Assignments in the n.m.r. spectrum of 2 in dimethyl sulfoxide-d6 

Glucose ring 
protons and 

Group CH3 CH2 CH3C02 aCH2 H-13 0 C H 3  H-6 H-1 OH 

Chemical shift 0.87 1.25 1.99 2.27 3.0-3.6 3.61 4.14 4.26-4.46 5.01 5.09 
(p.p.m.1 5.23 5.37 

5.58 
Protons observed 3.0 34.8 5.5 2.3 7.8 3 .3  6.0 4.8 
Protons calculated 3 36 6 2 9 3 6 5 

acid methanolysis gave methyl 3,4,6-tri-0-methyl- 
and methyl 2,3,4,6-tetra-0-methylglucosides in- 
dicating a 1 -+2 linkage. This was confirmed when 
acetobrominolysis of the fully acetylated glyco- 
side methyl ester gave a-acetobromosopl~orose. 
On periodate oxidation 1 consumed 2.9 molar 
equivalents of oxidant as would be expected from 
tlle presence of tlle 3,4-diol and 2,3,4-trio1 group- 
ings in the sophorose portion of the molecule. 
This result also indicates that tlle secondary 11y- 
droxyl groups are not acylated and therefore the 
two acetate groups must be at the 6'- and 6"- 
positions. 

The positions of these groups were confirmed 
by tlle nuclear magnetic resonance (n.m.r.) 
spectru~n (in din~etllyl sulfoxide-d6) of the 
metllyl ester (2), prepared by treating 1 with 
diazometllane. Comparison of the spectrum of 2 
wit11 tllat of 1 showed that both conlpounds 
llave the same number of acetate groups. Table I 
s11ows tlle chemical shifts of tlle signals and 
tlle observed and calculated number of protons. 
The cheinical shift attributed to the H-6 protons 
(center at 4.14 p.p.nl.) is that expected for 

acylated glucosides (in the spectrum of methyl 
6-0-acetyl-P-D-glucopyranoside, in this solvent, 
the center of the H-6 signal is at 4.10 p.p.m.). 
Also, low field triplets for secondary acyl group- 
ings (6) are absent. In addition 5 doublets due to 
the 5 secondary hydroxyl protons are present a t  
relatively low field. 

In the spectrum of 2 the signals due to tlle 
anomeric protons overlap each other and also 
those of H-6, but H-1 signals can be easily seen 
in the spectra of tlle deacetylated ester 3 and the 
llepta-0-methyl derivative. The spacing of the 
H-1 doublets is 7-7.5 c.p.s. showing tllat both 
glycosidic linkages llave tlle P-configuration (7). 
The negative molecular rotation of the glyco- 
lipid (- 11 500") agrees with this conclusion (8). 

Thus the glycolipid (1) is quite similar to the 
soplloroside of 17-l~ydroxyoctadecanoic acid 
produced by Tor~(1opsis apicola (4); it has since 
been shown that tlle latter compound also has 
two acetate groups at the 6'- and 6"-positions 
( (9 ,  and A. P. Tulloch, unpublished work). 

Experimental 
Nuclear magnetic resonance (n.m.r.) spectra were 

measured using a Varian HA-100 spectrometer. Silicic 
acid (Bio-Sil A fro111 Bio-Rad Laboratories, California) 
was used for column chromatography. Optical rotatory 
dispersion measurements were made with a Jasco model 
ORD/UV-5 spectropolarilneter. Gas-liquid cl~romatog- 
raphy (g.1.c.) was carried out as described previously (4, 9) 
using an apparatus of conventional design with thermal 
conductivity detectors. 

Method of Glycolipirl Prorl~rctiorz 
The strain of Cnrlrlirln Dogoriensis was that isolated by 

Deinema (1). The medium was: glucose (8%), dialyzed 
yeast extract (0.4%), KHZP04 (0.1 %), and MgS04.7Hz0 
(0.02"/,). Medium (20 1) was inoculated with 500 1111 of 
3 day old shaken culture and agitated, at 350 r.p.m. for 11 
days at 25" with an air flow rate of 8 l/min. in 305 
fermentors. 

Isolntiorl of Glycolipirl (1) 
The culture medium was centrifuged and insoluble 
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extracellular gum, which was mixed with cells, was ex- 
tracted with ethyl acetate. Crystalline glycolipid (1) was 
obtained by dissolving the gum in acetone containing 5 % 
water and cooling at  0"; the yield varied from 1@50% 
of the weight of gum. 1 had n1.p. 74-77' and la1i4 -15' . .- 

(c, 3.1 in chloroform). 
Anal. Calcd. for C38HG8015: C, 59.66; H, 8.96. Found: 

C, 59.43; H, 8.75. 
The neutralization equivalent was 766.6 (calcd. 764.92) 

and the sapon~fication equivalent was 255 6 (calcd. 
254.97); 2.1 moles of acetic acid were obtained per mole 
of glycolipid. 

Mother liquors (2.1 g), from which 10% of solid glyco- 
side had been removed, were converted to methyl esters 
by the procedure given below and chromatographed on a 
silicic acid column (57 g). Elution with chloroform gave 
a mixture of methyl esters of mono- and di-unsaturated 
C-18 fatty acids (0.58 g). Elution with chloroform con- 
taining 1-2% methanol gave the glycolipid methyl ester 
(2) (1.11 g), and elution with chlorofornl containing 5 %  
methanol gave a gum (0.32 g). This material was exa- 
mined by thin-layer chromatography (t.1.c.) in chloro- 
form-methanol (4:l) and had an Rr close to that expected 
for a monoacetyl sophoroside methyl ester. The relative 
intensity of the acetoxyl signal in the n.m.r. spectrum 
also indicated that only one acetate group was present. 

Glycolipid Methyl Ester (2) 
Crystalline 1 (1 g) was dissolved in dry acetone, cooled 

to 0°, and a solution of diazomethane in niethylene 
chloride added with stirring until a faint yellow color 
persisted. Just sufficient glacial acetic acid to react with 
excess reagent was then added. The solvent was removed 
leaving the ester as a clear gum (0.97 g) which crystallized 
from benzene-hexane (1 :1) as leaflets (0.47 g) with m.p. 
58-59", [a] -22" (c, 1.2 in cl~loroform). 

Anal. Calcd. for C39H70OL a : C, 60.13 ; H, 9.06. Found : 
C, 60.27; H, 9.06. 

Both the ester (2) and the acid (1) were difficult to re- 
crystallize in reasonable yields even when they had been 
chromatographed more than once; however, examination 
of the mother liquors by n.m.r. spectroscopy and t.1.c. 
showed them to be hon~ogeneo~~s  and almost indistin- 
guishable from the crystalline material. 

Deacetylated methyl ester (3) (0.81 g) was prepared by 
treatment of 2 (1.00g) with methanolic sodium methoxide. 
The solution was neutralized with acetic acid and the 
solvent removed. The residue was taken up in benzene 
and washed with water, the benzene was removed leaving 
a brittle resinous product which could not be induced to 
crystallize. The melting point was 110-115° and [a]? 
was -22.5" (c, 2.6 in chloroform). 

Anal. Calcd. for C35HG6Ol3: C, 60.49; H, 9.57. Found: 
C, 60.43; H, 9.85. 

The n.m.r. spectrum (in pyridine) showed signals for 
H-1' at  4.86 p.p.m. ( J , , 2  = 7.5 c.p.s.) and H-1" at  5.16 
p.p.m. (J,,, = 7 c.P.s.). 

g) which were crystallized from ethanol giving methyl 
or-D-glucopyranoside (0.35 g) with melting point and 
mixed melting point 169-171" and [a]:: +161° (c, 
1.8 in H20) .  Crystallization of the hexane extract from 
methanol gave methyl 13-hydroxydocosanoate (0.37 g) 
with n1.p. 69-70', [a]h5 +0.07', [a]5oo +0.09', 
+0.14", [a],,, $0.21°, [aIZ50 +0.28", (c, 20 in chloro- 
form). 

Anal. Calcd. for CZ3H4603 : C, 74.54; H, 12.51. Found: 
C, 74.74; H, 12.30. 

Saponification gave 13-hydroxydocosanoic acid which 
was crystallized from acetone and had m.p. 86'. 

Anal. Calcd. for C22H44O3: C, 74.10; H, 12.44. Found: 
C, 74.08; H, 12.32. 

Reduction of the hydroxy ester with hydrogen iodide 
and red phosphorus followed by zinc and hydrochloric 
acid (9) gave methyl docosanoate, identified by gas- 
liquid chron~atography (g.1.c.). Oxidation with chromic 
acid at  100" (9) gave dodecanedioic and tridecanedioic 
acids which were identified by g.1.c. Oxidation with 
chromic acid in acetic acid a t  25" (9) gave methyl 13- 
oxodocosanoate, which crystallized from acetone with 
n1.p. 61-62.5", and did not depress the 1n.p. of an  authen- 
tic sample. 

Syrlthesis of Racernic 13-Hydroxydocosa,20ic Acid 
1-Morpl~olino-1-cyclododecene (2) (17.5 g) and tri- 

ethylanline (7.1 g) were allowed to react with decanoyl 
chloride (9.5 g) in cl~loroforn~ (10 ml) and the product 
hydrolyzed and worked up by the general method of 
Buysch (2). The yield of crude 2-decanoylcyclodode- 
canone, b.p. 155-185/0.1 mm, was 15 g. This product in 
ethanol (10 ml) was hydrolyzed with sodium hydroxide 
(6 g) in ethanol (70 ml) as described previously (2). After 
heating on a steam bath for 2 11 the suspended sodium 
salt was poured into water (250 ml) and the hot solution 
acidified with hydrochloric acid giving insoluble 13- 
oxodocosanoic acid (12.5 g). The acid was converted to 
the methyl ester which had n1.p. 60-61' (lit. (10) gives 
61-62"). The ester was hydrogenated over Raney nickel 
(11) to give methyl 13-hydroxydocosanoate which was 
crystallized from hexane and had n1.p. 63-64". 

Anal. Calcd. for C23H4603: C, 74.54; H, 12.51. Fo~lnd:  
C. 74.49; H, 12.23. 

~ 1 3 - ~ ~ d r o ~ ~ d o c o s a n o i c  acid was prepared by Ilydrol- 
ysis and crystallized from acetone and had m.p. 87'. 

Anal. Calcd. for C22H44O3: C, 74.10; H, 12.44. Found: 
C, 73.90; H, 12.16. 

Deternlir~atior~ of the Stnlctrrre of Sugar Portiorr of 1 
Periodate Oxidatiorz of 1 
1 (21.7m g) was dissolved in t-butanol (3 ml) and water 

(3 ml) and 0.1 M sodiunl periodate (4 ml) was added. 
The rate of oxidation was followed by the method of 
Neunliiller and Vasseur (12). One mole of 1 consumed 
2.9 moles of oxidant in 48 11. Under the same conditions 
methyl (3-D-glucopyranoside consunled 1.9 moles oxidant 
in 24 h. 

Delerr~zinatiorl of Struct~rre of Fntly Acid Porliorz of 1 Melhylatiorl of 1 
Crystalline 1 (1 g) was refluxed for 18 h with methanol 1 (1 g) was fully methylated as described previously (4) 

containing 4 %  HC1, the acid was neutralized with silver to give a hepta-0-methyl methyl ester (0.67 g). The 
carbonate and solvent removed leaving a semisolid n.m.r. spectrum (in benzene) showed eight-OCH, sig- 
residue (0.94 g). Fatty acid ester (0.53 g) was extracted nals at 3.24, 3.34, 3.36 (methyl ester), 3.38, 3.41, 3.55, 
with hexane leaving methyl ap-D-glucopyranosides (0.46 3.58, and 3.62 p.p.m. and two signals for anomeric 
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protons at 4.30 and 4.82 p.p.m. (both had splittings of 
about 7 c.p.s.). A portion of this material was refluxed 
overnight with 4 %  methanolic hydrogen chloride. The 
resulting mixture was shown by g.l.c., using an ethylene 
glycol phthalate column (13), to consist of methyl 3,4,6- 
tri-0-methyl- and methyl 2,3,4,6-tetra-0-methyl-D-gluco- 
pyranosides. 

Isolation of a-Acetobrornosopl~orose nnd p-Sophorose 
Octaacefate 

2 (1.9 g) was acetylated with acetic anhydride and 
pyridine, chronlatography on silicic acid (elution with 
chloroform-hexane 1 :1) gave a syrupy heptaacetate 
methyl ester (1.61 g) which could not be induced to 
crystallize. 

Anal. Calcd. for C4gHg0020: C, 59.50; H, 8.15. 
Found: C, 59.83; H, 8.14. 

The n.m.r. spectrum (in deuteriochloroform) showed 
acetoxyl signals at 1.97, 1.99, 2.00, 2.02, 2.05, and 2.08 
(for 6 protons probably due to overlap of the signals due 
to acetoxyl at C6' and C6") and H-1' at 4.43 (J , , ,  = 7;: 
c.p.s.) and H-1" at 4.69 p.p.m. (J, , ,  = 7 c.p.s.). Its [ a ] ~  
was -16" (c, 4.7 in acetic acid). The heptaacetate (1 g) 
was then dissolved in acetic acid (18 ml) and acetic acid 
containing 33 % hydrogen bromide (2 ml) was added (14). 
After 6 days at room temperature methylene chloride (300 
ml) was added, acid removed by washing with aqueous so- 
dium bicarbonate and then with water and the solution 
dried over sodium sulfate. Solvent was removed, the 
residue dissolved in methylene chloride (4 ml), and hexane 
(10n1l) added. a-Acetobromosophorose (0.13 g, 18%) 
crystallized at 0°, after recrystallization from methylene 
chloride - hexane (1 :I) it had 1n.p. 193-195' and [a]:: 
+94" (c, 2.5 in chloroforn~) (lit. (14) gives m.p. 195-197" 
and [ a ] ~  +94.z0). Treatment with silver acetate in acetic 
acid gave P-octaacetylsophorose which crystallized from 
ethanol in long needles with 1n.p. 196196' and which did 
not depress the m.p. of authentic material (4, 14). 

CHEMISTRY. VOL. 46, 1968 
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Steroids. CCC1X.l Synthesis of new steroids with unnatural configuration 

PIERRE CRABBB, ALICIA CRUZ, AND J O S ~  IRIARTE 
Research Laboratories, Sytztex, S.A., Apartado Postal 2679, Mexico 
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The preparation of several new estrane, androstane, and 19-norpregnane derivatives with unnatural 
configuration is discussed. A synthesis of both enantiomers (166) and (18) from estrone is described. The 
structure and configuration of the compounds reported are established on the basis of their physical 
properties. 

Canadian Journal of Chemistry, 46, 349 (1968) 

When reporting the multistage transformation 
of the cardiac aglycone strophanthidin (1) to 
14p,17a-19-norprogesterone (2a), Ehrenstein (2) 
opened the field of steroid chemistry to new 
horizons. The bis-iso-19-norprogesterone (2a) 
resembled the natural hormone progesterone (3) 
but lacked the angular methyl grouping at 
position-10, and the stereocliemistry at C-14, as 
well as at C-17 was different. Because the 14p,17a- 
19-norprogesterone (2a) was shown to exhibit 
higher biological activity (3) than progesterone 
(3), several research groups decided to undertake 
the synthesis of steroids with abnormal con- 
figuration (4). Hence, since Ehrenstein's early 
observation, numerous similar steroids, among 
which the 14p,17a-progesterone (26) and 19- 
iiorsteroids (4, 5), have been prepared. Related 
work was also undertaken in tlie Syntex Labora- 

- , -  - -  
tories (4d, 6). In the present study the prepara- 
tion of several other llew steroids unnatural with acid, the a,p-unsaturated ketone (60) affords 

configuration, belonging to the estrane, andro- a mixture of three isomeric compounds separable 

stane, and 19-norpregnane series is reported. by column cllromatogra~h~. The first substance 

Treatment of the enol acetate (5) (7, 8) of is the 14p-is0mer (6b) (71, ~haracterized by its 

estrone methyl ether (4a) with bromine affords nuclear magnetic resonance (n.m.r.1 spectrum 

the 160i-bromo derivative, (4b) (7), as the main wl~icli sliows olefinic resonance as a doublet at 

compound. The 16a-configuration2 is assigned 374 c.p.s. (J15,16 = 6 c.P.s.) (C-16H) and a 

to the bromine atom on the basis of the optical further doublets (J15.16 = 5 C.P.S.; 

properties exhibited by this compound (4b), J14.15 = c.P.s.) at  427 C.P.S. (C-15H). Its ultra- 

since the Cotton effect associated the 17- violet (uav.) absorption spectrum and the positive 

keto c~lromop~lore is less intense than in 4a, in Cotton effect for the n-T" transition of the a,b- 

agreement with the octant rule (10). Conversion unsaturated at ca. 340 mp are 

of the bromo-ketone (4b) into its cycloethylene cl'aracteristic of compound (6b). The second 

ketal followed by dehydrobromjnation (7, 11) isO"er is the p,?'-et1lylenic ketone ( 6 ~ )  (7). 

and mild acid ~lydrolysis provides the known Althougli the U.V. spectrum of this conipound is 

a15-17-ketone ((ja) (7, 111, typified by a ,legafi,,e reminiscent of (but less intense than) that ofcom- 

Cotton effect in the 350 mp region. on treatment pound (6b), its n.m.r. spectrum is characteristic 
in having only one olefiilic proton (338 c.p.s.). 
Moreover, compound (6c) exhibits a relatively 

lFor Steroids. CCCVIII, see ref. 1. 
2F0r the stereochemistry of enolization of 17-keto strong positive Cotton effect in tlie 300 mp 

steroids, see ref. 9. region, as expected for such a cliromophore (12). 
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At equilibrium the isomers (66) and (6c) are 
obtained in the 2:3 ratio, when the isomerization 
of 6a is performed under mild acidic conditions. 
The predominance of the p, y-unsaturated ketone 
(6c) in the mixture is attributable to  conforma- 
tional factors (1 3), interpretable by consideration 
of dihedral angles (14) at the C/D ring junction. 

4 R = C H ; ~  14gH 
e, R = H; 140H 
f, R = THP; 140H 

70, R1, Rg = ketone 
b, R1 = OH; R2 = CECH 

80,14aH; R1 = 0CH3; R2 = R3 = H 
b, 14aH; R1 = Rs = H; R2 = 0CH3 
c, 140H; R1 = R3 = H ;  R2 = 0CH3 
d, 14pH; R, = H; R2, R3 = epoxy 

The third compound isolated is the steroid 
(7a) (7). The u.v. absorption spectrum presents 
the styrene chromophore at ca. 273 mp and the 
n.1n.r. spectrum does not show any olefinic 
proton. Furthermore, this compund (7a) exhibits 
two Cotton effects. The weakly positive Cotton 
effect associated with the 17-ketone in the 300 
mp region is in agreement with the cis C/D ring 
junction (12); whereas the strong positive Cotton 
effect at ca. 270 mp is due to the styrene chroino- 
phore (15) (a = +601). The steroid (7a) is 
obtained exclusively when 6a is submitted to  
relatively vigorous acidic conditions. This is 
worth noting, since it is known that the double 
bond of a ring A aromatic AS-steroid with the 
140H-stereochemistry is readily isomerized to 
the Ag(l1)-position. Although a 9,(11)-dehydro 

14-iso-compound is a known product of the 
isomerization of equilin (16), it appears that with 
the 14p-configuration, the 8,9-double bond is 
energetically preferred over the 9(11)-position. 
This also can be interpreted by the dihedral 
angle theory (14). 

Reaction of 7a with ethinylmagnesium brom- 
ide (17) furnishes the corresponding ethinyl 
derivative (76) (for stereochemistry see below). 

Worth mentioning here is the earlier attempt 
(7) to  effect a base-catalyzed isomerization of 6a 
with methanolic potassium hydroxide. When 
repeated, this reaction leads to the isolation of 
various substances, depending on the experi- 
mental conditions (18). Indeed, it has been 
observed that base treatment of 6a in methanol 
solution gives, besides the isomers (66) and (6c), 
addition of methoxyl to the a,B-unsaturated 
chromophore. 

When 6a is treated with methanolic potassiun~ 
hydroxide, under rather mild conditions, its 14p- 
isomer (66) and the Al4-derivative (6c) are ob- 
tained. Furthermore, two new methoxylated 
coinpounds are also isolated. To the first sub- 
stance, structure (8a) is assigned. The new 
methoxyl group gives a three proton signal a t  
200 c.p.s. in the n.m.r. Since the positive Cotton 
effect associated with the 17-carbonyl of the 
steroid (8a) is rather intense (a = f 103), and 
because of the position of the 18-methyl group 
is normal for a 140-17-keto steroid, the 14aH, 
1500CH~-stereochemistry is assigned to this 
substance. The second methoxyl derivative 
appears to be the 15p-isomer (86). The Cotton 
effect associated with the 17-carbonyl chromo- 
phore in 86 is in agreement (12) with the 140- 
configuration. Moreover, the P-configuration at 
C-15 is assigned on the basis of the chemical 
shift of the C-18 methyl protons in the n.m.r. 
(67 c.p.s.). This shift is attributed to interactions 
in space between the 15p-methoxyl and the 18- 
inethyl groups. 

The reversibility of the Michael addition of 
inethoxyl to the Als-17-keto system is deduced 
from the following observation. When 80 is 
heated in 2% inetl~anolic potassiuin hydroxide 
solution, besides some starting material, ca. 50 % 
of co~npound (6c) and 20% of its double bond 
isomer (66) are obtained. 

Base treatment of 66 under mild conditions 
affords mainly uncl~anged starting material, the 
Alcl7-ketone (6c), and some of the 14p,15p- 
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methoxylated steroid (8c). The configuration at 
C-14 in 8c is assigned on the basis of the chemical 
shift of the C-18 methyl protons (68 c.p.s.). The 
resonance signal is similar to that of the 18- 
methyl group in 140-compounds, eg. (6d, 6e, 
6f), and (7a), showing some 16 c.p.s. downfield 
shift of the corresponding resonance in the 14a- 
analogue (4a). Further confirmation of the 14pH- 
stereochemistry is obtained from the circular 
dichroism (c.d.) molecular ellipticity exhibited by 
8c = +4 720), which is reminiscent of the 
Cotton effect of saturated 14p-17-keto steroids 
(12). Using the same reasoning as before (19), the 
p-configuration is assigned to the methoxyl at 
C-15 since addition from the hindered a-side is 
not favored in CID-cis-p-steroids. 

When the Al4-isomer (6c) is submitted to 
similar basic reaction conditions, one recovers 
some unchanged product and obtains as major 
compound the 14pderivative (6b), as well as a 
small amount of the methoxylated steroid (8c). 

Base treatment of 15-dehydro-14p-estrone 
methyl ether (6b) in a mixture of methanol and 
tetrahydrofuran (containing peroxides), in the 
presence of air, gave the 15,16p-oxido derivative 
(84 .  The physical properties (see Experimental) 
support the structure and stereochemistry as- 
signed to this compound (8d).3 

This indicates that under acidic or basic con- 
ditions, compound (6a) is isoiiierized into 66 and 
612, the last two ones existing in equilibrium. 
Furthermore, in methanolic alkaline conditions, 
addition of inethoxyl can take place to the a,@- 
unsaturated system of 6a and 66. 

Catalytic hydrogenation of 6b or 6c, in pres- 
ence of palladium on carbon, gives 14-isoestrone 
methyl ether (6d) (7). The 14p-configuration in 
6d is confirmed by the 18-methyl resonance 
signal (67 c.p.s.) and the weakly positive Cotton 
effect (a = +34), typifying the 17-keto chromo- 
phore in such a cis-l~ydrindanone system (12,21). 
Treatment of the 3-methyl ether (6d) with hydro- 
gen bromide (22) affords the free phenol (6e), 
from which the corresponding tetraliydropyranyl 
ether (6f) is obtained by reaction with dihydro- 
pyrane (23). When 6d is reduced with lithium in 
liquid ammonia (24)4 followed by mild acid 
treatment, the 14p,l7a-19-nortestosterone (9a) is 

3F0r a similar example of epoxidation of A'S-17-ketone 
with alkaline hydrogen peroxide, see ref. 20. 

4F0r a review on reduction with mctal-ammonia 
reagents, see ref. 24d. 

obtained. The a-configuration of the secondary 
alcohol grouping at C-17 is established by 
Horeau's method (25).5 

R2 

90, R1 = OH; R2 = H 
b, R1 = OH; R2 = C s C H  
C, R1= OTHP; R2 = CGCH 
d, R1 = -CHOH-CH3; R2 = H 

10a, R1 = OH; R2 = H 
b, R,, R2 = ketone 
C, R1 = OH; Rz = CECH 

I 
C=O 

AcO 

Protection of the 3-keto group of 9a as the 
cycloethylene ketal (lOa), followed by oxidatioli 
(26) at C-17 provides the ketone (lob). Addition 
of ethinylmagnesium bromide (17) at C-17, 
affords the 170-ethinyl derivative (lot), charac- 
terized by the resonance signal (153 c.p.s.) 
corresponding to an acetylenic proton. Acid 
hydrolysis of the ketal at C-3 and isomerization 
of the double bond to C-4 gives the nor-steroid 
(96). The structure of this compound results from 
its physical and spectroscopic properties, ie. the 
typical U.V. absorption for the A4-3-keto chromo- 
phore, an hydroxyl band in the infrared (i.r.) 
spectrum and the acetylenic proton detected by 
i.r. and n.m.r. spectroscopy (see Experimental). 
The 17a-tetrahydropyranyl derivative (9c) is also 
prepared (23). The 0-configuration for the ethinyl 
side chain is deduced from the observations 
which follow. 

Treatment of compound (9b) with acetic 
anhydride in presence of p-toluenesulfonic acid 

sWe are indebted to Professor A. Horeau and Dr. H. 
Kagan, Collbge de France, Paris, for this determination. 
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gives the en01 acetate (11). This bis-acetate (11) is 
characterized by a U.V. absorption band at 234 
mp and its n.m.r. spectrum which shows two 
lowfield methyl signals (121 and 127 c.p.s.), 
ascribed to acetoxy groupings, an acetylenic 
proton signal (156 c.p.s.), and two olefinicproton 
signals (C-4: 340 and C-6: 330 c.p.s.) respectively. 
When the triple bond of 11 is reacted with mer- 
curic sulfate in ethanol solution, in the presence 
of dilute sulfuric acid,6 17a-acetoxy-14p-19- 
norprogesterone (12) is obtained. The physical 
properties support structure (12) proposed for 
this compound. Its c.d. curve exhibits a multiple 
negative Cotton effect in the 330 mp region, due 
to the n-a* transition of the A4-3-keto chromo- 
phore (12). Moreover, a mild positive Cotton 
effect appears at 285 mp ([el = +2 050), which 
is in agreement with the 17p-stereochemistry of 
the methyl ketone side chain (12). The positive 
molecular ellipticity of the acetyl side chain in 
12 is weaker than in normal 17p-acetyl steroids, 
such as in progesterone (3 ; [el = + 11 000) (12). 
This is due to the cis-P-CID-ringjuncture (12, and 
see, for example 28) and the 17a-acetoxy grouping 
(29), both factors being known to reduce the 
positive Cotton effect of a 20-keto grouping (12). 

Since hydration of the triple bond in 11 occurs 
with retention of configuration,6 this neces- 
sarily implies the stereochemistry for the ethinyl 
side chain to be p in compounds (lOc), (9b,c) and 
( l l ) ,  as well as in (7b). 

CH3 

C--'CH 
I 

C=O 

130, Rl  = CtI3; R2 = H 14 
b, RI = CH3; R2 = AC 
c, R, = R z  = H 
(1, Rl = THP; R z  = H 
e,  R,  = CHj; R z  = THP 

15a, R = fOH 16a, R1 = OH; R, = H 
b, R = ketone b, RL, R2 = ketone 
c, R = DOH 

6Private communication from Dr. J. Fried, Institute of 
Steroid Chemistry, Syntex Research, Palo Alto, Calif. 
See ref. 27. 

The 14-isoestrone derivative (66) is converted 
into the 17-substituted steroid (14) via the inter- 
mediates (13a) and (13b) by the above mentioned 
reaction sequence. The physical properties of 
these compounds support the proposed structure 
and stereochemistry. Reduction of compound 
(14) under Birch's conditions (24) simultaneously 
reduces ring A and the 20-ketone, with con- 
current removal of the 17a-acetoxy grouping and 
inversion of the acetyl side chain (30). After mild 
acid treatment, a mixture of alcohols stereo- 
isomeric at C-20 (9d) is obtained. Chromic acid 
oxidation (31) of this mixture of alcohols fur- 
nishes 14p,17a-19-norprogesterone (2a), the 
physical properties of which are identical with 
the reported data (2). Furthermore, the negative 
c.d. maximum at ca. 300 mp clearly indicates (12) 
the configuration of the acetyl side chain to be a. 

Lithium in ammonia reduction (24) of AX- 

isoestrone-3-methyl ether (7a) followed by sub- 
sequent acid hydrolysis leads to a mixture of 
compounds separated by thin-layer chromatog- 
raphy. To the main isomers, the 8@,9a,lOP,14a 
(15a) and 8~~,9/3,10a, 14p (16a) configuration is 
suggested from the data mentioned below. Since 
the steroid (15a) could not be obtained in crys- 
talline form (being presumably a complex 
mixture of 17a- and 17p-alcohols, as well as 
some 14p-derivative), the crude product was 
oxidized (31) to afford the diketone (15b) which 
exhibited physical properties identical with those 
of the known compound (24b). The multiple 
Cotton effect of the A4-3-keto chromophore 
in 15b is negative, in agreement (12) with the 
9a,lOP "natural" stereochemistry. Conversely, 
the optical rotatory dispersion (0.r.d.) and c.d. 
curves show that the multiple Cotton effect of 
the n-a* transition of the unsaturated chromo- 
phore in the nor-steroid (16a) is positive. This is 
in keeping with the "retro" configuration (9p, 
loo), since A4-3-keto retrosteroids are known to 
exhibit a positive multiple Cotton effect in the 
330 mp region (12, 32). 

The formation of compound (15a) by reduction 
of 7a implies an inversion of the configuration at 
C-14, presumably through double bond migra- 
tion from position-8,9 to -8,14, prior to reduction. 

The optical properties of compound (16a) 
establish its stereochemistry at C-9 and C-10, but 
no definite conclusion can be drawn for the 
configuration of the hydrogen atom at C-8. If 
the configuration at C-8 is a, then the stereo- 
chemistry of 16a should be the opposite of 19- 
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nortestosterone (15c) (5a) at all asymmetric 
centers, with the exception of the methyl grouping 
at C-13. This point is confirmed as follows. 

19n, R, = THP; 13pCH3; R2, R3 = ketone 
b, R1 = THP; 13ruCH3; Rz, R3 -- ketone 
c, R1 = THP; 13crCH3; RZ = OH; R3 = CECH 
d , R I  = H ;  130rCH3;R2 = 0 H ; R 3  = C=CH 

Irradiation of estrone 3-methyl ether (4a) with 
ultraviolet light gives its 13a-isomer (17) (33). 
The cis-a-stereochemistry at the C/D ring junc- 
tion in 17 is established by the weakly negative 
Cotton effect exhibited by the 17-keto chromo- 
phore = -1 980) (12, 29, 34). The 
methyl ether of lumiestrone (17) (33, 35) is then 
reduced with lithium in liquid ammonia (24) and 
treated with acid to provide a mixture of epimers 
at C-17. Chromic acid oxidation (31) of this 
mixture of secondary alcol~ols affords the 19-nor 
diketo steroid (18). Similarly, the keto alcohol 
(16n) is oxidized to the diketo steroid (166). The 
isomeric compounds (16b) and (18) exhibit 
superimposable i.r. curves, identical n.1n.r. and 
u.v. spectra, as well as other physical properties 
except for the sign of the specific rotation which 
is opposite (see Experimental). Worth noting is 
the identity of the fragmentation pattern of the 
antipodes (16b) and (18) under electron impact, 
(see Experimental).7 

The enantiomeric relationship characterizing 
these steroids is further confirmed by their 
0.r.d. and c.d. curves. As shown in Fig. 1, the 
0.r.d. and c.d. curves of 16b and 18 are mirror 

7A similar case has been reported recently (36). 

images, confirming the stereochemistry at all 
asymmetric centers, particularly the 8aH-con- 
figuration in 16b and hence in its precursor 16n. 
The 0.r.d. and c.d. curves of the enantiomers 
(16b) and (18) reproduced in Fig. 1 clearly show 
that the multiple Cotton effect at ca. 330 inp 
associated with the n-T* transition of the A4-3- 
keto chroinophore is negative in compound (18) 
and positive in 16b. Conversely, the T-a* 

transition of the same chromophore, appearing 
in the 235 nlp region, is positive for 18 and 
negative for its enantiomer (16b). The n-T* 
transition of the saturated 17-keto chromophore 
at ca. 300 mp is hardly observed in these curves, 
even in the c.d. curves. This is due to the very 
intense Cotton effect associated with the T-T* 

transition of the unsaturated ketone (12, 37). 
A 1 :1 mixture of the enantiomers (16b) and 

(18) provides the racemate devoid of optical 
activity (see Experimental). 

While the 14p-estradiol derivatives (13c-13e) 
are also prepared by conventional methods (see 
Experimental), ultraviolet irradiation (33, 34b, 
35,38) of the 17-keto androstane derivative (19a) 
affords the 13a-steroid (19b). Nucleopl~ilic 
addition of acetylene (17) to the carbonyl gives 
a mixture of ethinyl derivatives. The main con- 
stituent is considered (39, see also 34b) to be the 
17p-ethinyl compound (19c). Mild acid hydrolysis 
gives the 3-alcohol (19d). Oxidation (31) then 
leads to the iso-ethinyl testosterone derivative 
(20). 

Experimental 
Microanalyses were done by Dr. A. Bernhardt, Miil- 

heim, Germany. Melting points (m.p.) were determined 
in capillary tubes with a "Mel-temp" apparatus; they are 
corrected. Rotations were taken between 16" and 22" with 
a 1 dm tube at sodium D-line, in chloroform solution. 
Optical rotatory dispersion (0.r.d.) curves were taken with 
an automatic recording JASCO/UV-5 spectropolarime- 
ter. Circular dichroism (c.d.) curves have been obtained 
with a Jouan dichrograph at the University of Strasbourg, 
through the kind cooperation of Professor G. Ourisson. 
The 0.r.d. and c.d. curves of enantiomers (166) and (18) 
(Fig. 1) are due to the courtesy of Dr. H. Wolf, Institute 
fiir Organische Chemie der Technischen Hochschule, 
Braunschweig, Germany, to whom we express our sincere 
gratitude. Infrared spectra were taken with a Perkin- 
Elmer, model 21, NaCl prism in KBr pellets. Unless 
stated otherwise, U.V. absorption spectra were obtained 
in 95 % ethyl alcohol, with a Beckman model DU spectro- 
photometer. Nuclear magnetic resonance spectra were 
recorded at 60 Mc.p.s. using 5-8 % w/v solutions of 
steroid in chloroform containing tetramethylsilane (TMS) 
as an internal reference. Resonance frequencies, V ,  are 
quoted as c.p.s. downfield from the TMS reference (0.0 
c.p.s.) and are accurate to f l  c.p.s. Coupling constants, 
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30 I I I I 

250 350 450 

A(mp) 

FIG. 1. Optical rotatory dispersion and circular dichroism curves of the enantiorneric steroids (16b) and (18). 
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J. also expressed in c.p.s. units, are accurate to +0.5 c.p.s. 
We are indebted to Dr. L. Throop and his staff, Syntex 
Research, Palo Alto, California, for 0.r.d. and n.m.r. 
measurements. Silica gel G (Merck) and ncutral alumina 
were used for preparative thin-layer and column chroma- 
tography. 

E.str0112 3-Meflzyl Etller (40) 
Optical rotatory dispersion (c, 0.0003; dioxane): [$1]600 

$539"; ['Dl350 4-2938"; [@I319 $8814"; +Oo; 
[@I278 -5190"; [@I246 +oO; [@I234 -/-3-526'; c.d. (C, 
0.0003; dioxane): [el332 +0; [el300 i-I I 080; [e]268-271 + 9400. 

160-Brn~no-3- l1ydrosyestra-1,3,5(10)-trie11-17-011e-3- 
111e1hyl Etlrer (4b) (7) 

Optical rotatory dispersion (c, 0.001 ; dioxane): 
$436 ; [@I380 +2327O; ['I'I34l $5743O; [@I314 +oO; 
['?I192 -5080"; [@]2j8 $0'; [~D]2~ j  $8228'; [@Izz9 +Oo; 
[9]2zj -16 333"; c.d. (c, 0.009; dioxanc): +O; 
[el317 $7890; [el186 $3200. 

3-H~~lroxyestrcr-1,3,5(lO), -15-tetroen-17-otte - 3-metl~yl 
Eflrer (60) (7) 

Melting point 180-181"; [a]n -56"; c.d. (c, 0.001; 
dioxane): [8]400 +O; -1350; [@I198 -120; U.V. 
X ,,,,, 224, 278, 287mp(log E 4.16, 3.37,3.32); i.r. v ,,,,,, 1720 
cnl-1; n.m.r. 66 (18-H), 176 (benzylic H), 227 (3-meth- 
oxyl), 360, 363, 366, 369 (quartet, 16-vinyl H split by 
15HI J =  6 c.p.s.) and by 140H ( J =  3 c.p.s.); 400, 404 
(C-2 and C-4 aromatic H), 429, 437 (doublet J = 8, C-1 
aromatic H); 456, 462 c.p.s. (15-vinyl H, doublet). 

3-tlyclroxy-148-esfr a-1,3,5 (10) ,15-tetrae11-17-011e- 3- 
~nrtllyl Ether (66) and 3-H~~drox~~rs1ra-l,3,5(10), 
14-tetrae11-17-01le-3-1netl1~~1 Etlrer ( 6 4  (7) 

A mixture of 15-dehydroestrone 3-methyl ether (60) 
(3.5 g) and p-toluenesulfon~c acid monohydratc (2.28 g) 
in 175 ml of benzene was heated under reflux for 15 min. 
A saturated solution of sodium bicarbonate has  added, 
the mixture was extracted with methylene chloride, and 
washed with water u n t ~ l  neutral. The solution was dried 
over anhydrous sodium sulfate, filtered, and evaporated 
to  dryness in vac110. The residue appeared to be a mix- 
turc of two components in the 2:3 ratio. Chromatography 
on silica gel followed by crystallization from methylene 
chloride - methanol of the fract~ons eluted with hexane - 
ethyl acetate (955)  afforded 1.85 g of 14-dehydroestrone- 
3-methyl ether (6c)exhibiting: m.p. 102-103"; [a], 1-287"; 
c.d. (c, 0.001 ; d~oxane): [GI320 1-3470; [el3 1 $4650; 
[t3]3DG $6800; $7000; U.V. XI,,,, 221-222, 280, 
287mp(log €3.94, 3.31, 3.29); i.r. v ,,,.,, 1750, 1650, 1640, 
1610cm-1; n.m.r. 70 (18-H), 180 (benzylic H), 227 
(methoxyl H), 338 (15-vinyl H), 401 (C-4 aromatic H), 
401, 408 (C-2 H), 430,437 (C-1 H). 

Further elution of the column with the same solvent 
system, followed by crystallization from methylene 
chloride - methanol, gave 1.04 g of 15-dehydro-148- 
estrone-3-methyl ether (6b) showing: m.p. 100-101 "; 
[ a ] ~  $476'; c.d. (c, 0.0014; dioxane): 4 2840; 
[el337 $3660; [GI326 $3465; U.V. A,:,, 220-221, 277-278, 
286-287 mp (log E 4.22, 3.40, 3.35); i.r. v ,,,,, 1700, 1615, 
1575 cm-1; n.m.r. 70 (18-H), 172 (benzylic H), 226 
(methoxyl H), 371,377 (C-16 H,  doublet J = 6), 398 (C-4 

H), 398, 407, 423, 431 (C-15 H,  doublet J = 8). 456, 462, 
C.P.S. 

Anal. Calcd. for Cl9HZ2O2: C, 80.81; H,  7.85. Found: 
C, 80.46; H,  7.94. 

Acicl Isornerization of 15-Del1ydroestro11e-3-1~1etI1~~I Ether 
(60) 

A solution of 50 mg of pure 15-dehydrocstione methyl 
ether (60) and 33 mg of p-toluenesulfonic acid mono- 
hydrate in 2.5 ml of anhydrous benzene was allowed to 
reflux for 3 min. The reaction mixture was thcn poured 
into a saturated sodium bicarbonate solution. Extraction 
with methylene chloride gavc a residue which was purified 
by chromatography on silica gel. The fractions eluted 
with hexane - ethyl acetate (955) afforded 30 In:: of 
starting material. Further elution gave 10 nlg of 14- 
dehydroestrone methyl ether (6c) with m.p. 100-101"; 
[ a ] ~  $290"; u.v. A,,!,, 219-221, 280, 287 nlp (log E 3.95, 
3,31, 3.29), identified by thin-layer chromatography 
(t.1.c.) ~nfrared spectra and mixturc melting point bt~th 
an authentic specimen. 

Alkaline Ison7erizatiot1 of 15-Dellydroestror~e Mefl~yl Ether 
(60) 

A solution of 1 g 15-dehydroestrone methyl ether (6a) 
in 200 ml of 2% ~nethanolic potassium hydroxide was 
heated to reflux for 30 min under nitrogen. Extraction 
with methylene chloride, washing to neutrality with water, 
and evaporation of the solvent gave 970 mg of an amor- 
phous product. This mixture was chromatographed on 
fluorescent, preparative silica gel chromatoplatcs. The 
following products were isolated. First, 200 nlg of 14- 
dehydroestrone methyl ether (6c); m.p. 99-100"; [all, 
4-288"; undepressed on admixture with an authentic 
sample. Then a semicrystalline material with [aIn t 3 7 7 "  
which after recrystallization from n~ethylene chloride - 
nlethanol gave 295 mg of 148-15-dehydroestrone methyl 
ether (6b); m.p. 99-100"; [all, +4703, identified by t.l.c., 
i.r., and mixture m.p. (undepressed) with an authentic 
sample. A third compound (220 mg) was obtained. Its 
physical properties agree with the 15~~hydroxyestrone di- 
methyl ether (80) structure.Recrystallization from methyl- 
ene chloride - methanol afforded the analytical sample of 
80: m.p. 126-127"; [ a ] ~  +227"; 0.r.d. (c, 0.0006; diox- 
ane): [+I600 $625'; 1-729"; [@]318 4.8547"; 
[+]288 +oO; [@I179 -1772'; [@1270 -1563'; +@'; 
[+I240 -t755So; [+I234 1-9902'; [:I224 +0; ['1>]2z3 
+1954'; [*I222 &O0; [+]21G $5081 ; c.d. (C, 0.0005; 
dioxane): [el326 $0; [el299 $9970; [8]286 $7500; U.V. 

X ,,,,, 219-220, 278, 287 mp (log E 3.94, 3.34, 3.31); i.r. v ,,,,, 
1745, 1613 cnl-1; n.m.r. 55 (18-H), 200 (15-methoxyl), 
224 (3-methoxyl), -240 (15-H), 396 (C-4 H), 404, 406 
(C-2 H), 426,434 (C-1 H) C.P.S. 

Anal. Calcd. for CzoHz603: C, 76.40; H, 8.34. Found: 
C, 76.91 ; H, 8.37.8 

Finally chromatography of the residue on silica gel 
gave by elution with hexane -ethyl acetate (4:1), followed 
by crystallization from methanol l5g-hydroxyestrone 
dimethyl ether (8b) (75 mg) as needles: m.p. 125-127"; 

8This compound (8a) is the 15-methyl ether of 3,1501- 
dihydroxyestra-l,3,5(10)-trien-1 %one obtained previously 
by microbiological hydroxylation of estrone, followed by 
methylation; see ref. 40. 
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[ a ] ~  +92"; 0.r.d. (c, 0.0007; dioxane): +476"; 
[+I350 +2474"; [+I321 3-6613'; ['PI297 +OD; [ + I Z ~ ~  
-3425"; [+]?so +Oo; [+I237 +3045O; [+I130 +Oo; [+]zzs 
-3093'; c.d. (c, 0.0016; dioxane): +0; 
+8750; [8]2gs +7900; U.V. Amn, 279, 288 mp (log e 3.33, 
3.31); i.r. v,,,, 1735, 1613 cm-1; n.m.r. 67 (18-H), 197 
(15-methoxyl), 224 (3-methoxyl), - 242 (15-H), 398 
(C-4 H), 398,405,408 (C-2 H), 426, 436 c.p.s. (C-1 H). 

Anal. Calcd. for C20H2603: C, 76.40; H ,  8.34; 0 ,  
15.27. Found: C, 76.57; H ,  8.10; 0 ,  15.43. 

Acid lsotnerizntiorz of 14-Delzydroestrot~e-3-1net11yl Ether 
( 6c) 

A solution containing 50 mg of 14-dehydroestrone-3- 
methyl ether (6c), 33 mg of p-toluenesulfonic acid mono- 
hydrate, and 2.5 ml of anhydrous benzene was heated a t  
reflux temperature for 3 min. Neutralization, followed by 
extraction with methylene chloride and chromatography 
on silica gave, after elution with hexane- ethyl acetate 
(95:9) and crystallization from methylene chloride - 
methanol, 12.5 mg of starting material (m.p. 101-102"), 
and 7.5 rng of 15-dehydroestrone-3-methyl ether (60), 
with 1n.p. 99-10O0, [ a ] ~  +456"; U.V. A ,,,,, 220-222, 278, 
287 mp (log E 4.15, 3.38, 3.32), identified by direct com- 
parison (mixture melting point, t.l.c., and infrared 
spectra) with an  authentic specimen. 

Alknlit~e Isonlerizatiot~ of 14-Delzyciroestrone-3-tnetlzyl 
Ether (6c) 

A solution of 14-dehydroestrone methyl ether (6c) 
(540 mg) in 100 ml of 2 %  methanolic potassium hydrox- 
ide was heated to reflux, under nitrogen, for 30 min. 
Extraction with methylene chloride, washing to neutrality, 
furnished an amorphous residue which was chromato- 
graphed on fluorescent silica gel chromatoplates. Two 
compounds were isolated besides 170 mg of unchanged 
starting material with: m.p. 99-100"; [a]D +291°; un- 
depressed by mixture m.p. with an  authentic sample. The 
14&15-dehydroestrone derivative (66) (310 mg) was also 
isolated; m.p. 99-100"; [ a ] ~  +434"; t.l.c., i.r., and mixture 
melting point identical with an  authentic sample. Finally, 
40 mg of an  homogenous product were obtained, which 
provided, after crystallization from methylene chloride - 
methanol, pure 158-hydroxy-148-estrone dimethyl ether 
(84 ;  m.p. 87-89"; [ a ] ~  +137"; c.d. (c, 0.0006; dioxane): 
[el320 1 0 ;  [el291 +4720; [el286 +3600; U.V. An,n, 220- 
221, 278, 287 mp (log E 3.92, 3.28, 3.27); i.r. v,:,, 1740, 
1610 cm-1; n.m.r. 68 (18-H), 197 (15-methoxyl), 225 
(3-methoxyl), 242,250 (15-H), 398 (C-4 H), 398,405,408 
(C-2 H), 428,435 C.P.S. (C-1 H). 

Anal. Calcd. for C20H2603: C, 76.40; H ,  8.34. Found: 
C, 76.44; H,  8.33. 

Acid Isornerizntio~~ of 15-Del1ydro-14~-estrot1e-3-metI1yl 
Ether (66) 

A solution of 200 mg of 15-dehydro-148-estrone-3- 
methyl ether (60) and 120 mg of p-toluenesulfonic acid 
monohydrate in 10 ml of anhydrous benzene, was heated 
under reflux for 3 min. Neutralization with a sodium 
bicarbonate solution followed by extraction with methyl- 
ene chloride, gave a product which was chromatographed 
on silica gel. Elution with 5 %ethyl acetate in hexane and 
subsequent crystallization from methylene chloride- 
methanol afforded 14-dehydroestrone methyl ether (6c) 
(100 mg); m.p. 101-102°, [ a ] ~  +250°, U.V. A ,,,, 220-221, 

278, 287 mp (log e 3.96, 3.32, 3.31). A second crop gave 
impure starting material (66) (60 mg); m.p. 97-99", [a]= 
+448"; U.V. A,,, 22C222, 278, 287 mp (log E 4.2, 3.4, 
3.34). 

Alkalitze Trentnlent of 3,15a-Dil1ydroxyestrone-3-met/zyl 
Ether (8a) 

A solution containing 50 mg of 8a, and 50 mg of 
potassium hydroxide in 25 ml methanol was gently re- 
fluxed for 4 h under nitrogen. After cooling and extrac- 
tion by usual procedure a crude mixture (50 mg) was 
obtained. Preparative thin-layer chromatography allowed 
the isolation of 25 mg of the 14-dehydro compound (6c): 
m.p. 95-97"; [a]D +286", identical in every respect 
(t.l.c., i.r., and m.p.) with an  authentic sample. Moreover, 
10 mg of 15-dehydro-148-estrone-3-methyl ether (86) 
were also obtained; m.p. 96-97"; [a],, +408", and shown, 
by usual criteria (t.l.c., mixture melting point, i.r.), to be 
identical with a pure sample of 66. 

3-Hydroxy-148-estra-1,3,5(10), 8-tetrnen-17-one-3-metl1yl 
Ether (70) 

A mixture of 15-dehydroestrone-3-methyl ether (6a) 
(2.33 g), p-toluenesulfonic acid monohydrate (1.5 g) and 
toluene (120 ml) was hcated a t  reflux temperature for 16 h. 
This solution was then washed thoroughly with saturated 
sodium bicarbonate solution, and with water until 
neutral. Removal of the solvent in vncuo and subsequent 
crystallization from methanol afforded As-148-estrone-3- 
methyl ether (70) (1.4 g); m.p. 121-122", [a]" +213"; 
0.r.d. (c, 0.001 ; dioxane): [+I600 +590a; [Olsoo +100O0; 
[+I400 +1290°; [@I321 +3270°; [+I310 +24405; [$~]29~ 
+4150°; [@I276 +30 500'; -29 600'; 
-23 000"; c.d. (c, 0.001; dioxane): [ 0 ] 3 ~ ~  +0; 
4- 3170; [0]300 -6500; U.V. A,,,,, 273-274 mp (log €4.22); 
i.r. v,,,:,, 1730, 1650, 1610 cm-1; n.m.r. 65 (18-H), 164 
(benzylic H), 228 c.p.s. (methoxyl H). 

Alkalitle Ison~erizatiot~ of l5-Del1ydro-l4~-estrot1e-3-tnetl1yl 
Etlrer (60) 

A solution of 550 mg of 66 and 2 g of potassium hydrox- 
ide in 100 ml methanol was heated to  reflux under nitro- 
gen for 30 min. By extraction with methylene chloride, 
washing with water until neutral, and removal of the 
solvent an amorphous residue (540 mg) was obtained. By 
chromatography on silica gel preparative fluorescent 
chromatoplates there were isolated three substances. 
First, 170 mg of 14-dehydroestrone methyl ether (6c) 
were obtained. Recrystallization from methylene chloride 
- methanol provided the pure isomer (6c); m.p. 102-103"; 
[ a ] ~  +284", identical in all respects with an  authentic 
samplc. Moreover 310 mg of unchanged starting material 
(60) with m.p. 96-97"; [O]D f 448" were recovered. 
Finally, 45 ing of an homogeneous substance were ob- 
tained which crystallized from methylene chloride - 
methanol, to  give the analytical sample of 158-hydroxy- 
148-estrone dimethyl ether (8c); m.p. 87-89"; [G]D +137"; 
U.V. A,,, 219-221,278, 287 mp (log e 3.95, 3.31, 3.28); i.r. 
v,,, 1738, 1610 cm-1, shown to  be identical (mixture 
melting point, t.l.c., i.r.) with an  authentic sample. 

3-Hydroxy-15, 16~-oxi~Io-I4~-estra-1,3,5(10)-t1~ie~1-17- 
otre-3-~netl1yl Ether (ad) 

A solution of 15-dehydro-148-estrone methyl ether (66) 
(880 mg) in undistilled tetrahydrofuran (10 ml) was 
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treated with 50 ml of a 3 % solution of potassium hydrox- 
ide in aqueous methanol. The mixture was heated for 30 
min at reflux temperature. Subsequent neutralization, 
addition into water, extraction with methylene chloride, 
and chromatography of the residue on fluorescent silica 
gel plates, gave 200 mg of unchanged starting material, 
as well as 286 mg of a compound with m.p. 100-10lo, 
without defined absorption maximum around 220mp. 
Further crystallization of this product from methanol 
gave 205 mg of pure 15,16p-oxido-140-estrone methyl 
ether ( 8 4 :  m.p. 100-111"; [a],, +311°; c.d. (c, 0.001; 
dioxane): f O ;  [e]326 -3300; -3470; 

f O ;  U.V. Xmnx 278, 287 mp (log e 3.34, 3.32); i.r. 
v,,, 1740, 1610 cm-1; n.m.r. 68 (18-H), 207, 209, 227, 
230 (2-epoxide-H), 225 (C-3 methoxyl H), 398 (C-4 H), 
398,406,409 (C-2 H), 421,429 C.P.S. (C-1 H). 

Anal. Calcd. for Cl9H22O3: C, 76.48; H, 7.43. Found: 
C, 77.09; H,  7.49. 

3,1701 - Dilzydroxy - 178 - ethirzyl- 148 - estra - 1,3,5(10), 
8 -tetraene-3-metlzyl Etlzer (7b) 

A stream of purified acetylene was bubbled through 
200 rnl of tetrahydrofuran for 2 h. A 3 N solution of 
methylmagnesium bromide in ether (5 ml) was then 
added slowly and the stream of acetylene was maintained 
for 5 h. A solution of dehydro-148-estrone 3-methyl ether 
(7a) (500 mg) in a few ml of tetrahydrofuran was added 
and the mixture was heated at refiux temperature for 
1.5 h. The reaction mixture was then added to a cold 
saturated ammonium chloride solution and extracted with 
methylene chloride. Crystallization of the crude extract 
from ether-hexane afforded 125 mg (25%) of the 178- 
ethinyl derivative (7b); m.p. 91-92"; [ol]D +65"; U.V. A,,, 
272-273 mp (log e 4.08); i.r. v ,,,, 3540, 3225, 1640, 1605 
cm-1: n.m.r. 67 (18-H), 130 (hydroxyl), 154 (-CECH), . .. . - 

226 cip.s. (methoxyl). 
Anal. Calcd. for C21H2402. 112 H20:  C, 79.46; H ,  

7.94; 0 ,  12.60. Found: C, 79.52; H,  7.95; 0 ,  12.34. 

14p-Estror~e-3-methyl Ether (6d) 
(a) From 15-Delz~~dro-14~-estrone-3-metlzyl Ether. (66) 
A solution of 66 (5.8 g) in ethyl acetate (125 ml) was 

shaken with 10% palladium on charcoal (1 g) in an 
atmosphere of hydrogen at 50 pounds per square inch 
(p.s.i.). Crystallization of the product from methanol 
afforded 5.5 g of 14p-estrone-3-methyl ether ( 6 4 ;  m.p. 
112-1 13"; [o l ]~  +179"; 0.r.d. (c, 0.0004; dioxane): [@I600 
+530"; [+]3so +215g0; [@I306 +499S0; [@]2z7 +1590°; 
[@]740 +7573'; [@I218 122421";  c.d. (c, 0.0003; diox- 
ane): [8]3zo &0; [el290 +4420; [812so +1400; U.V. Xmnx 
278,287 mp (log E 3.33, 3.30); i.r. v,,, 1730, 1613 cm-1 ; 
n.m.r. 67 (18-H); 223 (C-3 methoxyl); (lit. (7) m.p. 114- 
115", [a10 +156"). 

(6) Frotrz 14-Delzydroestrone-3-melhyl Ether (6c) 
Hydrogenation of 6c (2.1 g) in ethyl acetate (100 rnl) 

with 10% palladium on charcoal (0.5 g) at 50 p.s.i. 
afforded, after crystallization from methanol, 148-estrone- 
3-methyl ether ( 6 4  (1.77 g); m.p. 110-111"; [01]D +177"; 
U.V. A,,, 278, 287 mp (log E 3.33, 3.30). This compound 
was identical by i.r., t.l.c., and mixture melting point 

saturated solution of hydrogen bromide in acetic acid 
(25 ml) (22). The mixture was left at room temperature 
for 16 h and then poured into ice-water to give a precipi- 
tate. The solid material was separated by filtration, 
washed with water, redissolved in methanol (36 n~l),  and 
heated to reflux with aqueous potassium hydroxide ( lo%,  
6 ml) for 1 h. Addition to ice-water, acidification with 5% 
aqueous hydrogen chloride and extraction with methylene 
chloride gave a semicrystalline residue, which after 
crystallization from methylene chloride -methanol fur- 
nished 148-estrone (6e) (1.42 g). The analytical sample 
exhibited; m.p. 210-211"; [01]D +183"; U.V. A,,, 280-281 
mp (log E 3.30); i.r. v,,, 3250, 1715, 1613 cm-1; n.m.r. 
67 (18-H), - 324 (hydroxyl), - 396 (C-4 H), .- 405 (C-2 
H), 425, 435 (C-1 H) C.P.S. 

Anal. Calcd. for CI8H2202: C, 79.96; H, 8.20. Found: 
C, 79.14; H,  8.21. 

14~-Esfrorre-3-tetrat1ydropyrat1yl Etl~er  (6f) 
A solution containing 148-estrone (6e) (1.3 g), an- 

hydrous benzene (20 ml), anhydrous tetrahydrofuran (10 
ml), dihydropyrane, and 50 mg of p-toluenesulfonic acid 
monohydrate was stirred at room temperature for I h 
(23). The reaction mixture was then poured into a satura- 
ted aqueous sodium bicarbonate solution and extracted 
with methylene chloride. After alumina chromatography 
the material eluted with hexane-ether (9:l) was crystal- 
lized from ether-methanol to give 14p-estrone tetrahydro- 
pyranyl ether (6f) (800 mg); m.p. 102-103"; [01]D t148" ;  
U.V. X ,,,,, 277, 284mp (loge 3.18, 3.13); i.r. v ,,,, 1730, 
1610 cm-1; n.m.r. 65 (18-H), 172 (benzylic H), 200-250 
(-CH.7-0-), 321 (-0-CH-0-), 407 (C-4 H) - 415 (C-2 H), 427436 (C-1 H)  C.P.S. 

Anal. Calcd. for C23H3003: C, 77.93; H, 8.53; 0,13.54. 
Found: C, 78.32; H,  8.43; 0,13.40. 

3,17~-Dilzydroxy-l7~-ethir1yl-14~-estra-1,3,5(IO)-trier1e- 
3-rlrerlzyl Ether (13a) 

Purified acetylene was bubbled through 200 ml of 
anhydrous tetrahydrofuran for 2 h. Without stopping the 
acetylene stream, 21.3 ml of 3 N solution of methyl- 
magnesium bromide in ether were slowly added and the 
acetylene was allowed to  pass through the solution for a 
further 5 11. 14p-Estrone-3-methyl ether (6d) (1.7 g) in a 
few milliliters of anhydrous tetrahydrofuran was then 
added and the mixture was refluxed for 1.5 h. Addition of 
this solution to an ice-cold saturated solution of ammo- 
nium chloride in water and extraction with methylene 
chloride furnished a semicrystalline product which after 
recrystallization from methanol-hexane gave 900 mg of 
178-ethinyl-148,17a-estradiol 3-methyl ether (130). Fur- 
ther purification by crystallization afforded the analytical 
sample; m.p. 112-113"; [a]D +140°; U.V. X,,, 219-221, 
278-279, 287 mp (log e 3.94, 3.30, 3.27); i.r. v,,,,, 3500, 
3300, 3200, 3160, 1625, 1600 cm-1; n.m.r. 70 (18-H), 
153 (acetylenic H), 171 (benzylic H), 227 (rnetho~yl H), 
399 (C-4 H), 408 ('2-2 H), 432,441 C.P.S. (C-1 H). 

Anal. Calcd. for C ~ ~ H 2 6 0 2 . 1 / 2  H 2 0 :  C, 79.02; H,  8.52. 
Found: C, 79.43; H ,  8.69. 

comparison with the product obtained in the previous 
experiment (a). 3,17a-Dilzydr.oxy-l7~-ethinyl-14p-esfra-1,3,5(10) -1rierre-3- 

nzethyl Ether 17-Tetral~ydropyranyl Ether (13e) 
148- Estror~e (6e) A solution containing 178-ethinyl-148-estradiol-3- 

14p-Estrone 3-methyl ether (6d) (1.7 g) was added to a methyl ether (13a) (300 mg), anhydrous benzene (30 ml), 
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dihydropyrane (0.3 ml) and p-toluenesulfonic acid mono- 
hydrate (15 mg), was stirred at room temperature for 1 h 
(23). It was then poured into a saturated aqueous sodium 
bicarbonate solution and extracted with methylene 
chloride. The amorphous residue was purified by chroma- 
tography on alumina. Concentration of the hexane - 
methylene chloride (9:l) eluates and subsequent crystal- 
lization from ether-methanol afforded 140 mg of the 
tetrahydropyranyl ether derivative (13e); m.p. 89-90"; 
[ a ] ~  +144"; U.V. A ,,,,, 279, 287 mp (log e 3.29, 3.26); i.r. 
v ,,,, 3200, 2090, 1610 cm-1; n.m.r. 69 (18-H), 151 
(-C=CH), 200-250 (-CHI-0-), 223 (CH3-0-), 
N 314 (-0-CH-0-), 395 (C-4 H), 405 (C-2 H), 428, 
437 C.P.S. (C-1 H). 

Anal. Calcd. for C26H34O3: C, 79.15; H ,  8.69; 0, 
12.17. Found: C, 79.01; H, 8.77; 0 ,  12.13. 

3,17a- Dilzydroxy- 17~-ethirzyl-14~-estr~1-1,3,5(10) -triet~e 
3-lrzetlzyyl Etlrer 17-Acetate (13b) 

The ethinyl steroid (13a) (400 mg) was treated with 
acetic anhydride (4 ml) and p-toluenesulfonic acid mono- 
hydrate (120mg) at room temperature for 20 h. The 
reaction mixture was poured into water and extracted 
with inethylene chloride. This extract was washed succes- 
sively with saturated aqueous sodium bicarbonate 
solution and water, dried, and concentrated itz vnclio to 
givz a residue which crystallized from methylene chloride 
- methanol to give the 178-ethinyl-148-estratriene acetate 
(13b) (310 mg); m.p. 129-130"; [ a ] ~  +llOO; U.V. A,,,, 
278-279, 287 mp (log c 3.29, 3.26); i.r. v,,, 3225, 1750, 
1615, 1255 cm-1; n.m.r. 73 (18-H), 122 (-OAc), 154 
(-C=CH), 224 (CH30-), 397 (C-4 H), -- 407 (C-2 
H, C-1 H), 437, 429 c.p.s. (C-1 H). 

Anal. Calcd. for C23H?803: C, 78.37; H, 8.01; 0 ,  
13.62. Found: C, 78.76; H, 8.04; 0 ,  13.49. 

3,17cu-Dilzydroxy-17~-etlzirzy~-14~-estm-1,3,5(10)-trie~ze-3- 
tetralzydropyratryyl Ether (13d) 

A solution of methylmagnesium bromide in ether (10 
ml of 3 N)  was slowly added to a saturated solution of 
purified acetylene in anhydrous tetrahydrofuran (200 ml). 
A stream of acetylene was passed through this mixture 
for 4 h. 148-Estrone tetrahydropyranyl ether (6f) (700 
mg) in a few ml of anhydrous tetrahydrofuran was then 
added and the mixture was refluxed for 1.5 h. Addition 
to an ice-cold saturated aqueous solution of ammonium 
chloride and extraction with methylene chloride gave an 
amorphous residue which crystallized from methylene 
chloride - ether, to give 750 ing of 178-ethinyl-148, 17a- 
estradiol-3-tetrahydropyranyl ether (134 ;  m.p. 147-148". 
Recrystallization afforded a pure sample; m.p. 157- 
158.5"; [a]" +72"; U.V. A,,, 284mp(log €3.16); i.r. v,~,,, 
3200, 3150, 2075, 1610 cm-1; n.m.r. 68 (18-H), 142 
(hydroxyl), 151 (-C-CH), 200-250 (-CH2-0-), 322 
(-0-CH-4-), 406 (C-4 H), 415 (C-2 H), 428, 437 
C.P.S. (C-1 H). 

Anal. Calcd. for C25H3203: C, 78.91; H, 8.48; 0, 
12.61. Found: C, 78.34; H, 8.37; 0 ,  12.79. 

( 1 3 ~ )  
A solution of 800 mg of 17p-ethinyl-14p,17a-estradiol- 

3-monotetrahydropyranyl ether (134  in 50 ml methanol 
was treated with a saturated solution of oxalic acid in 50 % 

aqueous methanol (10 ml) at room temperature for 16 h . 
The reaction mixture was then poured into a saturated 
solution of sodium bicarbonate and extracted with 
methylene chloride. The residue crystallized from acetone- 
ether to give 600 mg of 178-ethinyl-148,17a-cstradiol 
(13c); m.p. 184-185"; [ a ] ~  +118"; U.V. A,,, 281 mp (log 
e 3.29); i.r. v,:,, 3300, 3220, 2080, 1610 cm-1; n.m.r. 70 
(18-H), 94 (hydroxyl), 153 (-C-CH), 278 (hydroxyl), 
-- 395 (C-4 H), -- 404 C.P.S. (C-2 H). 

Anal. Calcd. for C20H?102.1/2 H20:  C, 78.65; H, 8.25. 
Found: C, 78.09; H ,  8.23. 

3,17a-Diliydroxy-19-t~orpregtza-1,3,5 (10)-trierze-20-one 3- 
methyl Ether 17-Acetate (14) 

The acetate (13b) (1.4 g) was added to a refluxing 
mixture of 20% aqueous sulfuric acid (50 ml), mercuric 
sulfate (1.26 g) and ethanol (300 ml). The resulting 
solution was allowed to reflux under nitrogen for 1.5 11 
(27). The solution was cooled, neutralized with saturated 
aqueous sodium bicarbonate, and then extracted with 
ethyl acetate. Working-up as usual and crystallization of 
the residue from methylene chloride -methanol gave 750 
mg of 3,17a-dihydroxy-19-norpregna-l,3,5(10)-trien-20- 
one 3-methyl ether 17-acetate (14); m.p. 140-141"; [a]D 
+74"; c.d. (c, 0.0009; dioxane): [@I380 AO; [8]293 +2360; 
[8]2~0 +loo; U.V. Am,,l 278, 287 mp (log e 3.33, 3.31); i.r. 
v,,,:,, 1730, 1708, 1610, 1250 cm-1; n.m.r. 58 (18-H), 125, 
127 (21-H plus an acetate grouping), -- 168 (benzylic H), 
-- 224 (methoxyl), -- 397 (C-4 H), 397,405,408 (C-2 H), 
428, 436 c.P.S. (C-1 H). 

Anal. Calcd. for CzoH3004: C, 74.56; H ,  8.16. Found: 
C, 74.21 ; H, 8.10. 

14p,17a-19-Norpregtz-4-er2e-3,20-diorre (2a) 
A solution of compound (14) (780 mg) in anhydrous 

dioxane (100 ml) was added to a stirred solution of 
lithium metal (1.46 g) in 300 ml liquid ammonia - an- 
hydrous dioxane (2:l). After stirring for 2 h, methanol 
was carefully added until the blue color had disappeared. 
The ammonia was then allowed to evaporate and the 
mixture was poured into saturated aqueous ammonium 
chloride solution, extracted with methylene chloride, and 
washed with water to neutrality. The residue was then 
dissolved in a mixture of 65 ml o f  methanol and 5 ml of 
rnethylene chloride. 50'X aaueous hvdrochloric acid (31 
ml) was added, and the solution was stirred at room 
temperature for 1 h. Extraction with methylene chloride 
and chromatography on silica gel afforded 380 mg of an  
amorphous epimeric mixture of 20-hydroxy-148,17a-19- 
norpregn-4-en-3-one (94 ,  showing: U.V. A,,,, 240 inp (log 
e 4.18); i.r. v,,, 3350, 1665, 1613 cm-1. One pure isomer, 
presumably the 208-compound ( 9 4  exhibited; m.p. 145- 
146"; [a]" +86"; U.V. A,,, 240 inp (log e 4.21); i.r. v ,,,,, 
3400, 1655, 1625, 1605 cm-1; n.m.r. 66, 72 (21-H, 
doublet), 74 (18-H), -- 102 (-OH), -- 210-235 (20-H), 
349 (C-4 H), This material was dissolved in acetone (4 ml) 
and treated with 8 N chromic acid (31) (0.4 ml) at 0-5' 
for 10 min. Ice and water were added and the mixture 
was extracted with methylene chloride. This extract was 
washed with saturated aqueous sodium bisulfite and with 
water, then dried and concentrated to give an amorphous 
residue. Crystallization of the product from methanol- 
water gave 148,17a-19-norprogesterone (20) (225 mg); 
m.p. 87-88"; [ a ] ~  +54"; c.d. (c, 0.001 : dioxane): [@I376 
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+O; -1520; -3630; -4620; saturation was achieved. A 3 N solution of methyl- 
-4520; -4690; -4690; [@]z60 magnesium bromide in ether (10 ml) was added slowly 

-610; U.V. A,,, 240 mp (log e 4.22); i.r. v,,,,, 1705, 1660, and the stream of acetylene was maintained during 4 11. 
1605 cm-1 (in agreement with the published constants A solution of 750 mg of 148-estr-5-ene-3,17-dione 3- 
(2)); n.m.r. 77 (18-H), 128 (21-H), 348 c.p.s. (C-4 H). cycloethylene ketal (106) in 150 ml of anhydrous tetra- 

hydrofuran was then added and the mixture was heated 
1701-Hyrlroxy 14p-Estr-4-en-3-one (9a) at reflux temperature for 1.5 h. The product was isolated 

A solution of 3.2 g of 15-dehydro-14~-estrone-3-methyl after addition of the reaction mixture to an ice-cold 
ether (66) in 100 ml of anhydrous dioxane was added with saturated aqueous solution of ammonium chloride, 
stirring to 4 g of lithium in 900 ml liquid ammonia- followed by extraction wit11 methylene chloride, and 
anhydrous dioxane (2:1). After stirring for 2 h, methanol washing with water to neutrality. The colored extract was 
was carefully added until the blue color had disappeared. dissolved in ethyl acetate, treated with charcoal, and 
After allowing the mnmonia toevaporate the lnixture was filtered through alumina. Evaporation of the solvent and 
poured into saturated crystallization from ether gave 635 mg of 178-ethinyl- 
solution, extracted with meth~lene chloride, and the 148,17a-19-nortestosterone cycloethylene ketal (loc) the 
extract was washed with water to neutrality. The residue analytical sample of which exhibited; m.p. 177-179~; 
after removal of solvent was dissolved in 70 ml of meth- 4-1270; ier. 3450, 3400, 3250 cm-l; n.m.r. 68 
anoh and stirred with acid ml) at (18-H), 152 (ethinyl H), 239 c.p.s. (cycloethylene ketal H). 
room temperature for 1.5 h. Isolation of the product with ~ ~ ~ 1 .  calcd. for c ~ ~ H ~ ~ ~ ~ :  C, 77.15; H, 8.83. ~ ~ ~ ~ d :  
methylene chloride and chromatography of the residue C, 76.98; H, 8.79. 
on silica gel gave 1.74 g (56%) of homogeneous amorphous 
material. Upon crystallization from ether-pentane, 1.1 g 17p-Eth;llyl 17ff-Hydroxy-148-es~r-4-e~-3-one (96) 
of 148,17a-19-nortestosterone (90) was obtained; m.P. Perchloric acid (3 N, 28.2 ml) was added to a solution 
105-106"; [LY]D +69'; U.V. Amnx  240, 310-316 mp (log e of the 17p-ethinyl derivative (10c) (2.35 g) in tetrahydro- 
4.21, 2.0); i.r. v,,, 3500, 1660, 1613 cm-'; n.m.r. 64 furan (33 ml), and the mixture was stirred at room tem- 
(18-H), 157 (h~drox~l ) ,  21@240 (178-H), ,- 349 C.P.S. perature for 48 h. After addition of ice-water and extrac- 
(C-4 H). tion with methylene chloride, the organic layer was washed 

Anal. Calcd. for C18H2602: C, 78.79; H, 9.55; 0 ,  11.66. with sodium bicarbonate, then with water. Crystallization 
Found: C, 78.75; H, 9.44; 0 ,  11.91. of the residue from methylene chloride-methanol fur- 

~701-Hydroxy-~4~-est,.-5-e,I-3-o,le Cycfoethy]elle Ketal nished 826 mg 9b. The Inother liquors gave 610mg 

(IOa) 
additional impure material. Recrystallization from the 

A solution of 1.1 g of ga, 375 mg of p-toluenesulfonic same solvents afforded the analytical sample of 96; m.p. 

acid, 73 ml ethylene glycol, and 500 ml of benzene was 214-215"; [ f f l ~  +59"; c.d. (c, 0.001; dioxane): [@I356 
allowed to reflux for 19 h, After cooling, the reaction -1620; [@I343 -4060; [@I330 -5050; [@I320 -4060; 
mixture was poured into a saturated solution of sodium [@I308 -2670; u.v. Amnr  240-241 mP (log 4.24); i.r. Vn~ax  

bicarbonate, and extracted with benzene. The organic 3370, 32009 2070, 1660, 1610 cm-l; n.m.r. 70 (18-H), 
layer was washed, dried, and evaporated in vncuo, furnish- 153 (ethinyl 351 '.Ps. (C-4 
ing 1.19 g of the crude ketal (loa), Crystallization from Anal. Calcd. for C20H2602: C, 80.49; H, 8.78. Found: 

ether afforded the analytical sample; m.p. 136-138"; C. Hy 8.76. 
[ffID +980 ; i.r. '~nax 3475 cm-l ; n.m.r. 61 8-H)l 134 17&Ethinyf 1 701-Hydroxy-~4~-e~~r-4-en-3-or~e Tetrahydro- 
(OH), 225 (178-H), 237 (-0-CH-1, 328 C.P.S. (C-6 pyrarlyl Ether (9c) 
vinyl H). 17~-Ethinyl-14~,17oI-19-nortestosterone (96) (290 mg), 

Anal. Calcd. for C2oH3oO3: C, 75.43; H, 9.50; 0,15.07. 20 ml of benzene, 0.2 ml of dihydropyrane, 
Found: C, 75.02; H, 9.58; 0 ,  15.16. and 5 mg of p-toluenesulfonic acid monohydrate were 
14P-Estr-5-e11e-3,17-diot1e 3-Cycloethyle~ie Ketal (lob) 

148,1701-19-Nortestosterone cycloethylene ketal (10a) 
(1.27 g) in 65 ml of pyridine was added to a cold pyridin- 
ium chromate solution, (prepared from 1.3 g of chromium 
trioxide and 65 ml anhydrous pyridine) (26). After 
stirring for 15 h at room temperature, ethyl acetate was 
added and the suspension was filtered through alumina. 
The filtrate was evaporated to dryness under vacuum to 
give a residue which crystallized from ether, to yield 1.0 g 
of 148-estr-5-ene-3.17-dione 3-cycloethyleneketal (106); 
m.p. 114115"; [ff]D 4-17"; i.r. v,,,~ 1735cm-1; n.m.r. 64 
(18-H), 237 c.p.s. (cycloethylene ketal H). 

Anal. Calcd. for C20HZ8o3: C, 75.91; H, 8.92; 0 ,  
15.17. Found: C, 75.75; H, 8.97; 0 ,  15.50. 

178-Etlri~ryl 17or-Hyrlr.oxy-14P-estr-5-e~-3-01le Cycloethyl- 
erle Ketnl (1Oc) 

A stream of purified acetylene was bubbled through 
200ml of anhydrous tetrahydrofuran until complete 

stirred at room temperature for 1 h. The reaction mixture 
was then poured into a saturated aqueous solution of 
sodium bicarbonate and the product was isolated by 
extraction with methylene chloride. The organic extracts 
were washed until neutral, dried, and evaporated to give 
an amorphous residue which was crystallized from 
methylene chloride - methanol to yield 200 mg of 178- 
ethinyl- 148,1701- 19-nortestosterone tetrahydropyranyl 
ether (9c); m.p. 160-161"; [ff]D +102"; U.V. A,, 238 mp 
(log €4.22); i.r. v,,, 3150, 2070, 1670, 1620 cm-1; n.m.r. 
69 (18-H), 153 (ethinyl H), 20@245 (-CH2-0-), -312 
(-0-CH-0-); 350 C.P.S. (C-4 H). 

Anal. Calcd. for C25H3603: C, 78.08; H, 9.44. Found: 
C, 78.09; H, 8.89. 

3,17a- Dil~ydroxy 17~-Etlrit1yl-14P-est,'a-3,5-diene Dince- 
tare (11) 

A solution of 400 mg of the 19-nortestosterone deriva- 
tive (96) and p-toluenesulfonic acid monohydrate (120 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3 60 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

mg) in acetic anhydride (4 ml) was left at room tempera- 
ture for 16 h. This solution was poured into ice-water and 
extracted with methylene chloride. The organic phase was 
first washed with sodium bicarbonate and then with water 
until neutral. The amorphous residue obtained after 
evaporation of the solvent, crystallized from methanol, to 
yield 200 mg of diacetate (11); m.p. 166-168"; [a]D -39"; 
U.V. Am,,234mp(log €4.23); i.r. v,,, 3200, 2125, 1755, 
1745, 1660, 1630, 1245, 1205cm-1: n.m.r. 72 (18-H), 
121,127 (2-acetate methyls), 156 (ethinyl H), 330 (C-6 H), 
,- 340 C.P.S. (C-4 H). 

Anal. Calcd. for C24H3004.1/2 H20:  C, 73.67; H, 7.98; 
0 ,  18.35. Found: C, 74.31; H ,  7.80; 0 ,  17.89. 

17~-Hydrosy-l4p-l9-norpregt~-4-e~1e-3,2O-dione Acetate 
(12) 

Mercuric sulfate (390 mg) and 15.4 ml of aqueous 20% 
sulfuric acid were added to a refluxing solution of 3,1701- 
dihydroxy 17p-ethinyl-14p-estra-3,s-diene diacetate (11) 
(440 mg) in ethanol (92.4 nd), and the mixture was 
heated at reflux temperature under nitrogen for 1.5 h. 
The cooled solution was poured into ice-water, extracted 
with ethyl acetate, washed with sodium bicarbonate 
solution, and finally with water until neutral. The residue 
appeared practically homogeneous on a chromatoplate. 
Crystallization from ether afforded the pure sample of 
1701-hydroxy-148-19-norprogesterone acetate (12) (250 
mg); m.p. 159-161"; [a]" +43"; c.d. (c, 0.001 ; dioxane): 
[el370 fO; [el359 -1490; [el343 -3930; [el331 -4880; 
[@I321 -3660; [@I289 +1910; [@]?as +2050; [el260 
+520; U.V. A ,,,, 240 mp (log E 4.33); 1.r. v ,,I, 1735, 1710, 
1670, 1625, 1258 cm-1; n.m.r. 60 (18-H); 125,126 (21-H 
and 17a-acetate), - 349 c.p.s. (C-4 vinylic H). 

Anal. Calcd. for C22H3004: C, 73.71; H, 8.44; 0, 
17.85. Found: C, 73.62; H, 8.74; 0 ,  17.74. 

1301-Estro~~e 3-Metl~yl Ether (17) 
A solution of estrone methyl ether (40) (10 g) in 500 ml 

of tetrahydrofuran was irradiated, under nitrogen, with a 
Hanau 4-81 high pressure ultraviolet lamp for 12 h in a 
centrally illuminating apparatus, provided with a water 
cooled quartz filter and magnetic stirring. Evaporation of 
the solvent left a residue which was chromatographed on 
silica gel to give 2.71 g of lumiestrone methyl ether (17) 
from the hexane eluates. A pure sample, obtained by 
crystallization from methanol, showed; m.p. 126128"; 
[a]" -30"; c.d. (c, 0.001 ; dioxane): [8]340 +0; [@I319 
-1520; [Q]307 -1980; [ ~ l ~ 9 8 - 3 0 0  -1155; [0]zg5 -300; 
U.V. A,,,;,, 278, 287mp (log E 3.31, 3.28); i.r. v ,,I,, 1725, 
1613 cm-1; n.m.r. 61 (18-H), 224 (n~ethoxyl H), 397 (C-4 
H), - 406 (C-2 H), - 436, - 427 c.p.s. (C-1 H) (in 
agreement with the published data). 

13~~-Estr-4-ene-3,17-diorre (18) 
A solution of pure 1301-estrone methyl ether (17) (1.08 

g) in anhydrous dioxane (100 ml) was added with vigorous 
stirring to a mixture of lithium (2 g) in liquid ammonia 
and anhydrous dioxane (2:1, 300ml). The reaction 
mixture was stirred for 2 h and then methanol was care- 
fully added until the blue color had disappeared. The 
ammonia was allowed to evaporate, an excess of cold 
saturated ammonium chloride solution was added, and 
the product was extracted with methylene chloride. The 
amorphous residue thus obtained was dissolved in 

methanol (50 ml) and stirred with 50% aqueous hydro- 
chloric acid (45 ml) for 1 h at room temperature. The 
product was again extracted with methylene chloride and 
purified by chromatography on silica. An amorphous 
fraction, corresponding to the mixture of alcohols at C-17 
(39): U.V. A,,, 240 (log €3.94); i.r. v ,,I, 3400, 1715, 1645, 
1620 cm-1, was obtained by elution with hexane-ethyl 
acetate (4:l). This material was dissolved in 3 ml acetone 
and oxidized by treatment with 8 N chromic acid (31) 
(0.25 ml) for 10 min at 0-5'. Isolation of the product by 
addition of water and extraction with methylene chloride, 
followed by washing with sodium bisulfite solution gave 
an homogeneous material. Recrystallization from meth- 
anol furnished the analytical sample of 1301-estr-4-ene- 
3,17-dione (18); m.p. 160-162"; [01]D -45"; 0.r.d. (c, 
0.001 ; dioxane): [+I600 -326"; -2550'; 
-2400"; [+I350 -2950'; [@l3dO -1 500'; -16005 
[@I326 &oO; [@I324 +200°; [+I300 +49OOU; [@],s5 
+5700°; [@I246 +17 500'; [+1z32 +Oo; [+l2l5 +25 2502; 
c.d. (c, 0.001 ; dioxane): +O; -1650; 
[el346 -4100; [el340 -3700; [@I333 -5050; [0]3z7 
-4800; [el321 -6000; [GI315 -4900; [O130~ -2900; 
[@I274 f 0; [el261 f 0 ;  [el234 f 2 4  500; U.V. An,,, 240 
mp (log s 4.23); i.r. v,,, 1740, 1670, 1615 cm-1; 
n.m.r. 60 (18-H), 352 c.p.s. (C-4 H). 

Anal. Calcd. for C l~H1402 :  C, 79.37; H, 8.88. Found: 
C, 79.33; H, 9.00. 

Birch Red~rction of 3-H~~&o~y-~4p-estra-I,3,5(10),8- 
tetraell-17-one 3-Methyl Ether (7a) 

The 8(9)-dehydro steroid (7a) (1.87 g) was added to a 
stirred solution of 2.5 g lithium in 200 ml liquid ammonia 
and 200 ml anhydrous dioxane (24). After stirring for 2 h ,  
methanol was carefully dropped into the mixture until 
the blue color had disappeared. The ammonia was 
allowed to evaporate, and excess of an ice cold saturated 
ammonium chloride solution was added. The product 
was extracted with methylene chloride. The an~orphous 
residue obtained (1.75 g) was treated with 75 ml of 
methanol and 75 ml of 50% aqueous hydrochloric acid 
and stirred for 1 h at room temperature. The product was 
isolated by extraction with methylene chloride and the 
residue [A,!,, 240 mp (log E 3.97)], was chromatographed 
on fluorescent silica gel preparative chromatoplates. 
Development with hexane-ethyl acetate (4:l) and elution 
of zones with ethyl acetate furnished starting material 
(490 mg) (A,,, 272, log E 3.79), an amorphous by-product 
without specific U.V. absorption (60 mg), the retrosteroid 
(16a): m.p. 138-140" (150 mg), and an epimeric mixture 
of 17r-19-nortestosterone (15a) (350 mg) which could 
not be induced to crystallize. An analytical sample of the 
retrosteroid (160) ,was prepared by recrystallization from 
ether; m.p. 140-141"; [ a ] ~  -4G0, 0.r.d. (c, 0.001; di- 
oxane): -1 193; -260'; -61'; 
i-39"; [+I380 +l82'; [@l3,jO +1379O; [@]355 +1233'; 
[+I348 -k1625'; [+I345 +10303; [+I343 +284'; [+I340 
-171"; -1295'; [+]3zj -2760"; [@I31j -4000': 
[+I313 -4150"; c.d. (c, 0.001; dioxane): f 0 ;  
[el357 i 1 3 5 0 ;  [el342 +3630; [0]329 -1-4360; [@I318 
1-3300; [0]2g0 &0; U.V. Amns 242 mp (log E 4.2); i.r. v,,, 
3400, 1660, 1615 cm-1; n.m.r. 51 (I 8-H), ,- 139 (-OH), 
227, 231 (17p-H), - 350 C.P.S. (C-4 H). 
Anal.Calcd.forC18H260~:C,78.79;H,9.55;0, 11.66. 

Found: C, 78.85; H ,  9.50; 0,12.04. 
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Estr-4-e11e-3,l7-clione (15b) 
The C-17 epimeric mixture (15a) (235 mg) obtained in 

the above experiment was dissolved in 20 ml acetone and 
treated with 8 N chromic acid (0.23 ml) at 0-5" with 
stirring for 12 min (31). Addition to a saturated sodium 
bisulfite solution and extraction with methylene chloride 
gave 220 mg of a crystalline residue which was purified 
by recrystallization from methanolxther and identified, 
by mixture melting point, t.l.c., and i.r. spectra, as the 
known estr-4-ene-3,17-dione (15b) (24b); m.p. 160-162"; 
[a]= 1140"; U.V. A,,, 240 mp (log E 4.24); i.r. v,,, 1740, 
1670, 1620 cm-1; n.m.r. 57 (18-H), 352 c.p.s. (C-4 H). 

Anal. Calcd. for C18H2402: C, 78.33; H ,  9.00. Found: 
C, 78.80; H, 8.59. 

8a,9~,IOa,14~-Estr-4-e,re-3,17-dio,re (16b) 
A solution of the retrosteroid (160) (99 mg) in acetone 

(10 ml) was treated with 8 N chromic acid at 0-5" (0.1 ml) 
with stirring, for 10 min (31). The reaction mixture was 
added to ice-water, extracted with ethyl acetate, and the 
extract was washed with sodium bisulfite solution and 
then with water until neutral. The residue (88 mg) 
appeared homogeneous on a chromatoplate and was 
crystallized readily from ether to furnish a pure sample 
of the diketone (166); m.p. 160-161"; +44"; 0.r.d. (c, 
0.001 ; dioxane): [@]600 +16g0; [@IJso 1300"; [@I363 
+2000°; [@I358 +19OO0;[@]35o +2450°; +1200°; 
[@I335 +120OC; [+I321 f 0'; [@I312 -2200'; [@I310 
-2400; [@I302 -3800"; [+I244 -1855'; f O o ;  
[a1217 +26000°; c.d. (c, 0.001; dioxane: fO; 
[@I365 [el361 +750; [el348 +2600; [@I338 t2800 ;  
[el333 +4ooo; +3700; 14900; 
+3800; +4ooo; +2400; 5 0 ;  
f 0; [@1232 -26 500; [el225 -21 000; U.V. kmn,  240 mp 
(log e 4.24); i.r. v,,, 1740, 1670, 1615 cm-1; n.m.r. 60 
(18-H), 352c.p.s. (C-4 H). 

Anal. Calcd. for C18H2.+02: C, 79.37; H ,  8.88. Found: 
C, 79.14; H, 8.76. 

D,L-13-Isoestr-4-e11e-3,17-rlione (18 + 166) 
A mixture of 10 mg 18 and 10 mg 16b was recrystal- 

lized from acetone-ether to afford sharp melting crystals: 
m.p. 149-150"; [a]" fOo, with U.V. and i.r. spectra 
identical with these of the enantiomers (18) and (16b). 

3~-Hy~(,.oxy-13a-n11~Irost-5-en-l7-one Tetrn/~j~dropyrnliy/ 
Ether (19b) 

A solution of 38-hydroxy-androst-5-en-17-one tetra- 
hydropyranyl ether (19a) (m.p. 171-174") (23.5 g) in 
anhydrous tetrahydrofuran (1 550 ml) was irradiated with 
a Hanau Q-81 high pressure ultraviolet lamp, under 
nitrogen, for 9 h, in an apparatus designed for central 
illumination, water cooled quartz filtering and magnetic 
stirring. Evaporation of the solvent and chromatography 
of the residue on neutral alumina gave by elution with 
hexane-benzene (7:3) and crystallization from methanol 
3p-hydroxy-l3~t-androst-5-en-17-one tetrahydropyranyl 
ether (196) (7.5 g). The analytical sample was obtained 
by recrystallization from ether and showed; m.p. 133- 
135"; [ a ] ~  -124"; 0.r.d. (c, 0.005; dioxane): -597"; 

-2420'; [@I325 -3871°; [@I317 -2821'; [*1313 
-3023"; -1705O; -1976"; [a]295 -1570'; 
[@I240 -6588'; [+lz13 -13 098"; c.d. (c, 0.001 ; dioxane): 
[el340 f O ;  [el318 -2010; [el309 -2570; [@1298-302 

-1680; [O]z80 f O ;  i.r. u,,, 1735 cm-1; n.m.r. 51 
(18-H), 59 (19-H), 210-230 (-CHz- 0-), 286(-0- 
CH-0-), 325 C.P.S. (C-5 H). 

Anal. Calcd. for C24H3503: C, 77.58; H, 9.49. Found: 
C, 77.51 ; H, 9.80. 

3~,17a-Dit1ydroxy-l7~-efhi11yl-13a-a11drost-5-ene (19d) 
A stream of purified acetylene was bubbled through 

1250 ml of anhydrous tetrahydrofuran at room tempera- 
ture for 1 h. Without interrupting the acetylene stream, 
methylmagnesium bromide in ether (3 N, 55 ml) was then 
slowly added and the passage of acetylene was continued 
for 5 h. A solution of pure 38-hydroxy-13a-androst-5-en- 
17-one tetrahydropyranyl ether (19b) (7.5 g) in anhydrous 
tetrahydrofuran (250 ml) was added and the mixture was 
heated at reflux temperature for 6.5 h. The product was 
isolated by addition to a cold saturated aqueous arnmo- 
nium chloride solution, followed by extraction with 
methylene chloride, and chromatography of the residue 
on silica. Elution with hexane-ethyl acetate (9:l) pro- 
vided 1.5 g of an homogeneous amorphous material (19c) 
which was redissolved in 50ml of aqueous methanol. 
Oxalic acid (3 g) in methanol (50 ml) was added and this 
acid solution (pH 3) was stirred at room temperature for 
16 h. Addition to a saturated sodium bicarbonate solu- 
tion and extraction with methylene chloride gave 3p,17a- 
dihydroxy-l7~-ethinyl-l3a-androst-5-ene (19~1) (1.2 g), 
which after crystallization from ether gave the pure 
sample; m.p. 239-241"; [a]D -143"; i.r. u,,, 3400, 3220 
cm-1; n.m.r. (DMSO solution) 44 (18-H), 58 (19-H), 194 
(ethinyl H), 188-202 (3a-H), 242 (doublet, J = 3 c.p.s., 
secondary -OH) 313 (tertiary OH), 325 c.p.s. (vinyl H). 

Anal. Calcd. for C21H3002: C, 80.21 ; H,  9.62. Found: 
C, 80.14; H, 9.68. 

17p-Ethinyl 1701-Hyclroxy-1 ~ ~ ~ - ~ I I c I ~ o s ~ - ~ - ~ I z - ~ - o I I ~  (20) 
A solution of 3p,l7or-dihydroxy - 17p-ethinyl- 1 3 ~  

androst-5-ene (19d) (I g), 2 g of aluminium isopropoxide 
and 50 ml cyclohexanone in 300 ml toluene was heated to 
boiling until about 100 ml of solvent had distilled off. 
'Then the reaction mixture was refluxed for 3 h. The solu- 
tion was cooled and a saturated solution of sodium- 
potassium tartrate (excess) was added. The volatile 
materials were removed by steam distillation and the 
residue was extracted with ethyl acetate. The amorphous 
extract thus obtained (0.7 g) showed; A,,, 242 mp (log 
E 3.89). Preparative thin-layer chromatography allowed 
to divide the mixture into three fractions of different 
polarity. The intermediate fraction (0.3 g) was further 
purified on fluorescent silica gel chromatoplates until an 
homogeneous product (1 10 mg, A,,,, 240 mp, (log E 4.10) 
was obtained. Recrystallization from methylene chloride - 
methanol furnished a pure sample of compound (20); 
m.p. 188-189"; [a]n +I  17"; U.V. A,,, 242 mp (log €4.29); 
i.r. A,,, 3300, 3200, 2160, 1660, 1610cm-1; n.m.r. 60 
(18-H), 68 (19-H), 142 (hydroxyl), 154 (ethinyl H), 344 
(C-4 H) c.p.s. 

Anal. Calcd. for C21H2802: C, 80.73; H, 9.03; 0 ,  
10.24. Found: C, 80.72; H, 9.06; 0 ,  10.45. 
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Mass spectral studies of some desaurins and related 
3,5-bismethylene-1,2,4-trithiolanes 
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AND 

L. S. WEILER 
Department of' Chemistry, Harvard Ur~iversity, Cambridge, Massachusetts 

Received August 16, 1967 

The mass spectra of three desaurins and four related 3,5-bismethylene-l,2,4-trithiolanes have been 
interpreted with the aid of metastable peak assignments and accurate mass measurements. Strong 
molecular ion peaks are observed in the case of the aryl desaurins but not in that of their trithiolane 
counterparts. A variety of fragmentation pathways are postulated for the molecular ions, including 
cleavage on either side of a carbonyl group and elimination of a molecule of acylthioketene. In the case of 
the desaurins the latter process results in the formation of acylthioketene molecular ions, which could be 
distinguished from the doubly charged desaurin molecular ions. In the case of two of the trithiolanes, it 
is proposed that the ions resulting from loss of acylthioketene from the molecular ions undergo a novel 
type of McLafferty rearrangement and loss of carbon suboxysulfide to give aryl mercaptan molecular ions. 

Canadian Journal o f  Chemistry, 46, 365 (1968) 

Introduction 

The desaurins, heterocylic sulfur compounds 
of type 1, have been known for eighty years (I), 
but their structures have been established only 
recently (2, 3). The structures of the analogous 
3,5-bismethylene-l,2,4-trithiolane derivatives, 2, 
have also been established recently (4, 5). We 
discuss here the mass spectra of the three 
desaurins, la-c, and the four related 3,5-bis- 
methylene-1,2,4-trithiolanes, 2a-d. 

10, R = C6H5, R' = H 
lb ,  R = C6H5, R' = C6Hs 
l c ,  R = (CH3)3C, R' = H 

RCOR'C , , S, CR'COR 
'C F 

's-s 

The desaurins can each exist as pairs of geo- 
metrical isomers; the samples used in the present 
study are considered to be single isomers, but the 
stereochemistry is known only in the case of l a ,  
where an x-ray structure determination has 

'Holder of a NRCC Studentship, 1963-1966. 

shown it to be trans (3). The 3,5-bismethylene- 
1,2,4-trithiolanes can exist in three stereoiso- 
meric forms, two cis and one trans. In the case of 
26, two of the three stereoisomers have been 
isolated and examined, although their stereo- 
chemistry has not been established (5); they were 
found to give very similar mass spectra, perhaps 
resulting from formation of a common molecular 
ion. In the case of each of the other trithiolanes, 
a single stereoisomer was examined; again, the 
stereochemistry is undefined, although the nu- 
clear magnetic resonance (n.m.r.) spectrum of 2d 
suggests that it is one of the two cis isomers (5). 

Experimental 
The desaurins la-c and 3,5-bismethylene-l,2,4-tri- 

thiolancs 20-d were prepared by known methods (1, 4); 
their characterization is described elsewhere (5). The 
solvents used for their recrystallization and their melting 
points are listed in Table I. 

The mass spectra, which are shown in Figs. 1-3, were 
recorded with an Associated Electrical ~ndustries model 
MS-9 double-focussinr! high resolution suectrometer with 
an ionization energy i f  76 eV, an emission current of 94 

and a source temperature of 170-200". Relative 
abundances are given as percentages of the strongest peak 
(the base peak) in each spectrum. 

Discussion 
Desaurins 

In the case of each of the desaurins derived 
from aromatic ketones, ie., compounds l a  and 
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TABLE I 
Recrystallization solvents and melting points of desaurins and 

3,5-bismethylene-l,2,4-trithiolanes 

Compound Melting point Recrystallization solvent 

l a  270-272.5" (decamp.) Toluene 
l b  300.5-302.5" (decornp.) Nitrobenzene 
l c  259.5-260" Chloroform-Hexane 
2a 235-237" (decamp.) Toluene 
26 (Isomer A) 251-252" Toluene 

(Isomer B) 213.5-214.5" Benzene 
2c 277-278" (decomp.) Toluene 
2d 211.5-212.5" Chloroform-Hexane 

m/e 
FIG. 1. The mass spectra of the desaurins la-c. 
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lb.  the molecular ion peak is reinarkably intense, 
constituting the base peak in the spectrum of l a  
and corresponding to 56% of the base peak in 
the spectrum of lb .  These large relative abun- 
dances must reflect a considerable stability of the 
radical-ions derived from l a  and 11,. Not un- 
expectedly, the relative abundance of the molec- 
ular ion from l c  is only 22%; the reduced 
relative abundance can be attributed to poorer 
electron delocalization and/or the availability of 
more facile fragmentation pathways. 

[RCOR'C-C=S]. + 

3a, R = CGHs, R' = H 
3b, R = CsHs, R' =, CsHs 
3c, R = (CH3)3C, R = H 

The spectrum of each of the three desaurins 
exhibits a small peak (0.25-8.0%) at m/e M/2 
which could be due to the dipositive molecular 
ion, or to the corresponding acyl thioketene 
molecular ion (3a-c),2 or to both of these ions. A 
means of distinguishing between these inter- 
pretations is provided by comparison of the 
ratios of the intensities of the M and M + 1 
peaks and of the M/2 and (M + 1)/2 peaks. If 
these ratios are identical, then the peak at M/2 
must be due solely to the dipositive molecular 
ion, if non-identical, the percentage contribution 
of the dipositive molecular ion to the peak at 
M/2 can be calculated (7). It was thus found that 
in the spectra of l a  and l b  the peaks at M/2 are 
due in part to the dipositive molecular ion (ca. 
40 % and 10 %, respectively), while in the spec- 
trum of l c  the dipositive molecular ion makes 
no contribution to the peak at M/2. In the 
spectrum of lb,  a metastable peak was observed 
at m/e 119.0 (calcd., 119.0) corresponding to the 
formation of the benzoylphenylthioketene molec- 
ular ion, 3b, from the molecular ion of lb.  

The major fragmentation path of the molecular 
ions of all three desaurins involves cleavage of a 
C-CO bond. The molecular ions of compounds 
l a  and l b  fragment by loss of the benzoyl ion 
(m/e 105), a type of fragment well known to be 
formed by electron impact upon aryl ketones (8) 
(see Schemes 1 and 3). A metastable peak 
corresponding to this process was observed in 
the spectrum of l b  only at m/e 23.2 (calcd., 23.2). 
The benzoyl ion decomposes by successive loss of 
carbon monoxide and acetylene, leading to the 

2The preparation of bis(trifluoromethy1)thioketene by 
pyrolysis of 2,4-bis-(hexafluoroisopropylidene)-2,4-dithe- 
tane has recently been reported (6). 

ions [C6Hjlf (m/e 77) and [C4H3]+ (mle 51), 
respectively (8). Metastable peaks corresponding 
to these two fragmentation processes with m/e 
56.5 (calcd., 56.5) and 33.8 (calcd., 33.8) are 
observed in the case of both l a  and lb.  

Another path in the decomposition of the 
molecular ion from l a  involves the alternative 
cleavage a: to a carbonyl group, with loss of a 
phenyl radical and formation of an ion with 
m/e 247 of relative abundance 14%, which is 
considered to be 43 (see Scheme 1). Loss of a 
molecule of carbon inonoxide from 4 or of the 
benzoyl radical from the n~olecular ion leads to 
an ion with m/e 219 (4%), which is formulated 
as 5. The view that 5 arises from both the molec- 
ular ion and the ion 4 is corroborated by the 
presence of metastable peaks with m/e 148.0 
(calcd., 148.0) and m/e 194.0 (calcd., 194.2), 
respectively. 

Metastable peaks with m/e 82.0 (calcd., 82.0) 
and m/e 107.7 (calcd., 107.6) in the spectrum of 
l a  indicate that an ion with m/e 163 of 25 % 
relative abundance arises from both the n~olec- 
ular ion, and the ion 4. A possible structure for 
this daughter ion is 6 (see Scheme I), formed 
by loss of the benzoylthioketene radical, 
PhCOC--C-S., from the molecular ion, or of 
the species carbon suboxysulfide, C30S, from 4. 
The transient existence of the latter species has 
recently been inferred from spectroscopic studies 
of electric discharges through carbonyl sulfide 
(9). An ion analogous to 6 is also observed in 
the spectrum of the desaurin lc.  The route for 
the formation of 6 could involve transfer of 
hydrogen via a six-membered transition state as 
in Scheme 2. 

A peak at m/e 85 of relative abundance 4 % in 
the spectrum of l a  may be due to the ion 7 
(see Scheme 1). No metastable peak related to 
its formation was observed, but a possible pre- 
cursor is the ion 4 which could lead to 7 by loss 
of benzoylthioketene. A peak attributable to the 
[C3HOS]+ ion, 7, is observed in the spectrum of 
l c  where its formation from an ion analogous 
to 4 is indicated by an appropriate metastable 
peak; in the case of l c  the constitution of the 
ion has been confirmed by an accurate mass 
determination (vide infra). The spectra of the 

3In the case of this and related ions discussed sub- 
sequently, the structural assignment must be considered 
as tentative since the possibility of ring cleavage or 
rearrangement cannot be excluded. 
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trithiolanes 20, 2b, and 2d also show peaks Loss of carbon monoxide from the benzoyl- 
which appear to be due to the ion 7.5 thioketene molecular ion, 3a, to give the phenyl- 

41n this and similar Schemes, unbroken arrows indicate thioketene molecular ion 8 accounts for the 
fragmentations for which metastable peaks were observed. presence of a peak with m/e 134 of relative 
Broken arrows indicate fragmentations for which no abundance 4 %, although no corresponding 
metastable peaks were observed, but which are analogous 
to processes whose occurrence in related cases is corro- peak was observed. Loss of 
borated by the observation of metastable peaks. monoxide from the molecular ion from l a  also 

'An analogous [C3H02If ion has recently been accounts for the presence of a weak peak with observed in the mass spectra of hydroxy- and methoxy-p- 
benzoquinones (10). m/e 296 (1 %), due to an ion formulable as 9. 
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A metastable peak at mle 270.0 (calcd., 270.4) 
indicates this origin. 

As mentioned previously, a significant frag- 
mentation path for the molecular ion from lb,  in 
addition to the major one leading to the forma- 
tion of the benzoyl ion, is that leading to the ben- 
zoylphenylthioketene molecular ion, 3b, whose 
relative abundance is 5% (60% of 8%) (see 
Scheme 3). A small peak at mle 210 (1 %), may 
correspond to structure 10 and arise from the 
ion 3b (Scheme 3), as indicated by a metastable 
peak at mle 185.2 (calcd., 185.6). 

A peak at mle 371 of relative abundance 2 %  
in the spectrum of l b  may arise by loss of the 
benzoyl radical from the molecular ion to give 
11, to which interpretation a metastable peak at 
mle 289-290 (calcd., 289.2) lends support, as 
does analogy with the formation of 5 from the 
molecular ion of l a .  A trace of nitrobenzene, 
from which l b  was crystallized, is considered to 
give rise to a peak at  mle 123 (6%). 

Proposed fragmentation paths in the case of 
the desaurin l c  are shown in Scheme 4, together 
with possible structures for the ions formed. The 
base peak in the spectrum of l c  is considered to 

arise from cleavage a to the carbonyl group with 
loss of the elements of a t-butyl radical to give 
an ion formulable as 12 (cf. the formation of 4 
from la). A metastable peak at mle 181 (calcd., 
181.4) corroborates this view. The presence of a 
metastable peak at  mle 90.0 (calcd., 90.1) in- 
dicates that 12 decomposes to  an ion with m/e 
143 (1 1 %); this is formulable as 13. The formula 
C7H110S for 13 was confirmed by an accurate 
mass measurement. (Calcd. for C7H110S: 
143.053 1. Found: 143.0527). The formation of 13 
from 12 can be rationalized in terms of a route 
similar to that invoked for the formation of the 
ion 6 from the molecular ion of l a ,  ie., by loss 
of carbon suboxysulfide and migration of hydro- 
gen via a six-membered transition state (Scheme 
2). In the case of l a ,  metastable peaks indicated 
that 6, the analogue of 13, is formed both from 
4, the analogue of 12, and also from the molec- 
ular ion of la .  In the case of lc,  however, no 
metastable peak corresponding to the latter type 
of fragmentation was observed. 

Decomposition of 13 via an ion with mle 109 
(2%) to one wit11 mle 81 (3 %) is indicated by 
metastable peaks at mle 83.1 (calcd., 83.1) and 
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S 
/ \  

PuCOCH=C C==CHIf 

60.2 (calcd., 60.2). Possible structures for these 
daughter ions fro111 13 are 14 and 15, respectively 
(Scheme 4). 

Loss of carbon monoxide from 12 to give the 
ion 16 (m/e 199, 3 %) accounts for the metastable 
peak at m/e 174-175 (calcd., 174.5) (cf. the 
formation of 5 from 4 in Scheme 1). 

As discussed previously, the spectrum of l c  
shows a peak at  M/2 (mle 142) which is not due 
to the doubly charged molecular ion. High 
resolution spectroscopy shows that this peak 
(1 %) is a doublet. Accurate mass measurement 
of the minor component (25% of 1 %) shows it 
to have the constitution C7HIoOS (calcd. for 
C7H loOS : 142.0452; found: 142.0460), and 
thus this peak most probably corresponds to the 
pivalylthioketene molecular ion3c. Accurate mass 
measurement of the other component (75 % of 
1 %) shows it to have the constitution C5H20S2. 

GHere, and subsequently, Bu = (CH3)3C. 

(Calcd. for C5H20S2 : 141.9547. Found : 
141.9547.) A possible structure for this ion is 17. 

The substantial peak at m/e 85 (45 %) is shown 
by accurate mass measurement to be due to 
an ion C3HOS (calcd. for C3HOS: 84.97481; 
found : 84.97489) ; this is formulable as 7, derived 
from 12 by loss of pivalylthioketen (see Scheme 
4). A metastable peak at  mle 31.8 (calcd., 31.8) 
corroborates tlle occurrence of such a process. 
Tliis ion is also observed in the spectra of l a  
(vide supra) and the trithiolanes (with the excep- 
tion of 2c, where the corresponding phenyl- 
substituted ion is observed). 

The pivalyl cation, 18, also has m/e 85, but 
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119 26 

(Isomer A)  

352 
384 

I I I 1. I 
0 & lb0 150 KO 250 ?GO 350 400 

26 
( Isomer B ) 

FIG. 2. The mass spectra of the trithiolanes 20 and 26 (Isomers A and B). 

accurate mass measurement shows no peak 
corresponding to this ion. However, evidence for 
its fornlation and immediate decomposition 
exists. A metastable peak at mle 38.2 (calcd., 
38.2) indicates that 18 is formed and decomposes 
to an ion \\lit11 nzle 57 (see Scheme 4). The ion 
with ~ n / e  57 (36%) is probably the [C4H9]+ ion, 
which may correspond to the methylated cyclo- 
propane cation (11). Loss of methane from the 
[C4H9]+ ion produces the [C3H5]+ ion at mle 41 
(30 %), as indicated by a metastable peak at  mle 
29.5 (calcd., 29.5). 

[M-S].+ and [M-2S].+ rearrangement ions 

have been observed recently in the mass spectra 
of certain sulfides and disulfides (12). No peaks 
corresponding to the rearrangement ions 
[M-S].+ were observed in the spectra of the 
desaurins la-c, but a small peak (2%) corres- 
ponding to the ion [M-2S].+ was observed in 
the spectrum of I b  although not in the spectra of 
l a  and lc. 

3,5-Bismethylene-l,2,4-trithiolaizes 
In the mass spectra of the trithiolanes 2a-d, 

the relative abundances of the molecular ions 
(6-29%) are considerably lower than in the 
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FIG. 3. The mass spectra of the trithiolanes 2c and 2d. 

spectra of the corresponding desaurins (22- 
100%). Thus the stability of the radical ions of 
the trithiolanes must be lower and/or they must 
fragment more readily. 

In Table I1 are shown ions formed upon 
electron impact on the trithiolanes. As in the 
case of the aryl desaurins, the formation of the 
base peak and the major decomposition pathway 
of the aryl trithiolanes involve cleavage CY to the 
carbonyl group in the molecular ion with forma- 
tion of [ArCO]+ ions. The benzoyl ion fragments 
as previously described, while the p-toluyl ion 
(from 26) decomposes by loss of carbon mon- 
oxide to give an ion with m/e 91 which is most 
probably the tropylium ion (13); a metastable 
peak corresponding to this fragmentation is 
observed at mle 69.6 (calcd., 69.6). Stepwise loss 
of two molecules of acetylene from the tropylium 
ion accounts for peaks at m/e 65 and 39, and 
metastable peaks at mle 46.4 (calcd., 46.4) and 
23.4 (calcd., 23.4). 

All the trithiolanes gave peaks with mle 
corresponding to ions with the structure 

/s 
[RCOR'C=C I.+, eg., 19, whose relative 

\s 

abundances vary from 2-7 %; these ions prob- 
ably arise by ejection of thioketene n~olecules 
from the molecular ions, but no metastable 
peaks indicating their origin were observed. In 
addition, all of the trithiolanes give peaks with 
m/e corresponding to ions with the structure 

.S 
[RCOR'C=C' I+; the relative abundances 

\SH 
of these are low in the case of the aryl trithiolanes 
(1-2 %), but such an ion corresponds to the base 
peak in the case of 2d (vide infia). 
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TABLE LI 
Relative abundances of ions formed by electron impact upon the trithiolanes 2a-d 

Relative abundances 

26 
2a (Isomer A) 2c 2d 

Ion R,C6H5 ; R',H R,p-CHsC6H4; Rt,H R,C6Hs; Rt,C6Hs R,(CH3)3C; R',H 

M 
M-S 
M-R 
M-RCO 
RCO 100 
R 40 

S 
/ 

RSH 13 

Arising from the ion 19 in the spectrum of 2a 
is a significant ion with mle 110 (13 %) whose 
formula, C6H6S, was confirmed by an accurate 
inass measurement (calcd. for C6H6S : 1 10.0190; 
found: 110.0201), and whose origin from 19 is 
indicated by the presence of a metastable peak at 
62.4 (calcd., 62.4). An analogous ion, C7H8S 
(calcd. for C7HSS : 124.0347 ; found: 124.0348), 
was observed in the spectrum of 2b (21 %), and 
its formation from 20, the analogue of 19, was 
corroborated by a metastable peak at mle 74.0 
(calcd., 73.9). These two ions are considered to 
be the thiophenol and thiocresol molecular ions, 
21 and 22, respectively, formed by migration of 
the aryl group from carbon to sulfur. A rationale 
for the formation of the thiophenol ion is 
illustrated in Scheme 5. A similar scheme would 
account for the formation of the thiocresol 
n~olecular ion, 22; such a scheme predicts the 
formation of the m-thiocresol i0n.7 

The formation of 21 and 22 entails the migra- 
tion of an aryl group from carbon to sulfur, and 
is thus an example of a McLafferty rearrange- 
ment of a group other than hydrogen (15). 

A metastable peak at mle 56.5 (calcd., 56.8) 
in the spectrum of 2a indicates that the ion 19 
also decomposes to the benzoyl ion. In contrast, 
no metastable peak for the analogous fragmen- 
tation is observed in the spectrum of 2b. 

The spectrum of 2a also exhibits a peak at 
mle 119 (5 %), which may be due to the phenacyl 
ion, [PhCOCH2]+ (vide infra). In addition, peaks 
which may be due to the ions 3a (5%) and 7 
(1273, previously observed in the spectrum of 
the desaurin la ,  are observed in the spectrum 
of 2a. Metastable peaks for the formation of 
these ions were not observed, however. Ions 
analogous to 3a and 7 are observed in the spectra 
of all of the other trithiolanes. 

The mass spectrum of the trithiolane 2c 
resembles the spectra of the trithiolanes 2a and 
2b in that the same types of fragmentation path- 
ways explain many of the peaks. Also a number 
of ions are common to the spectra of 2c and the 
related desuarin, lb. Apart from the benzoyl and 
related ions formed by cleavage CY to the carbonyl 
group in the molecular ion, loss of benzoyl- 
phenylthioketene leads to the ion 23, mle 270 
(2 %), the analogue of the ion 19. A metastable 
peak at nzle 268.0 (calcd., 268.0) indicates that 
23 loses a hydrogen atom to give an ion, m/e 269 

7These ions may possess seven-membered ring struc- 
tures analogous to the tropylium ion, eg., 21a [cf. (14)l. 
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(573, for which possible structures are 24a and 
246. A route for the formation of 24a is illus- 
trated in Scheme 6. The similarity between this 
route and that suggested for the first steps in the 
formation of 21 from 19 (Scheme 5) is apparent. 
An ion at mle 238 (11 %) probably corresponds 
to 36, previously observed in the spectrum of 
the desaurin 16. 

The fragmentation of the trithiolane 2d can be 
interpreted largely in terins of the processes 
previously observed in the spectra of the corre- 
sponding desaurin, lc, and of the other tri- 
thiolanes. The forination of an ion with n7/e 259 
(67 %) can be rationalized in terms of cleavage cu 

to a carbonyl group of the molecular ion, with 

loss of the elements of a t-butyl radical, to give 
the ion 25. A metastable peak at mle 212.2 
(calcd., 212.3) corroborates this view. Two 
further metastable peaks at mle 118.2 (calcd., 
118.2) and 206 (calcd., 206.0) indicate that 25 is 
the parent of ions which are formulable as 26 
(mle 175) and 27 (mle 23 1, 2 %) (see Scheme 7). 
Under high resolution, the peak at i,lle 175 
(100 %) is found to be a doublet, of which the 
major cornpoilent (90%) has the formula 
C7Hl10S2, as shown by accurate inass measure- 
ment (calcd. for C7Hl10S2: 175.0251; found: 
175.0258) and with which structure 26 is in 
accord. As mentioned previously, ions formul- 
able as analogues of 26 are observed in the C
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High resolution shows the peak at ln/e 85 
~ u C O C H . ; ~ C H C O ] +  (48 %) to be a doublet, 20 % of which is probably 

due to the pivalyl ion, 18 (calcd. for C5H90: 

m / e  259 (67 %) 85.0653; found: 85.0651); a metastable peak at 
mle 23.0 (calcd., 22.9) indicates that this may be 

25 formed from the molecular ion. The second 

J \ component (80 % of 48 %) of the doublet may be 

1 
+ due to the ion 7 (calcd. for C3HOS: 84.9748; 

[BucocH=c::,,+ ~ c o c H , s ~ H  found The : spectra 84.9745). of all of the trithiolanes show the 

S-S formation of [M-S].+ ions of relative abun- 
dances 0.5-5 %. None had peaks corresponding 

tn/e 175 (90 %) tn/e 23 1 ( 2  %) to [M-2S].+ ions. Finally, the spectra of 2a and 
26 27 2b exhibited ions at half molecular weight (1 %) 

SCHEME 7.  which were shown to be doubly charged molec- 
ular ions by use of the isotope method previously 

spectra of all the trithiolanes examined, but only described. 
in the case of 26, where it is in fact the base peak, 
is this ion of high abundance. Metastable peaks Acknowledgment 
at m/e 56.2 (calcd., 56.0) and 69.1 (calcd., 69.1) We thank the National Research Council of 
indicate that 26 decomposes by two pathways to Canada for generous support of this work. 
ions of mle 110 (3 %) and 99 (7 %), for which 
possible structures are 28 and 29 8)' 1, H. BERG RE^^. Ber. 21, 337 (1888). V. MEYER. 
The latter is analogous to theion (C6H5COCH21+ Ber. 21, 353 (1888); 23, 1571 (1890). V. MEYER and 
suggested to be formed from 2a. H. WEGE. Ber. 24, 3535 (1891). W. WACHTER. 

Ber. 25, 1727 (1892). P. PETRENKO-KRITSCHENKO. 
[BuCOC-CHI .+ Ber. 25, 2239 (1892). C. KELBER. Ber. 43, 1252 (1910). C. KELBER and A. SCHWARZ. Ber. 45, 137 

,"+< 1 ~ 1 / e l l 0 ( 3 % )  (1912). 
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at mle 170.3 (calcd., 170.3). SCFIROLL, J. H. BOWIE, and D. H.  WILLIAMS. Tetra- 

hedron Letter<, 4177 (1965). R. G. GILLIS and J. L. 
r Y +  r 1 + OCCOLOWITZ. Tetrahedron Letters. 1997 (1966). 
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Conversion of (- )-a-santonin into (+ )-a-cyperone 

EDWARD PIERS AND KIN FAI CHENG 
Department of Clzemistry, University of British Columbia, Vancouver 8, Britislz Colwnbia 

Received September 1 1 ,  1967 

An efficient, 8-step synthesis of (+)-a-cyperone (1) from (-)-a-santonin (5) is described. The key 
steps of the sequence involve the conversion of the keto ester 8 into the substituted octalone 9, by 
hydrogenation of the former in the presence of the homogeneous catalyst tris(tripheny1phosphine)- 
chlororhodium, and the pyrolysis of the keto carbonate 16, which produces (+)-a-cyperone in good 
yield. 

Canadian Journal of Chemistry, 46, 377 (1968) 

In connection with another problem in our 
laboratory (I), we required a relatively large 
quantity of the naturally occurring sesquiterpene 
(+)-a-cyperone (1). In addition, we were 
interested in preparing certain cross-conjugated 
cyclohexadienone systems of type 2 (R = CH3- 
CHCOOH, CH3CHCOOCH3, CH3CHCH,0H, 

I I I 
etc.). 

(+)-a-Cyperone (1) had been previously syn- 
thesized (2) by condensation of (+)-dihydro- 
carvone with 1-diethylamino-3-pentanone methi- 
odide in the presence of sodium amide (Robinson 
annelation) (see ref. 3). However, from a pre- 
parative point of view, this method suffered 
from a low yield, since the major product of 
the reaction was the ketol 3, accompanied by 
its dehydration product (-)-7-epi-a-cyperone 
(4). At best, only about 15-20% of the mixture 
of reaction products was (+)-a-cyperone (1). In 
addition, although the ketol3 could be obtained 
relatively easily by direct crystallization of the 
distilled reaction product followed by column 
chromatography of the material from the 
mother liquors, it was very difficult to effect 
separation of the remaining epiineric products (1 
and 4) in such a way as to maximize the quan- 

tity of (+)-a-cyperone (1) obtained. Thus, the 
isolated yield of 1 reported by Howe and Mc- 
Quillin (2) was approximately only 4%. We 
have, therefore, considered alternative methods 
for the preparation of (+)-a-cyperone (1) and 
report in this paper its synthesis from the well- 
known and readily available sesquiterpene, 
(-)-a-santonin (5). 

Conversion of (-)-a-santonin (5), of known 
absolute stereochemistry (4, 5), into the epimeric 
(-)-6-epi-a-santonin (6) was readily accom- 
plished by a procedure similar to that described 
by Ishikawa (6). Treatment of compound 6 with 
zinc dust in glacial acetic acid -methanol (7) 
caused reductive cleavage of the cis-fused lactone 
ring and afforded a very good yield of the car- 
boxylic acid 7. Although the latter, which was 
isolated as a viscous yellow oil, was not purified 
further, the spectral properties of the crude 
material were in complete agreement with 
structure 7. Of particular pertinence were the 
ultraviolet spectrum (A,,, 242 mp) and the 
nuclear magnetic resonance (n.m.r.) spectrum, 
which exhibited a typical AB quartet for the 
protons at C-1 and C-2: 7 3.32 (doublet, -CIH) 
and 7 3.79 (doublet, -C2H, J1,, = 10 Hz). In 
addition, there appeared three 3-proton signals 
at 7 8.14 (singlet, -C14H3), 7 8.78 (doublet, 
-C13H3, J11,13 = ~ H z ) ,  and 78.82 (singlet, 
-C1'H3). The acid was further characterized as 
its crystalline cyclohexylamine salt, m.p. 122- 
124". 

The crude carboxylic acid (7), upon treatment 
with excess ethereal diazomethane, was con- 
verted into the corresponding methyl ester (8). 
The latter was purified by distillatioll under re- 
duced pressure (b.p. 164-167" at 0.25 mm) and 
exhibited the expected spectral characteristics. 
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Of note was the appearance, in the n.m.r. spec- 
trum, of a strong singlet a t  T 6.32, due to  the 
-COOCH3 grouping. 

At  this point in the synthetic sequence, the 
selective removal of the C1-C2 olefinic double 
bond of keto ester 8 was desired. In this con- 
nection, it is pertinent to point out that the 
catalytic hydrogenation of (-)-a-santonin (5) 
and its derivatives has been studied in some 
detail (8). From the results of this work, it 
appeared unlikely that the use of usual hetero- 
geneous catalytic hydrogenation would effect 
complete selective removal of the C1-C2 double 
bond in the presence of the C4-C5 double bond. 
Therefore, an alternative method was sought 
and it seemed probable that the use of the novel 
homogeneous hydrogenatioil catalyst tris(tri- 
phenylphosp1~ine)chlororhodium (9-1 1) would 
prove f rui t f~~l .  Indeed, two different groups (10, 
11) have recently reported that hydrogenation of 
a number of A1v4-3-keto steroids in the presence 
of this catalyst resulted, in each case, in a highly 
selective reduction of the C1-C2 double bond. 

Hydrogenation, a t  room temperature and 
atmospheric pressure, of a benzene solution of 
keto ester 8 and tris(tripheny1phosphine)chloro- 
rhodium, gave an excellent yield (96%) of the 
desired substituted octalone 9, b.p. 150" at 
0.1 mm, [a]E3 + 11 5". The ultraviolet spectrum 

of this material showed the expected absorption 
maximum (248 mp), while the n.m.r. spectrum, 
which showed no peaks due to olefinic protons, 
exhibited pertinent signals a t  T 6.34 (singlet, 
-COOCH3), s 8.27 (doublet, -C14H3, J =  1 
Hz, splitting probably due to homoallyic 
coupling with the 6P-proton (12n)), T 8.80 (sin- 
glet, -C15H3), and T 8.81 (doublet,- C13H3, 
Jll,,, = 7 Hz). The excellent success of this 
hydrogenation again emphasizes the potentiaI 
use, in synthetic organic chemistry, of tris- 
(triphenylphosphine)chlororhodium as a homo- 
geneous hydrogenation catalyst, particularly for 
selective hydrogenation of relatively non-hin- 
dered olefinic double bonds in the presence of 
those which are inore hindered. 

I t  is relevant to point out that the keto ester 9 
had been previously prepared (13) by direct 
lithium - liquid ammonia reduction of (-)-R- 

santonin (5), followed by treatment of the crude 
product with diazomethane. However, this 
method, in addition to being experimentally 
laborious to carry out on a large scale, gave, in 
our hands, a mixture of compounds which 
proved difficult to separate into its individual 
components. 

Reduction of the keto ester 9 with lithium 
aluminium hydride in ether afforded a high 
yield (97%) of a crystalline material. Examina- 
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tion of the latter by thin-layer chromatography 
indicated that it was a mixture of two different 
compounds. Indeed, it was subsequently shown 
(see below) that this material was an epimeric 
(at C-3) mixture (approximately 4:l) of two 
different diols,' the major component (10) 
having a 3P(pseudoequatorial) hydroxyl group 
and the minor component (11) having a 3a- 
(pseudoaxial) hydroxyl group. 

Careful column chromatography of the 
crystalline material on activity I1 alumina effected 
separation of the two components. The diol which 
was eluted first (10) showed m.p. 127.5-129" 
and [a];5 + 13', while the more polar diol (11) 
exhibited m.p. 115-1 16' and [a]k5 +105". The 
spectral data for each compound fully corrob- 
orated the respective structural proposals. How- 
ever, since the configurational assignments at C-3 
were based entirely upon the i1.m.r. spectra, these 
will be discussed in some detail. 

The n.m.r. spectrum of the 3P-alcohol (10) 
exhibited the C-3 proton as a distorted, unsym- 
metrical triplet (overlapped pair of doublets), 
with the center peak at z 6.01, the low-field peak 
at z 5.95, and the high-field peak at z 6.08. The 
total half-height width of the signal was 15 Hz. 
The unsymmetrical nature of this triplet will be 
commented upon later. I t  is also interesting to 
note that the ~nethylene protons at C-12 of 
compound 10 appeared as a septet (AB part of 
an ABX system) centered at z 6.46 (see Experi- 
mental for details). However, the magnetic non- 
equivalence of methylene protons iinmediately 
adjacent to an asymmetric center is a common 
phenomenon (14a), and this therefore deserves 
no further comment. Other pertinent signals 
appeared at z 8.31 (singlet, -C14H3), z 8.95 (sin- 
glet, -C15H3), and z 9.06 (doublet, -C13H3). 

In the n.m.r. spectrum of the 3a-alcohol ( l l ) ,  
the C-3 proton was present as a broad, unresolved 
peak centered at z 6.12, with a width at half- 
height of approximately 7 Hz. Other assignable 
signals were similar in chemical shift and multi- 
plicity to the corresponding resonances of the 
3P-alcohol (10). 

On a first-order basis, the C-2 and C-3 p r o t o ~ ~ s  
of each of the diols 10 and 11 would be assigned 
as an A(-C2Hn)B(-CZH,)2X(-C3H) system. 

lThis material had been prepared previously (ref. 13), 
although no physical data was reported and no comment 
was made regarding homogeneity. 

zu = axial (or pseudoaxial), e = equatorial (or pseudo- 
equatorial). 

The coupling of X in an ABX system gives the 
sum of the two couplings, JAx + JBx. For the 
3P-alcohol (lo), the sum J,,,,, + J2,,,, should 
be approximately 12-15 Hz, while for the 3a- 
alcohol ( l l ) ,  the sum J2,,3, + J2,,,, should be 
approximately 5-8 Hz (12b). As noted above, 
the total half-height width of the -C3H reson- 
ance of compound 10 was found to be 15 Hz, 
which is clearly in good agreement with a com- 
pound having a 3P-configuration of the hydroxyl 
group. Further, the width at half-height of the 
-C3H signal for the diol 11 was, as noted 
above, approximately 7 Hz, indicating clearly 
that this compound has the hydroxyl group at 
C-3 in the a-configuration. The fact that the 
"three" lines of the C 3 H  resonance of the 
3P-alcohol (10) were not symmetrical may re- 
flect the fact that the system is not merely an  
ABX system, but is rather an ABXC(-C1Hn)- 
D(-CIH,) system. However, this does not in- 
validate the above qclalitative argument. 

Each of the diols 10 and 11 was converted, by 
treatment with acetic anhydride in pyridine, into 
the corresponding diacetate (12 and 13, re- 
spectively). The n.m.r. spectra of these conl- 
pounds completely corroborated the above 
structural assignments. I11 the spectrum of cli- 
acetate 12, the C-3 proton again appeared as an 
unsymmetrical triplet, with iildividual peaks at 
z 4.70, z 4.76, and z 4.83 and a half-height lvidth 
of 15 Hz. Further, an octet centered at z 6.02 
could be assigned to the methylene protons at 
C-12. Thus, acetylation of the hydroxyl groups 
produced the expected (148) paramagnetic shifts 
of the -C3H and -C12H2 resonances, since, 
relative to the corresponding signals in the diol 
10, the -C3H resonance was moved downfield 
by 1.25 p.p.m. and the -C'2H, resonance was 
moved down-field by 0.44 p.p.m. Similarly, the 
n.m.r. spectrum of the diacetate 13 exhibited a 
broad signal at z 4.90 (-C3H, width at half- 
height = 7.5 Hz) and an octet centered at z 6.00 
(-C12H,). 

Oxidation of the crystalline mixture of diols 
10 and 11 (see above) with 2,3-dichloro-5,6- 
dicyanobenzoquinone (15) in dry dioxane gave 
an 81 % yield (based on unrecovered starting 
material) of the keto alcohol 14, m.p. 70.5-71 0,3 
[a];5 +97". In order to effect only oxidation of 
the allylic alcohol at C-3, it was important to 

'This material was previously reported as an oil (ref. 
13). 
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I A ,  path b 

choose proper reaction conditions. Thus, if the 
reaction was allowed to proceed until all of the 
starting material had reacted, a significant 
amount of oxidation of the primary alcohol 
group to the corresponding aldehyde occurred. 
Therefore, conditions were adopted which gave 
only the keto alcohol 14, along with starting 
materials 10 and 11. The desired product 14 
was readily obtained by column chromatography 
of the mixture, and the recovered diols (10 and 
11) were then subjected to a second oxidation 
reaction. 

Treatment of compouild 14 with freshly dis- 
tilled ethyl chloroformate in dry pyridine gave, 
in 75 % yield, the corresponding keto carbonate 
15, b.p. 166" at 0.25 mm. Pyrolysis of the latter 
by passage through a heated (400") helix-packed 
pyrex glass tube effected elimination of ethanol 
and carbon dioxide (see path a below) (ref 16) 
and gave, after column chromatography of the 
resulting pyrolysate, (+)-a-cyperone (1) in 61 % 
yield. The latter was identical (infrared, n.m.r., 
optical rotation, gas-liquid chromatographic 
retention times) with an authentic sample of the 
sesquiterpene. Also obtained from this reaction 
was the keto alcohol 14 (32 % yield), obviously 
formed by elimination, during pyrolysis, of 
ethylene and carbon dioxide, as shown below 
(path b). 

In order to avoid this undesirable formation of 
compound 14 during pyrolysis, the keto alcohol 
14 was converted into the corresponding methyl 
carbonate 16 (1n.p. 51.5-52"), by treatment of 
the former with methyl chloroformate in dry 
pyridine. Pyrolysis of coinpound 16 under con- 
ditions identical with those used for 15 gave, as 
expected, only one product, the desired (+)-a- 
cyperone (I), in 84% yield. 

The above described synthesis of (+)-a- 
cyperone (1) has several advantages over the 
previously reported (2) preparation of this com- 
pound. Although the former was somewhat 
lengthy (eight steps), the overall yield of the 
desired sesquiterpene, based on (-)-cc-santonin 
(5), was approximately 20 %. Additionally, each 
of the steps was readily adaptable to relatively 
large scale, and the preparation of moderately 
large amounts of pure (+)-a-cyperone was, 
therefore, easily accomplished. 

Experimental 
Melting points, which were determined on a Kofler 

block, and boiling points are uncorrected. Activity 11 
alumina refers to Shawinigan reagent, deactivated with 
10% aqueous acetic acid (3 n ~ l  per 100 g of alumina). 
Ultraviolet spectra were measured in methanol solution 
on a Cary spectrophotometer, model 14, and infrared 
spectra were recorded on Perkin-Elmer Infracord model 
137 and Perkin-Elmer model 21 spectrophotometers. 
Nuclear magnetic resonance (n.nl.r.) spectra were taken 
in deuterochloroform solution on either a JEOLCO 
C-60-H spectrometer or a Varian Associates model HA- 
100 spectrometer. Line positions are given in the Tiers 
T scale, with tetramethylsilane as an internal standard; 
the multiplicity, integrated peak areas, and proton assign- 
ments are indicated in parentheses. Mass spectra were 
recorded on an AEI, type MS-9, mass spectrometer. Gas- 
liquid chro~natography was carried out on an Aerograph 
Autoprep, model 700. Microanalyses were performed by 
Mr. P. Borda, Microanalytical Laboratory, University 
of British Columbia, Vancouver. 

(-)-El~i-a-snrztoriitz (6) 
This compound was prepared by a procedure similar 

to that described by Ishikawa (6). (-)-cc-Santonin (100 g) 
was dissolved in 1 I of anhydrous dimethylformamide 
containing 5 % anhydrous hydrogen chloride. The result- 
ing solution was heated to 85-90" for 3.5 11, and then 
allowed to stand at room temperature overnight. The 
solution was diluted with 7501111 of water, and then 
extracted thoroughly with chloroform. The combined 
extracts wcre washcd thricc with saturated brine, once 
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PIERS AND CHENG: CONVERSION OF (-)-a-SANTONIN INTO (+)-a-CYPERONE 381 

with saturated sodium bicarbonate solution, once with 6.32 (singlet, 3H, -COOCH3), 8.12 (singlet, 3H, 
water, and then evaporated under reduced pressure. Re- -CL4H3), 8.78 (doublet, 3H, -C13H3, J,,,,, = 7 H ~ ) ,  
moval of the dimethylformamide remaining in the resid- 8.79 (singlet, 3H, -C15H3). 
ual material was effected by distillation under reduced Anal. Calcd. for C16Hz203 (mol. wt., 262): C, 73.25; 
pressure at 50°, and the viscous red oil thus obtained was H, 8.45. Found (mol. wt., 262, mass spectrometry): C, 
purified by column chromatography on 750 g of activity 73.21: H. 8.55. 
11 alumina. Elution with 3 1 of beniene gave a crystallink 
solid which, upon recrystallization from ethyl acetate, 
afforded 63 g (63 %) of light-yellow blocks. Recrystalli- 
zation of a small amount of this material gave an ana- 
lytical sample of (-)-6-epi-a-santonin, ni.p., 103-104", 
[a]i3 -308O (c,. 0.9 in methanol); lit. m.p. 102-105", 
[cc]hO -311" (c, 1.5 in ethanol) (7). Ultraviolet, h,,, 
246 mp (E = 14 100); infrared (Nujcl), h,,, 5.68, 6.04, 
6.19, 6.25 p; n.m.r., r 3.26 (doublet, lH ,  -CIH), 3.80 
(doublet, l H ,  -C2H, JlSZ = 10 HZ), 4.46 (doublet, l H ,  
-C6H, JG,, = 4.5 Hz), 7.45 (quartet, lH ,  -C1lH, 
J1 13 = 8 HZ), 7.96 (singlet, 3H, -C14H3), 8.62 (doublet, 
3H, -C13H3, J1 = 8 HZ), 8.72 (singlet, 3H, -C15H3). 

Preparariorr of Kero Acid 7 
This compound was prepared by a procedure similar 

to that used by Nakazaki and Naemura (7) for the 
hydrogenolysis of (-)-6-epi-13-santonin. To a solution 
of (-)-6-epi-a-santonin (6) (21 g) in 500 nil of methanol 
was added 25 ml of glacial acetic acid and 50 g of zinc 
dust. The resulting niixture was refluxed gently for 15 
min under an atmosphere of nitrogen, cooled, and fil- 
tered. The filtrate was evaporated under reduced pressure 
to a volume of approxiniately 250 nil. Addition of ether 
(100 ml) caused the formation of a white precipitate, - - 

khicli has  removed by filtration. The filtrate was made 
basic by addition of saturated sodium bicarbonate solu- 
tion and extracted thoroughly with ether. The aqueous 
layer was acidified with 2 N hydrochloric acid and the 
resulting mixture was extracted thrice with ether. After 
the combined ether extracts had been washed witli water 
and dried over anhydrous sodium sulfate, the ether was 
removed under reduced pressure, giving 18 g (85 %) of a 
viscous yellow oil. This crude keto acid (7) was not 
purified further, but exhibited the following expected 
spectral properties: ultraviolet, I,,, 240 mp; infrared 
(film), I,,, 2.95-3.95 (very broad), 5.85, 6.05, 6.24 p;  
n.m.r., r 3.32 (doublet, lH ,  -CIH), 3.79 (doublet, l H ,  
-C2H, J1,2 = 10 HZ), 8.14 (singlet, 3H, -C14H3), 8.78 
(doublet, 3H, -CL3H3, J l l ,L3 = 9 HZ), 8.82 (singlet, 
3H, -C15H3). 

A 0.5 g sample of the keto acid 7 was dissolved in ether 
and treated with an equivalent amount of cyclohexyl- 
anline. The precipitated salt was collected by filtration 
and recrystallized twice from acetone, giving 0.55 g of 
colorless crvstals. m.p. 122-124': ultraviolet, li,,, 241 

Anal. Calcd. for C21H3303N:  C, 72.62; H, 9.51; N, 
4.04. Found: C, 72.48; H. 9.72; N, 4.15. 

Preparatior~ of Kero Ester 8 
The crude keto acid 7 (50 g), obtained as described 

above, was esterified by treatment with excess ethereal 
diazomethane at 0'. The crude material was purified by 
distillation under reduced pressure, affording 40 g (76%) 
of keto ester 8 as a clear, pale-yellow oil, b.p. 164-167" 
at  0.25 mni, niO 1.5252, [a]? -99" (c, 0.8 in methanol). 
Ultraviolet, li,,, 240 mp (E = 10 900); infrared (film), 
h,,, 5.84, 6.08, 6.18, 6.26 11; n.m.r., r 3.32 (doublet, 
1H, -CIH), 3.82 (doublet, l H ,  -C2H, J,,, = 10 Hz), 

. , 

Prcpararion of Keto Ester 9 
To a solution of compound 8 (12 g) in 200 ml of dry 

benzene was added a solution of 2.4 g of tris(tripheny1- 
phosphine)chlororl~odium (9-11) in 250 nil of dry ben- 
zene. The resulting solution was subjected to hydrogena- 
tion at room temperature and atmospheric pressure. After 
one equivalent of hydrogen had been absorbed (approxi- 
mately 9 h) the rate of hydrogenation decreased marked- 
ly. The solution was filtered through a column of 450 g 
of activity I1 alumina, and the column was washed with 
2 1 of ether. Evaporation of the combined filtrate and 
washings afforded a reddish-brown oil which, upon 
distillation under reduced pressure, gave 11.6 e (96 %1 - - ,", 
of keto ester 9 as a clear, colorless oil, b p .  150" at  0.1 mm, 
nkO 1.5138, [ali3 -i-115" (c, 0.2 in methanol), lit. b.p. 
135-140" (bath temperature) at  0.1 mm, [a], $90° (c, 
1.04 in CHCI,) (13). Ultraviolet, I,,, 245 (E = 14 400); 
infrared (film), h,,, 5.84, 6.07, 6.24 p; n.m.r., r 6.34 
(singlet, 3H, -COOCH3), 8.27 (doublet, 3H, -C14H3, 
J = I HZ), 8.80 (singlet, 3H, -CL5H3), 8.81 (doublet, 
3H, -C13H3, J11.13 = 7 HZ). 

Anal. Calcd. for Cl(jH2403 (mol. wt., 264): C, 72.69; 
H, 9.15. Found (mol. wt., 264, mass spectrometry): C, 
72.80; H, 8.82. 

Lithi~~rti Alrrmit~i~rm Hydride Reductior~ of Keto Ester 9 
T o  a stirred mixture of lithium aluminium hydride 

(7.0 g) in 700 ml of anhydrous ether was added slowly 
a solution of keto ester 9 (11.0 g) in 300 ml of anhydrous 
ether. The res~ilting niixture was refluxed under an 
atmosphere of dry nitrogen for 4 h, and then cooled to 
0". After the excess lithium aluminium hydride had been 
destroyed by dropwise addition of 50 nil of acetone, ice- 
cold water (300 ml) was added and the resulting mixture 
was stirred for 30 nlin and then filtered. The inorganic 
salts were washed thoroughly witli ether. The organic 
and aqueous layers of the filtrate were separated, and the 
aqueous layer was extracted twice with ether. After the 
combined ether layer and washings had been dried 
(anhydrous sodium sulfate), the solvent was removed 
under reduced pressure, giving 9.6 g (97%) of a white 
crystalline solid. Examination of this material by thin- 
layer chromatography (Woelm neutral alumina plates, 
developed with 2 : l  ethyl acetate - chloroform) indicated 
that it was a mixture of two conipounds. 

A 1.0 g sample of the crystalline material was subjected 
to column chromatography on activity I1 alumina (50 g). 
Elution with 300 ml of benzene, 150 ml of 1 : I  benzene- 
chloroform and 150 nil of chloroform gave 680 mg of 
the diol 10. Recrystallization from methanol-ether gave 
material with m.p. 127.5-129", [a]? +13" (c, 0.8 in 
methanol); infrared (KBr), li,,, 3.08, 6.12 p; n.m.r., 
r 5.90-6.12 (unsymnietrical triplet with peaks at 5.95, 
6.01, and 6.08, l H ,  -C3H, total width a half-height 
= 15 Hz), 6.27-6.70 (septet, 2H, -C1'HAHB with HA 
at r 6.43 and H, at  r 6.56, J A , B  = 10.5 Hz, JASl1 = 6.4 
Hz, JBSI1 = 7.1 Hz), 8.31 (broad singlet, 3H, -C14H3), 
8.95 (singlet, 3H, -C15H3), 9.08 (doublet, 3H, -C13H3, 
J11.13 = 6.5 HZ). 
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Anal. Calcd. for ClSHZ602 (rnol. wt., 238): C, 75.58; 
H, 10.99. Found (rnol. wt., 238, mass spectrometry): C, 
75.52; H, 10.85. 

Further elution in the above chromatography with 
150 ml of chloroform and 200 ml of ethyl acetate gave 
160 mg of diol 11 as a white solid. Recrystallization from 
methanol-ether afforded colorless needles, m.p. 115-1 16O, 
[a]i5 4-105" (c, 0.2 in methanol); infrared, h,,,, 3.1 1, 
6.10 p; n.m.r., T 6.12 (broad signal, IH, -C3H, width 
at half-height = 7 Hz), 6.24-6.63 (septet, 2H, -C12HAH, 
with HA at T 6.37 and H, at z 6.48, J,,., = 10.8 Hz, 
JAVl1  = 5.9Hz, J ,,,, = 6.5Hz), 8.26 (broad singlet, 
3H, -C14H3), 9.02 (singlet, 3H, -C15H3), 9.08 (doublet, 
3H, -C13H3, J11.13 = 6.5 HZ). 

Anal. Calcd. for Cl5H2,5O2 (mol. wt., 238): C, 75.58; 
H,  10.99. Found (mol. wt., 238, mass spectrometry): 
C, 75.37; H, 11.06. 

Preprrrntion of Dincetate 12 
A solution of diol 10 (300 mg) and freshly distilled 

acetic anhydride (0.5 ml) in 2 ml of dry pyridine was 
allowed to stand at 0" for 15 h. Water (10 ml) was added 
and the resulting mixture extracted thoroughly with 
chloroform. The combined extracts were washed twice 
with 2 N hydrochloric acid, thrice with water, and dried 
over anhydrous magnesium sulfate. Removal of the 
solvent gave a yellow oil which was purified by chroma- 
tography on 15 p of activity I1 alumina. Elution with 
50 ml of 1 :I petroleum ether (b.p. 30-60") - benzene 
afforded 360 nig of diacetate 12 as a pale-yellow oil, 
n? 1.4946; infrared (film), h,,, 5.81, 8.08,9.90p;n.m.r., 
2 4.65-4.87 (unsymmetrical triplet with peaks at 4.70, 
4.76, and 4.83, IH, -C3H, total width at half-height 
= 15 Hz), 5.84-6.20 (octet, 2H, -C12HAH, with HA 
at T 5.94 and H, at T 6.05, J,,, = 11.0 Hz, J,,,, = 6.0 
Hz, J u . 1  = 6.3 Hz), 7.96 and 7.97 (two singlets, 6H, 
two -COCH3), 8.43 (singlet, 3H, -C14H3), 8.92 (sin- 
glet, 3H, -CL5H3), 9.06 (doublet, 3H, -C13H3, JII,,, = 

7.0 Hz). 
Anal. Calcd. for CL9H300,: C, 70.80; H, 9.38. Found: 

C, 71.00; H, 9.51. 

Prepnr~tiori of' Dincetnte 13 
The diol 11 was converted into the corresponding di- 

acetate 13 by a procedure identical with that described 
above. From 120mg of 11 there was obtained 127 rng 
of 13, as a clear oil, ?IF 1.4918; infrared (film), A,,, 5.82, 
8.06,9.71,9.90 p; n.m.r., T 4.90(broadsignal, 1H,-C3H, 
width at half-height 7.5 Hz), 5.82-6.17 (octet, 2H, 
-C'2H,HD with HA at T 5.93 and H, at T 6.02, J A . ,  = 
11 Hz, JA.ll  = 5.8 Hz, J,,Il = 6.9 Hz), 7.96 (singlet, 
6H, two -COCH3), 8.40 (singlet, 3H, -CL4H3), 9.01 
(singlet, 3H, -CL5H3), 9.06 (doublet, 3H, -C13H3, 
JL1,13 '= 7 HZ). 

Anal. Calcd. for C19H3004: C, 70.80; H, 9.38. Found: 
C, 70.62; H, 9.12. 

Preparation of Keto Alcohol 14  
To a solution of 8.8 g of the mixture of diols 10 and 

11 (sce above) in 1 1 of dry dioxane was added 10 g 
of 2,3-dichloro-5,6-dicyanobenzoquinone (15) in 500 ml 
of dry dioxane. The resulting solution was stirred at 
room ternperaturc for 4 h, and filtered. The filtrate was 
diluted with 1 1 of ether and then passed through a 
column of 200 g of activity I1 alumina. The column was 

washed with 2 1 of ether and 1 1 of chloroform, and the 
total eluant was evaporated under reduced pressure. The 
residual orange gummy material was subjected to column 
chromatography on activity I1 alumina (550 g). Elution 
with 3 1 of benzene gave 4.6 g of keto alcohol 14 as a n  
oily, semicrystalline material. Crystallization of a small 
sample from ether at 0' gave colorless plates, m.p. 
70.5-7l0, [a]iO +97O (c, 0.26 in methanol). Ultraviolet, 
h ,,,,, 249 mp (E = 13 600); infrared (Nujol), h ,,,, 3.00, 
6.09, 6.27, 9.78 p; n.m.r., z 6.28-6.62 (octet, 2H, -C12- 
H,H, with H A  at z 6.41 and H, at z 6.49, J,,, = 10.3 
Hz, J,,,, = J,,ll = 6.0 Hz), 7.32 (broad singlet, l H ,  
-OH), 8.26 (broad singlet, 3H, -C14H3), 8.83 (singlet, 
3H, -C15H3), 9.06 (doublet, 3H, -C13H3, J11.13 = 6.5 
Hz). 

Anal. Calcd. for Cl5HZ4O2 (mol. wt., 236): C, 76.20; 
H, 10.23. Found (rnol. wt., 236, mass spectrometry): C, 
76.19; H, 10.03. 

Continued elution in the above chromatography with 
1.5 1 of 1 : 1 benzene-chloroform and 1 1 of chloroform 
gave 2.5 g of diol10, as shown by m.p., and by its infra- 
red spectrum. Finally, elution with 2 1 of chlorofor~n 
and 1 1 of ethyl acetate afforded 0.6 g of diol 12, again 
identified by 1n.p. and infrared spectrum. Thus, in the 
above oxidation, the yield of keto alcohol 14, based on  
unrecovered starting material, was 81 %. 

Preparntiotz of Keto Carbonnte 15 
A solution of the keto alcohol 14 (13.9 g) in 310 rnl 

of dry pyridine was cooled to 0°, and freshly distilled 
ethyl chloroformate (134 ml) was added dropwise, over 
a period of 3 h. The reactants were allowed to stand at 
room temperature, under an atmosphere of nitrogen, for 
20 h, during which time a white precipitate had formed. 
The reaction ~nixture was poured into cold (0") 50% 
aqueous acetic acid (600ml) and the resulting mixture 
was extracted thoroughly with ether. The combined ether 
extracts were washed several timcs with water and 
evaporated. The residue was dissolved in benzene and the 
resulting solution was dried over anhydrous sodium 
sulfate. Removal of the benzene gave a clear oil which, 
upon distillation under reduced pressure, afforded 13.4 g 
(75%) of the keto carbonate 15 as a clear, pale-yellow 
liquid, b.p. 166" at 0.25 mrn, n;O 1.5078, [a]? f 75" (c, 
0.25 in methanol). Ultraviolet, h,,,, 249 mp (E = 13 600); 
infrared (film), h ,,,, 5.81, 6.06, 6.25, 8.01, 9.98 p; n.m.r., 
z 5.73-6.12 (complex pattern of lines, 4H, -CL2H,iH, 
and -OCH2CH3), 8.31 (broad singlet, 3H, -CL4H3), 
8.76 (triplet, 3H, -OCH2CH3, J = 7.1 Hz), 8.86 (singlet, 
3H, -C15H3), 9.03 (doublet, 3H, -C13H3, Jll,13 = 6.7 
Hz). 

Anal. Calcd. for C18H~s04:  C, 70.10; H, 9.15. Found: 
C, 69.87; H,  8.98. 

Preparation of Keto Cnrborzate 16 
This compound was prepared by reaction of keto 

alcohol 14 with ~nethyl chloroformate, using a procedure 
identical with that described above. The crude product 
obtained from 8.5 g of keto alcohol 14 was purified by 
distillation under reduced pressure and gave 8.5 g (81 %) 
of a pale-yellow oil (b.p. 154" at 0.03 mm) which crystal- 
lized on standing. Recrystallization of a small sample 
from ether-petroleum ether (b.p. 30-60") gave colorless 
blocks, m.p. 51.5-52O, [a lp  -F9S0 (c, 0.8 in methanol) 
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Ultraviolst, h,,,, 249 mp (E = 13 700); infrared (Nujol), 
h,,, 5.78, 6.05, 6.26, 7 . 9 2 ~ ;  n.m.r., 75.75-6.09 (octet, 
2H, -CEH,H, with HA at 7 5.84 and HB at 7 5.90, 
JA,, = 10.5 HZ, J A . ~ ~  = 6.3 HZ, J B , ~ ~  = 6.0 HZ), 6.28 
(singlet, 3H, -OCH,), 8.28 (broad singlet, 3H, -C14H3), 
8.82 (singlet, 3H, -C15H,), 9.01 (doublet, 3H, -Cr3H3, 
J11.13 = 7.0 Hz). 

Anal. Calcd. for C17H2604: C, 69.36; H, 8.90. Found: 
C, 69.52: H, 8.68. 

( $)-a-Cyperotie ( I )  
(a) By Pyrolysis of Keto Carbonate 1 5  
Compound 15 (2.80 g) was introduced dropwise onto 

a vertical pyrex glass column (1.5 cm x 40 cm) packed 
with glass helices and heated to approximately 400" by 
a vertical furnace. During the pyrolysis, nitrogen was 
passed slowly through the column from the top to the 
bottom, and the pyrolysate was collected in a receiving 
tube cooled in an ice-water bath. The contact time of 
pyrolysis was approxinlately 2 min. When the ester had 
been subjected to this procedure, the product still con- 
tained some starting material and it was therefore neces- 
sary to pass the first pyrolysate through the heated 
column a second time. The crude product (2.10 g) thus 
obtained was subjected to column chromatography on 
150 g of activity I1 alumina. Elution with 400ml of 
petroleunl ether (b.p. 30-6O0), 1200 ml of 1 : 1 petroleum 
ether - benzene, 800 ml of benzene, and 60 ml of 1 : 1 
benzene-chloroform gave 1.2 g (61 %) of (+)-cr-cyperone 
(I), which was identical (infrared, n.m.r., optical rota- 
tion, gas-liquid chromatographic retention time on two 
different columns4) with an authentic sample. 

Further elution with 11 of chloroform gave 0.7 g 
(32%) of the keto alco11ol 14, identified by m.p., mixture 
m.p., and infrared conlparison with compound 14 pre- 
pared previously. 

(6) By Pyrolysis of Keto Carbotiate 1 6  
Compound 16 was subjected to pyrolysis under 

conditions identical with those described above. The 
crude pyrolysate obtained from 7.4 g of 16 gave, upon 
distillation under reduced pressure, 4.6 g (84%) of pure 
(+)-cr-cyperone, b.p. 101" at 0.04 mm. 

4The following gas-liquid chromatography columns 
(10 ft x 3 in.) were used: 20% FFAP on 60180 mesh 
Chromosorb W, 208"; 20 %, SE30 on 60180 mesh Chromo- 
sorb W, 190". The Row-rate in each case was approxl- 
nlately 80 ml/min. 
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Reinvestigation of the Polonovski reaction. Synthesis of deuterated dimethylamine 
and formaldehyde' 
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Dimethylaminomethyl acetate, a postulated intermediate in the Polonovski reaction, has been isolated 
for the first time in 80% yield from the reaction between trimethylamine N-oxide and one equivalent of 
acetic anhydride. With more acetic anhydride the dimethylaminomethyl ester gave N,N-dimethyl acet- 
amide and two other products which have been identified as 2-(dimethylaminomethyl)acrylic acid and 
2,2-bis(acetoxymethyl)-3-(dimethylamino)propionic acid. The manner of formation of these two prod- 
ucts has been clarified by using deuterium and 13C labelled reagents. 

Hydrolysis of deuterated dimethylaminomethyl acetate prepared from trimethyl-& amine N-oxide and 
acetic anhydride gave satisfactory yields of dimethyl-d, amine and formaldehyde-d2. 

L'acCtate de dimethylan~inomethyle, considCrC comme produit intermediaire de la rCaction de Polo- 
novski, a CtC isole avec un rendement de 80% par l'action de l'anhydride acetique sur I'oxyde de tri- 
methylamine. Lorsque l'anhydride acetique est employe en exces, on obtient, en plus de la dimtthyl-N,N 
acetamide, l'acide dimCthylaminomethy1-2 acrylique et l'acide diacetoxymethyl-2,2 dimethylamino-3 
propionique. Le processus de formation de ces acides a CtC Ctudie a partir de reactifs marquCs au deute- 
rium ou au 13C. 

La dideutCrioformaldChyde et la hexadeuteriodimCthylamine ont donc CtC prCparCes avec un bon 
rendement par l'hydrolyze de I'acCtate de dimCthylaminomCthy1 deutCriC correspondant. 

Canadian Journal  of Chemistry, 46. 385 (1968) 

Introduction R R 
lo lo 

Deuterated trimethylanline can now be con- R-N-CH, i (CH3C0)20 -> R-N-CH, + CH,COO 8 
veniently prepared in good yield by the equili- I 

00 
I 

bration of tetrametl~ylammonium hydroxide tr2 OCOCH, 
with deuterium oxide at 130" and subsequent 1 1 
pyrolysis of the exchanged quaternary base (1). R-N-&-H @ ( ~ ~ 3 ~ 0 0 ' )  -> 
It seemed of interest to try to utilize such a ibACOCH, 
readily accessible compound in the preparation 
of other deuterated substances which are now R 
difficult to obtain. The Polonovski reaction l o  

R-N=CH2 
which is the conversion of amine oxides with at 
least one methyl group into an N-substituted 1 4- C H , C O O ~  -t BH 

amide and formaldehyde might be successfully R 

exploited for this purpose. For example, Huis- 
I @ 

R-N-CH2 
gen, Bayerlein, and Heydkamp (2), prepared R R 

1 0  1 N,N-dimethylacetamide from trimethylamine N- R-N-CH~ + CH3CO08 -> R-NCH20COCH3 
oxide and acetic anhydride in 82% yield by the 
Polonovski reaction. However, forillaldehyde 1 

could only be isolated in 3 % yield. It  was mainly Alternatively, the aminoester 1 could arise by 
to obtain increased yields of formaldehyde that rearrangement of an ylide type of intermediate. 
the mechanism of the reaction was reexamined According to the same authors the ultimate 
in this work. products of the reaction, N-substituted amides 

After having considered mechanisms pro- and formaldehyde, could be formed from the 
posed earlier for the reaction, Huisgen and co- aminoester 1 in two ways. 
workers (2) advanced the following: Route a seems unlikely since the ester is stable 

under anhydrous conditions but route b appears 
lIssued as NRCC NO. 9859. to be plausible. 
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This mechanism, and others before it, all 
postulate the formation of an aminoester as an 
intermediate although no one has yet succeeded 
in isolating such a substance. Two reasons mo- 
tivated our attempts to isolate the dimethyl- 
aminoester: firstly, to prove its actual formation 
during the Polonovski reaction, and, secondly, 
to prepare dimethyl-d6 amine and formaldehyde- 
r12 in improved yield by hydrolysis of its deu- 
terated analogue. In the present work the acetate 
salt of the aminoester where R=CH3 was 
isolated in up to 80% yield using equimolar 
amounts of trimethylamine N-oxide and acetic 
anhydride in chloroform while keeping the tem- 
perature below 15". The structure of this amino- 
ester was proved by comparison of its nuclear 
magnetic resonance (n.m.r.) spectrum with that 
of dimethylaminomethyl acetate prepared by the 
method described by Bohme, Bohn, Kohler, and 
Roehr (3). It seems therefore that dialkylamino- 
methyl acetate is in fact an intermediate in the 
Polonovski reaction as assumed by earlier 
workers. 

With a molar equivalent of acetic anhydride, 
the aminoester in boiling chloroform gives a 

high yield of N,N-dimethylacetamide as reported 
by Huisgen et al. (2) but no formaldehyde. 
However, when the volatile materials such as 
acetic acid and dimethylacetamide were re- 
moved in a vacuum manifold, a rather brown 
residue remained. When heated in a vacuum 
sublimator at 120°, this residue decomposed 
into carbon dioxide and a colorless liquid which 
were collected in a Stock trap kept in liquid 
nitrogen, and a white solid sublimate. The sub- 
limate was identified by mass spectrometry and 
its n.m.r. spectrum as 2-(dimethylaminomethy1)- 
acrylic acid and was identical with the compound 
reported by Pelletier and Franz (4). One of the 
products collected in the Stock trap was identi- 
fied as 2-(acetoxymethyl)allyl acetate by com- 
parison of its n.m.r. spectrum with the com- 
pound reported by Nerbel, Heymons, and Croon 
(5). 

The same crude gummy brown solid material 
obtained from another run was also examined 
after recrystallization from alcohol. Micro anal- 
ysis, nuclear magnetic resonance, infrared, and 
ultraviolet spectra of this material indicated it 
was 2,2-bis(acetoxymethy1)-3-(dimethylamino)- 
propionic acid. This substituted propionic acid 
decomposed thermally into carbon dioxide, di- 
methylamine, acetic acid, and 2-(acetoxymethy1)- 
ally1 acetate but gave no 2-(dimethylamino- 
methy1)acrylic acid. The same type of thermal 
decomposition had been observed by Nerbel et 
al. (5) with triacetoxypivalic acid. 

We have observed that the nonvolatile residue 
obtained from the Polonovski reaction carried 
out at the boiling point of chloroform gives inore 
substituted acrylic than substituted propionic 
acid. On the other hand, a higher yield of sub- 
stituted propionic than substituted acrylic acid 
is obtained if the residue is heated for a short 
time at 85". This result would seem to indicate 
that the acrylic acid is the precursor of the pro- 
pionic acid. 

In dilute acetic acid the alninoester was hydro- 
lyzed to dimethylamine which was isolated in 
51 % yield as the hydrochloride, and formalde- 
hyde which was recovered in 62 % yield as poly- 
oxymethylene (72% yield as the diinedone 
derivative froin aqueous solution). From the 
deuterated aminoester, deuterated polyoxymeth- 
ylene and dimethylamine can therefore be 
obtained in moderate yields. 
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RENAUD A N D  LEITCH: RElNVESTIGATlON OF THE POLONOVSKl REACTION 

Discussion H O  0 
I '  II - Il The most plausible mechanism to account for (CD~)~NCD,C&C-O-CCH, & 

the formation of the acrylic acid is illustrated I H @  
below. CHZ-OH 

8 r -. 

I 
OH H O  0 

dl 1 1  - 1 1  b 
(CH3),NCH2CHLC-0-CCH3 CDZ-C-C-0-CCH3 -+ 

I I I I rl I / H@ 
2 0 0 (CD3)ZN: CHZ-OH u O 

H @ 
8 

(CD~)ZNHCH,CCO, 
(CH3)2NCHZCH~C-O-C-CH3 + CHZO --.+ 

I I I I 
I I 

0 0 
CD2 

The first step consists in the attack of acetic 
anhydride on the anlinoester by a nucleophilic 
displacement to give 2-(dimethylaminonlethy1)- 
acetic anhydride 2 which can then form 3 by 
reaction with formaldehyde. Finally this sub- 
stituted anhydride decomposes to the acrylic 
acid as shown. In order to verify this tentative 
n~ecl~anism the Polonovski reaction was con- 
ducted with trimethylanline-d9 N-oxide and 
acetic anhydride in the presence of normal 
formaldehyde. The n.m.r. spectrum of the sub- 
stituted acrylic acid showed two sharp doublets 
at .s 3.74 and 4.50, each having a coupling con- 
stant of 1.3 c.p.s., and a sharp singlet at r 6.47. 
The only possible explanation of the n.m.r. 
spectrum observed is that a mixture of two com- 
pounds is obtained, one through path a with 
l~ydrogen on the terminal methylene group and 
the other through path b with hydrogen on the 
inethylene group attached to nitrogen. It can be 
concluded from these results that formaldehyde 
has taken pal-t in the formation of 2-(dimethyl- 
aminomethy1)acrylic acid. Whenever the same 

reaction was conducted without normal foimal- 
dehyde, only completely deuterated 2-(dimethyl- 
aminomethy1)acrylic acid was obtained. 

In order to determine the origin of the 2- 
carbon atom in the substituted acrylic acid, the 
Polonovski reaction was carried out with acetic 
anhydride labelled with 13C in the methyl group. 
The resulting substituted acrylic acid should now 
be labelled with 13C in the 2-position according 
to the mechanism proposed for this reaction. 
Since the band width of the two methylene 
groups is of the order of 6 c.p.s. and the satellites 
corresponding to the long-range coupling of the 
methylene protons with 13C are expected to be 
of the order of 4 c.p.s., the proton resonance 
spectrum for the presence of 13C in the 2-position 
of the acrylic acid was inconclusive. A platinum 
catalyzed reduction of the substituted acrylic 
acid gave isobutyric acid and dimethylailline by 
hydrogenation and hydrogenolysis of the inole- 
cule. There is no reason to believe that the 
carbon in the 2-position in the acrylic acid should 
not be the carbon in the 2-position in the iso- 
butyric acid. The proton resonance spectrum 
after six scannings using a CAT (computer of av- 
erage transients; Varian C-1024 model) shows the 
satellites of the seven bands corresponding to 
the protoil attached to a 13C in the 2-position in 
the isobutyric acid. Therefore, 13C from the 
acetic anl~ydride was introduced only in the 2- 
position of the acrylic acid which further sup- 
ports the nlechanism proposed in the present 
work for the formation of 2-(dimethylamino- 
methy1)acrylic acid during the Polonovski re- 
action. 

A possible i~echanism for the formatioil of 
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2,2- bis(acetoxymethy1)- 3 - (dimet11ylamino)pro - 
pionic acid is shown below. 

Experimental 
Tetrn~?~et/rylnm~r?o~lirrrr~ Hydroxirle 

The quaternary base was prepared from the bromide 
or the iodide by treating a solution of the dry salt in 
deuterium oxide with freshly prepared silver oxide washed 
with deuterium oxide. Reaction of the chloride was much 
slower and invariably gave a solution which still contained 
chloride ions even after stirring on the steam bath over- 
night. Alternatively, commercial 10% tetramethyl- 
ammonium hydroxide was concentrated under reduced 
pressure and the residue was dissolved in deuterium oxide. 

Tris(fricietiteriotneflryl)nlrli~~e 
A solution of 50 g (0.55 mole) of tetramethylammonium 

hydroxide in 200 ml of 99.87% deuterium oxide was 
poured into a stainless steel tube 32 cm x 5 cm (OD). 
The tube was closed with a screw cap and heated for 24 h 
at 130 "C in an oven. At the end of this period the con- 
tent of the cold tube was poured into a 500 ml round 
bottomed flask. The solvent was then removed on the va- 
cuum line, collecting the distillate which contained partly 
deuterated trimethylamine in a trap cooled to -78" 
with dry ice. The residue was redissolved in 200 ml of 
fresh deuterium oxide and heated as before. After eight 
exchanges the deuterium content of a sample of deu- 
terated trimethylamine was 98.5 mole %. The infrared 
spectra of trimethylamine and deuteriotrimethylamine in 
the gas phase are shown in Figs. 1 and 2 respectively. 

The distillate recovered after each exchange was 
neutralized with N deuterium chloride in deuterium oxide 

and the solution was evaporated to dryness in a rotary 
evaporator. The residue of partly deuterated trimethyl- 
amine hydrochloride was weighed and analyzed by n.m.r. 
using a solution of normal trimethylamine hydrochloride 
as standard. 

The quaternary base obtained after eight exchanges 
was decomposed by pyrolysis to deuterated trimethyl- 
amine which was absorbed in N hydrochloric acid. The 
yield of hydrochloride was 36.1 g (63 % of the theoretical 
amount). 

The partly deuterated trimethylamine hydrochloride 
recovered after each exchange was combined to give 
17.7 g (31 %) and converted into quaternary base for 
reuse in another exchange. The overall loss was thus only 
6.0 %. 
A~~l~ydrorrs TrO?lefllyln1?1i11e N-Oxirle 

Trimethylamine N-oxide dihydrate (44.5 g, 0.4 mole), 
prepared from an aqueous solution of trimethylamine 
and hydrogen peroxide (6, 7), was placed in a 500 ml 
round-bottomed flask connected in series with a wide 
necked glass tube, a Stock trap and a vacuum pump. The 
amine oxide was heated slowly to  100' in an oil bath 
under a pressure of less than 1 mm. Only half of the flask 
was immersed in the oil. At that temperature the solid 
mass first liquified and then later resolidified. The tem- 
perature was raised slowly to 150" and kept at  that tem- 
perature until all the solid had sublimed in the upper part 
of the flask. Then the flask was totally immersed in the 
oil bath and the white solid was resublimed onto the wide 
tube. The hard film of amine oxide was scraped off the 
wall of the tube into a dry flask by means of a stainless 
steel rod. The salt was protected from moisture by plug- 
ging the neck of the tube with absorbent cotton and by 
circulating a current of dry nitrogen during this operation. 
The yield of dry trirnethylamine N-oxide was nearly 
quantitative. The n.m.r. spectrum of the oxide dissolved 
in D20  showed only one band. 

Dir~zefl~yylnmi~~omet/iyl Acetnfe 
T o  a solution of 20.7 g (0.277 mole) of dry trimethyl- 

amine N-oxide in 100 ml of ethanol-free chloroform a t  
15" was added dropwise with stirring 29.1 g (0.277 mole) 
of 97% acetic anhydride during 3 h. Stirring was con- 
tinued for an additional 3 h and the solution was allowed 
to stand for 12 h at 15". The solution was fractionated in 
a vacuum manifold at room temperature. The fraction 
with a vapor pressure of 5 mm and less was collected 
separately. 33 g of a colorless liquid were obtained; 
n.m.r. (CDCI3) 7.92(s), 7.52(s), 5.05(s), and -1.68 T ,  

corresponding to dimethylaminomethyl acetate con- 
taining 23% by weight acetic acid. The net yield of the 
acetate was thus 79%. 

Fortnnldeh~~cie lerurd Ditr~efl~yinmirre 
To dimethylaminomethyl acetate (8.2 g) was added a 

solution of 15 ml of acetic acid in 100 ml of water. The 
solution was heated to boiling and the formaldehyde was 
distilled over with the water vapor through a Vigreux 
column. The addition of water containing acetic acid was 
continued through a separatory funnel at the same rate as 
the distillation until a volume of 300 ml had been col- 
lected. Then the distillate was evaporated under a pressure 
of 15 mm. The white solid residue which was nearly pure 
polyoxymethylene weighed 1.3 g (62%). 
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RENAUD AND LEITCH: REINVESTIGATION OF THE POLONOVSKI REACTION 

FIG. 1. The infrared spectrum of trimethylamine. 

4000 3500 3000 2500 2000 1500 

FIG. 2. TIIC infrared spectrum of deuteriotrimethylamine. 

Concentrated hydrochloric acid (7 ml) was added to 
the aqueous residue and the solvent was removed under 
reduced pressure. The residue was sublimed at 60" in a 
vacuum sublimator. The yield of dimethylamine-HCI 
(m.p. 172-173.5") was 2.9 g (51 x). 

Deuterated formaldehyde and deuterated dimethyl- 
amine were obtained with the same yields starting with 
nonadeuteriotrimethylamine N-oxide, prepared from 
deuteriotrimethylamine. 

2- (Din~etl~ylnn~ir~ornethyl)acrylic Acid atld 2,2-Bi.7- 
(nceto.\-ymethyl)-3-(di1netlrvlar11b~o)propiorliC Acid 

(n) A solution of dimethylaminomethyl acetate, pre- 
pared from 10 g of trimethylamine N-oxide, and acetic 
anhydride (13.0 ml) in ethanol-free chloroform (100 ml) 
was heated under reflux for 3 h. Then the volatile material 
was distilled in vncl~o into a Stock trap cooled in dry ice 
and acetone. The residue (1 g) was heated to 110' in a 
vacuum sublimator. A white sublimate was obtained 
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along with a very small quantity of C 0 2  and a liquid with 
a low vapor pressure which was identified as mostly 
2-(acetoxymethy1)allyl acetate (5) after purification. The 
solid was resublimed at 80" under a pressure of 0.1 mrn. 
The yield of sublimed 2-(dimethylaminomethyl)acrylic 
acid melting at 115-116", HCl salt m.p. 1&146", (lit. 
m.p. 117.7-119.7", HC1 salt m.p. 143.9-145.7" (4)) was 
0.7 g. 

Mass spectral analysis: parent pealc at tn/e 129; n.m.r. 
(in CDC13) signals at 7.37 (6H, s, (CH3)2N), 6.43 (2H, m), 
4.48 (lH, m), 3.78 (IH, m), and -2.72 T (lH, s). 

The n.m.r. spectrum of the distillate indicated it was 
a mixture of dimethylaminornethyl acetate (9.0 g), di- 
methylacetamide, acetic anhydride, and acetic acid in 
chloroform. This mixture was distilled at atmospheric 
pressure until the temperature of the reaction mixture 
reached 85". Then the remaining volatiles were removed 
under a pressure of 0.1 rnm. The distillate consisted only 
of dimethylacetamide and acetic acid. A brown solid 
residue weighing 5.3 g, which crystallized from ethanol 
as a white solid (4.8 g, m.p. 155-155.5"), was obtained. 
Thermal~ecomposition of the white solid gave mainly 
carbonJ dioxide and 2-(acetoxymethy1)allyl acetate. 

Nuclear magnetic resonance (in CDC13) signals at 
7.92 (6H, s, CH3COO), 7.20 (6H, S, (CH3)?N), 6.92 
(2H, s))>.5.& (4H ,--, 9, and -0.50 T (lH, s); v,,, 1745 
(ester), 1\25 Cacid); and 1040 cm-1 (C-N); XInn,(H20) 
217 mp(B'450). 

Anal, Calcd. for C;I H19 NO6 (2,2-bis(acetoxymethy1)- 
3-(di1nethy1amino)propionic acid): C, 50.57; H, 7.28; 
N, 5.36. Found: C, 50.38; H, 7.47; N, 5.32. 

The compound recovered from the ethanol mother 
liquor (0.4 g) was nearly pure 2-(dimethylaminomethy1)- 
acrylic acid. 

(b) To a solution of trimethylamine N-oxide (10 g) in 
ethanol-free chloroform (75 ml) at 15", was added drop- 
wise during 4 h acetic anhydride (13 ml) in chloroform 
(25 ml). The solution was kept at 0" for 24 h. Then acetic 
anhydride (18 ml) was added all at once at room tem- 
perature. The mixture was heated to reflux for 4 h and the 
solvent was removed by distillation until the temperature 
of the distilling flask reached 85". The volatiles were dis- 
tilled in a Stock trap at -78" at a pressure of 0.1 mm 
and the gummy residue was heated for 2 h at 100". 
The light brown solid (11.6 g) which was obtained was 
2,2-bis(acetoxymethyl)-3-(dimethylamino)-propionic acid 
contaminated with a very small quantity of 2-(dimethyl- 
aminomethyl)acrylic acid. 

(c) A solution of dimethylaminomethyl acetate, pre- 
pared as in b, and acetic anhydride (18 ml) in 100 ml of 
ethanol-free chloroform was heated to boiling for 24 h. 
Then the volatiles from the cold solution were removed at 
reduced pressure. Dimethylacetamide (8.5 g, 73.3 %) was 
isolated from the distillate. The residue was heated at 

100" in a vacuum sublimator. A yield of 2.4g of 2- 
(dimethylaminomethy1)acrylic acid was obtained. 

PartiallyPrototrated Derrterated2-(Dimethylaminomethyl)- 
acrylic Acid 

To a solution of octadeuteriodimethylaminomethy1 
acetate, CH3COOCD2N(CD3)2, prepared from 6.7 g of 
deuteriotrimethylamine N-oxide and 8.2 g of acetic 
anhydride in chloroform (75 ml), was added a mixture of 
acetic anhydride (I1 ml) and polyoxymethylene (0.5 g) 
previously dried over P2O5 and ailowed to stand in acetic 
anhydride for 19 h. The solution was heated under reflux 
with stirring for 18 h. Then the volatiles were removed 
under reduced pressure as described in a above. The 
residue, heated at 120" in a vacuum sublimator, gave a 
white sublimate which was resublimed at 80". 

Two doublets (T 4.50 and 3.74, J=  1.3 c.p.s.) correspond- 
ing to the acid CH2=C(C02H)CD2N(CD3)2 and 1 singlet 
(T 6.49) corresponding to the acid CD2=C(C02H)CH2N- 
(CD3)2 were present in its n.m.r. spectrum in CDC13, 
indicating that normal formaldehyde had taken part in 
the reaction between the ester and the anhydride. 

2-(Di1~7etl1ylamit10172ethyl)acrylic Acid-2-13C atrd 
Isobrrtyric Acid-2-13C 

2-(Dimethylaminomethyl)acrylic acid-2-13C was iso- 
lated as described above by reacting trimethylamine 
N-oxide (3.7 g) with acetic anhydride containing 33 % 
13C in the methyl group. 2-(Dimethylaminomethy1)- 
acrylic acid-2-13C (0.3 g) and Adam's catalyst (0.02 g) in 
ethanol were shaken under an atmosphere of hydrogen 
for 3/4 h. The catalyst was removed by filtration and the 
filtrate was distilled on a vacuum manifold. The low 
vapor pressure liquid was collected separately. The 
n.m.r. spectrum of this liquid in CDCI3 showed the ex- 
pected septet at T 7.38 (J=6.5 c.p.s.) corresponding to the 
proton on the 2-carbon in isobutyric acid and also two 
series of septets at T 8.47 and 6.31 (J=6.5 c.p.s.) corre- 
sponding to the proton attached to the carbon-13 atom 
in the acid. 
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Hydrogen isotopic exchange in biphenylene and the preparation of 
biphenylene-dS1 

BRUNO LUNELLI AND CESARE PECILE 
butitute of Plvsical Cl~emistry, University of Padua, Padua, Italy 

Received July 25, 1967 

The hydrogen isotopic exchange with basic and acidic agents has been widely investigated with the aim 
of preparing fully deuterated biphenylene. It has been noted that the very strong base KOD completely 
decomposes the hydrocarbon, while the strong base NaOD leads to random exchange, and the medium 
strength base Ca(OD)2 gives preferential exchange in a-position. Since the stability of biphenylene is less 
in acid mixtures than in basic ones, only acids of medium strength, which give preferential exchange in 
P-position, can be used. 

Good results in preparing fully deuterated biphenylene are obtained from two methods. The first of 
these consists of two exchanges which occur successively; one with an acid mixture and the other with a 
base. Both agents are of medium strength. The second method entails repeated exchanges with the 
strong base NaOD supported on Ca(OD)2. The latter method gives the highest isotopic purity and the 
best yield, as well as being much easier to carry out. 

Canadian Journal of Chemistry, 46, 391 (1968) 

The study of the vibrational spectrum of 
biphenylene (BPH), which is in progress in this 
laboratory,2 has required the availability of 
the corresponding fully deuterated compound 
(BPH-d8). Since the reported syntheses of BPH, 
which give reasonable yields (1-3), did not 
appear to be conveniently adaptable3 to the 
preparation of BPH-ds, the hydrogen isotopic 
exchange method was chosen, since it gives good 
results with aromatic compounds (5,6). 

The reactivity of the hydrogen atoms of BPH 
has been the object of both theoretical and 
experimental research (7-1 1). Kinetic data for 
hydrogen isotopic exchange in trifluoroacetic 
acid and trifluoroacetic acid - 70 % HC104 are 
also available (12,13) and the /?-position has been 
shown to be more reactive than the a one, which 
has almost the same reactivity as the /?-position 
in naphthalene (13). Since each of the hydrogen 
atoms of naphthalene exchange with 50% 
D2SO4 (14), the first exchange experiments 
attempted were wit11 30-70 % D2SO4 (runs 1-3, 
Table I). In these reaction mixtures, the D /H  
atom ratio was 10:l and therefore BPH with 
90% deuterium content could be expected if a 
random distribution of hydrogen isotopes were 
obtained. The results (Table I) show that an 
increase of acid concentration results in an 

lThis investigation was supported by the National 
Research Council of Italy, Chemistry Committee. 

2C. Pecile and B. Lunelli. J. Chem. Phys. In preparation. 
3A new method, which may be adaptable, was reported 

briefly (4) when the present work was in an advanced 
stage. 

increase in deuterium content of the product but 
a poorer yield of recovered BPH is obtained. 
The 60% D2SO4 gives an acceptable yield but 
the percentage of deuterium is too far below 
90 %; the 70 % D2SO4 (5 h at 110 "C) produces 
nearly complete decomposition. 

Results obtained with other acids were not 
useful. Gaseous DCl(15) bubbled through a 5 % 
solution of BPH in benzene or in carbon disulfide 
in the presence of AlC13 gave unexchanged 
BPH and 30 % decomposition products. Liquid 
anhydrous DBr (12 h at room temperature in a 
stainless steel bomb), which is a very efficient 
exchange agent (16), led to a tarry product from 
which no BPH could be recovered. 

The above mentioned studies on the exchange 
of BPH with trifluoroacetic acid (12, 13) do not 
provide information on the amount of decom- 
position, a factor which is important in prepara- 
tion of the fully deuterated compound in reason- 
able yield. On the other hand the reported kinetic 
data (12), despite referring to a somewhat 
different exchange (17), satisfactorily account 
for the deuterium percentage obtained in run 4 
(Table I); the same experiment also shows that 
the decomposition rate prevails for exchange in 
the a-position. In an attempt to find a better 
exchange medium, D2SO4 (18) or D3PO4 (19) 
was added to CF3COOD, thus increasing the 
value of the acidity function (20) (and hence the 
exchange rate in the a-position (21)) of the ex- 
change agent, which still remains a sufficiently 
good solvent for BPH. A series of experiments 
(runs 5-10, Table I) was carried out to find the 
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TABLE I 

Hydrogen isotopic exchange in biphenylene 

Biphenylene 
D :H recovered 

Run atom Temp Time - 
No. Exchange agents rat10 ("c) (h) Xyield X D  

- - < -  - - -  

5 D3P04and CF3COOD (3 :l)by weight i0  75 5 73 
6 DzS04 60 %and CF3COOD (1 : 1) 10 115 4 40 
7 D2S04 60 %and CC13COOD (1 :1) 10 1 20 2 40 
8 D7SO450O/nandCF~COOD(l:l) 20 11 5 5 63 

,"  
11 c ~ ( o D ) ~  
12 Ca(OD)2 
13 Ca(0D)l 
14 Ca(OD)2 
15 NaOD on Ca(OD)2 

composition and the exchange conditions from slow. The difficulty encountered in our attempts 
which the best compromise between good yield to exceed the limit of 80% deuterium is due-to 
and high deuterium content might be achieved. the sensitivity of BPH to acids. This causes the 
Such a compromise is satisfactorily obtained in irreversible decomposition reaction to prevail 
run 10. When the exchange was repeated under over the exchange reaction in the a-position. 
the same conditions, the deuterium content As reported above, the deuterium content and 
reached a maximum of 70 %. Even when the yield in exchange with Ca(OD)2 follow a pattern 
acidity was increased and extensive decomposi- similar to that observed wit11 acids. Tlie behavior 
tion tolerated, thedeuterium content could not be with Ca(OD), can be explained by assuming the 
raised above 80 %. decomposition rate to be intermediate between 

We then turned to high temperature exchange 
with CF~(OD)~,  a method which has been used 
successfully to prepare the corresponding deuter- 
ated compounds of some aromatic hydrocarbons 
(22-25). We found a satisfactory degree of 
exchange at temperatures of 300 "C or higher. 
The thermal instability of BPH (26), however, 
prevents the use of temperatures higher than 
350 "C. A suitable choice of tem~erature and 
time is that of run 11, since longer excliange 
times lead to poorer yield without appreciable 
increase in deuterium content. When exchange - 
was repeated twice in the conditions of run 11, 
BPH obtained had only about 70 % deuterium; 
however, this percentage never exceeded 85 %, 
even when more drastic conditions were used 
and lower yields were accepted. 

It is possible to understand the ease with 
wliich deuterium content of -50% is reached in 
excliange in acid media if we assume behavior 

the substitution rates of the a- and p-positions, 
each of which is very different from the other. 
In this case, however, it is not known whether 
the more rapidly exchanging hydrogen atoms are 
the a or the p ones.4 The infrared spectra of 
-50% deuterated BPH prepared by exchange 
with Ca(OD)2 are significantly different from 
spectra of -- 50% deuterated BPH prepared by 
exchange with acids, and suggest that the ex- 
change reactions follow different routes. In the 
absence of studies on the mechanism of the 
heterogeneous hydrogen isotopic exchanges with 
deuteroxides, it is useful to note that alkaline 
hydroxides at room temperature inetalate some 
aromatic hydrocarbons giving the correspondiilg 
anion (27). it seems reasonable to 
assume that Ca(OD)2 behaves analogously at 
high temperature, the hydrocarbon anion react- 
ing successively with the D 2 0  coming from the 
reversible decomposition of the deuteroxide. 

similar-to that known for trifluoroacetic acid 
4In naphthalene both electrophilic and nucleophilic (I2, 13) where exchange in substitution of hydrogen with deuterium occurs more 

p-position is fast and that in the a-position is easily inthea-position(28). 
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Since metalation of BPH takes place preferen- 
tially in the a-position (1 I), the hydrogen atoms 
which exchange more rapidly with Ca(OD)2 are 
probably the a ones. 

The results of our experiments together with 
the interpretations given above allow us to 
suppose that the amount of decolnposition 
should be reduced if, in exchanging the P- 
hydrogens, we use an acid solution and for the 
a ones, we use Ca(OD)2. By this process it 
should be possible to obtain BPH in acceptable 
yield and with a high deuterium content. Two 
successive exchanges, one with CF3COOD - 
D2S04- D20  and the other with Ca(OD)2 
(under the conditions of runs 10 and 11 re- 
spectively) gave BPH in 35 % yield with deuterium 
content of 96.21 x.5 This result confirms the 
accuracy of the hypothesis stated above, but the 
percentage of BPH-d8 is not completely satis- 
factory for spectroscopic work. 

To achieve better results we investigated the 
influence of basicity on the heterogeneous hydro- 
gen exchange with hydroxides.6 Though very 
little is known on this topic (22), extensive 
data are reported on the basicity of hydroxides 
at high temperatures. Barium and strontium 
hydroxides as well as all the alkaline hydroxides 
are bases stronger than calcium hydroxide 
(K > Na > Li) (29, 30); hence, presu~nably 
(31), Inore efficient exchange agents. The 
strongest base, anhydrous potassium hydroxide, 
cannot be used as a liquid because it melts at a 
temperature which is too high for the thermal 
stability of BPH; it was therefore used on a 
Ca(OD)2 support in experiments analogous to 
those performed with pure Ca(OD)2. Even at 
relatively low temperature (250 "C) it led to 
complete decomposition of BPH. A similar 
experiment with NaOD gave BPH in 90% 
yield and a deuteriu~n percentage which corre- 
sponded to one involving allnost random distri- 
bution of hydrogen atoms of the reagents. 
Random distribution in exchange with NaOD 
as opposed to selective exchange with Ca(OD)2 
may well be a consequence of the higher basicity 
of the former-a behavior which parallels that 
-- 

sspectrometric mass analysis by Merck, Sharp, and 
Dohme of Canada Ltd., gave: BPH-ds, 73.13 %; BPH-d7, 
23.45 %; BPH-(I6, 3.42 %. 

6Mixing was shown to be unimportant by an experi- 
ment performed under the conditions of run 11 in which 
glass balls were introduced into the Pyrex bulb which was 
then rotated at 70 r.p.m. 

of acidic agents (21). After three successive 
exchanges using the same procedure, BPH-d8 of 
high deuterium content7 was obtained in good 
yield (70 %). 

Experimental 
Stnrtitig Materials 

Biphenylene was prepared as described by Baker et trl. 
(1). Two steam distillations and two crystallizations from 
methanol gave a product of m.p. 112 "C (corrected). 

Trifluoroacetic acid-(1, trichloroacetic acid-(1, and 
orthophosphoric acid-[I3 were obtained by using an all- 
glass apparatus and allowing the pure anhydride to 
distil slowly over D20 ,  held at 0 'C, or vice versa. 

Deuterium chloride (or bromide) was prepared from 
deuterium oxide and phosphorous trichloride (or tri- 
bromide) in the presence of CCl3COC1 (or CCI3COBr). 

Crrlcilrtn Deuteroxicle 
Calcium oxide was prepared by heating CaC03  at 

900 "C in a refractory vessel for 24 h. The partially sintered 
mass was finely ground (under nitrogen) and heated at 
900 "C for another 24 h. The hydroxide was prepared 
(under nitrogen) from deuterium oxide and an excess 
(15 %) of calcium oxide in the same Pyrex tube to be used 
in the exchange. The tube was allowed to stand 24 11 
before introducing it into the furnace; this proved to be a 
useful precaution to avoid explosions. 

Potassium (or sodium) hydroxide on calcium hydroxide 
was obtained analogously to Ca(OD)r by using, instead 
of deuterium oxide, a solution of KOD (or NaOD) in 
deuterium oxide prepared by careful addition of a 
calculated quantity of D 2 0  to a weighed amount of the 
metal. 

Hydrogen Exchatrges wit11 Acicls 
The exchanges with D20-D2S04, CF3COOD, and 

CF3COOD-D3P04 were carried out by stirring the 
reagents under nitrogen in a flask immersed in a thermo- 
statically controlled bath. With the mixtures D 2 0  - 
D2S04 - CF3COOD we used an apparatus made from 
borosilicate glass tubing as shown in Fig. 1. Resistance 
wires (covered with asbestos) wound on tubes A, B, and 
C provided electrical heating and gave the maximum 
temperature at the bottom of A. Here the mixture boiled 
vigorously and separated into a liquid, which flowed 
down tube B, and a vapor (rich in trifluoroacetic acid) 
which condensed in E (air cooled) and flowed down tube 
C. The very rapid circulation of the mixture produced 
good mixing and this was found to substantially improve 
the exchange. The reagents were introduced under nitro- 
gen and the apparatus was then cooled in liquid nitrogen, 
evacuated, and sealed in G. The input current was 
chosen so that a temperature higher than the melting 
point of BPH would be obtained at all points in contact 
with the licluids. Once a steady state was reached the 
apparatus did not require control and could be left in 
operation overnight. 

Hydroge)l Excllatlge with Bases 
Exchanges with calcium deuteroxide, with potassium 

deuteroxide on Ca(OD)2, and with sodium deuteroxide 

'Mass spectrometric analysis gave: BPH-dp,, 86.3971; 
BPH-(I7, 13.61 %; overall deuterium content, 98.30%. 
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FIG. 1. An apparatus for the exchange of biphenylene with liquid acid mixtures. 
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1 I I I I 

FIG. 2. Infrared spectra of biphenylene (solid line) and biphenylene-ds (broken line) in CC14, C2C14, or CS2 
solution (20 mg in 1 ml; cell thickness 1 mm). The spectra were measured with a Beckman IR9 spectrometer. 

on Ca(OD)2 were carried out by heating a vacuum sealed 
Pyrex tube containing the BPH and the base in a thermo- 
statically controlled ( 3 5  "C) furnace. At the end of the 
exchange period, BPH was extracted with CH2C12 and 
purified as reported above for the light compound. 

Prepamtioti ofBipher~ylene-ds 
BPH (200 mg), calcium oxide (8 g), and a solution of 

sodium deuteroxide in D 2 0  (prepared from deuterium 
oxide (2.5 ml) and sodium (280 mg)) were introduced in a 
50 11-11 Pyrex tube in which the temperature was held at 
20 "C. After 24 h, the tube was cooled in liquid nitrogen, 
evacuated, and sealed; it was then heated at 300 3 5 "C for 
48 h. The BPH was extracted with CH2C12 and purified as 
reported above. The procedure was repeated twice for the 
same BPH so that 140 mg of the pure compound was 
obta~ned, m.p. 112 "C (corrected). Its infrared spectrum 
is shown in Fig. 2 together w ~ t h  that for the light com- 
pound. The intensities of v(CH) and v(CD) stretching 
bands indicate 98% deuterium content; mass spectro- 
metric analysis gave 98.30 x.7 
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Hydrogenation of alkyl Zoximino- a-D-auabino-hexopyranosidesl 

R. U. LEMIEUX AND S. W. GUNNER 
Department of C/~etnist,y, University of Albertn, Edmontot~, Alberta 

Received August 9, 1967 

Hydrogenation of alkyl 2-oximino-or-D-arnbino-hexopyranosides in the presence of palladium on 
charcoal and hydrochloric acid gave mixtures of the alkyl 2-amino-2-deoxy-or-D-hexopyranoside hydro- 
chlorides with the gluco and tnniii~o configurations in about 90% yields. The fraction of gl~tco com- 
pound varied substantially with the nature of the alkyl group; viz., methyl, 71 %; ethyl or 11-propyl, 
62%; isopropyl, 80 %. More of the Inatvzo compound is formed, viz., isopropyl, 50 %, when the 3,4,6- 
triacetate of the oximinoglycoside is hydrogenated. Hydrogenation of methyl 6-0-(2-oximino-a-D- 
nrabit~o-hexopyranosy1)-8-D-glucopyranoside gave an about equimolar mixture of the two configura- 
tions. 

Canadian Journal of Chemistry, 46, 397 (1968) 

The occurrence of 2-amino-2-deoxy-a-glyco- 
pyranosyl groups in a wide variety of antibiotics 
(1) has rendered the synthesis of such glycosides 
(a-glycosaininides) a leading problem in carbo- 
hydrate chemistry. p-Glycosaminides in which 
the aglycon is either the residue of a simple 
alcohol or a more complex carbohydrate struc- 
ture can normally be obtained via the Koenigs- 
Knorr reaction or its modifications (2). The 
yield depends strongly on the complexity of the 
potential aglycon. To date there exists no con- 
trolled synthesis of complex a-glycosaminides in 
appreciable yield. Of the various methods em- 
ployed, alcoholysis of the parent sugar or deriv- 
ative in the presence of acid proceeds in best 
yield (3). However this method is inherently 
limited to simple acid-resistant alcohols. For 
more coinplex alcohols, for example appropri- 
ately blocked carbohydrate structures, only low 
yields of a-glycosaminides are available usually 
via Koenigs-Knorr type reactions (4). The re- 
duction of the 2-oximino-a-hexopyranosides, 
which are formed in high yield on reaction of 
alcol~ols with the nitrosyl chloride adduct of 
acetylated glycals (5, 6), offered a new approach 
to these compounds and is the subject of this 
paper. The work is concerned mainly with the 
preparation of alkyl glycopyranosaminides from 
simple alkyl (methyl, ethyl, iz-propyl, and iso- 
propyl) alcohols which are normally best pre- 
pared by alcoholysis of the aminosugars. Never- 
theless, the data provide an insight to the factors 
which affect the stereochemical routes of the 
reductions. Also, the result obtained in the pre- 

'Presented at the Symposium on Synthesis, Organic 
Division, Chemical Institute of Canada, Banff, Alberta, 
August 31 - September 2, 1966. 

paration of a mixture of methyl 6-0-(2-amino- 
2-deoxy-a-D-glucopyran0syl)-p-D-glucopyrano- 
side with the corresponding a-D-manno isomer 
is described as an illustration of an a-linked 
disaccharide synthesis. 

The alkyl 2-amino-2-deoxy-a-D-glucopyrano- 
sides formed in the reductions were identified 
by direct comparisons with authentic samples 
prepared from D-glucosamine and this comprises 
proof of the a-D-configuration for the parent 
oxinzino-glycosides.' The formation of alkyl 
2 -amino -2- deoxy - a-D -mannopyranosides was 
based on this fact together with nuclear magnetic 
resonance (n.m.r.) data for these compounds 
and the demonstration by gas-liquid partition 
cl~romatographic (g.1.p.c.) analysis that D-man- 
nosamine is liberated on hydrolysis. 

A study of the hydrogenation of the alkyl 
tri-0-acetyl-2-oximin~-a-~-arabino-hex~- 
pyranosides (1) using palladium on charcoal as 
catalyst was first undertaken. The isopropyl 
oximino glycoside in methanol proved highly 
resistant to hydrogenation at 60 p.s.i. and room 

'T. L. Nagabhushan (Ph.D. Thesis, University of 
Alberta, Edmonton, (1966)) provided a proof of this 
point of configuration by gas-liquid partition chromatog- 
raphy and n.m.r. comparisons of the product from the 
reduction of methyl tri-O-acetyl-2-oximino-or-~-n,.abC10- 
hexopyranoside with authentic samples of the methyl 
glycosides in the gluco and tnnllno series. 
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temperature. However, when the hydrogenation 
was carried out in the Dresence of 1.1 eauiva- 
lents of hydrochloric acid, reduction was com- 
plete within 18 h at room temperature. The 
product was N-acetylated, then de-0-acetylated 
for trimethylsilylation (7) prior to g.1.p.c. anal- 
ysis employing an internal standard. It was 
found that a virtually quantitative yield of the 
isopropyl a-D-gluco and a-D-manno glycopyrano- 
saminides was obtained in a near 1 :1 mixture. 
These com~ounds were obtained in the same 
ratio but in lower yield when higher pressures 
were used for the hydrogenation. When 1 
(R = isopropyl) was deacetylated prior to 
hydrogenation in water containing an equivalent 
amount of hydrochloric acid, the ratio of gluco- 
saminide to mannosaminide was 3.9 : 1. Thus, 
the stereospecificity was appreciably greater. 
However, the ratio of the gluco to manno di- 
astereoisomers formed on hydrogenation of the 
deacetylated oximinoglycosides proved sensitive 
to the nature of the aglycon. When the methyl 
group was the aglycon, the ratio was 2.5:l and 
the Eatio decreased to 1.6:l when either the 
ethyl or n-propyl group was the aglycon. 

In the absence of steric effects from the ~ ~ 

aglycon, equatorial approach by the hydro- 
genated catalyst to yield axial amine would be 
expected to provide the more stable transition 
state as is normally observed in the reduction of 
simple oxiininocyclohexanes (8). Evidently, the 
presence of the axial aglycon renders axial 
approach by the hydrogenated catalyst to the 
oximino group the more favorable route for 
these a-D-oximinoglycosides. That this route is 
most favorable for the isopropyl a-D-oximino- 
glycosides likely is related to the strain in the 
orientation shown in 2 for the isopropyl group 
(6)-the orientation which should allow the most 
facile equatorial approach by the catalyst. Since 
axial attack is on the same side of the pyranose 
ring as is situated the 3-substituent it is not 
surprising that this route became less favorable 

when the 3-substituent was changed from 
hydroxyl to the bulkier acetoxy group. 

As expected from the stereochemical routes 
of the reductions of the ethyl and n-propyl 
oximinoglycosides, the hydrogenation of methyl 
6- 0-(2-oximino- a-D-arabino- hexopyranosy1)-p- 
D-glucopyranoside gave an about equimolar 
mixture of the two amino compounds. 

It may be noted that a generally stereospecific 
reduction to equatorial amine has been achieved 
by way of the corresponding hydrazones (9). 

Experimental 
Metllods arid Reference Conzpounds 

Unless otherwise stated, optical rotations were mea- 
sured in 1 dm tubes using a Perkin-Elmer 141 automatic 
polarimeter. The nuclear magnetic resonance (n.m.r.) 
spectra were determined using Varian A60 and HA100 
spectronleters and the solvents are mentioned where 
pertinent. Melting points were determined on a micro- 
stage and are uncorrected. 

The alkyl tri-0-acetyl-2-oximino-a-~-arabir20-hexopy- 
ranosides were previously described (6). The hydrogena- 
tion catalyst, about 1 part to 2 parts of the oxime, was 
5 % palladium on charcoal. All hydrogenations were 
carried out in a Parr apparatus at 60 p.s.i. and room 
temperature. 

Authentic samples of alkyl 2-acetamido-2-deoxy-cc- 
D-glucopyranoside were prepared by alcoholysis of N- 
acetyl-D-glucosamine in the presence of alcohol-washed 
Amberlite IR-120 resin in the proton form (10). After 
reaction at the reflux temperature was co~llplete, the 
resin was removed by filtration and washed with the 
alcohol. The combined filtrates were evaporated to dry- 
ness in vaclco and the solid residue recrystallized to purity 
in the case of the ethyl, 11-propyl, and isopropyl 2-aceta- 
mido-2-deoxy-a-D-glucopyranosides. In the case of the 
methyl compound, the crystalline product (68% yield), 
m.p. 185-187O, [cc] +105" (water), was a misture of 
the cr and p forms. This was evident from the presence 
of signals for methoxy groups at r 6.58 (a-form) and 6.46 
(P-form) in the n.m.r. spectrum ( D 2 0  as solvent.) The 
H-1 proton of the a-form gave its signal at r 5.21. The 
composition of the product was found to be 9:I (a:P) by 
g.1.p.c. analysis as described below. Methanolysis of 
N-acetyl-D-mannosanline provided a syrupy product 
which appeared to be a mixture of the a and B Forms of 
the methyl 2-acetamido-2-deoxy-~-~11annopyranositles in 
4:l ratio both by g.1.p.c. analysis and n.m.r. The spectrum 
of the product in D 2 0  showed signals for methoxy 
groups at t 6.61 and 6.56 assigned to the a and P ano- 
nlers, respectively. The ethyl, rz-propyl, and isopropyl 
2-acetamido-2-deoxy-cr-D-glucopyranosidcs were ob- 
tained in pure crystalline condition (1 1). 

Ethyl 2-acetanlido-2-deoxy-a-D-glucopyranosdc re- 
crystallized from methanol - ethyl acetate, m.p. 175- 
176", [cr] :5 t~ 144' (c, 1 in water). Literature (1 2) m.p. 
177-17S0, [a] Zoj -1-134O. The 60 Mc.p.s. n.nl.r. spcctl-unl 
in D 2 0  exhibited the H-l doublet at r 5.15 nit11 a 
spacing of 2.9 c.p.s. 

rz-Propyl 2-acetan1ido-2-deoxy-a-~-gl~1copyranoside, 
recrystallized fro111 methanol - ethyl acetate, 1n.p. 172- 
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174", [a] 2d 4-139" (c, 0.74 in water). Literature (12) m.p. 
170-171°, [a] 26 i-140.2". The 60 Mc.p.s. n.m.r. spectrum 
in D 2 0  exhibited the H-1 doublet at  7 5.11 with a spacing 
of 2.9 c.p.s. 

Isopropyl 2-acetamido-2-deoxy-a-D-glucopyranoside, 
recrystallized from methanol -ethyl acetate, m.p. 187- 
18g0, [a] 4-150" (c, 1.3 in water). The product of 
hydrolysis in refluxing 1.5 N hydrochloric acid for 12 h 
had an infrared spectrum identical to D-glucosamine 
hydrochloride. The 60 Mc.p.s. n.m.r. spectrum in D 2 0  
exhibited the H-1 doublet at 7 5.03 with a spacing of 
2.9 C.P.S. 

Anal. Calcd. for CllH2106N: C, 50.18; H ,  8.04; N, 
5.32. Found: C, 50.03; H,  8.13; N, 5.26. 

Gas-Liquid Partition CI2rot77atographic Analysis and 
Characterizatiorz of Alkyl 2-Acefamido-2-deoxyhexo- 
pyranosides 

The product formed on hydrogenation of an  alkyl 
oximinoglycoside was analyzed as in the following 
example using ethyl 2-oximino-a-D-arabirzo-hexopyrano- 
side. 

Ethyl tri-0-acetyl-2-oximino-a-D-arabino-hexopyrano- 
side (347 mg, 1 mole) and tetra-0-acetylpentaerythritol 
(368 mg, 1 mole) were dissolved in methanol (6 ml) and 
water (6 ml) followed by triethylamine (0.7 ml) were 
added. The solution was left at  room temperature for 
5 h after which time it was stirred with washed Arnberlite 
I R  120 H +  resin (4 ml) until neutral to pH paper. The 
mixture was filtered, the resin washed with methanol- 
water (4 x 10 ml, 1 :I) and the combined filtrate and 
washings were reduced to a volume of 1 ml. This was 
transferred to the hydrogenation flask with water (10 ml) 
followed by concentrated l~ydrochloric acid (0.09 ml, 1.1 
equivalent) and the palladium on charcoal. After hydro- 
genation, the catalyst was removed by filtration through 
Celite, washed with water (4 x 5 ml) and the aqueous 
solution was freeze-dried to yield an amorphous mass in 
near quantitatitve yield (400 mg). Nuclear magnetic 
resonance spectral examination at  60 Mc.p.s. in D 2 0  
showed virtually no acetyl absorptions and revealed the 
anomeric protons as overlapping doublets at  z 4.84. A 
sample of the crude hydrogenation product (100 mg) 
was exchanged with D,O, freeze-dried, and examined a t  
100 Mc.p.s. in the same solvent. The anomeric signals 
were resolved into two sets of doublets with spacings 
of 3.8 c.p.s. and 1.5. c.p.s. The doublets, which were 
attributed to the H-1 protons of the a-D-glucosaminyl 
and a-D-mannosaminyl glycosides respectively, had a 
relative intensity of 1.8 : l .  

The crude hydrogenation product (100 mg) was dis- 
solved in water (15 ml) containing methanol (I  ml). 
Dowex 1x2, 2 0 H 0 0  mesh, carbonate form (3.0 g), and 
acetic anhydride (1.5 ml) were added. The mixture was 
stirred for 1.5 h at room temperature after which time 
the resin was removed by filtration, washed with water 
(5 x 10 ml), and the combined aqueous solution was 
freeze-dried to yield an amorphous mass (90 mg). A 
portion (30-40 mg) of this product was taken up in dry 
pyridine (1 ml) and treated in a glass-stoppered vial with 
hexan~ethyldisilazane (0.5 ml) and trimethylsilyl chloride 
(0.5 ml), The mixture was shaken for 15 min, centrifuged, 
and the clear supernatant was taken to dryness at  35". 
The resultant pale-brown syrup was taken up in dry 
methylene chloride (0.3 ml) and examined gas-chromato- 

graphically. The chromatograms were obtained with an  
apparatus equipped with a thermal conductivity detector 
using a 6 ft ($in. O.D.) copper tube packed with 5 %  
SE-GE30 silicone rubber on nonacid-washed 30-60 mesh 
Chromosorb W. The temperature was first programmed 
at 4" per min from 100' to 200' and then kept constant 
at  200". The flow rate of helium was 100 ml per min. Con- 
trol experiments indicated an accuracy of &2% in the esti- 
mation of the amount of a trimethylsilylated glycoside 
relative to the amount of the internal standard (tetra-0- 
trimethylsilylpentaerythritol). 

Three main peaks were observed corresponding to the 
internal standard and to the two a-glycosaminides. Inte- 
gration by the method of triangulation indicated an about 
90% yield of the glycosides with the gluco-mant~o ratio 
1.6:l. The gluco isomer, retention time 2.4 relative to 
the internal standard, was identified by direct comparison 
with authentic samples. The manrzo isomer, retention 
time 2.0, was identified from the correspondence of the 
ratio determined with that determined by n.m.r. Several 
unidentified peaks corresponding to less than 10% of 
the total product were observed. 

Hydrogenation of the methyl oximinoglycoside fol- 
lowed by conversion to the N-acetates of the methyl 
glycosaminides gave a syrupy product which was ex- 
changed with deuterium oxide for n.m.r. analysis at  
100 Mc.p.s. and 55". Doublets were present at 74.71 
and 4.80 (using pyrazine as an  internal standard) with 
spacings of 3.0 and 1.5 c.p.s., respectively. These signals, 
assigned to the anomeric protons of methyl N-acetyl-r-D- 
glucosaminide and methyl N-acetyl-a-D-mannosaniinide, 
respectively, had relative intensities of 2.7:l. Gas-liquid 
partition chromatographic analysis showed the presence 
of two main components in the ratio of 2.5:l The major 
component had a retention time identical to that of a n  
authentic sample prepared from methyl N-acetyl-a-D- 
glucosaminide. 

In the case of the n-propyl and isopropyl glycosides, 
the relative amounts of a-D-gluco to a-D-matzno products 
were 1.6:l (1.6:l by n.m.r.) and 3.9:l (3.79 by n.m.r.), 
respectively. 

The hydrogenation of the isopropyl oxinle gave a 
sufficiently high yield of isopropyl 2-amino-2-deoxy-u-D- 
glucopyranoside hydrochloride to allow the direct isola- 
tion and purification of this compound (see below). How- 
ever, the corresponding experiments starting from the 
ethyl and n-propyl oximes required purification of the 
hydrochlorides by colunln chromatography on micro- 
crystalline cellulose (13) followed by N-acetylation (10) 
to obtain a pure crystalline product. The yields were 
25-35% in each case and the products were identified 
by direct conlparison with authentic samples. 

A portion of the products from the catalytic hydro- 
genation of the ethyl, a-propyl, and isopropyl oxinles 
was passed through basic ion exchange resin (Dowex 
1x2, OH- form) to remove reducing sugars (4). The 
material (20 mg) was hydrolyzed for 12 h in 2 N hydro- 
chloric acid (1 ml), and after workup in the usual manner 
was N-acetylated (lo), trimethylsilylated and (7), exainined 
by g.1.p.c. using the conditions previously mentioned. In 
all cases glucosalnine and mannosamine were s h o w  to be 
present by direct chromatographic conlparison with 
authentic samples. 

Hydrogenation of isopropyl tri-O-acetyl-2-oximino-r.- 
D-arabino-hexopyranoside in methanol and in the pres- 
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ence of 1.1 equivalents of hydrogen chloride was found 
by g.1.p.c. analysis to give a near quantitative yield of the 
a-D-ghrco and a - ~ - m m ~ n o  products in 1 :I ratio. The only 
variation in the analytical procedure was to fully acetylate 
the product with pyridine and acetic anhydride and then 
to de-0-acetylate prior to trimetllylsilylation. The yield 
was only 50% when the hydrogenation was conducted 
at 1000 p.s.i. 

Isupropy1 2-Ar~1ir10-2-rleoxy-a-~-gl~rcopyrnnosirle 
Hyrlrochlorirle 

Deacetylation of 1.44 g of crystalline isopropyl tri-0- 
acetyl-2-oximino-a-D-nrabino-hexopyranoside followed by 
hydrogenation as described above but in the absence of 
tlie internal standard gave, on freeze-drying tlie aqueous 
solution, 0.87 g of a product whicl~ crystallized from 95% 
ethanol on the addition of ethyl acetate. The yield was 
35%, 111.p. 209-211" (decamp.), [a] ',' -i-156' (c, 1 in 
water). 

Anal. Calcd. for CpH2005NC1: C, 41.94; H, 7.82; 
N, 5.44. Found: C, 42.04; H, 8.08; N, 5.40. 

N-Acetylation following the method of Roseman and 
Ludowieg (10) gave a product identical to isopropyl 
2-acetanlido-2-deoxy-u-D-glucopyranoside. 

~\leflr?~l 6-0-(2-At11ino-2-~feo~~y-u-~-,Olucopy~ -p-D- 
gl~rcopyrarloside rind Metl1yl6-0- (2-Arr~itro-2-deoxy-a- 
D-tr~nnr~opyranosyI) -13-D-gl~rcopyrnnoside 
Hj'drochlorides 

The crude condensation product (6) (4.9 g) was dis- 
solved in methanol (20 ml) with water added to turbidity 
and deacetylated using triethylamine (3 ml) as described 
above. The deacetylated material was hydrogenated at 
60 p.s.i. in the presence of one equivalent of hydrochloric 
acid and 5 %  palladium on charcoal (1 g) for 24 h at 
room temperature. The freeze-dried product was a pale- 
yellow syrup which was shown by paper chromatography 
in 11-butanol - pyridine - water - acetic acid (6:4:3:1) to 
contain one major ninhydrin positive component 
(R,,,,,,, = 0.70), methyl P-D-glucopyranoside (RgNH3cI 
= 2.2), as well as several unidentified minor components 
which appeared as streaks. The mixture was chromato- 
graphed on niicrocrystalline cellulose (13) using the 
above solvent system and a column of dimensions 
60 x 5 cm. A flow rate of 20 ml/h was enlployed and 
5 ml fractions were collected and analyzed polarirnetri- 
cally. The observed rotations were plotted graphically 
and the pertinent fractions were combined. Methyl P-D- 
glucopyranoside (550 mg) was obtained crystalline on 
evaporation of the levorotatory fractions. The methyl 
6-0-(u-D-glucosaminyl and a-D-mannosaminy1)-0-D-glu- 
coside hydrochlorides (750 mg, 24% based on the nitrosyl 
chloride dimeric adduct), although separated from other 
materials, were not resolved and were obtained as a 
pale-yellow amorphous solid, [alo +18.3' (c, 2.4 in 
water). 

The disaccharide fraction appeared as a homogeneous 
spot on paper chromatographic analysis in several solvent 
systems. However, the use of electrophoresis (borate 
buffer, pH 8.6, sodium borate 8 8 g/l, boric acid 4.65 g/l) 
at a constant voltage of 400 V for 4 h indicated the 
presence of two close-moving, ninhydrin-positive com- 
ponents. 

Nuclear magnetic resonance analysis at 100 Mc.p.s. 
in D 2 0  at 55' indicated the presence of the four expected 
anomeric doublets. Two overlapping H-1 doublets were 
observed at approxi~uately T 5.5 with spacings of 7.5 
c.p.s. as expected for the two axial H-1 protons of the 
methyl P-glucosidic residues. Two doublets at about 
T 4.90, which could not be resolved at 60 Mc.p.s., had 
spacings at 100 Mc.p.s. of 3.5 c.p.s. and less than 1 
c.p.s. and these were attributed to the a-glucosaminyl 
and u-mannosaminyl groups, respectively. The ratio of 
the intensities of the latter doublets was 1.1/1 with the 
glucosan~inyl isonier predominating. 
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The synthesis of 2-amino-2-deoxyhexoses : D-glucosamine, D-mannosamine, 
D-galactosamine, and D-talosaminel 

R. U. LEMIEUX AND T. L. NAGABHUSHAN 
Departmerrt of Clienlistry, Ut~iversity of Alberta, Erhontot~, Alberm 
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Methods for the preparation of the hydrochlorides of 2-amino-2-deoxy-D-glucose (D-glucosamine) 
and 2-amino-2-deoxy-D-mannose (~mannosamine)  from tri-0-acetyl-D-glucal and of 2-amino-2- 
deoxy-D-galactose (D-galactosamine) and 2-amino-2-deoxy-D-talose (D-talosamine) from tri-0-acetyl- 
D-galactal are described. The reactions involve addition of nitrosyl chloride to the acetylated glycal 
followed by conversion of the adduct to acetylated derivative of the 2-oximinohexose and reduction of 
the oxime to amine. 

Canadian Journal o f  Chemistry, 46, 401 (1968) 

Although 2-amino-2-deoxy-D-glucose (D-glu- 
cosamine) is readily available from natural 
sources (I), other naturally occurring 2-amino- 
2-deoxyhexoses such as D-galactosamine (2), 
D-mannosamine (3-5), and D-talosamine (6, 7) 
can only be obtained through multi-step chemi- 
cal syntheses in low overall yield. Thus, D-galac- 
tosamine hydrochloride was prepared from D- 

lyxose by way of 2-amino-2-deoxy-D-galacto- 
nonitrile in 33-38% overall yield (8). Another 
method proceeds from 1,6:2,3-dianhydro-P-D- 
talopyranose (9). Several methods for the prep- 
aration of u-mannosamine have been reported 
(10-14). Of these, the modified synthesis (12) 
of Sowden and Oftedahl (11) seems most prac- 
tical. The general epimerization procedure (13) 
has been applied to the preparation of D-talos- 
amine from D-galactosamine (15). Jeanloz and 
co-workers (16) have reported a multi-step syn- 
thesis of D-talosamine from D-galactose. u 

The purpose of this publication is to report in 
further detail the procedures outlined in a pre- 
liminary communication (17) for the synthesis 
of either D-glucosamine or D-mannosamine from 
tri-0-acetyl-D-glucal and of either D-galactos- 
amine or D-talosamine from tri-0-acetyl-D- 
galactal. In the first step, nitrosyl chloride is 
added to the acetylated glycal to yield the 
dimeric tri-0-acetyl-2-deoxy-2-nitroso-a-D-hexo- 

yields the tetra-0-acetyl-2-oximinosugar ( I n  or 
lb) and reduction of the oxime with zinc - cop- 
per couple in glacial acetic acid followed by 
acetylation provides, as expected, the acety- 
lated derivative of the 2-amino-2-deoxyhexose 
with the amino group in equatorial orientation, 
e.g., either D-glucosamine or D-galactosamine, 
which after deacetylation provides the crystalline 
hydrochloride (2a or 26). On the other hand, 
treatment of the glycosyl chloride with acetic 
anhydride and a base (for example, sodium 
acetate or triethylamine) provides the penta-0- 
acetyl derivative of the 2-oximinol~exose (3a or 
36) (20) and catalytic hydrogenation of this 
compound using palladium on carbon affords, 
after deacetylation of the product, the 2-amino- 
2-deoxyhexose as the hydrochloride (4a or 46) 
with the amino group in axial orientation, e.g., 
either D-mannosamine or D-talosamine. The 
yields are in the range 70-80% from the acety- 
lated glycal and the method should prove of 
general application for the synthesis of 2-amino- 
2-deoxysugars from glycals. Serfontein, Jordaan, 
and White (1 8) have identified D-glucosamine 
by paper and thin-layer chromatography as a 
product from the zinc-copper couple in glacial 
acetic acid reduction of tri-O-acetyl-2-deoxy-2- 
nitroso-a-D-glucopyranosyl chloride followed by 
deacetylation. 

pyranosyl chloride-a reaction which yields well Experimental 
defined crystalline products in near quantitative D-~[l,cosam;ne ffydrocll/or;de 
yield (18-20). Acetolysis of this glycosyl halide zinc-copper couple (0.7 g, Ventron Corporation, Con- 

gress Street, Beverly, Massachusetts) was added to a 

lThis research was presented in a thesis by T, L. Nagab- stirred solution of dimeric tri-0-acetyl-2-deoxy-2-nitroso- 
hushan in partial fulfillment of the requirements for the c l - D - ~ l ~ c ~ ~ ~ r a n ' J s ~ l  chloride (20) (0.38 g) in glacial acetic 
Ph.D. degree, 1966. Presented at the 150th Meeting of acid (3.5 ml) and acetic anhydride (0.5 n~l).  The mixture 
the American Chemical Society, Atlantic City, New Jer- was stirred efficiently for two days at room ten?perature, 
sey, September 13-17, 1965. Abstract of papers, p. 21D. after which time the same amounts of zincxopper couple, 
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z n u  
-+ 
HOAc 

A cO 

HOAc HOH 

N- OH NHf CI- 

R1 = OAc, R2 = H 
R1 = H, R2 = OAc 

20, RI = OH, R2 = H 
26, R1 = H, R2 = O H  

AcO HO 

HOAc HOH 

N-OAc 

30, R1 = OAc, R2 = H 
36, R1 = H, R2 = OAC 

acetic acid, and acetic anhydride were introduced and the 
stirring continued for an additional two days. The solids 
were collected by filtration and washed with chloroforn~. 
The combined filtrates were diluted with chloroform 
(20 ml) and the chlorofor~n solution was washed success- 
ively with water, saturated aqueous sodium bicarbonate 
solution, and again water. The resulting chloroform solu- 
?ion was dried over sodiunl sulfate and taken to dryness. 
The syrupy residue was heated with stirring on a steam 
bath for 70 min with 1.5 ml of 4 N hydrochloric acid. 
The light-brown solution was decolorized with active 
charcoal, filtered through Celite, and taken to dryness in 
vnrrro. The residual syrup was dehydrated by adding 
2-propanol and its removal in vnclro. The white solid 
material was dried and crystallized fro111 ethanol-acetone. 
A 0.171 g yield (80%) of a crystalline precipitate was 
depositcd which gave infrared and nuclear magnetic 
resonance (n.m.r.) spectra identical to those of a com- 
mercial sample of D-glucosamine hydrochloride and 
which possessed the expected specific rotation (1). Fur- 
thermore, when examined by high voltage paper electro- 
phoresis, under conditions which separated D-glucosa- 
mine (mobility, 17.5 cm) and D-nlanno~allline (mobility, 
20.4 C I ~ )  (3.kV, 35 min; pyridine, acetic acid, water buffer 
of pH 6.5) the compound showed a single spot (mobility, 
17.5 cm) after development with the cadmium acetate- 
ninhydrin reagent (21). 

111 a separate experiment, the residue (1.15 g) from the 
chlorofor~n extraction was dissolved in 15 1111 of 70% 
aqueous methanol and 4 1111 of triethylamine was added. 
After standing overnight at room temperature, the solu- 
tion was taken to dryness it1 varz~o, the residue dissolved 
in water, and the aqueous extract decolorized. The solu- 
tion was then neutralized with a small anlount of Ambcr- 
lite IR-120 ion-exchange resin in the proton form. Re- 
moval of the water left a syrup which crystallized from 
a mixture of ethanol and ether. The yield was 0.51 g 

R1 = OH, 
R1 = H ,  

(70%) of a compound, m.p. 186-19O0, [a]B3 +40° (c, 1 
in water), with the same n.m.r. and infrared spectra as 
those for an authentic sample of N-acetyl-D-glucosamine 
(22), m.p. 186-189", [ali3 ,342' (c, 1 in water), prepared 
by N-acetylation of D-glucosamine hydrochloride follow- 
ing the procedure of Roseman and Ludowieg (23). 

Red~rctiorz of I,3,4,6-Tetrn-O-ncetyl-2-0xirr~ir1o-a-~- 
arabirlo-l~exopyrnrzose (24) 

A solution of the 1 ,3,4,6-tetra-0-acetyl-2-oximino-a-D- 
nrnbino-hexopyranose (0.722 g, 2 ~nmoles) in glacial acetic 
acid (7 ml) and acetic anhydride (1 1111) was reduced with 
zinc - copper couple (1 .4 g) as described above and work- 
up in the usual manner afforded a syrupy product which 
was chromatographed on a silicic acid colun~n (1 X 30 
cm) using ethyl acetate as the solvent Evaporation of the 
solvent left a white solid residue which was crystallized 
from ethanol. The yield of the compound, m.p. 136-1 38", 
[a]g4 +90° (r, 2 in chloroform), was 0.4 g (52%) (re- 
ported in the literature (25) for a-D-glucosamine penta- 
acetate, 111.p. 139', [a],, +9z0). 

D-Gnlnrtosnn~ine Hydrochloride 
Dimeric tri-0-acetyl-2-deoxy-2-nitroso-a-D-galactopy- 

ranosyl chloride (20) (0.34 g) was reduced with the zinc - 
copper couple described above and the product isolated 
and deacetylated as described above for the preparation 
of D-glucosamine hydrochloride. The yield, after one 
recrystallization from ethanol-ether was 0.175 g (82%), 
m.p. 180" (decamp.), [a]?? t 91 .4"  (c, 2 in water, final). 
D-Galactosamine hydrochloride is reported (26) to melt 
at 178" with [a], +93O (c, 0.75 in water). The n.m.r. and 
infrared spectra of the con~pound were identical to those 
of an authentic commercial sample of D-galactosamine 
hydrochloride. The high voltage paper electrophoresis 
of the synthetic conlpound (see section under D-Gluco- 
san~ine Hydrochloride) showed a single spot (mobility, 
18.2 cm). 
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~-iWa~z?zosarnine Hydrochloride 
A solution of syrupy penta-0-acetyl-2-oximino-D- 

arabirlo-hexopyranose (20) (2.5 g) in glacial acetic acid 
(25 ml) and acetic anhydride (10 ml) was hydrogenated 
in the presence of 5% palladium on carbon (0.75 g) at 
room temperature and an initial pressure of 60p.s.i. 
for 48 h. The catalyst was removed by filtration through 
Celite. The filter cake was washed with glacial acetic 
acid and the combined filtrates were evaporated to a 
syrup at diminished pressure. The syrupy product was 
heated with 4 N hydrochloric acid (30 ml) on a steam 
bath, within initial swirling in order to obtain a homo- 
genous solution, for 50 min. The light-brown colored 
solution was treated with charcoal and the solids were 
removed by filtration. The filter cake was washed with 
water and the combined filtrates evaporated to a syrup 
at reduced pressure. The syrup was dehydrated by the 
addition of isopropyl alcohol followed by its removal 
by evaporation in vacuo. The residual white crystals, 
gathered by filtration with the aid of ice-cold isopropyl 
alcohol, were washed with ether and dried. Recrystal- 
lization of the crude product from ethanol-acetone mix- 
ture gave 1.04 g (80%) of a compound, m.p. 178-180°, 
[a];3 -3.0' (c, 2 in water, no mutarotation), literature 
(11) n1.p. not given, [a]g5 -3.2", (c, 10 in water, no 
mutarotation). Ninhydrin degradation (27) of the com- 
pound afforded D-arabinose which was identified by paper 
chroniatography. 

Anal. Calcd. for C6H14N05CI: C, 33.40; H, 6.49; 
N, 6.49. Found: C, 33.38; H, 6.51; N, 6.49. 

Although the x-ray powder diagram was identical to 
that of an authentic sample of D-rnannosamine hydro- 
chloride prepared following the procedure of Satoh and 
Kiyomoto (13, a high-voltage paper electrophoresis 
examination showed the presence of a trace of D-gluco- 
samine. 

The compound was N-acetylated following the pro- 
cedure of Roscnian and Ludowieg (23) to yield a prod- 
uct which crystallized from 70% aqueous ethanol on 
the addition of ether to tlie point of turbidity. A 76% 
yield of substance, 1n.p. 107-108", [a]h3 +lo0 (c, 2.5 
in water, final) was obtained with physical constants in 
close agreenient with those reported for N-acetyl-D- 
mannosanline (12). 
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Synthesis of 3,4,6-Tri-0-acetyl-2-oximino-~-~-hexopyranosides~ 

R. U. LEMIEUX, T. L. NAGABHUSHAN, AND S. W.  GUNNER^ 
Departmelit of Cliernistry, Urliversitj~ of Alberta, Edinonton, Alberta 

Received August 9, 1967 

The reaction of the dimeric nitrosyl chloride adducts of tri-0-acetyl-D-glucal and tri-0-acetyl-D- 
galactal with alcohols and phenols in dimethylformamide at  room temperature provides the correspond- 
ing tri-0-acetyl-2-oximino-a-D-hexopyranoside in good to  excellent yields. The condensation can also 
be carried out in tetrahydrofuran in the presence of pyridine or simply in refluxing methylene chloride 
for the simple alkyl alcohols. The stereospecificity of the reaction is extreme; only products of one 
configuration for both glycosidic linkage and the oximino group were detected. This result is rationalized 
on the basis of a cis-configuration for a tri-0-acetyl-2-nitroso-D-glycal intermediate in the H1 half-chair 
conformation. The introduction of methyl groups on the carbon of the methoxy group of methyl 
a-D-glucopyranosides causes a progressive deshielding of the anomeric proton. The data indicate that 
isopropyl a-D-glycopyranosides avoid the orientation for the aglycon which has the anomeric hydrogen 
projecting between the two methyl groups of the aglycon. Methyl tri-0-acetyl-6-0-(tri-0-acetyl-2- 
oximino-~-~-ara6ir~o-hexopyranosyl)-~-~-gucopyranoside was prepared in 70% yield to illustrate the 
use of the method for the preparation of an  a-linked disaccharide. 

Canadian Journal of Chemistry, 46,405 (1968) 

The presence of the a-linkage between a 
variety of 2-amino-2-deoxysugar residues and 
the aglycon in several antibiotics has rendered 
important the development of reliable methods 
for the synthesis of 2-amino-2-deoxy-a-glyco- 
pyranosides. Although the 2-amino group in 
most of these antibiotics (I), e.g. streptomycin, 
kanamycin B, neomycins, and paromomycins, is 
in equatorial orientation, in at least one case, 
e.g. kasugamycin (2), the group is oriented 
axially. The purpose of this communication is 
to report a general synthesis of 2-oximino-a- 
glucopyranosides which can serve, through 
reduction, as precursors of the corresponding 
2-amino-2-deoxy-a-glucopyranosides (3). Also, 
through hydrolysis followed by reduction the 
oximes can serve as precursors of a-D-gluco- 
pyranosides (4). The preparations of the a- 
oxin~inoglycosides are highly stereospecific and 
the yields are good even with highly hindered 
alcohols. Preliminary reports of this work were 
published (5, 6). 

As previously shown ( 9 ,  reaction of tri-0- 
acetyl-D-glucal with nitrosyl chloride yields tri- 

1Presented in part by T. L. Nagabhushan in partial 
fulfillment of the requirements for the Ph.D. degree, 
1966. P~esented in part a t  the 150th Meeting of the 
American Chemical Society, Atlantic City, N.J., Sep- 
tember 13-17, 1965. Abstract of Papers, p. 21D. 

2University of Alberta Postdoctorate Fellow, 1964- 
1965. Corn Industries Research Foundation Research 
Associate, 1965-1967. Present address: Food and Drug 
Directoratc, Department of Health and Welfare, Ottawa, 
Canaiia. 

0-acetyl-2-deoxy-2-nitroso-a-D-glucopyranosyl 
chloride (1) as a dimer in over 90 % yield. Com- 
pound 1 is extremely prone to dehydrochlorina- 
tion. This is demonstrated by the fact that addi- 
tion of triethylamine to the compound dissolved 
in tetrahydrofuran at -15' results in the imme- 
diate precipitation of triethylamine hydro- 
chloride and the formation of an intensely blue 
solution. The product isolated was an amorphous 
colorless substance which was not characterized. 
The colored intermediate in this reaction is con- 
sidered to be 2-nitroso-D-glucal triacetate (2). 
The postulation of this compound as an inter- 
mediate in the reaction provides a basis for the 
rationalization of the retention of configuratioil 
obtained in the overall reaction. Indeed, recently, 
Collin and Pritzkow (7, 8) have shown several 
dimeric nitroso-chloro adducts of olefins to 
undergo nucleopl~ilic substitution by way of 
highly reactive conjugated nitroso-olefins to give 
a-substituted oximes. I t  was expected then, that 
the intermediate 2 would be strongly electro- 
philic especially in view of its enolic ether 
structure and readily undergo reaction with a 
wide variety of nucleophiles. This has proven 
to be the case. 

Initially, it was thought necessary to perform 
the condensation of the nitrosyl chloride adduct 
(1) with an alcohol in the presence of a base to 
carry out the dehydrochlorination reaction and 
release the acetylated 2-nitroso-D-glucal (2). 
Indeed, using 4 inoles of alcohol per mole of 
the dilner (1) and 4 illole equivalents of pyridine 
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AcOCH2 
OAc 

k' 0 AC 

in tetrahydrofuran, excellent yields (over 80 %) 
of the oximino-a-D-hexopyranoside (3) were 
obtained (see Table I). In the absence of the 
alcohol, acetylated pyridinium oximinoglycoside 

TABLE I 

Yield, Melting (c'hlbYro- 
Aglycon Method* % point,"C form) 

a -~ -Arab i t~o  
Methyl A 811 145-146 +48" 

B 88 
Ethyl B 751 154157 +72 
11-Propyl B 751 61 3-62 +74 
n-Butyl B SO:? - +61 
Isobutyl B 83$ - + 63 
Isopropyl A 85f 94-96 +79 

B 89.1 94-96 +79 
C 80.1 9 4 9 6  +79 

t-Butyl B 80: - + 77 
Phenyl C 67f 165-167 +94 
a-Naphthyl C 42f 155-158 +I31 
Acetyl - 31f 138-139 +44 

a -~-Lyxo  
n-Propyl A --I - +51 
Isopropyl A -1 + 66 

*See Experimental section. 
TAfter purification by recrystallization. 
tCrude syrupy product. 

was the product of the reaction. The conlpound 
was highly unstable and could not be purified. 
It was subsequentIy found that the nitrosyl 
chloride adduct (1) underwent del~ydrocl~lorina- 
tion with sufficient ease that a base. such as 
pyridine, was not required in the reaction me- 
dium. Thus, for example, the variety of alkyl 
tri-0-acetyl-2-oximino-a-D-arnbino-hexopyrano- 
sides (see Table I) were prepared in excelIent 
yield simply by refluxing for a few hours a 
solution of the nitrosvl chloride adduct (1) in , , 
methylene chloride containing about 1.2 inole 
equivalents of the alkyl alcohol. The products 
of these reactions were the same as those ob- 
tained in the presence of the pyridine. It was 
found that the glycosidation reaction proceeded 
well at room temperature using dimethylforma- 
mide as solvent. This fact renders this reaction 
useful for the a-glycosidation of virtually any 
alcohol. To illustrate this fact, the preparation 
of methyl tri-0-acetyl-6-0-(3,4,6-tri-0-acetyl-2- 
oximino-a-D-arabino-hexopyranosy1)-P -D-gluco- 
pyranoside in 70 % yield is reported herein. This 
and other similar condensations did not proceed 
in acceptable yields by simply refluxing a solu- 
tion of the reactants in methylene chloride. The 
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TABLE I1 

Nuclear-magnetic resonance parameters for alkyl, aryl, 
and acetyl 3,4,6-tri-O-acetyl-2-oximino-~~-a1'abirro- 

hexopyranosidesl 

Chemical shifts, T values 

Aglycon H-1 H-3 H-4 OH 

Derrterioc/~lor'ofo~'t~~ as solvet~t 
Methyl 4.08 4.18 4.79 - 
Ethyl 3.95 4.14 4.78 - 
n-Propyl 3.97 4.15 4.81 - 
?I-Butyl 3.99 4.16 4.82 - 
Isobutyl 4.01 4.17 4.81 - 
Isopropyl 3.86 4.13 4.81 - 
Isopropyl, 0-acetyl 3.93 4.08 4.71 - 
fratis-4-t-Butylcyclo- 

hexyl 3.83 4.13 4.82 - 
t-Butyl 3.65 4.11 4.83 - 
Phenyl 3.50 4.06 4.87 - 
a-Naphthyl 3.32 4.04 4.81 - 
Acetyl 2.71 4.18 4.75 - 

Perderiteriodimetl~yl srilfoxide as solvetrt 
Methyl 4.18 4.43 4.96 -1.75 
Ethyl 4.12 4.45 5.02 - 
n-Propyl 4.13 4.46 5.02 - 
11-Butyl 4.10 4.45 4.98 -1.68 
Isobutyl 4.12 4.44 4.98 -1.68 
Isopropyl 4.01 4.47 5.02 - 
tratrs-4-r-Butylcyclo- 

hexyl 4.00 4.50 5.04 - 
t-Butyl 3.78 4.43 5.01 -1.52 

'The spac ing  arising korn J 3  . and J, , were 9.5 c.p.s. in deuterio- 
clilorof'orn~ and 10.0 c.p.s. in pe';deuteliddimethyl sultbxide. 

phenyl and a-naphthyl oxin~inoglycosides were 
obtained readily using dimethylformainide as 
solvent. Inspection of the nuclear magnetic 
resonance (n.m.r.) and optical rotational data 
in Tables I and I1 indicates that the reaction prod- 
ucts are configurationally and conformation- 
ally related. The values of the coupling constants 
J3,4 and J4,5,  reported in Table I1 require the 
compounds to exist in solution in the C1 con- 
formation. That these compounds were in fact 
oximes was established by the presence of a 
signal at 70.28-0.75 in deuteriochlorofornl 
which was attributable to oximino-hydroxyl and 
which disappeared on exchange with deuterium 
oxide. Further evidence for the oxiillino group 
in the title compounds was provided by the 
infrared absorption for the hydroxyl group at 
3450 cm-1 and the preparation of isopropyl 
tetra-0-acetyl-2- oximino-a-D-arabino-hexopy- 
ranoside with n.m.r. parameters similar to the 
parent triacetate. The a-configurations for the 
0-acetyl-oximinoglucosides were in several cases 
established by reduction to known 2-amino-2- 
deoxy-a-D-glucopyranosides (3). In the cases of 

the isopropyl and phenyl oximinoglucosides, 
each compound was converted to the known 
a-D-glucopyranoside tetraacetate by hydrolysis 
of the oxime followed by borohydride reduction 
and reacetylation (4). 

Reaction of the nitrosyl chloride adduct 1 with 
sodium acetate in acetic acid gave crystallii~e 
1 ,3,4,6-tetra-0-acetyl-2-oximino-a-D-arabino- 
hexopyranose. The a-configuration was estab- 
lished by reduction with zinc -copper couple in 
glacial acetic acid followed by N-acetylation to 
the known 2-acetamido-tetra-0-acetyl-2-deoxy- 
a-D-glucopyranose (5). 

Table I reports the syrupy products obtained 
on reaction of dimeric tri-O-acetyl-2-deoxy-2- 
nitroso-a-D-galactopyranosyl chloride with n- 
propyl and isopropyl alcohol. The n.m.r. 
spectra of these products left no doubt as to 
their virtual purity and structure. The a-D-ano- 
meric configurations are assigned on the basis 
of the rotational and n.m.r. data. 

The yields given in Table I relate in most 
cases to the amount of material obtained in pure 
form after crystallization of the crude product. 
In these instances, the n.m.r. spectrum of the 
purified substance was virtually identical to 
that of the initially isolated syrupy product. It 
was evident, therefore, that the reactions pro- 
ceeded in near quantitative yield and that the 
reaction was of extreme stereospecificity. Collins 
(9) has shown that the oxiination of ketoglyco- 
sides normally provides mixtures of the expected 
syn and anti forms. Efforts are at  present under- 
way to determine the configuration of p-chloro- 
ethyl tri-0-acetyl-2-oximino-a-D-arabino-hexo- 
pyranoside by x-ray crystallography. 

Nuclear magnetic resonance parameters for a 
number of oximinoglycosides using both deuteri- 
ochloroform and perdeuterated dimethylsulfox- 
ide as solvents are presented in Table 11. The 
data indicate that all the oximes have the same 
configuration since the range in chemical shifts 
for the anonleric protons is less than would be 
expected if these occurred as syn and anti forms 
(9). In this regard, it is to be noted that the 
trend observed for the chemical shift of the 
anomeric proton on changing the aglycon from 
methyl to ethyl to isopropyl to t-butyl is the 
same as that for the corresponding alkyl a-D- 
glucopyranosides listed in Table 111 and conse- 
quently is not related to the presence of the 
oximino group. Also, the chemical shift for H-1 
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TABLE I11 
Nuclear magnetic resonance parameters for the anomeric 
proton of alkyl a-D-glucopyranosides in deuterium oxide 

Aglycon Chemical shifts, 7 values Spacing, c.p.s. 

Methyl 5.13 
Ethyl 5.08 

of t-butyl 2-deoxy-a-D-glucopyranoside is 0.46 T- 

values to lower field than that of H-1 for the 
corresponding methyl glycoside (10). The mag- 
nitudes of the shifts for H-l as methyl groups 
are introduced into the aglycon of the methyl 
oximinoglycoside suggest that the aglycons are 
oriented as shown in 4 with the anomeric 
hydrogen (H-1) projecting between the R1 and 
R2 substituents. On this basis, the chemical 
shift difference of H-l for the methyl and t-butyl 
glycosides using deuteriochloroform as solvent 
indicates a deshielding effect amounting to 0.22 
T-values per methyl group. I t  would follow, for 
the isopropyl group, that the conformation where 
both R1 and R2 are methyl groups is of very 
low abundance. Indeed, a consideration of molec- 
ular models indicates a strong interaction be- 
tween R1 and R2 and the anomeric proton which 
is to be expected in view of the relatively short 
C-0 bonds. The chemical shift of H-1 for the 
isopropyl glycoside would then require an about 
equal abundance of the two conformations with 
a methyl group at the position of R3. These 
considerations are of obvious interest relative to 
the orientation of the aglycons in a-glucopy- 
ranosides. 

The precise mechanism of the nucleophilic 
attack of the alcohol at the anomeric center of 
the tri-0-acetyl-2-nitroso-D-glucal (2) was not 
determined. Nevertheless, the high degree of 
stereospecificity of the glycosidation reaction can 
readily be appreciated since carbon-2 must 
retain a trigonal configuration tl~roughout the 
course of the reaction and the compound must 
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be expected to undergo reaction in the HI half- 
chair conformation shown. This latter expecta- 
tion follows from the fact that the triacetates of 
2-acetoxy and 2-chloro-D-glucal exist in H I  
conformations (1 1) and the non-bonded inter- 
action between the 3-acetoxy group and the 2- 
substituent in these compounds effect 
(12, 13)] can be expected to be at least as great 
as that between the nitroso group and the 3- 
acetoxy group in 2 if, indeed, the nitrosoolefinic 
system is in the cis-configuration as shown. p-10- 
donitrosobenzene exists as a planar illolecule in 
the monomeric form presumably because of con- 
jugation (14). Therefore, the nitroso group of a 
2-nitrosoglycal must be conjugated with vinylic 
ether system as indicated by the extreme 
canonical partial structures 5 and 6. A powerful 

interaction between the nitroso group 
and the 3-acetoxy group would be expected 
should the nitrosoglucal possess a trans arrange- 
ment of the nitrosoolefinic system (as in 7) since 
in the structurally closely related tri-O-acetyl-2- 
nitro-D-glucal (9) this interaction is sufficiently 
strong to require the 1H half-chair conformation 
(10) for this compound (11). Because of this 
conformation, this nitroglucal undergoes nucleo- 
philic attack at the anomeric center primarily 
by way of axial approach from the P-side of the 
pyranoid ring (1 5). Therefore, if the nitrosoglucal 
possessed the trans configuration, it would, in 
all likelihood, exist in the 1H conformation (8) 
and also provide P-glucoside on nucleophilic 
attack. However, the reaction is, in fact, highly 
preferential for the formation of a-glucoside. 
The inference then is clear that the nitrosoglucal 
exists in the cis configuration and in the H1 
conformation as shown in 2 and 5. The prefer- 
ence of the compound for axial nucleophilic 
attack at  the anomeric center is then readily 
appreciated on both steric and electronic grounds 
regardless of whether or not nucleophilic attack 
precedes or follows protonation of the nitroso 
group or, indeed, whether or not these are 
synchronous (bi- or trimolecular) or not. By 
making an axial attack, the alcohol both pro- 
vides maximum orbital overlap in the transition 
state and avoids a strong destabilizing non- 
bonded interaction with the developing oximino 
group. In all likelihood, therefore, the oximes 
prepared in this research have the configuration 
wherein the hydroxyl group points in the direc- 
tion of the anomeric center as shown in 3. Fur- 
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thermore, this isomer must be considerably more 
stable than the other possible geometrical isomer 
which was never detected in the reaction prod- 
ucts. In this regard, prolonged heating in 
methanol did not give rise to  a second oxime 
as detectable by n.m.r. spectroscopy. 

Experimental 
Unless otherwise stated, optical rotations were mea- 

sured in 1 dm tubes using a Perkin-Elmer 141 automatic 
polarimeter. The nuclear magnetic resonance (n.m.r.) 
spectra were determined using Varian A60 and HA100 
spectrometers, and the solvents are mentioned where 
pertinent. Melting points were determined on a micro- 
stage and are uncorrected. 

Dimeric 3,4,6-tri-0-acetyl-2-deoxy-2-nitroso-a-~-g~uco- 
pyranosyl chloride (I), m.p. 129-130" (decomp.), [a]S3 
+149" (c, 2.2 in chloroform) and dimeric 3,4,6-tri-0- 
acetyl-2-deoxy-2-nitroso-a-D-galactopyranosyl chloride, 
m.p. 128-131°, [a]S3 ,3128' (c, 2.2 in chloroform) were 
prepared as described previously (5). 

Methyl 3,4,6-Tri-0-acety~-2-oxit~zitzo-a-~-arabino-/zexopy- 
ranoside (Method A )  

Dry pyridine (0.316 g, 4 mnioles) was added with 
stirring to a solution of dimeric 3,4,6-tri-0-acetyl-2- 
deoxy-2-nitroso-a-D-glucopyranosyl chloride (0.675 g, 
1 mniole) in anhydrous tetrahydrofuran (15 ml) con- 
taining anhydrous methanol (0.128 g, 4 mmoles). The 
resultant mixture was heated under reflux for 1.5 h with 
the exclusion of moisture and then taken to dryness in 

vacuo. The resultant syrup was taken up in chloroforn~ 
(200 ml) and washed with water. The chloroform solution 
was dried over anhydrous sodium sulfate and the solvent 
was removed in vacuo to yield a syrup. Crystallization 
from ether-hexane gave material (0.54g) with m.p. 
145-146", [a]g4 +48" (c, 1.24 in chloroform) in 81% 
yield. 

Anal. Calcd. for C13H1909N: C, 46.85; H, 5.75; N, 
4.20. Found: C,46.82; H, 5.46; N, 3.84. 

The n.m.r. spectrum of the crude syrup was essentially 
the same as that for the crystalline product (see Table 11). 

N-(3,4,6-Tri-O-acetyl-2-oxi1?1i1zo-~-arabito- hexopyran- 
osyI)pyridi~ziunz Cl~loride 

T o  a solution of dimeric 3,4,6-tri-0-acetyl-2-deoxy-2- 
nitroso-a-D-glucopyranosyl chloride (1, 0.675 g) in dry 
tetrahydrofuran (3 ml) was added dry benzene until it 
appeared that further addition of benzene to the solution 
would cause turbidity. Anhydrous pyridine (0.16 g) was 
then introduced into the mixture with swirling of the 
flask and then the mixture was set aside at  room tem- 
perature. Soon the solution turned turbid and the mixture 
was shaken for 5 h. The precipitated white crystalline 
mass was filtered, washed with benzene, and dried in 
a high vacuum. The yield of the compound, m.p. 82-84", 
[a]S3 ++5 (c, 0.5 in water) was 0.7 g (84%). The n.m.r. 
spectrum was in general agreement with the assigned 
structure. Attempts to purify the substance by recrystal- 
lization led to extensive decomposition. 

Zsopropyl3,4,6-Tri-0-acetyl-2-oximi11o-a-~-arabi1~o-/zexo- 
pyranoside (Method B) 

Tri -0-acetyl-2-deoxy -2-nitroso-a-D-glucopyranosyl 

AcO H20Ac 
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cllloride dimer (1) (3.37 g, 5 mmoles) was added to a 
solution of dry isopropyl alcohol (0.72 g, 12 mmoles) in 
anhydrous methylene chloride (5 ml) contained in a 10 ml 
flask. The resultant solution was heated under very gentle 
reflux for 3-4 h with the exclusion of moisture, cooled, 
and after dilution with methylene chloride (100 ml), was 
passed through a small pad of neutral alumina (2 g). The 
pale-green solution was taken to dryness itz vacuo to yield 
a syrup in near quantitative yield. Crystallization from 
dry isopropyl alcohol (201-111) afforded the purified 
inaterial (yields varying from 80 to 89% in a large num- 
ber of experiments) with m.p. 85-87". This could be 
raised to 94-96" on successive recrystallizations from the 
same solvent; [a]&5 ,579' (c, 3 in chloroform). 

Anal. Calcd. for C15H2309N: C, 49.86; H,  6.42; N, 
3.88. Found: C, 50.63; H,  6.91; N, 3.87. 

The n.nl.r. spectrum (see Table 11) of the compound 
was in accord with the assigned structure. 

This material could also be prepared in coinparable 
yield using the conditions described for the preparation 
of the corresponding methyl oxirnino glycoside (Method 
A). Reaction of 1.35 g of 1 with 0.3 g of isopropyl alcohol 
in 4 rnl of dinlethylformamide (Method C) for 76 h at 
room temperature followed by isolation of the product 
in the usual manner (see below), gave, after recrystal- 
lization, 1.15 g (80% yield) of this compound. 

Isopropyl Tetra-0-acetyl-2-oxinrirzo-a-D-nrnbino- 
Izexopyranoside 

Isopropyl 3,4,6-tri-0-acetyl-2-oximino-cr-o-arabino- 
hexopyranoside (1.0 g) was dissolved in dry acetic 
anhydride (10 ml) containing fused sodium acetate (1 g) 
and heated at 50" for 20 h. Workup in the usual manner 
yielded a syrup in near quantitative yield which crystal- 
lized it1 vaczro. Recrystallization from ethanol-water 
yielded the fully acetylated oximinoglycoside as plates, 
m.p. 83.5-849, [a]&5 ,576" (c, 3.2 in chloroform). The 
n.m.r. spectrum of the compound in deuteriochloroform 
showed the presence of four acetyl groups per isopropyl 
moiety and the pertinent data are given in Table 11. 

Anal. Calcd. for C17H2501,N: C, 50.61; H, 6.25; N, 
3.47. Found: C, 50.98; H, 6.33; N, 3.44. 

tz-Pr.opyl 3,4,6-Tri-O-acetyl-2-oxinzino-a-~-arabino- 
hexop yrarzoside 

Method B was employed. The pale-green syrup which 
was obtained in near quantitative yield gave an n.m.r. 
spectrum identical with that of the material after crystal- 
lization from rr-propanol - tr-hexane in 75 % yield with 
m.p. 61.5-62", [a12 f74" (c, 0.8 in chloroform). 

Anal. Calcd. for CI5HZ3O9N: C, 49.86; H,  6.42; N, 
3.88. Found: C, 49.81; H, 6.36; N, 3.85. 

Ethyl 3,4,6-Tri-O-acetyl-2-0xirnirro-n-~-a1'nbi1~0- 
he.uopyrnrzoside 

This compound was obtained as a pale-green syrup 
in near quantitative yield using Method B. Crystalliza- 
tion from methylene chloride - petroleun~ ether gave 
small needles in 75% yield, 1n.p. 154-157', [aID 4-72" (c, 
0.8 in chloroform). Nuclear magnetic resonance data are 
given in Table 11. 

Anal. Calcd. for C14H2,09N: C, 48.41; H, 6.09; N, 
4.03. Found: C, 48.61; H, 6.11; N, 4.15. 

4-t-B~ltylcyclohesyl 3,4,6-Tri-0-ncetyl-2-ox-itnitlo-r-D- 
arnbino-hexopyrniroside 

This compound was prepared as described previously 
(Method B) using commercial trarrs-4-t-butylcyclohexanol 
except that a reaction time of 18 h was necessary. The 
resultant pale-green syrup was taken up in carbon tetra- 
chloride (25 ml) and rz-hexane was added to turbidity. 
After standing at  0" for 12 h the precipitated material 
was filtered to yield an  anlorphous solid in 38% yield, 
[a]:' f 74" (c, 0.59 in chloroform). Attempts at crystal- 
lization were unsuccessful. Nuclcar magnetic resonance 
data are given in Table 11. 

Anal. Calcd. for C22H3,09N: C, 57.75; H,  7.71; N, 
3.06; Found: C, 57.82; H, 7.43; N, 3.22. 

n-B~rtyl, Isobutyl and t-Br1tyl3,4,6-Tri-O-ncet~~l-2-osirnino- 
a-D-arabino-lrexopyrflnosides 

These compounds were obtained using Method B as  
syrups which could not be induced to crystallize. The 
physical constants are reported in Tables I and 11. The  
n.m.r. spectra required in each case a high degree of 
purity. 

Plrerzyl 3,4,6-Tri-O-acety~-2-oxi~~1irzo-a-~-nrabirro- 
lrexopyranoside (Method C) 

Dimeric 3,4,6-tri-0-acetyl-2-deoxy-2-nitroso-a-D-gluco- 
pyranosyl chloride (3.375 g, 5 mmoles) and phenol 
(1.50 g, 15 mmoles) were dissolved in dry dimethyl- 
formainide (10 ml) and kept for 66 h at rooin tempera- 
ture. The resultant light-brown solution was diluted with 
methylene chloride (100 ml) and washed with 0.01 N 
sodium hydroxide (5 x 25 ml). The organic layer was 
dried and yielded a yellow syrup which crystallized o n  
standing. Recrystallization from aqueous ethanol gave 
2.65 g (67% yield), m.p. 165-167", [a]i5 ,594" (c, 2.0 
in chlorofornl). 

Anal. Calcd. for ClsHz109N: C, 54.68; H, 5.35; N, 
3.54. Found: C, 54.57; H,  5.20; N, 3.57. 

Nuclear magnetic resonance data are presented in 
Table Ir. 

A somewhat lower yield (51%) was obtained when 
the reaction was carried out at  35" for 18 h. 

a-Nnphthyl 3,4,6-Tri-0-acetyl-2-oxirnino-a-D-ambirzo- 
hexopyranoside 

Dimeric3,4,6-tri-O-acetyl-2-deoxy-2-nitroso-a-~-gluco- 
pyranosyl chloride (2.03 g, 3 mn~ole) and a-napthol 
(1.3 g, 9 mmoles) were dissolved in dry dimethylfonna- 
mide (10 1111) and the procedure described for the prep- 
aration of the corresponding phenyl oxin~inoglycoside 
was followed. The crude brown syrup was then taken up 
in aqueous ethanol and afforded shiny plates; 1.2 g (42 % 
yield), m.p. 155-158", [a]i5 f 131" (c, 2 in chloroform). 

Anal. Calcd. for CZ4HZ309N: C. 61.40; H,  4.94; N, 
2.98. Found: C, 60.35; H,  5.08; N, 2.72. 

Nuclear magnetic resonance data are presented in 
Table 11. 

Methyl 2,3,4-Tri-0-acetyl-6-0-(3,4,6-tri-0-acet~jl-2- 
o x i r n i n o - a - D - a r n b i r z o - h e x o p y r a r z o s y / ) - w  
(Method C) 

Methyl 2,3,4-tri-O-acetyl-13-~-glucopyranoside was pre- 
pared by standard procedures and had physical con- 
stants identical to  those reported in the literature (16). 
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The compound (2.56 g, 8 mmoles), m.p. 134-137", [a]a5 
-10.9" (c, 1.12 in CHCI,), and dirneric 3,4,6-tri-0-acetyl- 
2-deoxy-2-nitroso-a-D-glucopyranosyl chloride (2.70 g, 
4 mmoles) were placed in a 25 ml flask and dry diniethyl- 
formamide (8 ml) was added. The flask was flushed wit11 
a stream of dry nitrogen, stoppered with a serum cap, 
and kept at 40" for 24 h. The resultant light-brown solu- 
tion was diluted with methylene chloride (120 ml) and 
repeatedly washed with water (6 x 25 ml) until the 
aqueous layer was near colorless. The organic layer was 
dried over anhydrous sodium sulfate and then taken to 
dryness irz vncuo at 40" to yield a yellow foam (5.12 g), 
[a]F +23" (c, 0.77 in chloroform). The n.m.r. spectrum 
of the crude product in deuteriochloroform was similar 
to those of the acetylated alkyl oximinoglycosides in that 
a sharp singlet attributable to H-1, was present at T 3.99. 
The expected H-3' doublet was noted at T 4.23 with a 
spacing of 9.5 c.p.s. The signal due to the oximino 
proton (T - 1) disappeared on exchange with deuterium 
oxide. The H-4', triplet could not be seen due to over- 
lapping of the other signals. A con~parison of the inte- 
grated H-l', H-3' signals and the acetoxy and methoxy 
signals showed that the a-oximino disaccharide had 
formed to an extent of 70% in the condensation reaction. 

The same yield of crude product could also be obtained 
if the reaction was carried out in dry dimethylformamide 
at room temperature for 96 h. However, no isolable pro- 
duct was obtained when the reaction was carried out for 
24 h in methylene chloride as previously described for the 
alkyl glycoside derivatives (Method B). 

1,3,4,6-Tetra-O-acetyl-2-o.~ir?rino-u-~-nrnbi1ro- 
hexopyrnr~ose 

A solution of the dimeric nitrosyl chloride adduct (1) 
(6.75 g, 10 mmoles) in glacial acctic acid (55 ml) was 
stirred with anhydrous sodium acetate (1.64 g, 20 mmoles) 
at 60" for 30 lnin under anhydrous conditions. The solvent 
was removed in vncr~o at 35' and the residual syrup was 
taken up in chloroforn~ (100 1-111). The chloroform solution 
was washed successively with water (30 ml), saturated 
sodium bicarbonate solution (30 inl), and water (30 ml). 
The organic phase was dried over anhydrous sodium 
sulfate and the solvent removed in vac~ro. The residual 
foamy white solid was dried and crystallized from ether - 
rr-liexane. The yield was 2.2 g (31%), m.p. 138-139', 
[a]k4 $44.39" (c, 1.2 in chloroform). 

Anal. Calcd. for C,4Hl,01,N: C, 46.54; H, 5.30; N, 
3.88. Found: C, 46.60; H,5.04;N,  3.64. 

In the absence of sodium acetate and at room tempera- 
ture the reaction was nluch slower. 

11-Propyl arzcl Isopropyl 3,4,6-Tri-0-acetyl-2-oxit?ii?ro-a-D- 
lyxo-hesopyrnrrosides 

These compounds were prepared from dimeric tri-0- 

acetyl-deoxy-2-nitroso-a-D-galactopyranoy chloride us- 
ing Method A. The syrupy crude products were obtained 
in near quantitative yields. Although some purification 
was effected by passing a solution in benzene through 
a small column of silica gel and elution with benzene, 
the compounds failed to crystallize. Nevertheless, the 
n.m.r. spectra were in agreement with the assigned 
structures. The chemical shifts for H-1, H-3, and H-4 
were T 3.90, 4.10, and 4.48, respectively, for the n-propyl 
compound and T 3.76, 4.08, and 4.50, respectively, for 
the isopropyl compound. In both cases, spacings of 3.5 
and <1 c.p.s. were present arising from the JSp4 and J4,, 
interactions, respectively. The optical rotations are re- 
ported in Table I. 
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The reactions of nitrosyl chloride and dinitrogen tetroxide with acetylated glycals. 
Acetylated 2-deoxy-2-nitroso-c-D-hexopyranosyl chlorides and nitrates 

and acetylated 2-nitroglycalsl 
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Reaction of nitrosyl chloride with acetylated glycals affords, with a high degree of stereospecificity, 
dimeric acetylated 1,2-cis-2-deoxy-2-nitroso-~-~-aldopyranosyl chlorides. Reaction of acetylated glycals 
with dinitrogen tetroxide, depending on the reaction conditions, can give either acetylated 2-deoxy-2- 
nitroso-a-D-aldopyranosyl nitrates as dimers or acetylated 2-nitroglycals. The mechanisms of these 
reactions are discussed. 

Canadian Journal of  Chemistry, 46, 413 (1968) 

Although nitrosyl chloride has been used 
extensively since its early introduction into 
organic chemistry (I), the mechanism and 
stereochemical route of the addition of nitrosyl 
chloride to olefinic double bonds has received 
attention only in recent years (2, 3). The kinetic 
studies by Beier and co-workers (2) led to the 
conclusion that the reaction proceeds by way 
of a moderately polar and highly ordered tran- 
sition state. Meinwald, Meinwald, and Baker 
(3) concluded that the cis-addition to strained 
olefins involves a four-centered addition mech- 
anism. Although no reference could be found 
to addition of nitrosyl chloride to vinyl ethers, 
it could be anticipated at the debut of this 
investigation that nitrosyl chloride would add 
readily to acetylated glycals in a cis-addition 
as previously noted for the chlorination of the 
triacetates of D-glucal and D-galactal (4). In the 
course of this research a publication by Ser- 
fontein, Jordaan, and White ( 5 )  appeared in 
which the nitrosyl chloride adducts of the 
acetates of D-glucal and D-arabinal were de- 
scribed as 3,4,6-tri-0-acetyl-2-nitroso-2-deoxy-cu- 
D-glucopyranosyl chloride and 3,4-di-0-acetyl- 
2-nitroso-2-deoxy-/3-~-arabinopyranosyl chlor- 
ide, respectively. We accordingly con~municated 
(6) the results of our own investigation. The 
purpose of this comn~uilication is to report the 

1This research was presented in theses by T. L. Naga- 
bhushan and I. K. O'Neill in partial fulfillment of the 
requirements for the Ph.D. degree, 1966, and also at the 
150th Meeting of the American Chemical Society, Atlan- 
tic City, N.J., September 13-17, 1965. Abstract of Papers, 
p. 21D. 

2Present address: R & L Molecular Research Ltd., 
8045 Argyll Road, Edmonton, Alberta. 

details of this research together with the addition 
of dinitrogen tetroxide to acetylated glycals. 

The addition of dinitrogen tetroxide to alkenes 
has received much attention (7) and is known to 
provide a variety of products. The path of the 
reaction is strongly dependent on such factors 
as the solvent (7), the temperature (8), and the 
nature of the alkene (9). These characteristics 
are also exhibited in the reactions of dinitrogen 
tetroxide with alcohols and amines (10). Thus, 
although the reaction with alcohols and second- 
ary amines gave nitrites and nitrosoanlines at 0" 
with ether as solvent, nitrates, and nitramines 
were produced at -80" using inethylene chloride 
as solvent. These observations could be ration- 
alized on the basis that dinitrogeil tetroxide 
exhibits the properties of nitrosyl nitrate (2) and 
can undergo nucleophilic attack at either the 
nitro or the nitroso group depending on the 
nature of its activation by the environmental 
factors. However, physical measurements at very 
low temperatures indicate the dinitro structure 
(1) (11, 12). Thus, as suggested by Schaar- 
schmidt (13) in 1924, dinitrogen tetroxide is an 
equilibrium mixture of structural isomers. The 
isomerization may involve homolysis to the 
monomeric nitrogen dioxide. However, in view 
of the powerful electrophilic nature of the 
reagent, heterolysis to nitronium and nitrite ions 
by way of intimate ion pairs can be envisaged. In 
nitric acid the compound exists as ionic nitro- 
nium nitrite (14). Certainly, nucleophilic attack 
on the dinitro form (1) can be expected to yield 
nitration with nitrite ion as leaving group. On 
the other hand, nucleophilic attack on the nitro- 
syl nitrate form (2) should lead to nitrosylation 
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with nitrate ion as leaving group in the manner 
observed for nitrosyl chloride. Indeed, the results 
of this investigation are in agreement with these 
contentions. 

Nitronitrite Nitrosonitrate 

F Reaction of tri-0-acetyl-D-glucal (3) at -40' 
in ethyl acetate and a nitrogen atmosphere with 
nitrosyl chloride resulted in a product (5) readily 
isolated in near quantitative yield with the com- 
position expected for addition across the double 
bond. No evidence for the formation of more 
than one isomer was obtained and it is assumed 
that the compound has the trans configuration 
shown. The molecular weight was in agreement 
with the dimeric structure shown and this was 
confirmed by hydrogenation to a substance 
characterized as the corresponding azoxy com- 
pound. Thus, the intermediate adduct (4) did 
not tautomerize to the chlorooxime. Solutions 
of (5) were only a very light blue-green indicating 
a highly stable dimer. The monomeric form 
appeared to be a deep blue-green since this was 
the color of the first product of the reaction. The 

spacing of the doublet for the anomeric protons 
of 3.5 c.p.s. together with the spacings, 9.0 and 
3.5 c.p.s. of the quartet for the 2-protons require 
the configuration of the compound to be a a-D- 
gluco on both moieties. The nuclear magnetic 
resonance (n.m.r.) parameters for 5 and related 
compounds are given in Table I. 

TABLE I 
Nuclear magnetic resonance parameters for dimeric 

acetylated 2-deoxy-2-nitrosoaldopyranosyl chlorides 
and nitrates* 

Chemical shifts (7) Spacings (c.p.s.) 
H-1 H-2 H-3 J1.2 J 2 . 3  J3.4 

Chlorides 
or -~ -~Iuco (S )  3.33 4.54 3.95 3.5 9.0 9.5 

Nitrates 
o r - D - ~ ~ U C O  (9) 3.23 4.49 4.06 4.2 11.1 9.4 
or-D-gnlacto (11) 3.26 -? -i 3.7 - - 

*In each case, the s i~nals  for the other protons (acetyl, C-5, and 
C-6 positions) were in the normal posit~ons. 

'(Part of a multiplet in the r 4-5 region. 

The cis-addition of nitrosyl chloride to tri-0- 
acetyl-D-glucal (3) is in keeping with the facts 
that the initial electrophilic attack provides a 
relatively stable carbonium (oxocarbonium) ion 
and that the solvent is of relatively low polarity. 
Thus, both bridging of the double bond in the 
cation and separation of the ions are not to be 
expected and addition by way of an intermediate 
(probably with considerable intimate ion-pair 
character) as depicted in (6) is both sterically and 
electronically favorable. It is noteworthy in this 

H20Ac 

/ O  NOCl 
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regard that Ohno, Okamoto, and Nukada (15) 
have found the addition of nitrosyl chloride to 
cyclohexene to give the trans dimeric adduct in 
liquid sulfur dioxide and the cis isomer in 
methylene chloride, chloroform, and trichloro- 
ethylene. The preference of the route to the a- 
gluco rather than the p-manno configuration in 
the addition to (3) is considered likely as a result 
of the stereoelectronic considerations advanced 
by Lemieux and Fraser-Reid (4) to explain the 
cis-addition of chlorine to (3) to yield the a-gltrco 
dichloride. 

Dimeric tri-0-acetyl-2-deoxy-2-nitroso-a-D- 
galactopyranosyl chloride (7) was readily pre- 
pared in the manner described for the prepara- 
tion of 5. A lower temperature and the use of 
methylene chloride as solvent seemed desirable 
for the preparation of dimeric di-O-acetyl-2- 
deoxy-2-nitroso-a-D-xylopyranosyl chloride (8). 
Attempts to purify this substance led to its con- 
version to di-0-acetyl-2-nitro-D-xylal (15) in low 
yield. This latter compound, as will be seen below, 
is readily obtained by reaction of di-0-acetyl-D- 
xylal with dinitrogen tetroxide. 

The reaction of acetylated glycals with di- 
nitrogen tetroxide could be made to yield either 
dimeric acetylated 2-deoxy-2-nitrosoglycosyl ni- 
trates or acetylated 2-nitroglycals depending on 
the reaction conditions used. In all experiments, 
an approximately equimolar mixture of di- 
nitrogen tetroxide and oxygen was passed 
through the solution of the acetylated glycal 
in order to suppress the formation of dinitrogen 
trioxide (8). When the reactions were carried 
out at 0" using diethyl ether as solvent, the 
nitrosyl nitrate adducts were readily isolated 
in crystalline form. Thus, tri-0-acetyl-D-glucal 
was converted to dimeric tri-0-acetyl-2-deoxy- 
2-nitroso-a-D-glucopyranosyl nitrate (9) in 91 % 
yield. The structure of this compound was evi- 
dent froin its composition, molecular weight, 
and n.m.r. spectrum (see Table I). Furthermore, 
treatment of (9) with acetic anhydride and 
sodium acetate was found to yield the same 

penta-0-acetyl-2-oximino-D-arabino-hexose (10) 
as was formed on a similar treatment of the 
nitrosyl chloride adduct (5). The inorganic 
residue from this reaction was found to contain 
nitrate but not nitrite ion. The yield of nitrosyl 
nitrate adduct (11) from tri-0-acetyl-D-galactal 
was only 58%. These compounds, particularly 
the latter, were extremely prone to decomposi- 
tion. The product expected to be dimeric di-0- 
acetyl-2-deoxy-2-nitroso-a-D-xylopyranosyl ni- 
trate was too unstable to allow its isolation. In 
all these decompositions, as for that noted above 
for the decomposition of dimeric di-0-acetyl- 
2-deoxy-2-nitroso-a-D-xylopyranosyl chloride, 
the main product was the acetylated 2-nitro- 
glycal. 

When the acetylated glycal was reacted at 
-70" in methylene chloride, no evidence for the 
formation of the nitrosyl nitrate adduct was 
obtained. On work-up, gases were evolved and 
virtually pure acetylated 2-nitroglycal was ob- 
tained directly. In the case of the reaction with 
tri-0-acetyl-D-glucal, it was evident that the 
nitrosyl nitrate adduct (9) was not an inter- 
mediate since its treatment with dinitrogen 
tetroxide under the same conditions resulted in 
less than 10 % change to tri-0-acetyl-2-nitro-D- 
glucal (12). In view of this result and the fact 
that the reactions of dinitrogen tetroxide are 
known to be strongly solvent and temperature 
dependent, it seems likely that the initial attack 
by the dinitrogen tetroxide introduced a nitro 
group at the 2-position. Such an event could 
conceivably lead to dinitro or nitronitrite inter- 
mediates (7). However, it is also possible that 
the only intermediate was a dipolar ion which 
suffered loss of the 2-proton perhaps in a con- 
certed mechanism as depicted in (13.) 

The acetylated 2-nitroglycals are highly prone 
to nucleophilic attack at the anomeric center 
and enter into a multistage reaction sequence 
with, for example, alcohols. The stereochemical 
routes of these reactions are primarily set by 
the conformation of the acetylated nitroglycal 
tl~rough operation of the effect (16, 17) 
involving strong interaction between the nitro 
group, in conjugation with the olefinic double 
bond, and the 3-acetoxy group. Thus, tri-0- 
acetyl-2-nitro-D-glucal has the conformation 
shown in (12). These matters will be considered in 
detail in separate communications (18, 19). The 
nitrosyl chloride adduct (5) provides a highly 
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OAC P U  C \ A  - 

stereospecific synthesis of 2-oximino-a-D-arabino- 
hexopyranosides which in turn can be converted 
in high yield to either 2-amino-2-deoxy-a-D- 
glucopyranosides (20) or to a-D-glucopyrano- 
sides (21). The nitrosyl chloride or nitrosyl 
nitrate adducts can be used to synthesize 2- 
amino-2-deoxysugars (22). Thus, it is considered 
that this research has opened a number of 
important synthetic approaches in carbohydrate 
chemistry. 

Experimental 
The melting points were determined on a heating stage 

and are uncorrected. Unless otherwise stated, the n.m.r. 
spectra were obtained with a Varian Associates A-60 
spectrometer using deuteriochloroform as solvent and 
tetramethylsilane as internal standard. 

The nitrosyl chloride (93%) and dinitrogen tetroxide 
was supplied by the Matheson Co., Inc., East Rutherford, 
New Jersey. 

The acetylated glycals were prepared following stan- 
dard procedures (23). It was necessary to distill thecrude 
products in the preparations of di-0-acetyl-D-xylal (24) 
(b.p. 95-105' at 0.3 mm) and tri-0-acetyl-D-galactal (b.p. 
140-145" at 0.3 nim) in order to achieve crystalline 
materials. Highly pure preparations of the latter com- 
pound, n1.p. 30°, were not necessary to obtain excellent 
yields of the nitrosyl chloride adduct. Preparations which 
were syrups at room temperature but which appeared 
better than 95% pure by n.m.r. spectroscopy were used. 

Dirneric Tri-O-ocety/-2-deosy-~-11itroso-a-~-g/~icop)~rntf- 
osyl Clzloride (5) 

Dry tri-0-acetyl-D-glucal (12 g) was dissolved in re- 
agent grade ethyl acetate (100 ml) in a 250 nil 3-neck 
flask equipped with a low temperature therniometer, 
gas inlet, and outlet tubes. Nitrogen was passed through 
the niagnetically-stirred solution while it was cooled to 
-40" in a dry ice - acetone mixture. The gas was then 
changed from nitrogen to a slow streani of nitrosyl 
chloride (see below). After 10 niin, tlie gas streani was 
reverted to nitrogen and the stirring was continued for 
15 min while the solution was allowed to warm to 0". The 
solution was then rapidly evaporated in vnc~ro at room 
temperature to a residue using a rotatory evaporator. 
The residue was nornially a near white crystalline prod- 
uct. However, on occasions a blue-green syrup was 
obtained which soon crystallized. Recrystallization from 
chloroform - 71-hexane gave colorless needles (1 1.9 g, 
80% yield) m.p. 129-130°, [a]i3 +149' (c, 2.15 in 

chloroform). The n.1ii.r. parameters are given in Table I. 
Thin-layer chromatography on silica gel using 10% 
methanol in benzene as the mobile phase showed a 
single spot of Rr 0.67 on spraying with 25 % sulfuric 
acid. 

Anal. Calcd. for CZ4H32NZ016C12 (11101. wt., 675): C, 
42.67; H, 4.74; N, 4.15; CI, 10.52. Found (niol. wt., 600, 
osmometric): C, 42.50; H, 4.71; N, 4.10; CI, 10.49. 

On occasions, the product of the reaction was tri-0- 
acetyl-2-nitro-D-glucal (12). The formation of this com- 
pound appeared related to the rate of addition of the 
nitrosyl chloride. 

Ditneric Tri-O-ncet.v/-2-deo?cy-2-1fitroso-a-~-gnIncto- 
p)~ranosyl Chloride (7) 

The procedure described above for the preparation of 
the gluco isomer was applied to syrupy tri-0-acetyl-D- 
galactal (47.5 g) and gave 49.5 g (84%) of conipound, 
m.p. 128-13l0, [a]:: +128" (c, 2.2 in chloroforni). The 
n.m.r. parameters are given in Table I. Thin-layer 
chron~atograpliy as above detected only one coniponent. 

Anal. Calcd. for C24H3zN20,6C12 (mol. wt., 675): C, 
42.67; H, 4.74; N, 4.15%. Found (mol. wt., 674, os- 
monietric):C, 42.44; H, 4.78; N, 4.16. 

Ditneric Di-O-ncety/-2-deoxy-~-r1it,.oso-a-~-x)~/o~~)~rnr~osy/ 
Cfzloride (8 )  

Di-0-acetyl-D-xylal (4.9 g) was reacted with nitrosyl 
chloride under tlie conditions described above except 
that dry methylene chloride (15 ml) was used as solvent 
and the reaction was conducted initially at about -80". 
The blue syrup obtained on solvent removal ill vacuo 
below 30" crystallized from a metliylene chloride - hexane 
mixture. The yield was 5.85 g (90%). After one recrystal- 
lization, the very labile compound, +164' (c, 3 in 
chloroform), nielted in tlie range 102-106°. Although 
satisfactory elementary analyses could not be obtained, 
the n.m.r. parameters for the compound listed in Table I 
are taken as unequivocal evidence for its identity. Also, 
the n.m.r. spectrum required tlie conipound to be of high 
purity. Attempts to further purify the substance by 
recrystallization froni metliylene chloride - hexane gave 
a partially crystalline material froni which a 29% overall 
yield of solid di-0-acetyl-2-nitro-D-xylal (15) was iso- 
lated. Recrystallization of this product froni ethyl acetate 
gave a colorless conipound, n1.p. 128-129", [a]i3 -31 9' 
(5, 2.1 in chloroforni), identical to that prepared in high 
y~eld by reaction of di-0-acetyl-D-xylal with dinitrogen 
tetroxide. 

Hydrogetration of (5) to arz Azoxy Colnpour~d 
Dimeric tri-O-acetyl-2-deoxy-2-nitroso-cc-~-~co~1yran- 

osyl chloride (5) (2 g) in 20 nil of dioxane containing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LEMlEUX ET AL.: REACTIONS OF ACETYLATED GLYCALS 417 

five drops of acetic acid was hydrogenated over 0.5 g of 
5 %  palladium on carbon at atmospheric pressure and 
room temperature. Within 1 h, one mole-equivalent 
of hydrogen was consumed. The catalyst was removed 
by filtration through Celite and the filtrate was evaporated 
to about 10ml. Addition of water caused precipitation 
and the precipitate was collected, dried, and recrystal- 
lized from ether. The yield was 1.17 g (60%) of a com- 
pound, m.p. 201-202", [a]i3 +204" (c, 1.8 in chloroform). 
The infrared spectrum exhibited characteristic ester car- 
bony1 absorptions at 1725 cm-', 1740 cm-', and 1750 
cni-I. In addition, bands at 1635 cm-' and 1295 cm-I 
attributable to N = N  andN+O absorptions, respectively, 
were present. The n.m.r. spectrum showed the presence 
of six acetyl groups and two doublets at r 3.43 and 3.47 
each with a spacing of 3.5 c.p.s. attributable to  two 
nonequivalent anomeric protons. 

Anal. Calcd. for C,4H32N2015C12 (mol. wt., 658.8): 
C, 43.71 ; H, 4.85; N, 4.25. Found (mol. wt., 654, osrno- 
metric): C, 43.85; H,  4.95; N,  4.24. 

Pe t1 ta -O-ace ty l -2 -ox i , n i t1o -~ -arab ino -~1ose  (10) 
Anhydrous sodium acetate (2.44 g) was added to a 

solution of dimeric tri-0-acetyl-2-deoxy-2-nitroso-a-D- 
glucopyranosyl chloride (5) (5 g) in acetic anhydride 
(50 ml). The mixture was stirred vigorously for 30 min 
at 60". The product, 5.80 g (near quantitative yield), 
isolated in the usual manner, was a colorless syrup, [a]b3 
+31.7" (c, 3.15 in chloroform). 

The infrared and n.rn.r. spectra were identical to those 
of the product from the same reaction starting from 
dimeric tri-0-acetyl-2-deoxy-2-nitroso-a-D-glucopyrano- 
syl nitrate (9) (see below). 

The same product was obtained when triethylamine 
was used as base and the reaction conducted at 0" during 
the addition of the base and then at  room temperature 
for 30 rnin. 

Pet1ta-O-acer~~l-2-oxitt1it1o-~-ly~o-I1exopyrai1ose 
Treatment of tri-0-acetyl-2-deoxy-2-nitroso-a-D-galac- 

topyranosyl chloride (7) with acetic anhydride containing 
either sodium acetate or triethylamine as indicated above 
for the glrrco isomer gave a colorless syrup, [a]i3 +lSO 
(c, 2.76 in chloroform), with the same characteristic 
infrared absorption bands as reported below for coni- 
pound (10). In this case, however, the n.m.1. spectrum 
of the syrup showed it to be an about 1 :2 mixture of two 
isomeric compounds. The minor component produced a 
singlet at r 2.91 (anomeric proton) and a doublet with 
spacing of 3.5 c.p.s. at r 3.99 (3-proton). The major 
component had these signals at r 3.33 and 3.87, respec- 
tively. 

Dirneric Tri-O-acety/-2-deoxy-2-i1i~roso-a-~-glifcopyra11- 
osyl Nitrate (9)  

The cylinder of dinitrogen tetroxide was kept in a 
water bath to ensure a constant stream of the gas. The 
gas was blended with a stream of dry oxygen to provide 
an about equin~olar mixture. Tri-0-acetyl-D-glucal (4.00 
g) was dissolved in ether (50 ml) in an apparatus similar 
to that described for its reaction with nitrosyl chloride. 
The flask was cooled to 0" in an ice-water bath and 
oxygen was briefly passed through the solution. The mix- 
ture of dinitrogen tetroxide and oxygen was then intro- 

duced to  the stirred solution until a slight excess of the 
dinitrogen tetroxide had been added (about 4 h). This 
amount was estimated by prior calibration of the flow 
rate. At this point, the gas stream was changed to  a 
rapid stream of oxygen until most of the ether had 
evaporated. The semisolid residue was dissolved in the 
minimum amount of rnethylene chloride and this solution 
was added to n-hexane kept at 0". The crystalline preci- 
pitate was collected, washed with iz-hexane, and dried. 
The yield was 4.91 g (91 %), m.p. 120-12l0, [@]A7 + 165" 
(c, 1.7 in chloroform). The infrared spectrum contained 
a broad nitrate absorption band centered at 1680 cm-I. 
The n.m.r. parameters are given in Table I. 

Anal. Calcd. for CZ4H32N4012 (mol. wt., 728.6): C, 
39.56; H,  4.43; N, 7.69. Found (mol. wt., 701, osmo- 
metric in chloroform): C, 39.63; H,  4.53; N, 7.33. 

Attempts to concentrate the ethereal solution to  a 
solvent-free syrup led to extensive decomposition with 
the formation of tri-0-acetyl-2-nitro-D-glucal (12). 

Reaction of (9) with sodium acetate in acetic anhydride 
as described above for the preparation of penta-o-acetyl- 
2-oximino-~-arabir~0-hexopyranose (10) gave an identical 
product. The configuration of the anomeric center is not 
known but is most likely a-D in view of the high degree 
of stereospecificity in the reactions of the corresponding 
nitrosyl chloride adduct (5) with alcohols and phenols 
(25). The n.m.r. spectrum of compound (10) showed 
signals for H-l (singlet), H-3 (doublet), and H-4 (quar- 
tet) at r 3.35, 3.84, and 4.46, respectively. The spacings 
indicated approximate coupling constants of J3,, = 7.5 
and J4,5 = 8 C.P.S. H-5 and the two H-6's gave their 
signals in the region r 5.5-6.1. Acetyl group signals were 
at r 7.84 (two), 7.87 (one), and 7.93 (two). The infrared 
spectrum contained a broad, weak C=N stretching at 
1645 cm-I, and C=N-OAc at 1780cm-' (26) but no 
absorptions characteristic of the nitro group. 

Anal. Calcd. for C16H21NOll (mol. wt., 403.3): C, 
47.64; H,  5.25; N,  3.47. Found (rnol. wt., 385, osmo- 
metric): C, 47.94; H, 5.29; N,  3.55. 

Dilution of the reaction mixture in the above prepara- 
tion with ether caused the precipitation of salts. The 
solid gave no liberation of iodine on adding to  acidified 
aqueous sodium iodide solution but a dark blue colora- 
tion was produced on adding the liiaterial to diphenyl- 
amine in concentrated sulfuric acid (27). Therefore, 
nitrate but not nitrite was a product of the reaction. 

Ditt~eric Tri-0-acetyl-2-deoxy-2-nitroso-a-D-galacto- 
pyrai~osyl Nitrote (11) 

Tri-0-acetyl-D-galactal (1.72 g) in anhydrous ether 
(30 ml) was allowed to react with dinitrogen tetroxide 
as described above for 1.5 h. The yield of crystalline 
product was 1.18 g, m.p. 123-124" (decomp.), [a]A7 
+187" (c, 2.6 in chloroform). The infrared spectrum 
contained a broad band centered at 1680 cm-I assigned 
to  the nitrate group. The n.m.r. parameters are given in 
Table I. 

Anal. Calcd. for Cz4H,zN40zz (mol. wt., 728.6): C, 
39.56; H,  4.43; N, 7.69. Found (rnol. wt., 725, osmo- 
metric): C, 39.55; H, 4.56; N,  7.83. 

Tri-O-acerj~l-2-11itr.o-~-gl~fcfl/ (12) 
Tri-0-acetyl-D-glucal (3.00 g) was dissolved in dry 

methylene chloride (50 ml) in the apparatus described 
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above. With the oxygcn stream on, the solution was 
cooled to approximately -80" in a dry ice - acetone bath. 
The dinitrogen tetroxide stream was then admixed with 
the oxygen stream. At this point, the temperature of the 
solution rose by about 10" and there developed a very 
pale-blue coloration. After 10 min, the stream of dinitro- 
gen tetroxide was turned off and the stream of oxygen 
continued for a further 10 min. The resulting solution 
was then evaporated below 25" to a green syrup which 
evolved gases. Carbon tetrachloride was repeatedly 
evaporated in vacuo from this syrup until gases were no 
longer evolved. After thorough drying in a high vacuum, 
the hard colorless glassy material weighed 3.46 g (99% 
yield). The n.m.r. spectrum allowed the presence of only 
one compound, [ 1 ~ ] ~ ~ 2 0 "  (c, 3 in chloroform) which 
resisted crystallization. The infrared spectrum contained 
strong absorptions for olefinic bond and nitro group 
asymmetric stretching at 1645 and 1510cm-', re- 
spectively. The n.m.r. spectrum at 100 Mc.p.s. showed 
signals at r 1.67, 4.01, 4.73, 5.26, 5.52, and 5.80 assigned 
to H-1, H-3, H-4, H-5, H-6, and H-6', respectively. The 
following coupling constants were estimated, J3,4 = 2.9, 
J4.5 =Z.O, J6 .6 ,  = 12.0, J1.3 = 0.3, J3.5 = 1.8 C.P.S. An 
interpretation of these data is reserved for a forthcoming 
publication (18). The acetyl-group signals were at r 7.89 
(two) and 7.90 (one). 

Anal. Calcd. for ClZHl5NO9 (mol. wt., 317.3): C, 
45.43; H, 4.77; N, 4.42. Found (mol. wt., 337, osmo- 
metric in benzene): C, 45.37; H, 4.85; N, 4.12. 

Tri-0-acetyl-2-nitro-D-galactal (14) 
Tri-0-acetyl-D-galactal (6.41 g) was treated with dini- 

trogen tetroxide and oxygen as described above. The 
yield was 7.07 g (94%) of a hard glass, [ol]d3 +6S0 (c, 3 
in chloroform), which could not be crystallized. The n.m.r. 
spectrum at 100 Mc.p.s. required a high degree of purity. 
The signals at r 1.77, 3.68, 4.52, 5.35, 5.46, and 5.63 were 
assigned to H-1, H-3, H-4, H-5, H-6, and H-6', respect- 
ively. The following coupling constants were estimated, 
J3.4 = 5.1, J4.5  = 4 .1 , J s .~  = 3.5,J5,6, = 4.1,J6.6.=1?.1, 
J1.3 1. 0.3, J S f 5  = 0.4 C.P.S. The acetyl-group signals 
were at r 7.89 (two) and 7.92 (one). 

Di-0-acetyl-2-nitro-D-xylfll (15) 
Di-0-acetyl-D-xylal (4.13 g) was treated with dinitro- 

gen tetroxide and oxygen as described above. The yield 
was 5.0 g of a crude crystalline product which was puri- 
fied by sublimation at 100' and 0.3 mm. The yield was 
3.91 g (77%) of material, m.p. 128-129', [ol]g3 -319" 
(c, 2.1 in chloroform). The n.m.r. spectrum at 100 Mc.p.s. 
had signals at r 1.61, 4.02, 4.90, 5.46, and 5.92 which 
were assigned to the H-1, H-3, H-4, H-5, and H-5' 
protons, respectively. The following coupling constants 
were estimated, J3,4 = 3.0, JJV5 = 2.1, J4,50 = 1.5, 
J5,5. = 12.8, J1.3 5 0.3, J3,5 = 1.8, J3,5, = 0.6, and 
J 1 , 5 ,  = 0.9. 

Anal. Calcd. for C9Hl1NO7 (mol. wt., 245.2): C, 
44.08; H, 4.52; N, 5.71. Found (mol. wt., 237, osmo- 
metric): C, 44.19; H, 4.54; N, 5.69. 
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The synthesis of some 9-furfuryl-6-substituted purines as potential 
antimetab~litesl,~ 

H. C. HAMANN, V. T. SPAZIANO, T. C. CHOU, C. C. PRICE, AND H. H. LIN 
Departtnetzt of Chemistry, Saitzt Joseph's Col le~e  and Department of Chetnistry, Utziversity of Pen~zsylvanin, 

P/ziladelphia, Pe~msylvanin 

Received April 28, 1967 

Several 9-furfuryl-6-substituted purines were synthesized by reacting 9-furfuryl-6-chloropurine (5) 
with the corresponding nucleophilic reagent. The mother compound (5) was prepared by direct cyclization 
of 4-furfurylamino-5-amino-6-chloropyrimidine (4) with a mixture of ethyl orthoformate and acetic 
anhydride. The diaminopyrimidine (5) was prepared by treatment of 4,6-dichloro-5-aminopyrimidine 
with furfurylamine in boiling water. 

Canadian Journal of Chemistry, 46, 419 (1968) 

In the synthesis of various potential antag- 
onists of the natural purines 9-methyl-6- 
chloropurine (1) has shown the same order of 
activity against Adenocarcinoma 755 in C-57 
black mice as 6-chloropurine3 (2), while two 
other 9-methyl-6-substituted purines have shown 
less activity against this tumor. 9-Ethyl-6- 
chloropurine (3) and 9-propyl-6-chloropurine 
(4), synthesized by Montgomery and Temple, 
have also shown the same kind of activity. 

Due to the structural similarity between 
naturally occurring metabolic purine ribonucleo- 
sides, deoxyribonucleosides, and 9-furfuryl-6- 
substituted purines, the investigation of the bio- 
logical activity of 9-furfuryl-6-substituted pu- 
rines could be of some interest. A comparison of 
the biological activity of 9-f~1rfuryl-6-chloro- 
purine with that of 9-methyl-, 9-ethyl-, 9-propyl-, 
and 9-phenyl-6-chloropurine (5) would be es- 
pecially desirable. 

Thirteen such derivatives of purine were syn- 
thesized through the method devised by Robins 
and Lin (1) and sent to the Cancer Chemotherapy 
National Service Center, National Institutes of 
Health, Bethesda, Maryland, for screening their 
biological activities. The mother compound 
9-furfuryl-6-chloropurine (5) was prepared in 
good yield by direct cyclization of 4-furfuryl- 

'This investigation was supported by the fund from 
the National Cancer Institute, National Institutes of 
Health, the United States Public Health Service, Bethesda, 
Maryland under grant No. CA-06492. 

2The data published here is taken from the theses 
submitted by H. C. Hamann and V. T. Spaziano in 
partial fulfilment for the degree of Master of Science at 
Saint Joseph's College, Philadelphia, Pennsylvania. 

3H. E. Skipper, J. R. Thompson, and R. K. Robins. 
The Southern Research Institute, Birmingham, Alabama. 
Unpublished data. 

amino-5-amino-6-chloropyrimidine (4) with a 
mixture of ethyl orthoformate and acetic 
anhydride. 

Treatment of several aliphatic and aromatic 
amines with 5 in boiling amyl alcohol yielded 
corresponding amino derivatives in fairly good 
yield. Cyclization of 4-furfurylamino-5-amino- 
6-chloropyrimidine by refluxing with 97 % formic 
acid failed to yield 9-furfuryl-6-hydroxypurine 
(6). A black sticky polymeric residue was the 
only product that could be isolated. The ring 
cleavage of furfuryl ring in the boiling formic 
acid could cause the formation of this poly- 
meric residue. 9-Furfuryl-6-hydroxypurine (6) 
was prepared easily by treatment of the mother 
coinpound (5) with 1 N sodium hydroxide in 
good yield. 9-Furfuryl-6-methoxypurine (9) was 
prepared by treatment of 5 with sodium ineth- 
oxide. 9- Furfuryl- 6 - aminopurine (9-furfuryl- 
adenine) (8) was prepared by heating 5 with 
excess concentrated ammonium hydroxide at  
130" in a steel Parr bomb. 9-Furfuryl-6-mer- 
captopurine (7) was prepared in high yield by 
treatment of 5 with thiourea. The ultraviolet 
absorption spectra of the 9-furfuryl-6-substituted 
purines are in general very similar to that of 
9-methyl-6-substituted purines. 

Biological Activities 
9-Furfuryl-6-mercaptopurine (7) was found to 

be active at 112 mg/Kg (TIC, 31 %) against 
Adenocarcinoma 755. 4,6-Difurfurylamino-5- 
nitropyrimidine (1) was found to be non-toxic 
and inactive at  125 mg/Kg in the cell culture and 
cell line SA. 9-Furfuryl-6-chloropurine (5) and 
9-furfuryl-6-hydroxypurine (6) were found to be 
inactive at 100 mg/Kg against Adenocarcinoma 
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H H H H 
HOC-COH HC-COH 

I I 
HC- CH 

HC CCH20H 
1 1 H 1 1  11  

HF\O/~CH20H 
HC-C CH 

?$$'H ;FN> rp> I ' /  0 
N N 

X X X 

Ribonucleoside Deoxyribonucleoside 9-Furfuryl-6-substituted purine 
X = -OH, -NH2 X = -OH, -NH2 X = -OH, -NH2 

755. 9-Furfuryl-6-ethylaminopurine (10a) and 
9-furfuryl-6-methoxyanilinopurine (10f) were 
found to be inactive at 10-3 mg/ml against the 
Leukemia L1210 and Walker 256 tumors. 

Experimental 
4,6-Difurfifirrylamino-5-~itropyrit~zidine ( I )  

A mixture of 5.8 g of 4,6-dichloro-5-nitropyriniidine 
and 11.6 g of furfurylainine in 150 in1 of absolute ethanol 
was refluxed for 1 h. Upon cooling the reaction mixture 
in the refrigerator, yellow crystalline needles separated 
out. The crystals were filtered with suction and dried, 

yield 5.4 g. Upon evaporation of filtrate to half its 
original volunle, further crystals (1.8 g) were collected, 
n1.p. 128-131". A small portion of crude product was re- 
crystallized from a mixture of ethanol and water to 
yield yellow needles, n1.p. 131-132"; total yield was 77 %. 

Anal. Calcd. for C14H13N504: C, 53.33; H, 4.17; 
N, 22.21.Found:C, 53.61; H,4.31;N, 22.13. 

4,6- Difrrrfirrylan1itzo-5-ml~inop~~ritniditze (2) 
To constantly stirred boiling water (500 ml) contain- 

ing 200g of zinc dust was added in sinall portions 
4 g of 4,6-difurfurylamino-5-nitropyriniidine. The re- 
action mixture was digested for an additional 10 min. 
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HAMANN ET AL.: SYNTHESIS OF 6-SUBSTITUTED PURINES 421 

After the addition, the mixture was filtered with suction 
while still hot. Slightly tan needles separated out upon 
cooling. The crystals were collected and dried, gave a 
crude product of 1.1 g, m.p. 114-1 17". A small amount 
of crude product was recrystallized from water to  give 
white crystals, m.p. 116-117°, yield 31 %. 

Anal. Calcd. for C14H15N502: C, 58.94; H,  5.29; 
N, 24.55. Found: C, 59.02; H,  5.16; N, 24.40. 

9-FrrrJrryl-6-firrfuryln1ni11oprrri1re (3) 
Metlrod A 
4,6-Difurfurylamino-5-an~inopyrimidine (2 g) was ad- 

ded to  6 ml of formamide. The mixture was then heated 
to boiling on a hot plate for 15 min. As the triamino- 
pyrimidine dissolved in the hot fornlamide, the resultant 
solution became dark and viscous. The liquid was then 
extracted with 150ml of hot boiling benzene. The ben- 
zene solution was then treated with activated charcoal 
and filtered. The filtrate was then evaporated to  half its 
original volume and 11-heptane was added until it became 
cloudy. Upon cooling, tan solid separated out, n1.p. 
123-126", yield 1.2 g. A portion of the crude product was 
recrystallized from a mixture of ethanol and water to 
give m.p. 127-12S0, yield 57%. 

Anal. Calcd. for C15H13N502: C, 61.02; H, 4.43; 
N, 23.72. Found: C, 61.04; H, 4.42; N, 23.60. 

Method B 
A mixture of 9-furfuryl-6-chloropurine (0.59 g) and 

furfurylamine (0.49 g) in 20 ml of 2-ethoxyethanol was 
refluxed for 3 h. The residue was then distilled to dryness 
irr vacuo and recrystallized from a mixture of water and 
ethanol to  give tan crystals, m.p. 120-124", yield, 0.42 g. 
Further recrystallization gave m.p. 127-128'. A mixture 
melting point showed that it is identical with the product 
prepared from Method A, yield 74%. 

4-FrrrJrr~~lanri~r0-5-n1ni110-6-chloropyriiditre ( 4 )  
A mixture of 3.28 g of 4,6-dichloro-5-aminopyrin~idine 

and 4.0 g of furfurylamine in 60 n ~ l  water was heated on 
a steam bath for 4 h. The dark-brown oil separated and 
crystallized upon cooling the reaction mixture in the re- 
frigerator. The crude product was collected and dried, 
m.p. 126-129", yield 4.1 g. A sn~all portion of the crude 
product was recrystallized from a mixture of water and 
ethanol to give tan prisms of m.p. 13G131°, yield 91 %. 

Anal. Calcd. for CeHgN4C10: C, 48.11; H, 4.04; 
N, 24.94; C1, 15.78. Found: C, 48.43; H, 4.20; N, 25.15; 
C1, 15.59. 

9-Furfuryl-6-clrlorop~rrirre (5) 
4-Furfurylamino-5-amino-6-chloropyrimidine (6 g) was 

added to a mixture of 60 ml of triethylorthoformate and 
60 ml of acetic anhydride. The mixture was refluxed for 
3 h and distilled to  near dryness in vacrro. The viscous 
black residue was then dissolved in 200n1l of hot 
benzene, and charcoal was added. The mixture was 
filtered and the filtrate was evaporated to half of its 
original volun~e. To the hot solution, n-hexane was added 
until the mixture became slightly cloudy. Upon cooling 
of the solution, a sticky brownish-yellow solid crystallized 
out. Further scratching of the sticky semicrystalline mass 
yielded more crystalline solid. The crude product was 
collected, m.p. 105-109", yield 4.5 g. A portion of the 
sticky solid was recrystallized again from a mixture of 
benzene and hexane, m.p. 109-1 12", yield 72 %. 

Anal. Calcd. for Cl0H,N4CIO: C, 51.18; H, 3.00; 
N, 23.87; Cl, 15.11. Found: C, 51.02; H, 2.80; N, 23.81; 
CI, 15.68. 

9-Frrrfuryl-6-lzydroxypr1ri1ze(9-JrrJrryllrypox~hi1re) (6) 
9-Furfuryl-6-chloropurine was added to 40 n ~ l  of 1 

N NaOH. The mixture was heated on a steam bath for 
4 h. The chloropurine dissolved completely into the 
alkaline solution at  the end of heating. The dark-brown 
solution was treated with charcoal and filtered. The 
filtrate was acidified with glacial acetic acid. Light-tan 
solids precipitated, were collected, and dried, m.p. 260- 
264", yield 0.6 g. A small portion of the crude product was 
recrystallized from water, n1.p. 265' (decomp.), yield 
65 %. ~ - 

c i a l .  Calcd. for Cl0H,N4O2: C, 55.55; H, 3.73; 
N, 25.92. Found: C, 55.81; H, 3.92; N, 25.59. 

9-FrrrJrryl-6-1~1ercaptorp1rri11e (7) 
A mixture of 9-furfuryl-6-chloropurine (2.35 g) and 

thiourea (0.8 g) in 60 ml of 2-ethoxyethanol was refluxed 
for 3 h. A light-tan solid separated and was filtered. The 
filtrate was distilled to  dryness irz vacrro. The residue was 
combined with the light-tan solid and dissolved in 50 n ~ l  
of 5 %  hot NaOH solution. The solution was treated with 
activated charcoal and filtered. The filtrate was acidified 
with glacial acetic acid to  yield 2.1 g of light-tan solid, 
which became pale-yellow upon drying, m.p. 315" 
(decomp.). A small portion of the product was suspended 
in hot water with a minimum amount of NaOH to  ensure 
complete dissolution. The solution was filtered and acidi- 
fied with glacial acetic acid. White crystalline solids 
separated, were collected, and dried, m.p. 315' (decomp.), 
yield 90%. 

Anal. Calcd. for CloH,N4SO: C, 51.72; H, 3.44; 
N, 24.13; S, 13.79. Found: C, 51.52; H, 3.64; N, 24.18; 
S, 13.59. 

9-FrrrJrryl-6-a1ni1ropr1ri1re(9-firrfuryladerire) (8 )  
A mixture of 9-furfuryl-6-chloropurine (1.0 g) and 

20 ml of concentrated N H 4 0 H  was sealed in a steel Parr 
bomb (40 ml). The bomb was heated to  130" in a steel 
high pressure bomb (500 ml) for 3 h. The mixture was 
taken out from the bomb upon cooling to room ten]- 
perature. White crystalline prisms separated and were 
filtered, m.p 195-201°, yield 0.6 g. A small portion of the 
crude product was recrystallized from hot water to give 
m.p. 202-205O, yield 65 %. 

Anal. Calcd. for C I ~ H ~ N ~ O :  C, 55.81; H,  4.22; N, 
32.54. Found: C, 55.90; H,  4.41; N, 32.25. 

9-FrrrfirvyI-6-11ret/ro..cypuri1re (9) 
9-Furfuryl-6-chloropurine (1.4 g) was added to 100 1111 

of absolute methanol in which 0.13 g of sodium metal was 
dissolved. The mixture was refluxed on the steam bath for 

h. A small amount of sodium chloride which precip- 
itated was filtered off. The filtrate was then evaporated 
to about 25 ml, then allowed to cool. Colorless crystalline 
needles separated, were collected, and were dried, n1.p. 100- 
103", yield 0.8 g. A small portion of the crude product was 
recrystallized from water (0.7 g), m.p. 103-104O, yield 
58 %. 

Anal. Calcd. for CllHl0N4O2: C, 57.38; H, 4.37; 
N, 24.33. Found: C, 57.64; H, 4.15; N, 24.38. 
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TABLE I 
9-Furfuryl-6-anilinopurines 

li 
& 

Analysis 2 
0 

Calculated, % Found, % 
Yield Melting point Recrystallization -- $ 

Compound % "C Formula solvent C H N C1 C H N c l  g 
10a 55 125-127 C12H1 3N50 water 59.25 5.39 28.79 59.02 5.27 28.75 0 
100 76 124-1 25 C17H15N50 water and ethanol 66.88 4.95 22.94 67.26 5.36 22.75 

mixture 
% 
E 

1Oc 52 151-153 Cl sH18NsOC1 ethanol 56.33 5.67 21.89 11.09 56.37 5.94 22.18 11.06 2 
10d 59 109-1 10 C14H17N503 ethyl acetate 55.43 5.65 23.08 55.36 5.43 23.18 
10e 53 151-152 Ci~Hi3N50 water and ethanol 65.95 4.49 24.08 66.11 4.47 24.08 .2 

mixture e 
l o f  3 1 137-1 39 C17H15N502 water and ethanol 63.54 4.70 21.79 63.53 4.79 21.99 g 

mixture e 
l og  62 155-158 ClGHlzN50C1 water and ethanol 58.99 3.71 21.49 10.88 59.08 3.79 21.61 10.60 " 

mixture - 
w 

10/1 73 143-144 ClGH12NsOC1 water andethanol 58.99 3.71 21.49 10.88 59.06 3.73 21.28 10.50 
mixture 
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HAMANN ET AL.: SYNTHESIS OF 6-SUBSTITUTED PURINES 

TABLE I1 
The ultraviolet absorption maxima of 9-furfuryl-6-substituted purines* 

248 
insoluble 

264 
264 
266 
268 
279 
276 
277 

9-F1trfifilryl-6-efl1ylan1inopur.ble (100) Acknowledgments 
A mixture of 9-furfuryl-6-chloropurine (1.4 g) and 20 

ml of aaueous ethvlamine (70% was heated in a steel The authors would like to thank Dr. George 
Parr bomb at 12o0for 3 h.'~he-mixture was then evap- J. Beichl for his active interest and suppo~t.  
orated to dryness on a steam bath. The brown residue Financial support from the National Cancer 
was recrystallized from water to give analytically pure 
product. Institute, National Institutes of Health, the 

United States Public Health Service, Bethesda, 
9-F1trfirryl-6-benzylanii11opurine (lob),  9-Furfuryl-&piper- 

idirlo~urine Monokydrocl~loride (IOc), 9-Fltrfirryl-6- Maryland, is gratefully acknowledged. 

fr1~~l-6-a1zili110~1rr.ine (lOe), 9-Arrjirryl-6-p-mefhoxya~z- 
o p ~ r i t e  o f ) ,  - I ~ I ~ - ~ - ~ - c I I o ~ o ~ I I ~ I ~ I ~ o ~ ~ I ~  y4, H. H. LIN. J' Am. Sot. 
(log),  and 9-Fllrf~r~l-6-0-chloroarlili~lo~l~ri~~ (]Oh) 2, A. BENDICH, p. J. RUSSELL, Jr.,  AN^ J. J. FOX. J. hl. 

A mixture of 9-furfuryl-6-chloropurine (0.005 mole) Chem. SOC. 76. 6073 (1954). 
and corresponding aniline (0.01 mole) in 50 ml of ?I-amyl 3. J. A. M o N r ~ & ~ ~ y  AND 'c. TEMPLE, Jr. J. Am. 
alcohol was refluxed for 3 h. The solution was distilled to Chem. Soc. 79, 5238 (1957). 
dryness under reduced pressure. The residue was then 4. J. A. MONTGOMERY AND C. TEMPLE, Jr. J. Am. 
recrystallized from a mixture of water and ethanol to give Chem. Sot. 80, 409 (1958). 
light-tan crystals. The crude products were further 5. S. GREENBERG, L. O. AND K- R O B ~ ~ ~ -  
purified to analytically pure compounds. The data for J. Or6. % 1314 (Ig5'). 
each compound are tabulated in Table I. 
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Synthesis of derivatives of 4-acetamido-4-deoxy-D- and L-arabinose 

A. J. DICK' and J. K. N. JONES 
Deparfnierit of Clzernistry, Qlreeri's University, Kitigstorz, Otitario 

Received September 13, 1967 

4-Acetamido-4-deoxy-D- and L-arabinose have been synthesized from methyl 4-azido-4-deoxy-D- and 
L-arabinopyranoside, respectively. In  contrast to other 4-acetamido-4-deoxypentoses, the arabinose 
derivatives in aqueous solution at tautomeric equilibrium exist both in the pyranose and in the furanose 
forms. The presence of the furanose form (containing nitrogen as the hetero atom in the ring) has been 
demonstrated by paper chromatography and infrared and nuclear magnetic resonance (n.m.r.) spectros- 
copy. Acetolysis of methyl 4-amino-4-deoxy-a-D-arabinopyranoside hydrochloride and of tlie N-acetyl 
derivative gave 4-acetanlido-4-deoxy-D-arabinofuranose tetraacetates whose anomeric configurations 
were assigned by n.m.r. spectroscopy. Treatment of the 4-acetanlido-4-deoxy-D-arabinofuranose tetra- 
acetates with a cation exchange resin in methanol solution and subsequent de-0-acetylation, gave the 
anomeric methyl 4-acetamido-4-deoxy-D-arabinofuranosides, whose n.m.r. spectra in D,O exhibited the 
phenomenon of hindered internal rotation. 

Canadian Journal of  Chemistry, 46, 425 (1968) 

There has been considerable interest recentlv 
in the synthesis of sugar derivatives in which the 
ring oxygen atom is replaced by other hetero 
atoms, notably nitrogen or sulfur. The subject 
has been comprehensively reviewed by Paulsen 
(1). Of the 4-acetamido-4-deoxypentoses, in 
which the possibility exists for the formation of 
a furanosering containing nitrogen, the D-ribose 
(2), L-xylose (3, 4), 5-deoxy-D-xylose (5), and 
5-deoxy-L-xylose (5,6) derivatives have been syn- 
thesized. More recentlv. derivatives of 4-amino- < ,  

4-deoxy-D-xylose (7, 8) have been prepared from 
methyl 2,3-di-0-benzoyl-4-0-p-(toluenesulfon- 
y1)-P-L-arabinopyranoside by nucleophilic dis- 
placement of the tosylate by azide ion. Facile 
substitution at C-4 of certain methyl pyranoside 
sulfonates by azide ion is well known (2, 9-13). 
In previous communications, we reported the 
saponification of the methanesulfonyl ester 
groups of methyl 4-azido-4-deoxy-2,3-di-0- 
methanesulfonylpentopyranosides of the xylo 
and arabino configuration (9) and epoxide ring 
cleavage of methyl 2,3-anhydro-4-azido-4-deoxy- 
pentopyranosides which gave methyl 4-azido-4- 
deoxypentopyranosides (14). These 4-azido sugar 
derivatives are readily converted into acetamido 
deoxypentoses of which those of the D- and L- 

arabilzo configurations are herein described. 

4-Acetamido-4-deo,~y-D-arabinose 
Reduction of methyl 4-azido-4-deoxy-a-D- 

arabinopyrailoside (1) over 10 % paIladium on 

'Present Address: Division of Biosciences, National 
Research Council of Canada, Ottawa, Canada. 

carbon gave syrupy methyl 4-amino-4-deoxy-a- 
D-arabinopyranoside (2) which was charac- 
terized as its crystalline hydrochloride (3). 
N-Acetylation of 2 gave methyl 4-acetamido-4- 
deoxy-a-D-arabinopyranoside (4) in crystalline 
form. 

Pyrrolidine derivatives of 4-acetamido-4- 
deoxy-D-arabinose were obtained by acetolysis 
of 3 and 4. Acetolysis of acetamido derivative, 
4, gave a mixture of the anomeric 4-acetamido- 
4-deoxy-D-arabinofuranose tetraacetates. Ace- 
tolysis of the amine hydrochloride, 3, and work- 
up of the reaction shortly after cleavage of the 
glycosidic methoxyl group was complete gave a 
pyranose tetraacetate as well as the furanoses. 
Fractionation of the mixture by adsorption 
chromatography on silica gel gave 4-acetamido- 
4-deoxy-1 ,2,3,5-tetra-0-acetyl-a-D-arabinofura- 
nose (5), 4-acetamido-4-deoxy-1,2,3,5-tetra- 0- 
acetyl-P-D-arabinofuranose (6), and 4-acetamido 
4-deoxy - 1,2,3-tri- 0 - acetyl-D-arabinopyranose 
(7). The furanose derivatives, 5 and 6, were 
obtained in a relative yield of 1 :5, respectively, 
and their ring size was inferred from the infrared 
spectra which showed amide I absorption but 
not an amide TI band. The infrared spectrum of 
7 showed amide I and I1 bands. The elemental 
analyses supported these structural assignments 
as did the nuclear magnetic resonance (n.m.r.) 
spectra. 

The i1.m.r. spectrum of 5 in chloroform-d 
(Fig. 1) showed a doublet at z 3.53 (J, , ,  < 1 c.p.s.) 
which was assigned to H-1. The small coupling 
constant indicated the a-configuration for the 
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X 0CH3 0 Ac AcNH 
OH OAc OAc OAc 

' OR OAc 

12, XxNj,  R = H  17 
13, X=NH2, R = H  
14, X-NH3CI, R = H  
15, X=NHAc, R=H 
16, X=NHAc, R=Ac 

15,17 + , - e H , o H  
HOCH 

OH OH 

acetoxy group at C-1 (15, 16). Two broad 
singlets at z 4.70 and 4.77, corresponding in 
intensity to approximately one proton each, 
were assigned to H-2 and H-3. The small coup- 
ling is indicative of a dihedral angle of close to  
90" which is possible only if H-1, H-2, H-3, and 
H-4 are all trans in a five-membered ring as in 
the a-D-arabino configuration. The n.m.r. spec- 
trum of 6 (Fig. 2) showed a doublet at z 3.28 

(J,, ,  5 c.p.s.) for H-1 which indicates that 6 has 
the p-D-furanose configuration. 

De-0-acetylation of a mixture of 5, 6, and 7 
and trituration of the syrupy product with 
ethanol - ethyl acetate gave crystalline 4-ace- 
tamido-4-deoxy-D-arabinopyranose (8). The in- 
frared spectrum showed absorption for N-H 
and N-Ac and the n.m.r. spectrum (Fig. 3) was 
quite similar to that of L-arabinose (17). A 
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OAc H' 

FIG. 1. Partial n.m.r. spectrum of 4-acetamido-4-deoxy-1,2,3,5-tetra-O-acetyl-a-~-arabinof~iranose (5) in chloro- 
for~n-d. 

FIG. 2. Partial n.m.r. spectrum of 4-acetamido-4-deoxy-1,2,3,5-tetra-O-acetyl--~-arabinofuranose (6) in chloro- 
form-d. 

solution of 8 at the ambient probe temperature by pyranose-furanose interconversion of 8 in the 
showed a doublet at z 4.78 (J,,, - 2.7 c.p.s.) hot aqueous solution. Indeed, examination of 
which was assigned to H-1 of the P anomer and the syrupy product obtained from de-o-acetyla- 
a doublet at z 5.42 (J,,, 7.5 c.p.s.) for H-1 of tion of 5, 6, and 7 by paper chromatography 
the cl anomer in the ratio of approximately 2:3. revealed, besides a relatively intense spot at R,, 
The acetyl protons were seen as a singlet at z 0.71 for 8, a faint spot at R,, 0.90. This minor 
7.93. component (R,, 0.90) was not observed upon 

In the n.m.r. spectrum of 8 at 83", the HOD chromatography of a freshly prepared aqueous 
signal was shifted upfield from the cl H-1 proton solution of crystalline 8 but reappeared upon 
resonance which made that signal more readily heating the solution. Although isolation of 9 was 
discernible but, also, additional lines appeared not achieved by preparative paper chromatog- 
between z 4.5-4.7 and another acetyl proton raphy, a syrup rich in 9 was obtained from the 
resonance at z 7.81. These additional lines were mother liquors of several preparations of 4- 
thought to be due to 4-acetamido-4-deoxy-D- acetamido-4-deoxy-D-arabinosefrom whichmost 
arabinofuranose (9), its appearance being caused of the pyranose form (8) had been removed by 
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AcND AcND 

.. . . 
I I I I I I 

4.78 HOD 5.42 HOD 7.81 7.93 T 

FIG. 3. Nuclear magnetic resonance spectrum of 4-acetanlido-4-deoxy-D-arabinopyranose (8) in D,O at 830. 
Insert shows partial n.m.r. spectrum of 8 at the ambient probe temperature. 

FIG. 4. Nuclear magnetic resonance spectrum of methyl 4-aceta1nido-4-deoxy-~-~-arabinofuranoside (9) in D 2 0  
at the ambient probe temperature. 

crystallization. An infrared spectrum of this complexity of signals between T 4.5-4.7 the 
syrupy mixture showed intense absorption at pattern of which showed a temperature de- 
1640 cm-' (amide I) but only weak absorption pendence exemplary of hindered internal rota- 
a t  1550 cm-' (amide 11) suggesting that 9 had tion (18). At 90°, the spectrum showed a broad 
a furanose structure. The n.m.r. spectrum of the singlet at T 5.10 assigned to H-1 of the a anomer 
mixture in D,O (at the ambient probe tempera- of 4-acetamido-4-deoxy-D-arabinofuranose (9) 
ture) showed, in addition to the signals for 8, a and a poorly resolved doublet at T 4.54 assigned 
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to H-1 of the P anomer. The acetyl protons gave 
peaks at z 7.75, 7.79, and 7.93, which collapsed 
to two at z 7.78 and 7.93 at 90". These latter lines 
correspond to those in the spectrum of 8 at 83". 

4-Acetamido-4-deoxyarabinose is the only 4- 
acetamidopentose reported which contains de- 
tectable amounts of the furanose form containing 
nitrogen as the hetero atom in the ring in equilib- 
rium with the pyranose form. 4-Acetamido-4- 
deoxy-L-xylose (3, 4) has been described only in 
the pyranose form. This result is surprising when 
it is considered that arabinose itself, in aqueous 
solution, is detected only in the pyranose form 
at tautomeric equilibrium (17) and that the 
acetanlido group is a much weaker nucleophile 
than the hydroxyl group. 

It has been shown that the interconversion of 
the pyranose and furanose forms of 5-acetamido- 
5-deoxypentoses in methanolic hydrogen chlo- 
ride solution occurs at a much slower rate than 
glycoside formation (22). Thus, support for the 
furanose formulation for 9 was obtained by 
treating the syrupy mixture containing an en- 
richment of 9 in dry methanol with a cation ex- 
change resin. Examination of the syrupy product 
of this reaction by paper chromatography re- 
vealed two components (R,, 1.37 and 1.88) when 
sprayed with p-anisidine hydrochloride. These 
substances are subsequently shown to be the P 
and v. anomers of methyl 4-acetamido-4-deoxy- 
D-arabinofuranoside, respectively. The methyl 
pyranoside, 4, is not detected by this spray 
reagent on paper chromatograins. These methyl 
furanosides were considered to have been formed 
from 9 before conversion to 8 took place. 

The methyl 4-acetamido-4-deoxy-D-arabino- 
furanosides were readily prepared from the 
furanose pentaacetates. Treatment of the ace- 
tolysis product of 3 (containing 5, 6, and 7) in 
methanol solution with a cation exchange resin 
and subsequent de-0-acetylation gave, after 
preparative paper chromatography, methyl 4- 
acetainido-4-deoxy-P-D-arabinofuranoside (11, 
R,, 1.37) and methyl 4-acetamido-4-deoxy-a-D- 
arabinof~~ranoside (10, R,, 1.88). The former was 
obtained as a syrup and the latter in a crystalline 
state. They were collected in the ratio 8 : l .  The 
infrared spectra of both showed the amide I 
band at 1640cm-' but no absorption at 
1550 cm-' (amide 11). Compounds 10 and 11 
were easily hydrolyzed by acid since they were 
detected by the p-anisidine hydrochloride spray 
reagent. Also, warming an aqueous solution of 

them containing a cation exchange resin at 40" 
led to complete hydrolysis in 2 h. 

The n.m.r. spectra of 10 and 11 showed all the 
characteristics expected of compounds contain- 
ing an acetamido group in a five-membered ring 
(18). The n.m.r. spectrum of 11 in D 2 0  at the 
ambient probe temperature (Fig. 4) showed H-1 
as two doublets at z 4.66 and 4.86 (J,,, 4.5 c.p.s.). 
The methoxyl protons appeared as two peaks at 
z 6.52 and 6.61 with a relative intensity of 4:l. 
The acetyl proton resonance was also split, ap- 
pearing at z 7.75 and 7.80 with a similar relative 
intensity as for the methoxyl resonances. At 
90" (Fig. 5), H-1 appeared as an ill-resolved 
doublet at z 4.78. The methoxyl proton resonance 
had collapsed to a singlet at z 6.52 and the 
acetyl protons were seen as a singlet at z 7.75. 
The original pattern was restored upon cooling 
the solution. At SO0, the H-1 doublets had not 
completely coalesced and the methoxyl and 
acetyl protons still exhibited a doublet pattern. 

The n.1n.r. spectrum of 10 in D,O at the am- 
bient probe temperature (Fig. 6) showed a nar- 
row doublet at z 5.1 1 (J, ,, < 1 c.p.s.) which was 
assigned to H-1. A very weak signal at z 5.00 
which was more clearly seen at higher gain but 
was not well resolved was also assigned to H-1. 
That this was indeed a manifestation of hindered 
rotation was substantiated by measuring the 
spectrum at 80" when the two signals coalesced 
to a broad line centered at z 5.10. 

4-Acetamido-4-deoxy-L-arabinose 
Reduction of methyl 4-azido-4-deoxy-a-L- 

arabinopyranoside (12; 9) over 5% palladium 
on carbon gave methyl 4-amino-4-deoxy-cr-L- 
arabinopyranoside (13) as a syrup which was 
characterized as its crystalline hydrochloride 
(14). Crystalline methyl 4-acetamido-4-deoxy-a- 
L-arabinopyranoside (15) and the syrupy 2,3-di- 
0-acetyl derivative (16) of 15 were prepared in 
the usual manner. 

Acetolysis of methyl 4-acetamido-4-deoxy-a- 
L-arabinopyranoside (15) and of its 2,3-diacetate 
(16) gave the same syrupy acetate, as shown by 
thin-layer chromatography, probably 4-aceta- 
mido-4-deoxy- l,2,3,5-tetra-0-acetyl-L-arabino- 
furanose (17). Infrared spectra of the syrups 
showed ester and amide I absorptions but negli- 
gible absorption for N-H (amide 11). 

De-0-acetylation of 17 gave a syrupy product 
which was shown by paper chromatography to 
contain two reducing components (R,, 0.71 and 
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FIG. 5. Nuclear magnetic resonance spectrum of methyl 4-acetan~ido-4-deoxy-[3-~-arabinofuranoside (9) in D,O 
at 90". Insert shows anomeric proton signal at a sweep width of 250 c.p.s. 

FIG. 6. Nuclear magnetic resonance spectrum of methyl 4-acetamido-4-deoxy-a-D-arabinofuranosid (10) in D 2 0  
at the ambient probe temperature. Center insert shows anomeric proton signal at increased gain. Top insert shows 
anomeric proton signal of 10 at 80'. 

0.90). Treatment of the syrup with ethanol- with R,, 0.90 was probably 4-acetamido-4- 
ethyl acetate gave crystalline 4-acetamido-6 deoxy-L-arabinofuranose (19) by analogy with 
deoxy-L-arabinopyrai~ose (18, Rrh 0.71) whose the n-enantiomer. 
physical properties were identical in all respects Acid hydrolysis of methyl 4-acetamido-4- 
with those of the n-enantiomer (8) except for a deoxy-a-L-arabinopyranoside with a cation ex- 
specific rotation of opposite sign. The component change resin gave the same products (18 and 19) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DICK AND JONES: SYNTI-IESIS OF DERIVATIVES OF 4-ACETAMIDO-4-DEOXY-D- AND L-ARABINOSE 431 

but in a very low yield and the product required 
purification by preparative paper chromatog- 
raphy before crystallization of 18 could be 
induced. 

Experimental 
Solutions were concentrated under reduced pressure 

below 50" with a rotating-type evaporator. Melting points 
were determined on a Fisher-Johns melting point ap- 
paratus and are uncorrected. Optical rotations were 
measured at 23 f 3" with a Hilger standard polarimeter. 
Infrared spectra were measured with a Beckman IR  5A 
spectrophotometer. Nuclear magnetic resonance spectra 
were determined wit11 a Varian A 60 nuclear magnetic 
resonance (n.m.r.) spectrometer; chemical shifts were 
measured using 6% tetrainethylsilane in chloroform as 
an external standard. Paper chronlatography was carried 
out by the descending method at room temperature on 
Whatman No. 1 filter paper for qualitative purposes or 
Whatman 3MM filter paper for preparative purposes in 
butan-1-01 - ethanol - water, 3 :1:1 (v/v). Sugars were 
detected on paper chromatograms by the p-anisidine 
hydrochloride spray reagent (19) (spray i) or  the sodium 
metaperiodate - potassium permanganate spray reagent 
(20) (spray ii). Rates of movement of sugars on paper 
chromatograms are given relative to that of rhamnose 
(R,,). Thin-layer chromatography (t.1.c.) was carried out 
on silica gel (supplied for that purpose); after irrigation, 
the plates were air-dried, and the spots located by spray- 
ing the chromatograms with a 5 %  solution of sulfuric 
acid in ethanol and heating the plates at 120'. Column 
chromatography on silica gel was carried out using 
Davison silica gel grade 950, mesh size 60-200. 

Metlryl 4-Atnino-4-deo.~y-a-~-arabii2opyrat1osicIe 
Hydroclrloride (3) 

Methyl 4-azido-4-deoxy-a-D-arabinopyranoside (1 (14), 
2.3 g) was hydrogenated over 10 % palladium on carbon 
in methanol solution containing 1 mole of hydrochloric 
acid. The catalyst was removed by filtration and the 
fitrate concentrated to a clear syrup. The syrupy product 
was crystallized by treatment with ethanol and afforded 
methyl 4-amino-4-deoxy-a-D-arabinopyranoside hydro- 
chloride (3). 3 was recrystallized twice from ethanol and 
melted at 180-183' (decomp.) and had [a111 +3" (c, 1.75 
i n  water). 

Anal. Calcd. for C,H,,CINO,: C, 36.1; H, 7.0; C1, 
17.8; N, 7.0. Found: C, 35.8; H, 7.2; C1,17.8; N, 6.8. 

Methyl4-Acetan1irlo-4-deoxy-a-~-arabiiropyra~ (4) 
Methyl 4-azido-4-deoxy-a-D-arabinopyranoside (1; 

0.4 g) was hydrogenated over 10% palladium on carbon 
in  methanol solution and worked up as above. The 
syrupy amine (2, 0.35 g) was N-acetylated according to 
the procedure of Roseman and Ludowieg (21). The 
syrup was dissolved in water (7 ml) and methanol (3 ml) 
and Amberlite IR  400 anion exchange resin (carbonate 
form; 5 g wet) was added. Acetic anhydride (1.5 moles) 
was added dropwise to the stirred mixture and the 
mixture was then stirred at room temperature for 90 min. 
The resin was removed by filtration and the filtrate passed 
through Amberlite IR 120 cation exchange resin (HC 
form). The eluate and washings were concentrated to a 
syrup which crystallized on standing. Recrystallization 

from ethanol gave methyl 4-acetamido-4-deoxy-a-D- 
arabinopyranoside (4) which melted at 129-130" and had 
[a], +1.6" (c, 1.83 in water); h,,, (Nujol); 1660 cm-I 
and 1540 cm-I (NHAc). 

Anal. Calcd. for C,Hl,N05: C, 46.8; H, 7.3; N, 6.8. 
Found: C, 46.9;H, 7.8;N,7.1. 

Acetolysis 0j'Metl1yl4-Atnit10-4-rleoxy-r-~-arabit1o- 
pyt.anoside Hydrochloride (3) 

3 (0.3 g) was dissolved in a mixture of acetic anhydride 
(5 ml) and acetic acid (5 ml). The solution was cooled 
in an ice bath and concentrated sulfuric acid (0.2 ml) 
was added. This solution was gently shaken for 48 11 at 
room temperature. It was then poured into an excess of 
sodium bicarbonate in water and the aqueous mixture 
was extracted with chloroform. The chlorofornl extract 
was washed with water, dried (MgSO,), filtered, and the 
filtrate concentrated to a dull-yellow syrup (0.5 g). 
Examination of this syrup by t.1.c. (irrigant:diethyl 
ether) revealed three conlpone~lts, the slower-moving one 
being only slightly displaced from the origin and being 
preponderant. An infrared spectrum (smear on NaC1) 
showed absorption at 3300 cm-' (AT-H), 1750 cm-I 
(0-Ac), 1660, and 1540 cm-' (NHAc). The syrup was 
combined with the product from the following experi- 
ment and then fractionated. 

Acetolysis of Metl1yl4-Acetatnirlo-4-deoxy-r-~-arabit10- 
pyratroside (4) 

4 (1.0 g) was acetolyzed (acetic anhydride, 15 ml; 
acetic acid, 15 ml; sulfuric acid, 0.3 1111) for 24 h at 
room temperature and the product was worked up as 
described above. The product which was a brown syrup 
(0.8 g) contained two components, as indicated by t.1.c. 
(irrigant:diethyl ether), which corresponded to the two 
faster-moving components from the foregoing experi- 
ment. An infrared spectrum shou~ed absorption at 
1750cn1r1 (0-Ac) and at 1660cm-' (N-Ac) but no 
absorption for N-H. 

Ft.actionatiotr of Acetolysis Prodrrcts of 3 atlrl4 
The combined acetate syrups (1.3 g) from the fore- 

going two experiments were fractionated by column 
chromatography on silica gel (irrigant:diethyl ether). 
Three fractions were collected in order of elution: 

(a) 4-Acetat~2irlo-4-rleoxy-I,2,3,5-tetra-O-acet)~l-r-~- 
arabinofurrnrose (5) 

5 was obtained as a syrup (0.1 g) which was homo- 
geneous by t.1.c. (irrigant:diethyl ether and ether acetate) 
and was vacuum distilled. It has [a], -31" (c, 0.45 in 
chloroform); h,,, (smear on NaCI): 1750 cm-I (OAc), 
1660 cm-I (N-Ac); n.m.r. data in cl~loroform-rl: z 
3.53 (1 proton doublet, Jlez < 1 c.p.s., H-1), z 4.674.8 
(2 proton multiplet, H-2,3); T 5.50 (center of 2 proton 
multiplet, H-5), -r 6.2-6.6 (1 proton multiplet, H-4); z 
7.72,7.78 (acetyl protons). 

Anal. Calcd. for C15H21NOI): C, 50.2; H, 5.85; N, 
3.9; acetyl, 60.0. Found: C, 50.4; H, 5.9; N, 4.0; acetyl 
56.9. 

(b) 4-Acetanlido-4-rleoxy-1,2,3,5-tetra-O-acet)~l-P-~- 
arabinofirranose (6) 

6 was obtained as a syrup (ca. 0.5 g) which was homo- 
geneous by t.1.c. (irrigants:diethyl ether and ethyl ace- 
tate) and was vacuum distilled. It had [a],, -70" (c, 1.35 
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in chloroform); ?,,,,, (smear on NaCI): 1750 cm- ' 
(0-Ac); 1660 cm-' (NAc); n.rn.r. data in chloroform- 
d: r 3.28 (1 proton doublet, J,,, 5 c.p.s., H-1), r 4.35-4.7 
(2 proton multiplet, H-2, 3), r 5.45-5.85 (3 proton multi- 
plet, H - 4 3 ,  r 7.85 (acetyl protons). 

Anal. Calcd. for C15HZIN09:  CI 50.2; H,  5.9; N, 3.9; 
acetyl, 60.0. Found: C, 50.4; H,  6.2; N, 4.1 ; acetyl, 57.8. 

(c) 4-Acetnt~1ido-4-deoxy-1,2,3-tri-O-ncetyl-~-arnbit10- 
pyrntlose (7) 

7 was obtained from the column, by irrigation with 
ethyl acetate, as a syrup (ca. 0.4 g) which was homo- 
geneous by t.1.c. (irrigants:diethyl ether and ethyl acetate) 
and was vacuum distilled. It had [aID -10" (c, 1.15 in 
chloroform; h,,, (smear on NaCI): 3300 cm-' (broad, 
N-H), 1725 cm- ' (0-Ac), 1640, and 1520 cm-' 
(NH-Ac). 

Anal. Calcd. for CI3Hl9NO8: C, 49.2; H ,  6.0; N, 4.4; 
acetyl, 54.3. Found: C,49.0; H,  6.2; N, 4.0; acetyl, 57.3. 

4-Acetn~i1ido-4-deoxy-~-arabinopyra,iose (8)  
A syrupy mixture (0.4 g) of acetolysis products, ob- 

tained as described from 3, was de-0-acetylated with 
sodium methoxide in methanol. The solution was 
neutralized with Amberlite I R  120 cation exchange resin 
(HC), filtered, and the filtrate concentrated to a clear 
syrup (0.16 g). Examination of the syrup by paper 
chron~atography revealed two reducing components 
which had R,,, 0.71 and 0.90 (spray i), the former greatly 
preponderating. Trituration of the syrup with ethanol - 
ethyl acetate gave a crystalline reducing compound 
(0.13 g). Recrystallization from methanol-ether gave 
4-acetamido-4-deoxy-D-arabinopyranose (8) which melted 
at 157.5-158.5 and had [ a ] ~  -65" (5 min after solution) 
n~utarotating to -73' (c, 2.53 in water); Rrh 0.71 (spray 
i); h,,,, (Nujol): 1640 and 1550 cm-' (NHAc); n.m.r. 
data in D1O (at ambient temperature): r 4.78 and r 5.42 
(1 proton, 2 doublets, JlSZ - 2.7 c.p.s. and 7.5. c.p.s., H-1, 
B and a anomers respectively), r 5.2 (HOD), r 5.6-6.7 
(5 protons, complex multiplet, H-2,3,4,5), r 7.93 (3 
proton singlet, acetyl protons); (at 83O and tautorneric 
equilibrium): r 4.5 (apparent doublet, probably due to 
B H-1 of furanose form) and r 4.81 (doublet, JI,Z 3 c.p.s., 
H-1 of B anomer) and r 5.42 (doublet, J1,2 7 c.P.s., H-1 of 
a anomer) (total integral approximately 1 proton), r 5.6- 
6.7 (HOD, H-2,3,4,5), T 7.81 and 7.95 (singlets, total 
integral 3 protons, relative integral ca. 1 :4, acetyl protons 
of filranose and pyranose forms respectively). 

Anal. Calcd. for C,H13N05: C, 44.0; H, 6.8; N, 7.3. 
Found: C, 44.0; H, 7.2; N, 7.3. 

4-Acetnti1iclo-4-deoxy-~-nrabit1ofi1ratose (9)  
The mother liquors from several preparations of 8 

were pooled and concentrated to a syrup. Most of the 4- 
acetamido-4-deoxy-D-arabinopyranose (8) was removed 
by dissolving the syrup in ethanol and adding ethyl 
acetate to  a faint turbidity. Seeding with 8 caused its 
crystallization and it was collected as gummy crystals by 
filtration. The filtrate was concentrated to a brown syrup 
(0.12 g). A paper chromatogran1 of the syrup showed two 
components (Rrh 0.71, 0.90 (spray i)), the second pre- 
ponderating. An infrared spectrum (smear on NaC1) 
showed the amide I1 band at greatly reduced intensity 
compared with the amide I band. The component with R,,, 
0.90 was thus considered to be 4-acetamido-4-deoxy-D- 
arabinofuranose (9). The n.m.r. spectrum of the mixture 

in D 2 0  at ambient temperature showed the two doublets 
due to H-1 of the anomeric pyranose forms but, in 
addition, a number of signals in the anomeric region 
which were difficult to assign. The acetyl protons also 
showed conlplexity in that maxima were observed at  r 
7.75, 7.79, and 7.93. At 90°, the n.m.r. spectrum showed 
besides the pyranose resonances, signals at r 4.54 (diffuse 
doublet, J,,, 3 4  c.p.s., H-1 of anorner of 9) r 5.10 
(broad singlet, H-1 of a anomer of 9), r 7.78 and 7.93 
(singlets, acetyl protons). 

The aqueous solution used for n.rn.r. analysis was con- 
centrated to a syrup. The syrup was dissolved in dry 
methanol and Amberlite IR 120 cation exchange resin 
(H'; washed with methanol) was added. The mixture 
was shaken for 6 h and then poured onto a column of 
Amberlite I R  400 anion exchange resin (carbonate form). 
The effluent was concentrated and examined on paper 
chromatograms. Two spots were observed which had R,,, 
1.37 and 1.88 (spray i). A third with R,, 0.71 was present 
in trace amounts. The components with R,,, 1.37 and 1.88 
were the methyl 4-acetamido-4-deoxy-D-arabinofurano- 
sides. The methyl pyranosides of 8 are not detected by the 
p-anisidine hydrochloride reagent. 

The Methyl 4-Acetnmido-4-deoxy-~-arnbit1of~1ratzosides 
(10 atid 11) 

Methyl 4-amino-4-deoxy-a-D-arabinopyranoside (2, 
syrup, 2.1 g) was dissolved in a mixture of acetic an- 
hydride (25 ml) and glacial acetic acid (25 ml). This was 
cooled in an ice bath and concentrated sulfuric acid 
(1.0 ml) was added dropwise. The solution was shaken at  
room temperature for 72 h and was then worked up as 
previously described to give a syrupy acetate (3.9 g). 
Examination of the syrup by t.1.c. showed that the major 
components were the anonleric 4-acetamido-4-deoxy- 
1,2,3,5-tetra-0-acetyl-D-arabinofuranoses (5 and 6)  and 
4-acetamido-4-deoxy-I ,2,3-tri-0-acetyl-D-arabinopyran- 
ose (7). 

This syrupy mixture (3.9 g) was dissolved in dry 
methanol (50 ml) and Amberlite I R  120 cation exchange 
resin ( H C ;  pre-washed with methanol) was added. The 
nlixture was stirred for 6 h at  room temperature. It was 
then filtered and the filtrate concentrated to a clear 
syrupy acetate. 

This acetate was dissolved in dry methanol (100 1111) 
and de-0-acetylated with sodium methoxide according 
to the ZemplCn procedure. The solution was then 
neutralized by passage through columns of Amberlite I R  
120 cation exchange resin (H') and Amberlite I R  400 
anion exchange resin (carbonate state). The effluent was 
concentrated to a clear syrup (1.5 g). Examination of this 
syrup by paper chromatography revealed 4 components 
with R,,, 0.71,0.90, 1.37, and 1.88 (sprays i, ii). Treatment 
of the syrup with ethanol - chloroform - ethyl acetate 
gave crystalline 4-acetamido-4-deoxy-D-arabinopyranose 
(8, 0.23 g). The mother liquors were concentrated to  a 
syrup (1.2 g). An infrared spectrum of this syrup (smear 
on NaCI) showed intense absorption a t  1640 cm-' 
(amide I) and weak absorption at 1550 cm-' (arnide 11). 

A portion (1.0 g) of the syrupy mixture was fraction- 
ated by preparative paper chromatography and fractions 
were collected according to their mobility on paper. 

Fraction 1 with Rrh 0.71 was 4-acetamido-4-deoxy-D- 
arabinopyranose (8, 0.08 g). 
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Fraction 2 was made up of two components which had 
Rrr, 0.71 and 0.90 in similar proportion. 

Methyl 4-Acetatt1ido-4-deoxy-~-~-arabit1ofirat1oside 
(U) 

Fraction 3, with RrI, 1.37, was obtained as a syrup 
(0.38 g) and was homogeneous on paper. It was methyl 
4-acetamido-4-deoxy-p-D-arabinofuranoside (11) which 
had [a], -68" (c, 0.50 in water); h,,, (smear on NaC1): 
1640 cm-' (N-Ac); n.m.r. data in D,O (at ambient 
temperature): 7 4.66 and 4.86 (1 proton: 2 doublets, J,,, 
4 4 . 5  c.p.s., H-1), 7 5.7-6.3 (5 protons, H-2,3,4,5), 7 6.52 
and 6.61 (3 protons, two singlets, methoxyl protons), T 
7.75 and 7.80 (3 protons, 2 singlets, acetyl protons); (at 
90"); 7 4.78 (1 proton, diffuse doublet, J, ,, 4 4 . 5  c.p.s., 
H-1), 7 5.7-6.3 (HOD, H-2,3,4,5), 7 6.52 (singlet, 3 
protons, 0CH3), 7 7.75 (singlet, 3 protons, acetyl 
protons). 

Anal. Calcd. for C8HI5NO5 : N, 6.8. Found: N, 6.6 
Methyl 4-Acetatt1ido-4-deo.uy-a-~-auabit1of~~ratzo~ide 

(10) 
Fraction 4 with R,,, 1.88 was obtained as a syrup 

(0.06 g) which crystallized on standing. Recrystallization 
from methanol - diethyl ether - heptane gave methyl 
4-acetanlido-4-deoxy-a-D-arabinofuranoside (10) which 
melted at 145.5-146.5' and had [a], -44" (c, 1.00 in 
water); h,,, (smear on NaCI): 1640 cm- ' (NAc); n.m.r. 
data in D 2 0  (at ambient temperature): 7 5.0 and 5.11 
(1 proton, possibly doublets, J , , ,  1 c.p.s., H-1), 7 5.7-6.4 
(H-2,3,4,5), 7 6.57 and 6.69 (2 singlets, OCH,), 7 7.83 
and 7.99 (2 singlets, acetyl protons), (at 80'); 7 5.10 (1 
proton, broad singlet, H-1), 7 5.7-6.4 (HOD H-2,3,4,5), 
7 6.58 and 6.68 (2 singlets, OCH,), 7 7.84 and 8.0 (2 
singlets, acetyl protons). 

Anal. Calcd. for CsHl ,NO5: C, 46.8; H, 7.3; N, 6.8. 
Found: C, 47.0; H, 7.5; N, 6.9. 

A portion (0.2 g) of the unfractionated syrup (contain- 
ing 8, 9, 10, and 11) was dissolved in water (20 ml) and 
Amberlite IR 120 cation exchange resin (H+)  was added. 
This mixture was stirred at 40' for 2 h. It was then 
filtered, the filtrate treated with Amberlite I R  400 anion 
exchange resin (carbonate form), filtered, and the filtrate 
concentrated to  a clear syrup. Examination of this 
product by paper chromatography revealed only those 
components with R,,, 0.71 and 0.90 (8 and 9). Trituration 
of the syrup with ethanol -ethyl acetate gave 4-acet- 
anlido-4-deoxy-D-arabinopyranose (8) (0.12 g). 

Metl1y/4-Atnit1o-4-deoxy-a-~-arabirlopj~ra11oside 
Hydrockloride (14) 

Methyl 4-azido-4-deoxy-a-L-arabinopyranoside (12 
(14), 0.20 g) was reduced over 5 % palladium on carbon 
as usual. The syrupy product (0.18 g) was dissolved in 
ethanol (15 ml) and ethyl acetate (15 n11) and concentrated 
l~ydrochloric acid (0.04 ml) was added. Upon cooling, 
the solution provided crystals of methyl 4-amino-4-deoxy- 
a-L-arabinopyranoside hydrocl~loride (14, 0.10 g) which 
melted at 184.5-185O (decamp.) and had [a], -3" (c, 
0.98 in water). 

Anal. Calcd. for CsH14CIN04: C, 36.1 ; H,  7.0; C1, 
17.8;N,7.0.Found:C,36.4;H, 6.8;Cl, 18.0;N, 7.2. 

Methyl 4-Acetan1ido-4-rleoxy-a-~-arabinopyrat10side (15) 
Syrupy methyl 4-amino-4-deoxy-a-L-arabinopyrano- 

side (13,0.9 g) was treated with aqueous acetic anhydride 

according to the procedure of Roseman and Ludowieg 
(21). The colorless syrupy product (0.9 g) crystallized 
on standing and gave methyl 4-acetamido-4-deoxy-a-L- 
arabinopyranoside (15, 0.6 g) which melted at 129-130° 
and had [a], - 1.8" (c, 3.43 in water). 

Anal. Calcd. for C8Hl5NO5:  C, 46.8; H,  7.3; N, 6.8. 
Found: C,46.7;H, 7.3; N, 6.5. 
Metl1yl4-Acetatt1ido-4-deoxy-2,3-rli-O-acetyl-a-~- 

arabinopyrnnoside (16) 
Syrupy methyl 4-acetanlido-4-deoxy-a-L-arabinopyra- 

noside (15, 0.4 g) was dissolved in pyridine and acetylated 
as usual with acetic anhydride (2 moles). The syrupy 
product (0.65 g) was homogeneous by t.1.c. Methyl 4- 
acetamido-4-deoxy-2,3-di-O-acetyl-a-r-arabinopyrano- 
side (16) was purified by vacuum distillation and was ob- 
tained as a hard glass. It has [a], -34" (c, 1.35 in 
chloroform). 

Anal. Calcd. for ClzHl,NO,: C, 49.8; H, 6.6; N, 4.8. 
Found:C,50.1;H,6.5;N,4.6. 
Acetolysis of Methyl 4-Acetatt1id0-4-cleoxy-a-~-arabit10- 

pyranoside 
Methyl 4-acetamido-4-deoxy-a-L-arabinopyranoside 

(15, 0.45 g) was dissolved in an acetolysis solution (10 ml; 
as described for 4). The mixture was shaken for 24 h and 
was then poured into an excess of sodium bicarbonate in 
water; the aqueous solution was extracted with chloro- 
for~n.  Examination of the chloroform extract by t.1.c. 
(irrigant: ethyl acetate) revealed one major conlponent. 
Evaporation of the chloroform gave a syrupy product 
whose n.m.r. spectrum in chloroform-d showed a doublet 
at 7 3.28 (J,,, 5 c.p.s.) similar to the H-1 resonance of 
4-acetan~ido-4-deoxy-1,2,3,5-tetra-O-acetyl-~-~-arabino- 
fi~ranose. The product was purified by passage through a 
column of silica gel (irrigant:etl~yl acetate) and gave a 
syrup (0.3 g) whose infrared spectrum showed absorption 
at  1750 cn1-' (OAc) and at 1680 cnl-' (NAc) but no 
absorption for N-H (amide 11). Thus, it was probably 
4-acetanlido-4-deoxy-1 ,2,3,5-tetra-0-acetyl-L-arabinofu- 
ranose (17). 
4-Acetat~1ido-4-deoxy-~-nmbitrop~~ratose (18) 

(a) Fro111 Metl1yl4-Acetan1ido-4-deo,~~~-a-~- 
a r a b i t ~ o p y r a t o e  (15) 

15 (1.3 g) was dissolved in water (20 ml) and A~uberlite 
IR 120 cation exchange resin ( H + ;  7 g wet) was added. 
The mixture was heated with stirring in a boiling water 
bath for 1.5 h. It was then cooled. filtered, the filtrate 
treated with Dowex 1 x 8 anion exchange resin (car- 
bonate state), filtered again, and the filtrate concentrated 
to a colorless syrup (0.55 g). The syrup was reducing to 
Fehling's solution. Examination of the syrup by paper 
chromatography showed three spots: R,], 1.5 (spray ii; 
corresponded to starting material), R,,, 0.90 (faintly de- 
tected), and R,,, 0.71 (sprays i and ii). The syrup was 
fractionated by preparative paper chromatography. The 
bands corresponding to RrI, 0.90 and R,,, 0.71 were eluted 
separately with ethanol and the ethanol was evaporated 
at roonl temperature. 

The substances which had R,,, 0.90 was obtained as a 
syrup (less than 10 mg) whose infrared spectrunl (smear 
on NaCI) showed absorption at 1620 cm- '  for NAc but 
negligible absorption for N-H. By analogy with the D- 
enantiomer, this substance was probably 4-acetamido-4- 
deoxy-L-arabinofuranose (19). Examination of it, after it 
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had been kept for several weeks, by paper chromatog- 
raphy showed that it now contained mostly that com- 
ponent with Rrh 0.71 with a smaller amount of that with 
Rr, 0.90. 

The substance which had R,, 0.71 was also obtained as 
a syrup (90 mg) which crystallized on standing. Recrystal- 
lization from methanol - diethyl ether afforded 4-aceta- 
mido-4-deoxy-L-arabinopyranose (18; 45 mg) which 
melted at 156.5-157.5" and had R,,, 0.71 ; [a],  +66 (5 min 
after solution) mutarotating to +73" (c, 0.98 in water); 
k,,, (Nujol): 1640 cm-I and 1550 cm-' (NHAc). 

Anal. Calcd. for C7H13N05: C, 44.0; H, 6.8; N, 7.3. 
Found:C,44.1;H,7.1;N,7.5. 

(6) From 4-Acefamido-l,2,3,5-tetra-0-acefyl-4-deoxy- 
L-arabi~~ojirra~zose (17) 

4-Acetamido-1,2,3,5-tetra-O-acetyl-4-deoxy-~-arabino - 
furanose (17,0.3 g) was dissolved in dry methanol (30 ml) 
and de-0-acetylated with sodium methoxide according 
to the ZemplCn method. The rnethanolic solution was 
neutralized with Amberlite IR 120 cation exchange resin 
(Hi form), filtered, the filtrate treated with Amberlite IR 
400 anion exchange resin (carbonate form), filtered, and 
the filtrate concentrated to a clear colorless syrup (ca. 
70 mg). Crystallization with ethanol - ethyl acetate gave 
4-acetamido-4-deoxy-L-arabinopyranose (60 mg). After 
recrystallization from methanol - diethyl ether, 18 melted 
at 156 5-157.5" undepressed upon admixture with a 
specimen from the foregoing experiment. 
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Synthesis and chemistry of l-methyll-3-hydroxy-3-phenyl-6-chlloro-l,2,3,4- 
tetrahydroquinoline-2,4-dione 

C. PODESVA, C. SOLOMON, AND K. VAGI 
Delmar Cllenzicals Limited, Lasalle, Quebec 

Received April 21, 1967 

Treatment of 2-(N-methyl)-dicl1loroacetamido-5-chlorobenzophenone with an aqueous-alcoholic 
solution of sodium acetate yields l-methyl-3-hydroxy-3-phenyl-6-chloro-1,2,3,4-tetrahydroquinoline-2,4- 
dione. Some transformation products of this compound are described. 

Canadian Journal of Chemistry, 46, 435 (1968) 

In an attempt to prepare 2-(N-methyl)- 
glyoxylylamido-5-chlorobenzophenone by heat- 
ing a solution of 2-(N-methyl)-dichloroacet- 
amido-5-chlorobenzophenone in aqueous  
ethanol in the presence of sodium acetate, 
1-methyl-3-phenyl-3-hydroxy-6-chloro-1,2,3,4- 
tetrahydroquinoline-2,4-dione (1) was obtained 
in 41.5 %yield. The structure of this product was 
established on the basis of its infrared and 
nuclear magnetic resonance (n.m.r.) spectra, its 
chemical reactions as well as on the basis of an 
unambiguous synthesis of one of its transforma- 
tion products. 

The product was obtained in two crystalline 
forms of which one exhibited infrared maxima 
in KBr or Nujol at 3275 (OH), 1715 (ketone), 
1670 (amide), and 1605 cm-1 (aromatic), whereas 
the other crystalline modification showed bands 
at  3465, 1720, 1680, and 1605 cm-1. Both 
crystalline forins melted at 170-172" individually 
and as a mixture. Their chemical identity was 
established by the infrared spectra in chloroform 
solution, which were superimposable, containing 
maxima at 3520,1720, 1670, and 1605 cm-1. The 
n.m.r. spectrum (in CDC13 with tetramethyl- 
silane as internal reference standard) showed 
singlets at T 6.45 and at  5.60 (N-CH3 and OH 
respectively) and a multiplet containing 8 protons 
at T 2.20-2.96 with the strongest peak appearing 
at  T 2.65. 

The presence of the keto group was further 
substantiated by an easy formation of oxime 2 
and by formation of the diol 3 (v,,, (Nujol) 
3485, 3425 (inflection), 3345, 1660, and 1605 
cm-1) on reduction with sodium borohydride. 
An attempt to accomplish a Beckmann re- 
arrangement on the oxime 2 using phosphorus 
pentachloride resulted in formation of nitrile 13 
(v,,, (KBr) 2230, 1685, 1660, and 1595 cm-1) by 
an obvious mechanism, presupposing a vicinal 

position of the oxime with respect to the 
hydroxyl. Oxidation of diol 3 with periodic acid 
yielded the ketoaldehyde 14, showing in its 
n.m.r. spectrum an aldehyde proton singlet a t  
T 0.0 (in CDC13 with tetramethylsilane as 
internal reference standard). The position of the 
aldehyde carbonyl in the infrared spectrum at  
1695 cm-1, which is characteristic for an aroma- 
tic aldehyde, compelled us to assign structure 1 
to the ketol, which up to that point could also be 
considered to be 1-methyl-4-hydroxy-4-phenyl- 
6-chloro- 1,2,3,4-tetrahydroquinoline-2,3-dione, 
the functionalities of these two compounds being 
identical. The aldehyde carbonyl resulting from 
the periodic acid oxidation of this latter com- 
pound would be expected to  absorb well over 
1700 cm-1, as is generally the case for a-dicar- 
bony1 coinpounds (1). 

A surprisingly good yield of ketimine 4 (v,,, 
(Nujol) 3275 (sharp,=NH), 1695 (amide), 1640 
(C=N), and 1605 cm-1 (aromatic)) was obtained 
by allowing to react 1 with ammonia in meth- 
anolic solution. This substance was found to be 
quite stable to alcoholic and aqueous alkalis, 
but was readily reconverted to  the starting 
ketone even by treatment with aqueous acetic 
acid at room temperature. 

1 R I  = CH3, Rp  = OH, X = 0 
2 R1 =CH3, R2 = OH, X = N-OH 
4 R I  = CH3, R2 =OH,  X = N H  
6 R I  = CH?. Rz = OAc. X = 0 
7 R; = cH;; R; = Cl, . X = 0 

11 R1 = H. R7 =OH.  X = 0 
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I 
N-SO 0 

5 10 

Treatment of the ketimine 4 with thionyl 
chloride produced thiaoxazole-2-oxide 5, which 
constitutes a heretofore undescribed ring system. 
Its infrared spectrum in Nujol did not show any 
absorption in the hydroxyl and amine region, 
whereas the amide I band appeared at  an 
unusually high frequency of 1723 cm-1. The only 
other band was the aromatic absorption at 1605 
cm-1. The formation of this last product thus 
confirmed the relative position of the hydroxyl 
with respect to the ketimine as well as to the 
original ketone. Aqueous or alcoholic alkali 
hydroxides at room temperature recovered the 
starting ketimine 4. 

Evidence for the presence of hydroxyl was 
further obtained by acetylation of 1, whereby the 
ketoester 6 was readily formed (v,,, (KBr) 1740 
(ester), 1710 (ketone), 1675 (amide), and 1600 
cm-1 (aromatic)). Ammonolysis of the ketoester 
with methanolic ammonia produced the pre- 
viously mentioned ketimine 4. 

By allowing 1 to react with thionyl chloride 

the expected chloro compound 7 was readily 
obtained, whereas oxidation with periodic acid 
yielded the keto acid 8a (v,,, 1710 (carboxyl), 
1675 (ketone), 1650 (amide), and 1600 cm-1 
(aromatic)). This could be reduced with sodium 
borohydride to a salt of the corresponding 
hydroxy acid, which on acidification produced a 
mixture of the free hydroxy acid 9 (v,,, (KBr) 
3350 (OH), 1700 (carboxyl), and 1680 cm-1 
(amide)), and of the corresponding lactone 10. 
This mixture when refluxed in toluene in pres- 
ence of p-toluenesulfonic acid with azeotropic 
removal of water produced pure lactone (v,,, 
(KBr) 1725 (lactone), 1680 (amide), and 1600 
cm-1 (aromatic)). 

When 2-dichloroacetamido-5-chlorobenzo- 
phenone was refluxed with a solution of sodium 
acetate, 3-phenyl-3-hydroxy-6-chloro- 1,2,3,4- 
tetrahydroquinoline-2,4-dione 11 was obtained 
in substantially lower yield than when the 
N-methyl derivative was used. A good yield of 
the imine 12, however, was obtained from this 
substance on treatment with methanolic am- 
monia. Oxidation of 11 with periodic acid 
yielded the corresponding keto acid 8b (v,,, 
(KBr) 3275, 1700, 1680, and 1670 cm-1). We 
have also prepared this last substance by un- 
ambiguous synthesis from 5-chloroantl~ranilic 
acid and the chloride of benzoylformic acid, 
whereby the structure of 1 as well as the struc- 
tures of its transformation products are rigor- 
ously established. Further proof was obtained by 
condensation of 2-methylamino-5-chlorobenzoic 
acid with the chloride of benzoylformic acid, 
whicll yielded the above mentioned keto acid 8a. 

Formation of 1 by a reaction of 2-(N-methyl)- 
dichloroacetamido-5-chlorobenzophenone with 
an aqueous base merits some comment. The 
product results obviously from a ketol re- 
arrangement of its isomer precursor, namely 
l-metl1yl-4-hydroxy-4-phenyl-6-cl~loro-l,2,3,4- 
tetrahydroquinoline-2,3-dione. This intermediate 
could not possibly be formed from the aldehyde 
resulting from the hydrolysis of the starting 
dichloroacetamide. However, the vicinal position 
of aldehyde and amide carbonyls would be 
expected to favor hydration of the aldehyde in 
order to remove one of the neighboring partial 
positive charges. Such hydrated form then can 
easily produce the anion necessary for the attack 
on the phenone carbonyl in order to accomplish 
the cyclization. The reaction n~echanisn~ can 
then be visualized as follows. 
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It might be argued that the anion may also be in dry chloroform (150 ml) was kept under reflux for 3 h. 

produced on the dich~oroacetamide, which then The solvent was removed by distillation it1 vacrro and the 
residue was purified by crystallization from methanol. 'yclize an intermediate 3,3-dich10r0 Twenty-six grams (76%) of the product melting at 89-90" 

derivative. As, however, we were unable to obtained. 
isolate any chloro intermediate even in small Anal. Calcd. for C15HloC13N02: C, 52.58; H, 2.94; 
quantities, we favor the former mechanism. C1, 31.05; N, 4.09. Found: C, 52.40; H,  2.71; C1, 30.92; 

N, 4.08. 

Experimental 
The infrared spectra were recorded on a Perkin-Elmer 

237 apparatus. The nuclear magnetic resonance spectra 
were obtained on Varian model HR-60 spectrometer. The 
melting points were determined in capillaries on a Mel- 
Temp apparatus and are uncorrected. Microanalyses were 
performed by Organic Microanalysis, Dr. C. Daesle, 
Montreal. The molecular weights were taken in chloro- 
form solution on Mechrolab Osmometer model 301. 

2-Metl1ylnt~1it10-5-chlorobet1zopher10ne 
To a solution of commercially available 2-amino-5- 

chlorobenzophenone (10 g) in glacial acetic acid (50 ml) 
was added dimethyl sulfate (4.2 ml) and the mixture was 
heated under reflux for 2 h. After standing another 2 h at 
room temperature the reaction mixture was poured into 
cold water (200 ml) and extracted with chloroform 
(3 x 50 ml). After washing with water the extract was 
evaporated to dryness it1 vacuo and the residue dissolved 
in hot methanol (15 ml). After standing overnight at room 
temperature the crystalline 2-methylamino-5-chloro- 
benzophenone (3.9 g) was collected by filtration and 
washed with cold methanol. The combined filtrate and 
washings were taken to dryness, redissolved in glacial 
acetic acid (50 ml) containing dimethyl sulfate (4 ml), and 
the whole operation was repeated. A second crop (1.2 g) 
of the product was so obtained, bringing the total yield to 
48%, m.p. 93-95" (lit. m.p. 94-95" (2)) without any 
further purification. 

2-(N-Metl~yi) -dicAloroacetnmido-5-chlorobet1zophet1o~1e 
A solution of 2-methylamino-5-chlorobenzophenone 

(98.28 g, 0.4 mole) and dichloroacetyl chloride (59 g, 0.4 
mole) in dry chloroform (300 ml) was heated under 
reflux for 3 h. The solvent was removed in vacuo and the 
residue was triturated with methanol. The product (107 g, 
75% yield) was further purified for analysis by crystalli- 
zation from methanol, m.p. 130-131". 

Anal. Calcd. for C16H12C13N02: C, 53.89; H, 3.39; 
C1, 29.82; N, 3.93. Found: C, 54.01 ; H, 3.65; C1, 29.74; 
N, 3.96. 

2- Dichloroncetnn1ido-5-chlo,.obenzopAe,1ot1e 
A mixture of 2-amino-5-chlorobenzophenone (23 g, 

0.1 mole) and dichloroacetyl chloride (14.75 g, 0.1 mole) 

I-Met~~yl-3-/1ydroxy-3-p/1et1yl-6-c/1lor.o-l,2,3,4-tetrnl1y~lro- 
q~rit1olit1e-2,4-diot1e (I) 

To a solution of 2-(N-methyl)-dichloroacetamido-5- 
chlorobenzophenone (30 g, 0.0825 mole) in ethanol (300 
ml) was added a solution of sodium acetate (82.9 g on 
anhydrous basis, 1.01 mole) in water (300 ml) and the 
mixture refluxed overnight. After cooling to room 
temperature the unreacted starting material (10 g) was 
recovered by filtration, the filtrate was diluted with more 
water and exhaustively extracted with chloroform. The 
solvent was removed by distillation DI vac~lo and the 
residue triturated with ether. The crystalline product 
(10.5 g, 41.5%) was purified for analysis by recrystalliza- 
tion from methanol-water, m.p. 170-172". 

Anal. Calcd. for C ~ ~ H I ~ C ~ N O ~  (mol. wt., 301.73): C, 
63.69; H, 4.01; C1, 11.75; N, 4.64. Found (mol. wt., 
277.4): C,63.91; H, 4.30; C1, 12.25; N, 5.00. 

3-Hyrlr.oxy-3-pl1et1yl-6-cAIoro-I,2,3,4-tetral1ydroqr~~t1olit1e- 
2,4-diotte (11) 

To a solution of 2-dichloroacetamido-5-chlorobenzo- 
phenone (30 g, 0.0878 mole) in ethanol (300 ml) was added 
a solution of sodium acetate (86.4 g on anhydrous basis) 
in water (300 ml) and the mixture refluxed overnight. 
After cooling the reaction mixture was diluted with water 
and extracted with chloroform. The solvent was removed 
it1 vacuo and the residue was purified by crystallization 
first from ether, then from methanol; yield 7 g (26%), 
m.p. 244-245". 

Anal. Calcd. for C15HloC1N03: C, 62.62; H, 3.50; CI, 
12.33; N, 4.87. Found: C, 62.31; H, 3.60; C1, 12.38; N,  
5.09. 

I - M e t l ~ y l - 4 - i s o t 1 i t r o s o - 3 - l r y d r o x y - 3 - p ~ r o -  
1,2,3,4-tetrn/1ydroq11it1olit1e-2-ot1e (2) 

A mixture of 1 (3 g, 0.01 mole), hydroxylamine hydro- 
chloride (0.695 g, 0.01 mole) and triethylamine (1.01 g, 
0.01 mole) in toluene (50 ml) was refluxed for 7 h with 
azeotropic removal of water. After cooling to room 
temperature the precipitated triethylamine hydrochloride 
was collected by filtration, the filtrate evaporated to 
dryness it1 vacrro, and the residue was crystallized from 
acetone. The pure product (1.42 g, 45%) had a m.p. of 
230-232". 
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Anal. Calcd. for C16H13C1N203: C, 60.67; H,  4.14; 
Cl, 11.19; N, 8.85. Found: C, 61.02; H, 4.36; Cl, 10.90; 
N, 8.87. 

2-(N-Metlryl) -benzoylforma~nido-5-clrlorobet1zonitrile (1  3)  
A solution of the oxime 2 (5.5 g) in dry toluene (1 90 ml) 

was refluxed for 5 h in presence of a few milligrams of 
phosphorus pentachloride. After cooling to room tem- 
perature the solution was dccanted from a small amount 
of a tarry material which settled at the bottom and the 
solvent was removed by distillation itr vacrro. The residue 
was crystallized by treatment with methanol and purified 
by recrystallization from aqueous methanol; 4 g (76%) 
of product melting at 99' were obtained. 

Anal. Calcd. for C16HllC1N202: C, 64.33; H, 3.71; 
Cl, 11.87; N, 9.38. Found: C, 64.41; H, 3.47; Cl, 12.10; 
N, 8.96. 

l-Metlzyl-3,4-~iilzydroxy-3-plretryl-6-chloro-1,2,3,4- 
tetr-nlrydroquitioline-2-one (3 )  

To a solution of 1 (3 g, 0.01 mole) in methanol (100 ml) 
was added a solution of sodium borohydride (0.2 g, 
0.005 mole) in water (10 ml) and the mixture was left 
standing overnight at room temperature. After dilution 
with water the reaction product was extracted into 
chloroform, the solvent was rcmoved by distillation itr 
vacuo, and the residue was crystallized from methanol- 
ether mixture. The pure product (2 g, 66 %) had a m.p. of 
194". 

Anal. Calcd. for C16HI4C1No3: C, 63.27; H, 4.65; C1, 
11.67; N, 4.61. Found: C,  63.09; H, 4.21; C1, 11.73; 
N, 4.63. 

2-(N-Metlryl) -be~1zoylforrnatnirlo-5-clrlorobetrzalclelr~~de 
( 14) 

A solution of 3 (5 g, 0.0164 mole) and periodic acid 
(3.8 g, 0.0166 mole) in 90% ethanol (110 ml) was stirred 
at room temperature overnight. After dilution with water, 
the reaction mixture was extracted with chlorofoml, the 
solvent was distilled off fir vacrto, the residue was treated 
with decolorizing carbon in boiling acetone solution, 
filtered, acetone removed by distillation itr vacrro and the 
product crystallized from ether-hexane mixture. The yield 
was 2.85 g (5770, m.p. 80-82". 

Anal. Calcd. for C ~ ~ H I ~ C ~ N O ~ :  C, 63.69; H, 4.01; C1, 
11.75; N, 4.64. Found: C, 63.77; H, 3.98; C1, 11.88; 
N, 4.59. 

l-Metlryl-3-lrydrox~~-3-plre11yl-4-itnitro-l,2,3,4-tetralrydro- 
qrtinolitre-2-one ( 4 )  

A solution of 1 (5 g, 0.0167 mole) in a mixture of 
methanol (200 ml) and dimethylformamide (25 ml), con- 
taining a few drops of triethylamine was saturated with 
ammonia gas and left standing overnight at room 
temperature. The product separated in crystalline form 
and was collected by filtration (3 g). The filtrate was 
evaporated to dryness in vacuo and a second crop (1 g) 
was collected, giving a total yield of 80%. The analytical 
sample had a m.p. of 220-221" after recrystallization 
from dimethylformamideether mixture. 

Anal. Calcd. for C16H13C1N202: C, 63.90; H, 4.35; 
C1, 11.79; N, 9.32. Found: C, 63.66; H, 4.31; C1, 11.86; 
N, 9.35. 

3-Ifycil.oxy-3-phenyI-6-clrIoro-4-itnitro-l,2,3,4-tetralryciro- 
qrritrolitre-2-otre (12) 

A solution of 11 (2 g, 0.69 mole) in methanol (200 ml) 
containing a few drops of triethylamine was saturated 

with ammonia gas and left standing at room temperature 
overnight. The solvent was removed by distillation in 
vaclro and the residue triturated with ether. The crystal- 
line product was purified by crystallization from dimethyl- 
formamideether to a m.p. of 190-192' (decomp.); yield, 
1.4 g (70%). 

Anal. Calcd. for C15HllC1N?02: C, 62.83; H, 3.87; 
Cl, 12.37; N, 9.77. Found: C, 62.81; H, 3.91; C1, 12.51; 
N, 9.63. 

Thiaoxazole 5 
A solution of 4 (0.75 g, 0.0025 mole) and thionyl 

chloride (6 ml) in dry benzene (50 ml) was kept under 
reflux for 3 h. The solvent was removed by distillation LZ 
vacrro and the residue triturated with ether. The crystal- 
line product was collected by filtration and purified by 
crystallization from benzene, m.p. 229-230', yield 0.7 g 
(81 %). 

Anal. Calcd. for CI6H~1C1N203S (n101. wt., 346.79): 
C, 55.42;H, 3.20; Cl, 10.22; N, 8.08; S, 9.24. Found (mol. 
wt., 301.5): C, 55.33; H, 3.46; CI,9.92; N, 8.08; S, 9.20. 

l - M e t l z y 1 - 3 - a c e t o x y - 3 - p l r e t i y l - 6 - c l r l o ~ o -  
quitrolitze-2,4-diotre (6) 

A solution of 1 (2 g, 0.00665 mole) in acetic anhydride 
(10 ml) containing anhydrous sodium acetate (1 g) was 
refluxed for 1 h. After cooling to room temperature some 
methanol was added in order to destroy the unreacted 
anhydride, the reaction mixture was diluted with water 
and the crystalline precipitate collected by filtration. The 
product was purified for analysis by crystallization from 
ether, m.p. 150-152", yield 2 g (88 %). 

Anal. Calcd. for C18H14C1N04: C, 62.89; H, 4.10; 
C1, 10.31; N, 4.08. Found: C, 63.11; H,  4.29; C1, 10.27; 
N, 3.95. 

l-Metlryl-3,6-diclrloro-3-phe1ryl-l,2,3,4-tetrnlryclro- 
quitrolitre-2,4-dioiorre (7) 

A mixture of 1 (1.5 g, 0.005 mole) and thionyl chloride 
(6 ml) in dry benzene (30 ml) was kept under reflux for 
3 h. The solvent and the excess of thionyl chloride were 
distilled itr vacuo and the residue was purified by crystal- 
lization from ether, then from methanokther mixture; 
yield 0.7 g (43 %), m.p. 228". 

Anal. Calcd. for CI6Hl1C12NO~: C, 60.02; H, 3.46; 
Cl, 22.15; N, 4.37. Found: C, 59.84; H,  3.49; C1, 22.36; 
N, 4.22. 

2-(N-Metlryl) berrzoylforn7nn1ido-5-clrlorobenzoic Acid (8n) 
To a solution of 1 (5 g, 0.0167 mole) in ethanol (150 ml) 

was added a solution of periodic acid (3.8 g, 0.0167 mole) 
in water (10 ml) and the reaction mixture stirred at room 
temperature overnight. The product precipitated in crys- 
talline form after dilution with water. It was collected by 
filtration and purified by crystallization from acetone- 
bcnzene mixture; yield 5 g (96%), m.p. 204". 

Anal. Calcd. for CI6H12C1N04: C, 60.48; H, 3.80; C1, 
11.16; N, 4.41. Found: C, 60.50; H,  4.08; C1, 11.20; 
N, 4.14. 

The same product was also obtained by condensation 
of 2-methylamino-5-chlorobenzoic acid with the chloride 
of benzoylformic acid in the following way. 

A solution of 5-chloroanthranilic acid (0.G g, 0.0035 
mole) in glacial acetic acid (10 ml) containing dimethyl 
sulfate (0.54 g, 0.0043 mole) was heated under reflux f o r  
4 h. The acetic acid was removed by distillation itr vacrro 
and the oily residue treated with water. The crystalline 
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2-methylamino-5-chlorobenzoic acid, which precipitated 
after some time, was collected by filtration and recrystal- 
lized from aqueous ethanol; yield 0.25 g (38.5%), m.p. 
172" (lit. m.p. 173" (3)). 

The above product (0.0013 mole) was dissolved in dry 
chloroform (20 ml) containing the chloride of benzoyl- 
formic acid (0.23 g, 0.0013 mole) and tlie solution heated 
under reflux overnight. The solvent was removed by 
distillation Bz vacuo, the oily residue was dissolved in 
dilute aqueous sodium hydroxide, the insolubles were 
removed by filtration, and the filtrate acidified with dilute 
hydrochloric acid. The crystalline precipitate was col- 
lected by filtration and purified by crystallization from 
acetone-benzene mixture. The yield was 0.05 g (1 1.6 %), 
m.p. 204 "C. This melting point was not depressed on 
admixture of 8a and infrared spectra of these two prod- 
ucts were superimposable. 

2-Be~~zoylforrnamido-5-chlorobenzoic Acid (8b) 
A solution of 11 (10 g, 0.033 mole) and periodic acid 

(8 g, 0.035 mole) in 90% ethanol (400 ml) was stirred at 
room temperature overnight. The product which sepa- 
rated as a crystalline precipitate was collected by filtration 
and the filtrate was diluted with water, whereby more of 
the product precipitated. The combined crops were 
purified by crystallization from acetone. The yield was 
9.5 g (95 %), m.p. 259-261". 

Anal. Calcd. for Cl5HloClNO4: C, 59.31; H,  3.32; 
C1, 11.68; N, 4.61. Found: C, 59.14; H, 3.50; C1, 11.80; 
N, 4.86. 

The same product was also obtaincd in the following 
way. A mixture of 5-chloroanthranilic acid (2.57 g, 0.015 
mole) and benzoylformyl chloride (2.52 g, 0.015 mole) 
in chloroform-dimethylformamide (50 ml and 25 nll 
respectively) was kept refluxing for 4 h. Some undissolved 
material was removed by filtration, chloroform was 
distilled from the filtrate in vacno, and thc remaining 
solution was diluted with water. The crystalline precipi- 
tate was collected by filtration and recrystallized from 
acetone. The yield was 0.95 g (21 %). This product was 
found identical with 8b by determination of its m.p., 
mixture m.p., and by comparison of infrared spectra. 

2-(N-Methyl)-phenylglycolylamido-5-chlorobe1izoic Acid 
(9)  

To a solution of 8a (5 g, 0.0157 mole) in methanol 
(200 ml) was added some sodium bicarbonate and then a 

solution of sodium borohydride (0.32 g, 0.008 mole) in 
water (20 ml). After 3 h standing at room teniperature the 
reaction mixture was diluted with water, acidified with 
hydrochloric acid, and extracted with chloroform. The 
solvent was distilled bi vac~~o and tlie residue was 
dissolved in toluene. After a few hours refluxing the 
solution was cooled to room temperature, whereby the 
acid separated in crystalline form. It was collected by 
filtration and purified by crystallization from acetone- 
benzene mixture; yield 2 g (40%), m.p. 187-189". 

Anal. Calcd. for C16H14C1N04: C, 60.10; H, 4.41; 
C1, 11.09; N, 4.38. Found: C, 59.91; H, 4.30; C1, 11.20; 
N, 4.45. 

I-Methyl-3-plre1~yl-7-chloro-4,I-be1rzoxazepi1re-2,5-dio1~e 
(10) 

The toluene filtrate from the above experiment was 
evaporated to dryness ill vacuo and the residue was 
triturated with benzene. The crystalline product was 
collected by filtration and purified by crystallization from 
acetone-benzene mixture; yield 1 g (21.4%), m.p. 
220-222". 

Anal. Calcd. for C16HlzC1NO~ (mol. wt., 301.73): C, 
63.69; H,  4.01; C1, 11.75; N, 4.64. Found (mol. wt., 
276.4): C, 63.89; H,4.29; C1, 12.13; N, 4.83. 

The same lactone was obtained in 73% yield when 9 
(13 g, 0.046 mole) was refluxed overnight in toluene (150 
ml) in the presence of p-toluenesulfonic acid (3 g) with 
azeotropic removal of water. The identity was established 
on the basis of m.p., mixture m.p., and infrared spectra. 
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Kinetics of the chromic acid oxidation of alcohols in aqueous acetone solutions 

DONALD G. LEE,' WILLIAM L. DOWNEY, AND R. MICHAEL MAASS 
Departr?zer~t of C/~er?iistry, Pacific Lutherarz Ut~iversity, Tacorna, Washirigtoti, 98447 
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The rate law for oxidation of 2-propanol by chromic acid in aqueous acetone solutions has been 
found to be V = k3 [Cr(VI):I[2-propanollho, with the magnitude of k3 being over 700 times as great 
in 93.3% acetone as it is in water. In other respects (primary deuterium isotope effect, Hammett "rho" 
value, and salt effects) the general features of the reaction strongly resemble those observed in aqueous 
acetic acid solutions. 

Canadian Journal of Chemistry, 46, 441 (1968) 

Introduction The observation of a kinetic i so to~e  effect. 

Acetone was first used as a solvent for chromic 
acid oxidations by Jones and his co-workers in 
the preparation of unsaturated ketones from the 
corresponding unsaturated secondary alcohols 
(1). Since then this reaction, which is now 
commonly referred to as the Jones oxidation, has 
also been used in the preparation of cyclic (2), 
bicyclic (3), and, steroidal ketones (4). Part of 
the success of the reaction lies in the rapidity 
with which chromium(V1) reacts under these 
conditions. In fact, the reaction is so facile that 
alcohols can often be titrated by dropwise 
addition of a solution of chromium trioxide in 
aqueous sulfuric acid to an acetone solution of 
the alcohol. 

Despite the extensive use that has been made 
of this procedure and the apparent unanimity 
that the reaction is particularly fast, a search of 
the literature revealed that no kinetic or mech- 
anism studies had been conducted for chromic 
acid oxidations in aqueous acetone solutions. 
Moreover, it appeared as if a kinetic study in this 
solvent might prove helpful in arriving at a more 
thorough understanding, of the accelerated rates 
which i r e  also obtainued when chromic acid 
oxidations are carried out in aqueous acetic acid 
solutions. This latter reaction has been exten- 
sively studied and is known to proceed via the 
following sequence (5). 

[ I ]  HCr04-  + HsO+ + H2Cr04 + H 2 0  

[2] H2Cr04  + RzCHOH S R2CHOCr03H + H 2 0  

[31 R2CHOCr0,H -> RzCO + Cr(1V) 

[4 1 Cr(1V) + Cr(V1) -> 2 Cr(V) 

[5] 2 Cr(V) + 2R2CHOH + 2 Cr(II1) + 2 R 2 C 0  

'Author to whom inquiries should be sent at the 
Department of Chemistry, University of Saskatchewan, 
Regina Campus, Regina, Saskatchewan. 

k,/k, = 7, for the oxidation of 2-propanol-2-d 
in aqueous and acetic acid solutions has estab- 
lished that decomposition of the chromate ester 
(step [3]) is rate determining. However some 
uncertainty still exists as to the exact details of 
this step. Both an open chain mechanism in 
which the carbon-hydrogen bond is cleaved by 
transfer of a proton to a base such as water and a 
cyclic mechanism with internal transfer of hydro- 
gen have been suggested. Stewart and Wiberg 
have discussed the relative merits of the two 
mechanisms (6). 

In 86.5 % acetic acid the rate of oxidation of 
2-propanol is 250 times as fast as in aqueous 
solutions of the same acidity (5a). However it has 
not been possible to determine definitely if this 
acceleration is due to a shift to the right in 
equilibria [I] and [2], or to formation of an 
acetylchromate species (AcOCr0,H) which 
would presumably be a more vigorous oxidant 
(7). In acetone solutions the formation of such an 
acetylchromate species is precluded and any rate 
enhancement observed must be attributed to 
other causes. 

Experimental 
Acetone was purified by refluxing over potassiuni per- 

lnanganate for one week followed by distillation from 
anhydrous potassium carbonate through a45-cm Vigreaux 
column (8). The fraction boiling at  55.8-56.0' was 
collected and stored in a glass vessel until used. 

Perchloric acid (Baker analyzed reagent, 70-72%) was 
diluted with distilled water, standardized with I M NaOH, 
and used without further purification. 

Chromium(V1) solutions were prepared by dissolving 
weighed amounts of potassiun~ dichromate (Baker 
analyzed reagent, primary standard) in distilled water. 

Solutions of sodium chloride, sodium perchlorate, 
sodium nitrate, and chromiuni(II1) perchlorate were 
prepared by dissolving weighed amounts of these coni- 
mercially available compounds in distilled water. 
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Time (min) 
FIG. 1. Typical pseudo first order rate plots for oxidation in 15.2% acetone (top) and 61.7 % acetone (bottom). 

2-Propanol was distilled from calcium oxide through a 
45-cm Vigreaux column and a small middle fraction 
boiling at  82.0-82.1' was collected for use in the kinetic 
runs. 

2-Propanol-2-d was prepared by the method of Leo and 
Westheimer from acetone and lithium aluminium deu- 
teride and was purified by use of vapor-phase chroma- 
tography (9). 

4-Chloro-Znitroaniline and o-nitroaniline were ob- 
tained commercially and recrystallized repeatedly from 
ethanol until constant melting points, in agreement with 
the literature values, were obtained (lOa, b). 

Phenylmethylcarbinol was purified by column chroma- 
tography (neutral alumina) in order to eliminate traces of 
a carbonyl impurity that could be detected spectro- 
metrically in the commercially available material. The 
column was eluted in turn with petroleum ether, 50% 
benzene - petroleum ether, and pure benzene. Evapora- 
tion of the benzene eluant gave a product which distilled 
at  104.0°/18 mm (lit.; 100" a t  18 mm (10c)) and which 

showed no carbonyl absorption in its infrared spectrum. 
p-Tolylmethylcarbino1 was prepared by lithium alu- 

minium hydride reduction of the corresponding ketone, 
p-methylacetophenone, giving 80% of impure p-tolyl- 
methylcarbinol boiling at 116119" at  19 mm (lit.; 120°/ 
19 mm (10d)). This material, after purification by column 
chromatography on alumina as for the phenylmethyl- 
carbinol, gave a carbonyl-free product distilling at  
104.0-104.2" at  8 mm (lit.; 102" at 8 mrn (11)). 

p-Methoxyphenylmethylcarbinol was also prepared by 
lithium aluminium hydride reduction of the correspond- 
ing ketone, p-methoxyacetophenone. The yield was 74 % 
of crude material boiling at  104-105° at  2.7 mm. Chroma- 
tographic purification gave a carbonyl-free product dis- 
tilling at  106.8-107.0' at  3 mm (lit.; 104" at 3 mm (11)). 

p-Chlorophenylmethylcarbinol was prepared by react- 
ing methylmagnesium iodide with p-chlorobenzaldehyde 
in a typical Grignard synthesis. After hydrolysis with 
dilute HC1 and thorough washing with aqueous sodium 
bisulfite, the reaction mixture gave a 70% yield of crude 
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Time (min 1 
FIG. 2. Typical pseudo first order rate plot for oxidation in 92.2% acetone. 

material which could be purified by distillation at reduced 
pressure; b.p. 64.0-64.1' at 0.3 mm (lit.; 90' at 2.5 inm 
and 81-86" at 1 min (1 1, 12)). 

p-Nitropl~enylmethylcarbinol was prepared from the 
corresponding ketone, p-nitroacetophenone, by Meer- 
wein - Pondorf - Verley reduction using the procedure of 
Wilds (13). The yield was 15% of material boiling at 
10&108"/0.3 mm. Chromatographic purification gave a 
ketone-free product which distilled at 110.6" at 0.4 mm 
(lit.; 161-163" at 4 mmand 158" at 16 n1n1 (14, 10e)). 

p-Naphthylmethylcarbinol was also prepared from the 
corresponding ketone, 2-acetonaphthone, by Meerwein - 
Pondorf - Verley reduction. Recrystallization of the prod- 
uct from aqueous ethanol gave a 96% yield of material 
with n1.p. 71.0-71.5" (lit.; 71-72" (10f)). 

Kinetic Methods 
All kinetic measurements were made, as previously de- 

scribed, using a Beckman model DU spectrophotonleter 
fitted with a thermostated cell colnpartment (15). Since 
chron~ic acid is known to attack slowly ketones the rate 
of disappearance of chromium(V1) due to solvent oxida- 
tion was routinely determined for each set of conditions 

used and the rate constants were corrected for these 
blanks. In the majority of runs these corrections were 
small (0-579 and in no instance were they greater than 
1 7  o /  
12 /o.  

As indicated in Fig. 1, those solutions containing 0-70 % 
acetone gave good pseudo first order rate plots up to  at 
least 80 % completion of the reaction. However, the plots 
obtained from solutions containing greater than 70% 
acetone and in particular those with greater than 90% 
acetone exhibited a slight upward curvature, i.e. the rate 
of reaction appeared to decrease slightly as the reaction 
proceeded. (See Fig. 2.) This decrease was not associated 
with a depletion of oxygen in the cell as the reaction pro- 
ceeded; solutions flushed with nitrogen exhibited the same 
curvature and gave the same rates within about 3% as 
those solutions not flushed. Some of the rate decrease 
probably can be attributed to formationof achromium- 
(111) oxy anion which could complex chromi~im(V1) as 
many other anions do (15). A slight decrease in rate was, 
in fact, observed when the reaction was carried out in the 
presence of cl~ro~niun~(III) perchlorate, but the curvature 
of the rate plot remained about the same even in the 
presence of an excess of this salt. It is, however, possible 
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2 0  40 60 80 
W t  O/O Acetone 

FIG. 3. Acidities of aqueous acetone solutions: (>,0.883 M HCIO,; 0, 0.0883 M HCIO,; e, 0.1 M HCI (18). 
FIG. 4. Harnmett plot for the oxidation of substituted phenylrnethylcarbinols in 93% acetone. p = -1.16, r. = 

-0.984, s = 0.0862. 

that the decrease in rate might be caused by cornplexing 
between chromium(V1) and one of the intermediate 
chromium(1V) or chromium(V) species. In any event, 
the effect of this phenomenon on the rate constants re- 
ported in this paper was minimized by consistently draw- 
ing the best straight line through the first half-life of the 
reaction. In this way the rate constants could be repro- 
duced with good precision. All rate constants reported in 
this paper, except those in Tables I and 11, are the average 
of two or more determinations with a deviation from the 
mean of less than f 3 %. 

As Fig. 2 also illustrates, the plots obtained in greater 
than 70% acetone failed to extrapolate back through the 
initial point corresponding to the optical density of the 
solution before alcohol was added. In  all probability this 
is due to formation of an intermediate chromate ester with 
a higher extinction coefficient than chromic acid. Such 
observations have previously been made during chromic 
acid oxidations in 97% acetic acid and in concentrated 
aqueous sulfuric acid solutions, and have been thoroughly 
discussed elsewhere (5d, 16) 

TABLE I 
Variation in rate with changes in the concentration* of 

chromium(V1) 

Aciclity Meas~rrements 
Acidities of the aqueous acetone solutions were deter- 

mined by use of the indicators, o-nitroaniline, and 4- 
chloro-2-nitroaniline, (17). A plot of acidity against solvent 
con~position at two concentrations of perchloric acid 
(0.883 M and 0.0883 M )  is given in Fig. 3. For the pur- 
poses of conlparison the plot for 0.1 M HCI, which had 
previously been determined by Braude and Stern, is also 
included (1 8). 

Results and Discussion 
Rate Law 

In establishing the rate law for this reaction it 
was necessary to determine the order with respect 
to the acidity of the solution and with respect to  
the concentrations of chromium(V1) and-2-pro- 
panol. This was done by changing in turn each 
of the three variables while holding the other 
two constant. The results obtained from these 
experiments are presented in Tables I, 11, and 
111. As indicated by the constancy of the values 
given in the last column of each table, the 
reaction is first order in chromium(VI), 2-pro- 
panol, and acidity, and hence the rate law is 
V = k3 [Cr(VI)] [2-propanollho. 

Isotope Effects 
A comparison of the rate of oxidation of 

2-propanol and 2-propanol-2-d at two different 
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TABLE I1 

Variation in rate with changes in the concentration* of 2-propanol 

k, = 
k 1 

k16-l) 
(]/mole s) 

12-Propanoll (M) % acetone [2-Propanol] 

*[Cr(VI)] = 9.77 x lo-" M, [HCIO,] = 8.83 x IW'M, T=25'. 

TABLE I11 
Variation in rate with changes in acidity* 

[HClO,] (M) H o  % acetone kl(s-') log k2 = log k ,  + Ho 

solvent compositions (65.2 and 92.4% acetone) probable that the mechanism is the same in both 
indicated, in agreement with the results obtained media. 
in aqueous and acetic acid solutions, that the TABLE V 
rate-determining step is 'leavage of the a- Oxidation of phenylmethylcarbinols in 93 % acetone* 
carbon-hydrogen bond. The results are pre- 
sented in Table IV. Alcohol [Alcohol] (M) k2(l/mole s) 

TABLE IV p-Methoxyphenyl- 
methylcarbinol 3.55 x lo-' 1.28 x 10-I 

Primary deuterium isotope effects* p-Tolylmethyl- 
carbinol 5.86 x 7.76 x 

% kz(H) kz(D) kZ(H) Phenylmethyl- 
acetone (l/mole s) (l/rnole s) carbinol 6.82 x lo-' 3.94 x lo-, 

k2(D) j3-Naphthylmethyl- 
65.2 3.68 x 4.82 x 7.6  carbinol 6.50 x 3.54 x lo-' 
92.4 9 . 5 5 ~ 1 0 - ~  1 . 4 6 ~ 1 0 - ~  6.5 p-chlOrOphenyl- 

methylcarbinol 6.00 x lo-' 2.79 r lo-' 
*[HCIO,] = 8.82 x lW* M. (2-Propanoll = 0.216 M, T = 25O p-Nitrophenyl- 

methylcarbinol 1.23 x 10-I 6.62 x 

Substituent Effects 
The effect of substituents on the rate of oxi- 

dation in 93 % acetone was determined by the use 
of a series of substituted a-phenylethanols. The 
results are given in Table V, and Fig. 4 shows a 
Hammett plot for the reaction. The "rho" value, 
-1.16, obtained by drawing the best straight 
line as determined by the least squares method, is 
similar to that reported for this reaction in 
aqueous acetic acid solutions, - 1 .O1 (5b, cl), and 
since a normal primary deuterium isotope effect 
was also obtained in both solvents, it is very 

Effect of Solvent Composition on Rates 
The rate constants obtained for oxidation of 

2-propanol in aqueous acetone solvents varying 
from 0 to 95.7% (by weight) acetone are 
presented in Table VI. A plot of k,(k2 = k,/ 
[2-propanol]) against solvent composition indi- 
cates that the rates increase markedly in solvents 
composed largely of acetone (see Fig. 5). How- 
ever the acidities of solutions containing high 
percentages of acetone also increase sharply 
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FIG. 5. Variation in IcZ with solvent composition. 

(Fig. 3), and at least part of the rate increase is a 
consequence of the higher acidities. As indicated 
in Fig. 6, a plot of log lc3(lc3 = k2/lzo) against 
acetone concentration is approximately linear. 

TABLE VI 
Effect of solvent composition on rate constants* 

% 
acetone Ho Ic2(l/mole s ) i  3 -k log k3t  

The third order rate constants are over 700- 
fold greater in 93.3% acetone than those ob- 
tained in aqueous solutions. This is a rate in- 
crease comparable to that observed in 86.5% 
acetic acid solutions (5a). Moreover the rate in- 
crease in acetone solutions cannot be attributed 
to formation of a more reactive acetylchromate 
species, as is possible in acetic acid solutions (7). 
In light of the results previously presented, which 
have all tended to indicate that the reaction 
mechanisms are similar, it follows that the rate 
increase observed in both solvents as the water 
content decreases is likely due to a shift in 
equilibria [I] and [2], and perhaps to an 
increase in the rate of decomposition of the 
chromate ester if this step takes place via a cyclic 
transition state. Decomposition by a transfer of 
a proton to an external base would be more 
difficult in nonpolar solutions since it results in 
the formation of ions, i.e. 

On the other hand, an internal cyclic transfer of 
electrons would not be retarded by use of a less 
polar solvent since no ionic products are formed 
and a large charge separation need not develop 
in the transition state. 

Effect of Added Salts 
The rates of reaction were also determined in 

92.2 % acetone solutions containing variable 
amounts of potassium chloride, sodium nitrate, 
sodium perchlorate, and chromium(111) per- 
chlorate. The results are presented graphically in 
Fig. 7. The near constancy of the rates obtained 
in the presence of sodium perchlorate indicates 
that the reaction is not sensitive to changes in the 
ionic strength of the solvent, while the small but 
definite decrease in the presence of chromium- 
(111) perchlorate indicates that chromium(111) 
ions retard the rate of reaction under these 
conditions. This may at least partly explain, as 
described in the Experimental section of this 
paper, the decrease detectable when the rates are 
followed until nearly all of the chromium(V1) 
has reacted. 

It remains then to explain the opposite effects 
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Acetone 
FIG. 6. Variation in k3 with solvent con~position. 

of chloride and nitrate ion on the rates of 
reaction. Retardation of the reaction rates in the 
presence of chloride ion has also been observed 
in acetic acid and trifluoroacetic acid solutions, 
and spectroscopic evidence has indicated the 
formation, in both solvents, of a new chromium- 
(VI) species produced by incorporation of a 
chloride ligand (5a, 19). In acidic aqueous solu- 
tions both kinetic and spectroscopic evidence 
indicates that chromium(V1) combines with 
anions to form compounds of the type 
HOCrO,A, where A is an anion ligand (15). 
Thus in the presence of chloride ion the active 

0 
I I 

oxidant becomes HOCrC1, while in the presence 
I I  

spectral and rate changes were obtained in the 
present work when chloride ion was added to a 
dilute solution of chromium(V1) in 92.2% 
acetone, it is likely that the same species are 
formed in this solvent. 

The lower rate of reaction caused by attach- 
ment of a chloride atom to the chromium sug- 
gests that it acts as an electron donating ligand, 
i.e. chromium(V1) is partly reduced by transfer 
of electronic charge from one of the non- 
bonding orbitals of chlorine. 

The nitrate ligand could, however, withdraw 
electrons from the chromium, thus creating a 
more active oxidant. 

I I - 
0 0 

of nitrate ion it is HOCrONO,. Since similar 
0 

I I I I +/  
I1 HOCr-0-N H HOCr-0-N 

I I 
I 0  

II 
0 0 0 \o 
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[salt] ( ~ ~ 1 0 ~ )  
FIG. 7 .  Salt effects in 92.2% acetone solutions. 
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Reagent effects on distribution of methylsulfonylethyl substituents in the 
D-glncopyranosyl unit of cotton cellulose1 

STANLEY P. ROWLAND, AUSTIN L. BULLOCK, VIDABELLE 0. CIRINO, AND CLINTON P. WADE 
Sorctl~errt Regiorzal Research Laboratory, Southern Utilizatiorz Research and Developmerzt Division, Agricultlrral 

Research Service, United States Department of Agriculture, New Orleans, Louisiana 
Received September 25, 1967 

The distribution of n~ethylsulfonylethyl substituents at the 2-0-, 3-0-, and 6-0-positions of the 
monosubstituted D-glucopyranosyl unit of cotton cellulose was found to be a function of the specific 
reagent and the reaction conditions. The distribution is dependent upon the extent to which rate or 
equilibrium of reaction at the individual hydroxyl groups is the controlling factor. Under conditions 
which approach equilibrium in the reaction of methyl vinyl sulfone with cotton cellulose, the ratio 
of 2-0- to 6-0-substitution is 0.14:l.O. A variety of precursors for methyl vinyl sulfone (i.e., 2-(methyl- 
sulfony1)-ethanol, [2-(methylsulfonyl)ethyl]pyridinium chloride, 2-bromoethyl methyl sulfone, and 
his-[2-(methylsulfonyl)ethyl]ether) react with cotton cellulose under non-equilibrium conditions to 
generate ratios of 2-0- to 6-0-substitutions as high as 0.44:l.O. The effect of diffusion of reagents into 
the cotton fiber upon the distribution of substituents is clearly evident in these reactions. Specific modi- 
fications of the process of reaction of methyl vinyl sulfone or 2-(methylsulfony1)ethanol with cotton 
cellulose yield ratios of substituents in the 2-0- to 6-0-positions as high as 0.8:l.O; this ratio is similar 
to those which characterize certain rate-controlled Williamson etherification reactions with cotton 
cellulose. 
Canadian Journal of Chemistry. 46,451 (1968) 

Introduction 

An interest in the chemistry of the crosslinking 
of cotton cellulose led us to an investigation of 
the effect of the specific reagent employed for 
introducing the metl~ylsulfonylethyl group upon 
the distribution of these substituents in the D- 
glucopyranosyl unit of cotton cellulose. Methyl 
vinyl sulfone and a variety of precursors for 
methyl vinyl sulfone were employed as analogues 
of crosslinking agents (1, 2). 

Several studies (3-5) of the modification of 
cotton cellulose have been conducted with a 
variety of activated vinyl compounds (and their 
saturated analogues), including vinyl sulfones 
and their precursors that differ from those em- 
ployed in this study only in polyfunctionality. 
However, it is only recently (6) that techniques 
have been established for determining accurately 
the distribution of these substituents that are 
present at low degrees of substitution in chemi- 
cally modified cotton celluloses. In that study, 
the distribution of methylsulfonylethyl substit- 
uents in the 2-0-, 3-0-, and 6-0-positions of the 
monosubstituted D-glucopyranosyl unit of cot- 
ton (from reaction of methyl vinyl sulfone cata- 
lyzed by aqueous base to a degree of substitu- 
tion of 0.11) was indicated to be in the ratio of 
0.20 :0.03 :1.00. 

'Presented in part at the 153rd meeting of the American 
Chemical Society, April 1967, Miami Beach, Florida. 

Touzinsky (7) using a closely related system 
allowed acrylamide to react with cotton linters 
in the presence of sodium hydroxide to a degree 
of substitution of 0.8. From analysis of the mole 
fractions of unsubstituted, mono-, di-, and 
trisubstituted glucose units, he deduced mathe- 
matically the relative equilibrium constants to  
be 9: 1 :19 (i.e., 0.47:0.05:1.00) for reactions at 
the 2-0-, 3-0-, and 6-0-positions. 

Results and Discussion 

The Reaction of Methyl Vinyl Sulfone with 
Cotton Cellulose 

In this study, major interest lies in reactions 
carried to degrees of substitution in cotton cellu- 
lose that are generally encountered with cross- 
linking agents. At conventional levels of various 
polyfunctional agents (2-15 % add-on), the 
apparent maximum degree of substitution could 
be as high as 0.5. In view of the multitude of 
structures that can develop in addition to the 
"simple" crosslink, it is likely that the maximum 
degree of substitution does not exceed 0.2. As a 
result of reactions of methyl vinyl sulfone (1) 
with cotton cellulose to degrees of substitution 
of 0.1 1 and 0.33, the mono-0-(methylsulfonyl- 
ethyl)-D-glucopyranose fraction constituted 95 
and 81 mole percentages, respectively, of the 
substituted glucoses. Thus, the major portion of 
the product can be assessed by the distribution 
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TABLE I 
Methylsulfonylethyl celluloses 

Distribution of 
Reagent systema substituentsd 

Reaction Degree of Crystallinity 
No. Sulfone Catalyst conditionsb substitutionC 2-0- 3-0- indexe 

1 (20) OH- (10s) 
1 (20) OH- (10s) 

25", 1 h 
as #l  : triple 

treatment 
25", 1 h 
as 153 : double 

1 (20) OH- (23s) 
1 (20) OH- (23s) 

treatment 
as #3: triole 1 (20) OH- (23s) 

treatment 
1 (20) OH- (10s) 

OH- (10s) 
) OH- (10s) 

1 (100) OH- (10s) 

25", 24 h 
140°, 5 rnin 
25", 1 rnin 
25", 7.5 rnin 
25". 15 rnin 1 iiooi OH- i ios i  

1 iiooi OH- i ios j  25": 30 rnin 
1 (iooj OH- ( ios j  
1 (100) OH- (10s) 
1 (100) OH- (10s) 
2 (12) c o , =  (2) 

25", 60 min 
25", 24 h 
25", 72 h 
148", 3 ~ n i n  

2 (20) OH- (2) 
(single solution) 
2 (12) OH- (2) 
(single solution) 
2 (12) OH-(10s )  
2 (20) OH- (5) 
(single solution) 

148", 3 rnin 

148", 3 rnin 

140°, 5 rnin 
140°, 5 rnin 

3 (50)f OH- (5) 
3 (50)f OH- (5) 
3 (50If OH- (5) 
3 (50V OH- (5) 

25", 1 rnin 
25", 30 rnin 
25", 60 rnin 
25", 17 h 
140°, 5 rnin 4 (20j co3= ( 5 j a  

(single solution) 
5 ( 2 0 )  O H - ( 5 )  
(single solution) 

5 (20) co3= (5) 
(single solution) 

140°, 5 rnin 

140". 5 min 

1 (20)" OH- (10s) 
2 (20)' OH- (5) 
(single solution) 

140°, 5 min 
140°, 5 min 

- 

O1 = methyl vinyl sulfone; 2 = 2-(methylsulfonyl)ethanol: 3 = [2-(methylsulfonyl)ethyl]pyridinium chloride; 4 = 2-bromoethyl methyl 
sulfone; 5 = bis-12-(methylsulfonyl)ethyllether. Numbers in parentheses following the sulfone are the % concentrations of the reagent in the 
aqueous solutions. Catalysts were sodium hydroxide (OH-) or sodium carbonate (CO,=) and the numbers in parentheses following these 
designations indicate the "/ concentrations of the base. The sulfone and catalyst solutions were separate except where it is indicated that a 
"single solution" was emplbyed. "S" indicates that the solution of catalyst was saturated with sodium sulfate (to minimize extraction of the 
sulfone from the cotton cellulose). 

b"Double" or "triple" treatments started with the air-equilibrated fabric in each case. 
'Average number of  substituent groups per D-glucopyranosyl unit of the cotton cellulose based on sulfur content of the modified cotton. 
d~istr ibutions of methylsulfonylethyl substituents at the 2-0- and 3-0-positions of the D-glucopyranosyl unit relative to unity at  the 6-0- 

position for the mono-substituted glucose fraction. 
eCrystallinity Indices (CI) measured by x-ray diffraction and calculated by the method of Segal at a/. (8). The CI of unmodified cotton cellu- 

lose = 91. The values in parentheses are the ratios of  the intensities of the 101 and the 002 peaks of the x-ray diffractogram. The  former peak 
appears and this ratio increases as the crystalline lattice structure of the cellulose is modified by mercerization from lattice 1 to lattice I1 type. 
The small but regular changes in C I  of cotton cellulose during the course of one of these reactions is shown in curve C C  of Fig. 2. 

I ~ h e  cotton fabric impregnated with 3 was dried prior to contact with ca. 70% of the stoichiometric requirement of base in a minimum 
volume of solution. 

aPotassium bicarbonate was employed and the solution was warmed to maintain both the sulfone and the bicarbonate in solution. 
"Time elapsed between the individual steps (impregnation with the solution of sulfone, squeeze through rolls, impregnation with the solu- 

tion of base, squeeze through the rolls, and cure in the oven) was reduced to the minimum in these "piece operations." 
 he solutions of base and sulfone were mixed immediately prior to the impregnation of the fabric; subsequent steps of squeezing through 

rolls and inserting into the curing oven wcre conducted as rapidly as possible. 
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of isomers in the monosubstituted glucose 
fraction (6). 

Higher levels of methylsulfonylethyl substitu- 
tion in cotton obtained by repeated reactions in 
the conventional treatment of fabric (i.e., im- 
pregnation with the sulfone, impregnation with 
alkali, followed by cure) caused no change in 
distribution of substituents in the mono-0- 
(methylsulfonylethy1)-D-glucopyranose fraction 
(Table I: nos. 1 vs. 2, and 3 vs. 4 vs. 5). An 
increase in the concentration of the sodium hy- 
droxide catalyst from 10 % (nos. 1 and 2) to 23 % 
(nos. 3-5) changed the average ratio of substit- 
uents at the 2-0-, 3-0-, and 6-0-position from 
0.22 :0.04 : 1 .OO to 0.17 :0.03 : 1.00. This difference 
in relative substitution at the 2-0-position is 
beyond the range of experimental variation: the 
maximum variation in reproducibility of the 
ratio of isomers in the monosubstituted glucose 
fraction, as measured by gas-liquid chroma- 
tography and expressed in the usual terms, was 
+_ 0.02 : + 0.02 :0.00 ; the average variation was 
less than k0.01: + 0.01 :0.00. 

A notable difference between distributions 
of substituents from eqr~ilibrium-controlled 
Michael-type addition reactions and those from 
rate-controlled Williamson reactions is the higher 
proportion of substitution in the 2-0-position 
for the latter. Ratios of distribution of sub- 
stituents in the 2-0- and 6-0-positions from 
Williamson reactions have been reported to 
range from ca. 0.7-0.8 : 1.0 for etherifications of 
cellulose involving sodium chloroacetate (9) or 
sodium ally1 sulfate (10) to 2.5:l.O for the 
methylation reaction with methyl chloride (9). 
Data already cited (6) indicate a ratio of 
0.20:1.00 for the corresponding distribution of 
substituents resulting from the reversible reaction 
of methyl vinyl sulfone with cellulose; therefore, 
the substitution at the 2-0-position (relative to 
that at the 6-0-position) for the reversible 
reaction of methyl vinyl sulfone with cellulose is 
0.08 to 0.29 of that for the irreversible (rate-con- 
trolled) reactions. If this is a characteristic 
difference between equilibrium- and rate-con- 
trolled reactions of cellulose, then a higher 
relative level of reaction of methyl vinyl sulfone 
at the 2-0-position may reflect changes from 
equilibrium control toward rate control of the 
reaction. 

The product of reaction of cotton with methyl 
vinyl sulfone in a 24 h reaction period (no. 6) 

DEGREE OF SUBSTITUTION 

FIG. 1. The relationship between the ratio of 2-0- to  
6-0-substitution in the mono-0-(niethylsulfonylethyl)-D- 
glucopyranose fraction to the degree of substitution of 
the chenlically modified cellulose. The nun~bers refer t o  
experiments listed in Table I. 

showed a small but distinct difference from that 
product formed in a 1 h reaction period (no. 1). 
Thus, the former is a closer approach to equi- 
librium distribution of substituents: i.e., 0.14: 
0.05:l.OO. 

An attempt toward rate control in this reaction 
was made by shortening the reaction period to 
5 min and raising the temperature to 140°.2 The 
measured distribution of substituents (no. 7) was 
0.28 :O. 10: 1.00, showing significant increases at 
both the 2-0- and 3-0-positions. The differences 
in distribution of substituents at 2-0-position 
that result from different opportunities for the 
reaction to reach equilibrium are illustrated in 
the points connected by curve A of Fig. 1. The 
behavior noted thus far is indicative of a K2/K6 
r 0.14 (where K's denote equilibrium con- 
stants and the subscripts refer to the specific 
hydroxyl groups), but the results suggest that 
k2/k, >> 0.2S3 (where lc's denote forward rate 
constants for the reactions). 

In view of the foregoing results, products 
obtained in the earliest stage of reaction of 
methyl vinyl sulfone with the D-glucopyranosyl 

'The objective was to achieve, in a short reaction period, 
a degree of substitution sufficient for accurate nieasure- 
ment of the distribution of the niethylsulfonylethyl sub- 
stituents. 

jThe K2/KG is the ratio of 2-0- to 6-0-substitution at 
apparent equilibrium (no. 6). The kJkG is considered to  
be reflected in the ratio of 2-0- to 6-0-substitution to  
increasing extents as reaction conditions deviate the 
farther from equilibrium toward rate control. Thus, the 
2-0- to 6-0-substituent ratio of 0.28:1.00 (no. 7) reflects 
a degree of rate control and indicates that k2/k, is at 
least as high as 0.28. 
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FIG. 2. The effects of duration of reaction of methyl 
vinyl sulfone with cotton cellulose (nos. 8-14, Table I) 
upon the ratio of 2-0- to 6-0-substitution (curve AA), 
the degree of substitution (curve BB), and the crystallinity 
index (curve CC). 

unit would be expected to reflect the greatest 
extent of rate-controlled distributions of sub- 
stituents. The products actually obtained from 
cotton cellulose and methyl vinyl sulfone in 
reactions of 1-30 rnin duration (nos. 8-1 1) show 
progressive increase in the ratio of 2-0- to 6-0- 
substituents from 0.22 at 1 rnin to a maximum 
of 0.29 at 30 rnin (Fig. 1, curve B). Although 
the slight drop in this ratio at 60 min (no. 12) 
is within the experimental variability, it may 
indicate the beginning of progression toward 
the equilibrium distribution. As seen in Fig. 1, 
curve B, there is a relationship between the 
degree of substitutio~l and the ratio of 2-0- to 
6-0-substitution. This relationship is further 
illustrated in Fig.2, curves AA and BB: non- 
eauilibrium conditions of reaction result in a 
high degree of substitutio~l and a high ratio of 
2-0- to 6-0-substitution, whereas subsequent 
progression toward equilibrium is accompanied 
by decreases in both. 

The peak in the ratio of 2-0- to 6-0-sub- 
stitution in Fig. 2 is interpreted to be a conse- 
quence of diffusion-controlled penetration of the 
chemical agents into the cotton cellulose during 
the course of the reaction. In the initial phase 
of reaction (no. 8), the most accessible D-gluco- 
pyranosyl units of the fibrous microstructure of 
cotton cellulose undergo reaction and the ratio 
of the 2-0- to 6-0-substitution in these units 
approaches the equilibrium distribution. In the 

next phase (for example, no. 1 l), reagent diffuses 
to and reacts with additional D-glucopyranosyl 
units. The spectrum of distributions of sub- 
stjtuents at the 2-0-, 3-0-, and 6-0-positions 
ranges from near equilibrium distribution for the 
most accessible D-glucopyranosyl units to near 
rate-controlled distribution for the least acces- 
sible units; however, this intermediate phase 
reflects greater rate control than does the initial 
phase of the reaction. In the final phase of reac- 
tion (no. 14), all accessible regions of the polymer 
are reached by the reagents and equilibrium 
distribution of substituents results in all of the 
D-glucopyranosyl units. 

The average distribution of substituents in the 
incremental product formed between 1 and 30 
min of reaction is calculated to be 0.34:0.05:1.00 
(without correction for progression of the prod- 
uct formed during the 0-1 rnin period further 
toward an equilibrium distribution). Thus, the 
ratio of 2-0- to 6-0-substituents in the D-gluco- 
pyranosyl units which are least equilibrated is 
estimated to be substantially higher than 
0.34 : 1 .OO. 

The Reactions of Precursors of Metlzyl Vinyl 
Sulfone wit11 Cotton Cellulose 

2-Hydroxyethyl sulfones undergo the Michael- 
type addition reactions at elevated temperatures 
in the presence of base with the elimination of 
water (1 1, 12). 2-(Methylsulfonyl)ethanol (2), 
upon reaction with cotton cellulose at  140" via 
sodium carbonate or sodium hydroxide catalysis, 
yielded higher proportions of substitution in the 
2-0- and 3-0-positions than those that are 
characteristic of the equilibrium distribution 
(nos. 15-19 vs. 6 and 14). In the former cases, 
the distribution of substituents appears inde- 
pendent of the amount and strength of the base 
catalyst, but a relationship is evident between 
ratio of 2-0- to  6-0-substitution and the degree 
of substitution (Fig. I :  curve C). The result 
from the reaction of methyl vinyl sulfone with 
cellulose at  elevated temperature (no. 7) lies 
close to curve C. The relationship shown in 
curve C of Fig. 1 is similar to that previously 
noted for the products formed from the reaction 
of methyl vinyl sulfone in various periods a t  
room temperature (Fig. 1 : curve B). 
[2-(Methylsulfonyl)ethyl]pyridinium chloride 

(3) reacted with cotton cellulose at  25" in the 
presence of less than a stoichiometric amount 
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of base (ca. 70%) to yield a distribution of hydroxide or sodium carbonate, with the 
metl~ylsulfonylethyl substituents in the 2-0-, development of distributions of substituents 
3-0-, and 6-0-positions in the ratio of 0.44: (nos. 25 and 26) similar to those realized from 
0.03 : 1 .OO (no. 23). This reaction proceeds reactions of 2-(methylsulfonyl)ethanol. 
through elimination of pyridine hydrochloride, 
requiring an equivalent of base per 2-pyridin- 
iumethyl sulfone unit for generation of the vinyl 
sulfone (13, 14). The latter undergoes conven- 
tional Michael-type addition in the presence of 
catalytic amounts of strong base. In this specific 
reaction with cotton cellulose, the equilibration 
of distribution of the methylsulfonylethyl groups 
was arrested at a relatively high ratio of 2-0- to 
6-0-substitution: i.e., more characteristic of a 
rate-controlled distribution throughout the fi- 
brous cotton than achieved in the foregoing 
experiments. An insight into this reaction is 
gained from an examination of the course of 
the distribution of substituents in the cotton fiber 
as a function of time (nos. 20-23). As the solu- 
tion of strong base contacts and diffuses into the 
cotton that is impregnated with [2-(methylsul- 
fony1)ethyllpyridinium chloride, reaction occurs 
at the surface and equilibrium is reached rapidly 
in the presence of the local excess of free base 
(no. 20). With progression of the base to the 
less accessible regions of the fibers, the rate-con- 
trolled disposition of methylsulfonylethyl groups 
is equilibrated less rapidly (nos. 20 and 21); 
and toward the innermost regions of the fibers, 
even less equilibration of the distribution of 
substituents occurs as the base, present in less 
than stoichiometric amounts, is neutralized by 
the excess of the substituted pyridinium chloride 
(no. 23). The average distribution of substituents 
in the incremental product formed between 1 
and 17 h is calculated on the same basis as in 
the preceding section to be 0.54:0.02:1.00. 

2-Bromoethyl methyl sulfone (4), when re- 
acted with cotton cellulose at elevated tempera- 
ture in a conventional procedure (but with bi- 
carbonate catalysis to minimize premature 

The Effect of a Variation in Process of Reaction 
The conditions under which methyl vinyl 

sulfone and 2-(methylsulfonyl)ethanol were re- 
acted with cotton cellulose in the preceding sec- 
tion were generally similar to the processes that 
were employed with corresponding difunctional 
sulfones (1, 2) for the crosslinking of cotton 
to develop wrinkle-resistant characteristics in 
the fabric. Reactions of [2-(methylsulfony1)- 
ethyllpyridinium chloride, 2-bromoethyl methyl 
sulfone, and bis-[2-(methylsulfonyl)ethyl]ether 
were carried out in much the same manner but 
with modifications aimed toward rate-controlled 
distributions of substituents. In the reactions 
of methyl vinyl sulfone and 2-(methylsulfony1)- 
ethanol, an unconventional process variation 
(i.e., abbreviated duration of contact of the 
reagent with the strong base catalyst and the 
cotton prior to cure at  elevated temperature) 
produced a substantially different distribution 
of substituents than those noted from preceding 
experiments. In this case, the ratio of methyl- 
sulfonylethyl groups at the 2-0- and 6-0- 
positions was raised to approximately 0.8:l.O 
from the previous range of approximately 0.3 :1.0 
(no. 27 vs. 7 and 28 vs. 19). The higher ratio of 
2-0- to 6-0-substitution is believed to result 
from a higher degree of rate control in these 
reactions. The 0.8:l.O ratio of 2-0- to 6-0- 
substitution is approximately the same as those 
reported for sodium carboxymethyl substituents 
(9) and for ally1 substituents (10) introduced by 
the rate-controlled Williamson reactions. Thus, 
distributions of s~~bstituents that are charac- 
teristic of equilibrium-controlled or rate-con- 
trolled reactions have been achieved with a 
single reagent. 

dehydrobromination), yielded a distribution of Experimental 
substituents in the 2-0-, 3-0-, and 6-0-positions Materials 

Reagents were used as received from the following 
in the ratio of 0'42:0'06:1'00 (no' 24)' This sources: methyl vinyl sulfone, K & K Laboratories, Inc.;4 
shows evidence higher degrees rate 2-(methylthio)ethano1, Pennsalt Chemicals Corp.; tri- 
than the products from generally similar re- methylchlorosilane, General Electric Co.; hexamethyl- 
actions involving 2-(methylsulfonyl)ethanol (or disilazane, Peninsular ChernResearch; grade 923 silica 

methyl vinyl sulfone). 
bis~[2-(~eth~lsulfon~l)eth~l]ether (5) under- 4Mention of a company and (or) product by the United 

went reaction with cotton cellulose at elevated States Department of Agriculture does not imply approval 
or recommendation of the product to the exclusion of 

temperature, when catalyzed with either sodium others which may also be suitable. 
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gel of 100-200 mesh, W. R. Grace & Co.; acid-washed 
dimethyldichlorosilane-treated Chromosorb W of 80-100 
mesh, and acid-washed dimethyldichlorosilane-treated 
Chromosorb G of 100-200 mesh, Johns-Manville Corp.; 
QF-1 and SE-52 liquid phases, Wilkens Instrument and 
Research, Inc. 

Gas-Liquid C11rornato.praphy 
The chromatograph was an F & M model 1609 unit 

equipped with hydrogen flame ionization detector. 
Columns were prepared in 4 in. outside diameter tubing 
and were (a) 3 % SE-52 on Chromosorb W, 6 ft (b) 3% 
QF-1 on Chromosorb W, 5.5 ft and (c) 3 %  QF-1 on 
Chromosorb G, 5.5 ft. 

2-(Methylsulfot1)~1) ethmiol 
To  138.2 g (1.5 mole) of 2-(methylt11io)ethanol con- 

taining 3.3 g of phosphoric acid and 100 ml of water 
and warmed to 40" was added 168 g of 30.6% hydrogen 
peroxide at a dropwise rate with cooling to maintain 
the temperature at 4&50° (15, 16). When the starch- 
iodide test on the reaction mixture became negative, a 
200g portion of hydrogen peroxide was introduced 
slowly to the reaction mixture at reflux. After 2 h at 
reflux and 16 h at room temperature, the phosphoric 
acid was removed with a weak base ion exchange resin, 
the excess hydrogen peroxide was destroyed with sodium 
bisulfite, and the mixture was concentrated under vacuum 
below 40". The semicrystalline residue was taken up in 
anhydrous acetone, filtered, and the solvent removed 
under vacuum. The product was dissolved in water, de- 
colorized with carbon, and the water removed under 
vacuum. The colorless syrup crystallized to yield 155 g 
of product: yield 83%, m.p. 25-28". 

Anal. Calcd. for C3Ha03S: C, 29.02; H, 6.50; S, 25.83. 
Found: C, 28.83; H, 6.40; S, 25.79. 

[2-(Metliylsolfor1yl)et/1yl]pyt~irlir1ilrm Cliloride 
To  7 g (0.06 mole) of pyridine hydrochloride (m.p. 

144-147 "C) in 25 ml of absolute ethanol was added 6 ml 
of pyridine, 100 ml of acetone, 2 drops of triethylamine, 
and 6 g (0.06 mole) of methyl vinyl sulfone (13). After 
48 h a t  room temperature, the crystalline product was 
removed by filtration, recrystallized from methanol- 
acetone, and dried irr vaciro at 85": yield 4.6 g, 36%, 
m.p. 230" (decomp.). Additional product crystallized from 
the mother liquor. 

Anal. Calcd. for CaH1202SNC1: C, 43.34; H, 5.46; 
S, 14.46; N, 6.32; C1, 15.99. Found: C, 43.24; H, 5.32; 
S, 14.11; N, 6.26; C1, 15.88. 

2-Bron~oetl~yl Metl~yl Sirlfotre 
To 25 g (0.2 mole) of 2-(methylsulfony1)ethanol was 

added 20 g (0.74 mole) of phosphorus tribromide, drop- 
wise, with agitation over a period of 1.5 11 (17). The re- 
action mixture was warmed to 50" and allowed to remain 
at room temperature for 4 days prior to being poured 
into an equal volume of water, from which the product 
crystallized on cooling: ca. 50% yield, white crystals, 
m.p. 36". 

Anal. Calcd. for C3H702BrS: C, 19.26; H, 3.78; Br, 
42.72; S, 17.14. Found: C, 19.44; H, 3.57; Br, 42.58; 
S, 17.23. 

bis-12-(MetAylsrrlfoi~l) ethyllether. 
Methyl vinyl sulfone (10 g) was stirred into a 6.25% 

solution (40g) of sodium hydroxide. Crystals, which 
began to form after 5 min, were removed at the end of 
45 min. This product was recrystallized twice from 
water: 62% yield, white needles, m.p. 78" (lit. (18) 78"). 
Gas-liquid chromatograms (injection port 22S0, column 
c, programmed 160-240") of this product showed two 
peaks, one having a retention time identical to that of 
methyl vinyl sulfone and the other having a retention 
time identical to that of 2-(methylsulfonyl)ethanol, in- 
dicating that the sulfonylethyl ether dissociates under 
these conditions. The nuclear magnetic resonance spectra 
of the product showed a singlet, 6 3.05; a triplet, 6 3.34; 
and a second triplet, 6 4.07. The ratio of the protons 
was 6 :4 :4, respectively. 

Anal. Calcd. for C6H14O5S2: C, 31.29; H, 6.13; S, 
27.85. Found: C, 31.06; H, 6.05; S, 27.98. 

Methylsulfot~)~lell~yl Cellrrlose 
Cotton cellulose in the form of desized, scoured, 

bleached, 80 x 60 print cloth (3.3 oz/ yd2) was immersed 
in the reagent bath and squeezed through rolls to a specific 
level of wet pickup (19). With the exceptions noted in 
Table I, the initial immersion involved the sulfone re- 
agent for a 100% wet pickup and the second immersion 
involved the aqueous alkali for an additional 50% wet 
pickup. Time was measured from the immersion in the 
second reagent. In the case of reactions at elevated tem- 
perature, the fabric was placed in a forced-draft oven 
preset at the desired temperature. Impregnated fabrics 
that were allowed to react at room temperature were 
placed in polyethylene bags to retard evaporation. After 
the reactions, all samples were rinsed vigorously for 
15 min in running tap water, then in 1 % acetic acid, 
and finally, three times in distilled water. The extent of 
incorporation of methylsulfonylethyl groups was deter- 
mined by sulfur analysis on the dry fabric and checked 
by weight gain on the air-equilibrated sample. 

Hydrolysis of Metlzylsulfotyletliyl Cellirloses nrrrl 
Estinlntiorr of Distr.iblrtio11 of Substitctetlts 

One-gram samples of methylsulfonylethyl celluloses 
were dissolved in sulfuric acid (15 g, 72%, 25-30", 8 h) 
and hydrolyzed in subsequent dilutions (to 7.7 N, 25-30", 
16-20 h, and 1.5 N, reflux, 6 h) under an atmosphere of 
nitrogen (6). The acid was neutralized with barium 
hydroxide and the filtrate was freeze-dried to a solid 
mixture of glucose and 0-methylsulfonylethyl-D-gluco- 
pyranoses. 

Trimethylsilyl ethers (20) of the dry hydrolyzates were 
prepared and analyzed for the ratio of the 2-0-, 3-0-, 
and 6-0-mono(methylsulfonylethyl)-D-glucopyranoses by 
gas-liquid chromatography on QF-1 columns: isothermal 
at 200" and 30 psig on column b; isothermal at 218" 
and 40 psig on column c. These procedures have been 
described in detail in an earlier publication (6). Results 
(Table I) of ratios of peak areas from triangulation or 
from the product of peak height and retention time were 
identical for the two columns. Polysubstitution of methyl- 
sulfonylethyl groups in the D-glucopyranosyl unit was 
measured on thin-layer sheets of silica gel, by elution 
with methyl ethyl ketone-water (30 + 2, v/v) with a 
travel of 20 cm and color development with aniline 
phosphate spray reagent (21). Spot densities were 
measured with a densitometer (Photovolt Corp.), values 
were plotted, and the areas under the peaks were inte- 
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grated. This technique will be described in detail else- 
where. 
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NOTES 

Two general intermediates for the synthesis of anhydropenicillins 

SAUL WOLFE~ 
Departmetzt of Clletnistry, Queen's Utliversity, I(ilrgstot~, Otlmrio 

Received September 27, 1967 

A procedure is given for the preparation of the hydrated potassium salt of 6-N-tritylaminopenicillanic 
acid (1). Conversion of 1 to the acid chloride followed by treatment with triethylamine produced the 
anhydro derivative 2. Reaction of 2 with p-toluenesulfonic acid monohydrate gave the p-toluene- 
sulfonic acid salt 3 of anhydro 6-aminopenicillanic acid. The free base 4 was generated with sodium 
bicarbonate; acylation with phenylacetic acid by the carbodiimide method afforded anhydropenicillin G. 

Canadian Journal of Chemistry, 46, 459 (1968) 

Anhydropenicillins are stable organic com- 
pounds which are derived from penicillins by a 
rearrangement of the thiazolidine ring (1). 
Although they have negligible antibacterial 
activity, the anhydropenicillins do induce the 
formation of penicillinase.2 Mercuric acetate 
converts anhydro-a-phenoxyethylpenicillin to an 
antibacterial agent (2) which does not induce the 
formation of penicillinase.2 Since the activity 
of a penicillin (3) or cephalosporin (4) depends 
on the nature of the acyl side chain it seems 
reasonable to expect that the biological activity 
of a s~tbstance derived from an anhydropeni- 
cillin will also depend on the nature of the side 
chain. A general procedure for the routine re- 
placement of the side chain of an anhydro- 
penicillin would, therefore, seem to be desirable. 
One obvious route involves acylation of 6- 
aminopenicillanic acid and rearrangement of the 
resulting penicillin; this has the disadvantage 
that in every case conditions would have to be 
worked out for both the acylation and the re- 
arrangement. 

The purpose of this note is to report that 
detritylation of the anhydro derivative (2) of 6- 
IV-tritylaminopenicillanic acid (1) can be achieved 
in high yield by Koe's procedure (5) and that the 
resulting base can be acylated by the carbo- 
diimide method to produce an anhydropenicillin. 
Reaction of 2 with an equivalent of p-toluene- 
sulfonic acid monohydrate in dry acetone (5) 

lPart of the work described in this note was performed 
by the author in the laboratories of the Organic Research 
Division, Bristol Laboratories, Division of Bristol-Myers 
Inc., Syracuse, New York. 

zJ. F. Collins. Unpublished results. 

gave in 81 % yield the the crystalline p-toluene- 
sulfonic acid salt (3) of anhydro-6-aminopeni- 
cillanic acid. The infrared spectra of 2 and 3 
are shown in Fig. 1 ; both compounds have the 
characteristic peaks at 5.5, 5.9, and 6 . 1 ~  (1). 
Treatment of 3 with sodium bicarbonate gener- 
ated the free base 4 which, with phenylacetic 
acid and diisopropylcarbodiimide, gave in 50 % 
yield anhydrobenzylpenicillin, identical with the 
compound prepared from Penicillin G. The 
reaction sequence is shown below. 

Both 2 and 3 are stable at room temperature 
for at least two years. Since the carbodiimide 
method is a general one for the synthesis of an 
amide (6) the route from 2 or 3 to an anhydro- 
penicilliil should have general applicability. 

Experimental 
Infrared spectra were obtained as pressed KBr discs on 

a Beckmann 5A spectrophotometer. Melting points 
were taken on a Fisher-Johns block, and are uncorrected. 

6-N-Tt.ity[ami?1openicillanic Acid (1)  (See also reference 7) 
6-Aminopenicillanic acid (21.6 g, 0.1 mole) was dis- 

solved in a mixture of water (40 ml) and isopropyl 
alcohol (80 ml) containing diethylamine (30 ml, 0.3 mole). 
Finely powdered trityl chloride (36 g, 0.13 mole) was 
added in portions during 90 min with vigorous stirring. 
Halfway through the addition more water (40 ml) and 
isopropyl alcohol (100 ml) were added. The mixture was 
stirred for 24 h and some triphenylcarbinol was then 
separated by filtration. Dilution of the filtrate with water 
precipitated additional t~.iphenylcarbinol. After removal 
of this solid, addition of 25 n ~ l  of glacial acetic acid pre- 
cipitated 6-tritylan~inopenicillanic acid as a viscous mass. 
This did not dissolve in ether alone but did dissolve in 
ether containing acetone. The acetone was removed by 
washing with water. The dried ether solution was treated 
with 36 ml (0.1 mole) of 50% potassium Zethylhexanoate 
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FIG. I. The infrared spectra of 2 and 3. 

in 11-butanol. The crystalline potassium 6-tritylamino- 
penicillanate was collected, washed with ether, and dried 
itz vac~to over P,05 The yield was 12.7 g (25%). 

Anal. Calcd. for C2,HZ5NZO3SK.HZ0: C, 63.2; H, 5.4. 
Found: C, 63.03; H, 5.67. 

At1hyrlro-6-tritylntt1it1ope~~icillanic Acid (2) 
A suspension of potassiun~ 6-tritylaminopenicillanate 

monohydrate (25.7 g, 0.05 mole) in methylene chloride 
(340ml) containing pyridine (20.1 ml, 0.25 mole) was 
cooled to -40°, stirred, and treated with thionyl chloride 
(9.05 rill, 0.125 mole). The mixture was maintained at 
-40" for 3 h and was then treated dropwise with a 
solution of triethylamine (30.3 g, 0.3 mole) in 100 rnl of 
Inethylene chloride. After the addition was complete an 
additional 7.0 1111 (0.05 mole) of triethylanline was added, 
the cooline bath was removed. and stirring was continued 
for 90 mi;. The reaction mixture was concentrated and 
the product plus pyridine were separated from salts by 
extraction into ether. The ether and pyridine were re- 
moved under reduced pressure and the residue was 
treated with isopropyl alcohol (300 ml). Cooling of this 

solution precipitated 1.5 g of 2. Slow concentration of the 
mother liquor gave an additional 3.57 g of 2. The com- 
bined material (5.07 g, 22%) was purified by trituration 
with cold glacial acetic acid. This procedure gave thick 
rods, m.p. 165-166". 

Anal. Calcd. for CZ7H24NZ02S: C, 73.60; H, 5.45; N, 
6.35; S, 7.28. Found: C, 73.55; H, 5.57; N, 6.00; S, 7.00. 

Further concentration of the isopropyl alcohol mother 
liquors gave a hydrated form of 2. This material melted 
initially at 134-135"; after resolidification the melting 
point was 162-165". 

Anal. Calcd. for C27H24NZ02S. 0.5 HzO: C, 72.3; 
H, 5.58; N, 6.25. Found: C, 72.30; H, 5.61; N, 5.88. 

p-Tol~renessrlfonic Acid Salt of Atllrj~rlro-6-att1it1opet1icillanic 
Acid (3) 

The anhydro con~pound 2 (0.2 g, 0.5 mmoles) was 
dissolved in 1.0 ml of dry acetone and p-toluenesulfonic 
acid monohydrate (0.09Yg, 0.5 mmolesj was added. The 
acid dissolved and after 20 s the reaction mixture set to a 
crystalline mass. This was triturated with ether and the 
solid was collected and washed with ether. The yield of 
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analytically pure material was 0.15 g (81 %), m.p. 153- 
154" (decamp.). 

Anal. Calcd. for C15H18N305S2: C, 48.65; H, 4.86. 
Found: C, 48.52; H, 5.02. 

Cotlversion of the Toluenesulfor~ic Acid Salt to 
Anl~ydrober~zylpet~icilli~z 

The salt 3 (100 mg, 0.27 mmoles) was suspended in 
methylene chloride (2ml) and an ice-cold saturated 
sodium bicarbonate solution (2 ml) was added. The salt 
dissolved when this mixture was shaken. The yellowish 
aqueous layer was removed and the methylene chloride 
layer was passed through a short column of anhydrous 
sodium sulfate. The column was washed with methylene 
chloride and the dry solution of the base 4 (volume, 3 ml) 
was treated with a solution of phenylacetic acid (37 mg, 
0.27 mmole) in methylene chloride (1 ml) and then with 
a solution of diisopropylcarbodiimide (34 mg, 0.27 
mmole) in methylene chloride (1 ml). The reaction mixture 
was left for 20 h at room temperature and the solvent 
was then removed. The crystalline residue was triturated 
with ether and the ether-insoluble material was re- 

crystallized twice from isopropyl alcohol, giving 43 mg 
(52 % from 3) of anhydrobenzylpenicillin, n1.p. 148-15O0, 
identical with the compound prepared from Penicillin G 
on the basis of its infrared spectrum and an undepressed 
mixture melting point. 
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The chemistry of ylids. XVI.' The acidifying effects of 'onium groups 

A. WILLIAM JOHNSON' AND RONALD T. AMEL 
Divisiorz of Naturol Sciences, University of Saskatchewan, Regina, Saskatchewan 

Received September 1, 1967 

An examination of the pK,'s of a series of phenacyl 'onium salts has indicated that the acidifying 
effects of the 'onium groups increase in the order arsonium < phosphonium < sulfonium. The acidi- 
fying effects of the 'onium atom substituents increase in the order methyl < 11-butyl < phenyl. These 
observations have been accounted for in terms ofprc-rlx overlap between the carbanion and the hetero- 
atom of the 'onium group. 
Canadian Journal of Chemistry, 46,461 (1968) 

The discovery and use of ylids containing a 
variety of heteroatom groups has given rise to 
questions regarding the relative effectiveness 
with which the different 'onium groups (X in 2) 
provide stabilization for the adjacent carbanion. 

It  is well recognized, especially on the basis of 
infrared (1) and x-ray crystallographic (2) evi- 
dence on phenacylides (4), that considerable 

'For part XV in this series, see A. W. Johnson and 
S. C. K. Wong, Can. J. Chem. 44, 2793 (1966). 

2Author to whom inquiries should be addressed at 
The Chemistry Department, University of North Dakota, 
Grand Forks, North Dakota, U.S.A. 

stabilization is afforded the carbanion by de- 
localization of the negative charge through the 
carbon portion of the ylids (i.e. through the 
carbonyl group in 2). However, it also appears 
that the 'onium group (X in 2) must provide 
conjugative stabilization of the carbanion in 
order for such ylids to have any finite existence. 
The stabilization probably is via pn: - dn: over- 
lap between the carbanion and the 'onium group 
if the latter has available empty, low-energy 
d-orbitals (3). Such is the case with arsonium, 
phosphonium, and sulfonium ylids. 

We wish to report some recent pKa determina- 
tions which indicate the relative effectiveness of 
the groups X in increasing the acidity of the 
'onium salts (3) or in stabilizing the correspond- 
ing ylids (4). We view these two characteristics 
as being complementary, if not synonymous. 
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analytically pure material was 0.15 g (81 %), m.p. 153- 
154" (decamp.). 

Anal. Calcd. for C15H18N305S2: C, 48.65; H, 4.86. 
Found: C, 48.52; H, 5.02. 

Cotlversion of the Toluenesulfor~ic Acid Salt to 
Anl~ydrober~zylpet~icilli~z 

The salt 3 (100 mg, 0.27 mmoles) was suspended in 
methylene chloride (2ml) and an ice-cold saturated 
sodium bicarbonate solution (2 ml) was added. The salt 
dissolved when this mixture was shaken. The yellowish 
aqueous layer was removed and the methylene chloride 
layer was passed through a short column of anhydrous 
sodium sulfate. The column was washed with methylene 
chloride and the dry solution of the base 4 (volume, 3 ml) 
was treated with a solution of phenylacetic acid (37 mg, 
0.27 mmole) in methylene chloride (1 ml) and then with 
a solution of diisopropylcarbodiimide (34 mg, 0.27 
mmole) in methylene chloride (1 ml). The reaction mixture 
was left for 20 h at room temperature and the solvent 
was then removed. The crystalline residue was triturated 
with ether and the ether-insoluble material was re- 

crystallized twice from isopropyl alcohol, giving 43 mg 
(52 % from 3) of anhydrobenzylpenicillin, n1.p. 148-15O0, 
identical with the compound prepared from Penicillin G 
on the basis of its infrared spectrum and an undepressed 
mixture melting point. 
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An examination of the pK,'s of a series of phenacyl 'onium salts has indicated that the acidifying 
effects of the 'onium groups increase in the order arsonium < phosphonium < sulfonium. The acidi- 
fying effects of the 'onium atom substituents increase in the order methyl < 11-butyl < phenyl. These 
observations have been accounted for in terms ofprc-rlx overlap between the carbanion and the hetero- 
atom of the 'onium group. 
Canadian Journal of Chemistry, 46,461 (1968) 

The discovery and use of ylids containing a 
variety of heteroatom groups has given rise to 
questions regarding the relative effectiveness 
with which the different 'onium groups (X in 2) 
provide stabilization for the adjacent carbanion. 

It  is well recognized, especially on the basis of 
infrared (1) and x-ray crystallographic (2) evi- 
dence on phenacylides (4), that considerable 

'For part XV in this series, see A. W. Johnson and 
S. C. K. Wong, Can. J. Chem. 44, 2793 (1966). 

2Author to whom inquiries should be addressed at 
The Chemistry Department, University of North Dakota, 
Grand Forks, North Dakota, U.S.A. 

stabilization is afforded the carbanion by de- 
localization of the negative charge through the 
carbon portion of the ylids (i.e. through the 
carbonyl group in 2). However, it also appears 
that the 'onium group (X in 2) must provide 
conjugative stabilization of the carbanion in 
order for such ylids to have any finite existence. 
The stabilization probably is via pn: - dn: over- 
lap between the carbanion and the 'onium group 
if the latter has available empty, low-energy 
d-orbitals (3). Such is the case with arsonium, 
phosphonium, and sulfonium ylids. 

We wish to report some recent pKa determina- 
tions which indicate the relative effectiveness of 
the groups X in increasing the acidity of the 
'onium salts (3) or in stabilizing the correspond- 
ing ylids (4). We view these two characteristics 
as being complementary, if not synonymous. 
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Doering and Hoffmann (4), as a result of 
studying the deuteroxide-catalyzed exchange of 
D,O with several permethyl 'onium salts, in- 
cluding (CH,),As +, (CH,),P +, and (CH,),S +, 
concluded that a sulfonium group was more 
effective than a phosphoniuln group, and that a 
phosphonium group was more effective than an 
arsonium group in providing stabilization for an 
adjacent carbanion via d-orbital overlap. Re- 
cently, Ratts and Yao (5) determined the pK,'s 
of a series of p-Y-phenacyldimethylsulfonium 
salts (1, X = (CH,),S). A plot of the pKa's 
versus o for the groups Y afforded a straight line 
with a negative slope as expected. However, this 
line was parallel to, but above, a straight line 
obtained much earlier by Fliszar, Hudson, and 
Salvadori (6) from a plot of o versus pK, for a 
similar series of p-Y-phenacyltriphenylphospho- 
nium salts (1, X = (C,H,),P). Therefore, in this 
comparison the triphenylphosphonium salts 
were more acidic than the dimethylsulfonium 
salts, implying that the phosphonium group was 
more effective than the sulfonium group in pro- 
viding delocalization for the carbanion of the 
resulting ylids. However, Ratts and Yao did 
surmise that the different substituents on the 
heteroatom affected the acidity relationships. 

Following up our recently published work on 
the acidities of fluorenylphosphonium salts (7), 
we have examined the acidities of a series of 
similarly substituted phenacylphosphonium and 
phenacylsulfonium salts (3). We believe that our 
results clarify the superficial conflict between the 
work cited in refs. 4 and 5. The acidities of our 
salts were obtained in 95% ethanol solution by 
the spectrophotometric method of Flexser et al. 

TABLE I 
pK,'s of Phenacyl 'onium salts (3) 

Compound X pK, Reference 

3a (CH3)zS 7.68 This work 
3b (C4H9)zS 6.65 This work 
3c CH3SC6H5 6.66 This work 
3d ( C ~ H L ~ ) ~ S  5.36 This work 
3e (CH,),P 8.601 Ref. 9 
3f  ( C ~ H ~ ~ , P  7.49' This work 
3g (CH3)2PC6H5 7.75 Ref. 9 
311 CH3P(C6H5)2 6.51 This work 
3i (CsH,)J' 5.60 This work 
3 j  (CH,);AS 9.80' Ref. 9 
3k (CH,),AsC,H, 9.45' Ref. 9 

'These values have been adjusted downward by 0.40 pK units from 
those reported in ref. 9 to account for the difference in solvent. The 
data reported above are in 95% ethanol solvent. 

(8) as previously adapted by us (7). The pl~ysical 
data on these salts are in accord with their pro- 
posed structure and will be reported in a full 
paper. The pK,'s obtained, together with some 
pertinent data already published, are listed in 
Table I. 

The results reported herein clearly indicate 
that in structurally parallel cases a s~llfoniuln 
group is nzore effective than a phosphorzi~lm group, 
and the latter is more effective than an arsoniunz 
group irz acidifying the alpha hydrogens of the 
methylene group in 3. This relationship holds true 
for the permethylphenacyl 'onium salts (3a, 3e, 
and 3j), the perphenylphenacyl 'onium salts (3d, 
3i, and 31) and the per-n-butylphenacyl 'onium 
salts (3b and 3f). Accordingly, it seems warrant- 
ed to conclude that when the heteroatoms in 
question carry the same substituents, the effec- 
tiveness of pn - ~ T C  overlap for ylid (4) stabiliza- 
tion is in the order S > P > As. 

An examination of our results indicates that 
it is dangerous to compare the properties of 
'onium salts or ylids when the heteroatoms 
involved do not carry the same substituents. We 
previously fell into this trap when comparing 
dimethylsulfoniumfluorenylide and triphenyl- 
phosphoniumfluorenylide The superficial 
implication of the comparison by Ratts and 
Yao (5) between dimethylsulfoniumphe~~acylides 
and triphenylphosphoniumphe~lacylides is mis- 
leading for the same reasons. Such compariso~ls 
were made in both instances due to the un- 
availability of the requisite similarly substituted 
ylids. In addition, tri-n-butylphosphonium - 
fluorenylide has been used for comparisons in 
place of trimethylphosphoniumfluorenylide due 
to the relative instability of the latter (10). Ob- 
viously, it was not a valid assumption that the 
electronic characteristics of the two heteroatom 
groups, trimethyl- and tri-n-butylphosphonium 
were virtually identical, especially when related 
to ylids carrying other heteroatoms. 

The effect of altering the nature of the sub- 
stituents on the heteroatom in 3 or 4 is con- 
sistent in all cases studied, irrespective of whether 
the heteroatom was arsenic, phosphorus, or 
sulfur. In every instance replacement of methyl 

,In ref. 10 we reported 9-fluorenyldin~ethylsulfonium 
bromide (5) to be slightly more acidic than 9-fluorenyl- 
triphenylphosphoniuin bromide (6). Using our new 
solvent system (7) and checking these results we havenow 
found that the pK, of 5 is 11.4 while that of 6 is 8.9, the 
latter as reported in ref. 7. 
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by phenyl (i.e. 3a to 3c, 3e to 3g, 3 j  to 3k) led 
to a decrease in the pKa of the salt, usually by 
about one pK, unit. Thereby were provided 
additional examples of an effect first noted by 
us in 1960 (10) and subsequently amplified in 
our more recent work (7). This increase in 
acidity has been attributed by us (7) to the 
powerful inductive withdrawal effect of the 
phenyl group (relative to alkyl) which decreases 
the electron density on the heteroatom. The 
lowered electron density on the heteroatom 
results in better pn - dn overlap, in other words, 
better stabilization of the ylid by the heteroatom 
group. 

The replacement of methyl by n-butyl also 
led to a decrease in the pK, bf the 'onium salts 
(3). This implies that n-butyl is electron-with- 
drawing (or less electron-donating) with respect 
to methyl. It is worth noting that the same effect 
has been noted by Grim et al. (I 1) in comparing 
the effect of methyl and n-butyl on the shielding 
of phosphorus in phosphonium salts as detected 
by 31P nuclear magnetic resonance spectra. These 
authors attributed the effect to hyperconjugation 
differences between the two alkyl groups. We 
intend to explore this phenomenon further. 

Although there is no exact quantitative data 
available, it appears that 'onium ylids with 
similar substitution follow a reactivity sequence 
of As > P > S, at least as measured by reaction 
with carbonyl compounds. From the pK, data 
in Table I it is apparent that a basicity sequence 
for the same ylids is As > P > S. Thus, for 
similarly substituted ylids, but with different 

heteroatoms, ilucleophilicity seems to parallel 
basicity. Fliszar et al. (6) have demonstrated 
such a quantitative relationship, but only within 
the triphenylphosphoniumphenacylide series (2, 
X = (C,H,),P). However, for some as yet 
unknown reason, this kind of relationship seems 
not to hold between dimethylsulfoniumfluorenyl- 
ide and triphenylphosphoniumfluorenylide in 
light of their new pK, values (10). We are 
exploring this aspect further. 
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A synthesis of 3-brorno-6-nitrofluorenone has been accomplished by the diazotization and Pschorr 
cyclization of 2-amino-4-bromo-4'-nitrobenzophenone, the synthesis of which is described. The identity 
of the above bromonitrofluorenone with the degradative oxidation product of 9-bromo-2-nitrofluoran- 
thene establishes unequivocally the structure of the latter substance. 

Canadian Journal of Chemistry, 46, 463 (1968) 

By degradative oxidation of what was presum- unrecorded brornonitrofluorenone. Other evi- 
ably 9-bromo-2-nitrofluoranthene (I), Charles- dence suggested that the bromine was in the 
worth and Dolenko ( 1 )  obtained a previously 9-position of the fluoranthene nucleus and thus 
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by phenyl (i.e. 3a to 3c, 3e to 3g, 3 j  to 3k) led 
to a decrease in the pKa of the salt, usually by 
about one pK, unit. Thereby were provided 
additional examples of an effect first noted by 
us in 1960 (10) and subsequently amplified in 
our more recent work (7). This increase in 
acidity has been attributed by us (7) to the 
powerful inductive withdrawal effect of the 
phenyl group (relative to alkyl) which decreases 
the electron density on the heteroatom. The 
lowered electron density on the heteroatom 
results in better pn - dn overlap, in other words, 
better stabilization of the ylid by the heteroatom 
group. 

The replacement of methyl by n-butyl also 
led to a decrease in the pK, bf the 'onium salts 
(3). This implies that n-butyl is electron-with- 
drawing (or less electron-donating) with respect 
to methyl. It is worth noting that the same effect 
has been noted by Grim et al. (I 1) in comparing 
the effect of methyl and n-butyl on the shielding 
of phosphorus in phosphonium salts as detected 
by 31P nuclear magnetic resonance spectra. These 
authors attributed the effect to hyperconjugation 
differences between the two alkyl groups. We 
intend to explore this phenomenon further. 

Although there is no exact quantitative data 
available, it appears that 'onium ylids with 
similar substitution follow a reactivity sequence 
of As > P > S, at least as measured by reaction 
with carbonyl compounds. From the pK, data 
in Table I it is apparent that a basicity sequence 
for the same ylids is As > P > S. Thus, for 
similarly substituted ylids, but with different 

heteroatoms, ilucleophilicity seems to parallel 
basicity. Fliszar et al. (6) have demonstrated 
such a quantitative relationship, but only within 
the triphenylphosphoniumphenacylide series (2, 
X = (C,H,),P). However, for some as yet 
unknown reason, this kind of relationship seems 
not to hold between dimethylsulfoniumfluorenyl- 
ide and triphenylphosphoniumfluorenylide in 
light of their new pK, values (10). We are 
exploring this aspect further. 
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cyclization of 2-amino-4-bromo-4'-nitrobenzophenone, the synthesis of which is described. The identity 
of the above bromonitrofluorenone with the degradative oxidation product of 9-bromo-2-nitrofluoran- 
thene establishes unequivocally the structure of the latter substance. 
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By degradative oxidation of what was presum- unrecorded brornonitrofluorenone. Other evi- 
ably 9-bromo-2-nitrofluoranthene (I), Charles- dence suggested that the bromine was in the 
worth and Dolenko ( 1 )  obtained a previously 9-position of the fluoranthene nucleus and thus 
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CO-NH 

that the degradation product was 3-bromo-6- 
nitrofluorenone (2). It seemed desirable to syn- 
thesize this substance by an unambiguous method 
which would leave no doubt as to its structure 
and that of the 9-bromo-2-nitrofluoranthene. 

From the variety of methods in the literature 
for the synthesis of substituted fluorenones, the 
most hopeful seemed to be the general method 
of Miller and Bachman (2) which involves a 
Pschorr cyclization of 2-aminobenzophenones. 
Two variations of the scheme were attempted. 
4-Nitroanthranilic acid was tosylated and con- 
verted to its acid chloride. The tosylated acid 
chloride, however, failed to go into a Friedel- 
Crafts reaction with bromobenzene. The second 
variation was successf~~l. 4-Amino-2-methyl-4'- 
nitrobenzophenone(3)was prepared by a Friedel- 
Crafts reaction following the directions of Mehta, 
Sacha, and Pate1 (3). By a Sandmeyer reaction 
the amino group was replaced by bromine (4). 
The methyl group was oxidized to carboxyl (5) 
and then by means of a Curtius degradation the 
2-amino compound 8 was finally obtained. Di- 
azotization of 8 and Pschorr cyclization yielded 
the 3-bromo-6-nitrofluorenone (2), somewhat 
purer than that obtained by Charlesworth and 
Dolenko (1). No depression in melting point 
occurred on mixing and both samples gave iden- 
tical infrared spectra. 

We were unable to obtain the amine 8 by the 
Hofmann degradation of the amide 7. An acidic 
compound was produced which might possess 
the pseudo structure 10, as suggested for similar 
compounds by Bhatt (4). 

Experimental 

3 R1 = NHz, R2  = CH3 
4 R1 = Br, Rz  = CH3 
5 R I  = Br, R Z  = COOH 
6 R1 = Br, R2  = COCl 
7 R I  = Br, RZ = CONH2 
8 R1 = Br, R Z  = NH2 
9 R ,  = Br, R Z  = O H  

(3) was prepared by a Friedel-Crafts reaction between 
p-nitrobenzoyl chloride and m-acetotoluidide according 
to the directions of Mehta, Sacha, and Pate1 (3). This 
product was obtained as red, elongated prisms which 
melted at 164166 "C. The original authors reported a 
melting point of 159-161 "C. 

Anal. Calcd. for C14H1z03N2: N, 10.93. Found: N, 
10.98. 

4-Bromo-2-tnetlzyI-4/-nitr.obet1zopt1etzone (4) 
4-Amino-2-methyl-4'-nitrobenzophenone (16 g) was 

dissolved in hot hydrobromic acid (75 ml, 48%) and 
cooled to 0 "C by the addition of ice. The amino com- 
pound was diazotized by the slow addition of a solution 
of sodium nitrite (6.0 g) in water (30 ml). After standing 
at  0 "C for 15 min, the diazonium salt solution was poured 
into a boiling solution of cuprous bromide (92 g) in hydro- 
bromic acid (200 ml, 48%) at  such a rate that the boiling 
was not interrupted. The boiling was continued for a 
further 30 min. After cooling and dilution with water, a 
reddish-white solid precipitated, which was filtered, dried, 
and extracted with benzene. The benzene solution was 
washed successively with solutions of sodium sulfite (5 %) 
and sodium hydroxide (10%) and finally with water. After 
drying with calcium chloride and removal of the benzene, 
the crude residue was crystallized from acetone. The 4- 
bromo-2-methyl-4'-nitrobenzophenone (17.2 g) melted at  
110-111 "C. 

Anal. Calcd. for C14H1003N Br: N, 4.38; Br, 25.0. 
Found : N, 4.27; Br, 25.1. 

2-(p-Nitrobenzoyl) -5-brot?~obetizoic acid (5)  
4-Brom0-2-methyI-4~-nitrobenzophenone (15.6 g) was 

dissolved under reflux in hot acetic acid (45 ml). A n  
oxidizing solution of chromium trioxide (13.2 g), acetic 
acid (45 ml), concentrated sulfuric acid (15 ml), and water 
(30 ml) was added to the ketone at such a rate that the 
temperature was kept just below the boiling point. The 
mixture was refluxed for 3 h, cooled, and diluted with 
water,The precipitated solid was filtered and washed with 
water until white. I t  was suspended in hot water and 
potassium hydroxide solution added to dissolve as much 
of the acid as possible. The mixture was filtered and 
acidified with concentrated hydrochloric acid. The precip- 
itated acid was collected and recrvstallized from ethanol. 

A supply of 4-amino-2-methyl-4'-nitrobenzophenone I t  (13.2 g) melted at  194196 "C. 
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Anal. Calcd. for C14H805N Br: N, 4.00; Br, 22.8. cold solution of sodium nitrite (0.2 g) in water (2.0 ml) 
Found: N. 3.96: Br. 23.0. was added. The amine sulfate first dissolved and a solid , , .  

5-Bro~no-2-(p-nitrobenzoyl) benzoyl Chloride (6) 
The acid chloride was prepared from the acid (5.5 g) by 

treatment with thionyl chloride (10 ml) in the usual 
manner in benzene (40 ml) as solvent. 5-Bromo-2-(p-nitro- 
benzoy1)benzoyl chloride (4.2 g) melted at  124-126 "C. 

Anal. Calcd. for Cl4H7O4NC1Br: N, 3.80; C1, 9.62; 
Br, 21.7. Found: N, 3.68; C1; 9.37; Br, 21.9. 

5-Bromo-2- (p-nitrobenzoyl) benzamide (7) 
The above acid chloride (8.5 g) was dissolved in benzene 

and with cooling slowly treated with ammonia solution 
(100 ml, d 0.88). The crude pasty mass of amide was 
filtered and washed several times with hot water. I t  was 
recrystallized from ethanol. 5-Bromo-2-(p-nitrobenzoy1)- 
benzamide (8.0 g) melted at  239-240 "C. 

Anal. Calcd. for C14H304NZBr: C, 48.2; H ,  2.60; N, 
8.03;Br, 22.9. Found: C,47.9;H, 2.55; N, 8.04;Br,22.9. 

2-Amino-4-brotno-4'-nitrobe11zophenone (8) 
(a)  By the C~trtius Method 
Sodium azide (0.75 g) activated as described (6) was 

dissolved in water (2.0 ml) and added to a cold solution 
of 5-bromo-2-(p-nitrobenzoy1)benzoyl chloride (1.5 g) in 
acetone (20 ml). The reaction mixture was stirred for 15 
min and the solid which had precipitated was filtered and 
dried itz vacuo. The acid azide (1.5 g) thus obtained 
melted at  99-101 "C. 

The dry azide was dissolved by refluxing for 2 h with 
benzene (25 ml). After cooling, potassium hydroxide solu- 
tion (15 ml, 50%) was added and the mixture was warmed 
on a water bath during which time a yellow solid sepa- 
rated. The benzene was removed by vacuum distillation 
and the suspension cooled and filtered. The solid was 
treated with hot concentrated hydrochloric acid and the 
hot solution filtered through a sintered glass funnel. After 
cooling the amine was precipitated by the addition of 10% 
sodium hydroxide solution, collected, and dried. I t  was 
recrystallized from pyridine as bright-yellow needles 
(1.2 g) which melted at  213-214 "C. 

Anal. Calcd. for C13H903NZBr: N, 8.73; Br, 24.9. 
Found: N, 8.71 ; Br, 24.4. 

(b )  By the Hofmatlrz Method 
A number of attempts to obtain the amine 8 by the 

Hofmann degradation of the amide 7 with sodium hypo- 
bromite or sodium hypochlorite were unsuccessful. Acidi- 
fication at  the end of the treatment gave a substantial 
yield of a product which crystallized from alcohol as 
yellow plates, m.p. 232-233 OC. This substance has not 
been identified. Color, melting point depression on mix- 
ing, and its greater solubility in sodium hydroxide solution 
indicate it is not the original amide. I t  is acidic (soluble in 
sodium hydroxide) and not identical with the amine ob- 
tained by the Curtius method. I t  might have the tauto- 
meric pseudo structure 10 as suggested for similar com- 
pounds by Bhatt (4). 

Anal. Calcd. for C14H90,NZBr (amide or W-amide): 
C, 48.2; H,  2.60; N, 8.03; Br, 22.9. Found: C, 48.3; H, 
2.77; N, 7.99; Br, 23.1. 

3-Bro1no-6-nitrofluore1~one (2) 
2-Amino-4-bromo-4'-nitrobenzophenone (0.8 g) was 

dissolved in concentrated sulfuric acid (2.0 ml) and a few 
drops of water were added. The amine sulfate separated 
as a fine suspension which was cooled to 0 OC. An  ice- 

compound separated. On warming, this product dissolved 
and then a yellow solid separated which was collected by 
filtration and washed with sodium hydroxide solution 
(10%) and then with water. The dried 3-bromo-6-nitro- 
fluorenone crystallized from nitrobenzene as bright- 
yellow plates (0.3 g) which melted at  339-341 "C. 

Anal. Calcd. for C13H603NBr: N, 4.61; Br, 26.3. 
Found: N. 4.72: Br. 26.2. 

There was nd depression of melting point of this prod- 
uct on the addition of a little of the sample produced by 
Charlesworth and Dolenko (1). Comparison of the infra- 
red spectra of the two specimens also confirmed their 
identity. 

The oxime of 3-bromo-6-nitrofluorenone was prepared 
by refluxing the ketone with a solution of hydroxylamine 
hydrochloride in ethanol for 2 h. On cooling a pale- 
yellow product separated. After recrystallization from 
ethanol it melted at  269-270 "C. 

Anal. Calcd. for C13H703NZBr: N, 8.78; Br, 25.0. 
Found: N, 8.70; Br, 25.4. 

Acidification of the sodium hydroxide washings from 
the preparation of the ketone mentioned above gave a 
yellow product (0.26 g) which crystallized from aqueous 
ethanol in light-yellow needles. These melted at 150- 
151 "C and were presumably 2-hydroxy-4-brorno-4'- 
nitrobenzophenone (9) produced in a side reaction. 

Anal. Calcd. for Cl3H8O4N Br: N, 4.35; Br, 24.8. 
Found: N, 4.55; Br, 24.9. 

4-Nitro-2- (p-toluenesulphonafnido) betfzoic Acid 
(4-Nitro-p-tosylanthvanilic acid) 
This previously unreported derivative was made from 

4-nitroanthranilic acid and p-toluene sulfonyl chloride 
following the directions of Scheifele and DeTar (5). The 
crude product crystallized from ethanol in pale-yellow 
plates, m.p. 225-226 "C. 

Anal. Calcd. for C14HlZ06NzS: N, 8.33; S, 9.52. 
Found: N, 8.35; S, 9.46. 

Friedel-Crafts reactions with phosphorus pentachlo- 
ride, aluminium chloride, and bromobenzene failed to 
give any 2-amino-4-bromo-4'-nitrobenzophenone (8). 
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Preparation of cis-crotonyl chloride1 
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Published methods for the preparation of cis-crotonyl chloride were found to give a product con- 
taminated with appreciable proportions of the trans isomer. Separation of these two isomers was found 
to be impossible because of the small boiling point difference and the readiness with which the cis acid 
chloride isomerizes to the trans. Herein are outlined the precautions necessary to obtain pure cis-crotonyl 
chloride contaminated only with the free acid, from which it is readily separated by cold distillation. 

Canadian Journal of Chemistry, 46,466 (1968) 

The preparation of cis-crotonyl chloride has 
been given cursory description in the literature 
(1-3) but in our hands, perhaps because of the 
paucity of experimental detail in the earlier re- 
ports, these preparations consistently gave large 
proportions of trans. The recent publication by 
Lee (4) of a fairly general route to the acid chlor- 
ides of sensitive acids using postulated phosph- 
onium salt intermediates prompted experiments 
along these lines with little success. However, in 
the course of this work a procedure using neat 
thionyl chloride was evolved by which high 
purity cis chloride can be obtained. 

c1@ 
0 

0 0 0 ll 
Ph3PCC13CI 4- RCOOH -4 Ph3P-0-C-R + CHCl, 

c1@ 0 
0 I I  

Ph3P-0-C-R + Ph3PO + RCOCl 

When Lee's method was tried a 30% con- 
version of the cis acid was obtained but examina- 
tion of the product by nuclear magnetic reson- 
ance showed that it was mainly (80 %) trans. An 
oil which separated during the reaction analyzed 
as a mixture of triphenylphosphine - carbon 
tetrachloride complex and crotonyl triphenyl- 
phosphonium chloride. Either of these salts may 
have catalyzed the isomerization of cis acid or 
acid chloride (5) to the trans, or it might have 
been a purely thermal process. In any case, 
neither of the latter conditions could be avoided, 
and despite the likelihood of improvement with 
a trialkylphosphine in place of the triarylphos- 
phine (6), this approach to cis-crotonyl chloride 
was discontinued. 

'Contribution No. 151 from the Dow Chemical of 
Canada Exploratory Research Laboratory, Sarnia, 
Ontario. 

Even with dimethylformamide (7) or sodium 
chloride (8) catalysis, reaction of the cis acid with 
thionyl chloride in boiling ether was very slow. 
Neat thionyl chloride under relatively mild con- 
ditions gave a rapid reaction but the product 
was largely trans. To avoid acid catalysis of iso- 
merization (5) pyridine was employed, but un- 
fortunately the simultaneous catalytic effect of 
pyridine (9) resulted in vigorous reaction and 
extensive charring. 

It ,appears that successful preparations of cis- 
crotonyl chloride are possible using neat thionyl 
chloride if it is carried out as a rapid low tem- 
perature conversion, with immediate pusifica- 
tion. Fast isolation of the cis acid chloride when 
formed was necessary to avoid its rapid isomeri- 
zation from reaction by-products present, and 
was only possible by distillation at low tempera- 
tures. The crude cis acid chloride obtained, con- 
taining some unreacted cis acid, sulfur dioxide, 
and HCl, possessed only reasonable geometrical 
stability on cold storage. However, the distilled 
product, 97 % cis-crotonyl chloride, was still 
93.5% cis after two months at -20". 

Experimental 
Melting points and boiling points are uncorrected. 

Infrared spectra were obtained on a Perkin-Elmer model 
337 grating spectron~eter on thin films between rock salt 
plates. Nuclear magnetic resonance (n.m.r.) spectra were 
obtained on a Varian A60 instrument fitted with a phase 
detector integrator. Sweep width calibration was by the 
side band technique using the combination of a wide 
range oscillator and an electronic counter (Hewlett- 
Packard models 200CD, and 5212A respectively). All 
n.m.r. data were obtained at room temperature on deu- 
teriochloroform solutions. Shifts are reported on the 
centers of spin-spin multiplets in c.p.s. downfield from 
internal tetramethylsilane. Crotonic acid used was 97% 
cis checked by n.m.r. 
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NOTES 

TABLE I 
Nuclear magnetic resonance data* for cis- and trans-crotonyl chloride? 

Trans chloride Cis chloride 

Protons Multiplicity Shifts Coupling Shifts Coupling 

6 .  Double doublet 124.2 J . ,  b = 7.1  128.2 J. ,  b = 6.8 
Jo,  c = 1 .8  J o ,  c = 1.4  

6 ,  Overlapping quartet pair 448.8 Jb, . = 7.1 393.0 J b , .  = 6 .8  
J b , =  = 15.2 Jb. c = 11.0 

6 c Well-differentiated quartet pair 376.0 J , , .  = 1 . 8  368.3 J , , .  = 1 . 4  
J , . b  = 15.2 Jc .b  = 11.0 

*Coupltngs measured on  appropriate portions of the spectra expanded to 100 c.p.s. sweep width given In c.p.s. tCH3-CH=CHCOCI; where CHI protons arc Ha, CH-Me protons are Ho, and COCH= protons are H,. 

Preparatiorz of Cis-crotonyl C/zloride The following method resulted in no geometrical 
(a) Trip/zenylphospl~irre Method isomerization. Freshly redistilled thionyl chloride (40 ml; 
Cis-crotonic acid (4.3 g, 0.05 mole) and triphenyl- 0.56 mole) cooled to 0" was added over 1 min to  gently 

~hosphine  (13.1 g, 0.05 mole) dissolved in cold dry car- swirled cis-crotonic acid (52 g, 0.62 mole) in an ice 
bon tetrachloride (125 1111) was left to stand at  room bath. A few carbon boiling chips were added, a drying 
temperature with protection from atmospheric moisture tube (CaSO,) was fitted, and the reaction flask kept in 
for 2 11. No  detectable (by the relative intensities of acid the ice bath with occasional swirling for 13  h. Then, 
chloride carbonyl to  acid carbonyl frequencies in the with the flask still in the ice bath, aspirator vacuum 
infrared) acid chloride formed during this time. The (about 14 mm) was applied for 1 h. Analysis of the crude 
solution was then boiled under reflux for 23 h, which reaction mixture (68 g) by n.m.r. showed 14% was un- 
converted about 30% of the acid to acid chloride; an  reacted acid, but of the acid chloride present 97% was 
upper yellow viscous phase was formed. The two phases cis. Distillation of this material using a 30 cm Widmer 
were allowed to cool to room temperature and the column water-jacketed to +5', a condenser brine-cooled 
solution was decanted from the viscous gum (12.6 g). to -10", and a vacuum-jacketed head yielded 35 g 
Cold hexane (125 ml) added to the decanted solution (56 %) of 97 % cis-crotonyl chloride (b.p. <23.5"/10 mnl, 
precipitated 5.1 g of triphenylphosphine oxide (m.p. pot 10 to 25") containing no free acid. 
and mixture n1.p. of a small recrystallized portion; 
153-155"). Solvent removal from the mother liquor and zderrtificatiolz A1lfll~sis of Mixtures 
distillation, both under reduced pressure, 0.4 nll The geometry of the acid chloride obtained was con- 
(9%) of crotonyl chloride (b.p. 60-7O0/100mm) which finned by conversion to  the amide. Dry ammonia gas 
n.m.r. analysis sllowed was 80% trarzs, 20% ,-is. The Was passed over the surface of a stirred, ice-bath cooled, 

gum (infrared maxima at 1440 (p-ph), 1710 (*a), ethereal solution of cis-crotonyl chloride. The ether was 

broad bands fine structure centered at  2550 evaporated off in a stream of air and the residual white 
and 2850 cm-l) was soluble in water, insoluble in hen- solid extracted with hot benzene, filtered, and the benzene 
zene, and the analysis was intermediate between those Solution concentrated and cooled ~ielding fluffy white 
calculated for the salts of tripl~enylphosphin~ with carbon needles ( m . ~ .  105-108"). The literature quotes 102" (2) 
tetrachloride and with crotonyl chloride. for the cis and 160" (10) for the trans amides. 

~ ~ ~ l .  calcd. for c ~ ~ H ~  5 ~ 1 4 p  (gum formed by tri- Easy analyses of mixtures of cis and trans acid chlorides 
phenylphosphine and carbon tetrachloride): C, 54.8; with no chance of fractionation or isomerization were 
H, 3.6; (-1, 33.9. Anal. Calcd. for C22Hz,,C1p (gum carried out by integration of the methyl region of n.m.r. 
formed by triphenylphosphine and crotonyl chloride): Spectra expanded to  100 cycles sweep width. Data found 
C, 69.5; H, 5.5, cl,g.7. Found: C, 53.8; H, 4.3; ~ 1 , 2 6 , 3 .  for each isomer on its own are given in Table I. The 

Elemental analysis of a portion of the gum which had Presence of unreacted Cis  acid, n.nI.r. data on which 
been evacuated (100" at 14 mm) for 1 h had changed have appeared earlier ( l l) ,  was also readily determined 
considerably, but the infrared was unaffected, both prob- by the n.m.r. Spectrum. 
ably due to  the loss of dissolved CC1,. 

Found: C, 60.2; H,  4.9; C1, 17.8. Acknowledgments 
(O) Tlriorryl Clrloride Metlrod 
Equimolar amounts of thionyl chloride and the cis The author thanks Mr. H. D. Mak of this 

acid in boiling ether had only achieved about 50% con- laboratory for the n.m.r. spectra required for 
version in 16 h. The addition of a few drops of dimethyl- this work and one of his referees for 
formamide to  the reaction carried out in methylene 
chloride - ether (50:50) still took 28 h for completion; the inclusion of the "In Press" publication of 
similar results were found on addition of NaCl in place refa 6. 
of the dimethylformamide. Stirred equimolar propor- 
tions of pyridine and thionyl chloride in cold ether (salt 1. J. p. MASON. p h . ~ .  Thesis, princeton university, 
separates) to which cis acid in cold ether was added gave Princeton, N.J. 1927. p. 12: L. W. JONES and J. p .  
very vigorous reactions resulting in black tars. MASON. J.  Am. Chem. Soc. 49, 2534 (1927). 
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, Erratum: Desert plant constituents. 11. Ocotillol: An intermediate in the oxidation 
of hydroxy isooctenyl side chains 

E. W. WARNHOFF AND C .  M. M. HALLS 
Departmet~t of Chemistry, University of Wester11 Ontario, London, Ontario 

Received October 27, 1967 

I/ (Ref.: Can. J. Chern. 43, 3311 (1965)) 

Canadian Journal of Chemistry, 46,468 (1968) 

On p. 3317, the eleventh line of the first para- . . . "Further extraction of this bark with 
graph should read as follows: methanol gave . . . etc." 

Erratum: Mechanism of the ninhydrin reaction. 11. Preparation and spectral 
properties of reaction products from primary aromatic amines and ninhydrin hydrate 

MENDEL FRIEDMAN 
Northern Regior~al Research Laboratory, Northern Utilization Research and Developrnerlt Division, Agricrllture 

Research Service, U.S. Department of Agriculture, Peoria, Illinois 
Received October 27, 1967 

(Ref.: Can. J. Chern. 45, 2271 (1967)) 

Canadian Journal of Chemistry, 46, 468 (1968) 

On p. 2271, lines 4 and 5 in the second o- - -H\~+ 
column, should read : 
. . . "from p- and o-aminophenol (IV and IVb) and structure IVb should be 

- . . ." etc. 0- 
On p. 2272, structure IV should be 

O---H\O+ 

and not wNa. - 

and not 
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COMMUNICATIONS 

Fixation of atmospheric nitrogen by ruthenium compounds 

A. D. ALLEN AND F. BOTTOMLEY 
Lash Miller Chemistry Laboratories, Utziversity of Torot~to, Torot~to, Ontnrio 

Received January 17, 1968 

Allen and Senoff's ion [Ru(NH3),N2l2+, prepared from gaseous nitrogen by Harrison and Taube, 
has now been prepared from the nitrogen in the atmosphere. 
Canadian Journal of Chemistry, 46,469 (1968) 

Following Harrison and Taube's successful 
preparation (1) of Allen and Senoff's ion [Ru- 
(NH,),N,]~" (2) from gaseous nitrogen, we now 
report its preparation from the nitrogen in the 
atmosphere. 

A solution about 0.1 M in [Ru1"(NH3),C1]Cl2 
in 0.1 M H2S04 was reduced with amalgamated 
zinc under argon until the solution became 
neutral. A stream of air was then drawn through 
the solution until a pink color developed (pre- 
sumably due to  [Ru"'(NH3),OHI2+). The air 
was replaced by argon and, after the air had been 
expelled from the flask, a further portion of acid 
was added. Reduction was allowed to proceed 
under argon until the solution was again neutral, 
at which time the argon was again replaced by 
air. These steps were repeated for 5-7 h, until no 
pink color developed on passing air through the 
solution for 45 min. A final portion of acid was 
then added under argon, to reduce any remaining 
ruthenium(II1) and dissolve any zinc hydroxide. 

Ru(NH3),14+ (3), with some [RU(NH,),N,]~+. 
On warming with concentrated aqueous am- 
monia it was converted into [Ru(NH3),N2I2+, 
which was precipitated as the fluoborate salt and 
identified by its electronic and infrared spectrum 
(4). A control experiment in which argon was 
used throughout gave no indication of the for- 
mation of a nitrogen compound. 

This preparation is a very important develop- 
ment in the story of nitrogen - transition metal 
complexes, since it is the first time it has been 
demonstrated that it is possible to prepare such 
compounds from atmospheric nitrogen. It ap- 
pears, from these experiments, that N2 is an 
effective nucleophile for ruthenium(II), even in 
competition with oxidation by 0,. This opens up 
new possibilities for the direct utilization of 
atmospheric nitrogen and is an important step 
towards our understanding of biological nitrogen 
fixation. 

At this stage the electronic spedtrum of the solu- 1. D. E. HARRISON and H. TAUBE. J. Ani. Chem. Soc. 
89, 5706 (1967). showed a band at 263 mp and a weak 2. A. D. ALLEN and C. V. SENOFF. Chem. Comniun. 621 

band at 221 mp. Addition of a filtered solution (1965). 
of sodium fluoborate to the filtered reaction 3. D. E. HARRISON, E. WEISSBERGER, and H. TAUBE. Private communication. To be published. 
solution gave a yellow precipitate. The infrared 4. A. D. ALLEN, F. BOWOMLEY, R. O. HARRIS, V. P. 
and electronic spectrum of this precipitate REINSALU, and C. V. SENOEE. J. Am. Chem. Soc. 89, 
showed that it was mainly [(NH3),Ru-N,- 5595 (1967). 
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Crystal and molecular structure of the pyridine solvate of 
bis(8-hydroxyquinoline)silver(I) 

J. E.  FLEMING^ AND H. LYNTON~ 
Departtnent of Cliemistry, Uni~~ersity of Victorin, Victorin, Rritisl~ Columbin 

Received June 20, 1967 

Crystals of the pyridine solvate of bis(8-hydroxyquinoline)silver(I), Ag(C911fiNO)C9HfiNOH.C5H5N, 
are monoclinic, space group P21/n, with cell dimensions n = 10.87 f 0.01 A, b = 10.65 f 0.01 A, 
c = 16.70 f 0.01 A, P = 92.6 f 0.2", Z = 4. Atomic parameters have been determined from a three- 
dimensional analysis using 2163 independent intensities to which no absorption corrections were applied. 
Refinement was by observed and calculated differential syntheses using isotropic temperature factors. 
The final discrepancy index is R = 0.116. 

The coordination of the silver atom is distorted tetrahedral, with bonds to the phenolic oxygen and 
ring nitrogen atoms of both 8-hydroxyquinoline molecules. Adjacent bis(8-hydroxyquinoline)silver 
molecules are linked by a hydrogen bond between two oxygen atoms. The pyridine molecules are held 
in the lattice by van der Waals' forces. 

Canadian Journal of Chemistry, 46, 471 (1968) 

Introduction 

The reaction of 8-hydroxyquinoline with 
silver(1) ion to give a metal chelate is well estab- 
lished (1,2). Both a yellow and a green form have 
been prepared and it has been shown that the 
two are identical, with the green form containing 
a small amount of free silver (3). The chelate has 
the structure Ag(C9H6NO)C9H6NOH, and is 
diamagnetic, as expected for a silver(1) com- 
pound (2). Therinal decomposition curves show 
that it is not possible to remove one of the 8- 
hydroxyquinoline molecules to leave the 1 :I 
chelate Ag(C6H9NO) (4). This indicates that 
both 8-hydroxyquinoline molecules are bonded 
directly to the central silver atom. 

In a recent study of the extraction into chloro- 
form of Ag(1) ion with 8-hydroxyquinoline, 
measurement of stability constants led Hala (5) 
to conclude that the 8-hydroxyquinoline mole- 
cules act as bidentate ligands and that the 
structure is tetrahedral. A literature survey shows 
that evidence for a tetrahedral arrangement 
around the silver atom in Ag(1) compounds with 

]Present address: Christ's Hospital, Hertford, Herts., 
England. 

2Present address: Department of Chemistry, University 
of New Brunswick, Fredericton, New Brunswick. 

coordination number four has been reported in 
several papers. Preliminary X-ray investigations 
of tetrakisthioacetamide-argentous chloride (6), 
tetrakis(monoiodotrialkylphospl~inesilver), and 
tetrakis(monoiodotrialkylarsinesilver) (7), and 
the completed structure deterininations by Brink 
et al. of Cs2AgC13, Cs2Ag13, Rb2Ag13, K2Ag13, 
(NH4)2Ag13, and CsAg213 (8-10) support this 
view, as do the studies of Hall, Plowman, and Pre- 
ston on the infrared spectra and cond~ictivities in 
nitrobenzene of some complexes of Ag(1) (1 1). 

Crystallographic Data 
A specimen of the compound was prepared by 

the method of Nakatsuka (I), and recrystallized 
from pyridine to give thin yellow needles of the 
adduct Ag(C6H9NO)C6H9NOH.C,H5N. Mag- 
netic susceptibility measurements showed the 
coinpound to be diamagnetic as expected. 

The space group was established as P21/a, and 
precise cell dimensions were determined using 
Weissenberg photographs calibrated with alu- 
minium powder. The crystal data are given in 
Table I. 

Intensity Data 
The crystal chosen for intensity data collection 

was about 0.25 inm long and had a roughly 
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square cross section with an average thickness of 
0.17 mm. The long direction corresponded to 
the a crystallographic axis. The calculated 
optimum thickness, 2/p, was 0.23 mm. No ab- 
sorption corrections were applied to the data. 

TABLE I 

Crystal data for Ag(C9H6NO)CgH6NOH.CjH5N 

System 
Molecular weight 
Space group 
n 
6 
C 

P 
v 
Dm (by flotation) 
z 
Dc 
p, absorption coefficient for Cu K a  
Systematic absences 

Monoclinic 
476.3 
P21/a  
10.87&0.01 A 
10.65&0.01 a 
16.70&0.01 A 
92 .6~ t0 .2"  
1931 
1 .63 g cm-3 
4 
1.64 gcm-3 
87.4 cm-1 
1101: 11 = 2n + 1 
OkO: k = 2n + 1 

Using the multiple filmpack technique, equi- 
inclination Weissenberg photographs were taken 
of the hOl, hkO, and OkI-8kl layers. There were 
calculated to be 4510 permitted independent 
reflections within the range of the Cu Koc radia- 
tion; 3555 reflections were within the range 
covered by the photographs, and 2163 of these 
were above the minimum intensity limit for ob- 
servation. 

The intensities of all reflections were estimated 
by visual comparison with a calibration strip 
prepared using a suitable reflection from the 
intensity crystal. Lorentz-polarization factors 
were then applied to all intensity data. 

Structure Analysis 

Patterson syntheses3 were computed for the 
hkO, 1~01, and Okl zones and from these syntheses 
the positions of the silver atoms were found 
unambiguously. 

A three-dimensional Fourier synthesis was 
computed and from this, the coordinates of all 
other atoms in the structure were derived. It was 
noted that, whilst the electron density distribu- 
tion in the region of the two 8-hydroxyquinoline 
rings was well shaped, the electron density 
distribution in the pyridine ring was somewhat 
irregular. 

3All com~utations were carried out on an I.B.M. 1620 
computer using the programs of Ahmed, Gabe, Mair, and 
P~PPY (12). 

The atomic coordinates were refined by iuealls 
of observed and calculated differential syntheses. 
Initially all atoms of the same element were given 
the same isotropic temperature factor. Tein- 
perature factors were then adjusted individually 
during the refinement. 

No difficulty was experienced in refiniilg the 
positions of the atoms in the 8-hydroxyquinoline 
molecules, and after several cycles had reduced 
the shifts to small values, the atomic arrange- 
ment in these molecules was in good agreement 
with that found in other metal chelates contain- 
ing 8-hydroxyquinoline. In the pyridine mole- 
cule, however, the two atoms designated C(l1) 
and C(12) had positions which would have given 
interatomic distances incon~patible wit11 what is 
known of the geometry of the pyridine ring (13- 
15). The nitrogen atom could not be identified at 
this stage, so all pyridine atoms were given 
carbon scattering factors. 

All high intensity reflections in the range 
sin2 e < 0.100 were examined to see if any 
appeared to show extinction. There were 22 
reflections for which JFoI << IFcI. The IFo( values 
of these reflections were modified by adding 
either 114, 112, or 314 ~AFI depending on the mag- 
nitude of IFcl, sin2 0, and A F ( / I F o (  for that 
particular reflection. Initially, the scaling of the 
intensities had used only reflections common to 
two or more photographs. The progress of the 
analysis now permitted each layer of reflections 
to be scaled directly with the model. 

Refinement was continued. The 8-hydroxy- 
quinoline molecules had large shifts indicated on 
the first cycle only, and their refinement appeared 
to be near completion. The positions of atoms 
C(l1) and C(12) were still improbable. The 
remaining four atoms refined sufficiently for 
tentative identification of the nitrogen atom, and 
the appropriate scattering curve was applied to  
this atom. 

Assuming a planar symmetric ring for the 
pyridine inolecule aad carbon-carbon distances 
of the order of 1.4 A (13-15), possible positions 
for C(11) and C(12) were calculated. These were 
found to be positions of appreciable electroll 
density (see Table 111). These coordillates were 
used in the calculation of the final set of struc- 
ture factors. The temperature factors assigned t o  
C(11) and C(12) were an average of those used 
for the other pyridine ring atoms. 

The refinement was stopped when the atomic 
coordinates of all the atoms undergoing refine- 
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FLEMING AND LYNTON: CRYSTAL AND MOLECULAR STRUCTURE 473 

ment began to oscillate, and when the adjustment 15 observed reflections showed relatively high 
of the temperature factors had given good agree- discrepancies, whilst 46 unobserved reflections 
~nent  between observed and calculated values of were in poor agreement. 
the electron densities, slopes, and curvatures. At 
this stage the average coordinate shift indicated TABLE 11 
for the 8-ll~drox~quinoline atoms was 0.001 A Fractional atomic coordinates, and e.s.d.'s (,%). All values 
(less than one fifth of the e.s.d.) for the atoms in have been multiplied by 104 

the pyridine molecule 0.01 A. 
Atom x Y z "(x) "(Y)  ~ ( z )  

Results Ag 2081 583 2420 5 5 4 

The final coordinates are listed in Table 11, and o ( l )  4142 1526 2784 51 52 46 
N(1) 2463 303 3679 50 48 34 the electron densities, mean curvatures, and C(l) 1720 -310 4142 71 61 83 

isotropic temperature parameters in Table 111. ~ ( 2 )  1827 -321 4988 87 80 60 
The arrangement of the atoms in the bis(8- C(3) 2756 300 5360 79 72 62 

C(4) 3637 970 4904 67 56 54 1~ydroxyquinoline)silver nlolecule is shown in C(5) 4628 1614 5278 73 72 67 
Fig. 1. C(6) 5451 2206 4783 67 63 73 

C(7) 5306 2154 3959 58 61 71 
C(8) 4300 1553 3570 61 62 70 
C(9) 3444 947 4066 65 59 71 

O(1:) 609 2243 2029 42 41 41 
N(l ) 1683 434 1148 53 53 40 
C(1') 2164 -463 688 69 62 96 
C(2') 2095 -468 - 150 62 66 66 
C(3') 1490 471 -540 78 89 64 

1445 -90 57 75 62 { :; 2443 -476 77 87 72 
C(6) -287  3296 -14 70 67 70 
C(7') -184 3245 831 70 74 86 
C(8:) 491 2317 1237 55 58 56 
C(9 ) 1062 1379 755 58 61 60 

N(2) 927 1281 7132 90 87 130 
C(10) 1316 128 7274 104 84 68 
C(11)" 2457 -203 7545 
C(12)" 3484 629 7432 
C(13)3022 1853 7443 67 126 88 
C(14) 1818 2116 7246 115 99 121 

"Denotes calculated atomic positions for which no e.s.d.'s can be 
quoted. 

The e.s.dS7s (estimated standard deviations) for 
the atomic parameters were calculated according 

(6) to the expression of Cruickshank and Robertson 
(17), using the observed data only. The results 
are included in Table 11. No e.s.d.'s can be quoted 
for C(l1) and C(12) as those atoms had been 

FIG. 1. The arrangement of the atoms in the bis(8- placed by calculation. 
I~ydroxyquinoline)silver(I) molecule. Table V gives the intramolecular distances in 

the structure together with their e.s.d.'s which 
A final set of structure factors4 was computed; were estimated for atomic coordinate errors 

these gave a discrepancy index of R = 0.1 16. A using the expression of Ahmed and Cruickshank 
detailed analysis (16) of the agreement of individ- (18). NO corrections were applied for errors in 
ual reflections is summarized in Table IV. 0111~ the cell dimensions. Once again, no e.s.d.'s can 
-- . -. . .-- be quoted for bonds to the atoms C(11) and 

4These data have been placed in the Depository of C(12). Table V1 gives the bond angles and their 
Unpublished Data. Photocopies may be obtained upon e.s.d.'s calculated according to the equation 
request to: Depository of Unpublished Data, National given in ref. 19. ~ ~ b l ~  VII gives solne of Science Library, National Research Council of Canada, 
Ottawa, Canada. intern~olecular distances shorter than 4.0 A. 
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TABLE I11 TABLE IV 
Electron densities (e A-31, mean curvatures (e A-51, and Agreement summary 

isotropic temperature parameters (A2) (overall discrepancy index R = 0.116) 

Atom p, 
, , 

PC PO PC" B i 0  Category Limits Number 

Ag 96.5 96.2 825 826 3.11 2163 observed reflections (6.5 < IF,! < 298.6) 
1 I4FI < 1 .OiFtt,l:', or  2031 

lAFI/IFoI <2R 
2 1 .OF~I ,<~AFI<~ .OIF , I ,~ ,  or  117 

2R< lAF!/IF,! <3R 
3 2.0F~l,< 4 F l < 3  .OIFtl,), or  9 

3R< IAFI/!F,I <4R 
4 3.OFtl,<AFl <5.0iFtt,l, or  6 

4R< 14FI/!FoI <6R 

1392 unobserved reflections (F,~,,, - 21.6) 
1 <1 . O ! F t t , l  1146 
2 1 .OIF t l , l<  IF, <2.0(Ftl,l 200 
3 2.OiFtl,j< <3.0iFtl,l 40 
4 3.OFtl,J<!Fc <4.OFtl,I 6 

*IFtbl = threshold amplitude = 1.4 to 10.7. 

cis? 7.2 7 .2  50 51 3.15 
~ ( 6 ' j  7.5 7.3 57 57 3.75 
C(7') 7 .4  7.2 5 1 5 2 3.05 TABLE V 

C(8:) 8 .4  8.5 69 70 2.90 Intramolecular distances with their e.s.d.'s 
C(9)  8.8 8 .5  65 64 2.70 in parentheses (A) 
N(2) 6.9 7 .0  39 39 5 .oo ---.---- --- .- -- 

C(10) 6 .4  6 .4  48 50 4.80 Interatomic 
( I  I )  4.1 4 .0  25 22 5.25 distance Length 
C(12)'$ 3.2 5 .3  39 27 5.25 
C(13) 5 .8  5 .8  43 43 5.90 The bis(8-hydroxyquinoline)silver molecule 
C(14) 5 .4  5.4 35 36 

-- 
5.25 A* B" 

$:Atoms wit11 calculated atomic positions. 
&-Nu) 2.145 (0.004) 2.155 (0.004) 
Ag-O(l) 2.505 (0.005) 2.451 (0.004) 

Least squares planes through each of the 8- 0(1)-C(8) 1.316 (0.008) 1 .325 (0.007) 
l~ydroxyquinoline lnolecules were calculated :{;)I${;) 1.319 1.411 (0.009) (0.010) 1 .348 (0.009) 1.396 (0.012) 
(Table VIII). Distances of atoms from these ~ ( 2 ) - ~ ( 3 )  1.337 (0.011) 1.351 (0.010) 
planes are given in Table IX. C(3)-C(4) 1.440 (0.010) 1.439 (0.011) 

c(4)-c(5) 1.400 (0.010) 1.433 (0.011) 
C(5)-C(6) 1.396 (0.010) 1.340 (0.011) 

Discussion C(6)--C(7) 1.379 (0.010) 1.408 (0.011) 
C(7)-C(8) 1 ,403 (0.009) 1 .389 (0.009) 

The silver atom is bonded to both 8-hydroxy- C(8)-C(9) 1 .429 (0.009) 1 .442 (0.008) 
cluinoline molecules through the phenolic oxygen C(9)-C(4) 1 .404 (0.009) 1.412 (0.009) 

C(9)-N(l) 1.401 (0.008) 1.365 (0.008) and the ring nitrogen atoms. The arrangement 
about the silver atoin is distorted tetrahedFa], the The pyridine molecule 

angles being: O(1)-Ag-N(1) = 71.7"; O(1')- N(2)-C(10) 1.29 (0.01) 
Ag-N(1') = 72.0"; O(1)-Ag-N(1 ') = 113.9"; C(11 c(lO)-c(l ) P C (  12) '1 1.377 

1 .44r 
O(1 ')-Ag-N(1) = 117.2". C(12)-C(13) 1.40t 

The Ag-0 bond lengths of 2.451 and 2.505 C(13)-C(14) 1.37 (0.01) 
Aq are significantly different ( t  = 8.31) according C(14).-N(2) 1.32 (0.01) 

to CrLlic~<sllanl<'s criterion (17). Sumlnaries of c o ~ ~ d ; ~ ~ ~ , t O  the unprimed coordinates in Table 11, B to the primed 

Ag-0 distances in a llunlber of colnpounds are ?These lengths in\zol\re atoms \\!it11 calculated atomic positions. 

given by Britton and Dunitz (20, 21) and Dickens 
(22). Consideration of these bond lengths show AgzO and Ag2Pb02; the second contains 
that they fall into three main groups. The lengths in the range 2.4 to 2.6 A found in com- 
first contains lengths in the range 2.0 to 2.1 A pounds such as AgC103, AgCIOj, KAgC03, 
found in covalent silver compounds such as AgC102, AgN02,  w l ~ i c l ~  are said to be partially 
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FLEMING A N D  LYNTON: CRYST 

TABLE VI 

Angles with their e.s.d.'s in parentheses (") 
-- 

Angle Measure 

AL A N D  MOLECULAR STRUCTURE 

TABLE VII 

Some intermolecular distances 
-p.-.-pp 

x:' y 'L Distance 

The bis(8-hydroxyquino1ine)silver molecule 

A* B* 

Between two bis(8-hydroxyquino- 
1ine)silver molecules 

o(lf)-O(l) (Dl 2.457 

C(8)-0(1') (D) 3.260 
C(8')-0(1) (D) 3.267 
C(7)-0(11) (Dl 3.319 
C(7')-0(1) (D) 3.383 

c(4'j-c(2/j ( ~ j  3.480 

s$;k;&'g) 3.514 3.490 
C(4 ')-C(3 ') (B) 3.519 

C(7)-N(1) (D) 3.627 
C(3')-N(1') (B) 3.678 

Between a bis(8-hydroxyquino- 
1ine)silver molecule and a 
pyridine molecule 

C(l1)-C(3') (A) 3.48 
C(12)-0(1) (B) 3.48 
C(l1)-O(1') (C) 3.49 
C(l0)-O(1 I )  (B) 3.50 
C(12)-C(3) (X) 3.53 

The pyridine molecule 

Between two pyridine molecules 

C(13)-N(2) (Dl 3.79 '" refers to unprimed coordinates in Table 11, B to primed co- 
ordinates. 

TThese angles involve atoms with calculated atomic positions. :';Atom X is in the niolecule specified by 
the parameters given in Table 11 and Y is 
in  the molecule specified by the letter in 

ionic. Finally, a value of 2.78 A is quoted for a 
covalent-type bond found in silver fulminate. 
The lengths found in the present investigation 
thus lie within the range of values associated with 
partially ionic Ag-0 bonds. 

The distance between atom O(1) in one 
molecule and atom O(1') in an adjacent n~olecule 
(see Table VII) is 2.457 A and is the shortest 
intern~olecular distance in the structure. Com- 
parison of this bond length with those found in 
hydrogen-bonded cases (23) shows that it is at 
the low end of the range of values listed, indi- 
cating that the pllenolic hydrogen is contained 
between the two oxygen atoms fornling a strong 
hydrogen bond. There is some controversy as to 
whether a hydrogen bond of this length is or is 
not expected to have the hydrogen atom centrally 
located. The non-equivalence of the Ag-0 

parentheses. These molecules are locatcd 
as follows. 

(A) x, y ,  z (adjacent cell), (B) F, j ,  E 
(same cell), (C) 1 - x ,  1, + y,  7 (same cell), 
(D) I. + r ,  !, - y ,  z (same cell). 

bonds in this structure would seem to favor the 
idea of a nonsymmetric hydrogen bond between 
the oxygen atoms. 

The Ag-N bond distances of 2.145 A and 
2.155 A are not significantly different. There are 
few precise values available for comparison, but 
distances of 2.1 15 A and 2.223 A have been 
reported for silver cyanate (20) and silver thio- 
cyanate (24). The bond in silver cyanate is said 
to be strongly covalent. The Ag-N bond lengths 
found in this structure would appear to be com- 
patible with covalent bonding. It  is noted that 
the metal-oxygen distance is about 0.3 A longer 
than the metal-nitrogen distance. 
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TABLE VIII 
Least squares planes 

-- 

Direction cosines X 104 
with respect to directions Distance 

Plane a b C+ orlgln Description of plane 
to. 

I 5583 -8290 -0309 0.907 8 hydroxyquinoline molecule, 
atoms O(1)-C(9) 

I1 8383 5450 -0174 1 .668 8 hydroxyquinoline molecule, 
atoms O(1 ')-C(9') 

The calculation of the least squares planes (see 
Tables VIII and IX) shows that each 8-hydroxy- 
quinoline molecule is substantially planar. The 
mean distance of an atom from the best plane i: 
0.018 A for the molecule O(1)-C(9) and 0.015 A 
for the nlolecule O(1 ')-C(9'). The angle between 
the two best planes is 89". The Ag atom is dis- 
placed by a distance of 0.386 A from the first 
plane and 0.335 A froin the second plane. 
Figures 2 and 3 show the structure as viewed 
along the c* and b axes. 

TABLE IX 
Deviations (A) from least squares planes. 

All values multiplied by 103 

Plane Plane 
Atom I Atom I1 

Corresponding distances in the two 8-hydroxy- 
quinoline rings in the molecule were compared 
(see Table V). The average difference between 
corresponding distances is 0.022 A, and the 
largest difference is 0.056 A. This difference is 
significant ( t  = 3.81) according to Cruickshank's 
criterion (17) and there are three more differ- 
ences on the border of significance. However, 
there are no other distinguishing features about 
these particular bonds, so it is not possible to 
conclude from this alone whether the two groups 
are really not chemically equivalent or whether 
the method of calculation of the e.s.d.'s used in 

the analysis has given too low a value for the 
coordinate errors. 

A literature survey shows that there are a num- 
ber of recent reports of the structures of 8- 
hydroxyquinoline metal cllelates (25-34). Accu- 
rate values are quoted for the bis(8-hydroxy- 
quinoline)zinc(II) complex (33), and the a: and 
p forms of anhydrous bis(8-hydroxyquino1ine)- 
copper(I1) (32, 34). The nlolecules of the zinc 
and a-copper complexes are essentially planar, 
whilst the p-copper coinplex has a distorted 
planar arrangement. There is good agreement 
shown between equivalent bond distances in 
these structures, and a comparison with the bond 
distances found in the present structure shows 
no major differences. It would thus appear that 

FIG. 2. The structure of the pyridine adduct of 
bis(8-hydroxyquinoline)silver(I) viewed along the c' axis. 
Solid lines indicate the edges of the best planes through 
the 8-hydroxyquinoline molecules. The pyridine rings are 
shown by broken lines. 
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FLEMING AND LYNTON: CRYSTA AND MOLECULAR STRUCTURE 477 

Fit. 3. The structure of the pyridine adduct of 
bis(8-hydroxyquinoline)silver(I) viewed along the b axis. 
Solid lines show the bis(8-hydroxyquino1ine)silver 
molecules, with broken lines indicating the hydrogen 
bonds. The pyridine molccules are omitted for clarity. 

the 8-hydroxyquinoline groups are not signifi- 
cantly affected b y  t h e  na tu re  o f  the  central metal  
a tom.  

It was  not possible to refine t w o  a t o m s  in the  
pyridine molecule a n d  f o r  t h e  f o u r  other  a t o m s  
t h e  positional accuracy is low. T h e  identification 
of t h e  nitrogen a t o m  is n o t  certain. Examinat ion 
of the  nearest intermolecular approach distances 
(see Table  VII) shows there  a r e  no shor t  dis- 
tances between a t o m s  i n  a pyridine molecule and 
a bis(8-1~ydroxyquinoline)silver molecule. Th is  
indicates tha t  the  pyridine molecule is held in  t h e  
lattice b y  van  d e r  Waals  forces only. T h e  iso- 
t rop ic  temperature factors f o r  t h e  pyridine 
a t o m s  are larger t h a n  f o r  similar atoms in t h e  
8-hydroxyquinoline rings. This ,  coupled with 
d r a w n  o u t  electron density of at least t w o  pyri- 
dine atoms,  suggests considerable thermal  mo-  
t ion,  as might b e  expected f o r  a molecule subject 
only t o  van  der Waals  forces. T h e  pyridine posi- 
t ions given in Table  11, at best,  represent a fit o f  
a reasonable model.  

T h i s  structure analysis gives definite evidence 
f o r  the existence of te t rahedral  bonding  in  a 
four-coordinated silver(1) complex, in agreement  
with t h e  predictions o f  o ther  workers.  

Acknowledgments 
W e  acknowledge t h e  financial suppor t  of the  

Nat iona l  Research Counci l  of C a n a d a  f o r  this 
work ,  a n d  w e  thank  H. Lynne  D o u g a n  f o r  
estimating the  intensity data used in the  analysis, 
a n d  Malcolm J. R. Cla rk  fo r  measurement  of the 
magnetic susceptibility of the  compound .  

1. Y. NAKATSUKA. Bull. Chern. Soc. Japan, 11, 45 
(1936). 

2. B. P. BLOCK, J. C. BAILAR, JR., and D. W. PEARCE. 
J. Am. Chem. Soc. 73,4971 (1951). 

3. W. W. WENDLANDT and J. HASCHKE. Nature, 193, 
1174 (1962). 

4. W. W. WENDLANDT and J. H. VAN TASSEL. Science, 
127,242 (1958). 

5. J. HALA. J. Inorg. Nucl. Chem. 27,2659 (1965). 
6. E. G. Cox, W. WARDLAW, and K. C. WEBSTER. J. 

Chern. Soc. 775 (1936). 
7. F. G. MANN, A. F. WELLS, and D. PURDIE. J. Chem. 

SOC. 1828 (1937). 
8. C. BRINK and C. H. MACGILLAVRY. Acta Cryst. 2, 

158 (1949). 
9. C. BRINK and H. A. S. KROESE. Acta Cryst. 5, 433 

(1 952). 
10. C. BRINK, N. F. BINNENDIJK, and J. VAN DE LINDE. 

Acta Cryst. 7,176 (1954). 
11. J. R. HALL, R. A. PLOWMAN, and H. S. PRESTON. 

Australian J. Chem. 18, 1345 (1965). 
12. F. R. AHMED, E. J. GABE, G. A. MAIR, and M. E. 

PIPPY. A unified set of crystallographic programs 
for the I.B.M. 1620 computer. Divisions of Pure 
Physics and Pure Chemistry, National Research 
Council, Ottawa, Canada. 

13. K. E. MCCULLOH and G. F. POLLNOW. J. Chem. 
Phys. 22,681 (1954). 

14. B. B. DEMORE, W. S. WILCOX, and J. H. GOLDSTEIN. 
J. Chem. Phvs. 22.876 (1954). 

15. B. BAK, L. HANSEN, and J.'RASTRUP-ANDERSEN. J. 
Chem. Phys. 22,2013 (1954). 

16. F. R. AHMED and W. H. BARNES. Acta Cryst. 16, 
1249 (1963). 

17. D. W. J. CRUICKSHANK and A. P. ROBERTSON. Acta 
Cryst. 6,698 (1953). 

18. F. R. AHMED and D. W. J. CRUICKSHANK. Acta 
Crvst. 6.385 (1953). 

19. ~ntkrnat'ionaf ~ a b l c s  for X-ray Crystallography. 
Vol. 11. The Kynoch Press, Birmingham, England. 
1959. 6.4.3.3.(17). 

20. D. BRITTON and J. D. DUNITZ. Acta Cryst. 18, 424 
(1965). 

21. D. BRITTON and J. D. DUNITZ. Acta Cryst. 19, 662 
(1 965). 

22. B. DICKENS. J. Inorg. Nucl. Chem. 28, 2793 (1966). 
23. G. C. PIMENTEL and A. L. MCCLELLAN. The 

hydrogen bond. W. H. Freeman and Co., San 
Francisco. 1960. p. 259. 

24. I. LINDQUIST. Acta Cryst. 10,29 (1957). 
25. B. KAMENAR, C. K. PROUT, and J. D. WRIGI-IT. J. 

Chem. Soc. 4851 (1965). 
26. A. S. BAILEY and C. K. PROUT. J. Chem. Soc. 4867 

( 1965). 
27. C. K PROUT and H. M. POWELL. J. Chem. Soc. 

4882 (1965). 
28. B. KAMENAR, C. K. PROUT, and J. D. WRIGHT. J. 

Chem. Soc. A, 661 (1966). 
29. C. K. PROUT and A. G. WHEELER. J. Chem. Soc. A. 

1286 (1966). 
30. C. K. PROUT and A. G. WHEELER. J. Chem. Soc. A,  

469 (1967). 
31. J. E. LYDON and M. R. TRUTER. J. Chem. Soc. 6899 

(1 965). 
32. G.  J. PALENIK. Acta Cryst. 17,687 (1964). 
33. G. J. PALENIK. Acta Cryst. 17,696 (1964). 
34. R. C. HOY and R. H. MORRISS. Acta Cryst. 22, 476 

(1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Elementary processes in the acetaldehyde pyrolysis 

MICHAEL T. H. LIU' AND K. J. LAIDLER 
Departnie~rt of Clzenzisti'y, Uilivei'sity of Ottnwn, Ottn~vn, Cnnncln 
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The acetaldehyde pyrolysis has been studied over the 480-540 "C temperature range, and at pressures 
from 1 to 560 nun Hg. Measurements were made of the rates of production of the major product methane 
and of the minor products hydrogen, ethane, acetone, and propionaldehyde. The kinetic effects of adding 
carbon dioxide, of changing the surface:volume ratio, and of coating the vessel have been determined. 
The elementary processes are found to occur largely in the gas phase. The dissociation of CH3CH0 
into CH3 f CHO is deduced from the rates of hydrogen and ethane formation; there is significant falling 
off of the rate constants at lower pressures. The kinetic parameters for the reaction CH3+CH3CH0 + CH,+CH,CO are obtained, and it is suggested that quantum-mechanical tunnelling plays a role. 
Acetone production has an activation energy of 12.4 kcal/mole and it is concluded that its formation 
involves the participation of the isopropoxy radical, the activation energies being as indicated: 

Canaclian Journal of Chemistry, 46, 479 (1968) 

In a recent paper (1) we have described a 
reinvestigation, at 523 "C, of the pyrolysis of 
acetaldehyde. The acetaldehyde used was pre- 
pared from paraldehyde, and was shown to be 
free from traces of impurity. Measurements were 
made of the rates of formation of the major 
products (methane and carbon monoxide) and 
of the minor products (hydrogen, ethane, 
acetone, and propionaldehyde). On the basis of 
this work a specific mechanism was proposed. 

The present paper describes a more detailed 
investigatio~l of the problem, at temperatures 
from 480 to 540 "C, and pressures from 1 to 560 
mm. Studies have been made of the effects of 
added inert gas and of changing the surface: 
volume ratio and the nature of the surface. The 
results confirm the mechanism previously pro- 
posed and lead to a number of kinetic parameters 
for the elementary processes. 

Experimental 
The apparatus was that described in the previous paper 

(1) and the procedures were essentially the same. The 
following additional points may be noted. 

For the experiments in which the pressure of acetalde- 
hyde was low (20-50 n ~ m )  a small bulb was used for the 
expansion. Since low pressures of acetaldehyde could not 
be read accurately on the manometer, it was necessary to 
have a calibration curve for this purpose. This was 
achieved by expanding a certain amount of inert gas into 
the reaction vessel using a 3 cc tube on the manifold so 

that the initial pressure was always greater than 20 mnl 
Hg. The concentration of the inert gas after expansion was 
measured by means of a gas burette, and the pressure in 
the vessel could then be calculated. 

Attempts were made to detect ketene in the system, but 
it was not found. However, ketene polymerizes with 
acetaldehyde to  a small extent at  low temperatures. A 
transparent polymer was noted in the -130 and - 150 "C 
traps after each run. When acetaldehyde was pyrolyzed 
together with small amounts of ketene at 450 OC, 80% of 
the ketene was found to be consumed. 

Rates of formation of the products CO, CH4, Hz, 
CH,COCH3, CzHs, and C 2 H 5 C H 0  were measured a t  
480, 500, 523, and 540 OC. 

Results and Analysis 

Initial rates of formation of the products were 
obtained by extrapolating rates to zero time. 
The rates of formation of hydrogen and acetone 
were, a t  all temperatures, roughly three orders of 
magnitude less than those of the major products; 
those of ethane were roughly one fifth of those of 
hydrogen, and those of propionaldehyde about 
one quarter of those of ethane. (Rates a t  523 "C 
were tabulated in the previous paper (1) and the 
general pattern is similar at the other tempera- 
tures.) 

To explain these results, especially the prod- 
ucts obtained, we suggest the following mechan- 
ism. which is the Rice-Herzfeld scheme to which 
a nimber of reactions have been added: 

[I 1 CH3CHO -> CH3 + CHO 

'Present address: Department of Chemistry, The [21 CHO -f CO -1- H 

University, Reading, England. [31 H + C H 3 C H 0  -> H Z  + C H 3 C 0  
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If the minor termination step [lo] is ignored the 
rate of disappearance of acetaldehyde, approxi- 
mately equal to the rates of formation of carbon 
monoxide and methane, is found to be 

Since earlier work (1) indicated that there was 
a slight falling off of the overall rate constant a t  
low pressures, it was decided that further work 
should be done to confirm this effect. Rates of 
production of methane were measured at  540 "C 
at pressures from 0.8 to 558 inin Hg. Some 
results are shown in Fig. 1, and there is seen to be 
a significant falling off of the overall 312-order 
rate constant. The order of methane formation 
is exactly 1.5 a t  high pressures (> 100 inin Hg) 
and is about 1.7 when the initial pressures have 
gone below 20 mm Hg. As Ic is also a measure of 
the square root of the ratio kl/k9, it is concluded 
that k l  is falling off faster than Icg; this is under- 
standable since acetaldehyde has three vibra- 
tional degrees of freedom less than ethane. 

The overall rate constailt is given by 

log k(cc5 mole- s-l) = (13.5 =t 0.2) 

The activation energy agrees satisfactorily with 
the value of 48.0 kcallmole obtained by Boyer, 
Niclause, and Letort (2) and of 47.6 kcallmole 
obtained by Eusuf and Laidler (3). 

According to eq. [I] k is identified with k4(kl/ 
kg)$ so that E = E4 + $El - &Eg. As shown 
later, E4 is found to be 8.4 kcallmole, and it is 
assumed that Eg --. 0 for the recombination of 
methyl radicals. The average value for the 
activation energy of 80.3 kcal/mole for reaction 
[l]  (see later) gives 48.6 kcal/mole for the experi- 
mental activation energy, in excellent agreement 
with the directly observed value of 49.1 kcal. In 

FIG. 1. Double logarithmic plot of the 312-order 
overall rate constant against the pressure. Temperati~re 
= 540 "C, 

the same manner, the frequency factor can be 
calculated to be 2.6 x 101: s-1, also in agree- 
ment with the value obtained (2.8 x 10'3). 

Ethane Prod~lction 
The order of ethane production is approxi- 

mately 1.1 at higher pressures, but there is a 
significailt falling off at pressures below 80 inin 
Hg. The formation of methane can result froin 
reactions [4] and [6]. The low rate of propion- 
aldehyde formation suggests that the ratio u6/v4 
or k6/k4 may be as low as 10-2 under the experi- 
mental conditions, and hence the methane pro- 
ductioil due to reaction [6] is extremely small 
compared with reaction [4]; it can therefore be 
neglected. If reaction [4] is the only source of 
methane, and reaction [9] the only source of 
ethane, 

Figure 2 shows a plot of the logarithm of the 
right-hand side of this equation against the 
logarithm of the acetaldehyde pressure; again 
the falling off of kg at low pressures is observed. 
The falloff of Icg has been observed at various 
pressure regions in different systems. Dodd and 
Steacie (4) found a significant decrease of Ic9 at 
about 10 mm of acetane at 247 "C. In the ethane 
pyrolysis at 550 "C Lin and Back (5) have 
observed a falloff of the rate coefficient for  
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methyl radical combination below about 200 mm 
Hg pressure, while in the mercury-photosensi- 
tized decomposition of dimethyl ether at 200 to 
300 "C Loucks and Laidler (6) observed a falloff 
at 100 mm Hg pressure. From the photolysis of 
azomethane at temperatures from 25 to 180 "C, 
Toby and Weiss (7) have shown an appreciable 
decrease of the coefficient at about 15 mm of 
azomethane: 

FIG. 2. Plots of log kg/k4' against log P. 

The value of Ic4 can be calculated from eq. [2] 
from the rates of formation of methane and 
ethane at a particular pressure and using Shepp's 
value of kg (8). 

The rate constant Ic4 obtained from extra- 
polation to high pressures is expressed by the 
equation 

log k4(cc 111o1e1' 5 ' )  = (12.24 A 0.06) 
8440 210 

- -- 

2303x1' ' 

CGme, Dzierzynski, Martin, and Niclause (9, 10) 
have recently studied the decomposition of 
acetaldel~yde at 500 "C with initial pressures from 
50 to 400 nlm Hg and reported that the order of 
ethane formation was 1.2, in agreement with our 
finding. 

Acetone Production 
The acetone production was found to be 

exactly of 312 order. The mechanism leads to the 
following expression for the rate of acetone 
production : 

Also, 

and Its, and its parameters, can therefore be 
deduced from the rates of formation of acetone 
and methane, and the k4 values; the result is 

Reasons for concluding that acetone is produced 
in reaction [8] and not in a chain-termination 
step CH3 + CH3C0 -+ CH3COCH3 were given 
in the previous paper (1). Reaction [8] is con- 
sidered to occur in two stages, the details of 
which are discussed later. 

Hydrogen ProcZuction 
In our earlier paper we reported that we did 

not find the induction period for hydrogen 
production that was observed by Trenwith (1 1). 
The order of hydrogen production, at  all four 
temperatures, is 1.4. Our results have been 
recently confirmed by CGme et aZ. (9, 10). The 
mechanism leads to the following expression for 
hydrogen production. 

According to this expression the order of hydro- 
gen production sl~ould be between 1 and 312 
in agreement with the experimental observation 
of 1.4. Figure 5 of the previous paper showed a 
plot of v,,/[CH3CHO] against [CH~CHO]!.; a 
straight line was obtained. T11e plot still sl~ows a 
linear relationship at a fairly low pressure, and 
this is attributed to the fact that k l  and kg 
largely compensate each other; the result is little 
net change in the ratio kl/k9 although each rate 
constant is in its pressure-dependent region. In 
fact, the ratio kl/Ic9 falls off when the pressure 
is below 20 mm Hg (see Fig. 3 below, wit11 
reference to inert-gas effects). The k l  values 
obtained by extrapolation on the basis of eq. [5] 
are represented by 

log kl(s-l) = 16.12 - 81500 4500 
2.303RT ' 
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The value of AS1* is 11.3 e.u. at 783 OK. The 
corresponding equatioil for k l  obtained from 
rates of ethane and propionaldehyde production 
is 

log kl(s- ' )  = 15.3 - 
79000 2000 

2.303RT 

The second equation is considered to be more 
reliable, the values obtained on the basis of eq. 
[5] being slightly pressure dependent. Also, the 
term k7,[CH3CHO] is not unimportant com- 
pared with k7, and cannot be completely 
neglected. 

T11e C 0 2  and C2H4 Production 
The initial rates of formation of both C 0 2  and 

C2H4 are non-zero, so that these substances are 
primary products. The order of C2H4 formation 
is 1.5 at 540 "C, which suggests that the C2H4 
production is resulting fro~ll the reaction between 
a methyl radical and a CH3CH0 molecule: 

Other products such as CH30H or CH30CH 
=CH2, which may be produced from the above 
reactions, were not detected. The time-course 
studies of C 0 2  (1) show a sharp increase in its 
production at high conversion, indicating that 
both primary and secondary reactions are 
occurring. 'he initial formation of C 0 2  may be 
due to the reaction of the acetyl radical with 
acetaldehyde, 

CH3CO + CH3CHO -> COz -i- C3H7, 

and the secondary contribution of C 0 2  can be 
attributed to the following exothermic reactions: 

The oxidation of carbon monoxide to carbon 
dioxide is quite likely in this system. On pyrolyz- 
ing a mixture of t-butyl peroxide and fonnalde- 
hyde, Lin (12) has found a large amount of C02 ,  
which is probably due to 

The reaction of carbon monoxide with itself, 

co + co -> co, + C, 

was also studied but was found not to occur at 
523 "C. 

Inert-Gas Eflects 
The effects of inert gas on the rates of methane, 

ethane, acetone, and hydrogen production were 
examined at 540 "C with different initial pressures 
of acetaldehyde. 

The rate of methane formation is given by eq. 
[I], and 1cl/1c9 values were calculated from this 
rate. Figure 3 shows how this ratio falls off a t  

FIG. 3. Plot of log k , /k ,  against log P at 540 "C, 
showing the effects of added C02,  whose pressures in nmm 
are indicated. 

540 "C when the acetaldehyde pressure is 
reduced below 60 mm. In this lower pressure 
range the lcl/lcg ratio was increased by addition 
of C02,  as shown by the crosses in Fig. 3. The 
results are consistent with the view that C 0 2  is 
about half as efficient as acetaldehyde in the 
transfer of energy. 

The effects of added C 0 2  on the rates of 
fornlation of ethane, acetone, and hydrogen 
were also studied. Figures 4, 5, and 6 show some 
results, and it is seen that there are significant 
increases in rates. The effects are similar with 
methane and acetone, and greater for ethane 
and hydrogen. These results are consistent with 
the proposed mechanism. The rates of methane 
and acetone formation involve the ratio kl/kg, 
so that the inert-gas effects partly compensate 
one another. Ethane and hydrogen formation 
involve largely lcl. 

The results of Dexter and Trenwith (13) call 
be explained on the same basis. Wheil250 mm of 
acetaldehyde was pyrolyzed in the presence of 
200 inm C02,  they found that the yields of 
acetone and methane remain unchanged and the 
rates of formation of hydrogen and of ethane 
increase. 

Sut;face Efects 
(a) Packing 
Experin~ents were made at 500 "C with a 
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T l M E  ( S )  

FIG. 4. Typical yield-time plots for ethane formation 
in the presence of C02,  T = 540 "C: (A) 42 ~i im CH3- 
CHO, (A) 42 nim CH3CH0 -k 210 mm C02,  ( 0 )  22 nini 
CH3CH0, (8) 22 l n ~ n  CH3CH0 + 110 nini C02,  (@) 
22 mni CH3CH0 $ 220 mm COZ. 

T l M E  ( S )  

FIG. 5. Typical yield-time plots for acetone forma- 
tion in the presence of COZ, T = 540 "C: (A) 42 mnl 
CH3CH0, (A) 42 mm CH3CH0 + 210 C02, ( 0 )  22 mm 
CH3CH0, (e) 22 mm CH3CH0 + 220 nini COz. 

packed vessel in which the S / V  ratio was in- 
creased 16-fold from 0.6 to 9.38 cnl-1. All the 
products show a small increase in rate. Some 

:ESSES IN ACETALDEHYDE PYROLYSIS 483 

initial rates of formation are given in Table I. 
The increases in the rates of formation of CH4, 
CH3COCH3, Hz, and C2H6 are about 10, 10-15, 
20, and1 5-20% respectively. The ratios uA<i,/ 
o,,, at 118 mm pressure of CH3CH0 at 500 "C 
are equal to 8.4 x 10-5 and 8.3 x 10-5 for the 
packed and unpacked vessels. These results 
suggest that the small increase in rate can be 
attributed to a surface initiation reaction. As 
soon as the chain is initiated, the rest of the 
products will increase proportionally according 
to eqs. [2] and [4]. The ratio v,,,c,,,c/uc,,i can be 
explained on similar grounds. 

aJ 

T l M E  ( S )  

FIG. 6. Typical yield-timc plots for hydrogen forma- 
tion in the oresence of CO,. T = 540 "C: (A) 42 mm 
CH3CH0, (i) 42 nim CH'CHO + 210n1n'i-d0~, (0) 
22 mni CH3CH0. (8) 22 nini CH3CH0 -1- 110 nim COZ, 
(a) 22 mm CH3CH0 $ 220 mm C02.  

It has been shown by Lin and Back (5) that the 
process C2H6 + 2CH3 is not affected by chang- 
ing the surface:volume ratio, and from the 
principle of microscopic reversibility, CH3 
+ CH3 + C2H6 should not be influenced by the 
nature of the surface. The rates at zero S / V  ratio, 
obtained by extrapolation, have essentially the 
same values as for the unpacked vessel. The 
initiation on the surface may be of the type pro- 
posed by Wojciechowski and Laidler (14), in 
which initiation may occur as 

CH3CHO + S -> CH3C0 + S-H, 
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TABLE I 

Initial rates of formation in mole cc-' s-I, for various products at  500 "C in packed and unpacked vessels 

Z ' C H ~  X loL0 V H ~  x 1013 Z'neetone X loL3 vcrns X 10" 
PcI3,cao 
(mnl Hg) Packed Unp. Packed Unp. Packed Unp. Packed Unp. 

followed by 
S-H -> S + H 

or 
CH3 + HS + CH4 + S. 

If the latter reaction dominates, i.e. surface is 
equally involved in both initiation and termina- 
tion, there will be no net effect of surface on the 
overall kinetics. There is no direct evidence as to 
whether the termination occurs on the surface 
or not, but it is clear that the initiation is more 
sensitive to surface than the termination reac- 
tion. 

( b )  Carbon Coating 
In kinetic studies of the gas phase pyrolysis of 

alkyl halides it has proved necessary to "season" 
the reaction vessel in order that reproducible 

V E S S E L  

::: UNCOATED 

V E S S E L  

L O G  P ( m m  Hg 

FIG. 7 .  Plots showing the effect of carbon coating on 
the rates of methane production, T = 480 "C. 

kinetics may be obtained (15). "Seasoning" may 
be achieved by prolonged treatment of the 
vessel with the compound under investigation 
until a carbonaceous deposit is observed. It was 
believed that this coating covers active sites in 
the polar glass surface so that heterogeneous 
reactions were eliminated. Holbrook (16) found, 
however, that the carbon deposit from the gas- 
phase pyrolysis of ally1 bromide showed a 
strong e.s.r. signal and that it had an odd 
electron content of 1018 per g. He proposed that 
such carbons might therefore be reactive rather 
than inactive as previously believed. Holmes (17) 
found that allyl-bromide carbon catalyzes the 
HI decomposition and olefin isomerizations. The 
activation energies for these heterogeneous 
reactions are lower than those of the correspond- 
ing homogeneous reactions. In the present work, 
it was found that the rate of the acetaldehyde 
decomposition was almost doubled when the 
reaction vessel was coated with allyl-bromide 
carbon. These results are shown in Fig. 7. The 
order of methane production is 312 in both the 
uncoated and coated vessels. The processes 
responsible for the surface-initiation reactions 
are suggested to be either 

or 

[ii] CH3CH0 + S -> CH3CHO* 

CH3CHO* + CH3CHO + CH3CHOH + CH3C0, 

where CH3CHO* represents an excited species. 
If reaction [ii] is significant in the initiation 
process the steady-state treatment leads to an 
overall order which is higher than 312; this is not 
observed. Reaction [i], the abstraction of the 
hydrogen atom of the aldehyde group by the 
surface, therefore, seems more probable. These 
observations show that a pyrolytic carbon with 
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a high odd-electron content is capable of initiat- [CH41 
ing free-radical reactions, as postulated by [S] 7 - t 
Woiciechowski and Laidler (14). 

and Curve B on 

A [91 
d [CH 11 2[WIloi 
--- = k[ ] 

dt k t [ ~ ] o ' +  2 ' 
which follows from eq. [6]. It is to be noted that 

a the differential equation deviates from linearity 
P 
x at a much earlier stage (at about 20 % conversion 

- as compared with 50 %); the integration method 
U (eq. [8]), used in the present work, is therefore 

more reliable for obtaining initial rates. 
- 
D 
J 

- 
- Om 

I 0 
U 

W 
-1 4 -  
0 
I - 

m 

I 

400 800 1200 

T I M E ( S )  

FIG. 8. Comparison of calculated yield-time curves 
with experimental results for methane production. The 
so l~d  curves are calculated from eqs. [6] and [7]; the 0 
c~rcles a le  experimental values. (A) 523 "C, 117 mm Hg; 

I I 
500 1000 

(B) 500 'C, 118 mm Hg. 

T I M E  ( S )  
Time-Cowse Stllclies 

Equations have been derived to fit the experi- FIG. 9. Theoretical yield-time curves based on eq. [8] 
(Curve A) and eq. [9] (Curve B). The points are experi- mental time-course data. The integrated equa- mental values. 

tion for 312-order kinetics is 
1 2  

2[Nl lo '  According to the proposed mechanism, the 
[ G I  = [kt[hl]:+ 2 1  ' rate of formation of acetone is 

where [MIo is the initial concentration of acet- 
[lo1 aldehyde, and [MI that at time t. The concentra- cl t 

tioil of methane as a function of [MIo, t, and k and hence 
call be expressed using 

[y I [CHJ = [A410 - [MI. [ l l ]  [CH~COCHI"] = ks 
Comparison of calculated yield-time curves with 
cxperimental results for methane production is 

1 

shown in Fig. 8. The calculated curve agrees well 
with the experimental results even to very high The calculated yields of acetone calculated from 
conversion (70 %), indicating that the bending of eq. [I l l  agree with the experimental yields up to 
the curve is due to the disappearance of acet- 50 % conversion, as shown in Fig. 10. Again, the 
aldehyde only. Figure 9 shows alternative plots; curvature in the plot is due to the disappearance 
Curve A is based on of acetaldehyde alone. 
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It is concluded that the production of CH4, 
CH3COCH3, C2H6, and H2 is consistent with 
the proposed mechanism, and that there is no 
loss or gain of these products resulting from 
other secondary processes. 

W 
FIG. 10. Co~nparison of calculated yield-time curves 

with experimental results for acetone production. Solid 2 
curve calculated from eq. [ii]; the circles are experimental + 
values. (A) 532 "C, 117 mni Hg; (B) 500 "C, 118 mm Hg. 

Similarly, the yield of ethane production can 
be derived using the equation 

0 
[12] [CZHG] = kg 400 800 

Figure 11 shows the calculated curves and the 
experimental points. 

The rate of hydrogen production is given by 
eq. [5] and hence 

TIME ( S )  

FIG. 11. Conlparison of calculated yield-time curves 
with experimental results for ethane production. Solid 
curve calculated from eq. [I21 ; the circles are experimental 
values. (A) 523 "C, 117 mni Hg; (B) 500 "C, 118 n ~ n l  Hg. 

The plot of [H21/t "'. is given in Fig. FIG. 12. Plot of [HJt - f(l)againsfg(l)[cf. eqs. 1131 12; a linear relationship is obtained. and [14]], T = 523 "C. 
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General Discussion 1 .0  r 

In this section, additional discussion is made 
on a few special topics which previously have 
not been described in detail. 

Unimolecular Decon7position of Acetalclel~yde 
It  has been seen (Fig. 3) that the ratio kl /k9 at 

540 "C becomes pressure dependent below 20 
mm Hg. On the other hand, the rate constant k9  
shows a strong pressure dependence below 80 
mm Hg (see Fig. 2). At lower pressures, k l  must 
be falling off faster than ko so that an overall 

u 

decrease in the ratio kl/k9 is noted. Since the 
rate of initiation must be equal to the rate 
of termination, 

~ 7 1  
V C ? T I ~ C I I O  ,$' = kl' + ----- 

[CH3CHO]' 

The values of k l '  at  different pressures can be 
calculated from the rate of formation of ethane. 
Figure 13 depicts the falling off of this rate FIG. 13. plots of log k,' against log P. 
constant k l l  as a function of pressure. The effect 
is very pronounced at lower pressures and still 
noticeable in the high-pressure region. The In the case of the acetaldehyde decomposition, 

extrapolated value of k l '  is obtained by plotting D(CH3-CHO) = El - iR2 '  
[CH3CHO]/~c.H, against the reciprocal of the 
square root of the acetaldehyde pressure. The = 78.2 += 2 Itcal/mole. 

This value leads to resulting equation is 
82700 += 1500 

log k ;  (s-') = 16.25 += 0.45 - -- 2.303RT . 

In order to obtain k l ,  the term v ~ , , , ~ ~ ~ / [ C H ~ -  
CHO] must be added to k l l  according to eq. [17]. 
The resulting rate equation is 

It  is of interest to contrast the acetaldehyde 
pyrolysis with that of ethane (5). The rate 
expression for the latter reaction under ordinary 
conditions contains pressure-dependent terms in 
the numerator only, so that the compensation 
effect found with acetaldehyde is not found with 
ethane. 

Szwarc (18) has shown that for a reaction such 
as the acetaldehyde dissociation the activation 
energy is related to the bond dissociation energy 
in the following way: 

D + RT > Ecx,, > D. 

AH,'(CHO) cx 7 ltcal/mole 
and 

D (H-CHO) = 87 ltcal/mole, 

in good agreement with the recent determination 
of Wnlsh and Benson (19). The recent value of 
D(CH3CO-H) in CH3CH0  is 88 kcal/mole 
(20) and the present estimates appear to support 
the view that D(H-CHO) 11 D(CH3CO-H), 
as suggested by several other authors (21-23). 
Using the above value, we get 

D(H-CO) = AHjo(C0) + AHjO(H) 
- AH~O(HCO) -- 19 kcal. 

This value is consistent with that of ,- 15 kcal 
suggested by Calvert (23, 26), but not with the 
high value of ,- 27 kcal favored by Klein and 
Schoen (24, 25). 

The Deco~nposition of the Isopropoxy Radical 
The rate constant k8 is not a simple rate 
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constant but an apparent rate coefficient involv- Although the activation energy is low for 
ing two elementary steps, as follows: reaction [- 121, this reaction is not important in 

n- the present system as the concentration of 
hydrogen atoms is small. The activation energy 
diagram at 298.2 O K  for these processes is given 

1: I: 
Application of the steady-state treatment to C H ~ - - C - C H ~  CH~-$- -  CH3 

I 
these reactions leads to H H 

In normal molecules, the carbon-hydrogen bond 
is stronger than the carbon-carbon bond, and 
this relation is also true for radicals (27). If on 
this basis one assumes that k-1 >> k12, eq. [15] 
reduces to k8 = lcllk12/k-ll. It is possible to 
estimate k12 since K l l  = kll /k- l l  can be 
calculated from the enthalpy and entropy 
changes, A H 1  1 and AS1  1. Use of values from ref. 
28 leads to 

Extrapolation of our value of ks to 298.2 OK 
leads to 

k12(298.2 OK) = 6.82 x 10-2 S-1. 

Taking E12 = 19.1 kcal/mole (see below), the 
Arrlienius equation for k l  2 is 

log k12 (s-I) = 12.83 - 
19100 

2.303RT 

The only value available in the literature for the 
decomposition of the isopropoxy radical by 
carbon-carbon fission is by Cox, Livermore, and 
Phillips (29). Their result is that at 298.2 O K ,  

k-1 1 = 1.3 x 10-1 s-1, which is slightly greater 
than k12. 

Reaction [ l l ]  is exothermic by 7.3 kcal. The 
heat of activation can be related to the experi- 
mental activation energy by the relationship (30) 

1191 AH+ = E,,, + (an' - l )RT,  

where An' is the increase in the number of 
lnolecules from reactants to activated complex. 
This gives the value of 6.7 kcal for AEll at 
298.2 OK. If E-I I is taken to be 17.3 kcallmole 

FIG. 14. Activation energy diagram for reactions of 
the (CH&CHO radical at 298.2. OK. 

It is seen from the diagram that not only is 
E12 greater than E-11, but also the endotherm- 
icity of reaction [12] is niuch greater than that of 
[ I  I]. This would favor an alkyl elimination and 
seenis to support our earlier assumption that 
k-11 >> k12. 

Since the isopropoxy radical is an intermediate 
of reaction [8] the possibility of other reaction 
products such as isopropyl alcohol and isopropyl 
methyl ether was not overlooked. These were not 
detected in our system. The steady-state con- 
centration of isopropoxy radicals can be esti- 
mated; the ratio of [i-PrO]/[CH3] is about 
10-7-10-8 and that of [CH3CO]/[CH3] is 10-2- 
10-3. Since the recombination of methyl and 
acetyl radicals to produce acetone is negligible, 
it is likely that CH3 $- i-Pro -t i-PrOCH3 or  
i-Pro + CH3CH0 -t i-PrOH + CH3C0 is not 
important. The concentration of the isopropoxy 
radical is of the order 10-20 mole/cc. 

(29) at 298.2 OK,- E l l  and El2  will be 10.6 and Possible Tunnelling in the Reaction CH3 
19.1 kcal/mole. With the use of the AHfOvalues of + CH3CH0 -t CH4 + CH3C0 
tlie species involved in reaction [12], tlie heat of The abstraction by the methyl radical of a 
reaction turns out to be 15.4 kcal/mole which hydrogen atom from acetaldehyde has been 
leads to AE12 = 14.8 kcal/mole at 298.2 O K ;  studied by many workers and by various 
hence E-12 = 4.3 kcal/mole. methods; the results are tabulated in Table 11. 
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TABLE I1 
Hydrogen atom abstraction reaction by a methyl radical from acetaldehyde 

-- - 

Temperature Rate constant 
Reference Method ("c) (CC mole-' s-') 

This work Pyrolysis of acetaldehyde 480-540 101z.z ~0-840OiS.57T 
Dodd (31) Photolysis of acetaldehyde 117.8-266.8 10'2.3 10-800014.57~ 
Birrell and Trotman-Dickenson Thermal decomposition of di-t-butyl 121.4-174.1 10-750011.57T 

(32) peroxide in presence of acetaldehyde 
Ausloos and Steacie (33) Photolysis of azomethane in 27-1 65 1011.2 1 0 - G ~ O O / ~ . ~ ~ T  

presence of acetaldehyde 
Volman and Brinton (34, 35) Thermal decomposition of di-t-butyl 124.4-155.8 10-7500/4.57T 

peroxide in presence of acetaldehyde 
Kerr and Calvert (20) Photolysis of azomethane in 32-121.4 10-6800/4.57~ 

presence of acetaldehyde 

The Arrhenius plot for different values of k4/k91/2 (1) Some of the methane in our experiments 
is shown in Fig. 15. Our results agree very well might have arisen from another source, such as 
with Dodd's results and, in fact, a straight line 

[6] CH, + CH3CHO -> CH, + CH2CH0. can be drawn to link up his and our set of points 
in the Arrhenius plot; his temperature range is 
the next highest to ours. Taken all together the 
results seem to suggest a slight increase in 
activation energy over the range of temperatures 
investigated. There are several possible explana- 
tions for this: 

The indications, however, are that the rate of 
this process is negligible. 

(2) The pyrolysis experiments may give some- 
what high results for k4/lc91i2, because of 
pressure effects on k g ;  this, however, has been 
taken into account in the present work. 

(3) The low-temperature work may produce 
results which are too high because of reactions 
such as the disproportionation of CH3 and 
CH3C0.  

(4) The curvature may be due to the occur- 
rence of hot-radical reactions. This, however, 
seems unlikely since some of the work involved 
photosensitized production of radicals and 
showed similar results to those obtained in 
photolysis experiments. 

(5) There may be quantum-mechanical tun- 
nelling. Johnston (36, 37) has concluded that the 
similar processes 

and 
CD3 + CzH.5 -> CD3H + C2H5 

are best interpreted in terms of tunnelling. 
Further work is required to test this possibility; 
work with deuterated compounds would be of 
value. 

Clzain Lenpths 
Is I 

1.0 2.0 3.0 On thewbasis of the mechanism the chain 
length is given by 

I O ~ I T  
1 /? 

Fro. 15. Arrhenius plot of k4ik911'. (+). Present 1191 B = b4(&) [ c H ~ c I ~ o ] ~ ' ? .  
work, ( x )  Dodd, (0) Kerr and Calvert, (A) Blrrell and 
Trotman-Dickenson, (0) Ausloos and Steacie, (0) 
Volman and Brinton, (A) CBme et a/ .  Table 111 gives chain lengths calculated using the 
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Study of phase changes in some iodides by the Wahn emanation technique1 

V. P. NARANG~ AND L. YAFFE 
Radiochet~ris/ty Laboratory, Departmet~r of Cl~etnislry, McGill University, Montreal, Quebec 

Received July 18, 1967 

I3jI was incorporated into TII, AgII HgI,, CuI, and PbI, and phase changes in the solid were studied 
by the Hahn emanation technique of following the emanation of the 13'Xe daughter. Good agreement 
was obtained with results previously obtained by conventional techniques. 

Canadian Jou rna l  o f  Chemihlry, 46, 491 (1968) 

Introduction Experimental 

The Hahn emanation technique, i.e, the rate 
of evolution of a noble gas (I) ,  has served as a 
useful qualitative indicator system in the study 
of reaction mechanisms (2) and thermal behavior 
of solids. Early workers (2-6) extensively made 
use of only those naturally occurring isotopes of 
radium and thorium which decay to form radon 
and thoron and thus their work had only limited 
application. 

In order to derive useful information from 
these techniques the rate of emanation has to be 
known accurately. This requires uniform incor- 
poration of the radioactive parent of the emanat- 
ing substance into the system under investigation. 
It is also preferable that the half-life of the parent 
should be longer than the emanating daughter, 
in order to avoid possible errors introduced by 
the decay of parent during the period of experi- 
ment. However, if the duration of the experiment 
is small compared with the half-life of the parent, 
the results are not seriously affected (7). 

In the present study the system 

was selected. This same system had previously 
been used by Zin~ens (8) to study the behavior of 
silver iodide. The present study was limited to 
an investigation of the thermal behavior of the 
iodides. No attempt was made to determine the 
"emanating power" as proposed by Fliigge and 
Zimens (9), since an accurate knowledge of the 
diffusion coefficient and recoil ranges of 135Xe 
in the various iodides is required. 

'This research was assisted financially by the National 
Research Coi~ncil of Canada. 

'Present address: International Atomic Energy Agency, 
11 Karntnerring, Vienna 1010, Austria. 

1351 was produced by the proton-induced fission of 
uranium oxide, U308 ,  in the McGill synchrocyclotron at  
low energies (20-23 MeV). 

Iodine was separated by the standard radiochemical 
procedure described by Glendenin and Metcalf (10). The 
purified iodine in the form of iodide was then mixed with 

9D D E T E C M  SYSTEM 

TEMPERATURE 
RECORDER 

O-RING JOINT 

HEATING ELEMENT 

SEAT FOR CRUCIBLE 

FIG. 1. Diagram of apparatus. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



492 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

20 ml of 0.1 M potassium iodide solution. The mixing 
was carried out mechanically for 30 min to ensure 
uniform distribution of active and inactive iodine. 

The iodides of Pb, Cu, Ag, Hg, and T1 were precipi- 
tated from this mixture by classical methods, care being 
taken to ensure that maximum specific activity was 
obtained in the samples. The iodide precipitates were 
subsequently transferred directly to sintered porcelain 
microcrucibles specially designed for this work. The 
microcrucibles containing the iodides were placed in a 
vacuum desiccator, left for about 6 to 7 h to allow some 
of the 135Xe to be formed, dried, and then transferred to 
the heating system, details of which are shown in Fig. 1. 

The temperature of the heating system was measured 
by a copper-constantan thermocouple and was controlled 
by a precision variable transformer. 

Freon-12 (difluorodichloromethane) was used as a 
carrier gas for 135Xe since many of its physical properties 
such as density, viscosity, and thermal conductivity are 
very similar to xenon. Each experiment lasted 15~-25 min. 

The 135Xe activity was measured continuously by 
gamma-ray scintillation techniques with a NaI(T1) 
Harshaw-type A F  crystal with a through side-hole. The 
crystal was mounted on a Dumont, type 6292 photo- 
multiplier tube whose output was fed to a preamplifier, 
a linear amplifier, and a single channel pulse height 
analyzer. The analyzer, gated to accept the 250-keV 
y ray of I35Xe (branching ratio 9773, was connected to a 
counting-rate meter and a strip chart recorder. 

Results and Discussion 

The number of runs performed for each com- 
pound varied from 3 to 5 and the results are 
quoted along with the standard deviation. 

I .  T/7allous Iodide 
A sharp peak was observed in the 135Xe 

activity at 166 & 0.8 "C as shown in Fig. 2. 
Three runs were performed. A visual observation 
at 168 "C showed that the color of the thallous 
iodide, yellow at room temperature, had changed 
to red. It is well known (11) that the yellow layer 
lattice form of TI1 changes into red rhombic at 

170 "C. The present observations confirm the 
studies of Schulz (12, 13) on the polymorpl~ism 
of thallous iodide. 

2. Silver Iodide 
A broad peak was observed at 143 & 2 "C as  

shown in Fig. 3. 

FIG. 3. 135Xe activity vs. temperature - AgI. 

According to Wells (14), there appears to be 
some confusion in the literature concerning the 
polymorphism of AgI. This compound occurs as  
a hexagonal mineral with wurzite structure. On 
being powdered the hexagonal crystals are 
converted into the cubic form. A mixture of the 
two is obtained if silver iodide is precipitated 
from a silver nitrate solution by potassium 
iodide. The form, stable at room temperature, is 
apparently the cubic (y) form which 011 heating 
at 137 "C changes to the hexagonal (P) form, and 
at 145.8 "C changes to the cc form. 

Our method of obtaining AgI was similar to  
that described above. and the broadenina of the 

u 

peak is due to the changes in various modifica- 
tions of the AgI. 

Ziinens (8) also studied A d  and he obtained 

1 4 7 7  

a single broad peak at 145 "c: 

3. Mercuric Iodide 
In this case a sharp rise in 135Xe activity was 

observed at 125.8 f 0.1 "C as shown in Fig. 4. 
It was also noticed that the color of the Hg12 
changed from red to yellow at 126 "C. 

It has been reported (15) that at 127.4 0.4 "C 
the crystalline form of Hg12 changes from 
tetragonal to rhombic. 

1 / \ 1 4. Cuprous Iodide 
, _ ,  , I -.- In ;his case as shown in Fig. 5, the 135Xe 

20 40 60 * 140 160 activity starts increasing at 80 "C and reaches 
TEMPERATURE (OC) 

a maximum at 138 & 2 "C. There are two more 
FIG. 2. lX5Xe activity vs. tenlperature - T1I. humps at 163.5 f 2 "C and 179 f 2 "C. Miyake 
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-I-- 
20 40  60 80 100 120 140 160 180 200  

TEMPERATURE ('c) 

FIG. 4. 13jXe activity vs. temperature - HgIz. FIG. 6. "5Xe activity vs. temperature - Pbl. 

et 01. (16) reported that CuI, which has nornlally 
the zinc blende type (y) structure at room 
temperature, changes co~npletely to the hexag- 
onal wurzite (p) at 369 "C. However, anomalous 
changes in the crystal structure were said to 
begin at about 200 "C. From the present results 
one would say that the anomalous behavior of 
CuI starts at 138 "C. Three runs were perfornled 
and identical results were obtained. 

TEMPERATURE (OC) 

FIG. 5. "5Xe activity vs. temperature - CuI. 

5. Lead Iodide 
In the case of Pb12, the increase in the l35Xe 

activity starts at 150 "C. Two very closely placed 
small peaks at 172 A 0.7 "C and 176.1 A 0.7 "C, 
as shown in Fig. 6, were observed in the region 
of maximum activity. These occurred repro- 
ducibly in each of the three trials. Pinsker er 01. 
(17) reported a hexagonal-type structure for 
Pb12 of which two modifications exist. When 
Pb12 is crystallized from water (as was done in 
the present work), the form that results depends 
upon the velocity of crystallization and both or 
either of the two forms may be prepared. No 
other data exist about the temperature depen- 
dence of the phases. 

Yet another possibility could be phase changes 
in KPb13, formed by the reaction of any potas- 
sium iodide adsorbed on the surface of the Pb12 
with the lead iodide (18). 

The present work shows that the results 
obtained by the emanation method, using the 
1351-135Xe system, are in close agreeilient with 
those obtained by the conventional crystallo- 
graphic techniques, particularly in the cases of 
kg l ,  Hg12, and '11. This method enables one to 
obtain a very good qualitative indication of the 
phase changes. 
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Properties of the solutions of the alkali-chlorozirconate compounds 
in alkali-chloride melts 

S. N. FLENGAS, J. E. DUTRIZAC,~ AND R. L.  LISTER^ 
Departmettt of' Mefall~trgy arid Materials Sciet~ce, University of Torot~to, Torotlto, Ot~tario 

Received May 23, 1967 

The activities of LizZrC16, NazZrC16, and K2ZrCl6 in the systems LiC1-LizZrC16, NaC1-Na2ZrC16, 
and KCI-K2ZrCl6, respectively, were calculated from available pressure data using a modified form of 
the Gibbs-Duhem relationship. The calculations indicate positive deviations from ideality that decrease 
with increasing size of the alkali metal cation. 

Canadian Journal  of Chcmis!ry, 15,495 (1966) 

Introduction 

Recent work from this laboratory (1, 2) has 
shown that the pressures of zirconium tetra- 
chloride vapor in equilibrium with the systems 
LiC1-Li2ZrC16, NaC1-Na2ZrC16, and KC1-K2- 
ZrC16, are directly related to the corresponding 
phase diagrams. The phase diagrams for the 
three systems were also determined and were 
of the simple eutectic type with no evidence of 
solid solubility. 

The thermal decomposition of the chlorozir- 
conates is represented by the reaction 

[ I ]  M2ZrCI6 = 2MC1 + ZrC14, 
solid or solid or vapor 

in solution in solution 

where M is either Lif, Na+, or Kf. 
The equilibrium vapor pressures of zirconium 

tetrachloride have been measured using various 
MCI-M2ZrCI6 mixtures over the permissible 
composition and temperature range for each 
binary system. The data indicated eutectic and 
liquidus melting, and were used to compare 
the thermal stability of the chlorozirconate 
co~npouilds and to evaluate their potential use 
as electrolytes for the recovery of zirconium 
metal by fused salt electrolysis. 

In the present investigation, a method has 
been applied whereby isothermal activities in 
the liquid solutions are calculated from the 
available pressure data (1, 2). 

Calculation of Activities from Pressure 
Data in a Reactive System 

Considering the all-liquid temperature-com- 
position region in the phase diagram of the 

1Present address: Noranda Research Centre, Pointe 
Claire, Quebec, Canada. 

2Present address: National Lead Company, Research 
Laboratory, P.O. Box 58, South Amboy, New Jersey 
08879, U.S.A. 

binary system MC1-M2ZrC16, the equilibrium 
constant for reaction [I] is written as 

For the purpose of this treatment, the states of 
reference for MCI and M2ZrC16 are chosen as 
the pure liquids at all temperatures and, for 
zirconium tetrachloride vapor, the pure vapor 
at 1 atm pressure. 

Equation [2] may be written in a differential 
form as 

[3] d ln IC  = 2 d  l11aMcl + d l n P Z r c l ,  - 
cl In (L,I, z,cl,. 

Considering any isotherm in the all-liquid range, 
K is constant and 

cl In K = 0. 

Hence, at constant temperature, 

[41 2 d In + cl In PZrcll - 
d In (LA, ,  zrc,, = 0. 

Furthermore, the activities aMcl and n ,,,,, ,,,; in 
the liquid solutions are related by the Gibbs- 
Duhem expression in the form (see Appcildix A) 

If it is assumed that the pressure dependence of 
the activities is negligibly small for pressures not 
exceeding 1 or 2 atm (3), then eq. [5] inay be 
introduced into eq. [4]. Upon rearrangement of 
the terms, the following relationship is readily 
obtained. 

7 ,  

The activities of M2ZrC16 may be calculated by 
integration along any given isotherm from avail- 
able pressure data. The integration of eq. [6] is 
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TABLE I 
Activity calculations from vapor pressure data 
-- - 

(a) System: LiC1-Li2ZrC16 

0.100 0.818 2.452 0.46 
-- .- 

(b) System: NaC1-Na2ZrCl6 

Log PZ~CI,  (Torr) ( f  0.01) ax,-,,z,cl, (Zt0.01) 
X N ~ C I  

XxJ2 zrclG 1 + X N ~ ~ Z ~ C I ~  919 "K 1023 "K 919°K 1023°K 

1 . O  0 3.029 4.085" 1 .O 1 .O 
0.873 0.0678 2.860 3.302* 0.97 0.95 
0.784 0.1204 2.686 3.149* 0.93 0.92 
0.710 0.1696 2.519 3.058* 0.89 0.89 
0.627 0.2292 2.420 3.024* 0.86 0.87 
0.576 0.2690 2.312 2.913* 0.81 0.82 
0.507 0.3271 2.233 2.817 0.75 0.76 
0.254 0.5949 1.844* 2.442 0.49 0.53 
0.104 0.8099 1.367* 1.966 0.23 0.23 

(c) System: KCl-K2ZrCi6 

Log Perc14 (Torr) (f 0.005) nic2zrcl6 ( f  0.01) 
X1;c1 

X I ~ ~ Z ~ C I ~  1 + X I < ~ Z ~ C I ~  1072 "K 1 173 "K 1072 "K 1173 "K 

"Extrapolated from pressures measured in a din'erent temperalure range. 

conducted graphically by plotting the concen- 
tration parameter Q = Xhlcl/(l t X > I ~ Z ~ C I ~ )  
against the logarithm of pressure from pure 
liquid M2ZrC16 to any given composition. For 
the pure liquid chlorozirconate, n,2,r,l, = 1 and 
Q = 0. Hence, 

n 
[71 ln ~ h i 2 z r c l G  = S Q d 111 Pz rc l , .  

4 -0 

Results 

The pressures of zirconium tetrachloride in 
equilibrium with liquid solutions at  various 
compositions were available (1, 2) in the form of 
logaritliinic equations, linear with respect to 
temperature, obtained by the least squares 
method. For the systems NaC1-NazZrCl6 and 
KCl-K2ZrC16, the accuracy of the results 

corresponded to a standard deviation of 0.005 
to 0.01 in tlie logp values. For the LiC1-Li2ZrC16 
system, tlie results were less accurate, and the 
standard deviations in tlie log p values were of 
the order of 0.02. The pressure data at  various 
con~positions calculated froin these expressions 
at the temperatures selected for the activity 
calculation are given in Table I. 

For pure Na2ZrC16, pressures at temperatures 
lliglier than the melting point were not available. 
These were computed using the expression 

[SI 
P 

AGB(T) = R7' In 
p, 

where AG,,,, is the free energy of fusion of 
NaZZrCl6 at a temperature T and, P, and P,, 
respectively, are the pressures of zirconiunl 
tetrachloride in equilibrium with pure liquid 
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FLENGAS ET AL.: PROPERTlES OF SOLUTlONS 497 

and pure solid Na2ZrCI6 at the same teinperature. 
The necessary thermal data for calculating the 
free energy of fusion as a function of temperature 
were also available from previous calorimetric 
work (4) and are given in Table II. 

TABLE I1 
Activities at the liquidus temperatures from 

cryoscopic calculations* 

System: LiC1-Li2ZrCls 

point of pure Li2ZrCI6. Hence, for this system, 
activity calculations were performed only at the 
melting temperature of Li2ZrC16. 

For graphical integration, the parameter Q was 
plotted against log p and the activities were 
obtained at the various compositions from the 
corresponding areas under the curves. 

f l L 1 2 z r C l b  

X I . > ? Z ~ C I ~  TI. (OC) at T L  

1 .o 535 1 .o 
0 .9  533 0.985k0.001 
0.8 530 0.965k0.005 
0.7  526 0.93010.015 
0.6 519 0.890*0.025 
0.5 506 0.805k0.030 1 

System: NaC1-NazZrC16 

X V ~ < ~ Z ~ C I ~  TL (OC) n x n ? z r c l , ,  - 
1 .O 646 1 .O 
0 .9  630 0.9603r0.002 
0.8  604 0.900k0.020 
0.7  575 0 . 8 3 0 ~ 0 . 0 4 0  - 

System: KCl-K2ZrClb 

X ~ \ ? Z ~ C I ~  TI. PC) f l ~ \ ~ Z r C l g  
-. 

I .o  799 I .o 
0 .9  788 0.98ikO.005 
0.8  770 0.930k0.025 1 0  2 o L o g  ' Z ~ C I ~  3 o 4 o 
0.7 750 0.885k0.075 
0.6 720 0.845k0.060 FIG. 1. Q vs. log P c , c l ,  integration curve for K2ZrC16 
0.5 676 0.770f 0.095 at 1173 OK. 

-The thermal data ror tlils calculat~on arc (3). 
For 1 I~Z~CIG:AH,. PI TF = 9300 f 1600 (call 

mole), Cp(solld) = 42.5 + 5.02 x 10W2 T(cal1de.g 
mole), Cp(l~qu~d) = 76.9 (cal1de.g mole). 

For Na2ZrCl~' AHF at TF = 4000 f 1300 (call 
mole), Cp(solld) = 63.7 (cal/dea mole), Cp(llquld) 
= 61.7 (cal/deg mole). 

For K2ZrC16: AH,. at T, = 5500 & 2000 (call 
mole), Cp(solld) = 64 9, Cp(liquld) = 78.0. 

For compositions close to pure chlorozircon- 
ate, the reaction pressures at the melting tem- 
perature of the chlorozirconate exceeded 1 atm, 
and these had to be obtained by extrapolating 
data available at lower temperatures. For this 
reason, the activities of Na2ZrC16 and K2ZrC16 
were calculated at two temperatures only, 
e.g. at the melting point of the pure compounds 
and at a temperature higher than the melting 
point by about 100 "C. For the LiC1-Li2ZrCI6 
system, the available pressures for pure Li2ZrC16 
represented part of the Li2ZrC16 liquidus tie 
line and had to be extrapolated to the melting 

A typical integration curve for K2ZrCI6 at 
1173 OK is shown in Fig. 1. The results of these 
calculations for the three systems at the specified 
temperatures are given in Figs. 2, 3, and 4. 

The activities of the hexachlorozirconate 
compounds at the corresponding liquidus tem- 
peratures, calculated from the phase diagrams 
(1,2) using the expanded form of the well-known 
Van't Hoff equation, 

are also shown for comparison. 
The width of the arrows on the curves reflects 

the uncertainty which appears in the cryoscopic 
calculations because of the error limits in the 
heats of fusion. The data is also given in detail in 
Table 11. In spite of such large uncertainties, 
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FIG. 2. Activity isotherms in the LiC1-Li2ZrC16 systcni. 

it is evident that the cryoscopic and the vapor 
pressure methods are in substantial agreement. 
For the latter, the error limits are readily 
calculated from the standard deviations in the 
logy  values, and are also given in Table I. 

The activities of the alkali metal chlorides in 
the NaC1-Na2ZrCI6 and KCl-K2ZrCj6 systems 
were then calculated from the activity isotherms 
for the cl~lorozirconates, using the Gibbs- 
Duhem eq. [5] and are included in Figs. 3 and 4. 
For the integration, it is taken as self-evident that 
Raoult's law is applicable to the MC1 component, 
irrespective of the method of expressing con- 
centrations (Appendix A). However, in the 
vicinity of the M2ZrCI6 component, Henry's 
law is not valid as at  X,,,, = 0 the activity of 
MCI acquires a finite value corresponding to 
that in a liquid of the M2ZrC16 composition. 

The activity of M2ZrC16 becomes equal to 
unity only at X,,2,r,l, = 1 and, hence, Raoult's 
law is not expected to hold for this conlponent. 

An approximate numerical value for the 
activity of MCI may be obtained from the data 
as follows: 

The equilibrium constants for reaction [I] may 

be evaluated from the pressure and activity 
data given in Table I, and in Figs. 3 and 4 a t  
corresponding compositions. For Na2ZrCI6 and 
K2ZrCI6, these have the average values of 
87.0 & 7.0 and 76.0 i 6, respectively, when the 
pressures are given in Torr. Using these values 
at X,,2,r,,,j = 1, the activities for NaCl and 
KC1 are found to be 0.28 & 0.04 and 0.24 10.03,  
respectively. Thus, the activity curves in Figs. 3 
and 4 approach the nominal co~uposition 
X,,,, = 0 in the manner shown 011 the graphs. 

Discussion 
If the "ideal" activity line is defined to repre- 

sent the overall MCI-ZrCI4 system, then the 
activities of NaCl and KC1 show negative 
deviations from ideality, as expected for a 
system where compound formation occurs. 
However, consideriilg the MC1-M2ZrCI6 sub- 
system, the "ideal" solutio~l may also be 
described as consisting of M+ cations: ZrCI6l- 
anions, and the stoicl~iometric balance of "free" 
Cl- anions. In this model, the measured activities 
show positive deviations from the new "ideal" 
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FLENGAS ET AL : PROPERI'IES O F  SOLUTIONS 

FIG. 3. Activity isotherms in the NaCI-Na2Z1.C16 system. X'N;,C~ represents concentrations in the NaCI-ZrC14 
system. 

line. This behavior could be interpreted as 
indicating a decrease in the chemical stability of 
the chlorozirconate conlpounds from the hypo- 
thetical "ideal" solution of undissociated and 
non-interacting Z S C ~ ~ ~ -  species. 

For a binary system with a common cation, the 
inole fractions are numerically equal to the ionic 
fractions and, hence, the observed positive 
deviations from ideality imply deviations from 
Temkin's (5) model for the ideal ionic solution. 
The equivalent fraction model (6) is siinilarly 
non-applicable, as it predicts negative deviations 
from ideality. 

The activity isotherms in Figs. 3 and 4 
indicate that, for the systeins NaC1-Na2ZrC16 
and KCl-K2ZrCI6, the temperature dependence 
of the activity should be negligibly small. Over 
the 100 "C temperature range investigated, a 
consistent temperature dependence cannot be 
predicted and, if such dependence exists, it 

sl~ould be well within the accuracy limits of the 
measurements. 

This observation is in qualitative agreement 
with the few available data on the general 
behavior of other binary systems wit11 common 
cation. For example, the systems Li(C1-Br), 
Na(C1-Br) and K(C1-Br), investigated by Kleppa, 
Hersh, and Toguri (7), were found to have very 
small positive heats of mixing. Flood and Muan 
(8) found that in the melts Na2(Cr04-Cr207) 
and K2(Cr04-Cr207) of equimolar composition 
the heats were only 150 and 250 cal respectively. 
However, the Na2(C03-S) system, investigated 
by Rosen and Sillen (9), was found to have heats 
of mixing as high as 950 cal, while the Na2(C03- 
SO4) system, investigated by Flood, Forland, and 
Motzfeldt (lo), was found to be ideal. 

Activities and partial nlolar heats of mixing 
for the two systems Na2ZrC16-NaC1 and 
K2ZrCl6-KC1 have also been reported in a 
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FIG. 4. Activity isotherms in the KC1-K2ZrCl6 system. represents concentrations in the KCl-ZrC14 system. 

previous publication (1) from this laboratory, 
using the heat terms calculated from the log p 
against 1/T curves, for pressure data obtained 
at temperatures above and below the liquidus. 
This method is now known (11) to be incorrect 
as it ignores the concentration dependence of 
activity along a liquidus tie line. Accordingly, 
the previously reported partial molar properties 
for these two systems should be disregarded. 

The method employed in the present investi- 
gation yields data which are consistent with 
cryoscopic calculations. The method should be 
particularly useful with reactive systems, for 
which other methods like calorimetrv or e.m.f. 
nleasurements cannot be readily applied owing 
to the thermal instability of the solutions. 

The activity coefficients of M2ZrC16 for the 
three systems investigated in the concentratioil 
range 0.2 to 0.8 mole fraction may be expressed 
by empirical equations of the general form 

The plots of log y,,,,,,, against X2 ,,,, are given 
in Fig. 5a. The b constants calculated from the 
slope of tlze curves are also given in the graph. 
It is significant that the b parameters decrease 
with increasing ionic size in proportion to the 
square of the ionic radius of the alkali metal 
cation, as shown in Fig. 5b. Hence, the b 
parameters appear to be related to  anion t o  
anion next neighbor repulsions that are expected 
to be predominant in solutions of this type. If 
the distance separating the two anions is assumed 
to be proportional to the size of the common 
alkali metal cation, then it should also be expected 
that the repulsive forces between anions should 
decrease in proportion to the square of the 
cation radius, thus justifying the observed 
empirical relationships. 

However, the solutions cannot be described 
as "regular" either, on the basis of eq. [I I].  If the 
entropy of mixing is wholly configurational, 
then the quasichemical theory (6,12,13) applied 
to interactions between nearest neighbors pre- 
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dicts that the concentration dependence of the Research Board of Canada for its financial aid 
activity coefficient should be given by simple in support of this investigation. Many helpful 
expressions of the form discussions with Dr. J. P. Valleau of the D e ~ a r t -  

[ la]  RT ln Y M ~ Z ~ C I ~  = x ~ ~ ~ ~ D .  inent of Chemistry of the University of ~ o r L n t o  
are also gratefully acknowledged. 

Hence, the a parameter in eq. [ I l l ,  which is 
almost constant and independent of the cation Appendix A 
size, could be associated with slight deviations Let consider a series of solutions in 
from random mixing. The assumption is justified all-liquid region of the phase diagralll of the 
because of the significant differences in the binary system M C I - Z ~ C I ~  at constant 
electrical charge and in the molar volumes of the ture and This phase diagram is de- 
ZrC162- and C1- anions. scribed by one congruently melting compound of 

8 
I I I I 

0  
O2  x i c l o 4  0.6 

FIG. 5. Regular solution model. (a) Plot of log 
ynr,zrc16 against X ~ M C ~ .  (b) Plot of the interaction param- 
eter b against the square of the ionic radii of the alkali 
metal cations. 

It is significant that the size of the cation in 
an alkali metal chloride plays a predominant 
role in stabilizing zirconium tetrachloride as the 
hexachlorozirconate and also in providing 
further stabilization when the M2ZrC16 com- 
pound is dissolved in a MC1 melt. It may be 
predicted that the solutions of zirconium 
tetrachloride in rubidium and caesium chlorides 
should be the most stable of the entire family of 
the cl~lorozirconates. 

Acknowledgments 
The authors are indebted to the Defence 

the type M2ZrC16 and the corresponding two 
eutectics (1, 2). The obvious components in this 
case are MC1 and ZrC14 respectively, and the 
standard form of the Gibbs-Duhem expression 
for this system is 

[ I ]  X'MCI d In ~ M C I  4- XZ~CI.~ d In azrcl.: = 0, 
where Xfblcl and XZrc14 are the mole fractions 
of MC1 and ZrC14 respectively in the binary 
system MC1-ZrC14. 

The same series of solutions, between composi- 
tions corresponding to pure MCl and M2ZrCI6, 
may also be described by the compoilents 
MCl and M2ZrC16. 

The mole fractions are now redefined as 
XMcl and Xhr?zrClc respectively, where Xarcl is 
different from XMCI. 

From the stoiclliometry of the reaction, it is 
readily shown that 

and 

For the equilibrium, we may also write 

where all activities are independent of the mode 
of expressing compositions. At constant tem- 
perature and pressure, eq. [4] is also written as 

[s] d In azrcl, = d In ~ ~ I ~ z ~ c I ~  - 2 d 111 ~ ~ T C I .  

Substituting XblCl and XZrCI, from [2], [3] and 
d In azrc,, from [5] into eq. [I], we find that 

It is significant that the Gibbs-Duhem equation 
is applicable for any "arbitrary sub-system" 
within the phase diagram describing the primary 
binary system. 
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Analysis of the n.m.r. spectrum of pentafluorobenzenel 

K. SCHAUMBURG, D. GILLIES, AND H. J. BERNSTEIN 
Division of Plrre Chenzistry, National Research Colmcif of' Crrrzarlrr, Ottawa, Canada 

Received August 31, 1967 

The lH and 19F spectra of pentafluorobenzene (PFB) have been analyzed, and spectral parameters 
obtained by iteration using least squares criterion. A number of solutions were found by this procedure. 
The physical solution was selected by "tickling" experiments. 

Canadian Journal of Chemistry, 46, 503 (1968) 

lntroduction k/ 
Investigation of many spin systems has 

become possible through the use of computers. 
The normal procedure in analysis of a spectrum 
starts with a tentative assignment of values for F 
the parameters involved by transfer of data 
from related molecules. The final result is then 
often obtained by iterative improvement of the 
parameters using least squares criterion for the 
iteration. In most cases where many spin 
systems have been studied, only a fraction of the 
experimental lines are used in the iteration. 
This has been justified by limitations in com- f f 
puter time and capacity and by the ambiguity 
involved in extracting reliable data from large 
numbers of overlapping lines likely to be present F 
in such spectra. FIG. 1. 

In principle it is possible to extract all neces- 
sary information from a reduced subspectrum 
(1). I t  is nevertheless important to remember that 
in such an analysis one depends heavily on the 
accuracy of the measurement of a small number 
of lines. Since all data are determined with 
limited accuracy, the "best" solution will sti1.l 
be found using a maximum number of lines in 
the analysis. The use of iterative minimization 
procedures does not in general assure a unique 
final result. Dependent on the initial data 
several local minima or 'best fits' can be obtained. 
No automatic selection of the best solution 
has been developed, and careful verification of 
the proposed solution using spin tickling, 
isotopic substitution, e.g., is therefore necessary. 

As an example showing a multiplicity of 
possible solutions we have studied the spectra 
of PFB (see Fig. 1). Studies of the spectrum 
of PFB has been reported by several authors 
(1-3). Recent improvements in experimental 

techniques and computational facilities have 
made it possible to obtain more accurate data, 
thus providing the basis for a new investigation. 

The literature data for the l9F chemical 
shifts are listed in Table I. Analysis of the 
spin-spin splittings have been done in various 
approximations, the results of which are given 
in Table 11. Boden et al. (2) found, in a first 
order approximation, values for the F-F 
coupling constants. As a result of the approxi- 
mation only the sign relation between the 
ortho and meta coupling constants could be 
found. A complete set of parameters were given 
by Lawrenson (3), still using a first order 
approximation. No signs were indicated and 
like Boden, the question of relative magnitude 
of J26 and J35 was not solved. Recently Lustig 
and Diehl(1) reviewed the information available 
for coupling constants in fluorobenzene with 
regard to signs. They applied a second order 
perturbation calculation to the para fluoro 

1Issued as NRCC No. 9830. 

spectrum of PFB to obtain a valuk for JI4 as 
given in Table 11. 
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TABLE I 
l9F chemical shift in PFB 

19F chemical shift (p.p.m.) 

Ortho Metaa Para Reference 

23.39 0.22 8.78 2 
23.05 0.44 8.92 4 
23.8 0.30 8.90 3 
23.67 0.22b 8.70 This work 

aMeasured relative to C6F6. 
~ ~ C ~ ~ C O O H  - 6c6g6 82.3. 

TABLE I1 
Coupling constants in PFB 

Reference 

J 3 2 1 This work 

. , 

*Relative magnitude not known. 
bSign assumed to be positive. 

Experimental 
PFB was obtained from Columbia Organic Chemicals 

and purified by distillation. Samples were prepared on a 
vacuum line to assure proper degassing of the sample. 
PFB and CC14 were distilled into the sample tube con- 
taining a capillary standard of CF3COOH. The concen- 
tration of PFB was approximately 10%. The proton 
spectra were recorded at 60 MHz on a Varian A60A 
spectrometer using precalibrated charts. l g F  spectra 
were recorded at 56.4 MHz using a Varian HAG0 spec- 
trometer. On this spectrometer aU spectra were recorded 
using internal lock and frequency sweep. Both spectrom- 
eters were operated at 30 i 2 "C. Data used in the 
calculation of spectral parameters were the average 
of 3-5 spectra. As reported elsewhere (5) a modified sweep 
arrangement allowed an expanded recording 0.3 Hzlcm 
at a sweep rate of 0.02 Hz/s combined with a continuously 
variable manual oscillator in the range 0.5-10 KHz. 
For tickling experiments a Wavetek 11 1 voltage-con- 
trolled oscillator of high frequency stability was used (5). 

For calculation of the spectra and subsequent iterative 
improvement a modified Laocoon I1 program including 
optional weighting of individual lines and dampening 
of the iteration was used. 

Results 
The final results of the analysis are given in 

Tables I and 11. The chemical shifts are in 
agreement with the literature data as far as it 

can be expected when solvent effects are con- 
sidered. The coupling constants are all within 
1 Hz from the values given by Lawrenson (3). 

To obtain the final parameter set iteration 
was initiated in two points with J26  > J35 and 
JZ6 < J35 using the data of Lawrenson (3). 
From the calculations two solutions were 
obtained corresponding to 2 local minima for 
the iteration. The root mean square (r.m.s.) 
error was, in both cases, less than 0.2 Hz. 
This is comparable to the experimental error 
estimated to be fO.l Hz. The r.m.s. error is, 
in this case, not a sensitive measure of the 
reliability of a parameter set. 

If the ortho H F  and FF coupling constants 
are taken as positive, it immediately follows 
that H F  meta is positive and FF para negative. 
The F F  meta coupling constant is reported 
to be positive, which is also found as the result 
of our calculations. The relative signs have not 
been established previously for the remaining 
three coupling constants J14, 126, and J35 .  By 
combination of the 8 possible pern~utations of 
signs, 16 possible parameter sets were obtained 
which were used to start the iteration procedure. 

As a result of the calculations we obtained a 
total of 16 local minima for the iteration. The 
solutions all corresponded to the same numerical 
set of parameters, within experimental error, 
but the sign relations reflected the different 
starting points. The r.rn.s. error was in all cases 
between 0.1 and 0.2 Hz, which does not permit 
exclusion of any of the solutions. 

To decide which, if any, of the obtained 
solutions is physically acceptable, a selection 
must be made by additional experimental 
information. Spin tickling (6) proved in this case 
to be particularly useful. By this method it is, 
in principle, possible to  deduce the energy 
diagram for the spin system. Since the energy 
diagram is different for all 16 cases under 
investigation, it is sufficient to construct such 
a part of the energy diagram that only one 
parameter set is left possible. 

In all the 16 energy diagrams a transition is 
found for the meta fluorine at2 4757.9 Hz 
corresponding to Fz - 2 + - 1. This transition 
is connected progressively to one in the para 
fluorine spectrum at either 4281.6 Hz or 4278.9 
Hz, depending on the sign of J I4 .  As concluded 

=The frequencies are given relative to CF3COOH in 
a capillary. 6(F ortho) - G(CF3COOH) = 3414.0 Hz. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHAUMBURG ET AL.: ANALYSIS OF THE N.M.R. SPECTRUM OF PENTAFLUOROBENZENE 505 

Fig. 2 the spectrum consists of a quartet where 
each of the lines will be affected only in two 
cases. The experimentally observed splitting 
of the low field line corresponds to the cases 
where both J2,j and J35 are negative. 

To find the relative magnitude of the two 
coupling constants a tickling of the meta 
fluorine transition at 4765.5 Hz corresponding 
to F, + 1 -> $2 was performed. The line 
affected in the para fluorine spectrum at 4275.4 
Hz is only connected to the transition tickled, 
in the case where I J261 > I J351. 

Discussion 

To confirm the results obtained above, several 
other tickling experiments were done, all of 
which could be explained in terms of the energy 
diagram selected. This does not only confirm 
the values of the coupling constants but it also 
assures that the chemical shifts calculated cannot 
be more than approximately 0.2 Hz from the 
exact value. A comparison of the r.m.s. error 
shows that the selected set of parameters 
corresponds to the second lowest r.m.s. error 
0.11 Hz. 

The sign relations given in Table I1 are only 
to be taken as relative within the group of H F  

b-4 or F F  couplings respectively. The relation 
FIG. 2. Part of the spectrum of meta fluorine in between signs in these two groups call be 

PFB between 1760-1765 Hz: (a) normal; (b) tickling at established in studies a t  low field strength or by 
423.7 Hz in the ortho spectrum. studies in nematic solvents. 

by Lustig and ('1 J14 was found 1. E. LUST~G and P. DIEHL. J. Chem. Phys. 44, 2974 
to be negative. (1966). 

Of the remaining 8 possibilities a group of 2. N. BODEN, J. W. EMSLEY, J. FEENEY, and L. H. 
SUTCLIFEE. Mol. Phys. 8, 133 (1964). can be by of a line in the 3. I. J. LAWRENSON. J. Chem. Soc. 11 17 (1965). 

ortho fluoriile spectrum at 3427.7 Hz common 4. G. L. CALDOW. ~ 0 1 .  ~ h y s .  11, 71 (1966). 
to the 8 cases. Connected to this 5. D. GILLILS and K. SCHAUMBURG. TO be published. 

transition is a line in 4764-4769 Hz region 6. R. A. HOFFMAN and S. FORSEN. Progress in nuclear 
magnetic resonance spectroscopy. Vol. 1. Pergamon 

of the meta fluorine spectrum. As show11 in Press, London. 1966. pp. 14-205. 
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Dipole moments of glycerol, isopropyl alcohol, and isobutyl alcohol 

H. A. RIZK AND 1. M. ELANWAR 
Deprrr'fnzerit of Clzemistry, Frrcrrlty of Science, U~riversity of Crriro, Crriro, Egypt, U.A.R. 

Received May 29, 1967 

By the application of a modified form of Onsager's equation to dilute solutions of glycerol in isopropyl 
alcohol and isobutyl alcohol, and conversely to dilute solutions of each of the latter two alcohols in 
glycerol, it is found that the apparent solution moments of these alcohols, at the condition of infinite 
dilution, are 2.68, 1.61, and 1.66 D respectively over the temperature range 30 to 50 OC. 

Canadian Journal of Chemistry, 46, 507 (1968) 

The dipole moment of glycerol in dioxane, as 
determined by Wang (I), is 2.67 and 2.66 f 0.02 
D at 15 and 30 "C respectively. Using the same 
solvent, Darmois and Mouradoff (2) obtained 
the value 2.56 D for the dipole inoment of 
glycerol. Debye (3), Lange (4), Stranathan ( 5 ) ,  
Ghosh (6), and Donle (7) measured the dipole 
moment of isopropyl alcohol in benzene, the 
values obtained being 1.66, 1.53, 1.74, 1.78, and 
1.72-1.69 f 0.04 D respectively. According to 
Higasi (8), the apparent solution moinent of 
isopropyl alcohol, as well as that of isobutyl 
alcohol, using benzene as a solvent, is equal to 
1.70 D. His measurements (8) in carbon disul- 
fide gave for those two alcohols the moments 
1.48 and 1.41 D respectively. The dipole 
moments of isopropyl and isobutyl alcohol were 
also measured in benzene by Maryott (9), the 
values obtained being 1.66 and 1.70 D respec- 
tively. On the other hand, the dipole moments 
of isopropyl alcohol and isobutyl alcohol in the 
gaseous state, as measured by Kubo (10) and by 
Smyth (1 I), are 1.63 and 1.65 D respectively. 
Also, a value equal to 1.67 D was obtained by 
Stranathan (12) for the vapor momeilt of 
isobutyl alcohol. 

The differing results, as obtained by various 
authors, concerning the dipole moments of the 
above alcol~ols suggested a redetermination of 
their moments with the help of Onsager's equa- 
tion (13) applicable to dilute solutions of a 
polar solute in a polar solvent. Thus in the case 
of glycerol, isopropyl alcohol and isobutyl 
alcohol were alternately chosen as the polar 

tive index were carried out as described in an earlier 
investigation (15). Calculations with regard to the 
infinite dilution condition were made using eq. [A]. This 
equation was derived from Onsager's equation (13), as  
shown in the Appendix. 

Results and Discussion 
It will be seen froin Tables I and I1 that over 

the temperature range 30 to 50 "C the apparent 
solution inoment of glycerol is equal to 2.67 D 
when isopropyl alcohol is used as a solvent, and 
equal to 2.69 D when isobutyl alcohol is used. 
Although the former value is slightly lower than 
the latter, the difference is within the limits of 
experimental error. Thus an average value, 
namely 2.68 D, may be taken to represent the 
dipole moinent of glycerol in isopropyl or 
isobutyl alcohol. This value, which is evidently 
in good agreement with the value, 2.66 D, 
obtained by Wang (1) for the dipole moment of 
glycerol at 30 "C using dioxane and applying 
the usual Debye equation (17), may suggest, 
when coinpared with the moment, 2.8 D, 
calculated for glycerol froin Girard's formula 
(18), that in pure glycerol there is unequal 
distribution of the six dipoles among the poten- 
tial troughs that exist when dipole rotation takes 
place around a bond; in other words, in pure 
glycerol there is incomplete randoin orientation 
of the dipoles relative to one another. 

The apparent solution moment of isopropyl 
alcohol in glycerol, namely 1.61 D (Table 111), 
is slightly lower than the solution value in ben- 
zene, 1.66 D, which was obtained by Debye (3) 

solvent, and conversely in the case of each of the and Maryott (9), and is in agreement with the 
latter two alcohols, glycerol was used as the vapor value, 1.63 D, as determined by Kubo 
solvent. (10) and Smyth (11). Similarly, the solution 

Experimental moment of isobutyl alcohol in glycerol, 1.66 D 

Glycerol, isopropyl alcohol, and isobutyl alcohol were (Table IV), is slightly lower than the solution 
purified according to  recommended procedures (14). in (8y 9)7 and in agreement 
Measurements of dielectric constant, density, and refrac- with the vapor value, 1.65 D (10, 1 I). 
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TABLE I 
Glycerol in isopropyl alcohol 

TABLE I1 
Glycerol in isobutyl alcohol 

w2 r PC) €12 d12 c2 

30 15.27 0.7944 
0 40 14.00 0.7869 0 

50 12.83 0.7793 
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RIZK AND ELANWAR: DIPOLE MOMENTS 

TABLE I11 
Isopropyl alcohol in glycerol 

W2 t ("C) €12 d l 2  C2 

"p2 = 1.61 D. 

TABLE N 
Isobutyl alcohol in glycerol 

W2 t Cc> € 1 2  d12 Cz 
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TABLE V 
Dipolc moments ( x  1018) of glycerol, isopropyl alcohol, and isobutyl alcohol 

-- 

Glycerol Isopropyl alcohol Isobutyl alcohol 

30 O C  40 O C  50 ''2 30 O C  40 ''2 50 O C  30 'C 40 O C  50 O C  

11" D 
d4 l 
PO (Debye) 
~"'ra (Onsager) 
gl"p (Kirkwood) 
gU2sa (Kirkwood) 
p solution 

I t  will be evident from the above that there 
exists a good agreement between the solution 
moments of glycerol, isopropyl alcohol, and 
isobutyl alcohol, as obtained by applying 
Onsager's equation at the condition of infinite 
dilution of a polar solute in a polar solvent, and 
those which are obtained wit11 the aid of usual 
methods. This result may suggest that it is 
possible to use Onsager's equation (with the 
assumption of ideality) to get reasonable dipole 
moments of alcohols dissolved in alcohols. 
Although there is no conclusive evidence that 
this method could generally be recommended for 
the determination of dipole moments of different 
types of molecules, nevertheless the simple 
model of a spherical cavity of a I~omogeneous 
dielectric used by Onsager (13) is more accurate 
than would be expected on first consideration. 

From measurements of the static dielectric 
constants, refractive indices for the sodium D 
line, and densities of glycerol, isopropyl alcohol, 
and isobutyl alcohol at 30, 40, and 50 "C, the 
dipole moments of these alcohols, as calculated 
from the Debye (17), Onsager (13), and Kirk- 
wood (19) equations applied to the pure liquids, 
are shown in Table V. 

It will be seen from this table that Debye's 
equation (17), which is inapplicable to pure 
polar liquids, gives in the case of glycerol a 
dipole molllent value which is much lower than 
the measured apparent solution moment, where- 
as it gives a moment value in the case of isopro- 
pyl alcohol, or isobutyl alcohol, which is more 
or less in fortuitous agreement with that ob- 
tained from solution measurements. The appar- 
ent increase in the inoment of each alcohol cal- 
culated from Onsager's equation (13), S1/2po, as 
compared with the measured solution moment 
(Table V), may be qualitatively accounted for by 

complex formation in each liquid. On the other 
hand, hindered relative molecular rotation 
arising from short-range intermolecular forces 
in each liquid would account for the higher 
dipole moment calculated from Kirkwood's 
equation (19), g1/2p, or g1/2p0, as con~pared with 
the measured solution moment, p being the 
actual dipole inoment of the molecule in the 
liquid and po the vapor moment. Accordi~lg to 
Kirkwood (19), the correlation paraineter g of 
hindered molecular rotation is equal to unity in 
Onsager's model, since in this model only the 
effect of electrostatic forces on hindered rotation 
was considered. Tlle discrepancies between the 
dielectric constants calculated for highly polar 
liquids from Onsager's equation, in which there 
is no contribution to the local field from the 
material in the interior of the cavity, and those 
measured were accounted for by introd~~cing in 
this equation a factor based on the forillation 
of complex molecules, namely the association 
factor S. The meaning and the derivation of this 
factor are different from the Kirkwood correla- 
tion parameter g. Thus while the value of S 
helps in the prediction of the probable types of 
aggregates in pure polar liquids, the value of g 
measures by its departure from unity the degree 
of hindered relative molecular rotation. Further, 
the deviation of g from unity may be either 
positive when short-range hindering torques 
favor parallel orientation of the dipole lnonlents 
of neighboring molecules or negative when the 
hindering torques favor antiparallel orientation. 

Following Frohlich (20), Kirkwood's equation 
would be very useful in the presence of strong 
short-range forces, since it is identical with a 
formula which one would obtain if the dipoles 
are assumed to associate. Suppose that on an  
average ,!ilP dipoles associate forming a group 
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RIZIC AND ELANWAR: DIPOLE MOMENTS 511 

of dipoles with moment p. Here p is the mo- 
lecular dipole moment in the liquid and p the 
total inoinent of the content of a Lorentz cavity 
(19) centered on a molecule of fixed orientation 
in the absence of an external field, p x p being 
equal to gp2. The number of such groups per 
unit volume is equal to 1 /(p/p) of the original 
volume, n, i.e. equal to nplp, which on multiply- 
ing by the square of the inoment of each group 
gives npp = ngp2. Thus, applying Onsager's 
formula to these groups leads, as was pointed 
out by Frohlich (20), to Kirkwood's equation. 

From a knowledge of the vapor phase dipole 
moments of isopropyl alcohol and isobutyl 
alcohol, which are 1.63 and 1.65 D respectively 
(10, 1 l), an estimate was made of S and g for 
these two alcol~ols, the nlolecules of which are 
of the type R-OH. The results obtained are 
shown in Table VI. 

TABLE VI 
Estimates of  S and g for isopropyl alcohol and 

isobutyl alcohol 

case than in the latter. This in turn results in 
stronger dipole-dipole interactions between a 
central dipole and surrounding dipoles, thus 
giving rise to more coordination through 
hydrogen bonds in liquid isobutyl alcohol 
than in liquid isopropyl alcohol. It may be noted 
here that the coordination which exists in these 
alcohols, as has been concluded from X-ray 
scattering data, is chainwise (19). On the other 
hand, when the association factor S of isobutyl 
alcohol, 3.65, at 30 "C is compared with that of 
12-butyl alcohol, 3.16, at 25 "C, which was 
determined by Huyskens and Cracco (21), it 
can be deduced that the former alcohol is more 
associated than the latter. That the relative 
molecular rotation is more strongly hindered in 
liquid isobutyl alcohol than in liquid n-butyl 
alcohol is revealed by comparing the correlation 
parameter value, 3.69, which we obtained for 
the former alcohol at 30 "C with the value, 3.21, 
which was observed for the latter alcohol a t  
20 "C by Oster and Kirkwood (22) and by 
Oster (23). 

Isopropyl alcohol Isobutyl alcohol Appendix 

1 ("C> S R S g Onsager's equation (13) in a modified form, 

30 3.12 3.19 3.65 3.69 without taking association into consideration, 
40 3.03 3.12 3.61 3.69 may be written in Bottcher's expression (16) as 
50 2.95 3.02 3.61 3.65 r z  

[I]  € 1 2 -  1 = ~ T C N ,  
It will be seen that for each alcohol the i 1kx 

association factor S, or the correlation parameter 
g, decreases with increasing temperature, this 
being presumably due to decrease in association 
or in the degree of hindered relative molecular 
rotation arising from short-range intermolecular 
forces. Also, it can be seen that for each alcohol 
the value of the correlation parameter g, which 
departs significantly froin unity, is slightly 
higher than the value of the association factor S. 
And that the association factor S, as well as the 
correlation parameter g, is smaller in the case of 
isopropyl alcohol than in the case of isobutyl 
alcohol. Therefore, it can be inferred that there 
is more association, or more hindrance to relative 
molecular rotation, in liquid isobutyl alcohol 
than in liquid isopropyl alcohol. This may be 
ascribed in part to the location of the hydroxyl 
group. Being more remote from the branch in 
the chain of the molecule in the case of isobutyl 
alcohol than in the case of isopropyl alcohol, 
the hydroxyl group is less screened in the former 

3 €12(€,; - 1) 
ai - 

(2612 f Em,) 1 
where N, is the number of molecules of type i 
per cc of the solution, E , ~  square of refractive 
index of component i, pi dipole moment of type i 
in the vapor state, and a, radius of the hypo- 
thetical spherical molecule containing the point 
dipole, p,, the subscript 12 being for the solution. 
Ni is related to C,, which is the number of gram- 
molecules of component i per liter of solution, 
by the equation 

where N, is Avogadro's number. 
Assuming that the hypothetical volume of N, 

spherical molecules in a gram-molecule of 
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component i is equal to the molar volume, V,, we Therefore 
have 

[3 1 4 a x  1 ai3Ni = 3 x  1 ViCi. 

Substituting for Ni in eq. [l]  from eqs. [2] and 
[3], and putting 

and 

one gets 

[6] € 1 2  - 1 = x ( A  iCipi2 + BiCi) 
a 

where A' and B' are the derivatives of A and B 
with respect to C2, that is 

I 

Assuming an ideal solution of two compo- 
A2, - (em2 + 4~12t,2 - ?el?) dela 

A ? -- 

nents, and designating the polar solute by the ~12(2~1r + 1)  (2~1? f c,?) dC2' 

subscript 2 and the polar solvent by the sub- B ~ '  = --& dt12 
script 1, the volume additivity is given by B I  - , ancl €12(2€1? + 1 )  dC? 

Substitution of C1° = 1°00 x for the Substituting for A,', A2', B l l ,  alld B2' from 
molar concentration of pure solvent and eq. [l],] ineq. [ 1 0 1 , ~ ~ d ~ ~ ~ ~ i ~ ~  
V2 = M2/(1000 x d2) for the molar volume 
(in liters) of pure solute gives [ l2 ]  F = 1 - C2p2-A? --~--7~-- (E-2 + 4~1?~,? - 3elr) 

[81 
~12(2~12 + 1)  (- + E,?) c, = Cl0(l - C2V2). 

Equation [8] expresses the solvent concentra- 
tion in gram-molecules per liter of solution, C1, 
in terms of that of the solute, C2, provided that 
the solution is ideal. 

For a binary mixture, eq. [6] can be written 
as 

[g] €12 - 1 = (A1p12 + B1)Cl + 
( A 2 ~ 2 ~  + B2)C2. 

Substituting in eq. [9] for C1 from eq. [8] and 
taking the derivative of c12 with respect to C2, 
we obtain 

Em 1 - C 1 f l  - ---A-p-- 

~lr(2~12 + ~ ~ 1 )  ' 
we finally obtain 

2 d€l2 [A]  p2 = F--- . 
cl C2 

A 2 

Taking the slope, de12/dC2, in the limit as C2 
approaches zero, the terms Al ,  A2, B1, and B2 
can be calculated using the dielectric constant 
of the solvent, € 1 ,  instead of that of the solution, 
e12. Similarly, in deriving the numerical value 
of the factor F for the condition of infinite 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RIZK AND ELANWAR: DIPOLE MOMENTS 513 

dilution, the  second and four th  terms o f  F 
involving C2p22 and C2 respectively disappear, 
C1 becomes equal  t o  Clo, a n d  then €12 becomes 
equa l  t o  el. 
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Nuclear magnetic resonance study of arene metal tricarbonyl complexes1 

J. T. PRICE AND T. S. SORENSEN 
The Department of Cl~emistry, The University of Calgary, Calgary, Alberta 

Received May 9 ,  1967 

The n.m.r. spectra of all the methyl-substituted benzene complexes of chromium tricarbonyl, molyb- 
denum tricarbonyl, and tungsten tricarbonyl have been obtained. The unusual features include a large 
upfield shift of alkene proton chemical shifts on complex formation, but within the metals the order of 
increasing shift is Cr > W > Mo, a non-periodic trend. It has also been observed that the individual alkene 
proton chemical shifts in an unsymmetrical methyl benzene become markedly different on complex 
formation, in contrast to the behavior found in the free arene. Symmetrical methyl-substituted benzene 
metal complexes, on the other hand, show the same symmetry characteristics as the free arenes, and 
hence, on an n.m.r. time scale, there is no permanent distortion of the ring. A theory is presented, in- 
voking partial three-point bonding of the M(CO)3 moiety to the arene ring. This bonding is postulated to 
occur most strongly at arene carbon atoms bearing methyl groups and, as a consequence, results in an 
abnormally strong electron withdrawal from carbon positions meta to  this carbon, even though this 
meta position may be unsubstituted. 

Canadian Journal of Chemistry, 46, 515 (1968) 

Introduction 

Overwhelming evidence has now been pre- 
sented (1-6) to show that three-fold distortion of 
the arene ring does not occur in dibenzene 
chromium. 

Arene tricarbonyl metal complexes have not 
been as rigorously investigated regarding a pos- 
sible three-fold distortion. However, an X-ray 
structural determination of benzene chromium 
tricarbonyl (7) provides no evidence for bond 
alteration. Curiously, hexamethylbenzene chro- 
mium tricarbonyl shows an anomalous two- 
fold distortioil (8), which may be caused by 
crystal-packing forces. 

In spite of the lack of evidence for any bond 
alteration, it might still be considered that some 
alteration of the n-electron cloud of the benzene 
ring could occur without being manifest in 
significant bond distortions. The metal tri- 
carbonyl benzene complexes, in contrast to di- 
benzene chromium, have at best only three-fold 
symmetry overall and it might be naively sup- 
posed that the metal octahedral bonding direct- 
ions, as determined by the carbonyl group 
directions, might lead to bonding which is 
strongest at three specific points of the arene 
ligand. These three points could coincide with 

/ the midpoint of  three>^===^, bonds, in which 
/ \ 

case bond alteration inight also result, but it is 
equally possible that the three points could cor- 
respond to three carbon atoms, in which case 

lTaken in part from M.Sc. Thesis of J. T. P. 

no bond alteration would occur in ligands like 
benzene, although bond lengths might change. 
These two possibilities are shown in Fig. 1. 

FIG. 1. TWO possible conformations for arene metal 
tricarbonyl complexes. 

X-ray evidence on this matter is equivocal. In 
benzene chromium tricarbonyl, the carbonyl 

\ bonds project through the center of ,c===c/ 
\ 

bonds (7), while in anisole chromium t;icarbonyl,' 
an eclipsed form is adopted in which the octa- 
hedral bonds would point towards the positions 
ortho and para to the methoxyl group (9). 
Indeed, the latter workers discuss this orientation 
in terms of an octahedral disposition of ligands 
in which the electron-rich ortho and para posi- 
tioils are to be preferred as bonding centers. 
X-ray structural studies using o-toluidine chro- 
mium tricarbonyl (9) further suggest that steric 
factors are not responsible for this structural 
preference. It  is of course possible that these 
structural features are due to crystal forces and 
one cannot extrapolate to the solutioil state with 
any great confidence. 

An examination of the possibility of three-fold 
arene distortion has been made for a number of 
methoxy-substituted benzene chromium tricar- 
bony1 complexes using an n.m.r. method (6). 
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The conclusions from this study can be sum- 
marized as follows: (I) there is no evidence for 
localization of the n-electron cloud and (2) 
relative to benzene and benzene chromium tri- 
carbonyl, the ability of the aromatic nucleus to 
transmit mesomeric effects (of the methoxyl 
group) is little affected by association with the 
Cr(CO), group, whereas there is a considerable 
change in inductive effects on complex formation. 

The authors of a recent communication (10) 
have offered n.m.r. evidence for restricted ro- 
tation in isopropylbenzene and t-butylbenzene 
chromi~lm tricarbonyl complexes, the former 
compound reported to exhibit a temperature 
dependent alkene proton n.m.r. spectrum, the 
latter a complex alkene proton spectrum un- 
changed by temperature changes. 

The n.m.r. spectra of a number of individual 
arene metal tricarbonyl compounds have been 
measured (11). It has been shown that the arene 
protons of the chromium complexes resonate at 
the highest field with tungsten next and molyb- 
denum the lowest (1 I). It has also been noted 
that the coupling constant of ortho-protons de- 
creases from a value of 7.8-8.8 c.p.s. in the free 
arene to 6.1-6.8 c.p.s. in the complexes (11). 

Results 
In order to simplify the presentation we have 

adopted a procedure similar to that used by 
McFarlane and Grim (6), in which individual 
proton positions are given a number, which can 
then be portrayed by graphical representation 
for showing variations in chemical shifts between 
different protons etc. The numbering system is 
given below. 

The n.m.r. spectra of the free arene com- 
pounds at 60 Mc show in almost all cases (the 
exception is nz-xylene) a relatively sharp signal 
for all of the alkene protons, even where these 
protons are not equivalent (12). Thus, methyl 
groups on a benzene ring do not cause ortho, 
meta, and para protons to have different chemical 
shifts, in contrast to the effect exerted by more 
strongly electron donating and attracting groups. 

It was surprising to note, therefore, that in all 
cases where the arene protons are not symmetry 
equivalent, the n.m.r. spectrum of the arene 
metal compound showed a complex series of 
peaks in the alkene region. However, in all 
cases where the arene protons are equivalent, 
only a single sharp signal was observed, indi- 
cating that on an n.m.r. time scale, no permanent 
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asymmetry is being introduced by complex 
formation. Furthermore, the n.m.r. non-equi- 
valeilce of protons varies from compound to 
con~pound. For example, in ortho-xylene, pro- 
tons 5 and 6 (all these numbers refer to our 
numbering system) have very similar n.m.r. 
chemical shifts, while in meta-xylene, protons 
7 and 8 have quite large chemical shift dif- 
ferences. The difference in the n.m.r. spectrum 
between the complexes and the free ligand for 
1,2,4-trirnethylbe11zene is shown in Fig. 2. By 
matching computer-calculated curves and the 
experime~ltal curves, it has been possible to 
successfully analyze the alkene region n.m.r. 
spectra of all of the complexes with the ex- 
ception of those from toluene and o-xylene. For 
these arene complexes the total separation of 
peaks is not sufficient to allow a reliable analysis; 
however, estimates were made even for these. 

FIG. 2. The n.ni.r. spectrum of the alkene region of: 
left, 1,2,4-trimethylbenzene Cr(CO),; center, 1,2,4- 
trimethylbenzene MO(CO)~, and right, 1,2,4-trimethyl- 
benzene. 

The coupling coilstant between adjacent pro- 
tons in nz-xylene, 1,2,3-trimethylbenzene, and 
1,2,4-trimethylbenzene complexes of chromium, 
molybdenum, and tungsten are all between 6.2 
and 6.6 c.p.s., in agreement with previous find- 
ings (1 1) on other metal arene complexes. In the 
1,2,4-trimethylbenzene complexes, the small 
meta coupling is easily observed (see Fig. 2). 

In Fig. 3, we have plotted the chemical shift 
data for each proton for the chromium, molyb- 
denum, and tungsten derivatives of all of the 
arenes. The abscissa represents the proton num- 

I - . -  . . - .  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

CODE NUt4BER OF ARENE PROTON 

FIG. 3. Plot of the difference (A) between the chemi- 
cal shift of alkene protons in the complexes and the same 
protons in the free arenes for all of the different protons 
coded under Results. 

ber using our numbering system and the ordinate 
represents the chemical shift (A) between a pro- 
ton in the complex and in the free arene. In Fig. 
4, a similar plot shows the average chemical 
shift for the methyl groups numbered by com- 
pound number, also relative to their chemical 
shift value in the free arenes. The individual 
methyl group protons show of course a single 
peak, with non-equivalent methyl groups often 
showing differing chemical shifts. Since it is not 
always possible to specifically identify these 
peaks for a polymethylbenzene, we have plotted 
the weighted median chemical shift for these 
methyl resonances. 

It  will be noticed that the order in magnitude 
of A for arene protons is Cr > W > Mo, while 
that for the methyl groups is Cr > Mo > W. The 
order for arene protons is clearly out of line with 
the periodic occurrence Cr, Mo, W. The cor- 
relation of individual protons in all three metal 
complexes is, however, excellent. 

In order to rationalize the variation in chemi- 
cal shifts observed for the alkene protons of the 
complexes, both within a given complex and in 
comparisons between various complexes, we 
have attempted to measure the effect on the 
chemical shift of individual protons caused by 
an ortho, meta, or para methyl substituent, 
again using a procedure similar to that used by 
McFarlane and Grim (6) for methoxy-substi- 
t~ited benzenes. The chemical shift value for the 
six equivalent protons of the benzene complex 
was taken as the reference point, the addition of 
methyl groups to the ring causing a comparative 
decrease, no change, or an increase to the chemi- 
cal shift value of the protons. The method in- 
volves a least squares type of analysis in which 
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1 1 1 1 1 . . , , . , . .  

2 3 4 5 6 7 8 91011 1213 

CODE NUMBER OF 
METHYL PROTON 

FIG. 4. Plot of the difference (A) between the chemi- 
cal shift of methyl protons in the complexes and the 
same protons in the free arenes coded for all of the com- 
plexes by con~pound number. 

the value for the chemical shift increment 
caused by ortho, meta, and para methyl groups 
is assumed to be additive and internally self- 
consistent within the complete series. For the 
chromium complexes, the best set of values are: 
ortho = t-0.14 p.p.m., meta = -0.08 p.p.m., 
and para = t-0.15 p.p.rn. Using these values, 
the agreement between the calculated and the 
observed chemical shift differences for the in- 
dividual protons, relative to the protons in 
benzene chromium tricarbonyl, are plotted in 
Fig. 5. A similar plot for the molybdenum com- 
plexes is given in Fig. 6, using ortho = SO.11 
p.p.m., meta = -0.13 p.p.m., and para = 0.17 
p.p.m. For the tungsten case, a reasonably con- 
sistent set of values are: ortho = t 0 .08  p.p.m., 
meta = -0.12p.p.m., andpara = t0.14p.p.m. 

In comparison, adding methyl groups to the 
free ligands serves only to increase (or at best 
leave unchanged) the chemical shift value for all 
alkene protons. While there is obviously no 
satisfactory correlation of the type used above,' 

'Linear correlations of n.m.r. proton shifts in benzene 
compounds due to ortho, meta, and para substituents in 
mono-, di-, and poly-substituted benzenes have been 
shown by a number of workers (see ref. 13 for a dis- 
cussion). The values given for ortho and para methyl are 
similar to ours but the value for meta methyl is even more 
positive (+0.13 p.p.m.). 

I 
-0.3 -0.2 -0.l 0 On 0.2 0.3 0.4 

CALCULATED SHIFT 
in p.p.m. 

FIG. 5. Plot of the observed shift, relative to benzene 
chromium tricarbonyl, caused by methyl groups ortho, 
meta, and para to the alkene proton (code numbered 
as under Results) versus the calculated shift using ortho 
= +0.14 p.p.m., meta = -0.08 p.p.rn., and para 
= +0.15 p.p.m. 

I 
-0.2 -0.1 0 0.1 0.2 0.3 0.4 

CALCULATED SHIFT 

FIG. 6. Plot of the observed shift, relative to ben- 
zene molybdenum tricarbonyl, caused by methyl groups 
ortho, meta, and para to the alkene proton (code num- 
bered as under Results) versus the calculated shift using 
ortho = +0.08 p.p.m., meta = -0.12 p.p.m., and para 
= +0.14 p.p.m. 

a reasonable set of values is: ortho = para 
,- 0.15 p.p.m. and meta - 0 p.p.m. (relative to 
the chemical shift value for benzene). For ex- 
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ample, comparisons of the alkene proton 
chemical shifts of mesitylene (T 3.22), isodurene 
(T 3.21), and pentamethylbenzene (T 3.20) sug- 
gest that added meta methyl groups have almost 
no effect. 

The previously lneiltioned results suggest, 
therefore, that the electron-enriching mesomeric 
effect, which is presumed to account for the 
higher chemical shift values found for protons 
ortho and para to a methyl group, does not 
change appreciably on complex formation, but 
that on complex formation a methyl group ap- 
pears to decrease the electron density at posi- 
tions meta to itself. 

The n.m.r. spectrum of toluene chromium tri- 
carbonyl was measured at 35 and 52 "C with no 
change observed. The spectra of both nz- and 
p-xylene chromium tricarbonyl were measured 
at -30 and 35 "C with again no change de- 
tected. There is no reason to believe, in fact, that 
any of the spectra are changing over the tem- 
perature range -30 to 50 "C. 

Discussion 
Three observations merit discussion : 
(1) The large upfield shift of arene protons 

observed for all of the metal coinplexes (rela- 
tive to the free arene). 

(2) The variation of these chemical shifts de- 
pending on the particular metal. 

(3) The variation of individual proton chemi- 
cal shifts within a given unsymmetrical arene 
metal complex. 

The large upfield shift of the alkene arene 
proton n.m.r. resonances on complex formation 
is assumed to be due to a shielding of the protons 
by the metal atom and/or a return to normal al- 
kene proton positions resulting from a decreased 
or altered "ring current" (14). In addition, how- 
ever, the M(CO), fragments (M = Cr, Mo) have 
been show11 to be quite strongly electron with- 
drawing (15, 16), and this would be expected to 
cause shifts to lower fields. There are indications 
based on dipole moment data (17, 18) that 
variations occur among the metals in this regard. 
It is ~ossible to invoke suitable combinations of 
these opposing effects and to thereby provide a 
reasonable rationale for points 1 and 2 above. 

At least two. essentiallv unrelated. ex~lana-  

FIG. 7. Scale drawing of the benzene chromium tri- 
carbonyl complex. 

preferred conformation in which the three car- 
bony1 groups are assumed to deshield the ortho 
and para proton positions relative to the meta. In 
Fig. 7, a scale drawing of benzene chromium tri- 
carbonyl is presented, based on the X-ray struc- 
ture of Bailey and Dahl (7). A significant de- 
shielding of specific alkene protons by the C=O 
or M-C bonds seems unlikely, partly because 
of the distance involved, but more importantly 
because of the particular disposition of these 
groups relative to the alkene protons. The obser- 
vation that the lowest values of A (see Fig. 3) 
occur in the molybdenum complexes, where the 
carbonyl - alkene proton distances are iiicreased 
relative to the chromium analogs, is also at vari- 
ance with this explanation. 

We prefer to explain the chemical shift dif- 
ferences of ring protons, in for example toluene 
molybdenun~ tr i~arbonyl ,~ as due to differences 
in the n-electron density of the arene ring carbon 
atoms. The carbon n-electron density is then as- 
sumed to be reflected in the n.m.r. chemical shifts 
of the corresponding proton resonances (19). 

One is then left with the fact that, in the com- 
plexes, protons meta to a methyl group have 

, 

are possible for the third point' In a recent 3Since both toluene and r-butylbenzene chromiunl tri- 
communication,  grace^ ef al. (10) have re- carbonvl have comolex alkene oroton n.ni.r. soectra and 
ported a complex alkene region n.m.r. spectruln since rkstricted rotation of the ? w e  proposed by Gracey 

for t-butylbenzene chromium tricarbonyl, and ei a/. seenls improbable for the toluene case, the necessity 
for invoking restricted rotation, as an explanation of the 

they have explained the result on the basis of a n.m.r. spectrumin thet-butylcase, shouldbereconsidered. 
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decreased chemical shifts and, from the previous 
discussion, an assumed decreased electron den- 
sity, relative to the benzene analogs. This ob- 
servation can be rationalized, however. if we 
postulate, as was discussed in the Introduction, 
that M(CO), bonding is concentrated at three 
120" on the arene ring; these positions 
occurring at carbon atoms and corresponding to 
octahedral bonding sites as determined by the 
M-CO bond orientations. Since the M(CO), 
groups are electron withdrawing, this bonding 
would be expected at the most electron-rich 
carbon atoms. In alkyl benzenes, where in- 
ductive effects are dominant, the bonding would 
be "strongest" at those carbon atoms to which 
methyl groups are directly bonded. This would 
then also result in abnornlal electron with- 
drawal from the positions 120" to this carbon, in 
fact corresponding to positions meta to the 
alkyl group.' 

In arenes like anisole and aniline. where meso- 
meric effects are dominant, the positions ortho 
and para to the functional group are those most 
electron rich and it is these ~osi t ions to which 
one might expect the strongest octahedral bond- 
ing. Such a postulate has in fact been proposed, 
o n  the basis bf X-ray evidence (see ~ntroduction) 
(9). The 11.n1.r. results of McFarlane and Grim, 
on the methoxy-substituted benzene chromium 
tricarbonyl complexes, do not support, nor do 
they rule out, this hypothesis. 

The rotation of the M(CO), group relative to 
the arene ring would have to be fast on the 
n.m.r. time scale since no permanent distortion 
is noted in complexes like p-xylene M(CO),. 
The two rotamers possible for this complex are 
shown in Fig. 8 (octahedral points are indicated 
by arrows). The two rotamers are of equal energy, 
Fig. 8, and hence have equal populations, giving 
only one averaged n.m.r. alkene proton peak. 
With two unequal energy rotamers, as for cx- 
ample in m-xylene M(CO),, the population of 
one form is much greater than that of thc other 
(Fig. 8). While proton averaging occurs, the 
actual 1l.m.r. chemical shift positions of the in- 

I , . . ,  
0 30 60 90 120 

ANGLE OF ROTATION (0) 
co 

perhaps a 
kcal more or 

0 30 60 90 120 
CO ANGLE O F  ROTATION (0) 

FIG. 8. Top, one of the two equivalent conforn~ations 
proposcd for the p-xylene metal tricarbonyl complex, 
showing on the right the proposed energy variation 
(the value of 10 kcal is based on the observation of only 
averaged spectra at  -30 "C) on rotation of the M(CO), 
group. Bottonz, the proposed most stable conformation 
of the mcta-xylene metal tricarbonyl conlplex, showing 
on the right the proposed energy variation on rotation of 
the M(CO), group and the energy difference between the 
two conforn~ations. (Estimated at  1 kcal or more ( K  > 5) 
on the basis that a linear correlation of the type shown in 
Figs. 5 and 6 would be invalid if both isomers were 
present in substantial amounts.) 

the most stable conforiner. Modest cooling of 
the solution has no effect on the shape of the 
spectra although a Boltzmann distribution plot 
of the chemical shift might ideally be expected. 

A good inverse correlation exists between the 
order observed for A (Fig. 3), Cr > W > Mo, and 
the magnitude of the negative meta proton 
chemical shift increment, Cr < W < Mo. This is 
entirely consistent with the supposition that the 
former order is due partially to differing electron- 
withdrawing effects anlong the metals. 

The above analysis satisfactorily accounts for 
the observatioil that n.m.r. equivalent protons in 
the free arenes are also equivalent in the metal 
complexes. This analysis also accounts for the 
increased chemical shift separation observed for 
the 1l.m.r. non-equivalent protons in the un- 
symmetrical arene metal complexes. 

dividual protons will be mainly due to those of 
Exoerimental 

The coniplexes required for this study were synthesized 
"This three-fold distortion does not change the n.nl.r. 

analysis of the toluene, ~ r - ~ ~ l e n e ,  1,2,3-, and 1 2  4- standard procedures described in the 

trinlethylbenzelle metal tricarbonyl conlpoun~s. 1;7 '0- literature (20, 22).The crude reaction products were puri- 
xylene, the synlnletry changes froni AA'RR' to ABCD fied by sublimation and in some cases, where an oily 
but in this case a reliable analysis is impossible for either product was initially obtained, by chromatography on 
type. alumina. The chromium and tungsten complexes, once 
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TABLE I 
Analytical results 

Analyses 
Melting point Calcd. Found 

Ref. to of new Yield 
Ligand Metal prev. lit. con~plex' PC) (%) C H C H 

Benzene Cr 20 
Mo 2 1 
W 21 

Toluene 

o-Xylenel 

/ti-XyleneL 

p-Xylenel 

Mesitylene' 

1,2,3-Trimcthylbenzene3 

1,2,4-Trimethylbe1lzene' 

1,2,3,4-1 etramethylbenzenea 

MO 140-142 47 51.2 4 .9  51.2 5 . 5  
W 148 (decomp.) 10 40.4 3.9 42.9 4.9 

Hexamethylbenzene Cr 21 
M o 27 
W 28 
-- -- 

'Matheson, Coleman and Bell "chro~i~atograph~cally purc". 
lAldrlch Chem. Co. "purlss. grade". 
3 P ~ r t f i ~ d  by dlst~l lat~on.  
JChemlcal Procurement Laboratories. 
5Aldr~ch Chem. Co.  
'Recrystall~zed to remove hexamethylbenzene tmpurtty. 
7Uncorrected. 
RCons~derable d~tlicitlty was encountered in tryins to get acceptable analyses o n  some of the titnssten compounds. The restdue was hlsh 

as \\ere carbon and hydrogen values. 

obtained, were thermally more stable than the molyb- 
denum analogs, but were in general not as easily pre- 
pared. The melting points reported for the molybdenuni 
and tungsten compounds are probably decompos~tion 
points in   no st cases and are very variable and unrepro- 
ducible. The melting points of the known chromium 
complexes were in good agreement with those reported. 
The infrared spectra of many of the complexes were 
obtained and, for known con~pounds, were found to agree 
well with the literature values. Table I lists the cornplete 
series, for the con~pounds synthesized in this work, with 
a reference to those compounds previously reported in the 
chemical literature. 

N.M. R. Spectral Mens~rre~iie~its 
All nleasurenlents were made using a Varian Assoc. 

A-60 equipped with a variable temperature probe. The 
measurements reported in Figs. 3 and 4 are for 7% w/v 
solutions of the metal con~plex in deuterochloroforn~ 
solvent except in a few cases where the solubility was too 
low. In these cases, a saturated or supersaturated solution 
was used. Tetramethylsilane was used as the internal refer- 
ence in all cases. The n.m.r. spectra of the free arenes have 
been previously measured (12, 29). However, in order to 
get the maximum consistency, these spectra were re- 
measured as 7 % w/v solutions in deuterochloroform and 
we have used these values to obtain A. The results, where 
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comparable, agree well with the published spectra. The 
effect of concentration on thc n.m.r. chemical shift 
values was investigated in several instances. Over the 
range 3-10% there is very little change. Many of the 
complexes were also measured in chloroform and carbon 
disulfide solutions. The chemical shift values are consis- 
tently 0.02-0.04 p.p.m. higher field in chloroform solvent 
and up to 0.2 p.p.ni. higher field in carbon disulfide sol- 
vent, compared with deuterocl~loroforni. The shape of the 
n.m.r. curves are identical, however. The rnolybdenu~n 
complexes, in particular, are not very stable in chloro- 
form solutions and measurements must be made reason- 
ably soon after dissolution. All peak areas showed the 
correct relative intensities. The actual chemical shift 
values are not tabulated as such in this paper (see Thesis 
of J. T. P.) but one can obtain thcse from Figs. 3 and 4 
by adding A to the known values for the chemical shifts 
of the free arene compounds. The possible error in A is 
approximately i 0.02 p.p.m., representing approximately 
i 0 . 0 1  p.p.m. error in each measurement contributing 
to A. 

In cases where a complex alkene region was observed, 
the curve was reproduced a numbcr of times at 100 c.p.s. 
sweep width. The curves were analyzed by standard pro- 
cedures, i.e. matching with con~puter-calculated curves 
(30). 
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Dipole moments of some molecules in dilute benzene solutions 

E. BOCK AND D. IWACI-IA 
Parker Chernistr'y Laborator)>, Ur~iversity of Mar~itoba, Wirlnipeg, fifartitoba 

Received August 9, 1967 

The dipole morncnts of bron~ochlorornethane, bromodichloromethane, bromotrichloron~ethane, 
dimethylcarbamyl chloride, dirnethylcarbamyl fluoride, vinyl formate, phenyl chlorothiolforn~ate, 
y-valerolactone, and 2-iodopropene were determined in dilute benzene solutions at 25 "C. The observed 
magnitudes of the dipole moments are rationalized in terms of molecular electronic charge distributions. 

Canadian Journal of Chemistry, 46,523 (1968) 

Introduction 
Over the past several years, the nuclear 

magnetic resonance (n.m.r.) group of the Parker 
Chemistry Laboratory, University of Manitoba, 
has investigated the solvent effects on the proton 
spectra of different molecules (1-4). As is well 
known, the solvent effect on the proton chemical 
shift in inolecules may be roughly divided into 
four main contributions, viz. dispersion forces, 
electric field forces, and magnetic anisotropy 
and bulk susceptibility effects. Of these, the 
electric field effect is strongly dependent on the 
molecular dipole moment. In order to theoreti- 
cally calculate the effect of the reaction field, 
and from the latter, the electric field contribution 
to the solvent effect, it is necessary to know the 
dipole moment of the solute molecule. It was 
for this reason that we measured the dipole 
momeilts of the above-mentioned molecules. 
We report our findings here in the hope that 
they will be of some use to other workers in 
related or different research fields. 

Experiment a1 
Solverft 

Fisher Certified reagent benzene was used as solvent. 
The benzene was dried by repeated shaking with Linde 
Molecular Sieve 4A. 

Solute 
The bromochloromethanes and y-valerolactone, ob- 

tained from Aldrich Chemical Co., were used without 
further purification. The vinyl formate, phenyl chloro- 
thiolformate, and dimethylcarbamyl chloride, also 
obtained from Aldrich Chemical Co., were further 
purified by fractional distillation, under reduced pressure. 
The din~ethylcarbamyl fluoride was prepared from 
di~nethylcarbamyl chloride by rcacting the latter with 
SbF, after the method of Schrader (5). The product was 
subjected to fractional distillation under reduced pressure 
and was further purified using a Varian 1520 gas chro- 
matograph. The 2-iodopropene, obtained from Columbia 
Chemical Co., was also purified by gas chromatography. 
The apparatus and experimental procedure have been 
described elsewhere (6). 

Results 

The experimental results are surnnlarized in 
Table I. In Table I1 the dipole moments obtained 
by us are compared with the results of earlier di- 
pole moments determinations recorded in the 
literature. The following comments may be in 
order regarding the entries in Table 11. The di- 
pole moment of bromotricl~loromethane deter- 
mined by us, i.e. 0.59 D, is significantly larger 
than the value found by Miller and Smyth (7) for 
this molecule, viz. 0.21 D. We believe that this 
discrepancy is due in part to the fact that the 
above authors used the Onsager equation in 
deriving the dipole moment for the molecule. 
It is well known that the application of the 
Onsager equation to dielectric constant data 
derived from pure liquids does not yield even 
approximately correct dipole moment values 
for many molecules (8). However, it is only 
proper to also note that our treatment of the 
experimental data (the modified Guggenheim 
treatment of Smith (9)) lacks in precision 
especially for molecules with low dipole moments. 
The true dipole moment of the molecule may 
therefore lie between 0.21 D and 0.59 D respec- 
tively. 

The dipole moments of dimethylcarbamyl 
fluoride and dimethylcarbamyl chloride are 
almost equal, viz. 4.02 D and 4.08 D respectively, 
but are considerably larger than the dipole 
moments of metl~ylchloroformate, 2.38 D (lo), 
and methylfluoroformate 2.61 D.l Now the chief 
structural difference between these two types of 
molecules consists in a nitrogen atom being 
situated between the halocarbonyl group and 
the alkyl radical in the former molecules and an 
oxygen atom in the latter molecules, respectively. 
The very much larger dipole moments of the 

'Unpublished results determined in this laboratory. 
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TABLE I 
Weight fractions (W), dielectric 
constants (e), and densities (d) of 

solutions in benzene at 25 OC 

w s lo3 E d 

Dimethylcarbamyl (fluoride) 
8.957 2.2897 0.8738 
2.764 2.3248 0.8741 
4.489 2.3574 0.8744 
6.105 2.3887 0.8746 

Dimethylcarbamyl (chloride) 
1.273 2.2941 0.8739 
2.648 2.3168 0.8742 
4.491 2.3476 0.8748 
6.622 2.3822 0.8753 

Vinvl formate 

Phenyl thiochloroformate 
1.419 2.2805 0.8740 
3.414 2.2908 0.8746 
5.05 2.3000 0.8752 
7.025 2.3101 0.8756 
9.227 2.3222 0.8762 

carbamyl molecules suggest that the nitrogen 
atom must act as an electron donor in these 
molecules by, perhaps, forming a double bond 
with the carbon atom; i.e. 

The resulting shift of electronic charge towards 
the oxygen would in turn result in an enhanced 
value of the dipole moment. 

TABLE I1 

Comparison of dipole moments from dilute 
benzene solutions obtained in this work with 

earlier reported values 

Compound P (D) P (Dl 

CHzBrCl 1.66* - 
CHBrClz 1.31* 
CBrCI, 0.59* 0.21 (7) 
(CH3)ZNCOCI 4.08* - 
(CH3)zNCOF 4.02* - 
CHzCHOCOH 1.66* 1.48 (12) 
C,H,SCOCI 2.91* 
CH3(CH,)zOCO 4.30* - 
CH3CICHZ 1.57* - 

Walues obtained in this work. 

The phenyl cl~lorot1~iolformate presents a 
particularly interesting case. Its dipole moment, 
in dilute benzene solution, is 2.91 D, whereas 
that of phenyl cl~lorofor~nate in the same solvent 
is 2.39 D (10). This is a rather surprising result. 
One would expect that because of its larger size 
and hence greater polarizability, the sulfur 
atom would co~lcentrate less electronic charge 
than an oxygen atom and would therefore lead 
to a s~llaller lnolecular dipole moment than an 
oxygen atom in a corresponding molecule. It is 
equally surprising to find that the dipole moments 
of all thioethers which have been measured 
to date are larger than the dipole moments of 
the corresponding oxygen ethers; yet the water 
molecule, which may be regarded as a special 
kind of ether, has a much higher dipole moment, 
1.85 D, than the hydrogen sulfide molecule, 
1.0 D. (See Table 111.) From Table I11 it is 
apparent that the enhanced dipole moment of the 
thioethers is not due to a change in the bond 
angle; the carbon-sulfur bond moments in all 
molecules listed in Table I11 are either equal to or 
larger than the corresponding carbon-oxygen 
bond moments. The observed facts may be 
interpreted in terms of a number of different 
mechanisms. Thus Gibbs suggested that the 
reason for the observed magnitudes of the 
dipole moments of the group VT element 
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BOCK A N D  IWACkIA: DIPOLE MOMENTS 

TABLE I11 

Con~parison of dipole moments and molecular parameters of normal ethers with the dipole moments 
and corresponding molecular parameters of thioethers 

-- 

<COC <CSC p(C-0) (B) p(C-0) (V) p(C-S) (B) p(C--S) (V) 
or or o r or or 

Compound ' (Dl (B) '(by) <;OH <HSH p(H-0) (B) p(H-0) (V) p(H-S) (B) p(H-S) (V) 

Water 
Hydrogen sulfide 
Dimethyl ether 
Dimethyl sulfide 
Diethyl ether 
Diethyl sulfide 

Dipropyl ether 
Dipropyl sulfide 
Dibutyl ether 
Dibutyl sulfide 
Diphenyl ether 
Diphenyl sulfide 

1.11 (b) 
- 

1 .as (b) 
- 

0.95 (6) 
- 

1 .03 (b) 

1 .o  (b) 

I .  1 (b) 

1.44 1.34 
1 .25 (a) I .17 ( [ I )  

1 .24 (a) - 

1 .24 (a) - 

(B) Benzene solution, (V) vapor, (L) liquid dipole moment values from rel: I I or  as indicated. Bond angles from ref. 21 or as indicated. 
A 

(a )  Bond moment calculated on the assumption that the bond angle CSC = 99'. 
A 

(b) Bond moment calculated on the assumption that the bond angle COC = 108'. 

dihydrides and dialkyls, viz: p(H20) > p(H2S), 
but p((CH3)20) < p(CH3)2S, is to be found in 
the lone-pair electron charge cloud distribution 
(20). The latter being more concentrated 
"behind" the atom the greater the degree of sp3 
hybridization of the group VI element orbitals. 
By making the usual assumption that the bonding 
orbital axes coincide with the bond axes and 
using the then available bond angle data, Gibbs 
concluded that the sulfur atom in dimethyl 
sulfide retains a considerable degree of sp3 
hybridization and that it was this effect coupled 
with the increase in the size of the atomic 
orbital that accounted for the observed 
dipole moment relationship, viz. p((CH3)20) < 
p((CH3)2S). However, more recent work on the 
structure of dimethyl sulfide (17) shows that 
the C-S bond angle in that molecule is 99" 
rather than 104", as assumed by Gibbs. This 
suggests that the degree of hybridization in the 
two molecules H2S and (CH3)$ is of the same 
order of magnitude, and that an explanation of 
the observed dipole moments magnitudes in 
the two molecules in terms of differences in the 
degree of hybridization only is inadequate. 
Moreover, if the 0-H, S-H, 0-C, and S-C 
bond moments in H20 ,  H2S, (CH3)20, and 
(CH3)$, calculated in terms of a vector model 
using the latest available structure data, are 
divided by the respective bond length one 
obtains in each case a measure for the apparent 
charge residing on the oxygen and sulfur atom 

respectively. Such calculations yield the following 
values for the apparent charge: H20 ,  1.59 x 10-10 
e.s.u., H2S, 0.52 x 10-10 e.s.u., (CH3),0, 0.82 x 
10-10 e.s.u., and (CH3)2S, 0.64 x 10-10 e.s.u. 
From these numbers it is apparent that a 
substitution of the two hydrogen atoms by two 
methyl groups results in a larger concentration 
of charge on the sulfur atom in (CH3)$3 than 
in H2S. And the larger dipole moment of the 
former molecule is seen to be due to the combined 
effect of a larger bond length and a larger charge 
concentration on the sulfur atom in (CH3)$. 
The enhanced concentration of charge inay be 
rationalized in terms of a hyperconjugation 
mechanism and a partial overlap of the d orbitals 
of sulfur with the carbon orbitals. Hyperconjuga- 
tion will tend to concentrate excess negative 
charge on the methyl carbon. This excess 
concentration of charge may be removed to 
some extent by the d orbitals of sulfur. Both 
effects will enhance each other and will result 
in a higher dipole moment for the dinlethyl 
sulfide molecule as compared with the dimethyl 
ether molecule, where the former effect, viz. 
expansion of the octet of electrons, is in~possible. 
If this explanation is true, then one sl~ould 
expect that the increase in the dipole moment in 
the l~igl~er  homologues should din~inisl~ with 
increase in the chain length of the l~ydrocarbon 
radical and should, finally, tend to a limiting 
value. That this is indeed the case is borne out 
by Table 111. 
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A similar nlechanisn~, i.e. the participation of 
the sulfur d orbitals, may be used to explain 
the higher dipole moment of the phenyl chloro- 
thiolformate nlolecule compared with the phenyl 
chloroformate molecule. In an earlier paper (lo), 
it was noted that the dipole moment of phenyl 
chloroformate was lower than the dipole moments 
of the higher llomologues of the aliphatic chloro- 
formate series. It was suggested there that the 
smaller value of the dipolemoment for the phe- 
nyl chloroformate molecule resulted from the 
mesomeric transfer of electronic charge into the 
benzene ring. In the case of the phenyl chloro- 
thiolformate molecule the sulfur atom, by virtue 
of its ability to expand its octet of electrons 
(use of d orbitals), will retain more electronic 
charge than the oxygen aton1 in thecorresponding 
position in the phenyl chloroformate molecule. 
Since the benzene ring is at the positive end of 
the nlolecular dipole, concentration of electronic 
charge on the sulfur, roughly at the midpoint 
of the molecular dipole, will result in a higher 
dipole moment for the phenyl cl~lorothiol- 
formate molecule. Such a mechanism is supported 
by the observation, made in this laboratory, 
that the C==O stretching frequency in phenyl 
chlorotl~iolformate molecule is shifted by about 
8 cm-1 towards longer wavelength compared 
with the phenyl chloroformate molecule. This 
suggests that there is a lower charge concentra- 
tion in the C=O bond in the phenyl chlorotl~iol- 
forinate molecule compared with the corre- 
sponding bond in the phenyl cl~loroformate 
molecule. 

The dipole moment for vinyl formate deter- 
mined by us, 1.66 D, is larger than the value 
found by Rao and Curl 1.48 D (12). This 
discrepancy is surprising and we are at a loss 
to explain it. Norn~ally one would expect that 
the d i ~ o l e  moment derived from solution 
measurements in benzene would be lower than 
the vapor phase value. Thus the dipole moment 
for methyl formate determined earlier in this 
laboratory (13) in benzene and carbon disulfide 
solution was lower than the corresponding 
vapor phase value found by Curl(l4), viz. 1.75 D, 
1.52 D, and 1.77 D respectively. This is usually 

the case; the so-called solvent effect in benzene 
solution is negative for the majority of molecules. 
In this case, however, the solvent effect seems to 
be positive. 

The dipole moment of 7-valerolactone is, as 
expected, of the same order as the dipole 
moments of /3- and 7-butyrolactone, 418, 415, 
and 4.30 D respectively. 
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Hg(63P,)-sensitized decomposition of HNCO vapor and HNCO-H, mixtures; 
the reaction of hydrogen atoms with HNCO1 

N. J. FRISWELL~ AND R. A. BACK 
Divisiot~ of Pure Chemistry, Natiorzal Research Council of Catza(la, Ottawa, Canada 
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The Hg(63PI)-sensitized decomposition of HNCO vapor has been briefly studied at 26'C with HNCO 
pressures from about 3 to 30 Torr. The products detected were the same as in the direct photolysis, CO, 
N2, and Hz. The quantum yield of CO was appreciably less than unity, compared with a value of 1.5 in 
the direct photolysis under similar conditions. From this and other observations it is tentatively con- 
cluded that a single primary process occurs: 

[I 1 Hg(63P1) + HNCO + Hg(61SO) + H + NCO. 
From a study of the mercury-photosensitized reactions in mixtures of HNCO with H2, it was con- 

cluded that hydrogen atoms react with HNCO to form CO but not N2. The initial step is probably 
addition to form NHzCO. From the competition between reaction [I] and the corresponding quenching 
by H2, thecross section for reaction [I] was estimated to be 2.3 times that of hydrogen. 
Canadian Journal of Chemistry, 46, 527 (1968) 

Introduction 

The pl~otolysis of HNCO vapor has been 
investigated in some detail in this laboratory 
(1-4). The mercury-pl~otosensitized decom- 
position, which apparently has not been studied 
before, is of obvious interest for comparisoil 
with the photolysis. At the same time it was 
convenient and of interest to examine the 
mercury-pl~otosensitized decomposition of H2- 
HNCO mixtures, in which hydrogen atoins will 
be formed by the decoinposition of H2, since 
hydrogen atoms are thought to play an impor- 
tant part in the photolysis mechanism. 

Experimental 
The apparatus, the preparation of HNCO, and the 

product analysis were all essentially as described by 
Woolley and Back (4). Gases were circulated through the 
reaction vessel and through a U-trap held at 0 'C during 
the irradiation to control the pressure of mercury vapor. 
The mercury resonance lamp was a flat spiral (5), water 
cooled (25 "C), and operated at 50 mA. A Vycor filter 
(Corning 7910) removed the 1849 8, emission. All 
irradiations were done at 26 "C and were of 1 h duration. 

Quantum yields were determined by comparison with 
the decomposition of propane at 300 Torr. The hydrogen 
yield from the latter at conversions below 0.03% was 
linear with time and was assumed to be unity (6, 7). In 
the quantum yield measurements, the light absorbed in 
the photolysis vessel at 2537 8, was measured and small 
corrections were made for the observed differences in 
absorption, which are due to the effects of pressure on the 
profile of the resonance line. Complete quenching of 
Hg(63P1) by propane, HNCO, or H2 was assumed. 

'NRCC No. 9839. 
'NRCC Postdoctorate Fellow, 1966-68. 

Results 
The Decomposition of HNCO Alone 

As in the direct photolysis, CO, N2, and H2 
were the only products observed and measured. 
Table I sllows quantum yields of CO, and yields 
of N2 and H 2  expressed as fractions of the CO 
yield. The values of @(CO) are badly scattered, re- 
flecting an irreproducibility that plagued all the 
present experiments with HNCO (actinometry ex- 
periments with propane were very much better in 
this respect). It is thought to have arisen from 
variation of the partial pressure of mercury vapor 
in the photolysis cell, caused by occlusion of mer- 
cury in the HNCO trimer which was deposited in 
various parts of the circulatory system, and its 
irregular release to the gas phase. Mercury 
reinoval by cllemical reaction, perhaps via 
HgNCO formation, is also a possibility. 

TABLE I 
Product yields in the Hg(G3PI)-scnsitized decomposition 

of HNCO 

HNCO pressure (Torr) cD(C0) N2/C0  H 2 / C 0  

Within the considerable scatter, @(CO) shows 
no trend with HNCO pressure, and the average 
value appears to be significantly less than unity. 
This is in contrast to  the direct photolysis at 
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2062 in which (D(C0) was about 1.5 at 
HNCO pressures above 10 Torr and decreased 
towards an extrapolated value of 1.0 at zero 
pressure. 

0.2 0.4 

HNCO/H, 

FIG. I .  The dependence of the product ratio, N2/C0. 
on the ratio HNCO/H, in the mercury-photosensitized 
decon~position of HNCO-H2 mixtures. 

The product ratios were much more repro- 
ducible than the absolute yields. The ratio 
N2/C0 was somewhat lower in the present 
experiments than in the photolysis and did not 
decrease with increasing pressure. Values of 
H2/C0 below about 10 Torr were close to those 
found in the photolysis, but decreased more 
rapidly with increasing HNCO pressure. 

The Decomposition of HNCO-H2 kIixtures 
Table I1 shows values of (D(C0) and N2/C0 

for various pressures of H 2  and HNCO, with 
ratios of H2/HNC0 ranging from 0 to 23. Any 
H Z  produced could not of course be measured. 
Again values of (D(C0) are badly scattered, 
but within the scatter show no trend with 
pressure of HZ or HNCO, or with the H2/HNC0 

TABLE I1 

Product yields in the Hg(63P1)-sensitized decomposition 
of HNCO-H, mixtures 

ratio; again, (D(C0) appears to be significantly 
less than one. Tbe N2/C0 ratio, on the other 
hand, decreased markedly with increasing values 
of H,/HNCO; this is shown more clearly in a 
plot of N2/C0 vs. HNCO/H2 (Fig. 1) which 
includes additional data not shown in Table 11. 

Discussion 

A comparison between the mercury-photo- 
sensitized decomposition and the direct photol- 
ysis is complicated by the dependence of the 
latter on HNCO pressure and light intensity 
(4). These effects are interrelated in the photol- 
ysis because the local absorbed light intensity 
(einsteins cc-1 s-1) is roughly linearly dependent 
on HNCO pressure. This is not so in the sensi- 
tized decomposition in which the light is 
absorbed by mercury vapor, so that the rate 
of decomposition of HNCO, if quenching 
is complete, is approximately independent of 
HNCO pressure. The rate of production of CO 
in the present experiments was about 2 pmoles/h, 
independent of pressure. The same rate was 
obtained in recent photolysis experiments (4) at 
an HNCO pressure of about 8 Torr, so that 
the two systems may be compared at this 
pressure (Table 111). The values of (D(C0) and 
the product ratios appear to be significantly 
lower in the sensitized decomposition. In the 
photolysis, it was thought that the increase in 
(D(CO), and probably the decrease in N2/C0, 
with increasing HNCO pressure, was due to 
reaction of NH with HNCO. The lower value 
of (D(C0) and the independence of (D(C0) and 
N2/C0 on HNCO pressure in the present 
experiments suggests that NH was not present, 
and that a single primary process, 

[I] Hg* + HNCO -+ Hg + H + NCO, 

occurs in the mercury-photosensitized decom- 
position. In the photolysis, H2 was thought to 
arise from reactions of hydrogen atoms and 
NH2C0 radicals, which would be approxi- 
mately the same in the present system, thus 
accounting for the roughly similar values of 
H2/C0. The slight reduction in both H2 /C0  
and N2/C0 could be explained by the absence 
of the reactions 

*Average value. 
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thought to occur to some extent in the photol- I 
ysis. Because of the large uncertainties in some 
of the present data, these conclusions about 
the mechanism of the sensitized decomposition 
must remain speculative. 

101 
TABLE I11 1 

A comparison of the mercury-photosensitized decom- !?!? 
position of HNCO with the photolysis at an HNCO N2 
pressure of 8 Torr and rate of CO production of 10 

pmoles/I h 5 

@(CO) Nz/CO H,/CO 

Hg-photosensitized 0.69(av.) 0.36 0.09 
Photolysis at 2 062 A 1.48 0.41 0.11 

The conclusions to be drawn from the experi- 
ments with HNCO-H2 mixtures are more 
clear-cut. The ratio N2/C0 fell towards zero or 
close to zero at HNCO/H2 -- 0 (Fig. l), while 
@(CO), within the rather large scatter, remained 
constailt and approximately equal to its value 
in pure HNCO. As H2/HNC0 was increased, 
the reaction 

should have replaced reaction [l], and our 
observations suggest that hydrogen atoms must 
have reacted with HNCO, forming CO but not 
N2. It was concluded previously (4) that hydro- 
gen atoms probably added to HNCO rather 
than abstracting hydrogen. 

151 H + HNCO --t NH,.CO 

The subsequent reactions 

[6] H + NHZCO -, NH3 -1- CO 

[71 2NHzC0 --t NH3 + CO + HNCO, 

also suggested previously (4), seem the most 
probable sources of CO in the present system. 
This mechanism would lead to @(CO) = 1; the 
competing reaction 

[81 H + NHzCO --t H z  -1- HNCO 

could account for the somewhat lower value 
observed. A similar reaction sequence, together 
with 

can also explain the products observed in the 
sensitized decomposition of HNCO alone. 

If it is assumed that all the NCO radicals 
formed in reaction [ l ]  form N2 via reaction 
[9], and that @(CO) was the same with and 

5 10 15 
Hz /  HNCO 

FIG. 2. A plot of CO/Nz vs. Hz/HNCO for the 
mercury-photosensitized decomposition of HNCO-Hz 
mixtures, based on eq. [l l] .  

without H 2  present, then N2/C0 should be 
given by 

in which ol and 0 4  are cross sections for reactive 
quenching. Equation [lo] may be rearranged, 

[ l l ]  COIN2 = 2.78 (1 + 0 4  [Hz] /a1 [HNCO]), 

and a plot of COIN2 vs. H2/HNC0 should be 
linear (Fig. 2). From the initial slope it may be 
estimated that ~ ~ / ( 3 ~  = 2.3. The relatively 
slight effect of Hz on the HNCO photol- 
ysis at 37 "C (1) suggests that the assumption 
that N2/C0 depends only on competitive 
quenching of Hg* and not on other reactions 
(NCO + H 2  + HNCO + H, for example) is 
reasonably safe, at low Hz pressures at least. 
The deviation from linearity in Fig. 2 could 
have arisen from a decrease in @(CO) with 
increasing H2/HNC0, or from other secondary 
effects; the formation of a small amount of N2 
even at very high values of H2/HNC0, which 
cannot be ruled out from the data in Fig. 1, 
could explain the deviation. The relatively 
small value of ol compared with other carbonyl 
compounds (8) lends some support to hydrogen 
ren~oval in the primary process (reaction [I]) 
rather than an excitation transfer which might 
be expected to yield NH + CO at least part 
of the time (9). 
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Photolysis of HNCO vapor in the presence of NO and 0,' 

R. A. BACK AND R. KETCHESON~ 
Division of P~rre Cl~ernistry, National Research Council of Canada, Ottawa, Canada 

Received August 17, 1967 

The effect of NO at pressures up to 380 Torr on the photolysis of HNCO vapor (4.5 Torr) by light 
from an unfiltered medium-pressure mercury lamp has been studied at 37 "C. The yield of CO was 
reduced to about half its original value, which is attributed to reactions of N H  and NCO with NO. The 
yield of N2 showed a steady increase with increasing NO pressure, probably due to reactions of NO(AZZ+) 
excited by absorption of light. The hydrogen yield fell rapidly to zero as the NO pressure was increased. 

Added oxygen at pressures up to 5 Torr had no effect on the CO and N2 production at 37 "C; at 
110 "C the CO yield decreased somewhat while the N2 remained unaffected. These observations suggest 
that NH and NCO do not react readily with 0'. The production of Hz fell rapidly to zero with increasing 
O2 pressure at both temperatures. The suppression of Hz formation by both NO and 0' supports the 
belief that it is formed by reactions of hydrogen atoms. 

Canadian Journal of Chemistry, 46, 531 (1968) 

Introduction 

The photolysis of HNCO has been studied 
extensively in this laboratory (1-5). It is believed 
that two primary processes, of about equal 
importance, occur. 

HNCO + hv ' 

Nitric oxide and oxygen are known to react 
rapidly with hydrogen atoms, and reactions 
with NH and NCO might be expected. The 
present experiments were undertaken to obtain 
further information about the photolysis mech- 
anism, and about reactions of NH and NCO with 
NO and 02. 

Experimental 
Apparatus and techniques were similar to those 

described previously (1-5). The light source was an 
unfiltered Hanovia S-500 medium-pressure mercury lamp. 
In the experiments with NO, noncondensable gases 
(Hz, Nz, and CO) were removed through a solid-nitrogen 
trap at -210 "C which retained the NO, measured in a 
gas burette, and analyzed by gas chromatography. 
With Oz present, Oz and noncondensable products were 
removed through a trap at -196°C and analyzed as 
before. 

Results and Discussion 

HNCO + NO 
All experiments were done at 37 "C. Figures 1 

to 3 show the effect of added NO on the yields 
of CO, Hz, and N 2  with a constant pressure of 

'NRCC No. 9838. 
'Present address: Department of Chemistry, York 

University, Toronto, Ontario. 

HNCO of 4.5 Torr, irradiation time of 1 h, and 
constant light intensity. The reduction in the 
yields of CO and H2 can be readily explained in 
terms of the photolysis mechanism suggested 
previously (4). The residual yield of CO at  
high pressures of NO, which was somewhat less 
than half its value in pure HNCO, can be 
ascribed to reaction [la], while the "scavengable" 
CO can be attributed to subsequent reactions of 
NH and NCO formed in [la] and [lb]. In the 
presence of NO, the plausible reactions3 

121 NH +- N O - + N z  S OH 

P I  OH + HNCO -> H z 0  + NCO 

141 NCO + NO -> N2 + CO2 

would remove NH and NCO, thus suppressing 
secondary formation of CO. The complete 
suppression of hydrogen production by low 
pressures of NO which left the CO and N2 
relatively unaffected resembles the behavior 
observed with added ethylene (4), and supports 
the contention that hydrogen atoms are neces- 
sary precursors of H z  in the photolysis. The 
well-established (7) reaction 

I51 H + N O + M - t H N O - l M  

would remove hydrogen atoms fairly quickly 
from the system. 

The striking increase in the nitrogen yield 
with increasing NO pressure was unexpected, 
and is not so easily explained. It was first 
ascertained by careful blank experiments that 
the linear increase in N2 was real and not due 

3Reaction [4] was postulated by Bamford and Bamford 
(6). 
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NO PRESSURE (TORR) 

FIG. 1. Yield of CO vs. added NO in thephotolysis of 
HNCO at 4.5 Torr and 37 "C. 

1 0 0  2 0 0  3 0 0  

NO PRESSURE (TORR) 

FIG. 3. Yield of NZ vs. added NO in the photolysis of 
HNCO at 4.5 Torr and 37 "C. 

NO PRESSURE (TORR) 

FIG. 2. Yield of HZ, relative to that in pure HNCO, 
vs. added NO in the photolysis of HNCO at 4.5 Torr and 
37 "C. 

to the last traces of N2 impurity in the NO, 
which are difficult to remove. In the experiments 
shown in Fig. 3, such impurity was always 
less than 5 % of the observed yield of N2. Most 
convincing also was a series of experiments with 
63 Torr NO and irradiation times from 15 min 
to 3 11, in which the yields of both CO and N2 
were linear functions of time, passing through 
the origin. To shed further light on the source of 
the extra nitrogen, two experiments were made 
using 15N0, at pressures of 17 and 32 Torr 
(Table I). The sharp decline in 14N14N with 
increasing 15NO pressure parallels the decrease 
in CO production (Fig. l), and supports the 
suggestion that NCO and NH, the precursors of 
N2 in pure HNCO, were removed by reactions 

such as [2] and [4]. There appear to  be two 
possible mechanisms to account for the extra 
N2 formed in the presence of NO, which from 
the data in Table I consisted of 14N15N and 
l5Nl5N in a 3:l ratio. One possibility is a chain 
reaction initiated by radicals formed by the 
photolysis of HNCO, and involving both HNCO 
and NO in such a way that the production 
of N 2  depended linearly on NO pressure and 
gave the observed isotopic composition; a 
further requirement is that neither CO nor H2 
slzould be produced. We have, however, been 
unable to devise a plausible chain mechanism 
having these properties. 

The second possibility is that reactions of 
NO(A22+), formed by direct excitation of NO 
by absorption of light4 between 2000 and 2300 
A, are responsible for N2 formation (7). This 
could lead to an approximately linear increase 
in N2;  the reaction 

[61 NO* j HNCO -> N, 4- C 0 2  - i -  H 

(where NO* = NO(AZZ+) could account for 
the 14Nl5N in the experiments with ISNO, 

4The light absorbed by NO and HNCO in these 
experiments cannot be estimated precisely because of the 
banded nature of the absorption spectra and the non- 
n~onochromatic character of the light source, but would 
appear (1, 7) to be compatible with the suggested 
n~echanisn~. 
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while the l5Nl5N could come from the reaction I 

which has been postulated in the photolysis of Li 2 0.8 - 
NO (7). Irradiation of NO alone did yield some 5 
N2, although appreciably less than the l5Nl5N J w 0.6 

observed with HNCO present. - [r b 
n 

TABLE I w 

Isotopic composition of N2 from photolysis of 
H14NCO-15N0 nlixtures 

17 Torr l5NO 32 Torr l5NO 
I 2 3 4 5 

% pmoles/h % pmoles/h 0, PRESSURE (TORR) 

FIG. 4. Yield of H2, relative to that in pure HNCO, 
vs. added 0, in the photolysis of HNCO at 4.5 Torr and 
1 l o  "C. 

No correction has bcen madc for 5 %  I4NO present in the NO and 
0.4% HISNCO in the HNCO. 

One difficulty with this mechanism is that 
reaction [7] should have been favored over 
reaction [6] with increasing NO pressure, 
whereas the ratio 14NlsN/15NlsN in fact 
decreased only very slightly (from 3.05 to 2.92) 
in going from 17 to 32 Torr of 15NO. At these 
relatively low pressures, however, the scavenging 
reactions, [2] and [4], would still have been 
contributing an appreciable fraction of the 
14N15N7 which inay have affected the trend in 
these ratios. 

An alternative and perhaps more probable 
source of 14N15N which would lead to a 14N15N/ 
15Nl5N ratio independent of NO pressure is the 
reaction 

[81 NO* + NO -> NzO + 0 

also postulated in the NO photolysis (7), 
followed bv 

[91 o + HNCO -> CO, + NH, 

followed in turn by reactions [2], [3], and [4]. 
Heicklen and Cohen (7) note that reaction [7] 
may in fact occur via 

[ 101 NO* + NO -> NO2 + N 

It has also been estimated (7) that reaction [7] 
(or [lo]) is twice as fast as reaction [8], and it 
can be shown that reactions [8], [lo], and [I l l ,  
followed by [9], [2], [3], and [4], would then 
result in 14N15N/15N15N = 3, as observed. 

Analysis of condensable products would 
obviously be useful in determining the reaction 
mechanism, and this was undertaken. It was 
established that C 0 2  and N 2 0  were formed in the 
reaction, but quantitative estimates of these 
products were rendered impossible by their 
presence in small but rather variable amounts as 
impurities in the HNCO and NO reagents 
respectively. No other products were detected. 
Both C 0 2  and N 2 0  are expected from the 
suggested mecl~anisms, and N 2 0  may also have 
come from combination of HNO radicals. 

HNCO 4- O2 
This system was studied in much less detail, 

and the pressure of 0 2  added was lin?ited by 
analytical problems to about 5 Torr. Preliminary 
experiments at 37 "C showed no effect of oxygen 
except the rapid and complete suppression of 
Hz production. All subsequent experiments were 
made at 110 "C. Figure 4 shows the yield of H 2  
and Fig. 5 those of N2 and CO, as a function 
of added 0 2 .  

The complete suppression of H2 formation at 
37 "C by pressures of 0 2  which left the yields 
of CO and N2 unchanged is similar to the 
behavior observed with NO and with ethylene 
(4), and further supports the belief that hydrogen 
atoms, known to react readily with 02, are the 
precursors of Hz  in the HNCO photolysis (4). 
From the present and previous (4) data, the 
relative efficiencies of NO (at 37 "C), O2 (at 
110 "C), and ethylene (at 25 "C), in suppressing 
H2 formation, are in the ratio 1 :2:33 (based on 
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0, PRESSURE (TORR) 

by 02, while N2 was unaffected. The decrease in 
CO roughly paralleled that of Hz, and suggests 
that at this temperature some CO might arise 
from decomposition of NH2C0 radicals formed 
by addition of H to HNCO, which would be 
suppressed by 0 2 .  The lack of effect of 0 2  on CO 
and N2 at 37 "C, and the slight effect at 110 "C, 
indicates that reactions of NH and NCO with 
0 2  are relatively slow and did not occur to 
any extent in the present system. 

1. J. Y. P. Mu1 and R. A. BACK. Can. J. Chenl. 41,826 
(1963). 

2. R. A. BACK. J. Chenl. Phys. 40,3493 (1964). 
3. J. L. BRASH and R. A. BACK. Can. J. Chem. 43, 1778 

(1965). 
FIG. 5. Yields of CO and N, vs. added 0, in the 4. W. D. WOOLLEY and R. A. BACK. Can. J. Chem. 

photolysis of HNCO at 4.5 Torr and 110 "C. 46, 295 (1968). 
5. N. J. FRISWELL and R. A. BACK. Can. J. Chem. This 

Issue. 
the pressure required for s u ~ ~ r e s s i o n  of 80 % of 6.  D. A. BAMFORD and C. H. BAMFORD. J. Chem. Soc. 
the HZ, and in the case of ethylene corrected for 30 (1941). 
a higher HNCO pressure (10 T ~ ~ ~ ) ) .  ~h~~~ 7, J. HEICKLEN and N. COHEN. The role of nitric oxide 

in photochen~istry. Advan. Photochem. 5. To be pub- 
relative efficiencies are in reasonable accord with lished. -.-. . . 

published values of the relevant rate constants 8. J. M. BROWN and B. A. THRUSH. Trans. Faraday Soc. 

for reactions of hydrogen atoms (7-9). 63, 630 (1967). 
9. M. A. A. CLYNB and B. A. THRUSH. Proc. Roy. Soc. 

At 110 "C, the CO yield was reduced somewhat London, Ser. A, 275,559 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



High field kinetic processes in anodic oxide films on aluminium. I. Current 
transients for linearly changing electric field strength 

M. J. DIGNAM AND P. J. R Y A N ~  
Departrnetlt of' Clzernistry, Utziversity of Toror~to, Torotzto, Ontario 

Received June 26, 1967 

Anodic oxide films were formed on high purity aluminium (99.996%) under steady-state conditions 
(currcnt and field strength constant) in a glycol-borate electrolyte until the film reached a predetermined 
thickness at which point the anodic overpotential was changed rapidly and in a linear manner. As little 
film growth occurred during these linear sweeps, the conditions corresponded to linearly changing field 
strength. From these data, the transient differential field coefficient, p1, defined by 

Limit a(ln i) 
' = .k large [ T ] E s E s  ' 

where i and E are the ion current density and electric field strength and E, the steady-state formation 
field strength, was determined. was found to vary linearly with Es in the manner p1 = (pl*/kT) 
[l - 2(p,*/C+)E,], with P I "  7 13.2 eA f 9%, p,*/C+ = 4.16 Av-1 f 16%. A recent theory proposed 
by one of us (M. J. D.) pred~cts that the parameter p,*/C+ should have the same value as that deduced 
from the field dcpcndence of the steady-state differential field coefficient, 

Limit d(ln i) 
P a =  E + ~  7 = (p,*lkT)[l - 2(p,*/C+)E~l. 

Such agreement was indeed found, two independently determined 'steady-state' values of p,*/C+ being 
3.53 i 11 % and 3.11 + 14% Av-'. A direct comparison of the present results with previous steady- 
state results gave Ps/P1 = pa/pl = 3.09. More complex features of the transients were also found to be 
in accord with the above theory, but could be accounted for almost as well by an earlier theory, the 
so-called high field Frenkel defect theory. 

Dielectric constant values determined from the current discontinuity appearing upon application of 
the linearly increasing field gave K1 = 8.35 + .1 for transients commencing from steady-state conditions 
and K I  = 8.8* & .2 for films formed then 'aged' at  E = 0 before measurement. Certain anomalies with 
regard to the charging current were apparent. 

Canadian Journal of Chemistry, 46, 535 (1968) 

Introduction 

A number of theories (1) have been proposed 
over the past years to explain the observed 
features for the anodic oxidation of the valve 
metals (principally aluminium, niobium, and 
tantalum). The name valve metal stresses the 
rectifying action of the oxide-coated electrode; 
however, a more fundamental characteristic 
property of the group is the tendency to form a 
protective, very high resistance oxide film on 
anodic polarization to the exclusion of other 
electrode processes. All of the theories relating 
to the kinetics of growth of these films are con- 
cerned with ionic transport within the film and/ 
or at the interfaces, and furthermore, all lead to 
essentially the same relationship between the 
average field strength in the film, E, and the 
current density under steady-state conditions, 
is, nanlely 

[ll  is = a exp p'E, 

1Present address: J. Roy Gordon Research Labora- 
tories, Sheridan Park, Clarkson, Ontario, Canada. 

where a and p' are temperature dependent 
positive constants. A recent theoretical consider- 
ation of high field ion transport processes (2) has 
led to the replacement of eq. [l] by an equation 
of the form 

PI is = a exp (B'E - YE?-), 

where p' and -y are temperature dependent 
positive constants. The very rapid variation of is 
with E both predicted and found experimentally 
makes it difficult to detect the quadratic variation 
of log is with E. Recent measurements, however, 
definitely indicate the existence of such a quad- 
ratic term for the anodic oxidation of tantalum, 
niobium, and aluminium (3-5). Once again, 
however, the various theories cannot be dis- 
tinguished on the basis of eq. [2], as on modifi- 
cation in accord wit11 the ideas published 
previously (2) by one of us (M. J. D.), they should 
all give rise to steady-state equations of essen- 
tially the same form. 

It  is clear that steady-state measurements of 
current density as a function of field strength and 
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temperature, however accurate, can provide 
little basis for choosing between alternative 
mechanisms or theories. In order to distinguish 
between the theories, non steady-state or tran- 
sient conduction measurement and transport 
number measurements must be made. The 
present investigation concerns the former. 

At the outset of this investigation it was felt 
that a detailed and critical investigation of 
transient effects in the anodic oxidation of a 
typical valve metal (aluminium) would serve to 
test the postulates of the Frenkel defect theory 
(6, 7), the only theory at the time able to account 
for transient conduction phenomena. A note (8) 
published earlier on this work is concerned solely 
with this matter. Since publishing the note, 
however, a new theory has been proposed by one 
of us (M. J. D.), so that experiments were sub- 
sequently designed to test the two models. 

In the present study, electropolisl~ed samples 
of aluminium were anodically oxidized at room 
temperature at a linear rate of voltage rise (i.e. 
coilstant current density), the steady-state current 
being observed on a recorder. When the anodic 
overpotential had risen to a predetermined value, 
the linear rate of overpotential rise was suddenly 
increased by means of an automatic switching 
circuit. The ensuing current transients were 
displayed on a cathode-ray oscilloscope and 
photographed with a Polaroid camera. These 
transients were recorded for a very short time, 
typically of the order of 100 ins from start to 
finish. So little charge is passed in this time that 
the growth of the film during the transient 
measuriilg period may be neglected. For these 
experiments, therefore, a linear rate of over- 
potential rise corresponds essentially to a linear 
field rise. 

It is important, when describing the properties 
of such an oxide film, to state its previous history. 
Alternating current impedance measuremeilts on 
these systems have shown that the capacity of 
the oxide film varies with time after formation 
(9-12). Moreover, the conduction properties of 
the filin change with time (13, 14) and the extent 
of annealing (15, 16). As the method of measur- 
ing the kinetic phenomena involves a very short 
time, it allows the properties of the oxide film to 
be determined "in situ". 

Experimental 
Appnrat~rs 

Figure 1 is a block diagram of the apparatus. It consists 
of several d.c. operational amplifiers which maintain an 

anodic overpotential varying in some set fashion, the 
electrochemical cell, and current-measuring instruments. 
Setting aside for the moment any discussion of the func- 
tion of the switches O1 . . . 0 3 ,  the mode of operation is 
as follows. Fixed potentials el and e? are led through 
precision resistance selector switches R, and RZ to the 
inputs of amplifiers 1 and 2, which are connected as 
integrators. With the circuit as shown, the output of 
amplifier 1 rises linearly with time, the rate of voltage rise 
being determined by the values of el, R1, and CI .  Ampli- 
fier 1 was employed to produce slow rates of voltage rise of 
the order of 10-3 V/s to 1 V/s, suitable for steady-state film 
formation at current densities from 2 x 10-6 to 2 x 10-3 
A/cm2. By changing C I  from 10 pF to 0.5 pF, rates of 
voltage rise up to 200 V/s could be produced at the output 
of amplifier 1. Amplifier 2 is similarly employed to 
produce rates of voltage rise from 101 to 104 V/s. When 
on "stand-by", this amplifier is stabilized by a 10 k~ 
resistor in the feed-back circuit in order to minimize out- 
put drift. The output of this amplifier was employed to 
initiate the current transients associated with the high 
rates of change of anodic overpotential. The outputs of 
amplifiers 1 and 2 are fed through a summing a~uplifier 3 
to the aluminium anode in the cell. The working cathode 
is connccted to ground via two sets of precision resistors. 
Current passing through the cell, as detected by the 
potential difference across each resistor, is displayed as 
desired on a strip-chart record and/or oscilloscope. A 
reference electrode, placed close to the anode, is connected 
through a cathode follower back to the input of the adder 
amplifier. The cathode follower circuit automatically 
adjusts the potential of the anode to compensate for all 
potential drop from the reference electrode to ground. 
The potential difference between the aluminiu~n anode 
and the reference electrode is then given simply by the 
negative of the sum of the outputs of amplifiers 1 and 2. 

The switches 0 1  . . . O3 represent the poles of clectro- 
magnetic relays. During steady-state formation of the 
oxide film (el switched on), the output of amplifier 1 rises 
linearly with time. When Vl reaches a preset value, one of 
the relays is activated automatically and hence one of the 
switches O1. .  . O3 is opened or closed depending on the 
particular application. Figure 2 shows the form of anodic 
overpotential versus time curves attainable with this 
apparatus. In the present paper, we are concerned pri- 
marily with the use of the apparatus in the manner 
indicated in Fig. 2(n). 

Mnterinls 
99.996% aluminium sheet (0.04 in. thick) was formed 

into paddle-shaped electrodes of dimensions 1 in. x 0.25 
in. for the paddle, 1 in. x 0.06 in. for the tab. Following 
routine cleaning procedures, the electrodes were electro- 
polished at  about 0.2 A/cmz and 25 "C in 5 parts ethyl 
alcohol to 1 part 70% perchloric acid by volume (17). The 
electrodes were rinsed briefly in ethyl alcohol, then for 1 
min in running distilled water, being dried in a clean air 
jet and stored in a desiccator over activated alumina. 

The electrolysis cell, constructed of Lucite, is shown 
diagramatically in Fig. 1. The electrolyte used was a 30% 
solution of ammonium pentaborate in ethylene glycol. 
The cathodes were cut from a 1/10 in. sheet of commercial 
grade nickel. 

The reference electrode ( Z I I / Z ~ ( N O ~ ) ~  (1.0 M) / /KN03  
(2 M )  agar-agar//) was chosen despite its rather poor 
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FIG. 1. Schematic diagram of the apparatus. 

l O O K n  

VI +v2 +vr 
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I OPEN 

I 

I 

. - - - - - - - - - - 
CELL  Ni  Al 

T I M E  T I  M E  T I  M E  

( a  ) 0,. O2 CLOSED (b ) 0,. O3 CLOSED (C I 02, O3 CLOSED 

FIG. 2. Overpotential-time curves generated by the 
electronic apparatus. 

- . - 
N; 

reproducibility ( 5 3 0  mV) in order to achieve low 
electrode impedance and avoid introducing either mercury 
or chloride ion. It  was found that the frequency response 
of the reference electrode amplifier system fell off rapidly 
for an electrode impedance in excess of 10 kn, and it is 
well known that mercury and halides havc very deleterious 
cffects on thc oxide film on aluminium. In  the present 
experiments wherc overpotentials of the order of 40 V 
were employed, the uncertainty in the potential of this 
electrode system was of no grcat consequence. The refer- 
ence electrode was found by measurement to have a 
potential of -0.30s V at 25 "C against a hydrogen elec- 
trode in the glycol electrolyte (which contains water). 

Oxide films on valve metals such as aluminium and 
tantalum may be formed in a large variety of "wet" 
solutions, both aqueous and nonaqueous, and also 
gaseous and solid electrolytes (18-20). Care must be taken, 
however, to ensure that the electrolyte does not dissolve 

"r 
T O  

r - i  - OSCILLOSCOPE - - 
CATHODE L - J  

O3 FOLLOWER 

the oxide, no oxygen evolution is initiated, and the 
electrolyte material is not incorporated into the film. For 
example, films formed on aluminium in phosphate solu- 
tions contain appreciable amounts of Alp04 (21), while 
sulfate is incorporatcd into the material formed on 
tantalum in 100% HzS04 (22). The electrolyte employed 
for these measurements, a 30% solution of ammonium 
pcntaborate, (NH4)zBloO16.8H20, in ethylene glycol, has 
been found by Bernard and Cook (23) to be characterized 
by 100% current eficiency of formation up to 150 V. 
Moreover these authors found that there was no apparent 
oxygen evolution during formation, the presence of 
borates in the film could not be detected by chcmical 
analysis, and heating the oxide to 600 "C resulted in no 
change of weight, indicating that the film contained 
neither water nor glycol. This electrolyte was probably 
first used (24) to increase the shelf life of aluminium 
electrolytic capacitors. 

Various aqueous electrolytes were initially examincd 
and compared to the performance of the glycol electro- 
lyte. These included boric acid, tartaric acid (both buffered 
to about pH 6 with ammonia), aqueous anunonium 
pentaborate, and sodium potassium tartrate. For a given 
sample anodized at a slow rate of voltage rise (e.g. 0.1 
V/s) successively in the glycol electrolyte, and then in one 
of the above aqueous solutions, it was found that the 
steady-state current density depended markedly on the 
particular electrolyte chosen. For example the current 
density was lowest for the glycol solution, approxin~ately 
10% higher in an aqueous boric acid solution, and 20% 
higher in an aqueous tartaric acid solution. At the time 
this was taken to indicate a rather low current efficiency 
of formation for the aqueous electrolytes, the nonaqueous 
electrolyte being therefore favored. Cheseldine (25) has 
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shown that tantalum oxide films formed from a non- 
aqueous electrolyte require less coulombs for formation 
than films formed in aqueous electrolytes. 

Methods 

Deterniirzation of Field Strength and Current 
Density 

Field strength and current density in the oxide 
fill11 were calculated froin the current-voltage 
measurements in the following manner. For the 
inajority of the experiments, oxide films were 
formed to the same thickness, and all experi- 
ments reported herein were performed at rooin 
temperature. The samples were all oxidized 
initially at the rate of voltage rise of 1.000 x 10-1 
V/s and the corresponding current observed. 
Subsequent film formation (Fig. 3) was carried 
out at one of the following values for the rate of 
voltage rise, 1.000 x 10-3; 1.000 x 10-2; 1.000 
x 10-1; and 9.78 x 10-1 V/s, corresponding to 
steady-state current densities varying in factors 
of 10 from about 2 x 10-6 to 2 x 10-3 A/cm2. 
From the data of Bernard and Cook (23), at 
25 "C, the field and current density in the oxide 
corresponding to a rate of voltage rise for for- 
mation of 1.000 x 10-1 V/s were calculated to be 
0.0856 V/-A and 2.095 x 10-4 A/cm2 respectively 
(4). Using the current measured during a run 
for formation conditions of 1.000 x 10-1 V/s 
rate of voltage rise in conjunction with the known 
current density enabled the electrode area, and 
hence the current density during subsequent 
measurements, to be calculated. For films 
formed entirely at the rate of voltage rise of 
1.000 x 10-1 V/s to an overpotential value, V, 
the film thickness was assumed to be given by V 
divided by the above field value. In making this 
assumption, interfacial potentials and space 
charge effects are ignored (4, 26). However, this 
neglect will not lead to serious error in the present 
case. 

For films formed initially at 1.000 x 10-1 V/s 
and subsequently at a different rate of voltage 
rise the film thickness formed at the initial rate 
of voltage rise was calculated as above with the 
subsequent increase in film thickness being 
determined from the charge passed and a knowl- 
edge of the surface area of the electrode and the 
oxide density (23). The film thicknesses deter- 
mined in this way have subsequently been 
checked using the more recent steady-state data 
obtained in this laboratory (4), and satisfactory 
agreement obtained. 

CHEMISTRY. VOL. 46, 1968 

The potential drop across the oxide film, 
assumed to be given by the anode overpotential, 
V, was determined as follows. 
It is clear that 

where V,,, is the applied potential from the 
driving circuit (output of amplifiers 1 and 2), ere, 
is the potential of the reference electrode with 
respect to a hydrogen electrode in the glycol- 
borate electrolyte, and ere, is the reversible e.m.f. 
for the reaction: 

2A1 + 3Hz0 (in glycol-borate electrolyte) 
4 AI2o3 + 3H2. 

E,,, was calculated froin the following data at 
25 "C: 

2A1 + i 0 2  -) A1203 AGIO = -365.901 kcal 

Hz t iO2 -, H?O(g) AG20 = -54.638 kcal 

H?O(I) -+ HzO(g) AG30 = 2.053 kcal 

and 

H20(1) -, HrO (in glycol-borate electrolyte) AG4. 

The free energy change AG4 may be calculated 
from the measured vapor pressure of the electro- 
lyte. When a borate salt is dissolved in a poly- 
alcohol such as ethylene glycol, the followiilg 
reaction takes place (27). 

One may calculate that a 30% by weight 
solution of ammonium pentaborate in ethylene 
glycol is very nearly the stoichioinetric amount 
for the above reaction. Therefore there is likely 
very little ethylene glycol in solution. In any 
event the vapor pressure of pure (CH20H)2 at 
25 "C, 0.14 Torr (28), is too low to affect the 
following calculation. 
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0 I I 
o 100 200 300 4u~" ado 12b0 

T I M E .  S 

FIG. 3. Current versus time for film formation under 
conditions of linearly increasing anodic overpotential. 

The mole fraction of water in the above 
solution is about 0.5 so that it should have an 
appreciable vapor pressure. Assuming ideal 
thermodynamic behavior for the vapor, AG4 
= RT In P1/Po, where PI is the partial pressure 
of water vapor which can exist in equilibrium 
with the electrolyte, and Po is the vapor pressure 
of pure H20. The vapor pressure of the electro- 
lyte, measured directly on a dibutyl phthalate 
(DBP) differential manometer, was 2.56 Torr at 
26.8 "C. Combining this with Po = 26.43 Torr 
(29), AG4 is calculated to be 

AG4 = RT ln P1/Po - - 1.384 kcal. 

Therefore, AG -- AGIO - 3AG20 + 3AG30 - 
3AG4 = -191.676 kcal from which ere, = 
1.386 V. 

The potential of the reference electrode with 
respect to a hydrogen electrode in the glycol- 
borate electrolyte erCf was measured to be e,,, 
- - -0.308 V, and thus 

Figure 3 represents a typical curve of current 
versus time for a film formed initially at 0.1 V/s 
and subsequently at a lower rate of voltage rise. 
There is an initial nonreproducible peak in the 
current which rapidly gives way to a current 
minimum. The current then rises slowly and 
levels off at an applied potential of about 25 to 
30 V, this rise being due presumably to the 
effects of space charge in the relatively thin film 
(26). 

Procedure and Results for a Typical Run 
A typical experimental run was carried out as 

follows. The cell was filled to just above the 
shoulders of the paddle-shaped aluminium 
electrode and was then connected into the circuit 
with the relays 01, 0 2 ,  and O3 set to produce 

overpotential-time curves of the form indicated 
in Fig. 20. The current during the initial slow 
rate of voltage rise portion of the run was 
measured with a recording potentiometer. For 
the fast rate of voltage rise portion of the run a 
Tektronix oscilloscope model 532-S7 in conjunc- 
tion with a Polaroid camera was used to measure 
the current transients. The oscilloscope was 
modified to permit triggering of the instrument 
into a continuous sweep mode. Also, the appro- 
priate circuit components were adjusted to 
minimize the hold-off time between sweeps. The 
horizontal and vertical axis of the oscilloscope 
were calibrated in terms of current and time as 
follows. A square wave generator synchronized 
by a Tektronix incorporated type 181 time mark 
generator was used to modulate the beam 
intensity of the oscilloscope, thus providing an 
accurate time scale on the signal trace itself. 
Following a run, current calibration lines were 
photographed on the same negative, prior to 
developing. The readings were made on 8 in. by 
10 in. enlargements of the photographs. 

A number of runs were performed using a 
specially designed preamplifier for the oscillo- 
scope which permitted current measureineilts to 
be made with precision over three decades in the 
current. This preamplifier operated at high gain 
for the initial portion of the transient, switching 
automatically to successively lower gains as the 
current increased. In this manner a precision of 
approximately 1 % in the current density was 
maintained for all experimental measurements. 

Because of the short times in which the current 
transients are measured (1 ms to 1 s) negligible 
charge is passed compared with the total charge 
required to form the films. The actual increase 
in film thickness as determined from the incre- 
mental charge passed was about 0.003% for a 
fast rate of voltage rise of 1076 V/s, 0.02% for 
107.6 V/s, and less than 0.1 % for 10.76 V/s. The 
error arising in neglecting these is only significant 
in the last case where it is equivalent to  about a 
2 % error in the current at the end of the run. For 
constant film thickness, therefore, the field rises 
linearly with time, the field at any given time 
being assumed to be given by V / X ,  where X  is 
tbe film thickness calculated as indicated pre- 
viously. 

Figure 4 is a multiple sweep oscilloscope 
photograph of a typical current transient show- 
ing the time base, the horizontal current calibra- 
tion lines, and the initial current jump due to 
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FIG. 4. Typical photograph of oscilloscope trace 
(current versus time) for film formed at 0.1 V/s and trans- 
ients measured a t  107.6 V/s. Sensitivity, 0.5 mA/cm. 

capacitor charging. Figure 5 is a run done under 
identical conditions with a 10 times greater 
sensitivity so that the total current displayed 
(0.4 mA) is only 1/10 that shown in Fig. 4. In 
both these photographs the transient is initiated 
from the steady-state formation at point A. 

FIG. 5. Typical photograph of oscilloscope trace for 
film formed and measured as in Fig. 4. Sensitivity, 0.05 
mA/cm. 

Superimposed on the d.c. transient is a rapidly 
decaying a.c. oscillation, the amplitude of which 
depended markedly on the fast rate of voltage 
rise employed. This extra signal probably arises 
as a result of the positive feedback of the cathode 

follower circuit in the potentiostat. For runs 
done at a fast sweep rate of 10.76 V/s the oscil- 
lation was undetectable, while the amplitude was 
appreciable (0.5 divisions on the photograph for 
a sensitivity of 0.5 mA per division) at a fast 
sweep rate of 1076 V/s. The transient component 
was read from the recorded trace by taking the 
vertical mean position of the upper and lower 
envelope to the oscillations, this being the correct 
procedure if the oscillations are damped har- 
monic in nature. 

Figure 6 is a multiple sweep oscilloscope 
photograph of a typical current transient ob- 
tained with the aid of the multiple gain pream- 
plifier described earlier. The data illustrated were 
obtained from a sample formed at 0.001 V/s, the 
transient measurements being made at 10.76 V/s. 
The three sets of multiple sweeps recorded corre- 
sponding to amplification varying from approx- 
imately 1 to 100 in factors of 10 may clearly be 

FIG. 6. Typical photograph of oscilloscope trace for 
film formed at 0.001 V/s and transients measured at 10.76 
V/s. The data were obtained using the automatically 
switching, nlultiple gain, preamplifier; sensitivity 5 ,  55, 
and 555 fiA/cm. 

distinguished by the extent of 60 cycle a.c. noise 
superimposed on the transient. The noise level is 
highest for the initial set of sweeps (starting from 
Point A) where the current amplification is 100 
times that of the third and final set of sweeps. At 
Point B, the gain of the multiple gain preampli- 
fier is decreased automatically by a factor of about 
10, hence the beam deflection of the oscilloscope 
drops to Point C whence the next set of sweeps 
(with a consequently lower a.c. noise level) start. 
Similarly at Point D, the amplification is further 
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reduced and the beam deflection drops to Point 0.2-1 I I 

E. From this point on the beam deflection rises 
continuously and goes off scale at the top of the 0.0 - 
photograph. 

The charging current, i,, associated with -0.2 - 
charging up the dielectric film must be subtracted 2 
from the measured current density I in order to jo,, 
obtain the ion current density i. The charging 
current was determined as follows. Poisson's .: 

equation, combined with the equation of con- -0.6 - 

tinuity for a medium of dielectric constant K1, 3 
yields -0.8- 

dE 
i, = ( I  - i) = E&I - = constant 

dt 

for these experimental conditions. Measurement 
of the charging current therefore allows the 
dielectric constant to be calculated, and vice 
versa. Several runs were carried out in which the 
current sensitivity was adjusted so that the 
charging current was displayed as a deflection of 
at least one-half full scale in the photograph. 
These were carried out at both 1076 and 2704 
V/s. From these runs the dielectric constant was 
calculated to be 8.35 f 0.1 in good agreement 
with the value 8.4 & 0.2 obtained by Bernard and 
Cook (23) from capacity measurements on films 
formed in the same electrolyte as used here. 

Several samples were formed under steady- 
state conditions at 0.1 V per second to V = 41.78 
V at which point the anode potential was auto- 
matically switched to 0. The samples were then 
either annealed in mineral oil at 60 "C for 2 h 
followed by a thorough washing in a succession 
of solvents (cyclohexane, acetone) and dried in a 
streanl of air or simply annealed at room tein- 
perature for 10 or more minutes. The samples 
were then returned to the anodizing cell and thc 
anode potential reapplied at a rate of 209.4 V/s. 
Analysis of the initial current jump as above gave 
K1 = 8.8 f 0.2 for the samples annealed at 
60 "C and K1 = 8.9 f 0.2 for those annealed at 
roo111 temperature. These two values are in good 
accord with one another but are notably higher 
than the value determined commencing from 
steady-state forination conditions. It appears 
probable that K1 is a function either of the extent 
to which the system departs from steady-state 
formation conditions, or of the field strength. 

In Fig. 7 typical results for films formed at the 
samc slow rate of voltage rise, namely 0.1 V/s, with 
the transient measurements taken at various fast 

I I 1 I I 
0.085 0.090 0.095 

FIELD. ~/i 
FIG. 7. Ion current transients for films formed at 0.1 

V/s and transients measured at A, 10.76V/s; B, 107.6 
V/s; C, 1076 V/s; D, 2704 V/s. 

rates of voltage rise, are illustrated. The curves in 
this graph have been displaced from one another 
(by an amount 0.1 in log i) for the sake of clarity, 
curve A giving the correct scale. Figure 8 shows 
results for films formed at different formation 
rates of voltage rise, the transients being mea- 
sured in all cases at 10.76 V/s. Curve B in Fig. 7 
is a plot of the data obtained from the photo- 
graph shown in Fig. 5. Curve A in Fig. 8 is a plot 
of the data obtained from the photograph shown 
in Fig. 6. The nlaximum current density for all 
the curves of Figs. 7 and 8 is about 1 mA/cm2. 
Current densities in excess of about 1 mA/cm2 
were avoided, as it has been shown (30) that 
heating effects become of importance at such 
current densities. 

Curves similar to those illustrated in Figs. 7 
and 8 were analvzed for the initial features of the 
transient by taking the slope of the cord, (In 
i/i,)/AE, over the linear portion of the In i versus 
E plot, AE being the change in field over this 
portion, i the ion current density, and i, the 
steady-state ion current density just before 
initiating the transient. This slope was evaluated 
for runs carried out under various combinations 
of formation rate of voltage rise and measurement 
rate of voltage rise. The current sensitivity was 
always chosen to obtain accurately the slope of 
the initial straight line portion of the curve. The 
results are given graphically in Fig. 9, in the form 
kT(1n i/i,)/AE plotted against the steady-state 
formation field, E,, for a wide range of transient 
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Theory 

I I I I 
0.075 0.080 0.085 0.090 0.095 0.10 

FIELD v/S 
FIG. 8. Ion current transients measured at 10.76 V/s 

for films formed at A, 0.001 V/s; B, 0.01 V/s; C, 0.1 V/s. 

FIG. 9. Values of kT(ln i/i ,)/AE obtained from linear 
field rise transients, versus formation field strength, E,. 
The transients were measured at ( 0 )  10.76 V/s, (A) 107.6 
V/s, ( 0) 1076 V/s. 

sweep rates and formation current densities. It 
is seen that the initial slopes vary by as much as 
30% from the highest formation current density 
to the lowest even though any given run is 
reproduced to within 1 or 2%. Moreover the 
initial slopes measured for samples wl~ich had 
been formed at the same steady-state current 
density differ greatly depending on the fast sweep 
rate employed to initiate the transient. A detailed 
analysis of these results in terms of theoretical 
models will be presented in a subsequent section. 

As the data obtained were analyzed in terms of 
the high field Frenkel defect theory and the new 
theory proposed by one of us (M. 5. D.) a brief 
outline of these is presented here. Detailed 
developments can be found elsewhere (1, 31). 

High Field Frenkel Defect Theory 
According to this theory, interstitial metal ions 

are transported through the oxide film in accord 
with the following equations : 

[31 i = 2qavn exp -(U - Eaq)/kT, 

where i = ion current density in the film; q 
= charge on the cation; v = vibrational fre- 
quency of an interstitial cation; n = concentra- 
tion of interstitial cations; U = activation energy 
for the migration of interstitial cations in the 
absence of an electric field; a = activation 
distance corresponding to U ;  E = electric field 
strength in the oxide. 

To account for transient conductioil phenom- 
ena, the concentration of interstitial cations is 
assumed to be a function of the electric field 
strength and time. The simplest specific model is 
that suggested by Bean, Fisher, and Vernlilyea 
(6) and by Dewald (7). They proposed that inter- 
stitial cation-cation vacancy pairs (i.e. Frenkel 
defects) are produced by the action of the field 
on lattice cations, and destroyed by their recom- 
bination. The net rate of formation of inter- 
stitial~ and vacancies is given by 

where N = concentration of cation lattice sites; 
rn = concentration of cation vacancies; t = time; 
vo = vibrational frequency of a lattice cation; 
W = activation energy for formation of a Fren- 
kel defect in the absence of an external electric 
field; X = activation distance corresponding to 
W; u = capture cross section of a vacancy for an 
interstitial cation. 

Equation [4] is us~~al ly further simplified by 
assuming that the oxide film is sufficiently thick 
so that space charge effects may be neglected 
(26). For these conditions n and in are equal and 
independent of position in the oxide. Further- 
more it is usually assumed that only a small 
percentage of the cations contribute to the 
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ionic conduction, so that N - m = N. Equation 
[4] therefore becomes 

d n 
[5] - = Nvo exp [- (W - EXq)/kT] - ion/q. 

dt 

The solution of [3] and [5] for steady-state 
conditions (i.e. dnldt = 0) takes the forin of [ l ]  
with a and p' given by 

a = q ( ~ ~ v 2 N a / ~ ) ' / ~  exp [-(W + U)/2kT], 

P' = q(X + a)/2kT. 

For the purpose of comparing the experimen- 
tal data with the predictions of the Frenkel 
defect theory, iz may be eliminated from [3] and 
[5] to yield 

[ ( a  exp p?l2 - i2 I qa 
f E' 

where a and p' are given above. Integration of 
[6] gives 

z- SoQ (is exp P1 AE)' - i' 
q4E Z 

dQ1 

where Q = Si idt and i, and E, are the initial 
steady-state current density and field respectively, 
and AE the change in field during the transient. 

A recent theoretical consideration of high field 
ion transport processes (2) by one of us (M. J. D.) 
when applied to the present model leads to the 
following modified equations in place of [3] and 
[51. 
[ S ]  i = 2qavn exp - [U - qaE X 

(1 - qaE/ClU)l/kT) 

dl2 
[gl - d t = Novo exp ( -  [W - qXE x 

where C1 and C2 are dimensionless parameters 
whose values depend on the shape of the poten- 
tial energy surface in question. Elimination of n 
from eqs. [8] and [9] leads to  

- - 

g/q [ [ a  exp (P'E - YE?]? - i2  
dE/dt i I 

with a and p' given as before, and y = q2(X2/ 
C2 W + a2/C1 U)/2kT. Integrating [ lo] ,  the ana- 
logue of [7] is obtained as 

where 

' Q [ a  exp (P'E - y~"]2- iZ  I - ---- d Q. 
o i3 

In  the limit, as dE/dt -+a, it is clear that 
g - +  0. For the rapid linear field transients 
reported herein, g may be regarded therefore as 
a correction term which goes to zero as dE/dt 
-+ m. 

For steady-state conditions (i.e. di/dt = 0 
= dE/dt) [8] and [9] lead to  [2] with a, O f ,  and 
y given above. 

Outline of New Tl~eory 
The principal features of the new theory may 

be summarized as follows. 
I t  is assumed that the polarization of the 

medium makes a substantial contribution to the 
local field assisting defect migration. The main 
consequence of this assumptioll is that dielectric 
relaxation phenomena will lead to ionic con- 
duction transients. The overall polarizatioil of 
the oxide is considered to arise as a result of 
ordinary polarization processes, which are 
assumed to have small relaxation times, and in 
addition abnormal processes which are associ- 
ated with a fairly major structural reorganization. 
These latter polarization processes will have 
large relaxation times. Thus transient conduction 
phenomena will arise as a result of the time 
dependence of the slow polarization process. 

For sufficiently high current densities, it is 
assumed that the motion of the defects them- 
selves assists in bringing about equilibrium 
polarization conditions. In fact, this is assumed 
to be the doininant process by which slow 
polarization proceeds for measurable current 
densities at normal temperatures. At sufficiently 
low ion current densities, however, thermal 
activation must make a substantial contribution. 
For the purposes of the present paper, the 
thermally activated polarization processes will 
be neglected. The relevant equations are recorded 
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below and are obtained from eqs. [13] to [37] and 
[38] of the original publication concerning this 
theory (31). Since publishing this paper, some 
changes in the model have been proposed (32). 
The above description, however, applies equally 
to the old as well as the revised model. Further- 
more, relevant kinetic equations are not changed. 

[13] i = io exp [- [I#I - 
P*E, (~  - ~*E, /Cd) l /kTl  

where 

and io and B are constants. The remaining sym- 
bols have the following meanings: 4, zero field 
activation energy for the overall conduction 
process. P", charge-activation distance product, 
or "activation dipole". E,, effective field assisting 
ion transport given by E + 6P/eo, where P is the 
polarization of the medium, 6 a geometric 
factor, and €0 the permittivity of free space. 
C, dinlensionless parameter, the value for which 
depends on the shape of the potential energy 
surfaces involved. and p,", the dynamic and 
static "effective activation dipoles", given by 
(1 + hx l )~*  and (1 + 6x8)p* respectively where 
x l  and x, are the dynamic and static electric 
susceptibilities of the oxide. i,, total charging 
current made up of the "normal" charging 
current, eoKl (dE/dt), plus a contribution from 
the slow polarization process. K1, dynamic di- 
electric constant of the oxide, = 1 + xi. 

For steady-state conditions (i.e. dE/dt = 0 
= dildt), it follows from [13] to [I51 that p*E, 
= p,*E and i, = 0 ;  hence 

[16] i, = io exp { - [d - pa*E(l- P;*E/C~)]/~T). 

This equation is formally identical with [2], 
with a = io exp (-+/kT), P' = p,*/kT, and -y 
= p8"2/C+kT. 

Since the total current density is given by 
I = i + i,, eq. [15] can be written 

Since the term in B is at most only a few percent 
of unity (33), we have to a satisfactory approxi- 

mation, I' = i. As K1 is easily determined, I' is 
a directly measurable quantity. 

Equation [14] is a first order, first degree linear 
differential equation in E, which may be solved 
for E, using standard procedures to give 

where 

and Q = S l  idt as before. The boundary con- 
ditions AE = 0, P:%, = P,:~E, at t = 0 = Q 
were used to obtain [la] and [19]. 

Upon obtaining an expression for In i/i, from 
[13] and eliminating P"E, noting that when 
i = i,, P " ~  - - ps*ES, we get 

[ l -  (E, + 2(pS*/p1*) A E ) ] .  

As with eq. [ I l l ,  we see that for the rapid linear 
field transients reported herein, A  inay be 
regarded as a correction terin which goes to zero 
as dE/dt -+ co. Indeed, the similarity between 
eqs. [ l l ]  and [20] is striking, the only difference 
apart from the correction term being a slight 
difference in the coefficient of A E  for the two. As 
the terms in AE will both be small compared with 
unity for realizable experimental conditions, it is 
clear that experimental data will only distinguish 
between [ l  I.] and [20] for conditions in which the 
terms g and A  dominate. 

For A sufficiently small, it may be evaluated in 
the following way for transient experimeilts of 
the kind conducted herein; that is for experiments 
for which dE/dt is a constant. For A small, In i is 
very nearly a linear function of E. (See e.g. 
curves C and D, Fig. 7). For these conditions, 
therefore, we may set 

[2 1. 1 i .= i, exp PllAE, 

where pl l  is the slope of the linear portion of the 
In i vs. E graph. Noting that i = [dQ/d(AE)] 
[(dE/dt)], [21] may be integrated and rearranged 
to give 
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where 

[231 b = Bi,/p 1 '(d E/d t). 

Substituting [22] in [19] and evaluating the 
integral leads to the followi~lg result, 

where y = exp (PlfAE) = ilia = BQ/b + 1 and 
E,(x) = pm(exp (LL)/u) du is the first degree ex- 
ponential integral, tabulated values for which 
are readily available (29). 

For by and b << 1 (i.e. A << 1) the exponential 
functions may be replaced by the first two terms 
in their expansion which on simplifying gives 

Setting I -- i + eoKldE/dt, [20] can be written 
in the form 

where AE' = AE(l + A) and Pl(E,) is the tran- 
sient differential field coefficient evaluated at 
E = E,. The transient differential field co- 
efficient may be defined through the relation 

Analysis and Discussion of Results 

The data similar to those illustrated in Figs. 7 
and 8 were analyzed according to the dielectric 
polarization theory using the following proce- 
dure. The experimental data consist of current 
density versus AE, the fixed parameters for any 
given run being E, and dE/dt. Referring to eq. 
[26], to a first approximation the term in A E Q  
may be neglected compared to the term in AE', 
which in turn is nearly equal to AE. Given a first 
approximation value for the ratio p2 to pl*: the 
correction term, A, may be calculated with 

sufficient accuracy from [25]. Again given a first 
approximation value for pl'k and C4, the term in 
AE'2 may be calculated with sufficient accuracy. 
In this way, P1(E,) was calculated from [26] 
using a nonlinear least squares program which 
selected values of P1 and eoKl(dE/dt) which 
minimized the variance in I. The resulting values 
of pl are presented graphically in Fig. 10. The 
following values were used in calculatiilg the 
correction terms: B = 1.32 x 104 cmz per cou- 
lomb (Part IT); p,*/pl:': = 3.091 K t  = 8.35, 
C4 = 7.37 eV (33), p,* = 24.4 eA (33). The 
calculated values of P1 are only very weakly 
dependent on the particular choice of values for 
the above parameters. a successive ap- 
proximation approach to the calculation was 
unnecessary. 

100 I I I I I I I I 
075 078 OBO ,082 -4 ,086 ,088 090 

E, ~/i 
FIG. 10. Transient field coefficient, D l ,  calculated 

from transient data and eq. [26], versus formation field 
strength, E,. The transients were measured at (0) 10.76 
vls, (n) 107.6 v/s, (0) 1076 V/S. 

From Fig. 10 it can be seen that the values for 
pl versus E, fall reasonably well on a straight 
line. It  is clear, however, that the values for pt 
calculated from runs done under identical con- 
ditions agree much more closely with one 
another than do those involving the same value 
for E, but measured at different rates of voltage 
rise. A further anomaly was observed for those 
runs in which the charging current represented a 
very substantial fraction of the total measured 
current. For these runs a plot of log [I - eoK1 
(dE/dt)] versus A E  produced an initial straight 
line portion which did not extrapolate to the 
point log is (see eq. [26]), in fact in the extreme 
case involving an electrode formed at 10-3 V/s 
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(is = 2.6 x 10-6 A/cm2) with the transient 
measurement being made at 1076 V/s, extra- 
polation gave a value for the current density a 
factor of 4 higher than is. The curves in Figs. 7 
and 8 do not show this anomaly since the 
charging currents for these runs represented only 
a small portion of the total current. 

Two possible explanations for this anomaly 
are offered. The first and most obvious explana- 
tion is that the charging current varies in a 
conlplex manner with displacement from steady- 
state conditions and rate of change of potential. 
A further possibility exists, however. It has been 
assumed that the extra potential, V At, applied to 
the anode during the transient, increases the 
field by VAt/X. However, the current density is 
changing rapidly during the transient. If the 
potential differences due to interface phenomena 
are current dependent (4), then the potential drop 
across the oxide film during the transient will not 
increase as h t / X .  It is clear that any error 
introduced by such a current dependence of 
interfacial potentials will decrease with increasing 
film thickness. To assess the possible importance 
of such an effect, two sets of films were formed at 
the same current density (i.e. that corresponding 
to 0.1 V/s), the first set being formed to V = 10.25 
V, the second to V = 41.78 V. Transient mea- 
surements were then made at 270.4 V/s and 1076 
V/s, respectively, for the two sets. These were 
chosen in order to give essentially the same rate 
of change of field with time for the two sets of 
measurements. In the absence of current depen- 
dent interfacial phenomena, the two sets of runs 
should therefore give identical results. In order 
to obtain identical values for PI1, however, it was 
necessary to assume that the film thicknesses for 
the two sets were not given by a proportionality 
relationship with V but rather with V + 1.66 V. 
It  is difficult to assess either the importailce or 
the source of this additional potential term. 
Interpreted simply as a constant error in the film 
thickness values, its effect would be to lead to 
values of pl in Fig. 10 which are 4 %  too small. 
This follows from the fact that all the ineasure- 
ments leading to the results in Fig. 10 were inade 
for specimens having the same film thickness as 
those for set 2 above. Such an assumption, 
however, will account neither for the intercept 
anomaly nor for the systematic scatter of PI 
values in Fig. 10. Perhaps the 15% or so dis- 
crepancy found for p1 values determined at 

different rates of voltage rise is brought about by 
a current and/or time dependence of the inter- 
facial potentials. Further experiments would 
have to be performed in order to test this possi- 
bility. It seems more likely, however, that the 
effect is related in some way to the charging 
current, since the intercept anomaly mentioned 
previously occurs only for runs in which the 
charging current makes an appreciable contri- 
bution to the total current. 

The least squares regression analysis for the 
data in Fig. 10 leads to the following values for 
the parameters and their standard deviations. 

The value of p,"/C+ may be compared with the 
same quantity determined from the field depen- 
dence of the steady-state Tafel slope, namely 

Within experimental uncertainty the results are 
seen to be in accord with the polarization theory. 
As noted in a previous publication (34) the high 
field Frenkel defect theory does not predict any 
simple relationship between the field dependence 
of the transient and steady-state Tafel slopes. 
This result may be regarded as further support 
for the polarization theory, but by no means 
conclusive support. 

In the following section, an attempt is inade to 
reproduce the experimental log i versus E curve 
which showed the most curvature (Curve A, Fig. 
8). That is, the appropriate equations were 
solved for selected values of the parameters to 
obtain calculated log i versus E curves which 
were compared with the data. For the Frenkel 
defect theory, theoretical curves were generated 
from the solution of eq. [lo] by a finite difference 
method using an IBM 7090 digital computer. The 
measured value of the initial slope gave qa 
= 4.28 eA. 4 E  was obtained from AE = E - E,, 
with is and E, being the steady-state current 
density and field respectively. The theoretical 
curves were generated for various sets of values 
for the parameters p' and u (l/C1 and -y were 
set equal to 0, which is equivalent to neglecting 
the field dependence of the Tafel slopes). Figure 
11 shows a comparison between the theoretical 
curves generated in this way and the experi- 
mental data. It  is apparent that in no case do the 
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calculated curves rise fast enough in the non- (i.e. l/C1 and 7) would result in the calculated 
linear region, most of them in fact showing an curves rising less steeply than shown by an 
inflection point at about E = 0.095 VIA, a estimated 5 to 10 % at the end of the run, thus 
feature which is totally absent from the experi- increasing further the discrepancy between 
mental data. The best fit (middle line, family B theory and experiment. The best fit,oneglecting 
in Fig. 11) differs from the experimental data by the quadratic terms, gave P' = 380 A/V and cr 

about 20 % in the current a t  the end of the run. = 1.6 A2. Steady-state data for this systein (23) 
Inclusion of the terms in the square of the field give P' = 490 & 40 A/v. 

The data for this run have also been fitted to 
the dielectric polarization theory. In this case, 
values for log i as a function of AE were calcula- 
ted using eqs. [13] to [15] and the following 
values for the parameters: pi" 24 eA (4), 
C$ = 7.65 eV (4), pl* = 8.28 eA. This value for 
pl* was determined from the initial slope of log 
i versus AE in conjunction with the afore- 
mentioned value of .u,:~/C$ obtained from steady- 
state measurements. It differs somewhat from 
the value determined from the regression line of 
Fig. 10 (13.2 eA), a result perhaps due in part to 
the systematic deviation of the data of Fig. 10. As 
the steady-state data are free from charging 
current anomalies, the smaller value for pll is 
regarded as more reliable. Since i, and E, as well 
as K1 are known, the only unknown parameter 
in the calculation was B. Theoretical curves 

.2 calculated in this way are shown along with the 
D experimental data in Fig. 12. The calculated 
o curves represent a one-parameter fit to  the data 
-I insofar as the curved portion of the graph is 

concerned. The best fit differs from the data by 
about 20 % in the current at the end of the run. 
For this one-parameter trial solution the best fit 
gave B = 1.52 x 104 cm2/C, in excellent agree- 
ment with a value obtained from constant field 
transient experiments (to be described in Part I1 
of this paper), that value being 1.48 x 104 cm2/C. 

It would appear that the equations derived on 
the basis of the polarization theory give an 
appreciably better fit to  these data than do those 
derived on the basis of the high field Frenkel 
defect theory. One must admit, however, that in 
relation to  the present data the decision between 
the two theories is not a particularly convincing 
one. 

0.075 0.080 0.085 0.090 0.095 0.10 

FIELD, v/H Summary 

FIG. 11. Comparison of data (open circles) for a film 
Analysis of linear field transients following 

formed at 0.001 V/s and transients measured at 10.76 V/s formation of oxide films on alu- 
with curves calculated according to high field Frenkel minium are in accord with the predictions of the 
defect theory (eq. 1101 with 1/C1 = 0 = 7). (Curves A, theory, altllougll they cannot be P' = 321 A n ;  curves B, 8' = 380 A/v; curves C, P' 
= 434 A/v). said to provide a convincing basis upon which to 
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FIELD. ~/i 
FIG. 12. Comparison of data (open circles) as des- 

cribed in Fig. 11, with curves calculated according to 
polarization theory (eqs. [13] to [15]), for three closely 
spaced values of the parameter B. 

decide between the polarization and high field 
Frenkel defect theories. Assuming the polariza- 
tion theory to be valid, then PB/P1 = p 2 / p l "  
= 3.09 on combining the present results with 
those published previously (4). The value for the 
kinetic parameter B = 1.52 x 104 cn12/C was 
determined for filills formed at  .001 V/s (about 
2 x 10-6 A/cmz). 

It is believed that the first in situ measurement 
of the dynamic dielectric constant (K1 = 8.35 
A 0.1) determined during the steady-state anodic 
forination of A1203 has been obtained. A 
notably higher value for the dielectric constant 
(8.85 0.2) was obtained at E = 0 for films 
which had been either 'annealed' at 60 "C or 
allowed to stand for 10 min after formation. It 
is evident from both the above results and the 
apparent anomaly relating to linear field tran- 
sient measurements involving large charging 
currents that a detailed analysis of the interaction 
of the dielectric constant with formation con- 
ditions, field strength, and departure from 
steady-state conditions is required. We are at 
present embarked upon such a study. 
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High field kinetic processes in anodic oxide films on aluminium. 
11. Current transients for constant field conditions 
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Anodic oxide films were formed on high purity aluminium (99.996 %) in a glycol-borate electrolyte. 
Following aging of the films under zero field conditions either at room temperature or 60 "C theelectrodes 
were returned to the electrolysis cell where the anodic overpotential was increased rapidly until apredeter- 
mined value was reached, then maintained constant. The ensuing current transients were recorded and 
analyzed. As little film growth occurred during these measurements the conditions correspond closely to 
constant field strength. For sufficiently low field strengths the observed current decreased monotonically 
with increasing time. No single empirical equation could be found to represent these data, although they 
appear to be in the nature of charging currents rather than ion currents. For somewhat higher applied 
fields the current is observed to decrease initially, reach a minimum, and then increase approaching 
ultimately the steady-state ion current for the applied field strength. These data can be accounted for 
satisfactorily by only the polarization theory of ionic current transients? 

Canadian Journal of Chemistry, 46, 549 (1968) 

Introduction 
In Part I, current transients under conditions 

of linearly increasing field strength were 
examined for the anodic oxidation of aluminium 
in a glycol-borate electrolyte. On the basis of 
these studies, it was not possible to make a 
definitive choice between the two theories which 
have to date been proposed to explain the tran- 
sient phenomena, the high field Frenkel defect 
theory (1, 2) and the dielectric polarization 
theory (3). In the present paper, the same 
electronic apparatus was employed to measure 
the time dependence of the current under con- 
ditions approximating those of constant field 
strength. The results of these experiments 
provide an unambiguous choice between these 
two models while at the same time raising a 
number of questions concerning the nature of 
the slow polarization processes. 

Experimental 
The apparatus and materials used in this study are 

described in Part I(4). 

Procerlilre ntrd Resu!ts 
Aluminium electrodes were first formed to a fixed 

potential under steady-state conditions. The anode 
overpotential was then dropped automatically to zero, 
the electrodes removed and annealed in mineral oil a t  

below the formation voltage was reached, at which point 
it was held constant. The results for a typical run of this 
kind are shown in Fig. 1. This electrode was first formed 
at 0.1 V/s to V = 99.7 V, annealed, and the potential 
reapplied at 10.76 V/s to V = 91.7 V. Upon initiating the 
voltage rise, there is a very rapid jump in current to 
Point A, thence a slower accelerated rise to Point B as 
the applied potential is increased to its maximum value. 
At B the anode potential is held constant and the current 
falls rapidly, then more slowly to a minimum at C. From 
this point the current rises through an inflection point, 
reaching at D the steady-state value for the applied field. 

01 , , 
0 20 LO do 80 I0J I20 l i 0  160 160 200 

T IME.  S 

FIG. 1. Current as a function of time upon reapplica- 
tion of potential, as illustrated, to an electrode formed 
initially at 0.1 V/s to V = 99.7 V then annealed at 60 OC. 

60 "C for 2 h, washed in a succession of solvents (cyclo- 
hexane, and finally dried in a stream of air. Little film growth occurs during these measurements 

They were then replaced in the cell and the anode potential ;:$?:, ~ $ : h ~ ~ ~ o : " ~ ~ ~  ~ ~ ~ k $ s ~ h ~ ~ ~ ~ ~ ~ ~ h ~ r ~ ~ ~  
reapplied at a linear rate until a potential a few volts 

anode potential is held constant, the field E is approxi- 
1Present address: J. Roy Gordon Research Labors- mately constant. In  fact, however, the formation of 

tories, Sheridan Park, Clarkson, Ontario. new oxide results in a slow decrease in field strength and 
2Reference 3. hence in current density. 
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The general features of Fig. 1 were reproduced irrespec- 
tive of the value of the limiting potential reapplied to 
the anode, provided that it was not so far below the 
formation voltage that no ion current would result. 
Moreover, annealing was not essential in producing 
these effects since electrodes treated essentially as above, 
but omitting the annealing procedure, gave results 
displaying the same features. 

In these experiments the current transients during the 
initial period were displayed and photographed on an 
osr-illoscope, the longer period transients being recorded 
on a strip chart recorder. A typical photograph of a 
multiple sweep oscillograph trace is shown in Fig. 2. 
In Fig. 3 the data are represented in the form of current, 
i,, versus time for a sample formed at  0.1 V/s to 41.8 V, 
the anode potential dropped to zero and reapplied after a 
delay of I O min at 209.4 V/s to 33.8 V. All of the data for 
the decay in the charging current at constant potential 
is not shown on the graph. Typically, i, -0.1 pA/cm2 
after about 111 at constant potential. 

Theory 

The data obtained were analyzed in ternls of 
the high field Frenkel defect theory (1, 2) and 
the polarization theory (3) outlined in Part I. 
Further equations required for interpreting the 
present data are developed herein. '-. 

--. ,& .- 4_ -- =------ -'------Us, High Field Frenkei Defect Theory 
The expected form for constant field ion 

current transients can be obtained most easily - .  

FIG. 2. Typical photograph of oscilloscope trace for 
from eq. [lo] of the previous paper, recorded 

films formed at 0.1 V/s to V = 41.8 V, annealed at 60 "C, below for convenience. 
and current transients measured during and following 
the reapplication of potential at 209.4 V/s to 35.8 V. d ln i 2qaE 

I 
V conslanl u/q [[o! exp (PIE - -YE')]' - i2 

dE/dt i ----I 
- 

Multiplying by dE/dt and setting dE = 0, eq. [I] 
reduces to 

PI d i  
- = (u/q)(is2 - i2) ,  
d t 

where i, = a exp (P'E - yE2) and is the steady- 
state current density corresponding to the con- 
stant applied field E (refer to Part I). Equation 

100 
[2] may be integrated to yield 

TIME.  M S  

FIG. 3. Current transients upon reapplication of [3] Z . = Zs . D exp (2isut/q) - 1 
potential at 209.4 V/s to V = 33.8 V. The data are for an D exp (2isut/q) + 1 ' 
electrode formed at 0.1 V/s to V = 41.8 V. 

where D = (i, + i,=,)l(i, - i,=,). 

In a further series of experiments, specimens were For the constant field experiments described 
formed at 0.1 V/s to V = 41.8 V, at which point the anode herein, i q is. F~~~ [21, therefore, dildt is 
potential was switched to zero. Following annealing and 
washing as above, the potential was reapplied at 209.4 V/s positive so that increases 
to a value in the range 30 to 35 V, which is sufficiently with t. Furthermore it follows that dildt is 
below that to which the sample was formed so that maximum at t = 0, decreasing monotonically to 
theoretically no detectable ion Current Should result. zero for large times. The predicted form of the 
Similar runs were also performed on samples for which 
the annealing treatment was omitted. For these runs the graph of i versus t is therefore one in which i 
~otential was rea~olied followina about 10 rnin at room increases monotonically with t, the curve being . . 
temperature. concave downwards. 
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Dielectric Polarization Theory 
The expected form for ion current transients 

under conditions of constant field strength have 
been derived in some detail in a previous publi- 
cation (3). A much simpler, though somewhat 
approximate, derivation is presented here. 
Setting dE/dt = 0, eq. [14] of Part I reduces to 

[4] p*(dE,/dt) = Bi(p,*E - p*E,). 

Defining the differential field coefficients and 
Ps as follows 

d In i 
[ 5 ]  p = - 

d ln i 
dEe , P. = limit (--) , 

i-,o 

then the ratio Ps/P is clearly equal to the ratio of 
the effective field under steady-state conditions 
to the applied field, which in turn is equal to 
(1 + Ax.) = I*,*/I**. On multiplying by p/,u*, 
eq. [4] therefore becomes 

[6] p(dE,/clt) = Bi(psE - PE,). 

Neglecting to a first approximation the field 
dependence of p and 0, (that is treating and 0, 
as constants), eq. [5] for p can be integrated to 
yield 

[71 (i,/i) = p(Ee),tc,d, St",, - BE,, 
which reduces to 

conditions where the contribution of the ion 
current to the total measured current should be 
negligible. For such cases, the current contrib- 
uted by the slow polarization process will be 
important. Furthermore, the dominant process 
leading to attainment of equilibrium polarization 
conditions cannot be that induced by ion trans- 
port but rather must arise from thermal acti- 
vation. In the original paper in which this theory 
was presented (3), the field assistiilg the rate of 
change of the slow polarizatioil process was 
assumed to be proportional to the displacement 
of the effective field from its steady-state value. 
The polarization current was then represented 
as a hyperbolic sine function of the effective 
field displacement multiplied by the usual 
kinetic parameters. In writing such an expres- 
sion, it is assumed implicitly that the slow 
polarization process may be described in terms 
of a single activation energy and single activa- 
tion dipole. That this should be the case, how- 
ever, seems improbable. Nevertheless we might 
expect to achieve qualitative agreement with 
data on the basis of such an assumption, pro- 
vided of course the basic model is appropriate. 

On including the contribution of thermal 
activation to  the rate of change for the slow 
polarization process, in the manner outlined 
above, eqs. [14] and [15] of Part I of this paper 
take the forms 

since pE, at steady state = P,E. Eliminating d E  cl E 
[ I l l  I**$ + Bip*E, N -- + Uip,*E + 

pdE, from eqs. [6] and [5] and 0.E - BE, from d t 
[6] and [S] leads to 

I* :':E - $+E (d) sin11 [" (L-L)] 

[91 (di/dt) = ~ i '  1n (i,/i). ~dcl k 1- I* s 

Integration of [9] gives the desired relationship 

Once again, for the experimental conditions 
used herein, i is always ,< i,. From [9] it follows, 
therefore, that i is a monotonically increasing 
function of time. In contrast with the Frenkel 
defect theory, however, it can be shown that i 
versus t will be concave upward for In (i,/i) > + 
and concave downward for In (i,/i) < 4. 

In Part I, the contribution of the slow polar- 
ization process to the measured current was 
neglected, since in all cases the ion current was 
dominant. In the present set of experin~ents, 
however, several runs were carried out under 

where a, is a temperature dependent constant 
and we* is of the order of the activation dipole 
for the slow polarization process. (Equations 
[I 11 and [I21 follow from eqs. [31.] and [33] of 
ref. 3, certain substitutions and one approxi- 
mation, however, having been made, the nature 
of which are apparent on referring to the original 
paper.) From eq. [12] we can see that the addi- 
tional polarization process takes the form of a 
thermally activated charging current which goes 
to zero for steady-state coilditions (i.e. when 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



552 CANADIAN JOURNAL OF c :HEMISTRY. VOL. 46, 1968 

p,*E = p*E,). As this thermally activated polar- 
ization process also contributes to the time vari- 
ation of E,, essentially the same term appears in 
eq. [ll] .  For conditions in which i is negligible 
compared with i,, a usef~ll form of eq. [12] can 
be written as follows. 

where i,? = i, - coKl (dE/dt) and P2 is the 
polarization of the nledium arising from the 
slow polarization process and is related to i,, by 
the equation 

Equation [13] is obtained by setting i = 0 and 
substituting E, = E f 6P/co = E(l -t- ax1) 
+ 6P2/eo, where P is the total polarization of 
the medium. In addition, an approximation is 
required in which (116 4- is replaced by K1. 

For conditions in which i is negligible and 
furthennore the external field is held constant, 
eq. [12] may be transforilled to give 

(see eq. 1641 of ref. 3), where 

g r~ w,*a,p~*/p,ed<IkT and 

For conditions in which the charging current, 
i,, may be approximated by an exponential 
function of the effective field displacement (i.e. 
i, >> a,), 1151 may be approximated by 

[16] (a,/i,) - l /6(ac/iC) + . . . = gt - In ID 1 
or 

In i, A 2 - In [t + to], 
where 

2 = In (a,/g) = In (p,*eokT/w,*pl*) 
and 

Analysis and Discussion of Results 
The features of the constant field transients 

displayed in Fig. 1 may be interpreted qualita- 
tively in terms of the dielectric polarization 
theory. During the initial linear increase in 
potential the ion current will be negligible, the 
total current being given therefore by eq. [13]. 
Thus the initial rapid rise in current, equal to 
eoKldE/dt, is seen to be followed by a slow 
buildup in current which from [13] should be 
approxilnately a hyperbolic sine function in E 
or t. During this period the effective field 
strength, E,, whose time dependence is given by 
eq. [Ill ,  lags far behind its steady-state value 
since the slow polarization process does not 
'follow' the change in applied field. Once the 
potential (and hence the field) is held constant 
(Point B, Fig. 1) dE/dt = 0 so that the com- 
ponent of the charging current, coKl dE/dt, 
should drop rapidly to zero followed by a slow 
decay in the component of the charging current 
arising from the slow polarization process. This 
decay should be approximately in accord with 
eqs. [15] or [16] (i.e. approxin~ately a negative 
exponential decay with time). The decay in 
charging current will continue in accord with 
eq. [15] until the polarization of the medium, 
and hence E,, becomes sufficiently large so that 
the ion current may no longer be neglected. At 
this point (presumably in the neighborhood of 
C) the total observed current begins to increase 
as the contribution of the ion current increases, 
and furthermore the rate of increase in current 
increases initially as a result of the contribution 
of the ion current to the rate of change of the 
polarization of the medium and hence to the 
rate of change of the effective field strength (see 
eq. [Ill). From Point C on the ion current 
presumably makes the dominant contribution 
to the observed current so that in region CD the 
variation of current with time should be given 
to a good approximation by eq. [lo]. Beyond 
D the current falls off slightly as a result of the 
slow decrease in field strength arising from film 
growth. 

With reference to the high field Frenkel defect 
theory, we note that the results of Fig. 1 are 
qualitatively discrepant with the tlleoretical 
predictions. In particular, the rate of increase in 
current from C to D is initially accelerating 
(i.e. the curve is initially concave upward) in 
direct conflict with the predictions of this 
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theory. In addition, of course, the initial features 
of the transient (i.e. regions AB and BC) are 
not accounted for in any manner whatsoever. It 
is clear, therefore, that no satisfactory explana- 
tion of these data is forthcoming from the high 
field Frenkel defect theory. We shall therefore 
concentrate our attention on the dielectric 
polarization theory. 

FIG. 4. Analysis of constant field ion current transients 
(Fig. 1) according to eq. [lo]. Similar data obtained by 
Young for tantalum (5) are also presented for comparison. 

As the ion current transients falling in the 
region CD of Fig. 1 are readily analyzed, we 
shall tackle this first. Making the approximation 
that the field is essentially constant for this 
portion of the transient, and furthermore that 
the total observed current I is approximately 
equal to i, the ion current, the data in this region 
were plotted in the form suggested by eq. [lo], 
the results being given in Fig. 4. It can be seen 
that the data, covering the range 30 to 150 s, 
conform extremely well to a linear plot. As 
eq. [lo] involves only a single unknown param- 
eter B, Fig. 4 represents a significant confirma- 
tion of the dielectric polarization theory. For 
comparison purposes, similar constant field 
ionic transient measurements made by Young 
on tantalum (5) are also presented in Fig. 4. 
These also conform extremely well to a straight 
line. 

Two different sets of constant field transient 
runs were carried out for aluminiunl. In one set 
the films were formed initially at 0.1 V/s rate of 
voltage rise. Five different runs of this kind 
yielded a mean value for B of (1.22 f 0.07) 
x 10"myC. In the other set of measurements 

the films were formed at 10-3 V/s rate of voltage 
rise, these runs giving a mean value for B of 
(1.46 f 0.04) x 104 cm2/C. From these results 
it would appear that B depends to some extent 
on the formation conditions of the film. The 
value for B determined in Part I was for films 
folmed at 10-3 V/s and hence should be com- 
pared with the second value quoted above. The 
values to be conlpared (1.46 f .04) x 104 and 
1.52 x 104 cm2/C are seen to be in excellent 
agreement. 

The theoretical significance of the parameter B 
is discussed elsewhere (3,6) and will not be 
repeated here. 

Before attempting to fit the initial features of 
the data in Fig. 1 to the polarization theory we 
shall examine first the data illustrated in Fig. 3 
since for these runs the ion current may pre- 
sumably be neglected throughout the entire 
transient, thus simplifying the interpretation. 
The features of these charging current transients 
are essentially the same as those of Fig. 1 except 
that there is no minimum and subsequent 
increase in total current, since for these runs the 
potential reapplied was sufficiently low so that 
the ion current should remain indefinitely 
immeasurable. 

The data up to the maximum in Fig. 3 were 
fitted to eq. [13] in the following manner. For 
convenience of computation eq. [13] may be 
rearranged to give 

where 
r l 

Y = E - (io*/(ps* - ul*)roKl] ic2dt  

The data were then fitted to eq. [17] using a 
7090 digital computer which carried out linear 
regression analyses of Y against X for a number 
of assumed values of a,, the value of a, which 
minimized the variance being accepted. The 
values of pS*/p1* and K1 used in calculating Y 
were obtained from Part I (i.e. p,*/pl* = 3.09, 
K1 = 8.35). The results are plotted in Fig. 5 in 
the form Y versus X. The data can be seen to 
conform very well to a straight line relationship. 
I t  must be remembered, however, that three 
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disposable constants are involved in the fit: in, 
G, and a,. Three different runs of this kind gave 
the following values for the relevant parameters : 
a, = 3.0 x 10-6A/cm2, we* 7 2.22 eLh; a,  = 5.4 
x 10-6 A/cin2, we* = 1.75 eA; a,  = 7.6 X 10-6 
A/cn12, o,* = 1.34 eA. The results appear to  
give a value for the effective activation dipole 
we* which is of the correct order of magnitude. 
No independent estinlate of a,, however, can 
be made. 

FIG. 5. Data of Fig. 3 (dV/dt constant) plotted 
according to eq. [I31 (or [17]). 

The latter portion of the data presented in 
Fig. 3, commencing from the peak current on- 
ward, should be in accord with eq. [15], since 
the data presumably represent the decay in the 
slow polarization process under conditions of 
constant applied field. In Fig. 6 the data are 
plotted in accordance with eq. [15] using the 
value of a,  determined from the foregoing 
analysis. As can be seen the data do not con- 
form well to  a straight line, the form predicted 
froin [15]. The straight line included in the graph 
has been drawn with slope g calculated using 
the parameters deduced from the foregoing 
analysis. Although the experimental data con- 
form more or less to this slope over a fair range 
it must be concluded that the fit is at best 
qualitative. 

In a further attempt to account for the results, 
the above data were plotted in a form suggested 
by eq. [16]. For the present data, we may calcu- 
late to < 10-2 s for we* 3 2 eA. ~ h u s  for nearly 
all the data points to should be negligible 
compared with t. Accordingly, the data have 
been plotted in Fig. 7 in the form log i, versus 
log t. It is clear that this form of plot represents 

FIG. 6. Data of Fig. 3 (V constant) plotted according 
to eq. [15]. The solid line is drawn with the slope expected 
from the analysis illustrated in Fig. 5. 

FIG. 7. Data of Fig. 3 (V constant) plotted in a form 
suggested by eq. [16]. 

the data extremely well. However, the slope of 
the plot is -.42 rather than - 1 as predicted by 
eq. [16]. Another set of constant field charging 
current measurements, in which the current 
decay was followed by ineans of an electrometer 
amplifier and strip chart recorder for a period of 
about 10 min, was also obtained. These data are 
plotted in Fig. 8 in the same form as the previous 
set of results. Although the initial slope is close 
to that found in Fig. 8 (i.e. -.42) as the time 
elapsed increases the slope decreases, apparently 
approaching a limiting value close to - 1. 

If one makes allowance for a possible range 
or distribution of activation energies and 
activation dipoles for the polarization processes, 
then it is possible to derive an equation forinally 
the same as [16] except that the slope is given 
not by - 1 but rather by - 1/(1 + €2) where the 
parameter is connected with the breadth of 
the distributions. Details of the analysis will be 
presented elsewhere. The point we wish to make 
here is simply that it is likely that the discrepancy 
observed between the predicted form for the 
charging currents and that found experinlentally 
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0 5 -  I I I I We return now to Fig. 1, and the problem of 
reconstructing the entire curve from the full set 

- of kinetic equations. Since the equations relating 
to the thermally activated polarization process 
have been found to be in only qualitative agree- 

- ment with the experimental data, tlie equations 
Q, presented herein can only be expected to yield 
- qualitative agreement with the data of Fig. 1. It 
g T o -  
1 

- 
is nevertheless wortl~while showing that the 
present set of equations do indeed give rise to 

- 
2.5-  - all of the features found in the experimental 

data. In Fig. 9 the form of the curve I = i + i, 
I I I I I 

o o 5 1.0 1 5  2.0 2 5 . versus time has been calculated for an experi- 
 LO^ ( t . 5 )  rnent carried out in the manner of that repre- 

FIG. 8. Charging current data similar to that of Fig. 3 sented in Fig. and [I2] this 
(Vconstant) plotted in aformsuggested by eq. [16]. paper in conjunction with the equations recorded 

below were solved by a finite difference method 
6 , , , ,  '- 

using an IBM 7094 digital computer. 

[IS] i = io exp [- [+ - p*E,(l - 

-100 ~*E~/C+)l /k;T ' l  
> I = i + i c  

- 5 0  
[19] p*Ee = p*(E + 8P/~o)  = 

Z W 

- 0  0 
pl*E + Fp*Pe/~o, 

2 which on making the approximation pl* = 8K1p* 
becomes 

9 
oo [ao] p*Ee 'V pl* (E  + P?/IC1€o) 
4' 

[21] PI -- ['ic3dl = So1iCdk - rJCIE. 
TIME.  S 

FIG. 9. Current as a function of time calculated 
according to thc polarization theory of current transients 
for an electrode treated in the same manner as that 
giving rise to the data of Fig. 1. 

can be reconciled by talting into account the 
distribution of the kinetic parameters and the 
expected time variation of tlie distribution. The 
time variation of the distributions will arise 
because the distributions are being depopulated 
in an asymmetric manner as a result of the 
kinetics of the polarization process. In fact, one 
would expect the distributions to become 
narrower with elapsed time (i.e. E + 0 as 
t -4 m )  so tliat the slope would be expected to 
approach -1 for large times as observed. It 
must be admitted, however, that arguments such 
as these sl~ould be treated with some skepticism, 
since by careful choice of the form of the distri- 
bution functions almost any desired result may 
be obtained. 

Equation [18] is eq. [13] of Part I reproduced. 
Equations [19] to [21] follow from the definitions 
of the parameters involved, in the manner 
indicated. In carrying out this calculation pl*, 
p,*, and K1 were given the values determined in 
Part I of this paper. The remaining three param- 
eters were given the following values: B = 104 
cmZ/C, we* = 2 eA, and (I., = 0.14 pA/cm2. No 
attempt was made to vary the parameters in 
order to obtain the best possible fit as such an 
exercise did not seem to be worthwhile. 

It  is apparent that the calculated curve does 
indeed reproduce all the features of the experi- 
~nental curve in Fig. 1. The agreement is rather 
better than qualitative but certainly not quanti- 
tative. It  remains to be seen whether quantitative 
agreement can be achieved by modifying the 
equations to  allow for a range of values for the 
kinetic parameters for the slow polarization 
process. 
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Summary and Conclusions 

In Part I it was shown that both the lligll 
field Frenkel defect model and the dielectric 
polarization model could account satisfactorily 
for transient phenomena occurring during rapid 
changes in the field strength. The polarization 
theory gave a slightly better account of the data 
but not sufficiently so to enable one to choose 
between the models. I11 the present paper, in 
which transients were investigated under condi- 
tions of approximately constant field strength, 
the data presented enable one to make a clear 
choice between the two models. Thus the polar- 
ization theory was able to account quantitatively 
for constant field transients under conditions 
where the anomalous charging current could be 
neglected. On the other hand, the predictions 
based on the high field Frenkel defect theory 
are qualitatively discrepant with these same data. 
Again, the dielectric polarization theory was 
able to account semiquantitatively for the form 
of the ano~nalous charging current transients for 
measureillents made under conditions where the 
ion current could be neglected. The discrepancy 
between the data and the predictions has been 
tentatively ascribed to the invalid assumption 
of a single activation energy and activation 
dipole for the slow polarization process. It 
seems highly probable that a range of such 

parameters would be present. The high field 
Frenkel defect theory contains no features to 
account for these anomalous charging currents 
though it does not specifically preclude their 
existence. 

Perhaps the greatest achieveillent of the 
polarization theory concerns its semiquantita- 
tive reproduction of the complex transient 
behavior observed under conditions where the 
anomalous charging current and ion current are 
comparable (Figs. 1 and 9). It is clear from the 
above that the high field Frenkel defect theory 
cannot account even qualitatively for such 
behavior. 
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Magnetic properties o f  pyridine copper (11) chlorobenzoates 

Y. C. LIN AND R. C. THOMPSON 
Depnrtrtzetlt of Clzenlistry, Ulliversity of British Col~tmbia, Vancotrver., Britislz Col~rmbic~ 

Received July 11, 1967 

Magnetic susceptibility studies have been made on the bispyridine adducts of copper(I1) 111-chloro- 
benzoate and copper(I1) p-chlorobenzoate and on samples of composition Cu(C1C6H4CO2),(C5H5N),, 
where 2 > x _> 0. Results show that whercas the bispyridine adducts are essent~ally magnetically d~lute 
the monopyridine and hemipyridine adducts of these copper chlorobenzoates are antiferromagnetic, 
exhibiting ~nagnetic properties typical of binuclear molecules. 

Canadian Journal of Chemistry, 46, 557 (1963) 

Introduction 

Magnetic susceptibility measurements have 
been used extensively in the study of copper(I1) 
carboxylates and related compounds (1). Cop- 
per(1I) acetate monohydrate, which has a binu- 
clear structure with pairs of copper atoms bonded 
together by four bridging carboxylate groups 
and water molecules occupying terminal posi- 
tions on the copper atoms (2), exhibits typical 
ailtiferromagnetic behavior. Figgis and Martin 
(3) have shown that the magnetic susceptibility - 
temperature behavior of this compound agrees 
well with eq. [I], the theoretical expression for 
the case of two paramagnetic centers inter- 
acting in such a way as to form lower singlet and 
upper triplet electronic states. 

In equation [l] x', is the molar magnetic sus- 
ceptibility based on monomeric formula weights, 
g is the Land6 spectroscopic splitting factor, N 
is Avogadro's number, P is the Bohr magneton, 
k is the Boltzmann constant, T is the tempera- 
ture ("K), J is the exchange coupling constant, 
and Na is the temperature-independent para- 
magnetic contribution for copper(I1). A number 
of other copper(I1) carboxylates have magnetic 
properties similar to those of copper(I1) acetate 
monohydrate and it has been generally accepted 
that, provided agreement with eq. [l] is ob- 
served, these compounds have analogous bi- 
nuclear structures (4-8). 

A considerable amount of published work has 
been concerned with the preparation and study 
of Lewis-base adducts of binuclear copper(I1) 
carboxylates in order to determine what effect 
the presence of the base has on the magnetic 

interaction between the contiguous copper 
atoms. Of particular interest are the mono- 
pyridine adducts which are prepared by the 
elimination of all but one molecule of pyridine 
per copper atom from compounds which origi- 
nally had two or more pyridine inolecules per 
copper. Magnetic susceptibility studies have 
shown that whereas the monopyridi~le deriv- 
atives are binuclear, the starting inaterials are 
not, and hence considerable n~olecular re- 
arrangement must be taking place as the pyridine 
molecules are removed (5-8). To investigate this 
phenomenon more fully we have studied the 
magnetic properties of material of compositioll 
Cu(CIC,H,C0,),(C5H5N),, where 2 > x > 0, 
prepared by heating under reduced pressure the 
bispyridine adducts of copper(l1) nz-chloro- 
benzoate and copper(I1) y-chlorobenzoate. 

Experimental 
Pr.epnratiol~s 

The bispyridine adducts of copper(I1) III-chloro- 
benzoate and copper(I1) p-chlorobenzoate were prepared 
as follows. The anhydrous copper(I1) chlorobenzoate was 
dissolved in boiling, freshly distilled pyridine, yielding a 
blue solution which was filtered hot and allowed to cool 
to room temperature. The blue precipitate which fornled 
on cooling was recovered and dried in a desiccator over 
calcium chloride. 

Anal. Calcd. for C U ( C I C ~ H ~ C O ~ ) ~ ( C ~ H ~ N ) ~ :  C, 54.1 ; 
H, 3.40; Cu, 11.9; N, 5.26. Found for 1t1-chloro-: C, 54.4; 
H, 3.83; Cu, 12.0; N, 5.08. Found forp-chloro-: C, 54.7; 
H, 3.92; Cu, 11.7; N, 5.21. 

Attempts to prepare ~nonopyridine derivatives by 
methods analogous to those used in the preparation of 
the monopyridine adducts of copper(I1) benzoate (7), 
o-chlorobenzoate (5), and acetate (6) were unsuccessful. 

When the bispyridine derivatives were heated under 
reduced pressure (about 10 mm), pyridine was evolved. 
We attempted to obtain samples of co~nposition corre- 
sponding to the monopyridine derivatives by this method 
but were not able to do so. In two experi~nents with 
bispyridine copper(I1) p-chlorobenzoate for example, we 
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TABLE I 
Room-temperature magnetic properties 

Sample a Temp. (OK) 10Gx, -10" 10Gx', perr (B.M.1 

-. - 

"py = pyridine. 

obtained samples of conlposition close to that expected 
for the monopyridine derivative, but in fact corresponding 
to C U ( C I C , H ~ C O ~ ) ~ ( C ~ H ~ N ) , ,  where x is 0.8 and 1.2. 
As will be shown in the discussion to follow, the magnetic 
properties of the samples assuming these compositions 
may be readily understood. The values of x may be con- 
sidered significant to approximately k0.05. 

All of the samples listed below were obtained by heat- 
ing the corresponding bispyridinc adduct and the hishest 
temperature to which the sample was heated is recorded 
in parenthesis. 

(126'). Found: C, 
49.4; H, 2.87; N, 2.65; Cu, 14.3. Calcd.: C, 49.4; H, 2.76; 
N, 2.56; Cu, 14.5. 
CLI(~~~-C~C~H~CO~)~(C~H~N)~.~ (126"). Found: C, 

47.7; H, 2.75; N, 1.70; Cu, 15.3. Calcd.: C, 47.8; H, 
2.55; N, 1.69; Cu, 15.3. 

CU(III-CIC~H~COZ)Z (156'). Found: C, 44.8; H, 2.40; 
Cu, 16.9. Calcd.: C, 44.9; H, 225;  Cu, 17.0. 
CU(~-C~C~H~CO~)~(C~H~N),.~ (77'). Found: C, 51.2; 

H, 3.16; N, 3.64; Cu, 13.8. Calcd.: C, 51.2; H, 3.00; N, 
3.58; Cu, 13.5. 
C U ( ~ - C ~ C ~ H ~ C ~ ~ ) ~ ( C ~ H ~ N ) ~ , ~  (126'). Found: C, 

49.4; H, 2.89; N, 2.50; Cu, 14.4. 
CU(II-C~C~H~C~~)~(C~H~N)~.~ (1 11 '). Found : C, 

47.9; H, 2.69; N, 1.71; Cu, 15.4. 
C U ( ~ - C I C ~ H , C O ~ ) ~  (1 56"). Found : C, 44.7 ; H, 2.29; 

Cu, 16.4. 

Atralyses 
Coppcr was determined iodometrically and carbon, 

hydrogen, and nitrogen analyses were obtained by stan- 
dard techniques in the microanalytical laboratory of the 
University of British Columbia. 

Magtzetic-S~lsceptibility Meas~rre~tletlts 
Susceptibilities on powdcred samples werc obtained by 

the Gouy method. For all compounds studied the room- 
tenlperature results reported are the average of at least 
three scparate determinations (each involving repacking 
of the Gouy tube). The apparatus used to study magnetic- 
susceptibility temperature dependences was described 
prcviously (9). Data reported were obtained at a field 
strength of about 8000 G ;  room-temperature measurc- 
nlents at about 4000, 6000, and 8000 G gave no evidence 
for the dependence of the susceptibility of the samples 
studied upon the strength of the magnetic field. Diamag- 
netic corrections were estimated as described previously 

(5). Calibration was achieved using a gravin~etrically 
analyzed nickel(I1) chloride solution (10). The value 
60 x lowG c.g.s., e.nl.u. was taken as the temperature- 
independent paramagnetic contribution for copper(I1). 

Electrot~ic Spectra 
Diffuse reflectance spectra on powdered samples were 

obtained using a Bausch and Lomb Spectronic 600 
spectrophotometer. 

Results and Discussion 

Magnetic Studies on Copper (11) p- Cll loroben- 
zoate Derivatives 

Magnetic-susceptibility data on all of the 
sainples studied are given in Tables I and 11. 
The magnetic susceptibility of bispyridine cop- 
per(I1) p-chlorobenzoate obeys the Curie- 
Weiss law, x', = C/(T - @ ) + Nu with C = 
0.4314 and @ = -10.6". It is possible that the 
compound has a monomeric structure with the 
carboxylate groups acting as chelating ligands. 
However, as Martin and Waterinan point out 

TABLE I1 
Cryonlagnetic data 

C L I ( I ~ ~ - C I C ~ H ~ C O ~ ) ~ ~ ~ Y ~  C U ( I I - C I C G H ~ C O ~ ) ' ~ ~ Z  

T P K )  10Gx'hl T P K )  1O6~',1 

297 1475 295 1459 
283 1507 288 1497 
267 1598 27 6 1550 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



OF PYRlDlNE COPPER(I1) CMLOROBENZOATES 559 LIN AND THOMPSON: MAGNETIC PROPERTIES 

TABLE I1 (Corltitzlred) TABLE I1 (Corzchrcled) 

CU(I~Z-C~C~H,CO~)~.PY~.~ C U ( P - C I C ~ H ~ C O ~ ) ~ ~ P Y O . ~  

T ("K) 10GxrM T ("K) 106xfM 

C U ( I ? Z - C I C ~ H ~ C O ~ ) ~  C L I ( ~ - C I C ~ H ~ C O ~ ) ~  

T ("K) 1O6x'kr T ("K) 106rfhl 

(41, the formation of a four-membered chelate 
ring is structurally unfavorable and as a result 
a polymeric structure in which each carboxylate 
group forms a bridge between two copper atoms 
(as for example in copper(I1) formate tetra- 
hydrate (1 1)) seems more favorable. The small 
negative Weiss constant which is observed could 
be due to weak antiferromagiletic coupling be- 
tween adjacent copper atoms, occurring via the 
bridging carboxylate groups. However, such 
small Weiss constants have questionable signi- 
ficance. 

The susceptibility-temperature behavior of 
CU(~-C~C,H,CO~),(C~H~N)~.~ exhibits both a 
maximum and a minimum over the range 
studied, typical behavior for a mixture of two 
magnetically distinct forms (5). It seems likely 
that this sample is a 20180 mixture of the bis- 
pyridine adduct and the monopyridine adduct 
of copper(I1) p-chlorobenzoate. From a knowl- 
edge of the magnetic behavior of the bispyridine 
derivative it is possible to subtract its contri- 
bution from the results for the compound where 
x is 1.2 and so calculate the molar susceptibility 
contribution from the monopyridine adduct. 
This has been done and the results are tabulated 
under the column headed x'$ in Table I1 and 
plotted in Fig. 1. These x'c1 results for the inono- 
pyridine derivative agree with eq. [1] with g = 
2.185 and 2J = 300 cm-'. The theoretical curve 
is shown in the figure and the agreement between 
experiment and theory supports the forinulation 
of the monopyridine derivative as a bi~luclear 
molecule. 

From the magnetic-susceptibility data it is 
clear that for values of x equal to unity or less 

CU(~?Z-C~C~H~CO~)Z.~Y~.~ C~@-ClCGH4COz)z.pyo.n 

T ("K) 10Gx'M T ("K) 106x'M 
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TEMP ("K) TEMP (aK) 

FIG. I.  Observed and calculated xtM VS. T curves. (a) C U @ - C I C ~ H ~ C O ~ ) ~ ( C ~ H ~ N ) , :  (9) x = 0.5; (0) x = 0.8; 
(A)  x = 1 (see text). The solid lines are calculated curves. (b) C ~ ( ~ Z - C I C ~ H ~ C O ~ ) ~ ( C , H , N ) , :  (A) x = 0.5; (0)  x 
= 0.8. The solid lines are calculated curves. 

the magnitude OF the magnetic interaction de- 
creases as x decreases. It is difficult to be certain 
of the composition of the sample, C u b -  
ClCGH,C02)2(C5H5N)o.5. The magnetic prop- 
erties are not consistent with it being a 50150 
mixture of the monopyridine derivative and 
copper(I1) p-chlorobenzoate and we suggest that 
this sample is largely in the form of the hemi- 
pyridine derivative with a structure analogous to 
that of the monopyridine adduct modified, how- 
ever, in that only one copper atom of the dimeric 
unit has n pyridine molecule bonded to it. This 
conclusion is supported by the agreement be- 
tween the experimental results and the theoreti- 
cal curve calculated using eq. [I] with g = 2.21 
and 2 J  = 225 cm-I (see Fig. 1). It is possible, 
however, that part of this sample is in the form 
of the 50150 mixture mentioned above. The 
sample CL~~-C~C,H,CO,),(C~H~N)~.~ exhibits 
magnetic properties intermediate between those 
of the hemipyridine and monopyridine deriva- 
tives and is probably a 40160 mixture of these. 
The agreement between the experimental sus- 
ceptibility values for this sample and the middle 
curve in Fig. 1, calculated from a 40160 mixture 

of the theoretical curves for the hemipyridine 
and monopyridine derivatives, is good. 

Although the magnetic susceptibility - tem- 
perature behavior of copper(J1)p-chlorobenzoate 
exhibits a maximum, it was not possible to fit the 
results for this compound to eq. [I]. It seems 
likely that a mixture of dimeric and more highly 
polymeric species are present here, a result not 
too surprising in view of earlier work on this 
compound (5). 

In summary, bispyridine copper(I1) p-chloro- 
benzoate is a magnetically dilute compound 
which probably has a highly polymeric structure 
with two pyridine molecules bonded to each 
copper atom and carboxylate groups bridging 
the copper atoms. As pyridine molecules are re- 
moved to give samples in which the ratio of 
pyridine to copper is greater than 1, appropriate 
mixtures of the bispyridine adduct and the bi- 
nuclear monopyridine adduct are obtained. The 
binuclear structure is maintained at  ratios of 
pyridine to copper down to 0.5 (the hemipyridine 
adduct having pyridine molecules bonded to one 
copper atom only of the dimeric unit). Com- 
plete removal of pyridine molecules results in at  
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LIN AND THOMPSON: MAGNETIC PROPERTIES OF PYRIDINE COPPER(I1) CHLOROBENZOATES 561 

Wavelength (mP) Wavelength ( m p  ) 

FIG. 2. Diffuse-reflectance spectra. (a) CU(~-C~C~H~COZ)Z(C,H,N),: (1) x = 2; (2) x = 0; (3) x = 0.5; (4) 
x = 0.8; ( 5 )  x = 1.2. (b) C ~ ( I ~ ~ - C I C ~ H ~ C O ~ ) ~ ( C ~ H ~ N ) , :  (1) x = 2; (2) X = 0; (3) x = 0.5; (4) x = 0.S. 

least partial breakdown of the binuclear struc- 
ture. This latter result demonstrates the ability 
of pyridine molecules to "condition" copper(I1) 
p-cl~lorobenzoate to a binuclear structure. At- 
tention should be drawn to the fact that the 
terminal pyridine molecules affect the singlet- 
triplet energy separation; the value of 2 J  is 
greater for the monopyridine derivative than for 
the hemipyridine derivative. 

Magnetic Studies on Copper(I1) m-Chloroberz- 
zoate Derivatives 

The results for this group of compounds 
parallel very closely those outlined above for 
the p-chloro derivatives. Bispyridine copper(I1) 
m-chlorobenzoate obeys the Curie-Weiss law 
with C = 0.4308 and O = -12". The hemipyri- 
dine adduct, Cu(m-ClC,H4C0,),(C5H5N)o.5, 
exhibits magnetic properties typical of a bi- 
nuclear molecule. Good agreement is obtained 
between experiment and theory (eq. [I]) for 
values of g = 2.25 and 2 J  = 294 cm-' (see Fig. 
I). Again it is reasonable to assume that the 
sample of composition Cu(m-C1C,H4C0,),- 
(C5H5N),., is a 40160 mixture of binuclear 
hemipyridine and monopyridine derivatives. By 
arbitrarily choosing values of g and 2 J  for the 
monopyridine derivative it is possible to obtain 
theoretical susceptibility versus temperature 

curves for this compound and then calculate the- 
oretical curves for the sample of composition 
x = 0.8 as described above. The best agreement 
between experiment and theory (Fig. 1) was 
obtained with g = 2.21 and 2 J  = 327 cnl-I for 
the monopyridine derivative. 

The susceptibility-temperature behavior of 
copper(I1) m-chlorobenzoate shows a single 
maximum around 120 OK. A comparison of the 
magnetic properties of this coinpound with the 
properties of an authentic sample of binuclear 
copper(I1) nz-chlorobenzoate (reported previous- 
ly (5)) shows that the antiferromagnetic inter- 
action in the latter compound is considerably 
greater. We conclude that the compound pre- 
pared in this work is not binuclear but probably 
has a highly polymeric structure with magnetic 
interaction occurring via bridging carboxylate 
groups. 

A consideration of the curves in Fig. 1 shows 
that at low temperatures the experimental sus- 
ceptibilities are often higher than those pre- 
dicted by theory. Similar discrepancies were 
observed in the earlier work on copper(I1) 
carboxylates (5) and could be explained by in- 
complete conversion of, for example, the mono- 
pyridine derivative, into the binuclear structure. 
It has been suggested (12) that heating samples of 
copper(I1) carboxylates as we have done in this 
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work will lead to decarboxylation with the 
formation of C11O and the loss of volatile 
organic decomposition products. The presence 
of trace amounts of CuO could account for the 
observed discrepancies; however, our analytical 
results show that if such decomposition is 
occurring it must be very slight. 

Electronic Spectra 
The diffuse reflectance spectra of all the sam- 

ples studied in this work are given in Fig. 2. The 
spectra of binuclear copper(11) carboxylates are 
characterized by two bands in the visible region: 
about 7000 A (band 1) and about 3750 A (band 
11). Of the compo~inds studied, all of the pyridine 
derivatives, except the bispyridine adducts, have 
bands I and 11. It is difficult to say whether band 
I1 is present in the spectra of copper(I1) p- 
chlorobenzoate and copper(I1) m-chlorobenzoate, 
as they could be of relatively low intensity and 
hidden under the tail of the high energy charge- 
transfer band. 

Acknowledgment 

Financial support of this work by the National 
Research Council of Canada is gratefully 
acknowledged. 

1. M. KATO, H. B. JONASSEN, and J. C. FANNING. 
Chem. Rev. 64.99 (1964). 

2. J N. VAN NIERKIRK and R. F. L. SCHOENIXG. Acta 
Cryst. 6,227 (1953). 

3. B N. Frccrs and R. L. MARTIN. J. Chem. Soc. 3837 
(1956). 

4. R. L. MARTIN and H. WATERMAN. J. Chem. Soc. 
2545 (1957). 

5. J. LEWIS, Y. C. LIN, L. K. ROYSTON, and R. C. 
THOMPSON. J. Chem. Soc. 6464 (1965). 

6. E. KOKOT and R. L. MARTIN. Inorg. Chem. 3, 130G 
(1964). 

7. J. LEWIS and F. MAnes. J. Chem. Soc. 3894 (1965). 
8. W. E. HATFIELD, C. S. FOUNTAIN, and R. WHYMAN. 

Inorg. Chem. 5,1855 (1966). 
9. H. C. CLARK and R. J. O'BRIEN. Can. J. Chem. 39, 

1030 (1961). 
10. H.-R: NEGLETON and S. SUGDEN. PTOC. Roy. Soc. 

London. Set. A, 173,313 (1939). 
11. R. KIRIYAMA, H. IBAMOTO, and K. MATSUO. Acta 

Cryst. 7,482 (1954). 
12. C. S. FOUNTAIN and W. E. HATFIELD. Inorg. Chem. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Effect of changing pH upon the kinetic 13C-isotope effect in the decarboxylation 
of 4-methoxyanthranilic acid 

G. E. DUNN AND JOHN BUCCINI 
Cl~etnist/.y Depnrtment, University of Mntiitoba, Wirlrlipeg, Mntritobn 
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The 13C-carboxyl kinetic isotope effect on decarboxylation of 4-methoxyanthranilic acid has been 
determined in aqueous solutions of ionic strength 0.50 at 60 "C. The isotope effect, 100(klz!k13 -, I) ,  
is found to be4.2% at pH -0.3, 1.4% at pH 1.3, and zero at pH 4.0. This information makes ~t posslble 
to decide between two mechanisms previously proposed in favor of the one in which both anion 
and neutral acid are protonated at carbon-1 of the aromatic ring but only the protonated anion decar- 
boxylates. 

Canadian Jo~irnal  of Chemistry, 46, 563 (1968) 

Kinetic studies of the decarboxylation of 
aromatic aminoacids are complicated by the 
existence of the acid in four forms all in equilib- 
rium with hydrogen ion (1). These are shown 
below with hydrogen ions omitted. 

The concentrations of the various species present 
at equilibrium depend upon the acidity of the 
solution, except for the ratio [Z]/[HA] = Kz 
which varies wit11 ionic strength but not with pH. 
Consequently, for most purposes the ampholyte 
may be treated as a single species [N] = [Z] 
+ [HA]. The equilibrium constants which relate 
the four species are difficult to evaluate (2) but 
they can be related to the measurable ionization 
constants, K1 and K2, of the equilibria 

Kz 
N $ H +  f A-, 

by the equations 

K I  = I<, + KB 

In a solution of concentration [C] with respect 
to total aminoacid, [H2A+] and [Ap] approach 
[C] at low and high pH respectively, and it is 
easily shown (1) that [N] is a maximum at the 
isoelectric point, pH = (pK1 + pK2)/2. 

In principle, any of the four forms of amino- 
acid could decarboxylate, and the rate of de- 
carboxylation should be greatest at the pH 
where the concentration of that form is greatest. 
However, it has been shown in a preceding 
publication (3) that the rate of decarboxylation 
of 4-methoxyanthranilic acid at  60 OC and ionic 
strength 0.50 is a maximum at pH = 1.38, 
whereas the isoelectric pH under these conditions 
is 3.32. 

It was shown (3) that this behavior can be 
accounted for by postulating that the anion, A-, 
and the neutral species, HA and (or) Z, are both 
protonated to  form transient intermediates, HA'" 
and H 2 P ,  which are in equilibrium with each 
other, and that these intermediates may either 
deprotonate to regenerate starting materials or 
decarboxylate to form products. This is the first 
demonstration by a kinetic method that acid- 
catalyzed decarboxylation is not a concerted 
process. It had previously been demonstrated by 
an ingenious isotopic method for 2,4-dihydroxy- 
benzoic acid by Lynn and Bourns (5).  The 
mechanism was formulated in ref. 3 using both 
HA and Z as neutral species but either may be 
omitted without changing the form of the kinetic 
expression, so in eq. [I] it has been written using 
only HA. 

Assuming that the equilibrium concentration 
of intermediates in eq. [I] maintains a steady 
state during the bulk of the decarboxylation, the 
following rate equation (eq. [2]) is obtained. 
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This is eq. [8] of ref. 3 with the terms referring to 
Z omitted. It  was shown (3) that the rates of 
decarboxylation could be fitted to this equation 
if either (but not both) of the terms containing 
[Hf] is omitted from the numerator, which is 
equivalent to assuming that either H A  is not 
protonated at a significant rate (mechanism I) 
or that after protonation it does not decarboxyl- 
ate (mechanism 11). 

It  was also shown (3) that mechanism I 
requires a IT-carboxyl kinetic isotope effect at 
all pH's but mechanism I1 need not have one 
except at very low pH. I t  was therefore the 
object of the present investigation to study the 
13C-carboxyl isotope effect in the decarboxyla- 
tion of 4-inethoxyanthranilic acid as a f~~nc t i on  
of pH. 

where R, is the ratio 13C02/'2C02 when the fraction of 
acid decarboxylated is f; and Ro is the same ratio when 
decarboxylation is complete. The results are shown in 
Table I. 

Discussion 

Table I shows clearly that there is a 13C-iso- 
tope effect in the decarboxylation at pH -0.3 
and that it decreases to the limit of reproduci- 
bility of the method at pH 4.0. The decarboxyla- 
tion therefore can not take place by mechanism 
I. This leaves mechanism I1 as'the illost probable 
one. 

However, a referee has suggested that the 
kinetic data of ref. 3 might in principle be fitted 
to eq. [2] without dropping any terms; that is, 
that there is no real distinction between inechan- 
isms I and 11. This approach may be examined 
as follows. Equation [3] of ref. 3 is 

r -7 

but since K2 = 2.27 x 10-5 (3) the last term in 
the denominator is negligible throughout the pH 
range 0-4 in which rate measurelneilts were 
made. Hence, eq. [3] becomes 

and eq. [2] can be rewritten 

k*I<p 4- kf [Hf ] 
X (k" + k-,)I<,* + (k-k + K-,A) [I-I-~] ' 

Experimental 
The two fractions separated by the illultiplication 

4-Methoxyantl~ranilic acid was prepared and de- 
carboxylated at 60' and ionic strength 0.50 as previously sign in eq. [4] are of the same form with respect 
described (3), except that the carbon dioxide produccd to  [Hfl; as [H'] illcreases, the first fraction 
in the reaction was swept from the reaction vessel by a increases (or decreases) inoilotonically froin 
strcam of nitrogen gas and collecled in a liquid nitrogen kAK2 to kHAK,, and the second increases (or 
trap. It  was then transferred to a high-vacuum line, decreases) froln lcg~l(lc~ -; k-,) to k+/(k+ 
sublimed 10 times from liquid nitrogen, and its volume, 
temperature, and pressure were measured. The fraction + k-~4.4)- Hence, if one fraction illcreases with 
of acid reacted, f; was calculated from the weight of increasing [Hi] and the other decreases, k 
4-n~ctho~vanthranilic acid used and the volume of gas could have the maxiinum at intermediate [Hf? 

L A 

collected.' Mass-spectrometric analyses of the 13C02/ that was observed in the data. 
12CO2 ratio were performed by Mr. Jan Monster of the 
Chemistry Department, McMaster University. The 

k* and k+ are the rate constants for de- 
isotope effect, 100((k12/k13) - I), was calculatcd (8) from carbOx~latiOn steps, ~ecolld fraction 
the equation would govern the 13C-carboxyl isotope effect. In 
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D U N N  AND BUCCINI: EFFECT OF CHANGING p~ 565 

TABLE I 

Decarboxylation of 4-niethoxyanthranilic acid at  60 "C and p = 0.50 

Vol. Acid Reaction time 
(ml) pII (min) f R Buffer ( m ~ )  

HCI-KC1 100 1 .3  37.78 2250 0.9792 0.010825 
HCI-KC1 100 1 .3  40.51 2355 0.9806 0.010825 
2 N HCI 200 -0.3 349.3 80 0.0801 0.010412 4.14 

- - - - - - - - - -  - . . -  

HCI-KC1 200 1 .3  350.2 18 0.1008 0.010694 I .2? 
HCI-KC1 225 I .3 354.2 17 0.09136 0.010672 1.49 
Formate 400 4 .0  322.4 85 0.010804 0.19 0.08165 
Formate 425 4 .0  318.5 95 0.08453 0.010798 0.24 

order to have no isotope effect at low [H+] this 
second fraction must disappear, which is possible 
only if lc* > k-,; that is, if the protonated 
anion, HA:" decarboxylates much faster than it 
deprotonates. If the second fraction disappears 
at low [H+] then the first fraction must govern 
the rate at low [H+] according to 

and the second fraction must govern the rate at 
high [H+] according to 

Figure 3, ref. 3, shows that the rate data at low 
[H+] do indeed fit eq. [5] and from the slope and 
intercept of the plot it follows that kA = 1.05 s-1 
and k,,KB = 2.63 x 10-4 s-1. Since KB is of 
the order of 10-2 it follows that this mechanism 
requires the rate constant for ring protonation 
of the anion, A-, to be about 100 times greater 
than that for protonation of the neutral acid, 
HA (or Z). 

Since there is a large kinetic isotope effect at 
high [H+], eq. [GI, which governs in this region, 
shows that k-,,, must be illuch larger than Ic+; 
that is, that the protollated acid H2A* deproton- 
ates much faster than it decarboxylates. In the 
region of hydrogen ion concentration where 
Ic+[H+] is of the same order of magnitude as 
k*Kc*, eq. [GI becomes 

and at [H+] where kPHA[H+] approaches 1c"Kc:?, 
so that lc+[H+] is negligible, eq. [GI becoiues 

Figure 1 shows the rate data in the pH range 1 t o  
-0.3 plotted according to eqs. [7] and [8] and it 
is clear that the latter is the better fit. The inter- 
cept gives kHA& = 2.7 x 10-4 s-1, in excellent 
agreement with the value obtained from eq. [ 5 ]  
at  low [H+], and the slope gives k-HA/k'Kc* 
= 0.78. It follows that, in the pH range of this 
study, decarboxylation of the protonated acid, 
H2A*, does not compete detectably with de- 
carboxylation of the protonated anion, HA". 
That is, the reaction follows mechanism 11. 

Eq. r f l  

FIG. 1. Test of eq. [7] and eq. [8]. 
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There are several interesting points which 
arise in conilection with this conclusion. First, 
the results obtained with 4-methoxyanthranilic 
acid should be compared with those reported by 
Stevens, Pepper, and Lounsbury (4) for de- 
carboxylation of anthranilic acid. They found 
very sinall 13C-isotope effects in sulfuric acid 
concentrations up to 1 N, which shows that the 
13C-isotope effect becomes apparent at lower 
acidities for 4-methoxyanthranilic acid than for 
antliranilic acid itself. This is perhaps not sur- 
prising, since the rates of decarboxylation of 
anthranilic acids have been show11 to be sensitive 
to substituent, pH, and ionic strength (3). 

Second, a pH dependence of 13C-carboxyl 
kinetic isotope effect similar to the one reported 
here has been observed by Bourns in the de- 
carboxylations of 2,4-dihydroxybenzoic (6) and 
2,4,6-trihydroxybenzoic acids (7). For these acids 
there was an isotope effect of about 4 % in 8 M 
perchloric acid but none in perchloric acid solu- 
tions 0.1 M or less. This suggests that the 
mechanism of acid-catalyzed decarboxylation of 
other aromatic acids may be similar to that of 
4-methoxyanthranilic acid. 

Finally, it is interesting to note that decarboxyl- 
ation of 4-methoxyanthranilic acid occurs only 
froin that intermediate in which the carboxyl 
group is present in its anionic form. This is 
commonly observed in decarboxylations of 
those acids which contain electron-withdrawing 
groups (9), but the present report is the first in 

which it has been demonstrated for acid- 
catalyzed decarboxylation. Evidently the-COY 
group has a greater advantage over -C02H as 
a leaving group than has previously been 
supposed (6, 10). 
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Infrared study of the self-association of water dissolved in 1,Zdichloroethane 

C. JOLICOEUR AND A. CABANA 
D4pnrfetnetlf cle Chinlie, Utliversif4 de Sl~rrbrooke, Sherbroolce, Qlrtbec 

Received April 21, 1967 

The infrared spectra, in the 3 micron region, of H 2 0  or HDO dissolved in 1,2-dichloroethane are 
presented. Self-association of the solute molecules is revealed by the appearance of a shoulder on the low 
ireq~lency side of the OH stretching bands of mononleric H 2 0  or HDO. From the linear increase of the 
intensity of the shoulder with the third power of the solute concentration, it is inferred that trimers 
constitute the main polymeric species present in these solutions. The small frequency shifts of the O H  
stretching mode of tri~neric water favors a cyclic rather than an open-chain structure. The observation 
of a single band for the trimer correlates with this last assertion. 

Les spectres infrarouges de H 2 0  ou HDO, en solution dans le 1,2-dichloroethane, sont etudies dans la 
region de 3 microns. L'epaulement qui apparait sur les bandes de vibration de valence O H  des monomeres 
HZO ou HDO revele ]'association des moltcules du solute. L'augmentation lineaire de I'intensite de 
I'epaulement selon le cube de la concentration en solute nous permet de conclure que les especes poly- 
meriques presentes en solution sont surtout des trimeres. Les faibles dCplacements de frtquence des 
modes d'elongation O H  du trimere indiquent une structure cyclique plutBt qu'une chaine lineaire. 
L'observation d'une seule bande pour le trimere vient confirmer cette derniere suggestion. 

Canadian Journal of Chemistry, 46, 567 (1968) 

Introduction 
Recent investigations of the relationship 

between the activity and the solubility of water 
in 1,2-dichloroethane (1, 2) provided strong 
evidence for the self-association of water in this 
solvent. Johnson et al. (1) could account for the 
deviations from Henry's law occurring at the 
higher water activities by assuming either a 
monomer-trimer or  monomer-tetramer equilib- 
rium; their solubility data could not be fitted on 
the assumption that dimers were the main 
polyn~eric species. Lin et al. (3) have shown that 
the concentration dependence of the proton 
chemical shift of water in 1,2-dichloroethane is 
consistent with the monomer - cyclic trimer 
model. More recently, from isopiestic measure- 
ments similar to those reported in ref. 1, Master- 
ton and Gendrano (2) concluded that a mono- 
mer-dimer or a monomer-trimer equilibrium 
could equally well be responsible for their find- 
ings. The vibrational frequencies and the 
integrated intensities of the water bands are very 
sensitive to the size and structure of the poly- 
meric species involved. Therefore an investiga- 
tion of these physical properties will be under- 
taken in order to obtain more information on 
the state of aggregation of H,O or H D O  dis- 
solved in 1,2-dichloroethane. 

Experimental 
The spectra were recorded with a Perkin-Elmer 125 

spectrometer. Factory calibrations were "spot checked" 
against vibration-rotation lines of gases using I.U.P.A.C. 
(4) standards. The spectral slit widths were smaller than 

2 cm-1 and the frequency accuracy, limited mainly by 
the broadness of the observed peaks, was 5 3  cm-1; side 
bands have an approximate uncertainty of 5 5  cm-1. 
Sapphire was used as window material; it is highly 
insoluble in water and perfectly transparent in the 
infrared region investigated. Compensation for absorp- 
tion by the solvent is necessary, since 1,2-dichloroethane 
absorbs to an appreciable extent. Furthermore, when 
concentrated water solutions are studied, the quantity of 
solvent in the sample cell is less than that in the reference 
cell since both cells have an equal thickness. T o  overcome 
this problem, carbon tetrachloride was added to the 
reference cell until good compensation was achieved. 
1,2-C2H4Cl2 was carefully purified and dried over a 
column of activated alumina until the addition of D 2 0  
to one of two matched 1 mm thick samples of solvent 
caused no O H  stretching absorption. Doubly distilled 
H 2 0  and D 2 0  from Merck, Sharp and Dohme Canada 
Ltd. were used. The solutions were prepared in 50 ml 
calibrated flasks from dry 1,2-C2H4C12. The water content 
was adjusted with a micrometer type syringe graduated to 
0.1 thus the concentrations are reliable to better than 
1 %. The manipulations required to dry the solvent and 
to prepare quantitative solutions were carried out in an 
atmosphere of dry nitrogen. To ensure that no absorption 
resulted from water droplets in suspension, the most 
concentrated solutions studied were saturated at 25 "C 
and the spectra recorded at 30 "C. 

Results and Discussion 

Figures 1 and 2 show the OH stretching 
vibration bands of H 2 0  and H D O  respectively 
at various concentrations in 1,2-dichloroethane. 
On the spectra of the most concentrated solu- 
tions, a shoulder appears on the low frequency 
side of the main peaks (3530 cm-I for H D O  and 
3525 cm-' for H 2 0 ,  with a 55 cm-I uncer- 
tainty.) N o  other absorption is detected down 
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to 3200 cm-', the practical transmission limit of 
the solvent. The integrated intensity of the 
shoulder increases with concentration (Figs. 1 
and 2), but decreases with temperature (Fig. 2). 
Both observations support the assignment of 
these spectral features to polymeric water species. 8 0  

100 

80 

4 0 -  

6 0 -  $ 
20-  

- t- 

8 
40 - 

J, 3595 

4000 3800 3600 3400 cm-1 

20 FIG. 2. The O H  stretching vibration of HDO dis- 
solved in 1,2-dichloroethane at several concentrations. 

d, 3678 The spectra were recorded at  30 "C (except 2A which was 
also recorded at  50°C) with a cell thickness of 5 n ~ n ~ .  

I I (A) concentration 0.126 M, (B) concentrat~on 0.06 M, 
(C) concentration 0.02 M. The water concentration 

4000 3800 3600 3400 3200cm-' quoted is the sum of the H,O and D,O content (95% 
FIG. 1. Stretching vibrations of H,O dissolved in 1,2- Dz? and 5 %  H,O). ul; and U B  refer to free and bonded 

dichloroethane. The spectra were recorded at 30 "C with SPecleS res~ect lvel~.  
a cell thickness of 1 mm. (A) concentration 0.126 M, 
(B) concentration 0.05 M (un refers to the bonded 
species). polymeric band is seen to vary linearly with 

C3,,,. I t  can easily be show11 that this linear 
Some information on the nature of the aggre- dependence on C3,,20 implies that the aggregates 

gates can be gained from the measurement of responsible for this absorption are trimers. In the 
the O H  frequency shifts occurring upon poly- occurrence of dimers the integrated intensity 
merization. However, a complete elucidation of would vary linearly with C2,,,, contrary to what 
the polymer structure requires, in addition, a is observed (Fig. 4). 
quantitative investigation of the concentration The measured O H  frequency shifts occurring 
dependence of the band intensities. Unfortunate- upon the self-association of water in 1,2-dichloro- 
ly, the limited solubility of water in 1,2-dichloro- ethane can be compared to those observed by 
ethane and the excessive solvent absorption does Van Thiel and collaborators (5) for the polymeri- 
not allow sufficiently accurate intensity measure- zation of water in a solid nitrogen matrix at  
ments on the HDO-l,2-C,H,Cl, system, where 20 OK. Obviously, the hydrogen bonding condi- 
the spectra are more easily interpreted than in tion of water in the H20-1,2-C2H,C12 liquid 
the H,O-1,2-C,H,CI, solutions. In spite of solution are completely different from those 
strong band overlapping, the effect of concentra- prevailing in the H,O-N, matrix; however, the 
tion on the polymeric H,O band is easily results of the matrix studies are unique in 
followed, as can be seen from Fig. 3. After ascribing frequencies to small polymeric water 
correction for the overlapping with the mono- units. In the latter investigation, dimers were 
meric H,O bands, the area under the side identified with absorption bands at 3691 cin-' 
bands was measured. The results are plotted (uncoupled free O H  in the dimer) and 3546 
against second and third power of water con- cm-'; the bands that could be assigned to 
centration (Fig. 4). The integrated intensity of the trilners appeared at 3510 and 3355 cm-' and 

C 

'OOT . ,- 

-30°C 

-----5o "C 

T 
6 0 - 2  D2O 

Q 
K - t- 
8 

1 

# 

4, 3635 T 
Se 3530 HOD 

- 

I I I 1 I 1 I I I 
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still lower frequencies were attributed to tetram- 
ers and higher polymers. Relative to inonomeric 
water, frequency displacements were given as 
follows : dimers + 15 and - 130 cm-' and trimers 
- 166 and -31 1 cm-'. These shifts were mea- 
sured from the average of u, and u, (symmetric 
and antisymmetric stretching frequencies) of 
monomeric H,O. This procedure is justified 
since hydrogen bonding of the H,O molecule 
through one hydrogen atom partially destroys 
the mechanical coupling between the two OH 
oscillators; the stretching frequency of the un- 
coupled free OH should fall at a position inter- 
mediate between u, and u,, i.e. close to the free 
OH frequency of HDO. For the self-association 
of HDO dissolved in 1,2-dichloroethane a 105 
cm-I shift from the free OH frequency is 
directly measured. Under similar conditions H,O 
exhibits a 110 cm-' shift from the uncoupled 
free OH frequency. These shifts, compared with 
those reported in the low temperature investiga- 
tion of Van Thiel et al. (5), exclude the presence 
of large aggregates as well as that of tetramers. 
Trimers having a structure similar to those exist- 
ing in a solid nitrogen matrix (5) may also be 
ruled out. 

FIG. 3. Polymeric absorption band of H 2 0  dissolved 
in 1.2-dichloroethane. The spectra were recorded at 30 'C 
with a cell thickness of 5 mm. (A) conccntration 0.126 M, 
(B) concentration 0.110 ibf, (C)  concentration 0.100 M, 
(D) conccntration 0.085 M, (E) concentration 0.070 M. 

From the shift comparison alone, one may 
propose that the species yielding the shoulder in 
1,2-dicl~loroethane are din~ers, but the results 
of our intensity measurements preclude this 
assertion. However, the observation of small 

shifts can be reconciled with our intensity data 
if a cyclic trimer is postulated. In cyclic structures 
small shifts occur because of the nonlinearity of 
the hydrogen bonds involved. 

FIG. 4. Integrated intensities ( A )  of the polymeric 
water band vs. concentration. Full line curve: A vs. the 
third power of the water concentration. Dashed line 
curve: A vs. the square of the water concentration. 

Additional support for the cyclic structure 
may be gained from a discussion of the expected 
number of bands in cyclic and linear trimers. In 
the first instance two bands may be found: one 
for the uncoupled free OH (type I band, as- 
signed to the OH in which the hydrogen atom 
is not engaged in hydrogen bonding) and one for 
the OH whose hydrogen is bonded (type 11). 
The type I band should fall at an intermediate 
frequency between u, and u, of n~onomeric 
water. This band is not seen in the present study 
because of severe overlapping with the bands of 
monomeric water; thus the only observed 
feature corresponds to the type I1 band. For 
open-chain trimers three bands are possible, two 
of which should fall outside the free OH features 
and should be observed, i.e. two non-equivalent 
type I1 bands. The single type I1 band found in 
the present study thus points to a cyclic structure, 
in agreement with the conclusions drawn froin 
the small observed shifts. 

Conclusion 

The deduction that the aggregates of water 
dissolved in 1,2-dichloroethane are cyclic trimers 
is in complete agreement with independent 
conclusions drawn from 1l.m.r. spectra (3). In a 
solid nitrogen matrix the trimers take up differ- 
ent geometries (5). Additional studies on small 
polymeric water species are certainly desirable 
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Kinetics and mechanism of the ethylene reduction of rhodium(II1) chloride in 
dimethylacetamide solution 

B. R. JAMES AND G. L. REMPEL 
Deprrrtttretzt of Chemistry, University of British Cohr~nbin, Votrcorrver, Briti~h Colrrtnbin 

Received September 27, 1967 

The kinetics of the ethylene reduction of rhodium(II1) trichloride to a rhodium(1) ethylene con~plex 
in dimethylacetamide solution have been examined over a range of temperatures and of concentrations 
of rhodium(III), ethylene, hydrogen ion, and chloride ion. The results suggest that the reaction proceeds 
through an initial dissociation of a chloro rhodium(I1I) species. A resulting intermediate rhodium(II1) 
ethylene complex deconlposes to rhodium(1) which is stabilized by rapid reaction with further ethylene 
as an  olefin con~plex. 

Canadian Journal of Chemistry, 46, 571 (1968) 

Introduction 
Reaction between metal ions and olefins in 

solution is of much current interest particularly 
because the complexes formed are possible 
intermediates in transition metal catalyzed 
reactions of the olefins such as hydrogenation, 
isomerization, and polymerization and in the 
oxidation of the olefin (1). Rhodium salts seem 
to be particularly effective for such catalytic 
reactions and a number of these have been 
studied kinetically (2). Kinetic studies of forrna- 
tion of the olefin complex are usually complicated 
by subsequent rearrangement or decomposition 
of the complex. Cramer (3) has reported an 
i~nportant paper on the rhodium trichloride 
catalyzed dimerization of ethylene to linear 
butenes in ethanolic HCl solutions; the first 
stage involves production of a rhodium(1) 
ethylene complex but the kinetics of this step 
were not studied. During our studies on rhod- 
ium(I11) catalyzed hydrogenation of olefins in 
dimethylacetamide solution (4), we became in- 
volved in the reaction between rhodium tri- 
chloride and ethylene, and this paper describes 
results on the kinetics and mechanism of forma- 
tion of a rhodium(1) ethylene complex and some 
observations 011 its catalytic properties. 

ExperimentaI and ResuIts 
The experimental procedure has been des- 

cribed previously (4, 5) and involves measure- 
ment of ethylene uptake at constant pressure. 
The solubility of ethylene in dimethylacetamide 
(DMA) was determined as 0.044 M atm-' at 
80°, Henry's law being obeyed at least up to 1 

temperature range 70-85". Solutions of rhodium 
trichloride trihydrate in DMA absorb ethylene 
at measurable rates from 70-85" and give uptake 
plots of the kind shown in Fig. 1. Ethylene 
consumption is practically linear for the first 
1000 s and then slowly decreases with time; for 
the reaction shown using 0.02 M rhodium the 
gas consumption after 8 h corresponds to greater 
than a 5:l mole ratio of C,H4:R11 and reaction 
is still proceeding slowly. The original red 
solution (h ,,,,, = 448 mp, E = 360; h ,,,, = 530 
mp, E = 100) soon became yellow, indicating 
likely reduction to the Rh(1) state (6), and on 
standing in air this reverted slowly back to the 
original red solution. Analysis for reaction 
products in solution gave acetaldehyde (about 
1 mole for each mole of R11"') and a small 
amount of acetone. Gas phase analysis by mass 
spectron~etry showed the presence of acetalde- 
hyde, butene-1, butene-2, and unconsumed 
ethylene. 

atm; the solubility was unaffected by addition of 
FIG. I. Ethylene plots at 80; 730 nln, C2H,: 

0.05 M LiCl or LiClO, and varied little over the (0) 0.02 M ~ h ;  (0 )  0.01 M R~I.  
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Kinetics 
The ethylene coilsumption plots did not 

analyze for simple first or second order reactions 
but the initial slopes could be measured with 
reasoilable accuracy and these are summarized 
in Table I for experiments in which concentra- 
tions of Rh"', ethylene, and added chloride, 
perchlorate, and acid were varied. The results 
show a good first order dependence on Rh"' at 
least up to 0.02 M but the dependence on ethyl- 
ene is less than one, the order decreasing with 
increasing ethylene concentration and the rate 
tending to approach a limiting value. A marked 
inverse dependence on added chloride concentra- 
tion was noted over the range 0-0.05 M when the 
total salt strength was kept constant by addition 
of perchlorate. Addition of 0.05 M benzene 
sulfonic acid (a strong acid) had essentially no 
effect on the initial rate. 

TABLE I 
Summary of kinetic data at  80" 

Initial rate 
[RhlI1] [C2H4] of uptake 
x 1 0 2  C2H4 x 1 0 2  x 1 0 5  k f x 1 0 4  
(M) (mm) (M) ( M  s-') 6 - 

"0.05 M LiCI. b0.03 ,M LiCI, 0.02 M LiCIOI. '0.02 M LiCI, 0.03 
M LiCIO*. "0.01 M LICI, 0.04 M LICIO~. e0.05 M LiCIOI. f0.05 
Ivf benzene sulfonic acid. 

If the previously mentioned yellow solution 
was subjected to an ethylenelhydrogen atmos- 
phere, a much more rapid gas uptake was 
observed and ethane was produced. This 
homogeneous catalytic hydrogenation could be 
studied more conveniently at lower temperatures 
where the dimerization reaction is extremely 

slow, and this is described in more detail else- 
where (7). 

Discussion 

The results clearly indicate that the ethylene 
initially reduces Rh(II1) to the univalent state, 
acetaldehyde being the other product of the 
redox process. The olefin must then complex 
rapidly with Rh(1) to prevent disproportionation 
of this to metal (4). 

The kinetics of the initial region are similar to 
those observed previously for the formatioil of a 
ruthenium(I1) olefin complex in aqueous HCl 
solution (5) and suggest that formation of the 
rhodium(1) ethylene complex proceeds through 
a two-step dissociation mechanism of the type, 

These steps could then be followed by faster steps 
such as 

Hz0 
[3] (1) + RhlCI,;-l 4- CH3CH0 + 2H' 

[4 1 RhlCI,, - 4- CZH4 -> complex. 

Assuming the steady state approximation for the 
Rhl"C1,, - , species this mechanism yields the rate 
law 

At constant [C2H4] and [Cl-] (the latter deter- 
mined by the solution equilibria of the RhC1,. 
3 H 2 0  in DMA), this becomes 

where k' = klk2[C2H4]/lc-,[Cl-] + k2[C2H,]. 
Values of k' are calculated from the initial slope 
using eq. [6] and these are listed in Table I. The 
expression for lc' can be rewritten as 

Consideriilg the uncertainty in measuring 
initial slopes the plot of lllc' versus 1/[C,H4] 
show11 in Fig. 2 is reasonable and yields the 
values k, z lo-, s-l and /c-,[Cl-Ilk2 z 0.025 
M. A plot of l/lc' versus added [Cl-] is shown 
in Fig. 3 and the straight line drawn gives k, 
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1.35 x s-I and Ic-,/k, z 5.4. Com- 
bining with the Ic-,[C1-Ilk, value above 
indicates that the free [Cl-] at the start of these 
experiments using lo-, M RhCI3.3H,O is about 
5 x M. Thus n in eqs. [I] to [6] is likely to 
be 3 or 2, which is also indicated by the spectrum 
of the original red solutio~ls (6). k' and k, must 
be considered as composite constants reflecting 
contribution from several species present. 

It is of interest that in the corresponding 
palladium(I1) system in aqueous solution (8), 
reaction [9] is postulated as rate determining, 
the n-complex formation being a rapid equilib- 
rium; reaction [8] was also written as an 
equilibrium, this giving rise to an inverse acid 
dependence in the rate law. A mechanism such as 

would give a rate law 

which is the same form as the rate law of eq. [5]. 
However, we have no spectral or gas uptake 
evidence to indicate any equilibrium such as [l 11 
and for this reason as well as the parallel with 
the RU"-C,H, system, the dissociation mechan- 
ism is strongly favored. 

The extent of solvent participation in reaction 
[l] is of course uncertain. Recent reports (9) 
indicate that aquation reactions of rhodium(II1) 
complexes show considerably more S,2 character 

FIG. 2. Dependence of initial rate on the ethylene 
concentration plotted in accord with eq. [7] (8O0, 0.01 M 
Rh). 4.0 

The oxygen of the acetaldehyde must pre- 
sun~ably come from the trihydrate and the H 2 0  
molecule required for reaction (3) may be 
coordinated in the Rh"' intermediate (1) along 
with coordinated DMA solvent molecules to 
make a coordination number of 6 for octahedral 
configuration (anhydrous RhCl, was found to 
be insoluble in DMA). 1 could dissociate to give 
a hydroxo species, this then decomposing via 
a o-bonded complex to product as in the ethylene 
reduction of other metal ions (8), 

,-, 
FIG. 3. Dependence of initial rate on the chloride 

[9 I 2 -> [CI,,- I-Rh-CHz-CH2-OH] concentration plotted in accord with eq. [7] (SOo, 0.01 M 
(3) Rh, 730 mm CzH,, [Cl-] i- [CIO,-] = 0.05 M). 
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than the corresponding well-studied cobalt(II1) 
reactions. Studies of substitution reactions of 
rhodium(II1) complexes in nonaqueous solvents 
have not been reported previously. 

TABLE I1 
Temperature dependence of k' 

Temp. ("C) k' % 10' (s-') 

Determined for M Rhrrl ,  4.0 
x 10-2 M C2H4. 

Measurements on the temperature dependence 
of k' over the range of 70-85" (Table 11) at an 
essentially constant ethylene concentration suf- 
ficiently high that k' z k, yield the activation 
parameters AH* = 9.5 kcal and AS* = -46 
e.u. Large negative entropies of activation such 
as this are found for ionization reactions in 
solvents of moderate polarity and are explained 
by the freezing of solvent molecules around the 
incipient ions on going to the activated state (10). 

The nature of the rhodium([) ethylene com- 
plex resulting from the fast reaction [4] has not 
been elucidated. Many fruitless attempts were 
made to isolate this rhodium complex. Cramer 
has reported a reaction between rhodium tri- 
chloride hydrate and ethylene in aqueous 
methanol solution at 25" when the dimer com- 
plex (C2H4),Rh2C12 eventually precipitates (1 1); 
we have prepared this coinpound but its solution 
in DMA has quite different properties from our 

CHEMISTRY. VOL. 46, 1968 

yellow solutions. The ultraviolet and visible 
spectra are quite different and a solution of the 
dimer complex was rapidly converted to metal 
at 80" even under an ethvlene atmomhere. The 
dimer is clearly not the catalytically active species 
either for dimerization (as concluded also by 
Cramer (3)) or hydrogenation. Cramer suggests 
that the anion [C12Rh(C2H4),]- is the most 
likely active catalyst for dimerization and such 
a species may well be present in our system. The 
mechanism postulated involves the following 
features: (i) the reversible oxidation of Rh' by a 
proton acid to give a ~ h " '  hydride, (ii) a rate- 
determining insertion of coordinated olefin 
between an alkyl group and the metal ion to 
which it is attached, (iii) the lability of hydrogen 
in ~ h " '  alkyl and olefin complexes. Both proton 
and halide essential for dimerization will also be 
present in our system. 
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Orthobaric data of certain pure liquids in the neighborhood of the critical point 

A. N. CAMPBELL AND R. M. CHATTERJEE 
Departn~ent of Chemistry, The University of Manitoba, Winnipeg, Mar~itoba 

Received July 18,  1967 

The orthobaric densities of liquid and vapor, and the vapor pressure, have been determined for the 
three pure liquids, acetone, chloroform, and benzene. It is shown that the nose of the curve, representing 
orthobaric densities (or volumes) as a function of temperature, though very flat, is probably not a horizon- 
tal straight line. Nevertheless, critical phenomena can be observed over a range of total volume, at the 
critical temperature. 

Canadian Journal of Chemistry, 46, 575 (1968) 

Mayer and Mayer (1) and Harrison and 
Mayer (2) have propounded a statistical theory 
of the critical point which has aroused consider- 
able controversy. In the past, the critical 
temperature, T,, has always been identified 
with the temperature of disappearance of the 
meniscus, T,, but according to Mayer and 
Harrison, these temperatures are not identical. 
Tn, is the temperature at which the refractive 
indices of the two phases become identical but 
the critical temperature is the temperature 
at which all orthobaric properties, notably 
volume, become identical. A schematic represen- 
tation of the Mayer and Harrison theory implies 
that at T,,, (previously identified with T,) a 
difference in orthobaric volumes still exists, in 
other words, that there is a horizontal on the 
P-V plot, at T,. 

The point in which the present authors are 
interested is whether or not such a horizontal 
really exists at T,. It would mean experimentally 
that, at the temperature of disappearance of the 
meniscus, there is a deinonstrable difference in 
the orthobaric volumes of liquid and vapor. 

Rice (3) treats the process of condensation of 
vapor to liquid from the point of view of associ- 
ating ~nolecules. He also arrives at the conclusion 
that the area of heterogeneity is bounded at the 
top by a horizontal straight line at T, (identified 
by him with T,), i.e. there is no such thing as a 
critical volunle but discrete orthobaric volumes of 
liquid and vapor exist, even at the critical 
temperature. This means that critical phenomena 
(fluctuating striae, sharp disappearance of the 
meniscus, etc.) will be observed over a range of 
total volume of the system. It  is notorious 
among workers in this field that this is so, 
although this does not necessarily establish 
Rice's theory. An important difference between 

the two theories consists in that, while Mayer and 
Harrison predict horizontal P-V plots, over a 
range of total volume, in the region lying 
between T, and T,, Rice concludes that these 
curves will have continuous, though slight, cur- 
vature, immediately above T,. We are not, how- 
ever, concerned with this point here. 

Maass and his co-workers (4) appear to have 
confirmed the predictions of Mayer and Har- 
rison, in that they showed that the disappearance 
of the meniscus in a closed tube could be ob- 
served (at constant temperature) with varying 
total voluines of material in the tube. They also 
claimed to have observed differences in density 
at different heights in the tube, at temperatures 
slightly above T,. These results have frequently 
been confirmed since (5-8), but these effects are 
now explained as due to a gravitational potential 
in a fluid of great compressibility. This means 
that at, or just below, the critical temperature, 
the critical pressure can only prevail at the 
meniscus, as was first pointed out by Gouy (9). 

More recently, it has been suggested that 
orthobaric properties should be plotted against 
(T, - T)1/3 (T, being identified with T,) (10). It  is 
found that when this is done, two straight lines 
are frequently obtained. One would expect these 
straight lines to intersect at the critical volume, a t  
the critical temperature. Work by Campbell and 
Kartzmark (11) on the analogous critical 
phenomenon, L1 & L2, indicates that this is 
not always the case. When, however, the 
(T, - T)I13 relation is obeyed, the slope of the 
P versus V curve, in the neighborhood of T,, will 
be very slight. The crux of the problem therefore 
is: is the slope of the curve, near T,, less than 
that predicted by the (T, - T)1/3 relation? If it 
is, the existence of a horizontal might be con- 
ceded. To  settle the point experimentally, 
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TABLE I 
Most recent critical data 

Year t ,  ("C) P C  (atm) d ,  (g/cc) 

A. Acetone 
- Kuenan and Robson (12) 

0.252 Herz and Neukirch (13) 
- Fischer and Reichel (14) 

0.273 Rosenbai~m (1 5) 
B. Chloroform 
- Kuenan and Robson (12) 

0.496 Herz and Neu kirch (1 3) 
- Harand (1 6) 
- Fischer and Reichel (14) 

C. Benzene 
0.3045 Young (17) 
- Harand (16) 
- Esso Laboratories, quoted in ref. 18 
- Fischer and Reichel (14) 

0.297 Gornowski, Amick, and Hixson (18) 
0.308 Bender, Furukawa, and Hyndrnan (19) 

materials of the highest purity must be used and 
the temperature controlled with great accuracy, 
say to =tO.OOlO. Our temperature control was 
only good to ~ t0 .05"  and therefore our conclu- 
sions-are only valid to this extent. Thus, for 
example, while we are in a position to say that, 
while at a temperature of T, - 0.05" two 
different phases of distinctly different orthobaric 
volulnes are detectable, at a temperature 0.05" 
higher no n~eniscus is detectable in an ordinary 
telescope: an interferometer technique might, and 
probably would, reveal differences in refractive 
index with differences in height. In the case of 
the L $ V critical point, certain characteristic 
phenomena, such as the occurrence of fluctuating 
striae, are usually considered peculiar to the 
critical volume. This has never been proved, 
however, and even if it is found that such 
phenomena can be observed over a range of 
volume, their occurrence proves nothing. The 
validity of the cubical relation has frequently 
been confirmed, e.g. by Weinberger and Schnei- 
der (8), despite the lack of rigidity in its 
deduction. Others have proposed a power other 
than 113 but we have found no need in this 
work for such a relationship. 

Experimental 
Acetone, chloroform, and benzene, respectively, were 

used as the three pure liquids. Objection might be made 
to thz choice of chloroform since it decomposes very 
readily in the neighborhood of the critical point. A slight 
yellow color was always observable in the chloroforn~, 

after an experiment. In view of the well-known effect of 
traces of impurity on the critical constants, this is a 
serious matter but it cannot be avoided. Any determina- 
tion of the critical constants of chloroform, however 
carefully made, must be subject to this criticism. 

We determined critical temperature, critical pressure, 
equilibrium pressures (vapor pressures) at te~nperatures 
below the critical temperature, and orthobaric volumes. 
The literature data on orthobaric volumcs, even of well 
known liquids, are surprisingly limited. Table I gives a 
resume of the most recent data. 

Purity of Materials 
Because of the well-known effect of slight traces of 

impurity on critical phenomena, considerable care was 
devoted to purification. The details are given in a previous 
publication (20). 

Experimental Methods 
Because of the importance of the results, these are 

described in some detail. 

01.thobaric Deruities 
Two tubes of heavy walled annealed glass, 15 cm in 

length and 2 nlm internal diameter, were used, for each 
temperature. The volun~es of each tube up to calibration 
marks were determined, using mercury as calibrating 
liquid. Widely different quantities of the conlpound 
under investigation were distilled into each t ~ ~ b e  and the 
tube evacuated after freezing the liquid in liquid nitrogen. 
Dissolved air was removed by the usual technique of 
freezing, pumping, and thawing. After sealing, the tubes 
were weighed. They were then placed in a thermostat and 
the difference in height from the rneniscus to the nearest 
calibration mark measi~red with a cathetometcr. The 
equilibri~~m vapor and liquid volumes thus became known; 
correction was applied for the expansion of the glass. 
Temperature of the thermostat was measured with a 
copperqonstantan multiplejunction thermocouple. Up to 
250 "C, the thermostat liquid was Silicone fluid 550. Above 
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TABLE I1 
Vapor pressure and orthobaric densities of acetone (t, = 235.OoC) 

Pressure 
Temp. ("C) (cm of Hg at  0 "C) Density of vapor Density of liquid (to - t)'l3 

Critical data: :o = 235.0 'C; P C =  46.96 atm; rlc = 0.234. 
Critical phenomena were observed, at a constant temperature of 235.0 ' C ,  at the following total den- 

sities: 0.2160, 0.2356, 0.2362, 0.2372, 0.2536, 0.2693, 0.3067. 

250°, the eutectic nlixture of potassium, sodium, and 
lithium nitrates was used. This fused salt bath functioned 
perfectly. The accuracy of temperature control was 
somewhat better than k0.05". The following equations 
allow the determination of the orthobaric densities, 

the tube was entirely filled with liquid, or sank to the bot- 
tom of the tube, when it was entirely filled with vapor. 
Congruent densities were therefore not obtained directly, 
in this region, but each determination gave a point on one 
side or the other of the orthobaric curve. Experience 
taught us how to choose the fillings so that all temperatures 
were within the desired narrow region of temperature. 

Critical Ten~perclture 
This was deter~nined in the classical manner, using 

different fillings of a sealed tube. As thc te~nperature is 
raised, the surface tension between the two phases 
approachcs zero, the dividing meniscus becomes faint 
and hazy, and the measurement of the exact temperature 
of its disappearance is to some extent subjective. Never- 
theless, the phenomenon is clearly distinguisl~ed as 
"critical" since the nleniscus disappcars in the body of 
the tube and not "by exhaustion" at the top or bottom 
end. It must be confessed, however, that the determination 
of critical telnperature (temperature of disappearance 
of thc meniscus) by this method is the least satisfactory of 
the critical determinations. 

where +v' and N J "  are the weights of the two fillings. From 
the orthobaric densities, the orthobaric volumes are 
obtained. This method was not applicable in the imrnedi- 
ate neighborhood of the critical temperature becausc 
slight fluctuations of temperature caused too great fluctu- 
ations in the level. Therefore, over a temperature range 
of 2" below the critical temperature, we made use of the 
method of "total exhaustion". For this method, tubcs of 
known total volume were charged with known weights of 
liquid and the temperatures noted at which the meniscus 
disappeared "by exhaustion", i.e. when the lneniscus 
either rose just to the upper extremity of the tube, when 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I11 
Vapor pressure and orthobaric densities of benzene (I, = 288.95OC) 

Temp. Pressure 
(T) (cm of Hg at  0 "C) Density of vapor Density of liquid (I, - t)l l3 

Critical data: /c  = 288.95 OC; po = 48.22 atm; do = 0.275. 
Critical phenomena were observed, at a constant temperature o f  288.95 OC, at the following total den- 

sities: 0.3257, 0.3109, 0.2914, 0.2900. 

Vapor. Presslrres 
Vapor pressures were determined in the apparatus 

of Fig. 1, which is essentially a closed manometer con- 
taining air. The closed manometer was calibrated for 
volume as a function of length. The sample was poured 
at room temperature into bulb A, over mercury which 
filled B and part of C. The liquid was then frozen and 
the vacuum applied simultaneously at both A and C. 
The process of freezing, pumping, and thawing was 

continued until all dissolved air was expelled from the 
liquid. The open end of A was then sealed off, keeping tlie 
liquid frozen. The liquid was then allowed to melt and 
air allowed to enter C, with the result that liquid, followed 
by mercury, was pushed conlpletely to the end of A. The 
open end of C was then sealed off, under atmospheric 
pressure. C was then enclosed in a glass mantle, through 
which water at 25' was circulated. Atmospheric pressure 
was recorded at  tlie moment of sealing. The volunle of 
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air in C, under atniospheric pressure, was then obtained 
by means of a cathetometer reading. 

Bulbs A and B were then immersed in a ther~iiostat a t  
the desired high teniperature, that is, at a temperature 
at  which the vapor pressure of the liquid was greater 
than 1 atni. Vapor formed in bulb A and tlie vapor 
pressure was automatically established. From the equilib- 
rium volume of air in C, the pressure was calculated, using 
van der Waals' equation. Other equations of state gave 
variations within the experimental error. Thus, using the 
Beattie-Bridgman equation, at  288.50°, i.e. 0.45" below 
the critical teniperature of benzene, the pressure calculated 
by van der Waals was 3636.7 cni Hg, by Beattie-Bridgnian 
3651.2 cni Hg, while the experimental figure of Bender, 
Furukawa, and Hyndman (much the best figure) is 3641.0. 
The nlaxinlum error of 0.3 % is about that of our experi- 
mental work. 

- 

0.0 0.4 0.8 1.2 

D e n s ~ t y  ( g /ml ) 
Acetone, dc = 0.234 g/cc 
Chloroform, dc = 0.458 g/cc 

FIG. 2. Plot of d l  and d,  vs. (t, - t)lI3 for CHCl3. Benzene, dc = 0.275 g/cc. 

FIG 1. Diagram showing mercury-air manometer 
in bath. oL-;, - v - - - - 

4 0  

- 

+% 2 0- 

I- 

I 
+o - 

I O -  

02 03 04 a5 cs 

- Denssty [ g / m ~ )  

'P 
? 6 6" FIG. 3. Plot of d l  and d ,  vs. (t, - t)II3 for acetone. 
? 

P i For the reason previously given, namely that in tlie 

/ neighborhood of the crltical temperature slight fluctua- 

'a 
tions of teniperature caused great fluctuations in level, 
it was not found possible to make pressure measureliients 
by this method to temperatures higher than about 3" 

i below the critical temperature. The critical pressures 
were therefore obtained froni the plot of log P versus 
1 / T :  the agreement with the latest figures 1s good. 

Results 
\ 

The experimental results are expressed in 
Tables I1 to IV. For all three substances, 
when orthobaric densities are plotted against 
(T, - T ) l h  two straight lines are obtained, 
intersecting at the critical temperature (Figs. 
2, 3, and 4). The values of critical density thus 
obtained are 
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TABLE I V  
Vapor pressure and ortl~obaric densities of chloroform (t, = 262.9 "C) 

Pressure 
Temp. ("C) (cni of Hg at  0 "C) Density (vap.) Density (liq.) (t, - t ) '13 

Critical data: to = 262.9 OC. po = 52.59 a t m  de = 0.458. 
Critical phenomena were odserved, at a conbtant temperature of 262.goC, at the follow in^ total den- 

sities: 0.4279, 0.4697, 0.4872, 0.5120,0.5381,0.5610. 

Density ( g  /ml) 

FIG. 4. Plot of dl and d,. vs. (t, - t)U3 for benzene. 
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On the basis of this criterion it appears that R. L. MACINTOSH~ J. R. DACEY, and 0. MAASS. 
Can. J. Res. B18, 241 (1939); S. N. NALDRETT and the nose of the curve of ortllobaric densities 0, M,,,,. can. J. R ~ ~ .  ~ 1 8 ,  118 (1940). 

versus temperature, though very flat, is not 5. E. H. W. SCHMIDT. Critical phenomena. Natl. 
Bur. Std. U.S. Misc. Publ. No. 273, 13 (1966). a horizontal straight line. Nevertl~eless, the fact 

6. H. LoRENTZEN and B. B, HANSEN. Critical 
remains that, at the critical temperature, the phenomena. Natl. Bur. Std. U.S. Misc. Publ. No. 
meniscus disappears sharply in the body of the 273, 213 (1966). 

liquid, with accompanying phenomena usually 7. 'ORENPEN. 7, 1335 
described as "critical", over a rather extensive 8. M. A. WEINBERGER and W. G. SCHNEIDER. Can. J. 
range of total density (or volume). It is an old 
observation, however, which has recently been 
reaffirmed by Lorentzen (7) that the disappear- 
ance in the body of the tube (and not by "moving 
out", as Lorentzen calls it) can be observed over 
a range of total volume and is not confined to 
the critical volume. This is due to the existence 
of a density gradient and does not necessarily 
prove that the nose of the curve is horizontal. 
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Tellurium isotope fractionation study 

R. M. SMITHERS~ AND H. R. KROUSE 
Departti~ent of Pl~ysics, Ul~iversity of Alberta, Erlrnontol~, Alberta 

Received June 19, 1967 

"Normal vibration equations" have been solved to yield vibrational frequencies for isotopic compounds 
of tellurium. These frequencies were used to evaluate "partition function ratios" for lZ2Te- and 130Te-con- 
taining con~pounds. Theoretical "isotopic equilibrium exchange constants" and estimates of "kinetic iso- 
tope effects" were derived from these ratios. The results suggest that the L22Te/'30Te abundance may be 
a!tered significantly in laboratory reactions and terrestrial processes. 

Preliminary experiments have realized kinetic isotope effects of 0.7 and 0.6% in inorganic and micro- 
biological reductions respectively of tellurite to elemental tellurium. These results are interpreted in 
terms of the isotope effect in Te-0 bond breakage. 

The maximum variation in the '30Te/122Te abundance ratio of six natural tellurides and two com- 
mercial preparations of Te03'- was found to be 0.4%. 

The results are compared with those found in analogous selenium and sulfur isotope investigations. 

Canadian Journal of Chemistry, 46, 583 (1968) 

Introduction experimental study to facilitate the mass 

It is well known that isotopes of an element 
differ in their natural abundances and behavior 
in laboratory processes. This is explained 
theoretically by the dependence of many 
thermodynamic properties of molecules upon 
their vibrational frequencies which, in turn, 
depend upon the masses of the atoms in the 
molecule. 

Earlier studies were carried out with lighter 
elements. Here the mass difference between the 
isotopes is significant and isotopic compounds of 
these elements are capable of undergoing 
physical, chemical, and microbiological processes 
at  markedly different rates. In contrast to the 
lighter elements, many of the heavier elements 
possess large numbers of isotopes. In many cases, 
the percentage mass difference between the 
heaviest and lightest isotope is quite comparable 
to that of lighter elements. Therefore "isotopic 
exchange equilibrium constants" and "kinetic 
isotope effects" of the same order are expected 
with these heavier elements. Tellurium, element 
52, has 8 stable isotopes with mass numbers 120, 
122, 123, 124, 125, 126, 128, and 130. Their 
abundances as determined by White and 
Cameron (1) and Hollander et al. (2) are (drop- 
ping one significant figure from the data) 0.1, 
2.5, 0.9, 4.6, 7.0, 18.7, 31.8, and 34.5% respec- 
tively. Although l2oTe is the lightest isotope, it 
has the disadvantage of being low in abundance. 
Therefore 122Te and 13oTe were selected for 

'Present address: Physics Department, Selkirk College, 
Castlegar, British Columbia. 

spectrometry, but yet provide a significant 
percentage mass difference (> 6 %). 

The chemical group VIA elements are interest- 
ing to study isotopically because of the range of 
valence states and chemical forms in which they 
exist in nature. Since the initial findings in 1949 
of variations in the terrestrial 34S/32S abundance 
ratio by Thode et al. (3), sulfur isotope investi- 
gations have been carried out with natural 
samples and laboratory reactions by several 
researchers. Motivated by the usefulness of 
sulfur isotope studies in chemical, geological, 
and biological investigations, Krouse and Thode 
(4) carried out an initial investigation of the 
thermodynamic properties and geochemistry of 
isotopic compounds of selenium. Significant 
natural variations were found in the 76Se/82Se 
ratio and a kinetic isotope effect of 1.5 % was 
found in the chemical reduction of 76SeO32- 
and 82Se032-. Subsequent investigations by 
Rees and Thode (5) have revealed further 
interesting alterations to the 76Se/82Se ratio in 
chemical reactions. These successful studies 
with sulfur and selenium further prompted the 
present investigation of tellurium isotope fsac- 
tionation. 

Theory 

Isotopic Equilibrium Exchange Reactions 
A typical isotope exchange reaction may be 

written as 
k 

1 nAl + bB2 = aA2 + bB1, 

where the subscripts 1 and 2 refer to the light 
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TABLE I 
Diatomic molecular frequencies (cm-') (with anhar~nonicity corrections) 

Molecule 

'"GeTe '08PbTe lZ0SnTe T e l G 0  28SiTe OTeTe HTe 
-- 

~ 1 3 0  321.4 211.6 258.5 789 .O 478.0 250.4 2167.4 
~ 1 2 2  325.2 215.8 262.5 791.8 480.8 254.5 2167.9 

and heavy isotopes respectively while A and B 
are inolecules having the element under con- 
sideration as a common constituent. The equili- 
brium constant for this exchange can be shown 
to be equal to the following ratio of the total 
partition fiinctions of the participating isotopic 
molecules. 

Urey (6) and Bigeleisen and Mayer (7) have 
shown that with few exceptions (e.g. H Z  at room 
temperature where the rotational partition 
function cannot be expressed by the classical 
limit), K can be expressed in terms of isotopic 
partition function ratios Q2'/Q1' which depend 
only on the vibrational frequencies of the 
participating molecules. 

The exact expression for Qzf/Ql' in the 
simple harmonic oscillator approximation is 

where u i  = hv,/lcT and v i  is the ith fundamental 
vibrational frequency of the molecule. N = 

3n - 6 for nonlinear and 311 - 5 for linear 
molecules where i z  is the number of atoms. 
Other terms which would appear in the numer- 
ator and denominator of K (e.g. symmetry 
numbers) are omitted in the above expression 
since they are not required in the present study. 

Urey (6) and Bigeleisen and Mayer (7) have 
made approximations to simplify the expression 
for manual calculations. In our studies, however, 
I.B.M. 7040 programming was used to evaluate 
Q2'/Q11 ratios according to the exact expression 
PI. 
Kinetic Isotope Effects 

Theoretical predictions of kinetic isotope 
effects are based on the theory of absolute 
reaction rates as developed by Eyring (8) and 

Evans and Polanyi (9). Competing isotopic 
reactions may be written 

where kl and It2 express the rates at which A l  
and A2 form products P1 and P2. Although the 
calculations of isotopic rate constants can be 
very sophisticated, only the initial expressions 
derived by Bigeleisen (10) will be considered in 
this study. Bigeleisen's expression can be written 

This form omits the transmission coefficient and 
Wigner tunnelling corrections which are assumed 
independent of isotopic substitution in this 
investigation; + refers to the activated complex 
of reaction rate theory. As before, the partition 
function ratios depend only on vibrational 
motions and expression [3] may be used for 
their calculation.Tl~e summation for the activated 
complex is over 3n - 7 rather than 3n - 6 
since one of the vibrational degrees of freedom 
becomes a translational one along the reaction 
coordinate during the bond cleavage. The term 
U I ~ " / U ~ L '  is the ratio of the "imaginary" 
frequencies of the isotopic bonds being broken 
and gives the ratio of the number of light and 
heavy molecules which decompose in unit time 
from the transition state. According to Slater (1 l), 
this term is 

where p refers to the reduced mass of the atoms 
across the bond being broken. Bigeleisen and 
Wolfsberg (12) have suggested that the two 
fragments being separated, rather than the two 
atoms, be used in expression [6]. The effective 
mass will depend on the strength of the bond 
being broken relative to the other interatomic 
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SM~THERS AND KROUSE: TELLUR~UM  SOTO OPE FRACT~ONATION STUDY 585 

TABLE I1 
Polyatoniic molecular frequencies (cm-') (degeneracy is denoted by number in parenthesis) 

Molecule 0 I wz a3 a4 a5 a 6  References 
- -  

130TeFG 70 1 674(2) 751(3) 327(3) 3 1 3(3) 164(3) 15, 16, 17 
122TeFG 70 1 674(2) 756.9(3) 329.4(3) 313(3) 164(3) 
130TeBr,L 190 5 I@) 209(3) 64(3) 18, 19, 20 
lZ2TeBrd 
1 3 0 ~ ~ 0 ~ 2 -  

190 5 1(2) 212.1(3) 64.5(3) 

122Te032- 
758 3 64 703(2) 326(2) 
761.1 364.8 705. 5(2) 326.9(2) Appendix 

SC130Te 1347 337(2) 423 
SCIZ2Te 1 347.4 340.0(2) 426.4 2 1 
H2130Te 2047 860.8 2133 
H212'Te 2047.4 861.4 2133.5 Appendix 

bonds as discussed by Wolfsberg (13). If the 
bond being broken is comparatively strong, 
then the case is closer to that of Slater whereas if 
the bond being ruptured is comparatively 
weak, then the mass fragments should be more 
representative. In any case, lack of knowledge 
about the activated complex forbids an exact 
expression for LJ~~*/:/v",". Similarly, data is not 
available for evaluating the activated state 
isotopic partition function ratio. In practice, 
certain limiting cases can be considered and 
compared with the experimental results. 

Results of Theoretical Calculations 

All of the numerical calculations were carried 
out on an I.B.M. 7040 computer using Fortran 
IV programming. Checks were made by also 
calculating analogous expressions for Se-contain- 
ing compounds and checking with published 
results (4, 5). In each program, observed vibra- 
tional frequencies were identified with the most 
abundant 130Te species. 

Calculation of Isotopic Vibrational Frequencies 
Table I summarizes the vibrational frequencies 

for 122Te- and 130Te-diatomic species. The 
spectroscopic data and method of calculation 
are given in Herzberg (14). Anharmonicity 
corrections were made. It is interesting to note 
in the case of HTe, the vibrational frequency 
is not very sensitive to Te isotope substitution. 
This results because the Te atom is so much 
heavier than the H that the reduced mass is 
not altered much by altering the Te mass. 

Table I1 summarizes the fundamental vibra- 
tional frequencies calculated for 122Te- and 
130Te-containing polyatomic molecules. Refer- 
ences are given in the table for spectroscopic 

data and the normal vibrational force equations 
used in the calculations. With the exception of 
H2Te and Te032-, the calculations were 
straightforward. The H2Te and Te032- treat- 
ments were more involved because of lack of 
data in the literature. The derivation of their 
force constants is treated in the Appendix of 
this paper. 

Table 111 summarizes the isotopic partition 
function ratios and equilibrium constants for 
hypothetical l22Te - l3oTe exchange reactions. 
The method of tabulation is that used by Urey(6). 
The partition function ratios are listed in the 
first row under their respective conlpounds for 
the temperatures in the right column. The main 
body of the table contains the equilibrium 
constants at the intersection of the column and 
row of interest. K values of greater than unity 
mean that the l3oTe is favored in the compound 
listed in the left column. For example, the value 
1.0096 underlined in the table means that K = 

1.0096 at 20 "C for the hypothetical exchange 

Although calculations were made for several 
compounds and hypothetical exchanges up to 
1000 "C, only the results of a few selected 
exchanges at four lower temperatures are 
reported here. 

Experimental 
All samples were converted to elemental Te. The 

tellurium was then fluorinated at 200 "C with excess F2 
in a stainless steel F, line to produce TeF6 gas for mass 
spectrometric analyses. 

Natlrrnl Samples 
Tellurium was extracted in the elemental form by 

following essentially the procedure of Reed (22). In 
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TABLE 111 

Equilibrium constants for 130Te-122Te exchange reactions 

13'TeF6 130Te032- SC130Te 13'TeBrd 13'Te0 H213'Te 13'Te13'Te PbL30Te H130Te -- 
l Z T e F 6  122Te032- SCLZZTe lZ2TeBr4 lZZTeO H21Z2Te 130Te122Te PblZ2Te HlZZTe T ('C) 

this method, Se can be separated from Te by using 
H2S03 as a reducing agent and altering the pH by 
varying the addition of HCI. Extractions with artificial 
mixtures recovered over 98 % of the Te. 

Clre~liical Redtctio~z of Te03'- 
K2Te03 was reduced to elemental Te using H2S03 

as the rcducing agent. Yields appeared consistent with 
the reaction 

In order to measure a kinetic isotope effect, products 
and/or reactants must be separated after a known 
percentage of reaction. In our experiments, 5 to 20% 
reductions were effected by adding the corresponding 
insufficient amount of reducing agent. The precipitated 
Te was separated from the supernatant solution by 
alternately centrifuging and washing. 

Reducriorl of TeO," by Scopulariopsis brevica~tlis 
Bird and Challenger (23) reported that Scoprrlario[).sis 

brevica~rlis (penicillium brevicaule) reduced KZTeO3 to 
elemental Te and gaseous (CH&Te. Our cultures were 
grown in an aerated medium of Trypticase Soy Broth 
(Baltimore Biological Co.). The air was filtered by 
passage through HzSOa and 1 :I000 solution of HgC1,. 
After 12 days, 1.5 g of K,Te03 in solution were intro- 
duced into the medium. The air stream was exhausted 
through an alcoholic iodine solution to trap any (CH3)2Te 
as (CH3)2Te12 (24). Every 6 h, 10 cc samples of the 
medium were taken. Thesaniples were filtered and washed 
to separate the unreduced Te03'- from biological 
material and reduced Te. The Te03'- was chenlically 
reduced to Te for mass spectrometric analysis. 

Mass Syeclroll~rby 
Although TeF6 poses certain chemical disadvantages 

as a gas for analysis, there is the advantage that 19F' 
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SMITHERS A N D  KROUSE: TELLURlUM ISOTOPE FRACTIONATION STUDY 

TABLE IV 

Variations of 130Te/'2ZTe in natural samples 

Sample No. Description 8130 

1 Refined Te from Coppercliff, Ontario 0 
2 Sylvanite; Grant Co., New Mexico -1.5310.3 
3 Sylvanite; Cripple Creek, Colorado 0 . 0 f 0 . 2  
4 Sylvanite; Boulder Co., Colorado -2.3zk0.3 
5 Tellurium; Boulder Co., Colorado -1 .8d~0.3 
6 Tetradymite; Precambrian Mines, Okanagan, B.C. -4.Ozk0.5 
7 Same as 6, but different hand specimen - 3 . 7 f 0 . 3  
8 Commercial KZTeO3 (Fisher Scientific) -3 .5f0.3  
9 Commercial K2TeO3 (British Drug Houses) 0 .0f  0 .2  

TABLE V 

Fractionation in chemical reduction of K2Te03Z- to Te 

Sample No. Description R 

1 10 % reduction of #9, Table IV 1.0071 f0 .0003  
2 18 % reduction of #9, Table IV 1.0044f 0.0003 
3 10% reduction of ::8, Table IV 1.0071 *0.0003 
4 10-20 % fraction of #8, Table IV 1.0070f0.0003 

is the only stable isotope. Therefore any ion species 
reveals the Te isotope abundances directly. When 
TeF, undergoes electron bombardment in a conventional 
gas source mass spectrometer, TeF5+ is the most abun- 
dant species formed. In our case, 6 singly charged and 
5 doubly charged ion species were identified while 
TeFjL formed over 58% of the total ions present. The 
mass spectrometer was a 12" radius, 90" magnetic 
analyzer equipped to simultaneously collect I30TeF,+ 
and '"TeF,'. The ratio of these ions was digitally 
recorded (25). The mass resolution was - 11350 for the 
lighter mass and 11200 for the heavier mass. The wider 
collector s l ~ t  (corresponding to 11200 resolution) pro- 
vided anlple resolution for the 130TeF,+ ions since the 
nearest ]on current is two mass units away (128TeF5+). 
This wider slit permitted easier alignment for simultan- 
eous collection. A standard and an unknown sample 
could be introduced alternately into the mass spec- 
trometer source. Five minutes were required between 
sample snitches in order to obtain a stable ratio. This 
appealed to be due to short time memory effects. The 
standard deviation within a set of comparisons and 
between sets run on different days for samples prepared 
from the sane  specimens was k 0.04 % or better. 

Results and Discussion 

Theoretical Calculations 
I t  is seen in Table 111 that alterations of up 

t o  3 % in tlie 130Te/l22Te ratio are predicted in 
l3oTe u l22Te exchange processes, provided 
that mechanisms exist to effect these exchanges. 

Natural Scrnzples 
Table IV summarizes tlie tellurium isotope 

abundance data for 8 natural and commercial 
samples. 6130, the enrichment in 130Te in parts 
per thousand is defined in terms of the copper- 
cliff sample as 

It is seen that the overall variation in the 
natural and commercial samples is 4 6 units. 
Although no extensive conclusions can be drawn 
from this survey, most of the samples represent 
natural tellurides which presumably have not 
undergone chemical valence change. Therefore, 
isotope fractionation would most likely result 
from fairly high temperature physical processes, 
in which case, little variation in the 130Te/l22Te 
ratio is expected. This compares to tlie 76Se/82Se 
ratio which showed very little variation in 
natural selenides. I t  was surprising to  see 3.5 
6 units difference between the two commercial 
Te032- samples. This difference may reflect 
different natural sources of supply or it may have 
resulted during processing. 

Kinetic Isotope Effects 
Table V sliows the results of fractionation 
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TABLE VI 
Theoretical values of k122/k130 in Te0,'- reduction 

k l ~ ~ / k l 3 o  

Low Intermediate High 

T PC) Mass Atom Mass Atom Mass Atom 

during chemical reduction of K2Te03 to elemen- 
tal Te. If it is assumed that the measured effect 
is purely kinetic, then for small percentage 
reactions, R can be related to the ratio of the 
isotopic rate constants k122/k130 where 

For larger percentages of reaction, the depletion 
in 122Te in the Te032- solution must be con- 
sidered in evaluating 1 ~ ~ ~ ~ / 1 ~ ~  (5). The average 
k122/k130 was found to be 1.0065 3C 0.0008. 

In the ~nicrobiological reduction, some diffi- 
culty was experienced in obtaining suitable 
material for analyses. Some (CH3)2Te was 
obtained, but it was judged insufficie~lt in 
quantity. One problem inherent in both the 
cl~emical and microbiological study is the 
separation of all unreduced Te032- from the 
precipitated Te. This was more difficult in 
the microbiological reduction where the Te was 
entrapped in biological material. Further, one 
cannot recover all the Te at any percentage 
reaction because of this entrapment. Therefore 
observations on the depletion of 122Te in the 
unreduced Te032- are the most reliable. It  is 
necessary, however, to carry out a significant 
percentage conversion in order to noticeably 
alter the isotopic composition of the remaining 
Te032-. In our experiments, ~nicrobiological 
conversions in excess of 50% were possible. 
Preliminary measurements and the use of 
suitable equations (see Rees and Thode (5)), 
gave / c ~ ~ ~ / ~ c ~ ~ ~  = 1.0060 31 0.0005 at rooin tem- 
perature. 

Discussion 

Table VI summarizes theoretical kinetic 
isotope effects assuming various models for the 
reduction. 

The lowest values (and also the high temper- 
ature limit) result from setting the partition 
function ratio of the activated complex equal to 
that of the reactant so that 

k1/k2 is evaluated using mass and atom frag- 
ments. 

The upper limit to 1cl/k2 is obtained by setting 
Q130*/Q122' = I. Physically, this would corre- 
spond to an activated conlplex whose vibrational 
partition function is insensitive to isotopic 
substitution. 

An inter~nediate value for kl/1c2 results by 
assuming that the activated conlplex differs 
from the reactant only by the missing frequency 
associated with bond rupture. In this case, 
kl/lc2 is that consistent with the rupture of a 
diatomic bond which possesses the missing 
frequency. . . 

where Q(u,,) is the partition function associated 
with missing frequency u,,, etc. The missing 
vibrational mode was assumed to be one of the 
doubly degenerate E type asymmetric stretclling 
w3 vibrations. 

It is seen that the intermediate case, using the 
reduced mass ratio of the atoms involved in the 
bond rupture, agrees most closely with the 
experimental value. Rees and Thode (5) found a 
similar agreement between the theoretical and 
experimental results in the analogous Se032- 
reduction. 

The n~icrobiological experi~neilt realized a 
kinetic isotope effect of the same order as the 
inorganic reduction. This suggests that the 
fractionation in both studies may be due to the 
same step in the reduction, namely the breaking 
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TABLE VII 
Theoretical equilibrium exchange constants between highest and 

lowest valence states of S, Se, and Te existing in nature 
-- 

32So 2- -b H234S = HZ3'S + 34S0 4 '- K = 1.074 (25 OC) 
7GSe042- + HZs2Se = H27GSe +- 82Se042- K = 1.043 (20 OC) (?) 
76Se032- + HZS2Se C HZ7'Se + 82Se032- K = 1.020 (20 'C) 
122Te032- + H2130Te + Hzl"Te + 130Te032- K = 1.010 (20 'C) 

of the initial Te-0 bond. This result is consis- 
tent with those found by Harrison and Thode 
(26, 27) with chemical and microbiological re- 
duction of SO,'-. It should be mentioned, 
however, that under some conditions microbio- 
logical isotope fractionation may encompass 
more than the initial bond rupture. 

One may estimate the relative fractionations 
of sulfur, selenium, and tellurium isotopes in 
nature by considering theoretical equilibrium 
exchanges of the elements between their lowest 
and highest natural valence states. These are 
summarized in Table VII. Sulfur exists in valence 
states ranging from +6 to -2. The equilibrium 
constant for isotopic exchange of 32s and 34s 

between S042- and H2S at 25°C is 1.074. It is 
interesting that the overall terrestrial 32S/34S 
variation is of this same order. It is questionable 
whether Se exists in the +6 valence state in 
nature because of the oxidation potential 
involved. It certainly exists in the +4 state and 
one sees that K for exchange between Se032- 
and H2Se is much smaller than that for exchange 
involving Se042- and H2Se. Therefore, the 
smaller range of natural valence states of Se 
and Te lowers their expected isotope fractiona- 
tion when coinpared with that of sulfur. It should 
be emphasized that Table VII is for the purpose 
of theoretical estimation. Further interpretation 
will require many experimental studies. 

With sulfur and selenium isotope studies, the 
isotope fractionation found in high temperature 
ore deposits is small. The present study has 
show11 the same relationship with Te isotopes. 
Numerous sulfur isotope investigations have 
verified that microbiological conversions are 
responsible for large terrestrial 32S/34S variations. 
Consistent with this, Krouse and Thode (4) 
found that plants and soil samples displayed 
relatively large 76Se/82Se variations. However, 
microbiological selenium isotope fractionatioil 
in a controlled laboratory reaction has not yet 
been reported. The laboratory microbiological 
fractionation of Te isotopes in this report, 

coupled with the S and Se studies to date, 
suggest that all three elements may undergo a 
number of analogous biological isotope frac- 
tionation processes in nature. 

The authors wish to thank the National 
Research Council of Canada for financial support 
of this project. Dr. J. W. Carmichael of the 
Provincial Laboratory of Public Health, Uni- 
versity of Alberta, kindly supplied us with a 
culture for the n~icrobiological study. Mineral 
specimens were obtained froin Dr. R. E. 
Folinsbee of the Geology Department, University 
of Alberta. 

Appendix 

Cnlculntion of Force Constm~ts for Te03" aal~I 
H2Te 

Tellurite Ion (Te0 32-) 

The fundamental vibrational frequencies for 
Te032- have been reported by Siebert (28) as 
follows (in cin-1): wl, 758; ~2 ,364 ;  ~3 ,703;  ~4,326.  
The tellurite ion has a pyramidal XY; structure 
and a force constant analysis must coilsider 
the apex angle of the pyramid. The following 
expression from Herzberg (29) was used to  
compute the angle, 

where sin p = 2 / 4 3  (sin 0(/2), where a is the 
apex angle, W ,  = it11 vibrational frequency, 
My = mass of the Y atoms, M, = mass of the 
X atom. 

It is noted from the expression that the angle 
is dependent on the mass of the telluriunl atoll1 
and varies from 81.23" for 13°Te032- to 81.65" 
for 122Te032-. The former value was used 
since 1;oTe is the most abundant isotope. 

The Wilson F-G matrix method, as discussed 
by Nakainoto (30), was used to determine the 
force constants. The A1 modes coilsist of two 
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TABLE VIII 
Force constants for XY2 nonlinear molecules ( X  lo5 dyn/crn) 

--- 

C,(kl) C~(ka/r2) C3(k I a/~) C4(k, I )  

H;se.(l I )  3 .4d0 .1  0 .38f0 .06  0.15f0.03 -0 .15f0 .15  
H2Te (this work) 2.54+0.01 0.23f 0.01 0 .13f0 .05  -0.12d0.01 

Notation in brackets follows Smith and Linnett (38). 

non-degenerate vibrations w l  and w2, and the 
E modes consist of the doubly degenerate w3 and 
a 4  vibrations. The secular equation for both 
Al and E vibrations is 

A" A(FllGll + 2F13G12 + F22G.22) 
+ (FliF?? - ~ 1 2 ~ )  (G11Gss - Glz-) = 0. 

Six force constants arise, but only four 
distinguishable frequencies. Therefore, F,, and 
F,,, which represent interaction between the 
stretching and bending modes are neglected, 
while the stretching constants f, and f,, and the 
bending constants fa and fa, are determined. 
Since the matrix Fij  is always multiplied by G i j  
in the secular equation, the Te-0 bond distance 
"r" is absorbed into the bending constants and 
is therefore not required in the calculations. 
The force constants, using the apex angle as 
calculated above, were evaluated as follows. 

f, = 4.361 X 10' dyn cm-' 
j, = 0.503 X 10' dyn cnl-' 
f ,, = 0.140 X 10' dyn ern - 1 

f,, = 0.156 X lo5dyn cm - 1 

The accuracy of this approach may be checked 
by considering available data on Se032-. Wells 
and Bailey (31) obtained a mean apex angle of 
100.6"in their determination ofthe Se032-gr~ups  
in crystals of selenious acid. The angle calculated 
by the Herzberg expression and observed 
frequencies (32, 33) is 80.54". If the same 
discrepancy existed between the calculated and 
actual apex angle for Te032-, then a ,,,,,,, = 101". 
For comparison, the force constants were 
recalculated using a = 101" in which case, 

f, = 4.377 X 10'dyn cm -1 

fa = 0.493 X lo'dyn cm-I 
f,, = 0.321 X 10"yn cm-' 
.laa = 0.078 X 10' dyn cm-I. 

Although f,, and f,, are significantly different 
for the two values of a, this was not a limitation 
in our study. The calculated isotopic frequencies 

and partition function ratios agreed to better 
than 0.1 % for either value of a. This verifies the 
well-known axiom that isotopic shifts in vibra- 
tional frequencies can be determined much more 
accurately than the frequencies themselves. 

Hydrogen Telluride (H2Te) 
Due to the chemical instability of this gas, 

high resolution spectroscopy has been limited 
and the vibrational frequencies used are peak 
values for bands of unresolved spectral lines. 
The two observed symmetric frequencies were 
2047 cm-1 and 2133 cm-1 and the antisym- 
metric frequency observed was 860.79 cm-1 (34). 
Rossman and Straley (35) report 89'30' as a 
value for the apex angle. 

Triatomic nonlinear XY2 molecules have been 
studied by Glockler and Tung (36) with the 
assumption of general force fields. Three 
equations with four force constants arise so that 
it is i~npossible to determine the force constants 
uniquely. However, a non-imaginary solution 
exists for only a limited range of C4. Therefore, 
values of the constants C1, C,, and C j  were 
computed in terms of permissible values of C4 
using increments of 0.01 x 10s dyn cm-1 fro111 
C4min to C4max. Figure 1 shows the relationships 
between the constants. The constants have the 
following ranges: -1.11 < C 4 <  -0.11; -0.50 
< C3< 0.50; 0.22< C2<  1.22; 1.55 < C1 <2.55 
(all x 10s dyn cm-I). To find a unique set 
of force constants requires that one constant be 
estimated by other means. If w3 is approximated 
by a simple diatomic H-Te bond, then the 
value observed (2250 cm-1) by Lippincott and 
Dayhoff (37) may be used with a simple harmonic 
oscillator approximation to obtain a value of 
Cl  = 2.66 x 10s dyn cm-1. This suggests that 
C1 is close to the maximum permitted value 
of 2.55 x 105 dyn cm-1 in Fig. 1. 

Another approach is to examine the values 
obtained by Smith and Linnett (38) for the force 
constants of other members of the group VIA 
elements as shown in Table VIII. It is noted that 
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FIG. 1. Relationships between constants for H,Te. 

H2Te because of the tighter restrictions that 
could be placed on C1. 
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Radiolysis of n-hexenes 

J. L. BRASH AND M. A. GOLUB 
Polytner Cliealistry Deporttnetrt, Statford Reseorc/r Itlstitlrte, Metllo Pork, Coliforirio 

Received April 28, 1967 

The radiolysis of hexene-1, hexene-2, and hexene-3 at room temperature was studied with particular 
emphasis on the mechanisms leading to dimer formation. The structures of the hexene dimers were 
investigated by means of infrared and n.m.r. spectroscopy. The dimers from hexene-1, -2, and -3 had 
average unsaturations of 1.0, 1.2, and 1.2 double bonds/molecule, respectively, and were formed with G 
values of 4.6,4.6, and 4.1 respectively. The dimerization of hexene-1 could be interpreted as proceeding, 
in part, through an ionic mechanism leading exclusively to monoolefinic structures, and in part through 
another ionic mechanism leading to a mixture of saturated, monoolefinic, and diolefinic structures. 
Hexene-2 and hexene-3 were found not to dimerize by the first of these ionic mechanisms, but largely 
by the second mechanism, along with some contribution from an exclusively radical process. The hexene-1 
results are in qualitative accord with those previously reported for this olefin, while the differences noted 
here between this terminal olefin and the nonterminal olefins, hexene-2 and hexene-3, are qualitatively 
similar to the differences reported previously for butene-1 and butene-2. 

Canadian Joi~rnal of Chemistry, 46. 593 (1968) 

Introduction 

In contrast to the saturated hydrocarbons, 
relatively little work has been carried out on 
the radiolysis of olefins, and most of that work 
has been concerned with terminal olefins. There 
is consequently a need for additional work on 
the radiation-induced effects in various non- 
terminal olefins. In view of the current interest 
in the role of ion-molecule processes in the 
radiolysis of olefins (1-5), comparative studies 
dealing with the relative importance of ion- 
molecule and free radical processes in isomeric 
n-olefins (where the double bond is in either a 
terminal or nonterminal position) are particu- 
larly desirable. Such a study was reported 
recently by Kaufman (5) for butene-1 and 
butene-2 in which it was shown that the position 
of the double bond has a pronounced effect on 
the relative extents of two competing ion- 
inolecule processes in the overall mechanism. 
One process (involving molecule-ion conden- 
sation with a parent molecule, designated [Ia] 
below) yields exclusively monoolefinic dimers, 
and the other process (involving hydrogen 
transfer to the molecule-ion to form a carbonium 
ion and an alkenyl radical, designated [Ib] 
below) yields mixtures of saturated, monoole- 
finic, and diolefinic dimers, but having an 
average unsaturation of 1.00 double bond 
per dimer molecule. Any radical processes 
(designated [R]) occurring concomitantly yield 
additional diolefinic dimers (6). Kaufnlan con- 
cluded that butene-I, in common with hexene-1 
studied earlier (I), undergoes mainly ion- 

molecule process [Ia], some [Ib], and negligible 
radical process [R], while butene-2 undergoes 
mainly [Ib], some [Ia], and a small but definite 
amount of [R]. 

It appeared of interest to follow up Kaufman's 
work with a study of another olefin system, 
namely, hexene-I, hexene-2, and hexene-3, and 
from a ~nicrostructural analysis of the dimers 
formed in the radiolysis, to determine how the 
relative extents of processes [Ia], [Ib], and [R] 
may be influenced by the double bond being 
at the carbon-I, -2, or -3 position. 

Experimental 
Hexene-1 (Phillips research grade) was chromato- 

graphically pure and used as received. Hexene-2 (Phillips 
pure grade, 82.6% cis, 17.4% trans) was subjected to  
bulb-to-bulb distillation on the vacuum line prior to use. 
Hexene-3 (100% cis) was obtained from the American 
Petroleum Institute. Resublimed iodine crystals were 
obtained from Mallinckrodt Chemicals. 

Irradiation of the pure liquid hexenes up to 300 Mrads 
(and up to 700 Mrads in some cases to achieve the 
conversion necessary for identification of certain products) 
was carried out at - 20 OC using I-MeV electrons from 
a G.E. resonant transfornier (and also using 6QCo 
rays in the case of hexene-1). Standard thin-wall-glass 
n.m.r. vials were used as reaction vessels; ceric ion 
dosimetry was used. 

Hexene samples of about 1 g were distilled into the 
vials from a reservoir on the vacuum line, taken through 
several degassing cycles, and pumped at -196 OC to a 
pressure not exceeding Torr. In scavenging experi- 
ments, resublimed crystalline iodine was dissolved in the 
hexene prior to degassing, and irradiation carried out 
as above. 

For gas analysis the vials were broken under vacuum 
and noncondensable gas determined by Toepler pumping 
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through two liquid nitrogen traps to a gas burette. The 
liquid was taken through several thaw-freeze-pump 
degassing cycles to ensure complete removal of dissolved 
gas. The analysis for hydrogen and methane was done 
by gas chronlatography using a 20 ft Linde molecular 
sieve 5A column at room temperature, and in a few cases 
by mass spectrometry. 

The cis-tratzs isomerization was determined by gas- 
liquid chron~atography (g.1.c.) using a 20 ft p@'-oxydi- 
propionitrile column at 30 'C, which gave complete 
resolution of the geometric isomers of both hexene-2 
and hexene-3. 

The formation of dimers from all three hexenes was 
established by isolation of a peak from the g.1.c. of each 
irradiated olefin on a 3 ft silicone column (G.E. SF-96) 
at 150 "C, and confirmed by mass spectrometry. Apart 
from unreacted bexene, dimer was by far the major 
feature of the silicone g.1.c.; some minor peaks appeared 
at intermediate retention times indicating likely side 
reactions involving parent hexene and radiolysis frag- 
ments. The chromatograph was calibrated by reinjection 
of measured volun~es of g.1.c.-purified dimer under con- 
ditions identical with those used in the analysis. G(dimer) 
values were obtained for irradiations in the range 0-300 
Mrads. 

The dimers (and various dimer components as de- 
scribed in the results) were collected as they emerged from 
the g.1.c. and further characterized by n.m.r. (Varian 
HA-100 spectrometer) and infrared (Perkin-Elmer 
model 221) spectroscopy. 

Results and Discussion 
Gas Evolution 

The radiation-induced evolution of gas in the 
different n-hexenes was linear with dose in the 
range 0-300 Mrads; the G values are given in 
Table I. The G(gas) = 0.92 for hexene-1, 
obtained for both y rays and electrons, is in 
good agreement with the values of 0.8-0.9 
reported by Chang et al. (1). As expected, tlle 
gas produced by the internal olefins consisted 
of a relatively higher methane content (-- 6-8 % 
CH4) than the gas from hexene-1, w11ic11 was 
nearly all hydrogen (> 97% Hz, 2 %  CH4). 
That the G(gas) for hexene-2 is higher than for 
hexene-1 is in line with the observation (5) 
that G(H2 1- CH4) for liquid butene-2 at  room 
temperature (1.12-1.16) is higher than the 
corresponding value for liquid butene-1 
(0.60-0.69). The finding that the gas yield from 
hexene-3 is higher than that from hexene-2 is 
surprising, however, and it suggests the desir- 
ability of examining a series of n-octenes or 
11-decenes to see if this apparent trend of 
increasing G(gas) with approach of the double 
bond towards the center of the molecule is a 
general one. 

CHEMISTRY. VOL. 46, 1968 

TABLE I 
Radiolysis of tz-hexenes 

- 
Conlpound G(H2) G(CH,) G(ison1.) G(dimer) 

Most of the gas evolved in the radiolysis of 
hexene-2 (and probably also in the other 
n-hexenes) arises from some nonradical process 
as indicated by the fact that the G(gas) for this 
olefin in the presence of 2 %  iodine (1.07) is 
more than 80% of the G value in the absence 
of this free-radical scavenger (1.25). This 
situation is similar to that encountered in 
polyisoprene (7, 8), where only 10% of the 
hydrogen produced radiolytically arises from a 
radical source. It is also similar to that noted 
for the radiolysis of butene-2 in which, according 
to some work (9),1 less than -- 20% of the 
hydrogen yield is radical in origin, while 
according to other work (lo), the nonradical 
production of hydrogen is negligible. 

Isomerizfltion 
The G(isom.) values given in Table I were 

obtained from the initial slopes of the plots 
of % trans isomer forined vs. dose. The value 
for hexene-2 fits a regular pattern of decreasing 
G(isom.) wit11 length of the molecule for a series 
of 2-olefins, as indicated previously (11). The 
higher G(isom.) value obtained for hexene-3 
compared with that for hexene-2 finds a parallel 
in early work by Charlesby (12) in which 
cis-octadecene-7 had a somewhat higher yield 
of radiation-induced isolnerization than cis- 
octadecene-2. 

Dirnerization 
As shown in Table I, the G(dimer) values for 

the various n-hexenes (determined over the 
dose range 0-300 Mrads) were substantially 
the same. For hexene-1, the value of 4.6 is 
considerably higher than the values of 1.9 and 
1.0 reported by Chang et 01. (I) for y rays and 
electrons respectively.2 It is difficult to account 
for this difference, especially since the G(gas) 

'The estimate of 20% is based on a G(H2) - 1.0 for 
liquid cis-butene-2 (5, 10) and a corresponding G(H 
atom) < 0.4 (9). 

'Private discussion with Dr. C. D. Wagner has not 
disclosed the source of this discrepancy. 
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BRASH AND GOLUB: RA 

yields for hexene-1 reported in this work and 
by Chang et ul. are in rather close agreement. 
There are no prior data in the literature for 
G(dimer) for hexene-2 and -3. 

Further g.1.c. analysis of the dimeric fractions 
on the same silicone column at lower tempera- 
ture (100 "C) showed them to consist of groups 
of several peaks rather than a single peak. 
Attempts were made to resolve these components 
both for quantitation and for identification. 
The results are reported below for each n-hexene 
with some specirlation as to possible modes of 
dimerization. 

(a) Hexeize-I 
The dimeric product showed three distinct 

peaks in the molar ratio 2.5:1.5 :1.0, which 
ratio did not change with dose up to 300 Mrads. 
These co~nponents were well resolved and could 
be collected separately as they emerged from 
the column. The infrared and n.m.r. spectra 
of the largest peak (H-la) showed it to be a 
pure straight chain, nonterminal monoolefin. 
Such a product, according to Chang et al. (I), 
could arise only by the ion-molecule process [Ia] 

The formation of substantial nonterminal mono- 
olefinic di~ner (presumably n-dodecene-5 (I)), 
amounting to 50% of the dimer yield from 
hexene-1, is in line with that indicated by 
Chang et al., who reported as much as 80% of 
such a product. It is therefore reasonable to 
suggest that at least half of the dimer formed 
from hexene-1 in this study (i.e. H-la  peak) 
was formed via ion-molecule process [Ia]. 

Based on the n.m.r. spectra, the average 
unsaturation of the whole hexene-1 dimer was 

seen to be 1.00 double bond/molecule, in 
agreement with Chang et a/. This degree of 
unsaturation indicates that an exclusively radical 
process [R] (i.e. one not involving ally copartic- 
ipation of ions) is probably not implicated, since 
such a process characteristically yields diolefinic 
dimer (6). 

[R] CH2=CHCH2(CH2)2CH3 r \ ~ - >  

CH,=CHCH(CH,),CH3 -> diokfinic di~ners 

Unfortunately, the structures of the various 
dimer components present in the other g.1.c. 
peaks, H-16 and H-lc, could not be determined 
with sufficient precision to establish the 
mechanism responsible for their formation. 
However, infrared analysis of the intermediate 
peak H-lb indicated the presence of -CH= 
CH- (at 10.4 p) and CH2=CH- (at 11.0 p) 
double bonds in the ratio of about 2:1, with a 
very minor amount of CH2=C: (at 11.3 p), 
while the n.m.r. spectrum showed the presence 
of 34% "saturated" methyl protons (at 9.0- 
9.1 z), and 47 % "saturated" methylene protons 
(8.5-8.9 z range), along with 12% "unsaturated" 
methylene protons (at 8.0 z), 4.4% -CH= 
protons (at 4.7 z), and 1.9 % -CH=CH2 
protons (at 5.1 z). These spectroscopic data 
indicate the formation of both saturated dimer 
structures as well as unsaturated dimer, with an 
average saturation of 0.7 double bond per dimer 
molecule in H-lb. The smallest peak (H-lc) 
was not obtained in sufficient quantity to  give 
useful spectra, but on a material balance basis 
it may be considered to have an unsaturation 
approaching 1.5 double bonds/n~olecule. 

Although the results on H-lb and H-lc do 
not point to any specific mechanism, they are 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

MOLE % I 2  

FIG. 1. The effect of iodine on the dimer yield in the 
radiolysis of hexene-2. 
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I 
CH,=CH(CH2)3CH3 CH,-?H(CHz)3CHp ~ H Z - C H ~ ( C H ~ ) ~ C H ~  

2 

e- 
CGHII+ -> a (or b) 

2a (or b) -> diolefinic dimers 

compatible with a second kind of ion-molecule 
process [Ib] indicated by Chang et al. for 
hexene-1 dimerization. This process is considered 
(1, 5) to yield saturated dimers (such as 2) 
and diolefinic dimers in essentially equal 
amounts, and hence, quite apart from [Ia], to 
yield an average unsaturation of one double 
bond per dinler molecule. 

A possible coinpeting reaction involving the 
carbonium ion C6H1;+ in [tb], although not 
specifically identified in Kaufinan's mechanism 
(5), is that yielding n~onoolefinic dimer, 

protons as CH; -k=, 42.4% as CH; -&, 
8.3 % as -CH==CH- (cis and trans), and 
1.3% as -CH=CH2, the remaining protons 
being found in "saturated" and "unsaturated" 
methylene groups. From these spectroscopic 
data, the hexene-2 dimer was seen to have an 
average unsaturation of 1.2 double bonds1 
nlolecule, consisting of 1.0 vinylene, 0.2 vinyl, 
and negligible vinylidene units. 

Significantly, no trisubstituted double bonds 
(>C=CH-) were found in the hexene-2 dinler 
as attested by tlle absence of both the charac- 
teristic infrared absorption at 12.0-12.4 p and 
n.m.r. peak at 5.0 T. The lack of trisubstituted 

a (or 11) 4- C H ~ C H ( C H ~ ) ~ C H ~  -> rnonoolefinic diners, doubleA bonds definitely ruled out the contri- 
bution of ion-molecule mechanism Hal to the . - 

a reaction which would not affect, of course, dimerization of liexene-2 since that mecl~anisin 
the net monoolefinic. character of the dimer would yield structures c and d 
formed by [Ib].3 

(O) Hexene-2 
The silicone cl~romatogram for hexene-2 

dimes showed seven pealts w11icI1 could not be 
separated under even the most favorable 
practical conditions; thus we report data only on 
the spectra of the total dinleric product. The 
infrared spectrum showed a trans vinylenelvinyl 
ratio of 3.2 and a vinyl/vinylidene ratio of - 8, 
while the n.m.r. spectrum showed 7.3 % of the 

3This variation in [Ib] is necessary to account for the 
fact that the monoolefinic dimers are produced in excess 
of the amount indicated by meclianisrn [Ia] alone. TIlus, 
for example, out of the 60 % monoolefinic dimer formed 
in the radiolysis of butene-2 (3, only 25-30% was attrib- 
uted to mechanism [In], the balance presumably coming 
from [lb]. 

which on condensation with parent molecules, 
would lead to various monoolefin di~ners 
(typified by structure 3) containing just that type 
of double bond. 

CH3-C=CH(CH2),CH3 
I 

CH3CHlCH-(CH2),CH3 

3 

Evidence that ionic (or molecular) species 
nevertheless probably take part in the dimeri- 
zation of hexene-2 was obtained from experi- 
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ments involving iodine as free radical scavenger 
(13). Figure 1 shows that the scavenging effect 
reached a maximum at about 0.6 mole % 
iodine when the dimer yield dropped to about 
one third its value in tlie absence of iodine, 
and remained constant thereafter. These results 
signify tliat the precursors to about two tliirds 
of the dimer produced from hexene-2 are free 
radical in nature while the remainder are ionic 
(or n~olecular). It is quite possible that the 
unscavengeable precursors are of the carboiiium 
ion type depicted in meclianism [Ib]. That 
meclianism would lead to equimolar amounts 
of ionic and radical precursors, so that 
scavenging of the latter would reduce the dimer 
yield by lialf. The remaining scavengeable 
precursors of dimer (to make up the total of 
two tliirds scavenged) could be those radicals 
arising from process [R]. On this basis, we 
could imagine about 68% of the dimerization 
proceeding through [Ib] and 32% through [R]. 

This general picture is qualitatively supported 
by tlie fact that the average unsaturation of the 
hexene-2 dimer is 1.2 double bonds/n~olecule. 
Mechanism [Ib] yields an average unsaturation 
of one double bond, and meclianism [R] yields 
two double bonds, per dimer n~olecule, wliile 
both processes occurring at tlie same time would 
be expected to yield some intermediate unsatu- 
ration. The average unsaturation of 1.2 double 
bonds/dimer molecule can be taken, therefore, 
as suggesting that about 80 % of the dimerizatioii 
proceeds through [Ib] and 20% through [R], 
values which are not far off from those indicated 
by tlie scavenging experiments. At any rate, as 
noted earlier, mechanism [Ia] is definitely 
excluded as a route to llexene-2 dimer. 

(c) Hexene-3 
The silicone cliromatogram for hexene-3 

dimer showed five peaks, four of which could 
not be separated. The fifth peak, representing 
about 7 % of the dimer mixture, provided little 
inforiliation beyond the fact tliat it was com- 
pletely saturated. The observations on the 
Iiexene-3 dimerization were, therefore, based on 
the infrared and n.ni.r. spectra of the whole 
dimeric product. 

The spectral data can be summarized by 
stating tliat the infrared showed only vinylene 
(-CH=CH-) unsaturation and apparently 
no vinyl or vinylidene double bonds, wliile the 
n.m.r. indicated an average of 1.2 double 

bonds/dinler molecule (based on the olefinic 
proton peak at 4.7 T). These results indicate 
that the diinerization of hexene-3 is similar to  
that of liexene-2. Thus, as with liexeiie-2, tlie 
ion-molecule mecllanism [Ia] can be ruled out 
since the spectra show no evidence for the 
trisubstituted double bonds of structure 4 
required by that process. Moreover, the average 
unsaturation of 1.2 double bonds/dimer inolecule 
implies, just as with hexene-2, that the hexene-3 
dimer may be formed to a considerable extent 
(perhaps as much as 80%) by the ion-niolecule 
process [Ib], and also to some extent (- 20 %) 
by the radical process [R]. 

To sum up the dimerization of the n-liexenes, 
we see that the nonterniinal olefins (liexene-2 and 
-3) differ in their overall behavior from the 
terminal olefin (llexene-1) in tliat the latter 
probably dimerize by the ionic processes [Ia] 
and [Ib], with little or no contribution fronl 
[R], whereas the former probably dimerize by 
[Ib] and [R] with no contribution from [la]. 
This trend towards a much higher contribution 
of [Ib] compared with [Ia] as the double bond 
is moved fronl a terminal to a carbon-2 or -3 
position, exhibited by tlie n-hexenes, is in 
keeping with the findings of Kaufnlan for the 
radiolysis of butene-1 aiid buteiie-2 (5). In that 
work the analog of [Ia] is considered to occur 
to the extent of about 7 0 4 0 %  in the dinieriza- 
tion of butene-1 aiid to  about 25-30% in 
butene-2. It is interesting to note that according 
to recent work of Howtoil and Wu (14), when 
the double bond is located near the center of a 
rather long olefin molecule, ionic processes no 
longer contribute and the dimerization proceeds 
mainly by process [R]: thus, the dimeric liydro- 
carbon obtained froin the radiolysis of oleic 
acid (C,H,,CH=CHC,H,,COOH) is largely, 
if not entirely, diolefinic. 

This research was supported in part by the 
Air Force Materials Laboratory, Wrigllt- 
Patterson Air Force Base, Ohio, and in part by 
Stanford Research Institute. 
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Hameka theory of optical rotation 

D. A. HUTCHINSON 
Departrne~~t of Cl~ernistry, Queen's University, Kir~gstor~, 01ztario 
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Rosenfeld's formula, for off-resonance optical rotation, is derived by an alternative approach. The 
scattering amplitudes are determined for the scattering of right circularly polarized light and left circularly 
polarized light by a molecule. The calculation is carried out to the order of approximation which includes 
electric quadrupole and magnetic dipole terms. From the real parts of the forward scattering amplitudes 
the corresponding indices of refraction are determined for left and right circularly polarized light. Rosen- 
feld's formula then follows from the difference between the two refractive indices. 

Canadian Journal of Chemistry, 46, 599 (1968) 

Introduction cussion is restricted to molecules whose eround 

The first quantum mechanical discussion of 
optical rotatioil was provided by Rosenfeld (1); 
Rosenfeld's calculation used the semi-classical 
method where the molecules were treated by 
quantuill mechanics and the radiation field was 
treated by classical electromagnetic theory. The 
review article by Condon (2) describes a calcu- 
lation which is equivalent to Rosenfeld's. 

An optically active medium is one for which 
the respective indices of refraction n,(k,+) and 
n,(k,-), for left and right circularly polarized 
light, are different. This is referred to as circular 
double refraction. In terms of the difference 
between the refractive indices, the optical rota- 
tion (angle of rotation per unit length, 4(k)/l) is 

[I] 4(k) l l  = +k(nR(k,+) - ?zR(k,-)j. 
k is the propagation vector for the light; 
1c = 2r/X, where X is the wavelength. 

Condon's (2) calculation leads to the final 
result 

4(k) 4 r L ~ a k 2  ~ f i z  ( (gRn") .  (?z1'/i(g)) [a] ---- - - ---- 
1 3mc z- k;,..,-k2 

for dilute systeills where the mean index of 
refi-action is nearly unity. In the above equation, 
N is the nuillber of molecules per unit volunle, 
a = e'llic = 11137 is the fine structure constant, 
rrz is the electron mass, c is the velocity of light 
in vacuo, and is related to the energy 
difference between an excited molecular state 
In") and the ground state g )  by 

E,,,l - E, = fick,,..,. 

Finally and k are respectively the coordinate 
and orbital angular momentum operators for 
the molecule. Throughout this paper the dis- 

- 
state lg) is a singlet. 

If for no other purpose than an academic 
exercise, a calculation of optical rotation which 
treats both the molecules and radiation field 
quantum mechanically would be of interest. 
Hameka has performed such calculations for 
both optical rotation (3) and magnetic optical 
rotation (4). In these calculations, Hameka was 
primarily interested in the rotation spectra; the 
calculations employed the Heitler-Ma ( 5 )  per- 
turbation method. In his calculations, Hameka 
concluded that optical rotation is not physically 
meaningful at resonance. 

The work in this paper presents a different 
deduction of Rosenfeld's formula, eq. [2]; the 
description is limited to the off-resonance 
situation where optical rotation is physically 
meaningful. The forward scattering ainplitudes 
are determined for the scattering of right and 
left circularly polarized light by a n~olecule. The 
methods used are essentially those given in 
Dirac's book (6) for the theory of dispersive 
scattering. In fact only two refineinents are 
required. Firstly the method is made applicable 
to circularly polarized light and second it is 
extended to the approximation where e'"" is 
replaced by 1 + ik.r rather than simply unity. 

From the real parts of the forward scattering 
amplitudes fR(lc,&,g) for left and right circularly 
polarized light, the corresponding indices of 
refraction nR(lc,&) follow readily from the 
relation (7) 

A subscript R is used to indicate the real part of 
a quantity which in general can be complex; 
similarly a subscript I indicates the in~aginai-y 
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part. An outline of a derivation of eq. [3], based 
on dispersion relations, is given in the appendix. 

Once the refractive indices n,(k, +) have been 
determined, Rosenfeld's formula can be obtained 
with the use of eq. [I.]. The determinations of 
the forward scattering amplitudes, refractive 
indices, and Rosenfeld's formula are discussed 
in the next section. 

Scattering Amplitudes, Refractive 
Indices, and Rosenfeld's Formula 

An appropriate starting point for a discussion 
of scattering amplitudes is to consider a scatter- 
ing process for which the incident particle has 
momentum fik, the scattered particle has momen- 
tum fik', the scatterer is initially in its ground 
state Ig) and finally in a state 112'). The relevant 

scattering amplitude f(k'nr, kg) is defined by 

f (k'n', kg) = - (27rlfic) ' ~ ' ( k ' n '  ?'ikg'+' ), 

W' is the kinetic energy corresponding to 
momentum fik', Ik'n') is the state where the 
particle has momentum fik' and the scatterer is in 
the state In') . I kg(+))  is an outgoing solution of 
the Schrodinger equation describing the scatterer 
plus the particle plus the interaction PI; Ikg(+)) 
reduces to the state 1 k g )  as 6'1 tends to zero. 

The situation of interest is one where the 
scatterer is capable of emitting or absorbing 
particles. If the first Born approximation is used, 
and if matrix elements of involving a change 
of one particle are of first order whereas those 
involving a change of two particles are of second 
order, the scattering amplitude to second order is 

i 
[41 f(ktn',  kg) = - (27r/fic)WW' (k'n' 8'1 k g )  + t 

'n' vllOn")(On"l 8'1 k g )  (k'n'I8' kktn")(kk'n" 8' k g )  \ C (" - 
11" w A (E7p - E,)  w '  + (En!! - E,) ) $ .  

This result is valid for the off-resonance situation In this gauge, the interaction between an elec- 

W # E,pI - E, for all n". tron of momentum p and the radiation field is 

All that is required in order to make eq. [4] 
applicable to photon scattering is to include the 
polarization u in the state vector and to substitute 8' = - e ' 4 .p  - A  + ---A-. e3 *., 
the appropriate expression for the interaction PI. nzc 2mc2 

The gauge chosen for the radiation field is the 
one for which the magnetic vector potential A 
and the electrostatic potential 4 satisfy the If vector potential operator A in expressed in 
equations terms of the photon creation and annihilation 

operators ;,(k) and ; , t (k) ,  in Schrijdinger 
A = 0, div A = 0, 4 = 0. representationis 

[j] 
T^/' = (a4fi/2,m) C C ~ - ~ ( f , ( k ) e - ' ~ " $ , '  + f , ~ ( k ) e f k " $ , ) p ~ '  ( k )  + 

c k 

(fff i"g$m) C C C C k- . ;k'- i ( f , (k)e- ik"~, .  (k')e-lk"' e,.e,r + 
0 k 0' Ir' 

In the above equation, the adjoint of an operator e- = 2-;(el + i e ? ) ;  
is indicated by a dagger and p,(k) represents the 
density of states which is involved in the replac- the unit vectors e l ,  e2 and the propagatioil vector 

ing of a summation by an integration. e ,  = e,(k)  k are nlutually perpendicular. 
is a unit vector which describes the polarization. If eq. [51 is substitfted into eq. [4], and terms 

For left circularly polarized light up to first order in k.r  are retained, then 
I 

e+ = 2T5(el - i e3)  161 f (k'u'n', kug) = fo  (k'u'n', kug) + 
and for right circularly polarized light f l  (k 'u'~' ,  kug) , 
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HUTCHINSON: HAMEKA THEORY OF OPTICAL ROTATION 

'5 -$~J 
f (k'o'n', kog) = -a (nzc)-'k ',k - \mdd..,e,.. e;" + 

and 

in wllich ,i, = 1c-lk.;, etc. onward, it shall be understood that 
Now, in scattering problems the vector k' is 

restricted to a vector k(nlg) whose magnitude is kf = k(rzlg), 

[ ' I ]  
but in formulae the simpler symbol k' shall be 

k(7z'g) = k - k,l!,; retained so that the notation does not become too 
this restriction is essentially a consequence of the cumberson~e. The restriction eq. [7] allows 
law of conservation of energy. From this point fo(k'n'nr, kog) to be simplified to 

Since the details of this simplification are given First of all the result 
by Dirac (6) in a derivation of the Kramers- 
Heisenberg dispersion formula, there is no need ( ? Z ' ~ , ~ ~ ? Z ' ' )  = im~k , ,~ ,~~(n ' lR , .~~z")  
to repeat them here. Also, the methods are quite 
similar to those involved in the sin~plification of is applied to those matrix elements wllich only 
J;(k'o'nf, kog). If the restriction eq. [7] is imposed contain a single colnponent of the ~llomentuill 
on k ' ,  f i(k '~' lz ' ,  kog) can be simplified as follows. operator; this yields the equation 

t i .  

f ,  (k'o'n', kog) = a (lnc)-'~'~h-~\zfi(n' - k',, + kg,  lg)eut .e." + 

Next, the conlm~~tators [a,$,, i,,i.] = 2,[$u2gli] = -ifia,e,, . ej: 

[2,,$,,1, is] = a,, [I;,,-ig,] = - ;fi$,,e,, . e,* yield the identities 

C ((nlla,,$,,fIn")(."la,Jg) - (~~'1i,ln")(?z"l~,~$,~i. g ) )  = --ifi(n'l2,,lg)eU, -e;* 
11'' 

C ((1~'~?~$,Jn")(?z"/2,~-~Ig) - (n' 2,1iIn")(n" Ji ,$, lg))  = --ifi(n'l2,(g)eut -e,*, 
71" 
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which in turn lead to the following result for 
fi(kfa'n', kag) 

f1(k'u'~zf, kag) = -~y(mc)-'k' %' 
(n' 12,.$,ttJn")(n"2,g) + (n'12,,tlnf')(n" I h $ d g )  

71" k - k7Lllu 

Finally, the identities are used to express matrix elements of the forin 

(n' /2k,$,ttn") = +i?nck,,,,,, (n'12i~~-t,~tln") + ( ~ z ' ~ ~ @ , , t l n " )  in terms of matrix elements of the 
electric quadrupole and magnetic dipole oper- 

) (k ' - l k ' xe~ ' )  (n ' i n" )  ators. For left (+) and right (-) circularly 
(n' 21,$,17~") = $i~zck,~,,,,~ (~~ ' (~ tn2 ,n ' ' )  + polarized light,,fl(k'u'n', kug) becomes 

[9] fl(kfa'n', kag) = - iiak'"' 

For the purpose of determining refractive are required. Substitution of eqs. [8] and [9] into 
indices, only the forward scattering amplitudes eq. [6] yields the following expression for the 

forward scattering amplitudes 
f ( k f g )  = f ( k f g , k f g )  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HUTCHINSON: HAMEKA THEORY OF OPTICAL ROTATION 603 

In eq. [lo] and a number of the preceding ~ 1 2 1  f (kfg)  = 
equations the components of vector operators, 
which appear in the various matrix elements, are - 2 ak 2 i  c k n ~ ~ ~ g k l n " ) . ( n t ' k g )  

3 \,P k",,,,, - k' defined with respect to an external coordinate 
system. The components a"i of a vector operator, k ~ m ( ( g ( k ~ n ~ ) ( n ~ ~ L l g ) ) \  
with respect to an external coordinate system, are -c mc , I ,  k2n,,o - k2 -f . 
related to the colllponents a",', with respect to a Capital letters a r t  now used for the vector molecular coordinate system, as follows 

operators and L to indicate that the Euler 
angle average has been carried out; in other 

[111 di  = Bird;. words the summation is now over the vibronic 

The operators b,, act on the rotational part of 
the molecular state vector. The matrix elements 
of the operators B,, are derived by group 
theoretic methods in a paper by Casimir (8). 
Also the matrix element; of D,, can be worked 
out by employing the T type vector operator 
method of Condon and Shortley (9). 

Through the use of eq. [l l] ,  it is possible in 
eq. [lo] to sum over all the rotational states for 
each vibronic state so that one is left with just 
a suin over the vibronic states. For spherical 
top and symmetric top molecules, this procedure 
is not too difficult. However, asymmetric top 
molecules are a different matter, and it is the 
asymmetric top molecules which are of interest 
in optical rotation. For an asymmetric top 
molecule, it is convenient to use the less rigorous 
but more straightforward treatment: this is to 
replace a summation over the rotational states 
by an average over the Euler angles B+x which 
orient the molecular coordinate system e,' with 
respect to the external coordinate system e,. 

Only two results are required in order to 
average eq. [lo] over the Euler angles. Firstly, 
the Euler angle average of a product of two 
vector coinponents a,b,, defined with respect to 
the external axes, is 

(n+b+),, = $a . b. 

Second, the Euler angle average of a product 
of three vector coinponents a+b-co is 

If two or more of the vectors a, b, c are 
identical, the scalar triple product vanishes. 
Consequently, the Euler angle average of the 
electric dipole - electric quadrupole terms of 
eq. [lo] is zero. After averaging over the Euler 
angles, eq. [lo] becomes 

states alone. 
Substitution of eq. [12] into eq. [3] gives the 

refractive indices; if the refractive indices are 
then substituted into eq. [I], Rosenfeld's 
formula, eq. [2], then follows. 

Discussion 
The preceding calculations demonstrate that 

it is possible to obtain the Rosenfeld formula by 
a direct calculation of the refractive indices 
n,(kf) and n,(k-) in eq. [I]. The main 
advantage of this procedure is that the math- 
ematical manipulations are not too far re- 
moved from the physics of the situation. The 
refractive indices for left and right circularly 
polarized light are required and thus the corre- 
sponding forward scattering ainplitudes are 
determined. In addition, it is interesting to 
derive a well known result by an alternative 
method. 

The derivation of Rosenfeld's fornlula pre- 
sented in this paper, like the earlier derivations, 
shows up some of its limitations. Firstly, the 
independent particle model is used; the derivation 
of eq. [3] is based on the independent particle 
model (details are in the Appendix). Conse- 
quently Rosenfeld's formula is only applicable 
to low density gases and dilute solutions. The 
second limitation of Rosenfeld's formula is that 
the procedure of averaging over the Euler 
angles limits its applicability to situations where 
fine details, depending on the rotational states, 
are not important. Finally, the Rosenfeld 
formula is not valid at resonance. However, this 
is not a serious limitation as Haineka (3, 4) has 
pointed out that optical rotation is not a physi- 
cally meaningful concept at resonance. 

Acknotvledgments 
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3 weeks in Ottawa in June of 1967. During this For the situation in which the decrease in the 
time some useful information was gained from intensity of light passing through a sample is 
informal conversations with various people. In due entirely to scattering, the extinction coeffi- 
particular, the author expresses his thanks to cient ~ ( k )  is related to ~ , ( k )  and n,(k) by 
Dr. C. Z. Mavroyannis and Prof. H. F. Haineka 
for some stimulating discussions. E ( k )  = c)k?z, ( k )  = N u T ( k ) ,  

thus 
Appendix 

One means of deducing eq. [3] is by the dis- 
persion relations for the real and imaginary parts 
of both the forward scattering amplitude and the 
complex index of refraction. The real and imagi- 
nary parts of the refractive index satisfy the 
dispersion relations 

" x n I ( x )  
[All  ?zR(k) - 1 = 

R 
dx 

where P stands for the principal value of the 
integrals, and the real and imaginary parts of 
the forward scattering amplitude satisfy 

[A21 ( k )  - In (0 )  = ' p !:(') ., dX 
R x (x* - k - )  

The optical theorem ( lo ) ,  a consequence of the 
unitary property of the scattering matrix, relates 
the total scattering cross section u,(k) to the 
imaginary part of the forward scattering an~pli- 
tude as follows 

This result depends on the independent particle 
model for which it is assumed that the total 
scattering cross section for N molecules is equal 
to N times the total scattering cross section for 
one molecule. 

Now, substitution of eq. [A31 into eq. [All 
gives 

n R ( k )  - 1 = ~ N P  S x -- (x2 - k 2 )  d r ,  

from which eq. [3] follows with the aid of eq. 
[A2]. It is assumed that fR(0) - O for photon 
scattering. 
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Crystal structure of p-Cu2P207 

B. E. ROBERTS ON^ AND C. CALVO 
Depnrlmerrt of Pl~j~sics, McMaster Ulliversily, Hrrrl~illor~, 01ztario 

Received July 21, 1967 

The crystal structure of 8-Cu2P207 has been determined by X-ray methods. The crystals are monoclinic 
with n = 6.827(8) A, b = 8.118(10) A, c = 4.576(6) A, fl = 108.85(10)", Z = 2, and space group C2/rr1. 
This structure is analogous to that of the mineral thortveitite and the high temperature forms of the pyro- 
phosphates of Zn, Mg, and Mn. The cations are octahedrally coordinated to  oxygen atoms with equatorial 
Cu-0 bonds of 2.00 A and 1.94 A while the axial bond lengths are 2,58 A. The anion has inner P-0 
bonds of 1.542 A and average terminal bonds of 1.509 A. In addit~on to  the usual refinement with 
anisotropic thermal parameters, the structure has been refined In terms of a disordered structure 
generated from the low temperature a form of Cu2P207 This disordered model agrees as well with the 
data (R = 0.12) as the structure based on the thortveitite structure with large anisotropic motion assigned 
to the atoms. 

Canadian Journal o f  Chemistry, 46, 605 (1968) 

Introduction direction (5). This can be seen by the appearance 

A number of pyrophosphates, Mn2P207 (I), 
Zn2P207 (2), and Mg2P207 (3), are known to 
have the thortveitite structure (4) as their high 
temperature modifications. These compounds 
show linear P-0-P groups in the P2074- 
anion with cations having irregular octahedral 
coordination. The low temperature structures 
of this series have bent P-0-P bonds with 
some fraction of the cations lying in fivefold 
coordinate sites while the remainder are in 
sixfold coordinate sites. In a-Cu2P207 (5), the 
P-0-P bond anale is 157" with average 

of diffuse streaks through those non-extinct 
reflections with I odd which appears at about 
71 "C and gradually fades into the background 
(9). Thus it was deemed advisable to obtain an  
accurate resolution of the high temperature 
structure of Cu2P207 to determine, if possible, 
whether /3-Cu2P207 could be described as 
simply a disordered a-Cu2P207 structure. Since 
the transformation inecl~anisin of Cu2P207 
seenls to be the simplest, an understanding of 
it may provide a basis for the description of the 
transitions of the remainder of the series. - - 

equatorial cation: oxygen atom bond distances 
of 1.95 f 0.04 ,A and axial bond distances of Experimental 
2.322(6) -\ and 2.947(6) A. In a-Mg2P207 (6) Crystals of C u ~ P 2 0 7  were prepared from a melt of the 
the P-0-P bond angle is 144" with half the product obtained by the reaction, in aqueous solution, of 

cations having fivefold coordination and Na4P207 and Cu2SO4. Small green crystals were selected 
for use in single crystal studies and the remainder was 

remainder showing sixfold coordination. Coz- ground into a powder and used to determine accurate 
P2O7 (7) and Ni2P207 (8) at room telnperature lattice parameters. These together with the observed 
apparently are isostructures of a-Mg2P2o7. extinction conditions and other pertinent crystal data are 
Three unique anions are found in a-Zn2P207 (9) found inTablell. 

Data of the type h111 with 11 = 0 ,  1 ,  2, 3, 4, 5 and hkO 
P-o-P groups and 'lily 'I3 of were collected using MoKa radiation at 100 f 3 OC. The 

the cations show sixfold coordination. The former data was obtained from a crystal with dimensions 
~er t inent  features of these structures are sum- 0.10 x 0.10 x 0.05 mm3 and the shortest axis oarallel to 
hlarized in Table I. the axis of the Wcissenberg camera. The data were re- 

~~1 pyrophosp~lates lnentioned above, corded on film and the intensities were visually estimated. 
The Ilk0 data were obtained from a crystal of dimensions 

except for Mn2P207> have been 0.08 x 0.08 x 0.40 mm3 with the long axis parallel to  the 
manifest solid state phase transitions (10-12). c axis. These data were measured with a manual diffrac- 
a-Cu2P207 disorders by a mechanism involving tometer using a Geiger-Miiller tube detector. Dead time 

a randolll distribution of stacking faults of 112 corrections were determined and applied where necessary. 
As with the other structural analogues of thortveitite 

c in the packing of adjacent layers in '1'' a:': the X-ray extinctiolls limit the space group to one among 
C2, Cm, and C ~ / I ~ I .  Electron paramagnetic resonance 

lPresent address: Department of Chemistry, Cornell techniques have been used to  show that the space groups 
University, Ithaca, New York. in thortveitite (13), P-Zn2P7O7 (1 l ) ,  and 8-Mg2P207 (14) 
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TABLE I n 

Summary of data on pyrophosphate analogoes of thortveitite 5 
Transition Space Terminal 

Cornpound temperature ("K) a (A) b (A) c (A) Po group <P-O(P)> (a) <P-O> (A) P-0-P $ 

561 13.23 8.32 8.98 104.4 B21/cL 1.57 1.52 143" 
e 

a - C 0 2 P 2 0 ~ ~  o\ - 
aRefercnce 5. bRcferencc 3. CReference 6. d R e f c r c e  2. eReference 9. /Reference 1. OReCerence 7. &Referenee 6. w c?) 
iNon-standard unit cells have been chosen to preserve a simple relntionsh~p between the unit cell parameters of the high andlow temperature forms. a 
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ROBERTSON AND CALVO: CRYSTAL STRUCTURE OF ~ - c u ~ P ~ o ,  607 

TABLE I1 use with an IBM 7040 by J. S. Stephens. Weights, W, 
Crystal data 

p 108.85(10) 
z 2-4 
Systematic extinction hkl:  k + k odd 
Space group C2/m, Cm, or C2 
Linear absorption coefficient p = 100 cm-1 
Number of reflections 613 
Number measurable 371 

V h i s  number is approximate since it is based upon the room tem- 
perature density value. 

are C2/m by doping at low concentrations with para- 
magnetic ions. The nuclear magnetic resonance (n.m.r.) of 
P in U - C U ~ P ~ O ~  (5) has established the space group to be 
C2/c. This experiment in the temperature range where the 
p phase is stable shows only one resonance line with no 
angular anisotropy. This result is inconsistent with space 
group C2 and Cnz because of the lack of anisotropy as the 
direction of the magnetic field is changed relative to the 
crystalline axes and because only one site appears. The 
C2/m space group has been chosen for this refinement 
because of the n.m.r. results and because thortveitite and 
its analogues have been shown to have this space group. 

The atomic coordinates found for 0-Zn2P207 (2) were 
used as trial coordinates in a full matrix least squares 
refinement. The refinement was begun with individual iso- 
tropic temperature factors but the final cycles allowed full 
anisotropic variation of the thermal parameters. The 
program used was prepared at McMaster University for 

were chosen so that  WAF^ was independent of the 
magnitude of the observed structure factor, F, (15). Since 
data was taken by two different techniques separate co- 
efficients in the equation W-1 = C, + ClF, + C2F02 
+ C3F03 were used for each set of data and are listed on 
Table 111. Only 371 of a possible 613 independent reflec- 
tions were observed. The unobserved reflections were 
assigned zero weight in the least square refinement if their 
calculated value was less than the minimum observable 
value in that area of reciprocal space. The atomic 
scattering factors were taken from Volume I11 of the 
International Tables (16). The final 

value for the atomic parameters reported in Table I11 and 
thermal parameters in Table IV is 0.149 and the residual 

R2 = (cw F 0 2  - C w," 
is 0.120. The observed and calculated structure factors can 
be found in Table V. 

The structure consists of close packed double layers of 
oxygen atoms with cations distributed in 213 of the octa- 
hedral holes in a psuedo-hexagonal arrangement. These 
(Cu03), sheets run parallel to the ab plane and adjacent 
sheets are separated by P-0-P groups which lie above 
the empty octahedral site. Each side of the anion shares 
one oxygen atom with one sheet and two additional ones 
with the adjacent sheet. The cations are on a twofold axis, 

TABLE I11 
Atomic positions (estimated standard deviations in parenthesis) 

Point 
symmetry x /a Y /b z /c 

CU 2 0 0.312212) I 

- - -  . . . . 

These parameters have been determined by least squares refinement where W-1 = 3.708 + 0.320F - 
0.0356FZ + 0.00065F3 for the data taken with the counter and W-' = 32.75 - 2.943F+ 0.0688FZ+ 
0.00013F3 for the remainder of the data. 

TABLE IV 
Mean square atomic displacements (A2) x 104 (estimated standard deviations in parenthesis) 

ull t u22 u33 u12 u13 u2 3 

"Nan-positive definite. 
tThese values were obtained from 8 . .  = 2 ~ Z b . b . U ; ~  where 8 .  .'s appear as a temperature effect through exp 

$1  3 I % I  [-(pllhZ + 2plzhk . . .)] in the structure factor expression and bi are the reciprocal lattice vectors. 
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ROBERTSON AND CALVO: CRYSTAL STRUCTURE OF P-CU2P20, 

TABLE VI 
Bond distanccs and angles in p-CuzP2O7 (estimated standard deviations 

in parenthesis) 

Distances (A) 

Angles (") 
01-P-0 r I 
0,-P-Or1 r 

Angles subtended at terminal oxygen atoms by ligands (") 
CU(I)-OII-CU(~') 99 CU(I)-OIII-CU(~') 103 
Cu(1)-011-P 130 Cu(1)-0111-P 136 
Cu(1 ~)-O~I-P 130 CLI(~~)-OI~I-P 118 

Sum 359 Sum 357 

*Atom A' is related to atom A by the mirror plane through the origin. 

the central oxygen atoms at the intersection of a twofold 
and the mirror plane. The anion possesses a mirror plane 
containing the two phosphorus atoms and two oxygen 
atoms in addition to the central oxygcn atom. 

As has been found in p-Mg2P207 (3) and p-Zri2P207 
(2) the central oxygen atom which lies at  the intersection 
of the ~iiirror plane and the twofold axis shows enhanced 
thermal activity in the plane perpendicular to the P-P 
vector. In p-Cu2P207 the major component of vibration 
of this oxygen atom is along the b axis and of a magnitude 
of 0.3 A. The bond distances and angles found for this 
structure are listed in Table VI. 

X-ray photographs of Cu1P2O7 taken in the temper- 
ature range of 70 to 100 "C showed diffuse streaks 
emanating from those reflections characterizing the low 
temperature phase. Since the essential difference between 
the a and p unit cells is a doubled c axis in tlie a phase, 
these are the I odd reflections of this phase. Thesc streaks, 
discussed previously (5), were directed along n ' and grad- 
ually faded into tlie background upon raising the temper- 
ature of the crystal. This implies a one dimensional 
d~sorder describable as a stacking fault of 1 c in adjacent 
layers along a. The effect of disorders can be reproduced 
by minor relative rearrangements of the atom in adjacent 
layers and naturally leads to model for the p-phase where 
there is no correlation In the directions of these displace- 
ments between adjacent layers. In Fig. 1 the effect of one 
disordered layer in ~ - C L I ~ P ~ O ~  is shown and this structure 
is compared with the p-Cu2P207 structure. 

In order to test this model each atom was replaced by 
two half atoms, one half arising from the normal a- 
Cu2P207 structure and the other half from the a-Cu2P207 
structure with the origin translated by c. The position 
of each pair of atoms was described by a vector to their 
center of mass and the displacement of one of them froni 
this center of mass. The vectors were chosen so as to 
maintain the space group symmetry. Both halves of an 
atom were constrained to have the same isotropic temper- 
ature factor. When all the atoms were described in this 

manner it was found that the attempted refinement would 
not converge. The terminal oxygen atoms were then 
rcplaced by single atoms with an  anisotropic thermal 
ellipsoid and this model refined easily. The weight func- 
tions used are reported in Table VI. The final value of R1 
is 0.150 and the Rz value is 0.121. The final atomic 
parameters for the Cu, P, and Or atoms are compared 
with their positions in the a phase in Table VII. The 
origin of the a-Cu2P207 cell has been shifted to coincide 
with that chosen for p-Cu2P207 and the former structure 
refined with individual isotropic temperature factors. 

Discussion 
The structural features of P-Cu2P207 are 

similar to those found in the other analogues of 
thortveitite. The inner P-0 bond distance of 
1.542 A with an e.s.d. of 0.004 is slightly longe~ 
than the terminal P-0 bond distances, 1.516 A 
and 1.503 with e.s.d.'s of 0.015 A, but these 
differ by less than two standard deviations. If 
therillal corrections are applied the inner P-0 
bond distance will be increased by at least 
0.02 L% whereas the average terminal bond 
distances would be increased by at least 0.003 A. 
The three terminal oxygen atoms are related by 
an approxinlate threefold axis passing through the 
phosphorus atom to which they are bonded 
and nearly parallels the central P-O(-P) bond. 
The central oxygen atom shows high thermal 
activity, a feature common to these p phase 
pyrophosphates. In this case the major compon- 
ent of thermal motion is the boaxis. The amplitude 
of this colnponent is 0.35 :A compared with a 
value of 0.39 _A found for the displacement of 
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ROBERTSON AND CALVO: CRYSTAL STRUCTURE OF P-CU,P,O, 61 1 

FIG.  l a .  Three layers of the a-CuzP207 are shown in projection onto the a-c plane. The layer containing cross- 
hatched ato?ns has been disordered by introducing a stacking fault of + c. The disordered P-Cu2P207 is obtained by 
superlmposlng an order and disorder layer giving each atom a weight of -$. 

FIG. Ib. The atomic arrangement of p-Cu2P207 is shown projected onto the a-c plane. The filled circles represent 
phosphorus atoms whereas the large and small non-filled circles represent oxygen a t o m  and Cu ions respectively. 
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612 CANADIAN J O U R N A L  OF ( IHEMISTRY. VOL. 46, 1968 

this atom from the glide plane in a - C ~ l ~ P ~ 0 ~ .  
The temperature factor of O,,, is non-positive 
definite but not significantly so since U23 is just 
barely larger than U22 and U33. 

The Cu-O6 groups show large axial distor- 
tions in directions perpendicular to the b axis. 
The average equatorial Cu--0 bond distance is 
1.97 =t 0.03 A coinpared with 1.95 0.04 A in 
a-Cu2P207. The axial Cu-0 bond distance is 
2.58 ,& which is roughly the inean of the a phase 
bond distances of 2.322(6) A and 2.940(6) A. 
As can be seen in Table V1 the terminal oxygen 
atoins nearly lie in the plane generated by the 
phosphorus atom and two cations to which 
they are ligated. This feature has been noted 
previously (5). 

The structure refinement based upon the 
disordered model presents an interesting problem. 
Since the   nod el with anisotropic thermal motion 
attributed to each atom yields slightly better R1 
and R2 values than does the disorder model, we 
can ask to what degree does this better agree- 
ment reflect the additional variables in the former 
model. Hamilton (17) has shown that one can 
answer this question by examining the ratio of 
the R values for the two models. In the case at 
hand using the R2 values for observed reflections 
only, the anisotropic nlodel cannot be rejected 
as being the better model even at the 0.5 % level 
of confidence. If the R1 were used the aniso- 
tropic model can be rejected at the 10% level 
of confidence. The unobserved reflections were 
not used in this analysis because it is not clear 
how they should be treated. An additional and 
perhaps somewhat more significant test of the 
disorder inodel is how well the coordinates 
found correlate with those of a-Cu2P207. In 
general the coordinates are found to lie within 
three times the sun1 of the e.s.d. found for the 
atom parameters compared. They coordinate of 
0, is one of the few parameters which fall 
outside the range of this criterion and this would 

suggest that disordered pyrophosphate ion in 
the p phase has a slightly larger P-0-P angle 
tllan that found in a-Cu2P207. Of course there 
is no way of estimating the extent by which the 
molecular geometry deviates from its room 
temperature form disordering. It is unfortunate 
that the rather large errors as indicated by an 
R2 near 0.12 prevents a Inore minute examina- 
tion of the model. 

This work was supported by a grant from the 
National Research Council of Canada. Special 
thanks are extended to C. V. Stager and R. 
Atkinson for providing their n.1n.r. results on 
Cu2P207. 
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Chemistry of phosphorus fluorides. Part 111. The reaction of thiophosphoryl- 
fluoride with dimethylamine and some properties of the dimethylaminothio- 

phosphoryl fluorides1 

R. G. CAVELL 
Departliletlt of C l ~ e t ~ ~ i s t r j ~ ,  Utiiver'sity of' Alberta, Erln~ot~toii, Alberta 

Received April 6 ,  1967 

Di~ncthylamine reacts with thiophosphoryl fluoride with non-integral stoichiometry to yield the 
volatile conlpound dimethylaminothiophosphoryldifluoride and the solid products contained hexafluoro- 
phosphate and difluorodithiophosphate ions, and an unstablc complex ion containing phosphorus and 
fluorine. Thc reaction of dimethylaminotl~iophosphoryldifluoride with dimethylamine to form bis- 
(dimethyla~nino)thiophosphorylfluoride has also been studied. The solid residues of this reaction 
contained hexafluorophosphate and difluorodithiophosphate ions and an unidentified phosphorus-fluoride 
salt. Din~ethyla~ninothiopl~osphoryldifluoride did not complex with boron trifluoride but reacted with 
hydrogen halides to yield the halogenothiophosphoryldifluorides. Physical and spectroscopic data on 
the alkylan~inothiopl~osphoryl fluorides are reported. 

C a n a c l ~ ~ ~ n  Journal of Chemjstry, 46, 613 (1968) 

Introduction 
A variety of alkyl- and aryl-amiaothiophos- 

plioryl fluorides have been prepared from tlie 
appropriate amine and either thiopliosplioryl- 
fluoride or iiionochlorotliiophosplioryldifluoride 
(2, 3). In all cases the reactions were done in a 
solvent and were presumed to follow the equa- 
tion 

(I] SPF3 2R2NH + SPF2.NR2 R2NH2+F-, 

analogous to the behavior of phosphorus 
chlorides (4). Our previous studies have shown 
that tlie a~lii~iolysis reactions of phosphorus 
fluorides are not siiiiple analogues of the chloride 
reactions; for example dimethylamine reacts 
witli phosphorus trifluoride to yield the bijluo~.ide 
rather than the fluoride salt (5), 

[II] 2PF3 -' 3(CH3)2NH -) 2(CH3)2NPFz -1- 

(CH&H~ M F ~ ,  

and with pl~osplioryl fluoride (1) to yield the 
liexafluoropliosphate and difluorophosphate salts 
according to the equation 

[111] 4POF3 '- 4(CH3)2NH -) ~ ( C H ~ ) Z N P ( O ) F ~  + 
( C H ~ ) & H ~  P F ~  -1 ( c H ~ ) ~ G H ~  ~0zg2. 

The reaction of thiopliosphoryl fluoride witli 
dimetliylamine is also complex. 

Results and Discussion 
The Ar~iirzolysis of Tlziophosphor.yl Fluori~le 

In accord witli tlie behavior of phosphoryl 

1Part 11. ref. 1. 

fluoride, gaseous thiophosplioryl fluoride reacted 
immediately and exotliermally on contact with 
di~iiethylamine to form a white solid and volatile 
di~iietliylaminotliiophosplioryldifluoride. Instead 
of tlie equimolar stoichiometry observed (1) in 
the case of phosplioryl fluoride however, 1.3 
iiioles of dimethylamine reacted witli each mole 
of tliiopliosphoryl fluoride. Although this stoicli- 
ionietry is close to that expected for tlie forma- 
tion of bifluoride ion accordiiig to eq. [IV], 

the reaction is considerably Inore complicated. 
Small aiiiounts of hydrogen sulfide were also 
recovered in the volatile products. 

In the si~iiplest case (illustrated in Fig. lb) tlie 
residues were found to contaia the difluorodi- 
thiopliosphate (A) and hexafluorophosphate (C) 
ions, identified by comparison of the measured 
fluorine nuclear magnetic resonance (n.m.r.) 
parameters (Table I) witli the literature (6, 7). 
Also present in the spectra were two broad 
singlets (E, G) which rnay be due to fluoride or 
bifluoride ions or both. 

The priiicipal reaction therefore appears to be 
the analogue of the arniiiolysis of pliosplioryl 
fluoride (1). 

[V] 4(CH3)2NH -k 4SPF3 + 2(CH3)2NP(S)Fr -i- 
+ + 

(CH3)2NH2.PF, + (CH3)2NH2.PS2F?. 

Secondary reactions and decompositions may 
account for the observed non-integral stoichiom- 
etry. For example, the observed hydrogen sulfide 
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8000 CYCLES 

FIG. 1. Fluorine nuclear magnetic resonance spectra of acetonitrile solutions of the solid reaction residues from 
the reaction of dimethylamine with thiophosphorylfluoride. Spectra were measured at 56.4 Mcycles/s against an external 
(capillary) CC13F standard. (a) Freshly prepared solution of the residues of a low concentration reaction. (b) Freshly 
prepared solution of the residues from high concentration reactions or solution (a) after 24 h at room temperature. 
Parameters are given in Table I. 

TABLE I 

Fluorine n.m.r. data for solid residues from aminolysis 
of thiophosphoryl fluoridea 

Coupling 
constants 
(cycles) 

Chemical shift -- 
Line Description +(~ .p .m.  vs. CC13F) JI>-p JFF 

A Doublet +4.3 1146' - 
B Pair of doublets +22.0 909 48 
B' Pair of quintetso +71 .O 718 47 
C Doublet +73.0 707d - 
E Singlet $132 - - 
G Singlet $148 ( 1 5 )  - - 
aSpectra illustrated in Fig. 1. 
bOnly three central lines of quintet (intensity 1 :1.5:1) observed. 
cSIPF2-, see ref. 7. 
dPFi-, see ref. 6. 

may arise from arninolysis of the P-S unit. The 
presence of fluoride or bifluoride ion in the salt 
residues, in contrast to the an~inolysis of phos- 
phoryl fluoride where only the fluorophosphorus 
ions were observed in the salt products (I), may 
indicate incomplete formation of the pl~os- 
phorus-fluoride complex ions or decomposition. 

If the reaction was done under conditions of 
low reagent concentration, the residues con- 
tained, as illustrated in Fig. la, another species 
in addition to those already identified above. The 
multiplet patterns (B, B') are assigned to a single 
species because of the similarity of the small 
splitting within the individual parts of the multi- 
plet and because the whole multiplet disappears 
simultaneously when the solution is aged. The 
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CAVELL: CHEM~STRY OF PHOSPHORUS FLUORIDES. PART 111 615 

spectrum of the solution reverted to that illus- 
trated in Fig. lb upon aging and a black precipi- 
tate was formed. The species appears to be de- 
composing rather than reacting with the solvent 
because dry reaction residues, which initially 
gave the spectrum shown in Fig. la, decomposed 
slowly at rooin temperatures to form hydrogen 
sulfide and dimethylamine and the residues 
remaining after deconiposition gave the simple 
spectrum shown in Fig. Ib. The observed n.m.r. 
parameters of the B-B' multiplet are not consis- 
tent with any known phosphorus-fluorine species. 
They cannot be assigned to any species contain- 
ing P-H or P-N(CH3)2 functions because the 
hydrogen n.m.r. spectra showed only the reso- 
nances of the diinethylammonium cation. All of 
the line spacings are regular so the spectrum is 
probably first order. The B' component is best 
regarded as a doublet of quintets in view of the 
1 : 1.5 :1 intensity ratio of the three lines in each 
half, which is in better agreement with the 
expected 4:6:4 intensity ratio for the three central 
lines of a quintet than with the 1 :2:1 intensity 
ratio expected for a triplet. We suggest that the 
spectrum arises from the hexacoordinate SPF j2- 

ion with the structure 

in which the doublet of doublets (B) is due to the 
equatorial fluorine atoms (F,) split into a doublet 
by the phosphorus (J(P-F,) = 909 cycles) fur- 
ther split by the single axial fluorine atom (F,) 
(J(F,-F,) = 48 cycles) and the pair of quintets 
(B') is due to the resonance of the single axial 
fluorine atom split by pl~osphorus (J(P-F,) 
= 718 cycles) further split into a quintet by four 
equivalent equatorial fluorine atoms (J(F;,-F,) 
= 47 cycles). These values of axial-equatorial 
fluorine coupling and the two P--F coupling 
constants are similar to those reported (8) for the 
substituted fluoropl~ospllates CH3PF5- and 
C6HSPF5-. Conclusive assignment of the spec- 
trum is not possible in view of the approximate 
nature of our intensity data. The pentacoordinate 
SPF4- ion is a likely alternative although recent 
studies suggest that this would probably show 
only a simple doublet due to the 'pseudorotation' 
averaging process (9) rather than a resolved 
multiplet. 

The unstable complex fluorophospl~orus anion 
was obtained only under conditions of low 
reagent concentration probably because the exo- 
thermicity of the reaction can be dissipated 
effectively under these conditions. The complex 
ion may be a thermally unstable intermediate 
which eventually decomposes to l~exafluoropl~os- 
phate and difluorodithiophosphate ions. 

It seems reasonable to suggest that the amino- 
lysis reaction proceeds through the formation of 
dimethylammonium fluoride or bifluoride by 
means of an initial acid-base association of tliio- 
phosphoryl fluoride with dimethylan~ine followed 
by elimination of hydrogen fluoride from the 
complex. The complex fluoropl~osphate ions may 
be formed in a second step involving 'eaction 
between the fluorophospl~orus compound and 
fluoride or bifluoride ion. In the former case the 
SPF4- ion would be a likely intermediate ana- 
logous to our previous suggestion (1) of the 
POF4- ion as the intermediate ion in the 
aminolysis of phosphoryl fluoride. The latter case 
could lead to an ion such as SPF5'-, e.g. 

[VII] SPF3.(CH3)2NH 4- ( c H ~ ) ~ N H ~ , H F ~ - - +  

[(CH3)zNH2]l.SP F5?-. 

Fluoride salts have been reported to react with 
tl~iopl~ospl~oryl fluoride (see footnote in ref. 10) 
to yield the difluorodithiophosphate and hexa- 
fluoropliosphate ions but the intermediates are 
unknown. In the present case the internlediate 
may have been identified by the i1.m.r. spectrum 
but further studies must be undertaken before a 
definite conclusion can be reached. 

The aminolysis of dimethylaminotl~iopl~os- 
plloryldifluoride proceeds slowly, with equiinolar 
stoicliionletry, in contrast to the rapid spon- 
taneous reaction of thiophospl~oryl fluoride. 
Similar behavior has been observed in the 
aminolysis of dimethylamino-phosphoryldifluor- 
ide (1) and -difluorophosphine (5) and can be 
attributed to the increased basicity of the di- 
methylamino derivatives which inhibits the 
reaction by retarding the formation of the 
primary acid-base adduct of the phospl~orus 
fluoride with the ainine. 

The stoichiometry of the anlinolysis is equi- 
molar as in the case of the phosphoryl analogue 
(1) and the principal residual ions, identified by 
comparison of the fluorine n.m.r. parameters 
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I I I I I I I 1 I 

0' 2000 4000 6000 8000 CYCLES 
I I I I I 1 1 I I I 1 I I I I I 

I 
0 5 0 100 150 FIRM. 

FIG. 2. Fluorine nuclear magnetic resonance spectrum, measured at 56.4 Mcycles/s, of an acetonitrile solution of 
the solid residues resulting from the reaction of dimethylamine with dimethylaininothiophosphoryldifluoride. Pararn- 
eters are given in Table 111. 

obtained on the residues (Fig. 2 and Table 11) 
with the literature (6, 7), are the analogous 
difluorodithiophosphate (A), hexafluorophos- 
phate (C), and either fluoride or bifluoride (G) 
ions. In addition, however, a conlplex niultiplet 
(D, D') was observed which did not decompose 
over an extended period of time. As before the 
hydrogen i1.m.r. spectra show only the reso- 
nances duc to the din~ethylan~n~onium cation so 

TABLE 11 

Fluorine n.m.r. data for solid residues from aminolysis 
of dimethylaminophosphoryl fluoridea 

- ------ 

Coupling 
constants 
(cycles) 

Chemical shift --- 
Line Description 6 (~.p.m. vs. CC13F) JP-F JFF 

A Doublet +4.0 1150b - 
C Douhlet -t73.0 7OSr - - - 
D Pair of doublets -;- 70 .9 796 52 
D' Complex multipletd -79.0 740 ?" ?" 
G Broad, single line +I50 - - 
[~Spsctrum illuslrnted in Fig. 2. 
~JS,PF,-. see ref. 7. 
CPF,:, see ref. 6. 
dApparently second order since the spacing between ndjaccnt lines 

is irregul;~r. 
CA consiant scpnration of 740 cycles is observcd between e;ich cor- 

respondins line in the two hnlves of the D'  doublet. 

species containing P-N(CH3)2 and P-H func- 
tions can be excluded as well as all known 
fluorophosplior~~s anions. Since the spectrum 
appears to be second order we cannot assign a 
structure to the inultiplet without additional in- 
formatio~~ although the line spacing is reminis- 
cent of the hexacoordinate RPF5- ions (8). 

It is somewhat surprising that unusual corn- 
plex ions have been observed only in the ainino- 
iysis of the tl~iopliosphoryl compounds and not 
the phosphoryl conipounds, suggesting that 
species formed in the thiophosphoryl system are 
more stable. Conclusive identification of the 
species which give rise to the B-B' and D-D' 
muitiplets is necessary before coinplete under- 
standing of this system can be achieved. 

Properties of' the AlkylamitzotlziophospIzoryl- 
fluorides 

Dimetl~ylaininothiophosphoryldifluoride is a 
clear liquid with a foul odor. Its vapor pressure 
obeys the equation 

giving an extrapolated boiling point of 117", heat 
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of evaporation of 9530 cal/mole and a Trouton 
constant of 24.4. 

Dimetl~yla~ninotl~iopl~osphoryldifluoride has 
also been prepared by fluorination of dimethyl- 
aminothiophosphoryldicl~loride with antimony 
trifluoride at 70-80". Fluorination of the P=S 
group was not observed in contrast to the facile 
conversion of alkylpl~ospl~ine sulfides to the 
fluoropl~osphoranes by antimony trifluoride 
under similar conditions (10). The difference in 
fluori~lation reactions can be attributed to the 
substitution of electron-withdrawing substituents 
such as chlorine or fluorine for alkyl groups on 
tlle phosphorus (11). Various other fluorinating 
agents were also tried: potassium fluorosulfinate 
produced a mixture of the phosphoryl and thio- 
phosphoryl fluoride compounds and zinc fluoride 
gave a very low yield of impure dimethylamino- 
tl~iopl~ospl~oryldifluoride and no other volatile 
products. 

Hydrogen chloride and hydrogen bromide 
react slowly at room tenlperatures with dimethyl- 
aininotl~iophosphoryldifluoride (in contrast to 
the rapid reaction with dimethylaminodifluoro- 
phosphine (5)) to yield the halogenothiopl~os- 
phoryl difluorides in high yield according to the 
equation 
[VIII] (CH3)2NP(S)F2 -+ 2HX -+ XP(S)F2 i- 

(c I - I~)~&H~X.  

Previous reports of low yields from the analogous 
reaction with the diethylamino derivatives may 
b: due to the higher reaction temperatures used 
(3). 

Thiopl~ospl~oryl fluoride does not complex 
with boron trifluoride (12). We suggested above 
that the increase in basicity of the molecule upon 
substitution of a di~nethyla~nino group for a 
fluoride results in much slower reaction of the 
substituted molecule with basic reagents. It was 
of interest therefore to see if the increased basic- 
ity of dimethylami~~othiopl~ospl~oryldifluoride 
was sufficient to permit formation of a complex 
with boron trifluoride as has been demonstrated 
for din~ethylaminodifluorophosphi~le (5, 13). 
Boron trifluoride did not complex with dimethyl- 
aminothiophosphoryldifluoride, even at -78 "C, 
so neither the sulfur nor the nitrogen atom ap- 
pears to be an effective donor. The lack of basic- 
ity associated with the nitrogen atom, wllicl~ ap- 
pears to be the effective donor in dimethylamino- 
difluorophospl~ine (13), suggests that the lone 

ISPHORUS FLUORIDES. PART LII 617 

pair is delocalized onto the phosphorus, although 
we cannot exclude the possibility that stable 
complex formation is prevented by steric con- 
siderations. 

TABLE I11 
Nuclear magnetic resonance parameters for 

methylaminothiophosphoryl fluorides 
---- - .- 

Chemical shift 
T 1H vs. TMS 

(7 = 10.0) 6.67 7.42 
4 'W p.p.m. vs. CCI3F -1-51.6 +62.3 

Coupling constant 
(cycles) 

J(P-F) 
J(P-H) 
J(F-H) 

Partial mass spectra of the mono- and di- 
substituted alkylaminothiopl~osphoryl fluorides 
are given in Table IV and the n.m.r. parameters 
are given in Table 111. The hydrogen and fluorine 
n.m.r. spectra of dii~~ethyla~ninothiopfiospl~oryl- 
difluoride show a pair of triplets and a doublet of 
septets respectively as expected for first order 
spin coupling interaction of six equivalent Ily- 
drogens and two equivalent fluorine atoms with 
pl~osphorus. The hydrogen spectrum of bis(di- 
methy1amino)thiophosphorylfluoride showed the 
expected pair of doublets but the fluorine spec- 
trum showed only a pair of fairly broad lines 
with unresolved fluorine-hydrogen coupling. 

The infrared spectra of the two compounds, 
given in Table V, are similar to each other and to 
the pllosplloryl analogues. The assignments are 
based on-the analysis of the vibrational spectrum 
of diinethylaminodifluorophosphine (14) and the 
available data on alkylaminophosphoryll~alides 
(1, 15) and alkylaminotl~iophosphoryll~alides 
(15, 16). 

Dimethylaminothiophosphoryldifluoride does 
not have the absorption band a t  1365 cm-1 
which was assigned to the P=O stretch of the 
phosphoryl compound (1) and instead of two 
bands in the 950-700 cm-1 region there are 
three. There are four vibrational inodes to be 
assigned; the symmetric and antisynlnletric P F  
stretch, the P=S, and the P-N stretch. Since 
these vibrations may be mixed, particularly the 
last named which has been reuorted as a weak. 
easily mixed band (14), we can only make a tenta- 
tive assignment at present. The 910 cm-1 band is 
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TABLE IV 

Mass spectra of methylaminotliiophosphoryl fluoridesa 
- 

(CH~)ZNP(S)FZ [(CH3)~Nl2P(S)F 

nlle Rel. int. Assienment m le Rel. int. Assignment 

146 3.5 M + 1 isotope of parent 171 3 M + 1 isotope of parent 
145 74 C2H6NPS Fz 170 52 C4HlrNlPSF 
144 13 C2H5NPSF2 
143 tr" C~HANPSF, 137 8 C ~ H I I N Z P S F  
142 tr C2H3NPSF2 128 1 M + 2 isotope of 126 
130 1 CH3NSPF2 127 2 C2H7NPSF or 

M + 1 isotope of 126 
129 tr CHINSPFz 
128 1 CHNSPF, 126 18 C2HsNSPF 
126 2.8 CzHsNPSF, CNPSF2 
116 1 ? 95 3 M + 1 isotopc of 94 
115 tr NSPF2 94 100 C2HoNPF 
113 4 C2H6NPF2 93 1 C2145NPF 
112 100 C2H5NPFz 83 2 SPFH 
110 1.5 CzHlNPF2 
103 1 M + 2 isotope of 101 78 3 CHlNPF, N2PF 
102 2 SPFzH 
101 11 SPF? 65 2 NHPF 
98 1.5 CH3NPFz, CzNPF 
96 1.5 NPSF 63 1.3 SP 
94 1.5 C7Hr;NPF 

C;H;NPF 
N?S, SPFH 
S PF 
H2CNPF 
CzH6NP 
PF2 
PS 

CH3NP 

P F  

51 1 PFH 
50 0.5 PF 
45 4 C2H7N, NP 
44 91 C2H6N 
43 5 C?HzN 

uOnly "S mass assignments indicated. 
btr = trace. 

therefore assigned to tlie antisyinnietric and the 
858 cm-1 band to tlie symmetric P-F stretching 
motions leaving the 790 cni-1 band to be 
assigned to a vibration which is principally P=S 
stretching, noting, however, that tlie last two are 
probably mixed with the P-N stretch. 

Tlie spectrum of the monofluorothiophos- 
phoryl compound is similar to that of the 
difluoro analogue except for doubling of the 
1000 cm-1 absorption band into two strong 
absorption bands at 975 and 995 cin-1 respec- 
tively. Tlie band observed at 910 cm-1 in tlie 
difluoro comuound is not observed in the rnono- 
fluoro derivative. Instead absorption bands are 
found at 820 cin-1,765 cin-1, and 745 cm-1. The 

first is probably tlie PF stretcliing vibration and 
tlie second tlie N2P valence vibration cliarac- 
teristic of N2P compounds. Comparison of the 
spectra of bis(dimethylamino)tliiophosplioryl- 
fluoride with the phosplioryl analogue (1) indi- 
cates that the medium intensity band at 745 cni-1 
is unique to the thiopl~osphoryl compoulld and 
hence is reasonably assigned to tIie P=S stretch. 
Considerable mixing of vibrations may occur, 
however, which may require modification of 
tliese assignments (14). 

Experimental 
Standard vacuum techniques were used throughout. 

Infrared spectra were measured with Perkin-Elmer 421 or  
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TABLE V 

Infrared spectra of alkylaminothiophosphoryl fluorides* 
-- -- 

(CI-I3)zNPSF2 [ (CH~)~NIZPSF 
(gas) (film) Assignment 

3000 (w) 
2940 (s) 
2910 (sh) 
2865 (m) 

1313 (s) 

1 182 (s) 

1070 (w) 
1005 (s) 

9 10 (vs) 
858 (s) 

- 
620 (w) 
425 (m) 

3000 (w) 
2940 (s) 
2890 (m) I CH3 antisymmetric stretch 

2850 (m) 
2810 (m) , 

CH3 symmetric stretch 

1473 (sh) 
1458 is)' CHI deformation 

i302 (sf CH3 symmetric deformation ~~~~ ti' } Antisymmetric C-N stretch 
1060 (m) CH3 rocking 
'OoO (vs) ) Symmetric CINP stretch 
978 (vs) 
825 (vsj ' P-F stretch 

- - i See text 

765 (vs) PN? skeletal vibration 
745 (m) P=S stretch 
- 
- Symmetric PF2 deformation 

"All values given in cm-'. br = broad, w = weak, m = medium, s = strong, sh = 
shoulder, v = very. 

337 spectrophotometers covering the ranges 5000-600 
and 4000-400 cm-1 respectively. Hydrogen nuclear 
magnetic resonance spectra were measured with Varian 
HA100 or A60 instruments and compared with the tetra- 
methylsilane (7 = 10.0) reference. All fluorine n.m.r. were 
measured at 56.4 Mc/s with a Varian HA60 instrument. 
Mass spectra were measured with A.E.I. MS-9 double 
focussing spectrometer. Thiophosphoryl fluoride was 
prepared from zinc fluoride and thiophosphoryl chloride 
(100, 17). 

The Renctio~l of Tl~iopl~osphoryl Fl~roride with Dirnethyl- 
nrnilie 

(0) Dimethylamine (0.518 g, 11.7 mmoles) was added 
slowly to an equimolar quantity of gaseous thiophos- 
phoryl fluoride (1.404 g, 11.7 mmoles) at room tempera- 
ture in a 1 1 reaction vessel similar to that described pre- 
viously (5). A white solid precipitated immediately on 
mixing the gaseous reactants and a volatile liquid was also 
formed in the reaction. The reagents were allowed to mix 
thoroughly for approximately 1 h and then the volatile 
materials were withdrawn from the reaction vessel and 
fractionated to yield, in the most volatile fraction, an 
inseparable mixture of unreacted thiophosphoryl fluoride 
(0.337 g, 2.8 mmoles), identified by its infrared spectrum, 
and hydrogen sulfide (0.3 mmole), identified by its n.m.r. 
chemical shift (6). The consumption of thiophosphoryl 
fluoride by 11.7 mmoles dimethylamine was thus 8.9 
mmoles for a reacting ratio of amine/SPF3 of 1.311. The 
least volatile fraction, collected at -78", contained 
dirnethylaminothiophosphoryldifluoride, identified by 
molecular weight (M) (Found: M, 145. Calcd. for 
C2H6F2NPS: M, 145), analysis (Found: P, 21.10; S, 

22.15; F, 26.41; N, 9.63. Calcd. for C2H6F2NPS: P, 
21.34; S, 22.05; F, 26.2; N, 9.65%), and by measurement 
of the accurate mass of the molecular ion at 145 atomic 
mass units with the MS-9 spectrometer (Found: rn/e, 
144.9934. Calcd. for C2HsF2NP32S: mle, 144.9926). 

(b) In a second experiment, about 30 mmoles of thio- 
phosphoryl fluoride was combined with a 1.30 molar ratio 
of dimethylamine in the same reaction vessel. No un- 
reacted thiophosphoryl fluoride was recovered; the most 
volatile reaction product was identified as impure hy- 
drogen sulfide (0.028 g, about 0.6 mmoles). The only 
other volatile product obtained was dimethylaminothio- 
phosphoryldifluoride, identified by comparison with an 
authentic sample prepared earlier. 

The residual solid remaining in the reaction bulb after 
removal of the volatile reaction products was kept at 
room temperature for 4 weeks in the evacuated bulb. 
After this period of time it was found that the reaction 
bulb contained impure hydrogen sulfide, identified by 
molecular weight (Found: M, 38. Calcd. for H2S: M, 
34.0) and accurate mass measurement by mass spectrom- 
etry (Found: mle, 34.9875. Calcd. for H232S: m/e, 
34.9877). Dimethylamine was also identified as a minor 
constituent of the volatile products by its mass spectrum. 

(c) Several small scale experiments were done to provide 
samples of the solid reaction products for nuclear 
magnetic resonance studies. Gaseous dimethylamine and 
thiophosphoryl fluoride were combined in an equimolar 
ratio in a 100 cc reaction vessel. In each case unreacted 
thiophosphoryl fluoride was recovered (contaminated 
with hydrogen sulfide) in sufficient quantity to yield a 
reacting ratio of amineISPF3 of 1.311. A 0.5711 molar 
ratio of dimethylaminothiophosphoryld~uoride relative 
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to the amount of aminc taken was recovercd in each case. 
Reactions done on a 1 mmole scalc in the 100 cc vessel 
and those done in thc 1 I vesscl described abovc (section 0 )  
yielded solid residucs with the fluorine n.m.r. spectrum 
illustrated in Fig. lrr. Reactions done on a 5 mmoles scale 
in thc 100 cc vesscl gave solid residues with thc n.m.r. 
spectrum shown in Fig. I b. 

The solid residues were dissolved in carcfi~lly dried 
acetonitrile or dcuterated acetonitrile in vacuum by 
distilling 0.5 n11 of the solvent into thc reaction vessel 
after rcnloval of the volatile products. The residues 
appeared to dissolve quickly and co~ilpletely in acetoni- 
trile. The reaction vessel was then opened to a nitrogen 
atmosphere and the solution pipetted quickly into a n.m.r. 
tube containing a reference CC13F capillary, degassed, 
and sealed. The initial n.m.r. spectra wcre run within 2 h 
of the sample preparation. The rcsults are given in Fig. I 
and Table I. Rigorous exclusion of moisture from the 
solvent and apparatus was necessary during preparation 
of the residue solutions for n.m.r, studies otherwise 
additional doublet resonances due to the PO(S)F2- (18) 
and P02F2- (60) ions were observcd in thc spectrum. 

Tire Vnpor. Pre~srrrc of 
clif(rror.i~/e 

The vapor pressure was measured with a glass spiral 
microtensimctcr over thc range 0 to 68 "C. The data are 
given in the following table (descending temperature). 

t ("C) 20.5 26.8" 29.5 43.1 50.95 
P(n1m) 13.0 18.3 22.3 43.5 62.2 

t ("C) 51.4" 58.1 67.9 
P(n1m) 62.9 85.3 123.6 

Tire Re~riiotr of Ditrret/7j2/fltlrirre niit/r Dirtretlrj~lcrririrrot/rio- 
plrosl~lroq~lriif~toride 

(a) A ~nixture of dirnethyla~ninothiophosphoryl- 
difluoride (0.76 g, 5.23 mmoles) and 0.32 g (7.06 mrnoles) 
dimethylamine was heated to 80" for 6 11. Fractionation of 
the volatile products yielded, in the most volatilc fraction, 
unreacted dimethylamine (0.074g, 1.65 mmole) thus 
indicating a ratio of amine consunled to  dimethylamino- 
thiophosphoryldifluoride taken of nearly 1 :l. The least 
volatile fraction was bis(dimethylan1ino)thiophosphoryl- 
fluoride, identified by analysis (Found: P, 17.74; S, 18.30; 
F ,  10.56; N, 16.29. Calcd. for C4H1?FN2PS: P, 18.2; S, 
18.6; F, 11.2; N, 16.48) and mass measurement of the 
molccular ion with the MS-9 mass spectrometer (Found: 
t t~le,  170.0438. Calcd. for C J H ~ ~ F N ~ P ~ ~ S :  tr:/e, 170.0442). 
Bis(dinicthylamino)thiophosphoryl fluoride was not very 
volatile and appeared to react with mercury, thus the 
vapor pressure could not be determined accurately. The 
conlpound has a vapor pressure of approximately 1.4 mm 
at 27 "C. 

The while solid residue which remained in the reaction 
vessel was dissolved in acetonitrile in vacuum and trans- 
fcrred, in an atmosphere of nitrogen, to  a nuclear 
magnetic resonance tube which was then degassed and 
sealed in vacuum. The spectrum was obtained within a 
few hours of preparing the sample and again after several 
weeks at room temperatures. The results are given in 
Fig. 2 and Table 11. 

Flitor.irlntior~ of Dirileti~~~~flrrlirrot/riop/ros~~/ror.j~~r~ic/~~orir~e 
Dimethylaniinothiophosphoryldichloride was prepared 

as described in the literature (4) and chamcterized by 
n.nl.r. spectroscopy (19). 

(a )  Wiflr Potnssilrtn Fluorosulfit~nte 
Din~ethylaminothiophosphoryldichloride (25 g) was 

heatcd with 60 g KSO2F. Reaction began at 60'. The 
products were collected and identified by infrared and 
n.m.r. spectroscopy as sulfur dioxide, thiophosphoryl 
fluoride, din~ethylaminothiophosphoryldifluoride, and 
diniethylan~inophosphoryldifluoride, as well as traces of 
din~ethylan~inothiophosphorylchlorofluoride. 

(b)  Will1 Zir~c Flzroricle 
Dimethylaniinothiophosphorylclichloride (20 g) was 

heated to  80' for 3 h with zinc fluoride (50 g) in a sealed 
evacuated vessel. Fractionation of the volatile products 
yielded silicon tetrafluoride, thiophosphoryl fluoride, and 
a material of low volatility which could not be identified, 
but was not tlie desired dimethylaminothiophos11I1oryl- 
difluoride. The products were identificd by n.nl.r, and 
infrared spcctroscopy. 

(c )  Witlz Atrti~notry Triflrtoiide 
Antimony trifluoride (10 g) was slowly addcd to 5 g of  

dimethylaminothiophosphoryldichloride in an evacuated 
flask with stirring. No reaction was obscrved until the 
vessel was warmcd to 70-SO0, whel-eupon the reaction 
procceded smoothly. Fractionation of the products in the 
vacuum system yielded mainly dimethylarninolhiophos- 
phoryldifluoride plus a small amount of thiophosphoryl 
fluoridc impurity, both idcntified by infrared and n.m.r. 
spcctroscopy. 

Tire Renction of Dir~ret/r~/nti~itrot/riop/rosplror.yldijz~or~i~/e 
wit lr liyc/r.ogerr Clilor.icle 

Dimcthylaniinothiophosphoryldifluoride (0.200 g. 1.37 
nlmoles) was combined with hydrogen chloride (0.101 g ;  
2.78 mmoles) in a large bulb. N o  visible signs of reaction 
werc observed at room temperature even aftcr scveral 
hours, so tlie contcnts of thc reaction vesscl were trans- 
ferred to  a smaller sealed tubc whereupon visible signs of  
reaction appcared within 112 h at room temperature 
(probably because of the greater hydrogen halide pres- 
sure). Separation of the volatile products from the white 
crystalline solid yielded a trace of hydrogen chloride and 
0.173 g of chlorothiopl~osphoryldifluoride, identified by 
molecular weight (Found: M, 139. Calcd. for CIFzPS: M, 
136.5) and mass spectrometric measurement of the accu- 
rate mass of the parent ion (Found: n ~ l e ,  135.91 10. Calcd. 
for 35C1F2P32S: rtrle, 135.91 16). The yield was 1.27 nlmoles 
or 93 % of theoretical (eq. [VIII]). 

f i e  Reuctiorr of Din~et/rj~/rrtr1itrot/riop/rosp/ior3/r 
wiflr Hyclrogerl Bro)nide 

Dirnethylaniinothi~pl~ospho~yldifluoride (0.391 g, 2.7 
mmoles) was combined with excess hydrogen bromide 
(0.484 g, 6.0 mmoles) in a sealed glass anlpoule. Long 
white needle-like crystals formed within 15 min of warm- 
ing tlie vessel to room temperature and the reaction was 
co~npletc after 1 h. Separation of the volatile products 
yielded unreacted hydrogen bromide (0.042 g, 0.55 nirnole) 
corresponding to a consumption of 2.1 molcs of hydrogcn 
brornidc by each mole of dimethylaminothiophosphoryl- 
difluoride. The least volatile fraction was identified a s  
rnonbroniotliiophosphoryldifl~ioride by molecular weight 
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(Found: M, 178. Calcd. for BrF2PS: M, 181) and nlass 
spectrometry (Found: mle, 179.8609. Calcd. for 
79BrF2P32S: n~le,  179.861 1). 

Tlre Renctiorz of Dirnet l~lnr~~irrothiophospl~orylr l i f l  
with Bororl Tr~y~roride 

Dimethylaminolhiophosphoryldifluoride (0.1 34 g, 0.94 
mmole) was combincd with boron trifluoride (0.134 g, 
1.98 mmole) in a sealed glass ampoule and allowed to 
react at room temperature for 2 days. Fractionation of the 
volatilc materials through a -78 trap led to nearly 
quantitative (98 %) recovery of each of the starting mater- 
ials. The purity of the recovered reactants was verified by 
molecular wcight and infrared measurements. 

The author thanks Mr. G. Bigam and Mr. M. 
Hogben for their assistance in measuring the 
nuclear magnetic resonance spectra, Mr. A. I. 
Budd for ineasurement of the mass spectra, and 
the National Research Council of Canada 
(Ottawa) for financial support. 
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Hydrogenation of methylacetylene. ID. The reaction of methylacetylene with 
hydrogen catalyzed by nickel, copper, and their alloys1 

R. S. MANN AND K. C. KHULBE 
Departr~lent of Chetnical Engir~eering, Ur~iversity of Ottawa, Ottalsa, Carzada 

Received June 27, 1967 

The rcaction between methylacetylene and hydrogen over unsupported nickel, copper, and their alloys 
has been investigated in a static constant volume system between 20 and 220 "C for a wide range of 
reactant ratios. The order of reaction with respect to hydrogen was one and nearly independent of 
temperature. While the order of reaction with respect to methylacetylene over nickel catalyst was 
slightly negative and temperature dependent, it was always positive and nearly independent of teni- 
perature for copper and copper-rich alloys. Selectivity was independent of initial hydrogen pressure 
for nickel and copper only; for others it decreased rapidly with increasing hydrogen pressure. The 
overall activation energy varied between 9 and 21.2 kcal/g mole. Selectivity and extent of poly~llerization 
increased with increasing amount of copper In the alloy. 

Canadian Journal of Chemistry, 46, 623 (1968) 

Introduction 

Though recently several papers (1) have 
appeared describing the kinetics of catalytic 
hydrogenation of acetylene, very little has been 
reported about the kinetics of methylacetylene 
hydrogenation. Bond and Sheridan (2) studied 
the reaction of methylacetylene and hydrogen 
over pumice-supported nickel, platinum, and 
palladium metals. Recently, the kinetics of 
methylacetylene hydrogenation over supported 
and unsupported nickel have been reported by 
Manil and Naik (3) and over unsupported nickel, 
iron, and cobalt by Mann and Khulbe (4). In the 
present study, we have examined the hydro- 
genation of methylacetylene over nickel, copper, 
and their alloys. Here we report the kinetics of 
the reaction and the yields of propylene and 
propane over a wide range of conditions. 

Experimental 
The apparatus and experimental procedure were 

essentially the same as described by Mann and Naik (3). 
Homogeneous nickekopper alloys, pure nickel and 
copper powders, were prepared by the method of Best 
and Russell (5). The mixed basic carbonates (in case of 
alloys) or basic carbonates (for nickel and copper) 
precipitated by ammonium bicarbonate from their nitrate 
solutions (copper nitrate solution contained some acetic 
acid to avoid hydrolysis), containing the appropriate 
quantities of the nitrates, were dried a t  105 OC overnight. 
The basic carbonates were decomposed to the oxides by 
calcination at 600 "C in a muffle furnace, and then 
reduced in a hydrogen stream for 24 h at 400 "C. Methyl- 
acetylene and hydrogen were purified as described 
-- 

'Based on the paper presented at the Second Sympo- 
sium on Catalysis of the Canadian Institute of Chemistry, 
Hamilton, June 14-16, 1967. 

previously (4). Quantitative analysis of the products was 
carried out by means of a Fisher gas pnrtitioner as 
described by Mann and Naik (3) and slightly modified by 
Mann and Khulbe (4). 

X-ray analysis of the reduced nickcl-copper oxides 
showed that solid solutions closely corresponding to the 
expected composition were indeed formed. All the alloys 
contained no detectable free metal, and had face-centered 
cubic structure. The lattice constants and calculated 
compositions of these are given in Table I. These checked 
very well with the expected values within a reasonable 
accuracy. Surface areas of these catalysts as determined 
by B.E.T. method were less than 1 sq. m/g of catalyst. 

Results and Discussion 

(a) Pressure-Time Curves 
Bond (6) has classified the observed pressure- 

time curves for acetylene hydrogenation over 
nickel pumice. The kinetic form of these curves 
depended on (i) initial hydrogen/acetylene ratio, 
(ii) the order of admission of reactants, if added 
separately, and (iii) the pretreati'nent of the 
catalyst, if both the reactants added together. 
The pressure-time curves obtained in methyl- 
acetylene hydrogenation over pumice-supported 
and unsupported nickel catalyst have been dis- 
cussed in detail by Mann and Naik (3). In 
agreement with their findings for methylacetylene 
hydrogenation over nickel, supported and un- 
supported, the pressure-time curves observed 
over nickel powders in the present investigations 
consisted of two linear portions of different rates 
(Fig. 1, curve AFG, type IIA). In case of 
copper-catalyzed hydrogenation, the rate was 
nearly constant up to a pressure fall about equal 
to the initial methylacetylene pressure (Fig. 1, 
curve AB) for all hydrogen/methylacetylene 
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TABLE I 
Orders o f  reaction and activation energies for catalysts 

-- - -- 

Specific* 
Catdlyst 0, Calculated reaction Activation 

\\'t. Wt. of lattice composition rate energy Average order./. 
N catalyst parameter of copper Temp. (k x 102) (kcall 

in alloy (3 (A) in alloy range ( O C )  min-' mole) 111 12 

- - 

"k is specific reaction rate at 60 'C. 
t~iz and 11 are order of reaction with respecl to mcthylacctylenc and hydrogen respectively. 

ratios between 0.5 and 6. With nickel-copper 
alloys, for hydrogen/nlethylacetylene ratios of 
about one and less, the rate of pressure fall 
during the course of reaction was approximately 
proportional to the first power of the remaining 
hydrogen pressure until about 90% of the reac- 
tion has talten place (Fig. 1, curve ADE). When 
the initial hydrogen/methylacetylene ratio was 
more than one, a different form of pressure-time 
(Fig. 1, curve ABC) relation was observed. 
Curve ABC was conlprised of two linear regions, 
region AB in which the reaction was of first 
order, and region BC in which the rate of 
pressure fall accelerated. The acceleration point 
( -Apu)  is defined as the pressure obtained by 
extrapolating the linear portion of the first and 
second stage of the reaction. Recently similar 
type of behavior was observed by Bond and 
Wells (7) while investigating the kinetics of 
acetylene hydrogenation, over alumina-sup- 
ported platinunl catalysts. In the region AB, the 
main product of the reaction was propylene with 
little amoimt of propane, whereas after the rapid 
acceleration (region BC) the main process 
occurring was the further llydrogenaGon of 
propylene to propane. At higher concentrations 
of copper, the region BC was considerably 
reduced. The total pressure fall, observed for 
conlplete reaction, was about 6 % more than 
extrapolated from the stoiclliometric equation 
C3H4 + 2H2 = C3H8 on account of hydropoly- 
merization of illethylacetylene to higher hydro- 
carbons. 

( b )  The Dependence of Acriviry on Comj~osition 
of Nickel-Copper Alloys 

The hydrogenation of methylacetylene has 

been studied over seven different nickel-copper 
alloys. The results are summarized in Table I. 
The striking feature of these results is that the 
catalytic activity rapidly increases with the slight 
increase of copper content (up to 25 % Cu) in the 
alloy, and then decreases with the increasing 
copper content. Similar behavior was observed 
by Best and Russell ( 5 ) ,  in the hydrogenation of 
ethylene over nickel-copper alloys, in the 
copper-rich region. 

Time (min) 
A 10 20 30 

FIG. 1. Pressure-time curve. 
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(c) Orders oj'Reaction by the Initial Rate Method 
Using a fixed methylacetylene pressure (30 

min) and a wide range of hydrogen pressures 20 
(15-180 mm) order of reaction with respect to 
hydrogen (n) was determined at several tem- 
peratures. The order of reaction with respect to 16 
hydrogen over nickel-copper alloy in the region 
AB (Fig. 1) was always one (Table I) and 
independent of temperature. The reaction order 2 
with respect to methylacetylene (m) over nickel, 
copper, and their alloys was determined for a 
constant hydrogen pressure at 60 mm. The order 8 

of reaction with respect to methylacetylene was 
temperature dependent and became slightly 4 
negative with increased temperature. For pure 
copper and nickel-copper alloy (90% Cu), the 
order with respect to methylacetylene was half 
and nearly independent of temperature. Table I1 0 40 80  
shows the order of reaction with res~ec t  to Pressure of hvdroaen (mm) - - 
methylacetylene for and at dif- Rc. 2. Ap,li  vs. pH,, Ni:Cu = 50:50. P ,,,,,, = 30 
ferent temperatures. nlrn Hg. 

TABLE I1 
Order of reaction with respect to C3H1 (m) 

. -- 

Catalyst 

Nickel Copper 

Temp. Tenlp. 
("C) 112 ("C) 112 

72 0 181 0.47 
82 0 190 0.51 
90 -0.12 200 0.47 

100 -0.20 210 0.50 
11 I -0.22 220 0.46 

The positive order with respect to methyl- 
acetylene for copper, and the alloy containing 
90% copper, is due to the weaker adsorption of 
methylacetylene on the surface of the catalyst as 
compared with hydrogen. Recently Campbell 
and Ein~llett (8) studied the hydrogenation of 
ethylene on copper and found that the order with 
respect to ethylene was one and temperature 
independent between 140 and 200 "C, supporting 
the rcsults of Pease and Harris (9). A half order 
with respect to methylacetylene as coillpared to 
first order with respect to ethylene on copper 
suggests that the former is more strongly 
adsorbed on the surface than the latter. 

In the case of nickel-copper alloys for the 
region BC, where rate accelerates, when the rate 
of pressure fall (Ap,/t) was plotted against 
hydrogen pressure (Fig. 2), for several tem- 

peratures, straight lines intercepting the x-axis at 
approximately 30 inm of hydrogen were ob- 
tained, showing that for hydrogen/inethyl- 
acetylene ratios of one or less than one, second 
region BC would not be observed. 

(d) Depenclence of Acceleration Point (-Ap,) 
upon Experinlental Variables 

The acceleration point (-Ap,) decreased lin- 
early with increasing hydrogen pressures (Fig. 3). 
Since methylacetylene is more strongly adsorbed 
than propylene, any increase in the partial pres- 
sure of hydrogen or propylene would serve to 
secure the entry of propylene into the reactive 
layer, thereby accelerating the reaction (pro- 
pylene to propane) much earlier. In the tem- 
perature range 31-55 "C, the acceleration point 
showed a fairly linear relatioilship with increas- 
ing temperature and was given by the expression 

(-Ap,) = 42.7 - 0.57T, 

where T is in "C. 

(e) Temnperature Depenclence of Rate Constants 
Plots of loglo of specific rates against the 

reciprocal of absolute temperature were good 
straight lines over a wide range of temperature 
for all catalysts satisfying the Arrhenius equa- 
tion. The derived apparent activation energy is 
plotted against alloy compositioil in Fig. 4. The 
activation energy at first decreased with increas- 
ing copper content, passed through a minimum 
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Temperature (OC) 

FIG. 6 .  Selectivity vs. Temp. ("C). PC ,, = PI]? = 50 mm Hg. I, 0% Cu; 11, 10% Cu; 111, 20% CLI; IV, 50% Cu; 
V, 75 % CLI; VI, 90% Cu; VII, 100% c;.' 

acetylene hydrogenation (7) over alumina- 
supported platinum catalyst. However, it is not 
clear whether this is due to  a decrease in the 
surface coverage of hydrogen as the temperature 
is raised or to a genuinely higher activation 
energy for propylene desorption relative to 
hydrogen. For other alloys and pure copper, no 
appreciable amount of propane was formed, and 
the selectivity was independent of temperature 
(Fig. 6). 

( i )  Depenc?ence of Selectivity upon the Initial 
Pressures of Hyclrogen and lMethylacetylene 

Measurements were made of selectivity as a 
function of initial hydrogen pressure for a fixed 
initial pressure of methylacetylene (50 mm). 
Products were analyzed when the total pressure 
fall was equal to 20 mill. The variation of 
selectivity against initial hydrogen pressure is 
shown in Fig. 7.  Tlie selectivity was independent 
of initial liydrogen pressure for nickel, copper, 
and the alloy containing 10% nickel. For other 
alloys, the selectivity remained constant up to a 
certain pressure of hydrogen, beyond wliich it 

rapidly decreased with increasing hydrogen pres- 
sure. Similarly the variation of selectivity with 
methylacetylene pressure (Fig. 8) was deter- 
lnined for a fixed hydrogen pressure (50 m~n) .  
Though the selectivity slightly increased with 
increasing nlethylacetylene pressure for nickel, it 
was independent of methylacetylene pressures 
for copper and nickel-copper alloy containing 
90% copper. For other alloys, the selectivity 
rapidly increased with increasing inethylacetylene 
pressure up to pressures equal to the hydrogen 
pressure and then leveled off. 

( j )  Polymerization 
The extent of polynlerization increased as the 

copper concentration of the alloys was increased 
(Table IV). 

( I<)  Cor?~parison with the Res~dts o f  Previous 
Investigators and General Discussioils 

The kinetic study of Bond and Sheridan (2) 
for methylacetylene hydrogenation is limited to 
pumice-supported nickel, platinum, and palla- 
dium catalysts, and that of Mann and lUaik (3) 
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FIG. 7. Selectivity vs. P,,,. I, 0 %  CLI (67 "C); 11, 10% Cu (51 "C); 111, 20% Cu (60°C); IV, 50% Cu (57 "C); 
V, 75 % Cu (74 "C);  VI, 90% Cu (1 14 "C); VII, 100% Cu (173 "C). 

FIG. 8. Selectivity vs. PC,,,,,, PI,, = 60 mm Hg. I, 0% 
Cu (95 "C); 11, 10% CLI (85 "C); 111, 50% Cu (65 "C); 
IV, 75% CLI (74°C); V, 90% Cu (124 "C); VI, 100% CLI 
(173 "C). 

to pumice-supported and unsupported nickel and 
supported nietals of the eighth group only. 
Though Bond (6) has studied the pressure-time 
curves in detail for acetylene hydrogenation over 
different supported metals, no such curves are 
reported for metliylacetylene hydrogenation. 
Hence no direct comparison of this work can be 
made to Bond's or other published work. 

The kinetic form of tlie pressure-time curve 
depends on the nature and especially on tlie 
concentration of species in tlie reactive layer on 
the surface of the catalyst at tlie moment the 
massive reaction begins. In case of nickel cata- 
lyst, which had been previously reduced for 
about 24 h in a stream of hydrogen, the species 
of reactive layer were richer in hydrogen and the 
ad~nission of hydrogen or methylacetylene was 
not enough to nullify the effect of pretreatment 
of the catalyst. Hence pressure-time curve AFG 
(Fig. 1) similar to that obtained by Bond for 
acetylene hydrogenation (both reactants added 
together) over nickel was observed. In case of 
n~etl~ylacetylene hydrogenation over copper and 
alloys, the curve ABC (Fig. 1) similar to the one 
obtained by Bond and Wells (7) for acetylene 
hydrogenation over platinum-alurnina was ob- 
served. Tlie acceleration in the rate (region BC) 
is due to the inability of inethylacetylene t o  
maintain full coverage of the surface and actual 
competition by propylene becorning important 
as well. In this case, methylacetylene and pro- 
pylene both are cohydrogenating. 

A sudden increase in the activity of the nickel 
catalyst was observed on the addition of small 
amounts of copper. Tlie activity seemed to in- 
crease with small additions of copper (Fig. 9), pass 
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TABLE IV 
Effect of copper concentration on polynlerization (hydrogen = 46 mm, 

methylacetylene = 46 mm (room temp.), temperature = 83 "C) 

Pressure of products (mm Hg) 
% copper 
~n alloy Propane Propylene Methylacetylene % Polymers 

*Temperature = 173 O C ,  initial pressure hydrogen 

through a inaxiillum for about 25 % copper, and 
then decrease on further additions of copper. 
Several investigators (5, 12, 13) have observed a 
similar phenomenon. Bond and Mann (14) 
studied acetylene hydrogenation over nickel- 
cobalt and nickel-copper alloys. In case of 
nickel-copper alloys, they found that the energy 
of activation increased markedly with increasing 
copper concentration in the range 0-60 %, reach- 
ing a maximu~n at about 60%, but thereafter it 
did not change very much. Activity patterns were 
temperature sensitive, and indicated that at high 
temperatures d-band hole concentration deter- 
mined the activity, but at low temperatures the 
situation was more complex. Recently Campbell 
and Eminett (8), while hydrogenating ethylene 
on nickel-copper films, observed a minima in 
the activity-composition curve for an alloy 
containing approximately 25-35 % nickel. 

According to Beeck's (15) correlation between 
the catalytic activity of the metals and their 
lattice parameters, the activity of the series of the 
alloys would be expected to increase inarkedly 
between pure nickel and copper. Hall and 
Emmett (13), Gharpurey and Emmett (16), and 
Lyubarskii et al. (17) also observed marked 
increase in the catalytic activity in ethylene 
hydrogenation on nickel being alloyed with small 
amounts of copper. They attributed this to 
hydrogen exerting a poisoning effect on pure 
nickel. Takeuchi et al. (18) also observed that the 
catalytic activity of the metals in hydrogellatioil 
was directly related to their ability in absorbing 
hydrogen. Takai and Yarnanaka (19) observed 
that the ability of nickel metal to absorb hydro- 
gen increased with increasing amounts of copper 
with a maximum for an alloy containing about 
80% copper. It then decreased rapidly with 
further amouilts of copper. However, they did 
not observe any simple relation between the 
catalytic activity for the hydrogenation of maleic 

= mrtliylaeetylene = 40 nim at room temperature. 

Ol0 Cu in nickel 

FIG. 9. Activity VS. % copper in alloy. 

acid, acetone, and ally1 alcohol and the hydrogen 
content of nickel-copper alloys. 

Sachtler and Dorgelo (20) and Sachtler and 
Jongepier (21) studied the surface of nickel- 
copper alloy films prepared by evaporation, and 
subsequent annealing at 200 OC under ultrahigh 
vacuum. They measured work function and the 
phase compositions. They concluded that all the 
alloys of intermediate compositions, between 3 "/, 
and 80% copper, if equilibrated at 200 OC, will 
produce solids exposing the high copper phase 
of a given composition at the surface of the 
catalyst. The second phase (low copper con- 
centration) does not appear on the surface. They 
also found that whereas nickel and copper had a 
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work function of 5.1 and 4.66 eV respectively, the 
nickel-copper alloys containing 3 to 80 % copper 
had a work function of only 4.61 eV. Sachtler 
and Jongepier (21) appear to conclude a general 
similarity between the work function of their 
alloy fillns and the catalytic activity. The work 
of Best and Russell ( 9 ,  Campbell and Emmett 
(8), Alexander and Russell (22), and our own 
observations cast doubt on the general validity 
of the conclusions of Sachtler and Jongepier. 
Recently Toyosaburo (23) studied a number of 
nickel-copper catalysts prepared by different 
methods and suggested that this activity factor is 
due to the imperfection of the crystal. 

However, on the basis of the correlation of the 
activity with Pauling's (24) % &-character, the 
activity would be expected to decrease as copper 
is alloyed with nickel. As the d band is filled, the 
binding strength would decrease although a 
~naxiinum would be attained before the d band 
is coillpletely filled. 

FIG. 10. Idcnlized possible forms for the dependence 
of activity on con~position for nickel-copper alloys. 

Theoretically, there can be three possible 
forms of activity pattern, represented in an 
idealized illaniler in Fig. 10. In case of A (Fig. 
10A) there is a progressive decrease in the acti- 
vity as the concentration of holes in the d band 
[h,] falls until it becomes zero at 60% copper. 
Hydrogenation of styrene on nickel-copper 
alloys by Dowden and Reynolds (25) collforlns 
to this pattern. In case B (Fig. IOB), it is sug- 
gested that as the d band is filled, the binding 
strength decreases and the activity increases, 
reaching a inaxiin~~m before the band is com- 
pletely filled. This type of pattern has been 
observed by Couper and Eley (26) in the para 
hydrogen co~lversion 011 palladium-gold alloys, 
and in the present study. However, there inay be 
several other factors present. These opposing 
effects may lead to an earlier maximuill than 

CHEMISTRY. VOL. 46, 1968 

expected (at 60% copper). Case C (Fig. 10C) 
shows the effect if n(E) determines the activity, 
or if the activity is independent of the hole 
concentrations so long as there are soine holes in 
the d band. The results of Rienacker and 
Bommer (27) for the hydrogenation of ethylene 
on nickel-copper foils at 500 OC conforins to 
this pattern. 

Several other factors, besides those discussed 
in this paper, may also affect the catalytic 
activity of nickel-copper alloys. Although a 
tlleoretical interpretation of these results has not 
been coin~letelv established. it seems certain that 
changes observed in the activities of the alloys in 
the present investigations might be related to the 
hydrogen preadsorbed (or dissolved) on them. It 
has been observed that while the nickel-copper 
alloys reversibly adsorbed illany monolayers of 
hydrogen, pure copper and nickel were found to 
take up hydrogen hardly sufficient for two and 
one monolayers respectively. 

A detailed study of soine factors, such as 
structure of alloys, method of preparation of the 
catalyst, chemisorption on the surface of the 
alloys, are necessary to establish any firm inter- 
pretation for the maximum activity being at 25 % 
copper. There appears to be no direct relation- 
ship between electronic parameters and energy of 
activation. 
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Reactions of organotin compounds. VIII. The reactions of tin hydrides with 
perfluorovinyl silicon compounds 
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The reactions of trimethyltin hydride and dimethyltin dihydride with (CH3)3SiCF=CFZ and (CH3),- 
Si(CF=CF2)2 respectively have been investigated. Under thermal conditions, reaction led to organotin 
fluorides and fluorovinyl-silanes. However, under ultraviolet irradiation at 2 5 O ,  addition products were 
isolated of which (CH3)3SiCFHCF2Sn(CH3)3 and (CH3)3SiCF[Sn(CH3)3]CFzH were fully characterized. 
Evidence is presented which shows that these addition products are formed by a free radical process and 
that their decomposition to organotin fluorides and fluorovinyl-silanes proceeds 11io a b-fluorine elimina- 
tion. Spectroscopic data are presented for a number of new organo-silanes. 

Canadian Journal of Chemistry, 46, 633 (1968) 

Introduction 

In previous papers (1-4), we have described 
the behavior of organotin hydrides with un- 
saturated fluorocarbon derivatives of two types, 
firstly fluoro-olefins and secondly perfluorovinyl 
tin com~ounds.  For the reactions with fluoro- 
olefins convincing arguments were presented 
(1-3) that a free radical mechanism is involved 
in which the formation of radicals from the tin 
hydride is probably the rate-determining step. 
This is in agreement with other studies of tin 
hydride addition reactions (e.g. ref. 5), although 
it has been established (6, 7) that, under other 
circumstances, reactions of tin hydrides may 
occur via a polar mechanism. The process by 
which perfluoroviilyltin coinpounds are con- 
verted by tin hydrides to derivatives containing 
-CF=CFH, -CH=CF,, and -C,H,F groups 
(4) is even less fully understood. A free radical 
type behavior may well be involved either 
directly or alternatively though the addition of 
the hydride across the vinylic C=C bond, 
followed immediately by elimination of tri- 
methyltin fluoride or dimethyltin difluoride. The 
present study was undertaken in order to obtain 
further information on this process. By using 
perfluorovinyl silanes subtle changes can be 
made in the nature of the vinylic C--C bond, 
not only because of differences between the 
inductive effects of, say, R,Si and R,Sn groups, 
but also because of variations in dn-pn inter- 
actions in the M-C--C group (8, 9) when M is 
changed from Sn to Si. 

Discussion 
The conversion of perfluorovinyl to fluoro- 

vinyl groups with the accompanying formation 

of R,SnF or R,SnF, results from the reaction 
of organotin hydrides with perfluorovinyltin 
derivatives (4). There was no evidence that addi- 
tion compounds were formed, even as transient 
intermediates, even though such addition has 
been observed (9) in the reaction of triphenyltin 
hydride and triphenylvinyltin to give 1,2-bis- 
(triphenyltin) ethane. Similarly, triphenyltin 
hydride adds across the C==C bond of vinyl- 
silanes very readily (9). 
(CGHS)3SnH -I- CH2=CHSi(CoHs)a 

-> (CGHS)3SnCH2CH2Si(CGHS)3 

However, no evidence was provided which 
would distinguish between the two possible iso- 
mers, that above and (C,H,),SiCH[Sn(C,H,),]- 
CH,. Addition reactions of perfluorovinyl- 
silanes are also known, although frequently the 
elimination of a fluoride occurs readily. Thus 
triphenylsilyllithium adds to (C,H,),SiCF= 
CF, and the resulting adduct loses lithium 
fluoride (10). 
(C2HS)3SiCF=CFZ + (CGH5)&Li 

-> (CZH5)3SiCF=CFSi(CGHs)3 4- LiF 

These are also the features of the reactions of 
organotin hydrides with perfluorovinyl-silanes. 

Trimethyltin hydride did not react with 
(CH,),SiCF=CF, at room temperature, even 
over a long period, but at 55" reaction occurs 
readily with the deposition of trimethyltin 
fluoride and formation of fluorovinyl-silanes, 
notably (CH,),SiCH=CF,, cis-CFH=CFSi- 
(CH,),, trans-CFH=CFSi(CH,),, and (CH,),- 
SiC,H2F, these being listed in the order of 
decreasing yield. This may be compared with the 
analogous reaction of the hydride with (CH,),- 
SnCF=CF2 (4) where very little reaction 
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Si(CF=CF2)2 respectively have been investigated. Under thermal conditions, reaction led to organotin 
fluorides and fluorovinyl-silanes. However, under ultraviolet irradiation at 2 5 O ,  addition products were 
isolated of which (CH3)3SiCFHCF2Sn(CH3)3 and (CH3)3SiCF[Sn(CH3)3]CFzH were fully characterized. 
Evidence is presented which shows that these addition products are formed by a free radical process and 
that their decomposition to organotin fluorides and fluorovinyl-silanes proceeds 11io a b-fluorine elimina- 
tion. Spectroscopic data are presented for a number of new organo-silanes. 

Canadian Journal of Chemistry, 46, 633 (1968) 

Introduction 

In previous papers (1-4), we have described 
the behavior of organotin hydrides with un- 
saturated fluorocarbon derivatives of two types, 
firstly fluoro-olefins and secondly perfluorovinyl 
tin com~ounds.  For the reactions with fluoro- 
olefins convincing arguments were presented 
(1-3) that a free radical mechanism is involved 
in which the formation of radicals from the tin 
hydride is probably the rate-determining step. 
This is in agreement with other studies of tin 
hydride addition reactions (e.g. ref. 5), although 
it has been established (6, 7) that, under other 
circumstances, reactions of tin hydrides may 
occur via a polar mechanism. The process by 
which perfluoroviilyltin coinpounds are con- 
verted by tin hydrides to derivatives containing 
-CF=CFH, -CH=CF,, and -C,H,F groups 
(4) is even less fully understood. A free radical 
type behavior may well be involved either 
directly or alternatively though the addition of 
the hydride across the vinylic C=C bond, 
followed immediately by elimination of tri- 
methyltin fluoride or dimethyltin difluoride. The 
present study was undertaken in order to obtain 
further information on this process. By using 
perfluorovinyl silanes subtle changes can be 
made in the nature of the vinylic C--C bond, 
not only because of differences between the 
inductive effects of, say, R,Si and R,Sn groups, 
but also because of variations in dn-pn inter- 
actions in the M-C--C group (8, 9) when M is 
changed from Sn to Si. 

Discussion 
The conversion of perfluorovinyl to fluoro- 

vinyl groups with the accompanying formation 

of R,SnF or R,SnF, results from the reaction 
of organotin hydrides with perfluorovinyltin 
derivatives (4). There was no evidence that addi- 
tion compounds were formed, even as transient 
intermediates, even though such addition has 
been observed (9) in the reaction of triphenyltin 
hydride and triphenylvinyltin to give 1,2-bis- 
(triphenyltin) ethane. Similarly, triphenyltin 
hydride adds across the C==C bond of vinyl- 
silanes very readily (9). 
(CGHS)3SnH -I- CH2=CHSi(CoHs)a 

-> (CGHS)3SnCH2CH2Si(CGHS)3 

However, no evidence was provided which 
would distinguish between the two possible iso- 
mers, that above and (C,H,),SiCH[Sn(C,H,),]- 
CH,. Addition reactions of perfluorovinyl- 
silanes are also known, although frequently the 
elimination of a fluoride occurs readily. Thus 
triphenylsilyllithium adds to (C,H,),SiCF= 
CF, and the resulting adduct loses lithium 
fluoride (10). 
(C2HS)3SiCF=CFZ + (CGH5)&Li 

-> (CZH5)3SiCF=CFSi(CGHs)3 4- LiF 

These are also the features of the reactions of 
organotin hydrides with perfluorovinyl-silanes. 

Trimethyltin hydride did not react with 
(CH,),SiCF=CF, at room temperature, even 
over a long period, but at 55" reaction occurs 
readily with the deposition of trimethyltin 
fluoride and formation of fluorovinyl-silanes, 
notably (CH,),SiCH=CF,, cis-CFH=CFSi- 
(CH,),, trans-CFH=CFSi(CH,),, and (CH,),- 
SiC,H2F, these being listed in the order of 
decreasing yield. This may be compared with the 
analogous reaction of the hydride with (CH,),- 
SnCF=CF2 (4) where very little reaction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



634 CANADIAN JOURNAL OF ( :HEMISTRY. VOL. 46, 1968 

occurred after 18 11 at 70". When the hydride and 
the perfluorovinyl-silane were irradiated at room 
temperature, a high yield of the two possible 
addition products, (CH,),SiCFHCF,Sn(CH,), 
and (CH,),SiCF[Sn(CH3),]CF2H, in the ratio 
3:2 was obtained, with virtually no forination of 
trimethyltin fluoride. Although this mixture is 
stable at room temperature for a short period, 
trimethyltin fluoride is rapidly deposited to leave 
(CH,),SiCH=CF, and cis-CFH=CFSi(CH,), 
in a 2:l ratio. This latter ratio, together with the 
above ratio of the addition products, clearly 
indicates that (CH,),SiCH=CF, has been 
formed from the adduct (CH,),SiCFHCF,Sn- 
(CH,),, and cis-CFH=CFSi(CH,), from the 
other adduct (CH,),SiCF[Sn(CH,),]CF,H, in 
both cases by a p-fluorine eliillination leading 
to the formation of trimethyltin fluoride. The 
reasonable nature of this type of eliinination can 
be readily established by the use of molecular 
models, from which it can be seen that the p 
orbitals of the p-fluorine are directed more 
toward the tin than are the p orbitals of the a- 
fluorine, and that the Sn-FI, distance is the 
smaller. This evidence for p-elimination is 
particularly significant with respect to the 
addition of fluoro-olefins across metal-metal 
bonds. We have previously shown, for example, 
that trifluoroethylene (1 1) reacts with (CH,),- 
SnMn(CO), to give trimethyltin fluoride and 
cis- and trans-CFH=CFMn(CO),. The simi- 
larity of the hypothetical addition product 
(CH,),SnCFHCF,Mn(CO), to the present addi- 
tion compounds, and the above evidence for 
p-elimination, strongly suggest that the same 
type of process is involved in all these reactions, 
as has been suggested by Booth (12). The alter- 
native process would be an a-elimination 
followed by a fluoride ion migration (13), which 
seems much less likely from energetic grounds 
alone. 

The isolation of these addition products under 
ultraviolet irradiation can be compared with the 
products formed in the irradiation of trimethyl- 
tin hydride with trimethyl (perfluorovinyl) tin 
(4). In the latter case, no addition compounds 
were isolated, only the fluoroalkyl derivatives, 
cis- and trans-CFH=CFSn(CH,),, (CH,),- 
SnCH=CF,, and (CH,),SnC,H,F, and tri- 
methyltin fluoride, but it now seems very 
probable that these resulted from a P-fluorine 
elimination of trimethyltin fluoride from un- 

stable addition products. Moreover, the fact that 
in this latter case the principal product was cis- 
CFH=CFSn(CH,),, in contrast to (CH,),- 
SiCH=CF2 for the silane reaction, is further 
support for the p-fluorine elimination process. 
The hypothetical products (CH,),SnCFHCF,- 
Sn(CH,), and [(CH,),Sn],CFCF,H can both 
give cis-CFH=CFSn(CH,), by such an elimina- 
tion, while for the silane only P-fluorine eliinina- 
tion from (CH,),SiCF[Sn(CH,),]CF,H can 
give cis-CFH=CFSi(CH,),. 

There remains the question of the mechanism 
by which the tin hydride adds across the vinylic 
C=C bond. As mentioned above, there is good 
evidence that tin hydride additions to olefins 
proceed via a free radical mechanism (4, 5). One 
argument supporting this is the fact that free 
radical sources readily initiate these additions at 
room temperature (5). In the present case, 
therefore, the addition of trimethyltin l~ydride 
to (CH,),SiCF=CF, in the presence of azobis- 
isobutyronitrile as a free radical source (5) was 
studied. The saine mixture of addition products 
was isolated, in approximately the same ratio, 
although for extensive reaction, a temperature of 
50" was necessary so that reasonable yields of 
the fluorovinyl decomposition products were 
also obtained. It  seems that azobisisobutyro- 
nitrile certainly initiates the addition process 
although less effectively than for other olefins 
(5). This is consistent with the generally lower 
reactivity of the perfluorovinylic C - C  bond. A 
similar reaction in which the effect of hydro- 
quinone on the formation of the addition 
product was studied likewise led to a high yield 
of the addition products. This supports earlier 
statements (14, 15) that hydroquinone does not 
inhibit addition reactions of tin hydrides. A 
more effective inhibitor was found to be "gal- 
vinoxyl" (16) which, even in the presence of 
azobisisobutyronitrile, completely quenched the 
addition reaction. This contrasts with other 
reactions of tin hydrides (7, 17) where "gal- 
vinoxyl" had no effect on the rate of the addition 
reaction, but leaves no doubt that these additions 
to C==C bonds are indeed free radical processes. 

The behavior of dimethyltin dihydride with 
(CH,),SiCF==CF, was next investigated. At 
60°, little reaction occurred, but under ultra- 
violet irradiation at 25", there was extensive 
conversion to dimethyltin diiluoride and the 
fluorovinyl-silanes, with (CH,),SiCH=CF, again 
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being the major volatile product. In view of the 
greater reactivity of dimethyltin dihydride com- 
pared with trimethyltin hydride, and also of 
their probable structures, it is not too surprising 
that the addition compounds were not isolated. 
A further obvious extension was to examine the 
reactions of dimethylbis(perfluoroviny1)silane 
with organotin hydrides, particularly since with 
dihydrides cyclic compounds might result similar 
to that obtained (18) from diphenyltin dihydride 
and phenylacetylene. Trimethyltin hydride and 
(CH,),Si(CF=CF,), did not react at room 
temperature and only very slowly at 55". Ultra- 
violet irradiation at 25" gave as the major 
product an involatile liquid identified spectro- 
scopically as a mixture of the addition products 
1, 2, and 3. 

CH3 CFHCFZSn(CH3)3 
\ / 

Si 

The mixture was unstable at room temperature, 
slowly depositing trimethyltin fluoride; nor was 
it possible to separate individual compounds 
from the mixture chromatographically due to 
this instability. 

In  the presence of azobisisobutyronitrile, 
trimethyltin hydride and (CH,),Si(CF=CF,), 
at 55" gave more of the above addition products 
although some trimethyltin fluoride and volatile 
silanes containing -CF=CFH (cis and trans), 
-CH=CF,, and -C,H,F groups were formed 
in low yield. Similarly, dimethyltin dihydride 
and (CH,),Si(CF=CF,), did not react exten- 

sively at room temperature, but at 55" or under 
ultraviolet irradiation at 25", considerable 
amounts of dimethyltin difluoride and volatile 
silanes containing -CF=CFH, -CH=CF2, 
and -C2H2F groups were formed. In neither 
case could any addition product be separated or 
detected. 

As in our previous study (4), considerable use 
was made of spectroscopic methods in charac- 
terizing new products, since fluorovinyl com- 
pounds have very characteristic infrared and 
nuclear magnetic resonance (n.m.r.) features. 
The trimethyl- and dimethyl-fluorovinyl silanes 
are completely analogous to the fluorovinyltin 
compounds described previously (4) and it is 
only necessary to list the data in Tables I and 11. 
The characterization of the addition products of 
trimethyltin hydride and (CH,),SiCF=CF, is 
based on the n.m.r. spectra which are shown in 
Fig. 1 (proton spectrum) with the numerical 
data tabulated in Tables I11 and IV. The proton 
spectrum clearly shows the presence of two com- 
pounds, each of which gives a con~plex pattern 
of eight lines in addition to signals from the 
methyl-Si and methyl-Sn protons. The two sets 
of eight lines can be attributed to the two ethane 
protons of ACmF2CpFHB and ABCPFCaF ,~  
molecules, where the non-equivalence of the two 
a-fluorine atoms arises from the fact that there 
are three different substituents on the P-carbon 
atom. Hence the protoil spectrum for each 
protoil is of the ABX pattern. The spectra of 
closely related compounds have been discussed 
in considerable detail (19, 20), and hence a full 
analysis of the proton and lgF spectra is not 
given here. Each set of eight lines in the proton 
spectrum could be attributed to the signal of the 
ethane proton, split successively tl~ree times into 
doublets by coupling with the three non- 
equivalent fluorine nuclei. For one molecule, the 
coupling constants, JH-,, were 62, 56, and 10 
c.p.s. respectively and for the other 37, 44, and 
10 respectively. For the proton of a -CF,H 
group, where the two fluorines are not equivalent, 
coupling constants of 55-65 c.p.s. are normally 
observed (e.g. ref. 21) while the second set of 
values is consistent (19) with the group 
-CFHCF2-. The proton spectrum is thus 
interpreted in terms of a mixture of (CH,),- 
SiCFHCF,Sn(CH,), and (CH,),SiCF[Sn- 
(CH,),]CF,H in a ratio of 3:2. From closely 
coincident values of H-F coupling constants it 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I 
Proton n.m.r. assignments for perfluorovinyl and fluorovinyl silanes 

- - 

\F 
quartet 

F 
(cis) 

- - 

quartet 
F 

(CH3)Si 

(cis) 

-0.04 -3.18 - 7 40 
quartet 

Not -6.2 82 6 96 
distinguished quartet 

-5.4 
quartet 

--0.14 -5.95 74 - 21 
quartet 

(CH3)~Si 

-0.21 -6.14 74 15 - 
quartet 

(trotzs) 

(CH3),Si 

-0.05 -3.39 - 7 30 
quartet 

(CH3)zSi( \ / F  j 
C=C Not -6.2 76 5 95 

distinguished quartet 
-5.81 
quartet 

Chemical shifts (p.p.m.) are with respect to external TMS for trimethyl derivatives and to external 
CHCI, for dimethyl derivatives. Coupling constants are in c.p.s. 
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TABLE I1 
Characteristic C=C stretching and C-F frequencies observed in trimethyl and 

dimethyl perfluorovinyl and fluorovinyl silanes [gas phase - KBr windows] 

C=C region 
Compound ( k  2 cm-l) C-F region ( k  2 cm-l) 

Me3SiCF=CF2 1725 s 1290 vs, 1265 vs, 1135 vs, 1045 vs 
Me3SiCF=CFH (cis) 1695 s 1290 s, 1255 vs, 1135 s, 1075 s, 920 s 
Me,SiCF=CFH (traru) 1665 s 1258 w. 1125 s. 1010w 

1720 s 1295 s,'1260 vs, 1065 s 
1625 s 1070 m, 1000 w, 950 s,b 
1730 s 1305 vs, 1265 vs, 11 50 s, 11 10 m, 

1055 m 
Me2Si(CF=CFH), (cis) 1700 s 1295 s, 1270 s. 1145 m, 900 s 
Me,Si(CF=CFH), (trans) 1665 s 1130 vs, 1000 vw 
Me2Si(CH=CF2)~ 1722 s 1300 vs, 1262 s, 1175 m, 1050 s 
Me2Si(C2H2F)2 1625 s 1140 s,b 905 m 

was then possible to match the proton and 19F 
spectra (Fig. 2), thus showing the latter to 
consist of two sets of 24 lines each, the ratio of 
the species producing the sets being 3:2 respec- 
tively. The normal first-order analysis then gave 
the values shown in Table 111. 

The involatile liquid obtained from the ultra- 
violet irradiation of trimethyltin hydride and 
(CH,),Si(CF=CF,), was quickly shown from 
spectroscopic evidence to be a mixture contain- 

\ \ 
ing both - SiCFHCF,Sn(CH,), and - SiCF- 

/ / 

[Sn(CH,),]CF,H groups, but it was not possible 
to distinguish between the three possible molec- 
ular species 1, 2, and 3. The proton n.m.r. 
spectrum, however, although complex, was com- 
pletely consistent with the data for other addition 
products above and assignments to the above 
two types of ethane protons could be made on 
the same basis. The data are given in Table V. 

Experimental 
All reactions were carried out using standard high 

vacuum techniques. Reactions under thermal conditions 
were performed in pyrex Carius tubes, whereas those 
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TABLE I11 
N.1n.r. data* for the addition products of (CH3),SnH with (CH3)3SiCF=CFZ 

F1 F z  F1 F Z  

(CH3),Si-C-------- 
I I 

C-F3 (CH3)3Si-C-C-Sn(CH3)3 
I I 

Sn(CH3I3 H 
I I 

H F3 - 
'H spectrum 19F spectrum 'H spectrum 'T spectrum 

"Clieniical shifts are in p.p.m. and couplins constants in c.p.s. Neat licluid samples were used with 
external CCI,F and external CHCll as references. 

TABLE IV 
Infrared spectra of the addition prod~~cts  as liquid films 

(CH3)3SnH -1- (CH&SnH + 
(CH3),SiCF=CF2 (CH3)ZS~(CF=CFZ)2 Assignment 

535 (Vs) 
620 (w) 
700 (m) 

770 (s,b) 
845 (vs) 
860 (sh,s) 
875 (sh,m) 
950 (vs) 
985 (s) 

1030 (s) 
1040 (s) 
1065 (m) 
1110 (sh;m) 
1130 (s) 
1 190 (w) 
1225 (ml 

2920 (s)' 
2970 (s) 

505 (s) 
525 (vs) 

675 (sh,m) 
715 (s) 
770 (vs,b) 
830 (s,b) 
860 (sh,m) 

945 (vs) 
982 (vs) 

1030 (vs) 

1060 (s,sh) 
11 10 (sh,s) 
1125 (vs) 
11 90 (w) 
1225 (m) 
1250 (vs) 
1300 (m) 
1 3 30 (n~)  
1360 (m) 
1405 (m) 
2360 (w) 
2795 (w) 
2910 (s) 
2995 (s) 

) ~n-c  stretch 

I CH3-Sn and I CH3-Si rock 

I C-F stretch 

CH3 deform. 
C-F stretch 
CH,-Si 

I C-H stretch 
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I' I L  
cCH3)3si-$-$-sncCH3& (d J, ,=312 1-( J, ,=312 J.. - = A 7 1  u 

TABLE V 

Proton n.m.r. data for the product of  (CH3),SnH and (CH3)2Si(CF=CF2)2 in 
cyclohexane 

Chemical shifts (p.p.m.) are relative to internal cyclohexane. Coupling constants in c.p.s. 

involving ultraviolet irradiation were conducted in silica 
tubes. Infrared spectra were recorded with a Beckman IR 
10 double beam spectrophoton~eter using a 10 cm cell for 
vapor samples, and liquid films for the spectra of liquids. 
Proton n.m.1. spectra were obtained with a Varian A60 
spectrometer, and lgF spectra with a Varian DP-60 
spectrometer operating at 56.4 Mc s-'. Molecular weight 
measurements were performed on a Hewlett-Packard 
vapor pressure osmomneter. Gas chromatographic separa- 
tions were carried out on an Aerograph model A-700 
Autoprep instrument with helium as carrier gas. 

Trimethyltin hydride and dimethyltin dihydride were 
prepared by the procedure of Finholt et al. (22), using 

11-butyl ether as solvent. Trimethyl(perfluorovinyl)silane 
and dimethylbis(perfluoroviny1)silane were prepared by 
the method of Tarrant and Oliver (23) in 50 and44% 
yields respectively. 

In all of the reactions described below, the reaction 
mixture was worked up as follows. The reaction tube was 
opened to  the vacuum system and all volatile components 
were separated by conventional trap-to-trap fractiona- 
tion. Further purification was achieved by gas chromatog- 
raphy and each fraction was identified from its infrared 
spectrum, and for pure con~pounds ultimately by their 
n.m.r spectra. Any involatile material remaining in the 
reaction tube was examined spectroscopically. 
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Renctiotrs of Trit,?et/~yl(pa-jllror.ovitzyI)silatze with 
Orgntiotitz Hydrides 

(a) Trimethyltin hydride (0.24 g, 1.4 mmoles) and 
(CH3),SiCF=CFZ (0.204 g, 1.3 mmoles) were allowed to 
react at 25" for 24 h. There was no visible reaction and 
vacuum fractionation gave the starting materials quanti- 
tatively. In a similar experiment using identical quantities, 
the reaction mixture was allowed to stand at 25" for 2 
weeks. A trace of white solid was deposited but recovery 
of the reactants was essentially quantitative. 

(b) Trimethyltin hydride (0.40 g, 2.4 mnloles) and 
(CH,),SiCF=CF, (0.40 g, 2.4 mmoles) were heated at 
55" for 60 h. A white solid was deposited, which was 
identified spectroscopically as trimethyltin fluoride 
(0.228 g, ca. 50% yield). Vacuum fractionation gave 
incomplete separation, but an  examination of the infrared 
spectrum of the gas phase mixture showed the presence 
of both reactants and at least four reaction products. Gas 
chromatography on a silicone QF-1 column at 170' gave 
pure products which were identified by their characteris- 
tic infrared and proton n.m.r. spectra (Tables I and 11). 
From the peak areas of the latter spectra the percentage 
of each component in the total reaction mixture could be 
determined. The products were cis-CFH=CFSi(CH,), 
(36 %), ~ ~ ~ ~ I s - C F H = C F S ~ ( C H ~ ) ~  (5 %), CF,=CHSi- 
(CH,), (41 %), and (CH3),SiC2H~F (18 %). 

(c) Trimethyltin hydride (0.54 g, 3.3 mmoles) and 
(CH3),SiCF=CF2 (0.51 g, 3.3 mmoles) were exposed to 
ultraviolet irradiation at 25" for 10 h. A trace of trimethyl- 
tin fluoride, identified spectroscopically, was deposited, 
as well as a small amount of nletallic tin. Vacuum frac- 
tionation gave, at -78", a negligible amount of the two 
reactants, and a high yield (0.773 g) of a very involatile 
liquid at -23". This was identified una~nbiguously from 
infrared and n.1n.r. studies (Tables 111 and IV) as a mix- 
ture of the two addition co~llpounds (CH3)3SiCFHCFZSn- 
(CH,), and (CH3)3SiCF[Sn(CH3)3]CF,H in the ratio 
3:2. The total yield of addition products was 77%. 

The addition products are stable under vacuum at 25" 
for about 4 h, after which white crystals are slowly 
deposited. After 1 week, all liquid had disappeared and 
only a white solid remained. At this stage, the volatile 
products were removed and identified spectroscopically 
(Tables I and 11) as (CH3),SiCH=CFZ and cis-(CH3),- 
SiCF=CFH, forn~ed in the ratio 2:l. The remaining 
white solid was shown to be pure trimethyltin fluoride. 
The addition products are stable at 80" for only a few 
minutes, while at 100" decomposition is very rapid to give 
trimethyltin fluoride and a complex mixture of volatile 
products. Because of the instability of the addition 
products, completely satisfactory analytical data could 
not be obtained. 

Anal. Calcd. for C,Hl,F3SiSn: C, 30.12; H, 5.95; 
n~olecular weight, 319. Found: C, 31.21 ; H, 6.50; molec- 
ular weight (in benzene osmometrically), 368. Further 
characterization was obtained by alkaline hydrolysis of 
the products. A sample (0.110 g, 0.344 mmole) was 
hydrolyzed with 20% sodium hydroxide solution at 25". 
The only volatile product was trifluoroethylene (0.028 g, 
0.34 mmole) characterized spectroscopically (24). 

(d) Trimethyltin hydride (0.24 g, 1.4 mmoles) and 
(CH3),SiCF=CF, (0.204 g, 1.3 mmoles) were sealed with 
80 mg of azobisisobutyronitrile and allowed to react a t  

35" for 10 h. Examination of the reaction mixture then 
showed only the starting materials, which were accordingly 
resealed with a further sample (80 mg) of azobisisobutyro- 
nitrile and kept at 50" for a further 10 11. Vacuum frac- 
tionation gave a trace of noncondensable gas, presun~ably 
a mixture of hydrogen nitrogen, but the bulk of the 
material (0.221 g, 54% yield) condensed at -23". It was 
spectroscopically identified (Tables 111 and 1V) as a 
mixture of the two addition products, (CH3)3SiCFHCFn- 
Sn(CH3), and (CH3)3SiCF[Sn(CH3)3]CF2H, in a 3:2 
ratio. 

The fractions which condensed at -78 and -196" 
were shown spectroscopically to be mixtures of (CH,),- 
SiCH=CFZ, cis- and trat~s-(CH,),SiCF=CFH, and 
(CH3),SiC2HZF, with the first two compounds being the 
major con~ponents. A mixture of metallic tin, trimethyltin 
fluoride, and azobisisobutyronitrile remained in the 
reaction tube. 

(e) Trimethyltin hydride (0.247 g, 1.5 mmoles) and 
(CH3),SiCF=CF~ (0.23 g, 1.5 mmoles) were sealed with 
hydroquinone (0.157 g) and irradiated for 10 11 at 25-50'. 
A small amount of hydrogen was obtained, but the bulk 
of material condensed in the -23" trap, with very small 
amounts in the -78 and -196" traps. The -23" fraction 
(0.287 g) was spectroscopically identical with the mixture 
of addition products obtained previously, and corre- 
sponded to a 62% yield. The infrared spectra of the -78 
and -196" fraction showed (CH3),SiCF=CF2 and its 
reduced products such as (CH3),SiC2F2H to be present, 
but the yields were insufficient for full characterization. 
Trimethyltin fluoride, some metallic tin, and hydro- 
quinone remained in the reaction tube. 

(f) Galvinoxyl (421 mg) prepared by the method of 
Bartlett and Funahashi (16) and azobisisobutyronitriIc 
(82 mg) with 2 ml of dry benzene were taken in a pyrex 
Carius tube, and trimethyltin hydride (0.265 g, 1.6 mmoles) 
and (CH3),SiCF=CF2 (0.247 g, 1.6 mmoles) were then 
added under vacuum. The reaction mixture was heated 
at 50" for 10 h. On opening the tube, a small anlount of 
noncondensable gas was first pumped OR and all volatile 
materials were removed to leave a dark-red solid as 
described by Bartlett and Funahashi (16). Vacuum frac- 
tionation of the volatiles gave (CH3)3SiCF=CF2 (0.192 
g) and trimethyltin hydride (0.260 g). No other conlpound 
was present. 

(g) Dimethyltin dihydride (0.225 g, 1.5 n~moles) and 
(CH,),SiCF=CF, (0.462 g, 3.0 mmoles) were allowed to 
react at 60' for 24 11. The infrared spectrum (gas phase) 
of the volatile products showed a band at 1695 cm-I 
( G C  stretch) characteristic of cis-CFH=CFSi(CH,),, 
with a shoulder at 1720 cm-' characteristic of (CH3)3- 
SiCH=CFZ, but the amounts were so small that the 
proton n.m.r. spectrum showed only (CH3),SnH2 and 
(CH,),SiCF=CF,. From the reaction tube, a trace of 
dimethyltin difluoride (0.002 g) was recovered, from 
which it could be calculated that the reaction was only 
about 1 % complete. 

(h) Dimethyltin dihydride (0.225 g, 1.5 nlmoles) and 
(CH,),SiCF=CF, (0.462 g, 3.0 mmoles) were irradiated 
at 25" for 16 11, leading to the extensive forlnation of a 
white solid. A mixture of methane and hydrogen (total 
pressure 4 mm) was present in the tube on opening, and 
was pumped off. The infrared spectrum (gas phase) of the 
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volatiles showed the presence of cis- and trans-CFH 
=CFSi(CH3)3, (CH3)3SiCH=CF2, and (CH3)3SiC2H2F, 
based on the observed C=C stretching frequencies. 
Confirmation was obtained from the proton n.m.r. 
spectrum, which on integration showed the percentage 
composition to be c~s-CFH=CFS~(CH,)~ 29 %, trans- 
CFH=CFSi(CHa)3 5.5%, (CH3),SiCH=CF2 49 %, and 
(CH3),SiC2H2F 16.5%. From the reaction tube, di- 
methyltin difluoride (0.223 g) was recovered, correspond- 
ing-to 80 % complete reaction. 

Reactions of Ditnetl~~~lbis(per~~~arovit~yl)si lane with 
Organotitt Ilydrides 

(a) Trimethyltin hydride (0.72 g, 4.5 n~moles) and 
(CH3)2Si(CF-=CF2)2 (0.48 g, 2.18 mn~oles) were allowed 
to react at 25' for 1 week. There was no visible reaction, 
and no noncondensable gas was formed. Vacuum frac- 
tionation lead to complete recovery of the reactants. 

(b) In a similar reaction, the mixture was heated at 55" 
for 45 h. A small amount of solid was deposited and a 
trace of a noncondensable gas was pumped off. Satis- 
factory separation by vacuum fractionation could not be 
achieved although infrared spectra and proton n.m.1 
spectra showed the presence in small and decreasing 
amounts of (CH,),Si(CH=CF,),, cis- and trans-(CFH 
=CF),Si(CH3),, and (CH3),Si(C,H,F), with characteris- 
tic infrared k C  stretching frequencies at 1700, 1665, 
1722, and 1625 cm-I respectively, in addition to the 
starting materials. However, the amounts of these prod- 
ucts were too small to determine quantitatively even by 
integration of the n.nl.r. spectrunl, and the quantity of 
trimethyltin fluoride (0.012 g) recovered from the reaction 
tube showed that the reaction was only 1.5 % con~plete. 

(c) Trimethyltin hydride (0.72 g, 4.5 mmoles) and 
(CH3)2Si(CF=CF,)2 (0.48 g, 2.18 mmoles) were irradi- 
ated for 4 11 at 25", at the end of which time a small amount 
of white solid had been deposited. Other than some non- 
condensable gas, the volatile products were identified as 
trimethyltin hydride (0.02 g) and (CH3),Si(CF=CF,), 
(0.082 g). There remained in the reaction tube an in- 
volatile liquid which was washed out with cyclohexane, 
and examined spectroscopically after rcnloval of the 
solvent. The infrared and proton n.m.r. spectra (Tables 
IV and V) showed the material to be a mixture of the 
addition products of (CH3),SnH and (CH3),Si(CF= 
CF,),, which could not be separated chromatographi- 
cally because of instability. On standing at 25", decom- 
position occurred slowly with the deposition of trimethyl- 
tin fluoride. The yield (0.417 g) was 34.7 %. 

(d) Trimethyltin hydride (0.36 g, 2.25 mmoles) and 
(CH3),Si(CF==CF,)2 (0.24 g, 1.1 mmoles) with azobis- 
isobutyronitrile (50 mg) were heated at 55' for 45 h. The 
infrared spectrum (gas phase) of the volatile products 
showed, from the C==C stretching frequencies, the 
presence of -CF=CFH, -CZHzF, and -CH=CF, 
groups, but separation of this complex mixture was not 
attempted. The reaction tube contained some trimethyltin 
fluoride and azobisisobutyronitrile, but none of the 
involatile liquid addition products. 

(e) Dimethyltin dihydride (0.127 g, 0.85 mmole) and 
(CH3),Si(CF=CF2)2 (0.186 g, 0.85 mmole) were allowed 
to react at room temperature. After 2 days, a white solid 
had appeared and this became grey in color after another 

15 days. The infrared spectrum (gas phase) of the volatile 
reaction products showed the presence of --CF-CFH 
and -CH=CF2 groups in addition to considerable 
amounts of the starting material. The grey solid (0.026 g) 
was washed out of the tube, examined, and found to be 
mainly metallic tin with a little dimethyltin difluoridc. 

(f) Dimethyltin dihydride (0.161 g, 1.07 mmoles) and 
(CH,),Si(CF=CF,), (0.235 g, 1.07 mmoles) were al- 
lowed to react at 55" for 8 h. White to yellow solid was 
deposited and a small amount of noncondensable gas was 
pumped off. Spectroscopic examination (infrared and 
proton n.m.r.) showed the presence of cis- and trnrrs- 
HCF=CF-, -CH=CF2, and -CZH2F groups, with 
cis-HCF=CF- and -CH=CFz being the most 
abundant. Only traces of the original reactants were still 
present. From the residue in the reaction tube, dimethyl- 
tin difluoride (0.158 g) was extracted, corresponding to a 
79 % yield. 

(g) Dimethyltin dihydride (0.323 g, 2.17 mmoles) and 
(CH3),Si(CF=CF2), (0.475 g, 2.16 mn~oles) were irradi- 
ated for 30 min at 25". Treatment of the reaction mixture 
as in the last experiment showed the volatiles to consist of 

/ 
(CH3),Si derivatives containing cis- and trans- 

\ 
CFH=CF-, -CH=CF2, and -C2H2F groups, with 
those containing cis-CFH=CF- and -CH=CF2 being 
the major products. Some of the original reactants were 
also present. From the residue in the tube, dimethyltin 
difluoride (0.165 g, 41 % yield) was extracted. 
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Reactivity of metal-metal bonds. IV. The reaction of sulfur dioxide with 
compounds containing Sn-Sn and Sn-Mn bonds 

N. A. D. CAREY AND H. C. CLARK 
Departrt~et~t of Cl~err~istry, Urziver'sity of Westerrt O~ztario, Lot~don, Ontario 

Received June 13, 1967 

The reactions of sulfur dioxide with the con~pounds R6Sn2 and R,SIIM~(CO)~ (R = CH3 or C,H,) 
have been studied. In all cases the evidence indicates that the metal-metal bond has been cleaved. W ~ t h  
the ditins the new compounds R3Sn.S02 (R = CH3 or C6H5) and R,Sn.2S02 (R = CBH,) were obtained, 
while the mixed binletallic compounds gave R3SnMn(C0),.2.5S02 (R = CH, or C6H5) and R3SnMn- 
(C0),.1.5S02 (R = CH,). The possible structures of these derivatives are discussed. 

Canadian Journal of Chemislry, 46, 643 (1968) 

Introduction 

We have previously examined the reactivity of 
several metal-metal bonded compounds towards 
unsaturated systems, notably those containing 
C=C and C=C bonds (1-4). As an extension of 
this study, we have carried out some reactions 
between sulfur dioxide and con~pounds con- 
taining Sn-Sn and Sn-Mn bonds. The results 
imply that the type of ligand attached to tin 
appreciably affects the course of the reaction, 
although in all cases, interaction occurs readily 
with the multiple sulfur-oxygen bond. These 
reactions may therefore be related to those 
investigated by Wojcicki (5-7) who has shown 
that sulfur dioxide can cleave the alkyl-man- 
ganese bond of CH3Mn(CO)5 to give the sulfone, 
with no displacement of carbon monoxide. 

Experimental 
Elemental analysis was carried out by Dr. A. B. Gygli, 

Microanalyses Laboratory, Toronto, and by Dr. Alfred 
Bernhardt, Mikroanalytisches Laboratorium, Mulheim. 
Molecular weight determinations were carried out using 
a Mechrolab osmonleter 301A. Infrared spectra were 
recorded on a Beckmann IRlO spectrometer using Nujol 
and halocarbon oil as dispersion media. The instrument 
was calibrated using the reference spectra of polystyrene 
film. The carbonyl stretching region was recorded on a 
BccknlannIR7 spectrometer, using the water line at 1946.5 
cnl-' as reference. The spectra were recorded as solutions 
in chloroform using 0.1 111ni NaCl solution cells. The pro- 
ton nuclear magnetic resonance (n.ni.r.) spectrum was 
recorded on a Varian Associates A-60 n.m.r. spectrom- 
eter, using nlethanol as internal standard. 

Preparation of Starting MateriaIs 
Hexaphenylditin was purchased from K and K Labs. 

Inc. Its melting point and infrared spectrum compared 
favorably with the literature and the material was used 
without further purification. Hexamethylditin was pre- 
pared by the addition of trimethyltin chloride to a 

solution of sodium in liquid ammonia (8). The procedure 
for its purification was identical with that given by Tsai 
(9), and its purity was checked by comparison with the 
infrared spectrum of hexamethylditin (10). Triphenyl- 
tinnlanganesepentacarbonyl was prepared by the addition 
of the sodium salt of dimanganese decarbonyl in an- 
hydrous tetrahydrofuran to a solution of triphenyltin- 
chloride in tetrahydrofuran (11). Similarly, trimethyltin- 
manganesepentacarbonyl was prepared, but using tri- 
methyltincl~loride (9). Anhydrous sulfur dioxide from 
Matheson Ltd. (Canada) was used; it was distilled in 
vnc~ro before use. 

Wojcicki (6) has reported that reactions involving 
sulfur dioxide proceed more readily in the absence of 
solvent. A similar observation has been made in the 
course of this investigation, whereby the reaction of tri- 
phenyltinmanganesepentacarbonyl proceeded very slowly 
in the presence of benzene, whereas it had gone to com- 
pletion within 15 h if the carbonyl was simply dissolved 
in liquid sulfur dioxide. Unless stated to the contrary, the 
reactions were carried out as follows: an approximate 
5 % by weight solution of the conlpound in sulfur dioxide 
was initially allowed to react for at least 15 h at room 
temperature, with continuous shaking. The reactions were 
carried out in thick-walled pyrex glass carius tubes. The 
sulfur dioxide was added, and removed under vacuum, 
and all handling operations were performed in a N2-filled 
drybag. 

Reactior~ with Hexa~net~zyldifirz 
This reacted instantly with sulfur dioxide to form a 

deep-yellow solution. The reaction was apparently com- 
plete within an hour. On removing the sulfur dioxide, the 
color began to leave the solid, so that finally, having 
removed all the sulfur dioxide (which in fact proved to be 
a lengthy operation involving continuous pumping for 
24 h iiz vaczro at roo111 temperature), a white, free-flowing 
solid remained. If sulfur dioxide was added to this solid, 
a yellow solution was obtained, which suggests that an 
equilibrium is set up between the product, and a sulfur 
dioxide adduct of the product. This would explain the 
difficulty associated with removing the final traces of 
sulfur dioxide. The white solid proved to be soluble only 
in methanol. 

The compound analyzed for an empirical formula 
(CH3)3Sn.S0,. 
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Anal. Calcd. for C3H9SnS02: C, 15.9; H, 3.86; S, 14.1. 
Found: C, 15.4; H, 3.86; S, 13.5. 

The compound possessed no melting point, decompo- 
sition setting in above 110 "C. The proton n.m.r. spectrum 
of the compound, as a 10% by weight solution in meth- 
anol, gave a single sharp line at  z 9.55 with J(ll'Sn-C 
-H) of 78.6 c/s and J("'Sn-C-H) of 85.9 c/s. The 
infrared spectrum, shown in Fig. 1 for the region 1300- 
300 cm-I, has absorption maxima at: 1290 (vw), 1195 
(vw), 1100 (sb), 1040 (w), 990 (sb), 930 (III), 870 (w), 770 
(s,b), 720 (n~,sh), 630 (m), 550 (s), 520 (n~) ,  430 (w), 400 
(w) cm-l. 

(CH3I3Sn. SO, 

FIG. I .  Spectrum of hexamethylditin with sulfur 
dioxide. 

Reacliort 111ith ~ r i n ~ e l / ~ ~ ~ ~ t i ~ ~ n ~ a t ~ g a ~ ~ e ~ e p e ~ ~ ~ n ~ a ~ ' b o t ~ y ~  
The colorless solution of trimethyltinmanganesepenta- 

carbonyl in sulfur dioxide turned first yellow, then claret 
colored, and finally began to deposit a yellow solid, so that 
within an hour of starting the reaction at room tempera- 
ture, a yellow precipitate had formed, draining the color 
out of the solution. On removing the sulfur dioxide, the 
last traces of which were removed by warming the contents 
of the carius tube under vacuum with a hair dryer, a red- 
yellow residue was left that proved to be insoluble in 
diethylether. However, a dark-red compound was 
extracted with methylene chloride, leaving behind a pale- 
yellow residue. The latter decomposed at 150 OC to evolve 
sulfur dioxide, carbon dioxide, and (CH3),Sn. Elemental 
analysis of this conlpound suggested an adduct of sulfur 
dioxidc with (CH3)3SnMn(CO)5. 

Anal. Calcd. for CH3SnMn(C0)5.2.5S02: C, 18.49; 
H, 1.73. Found: C, 18.78; H, 2.76. 

No  molecular weight was obtained. The infrared 
spectrum of the pale-yellow residue differed from the red 
compound only in the absence of two bands of medium 
intensity at 1160 cm-' and 11 15 cnl-'. 

The red corn~ound analyzed for an empirical formula 
( c H ~ ) , s ~ M ~ ( c o ) ~ . ~   SO^.. 

Anal. Calcd. for C,HoSnMn(CO)Z.l.5S0,: C. 20.77: 
H, 2.00; S, 10.5. ~ o u n d :  C, 20.57; ~ , '2 .03;  S; 10.'2. 

' 

The compound decomposed above 200 "C. The molec- 

ular weight (n1.w.) in chloroforln suggested that thc conl- 
pound was a dimer. Calcd. m.w. for dimer, 910. Found: 
m w., 960k20. The infrared spectru~n is shown in Fig. 2 
for the region 1300-300 cm-' and has bands at 1300 
(vw), 1160 (m), 11 15 (nl), 1010 (s,b), 970 (s,b), 770 (s), 
720 (m), 640 (s), 615 (s), 550 (m), 520 (mw,sh), 440 (w), 
410 (w), and 260 (m) cm-'. The proton n.1n.r. spectrum of 
a 10% w/w solution in methylene chloride gave a broad 
line, centered at z of 9.3. The red co~npound formcd 
betheen 60 and 70 % of the total product of this reaction, 
the pale-yellow cornpound making up the difference. 

Reaction with Hexaphet~ylrlitin 
Hexaphenylditin (1.5 g) was allowed to react with about 

5 ml of sulfur dioxide for 75 h at room temperature. On 
opening up, only sulfur dioxide was recovered as volatile 
material. The white residue contained two compounds, 
one of which was soluble in diethylether, methylene 
chloride, or benzene, whilst the second proved to be 
insoluble in all the usual organic solvents. 

The soluble con~pound, a white crystalline material, 
analyzed for an empirical formula Ph3Sn.S02. 

Anal. Calcd. for C18HlSSnS02: C, 52.1; H, 3.60; S, 
7.75. Found: C, 51.6; H, 3.65; S, 7.7. m.p. 153 + l o  
(uncorr.). Calcd. nl w. for dimer, 826. Found: m.w., 815 
+ 15 (benzene solution). 

The infrared spectrum for the region 1300-300 cnl-I 
showed bands at 1325 (w), 1300 (w), 1260 (w), 1175 
(w,b), 1150 (w), 1070 (111s) (with shoulders at 1075 and 
1065), 1010 (m), 990, 957 (vs), 925 (vs), 745 (s), 720 (s), 
685 (s), 610 (w), 555 (s), 470 (s), 435 (s), 355 (w), and 305 
(m) cm-'. 

The insoluble con~pound, a white powder, analyzed for 
an e~npi~ical  formula Ph3Sn.2S02. 

Anal. Calcd. for Cl8kIIsSnS2O4: C, 45.3; H, 3.15; S, 
12.9. Found: C, 45.2; H, 3.12; S, 13.4. 

It decomposed sharply at 201'. No molecular weight 
was obtained. The infrared spectrum for the region 1300- 
300 cn1-' showed bands at 1300 (vs), 1175 (vw,b), 11 50 
(vw), 1110 (mw), 1080 ( I ) ,  1070 (rnw), 1015 (n~w), 995 

FIG. 2. Spcctrun~ of lrimethyltinmanganesepenta- 
carbonyl with sulfur dioxide. 
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(mw,sh), 948 (vs,b), 750 (s), 730 (s), 695 (s), 685 (s), 590 (s), 
450 (ms), 410 (w), 320 (mw), 290 (mw) cm-'. 

On reacting the soluble compound, Ph3Sn.S02, with 
an excess of sulfur dioxide for a further 48 h at room 
temperature, a compound was obtained whose infrared 
spectrum was identical with that of the insoluble com- 
pound, Ph3Sn.2S0,. 

Reactiorz ,rlith Triphenyltbln~anga~zesepentnca~'bo~zyl 
The colorless solution of triphenyltinnianganesepenta- 

carbonyl in sulfur dioxide turned yellow overnight at 
room temperature. After 15 h, the sulfur dioxide was 
removed to leave a white residue in the carius tube. A 
white crystalline compound was obtained on extraction 
with diethylether and subsequent evaporation. (A small 
quantity of material, insoluble in diethylether, represent- 
ing about 5 % w/w of the total product, was also formed. 
This has not been examined in any detail since it proved 
insoluble in all the solvents used; its infrared spectrum 
would suggest that it was a mixed oxide of tin and man- 
ganese). 

On heating the white con~pound in vacua at 100 "C, 
sulfur dioxide was evolved and the compound gradually 
turned yellow. After half an hour, evolution of sulfur 
dioxide had ceased (as measured by the manometer). The 
infrared spectra of the two conlpounds differ only by the 
presence in the yellow compound of a medium intense 
band at 1155 cm-'. The same yellow co~npound was also 
formed, in the presence of starting material, by stopping 
the reaction after 5 h. The white compound represents an 
adduct of sulfur dioxide with the yellow con~pound. 

Anal. Calcd. for C,8H,SSnMnCsOs.B.25S0,: C, 36.7; 
H, 1.99; S, 13.9. Found: C, 36.1; H, 2.53; S, 13.6. 

Further support for this hypothesis comes from the 
observation that some convel.sion to the white con lpo~~nd  
occurred after allowing the yellow compound to react 
with sulfur dioxide for a further 2 h at room temperature. 

The yellow crystalline solid analyzed for an empirical 
formula Ph,SnMn(CO),.2.5S02. 

Anal. Calcd. for C,3H15SnMnS2.50,0: C, 39.3; H, 
2.24; S, 11.3. Found: C, 39.5; H, 2.24; S, 10.3. 

The compound began to decompose above 200 "C. 
Calcd. m.w. for dimer, 1410. Found: n~.w., 1370 -t- 30 
(in chloroform). The infrared spectrum showed bands at 
1300 (vw), 1155 (m), 1080 (m), 1070 (nl), 1025 (mw,sh), 
970 (s,b), 935 (s,b), 750 (m), 725 (m), 695 (m), 685 (m), 695 
(m), 645 (vs), 615 (mw), 585 (m), 530 (mw), 475 (m), 
460 (m), 445 (m) cm-'. 

Discussion 
It is clear that the reactions of sulfur dioxide 

with these metal-metal bonded compounds give 
chemically discrete products, but to elucidate 
their structure is very difficult. The proton n.m.r. 
spectrum of the white, air-stable compound of 
empirical formula C3H9SnS02 gave a single 
sharp line at  T = 9.55. The methyl groups are 
therefore equivalent and the chemical shift 
suggests thatthey are bonded to the metal rather 
than to oxygen or sulfur. Hence, the sulfur di- 
oxide must have cleaved the Sn-Sn bond. The 

J'17Sn-C~a and Jl1Qsn-,,,, values of 78.6 c.p.s. and 
85.4 c.p.s. respectively are of the same order 
of magnitude as those observed in the proton 
n.m.r. spectrum of trimethyltin fluoride (13), 
whilst the corresponding coupling constants in 
(CH3)3SnX, where X is C1, Br, or I, are about 
20 c.p.s. smaller (14). Since the coupling constant 
is related to the type of bond through which the 
coupling is being induced (15), the CH3 groups 
are apparently in an environment similar to that 
in (CH3)3SnF. In addition, the Sn-C infrared 
stretching vibration in (CH3)3SnF is observed at  
550 cm-1, whilst in pyramidal (CH3)3Sn- com- 
pounds, the Sn-C symmetrical stretching 
vibrations are at 500 f 10 cm-1 (16). From Fig. 
1, it can be seen that whilst there arc no bands at  
500 cm-1, a band is observed at 550 cm-1. 
Accordingly it is believed that the tin is five 
coordinate, with the three methyl groups in the 
equatorial plane, by analogy with the structure 
of (CH3)3SnF (17). The antisymmetric (Sn-0) 
stretching vibration in coinpounds of the type 
(R3Sn)20 comes in the range 740-790 cm-1 (IS), 
whilst the syrnilletric (Sn-0) stretching vibra- 
tion comes between 395-415 cm-1 (18). In com- 
pounds containing Sn-0-Si, the (Sn-0) 
stretch is between 960-980 cm-'1 (18). It seems 
reasonable therefore to associate one of the 
bands, either at 930 cm-1 or 720 cm-1, with the 
(Sn-0) stretching vibration. Similarly, one of 
the two weak bands occurring at 430 or  400 cm-1 
might be associated with the symmetric (Sn-0) 
stretching vibration. There is some chemical 
evidence that in related compouilds (20) Sn- 
0-S groups are formed in preference to 
Sn-S-0. The strong, broad band at 990 cm-1 
can be assigned to the S-0 stretching vibration 
(19), whilst the band at 770 cm-1 is characteristic 
of the methyl tin rock (16). The strong, broad 
band at 1100 cm-1 suggests the presence of a 
terminal >S=O which is not participating in 
coordination of the type >S=O -> Sn, since 
Cotton et al. (21, 22) have shown that in com- 
plexes of dimethylsulfoxide with transition 
metals in which coordination is occurring 
through the oxygen, the (S=O) stretching 
vibration is shifted ca. 100 cnl-1 to lower 
frequencies. 

While there are three possible inonomeric 
structures, 1-3, none agrees with the above 
spectroscopic data. 
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In order to maintain the equivalence of the 
(CH3)3Sn groups, and to be consistent with the 
infrared spectrum, the occurrence of coordina- 
tion through S -t Sn in structure 1, 0 -t Sn in 
structure 2, and both S -> Sn and 0 -> Sn in 
structure 3 can be proposed. In this way, all 
three of the above structures reduce to the same 
polymeric system, consisting of five coordinate 
tin units best described as 

This polymeric structure is consistent with the 
poor solubility of the compound. 

With sulfur dioxide, trimethyltinmanganese- 
pentacarbonyl gave a rust-colored product of 
empirical formula C16H18016S3Mn2Sn2. The 
infrared spectrum (Fig. 2) is similar to the 
spectrum obtained for [(CH3)3SnS02j'rr, apart 
from bands due to the -Mn(CO)S group. The 
strong band at  770 cm-1, together with the band 
at 550 cm-1, show that the methyls are attached 
to the tin, and that the tin is five coordinate. 
Certainly, the shift of ca. 50 cm-1 to higher 
frequencies for the Sn-C stretching vibrations 
is consistent with cleavage of the Sn-Mn bond. 
Sinlilarly the bands at 720, 440, and 410 cm-1 
correspond to the (Sn-0) stretching vibrations 
and the (S-S) stretching vibrations. The band 

at 260 cm-1 is in the region associated with the 
(Mn-S) stretching vibration (7). 

Wojcicki et  al. (7) analyzed the carbonyl 
stretching region for (C0)5Mn-S02-- and 
showed that the degeneracy was removed, 
causing all five modes to become infrared active, 
and that the absorption region was shifted to 
higher frequencies. We have similarly observed 
a more complex spectrum in the carbonyl 
stretching region than that observed for a com- 
pound such as (CH3)3SnMn(CO)S and with 
values shifted to higher frequencies. These are 
given in Table I. However, the spectrum cannot 
be analyzed fully, although it does seem likely 
that the degeneracy has been removed to some 
extent. The presence of the medium intensity 
bands at 1100 cm-1 suggest the presence of 
S=O, although the bands are less intense than 
those usually encountered for terminal S=O 
groups (19). These results suggest that the group 

is probably present. It also seems likely from 
similarities in the infrared spectra that the group 

I 
CH3 

is occurring, as in [(CH3)3SnS02],,. 
Hexaphenylditin and sulfur dioxide gave two 

products of which one was a soluble, white 
crystalline solid of empirical formula C 18H 1 so2' 
SSn. Its infrared spectrum does not exclude the 
possibility of C6H5-S groups being present (23), 
and does not allow any firm structural con- 
clusions to be reached, although the structure 
may well be identical to that of [(CH3)3SnS02]r,. 
The second product of empirical formula 
(C6Hs)3Sn.2S02 was insoluble and hence 
presumably polymeric. If one excludes the 
possibility of sulfur dioxide acting as a bidentate 
Lewis base, then either insertion into the phenyl- 
tin bond must be occurring to give this stoichi- 
ometry, or the species (C6H5)3Sn(S02)4Sn- 
(C6H5)3 must be postulated. However, it is not 
clear why, in the latter species, such multi- 
insertion should stop at four SO2, or why its 
solubility should be so low. Again, however, the 
complexity of the bands associated with the 
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TABLE I 

Carbonyl stretching region (as solutions in CHC1,) 

Mn(CO)5.Sn(CH3)3"h4n(CO)5.1QSOZ.Sn(CH3)3 M I I ( C O ~ . ~ Q S O ~ . S ~ ( C ~ H ~ ) ~  Mn(C0)5.S02CH3a 

2091 (n~)  
1995 (m) 
1989 (vs) 
1957 (w) 

2114 (mw) 
2106 (w) 
2062 (s) 
2032 (s) 
2016 (sh) 

2094 (w) ' 
2047 (s) 
2019 (s) 

2142 (mw) 
2095 (w) 
2055 (s) 
2037 (m,sh) 

 reference 5. 
bRcference 12, as a solution in  cyclohexanc. 
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NOTES 

Reaction of sulfur dioxide with dimethylzinc and dimethylmercury 

N. A. D. CAREY AND H. C. CLARK 
Department of' Clle~nistry, University of Western Ontario, L O I I ~ O I Z ,  Ontario 

Received June 13, 1967 

Dimethylzinc and sulfur dioxide give the products (CH3),Zn.S02 and (CH3),Zn.2S0, for which the 
forn~ulations CH3Zn0.S0.CH3 and (CH3S0.0),Zn are proposed. W ~ t h  dlrnethylmercury, sulfur 
dioxide gives products best forn~ulated as (CH3Hg),SO2 and CH3HgS0.0CH3. 
Canadian Journal of Chemistry. 46, 649 (1968) 

The cleavage of alkyl-metal bonds by sulfur 
dioxide has been demonstrated for a variety of 
different systems (1-3). In some cases, the 
sulfone is formed; thus, Hartman and Wojcicki 
(I) have shown that CH3Mn(C0)5 gives CH3- 
S02Mn(C0)5. Alternatively, the ester may be 
formed, a probable example being the formation 
of tris(ethylsulfinato)aluminium, (C2H5S02)3A1, 
from the reaction of triethylaluminium with 
sulfur dioxide (2). Surprisingly, the reactions of 
sulfur dioxide with other organometallic com- 
pounds have not been studied in detail, and we 
describe here the behavior of dimethylzinc and 
diinethylmercury with sulfur dioxide. Incomplete 
reports have been published (4) of related 
reactions with diphenyl, diethyl, and dibenzyl 
mercurials. 

Experimental 
All reactions were carried out in vrrclro, using conven- 

tional vacuum techniques and all-glass apparatus. 
Involatile products were handled in a nitrogen-filled 
drybag. Dimethylmercury, a co~nmercial sample from 
Alfa Inorganics Ltd., was distilled in vacrro before use. 
Dimethylzinc was prepared fro111 the reaction of methyl 
iodide with zinc powder in the presence of copper (5). 
Its purity was checked from its infrared spectrum and 
molecular weight (m.w.) (Calcd. for CZHsZn: m.w., 95.3. 
Found: n~.w., 95.0). 

Dirnethylzirlc arld Sulfrrr Dioxide 
In a typical experiment, sulfur dioxide (1.0 n~mole) was 

condensed on to (CH3)?Zn (1.0 rnmole) and the vessel 
sealed off. A white so l~d  was formed as the contents 
warmed up. No  volatiles were observed on opening up 
the vessel and the weight of solid produced corresponded 
exactly to the weight of SO, and (CH,),Zn added. The 
con~pound proved to be insoluble in all the more familiar 
solvents (e.g. carbon disulfide, pentane, diethylether, meth- 
ylenechloride, acetone), but it reacted rapidly with water 
to form a white precipitate. The compound analyzed 
approximately for an empirical formula CZHGS0,Zn. 

Anal. Calcd. for C2HGS02Zn: C, 15.0; H, 3.75; S, 20.6. 
Found: C, 14.4; H, 4.12; S, 18.7. 

The infrared spectrum (Fig. 1) showed absorption a t  
1300 (rn), 1150 (m), 1005 (s), 955 (m), 940 (m), 890 (s), 
715 (w), 700 (m), 670 (m), 535 (s), 445 (rn), 375 (m), 255 
(m) cm-'. 

FIG. 1. Spectra of dimethylzinc with sulfur dioxide 
1 : l  conlplex. 

FIG. 2. Spectra of din~ethylzinc with sulfur dioxide 
1 :2 con~plex. 

The compound proved to be very air sensitive, taking 
up water rapidly from the atmosphere. A further experi- 
ment demonstrated that this product can take up a further 
mole of sulfur dioxide to give a compound which analyzed 
for an c~npirical forniula C2HS04S2Zn. 
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Anal. Calcd. for C2H604S2Zn: C, 10.7; H, 2.68; S, 
27.9. Found: C, 10.5; H, 2.80; S, 27.5. Tlie infrared 
spectrum (Fig. 2) was as follows: 1295 (m), 1150 (w), 
1025 (sli, ~n) ,  960 (s), 930 (s), 715 (m), 690 (m), 530 (ms), 
440 (ms), 380 (w), 310 (vw) cm-'. 

The same compound was also obtained by reacting 
(CH3)2Zn with an excess of sulfur dioxide. 

Dit?7et/zyly[n~ercuryry a id  Sulfirr Dioxide 
In a typical experiment, an excess quantity of sulfur 

dioxide (-15 ninioles) was allowed to react with dimethyl- 
mercury (1 nimole) for 150 h a t  room temperature. 
During this time, a white crystalline solid was formed. No 
noncondensable products (with respect to liquid N2) were 
formed. On removing the sulfur dioxide, together with a 
trace of dimethylmercury, by vacuum distillation, an 
involatile oil, together with the solid residue, remained in 
the reaction vessel. The involatile oil, which possessed an 
obnoxious smell, was soluble in methylene chloride and air 
sensitive, and its infrared and nuclear magnetic resonance 
(n.m.r.) spectra suggested the presence of. CH3-S- 

8 
and CH3-0-S groups. The white crystalline solid 
which proved to be insoluble in all the common solvents, 
was air stable and did not begin to decompose until 
225 "C. Tlie conipound analyzed for an empirical formula 
CzHsHgzO1S. 

Anal. Calcd. for C2HeHg202S: C, 4.8; H, 1.2; S, 6.46. 
Found: C, 4.5; H, 1.3; S, 6.48. 

The infrared spectrum (Fig. 3) showed absorption at 
1250 (s), 1085 (vs), 940 (vs), 800 (m), 715 (w), 670 (m), 
590 (s), 578 (m), 547 (m), 525 (w) cm-'. A single, sharp 
line was observed in the proton n.m.r. spectruni of a 
dilute solution in dimethylsulfoxide, at .z 9.2. The reaction 
was also carried out at 65 "C, and was conipleted in 2 h. 

(CH, Hg 1, SO, 

FIG. 3. Spectra of dimethylmercury with sulfur 
dioxide CH3Hg.S02 compound. 

On repeating the reaction, using equiniolar quantities 
of dimethylmercury and sulfur dioxide, for I1 days at 
room temperature, two products were isolated in the 
ratio of approximately 3:1, accounting for 70% of the 
dimethylmercury. The product obtained in higher yield 
possessed an infrared and n.m.r. spectrum identical with 
the compound shown above to be (CH3),HgS02, while 

the other which was obtained by extraction from the re- 
action mixture with nietliylene chloride, followed by 
recrystallization, gave an infrared spectrum of (as a mull 
in Nujol) 1320 (w), 1290 (w), 1230 (m), 1180 (s), 11 15 (ni, 
b), 1030 (m), 980 (m), 950 (ni), 800 (m), 765 (m), 710 (m), 
565 (s), 545 (s), 505 (s), 470 (sh), 445 (sh), 390 (m), 330 (w). 
Its n.m.r. spectrum, as a solution in CHCl,, consisted of 
two peaks of equal intensity at .z values 7.01 and 8.68. 
The compound melted quite sharply a t  148 "C and ana- 
lyzed for C2H6O2SHg. 

Anal. Calcd. For C2H602SHg: C, 8.15; H, 2.04. Found: 
C, 7.80; H, 2.27. 

For this particular compound, no satisfactory sulfur 
analysis could be obtained to confirm its identity. 

Discussion 

Coates and Ridley (6) have assigned the band 
at  670 cm-1, occurring in the infrared spectra of 
compounds containing the CH3-Zn group, to 
the methylzinc rocking mode. It is significant 
that this band is present in the infrared spectrum 
of the 1: l  complex (Fig. l), (CH3)2Zn.S02, 
whilst it disappears in the infrared spectrum 
(Fig. 2) of the 1 :2 complex, (CH3)2Zn.2S02. By 
analogy with the infrared spectra of dimethyl- 
sulfoxide (7) and dimetl~ylsulfone (S), the bands 
around 700 cm-1 can be assigned to the (S-C) 
stretching vibrations, and the band at 890 cm-1 
to the methylsulfur rock. Finally, it is significant 
that there is no strong band in the region (ca. 
1100 cm-1) associated with the S=O stretching 
vibration (9) for either of the two zinc-containing 
compounds. Accordingly it is believed that SO2 
reacts with (CH3)2Zn in the following manner. 

Both compounds 1 and 2 must exist in a highly 
associated state through coordination of the 
type >S-0 -> Zn, by analogy with dimethyl- 
sulfoxide (10, 11). 

The reaction with din~etl~ylmercury is differ- 
ent. The compound, analyzing for C2H6O2SHg2, 
which was always obtained in the predominant 
amount, probably has the structure 

since both the infrared and n.m.r. spectra of this 
compound suggest the presence of CH3-Hg in 
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that the band at 800 cm-' can best be assigned to 
the CH3-Hg rocking made by analogy with the 
infrared spectrum of (CH 3)2Hg(12), while the two 
sharp bands at 547 and 525 cnl-1 can be as- 
signed to the Hg-C stretching vibrations (12). 
Moreover, there are present the strong bands at 
1245 and 1085 cm-1 that can be assigned to the 
(S=O) stretching vibrations (8). The lack of 
solubility and its stability to temperature would 
suggest a polymeric structure in which associa- 
tion is occurring, either through S -t Hg co- 
ordination, or through )S=O -> Hg, since the 
band at 940 cm-1 is consistent with the latter 
type of association (9, 10). This would also be 
consistent with the n.m.r. spectrum, since the 
methyl groups are equivalent in such a structure, 
and are bonded to the metal. 

The compound analyzing as C2H602SHg is 
interesting. By analogy with Wojcicki's work (1) 
with diethylmercury and sulfur dioxide one 
would expect the sulfone to be formed, namely 
CH3-Hg.S02.CH3. However, the presence 
of the strong bands at 980 and 950 cin-1 do 
imply S-0, either as >S=O -+ or as S-0-, 
while the bands at 1230 and 11 15 cm-1 suggest 

-S- or S- . The n.1n.r. spectrum would not be 
I I I I 
0 0 

inconsistent with either CH3-Hg-S-0-CH3 
I I 

I I 

or CH3-Hg-S-CH3, where the low field 
J 

absorption would be due to either -0-CH3 
or -S-CH3. However, the considerable differ- 

II 
0 

ence in chemical shift between CH3-Hg in the 
compound (CH3Hg)2S02 and the high field 
line in the spectrum of this compound would 
suggest that the sulfur atom is having a markedly 
different effect on the mercury. So much so that 
we would favor the structure CH3-Hg-S- 

b 
0-CH3 as being the most plausible. 
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Signs of long-range proton-fluorine spin-spin coupling constants in 
2-amino-5-bromobenzotrifluoridel 

D. J. B L E ~ S ,  S. S. DANYLUK, AND T. SCHAEFER~ 
Division of Biological and Medical Research, Argonne Natiot~al Lcrboratory, Argot~tle, Illit~ois 

Received September 8, 1967 

The signs of the spin-spin coupling constants between the fluorine nuclei in the trifluoron~ethyl group 
and the ring protons in 2-amino-5-bromobenzotrifluoride are reported. J O H s C F 3  and J,":CF3 are negative 
while J,,,HvCF3 is positive. These signs are in agreement with fluorine contact shifts In certain Ni(I1) 
chelates and therefore provide evidence for hyperconjugation of the CF, group with the ring. The 
magnitude of J m H s C F 3  is rather larger than expected on the basis of a relationship between the square of 
tlie bond order between the relevant ring carbons and the size of the coupling. 

Canadian Journal of Chemistry, 46,652 (1968) 

It has been established recently that the signs 
of the long-range methyl proton - ring proton 
coupling constants in substituted toluenes, 
~ ~ ~ , ~ ~ a ,  Jf,y-CH3, and are negative, posi- 
tive, and negative respectively (1, 2). These 
couplings are primarily determined by n contri- 
butions (3-9), the sign and variation in magni- 
tude of which can be qualitatively interpreted on 
the basis of a o-n mechanism involving negative 
(QcIb,) and positive (Q,,,?,) hyperfine interac- 
tions (5-9). 

More recently it has been shown (10) that in 
fluorotolueile derivatives ~ , " , ~ " 3 ,  Jff,F*CH3, and 
J,,"-C"3 have the opposite sign sequence to that 
found for the corresponding proton-methyl 
group couplings. In this case the results have 
been interpreted on the basis of a positive hyper- 
fine interaction QcF, a consequence of two com- 
peting o-n mechanisms in the C-F bond and 
involving double bond character of this bond. 
This interpretation is in qualitative agreement 
with the observed contact shifts in the fluorine 
resonance spectra of a variety of Ni(I1) chelates 
(11). In this note we report the signs of J,".CF3, 

and J , 7 s C F 3  in 2-amino-5-bromobenzo- 
trifluoride. 

Experimental 
The 2-amino-5-bromobenzotrifluoride was obtained 

from K and K Laboratories while the 4-chloro-3-iodo- 
benzotrifluoride was obtained from the Aldrich Chemical 
Company. These compounds were dissolved in carbon 
disulfide containing about 20 vol. % tetramethylsilane 
(TMS) and the solutions were degassed by the freeze- 

'Work supported under tlie auspices of tlie U.S. 
Atomic Energy Commission. 

Visiting summer scientist, 1967. Permanent address: 
Department of Chenlistry, University of Manitoba, 
Winnipeg, Manitoba. 

pump-thaw technique. Proton resonance spectra were 
measured on an HA-601 spectrometer locked to internal 
TMS. Double resonance experiments were carried out 
in the usual way (12). 

Results 

The 60 Mc/s proton resonance spectrum of 
2-amino-5-bromobe~~zotrifluoride corresponds to 
a loosely coupled ABC part of an ABCX, 
spectrum. The proton-fluorine coupling mag- 
nitudes were obtained to an accuracy of 0.1 c/s 
or better from the ABC region. 

A stick diagram showing an idealized first 
order spectrum for protoils 3 and 4 is shown in 
the upper part of Fig. 1 (see the figure for the 
structural for~nula and numbering). For proton 
3 the individual peaks of the two quartets are 
split by a sinall para coupling to proton 6. The 
four quartets, each of which arises from the 
coupling to the three equivalent fluorine nuclei, 
are indicated for proton 4. 

The spin states of the nuclei coupled to 
protons 3 and 4 are given below the stick 
diagram with the conveiltion that a positive sign 
under a low-field peak of the proton denotes a 
positive coupling to the nucleus in question. The 
spin states are labelled in accordance with the 
signs found experimentally. The ring proton 
couplings are positive (13-16) and since the 
proton-fluorine couplings are found relative to 
them, the absolute signs of the latter are deter- 
mined. 

As an illustration of one of the many experi- 
ments which were performed, the single reson- 
ance spectrum of the two low-field quartets of 
proton 4 is shown in the lower part of Fig. 1. 
The same spectrum, repeated while tickling 
transition 8 of proton 3, is also shown in the 
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NOTES 

FIG. 1. In the upper part a stick diagram is given of the magnetic resonance spectrum of protons 3 and 4 in 2- 
amino-5-bromobenzotrifluoride, whose structural formula is also given. The transitions are labelled with the spin 
states of the coupled nuclei as discussed in the text (see Results). In the lower part is given the single resonance spec- 
trum of the low-field pair of quartets of proton 4. The same spectrum recorded while transition 8 of proton 3 is being 
tickled is a!so shown. The arrow indicates that transition 5 of proton 4 is being perturbed. See the text for a full dis- 
cussIon. 

adjacent trace. An arrow indicates the transition 
(peak 5) whose intensity has been affected. It 
follows therefore that J , , , H , ~ ~ ~ / J , F ' , ~ ~ ~  < 0 and 
JpHH'/J1,,"" > 0. Other tickling experiments con- 
firmed these results and also gave the signs of 
Jz;:;3 relative to J:"' indicated in the figure. 

The proton spectrum of 4-chloro-3-iodo- 
benzotrifluoride in carbon disulfide solution is 
effectively an AMM' part of an AMM1X3 
system. The equal chemical shift of the 5 and 6 
protons ensures that the observed coupling of 
these protons to the fluorine nuclei of the trifluo- 
romethyl group is equal to I J , " . ~ ~ ~  1- I J Ill M.CF3; 12. 
The width at half height of the doublet from 
the 5,6 protons is 0.6 c/s with no discernible fine 
structure, indicating that the two couplings are 
of opposite sign and nearly equal in magnitude 
(the magnitude of the coupling between proton 
2 and the fluorine nuclei is 0.7 i 0.1 c/s). These 
results confirm the opposite sign of JOHnCF3 and 
~ ~ , , H t ~ ~ 3  found in the double resonance experi- 
ments on 2-amino-5-broinobenzotrifluoride. 

Discussion 

J,"lCF3 and ~ $ 3 ~ ~ 3  are negative and ~ , , , " * ~ ~ 3  is 
positive. The signs of the para and meta coup- 

lings are in qualitative agreement with the 
contact shifts measured for fluorine in the Ni(I1) 
chelates of N,N'-(p- and m-trifluoromethyl- 
phenyl) aminotroponeimines (17). From the 
observed contact shifts it has been inferred that 
hyperconjugation of the CF3 group with the ring 
is comparable to that of the CH3 group.3 
Although a spin polarization mechanism (rather 
than the spin delocalization mechanism) would 
also account for the determined sign sequence 
this interpretation would not be in accord with 
the magnitude of the contact shifts (17). 

It is interesting to note that although the mag- 
nitude of J,,l"~C"3 is usually about half that of 
J:,;C"3 couplings (1, lo), in the present com- 
pounds J,,,HvCF3 = J:-!F3. On the basis of the 
relationship between these couplings and the 
square of the bond order between the relevant 
ring carbon atoms (6), ~ , , , " , ~ ~ 3  < J:-f;lCF3 is 
expected. In view of these considerations it is 

3The observed Qclc?n values associated with the inter- 
pretation of the proton-methyl group couplings are 
usually interpreted in terms of a predominant hyper- 
conjugation n~echanisnl (18). It  may be noted that there 
is only a tenuous connection between the n.m.r. and e.s.r. 
evidence for hyperconjugation and that adduced from 
chetnical reactivity data (10). 
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tempting to ascribe a positive o contribution to 
J,,:eCF3 and perhaps to J0H,CF3 also. A positive o 
contribution would not conflict with the Dirac 
vector model (19), but there are no theoretical 
estimates of such a contribution. In the case of 
~ ~ ~ t ~ ~ z  it may be possible to rely on an analogy 
to the calculations of Barfield (20) on four-bond 
proton-proton couplings which indicate either 
positive or negative contributions depending on 
the conformation of the coupled fragment. In 
this connection it may be noted that temperature 
dependent ~ ~ ~ , ~ ~ 3  values in benzotrifluoride 
derivatives have been explained as arising from 
barriers of about 1 kcal/mole (21) to the internal 
rotation o f  the CF3 group. Experiments designed 
to clarify these questions are in progress. 
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Concerning a relationship between long-range ring proton - methyl proton coupling 
constants and mobile bond order1 

D. J. BLEARS, S. S. DANYLUK, AND T. SCHAEFER~ 
Divisiotz of Biological a~rd Medical Research, Argo~ztze Natio~zal Laboratory, Argo~~tzz, IIIi~zois 

Received September 8, 1967 

Long-range proton - methyl proton coupling constants in propene, mesitylene, 9-methylphenanthrene, 
and acenapllthene appear to be linearly related to the square of the mobile bond order between the carbon 
atoms bonded to the methyl group and the proton. However, substituent-induced changes in the charge 
on and hybridization state of the carbon atoms, in excitation parameters and in potential barriers to rota- 
tion of the methyl group, may also affect the coupling. Such changes must be considered in the application 
of a possible linear relationship. 

Canadian Journal of Chemistry, 46, 654 (1968) 

The simple molecular orbital theory (1) of the 
n contribution to the spin-spin coupling of 
protons in aromatic systems has been extended 
to long-range ring proton -methyl proton 
couplings by replacing (2-5) one of the (negative) 
hyperfine interaction terms QcH by a (positive) 
term QCCH to give eq. [:I.]. 

where pNN, is the mobile bond order between the 

'Work supported under tlle auspices of the U.S. 
Atomic Energy Comn~ission. 

2Visiting summer scientist, 1967. Permanent address: 
Department of Chemistry, University of Manitoba, 
Winnipeg, Manitoba. 

carbon atoms bonded to the methyl group and the 
proton, and AE is an average excitation energy 
to low-lying triplet states. Equation [ I ]  predicts 
that the coupling J, in a given inolecule will be 
proportional to the square of the illobile bond 
order, pNN,2. A useful test of the validity of this 
equation (and hence its applicability to long- 
range couplings) could be achieved by demon- 
stration of such a relationship. Its establishment 
would additionally permit a convenieilt estima- 
tion of unknown bond orders by measurement 
of the coupling constant involved. Although 
tentative suggestions of this relationship have 
been made (7-9), especially for J C ' ~ ~ ~ ,  no 
conclusive scheme has been determined. In this 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



654 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

tempting to ascribe a positive o contribution to 
J,,:eCF3 and perhaps to J0H,CF3 also. A positive o 
contribution would not conflict with the Dirac 
vector model (19), but there are no theoretical 
estimates of such a contribution. In the case of 
~ ~ ~ t ~ ~ z  it may be possible to rely on an analogy 
to the calculations of Barfield (20) on four-bond 
proton-proton couplings which indicate either 
positive or negative contributions depending on 
the conformation of the coupled fragment. In 
this connection it may be noted that temperature 
dependent ~ ~ ~ , ~ ~ 3  values in benzotrifluoride 
derivatives have been explained as arising from 
barriers of about 1 kcal/mole (21) to the internal 
rotation o f  the CF3 group. Experiments designed 
to clarify these questions are in progress. 
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Concerning a relationship between long-range ring proton - methyl proton coupling 
constants and mobile bond order1 
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Long-range proton - methyl proton coupling constants in propene, mesitylene, 9-methylphenanthrene, 
and acenapllthene appear to be linearly related to the square of the mobile bond order between the carbon 
atoms bonded to the methyl group and the proton. However, substituent-induced changes in the charge 
on and hybridization state of the carbon atoms, in excitation parameters and in potential barriers to rota- 
tion of the methyl group, may also affect the coupling. Such changes must be considered in the application 
of a possible linear relationship. 

Canadian Journal of Chemistry, 46, 654 (1968) 

The simple molecular orbital theory (1) of the 
n contribution to the spin-spin coupling of 
protons in aromatic systems has been extended 
to long-range ring proton -methyl proton 
couplings by replacing (2-5) one of the (negative) 
hyperfine interaction terms QcH by a (positive) 
term QCCH to give eq. [:I.]. 

where pNN, is the mobile bond order between the 
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carbon atoms bonded to the methyl group and the 
proton, and AE is an average excitation energy 
to low-lying triplet states. Equation [ I ]  predicts 
that the coupling J, in a given inolecule will be 
proportional to the square of the illobile bond 
order, pNN,2. A useful test of the validity of this 
equation (and hence its applicability to long- 
range couplings) could be achieved by demon- 
stration of such a relationship. Its establishment 
would additionally permit a convenieilt estima- 
tion of unknown bond orders by measurement 
of the coupling constant involved. Although 
tentative suggestions of this relationship have 
been made (7-9), especially for J C ' ~ ~ ~ ,  no 
conclusive scheme has been determined. In this 
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NOTES 

TABLE I 
Long-range ring proton - methyl proton coupling constants1 and mobile bond orders in some 

hydrocarbons 
- 

Molecule PNN' PNN" JII  ,CH Type Reference 

1. Propene 1 .OO 1 .OO -1 .75iO. l  Cis 10 
2. Mesitylene 0.667 0.444 -0 .87 i0 .1  Ortho 6 
3. 9-Methyl phenanthrene 0.760 0.578 -1 .1k0 .1  Ortho 9 
4. Acenaphthene2 0.725 0.526 -0 .9k0 .1  Ortho 5 

0.362 0.131 - 0 . 3 i 0 . 1  Para 

'Only in propene is the sign of JH,Cn3 actually known (lo), but in view of the work of Kotowycz and Schaefcr (25) 
it can be assumed that the signs are all negative. 

T h e  measured coupling constants are multiplied by 25/41 to convert to values appropriate to a freely rotating methyl 
group (5). 

note we review the available evidence and point 
out the dangers of an uncritical application of 
the persuant ideas. 

FIG. 1. The long-range couplings, J H e C M 3 ,  in the 
molecules of Table I are plotted versus the squares of the 
mobile bond orders between the relevant carbon atoms. 
See the text for a full discussion. 

Hydrocarbons for which both bond orders and 
coupling constants are known with any precision 
are propene (lo), acenaphthene ( 9 ,  nlesitylene 
(6), and 9-methylphenanthrene (9). In  Table I 
the bond orders and ~ ~ ~ ' ~ 3  values are given and 
in Fig. 1 the coupling constants are plotted 
against pNN,2. A straight line is drawn through 
the point for propene and through J = -0.1 c/s 
at pN,, = 0, establishing in these hydrocarbons a 
relationship between coupling constant and bond 

order. The line can be represented by J (CIS) 
- - -0.1-1.6pNNr2. In view of the possible errors 

in the two quantities a line through J = 0 c/s at 
pNN, = 0 may be just as reasonable. 

Although a straight line plot of ~ " ~ ' ~ 3  versus 
pNN,2 is obtained, prediction of bond orders from 
J values by direct interpolation of Fig. 1 is 
subject to a number of difficulties. QccI is depen- 
dent upon both the charge on the carboil atom 
(11, 12) and its hybridization state (13). Sub- 
stituents are known to affect the former (14) and 
ineasurements of J(l3C-H) indicate the latter 
changes on substitution also (15). Consequently 
a substituent-induced change in QcH is likely. A 
change in QcH on substitution of up to 10 % can 
be estimated from the known charge densities 
(14) and J(13C-H) values (15) in representative 
compounds. Similar considerations also apply 
to QccH.3 Additionally Qcckl is a function of the 
angle between the C-C-H plane and the p7c 
orbitals of the aromatic ring (17). In toluene and 
some of its para derivatives (18-20) the rotation 
of the methyl group is essentially free. In ortho- 
substituted toluenes the threefold potential 
barrier is no longer zero (21) and may approach 
1 to  2 kcal/mole, as observed in propene and its 
derivatives (22-24). A tenlperature dependence 
of J, in ortho-substituted toluenes is therefore a 
possibility and would have to be considered in 
any application of eq. [ I ] .  Finally, in view of the 
effect of substituents on electronic spectra, A E  
variations are also to be anticipated. 

Experimentally, ~ ~ ~ " " 3  in substituted toluenes 
ranges from -0.60 to 0.87 c/s (25-31), a range 
which could adequately be attributed to a 20% 
variation in pNN,2. Thus, on the basis of the 
preceding remarks, it is apparent that variations 
in coupling constants can be related to variations 
-- 

3See refs. 12,16,17 for recent discussions of these points. 
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Intra~nolecular migration of alkali metal ca- 
tions within ion-pairs of p-benzosemiqui~lone 
(1,2) and durosemiquinone (3,4) has been shown 
to give rise to an alternating line-width effect in 
a manner analogous to that observed for the 
pyracene radical anion dissolved in tetrahydro- 
furan (5). Similar effects should be observable 
for the ion-pairs of 2,3- and 2,5-dimethyl-p- 
benzosemiquinone, since the two sub-spectra 
arising from interaction of the unpaired electron 
with the two methyl or the two C-H groups 
should each exhibit line-width alternation. Be- 
cause sharp lines in the complete spectrum can 
only arise from combination of the sharp com- 

ponents of the sub-spectra, at suitable rates of 
exchange, the combined spectrum should be a 
doublet of quartets, the intensity distribution 
within each quartet being 1:9:9:1. The observed 
splittings will be twice the appropriate time- 
averaged splittings, obtainable from the fast 
exchange spectrum, or alterliatively the sums of 
the appropriate splittings obtained from the slow 
exchange spectrum. 

The electron spin resonance spectrum of 2,3- 
dimethyl-p-benzosemiquinone associated with 
potassium ions in 1,2-dimcthoxyethane is repro- 
duced in Fig. 1. The temperature, - 14 "C, has 
been chosen to give the maximum amount of 
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furan (5). Similar effects should be observable 
for the ion-pairs of 2,3- and 2,5-dimethyl-p- 
benzosemiquinone, since the two sub-spectra 
arising from interaction of the unpaired electron 
with the two methyl or the two C-H groups 
should each exhibit line-width alternation. Be- 
cause sharp lines in the complete spectrum can 
only arise from combination of the sharp com- 

ponents of the sub-spectra, at suitable rates of 
exchange, the combined spectrum should be a 
doublet of quartets, the intensity distribution 
within each quartet being 1:9:9:1. The observed 
splittings will be twice the appropriate time- 
averaged splittings, obtainable from the fast 
exchange spectrum, or alterliatively the sums of 
the appropriate splittings obtained from the slow 
exchange spectrum. 

The electron spin resonance spectrum of 2,3- 
dimethyl-p-benzosemiquinone associated with 
potassium ions in 1,2-dimcthoxyethane is repro- 
duced in Fig. 1. The temperature, - 14 "C, has 
been chosen to give the maximum amount of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 657 

FIG. 1. The electron spin resonance spectrum of the ion-pair potassium - 2,3-dimethyl-p-benzoselniquinone 
dissolved in 1,2-dimethoxyethane at -14 "C. 

line-width alternation, and the eight lines de- 
scribed above are indicated by asterisks. Weak 
lines due to the free ion are also present; these 
are readily distinguishable because of a differ- 
ence in g value between the ion-pair and free 
ion. The apparent C-H and methyl splitting 
constants were found to be 5.42 and 3.38 G 
respectively; these values should be compared 
with the fast-exchange values of 2.74 and 1.71 G 
and with the slow-exchange values reported in 
Table I .  The fast-exchange values are very close 
to those reported for the unassociated anion (6). 
In addition to the eight expected lines, three 
further sharp lines were observed; these lines 
occur at the center of the spectrum, and at dis- 
tances from the center of plus or minus twice 
the time-averaged methyl splitting constant. 

Since the spacing between these lines does not 
involve the C-H splitting constants, it may be 
concluded that the radicals giving rise to these 
lines have combined C-H spin quantum num- 
bers of zero. Furthermore, for the outer two of 
the three extra lines, a combined methyl quan- 
tum number of 2 can only arise by combination 
of spin quantum numbers of +1/2 and +3/2 
or of - 112 and -312. 

Table TI lists all those spin states for 2,3-di- 
methyl-p-benzosemiquinone which are charac- 

terized by combined spin quantum numbers for 
the methyl groups of +2 and for the C-H 
groups of zero. If the slow-exchange methyl and 
C-H hyperfine splitting constants are denoted 
by x, x + a and y, y + b respectively, the posi- 
tion of the line generated by each spin state may 
be found by suitable combination of the appro- 
priate quantum numbers and splitting constants. 
The results in Table I1 under the colun~n heading 
"Line positioil I" were obtained by assigning 
the splitting constants x and y to sites 2 and 6; 
the results under the column heading "Line 
position 11" were obtained by assigning these 
constants to sites 3 and 5. This procedure involves 
no loss of generality, since the signs of n and b 
have not been specified. These two coluinns, 
therefore, simulate the ion-pair locked into each 
of the two configurations between which ex- 
change can occur under suitable conditions. The 
exact nature of the configurations remains in 
doubt, though it is coilvenient to regard them as 
association of the cation with either of the two 
oxygen atoms. 

When the exchange process occurs, the line 
position will be modulated by an amount equal 
to the difference between the columns "Line posi- 
tion I" and "Line position 11". For a sharp line 
to be observed this modulation should equal 
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TABLE I 
Hyperfine splitting constants, in gauss, of se~lliquinone ion-pairs dissolved in 1,'-dimethoxyethane at -85 "C. 

Splitting constants are accurate to k0.02 

AM, AH -- 
Anion Cation Xb x -i- n Y Y S ~  n b 

2,3-Dimethyl-p-benzosemiquinone K + 1.22 2.20 2.25 3.23 0.98 0.98 
2,5-Din1ethyl-p-benzosen1iquinone ;:+ 1.54 2.74 1.40 2.60 1.20 1 .20 
2,5-Dimethyl-p-benzosemiquinone 1.65 2.63 1.55 2.52 0.98 0.97 

"1, y ,  a, b are defined in the text. 

TABLE I1 

Spin states of 2,3-dimethyl-p-benzosen~iquinone which may give rise to a sharp line at a distance from the 
center of +2(AMc)* 

Spin state 
Conditions for 

2-Me 3-Me 5-H-6-15 Line position I Line position I1 Modulation sharp line 

"x, a,  b are defined in the test 

zero, and hence it may be concluded that for the 
system under consideration a = f b. Valence bond 
(7) and molecular orbital (8) calculations indicate 
that a = +b is the physically significant result 
indicating that the anion experiences an end to 
end rather than a diagonal perturbation. There- 
fore, if a = b, a sharp line of intensity 6 (the 
number of suitable spin states) should occur at a 
position 2(x + +a) i.e. at a distance from the 
center of twice the time-averaged methyl split- 
ting constant. There will, likewise, be a line of 
intensity 6 at -2(x $- ;a). If it is accepted that 
a = b, the spin states giving rise to a sharp line 
at the center of the spectrum may be enumerated : 
these states will have combined quantum num- 
bers for both the methyl and C-H groups of 
zero. Rather than reproduce a table similar to 
Table 11, we simply state that 18 spin states meet 
our requirements. Experimeiltally the measured 
intensities and positions of the three lines are in 
excellent agreement with these expectations. 

These three further sharp lines have also been 

observed in the spectra of 2,5-dimetliyl-p-benzo- 
serniquinone associated with sodium or with po- 
tassium ions, and similar reasoning predicts that 
a = b for both of these systems. I11 Table I are 
listed the results of the analyses of the slow- 
exchange spectra, recorded at -85 "C, of the 
three systems; the criterion a = b is met sur- 
prisingly well. The sodium ion-pair of 2,3-di- 
methyl-p-benzosemiquinone could not be ob- 
tained in detectable concentrations, while the 
caesium ion-pair, although it exhibited the extra 
sharp lines, could never be "frozen" into one 
configuration. 

The correlation between a and b is unexpected, 
especially since the Q values of the C-Me and 
C-H fragments are generally accepted as being 
different. Since all the perturbations are rather 
similar, it is possible that a coincidental relation- 
ship exists between the various spin densities and 
Q values. Alternatively, the equality of a and b 
may indicate that the Q values of the C-Me 
and C-H fragments are equal for these com- 
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The phenolysis of 1-menthyl borate has been made by a variety of phenols, the kinetics of thereaction 
being followed by polarimetry. The behavior of the system can be related to the acidity of the phenol. 
With phenols of pK, < 10.0, the course of the reaction indicates a phenolysis proceeding normally 
towards an equilibrium. With phenols of pK, > 10.0, the rotatory power of the reaction mixture in- 
creases and in the case of phenols of pK, ~2 10.0, an intermediate type of curves is obtained. Hydrolysis 
and solvent effects are reported. 

Canadian Journal of Chemistry, 46, 659 (1968) 

The facile hydrolysis of alkyl and aryl ortho- 
borates has been noted by the first authors who 
reported the preparation of these esters (1). 
Subsequent observations of the hydrolysis are 
numerous but the first attempt to a quantitative 
treatment of the reaction has been made by 
Scattergood er al. (2), who report the time of 
apparation of boric acid when a borate is treated 
by a small amount of water. This work indicates 
that the speed of hydrolysis is a function of the 
steric hindrance of the substituents on the 
orthoester. If the steric hindrance of the substit- 
uents becomes important (such as with the 2,6- 
di-t-butylphenyl group) the speed of hydrolysis 
becoilles alillost negligible (3). More recently, 
Steinberg (4) has extended the evaluation of the 
role of steric factors and his work confirms the 
early report of Scattergood. If steric influences 
are well understood, the appreciation of elec- 
tronic factors in the course of the hydrolysis 
remains speculative because of lack of experi- 
mental backing. 

The initial object of the present study was to 
evaluate the role of electronic factors in the 
course of hydrolysis. The necessity of having a 

constant steric environment around the boron 
atom and a speed of hydrolysis not too fast led 
us to  consider unsymmetric borates as substrate 
for the reaction. Contrary to the literature (5 ,  6), 
it has been impossible to obtain pure unsym- 
metric borates, without disproportionation. 

An alternate approach was then used in order 
to appreciate the role of electronic factors. A 
symmetrical, sterically hindered borate was used 
as substrate and the variations of electronic 
densities were made on the attacking species 
instead of the substrate. 1-Menthyl borate (1) 
was used, and the attacking reagents were 
phenols bearing appropriate substituents in meta 
or para positions. C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
21

0.
87

.2
54

.5
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 659 

pounds. We are at present looking for further 1. E. A. C. LUCKEN. J. Cllem. Sot. 4234 (1964). 
2. E. WARHURST. Private con~n~unication. examples this effect before dis- 3. T. E. GOUGH and M. C. R .  SYMONS. T1.ans. Faraday 

tinguish between these alternatives. SOC. 62, 269 (1966). 
since submission of this note, equality of 4. P. S. GILL and T. E. GOUGH. Can. J. Chem. 45, 

2112 (1967). 
Qc-M, and Qc-H has been postulated to inter- 5. E. DEBOER and E. L. MACKOR. J. Am. Chem. Soc. 
pret the electron spin resonance spectrum of 86, 1513 (1964). 

mono proton ate^ 2,6-dimethy~-p-benzosemiqui- 6. B. VENKATARAMAN, B. G. SEGAL, and G. K. FRAENKEL. 
J. Chem. Phys. 30, 1006 (1959). 

none (9). 7. T. A. CLAXTON. T. E. GOUGH. and M. C. R .  SYMONS. . , 
Trans. ~a rada ;  Soc. 62, 279 (1966). 

Acknowledgments 8. P. S. GILL. Unpublished results. 
9. T. A. CLAXTON, J. OAKES, and M. C. R. SYMONS. This work received financial support from the Trans. Faraday sot. 63, 2125 (1967). 

National Research Council of Canada and the 
Ontario Department of University Affairs. 

Phenolysis of I-menthyl borate 

J.-M. LALANCETTE AND Y. BEAUREGARD 
D~parternenf de Cliinlie, Fac~rlti des Scierlces, Utriversiti de Slierbrooke, Sl~erbrooke, Q~ribec 

Received August 9, 1967 

The phenolysis of 1-menthyl borate has been made by a variety of phenols, the kinetics of thereaction 
being followed by polarimetry. The behavior of the system can be related to the acidity of the phenol. 
With phenols of pK, < 10.0, the course of the reaction indicates a phenolysis proceeding normally 
towards an equilibrium. With phenols of pK, > 10.0, the rotatory power of the reaction mixture in- 
creases and in the case of phenols of pK, ~2 10.0, an intermediate type of curves is obtained. Hydrolysis 
and solvent effects are reported. 

Canadian Journal of Chemistry, 46, 659 (1968) 

The facile hydrolysis of alkyl and aryl ortho- 
borates has been noted by the first authors who 
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Subsequent observations of the hydrolysis are 
numerous but the first attempt to a quantitative 
treatment of the reaction has been made by 
Scattergood er al. (2), who report the time of 
apparation of boric acid when a borate is treated 
by a small amount of water. This work indicates 
that the speed of hydrolysis is a function of the 
steric hindrance of the substituents on the 
orthoester. If the steric hindrance of the substit- 
uents becomes important (such as with the 2,6- 
di-t-butylphenyl group) the speed of hydrolysis 
becoilles alillost negligible (3). More recently, 
Steinberg (4) has extended the evaluation of the 
role of steric factors and his work confirms the 
early report of Scattergood. If steric influences 
are well understood, the appreciation of elec- 
tronic factors in the course of the hydrolysis 
remains speculative because of lack of experi- 
mental backing. 

The initial object of the present study was to 
evaluate the role of electronic factors in the 
course of hydrolysis. The necessity of having a 

constant steric environment around the boron 
atom and a speed of hydrolysis not too fast led 
us to  consider unsymmetric borates as substrate 
for the reaction. Contrary to the literature (5 ,  6), 
it has been impossible to obtain pure unsym- 
metric borates, without disproportionation. 

An alternate approach was then used in order 
to appreciate the role of electronic factors. A 
symmetrical, sterically hindered borate was used 
as substrate and the variations of electronic 
densities were made on the attacking species 
instead of the substrate. 1-Menthyl borate (1) 
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TABLE I 
Variation of optical activity of a solution of I-menthol in CCI, in presence of various concen- 

trations of phenol. Concentration of phenol expressed as weight per volun~e of solution: g/100 ml 

FIG. 1. Variation of rotatory power of I-menthol 
with 1-menthol concentration (Cb). Solvent: dimethoxy- 
ethane/CCI,, 70!30. Temp. 25.00". 

Results 

The kinetics of the phenolysis were followed by 
polarimetry, taking advantage of the difference 
in optical activity between the I-menthol and its 
borate. It can be seen from Table I that the 
presence of phenol does not affect appreciably 
the rotatory power of I-menthol and Fig. 1 
indicates that the optical activity of I-menthyl 
borate varies linearly with the concentration of 
the ester. It  has been verified that the phenols 
could not racemize I-inentl~ol under the experi- 
mental conditions used. The course of the 
phenolysis is shown in Figs. 2, 3, and 4. Three 
types of curves are obtained. The first type (Fig. 
2), observed with substituted phenols which are 
more acid than phenol (pK, < 10.0), shows that 
the phenolysis follows its course until an equi- 
librium composition is reached. This result is in 
accordance with the works of Bradley (7), who 
reports the hydrolysis of borates with a stoichio- 

FIG. 2. Pl~enolysis of 1-menthol borate (0.148 M )  
by phenols (0.446 M )  of pK, < 10.0. Hydrolysis of 1- 
menthyl borate (0.131 M )  by water (0.393 IW); measured 
in a 2 dm tube. Solvent: din~ethoxyethane/CCI., 70130. 
Temp. 25.00". 

-24 - 4-OCH, 

4-1-Bu 
4 - 0 C H 2  CH, 

FIG. 3. Phenolysis of I-menthyl borate by phenols of 
pK, > 10.0. Molar ratio of 3 to 1 between the phenol and 
the borate (0.130 M). Solvent: din~ethoxyethane/CCI., 
70130. Temp. 25.00". 
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volume) was prepared and thermostated at  25.000 
-17.50 f 0.005". A second solution of 12.500 g (0.026 mole) of 

lo l2 l4 l6 l8 20 22 1-menthyl borate in 100 ml of the same mixture of 
t. h solvents was prepared and thermostated at the same 

FIG. 4. Phenolysis of 1-menthy1 borate by phenols of temperature. Equal volumes (20 ml) of these two solu- 
pK, g 10.0. Molar ratio of 3 to 1 between the phenol and tions were mixed at  25.000" and the variation of rotatory 
the borate (0.126 M). Solvent: dimethoxyetl~ane/CCI., power was noted. A similar procedure was used for all 
70130. Temp. 25.00". phenolysis o r  hydrolysis reported. 

metric amount of water as a reversible reaction. -17.50 
The second type of curve (Fig. 3) groups the 
substituted phenols less acid than phenol (pK, 

I 

lI 
> 10.0). As can be seen, the reaction is accom- -17.55 _1 
panied by an increase (in absolute value) of the I 

optical activity of the reaction mixture. With 
I 
I 
I 

phenols of intermediate acidity (pK, 10.0), I 
I 

the curve observed (Fig. 4) is a composite of the -17.60: 

Experimental 

two previous types: the optical activity increases F 
first and then decreases. As can be seen from 9 
Fig. 5, the nature of the solvent has a definite 6 -17.65 
effect on the course of the reaction. 

Nuclear magnetic resonance (n.m.r.) measurements 
were made with a Varian, A-60 apparatus. Phenols were 
obtained commercially and purified by distillation or 
crystallization (8). The absence of position isomers in the 
phenols was verified by melting points and by thin layer 
chromatography. Solvents were dried over magnesium 
sulfate and redistilled. Rotatory power measurements 
were made with a "Rudolph, model 80" polarimeter, 
using 4.00 dm tubes kept at  25.000 f 0.005" by water 
circulation in a jacket around the tube. 

I-Ment11-vl Ortlrobornte 
1-Menthol (122.8 g, [a l~22:  -46.478', CC14) was 

treated with 16.2 g of boric acid, the water produced in 
the course of the reaction being eliminated by azeotropic 
distillation with benzene. After removal of the calculated 
amount of water the solvent was evaporated under 
vacuum and the white residual mass recrystallized in 
ethyl acetatelacetone mixture (111). Yield: 80%; [a]+: 
-73.950°, CCI4. 

I 

I I 
I 
I 
I 
I 

Pl~enolysis of I-Merltl~yl Borate byp-t-Birt.vl Pl~enol 
A solution of 11.741 g (0.079 mole) ofp-t-butyl phenol 

in 100 ml of a mixture dimethoxyethane/CCl? (70130 in 

,--------- - 

/ 
/ 

-17.80. 

Attenpt to Prepare Utlsymmetrical 0rtlrobor.ates 
T o  a solution of 20.6 g (0.10 mole) of 2,G-di-t-butyl 

phenol in methylene chloride cooled to  -78" was added 
a solution of 11.7 g (0.10 mole) of BC13 in the same 
solvent. After the evolution of HC1 had stopped, 21.6 g 
(0.20 mole) of p-cresol was added and the reaction 
mixture was kept at room temperature overnight. After 
removal of the solvent the residue was distilled under 
vacuum, the main product being a yellow oil boiling at 
206-213" and 0.03 mm Hg. Even after repeated distil- 
lation or keeping under vacuum in a desiccator containing 
KOH pellets the compound retained traces of HC1, 
rendering it unusable for kinetic measurements. Between 
each of these distillations, a n.m.r. spectra of the main 
fraction was taken. From these measurements, it could be 
seen that the CH3/(CH3)3C ratio (at 2.3 and 1.4 p.p.m.) 
varied for each distillation, strongly suggesting dispro- 
portionation. 

/' 
/ 

- - - -cc14 
- -  THF 

Racernizntion of I-Menti101 
A solution of 10.00 g of 1-menthol in 100 ml dimethoxy- 

ethane/CC14, 70130 mixture, was treated by 5.00 g of 
p-t-butyl phenol. The rotatory power of the solution 
remained constant, a t  -9.437", during 3 days. These 
results are in accordance with earlier reports on the 
stability of 1-menthol towards racemization (9). 

DME:CCI4 

-1770. c 
3-CH3 

-17.75 
0 0 5 10 15 20 25 30 
m 
v 

i 1, h 

-17 60 4-CH3 
FIG. 5. Solvent effect for the phenolysis of 1-menthyl 

borate (0.131 M )  by phenol (0.393 M ) .  Temp. 25.00". 
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Co-extraction of phosphoric and tetrachloroferric acids 

ROBERT H. MCCORKELL~ AND JOHN W. IRVINE, JR. 
Deparrn~ent of Cl~erriistq~ aid Laboratory for N~tclear Science, Massachltserts Ii~stitrtte of Technology, 

Cartibridge, Massachusetts 

Received August 9, 1967 

The presence of an extracting strong acid greatly enhances the extraction of phosphoric acid from 
aqueous solutions into organic solvents, but no type of compound forms between the phosphoric acid 
and tlie other extracted species. Only the alteration of the solvent properties when an ionic species and 
water are added to it can account for the increase in D,,,po,. 

Canadian Journal of Chemistry, 46, 662 (1968) 

The co-extraction of H3PO4 with HFeC14 
from l~ydrochloric acid solutions into isopropyl 
ether has been noted before (1, 2), but no 
attempts have been made to learn what phenom- 
ena are involved. Former studies have shown 
only that H3PO4 is little extracted in the absence 
of iron. This raised the possibilities that a mixed 
chloride-phosphate complex of iron is extracted, 
that H3PO4 replaces some of the water of the 
extracted hydrated proton, or that a species such 
as H4P04+FeC14- is extracted. These possibili- 
ties led us to a study of the HCl-FeC13-H3P04 - 
isopropyl ether and similar systems, which has 
shown only that phosphoric acid will extract 
when the organic phase contains a strong acid. 

Typical data2 for the isopropyl ether system 
are shown in Table I. The ratio [PO4] :[Fe3+] in 
the organic phase varies continuously, showing 
no indication of the formation of a compound of 
fixed composition. The "excess chloride" in the 
organic phase, [Cl-1-4[Fe3+], shows no relation 

'Present address: Smithsonian Institution Astro- 
physical Observatory, 60 Garden St., Cambridge, Mass. 
02138, USA. 

ZCon~plete data for this and other systems have been 
placed in the Depository for Unpublished Data. Photo- 
copies may be obtained upon request to: The Depository 
of Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada. 

to the concentration of H3PO4 in the organic 
phase as it should if phosphoric acid extracts as 
a compound of the sort H4P04-tC1-. Clearly, 
though, the presence of HFeC14 in the organic 
phase greatly enhances the extraction of phos- 
~ h o r i c  acid. 

Two organic phases sometimes form in the 
isopropyl ether extraction system. We designate 
the lighter of these phase 3, the heavier phase 2, 
and the aqueous phase 1. D213 for any species 
then is 

conc. of species in phase 2 , etc. 
conc. of species in p h a z  

It is found that the presence of H3PO4 in the 
isopropyl ether layer increases D213 for iron. It 
has been shown (3) that the extracted iron 
species in the heavy phase is HFeC14.4H20, 
while that in the light phase is HFeC14.5H20. 
Thus the H3PO4 may increase D2/3 for iron by 
dehydrating the extracted tetrachloroferric acid. 

The extracted iron and phosphoric acid are 
both concentrated in the heavy phase, and DZl3 
is similar for both. 

The same phenomena are noted in the extrac- 
tion of HFeC14 and H3PO3 with butyl ether, 
pentyl ether, and nitrobenzene. In these, how- 
ever, only one organic phase forms. At the same 
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The presence of an extracting strong acid greatly enhances the extraction of phosphoric acid from 
aqueous solutions into organic solvents, but no type of compound forms between the phosphoric acid 
and tlie other extracted species. Only the alteration of the solvent properties when an ionic species and 
water are added to it can account for the increase in D,,,po,. 
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The co-extraction of H3PO4 with HFeC14 
from l~ydrochloric acid solutions into isopropyl 
ether has been noted before (1, 2), but no 
attempts have been made to learn what phenom- 
ena are involved. Former studies have shown 
only that H3PO4 is little extracted in the absence 
of iron. This raised the possibilities that a mixed 
chloride-phosphate complex of iron is extracted, 
that H3PO4 replaces some of the water of the 
extracted hydrated proton, or that a species such 
as H4P04+FeC14- is extracted. These possibili- 
ties led us to a study of the HCl-FeC13-H3P04 - 
isopropyl ether and similar systems, which has 
shown only that phosphoric acid will extract 
when the organic phase contains a strong acid. 

Typical data2 for the isopropyl ether system 
are shown in Table I. The ratio [PO4] :[Fe3+] in 
the organic phase varies continuously, showing 
no indication of the formation of a compound of 
fixed composition. The "excess chloride" in the 
organic phase, [Cl-1-4[Fe3+], shows no relation 

'Present address: Smithsonian Institution Astro- 
physical Observatory, 60 Garden St., Cambridge, Mass. 
02138, USA. 

ZCon~plete data for this and other systems have been 
placed in the Depository for Unpublished Data. Photo- 
copies may be obtained upon request to: The Depository 
of Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada. 

to the concentration of H3PO4 in the organic 
phase as it should if phosphoric acid extracts as 
a compound of the sort H4P04-tC1-. Clearly, 
though, the presence of HFeC14 in the organic 
phase greatly enhances the extraction of phos- 
~ h o r i c  acid. 

Two organic phases sometimes form in the 
isopropyl ether extraction system. We designate 
the lighter of these phase 3, the heavier phase 2, 
and the aqueous phase 1. D213 for any species 
then is 

conc. of species in phase 2 , etc. 
conc. of species in p h a z  

It is found that the presence of H3PO4 in the 
isopropyl ether layer increases D213 for iron. It 
has been shown (3) that the extracted iron 
species in the heavy phase is HFeC14.4H20, 
while that in the light phase is HFeC14.5H20. 
Thus the H3PO4 may increase D2/3 for iron by 
dehydrating the extracted tetrachloroferric acid. 

The extracted iron and phosphoric acid are 
both concentrated in the heavy phase, and DZl3 
is similar for both. 

The same phenomena are noted in the extrac- 
tion of HFeC14 and H3PO3 with butyl ether, 
pentyl ether, and nitrobenzene. In these, how- 
ever, only one organic phase forms. At the same 
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TABLE I 

Extraction of HFeCI, and H3P04 from HCI by isopropyl ether (Initial aqueous [Fe3+] = 0.18 M. Synlbols: phase 1, 
aqueous; phase 2, lower (heavy) organic (or organic where only two phases form); phase 3, light organic) 

Initial [Fe3+] [H3PO,I [Cl-] -4[Fe3+] Daspol ( X  lo3) 
aqueous pppp 

Phase Phase Phase Phase Phase Phase Fe3+ Fe3+ 
[HCIl [Hd'O,I 2 3 2 3 2 3 present absent 

6.00 0.00 0.176 - 0.00 - 0.004 - - - 
6.00 0.50 0.180 - 0.020 - 0.030 - 0.044 
6.00 2.00 0.268 0.088 0.250 0.060 0.210 0.00 0.092 
6.00 3.00 0.348 0.029 0.573 0.041 0.526 0.022 0.13 
6.00 4.00 0.278 0.010 I .05 0.0307 1.42 0.046 0.24 
6.00 5.00 0.135 - 2.02 - 2.66 - 0.53 
7.75 0.00 0.406 0.073 0.00 0.00 0.239 0.00 - - 
7.75 0.04 0.420 0.056 0.006 0.0007 74 1.1 
7.75 0.08 0.426 0.058 0.012 0.00093 67 1 .O 
7.75 0.20 0.420 0.055 0.045 0.0030 110 1 .O 
7.75 0.59 0.416 0.046 0.081 0.0071 82 1 . 2  
7.75 1.50 0.485 0.025 0.349 0.0056 0.437 0.052 108 2.3 

concentrations of HCI,, and HFeCI,,,,, D,,,,, with the phosphoric acid but by altering the 
varies with the solvent: properties of the solvent. 

isopropyl ether > butyl ether 
> pentyl ether > nitrobenzene. 

This is also the order of DHFeC,, with solvent. 
In the absence of HC1 no measurable extrac- 

tion of iron from H3PO4 solutions takes place 
into any of these solvents. However, H3PO4 also 
co-extracts with HC104 into nitrobenzene. Ratios 
of H3P04/HC104 in the organic phase vary 
continuously with the concentration of these 
acids in the aqueous phase. 

Changes in the volume of phases during 
equilibration are considerable in all these 
systems except those in which the organic phase 
is nitrobenzene. 

Near infrared (visible to 2 000 mp) absorption 
spectra were obtained of extracts of HCl, HC104, 
HFeC14, H3PO4, and combinations of these in 
isopropyl ether and nitrobenzene. These showed 
only bands attributable to water, i.e. to the 
hydrated proton. The intensities of these absorp- 
tion bands show that the water content of HFeC14 

Experimental 
Solutions were made up from reagent grade HCI, 

HjP04, HC104, and FeCIj. Standard analytical tech- 
niques were used in measuring their concentrations. 
Solvents were purified by fractional distillation. Equal 
volumes of solution and solvent were pipetted to gradu- 
ated centrifuge tubes and suitable activities of 59Fe and 
32P (as FeC13 and H3P04) were added. The tubes were 
closed with disposable polyethylene caps and equilibrated 
at 26 rt 2 OC. Equilibrium was shown to be attained in 
< 1 min but equilibration times of 5 min were used. 

After equilibration the tubes were centrifuged and the 
phase volumes read. Samples for gamma counting for 
59Fe were withdrawn into counting vials using disposable 
1 ml pipettes. For 6 counting of 32P 0.1 n ~ l  samples were 
withdrawn and dried on circles of filter paper. 

A scintillation counter with a well-type NaI (TI) 
crystal was used for gamma counting. 32P activity was 
measured with a thin window proportional counter and 
absorbers to cut out the weaker 59Fe 6 rays. 

Sample preparation methods were checked for repro- 
ducibility by preparing duplicate samples. 

Near infrared absorption spectra were obtained with 
a Cary No. 14 recording spectrophotorneter. 

or HC104 extracts increases with the addition of 
H3PO4. This indicates that H3P04 is itself Acknowledgment 

hydrated. If H4PO4+ is formed it carries more This work was supported by A.E.C. coiltract 
water of hydration than the original H+ does. NO. AT(30-1)-905. 

In conclusion, we have found no evidence of 
association of H3P04 with HFeC14 or HC104 in 1. R. W. DODSON, G. J. FORNEY, and E. H. SWIFT. J. 
the organic phase. It is probable that the strong Am. Chem. Soc. 58,2573 (1936). 

acid and its associated water in the organic 2. N. HABERMAN. Anal. Chem. 36, 1876 (1964). 
3. A. H. LAURENE, D. E. CAMPBELL, S. E. WEBERLY, 

phase acts to increase D,,,,, not by associating and H. M. CLARK. J. Phys. Chem. 60, 901 (1956). 
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Reaction of ethyl with isobutyl and t-butyl free radicals 

J. 0. TERRY AND J. H. FUTRELL~ 
Clrerr~istry Resenrch Loborntory, Aerospace Resenrch Lnboratories, Wright-Pnttersorz Air Force Bnse, Ohio 

Received July 26, 1967 

1,l'-Azoisobutane, 2,2'-azoisobutane, 1-isobutyl azoethane, and mixtures of azoethane with 2,2'- 
azoisobutane were photolyzed under high intensity conditions in order to study the disproportionation 
of isobutvl and t-butvl free radicals and their cross reactions with ethvl radicals. The relative rates of 
dispropo:tionation td  combination which were determined for the vaiious radical interactions are as 
follows: A(i-C4H9, i-CsH9), 0.078; A(t-C&, I-CIH~),  2.32; A(CIHS, i - C d U ,  0.04; A(CzH5, 
t-CAH9), 0.498; A(i-C4H9, C2H5),  0.04; A(t-CSH9, C2H5), 0.283. 
Canadian Journal of Chemistry, 46, 664 (1968) 

A general mechanism for the high intensity 
photolysis of azoalkanes and of asymmetric 
azoalkanes was presented in a recent paper 
from this laboratory (1). For the asymmetric 
azoalkane an adequate mechanism is: 

k5 
R 2  -t. R 2  -.i alkane? + alkene? 

k6 
-> alkane?,? 

k7 
R1 + R 2  -> alkanel + alkenez 

The extension of this mechanism to the 
photolysis of mixtures of azoalkanes is obvious. 

A quantity of interest for describing free 
radical reactions is the cross-combination ratio, 
k9/(k4 X lc6)112, often termed the 4 factor (2, 3). 
As an alternative we discussed the cross-reaction 
ratio 

which, as first pointed out by Blake, Henderson, 

]Present address: Department of Chemistry, University 
of Utah, Salt Lake City, Utah, 84112. 

and Kutschke (4), is the correct statistical 
formulation. Derivation of this ratio assumes 
that each radical-radical collision results in 
either disproportionation or combination, and 
the steric factor for the suin of mutual dis- 
proportionation plus combination reactions is 
near unity. If the suin of the steric factors for 
these reactions differ significantly from unity, 
there is no theoretical relationship relating the 
various free radical reaction pairs. 

For the various free radicals investigated in 
the earlier study, both 4 and 4' were close to the 
statistical factor 2. An examination of the 
literature suggested, however, that for butyl 
radical systems 4 and 4' might differ signifi- 
cantly and, in particular, that +', appeared not 
to equal the statistical factor 2. If true, this 
result is an argument against the hypothesis of 
a comluon transition state for disproportionation 
and combination reaction ( 5 , 6 ) ,  or an argument 
that the sum of steric factors is not equal to unity. 
Accordingly the present study was initiated to 
obtain quantitative data on the disproportiona- 
tion of isobutyl and t-butyl free radicals and their 
cross reactions with ethyl radicals. 

Experimental 
The synlmetric azoisobutanes were obtained from 

Merck, Sharp and Dohme of Canada, Ltd. and the 
unsymmetrical one was prepared as described by Spialter 
and co-workers (7). These compounds were purified 
by gas chromatography and stored under vacuum in a 
blackened cold finger. The high intensity photolysis 
apparatus and the gas chron~atographic techniques used 
were described earlier (1). In  this series of experiments, 
10 ft of 114 0.d. t ~ ~ b i n g  filled with 10% polyphenyl ether 
on chromsorb P was used to analyze the photolysis 
products from 1,l'-azoisobutane and that of 2,2'-azoiso- 
butane. For the unsynimetric case, 1-isobutyl azoethane, 
the total C2 concentration, isobutane, n-butane, isobutene, 
and 2-methyl pentane were obtained on a 12 ft, 20% 
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NOTES 

TABLE I 
Relative ratcs for disproportionation and combination reactions 

Reactants" Literature This research 

- 

aThe alkane product of the disproportionation reaction corresponds to the first reactant listed; 
i.e. ln reaction [4] ethane and isobutene are products, while in reaction [b] isobutane and ethylene 
are products. 

b kd/k,(C2H + CIHj) =0.135'. 

p-pl-oxydipropionitrile column maintained at 15 "C. 
The ratios of ?-methyl pentane to 2,5-diniethyl hexane 
and etliylenc to ethane were obtaincd on tlie polyplienyl 
ether column maintained at 60' and a 25 ft section of 
114 0.d. tubing filled with 25% squalane on chronisorb P. 
For tlie mixture experiment (azoethane plus 2,2'-azoiso- 
butane) a series colun~n consisting of 6 ft of the 8-8'- 
oxydipropionitrile plus 6 ft of the polyphenyl ether was 
used to deterniine all the decomposition products 
except the ratio of ethylene to ethane. This ratio was 
obtaincd on the squalane column. 

Results and Disci~ssion 

The results of some 30 experiments are 
summarized in Table I. The experimental 
precision of these experiments compares favor- 
ably with our previous report (1). As before, 
the concentration of alkene from reactions 
[3], [5 ] ,  [7], and [S] equalled the concentration of 
alkane produced by the same reactions within 
experiillental error. No products other than 
those predicted by the mechanism were detected. 
The agreement with previous literature values 
is quite good for the cross reaction of ethyl with 
t-butyl radicals but is poor for the mutual 
reactions of isobutyl and t-butyl radicals. No  
reasons can be advanced for the poor agreement 
in the latter cases. 

The cross-combination and cross-reaction 
ratios c$ and +' for the reactions of ethyl with 
isobutyl radicals are 1.86 and 1.81 and for the 
reactions of ethyl with t-butyl radicals are 1.93 
and 1.78, respectively. In  agreement with Blake, 
Henderson, and Kutschke (4), we find that 
the factor 

1 + (k7 + ks)lIc9 
[(I f lc31k4) (1 + kglkd11'2 

for our previously reported study of the cross- 
disproportionation and combination reactions 
of methyl, ethyl, n-propyl, and isopropyl radi- 
cals (1). I t  is not obvious why this factor should 
equal unity, but the equality does appear useful 
as a tentative cross-check on experimental 
lcd/lc, ratios for mixed alkyl free-radical systems. 
The concept of a common transition state is 
consistent with the present results, although 
they do not provide definitive support for 
this idea. 
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of eq. [I] is close to unity. This was also true 
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' Erratum: Spontaneous decarboxylation of oxaaacetic acid 

C.  S. TSAI 
Departmetit of Chemistry, Carletotz Utziversity, Ottawa, Catzada 

Received October 6, 1967 

(Ref.: Can. J. Chem. 45, 873 (1967)) 

Canadian Journal of Chemistry, 46, 666 (1968) 

The heading-row of Tables I (page 875), I11 and 1cZn2+ x 103 should read (min-1) instead of 
(page 876), and IV (page 877) under k,,, x 103 (s-I). 

I/ Erratum: r-Radiolysis of cyclohexane with electron scavengers. IV. CO, as an 
electron scavenger 

N. H. SAGERT 
Research Chetnistry Bm~c l i ,  CIialk River Nuclear Laboratories, Clialk River, Otitario 

Received January 29, 1968 

(Ref.: Can. J. Chem. 46, 336 (1968)) 

Canadian Journal of Chemistry, 46, 666 (1968) 

The footilote at the bottom of page 336 should 
read: "Issued as A.E.C.L. NO. 2983". 
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The synthesis and identification of allyl ethers of glucose and cellulose1 

D. E. HOINESS,~ C. P. WADE, AND S. P. ROW LAND^ 
So~rthemr Regiotlal Research Laboratory, Southen1 Utilization Research and Developt~~et~t Divisiotl, Agric~rltlrral 

Research Service, Utrited States Departnzent of Agriculture, New Orleatls, Lorrisiatm 
Received August 23, 1967 

Substituent group distribution in ally1 cellulose, resulting from the base-catalyzed condensation of  
sodium allyl sulfate with cotton cellulose and having a degree of substitution of 0.07, was found to 
be 0.7: 0.2:l.O in the 2-0-, 3-0-, and 6-0-positions of the anhydroglucose units. Several new glucose 
derivatives were prepared in the syntheses of the 2-0-, 3-0-, and 6-0-allyl-D-glucoses. 

Canadian Journal of Chemistry, 46, 667 (1968) 

Introduction 

As a part of a program to  characterize the 
reactivities of the hydroxyl groups of the D- 

glucopyranosyl units of cotton cellulose toward 
mono- and polyfunctional reagents, we have 
studied the substituent group distribution result- 
ing from the base-catalyzed condensation of 
sodium allyl sulfate with cotton cellulose. In  
order to identify the 2-0-, 3-0-, and 6-0-allyl-D- 
glucoses obtained from the hydrolytic cleavage 
of the molecular chain of the modified cotton 
cellulose, it has been necessary to synthesize and 
characterize several new derivatives of glucose. 
These were prepared by the nucleophilic sub- 
stitution reaction on allyl bromide with the 
alkoxide group of a selected glucose derivative. 

Substituent groups on glucose hydroxyls which 
were stable to the conditions of the reactions, yet 
easily removed by acid hydrolysis after introduc- 
tion of the allyl group, were employed to block 
all the hydroxyl groups which were to be free 
in the final product. The requirement of stable 
blocking groups in basic reaction media for the 
preparation of 2-0-, 3-0-, and 6-0-substituted 

'Presented, in part, at the 151st National Meeting of 
the American Chemical Soc~ety, March 1966, Pittsburgh, 
Pennsylvania. 

ZPostdoctoral Resident Research Associate, November 
1964 to November 1966. Present address: Pioneering 
Research Laboratory. Textile Fiber Division, E. I. du 
Pont de Nemours &.co., Wilnlington,   el aware. 

3To whom correspondence should be addressed. 

glucoses has been discussed by Bullock, Cirino, 
and Rowland (1). 

The allyl ether group, itself, has recently been 
used as a protective group in carbohydrate 
chemistry. Gigg and Cunningham (2, 3) and 
Montgomery and Thomas (4) discussed the 
removal of this group. Bullock and co-workers 
(1) indicated that this group was more satis- 
factory than the benzyl group, since it was more 
readily removed after the condensation reaction 
was complete. 

Experimental 
Gas-Liquid Clzrotnatograpl~y 

The gas-liquid chron~atographic unit was an F & M 
model 1609 (hydrogen flame ionization d e t e ~ t o r ) . ~  
Columns were based on a solid phase of acid-washed 
silanized Chromosorb W of 80-100 mesh (Johns-Man- 
ville Corporation) and liquid phases consisting of SE-52, 
XE-60, QF-1, Apiezon M, ECNSS-M, and SE-30 (Ap- 
plied Science, Inc.). The columns were prepared in ;-in. 
O.D. aluminium tubing. The most effective colunlns were: 
(a) 19% w/w SE-52 on Chromosorb W, 6 ft, and (b) 
8.5% w/w XE-60 on Chromosorb W, 2 ft. Trimethylsilyl 
ether derivatives of the saccharides were prepared for 
gas-liquid chronlatographic analyses by the method of 
Sweeley et al. (5). 

Steps it1 Sytrthesis of 3-0-Allyl-D-ghtcose 
3-0-Allyl-1,2 :5,6-di-O-isopropylidet1e-cr-~-glrrcof1tra,rose 
(1) 

1,2:5,6-Di-0-isopropylidene-cr-D-glucofuranose (13 g, 

4Mention of a company and/or product by the U.S. 
Department of Agriculture does not imply approval or  
reconlnlendation of the product to the exclusion of others 
which may also be suitable. 
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6-0-Allyl-1,2:3,5-di-O-bet?zylidet1e-a-~-glucofuranose 
1,2:3,5-Di-0-benzylidene-a-D-glucofuranose (8) (4.20 

g, 13 mnloles), which had been recrystallized several times 
from ethanol, was added to a dispersion of sodium 
hydroxide (1.04 g, 26 mmoles) in 50 ml of anhydrous 

50 mmoles) was dissolved in ca. 50 ml of anhydrous 
liquid ammonia and 1.95 g (50 mmoles) of potassium 
metal was added slowly. The system was flushed with 
argon and warmed gently to remove the ammonia. An- 
hydrous ethyl ether (20 ml) was added to flush any re- 
maining ammonia from the reaction mixture. Excess 
allyl bromide (35 g, 289 mmoles) was then added and 
the reaction mixture was refluxed briefly. After standing 
at room temperature overnight the reaction mixture was 
evaporated to  dryness under reduced pressure, the residue 
was extracted with ethyl ether, and the extract was 
washed with water. The ether was evaporated and the 
residue was distilled under reduced pressure. The product 
was a colorless liquid weighing 6.6 g (51 %); b.p. 80-83" 
at  0.004 mm, ng3 1.4574 (lit. (6) ng4 1.4570). 

Anal. Calcd. for CI5Hz4O6: C, 59.98; H ,  8.05. Found: 
C, 59.66; H, 7.83. 

3-0-A//y/-~-glncose (2) 
Compound 1 (0.51 g, 1.7 mmoles) was dissolved in 

17.5 g of 7.6 N sulfuric acid and subjected to  mild agi- 
tation at  reflux temperature under an  atmosphere of 
argon for 2 h. The solution was cooled, diluted to 1.5 N 
with 60 ml of water, and stirred for 16 h under argon. 
The pH of the solution was adjusted to  6.0-6.5 with 
barium hydroxide, the barium sulfate was removed, the 
filtrate was concentrated under vacuum below 40°, and 
the concentrate was freeze-dried to  a solid product (yield 
> 90 %). Gas-liquid chromatogram of the trimethylsilyl 
ether of this product on SE-52 column showed only two 
peaks (a and [3 anomers) (curve A, Fig. 1). 

Anal. Calcd. for C9HI6O6: C, 49.10; H,  7.32. Found: 
C, 49.02; H, 7.42. 

Steps in Synthesis of 6-0-Allyl-D-ghrcose 
6-O-Allyl-3,5-O-benzylidene-l,2-O-isopropylidet?e-a-~- 

glucofuranose (3) 
3 , 5 - 0 - B e n z y l i d e n e - l , 2 - 0 - i s o p r o p y l i d e n e - c r -  

anose (7) (1.07 g, 3.3 nlmoles) was added to  a dispersion 
of sodium hydroxide (0.34 g, 8.5 mmoles) in 35 ml of 
anhydrous dioxane. The mixture was warmed gently and 
then allyl bromide (5 g, 42 mmoles), dissolved in 10 ml 
of anhydrous dioxane, was added dropwise. The mixture 
was refluxed for 3 h, cooled, filtered, and the remaining 
solvent was evaporated under reduced pressure. The 
syrupy residue was shaken with ethyl ether and water 
and the ether layer separated. The organic layer was 
washed with water, dried with anhydrous sodium sulfate, 
and the solvent was evaporated under vacuum. The resi- 
due was then dried under high vacuum for several hours 
to  a viscous liquid. Gas-liquid chromatography of this 
material, following treatment to  silylate the free hydroxyl 
group of any unconverted starting material, showed only 
a small amount (estimated 1 %) of starting material to 
be present in addition to the desired product. The viscous 
liquid was dissolved in cyclohexane and crystallized to  
yield a white crystalline solid, m.p. 67-67.8', 53 % yield. 

Anal. Calcd. for CI9HZ4o6:  C. 65.50; H,  6.94. Found: 
C, 65.50; H, 6.86. 

. . 
RELATIVE RETENTION TIME 

FIG. 1. Chromatograms of trimethylsilyl derivatives 
o n  SE-52 column programmed from 180-720" at 0.5" 
per min. Curve A is 3-0-allyl-D-glucose; curve B is 2-0- 
allyl-D-glucose; curve C is 6-0-allyl-D-glucose; curve D 
is the fermented hydrolyzate of allyl cellulose. 

dioxane. The mixture was warmed gently and then ally1 
bromide (3.13 g, 26 mmoles), dissolved in 10 ml of 
anhydrous dioxane, was added dropwise. The mixture 
was refluxed for several hours. A product which proved 
to  be a mixture and which could not be separated into 
pure components was isolated by the procedure of the 
preceding preparation. The hydrolyzate of this product 
(by the procedure described below for 4) was shown by 
gas-liquid chromatography to  be predonlinantly 6-0- 
allyl-D-glucose together with glucose, 3-0-allyl-D-glucose, 
and an unidentified component. Due to  the difficulty of 
purification of the product, this route was abandoned. 

6-0-Ally/-D-glucose (4) 
Recrystallized compound 3 (0.20 g, 0.9 mmole) was 

dissolved in 7.0 g of cold 7.6 N sulfuric acid and refluxed 
under a n  atmosphere of argon for 2 h. The solution was 
diluted to  1.5 N with 24 ml of water and stirred for 16 
to  18 h. The solution was then adjusted with barium 
hydroxide to a pH of 6.0-6.5, the barium sulfate was 
removed, the filtrate was concentrated under vacuum 
below 40°, and the concentrate was freeze-dried to  a 
solid product (yield > 90%); m.p. 112-1 14'. A gas-liquid 
chromatogram of the trimethylsilyl ether of this product 
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HOINESS ET AL.: ALLYL ETHERS OF GLUCOSE AND CELLULOSE 669 

on SE-52 column showed only two peaks (cr and P ano- 
mers) (curve C, Fig. 1). 

Anal. Calcd. for C9Hl6O6: C, 49.10; H, 7.32. Found: 
C, 48.70; H, 6.94. 

Steps in Synthesis of 2-O-Allyi-~-glucose. Route A 
N-(2-0-Allyl-3,4,6-tri-O-acetyl-~-glrrcosyl)- 
piperidine (6) 
N-(3,4,6-Tri-0-acetyl-D-glucosy1)piperidine (9) (20.2 g, 

54 mmoles) was suspended in allyl bromide (60.5 g, 
500 mmoles) and the mixture was allowed to stand for 
20 min. Freshly prepared moist silver oxide (15 g, 64 
mmoles) was then added in portions with constant 
stirring. Toward the end of the addition (30 min), the 
viscosity of the slurry decreased noticeably and the mix- 
ture became warm. The mixture was stirred in a closed 
flask for 48 h. The mixture was filtered and the filtrate 
concentrated under reduced pressure to yield a crystalline 
solid. This product (18 g) was recrystallized from n-butyl 
ether, yielding 15 g (68%) of colorless crystals; m.p. 
107.5-108". 

Anal. Calcd. for C20H310sN: C, 58.09; H, 7.56; N, 3.39. 
Found: C, 57.79; H, 7.55; N, 3.33. 

N-(2-0-Allyl-D-glucosy1)piyevidine (7) 
Compound 6 (4 g, 3.7 mmoles) dissolved in 20 ml of 

absolute methanol, was added to a saturated, anhydrous 
solution of ammonia in methanol (25 ml) prepared at 
0". The solution was held at 0' while dry ammonia gas 
was bubbled through for 1 h and subsequently was 
concentrated in vacrro to a light-yellow syrup. The syrup 
was decolorized in ethyl ether with Darco G-60 and upon 
concentration of the solution, white crystals formed. Re- 
crystallization from ether yielded 1.5 g (54%) of white 
needles; m.p. 118-119". 

Anal. Calcd. for C1,H2505N: C, 58.51; H, 8.77; N, 
4.88. Found: C, 58.32; H, 8.67; N, 4.90. 

2-O-A!!yl-~-glrrcose (5) 
Compound 7 (0.5 g, 1.7 mmoles) was dissolved in 25 ml 

of 1.0 N sulfuric acid and the solution heated (97") for 
1% h. The acid solution was cooled and neutralized with 
an excess of barium carbonate, then filtered. The neutral 
filtrate was concentrated to a semisolid. A portion of this 
material was recrystallized from 1-hexanol to yield white 
crystals (0.05 g); m.p. 146". In addition, 0.1 g of oil was 
recovered which gas-liquid chromatography indicated 
to be > 90 % 2-0-allyl-D-glucose. 

Anal. Calcd. for C9H1606: C, 49.08; H, 7.32. Found: 
C, 49.86; H,  7.34. 

Steps in Synthesis of 2-O-All}~l-~-glrrcose. Route B 
3,5,6-Tri-0-a!lyl-I ,2-0-isopropylidei~e-a-D- 
glucofriranose (8 )  
1,2-0-Isopropylidene-a-D-glucofuranose (6.03 g, 27 

mmoles) dissolved in 10 ml of anhydrous dioxane was 
added to 20 ml of dioxane containing finely dispersed 
potassium hydroxide (2.1 g). The rapidly stirred mixture 
was heated to about 40" while an excess of allyl bromide 
(20.0 g, 165 mmoles) was added dropwise over a period 
of about 30 min. The temperature was raised to reflux 
and maintained there for about 4 h. The reaction mixture 
was cooled, filtered, and the solvent and unreacted allyl 
bromide were removed by evaporation under reduced 
pressure. The viscous residue was shaken with ethyl ether 

and water. The ethyl ether layer was separated, washed 
with water. dried with anhydrous sodium sulfate, filtered, 
and the filtrate was concentrated under reduced pressure. 
Distillation resulted in a colorless liquid; b.p. 116-118" at 
0.002 mm (yield 82%). An infrared spectrum showed no 
absorption band at 2.85 p, confirming the absence 
or free hydroxyl groups. Absorption bands at 6.04 and 
10.85 p were characteristic of the allyl group (10). 

Anal. Calcd. for C18H280B: C. 63.51; H, 8.29. Found: 
C, 63.19; H, 8.13. 

Methyl 3,5,6-Tri-0-allyl-D-glrrcofurarioside (9) 
Compound 8 (15 g) was dissolved in 200 ml of absolute 

methyl alcohol and percolated through a bed of Dowex 
50-X8 in the acid form at the boiling point of methanol 
(11). The product isolated after removal of the solvent 
showed two peaks on gas-liquid chromatography; these 
are attributed to  the cr and !3 anomers (yield 99%). The 
peak characteristic of compound 8 was absent from the 
chromatogram. Gas-liquid chromatographic analysis of 
the trimethylsilyl ether of this product indicated shorter 
retention times for both peaks, indicative of a free hydroxl 
group in product 9. An infrared spectrum showed strong 
hydroxyl absorption (2.85 p) and absorption bands (6.05 
and 10.83 p) characteristic of the allyl group (10). 

Anal. Calcd. for C16H2,06: C, 61.12; H, 8.34. Found: 
C, 60.3; H, 8.05. 
MetIgvl3,5,6-Tri-O-(I-proper1yl) -D-g~rrcofri~airosicle(I0) 
Product 9 (1.3 g, 3.8 mmoles), potassium I-butoxide 

(1.5 g, 13 mmoles), and dry dimethyl sulfoxide (10 ml) 
were heated (100") together for 2 h. Gas-liquid chromato- 
graphic analyses of samples taken at 4 h intervals showed 
that the two peaks present initially and characteristic of 
9 gradually diminished in size and finally disappeared, 
while two new peaks appeared and gradually enlarged. 
The appearance of new infrared bands at 5.98, 7.8, and 
13.8 p as well as the disappearance of allylic bands at 
6.06 and 10.8 p were evidence for the completeness of 
the allylic rearrangement. 

Methyl 2-0-Ally1-3,5,6-tr.i-O-(I-properry~)-~- 
glucofrtrnt~oside (11) 

Con~pound 10 (0.5 g, 1.6 mmoles) was dissolved in 
15 ml of dioxane and added to a suspension of sodium 
hydroxide (2.0 g, 50 mmoles) in 10 ml of dioxane. The 
mixture was warmed gently and allyl bromide (0.6 g, 5 
mmoles) dissolved in 10 ml of dioxane was added drop- 
wise over a period of 20 min. The mixture was refluxed 
for 3 h, cooled, and stirred overnight. After filtration 
and concentration in vacrro, gas-liquid chromatographic 
analyses of the viscous product indicated no move- 
ment of the single major peak when the product was 
treated with trin~ethylchlorosilane, thus indicating that 
the hydroxyl groups of this product were substituted. 

2-O-Allyl-~-glrrcose (5) 
The product from the previous preparation (11) was 

dissolved in 27 ml of 7.6 N sulfuric acid and refluxed for 
2 h under an argon atmosphere. The solution was then 
diluted to 1.5 N with distilled water and stirred for 6 h 
at room temperature. The solution was neutralized with 
barium hydroxide, filtered, and concentrated under 
vacuum while maintaining the temperature below 40". 
The trimethylsilyl ether derivative was prepared from a 
portion of this sample. Gas-liquidchromatograms yielded 
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retention times in agreement with those previously found 
for 2-0-allyl-D-glucose. Several byproduct peaks also 
appeared in the chromatograms, and separation of these 
materials from the desired 2-0-allyl-D-glucose anomers 
was not realized. 

Allyl Cellnlose 
The cotton cellulose in the form of desized, scoured, 

and bleached 80 x 80 print cloth weighing 3.3 oz 
per yd was immersed in a solution of sodium allyl 
sulfate (15.5%), sodium hydroxide (20.7 %), and wetting 
agent (Alkanlerse, 1.7%). The wet fabric was squeezed 
through rollers to obtain a 135% wet pickup (12). Cure 
was carried out at 127' for 70 min. The fabric was washed 
thoroughly and dried. The extent of reaction of the 
cellulose with sodium allyl sulfate was measured by weight 
gain and by bromine number determination. The ally1 
groups were present at  a degree of substitution of 0.07. 

Hydrolysis of Allyl Cellrrlose to Glucose orld Allyl 
Glrrcoses 

Cotton cellulose and allyl cellulose were hydrolyzed 
with sulfuric acid by the general procedure described by 
Rowland et 01. (1 3). One gram of fabric, homogenized as 
small (ca. 0.25 cm2) squares, was covered with 15 g of 
72% sulfuric acid and subjected to mild agitation at  
room temperature under an atmosphere of argon for 
8 h. The solution was diluted to  7 .6N with 20 ml of 
distilled water and mild agitation was continued for 16 h. 
The solution was then diluted to  1.5 N with 120ml of 
water and refluxed for 6 h. Barium hydroxide was utilized 
to  adjust the acidity to  a pH of 6.0-7.0, barium sulfate 
was removed by filtration, the filtrate was concentrated 
under vacuum below 40°, and the concentrate was 
freeze-dried to  yield a solid hygroscopic product. 

Retnovol of Glrrcose fiorn Cliernically Modified Glrrcoses 
A 1.0 g sample of the hydrolyzate of the cotton fabric 

or allyl cotton was dissolved in 20 ml of water and 0.2 g 
of  dried yeast was added. Fermentation was allowed to  
proceed at  80°F  until no more nlicrobubbles appeared 
(2 to  3 days). The solution was filtered (Millepore 0.4 p) 
and freeze-dried to a solid product. The hydrolyzed 
cotton or glucose yielded less than 0.1 g of residual 
nonvolatile product; ally1 cellulose yielded 0.4 g of 
residue. 

Glucose was shown to be absent in the concentrate 
from allyl cellulose by the absence of a peak in the area 
of (3-D-glucopyranose in gas chromatographic analysis. 
Further evidence for the absence of glucose was obtained 
by fermenting a sample of dextrose under the same 
experimental conditions as were used for the allyl cotton 
hydrolyzates. Gas-liquid chromatographic analysis of 
this material showed the absence of all peaks for glucose 
and showed only a single peak corresponding to glycerol. 

Results and Discussion 

The preparation of 3-0-allyl-D-glucose (2) was 
carried out by reacting 1,2:5,6-di-0-isopropyli- 
dene-a-D-glucofuranose with allyl bromide fol- 
lowed by hydrolysis of the blocking isopropyli- 
dene groups. The reaction proceeded well with 
either potassium metal in liquid ammonia or a 

suspension of potassium hydroxide in anhydrous 
dioxane. After hydrolysis of the blocking groups, 
2 was obtained as a crystalline solid in ca. 45 % 
overall yield. The trimethylsilyl ether derivative 
of this product was shown by gas-liquid chro- 
matography to consist of two anomers (curve A, 
Fig. 1) which are assumed to be the a and P 
anomers. 

6-0-Allyl-D-glucose (4) was prepared through 
1,2 :3,5-di-0-benzylidene-a-D-glucofuranose and 
through 3,5-0-benzylidene-l,2-0-isopropyli- 
dene-a-D-glucofuranose. Potassium hydroxide 
suspended in anhydrous dioxane proved to be the 
preferred reagent in both cases. The latter start- 
ing material yielded the purer product due to the 
difficulty in removing a byproduct, 1,2-0-ben- 
zylidene-a-D-glucopyranose from the former. 
Compound 4 was obtained in ca. 50% overall 
yield as a hygroscopic white solid upon hydro- 
lysis of the intermediate. 

Synthesis of 2-0-allyl-D-glucose (5) was 
achieved through N-(3,4,6-tri-0-acetyl-D-gluco- 
sy1)piperidine which was prepared from penta- 
0-acetyl-P-D-glucopyranose by the method of 
Hodge and Rist (9). The condensation of this 
intermediate with allyl bromide in the presence 
of moist silver oxide resulted in a 68 % yield of 
N-(2-0-allyl-3,4,6-tri-0-acetyl-D-glucosy1)- 
piperidine (6). This product was then hydrolyzed 
in two steps to the white crystalline 5 in ca. 7 % 
overall yield. 

Another route to the 2-0-ally1 isomer was 
attempted initially. This method made use of 
the allyl group as a protective group (1) as well 
as the reactant. Allyl bromide was condensed 
with 1,2-0-isopropylidene-a-D-glucofuranose 
using potassium hydroxide suspended in dioxane. 
The resulting 3,5,6-tri-0-allyl-1,2-0-isopropyli- 
dene-a-D-glucofuranose was subjected to meth- 
anolysis for removal of the isopropylidene group 
and introduction of a methyl group on the 
hydroxyl at C-1. The three allyl groups were 
then isomerized to propenyl substituents with 
potassium t-butoxide in dimethyl sulfoxide by 
the method of Gigg and Cunningham (2, 3). The 
rearrangement was followed by gas-liquid 
chromatography and showed the disappearance 
of the two original peaks and the simultaneous 
appearance of two new peaks. The completeness 
of the allylic rearrangement was further sub- 
stantiated by infrared analysis which indicated 
the appearance of bands, at 5.98,7.8, and 13.8 p, 
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HOINESS ET AL.: ALLYL ETHERS OF GLUCOSE AND CELLULOSE 

TABLE I 
Relative retention values for trimethylsilyl ethers of allyl-D-glucoses* 

Columns 

Compound SE-52-19 %I XE-60-8.5 %$ SE-52-19 %§ XE-60-8.5 %)I 

Glucose 1 .OO 1 .OO 1 .OO 1 .OO 
1.29 1.40 1.54 1.95 

2-0-Allyl-D-glucose 1 .08 1.06 1.05 1.10 
1.30 1.22 1.38 2.50 

q h e  first anomer of glucose was employed as an internal srandard and was assigned a relalive reten- 
tion value of 1.00. 

?Temperature 180-220 O C ;  rate O.So/min. 
dTemperature 80-140 O C ;  rate O.So/min. 
§Temperature 200 'C; isotherm31. 
llTemperature 125 ' C ;  isothermal. 

due to the propenyl linkage. Methyl 3,5,6-tri-0- 
(1-propeny1)-D-glucofuranoside (10) was con- 
densed with allyl bromide in dioxane containing 
finely divided potassium hydroxide to produce 
a compound which is believed to be methyl 
2-0-allyl-3,5,6-tri-0-(1 -propenyl)-D-glucofuran- 
oside (11). This product, obtained as a yellow 
viscous liquid, was hydrolyzed without further 
purification. Gas-liquid chromatographic ana- 
lysis showed two primary peaks representing 
the two anomeric forms of 2-0-allyl-D-glucose. 
The impurity was glucose together with small 
amounts of unidentified material which showed 
much greater retention times on gas-liquid 
chromatograms than those of the desired pro- 
duct. 

Preliminary to the determination of the 
identities and relative ratios of mono-0-allyl- 
D - ~ ~ u c o S ~ S  obtained from the hydrolytic degra- 
dation of the molecular chain of allyl cellulose, 
the 2-0-, 3-0-, and 6-0-allyl-D-glucoses were 
characterized thoroughly by gas-liquid chroma- 
tography. Among the variety of columns exam- 
ined (see Experimental section), SE-52 and XE-60 
columns proved most effective in separating the 
trimethylsilyl ethers of the isomeric allyl-D- 
glucoses into separate peaks; the relative reten- 
tion times for the two anomers for each isomer 
are summarized in Table I. We have found, as 
have Bullock and co-workers (I), Roberts and 
Rowland (14), and Willard and co-workers (15), 
that each isomer appears as two anomers and 
that the order of elution in gas-liquid chroma- 
tography is 3-0-isomer, 2-0-isomer, and 6-0- 
isomer. There is in these cases considerable 

variation, however, in the overlap which the 
anomers of the 2-0-isomer develop with the 
anomers of the 3-0- or 6-0-isomers. 

Ally1 cellulose was hydrolyzed with 72% sul- 
furic acid to glucose and allyl-D-glucoses and 
the latter were concentrated by the procedure 
of Rowland, Cirino, and Bullock (13). Chroma- 
tograms of the concentrate appeared to be free 
of interference in the region in which the mono- 
0-allyl-D-glucoses appeared. Peaks correspond- 
ing to glycerol and other components appeared 
near the solvent front. 

Chromatograms of the concentrate of allyl-D- 
glucoses from allyl cellulose are reproduced in 
curve D of Fig. 1. The identities of the peaks 
were verified on SE-52 and XE-60 columns by 
relative retention times and by introducing small 
amounts of the authentic derivatives to the fer- 
mented hydrolyzate mixture and noting the 
increase in size of the corresponding peaks. 

On a gas chromatographic columil based on a 
liquid phase of 19% SE-52, both anomers of 
the 2-0-allyl-D-glucose and one anomer of each 
of the 3-0- and 6-0-allyl-D-glucoses were re- 
solved separately (curve D, Fig. 1). The ratio 
of peak areas on this column, isothermal or  
programmed, for the 2-0-, 3-0-, and 6-0- 
isomers was 0.7:0.2:1.0 for an allyl cotton cellu- 
lose of a degree of substitution of 0.07. The 
variability of results from triangulation of 
various chromatograms was + 0.05: f 0.05 :0.0. 

The ratio of the areas calculated on XE-60 
column verified the ratio for the 3-0-allyl-D- 
glucose to the 6-0-allyl-D-glucose (0.25 :1.0). The 
ratio of 2-0- to the 6-0-isomer (ca. 0.4:l.O) 
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could not be calculated with accuracy due to 1. A- L. BULLOCK, V. 0. CIRINO, and S. P. ROWLAND. 
Can. J. Chem. 45, 255 (1967). peak interference in the area of the first 2-0- 2. J. CUNNINGHAM, R. G ~ ~ ~ ,  and C. D. wARREN. 

anomer and to lack of resolution between the Tetrahedron Letters, No. 19, 1191 (1964). 
3. J. GIGG and R. GIGG. J. Chem. Soc. (C), 82 (1966). second of 2-o-a11y1-D-g1ucose and the 4. J. MONTGOMERY and H. THOMAS. J. Org. Chem. 30, 

first anomer of the 6-0-allyl-D-glucose. 3235 (1965). 
The proportion of ally1 groups distributed in 5. c. c. SWEELEY, R. BENTLEY, M. M A ~ A ,  and W. W. 

WELLS. J. Am. Chem. Soc. 85, 2497 (1963). the 2-0- and 3-0-positions of the monosubsti- 6. W. CoRBErr and J. MCKAY. J. Chem. Sot. 2930 
tuted D-glucopyranosyl residues is approximately (1961). 
40% of the values which Croon reported (16) 

7- t9gy and 
G R ~ E R .  Chem. Ber- 65, 1428 

(i.e., 1.75:0.50:1 .O) for the relative rate constants 8. H. B. wooD, H. W. D E H ~ ,  and H. G .  F ~ ~ ~ ~ ~ ~ ~ ,  J ~ .  
for these hydroxyl groups in the heterogeneous J. Am. Chem. Soc. 79, 3863 (1957). 
reaction with dimethyl sulfate. Although several 9. $GeE and C. J- Am. C1lern. SOc. 74, 
factors (e.g., mechanism, media, specific avail- 10. T. J. PROSSER. J. Am. Chern. SOC. 83, 1701 (1961). 
ability of the different hydroxyl groups) may 11. J. E. C A D O ~ E ,  F. SMITH, and D. SPRESTERSBACH. 

J. Am. Chem. Soc. 74, 1501 (1952). prove to have a bearing on the relative distribu- 12. E. D. PARKER and J. D. GUTHRIE. U.S. Patent No. 
tion of substituents from Williamson-type re- 2,727,805 to United States Secretary of Agriculture 

(December 20, 1955). actions of cellulose in heterogeneous systems, 
13. S. p. ROWLAND, V. 0. CIRINO, and A. L. BULLOCK. the only relationship which is currently evident can. J. them. 44, 1051 (1966). 

in the literature (14) is the relationship between 14. E. J. ROBERTS and S. P. ROWLAND. Can. J. Chem. 
45, 261 (1967). increasing size of the reagent and 15. J. WUARD, R. T U R N E ~ ,  and R. SCHWENKER, JR. 

decreasing proportion of substitution in the 2-0- Textile Res. J. 35, 565 (1965). 
and 3-0-positions. 16. I. CROON and B. LMDBERG. Svensk Papperstid. 60, 

843 (1957). 
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Methods for the synthesis of L-lactyl-~-valine-l-'~C 

Prairie Regional Laboratory, N a t i o ~ I  Research Council of Cailada, Saskatoon, SaskatcRewan 

Received October 4, 1967 

The preparation of L-lactyl-L-valine from L-lactic acid and L-valine, by methods used for the synthesis 
of peptides, was investigated. Initial experiments with 0-benzoyl-DL-lactic acid and ~ ~ - v a l i n e  benzyl ester 
unexpectedly gave N-benzoyl-DL-valine benzyl ester. However, coupling between O-benzyloxycarbonyl- 
DL-lactic acid and either DL-valine, or DL-valine benzyl ester, occurred in good yield. A simpler method, 
which was reported to give a 39 % yield of L-lactyl-L-valine, gave only 10% of product but was modified 
to give L-lactyl-L-valine-1-'4C in 90% yield. 

Canadian Journal of Chemistry, 46,673 (1968) 

[ : " '  CH(CH~)Z CH(CHd2 CH(CH3)z 
I I -0-cH-coNHcH-coocH-coNHJH-co- 

L D D 

1 

Previous studies (I) on the biosynthesis of 
valinoinycin (1) have shown that L-valine-1 -14C 

is distributed equally between the L- and 
D-valine moieties and that D-valine is not in- 
corporated. In view of these results, the prep- 
aration of L-lactyl-L-valine-1-'4C was under- 
taken so that this compound could be used for 
further investigation of the biosynthesis of 
valinomycin. 

As the essential step in the synthesis required 
the formation of an amide bond between 
L-lactic acid and L-valine, a number of methods 
of peptide synthesis, for which good retention of 
optical purity has been reported (2), were in- 
vestigated. The intended method envisaged the 
condensation of 0-benzyloxycarbonyl-L-lactic 
acid and L-valine benzyl ester since the pro- 
tecting groups on these two compounds are 
easily removed by hydrogenolysis (2). However, 
because 0-benzyloxycarbonyl-DL-lactic acid was 
not readily obtainable in crystalline form the 
corresponding 0-benzoyl derivative was used 
for the initial investigations on racemic com- 
pounds. 

'Issued as NRCC No. 9886. 
'NRCC Postdoctorate Fellow, 1965-1966. Present 

address: Chemistry Department, University of Saskatch- 
ewan, Saskatoon, Saskatchewan. 

The condensation reactions were performed 
using the substituted phosphite ester technique 
(2), ethoxyacetylene (3), or benzenesulfonyl 
chloride (4); however, these methods gave (See 
eq. [I]) a new and unexpected product, which 
was shown to be N-benzoyl-DL-valine benzyl 
ester (2). 

The acid chloride method of peptide synthesis 
(2) was no more successful than the foregoing 
procedures, and N-benzoyl-DL-valine benzyl 
ester (2) was obtained whether phosphorus 
pentachloride or thionyl chloride was used to 
generate the acid chloride. 

These results were difficult to  explain until the 
reactions were reinvestigated. It was then found 
that 0-benzoyl-DL-lactic acid reacted with phos- 
phorus pentachloride and benzenesulfonyl chlo- 
ride to give benzoyl chloride and benzoic anhy- 
dride, respectively. The effects of the substituted 
phosphite esters and of ethoxyacetylene were not 
reexamined. However, it seems probable that 
the result would be production of benzoic 
anhydride, since ethoxyacetylene reacts with 
carboxylic acids to give anhydrides (5,6), as does 
benzenesulfonyl chloride (4), and the phosphite 
esters produce mixed anhydrides with acyl amino 
acids (2). 

Phosphorus pentachloride did not react with 
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0-benzyloxycarbonyl-DL-lactic acid t o  give ben- 
zyloxycarbonyl chlbride. The nuclear magnetic 
resonance (n.m.r.) spectrum indicated that the 
main product was 0-benzyloxycarbonyl-DL- 
lactyl chloride together with impurities. When 
DL-valine benzyl ester was treated with this crude 
product the result was an oil whose elemental 
analysis did not indicate O-benzyloxycarbonyl- 
DL-lactyl-DL-valine benzyl ester. However, this 
compound appears to  have been produced, since 
hydrogenolysis (2) gave DL-lactyl-DL-valine 
which was characterized as the dicyclohexyl- 
amine salt (7). 

The required compound was also obtained 
using a method of peptide synthesis introduced 
by Birkofer and Ritter (8). In this procedure, 
0-benzyloxycarbonyl-DL-lactic acid p-nitro- 
phenyl ester and DL-valine were f~ised with 
N-trimethylsilylacetamide (9). The product was 
again an oil which did not give a satisfactory 
elemental analysis. However, hydrogenolysis (2) 
gave DL-lactyl-DL-valine identical with the pre- 
viously obtained compound. 

While this work was in progress the synthesis 
of L-lactyl-L-valine was reported by Shemyakin 
and co-workers (7). The Russian group first re- 
solved DL-lactic acid and the L-isomer was then 
converted in turn to  the benzyl ester, the hydra- 
zide, and the azide. The azide, in ethyl acetate, 
was added to an aqueous solution of L-valine 
and triethylamine. The reported yield of L- 

lactyl-L-valine was 39% but this could not be 
duplicated in our laboratory, the best yield 
being 10% of product which was always con- 
taminated with benzyl alcohol. 

The foregoing method involved a two-phase 
system and was complicated by the precipitation 
of L-valine during the reaction. A homogeneous 
reaction in which L-valine benzyl ester was 
treated with L-lactic azide, using ethyl acetate as 
the common solvent, was therefore examined. 
Using equimolar quantities of L-lactic hydrazide 
and L-valine benzyl ester good yields (60-70%) 
of L-lactyl-L-valine benzyl ester were obtained 
together with unreacted L-valine benzyl ester 
(40-30%). In order to  achieve a high conversion 
of benzyl-L-valine to  L-lactyl-L-valine benzyl 
ester it was necessary to  use a 2.5 mole excess of 
L-lactic hydrazide. This resulted in a 95 % yield 
of the desired product, or 100 % based on benzyl- 
L-valine used. 

The L-lactyl-L-valine benzyl ester thus ob- 

tained was always contaminated with solvent 
and occasionally with a small amount of com- 
pound absorbing at 2150 cm-', correspo~iding 
t o  an azide (10). The solvent could be removed 
by prolonged heating at 50" under vacuum 
(0.05 mm) and if the other contaminant was 
present it would sublime out of the flask. The 
infrared spectrum (KBr) of the sublimate 
showed an intense band at 2150cm-I. This 
impurity could be removed by washing an ether 
solution of the product several times with water 
or by warming the reaction mixture to  40-45" 
for 2 h prior t o  isolating the product. L-Lactyl- 
L-valine benzyl ester obtained in this way had 
n.m.r. and infrared spectra consisteat with the 
expected structure. 

The hydrogenolysis step proved to be very 
rapid and gave a quantitative yield of L-lactyl- 
L-valine. Again, the product was always con- 
taminated with solvent, as indicated by the 
yield (105 %). Complete removal of solvent by 
warming under vacuum was not feasible due to  
the tendency of L-lactyl-L-valine to  forin a 
lactone (1 1). The L-lactyl-L-valine, however, 
could be characterized as the dicyclohexylainine 
salt (7). 

The specific rotations of L-lactyl-L-valine and 
its dicyclohexylainine salt are given (7) as + 8.5" 
and -1 3", respectively. The corresponding prod- 
ucts synthesized in this laboratory from com- 
mercially available L-lactic acid and L-valine had 
specific rotations of +9.5" and -8.gG, re- 
spectively. There is reasonable agreement 011 the 
specific rotation of L-lactyl-L-valine but this is 
not the case for the dicyclohexylainine salt. 
In order to  resolve this discrepancy, valino- 
mycin was hydrolyzed with dilute inethanolic 
sodium hydroxide (12) to  give D-a-hydroxyiso- 
valeryl-D-valine and L-lactyl-L-valine. The spe- 
cific rotation of D-a-hydroxyisovaleryl-D-valine 
dicyclohexylamine salt (+25.g0) was in good 
agreement with the value (+24") for the prod- 
uct synthesized by Shemyakin et al. (7). How- 
ever, the specific rotation of the L-lactyl-L-valine 
dicyclohexylamine salt (-8.7') was close to the 
value (-8.9") obtained for tlie synthetic product 
from this laboratory. 

As an alternative to  benzyl L-valine, tlie use of 
L-valine t-butyl ester was investigated. This had 
the advantage that the L-lactyl-L-valine t-butyl 
ester was a solid readily purified by crystalliz- 
ation. However, the yield of L-valine t-butyl ester 
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SLATER AND SPENCER: SYNTHESIS OF L-LACTYL-L-VALINE-I-LC 

(53 %)was considerably lower than that (96 %) of (20 ml, 85%) was extracted with ether overnight and the 
L-valine benzyl ester benzenesulfonate. dried (MgSO,) extract evaporated at  30" under reduced 

pressure. The residue (5.5 g, 0.061 mole) was dissolved in The best method of preparing L-lactyl-L- pyridine (100 ml), cooled in ice, and freshly distilled 
valine-I-14C appeared to  be by formation of the benzoyl chloride (9.4 g, 0.067 mole) was added slowly 
amide bond between L-lactic azide and L-valine- with stirring. After standing at  room tem~erature  over- 
1-14C benzyl ester. The desired compound was 
therefore synthesized according to the following 
scheme (yield of each step in brackets) in an 
overall yield of 90% based on the L-valine used 
and on the L-lactyl-L-valine theoretically ob- 
tainable from the L-lactyl-L-valine benzyl ester. 

The specific activity of the product of each 
step is shown in Table I. It is seen that the specific 
activities of the crystalline products are very 
similar while those of non-crystalline products 
are somewhat lower. Using the values in Table I, 
the purity of L-lactyl-L-valine, compared to the 
L-valine, is 90 %. 

TABLE I 
Specific activity of products 

Specific activity 
Compound (pc/mmole) 

L-Valine 2.57 
Benzyl-L-valine benzenesulfonate 2.53 
Benzyl L-lactyl-L-valine 2.39 
L-Lactyl-L-valine 2.31 
L-Lactyl-L-valine dicyclohexylamrnonium 2.50 

salt 

Experimental 
Melting points are uncorrected and were determined 

on a Fisher-Johns or Thomas-Hoover apparatus (latter 
for sealed capillaries). Petroleum ether (Skelly F.) had 
b.p. 30-60". Infrared spectra were recorded on a Perkin- 
Elmer 257 grating spectrophotometer, and nuclear 
magnetic resonance spectra on a Varian H-100 instru- 
ment. Optical rotations were measured on a Rudolph 
polarimeter. 

0-Benzoyl-DL-~IC~~C Acid 
A commercially available solution of DL-lactic acid 

night the mixture was poured onto crushed ice, acidified 
with concentrated HC1 and extracted with ether. Evapo- 
ration of the washed (H20)  and dried (MgSO,) extract 
gave a colorless gum (9.6 g) which crystallized from 
ether -petroleum ether to give 0-benzoyl-DL-lactic acid 
(7.5 g, 63%), m.p. 111-113" (lit. (13) m.p. 111.5"). 

DL- Valine Benzyl Ester Benzenesulfonate 
DL-Valine (4.68 g, 0.04 mole), benzenesulfonic acid 

monohydrate (7.74 g, 0.044 mole), and benzyl alcohol 
(28 ml, 0.27 mole) in carbon tetrachloride (100 ml) were 
heated under reflux for 16 h and the condensate dried by 
passage through silica gel (14). A white crust, which 
adhered to the wall of the reaction flask, formed rapidly 
and did not dissolve during the reaction. The mixture 
was filtered hot and the white solid washed with hot 
carbon tetrachloride. Dilution of the filtrate with ether 
and cooling (0") gave DL-valine benzyl ester benzene- 
sulfonate (12.9 g, 88 %), m.p. 152-154". Recrystallization 
from ethanol-ether raised the m.p. to 156-157". 

Anal. Calcd. for C18H23N05S:  C, 59.2; H,  6.3; N, 
3.8; S, 8.8. Found: C, 59.1; H,  6.6; N, 4.0; S, 9.0. 

The white precipitate (0.94 g, 8.5%) had m.p. 167- 
169", raised to 170-171' by crystallization from ethanol- 
ether. 

Anal. Calcd. for C l lH17N05S:  C, 47.9; H,  6.2; N, 
5.1; S, 11.6. Found: C, 47.7; H, 6.4; N, 4.8; S, 11.7. 

~~-Va l i r ze  Benzenesulfonate 
DL-Valine (1 17 mg, 1.0 mmole) and benzenesulfonic 

acid monohydrate (194 n ~ g ,  1.1 mmole) were dissolved 
in water (5 ml) and evaporated to dryness under reduced 
pressure at 60". The residue was crystallized from ethanol- 
ether to give white crystals, m.p. 167-169". A mixture 
m.p. with the foregoing product was not depressed and 
the infrared spectra (KBr) of the two compounds were 
identical. 

DL-Valit~e Benzyl Ester 
D~-Valine benzyl ester benzenesulfonate (3.65 g, 0.01 

mole) in 5 %  aqueous potassium bicarbonate (100 ml) 
was shaken at  room temperature for 30 min. Extraction 
of the aqueous mixture with ether and evaporation of the 
washed and dried extract gave a pale-yellow oil (1.93 g) 
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which was distilled to give DL-valine benzyl ester (1.73 ture was washed with water, 5 %  potassium bicarbonate 
g, 84%), b.p. 113-115" at  2mm. solution, water, 2 N HC1, and water. Evaporation of the 

Anal. Calcd. for C12H17N02:  C, 69.5; H, 8.3; N, dried ethyl acetate solution gave a pale-brown gum 
6.8. Found: C, 69.5; H, 8.1; N, 6.5. (5.23 g) which was chromatographed as before to give 

N-benzoyl-DL-valine benzyl ester (3.72 g, 71 %). Neutral- 
Reactiorz of 0-Betzzoyl-~~-lactic Acid and Be~zyl-DL- ization of the bicarbonate washings gave ~ - b ~ ~ ~ ~ ~ l - ~ ~ -  

valirze with Tetraetl~ylpyrophosp/~ite lactic acid (0.57 g, 21 %), while neutralization of the acid 
A mixture of benzyl-~L-valine (207 mg, 1.0 mmole), wash and extraction with ether gave a pale-yellow oil 

0-benzoyl-DL-lactic acid (199 mg, 1.0 mmole), d ie th~l-  (25 mg) whose infrared spectrum was identical with that 
phosphite (680 mg, 5.0 mmole), and tetraethylpyro- of DL-valine benzyl ester. 
phosphite (290 mg, 1.1 mmole), was heated on a steam 
bath for 30 min (15). The mixture was cooled in ice, Reaction of 0-Betzzoyl-DL-lactic Acid arzd D~-Vfllitle 
diluted with cold (0") water, and extracted with ether. Benzyl Ester with Benzenes~rlforryl Clzloride 
The ether extract was washed with water, 5% potassium A solution of benzyl DL-valine (168 mg, 0.8 nlnlole) 
bicarbonate solution, and water. Neutralization of the in toluene (10 ml) was added over 2 h to a boiling solu- 
bicarbonate extract with 2 N HC1 gave 0-benzoyl-DL- tion of 0-benzoyl DL-lactic acid (194 mg, 1.0 mmole), 
lactic acid (109 mg, 58%), m.p. 108-110' while evapo- triethylamine (130 mg, 1.3 mmole), and benzenesulfonyl 
ration of the dried ether extract gave a yellow oil (199 mg) chloride (88 mg, 0.5 mmole) in toluene (10 nll). Boiling 
which could not be induced to crystallize. The product was continued overnight (17 h) and the mixture evapo- 
in benzene -petroleum ether (1 :3) was chromatographed rated under reduced pressure. The residue was dissolved 
on deactivated (16) Spence type 'H' alumina (6 g) to give in ether and the solution washed with water, 4 N HC1, 
N-benzoyl-DL-valine benzyl ester (90 mg, 28%), m.p. water, saturated NaHCO, solution, and water. Evapo- 
73-74" from diisopropyl ether -petroleum ether. ration of the dried ether solution gave a colorless gum 

Anal. Calcd. for C1,HZ1NO5: C, 73.3; H, 6.8; N,4.5. (157 mg, 50%) whose infrared spectrum was identical 
Found: C, 73.2; H, 7.0; N, 4.6. with that of N-benzoyl-DL-valine benzyl ester. (When the 

reaction was repeated without benzyl-DL-valine the 
Betlzoylation of DL-Valine Berzzyl Ester product was benzoic anhydride, identified by comparison 

DL-Valine benzyl ester (1 g, 0.0048 mole) in pyridine an authentic 
(10 ml) was cooled in ice and freshly distilled benzoyl 
chloride (0.63 ml, 0.0053 mole) added. After standing at  Reactiorz of 0-Berzzoyl-DL-lactic Acid and D L - V ~ I ~ I I ~  
room temperature overnight the mixture was poured on Benzyl Ester Beizzenesulfoizate by tlre Acid Cl~loride 
to crushed ice, acidified with 2 N HCI, and extracted with Method 
ether. Evaporation of the washed (H,O, 5 %  KHCO3, (a) WithPC15 
H,O) and dried extract gave a n  oil which solidified on Phosphorus pentachloride (720 mg, 3.5 nlnlole) was 

Crystallization from diisopropyl ether - petro- added over 5 min to  a solution of 0-benzoyl-DL-lactic 
leum ether gave N-benzoyl-DL-valine benzyl ester (1.21 g, acid (560 mg, 2.9 mmole) in cold (0") ether (20 ml). The 
go%), m.p. 73-74'. A mixture m.p. with the product from mixture was stirred at  0" for 1 h and at  room temperature 
the previous reaction was not depressed and the infrared for 1 11 before pouring the mixture onto crushed ice and 
spectra (KBr) of the two products were identical. extracting with ether. The ether extract was washed (H,O, 

5 %  NaHC03,  HzO), dried, and evaporated to  give a 
Reactiorl of 0-Benzoyl-DL-lactic Acid and B e i ~ z y l - ~ ~ -  colorless oil which was dissolved in dry tetrahydrofuran 

valiize wit11 Dietl~ylckloroplrosp/~ite (10 ml). (In a separate experiment the oil was identified 
A mixture DL-va1ine ester (1.22g, 0.0059 as benzoyl chloride by conlparison with an  authentic 

mole), triethylamine (0.6 g, 0.0059 mole), and diethyl- sample). 
cl~loro~hosphite (2) (0.93 g, 0.0059 mole) in dry ether While the above reaction was proceeding, DL-valine 
(30 ml) was &aken at mom temperature for l7 h, benzyl ester benzenesulfonate (1.06 g, 2.9 mmole) and tri- 
and evaporated under reduced pressure give a pale- etllylamine (0.92 ml, 6.5 mmole) in tetrahydrofuran 
green oil (17). 0-Benzoyl-DL-lactic acid (1.15 g, 0.0059 (10 m]) were &red at  room temperature for 2 11. The 
mole) in dry toluene (30 ml) was added and the mixture mixture was cooled to  -30" and the product from the 
boiled under reflux for 6 h. After standing overnight previous reaction added over 5 min, ~ f t ~ ~  stirring at 
(16 h) at room temperature, the mixture was washed with -30° for 1 h, the mixture was stirred at room tempera- 
water, 5 % ~otass ium bicarbonate solution, and water- ture for 2 h before removing the solvent under reduced 
Evaporation of the dried toluene solution gave a pale- pressure at 500. ~h~ residue was acidified with 1 N HCI 
brown gum g), which was chromatographed as and extracted with ether, and the extract washed with 
before to give ~-benzoyl-DL-valine b e n z ~ l  ester, m.P. water, saturated potassium bicarbonate solution, and 
73-74" (0.69 g, 37%). Acidification of the bicarbonate water. Evaporation of the dried extract gave a pale- 
extract with 2 N HC1 gave O-benzo~l-DL-lactlc acid yellow oil (0.96 g) which solidified on standing. Crystal- 
(0.61 g, 52 %). lization from ether -petroleum ether gave N-benzoyl- 
Reacfiotz of 0-Benzoyl-DL-lactic Acid and DL-Valiize DL-valine benzyl ester (0.76 g, 85 %), m.p. 73-74'. 

Benzyl Ester wit11 Ethoxyacetylei~e (b) With S O  CI, 
A mixture of DL-valine benzyl ester (2.92 g, 0.014 0-Benzoyl-DL-lactic acid (560 mg, 2.9 mmole) in 

mole), 0-benzoyl-DL-lactic acid (2.75 g, 0.014 mole), and thionyl chloride (5 ml) was boiled under reflux for 2 h 
ethoxyacetylene (4.1 g, 0.06 mole) in ethyl acetate (70 ml) and allowed to stand overnight (16 h) at room tempera- 
containing 0.5 % water (3), was boiled under reflux for 5 h. ture. Excess thionyl chloride was removed a t  50" under 
After standing at room temperature overnight, the mix- reduced pressure to  give a dark-brown oil. The residue 
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SLATER AND SPENCER: SYNTHE 

was dissolved in tetrahydrofuran and added to a mixture 
of DL-valine benzyl ester benzenesulfonate and tri- 
ethylamine as in (a). The product from the reaction was 
obtained as a brown gum (0.98 g, 108 %) which did not 
solidify on standing. However, the infrared spectrum was 
identical with that of the crude product obtained in (a). 

0-Betzzyloxycarbonyl-DL-lactyl-DL-valite Benzyl Ester 
0-Benzyloxycarbonyl-DL-lactic acid (18) (1.14 g, 0.0051 

mole) in tetrahydrofuran (10 nll) at -5' was treated 
over 5 min with PCIS (1.32 g, 0.0064 mole). The solution 
was stirred at -5' for 1 h and at room temperature for a 
further hour before adding it to the following mixture. 

DL-Valine benzyl ester benzenesulfonate (1.86 g, 0.0051 
mole) and triethylamine (4 ml, 0.029 mole) in tetra- 
hydrofuran (20 ml) were stirred at room temperature for 
2 h and then cooled to -30' before adding the above 
solution over 15 min. The nlixture was stirred at -30" 
for 1 h and at room temperature for 4 h before removing 
solvent at 50' under reduced pressure. The residue was 
acidified with 1 N HC1 and extracted with ether. The 
ether extract was washed with water, 5% sodium bi- 
carbonate solution, and water. Evaporation of the dried 
extract gave a brown gum (2.2 g, 104%) which could not 
be induced to crystallize. 

D L - L ~ C ~ ~ ~ - D L - ! J U ~ ~ ~ Z ~  
The foregoing product (2.2 g) in methanol - acetic 

acid (249:l v/v, 50 ml) was hydrogenolyzed over palla- 
dium oxide (250 mg) for 7 h. The mixture was filtered and 
evaporated to dryness to give DL-lactyl-DL-valine as a 
pale-brown gum (0.89 g, 88%). Part of the product 
(100 mg) was dissolved in ethyl acetate (5 ml) and treated 
with freshly distilled dicyclohexylan~ine until no further 
precipitation occurred. The DL-lactyl-DL-valine dicyclo- 
hexylamine salt was recrystallized from ethanol-ether 
and had m.p. 162-163". 

Anal. Calcd. for C20H38N204:  C, 64.8; H, 10.3. 
Found: C, 65.1; H, 10.2. 

0-Benzyloxycnrbonyl-DL-lnctyl-DL-valine 
T o  a cold (0") solution of benzyloxycarbonyl-DL- 

lactic acid (896 mg, 4.0 mmole) in anhydrous tetra- 
hydrofuran (10 ml) was added ethylchloroforn1ate (432 
mg, 4.0 mmole) and triethylamine (404 mg, 4.0 mmole). 
After standing at 0' for 8 min, p-nitrophenol (556 mg, 
4.0 mmole) was added and the mixture boiled for 3-4 
min and then evaporated under reduced pressure. The 
residual oil was dissolved in ether, washed with 2 N 
HCl and water and the dried solution evaporated under 
reduced pressure. The 0-benzyloxycarbonyl-DL-lactic 
acid p-nitrophenyl ester (1.44 g, 4.6 mmole) so obtained 
was mixed with DL-valine (490 mg, 4.2 mmole) and 
trimethylsilyl acetalnide (9) (1.36 g, 10 mmole) and fused 
at 80" (8). After stirring at 80' for 22 h the cooled (25") 
mixture was treated with saturated potassium bicarbo- 
nate solution and extracted with ether. The aqueous 
phase was acidified with concentrated sulfuric acid and 
extracted with ether in the usual manner to give a mix- 
ture of carboxylic acids (0.99 g). Chromatography on 
silicic acid using chloroform - benzene - acetic acid 
(4:l:l v/v) gave the major component (892 mg, 67 %). 
Further elution with chloroform -methanol - acetic 
acid (8:l: l)  gave a second fraction (82 mg). 

The major component was heated at 90' under vacuunl 

(0.1 mm) to remove acetic acid. The product, which 
could not be induced to crystallize, was hydrogenolyzed 
over palladium oxide (157 mg) as for the O-benzyloxy- 
carbonyl-DL-lactyl-DL-valine benzyl ester. The DL- 
lactyl-DL-valine obtained was identical (infrared spec- 
trum) with the previously obtained product and gave an 
identical dicyclohexylamine salt (258 mg). The yield of 
DL-lactyl-DL-valine dicyclohexylamine salt, based on the 
DL-valine used, was 22%. 

Hydrolysis of Valinon~ycin 
Valinomycin (200 mg) was hydrolyzed in dilute metha- 

nolic NaOH according to the procedure of Vining and 
Taber (12). The crude product (277 mg) was chromato- 
graphed on silica gel using Neish's method (19) to give 
D-a-hydroxyisovaleryl-D-valine (120 mg, 103 %) and 
L-lactyl-L-valine (93 mg, 91 %), which were characterized 
as the dicyclohexylamine salts. D-a-Hydroxyisovaleryl- 
D-valine dicyclohexylanline salt, m.p. 196-197" (sealed 
capillary), [a]i3 +25.g0 (c, 1.45 EtOH) (lit. (7) m.p. 
197-198'. [a];' +24"). L-Lactyl-L-valine dicyclohexyl- . . .- 

ammonium salt, m.p. 174-1760 (sealed capillary), 
[alqz -8.7" (c, 2.23 EtOH) (lit. (7) m.p. 174-175", 
[aID -13"). 

L- Valit~e-I-14C Benzyl Ester Benzenes~llfonate 
~ -Va l ine - l - l~C (approximately 20 pc) was added to 

L-valine (881 mg), [a]i5 +26.5" (c, 2.07 5 N HC1) and 
the whole dissolved in water and evaporated to dryness 
to give L-valine-I-14C (891 mg) specific activity 2.57 
pc/mnlole. This product (888 mg, 0.0076 mole) together 
with benzenesulfonic acid monohydrate (1.47 g, 0.0084 
mole) and benzyl alcohol (8.1 ml, 0.079 mole) in carbon 
tetrachloride (221111) was boiled under reflux for 26 h 
and the condensate dried with silica gel (14). After stand- 
ing at room temperature overnight the product was 
filtered and washed with ether until the smell of benzyl 
alcohol could no longer be detected. The L-valine benzyl 
ester benzenesulfonate (2.67 g, 96%) had m.p. 180-182' 
and specific activity 2.53 pc/mmole, (lit. (14) m.p. 177- 
180"). 

L-Lactyl-~-valine-I-~~C Benzyl Ester 
Ethyl L-lactate (20) (3.10 g, 0.026 mole) and hydrazine 

hydrate (5.8 nll, 0.12 mole) in ethanol (30 ml) was boiled 
for 7 h and then evaporated under reduced pressure on a 
boiling water bath. The residue was stored over concen- 
trated sulfuric acid in a vacuunl desiccator to give 
L-lactic hydrazide (2.75 g, 101 %) as a brown gum. 

The hydrazide (0.027 mole) was dissolved in 1 N HCl 
(33 ml), cooled to -5", and treated with sodium nitrite 
solution (7.6 ml, 0.028 mole). After 5 min the test for 
nitrite was negative and more sodium nitrite solution 
(1 ml) was added. After stirring at -5" for 30 min the 
mixture was extracted with ethyl acetate and the washed 
(H,O, 2 %  NaHC03,  H 2 0 )  extract added to the follow- 
ing mixture. 

~ -Va l ine - l - l~C benzyl ester benzenesulfonate (2.67 g, 
0.0073 mole) in ethyl acetate (60 ml) containing triethyl- 
amine (1.2 ml, 0.0085 mole) was stirred in a cold room 
at 12" for 3 h and then cooled in ice for 15 min prior to  
adding triethylamine (1.2 nll) and the solution of L-lactic 
azide in ethyl acetate. The mixture was stirred at 0' for 
7 11, at 12" for 14 11, and at 40-45' for 2 h. The reaction 
mixture was washed with 1 N HCl and water, and the 
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dried solution evaporated to give L-lactyl-L-valine-1-14C 
benzyl ester as a pale-yellow oil (1.97 g, 9773, [ a ] F  
-25.1" (c, 1.98 EtOH), specific activity 2.39 pc/mmole. 

The acid wash on neutralization and extraction with 
ether gave L-valine-1-14C benzyl ester (0.05 g, 2%). 

L-Lactjll-L-valine-I - 'JC 
The benzyl L-lactyl-~-valine-l-l~C (1.92g, 0.0069 

mole) in methanol - acetic acid (50 ml, 249:l v/v) was 
hydrogenolyzed over palladium oxide (347mg). The 
mixture was filtered and evaporated under reduced 
pressure to give L-lactyl-~-valine-l-l~C (1.37 g, 105%), 
[a]25 +9,1° (c, 1.46 EtOH) (lit. (7) [aI2" +8.S0), specific 
activity 2.31 pc/mmole. 

A sample of the above product was converted to the 
dicyclohexylan~n~oniun~ salt, m.p. 175-176" (sealed 
capillary) (lit. (7) m.p. 174-175"), specific activity 2.50 
pc/nlmole. 

L-Lactyl-L-vali~ze t-Butyl Ester 
Ethyl L-lactate (3.36 g, 0.0285 mole) and hydrazine 

hydrate (5.5 ml, 0.113 mole) in ethanol (30 ml) was 
boiled for 7 11 and worked up as before to give L-lactic 
hydrazide (2.90 g, 98 %). The hydrazide (0.028 mole) in 1 
NHCl(35 ml) was cooled to -5" and treated with sodium 
nitrite solution (8 ml, 0.029 mole). After 5 min more sodi- 
um nitrite (1 ml) was required to give a positive test. The 
mixture was worked up after 30 min and the azide solu- 
tion added to L-valine t-butyl ester (21) (1.57 g, 0.009 
mole) and triethylamine (1.5 ml, 0.011 mole) in ethyl 
acetate (60 ml) at 0". The mixture was stirred at 0" for 6 h, 
12" for 16 11, and at 40-45" for 2 h. The mixture was 
worked up in the same way as for the lactylvaline benzyl 
ester to give L-lactyl-L-valine t-butyl ester as a pale- 
yellow solid (1.77 g, 80%). Recrystallization from ether - 
petroleum ether gave colorless crystals n1.p. 83", [a]i5 
-13.9" (c, 2.43 EtOH). 

Anal. Calcd. for C12H2,N04 :  C, 58.8; H, 9.5; N, 
5.7. Found: C, 58.9; H, 9.5; N, 5.9. 
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Gas-liquid chromatography of terpenes. Part XVI. The volatile oil of the leaves-of 
Juniperus ashei Buchholz 

E. VON RUDLOFF 
National Research Coutlcil of Canada, Prairie Regional Laboratory, Saskatoon, Saskatche~van 

Received August 17, 1967 

The major components of the leaf oil of the Ashe juniper were found to  be d-camphor (42.1 %), 
ri-bornyl acetate (22.5 %), d-limonene (8.4 %), tricyclene (4.8 %), d-camphene (4.4 %), d-borne01 (2.9 %), 
p-cymene (2.8 %), d-myrcene (1.8 %), d-a-pinene (1.7 %), and d-camphene hydrate (1.5 %). This appears 
to be the first time that the latter alcohol has been isolated from a natural source. Smaller amounts of 
linalool, carvone, elemol, and traces of tratzs-2-methyl-6-methylene-3,7-octadien-2-01 were also identified. 
Several alcohols having terminal ~nethylene groups were isolated in trace amounts. 

The monoterpenes found in this oil are not typical for the genus Juniperus and this result offers a 
unique chemical approach to  the study of introgression of the Ashe juniper with other juniper species. 

Canadian Journal of Chemistry, 46, 679 (1968) 

Introduction 

The Ashe juniper, Juniperus ashei Buchholz, 
is a member of the section Sabina of the genus 
Juniperus which occurs in a rather limited area of 
Texas and Oklahoma (1). Its distribution, mor- 
phology, and introgression with adjacent juniper 
species, including J .  virginiana, J. monosperma, 
and J.  pinchoti, were studied by Hall (2). It has 
been shown in recent years that chemical com- 
ponents found in related or supposedly related 
plants may give information which supplements 
classical taxonomic data (3, 4). Von Rudloff has 
shown that the distribution pattern of the ter- 
penes found in the leaf oils of spruce species (5, 
6), and possibly also of juniper species (7,8), may 
be a useful tool in chemosystematic studies. To 
carry out such a chemosystematic investigation 
of the Ashe juniper, and its introgression with J. 
virginiana (9), the chemical composition of its 
leaf oil was required. A search of the literature 
failed to yield any reference to chemical analyses 
of this species, although its wood oil is used in 
the production of cedarwood oil in areas where 
the red cedar, J .  virginiana, is scarce or absent 
(10). 

The analysis of the leaf oils of several juniper 
species by means of gas-liquid chromatography 
(g.1.c.) was described earlier (7, 8, 11). However, 
it has since become apparent that quantitative 
differences may be significant in studies of intro- 
gression or hybridization (5, 12). Hence, im- 
provement of the quantitative results would be 
desirable as determination of peak areas by the 

'Issued as NRCC No. 9890. For Part XV, see Can. J. 
Chem. 44,2015 (1966). 

triangulation method or similar techniques can 
be subject to comparatively large errors (13), 
especially in partially resolved or minor peaks. A 
digital computer was employed in this study to 
obtain such improvement. 

It was found that in spruce there exists con- 
siderable variation in the quantitative leaf oil 
composition from one leaf to another, and that 
several branches had to be collected at different 
heights of a tree to give a representative leaf oil 
sample (5). Hence, the direct injection technique 
(14) was employed to determine what variation, 
if any, may be encountered in going from one 
leaf to another and from the green to the brown 
portions of the scaly leaves of the Ashe juniper. 

Experimental 
The g.1.c. analyses were carried out with an F & M 

model 500 instrument (linear temperature programming, 
thermal conductivity detector: F & M Scientific Instru- 
ment Inc.) and a unit of conventional design (isothermal 
operation). An Aerograph model A-700 gas chromato- 
graph (Wilkens Instrument and Research Inc.) was used 
for preparative g.1.c. and the experiments employing 
direct injection (14) were carried out with an  Aerograph 
model 695 inductor and an Aerograph model 600-D gas 
chromatograph (flame-ionization detector). Integration 
and summation of the area under each peak was achieved 
by means of an  Aerograph model 471 digital integrator. 
Helium was used as carrier gas and flow rates were 
measured by the soap bubble method. Retention times 
were measured from the time of injection to  the initial 
emergence of the peaks (15). The packing of the g.1.c. 
colunlns was prepared by the tray method and colun~ns 
were packed by means of mild mechanical vibration (ex- 
cessive stirring and vibration was avoided to  minimize 
fracture of the solid support). The following liquid phases 
were employed: polyethylene glycol (Carbowax 20M, 
PEG; 5 % and 15 % on Gaschrom P, 60-80 mesh) ; silicone 
gum polymer (SE-30, 5 %  on silanized Anakrom ABS, 
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I ASHE JUNIPER LEAF OIL 1 

I I I I 
0 10 20 30 40 50 60 

TIME, rnin 

FIG. 1. Gas chro~natogram of the leaf oil of Juniperus ashei Buchholz. (5% Polyethylene glycol 350 x 0.4 crn 
column, 50" to 215" at 2.g0/min). Identities of the individual peaks are shown in Table I. 

70-80 mesh); fluorinated silicone polymer (QF-I, 5 % on 
Anakron~ ABS and 15% on Gaschrom P); rapeseed oil 
(10% on Gaschrom P); ethylene glycol bispropionitrile 
(15% on Gaschrom P); and a C-modified polyphenyl 
ether (Monsanto type MCS-562, Monsanto Company, 
St. Louis, Missouri, 15 % on Gaschrom P). 

Figure 1 shows a typical gas chromatogram of the leaf 
oil as obtained in a temperature programmed run (50 to 
215" at 2.9" at min) on the 5 % PEG (350 x 0.4 crn O.D.) 
column. The peak numbering used throughout this study 
is the sequence of elution on this column. In the fractiona- 
tion procedures the composition of the resulting fractions 
was determined on this column. The purity of individual 
components was checked on this, as well as the other 
analytical columns. 

Individual components were isolated by hand collection 
in glass or teflon tubes (externally cooled with ice or solid 
carbon dioxide) or in the special collectors of the Aero- 
graph A-700 unit. Fractions which were submitted to 
nuclear magnetic resonance analysis (n.m.r.) were col- 
lected in carbon tetrachloride (0.5 ml). The n.m.r. spectra 
were recorded with the aid of a Varian HA-100 (100 Hz) 
spectrometer, using tetramethylsilane as internal standard. 
Infrared spectra (i.r.) were recorded as films on sodium 
chloride plates with a Perkin-Elmer model 21 double 
beam spectrophotometer. 

Plarrt Material and Recovery of Leaf Oil 
The foliage (20 kg) of J. ashei collected near Austin, 

Texas, by R. Irving and identified by Prof. B. L. Turner, 
was steam-distilled in a conventional apparatus. The dis- 
tillate was extracted with methylene chloride and, after 
drying, the solvent was removed by distillation; yield 
1.1 %, [a]i2 f 37.3" (c, 12.7; CHCI,), rz i2  1.4687. Leaf 
samples of 15 to 30 g were sent in polyethylene bags from 
Austin and small scale distillation was carried out as 
described earlier (12). During the steam-distillation cam- 
phor, m.p. 160-175" (sealed tube), [a]i3 +38.0 (c, 5.3; 
CHC13), crystallized in the condenser of the distillation 
apparatus. Its identity was confirmed by comparison of 

the i.r. and n.m.r. spectra with those of an authentic 
specimen. 

Prefiactior2atiorz 
Aliquots of the oil (10 g) were chromatographed on 

modified silicic acid (120 g) as described previously (3, 5). 
Elution with petrol (b.p. 40-50"; 500 ml) gave a hydro- 
carbon fraction a (2.4 g, after distilling the solvent (12)) 
free of oxygenated terpenes (i.r., g.1.c.). A mid-fraction b 
(5.5 g) was obtained by subsequent elution with methylene 
chloride (400 ml) and a more polar fraction c (2.1 g) by 
elution with methanol (400 ml). The first two fractions 
could be used as such in preparative g.l.c., but the polar 
fraction was too complex. It was further fractionated on a 
200 x 0.9 cm O.D. QF-1 (15%) column (nonlinear tem- 
perature programming from 80 to 200°, 100 pl aliquots) 
into an alcohol fraction, a mixed fraction, and 3 carbonyl 
fractions. Final separation of these fractions, as well as 
the hydrocarbon and mid-fraction, was carried out on 
200 x 0.6 O.D. PEG (15%) or MCS-562 columns. The 
purity of each fraction isolated was tested on analytical 
g.1.c. columns after recording their i.r. and n.m.r. spectra, 
and when sufficient material could be isolated the re- 
fractive index and optical rotation were determined. 

Irldividzral Comnpor~ents 
Fractionation of the hydrocarbon fraction a on a 

200 x 0.6 cm O.D. MCS-562 column operated at 100" 
resulted in the isolation of fairly pure tricyclene (peak 2), 
a-pinene (peak 3), carnphene (peak 4), myrcene (peak 7), 
limonene (peak 9), and p-cymene (peak 13). The optical 
rotations of the isolated fractions are shown in Table I. 
The identity of peaks 5, 6, 8, 10, 11, and 14 could be 
established only tentatively as [3-pinene, 3-carene, a- 
phellandrene, [3-phellandrene, y-terpinene, and terpino- 
lene respectively by comparison of retention data. Peak 1 
appeared to be residual methylene chloride from the 
extractions of the steam-distilled oil. No sesquiterpene 
hydrocarbons could be isolated, but trace amounts of 
peaks 31, 34, and 38 were recorded. Retention times 
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and a multiplet in the 1390-1365 cnl-I which per- 
mitted no conclusion about the presence of isopropyl 
or gem dimethyl groups. Strong bands were also recorded 
at  2940,2880,1262,1208,1120,1095,1074, and 1025 cm-1 
and bands of medium intensity at 1420-1395, 1041, 990, 
965, 955, 835, and 795 cnl-'. The n.m.r. spectrum 
showed four single proton signals, viz. three quartets 
centered near 75.22, 4.98, and 4.25 with couplings of 
6 2  and 11, 2 and 17.5, and 17.5 and 11 Hz respectively 
(-CH=CH2), and a quartet centered near 76.65 with 

\ couplings of 66.5 and 13 Hz ( CHOR). Five three- / 
proton signals occurred at  78.74, 8.79, 9.11, 9.18, and 
9.20 and less well defined signals in the 78.0 to 9.1 range. 
The latter made the integration of the three-proton 
signals somewhat inaccurate. 

The various oxygenated fractions obtained in the pre- 
fractionation (see above) were resolved on a 180 x 0.6 cm 
O.D. PEG (15%) column operated either isothermally 
(120 and 140") or programmed from 120 to 200" at  
4"/min. The alcohol fraction was resolved into 5 com- 
ponents which had spectral properties corresponding to  
linalool (peak 22), camphene hydrate (peak 25), trnns-2- 
methyl-6-methylene-3,7-octadien-2-01 (peak 26) (17), and 
unknown alcohol (a), wit11 a terminal methylene group 
(peak 28) and borneol (peak 30). Terpinen-4-01, cc- 
terpineol, and isoborneol were not present. The identity 
of camphene hydrate (n1.p. 145-149") was confirmed by 
synthesis (18) (m.p. 147-149") and co-injection on all 
analytical columns, when identical retention times were 
recorded. 

The mixed fraction was found to contain a trace of a 
methyl ketone (possible methyl nonanone; peak 20), 
camphor (peak 21), camphene hydrate (peak 25), the 
unidentified alcohol a (peak 28), borneol (peak 30), three 
unidentified alcohols (b, c, and d ;  peaks 33, 35, and 36), 
and an unknown aromatic alcohol (peak 37). The methyl 
ketone (peak 20) had the retention time of 2-decanone, 
but the weak infrared spectrum did not show the band 
near 700 cnl-I expected for an aliphatic chain of more 
than four carbon atoms. Only alcohol d (peak 36) was 
obtained in sufficient amount to record a satisfactory i.r. 
spectrum with strong bands near 3360, 2980-2880, 1642, 
1450-1440, 1375, 1255, 1163, 1151, 1050, 1025, 955, 937, 
880 (inflexion near 898), and 810 (inflexion near 803) cm-I 
and weaker ones near 3090, 1212, 1110, 1090, 858-850, 
and 715 cnl-l. Only a weak n.m.r. spectrum with signals 
near 7 8.30, 8.73, 8.78, 9.00, 9.12, and 9.18 and very weak 
ones near 74.2, 5.0, and 5.2 could be recognized. The 
infrared spectrum of component 37 showed absorption 
bands characteristic of a hydroxyl group (3370cm-I) 
and an aromatic ring (1515 cm-I). The other alcohols 
were not obtained in sufficient amount for further 
characterization. The i.r. spectrum of the aromatic alcohol 
differed from those of p-cuminyl alcohol, carvacrol, 
thymol, and the common ethers of the eugenol type. The 
three carbonyl fractions consisted mainly of camphor, 
bornyl acetate, and carvone respectively. Each compound 
was purified by g.1.c. on the 150 x 0.6cm O.D. PEG 
(15 %) colun~n. The amount of purified carvone isolated 
was not sufficient for accurate determination of the 
optical rotation. The values for camphor (m.p. 165-175") 
and bornyl acetate were -t37.6" and +35.0° respectively. 
The third carbonyl fraction contained some higher boiling 

TABLE I 

Percentage con~position of the leaf oil of 
Juniper~~s aslrei Buchholz. 

Peak No. Compound* % 

(Methylene chloride) 
Tricyclene 
a-Pinene 
Camphene 
( p-Pinene) 
(3-Carene) 
Myrcene 
(a-Phellandrene) 
Limonene 
(p-Phellandrene) 
(r-Terpinene) 
Unidentified 
p-Cymene 
(Terpinolene) 
Unidentified 
Unidentified 
Unidentified 
Unidentified 
Unidentified 
(Methyl nonanone) 
Camphor 
Linalool 
Unidentified 
Bornyl acetate 
Camphene hydrate 
rvatzs-2-methyl-6-inethylene- 

3,7-octadien-2-01 
Unidentified 
Alcohol B 
Unidentified 
Borneo1 
(Bisabolene) 
Carvone 
Unidentified acetate 
(6-Cadinene) 
Alcohol C 
Alcohol D 
Aromatic alcohol 
(Calamenene) 
Unidentified 
Elemol 
Unidentified 
Unidentified 
Unidentified 
Unknown ester 

trace 
trace 
0 . 1  

trace 
42.1 

0 . 4  
trace 
22.5 

1 .5  

trace 
0 .1  

trace 
2.9 
0 . 1  

0 . 4  
0 .2  

trace 
traces 

0 .5  
0 . 2  

trace 
0 .8  

"Names in parentheses refer to tentatively identified compounds. 

suggest that these could be bisabolene, a cadinene isomer, 
and calamenene (16). 

The mid-fraction b contained only two major and one 
minor component. Camphor (peak 21), m.p. 160-l7O0, 
[a]:3 4-35.05" (c, 5.1; CHCI,) and bornyl acetate (peak 
24), r1g5 1.4619, [a]d5 +34.0° (c, 4.8; CHCl,) were readily 
isolated by fractionation on a 150 x 0.9 cm O.D. QF-1 
(15 %) column (100 to 200"). The third component, peak 
49, was obtained in low yield after many repetitive in- 
jections. Its i.r. ,spectrum had absorption bands at 

1735cm-I (m) ( > G O ) ;  3100 (w), 1640 (w), and 
\ 912cm-' (m) with inflexion near 895 cm-' (, G C H , ) ,  
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components in small amounts, but these could not be 
obtained in sufficient amount for further identification. 

Single Leaf ltrjecliotr 
Leaf portions (5-20 mg) were placed into the boat- 

shaped cavity of the Aerograph inductor and were in- 
jected for 15 to 30 s into the pyro-oven (at 250") with the 
helium flow turned on 5 s after the injection. The released 
volatiles were analyzed on a 180 x 0.3 cm O.D. SE-30 
(5% on Anakron ABS) column. For comparative pur- 
poses the leaf oil (0.1 PI) was enclosed in indium tubing 
(0.02in. I.D.) and injected in the same manner. The 
green and brown portions of the same leaf stalks from the 
same and neighboring branchlets gave the same qualita- 
tive chromatogram. The quantitative differences were 
relatively small in the monoterpene range (t 1 to 5%) ,  
but were more pronounced in the sesquiterpene range 
( + 5  to 20%). When the bark from a branchlet was in- 
jected in the same manner, virtually the same chromato- 
grams were obtained, but the amount of sequiterpenes 
was invariably low. 

Results and Discussion 
The quantitative data, as calculated from the 

gas chromatograms obtained with the PEG, 
SE-30, and MCS-562 columns are shown in 
Table I. The peak numbering is that of the 
sequence of elution on the PEG column, which 
provided the best overall resolution (see Fig. 1). 
The accuracy of determining the percentage com- 
position with the digital integrator was f 0.1 
unit % on well resolved peaks and fO.l to 0.5 
unit % on poorly resolved peaks or when com- 
paring data obtained on different columns. This 
is a noticeable improvement over the accuracy 
obtained previously (6, 7) by the triangulation 
method (13). 

The identification of the major components 
d-camphor (peak 21) and d-bornyl acetate pre- 
sented no difficulties and tricyclene (peak 2), 
d-a-pinene (peak 3), d-camphene (peak 4), d- 
myrcene (peak 7), d-limonene (peak 9), p- 
cymene (peak 13), linalool (peak 22), d-borne01 
(peak 30), carvone (peak 32), and elemol (peak 
44), were also obtained in sufficient amounts to 
permit positive identification. Camphene hydrate 
(peak 25) was only identified after synthesizing 
this tertiary alcohol (18) and comparing g.1.c. 
and spectral properties. Under all g.1.c. condi- 
tions normally employed in conifer leaf analysis 
this labile alcohol was found to form from 10 to 
30% camphene. This facile dehydration was 
already observed by Ashan (18) and may account 
for camphene hydrate not having been found in 
nature before. The dehydration during g.1.c. 
leads to a single peak with the retention time of 

camphene and this may serve as a convenient 
means of detecting camphene hydrate. The re- 
tention time of camphene hydrate is similar to 
that of 4-terpinenol (PEG, MCS-562, QF-1, 
polyester columns) except on the SE-30 column, 
where it coincides with isoborneol. In oils which 
contain these two alcohols it is difficult to dis- 
tinguish camphene hydrate. Thus, alcohol 1 of 
red and black spruce leaf oil (6), was found to be 
a mixture of camphene hydrate and 4-terpinenol. 
If camphor is present in large amounts, it is not 
clearly resolved from camphene hydrate on the 
latter column. 

Noteworthy is the finding of small amounts of 
alcohols all having terminal methylene groups 
(peaks 27, 29, 35, and 36). Of these, alcohol a 
(peak 27) had the same spectral properties of 
trans-2-methyl-6- methylene-3,7- octadien-2- 01, 
which was recently isolated from the frass pro- 
duced by Ips confucus feeding on ponderosa pine 
(17). Silverstein et al. (17) report this alcohol as 
well as 2-methyl-6-methylene-7-octen-4-01, to  
attract this beetle to the pine. Hence the alcohols 
found in the leaf oil of J. ashei may also be insect 
attractants. Component 36 had the retention 
time and spectral properties expected for cis- or 
tratzs-carveol, but neither isomer was available 
for comparison. 

The most interesting unidentified compound 
from a chemical point of view appears to be 
component 49. The i.r. suggest it is an acetate or 
ester (1735, 1262 cm-l) with a terminal methyl- 
ene group of the type -CH=CH, (3100, 
1640, 912-895, and possibly 990 cm- I). This is 
confirmed by the n.m.r. spectrum. The single 
proton signals (quartets) near 7 5.22, 4.98, and 
4.25 are typical of the ABX system in -CH,- 
-C(CH,)OH-CH=CH, as found in nerolidol 
and man001 (19). The presence of a secondary 
alkoxy group is confirmed by the single proton 
signal near 26.65 and since this is a quartet it 
must have an adjacent methylgroup (-CH(CH,)- 
-0COR). The five methyl signals in the range 
z 8.74 to 9.19 are more difficult to interpret but 
these signals as well as the fingerprjnt region of 
the i.r. spectrum differed markedly from those of 
nerolidol, nerolidyl acetate, man001 (19), man- 
noyl oxide, and 13-epimanoyl oxide (20). Hence, 
component 49 must have a structure different 
from the terpenes normally found in the volatile 
oils of conifers. 

The separation and isolation of the trace com- 
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ponents of the oil of J. ashei presented difficulties 
owing to overlaps which could not be resolved 
and some of these components could only be 
identified tentatively by comparison of retention 
data. Thus, the three trace components 31, 34, 
and 38 which are obtained in the hydrocarbon 
fraction may be bisabolene, a candinene isomer, 
and calamenene respectively. The former two 
sesquiterpenes were identified in the leaf oils of 
spruces (6) ,  with which the leaf oil of J. aslzei 
shows remarkable similarities. I n  fact, all of the 
components except elemol of this oil are not 
typical of the members of the genus Juniperus 
as well as other members of the family Cupres- 
saceae. This finding makes the leaf oil of the 
Ashe juniper well suited for chemosystematic 
studies, especially with regard to introgression 
with related juniper species. The results obtained 
with direct injection of small portions of the 
leaves of J. ashei indicate that n o  significant 
differences exist between the green and brown 
portions of the leaf stalks. Hence, for chemo- 
systematic studies the branchlets may be steam- 

scale steam-distillation. The technical assistance 
of Mr.  M.  Granat is also gratefully acknowl- 
edged. Infrared and nuclear magnetic resonance 
spectra were recorded by Mr.  W. C. Haid and 
M .  Mazurek. 
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Phosphinohydrazines. Reactions of hydrazine and alkylhydrazines 
with substituted phosphinesl 

L. K. PETERSON AND G. L. WILSON 
Department of Chemistry, Simon Fraser University, Burnaby 2, Brirish Columbia 
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Reactions between hydrazine or N,N-dimethylhydrazine and (CF3),PI, (CF3),PCI, (CF3)3P, and 
(CF3),PNMe2 have been further investigated as synthetic routes to phosphinohydrazine compounds. 
The new compound N,N-dimethyl,N'-bis(trifluoromethyl)phosphinohydrazine (m.p. 40.45', b.p. 112" 
extrapolated) is described, and instability of [(CF3)2Pl,N2H~-, systems with respect to elimination 
of fluoroform is inferred. 
Canadian Journal of Chemistry, 46, 685 (1968) 

Discussion 
Hydrazines and substituted hydrazines present 

a number of interesting chemical and stereo- 
chemical features which have been discussed in 
the current literature. The decrease (I) in base 
strength with increasing alkyl substitution, rela- 
tive to  hydrazine, is in contrast to  the amine 
series (2) Me2NH > MeNH, > Me,N-NH,, 
and contradicts other reports that alkylhydra- 
zines are more basic than hydrazine (3). Tetra- 
silylhydrazine (4) and trisilylamine (5) are 
analogous with regard to non-basic character 
and skeletal planarity. In substituted hydra- 
zines R,R,NNR,R, (R" = H, methyl) (6, 7), 
(CF,),NN(CF,), (8), and F,NNF, (9), the 
N-N bond energy is sensitive to  substituents in 
a complex and imperfectly understood fashion 
which has been related to  steric and electrical 
forces (8), enhanced n-bonding (lo), and radical 
stability (1 1). Although there has been no syste- 
matic study of trends in the properties of com- 
pounds based on the covalently bonded skeletal 
arrangements A-N-N and A-N-N-A, 
where A represents a metalloidal atom, and 
N-N the hydrazine moiety, a substantial 
number of such compounds are now known, viz. 
hydrazino boranes (12-14), alanes (15, 16), 
silanes (17), phosphines (IS), phosphine oxides 
(19, 20), and arsines (21). 

As part of an investigation of systems based 
on hydrazine, we report here our studies of 
reactions between selected hydrazines and tris- 
(trifluoromethyl)phosphine or bis(trifluor0- 
methy1)halophosphine. The new compound N,- 
N-dirnethyl, N'- bis (trifluoromethyl) phosphino- 

'Presented in part at the Annual Conference, Chemical 
Institute of Canada, Toronto, Ontario, June, 1967. 

hydrazine, Me,NNHP(CF,),(l), was isolated 
and characterized. Like Me,NNHAs(CF,), (21), 
compound 1 is a potential bifunctional 
chelating agent, with one site simply o-donating 
(terminal nitrogen), and the second site (phos- 
phorous) able to  serve as o-donor and n- 
acceptor. Under the influence of the electro-. 
negative CF, groups on phosphorous, we antici- 
pate that intramolecular N(pJ - P(d,) dative 
bonding (22) may determine the skeletal struc- 
ture of the molecule and hence modify both its 
chelating ability and the properties of the N-N 
bond. 

Compound 1 was obtained in high yield by 
the action of bis(trifluoromethy1)iodophosphine 
or chlorophosphine on anhydrous dimethyl- 
hydrazine in ether solution, according to the 
reaction stoichiometry. Compound 1 was 

characterized by vapor-phase molecular weight 
measurements, and by the quantitative cleavage 
of the P-N bond with HCl. In addition, the 

'H and 19F nuclear magnetic resonance (n.m.r.) 
and the infrared spectra confirmed this form- 
ulation. The proton n.m.r. spectrum con- 
sisted of two resonance absorptions in ap- 
proximately 6 : 1 ratio, corresponding to six 
equivalent protons on the two methyl groups 
[at T 7.50, reference internal Si(Me,),] and one 
proton on the nitrogen atom [T 5.951. The "F 
resonance was a doublet, [F, midpoint, -1-63.5 
p.p.m., reference external CFCl,] which re- 
mained unchanged over the temperature range 
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TABLE I 
Infrared spectrum1 of Me2NNHP(CF3)2 

cm-' Intensity cm-' Intensity cnl-' Intensity cnl-' Intensity 

G7 (Zlj 
476 shoulder 
491 (21) 

'Intensities are quoted relative to the strongest bat 

-50" to  + 60 "C. This pattern is consistent with 
splitting of the absorption due t o  six equivalent 
fluorines, on two CF, groups, by coupliilg with 
the spin +* ,'P nucleus [JP-CF,, 84 c.p.s.1. 
Thus, the n.m.r. measurements suggest essen- 
tially free rotation about the N-P bond, at 
least at temperatures down to  -50". Lower 
temperatures would be needed to separate bands 
due to  possible rotational isomers, t o  enable the 
rotation barrier to  be evaluated. Together with 
the infrared evidence for the secondary amino 
(>N-H) grouping and bands due to  methyl, 
CF,, and N-N, the 'H and 19F n.m.r. spectra 
preclude alternative formulations that could 
arise as the result of methyl, H, or CF, migration 
or molecular rearrangement during the synthesis. 
The main features of the infrared spectrum 
(see Table I) show six peaks in the region 
1109-1206 cm-', all of similar intensity, and 
attributable t o  C-F stretching modes of two 
independent CF, groups. Of the seven peaks, of 
varying intensity, in the region 2790-3008 cm-', 
no more than six may be due to  C-H stretching, 
leaving one as an overtone or combination band. 
The spectrum is consistent with that expected for 
a molecule lacking in symmetry features (C,). 
We attribute the bands at 3300 cm-' and 3422 
cm-I to  N-H stretching in associated and free 
species, respectively., The mechanism of asso- 
ciation may be hydrogen-bonding and/or N -> P 
dative o-bonding, either of which would lead to  
differing environments for the free and the 
associated molecules. 

A number of other features suggest fairly 
strong intermolecular forces of attraction, such 

20ne  of the referees has suggested that the missing 
N-H bending mode could appear as a Fermi-resonance 
enhanced overtone at 330g3400 cm-', thus giving rise 
to the two bands observed in the N-H stretch region. 

id, at 1155 cm-I, with a value of 100 arbitrary units. 

as the relatively high melting point (40.45"), the 
high latent heat of sublimation (15 500 cal 
mole-'), the higher than normal Trouton con- 
stant (22.2 cal deg-' mole-'), and high values 
for vapor-phase molecular weight measure- 
ments (M ,,,, 231; M ,,,, ,, 228). Polymerization or 
cyclization in the solid state is possible, via inter- 
molecular N -> P o-bonding. A similar inter- 
action was postulated for dimethylsilylamine 
(23), which was shown to possess a pentameric, 
ten-membered ring structure in the crystalline 
state (24). Related alanes Me,NNRAIMe, 
(R = H, Me) are known to  be dimeric in solu- 
tion (16b). 

In the absence of ether, the action of (CF,),PI 
on neat Me,NNH, gave compound 1 in very 
low yield, together with unresolved volatile by- 
products and involatile residues. Nor was the 
action of Me,NNH, on (CF,),P a practical 
route t o  compound 1. Whereas the ammono- 
lysis of (CF,),P with ammonia affords a con- 
venient synthesis of (CF,),PNH, (25), the 
corresponding solvolysis with Me,NNH, occurs 
only t o  a minor extent, giving extremely low 
yields of Me,NNHP(CF,),. The diminished 
solvolyzing power of Me,NNH, relative t o  
ammonia is in accord with its smaller basicity in 
aqueous solution (pK', (Me,NNH,), 7.21 (1); 
pK1,(NH,), 9.25 (26)). In the nonaqueous 
system, conditions favoring hydrogen-bonded 
dimerization (27) of the hydrazine molecules, 
rather than nucleophilic attack at phosphorus 
centers, would also account for the absence of 
reaction. 

Reactions using hydrazine failed t o  yield 
recognizable products. With (CF,),PX (X = I, 
CI), two immiscible layers were formed, and even 
at 100" the disproportionation of the iodo- 
phosphine (28) was the only observable change. 
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PETERSON AND WILSON: PHOSPHINOHYDRAZINES 

TABLE I1 
Saturated vapor pressure data* for solid Me,NNHP(CF3), 

T "C P,,, (obs) P,, (calcd) T "C P,, (obs) P,, (calcd) 

20.6 9.90 9.51 31.6 24.1 24.8 
22.6 11.8 11.4 34.2 30.2 30.8 

Though slightly more basic (1) than Me,NNH,, 
hydrazine is unable to  cleave fluoroform from 
(CF,),P. Transamination between N2H4 and 
(CF3),PNMe2 did not occur at temperatures up 
t o  100°, consistent with the greater basicity of 
Me21VH relative to  N,H4. In the presence of 
trimethylamine, however, reaction between N2H, 
and (CF,),PI or (CF,),P occurred readily, pre- 
sumably forming, in the first instance, one or 
more of a possible series of phosphinohydrazines. 

During manipulation, these unstable inter- 
mediates condensed, among themselves or with 
excess hydrazine, with elimination of additional 
quantities of CF,H, forming intractable waxy 
materials for which a variety of polymeric and 
cross-linked structures may be postulated. 

Attempts to  replace both amino protons of 
Me,NNH2 with phosphino groups did not suc- 
ceed, although models show the bis(phosphino)- 
hydrazine to be sterically possible. When 
(CF,),PX and Me2NNH2 were mixed in ether in 
a 2:3 molar ratio, and when an excess of 
(CF,),PX was used, compound 1 was the sole 
derivative obtained. Steric factors, and a lower- 
ing of the basicity (22) of the secondary nitrogen 
atom through internal N(p,) - P(d,) dative bond- 
ing of its lone pair, would account for this 
inactivity, the formation of an intermediate 
complex via nucleophilic attack by nitrogen 
being mechanistically unfavorable. 

Experimental 
Volatile materials were handled in a vacuum system. 

Reactions were carried out in sealed Pyrex tubes. Nuclear 
magnetic resonance (n.n~.r.) spectra were determined with 
a Varian A56160 instrument. 
Bis(trifluoromethy1)iodophosphine was prepared by the 

method of Bennett et al. (28). The chlorophosphine 
(CF3),PCI was obtained by reaction between (CF3)2PI 
and HgCI,. These compounds were purified by low 
temperature colun~n distillation under vacuum. Dimethyl- 
hydrazine and hydrazine were dried over anhydrous 
barium hydroxide; both were distilled under nitrogen, the 
latter at  reduced pressure. Diethyl ether and toluene were 
dried over sodium and distilled under nitrogen from 
lithium aluminium hydride. 

Reaction of (CF3)2PX with MeZNNHz, in Erlier 
In  a typical synthesis, a mixture of Me,NNH, (0.9663 g) 

and (CF3)ZPI (1.8849 g) in ether (3.8672 g) reacted at  
about -70 "C, as shown by the formation of a white 
precipitate of Me2NNHzHI. After 60 h, the products 
were separated into ether (3.8600 g), unused Me,NNH, 
(0.2897), MezNNHzHI (1 .I879 g), and the new compound 
MezNNHP(CF,)2, (I), (1.3655 g, 94%). The latter prod- 
uct was identified by its molecular weight (M,,,, 231; 
Mcalcd, 228) and by infrared and n.m.r. spectra. Reactions 
with (CF3),PC1 were similar, affording compound 1 in 
high yields. 

Reaction of (CF3)ZPZ with MezNNHz in Absence of 
Solvent 

A mixture of (CF3)ZPI and MezNNHz gave two 
immiscible layers at  -63", but did not react. At room 
temperature, a white solid was produced. After several 
days, most of the (CF3)2PI was recovered, together with a 
minor amount of material with the infrared spectrum of 
compound 1, and other unstable products which decom- 
posed during vacuum distillation, forming nonvolatile, 
waxy deposits on the walls of the apparatus. 

Reaction of (CF3)3P with Me2NNH2 
At room temperature, mixtures of (CF3)P and 

MezNNHz gave colored products. After several hours at  
-loo, no coloration was observed; most of the reactants 
were recovered, together with fluoroform and a small 
fraction showing the infrared spectrum of con~pound (1). 

Reaction of Me,NNHP(CF3) z with Anlgvdrous Hydrogen 
Chloride 

Compound (1) (0.1774 g) reacted readily with an  
excess of hydrogen chloride (0.0850 g), yielding (CF3),- 
PC1 (0.1548 g), Me2NNHzHC1 (0.0645 g), and unused 
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TABLE 111 

Saturated vapor pressure data* for liquid MeZNNHP(CF3)3 

T "C P,, (obs) P,, (calcd) T "C P,,, (obs) P,, (calcd) 

HC1 (0.0243 g). Thus the yield of (CF3),PCl was essen- 
tially quantitative, while the minor discrepancies in the 
HC1 recovery and Me,NNH,HCl yield were almost 
certainly due to formation of some Me2NNH,C1,. 

Reactior~ of N2H4 ~vitlz (CF3) 2PI and (CF3),PCI 
Initial runs indicated that neat mixtures of N2H, and 

(CF3),PI did not react at room temperature or when 
heated to 100". At the higher temperature, dispropor- 
tionation products of (CF,)J'I (iodine, CF3P12, and 
other compounds) were observed. No N,H,HI was 
formed. On warming (from -196") a mixture of (CF3)2PI 
(3.6590 g), hydrazine (0.0755 g), and trimethylarnine 

extrapolated boiling point is 112", the latent heat of 
vaporisation at the boiling point is 8570 cal mole-', and 
the Trouton constant is 22.2 cal deg-'. From the two 
curves, the theoretical nlelting point is 40.0°, in good 
agreement with the experimental value. The calculated 
latent heat of fusion at the melting point is 5940 cal 
mole- '. 

The infrared spectrum over the range 400 to 4000 cin-l, 
measured in the gas phase (10 cm cell, KBr windows) 
with a Beckmann I.R. 12 spectrophotonleter, is given in 
Table I. 

Acknowledgments 
(0.6490 g), reaction occurred well below room tempera- The authors gratefully acknowledge financial 
ture as shown by the formation of a white smoke of support from the ~ ~ ~ i ~ ~ ~ l  R~~~~~~. Council of N,H,HI. After 48 h the products were separated into 
(CF,),PI (1.2068 g), CF,H (0.1400 g), and products of Canada, and from the President's Research Fund 
low volatility held in t r a ~ s  at -45" and -63". as needle- of Simon Fraser University. Stimulating discus- 
like crystalsand a yellow oil. During trap-to-tiap distilla- sions with Dr. E. J. wellswand Dr. N. klitcroft 
tion these compounds evolved fluoroform, becoming less were of considerable value. 
volatile, and forming a waxy layer on the walls of the 
apparatus. 

Similar results were obtained with (CF3),PC1 in place 
of (CF3)zPI. 

Reactiorz of N2H4 with (CF3) 3P 
A mixture of (CF3)3P and hydrazine yielded trace 

amounts of CF3H when heated at 100" for 36 h. On 
adding trimethylarnine to the mixture, at room tempera- 
ture, fluoroform was produced in increased yield, to- 
gether with a range of products condensing in traps at 
-23", -45", -63", -96", and -120°, and decomposing 
during distillation into involatile rcsidues and fluoroform. 

Reactiorz of N, H, with (CF3) PNMe, 
Dimetl~ylan~inobis(trifluoromet1~yl)phosphine was pre- 

pared (25) from dimethylamine and bis(trifluoronlethy1)- 
cl~lorophosphine. A mixture of this compound and 
hydrazine was kept at rooin temperature for 72 h. The 
starting materials were recovered quantitatively. After 
heating the same mixture at 85 "C for 6 11, no evidence of 
reaction was found. 

P/zysical Properties of Me2NNHP(CF3), 
The melting point of Me2NNHP(CF3)2, determined on 

samples sealed under vacuum into capillary tubes, was 
40.45 T 0.15". 

Saturated vapor pressures were measured with a 
mercury tensimeter. The compound was stable at 120°, as 
shown by reproducible vapor pressures. Representative 
data for solid-vapor equilibria are given in Table 11, and 
in Table 111 for liquid-vapor equilibria. The calculated 
latent heat of sublimation is 15 500 cal. mole-', the 
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Thiazoloisoquinolines. 111. Structure and methylation of 
2-hydroxythiazolo[4,5-c]- and -[5,4-~]isoquinolines~~~ 

CATHERINE E.  HALL^ AND ALFRED TAURINS 
Departtnent of Chetnistry, McGill University, Montreal, Quebec 

Received October 2, 1967 

2-Hydroxythiazolo[4,5-c]isoq~1inoline (1) and 2-hydroxythiazolo[5,4-c]isoquinoline (2) were both 
found to exist predominantly in the lactam form ( l b  and 2b respectively) from infrared, nuclear magnetic 
resonance, and ultraviolet spectral evidence. Various methylating agents methylated compound 1 
exclusively on the N-3 atom in the thiazole ring. Compound 2 on the other hand, gave a mixture of O- 
and N-3 methylated products with diazomethane and a mixture of N-1 and N-4 methylated products 
with either methyl iodide or dimethyl sulfate. 
Canadian Journal of Chemistry. 46, 691 (1968) 

The synthesis of 2-hydroxythiazolo[4,5-cliso- 
quinoline (1) and 2-hydroxythiazolo[5,4-cliso- 
quinoline (2) have been described in earlier 
papers of this series (1,2). Three tautomeric struc- 
tures are possible for each of these compouilds 
(la,  lb, lc,  and 2a, 2b, 2c), and the subject of this 
paper is to  describe evidence showing the pre- 
dominant form present in each series and also t o  
discuss the reaction of 1 and 2 with various 
methylating agents. 

From infrared evidence, the hydroxyl forms, 
l a  and 2a, do not appear t o  be present in detect- 
able amounts in either 1 or 2 since a strong band 
is observed in the carbonyl stretching region at 
1700 cm-I in each case. Furthermore, the nuc- 
lear magnetic resonance (n.m.r.) spectra of both 
compounds showed a broad singlet at 7 -2.58 to  
-2.60 for the N-H proton. 

Additional evidence about the structure of 1 
and 2 was obtained by comparison of the ultra- 
violet spectra of 1 and 2 with the spectra of their 
methyl derivatives 3a, 3b and 4a, 4b, 4c (Tables I 
and 11). In this way it was proved conclusively 
that compound 1 exists predominantly in the 
tautomeric form l b  and compound 2 in the form 
2b. 

Methylation of 2-hydroxythiazolo[4,5-cliso- 
quinoline (1) with methyl iodide in the presence 
of sodium hydroxide gave a monomethylderiv- 
ative 3. The same compound was obtained using 
diazomethane as the methylating agent. Com- 

lThis work received financial assistance from the 
National Research Council of Canada. 

ZFor Part I. see C. E. Hall and A. Taurins. Can. J. 
Chem. 44, 2465 (1966). For Part 11, see C. E.   all and A. 
Taurins, Can. J. Chem. 44, 2473 (1966). 

3Holder of a NRCC Studentship, 1962-1963 and 1963- 
1964. 

pound 3 was not the 0-methyl derivative 3a 
since it was different from authentic 2-methoxy- 
thiazolo[4,5-c]isoquinoline (3a) prepared by 
treatment of 2-chlorothiazolo[4,5-c]isoquinoline 
with sodium methoxide (1). Structure 3b rather 
than 3c js assigned t o  compound 3 on the basis of 
the following evidence. It  showed a carbonyl 
stretching band in the infrared at 1680 cm-l. 
The positions of ultraviolet absorption maxima 
of 2-hydroxy[4,5-c]-isoquinoline (lb) and 3b 
were exactly at the same wavelength but in the 
longer wavelength region the band positions of 
3a were different (Table I). The n.m.r. spectrum 
of 3b (DCCI,) showed a singlet at 7 1.15 for H-5, 
an ABCX pattern for the four remaining aro- 
matic protons (a doublet centered at 7 2.08 as- 
signed to  H-9, and a multiplet at 7 2.33 to  2.74 
assigned to  H-6, H-7, and H-8) and a sharp 
singlet at 7 6.41 for the N-CH, protons. If 3c 
were the correct structure instead of 3b, H-5 
would be expected to  absorb at higher field (7 
1.6 to  1.8) (3). 

In ,  R  = H  l h ,  R  = H  lc ,  R  = H 
3a, R  = C H ,  3h, R  = C H ,  3c, R  = C H ,  

20,  R  = H  2h, R =  H  2c, R =  H  
4 r r , R = C H 3  4 b , R = C H 3  4c, R  = C H ,  
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TABLE I 
Ultraviolet absorption maxima and log E values of some thiazolo[4,5-c]isoquinoline 

derivatives (solvent: ethanol) 

a-Band p-Band p-Band 
-- 

Compound mp log E mp log E mp log E 

Basic hydrolysis of 3b ruptured the thiazole 
ring and produced a base soluble, acetic acid 
insoluble compound which proved to be very 
unstable and was believed to be 3-N-methyl- 
aminoisoquinoline-4-thiol (5). The only useful 
solvent for the n.m.r. analysis of 5 was dimethyl 
sulfoxide-d,. However, this solvent acted as oxi- 
dizing agent and 5 was transformed into a com- 
pound 6 which was no longer soluble in base after 
recovery from solvent? The n.m.r. spectrum of 
compound 6 was in agreement with the structure of 
di-(3-N-methylaminoisoquinolyl)-4,41-disulfide. 
It shows a singlet at z 1.25 (2H) (H-1 and H-1'), a 
complex multiplet at z 2.39 to 3.29 (8H) (carbo- 
cyclic ring protons), a quartet centered at T 3.58 
( J  = 4.6 c.p.s.) (2H) (N-H), and a doublet 
centered at T 3.58 ( J  = 4.6 c.p.s.) (6H) (N-CH,). 
Thus, there appears to be coupling between the 
N-H and N-CH, protons.' This coupling is 
further evidence that the compound is a rela- 
tively non-basic N-monosubstituted methylamine 
(7). 

Methylation of 2-hydroxythiazolo[5,4-cliso- 
quinoline (2) with either methyl iodide or dime- 
thy1 sulfate in the presence of sodium hydroxide 
gave a mixture of two N-methyl derivatives in 
about the same ratio in each case. The major 
product was proven to  have structure 4c on the 

4The oxidation of various thiols by dimethyl sulfoxide 
has been reported by other workers (4-6). 

'Coupling has previously been observed between N H  
or NH2 protons and adjacent CH protons in such com- 
pounds as pyrrole (8), forinamide (9), and uracil (10). 

basis of the following evidence. It was yellow, 
soluble in hot water, and exhibited a carbonyl 
stretching band in the infrared at 1655 cm-'. Its 
n.m.r. spectrum showed a singlet at T 0.96 for 
H-5, a complex multiplet at T 1.74 to 2.37 for the 
carbocyclic ring protons and a sharp singlet at 
T 5.85 for the N-CH, protons. Basic hydrolysis 
produced a red base-insoluble compound (7) 
whose infrared spectrum showed a primary 
amino group with bands at 3250,3345, and 1625 
cm-'. Its n.m.r. spectrum exhibited a singlet at 
T 1.81 ( lH,  C-1 H), a multiplet at T 2.23 to  3.00 
(4H, carbocyclic ring protons), a broad singlet at 
T 3.65 (2H, NH,) and a sharp singlet at T 5.73 
(3H, N-CH,). Its visible and ultraviolet spec- 
trum showed bands at 482 mp (log E 3.77), 379 
mp (3.86), 283 mp (3.99), and 244 mp (4.13). 
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HALL AND TAURINS: THIAZOLOISOQUINOLINES. I11 

TABLE I1 
Ultraviolet absorption maxima and log E values of some thiazolo [5,4-c]isoquinoline deriv- 

atives (solvent: ethanol) 

a-Band p-Band P-Band 

Compound mp log E mp log E mp log 6 

2-Hydroxythiazolo [5,4-c]- 
isoquinoline (26) 346 3.82 304 3.59 240 4.51 

293 3.58 
1-Methylthiazolo [5,4-c]- 
isoquinolin-2(1 HI-one (46) 348 3.83 307 3.59 242 4.54 

296 3.55 
2-Methoxvthizaolo 15.4-cl- 

[5,4~c]iso~uinolinium 
hvdroxide. betaine (2c) 417 4.27 285(sh) 3.81 234.5 4.48 

These results show unequivocally that the hydro- grating spectrophotometer as KBr discs. ultraviolet 

lysis product must be 4-amino-2-methylisoquino- spectra were obtained on a Perkin-Elmer model 350 
spectrophotometer with absolute ethanol as solvent. 

line-3(2H)-thione (71, and therefore, the Nuclear magnetic resonance (n.m.r.) spectra were deter- 
product from the methylation of 2 with methyl mined on Varian high-resolution n.m.r. sDectrometers. 
iodide or dimethyl sulfate must have structure 4c. model HR-60 or model A60. Solvents used-were chloro: 

~h~ minor from the methylation of 2 form-d, dimethyl sulfoxide, and dimethyl sulfoxide-4. 

with either methyl iodide or dimethyl sulfate in Tetramethylsilane was used as an internal standard. 
Elemental analyses were carried out by A. Bernhardt, 

the presence of sodium hydroxide was also an N- ~ i i l h ~ i ~ ,  G ~ ~ ~ ~ ~ ~ .  
methyl derivative since it showed a strong car- 
bony1 stretching band in the infrared at 1684 Metlz~lation of 2-H~droxythiazolo[4,5-c]isoq~ri1~oli1~e ( I )  

c m - ~ .  addition, it was different from authentic (a) Wit11 Metlzyl Iodide a~zd Sodium Hydroxide 
Methyl iodide (0.25 ml, 4.0 mmoles) in 15 ml of abso- 

2-metllox~thiazo~~[~,~-clisoq~in~~~~~ (4a) pre- lute methanol was added to a solution of 0.25 g (1.4 
pared by reaction of 2-chlorothiazolo[5,4-cliso- mmoles) of 2-hydroxythiazo~o[4,~-c]isoquino~i~~ in 0.5 
auinoline with sodium methoxide (2). Therefore ml of 10% sodium hydroxide. The resulting clear vellow , , 
this compound must have structure 4b. The 
frequency of the carbonyl absorption in the infra- 
red was higher for 4b than for 4c as expected, 
since 4b has a true C-0 double bond whereas 
the C-0 bond in the zwitterionic 4c possesses 
much more single bond character. Comparison 
of the ultraviolet spectra of 2, 4b, and 4c (Table 
11) shows that 2 exists mainly as thiazolo[5,4-c] 
isoquinolin-2(1H)-one (2b). The spectrum of 2- 
methoxy derivative (40) is also different from 
that of 2. 

Methylation of 2-hydroxythiazolo[5,4-cliso- 
quinoline (2) with ethereal diazoinethane gave a 
mixture of the 0 -  and N-1 methyl derivatives (4a 
and 4b respectively) in a ratio of about 1 to 2. 

Experimental 
Melting points were determined on a Gallenkanlp 

melting point apparatus and are corrected. Infrared 
spectra were recorded on a Perkin-Elmer model 421 

solution was allowed-to stand with occasional swiriing at 
room temperature for 23 h. During this time 0.17 g (57% 
yield) of 3-methylthiazolo[4,5-c]isoquinolin-2(3H)-one 
(36) precipitated. Crystallization from methanol gave 
pale-yellow needles, m.p. 182.5-183.5"; v(KBr) 1680 
cm-'; r(CDC1,) 1.15 (singlet, H-5), 2.08 (doublet, J = 
8.7 c.p.s., H-9), 2.33-2.74 (multiplet, H-6, H-7, H-8) and 
r 6.41 (singlet, N-CH3). 

Anal. Calcd. for CllNZOS: C,, 61.09; H, 3.73; N, 
12.96; S, 14.83. Found: C, 60.99; H, 3.51; N, 18.09; 
S, 14.73. 

This conlpound (36) (152 mg, 0.70 mmole) was hydro- 
lyzed by refluxing in a mixture of 3.1 nll of 1 N sodium 
hydroxide and 2-3 drops of ethanol and refluxed for 3 h. 
The reaction mixture was filtered while hot, the filtrate 
was cooled and then acidified with acetic acid. An orange 
solid, (5) m.p. 70-9O0, was obtained by filtration. 

(6) With Diuzomethane 
Diazomethane was prepared according to McKay (1 1). 

One gram (6.8 mmoles) of N-methyl-N-nitroso-N1-nitro- 
guanidine was added in small portions to a solution of 1 g 
of potassium llydroxide in 2 ml of water covered with 20 
nll of ether and cooled to -5". The yellow ether layer was 
decanted after the addition was complete and 8 ml was 
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used for this experiment. 2-Hydroxythiazolo[4,5-cliso- 
quinoline (65 mg, 0.32 mmole) was suspended in 10 n11 of 
ether and the diazomethane solution added all at  once. 
The resulting mixture was left to stand at room temper- 
ature with occasional swirling for 3 h. Then 2 nll of 
absolute methanol was added and the resulting mixture 
left to stand overnight. The yellow solution was filtered 
and the filtrate evaporated leaving 58 mg (84 % yield) of 3- 
methylthiazolo[4,5-c]isoquinolin-2(3H)-one (3b), n1.p. 
181-183". The infrared spectrum was superin~posable on 
that of the product obtained by nlethylation of 1 with 
methyl iodide and sodium hydroxide and the melting 
point of a mixture of the two conlpounds showed no 
depression. 

Metl~ylatiorz of 2-Hyclvo.~~thinzolo[5,4-c]isoq~1i11olir~e (2) 
(a) With Dirnetlzyl Slrlfcrte ntzd Sodilrrlz Hydroxide 
2-Hydroxythiazolo[5,4-c]isoquinoline (0.40 g, 2.0 

nln~oles) was dissolved in 12 n ~ l  of 2% sodium hydroxide 
solution and filtered. T o  the filtrate in a 50 ml round- 
bottomed flask was added 0.30 ml(0.40 g, 3.0 minoles) of 
dimethyl sulfate. The flask was stoppered and the reaction 
mixture stirred magnetically at room temperature for 2 h. 
The precipitate which had formed was filtered off to give 
0.20 g of yellow solid. After extraction with boiling 
benzene, 0.13 g (30% yield) of insoluble yellow 2-hy- 
droxy-4-methylthiazolo[5,4-c]isoquinolinium hydroxide, 
betaine (4c) remained, i11.p. 276-279". Evaporation of the 
benzene left a few n~illigrams of brown solid which 
showed an infrared band in the carbonyl region at  1690 
cn1-'. Crystallization of the benzene insoluble product 
from ethanol gave yellow needles of 4c, n1.p. 277.5- 
278.5"; v(KBr) 1655 cnl-'; t (CDC13/DMSO) 0.96 
(singlet, H-5), 1.74-2.37 (multiplet, H-6, H-7, H-8, H-9), 
and T 5.85 (singlet, N-CH3). 

Anal. Calcd. for CiiHnNIOS: C, 61.09; H, 3.37; 
N, 12.96; S, 14.83. Found: C, 61.13; H, 3.88; N, 12.80; 
S, 14.76. 

This co~npound (4c) (125 mg, 0.6 n~mole) was hydro- 
lyzed by refluxing in a mixture of 2.5 ml of 1 N sodium 
hydroxide and 1-2 drops of ethanol for 30n1in. The 
reaction mixture was cooled and filtered to give 85 n ~ g  
(75 % yield) of orange solid. Crystallization from water 
gave shining orange needles of 4-amino-2-n~ethylisoquino- 
line-2-(3H)-thione (7), n1.p. 194-196"; v(KBr) 3250,3345, 
and 1625 cm-' (NH,); h,,,, (ethanol) 482 (log E 3.77), 
370 (3.86), 283 (3.99), and 244 n l ~  (4.13); T (CDC13/ 
DMSO-ci) 1.81 (singlet, H-1), 2.23-3.00 (multiplet, H-5, 
H-6, H-7, H-8) 3.65 (broad singlet, NH,) and T 5.73 
(singlet, N-CH,). 

Anal. Calcd. for CIOHIONZS: C, 63.12; H, 5.30; 
N, 14.73. Found: C, 63.09; H, 5.29; N, 14.65. 

(6)  With Metlzyl Iodide nrzd Soclirrrrz Hydroxide 
2-Hydroxythiazolo [5,4-c]isoquinoline (0.20 g, 1.0 

mmole) was dissolved in 0.5 ml of 10 % sodium hydroxide 
and 0.80 ml (11.0 nlmoles) of methyl iodide in 12 ml of 

absolute methanol was added and the reaction mixture 
allowed to stand at room temperature for 3 days. The 
orange needles which precipitated were filtered and 
extracted with boiling benzene leaving 0.06 g (28 % yield) 
of insoluble yellow needles, the infrared spectrum of 
which was identical to 4c. 

The benzene soluble material was sublimed ill vncuo to 
give 14 mg (7% yield) of pale-yellow solid, m.p. 238-241". 
From infrared analysis and mixture melting point deter- 
mination, this material was found to be identical to the N- 
methyl derivative (46) obtained by methylation of 2 with 
diazomethane. 

(c) With Dinzor~zetharze 
2-Hydroxythiazolo[5,4-c]isoquinoline (96 mg. 0.47 

mnlole) was suspended in 15 ml of ether and 12 n11 of 
diazon~ethane solution added all at once. After standing at  
room temperature for 3 h, 3 ml of absolute methanol was 
added and the resulting mixture allowed to stand over- 
night at room temperature. The yellow solution was 
filtered and the solvent evaporated from the filtrate leav- 
ing 66 nlg of yellow solid which was crystallized from 
methanol to give 19 1119 of l-n1ethylthiazolo[5,4-c]iso- 
quinolin-2(1H)-one (46) as pale-yellow needles, n1.p. 
243.5-245". The precipitate from the reaction mixture (10 
mg) was also 46 thus giving a total yield of 29 111g (28 %). 
Vacuum sublimation of the crystallized material raised 
the melting point to 246-247'; v (KBr) 1684cm-' 
(C=O); +r (DMSO-c&) 1.00 (singlet, H-5), 1.52 (doublet, 
J = 8.0c.p.s., H-9), 1.78-2.37 (multiplet, H-6, H-7, H-8), 
and t 5.94 (singlet, N-CH3). 

Anal. Calcd. for C1lHnNzOS: C, 61.09; H, 3.73; 
N, 12.96. Found: C, 60.98, H, 3.71; N, 12.81. 

The mother liquor from the crystallization above was 
evaporated and the residue sublimed irz vnclro to give 16 
mg (1 5 % yield) of 2-methoxythiazolo [5,4-c]isoquinoline 
(4a), m.p. 101-103". This material was identical to 
authentic 40 by mixture melting point and infrared 
spectra, 
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Pyrone studies. Linear a-pyrone route to protected P-polyketones 

J. L. DOUGLAS AND T. MONEY 
C11ei?,istry Departineizt, University of Britislz Columbia, Vaizco~rver 8, Britislz Columbicr 

Received October 5 ,  1967 

Preli~ninary studies on an alternative polypyrone route to protected a-polyketo acid chains are reported. 
The synthesis of the basic pyrone units involved and their conversion to  C-3 acylated compounds are 
described. 
Canad~nn Journal of Chemistry, 46, 695 (1968) 

In previous reports (1-6) we have shown the 
value of using condensed polypyrone structures 
(e.g. 1) as suitable substitutes for synthetically 
inaccessible P-polyketo acid chains. We have 
also shown that these complex pyrones can be 
converted to  phenolic compounds possessing 
carbon skeletons identical to those which occur 
naturally. The latter transformations were 
performed under a variety of basic conditions 
and some degree of control over the mode of 
cyclization was made possible by the suitable 
choice of basic reagent (3-6). 

In parallel with these studies we have recently 
investigated the possibility of using polypyrone 
structures which could be constructed by the 
linear condensation of suitable u-pyrone units. 
The particular a-pyrone chosen for this study 
is represented by the general formula 2 and 
possesses important structural features. As 
shown, 2 (R' = OH or OAlkyl; R = H) may 
be regarded as the "tail" of a masked P-polyketo 

acid chain. The absent starter unit (RCO-) 
is potentially available since 4-hydroxy-2-pyrones 
are readily acylated at the C-3 position. Alter- 
natively compound 2 (R' = C1; R = Me) 
could be employed as a chain propagating entity 
(e.g. 2 ->3 or 4) and would allow entry into 
linearly condensed polypyrone compounds. 
The possible advantage of such a process over 
our previous use of pyrones is that it could 
provide a more efficient method of constructing 
long-chain P-polyketones in protected form. 
This report describes the snythesis of the basic 
pyrone units, 7, 8, and 9, and some pertinent 
acylation studies. 

Triacetic acid lactone methyl ether 5 (R = 
CH,)(7) was converted to  its ethoxyalyl deriva- 
tive 6 (R = C,H,) by treatment with diethyl 
oxalate in the presence of metallic sodium. 
Acid hydrolysis, followed by treatment with alka- 
line hydrogen peroxide, gave 6-carboxymethyl- 
4-methoxy-2-pyrone 7 (R[= H). Esterification 

CHAIN PROPAGATION 

OR INITIATION 
-+ 

1 

CHAIN PROPAGATION 

OR INITIATION 

I 

CHAIN 
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yielded the methyl ester 7 (R = CH,) which 
was converted to  6-carbomethoxymethyl-4-hy- 
droxy-2-pyrone 8 by demethylation with anhy- 
drous aluminium chloride. The required acid 
chloride 9 was obtained from the corresponding 
acid 7 (R = H) by treatment with oxalyl chlor- 
ide (thionyl chloride was ineffective in this reac- 
tion) and was reconvertible to the ester 7 (R = 

CH3). 
The successful synthesis of 7, 8, and 9 pro- 

vided us with an opportunity to  study other 
aspects of our speculative proposals. Thus the 
reaction of 8 with acetyl chloride in the presence 
of trifluoroacetic acid (8) resulted in smooth 
conversion to  the 3-acetyl derivative 10 (R = 
CH,). This compound is potentially equivalent 
to a P-polyketo acid chain containing eight 
carbon atoms (four acetate units) and, by 
analogy with our previous results (1-6) should 

'We are grateful to Dr. T. A. Neilson for his expert 
experimental assistance. 

be convertible to  simple phenolic compounds. 
A similar reaction with cinnamoyl chloride 
yielded the expected product 12 which is 
potentially equivalent to the P-polyketo acid 
precursor of the flavonoids and stilbenes (9). 
Previous acylation studies (10) with triacetic 
acid lactone 5 (R = H) indicated that crotonyl 
chloride in the presence of trifluoroacetic acid 
yielded the bicyclic product 15. In contrast to  
these results the reaction of benzoyl chloride 
with 8 gave the 0-benzoyl derivative 11 (R = 
C6H,). Model studies with triacetic acid 
lactone 5 (R = H) indicated that O-benzoyla- 
tion is the preferred mode of reaction under 
these conditions (trifluoroacetic acid) and that 
rearrangement 13 -> 14 (R = C6H,) to the 
C-benzoyl derivative can be accon~plished with 
anhydrous aluminium chloride (cf. 11). Unfortu- 
nately repeated attempts to  rearrange (11; 
R = C6H,) to 10 (R = C6H,) under these 
conditions failed. The use of propionyl chloride 
yielded a mixture of 0- and C-acylated com- 
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DOUGLAS AND MONE 

pounds, 10 (R = C2H5) and 11 (R = C2H5), 
which were separable by preparative thin-layer 
chromatography. 

Because of the ambiguity encountered in the 
benzoyl and propionyl examples we investigated 
other condensation conditions. As a result 
of this we have found that when triacetic acid 
lactone 5 (R = H) is treated with benzoyl 
or propionyl chloride in the presence of alu- 
minium chloride C-acylation is achieved and 
the required C-3 acylated products 14 (R = 
C6H5 or C2H5) are obtained directly. The pyrone 
8 however was extensively degraded under these 
conditions and did not yield the corresponding 
C-benzoyl derivative (10; R = C6H5). It is of 
interest to  note that reaction of monopyrone 8 
with malonyl dichloride (cf. 12) produced the 
expected dipyrone structure 17. The latter 
compound provides us with an entry into a 
combined fused-linear pyrone route to  protected 
P-polyketones and this valiant is being evaluated. 

&-- 
C02CH; 

17 \ 
/ c02:3 

,C, 
C02CH3 

$o/ 

\ 
0 0 ,i$ 

C02CH3 0 z C H 3  

12 10 

As a result of the acylation studies outlined 
above we proceeded with the projected synthesis 
of the extended pyrone system 16. Treatment 
of triacetic acid lactone 5 (R = H) with the acid 
chloride 9 in the presence of aluminium chloride 
at 100 "C yielded a crystalline product m.p. 
186-188" (decomp.) whose structure 16 was 
assigned on the basis of spectroscopic and 
analytical evidence: A,,, (MeOH) 227, 302, 410 
mp ( E  11 900, 11 600, 2700); nuclear magnetic 
resonance (n.m.r.) (trifluoroacetic acid) T 3.50 

IY: PYRONE STUDIES 697 

( lH,  doublet J = 2 c.p.s.), 3.73 (IH, doublet 
J = 2 c.p.s.), 3.78 (lH), 5.53 (2H), 7.66 (3H). 
It was indeed fortunate but not surprising (see 
above) that concomitant demethylation had 
occurred during the acylation reaction since 
this step would have been necessary before 
further extensions of the theme could be 
investigated. 

The results described in this report indicate 
that this alternative route to  protected P-poly- 
keto acid chains is feasible and the synthesis of 
16 (equivalent to a C-12 polyacetate chain) 
allows us to examine some obvious extensions 
of this theme. Preliminary studies also indicate 
that compounds of the type described in this 
paper can be converted to  aromatic compouilds 
and we are presently investigating the scope 
of these reactions. 

Experimental 
Unless otherwise noted, the following are implied. 

Melting points were determined on a Kofler apparatus 
and are not corrected. The infrared spectra were recorded 
on Perkin-Elmer models 137-b or 237 spectrophotome- 
ters as Nujol mulls. The ultraviolet spectra were recorded 
on a Cary model 14 or a Unicam model S.P. 800 spectro- 
photometer in methanol solutions. The nuclear magnetic 
resonance (n.m.r.) spectra were recorded on Varian 
Associates models A-60 or HA-100 spectrometers 
with tetramethylsilane as an  internal reference. Peak 
positions are recorded in the tau scale (tetramethylsilane 
= 107). Mass spectra were determined on an Atlas 
model CH-4 or an AEI model MS-9 mass spectrometer. 
All molecular weights were determined by mass spectrom- 
etry. Thin-layer chromatography (t.1.c.) results were 
obtained using silica gel plates (containing fluorescent 
indicator) 0.25 mm thick developed with chloroform - 
acetic acid 9:l (solvent a) or carbon tetrachloride - 
chloroform - acetic acid 10:9:1 (solvent b). 

Methyl Triacetic Lactone a-Keto Ester (6, R = CH2CH3) 
The methyl ether of triacetic lactone (5, R = CH,) 

(42 g, 0.3 moles) in benzene (1000 ml) and diethyl oxalate 
(50 ml) in benzene (800 ml) were added to a slurry of 
atomized sodium (9.2 g) in benzene (200 ml). The 
mixture was stirred and heated under reflux during which 
hydrogen was evolved vigorously. After the sodium had 
all reacted (about 15 min), the solution was cooled and 
added to  chloroform (6 1) and the chlorofor~n solution 
washed with 1 N hydrochloric acid (2 x 4 I) and water 
(4 1). The aqueous layers were extracted with chloroform 
(4 1) and the combined chloroform layers dried (anhy- 
drous magnesium sulfate) and evaporated under reduced 
pressure to a mixture of a brown oil and a solid. The 
product was triturated with ether (the ether discarded) 
to  yield 4-methoxy 6-(2'-hydroxy 2'-carbethoxyviny1)-2- 
pyrone (6, R = CH2CH3) (31 g, 43 %). Recrystallization 
from ethylacetate gave pale-yellow crystals, n1.p. 171- 
173"; ultraviolet spectrum, h,,,, ( E )  250 (3400), 280 
(4400), 339 (13 800), and 400 (shoulder, 2900) mp; 
infrared spectrum, 3300, 1725 (shoulder), 1700, 1660 
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(weak), 1620 and 1550 cm-'; n.m.r. spectrum (in 
trifluoroacetic acid), 8.50 (t, 3H, J  = 7 c.p.s.), 5.93 
(s, 3H), 5.44 (q, 2H, J  = 7 c.p.s.), 3.90 (d, lH,  J  = 2 
c.p.s.), 3.58 (s, lH), and 2.77 (d, lH ,  J  = 2 c.p.s.); t.1.c. 
results solvent n Rr 0.44, solvent b Rr 0.11. 

Anal. Calcd. for CllH120G (mol. wt., 240): C, 55.00 
H, 5.04. Found (mol. wt., 240): C, 55.08; H, 4.95. 

Methyl Trincetic Lactotze a-Hydroxy Acid (6, R = H )  
Methyl triacetic lactone a-hydroxy ester (6, R = CH2- 

CH,) (7.5 g) was added to 0.1 N hydrochloric acid 
(600 nll) and the mixture was stirred and heated under 
reflux for 1 h. The reaction mixture was evaporated to 
150 n11 volu~ne under reduced pressure, cooled in ice, 
and the precipitate collected and washed with cold 
water. The product was added to refluxing ethanol 
containing 10% water (250 ml) and evaporated under 
reduced pressure to 100 ml volume, cooled in ice and 
4-methoxy-6-(2'-hydroxy 2'-carboxyviny1)-2-pyrone (6, 
R = H) collected (4.2 g, 63%). Recrystallization from 
ethanol gave a pale-yellow, microcrystalline solid, m.p. 
242-249" (decornp.); ultraviolet spectrum, h,,,, (E) 251 
(9000), 280 (shoulder, 4900), and 337 (16 000) mp; 
infrared spectrum, 3380, 3100 (weak), 1725, 1680, 1615, 
and 1555 cm-'; n.m.r. spectrunl (in trifluoroacetic 
acid), 5.98 (s, 3H), 3.95 (d, lH,  J =  1.5 c.p.s.), 3.50 
(s, lH), and 2.95 (d, lH,  J  = 1.5 c.p.s.); t.1.c. results, 
solvent n Rr 0. 

Anal. Calcd. for CgH806 (m0l. Wt., 7-12); C, 50.95; 
H, 3.80. Found (mol. wt., 212): C, 51.42; H, 3.88. 

Metlryl Trincetic Lnctotze Acid (7, R = H )  
Methyl triacetic lactone a-hydroxy acid (6, R = H) 

(8.0 g) was dissolved in an ice-cold solution of sodium 
hydroxide (4.0 g) in water (125 nll) and 30% hydrogen 
peroxide (13.5 ml) was added dropwise (cf. 14)). Stirring 
and cooling of the solution was continued for 15 nlin 
and then the solution was acidified carefully with 2 N 
hydrochloric acid. The solution was evaporated under 
reduced pressure to 80 ml and left at 0" overnight. The 
resulting crystals were collected, washed with water, 
and recrystallized from ethyl acetate to yield 4-methoxy- 
6-nlethylenecarboxy-2-pyrone (7, R = H) (4.0 g, 57%). 
Further recrystallization from ethyl acetate gave fine 
colorless needles, m.p. 178-180" (decomp.); ultraviolet 
spectrum, h,,,, (E) 280 (7300) mp; infrared spectrum, 
3080 (weak), 2680, 2590, 2500 (shoulder), 1730, 1680, 
1640, and 1560 cm-'; n.1n.r. spectrum (in trifluoroacetic 
acid), 6.15 (s,2H), 5.96(s, 3H), 3.93 (d, IH, J =  2c.p.s.) 
and 3.50 (d, lH ,  J  = 2 c.p.s.); t.1.c. results, solvent n 
Rr 0.15. 

Anal. Calcd. for C B H ~ O S  (mol. wt., 184, 184 with loss 
of CO, gives 140): C, 52.18; H, 4.38. Found (mol. wt. 
140): C, 52.05; H ,  4.42. 

Metlzyl Trincetic Lnctone Ester (7, R = CH,) 
Methyl triacetic lactone acid (7, R = H) (6 g) was 

dissolved in ~llethanol (120 ml) and concentrated sulfuric 
acid (1.4 ml) was added. The solution was heated under 
reflux for one h, evaporated under reduced pressure to 
20 ml volun~e and cold water (200 ml) added. On standing, 
a precipitate formed. The pH of the mixture was adjusted 
to 8 by addition of 10% sodium bicarbonate solution. 
The mixture was extracted with ethyl acetate and the 
ethyl acetate was washed, dried (anhydrous magnesium 

sulfate and decolorizing charcoal), and evaporated 
under reduced pressure to yield crystalline 4-nlethoxy-6- 
n~ethylenecarbo~nethoxy-2-pyrone (7, R = CH,) (6.0 g, 
93%). The product was recrystallized from benzene- 
cyclohexane 1 :l to give colorless crystals, m.p. 93.5-95"; 
ultraviolet spectrum; h,,,, (E) 279 (6100) mp; infrared 
spectrum, 3100 (weak), 1750, 1700, 1650, and 1560 
cm-'; n.m.r. spectrum (in deuteriochloroform), 6.52 
(s, 2H), 6.26(s, 3H), 6.20 (s, 3H), 4.53 (d, IH, J = 2  
c.p.s.), and 4.03 (d, lH,  J  = 2 c.p.s.); t.1.c. results, 
solvent a Rr 0.60, solvent b Rr 0.20. 

Anal. Calcd. for C9H1005 (mol. wt., 198): C, 54.54; 
H, 5.09. Found (mol. wt., 198); C, 54.61; H, 5.27. 

Trincetic Lnctotle Ester ( 8 )  
Methyl triacetic lactone ester (7, R = CH,) (3 g) was 

dissolved in warm benzene (75 nll) and powdered 
anhydrous aluminium chloride (12 g) was added (cf. 15). 
The nlixture was stirred and heated under reflux for 75 
min and then the benzene was evaporated under reduced 
pressure. The resulting oil was cooled thoroughly in an 
ice-salt bath and partially frozen 3 N hydrochloric acid 
(20 ml) was added with stirring and breaking up of the 
residue over a period of 20 min. A further 60 ml of cold 
3 N hydrochloric acid was added over a period of 10 
min. With the cooling continued, powdered sodium 
bicarbonate was added slowly until the mixture was of 
pH 2. Water (150 ml) was added and the mixture was 
extracted with ethyl acetate and the ethyl acetate solution 
was washed, dried (anhydrous magnesium sulfate), and 
evaporated under reduced pressure to give a brown 
solid. The solid was triturated with a small alnount of 
ether (the ether discarded) to yield crystalline 4-hydroxy- 
6-methylenecarbomethoxy-2-pyrone (7) (2.0 g, 73 %). 
Recrystallization from ethyl acetate gave colorless, cubic 
crystals, m.p. 138.5-140"; ultraviolet spectrum, ?,,,,, (E) 
284 (6700) nlp; infrared spectrum, 3100 (weak), 2700, 
2600, 1750, 1700,1660,1620,1560, and 1525 cnl-I; n.m.r. 
spectruln (in trifluoroacetic acid), 6.17 (s, 2H), 6.06 (s, 
3H), 3.78 (d, lH,  J  = 2 c.p.s.), and 3.48 (d, lH, J  = 2 
c.p.s.); t.1.c. results, solvent o Rr 0.10. 

Anal. Calcd. for C8Ht1o5 (mol. wt., 184): C, 52.18; 
H, 4.38. Found (mol. wt., 184): C, 52.48; H, 4.43. 

Acylntiotz Studies ~uitlg Trijl~roroncetic Acid 
To the pyrone (triacetic lactone (5, R = H) or triacetic 

lactone ester (8) (0.005 moles) was added trifluoroacetic 
acid (3 nll) and the appropriate acid chloride (0.01 mole) 
(8). The mixture was stirred and heated under reflux 
for 3 h, then cooled and poured into ice-water (15 ml). 
In the experiments in which triacetic lactone ester was 
treated with acetyl or propionyl chloride, sodium 
bicarbonate was added to adjust the mixture to pH 2 
and the lnixture was extracted with ethyl acetate. The 
ethyl acetate was washed, dried (anhydrous magnesium 
sulfate), and evaporated to give a crystalline solid. In  the 
other experiments, a crystalline solid precipitated which 
was collected, washed with water, and dried. 

C-Acetjd Trincetic Lnctotle (14, R = CH,) ( Dell.~droacetic 
Acid) 

The product was recrystallized from methanol to yield 
colorless crystals of 3-acetyl-4-hydroxy-6-methyl-2- 
pyrone (dehydroacetic acid) (0.48 g, 55 %), m.p. and 
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mixture n1.p. with authentic dehydroacetic acid 109- 
111.5"; with identical ultraviolet, infrared, and t.1.c. 
behavior to authentic dehydroacetic acid. 

0-Betlzoyl Trincetic Lactone (13) 
The product was mixed with a solution of sodium 

bicarbonate in water (20 ml, pH 8) and the resulting 
mixture was extracted with chloroform. The chloroform 
was washed, dried (anhydrous magnesium sulfate), and 
evaporated under reduced pressure to yield 4-0-benzoyl- 
6-methyl-2-pyrone (13) (0.66 g, 95 %) which was recrystal- 
lized from cyclohexane-benzene 1 :1 to give large color- 
less rectangular prisms, m.p. 89-90" (lit. n1.p. 90" (13);2 
ultraviolet spectrum, h,,, (E) 238 (24 000) and 286 
(8200) mp; infrared spectrum, 1745, 1715, 1640, 1600 
(weak), and 1560 cm-'; n.m.r. spectrum (in deuterio- 
chloroform), 7.71 (s; 3H), 3.83 (slightly broadened, 2H), 
2.40 (m, 3H), and 1.90 (m, 2H); t.1.c. results, solvent 
a Rf 0.72, solvent b Rf 0.34. 

Anal. Calcd. for Cl3Hl0O4 (rnol. wt., 230): C, 67.82; 
H, 4.38. Found (mol. wt., 230): C, 68.12; H, 4.59. 

C-Acetyl Triacetic Lactone Ester (10, R = CH3) 
The product was dissolved in ethyl acetate and 

extracted with 5 %  sodium bicarbonate solution. The 
basic solution was acidified to pH 1.5 with dilute hydro- 
chloric acid, extracted with ethyl acetate, and the ethyl 
acetate solution was dried (anhydrous magnesium sulfate 
and charcoal) and evaporated under reduced pressure 
to yield 3-acetyl-4-hydroxy-6-methylenecarbomethoxy- 
2-pyrone (10, R = CH3) (0.54 g, 48 %). Recrystallization 
from methanol gave colorless crystals, m.p. 100-101.5°; 
ultraviolet spectrum, h,,, (E) 224 (14 100) and 310 
(12 900) mp; infrared spectrum, 1730,1660,1610, and 1550 
cm-I; n.m.r. spectrum (in deuteriochloroform), 7.31 
(s, 3H) (6.41 s, 2H) 6.20 (s, 3H), 3.86 (s, lH), and -7.00 
(s, 1H); t.1.c. results, solvent a Rf 0.63. 

Anal. Calcd. for CloH1006 (rnol. wt., 226): C, 53.10; 
H, 4.46. Found (rnol. wt., 226): C, 52.89; H, 4.70. 

Cirzrlarizoyl Triacetic Lnctoi~e Ester (12) 
The product was triturated with ethyl acetate and the 

ethyl acetate discarded to yield 2-phenyl-7-methylene- 
carbomethoxy-4,5-diketo-l,6-dioxy-2,3-dihydronaphtha- 
lene (12) (0.20 g, 13%). Recrystallization from acetoni- 
trile gave colorless leaflets, m.p. 211-213"; ultraviolet 
spectrum, h,,,(CH3CN) (E) 250 (shoulder, 4200), 309 
(10 400), 382 (shoulder, 1600), and 400 (2100) mp; 
infrared spectrum, 3080 (weak), 1745, 1660, 1650, and 
1540 cm-l; n.m.r. spectrum (in trifluoroacetic acid), 
6.70 (m, 2H, AB portion of ABX system, JAB = 19 c.p.s., 
JAx = 10.5 c.P.s., JBx = 5.4 c.P.s.), 6.13 (s, 2H), 6.05 
(s, 3H), 4.10 (m, lH,  X portion of ABX system, JAx 4- 
J,, = 16 c.p.s.), 3.43 (s, lH), and 2.50 (s, 5H); t.1.c. 
results, solvent a Rf 0.16. 

Anal. Calcd. for Cl7H14O6 (rnol. wt., 314): C, 64.96; 
H,4.49. Found(mo1. wt., 314): C, 64.83;H,4.83. 

0-Benzoyl Triacetic Lactotze Ester (11, R = C6H5) 
The product was recrystallized from ethyl acetate to 

yield (0.74 g, 51 %) colorless, thick needles of 4-0-ben- 

2The m.p. and other physical data given in this paper 
are erroneously ascribed to the C-benzoyl derivative 
(14, R = C~HS) .  

zoyl-6-methylenecarbon~ethoxy-2-pyrone, (ll) ,  R = 
C6Hs) m.p. 127.5-128"; ultraviolet spectrum, h,,, (E) 
239 (23 200) and 296 (8300) mp; infrared spectrum, 1750, 
1715,1650,1600 (weak), and 1570 cm-'; n.m.r. spectrum 
(in deuteriochloroform), 6.43 (s, 2H); 6.24 (s, 3H), 3.71 
(d, lH,  J = 2 c.p.s.), 3.66 (d, lH,  J = 2 c.p.s.), 2.40 
(m, 3H), and 1.85 (m, 2H); t.1.c. results, solvent a Rf 
0.71; solvent b Rr 0.20. 

Anal. Calcd. for C15H1206 (rnol. wt., 288): C, 62.50; 
H, 4.20. Found (mol. wt., 288) C, 62.58; H, 4.01. 

Proprionyl Triacetic Lactone Esters (10 and 11, R = 

C*z CH3) 
A portion of the product was dissolved in acetone and 

streaked on several 20 x 60 X 0.01 cm preparative 
t.1.c. plates which were developed with solvent b. Ex- 
traction of the two main bands gave 0- and C- propionyl 
triaceticlactone esters in approximately equal quantities. 

C-Propioily1 Triacetic Lactone Ester. (10, R = CH2CH3) 
3-propionyl-4- hydroxy-6-methylenecarbometl~oxy-2- 

pyrone (10, R = CH2CH3) was further purified by 
short-path sublin~ation (70" at 0.2 mm Hg) to give a 
colorless microcrystalline solid, m.p. 69-70"; ultraviolet 
spectrum, h,,, (E) 224 (10 200) and 309 (12 000 mp; 
infrared spectrum, 1750, 1720 (shoulder) 1645, 1615, 
and 1580 cm-'; n.m.r. spectrum (in deuteriochloro- 
form), 8.82 (t, 3H, J = 7 c.p.s.), 6.86 (q, 2H, J = 7 
c.p.s.), 6.43 (s, 2H), 6.20 (s, 3H), 3.81 (s, lH), and 
-6.87 (s, 1H); t.1.c. results, solvent a R, 0.68, solvent b 
Rf 0.34. 

Anal. Calcd. for CllHlz06 (mol. wt., 240): C, 55.00; 
H, 5.04. Found (rnol. wt., 240): C, 54.79; H, 4.94. 

0-Propioizyyl Triacetic Lactone Ester (11, R = CH2CH3) 
4-0-propinyl-6-methylenecarbomethoxy-2- (11, 

R = CH2CH3) was further purified by recrystallization 
at -23" from cyclohexene to give colorless leaflets, m.p. 
65-67"; ultraviolet spectrum, h,,, (E) 292 (6400) mp; 
infrared spectrum, 1770, 1725, 1645 (weak), and 1580 
cm- ' ; n.m.r. spectrum (in deuteriochloroform); 8.79 
(t, 3H, J = 7.5 c.p.s.) 7.42 (q,  2H, J = 7.5 c.p.s.), 6.45 
(s, 2H), 6.25 (s, 3H,) and 3.83 slightly broadened, 2H); 
t.1.c. results, solvent a Rf 0.60. solvent b Rf 0.25. 

Anal. Calcd. for CllHl2O6 (n101. wt., 240): C, 55.00; 
H, 5.04. Found (rnol. wt., 240): C, 55.24; H, 5.1 1. 

Metlzyylene Carbonzethoxy Dipyrone (17) 
To triacetic lactone ester (8) (0.30 g) was added 

trifluoroacetic acid (1.2 ml) and malonyl dichloride 
(0.6 ml). The solution was stirred and heated under reflux 
for 4 h, then cooled and cold ethyl acetate (1 ml) added. 
After 30 min, the precipitate was collected and washed 
with ethyl acetate. The precipitate was dissolved in chlo- 
roform and placed on a silica gel column (2 g) which was 
then eluted with chloroform. The first fraction (0.20 g) 
was dissolved in benzene and placed on a silica gel col- 
umn (6 g) which was eluted with benzene-chloroform 9:l. 
The first main fraction was evaporated to yield (47 mg, 
11 %) crystalline 7-methylenecarbomethoxy-2,5-diketo-4- 
hydroxy-1,6-dioxanaphthalene (17) which was recrystal- 
lized from benzene-cyclohexane 5:2 to give colorless 
needles, m.p. 159-161" (decomp.); ultraviolet spectrum, 
h,,,, (E) 215 (15 200), 269 (14 loo), and 328 (7500) mp; 
infrared spectrum, 3200 (weak), 3090 (weak), 1735, 1720, 
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1640, 1620 (weak), and 1565 cm-'; n.m.r. spectrum (in 
deuteriochloroform), 6.36 (s, 2H), 6.24 (s, 3H), 4.41 (s, 
lH), 3.47 (s, IH), and -0.35 (broad, 1H); t.1.c. results, 
solvent a Rf 0.37, solvent b Rf 0.09. 

Anal. Calcd. for CllH807 (mol. wt., 252): C, 52.39; 
H, 3.20. Found (mol. wt., 252): C, 52.26; H, 3.06. 

Methyl Triacetic Lactone Acid Chloride (9) 
To methyl triacetic lactone acid (9, R = H) (1 g) was 

added oxalyl chloride (10 ml) and the mixture was cooled 
to lo0, stirred, and one drop of dimethyl forma~nide 
added. After 2.5 h, the excess oxalyl chloride was distilled 
off under reduced pressure at 10". The tarry product was 
extracted with boiling cyclohexane which on cooling 
deposited colorless needles of 4-methoxy-6-methylene- 
carboxylchloride-2-pyrone (9), infrared spectrum: 3080 
(weak), 1795, 1710, 1655, and 1565 cnl-'. A small 
portion of the acid chloride was treated with methanol 
and the methanol evaporated. The resulting solid was 
recrystallized from benzene<yclohexane 1:l to give 
methyltriacetic lactone ester (7, R = CH3), with identical 
t.1.c. behavior to that of previously prepared methyl 
triacetic lactone ester, and mixture m.p. with methyl 
triacetic lactone ester, 90-93". 

Acylatiotr Stlldies using Ahmtninilrttz Cl~loride 
Powdered triacetic lactone (5, R = H) (0.6 g, 0.005 

moles), powdered aluminium chloride (4 g) and the 
appropriate acid chloride (0.006 moles) were mixed 
very thoroughly and fused at 100-120" for 1 h. (In 
the experiment which methyl triacetic lactone acid 
chloride was used, half quantities were used and the acid 
chloride was used unpurified.) The resulting tarry mass 
was cooled in ice-salt and cold 3 N hydrochloric acid 
(30 ml) was slowly added with breaking up of the residue. 
The mixture was adjusted to pH 2 with sodium bicar- 
bonate and extracted with ethyl acetate. The ethyl 
acetate was filtered and evaporated under reduced 
pressure to give a brown solid which was dissolved in 
trifluoroacetic acid (6 ml) and 12 N hydrochloric acid 
(0.5 ml). After 14 h, the acid solution was poured into 
water (30 ml) and after a day the resulting precipitate 
was collected. 

Propiorgvl Triacetic Lactotze (14, R = CH2CH3) 
The crystalline product (0.57 g, 63%) (3-propionyl-4- 

hydroxy-6-methyl-2-pyrone) was recrystallized from 
methanol to give colorless needles. m.p. 103-105° (lit. 
m.p. 104' (13)); ultraviolet spectrum; h,,, (E) 225 
(12 600) and 307 (11 800) mp; infrared spectrum, 3080 
(weak) 1715,1640,1600, and 1540 cm- ' ; n.m.r. spectrum 
(in deuteriochloroform), 8.88 (t, 3H, J = 7 c.p.s.), 
7.79 (s, 3H), 6.95 (q, 2H, J = 2 c.p.s.), 4.12 (s, lH), and 
-6.69 (s, 1H); t.1.c. results, solvent b, R, 0.43; mol. wt., 
182, C&10o4 requires mol. wt., 182. 

C-benzoyl Triacetic Lactone (14, R = C6H5) 
The product was recrystallized from methanol to give 

colorless, short needles of 3-benzoyl-4-hydroxy-6-methyl- 

2-pyrone (14, R = C6H5) m.p. 107-109°; ultraviolet 
spectrum, I,,, (E) 239 (9600) and 325 (11 900) mp; 
infrared spectrum, 3100 (weak), 1750, 1640, 1590 
(shoulder), and 1560 cm- ' ; n.m.r. spectrum (in deuterio- 
chloroform), 7.77 (s, 3H), 4.02 (s, lH), 2.50 (m, 5H), and 
-5.95 (s, 1H); t.1.c. results, solvent b Rf 0.28. 

Anal. Calcd. for C13H1004 (mol. wt., 230): C, 67.82: 
H, 4.38. Found (mol. wt., 230): C, 67.79; H, 4.76. 

Condetlsation of Triacetic Lactotle with (9 ) .  Fortt~atiorr 
of (16) 

The product (70 mg, 10%) (3-[4'-hydroxy-6'-methyl- 
eneacyl-2'-pyrone]-4'-hydroxy-6-methyl-2-pyrone) (16) 
was recrystallized from methanol -ethyl acetate 1 :I to give 
a faintly-yellow microcrystalline powder, m.p. 186-188' 
(decomp.); ultraviolet spectrum, ?,,,,, (E) 228 (11 900), 
302 (1 1 600), and 410 (2700) mp; infrared spectrum, 3150 
(broad),3100,1710,1675,1650(shoulder),and 1560cm-I; 
n.m.r. spectrum (in trifluoroacetic acid), 7.66 (s, 3H), 
5.53 (s, 2H), 3.78 (s, lH ,  3.73 (d, lH ,  J = 2 c.p.s.), and 
3.50(d, IH, J = 2c.p.s.); t.1.c. results, solventn, Rf 0.06. 

Anal. Calcd. for C13 Hlo07 (mol. wt., 278): C, 56.12; 
H. 3.62. Found (mol. wt., 278): C, 56.45; H. 3.81. 

Acknowledgment 

We a r e  grateful to the Nat iona l  Research  
Council o f  Canada f o r  a research g ran t  (NRCC 
A2267) and a research s tudentship to o n e  
o f  us (J. L. D.). 

1. T. MONEY, I. H. QURESHI, G. R. B. WEBSTER, and 
A. I. Scorr.  J. Am. Chem. Soc. 87, 3004 (1965). 

2. T. MONEY, F. W. COMER, G. R. B. WEBSTER, I. G. 
WRIGHT, and A. I. Scorr. Tetrahedron, 23, 3435 
(1967). 

3. T. MONEY, J. L. DOUGLAS, and A. I. SCOTT. J. Am. 
Chem. Soc. 88.624 (1 966). ,~ 

4. J. L. DOUGLAS and T.'MONEY. Tetrahedron, 23, 
3545 (1967). 

5. J. L. DOUGLAS and T. MONEY. Can. J. Chem. 45, 
1990 (1967). 

6. F. W. COMER, T. MONEY, and A. I. SCOTT. Chenl. 
Commun. 231 (1 967). 

7. J. D.  ~ u ' L o c < a n d  H. G. SMITH. J. Chem. Soc. 
502 (1960). 

8. L. L. WOODS and P. A. DIX. J. Org. Chem. 26, 
2588 (1961). 

9. A. J. BIRCH. Proc. Chem. Soc. 3, (1962). 
10. H.  HANNI and T. MONEY. Unpublished observa- 

tions. 
11. C. GOETSCHEL and C. MENTZER. Bull. Soc. Chinl. 

France, 365 (1962). 
12. M. A. B u r r  and J. A. ELVIDGE. J. Chem. Soc. 

4483 (1963). 
13. K. Kk~k and S. YAMAZISHI. Yakugaku Zasshi, 

75,43 (1955). 
14. Org. Syn. Coll. Vol. 11, p. 333. (1943). 
15. F. KING, N. CLARK, and P. DAVIS. J. Chem. Soc. 

3012 (1949). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Carbodihydrazones and oxalyl dihydrazones' 
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Carbodihydrazones and oxalyl dihydrazones have been prepared using the reaction between aldehydes 
and carbohydrazide and oxalyl dihydrazide, respectively. The structures of these new series of con~pounds 
have been established by comparing their infrared absorption spectra with those of related compounds. 

The potential scope of the synthetic method has been indicated by the preparation of analogous 
derivatives from two aromatic aldehydes and from two simple ketones. 

Canadian Journal of Chemistry, 46,701 (1968) 

Introduction 

Reactions of carbonyl-containing compounds 
with hydrazides and semicarbazides have been 
extensively investigated both as versatile methods 
of synthesis and for specific use in structural 
elucidation by infrared spectroscopy. It has been 
suggested, for example, that semicarbazones are 
suitable derivatives for identifying and charac- 
terizing liquid ketones (1). The semicarbazones 
(1, 2) and hydrazones (2, 3) have been prepared 
(and their infrared spectra reported) for a wide 
variety of aldehydes and ketones. 

The condensation reaction referred to  above, 
0 
I I 

i.e., >C==O + NH2NHC-, has been utilized 
in the present work to  synthesize two new series 
of compounds. Seven aliphatic aldehydes have 
been used to prepare oxalyl dihydrazones and to 
prepare carbodihydrazones from oxalyl di- 
hydrazide and carbohydrazide, respectively. Di- 
hydrazones of both types were also prepared 
from two substituted benzaldehydes and from 
two low molecular weight ketones. 

Experimental 
Oxalyl dihydrazide, carbohydrazide, and the aldehydes 

and ketones used in the syntheses described below were 
the purest grade obtainable from commercial sources. 
Melting points were obtained with a Fisher-Johns 
apparatus and are corrected. Elemental analyses were 
performed at the microanalytical laboratory of Drs. 
Weiler and Strauss in Oxford. Infrared spectra were 
obtained with a model 21 Perkin-Elmer double-beam 
spectrophotometer (NaCl prism) using KBr pellets. 

General Procedure for Preparing Oxnlyl Dihydrnzones 
Aldehyde (20ml) was added to oxalyl dihydrazide 

(0.016 mole) and the mixture was heated until the latter 

'Issued as NRCC No. 9907. 

dissolved. The white precipitate which formed during 
subsequent cooling was collected by filtration, washed 
with n-hexane until all excess aldehyde was removed, and 
dried. Yields, melting points, solvents used for recrystal- 
lization, and analyses for the 7 dihydrazones prepared in 
this way are listed in Table I. 

General Procedure for Preparing Carbodihydrazones 
Carbohydrazide (0.01 mole) was dissolved in warm 

water (25 ml). To this was slowly added a solution of 
aldehyde (0.02 mole) in 25 ml ethanol containing a few 
drops of glacial acetic acid. The mixture was heated on 
the steam bath for 15 min, then cooled. The precipitate 
which formed was collected by filtration, washed repeat- 
edly with cold 50% aqueous ethanol solution, and dried. 
Data for the compounds prepared by this method are 
given in Table 11. 

In order to investigate the scope of this reaction 
between carbonyl-containing con~pounds and the di- 
functional hydrazides, two aromatic aldehydes and two 
ketones were used. The oxalyl dihydrazones and carbo- 
dihydrazones of o-chlorobenzaldehyde, anisaldehyde, 
acetone, and metl~yl ethyl ketone were prepared by 
methods similar to those described above. The relevant 
data are as follows: 

Oxalyl di(ochlorobenzaldel~yde)hydrazone, m.p. 271 "C. 
Anal. Calcd. for C16H12C1ZN402: C, 53.04; H, 3.31; 

C1, 19.34; N, 15.47. Found: C, 52.84; H, 3.36; C1, 19.20; 
N, 15.50. 

Oxalyl di(anisaldehyde)hydrazone, m.p. > 300 'C. 
Anal. Calcd. for C18H18N404: C, 61.02; H, 5.08; N, 

15.82. Found: C, 60.95; H, 4.95; N, 15.80. 
Oxalyl di(acetone)hydrazone, m.p. 225 'C. 
Anal. Calcd. for C8H14N402: C, 48.48; H, 7.07; N, 

28.28. Found: C, 48.43; H, 6.98; N, 28.20. 
Oxalyl di(methy1 ethyl ketone)hydrazone, m.p. 168 "C. 
Anal. Calcd. for C10H18N40z: C, 53.09; H,  7.96; N, 

24.78. Found: C, 53.46; H, 8.01; N, 25.01. 
Carbodi(o-chlorobenzaldehyde)hydrazone, n1.p. 225 "C. 
Anal. Calcd. for C1,Hl2ClzN4O: C, 53.73; H, 3.58; 

C1, 21.19; N, 16.72. Found: C, 53.86; H, 3.58; C1, 20.99; 
N, 16.91. 
Carbodi(anisaldehyde)hydrazone, m.p. 218 "C. 
Anal. Calcd. for C17H18N403: C, 62.58; H, 5.52; N, 

17.17. Found: C, 62.28; H, 5.54; N, 17.25. 
Carbodi(acetone)hydrazone, m.p. 165 "C. 
Anal. Calcd. for C7H14N40: C, 49.41; H, 8.24; N, 

32.94. Found: C, 49.06; H, 8.36; N, 32.60. 
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TABLE I 
Oxalyl dihydrazones* 

Melting point Yield Calculated Found 
No. Aldehyde "C % Formula % % 

1 Heptanal 

2 Octanal 

3 Nonanal 

4 Decanal 

5 Undecanal 

6 9-Undecenal 

7 Dodecanal 

\ II II / 
*Oxalyl dihydrazones of aldehydes have the structure C--N-NH-C-C-NH-N=C 
tRecrystallized from methanol. 
SRecrystallized from ethanol. 

/ 
H 

§Recrystallized from chloroform. 
\* 

TABLE I1 
Carbodihydrazones* 

Melting point Yield? Calculated Found 
No. Aldehyde "C % Formula % % 

8 Heptanal 121 80 C I ~ H ~ O N ~ O  C, 63.83 C, 64 .OO 
H. 10.64 H. 10.40 

N; 16.57 N; i6.65 
11 Decanal 126 95 C21H42N40 C, 68.85 C, 68.88 

H, 11.48 H, 11.60 
N, 15.30 N, 15.18 

12 Undecanal 121 77 C23H46N40 C, 70.05 C, 70.25 
H. 11.67 H. 11.64 

R 0 R 
\ I1 / 

*Carbodihydrazones of aldehydes have the structure C=N-NH-C-NH-N=C . 
/ 

H 'h 
?All products recrystallized from 50% aqueous ethanol solution. 
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Carbodi(methy1 ethyl ketone)hydrazone, m.p. 111 "C. 
Anal. Calcd. for C9HI8N40:  C, 54.54; H, 9.09; N, 

28.28. Found: C, 54.54; H, 9.03; N, 28.30. 
The ratio of aldehyde (or ketone) to (di)hydrazide used 

in the preparations described above was varied in some 
cases to improve the yields of the desired dihydrazone 
products over the monosubstituted products. For ex- 
ample, high yields (Table 11) of dihydrazones were 
obtained from aliphatic aldehydes and carbohydrazide 
with a 2:l ratio of reagents but a greater excess of ali- 
phatic aldehyde was required in the reactions involving 
oxalyl dihydrazide. Similarly, the dihydrazones from the 
substituted benzaldehydes were obtained in high yield in 
50% aqueous ethanol solution with a 2:l ratio whereas 
the ketones were used in greater excess. 

Results and Discussion 

Evidence that the structures, proposed (Tables 
I and 11) for the new compounds reported here, 
are correct was obtained by measuring their 
infrared absorption spectra in the 4000 to 700 
cm-' frequency range. These data, presented in 
Tables I11 and IV, are discussed below in terms 
of the bands characteristic of the functional 
groups involved. In addition, some comparisons 
are made with the previously published spectra 
of compounds having related structural entities. 

Absorptions arising from NH stretching 
vibrations occur in the 3240 to  3200 cm-' region 
of the spectra of the oxalyl dihydrazones (Table 
111), i.e., there is a single medium t o  strong band 
in this region for each of these compounds. The 
much weaker band in the 3070 to  3060 cm-' 
region of each spectrum is almost certainly an 
overtone of the 1535 cm-' band (4) (see below). 
As expected, the same pattern is observed in this 
region of the spectra of the carbodihydrazones 
(Table IV). The absorption due to  v (NH) occurs 
between 3260 and 3240 cm-' and the weaker 
CNH overtone (4) is found between 3100 and 
3090 cm-'. The absorptions for both series of 
compounds correspond closely to  those reported 
(4) for simple secondary amides. In this connec- 
tion, it is worth noting that Mashima (5) as- 
cribes the band at 3250 cm-' in the spectrum 
of oxamide acid hydrazide to v (NH), and that 
the corresponding absorption for the hydrazone 
prepared from isoniazid and p-hydroxybenzal- 
dehyde occurs (3) at 3200 cm-'. 

The "double-bond region", 1700 to  1500 
cm-I, is of particular importance in characteriz- 
ing the compounds prepared in this work. In the 
case of the oxalyl dihydrazones the absorptions 
seem to fit a clear-cut pattern, i.e., the strong 

carbonyl band at 1665 cm-', the medium inten- 
sity band at 1630 cm-I due to v (C==N), and the 
strong band at 1535 cm-' arising from CNH 
vibration (involving both NH bending and CN 
stretching (6)). These assignments appear to  be 
unambiguous (4) and exhibit the expected degree 
of correlation with those proposed for semi- 
carbazones (I), and for some hydrazones (3) and 
hydrazides (5). 

The interpretation of the absorptions which 
occur in this region of the carbodihydrazone 
spectra is more difficult, however, since four 
bands are observed. It is probable that the very 
strong band at 1670 to  A1660 cm-' should bk 
attributed to C=O stretching vibrations. It is 
likely that the band at 1560 to  1550 cm-' 
represents the CNH vibration. Of the remaining 
two bands, the one at lower frequency (1610 to 
1600 cm-I) would seem, on the basis of relative 
intensity, to result from v (C=N). It is tempting 
to  speculate, on the basis of this assumption, 
concerning the origin of the remaining weak 
band in the 1635 cm-' region. Since it appears 
invariably in the spectra of the carbodihydra- 
zones but never in the spectra of the oxalyl di- 
hydrazones, an assignment based on the only 
structural difference between the two series of 
compounds would appear to have some merit. 
The 1635 cm-' band could therefore be tenta- 
tively attributed to  N-C-N stretching vibra- 
tions if' it is assumed that there is considerable 
double bond character to the bonds of this 
group. At this frequency it could presumably be 
the asymmetric stretching mode (7, 8), but this 
is only one of several possible assignments. 
Davison and Christie (I), for example, have 
suggested that two bands in the 1665 cm-' 
region of the spectra of some semicarbazones 
should be attributed to v (M). 

There are characteristic absorptions in three 
other regions for which assignments may be 
proposed. The bands at 1225 to 1220 cm -' and 
1240 to  1235 cm-' in the spectra of the oxalyl 
dihydrazones and the carbodihydrazones, re- 
spectively, may be due to the lower frequency 
CNH vibration (where the N and H atoms move 
in the same direction relative to the carbon) 
referred to by Colthup et al. (4). The bands 
observed in the 725 cm-' region in both sets of 
spectra could arise from out-of-plane NH wag- 
ging vibrations (4). Finally, the absorption in the 
805 cm-' region of the oxalyl dihydrazone 
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spectra may be tentatively assigned to the out- in all cases. This limited investigation of the 
of-plane -CO-CO- wag which is observed preparation of dihydrazones from aromatic 
at 802 cm-' in the spectrum of glyoxal vapor aldehydes and simple ketones indicates the 
(9). potentially wide applicability of the method of 

The evidence presented above, both analytical synthesis used. 
(Tables I and a) and spectroscopic (Tables I11 Acknowledgments 
and IV), clearly supports the structures proposed 
for the new compounds reported here. It follows, The authors wish to thank Dr. R. Norman 

therefore, that the general synthetic method Jones for helpful discussions and are grateful to 

used is as effective in this application as it is in Mr. R. Ironside for making the infrared mea- 

the preparation of semicarbazones and hydra- surements. 

zones. 
The infrared spectra of the dihydrazones of 

aromatic aldehydes and simple ketones show 
the same characteristic features as are given in 
Tables 111 and IV and described above. The 
following minor differences are noted relative to 
the bands listed in the tables: (a) the carbonyl 
group absorption occurs at a frequency 35 cm-' 
higher in the spectra of the carbodihydrazones; 
(b) the band arising from CNH vibrations is 
lower by 20 to 30 cm-' in the spectra of oxalyl 
dihydrazones prepared from the ketones and in 
those of the carbodihydrazones made from both 
the aromatic aldehydes and the ketones. The 
same types of chemical structures are involved 
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chim. Acta, 23A, 677 (1967). 

4. N. 13. COLTHLJP, L. H. DALY, and S. E. WIBERLEY. 
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references therein. 

5. M. MASHIMA. Bull. Chem. Soc. Japan, 35, 2020 
(1962). 

6. N. B. COLT-, L. H. DALY, and S. E. WIBERLEY. 
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Academic Press, New York. 1964. pp. 181 and 264. 

7.  E. SPINNER. Spectrochim. Acta, 15, 95 (1959). 
8. N. B. COLTHUP, L. H. DALY, and S. E. WIBERLEY. 
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Stereochemical vs. polar control in the preparation and LiAIH, reduction of cis- 
and trans-2-alkoxy-3,4-epoxytetrahydropyransl 

F. SWEET AND R. K. BROWN 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received August 11, 1967 

2-Methoxy- and 2-t-butoxy-5,6-dihydro-2H-pyran react with m-chloroperoxybenzoic acid to give 
mixtures of trans- and cis-2-alkoxy-3,4-epoxytetrahydropyrans in which the trans to cis ratio is 3:l and 
9:l for the 2-methoxy and 2-t-butoxy homologues respectively. This selectivity is attributed to the steric 
effect of the 2-alkoxy group. 

Lithium aluminium hydride attacks the ring in these cis and trans compounds exclusively at the epoxide 
carbon remote from the alkoxy substituent to form only 2-alkoxy-3-hydroxytetrahydropyrans. This 
selectivitv of hvdride attack is attributed to the ~ o l a r  influence of the two geminal oxygen atoms. Steric 
factors i6 thishydride reduction are apparently completely submerged by  this polaiiffect. 

Canadian Journal of Chemistry, 46,707 (1968) 

Introduction 
It is known that in systems containing the 

cyclohexene ring, the C-3 substituent controls 
the direction of peroxy acid epoxidation of the 
double bond. If the C-3 substituent is an hy- 
droxyl group the peroxy acid attacks the double 
bond on the side cis to the hydroxyl substituent 
(1, 2). This is attributed to  hydrogen bonding 
between the hydroxyl group and the incoming 
peroxy acid (1). If the C-3 substituent is alkoxy, 
acetoxy, or alkyl, epoxidation occurs prefer- 
entially trans to the C-3 substituent (1, 3), pre- 
sumably because of steric hindrance to  approach 
by the peroxy acid. 

We wish to report the results of the epoxi- 
dation of some 2-alkoxy-5,6-dihydro-2H-pyrans 
and the LiAlH, redution of the epoxides so 
obtained. 

Results and Discussion 
In ether solution, at 30-35", the reaction 

between 171-chloroperoxybenzoic acid and either 
2-methoxy- or 2-t-butoxy-5,6-dihydro-2H-pyran 
produced in each case an 80-85% yield of a 
mixture of cis- and trans-2-alkoxy-3,4-epoxy- 
tetrahydropyrans in which the trans isomer pre- 
dominated to the extent of 75 % and -90 % for 
the 2-methoxy and 2-t-butoxy compounds re- 
spectively (Chart I). 

The cis and trans isomers of the 2-methoxy 
compou~~d could be separated quite readily by 
gas-liquid chromatography and the physical 
characteristics determined (see Experimental and 
Table I). The cis and trans isomeric mixture of 

'Taken from the thesis of F. Sweet to be submitted to 
the Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

the 2-t-butoxy homologue, however, gave on a 
column of Carbowax 20M on Gas-Chrom P, two 
peaks in the ratio of 9:l which overlapped 
slightly. Gas-liquid chromatographic (g.1.c.) sep- 
aration of the isomer present in larger amount 
was readily accomplished, but isolation by the 
same method of the second (minor) isomer in a 
pure state from this reaction mixture was diffi- 
cult, hence abandoned. The nuclear magnetic 
resonance (n.m.r.) spectrum of the isomeric mix- 
ture of the 2-t-butoxy homologue also showed 
their presence in the approximate ratio of 9: 1. 

The configurational assignment was obtained 
from the LiAlH, reduction of the epoxides. 
Reduction of the 3,4-epoxy-2-methoxytetra- 
hydropyran isomer obtained in major proportion 
gave a nearly quantitative yield of a compound 
identical in every respect t o  trans-3-hydroxy-2- 
methoxytetrahydropyran previously prepared by 
another route (4). From the known reactions of 
epoxides with nucleophilic reagents (5) it follows 
that this 3,4-epoxy-2-methoxytetrahydropyran 
must be the trans isomer. Both gas-liquid 
chromatography and the n.m.r. spectrum ofthe 
mixture obtained from the hydride reduction 
showed no detectable amount of the cis isomer 
or any other isomer t o  be present.' 

Similarly, reduction of the major isomer of the 
cis-trans mixture of 2-t-butoxy-3,4-epoxytetra- 
hydropyran gave exclusively, in -90% yield, 
trans - 2 - t - butoxy - 3 - hydroxytetrahydropyran 
identical in retention time with an authentic 

2Cis- and trans-4-hydroxy-2-methoxytetrahydropyran, 
prepared by a different route in our laboratory have 
retention times clearly greater than those of cis- and trans- 
3-hydroxy-2-methoxytetrahydropyran hence they could 
easily have been detected had they been present in sig- 
nificant quantity. 
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To+ Arc03Hk ether, 35" c:yH + ToyH 
7days 

0 
R = CH3 25 % 
R = C(CH3)3 -10% 

75 3 
-90 A 

(Ar = m-Chlorophenyl) 
Chart I 

trans diaxial opening 

OR 

trans diaxial opening 

(R = CH3 or C(CH3)3) 

Chart I1 

specimen (4). Accordingly the 3,4-epoxy pre- 
cursor was trans-2-t-butoxy-3,4-epoxytetrahy- 
dropyran. 

Hydride redution of the 3,4-epoxy-2-methoxy- 
tetrahydropyran isomer obtained in minor 
amount from the epoxidation reaction gave only 
cis-3-hydroxy-2-methoxytetrahydropyran. Gas- 
liquid chromatography of the reaction mixture 
showed no sign of the trans isomer or any other 
isomer. It followed then that this 3,4-epoxy-2- 
methoxytetrahydropyran must have been the cis 
isomer. 

Finally lithium aluminium hydride reduction 
of the 9 :1 mixture of the two isomeric 2-t-butoxy- 
3,4-epoxytetrahydropyrans gave, according to 
g.l.c., a 9: 1 mixture of trans- and cis-2-t-butoxy- 
3-hydroxytetrahydropyrans respectively with re- 
tention times identical to those found for authen- 
tic trans-2-t - butoxy -3- hydroxytetrahydropyran 
and its contaminating (2-3 %) cis isomer (4). A 
n.m.r. spectrum of this reduced mixture, showed 
a ratio of -911 for the trans to cis isomer. 
Neither the gas-liquid chromatogram nor the 
n.m.r. spectrum showed evidence for the pres- 

ence of any other compound which might indi- 
cate that hydride reduction had produced as well 
some of the isomeric 2-t-butoxy-4-hydroxytetra- 
hydropyrans. 

On the basis of the above information it is 
clear that epoxidatioil of the 2-alkoxy-5,6-di- 
hydro-2H-pyrans is strongly subject to steric 
influences since the larger group R produces 
the greater proportion of trans epoxy isomer 
(Chart I). 

The highly selective attack of the lithium 
aluminium hydride on the epoxy carbon remote 
from the C-2 substituent is interesting. It is 
known that the reaction of anions with the 
epoxide ring produces predominantly that com- 
pound resulting from trans diaxial opening of the 
ring (1, 6, 7). The flexibility of the 2-alkoxy-3,4- 
epoxytetrahydropyran ring would permit trans 
diaxial epoxide ring opening in either of the two 
half-chair conformers a and b (Chart 11) and 
thus both trans-4-hydroxy-2-alkoxytetrahydro- 
pyran and trans-3-hydroxy-2-alkoxytetrahydro- 
pyran could be formed. Experimentally, how- 
ever, attack by LiAlH, appears to occur practi- 
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quasiaxial quasiequatorial 

Chart 111 

cally completely on the carbon of the epoxide 
ring remote from the C-2 alkoxy group (Chart 11, 
route ii). 

Such a directive influence could be due to 
either steric or polar factors or a combination of 
both. The flexibility of the trans-2-alkoxy-3,4- 
epoxytetrahydropyran ring may be limited due to  
the anomeric effect (8, 9) which would favor the 
conformer b (Chart 11). In this conformation, the 
steric hindrance caused by the quasi axial 2- 
alkoxy group to the approach of the L i l H ,  to 
position-3 would be considerably greater and 
thus lead to  the observed hydride attack at 
position-4 yielding only the trans-2-alkoxy-3- 
hydroxytetrahydropyran. But the observation 
that LiAlH, reduction of trans-2,3-epoxycyclo- 
hexanol occurs via preferential attack on the C-2 
carbon (Chart 111) to give predominantly the 
trans-1,3-cyclohexanediol (1) indicates at first 
glance that attack by LiAlH, on the epoxide ring 
carbon, C-2, is not seriously hindered by the C-1 
hydroxyl group. The absence of an anomeric 
effect permits ready formation of the half-chair 
conformer in which the OH group is quasi- 
equatorial and this may be a factor in allowing 
approach by the LiAlH, to C-2. However, in our 
view, there is no apparent reason why one 
conformer should be preferred over the other and 
thus provide the selectivity of hydride attack that 
is observed ( 1 ) .  A more likely explanation of the 
selective formatioil of this trans-1,3-cyclohex- 
anediol involves the expected rapid initial reaction 
of LiAlH, with the free hydroxyl group of trans- 
2,3-epoxycyclohexano1 to form the alkoxyalu- 

minium hydride a which could, by an intra- 
molecular process, readily attack the epoxy 
carbon closest to the alurninooxy substituent via 
a 5-membered ring ~ y s t e m . ~  It has been shown 
(10) that the reaction of trans-2,3-epoxy-1- 
methoxycyclohexane with LiAlH, produces 
preferentially the trans-2-methoxycyclohexanol 
while with aqueous NaOH the same epoxide 
gives selectively 3cl-methoxy-lcl,2P-cyclohexane- 
diol (Chart IV, a). The reaction of cis-2,3- 
epoxy-1-methoxycyclohexane with aqueous 
NaOH produces primarily the 3cl-methoxy- 
1P,2ol-cyclohexane-l,2-diol (Chart IV, b). This 
selective attack on the epoxide carbon remote 
from the C-3 methoxy substituent in both cis and 
trans isomers was considered to be due to the 
inductive effect of the 3-alkoxy group directing 
the course of ring opening (10). But the presence 
as well of a steric effect was thought to be likely 
in the case of the trans-2,3-epoxy-1-methoxy- 
cyclohexane. For the trans-2-alkoxy-3,4-epoxy- 
tetrahydropyrans, both steric and polar factors 
could contribute to the apparently exclusive 
attack by hydride on the epoxide carbon remote 
from the alkoxy group. The presence of two 
oxygen atoms on the anomeric carbon (C-2, 
Charts I and 11). would no doubt enhance the 
importance of the inductive effect in promoting 
attack by hydride at position-4 (Chart 11). I t  is 
significant that the cis-2-alkoxy-3,4-epoxytetra- 
hydropyrans, wherein the steric interference by 
the 2-alkoxy group to attack by lithium alu- 
minium hydride on the epoxy group is minimal 
or nonexistent, still gives exclusively cis-2- 
alkoxy-3-hydroxytetrahydropyrans. This strong- 
ly suggests that a steric effect, considered to be 

3Henbest and Wilson (1) have explained the selective 
formation of trans-1,3-cyclohexanediol from LiAlH4 
reduction of trans-2,3-epoxycyclohexanol on the basis of 
the preferred trans diaxial opening of the epoxide ring by 
anionic reagents. This requires a preference for the 
conformer in which the hydroxyl group is quasiequatorial 
(Chart 111). They explain the formation of some 1,2- 
cyclohexanediol as occurring by an intramolecular 
reaction in a structure such as n, involving hydride attack 
at C-3 rather than at C-2. 
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OH 
preferred 

Chart IV 

possible in the trans-2-alkoxy-3,4-epoxytetra- 
hydropyrans, is in fact completely submerged by 
the polar effect of the two oxygen atoms attached 
to C-2 in the tetrahydropyrans above. The 
combiiled inductive effect of the two oxygen 
atoms would destabilize the incipient carbonium 
ion formed by partial C,-0 epoxide ring 
cleavage according to route i (Chart 11) more 
than that formed by C,O epoxide cleavage by 
route ii. 

Experimental 
Analytical and physical data for all compounds pre- 

pared below are shown in Table I. 

Trans 3-Brot~1o-2-11zethoxytetral1yd1'op~~ran 
A modification of the published procedure (1 1, 12) per- 

mitted a greater stereoselectivity than that previously 
obtained (11, 12). The whole synthesis was done in an  
efficient fume hood. 

A solution of 3,4-dihydro-2-H-pyran (84 g, 1 mole) in 
a mixture of 100 ml of anhydrous liquid ammonia and 1 I 
of methanol was cooled to -60' with a dry ice - acetone 
bath. To the stirred solution, kept between -60" and 
- S o ,  was added dropwise, over a 2 h period, a solution 
of 160 g of bromine in 200 ml of carbon tetrachloride. A 

precipitate of ammonium bromide appeared when half 
of the bromine had been added. When the bromine 
addition was completed, the cooling bath was removed 
and the reaction mixture was stirred overnight and thus 
came to room temperature. The residual ammonia and 
methanol were removed in a rotary evaporator (bath 
temperature 50') under reduced pressure attained by a 
water pump. To  the remaining material was added 500 ml 
of dry ether. The precipitated ammonium bromide was 
removed by filtration at reduced pressure, the solid sub- 
sequently washed with ether, and the combined ether 
washings and filtrate washed with water (2 x 100 ml). 
The ether layer was dried (Na,SO,) and freed from 
solvent by rotary evaporator. The residue was distilled 
under reduced pressure and afforded 165 g (85%) of 
trans 3-bromo-3-methoxytetrahydropyran whose inte- 
grated 100 Mc.p.s. nuclear magnetic resonance (n.m.r.) 
spectrum in CDCI, agreed with the structure and 
showed evidence (at high amplitude) for only a small 
amount (<5%) of the cis isomer. Gas-liquid chroma- 
tography showed the cis isomer to be present in -1 %. 

The use of 2 n~oles of sodium methoxide rather than 
ainmonia in the above reaction gave equally good 
results. 

The preparation of trans 3-bromo-2-t-buto~rytetralgv- 
clropyran followed the same procedure. However, in this 
case a 40% solution of t-butyl alcohol in ether, rather 
than pure t-butyl alcohol, was used as solvent to avoid 
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solidification of the alcohol when the mixture was cooled 
and diluted with liquid ammonia. 

Note:-This trans 3-bromo-2-t-butoxytetrahydropyran 
could be distilled successfully only under vacuum and at a 
pressure which required the heating bath temperature to 
be no higher than 95". Higher bath temperatures caused 
violent decomposition of the distilling liquid. The 3- 
bromo-2-alkoxytetrahydropyrans generally are subject to 
considerable decomposition during distillation, partic- 
ularly at higher distillation temperatures. 

2-Methoxy-5,6-dil1ydro-2H-pyran 
Dehydrohalogenation of trans 3-bromo-2-methoxy- 

tetrahydropyran to form 2-methoxy-5,6-dihydro-2H- 
pyran was accomplished by the procedure of Woods and 
Sanders (11). The small amount of cis isomer present 
offered no complication since it apparently dehydro- 
halogenated to the Z-methoxy-5,6-dihydro-2H-pyran. 

2-t-B~itoxy-5,6-dihydro-2H-pyran 
This compound was prepared by a procedure similar to 

that employed for the methyl homologue above but modi- 
fied as follows. 

Sodium hydride (Metal Hydrides Corp.) was added 
slowly to dry t-butyl alcohol (kept between 30" and 40") 
to form sodium t-butoxide. To a solution of 3 molar 
equivalents of sodium t-butoxide in t-butyl alcohol (about 
8 times the weight of the bromo compound) was added, 
gradually, one molar equivalent of 3rbromo-2-t-butoxy- 
tetrahydropyran (neat). The solution temperature rose to 
60". When the initial exothermic reaction had subsided, 
the solution was heated under reflux overnight, then 
reduced to half its volume by fractional distillation at 
atmospheric pressure. TO the residue was added an equal 
volume of dry ether to complete the precipitation of the 
sodium bromide. The solid, removed by filtration under 
suction, was washed once with ether. The combined 
ethereal washings and filtrate were washed once with 
water and dried (Na2S04). After separation of the solid, 
the solvents were removed by fractional distillation at 
atmospheric pressure and then the residual oil was 
distilled under vacuum, giving pure 2-t-butoxy-5,6- 
dihydro-2H-pyran. Gas-liquid cl~romatograpl~y showed 
the presence of only one compound. 

3,4-Epoxy-2-methoxytetrahydropyrarl 
To 27 g (0.24 mole) of 2-methoxy-5,6-dihydro-2H- 

pyran in 275 ml of dry ether contained in a 500 ml, 3-neck 
flask equipped with a magnetic stirrer, condenser, and 
thermometer, was added 60 g (0.27 mole) of 80% rn- 
chloroperoxybenzoic acid. Cautious addition of the 
oxidizing agent was found to be unnecessary since epoxi- 
dation in this system occurs very slowly. The peroxy acid 
dissolved readily. The mixture was stirred at -35" for 
several days. Gas-liquid chromatography (g.1.c.) of an ali- 
quot showed that little reaction had occurred in the first 
24 h. In 2.5 days a precipitate of the slightly soluble m- 
chlorobenzoic acid appeared and accumulated with time. 
Seven days later the mixture was cooled in a refrigerator 
for 2 h, then filtered by suction. The solid m-chloro- 
benzoic acid was washed with cold ether. The combined 
ether solutions from the washings and filtrate were 
extracted with saturated aqueous sodium carbonate (3 x 
25 ml) and the sodium carbonate solutions in turn 
extracted with ether. The combined ether solutions were 

dried (Na2S04) and filtered. Removal of the ether by 
rotary evaporator at atmospheric pressure left an oil 
which was distilled under vacuum giving 25 g (80%; a 
second run gave 85 %) of 3,4-epoxy-2-methoxytetrahydo- 
pyran. Nuclear magnetic resonance and gas-liquid 
chromatography analysis showed this to be a mixture of 
cis and trans isomers in the ratio of 25:75. These were 
separated by g.1.c. using an Aerograph autoprep, model 
A-700 with a 20 ft x in. (I.D.) column packed with 
25 % Carbowax 20M on Gas-Chrom P (60-80 mesh) and 
helium as the carrier gas at a flow rate of 110 inl/min. 
Column, injector, and detector temperatures were 175", 
190°, and 190" respectively. 

2-t-Butoxy-3,4-epoxytetrahydropyran 
This compound was prepared in the same manner as 

described immediately above, starting with 2-t-butoxy- 
5,6-dihydro-2H-pyran. According to the n.m.r. spectrum 
and g.1.c. analysis, the product was a mixture of cis 
and trans isomers in the ratio cis/trans = < 10 %/ z 90 %. 
The trarrs isomer was separated by g.1.c. (via an Aero- 
graph 700; Carbowax 20M column at 170"; helium flow, 
60 ml/min) under the same conditions as for the 2-meth- 
oxy homologue. The separation of the cis isomer was 
abandoned due to its presence in < 10% concentration 
and the partial overlapping of the peaks for the cis and 
trarrs isomers. 

LiAIH4 Reduction of 3,4-Epoxy-2-methoxytetralrydropyra~z 
A solution of trarrs-3,4-epoxy-2-methoxytetrahydro- 

pyran (80 mg, 6 x mole) in 20 ml of dry ether was 
added slowly and dropwise to a stirred solution of LiAIH, 
(0.03 g, 8 x mole) in 25 ml of dry ether at room 
temperature. Each drop caused a vigorous reaction. After 
the addition was complete, the reaction mixture was 
stirred and left overnight at room temperature. The alu- 
minium complex was thendecomposed by gradual addition 
of 15 ml of ether saturated with water, followed by 1 ml of 
15 % aqueous sodium hydroxide. The granular precipitate 
was filtered by gravity and the colorless solid washed with 
ether (5 x 10 ml). The combined ether solution from the 
washings and filtrate was dried (Na2S04) and freed from 
solvent at room temperature under vacuum (20mm) 
using a rotary evaporator. Analysis of the residual color- 
less oil by g.1.c. on a 20 ft column of 20% butanediol suc- 
cinate on Chromosorb P (60-80 mesh) showed that it 
consisted of one major product to the extent of 95%. No 
evidence was obtained for the cis isomer or other isomeric 
products. The contaminant present proved to be diethyl 
ether. The n.m.r. and infrared spectra of the oil were 
identical in all respects with those obtained fro111 authen- 
tic trans-3-hydroxy-2-methoxytetrahydropyran (4). The 
retention time on the gas-liquid chromatogram was iden- 
tical to that of an authentic sample of trans-3-hydroxy-2- 
methoxytetrahydropyran (4). 

A solution of cis-3,4-epoxy-2-n1ethoxytetl.ahydropyran 
(120 mg, 9 x mole) in 5 ml of anhydrous ether was 
added to 0.45 g of lithium aluminium hydride in 35 ml of 
ether. The mixture was stirred overnight at room tempera- 
ture, then diluted with 20 ml of ether, and cooled to 0". 
The complex was destroyed by cautious addition of 1 ml 
of water, then 1 n11 of 15 % aqueous sodium hydroxide 
followed by 1 ml of water. The mixture was stirred for 
30 min at room temperature then filtered. The granular 
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TABLE I 
Analyses and physical data for the pyranyl ethers 

-- 

Analysis, % 
- 

Anomeric H* Calc'd Found 
n 
N 

Boiling Refractive % 
Compound Substituent R point,"C index, r1h5 yield T J2,? C.P.S. C H Br C H Br 

5 
!? 

CH, trorrs (with - 1 % cis) 87 at 12 mm 1.4843 85 5.50(d) 3.9 5 
88-89 at 18 mm (1 I)$ 1.4838 (1 1) 
78 at 10 mm (12)s 1.4841 (23') (12) 5.54(d) (12) 3.9 (12) 

CH3 cis 5.42(d) 2.8 
2 

5.45(d) (12) 2.7 (12) 
C(CH,), rruns 75 a t  1.5 mm 1.4726 5.27(d) 5.5 45.58 7.23 33.70 45.64 7.05 33.85 

E 
0 
'll 

CH3 134 a t  705 mm 1.4420 5.30(s) 1s/2 = 5 n 
(broad) 

z 

O R  C(CHI)I 
136-138 (11) 1.4425 (1 1) g 
80 a t  45 mm 1.4397 70 4.88(s) 1v/2 = 5 69.19 10.32 68.99 9.90 z 
103 at 100 rnm (broad) 2 j 

CH, irons 
CH, cis 

C(CH3)~ trolls 

C(CH3)a cis 

8 6 8 5 t  5.22(s) -0 55.37 7.74 55.04 7.52 (cis, trans mixture) C 
55.28 8.00 (pure irons) 0 

5.13(d) 2.5 r 
55.65 7.59 ( ~ u r e  cis) - 

72-74 at 4 mm 1.4480 cis trarrs 82 4.90(s) -0 62.76 9.36 63.16 8.87 (pure Irons) a, 

mixrure (1 :9) 62.35 8.94 (cis, lrorrs mixture) Z 
a, 
m 

65 at 2.75 mm 1.4475 (trarrs) 4.82(d) -3 

*s, Singlet: d, doublet 1v/2 width at half height. Spectra obtained in CDCL, referred to tetramethylsilane. p yield of 80-85% wjs odtained for the 1 :3 = cis/tror~s mixture which boiled at 86-8X0 at 100 mm. 
Probably for a mlxture of cis and trans isomers. 

$For a 2:3 mixture of cis and trmrs Isomers. 
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residue was washed with ether (3 x 15 ml). The com- 
bined ether solutions were dried (Na2S04) and freed from 
solvent at atmospheric pressure. The residual oil (110 mg, 
83 %) contained only one component when analyzed 
by g.1.c. on an F and M model 700 laboratory 
chron~atograph using 20 ft x & in. column packed 
with 20% butanediol succinate on Gas Chrom P (60- 
80 mesh) at 175O, and helium flow rate of 100 ml/min. 
This had a retention time and a n.nl.r. spectrum identical 
to those for authentic cis-3-hydroxy-2-methoxytetra- 
hydropyran (4). The 3,5-dinitrobenzoate of this oil melted 
at 87-88" (crystallized from methyl alcohol -water) and 
was identical (n.m.r. spectrum) with the 3,Sdinitro- 
benzoate of authentic cis-3-hydroxy-2-methoxytetra- 
hydropyran (4). 

LiAlH4 Red~lctiorz of Cis-Trans 2-t-B~rtoxy-3,4- 
epo.~ytetrahy&opyran 

The 9:l isomeric mixture (1.72 g, 0.01 mole) of cis- 
trans 2-t-butoxy-3,4-epoxytetrahydropyran in dry ether 
(25 ml) was slowly added over a 5 min period to a mixture 
of 500mg of lithium aluminium hydride in 35 ml of 
anhydrous ether. The reaction flask (250 ml) was equipped 
with a magnetic stirrer, thermometer, and condenser with 
a drying tube. The mixture was stirred at 30-35' overnight 
(heated only by the stirring motor) and then diluted with 
25 ml of ether and cooled with an acetone - dry ice bath 
kept between -10" and -5". To the reaction mixture (at 
4') was added, carefully, 1 ml of water, then 1 ml of 
15 %aqueous sodium hydroxide, and finally 1 ml of water. 
The contents of the flask were stirred for 30 min to com- 
plete the formation of a granular precipitate. The super- 
natant ether was decanted and the residue extracted 
successively with ether (3 x 20 ml) and chloroform (1 x 
20 ml). The combined organic extracts were dried with 
anhydrous sodium sulfate containing a small amount of 
dry sodium carbonate to prevent any acid-catalyzed iso- 
merizations. After separation of the solid, the filtrate was 
freed from solvent at atmospheric pressure. Residual 
solvent was removed under reduced pressure with a 
rotary evaporator. In the last two steps some dry sodium 
carbonate was added to prevent acid-catalyzed isomeriz- 
ation. Analysis of the residual oil (1.65 g, 86%) after 
subtraction of -5 % of remaining solvent by gas-liquid 
chromatography (F and M chromatograph, model 700; 

20 ft x 4 in. column of 20% Carbowax 20 M on Gas 
Chrom P, 60-80 mesh; column temperature, 175'; helium 
flow, 60 ml/min) showed the presence of only two com- 
pounds in the ratio 9:1, plus -5% of solvent. The 
retention times of these two compounds (ratio 9:l) were 
identical to those of authentic trans-2-t-butoxy-3-hydroxy- 
tetrahydropyran and its 2-3 % contaminant of cis-2-t- 
butoxy-3-hydroxytetrahydropyran (4). 

A n.m.r. spectrum of the residual oil above showed, by 
integration of the signals for the anomeric protons, a 
ratio of tratzs to cis isomers of about 9:l. This spectrum 
was superimposable on that of authentic trans-2-t-butoxy- 
3-hydroxytetrahydropyran containing 2-3 % of the cis 
isomer (4). 
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The preparation of C-1 and C-2 methylated acenaphthenesl 
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The syntheses of I-methyl-, 1,l-dimethyl-, cis(?)-l,2-dimethyl-, 1,1,2-trimethyl-, and 1,1,2,2-tetra- 
methylacenaphthene have been accomplished by standard reactions from the two compounds l-ace- 
naphthenone and Zmethyl-1-acenaphthenone. These two ketones were in turn obtained from l-naphtha- 
leneacetic acid. 

Canadian Journal of Chemistry. 46,715 (1968) 

Introduction 

Required as reference substances for a study 
currently in progress in this laboratory was the 
series of compounds 1 -methyl-, 1,1 -dimethyl-, 
1,2-dimethyl-, 1,1,2-trimethyl-, and 1,1,2,2-tetra- 
methylacenaphthene (A). Up to the time of this 
work, only 1-methylacenaphthene was known 
(I). This paper describes the synthesis of these 
C-1 and C-2 methylated acenaphthenes. 

Results and Discussion 

All of the C-1 and C-2 methylated acenaph- 
thenes were prepared from the two ketones 1- 
acenaphthenone, 1, and 2-methyl-1-acenaph- 
thenone, 2. The former has been made by lead 
tetraacetate oxidation of acenaphthene to 1- 
acenaphthenol followed by chromic acid oxida- 
tion to the ketone (2, 3). In a repetition of the 
published procedure it was found that the tedious 
steam distillation required to separate the ketone 
from the chromium salts (2, 3) could be avoided 
by facile removal of these salts by a cold alkaline 
aqueous wash of the benzene solution, resulting 
in 46 % overall yield of the ketone. A more con- 
venient preparation, giving ketone 1 in at least 
60-70% yield, involved intramolecular cycliza- 
tion of a-naphthylacetyl chloride according to 

'Taken from the thesis submitted by A. Bosch to the 
Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

,Presently at R. and L. Molecular Research, 8045 
Argyle Road, Edmonton, Alberta. 

general directions available in the literature (4) 
(Scheme 1, a). 

To make the ketone 2, ethyl a-naphthylacetate 
was alkylated with excess methyl iodide and 
sodium hydride (5). Such conditions gave only 
monomethylation, as had been shown previously 
for analogous alkylations with methyl iodide in 
the presence of potassium t-butoxide (6). Intra- 
molecular cyclization of a-(1-naphthy1)propionyl 
chloride, obtained from the above ester, gave 2 
in 47 % overall yield.3 The broad melting point 
of the oxime (of 2), (126-140°), its elemental 
analysis and its nuclear magnetic resonance 
(n.m.r.) spectrum showing two overlapping 
methinyl hydrogen quartets centered at c 5.6 and 
two overlapping methyl doublets centered at 
c 8.3, indicated the presence of equal amounts of 
the syn and anti isomers of the oxime. 

Reaction of I with methylmagnesium iodide, 
followed by dehydration of the resulting alcohol 
with picric acid to the olefin, l-methylacenaph- 
thylene, and its subsequent reduction with 
platinum oxide and hydrogen, according to 
published directions (1, 7) (Scheme 2) gave 
1-methylacenaphthene, 3 of 95-96 % purity 
according to gas-liquid chromatographic analy- 
sis. All efforts to remove this impurity failed. 
Pure 3, however, was obtained in 70 % yield by 
Wolff-Kishner reduction (8) of 2-methyl-l- 
acenaphthenone, 2 (Scheme 2). 

1,l-Dimethylacenaphthene, 4 (yield, 41 %)was 
prepared by sodium hydride -nlethyl iodide 
alkylation (5) of 1-acenaphthenone, 1, followed 
by Wolff-Kishner reduction (8) of the resulting 
2,2-dimethyl-1-acenaphthenone (Scheme 2).Here 
again, elemental analysis and the presence of two 
methyl singlets at T 8.15 and c 8.38 (area ratio, 

3The low yield in the cyclization step was no doubt due 
to poor quality AlC1, available at the time. 
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0 

(1) Pb(CzH30214 
(2) NaOH, H 2 0  

(3) CrO3 

46 % 

i (1) C2H50H, H@ 

(b) 85% (2) CH31, NaH 

(1) CH3Mgl 
(2) Picric acid 
P 

(3) NaOH, H 2 0  

55 % 

CH31, NaH 

(excess) 1 82% 

gcH3 PtO; H2 acH3 
85 % 3 

(95-96% pure) 

N2H4, KOH 

70% 

4:21) in the n.m.r. spectrum of 2,2-dimethyl-I- 
acenaphthenone oxime indicated this to be a 
mixture of two isomers. 

The reaction of methylmagnesium iodide with 
2-methyl-I-acenaphthenone (Scheme 3) gave, in 
93 % yield, a mixture of two alcohols in the ratio 
54:46 according to the n.m.r. spectrum (Fig. 1). 
The nearly equal proportions of these two alco- 
hols (cis and trans) indicates that the methyl 
group of 2-methyl-1-acenaphthenone provides 

little or no directive influence in the reaction 
of methylmagnesium iodide with the carbonyl 
group. Separation of these isomeric alcohols and 
assignment of structure has not been done as 
yet since this was not required at the time. Picric 
acid dehydration (1) of this cis-trans mixture of 
the alcohols gave an excellent yield of 1,2- 
dimethylacenaphthylene. Diirnide reduction (9- 
1 l), in an attempt to prepare the cis-1,2-dimethyl- 
acenaphthene, was unsuccessful. In one week of 
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110 

50 

cis  

s 

I I . .  I . . . . l I , . . . . . - I I . . ~ . I , . , . I . I . . t , . . , 1 1 , I , , . , , . I , , . , , , . , 1 1 . I . l , , r , . l . . , ~  
1.D U) 1 0  6.0 7.0 l.0 0 0 

FIG. 1. The 100 Mcyclels n.m.r. spectrum of the cis and trans alcohols resulting from the reaction between methyl- 
magnesium iodide and 2-methyl-1-acenaphthenone (solvent CDC13). 

FIG. 2. The n.m.r. spectrum of 1,2-dimethylacenaphthene (solvent CDCI3). 

reaction, 43% of the original olefin was still 
present, as shown by gas-liquid chromatography 
along with an unidentified higher boiling sub- 
stance present in 13 % yield. However, catalytic 
reduction with platinum oxide and hydrogen 
occurred readily giving a 95% yield of 1,2- 
dimethylacenaphthene, 5, which after crystalliza- 
tion from ethanol to remove the 5 % impurity, 
gave colorless needles melting at 53-54'. The 
sharpness of the melting point as well as the 

recorded experience of other investigators in 
catalytic hydrogenation of olefins (12-14) leads 
us to believe that this 1,2-dirnethylacenaphthene 
is the cis isomer. Of this, however, we are not 
certain. The n.m.r. spectrum (Fig. 2) is not 
inconsistent with the assignment of the structure 
as cis. The two methinyl protons appear as a 
sextet centered at z 6.26, but coupling values 
between the peaks are not identical. The two 
methyl groups do not show up as a simple 
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! (1) Picric acid 

95% (2)NaOH, H20 

CH3, CH3 CH3 
PtO2, H2 

H . 20p.s (gauge) i ,  2 2  aCH3 
5 

95 % 

cis? 

SCHEME 3. 

CH3 

OH (1) Picric acid 
CH3MgI (2) NaOH, H 2 0  - 

91% 90% 
/' I 

or LiAlH4 (2) NaOH, H202 
> 90% 

doublet. Instead there are six peaks, all of which 
are real. Obviously first order analysis is not 
applicable. This problem is still under examina- 
tion. 

The unambiguous preparation of the trans- 
1,2-dimethylacenaphthene has not yet been 
achieved. 

1,1,2-Trimethylacenaphthene, 6, was prepared 
by reduction of 2,2-dimethyl-1-methyleneace- 
naphthene, the latter having been obtained by 
picric acid dehydration of the product provided 
by the reaction of methylmagnesium iodide 
with 2,2-dimethyl-1-acenaphthenone (Scheme 4). 
Catalytic hydrogenation yielded a product of 
95 % purity as shown by gas-liquid chromatog- 
raphy, whereas reduction by lithium aluminium 

hydride in tetrahydrofuran gave 1,1,2-trimethyl- 
acenaphthene of greater than 98% purity. In 
both cases gas-liquid chromatography permitted 
separation of the trimethyl compound from its 
impurity. An indirect route to 1,1,2-trimethyl- 
acenaphthene involved conversion, in good yield, 
of 2,2-dimethyl-1-methyleneacenaphthene to 2,2- 
dimethyl-1-hydroxymethylacenaphthei~e (11.m.r. 
spectrum, Fig. 3) via hydroboration and sub- 
sequent alkaline oxidation (15). The p-toluene- 
sulfonate ester of this alcohol was then reduced 
nearly quantitatively by lithium aluminium 
hydride (1 6) to 6. 

Preparation of 1,1,2,2-tetramethylacenaph- 
thene, 7, required the precursor 2,2-dimethyl-1- 
acenaphthenecarboxaldehyde. One route  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BOSCH AND BROWN: C-1 AND C-2 METHYLATED ACENAPHTHENES 719 

I 
I . ,  . . . .  I . , .  . . .  l . , . . l i . . . l l l , I , l . l , l l i , , i , , , , l  , , , , , , , I , , ,  1 

IL 
I.0 10 4.0 9.0 7.0 8.0 0 

FIG. 3. The n.m.r. spectrum of 2,2-dimethyl-1-hydroxymethylacenaphthene (solvent CC14). 

(crude) (CH3)zS 

+ 
(h )  (CzHs),NHCl 

(Scheme 5, a) to this aldehyde employed di- 
methyl sulfoxide oxidation of 2,2-dimethyl-1- 
hydroxymethylacenaphthene via its chloroform- 
ate ester according to Barton's procedure (17). 
The oil so obtained was found to contain the 
aldehyde in 75-80 % concentration. The aldehyde 
could not be separated by chromatography or by 
sodium bisulfite addition. However, purification 
in small batches4 by use of Girard's T reagent5 
(18) gave a 50% yield of the aldehyde still con- 
taining about 5 % impurity. 
- 

4Large scale reaction gave considerable tarry decom- 
position. 

5Fisher Scientific Girard's T reagent (reagent grade) 
was far superior to the BDH product. 

A second route to the aldehyde utilized 
dimethyloxosulfonium methylide (19) to form 
the oxirane from 2,2-dimethyl-1-acenaphthenone 
(Scheme 5, b) which could be rearranged to the 
aldehyde under acidic conditions. The oil which 
was obtained from the first step, using excess 
ylid, was found by its n.m.r. spectrum (Fig. 4) to 
be a 4:l mixture of the desired oxirane and 
starting ketone. The former's presence could 
be readily discerned by the characteristic signals 
of the methylene protons of the oxirane ring, 
appearing as a quartet centered at T 6.78, the 
two small outer peaks separated by 12 c.p.s., and 
the two large inner peaks separated by 1.5 c.p.s. 
This is in agreement with the general observation 
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I 
I , . .  i . .  8 .  . I  . . , . , . ,  I , . .  . , . . , .  I , . . . , . . , . I . ,  . . , , , , .  I . , . . . ,  . . I , . , .  . . , I .  

2.0 3.0 L O  3.0 >.O 9.0 

FIG. 4. The n.m.r. spectrum of the oxirane from 2,2-dimethyl-1-acenaphthenone and 20% 2,2-dimethyl-1-acenaph- 
thenone (solvent CClJ. 

that protons of a methylene group adjacent to 
an asymmetric center are non-equivalent (20). 
Signals at z 8.64 and z 8.72 showed that the two 
methyl groups were in different environments. 
Chromatography on neutral alumina readily 
separated the starting ketone but no oxirane was 
obtained. Instead, elution with methanol gave 
a material which proved to be mainly the 
aldehyde. Apparently rearrangement of the 
oxirane had occurred on the column. A second 
chromatographic separation gave pure aldehyde 
but the yield was low (- 30% based on the 
ketone). 

Formation of the oxirane from 2,2-dimethyl- 
1-methyleneacenaphthene with peroxybenzoic 
acid or m-chloroperoxy benzoic acid was un- 
successful. The original olefill was recovered in 
high yield. No evidence of oxirane formation 
was observed. 

Sodium hydride - methyl iodide alkylation of 
2,2 - dimethyl - 1 - acenaphthenecarboxaldehyde, 
followed by chromatography of the crude 
product, gave nearly pure 1,2,2-trimethyl-1- 
acenaphthenecarboxaldehyde in 80 % yield 
(Scheme 6). Further purification could be 
achieved by use of Girard's T reagent. This 
trimethyl aldehyde was converted into 1,1,2,2- 
tetramethylacenaphthene 7 by two methods. In 
the first method a Wolff-Kishner reduction of 

the aldehyde gave a mixture of two substances in 
the ratio of 85:15 from which the tetramethyl- 
acenaphthene was obtained (72% yield). The 
identity of the second component was not 
determined. The second route utilized the 
method of Caglioti and Grasselli (21) of hydride 
reduction of the p-toluenesulfonylhydrazo~~es of 
aldehydes or ketones to the corresponding 
hydrocarbons. Lithium aluminium hydride re- 
duction of l,2,2-trimethyl-1-acenaphthenecar- 
boxaldehyde p-toluenesulfonylhydrazone gave a 
75 % yield of a mixture which contained essen- 
tially two products in about equal amounts 
(Scheme 6). One other substance (unknown) was 
also present in about 5 % concentration. Compar- 
ison of retention times with those of authentic 
samples revealed that the two major products 
were 1,1,2-trimethylacenaphthene, 6, and 1,1,2,2- 
tetramethylacenaphthene, 7. These were not 
separated. 

The formation of 1,l ,2-trimethylacenaphthene, 
involving loss of one carbon, might conceivably 
have occurred by a route such as shown in 
Scheme 7. Tautomerization of the p-toluene- 
sulfonylhydrazone followed by loss of the 
p-toluenesulfonyl group would give the structure 
which contains a diazomethyl group. This, by 
loss of nitrogen and subsequent reduction, would 
provide 7, whereas loss of diazomethane 
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BOSCH AND BROWN: C-1 AND C-2 METHYLATED ACENAPHTHENES 

followed by hydride reduction would lead to the 
trimethylacenaphthene, 6, The loss of diazo- 
methane is reasonable both on the basis of its 
own stability and the simultaneous relief of 
strong steric interaction present in the tetra 
substituted structure. 

Experimental 
All melting points and boiling points are uncorrected. 
Microanalyses were performed by Mrs. D. Mahlow of 

the Microanalytical Section, Department of Chemistry, 
University of Alberta, Edmonton, and by C. Daessle, 
Organic Microanalysis, 5757 Decelles Avenue, Montreal. 

Infrared spectra were recorded with a Perkin-Elmer 

model 421 spectrophotometer. Nuclear magnetic reson- 
ance (n.rn.r.) spectra were obtained with Varian A-60 and 
HR-100 spectrometers by Mr. R. N. Swindlehurst and 
Mr. Glen Bigam, Department of Chemistry, University 
of Alberta, Edmonton. 

Analysis by gas-liquid chromatography and product 
identification was made with a Burrell model K-2 Kromo- 
Tog equipped with an integrator. Columns, 2.5 m in 
length, were packed with silicone rubber, neopentyl- 
glycol succinate or Apiezon L, each 25% by weight on 
Gas-Chrom P (60-80 mesh). For complete separation of 
products of alkylation it was sometimes necessary to 
change from one column to another. Helium at a flow 
rate of 100 rnl/min. was the carrier gas. Column temper- 
atures, generally 175-210°, varied with the different 
packings but were adjusted to give maximum separation 
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of products. Products were identified by comparison of 
their retention times with those of authentic samples, as 
well as by their isolation via gas-liquid chromatography 
and subsequent identification by n.m.r. and infrared 
spectral determinations. The paper areas of the various 
product peaks were measured by an integrator. Analyses 
of carefully weighed authentic mixtures of reaction prod- 
ucts showed that these paper areas could be used as direct 
measures of molar compositions of the reaction mixtures. 

I-Acer~apl~thenorze, 1 
Two methods were used for the preparation of 1- 

acenaphthenone. 
Merliorl A 
This method employed published directions (2, 3) with 

the following modifications. Rather than utilizing steam 
distillation to purify the ketone from the chromium salts, 
the latter were removed by washing a solution of the 
crude oxidation product (50 g) in 500 ml of benzene first 
with 400 ml of ice cold 0.5 N sodium hydroxide, then 
with 300mi of cold, 1 N hydrochloric acid, then with 
water. The dried (MgSO,) benzene layer was freed from 
solvent. The residual solid, after two crystallizations from 
95% ethanol and one from benzene- Skellysolve B6 
(1:4) melted at 119-12l0, lit. m.p., 121-121.5" (2), yield, 
55 %. 

Method B 
This method followed in part the general directions of 

Wenham and Whitehurst for analogous cyclizations (4). 
An excess (130 g, 1.09 moles) of thionyl chloride was 
added in portions to a solution of 100 g (0.54 mole) of 
1-naphthaleneacetic acid (Eastman Kodak Co.) in 300 ml 
of dry benzene. The mixture was stirred under reflux for 
3 h, then the excess thionyl chloride and the benzene were 
removed by distillation. The residual oil was distilled 
under reduced pressure giving a nearly quantitative yield 
of 1-naphthaleneacetyl chloride as a yellow oil; b.p., 
149-150" at  3.4 mm; lit. b.p., 188" at 23 mnl (22). 

A solution of the acid chloride (59 g, 0.29 mole) in 60 
ml of carbon disulfide was added dropwise, during 30-40 
min, to a stirred suspension of 56 g (0.42 mole) of an- 
hydrous, powdered aluminium chloride in 175 ml of 
carbon disulfide maintained at  room temperature. The 
mixture was then stirred overnight (12 h) and the resulting 
green material poured into ice water. The solid ketone, 
contaminated with aluminium salts, was removed by 
filtration. When the carbon disulfide was removed from 
the filtrate by means of a water aspirator additional 
ketone was obtained. The combined dried solids were 
extracted with 7501111 of hot benzene-Skellysolve B 
(1:4) and the hot solution filtered, then chilled. The 
precipitated ketone (41 g, 84 %) when air dried, melted at  
119-121". A small sample, further purified by steam 
distillation and crystallization from benzene - Skellysolve 
B (1 :4) melted at  121-123". 

2-Metlzyl-I-acerzapI~fIzetzone, 2 
A solution of 1-naphthaleneacetic acid (400 g, 2.15 

moles) in 950 n ~ l  of 98% ethanol containing 100 ml of 
concentrated sulfuric acid was refluxed for 2 h. The 
cooled mixture was poured into 1 1 of water and extracted 
twice with ether. The ether layer was washed repeatedly 

GSkellysolve B is conlmercial hexane. 

with 5 % aqueous sodium bicarbonate until starting mate- 
rial no longer could be recovered upon acidification of 
the bicarbonate extracts. The ether solution was dried 
(MgSO,) and distilled. The etlzyl I-napl~thaleneacerate so 
obtained boiled at  139-141" at  2.1 mm, lit. b.p., 134-141" 
at  0.8 mm (6); yield, 428 g, 98 % allowing for recovered 
starting material. 

In a flame-dried, 3-neck flask, fitted with a magnetic 
stirrer, condenser, and a thermometer to measure the 
solution temperature, were placed 130 g (0.61 mole) of 
the above ester, 800 ml of dry benzene and 140 g (1 mole) 
of methyl iodide. An Erlenmeyer flask, attached to one 
neck of the reaction vessel by means of a short piece of 
large diameter Tygon Tubing, contained 46 g (1 mole) of 
a 56% sodium hydride dispersion in paraffin oil (Metal 
Hydrides, Inc.). The hydride was added to the reaction 
vessel in small portions during a period of 1.5 h while the 
temperature was maintained at  2&25" by external cooling. 
After the addition was complete, stirring was continued 
for 1.5 h at room temperature then for 18 h with the 
solution under reflux. The cooled mixture was carefully 
decomposed by the slow addition of 200 ml of glacial 
acetic acid followed by 500 ml of water. The mixture was 
extracted twice with ether and the extracts washed with 
water and then 5 % aqueous sodium bicarbonate until free 
of acetic acid. The dried (MgSO,) solution was then 
distilled, affording 130 g (94%) of ethyl a-(I-tzaphfhy1)- 
propiotzate; b.p., 136-138" at  1.8 mm; lit. b.p., 144-148" 
at  0.8 mm (6). 

A mixture of the above ester (430 g, 1.89 moles) and 
100 g (2.5 moles) of sodium hydroxide in 750 ml of water 
was refluxed for 4 h. The resulting colorless solution was 
cooled and extracted with ether to remove unreacted 
ester, and the aqueous layer acidified with hydrochloric 
acid. The colorless solid, collected by suction filtration, 
was crystallized from aqueous ethyl alcohol giving cr-(I- 
r~apAtl~yl)propior~ic acid (334 g, 91 %) melting at  152-153"; 
lit. m.p., 148-149" (23). 

The solution of cr-(1-naphthy1)propionic acid (163 g) 
and thionyl chloride (150 g) in 450 ml of benzene was 
refiuxed for 3 h. The solvent and excess thionyl chloride 
was removed and the crude a-(I-t1aplztlzy1)propionyl 
clrloride was used directly in the following cyclizztion 
step. 

The crude a-(1-naphthy1)propionyl chloride (350 g, - 1.6 nloles) in 300 ml of carbon disulfide was added 
dropwise over a period of 2 h to a well-stirred mixture of 
325 g (2.4 moles) of granular aluminium chloride (BDH) 
in 1 1 of carbon disulfide kept at  room temperature. The 
mixture which turned dark green and then black, was 
stirred overnight, then deconlposed carefully with ice and 
water. The dark, sticky organic fraction could not be 
distilled, hence was subjected to steam distillation. A 
yellow oil came over very slowly (5 g per 3 1 of distillate). 
An ether extract of this oil was dried (MgSO,) and dis- 
tilled, affording 2-methyl-I-acenaphtl~enone as a colorless 
oil (137.5 g, 47%) boiling at  152-153" at 4.3 mm; nB5, 
1.6385. The low yield is attributed to the granular alumin- 
ium chloride used. When chilled, the oil solidified. 
Crystallization once from ethyl alcohol and twice from 
benzene - Skellysolve B (1 :4), gave solid 2-nzetlryl-I- 
acerzaphthetzone 2 melting at  33-34". 

The infrared spectrum in CC14 showed absorption at 
1715 cm-1 (C=O). The n.m.r. spectrum (CCI,, with 
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BOSCH AND BROWN: C-1 A N D  C-2 METHYLATED ACENAPHTHENES 723 

tetramethylsilane as reference) was consistent with the rlaphthyletze by the procedure of Brown and Ha~nmick 
structure and showed a quartet centered at r 6.45 (J = 7.5 (1) as modified by Lozac'h and Mollier (7). The picrate 
c.p.s.) and a doublet at  t 8.51 ( J  = 7.5 c.p.s.) along with of this olefin melted at  187-188" (from ethyl alcohol); 
aromatic protons between t 2 and r 3 in the area ratio of lit. m.p., 178-179" (1). Decomposition of the picrate with 
1 :3:6 respectively. sodium hydroxide solution (7) gave the known I-tt~etlzyl- 

Anal. Calcd. for C13H100: C, 85.69; H, 5.53. Found: acenapht1z)~lene as a dark-orange liquid. The n.m r. 
C, 85.82; H, 5.60. spectrum in CDC1, (reference, tetramethylsilane) agreed 

2-Methyl-I-acerzaphtl~et~otle Oxitne 
This compound melted at  126-140" (from water- 

ethanol). The infrared spectrum showed free and bonded 
hydroxyl at  3600 cm-' and 3265 cm-' respectively as 
well as absorption at  1620cm-' for C=N.  The n.m.r. 
spectrum referred to tetramethylsilane indicated a 1 :1 
mixture of syn and anti isomers; - hydroxyl proton 
doublets at  t 1.42 ( J  = 1 c.p.s.) and t 1.52 ( J  = 1 c.p.s.); 
two overlapping methinyl proton quartets centered at  
t 5.43 ( J  = 7 c.p.s.) and t 5.75 ( J  = 7 c.p.s.); two over- 
lapping methyl proton doublets at  t 8.28 ( J  = 7 c.p.s.) 
and t 8.32 ( J  = 7 c.p.s.); 6 aromatic protons between 
t 2.0 and r 3.0. 

Anal. Calcd. for Cl3Hl1NO: C, 79.16; H, 5.62; N, 
7.10. Found: C, 79.17; H, 5.92; N, 7.25. 

2,2-Dinzelhyl- I-acetzapl~tl~etzot~e 
This compound was prepared by exhaustive methyla- 

tion of 1-acenaphthenone as described above for the 
preparation of ethyl a-(1-naphthy1)propionate from ethyl 
1-naphthaleneacetate. From a dry benzene solution (400 
ml) of 50 g (0.3 mole) of 1-acenaphthenone, 1, 100 g 
(0.75 mole) of methyl iodide and 44 g (0.91 mole) of 
sodium hydride dispersion (4973, was obtained a dark 
yellow oil boiling at 106-106.5" at  0.6 mm. The oil was 
remethylated with 30 g of methyl iodide and 10 g of 
sodium hydride dispersion in 250 ml of benzene. After 
work-up and conlplete removal of benzene and ether 
solvents, the oil solidified, and after crystallization from 
95% ethyl alcohol gave 48 g (82%) of pale-yellow 2,2- 
dimethyl-1-acenaphthenone. An analytical sample, pre- 
pared by steam distillation and four crystallizations 
(charcoal) from ethyl alcohol, gave colorless plates 
meltins at  72-73". 

m he infrared spectrum (in CCl,) showed a strong band 
at  1718 cm-I (C=O). The n.m.r. spectrum in CDC1, 
referred to tetramethylsilane, showed a sharp singlet at  
t 8.55 (methyl protons) and aromatic protons at t 1.8- 
t 2.75 in the ratio of 1 :l. 

Anal. Calcd. for C14H120: C, 85.68; H, 6.17. Found: 
C, 85.52; H, 6.09. 

2,2-Din1ethyl-I-acet1apIltlzetzot1e Oxitne 
This compound melted at  130-141" (from water- 

ethanol). The n.m.r. spectrum (in CDCI,, with tetra- 
methylsilane as reference) indicated the presence of two 
isomers in the ratio of 1634,  -two hydroxyl proton 
doublets a t  t 1.38 ( J  = 1 c.p.s.) and t 1.50 ( J  = 1 c.p.s.), 
two methyl singlets at r 8.15 and t 8.37; aromatic protons 
at r 2 to  t 3. The infrared spectrum (CC1,) showed free 
and bonded hydroxyl at  3595 cm-' and 3270 cm-' 
respectively as well as absorption 1618 cm-' for C=N.  

Anal. Calcd. for C14H13NO: C, 79.59; H, 6.20; N, 
6.63. Found: C, 79.15; H, 6.20; N, 6.33. 

I-Merl~ylacenaphthene, 3 
Metllod A 
1-Acenaphthenone was converted to I-tt~efhglace- 

with the structure, - one vinyl proton at r 3.42 as a 
narrowly spaced quartet ( J  = 1.5 c.p.s.); a doublet a t  
t 7.75 ( J  = 1.5 c.p.s.) for the three methyl protons; six 
aromatic protons between r 2.2 and t 2.9. 

The 1-methylacenaphthylene in ethyl alcohol was 
reduced at  room temperature with platinum oxide and 
hydrogen at  50 p.s.i. giving a colorless oil (85 % yield) 
boiling at  92-94" at  0.9 mm; lit. b.p., 145-155" at  28 nlm 
(I). Gas-liquid chromatography indicated this to be of 
95-96% purity. 

Further purification was unsuccessful. 
Methorl B 
2-Methyl-1-acenaphthenone was subjected to Wolff- 

Kishner reduction following the modified method of 
Anderson and Wade (8) 

A mixture of 20 g (0.11 mole) of 2-methyl-1-acenaph- 
thenone in 70 ml of 95 % ethyl alcohol and 100 ml of 85 % 
hydrazine hydrate was refluxed for 1.5 h. T o  this was 
added 100 ml of diethylene glycol, and then the ethyl 
alcohol, water and excess hydrazine were removed by 
distillation until a temperature of 160-165" was reached. 
Subsequent addition of 14 g (0.25 mole) of potassium 
hydroxide to the cooled solution was followed by a reflux 
period of 4 h after which 100 ml of water was added to 
the cooled solution. The three successive ether extracts 
were combined and washed with water, dried (MgSO,) 
and distilled, giving 13 g (70%) of pure I-methylacenaph- 
thene boiling sharply at 94' at 1.2 mm; ?I:', 1.6180. The 
n.m.r. spectrum (neat) is consistent with the assigned 
structure; -three methyl protons as a doublet at  r 8.93 
( J  = 6.5 c.p.s.); a multiplet between r 6.5 and t 7.7 for 
three protons on carbon atoms cr to the aromatic nucleus 
and 6 aromatic protons between r 2.2 and r 3.3. 

I ,  I- Dimethylace?zapl~t/~ene, 4 
Wolff-Kishner reduction of 2,2-dimethyl-1-acenaph- 

thenone was carried out as above for the reduction of 
2-methyl-1-acenaphthenone to 1-methylacenaphthene. 
From 25 g (0.128 mole) of 2,2-dimethyl-1-acenaphthenone 
and 125 ml of 85 % hydrazine hydrate there was obtained 
11.5 g (50 %) of 1,l-dimethylacenaphthene as a clear 
yellow liquid boiling at  97-98" at  1.5 mm; 1.6001. 
The n.m.r spectrum (neat, tetramethylsilane as internal 
reference) showed singlets at t 7.11 (CHZ) and r 8.85 
(CH,) and aromatic protons at t 2.4 to t 3.2 in the ratio 
2:6 :6 respectively. 

Anal. Calcd. for C14H14: C, 92.26; H, 7.74. Found: 
C, 92.51 ; H, 7.44. 

Thepicrate was obtained as orange needles from a small 
amount of ethyl alcohol. It decomposed readily in solvents 
such as ether and hexane or when dried at 72" at  2 mm; 
m.p., 112-1 12.5". 

Anal. Calcd. for CZOH17N307: C, 58.39; H, 4.17; N, 
10.21. Found: C, 58.41; H, 4.44; N, 10.11. 

Cis- and Trans-1,2-dimethyl-I-acenayhthenol 
2-Methyl-1-acenaphthenone (25 g, 0.138 mole) in dry 

benzene (250 ml) was added slowly to methylmagnesium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



724 CANADIAN JOURNAL OF ( ZHEMISTRY. VOL. 46, 1968 

bromide (from 5.1 g, 0.21 mole, of magnesium and 45 g 
of methyl iodide in 200 ml of ether). The mixture was then 
refluxed for 2 h, cooled, and decomposed with ice and 
saturated aqueous ammonium chloride. The aqueous 
layer was extracted with ether, and the resulting ether- 
benzene solution dried (MgS04) and freed from solvent. 
The pale-yellow solid (25.4 g, 93%) so obtained was 
crystallized once from ethyl alcohol (charcoal) and thrice 
from Skellysolve B giving colorless crystals which 
yellowed slightly on standing at  room temperature. The 
broad melting point, 88-10lo, and the analysis indicated 
a mixture of isomers. The n.m.r. spectrum (Fig. 1) in 
CDC1, (tetramethyisilane as reference) supported the 
presence of two isomers in the ratio of 54:46, and showed 
two different methyl proton signals at  r 8.40 and r 8.62 
in addition to the expected methyl doublet at  r 8.68 ( J  
= 7.5 c.p.s.). As well there was present a quartet for the 
rnethinyl proton at  r 6.62 ( J  = 7.5 c.p.s.), two hydroxyl 
proton signals at  r 7.51 and r 7.98 and six aromatic pro- 
tons at  r 2.2 to r 3.0. Resolution at 100 megacycles led to 
clear separation of signals (inset, Fig. 1). Peak identifica- 
tion was achieved by use of spin coupling values as well 
as irradiation at  r 6.6 which caused collapse of the methyl 
doublet at  r 8.68 to a singlet. 

Anal. Calcd. for C14H140: C, 84.81; H, 7.12. Found: 
C: e4.46; H, 6.87. 

1,2-Dir1zetl1ylacer1apl~t/lyletze 
A quantity (20.7 g, 0.105 mole) of cis-trans-1,2-di- 

methyl-1-acenaphthenol was dissolved in a minimum 
amount of hot 95 % ethyl alcohol and this was added ini- 
mediately to a hot solution of 24 g (0.105 mole) of picric 
acid in 250 ml of ethyl alcohol. Thepicrnteof'l,2-dirrlethyl- 
acenaphtl~yler~e precipitated immediately from the hot 
solution and was collected and thrice crystallized from 
ethyl alcohol. The orange needles (41 g, 92%) melted at  
194-195" with decomposition. 

Anal. Calcd. for CZOHI5N3O7: C, 58.68; H, 3.69; N, 
10.27. Found: C, 58.63; H, 3.85; N, 10.38. 

Decomposition of 40 g of the above picrate with excess 
aqueous sodium hydroxide (in a large quantity of water 
to permit solution of the picrate) was followed by ether 
extraction of tlie precipitated yellow solid. The extract 
was washed thoroughly with water, dried (MgS04) and 
freed from solvent affording crude 1,2-dimetliylacenaph- 
thylene in 97% yield. Three crystallizations from ethyl 
alcohol gave yellow plates melting at 71.5-72". The n.m.r. 
spectrum in CDC1, (reference, tetrarnethylsilane) showed 
only a singlet for the methyl protons at  r 7.84 and the 
aromatic proton multiplet between r 2.3 and t 2.8 in the 
ratio 1 :I. The infrared spectrum showed a sharp band at  
1620 cm-I (unsaturation). 

Anal. Calcd. for CI,Hlz: C, 93.29; H, 6.71. Found: 
C, 93.48; H, 6.65. 

1,2-Dirnetl1yhce11apIztI1e1~e 
(a) Attempted Red~rctiorz b)' Diirnide (9-11) 
A continuous stream of air was bubbled through a 

mixture of 5 g of 1,2-dimethylacenaphthylene in 65 1111 
of methanol containing 6.5 g of 85% hydrazine hydrate 
and a s~iiall amount of cupric sulfate catalyst, while the 
mixture was stirred at  45-50' for 1 week. Small quantities 
of hydrazine hydrate along with fresh catalyst was added 
every 12 h. As well, methyl alcohol was added, as re- 
quired, to ofiset losses due to evaporation. The reaction 

mixture was filtered, the solvent removed and the residue 
taken up in ether. The ether solution was washed with 
dilute aqueous hydrochloric acid, water and dried 
(MgS04), then concentrated to a small volume and 
analyzed by gas-liquid chromatography. The mixture of 
products contained unreduced 1,2-dimethylacenaphthy- 
lene (43 %) along with 13 % of an  unidentified higher 
boiling impurity. 

(b) Catalytic Hyclrogermtion 
Catalytic hydrogenation at  room temperature of 1,2- 

dimethylacenaphthylene (5 g) in 100 ml of ethyl alcohol 
was carried out in the presence of platinum oxide and 
hydrogen at  an initial pressure of 20 p.s.i. When hydrogen 
uptake was completed, the solution was filtered and the 
solvent removed, leaving a crude grey solid in nearly 
quantitative yield and of 96% purity. Three crystalliza- 
tions from ethyl alcohol (charcoal) gave colorless needles 
of cis (?)-1,2-dimethylacenaphthene, 5, melting sharply 
at  53-54". The n.m.r. spectrum in CDC1, with tetra- 
methylsilane as reference, shown in Fig. 2, agrees with 
the assignment of the structure as 1,2-dimethylacenaph- 
thene. 

Anal. Calcd. for CI4Hl4: C, 92.26; H, 7.74. Found: 
C, 92.38; H, 7.63. 

Cis( ?) -1,2-dinzetl~ylace11apI1tIzet~e picr.nte (from alcohol) 
was obtained as fine orange needles, melting at 116-1 17". 

Anal. Calcd. for CZOHI7N3O7: C, 58.39; H, 4.17; N, 
10.21. Found: C, 58.27; H, 4.27; N, 10.41. 

1,2,2-Trir~zetlzyl-I-ace1~apI1tIze1101 
This compound was prepared by dropwise addition of 

10 g (0.051 mole) of 2,2-dimethyl-1-acenaphthenone in 
100 1111 of dry benzene to a Grignard solution made from 
magnesium (2 g, 0.082 mole) and methyl iodide (15 g, 
0.105 mole) in 80 1111 of dry ether. The mixture was then 
refluxed for I h and subsequently decomposed with ice 
and saturated aqueous a~nmoniu~i i  chloride. The organic 
layer was washed with water, dried (MgS04), and freed 
from solvent. A quantitative yield of crude 1,2,2-trimethyl- 
I-acenaphthenol was obtained as a pale-yellow solid.Three 
crystallizations fro111 95% ethyl alcohol (charcoal) gave 
colorless crystals melting at  101-102". The carbinol de- 
colnposed slowly on standing. 

The n.rn.r. spectrum in CDCI, (tetramethylsilane as 
reference) was consistent with the structure assigned 
showing one hydroxyl proton singlet at r 8.0, three 
different methyl groups at  r 8.49, T 8.67, and r 8.74 and 
aromatic protons at r 2.2 to r 3.0 in the ratio 1:3:3:3:6. 
The infrared spectrum (CC14) showed a narrow band at  
3620 cni-I (free liydroxyl). 

Anal. Calcd. for CISHIGO: C, 84.86; H, 7.60. Found: 
C, 84.89; H, 7.40. 

2,2- Dinzetl~yl-l-t~~etl~)~lerlence~~apI~tI~er~e 
Dehydration of 1,2,2-trimethyl-I-acenaphthenol (50 g, 

0.236 mole) was accomplished with picric acid following 
the same procedure used for the conversion of cis, trans- 
1,2-dimethyl-1-acenaphthenol to 1,2-dimethylacenaph- 
tliylene above. Deconiposition of the picrate with base, 
followed by ether extraction and distillation of the dried 
ether solution, afforded 41.5 g (91 %) of 2,2-dimethyl-1- 
methyleneacenaphtliene as a pale-yellow oil boiling a t  
101.5-102" at  0.9 mm; ndz, 1.6315. 

The n.m.r. spectrum (neat, reference tetramethylsilane) 
showed a singlet a t  r 8.72 for tlie six methyl protons, two 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BOSCH AND BROWN: C-I AND C METHYLATED ACENAPHTHENES 725 

geminal methylene proton singlets at r 4.32 and T 4.91 
and 6 aromatic protons at  r 2.3 to r 3.2. 

Anal. Calcd. for CL5HI4:  C, 92.74; H,  7.26. Found: C, 
92.61 ; H, 7.26. 

The 2,2-dimethyl-1-metl~yleneacenaphthene picrate, 
obtained from cold ethyl alcohol solution, melted initially 
at  62-63" (decamp.) and then at 85-100' with further - .  
decomposition. 

Anal. Calcd. for CZ1H17N307: C, 59.57; H, 4.05: N, 
9.93. Found: C, 59.22; H, 4.21; N, 10.13. 

1,1,2-Tri~11etl1ylncenapl1tI1et1e, 6 
Method A 
2,2-Dimethyl-1-methyleneacenaphthene was reduced 

catalytically according to the procedure described above 
for the hydrogenation of 1,2-dimethylacenaphthylene. 
The yield of colorless product, after distillation, was 90 %; 
b.p. 98-99" at 1.0 mm. A 5 %  impurity was present but 
this could be removed by gas-liquid chromatography on 
a 20-ft preparative column of 20% butanediol succinate 
on Gas-Chrom W at 200 OC. Pure 1,1,2-tri~nethylacenaph- 
thene, 6, boiled at  108" at 1.5 mln; ng5, 1.5932. 

The nn1.r. spectrum agreed with the structure, showing 
one methinyl proton as a quartet at  s 6.9 ( J  = 7 c.p.s.), 
one methyl proton doublet at  r 8.67 ( J  = 7 c.p.s.) and 
singlets for two methyl group protons at  r 8.6 and r 8.82. 
A multiplet between r 2.3 and T 3.0 is due to 6 aromatic 
protons. 

Anal. Calcd. for C15H16: C, 91.78; H,  8.22. Found: 
C. 91.65: H ,  7.98. 
'1,1,2-~rimeth~lacena~hthene picrate, from ethanol, 

melted at 71-72" (decomp.) with further decomposition 
up to 105". 

Anal. Calcd. for CZ1H19N307: C, 59.29; H, 4.50; N, 
9.88. Found: C, 59.28; H, 4.72; N. 9.86. 

Method B 
To 2,2-dimethyl-I-methyleneacenaphthene (5 g) in 40 

ml of dry tetrahydrofuran was added 2 g of lithium 
aluminium hydride (two-fold excess) and the mixture then 
heated under reflux for 20 h. The cooled solution was 
decomposed cautiously with water and dilute hydro- 
chloric acid. The ether extract was washed with water, 
dried (MgSOJ, and freed from solvent. The residue, when 
purified by chromatography on neutral alumina with 
Skellysolve B as eluant, gave 4 g of colorless liquid of 
better than 98% purity which was identical, as shown by 
its n.m.r. spectrum, to  1,1,2-trimethylacenaphthene. 

Method C 
To 1 g (0.026 mole) of lithium aluminium hydride in 

50 ml of dry ether was added, dropwise, over a period of 
1 h (16), an ether solution of 4.4 g (0.012 mole) of 
2,2-dimethyl-1-hydroxymethylacenaphthene p-toluene- 
sulfonate (see be!ow). The reaction mixture was then 
stirred at  room temperature for 1 h, then under reflux for 
16 h. The cooled solution was decomposed with ethyl 
acetate and water. An ether extract was filtered and dried 
MgS04). Removal of the solvent left 2.4 g of pale- 

yellow oil which was purified by chromatography on 
neutral alumina with Skellysolve B as eluant. A colorless 
oil was obtained (2.3 g, 97%) which was shown to  be 
1,1,2-trin~ethylacenaphthene by its n.m.r. spectrum. 

2,2-Di11?et~fy~-~-11ydro.~yn1et~1ylace11np/zt~1ene 
The hydroboration-oxidation procedure (15) for con- 

version of olefins to alcohols was employed. In a I I, 

3-neck flask equipped with a magnetic stirrer, dropping 
funnel, thermometer, condenser, and nitrogen inlet, were 
placed 110 rnl of a 1.0 M solution of sodium borohydride 
in diglyme, and 50 g (0.258 mole) of 2,2-dimethyl-1- 
methyleneacenaphthene in 30 ml of diglyme. The flask 
was immersed in water at  20' and flushed with nitrogen. 
Subsequently, throughout the reaction, a static nitrogen 
atmosphere was maintained. From the dropping funnel, 
18 ml of freshly distilled boron trifluoride etherate was 
added dropwise, while the temperature of the reaction 
mixture was maintained at  2&25O. After the etherate had 
been added, the solution was stirred for 1 h, then the 
excess hydride was destroyed cautiously by dropwise 
addition of 30ml of water. The organoborane was 
oxidized a t  40-50" by addition first of 28 ml of 3 N 
aqueous sodium hydroxide, the solution stirred for a 
short time at  this temperature, then 28 ml of 30% hydro- 
gen peroxide added dropwise. The mixture was then 
stirred at  room temperature for 1 h, extracted with ether 
and the ether layer washed five times with water to  
remove the diglyme. The ether solution was dried 
(MgS04) and the solvent removed, leaving 53 g (97%) of 
a pale-yellow, viscous oil. Distillation under reduced 
pressure of a small amount of the product, using steam t o  
heat the condenser, gave 2,2-dimethyl-1-hydroxymethyl- 
acenaphthene as an  extremely viscous, nearly colorless 
oil of 97-98 % purity as shown by gas-liquid chrornatog- 
raphy, b.p. 140-141" at  0.75 mm; I I ~ ~ ' ~ " ,  1.6149. 

The n.m.r. spectrum (Fig. 3) in CCI, (referred to  
tetramethylsilane) agreed with the assigned structure. 
Two sharp singlets appeared for the two methyl groups a t  
r 8.62 and r 8.70 as well as a singlet for the hydroxyl 
proton at T 6.91. The two methylene protons along with 
the one methine proton gave rise to an AB type spectrum 
with multiplets centered at  T 6.16 and r 6.69. Aromatic 
protons appeared between T 2.3 and T 3.1. 

Anal. Calcd. for C15H160: C, 84.86; H,  7.60. Found: 
C, 84.55; H,  7.60. 

The 3,5-di1zitrobe11zoate of 2,2-dimetl1yl-l-hydroxy- 
tnethylacenapl~thene was a yellow solid (from chloro- 
form) melting at  20&201°. The n.m.r. spectrum in CDCI3 
agreed fully with the structure assigned. 

Anal. Calcd. for CZZHl8NZO6: C, 65.02; H, 4.46; N, 
6.90.Found: C,65.25;H,4.61;N,6.66. 

2,2 - Dimetl~yl- 1 - hydroxymetlrylace~~apl~tl~e~~e p -Toluene - 
sulfonate 

This compound was prepared by the addition of a 
solution of p-toluenesulfonyl chloride (10 g, 0.053 mole) 
in 30 ml of pyridine t o  8 g (0.038 mole) of 2,2-dimethyl- 
1-hydroxymethylacenaphthene in 30 ml of pyridine. The 
mixture was kept at  room temperature for 2 days and 
then poured into 400 ml of ice water and extracted 
twice with chloroform. The combined chloroform ex- 
tracts were washed three times with 200 ml quantities of 
cold, 6 N hydrochloric acid, twice with 200 rnl quantities 
of cold saturated aqueous sodium bicarbonate and then 
twice with water. The solution, when dried (CaCIZ) and 
freed from solvent, gave 13.3 g of crude ester as a t h ~ c k  
yellow oil. This oil was dissolved in excess hot 98% 
ethanol. The cooled solution deposited 9.8 g (70%) of 
grey crystals. Two crystallizations from ethanol gave 
colorless crystals melting at  72-73O. 

The n.m.r. spectrum agreed wit11 the assigned structure. 
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Anal. Calcd. for CZzHz203S: C, 72.10; H, 6.05; S, 
8.75. Found: C, 71.94; H, 6.06; S, 9.00. 

2,2- Din2e!11y1-1-ace11apl1!I1e11ecarboxaldehyde 
Method A 
By oxidation of 2,2-dimethyl-1-hydroxymethylacenaph- 

thene according to Barton's procedure (17). 
Phosgene was bubbled into a stirred solution of 400 ml 

of dry ether for I h. To the resulting solution was added 
50 g (0.236 mole) of 2,2-dimethyl-1-hydroxymethyl- 
acenaphthene in 100 ml of ether. Stirring was then con- 
tinued for 2 h, while phosgene was passed continuously 
into the solution. This procedure was repeated until, after 
evaporation of the solvent from a sample of the solution, 
the product so obtained showed no hydroxyl absorption 
in the infrared spectrum. In this manner 63 g (97%) of 
the chloroformate ester was obtained as a viscous, pale- 
yellow oil boiling at 150-151' at 0.8 mm. This formate 
ester darkened to a black color on standing at room 
temperature for a prolonged period, hence should be 
used soon after its preparation. 

The crude ester, in a 1 1 flask, was treated with dimethyl 
sulfoxide (previously dried by passage through a colunln 
of molecular sieves and then distilled from calcium 
hydride under reduced pressure) and the mixture stirred 
at 15" for several minutes. A vigorous evolution of 
carbon dioxide took place. When gas evolution had ceased, 
the solution was stirred at room temperature for 15-20 
min and then dry, distilled triethylan~ine (120 ml) was 
added dropwise during a 20-30 min period while the 
reaction mixture was kept cool in an ice water bath. This 
cooling caused some of the dimethyl sulfoxide to solidify, 
but solution was attained by slight warming of the 
reaction vessel after all the amine had been added. 

The mixture was stirred at room temperature for 111 
and then 200 1111 of water was added followed by sufficient 
2 N hydrochloric acid to acidify the solution (about 450- 
500 ml). The solution was extracted twice with ether, and 
the combined ether extracts washed twice with water and 
dried (MgSOJ. Removal of the solvent gave 54g of oil 
which consisted of two components in the ratio 4:l as 
shown by gas-liquid chromatography on a silicone 
rubber column. The main fraction was the desired 
aldehyde while the smaller fraction was mainly starting 
material. 

Purification of the reaction product by chromatography 
on neutral alumina or via bisulfite addition was unsuccess- 
ful. However, the aldehyde was separated by mixing 5 g 
quantities of the oil with 12.5 nll of ethyl alcohol and 4 g 
of Girard's T reagent (Fisher Scientific Co.) and 1.25 ml 
of glacial acetic acid and heating this mixture under 
reflux for 1 h (1 8). To the cooled solution was added 50 ml 
of water and the mixture then thoroughly extracted with 
3 portions of ether. From these ether extracts, first 
washed with aqueous bicarbonate and then with water, 
small quantities of starting alcohol could be recovered. 
To the aqueous layer was added 2.5 ml of concentrated 
hydrochloric acid along with 25 ml of benzene and the 
whole warmed gently on a steam bath for 30 min. An 
ether extract of this mixture was dried (MgSO,) and 
freed from solvent, leaving 2.75 g of dark oil which gas- 
liquid chromatography showed to be the aldehyde of 95 % 
purity. Benzene elution of this contaminated aldehyde on 
neutral alumina gave a clear yellow liquid of similar 
purity (- 95 %) but about 40 % of the aldehyde was lost 
in this last step. 

No analysis was performed on the 95 % pure aldehyde. 
However the n.m.r. spectrum in CCI, (referred to tetra- 
methylsilane) agreed well with the assigned structure and 
showed two singlets at T 8.52 and T 8.58 for the two 
methyl groups, a doublet at r 6.13 ( J  = 4 c.p.s.) for the 
methine proton and a doublet at r 0.45 ( J  = 4 c.p.s.) for 
the aldehyde proton. Aromatic protons were found 
between T 2.2 and T 3.0. The spectrum was devoid of any 
other significant signals. 

Method B -  via reaction of 2,2-dimethyl-1-acenaph- 
thenone with dimethyloxosulfonium methylide (19). 
Tri~t~e!l~yloxosulfoni~~m Iodide 
This compound was prepared by refluxing a solution 

of 32 g (0.41 mole) of dry dimethyl sulfoxide in 60 ml of 
methyl iodide under nitrogen for 3 days, during which 
time the solution turned yellow and a colorless solid 
precipitated. The colorless solid, removed by filtration, 
washed with chloroform and dried, weighed 27 g (30%). 
Crystallization from 150 ml of water gave 24.3 g of large 
colorless prisms. These were crushed and then dried in a 
vacuum desiccator over phosphorus pentoxide. 

Dime!hyloxosulfonium Methylide 
Sodium hydride (6.45 g, 0.15 mole), as a 56 % dispersion 

in mineral oil, was placed in a 3-neck, round bottom flask 
equipped with a magnetic stirrer. The hydride was washed 
three times with Skellysolve B, by swirling and decanting 
the liquid portion, to remove the mineral oil. The flask 
was fitted immediately with a reflux condenser and the 
system stoppered and evacuated. Immersion of the 
vessel in warm water (- 50') for 10 min permitted re- 
moval of the last traces of SkellysolveB. The vacuum was 
released and 33 g (0.15 mole) of powdered trimethyloxo- 
sulfonium iodide was introduced through one of the side 
arms. The system was put under nitrogen by repeatedly 
evacuating the flask and filling it with nitrogen. There- 
after the system was opened to atmospheric pressure and 
a slow influx of nitrogen maintained. Dry dimethyl 
sulfoxide (100 ml) was introduced slowly over a 30 min 
period via a dropping funnel, to the stirred solution. A 
vigorous evolution of hydrogen ensued and a milky- 
white mixture formed. This was stirred for an additional 
20 min. 

To the above stirred solution of the ylid was added, 
over a period of 20 min, a solution of 16 g (0.082 mole) of 
2,2-dimethyl-1-acenaphthenone in 50 mi of dimethyl 
sulfoxide. The mixture was then heated at 50-60" for 4.5 
11, then cooled and diluted with 250 ml of water. The 
mixture was extracted twice with ether, the combined 
ether extracts washed twice with water, then dried 
(MgSO,), and freed from solvent. The residual yellow 
oil was shown by its n.m.r. spectrum (Fig. 4) to be a 4:l 
mixture of the oxirane (Scheme 5, b) and starting ketone 
respectively. When only a 10% excess of methylide was 
used, and the mixture heated at 50-60" for 1 h, a 3 :2ratio 
of oxirane to ketone was obtained. This ratio was raised 
to 2:l when the reactants were stirred at room tempera- 
ture overnight and then heated at 50-60" for 5 11. A 10-h 
heating period caused decomposition of the products and 
the products in this case showed the presence of very 
little oxirane (by n.m.r.). 

The yellow oil (above), containing a mixture of oxirane 
and ketone 4:1, was dissolved in Skellysolve B and sub- 
jected to chromatography on neutral alumina (250 g). 
The column temperature increased when this mixture 
was added. The original ketone was removed with ether. 
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Elution with methanol gave 10.4 g of crude 2,2-dimethyl- The n.m.r. spectrum in CDC13 showed the following 
1-acenaphthenone carboxaldehyde as an orange oil. A peaks, - r 8.51, r 8.78, and r 8.95 for 3 aliphatic methyl 
second chromatography on neutral alumina, with ben- groups; r 7.58 for the aromatic methyl group. Both the 
zene as eluant gave 4 g (-30%) of nearly pure aldehyde N-H proton and vinylic proton were found buried in the 
as a pale-yellow oil. Both the infrared and n.m.r. spectra aromatic proton region between r 2.0 and r 3.2, an  
supported the structure. observation reported elsewhere (24). 

Attenrpted Reaction between 2,2-Dimethyl-I-methyletre- 
acenaphthene and Pero.rybenzoic Acid 

T o  3 g (0.0155 mole) of 2,2-dimethyl-1-methyleneace- 
naphthene in 100 ml of chloroform at 0-5' was added, 
over a period of 1 h, a solution of peroxybenzoic acid 
(0.0183 mole) in chloroforn~ (35 ml of a solution con- 
taining 0.072 g of acid per ml of solvent diluted with an  
additional 40 n11 of chloroform). The reaction mixture 
was stirred at  ice bath temperature for 6 h and then at  
room temperature for 10 h. The solution was washed 
with saturated aqueous bisulfite, then twice with 5 % 
aqueous sodium bicarbonate, and dried (MgS04). 
Removal of the chloroform gave a dark brown oil which 
became viscous and black on standing. The n.m.r. 
spectrum showed this to be chiefly starting material. No 
oxirane signals at r 6.8 were evident. 

Similar results were obtained with m-chloroperoxy- 
benzoic acid. 

I,2,2-Trimethyl-I-acenaphrhenecarboxaldehyde 
This compound was prepared in 84% yield by alkyla- 

tion of the above con~pound, 2,2-dimethyl-1-acenaph- 
thenecarboxaldehyde using methyl iodide and sodium 
hydride in benzene following the procedure employed for 
the methylation of 1-acenaphthenone above. The prod- 
uct was obtained by chromatography on neutral alumina. 
Elution with Skellysolve B removed the paraffin oil. 
Elution with benzene and finally with ether gave the 
trimethyl aldehyde as  a nearly pure yellow oil. When 
cooled, the oil solidified and then was crystallized twice 
from ethyl alcohol. The nearly colorless crystals melted 
at  53-54'. The infrared spectrum in CC14 showed strong 
absorption at  1720 cm-' (C= 0). The n.m.r. spectrum 
in CC14 (reference, tetramethylsilane) showed three 
singlets for the three methyl groups at  r 8.56, r 8.59, and 
r 8.82, as well as a singlet at  r 0.80, for the aldehyde 
proton. Aromatic proton signals appeared as a multiplet 
between r 2.2 and r 3.0. 

Anal. Calcd. for C16H160: C, 85.67; H, 7.19. Found: 
C, 86.02; H,  6.98. 

I,2,2-Trimethyl-I-acenaphtI~enecarboxalde1ye p-Toluene- 
sulfonylhydrazor~e 

This compound was synthesized by heating under 
reflux a solution of 5.6 g (0.025 mole) of 1,2,2-trimethyl- 
1-acenaphthenecarboxaldehyde with a slight excess of 
p-toluenesulfonylhydrazine in 100 ml of methanol for 4-5 
h. The reaction mixture, cooled in a refrigerator, deposit- 
ed 5 g of nearly colorless crystals which were collected 
and washed with ether. The filtrate was evaporated to a 
small oily residue from which an additional 2.4 g of solid 
was obtained by scratching, seeding, and chilling. The 
combined crude hydrazone was washed with cold, 10% 
aqueous sulfuric acid to remove unreacted hydrazine. The 
solid was then dissolved in a minimum quantity of hot 
methanol, and water was added dropwise until a faint 
cloudiness appeared. Subsequent cooling gave crystals 
which were collected and subjected to a second crystal- 
lization by the same procedure. The small, glistening 
white plates melted at  163.5-164.5'. 

I,I,2,2-Tetrametl1ylacennpI1tI1ene, 7 
Method A 
Wolff-Kishner reduction (8) of 1.25 g of 1,2,2-tri- 

methyl-1-acenaphthenecarboxaldehyde by the method 
used for the reduction of 2-methyl-1-acenaphthenone to 
1-methyl-acenaphthene above gave, after evaporation of 
the solvent from the ether extract, a light-brown oil (1.02 
g) which consisted of two components in the ratio 15:85 
as indicated by gas-liquid chron~atography on a silicone 
rubber column. When cooled and scratched, the oil 
solidified. Crystallization from ethyl alcohol (charcoal) 
gave 500 mg of a yellow solid which gas-liquid chroma- 
tography showed to be - 98% pure, m.p., 43.544.5'. 
Sublimation at  0.5 mm pressure and oil bath temperature 
of 90-100" produced a white solid better than 99.5% 
pure; m.p., 57-58'. 

The n.m.r. spectrum in CC14 (reference, tetramethyl- 
silane) showed aromatic protons at r 2.6 to r 3.1 and a 
sharp-singlet at r 8.75 fo; the four methyl groups, in the 
ratio 1 :2. 

Anal. Calcd. for C16HI8: C, 91.37; H, 8.63. Found: 
C, 91.10; H,  8.51. 

A pure picrate of the tetramethylacenaphthene could 
not be obtained. 

The 15% impurity was not identified. 
Method B 
By a modification of the procedure of Caglioti and 

Grasselli (21), a mixture of 6.1 g (0.0156 mole) of 1,2,2- 
trimethyl - 1 - acenaphthenecarboxaldehyde p - toluene - 
sulfonylhydrazone in 150ml of dry tetrahydrofuran 
(distilled from lithium aluminium hydride) and 6 g (0.16 
mole) of lithium aluminium hydride was heated under 
reflux for 8 h. The cooled solution was poured cautiously 
into moist ether. T o  this was added water and 10% 
aqueous sulfuric acid to complete the decomposition of 
excess hydride. After the ether solution was washed 
successively with 10% aqueous sulfuric acid, 10% 
aqueous sodium hydroxide, and water, the organic layer 
was dried (MgS04) and freed of solvent to give 2.3 g of 
yellow-brown oil. Gas-liquid chromatography, using 
three different columns, showed the presence of only 
three products, one in 5 %  concentration and the other 
two in approximately equal amounts (- 47.5 %). Com- 
parison of retention times with those of known compounds 
identified the latter two as 1,1,2-trimethylacenaphthene 
and 1,1,2,2-tetramethylacenaphthene. The n.m.r. spec- 
trum corroborated such a mixture. The mixture was not 
separated. 
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Ranunculin 

M. H.  BENN AND LOIS JEAN YELLAND 
Departl~~lrt of Clteinistry, Tlte Uiriversity, Calgary, Alberta 

Received September 26, 1967 

A reinvestigation of the structure of ranunculin, the glucosidic precursor of the vesicant principle 
of many Rarz~rr~crrlrrs species, protoanemonin, supported the gross structure proposed by Hill and 
van Heyningen and led to the stereochemistry at the asymmetric center of the aglucone. 

Canad~an  Journal o r  Chem~stry,  46, 729 (1968) 

When chewed, the leaves of many plants of the 
family Ranunculaceae rapidly produce an intense 
burning or tingling sensation on the tip of the 
tongue. In some cases, the bruised plants are 
also capable of producing erythema or in 
severe cases blistering of the skin. The chemical 
agent responsible for these effects has been 
identified (1) as protoanemonin (2), an unstable 
compound which dimerizes to give anemonin (3) 
(2), which is non-vesicant. 

In 1951, Hill and van Heyningen reported (3) 
the isolation of a glucosidic precursor of proto- 
anemonin, to which they assigned the name 
Ranunculin and the provisional structure 1. 

The results of subsequent studies by Hellstrom 
(4) and by Bredenberg (5) supported this struc- 
ture, and Hellstrom inferred, from an analysis 
of the infrared spectrum of ranunculin, that the 
glucosidic linkage most probably had the P-D- 
configuration. This coilclusion was supported by 
the observation (4) that ranunculin was cleaved 
by almond emulsin, to give D-glucose and an 
apparently levorotatory aglucone, presumably 4. 

We describe here the results of a new study 
of ranunculin which further corroborate Hill 
and van Heyningen's structure and which also 
establish the configuration at  the asymmetric 
center in the aglucone. 

Ranunculin was isolated from a number of 
sources, including Ranunculus cardiop/~yZlus 
Hook and Anemone patens L. var wolfgangiana 
(Bess.) Koch, which represent additions to the 
list (6) of ranunculin-containing plants. The 
physical properties of the glucoside were in 
excellent agreement with those previously re- 
ported. 

The proton magnetic resonance Cp.m.r.) 
spectrum' of ranunculin is also consistent with 

1Measured using a solution of ranunculin in D20, after 
repeated hydrogen-deuterium exchange, at 60 Mcyclesls, 
with tetramethylsilane as external, and tetramethyl 
ammonium chloride as internal standard. 

structure 1. Prominent features of the spectrum 
are three low field signals, each corresponding in 
area to one hydrogen atom, at z 2.17 (dd, J = 6 
and 1.8 c.p.s.), 3.66 (dd, J = 6 and 2.4 c.p.s.), 
and 4.49 (complex 8 line multiplet, width 12 
c.p.s.). The first two si nals wsascribe to the -3 hydrogens in positions -2 and -3- of the lactone 
ring respectively and the last to the proton at  
position-4. (These signals are not present in the 
p.m.r. spectrum of dihydroranui~culill tetra- 
acetate.) Furthermore, a doublet, with area 
corresponding to one hydrogen atom, at  T 5.47 
(J = 8 c.p.s.) corresponds, both in position and 
coupling constant to a proton at an anomeric 
center with the (C-1) P-D-glucosidic configura- 
tion (7).2 

We determined the configuration at C-4 of the 
lactone ring as follows. Hydrogenation of ranun- 
culin over palladium-charcoal resulted in the 
smooth uptake of one mole of hydrogen and the 
formation of dihydroranunculin (6) which we did 
not obtain crystalline, but which gave a nicely 
crystalline tetraacetate. The p.m.r. and infrared 
spectra of this tetraacetate revealed that, as 
expected, the conjugated carbon-carbon double 
bond present in ranunculin had been reduced. 
Periodate oxidation of the dihydroranunculin 
resulted in a clean-cut consumption of two moles 
of periodate, and the initial product (7) was then 
further oxidized with bromine (9). Acid hydro- 
lysis of this oxidation product followed by re- 
oxidation with bromine (9) and removal of 
acidic products yielded a syrup which showed 
infrared absorption in the y-lactone region and 
was presumably mainly 8. This syrup was then 
reduced with lithium aluminium hydride to give 

2The anomeric proton signal is frequently more com- 
plex (ABX system) (8), but the absence of a signal in 
the T 4.6-5.2 region, where the signal for a hydrogen 
atom at an anomeric center with the (C-1) (11) a-D-con- 
figuration is to be expected (7) provides some additional 
support for our assignment. 
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C6H~1050CHz e0 enzyme c H 2 e ~  

3-2 
--f 

or base 

an oily trio1 with [a], -13" and an infrared 
spectrum virtually identical with that of authen- 
tic L-l,2,5-pentanetriol (9), [a], -15.5", pre- 
pared from L-glutamic acid (10). The identity 
of the two triols was confirmed by comparison 
of their tri-p-nitrobenzoates, which were identical 
in all respects. 

Thus the absolute configuration at C-4 of the 
lactone moiety of ranunculin is S (or D), the 
aglucone (4) is (S) 5-hydroxy-2-penten-4-olide; 
and ranunculin itself is as 5. 

Various biogeneses may be suggested for 

ranunculin; attractive are those which involve 
modification of a disaccharide, such as 6-0-j3-D- 
glucopyranosyl-2-deoxy-D-ribonolactone; alter- 
natively the aglucone may be derived from L- 
glutamic acid. 

Experimental 
Ra~zu~zculin (4)  

Ranunculin was isolated from Ra~zunc~tlus acris L., R .  
cardioplzyllus Hook. and Anemone patens L. var, wolf- 
gangiana (Bess.) Koch by a slight modification of Hill 
and van Heyningen's procedure. 

Freshly collected plants (2 kg) were macerated, in 
portions, in a Waring blendor with dilute hydrochloric 
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acid (40 ml concentrated acid in a 1 of water) to which 
sufficient crushed ice was added to keep the temperature 
below 30". The pulp was strained through cheese-cloth 
and the turbid liquid so obtained was then filtered 
(suction) through a pad of Celite to give a clear, rosC- 
colored solution. This solution (ca. 2.5 1) was stirred 
with "degassed" active charcoal (100 g) for 1 h and then 
filtered through a thick pad of Celite. The filtrate was 
colorless. The filter pad was washed with distilled water 
until the washings were almost neutral (pH ca. 6.5) and 
the filtrate and washings were rejected. Aqueous ethanol 
(1:1, v/v) (2 1) was slowly sucked through the pad and 
the filtrate was evaporated to a small volume (ca. 50 ml) 
initially in a cyclone evaporator and finally on a rotatory 
evaporator, maintaining the solution temperature below 
40". The concentrated solution was diluted with methanol 
(100 ml) and, after having been allowed to stand at room 
temperature for 10 min, the solution was filtered through 
a pad of Celite. The filter pad was washed with methanol 
(50 ml) and the combined, clear, pale-yellow filtrate and 
washings were evaporated, initially on a rotatory evap- 
orator and finally under an air jet, to a yellow syrup. 
Crystals slowly separated from the syrup and were col- 
lected and washed with ethanol. Further crops of crystals 
were obtained upon refrigerating the combined mother 
liquor and washings. Recrystallization of the crystals 
from methanol gave ranunculin (9-10 g) as colorless 
crystals, n1.p. 140-141" (capillary); [a]i4 -77(+ 3") 
(c, 2 in H20) ;  h ,,,, (H,O) 208 mp, E 10 650; lit. n1.p. 141- 
142" (3), 140-141" (5), 14C143" (4); [a]F.' -80.7 (3), 
[a];* -80' (4); A,,,, 205 mp, E 9800 (5), 210 mp, E 
14 000 (4). The infrared spectrum of the crystals (in 
KBr disc) was also identical with the spectra given for 
ranunculin by Hellstrom (4) and Bredenberg (5). 

Dit1ydrorar1rrr1c~llitl (6)  
A solution of ranunculin (2.76 g, 0.01 mole) in methanol 

(250 ml) was added to prereduced 5 %  palladium on 
charcoal (2 g) in methanol (501111) and the mixture was 
hydrogenated at atmospheric pressure. (CAUTION. The 
palladiun~ catalyst sometimes caught fire when it was 
first suspended in methanol prior to prereduction!) 
Hydrogen uptake ceased after 0.01 mole had been taken 
up. The suspension was filtered through a pad of Celite 
and the filter pad washcd with methanol (150 ml). The 
combined filtrate and washings were evaporated under 
reduced pressure to yield a colorless gum which refused 
to crystallize. 

The tetraacetate of the reduction product was pre- 
pared by acetylation with pyridine - acetic anhydride, 
and was obtained as fine colorless needles, from ethanol, 
(3.0 g) m.p. 134-136", [a]:: $6.1 + 0.6" (c, 6 in CHCI,). 

Anal. Calcd. for Cl9H,,Ol2: C, 51.12; H, 5.87. Found: 
C, 51.01; H, 5.88. 

Degracicltion of Ranar~csdi~z 
Ranunculin (4.4 g, 14.9 mmoles) was converted to 

dihydroranunculin, as described above. The total prod- 
uct from the hydrogenation was taken up in water (ca. 
50 rill) and transferred to a 250 n11 graduated flask. A 
solution of sodium metaperiodate (40 g in 350 ml) 
(80.0 g) was added and the reaction mixture made up to 
the mark and stored in the dark, at room temperature. 
Aliquots (1 ml) of the reaction mixture were withdrawn 
periodically, quenched in 0.02 N sodium arsenite solu- 

tion to which 10% aqueous potassium iodide (1 ml) had 
been added, and the excess of arsenite titrated with 
standard iodine solution. The results were compared to 
those obtained with a "blank" reaction mixture, prepared 
by diluting the metaperiodate solution (80.0 g) to 250 ml 
with water alone. The uptake of periodate was essentially 
complete (30.1 mmoles) in 1 h. After 24 h the uptake 
of periodate was practically unchanged (30.5 mmole) 
and the iodate and excess periodate were then precipi- 
tated by the addition of a solution of barium chloride 
dihydrate (11.0 g) in water (100ml). The precipitated 
salts were filtered off and washed with water (100 ml). 
Barium carbonate (60 g) and bromine (5 ml) were added 
to the combined filtrate and washings and the reaction 
mixture was stored at room temperature, in the dark, 
overnight. Excess bromine was removed by aeration and 
the reaction mixture was filtered and the filter cake 
washed well with warm water (ca. 100 ml). The combined 
filtrate and washings were concentrated under reduced 
pressure to about half-volume and 6 N aqueous sulfuric 
acid was added until there was no further precipitation 
of barium sulfate (ca. 20 ml required). The barium sulfate 
was centrifuged down and washed by resuspension in 
warm water and re-centrifugation. The combined super- 
natants were heated on a steam bath overnight (internal 
temperature 80") and then adjusted to pH 4-5 with a hot 
10 % aqueous solution of barium hydroxide. The reaction 
mixture was filtered and the filter cake washed with 
water (100ml). Barium carbonate (30 g) and bromine 
(5 ml) were added to the combined filtrate and washings 
(total volume ca. 750 ml) and the reaction mixture again 
kept at  room temperature in the dark, overnight, then 
aerated to remove excess bromine and filtered. As before, 
the filter cake was washed with water (250 ml). Silver 
carbonate (300 g) was added to the combined filtrate and 
washings and the suspension was stirred at room tem- 
perature, with exclusion of light, until a halide test on the 
solution was negative. The reaction mixture was once 
again filtered and the filter cake washed with water (250 
ml) and the combined filtrate and washings were evap- 
orated under reduced pressure to a small volume (ca. 
100 ml). This solution was then passed through a column 
(2.5 cm x 30 cm) of Dowex-50 ion-exchange resin (H- 
form) and the column washed with water until the eluates 
were neutral. Evaporation of the eluates under reduced 
pressure (bath >40°) yielded a pale-yellow oil, smelling 
of nitric acid. Barium carbonate (ca. 5 g) and ethanol 
(20 ml) were added to this oil (some effervescence); the 
suspension was filtered and the filter cake washed with 
ethanol. Evaporation of the filtrate and washings left a 
residual yellow oil (1.62 g). 

The oil was taken up in dry dioxane (20 ml) and added, 
dropwise over I 11 to a stirred and boiling suspension of 
lithium aluminium hydride (1.5 g) in dry dioxane (35 ml). 
The reaction mixture was cooled in ice and ethyl acetate 
(5 ml) added, followed by saturated aqueous sodium 
sulfate solution (5ml). The reaction mixture was 
stirred and refluxed for 15 min, then cooled and anhy- 
drous magnesium sulfate (9 g) was added. After stirring 
for a further 10 min, the mixture was filtered and the 
filter cake washed well with warm dioxane (50 ml). Evap- 
oration of the combined filtrate and washings gave a 
very pale-yellow oil (410 mg). Further extraction of the 
filter cake with dioxane and ethanol gave an additional 
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amount of oil (809 mg). The combined oils were distilled 
under reduced pressure to give a pale-yellow oil, b.p. 
15&160° at  3-5 mm (438 mg), [a] 26 - 13.3 * 0.5" (c, 4 in 
ethanol) with an infrared spectrum (liquid film) that 
was virtually identical to that of authentic L-1,2,5-pen- 
tanetriol. 

A p-nitrobenzoate was prepared by heating the oil 
(115 mg) and p-nitrobenzoyl chloride (600 mg) in pyridine 
(5 ml), on the steam bath for 20 min, and was obtained 

were evaporated to yield a residual pale-yellow oil (5.7 g). 
Distillation of the oil gave pure L-1,2,5-pentanetriol, b.p. 
135-136" at  1-2 mm, nh3 1.4752, [a]i5 - 15.5 f 0.3" (c, 5 
in ethanol); lit., [a]i4 -19.6" (lob), [a]iQ -11.6" (in 
ethanol) (10a). 

The tri-p-nitrobenzoate was prepared, as described 
above, m.p. 133-134", 4-7.5 f 0.4" (c, 4 in di- 
chloromethane). 

as very pale-yellow needles, from solution in acetone- 
ethanol, m.p. 135-136" (264 mg), 4-7.7 * 0.3" Acknowledgment 
(c, 6 in dichloromethane); lit. m.p. for L-1,2,5-~entane- T h i s  work was supported by Grant A4547 of 
trio1 tri-p-nitrobenzoate, 130-132", 4-8.6 (c, 5 in the National Research council of canada. 
dichloromethane) (lob). A mixture m.D. with authentic , >  , 

L-1,2,5-pentanetriol tri-p-nitrobenzoate (see below) was 
undepressed and the infrared spectra of the two materials 1. y. A ~ ~ H ~ ~ ~  and A. FU~ITA. Phytochim. Japan, 
were superimposable upon one another. 1, 1 (1922); Chem. Zent. 3, 712 (1922). F. B. KIP- 
L-1 ,2,5-Petztatrefriof PING. J. Chem. Soc. 1145 (1935). 

L-Glutamic acid (50 g) was converted to dimethyl 2. R. M. MORIARTY, C. R. ROMAIN, I. L. KARLE, and 

L-a-hydroxyglutarate as described by Hartman and J. KARLE. J. Am. Chem. Soc. 87, 3251 (1965), and 
references therein. 

~ a r k e r  (lob). The ester was obtained (36.6 g) as a color- 3. R. HILL and R. VAN HEYNINGEN. Biochem. J,. 49, 
less oil b.p. 97-98' at 0.2 mm, 11:: 1.4463, [a]k4 -1.3" 332 (1951). 
(c, 9 in ethanol), the optical rotatory dispersion curve 4. N. HELLSTROM. Kgl. Lantbruks-Hogskol. Ann. 25, 
shows a peak [@I::, -1525; lit. b.p. 85-92" at  0.1 mm 171 (1959). 
(lob), 82-90" at  0.13 mm (10a). 5. B. B. BREDENBERG. Suomen Kemistilehti, B34, 80 

The ester (10.4 g) was dissolved in dry dioxane (100 
ml) and the solution was added to a stirred and refluxing ~ ; ~ ~ d ~ e ~ ~ ~ ~ ~ a i n f " ~ ~ ~ p m " ~ ~ ~ ~ ~ ' , " ~ h e ~ k ~  suspension of lithium aluminium hydride (9 g) in di- york. 1966. p. 175. 
oxane (150 ml), over 30 min. The reaction mixture was 7. J. M. VAN DER VEEN. J. Org. Chem. 28, 564 (1963). 
stirred and refluxed for 30 min, then cooled in ice and 8. L. D. HALL. Advan. Carbohydrate Chem. 19, 51 
ethyl acetate (20 ml) added, followed by saturated (1964). 
aclueous sodium sulfate solution (25 ml). The mixture 9. L. C. STEWART and N. K. RICHTMEYER. J. Am. 
was stirred and boiled for 30 min, during which time the Chem. Sot. 77, 1021 (1955); J. W. PRATT and N. K. 
color of the suspended solids changed from grey to RICHTMEyER. J. Am. Chem. Sot. 77, 1906 

10. (a) H. KATSURA. Nippon Kagaku Zassl~i, 77, 1789 white. The reaction mixture was allowed to cool some- (1956); Chem. Abstr. 53, 5126 (1959). (b) F. C. what and anhydrous magnesium sulfate (45 g) was then HARTMAN and R. BARKER. J. Org. Chem. 29, 873 
added. After stirring the mixture for a further 5 min, it (1964). 
was filtered, hot. The filter cake was washed with hot 11. R. E. REEVES. Advan. Carbohydrate Chem. 6 ,  107 
dioxane (200 ml) and the combined filtrate and washings (1951). 
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Steroids and related products. XXV.' Cardiotonic steroids. II.2 The synthesis 
of 17p-substituted 14(15)-unsaturated steroids of the A/B-cis series. Part 13 

G. BACH, J. CAPITAINE, and CH. R. ENGEL 
Departt~~ent of Chenzistry, Laval Utliversily, Quebec, Quebec 

Received August 3, 1967 

The synthesis, from smilagenin, progesterone, and pregnenolone, of A'4-3!3-hydroxy-5!3-etienic acid 
and some of its ester derivatives, as well as of p-anhydrodigitoxigenin acetate, is described. Since these 
14-unsaturated products have served as starting materials for our previously published syntheses of 
3p,l4p-dihydroxy-5p-etianic acid and of digitoxigenin, the present work establishes that these 17p-sub- 
stituted 14p-hydroxylated products are available from readily accessible materials and that the syntheses 
of these 14p-hydroxylated products must be regarded, from a formal point of view, as total syntheses. 
We have thus elaborated a general pathway from common steroids-also available by total synthesis-to 
14p-hydroxylated derivatives, in particular to steroid cardiotonics. 

Canadian Journal of Chemistry, 46, 733 (1968) 

It is well known that one of the major prob- 
lems of the synthesis of cardiotonic steroids is 
that of the preparation of 14P-hydroxylated prod- 
ucts with a 17P-side chain-an arrangement 
which is thermodynamically not favored. Where- 
as another important problem of cardiotonic 
synthesis, the elaboration of a butenolide ring 
system attached to position 17 had been solved 
in various ways and for some time,4 and whereas 
Sondheimer and his collaborators (4) had more 
recently succeeded in solving the delicate prob- 
lem of elaborating the butenolide structure of 
cardenolides in the presence of a labile 14P- 
hydroxyl group, without epimerization in posi- 
tion 17, no general and truly useful method for 
the introduction of the 14P-hydroxy function into 
17P-substituted steroids was known until the 
development of such a procedure in our labora- 
tory (2).5 It is well known that the previously 
described method (7) is lengthy, that its yields 
are unsatisfactory, and that it cannot be applied 

'For the previous paper of this series see ref. 1. 
2For the communication: "Cardiotonic Steroids. I". 

see ref. 2. 
3The results reported in this paper are part of the D.Sc. 

thesis of G. Bach, accepted by the School of Graduate 
Studies of Laval University, in September 1965; they 
were presented at  the 49th Annual Conference of the 
Chemical Institute of Canada. in Saskatoon, June 1966. 

4For general literature references concerning syntheses 
in the field of cardiotonics we refer to  the quotations 
contained in ref. 2 of this paper. Very recently, Ferland 
et al. (3) have reported a new and interesting approach to  
the construction of the butenolide ring of cardenolides. 

5T11e first report on this procedure and on our syn- 
thesis of digitoxigenin was given at the 46th Annual 
Conference of the Chemical Institute of Canada, June 
1963 (compare ref. 5). The synthesis of periplogenin 
by Deghenghi et al. (G), also started from a 14-unsatu- 
rated stcroid with a 17p-side chain. 

to the introduction of a 14P-hydroxy function 
into a steroid already bearing a 17P-butenolide 
or a-pyrone substituent. 

In our general method for the introduction of 
the 14P-hydroxy group into 17P-substituted ste- 
roids, 14,15-unsaturated products serve as start- 
ing materials. In our previous paper on cardio- 
tonic steroids (2), we described, as examples of 
our procedure, the synthesis of digitoxigenin (2) 
from P-anhydrodigitoxigenin acetate (la), and of 
methyl 3P-acetoxy-14P-hydroxy-5p-etianate (4c) 
-which can be converted by Sondheimer's 
method (4) to digitoxigenin (2)-from illethyl 
~'~(~')-3~-acetox~-~~-etianate (3c). The 14-un- 
saturated products which we had used as the 

1, R = H  
l a ,  R = Ac 

3 , R = R 1 = H  4 , R = R , = H  
30, R = Ac, R l  = H 40, R = Ac, R,  = H 
3b, R = H, R I  = CH3 46, R = H, R1 = CH3 
3c, R = Ac, R ,  = CH3 4c, R = Ac, R, = CH3 
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starting materials had been prepared previously 
from natural cardiotonics (8,9) and we indicated 
in our publication (2), in a summary fashion, 
possible pathways to these products from abun- 
dant steroids. In the present paper, we wish to 
report in detail their synthesis from such readily 
available steroids as pregnenolone (9), proges- 
terone (lo), and smilagenin (5), products which 
themselves are available also by total synthesis. 

Although a number of routes to the desired 
14-unsaturated steroids can be envisaged, we 
limit ourselves in this paper to the description of 
syntheses using for the introduction of the un- 
saturation in positions- 14,15 the general method 
elaborated by Heusser and his collaborators (10) 
in which a 14,16-dien-20-one of type i is con- 
verted by dissolving metal reduction to a 14- 
unsaturated 20-alcohol, or a mixture of epimeric 
14-unsaturated 20-alcohols of type ii, which is 
then reoxidized to a 14-unsaturated 20-ketone of 
type iii. 

R R R 
I I I 
C O CHOH q0 

I z I iii 

We cl~ose for our first synthesis of P-anhydro- 
digitogenin (1) a pathway in which the other 14- 
unsaturated steroids which we wished to synthe- 
~ize-A'~-3P-acetoxy-5P-etianic acid (3a) and its 
methyl ester 3c-could be used as intermediates. 
At a later date we shall describe a more direct 
route. 

Since ~ ~ " ~ ~ ~ - d i u n s a t u r a t e d  20-ketones of type 
i are conveniently prepared from the corre- 
sponding 16-mono-unsaturated 20-ketones (see 
below), A16-3P-acetoxy-5P-pregnen-20-one (6a) 
seemed a logical intermediate in the proposed 
synthesis. In one series of experiments we pre- 
pared this product in 61 % yield from smilagenin 
(5) by the use of Marker's sapogenin degradation 
procedure (1 l), as modified by Dr. M. E. 
In this procedure, as in one published earlier by 
Hewett (12), methylamine hydrochloride is used 
as catalyst for the preparation of the pseudo- 
-- 

6We express our sincerest thanks to Dr. M. E. Wall for 
very kindly co~i i~i i~~nicat ing the details of the procedure 
to us, and also for providing us with smilagenin. 

~apogen in .~  Jn another series of experiments, we 
prepared the 16-unsaturated 20-ketone 6a in 8 1 % 
yield from 3P-acetoxy-5P-pregnan-20-one (7a) by 
bromination with N-bromosuccinimide (14, cf. 
also 15, 16) and dehydrobromination of the re- 
sulting 17a-bromide gs with lithium chloride in 
dimethylformamide (17, cf. also 16). 

The 30-acetoxy-50-pregnan-20-one (7n) used 
in this reaction was synthesized from A5-preg- 
nenolone (9) and progesterone (10). We trans- 
formed the 20-ethylene ketal 9b of pregnenolone 
(18) by Oppenauer oxidation with tertiary alu- 
minium butylate and cyclohexanone to the 
20-ethylene ketal 10a of progesterone (18). Re- 
duction with palladium on calcium carbonate 
gave in 93% yield the 20-ethylene ketal 12a of 
5P-pregnane-3,20-dione, which can be readily 
converted to the free 3,20-dione 12. The reduc- 
tion with the same reagents of free progesterone 
(10) was less stereoselective: the 5P-pregnane- 
3,20-dione (12) could be isolated only in 65% 
yield and 16% of the pure 5a-isomer 11 was 
obtained. 

Since in our hands-in contrast to an earlier 
report by Butenandt and Miiller (19)-the cata- 
lytic reduction of 3-ketones of the 5P-series led, 
even in acid media, predominantly to the equa- 
torial 3a-alcohols (20), we investigated in one 
series the deliberate formation of the 3a-alcohol 
and its "inversion", via its tosylate, to the 
3 P-alcohol. 

Lithium aluminium hydride reduction of the 
keto acetal 12a gave indeed in 74% yield the 
3a-hydroxy 20-ketal 14 and in less than 10% 
yield the 30-epimer 13. Also, the formation of 
the tosylate 14a was almost quantitative but 
treatment of this product with dimethyl forma- 
mide (21), followed by saponificatioil of the 
intermediate formate with inethanolic potassium 
hydroxide, gave the desired 3P-hydroxy-5P- 
pregnan-20-one (7) in only 18 % yield; the 3a- 
hydroxy derivative 15 was isolated in 13 % yield. 
The deketalization had occurred during the for- 
mylation reaction. 

The application of Djerassi's method (22) for 

7Recently, Pettit and Piatak (13) reported the degrada- 
tion of sniilagenin, using one of Dr. Wall's earlier 
methods (1 I j ), but without recording the yields. 

is known that a free-radical bromination of a 20- 
ketone affords the same stereoisomer as an acid-catalyzed 
broniination (cf. ref. 16, p. 706, and the references quoted 
in that publication). 
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BACH ET AL.: STEROIDS AND RELATED PRODUCTS. XXV 

CH3 
I 

CH3 
I 

CO - 
AcO er H 

the preferential reduction of steroid ketones to 
axial alcohols with aged Raney nickel (cf. also 
23) to the reduction of the 20-ketal 12a repre- 
sented an improvement, but in that case the 
equatorial alcohol (14) still predominated: it was 
obtained in 62% yield while the 3P-alcohol 13 
could be isolated only in 32 % yield. 

The most satisfactory results were obtained by 
the use of a method developed in our laboratory 
(24), by which the axial 3P-alcohols of the 5P- 
pregnane series are obtained as the major reac- 
tion products from the corresponding 3-keto 
derivatives by a Meerwein-Pondorf reduction, 
the salient feature of the procedure being the 
limitation of the reaction time to very short 
periods. The reaction of the ethylenedioxy ketone 
12a with sec-butanol and aluminium t-butoxide 
for 20 min gave, after deketalization with acetone 
and p-toluenesulfonic acid (25), the desired 3P- 
hydroxy-5P-pregnan-20-one (7) in 52 % yield and 
its epimer 15 in 40 % yield. A single recyclization 
of the still ketalized 3a-hydroxy derivative (14) 
by oxidation with Jones' reagent (26) and an- 
other Meerwein-Pondorf reduction raises the 
yield of the 3P-epimer to 75 %.' 
--- 

gThis experiment was carried out in collaboration with 
Mr. R. Bouchard of this laboratory. 
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7 ,  R = H  
7a, R  = AC 
76, R  - HCO 

For the reduction of 5P-pregnane-3,20-dione 
(12), unprotected in position-20, this method 
can, of course, not be used. In this case the best 
method remained reduction with Raney nickel 
which gave a 39 % yield of the desired 3P-hydroxy 
derivative 7 and a 32 % yield of its epirner 15.'' 

We have thus prepared, as well from smila- 
geilin (5) as from pregnenolone (9) and proges- 
terone (lo), the 16-unsaturated ketone 6a which 
had now to be transformed into a 14,16-dien-20- 
one and hence to a 14-mono-unsaturated 20- 
oxygenated derivative. For the introduction of 
the unsaturation in position-14, we followed 
essentially the general pathway elaborated by 
Ruzicka, Plattner, Heusser, and their co-workers 
(27-30), which consists in allylic bromination 
with N-bromosuccinimide and dehydrobromina- 
tion of the mixture of allylic bromides (compare 
16) (cf. also 31) which contains, as already 
pointed out by the Swiss authors, some dienone 
(compare 17a). The dehydrobromination was 
performed in our case with dimethyl formainide 
and lithium chloride (17). As already observed 

1°It may be noted that the inversion of the 3cc-hydroxy 
20-ketone 15 to the 3P-hydroxy ketone 7 via the tosylate 
15n and the forlnate 7 b  proceeded in a somewhat better 
yield (29%) than the analogous series of reactions ap- 
plied to  the ethylenedioxy derivative 14; this sequence of 
reactions is, however, still less attractive than the Raney 
nickel reduction. 

by the Swiss workers (cf. 29,30, and also 32), the 
isolation of pure pregnadienones of type 17a 
presents considerable difficulties because of the 
contamination of the products with starting 
material and secondary reaction products (cf. 3 1). 
Very recently, Pettit and Piatak (13) prepared the 
dienone 17a from the mono-unsaturated ketone, 
following also essentially the method of the Swiss 
workers but using sodium iodide in acetone for 
the dehydrobromination reaction ; they were able 
to isolate the pure product only in minute yields 
(approximately 5 %), after complicated, lengthy, 
and from a preparative point of view, not satis- 
factory purification procedures. We found that 
the dienone could be isolated advantageously in 
the form of the free hydroxydienone 17, which 
we used, as will be shown, in any event for the 
following reactions and which was obtained by 
treatment of the crude reaction product with 
methanolic perchloric acid (33)" However, we 
found it more useful not to purify the hydroxy 
dienone at all and to subject the crude product 
to the following reduction. 

We obtained the best results in the preferential 
reduction of the 16-double bond of the 14,16- 

lLAlthougl~ this compound was, according to  spectral 
analysis, free from the mono-unsaturated starting ma- 
terial, the results of its microanalysis did not reach our 
usual standards. 
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CH3 
I 

CH3 
I 

CH3 
I 

__+ __f 

AcO 

CH3 CH3 
I I 

COOR, CHOH 
&H - & - o&-~ - 

t t 

R0 H H H 

3, R = R l = H  18, R = H  19 
30, R = Ac, RI  = H  180, R = Ac 
3b, R = H, Rl = CH, 
3c, R = Ac, Rl  =CH3 18b, R =  0 

dien-20-one system with sodium and n-propanol, 
as recomnlended by Heusser et a[. (10). Since the 
reaction results also in the reduction of the 20- 
keto group and would be accompanied by hy- 
drolysis of an ester group in position-3, the 3- 
hydroxy group of the free dienone 17 was 
protected prior to reduction by the formation 
(in 97 % yield) of the tetrahydropyranyl ether 17b 
(cf. 34-38, in particular 36), so that the reduction 
product (19) could be re-oxidized with Jones' 
reagent (26) to the keto ether 18b, which gave 
with p-toluenesulfonic acid in ethanol (34) A14- 
3P-hydroxy-50-pregnen-20-one (18). The yield 
from the hydroxydienone 17 amounted to 31 % 
and the yield from the 16-unsaturated ketone 6 
to 8 %. As intimated, a considerable improve- 
ment in yields was achieved when none of the 
intermediates between the A16-3P-hydroxy-5P- 
pregnen-20-one (6) and the A14-30-hydroxy-5P- 
pregnen-20-one (18) was purified; thus, the total 
yield of compound 18 from ketone 6 was raised 
from 8 to 33 %. 

We also investigated the Birch reduction of the 
hydroxydienoile 17 with lithium in liquid am- 
monia, in the absence of an alcohol, but in the 

presence of ammonium chloride as a proton 
source. Using such a system, described by Stork 
and co-workers (39), Schaub and Weiss (40) had 
reduced 6-dehydrotestosterone to the 5-mono- 
unsaturated 3-ketone, whereas the Birch reduc- 
tion of this product under classical conditions 
(lithium in liquid ammonia in the presence of 
ether and ethanol) gives the a,P-unsaturated 
A4-3-ketone (41). We considered that in our case 
the reduction under Schaub's conditions could 
possibly lead also to the y,&unsaturated A14-20- 
ketone 18. This was indeed the case1' but the 
product co~ild be obtained only in 26 % yield and 
was accompanied by unreacted starting material 
(17) and by a further product which was not 
completely purified but to which we may assign, 
according to its spectral characteristics, the 
structure of the a,P-unsaturated A16-20-ketone 
6.13 

l2Et1ler was used as solvent, as described by Barton (42). 
13The structure of the mono-unsaturated ketone 18 

thus prepared was not only confirmed by its comparison 
with the product obtained by reduction with sodium and 
11-propanol but also by its transforn~ation into authentic 
methyl A14-3P-hydroxy-5f3-etianate (3b) obtained from 
digitoxigenin (2) (see below). 
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CHN2 

COCl 
I 

COOH 

d + 
AcO AcO AcO 

H H 

CH2R 

- 
AcO AcO 

The transformation of the 14-unsaturated 20- 
ketone 18 to A14-3P-hydroxy-5P-etienic acid (3), 
and its ester derivatives and thence to P-anhydro- 
digitoxigenin (I), followed classical lines. A 
haloform degradation of the 3-acetylated 20- 
ketone 18a, according to the procedure of 
Djerassi and Staunton (43), gave in approxi- 
mately 85 % yield the desired 14-unsaturated 
3P-hydroxy acid 3 which was readily acetylated 
to the acetoxy acid 3a (cf. 43), and methylated 
with diazomethane to the methyl ester 38, which 
in turn gave under the usual conditions the ace- 
toxy ester 3c. The structure of ester 3c was not 
only confirmed by microanalysis, the determina- 
tion of the usual physical constants, and by 
ultraviolet and infrared spectroscopy, but also by 
comparison with an authentic sample prepared 
from natural digitoxigenin (2)14. For that pur- 
pose, digitoxigenin acetate (2a) was transformed 
in 85% yield, according to Reichstein's method 
(44), by ozonolysis and hydrolysis of the resulting 
glyoxylic ester, into the 21-hydroxy 20-ketone 
and thence by periodic acid degradation, fol- 
lowed by methylation, to the 14P-hydroxyetia- 
nate 4c which was dehydrated in 85 % yield with 
thionyl chloride, using Darzens' method (45, 
compare also 8d), to methyl A'4-3P-acetoxy-5P- 
etienate (3c) (9). This product proved in every 

1, R = H  
l o ,  R = AC 

23,  R = C1 
23a, R = 1 
23b, R = OAc 

14We sincerely thank Dr. J. Renz from Sandoz S.A., 
Basle, for kindly providing us with this valuable material. 

respect identical with the one prepared from 
smilagenin (5), progesterone (lo), and preg- 
nenolone (9), as described above. 

The conversion of the 14-unsaturated etioester 
3c to the 3P,14P-dihydroxyetianic acid 4 and its 
ester derivatives 4a-c was previously described 
by us (2). The conversion of methyl ester 4c to 
digitoxigenin was reported, as already mentioned, 
by Sondheimer and his collaborators (4). 

For the transformation of the 14-unsaturated 
acid 3 into P-anhydrodigitoxigenin (1) we pre- 
pared, according to Reichstein's modification 
(46) of the method of Adams-Wilds (47), from 
the acetoxy acid 3a the acid chloride 20 which 
we converted with diazomethane to the diazo- 
ketone 21. In one series of experiments the crude 
diazoketone was directly transformed into the 
21-acetoxy derivative 238 with acetic acid (cf. 
47b, 48, 49), in another, via the chloride 23 and 
the iodide 23a, prepared according to the experi- 
mental conditions usually employed in this 
laboratory (50), the replacement of the iodine 
substituent by an acetoxy group being carried 
out with potassium bicarbonate and glacial ace- 
tic acid (51). The yields of both pathways 
amounted to 68%, calculated from acid 3a. 
Finally, the diacetoxy ketone 23b was subjected 
to the classical Reformatsky reaction (cf. 52,53); 
this led in 26 % yield to the desired P-anhydro- 
digitoxigenin acetate (la) (8), accompanied by a 
secondary reaction product which was not fur- 
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ther investigated but which probably represents a mixture melting point and the conlparison of the 

the 20-hydroxycardenolide 22. The structure of infrared spectra. 

P-anhydrodigitoxigenin acetate (la) was estab- fb) Fror"Pregnet2010tie (9) 
A quantity of 999 mg of 3p-hydroxy-5-pregnen-20-one lished by determination of the physical (9) was added to 45 n ~ l  of freshly distilled ethylene glycol, 

constants, microanalysis, ultraviolet and infrared containing 40 mg of p-toluenesulfonic acid. From this 
spectroscopy, and by comparison with an au- mixture ethylene glycol was removed by slow distillation 
thentic sanlple prepared by dehydration with in the course of 8 h under a vacuum of 0.5-1 nlnl Hg, the 

tenlperature of the oil bath being maintained at approxi- 
t h i O n ~ l  in pyridine (45, of digit0xi- mately 80". Agitation was provided with a stir- 
genin acetate (2a) from natural sources. rer. After cooling, the reaction mixture was poured into 

This synthesis of the 16unsaturated 5P-etienic 700 n11 of a saturated potassium bicarbonate solution at  
acid 3 alld of the 16unsaturated cardadienolide 0". The c~ystalline precipitate was filtered and the filtrate 

la from smilagellin (5), progesterone (lo), and was washed with water until neutral and dried. Thus there 
was obtained 1.16 g (quantitative yield) of 3p-hydroxy-20- 

~regllenolone (9)y the ethylenedioxy-5-pregnene (9b), m.p. 160-163'. The prod- 
from readily available materials of 3P,14P-di- uct was purified by chromatography on aluminium 
hydroxyetianic acid and digitoxigenin-pre- oxide to  give 918 mg (80%) of pure ketal 96, eluted with 
viously synthesized in our laboratory from the a benzene-ether mixture (9:1), m.p. 163-1660, and 52 mg 
14-L,nsaturated (2). ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ,  our (4.5%) of a p r o d ~ c t  of lesser purity, eluted with a 

benzene-ether mixture (4:1), m.p. 158-161". The material 
~ r e v i o ~ ~ s l ~  described syntheses the 14Pbhy- was found in every respect identical to the one described 
droxylated products can now be considered to under (a). 

a point of view-tota1 20~E~~1y~e~~e~ioxy-~-p~egIIen-3-one (loa) 
syntheses. A mixture of 46.845 g of 3p-hydroxy-20-ethylenedioxy- 

Experimental1 '-I7 5-pregnene (9b), m.p. 158-163', 47.164g of aluminium 
t-butylate and 115 ml of absolute cyclohexanone in 910 ml 

3~-H~~clros~~-2O-et/iyle~edioxy-5-pregieie (96) of absolute benzene was refluxed for 18 h with exclusion 
(a) Froni Pregnenolotze Acetate (9a) of moisture. After cooling, the product was extracted 
Following the procedure of Allen et at. (541, 5.003 g of with ether and the organic phase was washed with a cold 

3p-acetoxy-5-pregnen-20-one (9a) was heated for 8 h at dilute sulfuric acid solution, with an iced potassium bi- 
reduced pressure (2-3 mm Hg) with 202 mg of p-tol~ene- carbonate solution, and with water and was dried over 
sulfonic acid in 210 ml of ethylene glycol until 85 ml of sodium sulfate. Removal of the solvent left 123.466 g of 
the solvent was removed by distillation. The usual work- an amorphous residue which was chromatographed on 
ing-up gave 5.589 g (99.5% yield) of crystalline 3p-ace- 1.82 kg of aluminium oxide. Elutions with petroleum 
toxy-20-et/iyle~1edioxy-5-pregnene (9~1, m.p. 153-1 56'. ether - benzene mixtures (9:1, 4:1, and 1 :I), with pure 
One recrystallization from methanol gave 4.85 g (86.3 %) benzene and with a (9:l) benzene-ether mixture gave 
of pure ketal 9c. The identity of this product with an 37.271 g (80% yield) of 20-etlzylenedioxy-4-pregnen-3- 
authentic sample, previously prepared in this laboratory one (lOa), n1.p. 170-192'. Recrystallization from methanol 
(16), was established by the determination of a mixture gave 28.141 g (60.3% yield) of the pure progesterone 
melting point and the comparison of the infrared spectra. ketal 10a, m.p. 187-192.5" [lit. (18), m.p. 189-19O0]. A 

The solution of the product in 853 ml of methanol was sample was recrystallized twice from methanol and once 
refluxed for 4 h with a solution of 20.5 g of potassium from ether-hexane for analysis; n1.p. 194.5-195"; [ a l p  
carbonate in 153 ml of water. After cooling, the product +112.6" (c, 1,000in CHCl,). 
was poured into 800 ml of cold water and the mixture Anal. Calcd. for CZ3H3403: C, 77.05; H,  9.56. Found: 
was extracted with ether. The organic solution was C, 77.14; H,  9.52. 
washed with water and dried over sodium sulfate. Re- 
moval of the solvent gave 4.431 g of an amorphous 20-Et/zyle~iedioxy-5~-pregt~an-3-one (12a) 
residue which gave, upon crystallization from methanol, A quantity of 26.32 g of 20-ethylenedioxy-4-pregnen-3- 
4.337 g (99.8% yield) of 3~-hydroxy-2O-et/~ylet~edioxy-5- one (IOU), n1.p. 187-194O, was dissolved in 1.644 1 of 
pregtzerze (96), m.p. 165-167' [lit. (18), m.p. 163-166"]. dioxane and 1.25 1 of ethanol and hydrogenated at atmos- 
The identity with an authentic sample previously prepared pheric pressure with 2.362 g of a 4 %  palladium on calcium 
in this laboratory was established by the determination of carbonate catalyst in the presence of 4.73 g of potassium 

hydroxide in 5 ml of water. Within 40min, 1.8 1 of 
15The melting points were taken in evacuated capil- hydrogen was taken up (theoretical quantity: 1.79 1). 

laries and the temperatures were corrected. The catalyst was removed by filtration and washed with 
"If not otherwise stated, Woelnl's n0n-alkaline a h -  methylene chloride. The filtrate and the washings were 

miniurn oxide, activity 111, andDavisonls silica gel No. 923 combined and reduced in vacrro and the product was pre- 
were 17The used for nlicroanalyses chromatography. were 

by Dr. C. cipitated in ice water. The organic material was extracted 

Daesslt, Montreal, and Mr. A. Bernhardt, M~~ Planck with ether, the ethereal solution was washed with water 
~~~~i~~~~ for coal ~ ~ ~ ~ ~ ~ ~ h ,  in ~ u l h ~ i ~ ~ ,  G ~ ~ ~ ~ ~ ~ .  we and dried over sodium sulfate. The evaporation of the 
express to them and their associates our sincere ap- solvent left 26.43 g o f  a crystalline product, m.P. 162- 
preciation. 165". Recrystallization from methylene chloride - hexane 
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gave 25.26 g (95.4% yield) of 20-ethylenedioxy-5P-preg- 
rlnn-3-one (124, n1.p. 168-173', and 996 mg of the 
same substance of lesser purity, melting between 154 
and 158" (total yield 99.1 %). A sample was recrystallized 
twice from methylene chloride - hexane for analysis; 
m.p. 172.5-173"; [a]d7 +37.1° (c 1.124 in CHCI,) [lit. 
(53,  m.p. 169.8-172.8"; [a]D+32.00]; v,,, (KBr) 1722 
cnl-' (3-ketone), 1069 and 1052 cm-I (ketal doublet). 

Anal. Calcd. for C23H3603: C, 76.62; H, 10.07. Found: 
C, 76.81; H, 10.12. 

5 ~-Pregrzarze-3,20-dior1e (12) 
A quantity of 1 g of progesterone (lo), m.p. 127.5- 

12S0, was dissolved in 110 ml of dioxane and 100 n ~ l  of 
ethanol and hydrogenated at atmospheric pressure with 
100 mg of a 4 % palladium on calcium carbonate catalyst, 
in the presence of 150 mg of potassium hydroxide in 
0.4 ml of water. After 25 min, 76 ml of hydrogen was 
taken up (theoretical quantity: 77 ml). The catalyst was 
removed by filtration and washed with methylene chlo- 
ride. The filtrate was combined with the washings and 
concentrated at reduced pressule. The mixture was 
poured into ice water and the precipitate was extracted 
with ether. The organic solution was washed with water 
and dried over sodium sulfate. The evaporation of the 
solvent gave 1.01 g of a partly crystalline product which 
was chron~atographed on 30 g of a lu~niniun~ oxide. 
Elutions with petroleum ether and with mixtures of 
petroleum ether - benzene (4:l and 1 :1) gave a crystalline 
material which was recrystallized from acetone - 

hexane. Thus there was obtained 645 mg of 5a-pregrzarze- 
3,20-rliorle (12), m.p. 112-1 16" (64.1 % yield). A sample 
was recrystallized 3 times from acetone-hexane for 
analysis; m.p. 118-119" [lit. (56a), 123", (56b), 120-122"]; 
[cr]g6 +I  18' (c, 1.063 in CHC13) [lit. (56b), 11l0];  v,,,,, 
(KBr) 1722 cnl-' (3-ketone), 1705 cm-' (shoulder, 20- 
ketone). 

Anal. Calcd. for C21H3202: C, 79.98; H, 10.19. Found: 
C, 79.73 ; H, 10.09. 

Two of the first petroleum ether chromatogram frac- 
tions gave by recrystallization from acetone-hexane 
160 mg (16 %) of 5cr-pregr1nne-3,20-dione ( l l ) ,  m.p. 194- 
198"; a sample was recrystallized from acetone-hexane 
for analysis; m.p. 197-198" [lit. 200.5" (57~) .  203-205" 
(57O)I; [u]g8 +121° (c, 1.038 in CHC1,) [lit. 126.9"(570), 
108.5 + 4" (57b), 121" (57c)l; v,,, (KBr) 1719 cm-' (3- 
ketone), 1700 cm- ' (shoulder, 20-ketone). 

Anal. Calcd. for C21H3202: C, 79.98; H, 10.19. Found: 
C, 79.91 ; H, 10.15. 

Red~tctiorz of 20-Etl1yknedioxy-5P-pregnarz-3-ot1e (120) 
with Litl~ilcm Alrtminiurrz Hydride 

In  the course of 30 min, a solution of 15.2 g of 20- 
ethylenedioxy-5a-pregnan-3-one (12a), n1.p. 168-173", in 
500 ml of tetrahydrofuran, was added with stirring to a 
suspension of 17.2 g of lithium alunlinium hydride in 
1.25 1 of tetrahydrofuran. The mixture was refluxed with 
stirring for 1 h and then left for 16 h at room tempera- 
ture. The excess reagent was decomposed in the cold with 
80 ml of ethyl acetate and with ice and there was added 
20 ml of a 10% ammonium chloride solution. The 
mixture was extracted with ether, the organic phase was 
washed with a dilute an~n~on ium chloride solution and 
with water, and was dried over sodium sulfate. The 
evaporation of the solvent gave 15 g of an amorphous 
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product. Crystallization from methanol yielded 6.8 g 
(44.5 %) of 3cr-lzydroxy-20-et/iyle1zedioxy-5~-p,ep1a11e (14), 
m.p. 146-147". A sample was recrystallized twice from 
methanol for analysis; needles, m.p. 150-151" [lit. 147- 
149" (55), 149-151" (58)l; [cr]d2 +27.0° (c, 1.04 in CHCI,) 
[lit. (55), +28.5"]; v,,,, (KBr) 3300 cm-' (3u-hydroxyl), 
1069 cm-' (doublet), and 1046 cm-'  (large band) (ethy- 
lenedioxy bands). 

Anal. Calcd. for C23H3803: C, 76.19; H, 10.57. Found: 
C, 76.14; H,  10.48. 

The mother liquors (8.2 g) of the crystallization which 
had yielded the 3cr-hydroxy ketal 14 were chromato- 
graphed on 225 g of aluminium oxide. Elutions with 
petroleum ether - benzene (4:l) gave 975 ~ n g  (6.4%) of 
3~-/1ydroxy-20-etliyler1edioxy-5~-preg1111e (13), n1.p. 149- 
157". A sample was recrystallized twice from methanol 
for analysis; colorless plates; m.p. 160-161"; [y]g2 +58" 
(c, 1 .OO in CHCI,); v,,, (KBr) 3420 cm- ' (3 P-hydroxyl), 
1049, and 1035 cm-' (doublet, ethylenedioxy absorption). 

Anal. Calcd. for C23H3803: C, 76.19; H, 10.57. Found: 
C, 76.34; H, 10.47. 

Further elutions in the above-described chromatogram 
with pure benzene and with a benzene - ether mixture 
(9:l) gave another 4.52 g (29.6%) of the 3u-hydroxy ketal 
14, n1.p. 137-150" (total yield of the 33-hydrosy derivative 
14: 74%). 

Red~rctiorz of 20-Etl1yIer1edio.ry-5~regrmr1-3-011e (120) 
tvith Rar~ey Nickel 

(a) A quantity of 1 g of 20-ethylenedioxy-5ppregnan- 
3-one (124, 1n.p. 164-16S0, was dissolved in 150 ml of 
dioxan and reduced at atmospheric pressure with hydro- 
gen in the presence of 5 g of three-year-old "sponge 
nickel catalyst" from Davison B Co., for a period of 
20 h. The catalyst was removed by filtration and was 
washed with methylene chloride. Evaporation of the 
solvent from the filtrate and the washings gave 1.01 g of 
an  anlorphous reaction product which was chromato- 
graphed on 30 g of aluminium oxide. The first fractions, 
eluted with pure petroleum ether and with a petroleum 
ether - benzene mixture (9:1), gave 245 mg of starting 
material 120, n1.p. 164-172". The following fractions, 
eluted with petroleum ether-benzene mixtures (9:1, 4:1, 
and 1 :I), gave 244 mg of 3~-l1ydroxy-20-erkyler1edioxy- 
5a-pregr~ai~e (13), m.p. 145-156' (32.2% yield). The 
product was identified by comparison with an  authentic 
sample (see above) through a mixture melting point 
determination and infrared analysis. 

Further elutions with petroleum ether - benzene (I :1 
and 1 :4) gave 475 mg of 3a-l1ydro~vy-20-etl1yler1edio~~~-5~- 
pregrzarze (14), m.p. 144148" (62.2% yield). The ploduct 
was identified by comparison with an authentic sample 
(see above) through a mixture melting point determina- 
tion and infrared analysis. 

(0) In another experiment, 6.6 g of the keto ketal 120 
was reduced under the conditions desclibed under (a) for 
2 h. No  starting material was isolated. The yield of the 
3a-hydroxy ketal 13, m.p. 141-158", was 2.017 g(30.4%), 
that of the 3u-hydroxy epimer 14, n1.p. 133-148", 4.5 g 
(67.8 %). 

(c) In a third experiment, 1 g of the keto ketal 120 was 
reduced with Raney nickel, freshly prepared from a 
nickel-aluminium alloy. The reduction time was 1 h. 
Chromatography of the reaction product afforded 187 
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mg (18.7 %) of 3rj-hydroxy-20-ethylenedioxy-5rj-pregnane 
(13), m.p. 146-154", and 769 mg (76.8%) of the 3a- 
hydroxy derivative 14, m.p. 144-148". 

Rerlrlcriorl of 5~-Pregt1m~e-3,20-diorle (12) with 
Rnney Nickel 

A quantity of 450 mg of 5rJ-pregnane-3,20-dione (12), 
m.p. 113-115", was dissolved in 75 ml of dioxane and 
hydrogenated at atn~ospheric pressure in the presence of 
2.5 g of aged Raney nickel (see above). After 11 min, 
35 ml of hydrogen was absorbed (theoretical quantity: 
34.7 ml). The product was worked up as described before 
in the case of the reduction of the keto ketal 12n. The 
crude product (460 mg) was amorphous and was chroma- 
tographed on 15 g of aluminium oxide. The first frac- 
tions eluted with pure petroleum ether and with petroleum 
ether - benzene mixtures (9:l and 4:l) gave 254 mg 
(56.6%) of starting material 12, m.p. 109-119". The 
following fractions, eluted with a petroleum ether - ben- 
zene mixture (1 :I), gave 112 mg of a crystalline product, 
111.p. 108-139". Recrystallization from ether-hexane and 
rechromatography of the mother liquors gave 60mg 
(30.5 %) of 3fi-hydroxy-5fi-preg11a11-20-orle (7), n1.p. 132- 
135", as well as 16 mg of the same product of lesser 
purity, m.p. 110-116° (total yield: 38.6%). Three re- 
crystallizations for analysis from ether-hexane gave fine 
needles, m.p. 143-143.5' [lit. (19), 142-143'1; [a];" 
+100.6" (c 0.976 in CHCl,) [lit. (19), 101" (EtOH)]; 
v,,,, (KBr) 3350 cm-' (3p-hydroxyl), 1707 cnl-' (20- 
ketone), 103 1 cm- ' (alcohol). 

Anal. Calcd. for CZlHB402: C, 79.19; H, 10.76. Found: 
C, 79.15; H, 10.63. 

Further elutions in the first chro~natogram described 
above (which had yielded the crude 3rj-hydroxy 20-ketone 
7) with pure benzene and with a mixture of benzene and 
ether (4:l) gave 63 mg (32%) of 3a-l1yc/roxy-5p-p1'eg11n1~- 
20-one (IS), n1.p. 135-149'. A sample was recrystallized 
from dichloromethane-hexane for analysis; needles, m.p. 
150-151' [lit. (19), 148-149'1; [a];, 4-104.6" (c 1.000 in 
CHCI,) [lit. (57b), +109.5" 24'1; v,,,, (KBr) 3380 cm-' 
(3a-hydroxyl), 1706 cm-' (20-kctone), 1038 cm-' (hy- 
droxyl). 

Anal. Calcd. for C21H3402 : C, 79.19; H, 10.76. Found: 
C, 79.22; H, 10.77. 

3a-Hydr.oxy-5p-pre,p11n11-20-011e (15) fiotrl 3a-Hydroxy-20- 
etlgvlet1edioxy-5rj-preg11a1ze (14) 

A solution of 520 mg of 3a-hydroxy-20-ethylenedioxy- 
5p-pregnane (14), m.p. 136-138O, and of 60 mg of p- 
toluenesulfonic acid in 50 1111 of absolute acetone was 
kept at room temperature for 48 h. The mixture was 
poured into ice water and the precipitate was extracted 
with ether. The organic phase was washcd with water and 
dried over sodium sulfate. The evaporation of the solvent 
gave 450 mg of crystalline 3a-l1yyduoxj~-5~-preg11n1~-20-011e 
(IS), m.1). 146-148" (98.6% yield). The identity of the 
product with an authentic sample (see above) was estab- 
lished by the determination of a mixture melting point 
and thc co~nparison of the infrared spectra. 

I RELATED PRODUCTS. XXV 741 

the reaction mixture was worked up as described above 
for the analogous reaction of the 3a-hydroxy derivative 
(14). The crude crystalline 3rj-hydroxy-5rj-pregnan-20- 
one (7), m.p. 135-137O, was obtained in 98% yield 
(8.45 g). Recrystallization from ether gave the following 
batches of pure product: 3.39 g, m.p. 143-143.5'; 2.809 g, 
n1.p. 142-143'; 1.421 g, n1.p. 141-142"; and 236 1119, m.p. 
140-141" (yield of purified product: 90%). The identity 
of the product with the one prepared from 5B-pregnane- 
3,20-dione (12) (see above) was established by the deter- 
mination of a mixture melting point and by infrared 
analysis. 

3~-Hydroxy-5rJ-pregr1nn-20-o11e (7) frorn 3a-flydroxy-20- 
erl~ylenedioxy-5rj-preg,2m2e (14) 

A solution of 1.5 g of 3a-hydroxy-20-ethylenedioxy-5p- 
pregnane (14), n1.p. 150-15l0, in 25 ml of pyridine was 
treated for 20 h with 1.6 g of p-toluenesulfonyl chloride 
which had previously been dissolved in 6.4 ml of pyridine. 
The mixture was poured into ice water and the precipitate 
was extracted with ether. The ethereal solution was 
washed with water, iced dilute hydrochloric acid, a cold 
sodium bicarbonate solution, and with water and was 
dried over sodium sulfate. Evaporation of the solvent 
gave 2.13 g (99.6 %) of 3a-rosyloxy-ZO-etl1yle,redioxy-5~- 
pregnat~e (14n), m.p. 160-161". A sample was recrystal- 
lized five times from methylene chloride-ether for 
analysis; needles, m.p. 162.5-163O, [a];* +37.7" (c 0.937 
in CHC13); A,,, (EtOH) 200 mp (log E 3.88), 224 n l ~  
(log E 4.05), 262 mp (log E 2.84); v,,,, (KBr) 1600cm-' 
(aromatic substituent), 1054 and 1034 cm- ' (ketal). 

Anal. Calcd. for C3,H4,0,S: C, 69.73; H, 8.58; S, 6.21. 
Found: C, 69.92;H, 8.63; S, 6.44. 

A portion of 1.48 g of the above-described 32-tosyloxy- 
20-ethylencdioxy-5p-pregnane (14a), m.p. 158-161°, was 
dissolved in 86 ml of dimethyl formamide and the solution 
was refluxed for 105 h, cooled and poured into ice water. 
The precipitate was extracted with ether and the ethereal 
solution was washed with water and dried over s o d i ~ ~ n ~  
sulfate. Removal of the solvent gave 1.02 g of crude 
amorphous 3P-formo.~j~-5fi-pregnan-20-01ze (7b), v,,,,, 
(CHCI,) 1720cm-' (shoulder) (formate), 1708cm-I 
(20-ketone), 1198 cnl-' (large band) (formate); this prod- 
uct showed in the ultraviolet no maxinlun~ in the region 
of 222-230 mp typical of a tosylate function (59). This 
crude product was treated for 24 h with a solution of 9 g 
of potassiun~ hydroxide in 175 ml of methanol and 2 rill 
of water. The solution was concentrated under reduced 
pressure and poured into ice water. The ethereal extract 
was washed with water and dried over sodium sulfate. 
Evaporation of the solvent gave 900 n ~ g  of an oil, v,,, 
(CHCI,) 3420 cm-' (large band) (hydroxyl), 1708 cm-' 
(20-ketone), 1670 cm-' (weak absorption) (double bond), 
1032cm-' (hydroxyl). The product was chromato- 
graphed on 28 g of aluminium oxide. Elutions with 
petroleun~ ether gave 345 mg of a crystalline unsaturated 
material, m.p. 114-128O, v,,,, (KBr) 1707 cm-' (20- 
ketone), 1672 cnl- ' (double bond); this material, the 
formation of which inust be due to an elimination reac- 

3~-Hydrory-5~-preg11a11-20-ot1e (7) fiorrl 3B-Hydroxy-20- tion, was not further investigated. Elutions with petroleum 
erl1yyler~edioxy-5~-pregtznt1e (13) ether - benzene (I :I) gave 168 mg (1 8.4%) of 3p-l~ydroxy- 

A quantity of 9.9 g of 3B-hydroxy-20-ethylenedioxy-5p- 5P-pregr1ar1-20-011e (7), n1.p. 127-139". Recrystallization 
pregnane (13), m.p. 1 55-161°, was treated with 1 1 of from ether-hexane raised the melting point to 143-143.5'. 
absolute acetone and 1.24 g of p-toluenesulfonic acid and The identification of the material with an authentic 
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product, the preparation of which was described above, 
was effected by a mixture melting point determination 
and by infrared analysis. 

Further elutions in the above-described chromatogram 
with pure benzene and with a benzene-ther mixture (4:l) 
gave 122 mg (13.4%) of 3a-hyri,o,~y-5~-pregtza12-20-o11e 
(15), n1.p. 127-138'. Recrystallization from dichloro- 
methane-hexane raised the melting point to 150-151'. 
The product was identified by a mixture melting point 
determination and by infrared analysis with authentic 
material, the preparation of which was described above. 

3P-Hydroxy-5P-pregnarl-20-one (7) fio~rz 3a-Hydro,uy-5P- 
pregnan-20-one (15) 

To a solution of 450 mg of 3a-hydroxy-5!3-pregnan-20- 
one (15), 1n.p. 146-148", in 4.5 ml of pyridine was added 
480 mg of p-toluenesulfonyl chloride in 2 ml of pyridine 
and the mixture was stored for 20 h at room temperature, 
cooled and poured into ice water. Extraction with ether 
and the usual working-up (see above) gave 670 mg of a 
partly crystalline product which was recrystallized from 
methylene chloride-ether to give 528 mg (79.2%) of 
3a-tosyloxy-5P-preg11011-20-one (15a), n1.p. 143-151'; re- 
crystallization of the mother liquors gave another 82 mg 
of the same product of lesser purity, n1.p. 137-138" (total 
yield: 91.3%). A sample was recrystallized 3 times from 
methylene chloride - ether for analysis; fine needles, 1n.p. 
154154.5"; [a];4 +lOO.1° (c, 0.950 in CHCl,); h,,, 
(EtOH) 206 nlp (log E 3.88), 224 mp (log E 4.07), 262 mp 
(log E 2.80); v,,,, (KBr) 1700 cm- ' (20-ketone), 1600 cm-' 
(aromatic absorption). 

Anal. Calcd. for CZBH4105S: C, 71.15; H, 8.53; S, 
6.78. Found: C, 71.07; H, 8.47; S, 6.62. 

A portion of 450 mg of the above-described 3a-tosyl- 
oxy-513-pregnan-20-one (15a), m.p. 143-15l0, was dis- 
solved in 26 ml of dimethyl formamide. The solution was 
refluxed for four days, cooled and poured into ice water. 
Extraction with ether and the usual working-up (see 
above) gave 310 mg of an amorphous product which 
yielded upon crystallization from methanol-hexane 
133 mg (40.3%) of 3!3-forn1oxy-5!3-preg11a11-20-011e (7b), 
m.p. 107-114'. A sample was recrystallized twice from 
methanol-llexane for analysis; prisms, n1.p. 126-126.5'; 
[a]g4 + 104.1" (c 1.038 in CHCl,); v,,, (KBr) 1730 cm- 
(formate), 1708 cm- ' (shoulder) (20-ketone), 11 19 cm-' 
(formate). The product showed no ultraviolet maximum 
between 222-230 mp. 

Anal. Calcd. for CZZH3403 : C, 76.26; H, 9.89. Found: 
C, 76.38; H, 9.77. 

The filtration of the mother liquors (160 mg) from the 
crystallization of the formate 76 through an aluminium 
oxide colun~n with an ether-hexane mixture gave 31 mg 
(10.2 %) of 3a-Aydroxy-5~-pregt1an-20-one (15), n1.p. 142- 
143", identified by a mixture melting point determination 
with an authentic sample and by infrared analysis. 

A portion of 118 mg of the above-described formate 
76, m.p. 107-114", and of 132 mg of mother liquors re- 
presenting the same formate, were treated for 16 11 at 
room temperature with 2.5 g O F  potassium hydroxide in 
50 ml of methanol and 2 ml of water. The usual working- 
up (see above) gave 222 mg of an oil; v,,, (CHC13) 
3600 cm-' (sharp band) and 3400 cm-' (wide band) (Ily- 
droxyl), 1704 cm-I (20-ketone), 1030 cm-' (hydroxyl). 
This product was chromatographed on 8 g of aluminium 

oxide. Elutions with petroleun~ ether gave 46 mg of the 
dehydration product, crystallizing in prisms, 1n.p. 119- 
128";v,,,(KBr)2970 cm-I (vinylic hydrogens), 1699 cm-I 
(20-ketone), 1658 cm-l (double bond), 679 and 665 cm-l 
(vinylic hydrogen doublet). Elutions with petroleun~ 
ether - benzene(9:1,4:1, and 1:l) gave 93 mg (30.7%) of 
3~-lz.vdroxy-5~-pregrlon-20-one (7), m.p. 130-141 O,  identi- 
fied by a mixture melting point determination with an au- 
thentic sample and by infrared analysis. Elutions with a 
benzene-ether mixture (4:l) gave 10 mg (3.3 %) of 3a- 
hydroxy-5P-pregrza~z-20-one (15), m.p. 142-146", identified 
in the usual way by comparison with an authentic sample. 
Taking into account the recovery of starting material, the 
yield of 3fi-hydroxy-5P-pregnan-20-one (7) from 3a- 
hydroxy-5P-pregnan-20-one (15) amounted to 22.7 %. 

3~-Hydroxy-5P-pregnarz-20-one (7) by Meerwein-Po~zdorf 
Reductiotz of 20-Ethyle11edioxy-5~-preg11an-3-011e 
(12a) ar~dSubseqlrent Deketalizatior~ 

To a solution of 136 mg of 20-ethylenedioxy-5p-preg- 
nan-3-one (12a) in 0.75 ml of absolute benzene, 3.8 ml 
of sec-butyl alcohol and 136 lng of aluminium t-butylate 
were added at room temperature. The mixture was re- 
fluxed for 20 min and during that time 0.5 ml of absolute 
benzene was added. Subsequently the product was poured 
into ice water and the precipitate was extracted with a 
(3:l) ether - methylene chloride mixture. The organic 
solution was washed with an iced ammonium chloride 
solution and was dried over sodium sulfate. Removal of 
the solvent gave a crystalline product (146 mg), represent- 
ing a crude mixture of 3~-l1ydroxy-20-rtl1yle11edioxy-5~- 
pregilorze (13) and of 3a-l1ydroxy-20-eih.vIe11edio~y-5~- 
pregnmle (14) which was dissolved in 15 ml of absolute 
acetone. The solution was treated with 18 mg of p- 
toluenesulfonic acid at room temperature for 48 11 and 
poured into ice water. The precipitate was extracted with 
ether, the ethereal solution was washed with water and 
dried over sodium sulfate. The removal of the solvent 
gave 148 mg of a partly crystalline product which was 
chromatographed on 9 g of aluminium oxide. Elutions 
with petroleum ether - benzene mixtures (4:l and 1 :1) 
gave 58 n ~ g  (53 %) of 3~-hydroxy-5~-preg11a1~-20-011e (7), 
m.p. 143.5-144S0, identified by infrared analysis and by a 
mixture melting point determination with an authentic 
sample. Elutions with a (1 :4) petroleum ether - benzene 
mixture, pure benzene, and a (4:l) benzene-ether 
mixture gave 49 nlg (45% yield) of 3a-11ydroxy-5p-preg- 
nun-20-or~e (15), m.p. 146-147O, identified by spectral 
analysis and by the determination of a mixture melting 
point with an authentic sample. 

17a-Bro~r10-3~-~cetoxy-5~-pregt1an-20-011e (8)  
A quantity of 7.8 g of 3p-hydroxy-5P-pregnan-20-one 

(7), n1.p. 140-143O, was acetylated in the usual fashion, at  
room temperature, with 35 ml of acetic anhydride in 70 ml 
of pyridine. The usual working-up gave 8.788 g (99.4%) 
of crystalline 3P-acetoxy-5~-pregr~ar2-20-one (7a), 111.p. 
114.5-1 15". Two recrystallizations from ether-hexane 
raised the melting point O F  the crystalline pellets to 1 1 6  
117" [lit. (19), 116.5"]; [a];' Jr79.2" (c, 0.963 in CHC13), 
[lit. (19), +6g0 (EtOH)]; v,,,, (KBr) 1743 cm-' (acetate), 
1704 cm-' (20-ketone), 1251 and 1230 cnl-' (acetate). 

A portion of 6.9 g of the above-described 3P-acetoxy- 
5P-pregnan-20-one (7a), m.p. 114115", was dissolved in 
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70 ml of absolute carbon tetrachloride. To this solution 
was added under vigorous stirring and at reflux tempera- 
ture 4.25 g of N-bromosuccinimide and the mixture was 
irradiated for 8 niin with a 660 W lamp. As the reaction 
proceeded, the broniosuccinimide at the bottom of the 
flask disappeared and a light flocculating material was 
raised to the surface of the yellow solution. The cooled 
solution was filtered, the precipitate was rinsed with 
carbon tetrachloride, and the combined solutions were 
washed witli a dilute sodium bisulfite solution and with 
water, and dried over sodium sulfate. Evaporation of the 
solvent at reduced pressure gave 8.41 g of foamy material, 
representing crude 17a-brotno-3~-acetox~~-5~-preg~latz-20- 
one (8), v,,, (KBr) 1742 cm-I (acetate), 1706 cm-' (20- 
ketone), 1251 and 1236 cm-' (acetate), 670 cm-I (17a- 
bromine substituent). A sample of the crude product was 
analyzed for bromine. 

Anal. Calcd. for C23H3503Br: Br, 18.19. Found: 
Br, 18.57. 

Crystallization of the crude product from ether-liexane 
gave 7.668 g (91 % yield) of crystalline 17a-bromo-3P- 
acetoxy-5P-pregtlatl-20-one (8), m.p. (decomp.) 144-157'. 
A sample was recrystallized twice from ether-hexane for 
analysis; prisms, n1.p. (deconip.) 158-159", [a]Z4 -46.7" 
(c, 1.200 in CHCI,); v,,, (KBr) 1745 cm-' (acetate), 
1708 cm-' (20-ketone), 1251 and 1239 cm-I (acetate). 

Anal. Calcd. for C23H3503Br: C. 62.86; H, 8.03; Br, 
18.19. Found: C, 62.57; H, 7.97; Br, 18.33. 

ALG--3P-Acetoxj~-5P-pregnen-20-one (6a) 
(a) From 17a-Brotno-3~-acetoxj~-5~-pregtzan-20-otze ( 8 )  
A solution of 2.06 g of 17a-bromo-30-acetoxy-58- 

pregnan-20-one (8), m.p. (deconip.) 155-157', and of 
420 mg of lithium chloride in 520 ml of dimethyl forma- 
~iiide was refluxed in a nitrogen atmosphere for l h. The 
mixture was cooled and poured into ice water and the 
precipitate was extracted with ether. The ethereal solution 
was washed with an iced dilute hydrochloric acid solution, 
with a cold sodiuni bicarbonate solution, and with water 
and was dried over sodium sulfate. Evaporation of the 
solvent gave 1.68 g of A'~3~-acetoxy-5~-preg11e1~-20-ot1e 
(6a), m.p. 135-136" (quantitative yield). One recrystalliza- 
tion from ether-liexane gave 1.405 g (88 %) of pure A16- 
pregnenolone acetate (6a), m.p. 136-141". A sample was 
recrystallized twice from ether-hexane for analysis; 
prisms, ni.p. 144-144.5", [a]k2 -48.6" (c, 1.000 in CHC13); 
h,,, (EtOH) 239 mp (log E 3.97); v,,, (KBr) 3010 cm-' 
(vinylic hydrogen), 1740 cm-' (acetate), 1658 and 
1583 cm- (AL6-20-keto doublet), 1252 and 1231 cm-' 
(acetate). 

Anal. Calcd. for C23H3403: C, 77.05; H, 9.56. Found: 
C, 77.32; H, 9.40. 

(b) From Snzilagenin Acetate (5n)l8 
To a warm solution of 25 g of smilagenin acetate (25- 

iso-sarsasapogenin acetate) (Sa), m.p. 136-142", in 50 ml 
of acetic anhydride and 25 ml of pyridine, 8.5 g of 
niethylaniine hydrochloride was added, the mixture was 
refluxed for 2 h, cooled, and poured into ice water. The 
precipitate was extracted with methylene chloride, the 
organic solution was washed witli water and dried over 

18According to a procedure kindly provided by Dr. 
M. E. Wall. 

sodium sulfate. Removal of the solvent at reduced 
pressure gave 25.6 g of pseudosmilageni~z acetate which 
was used without further purification. The product was 
dissolved in 125 ml of acetic acid and 125.ml of dichloro- 
ethane and cooled to -8'. There was added, under 
vigorous stirring, a cold solution of 12.5 g of chromic 
acid in 125 ml of acetic acid. Subsequently, there was 
added slowly to the stirred mixture, at -5', a solution of 
12.5 g of sodium metabisulfite in 38 ml of water. The prod- 
uct was extracted with ether and the organic phase was 
washed with cold water, an iced sodium bicarbonate solu- 
tion and with water and was dried over sodiuni sulfate. 
Evaporation of the solvent at reduced pressure gave 24.8 g 
of 3~-acetox~~-16~-lgvdvoxy-5~-pregnat1-20-ote 16-(&ace- 
to-ry-y-n~ethjdvalerate) in the crude state. This product 
was dissolved in 150 ml of glacial acetic acid and the 
solution was refluxed for 2 h, cooled, and poured into ice 
water. The precipitate was extracted with methylene 
chloride, the organic solution was washed with an iced 
sodium bicarbonate solution and with water, and was 
dried over sodium sulfate. The removal of the solvent left 
26.2 g of an aniorphous product which was chromato- 
graphed on 700 g of aluminium oxide. Elutions with 
petroleum ether and with petroleum ether - benzene 
mixtures (9:l and 4:l) gave 12.6 g (64.4 %) of AI6-3P- 
acetoxy-5B-pregnen-20-one (6a), m.p. 121-138". Recrys- 
tallization from ether-hexane gave 11 383 g (60.7 %) of 
the pure pregnenolone acetate 6a, m.p. 139-140°, the 
identity of which with the product prepared as described 
under (a) was established by the determination of a 
mixture melting point and by the comparison of the 
infrared spectra. 

AL4~'G-3~-H)~droxy-5~-p~eg~~adie~~-20-o~~e (17) 
A quantity of 5.4 g of A'G-3~-acetoxy-5!3-pregnen-20- 

one (6a), m.p. 137-14O0, was brominated in 54 1111 of 
carbon tetrachloride with 3.24 g of N-bromosuccininiide 
as described above for the preparation of the 17-bromide 
8. The usual working-up (see above) gave 6.66 g of an 
aniorphous product, representing crude A'6-3!3-acetoxy- 
15~-bro1no-5~-preg1ze1~-20-o,re (16); h,,, (EtOH) 237 mp 
(log E 3.61), 308 mp (log E 2.96); v,,,,, (KBr) 1740 cni-I 
(acetate), 1678 cm- ' (y-halogenated a,P-unsaturated 20- 
ketone), 1655 cm-' (a,!3,y,6-unsaturated 20-ketone), 
1585 and 1525 cm-' (weak bands due to tlie presence of 
diene 17a), 1251 and 1235 cm-' (acetate). A sample of 
the crude product was analyzed for its bromine contents. 

Anal. Calcd. for C2,H3,03Br: Br, 18.27. Found: Br, 
18.37. 

The majority of the crude product (6.63 g) which, ac- 
cording to the spectral data, already contained some 
diene 17a, was dissolved with 1.32 g of lithiuni chloride 
in 1.5 1 of dimetliylfornianiide and dehydrobrominated as 
described above for the preparation of the pregnenolone 
acetate 6a. There was obtained 5.1 g of a product which, 
according to the ultraviolet spectrum, represented an ap- 
proximate (2:3) mixture of the unsaturated bronioketone 
16 and tlie dienone 17a; h,,, (EtOH) 238 mp (log E 3.6), 
308 nip (log E 3.8); v,,, (KBr) 3040 cni-' (shoulder, 
vinylic hydrogen), 1742 cm-' (acetate), 1670 cm-' (a$- 
unsaturated20-ketone), 1653 cni-'(a,P,y, 6 di-unsaturated 
20-ketone), 1590 and 1530 cm-' (weak band) (conju- 
gated double bond), 1252 and 1234 cm-' (acetate). The 
isolation of pure A'4~16-3~-acetoxy-5~-pregnadien-20-one 
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(17a) by chro~natography on aluminium oxide was un- 
successful. The purest fractions obtained, eluted with 
petroleum ether - benzene (1 :1) (459 mg), m.p. 116-119", 
still contained some mono-unsaturated product (approxi- 
mately 10%); h,,, (EtOH) 237 n11 (log E 2.9), 308 m 1  
(log E 4.1); v,,,,, (KBr) 3040 cm-' (vinylic hydrogen), 
1741 cnl-' (acetate), 1642 cm-I (14,16-di-unsaturated 
20-ketone), 1526 cm-' (conjugated double bond), 1252 
and 1238 cm-' (acetatc). No further purification could 
be achieved by crystallization and sublimation under 
high vacuum. 

A portion of 5.05 g of crude del~ydrobromination prod- 
uct was dissolved in 800 ml of methanol containing 2.5 % 
of perchloric acid. The solution was kept for 22 11 at room 
temperature and poured into ice water. The precipitate 
was extracted with ether, the ethereal solution was 
washed with a saturated sodium bicarbonate solution 
and with water, and was dried over sodium sulfate. Re- 
moval of the solvent left 4.5 g of an amorphous product 
whicl~ was absorbed on 290g of aluminium oxide. 
Elutions with a petroleum ether - benzene mixture (1 :1) 
gave 924 mg of crystalline material, n1.p. 135-139", still 
containing 30% of mono-unsaturated product, 720n1g 
of material melting between 142 and 150°, containing ap- 
proxinlately 20% of mono-unsaturated material, and 
1.205 g melting between 150 and 163", containing ap- 
proxinlately 10% of mono-unsaturated product. Recrys- 
tallization of the various fractions in methanol-hexane 
gave 1.255 g of A'4~'G-3~-11ydroxy-5~-preg11~1dien-Z0-011e 
(17), m.p. 152-16O0, the ultraviolet spectrum of which 
showed no mono-unsaturated product (yield from preg- 
nenolone acetate 60: 23.4%). A sample was recrystallized 
four times from methanol-hexane and sublimed twice in 
high voclto at 105-110"; pellets, m.p. 173-174'; [a];' 
+453" (c, 1.010 in CHCI,); h,,,, (EtOH) 308 n ~ p  (log E 

4.04); v,,,,, (KBr) 3440 cm-' (hydroxyl), 3040 cni-' 
(vinylic hydrogen), 1630 and 1523 cm-' (A'4.'G-20-keto 
doublet), 1034 cn1-' (hydroxyl). 

Anal. Calcd. for CZlH3002: C ,  80.21; H, 9.62. Found: 
C ,  80.98; H, 9.16." 

For the following reaction, c~ystalline material ~nelting 
between 152 and 161" was used. 

A14-3/3-Hydrox~~-5~-pregt~e~~-20-o,re (18) 
(a) Fro111 A14~'6-3~-HyCII.~xy-5~-preg11adiet1-20-orre 

(17) by Red~tctiotr with Litlriun~ and Alnttlor~ia 
In the course of 4 niin, a solution of 100 mg of Al4,I6- 

3[3-hydroxy-5~-pregnadien-20-one (17), m.p. 158-16l0, 
in 6.7 rnl of absolute ether was added to a well-stirred 
solution of 100 mg of lithium and 50 n11 of ammonia at 
-70". After a further 4 min of stirring, the dark-blue 
color started to fade and 500 n ~ g  of an~nlonium chloride 
was added which resulted in complete discoloration. In 
the course of 3.6 h, the ammonia was evaporated in a 
nitrogen current and the volunie of the liquid was main- 
tained by addition of absolute ether. The mixture was 
poured into ice water and the precipitate was extracted 
with ether. The ethereal solution was washed with water 
and dried over sodium sulfate. Evaporation of the solvent 
gave 99 111g of an amorphous product which was cliron~a- 
tographed on 4 g of aluminium oxide. The petroleum 

19No better analytical results could be obtained. 

ether - benzene fractions (4:l and 1 :1) gave 26 mg of 
A'4-3~-l~ydro,uy-5~-preg~~e~~-20-or2e (la), m.p. 14C159" 
(25.8 % yield). The product was recrystallized three times 
from ether-hexane for analysis; needles, m.p. 164-164.5"; 
ta l i6  +66.5" (c, 1.000 in CHCI,); ?,,,,, (cyclohexanc) 
194 n ~ p  (log E 2.17); v,,,, (KBr) 3485 cm-' (hydroxyl), 
3040 cnx-' (vinylic hydrogen), 1702 cn1-' (20-ketone), 
1649 cnl-' (double bond), 1135 cnl-' (llydroxyl). 

Anal. Calcd. for C21H3202:  C ,  79.64; H, 10.19. 
Found: C, 79.46; H, 10.02. 

Elutions with petroleum ether - benzene (1 :1) gave 
10 lng of A'4~'6-3~-11~~droxy-5~-preg11~die11-20-0t1e (17), 
111.p. 151-154", identified by a mixture melting point, and 
thin-layer, ultraviolet, and infrared analyses. Taking the 
recovery of this material into consideration, the yield of 
the A'4-pregnenolone 18 amounted to 28.7 %. 

Benzene and a benzene-ether ~nixture (4:l) eluted 
40 mg of a partly crystalline product, m.p. 148-167"; 
h,,,, (EtOH) 231 1111 (log E - 4); v,,,, (KBr) 3480 cnl-' 
(hydroxyl), 1685 and 1610 cm-' (a,p-unsaturated keto 
doublet). This product was not further investigated. 

(b) Frorn A'4~'6-3~-fIyrlroxy-5~-p~eg1~adie11-20-011e 
(17) by Reduction with Sorlrrrr11 and 11-Proput101 utrd 
Slrbseqltetrt Oxidatiot~ 

From a solution of 800mg of A'4*'6-3B-hydroxy-5p- 
pregnadien-20-one (17), m.p. 152-160°, in 50 n ~ l  of abso- 
lute benzene and 1.68 ml of dihydropyran, 25ml of 
benzene was removed by distillation, and 32 mg of p- 
toluenesulfonic acid was added at room temperature. 
After 3.5 days, the mixture was poured into ice water and 
the precipitate was extracted with ether. The organic 
phase was washed with a saturated sodium bicarbonate 
solution and with water, and was dried over sodium 
sulfate. Evaporation of the solvent gave 1.06 g of an  
amorphous product which was chroniatographed on 
50 g of alurnini~~nl oxide. Elutions with petroleum ether 
and with petroleuni ether - benzene mixtures (9:l and 
4:l) gave 987 n ~ g  (97.4%) of A'4~'6-3P-(2'-tetrahydro- 
pyrar1)~loxy)-5~-pregr1adierr-2O-one (17b), m.p. 110-133"; 
h ,,,, (EtOH) 309 mp (log E 4.13); v ,,,, (KBr) 3040 cm-' 
(vinylic hydrogen), 1644 and 1521 cm-' (A'4~'6-20-keto 
doublet), 1129, 11 10, 1015, and 990 cm-' (tetrahydro- 
pyranyl ether). This product was employed without 
further purification in the next step. 

A portion of 480 n ~ g  of the crude A'4~1G-di-unsaturated 
tetrahydropyranyl ether 17b, n1.p. 114-136O, was dis- 
solved in 100 ml of absolute 11-propanol. At reflux tem- 
perature, in the course of 30 min, 1.5 g of metallic s o d i ~ ~ ~ i i  
was added portionwise to this solution; after 1 h, the 
sodium was completely dissolved. The crude mixture was 
diluted with water and neutralized with a 2 N hydro- 
chloric acid solution, concentrated at reduced pressure 
and extracted with ether. The cthereal solution \bas 
washed with a sodium bicarbonate solution and with 
water, and was dried over sodium sulfate. Ren~oval of the 
solvent gave 500 mg of amorphous A''-30-(2'-tetrn- 
/~)~rlr.o~~yrar~yloxy) -ZO~-l1yyrluoxy-5~-pregnet1e (19); v,,, 
(CHCI,) 3620, 3470 cm-I (20-hydroxyl), 3040 cni-' 
(vinylic hydrogen), 1652 c ~ n - I  (double bond), 1131, 11 11, 
1021, and 997 cm-' (tetrahydropyranyl ether). This prod- 
uct was used without further purification in the next step. 

The 14-unsaturated 20-hydroxy ether 19 (500 mg) was 
dissolved in 50 ml of absolute acetone and the solution 
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(b )  Fron~ Digitoxiger~i~z (2 )  
A quantity of 1 g of digitoxigenin (2), m.p. 249-250°, 

was acetylated in the usual fashion at room temperature 
with 4.4 ml of acetic anhydride in 8.8 ml of pyridine. 
There was obtained 1.11 g (99.8 %) of digitoxigenin ace- 
tate (2a), m.p. 219-220". One recrystallization from 
acetone-hexane gave 1.08 g (97.2%) of a product melting 
between 232 and 235". A sample was recrystallized three 
times from acetone-hexane for analysis; prisms, m.p. 
224225"; [ a g 6  +21.1° (c, 0.991 in CHCI,) [lit. (61), m.p. 
222/227"; [a]A7 +19.2", 21.4' (CHCI,)]; h,,, (EtOH) 
216 mp (log E 4.05); v,,, (KBr) 3500 cm-' (14-hydroxyl), 
1780 and 1752 cm-' (butenolide), 1740 cm-' (acetatc), 
1625 cm-' (20(22)-double bond), 1258 and 1238 cm-' 
(acetate). 

Anal. Calcd. for CZ5H36O5: C, 72.08; H, 8.71. Found: 
C, 71.92; H, 8.85. 

Through a solution of 2.2 g of digitoxigenin acetate 
(24, m.p. 224-226", in 120 ml of ethyl acetate, there was 
passed, at -80°, in the course of 62min, an oxygen 
current containing 4.5 % of ozone at a rate of 71.3 ml per 
min. The pale-blue solution was left for 20 rnin at -80'. 
The solvent was removed at reduced pressure and the 
residue dissolved in 18 ml of glacial acetic acid; zinc dust 
was added portionwise until the solution showed no more 
reaction with starch and potassium iodide. The mixture 
was filtered and the residue was washed with chloroform, 
the filtrate and washings were diluted with chloroform, 
washed with an iced potassium bicarbonate solution and 
with water, and dried over sodium sulfate. Evaporation 
of the solvent gave 2.7 g of amorphous 3p-acetosy-14b- 
I~ydroxy-21-glyoxyloxy-5~-pregnan-20-one, which was 
treated in 130 ml of methanol for 20 h at room tempera- 
ture with a solution 1.75 g of potassium bicarbonate in 
55 ml of water. After concentration, the product was ex- 
tracted with a mixture of chloroforn~ and ether (1 :3). The 
organic solution was washed with water, dried over 
sodium sulfate, and taken to dryness. There was obtained 
2.1 g of crude 3~-acetoxy-14fi,21-di/?vdro,~y-5fi-preg11at1- 
20-one; v,,, (KBr) 3450 cm-' (hydroxyls), 1742 cm-' 
(acetate), 1718 cm-'  (shoulder) (20-ketone), 1259 and 
1238 cm-' (acetate). A quantity of 1.98 g of this product 
was treated a t  room temperature for 20 11 in 56 ml of 
methanol with a solution of 3.3 g of periodic acid in 
11.2 ml of water. The chloroform extract of the product 
was washed with water, an iced sodium bicarbonate 
solution, and with water, and was dried over sodium 
sulfate. Evaporation of the solvent gave 1.125 g of a 
neutral product. The bicarbonate washings were acidified 
with sulfuric acid and extracted with cl~loroform to give 
880 mg of an acidfraction. 

The rre~itral fraction was acetylated in the usual way 
with 5.25 ml of acetic anhydride in 10.5 ml of pyridine to 
give 1.064 g of an amorphous product which, upon 
crystallization from methylene chloride - ether, gave 
259 mg of metl~yl 3P-acetoxy-14p-hydroxy-5P-etia11ate 
(4c), m.p. 15&153'. The mother liquors of the crystalliza- 
tion were filtered through an aluminium oxide column 
and thus gave another 559 mg of hydroxyetianate 4c, 
m.p. 150-153" (yield of product from the neutral fraction: 
41.9%). A sample was recrystallized three times from 
ether-hexane; n1.p. 155-156", [a]:: -F-38.0" (c 1.000 in 
CHC1,) [lit. (9); m.p. 154157'; [a]i5 +30.7" +2" (in 
CHCI,)]. The product proved identical in every respect 

with the one prepared in this laboratory from ~llethyl 
A'4-3p-acetoxy-5fi-etienate (3c) (2). 

The acidfraction (880 mg) was methylated in the usual 
fashion in 25 ml of absolute methanol and 7 ml of 
absolute ether with 54 rnl of a 0.7% ethereal diazo- 
methane solution to give 850 mg (43.5%) of r,zerlzyl 3j3- 
acetosy-14fi-lzydrosy-5~-etia11ate (4c), m.p. 147-150' (to- 
tal yield of this product from digitoxigenin acetate (2a): 
85.4 %). 

A portion of 600 rng of this product, m.p. 148-154', 
was dissolved in 6 ml of absolute pyridine; the solution 
was cooled to 0" and there was added 0.6 1111 of thionyl 
chloride. The mixture was sealed and left for 11 h at 0" 
and for 1 h a t  20°, and was then poured into ice water. 
The precipitate was extracted with a mixture of chloro- 
form and ether (1 :3). The organic layer was washed with 
iced dilute hydrochloric acid, with a cold potassium bi- 
carbonate solution and with water, and was dried over 
sodium sulfate. Evaporation of the solvent gave 700 mg 
of an amorphous product which was chromatographed 
on 10 g of aluminium oxidc (activity 11). Elutions with 
petroleum ether gave 492 mg of rr~etlzyl A14-3~-acetosy- 
5p-etia~zate (3c), m.p. 115-120' (yield from the hydroxy 
ester 4c: 85.9 %). A sample was recrystallized three times 
from methanol; m.p. 126-126.5". The product was found 
identical with that prepared as described under (a) by 
the comparison of the infrared and ultraviolet spectra 
and by the determination of a mixture melting point. 

A'4-21-Diazo-3~-acetosy-5~-preg~ze~~-20-o~ze (21)  
A quantity of 810 mg of A'4-3p-hydroxy-5fi-etianic 

acid (3), m.p. 170-172", was dissolved in 4 nll of pyridine 
and treated for 16 11 with 1.5 ml of acetic anhydride. 
Subsequently, 1.5 rnl of water was added and the mixture 
was refluxed for 1 h. After cooling, 25 ml of ice water was 
added and the precipitate was filtered, washed with an  
iced dilute hydrochloric acid solution and with water, 
and was dried in vacuo. Thus, 800 rng (87.3 %) of crude 
A'4-3p-acetoxy-5~-etia~zic acid (34, m.p. 163-164", was 
obtained; v,,, (KBr) 3400cm-' (large, associated hy- 
droxyl band), 1738 cm-' (acetate), 1704 cnl-' (carboxylic 
acid), 1648 cm-' (double bond), 1255 (shoulder) and 
1234 cm-' (acetate). This product was used without 
further purification in the following reaction. 

A suspension of this product in 42 1111 of absolute 
benzene was cooled to 5". With repeated shaking, 5.6 rnl 
of oxalyl chloride in 20 rnl of absolute benzene was 
added in the course of 2 min. The mixture was shaken 
repeatedly and allowed to reach room temperature. After 
30 min, the acid was completely dissolved. The solvent 
was evaporated 1.3 11 after the end of the addition of the 
oxalyl chloride, the product was dried by being dissolved 
in absolute benzene and by being taken to dryness re- 
peatedly, with exclusion of moisture. There was obtained 
822 mg of partly crystalline A'4-3p-acetoxy-5fi-etianic 
acid chloricle (20), which was used without further puri- 
fication in the next step. 

The acid chloride 20 was dissolved in 30 rnl of absolute 
benzene. To this solution was added at -loo, in the 
course of 3 min, 20 ml of a 2.9 % ethereal diazomethane 
solution and the mixture was left at 0' for 18 h and at 25" 
for 25 min. The evaporation of the solvent under reduced 
pressure, at 22O, gave 890 mg of crude, amorphous A',- 
21-diazo-3~-acetoxy-5fi-pregrre~~-20-o~ze (21); v,,,,, (CCI,) 
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3080 cm- ' (vinylic hydrogen), 2100 cm- ' (sharp diazo pyridine to give 640 mg of an amorphous residue which 
band), 1742 cm-I (acetate), 1650 cm-' (large diazo band), was chromatographed on 30 g of aluminium oxide. 
1260 and 1238 cm- ' (acetate). This product was used Elutions with petroleum ether - benzene (1 :1) gave 121 mg 
without purification in the following reaction (see below). 25.5 % yield from A'4-3~,21-diacetoxypregnenone 23b 

of 3~-acetoxy-5~-carda-14(15),20(22)-dienolide (p-anhy- 
p-Anbrlrodigitoxige1262 Acetate (la) drodigitoxigenin acetate) (la), m.p. 179-185" (yield from 

(a) fionz A'4-21-Diazo-3~-acetoxy-5~-pr.egnerz-20-oze the A14-3P-hydroxyetianic acid 3: 17.4%). A sample was 
(21) throzrgh A14-21-C/z10ro-3~-acetoxy-5~-pregne,2- recrystallized three times from acetone-hexane for analy- 
20-orze(23) arzdA14-3~,21-Diacetox~~-5~-pregrgr2eiz-20- sis; needles, m.p. 190-192"; [alp -18.2' (c, 0.810 in 
one (23b) CHCI,) [lit. (8b, 8c, 620, 62b); m.p. 185"; [u], -18" 

T o  a solution of 890 mg of crude A14-21-diazo-3b- (CHCI,)]; h,,, (EtOH) 212 rnkl (log E 4.11); v,,,,, (KBr) 
acetoxy-5[3-pregnen-20-one (21) in 30 ml of absolute 1783 and 1752 cm-' (butenolide), 1738 c m l  (acetate), 
benzene there was added in the course of 4 min, dropwise 1645 cm-' (shoulder, 14-double bond), 1630 cm-I (20 
and with stirring, a solution of 435 mg of anhydrous (22)-double bond), 1250 and 1234 cm-'  (large acetate 
hydrogen chloride in 5.5 ml of absolute ether. The mixture band). 
was stirred for another 40 rnin at  room temperature, Anal. Calcd. for C25H3104: C, 75.34; H, 8.60. Found: 
poured into ice water and extracted with ether. The C, 75.02; H, 8.46. 
organic solution was washed repeatedly with water and Elutions in the above-mentioned ch~.omatogram with 
was dried over sodium sulfate. The evaporation of the benzene-ether (9:l) gave 100 mg (20%) of an amorphous 
solvent under reduced pressure gave 906 mg of crude, product; v,,, (KBr) 3430 cm-' (20-hydroxyl), 1782cm-I 
amorphous A14-21-chloro-3~-~cetoxy-5~-pregrzerz-20-orze (y-lactone), 1740cm-' (acetate), 1663 cm-'  (double 
(23); vmax (KBr) 1738 cm-l (acetate), 1651 cm-I (double bond), 1245 cm-' (large acetate band), which was not 
bond), 1258 and 1234 cm-' (acetate) which gave a further investigated but to which we assign tentatively the 
positive Beilstein test and which was used without further structure of ~14-3~-a~etox~~-20~-/zydroO~~~-5~-carde~zo~i~/e 
purification in the next step. (22). 

A solution of the crude chloride 23 (904 mg) in 35 ml (b) Fronl ~'J-2~-D~azo-~p-~ce~oxy~5~-p~e2,1e1~-20-orle 
of absolute acetone was refluxed under nitrogen with (21) Directly through A'"-38,21-Diacetoxy-5b- 
703 mg of sodium iodide for 45 min. The product was preg,1e,1-20-olze (23b) 
extracted with ether and the ethereal solution was washed A solution of 1.342 ofcrude ~14-~1-diazo~3p-acetoxy- 
with water, a small quantity of iced 0.8 % sodium hy- 5b-pregnen-20-one (21) in 90 ml of glacial acetic acid was 
droxide solution, again with water, and was dried over placed in an oil bath preheated to 1350 and was heated 
sodium sulfate. The evaporation of the solvent gave for 10 min (total reaction time: 20 min). ~h~ acetic acid 
937 mg an Wresenting crude A'4-21-i0d0-3?- was removed in vacuo and the residue was dried repeatedly 
acet0~~'-5b-~regize1z-~0-oize (23a), which was I n  with absolute ethanol and absolute ether. TIle product, 
37 ml of absolute acetone and IZfluxed for l2 with representing crude ~'4-3~,2~-diacetoxy-~~-p~egIzeIl-~~- 
4.3 g of potassium bicarbonate in 2.4 ml of glacial acetic (23b),), was purified as described above to give 989 mg 
acid. The mixture was diluted with ice water and the of crystalline diacetate 23b (68.3 %) and 88 lng ( 6 % )  of a 
precipitate was filtered, washed and dried in vacuo to give less pure, only partly crystalline material. 
809 mg o f a  partly crystalline product. Recrystallization ~ ~ t h  purified fractions of the diacetate 23b (1,077 g) 
from methanol gave 625 mg of crude crystalline A14-3b,21- were subjected under the conditions described above to 
dincetox~-5B-~r.egnen-20-oize (23b), m.P. g8-lo6"; vmax the Reformatsky reaction to give, after chronlatography 
(KBr) 1745 cm-l (shoulder, 20-0x0-21-acetate and 30- of the crude reaction product, 258 mg (25.7% from the 
acetate), 1728 cm-' (21-acetox~-20-ketone); (yield from &acetate 236) of ~-nn/ly~or/igi~o,yigeIlin acetate (la), 
A14-3B-h~drox~-5B-etianic acid (3): 68.3 %). This product m.p. 181-184". ~h~ identity of the product one 
which is with was used described under (a) was established by co~nparison of the 
without further purification in the next reaction. ultraviolet and infrared spectra and by the determination 

A portion of 495 mg of the above-described A14- of a mixture melting point. 
diacetoxypregnenone 23b, n1.p. 98-106", was dried 
with absolute benzene and dissolved in 15 ml of absolute (c) From Digitoxigerzirz Acetate (20) 
benzene and 15 rnl of absolute ether. There was added 
1.2 g of granulated zinc, activated with iodine, and 17 rnl 
of solvent was removed by distillation. Freshly distilled 
ethyl bromoacetate (1.64 ml) was added and 1 ml of 
solvent was again removed by distillation. The thus 
initiated vigorous rcaction lost its intensity after 3 rnin 
and the mixture was heated to ebullition for another 
15 rnin. Absolute dioxane (2.1 ml) was added and the 
mixture was heated for 30 min, cooled, and acidified with 
iced dilute hydrochloric acid. The product was extracted 
with ether, the organic layer was washed with an  iced 
saturated potassium bicarbonate solution and with water 
and was dried over sodium sulfate. Evaporation of the 
solvent gave 850 mg of an  oil which was acetylated in the 
usual fashion with 3 ml of acetic anhydride in 6 ml of 

T o  a solution of $0 rng of digitoxigenin acetate @a), 
m.p. 224-225", in 5 1111 of absolute pyridine, there was 
added at O0, 0.5 in1 of thionyl chloride and the mixture 
was transferred into an ampulla which was sealed. The 
product was kept for 16 h at  0" and for 1 h at  room 
temperature and then poured into ice water. The preci- 
pitate was extracted with a mixture of chloroform and 
ether (1:3) and the organic layer was washed with cold 
dilute hydrochloric acid, with an iced saturated potassium 
bicarbonate solution, and with water and was dried over 
sodium sulfate. Evaporation of thesolvent gave 500mg of a 
product which was recrystallized from acetonc-hexane to 
give 465 mg (97.2%) of 3b-acetoxy-513-carcla-14(15), 20- 
(22)-dierzolide (p-arz/zyrlrorligi~o~~igelzirz acetate) (la), m.p. 
180-183". Two recrystallizations from dichloromethane- 
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ether raised tlie melting point to 190-192'. The identity of 
this product with tlie materials synthesized according to 
(a)  and (b)  was established by the con~parison of the 
infrared and ultraviolet spectra and by the determination 
of mixture melting points. 
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Spirocyclic tetrahydropyrimidines derived from pentaerythritol 

ROMANO L. SALVADOR and MICHEL SAUCIER 
Medicinal Cliernisiry Laborarory, Facrilry ofpl~artnacy, Ut~iversiiy of Motztrenl, Montrenl, Quebec 

Received October 2, 1967 

A series of seven spirocyclic compounds bearing the newly synthesized 6,s-diaza-2-oxaspiro [3.5]nonane 
ring system are reported. Their preparation consists in the condensation of 3,3-bis(aminomethy1)oxetane 
n~onohydrate. obtained via pentaerythritol tribromide and, 3,3-bis(bromomethyl)oxetane, with certain 
amidines and guanidines. 
Canadian Journal of Chemistry, 46, 751 (1968) 

The focus of attention in the field of hypo- 
tensive drugs has been placed for some years on 
certain guanidines (1-3) and amidines (4) which 
produce their effect by preventing the release of 
the adrenergic transmitter substance at sym- 
pathetic nerve endings. The series of amidines 
and guailidiiles presented in this paper were 
prepared as potential sympathetic blocking 
agents. These constitute a departure from the rec- 
ognized chemical pattern of such drugs in that 
the amidine or guanidiile moieties are part of a 
new spirocyclic structure, i.e., 6,s-diaza-2-oxa- 
spiro[3.5]uonane. The spirocyclic compounds 
were obtained in five or six steps from penta- 
erythritol(1) according to Scheme 1. 

Pentaerythritol (1) was first converted into 

2,2-bis(bromomethy1)-3-bromo-propanol (2) in 
high yields (90 %) with anhydrous hydrobromic 
acid in acetic acid (5). The tribromo derivative 2 
was then converted to 3,3-bis(aminomethy1)- 
oxetane dihydrobromide as described previously 
(6) and as illustrated in Scheme 1. Attempts to  
isolate base 5 by the steam distillation method of 
Beyaert and Govaert (6) and by the salting out 
process described by Campbell (7) were un- 
successful in our hands. However, good recovery 
(ca. 70 %) of 3,3-bis(aminomethy1)oxetane mono- 
hydrate (5) was obtained when the dihydro- 
bromide salt (4) was treated with a theoretical 
amount of solid potassium hydroxide and the 
free base was extracted with absolute alcohol. 

The syntheses of structures 8 a, b, c, and d, 

8 
8a R = CH, 
8b R = CsHs 
8c R = CH2CsH5 
8d R = NHz 

Scheme 1 
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Scheme 2 

were performed by a general method for the 
preparation of 2-substituted-l,4,5,6-tetrahydro- 
pyrimidines devised by Brown and Evans (8). 
Accordingly, acetamidine hydrochloride, benz- 
amidine hydrochloride, phenylacetainidine hy- 
drochloride, and guanidine hydrochloride were 
condensed with 3,3-bis(aminomethyl)oxetane 
monohydrate (5) yielding the hydrochloride salts 
of the new spiro structures 8 a, b, c, cl. These 
reactions proceeded smoothly at low tempera- 
tures with the evolution of two moles of ammonia. 

The synthesis of compound 9 was attempted 
by direct co~ldensation of benzylguanidine hy- 
drochloride with diamioe 5, but this reaction 
failed to  give the expected product and gave 
instead product 8 d in  16 % yield. A similar con- 
densation was attempted between phenylguani- 
dine hydrochloride and diamine 5 producing 
once again compound 8 d in 25 % yield. Am- 
monia was collected in both cases and estimated. 
In order to  ascertain the importance of recurring 
compound 8 cl in these reactions it was decided 
to react methylguanidine hydrochloride with 
diamine 5 and collect the volatile bases thus 
produced. The expected N-methylcyclic guani- 
dine could not be isolated from the reaction but 
instead compound 8 d was again produced in 
31 %yield. The gases evolved during this reaction 
were collected in an alcoholic solution of anhy- 
drous hydrogen chloride and methylamine was 
isolated as its hydrochloride and characterized 
as its phenylthiourea derivative along with am- 
monium chloride. As the yield of compound 8 d 

produced by the condensation of guanidine 
hydrochloride and diamine 5 was found to be 
44% (see Table I), this reaction was taken as a 
basis for comparison with the aforementioned 
condensations. It was then reasonable to assume 
that the elimination of methylamine as well as 
the likely elimination of benzylamine and aniline 
from the corresponding guanidines constitutes a 
preferred reaction course. These observations 
suggested the following reaction mechanism as a 
possible explanation for the production of com- 
pound 8 d (Scheme 2). 

The methylguanidinium ion is a resonating 
hybrid of structures a,, b,, and c,. Structures a, 
and b, are equivalent and contribute strongly to  
the stability of the resonating molecule whereas 
structure c, offers little contribution to  the 
stability of the hybrid inasmuch as the inductive 
effect of the methyl group does not favor this 
structure and for reasons of ilon eq~iivalence. As 
a consequence, it is reasonable to  assume that 
the =N+HCH, entity is more labile than its well 
stabilized NH, counterparts resulting in the 
elimination of methylamine from the methyl- 
guanidine molecule under attack by a nucleo- 
phile. The reaction of 3,3-bis(aminomethy1) oxe- 
tane with inethylguanidine hydrochloride would 
imply firstly a nucleophilic attack on the central 
carbon atom of methylguanidine by one of the 
NH, groups of the 1,3-diamiue 5 with the 
elimination of methylamine, followed by a 
second nucleophilic attack on the same carbon 
atom by the secoild NH, group of the diamine 
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SALVADOR AND SAUCIER: SPIROCYCLIC TETRAHYDROPYRIMIDlNES 

TABLE I 
Data for N-substituted 6,8-diaza-2-oxaspiro[3.5]non-6-ene hydrochlorides 

HC1 Melting Analyses 
Salt of Reaction Temperature point 

compound time "C "C % yield Formula % c  %H %N %C1 

8a 10min room 241- 77 C7H13C1N20 Calcd. 47.59 7.41 15.85 20.07 
temperature 251 d* Found47.64 7.69 15.82 20.29 

8b 2 h  75 230- 76 C12H15C1N20 Calcd. 60.37 6.33 11.73 14.85 
231t Found60.23 6.33 11.63 14.68 

8c l h  50 231- 77 C13H17C1NZ0 Calcd. 61.77 6.77 11.08 14.02 
231.5l Found 61.51 6.73 11.28 13.95 

8d 3 11 140 225- 44 CGH1~C1N3O Calcd. 40.56 6.80 23.65 19.95 
226 5 Found 40.55 6.80 23.40 19.50 

*Recrystallized from absolute ethyl alcohol. Infrared cm-I, C--0-C (split band) 970, 940; 
+ 

H N S Z N H  1660 (Nujol mull). 
tRec~ystall~zed from dry isopropyl alcohol. Infrared cm-1, C-0-C (spllt band) 975, 940; 

HNZ=C'--NH 1640 (Nujol mull). 
$Recrystall~zed from absolute ethyl alcohol. Infrared cm-1, C-0-C (spl~t band) 970, 940; 

N H ~ ~ Z Z N H  1650 (Nujol mull). 
§Recrystall~zed from absolute ethyl alcohol. Infrared cnl-1, C-0-C (split band) 980, 950; 

NH=&NH 1670 (Nujol mull). 

5 with subsequent evolutioll of ammonia and chloride, and nitroguanidine were prepared by methods 

cyclization to  produce compound 8 d. described in the literature (12-14). 
Guanidine hydrochloride was obtained by passing dry 

Since a direct Of c~clizatioil to l~ydrocl~loric acid into an alcoholic suspension of guani- 
pound 9 did not seem available, another SYn- dine carbonate (Matheson, Coleman, and Bell). 
thetic pathway based On reactions described by 3,3-~ir(nm~10~ne~/zY[)oxe~n~le~o~10/~yrl,.nte (5) 
McKay et al. (9, 10) was chosen. Compound 3,3-Bis(an1inon1ethyl)oxetane dihydrobronl~de (4) (20 
was thus prepared by reacting the dihydro- g, 0.07 mole) was treated with potassium hydroxide 
bromide salt 4 with potassiuln hydroxide and pellets (9.4 g, 0.14 mole) while stirring rapidly. After a 
nitroguanidine in aqueous solutioll according to period of 5 rnin an exothermic reaction occurred. The 

stirring was continued untll all the potassium hydrox~de 
these authors. colnpound was then pellets were consunled. Thc liberated 1,3-diamine was 
with an excess of anhydrous beilzylainine to  taken up in 50 ml of absolute ethyl alcohol and the 
afford the cyclic guanidine 9. The pyrimidone 6 potassium bromide formed in the reaction eliminated by 
was obtained illcidelltally by the hydrolysis of filtration. After evaporation of the alcohol, the residue 

was distilled under reduced pressure to afiord 6.5 g (67 %) with an aqueous "lution Of bellzyl- of 3,3-bis(aminomethy1)oxetane monohydrate, b.p. 121" 
amine. This reaction has been described by at 15 mnl; lit. 1210 at 15 mn (6). 

McKay et (lo)' The same pyrimidone was 7-Ni~y~~~~~jo-6,~-~[iaznn22o,YaSPjro[33~]IjoI22~6elje (7) 
also prepared by the c~~-~densatioll  of urea wit11 Nitroguanidine, 7.48 g (.07 mole) was dissolved in a 
the 1,3-diamine 5 according to  a procedure solution of potassium hydroxide prepared from 9.4 g 
described by Bradbury et al. (1 1). (0.14 mole) of KOH in 15 n ~ l  of water. 3,3-Bis(amin0- 

Pharmacological testing of the above corn- nleth~l)oxetane dihydrobromide (4) (20 8, 0.07 mole) 

pounds is in its preliminary stage. was then added to this solution which formed a thick 
paste. The mixture was heated and stirred for 20 min a t  

Experimental 
The melting points reported in this work are uncol- 

rected. The elemental analyses were performed by Dr. 
DaesslC, 5757 Decelles, Montreal. The infrared spectra 
were made on a Beckman IR 8 spectrophotometer. The 
hydrochloride salts were titrated potentiolnetrically with 
silver nitrate. Acetamidine hydrochloride, practical grade, 
was purchased from Eastman and used without futther 
purification. 

Norz-cyclic Amirli,les mid Glm~~icli~~es 
Benzamidine hydrochloride, phenylacctan~idine hydro- 

65". At the end of the reaction, most of the solid material 
had dissolved. On cooling in an ice-salt bath, 4 g (31 %) 
of a white solid precipitated out. This product was 
purified by several recrystallizations in a mixture of ethyl 
alcohol and water and identified as 7-nitramino-6,s- 
diaza-2-oxaspiro [3.5]non-6-ene, m.p. 254-255" (decomp.). 

+ 
Infrared cm-': C-0-C (split band) 968, 940; HN-C 
= N 1620 (Nujol mull). 

Anal. Calcd. for CGHl0N4O3: C, 38.70; H, 5.41; N, 
30.09. Found: C, 38.52; H, 5.47; N, 30.10. 
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(2 g, 0.01 mole) and freshly distilled benzylamine (10 ml) 
were heated at 150" until the evolution of nitrous oxide 
had ceased which took approxinlately 20 min. The benzyl- 
amine in excess was then eliminated it1 vacrro. The residual 
yellow oil which amounted to 1.5 g (62%) was distilled, 
b.p. 210-213" at 0 .08nm.  This product formed a salt with 
picric acid which was the picrate of 7-benzylamino-6,8- 
diaza-2-oxaspiro[3.5]non-6-ene, n1.p. 165-165.5". Infra- 

+ 
red ~111-': C-0-C (split band) 970, 950; HN==C= 
N H  1650 (Nujol mull). 

Anal. Calcd. for CleH20N60B: C, 49.56; H,  4.37; N, 
18.25. Found: C, 49.77; H, 4.42; N, 18.25. 

6,8-Dinzr1-2-oxaspiro[3~5]no11a11-7-orze (6) 
A mixture of urea (2.6 g, 0.042 mole) and 3,3-bis- 

(an~inomet11yl)oxetane monohydrate (5) (5.7 g, 0.642 
mole) was heated over a period of 1 h at  150'. At the end 
of the reaction, the contents of the flask turned into a 
solid mass. The solid material, after recrystallization fro111 
absolute ethyl alcohol, gave 3 g (50%) of a white crystal- 
line product m.p. 277.5-278' C. This con~pound was 
identical with a sample obtained by the hydrolysis of 7- 
nitramino-6,8-diaza-2-oxaspiro[3~5]non-6-ene (7) with 
aqueous benzylamine as determined by mixture melting 
points and infrared spectra. The pyrimidone is very 
soluble in water and insoluble in most other organic 
solvents. Infrared cm-': C-0-C (split band) 970, 945; 
HN-CO-NH 1670 (Nujol mull). 

Anal. Calcd. for C6HlON2o2:  C, 50.69; H, 7.08; N, 
19.70; Found: C, 50.07; H, 7.17; N, 19.54. 

N-S~~bstit~rted6,8-Diazn-2-oxnspiro[3~5]t1or~-6-erzes (8)  
These con~pounds were prepared by successively con- 

densing 5 with the hydrochloride salts of acetanlidine, 
benzamidine, phenylacetamidine, and guanidine as fol- 
lows: the amidine or guanidine (0.025 mole) was added 
to  3,3-bis(an~inomethyl)oxetane monohydrate (5) (0.025 
mole) in a 25 ml flask with magnetic stirring. The reaction 
occurred at room temperature (8 a) or was heated in an  
oil bath (8 b, c, cl) for a period of 10 min to  3 h after 
which the mixture solidified. The product of the reaction 
was thcn crystallized in absolute ethyl alcohol or dry 
isopropyl alcohol yielding the l~ydrocl~loride salt of the 
desired spiro con~pound. Data pertaining to these conl- 
pounds are given in Table I. 

Cotzdetlsatior~ of N-Substituted Glmtzidit~e I~ydrochloricles 
with 3,3-Bis(att~it~o1t~etlzyl)oxetnt~e Mo~~olzydrate (5) 

Condetlsatiot~ with Ber~zylgltnt~iditle Hydrochlori~le 
A mixture of benzylguanidine hydrochloride (2.04 g, 

0.011 mole), and 3,3-bis(aminomethy1)oxetane monohy- 
drate 5 (1.5 g, 0.011 mole) was heated over a period of 
3 11 at 125". The ammonia evolved was passed into a 
standardized aqueous solution of hydrochloric acid. After 
2 h of heating almost all evolution of ammonia had 
ceased. The hydrochloric acid solution was then back- 
titrated with aqueous standardized sodium hydroxide 
and was found to correspond to 0.0078 mole of ammonia. 
To the viscous liquid remaining in the flask was added a 
minimum of hot isopropyl alcohol until solution was 
effected. Acetone was then added to  incipient cloudiness 
and the solution permitted to crystallize in the cold for 
2 days. The yield of compound 8 d, n1.p. 225-226", was 

0.273 g (16%) verified by mixture melting point and 
infrared spectroscopy. 

Cotzdensation with Phenylgrranidine Hydrochloride 
A similar reaction was effected with phenylguanidine 

hydrochloride (1.88 g, 0.011 mole) and diamine 5 (1.5 g, 
0.011 mole). The ammonia evolved was passed into hy- 
drochloric acid solution as above and back-titrated with 
standard sodium hydroxide corresponding to 0.012 mole 
of NM,. Conlpound 8 d  isolated from the reaction 
weighed 0.505 g (25 %). 

Corrdensntiorl with Metllylguat~iditze Hydrochloride 
Methylguanidine hydrochloride (2.46 g, 0.019 mole) 

and dialnine 5 (2.64 g, 0.019 mole) were reacted in a 
similar way. The evolved gases were collected in an an- 
hydrous alcoholic solution of hydrogen chloride and the 
solution was then evaporated to dryness in vacrlo. The 
crystalline solid, which weighed 1.25 g, was evaluated a t  
0.010 mole each for methylamine and ammonia assuming 
equimolar evolution of these gases. A weighed sample of 
the crystalline solid in aqueous solution was analyzed by 
gas-liquid chromatography (Perltin-Elmer model 881 
equipped with flame ionization detector). The sample was 
determined by comparing with a standard graph prepared 
from pure samples of methylamine hydrochloride. The 
value for this determination corresponded to 0.008 mole 
of methylamine which is in good accord with the above 
estimate. The remaining portion of the solid was placed 
in absolute alcohol, the ammonium chloride was removed 
by filtration, the methylamine hydrochloride was re- 
crystallized several times from the same solvent, and was 
characterized as its phenylthiourea derivative, m.p. 
114.5-115", lit. 113" (15). 
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Concerning the mechanism of the reaction of methyllithium with methyl 
2,3-anhydro-4,6-0-benzylidene-a-D-allopanoside to form 4,6-0-benzylidene- 

1 ,2-didehydro-1 ,2-dideoxy-2-methyl-D-ribo-hexopyranose 

M. SHARMA' AND R. K. BROWN 
Dep'pc2rtnzent of Chemistry, University of Alberta, En'mo~ztoi~, Alberta 

Received August 17, 1967 

Evidence supports the view that methyllithium, which contains no iodide or bromide ions as competi- 
tors, reacts with methyl 2,3-anhydro-4,6-O-benzylidene-cr-~-allopyranoside to form, first, methyl 
4,6-O-benzylidene-2-deoxy-2-methyl-cr-~-altr0pyran0side. The latter compound then reacts with excess 
methyllithium to form 4,6-O-benzylidene-l,2-didehydro-l,2-dideoxy-2-methyl-~-~~ibo-hexopyranose by 
loss of niethyl alcohol. 

A synthesis of niethyl 4,6-0-benzylidene-2-deoxy-2-methyl-~-~-atropyranoside is given. 
The reactions of excess lithium iodide, bromide, and chloride with both methyl 2,3-anhydro-4,6-0- 

benzylidene-a-D-allopyranoside and methyl 2,3-anhydro-4,6-0-benzylidene-cr-~-mannopyranoside are 
described. 
Canadian Journal of Chemistry, 46,757 (1968) 

" n o  c6~p excess - OW O c H  H i 2  H:pl 
HO 

3 0 
7 

CH3 

1 2 

Introduction Results and Discussion 

In a previous report (1) it was shown that the 
reaction of excess commercial methyllithium2 in 
ether with methyl 2,3-anhydro-4,6-0-benzyl- 
idene-u-D-allopyranoside (1) gave, in 22 % yield, 
4,6-0-benzylidene- l,2-didehydro- l,2-dideoxy-2- 
methyl-D-ribo-hexopyranose (2) rather than 4,6- 
0-benzylidene-1,2-didehydro-1,2-dideoxy- 
D-iibo-hexopyranose (3) (Scheme 1) as had been 
expected on the basis of published work (2). This 
paper presents information concerning the route 
by which methyllithium converts 1 to 2. 

'Postdoctorate Fellow at the University of Alberta, 
Edmonton, Alberta. 

?Note. The conlmercial n~ethyllithiurn was obtained 
from Foote Mineral Co., Route 100, Exton, Pennsyl- 
vania, U.S.A. In our previous paper (1) it was erroneously 
reported that the n~ethyllithiuni employed in that work 
was obtained from Alfa Inorganics, Inc., 8 Congress 
Street, Beverly, Massachusetts, U.S.A., when in fact it 
was the Foote Co. product. Foote methyllithium is 
prepared from methyl chloride and lithium and the ether 
solution of this material contains practically no chloride. 
Methyllithium from Alfa Inorganics is prepared from 
methvl bromide and lithium. and its ether solution 
contiins much bromide ion. 

The incorporation of the methyl group in 2 
must have occurred via the well known epoxide 
ring opening by anionic reagents (3) such as 
methyllithium. An illustration of such a reaction 
is found in the treatment of methyl 2,3-anhydro- 
4,6-0-benzylidene-u-D-mannopyranoside (7, 
Scheme 6) with methyllithium t o  form methyl 
4,6-0-benzylidene-3-deoxy -3-methyl-u-D-al- 
tropyranoside, 9 (2). It was therefore considered 
possible that the epoxide 1 is first converted t o  
methyl 4,6-0-benzylidene-2-deoxy-2-methyl-u-D- 
altropyranoside (4) which in turn reacts with 
the excess methyllithium to form the olefin, 2 
(Scheme 2). Accordingly, it was deemed neces- 
sary to  determine whether 4 would indeed react 
with inethyllithium to  yield the olefin 2. 

A successful route to  compound 4 was ob- 
tained by the reaction of methylsulfinyl carban- 
ion (4) with epoxide 1, wl~ich gave methyl 4,6-0- 
benzylidene-2-deoxy-2-methylsulfinylmethyl-u- 
D-altropyranoside, 5 (Scheme 3). Compound 5 
crystallized well from benzene-ether to  give a 
product of melting point 135-136" and whose 
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758 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Scheme 2. 

FIG. I. T h e  n.m.r. spectrum of methyl 4,6-O-benzylidene-2-deoxy-2-methyl-a-~-altropyranoside (4). 
FIG. 2. T h e  n.m.r. spectrum of 4,6-O-benzylidene-1,2-didehydro-l,2-dideoxy-2-methyl-~-1~ibo-hexopyranose (2). 

elemental analysis was correct for structure 5. 
But when 5 was crystallized from methanol it 
was obtained, according to the elemental anal- 
ysis and the integrated nuclear magnetic reson- 
ance (n.m.r.) spectrum, as a 1:I complex of 
methanol with 5. The methanol of crystallization 
could be removed only by heating the complex 
above its melting point, 165-166", and under 
vacuum for 6 h. 

Crystallization of 5 from acetone gave back 5, 
of melting point 136-137", uncomplexed with 
acetone, as shown also by the absence of car- 
bony1 absorption in the infrared spectrum. 

Desulfurization of 5 by refluxing an acetone 
so l~~t ion  of 5 with Raney nickel (5) for 4 h 
removed the oxygen atom from the sulfur, giving 
methyl 4,6-O-benzylidene-2-deoxy-2-n1ethylthio- 
methyl-a-D-altropyranoside (6).  Compound 6 
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0 
I! 

CHJ-S-CHI - 
NaH 

o OH OCH, 

1 5 

Rancy Ni, 1 24h 

Raney Ni, 
P 

12h 
1 un 

CHJ 
6 

NO. 

Scheme 3. 

could be converted, by further reduction for a 
12 h period under the same conditions as before, 
to methyl 4,6-0-benzylidene-2-deoxy-2-methyl- 
a-D-altropyranoside (4) (nuclear magnetic reson- 
ance (n.1n.r.) spectrum, Fig. 1). Similarly, 5 was 
desulf~lrized, with Raney nickel, during a 24 h 
reflux period, to 4. 

When an ether solution of 4 was refluxed with 
one equivalent of methyllithium, the starting 
material was recovered intact, nearly quanti- 
tatively. However, when two or more equivalents 
of methyllithium were used, olefin 2 (n.m.r. 
spectrum, Fig. 2) was obtained in 78 % yield. 

The structural assignments of the products of 
the reaction of 1 with the methylsulfinyl carban- 
ion and subseq~ient Raney nickel desulfuriz- 
ations (4-6, Scheme 3) are as indicated, and fol- 
low from the known preferred trans diaxial 
opening of the epoxide ring in 1 (3, 6) as well as 
the eventual coilversion to 2 in which the methyl 
group has been shown to be attached to C-2 (1). 

Attempts to acetylate methyl 4,6-0-benzyl- 
idene-2-deoxy-2-methyl-a-D-altropyranose (4) 
with acetic anhydride and pyridine were quite 
unsuccessf~il, probably due to the strong 1,3- 
diaxial interaction developed in the transition 
state. However 0-acetylation to 4b was accom- 
plished with pyridine and acetyl chloride or, 
more conveniently, by the reaction of 4 with 
sodium hydride followed by the addition of 
acetyl chloride. The reaction of 4 with a mixture 
of pyridine and 3,5-dinitrobenzoyl chloride 
according to published directions (7) readily pro- 
vided the 3,5-dinitrobenzoate, 4c. 

Treatment of 4 with sodium hydride and 
methyl iodide (8) gave methyl 4,6-0-benzylidene- 
2 -deoxy-2-C,3-0-dimethyl-a-D-altropyranoside 
(4a). 

The reaction of methylsulfinyl carbanion with 
methyl 2,3-anhydro-4,6-0-benzylidene-a-n-man- 
nopyranoside (7) gave an oil which crystallized 
from benzene-hexane to produce 8 (Scheme 4). 
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CH,-S-CHI. 6 OH c 6 H ~ 0 0 ~  OH - Rancy Ni. 

24 h 

7 CHI-S-CH2 
II OCH, 

CHI 
9 

OCHl 

Scheme 4. 

FIG. 3. The n.1n.r. spectrum of the oily product (2 and 4) from the reaction of CH3Li and methyl 2,3-an- 
hydro-4,6-0-benzylidene-u-D-allopyranoside (1). 

FIG. 4. The n.rn.r. spectrum of an authentic mixture of 2 and 4. 

The elemental analysis of 8, as well as the inte- 
grated n.m.r. spectrum, agreed with a 1 :1 com- 
plex of 8 and benzene. Here again, only by 
heating this complex above its melting point 
(83-84") for 6 h at 100" could the benzene be 
removed. The melting point of the product, ob- 
tained by removal of the benzene, was 80-81". 
Elemental analysis as well as the n.m.r. spectrum 
supported structure 8. 

When methyl 4,6-0-benzylidene-3-deoxy-3- 

rnethylsulfinylmethyl-a-D-altropyranosid 8, 
was crystallized from acetone it formed a 1 : 1 
complex with acetone melting at 76". The ele- 
mental analysis, integrated nuclear magnetic re- 
sonance spectrum, as well as carbonyl absorption 
in the infrared spectruin supported the 1 :1 com- 
plex of 8 and acetone. When this complex was 
heated at 110" under vacuum for 1 2  h a solid was 
obtained melting broadly at 130-135". infra- 
red spectrurn showed no absorption in the 
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SHARMA AND BROWN: MECHANISM OF THE REACTION WITH METHYLLITHIUM 

Scheme 5. 

carbonyl region. The identity of this material is 
still unknown. 

Treatment of 8, as the 1 :I complex with 
benzene with Raney nickel in refluxing acetone 
for 24 h gave methyl 4,6-0-benzylidene-3- 
deoxy-3-methyl-a-D-altropyranoside (9) identical 
in every respect with an authentic sample pre- 
pared by the reaction of methyllithium with 7 (2). 

The reaction of excess nlethyllithium with the 
epoxide 1, as previously described (l), was now 
examined more closely. When an ether solution 
of equin~olar proportions of methyllithium 
(Foote Mineral Co.) and 1 was allowed to stand 
at room temperature for 24 h, little if any 
reaction occurred since the epoxide was recov- 
ered nearly quantitatively. However, when this 
solution was refluxed for 3 h, the reaction mix- 
ture yielded nearly half of the original crystalline 
epoxide (1) plus crystalline olefin 2 (23 % based 
on the epoxide consumed). Chromatography of 
the residue gave, upon elution with ether- 
hexane, an oil whose n.m.r. spectrum (Fig. 3) 
showed it to  be essentially a mixture of 2 and 4 in 
the ratio of about 2:1 (compare Figs. 1-4). Final 
elution with ether gave 25 mg of pure 4. The 
total yield of olefin 2 and intermediate 4 was 44 % 
and 14% respectively based on the epoxide 
consumed. 

The information above supports the view that 
the reaction of methyllithium with epoxide 1 
involves first the expected opening of the epoxide 

ring to give 4 irreversibly. Any lithium chloride 
present would offer no competition. In the next 
step the powerful base methyllitl~ium, in excess, 
then abstracts a proton from C-2 to provide a 
carbanion which rapidly is converted to  the 
olefin 2 by loss of the methoxide ion as sllown in 
Scheme 5. 

That a proton on C-2, specifically, should be 
susceptible to  removal by a strong base, in spite 
of the fact that here we are dealing with a tertiary 
hydrogen, is not unreasonable. It is well known 
that the C-2 hydroxyl group in gl~~copyranosides 
is somewhat more acidic than is the C-3 hydroxyl 
group, due to  its position on the carbon a to the 
anomeric carbon which bears two electronegative 
oxygen atoms (9). The same inductive effect may 
be responsible for the phenomenon observed 
above. 

Our previous report (1) suggested that the 
reaction of methyllithium (made from methyl 
iodide and lithium, hence containing lithium 
iodide) with the epoxide 1 to give 3 (Scheme 1) as 
had been described (2), was no doubt due t o  the 
preferred reaction of 1 with the iodide ion to  give 
the iodohydrin 10 (Scheme 6, a) which then 
reacted with the base methyllitl~ium to produce 3. 

Additional information has now been obtained 
concerlling these reactions. 

The reaction of an ether solution of methyl- 
lithium - lithium iodide with methyl 2,3-anhydro- 
4,6-0-benzylidene-a-D-mannopyranoside (7) did 
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CH3 I 
OCH, 

9 

Scheme 6. 

not give the iodohydrin 11 (Scheme 6, b) but 
instead gave 9 (2). This is no doubt due to  the 
strong 1,3-diaxial interaction of the iodine atom 
and methoxy group in 11 which would force the 
equilibrium back to  the epoxide 7 and thus favor 
the slower alternate (and non-reversible) reaction 
of methyllithium with the epoxide 7 to form 9, as 
had been found (2). 

Our attempts to  prepare the iodohydrin 11 by 
reaction of 7 with excess lithium iodide, as had 
been possible (1) for the iodohydrin 10 (Scheme 
6, a), were uns~~ccessful and only unchanged 
epoxide 7 was recovered quantitatively. The 
same negative results were obtained in attempts 
to  form the bromohydrin by reaction of 7 with 
excess lithium bromide. 

Lithium bromide was found to react with 
epoxide 1 to  give the bromohydrin analogue of 
10 in 71 % yield as compared with 76 % yield of 
the iodohydrin (1). Both epoxides, 1 and 7, 
failed to  react with lithium chloride to  produce 
isolable cl~lorohydrin. This difference is no 
doubt due to  the much lower nucleophilicity of 
the chloride ion. 

Experimental 
All melting points are uncorrected. Elemental analyses 

were done by Mrs. Darlene Mahlow and Mrs. Andrea 
Dunn of the Microanalytical Section in the Department 
of Chemistry, University of Alberta, Edmonton. Infrared 
spectra were obtained with a Perkin-Elmer model 337 
grating Infracord and nuclear magnetic resonance (n.m.r.) 
spectra were obtained with a Varian A-60 spectrometer. 
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SHARMA AND BROWN: MECHANISM OF THE REACTION WITH METHYLLITHIUM 763 

The latter spectra were obtained by R. N. Swindlehurst 
of the Chemistry Department. Rotations were obtained 
with a Perkin-Elmer model 141 polarimeter. 

Methyl 4, 6-0-Berrzylirlerze-2-deoxy-2-methyls* 
rilethy[-E-D-n/t~'opyrnrzoside, 5 

Sodium hydride (400 mg of a 56% dispersion of the 
hydride in mineral oil) was washed with dry hexane and 
then added under an atmosphere of dry nitrogen to 
stirred dimethyl sulfoxide (30 ml) previously distilled from 
calcium hydride. The mixture was then warmed to 70" 
until evolution of hydrogen ceased. To the resulting 
greenish-yellow solution, cooled to 30°, was added methyl 
2,3-anhydro-4,6-0-benzylidene-a-D-allopyranode 1 (1.3 
g). In 10 min the stirred yellow solution became homo- 
geneous. Stirring was continued for I h at 30-35". The 
solution was then poured into cold water. A chloroform 
extract was washed with water and dried (Na2S04). 
Removal of the solvent gave an oil which solidified when 
triturated with ether. A solution of this solid in benzene, 
after addition of ether to faint turbidity, deposited 1.6 g 
(95%) of material melting at 135-136"; [a]g,  i43.5" 
(c, 1 in CHCI,). 

Anal. Calcd. for CloH2206S: C, 56.14; H, 6.48; S, 9.35. 
Found: C, 56.13; H, 6.39; S, 9.45. 

The infrared spectrum in nujol (reference, polystyrene) 
showed absorption at 3400 cm-I (OH) and at 700 cm-I 
(monosubstituted phenyl). 

The n.m.r. spectrum in CDC13 showed a ratio of 
aromatic to total protons of 5:22. Significant signals, 
referred to tetramethylsilane, were at 7 2.5 to 7 2.8 
(aromatic multiplet); 7 4.42 (singlet, benzylidene methinyl 
proton); 7 5.27 (doublet, anomeric proton, J = 4 c.p.s.); 
7 6.62 (singlet, anomeric methyl group); 7 6.68 (closely 
spaced doublet, C30H); 7 7.28 (singlet, two rnethylene 
protons); 7 7.45 (singlet for S-CH3). 

Crystallization of 5 from methanol gave 5a, a 1 : 1 
conlplex of methanol and 5. The colorless needles melted 
at 165-166". 

Anal. Calcd. for C17Hz607S: C, 54.58; H, 7.00; S, 8.55. 
Found: C, 54.52; H, 6.88; S, 8.75. 

The n.m.r. spectrum in CDC13 (reference, tetramethyl- 
silane) showed aromatic to total protons in the ratio 5:26. 
Significant signals were at 7 2.3 to 7 2.8 (aromatic 
multiplet); 7 4.3 (singlet for benzylidene methinyl proton); 
7 5.26 (singlet, half width, 2.5 c.p.s., anomeric proton); 
7 6.58 (singlet, anomeric methyl group); 7 6.73 (singlet for 
C30H); 7 7.22 (singlet, half width, 3 c.p.s., methylene 
protons); 7 7.41 (singlet for S-CH3). 

When the methanol complex with 5 was heated at 165' 
for 6 h under vacuum it lost methanol. The solid remain- 
ing melted at 136137". Admixture with 5 did not 
depress the melting point. 

Crystallization of 5 from acetone gave a material 
whose melting point and mixed melting point (136-137") 
and its infrared spectrum showed that it was 5 ,  uncom- 
plexed with acetone. 

MetlzyI 4,6-0-Benzylidene-2-deoxy-2-methylthionzetlzyl-a- 
D-altropyr.nnoside, 6 

A mixture of 5 (500 mg) in acetone (80 ml) was 
refluxed with Raney nickel (10 g) for 4 h. The nickel was 
separated by filtration of the cooled solution and washed 
with acetone. The combined acetone solutions were freed 
from solvent in a rotary evaporator. The residual thick 

oil was dissolved in ether. On standing this solution 
deposited crystals melting at 97-98' (300 mg, 61 %); 
[a]Z5, +53.7" (c, 1 in CHC1,). 

Anal. Calcd. for C,6H2205S: C, 58.84; H, 6.74; S, 9.80. 
Found: C, 58.64; H, 6.33; S, 10.29. 

The infrared spectrum in nujol showed a band at 3490 
cm-' (OH) and at 710 cm-' (monosubstituted phenyl). 
The n.m.r. spectrum in CDC1, (reference tetramethyl- 
silane) agreed with the structure assigned. 

Methyl 4,6-0-Benzyliderze-2-deoxy-2-1netl1yl-c 
altropyrar~oside, 4 

The desulfurization of 5 (342 mg) with Raney nickel 
(15 g) was carried out as above except that the acetone 
solution (60 rill) was refluxed for 24 11. Work-up followed 
the same procedure as above. The oily residue obtained 
after removal of the acetone was crystallized twice from 
ether-hexane giving 155 nlg (55%) of solid melting at 
110-111"; [a]b5, +120.8" (c, 1 in CHCI,). 

Anal. Calcd. for C15Hzo05: C, 64.27; H, 7.19. Found: 
C, 64.34; H, 7.05. 

The infrared spectrum in nujol showed absorption 
bands at 3503 cm-' (OH) and 710 cm-' and 760 cm-I 
(benzylidene). 

The n.m.r. spectrum in CDCI, (Fig. 1) referred to 
tetramethylsilane showed aromatic to total protons in the 
ratio 5:20. The significant signals were found at 7 2.4 to 
7 2.8 (aromatic); 7 4.40 (sharp singlet, methine proton of 
the benzylidene); 7 5.52 (apparent singlet, anomeric 
proton); 7 6.63 (singlet, anomeric methyl group); 7 7.02 
(singlet; OH), a complicated quartet centered at 7 7.70, 
J -  7.5c.p.s.(CzH)andat78.91adoublet(J = 7.5c.p.s., 
Cz-CH,). 

Compound 4 was also obtained by a 12-11 reflux of an 
acetone solution of 6 in the presence of Raney nickel; 
n1.p. and mixture n~.p., 110-111". 

Methyl 3-O-Acetyl-4,6-0-0enzylidei~e-2-deoxy-~- 
D-n l r I '~py l~? l~~ ide ,  40 

Method 1 
To a solution of 4 (280 mg) in 20 nll of 1,2-dimethoxy- 

ethane, previously distilled from calcium hydride, was 
added sodium hydride (36 mg, suspended in mineral oil). 
When the hydrogen evolution had ceased, the solution 
was cooled to 0" and acetyl chloride (I ml) was added 
slowly. The reaction mixture was stirred at room temper- 
ature for 3 h, neutralized with cold glacial acetic acid, and 
then poured into water. The ether extract was washed 
first with 5% aqueous sodium bicarbonate, then with 
water and then dried (NaZSO4). Removal of the solvent 
gave an oily residue which was dissolved in hexane and 
added to a short column of neutral alumina. The acetyl- 
ated derivative was eluted with hexane and subsequently 
crystallized from hexane; m.p., 65-66"; yield, 195 n ~ g  
(61 %); [a]:', +86S0, (c, 1 in CHCI3). 

Anal. Calcd. for C17HZZ06: C, 63.34; H, 6.88. Found: 
C, 63.34; H, 6.79. 

The infrared spectrum (Nujol) showed a band at 1750 
cm-I (C=O) and bands at 710 cm-' and 770 cm-' for 
the benzylidene group. 

The n.m.r. spectrum in CDC1, referred to tetramethyl- 
silane agreed with the structure. The C3-acetoxy group 
did not shift the C3-H proton signal sufficiently down- 
field for its identification. 
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Method 2 
T o  a mixture of acetyl chloride (1 ml) and 4 (140 mg) in 

10 rill of dry ether, cooled in an ice bath, was added with 
stirring a solution of pyridine (3 nll) in ether (10 ml). A 
white precipitate appeared immediately. The reaction 
mixture was stirred at  room temperature for 2 11 and then 
poured into cold water. An ether extract was washed with 
water and dried (Na2S0,). Removal of the solvent left an 
oil contaminated with pyridine. To this was added 
toluene (20 ml) to facilitate removal of the pyridine. 
Evaporation under reduced pressure removed both the 
toluene and pyridine. The residue in hexane was put onto 
a short column of neutral alumina. Elution with hexane 
and removal of the solvent gave a solid which was 
crystallized from hexane; yield, 80 mg (51 %); m.p., 
65-66"; [a]b5, +85.4" (c, 1 in CHCI,). 

Methyl 4,6-O-Benzylidetre-2-deoxy-2-C-t~zethyl-3-0-(3,5- 
rlir~itrobetzzoyl)-a-D-alfropyrat~oside, 4c 

A mixture of 4 (100mg) and 100 mg of 3,Sdinitro- 
benzoyl chloride in pyridine (3 ml) was heated on a steam 
bath for 20 min. T o  the cooled solution was added 50 1111 
of toluene and then both the pyridine and toluene were 
removed under reduced pressure in a rotary evaporator. 
The thick yellow residue was dissolved in toluene (50 ml) 
and the solution washed with aqueous 5 %  sodium 
bicarbonate and then with water. The dried (Na2S0,) 
liquid was freed from solvent. The residue was crystallized 
twice from methanol; m.p., 165-166"; yield, 110 mg 
(65%); [a]b5, i101.2" (c, 1 in CHCI,). 

Anal. Calcd. for C22H22010N2: C, 55.7; H, 4.65; N, 
5.90. Found: C, 55.38; H, 4.59; N, 5.88. 

The n.m.r. spectrum in CDCI, (reference, tetramethyl- 
silane) agreed with the assigned structure. The ratio of 
aromatic protons to total protons was 8:22. Significant 
signals appeared at  r 2.5 to r 2.8 and r 0.62 to r 0.78 
(two aromatic multiplets); r 4.40 (sharp singlet, methine 
proton of benzylidene group); r 5.43 (singlet for anomeric 
proton); r 6.48 (singlet for anomeric methyl group); 
r 8.72 (doublet for C2-CH,, J = 7 c.p.s.); r 7.57 
(quartet, J = 7 c.p.s., split again by C3-H, Jc2wc3li = 2.5 
c.p.s.); r4.54 (triplet for C3H, Jc~Hc,,, - 2.5 c.P.s., 
J c , ~ c 4 k r  = -2.5 c.p.s.). This confimms the orientation of 
C 3 0 H  in the parent compound. 

Metlryl 4,6-O-Benzyliderre-2-deoxy-2-C,3-0-r/i-~- 
altropymnoside, 40 

The literature procedure (8) was employed to methylate 
4. By the addition of 60 mg of sodium hydride to a 
solution of 280 mg of 4 and 2 ml of methyl iodide in 25 ml 
of dry 1,7-dimethoxyethane there was obtained, after 
crystallization of the product from ether-hexane, 255 mg 
(86%) of the methyl 4,6-0-benzylidene-2-deoxy-2-C,3-0- 
dimethyl-a-D-altropyranoside, 4n; m.p., 132-133"; [a]d5, 
t104.5" (c, 1 in CHC1,). 

Anal. Calcd. for CI6HZ2o5: C, 65.29; H,  7.53. Found: 
C, 65.02; H,  7.49. 

Both the infrared and n.m.r. spectra agreed with the 
structure. 

Tlre Renctiotz of Metl1yl4,6-O-Be~1zylidene-2-deoxy-2- 
rnetl~yyl-a-altrupyrnr~oside (4) wit11 Metl~yllithiutn 

(n) To an ether (25 ml) solution of 4 (280 mg) was 
added an equimolar quantity of methyllithiun~ in ether. 
Hydrogen was evolved. The solution was refluxed for 

16 h, then poured into ice water. An ether extract was 
washed with water, dried (Na2S0,), and freed from 
solvent. The residual solid was crystallized from ether- 
hexane; yield, 260 mg (recovery of 4, 93 %); m.p., 11& 
111". 

(b) An ether solution of 4 (280 mg) and excess methyl- 
lithium (500 mg in ether) was refluxed for 16 h under 
nitrogen. The resulting cloudy light-yellow solution was 
filtered and the solid residue was washed with ether. The 
combined ether solutions were washed with water, dried 
(Na2S04), and freed from solvent. The residue solidified 
when triturated with hexane. Crystallization from ether- 
hexane gave 212 mg (78 %) of 4,6-0-benzylidene-l,2- 
didehydro- 1,2- dideoxy -2-methyl-D-ribo-hexopyranose 
identical with an authentic sample (1); n1.p. and mixture 
m.p., 125-126"; [a]b5, f 172.5" (c, 1 in CHCI,); lit. m.p., 
126-127"; [a]:', +175" (c, 1 in CHCI,) (1). 

Tl~e Reactiur~ of Metlryl 2,3-Atrlrydru-4,6-O-betrz~~lirlet1e- 
a-D-allopyrntroside (I) wit11 Metlryllitlrirrtt~ 

To a stirred suspension of 1 (1.3 g) in dry ether (50 ml) 
under a nitrogen atnlosphere, was added a solution of 
excess n~ethyllithium in ether (2.5 ml). The mixture was 
refluxed for 5 h and then poured carefully into ice water. 
The organic layer was separated and the aqueous layer 
was extracted with ether. The combined ether extracts 
were washed with water, dried (Na2S04) and freed from 
solvcnt. The sen~isolid residue when triturated with ether, 
gave 600 mg of crude unreacted 1 ( n ~ p . ,  190-193O). 
Crystallization from chloroform-ether raised the melting 
point to 199". The residual oil left after separation of the 
600 mg of crude 1 was dissolved in ether and seeded with 
2. On standing, the solution deposited crystals melting a t  
115-1 18". Recrystallization from ether-hexane gave 150 
nlg of material melting at 126-127" which was identical in 
every respect with the olefin 2 (1). 

The mother liquor obtained after separation of 2 was 
freed from solvent and the oily residue (425 mg) was 
subjected to chromatography on 15 g of neutral alumina, 
grade 2 (containing 3 % H20) .  A hexane eluate gave 100 
n ~ g  of a colorless oil whose n.m.r. spectrum showed that 
it contained no carbohydrate species but only hydro- 
carbons. This was not investigated further. Subsequent 
elution with hexane-ether (3:2) gave 2201112 of solid 
melting at  95-100". Its infrared spectrum in Nujol, and its 
n.1n.r. spectrum in CDC1, (Fig. 3) indicated it to be a 
mixture of the olefin 2 and the intermediate 4 (cf. Scheme 
2) in the proportion 2:l respectively. Further elution with 
ether gave a colorless oil which crystallized from ether- 
hexane to give 25 nlg of material melting at  109-110"; 
[a]g5, $118" (c, 1 in CHCl,). A mixture melting point 
showed it to be identical with methyl 4,6-0-benzylidene-2- 
deoxy-2-methyl-a-D-altropyranoside, 4. Final yield of 2 
and 4, based on epoxide 1 consumed is 44 % and 14 % 
respectively. 

Tl~e Renctiotr of Metlryl2,3-At1l1ydro-4,6-0-betrzylirler1e- 
a-D-mntrt~opyrat~oside (7) ~vitlr Litl~irtttr Halides 

A mixture of 1.3 g of 7 (11) and lithium iodide (2.6 g) 
in anhydrous ether (70 ml) was heated to reflux for 4 h. 
The cooled solution was washed with water, dried 
(Na,SO,), and freed from solvent. The solid residue was 
crystallized from acetone-hexane and gave 1.2 g (-92 %) 
of material melting at 145-146" identical in all respects 
with starting material, 7. 
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SHARMA A N D  BROWN: MECHANISM OF THE REACTION WITH METHYLLITHIUM 765 

Similarly lithium bromide and lithium chloride failed 
to react with the 2,3-anhydromannoside (7) even after a 
24 h and 48 h reflux period respectively. 

Metlzyl 4,6-O-Benzylidet1e-2-bronro-2-deoxy-a-~- 
altropyranoside 

A mixture of methyl 2,3-anhydro-4,6-0-benzylidene- 
a-D-allopyranoside (1) (1.3 g) and lithium bromide (2.6 g) 
in 80 ml of ether was heated under reflux for 24 h. After 
6 h, all suspended epoxide had gone into solution. The 
mixture was poured into water, the organic layer separ- 
ated, and the aqueous layer extracted with ether. The 
combined ether (organic) solutions were washed with 
water, dried (Na2S04), and freed from solvent. The thick 
oily residue was taken up in ether. On standing, the 
solution deposited 200 mg of crystalline epoxide 1. The 
addition of hexane to the mother liquor, to faint turbidity, 
caused a slow deposition of solid. This was crystallized 
first from hexane then from acetone-hexane. Yield of the 
water soluble broniohydrin was 1 g (71 %); m.p., 117- 
118"; [a]b5, +59.2" (c, 1 in CHCI,). 

Anal. Calcd. for C14Hl,0,Br: C, 48.89; H, 4.64; Br, 
23.25. Found: C, 49.05; H, 4.88; Br, 23.17. 

The infrared spectrum in Nujol showed absorption 
bands at 3460 cm-' (OH) and 765 cm-' and 700 cnl-' 
(benzylidene). 

The n.nl.r. spectrunl in CDC1, (reference, tetran~ethyl- 
silane) agreed with the structure indicated. 

Assignment of structure was based on the preferred 
trntrs diaxial opening of the epoxide ring in 1 and 7 by 
anionic reagents (3,6) and the fact that debromination 
with Raney nickel gave methyl 4,6-0-benzylidene-2- 
deoxy-a-D-allopyranoside (see below) identical with an 
authentic sample (10). 

Debrotnitratiotz of Metlr)ll 4,6-0-Betrzylirlene-2-brott~o-2- 
deosy-a-D-nltropymroside 

A mixture of ruethyl 4,6-0-benzylidene-2-bromo-2- 
deoxy-a-D-allropyranoside (344 mg) and Raney nickel 
(15 g) in acetone (60 ml) was heated under reflux for 24 h. 
The catalyst was separated by filtration and the acetone 
removed under vacuum in a rotary evaporator. An ether 
solution of the semisolid residue was washed with water, 
dried (Na2S04), and freed fro111 solvent. The solid was 
crystallized from acetone-hexane; yield, 180 mg (68%); 
m.p., 128-129"; [a]Z5, f 154.7" (c, 0.65 in CHCI,); lit. 
m.p., 128-129"; [a]:" +155.6" (c, 0.649 in CHCI,) (10). 
A mixture mclting point was undepressed. 

Metlr~~l4,6-O-Benzylidet1e-3-~/e0~~~-3-t11etI1yIs1~Ifi~1yI- 
nletlryl-a-D-nltropymoside, 8 

To a stirred solution of n~ethylsulfinyl carbanion at 30" 
(prepared as described in the synthesis of 5 above, by the 
reaction under nitrogen of 30 n11 of dimethyl sulfoxide 
with 200 mg of sodium hydride) was added 1.3 g of 
methyl 2,3-anhydro-4,6-0-benzylidene-a-D-mannopyran- 
oside (11). The mixture was stirred for 45 min at 30-35" 
and then poured into cold water. A chloroform extract was 
washed with water, dried (Na2S04), and freed from 
solvent. The residual light yellow oil was crystallized from 
benzene-hexane as a 1:l con~plex of 8 and benzene; 
yield, 1.5 g (74%); m.p., 83-84"; [a];5, +59.2" (c, 1 in 
CHC13). 

Anal. Calcd. for C22H2s06S: C, 62.85; H, 6.71; S, 7.6. 
Found: C, 62.25; H, 6.44; S, 7.92. 

The infrared spectrum in Nujol showed absorption at 
3375 cnl-I (OH) and at 755 cm-' and 705 cm-I 
(benzylidene). 

The n.m.r. spectrum in CDCI, (reference, tetramethyl- 
silane) showed a ratio of aromatic to total protons of 
11 :28 in agreement with a 1 : l  complex of benzene and 8. 
Significant signals appeared at T 2.4 to T 2.8 (aromatic 
multiplet); 74.48 (sharp singlet for methinyl proton of 
benzylidene); r 5.14 (singlet, OH); T 5.38 (broad singlet, 
anomeric proton, half width, 4 c.p.s.); T 6.65 (singlet, 
anomeric CH,); r 6.8 to T 7.0 (multiplet for C-3 methy- 
lene protons); r 7.46 (singlet, S-CH,). 

When this 1 :1 complex of benzene and 8 was heated 
under vacuum at 100" for 6 h, it lost benzene; n1.p. of 
product, 80-81"; [a]g5, +62.1° (c, 1 in CHCI,). 

Anal. Calcd. for C16H22O6S: C, 56.14; H, 6.48; S, 9.35. 
Found: C, 55.58; H, 6.18; S, 9.34. 

The n.m.r. spectrum in CDC1, (reference, tetramethyl- 
silane) showed a ratio of aromatic to total protons of 5:22. 
Significant signals appeared at T 2.3 to 72.7 (aromatic 
multiplet); T 4.42 (singlet, methine proton of benzyl- 
idene); T 5.33 (broad singlet, half width, 4 c.p.s., ano- 
meric proton), T 5.80 (singlet, OH), T 6.60 (singlet, ano- 
meric methyl), T 7.41 (singlet, S-CH,) and a multiplet 
centered at T 6.9 for niethylene protons adjacent to S). 

Crystallization of 8 from acetone gave a 1 :1 complex of 
acetone and 8 melting at 76'; [a]b5, +-51.2' (c, 1 in 
CHC1,). 

Anal. Calcd. for C19H2807S: C, 56.99; H, 7.05; S, 8.0. 
Found: C, 56.74; H, 6.98; S, 8.14. 

The n.m.r. spectrum in CDCI, (reference, tetramethyl- 
silane) showcd a ratio of aromatic to total protons of 5:28. 
Significant signals appeared at T 2.4 to T 2.7 (aromatic 
multiplet); T 4.41 (sharp singlet, methine proton of 
benzylidene); T 5.12 (broad, OH); 7 5.33 (singlet, ano- 
meric proton, half width, 3 c.p.s.); T 6.60 (sharp singlet, 
anorneric methyl); T 6.86 (multiplet, methylene protons 
adjacent to S); T 7.40 (singlet, S-CH,); T 7.83 (singlet, 
acetone methyl groups). 

When the 1 :1 complex of 8 and acetone was heated for 
12 11 at 11O0, a solid was obtained melting at 130-135". 
This was obviously not 8. This solid was not identified 

Methyl 4,6-O-Benzylidet1e-3-deo,~~~-3-rrretI1.vl-a-~- 
altropyrntrosirle 

Compound 8 (1 g of the 1 :1 con~plex with benzene) was 
desulfurized with Raney nickel (20 g) by heating it in 
acetone for 24 h. The cooled solution was filtcred and 
freed froni solvent. The oily residue gave crystals from 
ether-hexane; yield, 425 mg (64%); n1.p. 114-115" [@ID, 
+115.9" (c, 0.28 in ethanol) (4). A mixture melting point 
with authentic material (4) was undepressed. 
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Zinniol: a major metabolite of Altevnavia zinniae1 

A. N. STARRATT 
Research Iilstitute, Research Branch, Canadn Departnzent of Agriclrlture, Uiliversity Sub Post Ofice, Londorz, Ontario 

Received October 27, 1967 

Zinniol, a con~pound recently obtained from the phytopathogenic fungus Alterrlaria ziililiae, is shown 
to be 1,2-bis~ydroxymethy1)-5-(3',3'-dimetl~ylallyloxy)-3-methoxy-4-methylbe~ene (1) by chemical 
and spectroscopic studies. Attempts to isolate other metabolites are described briefly. 
Canadian Journal of Chemistry, 46, 767 (1968) 

A recent investigation (1) of filtrates from 
stationary liquid cultures of the phytopathogenic 
fungus Alternuria zinniae resulted in the isolation 
of a major metabolite, CI5Hz2O4, which has 
been named zinniol. This compound, which is an 
oil, was characterized by the preparation of 
crystalline diacetyl (2) and dibenzoyl (3) deriva- 
tives. Zinniol (1) is now shown by chemical and 
spectroscopic evidence to be a novel penta- 
substituted benzene closely related to quadriline- 
atin (4) (3). 

The nuclear magnetic resonance (n.m.r.) 
spectrum of zinniol exhibited bands attributable 
to the presence of one aromatic proton (6 6.66, 
singlet), a inethoxyl(6 3.72), and a methyl group 
on an aromatic nucleus (6 2.14). In addition there 
were bands assignable to the methylene protons 
of two -CHzOH groupings at 6 4.69 and 4.61 
(singlets, 2 protons each) which appeared at F 
5.21 and 5.15 in the spectrum of the diacetate. 
The spectrum also showed signals attributable 
to a 3,3-dimethylallyloxy grouping (2). 

When zinniol diacetate (2) was warmed with 
acetic anhydride containing a small amount of 
sulfuric acid, a triacetate (5) was formed. The 
n.1n.r. spectrum of this compound showed the 
absence of bands due to the dimethylallyloxy 
side chain and the presence of an additional 
acetyl grouping. This indicated that solvolysis of 
the allylic ether function followed by acetylation 
of the resulting phenol had occurred. Zinniol, 
similarly treated, gave the same product, though 
in lower yield. 

Chromic acid oxidation of zinniol (1) in 
acetone afforded two isomeric phthalides, 6 and 
10, which could be reduced to zinniol with 
lithium aluminium hydride. Phthalide 6 was also 
obtained during the chromatographic isolation 

lcontribution No. 359 from the Research Institute of 
the Canada Department of Agriculture. 

of zinniol but it was probably an artifact since 
aqueous alkali soluble substances had been 
removed from the original culture extract at an 
earlier stage. Phthalide 6, when warmed with 
acetic anhydride - sulfuric acid, gave an acetate 
(7) lacking the dimethylallyl grouping. Similarly, 
phthalide 10 gave the isomeric acetate 11. 

Hydrolysis of acetate 7 gave a phenol, needles, 
m.p. 234236", corresponding to 6-hydroxy-4- 
methoxy-5-methyl phthalide (8), m.p. 234235", 
obtained previously from quadrilineatin, a meta- 
bolic product of Aspergilltrs quaclrilii~eatus (3). 
Methylation of this phenol gave a substance, 
m.p. 158-159", identical with 4,6-dimethoxy-5- 
methyl phthalide (9) which was obtained syn- 
thetically (3). 

The presence of the dimethylallyloxy sub- 
stituent on the aromatic nucleus of zinniol was 
confirmed by reacting 8 with 1-chloro-3-methyl- 
2-butene to give phthalide 6. 

Hydrolysis of acetate 11 yielded a phenol, m.p. 
234235" (change in crystal form approximately 
190-200") which differed from the m.p. of 198" 
reported (3) for 5-hydroxy-7-methoxy-6-methyl 
phthalide (12). This discrepancy is probably due 
to the occurrence of different crystalline forms as 
suggested by the phase change noted during 
determination of the melting point. Methylation 
with diazomethane yielded a substance, m.p. 
172-173", corresponding to 5,7-dimethoxy-6- 
methyl phthalide (13), m.p. 172-172.5", synthe- 
sized by Birkinshaw et al. (4). 

The evidence so far adduced indicates that 1 
represents the structure of zinniol. However, no 
direct proof other than melting point data has 
been introduced to exclude the possibility that 
the methoxy and dimethylallyloxy substituents 
may be interchanged. The following observations 
support the assigned structure. Phenol 12 did not 
give a color reaction with ferric chloride as would 
be expected for the alternative formulation, 
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CsCH-CH20 CH20R HO AcO CH20Ac qCH0 / 
Me 

Me CH70R Me CHO Me CH20Ac 
I 

OMe OMe OMe 

OMe 

7-hydroxy-5-methoxy-6-methyl phthalide (3, 7), 
and the shift in the ultraviolet spectrum of 
phenol 12 when measured in alkali corresponded 
to that anticipated for a p-hydroxybenzoic acid 
(5). Since this phenol must therefore have struc- 
ture 12 it follows that structure 1 represents 
zinniol. 

Only acetate 7 could be isolated from the 
acetylated phenolic fraction of the culture medi- 
um extract. It is not known whether this com- 
~ o u n d  is a natural ~ roduc t  or an artifact al- 
ihough a late stage ii the biosynthesis of zinniol 
probably involves the alkylation of a phenolic 
precursor with 3,3-dimethylallyl pyrophosphate 
(6). 

Mannitol was isolated from the mycelium of 
A. zinniae. 

Experimental 
Melting points were measured on a Kofler hot stage 

and are uncorrected. Ultraviolet spectra of substances 
dissolved in 95 % ethanol were recorded using a Beckman 
D K  spectrophotometer and infrared spectra were ob- 
tained on a Perkin-Elmer model 21 spectrometer. Neutral 
Woelm alumina standardized according to Brockmann 
was used for column chromatography. Kieselgel (Camag) 
containing fluorescent indicator was used for thin-layer 
chromatography (t.1.c.). Nuclear magnetic resonance 
spectra were obtained with Varian A-60 and A-60A 
spectrometers using CDC1, as solvent. Chemical shifts 
are reported in p.p.m. (6) downfield from an internal 
tetramethylsilane reference. Microanalyses were per- 
formed by Dr. C. Daessle, Montreal. Petrol refers to a 
light petroleum fraction of b.p. 60-80". 

RO 

Me 
OMe 0 

Zinniol ( I )  
The isolation of this compound has been described (I). 

Nuclear magnetic resonance (n.m.r.) spectrum: 6 1.73 
(6 protons, broad singlet, =CMe2), 2.14 (3 protons, 
singlet, aromatic Me), 3.22 (2 protons, broad band, 
hydroxyl protons), 3.72 (3 protons, singlet, -OMe), 

I 
4.50 (2 protons, doublet, J = 7 c.p.s., ==C-CH2-0), 
4.61 and 4.69 (singlets of 2 protons each, -CH20H), 
5.46 (1 proton, triplet, J = 7 c.p.s., =CH-) and 6.66 
(1 proton, singlet, aromatic). 

Zinr~iol Diacetate (2) 
The preparation of this compound has been described 

(1). Nuclear magnetic resonance spectrum: 6 1.77 (6 
protons, broad singlet, =CMe2), 2.05, and 2.08 (singlets 
of 3 protons each, -OAc), 2.17 (3 protons, singlet, 
aromatic Me), 3.73 (3 protons, singlet, -OMe), 4.53 (2 

I 
protons, doublet, J = 7 c.p.s., =c-CH~-0), 5.15 and 
5.21 (singlets of 2 protons each, -CH20Ac), 5.47 (1 
proton, triplet, J = 7 c.p.s., =CH-) and 6.71 (1 proton, 
singlet, aromatic). 

Zi~rniol Dibenzoate (3) 
A solution of zinniol(29 mg) in pyridine (10 drops) was 

treated for 18 h with freshly distilled benzoyl chloride (5 
drops) at room temperature. After dilution with water, 
the product was extracted into ether. Removal of the 
ether afforded a gum which was separated by preparative 
t.1.c. (chloroform-benzene, 3:l). Isolation of material 
from the major band and recrystallization from ether- 
petrol gave zinniol dibenzoate (3), m.p. 79-80"; v,,, 
(CHC1,) 1705, 1603, 1586 cm-'. 

Anal. Calcd. for C29H30O6: C, 73.40; H, 6.37. Found: 
C, 73.75; H, 6.31. 

Triacetate (5)  from Zirlniol Diacetate 
Zinniol diacetate (50 mg) was heated on a steam bath 
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STARRATT: ZINNIOL 769 

for 15 min in acetic anhydride (2 ml) containing 1 drop of 
concentrated sulfuric acid. The solution was diluted with 
water and extracted with chloroform. The product was 
chromatographed over alumina (Grade 111; 5g). The 
material (34 mg) eluted with benzene was recrystallized 
from ether - isopropyl ether to give the triacetate m.p. 
79-80"; v,,,(KBr) 1735 cm-'; n.nl.r. spectrum: 6 2.06 
and 2.11 (singlets of 6 protons and 3 protons, -0Ac) 
2.31 (3 protons, singlet, aromatic Me), 3.74 (3 protons, 
singlet, -OMe), 5.13, and 5.23 (singlets of 2 protons each, 
-CH2 OAc) and 6.88 (1 proton, singlet, aromatic). 

Anal. Calcd. for C1 6H2007 : C, 59.25; H, 6.22. Found: 
C, 59.15; H, 5.75. 

Triacetate from Zint~iol 
Zinniol (77 mg) was treated with acetic anhydride con- 

taining a trace of sulfuric acid as described for zinniol 
diacetate. Chromatography of the product over alumina 
(Grade 111; 5g) followed by separation by preparative 
t.1.c. (chloroform) yielded material (22 mg) which was 
recrystallized from ether - isopropyl ether to give the 
triacetate (5). 

Oxiclcltiorl of Zit~t~iol 
Zinniol (52 n ~ g )  in acetone (20 ml) was stirred at room 

temperature for 3 ~ n i n  with an excess of a stock chromic 
acid solution prepared from 11.0 g of chromium trioxide 
in 10 rill of concentrated sulfuric acid and diluted to 50 
ml with water (8). The reaction solution was diluted with 
water and the product isolated by ether extraction. The 
product proved to be a mixture from which two isomeric 
crystalline compounds were obtained by preparative t.1.c. 
(chloroform). Recrystallization of the less polar compo- 
nent (13 mg) from ether-petrol gave phthalide 6, m.p. 85- 
86"; v ,,,, (CHCI,) 1750 cm-'; h ,,,, 253, 301 mp (E 7100, 
3500); n.m.r. spectrum: 6 1.74 (6 protons, broad singlet, 
=CMe2), 2.18 (3 protons, singlet, aromatic Me), 3.86 
(3 protons, singlet, -OMe), 4.55 (2 protons, doublet, 

I 
J = 7 c.p.s., =C-CH2-0), 5.33 (2 protons, singlet, 
-CH2-0-GO), 5.46 (1 proton, triplet, J = 7 c.p.s., 
=CH-) and 7.03 (1 proton, singlet, aromatic). 

Anal. Calcd. for C1 ,H1804 :  C, 68.68; H, 6.92. Found: 
C, 68.60; H, 6.18. 

The second component (23 mg) was recrystallized from 
ether - isopropyl ether to give phthalide 10 as needles, 
m.p. 106-108°; v ,,,, (CHCI,) 1743 cm-'; h ,,,, 259 mu (E 
15 200); n.m.r. spectrum: 8 1.77 (6 protons, broad singlet, 
=CMe,), 2.13 (3 protons, singlet, aromatic Me), 4.02 (3 
protons, singlet, -OMe), 4.56 (2 protons, doublet, J 

I 
= 6.5 c.p.s., =C-CH2-0), 5.13 (2 protons, singlet, 
-CHI-0-C=O), 5.46 (1 proton, triplet, J = 6.5 
c.p.s., =CH-) and 6.58 (1 proton, singlet, aromatic). 

Anal. Calcd. for Cl5H1804: C, 68.68; H, 6.92. Found: 
C, 69.31: H, 7.19. 

' ~educ t ion  of the crude oxidation product in anhydrous 
ether with lithium alunliniunl hydride yielded zinniol. No 
other product was detected by t.1.c. 

Phthnlide 6fiot11 Extract of Culture Filtrate 
Early fractions eluted with petrol-benzene (1 :1) during 

the chro~natographic isolation of zinniol (1) gave crystal- 
line material (85 mg) which, after recrystallization from 

ether-petrol, was found to be identical (t.l.c.,mixturem.p., 
infrared) with phthalide 6, m.p. 84-85", obtained by 
oxidation of zinniol. 

Acetate 7 
Phthalide 6 (22 mg) was heated on a steam bath for 15 

~ n i n  in acetic anhydride (1 rill) containing 1 drop of con- 
centrated sulfuric acid. The reaction solution was diluted 
with water and the product isolated by cl~loroform ex- 
traction. Removal of the chloroform gave a crystalline 
residue which was chromatographed over alumina 
(Grade 111; 3g). Elution with benzene afforded a substance 
which was recrystallized from chloroform - isopropyl 
ether to give acetate 7, m.p. 134-135"; v,,,,(KBr) 1753 
cm-'; n.m.r. spectrum: 6 2.17 (3 protons, singlet, aro- 
matic Me), 2.36 (3 protons, singlet, -OAc), 3.94 (3 
protons, singlet, -OMe), 5.45 (2 protons, singlet, 
-CH2-0-GO), and 7.35 (1 proton, singlet, aro- 
matic). 

Anal. Calcd. for C12H1205:  C, 61.01; H, 5.12. Found: 
C, 60.98; H, 5.51. 

Acetate 11 
Phthalide 10 (109 mg) was warmed with acetic anhy- 

dride (3 ml) containing a drop of sulfuric acid under the 
conditions described above. Isolation and chromatog- 
raphy of the product over alumina gave crystalline 
material (46 mg) which was recrystallized from chloro- 
form - isopropyl ether to yield acetate 11 as plates, m.p. 
100-101"; v,,,(KBr) 1755, 1739 cm-I;  n.m.r. spectrum: 
6 2.18 (3 protons, singlet, aromatic Me), 2.36 (3 protons, 
singlet, -OAc), 3.95 (3 protons, singlet, -OMe), 5.46 
(2 protons, singlet, -CH2-0-C=O) and 7.36 (1 
proton, singlet, aromatic). 

Anal. Calcd.for C ~ ~ H I ~ O ~ :  C, 61.01; H, 5.12. Found: 
C, 61.49; H, 5.26. 

Hydrolysis of Acetate 7 
Acetate 7 (37 mg) in methanol (3.5 ml) was retluxed 

under nitrogen for 15 min with potassium hydroxide 
solution (0.5 ml; 16%). After dilution with water, the 
reaction mixture was neutralized with dilute hydrochloric 
acid and extracted with ether. Removal of the ether and 
recrystallization of the product from methanol-chloro- 
form gave phenol 8 as needles, n1.p. 233-235'; v,,,(KBr) 
3350, 1738 cm-'; h ,,,, 254, 304 mp (E 5840, 3200) and, 
after addition of 1 drop of 0.1 N NaOH, h,,,, 338 mp (E 
3880). Sublimation in high vacuum at 125' gave needles, 
m.p. 234-236'. 

Methylatio~l of Phenol 8 
Phenol 8 (25 mg) in ether was treated overnight at room 

temperature with diazomethane in ether. The reaction 
mixture was evaporated to dryness and chromatographed 
over alumina (Grade 111; 2g). Elution with benzene 
yielded material (21 mg) which was recrystallized from 
chloroform - isopropyl ether to give needles, m.p. 158- 
159"; v,,,(CHCl3) 1753 cm-' ; v,,,(KBr) 1755, 1735 
cm-I;  n.m.r. spectrum: 6 2.22 (3 protons, singlet, aro- 
matic Me), 3.90 (6 protons, singlet, -OMe), 5.38 (2 
protons, singlet, -CH2-0-GO) and 7.11 (1 proton, 
singlet, aromatic). This substance was identical (m.p., 
mixture m.p., t.l.c., infrared) with 4,6-dimethoxy-5- 
methyl phthalide (9) obtained synthetically (3). 
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Plrthalide 6 from Pl~enol 8 
Phenol 8 (3.2 mg) in anhydrous acetone (3 ml) con- 

taining potassium carbonate (200 mg) was refluxed 6 h 
with I-chloro-3-methyl-2-butene (0.05 ml). The potassium 
carbonate was removed and washed with acetone and the 
solvent evaporated in vacuo. The product was purified by 
t.1.c. (chloroform) and recrystallization from ether-petrol 
gave phthalide 6, m.p. 85-86", undepressed by mixture 
with phthalide 6 obtained by oxidation of zinniol. Thin- 
layer chromatography behavior and the infrared spectra 
further demonstrated these compounds to be identical. 

Hydrolj~sis of Acetate 11 
Acetate 11 (29 mg) was hydrolyzed in the same manner 

as described for acetate 7. The product (23 mg) was re- 
crystallized from methanol-chloroform to yield phenol 
12, m.p. 233-234" (change in crystal form approximately 
190-200"); v,,,(KBr) 3280, 1717 cm- ' ; h,,, 260 mu (E 
11 700) and after addition of 1 drop of 0.1 N NaOH, 
hlnIlccllon 234, h,,, 302 mp, (E 17 500, 26 800). Phenol 12 
showed no color reaction with ferric chloride. 

Anal. Calcd. for CloHl0O4: C, 61.85; H, 5.19. Found: 
C, 61.80; H, 5.19. 

Metltylatiot~ of Pllenol 12 
Phenol 12 (17 mg) in ether (4 ml) and methanol (0.5 ml) 

was treated overnight at room temperature with diazo- 
methane in ether. The solvent was removed and the 
residue chromatographed over alumina (Grade 111; 2 g). 
Elution with benzene yielded material which, after re- 
crystallization from chloroform - isopropyl ether, gave 13 
as needles, m.p. 172-173"; v,,,(KBr) 1738, 1608 cm-'; 
n.m.r. spectrum: F 2.15 (3 protons, singlet, aromatic Me), 
3.92, 4.06 (singlets of 3 protons each, -OMe), 5.18 (2 
protons, singlet, -CH2-0-LO), and 6.64 (1 proton, 
singlet, aromatic). Birkinshaw et al. (4) report m.p. 172- 
172.5" for 5,7-dimethoxy-6-methyl phthalide. 

Anal. Calcd. for Cl  l H l  204: C, 63.45; H, 5.81. Found: 
C, 63.51 ; H, 5.88. 

Phe~zol 8 f i o m  Alkalit~e Extract 
Sodium hydroxide soluble material (900 mg) from the 

extraction of two batches of culture medium (1) was 
chromatographed over silica gel (British Drug Houses; 

100 g). Benzenexther (3:l) eluted a crystalline fraction 
(47 mg) which was acetylated (acetic anhydride - pyridine, 
overnight at room temperature). The product was puri- 
fied by preparative t.1.c. (chloroform-methanol, 49:l) and 
recrystallized from chloroform - isopropyl ether to give 
a substance (12 mg) identified (m.p., mixture m.p., in- 
frared) as the acetate of phenol 8, m.p. 136-137". No 
other compound could be isolated from the co~nplex 
mixture. 

Isolatiorz of Mantlitol from tlre Myceliurn 
Mycelium of Alternuria zirzniae was continuously ex- 

tracted in a Soxhlet apparatus with petrol (1 day), chloro- 
form (4 days), and methanol (3 days). The methanol 
extract yielded material which was recrystallized from 
methanol to give needles, m.p. 165-166", identical (m.p., 
mixture m.p., infrared) with authentic mannitol. Acetyla- 
tion yielded mannitol hexaacetate, m.p. 123-124" (chloro- 
form-methanol). No other crystalline substance could be 
obtained from the mycelial extracts. 
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Rates of reaction of n-butanethiol with some conjugated heteroenoid compounds 
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The reactions of substituted 3-benzal-2,4-pentanediones, ethyl benzalacetoacetates, diethyl benzal- 
malonates, benzalmalonamides, cinnamalmalononitriles, J3-nitrostyrenes, and J3-nitropropenylbenzenes 
with excess n-butanethiol go essentially to completion in 20% aqueous ethanolic solution buffered to 
pH 7. The second order rate constants derived from the reactions of meta- and para- substituted deriva- 
tives correlate well with Hammett o constants. The nature and conformation of the functional group 
cis to the phenyl group determines the extent to which ortho substituents hinder the reaction. 

Canadian Journal of Chemistry, 46, 771 (1968) 

Introduction 
Aliphatic and/or aromatic thiols have been 

added to benzalacetone (l), benzalacetophenone 
(2-lo), P-nitrostyrene (1 1-13), 3-benzal-2,4- 
pentanedione (I), and ethyl benzalacetoacetate 
(1) but no attempt was made to demonstrate that 
the adducts of the latter two compounds arose 
by 1,4-addition to the coiljugated system. 
Moreover, no record could be found of the 
isolation of an adduct arising from the addition 
of a thiol to  the conjugated system of a cinnamo- 
nitrile with a second functional group on the a 
carbon atom. In some instances, reaction pro- 
ceeds without a catalyst (3, 4, 9) but in general, 
catalysts such as dry hydrogen chloride (7, 8), 
piperidine (1, 2, 7, 8, lo), or sodium ethoxide are 
employed. 

The 1,4-addition of thiophenol to  p-nitro- 
styrene, in the presence of piperidine, has been 
demonstrated (12) by reduction of the nitro 
group of the adduct (1) to 2 and the preparation 
of the hydrochloride of 2 from thiophenol and 
3. At least in the case of the hydrogen chloride 

solution reactions and although excessive P 
eliminations occur when thiol adducts are treated 
with strong base (5 ) ,  such eliminations are un- 
likely in solutions buffered to pH 7 when excess 
thiol is present. 

Experimental 
The preparation of the compounds used in this work 

and their purity have been described by Silver et al. (14). 
The butanethiol isomers and ethanol were purified by 
distillation and deionized water was used in the Sorensen 
phosphate buffer. The butanethiol addition reactions were 
run in 80% aqueous buffer (pH 7)- 20% ethanol (v/v) at 
25 "C and followed by ultraviolet spectroscopy (15) and 
the insolubility of the adducts required that these reac- 
tions be run in very dilute solution. 

The thiophenol and n-butanethiol adducts of 3-benzal- 
2,4-pentanedione were prepared by the method of 
Ruhemann (1). 3-Acetyl-4-phenyl-4-phenylthio-2-buta- 
none melted at 116.0-117.0 OC and 3-acetyl-4,11-butyltl1io- 
4-phenyl-2-butanone at 62.0-62.5 "C. 

Anal. Calcd. for CI6HZ2O2S: C, 69.02; H, 7.96; S, 
11.51.Found: C, 69.06;H,7.92;S, 11.43. 

The former showed a weak absorption in ethanol at 
286 mp (E = 2900) indicating that destruction of conjuga- 
tionaccompanied the addition. The spectrum of the latter 
in ethanol and that of the solution at the conclusion of 

C6H5-CH=CH-NO2 + CGH5SH + the n-butanethiol reaction showed insignificant absorp- 
tion from 250 to 350 mp. 

CGHS-CH-CH~-NO~ 
' 1  CGH5-S 

l)Zn + HOAc 
I2)HCl 

C6H5-CH-CH2-NH2'HCI 
I 

catalyzed reaction of ethanethiol and thiophenol 
to  benzalacetophenone some 1,2- as well as 
1,4-addition occurs (2, 7, 8). 

This paper describes some related aqueous 

Results 

The equilibrium reactions went virtually to  
completion and were pseudo first order with 
respect to  the unsaturated compounds. Con- 
centration change of the butanethiols [C4H,SH] 
present in excess, demonstrated that, within 
experimental error, the thiol exponent was unity 
and therefore second order rate constants, k, as 
defined by 

d[C6H5 - CH=CAB] 
dt 
= k2  [CGH5CH=CAB] [C4H9SH] 
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TABLE I 
Rate constants for the reactions* of some conjugated heteroenoid compounds~ 

with n-butanethiol in 20% ethanol - 80% pH 7 buffer$ (v/v) at 25 "C 

A B X Y kZ(M-' s-l) Exponent 

COCHs COCHB H H 2.0 0.93k0.05 
2-CH3 H 0.19 0.93k0.07 
4-CH3 H 1.1 0.94-10.17 
2-CI H 1.4 1.OOkO.00 
3-C1 H 6.4 0.98k0.04 
4-C1 H 4.0 1.08k0.14 
2-CH30 H 0.34 0.91k0.10 
3-CH30 H 2.8 0.94k0.03 
4-CH30 H 0.83 0.90k0.08 
2-CH30 4-CH30 0.15 0.95k0.04 

COCH3 COzCZH5 H H 1.5 0.99k0.02 
82-CH3 H 0.35 0.97k0.13 
83-CH3 H 1.3 1.16k0.01 
4-CH3 H 0.95 1.11+0.09 

$3-F H 3.8 1.16k0.02 
82-CI H 1.3 1.04kO.01 
83-a H 5.3 1.14k0.02 
4-C1 H 3.5 1.07+0.08 

82-CH30 H 0.26 1.09k0.41 
3-CH30 H 1.9 0.92k0.08 

84-CH30 H 0.57 1.02k0.07 
2-Cl 4-C1 5.1 0.99k0.07 
3-CI 4-C1 23. 1.01k0.45 

82-CH30 3-CH30 0.40 1.05k0.03 
82-CH30 4-CH30 0.12 0.87k0.12 
3-CH30 4-CH30 0.75 1.08+0.12 

§3-0-CHz--04 0.75 1.17k0.15 
COzCzHs COzCzHs H H 0.085 1.00_+0.00 

2-F H 0.24 1.13k0.10 
3-F H 0.51 1.23k0.04 
2-C1 H 0.18 1 .04+0.08 
2-CH30 H 0.022 1 .03+0.02 
4-CH30 H 0.048 1.20+0.08 
3-CzH5O H 0.21 1.03k0.11 

CONHZ CONHz H H 0.012 0.95_+0.05 
3-CH3 H 0.0092 0.96k0.00 
3-C1 H 0.048 0.90k0.22 
4-C1 H 0.023 0.93+0.00 

tConcentrations: 5 x to 10-d M heteroenoid, 2.5 x 10-5 to 5 x 10-"11-butanethiol. 
SM/ 15 Na2HPO+ (60 %) and MI15 KH2PO+ (40 %) (Sorensen). 
$These compounds are geometrically nonhomogeneous (19). 
/IFor a-nitrostyrene and the a-nitropropenylbenzenes, only the initial 50% of the reaction 

was employed to calculate k2. 
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TABLE 11 
Reaction constants and correlation data* for rate constants 

Standard error 
Regression 

A B P k~ coeflicient, r A A estimate 

COCH, COCH, 1.39 1.94 1.00 0.02 0.01 
COCH, COzCzHs 1.68 1.48 0.98 0.11 0.10 
COzCzHS COZCZHS 1.72 0 . 1 1 ~  0.98 0.27 0.12 
CONHZ CONHZ 1.56 0.0110 0.98 0.18 0.06 
NO2 CH3 0.50 6.87 0.82 0.20 0.10 

*Log k X y  = PO + log kt,. 

were calculated. These k, values and the ob- 
served thiol exponents are given in Table I for 
n-butanethiol. The logarithms of the rate con- 
stants for meta- and para-substituted derivatives 
correlate well with Hammett o constants (16) 
(Table 11). The analogous compounds with C-2 
substituents, are less reactive than their C-4 
isomers and moreover the magnitude of the 
differences ink, for the C-2 and C-4 isomers vary 
from series to series. 

The rate constants (k,) have also been deter- 
mined in this work for the addition of sec- 
butanethiol and t-butanethiol to 3-benzal-2,4- 
pentanedione, ethyl benzalacetoacetate, and 
diethyl benzalmalonate at 25 "C. For the former 
nucleophile the approximate values are 5 x lo-', 
4 x lo-', and 5 x lo-, M-l s-l  respectively 
and for the latter, 2 x lo-', 1 x lop2,  and 
1 x lo-, M-1 S-I. 

When the pH of the buffer component was 
6.47, the rate constant, k,, for the reaction of 
3-benzal-2, 4-pentanedione with n-butanethiol, 
was 0.54 M-ls-l  indicating general base cataly- 
sis of the reaction. 

These reactions are inherently reversible. The 
excess mercaptan forces the equilibrium to  the 
right since in the absence of the appropriate 
mercaptan both 3-acetyl-4-phenyl-4-phenylthio- 
2-butanone and 3-acetyl-4-phenyl-4,n-butylthio- 
2-butanone in 20 % ethanol - 80 % buffer (pH 7) 
undergo p-elimination reactions to  form 3- 
benzal-2,4-pentanedione. 

By following the rate of formation of 3-ben- 
zal-2,4-pentanedione, the rate constant, k,, for 
the reaction 

was found to be 1.35 x s-l. The calcula- 
ted equilibrium constant, K = k,/k,, is therefore 

1.48 x 104M-l; that measured was 1.81 x lo4 
M-l.  

An examination of phenyl substituent effects 
on this reverse reaction will be investigated. 

Discussion 

The conjugative power of the functional group 
in these gem difunctional compounds as gauged 
by relative k, values increases as anticipated (17, 
18) in the order CONH, < CO,C,H, < COCH,. 
As would be expected from the analysis of their 
absorption spectra (20), the rate constants for 
the ethyl benzalacetoacetates with dissimilar 
functional groups approximate those for the 3- 
benzal-2,4-pentanediones (Table I) more closely 
than they do those of the diethyl benzalmalon- 
ates. The nuclear magnetic resonance (n.m.r.) 
spectra (19) of these substituted ethyl benzal- 
acetoacetates demonstrate that only about half 
of them are geometrically homogeneous. How- 
ever, the log k, values for the geometrically 
homogeneous members (with the ketone trans 
and the ester cis to  the phenyl group) in the 
Hammett o plot fall on the same line as the 
nonhomogeneous members. Therefore, either 
the homogeneous members equilibrate prior to 
reaction, or the transition state of the non- 
homogeneous members is the same as that for 
the homogeneous ones. 

The ratio k, (para)/k, (ortho) decreases in the 
order CH, > C1>CH30 and is less for the 
diethyl benzalmalonates and ethyl benzalaceto- 
acetates than for the corresponding 3-benzal- 
2,4-pentanediones. The main factor contributing 
to the differences between series would appear to 
be the hindrance due to the functional group cis 
to  the phenyl group. The n.m.r. spectra of the 
diethyl benzalmalonates and the 3-benzal-2,4- 
pentanediones indicate that on time average the 
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carboilyl is remote from the cis phenyl group (19) 
and so the oxygen of the cis ester ethoxyl facing 
the phenyl group provides more freedom of 
approach for the nucleophile to  the reaction 
center than does the bulkier methyl group of the 
cis methylketone. The bulk of the ortho sub- 
stituent accounts in part for differences within 
series. This is in accord with the steric increments 
assigned to these groups from absorption spectra 
maxima (20). 

The lower p values for the n-butanethiol 
additions to the 3-benzal-2,4-pentanediones as 
compared with those for the diethyl benzal- 
malonates (Table 11) indicate less dependence 
of the reaction rate of the former upon substitu- 
tion in the phenyl ring. For confornational 
reasons similar to  those given above, rotation of 
the phenyl group of the 3-benzal-2,4-pentane- 
diones further out of the plane of the ethylene 
functional group system than in the correspond- 
ing diethyl benzalmalonates accommodates this 
observation. The p value for the addition of 
n-butanethiol to the analogous benzalmalon- 
amides also indicates little interference between 
the phenyl group and the cis carboxyamide 
grouping. The interference of the methyl group 
with both the phenyl and nitro groups of P- 
nitropropenylbenzenes as deduced from their 
dipole moments (16) is reflected in the low p 
value for their 1.1-butanethiol addition reactioils 
as well as in the retardation of the addition 
reaction by ortho substituents. 

Since the acidity constants, pK, of rz-butane- 
thiol and t-butanethiol are similar (12.4 and 12.7 
respectively) (21), the rate constants determined 

for the addition of sec-butanethiol and of 
t-butanethiol to 3-benzal-2,4-pentanedione, ethyl 
benzalacetoacetate, and diethyl benzalmalonate 
indicate that steric hindrance in the attacking 
nucleophile can also result in significantly 
reduced reaction rates. 
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Equilibrium reactions of n-butanethiol with some conjugated heteroenoid compounds 
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The reactions of 2-benzal-1,3-indanediones and the cyano-containing benzalmalononitriles, ethyl 
benzalcyanoacetates. be~lzalcyanoacetamides, and benzalcyanoacetanilldes with 12-butanethiol at 25 "C 
in 20%kthanol- 80% pH 7 buffer attain equlibrium at a rate too fast to measure by standard methods. 
The equilibrium constants have been calculated and these in turn related to Hammett o and Taft o* 
constants. The differences in the reactions of these and other gem difunctional systems which react 
virtually completely with 12-butanethiol under the same experimental conditions and at a measurable rate, 
are attributed to participation of the functional group cis to the phenyl group in the reverse reaction. I t  is 
shown that 12-butanethiol adds to cinnamalacetophenone by a 1,4-mechanism and the reactions of this 
nucleophile with similar compounds having extended conjugated systems are discussed. 
Canadian Journal oEChemistry, 46, 775 (1968) 

Introduction Experimental 

It was stated (1) that no report could be found Except for the 2-benzal-1,3-indanediones, the prepara- 

of the isolation of an adduct arising from the tion and purity of all the unsaturated compounds used 
in this work are described by Silver et al. (8). 

addition of a thiol t o  the conjugated system of a 
cinnamonitrile with a second functional group 
on the a carbon. It has been demonstrated, 
however, that mercaptans react with the cyano 
grouping of acetonitrile (2) and that hydrogen 
sulfide reacts similarly with cinnamonitrile (3) 
and p-methoxybenzonitrile (4). Feniak et al. (5) 
have recently demonstrated that n-butanethiol 
adds t o  benzalmalononitrile in the presence of 
piperidine in chloroform solution but the rapid 
reversibility of the system precludes the isolation 
of this thiol adduct. This paper describes the 
related aqueous solution reactions of n-butane- 
thiol with conjugated heteroenoid compounds 
containing a cyano group. 

Extension of the conjugated system by the 
introduction of an additional ethylenic double 
bond into the conjugated system increases the 
number of possible modes of thiol addition. 
Addition can conceivably occur by 1,2-, 1,4-, or 
1,6-mechanisms and in the latter case subsequent 
1,4-addition t o  the derived a,P-unsaturated 
system is possible. Thiophenol and isoamyl 
mercaptan have been added to cinnamalaceto- 
phenone, and the same adducts result when the 
reactions are catalyzed by hydrogen chloride (6) 
or piperidine (7). Although no attempt was made 
t o  establish the structures of the adducts, only 
one molar equivalent of isoamyl mercaptan 
reacted with cinnamalacetophenone which sug- 
gests that addition occurred by a 1,4-mechanism. 

'Summer student. Present address: Faculty of Medi- 
cine, Queen's University, Kingston, Ontario. 

2-Benzal-1,3-itrdanediotres 
The benzaldehydes were condensed with 1,3-indane- 

dione by the method of Geita and Vanags (9). The melting 
points of these 2-benzal-1,3-indanediones and the solvents 
from which they were crystallized are given in Table I 
while the analytical figures are listed in Table 11. 

2-(2-Tlzenylidene) -1,3-indanedione 
This compound was prepared by the method of Buu- 

Hoi et  al. (12). After three crystallizations from ethanol, 
it melted constantly at  175.0-175.5 "C. 

12-Britanetlliol - Cir~r~a~~mlace top l~e~~o~~e  Adduct 
The addition of 12-butanethiol to cinnan~alaceto- 

phenone by the procedure of Ruhemann (7) in benzene 
solution and in the presence of two drops of piperidine 
gave an 88% yield of an  equimolar adduct which when 
crystallized from ethanol gave white needles melting at  
46.246.8 "C. 

Anal. Calcd. for CZ1H2,OS: C, 77.73; H, 7.45; 
S, 9.88. Found: C, 77.60; H, 7.36; S, 9.77. 

Results 

In general, in the very rapid equilibrium re- 
actions of these conjugated heteroenoid com- 
pounds with n-butanethiol in 20% ethanol - 
80% aqueous buffer (Sorensen, pH 7) (vlv) the 
approach t o  equilibrium could not be observed. 
The equilibrium concentration of the unsaturated 
compound was determined by ultraviolet spec- 
troscopy ( I ) . ~  Since in this solvent system many 
compounds of type 1 undergo reverse aldol 

'The long wavelength absorption maxima in general 
were 2 to 5 m p  longer in the aqueous ethanol than those 
in ethanol (19). 
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TABLE I 
The melting points* of some 2-benzal-l,3-indanedionest 

Melting point ( "C) 
Crystallization 

X solvent Found Lit. Reference 

H C2H50H 152.6153.0 152 9 
2-CH3 C2H50H 152.5-153.0 - 
4-CH 3 C2H50H 151 .6151.5 154.5-155.0 10 
2-F C2H50H 135.5-135.6 - - 
2-Cl C2H50H 132.6133.0 - - 
4-Cl CzHSOH 179.6180.0 177-178 11 
2-Br C2H50H 125.5-126.0 - - 
2-CH 3 0  CH3-C02H 167.8-168.2 167.5-168 10 
4-CH30 CZHSOH 158.5-159.0 - - 
*All melting points were recorded in an apparatus designed by E. B. Hershberg (13) using Anschiitz 

thermometers for complete immersion so the melting points are corrected. 
0 

FIG. 1. The equilibrium reaction of 11-butanethiol 
with a readily hydrolyzable compound. For example: 
when [C4H9SH] = 2 x M and [3-C2H50- 
C,H,CH==C(CN)z] = 4 x lo-' M, then 

reactions (14) (Table where necessary 

A = CN, C02C2H5, CONH2, CONHC6H5 

the optical densities of the solutions at equilib- 
rium were determined by extrapolation of the 
optical density - time trace to zero time (Fig. 1). 
Assuming C6Hs-CH(SC4Hg)-CH(A)CN to 
be the structure of the adduct, in analogy with 
that deduced for the analogous reaction with 
3-benzal-2,4-pentanedione (I), equilibrium con- 
stants, K(M-'), were calculated from the 
following expression. The values that are listed 

in Table IV are the means. R. of at least three , , 

separate determinations with initial n-butane- 
thiol concentrations differing by at least a factor 
of five. The % deviation, 100(K - K)/K, is a 
measure of the maximum range of the experi- 
mental values from the mean and all results are 
consistent with the participation of only one 

3For the hydrolysis of the 2-benzal-l,3-indanediones 
log k = 1.42 o - 2.71 ; regression coefficient, r 0.89; and 
standard error of r, A r 0.29 and standard error of the 
estimate, A estimate 0.16. 
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PRITCHARD ET AL.: EQUILIBRIUM REACTIONS OF N-BUTANETHIOL 

TABLE I1 
Analytical figures* for some 2-benzal-l,3-indanedionest 

- 
Calculated % Found % 

X C H C H 

'These analyses were done in this laboratory by Mr. R. P. Hicken. 
:: 

TABLE I11 
The reaction* of water with some conjugated heteroenoid compounds~ 

in 20 % ethanol - 80 % pH 7 buffer1 (v/v) at 25 "C 

-- . 
COzC,H, 
CONH, 
COCH, 

?Concentration from 5 x to 2 x M of heteroenoid compound. 
$MI15 Na2P04 (60%) and MI15 KH2P04 (40%) (Sorensen). 

mole equivalent of n-butanethiol in the reaction. 
The n-butanethiol concentrations used with 
all the cinnamonitrile derivatives were the same 
(5 x to 2.5 x lop3  M), but to  obtain 
measurable K values for the 2-benzal-1,3- 
indanedione series, the concentration of the 
butanethiol had to be reduced by an order of 
magnitude. 

The logarithms of the equilibrium constants 
for the 2-benzal- l,3-indanedione series and for 
the cinnamonitriles with a second functional 
group on the a carbon correlate with Hammett o 
constants and Taft o* constants (Table V), 
but because of the values of the correlation 

coefficients, no particular significance can be 
attached t o  the variations in the o values. The 
equilibrium constants parallel the ;ate constants 
for the reaction of the benzalmalononitriles 
with water and cyanide ion (14) and, in addition, 
steric hindrance to  nucleophilic attack apparently 
occurs with some C-2 alkyl derivatives. 

The ultraviolet sr>ectrum of the n-butanethiol 
adduct of cinnamalacetophenone in ethanol 
(A, E ;  295 mp, -3000; -286 mp, -; 249 mp, 
27 000) is very similar t o  that of propenyl- 
benzene or of cinnamyl alcohol (15) plus 
hexylphenyl ketone (A, E, 279.5 mp, 1030; 
242 mp, 13 000) but does not resemble that of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE IV 
Equilibrium constants for the reactions* of some conjugated heteroenoid compoundsf with 

n-butanethiol in 20% ethanol - 80% pH 7 buffer3 (v/v) at 25 "C 

K x 
B A X Y ( M )  % deviation 
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PRITCHARD ET AL.: EQUILIBRIUM REACTIONS OF N-BUTANETHIOL 

TABLE IV (Concluded) 

H 
/A 

H A 
I I 

\C=C + n-C4H9SH C-C-H 
h e  reaction: 'El 

X x C4H9 

pconcentration from 5 X lo-= to 4 x 10-5 M of heteroenoid compound. 
tM115 Na2P04 (60%) and MI15 KH2P04 (40%) (Sorensen). . . 
8The reactions of this compound with sec-butanethiol and t-butanethiol gave approximate equilibrium constants 

of 84 and 20 M-'  respectively. 
((The reactions of this compound with sec-butanethiol and I-butanethiol gave approximate equilibrium consranrs 

of 76 and 21 M-' respectively. 
TThese rate constants were not included in the correlations. 

I /  

**The compound m C H = C / C ~  S gave an equilibrium constant of 1600 i 430 M-1. 

\c 
II 
0 

crotonophenone (16, 17) plus ethylbenzene. 
Furthermore from the spectrum run in CCl, 
solution the 1690 cm-I ketone stretching band 
of the adduct differs markedly from that of 
crotonophenone (1673 cm-l) (16). Hence it 
would appear that the n-butanethiol adduct has 
structure 2. 

0 

The reaction of 3-cinnamal-2,4-pentanedione 
occupies an intermediate position in the transi- 
tion between the rapid reversible addition for the 
2-benzal-1,3-indanediones and the slower virtu- 
ally complete additions for the 3-benzal-2,4- 
pentanediones since, although no reliable rate 
constants could be determined, the approach t o  
equilibrium could be followed (K= 110 + 10 
M-I). 

The reactions of 2-cinnamal-1,3-indanedione 
and cinnamalmalononitrile contrast. The former 
is an equilibrium reaction (K = 1800 + 200 
M-l )  while the latter goes virtually to  completion 
(k, = 3.6 x lo-' M-I  s-I , thiol exponent 1.09 
+ 0.03). 

Discussion 
Except for the 2,6-dichloro derivatives of 

3-benzal-2,4-pentanedione and the appropriate 
geometric isomer of ethyl benzalacetoacetate4 
in all the 3-benzal-2,4-pentanediones, ethyl 
benzalacetoacetates, and the diethyl benzal- 
malonates studied in the previous paper, the cis 
carbonyl oxygen is remote from the styrene 
system (18). The reaction of excess n-butane- 
thiol with the above mentioned compounds goes 
essentially to  completion at a measurable rate 
(1). With the 2-benzal-1,3-indanediones on the 

4The mixture of geometric isomers (2 x M )  
failed to react with n-butanethiol(5 x M). 
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TABLE V 
Reaction constants and correlation data* for equilibrium constants taken from Table IV 

Correlation Standard error 
coefficient 

B A P KH r A A estimate 

other hand, where the cis carbonyl oxygen of 
necessity is directed towards the benzene ring, 
reaction with excess n-butanethiol is rapid and 
reversible. The same is true for the benzal- 
malononitriles, ethyl benzalcyanoacetates, 
benzalcyanoacetamides, and benzalcyanoacet- 
anilides in which the cis cyano group (19) lies 
in close juxtaposition to  the benzene ring. Besides 
the rapid rate of the forward reaction in the 
addition of n-butanethiol to  these cyano- 
containing compounds, increased reactivity of 
these systems relative to  that of 3-benzal-2,4- 
pentanedione is reflected in their rates of hydrol- 
ysis (Table 11). This increased reactivity may be 
explained in terms of inductive, resonance, and 
steric effects since the ultraviolet absorption 
maxima of these compounds are at wavelengths 
considerably longer than those for related com- 
pounds with angular functional groups (19). 
On the other hand, insertion of another ethylenic 
double bond into benzalmalononitrile as in 
cinnamalmalononitrile removes the cis cyano 
grouping from the benzene ring and now the 
11-butanethiol reaction goes virtually t o  com- 
pletion. 

The acidity of the cc, hydrogen in the n-butane- 
thiol adducts of the cyano-containing com- 
pounds and of the 2-benzal-1,3-indanediones 

group thus facilitating the withdrawal of the 
mercaptide ion by stabilizing the anion until 
it is solvated (20). The favorably oriented 
carbonyl groups of the 2-benzal-1,3-indanedione 
and 2-cinnamal-1.3-indanedione adducts could 
achieve the same kffect but t o  a lesser extent by 
facilitating hydrogen transfer from a proton- 
ated or solvated carbonyl grouping to the leaving 
mercaptide ion.5 It must be assumed from this, 
however, that the orientation of the carbonyl 
groups in the adducts of the 3-benzal-2,4- 
pentanediones, the ethyl benzalacetoacetates, 
the diethyl benzalmalonates, and the benzal- 
malonamides does not favor the reverse reaction. 
If the addition of n-butanethiol to  3-cinnamal- 
2,4-pentanedione goes by a 1,4-mechanism as 
has been shown in the case of cinnamalaceto- 
phenone6 then reduced spatial congestion in the 
thiol adducts would allow a favorable orienta- 
tion of the cis carbonyl so that the reversibility 
of this reaction perhaps is not surprising. 
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Etude quantitative des rbactions d'ozonolyse. VI. Sur la rbduction du 
zwitterion de Criegee en compos6 carbony16 

R e p  le 31 octobre 1967 

It is shown for a series of symmetric olefins that ca. 44% of the zwitterion which does not react to give 
ozonide yields open-chain peroxides. The latter, when formed of R - ~ f H ~ & u n i t s ,  decompose rapidly 
into aldehyde and 0 2  (at room temperature), whereas such polymeric peroxides are relatively stable at  
25" in CC14 when built of ketonic carbonyloxides. 

Lors de l'ozonation des olefines symktriques, environ 44% du zwitterion qui n'est pas engage dans 
la production d'ozonide~ngendre des peroxydes polynGres en chaine ouverte. Ceux-ci, lorsqu'ils sont 

- 

constitues d'unitts R-CHO~ se decomposent rapidement (a la temperature ambiante) en aldkhyde 
et O1; ces peroxydes sont, par contre, relativement stables a 25" (dans le CCI,) lorsqu'ils sont constitues 
d'oxydes de carbonyle cktoniques. 
Cnnatlian Journal of Chemistry, 46,783 (1968) 

D'aprks la thCorie de Criegee (1) sur le mica- 
nisme de l'ozonolyse "normale" dans un solvant 
inerte, l'attaque de l'ozone sur une double liaison 
C=C engendre un ozonide priinaire (1) qui se 
scinde en un zwitterion (2) plus un composC 
carbonylC (3) dans une proportion de 1 :l ;  
l'ozonide (4) serait ensuite engendrC par la rCac- 
tion de 2 avec 3.' 

ALI cours d'Ctudes portant sur les bilails 
d'ozonation du stilbkne (3) et du diphCny1-1,4 
buthe-2 (4) nous nous sommes trouvCs en ap- 
parente contradiction avec cette sto'ichiomttrie 
vu que nous avons observC (i) qu'il se forme plus 
qu'une inole dlaldChyde par mole dYolCfine 
ozonCe (en tenant compte de 1'aldChyde fix6 sous 
forine d'ozonide) et (ii) que la quantitC d'oxyde 
de carbonyle formCe est inferieure a la quantitC 
d'olCfine consommCe. 

lchercheur invite, en  conge de 1'Institut de Chimie 
Organique, Acadernie des Sciences de Pologne, Varsovie 
10, Pologne. 

2On n'exclut pas cependant de f a ~ o n  impkrative les vues 
de Murray, Story et al. (2), qui proposent le clivage d'une 
liaison 0-0 de l'ozonide primaire et non pas de la liaison 
C-C. Relevons toutefois que la rtaction etudiee par ces 
auteurs est celle d'un molozonide plus un aldehyde A 
-70 "C, tandis que nous Ctudions le clivage de l'ozonide 
primaire dans des conditions de temperature ((r45 OC) 
qui favorisent la trts rapide dCcomposition de celui-ci, en  
accord avec la theorie de Criegee (1). 

Nous avoils alors interpret6 les observatioi~s 
faites, concernant les rkactions du zwitterion 2, 
en supposant deux modes de rCaction: (a) for- 
mation d'un peroxyde dim6re cyclique (5) et (b) 
polymCrisation en chaine ouverte, conduisant B 
une rCduction du zwitterion en compost carbo- 
nylC plus oxygkne. Le zwitterion polymkre en 
chaine ouverte est reprCsentC ici par son dim6re 
(6), sans pour autant prisumer de la possibilitC 
de polymCrisation B un plus haut degrC. 

Par ailleurs nous sommes arrivCs B des con- 
clusions siillilaires en Ctablissant les bilans 
d'ozonation du tCtraphCnylCthyl6ne (5). Dans ce 
cas il n'y a pas de formation d'ozonide vu qu'un 
groupement cCtonique est, en gCnCral, moins 
susceptible B une attaque nuclCophile qu'un 
groupement aldkhydique. On retrouve alors, a 
cat6 de la benzophCnone et du peroxyde dimere 
de benzophCnone cyclique, un composC peroxy- 
dique supposC en chaine ouverte, du type 6, suf- 
fisamment stable B la tempkrature ambiante (en 
solution dans du CCl,) pour en permettre le 
dosage. La quantitC de cCtone formCe est Cgale a 
la quantitC d'olCfine consommCe par la reaction. 

L'intCrEt croissant manifest&, en vue de dis- 
cussions mkcanistiques, pour des bilans d'ozona- 
tions precis nous a conduit B examiner plus en 
dCtail cet aspect particulier de la rCaction entre 
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zwitterions. En effet, la formation d'aldthyde par d'ozonide (Oz) engendrts par l'ozonation de S 
la rtduction de ceux-ci peut modifier le cours des moles d'oltfine. Alors S-Oz = le nombre de 
rtactions, notamment dans le cas d'olefines dis- moles de zwitterion non utilist pour former 
symttriq ues. l'ozonide = le nombre de moles d'aldthyde 

Ozonation des olkjines du type R-CH=CH-R 
L'ozonation de ces oltfines dans le CCl, 

engendre des aldehydes, des ozonides, B cBtt de 
produits peroxydiques. I1 a dejB t t t  montre (6, 7) 
que la production d'aldthyde se manifeste dks le 
dtbut de l'ozonation et qu'elle n'est pas due B 
une dtcomposition de l'ozonide. Pour mieux 
nous en assurer, nous avons mesurt les con- 
stantes de vitesse pour la dtcomposition3 uni- 
moltculaire de l'ozonide du fumarate d'tthyle, 
particulierement instable par rapport aux autres 
ozonides ttudits dans ce travail: k (0 "C) = 0.44 
x k (25") = 2.1 x lop3 et k (35") = 3.4 
x (l/h); energie d'activation = 9.8 + 0.1 
kcal/mole. Le temps requis pour effectuer les 
ozonations et les mesures rapporttes plus loin 
(15-20 min) est donc bien inftrieur au temps de 
demi-vie (330 h ii 25") mesurt pour cet ozonide 
relativement peu stable. Dans d'autres cas (par 
exemple avec I'ozonide du trai~s-stilbene) on 
n'observe pas de production d'aldthyde apres un 
reflux pendant 5 h de l'ozonide en solution dans 
du CCI,. 

Les bilans d'ozonation nous renseignent sur la 
proportion de zwitterion qui se decompose en 
aldehyde plus oxygkne par rapport a la quantitt 
de zwitterion non engagt dans la production 
d'ozonide; cette proportion, .f, peut Stre dtter- 
minte de deux fa~ons :  

(a) On mesure les quantitts d'aldthyde (A) et 

devant donc normalement se retrouver. ~ i n s i  le 
nombre de moles d'aldthyde form6 en exces, par 
la dtcomposition partielle de zwitterion, est tgal 
a A - (S - Oz) et, par constquent, J = [A 
- (S - Oz)]/(S - OZ). 

(b) On mesure les quantitts de I'oltfine con- 
sommte (S), de l'ozonide engendrt (Oz), ainsi 
que l'oxygene actif (Oa) qui est une mesure de la 
quantitt totale de zwitterion fix6 soit sous forme 
d'ozonide, soit sous forme de peroxydes; alors 
S - Oa mesure la quantitt de zwitterion dtcom- 
post etJ = (S - Oa)/(S - Oz). 

I1 convient, en gtnhal,  de se tenir B des ozona- 
tions modtrtes, ceci pour prtvenir la formation 
de peracide par autoxydation de l ' a l d th~de .~  La 
reproductibilitt satisfaisante de ces dttermina- 
tions est illustree par l'exemple suivant (Tableau 
I) se rapportant a l'ozonation du trans octene-4. 

Des rtsultats analogues ont Ctt obtenus lors de 
l'ozonation du dichloro-1,4 butene-2 (Tableau 
IV). On releve que le trans octkne-4 se distingue 
des autres oltfines examintes principalement a 
deux points de vue: (i) le rendement en ozonide 
est, dans l'intervalle 15-25", pratiquement indt- 
pendant de la temptrature, tandis qu'avec 
d'autres oltfines (comme, par exemple, le trans- 
stilbkne et le fumarate d'tthyle) on observe un 
effet de temptrature tres marqut. Ainsi avons- 
nous observt pour le fumarate d'tthyle des 
rendements de 80-85 % en ozonide lors d'ozona- 

4Une correction tenant compte de la formation de 
3Les produits de decomposition de cet ozonide ont Btt peracide a et i  faite lors de l'ozonation du diphenyl-1,4 

Ctudies lors d'un travail pr6cCdent (7). buttne-2 (3). 
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FLISZAR ET CHYLI~~SKA: ETUDE QUANTITATIVE DES REACTIONS D'OZONOLYSE. VI 785 

TABLEAU I 
Ozonation de 1 millimole de trans octkne-4, en solution dans 10 ml de CC14 

Ol6fine 
TempCrature consomm& 

"C (mmole) 

Ozonide 
form6 

(mmole) 

0.185 
0.285 

Rendement 
( %) en ozonide 

39.5 
41.9 
39.8 
41.4 
41.5 
38.4 
40.8 
41.8 

tions effectuCes a 25 "C (dans le CCI,), contre 
10-20 % de rendement obtenus B environ - 15". 
(ii) Deuxiitment, f dCcroit de f a ~ o n  marquCe avec 
la tempkrature decroissante. Cet effet peut &tre at- 
tribuC a une meilleure stabilisation des peroxydes 
en chaine ouverte dans le cas de l'octitne (par 
comparaison avec le stilbitne) ce qui favoriserait 
h froid la polymtrisation ultCrieure de ceux-ci, 
accompagnte d'un accroissement supplCmentaire 
de leur stabilisation par l'augmentation de la 
distance entre les charges positive et nigative du 
zwitterion polym6re.j 

Ozonation des olkfines du type (R),C=C(R), 
Contrastant d'avec les olefines du type 

R-CH=CH-R, les Cthylitnes tCtrasubstituCs 
CtudiCs ici engendrent des produits peroxydiques 
prCsumCs du type 6 relativement plus stables, a la 
temperature ambiante, en solution dans du 
CCl,. Ainsi est-il possible de doser ces composes, 
car ils libitrent rapidement l'iode partir de 
solutions acCtiques de NaI. Comme nous l'avons 
vCrifiC, la quantitC de cCtone engendrie est alors, 
aux erreurs expkrimentales prits, Cgale A la 
quantitC d'olifine consommCe. 

On dCfinit f de maniitre similaire ii celle dCjA 
exposCe: f reprCsente ici la proportion de zwit- 
terion ayant engendrC un peroxyde ii chaine 
ouverte par rapport au zwitterion non engagC 
dans la production d'ozonide, c'est-a-dire la 
quantitC totale de zwitterion formt. Lors de la 
dktermination de f il faut tenir compte que les 

dosages des peroxydes en chaine ouverte peuvent 
&tre faussCs a la suite de la rCaction d'une partie 
des peroxydes cycliques avec I-. 

En ce qui concerne la stabilitC des peroxydes 
d'acCtone cycliques, on cite dans la 1ittCrature (8) 
que le dimitre cyclique (F 132-133 "C) libitre 
assez rapidement I'iode a partir d'une solution 
acCtique de NaI (environ 25 % de rCaction en 30 
min). Dans nos conditions expkrimentales cepen- 
dant, dans un mtlange 1 :2 de CCl, et de CH,- 
COOH, nous trouvons que seulement 5% du 
peroxyde dimitre rCagit en 30 min 25", tandis 
que l'on ne peut percevoir avec certitude une 
reaction du trimitre (F 95 "C) dans ces m&mes 
conditions (< 1 % de rCaction). Dans le cas du 
peroxyde dimitre de la cyclohexanone, la propor- 
tion de peroxyde qui rCagit avec I- dans nos 
conditions experimentales s'Clitve ii eilviroil27 %. 

On a pu par ailleurs vCrifier que l'oxydation de 
I- par ces peroxydes suit une cinCtique de 
premier ordre en peroxyde; dits lors, vu que l'on 
opitre en prCsence d'un grand excits de I-, on 
peut calculer f en apportant la correction sui- 
vante dans son tvaluation. En absence de rCaction 
du dimitre cyclique avec I -  on aurait f = (oxy- 
gitne actif)/(cCtone formCe) = Oa/S, du fait que 
la quantitC de cCtone formCe est Cgale a la quan- 
tit6 d'olCfine consommCe. Par contre on trouve 

fcxp > f, vu que la proportion x du peroxyde cy- 
clique libitre de l'iode h partir de I-, d'ou fcxp 

= f + x(l - f )  et f = (A,, - x)/(l - x),  avec 
x = 0.05 Dour le veroxvde dimitre d'acttone et 
x = 0.27 pour le peroxyde dimitre de cyclo- 

50n note un vhenomtne semblable lors de I'ozonation I--..-- --- 
du trans-stilberk a -20°, mais le polymtre se dtcompose "';"a"U"';. 

rapidement en benzaldehyde, a 25". Les Tableaux 11 et 111 rtsument les rbsultats 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLEAU I1 
Ozonation de 20 rnl de solution de tktrarnethylkthyltne dans du  
CC14, i 0 "C [olefine] = concentration initiale de I'oltfine (mole/ 
1); le debit est indiqut en rnillirnole 0 3  par rnin. Les quantitts O3 
consornrnt, peroxyde form6 et acetone forrnee sont indiqukes e n  

rnillirnoles 

Peroxyde 
O3  con: Peroxyde Acetone - 

[Olefine] Debit O3  sornrne forrne forrnee Acttone 

obtenus lors de l'ozonation du tCtramCthylCthy- 
l6ne et du biscyclohexylid&ne, olifines auxquelles 
s'appliquent les calculs sus-mentionnks. 

TABLEAU I11 
Ozonation de 10 rnl de solution 0.1 M de bis-cyclo- 
hexylidene dans du CC14. Les quantites de peroxyde titre 

et de cyclohexanone sont indiquees en rnillirnoles 

Cyclo- Peroxyde 
TernpCrature Peroxyde hexanone 

"C titre formee cetone j 

0 0.26 0.45 0.578 0.44 

En ce qui touche l'ozonation du tCtramCthy1- 
tthyline, mis B part nos coilclusions quant B la 
formation de peroxydes en chaine ouverte, nos 
observations rejoignent celles de Criegee et 
Lohaus (9) qui ont inis en Cvidence la formation 
des peroxydes d'acttone cycliques; ces auteurs 
ont Cgalement n~ont r t  qu'B la suite du clivage du 
molozonide il se forme, en un premier temps, 
autant de zwitterion que d'acktone, ce qui con- 
firme bien les bilans que nous proposons.' 

 NOS rnethodes d'analyse ne nous ont pas perrnis de 
deceler le peroxyhydroperoxyde recernrnent trouve par 
Story (10) parrnis les produits isoles par chrornatographie 
en phase gazeuse, it partir de solutions de tetramethyl- 
ethyltne ozonees. La  presence de ce dirntre de zwitterion, 
issus de la reaction entre un zwitterion ( c H ~ ) ~ E - o ~  
avec son tautornere CH2=C(CH3)-OOH, ne rnodifie- 
rait pas sensiblernent nos bilans, car l'oxygtne actif de 
I'hydroperoxyde serait titre iodornetriquernent, tandis que 
les oxygenes du cycle du peroxyhydroperoxyde decrit par 
Story ne rtagirait vraisernblablernent que tres peu (ou pas 
du tout) avec I -  dans nos conditions analytiques. 

Quant 2 l'ozonation du biscyclohexylid&ne, nos 
observations sont Cgalement en accord avec les 
rCsultats de Criegee et Lohaus (9) qui dCmon- 
trent la formation du peroxyde dimire de cyclo- 
hexanone lors de l'ozonation de cette olifine. 
Notons encore qu'en laissant reposer pendant 
quelques heures, B la tempCrature du laboratoire, 
des solutions de biscyclohexylid6ne fraichement 
ozonCes, on observe une lente augmentation de 
la quantitC de cyclohexanone; ceci confirme 
I'existence d'un peroxyde relativement peu stable 
(prCsumC en chaine ouverte) car des solutions- 
tklnoin de peroxyde cyclique de cyclohexanone 
ne produisent pas, dans les in&mes conditions, de 
cyclohexanone. Des inesures de la vitesse de 
formation de cyclohexanone 2 partir des perox- 
ydes en chaPne ouverte n'ont pas CtC conclu- 
antes ; la cinetique de cette dtcomposition semble 
Ctre fonction du pourcentage d'ozonation, donc, 
peut Ctre, du degrC de polymCrisation du zwit- 
terioil en chaine ouverte. Les augmentations de 
la quantitC de cCtone observtes Ctaient de l'ordre 
de 20-25% apris 24 h, pouvant aller jusqu'g 
40% dans certains cas, apris un repos de 7-10 
jours. 

Des essais effectuCs avec Cthyl6nes substituks 
par 4 groupements tendant a distabiliser les 
peroxydes polymires en chaCne ouverte, favori- 
sant ainsi leur dCcomposition en cttone plus 0,, 
ont CchouC: le tCtracyanoCthyl6ne n'est pas 
soluble dans le CCl, et 17Cthy16ne tCtracarboxy- 
late dlCthyle n'absorbe pas l'ozone. 

Conclusions 
Les bilans d'ozonation des olkfines symktri- 

ques, rCsumCs dans le Tableau IV, indiquent que 
dans tous les cas CtudiCs environ 44% du zwit- 
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TABLEAU IV 
RCsurnC des resultats des ozonations dans le CC14 

TempCrature Rendement (%) en 
Olefine ozonCe "C ozonide (25") J' 

TetraphCnylCthylene 0-45 0 0.43f 0.02 
TCtramCthylCthylene 0 0 0 . 4 4 i 0 . 0 1  
Bis-cyclohexylidtne 0-25 0 0 .41 i0 .03  
DiphCnyl-1,4 butene-2 0-25 41 0 .44 i0 .01  
Trnr~s octene-4 25-45 46 0 . 4 5 i 0 . 0 1  
Trnns-stilbene 25-45 68 0 .45 i0 .01  
Trnns dichloro-1,4 butene-2 0-25 73 0 . 4 3 i 0 . 0 3  

TABLEAU V 
Sens de clivage des molozonides de quelques olCfines dissymttriques* 

Olefine Pourcentage de zwitterion forme 

p-mtthylstyrene 71 i 1 %  de p. C H ~ - C ~ H ~ - ~ H - O ~  
B-mCthylstyrene 8 2 i  1 % de CH~-EH-06 
MCthyl-4 pentene-2 trnns 73 C 4  "/, de CH~-EH-00 
TriphCnylCthylene 71 f 1 % de ~ h z 6 - 0 6  

*Ces valeurs sont  extraites d'une Qtude d6taill6e devant paraitre ultfrieurement. 

terion non engagt dans la production d'ozonide 
se polymtrise en chaine ouverte lors des ozona- 
tions effectutes dans le CCI,, aux temptratures 
voisines de 25 "C. La dtcomposition de ces poly- 
meres est tres rapide et conduit h la formation 
d'aldthyde et d'oxygene dans le cas des tthylenes 
1,2-disubstituts, contrastant aiilsi d'avec les 
tthylenes tttrasubstituts qui engendrent, lors de 
leur ozonation, des peroxydes en chaine ouverte 
relativement stables. I1 est inttressant d'observer 
que f est, dans les limites d'erreurs expCrimen- 
tales, indtpendant de la nature des substituants. 

La rtduction d'une partie du zwitterion a 
tgalement t t t  observte lors de l'ozonation d'olt- 
fines dissymttriques, par exemple le styrene (1 1). 
C'est notamment lors de l'ozonation des olCfines 
dissymttriques que la production d'aldthyde h 
partir de zwitterion peut modifier le cours de 
l'ozonation. Supposons, en effet, d'ozoner une 
oltfine Rl-CH=CH-R, qui engendre, B la 

+ 
suite du clivage du molozonide, 70 % de RICH- 

00 et de R,CHO, donc 30% de R,~H-00 
et de RICHO. Des cas semblables sont frtquem- 
ment rencontrts, comme le montrent les quelques 
exemples suivants (Tableau V). 

Si les rendements en ozonide sont relative- 
ment faibles (de l'ordre de 40-50 %, par exemple) 
on serait port6 B conclure h une accumulation 
plus importante de R,CHO que de RICHO si les 

rtactions des deux zwitterions avec les deux aldt- 
hydes sont B peu pres Cgalement faciles. Or, la 

+ - 

quantitt de RICH-00 qui se forme ttant bien 
+ - 

suptrieure h celle de R,CH-00, la production 
de RICHO par rtduction du zwitterion corres- 
pondant pourra, dans ces conditions, favoriser 
une accumulation plus rapide de RICHO. Des 
lors le rapport des concentrations [RICHO]/ 
[R,CHO] des aldthydes qui s'accumulent pen- 
dant l'ozonation peut etre considtrablement 
modifit par rapport aux quantitts attendues 
d'apres les proportions des sens de clivage du 
molozonide, en modifiant ainsi les donntes 
cinttiques. I1 en dtcoule que des bilans d'ozona- 
tion ne tenant pas compte de la production 
d'aldthyde B partir de zwitterion ne sauraient 
suffire B ttablir des conclusions mtcanistiques 
prtcises. 

La technique d'ozonation et le dosage de l'ozone ont 
CtC dCcrits prtctdemment (5), de m&me que le dosage des 
composes peroxydiques a chaine ouverte (5) et celui de 
l'oxyghe actif (4). Les aldkhydes chloroacetique et 
butyrique, ainsi que l'acttone et la cyclohexanone ont ete 
doses par voie spectrographique infrarouge, d'aprts les 
densites optiques de la bande de vibration de leur 
groupernent carbonyle dans la region de 1700 cm-1. En 
prcnant soin de ne pas surozoner les solutions on Cvite, 
dans cas ici ttudits, l'autoxydation dlaldChyde en pera- 
cidc, ce qui entrainerait egalement la formation d'acide; 
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la non-formation d'acide et de peracide est bien demon- 
tree par les spectres infrarouges. Les olefines ont kt6 
dosees par chromatographie en phase gazeuse, au moyen 
d'un appareil F et M, modttle 5750, avec detecteur ri 
flamme ionisante, comprenant une colonne de Silicone 
Rubber UC W98 de 6 pieds. 

Les mesures des constantes de vitesse de decomposition 
de l'ozonide du fumarate d'ethyle ont CtC faites a partir de 
solutions 0.1-0.05 M de cet ozonide dans le CC14 an- 
hydre, maintenues a temperature constante, a l'obscurite; 
les proportions d'ozonide non consomme ont ete deter- 
minees en spectrographie infrarouge, a intervalles de 
temps connus, d'aprtts les densites optiques de la forte 
bande de la liaison ozonique vers 1103 cm-1. L'equation 
2.3 log Co/C = kt est bien vCrifiCe jusqu'i 50-60% de 
reaction (Co et C representent, respectivement, les concen- 
trations initiale et au temps t e n  ozonide). Une courbe de 
calibration a ete obtenue au moyen de solutions d'ozonide 
de fumarate d'ethyle fraichement prepare et purifie: ~ 1 1 0 3  

= 580 (I/mole.cm). 
Les produits suivants ont CtC prepares et purifies selon 

les donnees de la litttrature: les peroxydes dimttre et 
trimttre d'acetone (12), le peroxyde dimttre de cyclo- 
hexanone (13), l'ozonide du tram octttne-4 (14) et l'ozo- 
nide du fumarate d'ethyle (15); lors de la preparation des 
ozonides nous avons toutesfois prCf6rC effectuer les ozona- 
tions a la temperature ambiante, dans le but d'obtenir 
de meilleurs rendements. 

Ozollicie cl~r trans ciichloro-1,4 butB11e-2 
Une solution de 3.75 g (0.03 mole) d'olefine dans 15 ml 

de CCl4 a Cte ozonie a la temperature de 25" par la 
quantite theorique d'ozone. Aprtts l'evaporation du 
solvant, le residu (4.45 g) a ete distill& L'ozonide distille 
a 33" a la pression de 0.3 mm Hg (2.35 g) et se prisente 
comme un liquide incolore, 1 2 y 5  = 1.4658, densite (25") 
= 1.420 g/ml. 

Anal. Calc. pour C4H6O3Cl2: C, 27.77; H, 3.50; C1, 
40.99. Trouve: C, 27.56; H, 3.68; C1, 40.60. 

Les spectres infrarouges confirment la nature de ce 
produit : on reconnait notamment la forte bande ozonique 
a 1102 cm-1 (epaulement a 11 10 cm-1) (E = 302 l/mole. 
cm a 1102 cm-I) ainsi qu'une bande vers 1037 cm-1, 
environ de moiiie moins intense. Le spectre du produit 
purifie ne montre pas de bande carbonyle dans la region 
de 1700 cm-1. On note encore de faibles bandes vers 850, 

970 et 990 cm-1, ainsi que deux bandes moyennes, vers 
1358 ct 1428 cm-1. 

Les spectres de resonance magnetique nucleaire reve- 
lent la presence de deux doublets (protons mCthylCniques) 
a 6.40 s (J = 0.08 c.p.s.) et a 6.47 s ( J  = 0.08 c.p.s.) ainsi 
que deux triplets (protons tertiaires) a 4.45 s ( J  = 0.08 
c.p.s.) et a 4.55 s ( J  = 0.08 c.p.s.). Un estime des inten- 
sites des signaux semble indiquer que cet ozonide est 
constitue d'un melange des isomttres cis- et trarls-, tr ts 
approximativement en Cgale quantitt. 
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Catalytic reduction of 3,4,5,6,7-pentaacetoxy-~-gaIacto-l-nitro-l-heptene afforded 3,4,5,6,7-penta-0- 
acetyl-1,2-dideoxy-1-nitro-D-galncto-heptto which on treatment with acid gave 2-deoxy-D-galacto- 
heptose. The properties of 2-deoxy-D-galacto-heptose and the preparation of its derivatives 1,3,4,5,6,7- 
hexa-0-acetyl-2-deoxy-D-gnlncto-heptitol, 2-deoxy-D-galacto-heptose 2,5-dichlorophenylhydrazone and 
2-deoxy-D-galacto-heptose methylphenylhydrazone are recorded. 

Canadian Journal of Chemistry, 46, 789 (1968) 

2-Deoxy-D-galacto-heptose, required for com- 
parison with a degradation product of a synthetic 
3-deoxyoctulosonic acid, was prepared by the 
general procedure developed by Sowden and 
Fischer (1). The synthesis together with the prop- 
erties of the glycose and its derivatives are re- 
ported in this note. 

3,4,5,6,7-Pentaacetoxy -D-galacto- 1 -nitro- 1 - 
heptene (2) was readily reduced by hydrogen in 
the presence of palladium black to  give 3,4,5,6,7- 
penta-0-acetyl- l,2-dideoxy- 1 -nitro-D-galacto- 
heptitol which on treatment with aqueous alkali 
followed by strong sulfuric acid gave 2-deoxy-D- 
galacto-heptose in good overall yield (90 %). The 
2-deoxy-D-galacto-heptose was identified by pa- 
per and by gas-liquid partition chromatography, 
and by the preparation of the crystalline deriva- 
tives 1,3,4,5,6,7-hexa-0-acetyl-2-deoxy-D-galac- 
io-heptitol, 2-deoxy-D-galacto-heptose 2,5-di- 
chlorophenylhydrazone, and 2-deoxy-D-gahcto- 
heptose inethylphenylhydrazone. 

Experimental 
Paper chromatography was performed by the descend- 

ing method (3) on Whatman No. 1 filter paper using 
pyridine - ethyl acetate - water ( 2 5 5  v/v, top layer) as 
the mobile phase. Glycoses were detected with (a) 1 % 
silver nitrate in acetone followed by 2% sodium hydroxide 
in ethanol (4) and (6)  0.02 M aqueous sodium meta- 
periodate followed by ethylene glycol -acetone - sul- 
furic acid (50:50:0:3 v/v) and 6 %  aqueous sodium 2- 
thiobarbiturate (5). The rates of movement of the glycoses 
on the chromatogranls are quoted relative to D-galactose 
(RG~I) .  

Gas-liquid partition chromatography was carried out 
on a Pye argon chron~atograph fitted with an ionization 
detector (9oSr 20 p Ci), using a straight glass column 
(120 x 0.5 cm I.D.) packed with 10 % neopentylglycol 

sebacate polyester on 100-120 mesh Chromosorb W. Re- 
tention times of the compounds are quoted relative to 
methyl 2,3,4,6-tetra-0-metl1yl-a-~-glucoside (t,) or penta- 
0-acetyl-L-arabinitol (t,). 

Melting points were determined on a hot stage and are 
corrected. The optical rotations were determined at 22" 
with a Perkin-Elmer 141 polarimeter. Solutions were 
concentrated in a rotary evaporator below 45". 

Preparatiotz of 2-Deoxy-D-galacto-heptose 
3,4,5,6,7-Petrta-0-acetyl-I,2- clideoxy-1-nitro -D - 

galacto-heptitol 
3,4,5,6,7-Pentaacetoxy-D-gnlacto-1-nitro-1-epee (2) 

(10 g) dissolved in an ethanol (500 ml) and propan-2-01 
(300 ml) mixture at  50" was shaken with hydrogen at  
atmospheric pressure in the presence of palladiun~ black 
(0.5 g). One mole equivalent of hydrogen was absorbed in 
28 min, and the rate of reduction then became very slow. 
At this point the reaction mixture was filtered, the filtrate 
was concentrated to a small bulk and, when cooled to 5", 
gave crystalline 3,4,5,6,7-penta-0-acetyl-1,2-dideoxy-1- 
nitro-D-galacto-heptitol (9.1 g) having n1.p. 161" and 
[a], +17' (c, 0.5 in chloroform). After two recrystalliza- 
tlons from ethanol, the product had n1.p. 161" and [a], 
+ 17.2" (c, 0.5 in chloroform). 

Anal. Calcd. for CL7H25012N:  C, 46.89; H, 5.79; N, 
3.22. Found: C, 46.9; H, 5.65;N, 3.18. 

2-Deoxy-D-galacto-heptose 
3,4,5,6,7-Penta-0-acetyl-1,2-dideoxy-l-nitro-~-ga/acto- 

heptitol(8 g) was dissolved at  35" in N sodium hydroxide 
solution (102 ml) and the mixture, after being kept for 
1 h at 20°, was added dropwise to a cooled, stirred solu- 
tion of concentrated sulfuric acid (148 rnl) and water 
(200 ml). The reaction mixture was adjusted in the cold 
to pH 5.7 by the addition of saturated aqueous barium 
hydroxide and then finally neutralized by the addition of 
barium carbonate. After centrifugation and filtration the 
solution was treated with acetic acid (2 ml) and then 
passed down columns of Rexyn 101(H+) (1801111) and 
RG6(0H-)  ion-exchange resins, and the eluate and 
washings were concentrated to a syrup (3.6 g). Paper 
chromatographic examination of the syrup showed it to 
contain 2-deoxy-D-galacto-heptose (ca. 95%) having 
RGar 1.45 (revealed by the silver nitrate spray, and as a 
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characteristic red spot with the periodate-thiobarbiturate 
spray) together with several minor components detectable 
with the silver nitrate spray only. The crude 2-deoxy-D- 
galacto-heptose (3.5 g) was fractionated chromatographi- 
cally on a cellulose column (50 x 4 cn~), using butan-1-01 
half saturated with water as the mobile phase (6); con- 
centration of the fractions containing only 2-deoxy-D- 
galacto-heptose yielded a colorless syrup (3.0 g) which 
after taking up in a propan-2-01 -ether mixture, on 
standing gave a semicrystalline, hygroscopic product 
which had an indefinite melting point; [aID -43.2" (c, 
0.8 in water). 

Anal. Calcd. for C~H1406:  C, 43.30; H, 7.27. Found: 
C, 43.31 ; H, 7.2. 

Gas-liquid partition chromatographic examination of 
the 2-deoxy-D-galacto-heptose, equilibrated in an aqueous 
solution, as its fully 0-trimethylsilylated derivatives (7) at 
162" gave two peaks having t, 1.58 (56%) and t, 2.15 
(44 %). 
Derivatives of 2-Deoxy-D-gnlacto-I~eptose 
1,3,4,5,6,7-Hexa-O-acetyl-2-deoxy-~-gn/acto-heptito~ 
2-Deoxy-D-gnlacto-heptose (0.2 g) in water (5 ml) was 

reduced at room temperature by the addition of sodium 
borohydride (0.15 g); after 2 h the excess borohydride 
was destroyed with acetic acid, and the concentrated 
reaction mixture was treated with acetic anhydride (5 ml) 
containing sulfuric acid (0.1 ml) at 35" for 4 11. The solu- 
tion was poured into ice water containing pyridine (4 n~ l )  
and after 1 11 the aqueous solution was extracted with 
chloroform (4 x 20 1111) and the combined chloroform 
extracts were washed with water, dilute sulfuric acid, 
dilute sodium bicarbonate, and water, and then dried 
over anhydrous sodium sulfate. The chloroform solution 
was concentrated to a syrup (0.26 g), the syrup was dis- 
solved in methanol (15 1-111) and on cooling to 5" gave 
crystalline 1,3,4,5,6,7-hexa-0-acetyl-2-deoxy-~-gn/ncto- 
lleptitol(0.17 g) which, after two further recrystallizations 
from methanol, had m.p. 118" and [aID +10.7" (c, 0.1 in 
methanol). 

Anal. Calcd. for C19H28012: C, 50.89; H, 6.29. 
Found: C, 50.6; H, 6.0. 

On gas-liquid partition chromatography (202") the 
acetylated heptitol gave a single peak having t, 4.43. 

2-Deoxy-D-galacto-lreptose 2,5-rlichloropher~yII1ydrazo1~e 
2-Deoxy-D-galacto-heptose (0.15 g) in methanol (2 ml) 

was mixed with 2,5-dichlorophenylhydrazine (0.15 g); 
the solution was warmed to 40" for 10 min and on cooling 
to 5" gave the crystalline product (0.19 g). After two re- 
crystallizations from ethanol, the pure ?-deoxy-D-galncto- 
heptose 2,5-dichlorophenylhydrazone was found to have 
n1.p. 180" and [aID -12.5" -r t13.5" (c, 0.1 in methanol). 

Anal. Calcd. for CI3HI8OSN2ClZ: C, 44.20; H, 5.14; 
N,7.93.Found:C,44.00;H,5.14;N,7.68. 

2-Deoxy-D-gnlacto-Aeptose MethylpAe~ryll~)~clrazo~re 
2-Deoxy-D-galacto-heptose (0.15 g) in methanol (2 ml) 

was treated with 1-methyl-1-phenylhydrazine (0.15 g) 
and after keeping at 40" for 1 h the mixture was cooled 
to 5" when the resulting crystalline product was collected. 
The product after two recrystallizations from ethanol gave 
pure 2-deoxy-D-galacto-heptose methylphenylhydrazone 
(0.11 g) which had m.p. 171-172' and [aID -28" -r -21" 
(c, 0.08 in methanol). 

Anal. Calcd. for C14H220sN2: C, 56.36; H, 7.43; N, 
9.39. Found: C, 56.0; H, 7.45; N, 9.6. 
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Several 2-an1in0-3H-phenoxazin-3-ones, including cinnabarin, were obtained from the appropriate 
o-aminophenols by oxidative dimerization on thin-layer plates in air. Shake-flask fermentation of 
Pynroporlrs citrrrabnrinris also gave cinnabarin. 

Canadian Journal of Chemistry, 46, 790 (1968) 

The oxidative dimerization of certain o-amino- the soluble liver fraction from poikilothermic 
phenols to the corresponding 2-amino-3H- vertebrates (2),  in the nuclear fraction of rat liver 
phenoxazin-3-ones has been effected by the cyto- (3), in the leaves of Teconza stans (4), in Pycno- 
chrome-c-cytochrome oxidase system of mam- porus coccineus (5) and Streptonzyces mztibioticus 
malian mitochondria (I), by enzymes found in (6 ) ,  as well as by tyrosinase in the presence of 

catechol and air (7). The same dimerization has 
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A1 06230-03. of one-equivalent oxidizing agents (8), for 
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example potassium ferricyanide (9), air in alka- 
line solution, yellow mercuric oxide (10, 1 I), lead 
dioxide (I), ferric chloride (12), and benzo- 
quinone (13). 

A new system for effecting such reactioils is air 
acting on the o-aminophenols which are adsorb- 
ed and thus activated (14) on silica thin-layer 
plates. In this way 1 was prepared from o-amino- 

pheilol and 2 (cinnabarinic acid) from 3-hydroxy- 
anthranilic acid. The method is convenient on a 
small scale since chromatographically homo- 
geneous material can often be obtained by syn- 
thesis and purification on the same thin-layer 
chromatography (t.1.c.) plate. A mixture of 
o-aminophenol and 3-hydroxyanthranilic acid 
furnished the four expected products; 3 had been 
previously isolated from some novel Nocardi- 
aceae (15), recently identified as Nocardia dasson- 
villei (16); the structure of 4 was proved by its 
conversion to  2-hydroxy-3-0x0-3H-phenoxazin- 
9-carboxylic acid (1 1). Compound 3 (40 % yield, 
R, = 0.6, carbonyl band at 6.05 p) because of 
its stronger intramolecular hydrogen bonding 
was soluble in chloroform and not extracted by 
aqueous acid or bicarbonate; 4 (4% yield, R, = 
0.25, carbonyl band at 5.95 p) crystallized from 
chloroform and was readily extracted into dilute 
acid or bicarbonate. 

The same relative yields and differences in 
properties were observed for 5 (cinnabarin) and 
6 prepared on t.1.c. plates or with potassium 
ferricyanide (15) from 3-hydroxyanthranilic acid 
and 2-amino-3-hydroxybenzyl alcohol (17). Cin- 
nabarin was recently synthesized from these 
precursors using benzoquinone (13). 

Since the natural 5 obtained from Professor 
Clezy contained some 2, pure 5 was prepared by 
conventional shake flask fermentation using 
Pycnoporus cinnabarinus. (This fungus has been 
known by many synonyms including Polyporus 
(181.1 

Experimental 
The details of the methods are given in reference 15. 

Solvent d is chloroform - acetic acid 9: l ;  solvent h is ethyl 

acetate-acetic acid 9:l;  solvent j is chloroform-ethyl 
acetate 9:l. 

Get~eral Method 
A solution of one or two o-aminophenols (0.2-1 mg 

total weight) was applied to the starting line of a 4 x 8 
in. silica gel G t.1.c. plate. After 3 days at room tempera- 
ture and in diffuse light the plate was activated 30 min at 
50 "C then chromatographed in a suitable solvent such as 
d or h. The one or more yellow, orange, brown, or red- 
brown bands which resulted were scraped off, packed into 
micro columns, eluted, and assayed spectrophotometri- 
cally. 

2-Amino-3-0x0-3H-pherroxazine-1-car.boxylic Acid (3) 
An ethanol solution of o-aminophenol (5 n~g)  and 3- 

hydroxyanthranilic acid (10 mg) was applied to the whole 
surface of a silica gel G plate which had been prepared 
using 8 %  ammonium acetate instead of water. After 3 
days as above, the silica was packed in a small colulnn and 
eluted with solvent h (200 rnl). After evaporation of the 
ethyl acetate, the acetic acid solution was diluted with 
cl~loroform, and washed with water. The residue from the 
chloroforn~ solution was applied to a 50 g silica colun~n. 
Elution with solvent j furnished 3 (4.4 mg), then 1. 

2-A1nino-3-oxo-3H-pher1oxazi11e-9-carboxylic Acid (4) 
A few mg of 4 were allowed to  stand overnight in 1 ml of 

1 N sodium hydroxide. Acidification gave a small amount 
of brown solid, h,,, (EtOH) 404, h,,, (EtOH-HC1) 404, 
h,,, (EtOH-NH3) 435, 415, 312, 275, chromatographi- 
cally identical in four solvent systems with authentic 
2-hydroxy-3-0x0-3H-phenoxazin-9-carboxylc acid syn- 
thesized by the method in (11). 

2-Amino-3-hydroxybenzyl Alcol~ol 
A suspension of 3-hydroxyanthranilic acid (500 mg) in 

methanol was treated with excess ethereal diazomethane. 
The resulting solution was evaporated to dryness, dis- 
solved in cl~loroform, and applied to a 20 g silica column. 
Elution with solvent j furnished 190mg of methyl-3- 
hydroxyanthranilate, m.p. 94-98". This ester was treated 
with lithium aluminium hydride (17) and after column 
chromatography on silica eluting with ethyl acetate gave 
43 mg of white crystals m.p. 123-125", h,,, (H20) 285, 
h,,, (acid) 274, h,,, (base) 298. 

Citlnabarit~ (5) from Pycnoporus citlnabaritlus 
(Jacq. ex Fr.) P. Karst. 

The title organism was maintained on XSM slants 
(1.0 g Fisher malt extract, 1.0 g Difco yeast extract, 1.0 g 
Mann desiccated liver powder, 1.0 g corn steep, 5.0 g 
glucose, 2.0 g sucrose, 15.0 g agar/l, pH 7.8 before auto- 
claving) transferred every 4 6  weeks, incubated at 28" and 
when well grown stored at 5". For production 7 day-old 
slants were used to inoculate XSM or PGB-2 broth (5.0 g 
of Wilsons Peptone $851, The Wilson Co., Chicago, 
Illinois, 5.0 g of BYF $50, a fraction of autolyzed brewers 
yeast sold by Amber Laboratories, Inc., Milwaukee, 
Wisconsin, 10 g of Cerelose/l, pH 7.5, before autoclaving, 
100 m1/250 ml flask). After 4 days at 215 r.p.m. (Rotary 
action shaker, model V, New Brunswick Scientific Co., 
New Brunswick, New Jersey) at 28" the resulting whole 
broth was inoculated at 5 %into PGB-2 broth (100 n11/250 
ml flask). After 7 days shaking at 28" flasks containing 
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light-tan broth were discarded (t.1.c. disclosed negligible 
amount of 5). Those with dark-brown broth were com- 
bined, filtered, and the air-dried mycelium, in a Soxhlet 
apparatus, extracted 18 h with hexane. The mycelium was 
then extracted 15-30 times with warm pyridine and the 
combined pyridine extracts assayed spectrophotometri- 
cally at 440 mu. Products in the concentrated pyridine 
solution were separated by t.1.c. in solvent d. The orange 
bands, Rr = 0.2, from 30 plates were combined and 
eluted with solvent h. The residue from the eluate was dis- 
solved in a small amount of pyridine and applied to a 20 g 
silica column which had been prepared in ethyl acetate. 
The column was eluted with ethyl acetate and the main 
orange fraction furnished crystals which did not melt 
under 330". The crystals were identical with synthetic 5 
and with the major component of natural 5 by chroma- 
tography in 6 solvent systems. The acetate derivatives 
were also identical. The yields varied from 2-6 g of dry 
mycelium and 2-10 mg of 5 from 4 1 of whole broth. 
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A reaction employing copper(I1) chloride has been developed for condensing propargyl alcohol with 
formaldehyde and bis(2-c11loroethyl)amine. The modified Mannich reaction was extended to include 
condensation of several other a-hydroxyacetylenes of the terminal alkyne class with bis(2-chloroethy1)- 
amlne. 
Canadian Journal of Chen~istry, 46,792 (1968) 

Preparation of actidione acetate and estrone 
nitrogen mustards (1) has been used to illustrate 
utility of the Mannich reaction as a mild route to  
bis(2-chloroethy1)amine derivatives of certain 
biologically important natural products. A series 
of model experiments preceding this study clearly 

'Antineoplastic Agents. XXI. For Part XX, see G. R .  
Pettit and S. K. Gupta, Can. J. Chem. 45, 1561 (1967). 
The present contribution was abstracted in part from the 
M.S. thesis submitted by B. J.  Danley to the Graduate 
School, Arizona State University, October 1967. 
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the Ortho Research Foundation, Raritan, New Jersey. 

emphasized that such reactions involving bis(2- 
chloroethy1)amine required carefi~lly defined ex- 
perimental conditions for each broad class of 
active-hydrogen component. At that time, pro- 
cedures were developed for Mannich reactions 
between bis(2-chloroethy1)amine and various 
ketones (2a) or amides (2b).3 Extension to acety- 
lene derivatives of the propargyl alcohol type 
became the next objective. Encouraging results 
here should allow extension to several important 
ethynyl steroids. 

3See also reference 3. 
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A reaction employing copper(I1) chloride has been developed for condensing propargyl alcohol with 
formaldehyde and bis(2-c11loroethyl)amine. The modified Mannich reaction was extended to include 
condensation of several other a-hydroxyacetylenes of the terminal alkyne class with bis(2-chloroethy1)- 
amlne. 
Canadian Journal of Chen~istry, 46,792 (1968) 

Preparation of actidione acetate and estrone 
nitrogen mustards (1) has been used to illustrate 
utility of the Mannich reaction as a mild route to  
bis(2-chloroethy1)amine derivatives of certain 
biologically important natural products. A series 
of model experiments preceding this study clearly 

'Antineoplastic Agents. XXI. For Part XX, see G. R .  
Pettit and S. K. Gupta, Can. J. Chem. 45, 1561 (1967). 
The present contribution was abstracted in part from the 
M.S. thesis submitted by B. J.  Danley to the Graduate 
School, Arizona State University, October 1967. 

ZThis investigation was aided by Grant No. T-79G from 
the American Cancer Society and in part by a grant from 
the Ortho Research Foundation, Raritan, New Jersey. 

emphasized that such reactions involving bis(2- 
chloroethy1)amine required carefi~lly defined ex- 
perimental conditions for each broad class of 
active-hydrogen component. At that time, pro- 
cedures were developed for Mannich reactions 
between bis(2-chloroethy1)amine and various 
ketones (2a) or amides (2b).3 Extension to acety- 
lene derivatives of the propargyl alcohol type 
became the next objective. Encouraging results 
here should allow extension to several important 
ethynyl steroids. 

3See also reference 3. 
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In 1933 Mannich and Chang (4) succeeded in 
condensing phenylacetylene with formaldehyde 
and diethyl amine in dioxane solution. Subse- 
quently, a number of similar transformations 
were recorded (5). However, propargyl alcohol 
and related a-hydroxyacetylenes proved refrac- 
tory in the usual Mannich reaction and could only 
be successfully employed as ester or ether deriv- 
atives (6). While I. G. Farbenindustrie patents 
in 1939 (7) disclosed a reaction between acetylene, 
formaldehyde, and secondary amines in acetic 
acid containing small amounts of cuprous acetate 
or cuprous chloride as catalyst, this modifi- 
cation of the Mannich reaction appears t o  have 
remained unexplored with a-hydroxyacetylenes 
until Libman and Kuznetsov (8) described suc- 
cessful Mannich reactions with a-hydroxyacety- 
lenes in the presence of cuprous acetylide or 
cuprous chloride catalysts. The following year a 
patent (9) with similar observations was recorded. 
More recently a study of propargyl alcohol in 
the Mannich reaction with copper(l1) sulfate as 
catalyst was summarized 

No example of a Mannich reaction between 
bis(2-chloroethy1)amine and a terminal alkyne 
appears to  have been described.' A considerable 
number of experiments (without addition of cop- 
per salts) directed at obtaining the Mannich base 
derived from propargyl alcohol (la), formalde- 
hyde, and bis(2-chloroethy1)amine were without 
exception unsuccessful. Those reaction condi- 
tions con~monly employed in Mannich reactions 
involving terminal alkynes which seemed feas- 
ible6 with bis(2-chloroethy1)amine and those 

4A useful mechanistic interpretation of the Mannich 
reaction with propargyl alcohol and rationale for use of 
coooer salts in such reactions is also summarized in ref. 
10: - 

5However, one such anline (cf. i) has been obtained by 
chlorination of the diol derived from propargyl bromide 
and diethanol amine (11). 

R C  CCH2N(CHZCH,Cl), 

GFor example, condensation of formaldehyde with bis- 
(2-chloroethy1)amine readily leads to 1,4-diazabicyclo- 
[2.2.l Iheptane (ii) (12). Additional evidence for the struc- 
ture of quarternary salt ii has recently been provided by 
Bohme and Orth (13). 

CH2CH2CI 

already known to be useful with this amine in 
similar condensation reactions (2,3) proved of no 
value.7 Substitution of propargyl acetate gave no 
improvement. 

The required transformation (1 -> 2) was 
finally achieved as follows. An equimolar mixture 
of propargyl alcohol and cupric chloride di- 
hydrate in ethyl alcohol was heated at reflux 
approximately 30 min. The reaction mixture 
changed in color from dark green to light yellow 
and a colorless solid separated.' Next, 37% 
forillalin (1.25 mole) and bis(2-c1~loroethyl)amine 
hydrochloride (0.5 mole) were added and heating 
at reflux continued 1 h. An extended cooling 
period resulted in separation of amine 2a hydro- 
chloride accompanied by copper containing prod- 
ucts. Dissolution of the solid phase in ainmon- 
ium hydroxide and subsequeilt reconversion of 
amine 2a to  the hydrochloride salt provided 62 % 
of the required Mannich base. Application of a 
similar (t-butyl alcohol as solvent) technique 

with three tertiary alcohols (eg., l-ethyi~ylcyclo- 
hexanol) provided Mannich base nitrogen mus- 
tards 2b, 2c, and 3 in 85,75, and 49 % conversion, 

7Tl~e  same result was obtained by Dr. J. A. Settepani 
with I-ethynylcyclohexano1. 

8Reduction of copper(I1) to  copper(1) under similar 
conditions has been proposed previously (8). The Russian 
chen~ists (8) noted that when the Mannich reaction with 
a-hydroxyacetylenes was performed with the free amine, 
copper(1) or copper(I1) gave similar yields of Mannich 
base but under acidic conditions, copper(I1) resulted in 
smaller conversion. The latter observation suggested that 
before a Mannich reaction could occur, copper(1) was 
necessary. Although the carbanion derived from a cu- 
prous acetylide seemed an attractive intermediate in the 
present study, a more elaborate mechanism involving a 
n-bonded copper co~nplex (14) was not excluded. 
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respectively. Purity of the Mannich base hydro- 
chlorides was ascertained by thin-layer chroma- 
tography. The assigned structures received sup- 
port from elemental analyses and interpretation 
of their proton magnetic resonance spectra. 

In summary, the copper salt modification of 
the Mannich reaction seems particularly suited 
to  a I-alkyne bearing electron releasing substit- 
uents at position-3. 

Experimental 
The acetylene intermediates with the exception of pro- 

pargyl alcohol (from J. T. Baker) were supplied (we wish 
to  thank Dr. R.  Tedeschi) by Airco Chemical, Middlesex, 
New Jersey. Each reaction was performed with magnetic 
stirring under nitrogen. Solvent extracts of aqueous 
solutions were dried over magnesium sulfate. Analytical 
specimens were colorless and exhibited one spot on a thin- 
layer chromatogram (95:5 chloroform-ethanol mobile 
phase). The thin-layer chromatographic determinations 
were executed using microscrope slides coated with silica 
gel HFZjq (E. Merck, A. G. Darmstadt, Germany). 
Plates used to detect bis(2-chloroethy1)amine hydro- 
chloride were eluted with the upper phase from a mixture 
of 1 :4: 5 acetic acid-11-butyl alcohol -water and devel- 
oped with iodine vapor. 

Melting points were determined using a Thomas 
Hoover capillary melting point apparatus and are uncor- 
rected. The proton magnetic resonance (Varian A-60 spec- 
trometer, deuterium oxide as solvent and tetramethyl- 
silane as external standard) and infrared (Beckman IR-12 
spectrophotometer) spectra were recorded by Miss K. 
Reimer of these laboratories. The atomic absorption 
spectra (Perkin-Elmer model 303 instrument) were deter- 
mined (sample dissolved in concentrated nitric acid) by 
David Nava of this Department. Elemental microanalyses 
were provided by Dr. A. Bernhardt, Max Planck Institut, 
Miilheim, Germany. 

4-[Bis(2'-chloroe~lzyl)n1~1i1~o]-2-b1~1-1-01 (2a) 
Hydrochloride 

A general study of the sequence of adding reactants, 
time and temperature, mole ratios of reactants, and 37 % 
formalin vs. trioxyn~ethylene led to the following choice of 
experimental conditions. A mixture of propargyl alcohol 
(9.0 g, 0.16 mole) and cupric chloride dihydrate (27.3 g, 
0.16 mole) in absolute ethanol (120 ml) was heated at  
reflux approximately 30 rnin. During heating the solution 
changed from dark green to light yellow and a colorless 
solid separated. Next, 37% formalin (16.2 g, 0.20 mole) 
and bis(2-c11loroethyl)amine hydrochloride (14.3 g, 0.08 
mole, ref. 15) were added to the mixture. Following a 1 11 
period at  reflux, the solution was placed in a refrigerator 
14 days while the crude crystalline product (26.5 g) slowly 
separated. A 25.2 g portion of the solid was added to cold 
concentrated ammonium hydroxide (240 ml). The basic 
solution was extracted with diethyl ether (4 x 100 ml) 
and the extract was washed with water (100 ml). The dry 
ethereal extract was treated with hydrogen chloride and 
the oil which separated was crystallized from acetone- 
diethyl ether; yield 11.8 g, m.p. 86.0-88.5". Based upon 

expected recovery of product from the original 26.5 g of 
crude solid, the yield was 62% from propargyl alcohol. 
Three recrystallizations from acetone gave a pure speci- 
men melting at 88.2-88.9". In another experiment an 
analytical sample%as recrystallized (4 times) from 11- 

butyl alcohol to  provide crystals melting at  88.5-89.0'; 
v ,,, (KBr) 3310 cm-'; p.m.r. response at  6 3.704.21 
(multiplet, 8 CH2CH2 protons), 4.37 (singlet, 4 protons, 
0-CH2-C and C-CH2-N). 

Anal. Calcd. for C8HI,CI,NO: C, 38.96; H,  5.73; C1, 
43.14; N, 5.68. Found: C, 38.85; H,  5.64; C1, 43.09; N, 
C C? 
J.JI. 

Examination of the amine components from the liquid 
phase of the original reaction mixture by thin-layer 
cl~romatograpl~y indicated that very little, if any, amine 2n 
remained in solution at  end of the 14 day cooling period. 
However, a substantial amount of bis(2-chloroethy1)- 
amine was detected. A similar study of the solid reaction 
product indicated anline 2n hydrochloride as major 
nitrogen-containing component. The solid products 
which separated from four successive reaction mixtures 
were examined (atomic absorption spectroscopy), and 
found to contain 18.4, 18.7, 18.7, and 20.4% copper, 
respectively. 

5-[Bis(2'-ch~oroetlzy~)a1rli110]-2-alet1y-3-pe11t~n-2-0 (26) 
Hydroclrloride 

The following procedure was found satisfactory for the 
alkyne tertiary alcohols. A mixture con~posed of 2- 
methyl-3-butyn-2-01 (13.5 g, 0.16 mole), cupric chloride 
dihydrate (27.3 g, 0.16 mole), and t-butyl alcohol (120 ml) 
was heated at  reflux 1 h. The solution changed from dark 
green to a medium yellow-green and a substantial amount 
of colorless solid separated. To the cooled mixture was 
added 37 % formalin (16.2 g, 0.20 mole) and bis(2-chloro- 
et11yl)amine hydrochloride (14.3 g, 0.08 mole). Heating a t  
reflux was continued 1 h and during this period a major 
portion of the colorless solid redissolved. The cool 
mixture was concentrated to  dryness in vncrto. Water (100 
ml) was added and evaporated (61 vaclro). The residue was 
dissolved in cold concentrated arnnlonium hydroxide (240 
ml) and the solution extracted with diethyl ether. The 
ethereal extract was washed with cold water, dried, and 
treated with hydrogen chloride. After cooling (2 days), 
the solid hydrochloride (18.7 g, 85% yield, m.p. 123.5- 
127.5") was collected. Three recrystallizations from ace- 
tone provided a n  analytical sample as needles; m.p. 
134.5-135"; v,,, (KBr) 3370 and 2570 crn-' ; and p.rn.1. 6 
1.54 (singlet, 6 methyl protons), 3.66-4.17 (multiplet, 8 
CH2CH2 protons), and 4.32 (singlet, 2 protons, C- 
CH2-N). 

Anal. Calcd. for C,oH,,Cl,NO: C, 43.73; H, 6.61; C1, 
38.73; N, 5.10. Found: C, 43.61; H, 6.53; C1, 38.66; N, 
5.30. 

6-[Bis(2'-chloroetl1yl)an1i~~o]-3-rnetl1yl-4-hexy,r-3-ol (2c) 
Hydrochloride 

The preceding experiment was repeated employing 3- 
methyl-1-pentyn-3-01 (15.7 g, 0.16 mole). In this case the 
crude crystalline amine (2c) hydrochloride weighed 17.3 g 
(75 % yield) and melted at  114-118' (sintering from 112"). 
Three recrystallizations from acetone led to a pure sample 

9T l~e  analytical sample was dried to constant weight. 
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of needles; m.p. 137-138.5"; v,,,,, (KBr) 3380 and 2550 
cm-' ; and p.m.r. 6 1.01 [triplet, 3 methyl (C-1) protons], 
1.47-2.00 (partially masked quartet, 2 protons, C-2 
methylene, J = 7 c.p.s.), 1.51 [singlet, 3 methyl (C-3) 
protons], 3.644.18 (multiplet, 8 CH2CH2 protons), and 
4.34 (singlet, 2 protons, C-CH2N). 

Anal. Calcd. for C11H20C13NO: C, 45.77; H, 6.98; C1, 
36.85; N, 4.85. Found: C, 45.63; H, 6.99; CI, 36.78; N, 
5.05. 

1-(1'-Hydr.o,~~~cyc~o!rexarze)-3-[bis(2'-ch~oroet!ryl) anlirzo]- 
I-propyr~e (3) Hydrochloride 

Starting with 1-ethynylcyclohexano1(19.9 g, 0.16 mole) 
the preceding experiment was repeated. Crystallization of 
the crude oily amine (3) hydrochloride from acetone pro- 
vided 12.3 g (49 % yield) of needles melting at 116-1 17.5" 
(sintering from 114'). Four recrystallizations from ethyl 
acetate gave an analytical sample as needles; m.p. 129.7- 
130.6". After drying at 80" (2 mm) for 48 h, the specimen 
melted at 125-128'; v,,, (KBr) 3370 and 2560 cm-l; 
p.m.r., 6 1.2-2.2 (broad multiplet, 10 methylene protons), 
3.67-4.21 [multiplet, 8 protons, N(CH2CH2CI)2], and 
4.38 (singlet, 2 protons, C-CH2-N). 

Anal. Calcd. for C13H21C13NO: C, 49.62; H, 7.05; CI, 
33.80; N, 4.45. Found: C, 49.47; H, 7.13; Cl, 33.70; N, 
4.55. 
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The molecular structure of ryanodol-p-bromo benzyl ether1 

SURENDRA NATH SRIVASTAVA AND MARIA PRZYBYLSKA 
Division of Plrre Cl~ernistry, Natio~lal Researcli Corrncil of Caiiarla, Ottawa, Carlacia 

Received October 20, 1967 

The molecular structure of ryanodol-p-bromo benzyl ether was solved without any chemical assump- 
tions, using three dimensional data obtained by the heavy atom technique. It was found to be identical 
with the structure proposed by Dr. K. Wiesner, except that the configuration was reversed at one carbon 
atom. The refinement of atomic parameters with a least-squares method is still in progress. The R factor 
is at present 0.12. 

Canadian Journal ok'Chemistry, 46, 795 (1968) 

The structure of ryanodine, isolated from ti-carboxylic acid with ryanodol. Since this alka- 
Ryarzia speciosa Vahl, has been deduced from loid has heavy oxygen substitution and complex 
extensive chemical study by Wiesner, Valenta, structure, Dr. K. Wiesner suggested an x-ray 
and Findlay (1). Ryanodine is an ester of pyrrole- analysis be done and he supplied authentic 
- crystals of ryanodol-p-bromo benzyl ether, 

'Issued as NRCC no. 9895. C27H3708Br. 
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of needles; m.p. 137-138.5"; v,,,,, (KBr) 3380 and 2550 
cm-' ; and p.m.r. 6 1.01 [triplet, 3 methyl (C-1) protons], 
1.47-2.00 (partially masked quartet, 2 protons, C-2 
methylene, J = 7 c.p.s.), 1.51 [singlet, 3 methyl (C-3) 
protons], 3.644.18 (multiplet, 8 CH2CH2 protons), and 
4.34 (singlet, 2 protons, C-CH2N). 

Anal. Calcd. for C11H20C13NO: C, 45.77; H, 6.98; C1, 
36.85; N, 4.85. Found: C, 45.63; H, 6.99; CI, 36.78; N, 
5.05. 

1-(1'-Hydr.o,~~~cyc~o!rexarze)-3-[bis(2'-ch~oroet!ryl) anlirzo]- 
I-propyr~e (3) Hydrochloride 

Starting with 1-ethynylcyclohexano1(19.9 g, 0.16 mole) 
the preceding experiment was repeated. Crystallization of 
the crude oily amine (3) hydrochloride from acetone pro- 
vided 12.3 g (49 % yield) of needles melting at 116-1 17.5" 
(sintering from 114'). Four recrystallizations from ethyl 
acetate gave an analytical sample as needles; m.p. 129.7- 
130.6". After drying at 80" (2 mm) for 48 h, the specimen 
melted at 125-128'; v,,, (KBr) 3370 and 2560 cm-l; 
p.m.r., 6 1.2-2.2 (broad multiplet, 10 methylene protons), 
3.67-4.21 [multiplet, 8 protons, N(CH2CH2CI)2], and 
4.38 (singlet, 2 protons, C-CH2-N). 

Anal. Calcd. for C13H21C13NO: C, 49.62; H, 7.05; CI, 
33.80; N, 4.45. Found: C, 49.47; H, 7.13; Cl, 33.70; N, 
4.55. 
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The molecular structure of ryanodol-p-bromo benzyl ether1 

SURENDRA NATH SRIVASTAVA AND MARIA PRZYBYLSKA 
Division of Plrre Cl~ernistry, Natio~lal Researcli Corrncil of Caiiarla, Ottawa, Carlacia 

Received October 20, 1967 

The molecular structure of ryanodol-p-bromo benzyl ether was solved without any chemical assump- 
tions, using three dimensional data obtained by the heavy atom technique. It was found to be identical 
with the structure proposed by Dr. K. Wiesner, except that the configuration was reversed at one carbon 
atom. The refinement of atomic parameters with a least-squares method is still in progress. The R factor 
is at present 0.12. 

Canadian Journal ok'Chemistry, 46, 795 (1968) 

The structure of ryanodine, isolated from ti-carboxylic acid with ryanodol. Since this alka- 
Ryarzia speciosa Vahl, has been deduced from loid has heavy oxygen substitution and complex 
extensive chemical study by Wiesner, Valenta, structure, Dr. K. Wiesner suggested an x-ray 
and Findlay (1). Ryanodine is an ester of pyrrole- analysis be done and he supplied authentic 
- crystals of ryanodol-p-bromo benzyl ether, 

'Issued as NRCC no. 9895. C27H3708Br. 
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FIG. 1. The stereochemical configuration of ryanodo!-p-bromo benzyl ether represented in model form. 

The space group was found to be P2,2,2, with 
four molecules per unit cell of the dimensions: 
a = 17.68 + 0.03, b = 14.45 + 0.02, and c = 
10.1 3 f 0.02 A. About 2400 reflections were 
measured from Weissenberg films. The bromine 
atom was located by means of a three dimension- 
al Patterson synthesis and the first Fourier syn- 
thesis based on phases calculated only for the 
heavy atom gave the positions of nine atoms of 
the molecule. Three subsequent Fourier cycles 
yielded the remaining atoms. The oxygen atoms 
were distinguished from those of carbon from 
two additional p,p, syntheses. The molecular 

structure was solved without any chemical as- 
sumptions. The photograph of its model is shown 
in Fig. 1 and the structural formula is represented 
in Fig. 2. The refinement of atomic parameters is 
still in progress using a least-squares method 
with anisotropic temperature factors for the 
bromine atom. All other atoms are refined iso- 
tropically. The reliability factor, R, is now about 
0.12 for observed reflections; therefore, there is 
no doubt that the structure is correct. 

Wiesner's proposed structure for ryanodol 
was found to  be identical with the molecular 
model which resulted from this investigation, 
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NOTES 

FIG. 2. The stereochen~ical configuration of ryanodol-p-bromo benzyl ether represented in structural formula form. 

except that the configuration of the carbon atom 
carrying the isopropyl group in the five-member- 
ed ring is reversed. 

The absolute configuration of this compound 
has not been determined since the anomalous 
dispersion effects of the Cu Ka radiation caused 
by the bromine atom are not very marked. The 
model represented in Fig. 1 conforms with the 
absolute configuration derived by Wiesner (2) 
from the nuclear magnetic resonance study of 
ryanodine degradation products. 
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Pyrrole chemistry. VIII. By-products in the synthesis of 2-pyrrolecarbonitrile 

HUGH J. ANDERSON 
Metnorial Utziversity of Ne~vfotrtzdland, St. John's, Ne~foundlat7d 

Received October 13, 1967 

Two by-products are formed when 2-pyrrolecarbonitrile is prepared by the acetic anhydride dehydra- 
tion of 2-pyrrolecarbaldoxime. These have been proved to be 2-acetamidocarbonylpyrrole and l-acetyl- 
2-pyrrolecarbonitrile. The latter acts as an acetylating agent. 

Canadian Journal of Chemistry, 46, 798 (1968) 

An earlier paper in this series (1) reported the 
synthesis of 2-pyrrolecarbonitrile by the de- 
hydration of 2-pyrrolecarbaldoxime using hot 
acetic anhydride. Subsequently, in the course of 
large scale preparations of the nitrile, we ob- 
tained two by-products. One of these, a high- 
melting solid from the residue after vacuum 
distillation, was also reported by Fournari and 
Tirouflet (2) who prepared the nitrile by the 
same method. On the basis of the elemental 
analysis and polarographic behavior they sug- 
gested it to  be the acetylated oxime. The second 
by-product was a solid whose much lower 
melting point was close to  that reported by 
Fischer and Orth (3) for a compound which they 
obtained by heating the 2-aldoxime with acetic 
anhydride and sodium acetate. These authors 
assigned to it the structure 5-acetyl-2-pyrrole- 
carbonitrile (a-acetyl-a'-cyanopyrrole) but ad- 
vanced no evidence other than elemental 
analysis. 

The nuclear magnetic resonance (n.m.r.) and 
infrared spectra of our lower-melting nitrile 
by-product suggested it to  be 1-acetyl-2-pyrrole- 
carbonitrile. It could be prepared very easily by 
the action of acetic anhydride on the 2-nitrile in 
the presence of triethylamine. The synthesis of 
Fischer and Orth was then repeated and found 
to give only this same compound. However, it 
seemed possible that those authors might have 
obtained the 5-acetyl compound, not otherwise 
recorded in the literature, and that it could 
possibly have nearly the same melting point as 
the 1 -acetyl-2-nitrile. 

It had been shown earlier (4) that the Friedel- 
Crafts acetylation of 2-pyrrolecarbonitrile gave 
only the 4-acetyl-2-nitrile. However, the action 
of a catalytic amount of perchloric acid on a 
solution of the 2-nitrile in acetic anhydride and 
acetic acid gave a mixture of the 4-acetyl and 
5-acetyl derivatives from which the much more 

soluble 5-acetyl-2-nitrile was separated by ex- 
traction. The structure of this iiomer wascon- 
firmed by elemental analysis, n.m.r., and 
infrared spectra. It was quite different from the 
low-melting 1-acetyl derivative obtained above 
and consequently could not have been the 
compound obtained by Fischer and Orth. 

From the ease of formation it appeared likely 
that 1-acetyl-2-pyrrolecarbonitrile would act as 
an acetylating agent. It was found that refluxing 
this compound in benzene with an equimolar 
quantity of aniline produced a 33 % conversion 
to  acetanilide. No attempt has yet been made to 
find the best conditions for this reaction. 

The n.m.r. spectrum of the high-melting by- 
product appeared consistent with the acetylated 
oxime structure suggested by Tirouflet and 
Fournari while the infrared spectrum was not 
conclusive. It seemed possible that the product 
was the acetylated s y i  oxime arising from the 
difference in the ease of dehydration of the syn 
and anti forms. The presence of a small amount 
of the syn oxime, which should not dehydrate as 
easily as the anti (5), might result in some 
surviving the reaction in the acetylated form. 
However, a purified sample of the more easily 
obtained anti form was acetylated in the cold to  
the rather unstable 0-acetyl-2-oxime and the 
infrared spectrum was found to be quite different 
from that of the high-melting by-product. In 
addition, this acetylated oxime decomposed very 
easily. These observations excluded the possibili- 
ty that the structure could be that of an acetyl- 
ated oxime in either form. 

The n.m.r. splittings of the aromatic protons 
of the high-melting by-product indicated only a 
single attachment at the 2-position of the pyrrole 
ring, an acetyl group, and another acidic proton 
of the NH type. 

This evidence suggested a -CO-NH-CO- 
CH, side chain, consistent with the infrared 
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spectrum which showed two carbonyl bands. It 
did not seem likely that acetylation of 2-pyrrole- 
carboxamide, formed by partial hydrolysis of 
the nitrile, could have occurred. Acetylation of 
the pyrrole nitrogen of that compound would be 
much more likely than attack on the amide 
nitrogen. An attempted synthesis of 2-acetamido- 
carbonylpyrrole by acetylation of the amide 
failed to give the desired product. A possible 
mode of formation of the suggested side chain 
would be a Beckmann rearrangement in which 
the 0-acetylated oxime rearranged to the N- 
acetylated amide. There appears to be general 
agreement that both the dehydration of aldox- 
imes and the Beckmann rearrangement proceed 
through 0-acetylated oxime intermediates (6). 
However, while nitriles generally arise in the 
Beckmann rearrangement of aldoximes, the 
normal conditions for nitrile formation do not 
appear to produce amides as by-products (7). 
There are a few examples where 0-acyloximes 
have been rearranged to N-acylamides (8); 
however, none was an aldoxime rearrangement. 

A possible approach to  the synthesis of sub- 
stituted amides is through the attack of iso- 
cyanates on the pyrrole ring (9). This would 
require the use of acetyl isocyanate, first pre- 
pared by Billeter (10). That reagent was prepared 
in benzene solution and pyrrole was added 
directly to it. The product, when purified, was 
found to be identical to the high-melting by- 
product through comparison of its infrared 
spectrum and a mixture melting point. 

Thus the two by-products from the acetic 
anhydride dehydration of 2-pyrrolecarbaldoxime 
are 1-acetyl-2-pyrrolecarbonitrile and 2-aceta- 
midocarbonylpyrrole. 

Experimental 
Gerzeral 

Melting points are uncorrected. Elemental analyses 
were determined by Alfred Bernhardt, Miilheim (Ruhr), 
Germany. 

Infrared spectra were recorded on a Perkin-Elmer 
237B spectropl~otometer by the potassium chloride disc, 
solution (chloroform, 0.5 mm NaCl cell), or paraffin mull 
techniques. 

The nuclear magnetic resonance spectra were deter- 
mined on a Varian A-60 spectrometer at  60 Mc.p.s. The 
chemical shifts are in parts per million from tetramethyl- 
silane as internal reference and are recorded on the 6 
scale. The proton on the pyrrole ring nitrogen was 
decoupled by the addition of a few drops of deuterium 
oxide. 

Isolation of the By-products 
2-Pyrrolecarbaldoxime (22 g, 0.24 moles) was heated 

with acetic anhydride (60 ml) and the product worked up 
in the usual manner (1). The vacuum distillate was then 
fractionated several times until the nitrile, b.p. 80-82" a t  
1 mm, was shown to be pure by gas-liquid chromatog- 
raphy. The higher boiling material, 111-135" at  4 mm, 
partly crystallized on standing and was recrystallized from 
ethanol-water and then water to give about 200mg 
I-acetyl-2-pyrrolecarbonitrile, m.p. 74-74.5". (Fischer and 
Orth (3) reported m.p. 74-75" for their a-acetyl-af- 
cyanopyrrole.) Infrared carbonyl 1740 crn-I and nitrile 
2220 cm-I (chloroform). Nuclear magnetic resonance: 
H-3, 7.02; H-4, 6.36; H-5, 7.42; J3.5 1.46; J3.4 3.45; J4,5 
3.24 c.p.s. (chloroform-d). 

Anal. Calcd. for C7H6N20  : C, 62.67 ; H, 4.51 ; N, 20.88. 
Found: C, 62.56; H, 4.52; N, 21.07. 

A solid was recovered by successive extraction with 
boiling water of the black residue after vacuum distilla- 
tion. Several recrystallizations, with decolorizing, from 
water and then from isopropyl alcohol gave about 750 
mg of 2-acetamidocarbonylpyrrole, m.p. 219-219.5"; (lit. 
m.p. 218" (2)). Infrared carbonyls 1700 cm-' and 1650 
cm-I (paraffin mull). Nuclear magnetic resonance: H-3, 
7.08; H-4, 6.16; H-5, 7.22 (dimethyl sulfoxide-d,). 
Sample solubility too low to determine coupling con- 
stants. 

Anal. Calcd. for C7H8N202 :  C, 55.26; H, 5.30; N, 
18.41. Found: C, 55.18; H, 5.25; N, 18.28. 

I-Acet)~l-2-pyrrolecarbo11itrile 
This compound was synthesized in nearly quantitative 

yield by the action of acetic anhydride on 2-pyrrole- 
carbonitrile in the presence of triethylamine. It was the 
only product when the 2-nitrile was refluxed in acetic 
anhydride -acetic acid. It formed in about 60% yicld 
when 2-pyrrolecarbaldoxime was treated with acetic 
anhydride and triethylamine. N o  heat was necessary 
for this reaction beyond that which it developed. The 
synthesis of Fischer and Orth (3) was repeated and the 
product isolated according to their directions. The yield 
was about 35%. It was established that the same corn- 
pound was produced from each of these reactions and that 
it was identical to the lower-melting by-product obtained 
above through the identity of infrared spectra in KC1 
discs and in chloroform solution as well as through a 
series of mixture melting points. 

Acetylation of Aniline 
A solution of 1-acetyl-2-pyrrolecarbonitrile (0.83 g) 

and aniline (0.57 g) in 10 ml benzene was refluxed for 5 h. 
The cold product was washed with 3 m16 N hydrochloric 
acid, 3 ml 10% sodium hydroxide, and with 3 rnl water. 
After evaporation the oily solid was dissolved in ether 
and again washed with 10% sodium hydroxide solution, 
dried, and evaporated. The solid was recrystallized from 
benzene-cyclohexane to give 0.27 g (33%) acetanilide. 
The identity of the product was confirmed by the infrared 
spectrum and mixture melting point with an authentic 
sample. 

The C-Acetylatiotz of 2-Pyrrolecnrbonitrile 
2-Pyrrolecarbonitrile (0.5 g) was dissolved in a mixture 

of acetic acid (4 n11) and acetic anhydride (2 ml). To this 
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solution 5-6 drops of perchloric acid (70%) was added 
and the mixture swirled. After the reaction ceased the 
solution was poured into about 50 g of ice and water with 
stirring and allowed to hydrolyze. The buff solid was 
filtered (0.33 g) and the mother liquor saturated with salt 
and extracted three times with ether. When all the solvent 
was removed by flash evaporation a further 0.22 g was 
obtained. Finally, by making the mother liquor basic and 
extracting again, 0.13 g was obtained. The total crude 
product recovered was about 94% of theory, assuming 
monoacetylation. Extraction of the crude solid with cold 
ether, evaporation, then extraction of the recovered solid 
with cold chloroform and evaporation gave about 0.15 g 
(20%) of 5-acetyl-2-pyrrolecarbonitrile, m.p. 154.5- 
155.5" from benzene-cyclohexane. Infrared carbonyl 
1655 cm-' and nitrile 2220 cm-' (chloroforn~). Nuclear 
magnetic resonance: H-3,7.08; H-4, 7.00; J3,4 3.80 C.P.S. 

(dimethvl sulfoxide-dA). 
' ~na1.-calcd. for C,H,N,O: C, 62.67; H, 4.51 ; N, 20.88. 
Found: C, 62.76; H, 4.65; N, 21.03. 

The very much less soluble isomer was identified, 
through mixture melting point and infrared spectrum of 
a purified sample, as the known (4) 4-acetyl-2-pyrrole- 
carbonitrile. 

The 0-Acetyl Derivative of Anti-2-pyrrolecarbaldoxinie 
A pure sample of the anti form of 2-pyrrolecarbaldox- 

ime, (20 mg) n1.p. 165-167' (lit. m.p. 165-166' (11)) was 
prepared. Infrared NH at 3440 cm-', OH at 3560 cm-I, 
C=N at 1640 cm-' (chloroform). Nuclear magnetic reso- 
nance': H-3, 6.57; H-4, 6.12; H-5, 6.90; -CH=7.26; 
-OH, 11 .I2 (dirnethyl sulfoxide); J3,4 3.62; J3 ,5  1.50; 
J4,5 2.62 C.P.S. 

It was covered with 1-2 ml of acetic anhydride and 
shaken until a clear yellow solution was obtained. Ice was 
added and, after hydrolysis was complete, the solution 
was neutralized with solid sodium carbonate. After 
extraction with ether and evaporation the solid was re- 
crystallized from water. The oxime acetate decomposed 
on attempted purification. Infrared on crude product: 
NH at 3445, 3460; carbonyl 1765 cm-' and C=N at 
1630 cm-' (chloroform). 

2-Acetan7iclocarbonylpyrr.ole 
In a 3-necked flask was placed 6.75 g silver isocyanate 

(13) in 5 ml dry benzene. To this was added, with stirring, 

'The difference between the chemical shifts of -CH= 
and -OH protons (A E 3.8) was in agreement with the 
range suggested for anti aldoximes by Kleinspehn et al. 
(12), i.e. about 3.8. 

a solution of acetyl chloride (3 g) in 5 ml benzene. The 
reaction mixture became quite hot and the color dark- 
ened somewhat. It was stirred and refluxed for 20 min and 
cooled to room temperature. Then pyrrole (2.5 g) in 5 ml 
benzene was added and the mixture refluxed for about an 
hour, giving a deep green solution. After cooling, the 
mixture was suction filtered, and the solid washed 
thoroughly with acetone. All the organic solvent was 
removed by flash evaporation giving a greenish-black 
solid. The so!id was continuously extracted with boiling 
water which was then saturated with salt, cooled, and 
extracted with ether. Evaporation gave a yellow-brown 
solid which was sublimed and recrystallized to give 0.6 g 
white crystals n1.p. 219-219.5" (11 %). This solid was 
proved to be identical with the high-melting by-product 
obtained above through the infrared spectrum and 
mixture melting point. 
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Addition of C-phenyl-N-methyl nitrone to norbornene and norbornadiene 

ROBERT R. FRASER AND Y .  S. LIN 
Department of Clieniistry, University of Ottawa, Ottawa, Car~ada 

Received November 16, 1967 

The reaction of C-phenyl-N-methyl nitrone with norbornene gave two 1 :1 cycloadducts in a ratio of 
9 : l .  Both adducts have been shown to possess an  exo-cis isoxazolidine ring by nuclear magnetic res- 
onance and to be diastereomeric at  the benzylic carbon of the isoxazolidine ring by chemical degradation 
of both adducts to 3-exo-benzyl-2-exo-hydroxybicyclo [2.2.1] heptane. The reaction of the same nitrone 
with norbornadiene gave a 1 :1 and a 2:l adduct. The stereochemistry of the 1 :1 adduct was shown to 
be the same as that of the major norbornene adduct which it gave on hydrogenation of the double bond. 
The structure of the 2:l adduct was not investigated. 

Canadian Journal of Chemistry, 46, 801 (1968) 

The addition of a nitrone to a double bond to 
form an isoxazolidine ring is a reaction which 
belongs to the general category of 1,3-dipolar 
cycloadditions. Both the scope and the mecha- 
nistic aspects of these cycloadditions have been 
reviewed by Huisgen (1, 2). One of the many 
reactions studied by Huisgen and co-workers 
was the addition of C,N-diphenyl nitrone to 
norbornene which they reported gave two 1 :1 
adducts, "presumably epimeric at the atom 
bearing the phenyl substituent" (1). Details 
regarding the proof of structure of these adducts 
have not yet been published. Grashey, Huisgen, 
and Leitermann (3) have reported that C- 
phenyl-N-methyl nitrone adds to norbornene to 
give a 100% yield of product and adds to 
norbornadiene to give a 98 % yield of product 
although no further data was given in this pre- 
liminary communication. We have indepen- 
dently studied the reaction of C-phenyl-N-methyl 
nitrone with llorbornadiene and norbornene and 
wish to report the proof of structure and stereo- 
chemistry of the 1 :I cycloadducts obtained. 

The reaction of C-phenyl-N-methyl nitroile 
with norbornene was carried out for 12 h in 
toluene at 110". After removal of the solvent, a 
compound (1) was obtained in 79% yield by 
crystallization of the reaction mixture. A second 
compound (2) was isolated in 9% yield by 
chromatography of the mother liquors. When 
a solution of C-phenyl-N-methyl nitrone in 
norbornadiene was heated under reflux for 4 h, 
two products were produced. Compound 3 was 
isolated in 82 % yield and compound (4) in 3 % 
yield. Compound 3 absorbed one mole of 
hydrogen in the presence of platinum to give 
compound 1. Elemental analysis of 1, 2, and 3 
showed that they were all 1 :I adducts. Com- 

pound 4 had an elemental composition con- 
sistent with its being a 2:l adduct. Its structure 
was not further investigated. The above findings 
are summarized in Scheme I. 

We then subjected compounds 1 and 2 to a 
chemical degradation in order to establish their 
stereochemical interrelation. Compounds 1 and 
2 were each methylated with methyl iodide, then 
reduced by zinc in acetic acid to produce two 
isomeric amino alcohols, 5 and 7 respectively. 
Repetition of methylation and reduction con- 
verted both 5 and 7 into the same compound, 6. 
These reactions, which are shown in Scheme 11, 
prove that 1 and 2 are indeed epimeric at the 
benzylic carbon of the isoxazolidine ring. 

Both the gross structural features and the 
stereochemistry of the ring fusion in 3 and thus, 
in all the compounds related to it by the reactions 
in Schemes I and 11, can be determined by an 
examination of the nuclear magnetic resonance 
(n.1n.r.) spectrum of 3. The spectrum of 3 is 
shown in Fig. 1 (a). The multiplet centered at 
T 3.9 can only result from olefinic protons. Their 
presence immediately rules out the possibility of 
nortricyclene structure for 3. The doublet at 
T 5.63 (spacing 6.1 c.p.s.) is assigned to the pro- 
ton on the carbon bearing the oxygen atom. 
The splitting of 6.1 c.p.s. is attributed to a 
vicinal interaction1 with the adjacent endo 
hydrogen. Davis and Van Auken (4) reported a 

'We are purposefully avoiding the use of the word 
coupling constant in this instance as the spectra are not 
completely first order in character. Anet, Lee, and Sud- 
meier (5) have recently shown that some of the spacings 
reported by Davis and Van Auken as coupling constants 
for the compound 2-carbomethoxynorbornene are in 
error by more than 5 c.p.s. So the spacing of 6.1 c.p.s. 
in 3 does not necessarily represent the true coupling 
constant. 
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splittiilg of 5.6 c.p.s. for the endo-endo inter- 
action in exo-2-hydroxynorbornene, 8.1 c.p.s. 
for the exo-exo splitting in the endo isomer and 
3.0 c.p.s. for the exo-endo splitting. Thus the 
splitting of 6.1 c.p.s. indicates an endo-endo 
relation or possibly an exo-exo relation of the 
protons. That the proton in question is endo 
is conclusively established by the lack of any 
observable splitting with the adjacent bridge- 

head hydrogen. It has been established pre- 
viously that the vicinal coupling constant J 
between a bridgehead proton and an endo 
proton is < 1 c.p.s., while J between a bridge- 
head and an exo proton is 3-5 c.p.s. (3, 4, and 
references therein). The lack of further ob- 
servable splitting of the absorption at T 5.63 
establishes the orientation of the proton as azdo. 
Thus the adducts 3, 1, and 2 are all exo adducts. 
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FIG. 1. (a) The 60 Mcycles spectrum of 3, the 1:l adduct of norbornadiene and C-phenyl-N-methyl nitrone in 
CCI,. (b) The 60 Mcycles spectrum of 6, 3-benzyl-2-hydroxybicyclo[2.2 .l]heptane in CCI,. 

Similarly, the proton on carbon-2 of compounds 
1, 2, 5, 6 ,  and 7 always appeared as a doublet 
of spacing 6.1-6.5 c.p.s. which confirms the 
exo stereochemistry of these compounds. The 
spectrum of the final conversion product 6 
serves to illustrate this behavior in Fig. Ib. 
Further support for the reliability of the above 
conclusions is provided by a recent paper of 
Huisgen and co-workers (6). They prepared the 

endo and exo adducts of diphenyl nitrile imine 
and norbornene. The n.m.r. spectra of these ad- 
ducts provide model examples of the above cor- 
relation between J and the exo-endo relationship. 

One final point of stereochemistry remains to 
be assigned, ie. the configuration at the benzylic 
carbon of adducts 1 and 2. Unfortunately n.m.r. 
does not provide any definite evidence on this 
point; however, one fact does provide a clue. 
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Compound 1 is thermally stable whereas 2 is 
not. If 1 and 2 have the stereochemistry denoted 
in Schemes I and I1 this finding can be explained. 
An examination of molecular models of 1 and 2 
reveals the presence of a serious non-bonded 
interaction between the phenyl substituent and 
the methylene bridge in 2 but not in 1. This inter- 
action would be expected to make 2 less stable 
than 1. It is on this basis that the assignment of 
relative stereochemistry to the diastereoisomers 
1 and 2 in Scheme I has been made. 

In conclusion, we have established that C- 
phenyl-N-methyl nitrone adds to norbornene 
producing two exo-cis adducts. This nitrone also 
adds to norbornadiene to give an exo-cis adduct. 
Recently several papers have reported that the 
additions of diphenyl nitrile imine (6), thio- 
benzoyl isocyanate (7), and fulminic acid (8) all 
occur in the same exo-cis manner. In another 
paper, Huisgen and co-workers (9) discuss the 
mechanism of cycloaddition of diphenyl nitrile 
imine in considerable detail. Since our results pro- 
vide no further evidence about this mechanism, 
they need not be discussed in this context. 

Experimental 
All melting points and boiling points are uncorrected. 

The nuclear magnetic resonance (n.m.r.) spectra were 
measured on a Varian V-4302 HA-60 spectrometer using 
tetramethylsilane as an internal standard. All infrared 
spectra were measured on a Beckman IR-8 spectrometer. 
Elemental analyses were performed by Alfred Bernhardt, 
Miilheim, W. Germany and H. Seguin, NRCC, Ottawa. 

Reaction of C-Plzenyl-N-metl~yl Nitrone with 
Norbornnrliene 

By following the procedure of Brady et al. (lo), 
C-phenyl-N-methyl nitrone was prepared in 80% yield. 
A solution of C-phenyl-N-methyl nitrone (10.1 g, 0.075 
mole) in norbornadiene (150 n11) was heated under reflux 
for 4 11. The excess of norbornadiene was removed by 
evaporation under reduced pressure. The residue was 
dissolved in ether (450 ml), and the ether solution was 
extracted with water (4 x 100 ml) to remove the un- 
reacted nitrone. Concentration of the ether solution to 
dryness gave crude product (14 g, 82 %). A solution of a 
portion of the crude product (4.5 g) in hexane (10 ml) 
was applied to a column of neutral grade alumina (200 g, 
Fisher reagent). The column was eluted with hexane 
(1000 n~l),  hexane-chloroform (2:1, v/v, 1200 ml), and 
hexane-chloroform (1 :1, v/v, 1000 ml). Concentration of 
the hexane-cl~loroform (2:1, v/v) eluant under reduced 
pressure and recrystallization of the residue from 
hexane gave 3,N-methyl-5-phenyl-3-oxa-4-azatricyclo- 
[5.2.1.02~G]dec-8-ene (4.1 g) as colorless crystals, m.p. 
67-68". 

Anal. Calcd. for C1,H1,NO: C, 79.26; H, 7.55; N, 
6.16. Found: C,79.47; H,7.43;N, 6.10. 

Concentration of the hexane-chloroform (1:1, v/v) 

eluant to dryness under reduced pressure and recrystal- 
lization of the residue from methanol gave the di-adduct 
4, possibly 4,10-dimethyl-5,11-diphenyl-3,9-dioxa-4,lO- 
diazatetracyclo[5~5~1~02~6,08~12]tridecane (0.15 g) as col- 
orless crystals, m.p. 214-216" (decomp.). 

Anal. Calcd. for C2,H26N202: C, 76.21; H, 7.23; 
N, 7.73. Found: C, 76.42; H, 7.17; N, 7.59. 

Catalytic Hydrogerzation of N-Mett~yl-5-phenyl-3-oxa-4- 
aratricyclo[5~2~l .02*G]r/ec-8-ene (3) 

A solution of 3 (0.22 g, 0.001 mole) in anhydrous 
methanol (25 n ~ l )  was shaken in a hydrogen atmosphere 
with prereduced Adam's catalyst at room temperature 
and atmospheric pressure. The hydrogen uptake cor- 
responded to 0.001 mole. The reaction mixture was 
filtered and the filtrate was concentrated to dryness. 
Bulb-to-bulb sublinlation of the residue under reduced 
pressure (0.02 mm) gave N-methyl-5-phenyl-3-oxa-4- 
azatricyc10[5.2.1.0~,~]decane, isomer 1 (0.21 g, 96%), 
m.p. 64-65". 

Reaction of C-Phenyl-N-methyl Nitrone with Norbornene 
A solution of C-phenyl-N-methyl nitrone (27.1 g, 0.2 

mole) and norbornene (18.8 g, 0.2 mole) in toluene (250 
ml) was heated under reflux for 12 h. After every 2 h of 
reflux a further portion of norbornene (4.7 g, 0.05 mole) 
was added. The reaction mixture was concentrated to 
dryness under reduced pressure, and the residue was dis- 
solved in ether (700 ml). The ether solution was extracted 
with water (3 x 75 ml) to remove unreacted nitrone and 
was concentrated to dryness. Recrystallization of the res- 
idue from dioxane gave yellow N-methyl-5-phenyl-3-oxa- 
4-azatricycl0[5.2.1.0~~~]decane, isomer 1 (36.2 g, 7973, 
which was purified further by bulb-to-bulb sublimation 
under reduced pressure. The sublinlation gave a colorless 
needle-like crystalline compound, which melted at 65- 
66". The mixture melting point with the material pre- 
pared in the previous experiment was 64-65". 

Anal. Calcd. for C1,H,,NO: C, 78.57; H, 8.35; 
N, 6.12. Found: C, 78.65; H, 8.28; N, 6.08. 

The infrared and n.m.r. spectra of the present product 
were identical to those of the compound prepared in the 
previous experiment. 

The mother liquors from the recrystallization described 
above were concentrated to dryness and the residue was 
dissolved in hexane (15 ml). The solution was poured 
onto a column of basic grade alumina (250 g, Shawinigan 
reagent). The colun~n was eluted with hexane (1500 ml), 
hexane-chloroform (2:1, v/v, 1000 ml), and hexane- 
cl~loroform (1 :1, v/v, 1000 ml). Concentration of the 
hexane eluant gave IV-methyl-5-phenyl-3-oxa-4-azatri- 
cyclo[5-2.1 .02*G]decane, isomer 2 (4.2 g, 9%) as colorless 
needle-like crystals, n1.p. 62-64". This compound slowly 
decomposed at room temperature. Its infrared and n.m.r. 
spectra were strikingly different from those of isomer 1. 
For example, the proton on the benzylic carbon in 2 
gives rise to an n.m.r. signal at T 6.53 (doublet of spacing 
7.6 c.p.s.) while that in 1 appears at ~ 7 . 1 8  (doublet of 
spacing 8.0 c.p.s.). The instability of 2 prevented us from 
obtaining accurate combustion analyses. 

3-(a-Din1ethylarnir1ober1z~~l)-2-l1~~droxybicyclo[2~2~1]- 
heptane (5) 

A mixture of isomer 1 (2.75 g, 0.012 mole) and methyl 
iodide (7 ml) was heated under reflux on an oil bath for 
96 h. The reaction mixture was concentrated to dryness 
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and the residue was used for the next step without further 
purification. Reductive cleavage of the isoxazolidine ring 
of the residue (3.7 g) with zinc dust (13 g), as described 
by Rayburn et 01. (1 l), gave5,3-(a-dimethylaminobenzyl)- 
2-hydroxybicyclo[2.2.l]heptane (2.45 g, 83%) as color- 
less crystals, m.p. 114-116 "C (recrystallization from 
hexane). 

Anal. Calcd. for C16H23NO: C, 78.32; H, 9.45; N, 
5.71. Found: C, 78.91; H, 9.75; N, 5.64. 

Metl~ylation of 5 by Methyl Iodide and Reductive Cleavnge 
of the Prodltct by Zinc Dust 

A mixture of 5 (0.73 g, 0.003 mole) and methyl iodide 
(10 ml) was heated under reflux on an oil bath for 96 h, 
after which the reaction mixture was concentrated to 
dryness. The residue (1.0 g) was used for the next step 
without further purification. Zinc dust (15 g) was added 
in small portions to a vigorously stirred solution of the 
above residue (0.97g) in 20% acetic acid (100 ml). 
The reaction mixture was heated under reflux for 86 h 
on an oil bath and then was filtered. The filtrate was 
extracted with ether (5 x 50 ml). The ethereal extracts 
were washed with water (2 x 30 ml), with 10% hydro- 
chloric acid solution (3 x 30 ml), with 10% sodium 
hydroxide solution (3 x 30 ml), and with water (3 x 30 
ml) again. Concentration of the ethereal solution to 
dryness and bulb-to-bulb distillation of the residue under 
reduced pressure gave 7, 3-benzyl-2-hydroxybicyclo- 
[2.2.l]heptane (0.6 g, 92%) as colorless crystals, m.p. 
4142". 

Anal. Calcd. for C,,H,,O: C, 83.12; H, 8.97. Found: 
C, 83.21 ; H, 8.95. 

The alcohol was converted to a crystalline phenyl 
urethane, n1.p. 132-133". 

Anal. Calcd. for CzlH23N02: C, 78.47; H, 7.21; N, 
4.36. Found: C, 78.32; H, 7.11; N, 4.52. 

Degradation of Isonzer 2 to 3-Bet~zyl-2-l~ydroxybicyclo- 
[2.2.l]heptane 

Methylation of isomer 2 (4.1 g, 0.018 mole) with methyl 
iodide (10 ml) and reductive cleavage of isoxazolidine 
ring of the product with zinc dust (20 g), as described 
above for 1, gave 7, 3-(a-dimethylarninobenzyl)-2- 

hydroxybicyclo[2~2~1.]heptane (3.9 g, 85 %). The infrared 
and n.m.r. spectra of this product showed it to be slightly 
impure, yet different from 5. For example the N-methyl 
singlet appeared at t 7.87 in 5 and at t 7.77 in 7. Further 
methylation of 7 with methyl iodide (12 ml) then re- 
ductive cleavage of the carbon-nitrogen bond with zinc 
dust (15 g) gave 6, 3-benzyl-2-hydroxybicyclo[2.2.1]- 
heptane (2.36 g, 64%). This sample of 6 was found to 
have a melting point of 40-41". The melting point of this 
sample when mixed with that prepared from 1 was also 
40-41". The infrared and n.m.r. spectra of the product 
of the present experiment were indistinguishable from 
those of the compound prepared in the previous experi- 
ment. 
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Sodium trimethoxyborohydride or a 1 :3 mixture of sodium borohydride and sodium tetramethyl- 
borate reacts with a number of vicinal dibromides to form the corresponding olefin. Variable (sometimes 
good) yields were obtained when the bromine atoms were on secondary or tertiary carbons, but little or 
no olefin was detected when one bromine was primary. 

Canadidn Journal of Chemistry, 46,805 (1968) 

We have previously reported (1) on our study In the hope of casting some light on the mecha- 
of the reductive elimination of 1,Zdibromides nism of reductive elimination we have further 
and related species with lithium aluminium hy- investigated the reaction of sodium borohydride 
dride. In that account we mentioned that sodium and related reagents on some of the same com- 
trimethoxyborohydride reduced 2P,3a-dibromo- pounds. We find that these reagents effect re- 
5cl-cholestane to 5cl-cholest-2-ene in good yield. ductive elimination in fairly good yield with 
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and the residue was used for the next step without further 
purification. Reductive cleavage of the isoxazolidine ring 
of the residue (3.7 g) with zinc dust (13 g), as described 
by Rayburn et 01. (1 l), gave5,3-(a-dimethylaminobenzyl)- 
2-hydroxybicyclo[2.2.l]heptane (2.45 g, 83%) as color- 
less crystals, m.p. 114-116 "C (recrystallization from 
hexane). 

Anal. Calcd. for C16H23NO: C, 78.32; H, 9.45; N, 
5.71. Found: C, 78.91; H, 9.75; N, 5.64. 

Metl~ylation of 5 by Methyl Iodide and Reductive Cleavnge 
of the Prodltct by Zinc Dust 

A mixture of 5 (0.73 g, 0.003 mole) and methyl iodide 
(10 ml) was heated under reflux on an oil bath for 96 h, 
after which the reaction mixture was concentrated to 
dryness. The residue (1.0 g) was used for the next step 
without further purification. Zinc dust (15 g) was added 
in small portions to a vigorously stirred solution of the 
above residue (0.97g) in 20% acetic acid (100 ml). 
The reaction mixture was heated under reflux for 86 h 
on an oil bath and then was filtered. The filtrate was 
extracted with ether (5 x 50 ml). The ethereal extracts 
were washed with water (2 x 30 ml), with 10% hydro- 
chloric acid solution (3 x 30 ml), with 10% sodium 
hydroxide solution (3 x 30 ml), and with water (3 x 30 
ml) again. Concentration of the ethereal solution to 
dryness and bulb-to-bulb distillation of the residue under 
reduced pressure gave 7, 3-benzyl-2-hydroxybicyclo- 
[2.2.l]heptane (0.6 g, 92%) as colorless crystals, m.p. 
4142". 

Anal. Calcd. for C,,H,,O: C, 83.12; H, 8.97. Found: 
C, 83.21 ; H, 8.95. 

The alcohol was converted to a crystalline phenyl 
urethane, n1.p. 132-133". 

Anal. Calcd. for CzlH23N02: C, 78.47; H, 7.21; N, 
4.36. Found: C, 78.32; H, 7.11; N, 4.52. 

Degradation of Isonzer 2 to 3-Bet~zyl-2-l~ydroxybicyclo- 
[2.2.l]heptane 

Methylation of isomer 2 (4.1 g, 0.018 mole) with methyl 
iodide (10 ml) and reductive cleavage of isoxazolidine 
ring of the product with zinc dust (20 g), as described 
above for 1, gave 7, 3-(a-dimethylarninobenzyl)-2- 

hydroxybicyclo[2~2~1.]heptane (3.9 g, 85 %). The infrared 
and n.m.r. spectra of this product showed it to be slightly 
impure, yet different from 5. For example the N-methyl 
singlet appeared at t 7.87 in 5 and at t 7.77 in 7. Further 
methylation of 7 with methyl iodide (12 ml) then re- 
ductive cleavage of the carbon-nitrogen bond with zinc 
dust (15 g) gave 6, 3-benzyl-2-hydroxybicyclo[2.2.1]- 
heptane (2.36 g, 64%). This sample of 6 was found to 
have a melting point of 40-41". The melting point of this 
sample when mixed with that prepared from 1 was also 
40-41". The infrared and n.m.r. spectra of the product 
of the present experiment were indistinguishable from 
those of the compound prepared in the previous experi- 
ment. 
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good) yields were obtained when the bromine atoms were on secondary or tertiary carbons, but little or 
no olefin was detected when one bromine was primary. 

Canadidn Journal of Chemistry, 46,805 (1968) 

We have previously reported (1) on our study In the hope of casting some light on the mecha- 
of the reductive elimination of 1,Zdibromides nism of reductive elimination we have further 
and related species with lithium aluminium hy- investigated the reaction of sodium borohydride 
dride. In that account we mentioned that sodium and related reagents on some of the same com- 
trimethoxyborohydride reduced 2P,3a-dibromo- pounds. We find that these reagents effect re- 
5cl-cholestane to 5cl-cholest-2-ene in good yield. ductive elimination in fairly good yield with 
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some substrates, but only in poor yield or not at 
all with others. For reasons which will be 
apparent from this account, the results are of 
only limited value for the purposes of our mech- 
anistic study, but since our observations may 
perhaps have some application in organic syn- 
thesis, we hereby offer a brief summary of our 
findings. 

Our study af this reaction under a variety of 
conditions and reagents is summarized in Table I. 
No particular attempt has been made to find the 
best reaction conditions. It is apparent that the 
stilbene dibromides reduce very readily and the 
trans cyclic dibromides fairly readily with sodium 
trimethoxyborohydride, but the aliphatic secon- 
dary dibromides only in poor yield. If one of the 
bromine atoms is primary virtually no reductive 
elimination is observed at all. 

Brown (3) has suggested that sodium tri- 
methoxyborohydride in solution readily estab- 
lishes the following equilibrium: 

4NaBH(OCH3)3 =S NaBH, + 3NaB(OCH3),. 

On this basis the same reducing agent would be 
obtained if one were to mix the appropriate 
portions of sodium borohydride and sodium 
tetramethylborate. In a qualitative sense, at 
least, this was in fact found to be the case, as may 
be seen from Table I. The table also lists a few 
experiments with sodium borohydride by itself, 
in order to demonstrate the effect of adding 
sodium tetramethylborate. In general, sodium 
borohydride by itself does not effect the reductive 
elimination, though stilbene dibromide (which is 
readily reduced by a number of reducing agents) 
is converted to stilbene in good yield. 

It should perhaps be pointed out that in many 
of the experiments listed in Table I, the low 
yields are not simply due to insufficient reaction 
time. In the reaction of the sodium borohydride - 
sodium tetramethylborate mixture with 1,2-di- 
bromooctane, for example, the dibromide was 
entirely consumed and no 1-octene was formed. 
The fate of most of the material is not known. In 
order to check the possibility that some of it may 
have been converted to alkylboranes, the crude 
product from one run was treated with alkaline 
hydrogen peroxide. Only a small amount of 1- 
octanol (equivalent to about 11 % of the starting 
material) was obtained; the mixture was not 
examined further. 

For the purposes of mechanistic study we 
attempted to determine the kinetic order of these 
reductive eliminations. Using a 20-fold excess of 

sodium trimethoxyborohydride, the reaction did 
not show simple pseudo first-order kinetics, 
decelerating too quickly for such a system. 
With the sodium borohydride - sodium tetra- 
methylborate mixture on the other hand, the 
reverse was observed; in at least one set of 
experiments the rate appeared to be zero order 
with respect to the dibromide. Ui~fortunately 
with both reducing agents, the results varied 
considerably from one batch of reducing agent 
to the next, though showing internally consistent 
results for each lot. Faced with both the some- 
what narrow scoDe of the reaction and the diffi- 
culty of reproducing the kinetic results, we dis- 
continued further rate studies. 

Experimental 
Unless specifically described below, the general tech- 

niques and methods of purification of solvents and 
preparation of conlpounds, were as described previously 
(1). Commercial diglyme (diethylene glycol dimethyl 
ether, supplied under the trade name Ansul Ether 141 by 
the Ansul Chemical Company) was distilled under re- 
duced pressure first from sodium and then from lithium 
aluminium hydride. Woelm, grade I, neutral alumina was 
used for column chron~atography. Commercial sodium 
borohydride (Metal Hydrides Inc.) o n  analysis by the 
method of Lyttie, et al. (4) gave assays of 8 4 8 8 %  
NaBH,. Recrystallization from diglyme as described by 
Brown, et a/. (5) gave a material analyzing for 99% 
NaBH,. Sodium trimethoxyborohydride was prepared 
from sodium hydride and methyl borate (6) and purified 
by dissolving in isopropylamine, filtering the solution 
through sintered glass and evaporating the solvent; 
analysis indicated 85-90% NaBH(OMe)3. Sodium tetra- 
methylborate was prepared from methyl borate (supplied 
by Anderson Chemical Co.) and sodium methoxide (7). 

1,2-Dibromooctane was prepared as follows. I-Octene 
(15.9 g) in carbon tetrachloride (100 ml) was maintained 
at  -10 to -20" while a solution of bromine (22.5 g) in 
carbon tetrachloride (150 ml) was added over a period of 
2 h. The resulting solution was washed with dilute 
NaHS03, dilute KOH, and water, and then dried, and the 
solvent removed. Distillation under reduced pressure gave 
1,2-dibromooctane, b.p. 48-50" (2 mnl), rrz5 1.4950. Simi- 
larly prepared were 2,3-dibromo-2-methylbutane (b.p. 
48-50" at  15 mnl, ndV.5100)  and 2,3-dibromo-2,3- 
dimethylbutane (m.p. 175-176" in a sealed capillary 
tube). trans-2-Bromocyclohexyl tosylate was prepared 
from the reaction of the alcohol and p-toiuenesulfonyl 
chloride in pyridine, n1.p. 44-46", reported 111.p. 44--45' 
(8). 5a,6P-Dibromocholestane was prepared from cholest- 
5-ene by the method of Grob and Winstein (9). After 
recrystallization from ether-methanol it melted at 94-95', 
[aID -36"; the reported melting points are 95-96" and 
109.5", -40" (9). 

The experimental procedures for the reactions sum- 
marized in Table I are illustrated by the specific examples 
described below. Much more detailed descriptions of the 
other experiments are given elsewhere (10, 11). 
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TABLE? 
Reaction of sodium trimethoxyborohydride and related reducing agents on vicinal dibromides 

Substrate 

tneso-Stilbene dibron~ide 
dl-Stilbene dibromide 
meso-Stilbene dibromide 
dl-Stilbene dibromide 

Reducing agent 

NaBH(OMe), 
NaBH(OMe), 
NaBH, 
NaBH, 

Olefinic product 

trans-S ti1 bene 
trans-Stilbene 
trans-Stilbene 
cis-Stilbene, 
trans-Stilbene (1 :3) 
5cr-Cholest-2-ene 
5cr-Cholest-2-ene* 
5cr-Cholest-2-ene 
5cr-Cholest-2-ene 
5cr-Cholest-2-enq 
5cr-Cholest-2-enel 

Percentage 
yield Reaction conditions 

Diglynle, 15 min at 25" 
Diglyme, 1 h at  25' 
Diglyme, 15 min at 25" 
Diglynle, 30 min at 25" 

2~,3cc-Dibron10-5cr-c1~olestane 
2p,3cc-Dibromo-5cr-cholestane 
2~,3cc-Dibromo-5a-c11olestane 
2p,3cr-Dibromo-5cc-cholestane 
2a,3~-Dibromo-5cr-cholestane 
2~-Bromo-5cc-cholestan-3cc-yl 

tosylate 
5cc,6~-Dibron1ocholestan-3~-01 
Scr,6p-Dibromocl~olestane 
rrans-l,2-Dibromocyclohexane 
tra~1s-1,2-Dibromocyclol~exane 
trans-1,2-Dibromocyclohexane 
tratzs-l,2-Dibromocyclohexane 
trans-l,2-Dibromocyclohexane 
rrat7s-1,2-Dibromocyclohexane 
trans-2-Bromocyclohexyl tosylate 
meso-2,3-Dibromobutane 

Diglyme, 2.75 h at  100" 
Dioxane, 30 min at 135' 
Diglyme, 11 h at 85" 
Diglyme, 2 h at 100" 
Dioxane, 20 h at 135" 
Dioxane, 11 h at 135" 

Cholesterol 
Cholest-Sene 
Cyclohexene 
Cyclohexene 
Cyclohexene 
Cyclohexene 
Cyclohexene 
Cyclohexene 

{ 2;;:;:Zq: 
ira~s-2-Bu tene 
cis-2-Butene, 
trans-2-Butene (58 :42) 
cis-2-Butene, 
trans-2-Butene (56 :44) 
2-Methyl-2-butene 
I -0ctene 
I-Octene 
Ethylene 
Ethylene 
Tetramethylethylene 

Diglyme, 24 h at 25" 
Diglyme, 24 h at 25" 
Diglyme, 24 h at 100" 

~ i o x a n e ,  24 h a t  100" 
Diglynle, 12 h at  110" 
Diglyme, 24 h at  100" 
Diglyme, 2 h at  110" 
Tetrahydrofuran, 24 h at 75' 
Tetrahydrofuran, 24 h at 100" 

Dioxane, 10.5 h at 100" 
Tetrahydrofuran, 24 h at 100" 

Dioxane, 10.5 11 at  100" 

2,3-Dibromo-2-methylbutane 
1,2-Dibromooctane 
1,2-Dibromooctane 
Ethylene dibromide 
Ethylene dibromide 
2,3-Dimethyl-2,3-dibromo butane 

23 
Trace 

0 
0 
0 

60 

Diglyn~e, 24 h at  90" 
Dioxane, 48 h at  100" 
Diglyme, 30 min at 110" 
Dioxane, 47 11 at 100" 
Diglyme, 1.5 h at 60" 
Diglyme, 20 min at 110" 

*Reaction product contained -30% unreacted starting material and -25% 2a,38-dibromo-5a-cholestane, the diaxial - diequatorial rearrangement product (cf. 
reference 2). 

?Reaction product contained about 50% unreacted starting material. 
$Remainder o f  product appeared from the infrared spectrum to be 3P-bron~o-5a-cholestan-2a-yl tosylate, the diaxial -+ diequatorial rearrangement product (cf. reference 2). 
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Reductiorz of 2P,3a-Dibrorno-5a-cholestane with Sodirrrn 
Trimethoxyborohydride 

The dibromide (57 mg) was heated with sodium tri- 
methoxyborohydride (50 mg) in diglyme (5 ml) at 100" in 
a sealed tube for 22 h. The reaction mixture was poured 
into acidified water and extracted with ether; the ether 
extracts were washed with dilute sodium bicarbonate 
solution and water, dried, and the solvent evaporated. 
Thin-layer chromatography (t.1.c.) using petroleum ether 
as the developing solvent showed the product to consist 
mainly of cholest-2-ene together with small amounts of 
starting material and of the corresponding diequatorial 
dibromide. Colunln chromatography on alumina, eluting 
with petroleum ether, gave cholest-2-ene (32 mg), crystal- 
lized from ether-methanol, m.p. 72". 

Reduction of trans-1,2-Dibror?zocyclohexarze with Sodiurn 
Trirnethoxyborohydride 

A solution of the dibromide (0.97 g) and the hydride 
(2.6 g) in diglyme (25 ml) was heated at 100 "C for 24 h. 
Benzene (10 ml) was added to the reaction solution which 
was then distilled in a stream of nitrogen at 100°, to distil 
off the volatile conlponents. The resulting distillate was 
made up to 25 ml in a graduated flask and analyzed by 
vapor-phase chromatography. Comparison of the peak 
area of cyclohexene in the product solution to the peak 
areas of standard solutions of cyclohexene in benzene 
showed a yield of 79 % of cyclohexene. 

Reduction of 2P,3a-Dibrom0-5a-cholestane with Sodium 
Borohydride - Sodiurn Tetranzethylborate Mixture 

The dibromide (52 mg) was heated for 2 h, at 10O0, in a 
sealed tube with a mixture of sodium borohydride (10 mg) 
and sodium tetranlethylborate (40 mg) in diglyme (5 ml). 
Thin-layer chromatography (developing with petroleum 
ether) showed the product (35 mg) to be mainly cholest-2- 
ene together with traces of starting material and 2a:3P- 
dibromo-5a-cholestane. Colunln chromatography on 
alumina, eluting with petroleum ether, gave cholest-2-ene 
(27 mg), which on recrystallization from ether-methanol 
melted at 71-73'. 

Reaction of l,2-Dibrornooctane with Sodiurn Borohydride - 
Sodium Tetramethylborate Mixture 

The dibromide (2.24 g) together with sodium boro- 
hydride (0.4 g) and sodium tetramethylborate (4.8 g) 

in diglynle (100 n11) was heated at 11O0, in a sealed tube, 
for 25- h. The contents of the tube were transferred to 
a round-bottomed flask equipped with a reflux con- 
denser and dropping funnel. Water (20 ml), and when 
reaction ceased, 50 ml of 3 N sodium hydroxide solution 
were added followed by 25 ml of 30 %hydrogen peroxide. 
The reaction mixture was stirred for 1 h at room tempera- 
ture, and then sodium hydroxide pellets were added. 
Addition of ether resulted in the separation of two layers; 
the ether layer was removed, washed with water, dried, 
and made up to 100 ml in a graduated flask. This solution 
was analyzed by vapor-phase chromatography on propy- 
lene carbonate at 50'. 1-Octanol to the extent of 11.5% 
was detected, but no dibromide or 1-octene was found. 
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A measuring device which is useful for attachment to the benzene ring unit of Dreiding mode!s and 
which could be useful for the location of distant groups is described. 

Canadian Journal of Chemistry, 46, 808 (1968) 

During our work on the long range shielding steroids ( l a ) ,  it became necessary to develop 
effects of anisotropic groups in the nuclear a method of locating distant groups reproducibly 
magnetic resonance spectra of terpenes and from the anisotropic group in Dreiding molecu- 

lFor Part I, see J. W. ApSimon, P. V. Demarco, and lar models (5).  
A. Raffler. Chem. Ind. London, 1792 (1966). I wish to report here the extension of our 
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Reductiorz of 2P,3a-Dibrorno-5a-cholestane with Sodirrrn 
Trimethoxyborohydride 

The dibromide (57 mg) was heated with sodium tri- 
methoxyborohydride (50 mg) in diglyme (5 ml) at 100" in 
a sealed tube for 22 h. The reaction mixture was poured 
into acidified water and extracted with ether; the ether 
extracts were washed with dilute sodium bicarbonate 
solution and water, dried, and the solvent evaporated. 
Thin-layer chromatography (t.1.c.) using petroleum ether 
as the developing solvent showed the product to consist 
mainly of cholest-2-ene together with small amounts of 
starting material and of the corresponding diequatorial 
dibromide. Colunln chromatography on alumina, eluting 
with petroleum ether, gave cholest-2-ene (32 mg), crystal- 
lized from ether-methanol, m.p. 72". 

Reduction of trans-1,2-Dibror?zocyclohexarze with Sodiurn 
Trirnethoxyborohydride 

A solution of the dibromide (0.97 g) and the hydride 
(2.6 g) in diglyme (25 ml) was heated at 100 "C for 24 h. 
Benzene (10 ml) was added to the reaction solution which 
was then distilled in a stream of nitrogen at 100°, to distil 
off the volatile conlponents. The resulting distillate was 
made up to 25 ml in a graduated flask and analyzed by 
vapor-phase chromatography. Comparison of the peak 
area of cyclohexene in the product solution to the peak 
areas of standard solutions of cyclohexene in benzene 
showed a yield of 79 % of cyclohexene. 

Reduction of 2P,3a-Dibrom0-5a-cholestane with Sodium 
Borohydride - Sodiurn Tetranzethylborate Mixture 

The dibromide (52 mg) was heated for 2 h, at 10O0, in a 
sealed tube with a mixture of sodium borohydride (10 mg) 
and sodium tetranlethylborate (40 mg) in diglyme (5 ml). 
Thin-layer chromatography (developing with petroleum 
ether) showed the product (35 mg) to be mainly cholest-2- 
ene together with traces of starting material and 2a:3P- 
dibromo-5a-cholestane. Colunln chromatography on 
alumina, eluting with petroleum ether, gave cholest-2-ene 
(27 mg), which on recrystallization from ether-methanol 
melted at 71-73'. 

Reaction of l,2-Dibrornooctane with Sodiurn Borohydride - 
Sodium Tetramethylborate Mixture 

The dibromide (2.24 g) together with sodium boro- 
hydride (0.4 g) and sodium tetramethylborate (4.8 g) 

in diglynle (100 n11) was heated at 11O0, in a sealed tube, 
for 25- h. The contents of the tube were transferred to 
a round-bottomed flask equipped with a reflux con- 
denser and dropping funnel. Water (20 ml), and when 
reaction ceased, 50 ml of 3 N sodium hydroxide solution 
were added followed by 25 ml of 30 %hydrogen peroxide. 
The reaction mixture was stirred for 1 h at room tempera- 
ture, and then sodium hydroxide pellets were added. 
Addition of ether resulted in the separation of two layers; 
the ether layer was removed, washed with water, dried, 
and made up to 100 ml in a graduated flask. This solution 
was analyzed by vapor-phase chromatography on propy- 
lene carbonate at 50'. 1-Octanol to the extent of 11.5% 
was detected, but no dibromide or 1-octene was found. 
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NOTES 809 

earlier idea (6) to the benzene ring. The pro- 
tractor and distance measuring device has the 
same basic design as described before (6) except 
that three locating arms form part of the base 
plate of the unit. These arms are arranged so 
that the unit is automatically centered in the 
benzene ring on tightening set screws at the 
ends. The center of the benzene ring then 
corresponds to the pivot point of the measuring 
arm. Plate I illustrates the complete device 
both separately and installed in a model of a 
ring-C aromatic diterpene. The location of a 
distant methyl group is then a simple matter; 
the angles and distance required (6) are readily 
obtained. 

This device can be used readily in the appli- 
cation of Johnson and Bovey's (7) approach 
to the shielding effects of aromatic systems, 
and could possibly be of use in the study of 
solvent effects in nuclear magnetic resonance 
spectra (8, 9). Working drawings are available 
from the author. 
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A measuring device which can be attached to any bond of Dreiding molecular models for the estimation 
of angles and distances is described. 

Canadian Journal of Chemistry, 46,809 (1968) 

As a continuation of our studies on the effect 
of anisotropic groups on long range shielding in 
the nuclear magnetic resonance spectra of 
diterpenes and steroids (14) ,  we have developed 
measuring devices for use with Dreiding molec- 
ular models1 (5). We now wish to report a unit 
which, contrary to  our previous units1 (5) which 
were only of use with specific functional groups, 
can be used for any bond in these models. 

This device is shown in plates I and I1 and 
consists of two basic interlocking units. The first 
piece is locked onto the bond of the Dreiding 
model at the required position. Location is easy 

'For Part 11, see J. W. ApSimon. Can. J. Chem. This 
issue. 

ZScience Workshop, Carleton University. 

if the model unit being used is first scribed for 
easy placement of the measuring device. The 
locking unit is an eccentric cam operated by 
rotation of the knurled knobs seen in the plates. 
The statioilary unit of the device is calibrated in 
5" intervals. 

The second unit is the rotatable portion of the 
model and it locks into the first unit. It can be 
locked on the bond in the same manner and can 
be rotated around the longitudinal axis of the 
bond. A scribe mark on this piece gives a reading 
of the angle of rotation, though a zero point 
has to be chosen as the vertical plane through 
the bond under investigation. Attached to this 
portion of the model is another scale for mea- 
surement of the angle of rotation of the locating 
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earlier idea (6) to the benzene ring. The pro- 
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arm. Plate I illustrates the complete device 
both separately and installed in a model of a 
ring-C aromatic diterpene. The location of a 
distant methyl group is then a simple matter; 
the angles and distance required (6) are readily 
obtained. 

This device can be used readily in the appli- 
cation of Johnson and Bovey's (7) approach 
to the shielding effects of aromatic systems, 
and could possibly be of use in the study of 
solvent effects in nuclear magnetic resonance 
spectra (8, 9). Working drawings are available 
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pointer; this is locked by a screw and the pointer 
can be extended to the distant group under 
consideration. 

To date, this device has two disadvantages: 
firstly, its size makes manipulation an acquired 
art and the reading of the graduated scales is 
best performed with the aid of a watchmaker's 
lens; second, and probably more serious, the 
center of rotation of the pointer is not on the 
axis of the bond to which the device is attached 
(see plates). In our cases this is immaterial since 
the distant group is still located unequivocally 
from the bond under study, but, should the 
actual distances be required, it is simply a 
matter of solid geometry to  convert the observed 
readings to those d e ~ i r e d . ~  

Besides being of use in anisotropy studies, this 
unit could have use in the assessment of dihedral 
angles (6) by visually lining up the pointer with 
the bonds in question and measuring the angle 

3A computer program performing this operation is 
available from the first named author. 

of rotation. Working drawings are available 
from the first named author and we hope to 
report improvements in design in the future. 
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The nuclear magnetic resonance spectral parameters for a series of 3-carbomethoxy-2-pyrazolines are 
presented and discussed. Substitution of a phenyl group at position-5 has a large effect on the relative 
chemical shift of the two protons at  position-4, although a carbomethoxy group at position-5 has little 
effect. The cis and trarrs vicinal coupling constants in compounds with two protons in position-4 are 
nearly equal and differ from the values found when there is a substituent in position-4. The presence of 
three groups in positions-4 and -5 appears to hold the ring in a rigid conformation. The line width for 
the hydrogen attached to nitrogen depends upon the number of phenyl groups in position-5. 

Canadian Journal of Cl~cmistry, 46, 810 (1968) 

Several previous studies have demonstrated 
the relationships of structure and configuration 
of 2-pyrazolines (1-3). In this investigation, we 
have obtained additional spectral information 
about a number of 2-pyrazolines containing a 
carbomethoxy group in position-3, together with 
various other substituents in positions-4 and -5. 
These materials were synthesized by Jones, 
Sanderfer, and Baarda (4). 

The pyrazolines were dissolved in CDC1, t o  
make nearly saturated solutions. Tetramethyl- 
silane was used as internal reference. Spectra 
were obtained on a Varian DP-60 spectrometer, 

and peak positions were measured from audio 
side bands of which the frequency was deter- 
mined by a frequency counter. The results are 
shown in Tables I and 11. The ring hydrogen 
spectrum of compound 1 was of the A,B type, 
and those of compounds 2 and 4 were analyzed 
as ABX patterns. Limited data were reported 
earlier for compounds 6 (2) and 7 (1). 

The cis configuration of compound 6 is con- 
firmed by the coupling constant between the 
protons on C-4 and C-5, which is 13.4 c.p.s.,well 
into the range of 10-14 c.p.s. found by Hassner 
and Michelson (2) for the cis constant. In the 
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Besides being of use in anisotropy studies, this 
unit could have use in the assessment of dihedral 
angles (6) by visually lining up the pointer with 
the bonds in question and measuring the angle 

3A computer program performing this operation is 
available from the first named author. 

of rotation. Working drawings are available 
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about a number of 2-pyrazolines containing a 
carbomethoxy group in position-3, together with 
various other substituents in positions-4 and -5. 
These materials were synthesized by Jones, 
Sanderfer, and Baarda (4). 

The pyrazolines were dissolved in CDC1, t o  
make nearly saturated solutions. Tetramethyl- 
silane was used as internal reference. Spectra 
were obtained on a Varian DP-60 spectrometer, 

and peak positions were measured from audio 
side bands of which the frequency was deter- 
mined by a frequency counter. The results are 
shown in Tables I and 11. The ring hydrogen 
spectrum of compound 1 was of the A,B type, 
and those of compounds 2 and 4 were analyzed 
as ABX patterns. Limited data were reported 
earlier for compounds 6 (2) and 7 (1). 

The cis configuration of compound 6 is con- 
firmed by the coupling constant between the 
protons on C-4 and C-5, which is 13.4 c.p.s.,well 
into the range of 10-14 c.p.s. found by Hassner 
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NOTES 

TABLE I 
Nuclear magnetic resonance shifts of protons in 2-pyrazolines 

-- . . - .. -- - . -. -. .. ... ..- 

Chemical shift in z units 

Substituents* Ring protons CH30 group 

Compound C-4 C-5 NH C-4 C-5 at C-3 at C-4 or C-5 

3 (trans) pC1-CsH4- CH300C- 3.36 5.80 5.24 6.24 
- 

6.10 
4 CsH5- 3.31 6.70 5.05 6.24 - 

7 14 . . - .  
5 (trans) C6H5- CsH5- 3.27 5.77 5.16 6.39 - 
6 (cis) CH300C- CsH5- 3.12 5.74 4.69 6.24 6.85 
7 (trflns) CsH5- CH300C- 3.04 5.77 5.23 6.29 6.21 
8 - 2 CsH5- - 6.45 - 6.24 - 
9 CH300C- 2CsH5- - 5.12 - 6.24 

-- 
6.86 

*Each compound has a CH300C- group at position-3. 

TABLE I1 
Magnitude of the coupling constants* in 2-pyrazolines 

Substituents 

Compound C-4 C-5 Jrrar!s Jcis Jgcrrl C-4 

*Coupling constants in c.p.s. 
?Averaxe of J r,,,, and Jci, .  

compounds 3, 5, and 7, which have two protons 
trans to  one another in positions-4 and -5, the 
coupling constants are much smaller, with values 
of 3.9 to 6.5. In those compounds with three ring 
protons, the two coupling constants turn out to 
be quite close to one another, 10.5 and 11.2 for 
2, and 9.8 and 11.5 for 4, but the pairs of values 
are still close to the dividing line between ex- 
pected values of Jcis and J,,,,,. For compound 
1, Jcf, appeared equal to J,, ,,,,, but this may be 
the result of a deceptively simple spectrum. 

The chemical shifts of the methyl groups in the 
carbomethoxy substituent groups follow the 
same trend as found in earlier work (1). Com- 
pounds 1, 3, and 7, with the carbomethoxy 
substituent at position-5, have resonance peaks 
for the methyl groups at T = 6.10 to 6.21; in 
addition, all compounds have peaks at 6.24 to 
6.39 for the group at position-3. The two highest 
shifts, 6.29 and 6.39, occur in molecules having 

a phenyl group at position-4. Inspection of 
models shows that the phenyl group is turned 
out of the plane of the ring so as to shield the 
methyl group at position-3, and that the extent 
of out-of-plane rotation is greater when position- 
5 also contains a phenyl group. For a carbo- 
methoxy group in position-4 with a cis phenyl 
group in position-5, the methyl resonance is at 
very much higher field, near T = 6.85. This is 
again the result of molecular geometry which 
causes the methyl group to lie before the face of 
the phenyl group which is here also twisted con- 
siderably out of the molecular plane. 

The equivalence of the chemical shift of the two 
protons at position-4 in compound 1 indicates 
that substitution of a carbomethoxy group at 
position-5 has no appreciable anisotropic effect 
on the chemical shift at the neighboring position. 
On the other hand, substitution of a phenyl 
group at position-5 does make the C-4 protons 
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nonequivalent, by an amount of about 0.4 p.p.m. 
The magnitude of the geminal coupling constants 
in 2 and 4 is characteristic for protons cl to  a 
double bond in five-membered rings (5). 

For the NH group, there is a wide range of 
line width as well as some variation in chemical 
shift. In the absence of a phenyl group, the NH 
absorption is reasonably sharp; when one phenyl 
group is present at position-5, the NH resonance 
is somewhat broadened; and for compounds 8 
and 9, with two phenyl groups in this position, 
the resonance is not visible, presumably because 
of extensive broadening. Such broadening could 

shows an additional doubling of 2.1 c.p.s., 
evidently due to coupling to  the hydrogen 
attached to  nitrogen. Examination of a space- 
filling model indicates a rigid conformation for 
this molecule, and the appearance of coupling in 
the spectrum is apparently the result of the 
absence of ring inversion. 
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Canadian Journal of Chemistry, 46, 812 (1968) 

On p. 1201, column 2, lines 16 and 17 read : This should be changed to read: 
J 5 . 4  = 2.6 CIS. J6. ,  = 2.6 CIS. 
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Carcinogenicity of lactones. 1I.l x-Ray crystal structure analyses of 
+3-benzylamino-4-hydroxypentanoic acid lactone hydrochloride and 

hydrobromide 

J. BRYAN JONES, CHUNG HOE KOO, IAN P. MELLOR, S. C. NYBURG, AND JOHN M. YOUNG 
Lash Miller C/~enlical Laboratories, Department of Chenzistr'y, University of Toronto, Tororzto, Ontario 

Received January 31, 1968 

X-Ray crystal structure analysis of the hydrochloride of f 3-benzylamino-4-hydroxypentanoic acid 
lactone shows the methyl and benzylamino groups to be trans-oriented. 

The hydrobromide is not isomorphous with the hydrochloride and its crystals are optically active 
owing to spontaneous resolution during crystallization. Refinement of both crystal structures is in 
progress. 
Canadian Journal of Chemistry, 46, 813 (1968) 

In connection with studies designed to ascer- 
tain the nature of the cellular nucleophile which 
undergoes alkylation during the induction of 
cancer by certain lactones, the reaction of 
benzylamine with 4-hydroxypent-2-enoic acid 
lactone (P-angelicalactone, 1) was carried out for 
model purposes. As expected, the Michael addi- 
tion product 2 was obtained in good yield (1). 

NHCHZC6H5 

Go benzylamine 

In order to give an indication of the stereo- 
chemistry of addition to be expected on alkyla- 
tion of the cellular nucleophile by carcinogenic 
lactones such as 1, it was considered desirable to 
determine the configuration of 2. Indirect evi- 
dence suggesting a trans-orientation of the 
methyl and benzylamino groups had been 
presented by Lukes et al. (2), but in view of the 
biological importance of this point, an X-ray 
analysis of the hydrochloride of 2 has been 
carried out. 

Colorless crystals of the racemate were ob- 
tained by recrystallization from methanol- 
ethanol. System: monoclinic, a = 9.183(7), b = 
11.278(20), c = 12.218(10) A, P = 101.3(1)". 
Space group P2,lc. Density 1.29 g ~ m - ~ ,  calcu- 
lated as 1.304 for four formula units of 
CI2Hl6CINO2 per cell. Phases of 2123 visually 

'For Part I of this series see ref. 1. 

estimated independent reflections were assigned 
by the usual heavy-atom technique using CUKE 
radiation. 

The resuIts (Fig. 1) show unequivocally the 
trans-orientation of the methyl and benzylamino 
groups in the addition product 2. The structure 
analysis is being refined by full-matrix aniso- 
tropic least squares procedure and the residual, 
R, stands a t  present at 0.12. Full details of the 
structure will appear elsewhere when the refine- 
ment is completed. 

The observed stereochemistry is in agreement 
with that predicted from a consideration of the 
current concepts on the mechanism of the 
Michael reaction (3) in which perpendicular 
attack by the nucleophile on the least hindered 
side of the en-one system is considered to occur 
under conditions of thermodynamic control. 
Since none of the diastereomeric lactone 2 with 
cis-orientation of the methyl and benzylamino 
groups could be detected in the reaction mixture, 
it appears that the effect of the methyl group is 
sufficient to ensure that no significant proportion 
of cis-addition product remains in the final 
equilibrium mixture. In the absence of other 
orienting factors, the stereochemistry of the 
corresponding in vivo alkylation reactions should 
be similarly controlled. 

We have also completed the structure analysis 
of the hydrobromide salt of 2. System: mono- 
clinic, a = 6.61(1), b = 10.82(3), c = 9.05(2) A, 
p = 98.4(3)", with Z = 2 molecules per cell. 

This salt, in which the methyl and benzyl- 
amino groups are also trans, was of interest 
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COMMUNICATIONS 

FIG. 1. Final electron density distribution and atomic 
numbering scheme for the hydrochloride of lactone 2. 

because it is not isomorphous with the chloride 
and this affords an opportunity to compare the 
organic moieties in the two compounds. 

Our original space group assignment for the 
hydrobromide was Pin but weak OkO reflections 
with k odd have been confirmed as multiple 
Renninger reflections. Accordingly, the space 
group appeared to be P2, and further refinement 
confirmed this. This would require the two 
molecules in any one crystal to be of the same 
enantiomorph and this, in turn, could only come 
about by spontaneous resolution on crystalliza- 
tion. Some eight, quite large, crystals were grown 
from methanol solution and optical rotatory 
dispersion curves on solutions of each confirmed 
their individual optical activity; four crystals 
gave plain positive curves, one crystal gave a 
plain negative curve, the other three gave too 
small a rotatory dispersion for a definite assign- 
ment. The arninolactone hydrobromide therefore 
represents yet another case (4) of spontaneous 
resolution of the positive and negative rotating 
forms of a racemic modification upon crystal- 
lization. 

Detailed X-ray analyses of both the hydro- 
chloride and the hydrobromide are being 
continued. 
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4. K. FREUDENBERG. Stereochernie. Franz Deuticke, 
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Biophys. Acta, 13, 171 (1954). 
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New calorimeter for measurement of the enthalpy of mixing of liquids. The 
enthalpy of mixing of benzene with carbon tetrachloride and of 

n-hexane with cyclohexanel 
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Exploratory Research Laboratory, Dolv Cl~emical of Cat~ada, Lin~ited, Sart~ia, 011tario 

Received September 21, 1967 

A high-precision, mixing calorimeter is described for the direct measurement of the enthalpy of liquid 
mixing under constant pressure conditions. Tests of the calorimeter using the benzene - carbon tetra- 
chloride system at 25 "C show a reaction between mercury and carbon tetrachloride which leads to 
systematically high values for the heat of mixing. Tests with the 17-hexanexyclohexane system at 25 "C 
give a nlaxinlum enthalpy of mixing A,,h = 222.14 ? 0.2, J/mole at  0.586 cyclohexane mole fraction. 

Canadian Journal of Chemistry, 46, 815 (1968) 

Introduction 

As part of a study of the mixing properties of 
volatile nonelectrolytes with water and with 
deuterium oxide, a high-precision calorimeter 
has been constructed to measure the enthalpy of 
mixing of volatile aqueous systems under pres- 
sure in the absence of vapor spaces. While exist- 
ing calorimeter designs were either unsuitable or 
of insufficient accuracy, general design recom- 
mendations for mixing calorimeters (1, 2) were 
followed, but, in addition, the calorimeter was 
designed to permit the determination of each 
experimental parameter to within 0.01 % under 
best conditions. To achieve this, the basic design 
of Larkin and McGlashan (2) has been modified 
so that the mixing vessel can be (a) filled from a 
vacuum system, (b) weighed on an analytical 
balance, (c) operated under constant pressure, 
(d) stirred in a reproducible manner, and (e) 
operated semi-automatically to reduce the tedium 
of routine measurement without loss of accuracy. 

Older measurements of the enthalpy of mixing 
of liquids were often subject to gross errors due 
to vapor spaces, which permitted evaporation or 
condensation of the mixing liquids, for which 
the parasitic latent heat changes were of similar 
magnitude to the mixing enthalpy changes being 

'Contribution No. 155. 

measured (1). Construction of modern calori- 
meters without vapor spaces provided high pre- 
cision liquid-mixing enthalpy measurements (2- 
4), which may serve as liquid-mixing enthalpy 
standards for the comparison and assessment of 
mixing calorimeter performance. McGlashan 
has given criteria for the selection of suitable 
liquid-mixing pairs and has advocated use of the 
benzene -carbon tetrachloride (1) and the n- 
hexane-cyclohexane ( 5 )  systems. Tests of our 
calorimeter with the benzene - carbon tetra- 
chloride system are of interest since they establish 
a reason for the discordant mixing enthalpy 
results obtained from recent careful investiga- 
tions of this system (2, 6-8). Tests with the n- 
hexane-cyclohexane system provide new high- 
precision measurements for a possible liquid- 
mixing enthalpy standard. 

Experimental 
The Mixing Vessel 

The mixing vessel shown in Fig. 1 is based on the design 
of Larkin and McGlashan (2), but includes several modi- 
fications. It is made of 347 stainless steel and is highly 
polished on both the internal and external surfaces. The 
body of the vessel 1 contains two compartments in which 
the liquids to  be mixed are isolated over mercury with n o  
vapor spaces. The base of the vessel 2, secured by six bolts, 
carries a slot in which the calibration heater is inserted. 
During the mixing process the calorimeter is tilted about 
the horizontal axis R-R to only 60" on either side of the 
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vertical rest position, so that the liquids pass from one 
compartment to the other without contacting the Teflon 
gasket between 1 and 2. The calorimeter contains an ex- 
pansion chamber 3, partly filled with mercury and sealed 
by a cap 4 to which Nylon pressure tubing 6 is connected. 
A constant gas pressure is maintained over the mercury 
through this tube. Mercury can flow between 1 and 3 via 
tube 14, whose lower end is always under mercury, to 
compensate for mixing volume changes. 

SECTION 8-6 SECTION A-A 

FIG. 1. Isometric and sectional views of mixing vessel : 
(1) body, (2) base, (3) expansion chamber, (4) chamber 
cap, (5) tube fitting nut, (6) Nylon pressure tubing, (7) 
needle valve stem, (8) Teflon O-ring, (9) Swagelok fitting 
and (10) nut, (11) plug, (12) valve seat, (13) valve packing 
nut, (14) tube, R-R axis of rotation. 

The calorimeter is first evacuated through 6 to less than 
lo-' Torr; freshly distilled mercury is then run in 
through 6.  The calorimeter is connected to the liquid 
purification and storage system through coupling 9 and 
tube 10. Freshly distilled, degassed liquid admitted 
through the needle valve sealed with Teflon O-ring 8 
displaces mercury through 14 into 3. The valve tip 12 is 
mercury sealed, since it remains under the mercury. The 
fitting 9 is then removed, the valve cavity filled with 
mercury, and plug 11 inserted. The valve is thus mercury 
sealed on the outside to  prevent leaks during the mixing 
process when 12 is no longer covered by mercury on the 
inside. The amount of each liquid introduced (up to  
6 ml) is found by weighing the calorimeter. The calori- 
meter when full of mercury weighs - 999 g; when 
charged with 5 ml of each liquid it weighs - 860 g. The 
heat capacity of the calorimeter is -- 400 J/deg. 

The Filling Systen~ 
Figure 2 shows part of the system used to  charge the 

mixing vessel. All storage vessels are pyrex glass and the 
connecting tubing is 316 stainless steel; Swagelok fittings 
with Teflon ferrules are used for all metal to  glass con- 
nections and the control valves are Whitey OKs2 and 
1KS4 needle valves with Kel-F tips. The right hand 
section is for mercury purification. Mercury, washed 
successively with dilute aqueous potassium hydroxide, 
dilute nitric acid, and water, is filtered through a glass 
sinter 1 into a holding vessel 2 and then into a still 3. It 
is distilled through a condenser 4 into a receiver 5 and 
thence run into the calorimeter 6 via 7. 

The left hand section beyond tube 16 is duplicated for 
the second liquid. Purified liquid is passed over an 
activated alumina column 8 when necessary to remove 
the last traces of water and the dry liquid is collected in 9. 
It is subsequently freeze-outgassed five times and vacuum 
distilled into the glass storage reservoir 10. Liquid is 
distilled from the reservoir to  the graduated filling tube 
11, where it is stored over mercury. The calorimeter is 
connected to 16 and evacuated to  the calorin~eter valves, 
and the filling line valve 12 is closed and 13 opened. Air 
pressure is applied to  the two-way stopcock 14 with 15 
open to  force the liquid around to the calorimeter valve. 
The calorimeter valve is opened slightly to admit the 
liquid into the calorimeter. The approximate amount ad- 
mitted is indicated by the change of the mercury level in 

FIG. 2. The filling system: (1) glass-sinter filter, (2) 
mercury reservoir, (3) mercury still, (4) condenser, (5) 
mercury receiver, (6) calorimeter mixing vessel, (7) mer- 
cury control valve, (8) activated alumina column, (9) 
liquid receiver, (10) liquid storage, (11) filling tube, 
(12-15) valves, (16) tube, VS connections to  vacuum 
system. 
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WATTS ET AL.: NEW CALORIMETER FOR MEASUREMENT OF ENTHALPY OF MIXING 817 

1 I. The residual liquid in tube 16 is condensed back into 
the reservoir, 16 is evacuated to remove last traces of 
liquid from the calorimeter valve cavity, and the calori- 
meter is weighed. The valve cavity is then filled with 
mercury and plugged. 

Temperature Measuretnent 
Temperature changes of the calorimeter are measured 

by six Veco AX1620 1W5 thermistors, nominal resistance 
2000 ohm at 25 OC, mounted one on each face of the 
calorimeter. These thermistors, connected in a 3 series - 2 
parallel array, comprise the 'unknown' arm of a Leeds 
and Northrup 4232-B high precision Wheatstone bridge, 
with ratio arms set at 10:l. Power for the bridge is pro- 
vided by a John Fluke 313A voltage calibrator, so that 
the voltage (10-14V) may be selected to allow operation 
a t  maximum bridge sensitivity; this voltage remains un- 
changed throughout an experiment. The off-balance 
potential is amplified by an Astrodata 1212 nanovolt- 
meter whose output is fed to a Phillips PR2216U/21 strip 
chart recorder. All connections in this circuit are made of 
Inter-8 Weave cable with Co-Netic shielding (Perfection 
Mica Co.). The cable is laid in soft-iron conduit and the 
whole calorimeter room is shielded both electrically and 
~ilagnetically by lining the roof, walls, and floor with 
galvanized iron sheet. All instrument cases and one point 
in the bridge circuit are grounded to a copper bus-bar. 
These extreme precautions are necessary to reduce inter- 
ference and pickup from nearby electrical equipment. 
Under most favorable conditions the peak-to-peak noise 
on the recorder corresponds to a temperature uncertainty 
of 3 X "C. 

The temperature of the calorimeter jacket is measured 
by a calibrated platinum resistance thermometer with a 
Leeds and Northrup G-2 Mueller bridge. The tempera- 
ture difference between the calorimeter and the jacket is 

Dymec 2401B integrating digital voltmeter to within 
0.01 %. Switching arrangements allow preselection of 
calibration energies which are measured to 0.02%. 

The Caloritneter Jacket 
The filled calorimeter is clamped between Nylon pegs 

on a fixed bracket inside a 6" diameter, highly polished, 
stainless steel cylinder. The electrical connections to the 
calorimeter pass through the cylinder cover via a Conax 
seal. The cover is sealed by an O-ring and the cylinder is 
evacuated to less than Torr through a flexible stain- 
less steel coupling (Mason-Renshaw Industries). The 
cylinder is mounted horizontally about its axis, while the 
calorimeter is mounted within it so that the cylinder axis 
is coincident with the calorimeter axis R-R shown in 
Fig. 1 ;  cylinder rotation causes mixing. The cylinder is 
rotated by a Photocircuits Corp. model 488 printed- 
armature motor, which can be reversed while running, 
driving a Tangen Drive (Geneva Motions Corp.) gear 
system which produces smooth, cyclic displacements of 
60" to  each side of the upright rest position. A pair of 
microswitches, actuated by cams on the drive wheel, ad- 
vance two stepping switches. The first stepping switch 
actuates a power relay to reverse the motor, return the 
calorimeter to the rest position, rotate to 60° on the other 
side, and reverse the motor again. The second stepping 
switch is preset to count the number of  these cycles and, 
after the preselected number of cycles, actuates a relay 
cutting the power from the drive motor. 

The calorimeter jacket is immersed in a thermostat 
controlled to within 0.001 "C by a Bayley temperature 
controller. Short-term temperature fluctuations of the 
thermostat are attenuated by the thick stainless steel 
jacket, so that the jacket inside-surface temperature, con- 
trolling heat leaks to the calorimeter, is essentially con- 
stant throughout the 60 min period of an  experiment. 

measured by a single-junction copperxonstantan thermo- 
couple. Either the Mueller bridge or the thermocouple is Procedltrefor EtldOrllertnalHeatsOfMixing 

connected to tlie nanovoltmeter through a Guildline The calorimeter, after being filled, is placed in the 
9145A low-thermal selector switch. jacket and the electrical connections are made. The jacket 

is evacuated and lowered into the thermostat and the 
Calibratiot~ Circuit 

The calibration heater has a resistance of 500 ohm and 
is made of 0.002" diam., 188.6 ohm/ft, low temperature 
coefficient (9) Evanolim wire (Wilbur Driver and Co.) 
wound on a -:-" x x 0.007" alumina wafer (American 
Lava Corp.) sandwiched between two similar wafers. 
These thin, dense ceramic alumina wafers promote rapid 
heat transfer. The high resistance of the heater allows the 
current leads to be of small diameter (30 B and S gage), 
reducing heat losses from the calorimeter and eliminating 
errors from uncertainty in the correct location of the 
potential leads, which are connected to the current leads 
at the midpoint between the calorimeter and the calori- 
meter jacket. Heater power is provided by a Princeton 
Applied Research TC-100.2BR voltage/current reference 
source which can supply 0.2 A at up to 100 V. The voltage 
drop across the heater is measured by a Non-Linear 
Systems model 9116 digital voltmeter which shows that 
the heater resistance change is less than 0.02% during the 
heating period. The heater current and heating time 
period are not obtained separately; the integrated current 
through the heater over the whole heating period is ob- 
tained from the integrated voltage drop across a standard 
resistor in series with the heater, measured directly by a 

whole assembly is left overnight for temperature equili- 
bration. The following morning the thermistor current is 
switched on and the temperature trace of the calorimeter 
recorded for 1 h to ensure temperature stability before 
mixing. The calorimeter shows a slight temperature rise 
(5 x deg min-') due to heating by the thermistors 
during this period. Temperature measurements using the 
thermistors are made in two ways. First, the Wheatstone 
bridge is nulled at  intervals throughout the experiment, 
using a high detector sensitivity. The recorder chart has a 
center zero, the bridge resistance is preselected, and tlie 
recorder trace shows the passage through the null point. 
Alternating with these measurements, the bridge is set a t  
a fixed resistance and the bridge off-balance potential is 
recorded at  a sensitivity level such that the complete 
temperature excursion of the calorimeter is recorded. 
Figure 3 shows a typical chart for endothermal mixing; 
some of the null points have been omitted for clarity. 

Immediately prior to themixing, the jacket temperature 
is measured by the platinum thermometer and the tem- 
perature difference between the calorimeter and the 
jacket is measured by the thermocouple. 

At point B in Fig. 3 the heater is switched on to dissi- 
pate an amount of energy preset to be nearly equal to that 
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Materials 
Be~lzene 
Thiophene-free benzene (passes A.C.S. test) was shown 

by gas chromatography (g.c) to contain toluene, ethyl 
benzene, and some unspecified aliphatic hydrocarbons. 
These impurities were removed below limits of detection 
(10 p.p.m.) by passage through an Autoprep A-100 pre- 

m parative g.c unit. 
Carbon Tetrachloride 
Selected material from the production of Dow Chemi- 

cal of Canada, Limited, was fractionated three times on 
an efficient column at high reflux ratio. The product, 
which contained less than 15 p.p.m. chloroforn~, was 

Time  passed through a colun~n of Woelm neutral activated 
alumina which removed the chloroforn~ to better than 

FIG. 3. Typical recorder chart trace of thermistor 
bridge signal for endothermal mixing. Points A, B, C, P'P'm' 
and D are spaced at equal time intervals. 11-Hexatze mzd Cyclohexane 

Phillips Petroleum Company, Bartlesville, research 

expected to be absorbed in the mixing process. The intro- 
duction of this conlpensation energy ensures that the 
calorimeter temperature is little changed by the mixing. 
After a short time lag of 1-2 s the calorimeter tempera- 
ture begins to rise and at the midpoint of the heating 
period the mixing mechanism is started. As the mixing 
absorbs heat the temperature falls rapidly and then rises 
steadily as the remainder of the heat passes from the 
heater. The calorimeter is tilted 25-50 times to each side 
of its rest position during 90-180 s. Tests have shown 
that this is more than adequate for complete mixing, but 
it is necessary to assist heat exchange between the heater, 
the mixed liquids, the mercury, and the mixing vessel. 
Later the mixing mechanism is run for the same number 
of cycles as in the mixing to determine the thermal effect 
of stirring (about 1 J), and again with dissipation in the 
heater of about 1 J. This energy discharge permits the 
determination of the thermal effect of stirring and of the 
difference between the conlpensation heat and the heat 
of mixing. 

The thermistor resistance change during each of these 
stages is calculated using the Regnault-Pfaundler for- 
mula (10) 

The resistance values R*, Rn, Rc, R, are obtained by 
plotting the high-sensitivity, nulled-bridge resistance 
readings and selecting the points A, B, C, and D equi- 
spaced in time, such that B is immediately prior to the 
mixing and C is located where the cooling rate first 
becon~es steady after the mixing. The mean resistances 
8;,, fix, R,, during the advance rating, the experimental, 
and the final rating periods, are obtained by measuring 
the areas under the sections AB, BC, and C D  of the curve 
obtained at reduced sensitivity, using an Ott planimeter. 
Since the temperature change of the calorimeter is only a 
few percent of what it would have been without com- 
pensation, the errors from this calculation are insigni- 
ficant. The resistance changes are converted to tempera- 
ture changes by Gunn's method (11) and the heats of 
mixing are evaluated as described by Larkin and 
McGlashan (2). 

grade hydrocarbons were dried by passing through a 
1 2  x +" column containing Woelm neutral activated 
alumina. No further purification was made, as recom- 
mended (5). Details of the hydrocarbon purities stated by 
the manufacturer are: n-Hexane, lot no. 1176, purity 
99.99 mole % by freezing point determination; the im- 
purity by g.c is methyl cyclopentane. Cyclohexa~~e, lot no. 
1078, purity 99.99 mole % by freezing point determina- 
tion, most probable impurity 2,4-dimethylpentane. 

Results and Discussion 

Benzene - Carbon Tetrachloride 
The results obtained at 25 "C for mixing ben- 

zene and carbon tetrachloride are given in 
Table I. Details for each of the approximately 
equi-molar mixtures are recorded chronologi- 
cally, showing the temperature, weights of each 
component, carbon tetrachloride mole fraction, 
observed energy change, and molar enthalpy of 
mixing A,h. The series A measurements, num- 
bered in the order obtained, are plotted in Fig. 4 
where they are compared with the smoothed 
results of other workers (2, 6, 7).' The measure- 
ments of Savini et al. (8) are not included in this 
comparison due to their experimental difficulties 
with this system. What initially appears to be a 
scatter in our measurements is revealed as a 
trend with time when they are considered in the 
order in which they were obtained. It was ob- 
served at the end of a series of measurements 
that the mercury that had been in contact with 
carbon tetrachloride in the filling system carried 
a scum on its surface. The separate A and B 

'The measurements of Murakami and Fujishiro (19), 
published since this paper was written, lie between the 
results of Bennett and Benson and those of Larkin and 
McGlashan; they were made in a calorimeter containing 
mercury. 
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TABLE I 
Enthalpy of mixing of benzene - carbon tetrachloride 

Weight (g) Mole Heat 
Temp. fraction change A,h 

("a CCI, CfiHfi CCI, (3) (Jlmole) Series 

CC14 m o l e  f r a c t i o n  

FIG. 4. Enthalpy of mixing of benzene and carbon 
tetrachloride. Series A results numbered in order of 
measurement. Smoothed curves are the results of (a) 
Larkin and McGlashan (2), (6)  Lundberg (6), and (c) 
Bennett and Benson (7). 

series of measurements were made, between 
which the filling system was cleaned and both 
the mercury and the carbon tetrachloride com- 
pletely replaced. The deviation of each measure- 
ment from the smooth curve of Bennett and 
Benson (7) is plotted in Fig. 5 against the time 
of contact of the carbon tetrachloride with 
mercury in the filling system and in the calori- 
meter prior to mixing. 

Kemball (12) reported that carbon tetrachlo- 
ride is chemisorbed on mercury and has suggested 
that a surface reaction occurs. This reaction is 
possibly that causing the systematic discrepancies 
observed in our measurements of this system. It  
is noted (Fig. 4) that the measurements of 
Larkin and McGlashan (2) are consistently 
higher than those of Lundberg (6) and those of 
Bennett and Benson (7); this difference could be 
due to the amount of reaction occurring between 
carbon tetrachloride and mercury in the Larkin- 
McGlashan calorimeter in the time between 

filling and mixing; this time appears from their 
paper to be consistently 'overnight'. The large 
variation within the present measurements can- 
not arise from the small deviations of the experi- 
mental temperatures from 25.000 "C, since the 
temperature coefficient of A,h is only about 
1.0 J/mole deg for the equimolar system (13). 
Thus a reaction between mercury and carbon 
tetrachloride is apparently responsible for the 
systematically high values obtained for the 

0 2 4 6 8 10 12 
T i m e ,  day 

FIG. 5. Deviation of the enthalpy of mixing of 
benzene and carbon tetrachloride from the value of 
Bennett and Benson (7) at  the same composition, plotted 
against time of contact of the carbon tetrachloride with 
mercury. The left hand limit of each line gives the time of 
contact in the filling system and the length of the line 
shows the time of contact in the calorimeter for the A 
and B series. 
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TABLE I1 
Enthalpy of mixing of n-hexanexyclohexane 

Weight (g) x, cyclohexane Heat 
Temp. mole change Amh 

PC) Cyclohexane n-Hexane fraction (J) (J/mole) 

enthalpy of mixing of benzene and carbon tetra- 
chloride using mercury-containing mixing calori- 
meters, so that this system must be considered 
unsuitable as a standard for mixing calorimeter 
comparison. 

0.4 0.5 0.6 0.7 

Cyclohexane mole f rac t ion 

FIG. 6.  Enthalpy of mixing n-hexane and cyclo- 
hexane in the vicinity of the maximum. 

n- Hexarze-Cyclohexane 
In Table I1 are shown the results for the endo- 

thermal enthalpy of mixing n-hexane with cyclo- 
hexane at temperatures near to 25 "C, calculated 
using the molecular weights 86.17848 for n- 
hexane, and 84.16254 for cyclohexane. The re- 
sults in the vicinity of the maximum are plotted 
in Fig. 6. The mixing temperatures vary slightly 
due to long-term drifts, but the effect on the 
Amlz values is so small that these have not been 
corrected. 

The probable error on a typical mixing experi- 
ment was estimated to be 0.16 % from the known 
instrumental uncertainties, while the standard 
error 0.14% is found in the vicinity of the 
maximum. 

The twenty-one Amh values in Table I1 were 
fitted by the method of least squares to give the 
best-fit equation (1 6) 

in which x is the cyclohexane mole fraction. The 
maximum A,h evaluated from the equation is 
222.1, -t 0.3, J/mole at cyclohexane mole frac- 
tion 0.5775. The error shown is the standard 
error for a point calculated from the fitted curve 
and amounts to 0.14 % of the measured value. 

At present there are no comparable measure- 
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ments for this system, but it is hoped that other 
sets may soon become available. Comparison 
with the earlier measurements of Mathot (14) 
and of Mathieson and Thynne (15) shows that 
the precision of the present results is an order of 
magnitude better than that obtained earlier. To 
make a proper comparison, both sets of earlier 
measurements were fitted by the same least 
squares technique. The values for Amh and x at 
the maxima are: 

Maxinlun~ Cyclohexane 
Temp. ("C) Amh (Jlmole) mole fraction Observer 

20 220.7 3.0 0.583 Mathot 
20 219.3 k3.6 0.562 Mathieson 

and Thynne 
25 222.1, +_ 0.31 0.5775 This work 

Values of Amh at both low and high x values 
are subject to inherently larger errors than those 
measurements in the vicinity of the maximum for 
two reasons. First, small weights of one com- 
ponent are used so that weighing errors are en- 
hanced; secondly, the heat being measured is 
small so that temperature and energy measure- 
ment errors are enhanced. For this reason the 
nine measurements near the maximum, shown 
in Fig. 6, were fitted by a separate equation and 
the best fit was obtained for a four-constant 
equation. The highest point near the maximum 
in Fig. 6 exhibits a deviation from the best rep- 
resentative curve over three times the standard 
error. Thus there is a possibility that this is a 
spurious value. The statistical problem of rejec- 
tion of outliers has recently received attention 
(17, 18). The remaining eight data were then re- 
fitted, omitting the possibly spurious point, and 
the best fit was again found with a four-constant 
equation. The maximum Amh values found are: 

Points fitted Amh (Jlmole) x 
21 - conlplete set 222.1, + 0.31 0.5775 

9 in region of maximum 222.4, + 0 . 3 ~  0.5865 
8 near maximum, possible 

outlier omitted 222.14 +_ 0.21 0.5855 

The best fit to the eight points near the maxi- 
mum, omitting the possibly spurious point, gives 
a maximum Amll value which differs insigni- 

ficantly from that obtained from the fit of all 21 
measurements; however, the standard error for 
the eight-point fit with four degrees of freedom 
is decreased to 0.1, %. 

Although it is premature to make any final 
judgment on the suitability of the n-hexane- 
cyclohexane system as an enthalpy of mixing 
standard, the present indications are that this 
system will prove to be a suitable standard. 
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Catalytic decomposition of acetonedicarboxylic acid 

D. W. LARSON~ AND M. W. LISTER 
Departmetit of Clietnistr'y, University of Tororito, Toronto, Ontario 

Received September 15, 1967 

The decomposition of acetonedicarboxylic acid at various pH and in the presence of cobalt, nickel, 
copper, and zinc perchlorates as catalysts has been investigated. In addition the equilibrium constants 
for the formation of complexes between the metal ions and the acetonedicarboxylate ion have been 
measured. 

The copper complex appears to differ from the others in being more acidic, and also in its infrared 
spectrum. The kinetic results have been interpreted in terms of rate constants for the decomposition of 
each of the complexes, and a qualitative (but not a quantitative) correlation seems to exist between the 
rate constants and the stability constants of the complexes. 
Canadian Journal of Chemistry, 46, 823 (1968) 

The decomposition of acetonedicarboxylic 
acid to acetoacetic acid and carbon dioxide 

was studied by Wiig (I), who determined the 
rate constailts and activation energy for the de- 
composition, though without considering the 
extent of ioilization of the acid. Krebs (2) 
examined the effect of various cations as catalysts 
for the reaction, and a more detailed investi- 
gation of this was carried out by Prue (3). He 
showed, in particular, that the catalytic con- 
stants ran parallel to the equilibrium constants 
for the formation of complexes of the same cat- 
ions with the malonate ion, which might be 
expected to behave much like the acetonedi- 
carboxylate ion as a complexing agent. A similar 
correlation was observed by Gelles, Hay, and 
Salama (4, 5) for oxaloacetic acid. The object of 
the present work was to examine the complexing 
of aqueous acetonedicarboxylic acid directly 
with various cations, including the effect of pH, 
and to obtain more information on the kinetics 
of the deco~nposition of the acid, its ions, and its 
metallic complexes. 

Experimental 
Reagents 

Acetonedicarboxylic acid was obtained from Koch 
Laboratories. Traces of a colored contaminant were re- 
moved by activated charcoal before recrystallization of 
the acid from ethyl acetate. This gave a white powder, 
m.p. 133-134°C (Wiig (1) gives 134-13S0C), and an 
apparent molecular weight by titration with NaOH of 
147.0 to  147.7 in different batches (calcd. 146.1). The 
acid was stored over silica gel, and aqueous solutions 
were made up as required. 

'Present address: Canadian Forces Institute of Aviation 
Medicine, 1107 Avenue Road, Toronto. 

Perchlorate salts (sodium, cobalt, nickel, copper, and 
zinc) were obtained from the G. F. Smith Co. Solutions 
of sodium perchlorate were prepared from the anhydrous 
salt by weight. Stock solutions of the other perchlorates 
were analyzed by EDTA titration; copper perchlorate 
was also analyzed iodometrically, and zinc perchlorate by 
titration with potassium ferrocyanide. 

Apparatus 
pH Meter 
pH measurements were made on a Beckman research 

pH meter, standardized by potassium acid phthalate a t  
25 "C. Since most of the solutions examined contained 
high concentrations of perchlorate ion, the calomel 
reference electrode was modified to contain saturated 
sodium chloride solution, instead of the more usual 
potassium chloride. The latter gave somewhat erratic 
results, which were attributed to  precipitation of po- 
tassium perchlorate. In  order to convert p H  readings to 
hydrogen ion concentrations, pH measurements were 
made on solutions of perchloric acid (10-2-10-3 M )  
containing sodium perchlorate to  ionic strengths of 0.6 
and 0.4, as used in the rest of the work. The pH reading 
was uniformly 0.16 less than -log [H+], if the per- 
chloric acid was taken to  be completely ionized. 

Spectr'oplroto/neter 
A Beckman DU spectropllotometer was used, modified 

so that water at 25 "C could be circulated round the cell 
conlpartnlent. 

Cell Voltages 
These were measured in a glass assembly of conven- 

tional design by means of a potentiometer sensitive to 
0.01 n1V. A sodium perchlorate bridge was used to  con- 
nect the cell compartn~ents, which always contained a 
considerable concentration of sodium perchlorate in ad- 
dition to the cation being studied (e.g. Cu2+)  and acetone- 
dicarboxylic acid. The cell was kept at  25.0 "C. 

Kinetic Measirretnerzts 
Reacting solutions were placed in a 500 ml pyrex flask 

in a thermostat kept at 25.0020.05 "C. The solution was 
stirred by a mercury-sealed stirrer, and the flask was 
connected to  a water-jacketed gas burettc; air was flushed 
from the flask and burette with carbon dioxide. The gas 
evolved (carbon dioxide) was collected over mercury, and 
gave a measure of the extent of the reaction. The 
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decomposition was also followed by acid-base titration. TABLE I 
t he technique used was to add enough base to a sample Ionization constants of acetonedicarboxylic acid 
to raise the pH to about 4.5. This largely quenched the 
reaction. Nitrogen was now bubbled through the sample 
to remove carbon dioxide, and the titration was then 

I T ("C) ~ O ~ K , ~  ~ o ~ K : ~  

continued to a phenolphthalein end point. When copper 0 . 6  15.6 1.22 1.82 
or zinc, etc., was present as a catalyst, potassium ferro- 0.6 25.0 0.97 1 .52  
cyanide was added to precipitate the metal, and the 0 . 4  15.6 0.99 1.63 
titration was then carried out as described. 0 . 4  25 .O 0 .88  1.35 

Results 

Ionization Constants of Acetonedicarboxylic Acid 
Although these constants have been measured 

before (3), they were remeasured under the 
conditions of the present experiments. pH titra- 
tions of acetonedicarboxylic acid with sodium hy- 
droxide were carried out at various temperatures, 
both solutions containing sodium perchlorate so 
that the ionic strength was either 0.6 or 0.4. 
Values of the two ionization constants, K,, and 
Ka2, were calculated from the pH observed when 
0.5 and 1.5 moles of sodium hydroxide had been 
added per mole of acid. The constants are suf- 
ficiently close that both stages of ionization have 
to be taken into account at both pH values. The 
results are given in Table I. Some confirmation 
of these values was obtained by following the 
absorbance at 300 mp during a similar titration. 
The curve so obtained followed very closely the 
one calculated using the dissociation constants 
in Table I, and the following extinction co- 
efficients: H,A, 12.1 ; HA-, 25.0; A-', 30.6 M-I  
cm-I. Thevalues Kal = 1.8 x and Ka2 = 
1.9 x M-I  in ref. 3 are fairly close to the 
present ones. 

H,A is taken to mean acetonedicarboxylic 
acid in this and succeeding sections. 

Stability Constants 
I .  Copper (11) 
The formula of the complex in solution, 

formed by Cu2+ and acetonedicarboxylic acid, 
was found by the method of continuous variation 
(6) at three pH values, 4.7, 4.2, and 3.6. The 
absorbance was measured at 400 and 430 mp, 
at which wavelengths both Cu2+ and acetonedi- 
carboxylic acid absorb very little. The tempera- 
ture was kept at 25 "C, and the ionic strength at 
0.6 by sodium perchlorate. In every case a plot 
of absorbance against (total copper)/(total cop- 
per and acid) gave a sharp symmetrical maxi- 
mum at 0.5, indicating a 1 :l complex. 

The equilibria involved were examined by 
means of electromotive force (e.m.f.) and ab- 
sorbance measurements. The e.m.f. measure- 
ments were made on cells with two copper 
electrodes, one dipping into a copper perchlorate 
solution (roughly M), and the other into a 
solution of copper perchlorate and acetonedi- 
carboxylic acid. The pH of the latter solution 
was adjusted to between 3 and 4.5 by NaOH. 
Both solutions were at ionic strength 0.6; and 
0.6 M sodium perchlorate was used as a bridge 
between the solutions. The temperature was 
25 "C. It was checked, from similar cells with 

TABLE I1 

Data from e.m.f. measurements on the copper acetonedicarboxylate complex 
- 

No. l o 3 ~  1 0 ~ ~  1 0 ~ ~ 2  102b lo4h Kc,, PIC? 

- ~ ~ 

3 13.68 16167 8.19 21708 2 118 90 3.73 
4 12.18 10.68 8.94 1.667 2.14 85 3.93 
5 9.13 15.29 3.78 2.708 1.44 155 3.88 
6 9.32 14.39 4.58 2.553 1.41 102 3.78 
7 8.43 16.71 2.44 3.269 0.892 1 29 3.76 
8 5.92 9.08 2.33 1.892 0.66 101 3.80 
9 6.08 7.80 2.59 1.667 5.62 132 3.88 

10 9.22 11.59 2.83 2.632 5.00 162 3.88 
11 10.95 10.17 3.82 2.500 3.71 192 3.96 
12 6.00 7.34 2.03 1.781 2.57 50 3.49 

Mean 114 3.76 
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TABLE I11 
Spectrophotometric data on copper complexes 

No. l o 3 ~  lo3a D lo5h e 

two concentrations of copper perchlorate, that 
the cell voltage was proportional to log (m,/m2), 
where m, and m, are the two copper concen- 
trations. These results fitted the line E (mV) = 
29.25 log (m,/nz,), and it was assumed that this 
equation was obeyed with acetonedicarboxylic 
acid present. Hence [Cu2+] could be found. 

The results are given in Table 11. Here M is 
the total copper concentration, a the total acid, 
and m the free [CuZf]; b is the concentration 
of NaOH added, though, of course, this reacts 
with the acetonedicarboxylic acid; 12 is the hydro- 
gen ion concentration. Preliminary calculations 
showed that more hydrogen ion was produced in 
the solution than could be accounted for if the 
only effect of the copper was to give the equi- 
librium 

Cu2 + + A - 2  k CuA (Kc.). 

It was therefore supposed that CuA might be 
acidic. 

CUA + H 2 0  % CUL- + H,O+ (Ka3), 

where L is the new ligand. Kc, and K,, are the 
equilibrium constants. From the various equilib- 

ria and mass balances, it can be calculated that 
Kc, and K,, are given by the equations 

Kc, and K,, were calculated for each solution, 
with the results also given in Table 11. The con- 
stants are probably as good as can be expected, 
since small deviations in voltage or pH alter 
them considerably. The mean values and average 
deviations are 

Kc, = 114 (+ 33) M-l,  and 

K,, = 1.7 (+ 0.5) X M-I. 

Spectrophotometric studies were made on 
similar solutions with the results in Table 111. 
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In this table, D is the absorbance at 400 mp, at 
which wavelength only the copper complexes 
contribute appreciably to the absorbance. These 
results were interpreted as follows. The same 
equations that were applied for the e.m.f. data 
give that 

w 
[i] Kc, = -- (a - w)(M - w )  . F(h), 

where 

and w is the total concentration of complexed 
copper, i.e. [CuA] + [CuL-1. If we define e, 
the apparent extinction coefficient, as e = Dlw, 
then 

where el and e, are the extinction coefficients of 
CuA and CuL- respectively. Substituting in the 
equation for Kc,, we get 

where F(/z) is the function of the hydrogen ion 
I I 1 I I I I 

3.2 4.0 4.8 
concentration appearing in eq. [i]. Hence if two 

FIG. 1 .  Apparent absorbance of copper acetonedi- readings at the same pH are a carboxylate complexes at various pH : ( x )results obtained 
of e for that pH can be obtained. This is done by combining two measurements at the same pH; (0) re- 
with the results shown in Fig. 1. It is evident that sults calculated if pK,, is 3.86 and Kc" is 110. 

e varies with pH. The slopeif a plot of e against 
pH should be greatest at pH = pK,,, and this is 
seen to be roughly the same value (3.76) deduced 
from the e.m.f. data. If this value of pK.,, and 
the value of 114 for Kc, are substituted in eq. 
[ii], values of e at different pH call be calculated. 
However, these turn out to be consistently rather 
too low. It was found that if pK,, is taken as 
3.86 and Kc, as 110, the values of e so obtained 
coincide reasonably well with those deduced 
above. These values are also plotted in Fig. 1. 
The equation for e above also allows el and e, 
to be calculated. These turn out to be approxi- 
mately el = 30, e, = 205, and the line in Fig. 1 
is calculated from these values of el and e,, 
and pK,, = 3.86. Taking the average from all 
measurements, we get the equilibrium constant, 
Kc,, for Cu2' + A-2 += CUA to be 112 M - l  ; 
CuA is an acid species with pK,, = 3.81. 

2. Zinc(II) 
Since zinc acetonedicarboxylate was found to 

have no useful absorption spectrum, the complex 
was investigated by meails of an electrochemical 
cell similar to that used for copper. Somewhat 
variable results were obtained using zinc rods for 
electrodes, but zinc amalgam gave satisfactory 
results, as had been found in earlier work 
(7-9). An amalgam containing 0.8% zinc by 
weight was prepared, and stored under nitrogen. 
The electrodes consisted of a few drops of 
amalgam in contact with a platinum wire. Their 
performance was examined when they were in 
contact with two dilute zinc perchlorate solu- 
tions joined by a sodium perchlorate bridge. 
Both solutions contained sodium perchlorate up 
to a total ionic strength of 0.60; the cell was 
maintained at 25.0 "C. The results of this test 
were as follows. 

Log (nzl/m2) 0.4766 0.3010 0.2038 -0.0967 -0.3966 
E (mV) 14.43 9.05 5.73 -2.88 -11.45 
Ratio 30.3 30.1 28.1 29.8 29.9 
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TABLE IV 
Data from e.m.f. measurements on the zinc acetonedicarboxylate complex 

No. 102M 1 02a 1 O 2 ~ t z  lo411 K zn 

The mean ratio of Ellog (m,/m2) is 29.6. Here 
m, and in, are the concentrations of the zinc 
solutions, and E is the cell voltage. Results 
approximately obey an equation 

E = 29.6 log (in, lrn,). 

The cell ratio is not as constant as could be 
wished, but the method is evidently capable of 
giving moderately accurate estimates of concen- 
trations of zinc ions. 

To study the zinc acetonedicarboxylate com- 
plex, similar cells were made up with known 
amounts of acetonedicarboxylic acid in one cell 
compartment. The pH was adjusted with sodium 
hydroxide or perchloric acid, and was measured. 
Preliminary results showed that with a high acid 
to metal ratio, fairly constant equilibrium con- 
stants were obtained, if a I :1 complex was 
assumed; but at lower ratios deviations occurred 
which could only be attributed to other species, 
perhaps M2A2+.  However, no formula for these 
other species could be established from the data. 
At high ratios of acid to zinc, a reasonably con- 
stant equilibrium constant was obtained for a 
1 :1 complex, ZnA, as is seen from the data in 
Table IV. As before, M is the total zinc concen- 
tration, n is the total acid, rn the free [Zn2+], 
and lz the hydrogen ion concentration. The last 
columil gives the equilibrium constant, Kzn, for 

Zn2+ + A2- = ZnA, 
and its mean value is 86.6 (average deviation 
4.1) M-' .  It will be seen that Kzn does not vary 
with pH, at least over the range 2.9 to 4.3. It was 
also checked, from the amount of sodium hydrox- 
ide used in making up the solutions, that the 
observed pH agreed with a formula ZnA for the 
complex (as opposed to ZnAHf or ZnL-). 

3. Cobnlt(I1) 
Cobalt(I1) perchlorate has a weak absorption 

maximum at 510 mp, which was found to be 

enhanced, though not shifted, by addition of 
acetonedicarboxylic acid at pH values around 4. 
The method of continuous variation (6) was 
applied to determine the formula of the complex, 
by plotting D, the enhancement of the absor- 
bance, against M/(M + A).  8 is defined as 

B = D - en,. M, 

where D is the observed absorbance in a solution 
of total cobalt concentration M, and en, is the 
extinction coefficient of Co2 +, which was found 
to be 4.79 at 510 mp. The results for a pH of 
4.35 are plotted in Fig. 2, and show a maximum 

FIG. 2. Continuous variation plot for cobalt acetone- 
dicarboxylate conlplex. 
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TABLE V 
Absorbances of cobalt acetonedicarboxylate solutions 

-- 
~p 

-~ -- 

Kc, if (e ,  - em) is 

NO. 1 0 2 ~  l o 2 ~  105h D 0 . 9  1 .o 1 . 1  1.2 

0.672 
0.615 
0.386 
0.382 
0.376 
0.451 
0.448 
0.444 
0.513 
0.509 

Mean 
Av. dev. (%) 

at 0.5, but the curve is unsymmetrical with a 
bulge towards low values of M/(M + A). 
Evidently a 1 :1 complex predominates, but 
another complex with more acid is probably 
also present. 

Data on the absorbances at 5 10 mp of various 
mixtures of cobalt perchlorate and acetonedi- 
carboxylic acid at various pH, at 25 "C and an 
ionic strength of 0.6, are collected in Table V. 
In all these mixtures cobalt is in excess, and if 
it is assumed that the only complex is CoA, then 
the usual equilibrium and mass balance equa- 
tions give 

cobalt perchlorate, and similar absorbance meas- 
urements were made at 670 mp. The method of 
continuous variation (6) indicated a 1 :1 com- 
plex, with slight signs of a 1 :2 complex at low 
M/(M + A) ratios. The absorbance values are 
given in Table VI, and were treated in the same 
way as those for the cobalt complex. em at 670 m p  
is 1.85, and Table VI gives values of KN; cal- 
culated for different values of (e, - em). It is 
seen that the average deviation is least at 
(e, - em) = 0.46, for which the average KNi is 
59.3. Probably one can conclude that KNi is 
60 f 5 M-l .  - 

(D - en, . M )  (e,, - em) . With both nickel and cobalt, calculations were 
KCO = ( e u ~  - D ) L ~ , A  - D -  em(^ - A made (from the pH, and the amounts of added 

reagents, including sodium hydroxide) of the 
where Kc, is the equilibrium constant for degree of protonation of the complex. In both 

c o 2  + + A2- % COA, cases, the results supported a formula MA, 
where M is the metal and H,A is acetonedicar- 

e, is the extinction coefficient of CoA, and boxylic acid. 

This equation contains two unknowns, Kc, and 
e,, and the method that was adopted was to 
examine the constancy of the calculated value of 
Kc, for various values of (e, - em). This is done 
in the last colu~nns of Table V, and it can be seen 
that there is little to choose between e, - em = 

1.0 or 1.1. Owing to the small change in ab- 
sorbance, the value of Kc, is necessarily approx- 
imate, and the best average value is probably 
45 f 10 M-'. 

4. Nickel(I1) 
The behavior of nickel perchlorate with 

acetonedicarboxylic acid was similar to that of 

Kinetic Results 

I. Acetoacetic Acid 
Since the first product of the reaction, aceto- 

acetic acid, also loses carbon dioxide, a brief 
study was made of this second stage of the re- 
action, in order to check earlier work. As was 
already known (lo), acetoacetic acid decomposes 
by a first order, pH dependent reaction. This is 
interpreted as arising from the simultaneous de- 
composition of acetoacetic acid and its ion. 
Pedersen (10) calculated values of 0.99 x 
min-' for the rate constant for the free acid, and 
2.06 x lo- '  min-' for the rate constant for the 
ion, with pK, of acetoacetic acid equal to 3.30, 
these values being for 25 "C and an ionic strength 
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TABLE VI 
Absorbances of nickel acetonedicarboxylate solutions 

K N ~  if (e, - em) is 

No. 102M 102A lo5h D 0.43 0.45 0.46 0.47 0.49 

Mean 91.5 67.9 59.3 53.2 43.9 
Av. dev. (%) 10.3 5.2 5.0 7 .1  8.5 

of 0.51. Table V11 gives our results for this 
reaction, k, being the apparent rate constant, 
defined by the equation: rate = k,[total aceto- 
acetic acid]. It is easily shown that 

hk, + K,k, k p  = ---- 
h + K ,  l 

where k, and k, are the rate constants of the 
acid and its ion respectively. The results in Table 
VII are for 25 "C and an ionic strength of 0.60, 
and fit Pedersen's values for k, and k, very well 
if pK, is taken to be 3.41. The last column gives 
k, calculated from these values. It was also 
found that 0.0175 M copper perchlorate caused 
no measurable acceleration of the reaction, 
although the color indicated that some complex 
was formed. 

TABLE VII 
Decomposition of acetoacetic acid at 25 "C 

-- -- - 

Run h 103k (obs.) 103k (calcd.) 

2. Acetonedicarboxylic Acid. Uncatalyzed 
Reactioiz 

This decomposition was also known to be a 
first order, pH dependent reaction (3); and it was 
also interpreted in terms of independent re- 
actions of the acid and its ions. The apparent 
rate constant, k,, defined as the rate divided by 
the total concentration of acid, is then given by 

where k,, k,, and kc are the rate constants for 
H,A, HA-, and A2- respectively. In calculating 

k,, a correction was made for the decomposition 
of the acetoacetic acid formed, by means of the 
values of k, and k, obtained above. The fact 
that the pH changed somewhat during a run as 
the acid decomposed was also allowed for. 

TABLE VIII 
Decomposition of acetonedicarboxylic acid 

Run / I  103k, (obs.) 103k, (calcd.) 

The values of k, are given in Table VIII. At 
low pH, K, will be approximately equal to K,, 
and Table VIII shows that this lower limit of 
Kl (and hence Kc,) is close to 1.25 x loF3 
min-'. Hence an equation in k, and kc could be 
obtained for each of the other measurements. 
By subtracting the equation for the highest pH, 
values of k, could be obtained: their average was 
2.90 x min-', with an average deviation of 
0.10 x kc is evidently small, and is approx- 
imately 0.1 x The last column of Table 
VIII gives values of k, calculated from these 
values of k,, k,, and kc. Prue (3) obtained for 
42 "C and an ionic strength of 0.60, as in the 
present work, 

k, = 11.0 x 10-3, k, = 26.5 x 10-3, 
and kc = 1.15 x lop3 min-'. 
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TABLE 1X 
Decomposition of acetonedicarboxylic acid catalyzed by copper 

102kcu 
Run I O ~ M  I O ~ A  PH D lo5 rate (n~in-I) 
-- 

1 8.76 2.35 4.63 0.566 9.64 2.89 
2 1.75 3.03 4.53 0.238 6.24 4.33 
3 3.50 2.35 4.45 0.370 8.85 1.83  

These results make the activation energy for 
k, 23.9 kcal, and lc, 24.3 kcal; the entropy of 
activation is 0.3 cal/deg for k,, and 3.3 cal/deg 
for k,. 

3. Catalysis by Copper(II) 
Mixtures were made up containing various 

amounts of copper perchlorate, acetonedicar- 
boxylic acid, and sodium hydroxide, with so- 
dium perchlorate added to an ionic strength of 
0.60. The temperature was 25.0 "C. Readings 
were taken throughout of the gas evolved, the 
pH, and the absorbance at 400 mp. Results are 
given in Table IX. Initial concentrations of metal 
and acid are quoted. The rate of gas evolution 
(converted to g-moles/min 1 of solution) quoted 
is for some midpoint in the run where a steady 
rate was observed; the pH and absorbance 
readings are interpolated to the same time. 
The total gas evolution up to this time was also 
estimated; and, from this and the initial quantity 
of acetonedicarboxylic acid, the concentrations 
of acetonedicarboxylic acid and acetoacetic acid 
at this time were estimated. Allowance was also 
made for the acid combined in the complex, 
determined bv means of the absorbance and the 
extinction coefficients obtained earlier. 

It was assumed that the total rate was a sum 
from various first order reactions, 

rate = k,a + k2b + kcuu, 

where a is the total free acetoncdicarboxylic 
acid, whether ionized or not, b the total aceto- 
acetic acid, and u the total copper complex. 
k, and k2 are the effective rate constants (de- 
fined earlier) for the observed pH. kccu is the rate 
constant for the complex, and it presumably 
arises from both CuA and CuL-. Values of 
kc, so calculated are given in Table IX, and it 
can be seen that kc, is pH dependent. In this 

connection, it may be added that three further 
runs were done a t  pH 2.48, 2.19, and 0.80. At 
pH 0.80, the rate was the same as if no copper 
had been added, and at pH 2.19 it was only 
about 20% higher. This lack of dependence of 
rate on the free CU'+ concentration was taken 
as evidence that the copper catalyzed the reaction 
by decomposition of the complex, and not by 
some other mechanism. It will also be seen in 
Table IX that (with one exception) throughout 
M > A, this being done to avoid possible com- 
plications from higher complexes. Returning to 
the values of kc,, if we assume that this comes 
from the decomposition of both CuA and CuL-, 
then 

where kA and k ,  are the rate constants for CuA 
and CuL- respectively, and Ka, is the acid 
ionization constant of CuA. The method of least 
squares applied to the values of kc, in Table IX 
makes kA = 0.201 min-' and k ,  = 0.0056 
min-l, though the value of k ,  must be regarded 
as approximate. 

4. Catalysis by Zinc, Cobalt, nnd Nickel 
Since these metals behave similarly, they will 

be treated together. In each case mixtures of 
metal perchlorate, acetonedicarboxylic acid, 
sodium hydroxide, and sodium perchlorate were 
allowed to decompose at 25 "C. The reaction was 
followed by titration of the remaining acid. With 
zinc, the acid was in excess (to avoid Zn2A2+, 
etc.), and with cobalt and nickel equal concen- 
trations of metal and acid were used. Rate and 
pH were extrapolated to zero time. As with 
copper, it was assumed that the initial rate was 
the sum of rates for free acetonedicarboxylic 
acid (and ions) and the metal complex. The con- 
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TABLE X 
Decomposition of acetonedicarboxylic acid catalyzed by zinc, cobalt, or nickel 

-- 

Run Metal 102M I O'A PH l o5  rate l o3k ,  
-- 

1 Zn 1.71 5.28 4.00 6.49 1.53 
2 4.31 4.75 1.48 
3 4.47 4.09 1.52 
4 4.57 3.72 1.53 

centration of complex was calculated from the 
equilibrium constants obtained above. The re- 
sults are given in Table X. The last column gives 
the values of k,, the rate constants for the de- 
composition of the complexes. In no case is any 
appreciable drift with pH apparent, certainly 
not as compared with the experimental error. 
The average values for the rate constants are: 
k ,  = 1.52 x min-I; kc, = 2.13 x 
min-l; and kNi = 3.16 x min-'. The ac- 
curacy, of course, depends on the equilibrium 
constants, as well as the measured rates. How- 
ever, since the metals are complexed to a con- 
siderable extent, the errors from the equilibrium 
constants are not as bad as might be supposed: 
for instance a change of Kc, from 45 to 40 alters 
kc, by 4 %. Perhaps as an estimate we may write 
k,, = 1.5 (& 0.15) x kc, = 2.1 (41 0.2) 
x ; and lcNi = 3.15 (& 0.3) x min-'. 

Infrared Spectra of Solids 
Since copper behaved rather differently from 

the other metals, an attempt was made to prepare 
solid metal acetonedicarboxylates and to ex- 
amine their infrared spectra. The sodium salt 
(Na,A) was crystallized from water. Equimolar 
amounts of the other metal perchlorates and 
acetonedicarboxylic acid were mixed, the pH 
was adjusted to about 4 by NaOH, and ethanol 
was added, when precipitation occurred. The 
green copper salt was soluble in water, but the 
others could not be recrystallized, either from 
water or a variety of organic solvents. The copper 
salt gave an analysis (for Cu, Na) agreeing with 
NaCuL.2H20; the others gave somewhat vari- 

able analysis, though the metal content was 
always high enough to preclude any other ratio 
of metal to acid than 1 : 1. While these salts were 
not obtained pure, the qualitative differences in 
their spectra (in a Nujol mull) are worth men- 
tioning. The free acid (H,A) has two strong 
maxima at 1688 and 1730 cm-', and the sodium 
salt (Na,A) has one at 1587 cm- '. The cobalt, 
nickel, and zinc salts have strong maxima at 
1589 cm-', and weak maxima at 1700 cm-l. 
The copper salt has strong maxima at 1574 and 
1602 cm- ', a moderate maximum at 1507 cm- l, 
anci weak maximum at 1700 cm-l. 

Discussion 
The stability and rate constants obtained 

above are summarized in Table XI, and some 
comments can be made about them. Firstly the 
stability constants follow the common pattern 
of increasing from cobalt to copper and de- 
creasing again for zinc. The rate constants follow 
the same pattern, but the increase at copper is 

TABLE XI 
Summary of stability and rate constants (25 "C) 

- 
l o3  rate k Stability K 

Species (min- ') ( M -  I) PK 

H A  1.25 - 3.01 
H A  - 2.90 - 3.82 
A2 - 0.1  - - 
CoA 2.1 45 - 
Ni A 3.15 GO - 
CuA 201 112 3.81 
CuL - 5.6  - - 
ZnA 1.5 87 - 
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much more marked, as is the decrease at zinc. 
However, there seems to be no quantitative cor- 
relation between the rate and stability constants 
given in Table XI. 

The formation of the CuL- species for copper, 
but not for the other metals, is somewhat sur- 
prising. Admittedly the cobalt, nickel, and zinc 
complexes might behave similarly at higher pH 
(above 5), so the difference may not be as marked 
as appears at first. However, the different infra- 
red spectra, as well as the different acid-base 
behavior, suggests that the neutral copper com- 
plex might possibly be 1 and the others of 
formula 2. A greater amount of enolization of 
the copper complex has been noted for the 
oxaloacetate ion (4, 5), but the difference does 
not seem to be as great as here. 

It is of interest to note that the CuL- species 
is much less reactive than CuA, by roughly the 
same factor as is A2- compared with HA-. 
A tentative explanation is to suggest that in 
H,A and HA- the decarboxylation proceeds 
through a cyclic electron shift involving the 
proton (11), 

and that this is easier than the similar reaction 
with the ion A2-. 

CH CH2 
/ \2 /-\ 

-OOC c C-0- 103k = 0.1 
I )  li 
0 0 

In MA species, where M is Co, Ni, or Zn, the 

positive charge on the metal assists the electron 
shift. 

CH2 CH2 
/ \ /u\ 

O=C C C - 0  103k = 3.15 
I  11) I/ 
0 0 

In CuA, a different concerted electron shift is 
possible, 

which evidently goes more readily; while even 
in CuL-, this is still fairly easy, though (as was 
mentioned above) the drop in rate constant is 
similar to that between HA- and A2-. 
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Free radicals by mass spectrometry. XXXVIII. Primary steps in the mercury- 
photosensitized decompositions of dimethyl sulfide and dimethyldisulfidel 
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Divisiotr of Pure Cfzetnistry, Natiorral Research Council of Canada, Ottawa, Catrada 

Received October 4, 1967 

The reaction between m e r ~ u r y ( ~ P , )  atoms and dimethylsulfide at 55 "C has been shown to be exclusively 

Two primary modes of dissociation have been established for the corresponding reaction with dimethyl- 
disulfide. 

Hg(3Pl) + CH3SSCH, -t CH,SS + CH3 4- Hg('So) 

Hg(3Pl) + CH3SSCH3 + 2CH3S + Hg('S0) 
The former reaction accounts for - 20% of the primary decomposition at 55 "C. No reaction leading 
to H-atom removal was found for either compound. 

The subsequent reactions of CH3S and CH3SS radicals, chiefly combination and disproportionation, 
have been investigated briefly. 

Canadian Journal of Chemistry, 46, 833 (1968) 

Introduction 

The mercury-photosensitized decompositions 
of a large number of hydrocarbons and oxygen- 
and nitrogen-containing compounds have now 
been studied and for many the mechanism has 
been established in some detail (1). Except 
for some measurements of quenching cross 
sections, however, no studies have been reported 
for the Hg(3P,)-photosensitized decompositions 
of sulfur-containing compounds. 

The production of alkylthiyl radicals in the 
pyrolysis and direct photolysis of dialkyl sulfides 
and alkyl disulfides has been reviewed recently 
(2). The mercury-sensitized photodecompositions 
of dimethylsulfide and dimethyldisulfide are of 
interest since they promise to be sources of the 
methylthiyl (CH,S) radical, about which our 
knowledge is rather limited. Interest centers on 
similarities to, and differences from, the methoxyl 
radical whose reactions are now well docu- 
mented. 

Experimental 

illuminated by a low pressure mercury lamp of high 
intensity. In the present experiments the residence time 
in the reactor a t  55 "C was about 1 x s. Directly 
following the illuminated zone, the reaction stream 
passed over a small orifice leading directly into the 
ionization chamber of a mass spectrometer. The partial 
pressures of reactant and product gases in the immediate 
neighborhood of the orifice can be measured with the 
mass spectrometer after appropriate determinations of 
sensitivity coefficients have been made. The reaction 
conditions resemble those of flash photolysis insomuch 
as a relatively large concentration of free radicals is 
generated. Thus reactions between free radicals are 
favored over radical-substrate reactions. 

Dimethylsulfide (B.D.H. Canada Ltd.) and dimethyl- 
disulfide (Eastman Organic Chemicals) were purified by 
several bulb-to-bulb distillations itr vacrro. Mass spectra 
and nuclear magnetic resonance (n.m.r.) analysis were 
used as tests of purity. The sample of mercury dimethyl- 
d, was prepared by Dr. L. C. Leitch. 

Results and Discussion 

Decomposition of Dimetlzylsulfide 
Preliminary experiments using low energy 

ionizing electrons showed an increase at 
mle = 15 when the reactor was illuminated, 

The mercury-photosensitized decompositions were indicating the presence of methyl radicals. No 
studied using a fast flow system coupled to a mass increase at 47 (CH3S) could be detected 
spectrometer. The apparatus and method of operation under the same experimental sug- have been described previously (3) and it is sufficient here 
to give only the salient features. gesting that CH3S radicals have a lower effective 

The reactant and mercury vapor at  partial pressures ~en~itivity in the mass spectrometer than do 
of a few microns were carried in a stream of helium at CH3 radicals. No increase was found at rn/e = 61 
8 Torr pressure through a tubular reactor which was (CH,SCH,). . - -- ~ n a l ~ s i s  at the 50 V mass spectra obtained 

'NRCC Contribution No. 9864. when the reactor was illuminated showed that 
'NRCC Postdoctorate Fellow 1965-1967. 
3Visiting Scientist from University of Osaka Prefecture, tF products of the were dimethyl- 

Japan. disulfide, methyl mercaptan, and ethane. Minor 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



834 CANADIAN JOURNAL O F  I 3HEMISTRY. VOL. 46. 1968 

products detected were methane, unreacted 
methyl radicals, and a trace of carbon disulfide. 
After the spectra of these products had been 
subtracted from the composite product spectrum, 
there remained small peaks at m/e = 46 and 45. 
This residue was shown to be real in a number of 
experiments concentrating only on this part of 
the spectrum. The ratio 46/45 was approxi- 
mately 0.7. This spectrum is attributed to 
thioformaldehyde, H,CS (4), the sulfur analog 
of formaldehyde. Since this compound has not 
been isolated in monomeric form, no sensitivity 
coefficient could be obtained and its concentra- 
tion could not be measured directly. The products 
expressed in mole % [(number of moles formed 
per mole of CH,SCH, decomposed) x 1001 are 
shown in Table I. Since the most abundant 

TABLE I 
Mercury-photosensitized decomposition of 
CH3SCH, (6.2 microns) in 8 Torr helium 

(decomposition = 20 %) 
-- 

Product Mole % 

CH; 7.0  
cs2 0.76 

HzCS Not measured 
C balance 80.6 % 87.8 %* 
S balance70.2% 85.1% 
H balance82.8X 88.1% 

*Balances incorporating CHIS contribution based 
on disproportionation mechanism. 

products are the dimers of CH, and CH,S 
radicals, it is evident that the reaction proceeds 
principally by scission of the carbon-sulfur bond. 

A careful search was made for both hydrogen and 
the dimer (CH,SCH,),, but neither was present 
in detectable amounts. A more sensitive search 
for CH,SCH, radicals was made, using a 
"titration" of the reaction by a large excess of 
CH, radicals, produced by the simultaneous 
photodecoinposition of Hg(CH,), added to the 
reaction stream (5). Although a small peak at 
the parent mass for the CH,SCH,CH, adduct 
(mle 76) was present, it did not increase with the 
addition of CH, radicals. This is shown in Fig. 1. 
This peak is also the parent peak of CS, which 
appears to be formed in trace amounts in the 

reaction. The estimated sensitivity of detection 
for the CH,SCH, radical by this test is about 2 % 
of the total reaction, and this upper limit may be 
set for the alternative primary process 

A similar titration of the reaction with CD, 
radicals formed from Hg(CD,), gave the results 
shown in Fig. 2 (curve A). The yield of CH,SCD, 
increased with increasing CD, addition, reaching 
a limiting yield of 0.62 of the sulfide decomposed 
(assuming equal sensitivity coefficients for 

Hg(CHalp ADDED (ARBITRARY UNITS1 

FIG. 1. Effect of adding Hg(CH,)? to reaction 
stream during the decon~position of dimetl~yl sulfide. 
A76/A62 is the ratio of peak heights. 

DL 100 200 300 400 500 600 

HgICD,), ADDED (ARBITRARY UNITS1 

FIG. 2. Curve A. Limiting yield of CH3SCD3 
formed by addition of Hg(CD,), to reaction stream 
during the decomposition of dimethyl sulfide. Curve B. 
Effect of Hg(CD3), addition on the yield of CH,SSCH,. 

CH,SCH, and CH,SCD,). Since the interaction 
of CH,S and CD, may also lead to dispropor- 
tionation, this limit represents the minimum 
fraction of the primary decomposition which 
gives CH,S radicals. It can be seen from Fig. 2 
(curve B) that the yield of the dimer CH,SSCH, 
falls correspondingly toward zero as the CH,S 
radicals are progressively removed by titration 
with CD, radicals. During this titration experi- 
ment it was observed that the fully deuterated 
sulfide CD,SCD, was produced in small 
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amounts, reaching a limiting yield of 0.08. This 
is thought to result from a secondary photo- 
sensitized reaction, according to the sequence: 

There is an alternative possibility which must 
be considered, since it would affect the reli- 
ability of the CD, titration. The displacement 
reaction 

has been reported (6) and the two-step sequence 

is possible in principle. However, reaction [6] 
would be - 10' times slower (log A = 10.73 
mole-' cm3 s-', E = 7.6 kcal/mole) than the 
radical combination reactions occurring in the 
titration. Moreover, the sequence of reactions 
[7] and [8] would lead to a continuous increase 
for curve A, Fig. 2, at the higher CD, concentra- 
tions, rather than the plateau observed. 

Effect o f  Addition o f  Carbon Monoxide 
The effect of carbon monoxide addition on 

Hg-photosensitized reactions under the condi- 
tions employed in this work has been used as a 
test to show whether a decomposition proceeds 
through formation of an electronically excited 
precursor, or by a nonexcited state paraffin-type 
reaction (3, 7). Two distinct types of behavior 
are found: a 1.6-2.5-fold increase in the rate 
of decomposition, attributed to an increased 
rate of formation of the excited state precursor 
through the actioil of a postulated complex 
HgCOh, or no effect other than a slight decrease 
in rate attributable to competitive quenching of 
H g ( 3 ~ l )  by CO. The two types of behavior 
can in fact be observed for two different primary 
dissociation processes in the same inolecule (7). 
The effect of the addition of CO to the reaction 
stream containing CH3SCH3 is shown in Fig. 3. 
According to the interpretation given above, the 
rate enhancement observed indicates that reac- 
tion [l] proceeds by formation of an electroni- 
cally excited state of CH,SCH3, presumably a 
triplet, which then dissociates by C-S bond 
rupture. 

Decotnpositio17 Mechnnisin 
On the basis of the findings given above, the 

0 1  I I 
100 2 0 0  300 4 0 0  

PRESSURE OF ADDED CARBON MONOXIDE (MICRONS) 

FIG. 3. Effect of added CO on the decomposition of 
dimetllyl sulfide. A, is the decon~position in the presence 
and A, in the absence of added CO. 

following mechanism can be proposed (where 
* denotes electronic excitation). 

This mechanism leads to the following 
relationship among the products, where the 
quantities in brackets are the concentrations 
measured at the sampling orifice. 

Inserting the measured concentrations given in 
Table I gives 0.47 - 0.51 for this equality, 
assuming that $[CH,S] does in fact equal zero, 
since this radical could not be detected. Assum- 
ing, on the other hand that the concentratioil 
of undetected CH,S is equal to that detected for 
CH,, the equality becomes exact (0.51 = 0.51). 
The C, S, and H balances for the observed 
products are given in Table I, in the first column 
excluding H2CS, and in the second column 
including an amount of H2CS calculated on the 
basis that [H2CS] = [CH,] + [CH3SH]. The 
good agreement of C, S, and H balances in the 
latter case supports this assumption. The fate of 
the missing 15% is not known. The missing 
component appears to have the same C, S, 
and H ratio as the dimethylsulfide itself. The 
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formation of some polymer was indicated by a 
progressive deposition of an opaque substance 
on the reactor walls, which could be removed 
completely by heating in a stream of air. 

The Combination and Disproportionation 
Reactions of CH3S 

In the above mechanism, the only source of 
CH3SH has been taken as reaction [12], and 
the disproportionation to combination ratio for 
two CH3S radicals, k12/kll, would be given by 
the product ratio [CH,SH]/[CH,SSCH,]. The 
average of several experiments gave this ratio 
as 0.4 -t 0.1. 

The result is in line with previous investiga- 
tions where disproportionation between two 
alkylthiyl radicals has been found to occur. Thus 
Coope and Bryce (8) studied the gas phase 
pyrolysis of dimethyldisulfide and found 1 mole 
of methylmercaptan per mole of reacted 
disulfide, together with a product they believed 
to be a thioformaldehyde polymer. Later, 
Rosengren (9) photolyzed a number of alkyl 
disulfides in a hydrocarbon matrix at 77 OK and 
recorded spectral changes both at 77" and on 
warm up. The detection of both products 
mercaptan and thioaldehyde (or ketone) estab- 
lished the occurrence of disproportionation 
as the only reaction leading to decomposition. 

The results presented here are, however, in 
disagreement with those obtained by Knight 
et al., who concluded that the disproportionation 
reaction for CH,S radical produced from the 
direct photolysis of methylmercaptan (10) and 
dimethyldisulfide (1 1) was many times slower 
than the combination. Their conclusion was 
based on the apparent absence of H2CS or its 
trimer among the products and the relatively 
small amount of CH,SH produced from 
dimethyldisulfide photolysis compared with the 
rate of CH,S formation. (The authors preferred 
an abstraction reaction leading to the formation 
of CH,SH.) Such a slow disproportionation 
reaction would be rather surprising in view of 
its large exothermicity, 42 i 8 kcal/mole (4), 
but on the other hand the exothermicity for 
reaction [I 11 is even greater. The evidence for 
k12/kll = 0.4 1 0.1 obtained from the present 
work is not unambiguous, owing to the difficulty 
in making a quantitative analysis for H2CS, and 
its concurrent formation from reaction [14]. The 
magnitude of kl,/kll depends, therefore, mainly 
on the assumption that CH,SH is formed 

solely from reaction [12]. There are two alterna- 
tive sources, abstraction of H atom from the 
parent sulfide, and from substances adsorbed on 
the walls of the ion source. 

[17] CH3S + CH3SCH3 -t CH3SH + CHZSCH3 

Reaction [I71 as a source for the observed 
quantity of CH3SH can be ruled out, since no 
trace of the expected addition products of the 
CH3SCH2 radical were found. It should be 
noted that even with a large excess of added CH, 
radical there was no evidence for formation of 
this radical by the corresponding abstraction 
reaction 

Since reaction [I91 would be expected to be faster 
than [17], it is evident that [I71 can be neglected. 
With regard to wall reaction there seems no 
reason why reaction [I81 should be faster than 
the corresponding reaction of CH, radical. 
In thermal decomposition experiments no 
difficulty was encountered in obtaining good 
yields of CH,S radicals in a similar apparatus 
(12). 

Some conclusions can be drawn about the ratio 
of disproportionation to combination for CH, 
+ CH,S, that is, k14/k13. In the CD, titration 
experiment whose result is shown in Fig. 2, 
the yield of CH3SCD3 was only 0.62, while the 
results in Table I indicate that at least 85 % of the 
CH3SCH3 decomposed to give CH, $ CH3S 
radicals. Assuming that the titration of CH,S 
was complete, as suggested by the plateau in 
curve A, Fig. 2, the combination reaction [3] 
accounted for 0.62/0.85 of the CH,S radicals. 
To this should be added the yield of CD,SCD3, 
0.08, formed through reactions [3], [4], and [5]. 
The combination reaction would then account 
for 0.70/0.85 or 0.82 of the total radical inter- 
action, and the disproportionation reaction 

1201 CD3 + CH3S -+ CD3H + H,CS 

would account for 0.18. The ratio k2,/k, then 
becomes 0.2, with the corresponding ratio for 
undeuterated species, k14/k13, presumably not 
greatly different. 

Comparison with the ~~(~P, ) -Se i l s i t i zed  
Reaction of Dimethyl Ether 

Although CH30CH3 and CH,SCH, are 
analogous species, the modes of reaction with 
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Hg(,P,) atoms appear to be entirely different. TABLE I1 
According to the present work CH,SCH, Mercury-photosensitized decomposition of 
reacts through formation of an electronically CH3SSCH3 microns) in 

(decomposition = 16 %) 
excited molecule which dissociates mainly or 
exclusively by C-S bond scission, without loss Product Mole % 
of a H atom. The Hg('P,)-sensitized reaction 
of CH,OCH,, on the other hand, appears not CH3SCH3 26.5 CH3SSSCH3 25.9 
to involve an electronically excited precursor (7) CH3SH 22.0 
and proceeds, according to recent work (13), CzH, 13.4 
mainly through removal of H atom by Hg(,P,) CH2S CH4 1.9 

Not measured 
in a reaction apparently similar to that found for CH3SSH Not measured 
paraffins. This difference in the nature of the CS 2 Not measured 

primary interaction is also illustrated by the large Mass balances (CH2S, CH3SSH, and CSZ 

difference in quenching cross sections, 49.3 A2 for not included) 
C 77.8% 

dimethylsulfide and 10 A2 for dimethyl ether s 63.2% 
(Procedure I1 values from ref. 1). The difference H 81.5% 

presumably results from the greater availability 
of suitable triplet states in the sulfur compound. A third possible mode of decomposition is the 
The weakness of the C-S bond compared with breaking of a C-H bond. 
the C-0 bond may also be a factor contribut- 
ing to the different mode of dissociation. t231 Hg(3PI) + CH3SSCH3 -+ CH3SSCH2 + H + 
Decomposition o f  DinzethyldisulJide 

Hg('S0) 

In the decomposition of this compound, an A search for hydrogen and the dimer 
increase in mle 47 was observed with low energy (CH3SSCH2), was made but neither was 
ionizing electrons indicating that CH,S radicals present in significant amounts. The absence of 
were formed. Analysis of the product spectra CH3SSCH2 radical was confirmed in titration 
using 50 V electrons, though more complex experiments using Hg(CH,),. No peak at 
than for CH,SCH,, showed that the products mle = 108, corresponding to the parent peak of 
were dimethylsulfide, 2,3,4-trithiopentane (CH,- the addition compound of CH3SSCH2 with CH,, 
SSSCH,), methyl mercaptan, and methane. could be detected. The estimated sensitivity of 
The peak residues remaining after the spectra detection indicates that reaction [23], if it 
of these products had been stripped from the occurs at all, accounts for less than 2 %  of the 
composite spectrum were consistent with the primary dissociation. 
formation of thioformaldehyde, carbon disulfide, 
and methylhydrodisulfide. These products could 
not be estimated quantitatively. As mentioned 
above, thioformaldehyde does not remain in 2 

I I I 

CH,SCn, - 15 

monomeric form, and methylhydrodisulfide . 
appears to be unstable at room temperature 4 0 2  

0--090-cL 

(14). The carbon disulfide could not be estimated 2 
owing to the possibility of an unknown contri- 
bution from the hydrodisulfide. The product i 

F 01 

1 0  

yields obtained are given in Table I1 along with 
the The derived products mass found, balances. particularly the trisulfide, : P " o Ky- cH,SSSCH, 

indicate that two primary dissociations are 
I z%!-..+ 

oL--- 

Io5 
100 200 300 

occurring; one by the fission of a S-S bond and 400 

HglCH,12 ADDED (ARBITRARY UNITS1 

the other by fission of a C-S bond. 
FIG. 4. Curve A. Limiting yield of CH3SCH3 

[21] Hg(3PI) + CH3SSCH3 -+ 2CH3S + Hg('So) formed by addition of Hg(CH3)2 to the reaction stream 
during the decomposition of dimethyldisulfide. Curve B. 

[22] Hg(3Pl) + CH3SSCH3 -+ CH3SS + CH3 + Effect of Hg(CH3), addition on the yield of 2,3,4- 
Hg('SD) trithiopentane. 
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Titration experiments using Hg(CH,), and position, as for that of CH3SCH3, proceeds by 
Hg(CD,), gave positive confirmation of the way of an excited electronic state. 
occurrence of the two primary dissociation Decon~position Mechanisn~ 
modes, reactions [211 and [221. The results The following mechanism, based on the two 
of the titration of the radical by CH3 primary modes of dissociation, is put forward to  
radicals from the addition of Hg(CH3), to the e x ~ l a i n  the ~ r o d u c t s  observed. 
reaction stream are shown in Fig. 4 (curve A). 
A yield of 1.38 CH3S radicals per molecule of [241 CH3SSCH3 + Hg(3PI) -+ CH3SSCH3* + Hg('So) 

disulfide decom~osed was obtained. Titration [251 CH3SSCH3* + 2CH3S 

with Hg(CD3), .showed formation of the fully 
deuterated dimethyl sulfide (yield .08) explained 
as before by reactions [3], [4], and [5]. Curve B 
in Fig. 4 shows the rapid decrease of the 
2,3,4-trithiopentane when Hg(CH,), is added to 
the reaction stream, confirming that the trisulfide 
arises from the free radical precursors CH3S and 
CH3SS. 

HgICD312 ADDED (ARBITRARY UNITS) 

The titration experiments with Hg(CD3), 
indicated that decomposition proceeding by 
C-S split (reaction [26]) accounts for at least 
16 % of the overall decomposition. The amount 
of trisulfide formed (see Table 11) indicates that 
this mode accounts for 26% of the decomposi- 
tion. The difference between these two numbers, 
though perhaps not much larger than the 
experimental error, may indicate that combina- 
tion is more efficient (i.e. less disproportionation) 
between CH3SS and SCH, than between 
CH,SS and CD,. The usual type of dispro- 
 ort ti on at ion reactions between the latter  air 

FIG. 5. Limiting yield of CH3SSCD3 formed by does seem likely; 
addition of Hg(CD& to the reaction stream during the 
decomposition of dirnethyldisulfide. DO] CD3 f CH3SS -t CD3H -1 (CH,SS), 

Titration experiments einploying Hg(CD3), 
demonstrated the presence of methyldithiyl 
(CH,SS) radicals in the system by detection of 
the adduct CH3SSCD3. The results are shown 
in Fig. 5. The height of the plateau indicated 
a yield of 0.16 CH3SSCD3 per substrate 
molecule decomposed. 

Effect of Carbon Monoxide 
An effect identical with that found for the 

dimethylsulfide decomposition was observed 
with carbon monoxide addition. In a single 
determination the addition of 200 microns of 
carbon monoxide to  the reaction stream caused 
the amount of decomposition to increase by a 
factor of 1.8. It may be concluded that the decoin- 

but a reaction of the type 

D ~ I  CD3 $ CH3SS + CH3S + CD3S 

could be possible. In this case titration with CD, 
would produce fully deuterated dimethyl sulfide 
which could possibly account for some of that 
observed. Methylhydrosulfide has been assumed 
to arise by the disproportionation reaction [28]. 
The alternative possibility that it is formed by 
abstraction from a substrate molecule is con- 
sidered unlikely under our conditions in view 
of the reported tinreactive nature of these 
radicals (see ref. 2). Moreover, no addition 
products of the CH,SSCH, radical which would 
be formed in this abstraction reaction were 
observed. 
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Dielectric studies. Part XVII. Relaxation processes and corresponding 
enthalpies of activation of some mono-substituted benzenes 

J. CROSSLEY 
University of Aston it1 Birmingham, Eng/attd 

AND 

S. WALKER 
Chetnistry Department, Lakehead University, Port Arthur, Ontario 

Received August 28, 1967 

The dielectric absorption at several microwave frequencies of liquid ethylbenzene, isopropylbenzene, 
and phenyltrimethylsilane at 15, 37.5, and 50°C and cyclohexane solutions of t-butylbenzene and 
benzotrichloride at 15, 37.5,45, and 50 "C has been examined. Benzotrichloride has also been studied in 
cyclohexane and p-xylene solution at 25 "C. Only molecular reorientation can be detected for benzo- 
trichloride, whereas the remainder are all characterized by an absorption that may be analyzed into two 
relaxation times, one associated with molecular reorientation (r,) and a shorter relaxation time (r,) 
which appears to be attributable to an intermolecular process. The enthalpies of activation of the rl 
process show the expected increase with increasing molecular size, while no  temperature dependence is 
detectable for the shorter relaxation process. 

Canadian Journal o f  Chemistry, 46, 841 (1968) 

Previous work (1, 2) has shown that the mean 
relaxation times of o-xylene, m-xylene, toluene, 
and ethyl-, isopropyl-, and t-butyl-benzene were 
short in comparison with those of rigid mole- 
cules of similar shape and size (2, 3). The di- 
electric absorption of these alkylbenzenes at 
25 "C and 1-methyl- and 2-methyl-naphthalene 
at 50 "C was analyzed in terms of molecular 
reorientation and also a short relaxation time 
process. Furthermore, the mean relaxation times 
of some phenyl-substituted compounds were 
found to be significantly short (4), indicating 
a large contribution to the absorption from some 
short relaxation time process (z,). Two explana- 
tions have been considered to explain T,: (a) an 
intermolecular process, e.g. the decay of some 
form of charge distortion resulting from molecu- 
lar collisions, or (b) an intramolecular relaxation 
process involving rotation about the alkyl-aryl 
bond in which the overlap of the alkyl group 
orbitals with the TC electrons of the ring might 
vary. This would cause some movement of 
charge to and fro between the n-electron cloud 
of the phenyl group and the alkyl group during 
rotation, and implies oscillation of negative 
charge. The weight of evidence favored mechan- 
ism (a). However, it seemed worthwhile examin- 
ing the dielectric absorption of phenyltrimethyl- 
silane and ethyl-, isopropyl-, and t-butyl- 
benzene over a temperature range in order to 
obtain the enthalpies of activation AH,', AH, *, 
and AH,* associated with the mean relaxation 

time, T,  and T, respectively, and also to deter- 
mine whether the weight factor of the shorter 
relaxation process was temperature dependent, 
the main aim being to gain more information on 
the characteristics of the T, process. 

Experimental Methods 
The preparation of phenyltrimethylsilane and the 

purification of cyclohexane, p-xylene, and ethyl-, iso- 
propyl-, and t-butyl-benzene have been described else- 
where (1, 4, 5). Benzotrichloride was dried over calcium 
chloride and fractionally distilled using a 30 theoretical 
plate spinning band column. A small center fraction was 
collected and the purity confirmed by gas-liquid chroma- 
tography. 

The apparatus and techniques employed have been 
described previously (5,  6). The dielectric constant ( E ' )  
and loss factor ( E " )  were determined at 70.00, 35.09, 
23.98, 16.20, 9.313, and 6.700 Gc/s. The static dielectric 
constant ( e o )  was measured with a heterodyne beat 
apparatus at 2 Mc/s. 

Experimental Results 
The evaluation of the high frequency dielectric 

constant (E,), distribution coefficient (a), mean 
relaxation time ( T ~ ) ,  discrete relaxation times 
(T, and T,), weight factors (C, and C,), and 
dipole moment (y) has been described previous- 
ly (2). 

From the relaxation time the free-ener~v 
" d  

barrier (AG*) separating two equilibrium posi- 
tions of the relaxing dipole may be evaluated 
from transition-state theory (7) to be 

1 /z = ~ ( k T / h )  exp (-AG*/RT), 
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TABLE I TABLE I (Corrcl~rded) 

Dielectric constant and loss data for some substituted 
benzenes in pure liquid and in cyclohexane and p-xylene Frequency 
solutions at specified weight fractions (IV,). E' and E" are l V ~  (Gels) E' E" E ' C ~ I C ~  ~ " c v ~ e d  
the measured values while E',,,,, and E " ~ ~ ~ ~  are the 
values estimated from the r,, r,, and C1 values in Table I1 t-Butylbenzene in cyclohexane at 50 O C  

0.6757 35.09 2.126 0.0216 2.12, 0.021. 
23.98 2.133 0.0251 2.134 0.0250 

Frequency 16.20 2.149 0.0303 2.142 0.0304 
~2 (Gc/s) E' E" ~ ' c a ~ c r l  E " ~ ~ I ~ ~  9.313 2.163 0.029, 2.15, 0.0309 

6.700 2.169 o.0305 2.16,j 0.0279 

Ethylbenzene at 15 O C  
35.09 2.300 0.044, 2.296 
23.98 2.304 0.057, 2.310 
16.20 2.33, 0.062, 2.32, 

Phenyltrimethylsilane at 15 'C 
1.0000 35.09 2.323 0.0121 2.33, 0.0123 

23.98 2.335 0.O1l9 2.33, 0.012, 
16.20 2.34, 0.015, 2.34, 0.0135 
9.313 2.356 0.01'12 2.346 0.015, 
Phenyltrimethylsilane at 37.5 OC 

1.0000 35.09 2.303 0.O1l6 2.303 0.O1l5 
23.98 2.30, 0.012, 2.30, 0.012? 

Ethvlbenzene at 37.5 "C 

Phenvltrimethvlsilane at 50 O C  

Ethylbenzene at 50 "C 
35.09 2.24, 0.048, 2.24, 

Benzotrichloride inp-xylene at 25 "C 
0.07167 70.00 2.288 0,0246 

Isopropylbenzene at 15 'C 
35.09 2.263 0.0358 2.265 
23.98 2.272 0.0452 2.27, 
16.20 2.28, 0.053, 2.28, 
9.313 2.32, 0.0670 2.315 
6.700 2.33, 0.066, 2.33, 

Benzotrichloride in cyclohexane at 15 'C 
0.07387 70.00 2.052 0.016, 

34.86 2.05" 0.0268 
23.98 2.06, 0.0379 
16.20 2.076 0.0506 
9.313 2.10, 0.067, 

Isopropylbenzene at 37.5 "C 
35.09 2.23, 0.038, 2.23, 
23.98 2.248 0.0490 2.245 
16.20 2.26q 0.058, 2.26- 

Benzotrichloride in cyclohexane at 25 "C 
0.06200 34.86 2.038 0.025, 

23.98 2.044 0.0345 
16.20 2.054 0.044, 
9.313 2.07, 0.056, 

Benzotrichloride in cyclohexane at 37.5 "C 
0.07315 70.00 2.02, 0.020, 

34.86 2.027 0.0324 
23.98 2.039 0.0439 
16.20 2.05, 0.055, 
9.313 2.080 0.065, 

Isopropylbenzene at 50 O C  
35.09 2.21, 0.041, 2.21, 
23.98 2.232 0.0508 2.226 
16.20 2.24, 0.059, 2.246 
9.313 2.274 0.056, 2.27, 
6.700 2.292 0.0491 2.D2 

-B~~tylbenzene in cyclohexane at 15 "C 
35.09 2.176 0.017, 2.17, 
23.98 2.177 0.022, 2.18, 
16.20 2.18, 0.0264 2,188 
9.313 2.206 0.034, 2.20, 

Benzotrichloride in cyclohexane at 45 "C 
0.07244 35.09 2.015 0.0333 

t-Butylbenzene in cyclohexane at 37.5 "C 
35.09 2.14, 0.0193 2.14, 
23.98 2.15" 0.024, 2.15& 

Benzotrichloride in cyclohexane at 50 "C 
0.07381 70.00 2.003 0.0198 

34.86 2.01, 0.035, 
23.98 2.025 0.046, 
16.20 2.03, 0.056, 
9.313 2.06, 0.062, 

t-Butylbenzene in cyclohexane at 45 O C  
35.09 2.138 0.0208 2.138 
23.98 2.141 0.0248 2.144 
16.20 2.160 o.03l6 2.153 
9.313 2.170 0.0338 2.17, 
6.700 2.179 0.030, 2.1g1 

where 12 is Planck's constant, k is the Boltzmann 
constant, T the absolute temperature, and K the 
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CROSSLEY AND WALKER: DIELECTRIC STUDIES. PART XVll  

TABLE I1 

Static dielectric constant, high frequency dielectric constant, relaxation times, weight factor, 
distribution coefficient, and dipole moment data for some substituted benzenes. The relaxation 

times (in seconds) have been multiplied by 1012 

Ethvlbenzene 

Isopropylbenzene 
1 .OOOO 15 19.8 24.6 5.2 0.8 0.08 0.40 2.401 2.24 
I .OOOO 37.5 14.0 15.1 4.0 0 .9  0.03 0.39 2.347 2.21 
1 .OOOO 50 11.8 13.9 7.8 0 .7  0.02 0.40 2.318 2.19 

t-Butylbenzene in cyclohexane 
0.6757 15 24.0 31.7 8.1 0.8 0.12 0.40 2.255 2.16 
0.6840 37.5 16.6 20.9 8.1 0 .8  0.05 0.39 2.215 2.14 

Phenvltrimethvlsilane 

Benzotrichloride in y-xylene 
0.071 67 25 20.5 20.5 - 1.00 0.00 2.06 2.450 2.06 

Benzotrichloride in cyclohexane 
0.07387 15 25.8 0.05 2.18 2.208 2.05 
0.06200 25 23.5 0.05 2.16 2.156 2.03 
0.07315 37.5 17.8 0.03 2.18 2.153 2.02 

transmission coefficient normally taken to be 1. 
It also follows from transition-state theory 

that the enthalpy of activation (AH*) may be 
obtained from the equation 

The dielectric constant and loss data are 
presented in Table I. The experimental values E' 

and E" are compared with those calculated from 
the Budo equations (8, 9) using the T,, T,, and 
C, values, given by computer analysis, which are 
listed in Table I1 together with the mean relaxa- 
tion time, weight fraction, dipole moment, 
static and high frequency dielectric constant, and 
distribution coefficient. 

Discussion 

The non-zero distribution coefficient and 
mean relaxation time of 23.5 x 10-I, s for 
benzotrichloride in cyclohexane at 25 "C (Table 
11) is in good agreement with the non-zero 
distribution coefficient and identical relaxation 
time reported by Hufnagel and Kilp (10) for this 
compound in cyclohexane at 20 "C. The non- 

zero a for benzotrichloride in cyclohexane a t  
25 "C might suggest a contribution to the 
dielectric absorption from a T, process of similar 
origin to that detected for the monoalkylben- 
zenes (1). However, the dipole moment of 
benzotrichloride is considerably greater than 
those of the alkylbenzenes, and for an intra- 
molecular process to be detectable a mesomeric 
moment appreciably greater than the literature 
values (1 1) would be necessary. The mean 
relaxation time of benzotrichloride inp-xylene at 
25 "C is a little shorter than in cyclohexane at the 
same temperature, and the zero distribution 
coefficieilts for the p-xylene at 25 "C and cyclo- 
hexane at 50 "C measurements are against 
analyzing the dielectric data into contributions 
from two relaxation times. Thus the measured 
relaxation time of benzotrichloride may be taken 
to be a molecular relaxation time value. 

For phenyltrimethylsilane and ethyl-, iso- 
propyl-, and t-butyl-benzene non-zero distribu- 
tion coefficients are observed at 15, 37.5, and 
50 "C, and their dielectric data may be analyzed 
in terms of contributions from two relaxation 
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times (Table 11) and the analyses fall in line with 
those for toluene and ethyl-, isopropyl-, and 
t-butyl-benzene at 25 "C (1). The T, values of the 
alkyl-substituted compounds in Table I1 are in 
the sequence of lengthening T, with increasing 
molecular size and seem reasonable in relation to 
the molecular relaxation of benzotrichloride, 
since the van der Waal radii of the chlorine atom 
and methyl group are 1.8 and 2.0 A respectively 
(12). 

No systematic variation of C2 with tempera- 
ture is discernible for the results in Table 11. The 
T, values of isopropyl- and t-butyl-benzene are 
subject to appreciable errors since C2 is on the 
whole fairly small. However, they compare 
favorably with those obtained by Hassell and 
Walker (1) at 25 "C. Furthermore, no apparent 
decrease of these T, values and that for the sili- 
con compound with increasing temperature are 
apparent, and thus the enthalpy of activation 
(AH2*) for the r 2  process is indistinguishable 
from zero. Such behavior does not favor intra- 
molecular rotation about the alkyl-aryl bond, 
since, as models and kinetic data (13) show, the 
steric hindrance to rotation for t-butylbenzene is 
considerably greater than for toluene. For 
toluene AH2* was found to be 1.3 F 1 kcal/mole 
(1) compared with a potential barrier from gas 
measurement of 0.5 kcal/mole (14). Unfortun- 
ately literature values of barrier heights for the 
molecules in Table I1 are not available for 
comparison. 

TABLE 111 
Enthalpies of activation (kcal/mole) relating 
to the ro and 7, data in Table I1 for some 

mono-substituted benzene compounds 

Compound AHo* AHl* 

Ethylbenzene 1 .8  1 .9  
Isopropylbenzene 2 .4  2 .3  
t-Butylbenzene 2.5 2 .8  
Phenyltrimethylsilane 3.1 3 .5  
Benzotrichloride 2.3 - 

sequence. Petro and Smyth (15) have measured 
ethyl- and isopropyl-benzene at three tempera- 
tures and reported significant distribution co- 
efficients. They obtained AHo* values of 1.9 and 
2.5 kcal/mole respectively, which is remarkably 
good agreement with the values in Table 111. 

From the work reported in this series the 
following objections to an intramolecular relaxa- 
tion process emerge. 

(i) The enthalpies of activation for the T, 

process for toluene and ethyl-, isopropyl-, and 
t-butyl-benzene are indistinguishable from zero. 

(ii) The potential barriers to methyl group 
rotation in o- and nz-xylene in the gas phase are 
reported to be 2.0 and 0.5 kcal/mole (15) res- 
pectively, which are inconsistent with possible 
analyses for both in terms of a -c2 value of 

4 X 10-l2 S. 
(iii) The T, value for phenyltrimethylsilane is 

shorter than that for t-butylbenzene although the 
former contains the larger substituent group and 
has probably a greater double bond character 
between the aromatic carbon and the atom of 
the attached group. 

(iv) For an intramolecular relaxation process 
involving methyl group rotation it is reasonable 
to suppose that the contribution from such a 
process would increase with increasing number 
of substituent groups. However, both toluene and 
m-xylene have similar molecular dipole moments 
yet the C2 value for toluene is greater than that 
for m-xylene. 

(v) Tetralin is a rigid molecule but shows 
significant distribution coefficients at 15 and 
25 "C. 

Thus it seems that the shorter relaxation time 
may be attributed to an intermolecular process. 
One possibility is the type visualized by Whiffen 
(16) for nonpolar molecules, such as benzene, 
involving a collision-induced dipole and a relaxa- 
tion time inversely proportional to the frequency 
of collision. 

The enthalpies of activation obtained from the 
plots of In TT against 1/T are given in Table 111. 
In the evaluation of the AH,* values for the 
alkylbenzenes the results obtained by Hassell 
and Walker at 25 "C were incorporated. 

In Table 111 there is close similarity between 
the AHo* and AH,* values, and the increase of 
AH,* with increased molecular size (for toluene 
AH,* is 1.1 kcal/mole) is in the expected 
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Dielectric studies. Part XVIII. Dipole moments and relaxation times of 
some symmetrically substituted alkylbenzenes 

J. CROSSLEY 
Ur~iversity of Aston in Birmir~ghatn, England 

AND 

S. WALKER 
Chemistry Departrrrerrt, Lakehead University, Port Arthur, Ontario 

Received August 28, 1967 

The dielectric absorption at  four microwave frequencies of pure liquid benzene andp-cymene at  25 "C, 
p-xylene and mesitylene at  25, 40, 50, and 60 "C, and solutions of durene and hexamethylbenzene in 
mesitylene at 60 "C has been examined. All show measurable loss factors and apparent dipole moments 
of about 0.1 to 0.2 D. These moments are less in magnitude than those associated with the short relaxa- 
tion time (4 process for the polar monoalkylbenzenes, o-xylene and m-xylene. Their relaxation times 
are too short for molecular reorientation and there is a rough correlation between the number of colli- 
sions/molecule s and the reciprocal relaxation time. 

Canadian Journal of Chemistry, 46, 847 (1968) 

Previous papers in this series (1, 2) have 
reported a small dielectric loss for p-xylene. The 
results revealed that the frequency maximum in 
the absorption is greater than 70 Gc/s. This cor- 
responds with a relaxation time less than 2 x 
10-l2 s which is much shorter than would be 
anticipated for the molecular reorientation of a 
molecule of this shape and size, e.g. the molec- 
ular relaxation of p-chlorotoluene in p-xylene 
at 25 "C is 16 x 10-l2 s (3). 

Whiffen (4) found that the losses of benzene, 
carbon tetrachloride, and a few other molecules, 
having no permanent electric dipole moment, 
were proportional to the frequency in the range 
0.3 to 1.2 cm-'. He suggested that the absorption 
results from dipole moments induced in molec- 
ular collisions where, for example, the C-H 
bond moment in benzene is the inducing dipole. 
The induced dipole was regarded as changing 
direction, not by rotation of the molecule con- 
taining it, but because of a new distortion 
produced at another instant by impact with 
another neighbor. The plots of loss tangent 
against frequency suggested Debye behavior and 
a relaxation time of the order of the time 
between molecular collisions. Similar results 
have been reported for nonpolar molecules in 
both liquid (5) and gaseous (6) states. The 
gaseous measurements have shown that the 
absorption is proportional to the square of the 
gas density and are attributed to  temporary 
dipole moments induced during molecular 
collisions. DiCarlo and Smyth (7) have measured 

the dielectric constant and loss at  1.25 and 3.22 
cm of several symmetrical molecules. For 
benzene the dielectric loss at 1.25 cm was about 
0.003 at 25 "C, and, in addition, hexamethyl- 
benzene appeared to have a small apparent 
dipole moment. 

The microwave method is well suited to the 
detection and estimation of small dipole mo- 
ments, and unlike, for example, the Halver- 
stadt-Kumler approach involves no atomic 
polarization approximation. It seemed worth- 
while determining fairly precise values of 
apparent dipole moments and relaxation times 
of some molecules with a center of symmetry, 
with a view to comparing their magnitude with 
those obtained for the short relaxation process 
of the monoalkylbenzenes (8), and also to 
attempt correlation of the relaxation time for 
such a process with the number of collisions/ 
molecule s. 

Experimental Methods 
The apparatus and techniques employed have been 

described previously (9, 10). The dielectric constant E' 

and loss factor E" were determined by the bridge method 
at  frequencies of 70.00, 35.09, 23.98, and 9.313 Gc/s. The 
static dielectric constant eo was measured with a hetero- 
dyne beat apparatus at  2 Mc/s. 

The compounds were commercially available. Special 
attention was paid to the purity of the compounds, 
particularly to the elimination of water. The liquids were 
treated with sulfuric acid, to remove sulfur compounds, 
and after preliminary drying with magnesium sulfate, the 
liquids were allowed to stand over phosphorus pentoxide 
for 24 h before refluxing and distilling from sodium, 
using a 30 theoretical plate spinning band column. The 
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TABLE I 
Dielectric loss and apparent dipole moment data for some synlmetrically substituted alkyl- 
benzenes. pll and pZ1 are the apparent dipole moments (in debyes) corresponding to mean 
relaxation times of 2 and 5 x 10-l2 s respectively as calculated from eq. [ I ] .  The loss of the 
solvent (mesitylene) was subtracted in the case of durene and hexamethylbenzene. The pure 

liquids were measured at 25 "C and the mesitylene solutions at 60 O C  

Frequency (Gc/s) 

Solute ~ V Z  

Benzene 1 ,000 

Mesitylene 1 .OOO 

Durene 0.430 

distillates were stored in amber bottles over sodium wire. 
Durene and hexamethylbenzene were recrystallized from 
p-xylene and dried in a vacuum oven over phosphorus 
pentoxide. 

Experimental Results 

The errors involved in the dielectric constants 
for low-loss solutions are such that Cole-Cole 
plots are difficult to formulate, and it is more 
realistic to examine the absorption in terms of the 
dielectric losses. The latter are presented in 
Table I together with the static dielectric con- 
stant ( E ~ )  and dipole moment (p) data evaluated 
from the equation 

in which k is the Boltzmann constant, T the 
absolute temperature, N the Avogadro number, 
E" the dielectric loss, o the angular frequency, 
and z the relaxation time. 

Some appreciation of the results and an 
indication of the respective relaxation times are 
given by the plots of E" against log o (Fig. 1). 
These plots give some indication of the errors 
especially for the very low-loss durene and 
hexamethylbenzene solutions. The broken line 

curves on these plots were obtained from E" 

values calculated from eq. [l] by substitution of 
dipole moments and relaxation times giving E" 

values comparable with the experimental values. 

Discussion 

The dipole moments listed in Table I, cal- 
culated from eq. [I], indicate that the values are 
relatively insensitive to the choice of relaxation 
time. For benzene the dipole moment values 
compare favorably with those of 0.06 and 0.02 D 
calculated from the results of DiCarlo and Smyth 
(7) at 24.00 and 9.32 Gc/s respectively, using a 
relaxation time of 5 x 10-l2 s. 

A comparison of estimates of the frequency of 
the absorption maximum, in Fig. 1, readily 
indicates that this frequency decreases with 
increase in molecular size, and hence, since oz 
= 1, the observed relaxation time accordingly 
increases. The different temperature plots for 
mesitylene and p-xylene indicate that the relaxa- 
tion times are not detectably dependent upon 
temperature. For benzene the results may be 
compared with those obtained by Whiffen at 
25 "C (4) and DiCarlo and Smyth at 20 "C (7). 
The plot shows the agreement between the 
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o oor I I 

O.OOb 
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- 

l h o  Work 

A W b C C l "  

A DIC.ST\O 5n7h 

-..- T= 1 O , , D ~ - ~ ,  

p. 0 !D 

IT: to O X < ~ ' " %  

p= 0 19D 

FIG. 1 .  Plots of E" against log w for benzene and some symmetrically substituted benzenes at (8)  25 "C, (H) 40 "C, 
(0) 50 "C, and (0 )  60 "C. Durene and hexamethylbenzene were measured in mesitylene solution and the loss of the 
solvent has been subtracted; the remainder were measured as the pure liquid. The broken line indicates a possible 
loss curve. However, more experimental points would be necessary to establish the true shape. 

three sets of results to be remarkably good and 
supports their validity. 

The molecular relaxation times of toluene (8) 
and bromobenzene in cyclohexane (9) are about 
9 and 12 x 10-l2 s respectively at 25 "C. Such 
molecules are of similar shape but of smaller 
volume than all of the symmetrical alkyl- 
benzenes. In addition, the mean relaxation times 
of pure liquid t-butylbenzene (8) and benzo- 

trichloride in cyclohexane (1 1) are about 20 and 
23 x 10-l2 s respectively at 25 "C, compared 
with a value of approximately 5 x 10-l2 s 
obtained for p-cymene, a molecule greater in 
volume than these mono-substituted compounds. 
Whiffen and Thompson (12) measured the 
dielectric absorption of p-cymene over a range 
of temperatures and calculated, using a dipole 
moment of 0.19 D, relaxation times of 8.0 and 
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11.0 x lo-', s at 30 and 10 "C respectively. 
These values were obtained from measurements 
at one frequency, and though they are somewhat 
longer than the value reported in this study, the 
values are again much shorter than permissible 
for lnolecular reorientation. 

It is evident that the relaxation times of the 
symmetrical molecules are not to be attributed 
to molecular reorientation. Whiffen (4) con- 
sidered the possibility that the loss tangents are 
the long wavelength tails of vibrational absorp- 
tion bands. However, with the exception of ben- 
zene, the E" against log w plots show a maximum 
in the loss either in or close to the microwave 
xegion, and the absorption does not detectably 
increase with temperature for p-xylene and 
mesitylene. Thus, both these features oppose 
such an assignment. 

Satisfactory interpretations of the dielectric 
absorption of nonpolar liquids (4, 5, 13) and the 
microwave and far infrared spectrum of com- 
pressed gases (6, 14, 15, 18) have been obtained 
on the basis of electric dipole moments induced 
during molecular collisions. The number of 
collisions ( ~ m - ~  s-') between molecules of the 
:same kind is given by (19) 

in  which N is the number of molecules in volume 
V,  d the collision diameter, in the mass of a 
molecule, k the Boltzmann constant, and T the 
absolute temperature. To gain some insight into 
collision processes eq. [2], which strictly is 
applicable to gases, will be applied to our liquid 
and solution systems. 

For a temperature increase 25-60 "C the 
collision frequency will be increased by a factor 
(333/298)"2 which is only slightly greater than 
unity. Similarly, the number of molecules per cc 
will not be appreciably affected, since the den- 
sities of the symmetrical and monoalkylbenzenes 
show only an approximate 5% decrease over 
such a temperature range. Thus, a collision 
process, for which the relaxation time may be 
governed by the frequency between collisions, 
would explain the apparent temperature inde- 
pendence shown by the frequency corresponding 
to the absorption maximum for p-xylene and 
mesitylene. Similarly, the indication that the 
enthalpy of activation (AH,') for the z, process 
of a number of inonoalkylbenzenes was in- 

distinguishable from zero (11) may also be 
explained. 

In order to obtain an estimate of the number 
of collisions per second experienced by the 
various alkylbenzenes in question, in the pure 
liquid state at 25 "C,  numerical values have been 
substituted into eq, [2]. The collision diameter 
was taken to be 4 A in every case, since the van 
der Waals radius of the phenyl group is about 
2 A. The results are compared with the corre- 
sponding reciprocal relaxation times in Fig. 2. 

FIG. 2. Plot of number of collisions/molecule s 
against the reciprocal of relaxation time (l!r,) for some 
alkylbenzenes as the pure liquid at  25 "C.For thelow-loss 
(nonpolar) compounds the z, values are only very rough 
estimates. 

An exact relationship between 117, and the 
number of collisions/molecule s is not anticipa- 
ted because of the inaccuracy of the former and 
the very approximate estimate of the latter. In 
addition, it is probable that a favorable orienta- 
tion of the colliding molecules may be required 
for a collision to be fruitful. Nevertheless, the 
plot in Fig. 2 indicates a rough correlation and 
is in favor of the z, process being dependent on 
molecular collisions. 

The collision frequencies were based on the 
values for the pure liquid, i.e. the number of 
molecules per cc; in solution N will decrease and 
it might be expected that the frequency of 
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collision between solute molecules would also 
decrease. However, the solute molecules will 
collide with solvent molecules and such collisions 
could be fruitful, especially so for the durene 
and hexamethylbenzene which interact with 
mesitylene. 

The T, values for toluene in the pure liquid, 
carbon tetrachloride, and cyclohexane at 25 "C 
are 4.3, 3.5, and - 2 x 10-l2 s respectively (8). 
The molecular interaction of toluene with itself 
or of toluene with carbon tetrachloride would be 
appreciably greater than that of toluene with 
cyclohexane and this may be a factor in deter- 
mining the magnitude of T,. 

For the halobenzenes which have dipole 
moments about 1.5 D for an induced moment 
(p,) of 0.4 D, and from Cl/C2 = pI2/pz2, 
where p1 is the molecular dipole moment, a C2 
value < 0.1 would be predicted. Thus, the zero 
distribution coefficients observed for these com- 
pounds in p-xylene solution (2) are not unex- 
pected, since such a small C, value would lead 
to an cl tending to zero and this would be even 
more so for benzotrichloride (in Part XVII) 
which has a molecular dipole moment of about 
2.2 D as opposed to a value of - 1.5 D for the 
monohalobenzenes. 
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Ultrasonic study of hydrochloric acid association in N,N-dimethylformamide 

SIU C. CHAN' AND J. P. VALLEAU 
Lash Miller Cl?ett?ical Laboratory, University of Torotzto, Torot~to, Ontario 

Received September 21, 1967 

Ultrasonic absorption and velocity have been measured in anhydrous N,N-dimethylforn~amide solu- 
tions of hydrogen chloride, over the frequency range 13 to 143 mc/s, and the concentration range 0.05 M 
to 3.5 M. A large relaxation is observed and ascribed to the association of the acid. The rate constants 
for this reaction are obtained, and their variations with concentration are discussed. The association 
rate appears to be entirely diffusion controlled, and the corresponding "reaction distance" is large. 
This may be related to the very large effect on the sound velocity (and hence on the compressibility) 
that arises from the introduction of these ions. 

Canadian Journal of Chemistry, 46, 853 (1968) 

Introduction 

In the last few years, relaxation techniques 
have been applied t o  a large number of proton 
transfer reactions in aqueous solution (1-4). 
The reactions of the hydronium ion are generally 
characterized by extremely large second order 
rate constants, corresponding to diffusion con- 
trol of the reactions. An explanation for the re- 
markable co~lsistency of this result has been 
sought by postulating a very easy charge trans- 
fer through the water molecules adjacent to  the 
solute particles. The charge transfer is thought 
to  occur by a chain mechanism like that of pro- 
ton conduction in water. This explains the fact 
that the reactions appear to  be entirely diffusion 
controlled and also that rather long "reaction 
distances" are deduced for the simplest reactions. 
Thus H,O+ and OH- appear to  react if they 
come within 8 A of each other, presumably 
because charge transfer is very rapid once the 
ions are separated by only two solvent molecules 
(1, 4). 

Very few corresponding measuremeilts have 
been done for nonaqueous media (1,4), and par- 
ticularlv for solvents in which no anomalous 

water content below 0.05%) was shaken for 12 h with 
an appropriate "molecular sieve" (Linde Type 4A in 
(1/16)': pellets). The liquid was then decanted and dis- 
tilled under nitrogen in a 10 ft, 50 plate bubble-cap 
column, the pressure at the head of the column being 
maintained at about 20 mm of Hg. The specific con- 
ductivity of the middle portion of the distillate, which 
was used for the solutions, was 3.5 x 10-7 ohm-1 cm-1 
at 25 "C. 

Anhydrous hydrogen chloride (Matheson, technical 
grade) was further dried with concentrated sulfuric acid 
( 3 ,  and then bubbled into the purified DMF, which 
was meanwhile protected from atmospheric moisture 
with a guard tube. The various solutions were obtained by 
dilution with purified DMF. These dilutions and other 
handling of the solutions were carried out under pure 
nitrogen in a dry box. The concentrations of the individ- 
ual solutions were measured by greatly diluting aliquots 
of each with distilled water, then titrating them with 
standardized sodium hydroxide solution. 

The ultrasonic absorption and velocity were measured 
in a "pulse apparatus" that has been described else- 
where (8). The cell containing the solution was double 
walled, and the temperature was controlled by circulating 
fluid from a thermostatted bath. The temperature inside 
the cell was measured with a copper-constantan thermo- 
couple; the experiments were carried out at  (25.2 0.2) 
"C. In order to prevent atmospheric contamination, 
especially by water, the cell was fitted with a Teflon top, 
while the necessary motion of the upper transducer was 
allowed by installation of a silicone rubber bellows above 

proton conduction is expected. This paper de- the Teflon top. This bellows, which was cast in the 

scribes measurements on solutions of hydrochlo- laboratory, is very limp in order to preclude causing any 
misalignment of the transducers. The solution was swept 

ric acid in anhydrous N,N-dimethylformamide, with nitrogen presaturated with dry DMF. 
using ultrasonic techniques in the range 13 to It can be seen that precautions were taken to avoid 
143 cm/s. the presence of water in the solutions. In fact, though, 

small amounts of water, such as that present in the 

Experimental reagent grade DMF,  turned out to have little effect on 
the measured sound absorption. 

In order to  prepare water-free N,N-dimethylformamide The amplitude ab~or~ t io~coe f f i c i en t  0 of each solution 
(DMF) it is usual to treat the solvent with a drying agent was measured at 13, 39,65,9l, and 143 mc/s. The possible 
and afterwards to distill it under reduced pressure (5-7). error in the absorption values is estimated at  3%. The 
In  the present work, the D M F  (Fisher certified reagent, sound velocities are known within about 1 %. The fre- 

quencies, f, were measured with a General Radio type 
'Present address: Department of Chemistry, Univer- 620A heterodyne frequency meter; the errors in frequency 

sity of Washington, Seattle, Washington. are negligible. 
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The densities of the solutions were measured at 25.2 "C 
using a Westphal specific gravity balance. They are known 
to about 0.2%. 

Results 

The ultrasonic absorption of pure DMF 
showed no relaxation in the present frequency 
range, the value of (a/f2) being 28 x 10-l7 
s2/cm. (The classical sound absorption due to 
shear viscosity in DMF would amount to 7.2 
x 10-l7 s2/cm.) The sound velocity was 1.46 
x lo5 cm/s. 

The hydrochloric acid solutions had sub- 
stantial sound absorption coefficients and showed 
relaxation in the frequency range studied. At 
each concentration the results for the absorp- 
tion coefficients a i  at the five frequencies fi were 
fitted to the single relaxation expression 

using weighted least squares. For the weighting 
factors, w,, the inverse squares of the experi- 
mental values of (ai/fi2) were chosen: this 
corresponds to the estimated constant per- 
centage uncertainty in the measurements. (This 
matter of weighting is in no way critical, how- 
ever. Use of unweighted least squares affects the 
parameters A,  B, and f, only slightly, and the 
remaining discussion not at all.) In every case 
the fit of the results to a single relaxation curve 
was satisfactory, the experimental points lying 
within their estimated uncertainty from the 
fitted curve. At the lowest concentrations the 
relaxation frequency fc is below or at the bottom 
of the frequency range studied, however; there 
results a larger uncertainty in A and f, for these 
cases. 

The relaxation frequency ,fc, and the param- 
eters A and B, are given in Table I, along with 
the data on sound velocity c and density p. The 
fifth column of that table, labelled s.d., gives the 
standard deviation of the experimental points 
about the fitted curve [I]. 

A and f, are displayed in Fig. 1. 

CHEMISTRY. VOL. 46, 1968 
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FIG. 1. Relaxation frequency f, and low frequency 
absorption A as  a function of HCI concentration. 

Discussion 
One anticipates that the relaxing absorption 

is due to the acid association reaction 

If so, A and f, should vary, in a rough first 
approximation, as the square root of the HCl 
concentration. It can be seen in Fig. 1 that this is 
more or less what has been found. One can 
certainly eliminate the most obvious alternative 
absorption mechanisms. Any solvation pro- 
cess, whether involving the ions or the un- 
dissociated acid, should yield a relaxation fre- 
quency nearly independent of concentration. 
The same would be true for an internal re- 
laxation of any solvated solute particle. Any 
process involving the undissociated acid but no 
ions would have an A value nearly proportional 
to the concentration, and again a constant re- 
laxation frequency. The experimental results are 
clearly in accord with the acid association 
mechanism [3], rather than any of these alterna- 
tives, and we shall interpret the results on this 
basis. 
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CHAN AND VALLEAU: ULTRASONIC STUDY 855 

TABLE I 

Concentration 1017 x A 1017 x B fo loi7 s.d. lo-5 c P 
(moles/l) (s2/cm) (s2/cm) (mc/s) (s2/cm) (cnl/s) (g/cc) 

This reaction [3] may be described by the 
stoichiometric association quotient Q, 

where K is the thermodynamic association con- 
stant and F the activity coefficient quotient. F 
will be given, to  a fair approximation, by 

PI F = f*-', 
where j,  is the mean ionic activity coefficient of 
the free ions. For the ultrasonic parameters A 
and f, we may then write (9), setting [HCI.] = z, 

lution law (using the least squares method) they 
yield a limiting equivalent conductivity, AO, of 
111 mho cm2/equiv, and an association con- 
stant, Q, of 5.6 x lo3 l/mole; the fit is good 
over the concentration range studied. The ionic - 
strength in these conductivity experiments is 
near M, so that this association constant is 
not far from the thermodvnamic constant K. 
In the case of the ultrasonic experiments, on the 
other hand, the ionic strengths will be near lo-' 
M, so that Q may be expected to  deviate con- 
siderably from K. In order to make some allow- 
ance for this, in the following calculations, we 
have applied an approximation of a type intro- 
duced by Guntelberg and used frequently in ion 
association work (10) : . , 

c71 2 7 ~ ~  = kd c1 + Q (W+I + CC~-I)I x [91 1% fi: = A + 21"2 , 
[I + (dz/d In Q)(a In F/ az),,,]. 

where I is the ionic strength.' This approxi- 
In these expressions the derivatives refer to  mation represents an improvement over the fixed overall composition, and kd is the rate limiting law of Debye, and corresponds (in 
constant for the dissociation, while 6 is the DMF sol~~tions) to using an ionic diameter of thermodynamic reaction quantity characteristic 4.16A in the Debye-Huckel expression for the 
of ultrasonics, namely 

, \ activity coefficients. The value of A in DMF at  

where AV and AH are the volume and enthalpy 
of the reaction [3] ; Cp and (aV/aT), are the 
heat capacity and expansion coefficient of the 
solution. 

In order to interpret our results in terms of 
r61 and r71 we wish the value of 42 at each con- 

25 "C is 1.60. 
Using [9], and repeated approximations for I, 

values of Q at each concentration may be de- 
duced from the value at low concentrations 
through [4] and [5]. The resulting values of Q 
vary by a factor of two over the concentration 
range studied ultrasonically (cf. Table 11). The 
accuracy of this f, approximation [9] in these 

centration: The only relevant experimental data 
'The addition of a small term linear in I improves the are On conductivity and at very low 'Oncentra- fit slightly for aqueous systems. Such a refinement is not 

tions (6). When they are fitted to Ostwald's di- possible at present in DMF. 
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TABLE I1 
-- 
Concentration Q I 161 k ,  k ,  d lo" p 

(moles/l) (l/rnole) (mole/l) (cc/mole) (s - I) (1 mole - s - > (A) (cmz/d~n)  
--- 

0.0455 3.82 0.00332 19.8 2.41 9 . 2  12.0 4.94 
0.1282 3.41 0.00599 18.8 2.23 7 .6  11.6 4.87 
0.2620 3.10 0.00903 17.8 1.98 6 .1  11 .O 4.83 

solutions is of course unknown, but it is certain 
t o  be a great improvement over assuming ideal- 
ity; we shall comment below on its importance 
with respect to  our conclusions. Use of [9] 
also allows us to estimate, in [6] and [7], the 
"kinetic" correction for the nonideality, (dz/d 
In Q)(a lnF/az),,,, which is small but not 
negligible (varying from 0.08 to 0.19 for our 
solutions). 

On this basis 6 has been extracted from our 
experimental A values, using [6], and kd and 
thus k, = kdQ from our experimental relaxation 
frequencies, using 1171. These parameters are 
shown in Table 11. 

It is interesting to examine the magnitude and 
concentration dependence of the rate constants. 
The large values of k, suggest that the association 
reaction is diffusion controlled, and the follow- 
ing calculatioils bear this out. 

Expressions for the rate constants of dif- 
fusion-controlled ionic reactions have been 
derived by Debye (1 1) (cf. ref. 1). The result, if 
one takes into account the "screening", due to 
the ionic atmosphere, of the type used in the 
Debye limiting law for activity coefficients, and 
if the association reaction is truly diffusion 
~ont ro l led ,~  is that 

3See ref. 1, eq. [12], In that approximation exp (b , ,r)  
=fez, however, which gives our eq. [lo]. According to 
ref. 1 (see pp. 294-296), k ,  is independent of concentra- 
tion. The diffusion coefficients will in fact vary with con- 
centration, however, and that is the point of [l l] .  

In [lo], d is the so-called "reaction distance": 
ions which once diffuse as close to each other as 
d are supposed certain to react with each other. 
No is Avogadro's number, eo the electronic 
charge, and E the dielectric constant, while 
DH+ and Dcl- are the self-diffusion coefficients 
of the ions. 

It appears (cf. Table 11) that the dissociation 
rate constant lrd decreases with increasing con- 
centration. Now lcd would be expected to depend 
on the concentration through the diffusion co- 
efficients (cf. [ll]), and one could ask whether 
this offers an explanation of the observed de- 
crease. (This is a more detailed questioil than is 
usually asked of results of the present type and 
it is therefore asked with some diffidence.) A 
theory for the concentration dependence of 
ionic self-diffusion coefficients has been given by 
Onsager (12, 13); in the language of ionic trans- 
port theory, there is no "electrophoretic" effect, 
but there is a "relaxation" effect given by 

where DiO is the value for infinite dilution. In the 
present case, for which the transport numbers of 
the ions are substantially equal (AoHC, is 11 1 
(6), while Loc,- is 55.1 (14)), y = 0.72 in DMF 
at 25 "C. The low concentration limit (DoH+ 
+ DO,,-) is given by ( ~ ~ 1 . y ; ~ )  AoHC1, where ,F 
is Faraday's constant; one finds (DoH+ + Doc,-) 
= 3.1 x cm2/s. 

Using these considerations, one can derive 
from [lo], for each concentration, the reaction 
distance d. This is also given in Table 11. There 
seem to be two things to notice about it. In the 
first place d is essentially constant around 11 A, 
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although k, itself varies substantially. This con- 
stancy means that Onsager's theory of the 
concentration dependence of self-diffusion co- 
efficients does appear to  explain the observed 
trend of k, with concentration. 

The other interesting thing is the large value 
of the reaction distance (even larger than for the 
aqueous ions). This is perhaps surprising since 
one doesn't expect in the present case rapid 
proton transfer by the "anomalous conduction" 
mechanism. (It is worth mentioning that these 
large values for d do  not depend on our approx- 
imations for f, nor for the concentration de- 
pendence of the diffusion coefficients. If we 
assumed ideal solutions and constant diffusion 
coefficients we would obtain a slowly varying d, 
but in the region of 10A.) To venture a physical 
explanation of the large d value, one would have 
to  postulate a substantial region, around one or 
both of the ions, disturbed in such a way as to 
allow the rapid passage of the ions. 

In this connection it is interesting to  examine 
the adiabatic compressibility of the solutions, 
which may be calculated from the experimental 
sound velocities and densities according t o  

the values are given in Table 11. Compressibility 
data are often used to  obtain "solvation num- 
bers" for ions in solution (15). The argument for 
doing this is that the hi solvent molecules, which 
solvate a molecule of solute i, are effectively 
withdrawn from the solvent and make no con- 
tribution t o  the compressibility. On that (some- 
what questionable) basis we can write, for the 
present case, 

[I41 M H + ~ H +  + Mcrhcl- + M H C ~ ~ H C I  

= MDMF(~  - PIP0), 

where M i  and hi are molality and solvation 
number of i, while Po is the compressibility of the 
pure solvent. The P data then yield (hH+ + 
hcl-) = 26, hHc, = 0.4. 

These numbers are rough, since the velocity 
data is not very precise, but there is no doubt 
that the ionic "solvation numbers" have a very 
large value. Now of course one cannot seriously 
interpret such a large number in terms of the 
simple solvation model quoted above. What one 
might infer, however, is that one or both of the 

ions must be seriously disturbing the structure of 
a substantial region of the surrounding solvent. 
This corresponds well with the large "reaction 
distance" deduced from the rate constants. (A 
sphere with a radius of 11 A, the reaction dis- 
tance, would contain 43 molecules of the sol- 
vent.) The solvation number of 0.4 for the un- 
dissociated HC1 is not surprising in view of the 
existence of the solid compound HC1:DMF 
(7, 16). 

It is difficult to  make very effective use of the 
values obtained for 6 (Table 11), because one 
cannot separate the AV and AH contributions 
(cf. [8]). One can estimate a value for AH at  
very low HCI concentrations on the basis of 
conductivity results (5, 6) at 20 "C and 25 "C; 
this value is 14.6 kcal per mole. However, AH 
will be concentration dependent;4 so will 
( a V / a ~ ) ,  and C,, for which we have only the 
values appropriate to the pure solvent. It would 
seem natural to  extrapolate our results for 6 
down to low concentrations to  extract a cor- 
responding value of AV, but the basis for such 
an extrapolation is lacking and, besides, there 
is a large uncertainty in our A values precisely 
at the lowest concentrations, which are critical 
in any such extrapolation. I t  therefore seems that 
one cannot do  better than an order of magnitude 
estimate of A V for the association. If we take the 
average value of )61,16 cclmole, and use the low 
concentration values of AH and the other pa- 
rameters, we find AV =: + l l cclmole or +43 
cclmole, depending on the sign chosen for 6 ;  
the former value is more reasonable. An extra- 
polated value of 6 would lead to the lower value 
of 6 or 7 cclmole. 
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Pyrochlores. 111. X-Ray, neutron, infrared, and dielectric studies of A2Sn20, 
stannatesl 
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A number of compositions A:+Sn?+07 and of related mixed phases were prepared and investi- 
gated. For the trivalent lanthanons from La to Lu, and for Y, the ho~nogeneous A2Sn207 phases were 
of the cubic pyrochlore type (space group FdSm, No. 227). Their lattice parameters gave a very good 
linear relationship when plotted against the Templeton-Dauben radii of A3+. The applicability of 
other sets of ionic radii was also tested. The lower limit of the r(A3+):r(Sn4+) ratio for cubic pyro- 
chlore stannates is about 1.19 (Ahrens radii), while the upper limit is at least 1.60. Attempts to extend 
the lower limit by preparing mixed Yb + Sc stannates were only partially successful. Bi2SnzO7 is not 
a cubic pyrochlore. 

The structures of Y2Sn,07 and Sm2Sn207 were refined from X-ray powder data, and that of La,Sn207, 
from neutron powder data. The positional parameter of the majority oxygen atom, x(02),  has been 
found to increase with the size of A3+. The distortion of the SnOs octahedra in the pyrochlore struc- 
ture thus decreases with increasing r(A3+). 

From a syste~uatic study of the infrared spectra of the stannates it appears that it is the size of the 
Y3+ ion rather than its chemistry (as distinct from the Ln3+ ions) that determines its place among 
the 3 4  pyrochlores. No evidence of ferroelectricity was found in Pr, Er, and Lu stannates between 
room temperature and 4.2 OK. 
Canadian Journal of Chemistry, 46 ,859  (1968) 

The AZ3+Snz4+0, stannates (A = lanthanons 
from La to Lu, and Y) form a very complete 
series of compounds with the cubic pyrochlore 
structure (Table I). Since La3+ is the largest 
trivalent ion k n o w i ~ , ~  the series includes all tri- 
valent ions larger than (and including) Lu3+ 
with the exception of T13+, Bi3+, and the Sf-ions. 
Bi,Sn207 has been reported, on the evidence 
of an X-ray powder pattern, to be a distorted 
pyrochlore (I), but its structure has not been 
determined. The existence of Tl,Sn207 has not 
been investigated, but the Sf-ions are almost 
certain to form pyrochlore phases. 

Two questions arise: What is the smallest 
trivalent ion still capable of yielding a cubic 
pyrochlore stannate, and How does the posi- 
tional parameter 4 0 , )  of the majority oxygen 
atom (cf. ref. 2) vary with the size, or the 
atomic number, of A3+ ? 

The question of the lower size limit may be 
answered by investigating the stannates of Sc3+ 
and In3+, these ions being nearest in size to Lu3+ 
on the low side. An answer to the second ques- 
tion can only be obtained from a complete 
determination of the crystal structures of repre- 
sentative members of the stannate series. 

To see how x(02) varies with the size of A3+ 
it is advantageous to choose trivalent ions at 

'For Part I1 see ref. 13. 
2Disregarding Ac3+ and possibly Pa3+. 

the opposite ends of the series, i.e. La3+ and 
Lu3+. However, the combination La3+-Sn4+ 
in a pyrochlore structure is not too favorable 
for a structure refinement from X-ray diffraction 
data. Both atoms are much heavier scatterers 
than oxygen, and their coherent scattering ampli- 
tudes are only 8 units apart at 0 = 0. The 
"difference" reflections, which distinguish the 
X-ray diffraction pattern of a pyrochlore from 
that of a defect fluorite, will thus be very weak. 
In Lu2Sn207 the difference between ,f(Lu) and 
f(Sn) is greater, but Lu scatters even more than 
La, whereby the sensitivity of the x(02) deter- 
mination is further reduced. 

As a compromise it was decided to refine the 
structure of lanthanum stannate from neutron 
rather than X-ray data, and to use yttrium and 
samarium stannates for the X-ray study. The 
combination of the neutron-scattering ampli- 
tudes in La2Sn207 is quite favorable: b(La) = 
0.83, b(Sn) = 0.61, and b(0) = 0.577 (all in 
10-l2 cm, for natural isotopic contents) (3). Y3+ 
is larger than Lu3+, 0.92A compared with 
0.85 A (Ahrens radii), but its scattering power 
for X-rays is 10 units lower than that of Sn4+ 
(at 0 = 0) and much lower in absolute value 
than f(La3+). For reliability of a structure refine- 
ment yttrium is thus a better choice than any 
of the lanthanons, but it introduces one uncer- 
tainty. While the size of Y3+ is close to that of 
Ho3+, it does not follow that yttrium and 
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TABLE I 
Preparation and lattice parameters of cubic A2Sn207 pyrochlores 

--- -- 

Colnposition ao(p), A Heat treatment* 
-- 

La2Sn207 10.702 155011, air-quenched 
10.702 

Reference 
-- 

1 
4 
6 

This work 
4 

This work 
1 
4 

This work 
4 

This work 
4 

This work 
4 

This work 
5 

This work 
5 

This work 
5 

1350112, 1400/12 
155011, air-quenched 

 hisw work 
4 

This work 
5 

This work 
4 

This work 
4 

This work 
4 

This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 

This work 
This work 
This work 

130013, 1400132, 1400148 
140013 days, 1450118 
140013 days, 1450118; P + 6? 
140013 days, 1450118; P + 6 
140013 days. 1450118: P? + 6 

95o/i2, 'i400/6; not P ' 
' 

1000124, 1050148, 140016; not P 
300124, 500124, 650112 (in vacuo); 

no reaction 
Bi2Sn20,, 95016, 1000112, 1000/12; not cubic P 
NdZSnT~07  10.4279117 1400148, 148012 
HozSnTi07 10.2368+12 1000/24, 1200/18, 1350111, 138016, 

1400112 This work 
Same as for Ho2SnTi07 
950124, 1200/24, 1450124 
950124, 1200124, 1450124 
1350112, 1400/12 
1350112, 1400112; P + La2Ti207? 
1350112, 1400/12; P + LaZTi207? 
95016, 1000/12, 1100/4, 1100/9; 

not P 

This work 
This work 
This work 
This work 
This work 
This work 

This work 
95016, 1000/12, 1300112; 

not P This work 

'155011 stands for 1550' for 1 h. The firing conditions indicated in refs. 4 and 5 were 145&1550/5-20. 
?The purity of the L a 2 0 3  used is not clear. The oxide may have contained a substantial amount of Nd and Pr. Firing 

condit~ons: 130&1500° in air, slow cooling in furnace. 

holmium, in the pyrochlore structure, are closely in holmium stannate. This point will be discussed 
similar clzemically. That is, unless x(0,) is later. 
governed overwl~elmingly by the size of the The fourth stannate structure investigated was 
trivalent ion, x(02)  in yttrium stannate need that of the mixed phase Y2(Sno ,,Ti0,6,)20,. 
not have a value very similar to that of x(02)  This composition is of some interest for the 
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application of neutron diffraction to crystal- 
structure refinement. Assuming that the Sn and 
Ti atoms are distributed a t  random over the 
16(d) sites. the contribution of Sn to  the struc- 

\ 2 

ture factor will be almost completely cancelled 
by the contribution from Ti, which will be equal 
in magnitude but of opposite sign.3 This means 
that there will be no net diffracted Bragg inten- 
sity from atoms in the 16(d) sites. The observed 
intensity will originate only from the contri- 
butions from Y and oxygen. One might then 
expect the isotropic temperature factor B(Sn + 
~ i )  to be eliminated from the refinement, where- 
by the number of parameters to be refined will 
decrease by one. This is of consequence, as the 
number of usable reflections in neutron powder 
diffraction is invariably small. 

As a contribution to the systematic study of 
cubic pyrochlores it was also decided to  redeter- 
mine the lattice parameters of the stannates 
reported earlier (1, 4-6) and to determine the 
variation of the characteristic infrared frequen- 
cies of the stannates with the atomic number 
of A. 

Ferroelectricity in the pyrochlore Cd2Nb20, 
and its limited solid solutions with other 2-5 
pyrochlores has been known for some time 
(7-1 1). No information seems to be available, 
however, on the existence of ferroelectric tran- 
sitions in 3-4 pyrochlores. T o  investigate this 
matter the permittivities of Pr, Er, and Lu stan- 
nates were measured from room temperature 
down to 4.2 OK. 

Experimental 
P r  eparation 

The stannates were prepared from SnOz (Fisher "Certi- 
fied" reagent) and freshly calcined lanthanon or yttrium 
oxides o f a t  least 99.9 % purity (Lindsay Chemical Divi- 
sion, American Potash and Chemical Corporation).4 The 
TiOn and Crz03 were Fisher "Certified" reagents, Bi203 
and Sb203 were British Drug Houses reagents, and In203 
of 5N purity was obtained from Koch-Light Laboratories 
Limited. Spectrographic analysis of the high-purity 
scandium oxide used in the preparations revealed 0.1 % 
K, 0.02% Na, 0.01 % Ca, and (in p.p.m.) 70 Si, 30 Al, 20 
Fe, 5 Mg, and 27 Y; no rare-earth impurities were 
detected. 

The oxides were dry-mixed, pressed, and fired in air. 
The fired disks were cooled with the furnace (for details 
of preparation see ref. 2). The pressed pellet of Sb203 

3b(Ti) = -0.34, b(Y) = 0.80 (in lo-" cm) (3). 
4For thermogravimetric behavior of the Pr and T b  

oxides see ref. 12. 
5A generous quantity of high-purity scandium oxide 

was made available to us by Drs. B. I. Pokrovskii and 
F. M. Spiridonov of the Institute of Inorganic Chemistry, 
Faculty of Chemistry, Moscow State University. 

+ 2Sn02 was fired in a recrystallized-alumina crucible 
which was inside an evacuated and sealed ampoule of 
transparent silica. The individual firing schedules are 
noted in Table I. None of the fired disks showed any 
tendency to swell on exposure to atmospheric air. 

X-Ray and Nerttron Diflractiorz 
Details of the X-ray and neutron techniques will be 

found in refs. 2 and 13. CuK radiation filtered with nickel 
was used throughout (Xcr, = 1.540562 A (14)). 

The neutron diffraction patterns were of good quality, 
but the overlap resulting from the use of a relatively 
short wavelength, 1.10 A, was, even with narrow collima- 
lion, sufficiently severe to necessitate resorting to Gaussian 
analysis of the composite peak profiles. Even for resolved 
reflections it was found of advantage to adjust the peaks 
to the best Gaussian profiles by least squares. 

The raw patterns were reduced to pFo2 patterns by 
correcting for the combined angular and absorption 
factors. The reduced baseline was then represented by 
least squares as a polynolnial in 8, adjusted to match the 
baseline of the reduced stannate pattern and subtracted. 
The reduced peaks were expressed as Gaussian exponen- 
t i a l~ ,  Gi = a ;  exp [-b,(O - 8;0)2], which in turn were 
expanded into two-term series to fit an iterative least- 
squares program. The shifts Aai and Abi were computed 
from the initial trial values by a full-matrix program 
written for IBM 1620 (40K). Up to 7 overlapping peaks 
could be resolved at a time, but the success of the pro- 
cedure depended to a considerable extent on the choice 
of the initial trial values. A small empirical correction was 
added when necessary to position the peaks accurately 
on the 28 scale. Integration of the resolved peak areas 
was simply a matter of evaluating the Gaussian integrals, 
a;(n/bi)i, from the final peak height (ai) and half-width 
([(In 2)/bi] 4 )  values. 

Least-Squares Refirlernent 
The structures were refined from suitably scaled IF,I 

that had been extracted from single reflections of the 
respective diffractometer patterns. The block-diagonal 
approximation program of ref. 15 was used most of the 
time. It was supplemented by a d  lloc programs for com- 
puting the correlation matrix and e.s.d.'s of the indivi- 
dual refinement parameters. The weighting scheme 
employed was W3 of ref. 16. 

The X-ray scattering factors for Sm3+, Y3+, and Sn4+ 
(17) and for 0 2 -  (18) were corrected for dispersion (real 
and imaginary parts (19)) and interpolated by a three- 
function scheme (15). Individual isotropic temperature 
factors were used throughout. A reduction factor was 
applied to the shifts in all refinements. 

The following abbreviations have been introduced: 
K, scale factor; n, number of reflections used in a refine- 
ment; e.s.d.(rv) = e.s.d. x (Zw)); R = Y.~A~F!~ /x /F~~;  
D(AI) = Z~AI'/ZI,; D(1) = 1000Zlc/ZIo. 

Infrared Spectra 
Infrared spectra of the stannates and of comparison 

compounds were recorded from 4000 to 250 cm-1 on a 
Perkin-Elmer model 521 spectrophotometer using KBr 
pellets. 

Dielectric Mem~rrerner~fs 
Permittivities of thin ceramic disks were measured, 

from room temperature down to 4.2 "K and back to 
room temperature, by Mr. Y. S. Lim in the Department 
of Physics, Dalhousie University. 
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The permittivity was measured by a standard balanced- 
bridge method at a frequency of 1 kc/s and an electric 
field strength between 15 and 24 V/cm. The disks were 
electroded by evaporating a thin layer of silver on the 
disk faces. An indium foil provided connection between 
the silver coating and copper-disk electrodes. 

The permittivity vs. temperature curve for Cd2Nb207, 
which was used to check the apparatus, agreed well with 
that reported by other workers (8, 9). With cadmium 
niobate the complete cooling--heating cyclc took 8 h. 
Since no ferroelectric transitions were observed in the 
stannates, individual complete runs could be made in 
2 h. The measured values were corrected for porosity of 
the ceramic specimens (20). The accuracy of both the 
permittivity and the temperature measurements was 
estimated to be about 5 %. 

Results and Discussion 
Lattice Parameters and Ionic Radii 

All the Ln stannates and Y2Sn20, were cubic 
pyrochlores (Table I). Their lattice parameters 
(at 20 1 2 "C) agreed very well with those re- 
ported by Whinfrey et al. (4, 5) and by Roth (I), 
but the present value of ao(La2Sn20,) is about 
4 % higher than the corresponding value obtained 
by Padurow and Schusterius (6). 

The variation of a, with A is represented in 
Figs. 1-3. A linear relationship was obtained by 
plotting ao(A2Sn207) (abbreviated in the follow- 
ing to ao(P)) against ao(A203, C-type) (abbre- 
viated to a,(C)). This method of representation 
does not depend on the choice of an absolute 
value for the ionic radius of oxygen. In view of 
this and because of the considerable similarity 
of the pyrochlore and the C-type structures it is 
not surprising that linearity is so closely satisfied. 
Using the a,(C) values of 10.7281 f 5 A for 
Tb203 (21), 11.140 f 2 A for Pr203 (22), 
11.40 A for La203 (23), and those of Roth and 
Schneider (24) for the other oxides, adjusting 
them to the CUKE value quoted above, and 
fitting the best straight line by least squares, the 
regression of a,(P) on a,(C) gave o = 0.0036 A, 
and that of a,(C) on a,(P) gave o = 0.0086 A. 
The very large correlation coefficient of the two 
regressions, 0.9995, left no doubt about the 
linearity of the relationship. However, Pr was a 
conspicuous misfit. When it was omitted the 
correlation coefficient increased to 0.9998. At 
the same time the standard deviations decreased 
by almost one half, indicating a substantial 
improvement in the fit. 

The two sets of a, are thus highly consistent, 
which reflects both the accuracy of the a, values 
and the fact that the A3+ ions behave essentially 
in the same manner in the two oxide structures. 

FIG. 1. (Top) Depcndence of U ~ ( A ~ S ~ , ~ O - ~ )  and oo(C) 
on the Ahrens and the Goldschmidt radu of A3+. (Bot- 
lo~n) Relationship between a,(A2Snz07) and a,(C), and 
between V113(AzOzS) and a,(C). 

The slope of the a,(P) vs. ao(C) line, however, 
is less than unity, which indicates that a,(P) 
increases with r(A3+) more slowly than a,(C). 

A plot of a,(P) against the Ahrens and the 
Goldschmidt ionic radii gave a far less satis- 
factory fit. First, as has already been pointed out 
by Roth and Schneider (24, 25) and else- 
where, it showed that Y3+ is misplaced in both 
sets of radii. Y3+ is not similar in size to Dy3+, 
nor does it appear to fall between ~ y ~ '  and 
Ho3+, as has been stated for the AFeO, ortho- 
ferrites (26); it is somewhat smaller than Ho3+. 
The present evidence for the position of Y3+ 
in the Ln3+ sequence thus fully confirms pre- 
vious observations on cubic Ln203 (24, 25), 
pyrochlore titanates A,Ti207 (12), oxysulfides 
A202S (27), and orthorhombic fluorides AF3 
(28).6 

"When allowance is made in ref. 26 for the stated 
standard deviation of 0.003 A, the sequences of the lattice 
parameters for the orthoferrites can be reconciled with 
the present observation. 
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Secondly, with regard to internal consistency 
both sets of radii for trivalent lanthanons appear 
to be in need of revision, but the Goldschmidt 
more so than the Ahrens radii. In particular, 
~ b , +  is a conspicuous misfit in both the a,(P) 
and a,(C) series (Fig. 1). Roth and Schneider 
(24) remarked on the failure of Tb203 to fall 
in line with the other sesquioxides in their 
a,(C) vs. Ahrens radius plot. They suggested 
that either the Ahrens radius of ~ b , +  was too 
small or else not all of the Tb in their Tb,O, 
was in the trivalent state. Similar misfits have 
been observed with other Tb compounds, e.g. 
Tb2Sn,07 (5, and present work), Tb2Ti207 (12), 
and Tb202S (29). Since these compounds were 
prepared and treated in different ways and have 
different properties, it is unlikely that they all 
would have been contaminated with Tb4+ to a 
similar extent. Rather, it is almost certain that 
the Ahrens value for r(Tb3+) is too small. 

The set of Ln3+ crystal radii proposed by 
Templeton and Dauben (30)7 and augmented 
by Geller's value for r(Y3+), 0.893 A (31), gave 
a much better linear relationship (Fig. 2). The 
a,(P) values can be readily accommodated on 
the straight lines 

(correlation coefficient = 0.9996), and similar 
linear relationships apply to a,(C), Pr 0 a ain 
being an exception (Fig. 2). The a,(C) :s. :.(i3+) 
(Templeton-Dauben) relationship, including 
ao(Ce203) = 11.26 A (32), is expressed by 

(correlation coefficient == 0.9998 ; Pr omitted). It 
is thus almost certain that the value of 11.140 A 
for ao(Pr203, C-type) is too low. The linear 
relationship of a,(P) and r(A3+) (Templeton- 
Dauben) may be said merely to reflect the more 
primary dependence of a,(P) on a,(C) of Fig. 1. 

The internal consistency of the Templeton- 
Dauben set is shown in Fig. 2 on another two 
series of A(II1) compounds : the hexagonal 
A202S (27) and the orthorhombic AF, (28). 
For these two series the plots of 2 ~ ' ' ~  VS. r(A3+), 

7This set is based primarily on the C-type oxides, so 
that the radii may be taken as referring nominally to 
six-coordination. 

FIG. 2. Variation of ao(A2Sn207), a,(C), V113(A20,S), 
and V1I3(AF3) with the Templeton-Dauben radii of A3+. 

give very satisfactory smooth lines, although the 
relationship for AF, is not linear and YF, does 
not quite fall on the curve. 

The set of a, values reported for the stailnates 
by Whinfrey et al. (4, 5) is also very good. The 
correlation coefficient, 0.9990, and the standard 
deviations of the regressions of a,(P) on r(A3+), 
0.0026, and of r(A3+) on a,(P), 0.0051, differ 
only slightly from those quoted for our own 
values. The Whinfrey set and our set regressed 
on each other have a very high correlation 
coefficient, 0.9995, and the two standard devia- 
tions are almost identical, 0.0033 A. 

The curve obtained by plotting a,(P) against 
the atomic number of the lanthanon displays 
the familiar cusp at Gd (Fig. 3). 

Lirtzits of Existence of tlze Pyroclzlore Structure 
The powder pattern of Sc2Sn,0, could be 

indexed up to d = 1.119 A on a rhombohedra1 
unit cell, a,, = 7.917 A, a = 72.40" (a,,, = 
9.353 A, c,,, = 17.37 A). The reflections at 
higher angles were too weak and diffuse to per- 
mit reliable indexing. This would place the 
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~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ l l ~ ~ ~ ~ ~ ~ ~  Gd Lu 
55  6 0  65  7 0  

ATOMIC NUMBER OF A 

FIG. 3. Variation of no(AzSnzO,) with the atomic 
number of A. 

stannate with the 6 phase described by Lefkvre 
(33) in the system scandia-zirconia, and by other 
authors in the systems ytterbia-zirconia (34), 
scandia-titania (33, scandia-hafnia (38), ytter- 
bia-hafnia (38), and lutetia-zirconia (38). These 
phases may also be related to the rhombohedral 
phases in the systems U-Y-0 (36, 37), U-Lu-0 
(37), Tb-0, Pr-0, and Ce-0 (33). The clearest 
demonstration that in A203-BO, systems the 
(ideal) composition of the 6 phase is A4B3012 
or close to this formula is found in the system 
scandia-titania (33, where the rhombohedral 
phase 2Sc203. 3Ti0, (a,, = 7.742 $. 5 A, a = 
71.94 $. 0.1") with a narrow homogeneity range 
transforms, above 1150 4 50°, to a disordered 
defect fluorite phase of the same composition. 
Since the system Sc203-SnO, is presumably 
sufficiently similar, it was assumed that the 
coinposition Sc,Sn,O, corresponded to a mix- 
ture of Sc4Sn30,, and SnO,. 

However, the strongest lines of the SnO, 
pattern were not visible in the powder photo- 
graph of Sc,Si~,O,. This is surprising, as a 
mixture of the assumed co~nposition would con- 
tain 20% SnO,, an amount difficult to overlook. 
The lattice parameters of Sc4Sn3O1, were practi- 
cally the same as those of 6(Sc2Sn207). Assuming 

that the preparations were reasonably close to 
the practically attainable state of equilibrium, 
this would lead to the conclusion that 6(Sc203- 
SnO,) is not limited to the composition 
Sc,Sn3012 but has a homogeneity range ex- 
tending towards SnO,, the saturation boundary 
being somewhere between 60 and 66.6 mole % 
SnO,. In this respect the system Sc203-SnO, 
resembles the systems scandia-zirconia and 
ytterbia-zirconia, but it differs from the system 
scandia-titania, although even in the latter the 
variation, with temperature, of a, of the high- 
temperature disordered fluorite phase corre- 
sponding to 6(Sc20,-TiO,) is small (35). 

The lower limit of the pyrochlore stability 
field for the stannates must thus lie between 
Sc3+ and Lu3+, i.e. between Ahrens radii of 
0.81 and 0.85 A. Since there are no trivalent 
ions of sizes between Sc3+ and Lu3+, a number 
of mixed compositions (Sc, -,Yb,),Sn,O, were 
prepared, in which the average size of A3+ 
ranged from 0.81 to 0.85 A (r(Yb3+) = 0.86 A) 
(Table I). At x = 0.8 only lines of the pyrochlore 
pattern were visible, while at x = 0.6 a weak 
subsidiary pattern appeared. The a,(P) values in 
these two compositions were the same, within 
the stated uncertainty limits. These observations 
would fix the limit of the pyrochlore phase close 
to x = 0.8, i.e. r(A3+) = 0.85 A (Ahrens). Since 
this is the ionic radius of Lu3+, it does not appear 
possible to extend the lower limit in the mixed 
phases. 

Mixed compositions Y2(Snl -xTi1)207 (x = 
0.36 and 0.64) and La2(Snl-,Ti,),O, (x = 0.1, 
0.2, and 0.3) were also prepared and investi- 
gated. A plot of a, vs. composition for the 
yttrium compounds (Fig. 4) shows that there 
is complete solid solubility in the system and 
the variation of a, with x is linear. 

Both Ho,SnTiO, and Nd,SnTiO, were pyro- 
chlores. The lattice parameter of the Ho phase 
was, within the stated uncertainty limits, the 
same as 10.2377 A, which is the average of 
ao(Ho,Sn207) and a,(Ho,Ti,O,) (12). YHoTi- 
SnO, also was a pyrochlore, but its a, was not 
identical with the average of the individual a, 
of either pair of the pure phases. 

Although a continuous solid solution has been 
said to exist in the system La2Sn207-La2Ti207 
(6), the only homogeneous composition of the 
above three was La2(Sno,,Tio,,),07 (Table I). 
Powder photographs of the other two contained 
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FIG. 4. Relationship between no and composition in 
the series Y2(Snl-,TiJ20i. For no(YzTi20,) see ref. 12. 

extra lines, possibly of a foreign phase. Their 
pyrochlore pattern could be indexed on unit 
cells that did not significantly differ from a, of 
the homogeneous mixed phase at x = 0.1, so 
that the existence of a limit of substitution of 
Sn by Ti somewhere near x = 0.1 cannot be 
excluded. The decrease of a, on going from 
x = 0 to x = 0.1 was only 0.015 f 2 A. 

These results are difficult to reconcile with the 
account of Padurow and Schusterius's (6) ex- 
periments, not least because these authors are the 
only ones to report La2Ti,07 to be a cubic 
pyrochlore (cf. refs. 1 and 12). It is possible 
that some of the discrepancies can be explained 
by the higher firing temperatures used by these 
authors, up to 1550" compared with 1400" in 
the present work. The powder photograph of 
their preparation with the approximate formula 
(La8/12Nd3/12Pr1/12)2(Sn0.375Ti0.625)207 (a = 
10.484 A) contained a number of extra lines 
described as v.v.w. (very very weak) that could 
not be indexed on the pyrochlore cell. This is 
puzzling, as the presence of a substantial pro- 
portion of the smaller Nd3+ ion would be 
expected to favor a homogeneous cubic phase 

to form, the more readily as La,Ti20, itself is 
implied to be a cubic pyro~hlore.~ 

As has already been reported by Roth (I), 
the pattern of Bi,Sn207 was closely related to 
the pyrochlore pattern. Both Cr,O, and In,O, 
reacted with SnO,, but the products did not 
give cubic pyrochlore patterns, and the infrared 
spectra of both and of Bi,Sn207 were different 
from the typical spectra of pyrochlore stannates. 
No reaction was observed between Sb,O, 
and SnO,. Attempts to prepare homogeneous 
cubic pyrochlores of compositions (Y, -,Bi,),- 
Sn207 and (Y, ~,In,),Sn,07 were not successful 
(Table I). 

Refinement of Y,Sn,O, and Sm,Sn,O, fionz 
X-Ray Data 

The results of the least-squares refinements 
are summarized in Table 11. Though the con- 
vergence was slow, the shifts for both compounds 
converged to zero. As might be expected, yttrium 
stannate was the better-behaved structure. The 
relatively high background of the Sm,Sn,07 
diffractometer pattern reduced the reliability of 
the intensity collection, and the more heavily 
scattering Sm made the refinement less favorable 
than for Y,Sn,O,. Taking these adverse factors 
into account, the result, as judged by R and the 
e.s.d.'s, was reasonably good. 

The temperature factors in the Y,Sn,O, 
refinement were all strongly correlated. This 
was reflected in the large e.s.d.'s especially of 
the oxygen atoms: B(0,) was in fact indeter- 
minate, and B(0,) was poorly defined and un- 
reasonably high. The situation was worse in 
samarium stannate. The smallest correlation 
coefficient was 0.12, while the correlation of 
B(Sm) and B(Sn) seemed to amount to linear 
dependence. This time B(0,) was indeterminate 
and B(0,) and B(Sm) were ill-defined. 

Although the refinement of samarium stannate 
cannot be viewed as very satisfactory, it was con- 
sidered that the appearance of the correlation 
matrix need not cause alarm (cf. ref. 39). For 
2o(x) the positional parameter x(0,) of the Sm 

8Pad~~row and Schusterius state that "[natural] pyro- 
chlores have a true cubic syn~n~etry only at elevated 
temperatures (800-900"). At room temperature all pyro- 
chlore specimens are anisotropic under the microscope; 
their unit cells are pseudocubic, but the deviation from 
true cubic cells is always only slight". It is not made 
clear whether this statement refers to La stannate and 
the La stannate-titanate as well. 
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Results of the least-squares refinements from X-ray (Y2Sn207, Srn2Sn207) and neutron 
(La2Sn207) data* 
- 

Y2Sn207 Sm2Sn207 La2Sn207 

Initial Final Initial Final Initial Final 

12 

After cycle 
K 
~ ( 0 2 )  
B(A), A2 
B(Sn), A2 
B(O,), AZ 
B(Oz), A2 
R, % 
e.s.d.(~v) 

*For meaning of symbols see Experimental. 

TABLE I11 
Observed and calculated structure factors for Y2Sn207 and Sm2Sn207 (CuKu) and 

La2Sn207 (neutrons) 

Y2Sn207 Sm2Sn2O7 La2Sn207 

hkl IFoI Fc IFoI Fc 100(FoI IOOF, 

'Not used in the refinement. 
tIntensity not measured. 

compound was not significantly different from a consequence of the strong correlation of all 
x(0,) of Y2Sn20,, but in the context of the the temperature factors, 
results for all three refined stannate structures Observed and calculated F's are compared in 
(see next section) we are inclined to consider Table 111. The Y,Sn,O, refinement gave 
the increase of x(02) from Y to Sm as real. The D(AI) = 1.45 % (D(I) = 1003) for reflections 
inversion of the high-valued thermal parameters used in the refinement, and 2.97% (1034) for 
B(0,) and B(02) in the two structures is probably all observable reflections (taking I, of peaks 
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FIG. 5. Raw (top) and reduced (jotton?) neutron diffraction patterns of LazSn207 and Y2(Sno.36Ti0.64)207. The 
striking difference between the two patterns arises almost entirely from the contrlbut~on of the tetravalent atom. The 
appreciably higher intensity of the Y pattern is caused by the very low absorption in the specimen. 

not observed or measured as zero). The corre- 
sponding values for the Sm compound were 
3.36% (1022) and 3.36% (the second value does 
not include 10.2.2 + 666, 12.0.0 + 884 and 
13.3.1 $. 11.7.3 + 977, which were measurable 
but, as multiple reflections, not counted). 

The powder intensity data for both compounds 
have been submitted to the ASTM file. 

Rejinement of La2Sn20, from Neutron Data 
The raw and reduced diffraction patterns are 

shown in Fig. 5. Considering the uncertainties 
in estimating the baseline and the vagaries of 
the Gaussian analysis, the 10 single reflections 
used in the refinement gave surprisingly low 
e.s.d.'s (Table 11) and a good agreement of the 
structure factors (Table 111). While there were 
only 10 IF,I for 6 refinement parameters, the 
large contribution of the oxygen atom to dif- 
fraction intensities makes the low e.s.d.'s not 
unreasonable. The similarity of D(AI) for the 
3 classes of reflections indicates that the structure 
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TABLE IV 
Apparent interatomic distances and bond angles in A2Sn20, pyrochlores* 

Distance or angle Y Sm La 

Distances, A 
Sn-0, 2.04858 2.054k22 2.07054 
Sn-0, 3.956k16 3.965+48 3.99154 
A-0, = no J3/8 2.2457210 2.27555 10 2.3167k10 
A-02 2.4855 12 2.554f 36 2.635k4 
02(5)-02(6) 2 .64915 2.700+ 14 2 .76653 
01(4)-01(5) 3.124k11 3.096+31 3.08053 
Ol(l)-od3) 2 .977k9 3.066k26 3.173k4 
01!1)-02(2) 3 .68752 3.742k6 3.8162 1 
01-0, = no 4314 4.4914518 4.5509k20 4.63345 18 
Sn-Sn, A-A, Sn-A = a. J2/4 3.66725 16 3.7158516 3.7832+14 

Bond angles, O 

99.4+ 1.0 

. . - . , . . . 
-- 

*For atomic positions see Table 1V of ref. 2. 
?Tetrahedral angle. 

determination was on the whole not biased by 
the selection of peaks for the refinement: 

D(AI) D(i) 
Reflections used in the refinement 2.66 % 1000 
Reflections measured 3.60% 1012 
All observable reflections up to and 

including 733 5.02% 1026 

B(0,)  was large, though not much inore so 
than B(0,)  in Y,Sn,O,, but its e.s.d. was re- 
markably small. Probably not much emphasis 
should be placed on the physical significance of 
the numerical values of these temperature factors. 

The temperature factors were again strongly 
correlated, but generally less so than i11 the re- 
finements from X-ray data. Of the 15 correlation 
coefficients 10 were lower than 10.501 and the 
remaining 5 did not exceed (0.721. 

Refilleelnet of Y2(Sn0.36Ti0.64)207 from 
Nezrtro~z Data 

The considerable overlap and the uncertainty 
in the baseline of an otherwise well-defined 
pattern (Fig. 5) rendered the Gaussian analysis 
unreliable. In addition, there was an unusually 
strong background between 331 and 422 which 
may have originated in spurious Al(111, 200) 
and V(110) peaks. Taking these adverse factors 
into account as best we could 11 IF,J were 
extracted and used in a least-squares refine- 
ment. Because of the near cancellation of the 
contributions from Ti and Sn, B(M4') was not 
included as a parameter of refinement. 

After 4 cycles R was reduced from 26.1 % 
to 12.9 %, x(0,) refined from 0.4200 to 0.4183, 
and B(Y) from 0.15 A2 to 1.34 A'. However, 
B(0,) and B(0,) kept decreasing from the 
initial value of 1.50 A2 to negative values (B(0,) 
strongly negative), and the refinement was dis- 
continued. No  improvement resulted on including 
B(M4+) in the refinement. In the circumstances 
i t  was not thought profitable to test for the 
possibility of partial order in the 16(rl) sub- 
lattice. 

Even though the structure could not be 
successfully refined, it is instructive to compare 
the pattern of the stannate-titanate with that of 
La,Sn,O, at the same h. Since b(La) and b(Y) 
are similar, the difference in the appearance of 
the two patterns arises almost entirely from the 
contribution of Sn in La2Sn,07 and from the 
difference in x(0,) of the two pyrochlores. 

Intei.atonzic Distances and Bond Atzgles 
The apparent interatomic distances and bond 

angles (not corrected for thermal motion) are 
listed in Table IV. The uncertainty limits are 
based on 2 4 x )  for the refinements from X-ray 
data, on 4o(x) for the refinement from neutron 
data, and on 4 ~ ( a , )  for distances independent 
of x(0,). 

The shortest Sn-0 distances in all 3 stannates 
are practically the same as those reported for 
six-coordinated Sn(1V) in SnO, and BaSnO, 
(Table V). 
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TABLE V 

Metal-oxygen distances in some compounds of La, Sm, Y, and Sn(1V) 
- -- -- 

Con~pound Coordination Distance, A Reference 

LaOF (tetragonal) ' 

La20,S 
La2Ni04 (KzMgFa) 
La2Mo06 
La2(S0J3. 9 H 2 0  

La-0 distances 

Sm-0 distances 
Sm203 (B-type)-i 1 0  + 2 0  $- 1 0  + 2 0  + 1 0  2.25; 2.29; 2.49; 2.56; 2.71 (all f 0.06) 50 

1 0  + 2 0  + 1 0  + 2 0  + 1 0  2.29; 2.32; 2.38; 2.49; 2.76 (all k0.06) 
1 0  + 2 0  + 1 0  + 2 0  + 1 0  2.26; 2.28; 2.31; 2.57; 3.12(all f 0.06) 

SmO (NaCI) 6 0  2.494 51 
SmOCl (PbFCI) 4 0 ( +  1 CI + 4 CI) 2.30 52 

Y-0 distances 
Y203 ( C - ~ Y P ~ )  6 0  2.25 (40); 2.250 + 12 (53) ; 2. 327 + 40 (30)(42) 

2 0 + 2 0 + 2 0  2.25; 2.27; 2.34 40 
2.260; 2.354; 2.278 (all +0.012) 5 3 
2.228&45;2.271+42;2.298+52(all30) 42 

YOOH and YOOD 1 0  -t 1 0  + 2 0  + 1 OH + 2 O H  2 .24f3 ;  2.28+2; 2.32+2; 2 .3852 ;  
2 .4452 54 

YOF (rhombohedral) 4 0  (-1- 4 F) 2.44 46 
YOF (tetragonal) 4 0 ( + 4 F )  2.47 46 
Y(OH)3 and Y(OD), (UCI,) 6 0 + 3 0 2.403+3; 2.437+3 55 
Uy601: 1 0  + 1 0  + 2 0  + 1 0  4- 1 0  2.17; 2.28; 2.30; 2.32; 2.40 (all 5 0.02) 37 
Y3Fe2(l-e04), (garnet) 4 0 + 4 0 2.368; 2.419 56 
YPO, (zircon) 4 0 + 4 0  2.32; 2.56 57 
Y(EtSO,),. 9H2O 6 H 2 0  -1- 3 H z 0  2.37; 2.55 4 1 

Sn(1V)-0 distances 
Sn02  (rutile) 4 0  + 2 0  2.052+5; 2.056+7 
BaSn03 (perovskite) 6 0  2.058 
Na2Sn(OH)6 6 OH 1.93 
K2Sn(OH)6 6 OH 1.98 

'Calculaled from the authors' unit-ce!l dimensions and  positional parameters. 
?It has been s u ~ ~ e s i e d  that the B form is not a polymorph o f S m 2 0 3  but a samarium oxide oT variable composition (62). 

The irregular coordination polyl~edra about 
the La, Sm, or Y atoins (coordination numbers 
6, 7, 8, 9, or 12, often with mixed nearest neigh- 
bors) make a direct comparison of the metal- 
oxygen distances in the stannates (coordination 
2 f 6) difficult. Even in the sesquioxides there 
are several M-0 distances. The La-0, dis- 
tance is shorter than any listed in Table V, but 
the Sm-0, and Y-O1 distances are within 
the range of the M-0 distances in the corre- 
sponding sesquioxides and other compounds. 
Interatomic distances longer than Y-0, have 
been reported, but they are not common; the 
longest Y-0 distance in Y20 ,  does not 
exceed 2.36 1f. The Sm-0, and La-0, dis- 
tances, however, fall within the range quoted 
for the sesquioxides. 

Infiared Spectra 
The spectrum of La,Sn,O, consists of a 

strong, relatively sharp band at 581 cm-' (A) 
and a strong, broader band which has a maxi- 
mum at ca. 395 cm-', a sharp shoulder at  
327 cm-' (D), and an unresolved shoulder in 
the 470 cm-' region (Fig. 6). 

On replacing La with heavier lanthanons A 
and D shift to progressively higher wave num- 
bers. The sharpness and intensity of A remains, 
but D becomes weaker and eventually (for Yb) 
degenerates to an unresolved shoulder. The 
broader band splits up into essentially two com- 
ponent peaks B and C; the frequency of C is 
almost stationary, while that of B progressively 
increases. The unresolved shoulders and asym- 
metric peak profiles are evidence of additional 
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WAVE NUMBER, c m - '  

FIG. 6. Infrared transmission spectra of representative pyrochlore stannates and related compounds. 

fine structure which, too, depends on the parti- 
cular lanthanon. A selection of representative 
spectra is shown in Fig. 6. 

When the frequencies of A, B, and D are 
plotted against Templeton-Dauben's r(A3+), 
the increase of the peak frequencies v(A) and 
v(B), and the decrease of v(D), with increasing 
r ( ~ ~ + )  are clearly seen (Fig. 7). Although the 
spread of the points for v(A) and v(B) is appre- 
ciable, the regressions of v(A) and r(A3+) have 
a correlation coefficient of -0.983, suggesting 
that the dependence could not be far from linear. 
The likelihood of straight-line relationships for 
v(B) and v(D) is even more apparent. The slopes 
of the best straight lines for v(A) and v(B) are 
practically identical (Fig. 7). 

Similar near-linear relationships, but with 
slopes of the opposite sign, result when the fre- 
quencies are plotted against the atomic numbers 
or atomic weights of the lanthanons. The fre- 
quency v(D) decreases with the increasing mass 
of the lanthanon, as one might perhaps expect, 
while v(A) and v(B) increase. However, v(A) 
and v(B) of yttrium are very similar to the 
corresponding frequencies for holmium, thus 
following ionic size rather than atomic mass. 
This would suggest that the A and Sn atoms are 
sufficiently heavy to form a quasistationary in- 
ertial framework, while the oxygen atoms move 
in the potential wells formed by the metal atoms. 
Since the charge distribution in the well (and 
hence the vibrational force constant) depends on 
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BRISSE AND KNOP: PYROCHLORES. 111 871 

FIG. 7. Variation of the frequencies of the A,Sn,O, 
absorption maxima A. B, and D with r(A3+). Full circles, 
Y,Sn20,. The straight line for v(A) was fitted by least 
squares. 

the effective (equilibrium) interatomic distance 
which varies with A, the peak frequencies appear 
to depend on r(A3+) rather than on atomic 
mass; the near-linear dependence of the fre- 
quency on the atomic number or atomic weight 
of the lanthanons is an expression or the change 
in r(Ln3+). Yttrium is thus found with holmium 
and not outside the frequency range for the 
lanthanon stannates. An explanation why v(C) 
is stationary, and an assignment of the vibrational 
modes, would require an analysis beyond the 
scope of this investigation. 

In the series Y,Sn,O,-Y,Ti,O, v(A) decreased 
from 644 cm-' in the stannate to 576 cm-' in 
the titanate. At the same time the band profile 
of A became progressively broader (Fig. 6). The 
B and C peaks tended to coalesce at first, but 
the broad B + C band of Y,(Sn,.36Ti,.6,),07 
changed into a band with a redistributed fine 
structure on going over to Y,Ti,O,. 

Bands similar to the two main bands of the 
Ln,Sn,O, spectra, A and B + C + D, are 
present in the spectra of both SnO, (rutile) and 
BaSnO, (perovskite) (Fig. 6). Since only lattice 
modes occur in these structures, these bands no 
doubt have their origin in similar deformations 
of the SnO, octahedra, which exist in all three 
structure types, though the networks of the octa- 
hedra have unlike connectivities. 

COOLING 

I 
0 HEATING 

Lu,Sn,O, 

TEMPERATURE, 'K 

FIG. 8. Dependence of permittivity of three pyrochlore 
stannates on temperature. 

The 6 phases Sc,Sn,O, and Sc,Sn3012 gave 
practically identical spectra, but different from 
those of the cubic stannates. v(A) was about 
665 cm-I, but instead of an increased separation 
of the B and C maxima of the pyrochlore spectra, 
which might be expected on extrapolating the 
series to Sc, a broad band with a maximum at 
485 cm-I appeared. The separation of B and C 
had disappeared, while that of the two main 
bands, A and B + C,  was very shallow. 

Dielectric Measuren7ents 
As Fig. 8 shows, there was no indication of 

ferroelectric behavior in Pr, Er, and Lu stan- 
nates. The Pr,Sn,O, disk displayed a consider- 
able thermal hysteresis, probably attributable to 
dielectric ageing induced by the cooling-heating 
cycle. The absolute values of the permittivities 
were undistinguished. 

Conclusions 
1. As a set of relative ionic (crystal) radii for 

trivalent lanthanons the Templeton-Dauben set 
is preferable to the Goldschmidt or the Ahrens 
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sets. It is probably the most consistent and com- 
plete of all such sets described in the literature. 
However, it is limited to Ln3 + (essentially in six- 
coordination), and it is not certain how it is 
related, absolutely, to the radii of cations carry- 
ing a different charge, such as those of M4+, 
which are important in the present context. For 
this reasoil it seems practical to retain provi- 
sionally the Ahrens radii, in the belief that all 
the radii of this set are matched, however im- 
perfectly, and thus more likely to give a con- 
sistent working picture of the size effect. 

In the linear correlation of a,(A2Sn207) and 
r(A3+) (Templeton-Dauben) yttrium appears 
just below holmium, thus confirming Geller's 
estimate of its ionic radius. 

2. Taking r(Sn4+) as 0.71 A (Pauling, Ahrens) 
and using the Ahrens radii for A3+, the lower 
limit of the r(A3 '):r(Sn4+) ratio for cubic pyro- 
chlores is about 1.19. The upper limit is at least 
1.61 (1.49 for the Templeton-Dauben radii). 
This is the highest ratio yet reported for 3 4  
pyrochlores, a possible exception being 
Pr2FeSb07 (61). The possibility of extending the 
cubic pyrochlore field towards Ti in the system 
La2Sn207-La2Ti207 was found very limited. 

These limits, which are based on ionic size, 
must be viewed only as tninitnum criteria of 
existence: Bi3+ has a radius ratio of 1.31 but 
does not form a cubic pyrochlore stannate. 

3.  Of the three stanilate structures refined, 
Sm2Sn,07 gave the least reliable result. In spite 
of the large uncertainty limits of x(0,) in this 
compound the increase in x(02) with the ionic 
size of A3+, and thus a decrease in the distortion 
of the SnO, octahedra, is evident (Table 11). 

4. The infrared transmission spectra of the 
stannates, while exhibiting certain regularities, 
do not allow of a simple interpretation. They 
possess, however, a diagnostic value in that they 
make it possible to distinguish between cubic 
pyrochlore and other structural arrangements. 

The spectrum of Y2Sn,07 is practically 
identical with that of Ho2Sn207. This fact, to- 
gether with the trend in x(02) in the series Y, 
Sm, La stannate, leads to the conclusion that it 
is the size of Y3+ rather than its chemistry (as 
a 4d-element) that determines its place among 
3-4 pyrochlores. 

5. No evidence of ferroelectric transitions in 
Pr, Er, and Lu stannates was fouild by per- 
mittivity measurements between room tempera- 

ture and 4.2 OK. It is unlikely that ferroelectric 
properties will be found in other pyrochlore 
stannates between Pr and Lu. 
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Surface oxidation and reduction of platinum electrodes: Coverage, 
kinetic and hysteresis studies 

D. GILROY AND B. E. CONWAY 
Departtnent of Clzernistry, University of Ottawa, Otta,va, Canada 

Received September 20, 1967 

Studies on the electrochemical formation and reduction of surface oxide at platinum electrodes 
have been carried out with particular reference to polarization and hysteresis effects in these processes. 
Comparisons between the results of galvanostatic and potential sweep techniques have been made for 
three types of surfaces of platinum electrodes prepared by: (a)  heating in hydrogen; (6) heating in a flame; 
and (c )  electrolytically forming platinum black surfaces. The dependence of the quantity of reducible 
oxide formed under prior steady-state potentiostatic conditions has been related to potential and time 
of anodic polarization. Polarization effects in the reduction of the surface oxide have been evaluated in 
terms of the potential dependence of the pseudocapacitance maximum for the oxide reduction process, 
and a mechanism for the reduction is suggested. The relative slowness of the reduction process is impor- 
tant in regard to the question of the role of oxide in the kinetics of electrocatalytic oxidations at platinum 
anodes. Hysteresis effects in anodic formation and cathodic reduction of the oxide are discussed in terms 
of a totally irreversible phase transition involving the ad-layer. 

Canadian Journal of Chemistry, 46, 875 (1968) 

Introduction (8) derived from these transients have been 

In recent years, the electrochemistry of oxi- examined with regard to  the kinetics and mech- 
dized electrodes has received anisms of oxide reduction. Particular emphasis 
attention, and a variety of studies on the nature has been placed on: (a) rate effects in reduction 
and extent of surface coverage by oxygen species, transients (9); (b) temperature effects in oxide 
and on the mechanisms of oxide formation formation in the range 5-90°C; (c) comparison 

and reduction, have been performed (1-7). between and platinum black surfaces; 

Examination of the latter process is of importance (d) oxide film growth over longer times; and (e) 

in regard to the role of surface oxides in anodic hysteresis between oxide formation and reduc- 

oxidations of organic substances. Such experi- tion processes. 
ments usually involve a change in the electrode The observations at higher temperatures are 
surface from one state, defined by a potential of importance in relation to  the kinetics and 

and corresponding to a given coverage 0 by mechanism of electrocatalytic oxidations of 
H- or 0-containing species (0, or @,may bezero), hydrocarbons at Pt and other noble metals where 
to  another, by means of some type of transient. the surface oxide may behave as a co-reactant 
~ h u s ,  galvanostatic (1, 3), potential-sweep (4, Or an hhibitor (lo, l l) .  
and potential-step methods (5) have been 
employed individually or complementarily (2),  Experimental 

Cell and Solutiot~s and in conjunction with Experimental measurements were made in an all-glass 
Special attention has also been given (6) the cell of the type described previously (12), provided with 
effects of impurities in studies on surface oxida- an internally sealed glass coil for circulation of thermostat 
tion of and the initial chemical and water; the reference electrode was similarly thermostated. 

One molar H 2 S 0 4  solutions were prepared by dilution electrical condition of the electrode prior to  
of analytical reagent grade acid with triply 

the transient must be defined' water, followed by optimum cathodic and anodic pre- 
This factor has often made it difficult to  compare electrolysis. Purified nitrogen (12) was bubbled in the 
various results. working and counter electrode compartments during the 

The present paper reports an experimental experiments. 

continuation of our previous studies on transients Elec+rodes 
in relation to  the form of capacitance relations Three types of electrodes were used: (a) platinum wires 
for adsorbed, electrochemically generated species sealed directly into glass with consequent exposure to the 

oxygen - natural gas flame; (b) platinum black deposited 
at (8' from onto platinum wires from a solution of H,ptCI6 contain- 
and P ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ P  have been ing lead acetate; after careful washing, these electrodes 
pared and the pseudocapacity-potential relations were maintained in the cell at 90 "C for several hours to 
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sinter the surface (see for example ref. 1 3 )  and stabilize 
its area and properties; (c) platinum wires heated in 
hydrogen at 700 OC for 1 h and then sealed into glass 
bulbs in a hydrogen atmosphere without contact with the 
flame. 

The glass envelopes of the electrodes were cleaned in 
chromic acid and soaked in distilled water before use. 

Circuits 
Conventional circuitry was used to obtain galvano- 

static and potential-sweep transients (4); the former were 
differentiated electronically (14) to give directly the 
reciprocal electrode capacity dV/dQ, where V is the 
time-dependent potential in the transient and Q the 
charge passed at a given time. 

Results 

Galvanostatic and single potential-sweep tran- 
sients were obtained after application of the 
potential-time pretreatment sequences of Fig. 1 ; 
the oscilloscope traces were recorded during the 
periods T. At other times, the electrodes were 
maintained potentiostatically at 1.5 or 1.2 V to  
remove oxidizable impurities. Corrections for 
resistance error effects were made where 
appropriate. 

P O T E N T I A L  

l Constont 
current , Conslant A .  

1 cdhodic 
1- - ?i - 

FIG. 1. Potential and time programs in galvanostatic 
and potentiodynamic reduction of surface oxides at Pt. 

I Constont 
current I cathodic I 'Constant  '. 

FIG. 2.  Galvanostatic and differentiated galvanostatic 
reduction curves for Pt surface oxide showing two 
maxima (ox. 1 and ox. 2) in reduction from high anodic 
potentials (1.6 V EH). (Based on enlarged projection from 
35 rnm oscilloscope negative; noise levels < 1 mV.) 
[35 mA discharge; 2 ms div.-', 0.4 V div.-', vertical]. 

1- -_2_5- - -  

I .  Charge-Potential Relations 
Extents of surface oxidation at various given 

potentials (maintained potentiostatically) were 
determined from prior anodic steady states by 
galvanostatic discharge at fairly high current 
densities using the potential program of Fig. 1A. 
Transition times for oxide reduction were taken 
from the beginning of the transients to the 
maxima in the differential curves (i.e. at the 
capacity minimum corresponding to the double- 
layer region) at around 0.4 V, and for hydrogen 
deposition from the latter region to each of the 
two differential maxima between 0.3 and 0.0 V. 
When the initial anodic potential EA was above 
1.6 V, the oxide reduction region became differ- 
entiated into two stages1 easily discernible in the 
differential galvanostatic curves (Fig. 2). Results 
for the three different types of electrode at four 
temperatures are shown :n Figs. 3a, b, c. The 
oxide (Q,) and hydrogen (Q,) chargesinclude the 
double-layer charging contribution but specific 
corrections for this effect were not made 
since the ionic double-layer capacity will 
probably be a function of potential and oxide 
or H coverage and is thus somewhat indetermi- 
nate. A formal correction could be made using 
the capacity observed at 0.35-0.6 V in the 
"double-layer" region (e.g. see Fig. 2). It is of 
interest that the Q ,  values for the three types of 

I current 
5 s  1 5 s  ; cathodic 

'A related separation into two regions was observed 
by Will and Knorr and also Bagotskii and co-workers 
(4) at high sweep rates in potentiodynamic transients. 
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GILROY AND CONWAY: SURFACE OXIDATION AND REDUCTION 

' '  - 1  Pt ( H2 treated ; 90- 

FIG. 3. (a) Surface oxide charge and H-atom accom~llodatio~l at four temperatures for hydrogen-treated smooth Pt. 
(b) As in (a) but for flame-treated smooth Pt. (c) As in (a) but for platinized Pt. 

electrode surfaces vary with potential in a closely Hysteresis effects (15a) were examined using 
similar manner, e.g. as indicated by the ratio program 1B (Fig. 1 )  in which the electrodes 
Q,/Q, as a function of potential. Evidently, were maintained first at an upper potential E l  
when platinum is in the "black" condition, no and then at a variable lower one E,, both for 
specially characteristic behavior arises at least 5 s, before reduction from E,. The observed 
with regard to  the Q,/Q, ratio. charges thus measured have been included in 
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,. 4 Cl.8VI /.'* 
OXIDE GROWTH 
HZ TREATED PI. 2 8  e~ 

./ 3 (1.5VI 
./*' 

---u 2 (1.2V; from 1 5 V l  

I 

0.16  I I 
I 

I L  
I 10 10' lo3 

TlME ( s  ) 
I 10 lo2 lo3 

TIME ( s l  

FIG. 4. Oxide growth effects at Pt at 28 "C (a) and 90 "C (b) in terms of cathodically reducible material in n1C cm-=. 

Figs. 3 a-c as the dotted lines; hysteresis (15a) 
was observed, however, from all potentials in 
the oxide region and the effects originate in the 
same way as those found in cyclic voltammetry 
at Pt: the oxide once formed at a given potential 
requires a lower potential for its cathodic 
removal, and the greater is the anodic formation 
potential, the lower is the potential required for 
subsequent cathodic reduction (cf. hysteresis in 
magnetization).' 

Roughness factors calculated by comparing 
the quantities QH, the charge for hydrogen 
deposition (from EA < 0.7 V), with a reference 
value (16) of 0.21 mC cm-' for a plane surface 
were 1.5 (5) for H,-treated, 2.5 for flame-treated, 
and about 180 for platinized Pt. 

2. Oxide Growtlz 
Variation of the duration for which the 

potential was maintained at EA in program 1A 
enabled the growth of oxide (in terms of Q,) 

'The first observations of hysteretic effects in platinum 
surface oxidation and reduction appear to have been 
made by Slygin and Frumkin (15b) and by Pearson and 
Butler (15c), although no specific attention was given to 
the origin of the hysteresis behavior. 

to  be studied. Up  to E, = 1.8 V, the oxide 
thickened3 with time, and the length of the 
reduction wave, or the transition time for 
reduction, increased logarithmically in time. 
Typical behavior is shown in Fig. 4. Similar 
direct logarithmic growth behavior has been 
found for thin oxide films on Au (17). 

Time effects in hysteresis were investigated 
using the potential program 1B with variation of 
the time spent at potential E,. Results for 
E ,  = 1.5V and E ,  = 1.2V are also shown in 
Fig. 4. After such a pretreatment program, the 
oxide apparently does not thicken any further 
(except after relatively long times) with time 
at the lower potential; after a "hysteresis" 
treatment, there is an initial rapid decrease of 

31t is assumed that the effects observed represent a 
"thickening" with time or an increased penetration of 
0-species into the surface layer of the metal (cf. the 
"dermasorption" effect discussed by Schuldiner and War- 
ner (18, and see ref. 6)). It is clear that equivalent effects 
could arise, however, if there was a progressive increase of 
valence of the Pt atoms in the surface layer, i.e. an increase 
of the 0 :P t  ratio. The first possibility seems the more 
likely. Oxide film layers up to ca. 10 A in thickness are 
deduced in the work on ellipsometry (7), but the present 
Q,/Qtl ratios would require a thinner layer, even at 1.8 V. 
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* GALVANOSTATIC 
o CATHOOIC LINEAR POTENTIAL PULSE 4 

CATHOOIC CONTINUOUS A SWEEP 
0 ANODIC CONTINUOUS A SWEEP 

x GALVANOSTATIC 
o CATHOOIC LINEAR SWEEP 

A CATHOOIC CONTINUOUS A SWEEP 

1.4 

/X/O 

0 . 9  

I I I I 1  
-2  

I 
I 0 

I I 
I 

0 . 3  
- 3  -2 I 0 I 

L a g  7 ( $1  L o g 7  (s) 

' GALVANOSTATIC 
0 CATHODIC LINEAR POTENTIAL PULSE 
A CATHODIC CONTINUOUS A SWEEP 

o ANODIC CONTINUOUS A S W E E P  

1 

I I I I I 
- 3  -2 -I 0 I 

Log T (s) 

FIG. 5. (a) Surface oxide and 1-1 charges as a function of transition time in various measurements at  platinized 
Pt a t  30 "C and 90 "C. Note: differences between the charges for 0 and H for the three types of electrodes arise because 
of the different roughness factors. (b) As in (a) but for flame-heated smooth Pt. (c) As in (a) but for hydrogen-treated 
smooth Pt. 

thickness which occurs in a time interval 
shorter than that studied here, followed by a 
period in which the quantity of reducible oxide 
is constant. 

3. Itnj~~iritj? Effects 
Measurement of the total Q ,  as a function of 

time when E, was kept in the range of potentials 
for double-layer charging gave indications of 
slow impurity adsorption, as has also been noted 
in other work. These effects were minimized by 
optinlum cathodic and anodic pre-electrolysis, 

and were only significant after extended periods 
of standing at intermediate potentials, 0.4-0.6 
v Ek1. 

4. Transition-Ti17ze Effects 
The results from galvanostatic and potential- 

sweep methods were compared by carrying out 
reductions of the oxide formed at E, = 1.2 V 
for 5 s using program C (Fig. 1). The appropriate 
type of transient was introduced over the period 
T. Again the oxide charge was taken from the 
beginning of the transient to  the capacity 
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minimum around 0.4 V in the potentiodynamic 
curve. The hydrogen deposition charge was 
calculated as before for the galvanostatic case, 
and in the potential-sweep runs by integration 
over the region from the capacity minimum, at 
0.4V, to  0.OOV. However, the H-charging 
current was extrapolated linearly to  0.0 V from 
a potential of about +0.08 V, following a 
procedure used by Breiter (19) since a Faradaic 
process becomes significant below this potential. 
The charges determined as functions of the 
transition times 7 for processes occurring in the 
"oxygen" and "hydrogen" regions have been 
plotted in Figs. 5a, b, and c for different modes 
of preparation of the electrodes and for runs 
conducted at room temperature and 90°C. In 
the single potential-sweep method, the "transi- 
tion time" was taken as the time required for the 
potential to  traverse the limits of the oxide 
reduction peak (i.e. from ca. 1.1 to 0.4-0.6 V). 
Comparison of the results obtained by the 
galvanostatic and single sweep measurements 
from prior steady states is considered below in 
relation to  the kinetics of oxide reduction. 

5. Repetitive Triangular Potential Sweep 
The electrode was subjected to  contiiluous 

sweeps between 0 and 1.2 V, and the oxygen and 
hydrogen charges for both anodic and cathodic 
directions were determined. The hydrogen 
charges have been included in Figs. 50, b, and c 
together with the results from single pulse 
n~easuren~ents. Anodic and cathodic oxygen 
charge balance (cf. refs. 1, 2) between 1.2 V and 
the potential of the capacity minilnuill on the 
cathodic branch was usually better than 90% 
especially at low sweep speeds. The ratio "total 
anodic" :"total cathodic" charge was usually only 
somewhat greater than unity [cf. previous 
conclusions (I)]. Single A sweeps are shown in 
Fig. 6 for various potentials of initiation in the 
H region and will be discussed later. 

6. Ailodic Transients 
Some anodic galvanostatic transients were 

recorded and are considered below. 

7. Construction of Pseudocapacity-Pote~ztial 
Profiles 

The adsorption pseudocapacity C (8,9) for 
oxide reduction was calculated from the relation 

C = i/(dV/dt) 

for the galvarlostatic and potential-sweep tran- 

sients with potential limits of 0.0 V and 1.2 V. 
Results are presented in Figs. 7 and 8 for various 
charging currents i and sweep rates S (= dV/dt). 
Appreciable kinetic effects in the shapes and 
positions of the peaks are to  be noted and are 
discussed further below. 

FIG. 6. Repetitive potential-sweep profiles with varia- 
tion of the lower potential limit (smooth Pt, 28"C, 
hydrogen treated). 

General Discussion 

( I )  Estimates of Areas froin Oxide a11d Hydrogen 
Cllarges 

The "real" electrode areas are of some 
importailce in coinparison of results for one 
electrode and another, and in coinparison of re- 
sults of various workers. The available area of Pt 
electrodes is usually estimated by charging ineth- 
ods in which the quantity of electrocheinically 
depositable oxygen or hydrogen js determined 
per unit apparent area. The former technique is 
not t o  be recommended since oxides of differing 
thicknesses and/or formal valences are produced, 
depending on the anodic potential attained, so 
that a condition of "full coverage" is difficult t o  
define; also, as suggested here, and elsewhere by 
Schuldiner and Warner (18, and see ref. 6), 
oxygen species may diffuse into the bulk metal. 
Under fairly well-defined conditions, however, 
hydrogen "charging" of the electrode has been 
used to estimate areas since in the fully covered 
state the number of H atoms per unit area is a 
more definite quantity susceptible to  calculation, 
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Ptz . Pt. R ( V  s- I  ) 

30 OC 

I 0.24 

2 0.432 

3 0.792 

4 1.44 

FIG. 7. Pseudocapacitance peaks Tor surface oxide reduction and H deposition, determined from cathodic singlc 
sweep transients (from 1.2 V EE,) at various sweep rates designated here as R. 

assunling (20) that there is one H atom for every 
Pt.4 Here we have first investigated the reproduci- 
bility which can be attained in estimations of 
various types. 

Will and Knorr (4) and French and Kuwana 
(21) foulld that it was necessary to  clean the 
surface by formation of a complete layer of 
surface oxide followed by its removal; H was 
subsequently deposited in a linear cathodic 
sweep. At potentials below about 700 mV, the 
area estimated from the cathodic H accominoda- 
tioil usually decreases with the time the electrode 
is held before cathodic reduction is commenced, 

4Tl~is is not necessarily the case since H Inay be also 
interstitially adsorbed (intcrstitial H was first considered 
by Conway and Bockris (32b) in regard to the atom-ion 
mechanism in Hz evolution) amongst the atoms of the 
first layer of the metal, as suggested by Conway and 
Salomon (32a) in regard to electrolytic isotope effects 
(cf. ref. 33; Will also considered interstitial H in the 
surface). Such a situation seems also to be indicated by 
the three H desorption peaks found by Will on individual 
single crystnl faces of Pt. Diffusion of H into the metal 
must also be recognized (22) but this complication can 
be minimized by use of short duration cathodic sweeps 
and then Q,x is reproducible and constant. 

due to adsorption of traces of impurities 
(cf. refs. 5, 6) or to  a deactivation of the surface 
brought about by the return of displaced Pt  
atoms to more stable 'original' states (cf. ref. 21). 
The electrode area should be estimated as soon 
after the cleaning procedure as possible. 

The required potential range and duration of 
the cleaning pulse must be optimized and may be 
controlled by the use of a potentiostatic step. 
After keeping the electrodes at various potentials 
V in the oxide region (and below) for 5 s, 
galvanostatic reductions were made at fairly 
high current densities. Q, and Q,, were measured 
from these traces as shown in Figs. 3a, b, c, in 
which the H charge is seen to  follow the oxygen 
charge to  some extent but attains a constant 
value when measured by a reduction from a 
series of controlled anodic potentials (cf. refs. 
11,20). The importance of the initial conditions 
of electrode preparation becomes apparent here. 
It is evident that the platinized Pt electrodes 
give the most satisfactory results in that the H 
charge is constant over a large range of initial 
potentials, followed, in increasing order of 
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P t z .  Pt. i ( A  cm-'1 

30°c  1 1.66x10-~ 
2 2.43 

3 4.31 

FIG. 8. Pseudocapacitance peaks for surface oxide reduction, H deposition, determined from differentiated 
cathodic galvanostatic transients (from 1.2 V E,,) at various current densities. 

variation of Q,,, by the hydrogen-treated and 
then the flame-treated surfaces. Evidently, since 
QH becomes constant as Vnnodi, is decreased 
below ca. 0.7 V, we are really investigating here 
the resolution of the oxygen and hydrogen waves 
and the extent to  which some oxide is reduced in 
the H region. Apparently, from this point of 
view, the flame-treated electrodes are unsatis- 
Factory since it appears that there is always 
some oxide reduction beyond the usually chosen 
oxide "end-point" potential. Hydrogen-treated 
electrodes are quite satisfactory provided that 
Vanodic does not exceed 1300 mV. Although the 
platinized electrodes give the best results, this 
may be offset by the fact that (a) mechanical 
instability arises and (b) sintering is desirable. In 
all cases, an increase in temperature gives better 
resolution of the two regions. The effect OF the 
duration of the clea~ling or  oxidation pulse may 
be estimated from the oxide "growth" curves in 

Fig. 4, from which it may be observed that the 
cathodic H charge becomes constant when 
determined from all potentials (in the oxide 
region) even though the oxide charge itself is 
observed t o  increase (cf. ref. 1 I). 

We now examine if there are any significant 
kinetic differences in the results given by the 
various methods. Results are shown in Figs. 5a, 
0, and c for the galvanostatic and linear sweep 
experiments for various electrode preparations. 
Oxide was reduced after 5 s formation a t  1200 mV. 
This value of V was chosen because it is below 
the 0, evolution potential and yet the surface is 
probably " f~~l ly  covered" by oxide; also, for this 
potential, the oxide is reduced completely on 
the H,-treated and platinized electrodes but not  
on the flame-treated electrode. The difference is 
apparent in Fig. 5b where the H charges for the 
latter electrode are not constant but depend 
apparently on current density, being higher in the 
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longer transients. This is possibly also a conse- 
quence of the diffusion of oxygen atoms into the 
metal, to  be discussed below. The galvanostatic 
values of QH are significantly higher for the 
flame-treated electrodes, but with the platinized 
and H,-treated electrodes, the two methods give 
results in good agreement and QH is independent 
of "transition time" except at the highest rates. 
The Q ,  for continuous sweep experiments 
between 0.0 and 1.2 V are also shown in Figs. 5a, 
b, and c and correlate well with the data from the 
single sweep determinations ; hence one oxidation 
sweep only is necessary to  clean or activate the 
electrode reproducibly. The relative accuracy of 
the galvanostatic and linear sweep methods may 
be judged by the scatter of the points in the 
figures. It is evidently easier to  obtain reprodu- 
cible results under galvanostatic conditions. The 
reasons for this are: (a) The end point of the 
hydrogen wave (around 0 V) is determined more 
readily on the differentiated galvanostatic trace. 
In the linear sweep, at potentials near to  0.0 V 
the passage of a Faradaic current makes an 
extrapolation necessary (19). The beginning of 
the hydrogen region and the end of the oxide 
region is also more easy to distinguish in the 
galvanostatic method because the differential 
trace which is proportional to  reciprocal capacity 
in the latter case gives a sharper peak than the 
current trace (directly proportional to  the 
capacitance) in the sweep method. (b) Integration 
of the linear sweep to obtain the charge is both 
tedious and sometimes inaccurate. The differential 
illethod requires only a calibrated time base and 
only distances are measured5 to obtain the 
charges. For example in Fig. 4, the Q,, for 
appropriately conditioned electrodes may be 
reproduced to within 1 or 2%. (c) It is more 
difficult to  apply a precisely linear sweep to the 
system than to apply a constant current, 
especially at high speeds where the sweep can 
become noticeably distorted; the resulting i-V 
curves are then difficult to  interpret. Also any 
iR effects are constant in the galvanostatic 
method. 

After iR correction, the values of Em,, in the 
H region are independent of current density or 
sweep rate (up to  those rates used in the present 

'In practice, these measurements were made on graph 
paper by projecting the 35 mm negatives with an enlarge- 
ment of ca. 6. 

work) for all electrodes. We conclude, in agree- 
ment with previous work, that H depositioiand 
ionization processes are almost in equilibrium in 
charging experiments, although there appear to  
be some slight differences in the values of the 
peak potentials determined by the two methods 
depending on electrode preparation [Figs. 1 1  
and 121. 

According to kinetic treatments (10, cf. 28) 
based on considerations of activation polariza- 
tion, it is expected that dC,,,/dior dC,,,/dS > 0. 
Experimentally, the opposite is observed and 
C,,, decreases as i or S increases. Since the 
present and previously published work indicates 
that the H on the surface is almost at equilibrium, 
we should expect almost constant C,,, for var- 
ious values of i or S. It seems likely that this 
discrepancy can be explained in terms of diffu- 
sion of hydrogen into the metal. Under these 
circumstances, more charging current is required 
per cm2 than would correspond only to  produc- 
tion of adsorbed H on the surface itself.' 

Exploratory calculations based on diffusion 
theory show that C,,, would decrease with 
increasing i but not logarithmically as observed. 

Appareiltly the deposition of H may also 
activate the process of oxide deposition to a 
small extent, as illustrated in Fig. 6 where the 
cathodic end of the sweeD has been initiated at 
various potentials in the H depositioil region. 
There is a decrease7 of approximately 10% in 
Q,  as the initiation potential moves from 0 t o  
+400 mV. The cathodic H redeposition regions 
are identical within the experimental liinits of 
resolution. 

2. Oxidation of the P t  Surface 
(a) Galvanostatic and Potentiodynarxic Methocls 
The surface oxide charges obtained from 

reductive transients after 5 s at 1.2 V are shown 
in Figs. 50, b, and c referred t o  above. The trends 
are similar to  those observed for the H charges, 

6Area changes caused by pulsing have been demon- 
strated by Gilrnan (38); however, it is doubtfill if this 
is the explanation of the effect discussed here which 
depends on i or  S in single transients, rather than total 
time of pulse or sweep treatment. 

7The increased apparent oxide coverage observed 
after polarization to more cathodic potentials in the H 
region cannot be accounted for by oxidation of any H 
that has permeated into the Pt since the reduction of 
oxide on the returning cathodic sweep also shows a 
larger peak than that corresponding to less cathodic 
treatment in the H region. 
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i.e. there is more scatter in the results from the 
sweep method and a dependence of Q on transi- 
tion time is pronounced only with the flame- 
treated electrodes. In general, results from the 
two methods agree quite well, e.g. in the way Q 
depends on log 7 (the transition time) for the 
flame-treated electrodes. On platinized elec- 
trodes, siiltering may occur (cf. ref. 13) as is 
evident from the results shown in Fig. 5a, 
since the area has evidentlv diminished between 
the galvanostatic measurements, which were 
done first, and the sweep measurements. At 30 "C, 
on these electrodes, the 0 and H charges in the 
sweep method decrease and increase, respectively, 
with log 7. This dependence on 7 disappears at 
90 "C and the resolution is excellent. In the 
0 region, the H,-treated electrodes give the 
best results, insofar as there is least scatter and 
best agreement between the results from the two 
methods. Such electrodes are best suited for 
studies on the 0 region and platinized ones for 
the H region. 
(6) Tlze Degree and Extent of Sutface Oxirlatiorz 

of P t  
While it is difficult to assign valency states to  

metal atoms in surface phases, the Q-V curves of 
Figs. 3a, b, and c indicate that a formal mean 
valency state corresponding to "PtO," appears to  
be eventually reached above 1.8 V in anodic 
oxidation of Pt. There are, however, no plateaux 
at any potentials which would correspond to 
any distinct valency states such as PtOH, PtO, or 
PtO,, and time effects (cf. Fig. 4) are usually 
appreciable. At higher temperatures the observed 
charges indicate even higher degrees of oxidation, 
suggesting that more than a surface monolayer 
is formed since, for inonolayer adsorption, it 
would be expected that oxygen atoms at  the 
surface would take up more space with a 
coilsequent lowering of Qo as temperature was 
increased. This is indeed observed (19) in the H 
region where QH decreases with T (this is prob- 
ably a normal effect associated with exothermic 
adsorption). If the possibility of multilayer 
formation or "dermasorption" (18, and see 
ref. 6) is accepted, it obviously becomes 
difficult to  assign a formal valency to the oxide 
from the Q-V curves alone. Previously we have 
suggested that the current-potential profiles 
observed during the oxidation of formate might 
be explained in terms of various surface oxidation 
states (24). Nominally the surface layer would be 

ca. 50 % "PtOH" at  about 0.9 V, 50 % "PtOH" - 
50% " PtO" at about 1.5 V, and 100% "PtO" 
above 1.7 V. These values are, however, lower 
than would be required for the observed 
cathodic discharge Q values. 

Gil~nan ( 9 ,  using a potential-step method, has 
reported higher values of Q, at a given V than 
those in Figs. 3a, 6, c, and Laitinen and Enke (I) 
and Mayell and Langer (23) lower values. 
However, in the last two cases the electrodes 
were not maintained at the required potential E, 
before estimation but at open circuit so that 
oxide could have been lost by self-discharge. 

L I - - L L  
- 5 - 2 - I  

LOG [current densily] ( A  cm-2) 

FIG. 9. Oxide and hydrogen charges as a function of 
cathodic current density at  smooth Pt  (flame heated). 
Anodic oxidation at  1.9 V for 5 s; two oxide reduction 
regions are distinguished. 

At high potentials, especially on flamed 
electrodes, two waves are observed (Fig. 2) 
in the oxide reduction process, and they become 
more pronounced as the potential and the cath- 
odic current density are increased. This is 
perhaps an indication of a second type or phase 
of oxide. As the reducing current density is 
decreased the two waves merge into one, 
evidently because the more anodic wave (termed 
wave 1) is more irreversible than the lower 
potential wave (termed wave 2). This is illu- 
strated in Fig. 9, where EA = 1.9 V, which shows 
the variation of charge for each wave and for 
the total oxide as a linear function of the 
logarithm of current density. This seems to  
preclude the possibility that one wave corre- 
sponds to  reduction of molecular oxygen from 
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GILROY AND CONWAY: SURFAC :E OXIDATION AND REDUCTION 885 

solution since in that case a linear dependence 
of Q on (i,,,,)'l2 (with increased charge at 
decreased current density) would be expected. 

L O 1-w 3i0 640 

T I M E  ( 5 )  

FIG, 10. Time dependence of the two oxide discharge 
regions (in mC cn1rZ) and the total oxide and hydrogen 
charges at smooth flame-heated Pt (transients taken from 
1.9 V E,, after the various times indicated on the scale of 
abscissae). 

Wave 2 seems to correspond to the oxide 
found at lower potentials E, (i.e. where there is 
only one oxide wave) since its charge decreases 
with increasing reduction current density (com- 
pare Figs. 5b and 9) and it can formally perhaps 
be designated8 "PtO". Wave 1 would then 
represent reduction of a rearranged forin of this 
material which grows with time, at  a constant 
potential, at the expense of the ilorinal type as 
illustrated in Fig. 10. 

(c) Kinetics 
(i) Growth Kinetics-At constant potential, the 

oxide layer grows (Fig. 4), after a short initial 
period, as a direct (1, 5, 14, 17), rather than an 
indirect (cf. ref. 26), logarithmic function of 
time and such behavior for thin films seems 
rather general. Laitinen and Enke (1) treated the 
oxidatioil in terms of a conventional kinetic 
equation 

and suggested that k depended exponentially on 
8 (or Q) (cf. ref. 8). Gilman (5) wrote a similar 
equatioil based on the Elovitch adsorption 
relation with an exp -14 term (cf. ref. 8). These 

'We stress, however, that the representations of the 
platinum oxide given here and elsewhere in this paper 
are not intended to refer to any bulk phase species but 
only to a nominal Pt:O ratio characteristic of the surface 
oxide produced at a given potential for a certain time. 

treatments seem oversimplified since (a) no 
term was included (e.g. 1 - 8) for the activity of 
free metal sites initially present and (b) the back 
reaction of the charging process has been 
neglected. If these two factors are included in a 
modification of the previous treatments, the 
equation 

results where E l  and 2-,  are electrochemical 
rate constants containing a constant potential 
term and a symmetry factor (8) (== 0.5) which is 
also involved in the r parameter. Integration 
under Langmuir conditions (r = 0) would give 

where K, = kl/E-,. This, however, does not 
lead t o  the required form in log t. 

If surface charging only were involved (i.e. if 
Q, increased to a limit corresponding to 0 -> l), 
an asymptotic approach of Qo to a constant 
value would be expected as in eq. [9]. The fact 
that this is not the case indicates either penetra- 
tion of the oxide oxygen into the metal (cf. ref. 
18 and 6) or place exchange (7, 15a) between the 
metal and the oxygen ad-layer to  give a "two- 
dimensional" oxide. We have examined the 
growth law for Q in terms of diffusion of oxygen 
atoms [cf. the case for H (22)] into the metal, and 
Q is found to  be proportional to  t'lZ and not 
log t, as inay be expected. We have shown 
elsewhere (15a) that a direct logarithmic law 
follows for constant potential conditions if it is 
assumed that the potential available across the 
double layer for the anodic discharge process, 
leading to oxide formation, decreases with 
thickness of the film (across which a fraction of 
the metal-solution potential drop exists) built 
up at a given time under potentiostatic condi- 
tions. For oxide films on Al, a direct log t law 
can be derived (27) but requires constant 
field conditions. 

(ii) Kinetic Effects in Transients for Oxide 
Reduction-Transient techniques have been used 
mainly to estimate coverage by ad-species, or, 
for simple discharge processes, to  evaluate 
charging rates (e.g. ref. 5) or exchange currents; 
in the case of Pt, kinetic work has been concerned 
mainly with the anodic oxidation process (5,35). 
However, the pseudocapacity-potential profiles 
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a H2 TREATED 

o PI BLACK 1R CORRECTED 

n FLAME TREATED 

+ UNCORRECTED for I R  

0 1 10 100 1 0 0 0  

SWEEP RATE ( V  s-' I 

FIG. 11. Potentials of pseudocapacity maxima for 
cathodic oxide reduction and H deposition as a function 
of rate of potential sweep. 

obtained in reductive transients may also be 
analyzed theoretically (10, 28). In particular, the 
variations of the magnitude and position of the 
pseudocapacitance maximum C,,, as a function 
of sweep rateg or current density gives informa- 
tion on polarization in the surface charging or 
discharging reactions (8,9). Since E,,,, is the 
potential at which half the oxide originally 
present remains, the variation of E,,,, with 
log S or log i provides a measure of polarization 
at  almost constant coverage by oxide species. 
In general, for surface charging, the values 
C,,, and E,,,, are essentially constant for 
small values of i in the transient, i.e. small 
displacements from equilibrium but fairly sudden 
changes will occur at higher values of i. Then, at 
constant potential, it is easy to show (9) that the 
calculated capacitance is linear with i a t  any 
potential in a galvanostatic transient when an 
electrochemical Langmuir type of isotherm 
applies (8). 

Figures 7 and 8 show that C,,,, for oxide 
reduction decreases as i or S increase, and Ecmnx 
(corrected for iR effects) is shifted cathodically 
(Figs. 11 and 12). Uncorrected values are also 

"he first experimental studies of this kind were made 
by Will and Knorr (4). Here we have made similar 
measurements also for the purpose of comparlson 
with the galvanostatic transient results, and for derivation 
of Tafel slopes. 

L L L A I  ' G 5  - 4 -3  -2 

Log i l o  / rea l  cm2 I 

FIG. 12. Potentials of pseudocapacity maxiliia for 
cathodic oxide reduction and H deposition as a function 
of galvanostatic current density. 

shown for the potential sweep case (Fig. 11). 
For the latter, corrections for area differences 
between the electrodes are unnecessary since 
dV/dt is independent of area. However, in the 
galvanostatic case, the true current densities 
which depend on roughness factors were 
obtained on the basis of QH values. It is apparent 
that there is a logarithmic dependence of 
E,,,,, on i or S (and hence transition time T). 
The three types of electrode also give results in 
good agreement. The slopes d E,,,,/d log S are 
40 and 38 mV, respectively, over about 4 decades 
(Figs. 11 and 12). On this basis alone we may 
conclude that the kinetic characteristics of the 
oxide reduction are not determined by a simple 
activation-controlled discharge step1 O considered 
above, and the process of reduction of surface 
oxide is evidently markedly displaced from 
equilibrium in contrast to  the behavior in the 
H region where the iR corrected1' E,,,,,,, are 
constant (Figs. 11 and 12). Similarly, plots of 
C,,, vs. log i or S are linear and C,,, decreases 
with increasing i or S. This result is significant 
since we shall show in a forthcomiug paper (29), 

'OConversely, tlie surface oxidation process is associated 
with a rate-controlling discharge step giving a Tafel slope 
of ca. 2.3(2RT/F) (5). 

"Since the H deposition and oxidation currents are 
similar in magnitude to those for reduction of surface 
oxide, any uncertainties in iR correction could not 
account for the important qualitative difference between 
the dependence of Ecm, on i or 7 for the H and tlie oxide 
processes. In any case, the observed relations in the latter 
case are logarithruic in i or 7, and not linear. 
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developing our previous calculations (8), that 
the reverse trend is to be expected for most of 
the possibilities arising in a simple surface 
charging model. Recently Srinivasan and Gileadi 
(28) have discussed the effect of sweep rate on the 
pseudocapacity-potential profile in a develop- 
ment of the work of Conway, Gileadi, and 
Kozlowska (9); they predict that C,,, decreases 
with S to a constant value and that E,,,, is 
initially constant and then increases (for an 
anodic sweep) with log S. This behavior appears 
at first sight t o  be contrary t o  that predicted 
previously (9) but further theoretical examination 
of this question in the forthcoming paper (29) 
shows that two types of cases can arise depending 
on the range of values of S. A limiting case of 
infinite capacity arises when S/k l  (eq. [8]) is 
equal to 1.33. Neither of the predictions is, 
however, in close agreement with the observed 
trends of C,,,, and E,,,, considered together. 

Two effects are t o  be considered in the inter- 
pretation of the kinetic effects in the transient 
measurements: (a) the linear variation of E,,,, 
with log S [first observed by Will and Knorr 
(4)] or log i and (b) the variation of C,,, with 
these quantities. 

With regard to  (a), the experimental slope of 
E ,,,,,, vs. log S or log i is 40 mV. Gileadi and 
Srinivasan have shown that for a highly irre- 
versible discharge step, the slope of the E,,,,, vs. 
log S plot should be the same, approximately, 
as the steady state Tafel slope for that process. 
The observed low slope (< < 2.3(2RT/F) and 
ca. 2.3(+RT/F) suggests a mechanism more 
complex than a simple discharge process and 
could correspond to two steps in oxide reduction 
with the prior one in quasi-equilibrium, e.g. 

[A] "PtO" + H+ + e F? "PtOH" 

[Bl PtOH + H+ f e -> Pt + H20,  

with [B] rate determining and concentration of 
"PtOH" states in the oxide layer potential 
dependent.'' Presun~ably step [A], if quasi- 

12Non~inally, from the observed Qo values correspond- 
ing to the areas under the capacity profiles, the extent of 
surface oxidation is only a little above (1.3 X )  that 
corresponding to "PtOH". However, since from whatever 
potential in the oxide region a reduction transient is taken, 
the resulting cathodic reduction current profile is almost 
symn~etrical (but smaller with decreasing initial anodic 
potentials), it is suggested that the surface oxide exists in 
domains, within which a two-stage reduction involving 
"PtO" and "PtOH" states can occur. Further discussion 
of this matter is given in the following section on 
"Hysteresis". 

reversible, will be represented by 

since "OH" and "0" sites will occupy more or 
less similar space on the Pt surface. If OOsi is 
the initial "coverage" prior to  reduction, 

 OH [Ill --= 
~ O I X  - ~ o H / ~ O .  1 

80  OO,!  -  OH 1 - e O E I / e 0 , 1  

= K ,  exp -VF/RT, 

so that the relative coverage OoH/Oo,i by "PtOH" 
species is potential dependent in the usual 
(8,25) way. (A surface activity factor exp (reoH) 
might also be included in the general case.) 
Then reaction [B] will then be associated with a 
limiting Tafel slope of 2.3(2RT/3F), as observed. 
Rate-controlling reduction through step [A] 
would presumably give a normal discharge 
Tafel slope of 2.3(2RT/F). 

With regard to  (b), the variation of C,,,, we 
are led t o  the conclusion that, to  a limited 
extent, bulk oxidation has taken place so that at 
high S or i values, cathodic current is used only 
to  reduce the oxide at the oxide-solution 
interface. As in the H case, we expect a decrease 
in C,,,, with i or S. Simply speaking, the longer 
the time taken during the transient, the more 
material would be able t o  diffuse (18, and see 
ref. 6) and be reduced, so that a larger capacity 
maximum is observed.13 It may be noted here 
that the observed charge in reduction is constant 
because the potential of the electrode is changed 
between values corresponding to the same 
initial and final states in these experiments. I n  
anodic14 oxidation, however, the charge would 
be expected t o  increase with decreasing log i or 
log S. This was observed by Gilman (5). 

(iii) Hysteresis-It is desirable to  examine some 
of the previous theories of Pt oxidation in 
the light of the above results which indicate 
oxidation beyond a monolayer (cf. ref. 7) and, 
- -- -- 

13A similar effect occurs with nickel(I11) oxide 
electrodes; on rapid discharge, the surface layer is 
preferentially reduced and the potential falls. However, 
on waiting at  open circuit, more oxide can be reduced on 
further discharge. 

14The use of anodic galvanostatic transients is unsatis- 
factory since n o  well-defined relation between Q and 
potential (e.g. with respect to  time effects) is available 
and the "end-point" of the transient is arbitrary, being 
simply the potential at  which O2 evolution occurs at  an  
appreciable rate. 
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at high potentials (> 1.6 V), changes in con- 
stitution15 of the oxide (Fig. 2). 

Hysteresis effects can originate for several 
reasons. First, kinetically, if the rate of the 
desorption process differs from that of the 
adsorption process, e.g. in the case when slow 
diffusion effects are operative or when the 
desorption is endothermic. Secondly, a more 
fundamental hysteretic effect can arise when the 
sorbatelsorbent system forms metastable do- 
mains (30) which undergo a totally irreversible 
phase transition to a more stable form before or 
during desorption. A given coverage is then 
maintained down to a lower bulk chemical 
potential of the sorbate in the desorption 
isotherm, than that required to reach the same 
coverage in the adsorption isotherm. This is the 
type of hysteresis involved in the electrochen~ical 
oxidation of Pt and the reduction of the resulting 
surface oxide. 

The phenomenon of hysteresis has been 
associated with the question of charge balance 
by Laitinen and Enke (1) who, like Bold and 
Breiter (35), proposed a kinetic explanation. 
They supposed that if the step I below 

I 11 
Pt -> PtOH + PtO 

(cf. steps [A] and [~] '%nd the steps considered 
in ref. 35) were slow, then during reduction, the 
oxide may simply remain in the "PtOH" state. 
However, this is not a theory which gives a truly 
irreversible effect, since it would be expected that 
the PtOH would be reduced given sufficient time, 
as is indeed indicated by Gilman's charge 
balance result, and the present work. 

The discussion of hysteresis at Pt is compli- 
cated by divergences of results regarding the 
charge balance for anodic oxidation and cathodic 
reduction; the cathodic charge Q, has been 

lSStudies on the Kolbe reaction to be reported else- 
where (34) indicate inhibition effects at high anodic 
potentials; this behavior may be associated with changes 
of constitution of the surface oxide at Pt, since the 
inhibition effects occur at  potentials much higher than 
those corresponding to  inhibition due to the initial 
formation of surface oxide at  ca. 0.8-0.9 V EH (1 1 ,  24). 

16Thermodynamically, the states written here as 
" P t O H  and "PtO", in the process of being formed 
anodically, are not necessarily the same as the similarly 
written states in the reduction steps [A] and [B], although 
they have formally the same Pt:O ratio. This may arise 
because of a two-dimensional transformation of state of 
the oxide film, of the type referred to in a general way 
above. 

reported to be about one half (I), or 0.8 (2) of 
that (Q,) for anodic oxidation (l,2). The present 
results and those of Gilman (5) do not uphold 
this behavior which may be attributable to 
impurity adsorption effects (5, 31) since in the 
work of ref. 1 the electrodes were left on open 
circuit for appreciable times. 

In a cyclic sweep experiment, hysteresis 
appears at all speeds with no indication of any 
major change at very slow speeds (cf. ref. 15a). 
In this respect, it seems that the kinetic explana- 
tion given by Bold and Breiter of the difference 
between the anodic-going and the cathodic- 
going curves, in terms of rate constants, is 
insufficient to account for the observed type of 
behavior which is common for a number of 
metals (15a) whether they form "monolayer" 
oxide films or multiple layers (as e.g. at Ni or 
Ag, ref. 150) upon anodic oxidation. Also, 
hysteresis appears at all potentials at which oxide 
is formed, which would imply [oil the above 
viewpoint, (I)] the conversion of "PtOH" to 
"PtO" at all potentials; the latter process seems 
therinodyilamically unlikely if a mono-ad-layer 
is maintained. A completely irreversible trans- 
formation from a Pt "OH" or Pt "0" dipolar 
ad-layer to a two-dimensional oxide (Pt 0 Pt 0 
. . . in the ad-layer) in domains seems to be the 
type of explailation required (cf. ref. 30).17 

The difference in shape of the cathodic oxide 
reduction profile from that for the anodic 
oxidation of the platinum surface is a conspicu- 
ous feature of all results. The anodic charging 
curve is in fact almost linear (2,4,6,1S) (and the 
adsorption pseudocapacitance correspoildingly 
almost constant) with potential indicating 
(as Ohashi et al. (2) have implied1*) a substailtial 
value of r in the coverage term re  (cf. ref. S) in 

171n this connection, it is of interest that low energy 
electron diffraction studies of 0 adsorption fro111 the gas 
phase at  metals usually reveals a high degree of order 
amongst the adsorbate atoms; since the atoms presumably 
become adsorbed initially at  random, a disorder-order 
transformation of the kind that may also be involved 
electrochemically must have occurred on the surface. 
Also, elsewhere (11) we have shown that similar hysteresis 
occurs with aprotic solvents containing controlled traces 
of water in quantities which lead only to  partial coverage 
(go< 1) of the electrode by surface oxide. Since the cover- 
age in these experiments is much less than that in water a t  
given anodic potentials, but the hysteresis effects are 
similar, oxide domains on the surface were suggested. 

18Tl~is is, of course, simply a case such as that con- 
sidered much earlier by Temkin (36) and applied by 
Gilman (5) to  the case of Pt. 
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Effects of additives on the e.s.r. of zinc oxide 

HISASHI UEDA 
Section 6, Governnzent Chernicnl bfd~rstrial Research Instit~rte Tokyo, 2-Mita, Meguroku, Tokyo, Jnpatz 

Received May 24, 1967 

Solutions of various organic con~pounds were mixed with zinc oxide powder. The mixtures of these 
compounds with zinc oxide were prepared by evaporating the solvent. When the zinc oxide with any of 
the additives is heated at  300 "C, two e.s.r. lines with g factors of 1.960 and 2.004, named ll and lZ, were 
observed. The intensities of lI and l2 come to their equilibrium values after several minutes of heating. 
The results show that Il and lz are not from two independently existing species but from the two species 
R I  and RZ,  whose concentrations are connected with each other by some competitive equilibrium re- 
actions. It was not possible to estimate the two equilibrium constants separately, but their product was 
estimated to be less than 2.5 x R1 is concluded to be Zni* (interstitial), while R z  may be Zn+  or 
(ZnOv) - (2v-~ ,  where v is an integer. The compounds which gave strong I, were naphthoquinones, 
naphthols, benzoquinone, hydroquinone, and anthraquinone, while the compounds which gave strong 
ll were benzoin, anthrone, pyrene, and naphthalene. 
Canadian Journal of Chemistry, 46, 891 (1968) 

Introduction Results 
Electron spin resonance (e.s.r.) signals from 

the paramagnetic species are not strong in an 
untreated zinc oxide powder if measured at room 
temperature. However, as shown in Table I, they 
can-be intensified in various ways. Effects of 
mixed Li,O and Al,O, were studied by both 
Kokes (5) and Fujita and Kwan (6). The effect of 
Al,O, on the intensification of the line with g 
= 1.960 was significant. The effects of adsorbed 
0, (6-8) and C1, (6) were also studied with the 
specimens pretreated at 500 "C (6, 7) and at 
400 "C (8). The present work was undertaken to 
find the effects of organic additives on the e.s.r. 
of zinc oxide. 

Experimental 
The zinc oxide used (Kanto Chemical Co.) was special 

reagent grade and was prepared by igniting pure zinc. 
Liquid additives were degassed in vacuum after freezing. 
These were then distilled. The additive compound was 
then introduced into evacuated zinc oxide powder in an 
e.s.r. capillary at  the pressure of 20 mm Hg. Solid addi- 
tives were mostly dissolved in benzene to the concentra- 
tion of 0.03 g/ml, and 10 ml of the solution thus obtained 
was poured on 3 g of zinc oxide powder. Evaporation of 
the solvent in air gave a mixture of the solid additive with 
zinc oxide. This mixture was evacuated to 5 x mm 
Hg by a vacuum system. The capillary containing zinc 
oxide and an additive was sealed off from the vacuum 
system. It was then placed in a heat bath at  300°C for 
various lengths of time. Between each heating operation 
the capillary was cooled to 20 "C to carry out e.s.r. mea- 
surements, which were done with a JES-3BX e.s.r. spec- 
trometer with 100 kc/s field modulation. In cases where 
the additives were insoluble in benzene, ethanol was used 
as solvent. 

Three different e.s.r. lines, with g factors of 
1.960,2.004, and 2.1 10, were observed in the zinc 
oxide powder with an additive. The line with g 
= 2.1 10 was found only with anthracene; the 
nature of this line is not discussed in the present 
report. The lines with g = 1.960, called I,, and 
with g = 2.004, I,, change their intensities 
during heating; the typical time dependence of 
the intensities is shown in Fig. 1 and Fig. 2. In 
Fig. 1 is shown the time dependence of the e.s.r. 
intensities from the ZnO samples with a-naph- 
tho1 and a-naphthoquinone, as examples of the 
many similar curves obtained by various additive 
compounds. I, is observed even before heating is 
started, while I, becomes appreciable after a few 
minutes of heating. In several minutes the inten- 
sities of I, and I,, i.e. I, and I,, come to the 
equilibrium values. In Fig. 2, I, and I, from the 
ZnO to which hydroquinone, quinhydrone, and 
p-benzoquinone are added are shown on the 
graph with log I, as ordinate and log I, as 
abscissa. The point moves along the curve during 
the heating and the curve ends at the equilibrium 
point, which is attained in 6 min. In Fig. 3 the 
e.s.r. spectra I ,  and I, are shown. In Fig. 4, the 
equilibrium points for all the compounds used 
are plotted on the log I, vs. log I, plane. 

In Fig. 1 it is shown that the concentrations of 
R ,  and R, come to equilibrium after 6 min of 
heating at 300 "C. From Fig. 2 it is seen that the 
two species do  not exist independently, but are 
related to  each other. If they were independent, 
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TABLE I 
0 

Paramagnetic speciesyassigned by various authors to the e.s.r. lines fro111 zinc oxide P 
Z 
P 

Authors Preparation of sample TI"* 11, g = 1.960 IZ, g = 2.004 0 
B 
Z 

Schneider et al. (1) Doped with Zn and Cd 77 "K Zni + 

;i 
Golubev and Evdoki~nov (2) Grinding 20 "C Less affected by grinding, bulk Intensified by grinding, c 

species surface species ic 
Z 

Geisler and Simmons (3) Heated to 975 "C 77 "K Ultraviolet-insensible center 
Baranov et al. (4) 

Kokes (5, 9) 

Irradiated with 365 n ~ p  light 77 "K Photodesorption of 0 from the Chemisorption of atomic 0 $ 
surface with one unpaired electron 0 

24 "C 
z 

Pretreatment at 550 "C, doped Conduction electron, bulk Adsorbed oxygen radical (9)t m 
with Li, Al, and Ga, some specles 'I - 
are calcined 2 ~ 

Sancier and Freund (10) Pretreatment at 550 "C, 20 "C Decreased with 0 2 ,  increased Increased with 0,. Various 5 
adsorption of 0, and CO wit11 CO. Ionized donor, mobile results with CO. 03- or c 

electron or oxygen ion vacancy, 0, - adsorbed o r 
surface or bulk 

e 

20 "C 
CI 

Ueda, Todo, and Kotera (14) Adsorption of SOz, CSz, and Near surface. Stronger with - 
acetonitrile, heated to 300 "C gamma irradiation " 01 

m 

*Temperature of measurements. 
.tShowing a part of the spectrum reporled in ref. 8. 
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UEDA: EFFECTS OF ADDITIVES ON THE E.S.R. OF ZINC O X ~ D E  893 

4 [l '1 [R ,:I[R2] = 1030.7 (~pinslml)~. 

[l'] suggests that R ,  and R, are competing with 
each other. Experimentally [R ,I does not exceed 
1016, while [R,] can be as high as lo2', or per- 

>- haps more. [Rl][R2], which is constant, is 
I- - similar to a solubility product constant of a 
v, cation and an anion of a difficultly soluble salt 

5 3 in aqueous solution. Therefore, it is quite prob- 
I- able that an overall reaction between R, and R, 
z - leads to  stable species S and T. 

ti 121 R1 + R z S S + T  

9 w This overall reaction is greatly enhanced with an 
additive, e.g. an aromatic quinone. If the un- 

L32 paired electron observed does not belong mainly 
0 to the additive molecules, which will be discussed 
A later, the additive will behave as an electron 

carrier. Therefore, [2] should be divided into 
two parts. 

[3 1 S + A + e R 1  + A ;  K1 

[4 1 T + A + R , + A + ; K , ,  

0 5 where K, and K, denote the equilibrium con- 

TIME,min stants, S and T denote those species which yield 
R ,  and R, by a charge transfer, and A stands 

FIG. 1. The e.s.r. intensity of ZnO treated with napb- for an additive molecule. From [1'1, C31, and C41, 
tho1 and naphthoquinone. The intensity is measured by 
the height in mm of the first derivative of the absorption KlK2[S][T] = [Rl][R2] = l ~ ~ ~ . ~  
curve on recording paper, when the original signal is 
amplified by 80 dB in current. The curves with themarks s is obtained. 
indicate the intensity of I,, or 11, while those without it 
indicate that of I,, or 1,. The time (rnin) is the time length 
during which the specimen is heated at  300 "C. 

some portion of them) parallel to either the 
all the curves, as in Fig. 2, would be (at least in 

ordinate or the abscissa. Almost all of them are 2 
not. In Fig. 4 the equilibrium points for similar 0 
compounds, i.e. some aromatic quinones and 2 
those compounds which may be formed by 3 p-BENZOQUINONE 
hydrogenation of these quinones, lie along the 
same straight line drawn on a logarithmic plane. 

From Fig. 4 it is shown that log I, + log I, 
= 5 is satisfied for aromatic quinones and related 
compounds. Therefore, 

0-HYDROQ~ NONE 
I I 

11 I,I, = lo5 
1 2 

LOG I I  
is a good approximation for the two paramag- 
netic species in these zinc oxide mixtures. Since 

h y p z  ~ $ ~ ~ $ ~ ~ ~ ~  ;;!$:::; 
I = 1 (in mm on recording paper) r o ~ l g h l ~  is essentially the same as Fig. 1, but shown on the I,-1,  
corresponds to  [R] = 1012 (spinslml) and I plane. The number under each circle indicates the time 

= 106.2 to [RI = 7.5 1020, ~ 1 1  can be written length (min) of heating at  300 "C. The black circle indi- 
cates the final point observed and shows the equilibrium 

as point. 
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FIG. 3. The shapes of the e.s.r. spectra, I ,  (g = 1.960) 
and 1, (g = 2.004) observed at 20 "C, with 100 kc/s 
modulation frequency and width of 500 mG. Magnetic 
field increases from right to left. 

LOG I, 

FIG. 4. The e.s.r. intensities of ZnO with various 
additives and after equilibrium: 1, a-naphthoquinone; 
2, quinhydrone; 3, P-naphthol; 4, p-benzoquinone; 5, ci- 
naphthoquinone; 6, ci-naphthol; 7, hydroquinone; 8,9,- 
10-anthraquinone; 9, naphthalene; a, resorcinol; b, an- 
thracene; c, benzophenone; d, phenanthrene; e, phthalic 
anhydride;f, diphenylamine; g, 1,3,5-triphenylimidazole; 
12, benzoine; i, pyrene; j, anthrone; A, azobenzene; B, 
triphenylimidazolyl; C, biphenyl; D, acetic anhydride; 
E, tetramethylphenylenediamine. 

Discussion 

Various authors have tried to explain the e.s.r. 
signal from zinc oxide. Their data are summar- 
ized in Table I. Experimental conditions varied 
from author to author. Some took spectra at 
77 OK. This was necessary because after pro- 
longed heating of zinc oxide in vacuum and at 
higher temperatures, e.s.r. measurements are 
very difficult due to  some electrical conductivity 

caused in zinc oxide. In the present work, how- 
ever, it was possible to measure all the samples at 
room temperature. Therefore, the e.s.r. signals 
observed in some studies at 77 OK with g factors 
of 1.960 or 2.004 might have been caused by 
some other species. The g factors of some 
oxygen-containing radicals depend on tempera- 
ture. Therefore, direct comparison between the 
results obtained at 20 "C and 77 OK might not be 
correct. 

The present authors have observed (14) the 
effect of SO, on the e.s.r. of zinc oxide. In that 
study it was found that oxygen greatly reduces 
the I, signal from SO,. This fact agrees with the 
findings of Baranov and Sancier, as shown in 
Table I. 

The purpose of the study of zinc oxide, par- 
ticularly by means of the e.s.r. method, is to find 
the location of the unpaired electron formed 
during the experimental procedures. In the 
present case the word "location" will mean two 
things. First, the macroscopic part of the crystal 
particles, surface or bulk, is meant. Secondly, 
the atomic orbital or molecular orbitals which 
are occupied by unpaired electrons are meant. 
The effect of oxygen on R ,  formed by SO, was 
very fast (14). This may indicate that R ,  is 
located mainly on or close to the surface. How- 
ever, one of the main conclusions in the present 
study is that R ,  and R, do not have independent 
existences. Therefore, it will be more exact to say 
that either one or both exist on or close to the 
surface. 

The additives which are electrophilic give 
stronger I, while the additives which have ten- 
dencies to donate an electron to other molecules 
give stronger I,. Therefore it is very probable 
that an oxidation yields R,, while a reduction 
yields R,. Zni (interstitial) and 0'- are to be con- 
sidered as the species to be oxidized, namely S in 
[3]. Since the oxidation of 0'- by A+ to form 
0- and A is very unlikely, Zni is assumed to be 
S. In the case of [4], rather rare species such as 
adsorbed 0 or 0, cannot be considered as T, 
since the e.s.r. intensity of R, is very strong; T 
should be something which is abundant. There- 
fore zn2+ or zn2+ $ (several oxygen anions in 
crystal lattice) would be suitable for T. The 
conclusion is, therefore, that Zni, Zn2+ or 
Z ~ O - ~ ( ' - ~ ) ,  Zni+, and Zn+ or Z ~ O - ( ~ ' - ~ )  
(where v denotes some integer) are S, T, R,, and 
R, respectively. 
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No description has appeared in the literature 
in which Zn+ ion in a single crystal matrix was 
observed by e.s.r. methods. Thus, it is not easy 
to  conclude the existence of Zni+ and Zn+ from 
the present polycrystal e.s.r. data. The only in- 
formation is the g factor. Since zinc has 3d1°4s2 
configuration, Zn+ will have 3dl04s1 or more 
likely 3d94s2 configuration. The latter configura- 
tion is the same as Cu2+ (3d9), which is in a 'D 
state. The g factor of the e.s.r. of Cu2+ ion is 
in a wide range (12). If the counter anion is 
benzoate or tartarate ion, the g factor of a pow- 
der specimen is 1.97 (1 1). This fact, however, does 
not allow us to say that Zni+ can have a g factor 
of 1.960 in the polycrystalline state, because the 
line widths of the e.s.r. lines from CuZ + ion are 
enormously large compared with those of the 
present e.s.r. lines. The different spin densities on 
the zinc atom between R1 and R, will account 
for the difference between the g factors of 1, 
and 1,. 

The conclusion for R ,  in the present dis- 
cussion does not differ mich from those by the 
other authors. However, the conclusion for R, 
in this work is different. The g factor of the 
peroxy radicals on ZnO reported by Lunsford 
and Jayne (8) has three principal values, 2.051, 
2.0082, and 2.0020. In the polycrystalline state 
the main resonance appears around g = 2.004. 
Some authors (9) overlooked the weak resonance 
at g = 2.051. However, the present e.s.r. line, l,, 
Fig. 2 right, is clearly different from the e.s.r. 
line of the peroxy radical. Only the g factor for 
the main resonance point coincides. The adsorbed 
oxygen species are, by this reason too, eliminated 
from the possible species for R,. R, might be 
Zn+, but there is no evidence that the unpaired 
electron is localized in the Zn+ orbital only. 
Probably R, will be shown to be (Zn0v)-(2v-1), 
where v is an integer between 1 and 6 or so. 

The possibilities that the unpaired electron, 
especially for R,, is not in zinc oxide but in the 
additive molecule or its fragment can be ruled 
out for the following reason. If it were, it would 
be very hard to  understand the existence of a 
paramagnetic organic species so stable and so 
concentrated at 300 "C. It is also unlikely that the 
additive decomposes at 300 "C. The fragments 
thus formed would react with zinc oxide to form, 
say, OH radical or carbonized fragments. Such 
species cannot be in equilibrium with Zni+. Also 
I ,  can be found in a specimen without any heat 

treatment and the e.s.r. intensity is reduced by 
heat treatment if the additive is u-naphthol, as 
shown in Fig. 1. 

The sensitization of the photoconductivity of 
zinc oxide with phthalic anhydride (13) is also 
well explained by Zni; Zni forms Zni+ and e-, 
the latter being the charge carrier. In the present 
study, it is shown that phthalic anhydride inten- 
sifies 1, rather than 1,. These two results agree 
with each other because 1, is due to R ,  which is 
concluded to  be Zni+. 

Since (Zn2+) is 2 x 10'' (ionslml), if 2.5 is 
used for the apparent density of ZnO powder in 
the sample tube, 

is obtained. Since the upper limit of (Zni') is 
1016, the available amount of Zni is inore than 
lot6. Therefore, 

is obtained for aromatic quinones and related 
compounds at 300 OC. 

Since K, is for the oxidation of Zni while K, 
is for the reduction of Zn2+ (or something 
including it), it will be true that when K, is 
large, K, is small and vice versa. As a result the 
product K,K, is kept constant for the similar 
type of additive compounds as shown in [5]. 

Some authors used a few differently prepared 
zinc oxide samples. This would not make any 
appreciable difference in the present study since 
the magnitude of the e.s.r. intensities is so large 
in the present samples. 

I t  may be desired to interpret the value (K, 
x K,) or K, as a function of such quantities as 
triplet energy level, redox-potential, or half-wave 
oxidation potential of each compound. Some of 
them may explain part of the present results, but 
a complete and consistent understanding of the 
present results by means of any of these factors 
has not been possible. 
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Cinnamaldehydeanil complexes of rhodium(1) 
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Cinnamaldehydeanils reacted readily with [Rh(CO),Cl], under mild conditions to for111 Rh(CO),ClL 
(2), where L is PhCH=CH-CH=NPh or PhCH=CH-CH=NTo (Ph = phenyl, To =p-tolyl). 
Under vigorous conditions RhCI(CO)L, (3) was isolated from this reaction. From the infrared and 
proton magnetic resonance spectra the ligands, L, appear only to coordinate through the nitrogen atom 
to the rhodium. 

Cinnarnaldehyde reacted with Rh(CO),Cl(p-toluidine) to give (20) in good yield. Heating (2) in 
boiling benzene afforded (3) and Rh metal. Triphenylphosphine reacted with (2) or (3) to form 
RhC1(CO)(PPh3)2. The reaction of (3) with 1,5-cyclooctadiene gave (I,5-C8H12)RhCIL, which was 
also prepared by reaction of (l,5-C8H12Rl~C1)2 with L. 

Some electronegatively substituted acetylenes reacted with (3) to1yield the stable acetylene complexes 
(RC=CR)RhClL, (R = CF,, COOMe). 
Canadian Journal of Chemistry, 46, 897 (1968) 

Introduction 
Recently Otsuka et al. (1) showed that 

enimines (RCH=CHCH=NRf) reacted with 
iron carbonyls to give complexes of the type 
(RCH=CHCH=NR1)Fe(CO), where the diene 
portion was coordinated to the metal. In the 
course of some investigations on the chemistry 
of chlorodicarbonylrhodium dimer, (I), we 
became interested in the reactions of enimines 
and (1). This paper describes our results on 
reactions of (1) and cinnamaldehydeanil 
(PhCH=CHCH=NPh) and cinnamaldehyde 
p-toluidineanil (PhCH=CHCH=NTo). 

Results 
Chlorodicarbonylrhodium dimer (1) reacted 

readily with ciilnamaldehydeanil in ether at 
25" to give a 92% yield of the complex (2a). 
Under more vigorous conditions (benzene- 
hexane at SO0), the bis-complex (3a) was obtained 
in 93% yield. The complex (2a) also dispropor- 
tionated when it was refluxed in benzene at 80" 
giving rhodium metal and the bis-complex (3a) 
in 41 % yield. 

The same reaction also occurred when cinnam- 
aldehyde p-toluidineanil was used in place of 
cinnamaldehydeanil, and the complexes (2b) and 
(3b) were formed in this way. 

Cinnamaldehyde also reacted in benzene at 
25" with cl~lorodicarbonyl(p-to1uidine)rhodium 
to give the mono-complex (2b) in nearly quanti- 
tative yield. 

'Fellow of the Alfred P. Sloan Foundation and author 
to whom any correspondence should be addressed. 

Triphenylphosphine reacted with the bis- 
complexes (3) in benzene at 80" to give an 83 % 
yield of chIorocarbonylbis(trip1~enylphosphine)- 
rhodium (6) (2). In contrast, one cinnam- 
aldehydeanil ligand and carbon monoxide were 
eliminated from (3a) on treatment with 1,5- 
cyclooctadiene; an 82% yield of chloro(l,5- 
cyclooctadiene) (cinnamaldehydeanil) rhodium 
(4a) was isolated. The same compound was 
obtained by heating chloro(l,5-cyc1ooctadiene)- 
rhodium dimer (5) (3) with cinnamaldehydeanil. 
Treatment of the 1,5-cyclooctadiene complexes 
(4) with CO at 1 atm and 25" gave nearly 
quantitative yields of the mono-complexes (2). 

On heating the complexes (3) with dimethyl 
acetylenedicarboxylate at 100°, only the carbonyl 
was substituted, and the dimethyl acetylene- 
dicarboxylaterhodium complexes (7) were ob- 
tained. The yields in this reaction were poor and 
a better method for preparing (7) was by treat- 
ment of (3) with dimethyl acetylenedicarboxylate 
in tetrahydrofuran in the presence of benzoyl 
azide. An 87 % yield of (7a, R = CH,OOC) was 
obtained by this reaction which was also ex- 
tended to  the preparation of the hexafluoro-2- 
butyne analogue (8a, R = CF,) in high yield. 

On treatment of the acetylene complexes (7) 
and (8a) with carbon monoxide at 1 atm and 
25", the bis-complexes (3) were reformed. 

Discussion 

Otsuka et al. (1) have shown that the cinnam- 
aldehydeanil ligand bonds both through the 
diene and the nitrogen in complexes such as (9) 
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1 c!' 'co 

COOMe 3 4 

'CF, 5 

80 

ToNH~R~(CO)~CI  + PhCH=CHCHO -> 2b 

[a, L = PHN=CHCH=CHPh; b, L = ToN=CHCH=CHPh; 
Ph = phenyl, To = p-tolyl] 

and have suggested the structure to be similar to  
that of n-butadienetricarbonyliron (10) (4). This 
was shown by the absence of the characteristic 

vc=, and vc=, bands in (9) which occurred in 
the free ligand at 1621 and 1571 cm-l. Instead, 
bands were found at 1475 and 1429 cm-I, which 
were assigned to  vCsc and vc=, when co- 
ordinated to  iron. The p.m.r. spectrum of the 
free ligand, Ph.CH,=CH, . CH,=N .Ph, in CCl, 
solution showed, in addition to phenyl reson- 
ances, a quintet at 1.88 and signals at 2.55 and 
3.00 T which were assigned to H, and H, or H,. 
In the complex (9), resonances observed at 2.60 
(and 3.30), 4.35, and 6.65 T were assigned to 
H,, H,, and H, respectively. Each diene proton 
therefore suffered a strong up-field shift on 
complexing to the metal. 

The complexes which we have prepared here 
do  not appear to  be of this type. In all the com- 
plexes of the anil ligands (2), (3), (4), (7), and 
(8), bands in the infrared spectra characteristic 
of the C--C and C==N bonds at ca. 1620 and 
1570 cm-I were clearly observed (Table I). 
The p.m.r. spectra of (2) and (3), as in the case 
quoted above, were very difficult to  interpret 
owing to the presence of resonances due to the 
phenyl protons in the region under discussioi~. 
We were, however, able to observe a triplet at 
1.82 T in (2a) and a quintet at 1.32 and two 
doublets at 1.75 and 1.90 T in (3a); the latter, 
following Otsuka et al. (I), we ascribe to the 
diene protons H,, H,, and Ha. In neither of these 
complexes were any resonances t o  higher field 
than the phenyl protons (multiplets, 2.1-2.85 T) 
observed, as were seen in the complex (9). 

Both the infrared and p.m.r. spectra of (2a) 
and (3a) therefore point t o  a bonding between 
the ligand and the metal which does not involve 
the diene function of the ligand; only the nitro- 
gen appears to  coordinate with the metal. The 
spectra of (26) and (36) are also consistent with 
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TABLE I 

Infrared spectra* (cm-') 

Ligand 
Conlpound v co vcsc VCOZR VC=C,~C=N 

C6 HSCH=CH-CHeN-C6HS 1620 (VS) 
1570 (vs) 

C6HjCH=CH-CH=N-C6H4CH3(p) 1620 (VS) 
1575 (vs) 

Rh(CO)2CIL (20) 2075 (vs) 1620 (vs) 
2000 (vs) 1565 (vs) 

Rh(CO),CIL (26) 2080 (VS) 1630 (vs) 
1955 (vs) 1580 (vs) 

RhCI(CO)L2 (3a) 1950 (vs) 1620 (vs) 
1570 (vs) 

RhCl(CO)L, (36) 1950 (vs) 1625 (vs) 
1575 (vs) 

RhCI(C8H12)L (4a) 1620 (vs) 
1565 (vs) 

RhCI(C8H12)L (46) 1 625 (VS) 
1575 (vs) 

RhC1L2(CH3OZCC-CCOZCH3) (7a) 1870 (s) 1690 (vs) 1620 (vs) 
1575 (vs) 

R ~ C ~ L ~ ( C H ~ ~ Z C C E C C O Z C H ~ )  (76) 1870 (s) 1685 (VS) 1625 (VS) 
1575 (vs) 

RhC1LZ(F3CC=CCF3) (8a) 1910 (s) 1620 (vs) 
1585 (vs) 

*All spectra reported are for KBr pellets. Intensities of spc 

this. This is also shown by the stoichiometries 
of (2), (3), and (4) which clearly point to  L 
functioning as monodentate ligands in square 
planar rhodium(1) complexes. 

The ligand can be arranged about the metal 
in any one of four different ways 

and it is not ~ossible to decide which of these 
conformatioils are present in the complexes. 

The presence of two terminal metal carbonyl 
bands in the infrared spectra of complexes (2) 
[Table I] suggests a cis-configuration for them. 

Lawson and Wilkinson (5) have observed 
that amines will also cleave the chlorine bridges 
in (1); however, mono-adducts Rh(CO),ClNR, 
were the usual products and they did not find 
any cases where one carbonyl was substituted 
by an anline. Even bipyridyl acted as a mono- 
dentate ligand towards (1). 

In contrast to this behavior the enimine 
ligands, L, will also, under more vigorous 
conditions, replace one CO to  form the bis- 
complexes (3). The v,,'s for the bis-complexes 

- 

:ctral bands are designated by vs (very strong), s (strong). 

(3) at 1950 cm-' are close to  that reported for 
(Ph3P),RhCOC1(6) (1970 cm-l) (6) and suggest 
that back-bonding from the metal to  anti- 
bonding orbitals of the enimine ligand must 
occur to only a slightly smaller extent to that 
which occurs in the triphenylphosphine complex 
(6). It appears, therefore, that in their properties 
towards Rh(1) the anil ligands lie somewhere 
between amines which form only mono-com- 
plexes and phosphines which form only bis- 
complexes such as (6) (7). The complexes (3) 
appear more labile than the analogous phosphine 
complexes; thus one anil and the CO group are 
replaced by 1,s-cyclooctadiene, while both anils 
are replaced by triphenylphosphine. In the 
1,5-cyclooctadiene complex ( 4 ,  however, it is 
the diene rather than the anil which is replaced 
by carbon monoxide. 

The reactions of the complexes (3) with acetyl- 
enes bearing strongly electron-withdrawing 
groups such as COOCH, and CF, are interest- 
ing. When (3a) was heated with dimethyl acetyl- 
enedicarboxylate, the CO group was replaced 
by the acetylene to  give a low yield of the acetyl- 
ene complex (7a, R -- COOCH,). A much 
better method of preparing this complex was by 
reaction of the acetylene with (3a) in the presence 
of benzoyl azide. In the iridium series, Collman 
and Kang (8) showed that the complex (Ph,P),- 
Ir(C0)Cl on treatment with acid azides gives the 
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nitrogen complex (Ph,P),Ir(N,)Cl which reacted 
readily with acetylenes (ac) to  give the co~nplexes 
(Ph,P),Ir(ac)Cl by substitution of molecular 
nitrogen. We have not as yet been able to  
prepare the analogous rhodium nitrogen com- 
plex ( l l ) ,  but it can be assumed to be an inter- 
mediate in this reaction. 

Using this reaction we were also able to  prepare 
the hexafluoro-2-butyne complex (8a, R = CF,) 
in high yield. 

The acetylene complexes showed the presence 
of a modified v,,, at 1910 cm-' (8a) and 1870 
cm-' (7a). This lowering of v,,, from that 
found in the free acetylenes, 2300 cm-' for 
CF,C_CCF, (9) for example, is a characteristic 
of metal-acetylene complexes (10) and has been 
used as a measure of the strength of the metal- 
acetylene bonding. By comparison with other 
metal-hexafluoro-2-butyne complexes (lo), the 
bonding in (8a) must be considered rather weak 
therefore, though the Av,,, [v,,,(free acetyl- 
ene) - v,,,(complexed acetylene)] observed of 
nearly 400 cm-' points to quite a marked de- 
crease in the C e C  bond order in (8a). It is of 
interest to note that v,,, in (8a) is quite close 
to  that observed in (Ph3P),Rl~C1(CF3C,CF3) 
(1917 cm-I) (2) and this again suggests that 
electronically the cinnamaldehydeanil ligand has 
a similar effect to  triphenylphosphine in these 
complexes. Furthermore, Mays and Wilkinson 
(11) noted that the acetylene in (Ph,P),RhCl- 
(CF3C,CF3) was easily displaced by CO; both 
our acetylene complexes (7a) and (8a) underwent 
similar reactions under very mild conditions. 

These co~nplexes are obviously of interest in 
conilection with the catalytic properties of many 
d8 complexes, particularly of Rh(1). This aspect 
is currently under investigation. 

Experimental 
Clilorodicarbonylrhodium di~ner (12), chlorodicar- 

bonyl(p-to1uidine)rhodiuni (5), cinnamaldehydeanil (13), 
and cinnanialdehyde-p-toluidineanil (14) were prepared 
by known procedures. 

All melting points were determined on a capillary 
melting point apparatus (Tlionias Hoover) and are 
uncorrected. Infrared spectra were measured on a Beck- 
man niodel IR-5 spectrophotonieter, p.ni.r. spectra were 
measured in CDCI, solution on a Varian A 60 spectrom- 

eter (using tetramethylsilane as internal reference), 
and '"F n.m.r. spectra were measured on a Varian DP 60 
spectrometer using trifluorotoluene as internal standard. 
Molecular weights were determined in chlorofornl on a 
Mechrolab osmometer. 

CI~lorodicarboizyl(ciiznamaldeI~yden~zil) rhodilrtiz(2n) 
To a solution of 300 mg (0.77 mmole) of chlorodi- 

carbonylrhodium dimer in 5 ml of ether was added a 
solution of 350 mg (1.70 mmoles) of cinnamaldehydeanil 
in 5 ml of ether. The pale-yellow solution was stirred at 
25" for 10 min under nitrogen and then the solvent was 
removed under vacuum to give pale-yellow crystals. 
Recrystallization of the product from ether-hexane 
afforded 290 mg (92%) of chlorodicarbonyl(cinnam- 
a1dehydeanil)rhodium (2n) as yellow crystals, m.p. 
120-121" (decomp.). 

Anal. Calcd. for Cl7Hl3C1NO2Rh: C, 50.81; H, 3.24; 
C1, 8.83;N,3.47;mol.wt.,401.Found:C,50.93;H,3.21; 
C1,8.62;N,3.64;n1ol.wt.,384. 

Cl~lorodicnr6orz~~l(~irr1~arizalcIeI1~~de-p-1oI~ridinecr1zi1) rliodirrrn 
(26) 

The yellow crystalline con~plex (2b) was prepared in 
the manner described for (20) above, yield 305 mg (95 %), 
n1.p. 123-125" (decomp.). 

Anal. Calcd. for C18H1,CIN02Rh: C, 51.99; H, 3.61; 
C1, 8.54; N, 3.35; 0 ,  7.86; Rh, 24.79. Found: C, 51.84; 
H, 3.66;Cl, 8.39;N, 3.37;0,7.86; Rh,24.61. 

Chlorocnrbonylbis(cb~t~art~aldelzydeanil)rhocli~rt~i (30) 
To a solution of 500 mg (1.29 mmoles) of chlorodi- 

carbonylrhodium dimer in 20 ml of hexane was added a 
solution of 1.2 g (5.8 mmoles) cinnamaldehydeanil in 
10 n11 of benzene. The solution was refluxed under nitro- 
gen for 15 11 then allowed to cool; the salmon-pink 
crystals which formed were collected on a filter and 
washed with hexane and ether to yield 700 nig (93 %) of 
the pure complex (4a), m.p. 172-174" (decomp.). 

Anal. Calcd. for C3,H2,C1N,0Rh: C, 63.07; H, 4.48; 
C1, 5.97; N, 4.82; rnol. wt., 581. Found: C, 64.08; H, 
4.48; C1, 6.10; N, 4.82; niol. wt., 555. 

Chlorocarbonylbis(ci~~rin~~ialdeI~yclep-toluidiientiil) - 
rI2odil1tiz (36) 

The salmon-pink crystalline conlplex was prepared 
in the same manner as for (30) above; yield 720 nig (92%), 
n1.p. 177-179" (decomp.). 

Anal. Calcd. for C33H30C1N20Rh: C, 65.08; H, 4.93; 
mol. wt., 609. Found: C, 65.57; H, 5.07; mol. wt., 579. 

Renctiotz of Clzlorodicnr6or1yl(p-tol~1idirre)rlroclirr1~l with 
Ciiztzntnaldelryde to Give (26) 

To a solution of 100 mg (0.33 inmole) of clilorodi- 
carbonyl(p-to1uidine)rhodiuni in 5 ml of benzene was 
added a solution of 100 mg (0.75 mmole) of cinnam- 
aldehyde in 2 ml of benzene. The pale-yellow solution 
was stirred at 25" for 30 min under nitrogen, then the 
solvent was removed under vacuum to leave a pale- 
yellow oily residue. Recrystallization of the crude product 
from ether-hexane afforded 95 nig (71 %) of pure (20) as 
yellow crystals, n1.p. 123-125' (decomp.). The infrared 
spectrum of this complex was identical with that of an 
authentic sample. 
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KANG AND MAITLIS: CINNAMALDEH .YDEANIL COMPLEXES OF RHODIUM(1) 901 

Reaction of Cl~lorocarbo~~ylbis(ci~~~za~~~alde/~ydea~~il)- 
rhodium (3a) with Trip/~enylphosphine 

A mixture of 100 mg (0.17 mmole) of (30) and 500 mg 
(1.9 mmoles) of triphenylphosphine in 20 n11 of benzene 
was stirred at 80" for 1 h. The yellow solution was then 
evaporated under vacuum, and the residue washed with 
ether. Recrystallization of the product from benzene- 
methanol afforded 98 mg (83%) of (Ph3P)zRh(CO)C1 
(6) as yellow crystals, m.p. 195-198" (decomp.). The 
infrared spectrum of this complex was identical with that 
of an authentic sample. 

Cliloro(ci~inarrialdeliydeanil) (1,5-cyclooctadierie)rliodi1r1n 
(40) 

A suspension of 200 n ~ g  of chlorocarbonylbis(cinnam- 
alde11ydeanil)rhodium (30) in 5 n11 of benzene was 
refluxed with 1 ml of 1,5-cyclooctadiene under nitrogen 
for 5 h. The orange solution was cooled, and the solvent 
evaporated to dryness under vacuum. Recrystallization of 
the crude product from benzene-hexane afforded 135 mg 
(74%) of the co~nplex (4a) as orange-yellow crystals, 
m.p. 146-150" (decomp.), containing benzene of crystal- 
lization. 

Anal. Calcd. for CZ3H2,C1NRh. iCGHG: C, 63.36; 
H, 5.73; C1, 7.19; N, 2.84. Found: C, 63.88; H, 6.00; C1, 
6.90; N, 2.94. 

Reactiorz of C/rloro(l,5-cyclooctadierie)rhodiirm Dirlzer (5) 
with Cirznamaldelzydeariil to Give (4a) 

The mixture of 100 I I I ~  (0.2 mmole) of chloro(l,5- 
cyc1ooctadiene)rhodium dimer and 207 mg (1.0 mmole) 
of cinnamaldehydeanil in 10 ml of benzene was stirred at 
25" for 1 h. The orange solution was then evaporated to 
dryness under vacuum, and the residue washed with 
ether. Recrystallization of this crude product from 
benzene-hexane afforded 80 n ~ g  (87%) of the c0111plcx 
(40) as orange-yellow crystals, m.p. 146-150" (decomp.). 
The infrared spectrum of this con~plex was identical with 
that of an authentic sample (40). 

Reactiorz of Clzloro(ciririarrialrlelzydeanil) (1,5-cyclo- 
octadierie)rlrorlii~~~z (40) t)11ith CO 

Carbon monoxide was bubbled into a suspension of 
100 mg of the complex (40) in 10 n11 of hexane for 1 11. 
The pale-yellow solution was then allowed to crystallize 
at -20" under CO to give 86 mg (95%) of (2a). The 
infrared spectrum of (20) was identical with that of an 
authentic sample. 

Chlorobis(cirzrran7aIdelrydeanil) (dirnetlryl acetylenedi- 
carbo,~ylate)rliodium (7a) 

Method A 
A suspension of 500 mg of the conlplex (30) in 3 ml of 

dimethyl acetylenedicarboxylate was heated at 100" 
with magnetic stirring under nitrogen for 5 h. The re- 
action mixture was cooled and the orange-yellow product 
collected on a filter, washed with ether, and dried in air. 
Recrystallization of the crude product from tetrahydro- 
furan-hexane afforded 235 mg (31 %) of (70) as orange- 
yellow crystals, m.p. 165-167" (decomp.). 

Anal. Calcd. for C3GH3zClN,04Rh: C, 62.20; H, 
4.60; C1, 5.11; N, 4.03; mol. wt., 695. Found: C, 62.07; 
H, 4.77; C1,5.04; N, 4.02; mol. wt., 686. 

The p.1n.r. spectrum showed, in addition to resonances 
due to the anil ligand, a singlet at 6.75 7 due to the methyl 
protons of complexed dinlctl~yl acetylenedicarboxylate. 

Method B 
To a suspension of 500 mg (0.86 mmole) of the complex 

(3a) and 500 mg (3.5 rnnloles) of dimethyl acetylene- 
dicarboxylate in 20 ml of tetrahydrofuran was added a 
solution of 200 mg (1.46 mmoles) of benzoyl azide in 5 n11 
of tetrahydrofuran at -10". The reaction mixture was 
stirred at this temperature under nitrogen for 30 min, 
then the yellow solution was heated at 50" for 1 h. The 
solvent was removed under vacuum and the yellow oily 
residue was washed with ether to give an orange-yellow 
solid. 

Recrystallization of this solid from tetrahydrofuran- 
hexane afforded 520 mg (87%) of pure (7a), as orange- 
yellow crystals, m.p. 165-167" (decomp.). The infrared 
and p.m.r. spectra of this complex were identical with that 
of a sa~nple as prepared above. 

Chlorobis(ci~znamaldeIzydep-toluidineai) (rlirn~et/i~d 
acetyleriedicarboxylate)r/iodiun2 (7b) 

The orange-yellow crystalline conlplex was prepared 
in the manner outlined above (method B); yield 510 n ~ g  
(88 %), m.p. 176-179" (decomp.). 

Anal. Calcd. for C38H36C1NZ04Rh: C, 63.11; H, 
4.99; mol. wt., 723. Found: C, 63.26; H, 5.17; 11101, wt., 
700. 

The p.m.r. spectrum showed, in addition to phenyl and 
olefinic proton resonances, a singlet at 6.62 7 due to the 
methyl protons of the ester and a singlet at 7.50 7 due 
to thep-tolyl methyl protons with relative intensities 1 :I. 

Clrlorobis(cirzriarnalde/ry~learril) (hexafluoro-2-brrtyrre) - 
rlrorli2tm (8a) 

The reaction was conducted in a 50 ml three-necked 
flask fitted with a dry-ice reflux condenser and a nitrogen 
inlet. The flask was charged with 500 I I I ~  (0.86 mrnole) of 
(34, 200 I I I ~  (3.5 mmoles) of benzoyl azide, and 20 1111 of 
tetrahydrofuran. The solution was stirred at -78" in a 
dry ice - acetone bath under nitrogen. HexaRuoro-2- 
butyne (5 ml) was condensed out into a cold trap and was 
then allowed to pass slowly through the reaction mixture 
in a stream of nitrogen. The reaction mixture was then 
warmed to 50" and was held at this temperature for 3 11, 
after which it was cooled and the solvent re~noved under 
vacuum. The yellow residue was washed with ether and 
extracted with tetrahydrofuran. The extracts were 
filtered and concentrated; on addition of excess hexane, 
the yellow product crystallized. Recrystallization of the 
crude product from tetrahydrofuran-hexane afforded 
530 mg (85%) of pure product (80) as yellow crystals, 
m.p. 180-1 82" (decomp.). 

Anal. Calcd. for C34H2GFGC1N~Rh: C, 57.10; H, 
3.64; F, 15.96; mol. wt., 715. Found: C, 57.26; H, 3.70; 
F, 16.15; mol. wt., 703. 

The lgF  n.m.r. spectrum showed a singlet at -10.1 
p.p.rn. due to the coordinated hexafluoro-2-butyne. 
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Crystal structure of CdZn,(PO,), and Cd2Zn (Po,), 

C. CALVO AND J. S. STEPHENS 
Deparftnetzt of Clretnisfry, McMasfer Utiiversity, Hat?tiltot~, Orifario 

Received August 14, 1967 

The crystal structures of two solid solution phases found to occur in the Zn3(P04)2-Cd3(P0,), 
system, one with composition near to CdZn2(P04)2 and the other near to Cd2Zn(P04)2, have been deter- 
mined. Although these compounds are closely related structurally, there is a n~lsc~bl l~ty  gap between the 
two phases and an apparent phase transition in only one of these. The compounds, named Bss and Css 
respectively, have lattice parameters a = 9.032(4) A, b = 11.417(5) a, c = 5.952(6) A, p = 98.8(2), and 
Z = 4 for the former compound, and a = 9.056(8) a, b = 11.86(1) a, c ,= 6.190(9) A, fi = 100.1(2) and 
Z = 4 for the latter. Both compounds are monoclinic and crystallize w ~ t h  the space group P2,lc with 
closely related, but not identical, structures to that of the mineral graftonite. The anions are slightly 
irregular Pod3- tetrahedra with average P-0 bond distances of 1.538 A and 1.545 A for those in Bss 
and 1.55 A and 1.56 -4 for those in Css. The cations are found to be coordinated to 7, 4, and 5 oxygen 
atoms for the 3 independent sites per unit cell. In Css the second cation site has a fifth oxygen atom at 
2.57 A in con~parison with a length of over 2.9 A for this same interatomic distance in Bss. The cations 
appear to be ordered with Cd++ preferentially in site 1 in Bss and Zn++ preferentially in site 2 in Css. 

Canadian Journal of Chemistry, 46, 903 (1968) 

Introduction 
Smith and Power (I), by studying changes in 

the cathodoluminescent emission of Mn++ doped 
mixes of Zn,(PO,), and Cd,(PO,),, concluded 
that the system contained six distinct phases. 
Recent studies by Katnack and Hummel (2) 
and Brown and Hummel(3) have established the 
fields of stability of the six phases and further 
the latter authors indicate that a high temperature 
phase transformation, possibly of the order- 
disorder type, occurs at the Cd,(PO,), rich end 
of the system. The structures of all these phases, 
except for the possible disordered forms, have 
now been determined (4-7) and the results for 
those having compositions near CdZn,(PO,), 
and Cd,Zn(PO,), will be presented here. 

The stability ranges together with the crystal- 
lographic character of the various phases in this 
system present a curious set of observations. 
aZn,(PO,),, the low temperature form stable 
below 942" (2), shows a marked intolerance for 
the addition of even a modest amount of any 
other divalent metal ion orthophosphate. The 
maximum solubility of M,(PO,),, with M = 

Cd (3), Mg (8), or Mn (9), seems to be about 1 
mole %. For temperatures below about 900 "C, 
a new phase appears upon the addition of 
increasing amounts of M,(PO,),. The range of 
stability of this phase, commonly called y, 
depends upon the discrete chemical nature of 
the cation M. For M = C d + +  the y phase is 
stable between2 and 8mole %(3), for M = Mn++ 

the stable range is between 5 and 25 mole % (9), 
and with M = Mg++ it extends from 5 mole % 
to pure Mg,(PO,), (8). 

The stable form of Zn,(PO,), between 
942 "C and the melting temperature (1060 "C) (2), 
called the phase, is found to extend up to 
10 to 20 mole % of Cd,(PO,),, depending upon 
the equilibratioil temperature (3). A third phase, 
called "B" solid solution, stable for Cd composi- 
tions of roughly 20 to 40 mole %, melts congru- 
ently at about 1030 "C and at a compositioil 
corresponding almost exactly to that of CdZn,- 
(PO,),. For Cd,(PO,), content between 55 and 
85 mole %, another phase, called "C" solid 
solution, yields a Debye-Scherrer pattern similar 
to that of "BWss. This phase is found to melt 
incongruently. The sixth phase, that of Cd3- 
(PO,),, shows limited solubility for Zn,(PO,),. 
This structure is closely related, although not 
identical, to that of pZn,(PO,), (7). A miscibility 
gap exists between each of the phases of mixed 
con~position in this diagram. 

We present here the structures of the "B" 
and "C" solid solution phases. For convenience, 
these compounds will be called CdZn,(PO,), 
and Cd,Zn(PO,),, although in each case the 
structure studied differed by a few mole % from 
these nominal compositions. The results for 
both structures are presented in order to specu- 
late on the nature of the differential thermal 
analysis anomaly reported by Brown and 
Hummel (3). In this consideration the structure 
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TABLE I 

Crystal data for CdZn2(P0,)z and Cd2Zn(P04)2 

CdZn2(P0,)2 Cd2Zn(P04)2 

,- -, z 4 4 
Systematic absences h01 with 1 odd h01 with 1 odd 

O k O  with /c odd O/cO with k odd 
Space group p2 1 /c  p21/c 
Linear absorption 

coefficient (cm-') 121 95 

of the mineral graftonite (lo), closely related to  directly from an hOl precession photograph and 
those presented here, will be contrasted in some c* axis was determined accurately by using the 
detail with those found for "B" and "C" solid b* axis previously obtained. The values obtained 
solutions. for these parameters are shown in Table I. 

Experimental Method 

( A )  Cdz112 (Po,) 2 

A sample having composition (CdxZn,,),- 
(PO,), with x = 0.2 was prepared by reacting 
suitable proportions of Zn,(PO,),, CdCO,, and 
H,PO, in the form of an aqueous slurry. 
The mixture was dried, thoroughly ground, 
and heated to about 600 "C in a covered silica 
crucible. The sample was then fused in a Vycor 
tube at a temperature slightly above 1000 "C and 
slowly cooled to about 950 "C, followed by a 
quench down to room temperature. The sample 
showed two types of crystalline morphologies. 
The first corresponding to the "B" solid so l~~t ion  
was needle like in shape and grew out of the 
second which were flat plates. These appeared 
to be a Zn3(P0,)2-Cd3(P0,)2 solid solution 
having the PZn,(PO,), structure, since their 
morphologies appeared similar.' Since the 
original mix corresponded to the eutectic com- 
position as reported by Brown and Hummel (3) 
the appearance of both phases is not surprising. 

A crystal of CdZn2(P04), having a diameter of 
0.05 nlm and a length of 0.5 mm was mounted 
parallel to the long axis (c) and used to obtain 
all the crystal data reported here for this com- 
pound. Accurate parameters were obtained 
for a* and b* axes from an hkO Weissellberg 
photograph upon which A1,0, powder lines 
(a = 4.75903(3) A, c = 12.9908(2) (1 1)) had 
been superimposed. The P angle was measured 

'This has since been confirmed. 

The systeGatic extinctions leading to the selec- 
tion of P2Jc as the space group are also given. 
The density was not determined since it would 
require that the P(Zn,Cd),(PO,), crystals be 
mechanically separated from those of CdZn,- 
(PO,),. If we assume Z = 4, however, a value 
for the volume per molecule in satisfactory 
agreement with that determined for u (4), 
P (5), and y (6) Zn,(PO,), is obtained. 

Intensity measurements were taken with MoKu 
radiation and since the linear absorption 
coefficient is 121 cm-' and pR is 0.4, one would 
expect negligible absorption corrections for the 
intensities determined within any layer line of 
data taken perpendicular to the c axis. Since the 
layer lines were scaled independently, absorptioil 
corrections were not necessary. Integrated 
precession photographs were taken of the 
(010) and {loo)  zones and the intensities 
estimated with a Leeds and Northrup microden- 
sitometer model G-1. The intensities of the 
reflections in the planes hlc~z with n = 0, 1, . . . 5 
were measured with a scintillation counter 
using an o scan and the equi-inclination 
Weissenberg geometry. These intensities were 
corrected for dead time and background errors 
and all the data were subiected to Lorentz and 
polarization corrections. 

A trial structure for the cation positions only 
was obtained from an interpretation of the real 
part of the generalized Patterson projections 
using the hkn data for successive values of n. 
The positions found were consistent with the 
P(U, W) and P(V, W) Patterson projections. 
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A least square refinement on the cationic atomic 
coordinates and overall temperature factor 
yielded an 

value of 0.42. The phosphorus atoms were found 
by the geometric constraint that they lie at 
l&st 3.0 1 from each other and from the cations. 
Only two positions satisfied this criterion and 
the phosphorus atoms were placed in these 
positions. These positions were confirmed by 
calculation of the structure factors although one 
phosphorus was found to have a suspiciously 
high temperature factor at this stage. Trial 
oxygen aton1 positions were determined by the 
criterion that they should lie coplanar with the 
two cations and the phosphorus atom to which 
it is ligated. This criterion appears to be a 
feature coinmon to all the pyrophosphates (12) 
and orthophosphates (5) with cations having 
radii less than 1 A investigated to date. Further, 
the anion, is commoilly found to be 
nearly regular tetrahedron with a PO bond 
length near 1.54 A. Only the radial constraint 
suggested by the regular tetrahedron was 
initially explicitly imposed upon the trial 
structure. Six of the oxygen atoms were found 
to be located sufficiently close to their proper 
positions so that they could be refilled to their 
final coordinates. The remaining oxygen atoms 
were found by unposing the requirement for 
tetrahedral symmetry about the phosphorus 
atoms. 

A fi~ll matrix least square program, prepared 
by J. S. S., was used to determine the final atomic 
parameters, both positional and thermal. Atomic 
scattering factors for Cd++,  Zn+', P, and 0- 
were obtained from the International Tables, 
Vol. I11 (13). 

The composition of the crystal was determined 
by allowing the amounts of Cd++  and Z n + +  in 
each cation site to vary. This calculation 
resulted in site 1 having a mole fraction of Zn 
of 0.35 while site 2 had 1.07 and site 3 had 0.94 
as their inole fractions of 211. Although the 
estimated standard deviations (e.s.d.'s) for these 
were only 0.05, these latter two values were set 
to 1.00, since a greater value has no direct 
physical significance. The occupation number 
for site 1 was then allowed to vary in subsequent 
least squares refinement and predicted that the 

composition should be 79 mole " / ,n  rather 
than 75 mole % as determined from the phase 
diagram, provided that the crystals grew at the 
eutectic temperature. Since the intergrown crys- 
tals (Bss and p) implied that they grew under 
supersaturated coilditions with some finite super- 
cooling, a higher Zni+  composition for Bss than 
that predicted by the equilibrium diagram is not 
unexpected. Unfortunately, the experimental 
errors in both this and the phase studies may 
exceed the compositional difference implied by 
this analysis. 

The final cycles of refinement were performed 
with the composition of site 2 and 3 taken to be 
pure Zn'+. Weights, a, were chosen by the 
criterion suggested by Cruickshank et a/. (14) 
where the average value of olAFJ2 is made 
constant independent of the magnitude of Fo. 
In the case at hand, 

Those reflections whose calculated value was 
less than the minimum observable value, 
Fo(min.), in their region in reciprocal space were 
left out of the refinement, and for the remainder 
of the set of unobserved reflections AF was 
determined from lcFo(min.) - Fc, where k was 
set at 0.85. The final atomic parameters are 
listed in Table I1 and the observed and calculated 
structure factors are compared in Table 111. 
Of a total of 1999 possible reflections, 1 11 1 were 
observed, and of these 20 reflectioi~s of medium 
intensity gave unusually high discrepancies and 
therefore were eliminated from the refinement. 
The final values of 

and R2 for all the reflections are 0.074 and 0.089 
respectively. 

f B)  C4Zn (PO,) 2 
Crystals containing on the average about 70 

mole % Cd were prepared in a manner entirely 
analogous to  that used for CdZn,(PO,),. 
Unit cell parameters, shown in Table I, were 
obtained from photographs calibrated by reflec- 
tions from CdZn2(P04),. Intensities of the 
reflections indexed as Okl, hnl with n = 0, 1, and 
2 and hkO and hkl were estimated by visual 
comparison. The latter two sets were taken with 
the Weissenberg camera using MoKcl radiation, 
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TABLE I1 
Atomic parameters in CdZn2(P04),, Cd,Zn(PO,),, and graftonite rcspectivcly 

(estimated standard deviations arc cnclo,ed in parentheses) 

Atom* x Y z B (A2) 

0.7242i18j 0.0005il3j 0.0070i39j i.32i28j 
O(8) 0.4590(11) 0.0353(8) 0.2353(21) 

0.4708(20) 0.0264(17) 0.2470(50) 0.96(35) 
0.4643(15) 0.0368(12) 0.2623(33) 0.72(23) 

Anisotropic thermal parameters for CdZn,(P0,)2 x lo4 

*In the text 0(11') is generated from 0(t1) by the glide plane operation and O(i)  and O(il) represent inversions. 
Unit cell translations are not separately designated. 

?These values were obtained from p .  = Zrr2b b U where 's appear as a temperature effect through exp [ - (!3l lh2 + Zp,,Ak.. .)I in the structure facto;'expressi;r! agd bbl areiJthe reciprocal lattice vectors. 
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whereas the rest were taken as precession 
photographs using AgKcl for the {loo] zone 
and MoKcl radiation for the remaining data. 

The crystal used for the hkO and hlcl data had 
a length of 0.4 min along the c axis and 0.14 mm 
and 0.20 mm in the plane perpendicular to  this 
axis. The linear absorption coefficient is p = 95 
cm-I and therefore for a pR value of 1.1 the 
neglect of absorption corrections would lead to 
errors of 20% in the intensities for the range of 
data taken. Therefore absorption corrections 
were applied based upon a cylindrical approxi- 
mation for the crystal's shape. The remaining 
data were taken from a crystal of dimensions 
0.08 mm x 0.05 mm x 0.14 mm, with the latter 
value along the c axis, and therefore absorption 
correction could be ignored. 

Trial parameters were taken from the final 
positional parameters obtained for CdZn,(PO,), 
with the cations assumed randomly mixed. 
Individual isotropic temperature factors were 
used throughout the refinement. After the struc- 
ture had been partially refined (R, 0.3) 
the multiplicity of the cations were varied. This 
indicated the Cd++ again accumulated in 
site 1, which shows the highest coordination 
number, and that site 2 was virtually entirely 
Zn++.  Therefore, the scattering curve subse- 
quently used for site 2 was composed of 0.9fZ, 
and 0.1 f Cd. 

The structure was refined to an R, value of 
0.15 with each reflection equally weighted. The 
final refinement was then carried through using 
weights whose reciprocal was expanded in a 
power series in F,. The coefficients were deter- 
mined so as to minimize the average of oAF  and 
the function obtained was 

f1 = 2.0 + 0.2F0 + 0 . 0 1 ~ ~ ~ .  

Unobserved reflections whose calculated value 
was less than F,(min.) were given zero weight in 
the refinement. The final parameters obtained 
are shown in Table I1 where they are compared 
with those of CdZn,(PO,), and the final 
structure factors are to be found in Table IV." 
The value of R, is 0.104 and R, is 0.129 including 
all the data. 986 reflections were used of which 
663 had observable intensities. 

'Table IV has been placed in The Depository of Un- 
published Data. Photocopies may be obtained, upon 
request, from: Depository of Unpublished Data, 
National Science Library, National Research Council 
of Canada, Ottawa, Canada. 

Description of the Structures 

(A)  CdZ~7,(PO,), 
Both phosphorus atoms are tetrahedrally 

coordinated to oxygen atoms which lie, on the 
average, 1.538 A and 1.545 A displaced from P(1) 
and P(2) respectively. The individual P(1)-0 
bond distances range from 1.520 A to 1.560 A, 
whereas for P(2) the range extends from 1.523 A 
to 1.572 A. Since the estimated standard error on 
a bond length is about 0.0102A, these extremes 
differ by about twice the sum of their standard 
errors. Every oxygen atom is ligated to two 
cations and a phosphorus atom; therefore there 
is no reason to expect significant deviation from 
the average P-0 bond distance. These values 
together with the pertinent bond angles are 
found in Table V where they are compared with 
those found for Cd,Zn(PO,), and the mineral 
graftonite. 

The cations are found to lie in polyhedra 
having three different coordination numbers. 
Site 1, which contains substantially all the Cd, is 
coordinated to seven oxygen atoms while site 2 
shows fourfold coordination and site 3 shows 
trigonal bipyramidal coordination. The cation 
oxygen bond distances range from 2.09 A to 
2.60 A around site 1 with an average of 2.36 A. 
Site 2 has M-0 bond distances ranging from 
1.90 A to 2.14 A with an average of 2.00 A. 
Since the bond angles about this cation range 
from 93" to 140°, deviations from tetrahedral 
symmetry are substantial. In the mineral 
graftonite, with nearly the same structure, 
this site has fivefold coordination in the form of 
an irregular square pyramid as a result of 
O(3) bonding to M(2). The 0-M(2)-0 angles 
here anticipate this distortion with O(6)-M(2)- 
O(4) at 140" in contrast with the ideal value of 
109". This angle is 159" in the mineral. For 
catioil site 3 the axial oxygen atoms lie at an 
average cation oxygen atom separation of 2.145 
A, whereas the equitorial oxygen atoms have 
average bond lengths of 2.03 A. 

These cation polyhedra are bonded through 
sharing oxygen atoms to form the framework of 
the structure. M(3)-Oj forms infinite chains 
running parallel to the c axis by edge sharing 
with neighboring c glided trigonal bipyramids. 
The shared edges are all non-equitorial involving 
0(2), 0(2'), 0(5), and O(5'). The fifth oxygen 
atom, 0(8), is shared with M(2). This portion of 
the structure is shown in Fig. 1. Sheets involving 
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TABLE 111 
CdZn2(P04)2 observed and calculated structure factors (X 10) (Unobserved reflections 

are marked with an asterisk (*), and unreliable reflections with the synlbol (9)) 

FOBS FCALC FOBS FCaLC FOBS FLPLC 

I 1  4 . 334 -232 
1 3  5 . 3 3 8  -59 
1 3  6 442 438 
1 3  1 . 348 -154 
14 1 . 346 51 
14 2 .  347 -226 
15 1 362 -99 
15  2 446 -486 
15  3 . 365 16R 
16 1 . 316 48  

- -- 

FOBS FCLLC 

6 8 . 248 -241 
6 9 . 258 -116 
6 10 510 -551 
6 11 514 -515 
6 12 448 495 
6 13 : 304 -17 
6 14 316 208 
6 1 5 . 3 l t I  I l l  
6 16 350 -283 
6 17 * 350 -1.1 

; p : 22u -;; 226 
7 2 284 -263 
7 3 6113 -527 
1 4 . 231 -10 
7 5 311 386 
7 6 . 145 12 
7 7 140 122 
7 8 292 -290 
7 9 152 -810 
7 10 538 468 
7 11 292 -224 
7 12 306 310 
7 1 3  . 314 234 
7 14  . 326 -95 
7 15  311 298 
7 16 . 347 -35 
8 0 . 238 -108 
8 1 141 -153 
8 2 . 241 a 9  
8 3 388 -453 
8 4 248 199 
8 5 . 254 -22 
8 6 . 2bO 185 
8 7 . 268 -148 
8 8 216 -59 

8 8 LO 9 . 285 295 -95 228 
8 11 476 -402 
8 12 . 315 -270 
8 13 325 167 
8 14  . 335 -102 
8 15  502 478 
8 16 . 356 183 
9 0 . 2 5 7  130 
9 1 . 257 32 
9 2 401 385 
9 3 U 309 -431 
9 4 321 -378 
9 5 219 I l l  
9 6 324 -418 
9 7 606 590 

9 9 8 9 . 336 300 302 12 
10 0 561 680 
LO 1 . 215 15  
LO 2 '17 -313 
L O  3 280 -52 
10 4 365 -360 
LO 5 . 288 125 
LO 6 . 293 193 
LO 7 . 300 215 
10 8 142 288 
LO 9 . 314 -250 
l o  L O  . 322 202 
LO I 1  . 331 -242 
LO 12 4h3 -445 
LO 1 3  . 341 29 
11 0 445 402 
11 1 488 -472 
11 2 . 295 56 
11 3 298 -144 
11 4 668 -652 
11 5 . 305 -151 
I1  6 . 3 1 0  52 
I 1  1 316 - 1 1  
11 8 565 621 
11 9 d4h 389 
11 L O  . 316 -91 
12 0 601 509 
I2 1 300 265 
12 2 180 313 
12 3 . 316 - 4 1  
12 4 518 -541 
12 5 322 27 
12 6 3L1 -180 
12 7 132 hIJ  
12 8 389 425 
12 9 . 343 -229 
1 3  0 316 316 
I 3  1 310 -54 
13 2 393 -338 

I3  14 0 3 . . 313 345 148 0 
14 1 .  345 -185 
14 2 . 346 168 
14 3 348 14 
14 4 r 350 -233 
14 5 .  35L - 1 8  
I4  6 . 355 -188 
14 7 . 358 -141 
14 8 420 L.33 
14 9 . 365 208 
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TABLE 111 (Coilcl~ded) 
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c ,  

FIG. 1. A portion of the structure of CdZn,(P04)z is shown in projection onto the bc plane. The chains formed 
by the edge-shared trigonal bipyramids are shown as filled bonds. The cations are filled circles and the oxygen a t o m  
are open circles. 

the oxygen polyhedra about site 1 extend in 
the bc plane. These sheets are composed of 
edge-shared pairs of M(1)-0, groups disposed 
in a face-centered arrangement. The shared edge, 
O(1) and O(T), arise from centrosymmetrically 
related polyhedra each of which share corner 
oxygen atoms, O(3) and 0(3'), with the pair of 
dimeric (M(1)-O,), groups related by the 
glide plane operations x, + - y, + + z and 
x, -4 - y, 4 + z. The three remaining oxygen 
atoms of cation 2 bridge across the pair of 
M(l) polyhedra, sharing O(6) with one member 
and O(3) with the other, and O(4) with the 
(M(1)-O,), group translated by one unit cell 
length along the c axis. This bonding call be seen 

in Fig. 2. Thus the tetrahedral cation groups knit 
together the infinite sheets involving cations 
of type 1 with the infinite chains involving site 2. 
The phosphorus tetrahedra, shown in outline in 
Fig. 2, lie between these chains and sheets. 

(B)  Ccl,Zn (PO,) 2 

Again both tetrahedra are irregular 
with oxygen atoms lying at an average of 1.55 A 
and 1.56 A from P(l) and P(2) respectively. 
Since the e.s.d.'s are of the order of 0.02 A in 
this compound, no significance can be attached 
to the difference in the values found here in 
cornparisoil to those in CdZn,(PO,),. The larger 
value for e.s.d.'s in "C"ss compared to "B7'ss 
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FIG. 2. The structure of CdZn,(PO,), is shown in projection onto the ab plane. The cations are shown as filled 
circles and the oxygen atoms as open circles. The outlines of the POa3- tetrahedra are shown although not the 
phosphorus atom positions. The bond formed by oxygen atom 3 to cation site 2 in CdzZn(PO,), is shown dotted. 

results from the larger relative electron density the angle between O(1') and O(3') at M(l) is 
contributed by the cations and the inherently less 166" rather than the ideal 180". 
accurate visual method of estimating intensities. In Css the cations at site 3 still show trigonal 

Cation 1 is again found in a site showing bipyramidal coordination with axial cation- 
sevenfold coordination. Five of the oxygen atoms oxygen bond lengths of 2.30 A and 2.31 A 
lie roughly in a plane perpendicular to the involving O(2') and O(5) respectively. The aver- 
O(1 ')-M-O(3') axis and lie very approximately age equatorial M-0 bond length is 2.18 A. 
in a pentagonal arrangement. The axial cations For all three structures, the average axial MO 
oxygen bonds, that is those to O(i) and 0(3'), bond length exceeds by over 0.1 A the average 
are shorter than the equatorial bonds. These equatorial one. This site, which is predominailtly 
bonds of 2.27 A and 2.26 A respectively in Css occupied by Cd2+ has an average metal-oxygen 
are also the shorter ones in Bss (2.09 A and atom bond distance of 2.23 A as compared with 
2.16 A respectively) and graftonite (2.23 A and 2.08 A in Bss where it is occupied entirely by 
2.25 A respectively). The angles show consider- Zn2+. This can be taken as further evidence for 
able deviations from regularity and, in particular, the larger cation in this site. 
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The major structural difference between 
CdZn,(PO,), and Cd,Zn(PO,), involves site 2. 
In the latter compound this site has taken on the 
appearance of an irregular square pyramid 
involving a fifth oxygen atom, 0(3'), lying 
2.57 A from the cation. In CdZn,(PO,), this 
oxygen atom isqover 2.9 A away from the cation 
in site 2. In the mineral graftonite, it lies at 
2.39 A from M(2). The apical oxygen atom, 0(7), 
yields a cation-oxygen atom bond length of 
2.01 A in "CVss. In comparisoil with "B"ss, 
this oxygen atom has moved closer to 0(8), 
as indicated by the decrease from 130" to 117" 
in ",he angle between these oxygen atoms 
subtended at M(2). The only other major angu- 
lar change is that of O(6)-M-O(4) which is 
140" in Bss, 149" in Css, and 160" in the mineral. 
The average cation oxygen bond length of the 
four cation oxygen atom bonds common to 
Bss is 2.05 A as compared with 1.99 A in Bss. 
This change may be a manifestation of the weak- 
ening of the shorter bonds due to the presence 
of the nearly bonded O(3). In Fig. 2, this long 
bond is shown as a dotted bond length. The 
atoms in these structures are found to vary 
significantly from isomorphic positions. P(2) 
deviates by less than 0.06 A between the three 
structures whereas P(l) deviates in CdzZn(P04), 
by 0.14 A from its position in CdZn,(PO,),. In 
the mineral, the coordinates of P(2) are inter- 
mediate. 0(3), 0(2), O(5) and O(8) show shifts of 
0.21 A, 0.13 A, and 0.19 A respectively and these 
exceeded by a factor of 3 or more the shifts of 
any of the remaining oxygen atoms. This is 
expected since the latter three oxygen atoms are 
bonded to cation 3 which is occupied by CdZf 
in "C"ss and ZnZf in "B"ss whereas O(3) 
forms an additional bond to cation 2. Both 
M(2) and M(3) show significant shifts whose 
magnitudes are 0.19 A and 0.08 A respectively. 
In the former case, the motion is primarily in 
the a + b direction and nearly vectorially oppo- 
site to that of O(3). Therefore, the reduced 
M(2)-O(3) bond distance arises nearly equally 
from motion of the two bonding atoms. 

Discussion 
The congruent melting temperatures near the 

composition represented by CdZn,(PO,), attest 
to the stability of this compound. That is, there 
is probably a minimum in the free energy - 
composition diagram near the stated composi- 

tion. By the same token, the lack of a congruent 
melting compound with composition at  Cd,Zn- 
(PO,), would suggest that there is no particular 
stability attributable to this composition relative 
to neighboring points along the composition 
axis. The stability of Bss might be attributable 
to the preferred solubility of Cd2+ in site 1 and 
the energy gained by filling such a site and its 
loss when Cd2 + is placed in either of the remain- 
ing sites. However, on the surface, it would 
appear that similar argument would lead to a 
stable compound at CdZZn(PO4),, since here the 
cations were also found ordered and would also 
result in a congruent melting point. I t  appears 
possible, nevertheless, that the phase transition 
reported by Hummel and Brown involved a 
disordering of the cations, probably involving 
sites 2 and 3 only, above the transition tempera- 
ture and, therefore, no distinctive minimum in 
free energy at  the proposed compound composi- 
tion would be expected. At lower temperatures, 
below the transition point, one might expect a 
distinct minimum here and this should be 
reflected in a distinct curvature to the boundary 
line separating the region containing Bss and 
Css from the region of Css. Such does not appear 
to be the case, although the techniques used by 
Hummel and Brown would not be particularly 
sensitive to such a behavior. 

The existence of a miscibility gap denotes a 
binodal free energy composition curve with a 
maximum at some composition around a mole 
fraction Cd,(PO,), of 0.5. The fact that the 
structures of the two phases are so nearly 
identical helps to hide the reason for the intoler- 
ance of Bss to CdZf for concentrations beyond 
where site 1 is saturated. In order to occupy 
either other site CdZf must distort its environ- 
ment and perhaps the approach of O(3) to 
site M(2) results from the distortion so imposed 
when cation site 3 takes on Cd2+. Since this site 
is not bound to O(3) directly, the effect must be 
carried by a rigid displacement of the P(1)043- 
tetrahedron. That is, with a nearly isotropic 
displacement of the oxygen atom environment 
about cation site 3, the tetrahedron containing 
O(5) will be displaced such as to leave the O(1)- 
O(7) vector nearly invariant but pushing O(3) 
towards cation site 2. This is consistent with the 
displacements discussed above. Thus with those 
sites containing CdZf distorting and those with 
Zn2+ resisting the distortion, the free energy 
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will increase with increasing composition beyond 
that of CdZn,(PO,), until enough Cd2+ is 
added to effect a cooperative distortion to a 
structure like that of Cd,Zn(PO,),. 

The nature of the phase transition reported 
by Brown and Hummel (3) for Cd,Zn(PO,), 
does not have an unambiguous interpretation. 
It is difficult to conceive of it as a transition of 
the second kind as treated by Landau and 
Lifshitz (15) since the structure does not seem 
to support any continuous change that will result 
in a phase with higher crystallographic symmetry. 
This is, of course, under the assumption that the 
high symmetry phase is the stable form at high 
temperature. The remaining possibilities are a 
disordering of the cations or the displacement of 
O(3) so that at high temperatures, the coordina- 
tion of cation site 2 is fourfold. This latter 
possibility seems unlikely in light of the misci- 
bility gap and the fact that it would yield very 
modest intensity changes which probably would 
not be seen in a normal X-ray powder pattern. 
Thus such a change is probably not responsible 
for the small intensity changes reported by 
Brown and Hummel (3). Parenthetically in 
Cd,(PO,), for which the I # 0 mod 3 reflections 
are weak (7) a transition resulting in a high 
symmetry phase is readily conceivable. 

One of the most perplexing problems is, 
accepting the wide variation of structure types 
corresponding to the composition M3(XO4)2, 
why do these compounds choose the graftonite 
structure? This structure appears to be a par- 
ticularly tolerant one since it is composed of 
sheets of M(l) type cations and chains of M(3) 
cations bonded somewhat loosely by PO, 
tetrahedron and M(2)-O,, polyhedra. Cation 
site 1 seems to require a large ion to maintain 
the pentagonal bipyramidal arrangement of 
oxygen ligands. With an oxygen atom of radius 
of 1.4 A the cation cavity has a radius of 0.93 A 
in the plane of the regular pentagon. Therefore, 
with cations of radii smaller than this in site 1 
the structure would be expected to lose stability. 
In the case of ~ n "  with radii of 0.80 A and 

Fez+ with radii of 0.75 A the cations would be 
expected to be loosely bonded unless the structure 
is considerably further distorted from the 
pentagonal bipyramidal arrangement found in 
these structures. Since Mn,(PO,), (7) and 
Fe,(PO,), (10) adopt these structures it would 
be of interest to obtain an accurate crystal 
structure resolution to check this point. On the 
other hand, for the compound CaZn2(PO,),, 
the Ca2+ ion is probably too large to form the 
graftonite structure. This seems to be in line with 
the recent results of Kreidler and Hummel (16) 
for the Ca3(P04)2-Zn3(P04)2 system. 
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Crystal structure of Cu,(AsO4), 

SANDRA J. POULSEN' AND C. CALVO 
Departn~enf of Physics, McMaster Urii~~ersity, Har?~ilton, O?~iario 

Received September 26, 1967 

Cu3(As04)? forms a monoclinic crystal with lattice parameters a = 6.327(5) 8,, b = 8.642(5) 8,, 
c = 11.313(5) A, [3 = 92.04(4)", a n d Z  = 4. The space group is P2,/c. The two orthoarsenate anions in 
the unit cell have average As0  bond lengths of 1.68 8, and 1.70 8, with mean deviations of 0.02 8, and 
0.01 8, respectively. The three cations are fivefold coordinated to oxygen atoms with mean cation oxygen 
atom bond l en~ ths  of 2.005 8,, 2.053 8,, and 2.017 8, for the three independent cations. The range of bond 
distances extends from 1.892 8, to 2.362 8,. Only one additional cation oxygen distance of less than 3 8, 
occurs and this lies at 2.76 8,. The cation polyhedra form sheets parallel to the ab plane by corner and 
edge sharing of common oxygen atoms. Adjacent sheets are bonded through the long Cu-0 bond 
distance cited above and by the A s O ~ ~ -  anions. Each of the arsenic atoms shares three oxygen atoms 
with one sheet and one with the adjacent one. 

Canadian Journal of Chemistry, 46, 917 (1968) 

Introduction 

The crystal structure of Cu,(AsO,), has been 
investigated in order to  determine if it is related 
to  those previously reported for compounds of 
the M3(X04), type, where the X0,"- form a 
tetrahedral group. I t  would be expected that a 
modest number of such structure types should 
be stable. The fact that some arsenates and phos- 
phates are isostructural (I) would support this 
assumption and suggest that isostructures with 
the analogous phosphate series should be found 
among the compounds of this type. This iso- 
morphism has commonly been assumed in the 
past (2, 3) although it fails for Cu,PO,(OH),- 
Cu,AsO,(OH), pair (4) among others. 

A further motive for this study is the desire t o  
characterize the geometry of the near neighbor 
environment of pentavalent As. A limited num- 
ber of such structures with only oxygen atoms as 
near neighbors to  the As have been determined. 
These include the anhydrous orthoarsenates, 
Ag3As04 (5), the mineral stranskiite (CuZn,- 
(AsO,),) (6), and KH,AsO, (5). The average 
As-0 bond lengths are 1.75 A, 1.75 A, and 
1.74 respectively. The structure of Mg pyro- 
arsenates has been determined by Lukasewicz 
(7), and recently further refined (8). The average 
terminal As-0 bond length is 1.66 A whereas 
the internal or As-O(-As) is 1.68 A. A number 
of alkali metal meta-arsenate structures have 
been reported and all of these have psuedo- 
tetrahedral arrangements of oxygen atoms about 
the arsenic. In NaAsO, (9), the As-0 and 

,Present address: I.B.M. Corporation, Hamilton, 
Ontario. 

As-0(-As) bond lengths are 1.68 A and 1.77 
A respectively. A number of divalent metal meta- 
arsenates, however, have been assigned struc- 
tures that would have sixfold coordinated AsV 
(10). If this be true, then AsV differs from PV since 
the phosphorus invariably is found in tetra- 
hedral environments in the presence of oxygen 
atoms. 

Among the small metal ion M3(X04), com- 
pounds the lattice parameters found for Cu ,- 
(AS~,) , ,  although not the symmetry, would 
suggest that its structure should be similar to  that 
of either Mg,(VO,), (I I), the mineral graftonite, 
a solid solution represented as (Fe,Mn,Ca),- 
(PO,), (12), or the mineral xanthiosite, Ni,- 
(AsO,), (13). The lattice parameters of these 
compounds are compared in Table I. I t  turns 
out, however, that the structure of Cu,(AsO,), 
is unique among compounds with the same 
stoichiometry and having tetrahedrally co- 
ordinated anions, although it has some features 
in common with PZn,(PO,), (14). 

Experimental Methods 
Crystals of Cu3(As04), were obtained by slowly 

cooling a melt formed from the precipitate recovered 
from the reaction of Na2HAs04 and CuC1, in an aqueous 
solution. The crystals had either needle-like or plate-like 
morphologies and several were selected for crystallo- 
graphic study. The crystals have monoclinic symmetry 
with the space group P2,lc. The density of 4.8 g/cm3 
was determined with a pycnometer and the sample 
analyzed for the weight % of Cu. The amount was found 
to be 40.3 + 0.5 weight % compared with the theoretical 
value of 40.7 %calculated for Cu3(As04)?. 

Accurate unit cell parameters were determined from 
films calibrated with reflections from a TiO, crystal 
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TABLE I 
Lattice parameters of a number of M3(X04)z conlpounds 

a b c I3 S ~ a c e  grow 

(a = 4.59291(5) 8, and c = 2.9591(3) 8, (15)) and powder determined by the method of De Vries (17). Reflections 
lines of A1203 (a = 4.75903(3) 8, and c = 12.9908(2) 8, with unitary structure factors greater than about 0.2 were 
(16)). The AlZO3 lines were superimposed on a zeroth used to calculate the probability that the Zachariasen 
level Weissenberg photograph containing reflections of relationship (18) 
the Okl type. The pattern was superimposed at the center 
and the two ends of the film bv allowing the ex~osure to S(H)S(H1)S(H + H') = + 
pass through the weissenberg screen a n d  moving the 
camera between exposures. The a axis length was deter- 
mined from a comparison of the layer line spacing of 
Ti02 with C U ~ ( A S O ~ ) ~  on a film containing patterns from 
both crystals. The a angle was determined from a direct 
measurement on a precession photograph of the (010) 
zone. The crystal parameters are in Table 11. 

Integrated intensity photographs were obtained for 
the (010) and (001) zones using MoKcl radiation and a 
precession camera. These data were measured with a 
Joyce-Lobell microdensitonieter. Initially, these data had 
been measured visually from non-integrated photographs, 
converted to unitary structure factors, and used to deter- 
mine the trial structure. Data of the type nkl with 11 = 0, 
1, and 2 were recorded with a manual scintillation counter 
attached on a Supper Weissenberg camera. These latter 
data were taken with CUKE radiation and the values 
measured and corrected, where necessary, for dead time 
and background errors. All the data were subjected to 
Lorentz and polarization corrections and adjusted for the 
effect of absorption. The two crystals used measured 
0.16 x 0.08 x 0.08 mm3 and 0.24 x 0.08 x 0.04 mm3. 
The former was used to obtain the data with MoKcl 
radiation with the long axis parallel to c, while the second 
was used to obtain the remaining data and had the a axis 
parallel to the long dimension. 

Trial structures were obtained from electron density 
maps prepared with structure factors whose signs were 

TABLE I1 

Crystal data of Cu3(As0.J2 

a = 6.327(5) 8, 
b = 8.642(5) 8, 
c = 11.313(5)8, 

= 92.04(4)" 
z = 4 
Extinctions for 1101,l odd and for OkO, k odd 
Space group P21/c 
p meas. = 4.83 g/cm3 
p calcd. = 5.04 g/cm3 
Linear absorption coefficient: ~ L M ~  = 220 cm-l, 

].rc, = 260 cm-I 

among the signs S(H)'s of the structure factors IF(H)I1s 
was valid. The numbers of reflections used were 40 out of 
102 from the (100) zone, 40 out of 85 from the j010) 
zone, and 31 out of 112 from the (001 ) zone. In the latter 
case 23 signs could be determined in terms of two sign 
symbols and the two free choices allowed in determining 
the origin. The four projected electron densities generated 
from the possible sign choices based on these symbols 
were calculated. Three of these had atoms on the glide 
planes but only one had a peak high enough to corre- 
spond to the superposition of two atoms expected in this 
projection. Further, the Patterson functions for the 
(100) and (0101 zones were not consistent with atoms on 
the glide plane. An R value calculated after 1 cycle of 
least square refinement using the atomic positions deter- 
mined from the fourth electron density was 0.31 and, 
therefore, it was considered to have the greatest likelihood 
of being correct. 

A similar procedure would have determined, at best, 
only 8 out of the 40 signs originally chosen from the (0101 
zone in terms of one sign symbol. This was not promising 
enough, especially with the long projection axis to warrant 
further pursuit at this stage. For the (100) zone 15 signs 
could be determined in terms of three sign symbols but 
only 4 more in terms of an additional sign symbol. Again 
two free choices were made with the view in mind that 
this origin might not be the same as the one selected above. 
In this case, only one sign symbol was chosen and that 
solution leading to all signs positive was set aside. The 
signs chosen turned out to lead to the correct structure 
and the electron densities determined at the initial stages 
are shown in Fig. l a  and b. The final positions for the Cu 
and As ions are superimposed on these diagrams. One 
sign, that of (008), was determined from Harker-Kasper 
inequalities (19). It is of interest to note that, although 
17 out of the initial 89 Zachariasen relations were wrong, 
only one sign had been improperly assigned at this stage. 
The three components x, y, and z of the atomic displace- 
ments of Cu and As were determined by combining the 
results obtained in the two projections and the magni- 
tudes of the peak heights were employed to distinguish 
between CuZ+ and As5+. 
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POULSEN AND CALVO: CRYSTAL STRUCTURE OF C U ~ ( A S O ~ ) ~  919 

FIG. 1. (a) The final atomic positions for Cu and As are shown superimposed on the p(x,y) electron density 
obtained by the use of the sign correlation procedure. (b) The final atomic positions for Cu and As are shown super- 
imposed on the p(j>,z) electron density obtained by the use of the sign correlation procedure. 
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FIG. 2. The bonding between the cation polyhedra is shown in projection onto the z = 0 plane. The large spheres 
represent oxygen atoms while the smaller ones represent the Cu ions. 

The oxygen atoms were found by applying the con- ZW 1 1  Fo 1 2 -  1 Fc 1' I l~,z):of O.ll 
straint that they should lie at 1.7 a and be tetrahedrally 

and R2 (= [ 
Fo 1 2  

distributed abiut the As atoms. Peaks in the difference 
synthesis satisfying this requirement were assigned to 
oxygen atoms. Six of the eight oxygen atoms were readily 
found in this manner but it turned out that the other two, 
O(5) and 0(8), had been interchanged with respect to 
the appropriate As atoms. Atomic form factors were 
taken from the International Tables, Vol. 111 (20). A 
least squares refinement routine written by J. S. Stephens 
was employed and yielded an overall R value of 0.20 at 
this point. Individual isotropic temperature factors were 
used. Weights were chosen in the manner of Hughes (21). 
Once the proper positions of the O(5) and O(8) were 
found the R value dropped to 0.1 1. Unobserved reflections 
whose calculated structure factors were less than the 
minimum observable value in that region of reciprocal 
space were given zero weight and otherwise taken to be 
0.9 of this minimum. Since only a limited amount of 
data were taken up the a axis, it was felt that a refinement 
with anisotropic thermal parameters might yield mis- 
leading results and therefore were not used. The final 
structure is shown in projection on the z = 0 plane in 
Fig. 2 and x = 0 plane in Fig. 3. The final atomic param- 

, - ,  

for all the data are in Table 111. The final combined data 
for all the layer lines is shown in Table IV. Here the data 
taken with MoKa radiation have been adjusted for 
anomalous dispersion to be expected if it had been taken 
with CuKa radiation, and the final cycles of refinement 
carried through with thecombined data. The valuesof the 
atomic coordinates that would allow one to recover the 
original data are to be found in Table 111. Note that, in 
general, the atomic positions do not differ significantly 
from the final values reported in Table 111, but that the 
temperature factors do. The larger estimated standard 
deviations (e.s.d.'s) on the x coordinates of the atoms 
reflects the limited data taken up the a axis. 

The bond distances around the As ions and the Cu 
ions are shown in Table V. Also included are the bond 
angles in the various groups. No correction for thermal 
motion has been applied to these bond lengths. In 
Table VII the sum of the bond angles about each of the 
oxygen atoms is shown. The concept that these are to be 
near 360" has been a useful one in resolving this structure, 
although the deviations are quite significant. 

eters leading to a - Description of Structure 

xIIFoI - IFcll)ofo.09 The orthoarsenate ions in this structure form 
R (= 

zlFoI irregular tetrahedra with average As0  bond 
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FIG. 3. The structure of C U ~ ( A S O ~ ) ~  is shown projected down the a axis. The Cu ions are represented by filled 
circles, the As ions by doubled circles, and the oxygen atoms by large spheres. The long Cu(1)-O(7) bond is shown 
dotted. 

lengths of 1.68 A for As(1) and 1.70 A for As(2). 
These bond lengths range from 1.65 A to  1.71 A 
in the former group and from 1.69 A to 1.70 A 
in the latter group. Since the estimated standard 
deviation for the As(1)-O(7) bond length is 
0.016 A we can see that at 1.647 A this bond 
length deviates by about 3 standard deviations 
from the average As-0 bond length. The range 
in the 0-As-0 angle about As(1) is 103" t o  
117" with an average of 109.6" and a mean devia- 
tion of 3.2" and about As(2) is from 105" to  114" 
with an average of 109.4" and a mean deviation of 
2.7". These values also indicate that the environ- 
ment of As(1) is the least regular of the two. The 
more important bond distances and angles are to  
be found in Table V. Each oxygen atom is bond- 
ed to  one As atom and two cations, although this 

requires that one long bond (Cu(2)-O(7)) of 
2.76 A be included. 

The environments of the three copper ions 
differ considerably. Cu(1) has a trigonal bi- 
pyramidal environment with 0(3), 0(5), and 
O(8) nearly coplanar with Cu(1) while O(2) and 
O(7) are the axial oxygen atoms of this group. 
The axial oxygen atoms lie at an average distance 
of 1.93 A from the Cu2+ whereas the equatorial 
oxygen atoms lie at 2.05 A away on the average. 

Cu(2) has a tetragonal bipyramidal environ- 
ment with the cation displaced slightly from th_e 
near plane formed by 0(1), 0(5), 0(4), and O(6) 
which lie at an average of 1.98 A from the cation. 
The first pair of oxygen atoms lie at 2.04 f 0 . O l  
A while the latter two lie at 1.905 f 0.015 A. 
The axial oxygen atom O(6) lies at 2.36 A while 
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TABLE I11 
Atomic paranleters for C U ~ ( A S O ~ ) ~  (e.s.d.'s are enclosed in parentheses). Values in 
brackets correspond to the parameters used to calculate dispersion corrections so 

that all the data could be combined 

X v z I3 

[0 .4154] ' 
0.8960(6) 
[O. 89641 
0.6062(34) 
10.6038 1 

-b .0324(3 6) 
[-0.03701 

0.2082(39) 
[O. 20531 
0.0853(41) 
10 .08941 

0.1642(4) 
[0 .I6371 
0.0311(4) 
[O. 03071 
0.1900(4) 
10.19021 
3.1134(3) 
[0.1134] 
0.0602(3) 
[O. 061 81 
0.2381(20) 
[0.2331] 
0.2406(21) 
[0.2478] 
0.1309(21) 
[0.1333] 

-0.0731(20) 
[-0.06761 

0.1541(19) 
[O. 15611 
- 0.0046(24) 

[-0.00781 
-0.0705(17) 
1-0.07051 

0.6323(3) 
[O. 63291 
0.8777(4) 
[O. 87661 
0.4316(3) 
[O. 43201 
0.3679(2) 
[0.3677] 
0.1507(2) 
[O. 15071 
0.4188(14) 
[0.4163] 
0.1063(14) 
[0.1116] 
0.4568(15) 
[0.4556] 
0.1210(16) 
[O. 12321 
0.2284(15) 
[0.2229] 
0.0836(17) 
[O. 08671 
0.3600(14) 
[0.3608] 
0.2986(17) 
[O. 29861 

1.01(8) 
[O. 661 
1 .24(8) 
10.811 

b .85(28) 
[O. 961 
1 .24(32) 

[0.33] 
1 .35(35') 

'0.87(29) 
[O. 951 
1 .50(34) 
[ I .  861 
0.78(28) 
10.961 

the sixth oxygen atom, 0(7), is found at 2.75 A 
from the cation. 

The third cation shows a highly irregular five- 
fold coordinated environment roughly disposed 
as in a trigonal bipyramid. The axial oxygen 
atoms O(1) and O(3) lie at 1.96 A and 1.98 A 
respectively away from Cu(3) whereas the equa- 
torial oxygen atoms, 0(2), 0(4), and 0(8), show 
an average cation oxygen bond distance of 2.05 
A. Here one of the equatorial bond angles, 
O(2)-Cu(3)-0(8), at 159" deviates considerably 
from the ideal value of 120". 

The cation polyhedra form sheets extended in 
the ab plane through corner and edge sharing. 
Adjacent sheets are bonded by the arsenate ions 
which share three oxygen atoms with one sheet 
and one with the adjacent sheet. In addition, 
these sheets are bonded through the long Cu(2) 
-0(7) bond. The structure of these sheets is 
unique among the M3(X04), compounds investi- 
gated to  date. Cations of type (2) share a non- 
equatorial edge, consisting of a pair of oxygen 
atoms, across a center of symmetry. These groups 
then corner share two oxygen atoms with each 
of a pair of edge-sharing Cu polyhedra formed 

from Cu(1) and Cu(3). These pairs alternate 
forming chains parallel to  the a direction as 
show11 in Fig. 2. Sheets are formed through 
corner sharing of oxygen atoms between centro- 
symlnetrically related Cu(1)-Cu(3) polyhedral 
pairs. 

These sheets bear some resemblance to those 
in PZn,(PO,), (14), as illustrated in Fig. 1 of 
that paper. Both structures have rings formed by 
pairs of edge-shared trigonal bipyramids which 
corner share oxygen atoms across a center of 
symmetry. These in turn are bonded, in PZn,- 
(PO,),, through corner sharing between cations 
1 and 2, but in contrast with Cu,(AsO,),, no 
bonding exists between cations 1 and 3 in the 
same sheet. 

The structure of clinoclase, Cu,AsO,(OH),, 
has a number of features similar t o  those of 
Cu,(AsO,),. In the mineral each cation has a 
tetragonal bipyramidal envirollment of oxygen 
atoms which edge share in pairs t o  form "dimers". 
As in Cu,(AsO,), one of these dimers (type I) 
corresponds to  an edge-shared pair across a center 
of symmetry. Whereas the longest bond of the 
five is at 2.36 A in Cu,(AsO,), the longest one 
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POULSEN A N D  CALVO: CRYSTAL STRUCTURE OF Cu3(As04)2 923 

lies at 2.51 A in clinoclase. The remaining cations 
in the mineral each have one additional long 
bond, lying at 2.84 A and 2.99 A. The type I1 
dimers are connected by corner sharing to form 
chains extended along the c* axis of the mineral 
much as the edge-shared pair of trigonal bi- 
pyramids in Cu3(As04), form chains extended 
along the a axis. However, in Cu,(AsO,), both 
types of dimers participate in the chain. In the 
mineral four adjacent chains are bonded by corner 
sharing with one type I dimer whereas in Cu3- 
(AsO,), the dimers connecting chains are them- 
selves interconnected. In clinoclase only two of 
the oxygen atoms about AsV are shared strongly 
with more than one cation while the hydrogen 
atoms have been assigned t o  the non-arsenate 
oxygen atoms. A difference in length among the 
As-0 bonds has been attributed (Ghosh et al. 
(4)) t o  the fact that the shorter bonds are of 
higher bond order since they are less strongly 
bonded to a second cation. A similar phenom- 
enon seems to occur in Cu3(As04), where 0(7), 
bonded strongly to  only Cu(l), has an As0  bond 
length of 1.65 A whereas the remaining A s 0  
bonds all lie between 1.67 A and 1.71 A. 

The structure of euchroite, Cu2(As04)(OH) 
-3H20, has recently been refined by Finney (22). 
Remarkably he finds the As0  bond distances 
about AsO,~-  range from 1.615(12) A to 1.773 
(12) A. The shortest of these is involved in three 
hydrogen bonds but unbonded to the cations, 
while the longest is bonded to two cations and 
participates in only one hydrogen bond. The 
other oxygen atoms of the tetrahedra are appar- 
ently not involved in these bonds. These results 
do not appear easily reconcilable with those 
obtained for Cu3(As04),. 

Crystals of stranskiite are triclinic with space 
group PT. The refinement reported by Plieth and 
Sanger (6) yielded an average As-0 bond dis- 
tance of 1.75 A. Their data have been further 
refined (23) using individual isotropic tempera- 
ture factors with weights, o, chosen so that 
ol (F,J - (F,(I. The average As0  value obtained 
was 1.68 A with individual As0  bond distances 
of 1.70(2) A, 1.67(1) A, 1.63(1) A, and 1.72(2) A. 
The shortest of these distances is to  that cation 
which is bonded to only one cation. The Cu ions 
lie on a center symmetry planar with four equa- 
torial oxygen atoms lying at an average of 1.96 
away. The next nearest oxygen atoms are two 
pairs of long axial oxygen atoms at about 3.2 A 

away. The Zn ions show fivefold coordination 
with average Zn-0 bond distances of 2.08 A. 
These Zn ion polyhedra edge share across a 
center of symmetry and these in turn corner 
share with Cu2 +. Each of the equatorial oxygen 
atoms is shared with a separate ZnO polyhedra 
forming sheets running parallel to the a + b,c 
plane. Adjacent sheets are bonded by AsOd3- 
groups which share two oxygen atoms with each 
of its neighboring sheets. In this respect strans- 
kiite differs from the sheet structure in Cu3- 
(As04)2. 

In Mg3(VO,), (1 1) the cations have obtained 
fully octahedral environments and this at the 
expense of a coordination number of four for 
two of the oxygen atoms. This structure consists 
of chains of edge-shared octahedra running 
parallel to  the c axis and in this sense resembles 
the chains of trigonal bipyramids in graftonite. 
In alternate octahedral holes formed by oxygen 
atoms from adjacent chains one finds an addi- 
tional cation. Sheets of these chains lie on the a, 
b+c plane and are separated by tetrahedrally 
coordinated V5+ which share three oxygen 
atoms with one sheet and one with the adjacent 
one. 

Whereas phosphate systems seem to show a 
regularity between P-0 and P-0(-P) in 
terms of valence bond order - bond length as the 
degree of condensation of the basic X0,"- tetra- 
hedra increases, such does not appear to be the 
case for the arsenates. The average As-0 bond 
lengths of 1.70 A and 1 .68~  A found for clino- 
clase and Cu3(AsO,), respectively differ sub- 
stantially from the values of 1.75 A and 1.74 A 
reported for Ag3As04 and KH,AsO, respec- 
tively. Stranskiite now shows an average of 
1.68 A. The bond lengths in Mg,As,O,, although 
qualitatively in agreement with chemical bond- 
ing considerations in that the terminal bond 
lengths are shorter (1.66 A) than the inner A s 0  
bond length (1.68 A), average to 1.67 A. This 
average which should correspond to bond length 
in an isolated AsO,~- is lower than the expected 
value. In this case corrections to the bond lengths 
arising from the thermal motion of the atoms, 
particularly for the central oxygen atom, will 
raise the average As0  bond length to a value 
near that found in Cu3(As04),. The meta- 
arsenates should show an even greater dis- 
crepancy between the chain A s 0  bond lengths 
and the peripheral ones that are found for the 
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TABLE IV 
Observed and calculated structure factors of C U ~ ( A S O ~ ) ~  ( X  10). Reflections marked * were unobserved 

IFUBS~ FCAL lF08Sl FCAL lF08d FCdL koad FCAL 
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POULSEN AND CALVO: CRYSTAL STRUCTURE OF Cu3(As04)2 925 

TABLE IV  (Concluded) 

Observed and calculated structure factors of C U ~ ( A S O ~ ) ~  ( X  10). Reflections marked ' were unobserved 

( F ~ ~ s I  F C A L  I F P R S ~  FC4L lF0FiSl FCAL ~ F B B S ~  FCAL 

4 -1  ~ 2 2 0  71 
4  -2  1335 - 1140  
4  - 3  HOO -684 
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TABLE V 

Bond distances and angles in CU~(ASO.,)~ 

Cu(1)-O(2') 1 .931(22) A O(2')-Cu(1)-O(3) 81.3(8)" O(3)-Cu(1)-O(5') 132.1(7)" 
-0(3') 2.010(17) - 0 '  90.2(9) - 0 ( 3  92.7(8) 
-0(5') 1 .993(18) d o ( ? )  173.8(7) -WE) 102.1(8) 
-0(7J 1.933(23) -0(8) 97.2(9) O(5')-Cu(1)-O(1) 93.6(8) 
-0(8) 2.157(9) 00)-cu(1)-0(8) 85.7(9) -0(8) 125.7(7) 

TABLE VI 
Interatomic angles about oxygen atoms 

Angle (") Sum (") 

pyroarsenates. In NaAsO, these values are 1.77 
and 1.68 A respectively, leading to a value of 

1.72 A for the mean As0 bond length. The devia- 
tion from the expected here is in the direction 
opposite to  that for the pyroarsenate, if Cu,- 
(AsO,), is used as the standard for a bond order 
of 1.5 and if a linear relationship holds between 
bond order and bond distance. Although the 
environment might play a greater role here than 
in the phosphate system, since the electrons in- 
volved in the bonding would be less localized, 
the effect seems to be unusually large. 
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Beryllium and scandium electrode potentials in fused LiCI-KC1 eutectic 

JAMES A. PLAMBECK 
Departnzet~t of Cl~emistry, Uiziversity of Alberta, Edtnoizton, Alberta 

Received October 18, 1967 

Electrode potentials of the Be(I1)-Be(0) and Sc(II1)-Sc(0) systems were measured in dilute solutions 
of the ionic species in fused LiC1-KC1 eutectic at 450 OC. Standard molar electrode potentials of these 
couples of -2.039 _t 0.013 V and -2.553 + 0.015 V against a standard molar platinum reference were 
calculated. It was shown by voltammetric and cl~ronopotentiometric methods that the equilibrium 
Be(I1) + Be(0) F? 2Be(I) suggested by previous authors was not significant in this medium. 

Canadian Journal of Chemistry, 46, 929 (1968) 

Introduction Experimental 
A recent review (1) included an extensive 

electromotive force series in anhydrous, molten 
LiC1-KC1 at 450"; accurate values of standard 
potentials of beryllium and scandium couples 
were not available for inclusion. This paper 
reports the determination of the Be(I1)-Be(0) and 
Sc(II1)-Sc(0) standard potentials in this solvent. 

The electrodeposition of beryllium metal from 
fused chlorides and other media has been ex- 
tensively studied and the literature reviewed (2). 
Beryllium metal has been anodically oxidized 
into, and cathodically plated from, fused LiC1- 
KC1 eutectic as well as other molten chloride 
mixtures. The electrochemical reaction involved 
appears to be Be(O), metal Be(II), solution 
+ 2e-, where Be(I1) represents divalent beryl- 
lium (probably existing as a chloride<omplex 
ion). A series of papers by Smirnov and co- 
workers (3-6) have considered the equilibrium 
Be(I1) + Be(0) $ 2Be(I) in fused equimolar 
NaCl-KC1 (3, 4) and other fused salts (5, 6). 
From their datain LiC1-KC1 mixtures at approxi- 
mately the temperature used in this study (5) it 
appears that the equilibrium would be far to  the 
left (K = about and that comparatively 
little Be(1) should be produced on anodization of 
a beryllium wire under the conditions of this 
study. 

Metallic scandium was first prepared (7) by 
electrolysis of a melt of LiC1-KCI-ScC1, with a 
molten zinc cathode; subsequent distillation of 
the zinc left 9 4 9 8  % pure scandium metal. The 
conductance of moltell ScC1, has also been 
studied (8), and spectrophotometric measure- 
ments on tripositive scandium have been made 
in fused salt media (9). No attempt appears to  
have been made to determine electroinotive 
force (e.1n.f.) values for scandium couples in 
fused salt media. 

Appnrat~~s 
Potentials were measured with a type K-3 potentiom- 

eter (Leeds and Northrup Co., Philadelphia, Pa.). Voltam- 
metric measurements were made with a model F S  
polarograph (modified to  use model XV motors) and 
metal ions were generated coulometrically using a model 
IV current source (both E. H. Sargent and Co., Chicago, 
Ill.). Chronopotentiometric measurements en~ployed a 
model 6824A power supply/amplifier Wewlett-Packard, 
Palo Alto, Calif.), in a constant-current configuration, 
controlled by appropriate mercury-wetted relay switching 
circuitry; measurements were recorded on a Hewlett- 
Packard model 175A oscilloscope equipped with 1750B 
and 1781B plug-in units and a model 196B camera using 
ASA 3000 Polaroid film. 

The electrolytic cell and glassware preparation pro- 
cedure used has been described previously (10). The outer 
glass envelope was contained within a 3" diameter vertical 
tube furnace equipped with a model 3120-SCR-477 tem- 
perature controller (Marshall Products Co., Columbus, 
Ohio). Temperatures were measured using a calibrated 
chromel-alumel thermocouple and the K-3 potentiom- 
eter. The thermocouple e.m.f. was measured immediately 
before and after each measurement of the cell potential, 
and the mean of these taken as the thermocouple reading 
appropriate to the cell potential. 

Solvetzt 
The solvent used was specially purified LiCl-KC1 

eutectic (Anderson Physics Labs., Inc., Champaign, Ill.); 
the method of purification used has been described (11). 

Electrodes 
Beryllium (A. D. Mackay, New York, N.Y.) and 

scandium (Johnson, Matthey and Mallory Ltd., Toronto, 
Ont.) wire, approximately 18 gauge was used as supplied. 
Surface impurities and oxides were removed by polishing 
with emery cloth, wiping with damp cotton, and drying 
with acetone; the wires were used immediately after 
drying. These wires were connected to  platinum leads 
within the hot zone of the furnace (but above the melt 
level) to eliminate thermoelectric potential effects. 

Counter electrodes used in coulonietric generation were 
either 118" diameter carbon rods (grade U-1 spectro- 
scopic graphite electrodes, United Carbon Products, Inc., 
Bay City, Mich.) or platinum flags. Both were dried at 
150" before use. Each electrode was kept in a separate 
isolation compartment during a run as described below. 
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Procedrire 
The procedure used was similar to that described pre- 

viously for rhodium (10). The cell was maintained under 
a slight positive pressure of dry nitrogen, using a sulfuric 
acid bubbler, to prevent contamination by atmospheric 
oxygen and water vapor. Wires or flags used in coulo- 
metric generation were rotated, using glass feed-through 2 
tubes, to mix the solution within the compartment. " 

Potentials stable to + 1 mV were obtained within 10 min 
after such agitation. The chloride content of the isolation ' - I 0  
compartments was determined by Mohr titration after 
dissolution in water, and the volume of each compart- 
ment calculated as described previously (12). The con- 
centration of metal ion was calculated from the coulombs -0.: 

2.06 -2.08 -2.10 -2.12 -2.14 
passed and the compartment volume. E.M.E (VOLTS) 

The potentials reported in this paper are with reference 
to the Pt(I1) (1.0 M), LiCI-KCl/pt standard molar FIG. 1. Electromotive force (VS. s.m.p.e.) as a function 
platinum electrode (s.m.p.e.) of Laitinen and Liu (12) of the molar concentration of Be(II) produced by ano- 
calculated using the compartment volume as obtained dization. 

above and conform to the IUPAC "Stockholm" sign 
convention. Potentials measured against silver reference 
electrodes were converted to the s.m.p.e. reference using 
the literature (12) value for the Ag(I)/Ag couple. Least- 
squares calculations were carried out on the University of 
Alberta IBM System/360 computer. 

Results and Discussion 

Beryllium (11) -Beryllium (0) Couple 
A total of 47 concentration-potential data 

points were taken at 450 +_ 1 "C in five separate 
experiments using the procedure described above; 
the number of points per experiment varied 
between 8 and 12. The results for a typical ex- 
periment are shown in Fig. 1. The experimental 
least-square value for the slope of this line was 
0.0723 + 0.0017 V per log unit as compared with 
the theoretical Nernst slope of 0.0717 V per log 
unit for a two-electron process at this tempera- 
ture. The standard potential (molarity scale) of 
the Be(I1)-Be(0) couple determined in this ex- 
periment was -2.023 V, standard deviation 
0.002 V, with respect to the s.m.p.e. 

Linear Nernst plots were obtained over a 
range of 0.2 to 0.006 M Be(I1); at lower concen- 
trations, stable potentials could not be obtained. 
All of these solutions were colorless. The mean 
value of n was 1.9 4 0.2, as determined coulo- 
metrically from weight loss of the wire. The 
standard molarity-scale potential of the Be(I1)- 
Be(0) couple calculated using data from all ex- 
periments was -2.039 V, standard deviation 
0.013 V, with respect to  the s.m.p.e. This corre- 
sponds to  values of -2.039 and -2.039 V with 
the same standard deviation on the molality and 
mole fraction scales respectively (1). Yang and 
Hudson (13), using the same eutectic and a cell 

similar to the one used in this work, reported the 
standard mole-fraction-scale potential of the 
Be(I1)-Be(0) couple as - 1.997 V at 450 "C with 
respect t o  a standard chlorine electrode; this is 
equivalent to  a standard molarity-scale potential 
of -1.781 V with respect to the s.m.p.e. This 
value is in poor agreement with the results of the 
present study, but inasmuch as the lowest tem- 
perature at which measurements were made by 
Yang and Hudson (13) was 488 "C, and these 
workers used more concentrated solutions (up to  
15 mole % BeCl,) for which the behavior was 
admittedly non-Henrian, it is felt that the results 
of the present study are t o  be preferred. 

For  a fixed concentration of Be(II), plots of 
measured potential vs. temperature were linear 
over the range 400-490 "C. Potential readings 
taken while the temperature was slowly increas- 
ing were in good agreement with those taken 
while it was decreasing. The duration of a single 
heating and cooling cycle was several hours. The 
temperature coefficient of potential increased 
from -0.5 mV/"C for the most dilute Be(1I) 
solutions to  -0.6 mV/"C for the most concen- 
trated. 

In view of possible complications involving 
this couple due to the equilibrium between beryl- 
lium and its mono- and di-valent ions studied by 
Smirnov ( 9 ,  efforts were made to establish the 
existence of Be(1) in this solvent despite the con- 
traindication of the potentiometric data. Voltam- 
metric scans of melts into which beryllium had 
been anodized were made in the presence and 
absence of massive beryllium. In all cases a 
single wave was observed at El ,, - - 1.9 + 0.1 V 
prior to  lithium deposition. Chronopotentio- 
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PLAMBECK: BERYLLIUM AND SCANDIUM ELECTRODE POTENTIALS 93 1 

metric measurements showed only a single 
diffusion-controlled transition at ET14 = - 1.8 
$. 0.1 V at potentials less negative than lithium 
deposition. On the basis of these measurements 
and the potentiometric data it is concluded that 
univalent beryllium does not exist in significant 
concentration in fused LiC1-KC1 eutectic at 
450 "C. 

was 3.7 $. 0.8, as determined couloinetrically by 
weight loss. The greater error in the case of 
scandium is due to a more extensive surface 
oxidation of the scandium wire not exposed to 
the melt as compared with beryllium. The stand- 
ard molarity-scale potential of the Sc(II1)-Sc(0) 
couple, using data from all four runs, was 
-2.553 V, standard deviation 0.015 V. This 
corresponds to values of -2.558 and -2.588 V, 

Scanrli~~nl (III)-Scandium (0) Couple with the same standard deviation, on the molal- 
A total of 49 concentration-potential data ity and mole fraction scales respectively 

points were taken at 450 i 1 'C in four separate Voltammetric and c~ronopotent~ometric cur- 
experiments using the procedure described ves showed only single waves whose and 
above, with to l4 points per The ET14 values were close to the standard potential 
results for a typical experiment are shown in of the Sc(II1)-Sc(0) couple, indicating that only 
Fig. 2. The experimental least-squares value for trivalent scandium was present in solution. No 
the 'lope of this line was 0'0514 Vy standard attempt was made to determine the temperature 
deviation 0.004 V, per log unit as compared with of the scandium electrode. 
the theoretical Nernst slope of 0.0478 V per log 
unit for a three-electron process at this tempera- 
ture. The standard potential (molarity scale) of 
the Sc(II1)-Sc(0) couple determined in this 
experiment was -2.549 V, standard deviation 
0.004 V. 

1 
- 0 2 2  57 -2 6 0  -2 6 5  

EM F (VOLTS] 

FIG. 2. Electromotive force (vs. s.m.p.e.) as a fi~nction 
of the molar concentration of Sc(II1) produced by ano- 
dization. 

Linear Nernst plots were obtained over a 
range of 0.02 to 0.23 M Sc(II1); at lower concen- 
trations, as in the case of beryllium, stable 
potentials could not be obtained. All scandium 
solutions were colorless. The mean value of n 
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An accurate determination of the crystal structure of triclinic potassium 
dichromate, K, Cr, 0, 

J. K. BRANDON' AND I. D. BROWN 
Departlnellt of Plzysics, McMaster University, Hamilton, Olrtnrio 

Received October 12, 1967 

The crystal structure of triclinic potassium dichromate has been determined by single crystal X-ray 
diffraction. The cell constants are a = 13.367, b = 7.376, c = 7.445 A, ci = 90.75", P = 96-21", 
y = 97.96" with four K2CrZ07 units per cell. Refinement of 2600 reflections in both the spacegroups P1 and 
Pi leads to the same structure. This is in agreement with the results of anomalous dispersion measure- 
ments, confirming that P i i s  the correct space group. The final agreement index, R, is 0.054. The two crys- 
tallographically independent dichromate ions are similar, deviating only slightly from CZv symmetry. The 
Cr-0 (terminal) distance is 1.63 A, the Cr-0 (bridging) distance is 1.79 A and all angles at the chro- 
mium atoms are tetrahedral except for one of the O(bridging)-Cr-O(termina1) angles in each ion 
which is 106". The angles at the bridging oxygen atoms are 124' and 128". The geometry of the anion is 
compared with that found in a number of similar groups. 
Canadian Journal of Chemistry, 46, 933 (1968) 

Introduction 

In 1833 Mitscherlich (I) reported that a phase 
transition occurs at  about 250 "C in potassium 
dichromate, K,Cr,O,. Since that time there has 
been a succession of papers dealing with the 
polymorphism and crystallography of potassium 
dichromate but only recently has the crystal 
structure of its room temperature phase been 
reported by Kuz'min, Ilyukhin, and Belov (2). 
We have independently determined the crystal 
structure of this phase, and since our results are 
somewhat more accurate and give a better 
picture of the detail of the structure, we present 
them here. 

One of the points frequently discussed in 
earlier papers is whether the correct space 
group of the room temperature form of potassium 
dichromate is P1  or Pi. Klement and Schwab (3) 
have reviewed the work up to 1959. More 
recently, papers have been published by Rao (4), 
Podisko (5), and Parvov and Shubnikov (6). 
We give below our reasons for favoring the 
space group Pi which was also used by Kuz'min 
et al. (2). 

Experimental 
Crystals of triclinic potassium dichromate 

were grown by slowly evaporating a saturated 
solution of technical grade K,Cr,O, in distilled 
water at room temperature. The characteristic 
habit of the clear-orange crystals is shown in 

'Present address: Crystallographic Laboratory, Caven- 
dish Laboratory, Free School Lane, Cambridge, England. 

" \ 
( I  0 T )  

\ 
( 1  0 0) 

FIG. 1. Habit of triclinic K2Cr207 crystals. 

TABLE I 
Clystal data for triclinic K2Cr207 

Formula weight 
System 
Space group 
Cell constants 

a 
b 
C 
ci 

P 
Y 

294.20 
Triclinic 
Pi 

Unit cell volume 722.3 A3 
Density 

Measured 2.66k0.05 gm c n ~ - ~  
Calculated 2.704 gm 

Number of formula units 
~ e r  unit cell 4 

~- ;ay  absorption coefficient 
WOK,) 42.4 cm-I 
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TABLE I1 
Coordinates and temperature factors ( X  lo5) of the atoms in triclinic K2Cr,0,. The coordinates in parentheses are 
those reported by Kuz'min et a/. (2) transformed to the same unit cell. The standard errors are those indicated by 

the least squares refinement 

Coordinates Temperature factor components ( x lo5) 

Atom x Y z I322 p33 I312 p23 

K 1 .I5845 .I625 1 .91463 286 916 879 99 -17 -28 
(. 159) (. 160) (.916) 

K2 - .  13591 .I9591 .65275 302 1364 1111 90 32 393 
(-. 136) (. 198) (. 656) 

K3 .64056 ,60346 .66946 253 1376 1124 7 1 87 -244 
(. 639) ( .604) ( .668) 

K4  .34939 .75019 .76701 309 1274 931 221 35 -125 
(. 348) ( .749) (. 768) 

Crl 

Fig. 1. The choice of axes in Fig. 1 corresponds precession photographs taken with Zr-filtered 
to  those of the actual crystal used in this Mo-radiation. These films were calibrated with 
analysis. Our cell convention has been chosen to  rutile (a = 4.59373 and c = 2.95812A (10)). The 
allow easy comparison with related structures crystal data are given in Table I. 
such as (NH,),Cr,O, (7), K2S207 (8), and The crystal selected for intensity measure- 
P-Ca2P207 (9). ments approximated a cylinder (the cylinder 

Accurate cell parameters were measured from axis was [OlO]) with a mean diameter of 0.25 mm 
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TABLE I11 
Observed (F,) and calculated (F,) hkO and Okl structure amplitudes in units of 1/10 electron per unit cell with the 
estimated relative standard errors (o) of the former. The symbols following F, have the following meaning: -, unob- 
served reflection; *, unreliable F, measurement which was given zero weight during refinement; X, reflection 

believed to show extinction effects 

H K L  

and a length of 0.46 mm. An integrating preces- 
sion camera with Zr-filtered Mo-radiation was 
used to photograph layers with h = 0, 1, and 2, 
and I = 0, 1, 2, and 3. The intensities were 
measured using a recording photomicrodensi- 
tometer, and a standard error was estimated for 
each reflection for use in weighting the data 
during the least squares refinement. Unobserved 
intensities were assigned the local minimum 
observable value. The intensity data consisted 
of 2604 measured reflections of which 324 were 

unobserved. During the final stages of refinement 
25 low angle reflections suspected of showing 
extinction effects were given zero weight. 

The intensity data and their estilnated standard 
errors were then corrected for Lorentz and 
polarization effects. Absorption corrections were 
not considered necessarv. 

The structure was solved using Patterson 
function and electron density projections down 
[OOl] and [loo]. A trial three dimensional 
structure was formulated in space group P1 with 
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TABLE IV 
Interatomic distances (in A) and angles (in degrees) in triclinic potassiunl dichromate. 
Figures in parentheses denote standard errors in the last digits quoted as indicated by 
the least squares refinement. The true standard errors are probably 5 or 10 times as 
large. Symmetry transfornlations from the atom coordinates given in Table I1 are des- 
ignated as follows: n = [loo], b = [OlO], c = [OOl], d = [OTj], e = [loll ,  f = [TTO], 
2 = [IOO], b = [OTO]. The prime denotes inversion in the center of symmetry at either 

(0, 112, 112) or (112, 112, 1/21 

Dichromate ions 

Thermally Thermally 
Distances Uncorrected corrected Distances Uncorrected corrected 

Mean corrected Cr-0 (bridge) = 1.786 
Crl-011 1.614(3) 1 .624 Cr3-031 1.618(4) 1.633 

0 1 2  1.622(3) 1.634 0 3 2  1.620(4) 1.634 
013  1.6ioi4j 1.626 0 3 3  1.614i3j 

Cr2-021 1.583(3) 1 .602 C r 6 0 4 1  1.613(4) 
0 2 2  1.632(3) 1 .642 0 4 2  1.604(3) 
023  1.625(3) 1.638 043  1.633(3) 

Mean corrected Cr-0 (terminal) = 1.629 
OBI--011 2.71 0B3-031 2.72 

0 1 2  2.77 0 3 2  2.78 
013 2.79 0 3 3  2.78 

Angles Angles 

022  io8.5(ij  042 
023  109.5(1) 0 4 3  

021-Cr2-022 110.2(1) 041-CrG042 
0 2 3  110.6(1) 043 

022-Cr2-023 108.4(1) 0 4 2 - C r 6 0 4 3  

K-0 distances 

OBlc * OB1 3.86 0 8 3  3.59 0B3h 3.90 
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TABLE IV (Concluded) 

0-0 distances less than 3.20 A between dichromate ions 

* ~ h e s e  distances are greater than 4 A. 

FIG. 2. The structure of triclinic K2Cr2O7 projected down [OOl]. 

FIG. 3. Side and end views of the two independent Cr2072- ions in triclinic K2Cr207. 
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44 independent atoms per unit cell. This trial 
structure possessed approximate centers of 
symmetry but further refinement was performed 
without imposing any such constraints. 

A fill1 matrix least squares calculation was 
used to  refine the atomic coordinates and 
isotropic temperature factors of all atoms 
together with separate scale constants for each 
of the seven layers of data. Weights for each 
reflection were set equal to  one over the standard 
error in the observed structure factor (F,), 
except for those unobserved reflections for which 
the calculated structure factor (F,) was less than 
the smallest observable F,. In these cases the 
weight was set equal to  zero. The best weighted 
agreement index, 

R = CCw2(lFo( - ( F ~ ~ ) ~ ~ C W ~ I F ~ ~ ~ ~ ~ ' ~ ,  

obtained in the space group P1  with individual 
isotropic temperature factors was 0.075. Since 
this structure still possessed an approximate 
center of symmetry a refinement was also 
performed in the space group Pi with individual 
isotropic temperature factors giving an agree- 
ment index of 0.096. 

Hamilton's statistical tests (11) applied t o  
these agreement indices indicated a less than 
0.5 % probability of Pi  being the correct space 
group. However, the P1 model was unsatisfactory 
in that it did not differ in any chemically 
meaningful way from the Pi model, and, 
consequently, an attempt was made to look for 
anomalous dispersion effects. Structure factor 
calculations with the P I  model indicated that 
there - - -  were several pairs of reflections hkl and 
kkl whose intensities should be markedly 
different when photographed with Cu-radiation 
if the space group really were non-centrosym- 
metric. A Weissenberg h01 photograph taken 
with CuK, radiation failed to show these 
differences thus indicating that the P1  model was 
wrong. Fmther examination of the two models 
showed that during the refinement of the P1  
model, the extra degrees of freedom were being 
used to  compensate for anisotropic temperature 
effects. When the Pi model was refined with 
anisotropic temperature factors the agreement 
index dropped to 0.054. It was not possible to  
refine the P1 model with anisotropic temperature 
factors because of the large correlations between 
the positional and temperature variables and so 
it was not possible to  use statistical tests t o  

compare the two models a t  this stage. However, 
the absence of an observable anomalous 
dispersion effect, the low value of the agreement 
index, and the satisfactory molecular geometry 
of the Pi model all indicate that any deviations 
from the PT symmetry must be very small. 

The atomic coordinates and anisotropic 
temperature factors are given in Table I1 for the 
best anisotropic Pi model. For comparison, the 
coordinates of Kuz'min et al. (2) are also given. 
These have been converted to our cell convention 
by the transformation 

x  = (112) - y'; y = (112) - 2 ' ;  z = 1 - x' ,  

where x ' ,  y', and z' are the coordinates given 
in their paper. With these coordinates they 
obtained an agreement index of 0.16. 

Table I11 gives some of the observed structure 
amplitudes (F,) and their estimated standard 
errors (o) together with the structure factors 
(F,) calculated from our parameters in Table 11. 
The complete set of refined structure factor data 
is given in ref. 12. The atomic scattering factors 
used were those for K', Cr3+, and 0- given in 
International Tables (1 3). 

Discussion 
The present determination of the structure of 

K2Cr207 agrees with that of Kuz'min et al. (2) 
but, because of its greater accuracy, it reveals 
more clearly the configuration of the Cr2072- 
ion. This ion consists of two nearly tetrahedral 
CrO, groups joined through a shared oxygen 
atom. The ion is almost in the eclipsed configura- 
tion and is close t o  having the symmetry C,,. 
The anisotropic temperature factors of the 
chromium and oxygen atoms indicate that the 
Cr20,2- ion undergoes a librational motion 
with a root mean square amplitude of about 6" 
around an axis passing through the two chro- 
mium atoms. 

Interatomic distances and angles calculated 
for K2Cr207 from our data are given in Table IV. 
The bond distances within the Cr2072- ion are 
given both before and after corrections have been 
made for thermal motioil (14). Figure 2 shows 
the structure projected down [OOl]. 

Figure 3 shows side and end views of the two 
crystallographically distinct CI-,O,~ - ions. When 
viewed along the Cr-Cr directions, the ions 
show twists of about 5" and 10" away from an 
exactly eclipsed configuration, reducing the 
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ideal symmetry from C,, to  C,. In addition, one, 
but only one, of the angles subtended at the 
chromium atoms in each ion (OBI-Crl-011 
and 0B3-Cr3-03 1) is signifi cantly different 
from 109.5" thus reducing the symmetry further 
from C, to  C,. The Cr-0-Cr bridging angles 
in the two ions are significantly different with 
values of 124.0" and 127.6". In both dichromate 
ions the two bridging Cr-0 distances are equal 
within experimental error (mean 1.79 $. 0.01 A) 
as are the terminal Cr-0 distances (mean 
1.63 $. 0.01 A). 

It is of interest to  compare the geometry of 
the Cr2072- ions with those found for similar 
groups in ionic crystals or in the gas phase. There 
is, unfortunately, no other determination of 
the structure of the dichromate ion of comparable 
accuracy, although three dichromate structures 
have been reported (2, 7, 15). Accurate struc- 
tures have been reported for the pyrophosphate 
ions in P-Ca2P,07 (9) and Na4P207 .10H,O (16). 
Like K2Cr207, P-Ca2P207 has two non- 
equivalent anions in the unit cell. The structure 
of potassium pyrosulfate, in which the S2072-  
ion has a crystallographic C, symmetry, has also 
been determined by X-ray diffraction (8) while 
the structure of C1,0, has been determined in 
the gas phase by electron diffraction (17). 

In every case, it is found that the immediate 
environment of both X atoms in the X 2 0 7  
group has the symmetry C,, so that two of the 
four X-0 bonds are equivalent within the limits 
of experimental accuracy. Table V gives, for the 
various X 2 0 7  groups, interatomic distances and 
angles averaged over all the corresponding 
values within the crystal. 

From this table it can be seen that the groups 

FIG. 4. Idealized view o f  an X,07 group showing the 
atom names used in Table V. 

are all close to  being eclipsed and have X-OB 
-X angles of about 120 to 130". These angles 
vary from group t o  group even within the same 
crystal and appear to  be sensitive to the crystal- 
line environment. The large deviation from the 
eclipsed configuration in Na4P,07. 1OH,O can 
be attributed to  the hydrogen bonds present. 
As would be expected, the distance from the 
central atom (X) to the bridging oxygen atom 
is always longer than the distances from the 
central atom to the terminal oxygen atoms. 
Also, the angles subtended at X by the terminal 
oxygen atoms (01-X-02, 02-X-02, see 
Fig. 4 for an explanation of nomenclature) are 
larger than the angles subtended by the bridging 
oxygen atoms (OB-X-O1,OB-X-02) in all 
groups except Cr,072-. The reason for this can 
be understood if one realizes that the sum of the 
van der Waals radii for two oxygen atoms is 
2.80A. In the smaller ions the oxygen atoms 
bonded to the same central atom are separated 
by distances much less than the sum of the van 
der Waals radii and are under considerable 
pressure. An additional pressure arises from the 
coulombic repulsions between the ionic charges 
which reside on these atoms. Both pressures can 
be relieved by increasing the angles between the 
bonds to  the terminal oxygen atoms until all the 
0-0 distances are about the same. Examination 
of the 0-0 distances in Table V shows that 
this occurs for all the groups except Cr2072-. 
In this case, the 0-0 distances are long enough 
that no distortion is necessary. 

Another common feature in these groups is 
the small size of the angle OB-X-01 compared 
with OB-X-02. This has been attributed t o  
mutual repulsions between atoms in opposite 
halves of the X,07 group (17). Like the previous 
effect, this repulsion is largest when the group is 
smallest. In an ion the size of Cr,072- this 
effect should be absent. In fact, in each of the 
two crystallographically independent Cr,072 - 
ions in K2Cr,07 one, but only one, of the OB- 
X-01 angles is smaller than the tetrahedral 
angle. Since any intraionic repulsions should 
affect both halves of the ion equally, this 
distortion must be due to the influence of 
neighboring ions in K,Cr,07. Both CS,O,~- 
ions are in similar environments. Further work 
on some of the other phases of the alkali metal 
dichromates is in progress in this laboratory. 
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Interactions in aqueous alkali metal nitrate solutions1 

D. E. IRISH AND A. R. DAVIS~ 
Department of CIzemistry, University of Waterloo, Waterloo, Otrtario 

Received September 26, 1967 

Raman (R) and infrared (I) spectra of aqueous alkali metal nitrate solutions have been recorded at 
25 "C for a wide range of concentrations. In dilute solution the nitrate ion is perturbed by solvent 
water; the effects attributed to cations are nonspecific. The solvated nitrate ion generates the following 
spectrum: 1404 cm-' (I, R), 1348 cin-' (I, R), 1049 cm-I (R), 825 cm-I (I), 719 cm-I (I, R). In more 
concentrated solutions band positions, intensities, and especially half-widths show a marked concen- 
tration and cation dependence. Changes in band half-width with concentration have been related to 
hydrated radii of the cations and are discussed in terms of interaction of solvated ions. For solutions of 
lithium and sodium nitrate more concentrated than 7 M a  splitting of the v4(E1) mode of nitrate ion into 
components at 720 and 740 cm-' has been detected. Contact between ions is believed to account for the 
spectral changes observed for these high concentrations although water is shown to still markedly 
influence the interaction. 
Canadian Journal of Chemistry, 46. 943 (1968) 

Interactions between ions in concentrated of strong acids (7) and of complex ions (8). 
aqueous solutions of strong electrolytes, such as In addition to  the number of modes of vibration, 
the alkali metal nitrates, which are responsible their activity and polarization properties, which 
for apparent deviations of observed properties together characterize a species, variations in 
from properties predicted from theories which vibrational frequency and the width of spectral 
assume complete dissociation are often de- lines provide information about environmental 
scribed in terms of "ion-pairs". Methods for the influences. 
evaluation of the dissociation constant of the Results of a detailed study of vibrational 
ion-pair have been summarized in two recent spectra of aqueous nitrate solutions of lithium, 
monographs (1, 2). For the alkali metal nitrates sodium, potassium, and cesium are described 
the values of these constants increase as the below. The Raman spectra of these systems have 
hydrated radius of the cation decreases (2). been described before. The fact that the intensity 
Prue has noted that factors outside the scope of of the v,(Alt) nitrate line (ca. 1050 cm-l) in the 
the simple electrostatic model must be important Raman spectra of alkali metal nitrates is pro- 
and suggests consideration of the molecular portional to  concentration was considered to  be 
nature of the solvent (3). The nature of these sufficient proof of complete dissociation (6). 
ion-pairs and their dependence on the solvent More recently small deviations from linearity 
is not well understood. The characterization of have been interpreted in terms of the influence of 
the solvent by its bulk properties and the neglect hydrated cations on the nitrate ion (9). 
of solvent structure seriously limit the classical Other bands in the Raman spectrum have 
theories (4). Ion-solvent interactions are not received less attention. Several authors have 
readily accommodated by the "sphere in con- reported the splitting of the v,(Et) band centered 
tinuum" model (4,5). at about 1387 cm-' into two other bands for 

The vibrational spectrum frequently presents certain solution compositions of certain alkali 
sufficient information to  enable one t o  dis- metal nitrates (10-12) although this has gone 
tinguish between species in solution (6), and unrecorded in at least one compilation of spectral 
Raman spectroscopy in particular has been lines (13). The removal of the degeneracy has 
used with success in the study of the dissociation been attributed to a lowering of the symmetry of 

the nitrate ion ~roduced  bv an -anisotronic 
IPresented in part at the Symposium on the Structures 

of Ice. Water and Aaueous Solutions. 18th Annual 
Mid-~merican ~ y m p o s h n  on ~ ~ e c t r o s c o ~ y ,  Chicago, 
Illinois, May 15-18,1967. 

ZHolder of Ontario Graduate Fellowships, 1965-1967. 
Present address: Department of Chemistry, Cornell 

--. .- - r -- 
ionic atmosphere (11, and references therein) 
or by solvent-separated ion-pairs (12). This 
region of both   am an and infrared 'spkctra is 
described in detail below. 

. . . . . . 

University, Ithaca, New York, 14850. Aqueous  solution^ containing polyvalent 
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cations may also exhibit splitting of the v,(E1) 
mode (ca. 719 cm-') (10, 11, 13, 14). The addi- 
tional line at ca. 740 cm-' is particularly cation 
sensitive and variations in intensity with com- 
positioil (Job plots) have been used to charac- 
terize the metal-nitrate species (14-16). This line 
has not hitherto been reported for aqueous 
solutions of alkali metal nitrates. 

The above bands, except for vl(All), are also 
infrared allowed. In addition the infrared spec- 
trum contains a strong sharp band at ca. 825 
cm-', the v,(A,"). In previous papers (14, 15) 
we have noted the presence of v,(A,') in the 
infrared spectrum and suggested that the ratio 
of the intensity of the forbidden vl(All) mode to  
the intensity of the allowed v2(A2") mode 
(assuming D,, symmetry for the nitrate ion) 
provides an empirical criterion to distinguish 
between nitrates which are covalently bound to 
metal ions and nitrates which are experiencing 
ionic interactions. Infrared spectra have now 
been obtained for many alkali metal nitrate 
solutions to extend the previous study and 
complement the Raman data. 

Experimental 
Aqueous solutions were prepared from weighed 

quantities of dried portions of the co~nmercial salt and 
deionized water (LiNO,, Fisher certified reagent; NaN03, 
KN03,  B.D.H. Analar reagent; CsNO,, K and K 
Laboratories, 99.9% pure). Concentrated solutions of 
known concentration were diluted by standard volu- 
metric techniques. The solutions were filtered through a 
Whatman No. 1 filter paper and were clear and colorless. 

Raman spectra excited by the 4358 A line of mercury 
were recorded on a Cary 81 Raman spectrophotometer. 
The sample was contained in a cell equipped with a water 
jacket for temperature control. A Haake constant 
temperature circulator was used to maintain the tempera- 
ture at 25 + 0.02 "C. Undesirable mercury lines were 
excluded from the spectrum by the ethyl-violet, o-nitro- 
toluene solution supplied by Applied Physics Corp. 
A slit width of 10 cm-' was used. 

Intensities are reported relative to the intensity of the 
458 cm-' band of carbon tetrachloride. This spectral line 
was recorded before and after each measurement of a 
nitrate solution. Areas were measured with a polar 
planimeter. The relative integrated intensity was obtained 
by dividing the area of the particular nitrate band by the 
average area of the two bracketing CCI4 bands. The 
ratio was corrected for differences in instrument sensi- 
tivity and sample cells. 

Infrared spectra were recorded on a Beckman IR-9 
spectrophotometer operated at three times the "standard" 
slit program provided by the manufacturers. Samples were 
contained in thermostatted cells supplied by the Research 
and Industrial Instrument Company; these were equipped 

with silver chloride windows. The necessary short path- 
length was obtained by use of a 0.025 nlm Teflon spacer. 
No reference cell was placed in the reference compart- 
ment; some attenuation with a Beckman bean1 attenuator 
was necessary. 

A hybrid analogue-digital computer routine, described 
elsewhere (16), was used to resolve band envelopes. 
The frequency-intensity data are read from spectral 
charts and punched onto IBM cards. These generate the 
experimental curve which is displayed on the screen of a 
storage oscilloscope. A synthetic curve, a sum of invoked 
component bands each described by a Lorentz-Gaussian 
product function, is generated. The mean, variance, and 
area of each component are adjusted until the sum 
curve and experimental curve superimpose. A difference 
curve provides a measure of the goodness of fit. 

FIG. 1. The Raman spectrum of 2.5 M KNO3 and 
the infrared spectrum of 0.24 M KNO, in the region 
1100-1500 cm-'. 

Results and Discussion 

1100-1500 cm-' Region 
Two distinct bands are observed in the infra- 

red spectra of dilute aqueous solutions (0.12 to 
0.50 M)  and in the Raman spectra of more 
concentrated solutions (up to 10 M in the case 
of lithium nitrate) (Fig. 1). The band profiles 
were resolved by the hybrid analogue-digital 
computer routine and band frequencies, widths 
at half-height, and relative integrated intensities 
obtained. 

The infrared-active bands occur at 1349 cm-I 
and 1397 cm-'; the band positions are indepen- 
dent of concentration for the dilute solutions. 
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MOLARITY OF NITRATE - - I 

F~G.  2. The variation of half-width of the 1349 and 
1397 cm-' infrared bands with the stoichiometric 
concentration of alkali metal nitrate and silver nitrate. 1400 

nitrate solutions exhibit a different dependence 
on concentration. The plot of the separation of 
the two bands versus concentration (lower graph 
of Fig. 3) suggests that the splitting is 56 cm-I at 
infinite dilution. The infrared data suggest a 
splitting of 48 cm-'. These values can be com- 
pared with a value of 63 cm-' for aqueous 
solutions of calcium nitrate (14). Although in the 
present study detailed information was not 
obtained for solutions of ammonium nitrate 
because of the interference of a weak band at 
1410 cm-' from NH,', a similar separation of 
bands was observed. 

As the concentration rises above 1 M the 
separation of the coinponent bands increases 
markedly for lithium nitrate solutions. The value 
of 71 cm-I at 10 M is approaching the value of 
83 cm-' observed for aqueous calcium nitrate 
solutions of the same nitrate concentration (14). 
Ionic interactions are known to be strong in the 

45- 

4 0  

35- 
9 

I 
I- 
0 
5 4 5 -  

LL 
-I 
u 
I 

4 0  

The band at 1349 cm-' is more intense than the 
band at 1397 cm-' and the integrated absorbance 
is directly proportional to  concentration for both 
the total band contour and the individual com- 
ponent bands. The band half-widths exhibit a 
monatonic increase with increase of concen- 
tration, independent of cation (Fig. 2). The 
variation for silver nitrate is similar to  that of the 
alkali metal nitrates (Fig. 2). The large absorb- 
tivity in this region of the infrared spectrum 
prevented study of more concentrated solutions. 

For more concentrated solutions to  the limit 
of solubility Raman spectra were studied. Again 
two bands are observed but above 1 M the band 
frequencies are markedly concentration depend- 
ent (Fig. 3). (The symbols v, and v, in Fig. 3 
conform to the numbering scheme if NO,- is 
considered to  have CZv symmetry). Frequencies 
for solutions of sodium, potassium, and cesium 
nitrates increase together with increasing con- 
centration whereas the frequencies for lithium 

I I I I I 

1349 cm-I - 

- - 

- 

- 
1397 cm-I 

- - 

- 35-,/-' 

0 2 4 6 8 10 
CONCENTRATION (MI  

Lio Nao KO Cso 

FIG. 3. The variation of band position for the ca. 
1350 and 1410 cm-' Raman bands with the stoichio- 
metric alkali metal nitrate concentration. 
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946 CANADIAN JOURNAL OF 

calcium system and evidence for similar inter- 
action in concentrated lithium nitrate solutions 
is presented here. 

The Raman band at ca. 1410 cm-' is more 
intense than the band at ca. 1350 cm-' (the 
reverse of the infrared bands) and the relative 
integrated intensity is directly proportional to 
concentration for both the total band contour 
and the individual component bands, for all 
salts to the limit of concentration except lithium. 
Here a negative deviation from linearity above 
8 M was observed for the total contour and the 
1410 cm-' component, probably due to strong 
interaction between cation and anion. The 
intensity ratio 1141,/(113,, + I,,,,) is 0.63, 
independent of the cation. The ratio for calcium 
nitrate is 0.61 (14). 

The half-width of the ca. 1350 cm-' Raman 
band increases with concentration, independent 
of cation (Fig. 4). Similarly the half-width of the 
ca. 1410 cm-' Raman band increases with 

I I 

0 2 4 6 8 10 
MOLARITY O F  N I T R A T E  

FIG. 4. The variation of half-width for the ca. 1350 
and 1410 cm-I Raman bands with the stoichiometric 
alkali metal nitrate concentration. 

CHEMISTRY. VOL. 46, 1968 

I I I I I I 
0 2 4 6 8 10 

MOLARITY O F  NITRATE 

L i Q P ;  N ~ O A ;  K e A ;  C S ~  

FIG. 5. The variation of band position of the ca. 
1050 cm-I Raman band with the stoichiometric con- 
centration of alkali metal nitrate: (0) this work, (A) 
Vollmar (9). 

concentration, independent of cation up to 1.5 M. 
Above this concentration the half-widths exhibit 
an interesting specific ion effect. The widths 
become independent of concentration and vary 
in the sequence Li > Na > K - Cs. The 
independence of half-width and concentration 
may arise at a concentration where all water 
molecules are bound, or at a concentration 
where ionic interaction with this mode of vibra- 
tion is maximum. 

It  appears from the above data that the de- 
generacy of the v3(E') mode of nitrate is removed 
by interaction with the solvent water. Variation 
in the cation-induced polarity of the surrounding 
solvation sheath causes broadening of the bands 
but has little effect on the intensity. Above 
about 1.5 M specific ion interaction becomes 
significant. These conclusions will be substanti- 
ated and further developed from the data pre- 
sented below. 

800-1 100 cm - ' Region 
The frequency of the ca. 1050 cm-' Rarnan 

band is also markedly concentration dependent 
(Fig. 5). The observations are in good agreement 
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1 

0 
0 2 4 6 8 10 

MOLARITY OF N I T R A T E  

L i e  N a o  K O  CS 0 

FIG. 6. The variation of relative integrated intensity 
for the ca. 1050 cnl-I Raman band with the stoichio- 
metric concentration of alkali metal nitrate. 

with those obtained by Vollmar (9) on a signifi- 
cantly different instrument. In dilute solution 
the value 1049 + 0.5 cm-' is indicated for this 
vibration. At higher concentrations the value 
for aqueous NaNO, is a little larger than that 
for K, Cs, or Li respectively. Above 7.0 M the 
value for aqueous LiNO, increases very rapidly 
with concentration. This is only one of several 
pronounced spectral changes that occur for 
solutions of lithium nitrate above approximately 
7.0 M. 

The half-width of the ca. 1050 cm-I band 
increases with concentration for solutions of 
lithium nitrate (14.8 to 18.1 cm-I; 0.4 to 10.0 M )  
and to  a lesser extent for solutions of sodium 
nitrate (15.0 to 15.8 cm-I; 0.56 to  7.00 M). 
Below 1.5 M the half-widths probably do not 
differ significantly with differences in cation but 
above 1.5 M they decrease in the order Li > 
Na > K - Cs, similar to  the trend observed 
for the ca. 1410 cm-' band. Vollmar (9) has 
noted that the increase in half-width is pro- 

AQUEOUS ALKALI METAL SOLUTIONS 947 

portional to an increase in the hydrated radii of 
cations (17) for a series which included + 2  and 
+ 3 charge type as well as + 1. 

A large hydrated radius is indicative of in- 
creased polarity of water molecules in the hydra- 
tion sphere of the cation. Since only a small 
number of water molecules can be interspersed 
between ions in concentrated solutions, increase 
in polarity of the water molecules in the nitrate 
environment apparently results in increased 
half-width of the symmetric stretch (cf. ref. 9). 

The relative integrated intensity of the ca. 
1050 cm-' band is directly proportional to  
concentration and is independent of the cation 
up to about 6 M (Fig. 6). Above 6 M lithium 
nitrate exhibits a negative deviation from 
linearity and sodium nitrate a positive deviation. 
These deviations are similar in sign but not 
magnitude to those reported by Vollmar (9). 

A portion of the infrared spectrum of satur- 
ated sodium nitrate in D 2 0  is shown in Fig. 7. 
The 1100-1700 cm-' region has been omitted 
because the absorbance is too large to be 
recorded. D 2 0  was used in place of H 2 0  because 
the base line is more nearly horizontal at lower 
wavenumbers. The forbidden v,(Alf) mode at 
1049 cm-I is evident; the ratio Al,,,/A,2, 
is 0.34. The band position is somewhat lower for 
saturated solutions of potassium and cesium 
nitrates (1046 and 1044 cm-' respectively) but 
the absorbance ratio is very nearly the same as 
that for NaNO,. The ratio is 1.0 for a saturated 
solution of LiNO,. In all cases the intensity 
ratio rapidly drops to zero with dilution. A value 
of 1.45 has been reported for the ratio for 
Ca(NO,), solutions (14) and values of from 2.6 
to  7.7 for Ce(1V)-NO,--H20 systems (15). 
The values are similarly high for solutions con- 
taining Cu2+ and Hg2+ (16). The low values for 

I , , : ; % t . ' , I ~ ' '  
iBW Pm 8W ia, 

V%E NUMBERS 

FIG. 7. Portion of the infrared spectrum of saturated 
sodium nitrate in D20. 
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948 CANADIAN JOURNAL OF 

the alkali metals are consistent with ionic per- 
turbation of the nitrate ion and contrast with the 
higher values (greater than 2) which are con- 
sistent with covalent bond formation. 

The activity of the 1050 cm-' band in the 
infrared reveals that a dipole moment change 
is associated with the N-0 stretch in the 
concentrated solution. Scatchard and Prentiss 
(18, 19) rejected the assumption of an induced 
dipole as a rationale for the values obtained for 
mean activity coefficients of alkali metal nitrates 
in much more dilute solutions. In concentrated 
solutions at least the value of the dipole moment 
must be appreciable. 

The band at 1768 cm-' in Fig. 7 is assigned to 
the combination v1(Alr) 1049 cm-' + v4(Ef) 
719 cm-'. 

600-800 cnz - ' Region 
The inherently weak 719 cm-' v4(E') deforma- 

FIG. 8. The analyzed Raman contour from 675 to 
775 cm-' o f  aqueous LiNO,: (a) 10.0 M in DZO, (/I) 
10.0 Min HzO, (c) 4.0 Min  HzO. 

CHEMISTRY. VOL. 46, 1968 

tion mode was studied in detail for lithium 
nitrate and less thoroughly for sodium nitrate. 
Below ca. 7.0 M LiNO, a symmetric band at  
719 cm-' and a broad, weak band at ca. 689 
cm-' are observed. Above 7.0 M in the case of 
lithium nitrate and for saturated solutions of 
sodium nitrate a high frequency shoulder is 
observed. The shoulder results from a band at  
740 cm-' which can be resolved by the computer 
routine. The results of the computer analysis are 
illustrated in Fig. 8 for three samples. 

The open circles in Fig. 8 are intensity-wave- 
number points read from the spectra. The solid 
lines define the Lorentz-Gaussian product 
functions which have been introduced to fit 
the data and also the sum of these functions. 
The band at 740 cm-' is clearly present for the 
10 M sample (Fig. 86) but not for the 4 M sample 
(Fig. 8c). This band is also present in the infrared 
spectrum. It can be discerned in Fig. 7. For 
10.0 M LiNO, the 740 cm-' infrared band is 
more intense than the 719 cm-' band. This 
suggests that an appreciable dipole moment 
change accompanies the vibration probably 
induced by a cation in close proximity to  nitrate 
ion. 

The total relative integrated intensity of the 
band envelope is directly proportional to  con- 
centration (Fig. 9). The 720 cm-' band intensity 
exhibits negative deviations from linearity 
above 7.0 M and the 740 cm-' band becomes 
prominent (Fig. 9). 

The band at 689 cm-' is not to  be confused 
with the broad water librational modes in this 
region. These are known to shift t o  lower 
frequencies when solute is added to water (20). 
The 689 cm-' band has been detected in all 
aqueous nitrate solutions including those con- 
taining polyvalent cations. Its constancy pre- 
cludes assignment to  cation solvation (21). I t  is 
absent from the spectrum for the D,O solutioil 
(Fig. 8a). We suggest that it is probably due t o  a 
nitrate ion - water libration. 

Getzer.al Intet.pretation 
For convenience the results are discussed in 

terms of four approximate concentration ranges 
but sharp changes at the limits are not implied. 
An analogy can be made between these ranges 
and the "states" proposed by Eigen and Tamm 
(22) and Atkinson and Kor (23) to  account for 
observed ultrasonic relaxation data. In dilute 
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IRISH AND DAVIS: INTERACTIONS I N  AQUEOUS ALKALI METAL SOLUTIONS 949 

FIG. 9. The variation of relative integrated intensity 
for the ca. 720 and 740 cm-' Raman bands with the 
stoichiornetric concentration of LiNO, : (0) total relative 
integrated intensity, (0) relative integrated intensity for 
resolved con~ponents. 

solution the system consists of completely 
solvated ions. 

M + ( a d  + NO3 - ( a d  
In relaxation experiments the ions in this state 
diffiise together with a rate predicted by the 
Debye theory and thus the state can be ade- 
quately described using conventional solution 
parameters (solvent dielectric constant, solvent 
viscosity, ionic charge, and ionic strength) and 
the "sphere-in-continuum" model (4). 

The above description is considered to  apply 
to  alkali metal nitrate solutiolls of concentration 
less than 1.5 M. The vibrational spectrum of the 
nitrate ion in this concentration range is per- 
turbed primarily by the solvent. The solvated 
nitrate ion generates the following spectrum: 
1404 (1, R), 1348 (1, R), 1049 (R), 825 (I), 719 
(I, R). The 56 cm-I split of v3(E1) is a measure 
of the strength of the nitrate ion - water inter- 
action. The observation of the 689 cm-' band, 
attributed to anion-water libration, is further 
indication that the nitrate ion possesses a well- 
defined solvation sphere. 

Support for this interpretation comes from 
three other studies. Strongly bound primary 
water of solvation has recently been advanced 
to account for adsorption data for the nitrate 
ion on a mercury electrode (24). Shifts and in- 
tensity changes of the absorption maximum of 

the 3000 A ultraviolet band of nitrate ion with 
change of solvent have been explained in terms 
of hydrogen bonding between solvent and nitrate 
ion (25). It has been suggested that the 0-H 
valence stretch of water (ca. 3444 cm-') will be 
influenced by anion solvation whereas cation 
solvation should affect primarily the bending 
mode (26). It was reported that ions such as F- 
and OH- which are positively hydrated decrease 
the median frequency of the stretching mode, 
while strongly structure-breaking ions such as 
Br-, I- ,  and C10,- increase the frequency of 
the stretching mode (26). We have observed that 
the stretching mode is increased 10 cm-' for 
2.0 M solutions of LiNO, and KNO,. This shift 
must be attributed to  the anion and thus provides 
additional evidence for nitrate-water inter- 
actions. 

Even in these dilute solutions the nitrate ion 
is experiencing the field of the cations, as shown 
by the increase of band half-widths with con- 
centration, but it is essentiallv a nons~ecific 
effect, i.e. independent of the identity of the + 1 
cation as required by the Debye-Hiickel theory. 

Data for concentrated aqueous solutions of 
LiNO, can be compared with those for the 
molten salt. Raman bands at 1439, 1358, 1067, 
and 726 cm-' have been interpreted in terms of 
a contact ion pair in the melt with C,, or C, 
symmetry (27). The increasing separation of 
components of v3(E1) with increasing concen- 
tration has already been noted for aqueous solu- 
tions of LiNO, (see Fig. 3). The frequency 
separation, Av, is proportional to the cube root 
of the molarity, including the value of 81 cm-' 
for the molten salt (see Fig. 10). MI t3  is propor- 
tional to  a reciprocal distance and this interesting 
relationship suggests that the perturbation of the 
nitrate ion arises from coulombic interaction. 
High values of vl(All) (see Fig. 5) are consistent 
with this interpretation. The slight splitting of 
the v,(E1) mode was probably not observed for 
the inolten salt because of the limitation of 
photographic detection. This splitting becomes 
apparent at a concentration of ca. 7 M (Fig. 9) 
where there are only 6 moles of water for every 
mole of salt. I t  is reasonable to assume that at 
concentrations above 7 M the nitrate ion 
occupies a position in the first coordination 
sphere of lithium ion. However, even for this 
cation-anion contact, water solvation is import- 
ant; the splitting of v3(E1) is not as great in 10 M 
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FIG. 10. The frequency split of the v3(EJ) Raman 
mode versus cube root of concentration of LiNO,. 

aqueous solution as it is for the molten salt. 
It now seems clear that the presence of a band 
at about 740 cm-' implies direct metal-nitrate 
interaction and this has implications for studies 
of polyvalent nitrates (14,28). 

For the most concentrated solutions (ca. 7 M )  
of NaNO, there is also evidence of cation-anion 
contact, vjz. the 740 cm-' band observed in 
the infrared spectrum. Surprisingly, however, 
the separation of the components of v3(E1) 
decreases slightly as the concentration increases 
and no splitting is reported for the molten salt 
(27). The explanation may lie in the symmetry of 
the ion atmosphere surrounding the nitrate ion. 
Because of the small size and large charge density 
of the lithium ion a single Lif may contact 
NO,- and at the same time repel other lithium 
ions, resulting in an anisotropic ion atmosphere. 
Because of the larger size of the sodium ion 
the cation repulsion may be of sufficiently smaller 
magnitude that the ionic environment is iso- 
tropic. Thus the splitting of v3(E1) observed in 
aqueous solution for Na+, K f ,  and Csf is 
essentially all caused by water. 

In the concentration range 1.5 to 7 M solvent- 
separated ion-pair interactions are believed to  
be important. The specific cation effects on the 
half-width of the ca. 1410 cm-' Raman line 
correlate with differences in the hydrated radii 
and hence hydration energy of the cations. The 
similarity in hydrated radii (17) of Kf  , Cs +, and 
NO3- suggests a similar affinity of each for 
water; thus each can retain its primary solvation 
sphere in the presence of the others (e.g. (Kf W) 
(W NO3 -) where W implies the solvation sphere). 

The solvation energies and hence hydrated 
radii (17) of Na+ and Li+ are greater than those 
of NO3-. At sufficiently high concentrations 
these cations can be expected to  perturb and 
order the peripheral hydration sphere of NO3-. 
The kinetic entity can then be considered to be 
(Lif W W) (NO3-). 

Thus the solvated potassium ion has its 
maximum influence on the half-width of the 
ca. 1410 cm-' Raman band at a concentration 
of about 1.5 M (half-width 44.5 cm-') and the 
solubility limit is reached before the nitrate ion 
is desolvated. The solvated sodium ion has its 
maximum influence at about 2.5 M (half-width 
46.5 cm-') and the solvated lithium ion exerts 
its maximum influence at about 4.0 M (half- 
width 50.5 cm-') (see Fig. 4). For concentrations 
greater than 4.0 M ([H,O] :[LiN03] < 12) ion- 
pairs of the type M f W  NO3- are probably 
important. Prue has suggested that in the absence 
of specific factors large anions will be unable to  
displace water from the inner coordination 
sphere of small cations (3). 

Finally it might be noted that this interpreta- 
tion favors a quasi-lattice-like structure for the 
concentrated aqueous solution (11, 29, 30). It 
does not appear to be possible spectroscopically 
to  detect kinetic entities which can be described 
by an equilibrium expression. Rather, the array 
of ions and water molecules is being forced by 
the removal of water into states which pass 
from completely solvated ions to solvated ions 
with interacting solvation spheres to ions with 
shared water of solvation to states involving 
cation-anion contact, with water still markedly 
influencing the interaction (cf. refs. 4,22,23). 
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A view of bond formation in terms of molecular charge distributions 

R. F. W. BADER AND A. K. CHANDRA 
Departnlent of Cliernistry, McMaster University, Hamilton, Ontario 

Received June 26, 1967 

The process of bond formation as a function of internuclear separation for H, and Li, is interpreted 
in terms of the changes in the charge distributions and the forces which they exert on the nuclei. The 
charge distributions are calculated from extended Hartree-Fock wave functions which reduce to the 
Hartree-Fock atomic functions for infinite nuclear separation. The results for H z  indicate that at sep- 
arations greater than 5 a.u. the net attractive force exerted on the approaching nuclei arises from a 
simultaneous inwards polarization of the atomic charge distributions. For separations less than 5 a.u. the 
nuclei are bound by the force exerted by the delocalized component of the charge distribution. The den- 
sity distributions and forces for He2 over a range of internuclear separations are compared with those 
for H z  to contrast the formation of stable and unstable molecular species in terms of their respective 
charge distributions. 

The final section of the paper examines in detail the changes in the Hartree-Fock molecular charge dis- 
tribution which arise from the inclusion of electron correlation in the wave function. The maximum error 
in the Hartree-Fock charge distribution for H Z  is found to be in the region between the nuclei, where it 
overestimates the charge density by approximately 1 %. The errors in the Hartree-Fock charge distribu- 
tion for Liz are found to be of the same order of magnitude as the uncertainty in the calculated density 
distribution itself. 

Canadian Journal of Chemistry, 46, 953 (1968) 

I. Introduction 
In previous publications (1-3) we have 

interpreted chemical binding in terms of the 
molecular charge distribution and the forces 
acting on the nuclei. The interpretation is based 
on a comparison of the molecular charge 
distribution and the nature of the forces which 
it exerts on the nuclei at the equilibrium inter- 
nuclear separation with the charge densities and 
their associated forces for the separated atoms. 
In the present work we employ the same methods 
in an analysis of the process of bond formation 
by determining the changes in the atomic charge 
distribution over a range of internuclear 
distances. 

Wahl and Das (4, 5) have recently obtained 
extended Hartree-Fock wave functions as a 
function of the internuclear separation for H, 
and Li,. These wave functions consist of the 
Hartree-Fock function modified by the inclusion 
of the more important valence configurations in 
a configuration interaction treatment. This 
method, termed that of the "Optitnized Valence 
Cotlfigurations" (0.v.c.) was developed specifi- 
cally to study the process of bond formation 
with reference t o  the Hartree-Fock description 
of the atoms at infinite nuclear separation (4). 
The added configurations result in a molecular 
wave function which reduces to the Hartree- 
Fock atomic functions at large internuclear 
separations and in addition accounts partially 

for the increase in correlation energy of the 
valence electrons when the molecule is formed 
from the separated atoms. While the configura- 
tion mixing is restricted to  the valence shell, the 
inner shells in Li, were reoptimized t o  allow for 
the changed electronic environment provided 
by the valence electrons. The results of this 
method for Hz  and Li, give potential energy 
curves which closely parallel the experimental 
curves over a large range of internuclear distances. 

We have included in this study a similar 
analysis of the molecular charge distribution as 
a function of internuclear separation for He, 
using Hartree-Fock wave functions. Since He, 
dissociates into two closed shell atoms, config- 
uration mixing is not required to  insure proper 
behavior of the wave function for extended 
values of the internuclear distance. The results 
for Hz and He, provide an interesting contrast 
of the charge redistributions which accompany 
the formation of bound and repulsive molecular 
states. 

In the final section of this paper we consider 
specifically the effect of electron correlation on 
the Hartree-Fock molecular charge distribution. 

Density maps of the total charge distribution 
are not particularly useful in a discussion of 
molecular binding. The perturbations of the 
density distribution caused by the formation of a 
chemical bond are generally small compared 
with the total density distribution and hence they 
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are effectively masked in total charge density 
maps. The changes in the original atomic 
density distributions may be isolated and studied 
directly by means of a density difference distribu- 
tion. Such a distribution is constructed by 
subtracting the superimposed densities of the 
component (undistorted) atoms separated by a 
distance R from the molecular charge density 
evaluated at the same value of R.' This type of 
density difference distribution, presented in the 
form of a contour map for a plane through the 
molecule and designated by Ap(c,q), provides a 
detailed picture of the net reorganization of the 
charge density of the separated atoms accotnpany- 
ing the fornzation of a nzolecule. The density 
distribution which results from the overlap of 
the undistorted atomic densities does not place 
sufficient charge density in the "binding region", 
(the region between the nuclei) to balance the 
forces of nuclear repulsion (1). The regions of 
charge increase in the density difference maps 
are, therefore, the regions to which charge is 
transferred relative to the separated atoms to  
obtain a state of electrostatic equilibrium and 
hence a stable chemical bond. In addition, the 
location of the principal charge increase in the 
Ap(c,q) maps, whether it is symmetrically 
placed and shared equally by both nuclei, or 
whether it is localized in the region of a single 
nucleus, may be used to characterize the binding 
as ionic or covalent (2). The principal features of 
the Ap(c,q) maps also reflect differences between 
bonds which are principally of s or p type. For 
these reasons the density difference maps are 
referred to as "bond density maps". 

In general, the total force acting on the A 
nucleus in the molecule AB for any internuclear 
separation R is given by 

where FA?s the electronic contribution to the 
force multiplied by R2, 

cos BA FA' = xZ Jp(;) -;;, d; 

lThe atomic densities used in the construction of the 
A p ( ~ , q )  maps for Li and He were calculated from the 
Hartree-Fock atomic functions of Clementi, Roothaan, 
and Yoshimine (6). 

where p(i) is the electron density distribution. 
The definition of the quantity FAVs necessary 
for the interpretative scheme which relates the 
change in the nature of both the forces and the 
density distribution as a function of R to the 
same reference standard, that of the separated 
atoms. For the separated atoms the total 
density distribution may be expressed as a sum 
of two atomic densities. 

Since an unperturbed atomic density is centro- 
symmetric, pA will not contribute to the force 
on nucleus A. Furthermore at this limit of large 
R, rA + R, cos 8, -> 1 and thus the contribution 
of the density on atom B to the force on the A 
nucleus in terms of FAe is 

where N, is the number of electrons on the 
B atom. Thus for a molecule which dissociates 
into neutral atoms, ZB = NB (and ZA = NA) and 
the resultant force on both nuclei by eq. [I] is 
zero. One may interpret the vanishing of the 
force at large values of R as resulting from each 
electron on B screening one of the nuclear 
charges on B from nucleus A. The quantity 
F A 3 a s  the dimensions of charge and is numeri- 
cally equal to the number of point charges which 
when placed at the B nucleus exerts the same 
field at the A nucleus as does the actual molecular 
charge distribution. In the limiting case of the 
separated atoms, FAe reduces to the number of 
electrons on the B atom as only the density on 
B exerts a field at A when R -> co. For values 
of R < co, however, the value of FAe may be 
greater than or less than ZB corresponding 
respectively to  a net force of attraction and the 
formation of a stable molecule or to a net force 
of repulsion and the formation of an unstable 
molecule. A measure of the binding ability of 
the total molecular charge distribution relntive 
to  the separated atoms as the reference standard 
is given by a comparison of the value of FAe(R) 
with NB, its limiting value for R = co. This 
compares the charge equivalent (in terms of a 
number of charges on B) of the electric field 
exerted by the electrons in the molecule with the 
charge equivalent of the field exerted by the 
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original atomic distributions. In the formation 
of a stable molecule, a value of R ( = Re) is 
reached at which point FAe is again equal to Z,, 
and electrostatic equilibrium is again attained. 
Thus FAe = Z, at both R = co and R = Re. 
It is one of the purposes of this work to  determine 
the origin of the net attractive force for co > R 
> Re in terms of the properties of the density 
distribution as a function of R. Furthermore, the 
reattainment of a zero force at Re does not 
result from a perfect screening of the nuclear 
charge on B by the density situated solely on B 
as it does for the separated atom case. The 
manner in which the molecular charge distribu- 
tion is disposed so as to  balance the forces of 
nuclear repulsion at Re is another feature of the 
density distribution to  be investigated. 

For interpretative purposes, the charge density 
of the system, for R < co, may be expressed as 

P =  PA + PB + PD, 
where p, represents that component of the 
density distribution which is delocalized over 
the molecule as a result of the molecular forma- 
tion. The wave functions employed here are 
constructed from STO's centered on A and B 
and thus operationally pA and p, are equated to  
the atomic populations on A and B and p, to 
overlap population. For values of R < co, all 
three components of the total density distribution 
coiltribute to the force on nucleus A and FAc may 
be correspoildingly expressed in terms of the 
three separate contributions 

[yJ FAe = FA(AA) + FA(,,) + FA(*B). 

FA(,,) ( screening force) is the contribution to  
the force on nucleus A from the atomic charge 
density p, centered on nucleus B. The screening 
force is a measure of the electronic shielding of 
nucleus B from nucleus A by the electroils 
situated on B. FA(AA) (= atomic force) denotes 
the contribution to  the partial force on nucleus 
A from the atomic charge population p, on A. 
The contribution is zero unless the atomic density 
remaining on A in the molecule is polarized. 
F ~ ( ~ ~ )  (5 overlap force) is the corresponding 
contribution from the overlap or delocalized 
charge density, p,. 

In the standard reference state the sole contri- 
bution to  FAc is from the screening force, i.e. 
FAe(cc) = FA("") = N,. In the formation of a 
stable molecule, F ~ ( ~ ~ )  for R < cc is generally 
less than NB, resulting in partially unshielded 

nuclei and a force of repulsion. The net attractive 
force is thus exerted by either the delocalized 
charge density or by polarized atomic densities 
or both. It is the origin of the net attractive 
force as a function of R (or repulsive force for an 
unstable species) in terms of the contributions 
from p,, p,, and p, which is the primary aim 
of this investigation. 

II. The Formation of the H z  Molecule 
The total force FA(R) exerted on one of the 

nuclei in Hz as calculated from the 0.v.c. wave 
function of Das and Wahl is plotted versus R in 
Fig. 1. Also shown is an experimental force curve 
obtained from a Hulbert-Hirschfelder potential 
function. The most serious discrepancy between 
the two curves occurs for large values of the 
internuclear distance, the same discrepancy noted 
in a comparison of the theoretical and experi- 
mental potential curves. The claim by Das and 
Wahl that their method provides a fruitful 
means of calculating meaningful potential 
curves for molecules is borne out for Hz. The 
comparison of the theoretical and experimental 
force curves, the derivatives of the potential 
curves, is a more stringent test ofthe theoretically 
derived potential function than is a coinparison 
of the potential functions themselves. 

! F o r c e  C u r v e  f o r  H -  H I n t e r a c t i o n  I \  

- ' 'o\ In ternuclear  S e p a r a t i o n  R i n  a.u. 

FIG. I. The experimental (solid line) and theoretical 
force curves for the HZ molecule (1 a.u. of force = e2/aoz 
= 8.2378 x dyn). 
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FIG. 2. Density difference contour maps A p ( ~ , q )  for H2 in a.u. at the indicated internuclear distances. The maps 
at R = 8.0 and 6.0 a.u. are drawn to 112 scale relative to the others. Note the behavior as a function of R of the zero 
contours which separate the spatial regions in which the charge density is decreased from those where it is increased 
relative to the original atomic densities. 
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The changing nature of the density distribution 
which results in the above force curve is illus- 
trated in the density difference maps for H, in 
Fig. 2 and in the profiles of the density difference 
along the internuclear axis in Fig. 3. The 
A p ( ~ , q )  map for 8  a.u. indicates that the system 
is best described as two inwardly polarized atoms, 
there being no evidence of a delocalized compo- 
nent in the charge distribution. The variations 
with R of the three contributions to  the electronic 
force equivalent, and FAe itself, are shown in 
Fig. 4. The value of FAe at 8  a.u. indicates that 
the distortions of the atomic densities shown in 
the A p ( ~ , q )  map for this internuclear separation 
exerts a force on either nucleus equivalent to 
placing 1.33 negative charges on the other 
nucleus, and hence a net attractive force of 
- 0 . 3 3 1 ~ ~ .  The values of the contributions to 
FAe indicate, as does the A p ( ~ , q )  map, that the 
attractive force operative at large R has its origin 
in the inwards polarization of the density on each 
nucleus, i.e. an atomic force, The 
contribution from the delocalized component of 
the density is zero and the screening 
contribution is unity, the limiting value for 
infinite internuclear separation. Thus the charge 
density on each atom screens its nuclear charge 
from the other and exactly cancels the nuclear 
force of repulsion. The net attractive force 
exerted on each nucleus is a result of the inwards 
polarization of its own atomic density. The 
attractive forces operative between atoms at this 
and larger distances are the so-called London 
dispersion forces. The origin of these forces, as 
first pointed out by Feynman (7), lies in the 
simultai7eotls inward polarization of both atomic 
densities which is induced by their mutual 
interaction. The long range attractive forces 
could be aptly described as a "bootstrap effect" 
as each nucleus is pulled by its own charge 
density. That the same explanation of the 
dispersion forces does indeed hold for larger 
separations has been demonstrated by Eliason 
and Hirschfelder (8), who have used the 
Hellmann-Feynman theorem in conjunction 
with a second-order perturbation function to 
calculate the force which varies as RP7 for the 
long range interaction of two hydrogen atoms. 

At a separation of 6 a.u. the density increase 
is common to  both atoms. The force contri- 
butions shown in Fig. 4 indicate that the 

FIG. 3. Profiles of the A p ( ~ , q )  maps along the inter- 
nuclear axis for H2 as a function of internuclear separa- 
tion. One nucleus is fixed at the origin and the other is 
placed at the distances indicated in the figure legend. 

FIG. 4. The variation with R of the charge equivalents 
of the electronic force and its atomic, overlap, and 
screening con~ponents. The horizontal line at a value of 
1( = ZH) is thecharge equivalent of the nuclear force of 
repulsion. The point of intersection of this line and the 
FAC curve represents the equi!ibrium state of the molecule. 
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density increase for R = 6 a.u. arises principally 
from the polarization of the atomic densities 
rather than from a signscant delocalization of 
the charge density into the internuclear region. 
However, is decreasing and 
rapidly increasing in this range of internuclear 
separations. At approximately 5 a.u. the forces 
exerted by these two contributions are equal 
and for distances less than 5 a.u. the delocalized 
component of the charge density provides the 
major contribution to the net force which binds 
the nuclei. The screening contribution to the 
force decreases rapidly for separations less 
than 5 a.u. This is a result of two effects; the 
transfer of charge to the internuclear region in 
the formation of the delocalized or overlap 
component to  the charge density and the 
penetration by each nucleus of the charge 
density around the other. The decrease in the 
screening contribution from the limiting separ- 
ated atom value of unity results in a net force of 
repulsion acting on the partially unshielded 
nuclei. This force of repulsion is more than 
compensated for by the attractive force exerted 
on the nuclei by the delocalized charge density 
for values of R in the range 5 > R > Re. 

Figures 2 and 3 illustrate that at separations 
down to 2 a.u. the delocalized density is con- 
centrated between the nuclei. At distances less 
than 2 a.u., an increasing fraction of the de- 
localized charge density is accumulated on the 
nonbonded side of the nuclei. This build up of 
charge in the antibinding region accounts for the 
sharp decrease in the value of FA(AB) for distances 
less than 2 a.u. even though, as is evident from 
Fig. 3, the amount of density which is delocalized 
continues to increase. In the united atom limit 
the density increase at the position of the 
stationary nucleus in Fig. 3 increases t o  2.96 a.u. 
(Ap(0) = pHe(0) - 2p1,(0)). At this limit, the 
density increase is symmetrically placed with 
respect to the united atom nucleus and the 
electronic force reduces to zero. 

The binding in the hydrogen molecule by the 
molecular charge density at the equilibrium 
separation of 1.40 a.u. fits the definition of 
covalent binding proposed earlier (2) in the 
study of the first-row homonuclear diatomic 
molecules. The nuclei are descreened at Re, 

< 1 = Z and the resulting force of 
nuclear repulsion (2 - F*(~~))/R,, is balanced 
primarily by the force exerted by the delocalized 

density increase which is shared equally by both 
nuclei. There are, however, significant differences 
between the disposition of the bond densities for 
H, and the first-row homonuclear diatomics (2). 
The Ap(~,q) maps for the latter molecules, 
particularly from B2 -+ F,, are characterized by 
separate increases in the charge density in both 
the antibinding and the binding regions. The 
charge density is removed from torus-like 
regions perpendicular to  the bond axis and 
centered at the position of the nuclei. This pattern 
for the bond density is characteristic of bonds 
which, in an orbital description, involve the 2p 
orbitals. A similar pattern for the Ap(~,q) maps 
is found in the region of the A nuclei in the 
first-row diatomic hydride molecules AH (3). 
The Li, molecule is intermediate in character. 
It is similar to  H, in that the charge removal is 
primarily from the antibinding regions (see 
Fig. 9) but there is a slight increase in the regions 
behind the nuclei. The proton in H2 and in the 
first-row diatomic hydrides is the only nucleus 
which does not exhibit a decrease in the charge 
density at the position of the nucleus in the 
Ap(~,q) maps for stable molecules. It appears 
that when 2p orbitals are heavily involved in the 
binding, which they are not in H,, the density 
increase in the po  component along the bond 
axis is at the expense of the pn componeilt of the 
charge density perpendicular t o  the bond and 
also of the s density at the positioil of the 
nucleus. 

The deformation and the delocalization of the 
original atomic charge densities is very consider- 
able in the formation of molecular hydrogen. 
The amount of charge density in the inter- 
nuclear region represents a 70% increase over 
that obtained from the overlap of the atomic 
densities. Politzer (9), in an analysis of the charge 
distribution of the hydrogen molecule, has 
stated that "the view of the hydrogen molecule 
as being made up of two atoms slightly polarized 
toward each other is a reasonable one." This 
view does not coincide with the facts, either in 
terms of the density distribution or the forces 
which it exerts on the nuclei. At Re the magnitude 
of the force exerted by the polarization of the 
atomic densities is less than one-seventh that 
exerted by the delocalized component of the 
charge density. Politzer's description does apply 
at internuclear distances greater than 5 a.u. 
where both the density and the force analysis 
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indicate that the binding is indeed a result of exerted by two electronic charges, the limiting 
slight polarizations as previously discussed. value of the screening contribution. In the range 

of R values from 3.0 to 1.5 a.u. the total charge 

Dl. The Molecular Charge Density 
and Forces in He, 

Figure 5 presents a series of Ap(~,q) maps for 
He, at a number of internuclear distances from 
3.0 to 1.5 a.u. calculated from the wave functions 
of Gilbert and Wahl (10). Figure 6 shows the 
corresponding Ap profiles along the internuclear 
axis. The diagrams are the approximate opposites 
of the Ap(~,q) maps for the hydrogen molecule, 
particularly for values of R > 2 a.u. In the 
helium molecule the density increase occurs in 
the immediate vicinity of each nucleus and in the 
antibinding regions behind each nucleus. This 
increase occurs at the expense of a density 
decrease in the binding region between the 
nuclei. When it is recalled that the Ap(~,q) maps 
are obtained by subtracting from the molecular 
p(~ ,q)  map a density distribution which itself 
does not place sufficient charge density between 
the nuclei to balance the forces of nuclear 
repulsion, it is clear that the He, molecule 
will be an unstable one. The Ap(~,q) maps 
indicate that the molecular charge distribution 
places less charge density in the binding region 
than does the standard distribution. It has 
been previously shown (1 1) that the antibinding 
character of the molecular charge distribution 
for He, can be interpreted as a direct consequence 
of the operation of the Pauli exclusion principle. 
A Ap(~,q) map for He, for a molecular density 
distribution derived from the simple overlap of 
helium atomic densities and corrected only to 
satisfy the requirements of the Pauli exclusion 
principle (1 I), is almost identical to the Hartree- 
Fock result shown in Fig. 5. The Ap(~,q) profile 
diagrams for Hz  and He, provide the most 
striking contrast of the difference between the 
charge redistribution which result in the forma- 
tion of a stable and an unstable molecule. 

Figure 7 shows the variation in the total force 
on the nuclei with R.The theoretically determined 
force is compared with the recent results of 
Amdur and Jordan (12). The contributions of 
the atomic, screening, and delocalized density 
components to the resultant repulsive force 
found in He, are shown diagramatically in 
Fig. 8. At infinite internuclear separation the 
total electronic force is equivalent to the field 

equivalent of the force exerted by the molecular 
charge distribution is less than the value of two 
required to balance the force of nuclear repulsion. 
The resulting net force of repulsion does not 
have its origin in a descreening of the nuclei by a 
decrease in the atomic populations. Rather, and 
unlike the case of H,, the screening of the 
helium nuclei by their atomic density distribu- 
tions increases from the limiting value of two as 
the value of R is decreased. Thus a symmetrical 
component of the increase in the charge density 
at the nuclei noted in the Ap(~,q) maps for He, 
is caused by an increase in, or contraction of, 
the atomic densities and not by a transfer of 
the delocalized charge density to the immediate 
region of the nuclei as is the case in H,. The 
symmetrical nature of the atomic charge 
components to the total density is shown by the 
essentially zero atomic force contribution. The 
unsymmetrical nature of the charge increase 
noted in the Ap(~,q) maps is caused by a migra- 
tion of the delocalized component of the 
density to the antibinding region on the non- 
bonded side of each nucleus. The fact that the 
charge equivalent of the force exerted by the 
delocalized density component FA(*") is negative 
in sign implies that this charge density exerts a 
force which pulls the nuclei away from one 
another. At 1.5 a.u. the force of repulsion exerted 
by the delocalized component of the density is 
equivalent to increasing the ~zuclear charge by 
+ 1.25 units. This is a sizeable effect and clearly 
shows the dominating influence of the ~ a u l i  
exclusion principle on the direction of the migra- 
tion of the charge density when two closed shell 
atoms interact. 

The total electronic force operative in He, 
may be broken down into its orbital components. 
Thus 

where the quantity fi is the previously defined (2) 
partial force; the force exerted on the nuclei by 
the density in the ith molecular orbital multiplied 
by R2. Since one electron correlates with each 
nucleus at infinite separation for a doubly 
occupied homonuclear diatomic molecular 
orbital, the limiting value of each fi is clearly 
unity. This value corresponds to the screening 
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1 1.75 \ 
FIG. 5. Density difference contour maps, A p ( ~ , q )  for He, all drawn to the san~e scale. 

of one nuclear charge on B from A by the 
single electron from the ith molecular orbital 
which correlates with atom B. The properties of 
the lo,  orbital density in helium are similar t o  
those found for the hydrogen molecule for 
which F,,' = f,,,. The nuclei are significantly 
descreened, an effect which increases as R is 
decreased, there is a small positive atomic force, 
and the delocalized density exerts an attractive 
force on the nuclei. This latter contribution is 

actually larger in the case of helium than in 
hydrogen for the lo ,  density. The lo ,  charge 
density of helium is in fact more binding than is 
the corresponding charge density in hydrogen 
as f ,,,(He) > f ,,,(H) over the range of R 
values considered here. The value of f,,, for 
helium attains a maximum value of 1.79 at 
1.9 a.u. compared with a maximum value of 
1.57 a t  3.0 a.u. for hydrogen. Thus out of the 
two electronic charges in the lo ,  density of 
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BADER AND CHANDRA: A VIEW OF BOND FORMATION 

FIG. 6.  
for HeZ. 

Profiles of A p ( ~ , q )  along the internuclear axis 

helium, 1.79 of these are effective in binding the 
nuclei. Since the value of flu,  exceeds the 
separated atom value of unity required to  just 
balance the nuclear force of repulsion, the lo ,  
charge density is classified as binding. The lo, 
charge density in helium is antibinding since the 
value of flu, ,  is less than unity. It is the anti- 
binding character of this orbital charge density 
which dominates the final forces and form of the 
density distribution for helium. The screening of 
the nuclei is increased above the limiting value of 
unitv as R is decreased but the increase in 
attractive force thus obtained is more than 
offset by the antibinding force exerted on the 
nuclei by the delocalized charge components. 
The very sizeable extent to  which the lo, charge 
density is transferred to  the antibinding regions 
behind each nucleus is illustrated by the magni- 
tude of the charge equivalent of the force 
exerted by the lo,, overlap density component, 
f  '1::). The value of f\tt) at 1.5 a.u. is -2.1, 
which implies that the lo, overlap density 
pulls the nuclei away from one another with 
a force which is greater than the force of 
repulsion obtained from the interaction of two 
bare helium nuclei separated at the same value 
of R. The lo, charge density, in addition, 
exerts a small negative atomic force term which 
effectively cancels the small positive atomic 

R in a.u. 
FIG. 7. The theoretical and experimental (12) force 

curves for Hez. 

-1.51~ 1 I 
1.5 2.0 2.5 3.0 

R in a.u. 

FIG. 8. The charge equivalent of the electronic force 
and its components for HeZ as a function of internuclear 
separation. The charge equivalent of the nuclear force of 
repuIsion has a value of 2( = Z,,,). 
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force contribution from the lo, density. The \ 
value off ,,, while less than unity, and, therefore, o 00 
antibinding, is less than zero (thereby exerting a 
force drawing the nuclei away from one another) 
only for values of R less than 2.5 a.u. 

IV. The Formation of the Li, Molecule2 
The Ap(~,q) map for Li, at R = 5.07 a.u. 

(close to the value of Re = 5.05 a.u.) is shown 
in Fig. 9. The equilibrium charge distributions , . .-, , , I s #  .-- , 

I , 
and the forces which it exerts on the nuclei '.. I 

. - . _ _ a p  have been discussed previously (2). The principal .- .-- - -  
features are a diffuse charge increase in the 
internuclear region and at the nuclei and a 
removal of charge from the antibinding regions. 
The density in the immediate vicinity of each 
nucleus is polarized into the nonbonded region. ?;.:; a.F difference map AP(E,I~) for Li2 a t  

The nature of the forces exerted on the nuclei 
by the molecular charge distribution during the 
formation of the molecule is similar to  those 
found for hydrogen with the exception of a 
negative atomic force arising from the polariza- 
tions of the inner shell densities. The screening 
contribution to the force at 8.0 a.u., 2.8, is 
slightly less than the limiting value of 3 and 
decreases continuously to a value of 2.5 at 
4.0 a.u. The delocalized charge density is 
accumulated primarily in the binding region 
and exerts a binding force on the nuclei which 
reaches a maxinlum charge equivalent of 1.00 
at 6.0 a.u. The atomic force contribution is, 
however, negative, a result of the back-polariza- 
tions of the core densities which are evident in 
the Ap(~,q) map, Fig. 9. The charge equivalent 
of the atomic force is a maximum in the region 
of 5.5 a.u. where it has a value of approximately 
-0.5. I t  is slightly less than this at larger and 
shorter internuclear separations. 

The only effect which bond formation has on 
the inner shell orbitals of the Li atoms is to  
back-polarize them. The density in the inner 

ZThe study of Liz is not as extensive as that presented 
for H, because of errors in the wave function for Li, 
reported by Das (5). There are three tabulations of this 
function available; (i) Lab. Mol. Struct. and Spectra 
Technical Report, p.181 (1966), (ii) Thesis, C. Das, 
University of Chicago, and (iii) ref. 5. All three copies 
differ in the values given for the basis orbital vector 
coefficients, especially for the 20, and lo, orbitals. There 
are still some obvious errors in the latest copy given in ref. 
5 ,  and apparently some that are not obvious since the 
results for acalculation of the forces do not vary smoothly 
with R. We are reasonably certain of the results we present 
for R, and of the qualitative features of the forces as a 
function of R. 

orbitals screens two of the charges on each 
nucleus even at distances as small as 4.0 a.u. 
and makes no contribution to the delocalized 
force component. The decrease in the screening 
contribution from its limiting value of three and 
the formation of a delocalized density component 
is confined entirely to a rearrangement of the 
charge density in the valence shell. The atomic 
force contribution of the valence density is an 
attractive one, as it is for HZ. Thus the valence 
density in Li, behaves in a similar fashion to  
that for H,. The negative atomic forces which 
arise from the inner shell polarizations are 
approximately twice as large in absolute mag- 
nitude as those found for the valence density 
and thus dominate the total density distribution 
and the forces which it exerts on the nuclei. 

V. The Effect of Electron Correlation on the 
Hartree-Fock Charge Density 

Aside from the correlation between electrons 
of like spin introduced by the antisymmetrization 
requirements of the Pauli principle, a Hartree- 
Fock wave function, because of its orbital 
product form, excludes all correlation between 
electrons of opposite spin. The Hartree-Fock 
wave function will tend to keep electrons of 
unlike spin too close together on the average. 
Thus in terms of the two-electron probability 
distribution, the correlated wave function is 
found to yield slightly larger results for the 
expectation values of operators of the form 
((qi - qj)'), where qi and qj are electronic 
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coordinates for a pair of electrons. For example, 
Lyon and Hirschfelder (13) have determined the 
expectation values of the operators ((ci - cj),), 
((7; - rlj12), (COS ($i - $j)) and ((zai - z?j12) 
(where c,q and + are the confocal elliptic 
coordinates) for both the Hartree-Fock functions 
and the Wahl and Das (43) extended Hartree- 
Fock functions for H,, Li,, and F,. The error 
in these two-electron properties defined by 
Lyon and Hirschfelder to be 

was found to be in the range of 0.1 to 0.2 for H, 
and 0.003 to 0.02 for Li,. 

It is our purpose to investigate what effects 
the introduction of correlation into the motion 
of pairs of electrons has on the form of the 
one-electron probability distribution. Because 
of Brillouin's theorem, the errors in the uncor- 
related Hartree-Fock one-electron density and 
its dependent properties should be of the 
second order only (14). Lyon and Hirschfelder 
(13) found the error functions A to  have values 
ranging from 0.00003 to 0.007 in the cases of 
H, and Li, for certain one-electron properties, 
e.g. (llrai), (rai2), (zai2), and (3zai2 rai2)- 
While these errors are very small, they represent 
averages over the complete density distribution 
and do not give any information regarding 
local differences between the Hartree-Fock and 
extended Hartree-Fock charge densities in 
particular regions of space. 

Figure 10 presents contour maps of Ap,(c,q), 
the difference between the extended and self- 
consiste~lt field Hartree-Fock density distribu- 
tions 

Ape(;> PEHFC) - PHF(;) 

for both H, and Li, at their equilibrium inter- 
nuclear separations. In H,, the Hartree-Fock 
density distribution overestimates the amount 
of charge density in the central bonding region 
and underestimates that present in the regions 
of the nuclei. An error function for the density 
may be defined analogously to A as Ap,(f)/pEHF 
('r). This density error function has the average 
value of 0.003 in the regions of largest positive 
values of Ap,(?) around the nuclei. The value of 
the error function in the region of negative 
Ape(?) in the central bonding region is approxi- 
mately -0.01. The value of Ap,(c,q) for Li, 
is everywhere negligible as it is the same order 

FIG. 10. Density difference maps of Ap,(~,q), the 
difference between the extended Hartree-Fock and 
Hartree-Fock density distributions for H, at R = 1.40 
a.u. and Li, at R = 5.07 a.u. 

of magnitude as the accuracy of the density 
distributions themselves. Kern and Karplus (1 5) 
have stated that the percentage error in the 
one-electron density should be of the same order 
of magnitude as the percentage error in the 
total electronic energy. The value of A for the 
energy is 0.02 in the case of H, and 0.002 in the 
case of Li,. 

Figure 10 is, of course, also a plot of the error 
introduced when the Hartree-Fock molecular 
charge density is used in the construction of the 
density difference or bond density maps Ap(c,q). 
I t  is clear from a comparison of the Ap(c,q) in 
Fig. 2 with Ape(;) for H,, that no noticeable 
error will be introduced by the use of a Hartree- 
Fock density distribution in the construction 
of the Ap(c,q) map. The value of Ap,('r) is 
always smaller than Ap(c,q) by a factor of 10 or 
more. Comparison of the corresponding figures 
for Li, illustrates that the use of the Hartree- 
Fock density distribution for Li, in the 
construction of the Ap(c,q) map would entail no 
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FIG. 11. Density difference maps of Ap,(~,q) ,  the single configuration density minus the Hartree-Fock density 
for HZ at R = 1.40 a.u. The maps for the 1oU2, 2og2, and lnU2 configurations illustrate the separate effects of the 
three principal types of electron correlation on the molecular charge density; left-right, in-out, and angular. Multiplica- 
tion of the contours in each diagram by the occupation number h, followed by their addition, yields the Ap, (~ ,q )  map 
for H2 in Fig. 11. 

detectable error. This is indeed the case as can 
be verified by comparing the Ap(&,q) for Li, in 
this paper with Fig. 3 of ref. 2 which gives a 
Ap(&,q) plot for Li, constructed from the 
Hartree-Fock density distribution. The two maps 
are superimposable. 

The density distribution obtained from an 
extended Hartree-Fock wave function is best 
discussed in terms of the natural orbitals (13), 
since the orbitals of both the Hartree-Fock and 
extended Hartree-Fock functions are the natural 
orbitals in both approximations. Thus 

where the q i  are the natural orbitals and the hi 
their occupation numbers. In the case of the 
hydrogen molecule, each of the orbitals employed 
in the doubly excited configurations is one of the 
natural orbitals in the extended Hartree-Fock 
approximation. The square of the mixing 
coefficients of the configurations in the total 
wave function, the A,, of Das and Wahl (4), 
when doubled to  account for the presence of 
two electrons, are the orbital occupation 
numbers hi. The hi are in effect the total elec- 
tronic charge contributed by each of the natural 

orbitals in the extended Hartree-Fock descrip- 
tion of the electronic ground state of the hydro- 
gen molecule ( x i h i  = N, the total electronic 
charge of the molecule). 

Figure 11 shows contour plots of the density 
difference p,(i), where 

where pi(r) is the charge density distribution 
obtained from double occupatioil of the ith 
natural orbital qi. These contour inaps show 
directly the effect of the electron correlation 
introduced by each added configuratioil on the 
Hartree-Fock molecular charge distribution for 
the hydrogen molecule at R,. The value of hi is 
shown for each configuration. The configurations 
lxg2 and 30,' have been omitted since their 
contributions are extremely small, their hi values 
being 0.00033 and 0.00020 respectively. Davidson 
and Jones (16) have shown that the four con- 
figurations illustrated in Fig. 11 account for 
approximately 90 % of the correlation energy 
in the hydrogen molecule. All of the coiltours in 
the Apt(?) map for the 10; configuration, the 
dominant term in the natural orbital expansion, 
are small in value. This indicates that the first 
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natural orbital of the extended Hartree-Fock 
function is almost identical with the Hartree- 
Fock natural orbital. Indeed Davidson and 
Jones (16), in applying the natural orbital 
expansion to the exact wave function of Kolos 
and Roothaan (17), found the first natural 
orbital to have an overlap of 0.999982 with the 
Hartree-Fock orbital. 

Davidson and Jones point out that the three 
added configurations 1crU2, 17cu2, and 20,' 
introduce the three major types of electron 
correlation (left-right, angular, and in-out 
respectively). These appelations are simply 
reflections of the nodal characteristics of the 
orbitals and the results are clearly evident 
in Fig. 11. The lo, orbital possesses a nodal 
plane midway between the nuclei and its 
purpose is to  keep the electrons at opposite 
ends of the molecule. Its effect on the one- 
electron density is to  remove charge density 
from the binding region and to concentrate it 
in the antibinding regions. It is the correlation 
introduced by this configuration which is 
responsible for the negative values of Ape(;) in 
the internuclear region of Fig. 10. The inclusion 
of the 1nU2 configuration increases the probability 
of finding the two electrons on opposite sides 
of the molecular axis. The net effect of the 7cf 

and TC- functions on the charge distribution is to  
decrease the amount of charge density along the 
internuclear axis and coilcentrate it in a broad 
torus-like ring around the axis centered at its 
midpoint. The nodal property of the 20, 
orbital has the effect of keeping one electron 
in close to the nuclei, and the other f~lrther out, 
in regions removed from the nuclei. Its effect on 
the Hartree-Fock charge density is to concentrate 
the density in these same regions. The positive 
and negative values of Ape(?) introduced by the 
1nU2 and 20,' configurations nullify the negative 
and positive values of Ape(?) froin the 10,' 
configuration in the same regions. Indeed, 
Davidson and Jones (16) stress that the l ~ , ' ,  
In,', and 20,' coilfigurations should be con- 
sidered together for two reasons; they all have 
ki values of the same order of magnitude and 
they represent correlation in the three orthogonal 
directions at each point in space. The Apt(?) 
maps bear this out in a striking fashion. The 
regions of charge increase and decrease caused 
by the introduction of the 10,' configuration 
are approximately the same regions in which the 

17cu2 and 20,' configurations have just the 
reverse effect upon the Hartree-Fock charge 
density. The very small net changes in the 
Hartree-Fock density distribution are the result 
of a near cancellation of the changes introduced 
by the three types of correlation. The omission 
of any one of the three configurations would 
clearly seriously impair the ability of the resulting 
wave function to  properly describe the small 
changes in the density distribution caused by 
electron correlation. 

FIG. 12. Density difference maps of the logZ and 
lo,,' configuration densities minus the atoniic density 
distributions for HZ at R = 8.0 a.u. 

As the internuclear separation is increased the 
left-right correlation becomes increasingly im- 
portant, while the other forms become increas- 
ingly less important. At 8.0 a.u. the coiltributions 
of the 10,' and 10,' configurations to the total 
density are close to  their limiting values of unity. 
Figure 12 shows contour maps of the densi- 
ties derived from the two configurations minus 
the density of two hydrogen atoms separated at 
8.0 a.u. (There is, of course, no single configura- 
tion Hartree-Fock density for 8.0 a.u, to use in 
the construction of a Apt(?) map.) The contours 
in these two maps, when multiplied by their 
ki values and added together, produce the 
Ap(~,q) map for 8.0 a.u. shown in Fig. 2. The 
zero contours of both maps cross the molecular 
axis in the internuclear region at almost identical 
places and hence the regions of charge decrease 
froin one configuration tend to cancel the regions 
of charge increase in the other. The result is the 
exceedingly small inwardly directed polarizatioil 
of both atomic densities evident in Fig. 2 for 
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R = 8.0 a.u. One can thus ascribe the origin of 1. R. F. W. B*DER and W. H. HENNEKER. J. Am. 
Chem. Soc. 87, 3063 (1965). the dispersion forces, which result from these 2. R. F. W. B ~ ~ ~ ,  W. H. H ~ ~ ~ ~ ~ ~ ~ ,  and P. E. CmE. 

polarizations, to a left-right correlation of the J. Chem. Phys. 46, 3341 (1967). 
electronic motions induced by the mutual 3. R. F. W. BADER, I. T. KEAVENY, and P. E. CADE. 

J. Chem. Phys. 47, 3381 (1967). 
interaction of the atoms. 4. G. DAS and A. C. WAHL. J. Chem. Phys. 44, 87 

The difference between the atomic, overlap, (1966). 
and screening contributions to the electronic 2: g: ~~~hE,";I~~mddp~.y~,",";~~~",~~,"~)'M, YosHI- 
force expressed in terms of their charge equiv- MINE. Phys. Rev. 127, 1618 (1962). 
alents as calculated from the Hartree-Fock 7. R. FEYNMAN. Phys. Rev. 56, 340 (1939). 

8. M. A. ELIASON and J. 0. HIRSCHFELDER. Univ. and extended Hartree-Fock charge distributions wisconsin Theoretical Chem. Rept. No. 205 
are very small. The results for H, and Li, (1966). 
indicate that no serious error is entailed when F: P ~ ~ ~ ~ ~ i E R :  ~ ~ . ~ A " h e ~ .  7:2z4 \",Tiblished 
Hartree-Fock molecular charge distributions 
are employed in an interpretation of molecular 11. R. F. W. BADER and H. J. T. PRESTON. Can. J. Chem. 

44, 1131 (1966). binding in terms of the 'P(',T) mapS and the 12. 1. A ~ U R  and J. E. JORDAN. J. Chem. Phys. 46, 
forces exerted on the nuclei. 165 (1967). 
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Le volume libre dans les liquidesl 

GERMAIN GODBOUT' ET YVON SICOTTE 
Laboratoire de Chirnie Physique, Dkpastement de Chinlie, Universitd de Montrdal, Montrial, Quibec 

R e p  le 27 septembre 1967 

Le coefficient maximum d'encombrement pour des ellipso'ides de revolution disposQ de f a ~ o n  chao- 
tique est trks voisin de celui qu'on obtient pour des sphkres, c'est-&-dire 0.64. Le coefficient d'encom- 
brement equivalent pour les liquides & leur point triple est en bon accord avec cette valeur, non seulement 
pour les liquides d mol&ules spheriques mais tgalement pour les liquides a molecules non spheriques, 
indiquant qu'un ensemble d'ellipsoides de rtvolution peut constituer un modele inttressant pour 
decrire certaines propridtts de l'ttat liquide. 

Canadian Journal of Chemistry, 46, 967 (1968) 

Introduction 
De nombreuses propriCtCs des liquides sem- 

blent dipendre, B des degrts divers, de l'im- 
portance relative du volume occupC par les 
molCcules elles-mCmes et du volume libre ou 
interstitiel. La constante ditlectrique ou l'indice 
de rkfraction (1, 2), la viscositC ( 9 ,  la compres- 
sibilitC ( 4 ,  ne sont que quelques unes des pro- 
priCtts oh on a tent6 d'expliciter cet effet. Au 
premier chef, le volume molaire semble Ctre la 
propriCtC la plus simple B cet Cgard. I1 suffit en 
effet d'Ccrire 

oh cp est la fraction de volume occupCe par les 
molCcules elles-mCmes, ce que nous appellerons 
le coefficient d'encombrement; Vest le volume 
molaire, NA le nombre d'Avogadro et v, le 
volume d'une moltcule. 

Malheureusement on se heurte dCjA ici k une 
premiere difficultC. I1 n'est pas possible de dC- 
finir de f a ~ o n  univoque le volume d'une molt- 
cule et il faudra passer par l'intermbdiaire de 
modeles oh on representera la molCcule a l'aide 
des solides rCguliers les plus simples, spheres ou 
ellipsoi'des par exemple. Dans le cas de moltcules 
disposCes en rCseau, on peut, au volume mini- 
mum. relier tres sim~lement le volume total au 
volume des spheres par lesquelles on voudrait 
reprksenter les molCcules. Entre autres, pour un 
rCseau hexagonal compact de spheres, on ob- 
tient comme coefficient d'encombrement 

Le rtseau cubique B face centrCe, oh le nombre 

'Les rtsultats utilists dans le prhent travail sont tirts 
de la these de Ph.D. en Chimie de Germain Godbout, 
Universitt de Montreal (1966). 

'Prtsentement au Centre de Recherches sur les Mac- 
romol~cules, Strasbourg, France. 

de voisins immCdiats est le mCme, c'est-&-dire 
12, donne le meme rCsultat. Ces deux rCseaux 
sont les plus denses, ce que nous avons sym- 
bolisC en indiquant que cette valeur de co- 
efficient d'encombrement est la valeur maximum 
pour des spheres. 

On peut donc, B partir des Cqs. [I] et [2] dC- 
finir le volume v, de la sphere Cquivalent B la 
molCcule. ExpCrirnentalement on Cvalue ce 
volume B l'aide des volumes molaires cristallins, - 
extrapolCs au zCro degrC absolu, Vo. Pour les 
substances cristallisant dans I'un ou l'autre des 
systemes mentionnCs, on a donc 

PI 0.74V0 = NAvm. 
Si on admet ensuite, en premiere approximation, 
que ce volume est une caractkristique de la 
moltcule considtrCe, indipendante des con- 
ditions, on pourra calculer le coefficient d'en- 
combrement dans les autres conditions, & l'aide 
de l'tq. [I]. 

Par ailleurs, dans tout autre cas que le rCseau, 
le calcul thCorique du coefficient d'encombre- 
ment ne peut se faire que par llintermCdiaire 
des fonctions de correlation moltculaire et non 
seulement des fonctions de corrklation binaire, 
que l'on sait utiliser, mais Cgalement de toute la 
sCrie des fonctions d'ordre suptrieur, oh les 
difficult& deviennent tres grandes (5). Evidem- 
ment le reseau est un cas spCcial ou ces fonctions 
sont entierement dCfinies et particulierement 
simples. On doit donc, pour le moment, se 
contenter de mesures sur modeles macroscopi- 
ques, pour les cas oh on peut ainsi reproduire des 
situations dtfinies ayant une signification phy- 
sique prCcise. 

On peut se demander par exemple quelle 
serait la valeur maximum que peut prendre le 
coefficient d'encombrement pour des spheres 
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disposCes non pas selon un rCseau mais de f a ~ o n  
chaotique. Plusieurs chercheurs se sont in- 
tCressCs 2 ce probleme et les rCsultats obtenus 
montrent une cohCrence remarquable, comme on 
peut le voir au Tableau I, dans la colonne +,,,. 

TABLEAU I 
Coefficients d'encombrement chaotique pour des spheres 
-- -- 

Billes utilisees 
(diametre en cm) (Pmnx (Prnin Ref. 

Plomb (0.378) 0.641 
Acier (0.635) 0.57 

(6) 
(7) 

Verre (0.05)' 0.638 0.587 
Acier (0.3 18) 0.637 0.601 

i8j 

Nylon (0.287) 0.641 
(9) 

0.596 (10) 

On a suggCrC qu'un tel ensemble de spheres, 
distribuees de f a ~ o n  chaotique et occupant un 
volume minimum, pouvait servir de modele pour 
1'Ctat liquide au point triple. Effectivement on 
retrouvepour les gaz rares liquides B leur point 
triple une valeur de coefficient d'encombrement 
tres voisine de 0.64 (11, 12). Le but du prCsent 
travail Ctait de vCrifier si on pouvait Ctendre ce 
genre de modele aux liquides h molCcules non 
sphkriques. 

Les chercheurs qui ant mesurC le coefficient 
d'encombrement chaotique pour des sph&res ont 
trouv6 que ce coefficient peut varier entre deux 
valeurs limites bien dCfinies suivaut la mCthode 
d'empilement utilisCe. Par exemple si on verse 
des billes dans un contenant rigide et qu'on en 
frappe dklicatement la paroi, le volume occupC 
diminue gracluellement pour atteindre une valeur 
minimum, correspondant au coefficient maxi- 
mum d'encombrement chaotique. Par contre, si 
on renverse alors le contenant et qu'on le ramene 
ensuite B sa position originale en le faisant 
tourner lentement sur lui-mEme, les billes occu- 
pent un volume plus grand qu'auparavant, cor- 
respondant au coefficient minimum d'encombre- 
ment chaotique qui soit stable. Cette valeur 
minimum apparait Cgalement au Tableau I. Ces 
deux valeurs de coefficient correspondent B des 
situations bien dCfinies et sont faciles h repro- 
duire; par contre la signification physique que 
l'on peut attribuer h la valeur inferieure du 
coefficient, dans le cadre d'un mod&le de 1'Ctat 
liquide, est moins immCdiate que celle que l'on 
peut attribuer B la valeur supkrieure, comme le 
font remarquer Bernal et Mason (1 1). 

Si on veut Ctendre ce modkle aux molCcules 
non sphCriques, la suggestion la plus simple 
qui vient B l'esprit consiste B remplacer les 
sphhes par des ellipsoi'des de rCvolution qui 
pewent reprksenter convenablement certaines 
molCcules et qui, d'une f a ~ o n  gCnCrale, seront 
du  noi ins plus prks de la rCalitC que les sphkres 
pour ces molCcules, tout en demeurant un 
modkle assez simple. On peut facilement montrer 
que pour des ellipsoi'des de rCvolution, le 
coefficient maximum d'encombrement est, com- 
me pour les sphkres, de 0.74, ce qui correspond B 
un rCseau hexagonal compact oil les axes 
identiques des ellipsoi'des sont parallkles. I1 
s'agissait donc dans notre cas de mesurer le 
coefficient maximum d'encombrement pour des 
ellipsoi'des disposCs de f a ~ o n  chaotique. 

Comme ellipsoi'des, nous avons utilisC des comprimts 
pharmaceutiques A.B.S. & C. de la maison Rexall, qui 
sont des ellipsoides de rtvolution applatis presque par- 
faits et trts uniformes. Le petit axe est de 0.371 k0.005 
cm et le grand est de 0.633 k 0.003 cm. Ces con~primes 5. 
surface dure et polie n'ont pas tendance ii adhtrer les uns 
aux autres et rksistent bien aux chocs. Dans le but de 
comparer notre mCthode ii celles des autres chercheurs, 
nous avons effectut parallelement la mCme mesure sur 
des billes de verre de 0.500+ 0.003 cm dc diametre. 

Dans ce genre de mesures, comme le fait remarquer 
Scott (9), il faut corriger les rtsultats des erreurs intro- 
duites par les effets de paroi. Un premier effet provient de 
ce clue la paroi peut amener la formation d'arrangements 
reguliers, peut amorcer une "cristallisation" & partir de 
la surface, ce qu'on peut tviter en utilisant des recipients 
ii parois irrtgulieres (9). D'autre part, la prtsence de la 
paroi perturbe les lois de correlation et cree une zone 
superficielle dont la densite n'est pas ntccssairement celle 
qu'on a au sein du volume. Pour corriger ce dernier 
effet, il faut extrapoler les rtsultats ii volume infini. Dans 
le cas de rtcipients cylindriques, Scott (9) obtient une re- 
lation lineaire entre le coeffcient d'encombrement & 
volume fini et l'inverse de la hauteur, pour un diametre 
donne. I1 obtient tgalement une relation linCaire entre le 
coefficient d'encombrement h hauteur infinie et l'inverse 
du diametre du cylindre. Cette double extrapolation 
donne le coefficient d'encombrement A volume infini. 

Cornme rtcipients de mesure, nous avons utilist trois 
cylindres fabriquks ii partir de tube Pyrex, de 3.75, 5.45 
et 7.55 cm de diametre inttrieur respectivement. Sur la 
surface de chacun de ces cylindres, nous avons souffle 
vers l'inttrieur des demi-spheres de 6 & 10 mm de diam- 
etre, rtparties irregulierement sur toute la surface et ayant 
une distance de separation moyenne de 15 mrn. Une 
extrtmitt du tube a Cte bouchte 21 la paraffine, donnant 
ainsi un fond plat. Nous avons gradut les cylindres par 
gravimttrie: la relation entre le volume et la hauteur 
ttait l inkire dans les trois cas et correspondait ii des 
diametres inttrieurs effectifs de 3.45, 5.05 et 7.25 cm. 
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GODBOUT ET SICOTW: VOLU) dE LIBRE DANS LES LIQUIDES 969 

Dans chacun de ces cylindres, nous avons determine le 
coefficient d'encombrement pour plusieurs hauteurs de 
remplissagc. Le nombre d'ellipsoYdes ou de billes utilises 
dans chaque cas a ett  determine par pesee. 

RCsultats et discussion 

Les rkultats que nous avons obtenus dans le 
cas des billes sont entikrement Cquivalents aux 
rCsultats des autres chercheurs et ne font que les 
confirmer. L'extrapolation B hauteur infinie 
pour chaque cylindre prCsente une 1Cgkre pente 
1lCgative et l'extrapolation B diamktre infini des 
donnCes prkcidentes donne, Cgalement avec une 
pente nCgative, une valeur de 0.643 comme coef- 
ficient d'encombrement maximum, en excellent 
accord avec les rCsultats rapportCs au Tableau I. 
La pente ilCgative dans les deux extrapolations 
traduit le fait que le coefficient d'encombrement 
prks de la surface est plus faible qu'au sein du 
volume et indique bien qu'il n'y a pas de cristal- 
lisation prks de la surface. 

Le phCnomkne de cristallisatioll locale peut 
par ailleurs se produire indCpeildamment de la 
surface comme Scott l'a montrC (12) et donner 
une valeur de coefficient supkrieure B 0.64. Scott 
obtient jusqu'i 0.66. I1 s'agit en fait de crCation 
d'ordre B courte distance, qu'une agitation con- 
venable Climine facilement. Dails le cas d'ellip- 
soi'des, on peut prCvoir que le phCnomkne se com- 
pliquera de l'apparition de corrClations en 
orientation; et effectivement nous avons obtenu 
quelques rCsultats aberrants, correspondant vrai- 
semblablement B l'apparition de ces corrClations 
en orientation. Le problkme Ctant beaucoup 
moins simple que dans le cas des sphhes, nous 
n'avons pas poussC plus loin dails cette direction. 
Pour Cviter ce phinomkne, nous avons effectuC le 
reinplissage de f a ~ o n  B ce que les ellipsoi'des 
frappent la paroi sous un angle assez grand et 
avec uile Cnergie cinktique suffisante pour donner 
une distribution vraisemblablement chaotique 
des orieiltations. Cette utilisation de I'irrCgula- 
ritC de la paroi donne des rCsultats assez repro- 
ductibles et 17Cnergie cinCtique qu'on doit con- 
fCrer aux ellipsoi'des n'est pas critique. I1 faut 
noter cependant que les rCsultats obtenus pour 
les ellipsoi'des sont nettement moins repro- 
ductibles que ceux obtenus pour les billes. 

La Fig. 1 reprksente les donnCes de coefficient 
maximum d'encombrement en fonction de l'in- 
verse de la hauteur de remplissage pour chacun 
des trois cylindres. Les pentes sont 1Cghement 

c rn-' 

FIG. 1. Variation du coefficient lnaxilnum d'encom- 
brement chaotique pour des ellipsoides en fonction de 
l'inverse de la hauteur de remplissage pour les trois cylin- 
dres utilisCs: de haut en bas, 7.25, 5.05 et 3.45 cm de 
diamktre effectif. 

positives, indiquant qu'au voisinage du fond plat 
du rkcipient, le coefficient d'encombrement est 
plus grand qu'au sein du volume, contrairement 
aux rCsultats obtenus pour les sphkres. I1 s'agit 
Cvidemment de corrClations en orientation au 
voisinage du fond: les ellipsoi'des s'y disposent 
avec leurs grands axes prCfCrentiellement paral- 
lkles au fond. Nous avons dCjB fait allusion B des 
rCsultats aberrants de coefficients d'encombre- 
ment; Cgalement il faut souligiler que nous avons 
obtenu des pentes aberrantes, pentes beaucoup 
plus positives, mais extrapolant B la mime va- 
leur de coefficieilt d'encombrement B hauteur 
infinie. Les corrClations en orientation pris d u  
fond du cylindre devaient vraisemblablement 
i tre plus importantes dans ces cas. Comme cet 
effet disparait de toute f a ~ o n  B hauteur infinie, 
seule la pente est affectCe. 

La Fig. 2 reprCsente les coefficients d'encom- 
bremeilt B hauteur infinie en fonctioil de l'in- 
verse du diamktre effectif des cylindres. La pente 
est ilCgative et correspond B un coefficient d'en- 
combrement plus faible au voisinage de la paroi 
irrkgulikre qu'au sein du volume, contraire- 
ment B ce qui se produit au voisinage d'une 
surface rCgulikre. Les irrCgularitCs B la paroi 
semblent donc empicher les corrClations en 
orientation de se produire. 

Nous obtenons donc comme coefficient maxi- 
mum d'encombrement chaotique B volume 
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infini pour ces ellipsoi'des une valeur de 0.64, 
c'est-8-dire identique aux erreurs d'expkrience 
pres B celui des spheres. I1 aurait Cvidemment 
CtC intkressant de reprendre ces mesures en 
utilisant des ellipsoides de diffirentes excentri- 
citCs. Malheureusement, si on peut facilement 
se procurer des billes bien usinCes, de grosseur 
uniforme, B surface assez dure et assez polie 
pour se prCter B ce genre de mesures, il est beau- 
coup plus difficile de trouver des ellipsoi'des 
possCdant les m&mes qualitCs. Ceci explique que 
nous n'ayons pu effectuer que les deux mesures 
que nous venons de dCcrire. Notons en passant 
qu'on obtient pour ces ellipsofdes une valeur de 
coefficient minimum d'encombrement chaotique 
de 0.60, qui est aussi en bon accord avec les 
valeurs rapportCes pour les spheres au Tableau 
I. En premiere approximation, nous pouvons 
donc retenir l'hypothese la plus simple que sug- 
gerent ces rCsultats: B savoir que le coefficient 
d'encombrement est indtpendant de l'excentri- 
citC de l'ellipsofde et par consCquent est Cgal B 
celui des spheres. 

Dans cette hypothese, il est intCressant de 
vCrifier si on retrouve physiquement une valeur 
de coefficient d'encombrement de 0.64 au point 
triple pour les liquides B molecules non sphCri- 
ques, comme c'est le cas pour les gaz rares. On 
ne dispose malheureusement pas, pour les li- 
quides usuels, de donnCes assez Ctendues de 
densitis cristallines B basse temptrature pour 
pouvoir faire ce calcul. Par contre, se basant sur 
le fait que YCq. [3] correspond au volume mini- 
mum, on estime souvent le volume v, B l'aide de 
cette Cquation, en utilisant comme vo le volume 
molaire liquide extrapol6 au zero degrC absolu. 
Cette extrapolation se fait gCnCralement en 
utilisant 1'Cquation de Sugden (13), 

oh Vg est le volume molaire de la vapeur saturCe B 
la tempkrature T. Aux tempCratures assez 
CloignCes de la temperature critique T,, le 
second terme de gauche est Cvidemment nCgli- 
geable devant le premier. La valeur de l'expo- 
sant, 0.3, ne co'incide pas avec les prkdictions 
thtoriques (14), mais il faut dire que ces dernieres 
concement surtout le voisinage du point cri- 
tique. Par ailleurs comme cette relation permet 
de paramCtrer les rksultats expCrimentaux de 
f a ~ o n  excellente sur de trQ larges intervalles de 

FIG. 2. Variation du coefficient maximurn d'encom- 
brement chaotique A hauteur infinie pour des ellipsoides 
en fonction de l'inverse du diametre effectif des cylindres. 

~ ' e s t  ainsi que Jacobson (4) B tirC les valeurs 
de vo des donnCes de volume molaire et de 
tempkrature critique pour un grand nombre de 
liquides. A l'aide des Cqs. [l] et [3], nous en 
avons tirC le coefficient d'encombrement de 
quelques liquides usuels au point triple ou au 
point de fusion normal: les deux coefficients 
sont t r b  voisins pour ces substances. Le Tableau 
I1 montre les rCsultats obtenus. 

TABLEAU I1 
Coefficients d'encombrement 

Cquivalents de quelques liquides 
au point triple ou au point de 

fusion normal 

AcCtate d'kthyle 0.66 
AcCtone 0.66 
Benzene 0.61 
Bromobenzene 0.65 
Chlorobenzene 0.66 
Ether kthylique 0.67 
Heptane 0.66 
Nitrobenzene 0.63 
Sulfure de carbone 0.68 
TCtrachlorure de carbone 0.62 

I1 est utile de rappeler ici encore une fois que, 
en utilisant 1'Cq. [3], on obtient no11 pas le 
volume vrai des molCcules, qui physiquement 
n'a d'ailleurs aucun sens, mais, comme nous 
l'avons vu, le volume des ellipsoides de rC- 
volution B axes identiques paralleles, disposCs 
en reseau hexagonal, par lesquels on veut re- 
~rksenter les molCcules au volume minimum. La 
sphere peut Cvidemment 2tre considCrCe comme 
un cas particulier d'ellipsofde. La grandeur de 
ce volume est dCfinie de f a ~ o n  univoque pa1 
1'Cq. [3], peu importela gtomktrie de la molecule, 
mais, selon ce dernier facteur, le volume en 
question pourra Ctre plus ou moins commode B 
utiliser. En effet le coefficient d'encombrement 
qu'on pourra en dCduire pour le liquide sous 
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d'autres conditions que le volume minimum, au 
point triple par exemple, ne co'incidera avec le 
coefficient d'encombrement calcult pour des el- 
lipsoi'des dans ces conditions que si les moltcules 
peuvent &re adtquatement reprtsenttes par des 
ellipsoi'des. Pour cette raison, nous appellerons 
coefficient d'encombrement tquivalent la valeur 
ainsi obtenue pour les liquides rtels. 

Par ailleurs la description du point triple en 
terme de coefficient maximum d'encombrement 
chaotique, qui semble bien &tre valable pour les 
spheres et que nous tentons prtsentement d't- 
tendre aux moltcules non sphtriques, fait Cvi- 
demment abstraction, m&me dans le cas d'ellip- 
soides parfaits, des corrtlations en orientation 
qui existent au point triple et qui vraisemblable- 
ment vont influencer la valeur du coefficient 
d'encombrement. 

- Ces deux raisons, ajouttes 8 l'incertitude sur 
Vo qui est obtenu par extrapolation B l'aide 

d'une relation empirique, font que le coef- 
ficient d'encombrement tquivalent calcult de 
cette f a ~ o n  pour le point triple est entacht 
d'erreurs dont il est tres difficile d'tvaluer ne 
serait-ce que l'ordre de grandeur. Les rtsultats 
obtenus justiflent cependant la dtmarche que 
nous venons de faire. En effet les coefficients 
d'encombrement tquivalents calcults se situent 
dans une marge ttonnamment ttroite autour de 
0.64 et les causes d'tcart signaltes ne semblent 
avoir qu'une importance assez faible. 

Conclusion 

I1 semble donc tres probable que le coefficient 
maximum d'encombrement pour des ellipso'ides 
de rtvolution disposts de f a ~ o n  chaotique soit 
indtpendant de l'excentricitt de l'ellipsoi'de et 
qu'il soit par constquent Cgal 8 celui qu'on a 
pour des spheres. 

I1 semble tgalement que l'ttat liquide au point 
triple soit caracttrist, en premiere approximation, 

par un coefficient d'encombrement tquivalent 
tres voisin de celui correspondant au modkle 
dtcrit plus haut: un ensemble d'ellipsoi'des de 
rtvolution disposts de f a ~ o n  chaotique et occu- 
pant un volume minimum. 

Pour obtenir une description plus rigoureuse 
de l'ttat liquide au point triple, il faudrait sinon 
utiliser une reprtsentation gtomktrique de la 
molCcule qui soit plus exacte que l'ellipsoide de 
rtvolution, ce qui rendrait malheureusement le 
modkle pratiquement inutilisable, du moins 
tenir compte des corrtlations en orientation, ce 
qui est conciliable, du moins formellement, avec 
le modele simple utilist ici. 
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Some aspects of cis-trans-isomerization mechanisms 

M. C. LIN' AND K. J. LAIDLER 
Departi?~etlt of Clzemistry, University of Oltnivn, Ottawa, Cat~ada 

Received September 6 ,  1967 

It is shown that there is a linear relationship between the activation energy for a thermal cis-tram 
isomerization and the heat of hydrogenation of the C==C bond. There is also a linear relationship between 
the entropy of activation and the heat of activation, there being a partial co~upensation effect. It is 
pointed out that the activation energy for these processes is very close to the n-bond energy of the 
C=C bond. The significance of these relationships is discussed in terms of the reaction mechanisms. 

Canadian Journal of Chemistry, 46, 973 (1968) 

Two alternative mechanisms were proposed by Recently Terao, Hirokami, Sato, and Cvetano- 
Magee, Shand, and Eyring (1) for thermal vid. (15) have estimated that the potential-energy 
cis-trans isomerizations in the gas phase. Figure difference between the twisted singlet and twisted 
1 is an energy diagram for the singlet and triplet triplet states is about 18 kcal/mole. This leads to  
states of an ethylenic compound, and it was a value of about 45 kcal/mole for the triplet 
suggested that one mechanism of isomerization barriers, a value that is much higher than the 
involves a crossing at point a to  the triplet state, 
followed by a crossing at b to the singlet state: t 

If the transmission coefficients for the two 
crossings are K~ and K, the overall transmission 
coefficient is 

Alternatively, the system can remain throughout 
in the singlet state and cross a barrier corre- 
sponding to an angle of twist of approximately 
n/2 : 

[I11 AB('A) -> AB*('A) -> BA('A). 

In this case the transmission coefficient will be 
close to  unity. 

Early work did indicate very low transmission 
coefficients for certain cis-trans isomerizations, 
particularly those of dimethyl maleate (2), 
dimethyl citracoilate (3), and butene-2 (4), and 
it was concluded that these reactions occur by 
the triplet mechanism. However, as discussed 
in a review by Cundall (5), the latest evidence 
(6-8) indicates "normal" frequency factors for 
these reactions. Table I lists the Arrhenius 
parameters for a number of reactions for which 
the evidence seems reliable. It appears from the 
magnitudes of the frequency factors that all 
of these reactions occur by mechanism [II]. 

'Present address: Dept. of Chemistry, CorneH Uni- 
versity, Ithaca, N.Y. 

ANGLE OF TWIST 

FIG. 1. Schematic potential-energy diagram for a 
cis-trans isomerization. 

25 kcal/mole estimated by Magee et al. (I). 
These values allow us to  estimate an upper limit 
for the transmission coefficient corresponding 
to the hypothetical mechanism [I:], whose rate 
must be less than that by mechanism [II]. 
Thus for the cis-butene-2 isomerization at 723 
OK, the rate constant is 8.9 x s-l, and 
Rabinovitch and Michel (6) have estimated a 
frequency factor of - 1014 s-l. The same value 
can be assumed for the hypothetical triplet 
reaction, and with an activation energy of 45 
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TABLE I 
Summary ,of Arrhenius parameters and the rate constants at 723 "K for thermal cis-trans 

isomerization of various substituted ethylenes 

Reactants A (s- l) E (kcal/mole) k723 6 - I 1  Reference 

[a] cis-CH3CH=CHCH3 6.1 x loi3 62.8 6 . 3 ~ 1 0 - ~  6 
1 .0x1014 62.4 1.4 x 7 
3.5x1Ol4 65.0 7 . 8 ~ 1 0 - ~  8 

[b]  trans-CHD=CHD --loi3 65.0 2 . 2 x i 0 - ~  9 
[c] cis-CHCl=CHCI 5 . 7 ~ 1 0 ' ~  56.0 6 . 7 ~ 1 0 - ~  10 
[dl trans-CHCI=CHCl 4.8x1Ol2 55.3 9 . 0 ~ 1 0 - ~  10 
lel cis-CH2CH=CHCOOCH2 1 . 6 ~ 1 0 ' ~  57.8k1.5 5 . 4 ~ 1 0 - ~  11 ., . - - 

[g] C ~ S - C ~ H ~ ~ H = C H C ~ H ~  6 x 10IZ 42.8 0.69 3 
[h] cis-C6H5CH=CHCN 4 x 10" 46.0 5 . 0 ~ 1 0 - ~  13 
lil cis-CsH5CH=CHCOOCH, 3 . 5 ~ 1 0 "  41.6 9 . 3 ~ 1 0 - ~  14 

kcal leads to  an upper limit of 4 x lop6  for K. 

If K~ and K~ are equal, their value must be 
< 8 x lop6. Upper limits which are much 
lower are obtained if one uses the value of 25 
kcal for the activation energy of the triplet 
mechanism. The nonoccurrence of triplet mech- 
anisms, as indicated by the "normal" frequency 
factors and the absence of nonlinear Arrhenius 
behavior, thus leads us t o  much lower trans- 
mission coefficients for the singlet-triplet transi- 
tion than had previously been estimated. 
Theoretical estimates of this quantity are still 
unreliable. 

The discussion of the remainder of this paper 
is concerned with the variations in energies and 
entropies of activation and is based on the 
assumption that the reactions occur by mech- 
anism [II]. 

Correlation between Energy of Activation and 
Heat of Hydrogenation 

I t  is reasonable t o  seek a relationship between 
the energy of activation and the strength of the 
C=C bond or some related quantity. A con- 
venient and accessible related quantity is the 
heat of hydrogenation. Experimental values are 
available for ethylene and butene-2, while the 
values for the remaining compounds were cal- 
culated using Benson's tables (16) for heats of 
formation; this procedure is probably reliable to  
5 1 kcal/mole. 

The plot of activation energy against heat of 
hydrogenation shown in Fig. 2 indicates a 
reasonably good correlation, and this is con- 
firmed by a statistical test (cf. 17). The corre- 
lation coefficient is 0.86, and "Student's t" is 
5.1, indicating signiiicance at well below the 

0.1 % level. If the older results of Kistiakowsky 
and co-workers (reactions [g], [h], and [i]) are 
excluded the correlation coefficient is 0.77; 
"Student's t " is 2.9, indicating significance at the 
2 % level. 

- A H i  ( kcal per mote) 

FIG. 2. Plot of E against -AHhO. Half-filled circles 
are the earlier results of Kistiakowsky and Smith (refs. 3, 
13, 14). The letters indicate the reactions referred to in 
Table I. 

The variations with substituents can be ex- 
plained in a qualitative way in terms of inductive 
and resonance effects. The activation energies 
and C=C bond strengths are highest with the 
deuterated ethylene, the addition of a phenyl 
group bringing about a reduction. This is 
attributed t o  a decrease in the double-bond 
character, due to  resonance of the type 

- 

etc. 

H 
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Effects of this kind are indicated by correspond- 
ing variations in bond lengths (1 8). 

IO! 

Similarly, lowering of the bond strength in 
methyl crotonate is attributed to  resonance such 7o 
as E 

0- t 

201 Correlation between Heat and Entropy of -10 - 5 o 

- 
a 

Activation 

P / e 07 - 6 0 -  

CH3 C CH3 C 
\ /\ 

C=C OCH, \C+-CN\0CH3 etc. 

,/ A / \ 
H H 

Figure 3 shows a plot of AH* against TAS* 
for the reactions listed in Table I. The values are 
calculated using the following relationships: 

A and E are the high-pressure values of the 
frequency factor and activation energy, k and h 
are the Boltzmann and Planck constants re- 
spectively, and I* is the statistical factor (19); 
its value is 2 since the isomerization can occur by 
a twisting about the double bond in either 
direction. There is seen to be a fairly good corre- 
lation, with only two of the 12 points lying at 
all far from the line. The correlation coefficient 
for all points is 0.80 and "Student's t" is 4.0, 
indicating a high degree of significance at well 
below the 1 % level; if reactions [g], [h], and [i] 
are omitted the correlation coefficient is 0.85 
and "Student's t" is 3.9, also corresponding to a 
high degree of significance at well below the 1 % 
level. 

The slope of the plot in Fig. 3 is about 1.6; a 
slope of unity indicates complete compensation, 
while one greater than unity indicates only partial 
compensation. It can be confirmed from the 
figures in Table I that the lowest rates tend to 
correspond to the highest activation energies; 
however, the trend in rates is not as strong as if 
the AS* values were constant. The relationship 

[41 AH* = 1.6TAS* + const. 

is equivalent to 

C5l 1.6AG* = 0.6AH* + const. 

C6l AG* = 0.38AH* + const. 

FIG. 3. Plot of AH* against TAS*. I was evaluated 
from /c = 1.3 x 10" exp [(-63400 lOCO)/RT] s-l, 
obtained by averaging the results of three studies (6, 7, 8); 
half-filled circles are the earlier results of Kistiakowsky 
and Smith (refs. 3, 13, 14). The letters indicate the re- 
actions referred to in Table I. 

Relationship with %-Bond Energies 

Sometimes, as in the case of the C-C bond, 
a double bond can be envisaged as being formed 
from a saturated compound by the breaking of 
two bonds of the same type (e.g. two C-H 
bonds). In such a case a n-bond energy may be 
defined (20) as the difference between the bond 
dissociation energies for the successive breaking 
of these two bonds. The n-bond energy in ethyl- 
ene, for example, can be defined as the difference 
between the C-H bond dissociation energies of 
H-CH2CH3 and H-CH2CH2-: 

The significance of this definition is that 
D(H-CH2CH2-) is abnormally low because 
a n-bond has been formed at the same time the 
C-H bond is broken, and that the extent of its 
lowness is the strength of the n-bond. One may 
imagine the C-H bond in the C2H5 radical to  
be broken in such a way that the n-bond is not 
formed, which means that the C2H4 produced 
is in an excited state. On a simple view the energy 
D(C2H4*-H) required to  create this excited 
C2H4* from C2H5 will be the same as that 
required to break the C-H bond in ethane; 
thus we may write alternatively 
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In general case, this is the amount of energy that breaks a 
C-H bond and converts an sp3 carbon into an 

[9 ]  Qn(M) = D(R-M*) - D(R-M). sp2 : 
These relationships are represented in the energy 
diagram in Fig. 4. 

R M' 

P 
R-M 

FIG. 4. Schematic energy diagram for the decomposi- 
tion of an  alkyl radical, RM -> R' + M, where M is an  
olefin. 

A slightly different way of looking at the 
n-bond energy is to  regard it as the difference 
between the energy required to  abstract a radical 
R from a molecule and from a corresponding 
radical. Thus in terms of butane dissociation 
energies the n-bond energy of ethylene can be 
expressed as 

Reliable values for heats of dissociation of 
C-H bonds in small radicals have recently 
become available (21-24) from studies of the 
kinetics of dissociation of the radicals. Table I1 
gives such values together with other information 
required for the estimation of n-bond energies, 
which are given in the last column of the table. 
Heats of formation of radicals were obtained 
from Rossini (28). There is remarkably good 
agreement between the four n-bond energies 
obtained, the average being 61.7 f 1 .O kcal/mole. 

The state of the M* species formed when the 
energy D(M*-R) is added to the radical M-R, 
with the breaking of the M-R bond, is pre- 
sumably the twisted singlet state. In the C2H4 

Addition of the same amount of energy will 
produce a C2H4 species in which both carbon 
atoms are sp2-hybridized and in which there is 
no n-bonding: 

This species, with no n-bonding, can be identified 
with the twisted state in which there is a mini- 
mum of overlapping of the p orbitals which 

extend at right angles to  the -dH planes. In  
\H 

view of this the close relationship between n-bond 
energies and the activation energies for cis-trans 
isomerizations is easy to  understand. It will be 
interesting t o  see whether there is a good corre- 
lation for the entire series of reactions, but data 
are as yet not available. 

General Discussion 
It is now of interest to  consider the significance 

of the above relationships in terms of the 
mechanisms of these isomerizations. A very 
simple view is that the partition function for the 
activated state differs from that for the initial 
state solely in the absence of the contribution 
1/(1 - exp (-hv,/IcT)) corresponding to the 
torsional oscillation, all other partition functions 
remaining the same. If this were the case the 
rate expression would be simply 

k T  
[ l l ]  k = I* -jj- (1 - exp (-hv,/kT)) 

exp (- E,/kT). 

Two considerations, however, show that this 
concept is too simple: 

(1) Insertion of known values for the torsional 
frequencies does not lead to  a reliable prediction 
of the entropies of activation. The agreement is 
not bad for some of the reactions of higher 
entropies of activation (e.g. reaction [a], [b], and 
[el), but f o r  reactions with lower A S *  values 
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(e.g. reactions [f], [h], and [i]) the calculated 
AS* values are much higher than the experi- 
mental ones. Evidently an additional factor is 
leading to an increased rigidity in the activated 
complexes for these reactions. 

(2) A related argument is based on the experi- 
mental AS* - AH* correlation. If eq. [11] 
were valid it would be possible to calculate v, 
values from the observed AS* values, and then 
to  interpret the AH* values on their basis. 
When this is attempted, however, the v, values 
are found to vary over an unrealistically wide 
range (this is essentially point (1) above). 
Furthermore the energies of activation estimated 
from these v, values vary over a much greater 
range than do the experimental values. This was 
found to be the case when either of two pro- 
cedures was used : 

(a) The potential-energy variation with 8 was 
interpreted as the intersection of two purely 
harmonic curves. 

(b) The variation was assumed to  be given 
by a cosine function, as employed by Herzberg 
(29). 

In either case the v, values required to  interpret 
the variation in AS* led to  AH* values covering 
a much greater range than the range of -- 20 kcal 
shown by the values in Table I. Reactions [a], 
[b], and [el could be accommodated by treat- 
ments of this kind, but the remaining reactioils 
(particularly [h] and [i]) showed very marked 
deviations. 

In view of this situation it is necessary to  sup- 
pose that the activation energies, and the 
corresponding n-bond energies, are related not 
only to  the torsional frequencies but to  a con- 
siderable extent to  interactions between the side 
groups and the electrons which become un- 
paired when the bond has become twisted 
through 90". Such interactions will reduce the 
energy required t o  twist the bond, and also the 
n-bond energy, and will also lead to  an increased 
rigidity of the activated complex and t o  a corre- 
sponding reduction in its entropy. 
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Effets ioniques sp6cifiques sur le taux de formation du C10, par la &action 
chlorure-chlorate 

F. LENZI' ET W. H. RAPSON 
Depnrt~nent of Clzernicnl Elrgi~zeeritzg and Applied Chemistry, U~ziversity of Toronto, Torotzto, 0tzfar.io 

R e p  l~ 27 d6cembre 1966 

On a observe que des sels ajoutCs a la reaction C1O3- + 2H+ + C1- -> C102 + fC12 + H 2 0  en 
milieux 2.3 M e t  5.0 M H2S04 entrainent des accroissements du taux de la reaction. Ces accroissements 
de taux, qui sont spdcifiques a la nature des ions ajoutks, peuvent &re relies aux nombres d'hydratation 
de ces ions. La reaction est de douzibme ordre par rapport a la concentration stoechiometrique du H2S04  
du milieu; ce fait peut s'expliquer par l'hydratation ionique en appliquant les id6es de Bascombe et Bell. 
La reaction chlorure-chlorate peut Ctre considCree comme "amplificateur chimique" pour l'observation 
des effets d'hydratation. 

Rate enhancing specific ion effects have been detected in 2.3 M and 5.0 M H2S04  for the reaction 
C103- + 2H+ + C1- -> C102 + fC12 + H 2 0 .  These effects can be related to the hydration numbers 
of the added ions. This suggests a Bascombe and Bell type of interpretation for the overall twelfth power 
rate dependence of the above reaction on the sulfuric acid concentration in the reaction medium; the 
chloride-chlorate reaction acts as a "chemical amplifier" for hydration effects. 

Canadian Journal of Chemistry, 46, 979 (1968) 

Introduction 

Lors d'une Ctude cinCtique de la formation du 
bioxyde de chlore par la reaction 

[ l ]  2H+ + C103- + C1- -> C10, + fC12 + H 2 0  

en milieu 2-2.5 M H2S04, on a observC (1) des 
variations surprenantes de l'ordre de rCaction 
par rapport au chlorate avec les changements de 
concentration du chlorate de sodium. En rCpC- 
tant ces expkriences B force ionique constante il 
a CtC remarque que le nitrate de potassium ac- 
croit le taux de la reaction [I], alors que le 
nitrate de sodium a un effet encore bien supCrieur. 

Par la suite les expkriences ont CtC rCpCtees 
pour diterminer les taux de la rCaction [I] B 
5.00 M et 2.32 M H,S04  en prCsence des per- 
chlorates de sodium ou de potassium, et des 
nitrates de lithium, ou de sodium ou de potas- 
sium. 

La reaction [I] a t t t  suivie par spectrophotombtre 
Beckman DB a 360 mp. La capacitk molaire d'absorption 
du bioxyde de chlore a 360 mp est de 115 x 10; cette 
valeur ne dtmontre que peu de variation avec l'acidit6 du 
milieu et reste inchangee en presence, de chlorure, de 
chlorate ou de chlore (3); les autres espbces chimiques 
qu'on sait &tre prtsentes absorbent peu a cette longueur 
d'onde (1, 3). La temperature ambiante fut maintenue a 
25.0 f 0.5 "C, et celle du compartiment cellules le fut 
a 25 f 0.1 "C. Les essais furent effectuts en melangeant 
deux solutions approprites dans une cellule spectro, 
photomttrique de 1 cm pour donner les concentration 

'Departement de Genie Chimique, ~ c o l e  Polytech- 
nique, Montreal, Quebec. 

initiales voulues des rkactifs. Une des solutions contenait 
le chlorure de sodium pendant que l'autre contenait le 
chlorate de sodium et tout autre sel ajouti. Les deux 
solutions Ctaient i la mCme molarit6 en acide sulfurique. 
(On fit exception pour le nitrate de potassium en milieu 
5.00 M H2SO4 qui fut dissous dans les deux solutions a 
cause de sa plus faible solubilitC.) Toutes les solutions de 
chlorate furent prealablement balayies par un courant 
d'azote pendant 1 h. Les concentrations initiales des 
rCactifs Ctaient 0.098 M NaC103, 0.0250 M NaCl et 
5.00 M H2SO4 pour une serie d'expiriences, et de 1.20 M 
NaC103, 0.300 M NaCl et 2.32 M H2S04 pour l'autre 
sCrie. La reaction fut observee jusqu'd ce que l'absorption 
atteigne une valeur de 1.0 ou 1.5; en consequence on 
peut consid6rer que les concentrations des reactifs de- 
meuraient pratiquement constantes. Pour Cviter toute 
confusion les donnees absorption vs. temps (sans sels 
ajoutes) pour ces deux series d'essais seront appelees 
"donnees de base". 

La cellule-echantillon fut rinc6e avec une des deux solu- 
tions, 6goutt6e et pesee, puis remplie de la m2me solution 
au moyen d'une seringue 6talonnCe munie d'une pointe 
en teflon (le teflon &ant insere dans la seringue d'une 
telle f a ~ o n  que la solution n'etait en contact qu'avec du 
verre ou du teflon). Pour chaque essai le volume de solu- 
tion 6tait ajuste a 1.65 ml. La reaction fut d6clench6e en 
introduisant 1.65 ml de l'autre solution dans la cellule 
au moyen d'une seringue semblable; ceci demandait 3 s. 
La cellule fut irnmtdiatement bouchke, agitCe Cnergique- 
ment et placee dans le compartiment a cellules du spectro- 
photomitre, celui-ci ainsi que l'enregistreuse ayant CtC 
prtalablement etalonnes avec une solution de chlorate de 
sodium. Le commencement du trace d'absorption vs. 
temps etait obtenu en moins de 10s aprbs le debut de la 
reaction. L'ttalonnage du spectrophotomttre et de l'en- 
registreuse fut contrBl6 a la fin de chaque essai en remplis- 
sant de nouveau la cellule-tchantillon avec une solution 
de chlorate de sodium. Des essais a blanc furent effectuks 
avec le sel ajoutC dissous dans la solution de chlorate de 
sodium; exception faite des sels d'ammonium, il n'y eut 
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pas d'holution dtcelable de bioxyde de chlore dans 
l'espace de 2 h (les essais eux-m&mes prenaient moins 
que 15 min). 

Chaque exptrience comprenait quatre essais: pour 
deux d'entre eux la solution de chlorate ttait ajoutee a 
celle de chlorure; pour les deux autres c'ttait le chlorure 
qui ttait ajoutt au chlorate. Aucune difftrence signifi- 
cative n'a pu &tre dtcelte entre les deux paires d'essais. 
L'tcart maximum de pente initiale du tract absorption- 
temps pour une strie d'essais quelconque en milieu 
5.00 M HzS04 etait de 1 6 %  de la moyenne, et l'ecart 
moyen de 1 3  %. En milieu 2.32 M HrS04 la reproduc- 
tibilitt des pentes initiales (c.A.d. quand A = absorption 
= 0) ttait beaucoup moins bonne, mais les pentes me- 
surtes a des absorptions de 0.2, 0.7 et 1.2 donnaient une 
meilleure prtcision: pour une absorption de 0.2 l'tcart 
maximum pour une strie quelconque ttait 1 9 %  et 
l'tcart moyen de 1 6  %. 

Le nitrate de sodium et le perchlorate de sodium em- 
ployes ttaient de qualitt 'Analar' (B.D.H.), tandis que 
le nitrate de potassium et le perchlorate de sodium 
ttaient de qualitt 'Laboratory' (B.D.H.). Les nitrates de 
lithium et d'ammonium, et le perchlorate d'ammonium 
ttaient de qualitt 'Certified' (Fisher). Le contaminant 
d'inttret principal etait l'ion chlorure qui pouvait &tre 
present jusqu'a un maximum de 0.15 "/, dans le perchlo- 
rate de sodium. Le balayage A l'azote avait pour effet 
d'eliminer le chlorure par l'entremise de la rtaction [I]. 
I1 est A noter que cette reaction n'entrainait qu'une di- 
minution de concentration du chlorate negligeable. 

Ceux-ci sont reprisentts aux Figs. 1 et 2. 
Dans les deux cas, l'ordonnie est le log du 

rapport des pentes initiales; c.8.d. le log du 
rapport de la pente initiale du tract absorption- 
temps obtenu avec sel ajoutC, B la pente initiale 
obtenue B partir des donntes de base. La Fig. 1 
s'applique en milieu 5 M H2S04 pour lequel les 
rapports des pentes initiales ont pO Ctre obtenus 
directeinent des tracts absorption-temps. La 
Fig. 2 correspond au milieu 2.32 M HzS04;  
cependant dans ce cas les pentes initiales des 
tracts absorption-temps ne pouvaient Ctre ob- 
tenus avec prCcision, en particulier pour les 
donnCes de base, parce que la pente dCcroit trop 
rapidement h cette aciditC, probablement B 
cause de l'effet inhibiteur du chlore qui est alors 
augment6 (l,2). Cet effet, dCmontrC par la Fig. 3, 
introduit ainsi une incertitude relativement 
grande dans la dttermination de la pente initiale. 
Pour surmonter cette difficultk, les rapports des 
pentes aux absorptions de 0.2, 0.7 et 1.2 ont CtC 
dtterminCs et ensuite extrapolCs jusqui A = 0. 

La Fig. 4 reprtsente l'effet de l'addition du 
LiNO, sur la rCaction [l] en 2.32 M H2S04. 

On remarque que les rapports des pentes 

0.2s- I- MILIEU 5 . 0 0 M  HzSO4 ,. /" 

CONCENTRATION D E  S E L  A J O U T E  , M 

FIG. 1. Effets ioniques specifiques du NaC104, 
NaN03, K N 0 3  sur le taux de reaction de 0.098 M 
NaC10, et 0.025 M NaCl en milieu 5.00 M HzSO, a 
25.0 + 0.1 "C. Ordonnee = log (pente initiale du tract 
absorption-temps avec sel ajoutt/pente initiale des 
donntes de base). Le chiffre qui suit la formule du sel 
ajoutt est la pente initiale de la courbe representee, en 
(mole/l)-'. 

augmentent peu ou pas avec l'absorption jusqu'g 
une concentration de sel ajoutC d'environ 0.2 M; 
l'augmentation devenant plus importante B des 
concentrations de sel ajoutC supirieures. Par 
exemple pour 0.090 M en LiNO, le rapport des 
pentes (= pente du track absorption-temps avec 
LiNO,/pente obtenue d7aprb les donntes de 
base) etait de 1.19 pour A = 0.2, de 1.19 pour 
A = 0.7 et de 1.20 pour A = 1.2, tandis que 
pour 0.39 M en LiNO, des rapports de 1.79 
pour A = 0.2, de 1.95 pour A = 0.7 et de 2.08 
pour A = 1.2 ont ett  obtenus. Cette augrnen- 
tation du rapport est assimilable B l'amoindris- 
sement de l'effet inhibiteur du chlore avec 
augmentation de l'aciditt, car, cornme il sera 
dkmontrt ci-dessous, l'addition d'un sel peut 
Etre Cquivalent B une augmentation effective de 
I'aciditC. 

Des essais furent aussi effectuCs en milieu 
2.32 M H2S04 avec le perchlorate ou le nitrate 
d'ammonium; cependant une rCaction Ctait 
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- 
0 . 2 2 -  

0 . 2 0  - 

- 
v, 0.18 - 
W _I 

- T E M P S .  MIN 
MILIEU 2.32 M H 2  SO4 

observte dans l'essai B blanc spectrophoto- 
metrique (en absence de chlorure) comprenant 
le sel d'ammonium et le chlorate de sodium. 
Les rtsultats dkmontraient toutefois un accrois- 
sement du taux de la riaction [I] plus grand que 

sel de sodium correspondant, et 
CONCENTRATION DE SEL A J O U T E  , M m&me plus grand que celui du lithium pour le cas 

du nitrate. Ceci est probablement dO B une rtac- 
Fig. 2. Effets ioniques specifiques du NaCI04, KCIO4, tion entre 15ion ammonium et le &lore, ce qui 

KNOB, NaNO, et LiNO, sur le taux de reaction de 1.20 
M NaC10, et 0.300 M NaCl en milieu 2.32 M &so4 diminuerait l'effet inhibiteur de ce dernier sur le 
25.0 + 0.1 "C. Ordonnee = log (pente initiale du trace taux de la rCaction [I]. 
absorption-temps avec sel ajoute/pente initiale des don- 
nees de base), obtenue & A = 0 par extrapolation des 
rapports de pentes i A = 0.2, 0.7 et 1.2. Le chiffre qui Interprktation 
suit la formule du sel ajoutk est la pente initiale de la 
courbe representee, en (mole/])-l. Pour tliminer les d3Crences d'association 

ionique, seules les pentes initiales des courbes 
reprisenttes aux Figs. 1 et 2 sont compartes. 
De ces valeurs on tire les rapports 

1 1  I 1  I ' l l  I I (-) = 1.8: fs) = 3.1; 

2.32 M HzSOd 2.32 M HrS04 

Z 

0.4 - ye) = 2.2; (-) = 2.9; 

5.00 M HzS04 2.32 M HzS04 

3 . 8 0  M H2S0q 
0 . 0 7 5  M N O C ~  (@) = 2.0; ta) = 2.9 

0.1 5 M N O C ~ O ~  - 

2.32 M HzS04 5.00 M HzSOa 
0 20 40 60 80 100 120 140 160 I80 200 

TEMPS, S 
MalgrC l'incertitude assez grande des rapports 

des pentes initiales des courbes, en particulier 
FIG. 3.  Differences de I'effet inhibiteur du chlo~e B dans le cas des sels de potassium, les rapports 

diverses aciditis pour la reaction [I]. Les pentes lnitlales 
des traces sont reprksentkes en pointill&. ci-haut dtmontrent une certaine specificit6 
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TABLEAU I 
Comparaison des rapports des pentes initiales en 2.32 M HzS04 avec les nombres d'hydratation 

H +  Li + Na + K C  C10,- NO,- 

(a) Rapports des pentes expkrimentales 
(b) Nombres d'hydratation des chlorures: 

Robinson and Stokes (4) 
(c) Nombres d'hydratation des chlorures: 

Monk (5) 
(d) Nombres d'hydratation ionique: 

Glueckauf (6) 
(e) Nombres d'hydratation ionique: 

Glueckauf and Kitt (7) 
Cf) Nombres d'hydratation ionique: 

Monk (8) 

ionique sur l'accroissement de taux de la rCac- 
tion [I]; l'effet du sodium est B peu prks deux 
fois plus grand que celui du potassium, et celui 
du perchlorate est B peu prks trois fois celui du 
nitrate. Ces rtsultats peuvent Ctre comparts aux 
nombres d'hydratation du Tableau I. En posant 
les valeurs respectives de 0.3 et 0.15 de Gluec- 
kauf et de Monk pour le nombre d'hydratation 
du C104-, le rapport exptrimental C104- : NO3- 
de 3: 1 donne 0.1 et 0.05 respectivement pour le 
nombre d'hydratation de l'ion nitrate. Ces va- 
leurs sont consistantes avec la valeur de ztro 
donnte par Glueckauf ainsi que par Monk. 

Les effets du LiN03, NaNO, et KNO, en 
milieu 2.32 M H2S04 peuvent &tre comparts 
avec les nombres d'hydratation de Robinson et 
Stokes (4), Glueckauf (6, 7) et Monk (5, 8). Le 
Tableau I dtmontre que les rCsultats sont sensi- 
blement en accord avec les rapports des nombres 
d'hydratation de Robinson et Stokes (4) pour 
les chlorures correspondants, ou encore avec 
ceux calcults par Monk (5). I1 y a aussi accord 
approximatif avec les rapports des nombres 
d'hydratation ionique obtenus par Glueckauf 
(6, 7) ainsi qu'avec ceux calcults par Monk (8). 

Les Figs. 5 et 6 reprtsentent les courbes de 
Van't Hoff pour la rtaction [I]. Celles-ci don- 
nent un ordre moyen de 12 par rapport & la 
concentration stoechiomttriq~ie du H,S04 dans 
l'intervalle 2-6 M. Les donntes de Young et 
Blatz (9) indiquent que d'une fagon approxima- 
tive [H + ] = 1.3 [H2SO4] dans l'intervalle 2-6 
M H2S04,  d'oc la rtaction [I] peut Ctre con- 
sidtrte comme Ctant d'ordre 12 par rapport au 

4zF'  ' I ' I ' I ' I ' I I ')p14,. 
PENTE = ORDRE: 12-13 

H z 5 0 4  

FIG. 5. L'effet du HzSOj sur le taux initial de forma- 
tion du CIOz pour la reaction [I]: 0.100 M NaC103, 
0.0050 M NaC1. 

RG. 6. L'effet du HzS04 sur le taux initial de forma- 
tion du CIOz pour la reaction [I]. 0.500 M NaC103, 
0.0750 M NaCI. 
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H + .  D'autre part il a CtC dCmontrC B partir des 
m&mes donnCes (2) que le taux de la reaction [I] 
est d'ordre 4-5 par rapport B I'activitC molale de 
l'acide sulfurique. L'aciditC du milieu exerce 
donc une influence considCrable sur le taux de la 
rCaction [I]. 

Le parallele Ctabli entre I'influence des ions 
ajoutCs et les nombres d'hydratation suggere que 
l'accroissement du taux de la rCaction par les sels 
ajoutCs est dO B leur pouvoir d'abstraction d'eau. 
Leur prtsence diminuerait la concentration d'eau 
"libre" (c.B.d. d'eau non rattachCe aux ions), 
augmentant ainsi l'aciditt effective. 

Cette conclusion est CtayCe par l'observation 
que les tracks absorption-temps en milieu 2.32 M 
H,SO, en prCsence des sels de sodium, lithium 
et ammonium prCsentent une diminution de 
pente qui est beaucoup plus petite que celle 
obtenue avec peu ou pas d'addition de sel, ou 
encore addition de sel de potassium; or, il a 
aussi CtC observC (Fig. 3) que la diminution de 
pente dCcroit avec augmentation dYaciditC. (La 
disparition des rCactifs eux-m&mes est trop petite 
pour entrainer des changements de pente signi- 
ficatifs durant le temps d'observation de la 
rCaction.) 

Discussion 
On peut tenter de placer la conclusion quali- 

tative ci-haut sur une base plus quantitative. On 
peut supposer qu'une augmentation de la con- 
centration d'acide sulfurique entraine les deux 
effets suivants. 

(a) Une augmentation de la concentration des 
protons ou des protons hydratCs (effet stoechio- 
inCtrique H'). 

(6) Une diminution de I'activitC de I'eau, elle- 
m&me entraEnCe par l'hydratation des protons 
(effet activitC d'eau). 

Si on parvient B dCmontrer que l'effet (b) est au 
moins aussi grand que I'effet (a) sur la rCaction 
[I], on expliquerait pourquoi l'addition d'un 
ion tel que Li' (qui a un nombre d'hydratation 
semblable B celui de H+) entraine un effet d'ac- 
croissement sensible du taux de la reaction [:I.], 
alors m&me que 17effet (a) est absent. 

Une augmentation de concentration du H,S04 
de 2 M ii 6 M correspond B une augmentation de 
la concentration des protons par un facteur de 
trois (9); inais I'augmentation d7aciditC effective 
est beaucoup plus grande, telle que dCmontrCe 
par les donnCes qui menent au concept de la 
fonction d'aciditi (lo), 1'activitC des solutions 

d'acide sulfurique dCterminCe par mesure de 
tensions de vapeur (1 I), ou encore par l'ordre de 
12 dont il est question ici. Ces fortes augmenta- 
tions d'aciditC effective peuvent &tre expliquCes 
d'une f a ~ o n  phtnomCnologique en employant 
des fonctions d'aciditC ou des coefficients 
d7activitC. Bascombe et Bell (12) ont cependant 
donnt une interprktation plus detaillie du com- 
portement des solutions des acides forts (jusqu'g 
8 molale) en fonction de la tktrahydratation du 
proton. Leur interprktation est supportCe par 
les conclusions indkpendantes d'Ackerman (14), 
de Wyatt (15), de Glueckauf (6,7) ainsi que par 
une sptculation (13) sur la pentahydratation 
globale de l'acide sulfurique. 

Il y a probablement plus de quatre molCcules 
d'eau assocites B chaque proton; Ackerman (14) 
fait la distinction entre une couche d'hydratation 
inttrieure et une couche secondaire, et Wyatt 
(17) remarque que le nombre d7hydratatioi du 
proton de quatre n'est qu'une moyenne. 

Des Cchelles d'hydratation trks difftrentes ont 
Ctt obtenues (16), et le choix de l'une d'elles en 
particulier, comme celle de Glueckauf ou encore 
celle de Monk peut &tre critiquC. Ces dernieres 
Cchelles donnent des nombres d'hydratation d'B 
peu prks ztro pour des anions tels que C1- et 
NO3-, ce qui est aussi discutable. Cependant il 
y a souvent bon accord entre les rapports de 
nombres d'hydratation provenant d'tchelles 
diffkrentes: en outre des tchelles telles que celle 
de Glueckauf ou celle de Monk ont l'avantage de 
se conformer a un nombre d'hydratation pro- 
tonique de quatre; ce dernier peut &tre considirt 
tout simplement comme un paramktre d'hydra- 
tation relatif (aux autres ions). 

Ciizitiqtze de la riaction chlorure-chlorate 
La cinitique de la rCaction [l] a CtC dCterminCe 

(2) en milieu 2-6 M H,S04. I1 fut observC que 
Na' exerce une influence marqute sur le taux 
de la rCaction, contrairement B l'ion nitrate. 
Ainsi l'ordre par rapport au chlorate a donc pu 
etre dCterminC en maintenant la concentration 
de Na' constante par I'addition de quantitCs 
appropriCes de NaNO, B des concentrations 
initiales de NaC10, variCes (2). Le mCcanisme 
proposC lorsque le rapport chlorate:chlorure est 
appriciable est le suivant. 
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d'ou dtcoule l'equation de taux [4] si l'on tient 
compte du terme pour l'eau contrairement ce 
qui a CtC fait dans rCf. 2 

A "haute" aciditt (6 M H2S04) l'ordre par rap- 
port au chlorate se rapproche de l'unite (1,2) et 
l'effet inhibiteur du chlore est plut6t faible 
(Fig. 3); a "basse" acidit6 (2 M H2S04) l'ordre 
par rapport au chlorate se rapproche de 2 et 
l'effet inhibiteur du chlore est relativement 
accentue (Fig. 3). A haute acidit6 [H,O] est 
petit (1 1) relativement a sa valeur a basse aciditt 
tandis que le contraire est le cas pour [H+]. 
On peut donc supposer qu'en milieu 6 M H2S04  
k,'[Cl,][H,O] < k,[H+][ClO,-I, d'ou 

et qu'en milieu2 M H2S04 k2'[C12][H20] > 
k, [Hfl[C103-I, d'ou 

Ces Cquations de taux expliqueraient les obser- 
vations expkrimentales quant a l'influence des 
concentrations de chlorate, de chlorure et de 
chlore sur le taux de la reaction [I]. 

Efet  de l'acidite' 
ConsidCrons maintenant l'effet de lYaciditC sur 

la reaction [I]. Soit 1'Cquilibre entre le proton 
tetrahydrate et H +, 

dont la constante d'equilibre 

En substituant cette derni6re expression dans 
1'Cquation de taux [4] il vient 

La validit6 de 1'Cquation de taux [7] peut &tre 
virifike assez facilement entre 2 et 4.4 M 

H2S04,  car l'ordre de la reaction [l] par rapport 
au chlorate est encore relativement grand (1.5 2 
4.4 M H2S04 (3). On peut donc encore ntgliger 
en premikre approximation l'effet du chlorate 
dans le denominateur de 1'Cq. [7]. Comparant 
les taux de formation du bioxyde de chlore 
4.39 M H2S04  et 2.02 M H2S04, 

dCmontrant que l'effet activitC d'eau est au 
moins comparable a l'effet stoechiomCtrique H +. 

I1 s'ensuit que l'ordre par rapport a la con- 
centration stoechiomCtrique du H2S04 entre 
2.02 M et 4.39 est Cgal a log 515011og (4.3912.02) 
= 11 ce qui correspond sensiblement a l'ordre 
expkrimental trouvC pour la region d'acidite en 
question (voir Figs. 5 et 6). (Des doilnCes cint- 
tiques en acidite moindre que 3 M n'ont pas CtC 
obtenues pour les concentrations chlorate- 
chlorure de la Fig. 5.) 

La bonne concordance est peut Etre un peu 
fortuite, compte tenu des approximations utili- 
sCes; cependant si l'on prend des nombres d'hy- 
dratation protonique de 3 ou de 5 au lieu de la 
valeur de 4 prtconiske par Bascombe et Bell, le 
calcul ci-haut donne des ordres de 9 et 13 
respectivement pour l'ordre par rapport au 
H2S04 stoechiometrique dans l'intervalle 2-4.4 
M. 

Les idCes de Bascombe et Bell peuvent donc 
servir a expliquer l'ordre experimental Cleve par 
rapport au H2S04 stoechiometrique; ces idCes 
nous m6nent aussi A considkrer un effet d'acti- 
vitC d'eau qui est au moins comparable a 
l'effet stoechiomCtrique H + ,  expliquant pour- 
quoi la prCsence d'un ion comme Lif exerce 
autant d'influence sur le taux de la reaction. Ces 
concepts permettent une explication plus dt- 
taillee qu'anttrieurement de la variation de l'effet 
inhibiteur du chlore avec 1'aciditC: ceci dicoule 
d'une consideration du dknominateur de 1'Cq. [7]. 

La reaction [l] peut donc Etre considerke 
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au lieu de 

Page 984, colonne droite, ligne 10: lire 22.3 
271 = 6032aulieu de 22.4 x 230 = 5150. 

Page 984, colonne droite, ligne 15: lire 6C 
au lieu de 5150. 

Page 984, colonne gauche, Cq. [7] : lire 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



comme un amplificateur chimique pour l'ob- conseils; l'un de nous (F. L.) remercie la FacultC 
servation des effets d'hydratation en raison de de G6nie et de Sciences Appliqutes de 1'Univer- 
l'exposant Clevt de l'activitC de l'eau dans 1'6- sit6 de Toronto pour l'octroi d'une bourse de 
quation de taux. recherche. 

Conclusion 

1. Les effets d'accroissement de taux de la 
rCaction [l] peuvent &tre rattachCs aux nombres 
d'hydratation ionique des sels ajoutCs; ceci 
indiquerait que l'addition d'ions bien hydratts 
aux solutions aqueuses de haute acidit6 aurait 
pour effet d'augmenter davantage leur acidit6 en 
rtduisant lYactivitC de l'eau: une telle interprB 
tation permet de justifier l'ordre tr2s ClCvC de la 
rCaction [I] par rapport B la concentration 
stoechiomCtrique du H,SO,. 

2. Pour l'ttude cinCtique des rCactions en 
milieu de haute aciditC, il n'est pas suffisant de 
maintenir la force ionique 'gCnCrale' constante; 
il faut plut6t maintenir constante la force ionique 
spkcifique (c'est ce qui a dili &re fait (2) pour 
Ctablir l'ordre de la rCaction [I]). 

3. Du point de vue technologique, l'addition 
d'un sel relativement tr2s soluble comme le per- 
chlorate de lithium augmenterait considkrable- 
ment le taux de production du bioxyde de chlore 
dans le procCdC technique "R-2" (18-20), mEme 
B acidit6 relativement basse. 
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Coordination of silicon tetrafluoride with alicyclic ethers and dimethyl ether 

Departmetzt of Chemistry, McGill University, Montreal, Quebec 
Received October 2, 1967 

Tensimetric titrations at -78' of silicon tetrafluoride with ethylene oxide, trimethylene oxide, tetra- 
hydrofuran, tetrahydropyran, and dimethyl ether prove the formation of only 1 :2 complexes, SiF4.2- 
(ether). All are unstable at 25' and either dissociate completely, as do SiF4.2(CH,),0, SiF4.2(CH,),0, 
and SiF4.2(CH3),0, or decompose into SiF, and a polymethylene oxide polymer, as do SiF4.2(CH2),0 
and SiF4-2(CH2)30. Silicon tetrafluoride does not coordinate with 1,4-dioxane in the range -94 to 25" 
and less than 1 atm pressure. Condensed phase heats of dissociation of SiF4.2(ether) complexes follow 
the order ( C H Z ) ~ O  ?. (CH2)40 > (CH2)50 2 (CH2),0 > (CH3)20, which suggests that this is the 
relative order of basicities towards S1F4. 
Canadian Journal of Chemistry, 46, 987 (1968) 

Introduction ometry of the complexes, and the variation in 
Few coordination compounds of silicon tetra- stability with ring size of the cyclic ethers. 

fluoride and oxygen electron-pair donor mole- 
cules have been prepared and characterized. 
Muetterties (1) has described SiF4.2(CH3),S0, 
SiF4.2(CH ,),NCHO, and SiF,.xCH ,COCH,- 
COCH, (where x is indefinite). More recently, 
Isslieb and Reinhold (2) have reported SiF4.2- 
(C6H5),P0, SiF4.2(C6H 1),PO, SiF4.2(CH3),- 
NO, and SF4-2C5H5N0. These 1 :2 complexes 
illustrate the marked tendency of silicon to  
exhibit a coordination number of six, which is 
especially evident in complexes of silicon tetra- 
fluoride with nitrogen electron-pair donors (1). 
Although alcohols form 1 :4 complexes, SiF4.4- 
ROH in which R is CH,, C2H5, i-C,H,, and 
i-C5Hll  (3, 4), these probably do not involve 
eight-coordinate silicon. In a recent detailed 
study of SiF,-4CH30H, we concluded that this 
complex contains tetracovalent rather than hexa- 
covalent silicon and strong hydrogen bonds 
between methanol and each of the fluorine atoms 
(5). 

The only previous report of an interaction 
between silicon tetrafluoride and an ether is that 
by Schmeisser and Elischer (6), who found that 
ethylene oxide forms a 1 :2 complex which de- 
composes at 10-15" to give 1,4-dioxane. Surpris- 
ingly, 1,4-dioxane does not coordinate with 
silicon tetrafluoride (6), neither do phenyl ethyl 
ether and isopropyl phenyl ether (3). As part of 
our continuing interest in the coordination com- 
pounds of silicon tetrafluoride, we have studied 
its interaction with aliphatic cyclic ethers, 1,4- 
dioxane, and dimethyl ether. Our object has been 
to  determine the conditions of temperature and 
pressure required for coordination, the stoichi- 

Experimental 
Reagents 

Commercial samples of ethylene oxide, trimethylene 
oxide, dimethyl ether, and silicon tetrafluoride were 
purified by vacuum distillation at low temperatures. 
Tetrahydrofuran, tetrahydropyran, and 1,4-dioxane were 
refluxed over freshly cut sodium for 1 h and then fraction- 
ally distilled until their boiling points agreed with litera- 
ture values. The purities of all gaseous conlpounds were 
checked by measurements of their vapor pressures, 
nlolecular weights, and infrared spectra. 

Apparatus 
Volatile materials were lnanipulated in a conventional 

glass high-vacuum apparatus which had stopcocks 
lubricated with Kel-F grease and ground-glass joints 
equipped with Viton rubber O-rings. 

Infrared spectra in the range 4000-650 cm-I were 
recorded on Perkin-Elmer model 21 or Infracord 
spectrophotometers. Dissociation pressures were mea- 
sured with a standard tensimeter (7), the temperature of 
which was kept constant to k 0.2' at any chosen tempera- 
ture in the range -94 to -114". Pressures were measured 
to k0.1 mm with a cathetometer. 

Results 
Preparation of SiF4.2(CH,) ,O 

In a typical experiment, SiF, (8.12 mmoles) 
was condensed in a vacuum over (CH,),O (6.07 
mmoles) and the temperature of the mixture was 
increased slowly from -195 to -78". After the 
mixture had been kept at -78" for 30 min, the 
excess of SiF, (5.06 mmoles) was removed by 
distillation at - 129", and a white solid remained. 
These results proved that SiF, and (CH,),O had 
combined in a mole ratio of 1 : 1.99, correspond- 
ing to the formula SiF4.2(CH2),O. This com- 
pound and all other 1:2 SiF,-ether complexes 
are formulated as molecular addition compounds 
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on the basis of their physical properties described 
later. 

The infrared spectrum of the gas phase at 25" 
in equilibrium with the solid complex at -65" 
consisted of bands due to SiF, superimposed on 
those of (CH,),O. The molecular weight of this 
gaseous mixture was 87.2, which compares favor- 
ably with 85.1, calculated on the assumption that 
complete dissociation had occurred and that the 
liberated SiF, was completely in the gas phase 
while (CH,),O exerted its equilibrium vapor 
pressure of 10.0 mm at -65". It was not possible 
to correct for any lowering of the vapor pressure 
of (CH,),O by dissolved complex; such a 
correction would raise the calculated value and 
thus bring it into closer agreement with the ex- 
perimental one. 

When the temperature of the 1 :2 complex was 
raised to 25", all of the remaining SiF, (3.04 
mmoles) was recovered and a colorless, non- 
volatile, and viscous liquid resulted, free from 
ethylene oxide and 1,4-dioxane, the most likely 
contaminants. The infrared spectrum of the 
viscous liquid resembled that of 1,4-dioxane 
except that absorption bands were broader, 
especially the band in the 1125-1045 cm-' range 
which is characteristic of the C-0-C stretch- 
ing vibration. A similar broad band has been 
observed in the spectra of polyethyleneglycol 
polymers and in ethylene oxide - acrylonitrile 
copolymers (8). The broadening of the C-0-C 
stretching band and the physical properties of 
the nonvolatile product strongly suggest that it 
is an ethylene oxide polymer. 

It was not possible to obtain pure SiF4.2- 
(CH,),O by a direct synthesis using excess 
(CH,),O initially. Unconsumed (CH,),O could 
not be distilled from the mixture of (CH,),O and 
SiF,.2(CH2),O because the complex has an 
appreciable dissociation pressure at the temper- 
ature at which (CH,),O can be distilled. There- 
fore, the complex was first prepared at -78" by 
condensing excess SiF, (8.12 mmoles) with 
(CH,),O (6.07 mmoles); additional (CH,),O 
(8.32 mmoles) was added, and then the tempera- 
ture of the mixture was raised to 25" for 1 h. The 
following fractions were obtained by distillation 
of the product mixture at temperatures in the 
range -78 to 25': (i) a mixture of SiF, and 
(CH,),O which could not be separated by dis- 
tillation (12.9 mmoles; found: molecular weight 
(M), 65.0; calcd. for an ideal 1 :2 mole mixture 

of SiF, and (CH,),O: 64.0); (ii) 1,4-dioxane 
(1.50 mmoles; found: M, 86.0; calcd.: 88.1); (iii) 
a small amount of a dark violet, nonvolatile, 
polymeric material. Thus, there had been a 21 % 
conversion of (CH,),O into 1,4-dioxane and a 
9 % yield of polymer. 

Preliminary experiments indicated that -78" 
was a suitable temperature for the tensimetric 
titration of SiF, with (CH,),O. At this tempera- 
ture the complex is not greatly dissociated and 
any excess SiF, (b.p. -94.8") should be entirely 
in the gas phase. Measured amounts of (CH,),O 
were added in successive small quantities (- 3 
mmoles at a time) to a fixed quantity of SiF, 
(12.2 mmoles). After each addition the mixture 
was warmed quickly to -78" and then kept at 
this temperature for 15 min, after which time the 
pressure became constant. A plot of total pres- 
sure against mmoles of (CH,),O present shows 
that the pressure decreased linearly and ap- 
proached the vapor pressure of pure ethylene 
oxide (- 5 mm at -78") at a mole ratio (CH,),- 
O/SiF, equal to 2.03, corresponding to the com- 
plex SiF4.2(CH,) ,O. 

In the tensimetric titration of (CH,),O under 
the conditions used in the previously described 
reverse titration, the pressure remained close to 
5 mm (the vapor pressure of (CH,),O at -78") 
until the mole ratio (CH,),O/SiF, decreased to 
about 2, after which the pressure increased 
rapidly as more SiF, was added. Extrapola- 
tion of the final linear portion of this plot to 
5 mm pressure gave a mole ratio of 2.00, con- 
firming the formation of the 1 :2 complex, SF4.- 
2(CH2)20. 

Preparation of SiF4.2(CH,) ,O 
Under experimental conditions identical with 

those used in the preparation of SiF4.2(CH2),O, 
SiF, (1 1.9 mmoles) and (CH,),O (3.86 mmoles) 
combined in a 1 :2.05 mole ratio as evident from 
the amount of uncombined SiF, (10.0 mmoles). 
Infrared and molecular weight measurements 
showed that the gas phase at 25" in equilibrium 
with the solid at 0" consisted of only SiF, and 
(CH,),O. (Found: M, 75.0. Calcd.: M, 73.4, 
assuming complete dissociation of the complex 
in the gas phase and that the liberated SiF, and 
(CH,),O are completely gaseous. The vapor 
pressure of (CH,),O of 125 mm at 0" was not 
established due to the large volume of the 
reaction vessel.) 
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A tensimetric titration of SiF, with (CH,),O 
(added in small portions) showed a combining 
ratio (CH,),O/SiF, = 2.24. The discrepancy 
from the expected 2.00 is probably due to some 
polymerization of (CH2),0. During the titration, 
the temperature of the mixture had to be raised 
at a rate of lo per min to  minimize polymeriza- 
tion. When the tensimetric titration was done in 
reverse, i.e. by addition of successive small por- 
tions of SiF, to  a fixed amount of (CH,),O, 
combining ratios of (CH2),0 to  SiF, were 
always abnormally high, usually greater than 
4: l .  This shows clearly that in the SiF,-(CH,),O 
system polymerization is enhanced when more 
(CH,),O is present than is necessary to  produce 
the 1 :2 complex. When (CH,),O (8.00 mmoles) 
was added to previously prepared SiF,.2(CH2),- 
0 (1.88 mmoles) and the temperature of the 
mixture was increased to  25" for 12 h, the prod- 
ucts were SiF, (1.8 mmoles) and a colorless, 
viscous, nonvolatile polymer. Thus, SiF, had 
simply catalyzed the polymerization of (CH ,),O. 

An infrared spectrum of the crystalline SiF4.2- 
(CH,),O was taken at -195" using a low- 
temperature infrared cell. A sample of the com- 
plex was sublimed in a vacuum at 3" onto an 
NaCl plate cooled to -195". It was difficult to  
obtain a good spectrum because, in spite of 
repeated attempts, the thickness of the crystal- 
line film was not uniform and much of the infra- 
red beam was scattered by the microcrystalline 
deposit. Nevertheless, it was possible to  identify 
the following absorption bands: CH, stretching 
at 2955,2935, and 2870 cm-I; CH, deformation 
at  1500, 1450, and 1375 cm-I ; C-0 stretching 
at 11 13 cm- ' ; Si-F octahedral stretching at 720 
cm-I. The intensity of the last band decreased by 
about 75 % when the sample was removed, con- 
firming that the band was due mainly to an 
absorption by the sample. The remaining ab- 
sorption was undoubtedly due to  SF6'- formed 
by an interaction of SiF,-2(CH2),0 with the 
NaCl surface. A similar reaction occurs between 
gaseous SiF, and NaCl plates (9). 

Preparation of SiF4-2 (CH,) ,O 
Slow cooling of a mixture of SiF, (4.94 

mmoles) and (CH,),O (4.01 rnmoles) from 25 to 
-78" resulted in excess SiF, (2.84 mmoles) and 
a white solid which contained SiF, and (CH,),O 
in a mole ratio of 1 :1.91, corresponding to the 
complex SiF,-2(CH2),0. In several other ex- 

periments combining ratios in the range 1 : 1.91 
t o  1 :2.13 were also obtained. 

On raising the temperature of the complex 
from -78 to 25", complete dissociation into SiF, 
and (CH,),O occurred, as shown by infrared 
and molecular weight measurements on the gas 
phase in equilibrium with the liquid at 25". 
(Found : M, 93.9. Calcd. : M, 98.0, assuming 
complete dissociation of the complex in the gas 
phase and establishment of the vapor pressure of 
(CH,),O (125 mm) at 25".) The absence of 
polyinerization was evident from an infrared 
spectrum of the liquid phase which showed only 
the presence of (CH,),O. 

A tensimetric titration in which (CH,),O was 
added in successive small portions to SiF, (9.43 
mmoles) confirmed the formation of only a 1 :2 
complex, as did the reverse titration of (CH,),O 
(20.10 mmoles) by successive additions of SiF,. 

Preparation of SiF,.2(CH2) ,0 
No visible reaction occurred when SiF, (9.03 

mmoles) and (CH2),0 (2.21 mmoles) were mixed 
and kept at 25" for 30 min. However, the amount 
of unreacted SiF, (8.00 mmoles) recovered by 
distillation at - 129" indicated that an inter- 
action in a mole ratio of 1 :2.14 had occurred at  
this temperature, producing a white solid corre- 
sponding to the complex SiF,.2(CH2),O. The 
large discrepancy between measured and theo- 
retical ratios is undoubtedly due to  the fact that 
the complex is formed only below -54.3", as 
evident from subsequent dissociation pressure 
measurements. At this temperature (CH,),O 
(m.p. -49") is a solid so that the complex prob- 
ably forms slowly at a gas-solid interface. 

Infrared and molecular weight measurements 
on the gas in equilibrium with the liquid at 25" 
confirmed that the complex was completely dis- 
sociated in the gas phase at  25". (Found: M, 
95.0. Calcd.: M, 97.5, assuming complete dis- 
sociation of the complex in the gas phase and a 
vapor pressure of (CH,),O of 70 mm at 25".) An 
infrared spectrum of the liquid phase at 25" 
showed only the presence of (CH2),0. 

Erratic pressure-composition plots were ob- 
tained in tensimetric titrations of SiF, with 
(CH2),0 at -95". Pressure readings were always 
higher than expected on the assumption that a 
1 :2 complex, SiF4.2(CH2),0, had formed, and 
the change in slope of the plots was too gradual 
to  show the combining ratio with any degree of 
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TABLE I 
Temperature-pressure data for the SF,-1,4-dioxane system 

SiF, 1,4-Dioxane Observed Calculated 
partial partial total total 

Temperature pressure pressurea pressure pressureb 
("C) (mm) (mm) (mm) (mm) 

aThe equilibrium vapor pressures of 1,Cdioxane at the temperature quoted. 
busing Dalton's law of partialpressures. 

accuracy. These difficulties are attributed, as their temperatures were increased slowly until a 
before, to  the occurrence of a slow gas-solid pressure of about 0.5 mm was observed; there- 
surface reaction between SiF, and (CH,),O at after pressure measurements were made at 
temperatures below -49", the melting point of intervals of about 5 to 10". To be certain that an 
(CH,),O, above which the complex has a high equilibrium existed at each temperature, a 
dissociation pressure. sample of the gas above the solid complex was 

Preparation of SiF4.2(CH3) ,O 
A mixture of SiF, (3.83 moles) and (CH,),O 

(3.09 mmoles), prepared at 25" and cooled slowly 
to - 129", gave unreacted SiF, (2.29 mmoles) 
and a white solid in which the combining ratio of 
SiF, to  (CH,),O was 1 :2.01, corresponding to 
the formula SiF4.2(CH3),0. This complex dis- 
sociated completely into SiF, and (CH,),O at 
25", as shown by infrared and molecular weight 
measurements on the gaseous mixture at this 
temperature. (Found: M, 65.4. Calcd.: M, 65.4 
for a 1 :2 mole mixture of SiF, to  (CH,),O.) The 
formation of only a 1 :2 complex at -78" was 
also confirmed by tensimetric titrations. 

Attempted Reaction of SiF, with 1,4-Dioxaize 
Silicon tetrafluoride (1.96 mmoles) and 1,4- 

dioxane (10.80 mmoles) were condensed together 
and pressures were measured in the range -94 
to 25" and compared with the total pressure 
calculated assuming no interaction and ideal 
gaseous behavior according to Dalton's law of 
partial pressures. The results (Table I) prove that 
no interaction had occurred in the range -94 to 
25". An infrared spectrum of the gas phase in 
equilibrium with the liquid at 25" showed ab- 
sorption bands of SiF, superimposed on those of 
1,4-dioxane, while a spectrum of the liquid phase 
contained absorption bands only of 1,4-dioxane, 
proving that no SiF, was dissolved. 

Heats of Dissociation 
Solid SiF4.2(ether) complexes were prepared 

at low temperatures as previously described and 

pumped off and a constant pressure wasallowed 
to reestablish. True equilibrium at a given tem- 
perature existed if the pressure before and after 
the pumping off procedure were identical. 
Pressure-temperature measurements were made 
until the complex decomposed irreversibly, as 
evident by an abnormally large pressure increase 
and failure to observe identical pressures before 
and after the pumping off procedure. Equilib- 
rium pressures, approached from above as well 
as from below a given temperature, were identical 
in the temperature ranges given in Table 11. 

The heats of dissociation summarized in 
Table I1 were calculated from the slopes of the 
linear log p,,, against T-' plots using the inte- 
grated form of the ~lausius-clapeyron equation. 
Slopes were determined by the method of least 
squares and error limits are expressed in terms of 
standard deviations. 

Discussion 

Preparation of SiF4.2(etlzer) Con7plexes 
The results show that SiF, reacts with ali- 

cyclic ethers and (CH,),O to form white, solid 
1 :2 complexes which are stable at -78". These 
complexes are not sufficiently stable to be ob- 
tained by simply bubbling SiF, through solutions 
of ethers at 25", as had been attempted unsuc- 
cessfully by Muetterties (I), although he was able 
to prepare SiF,-oxygen donor complexes such 
as SiF,.2(CH3),SO, SF4-2(CH3),NCH0, and 
SiF4.xCH3COCH2COCH3 (where x is un- 
certain) using this technique. In the preparation 
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TABLE I1 
Heats of dissociation of SiF4.2(ether) complexes 

Temperature-pressure data Heat of dissociation 
Complex W ,  mm) AHI0 (kcal mole-') 

of SiF4.2(CH ,) ,O and SiF4.2(CH,) ,O it was 
necessary to warm a SF4-ether mixture, con- 
taining a small excess of SiF,, slowly from - 195" 
(thus providing a good "heat sink" for the heat 
of reaction) to a temperature at which reaction 
would just occur and then prevent any further 
increase in temperature in order to minimize 
polymerization of the ethers. The excess of SiF, 
was removed at a temperature at which the dis- 
sociation pressure of the complex is negligible. 
For the preparation of the other SiF,-2(ether) 
complexes, the ether molecules of which do not 
readily polymerize, it was best to cool the SiF,- 
ether mixture containing a small excess of SiF, 
slowly from 25" to a temperature sufficiently low 
to stabilize the complex, and then remove the 
excess of SiF, by distillation at this temperature. 
It is not possible to obtain pure SiF4.2(ether) 
complexes by a direct synthesis using an excess 
of ether initially, because the complexes dissoci- 
ate at temperatures below which the excess ether 
can be distilled. 

Ge~zeral Properties of SiF4.2(ether) Complexes 
All of the SiF4.2(ether) complexes prepared 

are white solids stable at low temperatures. They 
did not appear to have a stable liquid state and 
were completely dissociated in the gas phase at 
25". Only SiF,.2(CH2),O could be sublimed 
into colorless crystals which were stable only 
below 13.6". By contrast, ether complexes of 
GeF, (10) and BF, (11) are more stable than 
those of SiF,. Thus, GeF4.2(ether) complexes, in 
which the ether is (CH,),O, (CH,),O, and 
(CH,),O, are stable solids at 25", although 

GeF,.2(CH2),O decomposes above -78" (10). 
Complexes of BF, with (CH3),0, (CH,),O, and 
(CH2),0 are stable liquids at 25", and BF,.- 
(CH,),O and BF,.(CH,),O boil without de- 
composition (11). Although SiF, did not react 
with 1,4-dioxane even at -94", GeF, forms a 
1 :1 complex which sublimes at 12j0, and BF, 
forms 1:l and 2:l complexes both of which are 
stable at 25", the former being a white solid and 
the latter a colorless liquid. 

Complexes of (CH,),O with SiF,, GeF,, and 
BF, are all similar in their thermal decomposi- 
tion into 1,4-dioxane and a nonvolatile polymer. 
These complexes also react with an excess of 
(CH,),O to produce 1,4-dioxane and a polymer, 
indicating that they catalyze the dimerization 
and polymerization of (CH,),O. The mechanism 
of these reactions is probably similar to that 
proposed for the BC1,-(CH2),0 system (12). In 
the thermal decomposition of SiF,.2(CH2),O, 
SiF, was liberated quantitatively and a non- 
volatile, colorless polymer remained. However, 
SiF4.2(CH2),O and SiF,.2(CH2),0 dissociated 
into their component parts without polymeriza- 
tion of the ethers. 

The ease of sublimation and dissociation of the 
SiF4.2(ether) complexes, as well as the presence 
of an Si-F octahedral stretching vibration band 
in the infrared spectrum of SiF4-2(CH,),O at 
- 19j0, strongly suggests that the complexes are 
octahedral molecular adducts in the solid state, 
although the possibility that they are ionic 
cannot be ruled out. The spectrum of SiF4.2- 
(CH,),O was not sufficiently resolved to indicate 
whether ether molecules were in either cis or 
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TABLE 111 
Comparisons of heats of dissociation 

Heat of dissociation 
Dissociation process (kcal mole-') Ref. 

SiF4.2py(,) = SiF4(,, + ~ P Y , , ,  33.1 16 
SiF4.2iq(,) = SiF4(,) -k 2iq(,,,,,, ,,I,) 31.9 16 
SiF4.2NH3,,) = SiF4(,, + 2NH3(,, 54.6 17 
BF3.(CH3)20(s) BF3(g) + (CH3)zO(s) 13.3 18 
B F ~ . ( C H ~ ) L O ( ~ )  = BF3(,1 + (CHz)aO(s) 13.4 18 

trans octahedral positions. This uncertainty can 
be resolved only by a detailed X-ray crystallo- 
graphic study. 

Heats of Dissociation of SiF4.2(etlzer) Cotnplexes 
In the determination of the measured heats of 

dissociation, AH,', reported in Table 11, it was 
assumed that the complexes were completely 
dissociated in the gas phase. In the temperature 
range that dissociation pressures were measured, 
the dynamic equilibrium was considered to be 

KP 
SiF4.2(ether),,, F), SF,(,, + 2(ether)(,,, except 
for SiF4.2(CH,),0 where the (CH,),O was a 
solid in the temperature range over which 
pressures were measured. To  calculate the equi- 
librium constant, K,, it was necessary to assume 
that the complex was involatile and that the 
vapor pressure of the liquid ether was negligible 
by comparison with the pressure of SiF,. This 
assumption is justified because even (CH,),O, 
the most volatile ether used, has a vapor pressure 
about 100 times less than that of SiF, in the 
range -94 to  -56'. Similar assumptions were 
made in the calculation of thermodynamic data 
of BF,-ether complexes (11). Thus, the disso- 
ciation pressure of the complex is due entirely to 
SiF,, which gives simply K, = p(atm), and the 
Clapeyron equation, AH0 = -(2.303R Alogp)/ 
AT-', was used to  calculate AH0, since the plot 
of log p against T- '  is equivalent to  log K,, 
against T-'. 

complex and AH,' is the heat of sublimation or 
vaporization of the ether. Therefore, AH,' - AH,' - AH,' + AH,', so that the measured 
heats of dissociation must be corrected in order 
to  obtain the true heats of dissociation. Even 
though values of AH,' are not known, they are 
probably similar in as closely related a series of 
compounds as SiF4.2(alicyclic ether). The heats 
of vaporization, AH,', are reported (13) only for 
(CH,),O and (CH,),O; they are 6.10 and 5.14 
kcal mole-' respectively. In the absence of com- 
plete data for AH,' and AH,', it is not justifi- 
able t o  attach much significance to  the absolute 
values of the measured heats of dissociation. 
Nevertheless, we believe the trend (CH,),O > 
(CH2)40 > (CH2)50 2 (CH2)20 > (CH3)20 
is real and reflects the relative order of basici- 
ties towards SiF,. Exactly the same order has 
been inferred by others who used a variety of 
experimental methods (14, and references cited 
therein). Previous attempts to rationalize this 
order are examined critically in a separate article 
in which a new explanation based on electro- 
negativity theory is proposed (15). 

Complexes of SiF, with nitrogen electron-pair 
donors have much higher, and BF,.ether com- 
plexes only slightly lower, heats of dissociation 
than SiF4.2(ether) complexes, as evident from 
the data in Table 111. Thus, Si-0 coordinate 
bond energies appear to  be less than half those 
of Si-N and B-0 coordinate bonds. 

- 
The measured heats of dissociation, AH,', 

are related t o  the true gas phase heats of disso- Acknowledgment 
ciation, AH,', by the following cycle: We are grateful to  the Defence Research Board 
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Isomerization of dideuteroethylene photosensitized by Cd(3P,) 

SHIGERU TSUNASHIMA, SHUN-ICHI HIROKAMI, AND SHIN SATO 
Departrrlerlt of Applied Pliysics, Tokyo Institute of Tecl~riology, Ookayarna, Meguro-krc, Tokyo, Japarz 

Received August 23, 1967 

An investigation of the Cd(3Pl)-photosensitized isomerization of dideuteroethylene has been made 
over the temperature range 275-350 "C. Principal primary products in the reaction of trarls-1,Zdideu- 
teroethylene are cis-1,2- and nsynl-1,l-dideuteroethylenes. Minor products are ethane, acetylene, and 
+butane, in amounts which are about three orders of magnitude smaller than those of the isomers. 

Decon~position of ethylene into hydrogen and acetylene, which is the principal mode of reaction in the 
case of Hg(3PI), was scarcely observed for the Cd(3Pl)-photosensitized reaction. 

The two-excited-states mechanism previously proposed (1, 2) has been applied to explain hydrogen 
atom scrambling and cis-trans isomerization. I t  has been found necessary to modify the above mechanism 
to explain the results. 
Canadian Journal of Chemistry, 46, 995 (1968) 

Introduction 

In the period 1940-1942, LeRoy and Steacie 
investigated Cd(3Pl)-photosensitized decomposi- 
tion of ethylene (3-5) and found that the ethylene 
molecule underwent very little decomposition, 
but strongly quenched excited cadmium atoms, 
while in the Hg(3P1)-photosensitized reaction, 
ethylene deconlposed into hydrogen and acety- 
lene (6). 

Recently, the reactions of ethylene and par- 
tially deuterated ethylene photosensitized by 
mercury (7-9), benzene (I), and benzene 
derivatives (2) have been studied in detail. 
Hydrogen atom scrambling and cis-trans iso- 
merization were explained in terms of the two- 
excited-states mechanism. Differences in the rate 
constants for the isomerization reaction of 
ethylene excited by various photosensitizers 
were ascribed to differences in the amounts of 
energy transferred from the pl~otosensitizers. 
A triplet-triplet energy transfer has been assumed 
in the case of the photosensitizations by benzene 
and benzene derivatives. The energy of the 
Cd(3Pl) atom is 87.7 kcal, which is nearly equal 
to the energy of benzene triplet (84.4 kcal). 
Photosensitization by Cd(3P1) may then give 
rise to reactions similar to those sensitized by 
benzene. With this prospect in mind, a study of 
the Cd(3PI)-photosensitized reactions was under- 
taken over the temperature range 275-350 "C. 

Experimental 
Materials 

Trans- and cis-dideuteroethylenes were synthesized by 
the method previously reported (10) and nsynl-dideutero- 
ethylene was kindly supplied by Professor Tanaka (Tokyo 
Institute of Technology). Cis-2-butene was purchased 
from Takachiho-Shoji Co. Gas-chromatographic analysis 

showed no impurity except for 0.13% traru-2-butene. 
Six 9's cadmium metal was purchased from Soekawa 
Chemical Co. Ltd. 

Apparatus 
Two cadmium resonance lamps with argon (2 mm) as a 

buffer gas were used. The two lamps had different light 
intensities (A and B). They were heated in a furnace which 
was kept at  275 OC within &2 "C by an electric controller. 
The 2288 a resonance line was entirely filtered out by 
UV-29 Toshiba Denki glass filters. The reaction vessel 
was a 5 cm diameter cylindrical quartz tube (166 ml). The 
vessel was heated in another furnace, the temperature of 
which was kept constant to within & l  "C. The intensity 
of the cadmium resonance line at 3261 i% was estimated by 
using the Cd(3P,)-photosensitized cis-traru isomerization 
of cis-2-butene as an actinometer (11). When a value of 
0.5 was used for the quantum yield of the isomerization 
of cis-2-butene, the intensity was estimated to  be 0.72 
peinsteinlmin for the lamp A, and 0.32 peinstein/min for 
the lamp B at 275 "C. 

Annl~jsis 
Reaction products were analyzed with a Perkin-Elmer 

125 double beam grating infrared spectrophotometer (2) 
and by gas chromatography using a silica gel column and 
a flame ionization detector. 

Results 

Figure 1 shows the time dependence of the 
mole fractions of trans-, cis-, and asym-dideuter- 
oethylenes at 275 "C, where trans-dideuteroethyl- 
ene (3 mm) was used as a starting compound. 

To check for possible interference from 
mercury-photosensitized reactions, 3 mm of 
trans-ethylene were irradiated by the lamp B 
for 3 h at room temperature without cadmium 
vapor in the cell. No detectable cis-trans 
isomerization or decomposition was observed. 

Table I summarizes the results of the time 
dependence. A 1 : 1 : 1 ratio of trans- :cis-:asym- 
dideuteroethylene was obtained after prolonged 
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REACTION T I M E  (rnin) 

FIG. I .  Time dependence of the Cd(3P,)-photosensi- 
tized isomerization of trans-dideuteroethylene at 275 "C: 
(0) asym-dideuteroethylene; (a) cis-dideuteroethylene; 
(0) trans-dideuteroethylene. 

TABLE I 
Time dependence of Cd(3PI)-photosensitized 
isomerization of dideuteroethylene at  275 "C 

C2HzD2 

Irradiation Cis Asyrrl Trons 
time (min) ( %) ( %) (%) Lamp 

Trarzs-CzH2DZ (3 mni) 
20.2 13.3 66.5 
20.2 14.4 65.4 

Asyrn-CZH2D2 (3 mm) 
6.1 87.9 6.0 

25.7 49.3 25.0 
32.4 34.1 33.5 

Cis-C2HzD2 (3 mni) 
32.9 32.9 34.2 

irradiations (6-11 h) at 275 "C of any of the 
three isomers. These results coincide with those 
obtained by benzene and benzotrifluoride photo- 
sensitizations (1, 2). Asym-dideuteroethylene 
yielded equal amounts of trans- and cis- 
dideuteroethylene in each run. 

Minor products of Cd(3P1) photosensitization 
at 275 "C were ethane, acetylene, and n-butane, 
which were detected by gas chromatography. 

CHEMISTRY. VOL. 46, 1968 

TABLE I1 
Pressure dependence of Cd(3P,)-photosensitized 

isomerization of trons-dideuteroethylene 
at 275,300,325, and 350 "C 

CzHzD* 
Ethylene 
pressure Cis Asyn~ Trans Irradiation 

(mm) ( %) ( %) ( %) time (min) 

16.7 9.1 74.2 
17.4 9.5 73.1 
13.4 4.8 81.8 
13.3 5.5 81.2 
17.6 7.7 74.7 
14.6 5.7 79.7 
13.8 4.7 81.5 
17.2 6.4 76.4 
13.4 4.0 82.6 
19.1 5.0 75.9 

300°C Lamp B 
11.7 8.0 80.3 
14.1 7.8 78.1 
13.9 6.1 80.0 

325°C Lamp B 
18.2 12.7 69.1 
11.4 7.6 80.9 
13.6 7.3 79.1 
17.0 8.8 74.2 
17.4 7.8 74.8 
20.7 9.2 70.1 
18.7 5.7 75.6 

350°C Lamp B 
11.9 8.2 79.9 
14.6 7.8 77.6 
12.8 6.3 80.9 
14.6 7.9 77.5 
16.5 6.8 76.7 
16.3 6.7 77.0 
16.8 5.6 77.6 

Quantum yields of ethane, acetylene, and n-bu- 
tane were approximately 0.9 x 10-3, 1.3 x 10-3, 
and 1.5 x 10-3, respectively. Small peaks of 
C2H2 and C2HD were detected with the infrared 
spectrometer. Even after prolonged irradiation 
(6-1 1 h), noncondensable gas at liquid nitrogen 
temperature could not be detected. The quantum 
yield of decomposition was extremely small 
compared with those of the formation of isomers. 
No isotopic ethylene, C2H3D, and C2HD3 
could be detected in the infrared spectrum. 
Table I1 shows the pressure dependence of 
isomerization at each temperature. 
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TSUNASHIMA ET AL.: ISOMERIZATION O F  DIDEUTEROETHYLENE 

Discussion TABLE I11 

Since practically no decomposition has been Slopes (lc3/kZ), intercepts, and k, 

observed in Cd(3Pl) photosensitization, the k311c2 /c2 :< 
experimental results can be analyzed using the PC) (n~m-I) Intercept W i )  
procedure proposed in the previous papers 
(192). 

275 4 . 8 4 f  0.55 1.39f 0.10 2.47f 0.30 
3 00 4.26f0.35 1.41f0.08 2.74f0.25 

4.0 325 3.85f0.47 1 .34f0 .10  2.9750.39 
350 2.92h0.47 1 .50f0 .10  3.84h0.61 

L 
I I I I 

0 10 20 30 40 

ETHYLENE PRESSURE ( m m )  

FIG. 2. Pressure dependence of the Cd(3P1)-pl~ot~- 
sensitized H-atom scrambling and cis-lrnrzs isomerization 
of  trarrs-dideuteroethylene: -(0) 275 "C; (A) 300 "C; 
(0) 325 "C; (g) 350 "C. 

Figure 2 shows the plots of log (y - z)/log 
(1 - 3x) as a function of the pressure of ethylene 
at each temperature, 275, 300, 325, and 350 "C, 
where x, y, and z stand for the fractions of 
asynz-, trails-, and cis-isomers, respectively. At 
each temperature, an approximately linear 
relationship was obtained. The slopes and 
intercepts at each temperature were obtained 
by the method of least squares. Taking, as 
before, 4.95 A for the collision diameter of 
ethylene, rate constants of the isomerization 
reaction of excited ethylene (k2) have been 
calculated. Table I11 shows the slopes, intercepts, 
and k2  at each temperature. 

In the previous papers (1, 2), we have shown 
that the ratio of two values of k2 can be calcu- 
lated on the basis of the classical theory of 
Kassel. The ratio of k2 obtained by Cd(3Pl) 
photosensitization to that for benzene photo- 
sensitization can be readily estimated by using 
the values 87.7 kcal for the Cd(3P1) atom and 
84.4 kcal for the lowest triplet (3B1,) benzene 

molecule. With these values, the calculated 
P (= (k2)cd/(k2)benzme) is 2.25. Using a value of 
k2 for benzene photosensitization of 8.2 x 107 
s-1 (2), the value of k2 for Cd(3P1) photo- 
sensitization is calculated to be 1.85 x 10s s-1, 
wl~icl~ is 1.4-2.1 times less than the values 
obtained in these experiments. The difference 
must be ascribed to the higher temperature at 
which Cd(3Pl) pl~otosensitization has been 
carried out. The temperature dependence of 
k2 may be accounted for in terms of a simple 
correction in the equation of unin~olecular 
reaction. Corrected vibrational energy of excita- 
tion E* at T OK may be expressed as follows, 

where Hv(TOK) and Hv(293 OK) represent the 
heat capacity of vibration of trans-l,2-dideutero- 
ethylene at the indicated temperatures. The 
quantity ecd is the excess vibrational energy of 
the ethylene molecule photosensitized by Cd(3P1) 
atom at room temperature (293 OK). The heat 
capacity of molecular vibration, H,(T OK), is 
calculated by using the spectroscopic data of 
trans- l,2-dideuteroethylene.1 

Using eq. [ l ]  and the experimental value of 
k2  at each temperature, the values of k2 at 
20 "C are estimated. The average value of k2 
estimated at 20 "C is (2.0 f 0.2) x 108 s-1, 
which is in satisfactory agreement with 1.85 x 
108 s-1 estimated above. However, the real 
temperature dependence of k 2  may be much 
more complex. 

All intercepts shown in Table I11 are larger 
than unity. If the two-excited-states mechanism 
is strictly applicable, the intercepts should 

'To calculate the heat capacity of vibration, the 
following frequency assignments (cm-') were used; 3065, 
3035, 2276, 2271, 1567; 1300, 1282, 1001, 988, 864, 727, 
660 (12). Obtained values for Hv(kcal) (at T°K) are as 
follows: 0.23(293), 1.88(548), 2.12(573), 2.37(598), and 
2.63(623). 
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998 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

always be equal to unity. The discrepancy first applied by Hampson and McNesby (13) to 
ranges over 0.3 to 0.5, which seems to be the decomposition of excited ethylene in a 
greater than the experimental error. A possible number of related systems including the Hg(3P1)- 
explanation for this is that the excited ethylene photosensitized reaction. In a similar manner, we 
molecule initially formed may be stabilized calculated the rates of decomposition of ethylene 
without collisional deactivation through a excited by the Cd(3P1) atom and the triplet state 
different excited state, possibly a highly vibra- of benzene and found that the rates were at least 
tionally excited ground state, which undergoes one order of magnitude smaller than that of 
only cis-trans isomerization. Hg photosensitization. This explains why the 

We propose the process [2'], which competes decomposition of ethylene into acetylene and 
wit11 the formation of E*". hydrogen is not observed in both Cd and 

[21 E* E** 
benzene pl~otosensitizations. 

\ 
12'1 \ E* Acknowledgments 

E+ -> 112 tratzs + 112 cis, The authors are indebted to Dr. S. Maeda for 
where E* represents another state which the infrared analysis. They also wish to express 
stabilizes into ethylene without collision. Then, their thanks to  Dr. K. F. Preston (National 
eq. [6] in the previous paper (2) is modified into Research Council of Canada) for assistance in 
the following form. correcting the manuscript. 

[3] log (y - z)/log (1 - 3x) = 1 + kz'/k? + k,[NI]/kz 

The intercept of eq. [3] becomes larger than unity. 
LeRoy and Steacie measured the pressure 

decrease (quantum yield = 0.02) in the Cd- 
photosensitized decon~position of ethylene and 
observed small amounts of acetylene as a 
product (3, 5). They proposed the following 
mechanism as a primary process. 

141 CZH, + Cd* -> CZH3 + H -k Cd 

We have observed small amounts of ethane, 
acetylene, and n-butane after prolonged irradia- 
tion. These products may be explained by the 
mechanisin 141. 

The decomposition of ethylene into hydrogen 
and acetylene was not observed in benzene and 
Cd pl~otosensitizations. The rate constants of 
decomposition of excited ethylene can be calcu- 
lated by using the Kassel equation, which was 
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Reactions of thiyl radicals. 111. Photochemical equilibrium in the 
photolysis of liquid disulfide mixtures l 

K. SAYAMOL AND A. R. KNIGHT 
Departn~ent of Cl~enlistry and Chemical Engineering, University of Saskntckelvan, Saskntoon, Saskatcheivmz 

Received October 30, 1967 

The photolysis of mixtures of liquid methyl disulfide and ethyl disulfide at room temperature at wave- 
lengths greater than 2300 A has been investigated. The sole detectable product is methyl ethyl disulfide 
which reaches a photostationary state concentration after relatively short irradiation periods. For 
various initial mixtures, the concentration of the three disulfides in the photostationary state can be 
correlated in terms of an equilibrium constant, K = [RSSRf]/[RSSR]'12[R'SSR']'12, whose value is 
2.05 + 0.04. The quantum yield of unsymmetrical disulfide formation in the initial stages of the reaction 
is 330 for an absorbed intensity of 4.70 x lo-' peinsteinlmin when the incident radiation is confined 
to li = 2600 + 50 A. The exceptionally high efficiency of the overall process is ascribed to the chain- 
propagating step 

R'S + RSSR -> R'SSR + RS 
which likely proceeds through attack of the thiyl radical on the S-S disulfide linkage. 
Canadian Journal o f  Chemistry, 46, 999 (1968) 

Introduction 

There have been several reports in the 
literature (1-3) that the liquid phase photolysis 
of mixtures of disulfides, or disulfides and 
mercaptans, gives rise to  unsymmetrical disulfide 
formation, but in general no detailed kinetic 
investigations have been made. Haraldson et al. 
(4) studied the photolysis of alkyl disulfides in 
1 M cyclohexane solution and found a value 
for an equilibrium constant, K' = [RSSR'I2/ 
[RSSR:IIR'SSRf], of 5.0. I t  was noted, however, 
that the approach to  photochemical equilibrium 
was quite slow and that equilibrium could not be 
attained with some systems. The reaction was 
found t o  be more efficient using non-photo- 
chemical methods. 

In Part I1 of this series (5) it was shown that in 
the gas phase methyl disulfide photolyzes with 
S-S bond scission. The main fate of the CH,S 
radicals produced at substrate pressures between 
2 and 25 Torr is recombination to  reform the 
substrate. 

Preliminary investigations2 carried out in this 
laboratory indicated that in the liquid phase 
there was virtually no detectable decomposition 

of pure methyl disulfide, indicating that if the 
same primary process obtained as in the gas 
phase, recombination is essentially the sole fate 
of CH,S. The reported observation of mixed 
disulfide formation on co-photolysis of two 
disulfides is therefore likely due to  the same kind 
of combination reaction involving two different 
RS radicals. 

Experimental 
All experiments were carried out at room temperature 

with samples which were thoroughly degassed by alter- 
nate freeze-pump cycles utilizing a simple high vacuum 
system. Except for the actinometric measurements, the 
reaction cell was a quartz tubc, 10 nlm o.d., that con- 
tained 8 ml of liquid. The portion of the tube above the 
liquid level was shiclded to prevent any gas phase reaction. 
The light source was a Hanovia No. 608A-36 100 watt 
medium pressure mercury lamp mounted in an air-cooled 
housing with Vycor 7910 window to elinli~late wave- 
lengths less than 2300 A. The lamp tube, 2: in. in length, 
was ~llounted with axis parallel to that of the reaction cell. 
Methyl disulfide and ethyl disulfide (Eastman) were 
carefully purified by fractional distillation before use. 

At the end of the reaction the reaction mixture was 
analyzed by thermal conductivity or flame ionization gas 
chromatography using tricresyl phosphate columns. For 
each experiment at least two liquid aliquots were 
analyzed. 

In the actinometric runs the reaction cell was a 23 n ~ m  
square quartz tube containing 20 1111 of sample. The cell 

'Presented in part to the 50th Chemical Institute of was enclosed in a light-tight housing with a 1 in. square 
Chnada Conference, Toronto, June 1967. From the Baird-Atomic interference filter. The filter has a band pass 
thesis to be submitted by K. Sayamol in partial fulfilment centered at 2600 A, with about 15% translllission at 
of the requirements for the M.Sc. degree, University of 
Saskatchewan, Saskatoon. The research for this paper hn,av and did not transmit other wavelengths absorbed by 

was supported by the Defence Research Board of the substrates. 
Canada, grant number 1675-07. Potass i~~m ferrioxalate in aqueous sulfuric acid solution 

2The authors express their appreciation to Mrs. D.  D. was used as the actinonleter (6), and thc absorbed light 
Carlson who carried out these experiments. intensity was determined to be 4.70 x peinstein/min. 
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The formation of methyl ethyl disulfide was confirmed 
via separation of the reaction mixture by fractional 
distillation at  low pressures and mass spectrometric 
analysis of the "mixed disulfide" fraction. 

Gas chromatographic (g.c.) analysis of the reaction 
mixture showed that no detectable quantities of mer- 
captans or other products are formed, even in runs as long 
as 20 h. For ethyl mercaptan, for example, the detection 
limits were such that this product could be present only to 
a maximum of 0.05% of the amount of mixed disulfide 
formed in a given run. 

Birch et al. (2) found that distillation of disulfide 
mixtures must be carried out at  relatively low tempera- 
tures and that the column must be shielded from light, if 
significant thermal or near ultraviolet photochemical 
reaction is to be avoided. In the present work it was 
found that the maximum mole percent of CH,SZCZH5, 
normal b.p. = 131-133 "C, which can be recovered by 
distillation "in the dark", but at  atmospheric pressure, 
was 62.3%, indicating the importance of the thermal 
reaction. Thus the reaction mixture was distilled in the 
dark at  a reduced pressure of 60 Torr where the boiling 
point of methyl ethyl disulfide is 59.5 OC. 

There is also apparently a small amount of dispropor- 
tionation in the injection block or column of the g.c. 
units, which amounted to 0.0044 mole % at 70 OC for an  
equimolar mixture of methyl and ethyl disulfides. This 
thermal blank is negligible compared with the extensive 
amount of photodecomposition in irradiations with the 
full lamp spectrum (h > 2300 A), but must be considered 
in the quantum yield determinations where the amount of 
decomposition is quite small because of the low light 
intensity. 

Results 

Preliminary investigations showed that in 
agreement with previous reports photolysis of 
mixtures of neat methyl disulfide and ethyl 
disulfide yields the unsymmetrical cross product. 
In addition, it was apparent that the rate of 
production of this compound is exceptionally 
large for a photochemical process. The rate de- 
creases with increasing exposure time and 
becomes constant after some 60 t o  80 min of 
irradiation. Further irradiation did not alter the 
proportion of the three disulfides present. 

Figure 1 shows the variation in mole fraction 
of methyl ethyl disulfide for various starting 
CH3S2CH3-C2H5S2C2Hj mixtures, as a func- 
tion of exposure time. In each case the percent 
unsymmetrical disulfide reaches a constant value 
and undergoes no further change for up t o  20 11 
of irradiation. For any particular exposure time 
the same results are obtained regardless of 
whether the irradiation is continuous or inter- 
rupted for analysis at earlier stages in the 
reaction. 

Evidence that the photochemical equilibrium 

CHEMISTRY. VOL. 46, 1968 
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FIG. 1. Variation in mole fraction of methyl ethyl 
disulfide as a function of exposure time for mixtures of 
methyl disulfide and ethyl disulfide in which the mole 
fraction of CH3SZCH3 was 0.206, 0); 0.582, 0 ;  and 
0.875, 0. Filled squares indicate exposure times of 20 h. 

state can be approached from the opposite 
direction is presented in Fig. 2, which shows that 
variation in mole fraction of methyl ethyl 
disulfide as a function of exposure time beginning 
with a mixture of all three disulfides, 91.0% 
CH3S2C2Hj, 6.4% C2H5S2C2H5, and 2.6 % 
CH3S,CH3. The mole fraction of the mixed 
disulfide decreases as the reaction proceeds and 
again attains a constant value. There is some 
indication that the mole fraction of CH3S2C2H, 
may decline after long exposures, but the change 
is hardly outside the limits of experimental error. 

Since it was apparent from these experiments 
that a definite equilibrium state is attained in the 
system, a series of reactions was carried out in 
which various initial mixtures of the two sym- 
metrical disulfides were photolyzed for 120 min, 
well into the equilibrium region, and the mole 
fraction of the disulfides present determined. 
The data are summarized in Table I which gives 
the mole fraction of mixed disulfide at equilib- 
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TIME, min 

FIG. 2. Variation in mole fraction of methyl ethyl 
disulfide as a function of exposure time. The initial 
reaction mixture consisted of 91.0 % CH3S2C,H5, 2:6 % 
CH3S2CH3, and 6.4% CZH5S2CZH5. The filled c~rcle 
indicates the mole fraction after 20 h of exposure. 

rium and the value of an equilibrium constant, 
K, defined as 

and which conveniently correlates the data. The 
choice of this particular function will be dealt 
with below. The table also includes two experi- 
ments in which the starting mixture contained 
inore than the equilibrium concentration of 
inixed disulfide. The value of K as defined by 
eq. [I] remained constant throughout at 
2.05 + 0.04. 

The measurement of the quantum yield was 
carried out using a mixture of methyl disulfide 
and ethyl disulfide in which Xc,,s2cH3 = 0.498. 
Since under the conditions of these experiments 
the amount of reaction in a given tirne is 
relatively small because of the small transmit- 
tance of the interference filter, a simultaneous 

blank run was carried out with an identical 
mixture of disulfides which was kept at room 
temperature and analyzed for mixed disulfide at 
the same time as each of the photolysis runs. 
The amount of exchange in the blank runs 
remained essentially constant with time, indicat- 
ing that the reaction likely occurs during g.c. 
analysis. The amount of mixed disulfide formed 
in the photolyzed samples was corrected for the 
contribution from the thermal reaction. A plot 
of pmoles of mixed disulfide formed vs. time of 
exposure is linear over the range investigated 
(mole fraction CH3S2C2H5 up t o  0.0328), and 
the mean rate is 15.5 pmoles/min. With 
1, = 4.70 x lo-' peinsteinlmin, this rate indi- 
cates a value of 330 for the quantum yield of 
mixed disulfide formation, @c,3s2czH,. 

TABLE I 
Methyl ethyl disulfide formation in the 
photolysis of liquid disulfide mixturesa 

XC~H~S?CH~ X & ~ ~ S Z C Z H ~  K d  

0.122 0.206 2.09 
0.206 0.327 2.02 

"Exposure time = 120 min. 
&Mole fraczion of methyl disulfide present in 

initial mixture of methyl and ethyl disulfides. 
=At equilibrium. 
dEquilibrium constant as defined in text. 
'Starting mixture = 63.4% CH3SIC2HS, 20.6% 

C2HsS2C2H5,, gnd 16.0% CH3S2CH3. 
(From equlllbr~um repton in Fig. 2. 

Discussion 
Both methyl and ethyl disulfides have almost 

identical ultraviolet absorption spectra (7), Amax 
% 2500 A, and assuming equal efficiencies in the 
primary process, their rate of photochemical 
decomposition should be practically the same. 
By analogy with the gas phase photolysis (5), 
the primary process is most likely 

[2 1 RSSR + hv -> 2RS. 

Since no detectable decomposition occurs on 
photolysis of either disulfide alone as pure liquid, 
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the only significant fate of RS radicals under 
these conditions must be the combination 

[3 1 2RS -t RSSR. 

The exothermicity of this equation, equal to  
D(S-S), 67 kcal/mole for R = CH, and 69 
kcal/mole for R = C2H5 (8), will result in an 
excited disulfide molecule but this should be very 
rapidly deactivated in the condensed phase. 

When two different disulfides are co-photo- 
lyzed, reaction [3] will give rise to  the cross 
product (in the present system, CH3S2C2H5). 
As the concentration of this product increases in 
the system it will begin to compete effectively for 
absorption of the incident radiation, and its 
photolysis will become an important source of 
both methyl and ethyl thiyl radicals. 

Since these species can recombine to  yield any 
of the three disulfides, all species will attain a 
photostationary state after some characteristic 
exposure time. In the absence of reactions lead- 
ing to decomposition, the mechanism consists of 
the three reversible processes 

and the overall process can be represented as the 
equilibrium 

to which the equilibrium constant as defined by 
eq. [ I ]  is applicable. Since there should be the 
same photolysis rate for all three species, the 
system amounts simply to  a random mixing of 
CH3S and C,H5S radicals, and therefore a K 
value of 2 would be expected. Thus the obser- 
vation that K = 2.05 + 0.04 indicates that the 
suggested mechanism is an adequate representa- 
tion of the system. To compare this value with 
that obtained by Haraldson et al. (4), we note 
that K' = K2, and thus the data obtained in this 
investigation yield K' = 4.2 + 0.2, as compared 
with 5.0 + 0.2 (4). 

A highly significant feature of this system, 
however, is the large value of the quantum yield, 
6, = 330, which requires that the process be 
characterized by a chain mechanism. Whatever 
process may be invoked must be consistent with 

the important restriction that no detectable de- 
composition occurs. Thus any process which 
requires conversion of thiyl radicals to  products 
other than disulfides can be ruled out. The most 
likely process is an attack of a thiyl radical on 
the S-S disulfide linkage leading to  radical 
exchange and reformation of a disulfide mole- 
cule. For the attack of CH3S on ethyl disulfide, 
or C2H5S on methyl disulfide, the process can be 
written as 

R-S . . . S-R . . 
[8] R'S + RSSR F? 7 1 -> RSSRJ -kRS. 

The suggested form of the cyclic intermediate is 
speculative, but if the stoichiometry of the pro- 
cess is appropriate then the reactant species must 
pass through this or some similar trithiyl 
assembly. 

A reaction of this type has been suggested 
previously (2) on the basis of qualitative evidence 
for extensive photodecomposition in disulfide 
systems. The value of the quantum yield 
obtained from the present work indicates that 
reaction [8], or some similar process which has 
the same net effect, must be by far the pre- 
dominant source of mixed disulfide, and thus the 
contribution from simple recombillation of 
CH3S and C2H,S radicals is relatively minor. 
Assuming perfect efficiency in the priniary pro- 
cess, each absorbed quantum will yield two thiyl 
radicals each of which can undergo reaction [8] 
to form mixed disulfide molecules. Thus the 
chain length will be @/2 or 165. I11 addition, each 
thiyl radical can participate in the analogous 
process with its parent disulfide, but there is no 
direct method of determining the extent of this 
reaction. Under the conditions of quantum yield 
measurements, the concentration of methyl ethyl 
disulfide itself is negligible and since essentially 
equal amounts of methyl disulfide and ethyl 
disulfide are present each thiyl radical, RS, 
undergoes the same number of exchange reac- 
tions with R'SSR', i.e. 165, as with its parent 
disulfide, RSSR. At the intensity used in the 
actinometric measurements, each thiyl radical 
therefore participates in the exchange reaction 
about 330 times before recombining with another 
RS species. 

Reaction [8] also represents an alternative to  
the simple recombination of RS and R'S in 
reaction [2], and therefore this latter process is 
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in effect a chain-terminating step. The chain 
length will thus depend on the photostationary 
state concentration of thiyl radicals in the system, 
and since this will vary with incident intensity, 
the quantum yield will likely be intensity 
dependent. 

Further studies are underway to investigate 
the effect of intensity and also to measure 
quantum yields for a variety of other disulfide 
mixtures. Since the exchange process might be 
expected to require the proximate approach of 
the thiyl radical to the S-S bond, this may 
impose steric restrictions on the efficiency of the 
reaction, which would be manifested by different 

quantum yield values for various disulfides at the 
same incident intensity. 
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Homogeneous rate of recombination of hydrogen atoms 

F. S. LARKIN' 
Department of Physical Cliemistry, Lensfield Road, Cambridge, (Cambriclgeshire), Ellgland 

Received June 8, 1967 

The rate of decay of hydrogen atoms has been measured in a conventional type of discharge-flow 
system at temperatures between 190-350 OK. The recombination fitted the equation 

where Ic, is the first order surface rate constant. No three-body recombination for M = H was observed 
at the low levels of dissociation (2-5 %) employed. When the flow gases contained traces of water vapor 
and (or) oxygen as impurities, the homogeneous rate constants (k,,,) had a small positive activation 
energy which was due to the influence of a surface reaction between hydrogen atoms and the impurities. 
In the absence of impurities, true homogeneous rate constants were obtained. A value of k,,,, = 4.6 + 0.5 x 1015 cm6 mole-' s-' was found at 291 OK. The temperature variation was approximately 
T-'1' over the range 19G350 OK. 

Canadian Journal of  Chemistry, 46, 1005 (1968) 

Introduction 

Most of the work on the rate of recombination 
of hydrogen atoms was carried out between 
1929-1940. Since then, very little work has been 
done on this subject. The early investigators (1-9) 
reported a wide range of values for the homoge- 
neous rate constants at room temperature, and 
opinions about the kinetics of recombination 
varied considerably. Experiments were conduc- 
ted in two ways, viz. by continually pumping 
hydrogen along a cylindrical tube (dynamical 
flow method) or by following the course of the 
recombination in a closed reaction vessel (static 
method). Most investigators found difficulty in 
obtaining reproducible results because of rapid 
wall recombination. Attempts were made to 
poison surfaces, either by adding 2-3% water 
vapor to the system (lo), or by coating the 
surface with a suitable material such as syrupy 
phosphoric acid (1 1). It is important to note that 
the influence of these poisons on the kinetics of 
recombination was not investigated. This is sur- 
prising since it was known that passing water 
vapor through an electric discharge generates 
active species such as 0 and OH (12, 13). This 
problem is discussed in the present work. 

Recently, hydrogen atom recombination has 
been studied at elevated temperatures (1000- 
5000 OK) in shock tubes and hydrogen-air 
flames. In the former method, Patch (14) mea- 
sured atomic profiles by ultraviolet (u.v.) spec- 

'Present address: Department of Physical Chemistry, 
McGill University, Montreal, P.Q. 

troscopy and Rink (15) and Kistiakowsky and 
Gardiner (16) used an X-ray densitometer. None 
of these workers was able to measure the tem- 
perature coefficient of the rate constants, 
but arbitrarily assumed a T-' dependence. 
Sutton (17), however, has reported a T-' depen- 
dence for the third bodies H, and Ar, using an 
interferometer and drum camera technique. 
Comparison of the constants obtained in shock 
tubes with room temperature values indicates an 
overall temperature dependence of approximate.. 
ly T- ' ,  in agreement with Sutton's results. In the 
flame studies (18-20), the rate constants fit 
between the room temperature and shock tube 
results on the basis of a T-' temperature depen- 
dence if the assumption is made that H,O is less 
than an order of magnitude more efficient than - 
H, as third body (see, for example, Dixon-Lewis, 
Sutton, and Williams (18)). 

In the present work, the rate of recombination 
of hydrogen atoms has been reinvestigated in a 
flow system between 190-350 OK. 

Experimental 
Experimental rate constants were measured in a con- 

ventional type of flow system. Figure 1 shows the essential 
parts of the apparatus which consisted of a discharge tube, 
reaction tube, and isothern~al calorimeter. Gases were 
pumped through the reaction tube and a large stopcock 
and trap by a single stage Edward's vacuum pump which 
had a maximum pumping capacity of 420 I/min. A 10 l bulb 
was placed between the trap and pump to  ~11100th the flow 
pattern and pressure fluctuations. Hydrogen atoms were 
produced by passing molecular hydrogen, either pure or 
admixed with an  inert gas carrier, through a 100 watt 17 
mc/s radiofrequency discharge. Gases were admitted 
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I THERMOSTATTED TROUGH I 
L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ I  

FIG. 1. Diagram of the atomic flow system. 

from calibrated flowmeters into the discharge which was 
established in an 8 mni i.d. quartz tube between two 
aluminium foil electrodes (A). The products of the dis- 
charge flowed into a pyrex glass reaction tube, of 2.5 cm 
i.d. and 100 cm long, at thc upstream end of which was a 
multiple hole inlet jet (B) for the introduction of reactants 
with rapid mixing. The whole reaction tube was inclined 
so that it could be immersed in a well-lagged copper 
trough. This contained water for experiments at or above 
room temperature; acetone was used below room teni- 
perature. Hydrogen atom concentrations were measured 
by means of a sliding isothernial calorinieter (C) which 
was inserted into the reaction tube at  the downstream end. 
A Tygon sleeve provided the vacuum seal for the glass 
tube carrying the leads to the head of the calorimeter. Two 
calorimeters were used, each consisting of approximately 
50 cm of 34 S.W.G. 13 % Rh/Pt wire, wound into a spiral. 
Each spiral was connected to a separate Wlieatstone 
bridge and they were niounted in tandem about 2-3 crn 
apart so that the downstream calorimeter could be used 
to determine the recombination efficiency of the first 
spiral, which was always greater than 80%. Experiments 
were generally conducted at total pressures between 2 and 
7 nini Hg and at flow velocities between 250 and 1000 
cm/s. The total pressure in the system was measured at 
each end (D) of the reaction tube by silicone oil manom- 
eters. Hydrogen atom concentrations of up to 5 % could 
be obtained. 

Cylinder gases were used throughout the flow experi- 
ments. Commercial grade "high purity" hydrogen, argon, 
"mineral" helium, and oxygen were obtained from the 
British Oxygen Company. Deuterium of more than 99.9 % 
purity was obtained from the "20th Century Electronics 
Con~pany". In early experiments, hydrogen was passed 
through a "Deoxo" unit at a pressure of 10 p.s.i. to  re- 
move oxygen. Argon and helium were dried at atmos- 
pheric pressure in glass-wool traps at -80 and -196 "C 
respectively. The principal impurity in the inert gases was 
oxygen (less than 0.01 %)which was not removed at first. 
In later experiments, however, flow gases of much higher 
purity were required. Hydrogen was deoxygenated as 
before, but in addition passed through glass-wool and 
molecular sieve traps (B.D.H. grade 4A) at -196 "C and 
atmospheric pressure. Argon was dried at atmospheric 
pressure in a PzO5 trap and then passed directly into a 
silica gel trap at -80 "C to  remove oxygen impurities. 
Further purification of the flow gases was effected by 
passing the hydrogen, or hydrogen-inert gas mixtures, 

through a "Deoxo" unit and liquid N2 trap just before 
entering the discharge. This procedure reduced impurities 
in the flow stream to a level of approximately 1 p.p.m. 

Results and Discussion 

In initial experiments, molecular hydrogen was 
dissociated in unpoisoned reaction tubes, and in 
this case it was always necessary to have some 
water vapor in the hydrogen stream to obtain 
sufficient dissociation (3-5 %). The water vapor 
content was reduced to a suitably low level 
(about 0.05 %) by passing the hydrogen through 
a trap at  - 80 "C just before entering the discharge 
on the low pressure side of the flow-controlling 
needle valve. Atomic conceiltrations were mea- 
sured over distances of up to 50 cm along the tube 
at intervals from 2-7 cm. Table I shows some 
typical values of [HI versus x, where x is the 
distance from the discharge. The rate of recoin- 
bination should be given by the equation 

since the recombination on the surface (k,) is 
first order (21, 22) and the second two terms 
represent the recombination by the homogeneous 
reaction H + H + M = H 2  + M, where M is 
the third body. Plots of [HI-' versus x were 
smooth curves which were nearly linear when 
the atomic flow rates, flow-stream velocities, 
and total pressures were within the range 3-15 
pmoles/s, 250-1000 cm/s, and 2-7 mm H g  
respectively. Under these conditions, the effects 
of pressure drop, axial diffusion, and heat 
gradients were negligible (see Appendix). Experi- 
mental measurements were made only when the 
recombination was predominantly homogeneous. 
The condition k,,,[H][M] > yc/2r (writing k, 
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= y ?/2r, where y is a surface recombination 
constant, r is the tube radius, and Z is the mean 
atomic velocity (23)) is easily satisfied within the 
above experimental conditions for k , , ,  N 1016 
cm6 mole-, s-I (9), y N (21), and over the 
temperature range 190-350 OK. In some cases, 
after many runs, the reaction tube became ab- 
normally catalytic so that surface reactions dom- 
inated the recombination, and plots of [HIp1 
versus x became sharp curves. When this hap- 
pened, the tube was replaced by a new one which 
had been carefully washed with distilled water. 

FIG. 2. Plots of -d log,, [H]/dx versus [HI for dis- 
sociated hydrogen. -d log,, [H]/dx (where x is the dis- 
tance along the reaction tube and IS proportional to 1 )  is 
given in arbitrary units, each of which is equal to 2 x 
cm-'. 

Values of -d(ln [H])/dt for various values of 
[HI were found by measuring gradients of a plot 
of In [HI versus t (or x). Plots of -d(ln [H])/dt 
versus [HI were linear, showing that the last 
term in eq. [l] is negligible and therefore no 
significant third order recombination takes place 
at these low atomic concentrations (2-5 % dis- 

TABLE I 
A typical atomic flow profile for 
dissociated hydrogen. x is the dis- 
tance along the reaction tube from 
the discharge. The data are taken 

from run 3 of Table 11 

H x 
(pmoles/s) (cm) 

sociation). Figure 2 shows some of these plots 
from which k,,, and y can be readily determined, 
since eq. [l] becomes 

During the course of this work, some 30 experi- 
mental runs were made at temperatures between 
190-350 OK, and 10 reaction tubes were dis- 
carded. Table I1 shows the results of some typical 
runs. The values of k,,,, were reproducible at a 
given temperature and did not vary with pres- 
sure. They are thus truly independent of the first 
order surface reaction. Values of y vary con- 
siderably from run to run, and these results are 
therefore similar to those of Smallwood (1) and 
Poole (24), who found that surfaces poisoned 
with water vapor did not have a reproducible 
catalytic activity. 

In all further experiments, the reaction and 
discharge tubes were poisoned with "Dri-film" 
(a mixture of dimethyl-dichlorosilane and tri- 
methyl-chlorosilane (25)). This poison forms a 
very hard inert surface coating of low vapor 
pressure and does not have the disadvantages of 
phosphoric acid coatings which may have re- 
actions with metals or absorb water vapor, etc. 
In the poisoned system, argon (90 %)/hydrogen 
mixtures could be dissociated to the extent of 
3-5% even when the water vapor in the stream 
was well below 0.05%, or excluded altogether. 
Addition of water vapor increased the amount 
of dissociation, but by less than before. It  was 
not necessary to renew reaction tubes during 
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TABLE 11 
Values of kZpH2 and y. The hydrogen contained traces of water vapor as impurity 

(about 0.05 %) 

Run Temp. Total flow rate Pressure kZIH,  x 10-l6 
No. ("K) (pmoles/s) (mm Hg) (cmG ri~ole-z s-') y x lo5 

TABLE 111 
Values of kZ,,, and y. The argon/hydrogen mixtures contained traces of oxygen 

as impurity (less than 0.01 %) 

Run Temp. Total flow rate Pressure kZVAr x 10-l6 
No. ("K) (pmoles/s) (mm Hg) (cm6 s- ') y x lo5 

these experiments since the catalytic activity was 
always approximately constant. Table I11 shows 
the rate constants obtained for argonlhydrogen 
mixtures over the same temperature range as 
before. In runs 6 and 7, the hydrogen was re- 
placed by deuterium. Unfortunately, measure- 
ments had to be made in haste because of a 
limited supply of deuterium, and rate constants 
could be only approximately estimated from 
plots of [DI-l versus t .  The values of y were 
much more reproducible and they agree well with 
those of Smith (21) and Wood and Wise (22) over 
this temperature range. 

The corresponding results obtained with 
helium (90 %)/hydrogen mixtures dried at liquid 
N, temperature are given in Table IV. Runs 7 
and 8 were made with deuterium instead of hy- 
drogen, and rate constants were estimated only 
approximately from [Dl-' versus t plots, as 
before. 

The average room temperature values of the 
homogeneous rate constants and their tempera- 

ture variation for the three bodies are given in 
Table V. The activation energies were determined 
from simple In k,,, versus T-' plots. The present 
value of k,,,, at  room temperature is almost 
identical with the value obtained by Steiner (9) in 
a flow tube of the same diameter. The accom- 
panying positive temperature coefficient raises 
some difficulties, however. If recombination is 
considered in terms of the "rigid sphere" model 
of kinetic theory (26), and Hz* is the first col- 
lision "complex" formed (27), the effective 
collision diameter of the hydrogen atom would 
have to be more than 6 A to account for the 
observed collision frequencies of -1017 cm6 
mole-' s-l. The spectroscopic data on Hz  (28) 
shows that Hz* becomes thermally unstable (at 
room temperature) at atomic separations of more 
than 4 A. I t  is doubtful whether another model 
for recombination could account for the high 
collision frequencies. The most reasonable ex- 
planation of the present results is that the homo- 
geneous recombination was influenced by some 
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TABLE IV 
Values of k2,,, and y. The helium/hydrogen mixtures contained traces of oxygen 

as impurity (less than 0.01 %) 

Run Temp. Total flow rate Pressure kZ,He X 10-l6 
No. ("K) (pmoles/s) (mm Hg) (cm6 mole-2 s- I) y x lo5 

unknown surface reaction (not the first order 
reaction), since the observed positive activation 
energy is similar to reported binding energies 
(29) of physically adsorbed species at room tem- 
peratures. This was the conclusion reached by 
Amdur and Robinson (30), who obtained similar 
results. The explanation may also partly account 
for the large errors found in the temperature co- 
efficients of Ic,,, since a plot of 111 k,,, versus T-' 
would not necessarily be linear in thls case. The 
question of surface reactions requires further 
discussion. 

TABLE V 

Values of k2,>, for three third bodies at  293 OK. The acti- 
vation energies and temperature coefficients are given for 

temperatures between 190-350 "K 

k2.M x 10-16* Activation energy 
M (cm6 mole-' s-') (kcal/mole) 

*Alternatively the results can be expressed as: 
2 . ~ 2  1 101012 x T2.3f0.5 c m G  rn0le-2 s-1. 

1010+2 x T2~4I0.5 cm6 rn0le-2 S-1. k::fiL = 1011+2 x T1.8-10.5 cm6 rnOIe-2 S-1. 

Surface Reactions 
The possibility of additional surface reactions 

besides the normal first order wall recombination 
of hydrogen atoms, when hydrogen containing 
traces of water vapor or oxygen is discharged, 
was not considered by earlier workers in this 
field. However, the early experiments of Geib 
and Harteck (31, 32), and Rodebush and co- 
workers (33, 34), show that when oxygen is 
added to a stream of hydrogen atoms or water 
vapor is dissociated in the discharge, other com- 
plex surface reactions occur which produce 
mainly H, and 0, at room temperature and 

H,O, at liquid N, temperatures. Foner and 
Hudson (35) have reported OH radicals coming 
from the surfacein the H-0, system at room tem- 
perature. There is some evidence (36, 37) for the 
formation of higher oxides of hydrogen (H,O, 
or H,O,) at liquid N, temperatures. During 
experiments with the present flow system, a faint 
but distinct glow could be seen on the walls of 
the reaction tube when hydrogen was discharged. 
The glow disappeared when all water vapor and 
oxygen impurities were removed from the flow 
gases. If oxygen was added before or after the 
discharge, the glow was considerably enhanced, 
thus suggesting that oxygen promotes surface 
reactions with hydrogen atoms. The role of im- 
purities in the gas stream was investigated by 
adding water vapor and oxygen before and after 
the discharge, and observing the effect on the 
hydrogen atom profiles in the reaction tube. 

In these new experiments, atomic hydrogen 
concentrations were normally measured with the 
isothermal calorimeter, but when atomic oxygen 
concentrations also became significant, the con- 
centrations were determined pl~otometrically by 
measuring the intensities of the chemilumines- 
cent HNO and NO, (air-afterglow) emissions. 
The emission intensities were recorded on a 
"Scalamp" galvanometer from the output side of 
an E.M.I. type 9558-B photomultiplier cell 
equipped with infrared (Wratten 88A) and green 
(Wratten 61) transmission filters. The NO con- 
centrations were kept constant and the readings 
through the 61 and 88A filters were converted so 
that they were directly proportional to [O] and 
[HI respectively. This procedure has been de- 
scribed in detail by Clyne and Thrush (38). 

Addition of water vapor (maximum amount 
was 10% of the total flow) through the inlet jet 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1010 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE VI 
Values of k,,,, after addition of 0, or H 2 0  before the discharge 

Flow rate of Flow rate of Flow rate of O2 in flow 
Temp. *Ar/H2 0 2 H z 0  Pressure k2,Ar x 10-l6 stream 
("K) (pmoles/s) (~moles/s) (pmoles/s) (mm Hg) (cm6 mole-2 s-') (pmolesls) 

*Approximately 90% Ar in mixture. 

had no effect on the hydrogen atom profiles. The 
only observable effectwas t o  reduce the catalytic 
activity of the calorimeter spirals and reaction 
tube walls, by surface poisoning. Addition of 
oxygen through the inlet jet accelerated the hy- 
drogen atom recombination by the first order 
reaction (39) 

By adding known amounts of 0, (about 1 %) to 
the products of a discharge through hydrogen in 
an argon carrier, and by keeping hydrogen atom 
concentrations below about 0.7%, the recom- 
bination became predominantly first order so 
that the rate constant for reaction [3] could be 
measured. The results of this work and a com- 
parison with the chemiluminescent measure- 
ments of Clyne and Thrush have been published 
previously (40). When oxygen or water vapor 
was added before the discharge the recombina- 
tion was also accelerated by a first order reaction, 
which was presumably reaction [3]. In addition 
to the reactions in the discharge which might 
convert water to molecular oxygen, OH radicals 
formed in the discharge yield oxygen by the rapid 
reactions (41) 

and 
[5 1 O + O H = H + O ? .  

The second order homogeneous rate constants 
k,,,, were unaffected, however. This is shown in 
Table VI where the values of k,,,, were obtained 
by plotting -d(ln [H])/dt versus [HI, as in pre- 
vious experiments. Since the rate constant for 
reaction [3] was measured, it was possible to 
estimate the concentration of 0, in the flow 
stream from the observed first order acceleration. 

Table VII shows the galvanometer current 
readings from the photomultiplier cell when 
water vapor was added before and after the dis- 

TABLE VII 

Emission intensities through the 88A and 61 Wratten 
filters for addition of water vapor before and after the 
discharge. The experimental conditions were: Argon flow 
373 pmoles/s, H z  flow 31 pmoles/s, total pressure (with- 
out H 2 0 )  4.04 mm Hg, temperature 293 OK. The asterisk 

denotes H 2 0  addition before the discharge 

Wratten H z 0  Dark Final 
filter (pmoles/s) current current 

charge. Nitric oxide was added through the inle 
jet and emission intensities were measured 30 cm 
further downstream. The readings through the 
88A and 61 filter are proportional to [HI and [O] 
respectively. The galvanometer current readings 
are expressed in arbitrary units, each of which is 
equal to 0.048 PA. The concentrations of hydro- 
gen atoms were between 1-2% of the total flow. 
The oxygen atom concentrations were very small 
since the emission intensity due to them is 
approximately 500 times stronger than the 
corresponding intensity for hydrogen atoms (42). 
All current measurements were made in a com- 
pletely darkened room in which even the back- 
ground infrared emission was negligible. The 
dark currents are thus a good measure of the 
intensity of the surface emission. It  can be seen 
that the surface emission was considerably en- 
hanced when water vapor was added before the 
discharge, but remained approximately un- 
altered when it was added downstream (de- 
creases a little, probably due to  surface 
poisoning). In general, there was an enhancement 
of the surface emission whenever oxygen was 
present in the flow stream, indicating a surface 
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TABLE VIII 

Typical atomic flow profiles and values of kz.,,,, kZVH2, and y obtained in Ar/H2 
mixtures containing less than 1 p.p.m. H 2 0  and O 2  impurities 

Run 1 Run 2 

Run Temp. Total flow rate Pressure k,,,, x 10-l5 
No. ("K) (pmoles/s) (mm Hg) (cm6 mole-' s- ') y s lo5 

Run Temp. Total flow rate Pressure kZVH2 x lo-" 
No. (OK) (~moles/s) (mm Hg) (cm6 mole-' s-I) y x lo5 

reaction between hydrogen atoms and oxygen 
(or their reaction products). 

Further recombination experiments were con- 
ducted with very pure flow gases in which water 
vapor and oxygen impurities were reduced to 
approximately 1 p.p.m. Under these conditions, 
dissociation became very difficult. Hydrogen 
could not be dissociated to any measurable 
extent (a problem that other workers have 
reported (43, 44)). Argonlhydrogen mixtures 
could be dissociated to the extent of 2-3 % if the 
discharge was kept cool by air jets. The extent of 
dissociation and surface recombination became 
very dependent on the nature and temperature of 
the surface under these conditions. Plots of 
-d(ln [H])/dt versus [HI were good straight 
lines (see Fig. 3) and fitted eq. [2]. Table VIII 
shows typical atomic concentration profiles ob- 
tained under these new conditions, together with 
the values of k,,,, and y calculated from several 
runs. In runs 1 4 ,  the hydrogen content of the 
mixture was between 4 6 % .  In run 5, the con- 
tent was more than 90 %, so that a value of k2,,z 
could be estimated. k,,,, was taken as 4.6 x 
10" cm6 molec2 s-' for this calculation. 

The rate constants (k,,,) found here are sig- 
nificantly lower than those obtained in flow 
streams containing traces of water vapor or 
oxygen impurities. Moreover, lc,,,, has a tem- 
perature coefficient of approxin~ately T-l t2  

FIG. 3. Typical plots of -d log, ,, [H]/dxversus [HI for 
the recombination of hydrogen atoms in an argon carrier 
(x is the distance along the reaction tube and is propor- 
tional to t ) .  The flow gases contained less than 1 p.p.m. 
O 2  and H,O impurities. 
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TABLE IX 
Comparison of present rate constants with those from shock tube and flame 

studies 

Method 
Temp. 
("K) Ref. 

Flow ;?stem 

Hydrogen-air 
flamzs 

Shock tube 

213 Ar 5 .7k0 .8  Preseg work 
29 1 Ar 4 .6+0.8 

1273 Nz, HZ, etc 5.0 18 
1500 4.0 19 
1650 6.0 20 

compared with the T2.4 coefficient found pre- 
viously. Clearly, the positive temperature co- 
efficient and the high values of Ic,,,, obtained in 
flow streams containing impurities are the result 
of surface reactions, and the present values of 
k,,, are the true rate constants. Figure 4 shows 
a plot of log,, k,,,, versus log,, T and com- 
pares the new rate constants with the shock tube 
data (14, 15, 17). The general agreement is good, 
although the overall temperature dependence of 
k,,,, seems to be closer to the T-' form used by 
the shock tube workers in the interpretation of 
their data than the T-'I2 dependence observed in 
the present experiments. The present values of 
Ic,,,, were obtained by measuring gradients of 
plots of log,, [HI versus x and the limits of 
error given in Table VIII were found from the 
slopes that could be drawn through plots of 
-d log,, [H]/dx versus [HI (see Fig. 3). The 
rather large error limits associated with k,,,, 
will strictly allow the temperature dependence to 
lie anywhere between TO-T-', and the T -  
dependence given here is only an approximate 
value. It should be noted that only in Sutton's 
experiments (17) was a T-' dependence of k,,,, 
observed. 

The values of k,,,, were not changed within 
the accuracy of the experiments, when up to 10 % 
water vapor was added after the discharge. These 
observations were confirmed by measurements 
of HNO emission. It was concluded that k,,,,, is 
not greater than 5 x 10" cm6 mole-' s-I at 
293 OK. Table IX compares the present results 
and the shock tube data with the flame studies 

(18-20), assuming that all the abundant species 
in hydrogen-air flames give similar values of 
Ic,,,. This assunlption seems reasonable in 
view of the value of k,,,,, found here and 
because the only extensive data on temperature 
coefficients of a recombination reaction (iodine 
atoms) for a wide range of third bodies (45,46) 
show that the rate constailts for different third 
bodies become more similar as the temperature 
is raised. It is also interesting to note that the 
values of y in Table VIII are in good agreement 
with Smith's data (21) for water vapor poisoned 
surfaces over the same temperature range. 

FIG. 4. Plot of log,, kz,ar  versus log,, T. Compari- 
son of present room temperature data with shock tube 
data (see Rink (15), Patch (14), and Sutton (17)). 
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The Reconzbination of Deuterium Atoms 
Attempts were made to measure the rate of 

recombination of deuterium atoms by dissociat- 
ing Ar (90%)/D2 mixtures and comparing the 
atomic decay profiles with those for hydrogen 
atoms under identical conditions. These profiles 
were also compared with those for argon/ 
hydrogen mixtures which contained traces of 
oxygen impurities (less than 0.01 %). The experi- 
ments were made in a new flow tube of slightly 
larger internal diameter (2.8 cm). Figure 5 shows 
some plots of -FA In [HI versus [M]j"[H] dx 
(rewriting --;d In [H]/dx = lc, f Ic,,,[H][M] - 
as -vA In [HI = Slc,dx + k,,,[M]S [ ~ l d x ,  
where ! is the mean linear flow velocity). The 
plots were curved in pure flow streams, but were 
linear in those containing impurities. The sensi- 
tivity of the experiments was poor, owing to the 
large proportion of surface recombination. The 
decrease in the rate constant with increasing pres- 
sure in pure flow streams indicates that some of 
the surface recombination is second order (lc,"). 
k,,, was obtained by plotting [MI-' versus k,"/ 
[MI f kz,M after obtaining the values of the 
second term from plots of -5d In [H]/dx versus 
[HI. 5 v a l ~ ~ e  of k,,,, = 4.5 0.5 x 1015 cm6 
mole- s-I (290 OK) was obtained for hydrogen 
atoms, in excellent agreement with the previous 
values. No accurate value of k,,,, for deuterium 
atoms could be calculated because of the poor 
sensitivity of the results. However, comparison 
with the data for hydrogen atoms shows that the 
rate constant is smaller and probably lies be- 

'0 HYDROGEN ATOMS WITHOUT IMPURITIES 

@DEUTERIUM 11 

HYDROGEN 11 WITH II 

O 0 1.00 2.00 3.00 

FIG. 5. Plot of -?A In [HI (and -:A In [Dl) versus 
[MIHHldx (and EMlJ[Dldx). 

tween 1-4 x 1015 cm6 mole-' s-I (293 OK). In 
the flow stream containing impurities, the value 
of k,,,, for hydrogen atoms increased to 6.8 + 
0.5 x 1015 cm6 molep2 s-I (293 OK). 

It is not clear why there is some second order 
surface recombination in these experiments 
which was not observed previously. A likely 
explanation is that the surface of the tube was in- 
completely poisoned, as indicated by the high 
level of surface recombination, and some im- 
purities were adsorbed on the active surface. 
Therefore, this is probably a direct observation 
of the second order surface recombination which 
falsifies the homogeneous rate constants. 

Appendix 

The exact mathematical description of the 
flow method of following fast recombination 
reactions is extremely complicated when the 
effects of surface reactions, radial and axial 
diffusion, and viscous flow are taken into ac- 
count. Recently, Kaufman (23) has summarized 
the limiting conditions whereby the effects of 
diffusion and viscous flow can be neglected for a 
system undergoing first order homogeneous re- 
combination. This treatment can be readily 
adapted for the case of second order recombina- 
tion and allowances can be made for the distur- 
bances arising from the introduction of the iso- 
thermal calorimeter. 

(a )  Pressure Drop 
The most serious pressure drop in the present 

work occurred with Ar/H2 mixtures. Assuming 
Poiseuille flow for a pressure of 3 mm Hg and a 
path length of 40 cm, the drop exceeds 1 % for 
flows faster than about 875 cm/s. The introduc- 
tion of the isothermal calorimeter caused an in- 
creased pressure drop (47), and for a cylindrical 
calorimeter of 0.8 cm diameter, the flow velocity 
must be reduced below 405 cm/s for a pressure 
drop of less than 1 %. The pressure drop arising 
from the recombination of atoms along the tube 
is less than 1 % for 2-3 % dissociation. 

(b )  Dzffsion 
In the absence of radial convection and radial 

diffusion effects, the condition for negligible 
axial diffusion for a homogeneous reaction of 
order n is Dk,,[H:In-'/'v2 << 1 (where D is the co- 
efficient of diffusion, k, the nt%rder rate con- 
stant, and ! the mean linear flow velocity). The 
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worst cases of axial diffusion in the present ex- 
periments arose with pure hydrogen at low linear 
velocities. For C =. 500 cm/s, a total pressure of 
5 mm Hg, and 1.5-2.5 % dissociation, the error 
in the measured rate constant for hydrogen atoms 
is between 1 and 2 %  (taking k2  = 1016 cm6 
mole-2 s-' and D = 2.0 cm2/s at 1 atm). Axial 
diffusion becomes increased when the isothermal 
calorimeter is introduced into the reaction tube. 
The rapid removal of atoms on the calorimeter 
surfaces may cause a large perturbation in the 
atomic flow profile and falsify the measured rate 
constants. Rate constants of second order or 
above are validly determined by calorimetry if 
the condition for negligible axial diffusion is 
satisfied. 

(c) Radial Concentration Gradients 
Radial concentration gradients are only negli- 

gible when diffusion is sufficiently rapid to 
destroy the gradients caused by viscous flow and 
surface recombination. Kaufman's (23) approxi- 
mate formula for radial concentration gradients 
modified for second order recombination shows 
that the worst cases of gradients in the present 
work occurred with high atomic concentrations 
(2-3% dissociation) in argon carriers (D -- 1.0 
cm2/s at 1 atm) and at high pressures (5 mm Hg). 
In these cases, the concentration variations were 
between 1-2%, but in most experiments they 
were below 112 %. 
(d) Heat Gradients 

For small heat gradients, the effects of radial 
convection and heat radiation can be neglected. 
A calculation based on Fourier conduction 
shows that in experiments with Ar/H2 mixtures 
at total pressures of 5 mm Hg and with 1.5-2.5 % 
dissociation, the maximum temperature differ- 
ence in a cross section of the reaction tube was 
from 10-15 OC (taking the conductivity co- 
efficient as 3.9 x cal cm-' s-l  deg-I at 
273 OK and k2  = 1016 cm6 molep2 s-I). In 
hydrogen and helium carriers, the temperature 
differences were only about 1/10 of this. 

(e) Total Experimelztal Errors 
The reliability of the experimental values of 

the rate constants was assessed by estimating the 
total systematic and random errors. The random 
errors were estimated by the method outlined by 
Benson (48). The systematic errors were esti- 
mated by calculations such as those outlined in 

(a), (b), (c), and (d). Under a typical set of ex- 
perimental conditions, the total error in the rate 
constant measurements was found to be approx- 
imately 20 %. 
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Absolute rate constants for hydrocarbon oxidation. VILI. The reactions of 
cumylperoxy radicals1 

J. A. HOWARD, K. U. INGOLD, AND M. SYMONDS' 
Division of Applied Clten~istry, National Research Council of Canada, Otta~la, Canada 

Received October 27, 1967 

Absolute rate constants have been measured for the reactions of cumylperoxy radicals with a number 
of hydrocarbons. The cumylperoxy radicals were produced from cumene hydroperoxide. Sufficient 
hydroperoxide was present to ensure that only cumylperoxy radicals were involved in the rate-deter- 
mining propagation reaction. 

Primary and secondary deuterium isotope effects have been measured for propagation and termination 
in the oxidation of cumene. The rate of hydrogen atom abstraction from ring-substituted cumenes by 
cumylperoxy radicals can be correlated by the Hammett equation using o* substituent constants, p 
= -0.29. Primary and secondary peroxy radicals are about 3-5 times more reactive in hydrogen 
abstraction than tertiary peroxy radicals. 
Canadian Journal of Chemistry, 46, 1017 (1968) 

Introduction includes a contribution from reaction [ll.] as 

The low temperature liquid phase oxidation of well as from the direct termination in reaction 

cumene can be represented 'by the following [6]. The value of 2ktCC depends on the experi- 

reaction scheme3 (1-6). mental conditions since they can affect the 
fraction of CO. radicals. formed in reaction 

Ri 
Initiator -> production of COO. 

kDCC 0 2  

COO. + CH -+ COOH + C. -> COO. 

COO. + COO' 
non-radical 

products 
[COO 00 clcage 

2C0. + o2 
0 2 

CO. - CGH,COCH~ + CH3OO' 

C O O  + C H 3 0 0 .  -> non-radical products 

0 2 
CO. + CH - COH + COO- 

0 2  
C H 3 0 0  + CH -> CH,OOH + COO. 

CH represents cumene, CO' and COO. the 
corresponding alkoxy and peroxy radicals, and 
COOH the hydroperoxide. The overall rate of 
oxidation is given by 

[6(indirect)], which enter into termination via re- 
actions [lo] and [l I.] (4). At 30" kpCC/(21ctC31'2 
= 1.5 10-3 M-112 s-1i2 k cc = 0.18 M-1 

P 
s-I,  and 21ctCC = 1.5 x lo4 M - I  s-I (7).4 The 
termination rate constant is an average of values 
obtained at chain lengths (v) from 25-50 with 
7.17 M cumene. 

The addition of cumene hydroperoxide or 
t-butylhydroperoxide to cumene increases the 
rate of oxidation (3-6). The acceleration is due 
to the reinoval of methylperoxy and cumyloxy 
radicals from the system by the transfer reactions 

kt,,., 
[9] C H 3 0 0  + COOH---+ CH3OOH $- COO. 

[9'] CO. + COOH -> COH + COO. . 

Sufficient cumene hydroperoxide (> 0.5 M at 
30") completely suppresses reaction [1 l] and all 
termination occurs by the direct process of 
reaction [6], i.e. 

where 2ktCC is a composite rate constant which Under tllese conditions the rotating sector 

'NRCC No. 9913. 
2NRCC Summer Student, 1967. 4Hendry (6)  gives ktCC = 1 x lo4 M-I  s-' at 35' 
3The reactions and rate constants are numbered in the which corresponds to 2ktCC = 1.65 x lo4 M-' s-' at 

same way as in ref. 5. 30". 
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method gives kPCC = 0.21 M- '  s-' and 
2k5:ire,,, = 1.1 x 10, M-' s-' at 30" (5). 
However, a more reliable value for 2 k ~ ~ i r , , t )  
= 6.0 x lo3 M-' s-' is obtained by substitut- 
ing kpCC = 0.18 M-  ' s- ' into the limiting value5 
of 1cpCC/(2k~~~irect~)1/2 at high COOH concentra- 
tions. 

In the preceding paper in this series (5) it was 
shown that cumene hydroperoxide could be used 
as a chain transfer agent in other oxidizable 
hydrocarbons. The normal chain-propagating 
ROO' radical is replaced by a COO' radical, 

k,,,", 
R O O  + COOH --> ROOH + COO., 

and the overall rate of oxidation (at sufficiently 
high [COOH]) is given by 

where kpCR is the rate constant for the propaga- 
tion process 

kPCR 
COO. + R H  ----> COOH + R.  . 

In the present paper we have utilized this 
hydroperoxide addition technique to investigate 
deuterium isotope effects and ring substitution 
effects on the oxidation of cumene. Values for 
the cross propagation constants (kpCR) for the 
attack (both abstraction and addition) of cumyl- 
peroxy radicals on a number of hydrocarbons 
have also been measured. 

Experimental 
The experimental technique has been described in the 

previous papers in this series (5, and references cited 
therein). 

Cumene-r-dl, cumene-a-dl-p-dG, and cumene-p-dG 
were obtained from Merck, Sharpe and Dohme. The 
chemical and isotopic purity were checked by vapor phase 
chromatography (v.p.c.) and mass spectrometry (at low 
electron energies), respectively. Cumene-a-dl-p-d, and 
cumene-p-rlG were 99.5-100% pure by v.p.c. and cumene- 
a-dl was 97.5% pure. The deutero-cumenes gave the 
following isotopic analysis, a-dl, do = 2%, d l  = 98%; 
a-dl-p-d6, dG = 7 %, d, = 92 %, d8 = 0.9 %; (3-d,, d, = 

5 %, rl, = 94 %, d, = 0.9 %. For the purpose of the cal- 
culations described below the cumenes were assumed to  
be 100% deuterated in the named positions. 

m- and p-methoxycumenes were prepared from the 
corresponding isopropylphenols (8). p-Nitrocumene was 

prepared by the method of Brown and Bonner (9). in- 
Nitrocumene (99% pure, 1zDZ4 = 1.5277) was isolated 
from the o- and p-isomers by preparative vapor phase 
chromatography (Varian Aerograph, 25' x 3/4" column 
packed with 2% SE-30 on 45/60 acid-washed chromosorb 
W). p-Carbomethoxycumene was prepared from iso- 
propylbenzoic acid (10). m-Bromocumene (11) and p- 
chlorocumene (cf. ref. 12) were prepared from p-nitro- 
cumene. p-Cyanocurnene was prepared by the dehydra- 
tion of p-isopropylbenzaldehyde oxime with acetic 
anhydride. 

Con~mercial cumene hydroperoxide was purified by 
successive conversions to its sodium salt until it produced 
no further increase in the rate of oxidation of cumene (4, 
5). t-Butylhydroperoxide was dried and recrystallized in 
bulk at 0 "C. All the rate constants were measured at 30". 
The measured rates were corrected for gas evolution and 
absorption in the non-propagating reactions. The oxida- 
tions were initiated either thermally using AIBN or 
photochemically using azo-bis-cyclohexylnitrile (ACHN). 
In all cases the rate of initiation Ri was measured by the 
induction period method (13) using 4-methoxy-2,6-di-t- 
butylphenol. 

Results and Discussion 

Deuterium Isotope Eflects 
(i) Deutero-cumenes 
Previous workers have reported propagation 

and termination kinetic isotope effects using 
cumenes of rather low deuterium content. 
Russell (14) calculated the true primary isotope 
effect for hydrogen abstraction, (kpcc)/(lcpc9,D, 
to be 5.5 at 60" using cumene-a-d containing 
58.4% deuterium. Boozer et al. (15) compared 
cumene with two samples of P-deutero-cumene 
containing 1.4 and 3.0 atoms of deuterium per 
molecule.The secondary isotope effect for propa- 
gation was measured by addingp-nitrophenol or 
2,4-dichlorophenol to inhibit the normal termi- 
nation process. Values of (kPCC)/(kpC9, ,,-, 
in the range 1.05-1.27 were obtained at 65". For 
the uninhibited oxidations the overall rate exhib- 
ited a negative secondary isotope effect6 -0.91- 
0.85, which implied that the normal termination 
process has a significant positive secondary iso- 
tope effect. Our own work confirms the existence, 
but not the magnitude, of the isotope effects. 

The rates and rate constants for the oxidation 
of cumene and the three deutero-cumenes are 
summarized in Table I. The two a-deutero- 
cumenes oxidized too slowly for their absolute 
rate constants to be measured directly. The small 
differences in the rate constants for cumene and 

5 F r o n ~  the azo-bis-isobutyronitrile (AIBN) thermally 
initiated reaction at 30'. 

'Our own results indicate a positive isotope effect; see 
Table I. 
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HOWARD ET AL.: ABSOLUTE RATE CONSTANTS FOR HYDROCARBON OXIDATION. VIIl 1019 

TABLE I 
Oxidation of deutero-cumenes at 30 OC (rate constants given in units of M-' s-')  

Peroxy radical ROO. COO." BOO.b 

Substrate (2,$lI2 lo4 k," 2k1 x kPCR kpBR 

Cumene 15.0 0.18 1.5 0.18 0.22 
Cumene-a-d, - - 0.02 0.011 
Cumene-cr-dl-a-d6 0.70 - - 0.013 - 
c ~ ~ r ~ e n e - a - d ~  14.0' 0.15' 1.2= 0.11 0.19 

iCumene hydroperoxide (COOH), 0.5 M. 
I-Butylhydroperoxide (BOOH), 2.2 M. 

'At RI = 3.0 x 10-8 M s-', v = 55, k, = 0.13, and 2kt = 8.0 x 10'. At R1 = 7.3 x 10-8 M s-1 ,  v = 35, 
k, = 0.18, and 2kt = 16.0 x lo3. 

cumene-P-d6 determined with the rotating sector The cumylperoxy and t-butylperoxy propaga- 
are within the limits of error of this technique. tion constants listed in Table I give primary cl- 

Considerably more informative results were deuterium isotope effects, (kPCC)/(kpCC),,, of 8.0 
obtained from the AIBN thermally initiated (cl-dl with COO'), 20 (cl-dl with BOO'), 8.5 
oxidations of the deutero-cumenes in the pres- (cl-dl-P-d, versus P-d6 with COO'), and 20 (from 
ence of excess COOH (2k5:irec,, = 6.0 x lo3 the oxidation rates for the last-named pair). The 
M- '  s-') and t-butyl hydroperoxide, BOOH average isotope effect of 14 + 5 is considerably 
( ~ I C ~ ~ ~ , , , ~ , ,  = 1.3 x lo3 M- I  s-') (16). The higher than the value of 5.5 calculated by 
COOH increased the rate of oxidation (i.e. Russell (14) but it does not seem unreasonable in 
kp/(2kt)'/2) of cumene by 60% but had no effect view of the fairly large activation energy of this 
on the rate of oxidation of cumene-P-d, and cu- reaction (-1 1 kcal/mole8). 
mene-cl-dl-P-d,. This suggests that reaction [ l l ]  The average secondary isotope effect on pro- 
is relatively unimportant for these two deutero- pagation, (k,CC)/(kpCC)pD, M 1.5, i.e. = 1.06 
cumenes under our experimental conditions. + 0.03 per deuterium. This value is larger than 
Two factors are probably operating to produce the values reported for the homolytic decompo- 
this secondary deuterium isotope effect on ter- sition of azo-compounds and per-esters (-1.02 
mination. Firstly, CD; will probably be elimin- per deuterium (23-25)) but is smaller than the 
ated from the cumyloxy-d, radical more slowly values found for S,1 solvolytic reactions of 
than CH; from the normal cumyloxy r a d i ~ a l . ~  t-butylchloride (-1.10 per deuterium (26-28)). 
Secondly, there is now considerable evidence that (ii) Per-deutero-tetra[ilz 
the termination of secondary peroxy radicals The oxidations of tetralin and per-deutero- 
involves a significant kinetic isotope effect if the tetralin were studied in the presence of BOOH. 
cl-H is replaced by deuterium (kdk, 7 1.8-3.0 The rate of the thermally initiated (7.6 x 
(14, 18, 19)). BY analogy, it seems likely that M AIBN) oxidation of tetralin was constant over 
reaction [l 11 will be slower for C D 3 0 0  radicals a range of BOOH concentrations from 0.7-2.2 M 
than for C H 3 0 0  radicals. We feel that the com- and the chain is therefore propagated and ter- 
billation of these two factors can account for the minated by BOO radicals under these conditions. 
reduction in the termination constant from 1.5 The rate constants are: k BR/(2k,BB)1i2 = 43.2 
x lo4 M- '  s-' for cumene to about 6 x lo3 x 1 0 - 3 ~ - 1 1 2 s - 1 / 2  and (k>~/ (2k ," )~~~) ,  = 2.7 
M-' s-' for the P-d6- and cl-dl-p-d,-cumenes. x M-112 s -1 /2  , i.e. kpBR = 1.55 M- I  
Abstractioil of the P-hydrogen in the termination s - ', (kPBR), = 0.097 M - I  s-1 and (/cp),/(kp), 
process, as originally suggested by Boozer et a[. = 16. This isotope effect is a combination of the 
(151, does not seem to be required by our experi- primary cl effect for hydrogen abstraction and 
mental results (cf. Traylor and Russell (3)). secondary cl and P effects. It is more reliable than 

7The radical-chain decomposition of C6H,C(CH,)- 
(CD3)OCI in cyclohexane-CC1, mixtures yields CH3Cl - $El = 6.3 (20) and 6.7 (21) kcal/mole and El  
and CD3Cl in a ratio of 1.4-1.6 from -9 to 75 "C (17). z 9 kcal/mole (6, 22). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE 11 
Rate constants (M-' s-' at 30") for the oxidation of ring-substituted cumenes 

- 
[RH] R, x lo7 

Substituent (MI (Ms-') kD 2/c, x 

p-CH30- 
None 
None 
vz-CH30- 

p-CH3-0-S 
0 

our previous estimate (-57) which was based on 
the:oxidation of the neat hydrocarbons (19). 

The Oxidatiolz of Ring-Substituted Cumenes 
Russell (29) and later Russell and Williamson 

(8) measured the rates of oxidation of a number 
of substituted cumenes. The rates were correlated 
by the Hammett equation using o+ substituent 
constants, p+ = -0.41 (8). The results of co- 
oxidation studies indicated that the termination 
constants were the same for cumene and the 
substituted cumenes. The variation in the rate 
with substituent was therefore assigned to a 
variation in the propagation rate constants. 
Since the co-oxidation procedure is not very 
sensitive to variations in 2kt (19) we have mea- 
sured the absolute rate constants for the oxida- 
tion of three substituted cumenes, rn- and p- 
methoxycumene and p-carbomethoxycumene. 
The results together with the results for cumene 
are given in Table 11. The higher termination 
constants for the substituted cumenes may be 
due to solvent effects of the substituents on the 
rate of the direct and/or indirect termination 
process, since the substituents change the nature 
of the medium. It is also possible that some 
primary peroxy radicals are formed from the 
methoxy or carbomethoxy groups and that these 
contribute to the higher termination constants 
(cf. 8, 29). 

The rate constants for hydrogen abstraction 
from 10 substituted cumenes by cumylperoxy 
radicals are given in Table 111. The cumenes were 
oxidized as 1-2 M solutions in chlorobenzene 
containing 30 .5  M cumene hydroperoxide. The 
rate constants can be roughly correlated by the 
Hammett equation 

The better correlation with o f  implies that there 
is some separation of charge in the transition 
state and the p value is in good agreement with 
previous data (8, 29). However, it is rather sur- 
prising that kpCR is nearly constant for electron- 
attracting substituents with o+ values > 0.405. 

TABLE 111 
Rate constants (M-' s-' at 30") for hydro- 
gen atom abstraction from substituted 

cumenes by cumylperoxy radicalsa 

Substituent 0' kPCR 

p-Methoxy -0.778 o.335 
p-Methyl -0.311 0.225b 
p-Isopropyl -0.280 0.24' 
Hydrogen 0 0.18 
m-Methoxy 0.047 0.18 
p-Chloro 0.114 0.1S5 
m-Bromo 0.405 0.12 
p-Carbomethoxy 0.489 0.13 
p-Cyano 0.659 o.135 
m-Nitro 0.674 0.12 
p-Nitro 0.790 0.12, 

"0.1 15 M IAIBN], 1;2 M [RHI in chlorobcnzcne 
Ri = 1.4 X MS- , v = 30-80, [COOH] 3 0.j 
h1. - - .  

*Corrected for attack on  the p-methyl group. 
CStatistically corrected. 

It is interesting to note that kpCR forp-methyl- 
cumene (p-cymene) is greater than the value 
found for cumene. In contrast, neat p-cymene 
oxidizes more slowly than neat cumene (20, 29) 
because the methyl substituent gives primary 
peroxy radicals which have a high termination 
rate constant. 

It is evident from the propagation rate con- 
stants in Tables I1 and I11 that ring-substituted 
cumylperoxy radicals are very similar in reac- 
tivity to the unsubstituted cumylperoxy radical. 

The Reaction of Cunlylperoxy Radicals with 
Hydrocarbons 

Measurement of the absolute rate constants 
for hydrocarbon oxidation have indicated that 
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HOWARD ET AL.: ABSOLUTE RATE CONSTANTS FOR HYDROCARBON OXIDATION. VIII 1021 

TABLE IV 
Rate constants (M-I s-' at 30') for hydrocarbon oxidation 

- -- 
Propagating radical ROO. (7) COO. 

kpRR/(2klRR)''2 kPCR/(2k$~~rcct))"2 
Substrate x lo3 kPRR x lo3 kPCR kpRR/kpCR 

Toluene" 
Octene-la 
Bibenzyla 
Ethyl benzenea 
Diphenylmethane" 
5-Decyne 
Tetralin" 
Indan" 
9,lO-Dihydroanthracene 

sec-Amylbenzene 
Cumene 
2,3-Dimethylbutcne-2 
2,5-Dimethylhexene-3 

Styrene 
B-Methylstyrene 
a-Methvlstvrene - - 

"Termination constant measured by rotating sector (see text). 
b ~ a l u e  obtained by the use of diphenylmethyl hydroperoxide (15). The directly measured propagation constant (4.8 M-' s-I (19)) and ter- 

mination constant (2kFR = 1.6 x 108 M-I s-' (19)) should be revised to 2.0 and 2.7 x 107 M-1 s-I respectively. The high values of kpRR/kpcR 
for toluene and ethylbenzene also suggest that the directly measured propagation and termination constants should be rev~sed downwards. 

CPreviously reported values (ref. 7, Table 111) are too large by J2. 

tetralylperoxy radicals are about four times as 
reactive as cumylperoxy radicals in hydrogen 
atom abstraction from aralkanes (5). We have 
suggested that primary and secondary peroxy 
radicals are generally more reactive in abstrac- 
tion than tertiary peroxy radicals (5, 30, 31). 
This suggestion can be checked by comparing 
our previously determined (7) oxidation rates 
and absolute propagation rate constants (kPRR) 
with the rates and rate constants (kPCR) obtained 
in the presence of >0.5 M cumene hydro- 
peroxide. The results for 15 hydrocarbons are 
given in Table IV. The kpCR rate constants were 
determined both from thermal and photochem- 
ical initiated oxidations. For those hydrocar- 
bons marked with an " in Table IV the value of 
2k:(5,,,,,, was checked by a rotating sector mea- 
surement. Agreement with the value found in cu- 
mene-COOH mixtures was always satisfactory. 

The results in Table IV show that primary and 
secondary peroxy radicals are generally about 
3-5 times more reactive in abstraction than 
cumylperoxy radicals. However, the tertiary 
peroxy radicals from 2,3-dimethylbutene-2 and 
trans-2,5-diinethylhexene-3 have a similar re- 
activity to cumylperoxy radicals. 

Chain propagation for the styrenes corre- 
spoilds to the addition of a peroxy radical to the 

double bond. The kPRR/kpCR ratios for the 
styrenes giving secondary (styrene and P-methyl- 
styrene) and tertiary (a-methylstyrene) peroxy 
radicals are about 3-5 times larger than might 
be expected. The results of rotating sector 
measurements on these styrenes seem quite 
reasonable in themselves (32, 33). On the other 
hand, there is no obvious reason why the poly- 
peroxy radicals should be more reactive in 
addition than monomeric peroxy radicals (cf. 
ref. 34). The present results raise the distinct 
possibility that the directly measured propaga- 
tion (kPRR) and termination (2ktRR) rate con- 
stants for these styrenes may be too large by a 
factor of about four because of some unappre- 
ciated feature of their copolymerization reac- 
tions with oxygen. 
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NOTES 

Pyrolysis of HNCO vapor1 

R. A. BACK AND J. CHILDS 
Division of Pure Chemistry, National Research Courzcil of Canada, Ottawa, Canada 

Received November 2, 1967 

The pyrolysis of HNCO vapor has been studied briefly at  pressures from 5 to 20 Torr and temperatures 
from 550 to 700 "C. Products observed were CO, Nz, Hz, COz, HCN, and CzNz; the elemental balance 
suggests that NH3 and NHzCN may also have been products. The pyrolysis is complicated by surface 
effects, polymerization, and secondary reactions, and is not amenable to quantitative kinetic studies. 

Canadian Journal of  Chemistry, 46, 1023 (1968) 

The photolysis of HNCO (isocyanic acid) 
vapor has been studied in some detail in this 
laboratory (1-6). The pyrolysis, of obvious 
interest for comparison, has apparently not been 
examined. The present paper describes a brief 
study of the pyrolysis. 

Experimental 
Isocyanic acid was prepared by the reaction of phos- 

phoric acid with saturated aqueous KNCO solution (4). 
The vapor was pyrolyzed in cylindrical vessels, 3 cm in 
diameter, 10 cm long, and about 80 cc in volume, made 
from quartz tubing taken from stock and used with no 
special treatment of the surface. Two series of experiments 
were made. In the first, the vapor was pyrolyzed in a vessel 
permanently mounted within a furnace and attached by 
capillary tubing through a mercury cutoff to the vacuum 
line. In the second series of experiments, HNCO at a 
known pressure was sealed in a well-baked quartz vessel, 
fitted with a break-seal. The vessel was placed in a hot 
furnace for the desired reaction time, then removed, 
attached to the vacuum line via the break-seal, and 
analyzed. 

Products were fractionated at -196 OC, measured in a 
gas burette, and analyzed by gas chromatography, using 
a molecular sieve column for the noncondensable fraction 
and a dinonyl phthalate column for the condensable 
products (1, 4). The quantitative estimation of HNCO 
was difficult because of irregular loss by polymerization 
and decomposition on metal surfaces and columns, but 
with a glass inlet system and glass columns, fair repro- 
ducibility was achieved. 

in 10 min) at 700 "C. Products observed were 
CO, N2,  H2, HCN, and C02 .  Figure 1 shows 
products of the pyrolysis vs. time in the fixed 
vessel at 600 "C with an initial HNCO pressure 
of 5 Torr. The shapes of these curves, and the 
product ratios, are approximately typical of all 
the experiments in the fixed vessel. 

TIME ( M I N I  

FIG. 1. Products from the pyrolysis of HNCO vapor 
at 600 "C and 5 Torr. 

Results and Discussion The loss of HNCO was greater than could be 
The pyrolysis was studied at  temperatures accounted for by the observed products, and it 

from 550 to 700 "C and pressures from 5 to  20 seems probable that trimerization or polymeriza- 
Torr. The reaction was very slow at 500 "C, and tion in the cold tubing leading to the reaction 
almost too fast to study conveniently (complete vessel (in which a white deposit was formed) was 

responsible. The elemental balance of the prod- 
'NRCC No. 9919. ucts suggests that NH3 and NH2CN may also 
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have been formed in the pyrolysis, the former in 
conjunction with CO, N2, and Hz, as in the 
photolysis, and the latter accompanied by CO2. 
Both ammonia and cyanamide are therillally un- 
stable at the temperatures employed, but would, 
however, be expected to form nonvolatile de- 
posits (ammonia as NH4NCO) in the cold tubing 
leading from the reaction vessel, together with 
trimers and polymers of HNCO. Their analysis 
in such mixtures presents serious difficulties and 
was not attempted. 

The somewhat variable loss of HNCO by 
polymerization, and the probable loss of NH3 
and NH2CN by condensation, made quantita- 
tive treatment of the pyrolysis kinetics almost 
impossible. The experiments in the sealed 
vessels, in which the entire vessel was at the 
pyrolysis temperature so that NH 3, HNCO, and 
NH2CN would remain in the gas phase, were 
undertaken to circumvent this problem, and 
showed some notable differences. The nitrogen 
yield was markedly higher, somewhat larger than 
that of CO. The rate of formation of HCN was 
much higher, and increased sharply with in- 
creasing time of reaction, and small amounts of 
C2N2 were observed. These changes are com- 
patible with the occurrence of decomposition 
and secondary reactions of NH 3 and NH 2CN in 
the hot vessel. The results were badly scattered, 
however, and secondary reactions obviously set 
in very early. Reproducibility with both fixed 
and sealed pyrolysis vessels was poor, probably 
because of irreproducible surface conditions. 

Packing the vessel with quartz tubes increased the 
rate sharply, and the reaction order, based on 
initial product yields at several HNCO pressures, 
was zero order above about 10 Torr. The activa- 
tion energy, similarly based, was low ( ~ 2 5  
kcal/mole), and the HNCO loss plotted against 
time showed at low temperatures a levelling out 
characteristic of surface poisoning by a product. 
All these features point to a surface reaction; 
they were more pronounced at 550" than at 600°, 
and less so at 700". 

The present results indicate that the pyrolysis 
mechanism is complex, and is complicated by 
secondary reactions of products and surface 
effects. The similarity of the relative yields of 
CO, N2, and H 2 suggests that free radical reac- 
tions similar to those occurring in the photolysis 
may account for these products, but further 
speculation about the mechanism is unjustified. 
The pyrolysis of HNCO vapor does not seem to 
be easily amenable to quantitative kinetic inves- 
tigation, and further studies are not planned in 
this laboratory at the present time. 

1. J. Y. P. Mu1 and R. A. BACK. Can. J. Chem. 41,826 
(1963). 

2. R. A. BACK. J. Chem. Phys. 40, 3493 (1964). 
3. J. L. BRASH and R. A. BACK. Can. J. Chem. 43, 1778 

(1965). 
4. W. D'. WOOLLEY and R. A. BACK. Can. J. Chem. 46, 

295 (1968). 
5. R. A. BACK and R. KETCHESON. Can. J. Chem. 46, 

531 (1968). 
6. N. J. FRISWELL and R. A. BACK. Can. J. Chem. 46, 

527 (1968). 

Dielectric relaxation and orientational ordering of water molecules 
in hexamethylenetetramine hexahydratel 

D. W .  DAVIDSON 
Division of Applied C/zei?zistry, National Research Council of Cariada, Ottawa, Canada 

Received September 19, 1967 

To account for the dielectric properties of hexamethylenetetramine hydrate, which include a static 
dielectric constant half that of ice, some modification is necessary of the partial orientational ordering 
of the water molecules proposed by Mak. It is suggested that water hydrogen atoms occupy fixed 
positions only in the hydrogen bonds with nitrogen. 
Canadian Journal of Chemistry, 46, 1024 (1968) 

The crystal structure of hexamethylenetetra- amine molecules occupy cavities in a hydrogen- 
mine (HMT) hexahydrate at -20" has recently bonded framework of water molecules, each 
been described by Mak and Jeffrey (1, 2). The cavity being surrounded by eight hexagonal rings 

of water molecules (Fig. 1). Three nitrogen atoms 
'Issued as NRCC No. 9894. of the amine are near enough to water oxygen 
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have been formed in the pyrolysis, the former in 
conjunction with CO, N2, and Hz, as in the 
photolysis, and the latter accompanied by CO2. 
Both ammonia and cyanamide are therillally un- 
stable at the temperatures employed, but would, 
however, be expected to form nonvolatile de- 
posits (ammonia as NH4NCO) in the cold tubing 
leading from the reaction vessel, together with 
trimers and polymers of HNCO. Their analysis 
in such mixtures presents serious difficulties and 
was not attempted. 

The somewhat variable loss of HNCO by 
polymerization, and the probable loss of NH3 
and NH2CN by condensation, made quantita- 
tive treatment of the pyrolysis kinetics almost 
impossible. The experiments in the sealed 
vessels, in which the entire vessel was at the 
pyrolysis temperature so that NH 3, HNCO, and 
NH2CN would remain in the gas phase, were 
undertaken to circumvent this problem, and 
showed some notable differences. The nitrogen 
yield was markedly higher, somewhat larger than 
that of CO. The rate of formation of HCN was 
much higher, and increased sharply with in- 
creasing time of reaction, and small amounts of 
C2N2 were observed. These changes are com- 
patible with the occurrence of decomposition 
and secondary reactions of NH 3 and NH 2CN in 
the hot vessel. The results were badly scattered, 
however, and secondary reactions obviously set 
in very early. Reproducibility with both fixed 
and sealed pyrolysis vessels was poor, probably 
because of irreproducible surface conditions. 

Packing the vessel with quartz tubes increased the 
rate sharply, and the reaction order, based on 
initial product yields at several HNCO pressures, 
was zero order above about 10 Torr. The activa- 
tion energy, similarly based, was low ( ~ 2 5  
kcal/mole), and the HNCO loss plotted against 
time showed at low temperatures a levelling out 
characteristic of surface poisoning by a product. 
All these features point to a surface reaction; 
they were more pronounced at 550" than at 600°, 
and less so at 700". 

The present results indicate that the pyrolysis 
mechanism is complex, and is complicated by 
secondary reactions of products and surface 
effects. The similarity of the relative yields of 
CO, N2, and H 2 suggests that free radical reac- 
tions similar to those occurring in the photolysis 
may account for these products, but further 
speculation about the mechanism is unjustified. 
The pyrolysis of HNCO vapor does not seem to 
be easily amenable to quantitative kinetic inves- 
tigation, and further studies are not planned in 
this laboratory at the present time. 
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2. R. A. BACK. J. Chem. Phys. 40, 3493 (1964). 
3. J. L. BRASH and R. A. BACK. Can. J. Chem. 43, 1778 

(1965). 
4. W. D'. WOOLLEY and R. A. BACK. Can. J. Chem. 46, 

295 (1968). 
5. R. A. BACK and R. KETCHESON. Can. J. Chem. 46, 

531 (1968). 
6. N. J. FRISWELL and R. A. BACK. Can. J. Chem. 46, 

527 (1968). 

Dielectric relaxation and orientational ordering of water molecules 
in hexamethylenetetramine hexahydratel 

D. W .  DAVIDSON 
Division of Applied C/zei?zistry, National Research Council of Cariada, Ottawa, Canada 

Received September 19, 1967 

To account for the dielectric properties of hexamethylenetetramine hydrate, which include a static 
dielectric constant half that of ice, some modification is necessary of the partial orientational ordering 
of the water molecules proposed by Mak. It is suggested that water hydrogen atoms occupy fixed 
positions only in the hydrogen bonds with nitrogen. 
Canadian Journal of Chemistry, 46, 1024 (1968) 

The crystal structure of hexamethylenetetra- amine molecules occupy cavities in a hydrogen- 
mine (HMT) hexahydrate at -20" has recently bonded framework of water molecules, each 
been described by Mak and Jeffrey (1, 2). The cavity being surrounded by eight hexagonal rings 

of water molecules (Fig. 1). Three nitrogen atoms 
'Issued as NRCC No. 9894. of the amine are near enough to water oxygen 
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atoms O(2) to form hydrogen bonds. Water 
molecules O(2) are also hydrogen bonded to 
three water molecules of the second kind 0(1), 
each of which is oilly three coordinated. For 
complete hydrogen bonding, water molecule 
O(2) must be oriented with one OH group close 
to  the O(2)--N line and O(1) must provide H 
atoms to  two of its three hydrogen bonds O(1)-- 
o(2). With no further restrictions, three orienta- 
tions of each water molecule are possible. If all 
allowed orientations are equally likely, the entro- 
py of disorder of N water molecules may be 
shown to be approximately (kNl6) In (65127) = 
0.29 cal deg-I mole-', a value considerably 
smaller than the maximum orientational entropy 
kNln (312) = 0.81 cal deg-' mole-' of the dis- 
ordered ices (3). 

In the X-ray work (2) hydrogen atoms were 
located in the Fourier synthesis patterns not only 
in the O(2)-H - - N bonds but also on O(1)in the 
O(1)-H - - O(2) bonds between hexagonal rings. 
No hydrogen atoms were located within the 
rings. It was concluded (2) that the proton 
positions are ordered except within the rings 
where the possible sites are statistically occupied 
by half-hydrogen atoms. This degree of disorder 
results in only two fully hydrogen-bonded ring 
configurations, those in which all the OH groups 
point clockwise or counterclockwise around the 
ring. Since the rings are independent of one 
another, the entropy of disorder is (kN/6) In 2 = 
0.23 cal deg-I mole-'. This model is inconsistent 
with the dielectric properties of hexamethylene- 
tetramine hydrate, as outlined below. 

The dielectric dispersion locus of Fig. 2 is typ- 
ical of the water-HMT system at low temper- 
atures. Three samples of different composition 
and amine purity were studied. All showed a 
characteristic region of large dielectric absorp- 
tion, together with a smaller region of absorption 
at higher frequencies whose amplitude was 
greatly dependent on the water content of the 
sample. Only a trace of the second absorption is 
apparent in the sample of Fig. 2, which was 
crystallized at 5" from a saturated solution and 
dried at 0" in a Biichner flask under suction and 
on a vacuum line for an hour at < 2 mmpressure. 

The high-frequency absorption region must be 
ascribed to  ice in which the relaxation has been 
shifted toward higher frequencies by the presence 
of impurities, to which the relaxation rate of ice 
is known to be particularly sensitive (4). The 

main absorption region arises from reorientation 
of the water molecules in the hydrate lattice. It is 
still observable at temperatures above the 
eutectic at -9" despite serious overlap by ionic 
conductance after the ice has melted. 

There are only 0.58 as many water molecules 
per cm3 in HMT hydrate as in ice. The static 
dielectric constant is more than half as large as 
that of ice, which is 114 at -57" (5). Reorien- 
tation of a water molecule is therefore associated 
with reorientation of the neighboring water mol- 
ecules to  maintain as great a local correlation 
between the directions of water dipoles as in ice. 
The relaxation rate (Fig. 3) is similar to that of 
ice at high temperatures but is less dependent on 
temperature. The Arrhenius energy is 9.3 kcal 
mole-' vs. 13.25 kcal mole-' for ice (5). The 
maximum value of the dielectric absorption falls 
with decreasing temperature. This is not, how- 
ever, at least to -100°, accompanied by a 
decrease in the amplitude of the dispersion as 
measured by the static dielectric constant. 
Rather, a pronounced broadening of the absorp- 
tion occurs, with the value of the Cole-Cole 
width parameter a increasing from 0.07 at -38" 
to 0.23 at -84". 

These results are consistent with threefold 
orientational disorder at each water-molecule 
site, as outlined in the first paragraph, but not 
with the more ordered structure. Twofold dis- 
order within the hexagonal rings would lead to  a 
negligible polarizatioll at an extremely slow rate, 
since orientational defects would be confined to  
individual rings. The most likely mechanism of 
relaxation involves formation of L defects (hy- 
drogen bonds which lack hydrogen atoms) by 
occasional rotation around the three-coordin- 
ated O(1) sites to  interchange the non-hydrogen- 
bonded lone pair and a hydrogen atom in a 
normal hydrogen bond. L defects can then dif- 
fuse through the three-connected water network 
leaving reoriented fully hydrogen-bonded water 
molecules in their wake. The magnitude of the 
activation energy bears a reasonable relationship 
to that of ice. Thus the formation of one defect 
requires the breaking of only one hydrogen bond 
compared with the two which are broken to form 
a pair of defects in ice (6). Defect diffusion is 
easier in the hydrate than in ice because of the 
greater distortion of the 0- -0- -0  angles from 
tetrahedral values. Moreover, at the O(1) sites 
only one hydrogen bond need be broken in the 
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FIG. 1. The structure of hexamethylenetetramine hexahydrate (1, 2). Hydrogen atoms are shown only in the 
hydrogen bonds to nitrogen. 

FIG. 2. Complex permittivity locus of HMT. 5.8H20 at -53.3". Frequencies are in Hz. 
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NOTES 1027 

FIG. 3. Dependence of frequency of maximum di- 
electric absorption of HMT hydrate on temperature. 
Sample compositions: (e) 5.8, ( x )  9, (0) 10 moles of 
water per mole of HMT. The ice line is from ref. 5. 

diffusion step, in contrast to the two required at 
the O(2) sites and in ice. 

The breadth of the absorption curves reflects 
the presence of some variation in the stability of 
the different configurations of water molecules. 
Consideration of first-neighbor interactions only 
shows orientations of two different stabilities a t  

each of the water-molecule sites. The pronounced 
broadening at low temperatures suggests that the 
energy differences between different orientations 
are temperature dependent. It is possible for this 
trend to result in long-range ordering at temper- 
atures too low for the relaxation to  be followed 
by dielectric measurements. 

Relaxation of the water in HMT hydrate is 
much less sensitive than that in ice to the 
presence of impurities, probably because of their 
reduced ability to  enter the lattice interstitially. 
N.m.r. line narrowing at high temperatures in 
ice, apparently mainly a result of interstitial dif- 
fusion of water molecules, is not so pronounced 
in hexamethylenetetramine hydrate (7). 

Finally, the X-ray results are made fully 
consistent with the structure adopted t o  explain 
the dielectric behavior if the hydrogen atom 
"seen" at O(1) in the bond between rings is 
replaced by, on average, two thirds of a hydrogen 
atom. 

I am indebted to Dr. T. C .  W. Mak for helpful 
correspondence. 
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Preferential solvation of a polar solute by the polar group(s) in the solvents1 

K. K.  DEB^ 
Robert Robit~son Laboratories, Osford Street, Liverpool-7, E~lglrrnd 

Received September 5, 1967 

The rotationally averaged values of the H-H coupling constants in various polar solvents corre- 
sponding to a wide range of overall dielectric constant are reported for 1,1,2-trichloroethane. Except for 
very few solvents, a sn~ooth linear relationship between the observed H-H coupling constants and x 
( = ( E  - 1)/(2& + 1)) of the solvents is demonstrated and the data are interpreted as evidence for prefer- 
ential solvation of 1,1,2-trichloroethane by the polar group(s) in the solvents. 

Canadian Journal of Chemistry, 46, 1027 (1968) 

'This investigation was supported financially by the Science Research Council of Britain. 
ZPresent address: The Chemistry Department, The University of South Florida, Tampa, Florida 33620. 
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FIG. 3. Dependence of frequency of maximum di- 
electric absorption of HMT hydrate on temperature. 
Sample compositions: (e) 5.8, ( x )  9, (0) 10 moles of 
water per mole of HMT. The ice line is from ref. 5. 

diffusion step, in contrast to the two required at 
the O(2) sites and in ice. 

The breadth of the absorption curves reflects 
the presence of some variation in the stability of 
the different configurations of water molecules. 
Consideration of first-neighbor interactions only 
shows orientations of two different stabilities a t  

each of the water-molecule sites. The pronounced 
broadening at low temperatures suggests that the 
energy differences between different orientations 
are temperature dependent. It is possible for this 
trend to result in long-range ordering at temper- 
atures too low for the relaxation to  be followed 
by dielectric measurements. 

Relaxation of the water in HMT hydrate is 
much less sensitive than that in ice to the 
presence of impurities, probably because of their 
reduced ability to  enter the lattice interstitially. 
N.m.r. line narrowing at high temperatures in 
ice, apparently mainly a result of interstitial dif- 
fusion of water molecules, is not so pronounced 
in hexamethylenetetramine hydrate (7). 

Finally, the X-ray results are made fully 
consistent with the structure adopted t o  explain 
the dielectric behavior if the hydrogen atom 
"seen" at O(1) in the bond between rings is 
replaced by, on average, two thirds of a hydrogen 
atom. 

I am indebted to Dr. T. C .  W. Mak for helpful 
correspondence. 
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Preferential solvation of a polar solute by the polar group(s) in the solvents1 

K. K.  DEB^ 
Robert Robit~son Laboratories, Osford Street, Liverpool-7, E~lglrrnd 

Received September 5, 1967 

The rotationally averaged values of the H-H coupling constants in various polar solvents corre- 
sponding to a wide range of overall dielectric constant are reported for 1,1,2-trichloroethane. Except for 
very few solvents, a sn~ooth linear relationship between the observed H-H coupling constants and x 
( = ( E  - 1)/(2& + 1)) of the solvents is demonstrated and the data are interpreted as evidence for prefer- 
ential solvation of 1,1,2-trichloroethane by the polar group(s) in the solvents. 

Canadian Journal of Chemistry, 46, 1027 (1968) 
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Recently a classical theory of the solvent 
dependence of n.m.r. spectrum of rotational 
isomers has been developed (1). The theory 
directly evaluates the energy difference (AE)  
between the different rotamers in a medium as a 
function of the dielectric constant of the medium 
by the equation 

kx 3hx 
[ l ]  AE" AEy - + 7 

(1 - lx) (a - x) ' 
where x = (E - 1)/(2& + 1) and I = 2(nD2-1)/ 
(nD2 + 2), nD being the refractive index of the 
solute. k and h are given by (p: - p;)/a3 and 
(q; - %')/a5, where pg,, and q,,, are the dipolar 
and quadrupolar moments of the trans (t) and 
gauche (g) isomers respectively and 'a' is the 
molecular radius. It may be noted that the under- 
lying principles giving eq. [l] specifically exclude 
any chemical bonding between solute and solvent 
molecules and, in addition, the solvent has been 
regarded as a medium of uniform dielectric 
constant. The second assumption is not valid 
when the effective dielectric constant at the 
solute molecule is not the same as in the bulk 
medium. Such a situation usually occurs with a 
polar solute in the solvents which contain 
strongly polar groups plus a large hydrocarbon 
segment. In such solvents the preferential solv- 
ation of the polar solute by the polar group(s) in 
the solvents would be expected to occur and eq. 
[l] will fail to  describe the existing dependence of 
the relative energies of the different rotamers on 
the dielectric properties of the solvents. The 
present investigation is, therefore, undertaken t o  
represent a brief report of experimental evidence 
for the preferential solvation of a polar solute by 
a large number of polar solvents corresponding 
to a wide range of overall dielectric constant. 
The molecule of 1,1,2-trichloroethane has been 
chosen for the present investigation because of 
the simplicity in its n.m.r. spectrum (A,B 
system). 

The n.m.r. spectra of 1,1,2-trichloroethane in 
various polar solvents were recorded on a 
Varian HA-100 spectrometer at the probe tem- 
perature of 30 "C and, in all cases, 8-10 spectra 
were averaged to determine the value of the 
H-H coupling constants. Solutions of strength 
5 %  by volume were usually used and, in some 
cases, solutions of varying concentrations were 
examined but no substantial dilution changes (2) 
were noticed in the values of the observed H-H 

TABLE I 
The observed H-H coupling constants for 

1,1,2-trichloroethane in various polar solventsa 

Observed 
H-H 

coupling Deviation 
Solvent x (Hz) (Hz) 

Ethyl carbonateb 0.274 5.89 +0.02 
Methyl carbonateb 0.293 5.82 z 0 . 0 2  
12-Butyl stearate 0.292 5.98 kO.02 
Amy1 valerateb 0.339 5.88 Nil 
Ethyl isovalerateb 0.343 5.83 +0.02 
Isoamyl acetate 0.354 5.80 20.02 
Cyclohexyl acetateb 0.361 5.78 L0.04 
Ethyl n-butyrateb 0.363 5.78 kO.01 
Ethyl sebacate 0.364 5.79 k0 .02  
Isopropyl acetateb 0.366 5.74 kO.01 
Isobutyl acetateb 0.367 5.82 k0 .04  
Ethyl propionate 0.374 5.78 k0 .03  
Amy1 formateb 0.380 5.81 k0 .02  
Ethyl crotonateb 0.384 5.76 k0 .04  
Ethyl acetate 0.384 5.74 k0 .03  
Ethyl formate 0.389 5.73 iO.01 
Methyl acetate 0.394 5.75 k0.03 
Diethyl succinate 0.395 5.69 +_0.01 
Dimethyl succinateb 0.400 5.67 k0 .03  
Diethyl malonateb 0.411 5.61 +0.01 
Methvl formateb 0.412 5.70 .. 30.04 
2-0ccanone 0.428 5.61 I 0 . 0 3  
Sextone Bb 0.440 5.54 k0 .02  
4-Methyl-2-pentanone 0.442 5.61 k0 .02  
Cyclopentanoneb 0.445 5.52 k0 .02  
Ethvl acetoacetateb 0.454 5.55 Nil 
3-pentanone 0.455 5.56 k0.02 
Hexane-2,5-dioneb 0.456 5.46 kO.01 
Cyclohexanone 0.460 5.51 f 0.04 
Methyl acetoacetateb 0.462 5.51 LO.01 
Acetylacetoneb 0.471 5.72 k0 .02  

OAl l  spectra wcre recorded a t  5% by volumc solutions in the 
sol\cnts. 

bThc dielectric constants of these sol\cnts ha \e  been mensurcd in 
the present in\cstigrttion,other\~isc thc reported dzta llrt\c been used. 

couplings. The dielectric constants of some of 
the solvents have been measured using the 
capacitance bridge method at the audio fre- 
quency region. Table I lists the values of the 
observed H-H couplings of 1,1,2-trichloro- 
ethane in the various solvents which also includes 
the values of x ( = (E - 1)/(2& + 1)) for the 
solvents adjusted to  30 "C. The plots of the 
observed H-H couplings versus x exhibit a 
smoothly linear relation as depicted in Fig. lb, 
although there seems to be no real prior reason 
for expecting this to  be the case. The best fit 
curve for observed H-H couplings versus x for 
1,1,2-trichloroethane in various suitable solvents 
has recently been computed (3) using the classi- 
cal theory (1) (see Fig. la). It is evident that the 
observed data for H-H couplings in the solu- 
tions of the present series of solvents appear to 
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NOTES 1029 

6 3 to the preferential solvation and, therefore, the 
dielectric constant around the solute n~olecule 
increases from the bulk dielectric constants of 
the solvents. The deviations in the values of the - 

= 5 8  observed couplings from the theoretical curve (3) 
I 
I would directly determine the nature and extent 
9 of such preferential solvation. It is pertinent to 

note that in certain solvents such as ethyl or 
methyl carbonates and acetylacetone apparently 

5 3 
o 2 o 3 o 4 abnormal values of H-H couplings are ob- x ,&% served and such discrepancies may be attributed 

FIG. 1. Plots of the observed H-H coupling con- to  the change in the com~osition of the con- 
stants for 1,1,2-trichloroethane versus x of the various formers due to the specific solvent-solute inter- 
solvents: (a) ideal curved line (as shown in ref. 31, actions not involved in the classical theory (1). (6) observed linear relation. 

be low, which indicates that the dielectric 
constant around the solute is now higher than 
the bulk dielectric constants of the solvents. 
Such results cannot, however, be attributed to 
the formation of any chemical complexes or to 
the changes in the relative energies of the differ- 
ent isomers. On the other hand the results are due 
to the expected preferential solvation of 1,1,2- 
trichloroethane in the polar solvents. The 
electric field of the solute molecule increases due 

The author wishes to thank Dr. R. J. Abraham 
of the Robert Robinson Laboratories for many 
helpful discussions. 
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Electron spin resonance studies of radiation damage. Part I. An alternating line- 
width effect for the (cH,),~oM radical in gamma-irradiated acetone at low 

temperatures 

F. P. SARGENT~ 
Departt~zent of Cl~emistry and Clzemical Engineering, U~ziversity of Saskatcl~e~vnrz, Saskatoon, Saskatchewnrz 
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The e.s.r. spectrum of the (CH,),COH radical showed a drastic temperature dependence of linewidth 
in the range -196 to -100 "C, this being particularly pronounced for the M, = + 2  lines. Possible 
mechanisms are discussed in terms of restricted rotation of the methyl groups and of the OH groups. 

Canadian Journal of Chemistry, 46, 1029 (1968) 

Examples of alternating linewidth effects in 
the e.s.r. spectra of paramagnetic species in 
solution are now quite common and well under- 
stood (1). These effects arise from the modula- 
tion of the isotropic electron-nuclear hyperfine 
interaction and quite simple models seem to be 
satisfactory. The effect is very pronounced for 
such species as the durosemiquinone cation (2) 
and the 1 ,Cdinitrodurene anion (3). 

'NRCC Postdoctorate Fellow 1965-1967. 

We wish to report an example of an alternating 
linewidth effect in the solid state which con- 
siderably modifies the appearance of the e.s.r. 
spectrum as the temperature is varied. Samples 
of aqueous acetone gamma irradiated at 
-196 "C and examined at -100 "C (i.e. after 
luminescence (4)) gave spectra similar to that in 
Fig. la. These were interpreted in terms of the 
presence of two species and assigned to the 
(CH and .CH2COCH radicals. The 
first order coupling constants and g values are 
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6 3 to the preferential solvation and, therefore, the 
dielectric constant around the solute n~olecule 
increases from the bulk dielectric constants of 
the solvents. The deviations in the values of the - 

= 5 8  observed couplings from the theoretical curve (3) 
I 
I would directly determine the nature and extent 
9 of such preferential solvation. It is pertinent to 

note that in certain solvents such as ethyl or 
methyl carbonates and acetylacetone apparently 

5 3 
o 2 o 3 o 4 abnormal values of H-H couplings are ob- x ,&% served and such discrepancies may be attributed 

FIG. 1. Plots of the observed H-H coupling con- to  the change in the com~osition of the con- 
stants for 1,1,2-trichloroethane versus x of the various formers due to the specific solvent-solute inter- 
solvents: (a) ideal curved line (as shown in ref. 31, actions not involved in the classical theory (1). (6) observed linear relation. 

be low, which indicates that the dielectric 
constant around the solute is now higher than 
the bulk dielectric constants of the solvents. 
Such results cannot, however, be attributed to 
the formation of any chemical complexes or to 
the changes in the relative energies of the differ- 
ent isomers. On the other hand the results are due 
to the expected preferential solvation of 1,1,2- 
trichloroethane in the polar solvents. The 
electric field of the solute molecule increases due 
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The e.s.r. spectrum of the (CH,),COH radical showed a drastic temperature dependence of linewidth 
in the range -196 to -100 "C, this being particularly pronounced for the M, = + 2  lines. Possible 
mechanisms are discussed in terms of restricted rotation of the methyl groups and of the OH groups. 
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Examples of alternating linewidth effects in 
the e.s.r. spectra of paramagnetic species in 
solution are now quite common and well under- 
stood (1). These effects arise from the modula- 
tion of the isotropic electron-nuclear hyperfine 
interaction and quite simple models seem to be 
satisfactory. The effect is very pronounced for 
such species as the durosemiquinone cation (2) 
and the 1 ,Cdinitrodurene anion (3). 

'NRCC Postdoctorate Fellow 1965-1967. 

We wish to report an example of an alternating 
linewidth effect in the solid state which con- 
siderably modifies the appearance of the e.s.r. 
spectrum as the temperature is varied. Samples 
of aqueous acetone gamma irradiated at 
-196 "C and examined at -100 "C (i.e. after 
luminescence (4)) gave spectra similar to that in 
Fig. la. These were interpreted in terms of the 
presence of two species and assigned to the 
(CH and .CH2COCH radicals. The 
first order coupling constants and g values are 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46. 1968 

TABLE I 
The first order g values and hyperfine coupling constants for the CH2COCH3 and 

(cH,),~oH radicals 

g value Coupling constant 

Zeldes and Zeldes and 
Radical This work Livingston* This work Livingston* 

.CH ,COCH3 2.004 2.0044 20.2k0.3 20.3 to 19.7 
(CH,),COH 2.003 2.0031 19 .150 .4  19.48 to 19.96 

*Zeldes and Livingston, solution e.s.r., see ref. 5. The value of a,,  = 20.3 G Coy the .CH2COCH3 
radical is that reported by Dixon, Norman, and Buley (8) and quoted by Zeldes and L~vingston. 

given in Table I together with the recently Since the lines were symmetrical and the spectra 
reported solution values (5). Since the agree- of a generally "clean appearance" the g and A 
ment between the solid and solution values is anisotropy effects characteristic of some poly- 
good we assume our assignment to be correct. crystalline spectra are assumed absent. The out 

of phase correlation of the methyl proton inter- 
( a )  

(b) 
actions may arise in two ways. These are spin 
density modulation via the OH group flipping 
and modulation via restricted or slow rotation of 
the methyl groups, both of which lead to a time 
dependent difference in splittings for the methyl 
protons. 

Spin Density Modulation 

If the ( c H ~ ) ~ ~ o H  radical is planar the OH 
group will have two possible coplanar con- 
figurations. When the OH group is rapidly 
exchanging between these configurations, i.e. 
flipping, the time-averaged spectrum will be one 
of two apparently equivalent methyl groups. If 
the OH group were locked into a planar con- 

FIG. 1. figuration. interaction with two non-eauivalent 

When the samples were cooled to - 196 "C the 
spectra became quite different (see Fig. Ib). This 
effect was quite reversible and could be repeated 
many times without any loss of signal. Ex- 
amination of this temperature dependence in 
detail showed a very drastic temperature de- 
pendence of the linewidths for the ( c H ~ ) ~ ~ o H  
lines. This was very marked for the MI = &2 
lines; however, the MI = 313, i.e. the outermost 
lines, were not appreciably affected. At - 196 "C 
the MI & 2 lines became so broad that they were 
almost undetectable. We believe that this is the 
first example of an alternating linewidth effect 
in the solid state2 and interpret it in terms of a 
differential modulation of the relative magni- 
tudes of the methyl proton hyperfine interactions. 

2Linewidth variations due to slow rotation of one 
methyl group are well known, see ref. 6. 

;ethyl grbups would be observed proviied both 
groups continue to rotate. However, a t  inter- 
mediate rates of exchange, i.e. flipping, this 
modulation would lead to an alternating line- 
width effect in an analogous manner to that for 
the durosemiquinone. This would not affect the 
widths of the MI = &3 lines but all the others 
would be broadened to varying degrees. In the 
limit of extreme broadening the spectrum would 
apparently consist of only four lines of relative 
intensities 1 :9:9:1 instead of the usual seven 
lines with 1:6:15:20:15:6:1. 

Restricted Rotation of the Methyl Groups 

Restricted rotation of the methyl groups may 
lead to an apparent alternating linewidth effect. 
This has been treated theoretically by Freed and 
Fraenkel(7) and in the limit of extreme broaden- 
ing only the M, = &3 and 0 lines would be 
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NOTES 1031 

observed. If the two methyl groups are inter- 
locked so that they are rotating in opposite 
directions the relative intensities of the three 
sharp lines would be 1 :8 : l ;  however, if the two 
methyl rotations are slow but not correlated in 
any way, then the relative intensities would be 
1:2:1. 

Conclusions 

Since either mechanism leads to an apparent 
alternating linewidth effect, it is difficult to 
decide which effect predominates. The choice is 
made even more difficult in that methyl groups 
are known to execute restricted or slow rotation 
in some radicals at low temperature (6), but spin 
density modulation via OH group flipping 
satisfactorily accounts for the linewidth varia- 
tions observed in radicals where the methyl 
groups rotate freely (2). It  seems quite probable 
that both mechanisms contribute to the varia- 
tions observed for the ( C H ~ ) ~ ~ O H  radical, but 
because of the complications due to the presence 
of the .CH2COCH3 radical it is quite impossible 

to determine which predominates from our 
spectra. If the ( c H 3 ) 2 t 0 H  could be produced in 
a similar lattice without the complications of a 
secoildary species it should be possible to in- 
vestigate these effects more fully. 
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The ratio of the relative yield for fluorescence to that for phosphorescence of hexafluoroacetone 
excited at 3130 A was measured; the ratio was a linear function of mercury concentration. This observa- 
tion confirms that the deactivation of the triplet state proceeds by a reaction which is first order in [Hg]. 
A quenching constant was obtained which is in excellent agreement with that based on lifetime measure- 
ments under mercury-free and mercury-saturated conditions. 

Canadian Journal of Chemistry, 46, 1031 (1968) 

It has been reported recently (1, 2) that mer- confirmation of this identification from mea- 
cury vapor is an efficient deactivator of the surements made at several intermediate concen- 
triplet state of hexafluoroacetone. The evidence trations of mercury. 
accumulated to  support the identification of The present note reports measurements of the 
mercury as the deactivating agent involved a ratio Qf/QP as a function of mercury concentra- 
comparison of experimental quantities measured tion. Q is proportional t o  the quantum yield 
under mercury-free and mercury-saturated con- of the emission indicated by the superscript 
ditions. The quantities involved were the quan- although, because of the difference between the 
tum yield of decomposition extrapolated to  spectra of the two emissions (3, 4) and the 
infinite ketone concentration (2), the lifetime of variation of the sensitivity of the photomultiplier 
the triplet state (1,2), and the ratio of the inten- with wavelength, the constant of proportionality 
sity of the phosphorescence to  that of the fluores- is not the same for the two emissions. The over- 
cence (2). It  is reasonable to  seek additional all mechanism advanced for the primary process 

in this photolysis (4, 5 )  requires that 
'NRCC No. 9928. 
3tudent Su~nmer Assistant, 1967. Qf /Qp = K(1 f k~oz~[Hgl) .  
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NOTES 1031 

observed. If the two methyl groups are inter- 
locked so that they are rotating in opposite 
directions the relative intensities of the three 
sharp lines would be 1 :8 : l ;  however, if the two 
methyl rotations are slow but not correlated in 
any way, then the relative intensities would be 
1:2:1. 

Conclusions 

Since either mechanism leads to an apparent 
alternating linewidth effect, it is difficult to 
decide which effect predominates. The choice is 
made even more difficult in that methyl groups 
are known to execute restricted or slow rotation 
in some radicals at low temperature (6), but spin 
density modulation via OH group flipping 
satisfactorily accounts for the linewidth varia- 
tions observed in radicals where the methyl 
groups rotate freely (2). It  seems quite probable 
that both mechanisms contribute to the varia- 
tions observed for the ( C H ~ ) ~ ~ O H  radical, but 
because of the complications due to the presence 
of the .CH2COCH3 radical it is quite impossible 

to determine which predominates from our 
spectra. If the ( c H 3 ) 2 t 0 H  could be produced in 
a similar lattice without the complications of a 
secoildary species it should be possible to in- 
vestigate these effects more fully. 
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Received November 2, 1967 

The ratio of the relative yield for fluorescence to that for phosphorescence of hexafluoroacetone 
excited at 3130 A was measured; the ratio was a linear function of mercury concentration. This observa- 
tion confirms that the deactivation of the triplet state proceeds by a reaction which is first order in [Hg]. 
A quenching constant was obtained which is in excellent agreement with that based on lifetime measure- 
ments under mercury-free and mercury-saturated conditions. 

Canadian Journal of Chemistry, 46, 1031 (1968) 

It has been reported recently (1, 2) that mer- confirmation of this identification from mea- 
cury vapor is an efficient deactivator of the surements made at several intermediate concen- 
triplet state of hexafluoroacetone. The evidence trations of mercury. 
accumulated to  support the identification of The present note reports measurements of the 
mercury as the deactivating agent involved a ratio Qf/QP as a function of mercury concentra- 
comparison of experimental quantities measured tion. Q is proportional t o  the quantum yield 
under mercury-free and mercury-saturated con- of the emission indicated by the superscript 
ditions. The quantities involved were the quan- although, because of the difference between the 
tum yield of decomposition extrapolated to  spectra of the two emissions (3, 4) and the 
infinite ketone concentration (2), the lifetime of variation of the sensitivity of the photomultiplier 
the triplet state (1,2), and the ratio of the inten- with wavelength, the constant of proportionality 
sity of the phosphorescence to  that of the fluores- is not the same for the two emissions. The over- 
cence (2). It  is reasonable to  seek additional all mechanism advanced for the primary process 

in this photolysis (4, 5 )  requires that 
'NRCC No. 9928. 
3tudent Su~nmer Assistant, 1967. Qf /Qp = K(1 f k~oz~[Hgl) .  
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7, is the lifetime of the triplet state in the absence 
of mercury vapor, 3.4 ms at room temperature 
(2), and k , ,  is the second order constant of the 
quenching reaction; a discussion of the detailed 
mechanism of that reaction is given elsewhere 
(2). K is independent of [IJg] and is constant for 
constant ketone concentration if the reaction 
temperature and exciting wavelength also are 
constant. 

Experiments were done in an apparatus similar 
to  that described earlier (5); excitation was by 
the filter-isolated 3130 A line of the mercury arc; 
all experiments were done with the reaction cell 
at room temperature. Q for the total emission 
was measured, after which - 10 Torr of air was 
added and Qf measured directly as that of the 
emission not quenched by oxygen; QP was taken 
as Q'"'"' - Q'. 

The reaction system was composed of the T- 
shaped cell and a U-tube containing a drop of 
mercury, both in series with an all-glass piston 
pump, and a Pyrex spiral gauge used as a null 
instrument against a mercury manometer. These 
components were isolated by stopcocks from a 
conventional storage and pumping system con- 
taining mercury. Well-outgassed ketone (2, 4), 
froin Allied Chemical Co. cylinders, was ad- 
mitted to  the reaction system through traps held 
at -78 "C until a pressure of 22 Torr was 
attained. These traps also prevented access of 
mercury vapor to the reaction system during 
pumping procedures. After condensation of the 
ketone in the U-tube at -196 "C, the cell, the 
piston pump, and the connecting tubing were 
heated with "heat guns" for extended periods (on 
some occasions for several days) in order to  
distill all the mercury from the walls of the 
apparatus t o  the U-trap. The U-trap was 
warmed slowly to  -78 "C and a measurement of 
Qiot" was made after circulation of the ketone 
vapor through the apparatus to  ensure equilibra- 
tion with the trap of any mercury in the ketone 
vapor. The constancy of this measurement from 
one experiment to  the next was taken as an 
indication that the equilibrium mercury vapor 
pressure had been attained. After warming the 
U-trap to  some desired temperature and allowing 
for equilibration of the mercury by operation of 
the pump, a measurement of Q'"'"' was taken; 
this procedure was repeated at successively higher 
trap temperatures. Qf was measured, with the 
trap at room temperature, in the presence of - 20 

Torr of dry air. Because the vapor pressure of the 
ketone at -78 "C is greater than 25 Torr and 
because the U-tube volume was small compared 
with the total volume of the reaction system, no  
change in ketone pressure could be observed 
when the U-tube was warmed above -78 "C. 

Temp, OC 

FIG. 1. Effect of [Hg] on Qf/QY The different sym- 
bols represent three different series of experiments. 

Figure 1 shows the results of three series of 
such experiments. The value of Qf/QP measured 
with the U-tube at -78 "C is 0.25, as shown by 
the intercept of the plot; this is slightly larger 
than the value 0.22 found under mercury-free 
conditions in another apparatus (4). However, 
the photomultiplier used in that study (EM1 
62563) had a greater sensitivity to the phos- 
phorescence relative t o  that for the fluorescence 
than had the photomultiplier (1P21) used here; 
this experimental difference alone is sufficient to  
explain the discrepancy observed. 

From the ratio of slope/intercept a value 
k , , ~ ,  = 11.2 x lo7 (mole/l)-' is obtained 
whence k,, = 3.3 x 10'' (mole/l)-' s-I when 
the value of 7, cited above is used. This evalua- 
tion is quiteindependent ofthe k,, = 3.1 x 10'' 
(inole/l)-I s- ' obtained from a consideration of 
the triplet lifetime measured under mercury-free 
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and n~erc~~ry-saturated conditions (2). This 
excellent agreement of the two independently 
determined values of k ,  ,, along with the linearity 
of the data shown in Fig. 1, provides strong 
support for the postulated kinetics of the overall 
reaction of mercury with the triplet ketone. 

An earlier attempt3 had been made to obtain 
data similar to  those shown in Fig. 1. For those 
experiments the reaction system was isolated by 
Hoke type 413 metal valves. It now is thought 
that those experiments failed to yield reproduc- 
ible data because of the difficulty in achieving 
equilibrium between mercury held in the U-tube 

3By Miss Penny Estabrooks in 1966 during the tenure 
of a student summer assistantship. 

and that absorbed on the various metal surfaces 
of the valves. 
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physically adsorbed species 
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Temperature-programmed desorption has been applied to physisorbed aliphatic alcohols and acids 
on a r ~ ~ t i l e  pigment surface. Reprod~~cible desorption chromatograms for a series of alcohol adsorbates 
indicate that the same sites are involved in adsorbing the series and that the adsorbate orientation from 
the surface deviates progressively from normal as the chain length increases. The data also infer a reduc- 
tion in the activation energy of desorption with increasing chain length. Acid adsorbates also generate 
reproducible chromatograms, those for formic and acetic acid showing characteristic peaks near 300 "C. 
The reason for the very high stability of these adsorbates has not yet been resolved. 
Canadian Journal of Chemistry, 46, 1033 (1968) 

The temperature-programmed desorption 
(t.p.d.) method has been successfully applied by 
Amenomiya and co-workers (1-3) for the study 
of site energy distributions in catalytic surfaces. 
The method involves gradually desorbing chemi- 
sorbed species from active surfaces (e.g. alumina) 
being heated at a linear rate, sweeping the de- 
sorbed material by an inert gas stream into a 
thermoanalytic cell, giving rise to a desorption 
chromatogram, and (optionally) trapping and 
analyzing the desorbed materials. The site 
energy distribution, relative to physically ad- 
sorbed molecules, is of analogous importance 
in the characterization of adsorbing surfaces. 
Experimental approaches toward this informa- 
tion generally involve relatively lengthy calori- 
metric measurements or laborious adsorption 

'Summer Research Assistant, 1966. 

isotherm determinations. The application of t.p.d. 
could therefore offer attractive savings of time 
and equipment. The present work was under- 
taken with this in mind, recognizing, however, 
that because interaction energies in cases of 
physical (reversible) adsorption run much lower 
than those in chemisorption, the usefulness of 
t.p.d. would be restricted to systems with rel- 
atively high energies of adsorption. This note 
presents qualitative confirmation of the applic- 
ability of t.p.d. to the characterization of surfaces 
relative to the physical adsorption of selected 
probe molecules. 

Experimental 
The t.p.d. apparatus used in this work was constructed 

after that of Amenomiya and Cvetanovi; (1). The 
substrate to be studied, in this case a 2 g sample of 
pigment grade TiOZ, having a B.E.T. surface area of 
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and n~erc~~ry-saturated conditions (2). This 
excellent agreement of the two independently 
determined values of k ,  ,, along with the linearity 
of the data shown in Fig. 1, provides strong 
support for the postulated kinetics of the overall 
reaction of mercury with the triplet ketone. 

An earlier attempt3 had been made to obtain 
data similar to  those shown in Fig. 1. For those 
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Hoke type 413 metal valves. It now is thought 
that those experiments failed to yield reproduc- 
ible data because of the difficulty in achieving 
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of site energy distributions in catalytic surfaces. 
The method involves gradually desorbing chemi- 
sorbed species from active surfaces (e.g. alumina) 
being heated at a linear rate, sweeping the de- 
sorbed material by an inert gas stream into a 
thermoanalytic cell, giving rise to a desorption 
chromatogram, and (optionally) trapping and 
analyzing the desorbed materials. The site 
energy distribution, relative to physically ad- 
sorbed molecules, is of analogous importance 
in the characterization of adsorbing surfaces. 
Experimental approaches toward this informa- 
tion generally involve relatively lengthy calori- 
metric measurements or laborious adsorption 
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isotherm determinations. The application of t.p.d. 
could therefore offer attractive savings of time 
and equipment. The present work was under- 
taken with this in mind, recognizing, however, 
that because interaction energies in cases of 
physical (reversible) adsorption run much lower 
than those in chemisorption, the usefulness of 
t.p.d. would be restricted to systems with rel- 
atively high energies of adsorption. This note 
presents qualitative confirmation of the applic- 
ability of t.p.d. to the characterization of surfaces 
relative to the physical adsorption of selected 
probe molecules. 

Experimental 
The t.p.d. apparatus used in this work was constructed 

after that of Amenomiya and Cvetanovi; (1). The 
substrate to be studied, in this case a 2 g sample of 
pigment grade TiOZ, having a B.E.T. surface area of 
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8.7 m2/g, was placed in a sample cell which could be 
immersed in coolant or placed within an air furnace. 
A conventional B.E.T. gas adsorption apparatus, which 
is part of the experimental arrangement, was used to 
condition the surface. 

In this case the conditioning was designed to lead to a 
"reproducible" surface in terms of heats of immersion 
of the T i 0 2  in reagent grade xylene. Evacuation for 24 h 
at 200 "C produced such a surface (-AH, = 45 erg cn1r2, 
using the recently described isothermal calorimeter of 
Schreiber and Waldman (4)), and this treatment preceded 
scanning by successive t.p.d. runs up to about 380°C. 
The conditioned surface was then covered by adsorbates 
admitted and metered by conventional vapor adsorption 
methods. The adsorbates studied included a series of 
carboxylic acids and alcohols, in addition to water, a 
common surface contaminant in polar metal oxides. In 
all cases the surface was saturated by establishing over 
the surface a partial adsorbate vapor pressure near 
unity ( p / p o  > 0.95). 

In t.p.d. experiments, helium gas carrier was metered 
into the system at a constant flow rate of 11.0 ml/nlin. 
The inert carrier was first dried by passing through a bed 
of desiccant ("Dri Rite") then through a liquid NZ trap. 
The stream was then split, one portion passing through 
capillary flow resistors directly to the reference arm of a 
Gow-Mac AEL 9677 thermal conductivity cell, the other 
through the sample bed into the detector arm of the 
conductivity cell, which formed part of a bridge circuit 
connected to a strip chart recorder. Buffer volun~es 
(3 1) on either side of the conductivity cell helped overcome 
the effects of minor gas flow fluctuations. A large signal 
was generated during the initial sweep at  room tempera- 
ture as the excess, loosely adsorbed vapors were swept 
out of the sample cell by the carrier gas. This decayed in 
10-15 min, establishing a steady "base-line". The cell 
temperature was now increased linearly, the air furnace 
involved being controlled by a simple circuit programmer. 
In all of the work reported, a heating rate of 12.5 "C/min 
was maintained. Gradual desorption generated a peak 
in the desorption chromatogram, the base-line being 
reestablished as the surface was depleted. As already 
noted, the t.p.d. cycle was stopped below 400 "C to avoid 
thermal damage to the adsorbing surface. A check of the 
surface area, following completion of the t.p.d. series 
being reported, gave a value of 8.2 m2/g, in satisfactory 
agreement with the initial value reported above. 

Three successive desorption chromatograms, 
obtained from the evacuated TiO, sample, 
are reproduced in Fig. 1, along with one for the 
surface saturated with water vapor. The evacu- 
ated surface obviously releases no appreciable 
amounts of adsorbate below 300 "C, whereupon 
a gradual depletion of strongly bonded adsorbate 
takes place. This high temperature portion of the 
chromatogram is accentuated following water 
adsorption, suggesting that the residual adsorbate 
is strongly adsorbed water. This agrees with 

CHEMISTRY. VOL. 46, 1968 

reported studies of TiO,/water interaction (5) ,  
which show that full desorption of water from 
such surfaces does not occur below 400 "C. Since 
our desorption cycles did not attain this tem- 
perature, for reasons already stated, the results 
discussed below characterize a TiO, surface 
with a small residue of adsorbed water. 

FIG. 1. Successive desorption traces fro111 original 
T i 0 2  surface. T.p.d. trace from TiO, following H 2 0  
saturation. 

Alcohol Adsorbates 
In all t.p.d. experiments reported here, it is 

assumed that the desorption cycle is begun from 
constant (near monolayer) surface coverage. 
The desorption chromatograms for four inono- 
functional alcohols and ethylene glycol are shown 
in Fig. 2. The traces are characteristically 
similar to those obtained by Amenoiniya and 
co-workers (1-3) and display a response peak 
identified as a temperature maximum, T,,. The 
TM value shifts upward as the ilormal boiling 
points of the alcohol adsorbates increase. The 
major glycol peak coincides with the ethanol 
value, but a secondary peak is evident at about 
225 "C. The presence of adjacent -OH anchor 
groups in the glycol apparently results in strong, 
neighbor-site adsorption of this adsorbate on 
roughly one half of the available surface 
(estimated from the areas under the two desorp- 
tion peaks). Lateral interaction between O H  
groups probably enhances the stability of this 
adsorbate configuration. 

The similarity in shape of the aliphatic 
alcohol desor~tion traces indicates that the 
same assembly of surface sites is involved in 
adsorbing the alcohol series. The strength of the 
adsorption bonding is suggested by the fact 
that a substantial proportion of the signal is 
generated at temperatures above the normal 
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NOTES 

TABLE I 
Chrornatogra~n areas and suggested orientation angles of alkyl chains 

Trace area Corrected Normalized Orientational 
Adsorbate (in?) trace area area angle (") 

Methanol 1.02 1.020 1 ,000 90 
Ethanol 0.65 0.711 0.697 73 
1-Pentanol 0.29 0.391 0.383 64 
1-Octanol 0.22 0.357 0.350 62 

boiling points of the alcohols; this is increasingly result in the same packing density of adsorbate, 
so for shorter chain lengths in the series. 

In the case of methanol, desorption is still 
occurring at temperatures above 325 "C, suggest- 
ing that other than purely physical forces may be 
involved in this adsorbate/adsorbent system. The 
present data, however, are insufficient to further 
elaborate on this point. 

It is qualitatively evident from Fig. 2 and 
explicitly shown in Table I, that the areas under 
the reproducible desorption chromatograms 

regardless of the chain length, and the corrected 
area under the desorption trace should be 
approximately constant. One way of accounting 
for the results obtained is to assume that 
alcohols, other than methanol, are not vertically 
oriented to the surface, and that proportionately 
greater steric barriers to adsorption are set up 
as the average orientational angle decreases from 
90". A normalization of the corrected areas 
under the chromatograms to that of the 

(evaluated by planimeter measurements) decrease (assumedly) vertically oriented methanol2 then 
sharply as the chain length of the adsorbate provides a means of calculating the apparent 
increases. In part this is due to the decrease in angle of orientation, since this datum should be 
thermal conductivity of the adsorbates, an proportional to the average area swept out by 
effect which can be taken in account using the moving alkyl chain above the -OH anchor, 
substance specific correction factors for thermal and should therefore be proportional to (cos 0)2 ,  
conductivity cells, with He as carrier gas, as where O is the angle generated by the mobile 
given by Kaiser (6). The correction factors, chain. The average orientational angle of the 
relative to a methanol value of 1.000, are 1.095, adsorbed molecule (relative to the adsorbing 
1.342, and 1.624 for ethanol, pentanol, and surface) then is (90 - 012)". Calculated values 
octanol respectively, and these were applied to of this angle are entered in Table I. 
calculate the corrected trace areas in Table I. Mathematical analyses of desorption chro- 
The large residual area decrement is rather matograms for various desorption processes 
surprisiig if the usual assumption is made that 
the adsorbates are vertically oriented from the 
adsorbing surface, to which they are linked via 
the -OH group (7). This would presumably 

'"t METHANOL 

FIG. 2. T.p.d. chromatograms for Ti02/alcohol 
systems. 

have been given by Redhead (8) and Amenomiya 
and co-workers (1-3). These are not specifically 
applicable to the present case of physical 
adsor~tion. but within limits of the considerable 
approximations involved some evidence may be 
derived from them to show a dependence of the 
adsorption energy on the alkyl chain length in 
the alcohol series. The simplest analytical 
expression pertains to linear heating rates, 
homogeneous surfaces, and sufficiently high gas 
flow rates to prevent readsorption. Then it can 
be shown that 

2The area under the methanol peak was defined by 
joining points at the first lift from the base-line and return 
to a steady line near 215 "C. 
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where p is the heating rate, Ed is the desorption 
activation energy, R is the gas constant, and 
A is a desorption rate constant. When P is 
constant, some plausible value may be chosen for 
A allowing numerical evaluation of the Ed vs. 
TM relations hi^.^ Applied to the present case, 
the calculation cannot provide a meaningful 
estimate of the absolute Ed value, but shows 
that the Ed values decrease with increasing alkyl 
chain length in the relationship 

[2] (Ed),, = (Ed),, f 0.3 kcal m0l-I 

= (Ed),, + 0.9 kcal mol-I 

= (Ed),, f 1.6 kcal m01-I. 

More complete experimental work would be 
needed to further confirm and interpret this 
suggested variation in the activation energy. 

Acid Adsorbates 
An interesting set of desorption traces was 

generated for four fatty acid adsorbates, as 
shown in Fig. 3. Once again a major decrease 
in the total area under the chromatogram is 
evident with increasing chain length, the areas 
being in the ratio 1.00:0.380:0.174:0.132 for 
formic, acetic, propionic, and isobutyric acid 
respectively. Conceivably, steric hindrance effects 
may be even more pronounced than in the case 
of alcohol adsorbates, but the large apparent 
effect is obviously related to the unusual 
character of the formic and acetic acid desorp- 
tion traces. It is only possible to speculate 
about the very pronounced TM values near 290 "C 
for these acid adsorbates; like all of the chroma- 
tograms presented, these are quite reproducible 
and unmistakably restricted to the initial pair 
of acid homologues. One possibility is that 
because of steric hindrance effects exerted by the 
longer alkyl chains, only these acids can interact 
with some high energy sites of this complex 

3The authors are grateful to a referee for pointing out 
this approach. 

FIG. 3. T.p.d. chromatograms for Ti02/carboxylic 
acid systen~s. 

surface. Ionic bonding is a further possibility, 
salt formation in the TiO, surface being a 
relatively plausible occurrence. The existence of 
ionic bonding in TiO, surfaces has been previ- 
ously documented by infrared studies (9). 
Finally, it is possible that these acids are 
capable of occupying several neighboring sites 
shnultaneously, with -OH, C=O, or a- 
hydrogens as laterally interacting anchor groups. 
The existence of such stable configurations 
is of inherent interest, and may warrant further 
investigation. 
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Erratum: Comparative formation constants for complexes of copper, nickel, and 
silver with some substituted pyridines 

M. S. SUN AND D. G.  BREWER 
Departnzent of C/zet~zistry, Utliversity of New Brunsrvick, Frederictotl, New Brrrtzswick 

Received November 24, 1967 

(Ref.: Can. J. Chem. 45, 2729 (1967)) 

Canadian Journal of  Chemistry, 46, 1037 (1968) 

On page 2735, line 15 of column 1 should read k0.03 log units instead of k0 .3  log units. 
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COMMUNICATIONS 

1,ZAlkylidene and 1,2-ortholaetone derivatives of 3,4,6-tri-0-acetyl-or-D-glucose 

R. U. LEMIEUX AND D. H. DETERT 
Departlnelzt of Chemistry, University of Alberta, Edt?lonton, Alberta 

Received February 5, 1968 

Reaction of 3,4,6-tri-0-acetyl-1,2-0-(1'-exo-ethoxyethylidene)-a-~-glucopyranose with ketones in 
the presence of toluenesulfonic acid provides 3,4,6-tri-0-acetyl-1,2-O-alkylidene-a-~-glucoses. With 
butyrolactone the interchange yielded the 1,2-ortholactone. 
Canadian Journal of Chemistry, 46, 1039 (1968) 

In view of the recent publication by Rees, 
Tatchell, and Wells (1) on the preparation of 
1 ,2-0-all<ylidene-a-D-glucopyranoses from tetra- 
0-acetyl-a-D-glucopyranosyl bromide and cad- 
mium dialkyls, we wish to report the results of 
our own investigations concerning a general 
method for the preparation of these 1,2-ketals. 

p-Toluenesulfonic acid hydrate was dissolved 
in N,N-dimethylformamide and an excess of 
methyl orthoformate was added. The volatile 
components were then removed by distillation 
in vactio and the solution was concentrated to 
an about 2.5 M solution of the acid. In a typical 
experiment, 0.3 ml of this solution was added 
to 3.5 ml of a 10 % solution of dimethoxypropane 
in dry acetone. Tri-0-acetyl- 1,2-0-(1 '-exo- 
ethoxyethy1idene)-a-D-glucopyranose (1) (2) (750 
mg) was added and the solution was left for 
20 h at  room temperature. The nuclear magnetic 
resonance (n.m.r.) spectrum of the crude 
reaction product showed a near quantitative 
yield of tri-0-acetyl-l,2-0-isopropylidene-a-D- 
glucopyranose. After two recrystallizations from 
ethanol the compound melted at 86.5-88", 
[a], +26" (c, 1 in chloroform). Literature (l), 
m.p. 87-88", [u], '~ +30.5" (chloroform). 
Under similar conditions, tri-0-acetyl-1,2-0- 
cyclopentylidene-a-D-glucopyranose (m.p. 11 3.5 
-1 15", [aID2 t34 .5"  (c, 1 in chloroform)), tri-0- 
acetyl-1 ,2-0-cyclohexylidene-a-D-glucopyranose 
(m.p. 68-69", [a],' +33" (c, 1 in chloroform)), 
and a mixture of the diastereoisomeric tri-0- 
acetyl- 1,2-0-benzylidene- a-D-glucopyranoses 
were prepared. Strictly anhydrous conditions 
were necessary (3) and were insured by the 
addition of about 10% trimethyl orthoformate 
to dried aldehyde or ketone containing the 
p-toluenesulfonic acid prior to the addition of 
the 1,2-orthoacetate (1). 

The n.m.r. spectra for the 1,2-ketals showed 

J,,, = 5, J,,, = 3, J,,, = 3, and J,,, = 9 Hz, 
values very similar to those reported for 
acetylated alkyl 1,2-orthoacetate (2) and 1,2-0- 
alkylidene (1, 4) derivatives of D-glucopyranose. 
These data indicate a distorted, flattened chair 
conformation (2) as recently found for com- 
pounds of this type by X-ray crystallographic 
analysis (5) rather than the skew-boat suggested 
by Coxon and Hall (4). 

The major isomer formed (about 75%) on 
reaction of 1 with benzaldehyde had n.m.r. 
parameters very similar to those presented 
above. The methine proton of the benzylidene 
group gave its signal at T 4.13 in close agreement 
with the chemical shift, T 4.10, for the similar 
proton of 2-phenyldioxolane. The minor com- 
ponent, which has this signal at T 3.55, has the 
n.m.r. parameters for the isomer previously 
reported (1, 6). This isomer is considered to 
have the phenyl group in the endo position 
since J,,, and J,,, = 4.5 Hz and these larger 
values seem best interpreted as arising from the 
interaction of the phenyl group with the pyranose 
ring, as previously discussed by Lemieux and 
Morgan (2) in connection with the n.m.r. 
parameters of tri-0-acetyl-a-D-glucopyranose 
1,2-(methyl orthopivalate). 

When 6butyrolactone was employed as the 
carbonyl compound, an about equimolar mixture 
of the exo (2) ([aIDz5 +42" (chloroform)) 
and erzdo (3) (m.p. 116-117", [aIDz5 +85" 
(chloroform)) isomers of tri-0-acetyl-1,2-0- 
(2'-oxacyclopenty1idene)-a-D-glucopyranoe was 
obtained which could be separated by chromato- 
graphy (silicic acid; 0.3 % 2,6-lutidine + 3 % 
methanol in benzene). The n.m.r. parameters of 
the pyranose-ring protons of the exo-isomer 
were virtually identical with those of the acety- 
lated exo-alkyl 1,2-orthoacetates of glucose (2). 
A significant downfield shift of 0.4 p.p.m. was 
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AcO AcO 

1 2 3 

observed for H-3 of the en~o-isomer and is 1. R. G. REES, A. R. TATCHELL, and R. D. WELLS. J. 
Chern. Soc. C, 1768 (1967). believed to arise from its close proximity to the 2. R. U. LEMIEux and A. R. MORGAN. Can. J. Chem. 

oxygen atom of the oxacyclopentylidene ring (7). 43, 2199 (1965). 
~h~ values of J,,, = 4.7 and J,,, = 7.0 Hz were 3. R. U. LEMIEUX and J. D. T. CIPERA. Can. J. Chem. 

34 906 (1956) considerably greater than the 4. B.'COXON and L. D. HALL. Tetrahedron, 20, 1685 
values (both 3 Hz) for the exo-isomer. (1964). 

Compounds 2 and 3 were also synthesized :bzEzF and FAwcErr. Cryst. 21, 
from 3,4,6-tri-0-acetyl-a-D-glucopyranosyl chlo- 6. H. B. WOOD, H. W. DIEHL, and H. G. FLETCHER, 
ride by way of tri-0-acetyl-2-0-(4'-hydroxy- JR. J. Am. Chern. SOC. 79, 1986 (1957). 

7. R. U. LEMIEUX and J. D. STEVENS. Can. J. Chem. butyry1)-a-D-glucopyranosyl chloride which was 43, 2059 (1965). 
converted to the orthoesters by treatment with 8. R. U. LEMIEUX and A. R. MORGAN. IUPAC 
tetraethylammonium chloride in 2,6-lutidine (2). Symposium, The Chelnistr~ of Natural Products, 

Kyoto, Japan, April 12-18, 1964. Abstract of Papers, These compounds are of interest as reagents for ,. 151. 
the preparation of D-glucopyranosides (8). 

A stereoselective synthesis of a-D-glucopyranosides 

R. U. LEMIEUX, R. SUEMITSU,' AND S. W.  GUNNER^ 
Departt~lerzt of Chemistry, Utriversity of Alberta, Edmonton, Alberta 

Received February 5, 1968 

Deoximation of 3,4,6-tri-0-acetyl-2-oxirnino-a-~-arabit~o-l~exopyranosides to the corresponding 
2-ulosides followed by borohydride reduction afl'ords the a-D-glucopyranosides in excellent yields. 
Canadian Journal of Chemistry, 46, 1040 (1968) 

A main objective of our research in recent 
years has been the development of a stereo- 
selective synthesis of a-D-glucopyranosides which 
proceeds in good overall yield based either on 
the glycosylating agent or the alcohol. This has 
now been accomplished by deoximation of the 
readily available 3,4,6-tri-0-acetyl-2-oximino-a- 
D-arabino-hexopyranosides (1) (1) and boro- 
hydride reduction of the resulting ketoglycoside 
(2) followed by deacetylation. 

The deoximation has been accomplished under 
a variety of conditions including oxidation with 
nitrous acid or lead tetraacetate and transoxima- 
tions with aldehydes and ketones under acid 
conditions. To date, the latter conditions appear 

'University of Alberta Postdoctorate Fellow, 1966-67. 
ZSee ref. 1. 

most reliable and that employing levulinic acid in 
aqueous hydrochloric acid (2) was used in all 
the following transformations. Soine deacetyla- 
tion occurs both during the deoximation and in 
the borohydride reduction and, consequently, 
no attempt was made to isolate pure compounds 
after either of these reactions. Instead, the 
product was acetylated after removal of the 
boric acid and isolated as the tetraacetate. 

In a typical experiment, isopropyl tri-0-acetyl- 
2-oximino-a-D-arabino-hexopyranoside (500 mg) 
which had been obtained in 89 % yield using di- 
meric tri-O-acetyl-2-deoxy-2-nitroso-a-~-glu- 
copyranosyl chloride and 1.2 mole equivalent of 
isopropyl alcohol (I), was treated with 10 ml of 
levulinic acid containing 1.5 ml of Nhydrochloric 
acid at room temperature for 3 h. Extraction 
with chloroform followed by appropriate washes 
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CH20.4c 

H+ 

Levulinic AcO AcO 

and solvent removal provided a 90 % yield of an 
oil, [a],' +80° (chloroform), which exhibited a 
singlet at T 5.06 which was assigned to the 
anomeric proton of 2. The substance was dis- 
solved in 10 ml of tetrahydropyran and a 
solution of 120 mg of sodium borohydride in 
2 ml of water was added at 0". The solution 
was left at room temperature for 1 h and then 
made acid with excess acetic acid prior to 
removal of the boric acid with methanol in the 
usual manner. The residue was acetylated with 
acetic anhydride at 100". Gas chromatographic 
examination of the crude product revealed only 
a trace (< 5 %) of component with the retention 
time of isopropyl tetra-0-acetyl-a-D-manno- 
pyranoside. The product crystallized readily and 
on recrystallization gave an 80% yield of pure 
isopropyl tetra-0-acetyl-a-D-glucopyranoside. 
The n.m.r. spectrum of this compound shows a 
doublet for H1 at T 4.84 (spacing, 4.0 Hz), 
a quartet for H, at T 5.24 (spacings, 4.0 and 
10 Hz), and a triplet for H, at T 4.54 (spacings, 
10 Hz). When borodeuteride was used in the 
reduction, the spectrum of the product showed 
a singlet instead of the doublet, the quartet was 

not present, and the triplet was now a doublet 
with a spacing of 10 Hz. The signal for H, was 
now clearly apparent as a rough triplet (virtual 
long-range coupling of H, with the &'s) 
centered at T 4.97 with large spacings of about 
10 Hz. It was, therefore, clear that indeed the 
reduction was restricted to the 2-position. 

In similar conversions, the phenyl and a- 
nap h thy1 tetra-0-acetyl-a-D-glucopy ranosides 
were obtained in 70% and 40% yields, respec- 
tively. Thus, the procedure shows promise as a 
general approach for the synthesis of a-D- 
glucopyranosides and is under further examina- 
tion. 
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The photochemical cycloaddition of nitrobenzene to cyclohexene at -70 OC gives an  unstable 
crystalline adduct, an  analogue of a molozonide, which has been characterized. Similar results have 
been obtained with norbornene, hex-1-ene, and 1-methylcyclohexene. 

Canadian Journal of Chemistry, 46, 1041 (1968) 

In 1956 Biichi and Ayer (1) reported that the identified it could be understood that, in part at 
irradiation of nitrobenzene in 2-methyl-2-butene least, the ethylenic bond had been oxidatively 
gave a complex mixture of products in poor cleaved. These authors suggested that a deriva- 
yield. From the structures of those substances tive of the unknown 1,3,2-dioxazolidine' might 

'Photochemical Synthesis. 21. Preceding paper: P. de Z1,3,2-Dioxazolidines have been suggested, from time 
Mayo, J.-P. Pete, and M. Tchir, J. Am. Chem. Soc. 89, to time, as intermediates in various reactions (refs. 4, 5, 
5712 (1967). 6; see also refs. 7, 8) with varying degrees of credibility. 
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observed for H-3 of the en~o-isomer and is 1. R. G. REES, A. R. TATCHELL, and R. D. WELLS. J. 
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~h~ values of J,,, = 4.7 and J,,, = 7.0 Hz were 3. R. U. LEMIEUX and J. D. T. CIPERA. Can. J. Chem. 

34 906 (1956) considerably greater than the 4. B.'COXON and L. D. HALL. Tetrahedron, 20, 1685 
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tetraethylammonium chloride in 2,6-lutidine (2). Symposium, The Chelnistr~ of Natural Products, 
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Deoximation of 3,4,6-tri-0-acetyl-2-oxirnino-a-~-arabit~o-l~exopyranosides to the corresponding 
2-ulosides followed by borohydride reduction afl'ords the a-D-glucopyranosides in excellent yields. 
Canadian Journal of Chemistry, 46, 1040 (1968) 

A main objective of our research in recent 
years has been the development of a stereo- 
selective synthesis of a-D-glucopyranosides which 
proceeds in good overall yield based either on 
the glycosylating agent or the alcohol. This has 
now been accomplished by deoximation of the 
readily available 3,4,6-tri-0-acetyl-2-oximino-a- 
D-arabino-hexopyranosides (1) (1) and boro- 
hydride reduction of the resulting ketoglycoside 
(2) followed by deacetylation. 

The deoximation has been accomplished under 
a variety of conditions including oxidation with 
nitrous acid or lead tetraacetate and transoxima- 
tions with aldehydes and ketones under acid 
conditions. To date, the latter conditions appear 

'University of Alberta Postdoctorate Fellow, 1966-67. 
ZSee ref. 1. 

most reliable and that employing levulinic acid in 
aqueous hydrochloric acid (2) was used in all 
the following transformations. Soine deacetyla- 
tion occurs both during the deoximation and in 
the borohydride reduction and, consequently, 
no attempt was made to isolate pure compounds 
after either of these reactions. Instead, the 
product was acetylated after removal of the 
boric acid and isolated as the tetraacetate. 

In a typical experiment, isopropyl tri-0-acetyl- 
2-oximino-a-D-arabino-hexopyranoside (500 mg) 
which had been obtained in 89 % yield using di- 
meric tri-O-acetyl-2-deoxy-2-nitroso-a-~-glu- 
copyranosyl chloride and 1.2 mole equivalent of 
isopropyl alcohol (I), was treated with 10 ml of 
levulinic acid containing 1.5 ml of Nhydrochloric 
acid at room temperature for 3 h. Extraction 
with chloroform followed by appropriate washes 
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CH20.4c 

H+ 

Levulinic AcO AcO 

and solvent removal provided a 90 % yield of an 
oil, [a],' +80° (chloroform), which exhibited a 
singlet at T 5.06 which was assigned to the 
anomeric proton of 2. The substance was dis- 
solved in 10 ml of tetrahydropyran and a 
solution of 120 mg of sodium borohydride in 
2 ml of water was added at 0". The solution 
was left at room temperature for 1 h and then 
made acid with excess acetic acid prior to 
removal of the boric acid with methanol in the 
usual manner. The residue was acetylated with 
acetic anhydride at 100". Gas chromatographic 
examination of the crude product revealed only 
a trace (< 5 %) of component with the retention 
time of isopropyl tetra-0-acetyl-a-D-manno- 
pyranoside. The product crystallized readily and 
on recrystallization gave an 80% yield of pure 
isopropyl tetra-0-acetyl-a-D-glucopyranoside. 
The n.m.r. spectrum of this compound shows a 
doublet for H1 at T 4.84 (spacing, 4.0 Hz), 
a quartet for H, at T 5.24 (spacings, 4.0 and 
10 Hz), and a triplet for H, at T 4.54 (spacings, 
10 Hz). When borodeuteride was used in the 
reduction, the spectrum of the product showed 
a singlet instead of the doublet, the quartet was 

not present, and the triplet was now a doublet 
with a spacing of 10 Hz. The signal for H, was 
now clearly apparent as a rough triplet (virtual 
long-range coupling of H, with the &'s) 
centered at T 4.97 with large spacings of about 
10 Hz. It was, therefore, clear that indeed the 
reduction was restricted to the 2-position. 

In similar conversions, the phenyl and a- 
nap h thy1 tetra-0-acetyl-a-D-glucopy ranosides 
were obtained in 70% and 40% yields, respec- 
tively. Thus, the procedure shows promise as a 
general approach for the synthesis of a-D- 
glucopyranosides and is under further examina- 
tion. 
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In 1956 Biichi and Ayer (1) reported that the identified it could be understood that, in part at 
irradiation of nitrobenzene in 2-methyl-2-butene least, the ethylenic bond had been oxidatively 
gave a complex mixture of products in poor cleaved. These authors suggested that a deriva- 
yield. From the structures of those substances tive of the unknown 1,3,2-dioxazolidine' might 

'Photochemical Synthesis. 21. Preceding paper: P. de Z1,3,2-Dioxazolidines have been suggested, from time 
Mayo, J.-P. Pete, and M. Tchir, J. Am. Chem. Soc. 89, to time, as intermediates in various reactions (refs. 4, 5, 
5712 (1967). 6; see also refs. 7, 8) with varying degrees of credibility. 
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oil, [a],' +80° (chloroform), which exhibited a 
singlet at T 5.06 which was assigned to the 
anomeric proton of 2. The substance was dis- 
solved in 10 ml of tetrahydropyran and a 
solution of 120 mg of sodium borohydride in 
2 ml of water was added at 0". The solution 
was left at room temperature for 1 h and then 
made acid with excess acetic acid prior to 
removal of the boric acid with methanol in the 
usual manner. The residue was acetylated with 
acetic anhydride at 100". Gas chromatographic 
examination of the crude product revealed only 
a trace (< 5 %) of component with the retention 
time of isopropyl tetra-0-acetyl-a-D-manno- 
pyranoside. The product crystallized readily and 
on recrystallization gave an 80% yield of pure 
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doublet for H1 at T 4.84 (spacing, 4.0 Hz), 
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10 Hz), and a triplet for H, at T 4.54 (spacings, 
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with a spacing of 10 Hz. The signal for H, was 
now clearly apparent as a rough triplet (virtual 
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centered at T 4.97 with large spacings of about 
10 Hz. It was, therefore, clear that indeed the 
reduction was restricted to the 2-position. 
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gave a complex mixture of products in poor cleaved. These authors suggested that a deriva- 
yield. From the structures of those substances tive of the unknown 1,3,2-dioxazolidine' might 

'Photochemical Synthesis. 21. Preceding paper: P. de Z1,3,2-Dioxazolidines have been suggested, from time 
Mayo, J.-P. Pete, and M. Tchir, J. Am. Chem. Soc. 89, to time, as intermediates in various reactions (refs. 4, 5, 
5712 (1967). 6; see also refs. 7, 8) with varying degrees of credibility. 
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have been an intermediate. Other reaction path- 
ways could be conceived, however, and we have 
investigated the matter further. Our preliminary 
results, summarized below, lead us to  acknow- 
ledge the mechanistic insight of these authors 
and to report briefly on the properties of these 
new species. 

Whilst irradiation of nitrobenzene at room 
temperature gave a complex mixture of products, 
irradiation of nitrobenzene (0.25 g) in cyclo- 
hexene (25 cc) at -70 "C until the disappearance 
of the nitro compound (g.1.c.) gave, on evapora- 
tion of the excess solvent at -20 "C, a crystal- 
line solid which could be recrystallized at -80 "C 
from ethyl acetate. It decomposed over a few 
minutes at room temperature. 

TABLE I 

Yield (%) Yield (%) 
Hydrocarbon Product of diol of aniline 

Cyclohexene Cis-cyclohexanediol 51" 53 
93b 86 

Norbornene Exo-norbornanediol 48" 47 
Hex-1-ene Hexane-1,2-diol 38" 5 1 
1-Methyl- I-Methylcyclohexane- 

cyclohexene 1,2-diol 33" 21 

OYields based on hydrogenation of the crude irradiation product 
and estimated by s.1.c. on 2.5% FFAP on Chromosorb P. No 
attempt to maximize yields was made. 

bYields based on recrystallized adduct. 

The infrared spectrum (CHCI,, -20 "C) 
showed the absence of carbonyl absorption, and 
bands near 970 cm-' to be attributed to  the 
-0-N- fragment (2, 3). The n.m.r. spectrum 
(-25 "C, CDCl,) showed benzenoid absorption 
at 7.38 p.p.m. and, aside from protons on 
saturated carbon, absorption at 4.38 p.p.m. for 
two protons attached to carbon bearing oxygen. 
On allowing the solutioll to  warm, these signals 
decreased with the concomitant appearance of 
aldehyde signals at 9.53 p.p.m. These properties 
are consonant with having the structure 1. 

This was confirmed by catalytic hydrogenation 
of the crystalline material over pre-reduced 
platinum catalyst in ethyl acetate at -20 "C. 

Cis-cyclohexanediol (containing < 5 % trans 
isomer) was obtained in ca. 90% yield, together 
with an equivalent yield of aniline. The same 
products could be isolated after hydrogenation 
of the crude irradiation product (see Table I), 
but in lower yield. The result of the use of other 
alkenes is shown in the same table. 

The substance 1 is the first member of a class 
of cyclic derivatives of trivalent nitrogen con- 
taining two N-0 bonds3 : the mode of chemical 
decomposition suggests that the analogy with 
the molozonides is not purely formal. 
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Chemistry of episulfides. 11.' The reactivities of propylene sulfide and propylene 
oxide towards acetic acid 

NEIL S. ISAACS~ AND K. NEELAKANTAN~ 
University of Reading, Wfziteknigf~ts Park, Reading, England 

Received November 8,  1967 

The rates and products of solvolysis of propylene oxide and propylene sulfide in acetic acid have been 
determined. The results show that terminal attack is preferred, although not exclusively, and that the sul- 
fide is the less reactive by a factor of 50-60. This difference is accounted for mainly in the preexponential 
factor. Solvent isotope effects are also observed. 
Canadian Journal of Chemistry, 46, 1043 (1968) 

Pursuing our studies of the reactivities of 
three-membered heterocycles we now report a 
comparison of the rates of ring-opening of pro- 
pylene sulfide l a  and propylene oxide l b  under 
acidic conditions (1). Acid catalysis is well 
established in many reactions of epoxides (2) but 
has not been examined with the sulfur analogues. 
It  was not found possible to  use aqueous solu- 
tions of strong acids, however, on account of the 
extensive polymerization which occurred. The 
reagent chosen therefore was glacial acetic acid 
which gave products that could be characterized 
in good yield both with the epoxide and with the 
episulfide. As previously, the unsymmetrically 
substituted rings were chosen in order to  be able 
to study the orientation of ring-opening. Reac- 
tion rates have been measured at several temper- 
atures and isotope effects in the presence of 
acetic acid-d noted. 

l a  Z = S  
b Z = O  

Products of the Reactions 
Propylene Oxide and Acetic Acid 
Propylene oxide was allowed to react com- 

'For Part I of this series, see N. S. Isaacs, Can. J. 
Chem. 44, 395 (1966). 

2To whom enquiries concerning this work should be 
made. 

3Present address: Department of Chemistry, University 
of Toronto, Ontario. 

pletely with 10 to  20 times its weight of pure 
acetic acid a t  temperatures between 30 and 
100 "C. After removal of the bulk of the acetic 
acid by careful fractionation at reduced pressure 
the resulting solution was analyzed by gas- 
liquid chromatography (g.1.c.). Two products 
were apparent; the first, in order of elution, was 
in major yield and was shown to  be l-acetoxy- 
propan-2-01 2a; the second, minor, constituent 
was 2-acetoxy-1-propanol, 3a. 

CH~CHCHZOAC CH3CHCHZZ 
I I 

The identification of these products was made 
on the basis of the following evidence. The two 
compounds gave identical traces with the two 
monoacetates of propan-1,2-diol (made by in- 
complete acetylation with acetyl ~ h l o r i d e ) ~  on 
two gas chromatographic columns, polypropyl- 
ene glycol at 120" and 'Antarox' at 140°, con- 
ditions under which each compound, the glycol 
and the diacetate were completely separated. The 
major component was separated from the minor 
by preparative gas-liquid chromatography. Its 
mass spectrum confirmed the molecular weight 

4These are formed in the ratio of 70:30 in order of 
elution. From previous knowledge of the relative rates of 
acylation of primary and secondary alcohols (9) it would 
be expected that the major component would be the pri- 
mary ester, 2a, in agreement with our conclusion. 
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TABLE I 
Ratios of 1-acetoxypropan-2-01, 2, and 2-acetoxypropan-1-01, 3, formed in 

various reactions 

%2* %3* 
Temperature ('normal (abnormal 

System "C product') product) 

Propylene oxide and acetic acid 
Propylene oxide and acetic acid 
Propylene oxide and acetic acid 
Propan-1,3-diol and 1 mole acetyl 

chloride 
Propylene oxide and acetic acid/ 

sodium acetate 

Propylene sulfide and acetic acid 
Propylene sulfide and acetic acid 

and pyridine 
Propylene sulfide and acetyl chloride 

of 1 18 and gave as base peak a fragment of mle = 
74. This could be interpreted as the extrusion of 
CO,, or, more probably since this is not charac- 
teristic of esters, to  loss of CH,C-OH which is 
more consistent with the structure 2a than with 
3a. The second most prominent peak was at 
mle = 100, corresponding to  a loss of H,O. The 
major product was shown to have the same 
retention time on the above columns and the 
same infrared spectrum as an authentic sample of 
1-acetoxypropan-2-01 prepared by the action of 
sodium acetate 011 1-chloropropan-2-01, the 
structure which had been separately established 
by Stewart and VanderWerf (3). As expected, 
this compound contained ca. 10 % of 2-acetoxy- 
propan-1-01 which was indistinguishable by g.1.c. 
from the minor product of the reaction. The 
major product also increased at  the expense of 
the minor on addition of sodium acetate to  the 
reaction mixture, an observation which is con- 
sistent with the recognized greater tendency 
towards terminal attack under basic conditions. 
The ratios of products were examined at different 
temperatures, the results being shown in Table I. 

Other products observed on the gas chromato- 
gram were a small amount of 1,2-diacetoxy- 
propane (by comparison with an authentic speci- 
men) probably formed by esterification of a 
primary product and, when propylene oxide was 
in fairly high concentration, two high boiling 
components, probably 4 and 5. These did not 
appear to  be formed t o  any significant extent 
under conditions used for the kinetic measure- 
ments. 

Propylene SuIfide and Acetic Acid 
Propylene sulfide was allowed to  react with a 

ten-fold excess of acetic acid at 100" after which 
the acetic acid was removed by careful distil- 
lation under reduced pressure. The products 
were acetylated by reaction with excess acetyl 
chloride after which they were subjected to gas 
chromatography. Two peaks corresponding to  2- 
acetoxypropyl thiolacetate, 3c, and 2-acetoxy- 
isopropyl thiolacetate, 2c, were observed and 
identified by comparison with the retention times 
on two columns (polypropylene glycol and 
'Antarox' both at 150") of authentic specimens of 
each compound. The products of the reaction of 
propylene sulfide and acetic acid are thus 2- 
acetoxy-propane-1-thiol, 3b, and l-acetoxypro- 
pan-2-thiol, 2b, in the ratio given in Table I 
(based on peak areas). This is supported by the 
infrared spectra of the primary products which 
show one carbonyl absorption at 1725 cm-I 
while the acetylated products show an additional 
band at 1680 cm-I due to the S-acetyl group. In  
addition to  these compounds, the product con- 
tained a significant proportion of two higher 
molecular weight species, separable on the gas 
chromatograph ('Antarox' at 180") and probably 
of structures 6 and 7 by analogy with the product 
from cyclohexene sulfide and acetic acid (4). The 
proportion of dimeric product was reduced by 
carrying out the reaction at greater dilution in 
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TABLE I1 

Measured rate constants 

System T°C 105k* 105k;t 1O5k,~ k,/k, 

Propylene oxide and acetic acid 51.80 3.19 2.23 0.96 
Propylene oxide and acetic acid 70.00 14.7 10.29 4.41 
Propylene oxide and acetic acid 90.00 66.3 46.4 19.9 
Prouvlene oxide and acetic acid-d 51.80 1.65 1.93 
~ro&lene oxide and acetic acid-d 70.00 9.96 1.48 
Propylene oxide and acetic acid-d 90.00 43.7 1.52 
Propylene sulfide and acetic acid 70.20 0.232 0.127 0.105 
Propylene sulfide and acetic acid 82.00 0.622 0.342 0.280 
Pro~vlene sulfide and acetic acid 92.00 1.06 0.583 0.477 
~ r o G l e n e  sulfide and acetic acid-d 90 .OO 0.627 1.6 

*Average for two runs, s-'. 
tie. for attack a t  C-1 (Normal attack). 
Tie. for attack at C-2 (Abnormal attack). 

acetic acid but even at the concentrations em- 
ployed in the kinetic measurements it probably 
accounted for one third of the total product. 

Experimental 
2-Acetoxypropyl thiolacetate, 3c, was prepared by the 

treatment of propylene sulfide with acetyl chloride to give 
2-chloropropyl thiolacetate followed by heating with 
potassium acetate to give 3c, b.p. 75" at 10 mm. The 
structure of this compound has been established by 
Davies and Savige (5) by hydrolysis to the known 1- 
mercapto-2-propanol. Gas chromatographic analysis of 
this product ('Antarox', 120") showed however a signifi- 
cant proportion of another product inseparable from Zc, 
indicating that ring-opening of propylene sulfide by acetyl 
chloride gives attack at the 1- and 2-carbons in the ratio of 
2:l. 

2-Acetoxyisopropyl thiolacetate, Zc, was prepared by 
the action of acetic anhydride and pyridine on propylene 
sulfide, b.p. 100" at 10 mm. Previous workers ( 5 )  have 
shown that the product of this reaction on hydrolysis 
gives the known 2-mercapto-1-propanol. Gas chroma- 
tographic analysis of the product ('Antarox', 120") shows 
the presence of approximately 10% of the isomer, 3c. 

Kinetic measurements were carried out in a water 
thermostat held to 10.05' with initial epoxide and epi- 
sulfide concentrations 0.02-0.05 M and analyses con- 
ducted by the gas chromatographic technique described 
previously (1) using a 6 ft silicone column. Propylene 
oxide was then separated at 75' using as reference a small 
quantity of cyclopentane added to the reaction mixture 
and propylene sulfide at 80' using cyclohexane as refer- 
ence. Peak areas were estimated planimetrically and ap- 
peared to be reproducible to 1 2  %. First-order rate 
constants, enthalpies and entropies of activation were 
calculated using an I.B.M. 1620 computer and least- 
squares program. 

Results 

Measured rate constants, dissected where ap- 
propriate into separate rates for attack at the 
primary and secondary carbons ('normal' and 
'abnormal' attack, respectively), are shown in 
Table 11. Activation parameters are given in 
Table 111. 

Discussion 

The rate constants clearly establish that the 
episulfide is considerably less reactive than the 
epoxide towards ring-opening in the presence of 
an acidic reagent, just as it is less reactive to- 
wards a base. The difference in rates for the 
acidic reactioil (an average factor of 70 over the 
temperature range studied) is more proilounced 
than that for the reaction with aniline (a factor of 
2-4). At the same time, the solvent isotope effect, 
Ic,,/k, for both reactions is of the same order of 
magnitude (ca. 1.5). This indicates that both 
reactions proceed via the protonated hetero- 
cyclic ring 8, 9, the isotope effect here being a 
result of the solveilt properties as discussed 
previously (6). 

It has recently been shown that in one case at 
least, a sulfide is more basic than the corre- 
sponding ether (7). While it is not reliable to  
extrapolate too closely the effects of structure 
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TABLE I11 
Activation* parameters for the reactions 

A S #  
AH' k cal cal dep-l 

System mole-' mole-' 

Propylene oxide and acetic acid 18.5k0.9 -24.3k1.5 
Propylene sulfide and acetic acid 15.7+ 1.4 -40.6k4.5 

*Averape for attack at  1- and Zcarbons. 

between two different types of base (8) it is 
assumed that this gross difference applies also to  
the three-membered rings although by analogy 
with ethyleneimine, the actual basicities would be 
expected to be lower than those of their open- 
chain analogues. Thus, if it can be assumed that 
k,+k,, the difference in reactivity results from 
the greater stability of 9 compared to  8 towards 
nucleophilic attack. The relative reactivities of 
propylene sulfide and oxide and of their con- 
jugate acids are in the same order. 

The difference in reactivity furthermore ap- 
pears to originate in the entropy term (Table 111) 
which probably represents a shift in emphasis of 
the bond-breaking and bond-making processes. 
Thus the ring-opening of 8 would proceed more 
or less spontaneously with a good deal of 'SN1' 
character while 9 by virtue of its greater stability 
would require greater concomitant bond-making 
and more 'SN2' character involving loss of trans- 
latioilal freedom of the reagent in the transition 
state. 

The ratio of attack at the terminal position to 
attack at C-2 is considerably lower in both cases 
(approximately 2: 1) than was found for reaction 
under basic conditions. This is commonly expe- 
rienced in ring-opening reactions of epoxides (2) 

and is ascribed to  the partial carbonium ion 
character assumed by the secondary rather than 
the primary carbon atom of the ring although 
primary attack is favored sterically. It is not, 
however, apparent why this tendency should be 
more marked in the case of the episulfide than 
with the epoxide. 
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On the selectivity of acylation of unprotected diamino acids 
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p-Nitrophenyl acetate and other esters except formates, will acylate the unprotected dianlino acids 
homolysine, lysine, and ornithine, exclusively at the w-amino group at pH 11. At lower alkaline pH's, 
the reaction is preferential but not selective. The reaction with diaminobutyric acid and diaminopro- 
pionic acid is not selective at any alkaline pH. E-N-Acetyllysine can be prepared directly by the action 
of excess phenyl acetate on lysine at pH 11. 
Canadian Journal of Chemistry, 46, 1047 (1968) 

We have recently described the synthesis of 
several o-N-acetyl-~,o-diamino acid derivatives 
(1). These were prepared by the action of a 
p-nitrophenyl ester on the copper salt of the 
amino acid. The copper was used as is done 
routinely in order to prevent acylation of the 
N-amino group (2). There exists in the literature, 
however, a claim to the effect that in making such 
compounds, selective acylation can be effected 
successfully even in the absence of copper (3). 
o-N-Formyllysine and o-N-formylornithine 
were prepared in this manner (3); moreover, 
there are other examples of syntheses where 
E-N-substituted lysine derivatives were prepared 
without first having protected the N-amino group. 
These include the synthesis of carbobenzoxy- (4) 
and trifluoroacetyllysine (5),  biocytin (6), pep- 
tides of lysine (7) and ornithine (S), and benzyl- 
idenelysine (9). 

In some cases, evidence for the identity and 
purity of the products is presented, but only the 
purified products have been scrutinized. In other 
cases, e.g. ref. 3, no evidence at all is given. In 
the case of the carbobenzoxy derivative (4), the 
N isomer is much more soluble than the E isomer 
(9), consequently the two are readily separable. 
In general, the question of whether the actual 
acylation reaction was selective remains open. 
In this paper are described results of a study 
carried out with the objective of establishing 
definitely whether or not the acylation of 
diamino acids is selective for the o-position, and 
if so, under what conditions. Because its acyla- 
tion presents a distinct problem, diamino- 
propionic acid is discussed separately. 

Synthetic standards of the possible isomers in 
each case were prepared by unequivocal methods 
as described below and characterized on an 
amino acid analyzer. The chromatographic data 

appear in Table I. Acylations were carried out in 
aqueous solution firstly under the conditions of 
Okawa and Hase (3) and subsequently all at a 
constant pH. Reaction mixtures were placed on 
the amino acid analyzer column and analyzed 
by comparison with the standards. 

The results of the acylation of diamino acids 
by excess p-nitrophenyl ester in the absence of 

TABLE I 
Chromatograpl~ic data from the amino acid analyzer* 

Compound 
Time 
(min) Constant? 

ci-N-Formylornithine 
ci-N-Formyllysine 
ci-N-Acetyldiaminopropionic 

acid 
ci-N-Acetyldiaminobutyric 

acid 
ci-N-Acetylornithine 
ci-N-Acetyllysine 
ci-N-Benzoyllysine 
cr-N-Propionyllysine 
ci-N-Carbobenzoxydiamino- 

propionic acid 
6-N-Formylornithine 
E-N-Formyllysine 
13-N-Acetyldiaminopropionic 

acid 
y-N-Acetyldiaminobutyric 

acid 
6-N-Acetylornithine 
E-N-Acetyllysine 
E-N-Benzoyllysine 
E-N-Chloroacetyllysine 
E-N-Propionyllysine 
13-N-Carbobenzoxydiamino- 

propionic acid 
<-N-Acetylhomolysine I 
Aspartic acid 
Glycine 

- 

*Beckman model 120B, 50 cm spherical resin column, eluted with 
0.1 Nsodium citrate, p H  3.28, followed by p H  4.25 buffer at time 85. 

tconstant = peak height x width/rmole. 
$pH 4.25 buffer at time 0. 
Constant assumed to be the same as for the B isomer. 

ref. 29 for details of synthesis. 
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base, i.e., acylation of the amino acid mono- 
hydrochloride neutralized with one equivalent of 
sodium hydroxide (3), appear in Table 11. It is 
seen that in all cases, when formyl and acetyl 
p-nitrophenyl ester were used, both the ci and 
o derivatives were formed. The products ap- 
peared in a ratio of roughly 5 to 1 in favor of the 
o derivative, but higher in the case of the acetyla- 
tion of lysine. The reaction is therefore definitely 
not selective under these conditions. 

TABLE I1 

Acylation of diaminoacids in absence of base* 

Derivative formed 
(relative %) 

Nitrophenyl 
Amino acid ester CI o 

Lysine formate 18 82 
acetate 6 94 

Ornithine formate 17 83 
acetate 13 87 

Diaminobutyric acid acetate 14 86 
Diaminopropionic acid acetate 10 90 

*Method of Okawa and Hase (3). 

Preparative runs were then worked up as de- 
scribed by Okawa and Hase, and the o-N-formyl- 
ornithine and o-N-formyllysine were passed on 
the analyzer. Both compounds were in fact free 
of a isomer. The conclusion is that the ci isomer 
is more soluble and is lost during the crystalli- 
zation. 

The effect of pH on the selectivity was then 
studied with lysine, using one equivalent of 
acylating agent. The results appear in Table 111. 
It was found that, in the pH range of 10.6 to 11.7, 
only the o-substituted derivative was formed. 
Moreover, the amount of starting material re- 
maining was negligible indicating that the 
reaction was complete. At pH's near neutrality, 
where more ci derivative was formed than at 
higher pH's, the reaction was far from complete 
and both the ci and o derivatives were formed. 
At pH 11, therefore, the acylation of lysine by 
p-nitrophenyl acetate is selective for the o- 
position. 

Having shown that the acylation of lysine is 
selective at pH 1 1, we proceeded to verify if the 
same was obtained for the other diamino acids. 
The results in Table IV show that the acylation 
of homolysine and ornithine is also selective, but 
the selectivity is lost for the diamino acids of 
shorter chain length. The results also indicate 

CHEMISTRY. VOL. 46, 1968 

TABLE I11 
Effect of pH on the selectivity of acylation of 

lysine by p-nitrophenyl acetate 

Derivative formed Residual 
(relative %) amino acid 

PH CI o % 

that a one-fold excess of acylating agent is 
sufficient to  force the reaction to completion. But 
they do not give any information as to whether 
the reaction proceeds a step further, to the 
formation of the disubstituted derivative. Calcu- 
lations indicated that this was not the case. This 
was confirmed by another experiment. A sample 
of E-N-acetyllysine was stirred at pH 11.0 in the 
presence of a four-fold excess of phenyl acetate 
for 12 h. There was absolutely no change in the 
ninhydrin color yield of the solution, indicating 
that E-N-acetyllysine is completely resistant to  
acylation under these conditions. 

TABLE IV 
Acylation of diaminoacids by p-nitrophenyl acetate 

at pH 11 
-. 

Derivative formed Residual 
Moles (relative %) amino acid 

of 
Amino acid ester a o % 

Homolysine 1 0  100 2.5 
Lysine 1 0  100 4 

2 0 100 0 
Ornithine 1 0  100 12 
Diaminobutyric 

acid 2 1 . 2  98.8 0.2 
Diaminopropionic 

acid 1 12 88 38 

So far, we have dealt with the acylation of 
diamino acids by p-nitrophenyl acetate. We have 
also studied the nature of the products formed by 
other esters as well as by other acylating agents. 
The results, in Table V, show that at pH 11, the 
acylation of lysine was selective only if the 
acylating agent was an ester. Usingp-nitrophenyl 
acetate, chloroacetate, or propionate, no ci deri- 
vative was formed at all, and practically no un- 
reacted amino acid remained in the reaction 
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LECLERC AND BENOITON: SE ILECTIVITY OF ACYLATION 1049 

mixture when a one-fold excess of reagent was 
employed. Using phenyl acetate or propionate, 
the same results were obtained, even though a 
larger excess of reagent was required to force the 
reaction to completion. A different result was 
obtained when acetic anhydride or benzoyl 
chloride was used as acylating agent. In both 
cases, both the a and o derivatives were formed. 
In the presence of excess reagent, both were 
completely converted to the disubstituted deriva- 
tive, as was expected from other work (10, 11). 
The selectivity therefore is restricted to acylating 
agents which are esters. 

TABLE V 
Acylation of lysine at  pH 11 

Derivative formed Residual 
Moles (relative %) amino acid 

of 
Reagent reagent a w % 

p-Nitrophenyl 
acetate 1 0 100 4 

2 0 100 0 
p-Nitrophenyl 

chloroacetate 5  0 100 < 1 
p-Nitrophenyl 

propionate 2 0 100 0 
Phenyl acetate 1 0 100 48 

5  0 100 2 
Phenyl 

propionate 5  0 100 18 
Acetic anhydride 1 38 62 - 

5  0 0 0 
Benzoyl chloride 1 18.8 81 . 2  41.8 

5  0 0 0 

The results obtained with esters of formic acid, 
however, proved to be different from those 
obtained with other ester reagents. As seen in 
Table VI, in the formylation of lysine at pH 11 
by eitherp-nitrophenyl formate or ethyl formate, 
there was always some cl derivative formed. In 
the presence of excess reagent which was required 
to increase the yield of product, the relative 
percent of a isomer also increased. The apparent 
low reactivity1 of formic acid esters explains the 
low yields (28 %) which we obtained in the syn- 
thesis of 6-N-formyl-L-ornithine by our method 
as well as by the method of Okawa and Hase (3). 

The selectivity of the acylation of lysine at pH 
11 has permitted us to simplify the synthesis of 

'The reviewer has suggested that the apparent low 
reactivity of formate esters with amino groups is prob- 
ably due to the competitive hydrolysis of the reagent by 
base. Thus, formate esters are actually more reactive 
(and less specific) than acetate esters. 

TABLE VI 
Formylation of lysine at  pH 11 

Derivative formed Residual 
Moles (relative %) amino acid 

of 
Reagent reagent a o % 

p-Nitrophenyl 
formate 1 <1 > 9 9  79.6 

2 10 90 53 .5  
Ethyl formate 1 < 1  >99 62 

5  2 . 5  9 7 . 5  18.4 

E-N-acetyl-L-lysine (I). The latter was prepared 
in 76 % yield by stirring a mixture of lysine with 
an excess of phenyl acetate for 45 min while 
keeping the pH at 11 with a pH-stat charged 
with 2 N sodium hydroxide. After the reaction 
the product was desalted using Dowex 50. Pre- 
cipitation at the isoelectricpoint without desalting 
led to too substailtial a loss of material. This 
method obviates the use of copper, the complete 
removal of which is often tedious. Phenyl acetate 
is also preferable in some ways as the acylating 
agent. 

Likely mechanisins which have been postu- 
lated for the aminolysis of esters assume a 
nucleophilic attack by the amine on the carbonyl 
group of the ester (12, 13). In the present case, 
for acylation to have occurred exclusively at the 
o-position, the nucleophile required would have 
been the NH,(CH,),,NH,+COO- ion. But this 
ion does not exist at any pH because the pK of 
the a-amino group is always lower than that of 
the o-amino group. Moreover, at high pH's, both 
amino groups are unprotonated so there is no 
basis for discriminatory acylation that might 
depend on the relative concentrations of the 
protonated and unprotonated forms of the 
amino groups. However, Bruice et al. (14) have 
noted that the rate constants for the arnination 
of esters depend on the basicity of the nucleo- 
phile. Therefore, it would be expected that 
aminolysis of the ester by the o-amino group 
would have been favored. This is what we have 
observed in all cases. When an acid chloride or 
anhydride is the acylating agent, the attacking 
nucleophile is believed to be an acylium ion, 

i- 
R=C==O (15), which because of its high 
reactivity, attacks any nucleophile without dis- 
crimination. 

With regard to the preparation of its mono- 
substituted derivatives, diaminopropionic acid is 
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quite different from the other diamino acids. 
This is due to the unique nature of its copper salt. 
For the general case, in alkaline solution copper 
binds to the a-amino group permitting and 
resulting in reaction exclusively at the a-amino 
group (2). But for diaminopropionic acid under 
these conditions the acylation not only is not 
selective but it fails completely. This is due to 
the fact that both the a- and J3-amino groups are 
so close together that they are both bound by the 
copper (16). The p-amino group is, however, not 
bound at pH 4 (16). Workers have taken advan- 
tage of this to prepare the P-oxalyl (17) and 
P-ureido (18) derivatives. But in many instances, 
direct acylation in the absence of copper has 
been the only recourse. Kjaer (19) has observed 
that in strongly alkaline solution, the P-position 
of diaminopropionic acid is preferentially acyl- 
ated. Other results corroborate this. The J3-tosyl 
(20) and P-chloroacetyl (21) derivatives have 
been prepared by direct acylation, but the 
reactions also produced substantial amounts of 
disubstituted derivatives. 

As can be seen in Table IV, the acetylation of 
diaminopropionic acid with p-nitrophenyl ace- 
tate at pH 11 has been shown not to be selective. 
Though it was certainly preferential for the 
P-position, a substantial amount of a isomer was 
formed, and much unreacted amino acid re- 
mained. Under the same conditions at pH's 7 and 
8, only about 10 % of the amino acid had reacted, 
and the relative amounts of a isomer had in- 
creased. 

With respect to the monoacylation of diamino- 
propionic acid, Kjaer (19) had suggested that 
since the pK values of the amino groups are 6.8 
and 9.6, at neutral pH, one should be able to 
expect preferential acylation of the a-amino 
group since it is uncharged and the p-amino 
group is charged at this pH. The results cited 
above indicate that this is not so. Moreover, the 
authors themselves have shown exactly the 
opposite, namely that carbobenzoxylation of 
diaminopropionic acid in a phosphate buffer at 
pH 7 is highly selective for the P-position (18). 
They have succeeded in preparing P-carbo- 
benzoxydiaminopropionic acid in 77 % yield by 
this procedure. We have studied the selectivity 
of the acylation of a dilute solution of diamino- 
propionic acid with carbobenzoxy chloride in 
excess sodium bicarbonate and at pH's 7 and 8 
using the pH-stat. In all cases, both P and a 

isomers were formed, in a ratio of about 2 to 1. 
In more concentrated solutions as described (1 8), 
at pH 7, the P-carbobenzoxy derivative precipi- 
tates out of solution during the reaction and is, 
in fact, pure after one recrystallization. However, 
in all our attempts, there was always some a- 
isomer present in the filtered reaction mixture. 
On some occasions, some disubstituted deriva- 
tive was also formed. We have failed to obtain 
yields as high as those reported (18). Our conclu- 
sion is that acylation of diaminopropionic acid 
is preferential but not selective a t  any pH. 

Experimental 
Materials 

Except as otherwise indicated, all w-N-acyl derivatives 
used as standards were prepared by the action of the 
corresponding p-nitrophenyl ester on the copper salt of 
the amino acid as has been described for the acetyl 
derivatives (1). Thep-nitrophenyl esters were prepared in 
70% yield from the acid chloride and sodium p-nitro- 
phenylate as described for the chloroacetyl ester (22), 
except for p-nitrophenyl formate (3). E-N-Formyl-L-lysine 
was purchased from Sigma Chemical Co., St. Louis. 
E-N-Benzoyl-L-lysine was made as reported (23). 

a-N-Acetyl-L-lysine (24), a-N-acetyl-L-ornithine (24), 
a-N-acetyl-L-diaminobutyric acid (24), a-N-benzoyl-L- 
lysine (25), and a-N-formyl-L-lysine (26) were obtained 
from the corresponding carbobenzoxy derivative followed 
by hydrogenation. a-N-Formyl-L-ornithine was prepared 
as for the lysine derivative (26), except that contaminating 
ornithine was removed with Amberlite IRC-50; yield, 
59 %. 

Anal. Calcd. for CGHI2N2O3: N, 17.5. Found: N, 17.6. 
a-N-Carbobenzoxy-DL-diaminopropionic acid was pre- 

pared from L-cystine as described (27), and acetylated in 
the presence of N NaOH with acetic anhydride. After 
acidification, the solution was concentrated, the product 
extracted into ethyl acetate, the solvent evaporated, and 
the residue hydrogenated over Pd/C to give 0-N-acetyl- 
DL-diamino~ro~ionic acid from water - ethanol; yield, - .  . .  . 

60%. 
Anal. Calcd. for C5HION2O3: C, 41.1 ; H, 6.9; N, 19.2. 

Found: C, 41.2; H, 7.1; N, 19.2. 
0-N-Carbobenzoxy-DL-diaminopropionic acid was pre- 

pared by the action of phosphorus pentachloride on the 
dicarbobenzoxy derivative (28). 

Acy!utiorz Experirnerzts 
A solution of diamino acid (1.0 rnmole) in 10 ml of 

water was brought to the required pH with a pH-stat 
charged with 2 NNaOH. Acylating agent was added, and 
the mixture was n~agnetically stirred 5 h while the pH was 
being kept constant. The reaction was usually complete 
after 314 h. When a large excess of reagent was used 
(Tables V and VI), the reaction was left for 12 h. The 
solution was then transferred and completed to 100 ml. 
One ml aliquots were diluted to 5 ml with 0.20 N sodium 
citrate, pH 2.2, and samples were assayed for the appro- 
priate products with a Beckman Amino Acid Analyzer, 
model 120B. 
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E-N-Acetyl-L-lysine 7. M. C. KHOSLA, H. G. GARG, and N. ANAND. J. Sci. 
A mixture of lysine monohydrochloride (1.83 g; 0.01 Ind. Res. India, 21B, 318 (1962). 

mole) and phenyl acetate (6.4 ml; 0.05 mole) was stirred 8. (3. LossE, H. JESCHKEIT, and H. ZASCHRE. Ann. 676, 
for 1 h at pH 11.0 (pH-stat). The solution was removed 232 

from the pH-stat and then stirred for an additional hour in 7i$gtbyd L' ZERvAs' Am' 83> 
the presence of 80 ml of Dowex 50 (H+ form). The resin 10. A. C. K~~~~~ ~ i ~ ~ h ~ ~ .  J. 50, 690 (1952). 
was filtered off, washed several times with water, and 11. S. C. FU, K. R. RAO, S. M. BIRNBAUM, and J. p. 
stirred in 3 N NH40H for 114 h. The resin was removed GREENSTEIN. J. Biol. Chem. 199, 207 (1952). 
by filtration, the filtrate evaporated to dryness, and the 12. F. CHATTAWAY. J. Am. Chem. Soc. 59, 1568 (1937). 
residue crystallized twice from water-ethanol; yield, 1.37 13. M. GORDON, J. G. MILLER, and A. R. DAY. J. Am. 
s (76%). Chem. Soc. 70, 1946 (1948); 71, 1245 (1949). 

Anal. Calcd. for C.H,.N,O,: N, 14.9. Found: N, 14.9. 14. E: ~ u ~ ~ ~ ~ > * ~ ~ ~ ~ ~ A f \ S o ~ . 8 ~ ~ f ~ ~ $ ~  A- 
15. E. S. GOULD. Mechanism and structure in organic 

chemistry. Holt, Rinehart and Winston, New York. 
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Deuterated amino acids. IV. The synthesis of ~-phenyl-d~-alanine-2,3,3-d,~,~ 

A. T. BLOMQUIST and R. J. CEDERGREN, 
Deparltnenf of Chetnistry, Corttell University, Ithaca, Nerv York, 14850 

Received November 10, 1967 

The synthesis of L-phenyl-d5-alanine-2,3,3-d, is described. The synthetic route involved the enzymatic 
deacylation of acetylphenyl-d,-alanine-2,3,3-d,, which was obtained by catalytic reduction (deuteriuma- 
tion) of the hydrolyzed 2-methyl oxazolone derivative of benzaldehyde-d6. The ultraviolet, infrared, and 
optical rotatory dispersion spectra of L-phenylalanine-d, are reported along with some corresponding 
data on the deuterated intermediates. 

Canadian Journal of Chemistry, 46, 1053 (1968) 

With the general objective of providing highly 
deuterated amino acids as possible tools for use 
in the study of a variety of chemical and bio- 
logical systems, as outlined briefly in a recent 
article (I), a useful synthesis for the title com- 
pound is reported. The synthesis of L-phenyl-d5- 
alanine-2,3,3-d3 is accomplished as outlined in 
the reaction sequence given below. With ref- 
erence to this sequence, the formation of benz- 
aldehyde-d6 requires the addition of sodium 
chloride to the reaction mixture as a catalyst to 
guarantee reproducible yields4 

The catalytic reduction of the acid 3 in 
dioxane - ethyl acetate using 10% palladium 
on carbon as the catalyst is satisfactory but with 
the solvent-catalyst system of acetic anhydride, 
deuterium oxide, and platinum oxide (3), sub- 
stantial reduction of the benzene ring occurs, giv- 
ing N-acetylcyclohexyl-dl ,-alanine-2,3,3-d, (12). 

Because the activity of the renal acylase varies 
(4) it is useful to carry out the deacylation re- 
action simultaneously on separate solutions of 
the acid 4 and its protio analogue. Since the 
phenyl protons of the amino acid are dis- 
tinguishable from the phenyl protons of the 
N-acetyl amino acid in the nuclear magnetic 
resonance spectrum, the enzymatic deacylation is 
followed by integration of the two phenyl 
peaks, and the necessary reaction time is easily 
determined. 

The deuterated L-phenylalanine (5) is obtained 
in 18 % yield overall from benzene-d6. 

The ultraviolet and optical rotatory dispersioil 
data for the amino acid 5 are given in the Ex- 
perimental section. It is to be noted that in the 
ultraviolet spectrum of 5 all maxima of the 
deuterated compound are at a lower wavelength 
than the corresponding maxima of the protio 
analogue. The higher energy needed to excite 
the deuterated compound results from the 
lowered zero point energy associated with 
deuterium substitution. 

Condensation of the aldehyde 1 with N- 
acetylglycine, with 2-mercaptothiazole-5-one, 
and with hippuric acid affords as products the 
oxazolone 2, 2-thio-4-benzylidene-d6-thiazolone 
(9), and 2-phenyl-4-benzylidene-d6-oxazolone (8) 
which contain, respectively, 96.4%, 93.974, and 
99.8% deuterium. The reduction of the oxa- 
zolone 8 and the thiazolone 9 with deuteriodic 
acid5 and red phosphorus gave DL-phenyl-dj- 
alanine-d3 (7) in 66% and 51 % yields. The prod- 
uct (7) from these reactions indicated con- 
siderable exchange (8 1.5 %) had occurred ren- 
dering these alternate schemes unacceptable. 

The observed amount of isotopic dilution of 
the three condensation products 2 (3.5%), 9 
(679, and 8 (0%) can be rationalized on the 
basis of tautomerism. Exchange with the solvent 
of the benzylidene positions of 2 and 9 occurs 
via their respective tautomers, 2-methvlene- 

'Part HI: A. T. Blomquist, B. F. Hiscock, and D. N. 4 - b e n z y l - ~ ~ - 0 ~ a 0 0  (11) (5, 6)6 and 2-Lhio-4- 
Harpp, J. Org. Chem., 31,4121 (1966). 

*This study was supported in part by the National 'Prepared from phosphorus triiodide and deuterium 
Science Foundation under grant G-18902. oxide. 

3Present address: DCpartement de biochimie, Uni- 6An analogous isomerization of certain 2-vinyl-4- 
versitk de Montreal, ~ o n t r ~ a l ,  Quebec. benzyloxazolones to 2-ethyl-4-benzylideneoxazolones is 

4Certain salts have been shown (2) to catalyze Friedel- described (6). The vinyl oxazolones were prepared by 
Crafts reaction. dehydration of acryloyl a-amino acids. 
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NaCl AczO 
Nc13 NaOAc 

CsDs + CO -----t C6DsCDO C6D5CD=C----CO 
DzO N-acetylglycine 
52% 1 53 % 2 r? d 

98.1 % D 96.4% D \C/ 

I 

H z 0  
C6D5CD=CC02H EtOAc D L - C ~ D ~ C D ~ C D C O ~ H  

acetone I dioxane 
95 % 3 NHCOCH3- 

I 
4 NHCOCH3 

96.5 % D 10 % Pd/C 96.3 % D 
86 % 

renal acylase L-C~D,CD,CDCO,H + D-C,D,CD,CDCO,H 
P I 

NHz 
I 

NHCOCH3 

5 6 

81 % yield, 94.9 % D 65 % yield 

benzyl-A3-thiazolone (10); no tautomer is pos- 
sible for the azlactone 8. 

C6DSCD=C---CO F? C6DsCDH-C-CO 
I I 

N 
I1 
N 

11 \c/ 

Ailalysis by mass spectrometry shows the 
thiazolone 9 to be a mixture of -d5 (38.9 %) and 
-d, (61.1 %)7 species, an indication that ex- 
change occurs at only one position on the 
molecule. Exchange at the ring positions would 
give rise to additional species containing only 2, 
3, and 4 deuteriums; these were not detected. 

Experimental 
MateriaIs 

Benzene-d6 was purchased from Ciba Chemical 
Company, Summit, New Jersey. Phosphorus triiodide 
was supplied by K and K Fine Chemicals, Jamaica, New 

IDeuterium analysis was carried out by the B. F. 
Goodrich Co., Brecksville, Ohio. 

York, and renal acylase was obtained from Mann 
Assayed Biochemicals, New York, New York. 

Equipment 
The following machines were used in the course of this 

research: model A-60 Varian nuclear magnetic resonance 
spectrometer, Cary 14 recording spectrophotometer, 
Cary 60 spectropolarimeter, Consolidated Engineering 
model 21-103A mass spectrometer, and a Perkin-Elmer 
Infracord. A controlled atmosphere box was used 
throughout this research whenever a possibility of ex- 
change with water vapor in the atmosphere arose. The 
box was kept dry by maintaining a positive pressure of 
dry nitrogen in the box, and by placing an evaporation 
dish containing 1:l Celite : phosphorus pentoxide in the 
box. Dry nitrogen referred to in this Experimental section 
was dried by passing through columns of 1 :I Celite : 
phosphorus pentoxide. 

A~zalyses 
Deuterium analyses were carried out by J. Nemeth, 

Urbana, Illinois, the B. F. Goodrich Co., Brecksville, 
Ohio, and by one of the authors (R. J. C.). Microanalyses 
were performed at Scandinavian Microanalytical Labo- 
ratories, Herlev, Denmark, and Galbraith Laboratories, 
Inc., Knoxville, Tennessee. 

Benzaldehyde-d6 ( I )  
To a stirred metal autoclave was added 63.8 g (0.760 

mole) of benzene-d6, 112 g of aluminium chloride, 20 g 
of sodium chloride, and 1.0 ml of deuterium oxide (a 
modification of the procedure described in ref. 7) under 
an atmosphere of dry nitrogen. This mixture, pressured 
with carbon monoxide to 1000 p.s.i., was stirred for 3 h 
at room temperature; the carbon monoxide was then 
vented. Deuterium oxide (200ml) and ether (200 ml) were 
added slowly and simultaneously to the opened bomb; 
stirring was continued until evolution of gas ceased. 
Distillation of the washed and dried ether layer gave 44.1 
g (52%) of the aldehyde 1: b.p. 68' (15 mm), 179" (760 
mm); ng5 1.5414; d i5  1.1026; h,,. (neat) 4.43, 4.79, 
6.01 11. 
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Anal. Calcd. for C7D60:  C, 74.95; H, 5.94;8 D, 100 The mixture, after two recrystallizations from 400 ml 
atom %. Found: C, 75.11, 74.96; H, 6.00, 6.07; D, 98.1 of water, gave 7.1 g of the compound 12: m.p. 172-173'; 
atom %. h,,, (KBr) 3.00, 3.50, 4.60, 4.75, and 5.90 p. 

2-Methyl-4-berzzylidene-d6-oxazolone (2) Anal. Calcd. for CllHsD14N03: C, 58.09; H, 9.04; 

Following the procedure of Herbst and Shemin (3), D, 73.6 atom %. Found: C, 58.10; H, 8.80; D, 72.5 

39.3 g (0.350 mole) of the aldehyde 1, 44.7 g (0.38 mole) atom % (98'5%)' 

of ~ ~ a c e t ~ l g l ~ c i n e ,  22.4 g of sodium acetate, and 105 ml 
of acetic anhydride afforded 35.8 g (53%) of the re- 
crystallized azlactone 2, m.p. 149-151". 

Anal. Calcd. for CllH3D6NO2: C, 68.37; H, 5.00; 
D, 66.7 atom %. Found: C, 68.43; H, 5.13; D,  64.2 
atom % (96.4 %). 
3-Plzerzyl-ds-2-acetamidopropet~oic-3-d Acid (3) 

Using the reported procedure (3) 38.0 g (0.197 mole) 
of the azlactone 2 was refluxed in 400 ml of acetone and 
150 ml of water for 5 h. After crystallization from water 
there was obtained 40.1 g (95%) of the acid 3: m.p. 
189-190"; h,,. (KBr) 2.85, 3.05, 4.00, 4.40, 5.95, and 
6.10 p. 

Anal. Calcd. for CllH5D,N03: C, 62.54; H, 5.53; 
D, 54.5 atom %. Found: C, 62.74; H, 5.70; D, 52.6 
atom % (96.5 %). 
DL-N-Acetylphenyl-ds-alanine-2,3,3-d3 (4) 

A solution of 9.31 g (0.0437 mole) of the acid 3 in 75 
ml of ethyl acetate and 200 ml of dioxane was added to a 
pressure bottle that contained 1.3 g of 10% palladium 
on carbon. The bottle was placed in a Parr apparatus 
and connected directly to an inverted tank of deuterium 
eas.VThe initial deuterium gas uressure was 40 u.s.i.) 

2-Pherzyl-4-benzylidene-d6-oxazolone (8 )  
Using a modification of Buck and Ide's procedure (8), 

12.9 g (0.115 mole) of 1, 20.7 g (0.115 mole) of hippuric 
acid, 8.4 g of sodium acetate, and 37 ml of acetic an- 
hydride were heated on a steam bath for 2 h. Ethanol 
(48 ml) was then added, the solvents evaporated, and the 
solid residue extracted -with hot benzene. conckntration 
of the benzene solution to small volume gave 15.7 E 
(54%) of the azlactone 8: m.p. 161-163"; x.,,, (KB~S 
4.42, 5.54, and 6.05 p. 

Anal. Calcd. for C16HsD6N02: C, 75.27; H, 4.57; 
D, 54.5 atom X .  Found: C, 75.14; H, 4.61; D, 54.4 
atbm % (99.8%): 

2-Thio-4-berzzylidene-d6-thiazolone (9) 
According to the procedure of Billinloria and Cook 

(9) from 56.4 g (0.503 mole) of the aldehyde 1 and 56 g 
(0.421 mole) of 2-rnercaptothiazole-5-0ne,~~ in 500 ml 
of acetic acid there is obtained 93.1 g (82% based on 1) 
of the product 9, m.p. 208-210". 

Anal. Calcd. for CloHD6NOS2: C, 53.00; H, 3.38; 
D, 85.6 atom %. Found: C, 52.85; H, 3.43; D,  80.3 
atom % (93.6%), 80.6 atom % (94.2%). 

" \ - A 

After at room temperature, the L-P]Ie~lyyl-~s-a[an~Ilee2,3,33d3 (5) arrd ~ - N - A ~ ~ t ~ l p ] ~ ~ ~ ~ [ -  
deuterium was absorbed. The catalyst was filtered, solvent d5-ala,,ille-2,3,3-d3 (6) 
removed under reduced pressure, and the residual oil In accordance with the of Greenstein and 
crystallized from water to give 8.11 g (86%) of the acetyl Winitz (11), renal acylase (0.245 g) was added to a 
derivative 4: n1.p. 147-149"; I,.,. (KBr) 3.00, 3.50, 4.40, solution of 6.15 (0.0286 mole) of the ~ ~ - ~ ~ ~ ~ ~ l  deriva- 
and 5.85 p. tive 4 in 100 ml of water that had been neutralized to pH 

for C11HsDnN03: C* 61'38; Hy 6'50; 7.1 with lithiuin hydroxide. After standing at 37" for 1 
D, 61.6 %. Found: C, 61.19; Hy 6.66; D7 59'2 day, lodropsof aceticacid wereadded, the mixture heated 
atom % (96.3 %). to 60" and filtered with the aid of charcoal. After addition 
Red~rctiorz of the Acid 3 

Following a n~odification of the reported procedure 
(3), 34.9 g (0.164 mole) of the acid 3 in 196 ml of acetic 
anhydride and 42 ml of deuterium oxide was reduced in 
a Parr apparatus, using 0.83 g of platinum oxide, and a 
deuterium gas pressure maintained at 40 p.s.i. for 3 h. 
Filtration followed by evaporation of the filtrate gave 
30.6 g of a mixture that comprised 70 % conlpound 4 and 
30% N-acetylcyclol~exyl-rI,l-alanine-2,3,3-d3 (12).1° 

sThe calculated value for % H on all compounds 
containing deuterium is that figure which would be 
obtained in a routine analysis which assumes all water 
of combustion to be H20.  The following formula was 
used, % H = [1.008 A (18.02 + 2.016 B)]/18.02 C x 100 
where A equals the total number of H and D atoms in the 
molecular formula, B is the theoretical atom fraction of 
D, and C equals the formula weight, including the mass 
of deuterium. 

gThe ballast tank of the Parr apparatus is not used so as 
to prevent contamination of the deuterium gas by ad- 
sorbedhydrogen. 

1°Ratio determined by the ultraviolet absorption at 
258 mp. 

of 20 n ~ l  of ethanol, the filtrate was evaporated to 5 ml. 
This gave 1.61 g of the L-amino acid 5. An additional 
0.21 g of 5 was obtained by the addition of ethanol to the 
above ethanol-water filtrate after it had been concen- 
trated to small volume by evaporation. 

Acidification to pH 1 of the final aqueous ethanol 
filtrate gave, after filtration, 2.00 g (65%) of the D-N- 
acetyl derivative 6: m.p. 167-179"; [cr]b5 -36" (c, 1, 
MeOH); I,,, (KBr) 3.00, 3.50, 4.42, and 5.95 LL. 

The following procedure afforded an additional 0.20 g 
of the product 5. The filtrate from the separation of 6 
was adjusted to pH 5 and 0.30 g of cupric acetate added. 
The filtered copper salt was added to 10 ml of water, 
through which hydrogen sulfide gas was bubbled. The 
solution of the acid 5 was filtered, concentrated to small 
volume, and worked up with ethanol as reported above. 
The total yield of the amino acid 5 was 2.02 g (81 %): 
m.p. 260-262' (decomp.); [cr]bs -34" (c, 1, H20) ;  
h,,, (KBr) 3.35, 3.40, 6.15, and 6.50 p. Ultraviolet 

"Obtained in 36% yield from ethyl chloroacetate 
using the procedure described in ref. 10. 
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absorption spectrum, E'S in par en these^:'^" h,,, (H20) 
241.8 (77.2), 246.4 (114.2), 251.2 (161.0), 256.8 (189), 
262.5 (143.5), and 265.6 mp (92.6). Molecular ro- 
tation (at 25"; c, 1; 1 N HC1):lZb [+I 589, -13.3'; [+] 
470, -18.0"; [+] 360, 0'; [+] 275, +313"; [+I 255, 
+837O; [+I 240, 16050". 

Anal. Calcd. for C9H3DsN02: C, 62.40; H, 6.88; 
D, 72.7 atom %. Found: C, 62.18; Hi 6.99; D, 68.9 
atom % (94.9 %). 

A pilot experiment was used to monitor the above 
reaction indirectly. An appropriate amount of the protio 
acetylphenylalanine with renal acylase was reacted in an 
nuclear magnetic resonance tube. The reaction was fol- 
lowed by the increase in the n.m.r. signal at z 2.70 due to 
the phenyl protons of L-phenylalanine and the decrease 
of the signal at z 2.80 due to the phenyl protons of ace- 
tylphenylalanine. Integration of the peaks gave the per- 
centage of reaction. 

Racemization of the Acetyl Derivative 6 
The labile protons were exchanged by stirring 2.00 g 

of the derivative 6 in 50 ml of deuterium oxide at room 
temperature. The heavy water was evaporated, 50 ml 
of acetic anhydride added, and the resulting solution 

12The following data were obtained for protiophenyl- 
alanine. (a) h,,, (H20), E'S in parentheses: 242.2 (70.6); 
247.1 (106); 251.9 (153.2); 257.5 (189); 263.5 (147.5); 
and 266.8 mp (82.5). (6) [+] 589, -14.0"; [+] 470, -18.6"; 
[+] 360, 0"; [+I 275, +312"; [+] 255, +824"; [+I 240, 
+6350°. 

refluxed for 3 h. After this time the solvents were re- 
moved in vacuo and 15 ml of deuterium oxide added; 
the evaporation procedure was repeated twice. Finally, 
the oil was crystallized from 20 ml of water to give 1.27 g 
(64%) of the racemized derivative 4; m.p. 142-145". 

Anal. Calcd. for Cl1H5D8NO3: D, 61.6 atom %. 
Found: D, 65.3 atom % (106%). 
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The reaction of 1,2,3-thiadiazoles with base. I. A new route to 1-alkynyl 
thioethers 

R. RAAP AND R. G. MICETICH 
R & L Molecular Research, Ltd., 8045 Argyll Road, Edmonton, Alberta 

Received October 30, 1967 

The reaction between 1,2,3-thiadiazoles, unsubstituted in the 5-position, and a strong base such as an 
organolithium compound, sodamide, sodium methylsulky1 carbanion, or potassium f-butoxide results 
in cleavage of the thiadiazole ring system with evolution of nitrogen and formation of alkalimetal alkyn- 
ethiolate. Subsequent addition of an alkyl or acyl halide to the reaction mixture produces 1-alkynyl 
thioethers. 4-(5-Phenyl-1,2,3-thiadiazolyl)lithium, obtained from 5-phenyl-1,2,3-thiadiazole and methyl- 
or phenyllithium, reacts with methyl iodide to give 4-methyl-5-phenyl-l,2,3-thiadiazole. 

Canadian Journal of Chemistry, 46, 1057 (1968) 

Simple aromatic heterocyclic compounds such 
as furan (I), thiophene (2), thiazole (3), and 
isothiazole (4) can all be metallated by treatment 
with rz-butyllithium. I t  was hoped that this 
behavior would also extend to 1,2,3-thiadiazoles, 
since this would present a means of introducing 
substituents in the 4-position and in the 5- 
position. An investigation into the reaction 
between 1,2,3-thiadiazoles and n-butyllithium 
was therefore undertaken, a study which led t o  
the discovery of an interesting cleavage reaction 
of the thiadiazole ring. 

1,2,3-Thiadiazoles can be prepared by cyclo- 
addition of diazoalkanes to isothiocyanates (5-8) 
or thioileesters (9), or from the reaction between 
a-diazocarbonyl compounds and hydrogen sul- 
fide (10). Synthetically the most convenient 
method would appear to be the one discovered 
by Hurd and Mori (1 1) involving the reaction 
between thionyl chloride and acylhydrazones 
containing an a-methylene group. This method 
was indeed found to be quite versatile and useful. 
Table I lists the various 1,2,3-thiadiazoles pre- 
pared for the present study by this method. Par- 
ticularly gratifying was the smooth reaction of 
the carbethoxyhydrazone of ethyl acetoacetate 
with thionyl chloride to  give a 75% yield of ethyl 
4-methyl- 1,2,3- thiadiazole- 5 -carboxylate. The 
free acid could be decarboxylated quantitatively 
to the previously unknown 4-methyl-1,2,3- 
thiadiazole, a colorless liquid with an odor 
reminiscent of pyridine. Ethyl 1,2,3-thiadiazole- 
5-carboxylate could similarly be prepared from 
ethyl N-carbethoxyhydrazinoformyl acetate, 
however in much lower yield. The acid in turn 
was decarboxylated to  give 1,2,3-thiadiazole. 
Wolff (10) prepared this compound by decar- 
boxylation of 1,2,3-thiadiazole-4-carboxylic acid. 

When n-butyllithium in n-hexane was added to 
an anhydrous tetrahydrofuran solution of 4- 
phenyl-l,2,3-thiadiazole at -65", a gas was 
liberated and a yellow solid precipitated from 
the intensely colored solution. After the addition 
of methyl iodide to  the reaction mixture a color- 
less liquid, b.p. 91-93" (1.0 mm), could be 
isolated. The infrared spectrum contained a 
sharp band at 2170 cin-l. The nuclear magnetic 
resonance (n.m.r.) spectrum (CCl,) consisted of 
a three-proton singlet at z 7.63 and a five-proton 
multiplet centered at z 2.7. Upon hydrolysis 
phenylacetic acid was obtained. The elemental 
analysis agreed with the formula C,H,S. The 
product must hence be 1-methylthio-2-phenyl- 
ethyne,' the formation of which can be rational- 
ized by a cleavage of the thiadiazole ring to  
nitrogen and lithium 2-phenylethynethiolate 
which is then alkylated by methyl iodide (Scheme 
I). On using ethyl iodide instead of methyl 
iodide, 1-ethylthio-2-phenylethyne, with com- 
parable physical constants as those reported by 
Brandsma, Wijers, and Jonker (13a), was ob- 
tained in 9 1 % yield. 

lNote added in proof: This compound, b.p. 74" (2 mm), 
has been reported by M. Schmidt and V. Potschka 
(Naturwissenschaften, 50, 302 (1963)). We thank Pro- 
fessor J. F. Arens for bringing this paper to our attention. 
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TABLE I 
1 ,2,3-Thiadiazolesa 

Carbethoxyhydrazone Melting point or boiling % calculated % found 
point C) 

P 
Compound R R ' Melting point, OC %yield (mmHg), "C %yield Formula C H N S  C H N S ?  

u 
l b  CH3 C02C2H5  57-60 99 86(0.2) 75 C ~ H ~ N Z O Z S ~  33.33 2.78 19.45 22.22 33.55 2.86 19.80 21.80 
2 H C 0 2 C z H ~  - 60 76(1.0)' 25 C S H ~ N Z O Z S  Z 
3 CGHS H 117-119 95 7 7 - 7 9 ( n - ~ ~ ~ , ~ ) ~  80 CsHsN2S 
4 p-0CH3C6H4 . H 131-132 88 92-94(11-C6H12 - CeH6) 74 CgHaN20S 56.22 4.20 14.57 55.99 4.44 14.60 

a 
5 p-CICsHd H 138-141 90 137-139 (CaHs) 79 CsH5CIN2S 48.85 2.56 48.96 2.58 s 
G 2,4-ClzCsH~ H 146-14SC, 101-105" 58, 24 109-1 12(11-CeH12 - CeHe) 78 CaH.+CIzNzS 41.57 1.74 41.56 1.96 

z 
7 2-thienyl H 121-122 85 7&71(n-C6Hll - CsH6) 86 CsH4N2S2 42.84 2.40 16.66 38.12 43.13 2.59 16.61 37.90 
8 5-isothiazolyl H 151-152 87 119-121(EtOAc) 72 CSH3N3S1 35.49 1.79 24.83 35.64 2.14 24.50 'TI 0 
9 3-pyridyl H llG118 88 9 0 - 9 2 ( n - ~ ~ ~ ~ ,  - C ~ H G ) ~  86 C7H5N3S 51.51 3.09 25.74 51.17 3.24 25.85 

88-90" 93a 52-%jh; 105(0.2) 72 CnH6N2S 
C) 

10 H CsHs 
11 CH3 CsHs 95-100 100 116-llS(1.3) 84 C9H8N2S 61.35 4.58 15.90 61.47 4.71 16.30 $ 

i% 

t; 
236-238 (deconip.)' 95' 255 (decamp.) (dioxane) 97 Cl0H6N4SZ 48.75 2.46 22.75 49.02 2.22 23.03 2 

j 
4 

I< 
,NHC02C2H5 . 

K-C-CH2R' 
y s  K' 

*The analyses were performed on the acid, m.p. 173-174' (decomp.), neutralization equivalent 142 (calculated 144). 
=Reported (12) b.p. 103-105' at 14 mm. 
d~epo r t ed  (11) m.p. 77-78'. 
eTwo different isomers were isolated. Both products were converted to 4-(2,4-dichloropheny1)-1,2,3-thiadiazole upon treatment with thionyl chloride. 
J H C ~  salt: m.p. 230-235' (decomp.). 
T~srbomethoxyhydrazone. 
"Reported (10) m.p. 53-53.5'. 
'~icarbethoxyhydrazone of 1,4-diacetylbenzene. 
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RAAP AND MICETICH: REACTION O F  1,2,3-THIADIAZOLES WITH BASE 1059 

TABLE 11 
The effect of base on the yield of 1-methylthio-2-arylethyne* 

% yield 

Base Solvent Temperature "C R = C6HS R = 5-isothiazolyl 

n-C4H9Li THF - 65 91 60 
CH ,Li THF - 65 91 90 
C6HsLi THF - 65 84 89 
NaNH, NH3 - 60 83 68 
NaCH,SO-CH3 DMSO-THF - 20 88 90 
t-C4H90K t-C4H90H-THF 0 68 77 

It became immediately evident that the cleav- 
age of 1,2,3-thiadiazoles, unsubstituted in the 
5-position, showed great potential as a general 
synthetic route to 1-alkynyl thioethers2 and 
more specifically to those that would not other- 
wise survive the conditions of the existing routes 
(13, 14). It was therefore decided to study the 
scope of the reaction more closely. The result of 
this investigation is tabulated in Tables I1 and 
111. Table I1 lists the results of a comparative 
study of the effect on the yields of l-methylthio- 
2-phenylethyne and 1-methylthio-2-(5-isothia- 
zoly1)ethyne when various strong bases were 
employed in the ring opening reaction. Table I11 
summarizes the syntheses of a large number of 
1-alkynyl thioethers from 1,2,3-thiadiazoles. The 
results reported in Tables I1 and I11 fully em- 
phasize the general synthetic value of the reac- 
tion. A large variety of bases can be employed 
successfully and especially sodium methyl- 
sulfinyl carbanion appears to  be a very useful 
reagent for the preparation of the more sensitive 
1-alkynyl thioethers, e.g. 1-methylthio-2-carbo- 
methoxyethyne3 (Table 111, compound 4). 

A direct synthetic application of the new 
cleavage reaction of 1,2,3-thiadiazoles consists of 
the synthesis of arylacetic acids from arylmethyl- 

ketones as illustrated in Scheme 2. The overall 
yields for the preparation of phenylacetic acid, 
2-thienylacetic acid and 5-isothiazolylacetic acid 
by this sequence were 54, 55, and 40% respec- 
tively. 

4-(1,2,3-Thiadiazoly1)lithium compounds ap- 
pear to have some degree of stability as was 
indicated by the behavior of 5-phenyl-1,2,3- 
thiadiazole towards organolithium compounds. 
Methyllithium was added to a solution of 5- 
phenyl-1,2,3-thiadiazole in anhydrous tetra- 
hydrofuran at -65", followed by the addition of 
methyl iodide. The expected 4-methyl-5-phenyl- 
1,2,3-thiadiazole, identical with the material 
prepared from phenyl-2-propanone by the 
method of Hurd and Mori (Table I), was isolated 
in 64% yield. The yield decreased to 34% when 
phenyllithium was employed whereas the use of 
TI-butyllithium resulted in only trace amounts of 
the product. 

Experimental 
All melting points and boiling points are uncorrected. 

Z1-Alkynyl thioethers have been prepared previously by The infrared spectra were recorded on a Perkin-Elmer four different methods (13, 14) and their use as synthetic lnodel 137 "lnfracord" spectrophotometer. ~~~l~~~ intermediates has been reviewed by Arens (140) in 1960. 
The mechanistic aspect of the cllemistry of l-alkynyl netic resonance (n.m.r.1 spectra were measured using a 
thioethers is en,pllasized in a recent review by Drenth Varian Associates model A-60 spectrometer, with tetra- 
/Idh> methylsilane as a reference. Microanalvses were ~ e r -  \- .-,. 

3When this compound was heated for 5 h at 95-100" formed by Dr. G. Weiler and Dr. F. B. ~trauss, Micro- 
with cyclopentadiene in benzene a 61% yield of a com- analytical Laboratory, Oxford, England. 
pound, b.p. 95-97" (0.3 mm), was obtained which was 
assigned the structure of methyl 2-methylthiobicyclo[2,- 5-Acety1is0thiaz01e 
2,llhepta-2,5-diene-3-carboxylate (1) on the basis of spec- A 1.6 Msolution of n-butyllithium in 11-hexane (325 ml, 
tral and analytical data. 0.53 mole of butyllithium) was added dropwise to a 
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TABLE 111 
1-Alkynyl thioethers from 1,2,3-thiadiazoles" w 

-- 8 
0 

Melting point or boiling % calcd. % found 
Corn- point 
pound R C ~ S R '  X Base (mm Hg), "C %yield Formula C H S  X C H S  X 

( I )  base 
R-C=C-S-R' . 

N (2) R'X > 

v h e  compound deteriorated rapidly a t  room temperature and no satisfactory elemental analysis could be obtained. The infrared spectrum, however, contains sharp bands at 3300 and 2040 cm- 
while the n.m.r. spcetrum (CDCld contains singlets at r 2.75, 6.14, and 7.26 with an integrated area ratio of 5:2:1. 

Cn b6 1.4880. Reported (140) b.p. 65-67' (12 mm), n h o  1.4860. 
d~-Benzylthiuronium salt: m.p. 166-167' (decomp.); reported (15) m.p. 165.5-166.5' (decomp.). 
en66 1.6066. Reported (13) b.p. 132' (14 mm), irB0 1.6133. 

/This product was obtained by hydrolysis of the ethyl ester with methanolic NaOH. 
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RAAP AND MICETICH: REACTION OF I,2,3-THIADIAZOLES WITH BASE 

0 
hydrolysis 

Ar- C=C-SR 
I1 

). Ar-CH2-COH 

SCHEME 2 

stirred solution of isothiazole (42.5 g, 0.50 mole) (16) in 1,2,3-Ttiiadiazole-5-carboxylic Acid 
400 ml of anhydrous THF, maintained at approximately The ethyl ester (52.7 g, 0.33 mole), cooled in ice, was 
-65" (4). The addition was carried out in an N2 atmo- treated with 112 ml of 3 N methanolic NaOH. After 15 
sphere. The isotl~iazolyllithium suspension was slowly min at 0" the methanol was removed and the sodium salt 
siphoned into a vigorously stirred mixture of acetic an- dissolved in 150 ml of water. The solution was acidified 
hydride (151 g, 1.5 mole) and anhydrous ether (200 ml) and continuously extracted with ether for 24 h. Drying 
cooled in a dry ice -acetone mixture. The reaction mix- and removal of the ether left the acid (41 g, 96%) as a 
ture was allowed to warm to 0' and then poured into 500 white solid, m.p. 103" (decomp.), neutralization equiva- 
ml of ice-water. The aqueous layer was extracted with lent 129 (calcd. 130); reported (12) m.p. 104-106" (de- 
two 100 ml portions of ether. The combined organic comp.). 
layers were dried, followed by removal of the solvent. The 
residue was fractionally distilled to give 35.4 g (56%) of 1,2,3-Thiadiazole 
the product, b.p. 62-63" (1.3 mm), m.p. 27", identical in 1,2,3-Thiadia~0le-5-carboxylic acid (6.5 g, 0.050 mole) 
all respects with a sample of 5-acetylisothiazole prepared was placed in a round bottom flask fitted with a condenser 
by the method of Caton et a/. (17). and receiver, the latter cooled in dry ice-acetone and 

connected to a suction pump. The flask was immersed in 
Methyl 1,2,3-Ttiiadiazole-4-carboxylate an oil bath and heated at 140-150". Occasional suction 

A solution of 1,2,3-thiadiazole-4-carbonpl chloride (460 was applied to remove the thiadiazole which distilled as a 
g, 3.1 mole) (12) in 600 ml of benzene was added dropwise colorless liquid; yield 4.1 g (96 %), b.p. 53" (16 mm), m.p. 
under stirring to 1600 nd of methanol. The temperature - 140; reported (10) b.p. 83-85" (60 -). The n.m.r. spec- 
of the reaction mixture was allowed to rise to 50'. After trunl (CC14) consisted of a conlplex multiplet at T 0.92- 
the addition was complete the mixture was heated under 1.12. The material was also prepared by de~a~boxylation 
reflux for 15 min, whereafter the solvent was removed. of ],2,3-tlliadiazo]e-4-carboxylic acid (11) according to 
The product was rec~stallized from methanol to give 400 the procedure of Wolff (10). The infrared spectra of the 
g (90%) of white solid, m.P. 91-93", reported (12) m.P. products obtained by the two different methods were 
87-88'. superimposable. 

Ethyl 1,2,3-Tlziadiazole-5-carboxylate 
A solution of the sodium salt of ethyl formylacetate 

(354 g, 2.6 mole) (18) in 350 ml of water was slowly added 
to an ice-cooled solution of carbethoxyhydrazine (270 g, 
2.6 mole) (19) in 750 ml of 4 N hydrochloric acid. After 
0.5 h at room temperature the precipitated oil was ex- 
tracted with ethyl acetate. The carbethoxyhydrazone 
obtained after drying and removal of the ethyl acetate, 
solidified upon trituration with n-hexane, and amounted 
to 315 g (60%). The crude ethyl N-carbethoxyhydrazino- 
formylacetate (154 g, 0.76 mole) was carefully added to 
SOC12 (220ml), cooled in ice. When the reaction sub- 
dued, the mixture was heated at 80" for 1 h. The excess of 
SOC12 was removed and 250 ml of water was added to the 
residue, followed by extraction with five 100 ml portions 
of ether. The combined ether extracts were dried and the 
ether removed. Fractional distillation of the residue 
yielded 28 g (25%) of crude ester, b.p. 75-82" (3-5 mm), 
which could be purified further as follows: the ester (170 
g) in benzene was added to a column of alumina (500 g) 
and eluted with 6 1 of benzene. Removal of the benzene 
and distillation of the residue yielded 90 g of colorless oil, 
sharply boiling at 76" (1.0 mm); reported (12) b.p. 103- 
105" (14 mm). The n.m.r. spectrum (CDC13) contained a 
one proton singlet at T 0.85, a CH2 quartet at T 5.53 and 
a CH3 triplet at .r 8.56. 

Ethyl 4-Methyl-I,2,3-thiadiazole-5-carboxylate 
A mixture of ethyl acetoacetate (162.5 g, 1.25 mole), 

carbethoxyhydrazine (130 g, 1.25 mole), acetic acid (5 ml) 
and methanol (250 ml) was left at room temperature for 
48 h. The mixture was concentrated to dryness and the 
crude carbethoxyhydrazone (267 g, 99 %, m.p. 57-60") 
was carefully added, under stirring, to 600 ml of SOCI, 
cooled in ice. The reaction mixture was stirred at room 
temperature for 24 h, whereafter the excess of SOC1, was 
removed and the residue distilled in vaczro to give 159 g 
(75 %) of a colorless liquid, b.p. 86" (2.0 mm). The infra- 
red spectrum of the neat liquid contained a strong band at 
1740cm-l. The n.m.r. spectrum (CC14) consisted of a 
three proton singlet at .r 7.04, a CH2 quartet at T 5.53 and 
a CH3 triplet at T 8.59. 

4-Met/~yl-I,2,3-thiadiazole-5-carboxylic Acid 
The ethyl ester (16.7 g, 0.097 mole) was treated with 

40 ml of 3 N methanolic NaOH and the resultant mixture 
was left at room temperature for 16 h. The methanol 
was removed, the sodium salt washed well with ether 
and dissolved in 100 ml of water. The aqueous solution 
was cooled and acidified. The product (13.2 g, 94 %) was 
collected by filtration as a white solid and could be re- 
crystallized from ethyl acetate-n-hexane, n1.p. 173-174" 
(decomp.). The elemental analyses are reported in Table I. 
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4-Methyl-1,2,3-thiadiazole 
This product was obtained in 96% yield by decarboxy- 

lation of 4-methyl-l,2,3-thiadiazole-5-carboxylic acid at 
185-195" by the same procedure as described for 1,2,3- 
thiadiazole. The compound distilled at atmospheric 
pressure (700 mm) at 175-177" with slight decomposition 
(distillate yellow and odor of H2S). I t  distilled at 73-74' 
at 22 mm pressure as a colorless liquid, 1zd6 1.5240, with 
an odor reminiscent of pyridine. The n.m.r. spectrum 
(CDCI,) exhibited a one proton signal at t 1.73 and a 
three proton signal at T 7.22. 

Anal. Calcd. for C3H,N2S: C, 36.00; H, 4.02; N, 
27.99; S, 32.04. Found: C, 35.98; H, 3.96; N, 27.61; S, 
31.81. 

ArylmethyNcetorzecarbethoxyhydrazones 
A mixture of arylmethylketone (0.20 mole), carb- 

ethoxyhydrazine (0.20 mole), methanol (50-75 ml), and 
acetic acid (0.5 ml) was heated to the boiling point of the 
methanol, then left at room temperature overnight. In 
most instances the product crystallized from the meth- 
anolic solution. An additional crop could generally be 
obtained by the addition of water or ether. The physical 
constants are given in Table I. 

4-Aryl-1,2,3-thiadiazoles 
The arylmethylketonecarbethoxyhydrazone (0.10 mole) 

was added to cold thionyl chloride (50 ml). Upon slight 
heating a vigorous gas evolution took place. The mixture 
was heated at approximately 60' for 1 h, whereafter the 
excess of thionyl chloride was removed. The crude prod- 
ucts could be purified by recrystallization after treatment 
with decolorizing carbon (compounds 3-6), by washing 
with ether (compound 12), by elution chromatography 
over alumina using benzene assolvent (compounb7); or 
bv distillation (com~ounds 10 and 11). Cornoounds 8 and 
9-were obtained as the hydrochlorides from which the free 
thiadiazoles could be obtained by treatment with ice- 
water (compound 8) or aqueous sodium carbonate (com- 
pound 9). Compound 8 could be further purified by 
elution chromatography over alumina, using THF as 
eluant. The physical constants are given in Table I. 

I-Akyriyl Tliioetliers (General Procedilres) 
(a) With Orgarro1itbi~irn Cornpo~rrrds 
A 1.6 molar solution of 11-butyllithium in n-hexane (34 

ml, 0.055 mole of butyllithiun~) was added to a stirred 
suspension of the 1,2,3-thiadiazole (0.050 mole) in 75 ml 
of anhydrous THF, cooled in dry ice -acetone, at such 
a ratc that the temperature did not exceed -60". The 
addition was carried out in an N2 atmosphere. When the 
addition was completed the reaction mixture was stirred 
at -60" for an additional 10 min, whereafter the alkyl 
halide, dimethyl sulfate, or acyl halide (0.055 mole) was 
added in one portion. The reaction mixture was allowed 
to warm to 0' and added to ice-water (75 ml). The organic 
layer was separated and the aqueous phase extracted with 
two 50 ml portions of ether. The combined organic layers 
were dried, whereafter the solvent was removed. The 
product could be purified by distillation or recrystalliza- 
tion as indicated in Table 111. The same procedure was 
employed with metl~yllithium (1.66 M solution in ether) 
and phenyllithium (2.1 M solution in 3:l mixture of 
benzene and ether). The organolithiurn solutions were 
obtained from Foote Mineral Company, Exton, Penn- 

sylvania, U.S.A. The physical constants are given in 
Tables I1 and 111. 

(b) With Sodarnide 
A solution of the 1,2,3-thiadiazole (0.050 mole) in T H F  

was added in 15 min to a stirred suspension of sodamide 
(prcpared from 0.060g-atom of Na) in approximately 100 
ml of liquid ammonia, at -60". When the addition was 
completed the reaction mixture was kept at -60" for an 
additional 2 h, whereafter methyl iodide (14.2 g, 0.10 
molc) was added in one portion. The temperature of the 
mixture was allowed to rise and the ammonia and T H F  
werc removed. To the residue was added 100 ml of water 
and the product was extracted with four 50 ml portions of 
ether. 

(c) With Sodium Mefhylsulfiriyl Carbanion 
A solution of sodium methylsulfinyl carbanion was 

prepared from 0.060 mole of NaH and 30 ml of DMSO 
by the procedure of Corey and Chaykovsky (20). To this 
solution was added 50 ml of anhydrous THF, whereafter 
the mixture was cooled to -20". A solution of the 1,2,3- 
thiadiazole in 50 ml of THF was added over 15 min with 
stirring, while the temperature was maintained at approxi- 
mately -20". When the addition was completed the mix- 
ture was stirred for an additional 20 min, whereafter the 
alkyl halide, dimethyl sulfate, or acyl halide (0.060 mole) 
was added in one portion. Most of the THF was removed, 
the residue was added to 100 ml of water and the prod- 
uct extracted with three 50 ml portions of ether. 

(d) With Potassium t-Buto.ride 
A solution of 1,2,3-thiadiazole (0.050 mole) in 50 ml of 

anhydrous T H F  was added in 15 ~ n i n  to a stirred mixture 
of potassium t-butoxide (from 0.054 g-atom of K), t- 
butyl alcohol (40 ml) and THF (20 1111) at 0'. The reaction 
mixture was stirred for an additional 15 min whereafter 
dimethyl sulfate (7.6 g, 0.060 mole) was added in one 
portion. The reaction mixture was added to 200 ml of ice- 
water and the product extracted with three 50 ml por- 
tions of ether. 

Arylacetic Acidsfion2 I-Alkyltliio-2-aryletliyt~es 
(a) Plierzylacetic Acid 
A mixture of I-methyl thio-2-phenylethyne (1.0 g), 

methanol (15 ml) and 3 N aqueous H2S04 (15 ml) was 
heated under reflux for 2 h. Most of the nlethanol was 
removed and the oily material extracted with ether. The 
residue obtained after drying and re~noval of the ether 
consisted of a mixture of methyl phenylacetate and methyl 
phenylthioacetate. This ester mixturc was hydrolyzed with 
3 N methanolic NaOH in the usual manner to give 0.7 g 
(78%) of phenylacetic acid, 111.p. 77-79". The m.p. was 
not depressed by the addition of some authentic phenyl- 
acetic acid and the infrared spectra werc superirnposable. 

(b) 2-Thie~~ylacetic Acid 
A mixture of 1-ethylthio-2-(2-thieny1)ethyne (1.5 g), 

methanol (20 ml), and 3 N aqueous H2S0, (15 ml) was 
heated under reflux for 4 h. By proceeding in the same 
manner as above, 1.1 g (88%) of the acid was obtained; 
m.p. 64-66" (11-C6H12 - C6HG), reported (22) m.p. 62- 
63". The melting point was not depressed by the addition 
of some authentic Zthienylacetic acid (21) and the infra- 
red spectra were superimposable. 

(c) 5-Isothiazolylacetic Acid 
A mixture of I-methylthio-2-(5-isothiazoly1)ethyne 
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(50.0 g), methanol (300 ml), and 50% aqueous H2S0, 
(60 ml) was heated under reflux for 75 min. Most of the 
methanol was removed under reduced pressure and the 
residue added to 600 ml of ice-water. The organic mate- 
rial was extracted with three 150 ml portions of ether. The 
combined extracts were dried, the ether removed, and the 
residue distilled it1 vacrro to give 33.0 g (66%) of pale- 
yellow colored liquid, b.p. 74-86' (0.3-0.5 mm). The in- 
frared spectrum contained, apart from a strong carbonyl 
band at 1740 cm- ', a weak band at 1690 cm- ', indicating 
the presence of a small amount of the thioester. The ester 
mixture (36.5 g, 0.23 mole), dissolved in 50 ml of meth- 
anol, was treated with 90 ml of 3 N metlianolic NaOH. 
After 2 h at room temperature, the methanol was re- 
moved and ether (400 ml) was added to the solid residue. 
Thesodium 5-isothiazolylacetate was removed by filtration, 
dissolved in 150 ml of water, and acidified with 3 N hydro- 
chloric acid (90 ml). After cooling, the white solid was 
removed by filtration and air-dried; yield 30.0 g (60% 
overall), m.p. 153-155" (decomp.), The material was the 
same in every respect as that obtained via an Arndt- 
Eistert synthesis from isothiazolyl-Scarbony1 chloride 
(22).Theacidcould beobtaineddirectly from l-methylthio- 
2-(5-isothiazoly1)ethyne in 68 % yield when the hydrolysis 
was carried out in a mixture of 50% aqueous H2SO4 and 
acetic acid (2 h reflux). 

Metl1yl2-Met/1ylthiobicyclo[2~2~I]/1epta-2,5-diene-3- 
carboxylate 

A mixture of 1-methylthio-2-carbomethoxyethyne 
(10.0g, 0.077 mole), cyclopentadiene (6.6 g, 0.10 mole) 
and benzene (30 rnl) was heated in an autoclave at 95- 
100" for 5 11. Removal of the benzene and distillation of 
the residue it1 vaclro yielded 10.2 g (61 %) of a pale-yellow 
liquid, b.p. 95-97" (0.3 mm). The infrared spectrum of the 
neat liquid contained a strong carbonyl band at 1680 
cm-l. The n.1n.r. spectrum (CC1,) showed a 2-proton 
AB-type symmetrical multiplet centered at T 3.29 (H-5,6), 
other 2-proton multiplets at T 6.0-6.15 (H-1,4) and T 7.9- 
8.05 (H-7), and 3-proton singlets at T 6.39 (OCH,) and 
7.57 (SCH3). 

Anal. Calcd. for CtOH1202S: C, 61.18; H, 6.17; N, 
16.33. Found: C, 60.88; H, 6.21; N, 16.30. 

4-Methyl-5-phet1yl-l,2,3-thiadiazole 
A 1.66 M solution of methyllithium in ether (36 rnl, 

0.060 mole of methyllithium) was added dropwise in 15 
min to a stirred solution of 5-phenyl-1,2,3-thiadiazole 
(8.2 g, 0.050 mole) in 75 ml of anhydrous THF, cooled in 
dry ice - acetone (N2 atmosphere). When the addition 
was completed the mixture was stirred for an additional 
15 min whereafter methyl iodide (14.2 g, 0.10 mole) was 
added in one portion. The mixture was allowed to come 
to 0" and added to 100ml of ice-water. The aqueous layer 
was extracted with two 50 rnl portions of ether. The com- 
bined organic layers were dried followed by removal of the 
solvent and distillation of the residue in vaclro to give 5.7 
g (64%) of product, b.p. 82-83" (0.1 mm). The n.rn;r. 
spectrum (CC1,) consisted of singlets at T 2.60 and 7.31 
with an integrated area ratio of 5:3 respectively. The 
material was identical with that prepared from phenyl-2- 
propanone (Table I). 
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Sur la formation de l'endo et de l'exo acktyl-1 mkthyl-6 bicyclo[3.1-Olhexane 
lors d'une rkaction de Friedel-Crafts 

NORMAND DUFORT ET JACQUES LAFONTAINE' 
Dkpartement de chimie, Universitk de Montrkal, Montrkal, Qukbec 

R e ~ u  le 25 octobre 1967 

La condensation du methyl-1 cyclohexkne avec le chlomre d'acktyle en presence de chlomre stannique 
conduit lors de la deshydrochlomration par une solution alcoolique d'hydroxyde de sodium 5 la forma- 
tion de l'acttyl-l methyl-2 cyclohex6ne-2, de l'acetyl-l methyl-2 cyclohexkne-l rnais en preponderance 5 
la formation de l'etzdo et de l'exo acktyl-1 methyl-6 bicyclo[3.1.0] hexane. 

La formation et la configuration de ces deux composes bicycliques sont confirmees d'une f a ~ o n  certaine 
par leur synthhe. 

Canadian Journal of Chemistry, 46, 1065 (1968) 

Dans nos travaux de recherches, il Ctait devenu 
nicessaire de prCparer 1'acCtyl-1 methyl-2 cyclo- 
hexbne-1 comme substance modble. Nous avons 
donc utilisC la mCthode dCcrite par Turner et 
Voitle (I) qui consiste B condenser le chlorure 
d'acCtyle avec le methyl-1 cyclohexbne en prt- 
sence de chlorure stannique suivie d'une des- 
hydrochloruration par une solution mCthano- 
lique d'hydroxyde de sodium. 

Au lieu d'obtenir seulement I'acCtyl-1 methyl-2 
cyclohexbne-2 (1) et l'acttyl-1 methyl-2 cyclo- 
hexbne-1 (2) comme l'indiquait Turner, l'analyse 
par chromatographie en phase gazeuse a rCvtlC 
en plus du composC 1 (9%) et du composC 2 
(29 %) la prisence de deux nouveaux composCs 
dans les proportions de 13 et 49 %. 

La prtsente publication dCcrit la stparation et 
l'identification de ces deux nouveaux composCs 
et rapporte leur synthbse comme preuve de 
structure. 

Chacun de ces composCs est obtenu B l'ttat 
pur par chromatographie en phase gazeuse prC- 
parative. Les composCs 1 et 2 sont identifits 
comme Ctant effectivement l'acttyl-1 mCthyl-2 
cyclohexkne-2 (1) et 1'acCtyl-1 mCthyl-2 cyclo- 
hexbne-1 (2) par comparaison de leurs constantes 
physiques et celles de leurs semicarbazones avec 
les constantes rapporttes dans la litttrature pour 
ces composCs. 

Le composC form6 B 13 % montre dans l'infra- 
rouge une bande B 1680 cm-' et dans l'ultraviolet 
un maximum B 213 mp (E = 3050). Le spectre 
de rCsonance magnttique nuclCaire (r.m.n.) 
prtsente un doublet B 7 9.04 (3H, J = 4.0 c.p.s.) 
-- 

lExtrait du rntmoire present& par J. Lafontaine en vue 
de l'obtention du grade de Maitre-es-Sciences, Facult6 
des Sciences, Universite de Montrtal, juillet, 1966. 

pour le mCthyle en P du carbonyle et un singulet 
B 7 7.89 (3H) pour le mCthyle adjacent au car- 
bonyle. 

Le composC form6 B 49 % prCsente une bande 
B 1680 cm-' dans l'infrarouge et un maximum B 
213 mp (E = 4530) dans l'ultraviolet. Le spectre 
r.m.n. prCsente un doublet B 7 8.94 (3H, J = 6.0 
c.p.s.) pour le mCthyle en P du carbonyle et un 
singulet B 7 7.98 (3H) pour le mCthyle adjacent au 
carbonyle. 

Ces donnCes spectrales indiquent la prCsence 
d'un noyau cyclopropanique conjuguC avec un 
groupe carbonyle (2,3). Le fait que les deux 
composCs rCsistent & l'ozonolyse confirme l'ab- 
sence d'une double liaison et la prtsence d'un 
anneau cyclopropanique dans leur structure. De 
plus, par un traitemeilt B I'acide oxalique, ces 
deux composCs s'isomtrisent pour clonner un 
mClange des composts 1 et 2 lnontrant que ces 
composts sont des isombres. 
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A l'aide de ces derniers rtsultats et des don- 
ntes spectrales, on peut conclure que ces deux 
nouveaux composts sont les deux isomeres pos- 
sible~ de l'acttyl-1 mtthyl-6 bicyclo [3.1.O]hexane 
B savoir l'endo et l'exo 3a et 3b. 

Pour confirmer d'une facon certaine leur struc- 
ture et pour dtterminer leur configuration respec- 
tive, ces deux composts sont synthttists de la 
maniere suivante. Le cttal de l'acttyl-1 methyl-2 
cyclohexene-2 (4) est obtenu selon la mtthode de 
Rosenkranz et al. (4). La rtaction suivie par 
chromatographie sur plaque mince est incom- 
plete. La cttone de dtpart est tliminte par 
rtduction avec l'hydrure de lithium et d'alumi- 
nium suivie d'une chromatographie sur alumine. 
Le spectre r.m.n. du cttal 4 prtsente un singulet 
B r 8.83 (3H) pour le mtthyle en a du groupe 
cttal, un singulet tmergeant d'un massif centre 
B r 8.28 (10H) pour le mtthyle et les hydrogenes 
du cycle, un multiplet a r 6.10 (4H) pour les 
hydrogenes du groupe cCtal et un multiplet B 
r 4.35 (1H) pour le proton tthyltnique. De plus, 
le spectre de masse indique un ion moltculaire B 
mle 182. 

L'hydroboration du compost 4 est effectuie 
selon la mtthode proposte par Brown et Subba 
Rao (5). Or il a t t t  dtmontrt que cette reaction 
se ferait selon une addition cis (6) ce qui signifie 
que les groupes mtthyle et hydroxyle seraient 
ntcessairement trans l'un par rapport a l'autre. 
Comme dans le compost 4, la double liaison 
peut en principe &tre attaqute des deux cbtts, il 
serait possible que les alcools 5a et 5b se forment. 

Apres hydrolyse et tosylation, ces deux alcools 
conduiraient aux cttotosylates correspondants 
6a et 6b. Cependant traitts par une base forte, 
ces cttotosylates s'tnoliseraient pour donner un 
m&me Cnolate qui conduirait a la formation du 
compost 3b par une rtaction de dtplacement 
anionique intramoltculaire (7). Donc quelque 
soit le mode d'attaque lors de l'hydroboration, 
cette mtthode constitue une synthese sptcifique 
du compost 3b. 

De fait apres avoir hydrolyst et tosylt une 
petite quantitt d'alcool obten~l par hydrobora- 
tion, la dktosylation n'a conduit qu'h la for- 
mation d'un seul compost: l'exo acttyl-1 mtthyl- 
6 bicyclo [3.l .O]hexane (3b). L'analyse par c.p.g. 
a montrt que ce compost ttait identique au 
compost obtenu avec un rendement de 13 % lors 
de la rtaction de Friedel-Crafts. La configuration 
d'un des deux composts bicycliques ttait ainsi 
dtterminte d'une facon certaine. 

R" 

x' 
5 a R = H , R f = O 0 , R " = O H  

U 

x' 
56 R = 0 0 ,  R' = H, R" = OH 

U 

6a R = H, R' = COCH3, R" = OTs 

do- OTs 

Pour dtterminer la configuration de l'autre 
isomere, il a fallu faire la modification suivante 
qui permet d'obtenir en m&me temps les deux 
composts bicycliques. L'alcool obtenu par 
hydroboration est oxydt par le complexe an- 
hydride chromique - pyridine selon la mtthode 
de Poos et al. (8), puis trait6 par le mkthylate de 
sodium pour donner le compost 7 qui prtsente 
une bande cttonique a 1710 cm-' dans l'infra- 
rouge et dans le spectre r.m.n. un singulet a 
r 8.79 (3H) pour le mkthyle en ol du groupe cttal, 
un doublet a r 8.91 (3H, J = 7.0 c.p.s.) pour le 
mtthyle du cycle et un singulet B r 6.18 (4H) pour 
les hydrogenes du groupe cttal. 

La rtduction catalytique du compost 7 en 
prtsence d'oxyde de platine conduit aux alcools 
5b et 5c qui ne sont pas stparts. Le spectre infra- 
rouge du mtlange d'alcools prtsente des bandes 
alcools a 985 et 965 cm-' indiquant la prtsence 
des deux alcools (9) ce qui sera d'ailleurs con- 
firmt par la formation des deux composts 
bicycliques 3a et 36. 

Apres hydrolyse du groupe cttal, la tosylation 
du mtlange des deux alcools conduit aux cttoto- 
sylates 6b et 6c. 

La dttosylation de ce mtlange de cttotosylates 
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par l'hydroxyde de sodium alcoolique selon la 
mtthode employte par Nelson et Mortimer (7) 
conduit aux composts bicycliques 3a et 3b. En 
effet, l'analyse par c.p.g. sur deux adsorbants 
difFCrents indique la formation de 36% d'endo 
acttyl-1 mtthyl-6 bicyclo[3.l.O]hexane (3a) et de 
64 % d'exo acttyl-1 mtthyl-6 bicyclo [3.1.0]- 
hexane (36). Ce dernier compost est identifit 
facilement vu qu'il posdde le m&me temps de 
rttention sur les deux adsorbants que l'exo 
acttyl-1 mtthyl-6 bicyclo [3 el .O]hexane prtparC 
sptcifiquement. 

Une injection mixte de ces deux composCs 
avec les composts bicycliques formts B 13 et 49 % 
lors de la rtaction de Friedel-Crafts montre a 
l'analyse par c.p.g. que ces composts sont par- 
faitement identiques. La rtaction d'acylation 
suivie d'une deshydrochloruration par une base 
forte conduit donc 2 la formation de 13 % d'exo 
acttyl-1 mtthyl-6 bicyclo[3.1.O]hexane (3b) et de 
49 % d'endo acttyl-1 mtthyl-6 bicyclo [3.1.0] 
hexane (3a). 

Une sCrie de cristallisations a permis d'isoler le 
cttotosylate 6b. Le spectre infrarouge de ce 
compost prtsente des bandes a 1710, 1600, 1175 
et 1100 cm-I et aucune bande B 3450 cm-l. Le 
spectre r.m.n. prtsente un doublet B z 9.25 (3H, 
J = 5.5 c.p.s.) pour le mtthyle du cycle, un 
singulet a z 7.90 (3H) pour le mtthyle de l'acttyle, 
un singulet B z 7.60 (3H) pour le mtthyle du 
tolubneet un multipleta z 5.85 (1H)pour l'hydro- 
gbne attach6 au carbone qui porte le groupe tosy- 
late, De plus le spectre de masse indique un ion 
moltculaire 2 mle 310. La dttosylation de ce 
produit cristallist donne un seul compost bi- 
cyclique l'exo acityl-1 mCthyl-6 bicyclo [3.1.0]- 
hexane (3b) indiquant que le cttotosylate cristal- 
list etait le composC 6b. 

I1 n'a pas t t t  possible d'obtenir le cttotosylate 
6c cristallid. La dCtosylation des composCs re- 
cueillis des eaux-mbres de cristallisation indique 
5 l'analyse par c.p.g. la formation de 28 % du 
compost 3b et de 72 % du compost 3a compara- 
tivement a 64 et 36% avant la cristallisation, ce 
qui indique un enrichissement de l'isomere 6c 
qui ne voulait pas cristalliser. 

Enfin le mtlange de composts bicycliques 
obtenus par synthese a t t t  stpart par chroma- 
tographie en phase gazeuse prtparative et le 
compose 3b a t t t  obtenu B l'ttat pur. Ses con- 
stantes physiques et spectrales correspondent 
parfaitement au compost bicyclique obtenu B 
13 % lors de la rtaction de Friedel-Crafts. Ainsi 

I I 
56 R = OH, R' = H, R" = 0 0 

U 
I I 

5c R = H, R' = OH, R" = 0 0 
I I 

la formation et la configuration des composts 3a 
et 36 ont t t t  etablies d'une f a ~ o n  certaine par 
cette synthbse. 

Toutefois la litttrature n'a jamais jusqu'B 
prtsent mentionnt la formation de tels composCs 
bicycliques lors de ces reactions d'acylation 
m&me si beaucoup de travaux ont Ctt faits dans 
ce domaine (10). C'est pourquoi la formation de 
tels composts bicycliques nous a incitt i exa- 
miner davantage cette condensation et nous rap- 
portons bribvement les conclusions tirtes de 
cette ttude. Tout essai d'obtenir un compost 
bicyclique en condensant le chlorure d'acttyle 
sur le cyclohexbne dans les m&mes conditioils que 
pour le methyl-1 cyclohexbne s'est avtrt infruc- 
tueux: on ne dtcble que la presence d'acttyl-1 
cyclohexbne. 

La condensation de l'anhydride acttique avec 
le mtthyl-1 cyclohexbne faite dans les m&mes 
conditions qu'avec le chlorure d'acttyle ne donne 
pas de compost bicyclique mais un mtlange de 
composts 1 et 2 ce qui est d'ailleurs conforme 
aux travaux de Royals et Hendry (1 1). 

Pour obtenir un rendement optimum en com- 
posts bicycliques, il faut une agitation d'au 
moins 8 h entre le mtthyl-1 cyclohexene, le 
chlorure d'acttyle et le chlorure stannique avant 
le traitement par une base forte. 

Une ttude des difftrents agents deshydro- 
chlorurants a CtC faite et les rtsultats sont rap- 
portts dans le Tableau I. 
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TABLEAU I 

Desl~ydrochloruration des produits d'acylation par 
differentes bases 

Agent deshydrochlorurant % 3b % 1 % 2 % 3a 

Hydroxyde de sodium 13 9 29 49 
Hydrure de sodium 10 5 38 47 
t-butoxyde de potassium 14 8 29 49 
N,N-dimethylaniline 0 35 65 0 

' Carbonate de sodium 0 75 25 0 -- 

De ces deshydrochlorurations, on peut donc 
dtduire que les bases fortes conduisent B peu 
prks a la m&me quantitC de composts cyclopro- 
paniques, tandis que les bases faibles ne condui- 
sent pas B la formation de composts bicycliques. 

Ces composts bicycliques 3a et 3b pourraient 
s'expliquer par la formation de I'acCtyl-1 mCthyl- 
2 chloro-3 cyclohexane (8) lors de la conden- 
sation du chlorure d'acttyle avec le mCthyl-1 
cyclohexkne. En effet, cette cCtone chlorte traitCe 
par une base forte pourrait donner lieu B la 
formation d'une cCtone conjugute avec un an- 
neau cyclopropanique par une rCaction de dC- 
placement anionique intramolCculaire (7). 

I1 devenait donc inttressant d'essaver d'isoler 
cette cttone chlorte. Lors d'une condensation et 
avant la deshydrochloruration, le mtlange ctto- 
nique indiquait par c.p.g. 39 % de cCtones Cthy- 
1Cniques et 61 % de cttones chlortes. Apr6s deux 
distillations fractionnkes, le chromatogramme de 
la fraction centrale indiquait trois pics. Le 
pren~ier pic reprtsentant 2 % est identifiC comme 
Ctant l'acetyl-1 mCthyl-2 cyclohexkne-1 (2). Le 
second pic reprtsentant 82 % et le troisikme pic 
16 % seraient des cCtones chlortes. ~ 'analyse 
centksimale de cette fraction a d'ailleurs donnC 
des rCsultats trks satisfaisants vu la grande fragi- 
lit6 des composts chlorts qui noircissent aprks 
quelques heures: elle conduit B la formule 
C,H, ,OCl. De plus ces cCtones chlortes ayant 
une bande carbonyle i 1708 cm-' dans l'infra- 
rouge et dans le spectre r.m.n. un doublet B 
7 9.10 (3H, J = 6.4 c.p.s.) pour le inCthyle en P du 
carbonyle et un multiplet B T 5.87 (1H) pour 
I'hydrogkne sur le carbone qui porte le chlore 
pourraient bien &tre deux isomkres de I'acCtyl-1 
mtthyl-2 chloro-3 cyclohexane (8). Cependant, il 
ne fut pas possible de sCparer ces cCtones a cause 
de leur instabilitt. 

Cette prCsence du chlore en position-y plutat 
qu'en position-P par rapport au groupe acCtyle 

peut s'expliquer par une migration d'hydrure 
(12). 

Ainsi ces composCs bicycliques rtsulteraient de 
la formation de cCtones chlorCes en position-y 
par rapport au groupe acCtyle lors de la con- 
densation de Friedel-Crafts parce que ces cCtones 
traitCes par une base forte pourraient donner des 
composts bicycliques par une reaction de dC- 
placement anionique intramoltculaire. 

Partie exphimentale 
Les points de fusion ont t t t  dttermink ti I'aide d'un 

appareil de marque "Buchi" et ne sont pas corriges. Les 
spectres infrarouges ont CtC dttermints en solution dans le 
tetrachlorure de carbone a l'aide d'un spectrophotometre 
Beckrnann modtle IR-8 ti double faisceau. 

Les spectres ultraviolets ont ttC determines en solution 
dans I'ethanol 95 % ti l'aide d'un appareil "Bausch & 
Lomb Spectronic 505". Les spectres de resonance magnt- 
tique nuclkaire ont it6 dtterminks avec un appareil 
modtle A60, de la compagnie Varian pour des solutions 
dans le chloroforme deuttre et utilisant le tetramethyl- 
silane comme reference interne. Les spectres de masse ont 
etC determines ti l'aide d'un appareil Hitachi - Perkin - 
Elmer RMU-6D. Les analyses par chromatographie en 
phase gazeuse ont CtC effectukes a l'aide d'un appareil F et 
M modele 810 en utilisant une colonne de 4m contenant 
10% d'hyprose supporte sur du chromosorb P. Les 
separations prtparatives ont Ctt effectutes ti I'aide d'un 
appareil "Prep/Partitioner" de Fisher modkle 24 en 
utilisant des colonnes renfermant 10% d'hyprose sup- 
porte sur du chromosorb P. Les analyses ont CtC effectuees 
par Dr. C. Daessle "Organic Microanalyses" de Montreal 
et par "Schwarzkopf Microanalytical Laboratory" de 
New York. 

Cotrdet~sarion du rnktlzyl-1 cyclohexdt~e avec le clzlorr~re 
d'ncityle 

Le methyl-1 cyclohexene est condense avec le chlorure 
d'acktyle en presence de chlorure stannique et le melange 
reactionnel est trait6 par une solution alcoolique d'hy- 
droxyde de sodium selon le proctd6 dkrit  par Turner et 
Voitle (1). L'analyse par chromatographie en phase 
gazeuse sur une colonne d'hyprose indique la formation 
de quatre composts qui ont CtC identifits comme ttant 
l'exo acetyl-1 methyl-6 bicyclo[3.1.0]hexane (3b) 13 %, 
l'acetyl-1 mtthyl-2 cyclohex6ne-2 (1) 9%, l'acetyl-1 
methyl-2 cyclohexkne-1 (2) 29 % et l'et~do acttyl-1 methyl- 
6 bicyclo [3.l .O]hexane (30) 49 %. 
Isornkrisatiot~ dr~ mklatrge de citot~es par I'acide oxaliq~le 

Un melange (50 g) des quatre cttones sont trait& par 
141 g d'acide oxalique en solution dans l'eau ti 105" 
durant 36 h sous atmosphere d'azote. Les composts 
organiques sont isolts de la maniere habituelle et la 
chromatographie en phase gazeuse indique la formation 
de 34% d'acttyl-1 methyl-2 cyclohextne-2 (1) et de 66% 
d'acetyl-1 methyl-2 cyclohex6ne-1 (2) qui sont sCpares par 
chromatographie en phase gazeuse preparative. Le com- 
post 1 pur distille h 78-79" ti 12 mm (rapport6 83-83.5" ti 
17 mm (1)); spectrer.m.n.: singulet i 78.34 (3H) methyle 
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DUFORT ET LAFONTAINE: UNE 

sur la double liaison, singulet 77.82 (3H) rnethyle 
adjacent au carbonyle, rnultiplet 74.20 (1H) hydrogkne 
sur la double liaison. La sernicarbazone cristalliske dans 
le methanol fond a 150-151" (rapport6 160-162' (I), 153- 
155" (13)). 

Le cornpose 2 pur distille a 85-86" a 12 rnrn (rapport6 
89.5-90" a 17 rnm (1)); spectre r.rn.n.: singulet a T 8.20 
(3H) rnethyle sur la double liaison, singulet ?I 7 7.92 (3H) 
rnethyle adjacent au carbonyle. La sernicarbazone cristal- 
lisee dans le methanol fond a 222-223" (rapporte 227- 
227.5" (1)). $2 

Ozorzolyse clu mi1nnp.e rle citorles 
Le melange des quatre cetones en solution dans l'ether 

de petrole purifie est rnaintenu ?I la temperature du rne- 
lange acetone-glace skche et de l'ozone est barbotte dans 
la solution jusqu'a ce qu'il y ait un exces d'ozone. La 
solution est alors decantee: les ozonides jaunstres restent 
dans le fond du ballon. Aprks evaporation de l'tther de 
petrole et distillation, la chrornatographie en phase 
gazeuse indique la presence des composes 3a et 36 seule- 
rnent. Ces deux composes sont alors separes par chrorna- 
tographie en phase gazeuse preparative. L'exo acetyl-1 
methyl-6 bicyclo[3.1.0]hexane (36) pur a un point 
d'tbullition de 191" a 755 rnrn; spectre ultraviolet: h,,, : 
213 mp, E 3050; spectre infrarouge: bande carbonyle: 
1680 crn-I ; spectre r.rn.n.: doublet a 7 9.04 (3H, J = 4.0 
c.p.s.) rnethyle en P du carbonyle, singulet a 7 7.89 (3H) 
rnethyle adjacent au carbonyle. 

Anal. Calc. pour C9H140: C, 78.21; H, 10.21. Trouve: 
C, 78.38; H, 10.42. 

La sernicarbazone cristallisee dans le methanol fond ?I 

213". 
Anal. Calc. pour C10H17N30: C, 61.51; H, 8.78; N, 

21.52; Trouve: C, 61.70; H,  8.88; N, 21.61. 
L'endo acetyl-1 methyl-6 bicyclo[3.1~0]hexane (3a) pur 

distille a 70-71" ?I 6 rnrn; spectreultraviolet: A,,,: 213 rnp, 
E 4530; spectre infrarouge: bande carbonyle: 1680 crn-1; 
spectre r.m.n. : doublet a 7 8.94 (3H, J = 6.0 c.p.s.) 
methyleen P du carbonyle, singulet A T  7.98 (3H) methyle 
adjacent au carbonyle. 

Anal. Calc. pour C9H140: C, 78.21; H, 10.21. Trouve: 
C, 78.20; H,  10.17. 

La semicarbazone cristalliske dans le methanol fond a 
206-207" 

Anal. Calc. pour C L ~ H ~ ~ N ~ O :  C, 61.51; H, 8.78; N, 
21.52. TrouvC: C, 61.41; H, 9.03; N, 21.43. 

Priparntiot~ clrc citnl de l'ncityl-1 mithyl-2 cyclohexdtle-2 
Quarante-cinq gram d'acttyl-1 methyl-2 cyclohexkne-2 

(1) en solution dans 350 rnl de benzene anhydre sont 
reflues avec 90 ml d'kthylbne glycol et 1.5 g d'acidep-tol- 
ukne sulfonique durant 5 h. L'eau formee est tlirninee au 
moyen d'un separateur d'eau. Aprts dilution dans Ether, 
le melange est lave par le carbonatede sodium 10 %et l'eau 
saturee de chlorure de sodium jusqu'a neutralite. Apres 
evaporation des solvants, le rksidu est trait6 par l'hydrure 
de lithium et d'aluminiurn de la maniere habituelle. Le 
melange d'alcool et de cetal est separe par chrornato- 
graphie sur alumine. On recueille 22 g du compost 4 qui 
distille a 227" a 750 rnrn; spectre infrarouge: bandes a 
11 15, 1060 et 1040 crn-1, pas de bande A 1705 crn-1; 
spectre r.m.n.: singulet a 7 8.83 (3H) methyle en a du 
groupe cetal, singulet emergeant d'un massif ?I 7 8.28 
(10H) rnethyle sur la double liaison et hydrogknes du 

cycle, rnultiplet a 7 6.10 (4H) hydrogknes du groupe cetal, 
rnultiplet ii 7 4.35 (1H) proton Cthylenique. Le spectre de 
rnasse indique un ion rnolCculaire a m/e 182. 

Hydroborntion du cital de l'acityl-1 nzkthyl-2 cyclo- 
lrexdne-2 

A 20 g du compose 4 et 1.7 g d'hydrure de bore et de 
sodium en solution dans 65 rnl de diglyrne sont ajoutes 
trbs lenternent a 10" et sous atrnosphkre d'azote, 8.0 g de 
fluorure de bore fraichernent distill6 en solution dans 20 
ml de diglyrne. Apres avoir laisse la reaction se poursuivre 
durant 1 h, l'excks d'hydrure est detruit par 10 rnl d'eau; 
apres l'addition de 20 rnl d'hydroxyde de sodium 4N, 20 
rnl de peroxyde d'hydrogkne 30% sont ajoutes a une 
vitesse telle qu'un leger reflux est rnaintenu. Apres extrac- 
tion et distillation des solvants a pression reduite sous 
atmosphkre d'azote, on obtient 19.5 g d'alcool qui distille 
a 180" a 12 rnrn; spectre infrarouge: bandes a 3450, 11 15, 
1060, 1040 et 985 cin-1; spectre r.rn.n.: sinylet irnbriquk 
dans un doublet a 7 8.82 (6H) rnethyle adjacent au groupe 
cetal et celui du cycle, singulet a 7 6.31 (1H) hydrogkne de 
l'hydroxyle, singulet a 7 6.10 (4H) hydrogknes du groupe 
cetal. Le spectre de rnasse indique un ion rnoleculaire A 
tnle 200. 

Oxydatiorl de l'nlcool obter~rr par I~ydroboratiorz 
L'alcool (10 g) obtenu par hydroboration en solution 

dans 100 rnl de pyridine anhydre sont ajoutes au corn- 
plexe anhydride chromique - pyridine forrne en ajou- 
tant 24 g d'anhydride chrornique a 125 rnl de pyridine 
anhydre. AprBs une agitation de 20 h a la temperature 
de la pitce, le melange reactionnel est jete sur de l'eau 
glacee et extrait par de 1'6ther. La couche etheree est 
lavee par une solution saturee de chlorure de sodium 
jusqu'a neutralite. Aprks sechage sur le sulfate de sodium 
anhydre et Cvaporation des solvants, le produit est trait6 
par 6 g de rnethylate de sodium en solution dans 50 ml de 
methanol. Le tout est agite durant 24 h a la tempera- 
ture de la pikce. Le prkcipiti est decompose par l'eau et 
extrait de la facon habituelle. Apres Cvaporation des 
solvants et distillation, on recueille 6.5 g du cornpose 7; 
spectre infrarouge: bandes 1710, 1115, 1060 et 1040 
crn-1; spectre r.rn.n.: singulet a 7 8.79 (3H) methyle en a 
du groupe cetal, doublet a T 8.91 (3H, J = 7.0 c.p.s.) 
rnethyle du cycle, singulet 7 6.18 (4H) hydrogknes du 
groupe cetal. 

Rid~ictiorz de la citorle 7 
Le cetone 7 (5.5 g) en solution dans 150 rnl d'ithanol 

absolu sont hydrogenes en presence de 2.1 g d'oxyde de 
platine. Quand l'hydrogenation s'arrete, le catalyseur est 
elirnink par filtration. Apres Cvaporation du solvant, il 
reste 4.8 g du melange d'alcools 56 et 5c; spectre infra- 
rouge: bandes 3450, 985 et 965 crn-1 indiquant la 
presence d'alcool equatorial et axial. 

Hydrolyse du rnilnrrge d'alcools 
Un melange d'alcools 56 et 5c (4.8 g) en solution dans 

100 rnl d'tthanol et 14 ml d'acide sulfurique a 10% sont 
chauffes ti reflux durant 2 h et dernie et agitks a la temp& 
rature de la pikce durant 16 h. Aprks neutralisation de 
l'acide par le carbonate de sodium, le tout est extrait de la 
rnanitre habituelle. Apres Cvaporation des solvants et 
distillation, on recueille 2.7 g du melange de cCtoalcools 
correspondants; spectre infrarouge: bandes B 3450, 1710, 
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985 et 965 cm-1; (la presence de la bande carbonyle B 
1710 cm-1 indique l'ouverture du groupe cttal). 

Tosylatiorz du mdlarzge de ce'toalcools 
A 2.7 g du melange de cetoalcools sont ajoutes 8 g de 

chlorure de p-tolutne sulfonyle dans 50 ml de pyridine 
anhydre. Le melange IaissC i la temperature de la pitce 
durant 18 h est ensuite verse sur du HC12 % refroidi i 0" 
et le tout est extrait de la fagon habituelle. Aprts Cvapo- 
ration des solvants, le rCsidu huileux dissous dans l'ether 
de petrole cristallise lentement. Aprts quatre cristalli- 
sations, les cristaux sous forme d'aiguilles fondent ?i 90- 
91"; spectre infrarouge: bandes 1 1710, 1600, 1175 et 
1100 cm-1; pas de bande 5 3450 cm-1; spectre r.m.n. : 
doublet i T 9.25 (3H, J = 5.5 c.p.s.) mkthyle du cycle, 
singulet A T  7.90(3H) mCthyle del'acetyle, singulet h T 7.60 
(3H) rnethyle du toluene, n~ultiplet b T 5.85 (1H) hydro- 
gtne attache au carbone qui porte le tosylate. 

Anal. Calc. pour C16H2204S: C, 61.93; H, 7.09; S, 
10.32. TrouvC: C, 61.82; H, 7.01; S, 10.65. 

La detosylation de ces cristaux par une solution al- 
coolique de NaOH 20 % en suivant le proctdC decrit ci- 
dessous ne conduit qu'i la formation du compose 36 
indiquant que le produit cristallise Ctait I'isornere 66. 

Ddtosylation dzc milarzge de cdtotosylates 
A 1.2 g de NaOH dissous dans 6 ml de mCthanol sont 

ajoutis 1.5 g du melange de cetotosylates non cristallisCs 
66 et 6c. Apres une agitation de 20 h a la temperature de 
la pitce et extraction de la fagon habituelle, le melange de 
produits obtenus aprts evaporation de l'ether est analysC 
par c.p.g.: il y a formation de 64 % d'exo acCtyl-1 methyl-6 
bicyclo[3.1.O]hexane (3b) et 36 % d'endo acktyl-1 methyl-6 
bicyclo [3.1.O]hexane (30). Une injection mixte de ces deux 
composCs avec les composes bicycliques form& ti 13 et 
49 % lors de la reaction de Friedel-Crafts montre que ces 
composes sont parfaitement identiques. 

Le compos6 form6 i 64% a CtC obtenu i I'6tat pur par 
chromatographie en phase gazeuse preparative. Les 
spectres infrarouge, ultraviolet et r.m.n. de ce composC et 
de celui qui est form6 B 13% lors de la reaction de 
Friedel-Crafts sont parfaiternent identiques. De plus B 
I'analyse par c.p.g. sur une colonne de Polyester de Craig 
et une colonne d'hyprose, ces deux composes ont le mCme 
temps de retention. 

Deslzydrochloruratior~ des produits n'acylatiorz par 
diffirerztes bases 

(a) Desl~ydrochloruratior~ par I'lzydrure de sodium 
Le melange de cCtones obtenues (6.7 g) lors de l'acyla- 

tion sont traitts par 1 g d'hydrure de sodium selon la 
methode dkcrite par Nelson et Mortimer (7). L'analyse 
par c.p.g. des produits de deshydrochloruration indique 
la formation de 10% d'exo acktyl-1 methyl-6 bicyclo- 
[3.l.O]hexane (3b), 5 % d'acetyl-1 methyl-2 cyclohextne-2 
(I), 38 % d'acetyl-1 methyl-2 cyclohextne-1 (2) et 47 % 
d'erzdo acktyl-1 methyl-6 bicyclo[3.1.0]hexane (30). 

(b) Deshydroclzlorz~rntion par le t-butoxyde de 
potassium 

Le melange de &tones obtenues (6 g) lors de l'acylation 
en solution dans 150 ml d'alcool t-butylique sont trait& 
par une solution formke de 50 rnl d'alcool t-butylique et 
de 1.5 g de potassium selon la mtthode decrite par Nelson 
et Mortimer (7). L'analyse par c.p.g. des produits de 

deshydrochloruration indique la formation de 14 % d'exo 
acetyl-1 methyl-6 bicyclo [3.l ,O]hexane (3b), 8 % d'acetyl-1 
methyl-2 cyclohextne-2 (I), 29 % d'acetyl-1 methyl-2 
cyclohextne-1 (2) et 49 % d'endo acktyl-1 methyl-6 
bicyclo [3.l.O]hexane (3a). 

(c) DeslzydrocAlorzrratiorz par la N,N-din~dtlzylarzilirze 
Les cetones obtenues (6 g) lors de I'acylation sont 

traites par 5.8 g de N,N-dimethylaniline selon la methode 
dicrite par Royals (11). L'analyse par c.p.g. des produits 
de deshydrochloruration indique la formation de 35% 
d'acktyl-1 mCthyl-2 cyclohex8ne-2 (1) et de 65 % d'acetyl-1 
methyl-2 cyclohextne-1 (2). 

(d) Deslzydrochloruratio~z pnr le carbonate de sodium 
Les cktones obtenues (2 g) lors de I'acylation en solu- 

tion dans 10 ml de dioxanne purifit et 1 gde Na2C03 sont 
chauffes sous atmosphere d'azote pendant 2 h et demie. 
Aprts dilution par Ether, la couche organique est lavCe 
par de I'eau jusqu'a neutralit&. Apres evaporation du 
solvant, I'analyse par c.p.g. du residu indique la presence 
de 75 % d'acetyl-1 methyl-2 cyclohextne-2 (1) et de 25 % 
d'acktyl-1 methyl-2 cyclohextne-1 (2). 

Isolement d'ur~ milarzge de deux citorzes chlordes 
Un melange obtenu (12 g) lors de I'acylation et form6 

de 9 % d'acetyl-1 methyl-2 cyclohextne-1 (2) et de 91 % de 
cCtones chlorks sont redistilles A travers une colonne 
Vigreux sous atmosphere d'azote. 

La fraction centrale qui distille i 82-83" B 3 mrn est 
analysee par chromatographie en phase gazeuse sur une 
colonne de glycCrol20 % longue d'un metre cinquante. Le 
chrornatograrnme indique la presence de 2 % de compost 
2 et de 82 et 16 % de cetones chlorkes qui pourraient Ctre 
des isomeres de I'acetyl-1 m6thyl-2 chloro-3 cyclohexane 
(8); spectre infrarouge: bande carbonyle a 1708 cm-1; 
spectre r.m.n.: doublet ?I T 9.10 (3H. J =  6.4 c.p.s.) 
methyle en du carbonyle, singulet T 7.95 (3H) m6<hylk 
adjacent au carbonyle; rnultiplet B T 5.87 (1H) hydrogtne 
sur le carbone qui porte le chlore. 

Anal. Calc. pour C9H150C1: C, 61.88; H, 8.65; C1, 
20.29. Trouve: C, 62.37; H, 8.73; C1, 20.17. 
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Rkduction de cktones conjugukes dans la skrie acktyl mkthyl cyclohexkne 

NORMAND DUFORT ET EDDY FLAMAND' 
Dipurtenzetzt de chirnie, Universitt de Morztrtul, Montr&ul, Qrrtbec 

Requ le 24 novembre 1967 

Quelques cttones conjugtes dans la strie acttyl mtthyl cyclohexene sont prepartes et rtduites par 
l'hydrure de lithium et d'aluminium et par l'hydrure de bore et de sodium. Tous les produits de reduc- 
tion sont tgalement identifits. 

Canadian Journal of Chemistry, 46, 1073 (1968) 

Pour nos travaux de recherches, il ttait 
important de connaitre exactement les rtsultats 
de la rtduction par l'hydrure de lithium et 
d'aluminium et par l'hydrure de bore et de 
sodium de cttones conjugutes de la strie acCtyl 
mtthyl cyclohexkne. Or une revue de la litttra- 
ture ne permettait pas de tirer des conclusions 
trks prtcises sur la rtduction des cttones de cette 
strie: English et Lamberti (1) rapportaieilt que 
la rtduction de l'acityl-1 cyclohexkne par 
l'hydrure de lithium et d'aluminium conduisait 
uniquement h la formation de l'alcool allylique 
correspondant alors que Mousseron et al. (2) 
coilcluaient que la m&me rtduction donnait une 
prtpondCrance d'alcool saturt en m&me temps 
que l'alcool allylique. D'autre part, Henbest et al. 
(3) rapportaient que la rtduction de l'acttyl-1 
dimtthyl-4,4 cyclohexene par l'hydrure de 
lithium et d'aluminium conduisait h l'alcool 
allylique correspondant. 

Comme ces rtsultats ne perinettaient pas de 
dtduire des conclusions trks nettes, nous avons 
prCpart et rtduit les composts suivants: l'acttyl-l 
cyclohexkne (I), l'acttyl-1 mtthyl-5 cyclohexkne 
(2), l'acttyl-l mCthyl-4 cyclohexkne (3) et 
l'acttyl-l dimtthyl-4,4 cyclohexkne (4) et nous 
rapportons les rtsultats de ces reductions. 

L'acttyl-1 cyclohexkne (1) est prtpart selon le 
proctdt exptrimental dtcrit par Royals et 
Hendry (4). L'acttyl-l mtthyl-5 cyclohexkne (2) 
est prtpart en suivant le proctdt rapport6 par 
Mousseron et al. (5), mais purifit par chromato- 
graphie en phase gazeuse prCparative plut6t 
que par cristallisation fractionnte de sa semi- 
carbazone comme l'avait fait Mousseron. 

L'acttyl-l mtthyl-4 cyclohexkne (3) est prtpart 
selon la mtthode de Beumel et Harris (6) en 

'Extrait du mtmoire present6 par E. Flamand en vue 
de l'obtention du grade de Maitre-es-Sciences, Facultt des 
Sciences, Universitt de Montreal, aofit, 1966. 

faisant rtagir sous atmosphkre d'acttylene, la 
mtthyl-4 cyclohexanone avec l'acttylure de 
lithium complext avec l'tthylknediamine, suivi 
d'un traitement par l'acide formique. L'acCtyl-l 
dimtthyl-4,4 cyclohexkne (4) est tgaleinent 
prtpart en faisant rtagir sous atmosphkre 
d'acttylkne, la dimtthyl-4,4 cyclohexanone avec 
l'acttylure de lithium complext avec l'tthylkne- 
diamine, suivi d'un traitement par l'acide 
formique. 

Une revue de la litttrature rtvkle aue la 
A -  

rtduction chimique de cttoiles conjugutes par 
l'hydrure de lithium et d'aluminium ou par 
l'hydrure de bore et de sodium se fait le plus 
souvent selon un mode d'addition-1,2 pour 
conduire i l'alcool allylique correspondant 
(I, 3,7-12), parfois selon un mode d'addition-1,4 
pour donner apres hydrolyse la cttone saturte 
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TABLEAU I 
Reduction catalytique des cetones conjugukes 

Cetones conjuguCes Catalyseur CCtones satur6es 

AcCtyl-1 cyclohexene (1) Pd Acetylcyclohexane (5) 
Acktyl-1 dimtthyl-4,4 Pd AcCtyl-1 dimethyl-4,4 cyclohexane (6) 
Cyclohexene (4) 

Ac6tyl-1 methyl-3 cyclohexane 
Acetyl-1 methyl-5 cis (7) trans (8) 
Cyclohexene (2) Pd/HCl 52 % 48 % 
Acttly-1 methyl-5 Pd/NaOH 88 % 12 % 
cyclohexene (2) 

AcCtyl-1 methyl-4 cyclohexane 
AcCtyl-1 methyl-4 cis (9) trans (10) 
Cyclohexene (3) Pd/HCl 73 % 27 % 
Acetyl-1 methyl-4 Pd/NaOH 14 % 86 % 
cyclohexene (3) 

TABLEAU I1 
Constantes physiques et pourcentage l'equilibre des cktones saturees 

Point Indice de Pourcentage 
dYCbullition, refraction i a 

Cktones saturtes "C 25" l'equilibre 

cis Acetyl-1 methyl-3 191 1.4458 92 
cyclohexane (7) 
trans AcCtyl-1 methyl-3 193 1.4487 8 
cyclohexane (8) 
cis AcBtyl-1 methyl-4 193 1.4490 13 
cyclohexane (9) 
trans Acetyl-1 methyl-4 190 1.4438 87 
cyclohexane (10) 

correspondante (1 3-1 6). Enfin, la 1ittCrature 
mentionne que dans certains cas, une telle 
rCduction peut conduire aux alcools saturCs 
correspondants (2,9-11, 16-18). 

I1 devenait donc nCcessaire de priparer les 
cCtones saturCes correspondantes pour dCter- 
miner si la rCduction de ces cCtones conjugukes 
par les hydrures complexes donnerait lieu a un 
mode d'addition-1,4. Les cCtones saturCes sont 
prCparCes par rCduction catalytique des cttones 
conjuguCes et les rCsultats sont rapportCs dans 
le Tableau I. Les cCtones saturCes cis et trails 
acCtyl-1 mCthyl-3 cyclohexane (7) et (8) et cis 
et trans acCtyl-1 mCthyl-4 cyclohexane (9) et 
(10) sont obtenues a 1'Ctat pur par chromato- 
graphie en phase gazeuse preparative. Les diffC- 
rentes cCtones saturCes presentent une bande 
carbonyle vers 1710 cm-' dans l'infrarouge et 
aucun proton CthylCnique dans le spectre de 
resonance magnCtique nuclCaire (r.m.n.) ce qui 
confirme la formation de ces cCtones saturies. 

La configuration des isom6res cis et trails de 
I'acCtyl-1 mCthyl-3 cyclohexane et de l'adtyl-I 
methyl-4 cyclohexane est dCterminCe par la mise 
en Cquilibre de ces cCtones saturCes en presence 
de methylate de sodium et confirmCe par leurs 
constantes physiques comme I'indique le Tableau 
11. 

Comme cette rCduction chimique peut con- 
duire dans certains cas B l'alcool saturC (2, 9-1 1, 
16-1 8), les diffkrents alcools satures susceptibles 
de se former sont prepares B partir des cCtones 
saturCes correspondantes par riduction avec 
l'hydrure de lithium et d'aluminium. Les con- 
stantes physiques et l'analyse ClCmentaire de ces 
alcools sont rapportCes dans le Tableau 111. 
Chacun de ces alcools est obtenu 1'Ctat pur. Les 
spectres infrarouges de ces composCs indiquent 
la prCsence d'une bande hydroxyle vers 3340 
cm-l, tandis que la bande carbonyle est dis- 
parue. De plus, ces diffirents alcools saturCs 
oxydCs par le complexe anhydride chromique - 
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DUFORT ET FLAMAND: REDUCTION DE CETONES 

TABLEAU I11 
Constantes physiques et analyse ClCmentaire des alcools saturts 

Point Indice de Trouvt CalculC 
d'kbullition, rCfraction 

Alcool saturk "C 26" C H C H 

Hydroxy-1 ethyl 
cyclohexane (11) 
cis-(Hydroxy-1 ethyl)-1 203 1.4587 76.22 12.83 76.05 12.67 
methyl-3 cyclohexane (12) 
tratu-(Hydroxy-1 ethyl)-1 205 1.4606 76.01 12.91 76.05 12.67 
methyl-3 cyclohexane (13) 
cis-(Hydroxy-1 ethyl)-1 207 1.4620 76.17 12.83 76.05 12.67 
methyl-4 cyclohexane (14) 
trans-(Hydroxy-1 ethyl)-1 204 1.4602 76.12 12.82 76.05 12.67 
methyl-4 cyclohexane (15) 
(Hydroxy-1 ethyl)-1 210 1.4565 77.20 12.67 76.92 12.82 
dimethyl-4,4 cyclol~exane (16) 

TABLEAU IV 
Constantes physiques et analyse ClCmentaire des alcools allyliques 

Point TrouvC Calcult 
d'ebullition, Indice de 

Alcool allylique "C refraction C H C H 

(Hydroxy-1 ethyl)-1 78-80 a 1.4834 - - - - 
cyclohexene (17) 10 mm a 22" 

(Hydroxy-1 ethyl)-1 211 h 1.4726 77.15 11.31 77.03 11.49 
methyl-5 cyclohexene (18) 760 mm a 27" 

(Hydroxy-1 ethyl)-1 102 a 1.4724 76.98 11.47 77.03 11.49 
methyl-4 cyclohexene (19) 22 mm a 28" 
(Hydroxy-1 ethyl)-1 108 a 1.4692 78.15 11.63 77.92 11.68 
diniethyl-4,4 cycloliexene (20) 15 nini a 25" 

pyridine (19) donnent les cttones saturtes corres- 
pondantes qui sont identifiies par chromato- 
graphic en phase gazeuse B l'aide d'Cchantillons 
authentiques. 

Ayant a notre disposition les cttones et les 
alcools saturCs, les cCtones conjuguies sont 
rCduites par l'hydrure de lithium et d'aluminium. 
L'analyse par c.p.g. des produits de rCduction de 
chaque cCtone sur deux adsorbants difftrents: 
Hyprose 10% et Polyester de Craig 20% indique 
la prCsence d'un seul pic homogkne. Les spectres 
illfrarouges montrent la prtsence d'une bande 
hydroxyle vers 3380 cm-I et il n'apparait 
aucune bande carbonyle. Les spectres r.m.n. 
prisentent un multiplet vers 5.5 p.p.m. pour le 

rtduction de ces cttones conjugutes conduit 
uniquement aux alcools allyliques correspon- 
dants. Le Tableau IV rapporte les constantes 
physiques et l'analyse ClCmentaire de ces alcools. 

Pour confirmer leur formation, ces alcools 
allyliques sont oxydes par le bioxyde de manga- 
nkse activC (20). Les produits d'oxydation ana- 
lysCs par c.p.g. indiquent la formation des cCtones 
conjuguCes correspondantes qui sont identifites 
& l'aide d'tchantillons authentiques. 

Les cttones conjugutes sont Cgalement riduites 
par l'hydrure de bore et de sodium. L'analyse 
par c.p.g. des produits de rtduction rCvkle la 
formation non pas d'un seul mais de deux ou 
trois composts dtpendant de la cttone de 

proton Cthylinique et un singulet vers 4.4 p.p.m. depart. De plus, leurs spectres infrarouges ne 
pour le proton de l'hydroxyle; tandis que vers prCsentent plus de bande carbonyle mais une 
4.0 p.p.m. apparait le proton liC au carbone qui bande hydroxyle ce qui permet de dtduire la 
porte le groupe hydroxyle. Ces differentes formation d'alcools saturts en plus de l'alcool 
donntes permettent donc de dtduire que la allylique. Comine les alcools saturCs et allyliques 
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provenant de chaque cttone ont des temps de 
retention assez difftrents sur une colonne 
d'hyprose 10% pour permettre de bien les 
stparer, il etait facile de determiner le pour- 
centage de chacun et de les identifier par re- 
haussement des pics a partir des alcools prtpares 
auparavant. Les resultats de ces reductions sont 
rapportes dans le Tableau V. 

TABLEAU V 
RCduction des cCtones conjuguees par NaBH4 

Cetone Alcool 
conjuguee allylique Alcool sature 

Les rtsultats de la reduction de ces cttones 
conjugutes par l'hydrure de lithium et d'alumi- 
nium permettent donc de conclure que cette 
rtduction se ferait uniquement selon un mode 
d'addition-1,2 pour conduire aux alcools allyli- 
ques correspondants. 

La rtduction de ces m&mes cttones par 
l'hydrure de bore et de sodium se ferait princi- 
palement selon un mode d'addition-1,2 pour 
donner les alcools allyliques correspondants. 
Cependant il y aurait un certain pourcentage de 
rtduction selon un mode d'addition-1,4 qui 
conduirait dans le milieu rtactionnel aux cttones 
saturtes qui seraient elles-in&mes rtduites selon 
un mode d'addition-1,2 pour donner les alcools 
saturts correspondants. 

Les points de fusion ont CtC determines a l'aide d'un 
appareil de marque "Buchi" et ne sont pas corrigCs. 
Les spectres infrarouges ont CtC determinis en solution 
dans le tetrachlorure de carbone 5 l'aide d'un spectro- 
photometre Beckrnann modele IR-8 a double faisceau. 

Les spectres ultraviolets ont Cte determinks en solution 
dans l'ethanol 95% a l'aide d'un appareil "Bausch & 
Lomb Spectronic 505". Les spectres de resonance 
magnktique nuclCaire ont CtC determinks avec un appareil 
modele A60 de la compagnie Varian pour des solutions 
dans le chloroforme deutCrt et utilisant le tCtramCthyl- 
silane comme rCfCrence interne. Toutes les analyses par 
chromatographie en phase gazeuse ont Cte effectukes a 
l'aide d'un appareil F et M modele 810 en utilisant une 
colonne de 4.5 m contenant 10% d'hyprose support6 sur 
du chromosorb P. Les skparations prkparatives ont CtC 
effectutes a l'aide d'un appareil "Prep/Partitioner" de 
Fisher modele 24 en utilisant des colonnes renfermant 
10% d'hyprose support6 sur du chromosorb P. Les 

analyses ont CtC effectutes par Dr. C. DaesslC "Organic 
Microanalyses" de Montreal et par "Schwarzkopf 
Microanalytical Laboratory" de New York. 

Priparatioiz de l'acityl-1 cyclohexbze 
L'acCtyl-1 cyclohexene (1) est prCparC en faisant 

rCagir le cyclohextne avec l'anhydride acetique en prC- 
sence de chlorure stannique en suivant le procede dtcrit 
par Royals et Hendry (4). L'acCtyl-1 cyclohexene distille 
a 73-75" a 8 mm; ng2: 1.4890 (rapport6 p.e.: 65-69" a 
5 mrn; nB5 : 1.4883 (4)). La dinitro-2,4 phenylhydrazone 
cristalliste dans le methanol fond a 202-203" (rapport6 
202" (21)). 

Priparation de l'acityl-1 rnitlzyl-5 cyclohexb~e 
L'acCtyl-1 methyl-5 cyclohexene (2) est obtenu en 

suivant le procCdC expkrimental dCcrit par Mousseron 
et al. (5) et le produit est obtenu a 1'Ctat pur par c.p.g. 
preparative. Le compose 2 pur distille a 92" a 10 mm; 
ng5: 1.4792 (rapport6 105" a 15 mm; n;': 1.5105 (5)). 
La semicarbazone cristallisee dans le methanol fond h 
210" (rapporte 188' (5)). 

Priparation de l'acityl-1 mitlgvl-4 cycloRex2ne 
MCthyl-4 cyclohexanone (44.8 g) sont ajoutes lente- 

ment sur une pCriode de 15 min k 40.1 g d'acetylure de 
lithium complexe avec l'tthylenediamine en suspension 
dans 400 rnl de benzene anhydre dans lequel barbotte de 
I'acetylene. Apres une agitation de 4 h a la tempkrature de 
la piece, 100 ml d'eau sont ajoutCs et le tout est chauffk & 
reflux durant 1 h. Apris extraction et Cvaporation des 
solvants, la distillation fournit 38 g dlCthynyl-1 methyl-4 
cyclohexanol p.e.: 83" 16 mm; nB5: 1.4710 (rapport8 
73-75" a 10 mm (22)). L'alcool(30 g) sont alors chauffes a 
reflux pendant 2 h et demie en presence de 480 ml d'acide 
formique a 97 %. Apres neutralisation de l'acide, extrac- 
tion et Cvaporation du solvant, la distillation donne 24 g 
d'acetyl-1 methyl-4 cyclohexene (3) chromatographique- 
ment pur: p.e.: 99-100" a 20 mm; 1.4796 (rapport6 
86-87" a 11 mm (22)); spectre ultraviolet: E, 10 250 a 
232 mp. La sernicarbazone cristalliste dans le methanol 
fond a 213" (rapport6 211" (22)). 

Priparation de 1 'acityl-1 diinithyl-4,4 cyclohextke 
L'acCtyl-1 dimCthyl-4,4 cyclohextne (4) est prepare a 

partir de la dimkthyl-4,4 cyclohexanone en suivant le 
mCme procCdC experimental que pour l'acetyl-1 mCthyl-4 
cyclohexene. L'acetyl-1 dimethyl-4,4 cyclohexene distille 

84" a 7 mm; ng7: 1.4755 (rapport6 p.e.: 102" a 124 mm; 
ng2 : 1.4795 (3)); spectre ultraviolet: E, 10 700 a 234 mp; 
spectre infrarouge: bande carbonyle a 1670 cm-I. La 
semicarbazone cristalliske dans le mCthanol fond a 220" 
(rapport6 216-218' (3)). 

Riduction catalytique de l'ace'tyl-1 cyclohex2ize 
L'acetyl-1 cyclohexene (1) est hydrogCnC en presence 

de palladium sur charbon 10% en milieu neutre. L'acCtyl 
cyclohexane (5) obtenu distille a 74-75" k 22 rnrn; ng6: 
1.4491 (rapport6 76.2-77' a 25 mm; nz5: 1.4491 (23)). 
La dinitro-2,4 phenylhydrazone cristallisCe dans le 
mCthanol fond a 137-138" (rapport6 136-136.6" (23)). 

Riductiorz catalytique de l'acktyl-1 dirn6tlzyl-4,4 
cyclohex2ne 

L'acetyl-1 dimCthy1-4,4 cyclohexene (4) est hydrogCnC 
en presence de palladium sur charbon 10% en milieu 
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DUFORT ET FLAMAND: REDUCTION DE CETONES 1077 

neutre. L'acttyl-l dimtthyl-4,4 cyclohexane (6) obtenu mtthyl-4 cyclohexane (10) sont traitts par le mtthylate de 
distille a 211"; 1 1 2 ~ :  1.4469; spectre infrarouge: bande sodium en suivant le proctdt dtcrit pour la mise en 
carbonyle a 1705 cm-'. tquilibre du mtlange de cis et tram acttyl-1 mtthyl-3 

Anal. Calc. pour CloHlsO: C, 77.92; H, 11.68.TrouvB: cyclohexane. Le rtsidu analyst par c.p.g. indique la 
C, 77.97; H, 11.86. prtsence de 13 % de cis acttyl-1 mtthyl-4 cyclohexane et 

La semicarbazone cristalliste dans le mtthanol fond a de 87 % de trans acttyl-1 mtthyl-4 cyclohexane. 
195". 

Anal. Calc. pour CllHZIN30: C, 62.56; H, 9.95; 
N, 19.90.Trouve: C, 62.28; H, 9.89;N, 19.66. 

Re'drrctiorr catalytique de I'acityl-l rne'tlryl-5 cyclohexBne 
L'acttyl-1 mtthyl-5 cyclohextne (2) est hydrogtnt en 

prtsence de palladium sur charbon 10% dans l'ethanol 
95% acidifit. Apres Cvaporation des solvants, le rtsidu 
indique par c.p.g. la formation de 52% de cis acttyl-1 
mtthyl-3 cyclohexane (7) et de 48% de trans acttyl-1 
methyl-3 cyclohexane (8) qui sont stparts par c.p.g. 
preparative. Le cis acttyl-l methyl-3 cyclohexane pur 
distille a 191"; 11;': 1.4458 (rapport6 p.e.: 193"; ~ 1 2 ~ :  
1.4455 (24)). La semicarbazone cristalliste dans le 
mtthanol fond a 168" (rapportt 160" (24)). Le trans 
acttyl-1 methyl-3 cyclohexane pur distille a 193"; n i 5 :  
1.4487 (rapportt 194-195"; n i 5 :  1.4469 (24)). La semi- 
carbazone cristalliste dans le mtthanol fond a 175" 
(rapport6 195-196" (24)). 

Riductiorr catalytique rle I'ace'tyl-l mithyl-4 cyclohexBne 
L'acttyl-1 mtthyl-4 cyclohextne (3) est hydrogtnt en 

prtsence de palladium sur charbon 10% dans l'tthanol 
95% acidifit. Aprts tvaporation des solvants, le rtsidu 
indique par c.p.g. la formation de 73 % de cis acttyl-1 
mCthyl-4 cyclohexane (9) et de 27% de trans acityl-1 
mtthyl-4 cyclohexane (10). Ces composts sont sBparts par 
c.p.g. prtparative. Le cis acttyl-1 mtthyl-4 cyclohexane 
distille a 193"; nd5 : 1.4490. 

Anal. Calc.pour C9H160: C, 77.03; H, 11.49. Trouvt: 
C. 76.87: H, 11.51. 

' ~ a  semicarbazone cristalliste dans le mtthanol fond B 
179". 

Anal. Calc. pour C10H19N30: C, 60.87; H, 9.70; N, 
21.29.Trouvt: C, 61.12;H, 9.52;N, 21.37. 

Le trans acttyl-1 mtthyl-4 cyclohexane distille 2 190"; 
rzb5 : 1.4438. 

Anal. Calc.pour C9HI60: C, 77.03; H, 11.49. Trouvt: 
C, 77.17; H, 11.38. 

La semicarbazone cristalliste dans le mtthanol fond a 
175". 

Anal. Calc. pour CI0Hl9N30: C, 60.87; H, 9.70; N, 
21.29.Trouvt: C, 61.16;H,9.59;N,21.51. 

Mise err iqrrilibre d'urr milarlge de cis et trans acityl-l 
methyl-3 cyclohexarze 

A 500 mg d'un melange formt de 25 % de trans acttyl-1 
methyl-3 cyclohexane (8) et de 75% de cis acttyl-1 
mtthyl-3 cyclohexane (7) sont ajoutts 500 mg de mtthylate 
de sodium dissous dans 5 ml de mtthanol. Aprts agitation 
durant 48 h et decomposition par l'eau, le tout est extrait 
de la f a ~ o n  habituelle. Aprts tvaporation du solvant, 
le rtsidu analyst par c.p.g. indique la prtsence de 8 % de 
trans acttyl-1 mtthyl-3 cyclohexane et de 92% de cis 
acttyl-1 mtthyl-3 cyclohexane. 

Re'duction des citorres satrrries par I'hydrure de lithium et 
d'alumiizium 

Chaque cttone saturte est rtduite selon le proctdt 
suivant: 500 mg de cttone en solution dans 10 ml d'tther 
sont ajoutts lentement a 200 mg d'hydrure de lithium et 
d'alurninium en suspension dans 5 ml d'tther. Aprts un 
reflux d'une demi-heure, l'excts d'hydrure est dttruit en 
ajoutant de l'eau et le tout est acidifit. Aprts extraction 
de la f a ~ o n  habituelle et tvaporation du solvant, le 
rtsidu est analyst par c.p.g. et distillt. Le Tableau I11 
rapporte les constantes physiques et l'analyse tltmentaire 
des difftrents alcools saturts. 

Oxydation des alcools saturis par le coniplexe anhydride 
chrornique - pyridirre 

Chaque alcool est oxydt selon le proctdt suivant: 
100 mg d'alcool saturt en solution dans 5 ml de pyridine 
anhydre sont ajoutts au complexe anhydride chromique - 
pyridine formt en ajoutant lentement 240 mg d'anhydride 
chromique a 2.5 ml de pyridine anhydre refroidie a 0". 
Aprts une agitation de 24 h a la temperature de la pitce, 
le tout est jet6 sur de l'eau glacte et extrait de la faqon 
habituelle. Aprts tvaporation du solvant, l'analyse par 
c.p.g. du rtsidu indique la prtsence d'un seul compost qui 
est identifit comme Ctant la cttone saturte correspondante 
2 l'aide d'un tchantillon authentique. 

Riductiorz des ce'tones cordugue'es par I'hydrure de lithirrnr 
et d'al~rminirrnr 

Chaque cttone conjugute rtduite en suivant le proctdt 
experimental dtcrit pour la rtduction des cttones saturtes 
donne l'alcool allylique correspondant. Le Tableau IV 
rapporte les constantes physiques et l'analyse tltmentaire 
des difftrents alcools allyliques. 

Oxydation des alcools allyliqrres par le bioxyde de man- 
garzBse activk 

Chaque alcool est oxyde selon le proctdt suivant: 
100 mg d'alcool allylique en solution dans 4 ml d'acttone 
purifite sont oxydts par 1.15 g de bioxyde de mangantse 
en suspension dans 5 ml d'acttone. Aprts une agitation de 
48 h, le tout est filtrt sur un glteau de terre de diatomtes. 
Aprts tvaporation du solvant, l'analyse par c.p.g. du 
rtsidu indique la formation d'un seul compost qui est 
identifit comme Ctant la cttone conjugute correspondante 
a l'aide d'un tchantillon authentique. 

Rkrlrrction cles ce'tones conjz~gue'espar I'hydrrrre de bore et de 
sodirrnr 

Chaque cttone conjuguke est rtduite selon le proctdt 
suivant: 250 mg de cttone en solution dans 4 ml d'iso- 
propanol sont ajoutts B 100 mg d'hydrure de bore et de 
sodium en solution dans 8 ml d'isopropanol. Aprts un 
reflux de 2 h, le borate est dtcompost par 10 ml NaOH 
10% et le tout est extrait de la facon habituelle. Aprts 

Mise en iquilibre d'un mdlange cle cis et trarzs acityl-l distillation des solvants, ~ ' a n a l ~ s e ~ ~ a r  c.p.g. du r&idu 
mi  thyl-4 cyclohexane indique en plus de l'alcool allylique, la presence d'un ou 

Un mtlange (500 mg) formt de 66% de cis acttyl-1 deux alcools saturts dtpendant de la cttone de dtpart. 
mtthyl-4 cyclohexane (9) et de 34% de tt.alzs acttyl-1 Le Tableau V rapporte le rtsultat de ces rtductions. 
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Synthetic studies of hydrazine and guanidine: derivatives of 5 - p y r a z o l e ~ ~ ~ ~  
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The reactions of several substituted 5-chloropyrazoles with hydrazine hydrate and guanidine, respec- 
tively, were investigated in ethanol and dimethyl formamide media. In certain cases, only SN2 reactions 
occurred, while in others the 5-hydrazino- and 5-guanidopyrazoles reacted still further to yield related 
compounds with two pyrazole rings. On the basis of the intermediates and the different condensation 
products isolated, reaction schemes are proposed for the reactions discussed. 

Canadian Journal of Chemistry, 46, 1079 (1968) 

Introduction Results and Discussion 

Studies on the nucleophilic substitution of 
chlorine in several substituted 5-chloropyrazoles 
(1) by hydroxyl, alkoxyl, and other ions have 
shown that such reactions were possible when- 
ever electron withdrawing groups were present 
in the 4-position (1-6). Furthermore, Rojahn 
and Fegeler (7) claimed that, although l-phenyl- 
3-methyl-5-chloropyrazole (2) was inert, one or 
more nitro groups in the benzene nucleus would 
also labilize the chlorine to a remarkable degree. 
This conclusion was made as a result of a series 
of reactions between various nucleophiles and 
the nitration product of compound 2 (3), giving 
rise to a number of compounds to which the 
general formula 4 was assigned. Substrate 3, 
melting at 181 ", was claimed by Michaelis and 
Behn (8) to be 1(2,4-dinitropheny1)-3-methyl-5- 
chloropyrazole. The present investigation eluci- 

HO- 

H-C-C-CH3 
I1 II 

N-C N 

N& 1 .* X = H ,  C6H5, NHC6H5, CHO 

dates the structure of compound 3 and describes 
the results of a systematic study of the nucleo- 
philic reactions of substrates (1) with hydrazine 
hydrate and guanidine, respectively, in ethanol 
and dimethyl formamide media. 

'Presented in part at the Toronto meeting of the 
Chemical Institute of Canada, June 1967. 

2The research for this paper was supported in part by 
the Defence Research Board of Canada, Grant number 
9530-25. 

The substrates (1) required were prepared 
by chlorinating substituted 5-pyrazolones with 
phosphorus oxychloride according to a well 
known method (9-1 1). Application of the same 
method to the 2,4-dinitrophenylhydrazone of 
ethyl acetoacetate (5) and that of ethyl benzoyl- 
acetate (6) over a period of 8 to 10 h yielded, 
respectively, 1(2,4-dinitropheny1)-3-methyl-5- 
chloropyrazole (9), m.p. 108-109.5", and 1(2,4- 
dinitropheny1)-3-phenyl-5-chloropyrazole (10). 
The preparation of compound 9 in this way 
leaves no ambiguity as to its structure. Thus 
compound 3 must be one of the two remaining 
possible isomers, l(2-nitropheny1)-3-methyl-4- 
nitro-5-chloropyrazole (11) or l(4-nitropheny1)- 
3-methyl-4-nitro-5-chloropyrazole (12). The nu- 
clear magnetic resonance (n.m.r.) spectroscopic 
results shown in Table I indicate that the single 
nitro group in the 1-phenyl ring lies in the para 
position. Compound 3 is therefore l(4-nitro- 
pheny1)-3-methyl-4-nitro-5-chloropyrazole (12). 
This is analogous to the results found by previous 
investigators (12, 13) who nitrated I-phenyl- 
pyrazole and 2-phenyl-l,2,3,2H-triazole by mixed 
acids and obtained the corresponding l-p-nitro- 
4-nitro derivatives. Furthermore, the generalized 
conversion of all 1-phenylpyrazoles to their 
1-p-nitro-4-nitro compounds via conjugated 
acids, as predicted by Lynch and Hung (14), 
well explains why the nitrations in compound 2 
were oriented in the 1-para and 4-positions. 

Chlorination of 5 and 6 over shorter periods 
also yielded the corresponding intermediate 
pyrazolones (7 and 8). The complete reaction 
proceeds as shown in eq. [ l ]  with the hydrazine 
first undergoing a cyclization by the elimination 
of ethanol to form the corresponding pyrazolone. 
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The chlorination of the hydroxypyrazole then 
proceeds according to the usual manner. It  is 
surprising that the phosphorus oxychloride 
attack on the carbonyl group occurs only after 
cyclization of the hydrazone. 

In the present work, the nucleophilic sub- 
stitution reactions of substituted 5-chloro- 
pyrazoles (14-19) and hydrazine hydrate (13) 
are outlined in Scheme I. With 3-methyl-4-nitro- 
5-chloropyrazole (14) and 13 in ethanol, inter- 
mediate 25, m.p. 128-12g0, was isolated. When 
tested for the chloride ion, this intermediate 
gave a negative test. This excludes the possibility 
of the hydrochloride salt being formed. Com- 
pound 25 decomposed to 26 whose RF = 0.46 
when a dioxane+thanol (1:2 vol) eluent was 
used. In addition, a compound with the same 
elemental analysis and an RF = 0.60 in the 
same solvent mixture was isolated which is most 
probably the corresponding dimer. From 13 and 
15 in ethanol, compound 21 only was obtained. 
The nucleophilicity of the end amino group in 
the latter compound is too weak to react with a 
second molecule of the chloropyrazole. The 

hydrazino group shows characteristic bands at  
3350,3240, and 3140 cm-' which is in reasonable 
agreement with results obtained for methyl- 
hydrazine (15). From the reaction of l-phenyl-3- 
methyl-4-benzazo-5-chloropyrazole (16) and 13 
in dimethyl formamide, two products were iso- 
isolated, 5,5'-bis(1-phenyl-3-methyl-4-benzazo- 
5-amino)-pyrazole (27) and 5,5'bis(l-phenyl-3- 
methyl-4-benzazo)-pyrazole (29). Thin-layer 
chromatography has shown beyond any doubt 
that 29 arises from the decomposition of 27 
and not from the parent substrate. When 
1 (2-nitrophenyl)-3-phenyl-4-benzazo-5-chloro- 
pyrazole (18) and 13 were reacted together in the 
presence of dimethyl formarnide in the molar 
ratio of 1 :4, only l(2-nitropheny1)-3-phenyl-4- 
benzazo-5-hydrazinopyrazole (23) was obtained 
(v,,, (Nujol) 3340 and 3380 cm-l). Thin-layer 
chromatographic study of this reaction using ben- 
zene as an eluent indicates that 23 (R, = 0.18) was 
gradually formed from a compound suspected 
to be l(2-nitropheny1)-3-phenyl-4-benzazo-5- 
chloro-5-hydrazino-2-pyrazoline (R, = 0.31). By 
heating substrate 19 with 13 in a mixture of 

TABLE I 
Nuclear magnetic resonance spectra of 1-phenyl-3-methyl-5-chloropyrazole and its dinitro 

derivatives in acetone-d6 

Compound Group Multiplicity* Chemical shift? 

l-(2,4-dinitropheny1)-3-methyl-5- 3-CH3 s 2.12 
chloropyrazole (9) 4-H s 6.33 

3-Hf d , J =  2 8.71 

1-(4 -nitrophenyl)-3-methyl-4-nitro- 3-CH3 s 2.54 
5-chloropyrazole (12) 4 4 H  q, symmetric 8.15 

*s = singlet, d = doublet, q = quadruplet, m = multiplet, J in c.p.s. 
?Chemical shift in p.p.m. 
$Hydrogen in l-phenyl ring. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



OF HYDRAZINE AND GUANIDINE 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

d d d  

-my, 
4 m m m  t 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ZAUHAR AND LADOUCEUR: SYNTHETIC STUDIES OF HYDRAZINE AND GUANIDINE 1083 

ethanol and dimethyl formamide, 5,5'-bis(1-(3- 
nitrophenyl)-3-phenyl-4-benzazo-5-amino)- 
pyrazole (28) is formed and partly decomposed 
to yield 5,5'-bis(1-(3-nitropheny1)-3-phenyl-4- 
benzazo)-pyrazole (30). Here again, thin-layer 
chromatography adequately demonstrates that 
as the concentration of compound 28 increases 
and the temperature lies between 75 and 90°, 
the reaction takes a different course. Adduct 
20 then preferably leads to the corresponding 
5-hydrazinopyrazole (24). On the other hand, the 
action of 13 on substrate 17 gave rise to both 
1,3-diphenyl-4-benzazo-5-hydrazinopyrazole 
(22) and N,N1-bis(l,3-diphenyl-4-benzazo-5- 
aminopyrazoly1)-amine (31). Chromatographic 
study of this reaction on thin-layer silica gel 
plates revealed that both compounds are 
formed simultaneously from the chloropyrazole. 
Therefore, direct competition between the simple 
dehydrohalogenation of adduct 20 and self- 
condensation of the same adduct through the 
elimination of ammonia followed by dehydro- 
halogenation must have occurred in this case. 

Both 1(2,4-dinitropheny1)-3-methyl- (9) and 
1 (2,4-dinitropheny1)-3-phenyl-5-chloropyrazole 
(10) when heated with hydrazine hydrate (13) 
yielded the degradation product 2,4-dinitro- 
phenylhydrazine. Similar nucleophilic displace- 
ments of the pyrazole ring by a hydroxyl or 
methoxyl group, induced by powerful attracting 
nitro groups in the ortho and para positions, 
have been previously reported (1 6). The former 
substrate (9) also gave a compound whose 
empirical fo rm~~la  corresponds to C6H,0,N6 
and which according to its infrared and n.m.r. 
spectra could possibly be 2-nitro-4-aminoazoxy- 
phenylhydrazine. 

The methochloride salt of 1-methyl-3-phenyl- 
5-chloropyrazole and 13 in ethanol at room 
temperature yielded the corresponding 5-hydra- 
zinopyrazole methochloride in two hydrated 
forms. The 1-phenyl-3-methyl isomer and 13  
under the same conditions followed the same 
reaction path. 

3-Phenyl-4-benzazo-5-chloropyrazole did not 
react with hydrazine hydrate in either ethanol or 
dimethyl formamide medium. 1 -Phenyl-3-methyl- 
5-chloropyrazole with either an ortho or a para 
nitro substituent on the phenyl ring behaved 
likewise. l(4-Nitropheny1)-3-methyl-4-nitro-5- 
chloropyrazole (12) with 13  gave a brown poly- 
meric substance whose melting point was above 
300" and was not investigated further. 

The nucleophilic substitution reactions of 
several substituted 5-chloropyrazoles (12, 14, 15, 
and 19) with guanidine (32) are outlined in 
Scheme 11. The reaction between 14 and 32 in 
ethanol proceeded slowly at 25" and two im- 
portant intermediates were isolated, N,Nt-bis- 
(3-methyl-4-nitro-5-chloro-2-pyrazolin-5-yl- 
guanidine (37) and N-(3-methyl-4-nitro-5- 
pyrazoly1)-Nf-(3-methyl-4-nitro-5-chloro-2- 
pyrazolin-5-y1)-guanidine (38). Both products 
tested negatively for ionic chlorine thus exclud- 
ing the possibility of the formation of the 
hydrochloride salt. Compound 38 was obtained 
by the partial dehydrohalogenation of 37 and 
subsequent dehydrohalogenation of 38 lead to 
N,Nt-bis-(3-methyl-4-nitro-5-pyrazolyl)- 
guanidine (39). 

Substrate 15 and guanidine (32) in ethanol did 
not lead to the corresponding 5-guanidopyrazole 
or any related compound. Instead 15 reverted 
back to the parent pyrazolone, l-methyl-3- 
phenyl-4-benzazo-2-pyrazolin-5-one. However, 
in a mixture of ethanol and dimethyl formamide, 
both 35 and 41 were obtained. Thin-layer 
chromatographic study of this reaction indicates 
that both compounds are formed simultaneously 
from the chloropyrazole. It appears therefore 
that direct competition between the simple 
dehydrohalogenation of 33 and self-condensation 
of 33 through the elimination of ammonia 
followed by dehydrohalogenation must have 
occurred. The concentration of compound 41 
does not increase at the expense of 35. 

1 (3-Nitrophenyl)-3-phenyl-4-benzazo-5- 
chloropyrazole (19) and 32 in dimethyl form- 
amide and ethanol yielded only l(3-nitropheny1)- 
3-phenyl-4-benzazo-5-guanidopyrazole (36). In  
addition to a broad band at 3340 cm-l, attrib- 
uted to the v(C==N) of the guanidine group, a 
v(N-H) band appears at 3430 cm-l. The end 
amino group of the guanido group is not re- 
active enough to proceed to further nucleophilic 
attack of the substrate. 32 and 12 in ethanolic 
medium both at room and higher temperatures 
yielded the corresponding 5-guanidopyrazole 34 
exclusively. An absorption band at 3490 cm-I 
can be assigned to v(N-H) of the imino group 
of the guanidine. This band is not present in 
the infrared spectrum of the nitration product, 
which nitration according to Wright (1 7) occurs 
on the nitrogen doubly bonded to the carbon of 
the guanidine. The infrared spectrum of com- 
pound 34 shows a broad band a t  3190 cm-I 
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which lends support to the chelated structure 
42. No evidence in support of the cyclic struc- 
ture of the type proposed by Michaelis and 
Behn (8) (4) could be obtained from the infrared 
spectra. 

3-Phenyl-4-benzazo-5-chloropyrazole was 
stable towards guanidine in both media previous- 
ly mentioned. This stability persisted even when 
a 2-nitrophenyl group was introduced in the 
1-position. Similarly, 1-phenyl-3-methyl- 
5-chloropyrazole with either an ortho or a para 
nitro substituent in the 1-phenyl ring was equally 
inert. The methochlorides of 1-phenyl-3-methyl- 
5-chloropyrazole and its corresponding l-methyl- 
3-phenyl isomer behaved likewise. On the other 
hand, 1(2,4-dinitrophenyl)-3-methyl-5-chloro- 
pyrazole (9) and 1(2,4-dinitropheny1)-3-phenyl- 
5-chloropyrazole (10) degraded to 2,4-dinitro- 
phenylguanidine. Crocker and Hall (16) reported 
a similar cleavage when 1(2,4-dinitropheny1)- 
pyrazole was treated with either hot concen- 
trated aqueous-methanolic sodium hydroxyde 
or boiling methanolic sodium methoxide. The 
degradation product identsed was 2,4-dinitro- 
anisole. I t  can be concluded therefore, that 
the electron density on carbon-1 of the phenyl 
ring is greatly diminished by the presence of the 
nitro groups, but this effect is not transmitted 
to carbon-5 of the pyrazole ring. Nucleophilic 
substitution of 13 and 32 as a result, occurs 
instead on carbon-1 of the phenyl ring. The two 
resonating forms of the adduct involved in the 
reactions with substituted-4-nitro-5-chloro 
pyrazoles can be represented by 43, while 44 
shows the two probable resonating forms of the 
adduct involved in the case of the substituted 4- 
benzazo-5-chloropyrazoles. 

The successful isolation of the three inter- 
mediates previously described (25, 37, and 38) 
indicates that the simplest substitution reactions 

where 5-hydrazino- and 5-guanidopyrazoles only 
were obtained, are of the S,2 type. However, 
this has not been substantiated by any kinetic 
studies. 

Experimental 
All melting points were taken in capillary tubes and 

were uncorrected. The carbon, hydrogen, nitrogen, and 
chlorine analyses were made by Micro-Tech Laboratories 
Inc., Skokie, Illinois. The infrared spectra were deter- 
mined in Nujol and KBr on a Beckman apparatus, model 
IR-10, and the nuclear magnetic resonance spectra on 
a Varian apparatus, model A-60, with tetramethylsilane 
as an internal standard. 

For the thin-layer chromatographic studies Eastman 
Chromagram sheets, type K301R2, coated with silica gel 
were used. The 20 cm x 20 cm sheets were cut into 
2 cm x 9 cm strips and then activated in a vertical 
position in an oven at 110'-120'. The best chromato- 
graphic separation was obtained when volumes ranging 
from 1 to 1.5 p1 of the reaction mixture were placed on a 
chromatogram at a point 314 in. from one end and then 
dried. The development was performed in a 125 ml wide 
mouth glass stoppered bottle containing eluent to a 
depth of 1 cm measured near the wall of the container. 

Ethyl Benzoylacetate 2-Nitrophenylhydrazone 
2-Nitrophenylhydrazine (35.5 g, 0.232 mole) was added 

to ethylbenzoyl acetate (67.0 g, 0.349 mole) and the 
resulting mixture was then heated while stirring at 95' 
for a period of 3 h. Upon cooling the reaction flask, a 
solid cake formed. The product after trituration and 
recrystallization in 99 % ethanol yielded ethylbenzoyl- 
acetate 2-nitrophenylhydrazone as yellow needles, 1n.p. 
104-105" (54.2 g, 71.4%), v,,, (Nujol) 3310 (NH), 1740 
( G O ) ,  1615 ( G N ) ,  1575 (phenyl), 1530, 1350 (NO,), 
1270 br, 1145 (C-0-C), 760,735,685 cm-' (phenyl). 

Anal. Calcd. for Cl7HI7O4N3 (mol. wt, 327.3): 
C, 62.37; H, 5.23; N, 12.84. Found (mol. wt., Rast 
method, 311): C, 63.12; H, 5.24; N, 12.92. 

1 (2-Nitropltenyl)-3-phenyl-2-p~~razolin-5-one 
Ethyl benzoylacetate 2-nitrophenylhydrazone (53.0 g, 

0.162 mole) was dissolved in glacial acetic acid (400 ml) 
and the solution was refluxed for 4 h during which 
time it changed from deep to light red. The resulting 
solution was then concentrated under reduced pressure 
until a yellow product separated which was then filtered 
and washed with ether to remove the unreacted ethyl- 
benzoylacetate 2-nitrophenylhydrazone. The crude pro- 
duct crystallized from ethanol (95%) in cream colored 
needles, m.p. 164-465" (38.0 g, 83.4%), v,,, (Nujol) 1730 
(C=O), 1605 (C==N), 1590 (phenyl), 1530, 1350 (NO,), 
775,750,740,695 cm-' (phenyl). 

Anal. Calcd. for C15H1103N3: C, 64.05; H, 3.94; 
N, 14.94.Found: C,64.12;H;4.12;N, 15.00. 

Preparation of I,3-Disubstituted 4-Benzazo-2-pyrazoIin-5- 
ones 

1,3-Disubstituted 2-pyrazolin-5'-one (0.10 mole) was 
dissolved in a minimum amount of dioxane to which a 
freshly prepared solution of benzenediazonium sulfate 
(0.11 mole) was added slowly portionwise between 10-20". 
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ZAUHAR AND LADOUCEUR: SYNTHETIC STUDIES OF HYDRAZINE AND GUANIDINE 1085 

An orange-colored solution was produced which gradu- 
ally gave an orange to brick red precipitate. After the 
addition of benzenediazonium sulfate was complete, the 
mixture was further stirred at the above temperature for 
45 min, then filtered and finally washed with a large 
amount of water and dried. The crude product was 
purified by recrystallization. 

1 (2-Nitrophenyl) -3-phe1gvl-4-be1zza~o-2-pyrazoliiz-5-one 
This compound crystallized from benzene-dioxane in 

orange needles, m.p. 1444145" (76%), v,,, (Nujol) 1660 
(C==O), 1600 (C==N), 1565 (phenyl), 1530, 1355 (NO,), 
780,750, 690 cm-' (phenyl). 

Anal. Calcd. for C21H1503N5 : C, 65.45; H, 3.92; N, 
18.17. Found: C, 65.72;H,4.12; N, 17.48,17.85. 

Two distinct spots on a Chromagram thin-layer silica 
gel chromatogram were obtained when benzene was used 
as an eluent, ( R f  = 0.68 and RI = 0.53). 

1 (3-Nitrophe~~yl) -3-metlgvl-4-be1zzrrzo-2-pyr.azolin-5-one 
Obtained as yellow-orange needles from dioxane, m.p. 

200-201" (74%), v,,, (KBr) 1660 (C==O), 1590 (phenyl), 
1540 (NO2), 1450 (phenyl), 1340 (NO,), 880, 760, 730, 
7lOcm-' (phenyl). 

Anal. Calcd. for Cl6Hl3O3N5: C, 59.44; H, 4.05; 
N, 21.66. Found : C, 59.42; H, 4.20; N, 21.86. 

1 (4-Nitrophenyl) -3-phenyl-4-betzzazo-2-pyrazolin-5-one 
This compound was obtained as yellow-orange needles 

from dioxane, m.p. 241-242" (go%), v,,, (KBr) 1660 
( G O ) ,  1590 (phenyl), 1540 (NO,), 1505 (phenyl), 1360 
(NO,), 850,785,760,745,705,695 cm-' (phenyl). 

Anal. Calcd. for CZ1Hl5O3N5: C, 65.45; H, 3.92; 
N, 18.17.Found:C,65.52;H,4.04;N, 17.80. 

Reactions of Substituted i,4-Dinitrophenyll~ydrazones 
with Plzosphorus Oxychloride 

Each of the following substituted 2,4-dinitrophenyl- 
hydrazones was heated with phosphorus oxychloride in a 

sealed tube according to the molar ratio, temperature, 
and time interval indicated below. The reaction tube was 
cooled, opened, and the contents which were partly 
viscous and partly gummy were poured over an ice-water 
mixture. When the ice melted, both a gum which settled 
to the bottom and a crystalline product were obtained. 
The crystalline product was separated from the gum by 
decantation and after filtration was recrystallized from 
99% ethanol. The gummy product after standing in 
water for a few hours and upon trituration yielded an 
amorphous yellow solid. This solid was purified by 
crystallization in ethanol after treating the hot solution 
with activated charcoal. 

Ethyl acetoacetate/POCl, (1.511 mole), 130-13S0, 5 h 
gave 43 % 1(2,4-dinitropheny1)-3-methyl-2-pyrazolin-5- 
one (7) as yellow needles, m.p. 145-146". This compound 
is identical with the known substance prepared by 
Khromov-Borisov (IS), m.p. and mixture m.p. 144-145". 
Also 37 % 1 (2,4-dinitropheny1)-3-methyl-5-chloropyrazole 
(9) as colorless rods from ethanol (99 %), m.p. 108-109.S0, 
v,,, (Nujol) 1615 (C==N), 1545 (phenyl), 1530 (NO,), 
1500 (phenyl), 1345 (NO,), 900,850,835 cm-' (phenyl). 

Anal. Calcd. for C10H704N4C1 (mol. wt., 282.6): 
C, 42.49; H, 2.50; N, 19.83; C1, 12.54. Found (mol. wt., 
Rast method, 281): C, 42.55; H, 2.48; N, 19.86; C1,12.41. 

Ethyl benzoylacetate/POC13 (211 mole), 120-13O0, 4 h 
gave 33 % 1(2,4-dinitropheny1)-3-phenyl-2-pyrazolin-5- 
one (a), m.p. 162-163". The compound is identical with 
the compound prepared by Khromov-Borisov (18), 
m.p. 160-161" and mixture m.p. 161-162". Also 32% 
1(2,4-dinitropheny1)-3-phenyl-5-chloropyrazole (10) as 
yellow needles from 99% ethanol, m.p. 134-13S0, v,, 
(Nujol) 3120 (OH), 1610 (C==N), 1545 (phenyl), 1525 
(NO,), 1500 (phenyl), 1365, 1340 (NO,), 895, 830, 810 
cm-I (phenyl). 

Anal. Calcd. for Cl5H9O4N4Cl.+C2H5OH: C, 52.26; 
H, 2.97; N, 15.73; C1, 9.95. Found: C, 52.87; H, 2.92; 
N, 15.58; C1,9.75. 

When the above chlorinations were carried on for an 
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TABLE Il 
Substituted 5-chloropyrazoles and hydrazine hydrate 

.- 

Mole ratio 
of substrate Reaction Melting 

Reaction to hydrazine tempera- Reaction Yield./. point 
Substrate solvent hydrate ture time* Intermediates and products (%) ("(3 Rif 

14 ethanol 1:1.2 

15 ethanol 1:1.2 

17 ethanol 1 : l . l  

19 ethanol - 1 : l . l  
dimethyl 
formamide 

5,5'-bis(3-111ethyl-4-nitro-5-amino- 
5-chloro)-2-pyrazoline (25) + 
5,5'-bis(3-rnethyl-4-nitro-5-amino)- 
pyrazole (26) + 

dirner of (26) 

I-methyl-3-phenyl-4-benzazo-5- 
hydrazinopyrazole (21) 

5,5'bis(l-phenyl-3-n1ethyl-4-benzazo- 
5-amino)-pyrazole (27) + 
5,5'-bis(l-phenyl-3-n1ethyl-4-benzazo)- 
pyrazole (29) 

1,3-diphenyl-4-benzazo-5-hydrazino- 
pyrazole (22) + 
N,N'-bis(l,3-diphenyl-4-benzazo-5- 
aminopyrazo1yl)-amine (31) 

1(2-nitropl~enyl)-3-phenyl-4-benzazo- 
5-hydrazinopyrazole (23) 

N,N1-bis(1-(3-nitropheny1)-3-phenyl- 
4-benzazo-5-amino)-pyrazole (28) + 
5,5'-bis(1-(3-nitropheny1)-3-phenyl- 
4-benzazo)-pyrazole (30) 

-t 

287 (b) 128-129" 

l o t  (a) 283-284" 

33.1 (a) 162-163" 

51t (d) 264-265" 

66.f (a) 139-140" 

51t ( 4  176-178" 

201 (b) 181-182" 

0.lOf (g) 

F 
0.46f (g) 2 

F 
0.60$ (g) 2 

% 
0.72S(f) n 

E 
0.351 (e) 5 

m 

2 
0.524 (e) 5 

2 
0.18:l (e) 

e 0\ 

0.75$ (e) 

0.501 (e) 

*In hours. 
tRecrystnllization solvent: ethanol (0). benzene (b) ,  dionane-ethanol (u) ,  benzene-ethanol (d) .  
$Eluent: benzene (e) ,  chloroform(/), ethanol-chloroform 1 :5  vol (8).  
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ZAUHAR AND LADOUCEUR: SYNTHETIC STUDIES OF HYDRAZlNE AND GUANIDINE 1087 

extended period, between 8 to 10 h, only the correspond- magnetic resonance (DMSO + TMS): 6.86 (5H, broad- 
i n  5-chloropyrazoles (9 and 10) were obtained. ened singlet, O+N=N-NH,, NH-NH,), 7.86 (2H. 

I (2-Nitrophet~yl) -3-phetzyl-4-betzzazo-5-cl~loropyrazole 
1(2-Nitrophenyl)-3-phenyl-4-benzazo-5-chloropyrazole 

was prepared by the method of Michaelis et al. (9-11). 
Treating a hot ethanolic solution of the crude product 
with activated charcoal and then cooling the resulting 
filtrate yielded yellow needlelike crystals, n1.p. 131-132" 
(5773, R, = 0.83 using ethanol - carbon tetrachloride 
(1 :5 vol) as eluent, v,,, (Nujol) 1610 (C==N), 1530 (NO2), 
1585, 1500 (phenyl), 1340 (NO2), 780, 770, 750 cm-' 
(phenyl). 

Anal. Calcd. for C21H1402N5: C, 62.46; H, 3.49; 
N, 17.34; C1, 8.78. Found: C, 62.78; H, 3.48; N, 17.60; 
C1,9.02. 

Reactiorzs of'Srrbstitrrted 5-Clrloropyrazoles atld Hydrazitle 
Hydrate 

Each of the substituted 5-chloropyrazoles listed in 
Table I1 were respectively dissolved in an appropriate 
solvent. Hydrazine hydrate was then added in the molar 
ratio given in the table. The resulting mixture was then 
stirred and the reaction followed by means of thin-layer 
chromatography while a temperature increase of 5" every 
20 min up to the desired maximum was imposed. When- 
ever the formation of an intermediate or product was 
detected at its maximum concentration. a re~resentative . 
sample of the solution was withdrawn from the reaction 
flask, and tlie solvent evaporated under vacuum at 0" 
until the intermediates or products separated froni the 
solution. The compounds were then separated by frac- 
tional crystallization and finally recrystallized from an 
appropriate solvent. The main course of the reaction was 
carried on until judged to be complete whereupon, the 
reaction niixture was then concentrated under vacuum 
until separation of the final product was accomplished. 
The product after filtration was then recrystallized from 
an appropriate solvent. In the event of a precipitate being 
formed during the course of tlie reaction, the reaction 
mixture was filtered immediately and the product purified 
by recrystallization. The reaction was then repeated with- 
out removing the precipitate and carried on according 
to the procedure described above. The intermediates 

. , 

doublet, 5-H, 6-H) and 6 8.49 (IH, 3-H). 
Anal. Calcd. for C6H803N6: C, 33.96; H, 3.80; N, 

39.61. Found: C, 33.86; H, 3.63; N, 39.80. 

I (2,4-Dinitrophenyl) -3-phenyl-5-cl~loropyrazole and 
Hydrazine Hydrate 

1(2,4-Dinitropheny1)-3-phenyl-5-chloropyrazole (0.01 
mole) and hydrazine hydrate (0.011 mole) in ethanol 
heated at 79" for 6 h gave 45 % 2,4-dinitrophenylhydra- 
zine, m.p. and mixture n1.p. 197-198", R, = 0.52 using 
ethanol - carbon tetrachloride (1 :5 vol) as eluent. 

Anal. Calcd. for C6H6O4N4: C, 36.37; H, 3.05; N, 
28.28. Found: C, 36.74; H, 3.22;N, 27.75. 

Reaction of l,3-Disubstituted 5-Chloropyrazole Metho- 
chlorides with Hydrazine Hydrate 

Hydrazine hydrate (4.3 g, 0.085 mole) was slowly 
added to a solution of each of the methochloride salts 
(14.5 g, 0.057 mole) in ethanol (100 ml). The resulting 
yellow solution was then heated for 12 h between 70-75" 
and then left to cool overnight. A small amount of 1,3- 
disubstituted 5-chloropyrazolehydrochloride which crys- 
tallized from the solution was removed by filtration and 
the solvent was then stripped from the filtrate under re- 
duced pressure. The 1,3-disubstituted 5-liydrazinopy- 
razole methochloride then remained as a viscous residue. 

I-Methyl-3-plretryl-5-lzydrazinopyd Methocl~loride 
This compound was obtained as a pale-violet solid by 

treating the above residue with benzene (250 nil) followed 
by vigorous stirring. Recrystallization froni chloroform 
gave white needles, m.p. 94-95" (6.4 g, 40%). A positive 
test was obtained for ionic chlorine. v,,, (Nujol) 3400, 
3320 (NH), 3160 br (OH), 1675 (NH,), 1610 (C=N), 
1595,765,700~m-~ (plienyl). 

Anal. Calcd. for CllH15N4Cl.l.5 H 2 0 :  C, 49.72; 
H, 6.83; N, 21.08; CI, 13.34. Found: C, 50.03; H, 7.16; 
N, 20.69; C1,13.66. 

The compound was also isolated as a hydrate with 112 
n~olecule of water of crystallization, m.p. 138-139". 

Anal. Calcd. for CllH15N4C1~0.5 H 2 0 :  C, 53.33; 
H,6.51;N,22.62.Found:C,53.24;H,6.49;N,22.05. 

and compounds isolated are listed in Table I1 while their I -P l1e t1y l -3 - t~1e t l 1y l -5 - /~ydr .a z i1~opy~  Methoclrloride 
elemental analyses and principal infrared absorption Treatment of the above residue with an ethanol-ether 
bands are given in Table 111. mixture gave a cream-colored precipitate. The com- 

I (2,4-DirzitroplrergvI)-3-1~1etl1yl-5-c/rloropyrazole and 
Hydrazirze Hydrate 

The substrate 1(2,4-dinitropheny1)-3-methyl-5-chloro- 
pyrazole (0.01 mole) heated with hydrazine hydrate 
(0.011 mole) in ethanol at 79" for 6 h yielded two degrada- 
tion products: 54% 2,4-dinitropl~enylhydrazine, m.p. and 
mixture m.p. with identical sample 197-198" (lit. m.p. 
198"), R, = 0.52 using ethanol - carbon tetrachloride 
(1 :5 vol) as eluent. 

Anal. Calcd. for C6H604N4: C, 36.37; H, 3.05; N, 
28.28.Found: C, 36.54;H,3.00;N,27.95. 

Also, 12% of a compound with empirical formula 
C6Hs03N6, possibly 2-nitro-4-aniinoazoxyphenylhydra- 
zine, m.p. 204-205", RE= 0.03 using ethanol -carbon tetra- 
chloride (1 : 5 vol) as eluent, v,, (Nujol) 3315,3240 (NH), 
1615 (phenyl), 1530 (NO2), 1445 (phenyl), 1335 (NOZ), 
1290 (N-N->O), 875, 830, 800 cm-' (phenyl). Nuclear 

pound was recrystallized from an ethanol-ether mixture as 
white clustered rods. A positive test for ionic chlorine was 
obtained, m.p. 209-210" (6.6g, 41 %), v,",, (Nujol) 3260, 
3140,1640 (NH), 1560,1535,735,695 cm-' (phenyl). 

Anal. Calcd. for Cl1Hl,N4CI: C, 55.35; H, 6.33; 
N, 23.47; C1, 14.85. Found: C, 55.13; H, 6.42; N, 23.91; 
C1,14.88. 

Reactiotls of Substitrrted5-Chloropyrazoles atzd Glraniditze 
The substituted 5-chloropyrazoles listed in Table IV 

were respectively dissolved in an appropriate solvent to 
which an ethanolic solution of guanidine was added 
according to the molar ratio given in Table IV. The mix- 
ture was then stirred and the reaction followed by means 
of thin-layer chromatography, while a temperature 
increase of 5" every 20 min was maintained until the 
desired temperature was reached. At the maximum 
concentration of the intermediate or product formed, a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE UI 
Chemical analysis and infrared absorption data 

Calculated (%) Found (%) 

Compound Formula C H N C H N vmax(Nujol)* n 
P 

21 C 1 6 ~ 1 6 ~ 6  65.74 5.52 28.75 65.53 5.50 28.63 3450 (NH), 3240 (NH), 1640 (NH), 1525, 1450 2 
(phenyl), 1360 (CAN) arom., 770, 760, 720, 
685 (phenyl). 

22 CzlHlsNs 71.17 5.19 23.71 71.16 5.1'5 23.27 3380, 3290 (NH), 1595 (C=N), 1585, 1490, 2 , 
1450,765,750,710,685 (phenyl). o 

23 C21H1702N7.)C2H50H 62.55 4.77 23.21 63.56 4.60 23.38 3390, 3340 (NH), 1630 (NH), 1545 (NO,), 
1500,780,750,685 (phenyl). 

63.15 4.29 24.55 
2 

24 C Z I H I ~ O Z N ~  63.46 4.29 24.55 3380,3290 (NH), 1610 (C=N), 1585 (phenyl), 
1520 (NO,), 1480, 1450 (phenyl), 1340 (NO,), 
860,795,725,710,690 (phenyl). g 

25 C S H I Z O ~ N ~ C ~ Z I -  27.06 3.41 31.55 26.69 3.57 31.87 3360, 3300 (NH), 1605 ( L N ) ;  1510, 1340, 0 
825 (NO,). 

34.05 3.57 39.70 
8 

26 CSHI oO4N8 34.62 3.83 39.14 3360, 3310 (NH), 1600 (C-N), 1555, 1345, Z 
825 (NO,). i; 

Dimer of 2 
26 C16Hzo08N16 34.05 3.57 39.70 34.30 3.88 39.37 3370, 3310, 1645 (NH), 1585 (C==N), 1515, 5 

1325 (NO,), 1165 (CH3). < 
27 C3zHzaN10 69.55 5.11 25.46 70.32 4.93 25.60 NO NH, 1595 (C==N), 1585, 1495, 740, 675 

(phenyl). 
28 C,,H300+N12~1.5 H,O 63.55 4.19 21.17 63.66 4.21 21.16 3350 (NH), 1530 (NO,), 1450 (phenyl), 1345 -m 

P 

(NO,), 885,795 (phenyl). - \I 
29 C ~ Z H Z ~ N ~  73.54 5.01 21.45 73.02 5.44 21.50 No NH, 1595 ( k N - ) ,  1500, 1450 (phenyl), E 

1190 (CH3), 750,680 (phenyl). 
30 C ~ Z H Z E O ~ N I O  68.47 3.83 19.01 68.17 4.10 18.95 No NH, 1530 (NO,), 1450 (phenyl), 1345 

(NO,), 890,815,770,705 (phenyl). 
31 C~zH33Nil 72.92 4.81 22.27 72.88 5.50 21.61 3375 (NH), 1600 ( k N ) ,  1580,1525,760,725, 

690 (phenyl). 

*The infrared spectra of compounds 21, 22, 24, 27, 29, and 31 were taken in KBr disks and are reported in cm-1 for the most characteristic bands (group assignments in parentheses.) 
tcalculated for CI: 19.96. Found: 19.33. Negatlve test obtalned for C1-. 
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TABLE IV 
Substituted 5-chloropyrazoles and guanidine 

Mole ratio Reaction Melting 
Reaction of substrate tempera- Reaction Yield* point 

Substrate solvent to auanidine ture time Intermediates and products 'X PC) Rri 

14 ethanol 1: l . l  25" 15 rnin 

15 ethanol - 1 :I .7 40-70" 7 h  
dirnethyl 
formamide 

55-70' 7 h  

19 ethanol - 1 :2.3 25-70" 6 h  
dirnethyl 
forrnarnide 

12 e than01 1:1.4 70" 4 h  

N,N'-bis(3-rnetl1yl-4-nitro-5-chloro- 32* (b) 195-196" - 
2-pyrazolin-5-y1)-guanidine (37) 

-I- 
N-(3-n1etl~yl-4-nitro-5-pyrazolyl)- 61* (b) 184-185" - 
N'-(3-methyl-4-nitro-5-chloro-2- 
pyrazolin-5-y1)-guanidine (38) 

-I- 
dirner of N,N'-bis(3-methyl-4-nitro- 71* (0) > 300" - 
5-pyrazoly1)-guanidine 

I-methyl-3-phenyl-4-benzazo-5- 12* (c) 194-195" 0.377 (d) 
guanidopyrazole (35) 

-I- 
N,N'-bis(1-methyl-3-phenyl-4-benzazo- l l *  (c) 214-216" 0.127 (d) 
5-guanylpyrazoly1)-arnine (41) 
l(3-nitropheny1)-3-phenyl-4-benzazo- 69" (b) 203-204" 0.671 (e) 
5-guanidopyrazole (36) 

1(4-nitropheny1)-3-rnethyl-4-nitro- 50* (b) 249-250" 
5-guanidopyrazole (34) 

0.75 (f) 
- - - - 

*Recrystallization solvent: (a) 95% ethanol, (b) water, (c) ethanol-benzene. 
tEluent: (d) benzene, (e)  ethanol - carbon tetrachloride 1 :5 vol,(f) ethanol-chloroform 1 :5 vol. 
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TABLE V 
Chemical analysis and infrared absorption data 

n 

I: 
Calculated (%) Found (%) T 

u 
Compound Formula C H N C H N v,,,(Nujol)* ? z 

34 CllH1104N7 43.28 3.63 32.12 43.68 3.67 31.73 3470, 3370 (NH), 1655 (C==N of guanidine), 3 
1570 (phenyl), 1550 (NOz), 1510 (phenyl), c 
1330 (NOZ), 845,820 (phenyl). 

35 Cl7Hl7N7.2.5 Hz0 56.03 6.09 26.91 55.60 5.95 27.23 
z 

3430, 3300 (NH), 1655 ( G N  of guanidine), $ 1580,1500,770,685 (phenyl). 
36 CZZHIEOZNE 61.96 4.25 26.28 61.87 4.49 26.02 3460, 3330 (NH), 1645 (C=N of guanidine), $ 

1570 (phenyl), 1525, 1340 (NO,), 790, 770, a 
730, 685 (phenyl). 

37 C ~ H I  304N9CIzt 28.29 3.43 32.99 28.59 3.33 33.30 
% 

3450, 3380 (NH), 1670 ( G N  of guanidine), & 1500,1345,825 (NO,), 760 (C-CI). 
38 C ~ H I Z O ~ N ~ C I ~  31.27 3.50 36.46 31.55 3.61 36.25 3480, 3460, 3360 (NH), 1660 ( G N  of guani- 5 

dine), 1500,1360,820 (NO2), 760 (C-CI). 5 
Dimer of e 

39 C I E H Z Z ~ E N I E  34.95 3.59 40.76 34.145 3.995 40.85 3400, 3330 (NH), 1665 ( G N  of guanidine), 9 
1540,1350,815 (NOz). 

41 C ~ ~ H ~ I N I , . ~  Hz0 62.09 5.36 27.68 62.38 5.48 27.27 3490, 3380, 3310 (NH), 1660 (C=N of k 
guanidine), 1565, 1505, 770, 760, 690 (phenyl). 

0, 

'Infrared spectra in cm-1 for the most characteristic bands (group assignments in parentheses). m 

tcalculated for Cl: 18.55. Found: 18.70. Negative test for C1-. 
$Molecular weight: Calculated: 345.7. Found (Rast method): 348. Positive test obtained for CI; negative test oblained for C1-. 
§Could not be purified further. C
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ZAUHAR AND LADOUCEUR: SYNTHETIC STUDIES OF HYDRAZINE AND GUANIDINE 1091 

measured volume of the reaction mixture was withdrawn 
and the solvent evaporated under reduced pressure at 
0-5" until the separation of solids occurred. The inter- 
mediates and products formed were then separated by 
fractional crystallization and recrystallized from an 
appropriate solvent. The main course of the reaction was 
carried on to completion, whereupon the reaction mix- 
ture was then concentrated under reduced pressure until 
separation of the final product was accomplished. The 
product, after filtration, was afterwards recrystallized 
from an appropriate solvent. Whenever a precipitate 
formed during the course of the reaction, the latter was 
separated by filtration and purified in the usual manner. 
The reaction was then repeated without the removal of 
the precipitate and carried on according to the method 
described above. The intermediates and products 
isolated are given in Table IV while their elemental 
analyses and principal infrared absorption bands are 
given in Table V. 

I (4-Nitrop/~enyl) -3-nzet/~yl-4-nitro-5-t1itrogz~atzidopy~ 
1(4-Nitrophenyl)-3-methyl-4-nitro-5-guanidopyrazole 

(3.0 g, 0.01 mole) was added portionwise to a mixture of 
nitric (18.5 g, 0.20 mole, 70%) and sulfuric (51.6 g, 0.52 
mole, 98%) acids between 0-5" while stirring vigorously. 
After all the guanidopyrazole was added, the reaction 
mixture was further stirred for 45 min at the above 
temperature and then allowed to rise slowly to 25'. The 
mixture was then poured over cracked ice and gradually 
a pale-green precipitate formed. When all the ice melted, 
the crude product was separated by filtration, washed 
with water, and dried. l(4-Nitropheny1)-3-methyl-4- 
nitro-5-nitroguanidopyrazole crystallized from ethanol 
(95%) in clustered rods, m.p. 193-194" (2.8 g, 77%), 
v,,,,(Nujol) 3430, 3340 (NH), 3090 (OH), 1685 (NH), 
1615 (C=N), 1580 (phenyl), 1530, 1335 (NOZ), 850, 845, 
835 cm-' (phenyl). 

Anal. Calcd. for C I I H l ~ 0 6 N 8 . H z O :  C, 35.87; H, 
3.28; N, 30.42. Found: C, 35.99;R, 3.26; N, 30.41. 
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Concerning the mechanism of the addition of ethanesnllfenyl chloride to 
3,4-dihydro-2H-pyranl 

M. J. BALDWIN AND R. K. BROWN 
Department of Clten~istry, University of Alberta, E d m o t o t  Alberta 

Received November 6, 1967 

The nuclear magnetic resonance spectrum, at -40°, of the crude mixture obtained by the reaction of 
ethanesulfenyl chloride with 3,4-dihydro-2H-pyran at -40" clearly supports the view that the product is 
trails-2-chloro-3-ethylthiotetrahydropyran. The possibility that there is initial formation of 3-chloro-2- 
ethylthiotetrahydropyran followed by its rapid rearrangement to 2-chloro-3-ethylthiotetrahydropyran is 
ruled out because of the stability of 3-chloro-2-ethylthiotetrahydropyran to distillation under vacuum. 
The latter compound is obtained as a mixture of cis and trans isomers by the reaction of ethyl mercaptan 
with 5-chloro-3,4-dihydro-2H-pyran in the presence of sulfur dioxide. 
Canadian Journal of Chemistry, 46, 1093 (1968) 

Introduction mechanism of reaction was proposed as shown 

A recent report from this laboratory has 
described the synthesis of a number of 3-alkyl- 
thio-2-methoxytetrahydropyrans by the reaction, 
at -20°, of alkanesulfenyl halides with 3,4- 
dihydro-2H-pyran (I). Since the reaction first 
gave, nearly exclusively, the trans-3-alkylthio- 
2-methoxytetrahydropryans which rearranged 
partly to the cis isomers during isolation 
(thermally) or when exposed to acid catalysts, a 

in Scheme 1. This involved first a n~~cleophilic 
attack of the a$-unsaturated ether on the 
alkylsulfenyl halide, to displace the halogen and 
give an oxocarbonium-episulfonium ion in 
which the episulfonium contribution is con- 
sidered to be paramount. Subsequent attack by 
chloride ion was believed to give, reversibly, 
3-alkylthio-2-chlorotetrahydropyran. This cl- 

chloroether decomposed on attempts at its 
isolation and because of this instabilitv was 
assigned the trans rather than the cis cokgura- 

'Taken from the thesis of M. J. Baldwin, to be sub- tie; since the trans arraneement nermitted 
- " ~- L- mitted to the Faculty of Graduate Studies, University of anchimeric assistance by the sulfur atom in Alberta, Edmonton, Alberta, in partial fulfilment of the 

requirements for the degree of Doctor of Philosophy. enhancing the reactivity of the C-C1 bond. 
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Subsequently, in the presence of an alcohol 
(ROH) the episulfonium ion obtained by loss of 
the chloride ion then gave, stereoselectively, the 
trans-3-alkylthio-2-alkoxytetrahydropyran. The 
facile thermal rearrangement to the cis isomer 
agrees with the trails configuration, a view also 
supported by nuclear magnetic resonance 
(n.m.r.) analysis. 

An increasing volume of work in the literature 
supports the view that, in the absence of radical 
initiators, the addition of sulfenyl halides to 
olefins can proceed via an ionic route to give 
products in which the halogen and alkyl (or 
aryl) thio groups are trans. Kharasch and 
Havlik (2, 3 )  showed that the addition of a 
variety of sulfenyl halides to cis- and trans-2- 
butene gave products that were diastereoiso- 
meric racemates. These, upon solvolysis, led 
to race~nic acetates. Enhancement of the rate of 

acetolysis by sulfur participation was also 
observed. Kwart and Miller (4) reported that 
the addition of 2,4-dinitrobenzenesulfenyl chlo- 
ride to norbornene yields a trans product. Their 
work was confirmed by Cristol et al. (5 )  who 
showed that addition of p-toluenesulfenyl chlo- 
ride to norbornene, norbornadiene, and 9,lO-di- 
hydro-9,lO-ethenoanthracene yields trans prod- 
ucts. They further noted the absence of 
products which might have arisen by Wagner- 
Meerwein rearrangement, and attributed this 
fact to  the stabilization of the intermediate 
carbonium ion species by sulfur participation. 

Recently, Mueller and Butler (6) examined 
the addition of methane- and benzenesulfenyl 
chlorides to a variety of olefins. The addition of 
both reagents to acenaphthylene gave stereo- 
selectively the trans products. They also reported 
that addition of these two sulfenyl chlorides to 
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BALDWIN AND BROWN: ETHANESULFENYL CHLORIDE ADDITION TO 3,4-DIHYDRO-2H-PYRAN 1095 

propene, 2-methylpropene, 3-methyl-I-butene, 
and 3,3-dimethyl-1-butene at -20 to -25' gave 
products which arose from anti-Markovnikov 
addition.' Their view was that the pi bond of the 
olefin first reacted with the sulfur atom of the 
sulfenyl halide to give, directly, an episulfonium 
ion which was then attacked by the chloride ion 
from the direction of least steric hindrance. No 
evidence was obtained from their reactions of car- 
bollium ion formation. The original anti-Mar- 
kovnikov products then rearranged to "normal" 
Markovnikov addition products when warmed to 
ambient temperatures. However, they did find 
that with an electronically biased substrate such 
as styrene, only Markovnikov addition was 
observed. The possibility that in this case also, 
there had been at first an anti-Markovnikov 
addition followed by a fast rearrangement even 
at the low reaction temperatures employed, was 
apparently not explored by these authors (6). 

In the light of Mueller and Butler's report (6) 
a second route to the formation of 3-alkylthio- 
2-methoxytetrahydropyran must now be con- 
sidered. This involves initial formation of 
2-alkylthio-3-chlorotetrahydropyran, which then 
rearranges readily, no doubt anchimerically 
assisted by sulfur participation, either to 
3-alkylthio-2-chlorotetrahydropyran or to the 
episulfo~lium ion. The latter, or the former by 

'It is assunled that the chlorine and sulfur atoms in the 
sulfenyl halide possess a partial negative and partial 
positive charge respectively. 

loss of chloride ion, reacts with methyl alcohol 
to form the isolable 3-alkylthio-2-methoxy- 
tetrahydropyran (Scheme 2). As well there 
exists the possibility, following Mueller and 
Butler's view, that the episulfonium ion is 
formed directly and since the pyran is a strongly 
electronically biased molecule, chloride ion 
attack would give only trans-3-alkylthio-2- 
chlorotetrahydropyran. 

Since the alkylthiochlorotetrahydropyran, 
proposed as one possible product or an inter- 
mediate (Scheme 1) had not been isolated (I), 
its structure was uncertain. The assumption 
that it was the trans-3-alkylthio-2-chlorotetra- 
hydropyran arose from its apparent instability. 
The possibility then exists that this intermediate 
is in fact the cis isomer, arising from cis addition, 
probably via a four-center reaction (Scheme 3) 
as has been found for the addition of nitrosyl 
chloride to glycals (7). 

The purpose of the present work was to 
obtain evidence which would permit a decision 
concerning the routes of reaction suggested 
above. 

Results and Discussion 
The possibility of a free radical addition 

process was excluded on the basis of Mueller 
and Butler's (6) observation that the presence 
of radical inhibitors caused no change in their 
results or the ease with which the reaction 
proceeded. As well, we have added methane- 
sulfenyl chloride to 3,4-dihydro-2H-pyran in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1096 CANADIAN JOURNAL:OF CHEMISTRY. VOL. 46, 1968 

FIG. 1. The 100 Mc.p.s, nuclear magnetic resonance spectrum of 2-chloro-3-ethylthiotetrahydropyran in CDC13. 

the solvent cumene, followed by treatment of 
the illixture with sodium methoxide in methanol. 
As before (1) only 3-methylthio-2-methoxy- 
methyltetrahydropyran was obtained in good 
yield. No products such as dicumyl were found 
indicative of the intervention of free radicals. 

To obtain information concerning the mech- 
anism of this reaction, a slight excess of ethane- 
sulfenyl chloride was added to 3,4-dihydro- 
2H-pyran at -40". The resulting reaction 
mixture, kept at -40°, was subjected to n.m.r. 
analysis (in CDCI,) also at  -40". The 100 
Mc.p.s. spectrum (Fig. 1) agrees best with the 
assignment of the structure of the reaction 
product as trans-2-chloro-3-ethylthiotetrahydro- 
pyran in the preferred conformation having 
the chlorine and ethylthio substituents trans 
diaxial (Scheme 4). The singlet at T 3.72 (referred 
to  tetrainethylsilane) with w/2 = 4 c.p.s. was 

assigned to the anomeric proton (H-2) on the 
basis of the reported position of the signal for 
the anomeric proton at  .r 3.79 (broad singlet, 
CCl,) for 2-chlorotetrahydropyran (8) and 
at T 3.97 (broad singlet, CDCI,) for trans-2,3- 
dichlorotetrahydropyran (9). The broad singlet 
a t  T 6.89 (w/2 = 8 c.p.s.) in Fig. 1 can be 
assigned only to H-3. The integration also 
agrees with these assigments. 

The appearance of the signal for H-3 as a 
broad singlet shows that the couplings with the 
vicinal protons H-2, H-4a, and H-4e are all small. 
This can occur only if H, is equatorial since if 
H-3 were axial its coupling with axial H-4 would 
be >7  c.p.s. (lo), thus resulting in at  least a 
quartet for H-3. The small coupling between H-2 
and H-3 is expected whether the anoineric 
proton H-2 is equatorial or axial. Thus, from this 
information, no decision can be made concerning 
the axial or equatorial disposition of the ano- 
meric proton and the chlorine atom attached to 
the anomeric carbon. However, Anderson and 
Sepp (8) have found a value of 2.7 kcal/mole in 
2-chlorotetrahydropyran for the anomeric effect 
( l l ) ,  a figure which indicates that 2-chloro- 
tetrahydropyran is practically completely in that 
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BALDWIN AND BROWN: ETHANESULFENYL CHLORIDE ADDlTlON TO 3,4-DlHYDRO-2H-PYRAN 1097 

FIG. 2. The 60 Mc.p.s. nuclear magnetic resonance spectrum of 3-chloro-2-ethylthiotetrahydropyran in CDCI,. 

conforination wherein the chlorine atom is 
axial. On this basis one might expect that in 
either cis- or trans-2-chloro-3-ethylthiotetra- 
hydropyran the chlorine atom on the anomeric 
carbon would be in the axial position. 

Assuming a value of -0.4 kcal/mole for the 
interaction of the ethylthio group with one 
axial proton in our molecule (ref. 1 1, p. 44)3 and 
accepting the figure of 2.7 kcal/mole for the 
anomeric effect, 2-chloro-3-ethylthiotetrahydro- 
pyran a t  -40" is biased to the extent of - 2.3 
kcal/mole (>99%, using the relation AG = 
-RTIn K) in the conformation in which the 
chlorine atom on the anomeric carbon is axial 
(Scheme 4). 

Thus, the evidence above clearly shows that 
the product obtained from the reaction of ethane- 
sulfenyl chloride with 3,4-dihydro-2H-pyran is 

'Dipolar effects of the ethylthio group are neglected 
because of lack of available data. 

trans-2-chloro-3-ethylthiotetrahydropyran. We 
do not know whether a fast addition of the 
ethailesulfenyl chloride occurred first in the 
reverse manner to form the 3-chloro-2-ethylthio- 
tetral~ydropyran, followed by a fast rearrange- 
ment, via episulfonium ion formation, but 
believe that such a process is unlikely under our 
conditions (-40"). Mueller and Butler (6) 
found that ambient temperatures were required 
for similar rearrangement to occur. Indeed, one 
would expect such ease of C-Cl bond breaking, 
assisted by sulfur participation, to occur only if 
the halogen were attached initially to the 
anomeric carbon, C-2, rather than to C-3, to 
secure the advantage of stabilization of the 
positive charge left on the carbon atom vacated 
by the chloride ion, by participation of the lone 
pair of electrons on neighboring oxygen. 

To test the possible intermediacy of 3-chloro- 
2-ethylthiotetrahydropyran as postulated in 
Scheme 2, this compound was synthesized by 
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the addition of ethanethiol to 5-chloro-3,4- 
dihydro-2H-pyran in the presence of sulfur 
dioxide catalyst. The 60 Mc.p.s. spectrum (in 
CDC1,) of this compound is shown in Fig. 2 
and agrees with the structural assignment. This 
spectrum indicates that we have a mixture of 
cis and trans isomers since there are two doublets 
in the anomeric proton region. Gas-liquid 
chromatography on a column of butanediol 
succinate on Gas-Chrom P showed only one 
peak. Ordinary column chromatography was 
not attempted since our experience with similar 
compounds has always resulted in failure to 
separate cis and trans isomers of the 2,3-disub- 
stituted tetrahydropyrans. 

The fact that the above compound could be 
purified by distillation under vacuum is good 
evidence that it does not rearrange at -40" to 
2-chloro-3-ethylthiotetrahydropyran, certainly 
as rapidly as is obviously necessary to accom- 
modate Scheme 2. 

Treatment of this compound with ethane- 
sulfenyl chloride under conditions similar to 
those used for the reaction of ethanesulfenyl 
chloride with 3,4-dihydro-2H-pyran gave only 
a high yield of diethyl disulfide plus 2,3-dichloro- 
tetrahydropyran. There was no evidence of the 
formation of 2-chloro-3-ethylthiotetrahydropy- 
ran either by the n.m.r. spectrum of the reac- 
tion mixture or by isolation by fractional dis- 
tillation. 

The above information clearly supports the 
view that the reaction of ethanesulfenyl chloride 
with 3,4-dihydro-2H-pyran follows the course 
shown in Scheme 1. 

The conversion of 3-chloro-2-ethylthiotetra- 
hydropyran by ethanesulfenyl chloride to 2,3- 
dichlorotetrahydropyran and diethyl disulfide 
might occur by a route such as that shown in 
Scheme 5. Similar reactions of sulfenyl halides 
with sulfides have been reported by others (12). 
If this mechanistic pathway (Scheme 5) is correct 
then it offers support for the assumption that 

the S-C1 bond of ethanesulfenyl chloride tends 
to cleave so that the chlorine atom emerges 
negatively charged. 

Experimental 
Nuclear magnetic resonance (n.m.r.) spectra were 

obtained in CDCl, using Varian Associates HA-100 and 
A-60 spectrometers operated by Mr. Glen Bigam and 
Mr. Robert Swindlehurst respectively. Microanalyses 
were carried out by Mrs. Darlene Malilow of this 
Department. 

Etl~at~es~rl/et~yl cl~loride was prepared according to pub- 
lished directions (13). 

3,4-Dil1yrlr.opyrat1 was obtained from the Eastnian 
Kodak Chemical Company. 

Additiotz of 3,4-Dil1ydro-2H-pym to Ethar~es~~lfetryl 
Cl~loride 

A quantity (2.1 g, 0.025 mole) of 3,4-diliydro-2H-pyran 
was added dropwise to a cold (-40") stirred solution of 
2.45 g (0.0254 mole) of ethanesulfenyl chloride in 5 n11 
of dry CDCI,. The temperature of the reaction mixture 
was maintained at -40" througl~out the addition. The 
disappearance of the yellow color of the sulfenyl halide 
provided an indication of the progress of the reaction. 
When the addition was con~pleted a sample was removed, 
kept at -40" and immediately subjected to n.nI.r. 
analysis at -40" using the HA-100 spectrometer. The 
spectrum is shown in Fig. I with the two significant 
signals emphasized. 

3-Cl1loro-2-ethyltl1iotetrnI1ydropym 
2,3-Dicl1lorotetralzydrop~~rat1 was prepared by a mod i- 

fication of the published procedure (14). A solution of 
anhydrous chlorine (32 g, 0.45 mole) dissolved in 200 
ml of dry CCl,, was cooled to -25". To this was added 
dropwise with stirring 37.8 g (0.45 mole) of 3,4-dihydro- 
2fI-pyran so that the temperature of the reaction mixture 
remained at -25'. When the addition was co~npletecl the 
solvent was removed under reduced pressure and the 
colorless oil then fractionally distilled, b.p., 85" at 21 
mln; yield, 64 g (91 %);lit. b.p., 79-83" at 18 mm (14). 

By distillation of 2,3-diclilorotctraliydropyran at 
atn~osplieric pressure according to the niethod of Riob6 
(15) an 87 % yield of 5-chlor0-3,4-dil1ydro-2H-pj~ra11 was 
obtained; b.p., 62" at 48 mm; lit. b.p., 139-140' at atmos- 
pheric pressure. 
3-Chloro-2-etl1yltl1iotetraIz~dropyrat1 was obtained by 

a modification of a published procedure (16). A mixture 
of 3.9 g (0.063 mole) of ethanethiol and 11.8 g (0.1 mole) 
of 5-cliloro-3,4-diliydro-2H-pyran was cooled to -20' 
by nieans of a dry ice - acetone bath. A slow stream of 
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sulfur dioxide was passed into the solution for 2 min. 
The mixture was then stirred while it slowly reached 
room temperature. After standing overnight it was 
fractionally distilled under reduced pressure giving 8.7 g 
(77 %) of a colorless oil boiling at 63' at 0.15 mm; 
1.5081. 

Anal. Calcd. for C7HI3C1OS: C, 46.54; H, 7.24; C1, 
19.63. Found: C, 46.70; H, 6.97; C1, 19.68. 

The n.rn.r. spectrum is shown in Fig. 2. The signals for 
the anomeric proton, centered at .r 4.96, indicate the 
presence of two compounds most likely the cis and trans 
isomers whose separation as yet has not been achieved. 
The spectrum agrees well with the structure assigned. 

The Reactiorz of 3-C~1loro-2-ethyltI1iotetrahydropyrat with 
Ethanesulfei~yl Chloride 

A solution of 1 g (-0.01 mole) of ethanesulfenyl 
chloride in 2 ml of dry CDC13 was cooled to -40" in a 
dry ice - acetone bath. To the stirred solution was added 
dropwise 1.8 g (0.01 mole) of 3-chloro-Zethylthio- 
tetrahydropyran. After the addition, the solution was 
stirred for 15 min and then freed from solvent by distil- 
lation under reduced pressure. The residual oil was 
fractionally distilled. The following fractions were 
collected. Fraction I, b.p. 78" at 46 mm (1 g); Fraction 11, 
b.p. 104" at 46 mm (1.3 g). Fractions I and I1 were found 
to be identical with diethyl disulfide and 2,3-dichloro- 
tetrahydropyran respectively as shown by comparisons 
of their boiling points, n.m.r., and infrared spectra with 
those of authentic samples. 

Addition of 3,4-Ditzydro-2H-pyran to Metharzesrrlferzyl 
Chloride in Cumene. Test for Free Radical Ir~tervention 

To a cold (-5") solution of 1.64 g (0.02 mole) of 
methanesulfenyl chloride (17) in 5 ml of cumene was 
added dropwise, with cooling, 1.68 g (0.02 mole) of 
3,4-dihydro-2H-pyran. To  the resulting colorless solution 
was added 1.62 (0.03 mole) of sodium methoxide in 15 
ml of methanol. The mixture was stirred -1 h at room 
temperature, then the precipitated solid was removed by 
filtration. T11e filtrate was freed from methanol under 
vacuum with a rotary evaporator. The residue was 
dissolved in ether. washed with water, and dried (Na,- 
SO,). The ether was removed by distillation and the oil 
fractionated under reduced pressure. Cumene (4.2 ml) 
was collected in a dry ice -acetone trap. Gas-liquid 
chromatography showed no evidence of any other 
substance in the cumene. Further distillation of the above 
oil gave 2.6 g (86%) of 3-methylthio-2-methoxytetra- 
hydropyran; b.p., 46" at 0.2 mm, identical with authentic 
material (1). A negligible amount of residue remained in 
the distillation flask. 

Acknowledgments 

We wish to thank the National Research 
Council of Canada and the Defence Research 
Board of Canada for financial support through- 
out the course of this work. One of us (M. J. B.) 
is grateful for the award of a Canadian Indus- 
tries Fellowship (1966-1967). 

We also wish to express our appreciation to 
Mr. Glen Bigam for assistance in the interpre- 
tation of the nuclear magnetic resonance 
spectra. 

1. M. J. BALDWIN and R. K. BROWN. Can. J. Chem. 
45, 1195 (1967). 

2. N. KHARASCH and A. J. HAVLIK. J.  Am. Chem. 
SOC. 75,3734 (1953). 

3. A. J. HAVLIK and N. KHARASCH. J. Am. Chem. 

4. H. K W ~ R T  and R.'K. MILLER. J. Am. Chem. Soc. 
78, 5678 (1956). 

5. S. J. CRISTOL, R. P. ARGANBRIGHT, G. D. BRINDELL, 
and R. M. HEITZ. J. Am. Chem. Soc. 79. 6035 
(1957). 

6. W. H.  MUELLER and P. E. BUTLER. J. Am. Chem. 
SOC. 88,2866 (1966). 

7. R. U. LEMIEUX, G. L. NAGABHUSHAN, and I. K. 
O'NEILL. Tetrahedron Letters, No. 29, 1909 (1964). 

8. C. B. ANDERSON and D. T. SEPP. J. Org. Chem. 32, 
607 (1967). 

9. R. U. LEMIEUX and B. FRASER-REID. Can. J. Chem. 
43,1460 (1965). 

10. R. U. LEMIEUX, R. K. KULLNIG, H. J. BERNSTEIN, 
and W. S. SCHNEIDER. J. Am. Chem. Soc. 80, 6090 
(1958). 

11. E. L. ELIEL, N. L. ALLINGER, S. J. ANGYALL, and 
G. A. MORRISON. Conformational analysis. Inter- 
science Publishers, New York. 1965. p. 375. 

12. C. G. MOORE and M. PORTER. Tetrahedron, 9, 
58 (1960). 

13. H. BRTNTZINGER and M. LANGHECK. Ber. 86, 557 
(1957). 
\----,- 

14. M. JACOBSON. J. Am. Chem. Soc. 72,1489 (1950). 
15. 0 .  Rrosf. Bull. Soc. Chim. France, 829 (1951). 
16. M. P. SHOSTAKOVSKII, E. N. PRILEzHAEVA, and E. S. 

SHAPIRO. IZV. Akad. Nauk SSSR, Otd. Khim. 
Nauk, 357 (1953); Chem. Abstr. 48,931 1 (1954). 

17. H. BRINTZINGER, K. PFANNSTIEL, H. KODDEBUSCH, 
and K.-E. KLING. Ber. 83,87 (1950). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Synthesis of anisomycin. Part I. The stereospecific synthesis of N-benzoyl- 
2- (p-methoxybenzy1)-3-hydroxy-4-carboxamido pyrrolidine and the 

absolute configuration of anisomycin 

C. M. WONG 
Department of Chemistry, University of Manitoba, Winnipeg, Malzitoba 

Received September 27, 1967 

L-Tyrosine was converted stereospecifically to N-benzoyl-2-(p-methoxybenzyl)-3-hydroxy-4-cyano- 
pyrrolidine (10) which had a specific optical rotation [cc]dO +9.7". Anisomycin was converted also to N- 
benzoyl-2-Cp-methoxybenzyl)-3-hydroxy-4-cyanoprolidine (16) which had a specific rotation [a]gO 
-11". The infrared spectra of the synthetic compound and the derivative of anisomycin were superim- 
posable with each other. This result showed that the absolute configuration of the three asymmetric 
centers in (10) of synthetic origin were 2S, 3S, 4S, and those in (16) were 2R, 3R, 4R. Thus, anisomycin 
should have the absolute stereochemistry 2R, 3S, 4s  as depicted in the structure (2). Hydrolysis of the 
hydroxy nitriles (8) and (10) gave an identical amide (3) which should have the absolute stereochem- 
istry 2S, 3S, 4R as shown in structure (3). 
Canadian Journal of Chemistry, 46, 1101 (1968) 

The structure of anisomycin (1) was first pro- 
posed in 1965 as shown in (1). This structure was 
revised to (2) (2) in 1967 by x-ray investigation. 
However, the x-ray study only showed the rela- 
tive configuration and the absolute configuration 
of the antibiotic was still unknown. This paper 
describes the stereospeciiic synthesis of N-bin- 
zoyl-2-Cp-methoxybenzyl)-3-hydroxy-4-carbox- 
amido pyrrolidinel (3) and the correlation of the 
synthetic hydroxy nitrile (10) with its enantiomer 
(16) obtained from anisomycin. 

Results and Discussion 
L-Tyrosine was treated with benzoyl chloride 

in chloroform solution followed by hydrolysis 
with methanolic sodium carbonate solution to 
give the acid (4). Methylation of the acid (4) with 
methyl iodide in absolute methanol and sodium 
carbonate solution gave the ester (5). Conden- 
sation of the ester (5) with acrylonitrile in abso- 
lute ether solution containing sodium hydride 
gave an acidic product the infrared spectrum 
of which showed five-membered ring ketone and 
cyano group absorptions. All efforts aiming at 
crystallizing the amorphous acidic product were 
unsuccessful. It was assumed that this product 
was a mixture of the ketonitriles (6) and (7). 
Sodium borohydride reduction of the acidic 
ketonitriles in absolute methanol gave a neutral 
amorphous product. The infrared spectrum 
showed hydroxy and nitrile bands. 

Sodium borohydride reduction of the nitriles 

'Asymmetric carbons of all compounds are given in 
absolute configuration. 

(6) and (7) could give hydroxy nitriles (8), (9), 
(lo), and (11). In the reduction of ketonitrile (6), 
the borohydride complex should come mainly 
from the cl side of the pyrrolidine ring to give the 
hydroxy nitrile (8) as the major product. How- 
ever, two isomeric hydroxy nitriles (10) and (11) 
would be expected as a result of the borohydride 
reduction of the ketonitrile (7) with (10) being 
the predominant one. Separation of the reduc- 
tion product by thin-layer chromatography 
(t.1.c.) gave two major bands after four develop- 
ments. The fact that these two fractions were 
hydroxy nitriles and that they were stereoiso- 
mers, could be shown by their extremely similar 
infrared and mass spectra. One could be easily 
crystallized while the other remained as an 
amorphous solid possibly due to the presence of 
small amounts of other isomers which could not 
be separated from each other. Hydrolysis of the 
crystalline and amorphous hydroxy nitriles with 
concentrated hydrochloric acid led to an iden- 
tical hydroxy carboxamide (3). Of the four pos- 
sible isomers obtained by sodium borohydride 
reduction of (6) and (7), only (8) and (10) could 
be the major product and only these two isomers 
could be converted to the same hydroxy carbox- 
amide (3). The crystalline synthetic hydroxy 
nitrile (10) was successfully correlated with its 
enantiomer (16) obtained from anisomycin as 
described below. This correlation would indicate 
that the crystalline hydroxy nitrile must have 
structure (10) and the amorphous hydroxy nitrile 
must have structure (8). The conversion of hy- 
droxy nitrile (8) to the hydroxy carboxamide (3) 
can be interpreted as going through structure (12). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1102 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

9 OAc 

H-N 

0CH3 8 R = OH, R1 = H, Rp = CN,R3 = H 
9 R = H, R I  = OH, R2 = CN, R3 = H 

10 R  = OHt, RI = H,, R2 = HI, R3 = CN 
Hd H~ 11 R = H ,  RI = O H , R 2 = H ,  R3 = C N  

Thus, anisomycin was converted into the 
epoxide2 (13) (1) by treatment with phosphorous 
pentachloride followed by basic hydrolysis. 
Opening of the epoxide (13) with sodium cyanide 

=According to the structure proposed by x-ray investi- 
gation, the chloro compound reported in reference (1) 
must have structure (i). Basic hydrolysis should give the 
epoxide (13). Epoxides (ii) and (iii) were prepared as 
intermediates in the successful synthesis of (dl)-deacetyl 
anisomycin. The N-acetyl derivative of (13) had identical 
infrared spectrum with that of (iii). The synthesis will be 
reported in a later communication. 

0 cH3 

i ii iii 

should give two basic hydroxy nitriles (14) and 
(15). However, this mixture of hydroxy nitriles 
could not be resolved even after t.1.c. separation 
and fractional recrystallization. This product was 
then converted into the corresponding benzoyl 
derivatives which could be separated into two 
fractions by t.1.c. Both fractions showed hydroxy 
nitrile and phenyl carboxamide absorptions in 
their infrared spectra. One fraction could be 
easily crystallized while the other remained as a n  
amorphous solid. The crystalline fraction had a n  
infrared spectrum superimposable with that of 
the hydroxy nitrile (10) and an opposite optical 
rotation. Thus, the crystalline fraction could be 
represented by the structure (16) and the amor- 
phous fraction could be assigned the structure 
(17). Since the hydroxy nitrile (10) was prepared 
from L-tyrosine, the absolute configuration 
should be 2S, 3S, 4s  and the absolute configur- 
ation of anisomycin should be 2R, 3S, 4s as 
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shown in (2). The hydroxy carboxamide (3) should 
have the absolute configuration 2S, 3S, 4R. 

Experimental 
All infrared spectra were measured on a Perkin-Elmer 

model 137 spectrophotometer using methylene chloride as 
solvent. Melting points were measured on a Fisher-Johns 
apparatus and are uncorrected. Nuclear magnetic reson- 
ance (n.m.r.) spectra were measured on a Varian DA 60 or 
Varian A 56/60 A model. Deuteriochloroform was used 
as solvent and tetramethylsilane as internal standard. 
Mass spectra were measured on a Hitachi - Perkin-Elmer 
RMU-6D mass spectrometer. Microanalyses were per- 
formed by Dr.  C. Daesslt of Montreal. 

Prepnrntiorl of the E~ter  (5)  
L-Tyrosine (10 g) in a solution of chlorofornl (100 ml), 

benzoyl chloride (34 g), and pyridine (8 g) was heated in a 
70 "C oil bath under anhydrous condition, for 15 h. The 
chlorofo~m solution was evaporated under reduced pres- 
sure to  give a heavy oil. Aqueous metlianolic sodium 
carbonate solution (150 1111, 10%) was added to the oily 
residue. The solution was stlrred at room temperature for 
2 h. After acidification with concentrated hydrochloric 
acid, the solution was extracted with chloroform (5 x 100 
rill) and dried over magnesium sulfate. The chlorofornl 
solution was then concentrated under reduced pressure. 
The residue was washed with ether (200 nll). The insoluble 
material was separated and dried under reduced pressure. 
The ether washing that contained only benzoic acid was 
discarded. Methyl iodide (35 ml) was added to the residue 
together with absolute methanol (100 ml) and sodium 
carbonate (5 g). After stirring for 24 11 at  room tempera- 
ture, the solution was evaporated under reduced pressure 

to a slurry. The slurry was diluted with water and the 
aqueous solution was exhaustively extracted by chloro- 
form. The extract, dried over magnesium sulfate, was 
evaporated to  dryness giving a yellow oily residue. 
Chromatography of the residue on neutral alumina gave 
the crystalline ester (5) (6.5 g) which was recrystallized 
from ether, n1.p. 88-89 "C; infrared absorption: 3400, 
2900, 1750, 1670, 1615, 1585, 1515, 1035, 840 cm-'; 
nuclear magnetic resonance (n.m.1.) T 2.40 p.p.m. (2 H, 
multiplet, H,), 2.59 p.p.m. (3 H ,  multiplet, H,H,), 3.16 
p.p.m. (4 H,  quadruplet, HdH,), 3.47 p.p.ni. (1 H,  broad 
singlet, HI), 5.10 p.p.m. (1 H ,  broad singlet, Hi), 6.32 
p.p.m. (6 H, singlet, H,H,), 6.92 p.p.m. (2 H ,  doublet 
HfH,). 

Anal. Calcd. for Cl8Hl9O4N1: C, 69.01; H,  6.07; N, 
4.44. Found: C, 67.94; H,  6.26; N, 4.74. 

Conrlerzsntion of the Ester (5)  with Acrj~/orzitri/e 
To a solution of dry ether (200 nil) and ester (5) (3.0 g) 

was added sodium hydride (1.5 g) in mineral oil suspen- 
sion. The solution was refluxed under anhydrous con- 
ditions with stirring, for + h. Dry acrylonitrile (4 ml) was 
injected into the solution which was refluxed for 48 h 
with vigorous stirring. The excess sodium hydride was 
decomposed by dropping methanol into the reaction 
mixture cooled in an ice bath. The solution was then 
extracted with water (50 ml). The aqueous solution was 
washed with chloroform (2 x 30 ml). Combining the 
ether and chloroform solutions gave starting material 
(620 mg) after chromatography on neutral alumina. The 
aqileous solution was strongly acidified with concen- 
trated hydrochloric acid. Exhaustive extraction of the 
cloudy acidic solution with chloroform gave a light-yellow 
foam (2.3 g) after routine work-up. Chromatography on 
silica gave white amorphous solid (1.8 g); infrared 
absorption: 2900, 2275, 2240, 1175, 1650, 1620, 1580, 
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1515, 1380, 1110, 1035 cm-'; n.m.r.: 2.61 p.p.m. (5 H, 
singlet, H.HbHJ, 3.10 p.p.m. (4 H, quadruplet, H,H,), 
5.16 p.p.m. (1 H, broad singlet, Hk), 6.10 p.p.m. (1 H, 
broad singlet, Hi), 6.25 p.p.m. (3 H, singlet, HI), 6.35-6.75 
p.p.m. (4 H, multiplet, H,H,H,H,,). 

Anal. Calcd. for CZOH1803NZ: C, 71.85; H, 5.39; N, 
8.38.Found: C,72.27;H,5.02;N,7.81. 

Sodiunz Boro/lydride Reduction of the Ketotzitriles (6) and 
(7) 

The amorphous mixture of ketonitriles (6) and (7) (2.2 
g) were dissolved in absolute methanol (100 rnl). To the 
solution was added sodium borohydride pellers (8 g) in a 
period of 3 h. After stirring the solution at room tempera- 
ture for 12 h, the solution was concentrated to a slurry 
under reduced pressure. The slurry was diluted with 
water and extracted with chloroform. Dried over mag- 
nesium sulfate and evaporated to dryness, the extract gave 
an amorphous solid (1.8 g) which was then separated into 
two components by thin-layer chromatography (t.1.c.) on 
neutral alumina. The less polar component3 (10) (470 mg) 
was recrystallized from methanol and ether, m.p., 156- 
158 "C; infrared absorption: 3590,2900,2260,1640,1625, 
1575,1505,1490,1180, 1100, 1040 cm-I ; mass spectrum: 
mle 336, 215, 163, 121, 105, 85, 83,78, 77; n.m.r.: r 2.55 
p.p.m. (5 H, singlet H,HbH,), 3.00 p.p.m. (4 H, quadru- 
plet, HdH,), 5.72 (3 H, unresolved multiplet, H,H,H,), 
6.0-6.2 p.p.m. (2 H, HkH,), 6.26 (3 H, singlet HI), 6.56- 
6.71 (3 H, H,H,H,), [cc]iO +9.7"(CHC13.) 

Anal. Calcd. for C20HZ003N2: C, 71.43; H, 5.96; N, 
8.33. Found: C, 71.69; H, 6.18; N, 8.20. 

Hydrolysis of the Hydroxy Nitrile (10) 
To the hydroxy nitrile (10) (230 mg) was added concen- 

trated hvdrochloric acid (3 ml). The solution was stirred 

Hydroxy Nitrile (14) from the Epoxide (13) 
Epoxide (13) (608 mg), prepared according to the 

procedure described in reference (I), was refluxed with 
sodium cyanide (4 g) in a solution of t-butanol (40 ml) 
and water (10 ml) for 60 h under nitrogen atmosphere. 
The t-butanol solution was concentrated under reduced 
pressure and then diluted with water. Exhaustive extrac- 
tion with chloroform gave, after routine work-up, a 
yellow oil (580 mg). Chromatography of the oily residue 
on neutral alumina recovered the epoxide (13) (3000 mg) 
and hydroxy nitrile4 (14) (210 mg). Recrystallization from 
methanol and ether gave white crystals (170 mg), m.p. 
120-124 "C; infrared absorption: 3600, 2900,2260, 1620, 
1510, 1175, 1130, 1040 cm-I. 

The hydroxy nitrile (14) (170 mg) was then dissolved in 
dry chloroform (10 ml). To the chloroform solution was 
added benzoyl chloride (300 mg) and pyridine (5 drops). 
After stirring for 411, the chloroform solution was 
concentrated to an oily residue. Separation of the residue 
by t.1.c. on silica plates gave the hydroxy nitrile (16) (72 
mg) which was purified by recrystallization from ether 
and methanol, n1.p. 156-158 "C, [cc]gO - 1l0(CHCl3). 
The infrared spectrum was superin~posable with that of 
the synthetic hydroxy nitrile (10). 

Anal. Calcd. for CZ0HZoO3N2: C, 71.43; H, 5.96; N, 
8.33. Found: C, 71.55; H, 5.97; N, 8.42. 
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at rooi temperature for 3 11. Water (15 rnl) was added 
and white precipitate appeared. The solution was extrac- 
ted exhaustively with chloroform and the chloroform 1. J. J. BEEREBOOM, K. BUTLER, F. C. PENWNGTON, and 

I. A. SOLOMONS. J. Org. Chem. 30, 2334 (1965). 
solution was dried over magnesium sulfate. Evaporation 2. J. p. sCHAEFER and p. J. w ~ ~ ~ ~ ~ E ~ .  them. corn- 
of the chloroform solution to dryness gave the crystalline mun. 12, 578 (1967). 
amide (3) (168 mg) which was recrystallized from meth- 
anol and ether, m.p. 175-176 "C; infrared absorption: 
3600, 3500, 3410, 2910, 1685, 1640, 1615, 1510, 1470, 4The relatively large melting point range would suggest 
1180,1100, 1040 c m - ~ ;  mass spectrum: 354,233,121, that this compound was possibly contaminated with the 
105, 77. isomeric hydroxy nitrile (15) which could not be separated 

from (14). The benzoylation product was separated by Calcd. for C20H~~04N2: C, 67.80; H, 6.22; N, thin-layer chromatography on silica into two neutral 
7.91. Found: C, 68.00;H,6.19;N,7.81. hvdroxv nitriles. One was the crvstalline hvdroxv nitrile 

(i6) a s  shown by comparing the infrarkd spkctrum, 
3 ~ h ~  amorphous fraction, possibly the hydroxy nitrile optical rotation with those of (10). The other h ~ d r o x ~  

(S), showed extremely similar infrared and mass spectra be the llydroxy (I7). 
with those of the hydroxy nitrile (10). It was not further 
characterized due to the difficulty of bringing it into a 
crystalline form. C
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Diastereoisomeric 2-aryl-6-methyl-3,4 (1,2-piperidol-oxazinesl 

G. A. COOKE AND G. FODOR 
Department of C%etnistry, Lava1 University, Quebec 10, Quebec 

Received November 2, 1967 

The alkaloid sedridine (1) is formed stereospecifically by catalytic hydrogenation of optically active 
a-picolyl methyl carbinol (2). The levorotatory 1 gave on action of p-nitro benzaldehyde two p-aryl 
oxazines, one crystalline and levorotatory, the other oily and dextrorotatory. This is the first example 
where both epimers of a p-aryl oxazine could be detected. The configurations and the conformations of 
these isomers (10 and 11) and those of sedridine have been discussed in terms of their nuclear magnetic 
resonance spectra, with particular reference to spin-decouplingevidence. 

Canadian Journal oFChernistry, 46, 1105 (1968) 

We have previously reported (1) the synthesis 
of alkaloid &-conicehe (3). We now wish to 
discuss in detail one of the intermediates ob- 
tained in this serjes, the enantiomer of the 
naturally occurring alkaloid (+)sedridine (1). 
The synthesis (2) of 1, the correlation of the 
configuration of the piperidine carbon (3) with 
L(-)pipecolic acid, and the assignment of threo 
relative configuration have also been made (3). 

The reaction sequence used to provide (I) 
E-coniceine (3) involved the preparation of a 
pipecolylmethylcarbinol of the same gross 
structure as sedridine (1) by hydrogenation of 
the corresponding picolylmethyl carbinol (2), 
already carrying one asymmetric center (I). It 
was quickly observed that reduction of partially 
resolved 2 proceeded with a considerable degree 
of asymmetric induction (1). For example, the 
carbinol (2), cliO -15 to 20" gave the corre- 
sponding hexahydro compound (I), clEO -20 
to -23" (75%). Improvements in the resolution 
technique have provided optically pure 2, 

-42". The reduction of this base with 
Adams catalyst in ethanol gave a quantitative 
yield of (-)sedridine (1) (m.p. 82-84, cliO 

-27.9"). Thus one is dealing, not with a stereo- 

'This paper forms part of a lecture given by one of us 
(G.A.C.) at the 50th Canadian Chemical Conference-in 
Toronto, Ontario on June 7,1967. 

selective reaction, as might have been predicted, 
but with a stereospecific one. This is rather 
surprising in view of the apparent absence of 
compelling reasons for conformational rigidity 
and in view of the obvious steric-orienting 
groups in 2. Closer examination offers an 
explanation for this specificity. 

Infrared dilution studies reveal that the 
optically active carbinol 2 is completely intra- 
molecularly hydrogen bonded. The band at 
3340 cm-l is unchanged in CHC1, and CCl, 
(lo-' M and lo-, M concentration) so there is 
no evidence for a free hydroxyl. The quasi- 
bicyclic hydrogen-bonded structure shown in 
Fig. 1 has the methyl group projecting above 
the plane of the molecule. Since the reduction 
of picolyl methyl carbinols leads specifically to 
(+)sedridine or (-)sedridine, depending on 
which antimer is used, this indicates the follow- 
ing points: (a) the hydrogen bridge must help 
the molecule to be essentially conformationally 
immobile; (b) the projecting methyl group must 
be sufficiently bulky to direct the reaction com- 
pletely; (c) the mechanism of the reduction is 
probably unique. 
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FIG. 1 .  Possible conformation of 2 during catalytic hydrogenation. 

generally-accepted mechanism of catalytic 
reduction at low pressures involves the transfer 
of activated hydrogen from the catalyst surface 
to  the adsorbed substrate molecule. In this 
particular case the transfer will take place at 
the side of the molecule remote from the methyl 
group, as shown (Fig. I). Using 2 of indicated 
absolute configuration, this then allows us to 
predict the relative configuration of the sedridine 
produced. It will be erythroid (S,R in  Cahn- 
Ingold - Prelog terms). The ring asymmetric 
carbon in (+)sedridine (3) is S and therefore R 

for (-)sedridine. The form in Fig. 1 is thus 
(+)sedridine and so the dextrorotatory carbinol 
2 should be R. The visualization of the following 
reactions is, however, easier with the mirror 
images of those already given, so (-)sedridine 
will be depicted as 4 in this paper. An analogous 
reaction (4) i.e. the catalytic hydrogenation of 
optically active 2-pyridylethylcarbinol (6) under 
conditions identical to those used for the 
sedridine-forming reaction gave by asymmetric 
induction conhydrine (7) as the major product. 
This base is known to be erythro, the relative 
configuration having been established chemically 
by Sicher and Tichy (5). Taking these facts 
together the relative configuration 4 (R,S) is as- 
signed to (-)sedridine. Conversely allosedridine 
must be 5. 

Beyerman et al. (3), however, have already 
assigned the threo configuration 5 to (f )sedri- 
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Ar 
FIG. 2. Mechanism of oxazine ring closure. 

Ar 

dine. This is based on a nuclear magnetic 
resonance (n.m.r.) analysis of a pair of p-sub- 
stituted phenyloxazines, the p-bromophenyl 
derivatives prepared from racemic sedridine 

and its diastereoisomer, (5)allosedridine. By 
careful reasoning it was shown that if 8 and 9 
are the aryloxazines produced from the dia- 
stereoisomeric pair, then the one derived from 
sedridine has an equatorial hydrogen on the 
methyl-bearing carbon. Thus Beyerman's sedri- 
dine is threoid (5). Yet the course of reduction 
presented above indicates that sedridine may 
indeed have erythroid (4) relative configuration. 

This question will be examined in detail. 
According to the generally-accepted mechanism 
(Fig. 2) for the cyclization (6-8) of 1,2-amino 
alcohols to oxazines, the nitrogen expels the 
benzylic hydroxyl to give an iminium ion. The 
assumption that the cyclization does not involve 
any carbinol carbon-oxygen fission resulting 
in racemization is absolutely basic to both the 
position of the Dutch authors and the arguments 
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FIG. 3. Optical rotatory dispersion curves. Full line, levorotatory oxazine; dotted line, dextrorotatory oxazine; 
solvent, dimethyl formarnide; angle, 0.5. 

to be presented here. Also basic to their position 
is that (i) due to thermodynamic control only 
one aryloxazine from each diastereoisomer can 
be formed, with aryl in equatorial position and 
(ii) this has to be the trans decalin derivative. 
In case of (f)sedridine and (f )allosedridine 
the formation of two different aryloxazines was 
indeed observed (3) one from each diastereo- 
isomer. The derivative prepared from sedridine 
displayed an equatorial hydrogen. We must 
challenge the assumption that these products 
necessarily are trans-chair oxazines. 

We consider first the cyclization of the erythro 
derivative. Depending on whether the cyclization 
occurs at either the u or p side of the iminium 
linkage, products 10a and l l a  epirneric at C-2 
result. The prediction is thus for the formation of 
a mixture. Similar arguments pertain to the threo 
form. One cannot therefore assume either explic- 
itly or implicitly that only the thermodynamically 
more stable product will be formed in each case. 

This argument is now verified by allowing 
optically pure (-)sedridine to react with p-nitro- 
benzaldehyde. The reaction gave two 2-p-nitro- 

phenyl-6-methylpiperidooxazines in approxi- 
mately equal amounts; one as a crystalline 
solid (m.p. 128-130°, -4S0), the other as 
anoil(b.p. 154",24p; uiO +3S0). 

The optical rotatory dispersion (0.r.d.) curves 
(Fig. 3) are nearly mirror images as expected 
in such examples of diastereoisomerism. The 
isomers have identical ultraviolet and mass 
spectra; their infrared spectra also are very 
similar. Separation by classical methods was 
successful due to very different solubilities. 
Further attempts to purify the oily isomer by 
either thin-layer chromatography (t.1.c.) or 
gas-liquid chromatography (g.1.c.) led to decom- 
position. Neither reacts with methyl iodide which 
indicates that both are weakly basic. This is due 
to the strong inductive effect by the nitroaryl 
group and by the hetero oxygen atom. 

The n.m.r. spectra of these diastereoisomers 
(Fig. 4) have been compared carefully, using the 
same criteria as were used in the analysis of the 
corresponding pair of p-bromophenyl oxazines 
from (f )sedridine and (+)allosedridine (3). 

The most significant signal, that of the proton 
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FIG. 4. Nuclear magnetic resonance spectra of the crystalline (-)oxazine (above) and oily (f)oxazine (below); 
in chloroform-d3. Double irradiation with spin decoupler model V-6058 A. 

on the methyl-bearing carbon (C-6), appears as 
a quartet centered at 6 4.3 (baseline width 
34 c.p.s.) in the dextrorotatory (oily) aryloxazine, 
while it forms a multiplet around 6 3.65 (baseline 
38 c.p.s.) in the case of the levorotatory (crystal- 
line) diastereoisomer. The methyl signal is a 
doublet in both cases; 6 1.4 in the spectrum of 
the oily isomer and 6 1.3 in the spectrum of the 
crystalline isomer. The C-2 proton is strongly 
deshielded as expected, (6 4.8 and 4.6, respective- 
ly) indicating different chemical environments. 
Hence the C-6 proton should be equatorial (9) 
in the oily (+)form and axial for the crystalline 
(-)isomer and, by inference, the C-6 methyl is 
axial in the oily isomer and equatorial in tlze 
crystalline forin. 

Double irradiation of the C-6 proton with a 
frequency of +240 c.p.s. causes collapse of the 

methyl signal in both cases. Irradiation of the 
methyl group signal simplifies the pattern of the 
C-6 signal to a broadened doublet in the case of 
the oily isomer. The signal of the crystalline, 
(-)form remains still very complex. When the 
CH,/H-6 coupling is absent due to double 
irradiation studies, this proton can only couple 
with the C-5 methylene. The doublet obtained 
hereby in the (+)form is a clear indication of an 
eq/ax coupling while the multiplet obtained with 
the (-)form results from the simultaneous 
presence of axlax and ax/eq couplings (10, 11). 
This additional n.m.r. evidence is in harmony 
with an axial methyl for the oily form and an 
equatorial methyl for the crystalline isomer. 
Beyerman et al. (3), however, described the 
crystalline (+)bromophenyloxazine from (f )sed- 
ridine as having an axial methyl. 
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2 . .  I 
Ar HO-CI~IIICH~ 

A H 
t i  l l a  

l l b  

Ours cannot be methyl epimers, since inversion 
at the carbinol carbon during cyclization of the 
Schiff base is impossible. The existence of these 
two stereoisomers from one and the same opti- 
cally pure (-)sedridine could be explained 
a prioii as being a case of epimerism e.g. 10a 
and l lb ,  at the newly formed asyminetric center 
C-2. This would necessitate, however, identical 
positions of the C-6 methyl in both forms, which 
has been disproven by the n.m.r. spectra. The 
only possibility remaining is that the C-2 
epimer with the equatorial aryl group is stable 
while the axial isomer undergoes stereomutation 
on nitrogen leading to a different ring junction, 
i.e. from a trans-azaoxadecaliil to a cis-fused 
isomer. Inversely by assuming (i) an erythro 
configuration for sedridine and (ii) either a j3- 
or an a-attack of the carbinol oxygen on the 
iminium salt, 10a and l l a  should be formed, 
which would then rearrange into the more stable 
cis decalin lob and the trans decalin l l b ,  
respectively. These are different not only at C-2 
but also at the nitrogen. In Cahn- Ingold- 
Prelog terms this means 2S:3R:4R:6S for the 
former and 2R:3S:4R:6S for the latter. Assum- 
ing the diastereoisomeric threo configuration 
for sedridine this would only mean the change 
of 6 s  to 6R in both cases with the trans decalin 
having an axial methyl group and the cis decalin 
having an  equatorial methyl group. Without 
chemical evidence of the C-6 configuration, our 
n.m.r. study merely allows us to  assign tenta- 

tively l l b  to the crystalline and lob to the oily 
isomers. However, the trans decalin derivative, 
l lb ,  with all substituents equatorial, is expected 
to be higher-melting than the cis decalin lob with 
an axial methyl group. 

Unfortunately, we have not succeeded yet in 
preparing adequate ainounts of optically active 
allosedridine in order to check whether the 
cyclization gives rise to two diastereoisomers or 
just one. 

The existence of two diastereoisomers (one 
with an axial and the other with an equatorial 
2-p-nitrophenyl 6-methylpiperidooxazine 
instead of only one as reported formerly) 
invalidates any assignment of a threo configura- 
tion for sedridine (3) which is based exclusively 
on n.m.r. analysis, for equal justification may be 
provided for an erythro configuration. An ex- 
planatioil is also lacking for the fact that the 
crystalliile racenzicp-bromophenyloxazine has an 
axial methyl while the same group is equatorial 
in the crystalline optically active p-nitrophenyl- 
oxazine. 

Chemical correlation of the carbinol carbon, 
in either natural sedridine itself or in the inter- 
mediate 2, with a hydroxy compound of known 
absolute configuration seems therefore indis- 
pensable. This work was commenced a year ago 
by D. Butruille of our Laboratory and is in 
progress. 

Irrespective of our genuine interest in the 
absolute configuration of the alkaloid sedridine, 
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importance was attached to the fact that a 2500-2800 cm-'. The n.m.r. data including those on spin 

Goodson-Christopher cyclization has produced decoupling are indicated in Fig- 4, curve 1. 

two p-diastereoisomers for the first time. The less ~ ~ ~ ~ ~ k d ~ ~  ~ e ~ ~ ~ ? ' i  gave on evaporation a One, carrying an aryl group, became yellowish oil (0.88 g) which showed no tendency to crys- 
stabilized only by basic conformational change, tallize after being distilled itl vacuo (b.p. i54", 29 p) and 
made possible by the configurational flexibility kept in the refrigerator for weeks, alone or in petroleum 
of the tricovalent nitrogen. ~ i f f ~ ~ ~ t i ~ ~  studies ether. The infrared and ultraviolet spectra are not too dis- 

tinct from the crystalline levorotatory stereoisomer, either. using x-rays be started with the ( P I P -  The n.m.r. indicates a basically similar spectrum except 
chloro~hen~loxazine from (-)sedridine and the for the position and the pattern of the C-6 and C-2 pro- 
configurations of the aryloxazines, assigned by tons (Fig. 4, curve 2). There is no more than 10% contam- 
hydrogenation and n.m.r. studies, hopefully will ination of the (-)form in the oil, according to n.m.r. and 

be determined. vapor-phase chromatography (v.p.c.) (10% silicon 
rubber). Purification by t.1.c. on silica was not successful 
having led to decomposition. Equally important is the 

Experimental ciBO +35.1° (c, 1.41; in dimethyl formamide) and m i 0  
( -) Sedriditze, I -(2-Piperidyl)-propan-2-ol(1) + 38.4" (c, 0.612) in another experiment. Optical rotatory 

(-)2-Pic0lylmetllyl carbinol 2 (20 g, 0,146 nlole), nleasurement gave +37.40 and 

m i 0  -39.6" (c, 2 in methanol) was dissolved in 95% +111.5" (c, 2.4 in dimethyl formamide). 
Anal. Found : C, 65.35; H, 6.96; N, 10.53. ethanol (200 ml), then hydrogenated in the presence of The mass showed an identical pattern with 

platinum Oxide g) in a Parr that of the levorotatory oxazine (M 4.276.34). Nuclear 
under 60 p.s.i. for 140 h. The content of unchanged magnetic resonance spectra were taken on Varian A-60, pyridine derivative was determined at rnasss pectra Varian M-66 apparatus, infrared spec- measuring the ultraviolet extinction of an aliquot at 261 tra on the Beckman IR-4, optical rotatory dispersion and n1p. ultraviolet spectra on the JASCO model ORD/UV-5; After "laking for 96 h' 32% of was reduced; g.1.c. on the F & M, model 770 automatic preparative gas within 140 h, hydrogenation became complete. The 
solution was then filtered from the catalyst and evapor- cllronlatograph' 

ated to give a white solid 1 (20.1 g), n1.p. 55-60". This Acknowledgments 
has been sublimed (50", 1 mm) to yield white crystals 
(19.5 g), m.p. 82-84'; aBO -27.9" (c, 1 in ethanol). Microanalyses have been done by Mrs. I. 
Beyerman and Maat recorded (2) m.p. 82" and a;Oi-28" Beetz (Germany). This project is being supported 
for natural (+)sedridine. by the National Research Council of Canada 

2-p-Nitrophenyl-6-t~zetI1yl-3,4(1,2-pipe)-oxazit7es under grant No. A-2839. 
Levorotatory Oxazirre (116) 
(-)Sedridine 1, (1.0 g, 0.007 mole) was dissolved in G. FoDoR and G. A. Suppl. 

8, Part I, 113 (1966). cl1lorobenzcne (20nll) and p-nitrobenzaldehyde (1.06 g, 2. H. C, BCyERMAN and L. MAAT. Rec. Trav. Cllinl. 0.0073 mole) was added. The whole was refluxed under a 82, 1033 (1963). 
Dean-Stark separator for 24 11 with formation of about 3. H. C. BEYERMAN, L. MAAT, A. VAN VCEN, A. ZWEIS- 
0.05 ml water. The solvent was removed in a vacuum TRA, and W. VON PHILIPSBORN. Rec. Trav. Chim. 
and the residue triturated with ether to give brownish 84,1367 (1965). 
colored crystals (0.65 g). Concentration of the fil t~ate 4. G .  FODOR and E. BAUERSCHMIDT. Unpublished 
produced a second crop (0.250 g): 46.6% yield, n1.p. results. 
123-1250, a ; ~  -44.65~ (c, in dimethyl formanlide). 5. J. SICIIER and M. TICI-IY. Collection Czech. Chem. 

Commun. 23,2081 (1958). Recrystallization from petroleum ether (37-54") of the 6. L. H. GOODSON and H, CHRISTOPFIER~ J. A1ll. C1lem. two crops gave a nearly colorless material, n1.p. 128-130" SOC. 72, 358 (1950). 
do -480, (c, 11.16 in dimethyl formamide). Optical 7. G. HARDEGGER and H. O n .  Helv. Chim. Acta, 
rotatory dispersion measurement gave a:$o -42" and a:'&, 36,1186 (1953). 
-140.5", (c, 2.745 in dimethyl formamide, angle 0.5). 8. G. FODOR, J. STCFANOVSKI, and B. KURTEV. Chem. 

Anal. Calcd. for Cl,Hzo03Nz: C, 65.19; H, 7.30; Ber. 98,705 (1965). 
N, 10.14.Found: C, 65.11;H,7.25; N, 10.17. 9. J. A. POPLE, W. G. SCHNEIDLR, and H.  J. BERN- 

The mass spectrum showed M + 276.34 (calculated, STEN. High resolution nuclear magnetic resonance. 
McGraw-Hill, New York. 1959. Chap. 14.1,. 389. 276.3392); M - 1 275; 1 4 e  261 (loss of methyl); mle 154 J. W. EMSLEY, J. FEENEY, and L. H. SUTCLIFFE. as a main peak (M minus n i t ro~hen~l ) ;  l l l /e 172 b n i t r o -  High resolution nuclear magnetic resonance spectres- 

phen~l) ;  t1l/e 68 ( m e t h ~ l e t h ~ n ~ l  ketone?). The infrared copy. Vol. 1. Pergamon, Oxford. 1965. Chap. 9.7. 
spectrum showed no free hydroxyl and no N H  group, pp. 575-581,704. 
with some indication of Bohlmann bands between 11. R .  A. WOHL. Chimia Aarau, 18,219 (1964). 
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Cationic cyclization of bicyclic diterpenesl 

0. E. EDWARDS AND R. S. ROSICH~ 
Division of Pure Chemistry, National Research Council of Canada, Otta~va, Canada 

Received October 11, 1967 

Manool and agathadiol cyclize in formic acid to the 13-epimeric pimara-8,15-dienes and 14~-hydroxy- 
hibane derivatives. The mechanistic and biosynthetic implications of these results are discussed in 
relation to other work involving cations in tetracyclic diterpenes. The nuclear magnetic resonance 
spectra of relevant tricyclic and tetracyclic diterpenes are documented. 
Canadian Journal of Chemistry, 46, 11 13 (1968) 

On general chemical considerations a very 
attractive biosynthetic route from geranylinalool 
to the tricarbocyclic and tetracarbocyclic diter- 
penes involves the bicyclic skeleton of type 1 as 
an intermediate (1). A logical possibility for 
further cyclization to pimaradienes (e.g. the resin 
acids) is ionization of the C-0 bond of the 
allylic alcohol system, perhaps with pyrophos- 
phate as the leaving group, to give ions of the 
type b. Electron flow*as indicated would then 

lead to cation 3. Subsequent elimination of a 
proton could give the pimaradiene skeleton 4. 
Alternatively, cation 3 could give rise to the 
tetracarbocyclic cation 5 (related to enantio- 
beyerane (hibane) (2)  or isohibane (3)) by cap- 
ture of the electrons of the vinyl group (4).3 

lNRCC No. 9970. Presented in part at the 150th Meet- 
ing, American Chemical Society, Atlantic City, Septem- 
ber 1965. 

ZNRCC Post Doctorate Fellow 1964-1966. 
3Wenkert (4a) suggested that pimara-8(14),15-dienes 

were discrete intermediates but no cyclizations of these 
have been achieved in the laboratory. A direct cyclization 
of cation 3 is a more attractive possibility. 

Further rearrangement of this cation through the 
nonclassical ions 6 and 6a (4) could give the 
tetracarbocyclic kaurane, phyllocladane, and 
atisane skeletons. Elimination of a proton from 
6 would give the pentacarbocyclic trachylobane 
(5) skeleton. 

Until the present study no clear demonstration 
of these cyclizations has been r e p ~ r t e d . ~  How- 
ever extensive studies of what has become known 
as the n-route to fused and bridged carbocyclic 
systems have recently been made (7). 

Agathadiol (7) and man001 (1) seemed ex- 
cellent substrates for an in vitro study of the 
above cyclizations. Furthermore, the axial 
hydroxymethyl group at C-4 of agathadiol 
could prove valuable for subsequent building of 
the hetero ring of the diterpenoid alkaloids if 
tetracarbocyclic products were obtained. The 
cation 2 could be formed by solvolysis of an 
ester such as p-nitrobenzoate. However, the ex- 
cellent model studies of Johnson and co-workers 
(8, see also ref. 7b) in cyclizations of allylic 
alcohols (e.g. 8 -t 9) suggested the use of formic 
acid on the allylic alcohols themselves. 

In fact, a solution of agathadiol in 98-100% 
formic acid after 10 min at room temperature 
was converted almost completely to a mixture of 
products. This mixture was treated with lithium 
aluminium hydride to convert formates to alco- 
hols, acetylated under mild conditions, and 
separated into three fractions (a, b, and c) by 
chromatography over alumina. 

4Bory and Asselineau (6) showed that manool was 
converted in H2S04 - HOAC to a hydrocarbon mixture 
from which a very small yield of a tricyclic diene was 
characterized. Mme. Bory has informed us (letter dated 
November 24, 1965) that this hydrocarbon has been 
identified as sandaracopimara-8,15-diene (10c). 
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HIBA-15-ENE (2) 
[BEYER-15-ENE (2) IN THE 
ENANTIOMERIC SERIES] 

!d: ::: /=tJRANE (4a) or @ @ - @ - TRACHYLOBANE TYPES OF SKELETON ( 5 )  

FI 

- - - 6 
$ H 

I 

>.,. fa:?, ATISANE (4a) or 
+ TRACHYLOBANE (5) 

TYPES OF SKELETON 

infrared and nuclear magnetic resonance (11.m.r.) 
spectra were consistent with structures 10a and 
l l a .  Their mass spectra (parent ion m/e  330) 

Similarly, a solution of manoo15 in 98-100% 
formic acid had completely reacted after 20 min. 
The reaction mixture was treated with lithium 
aluminium hydride and then directly separated 
into 3 fractions (a, b, and c) by chromatography. 

Tricyclic Products 
Fraction a of the products from agathadiol was 

separated into two components by chromatog- 
raphy over silver nitrate impregnated silica gel 
using the "dry column" technique (9). Their 

'A sanlple of man001 was obtained from Koch-Light 
Laboratories. After careful chromatography the product 
had n1.p. 48-51" and the infrared and nuclear magnetic 
resonance spectra indicated that it was essentially pure. 
(Most important, this showed the absence of any of the 
reaction products that are to be described.) 

It is of interest to note that the crude manool, which 
Mr. D. J. Abbot of Koch-Light Laboratories has kindly 
informed us came from solvent extraction of the heart- 
wood of Dacrydium biforme, contained a small amount 
(ca. 2-3 %) of a hydrocarbon which appeared to be 13a- 
pimara-7,15-diene (isopimaradiene). 

were identical to each other and similar in their 
fragmentation pattern to that recordedG for 
methyl isopimara-8,15-diene-l s-oate (lob)' (me- 
thyl sandaracopimarate). The configuratioils at  

6The mass spectra of the 8,15-dienes are more com- 
plicated than those of the 8(14),15-dienes (10). 

7We are using the names pi~narane and isopimarane 
(formerly sandaracopimarane) for the parent hydro- 
carbons a and b respectively. 
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EDWARDS AND ROSICH: CATIONIC CYCLIZATION OF BICYCLIC DITERPENES 

FIG. 1. Vinyl proton absorption patterns: (a) isopimara-8,15-diene and its 18- or 19- derivatives, and pimara- 
8(14),15-diene and its 18- derivatives; (b) pimara-8,15-diene and its 18- or 19- derivatives, and isopimara-8(14),15- 
diene and its 18- derivatives. 

C-13 were tentatively assigned by comparison of 
the vinyl proton signals in their n.m.r. spectra 
with those of isopimara-8,15-diene and pimara- 
8,15-diene derivatives (10b and 10c, and l l b ,  
l l c  respectively), (see Fig. 1). It is intriguing that 
moving the double bond from the 8(14) to 8(9) 
positions or inverting the configuration at C-13 
interchanges the vinyl hydrogen patterns. 

Confirillation of the structures followed from 
conversion to known hydrocarbons (11) by 
reductive cleavage of the ester, oxidation to the 
aldehydes, conversion to the semicarbazones, 
and finally Wolff-Kishner reduction. Compound 
10a gave isopimaradiene (10c) while l l a  gave 
pimara-8,15-diene (llc), identified by compari- 
son with authentic specimens. 

Fraction a of the man001 products had an 
n.m.r. spectrum consistent with an approxi- 
mately equal mixture of pimara-8,15-diene and 
its 13-epimer. However, the mixture could not 
be separated by either thin-layer chromatography 
(t.1.c.) or column chromatography as used above. 
Gas-liquid chromatography (g.1.c.) showed the 
presence of nearly equal amounts of two compo- 
nents with the exvected relative retention times 

than to the p face, the transition states for the 
cyclization of cations of type 2 probably resem- 
ble 12a and 12b respectively. The formation of 
equal amounts of the 13-epimeric dienes must 
then reflect similar steric requirements of the 
methyl and vinyl groups in the transition states. 

The known resin acids of the pimaric family 
all have their nuclear double bonds in the 7(8) or 
8(14) position in contrast to the 8(9) double bond 
produced in the above experiments.' Hence if 
the in vivo cyclizations follow a comparable 
course to the above cyclization, the enzyme 

\"I. *It was demonstrated that the 7(8) and 8(14) double Since approach the a face of the exocyclic bonds did not migrate to the 8(9)-position in formic acid 
double bond is sterically much more favorable under the reaction conditions. 
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1116 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

surface must present a unique basic site aiding single unsplit (w,,, 3 c.p.s.) H-C-0-proton, 
removal of a 7- or 14-proton. but gave no indication of unsaturation. 

Tetracyclic Products 
Fraction b from the agathadiol cyclization 

products was converted to the alcohol using 
lithium aluminium hydride. Chromatography on 
alumina then enabled isolation of a crystalline 
product (ca. 5% yield) analyzing for C,,H,,O, 
(mol. wt. by mass spectrum 306). This gave no 
color with tetranitromethane and had only weak 
end absorption in the ultraviolet ( E  at 210 mp 
= 80). Its n.m.r. spectrum showed no vinylic 
proton signals but showed resonance for 3 
quaternary methyl groups, a -CH,OH group 
on a quaternary carbon, and a HC-OH group 
as a sharp singlet. Hence the compound appeared 
to be tetracyclic and to have a hibane (13) or 
isohibane (14) skeleton. 

The diol was oxidized to the keto-aldehyde 
which showed the expected infrared and n.m.r. 
spectra (see Table 11). Reduction of the keto- 
aldehyde under vigorous WOE-Kishner condi- 
tions gave hibane, identified by comparison with 
an authentic sample (Zb).' Thus the cyclization 
product must have structure 15a (14-hydroxyl 
configuration undefined). 

Fraction b from the cyclization of man001 was 
a combination of eluates whose n.m.r., m.p., and 
t.1.c. indicated the presence of a single mono- 
hydroxy compound 15b. Only 40% acetylation 
of this alcohol was achieved when it was treated 
with acetic anhydride in pyridine at room tem- 
perature for 17 h ;  but treatment with acetic an- 
hydride in acetic acid containing a trace of p- 
toluenesulfonic acid resulted in complete acetyla- 
tion. Its mesylate was prepared by treatment 
with methanesulfonyl chloride in pyridine. 

The n.m.r. spectra of these three compounds 
(alcohol, acetate, and mesylate) each showed 
signals for four quaternary methyl groups and a 

Oxidation of the alcohol 15b gave the ketone 
16 which was then reduced under Wolff-Kishner 
conditions to give a hydrocarbon identical with 
a sample of hibane (13).' Since the oxygenated 
carbon atom appeared to be attached to fully 
substituted carbon atoms (unsplit CHOH signal) 
the alcohol arising in the cyclization reaction 
must be a 14-hydroxyhibane. In addition, the 
circular dichroism curve l o  for the ketone 16 
showed a negative Cotton effect, in agreement 
with the proposed formula. 

It appeared that we had obtained only one 
hydroxy isomer since it was considered unlikely 
that the physical data, especially the n.m.r. 
spectra, would be the same for both epimers of 
the alcohol, its acetate, and its mesylate respec- 
tively. 

A& attempt was made to prepare the epimeric 
alcohol 15c by reduction of the ketone. However, 
reaction with lithium aluminium hydride, lithium 
tri-t-butoxy aluminohydride, or lithium in 
ethylamine each. converted it to an apparently 
single component identical (t.l.c., n.m.r., m.p., 
mixture melting point, and x-ray powder pat- 
terns) with each other and with the cyclization 
product itself. Furthermore, the acetate of the 
lithium tri-t-butoxy aluminohydride reduction 
product was identical with the acetate of the 
original alcohol. 

Attempts to displace the mesylate of 15b with 
sodium formate in dimethyl formamide or sodi- 
um azide in dimethyl formamide, at temperatures 
up to 125" for up to 2.5 days, were unsuccessful. 
There was no reaction when the mesylate of 15b 
was heated for 3 days in refluxing aqueous 
acetone containing sodium acetate. On the other 
hand, heating overnight in refluxing formic acid 

loobtained through the kind cooperation of Professor 
R. C. Cookson. 9A sample was kindly supplied by Dr. Y. Kitahara. 
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EDWARDS AND ROSICH: CATIONIC CYCLIZATION OF BICYCLIC DlTERPENES 1117 

containing sodium formate converted the mesyl- 
ate in part to the formate of the starting alcohol. 

The fact that all the chemical reductions of the 
14-ketone yield the same alcohol indicates that 
this arises from "product development control" 
(12). Consequently, this alcohol is the least 
hindered of the two 14-epimers. Similarly the 
S,1 solvolyses of the mesylate should have given 
rise to the least hindered formate (most favored 
approach of formate ion). Molecular models 
(Dreiding, Fieser) suggest that the 14a-epimer is 
the least hindered of the two, hence we assign 
this configuration to the 14-hydroxyhibanes. 
This assignment is also consistent with mechan- 
istic considerations (see below). We conclude 
that agathadiol gave 14~~19-dihydroxyhibane 
(15a) and man001 gave 14a-hydroxyhibane (15b). 

Careful examination of fractions c of the 
cyclization products of man001 or agathadiol, 
and the polar fractions of the hydrolyzate of 
fraction b from agathadiol failed to reveal any 
recognizable products. The materials were com- 
plexkixtures-which appeared to consist largely of 
products of hydration of the double bonds and 
of rearrangement of the C-4 substituents in 
agathadiol. No evidence was obtained for the 
formation of the triene alcohol communol (17) 
(13) or its isomer 18 (14). 

Discussion 

Examination of molecular models leads us to 
the conclusion that the observed hibane deriva- 
tives are the most likely tetracyclic products to  
form by cationic cyclization. The preferred con- 
formation for cyclization of the pimaric cation 
is illustrated in A. 

In contrast, the isopimaric cation B, which would 
lead to the isohibane series (14), cannot cyclize 
until it has adopted the boat conformation C. 

As the transition state, for cyclization of A, 
develops toward tetracyclic cation, the lowest 
electron density on C- 16 is on its exo side (see D). 

He.@ 

BH 0 I I  

HCOH 

This suggests that the developing secondary 
cation, in this medium of low nucleophilicity 
(formic acid) is stabilized by bridging1' from 
C-14. Formic acid would then complete the 
process by attack on the opposite face of C-14, 
leading to the prediction that the secondary 
hydroxyls in l5aand  15b have the co~~f i~u ra t i on  
illustrated. As indicated earlier, this is in accord 
with other evidence. 

While transannular hydride migrations in con- 
sort with solvolyses etc. in bridged and medium 
ring systems are well established (15) a precise 
analogue of this migration in a bicyclo [3 - 2  1 ] 
system has apparently not been observed pre- 
viously. However, the above route to the tetra- 
cyclic product gives an elegant explanation of 
the predominant hibane geometry (rather than 
iso-hibane) that was observed. 

Two alternate routes to 14-oxygenated hibane 
follow. Pimara-8(14),15-dienes are not appreci- 
ably transformed into the A 8  isomers under our 
reaction conditions. Therefore, since nearly 
equal amounts of 13-epimers are formed and no 
isopimara-8(14), 15-diene was found, the amount 
of the 13P isomers available for cyclization must 

"For con~parable 2 + 6 hydride shifts in norbornyl 
compounds, there is evidence that a protonated cyclo- 
propane is an intermediate (15a), i.e. carbon-carbon 
participation provides the initial charge delocalization. 
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have been small. Hence if route (a) were opera- 
tive it would have to be very efficient. Experiment 
showed however that the 8(14),15-dienes did not 
give detectable amounts of 14-oxygenated hi- &[OTs ///o,~ 

&oTs "////I, 

banes under our cyclization conditions, hence 8,. (a) can be eliminated from consideration. $ 
Route (b) is implausible because: (1) The al- +o-ci12 

lylic cation will have most of its charge density 21 22 

on the tertiary carbon. (2) Cationic cyclization to 
an eight membered ring is improbable unless un- 
der enzyme control. (3) Cyclization of the cyclo- 
octenyl cation to the 6,4 system should, because 
of steric interactions with the 10-methyl group, 
give predominantly the isohibane skeleton con- 
trary to what is observed. 

It  is of interest to compare the proposed 24 

fate of the cation on C-16 with that of cations etherate. The product was a lnixture of 14- 
formed on that carbon by alternative processes. hydroxykaur-15-ene (24) and the corresponding 
McCrindle and colleagues (16) described the 16-ene. Similar observations have been made by 
hydrogen chloride catalyzed conversion of Hanson (19b) and Kitahara and colleagues (19c). 
beyer-15-ene (19) in aprotic solvents to a mixture In each of these cases the major electron 
of (-)kaur-15-ene 20, (-)kaur-16-ene (iso- deficiency developed initially on the endo size of 
kaurene), and atis-16-ene. Sobti and Sukh Dev C-16, in contrast to the situation in our cycliza- 
(17) found that solvolysis of 16P-tosyloxybeyer- tion studies. This was ideal for participation of 

the 12,13 C-C bond leading to ions of type 25 
from which the kaurane cation 26 arose. 

ane (21) gave (-)kaur-l j-ene, (-)isokaurene At present then, the 14 -> 16 hydride shift 
and kauran-16a-01. Ghisalberti and Jefferies (18) mechanism seems the most plausible route to the 
studied the solvolysis of the related tosylate 22 14-oxygenated hibanes but further work is need- 
obtaining the substituted kaurene and isokaur- ed to test the hypothesis. 
ene. Kapadi and Sukh Dev (19a) treated 15P, A most interesting related study is that of 
16P-epoxybeyerane (23) with boron trifluoride Ourisson and co-workers (20) on the acid- 
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EDWARDS AND ROSICH: CATIONIC CYCLIZATION OF BICYCLIC DITERPENES 

TABLE I 

Methyl group absorptions in r units 

-CH3 Hydrocarbon 19-OH 19-OAC 19-0x0 19R* 

-CH3 Hydrocarbon 18-OH R'j' 18-0x0 18-R* 

*R = sernicarbazone. 
'yR' = ecluatorial 4-rnethosycarbonyl. 

catalyzed reactions of trachylobane (27). How- 
ever these seem readily accounted for as reac- 
tions of edge-protonated cyclopropanes. 

Table I summarizes the methyl group absorp- 
tions in the n.1n.r. spectra of the pimaradienes 
encountered in this work. Some of the figures for 
the 8(14), 15-dienes (e.g. 4) have been reported by 
Wenkert et al. (21), but there appears to be an 
error in the assignments of the signals of pimara- 
8(14),15-diene. On the basis of Wenkert's assign- 
ments, inversion at C-13 to isopimara-8(14),15- 
diene results in a large shift of one of the C-4 
methyl groups. No other such large shift is 
apparent in derivatives of these hydrocarbons or 
in the series of 8,15-dienes described in this 
paper. 

The structures of the acetoxy pimaradienes 
10a and 10b described earlier were aiso supported 
by other features of their n.m.r. spectra. The 
center of the pair of doublets arising from the 
19-protons in the acetates 10a and 10b falls at 
T 5.85 and 5.86 (J, 11 c.p.s.) respectively; in the 
derived alcohols at T 6.37 and 6.36 (J, 11 c.p.s.); 
and in the derived aldehydes at T 0.21 and 0.24 
(J, 1.2 c.p.s.). These figures are in close agree- 

ment with the corresponding absorptions for 
analogous axial C-4 oxygenated compounds and 
quite different from the corresponding equatorial 
C-4 oxygenated derivatives (including those 
derived from isopimara-8(14), 15-diene and pi- 
mara-8(14),15-diene-18-oic acids (24 21, 22). 

In the 8(14), 15-dienes epimerization at C-13 
causes a shift of 0.040.06 p.p.m. in the 13- 
methyl group signal while a similar shift of 0.03- 
0.05 p.p.m. is observed in the 8,15-dienes. On 
the other hand, epilnerization at C-13 in the 
8(14),15-dienes causes a shift of 0.04-0.07 p.p.m. 
of the 10-methyl group signal whereas in the 
8,15-dienes essentially no change in this absorp- 
tion occurs. The shift to lower field of the 10- 
methyl signal when the 8(14)-olefin is isomerized 
to 8(9) is similar to that observed in the steroids 
(23) and bicyclic diterpenes (24). 

Table I1 suminarizes the data for methyl 
group absorptions relevant to the 14-substituted 
hibane product. 

Insertion of the 14a-hydroxyl group into 
hibane (enalztio-beyerane) or its 19-hydroxy 
derivative has very little effect on the protons 
attached to C-17 and C-20. A similar behavior is 
shown by 16P-hydroxybeyerane. The deshielding 
effect by the 14-ketone group on the protons on 
C-17 and C-20 would be expected for the struc- 
ture assigned. In contrast, a 14-ketone in the 
kaurane series results in a shielding effect, of 
approximately 0.14 p.p.m., on the 20-protons 
(19a) and a similar effect would be expected for a 
14-oxoisohibane structure. 
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TABLE I1 
Methyl group absorptions in 7 units 

C-18,C-19 C-20 C-17 

l6a-(-)-Kaurane 9.15,9.19 8.99 9.09 
Isohibane 9.13,9.18 9.00 8.99 
Beyerane (enmztio hibane) 9.15,9.19 9.06 9.06 
14a-Hydroxyhibane 9.15,9.19 9.08 9.08 
19-Hydroxybeyerane (calcd)* 9.05 9.08 9.06 
14a-19-Dihydroxyhibane 9.05 9.08 9.08 
1613-Hydroxybeyeranei 9.14,9.18 9.06 9.09 
14-Oxohibane 9.14,9.18 8.96 9.01 
19-Oxobeyerane (calcd)* 9.01 9.21 9.06 
14,19-Dioxohibane 9.00 9.11 8.99 
14a-Acetoxyhibane 9.15,9.19 9.15 9.06 
14a-Mesyloxyhibane 9.14,9.20 9.06 8.98 

'Calculated from the known effect of  insertion of these substituents into the be- 
yerane skeleton (2a 22). Additivity of  these effects is observed when (i) there are no con- 
formation differenles between the singly- and multisubstituted molecules, and (ii) no 
dipolar or hydrogen bonding interactions occur between these substituents (2a, 22, see 
also ref. 25). 

tunpublished observations in this laboratory. 

The 14P-proton absorbs a t  z 7.07, 5.55, and 
5.89 in the alcohol 15b, its acetate, and its mesyl- 
ate respectively with a w,!, of 3 c.p.s. in each 
case. 

Experimental 
Infrared spectra were of Nujol mulls unless otherwise 

specified and nuclear magnetic resonance (n.m.r.) spectra 
were determined for deuteriochloroform solutions with 
tetramethylsilane as internal reference. Optical rotations 
are of solutions in absolute alcohol unless otherwise 
noted. Woelm neutral alumina was used for chromatog- 
raphy. 

Agathadiol as Szrbstrate 
Cyclization of Agathadiol in Formic Acid 
Finely powdered agathadiol (2.57 g), prepared by 

reduction of methyl agathate by lithium aluminium 
hydride, was dissolved in 98-100% formic acid (200 ml). 
After 10 min at room temperature (ca. 25') the solution 
was poured into a slurry of ice and water containing 
potassium hydroxide (330 g), extracted with ether, 
washed with saturated sodium bicarbonatesolution, dried, 
and the volume of the solution reduced to approximately 
100 ml. After addition of lithium aluminium hydride, the 
solution was refluxed for 15 min. The excess reagent was 
destroyed with a saturated solution of sodium sulfate, the 
solution dried and then evaporated, leaving a pale-yellow 
gum (2.49 g).12 The gum was then acetylated during 2 
days in acetic anhydride - pyridine at room temperature. 
The resulting pale-yellow oily acetate was dissolved in 
hexane and chromatographed over 50 g of activity I11 
alumina. Elution with hexane (400 ml) gave fraction a 
(1.84 g); hexane-benzene (4:1, 600 rnl.) eluted fraction b 
(0.65 g); and finally ether eluted fraction c (0.43 g), as 
colorless oils. 

Tricyclic Products 
The infrared spectrum of fraction a showed the ab- 

sence of any hydroxylic material. The fraction (900 mg) 
was chromatographed using the "dry column" technique 
(9) over 300 g of silica gel impregnated with 75 g of silver 
nitrate. Hexane-ether (3:l) was used as eluent and 15 ml 
fractions were collected. The composition of the eluate 
was determined using vapor-phase chromatography 
(v.p.c.).13 Fractions 1-16, 57 mg of oils containing at 
least 6 components; fractions 17-22, 240 mg of c~ystals 
mainly component 1;  fractions 23-25, 96 mg of oily 
mixture of 1 and 2; fractions 2 6 4 ,  200 mg of crystals, 
mainly component 2; fractions 45-155, 105 mg of oils 
rich in component 2. The balance of fraction a combined 
with fractions 23-25 from the above chromatogram was 
separated in the same way. The total isolated yields were 
then 510 mg of component 1 and 440 mg ofcomponent 2. 
However, the total yields estimated using thev.p.c. of the 
mixed fractions was approximately 600 mg of each com- 
ponent. 
19-Acetoxy-isopimara-8,15-diene-Crude component 1 

from above chromatogram was recrystallized from 
aqueous methanol and then sublimed at 115' and 0.02 
mm; m.p. 57.5-58.5"; [a], +90° (c, 0.9). v,,,: 1742cm-I 
(ester); 3075, 1638, and 906 cm-I (vinyl group). The 
position of the last band is in agreement for the data of 
Ireland and Schiess (I la) for similar isopimaradienes. The 
n.m.r. data (see the appropriate section of the discussion) 
was in agreement with the structural proposals. 

Anal. Calcd. for CZZH3402(mo1. wt., 330.49): C, 
79.95; H, 10.4. Found (mol. wt., mass spectrum, 330): C, 
79.8; H, 10.2. 
19-Hydroxy-isopbnara-8,l.S-diene-The acetate (445 

mg) was treated with excess lithium aluminium hydride 
during 1 h at room temperature. Working up in the usual 

13Vapor-phase chromatography was at 200" with a 
flow rate of 100 ml/min, over a 1 m 15 % diethylene glycol 

12Preliminary experiments had shown that the crude succinate on chromosorb W column. in a Perkin-Elmer 
cyclization product was at least partially formylated. model 154C gas chromatograph. 
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way, followed by filtration through 12 g of activity 111 
alumina in hexane-benzene (1:l) gave the alcohol as a 
colorless solid (335 mg). After recrystallization from 
aqueous-methanol and sublimation at 125' and 0.02 rnm 
this had m.p. 107-108.5"; [a], +10l0 (c, 0.18). v,,.: 3240 
cm-' (hydroxyl) and 3070, 1637, 1001 and 909 cm-I 
(vinyl group). The n.m.r. data showed the presence of an 
axial hydroxymethyl group, three quaternary methyl 
groups, and the vinyl group (see also the appropriate 
section of the discussion). 

Anal. Calcd. for C20H320: C, 83.3; H, 11.2. Found: 
C, 82.4, 82.5; H, 11.0, 11.1. 

19-Oxo-isopin1ara-8,15-diene and its semicarbazone- 
The alcohol (145 mg) was dissolved in acetone (10 ml), 
the solution cooled in ice, and then titrated with Jones' 
reagent (26). The mixture was poured into water and 
worked up with ether in the usual way to give the crystal- 
linealdehyde (130 mg), v,,,(CC14): 1720 cm-' (aldehyde) 
and 915 and 1002 cm-' (vinyl group). The n.m.r. spec- 
trum included a peak at r 0.21 (axial aldehyde proton) as 
a partially resolved doublet, with J, ca. 1.2 c.p.s. 

The semicarbazone was prepared in pyridine (10 ml). 
using a solution of semicarbazide acetate (from 300 mg of 
semicarbazide hydrochloride and 300 mg of sodium 
acetate which were dissolved in 0.5 ml of water and 9.5 ml 
of ethanol) during 2 days at room temperature (27). The 
mixture was worked up with ether in the usual manner to 
give 145 mg of the crystalline semicarbazone which was 
recrystallized f is t  from hexane -ethyl acetate and then 
from aqueous methanol to give sheaves of colorless 
needles, m.p. 215'. The n.m.r. spectrum included a maxi- 
mum at r 2.97 (-CH=N). 

Anal. Calcd. for C21H33N,0: C, 73.4; H, 9.7; N, 
12.2.Found: C,73.6;H, 9.75;N, 12.1. 

Zsopimara-8,15-diene-The semicarbazone (120 mg) 
and 5 g of KOH in diethylene glycol (17 ml) were refluxed 
for 3 h at 200-205" under a nitrogen atmosphere. The 
mixture was poured into water and worked up with 
hexane to give 92 mg of a pale-yellow oil which was then 
chromatographed on 5 g of activity 11 alumina in 35 ml 
of hexane to yield 76 mg of a colorless solid. This material 
gave a single peak on gas chromatography which had the 
same retention time as an authentic sample (prepared as 
described by Ireland and co-workers (11)). After re- 
crystallization from methanol and sublimation at 80" and 
0.02 mm the material showed m.p. 51-52.S0, [or], +l lgO 
(c, 0.92) undepressed on admixture with an authentic 
sample. 

Anal. Calcd. for Cz,H3, (rnol. wt., 272.46): C, 88.2; 
H, 11.8. Found (rnol. wt., 272, mass spectrum): C, 88.4; 
H, 11.7. 

Identity was also established by the infrared (liquid 
film) (v,,, 3078, 1638, 907 cm-') and n.m.r. spectra and 
x-ray powder patterns. 

19-Acetoxypi?nara-8,15-diene-Crude compound 2 
from the above chromatogram was recrystallized from 
aqueous methanol; m.p. 66-68", [a], +67" (c, 0.17). It  
had v,,,: 1745 cm-' (ester); 3080, 1636, and 908 cm-' 
(vinyl group). The n.m.r. data was in agreement with the 
structural proposals (see Fig. 1 and Table I). 

Anal. Calcd. for C22H3402 (mol. wt., 330.49): C, 
79.95; H, 10.4. Found (rnol. wt., 330, mass spectrum): C, 
79.7; H, 10.4. 

The same sequence was used to prepare the hydro- 
carbon as for component 1. 
19-Hydroxypimara-8,15-diene-After recrystallization 

from aqueous-methanol this had m.p. 95-97"; [a], +78" 
(c, 0.92); v,,,, 3369 cm-I (hydroxyl) and vinyl absorp- 
tion at 3075 and 906 cm-'. 

Anal. Calcd. for C20H320: C, 83.3; H, 11.2. Found: 
C, 83.4; H, 11.0. 

Semicarbazone of 19-oxopimara-8,15-diene-The alde- 
hyde was obtained as an oil, v,,,(CC14), 1720 cm-I 
(aldehyde) and 910 and 998 cm-' (vinyl group); while the 
n.m.r. spectrum included a peak at r 0.24 (axial aldehyde 
proton). This signal was a poorly resolved doublet with 
J, ca. 1.2 c.p.s. 

The semicarbazone was obtained as plates from 
aqueous-methanol and had m.p. 192'. The n.m.r. spec- 
trum included a maximum at r 2.85 (-CH=N-). 

Anal. Calcd. for C, 73.4; H, 9.7; N, 
12.2.Found:C,73.25;H,9.5;N, 12.1. 

Pinzara-8,15-diene-The diene was obtained as a color- 
less oil which was distilled at 85' and 0.02 nun. Identity 
with an authentic sample (prepared as described in 11) 
was established by infrared (liquid film) (v,,, 3075, 910 
cm- '), n.m.r., and mass spectra and gas chromatography. 

Anal. Calcd. for C20H32 (mol. wt., 272.46): C, 88.2; 
H, 11.8. Found (rnol. wt., 272, mass spectrum) : C, 88.1.; 
H, 11.7. 

Tetracyclic Product 
Hiban-14a,l9-diol-Fraction b from the cyclization 

sequence showed no hydroxyl or vinyl absorption in its 
infrared spectrum. 

Fraction b (600 mg) was dissolved in ether and treated 
with excess lithium aluminium hydride and after the 
usual work-up a glass (470 mg) was obtained which was 
dissolved in hexane-benzene (2:l) and chromatographed 
on activity IV alumina. Benzene-ether (19:l) eluted a 
crystalline material (147 mg)14 which after recrystalliza- 
tion from hexane-acetone had m.p. 204' [a],-loo (c, 
0.18). There was only end absorption in the ultraviolet 
( E  = 80 at 210 mp in 95 % ethanol solution) and no color 
was obtained with tetranitromethane. The n.m.r. spec- 
trum (CDCI, and pyridine solutions) showed the presence 
of three quaternary methyl groups, a-C-CH20H (quar- 
tet centered at T 6.40) and a H-C-OH group (singlet at 
r 7.09) but no olefinic protons. 

Anal. Calcd. for C20H3402 (rnol. wt., 306.47): C, 78.4; 
H, 11.2. Found (rnol. wt., 306, mass spectrum): C, 78.2; 
H, 11.0. 
Hibane-Hiban-14a,19-diol (90 mg) was dissolved in 

acetone (10 ml) and titrated with the Jones reagent (26), 
the mixture poured into water, and extracted with ether to 
give the crystalline 14,19-dioxohibane (80mg), v,,, 
(CC14) (measured on a Perkin-Elmer model 21 spectrom- 
eter), 2740 and 1737 cm-' (aldehyde) and 1725 cm-I 
(ketone). The n.m.r. spectrum showed the presence of 
three quaternary methyl groups, and an axial aldehyde 

14From subsequent work in the man001 series it be- 
came known that acetylation of the 14a-hydroxyl is only 
approximately 70% complete under the conditions used 
in the work-up of the product from cyclization of aga- 
thadiol. Hence the "true" yield of this diol may be 
nearer 200 mg (i.e., 7-8 %). 
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group (T 0.22, poorly resolved doublet with J, ca. 1.2 
c.P.s.). 

The keto-aldehyde (70 mg) was refluxed with diethylene 
glycol (8 ml) and 95% hydrazine (1 1-111) for I+ h under a 
nitrogen atmosphere. The solution was cooled and pieces 
of sodium (1 g) added slowly followed by a further 5 ml 
of diethylene glycol and the mixture refluxed at 220' for 
3.5 h, then poured into water and extracted with hexane. 
A pale-yellow oil (43 mg) was obtained which was chro- 
matographed over activity I1 alumina in hexane yielding 
a colorless oil (31 mg) which crystallized on seeding with 
authentic hibane.g 

After recrystallization from methanol this had m.p. 
3941.5", raised to 3942.5" on admixture with authentic 
material (1n.p. 4143"). Identity was also established by 
infrared (nleasured on a Perkin-Elmerrnodel 21 spectrom- 
eter), n.m.r., and mass spectra, and by x-ray powder pat- 
terns. 

Maizool as Substrate 
Cyclizatioir of Maizool iiz Forniic Acid 
Finely powdered mano01'~ (6.40 g) was shaken with 

98-100% formic acid (100 n11; ca. 0.2 M )  for 20 min at 
room temperature (ca. 25'). All of the solid dissolved 
within 5 min while an oil began to separate. The mix- 
ture was poured onto ice and water containing sodium 
hydroxide (146 g) and extracted with ether. The residue 
(6.21 g) was a pale-yellow oil whose n.m.r. spectrum 
showed the presence of at least some formate group. The 
ultraviolet spectrum (cyclohexane) had a shoulder near 
230 mp, E 320 (biformene had h,,, 228 mp E = 15 300 
(28)). The residue was redissolved in ether and treated 
with excess lithiunl aluminii~m hydride at room tempera- 
ture for 30 min. Extraction in the usual manner gave a 
pale-yellow oil (5.98 g) which was dissolved in hexane and 
chro~llatographed on 100 g of activity I11 alumina. 
Hexane eluted a colorless oil ((4.29 g) fraction a) while 
hexane-benzene (9:l) eluted several crystalline fractions 
whose melting points and thin-layer chromatograms 
indicated a single component (fraction b; 675 mg). 

Tricyclic Product 
Isopin~ara-8,15-dieile aizdpin~ara-8,15-dieize-The n.m. r. 

spectrum of fraction a was that expected of an approxi- 
mately equal mixture of the two hydrocarbons. The mix- 
ture, however, could not be separated. Gas-liquid chro- 
matography on a 6 ft column of 15% diethylene glycol 
succinate on chronlosorb W at 125 "C and flow rate of 
20 ml/min (using an F and M model 700 with flame ioni- 
zation detector) showed the presence of isopimar-8,15- 
diene and pimara-8,15-diene in the ratio 55:45 (+5%) .  
These were identified by their relative retention times (11) 
and peak enhancement with authentic materials. 

Tetracyclic Products 
Hiban-14a-01-A sample of fraction b was recrystal- 

lized from aqueous methanol and sublinled at 125" and 
0.1 mm; m.p. 114-115", [~t],-6~ (c, 0.91). vm,,(CHC13) 
3620 cm- (OH). The n.m.r. spectrum included a singlet 

I 
at T 7.58 (H-C-OH). 

I 

15This had m.p. 48-51" and its infrared and n.m.r. 
spectra showed it to be free of any of the reaction prod- 
ucts to be described below. We thank Professor G. Buchi 
for a reference sample of crystalline manool. 

Anal. Calcd. for C ? O H ~ S O :  C ,  82.7; H, 11.8. Found: 
C, 82.55: H, 11.6. 

Hibaiz-14-oi1e-Hiban-14u-o1(209 mg) was dissolved in 
acetone (201111) and titrated with Jones' reagent (26). The 
mixture was poured into water and extracted with ether to 
give a pale-yellow solid (202 nlg) which was dissolved in 
hexane and chromatographed on 5 g of activity I11 
alumina to give a colorless solid (140mg). After recrystal- 
lization from aqueous methanol and sublinlation at 115' 
and 0.1 mnm it had m.p., 107-108", v,,, 1733 cm-', 
[ale + l l o  (c, 0.15). 

Anal. Calcd. for C20H320: C, 83.3; H, 11.2. Found: 
C, 83.25; H, 11.1. 

Circular dichroism1° h,,, 297 mp (AE - 1.8). 
Hibaize-Sodium (400 mg) was dissolved in diethylene 

glycol (15 ml) under a nitrogen atmosphere. Ninety-five 
percent hydrazine (2.0 ml) and hiban-14-one (85 mg) were 
added, the mixture refluxed at 180" for 2 h, the temper- 
ature then raised to 217" by distillation, and reflux contin- 
ued for 2 h. The mixture and the distillate were then 
poured into water and extracted with hexane to give a 
colorless oil (75 mg). The oil was chromatographed on 
activity I11 alumina in hexane (20 1-111) to give a colorless 
oil (73 mg) which crystallized from methanol; n1.p. 41.5- 
43.5", undepressed on admixture with a recrystallized au- 
thentic sample, m.p. 41.543.5'. Identity was also estab- 
lished by infrared (liquid film) and n.m.r. spectra and x- 
ray powder patterns. 

Hibatr-I4a-yl acetate-Hiban-14a-01 (93 mg) was 
treated with acetic anhydride (2.0 rnl) and pyridine (4.5 
ml) for 17 h at room temperature (ca. 25"). Working up 
in the usual way gave a partly solid residue whose n.m.r. 
spectrum showed only about 40 % acetylation. The residue 
was treated with acetic anhydride (1.5 rnl), acetic acid (3 
ml) andp-toluenesulfonic acid (100 mg) at room tempera- 
ture overnight. Extraction with ether yielded the acetate 
(95 mg). This was chromatographed on 5 g of activity I11 
alumina with hexane (70 ml) to give 94 mg of material 
which after recrystallization from aqueous methanol and 
sublimation at 105' and 0.1 nun had m.p. 85-86", v,,,, 
1742 cm-'. The n.m.1. spectrum included a singlet at t 
5.48 (H-C-OAC). 

Anal. Calcd. for CZZH3G02: C, 79.5; H, 10.9. Found: 
C, 79.6; H, 11.1. 

Hibaiz-14a-yl niesylflte-Hiban-14a-01 (240 nlg) was 
dissolved in pyridine (20ml) cooled in ice, methane- 
sulfonyl chloride (1.0g) added, and the mixture left 
overnight at room temperature. The excess nlesyl chloride 
was destroyed with ice, the mixture poured onto ice- 
11ydrochloric acid, and then extracted with ether to give 
a solid residue (315 mg). After chromatography on 
activity I alumina it crystallized from hexane as needles 
with m.p. 135' vm,,(CHC13): 1175 cm-I (-SOz-0-). 
The n.m.r. spectrum included a singlet at 7 5.88 (H-C- 
OMS). 

Anal. Calcd. for CZIH3G03S: C, 68.8; H, 9.35; S, 8.7. 
Found: C, 68.7; H, 9.2; S, 8.7. 

Reductions of Hibail-14-oize 
(I) Lithium tri-t-butyoxyah~mii~ohydride-The ketone 

(99 mg) was treated with excess reductant in tetrahydro- 
furan for 2 h at room temperature. After the work-up 
there was obtained 100 mg of a solid whose n.m.r. spec- 
trum was identical to the cyclization product. The residue 
was chromatographed on 7 g of activity I11 alumina with 
hexane (20 ml fractions)-the m.p. and t.1.c. of the frac- 
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tions showed that there was only one alcohol produced of water and the resin acids extracted into methylene 
which after recrystallization from aqueous methanol had chloride. After two washes with 20 ml of water to remove 
m.p. 114-115" undepressed on admixture with the cycliza- formic acid, the methylene chloride solution was dried 
tion product. The x-ray powder pattern was also identical and distilled. The residue crystallized spontaneously and 
with that of the cyclization product. its n.rn.r. spectrum was indistinguishable from that of 

A sample of the reduction product (52 mg) was acetyl- starting material. The specific rotation however showed a 
ated with acetic acid (2 ml), acetic anhydride (1 ml) and small positive shift (+8") showing that a slow change was 
p-toluenesulfonic acid (10 mg). After working up with taking place. 
ether, chromatography on 5 g of activity 11 alumina in Actiotz of Forttzic Acid otl Metlryl Pitjrarn-8(Il),15-rliet2- 
hexane, recrystallization from aqueous methanol, and 18-oate 
sublimation at 105' and 0.1 mm, the acetate had m.P. T l ~ e  methyl pimarate (116 mg) dissolved within 1 min 
83.5-85" raised to 84.5-86' on admixture with authentic in 10 ml of 100% formic acid. After 30 min at roo111 
material.   he x-ray powder pattern was also identical temperature the solution was diluted with 25 ml of water 
with that of the acetylated cyclization product. and the product extracted into methylene chloride. The 

(2) Litkirttn al~rmirtiutn Ityrlride-Hiban-14-0ne (93 mg) organic layer was washed with water, then sodium car- 
was reduced with excess reductant in refluxing ether bonate solution, dried, and distilled, yielding 117 mg of 
during 40 min. The product was examined as in (1) above pale-yellow gum. The n.m.1. spectrum of the gum was 
and was also found to be a single compound identical to nearly identical to that of starting material although the 
the cyclization product. The acetate was not prepared. total vinyl hydrogen count had dropped by 30% relative 

(3) Litkiutn irt ethylantine reductiotz-Hiban-14-one to the O C H ~  signal. N~ CHO-CO- or HCOO signals 
(97 mg) was reduced with lithium in ethylamhe using were present in the spectrum, 
ethanol as the proton source. The product was examined Actiorl of Forrllic Acid otl Pittlnra-8(11),15-n'ietle 
as in and (2) above and was found to be a sing1e The diene (42 mg) was stirred mecllanica]ly with 5 lnl 
compound identical to the cyclization product. The of formic acid at temperature for 75 min. 
acetate was not prepared. Solution was not complete, some 011 drops (formic acid 

Reactions of Hiban-lla-yl Mesylate dissolved in diene?) being evident. This si~nulates closely 
(I) Sodiunr forrr~ate in rlitnetl~ylfott~tati~irle-Sixt~-two the conditions during manool cyc~ization, ~h~ reaction 

mg of the nles~late in dimethyl formamide (10 ml) were mixture was diluted with 20 ml of water, the product 
heated with sodium formite (190mg) at 125" for 2.5 days. extracted into methylene cllloride, and the nletllylene 
The n.m.r. spectruln product indicated a!'- chloride solution washed wit11 sodium carbonate solution. 
parent reaction. The44mg of gum recovered from the solvent had an n.1n.r. 

(2) Sodi~rnr azide it2 ~liiiretl~ylfortizatnide-The mesylatc spectrum very similar to that of starting materials, except 
(104 rng) in dimethyl formamide (12 ml) was heated wit11 for a 20% reduction in intensity of  vinyl proton 
sodium azide (200 mg) at 125" for 16 h. The infrared signals. A weak broad HCOO- band was presellt near 
spectrum of the product showed only a trace of absorp- , 8.1 but no CHO-CO signal was detectable, ~f~~~ 
tion at 2100 crn-' (AN,). hydrolysis with potassium hydroxide in methanol, no 

(3) Sorlilttrr acetate in aqueo~rs acerotle-The mes~late CHOH signal could be detected in the n,ln.r. 
(63 mg), sodium acetate (180 mg), acetone (10 ml), and 
water (0.5 1111) were refluxed for 3 days. The n.m.r. spec- 
trum of the product showed no apparent reaction. Acknowledgments 

(4) Sodirrtiz fott~rate in formic acid-A solution of the 
mesylate (98 mg) and sodium formate (27 mg) in formic We thank Mr. A. Knoll for valuable technical 
acid (10 ml) were refluxed for 23 h. Extraction with ether assistance, Mr. R. Lauzon for high-resol~ltion 
gave a pale-yellow oil (73 mg) whose n.m.r. spectruln infrared spectra, and Mr. H. Seguin for micro- 
showed that it was entirely in the form of a formate analyses. 
(singlets at 7 5.5 and 1.73). This product was treated with 
excess lithium aluminium hydride in ether at room tem- 
perature during 10 min. The colorless solid (72 mg) 1. L. RUZICKA. Proc. Chem. Soc. 341 (1959). L. 
obtained had an n.rn.r. spectrum very similar to the RUZICKA. Pure Appl. Chem. 6, 493 (1963). 
original cyclization product. The product was chromato- 2. (a) p. R. JEFFERILS, R. S. ROSICH, and D. E. WHITE. 
graphed on 7 g of act~vity I11 alumina, eluting with hexane Tetrahedron Letten, 17g3 (1963). (6) KITAHARA 
(20 ml fractions). The t.1.c. of the fractions showed that and A. YosmKosKr. Chenl. Sot. Japan, 38, 735 

(1965) only one alcohol (35 mg) was produced. Only 58 1113 of 3, E. p. W. J ~ ~ ~ ~ ,  and J. R. M ~ ~ ~ ~ ~ ~ .  J. material was eluted from the column of which 15 mg had A,. cllem. sot. 86, 2218 ('964). 
a high Rr on t.1.c. and was presumably an olefinic product 4. (a) E. WENKERT. Chem. Ind. London, 282 (1955). 
while a further 8 mg gave several spots of lower Rr than (6) W. B. WHALLEY. Tetrahedron, 18, 43 (1962). 
the mono alcol~ol. After recrystallization of the product 5. G. HUGEL, L. LODS, J. M. MELLOR, D. W. THEOBALD, 
from aqueous methanol it had an n.m.r. spectrum and an and G. O u n n s o ~ .  Bull. Soc. Chirn. France, 2882, 
x-ray powder pattern identical to those of the original 2888 (1965). 
alcohol. 6. S. Bony and C. ASSELTNEAU. Bull. Soc. Chirn. France, 

1355 (1961). 
Actiorr of Fort~lic Acid on Isopimara-8(14),15-~ien-19- 7. (a) p. D. B ~ ~ ~ ~ ~ ~ ~ ,  W, S. T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  D. A. 

oic Acid BOLON, and G. H. SCIIMID. J. Am. Chem. Soc. 87, 
To a solution of 66 mg of the acid in 1 ml of chloro- 1314 (1965), and preceding papers of this series 

form was added 10 n11 of 98 % formic acid. After 20 min (6) W. S. JOHNSON N. P. JENSEN, and J. Hooz. J. 
at room temperature the mixture was diluted with 20 ml Am. Chem. Soc. 88,3859 (1966); W. S. JOHNSON and 
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W. S. JOHNSON, P. J. NEUSTAEDTER, and K. K. SCHMIE- 
GEL. J. Am. Chem. Soc. 87, 5148 (1965), and pre- 
ceding papers in this series. 

8. W. S. JOHNSON, W. H. LUNN, and K. FITZI. J. Am. 
Chem. Soc. 86, 1972 (1964). 

9. B. LOEV and K. M. SNADER. Chem. Ind. London. 
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(6) A. STREWIESER, JR. Solvolyt~c displacement 
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Silicon-containing condensation polymers 

SHMUEL MIGDAL, DAVID GERTNER, AND ALBERT ZILKHA 
Department of Organic C/zemistry, The Hebrew University, Jerusalem, Israel 

Received November 7 ,  1967 

Condensation polymers were prepared starting from difunctional silicon-containing carboxylic acids 
or diols. Dimethyl bisCp-carboxymethylpheny1)silane was condensed with various diols to yield polyesters 
and with various diarnines and diisocyanates to yield polyamides. Dimethyl bisb-carboxymethylphenyl)- 
silane and dimethyl bisCp-hydroxymethy1phenyl)silane were condensed with dicarboxylic acids to yield 
polyesters, with diisocyanates to yield polyurethanes, and with ethyl chloroformate to yield a poly- 
carbonate. Some of the properties of the polymers were compared with those of the corresponding 
polymers prepared from dimethyl bisCp-carboxypheny1)silane. 

Canadian Journal of Chemistry, 46, 1125 (1968) 

Condensation polymers obtained by the re- 
action of difunctional monomers such as diacids 
with diols to yield polyesters, or diacids with 
diamines to yield polyamides have various im- 
portant uses. It was interesting to incorporate a 
metal, such as silicon, into such condensation 
polymers. Some silicon-containing condensation 
polymers based on dimethyl bis(p-carboxy- 
pheny1)silane were reported (1). 

We have recently synthesized (2) dimethyl bis- 
(p-carboxymethylphenyl)silane (1) and dimethyl 
bis(p-P-hydroxyethylpheny1)silane (3) and now 
report the synthesis of dimethyl bis(p-hydroxy- 
methylpheny1)silane (2). 

These are suitable bifunctional monomers con- 
taining silicon which were utilized for the syn- 
thesis of polyesters, polyamides, polyurethanes, 
and a polycarbonate containing silicon in their 
backbone. 

Some of the properties of the polymers were 
determined and compared with those of the 

corresponding polymers prepared from dimethyl 
bis(p-carboxypheny1)silane (4). 

Equivalent amounts of various diols and 1 
were heated to give polyesters (Table I). The re- 
action mixture was heated initially under atmos- 
pheric pressure and then in vacuo. The polyesters 
obtained were low-melting or viscous. They were 
soluble in acetone, benzene, and m-cresol. Their 
molecular weights were not high and had a low 
specific viscosity. Diols having a rigid backbone 
such as 1,4-cyclohexane dimethanol and 2- 
butyne-1,4-diol gave solid low-melting polymers, 
ethylene glycol gave a still lower melting product, 
while its higher homologues gave viscous prod- 
ucts. Comparison of these polyesters with the 
corresponding ones prepared from 4, shows that 
the latter had a melting point higher by about 
100". 

Silicon-containing polyesters prepared by re- 
action of 2 with aromatic diacids were solid, with 
aliphatic diacids such as adipic acid were vis- 
cous, while with the silicon-containing diacids 
4 and 1 they were solid, the former having the 
higher melting point (Table I). The polyester 
obtained by reaction between 3 and 4 was 
viscous. 

Silicon-containing polyamides were obtained 
by heating the silicon-containing diacids either 
with diamines (or heating the preformed diam- 
monium salt) or with diisocyanates. Initially the 
heating is conducted under atmospheric pressure 
and then in vacuo. The polyamide obtained from 
1,6-hexane diamine and 1 had a melting point 
lower by about 90" than the corresponding poly- 
amide obtained from 4. More rigid diamines gave 
higher melting polymers. The polyamides were 
insoluble in ordinary organic solvents, such as 
chloroform, acetone, and alcohol, but were 
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TABLE I 
Silicon-containing polyesters* 

-- 
COOH OH 

Melting valuc, mg value, mg Carbon (%) 
ti 

- Hydrosen (%) 2 
point % NaOH/g NaOH/g 2: 

Diacid Diol "C y~eld Poly~ner Polymcr Mn 12 Calculatedp Found Calculated-1 Found ;j 
-. 

1 1,2-Ethane 27 92 12.3 11.7 3330 9 . 4  67.42 67.42 6.24 6.33 g 
1 1,6-Hexanc -J; 100 16.2 21.9 2100 5.1 69.62 70.18 7.35 
1 Dig01 -x 65 40.4 40.9 980 2.5  65.67 64.53 6.72 ::;: $ 
1 1,2-Propane 26 - 44.8 - - 66.84 66.15 6.63 6.71 o ,, 
4 1,4-Cyclohexane 130 64 12.8 13.3 3070 7.5 70.15 69.36 6.89 6.70 

Dimethanol 
4 1,2-Ethane 134s - - - - - - - - - 

Adipic 2 -$ 82 33.1 34.9 1180 3.1 68.04 68.51 6.87 6.63 5 
Terephthalic 2 50 50 40.4 39.4 1010 2.5 70.07 69.65 5.59 5.50 2 

4 2 6611 70 22.5 26.1 165071 3.1 70.84 71.68 6.03 
4 0 ~  

6.30 5 
1 2 93 10.3 15.4 3160ti 5.5 71.96 72.72 6.41 6.40 
4 3 -6 86 35.1 35.6 1130 2.1 71.17 71.14 6.46 6.36 

'Equivalent amounts of diacid and diol were heated as described before. e 
tThe  elementary analyses were calculated for the various 11 values. 01 

 viscous. - 
$Reported in ref. 1, intrinsic viscosity in 111-cresol 0.64 dl/$. w 
I)Intrinsic viscosity in 111-cresol, 0.06 dl/g,. 

'7, 
m 

lIMol~cu!nr weight as determined by vapor pressure osnlomeler, 2200. 
**Intr~ns~c viscosity in 111-cresol, 0.17 dl/$. 
ttMolccular weight as dctermincd by vapor pressure osmometer, 2820. C
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MIGDAL ET AL.: SILICON-CONTAINING CONDENSATION POLYMERS 1127 

soluble in formic acid, acetic acid, and in n.1- Anal. Calcd. for C1GH2002Si: C, 70.59; H, 7.35. 

cresol. Found: C, 70.93; H, 7.32. 

Polyurethanes were prepared by heating 3 a t  
200-240" with 2,4-toluylene diisocyanate or with 
1,6-hexane diisocyanate. The corresponding 
polymers obtained from 2 had the higher melt- 
ing points. The polymers obtained from the 
aromatic diisocyanate had the higher melting 
point (see Table 11). 

A polycarbonate was prepared by reacting 2 
with ethyl chloroformate in the presence of pyri- 
dine to give the dimixed carbonate ester which on 
heating in vacuo in the presence of titanium 
tetrabutoxide (3) gave the polymer, which was 
low-melting. 

0 
CHs / I  

CIC-OEt (excess) 
H O C H I e # i e C H , O H  , pyridine d 

CH 3 

The results show that iiltroduction of an addi- 
tional methylene group either in the diacid or in 
the diol lowers the melting point of the conden- 
sation polymers. 

Experimental 
Materials 

Conlpounds 1, 3, and 4 were prepared and purified as 
previously described (1-3). Compound 2 was prepared as 
follows. 

Ditnet/ljrl Bis(p-/zy~~ro,~ynzet/~~~~/zet~y~) silane (2) 
To a suspension of lithium aluminium hydride (3.8 g, 

0.1 mole) in dry tetrahydrofuran (200 ml), dimethyl bis(p- 
carboxyp1ienyl)silane (1) (11 g, 0.037 mole) in dry tetra- 
hydrofuran (200 ml), was added dropwise, so that there 
was a gentle reflux. The reaction mixture was heated under 
reflux for a further 2 h and cooled in an ice-bath. Crushed 
ice was added cautiously to destroy excess lithium alumin- 
ium hydride, the solvent was evaporated in uacuo, and 5 % 
sulfuric acid was added. The mixture was extracted with 
ether, and the extract was washed with sodium carbonate 
(10%) followed by water and dried over sodium sulfate. 
The ether was distilled off in unclro, the residue was left in 
the cold under petroleum ether, and 2 (7.2 g, 71 %) crys- 
tallized out and was collected; m.p. 52'. 

Nutnber-average Molec~ilar Weic/zts 
The carboxyl end groups in the polyesters were deter- 

mined by direct titration of the polymer in water-acetone 
solution using phenol-phthalein as indicator. 

The hydroxyl end groups were determined by using 
pyridine -acetic anhydride acetylation reagent (4). 
Number-average molecular weights were determined from 
the hydroxyl and carboxyl end groups (5). 

The carboxyl and amine end groups in polyaniides were 
determined by anhydrous titration (6, 7). The former by 
suspending the polyamide in dry dioxane, and titrating 
with potassium methoxide in benzene-methanol using 
thymol blue as indicator, and the latter by titrating with 
perchloric acid in acetic acid, using crystal violet as 
indicator. 

Typical examples of the polycondensations are given 
below, the rest being suinmarized in the Tables. 

Polyester from Dirnetl~yl Bis(p-carboxynzetl~ylp/~et~yl)- 
silane ( I )  mzd 1,4-Cyclo/zexane Di~nethat~ol 

Compound (1) (1.08 g, 3.3 mmole) was heated in a 
glass tube with redistilled 1,4-cyclohexane dimethanol 
(0.475 g, 3.3 mmole) under argon at atmospheric pressure 
at 190" for 8 h. The reaction mixture was then heated in 
uacuo (2mn1 pressure) at 190' for 36 h. The yellowish 
polyester solidified on cooling, yield 1.33 g (92%), m.p. 
4548'. It had a carboxyl value of 92.3 mg NaOH/g poly- 
mer and a hydroxyl value of 62.0 nig NaOH/g polymer, 
which leads to a ~nolecular weight of 5000 (11 = 11.5). 
It is soluble in acetone and benzene and fillns can be cast 
from these solvents. 

Anal. Calcd. for (CZGH3204Si),,: C, 71.31; H, 7.35. 
Found: C, 71.69; H, 7.45. 

Salt from ( I )  and 1,6-Hexanedia~nine 
To a solution of (1) (0.5 g, 1.52 n~mole) in absolute 

ethanol (3 ml) and dry ether (10 ml), a solution of 1,6- 
hexanediamine (0.182 g, 1.57 inmole) in absolute ethanol 
(3 ml) and dry ether (2 rill) was added. The salt precipi- 
tated immediately and the mixture was boiled and cooled, 
yield 0.62 g (92%), n1.p. 185-187". 

Anal. Calcd. for CZ4H3604NZSi: N, 6.31. Found: N, 
6.20. 

Polyan~icle frorn ( I )  and 1,6-Hexanediambze 
The above 1,6-hexanediammonium salt (1.2 g, 2.7 

mn~ole) was heated for 2 h under argon at 190" at atmo- - 
spheric pressure, and then for 6 h itz uacuo (2 mm). The 
polyamide solidified on cooling, yield 0.97 g (89%), n1.p. 
10O0, (polyamide of 4 and 1,6-hexanediamine, m.p. 190"). 
The carboxyl and amine end groups were determined by 
anhydrous titration with sodium inethoxide and per- 
chloric acid respectively. The polymer contained 0.20 
mmole amine groups/g and 0.23 mniole carboxyl groups/ 
g. This gives a number-average molecular weight of 4650 
(12 = 11) for the polymer. 

Anal. Calcd. for (C24H3202N2Si)n: C, 70.24; H, 7.86; 
N, 6.21. Found: C, 69.93; H, 7.75; N, 6.47. 

Polyarnide from ( I )  mzd Etlzylenediatnitze 
Equivalent amounts of 1 and redistilled ethylene di- 

amine were heated at 190' as before. The polyamide was 
obtained in 87% yield, m.p. 140-142". The polymer was 
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TABLE I1 
C. 

Silicon-containing polyurethanes* E 
g 

Melting Carbon (%) Hydrogen (%) Nitrogen (%) 
point % 8 

Diol Diisocyanate "C yield Formula Calculated Found Calculated Found Calculated Found n 
$ 

*Equivalent amounts of the diol and diisocyanate were heated as described before. C 
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MIGDAL ET AL.: SILICON-CONTAINING CONDENSATION POLYMERS 1129 

purified by extraction with boiling ethanol. It contained evaporated. To the oily ester, a drop of titanium tetra- 
6.24 m o l e  amine end groups/g and 0.30 mmole carboxyl butoxide was added, and was heated slowly to 240' for 
groupslg. This gives a molecular weight of 3700 (n = 11) 4 h. The polycarbonate solidified and was washed 
for the polymer. thoroughly with petroleumether, ethanol, ether, and then 

Anal. Calcd. for (CZOH2402Si)n: C, 67.87; H, 6.84; N, dried; yield 0.38 g (3573, m.p. 47-52". 
7.20. Found: C, 68.18;H,7.08; N, 6.9. Anal. Calcd. for (C1,H1803Si),: C, 68.46; H, 6.11. 

Found: C, 68.30; H, 6.14. 
Polyamide from (1 )  and 2,4-To/uylene Diisocyanate 

Compound (1) (1 g, 3.05 mmole) and redistilled 2,4- DimethylEster of Dimethyl Bi~(~-carbox~n~etI~~~I~e~z~l)- 
toluylene diisocyanate (0.531 g, 3.05 m o l e )  were mixed silane 
and heated for 1 h at 1900, and for 3 h at 240°. polyamide This ester which is a useful intermediate in the prepara- 
(1.2 g, 95%) was obtained, m.p. 175-180". It was ex- tion of condensation polymers of (1) was prepared as 
tracted with boiling ethanol. follows: compound (1) (2 g, 6.1 mmole) was added to 

Anal. Calcd. for (C25H260ZNZSi)n: C, 72.5; H, 6.23; absolute methanol (10 ml), a drop of concentrated sul- 
N, 6.77. Found: C, 69.76; H, 6.41; N, 6.73. furic acid was added and the reaction mixture was refluxed 

for 6 h. The methanol was driven off 61 vacuo, water was 
Polyurethane from Dimethyl Bis(p-hydroxyrnethy&I~e~zyl)- added, and the ester was extracted with ether. The ex- 

silane (2) and 2,4-Toluylene Diisocyanate tract was washed with bicarbonate solution, followed by 
2,4-Toluylene diisocyanate (0.322 g, 1.85 m o l e )  and 2 water and dried over magnesium sulfate. The oily ester 

(0.502 g, 1 ,84mole) ,  were heated under argon so that the (1.56 g, 72%) was recovered on evaporation of the ether. 
temperature reached 240" after 30 min. The heating was Anal. Calcd. for Cz0H2,O4Si: C, 67.41; H, 6.74. 
continued for 3 h. The polymer solidified on cooling and Found: C, 67.08; H, 6.44. 
was washed with ethanol, yield 0.74 g (90%). 

Anal. Calcd. for ( C Z S H ~ ~ N Z O ~ S ~ ) , ~ :  C. 67.26; H, 5.83; 1. S. B. SPECK. J. Org. Chem. 18,1689 (1953). 
N, 6.28. Found: C, 67.02; H, 5.64; N, 6.70. 2. A. ROTMAN, D. GERTNER, and A. ZILKHA. Can. J. 

Chem. 45, 1957 (1967). 
Polycarbonate from 2 3. H. SCHNELL. Chemistry and physics of polycarbonates. 

To a solution of 2 (1 g, 3 68 m o l e )  in pyridine (10 ml), Interscience Publishers, New York, N.Y. 1964. p. 24. 
redistilled ethyl chloroformate (1.02 g, 9.45 mmole) was 4. B. A. FEIT, D. RAUCHER, and A. ZILKHA. J. Appl. 
added, and the mixture was stirred in the cold for 2.5 h. Polymer Sci. 9, 2379 (1965). 
Ice (8 g) was added to destroy excess ethyl chloroformate, 5. W. R. and T. W. CAmBELL. Preparative 
the mixture was left overnight and extracted with ether. methods of polynler chemistry. Interscience Publishers, 

New York, N.Y. 1961. p. 134. The ether layer was washed by dilute hydrochloric acid 6. A. pATCHoRNrK and S. E ~ ~ ~ ~ ~ - R ~ ~ ~ ~ ~ ~ ~ ~ ~ .  ~ ~ ~ 1 .  
(7 %) followed by water, dried over magnesium sulfate, and them. 31, 985 (1959). 
distilled in vacuo. The dimixed carbonate ester was ex- 7. M. SELA and A. BERGER. J. Am. Chem. sot. 77, 1893 
tracted with petroleum ether, and the petroleum ether (1955). 
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Nucleosides. XLIX. Nuclear magnetic resonance studies of 2'-and 3'-halogeno 
nucleosides. The conformations of 2'-deoxy-2'-fluorouridine and 3'-deoxy- 

3'-fluoro-p-D-arabinofuranosyluracil 

ROBERT J. CUSHLEY,' JOHN F. CODINGTON,~ AND JACK J. FOX 
Division of Biological Chemistry, Sloan-Kettering Itutit~lte for Cancer Research, Sloatz-Kettering Divisiolz of Cort~ell 

University Medical College, New York 21, New York 

Received October 17, 1967 

Nuclear magnetic resonance data for a series of 2'-halogeno and 3'-halogeno pyrimidine nucleosides 
are presented. Using a combination of proton-proton and proton-fluorine couplings vs. dihedral angle 
values 2'-deoxy-2'-fluorouridine is proposed to have an envelope conformation with G 3 '  endo, and 
1-(3-deoxy-3-fluoro-B-D-arabinofuranosy1)uracil proposed to have a twist conformation with O-ring 
endo and C-1' exo. Correlations between substituent electronegativity and both vicinal coupling con- 
stants and internal chemical shifts are discussed. 

Syntheses of several new 2'-halogeno and 3'-halogeno nucleosides are described. 

Canadian Journal of Chemistry, 46, 1131 (1968) 

Previous reports from this laboratory described 
the synthesis and structure of several 2'-halo- 
geno-2'-deoxyuridines, (l(F,Cl,Br)) (I), and two 
diacetates (2(F,C1)) (2). The 2'-fluoro compound 
(l(F)) was degraded to a 2-fluoro sugar which 
was shown to be 2-deoxy-2-fluoro-D-ribose. Its 
tribenzoate was shown to be 1,3,4-tri-0-benzoyl- 
2-deoxy-2-fluoro-P-D-ribose by chemical studies 
(3) and nuclear magnetic resonance (n.m.r.) 
spectroscopy (4). 

A complete series of halogeno compounds 
would provide an extremely interesting group of 
compounds in which to study, by n.m.r. spectros- 
copy, the effect of halogeno substituents on the 
5-membered furanose ring. Therefore, 2'-deoxy- 
2'-iodo-uridine (I), the diacetates of the 2'- 
bromo, 2'-iodo, and 2'-deoxy nucleosides (2), 
and the 3'-halogeno nucleosides, 3(F, Cl, I),were 
prepared. The complete series studied is listed in 
Fig. 1. 

This report deals with the effect of substituents 
on chemical shifts of certain protons and the 
effect of halogens on the conformation of the 
furanose ring as reflected by the various coupling 
constants. 

In the ideal situation, of course, to  study the 
effects of halogen atoms on coupling constants it 
is necessary to deal with compounds in a single 

'Present address: Section of Physical Sciences, Yale 
University School of Medicine, New Haven, Connecticut. 

2Present address: Laboratory for Carbohydrate Re- 
search, Departments of Biological Chemistry and Medi- 
cine, Harvard Medical School and Massachusetts General 
Hospital, Boston, Massachusetts. 

conformation. At the present time, too, the pre- 
cise conformation of a furanose ring cannot be 
determined by proton-proton coupling con- 
stants with certainty (5, 6). The various proper- 
ties, as well as bond angles (7), contributing to 
the coupling constant in the carbohydrate series 
have been summarized recently (4). 

Recent work by Williamson et al. (8) and Hall 
and Manville (9) on the Karplus-type relation- 
ship of viciilal proton-fluorine coupling con- 
stants and proton-fluorine dihedral angles pro- 
vided us with the unique opportunity of checking 
the conformation of the 2'-fluoro nucleoside 
1(F) and 3'-fluoro nucleoside 3(F), proposed on 
the basis of the proton-proton couplings, by the 
vicinal proton-fluorine couplings. Unfortunately 
the spectrum of the fluoro diacetate 2(F) was not 
sufficiently resolved in the solvents used to 
permit complete analysis of its conforination to 
be made. 

The n.m.r. spectrum of 2'-deoxy-2'-fluoro-p- 
D-ribofuranosyluracil in DMSO-d, - D 2 0  and 
D 2 0  is depicted in Fig. 2. The assignments of 
H-1' (6 5.91), H-2' (6 5.02), and H-3' (6 4.15) are 
consistent with the vicinal and geininal H-F 
couplings found: 17.7, 55, and 19.5 Hz respec- 
tively (10). The large proton-fluorine coupling 
constants allow ready assignments of the protons 
and also allow a determination of the magnitude 
of J,-,,,,-,, to be made by first order analysis of 
the low-field lines of the H-3' octet. In D,O, the 
n.m.r. spectrum of the region H-3', H-4', H-5', 
H-5' becomes clearer (insert, Fig. 2). The split- 
tings JH-,,,,-,. = 8.0 Hz and JH-2r,H-3, - - 4.6 Hz 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



H O C K  0 

ici;l 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

1 OAc 
FIG. 1. The series of halogeno compounds studied. 

are slightly larger than those determined in 
DMSO-d6 - D20 .  Since the chemical shifts are 
also greater the splittings are more first order. 
Although all other coupling constants remained 
unchanged in D 2 0 ,  JH-,.,, increased slightly to 
18.6 Hz from that shown in the figure. 

The n.m.r. spectrum of 3',5'-di-0-acetyl-2'- 
deoxy-2'-fluoro-P-D-ribofuranosyluracil, 2(F), 
could not be analyzed completely since part of 
the H-2' signal was buried beneath H-3', and 
H-4' was buried beneath the H-5' signals. First 
order analysis along with frequency-sweep 
double resonance did give, in DMSO-d6 - D 2 0 ,  
JH-l,,H-,, = 2.0 HZ, JH-,, H-3, - 6.0 HZ, and 
JH-5,H-6 = 8.0 HZ. Also 19F spectroscopy (94.1 
MHz and frequency-sweep lock mode) gave a 
multiplet at 144 t- 1 p.p.m. from external CCl,F, 
JH-,,,, = 21.0 HZ, JH-,,,, = 52.0 HZ, and JH-,,,, 
= 18.0 Hz which substantiated the H-F coup- 
ling constant values found in the proton spec- 
trum. The values are close to those found for the 
unacetylated compound 1(F) but JH-, ,,,-, , has in- 
creased from 4.3 Hz for 1(F) (Fig. 2) to  - 6.0 Hz. 
The increase in JH-2r,H-3, reflects a decrease in 

the (3')C-0, C-F dihedral angle of a few 
degrees. The large gauche interaction of (3')- 
C-OAc, (4 ')C-CH20Ac would be expected 
to play a greater role in determining the confor- 
mation than would the C-F, (3')C-OAc inter- 
action. Such contributions should be reflected in 
the lower (3')C-0,C-F dihedral angle. The 
(3')C-OAc, (4')C-CH20Ac dihedral angle 
would thus increase leading to a decreased 
JH-,,,,-,, which, unfortunately, we were unable 
to discern. 

Using the data of Williamson et al. (8) a rough 
curve of JH,, vs. dihedral angle (0) was con- 
structed using average values. A similar rough 
curve was constructed from the data of Hall and 
Manville (9). The H,F coupling constants can be 
expected to  be affected by the same factors 
which influence the H,H coupling constants (7b). 
For instance Williamson et al. have shown that 
for compounds where the dihedral angle, 0, 
equals 0" J?, varies from 10.5-30.8 Hz (8) 
although some distortion of the angle from 0" 
probably accounts for part of the disparity (8). 

The dihedral angles between vicinal nuclei 
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CUSHLEY ET AL.: NUCLEOSIDES. XLIX 

FIG. 2. Proton magnetic resonance spectrum (100 MHz) of 2'-deoxy-2'-fluorouridine, 1(F), in1DMSO-d6 - D,O 
solution with tetramethylsilane as internal standard. 

calculated from coupling constants for 1(F) are 
given in Table I. The data strongly suggest that 
in D 2 0  solution the furanose ring adopts an 
envelope conformation with C-3' endo as defined 
by Jardetzky (13). The H,F coupling constants 
give remarkable agreement with the H,H coup- 
ling constants and no other conformation, 
neither envelope (analogous to Cs symmetry in 
cyclopentane) nor twist (C2 symmetry in cyclo- 
pentane), agrees nearly as well with the data 
given in Table I. The conformation presented in 
Table I is also the one in which the non-bonded 
interactions are minimal. The conformation does 
not resemble any previously proposed for 2'- 
deoxyribofuranosyl nucleosides from n.m.r. data 

(14-16) or x-ray data (17) but is the same as that 
found by x-ray data for cytidine (18), a ribo- 
furanosyl nucleoside, and by n.m.r. data for 
certain ribofuranosyl pyrimidines (13). Hence it 
appears that polar effects of the C-F bond 
rather than steric considerations are mainly 
responsible for the adoption of the C-3' endo 
conformation in 1(F). The C-F,C,,-N di- 
hedral angle is approximately 149" (trans) and 
the C,t-0, C-F dihedral angle is 46" (cis). 

The n.m.r. spectrum of 3'-deoxy-3'-fluoro-P- 
D-arabinofuranosyluracil, 3(F), is depicted in 
Fig. 3. In order to get the best spectrum, it was 
necessary to use acetone-d, - D,O as solvent. 

Frequency sweep decoupling from the center 
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7 6 5 4. 
FIG. 3. Proton magnetic resonance spectrum (100 MHz) of l-(3-deoxy-3-fluoro-~-arabinofuranosyl)i1racil, 3(F), 

in acetone-[I, - D,O with tetramethylsilane as internal standard. 

TABLE I of the anomeric quartet at 6 6.07 gave a quartet 
Confor~nation of 2'-deoxy-2'-fluorouridine (l(F))* from centered 6 4.38, J,,-,,,,-,, = 2 Hz, JH-z,,F = 13.5 

coupling constant data Hz. As well, the two triplets due to H-3' in the 

Dihedral angle (degrees) figure sharpened showing a very small H-l', H-3' 
Coupling coupling. Furthermore the 12 lines assigned to 

constant (Hz) Tl~eoryf Calculated H-4' (6 4.22) were clearly visible. A triple irradi- 

H-l',H-2' 2.0 9 1 loot.ll90 ation experiment of both halves of the H-3' 
H-2', H-3' 4.6 46 415- 54:~ resonance signal was only moderately successful. 
H-3', H-4' 8.0 166 

29 
144:t-1590 However, the H-I' quartet was perturbed, the 

H-1', F 18.6 7 - 2011 
H-3', F 20.2 166 158 -16011 H-2' signal showed a rough quartet with 

'This compound, 
JH-l,,H-2, -4 Hz and JH-,,,, N 13.5 HZ, and the 
peaks assigned to  the H-4' signal gave a rough 
doublet of triplets J,-,,,,--27 Hz and JH-,, ,,-,. - 5 HZ. The two C-5' protons gave a pseudo- 
doublet ( J =  5.0 Hz) centered at 6 = 3.81 in 

I I 
contrast t o  the octet seen for the C-5' protons of 

F 1(F) (Fig. 2). Such pseudo-doublets for the C-5' 
l , X = F  protons have been found for a host of f~~ranosyl 

tBascd on perfect cyclopcntanc gcornetry (11) for an  cnvclope con- 
format~on for UF). pyrimidine nucleosides (19). The assignments of 

$Value after Lcrnieux et a / .  (12). 
§Value after Karplus (7). H-2', H-3', and H-4' are consistent with the 
llLo.wer value aftcr Williamson er al. (8): upper value after Hall and 

Manv~llc (9). vicinal and geminal H,F couplings found: 13.5, 
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CUSHLEY ET AL.: NUCLEOSIDES. XLIX 1135 

51, and 27 Hz respectively (10). Also, a long- 
range H,F coupling of 2.0 Hz is found between 
the anomeric proton, H-1 ', and the C-3' fluorine. 
It should be noted that from the method of 
synthesis of 3(F) (trans opening of 1-(2,3-epoxy- 
P-D-lyxofuranosyl)uracil by HF) the 2'- or 3'- 
fluoro nucleosides are possible. The n.m.r. data 
listed above firmly establish the structure of 3(F) 
as 1 -(3-deoxy-3-fluoro-P-D-arabinofuranosy1)- 
uracil. 

Dihedral angles for 3(F), calculated from the 
coupling constant data, are given in Table 11. As 
seen from Table 11, the data best fit a twist 
conformation with the ring oxygen endo and C-1' 
exo based on perfect cyclopentane geometry (1 1). 
The fit from the H-F coupling data is not quite 
as good as that found for compound 1(F) 
(Table I) but is by far the best fit of the ten possi- 
ble conforn~ations based on Cs or C2 cyclo- 
pentane geometry. The conformation depicted is, 
again, the one which would have been predicted on 
conformational grounds. Furthermore. decreas- 

u 

ing the angle of pucker of O-ring slightly and/ 
or increasing the angle of pucker of C-1' slightly 
(placing the aglycon in a more "equatorial" 
orientation) alters all dihedral angles sufficiently 
to obtain a better fit with the calculated  angle^.^ 
Increasing the pucker of C-1 ' slightly also brings 
H-1' and F closer together and could account 
for the long-range coupling observed. Their 
positions would approach the syn-axial orien- 
tation of cyclohexane compounds-an orien- 
tation which has been shown to be necessary for 
long-range H,F coupling in saturated ring sys- 
tems (21). It should be noted that the discrepancy 
is in the H,F coupling which might be expected. 
An envelope conformation with C-1 ' endo would 
give an H-4',F dihedral angle of 0" (calcd. 0") 
and an H-2',F dihedral angle of 29" (calcd. 
24-39") but the H-2', H-3' dihedral angle of 149" 
would be > 30" from that calculated (calcd. 
100-119") and the aglycon and C-4' hydroxy- 
methyl groups would be syn-axially opposed. 

TABLE I1 
Conformation of 3'-deoxy-3'-fluoro-p-D-arabinofurano- 

syluracil (3(F))* from coupling constant data 

Dihedral angle (degrees) 
Coupling 

constant (Hz) Theory? Calculated 

H-l', H-2' 4 .0  39 45s -59$ 
H-2', H-3' 2.0 105 loo$-1195 
H-3', H-4' 2.0 105 lOO$-ll9s 
H-2', F 13.5 15 24 - 3911 
H-4', F 27 15 0 11 

*This compound, 

?Based on perfect cyclopentane geometry (1 1) for a half-chair con- 
forrnatlon for 3@). 

$Value after Lernieux et at. (12). 
$Value after Karplus (7). 
J1Lo\\,er value after Williamson et al. (8); upper value after Hall and 

Manville (9). 

It should further be noted that application of 
the vicinal H-F coupling constant vs. dihedral 
angle correlation, a linear correlation, proposed 
by White (22) for a series of chlorinated 2,2- 
difluoropropanes does not apply to the f~~ranose  
ring systems. 

The n.m.r. data for the compounds listed in 
Fig. 1 are given in Table 111. In the case of the 2'- 
halo compounds (1) the halogen atom to  a large 
extent determines the conformation of the com- 
pound. Comparison of 1(F) with 1(H), whose 
J,-,,,,,, = 6.9 Hz, shows that the conformation 
of 2'-fluoro-2'-deoxyuridine is substantially dif- 
ferent from 2'-deoxyuridine. In Table I11 we see 
that the JH-lt,,l-2t values vary from 2.0 Hz for 
1(F) to 7.0 Hz for 1(I). Such a large discrepancy 
cannot be accounted for solely by an electro- 
negativity effect of the halogen upon the vicinal 
H,H coupling constant (23-25) and must be due 
additionally to a gradual change in the confor- 
mation of the furanose ring as the substituent - 
varies from fluorine to  iodine. Laszlo and 

3The distortion gives an increased C-l', C-2' dihedral schleyer have found that the effect of electro- 
angle which approaches in magnitude the value proposed 
by Jardetzky (20) for furanosyl nucleosides. Jardetzky negativity of substituents on vicinal coupling 
proposed a twist conformation in which the two atoms constants accounts for only a maximum change 
out of plane (the endo and exo atoms) have their groups Of 20 % in the coupling constant (25). in a staggered ethane configuration (O = 60"). This value 
differs from that proposed by Pitzer and Donath (11) for The JH-I,.H-z, values for the 2'-halogeno nucle- 
cyclopentane (@ = 48") and would probably occur in osides are found to increase with the increasing 
compounds bearing "equatorial" substituents at  the endo 
and exo atoms. Since O-ring is the endo atom in 3(F) size of 2'-substituent. The calculated dihedral 
the amount of puckering is probably not as great. angle between H-1' and H-2' increases from 
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TABLE 111 
Nuclear magnetic resonance data for 2'- and 3'-halogeno and related nucleosides 

Compound I* in DIOt Compound 2* in DMSO-d6$ Compound 3* in DMSO-d6$ 

F C1 Br I H OH Fs C1 Br I H OAc F C1 I 

'Compounds 1.2, and 3 have the structures 

TChemical shiFts (6) are in p.p.m. from sodium 2.2-dimethyl-2-silapentane-5-sulfonate as internal standard. Coupling constants are in Hz. 
STetramethyls~lane as internal standard. 
§Small dfop of D,O added to solution. 
IlDeterm~ned by field sweep decoupling from the H-l'signal. 
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CUSHLEY ET AL.: NUCLEOSIDES. XLIX 1137 

FIG. 4. Plot of electronegativity (ER) versus coupling constants JH-l,.H-Zr. Notation O refers to compounds 1 and 
A refers to compounds 2. 
FIG. 5. Plot of electronegativity (ER) versus internal chemical shift 6H.i. - 8H-Z,. Notation O refers to compounds 

1 and A refers to compounds 2. 

approximately 119" to approximately 151" 
(Karplus) for the series 1(F) to l(I), thus paral- 
leling the size of the sub~tituent.~ 

Figure 4 lists a correlation between JH-ll,H-2t 
and the Huggins' electronegativity value ER (26) 
for both the series of 2'-substituted ribofurano- 
syluracils (1) and their 3',5'-di-0-acetyl deri- 
vatives (2). The ER value for OAc is taken from 
Laszlo and Schleyer (25). In spite of the fact that 
conformational changes occur in the furanose 
moiety there is a good correlation between 
JH-l.,H-2, and ER in both series, and they are in 
the expected order. This suggests that the effect 
of electronegativity and dihedral angles are 
additive in flexible ring systems of the same series 
and that other effects contributing to the magni- 
tude of vicinal coupling constants (7b) are small. 

It has been established (27) that not only does 
Jvic vary as ER but also varies as the orientation 
of the electronegative substituent. The corre- 
lation between Jvic and ER presented here could 
include a correlation between Jvic and the orien- 
tation of the electronegative substituent over the 
vicinal dihedral angle range observed with com- 
pounds 1 and 2. 

4The actual increase in the C-1', C-2' dihedral angle is 
not 32" since, of course, part of the increase in the magni- 
tude of the coupling constant for the series 1(F) to l(1) is 
accounted for by the decreasing electronegativity of the 
substituent (23). 

For the series of 3-substituted arabinofurano- 
syluracils (3) there is also a rough correlation 
between J, -,.,,-, , and ER. However the series is 
not complete and some of the coupling constants 
recorded in Table I1 are only approximate. Yet 
with compounds 3(F), 3(OH), and 3(C1) the 
vicinal H-2',H-3' coupling constant follows the 
electronegativity of the 3'-substituent. It will be 
seen that for the 3'-halo nucleosides 3, the 
JH_,,,,-,. values vary only from 4.0 to 6.0 Hz in 
contrast with the much greater range encoun- 
tered in compounds 1 and 2. 

For the compound series 1, 2 and 3 listed in 
Table 111, the chemical shift data are of interest. 

In Fig. 5 are listed the internal chemical shift 
data H-1' - H-2' vs. Huggins' electronegativity 
values. In all cases the chemical shifts involved 
were determined by first order analysis or double 
resonance techniques. Again there is a correlation 
between internal chemical shift and electro- 
negativity. The fit is seen to be very good for the 
correlation between internal chemical shift and 
electronegativity for compounds containing sub- 
stituents of low electronegativity but, as the 
electronegativity of the substituent increases, 
there is a greater deviation from a straight line 
relationship. For instance the points for 1(OH 
and F) and 2(OAc and F) are farther from their 
respective plots than those for the other sub- 
stituents. These results can best be explained on 
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the basis of an angular dependence of the 
internal chemical shifts 6,-,, - 6,-,, on the di- 
hedral angle between H-1' and H-2'. As stated 
above there is a significant change in this dihedral 
angle in both series of compounds 1 and 2. Since 
the shieldings of the two protons can be expected 
t o  be most affected by an inductive and an 
anisotropic effect of the substituent X, it stands 
t o  reason that the anisotropic effect (which is 
angularly dependent) should vary as the orien- 
tation of the substituent is varied. In the earlier 
work by Williamson (23) and Laszlo and 
Schleyer (25) concerning the effects of electro- 
negativity of substituents on internal chemical 
shifts in rigid norbornene derivatives, it was 
suggested that there might be an angular depen- 
dence of the substitueilt electronegativity effects 
on the internal chemical shifts. However, only 
two angles were studied, 0" and 120°, and the 
electronegativity values used were those of 
Cavanaugh and Dailey (28). Such electronega- 
tivity values, which were derived from chemical 
shift data, probably reflect some magnetic aniso- 
tropy contributions (23). On the other hand, our 
work on the more flexible furanose ring (Fig. 5) 
uses true electronegativity values and hence does 
not include a term for variations due to  different 
orientations of the electroilegative substituent X. 

In the case of the 3'-substituted arabiilo com- 
pounds, 3, in Table 111, there is also a correlation 
between the internal chemical shifts 6,-,, - 6,-,, 
and the Huggins' electronegativity values, E,. As 
with that previously described for J,,-2r-,-,, vs. 
E,, above, the fit is not as good as that found for 
the series 1 and 2 and is not included in Fig. 5. 
The poorer fit in this case may again be account- 
ed for simply by the fact that some of the H-3' 
signals for the compounds 3 are only approxi- 
mate. 

Synthetic Stirdies 
The reaction of 1-(2,3-epoxy-P-D-lyxofurano- 

sy1)uracil (29) with anhydrous H F  in dioxane 
gave 1-(3-deoxy-3-fluoro-P-D-arabinofuranosy1)- 
uracil, 3(F), in crystalline form. The reaction did 
not proceed readily and after 41 h at 116" 
starting material was still present in the reaction 
mixture. The reluctance of 2,3-epoxides of sugars 
to  react with this reagent was consistent with the 
experience of Taylor et al. (30). Under less 
strenuous conditions, H F  in dioxane had been 
found to give 2'-deoxy-2'-fluoro pyrimidine 

nucleosides in good yield from the appropriate 
2,2'-anhydro derivatives (1). The fluoro nucleo- 
side 3(F) was separated from other products of 
the reaction by partition chromatography on 
Celite (3 1). Six other crystalline nucleoside deriv- 
atives were isolated from the reaction mixture. 
Although two of these contained approximately 
one atom of fluorine per molecule, neither was 
the expected 2'-deoxy-2'-fluoro-P-D-xylofurano- 
syluracil, as shown by their n.m.r. spectra, and 
these were not investigated further. 

Other 3'-deoxy-3'-halogeno nucleosides of the 
arabino configuration (3,(C1, I)) were prepared by 
the action of the halogen acid in aqueous medi- 
um. The chloro derivative was obtained as two 
isomorphs. The melting point of one of these 
agreed with that reported by Naito et al. (32). 

The 2'-halogeno-2'-deoxy nucleosides l(F,Cl, 
Br) were prepared by the action of the appro- 
priate hydrogen halide on 2,2'-anhydro-1-(P-D- 
arabinofuranosyl)~iracil, as previously described 
(I). The only halogeno analogue not previously 
reported, the 2'-iodo nucleoside, was prepared in 
similar fashion. Unfortunately, the yield was low, 
and the material was obtained only in an amor- 
phous state. Isolation of l(1) was complicated by 
the presence of additional products in the re- 
action mixture and chromatographic methods 
were required. 

Experimental 
Nuclear magnetic resonance spectra were determined 

on Varian spectron~eters, HA-100 and A-60 (equipped 
with spin decoupler, Varian, model V-6058A). Melting 
points were by the capillary method and are corrected. 
Microanalyses were carried out by Spang Microanalytical 
Laboratory, Ann Arbor, Michigan. 

~-(3,5-Di-0-acely~-2-c~eoxy-~-~-ery1~1ro-pei1tofi~ra11osy/) - 
rrracil, 2 ( H )  

A mixture of acetic anhydride (1.1 g, 1.07 mmole) and 
I-(2-deoxy-~-~-eryt/1ro-pentofuranosyl)uracil (2'-deoxy- 
~lridine, l(H), 0.50 g, 2.2 inmoles) in pyridine (15 ml) was 
maintained at 25" for 17 h. Unreacted acetic anhydride 
was decomposed with ethanol, and the solvent removed 
in vaclro. Purification was effected by chromatography, 
column 1.9 x 27 cm, alumina (Bio-Rad, AG 7). Elution 
with chloroform-ethanol (1 :I) gave (330-400 ml fraction 
of effluent) a colorless solid, 0.30 g (4473, m.p. 103-107". 
Crystallization from ethanol gave colorless needles, m.p. 
107-1 loo, [cr]k5 +23" (0.6, chloroform). 

Anal. Calcd. for C l 3 H I 6 N ~ o 7 :  C, 49.98; H, 5.17; N, 
8.97. Found: C, 50.04; H, 5.23; N, 9.04. 

I -  (3- Deoxy-3-flrroro- p-D-nrabirzofuranosyl) uracil, 3 (F) 
A mixture of 1-(2,3-epoxy-8-D-lyxofuranosy1)uracil 

(2.26 g, 1.0 mmole) and liquid hydrogen fluoride (25 ml) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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in dioxane (300 ml) was heated at 116" for 41 h. Water 
(60 ml) was added to the cooled solution, which was then 
neutralized with solid calcium carbonate. After filtration 
of solids and removal of solvent ill vacno, the residue was 
fractionated by chromatography (Celite, 3.8 x 65 cm) as 
previously described (31). In addition to 3(F) several as 
yet unidentified crystalline products, two containing 
fluorine, were isolated. The 950-1100 ml fraction gave 
colorless needles from ethanol, 74 mg (3 %): m.p. 179.5- 
180.5", [a];' +118" (0.2, ethanol). 

Anal. Calcd for C9HllFN20,: F, 7.72; N, 11.38. 
Found: F, 7.96; N, 11.46. 

Reaction of 3(F) with Base 
A sample of 3(F) in NaOH (0.05 N) was heated at 85- 

95" for 75 min. Neutralization with solid calcium carbon- 
ate and treatment with Dowex 50 (H+ form) gave, after 
filtration and removal of water in vacuo, a colorless solid. 
Crystallization from ethanol gave large prisms, m.p. 125- 
129", which were identical (identical infrared spectrun~ 
and no depression of the m.p. of a mixture) with an 
authentic sample of I-(2,3-epoxy-p-D-lyxofuranosy1)uracil 
(29).' 

I - (3-Ct1/oro-3-deoxy-~-~-arabinofi1rano~yI) urncil, 3(CI) 
A solution of I-(2,3-ep0~y-p-D-ly~0f~ran0~yl)~ra~il 

(0.05 g, 2.1 n~n~oles) and hydrochloric acid (3 ml, 3 N) in 
dioxane (5 ml) was heated at 60" for 90 min. Co-distil- 
lation with benzene was repeated several times in vacuo. 
From ethanol colorless needles, 0.30g, m.p. 161-166O, 
were obtained. Recrystallization from ethanol gave 
needles, n1.p. 163-16S0, [a];' +90° (0.3, ethanol). 
Naito et nl. (32) reported m.p. 159-160°, [a], + 91.1" 
(methanol). An isomorph, 88 mg, m.p. 174-17S0, was 
obtained from the mother liquor. Recrystallization from 
ethanol gave colorless prisms, m.p. 178-17g0, [a];' 
i90.9". Total yield 0.39 g (67%). 

Anal. Calcd. for C9HllC1N205 : C1, 13.52; N, 10.67. 
Found: C1, 13.68; N, 10.77. 

I-(3-Deoxy-3-iodo-~-~-at.nbinofi1rn11o~y/)~1ra~iI, 3(I) 
A solution of 1-(2,3-epoxy-p-D-lyxofuranosyl)uracil 

(2.0 g, 8.9 mmoles) and freshly prepared hydroiodic acid 
(5.0 ml, 3.5 N) in water (10 ml) was allowed to stand at 
25" for 30n1in. After removal of water in vaclro the 
residue was triturated with chloroform, and a yellow solid 
(2.10 g) collected. Crystallization from ethanol gave 
colorless crystals, 1.70 g, (54 %), m.p. 204-205'. 

Anal. Calcd. for C9HllIN205: C, 30.54; H, 3.13; I, 
35.85; N, 7.92. Found: C, 30.44; H, 3.43; I, 35.84; N, 
7.94. 

3',5'-Di-O-ncetyl-2'-Dvomo-2'-deoxyuridie, 2(Br) 
A solution of 2'-bromo-2'-deoxyuridine (l(Br), 0.5 g, 

1.6 mmole) and acetic anhydride (1.0 g, 10 mmoles) in 
pyridine (5.0 n ~ l )  was allowed to stand at 25' for 17 h. A 
small piece of ice was added, and the mixture taken to 
dryness in vncl~o. The residue was triturated with water, 
and the water decanted. A dry chloroform solution was 
placed on a silica gel column (1.9 x 28 cm), and the 

iIsomorphic with the sample previously reported, m.p. 
139.5-140.5". Either isomorph adopted the other crystal- 
line form when seeded in a concentrated solution in 
ethanol and allowed to crystallize. 

column washed with chloroform (360 ml). Elution with 
chloroform-acetone (1:l) gave the product as a pale- 
yellow amorphous gum in the 50-110 ml fraction of 
effluent [a]i5 + 8.9" (0.4, ethanol). 

Anal. Calcd. for CI3Hl5BrN2O7: C, 39.92; H, 3.87; 
Br, 20.43; N, 7.16. Found: C, 39.88; H, 3.81; Br, 20.45; 
N, 7.09. 

2'-Deoxy-2'-iodouridit~e, 1 (I) 
A mixture of 2,2'-anhydro-1-p-D-arabinofuranosylura- 

cil (0.5 g) and dioxane (100 ml) was heated at reflux to 
effect solution. To the cooled suspension was added a 
freshly prepared solution of HI  in dioxane (20 ml). The 
mixture was heated at 60-70" for 30 min. The supernatant 
was decanted and heated at 50-60" for about 15 min. To 
the undissolved residue was added a solution of hydrogen 
iodide in dioxane (20 ml) and dioxane (100 ml). After 30 
min at 70-100" all solid had entered solution. After 
heating an additional 15 min the cooled solution was 
combined with the initial supernatant. TO the amber- 
colored solution was added sodium thiosulfate (7 g in 35 
ml water), which removed all color from the solution. 
This was taken to dryness in vacuo, leaving a yellow solid. 
Passage of the material through a colunln of silica gel 
(1.2 x 19.5 cm), using methanol-chloroform (I:]) as 
eluant, removed the unused acid. Purification was 
achieved by separation on paper (Whatman 3MM), using 
I-butanol -water (86:14) as developing solvent. The 
product was eluted with ethanol from the band at R, 0.57- 
0.85. It was obtained as a nearly colorless hygroscopic 
amorphous solid, m.p. 80-10O0, [a]g +22" (0.2, water). 

Anal. Calcd. for CBHIlIN20S: I, 35.84. Found: I, 
35.50, 35.59. 

3',5'-Di-O-acetyl-2'-deoxy-2'-iodo1rrire, 2(I) 
A solution of l(1) (80-100 mg) in pyridine (3 ml) was 

treated with acetic anhydride (0.23 ml). The solution was 
stirred at 23-25" for 17 11. Ethanol (0.2 ml) was added, 
and the mixture taken to dryness in vaclro with a bath 
temperature below 26". The light-yellow residue was 
triturated twice with water (2-5") for periods of about 60 
min. The supernatants were decanted, the residue dis- 
solved in chloroform, and the solution dried over sodium 
sulfate. After removal of solvent the yellow gum was 
dissolved in ether (10 ml) and precipitated as colorless 
solid by the addition of petroleunl ether (b.p. 30-60"). 
The supernatant was decanted, and the residue dried ill 
vaclro. The yield of colorless amorphous solid, n1.p. 65- 
10O0, was 3 0 4 0  mg. 

Anal. Calcd. for Cl3Hl5INZO7: I, 28.96. Found: I, 
29.10, 28.94. 
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Nitrations of acetanilides by reagents of N02X type1 

BRIAN M. LYNCH,' CATHERINE M. CHEN,~ AND YUK-YUNG WIG FIELD^ 
Organic Clzelnistry Laboratory, Saint Francis Xavier University, Anti,"onish, Nova Scoria 

Received October 17, 1967 

The distribution of products in the nitration of a series of eight substituted acetanilides has been studied 
using differing nitrating agents. 

With mixed nitric and sulfuric acids, attack para to the acetamido group is favored, while with acetyl 
nitrate or nitronium tetrafluoroborate, predominant ortl~o substitution occurs. It is suggested that ortlro 
substitution results from SN2 displacement by a pair of substituent electrons (on nitrogen or carbonyl 
oxygen) on the species NOZX (X = BF, or OAc), leading to formation of the most readily accessible o 
complex, while the para substitution favored in mixed acids results from substitution in the conjugate 
acid of acetanilide. 

Nitroacetanilides follow an unusual path with acetyl nitrate, yielding the corresponding dinitrobenzene 
in addition to the expected dinitroacetanilides. 

Nuclear magnetic resonance spectroscopy efficiently demonstrates the structures of the reaction 
products, and reveals the preferred intramolecularly hydrogen-bonded conformation of ortho-nitroacet- 
anilides. 
Canadian Journal of  Chemistry, 46, 1141 (1968) 

Introduction These results have been rationalized by Taylor 

Much discussion has centered around aromatic 
nitrations by preformed nitronium salts as 
compared with more conventional reagents, since 
apparent changes in substrate selectivity occur 
without any great variation in positional selec- 
tivity (1-3). A recent report by Ridd (4) indicates 
that the unusually low substrate selectivities 
noted for the nitronium-salt nitrations probably 
reflect diffusion-controlled reaction rates. On 
the other hand, there are several examples where 
positional selectivity is highly sensitive to the 
nature of the substituting agent; little informa- 
tion is available regarding substrate selectivities 
in these reactions. Thus, nitration of biphenyl 
by nitric acid - acetic anhydride, by nitrogen 
pentoxide in acetonitrile, or by nitronium tetra- 
fluoroborate in sulfolane, gives ortho :para 
ratios exceeding 1, while nitric acid - sulfuric 
acid gives a ratio of ca. 0.6 (5, 6). Nitration of 
anisole by nitric acid - acetic anhydride or by 
nitronium tetrafluoroborate in sulfolane gives 
ortho:para ratios close to 2, while with nitric 
acid - sulfuric acid, the ratio is 0.5 (7,8). 

lThis investigation was supported by the Petroleum Re- 
search Fund (Grant 794-B5) and by the National Re- 
search Council of Canada (Grant A-964). Presented in 
part at the 47th Conference of the Chemical Institute of 
Canada, Kingston, Ontario, June, 1964. 

ZEnquiries should be addressed to this author. 
3Graduate Research Assistant, 1966-1967. Present 

address: State University of New York, Binghamton, 
New York, U.S.A. 

,Graduate Research Assistant, 1962-1964. Present Ad- 
dress: University of British Columbia, Vancouver, British 
Columbia. 

- - 
(6), who proposes direct interaction of p- or 
n-electrons of the aromatic substrate, effecting 
a nucleophilic displacement on the species N0,X 
(which may be an ion-pair), and leading to pre- 
dominant ortho substitution. This direct inter- 
action is superimposed upon a normal pattern 
produced by free nitronium ions in the reaction 
medium. 

A specific interaction appropriate to proton- 
ated acetyl nitrate (coordination of its electron- 
deficient carbonyl carbon to the lone pair of the 
substituent) is not acceptable in view of the 
similar positional selectivities shown by proton- 
ated acetyl nitrate (which is the active species in 
nitric acid - acetic anhydride mixtures, cf. 
Bordwell and Garbisch (9)) and nitronium tetra- 
fluoroborate; a postulate of linear coordination 
between free nitronium ion and substituent 
lone-pair electrons (7) is also unacceptable, since 
all sources of nitronium ion should then behave 
similarly (6). 

Acetanilide also exhibits reagent-dependent 
orientation in nitration; nitric and sulfuric acids 
yield paranitroacetanilide as major product, 
while with nitric acid - acetic anhydride, ortho- 
nitration is favored (10). If Taylor's rationaliza- 
tion is correct, nitration of acetanilides by pre- 
formed nitronium salts should yield substituted 
ortho-nitroacetanilides as the predominant prod- 
ucts. This paper reports, inter alia, a test of 
Taylor's proposal for reagent-dependent orienta- 
tion in nitrations. 

We have examined the distribution of products 
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obtained in the nitrations of a series of eight 
substituted acetanilides, using three different 
nitrating systems: nitric acid - sulfuric acid, 
nitric acid - acetic anhvdride. and nitronium 
tetrafluoroborate in acetonitrile. Some com- 
petitive nitrations of toluene and acetanilide 
were also examined. 

Experimental 
General 

Microanalyses were carried out by the Schwarzkopf 
Microanalytical Laboratory, Woodside, New York. 
Melting points were measured on a Fisher-Johns 
apparatus or on a Kofler "Heizbank", and are corrected. 
Infrared spectra were recorded on a Beckman IR-8 
spectrophotometer; samples were examined as suspen- 
sions in potassium chloride disks. Proton magnetic 
resonance spectra were recorded with Varian A-60A or 
HA-100 spectrometers. Signals are expressed in parts 
per million from tetramethylsilane, present as an internal 
reference. Gas-liquid chron~atographic analyses were 
made on an Aerograph A-90P3 instrument with a thermal 
conductivity detector. Helium was used as the carrier 
gas, and the analytical colun~n used was 6 ft x 114 in 5 % 
silicone SE-30 partitioning phase supported on 60-80 
mesh chromosorb P coated with dimethyldichlorosilane. 
All nitronium-salt nitrations were carried out in a dry box 
in an atmosphere of purified dry nitrogen. 

Stnrtit~g Materinls 
The acetanilides were prepared by standard methods 

from commercial samples of the corresponding anilines. 
Their melting points were identical with literature values 
and their nuclear magnetic resonance (n.m.r.) spectra 
indicated no contamination by isomeric compounds. 
Nitronium tetrafluoroborate was supplied by K. and K. 
Laboratories, Plainview, New York. 

General Proced~lres for Nitrotions 
(a) By Nitric Acid - Acetic Anl~ydride 
A solution of nitric acid (d, 1.52, 6 ml) in acetic an- 

hydride (15 ml), prepared at 15-20", was cooled to -5" 
and added to a saturated solution of the substituted 
acetanilide (10 g) in acetic anhydride at 0°, over 15 min. 
The solution was kept at 0" for 1 h and was poured onto 
ice. The resulting mixture was extracted with benzene 
and washed free of acid, and subjected to adsorption 
chromatography on basic alumina (benzene as eluent), 
followed by crystallization from ethanol; alternatively, 
the washed benzene extract was concentrated and injected 
directly into the inlet port of the gas-liquid chromato- 
graph (column temperature 170-190'); the proportions 
of the isomeric products were determined by comparison 
of peak areas and relative retention times with those of 
authentic samples. Identities were further checked by 
gas-liquid chromatography of the nitroanilines obtained 
by hydrolysis of the crude mixture of nitroacetanilides. 
The results are summarized in Table I. 

(b) In Nitric Acid - Sulfuric Acid 
The substituted acetanilide (5.0 g) was dissolved in 

sulfuric acid (d, 1.84, 10 ml) and was cooled to 0°, and a 
mixture of nitric acid (4 1.42, 10 ml) and sulfuric acid 

TABLE I 
Nitration of acetanilides by nitric acid - acetic anhydride 

5-Substituted 
2-Nitroacetanilide 

Substituent 
in Yield Melting Ortho :para 

acetanilide (%)* point "C ratio? 

Nil 
3-Br 
3-C1 
3-F 

*Of crystallized product. 
?Determined by gas-liquid chromatography. 
$Literature melting points are given in parentheses. 
§Anal. Calcd. for CsH,FN203: C, 48.89; H,  3.56; N, 14.14. Found: 

C, 48.88; H, 3.81; N, 13.88. 
/!Anal. Calcd. for CRH71N203: C, 31.40; H, 2.15; N, 8.95. Found: 

C, 31.05; H, 2.38; N, 8.78. 
1iIn addit~on to the 5-rnethoxy-2-nitroacetanilide, 11 % of 3-rnethoxy- 

4-nitroacetanilide, m.p. 164' (lit. 165') was obtained. 

(d, 1.84, 13 ml) was added at 0"; the mixture was kept 
at 0" for 1 11 and poured into water. The resulting mixture 
was extracted with benzene and washed free of acid, and 
theextract wasevaporated and the residue was crystallized 
from ethanol, or the benzene extract was concentrated 
and injected for gas-liquid chromatographic analysis as 
above. The results are summarized in Table TI. 

(c) With Nitrotliritn Tetrafl~iorobornte 
The acetanilide (1 g) was dissolved in acetonitrile 

(10 ml) and the solution was cooled to -30". Finely 
powdered nitronium tetrafluoroborate (1 g) was added 
slowly at such a rate that the temperature did not rise 
above -10". After 30 min, the reaction mixture was 
poured into cold water, and the precipitated nitro- 
acetanilides were collected, washed, and dried. Yields 
were virtually quantitative (greater than 90%) for the 
nitrations of acetanilide, 3-fluoroacetanilide, 3-chloro- 
acetanilide, and 3-iodoacetanilide, and the ortho:para 
ratios (established, as above, by gas-liquid chromatog- 
raphy) exceeded 10. 

Atypical Nitrations 
Nitroncetnnilides 
Nitroacetanilides were unaffected by nitric acid - acetic 

anhydride at 0". Reaction at 50-55" using the general 
conditions specified above yielded 2,5-dinitroacetanilide 
(4.5 g), m.p. 122" (lit. m.p. 121") and 1,3-dinitrobenzene 
(0.5 g), m.p. 88" (lit. n1.p. 90') (infrared and n.m.r. 
spectra identical with an authentic sample) from 3-nitro- 
acetanilide. In similar reactions with 2- and 4-nitro- 
acetanilides, adsorption chromatography (basic alumina, 
with benzene as eluent) gave small amounts (0.2 g) of the 
corresponding dinitrobenzenes as the most rapidly eluted 
materials. The 1,2-dinitrobenzene was identical in n1.p. 
(llSO), infrared and n.m.r. spectra with an authentic 
sample, while the 1,4-dinitrobenzene had m.p. 172" 
(lit. 172") and its n.m.r. spectrum in deuteriochloroform 
showed a single peak at 8.60 p.p.m. 

N-Methylacetanilide 
Four grams of material was nitrated at 25' for 12 h 

using the general conditions of part (a) above. Chromatog- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LYNCH ET AL.: NITRATIONS OF ACETANILIDES BY REAGENTS OF N 0 2 X  TYPE 

TABLE I1 
Nitrations of acetanilides in sulfuric acid 

Substituent 
in Yield Melting 0rtho:para 

acetanilide Major product (73" point "C ratiot 

Nil 4-nitroacetanilide 75 216(216):[ 0.05 
3-CI 3-chloro-4-nitroacetanilide GO 141(145) 0.04 
3-F 3-fluoro-4-nitroacetanilide 52 1745 0.04 
3-OMell 3-methoxynitroacetanilide 50 164(165) 0.05 
3-Bry 3-bromo-4-nitroacetanilide 40 145** 0.08 
3-Br 4,6-dinitro-3-bromoacetanilide 60 1661t - 
3-Me 4,G-dinitro-3-methylacetanilide 50 103(103) -- 

*Recrvstallized oroduct. 
t&as-lGuid chromatography. 
6Literature melting points are in parentheses. 
§Anal. Found: C, 48.70; H, 3.50. 
IlReaction period: 12 min at 0". 
BReaction period: 5 min at 0'. 
**Anal. Calcd. for C8H,BrN20,: N, 10.73. Found: 11.02. 
ttAnal. Calcd. for C,H,BrN,O,: N, 13.82. Found: 13.55. 

TABLE 111 
Competitive nitration experiments 

Relative 
yields of 

Ortho :para Ortho :para nitration 
ratio of ratio of products 

Reagent Substrate A products Substrate B products (N02.A/NOZB) 
- 

HNOB - Ac20 acetanilide 4 . 5 k 0 . 5  toluene 1 .32+0.10 0 .22+0 .05  
N02BF4 in MeCN acetanilide 3 . 5 5 0 . 5  toluene 1 .30+0.10 1 . 7 0 i 0 . 1 0  
HNO, - H2S04 acetanilide <0 .05  p-nitrotoluene - 0 . 2 2 i 0 . 0 3  

raphy on alumina (benzene as eluent) yielded 4-nitro- 
N-methylacetanilide (2.8 g), m.p. 150" (lit. m.p. 152-153") 
after crystallization from methanol. No ortho-isomer 
could be detected. 

Co~npetitiue Nitratiotrs 
Equilnolar mixtures of the substrates indicated in Table 

I11 were nitrated competitively using the conditions out- 
lined above in the general procedures for nitrations, 
except that the amount of nitric acid or nitroniuin salt 
was decreased to 0.10 mole per mole of combined sub- 
strates, and the nitronium salt was dissolved in aceto- 
nitrile before addition to the substrates (also in aceto- 
nitrile). A reactlon temperature of 0" was used. The crude 
nitroacetanilides and nitrotoluenes were collected to- 
gether with unreacted substrates, after separation from 
unreacted toluene by chron~atography on alumina, and 
were dissolved in acetic acid-&: the composition of the 
mixtures was established by integration of the n.1n.r. 
signals from the methyl protons of the acetainido and the 
methyl groups. The relevant chemical shifts (in Hz from 
tetramethylsilane) were: 2-nitroacetanilide, 136.0; 4-nitro- 
acetanilide, 133.0; 2-nitrotoluene, 152.0; 4-nitrotoluene, 
145.0; 2,4-dinitrotoluene, 160.0. Analysis of control 
mixtures of known composition showed that this method 
was accurate to +3%. The ortho:para ratios obtained 
in the nitrations of single con~pounds were also checked 
by the n.m.r. integration method, and the results are 
assembled in Table 111. 

Attenipted Syrithesis of N-Nitroncetnrlilide 
N-Nitrosoacetanilide, n1.p. 50' (10.0 g), in cliloroform 

(30 ml) was added to a mixture of 30% hydrogen peroxide 
(6.8 g) and trifluoroacetic anhydride (6.8 g), and the 
mixture was stirred vigorously for 12 h. The mixture was 
extracted with sodium bicarbonate, and the residue was 
dried and chromatographed on alumina using chloroform 
as eluent. Acetanilide (3.5 g, 47%), m.p. 113" (identical 
(m.p., mixture m.p., infrared spectra) with an authentic 
sample) was obtained from the eluted solution on 
evaporation. 

Discussion 
Structures of Nitration Prodi~cts 

In most cases, the structures of the major 
nitration products of the acetanilides obtained 
using the various reagents were evident from the 
correspondence of their melting points, and the 
melting points of the nitroanilines obtained by 
hydrolysis, with literature values; nuclear mag- 
netic resonance spectra. (see section (4 below) 
gave f ~ ~ r t h e r  supporting evidence. The new 
5-halogeno-2-nitroacetanilides (the fluoro- and 
iodo-cornpo~~nds) were further identified by 
the fact that their infrared spectra showed the 
following strong bands in common with those 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1144 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

of the known bromo and chloro compounds: 
3350 cm-' (v,,), 1695 cm-' (v (3=0), 1493 
and 1333 cm-' (asymmetric and symmetric 
N-0 vibrations), and 865, 845, 820, and 748 
cm-' (6,-,,, out-of-plane); this resemblance in 
major spectral features is to be expected since 
the heavy halogen atoms have little effect on the 
vibrations in the rest of the molecule. 

However, there is some uncertainty regarding 
the nature of the nitration products of 3-meth- 
oxyacetanilide. Reverdin and Widmer (1 1) 
found that nitration by 70% nitric acid at 65" 
gave two methoxynitroacetanilides, of melting 
points 125" and 165", in 65% overall yield, which 
were hydrolyzed to the corresponding anilines, 
m.p. 129" and 169"; these were assigned as the 
5-methoxy-2-nitro- and 3-methoxy-4-nitro com- 
pounds. More recently, Dyall and Pausacker 
(12) assigned the methoxynitroacetanilide of 
m.p. 125" as 3-methoxy-4-nitroacetanilide, and 
describe 3-methoxy-4-nitroaniline as having 
m.p. 131". After hydrolysis of their nitration 
mixture, they obtained a compound, m.p. 
157", which was assigned as 3-methoxy-2,4- 
dinitroaniline on the basis of a strong infrared 
absorption band at 830 cm-', supposedly 
characteristic of 1,2,3,4-tetrasubstitution. How- 
ever, Bellamy (13) warns that absorption in this 
region is "a feature of aromatic nitro compounds, 
which should not be forgotten when attempts 
are made to recognize ring-substitution arrange- 
ments by the 6-CH frequencies in this region". 

We find that the methoxynitroacetanilide of 
m.p. 125" (obtained as the major product from 
acetyl nitrate nitration of 3-methoxyacetanilide 
at 0") is 5-methoxy-2-nitroacetanilide; the corre- 
sponding amine has m.p. 13 1 ". 3-Methoxy-4- 
nitroacetanilide, m.p. 164", is also obtained, and 
yields the corresponding amine, m.p. 169", on 
hydrolysis. Definite chemical proof of structure 
for 5-methoxy-2-nitroaniline is provided by its 
conversion to 5-methoxybenzofuroxan, m.p. 
116", by oxidation with iodosobenzene diacetate 
in benzene (cf. Pausacker and Scroggie (14)). 

The infrared spectrum of the 3-methoxy-4- 
nitroaniline showed all the absorption bands 
quoted for "3-methoxy-2,4-dinitroaniline", and 
this product should therefore be withdrawn 
from the literature. 

Positional and Substrate Selectivities 
The general trend of the results is in agreement 

with expectations based on Taylor's proposal 
of SN2 displacement on a species N02X; the 
3-substituted acetanilides give predominant 
ortho substitution with acetyl nitrate and with 
nitronium tetrafluoroborate, while with mixed 
nitric and sulfuric acids, where free nitronium 
ions are present, predominant para substitution 
is observed. 

The question remains whether the reaction of 
an acetanilide with a nitrating agent of N0,X 
type occurs as in Scheme 1, path (a) (where the 
electron pair on oxygen is the effective nucleo- 
phile) or as in path (b) (where the electron pair 
on carbonyl oxygen is the nucleophile (cf. 
Norman and Radda (1 5)). 

If path (a) is accepted, then there is some evi- 
dence that the n-complex represented as an inter- 
mediate stage between the reagents Ph.NHAc 
and N02X and the o-complex for ortho- 
nitration should not be depicted as the con- 
jugate acid of the hypothetical N-nitroacetanilide, 
since attempts to synthesize N-nitroacetanilide 
by peroxy-acid oxidation of N-nitrosoacetanilide 
(cf. Emmons and Ferris (16)) led to fragmenta- 
tion to acetanilide in good yield, with no detect- 
able ring-nitration. However, as a referee points 
out, the conditions for the fragmentation and the 
normal nitration reactions are not comparable. 

If path (b) is accepted, then we must postulate 
that the 0-nitrated intermediate does not form 
in highly acid media, since the oxygen atom will 
be protonated (for evidence of the predominant 
0-protonation of amides, see Gillespie and 
Birchall (17)). However, the protonated acet- 
amido group will continue to exert a +R effect 
at the para position, thus accounting for the 
observed paraorientation. 

The small changes in positional selectivity 
with temperature and with the nature of the 
nitrating reagent N02X are in the expected 
directions, although scarcely outside experi- 
mental reproducibility. Thus, Taylor (5,6) noted 
that the ortho:para ratio in the nitration of 
biphenyl decreases with increasing temperature, 
in agreement with the differences noted for the 
nitronium tetrafluoroborate nitrations at - 10 
and 0°, while at 0°, acetyl nitrate appears to give 
a slightly greater positional selectivity than 
nitronium tetrafluoroborate (Table 111), possibly 
reflecting the greater ease of displacement in the 
ion-pair. 

The relative reactivities of toluene and acet- 
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anilide towards the nitrating agents would be 
of interest, and some experiments were carried 
out seeking this information. The significance 
of the results with nitronium tetrafluoroborate 
is questionable, since the reactions are very rapid 
(Ciaccio and Marcus (18)) found that the rate 
constant for nitration of nitrobenzene by nitron- 
ium tetrafluoroborate in acetonitrile at 24" was 
0.11 1 mole-' min-l), and kinetic control is 
not certain. However, acetanilide is apparently 
more reactive than toluene towards nitration 
by nitronium tetrafluoroborate, and with acetyl 
nitrate, where kinetic competition was probably 
observed, toluene is somewhat more reactive. 
When toluene and acetanilide were allowed to 
compete for small amounts of nitric acid in 
sulf~~ric acid, the toluene was dinitrated to a 
considerable extent, implying that toluene is 
far more reactive than the conjugate acid of 
acetanilide; in confirmation, a competitive 
experiment with p-nitrotoluene and acetanilide 
using mixed nitrating acids indicated that these 
compounds were of the same order of reactivity. 
Once again, however, kinetic competition is not 
assured under the conditions used. 

The results probably allow order-of-magnitude 
assignments of total reactivity as compared with 
benzene, as follows: toluene, 25 (1-4); acet- 
anilide/N02BF4, 50 ; acetanilide/AcONO,, 5 ; 
p-nitrotoluene, conjugate acid of acet- 
anilide, lo-'. 

Fornzatioiz of Di~zitrobenzenes from Nitro- 
acetanilides 

The formation of small proportions of the 
corresponding dinitrobenzenes on treatment of 
the three nitroacetanilides with acetyl nitrate 
at 50-55" may be explained by postulating that 

the acetamido group is N-nitrosated by nitro- 
sonium ion (perhaps generated by dissociation 
of N204 into NO+ and NO,- (19)), then re- 
arranging to the diazoacetate, in turn giving the 
corresponding diazonium ion, which then under- 
goes nucleophilic displacement by nitrite ion. 
This sequence is admittedly speculative, but 
resembles that suggested previously for the 
replacement of the acetarnido group by bromine 
using hydrobromic acid - nitric acid (19). 

Nuclear Magnetic Resonance Spectra of Nitro- 
acetanilides and Nitroanilines 

The spectra of the various nitroacetanilides 
and nitroanilines obtained from the preparative 
selective nitrations were sufficiently character- 
istic for direct assignment of structure. In most 
cases, the spectra were analyzed as ABX 
systems (20), and the individual proton chemical 
shifts were extracted (100 MHz spectra were 
recorded for compounds where the ABX 
approximation was not valid at 60 MHz). The 
shifts are listed in Table IV. 

It  is to be expected that the acetamido group 
will exhibit anisotropic deshielding effects a t  
the ortho positions (cf. Carter (21)), but will 
exert a net shielding effect at  meta and para 
positions; Carter finds that the chemical shifts 
for the ring protons in acetanilide are shifted 
from the value for benzene (7.33 p.p.m.) as 
follows: (+ designates downfield, - upfield 
shift) ortho-, +0.16; meta-, -0.08; para-, 
-0.28. Accepting qualitative effects in this 
order, and using the parameters already available 
for many other substituents (22, 23), then the 
ring proton chemical shifts listed in Table IV are 
consistent in every case with the assigned 
structures. Further, we have shown (24) that the 
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TABLE IV 

Chemical shifts for substituted nitroanilines and nitroacetanilides o 
-- P 

Ring substituents or ring proton signals at position* 5 
'3 

Solvent 1 2 3 4 5 - 6 O a e r  signals 2 
NHAc 8.03(-0.17) 7.60(-0.17) BK 9 .OD(+ 1 .23) 

3 
CDC13 NO, Acetyl, 2.27 
Me2CO-d6 NHAc NO, 8.15(-0.05) 7.80(+0.03) Br 8.85(+1.08) Acetyl, 2.37 
CDCI, NHAc NO2 8.63(-0.52) NOz Br 9.37(+ 1.40) Acetyl, 2.33 2 
CDC13 NHAc NO, 8.10(-0.16) 7.07(-0.49) C1 8.82(+1.26) Acetyl, 2.25 
DMSO NHz NO, 7.98(-0.28) 6.63(-0.93) CI 7.08(-0.48) Arnino,7.67 
CDC13 NHAc NO, 8.30(+0.04) 6.87(-0.36) F 8.67(+1 .44) Acetyl, 2.33 0 
CDC13 NHAc NO2 7.92(-0.11) 7.50(-0.44) I 9.23(+1.29) Acetyl, 2.27 
CDC13 NHAc NO, 8.03(--0.19) 6.50(-0.61) OMe 8.28(+1.17) Acetyl, 2.20 i 
DMSO NHz NOz 7.92(-0.30) 6.22(-0.89) OMe 6.4.5-0.66) Amino, 7.43 t; 
DMSO NHz NO, 7.90(-0.25) 6.21(-1.16) Me 6.40(-0.97) Amino, 7.40 ;;1 
DMSO NH2 NO, 8.73(-0.37) NO2 Me 6.90(-0.68) Amino, ca. 8 .OO 5 
DMSO NHz 6.70(-0.86) C1 NO2 7.78(-0.48) 6.5.5-0.87) 
Me2CO-d6 N H  Ac 8.13(+0.57) C1 NO2 8.07(-0.19) 7.67(+0.25) Acetyl, 2.17 2 
DMSO NH2 6.55(-0.68) F NOz 7.83(-0.43) 6.47(-0.85) Amino, 6.95 
Me2CO-d6 N H  Ac 8.32(+0.55) Br NO, 8.05(-0.15) 7.80(+0.29) Acetyl, 2.17 .g 
CDC13 NHAc 7.78(+ 0.67) OMe NO z 7.88(-0.36) 6.78(-1-0.40) Acetyl, 2.20 - 
DMSO NH2 6.33(-1.04) Me NO, 7.8.5-0.30) 6.40(-0.90) Amino, 6.39 2 

*Quantities in parentheses are substituent shifts assigned to the I-snbslituent. 
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amino proton chemical shifts of substituted 
anilines in dimethyl sulfoxide are dependent 
upon the nature and orientation of substituents; 
here again the observed shifts are consistent 
with the assigned structures. 

It is possible to isolate the effects of the amino 
or acetamido groups on the various ring proton 
resonances by assuming that the effects of all 
other substitueilts are additive, so that the 
difference between the observed signal positions 
and that for benzene (7.33 p.p.m.) arises from the 
constant specific effects of the other substituents, 
together with the effect of the amino or acetamido 
group. The residual shift when the other sub- 
stituents are taken into account is then assignable 
to the amino or acetamido group, and the 
quantities in parentheses in Table IV are these 
residual shifts. 

The shielding effects of the amino group for 
the 2-nitroanilines in dimethyl sulfoxide are 
0.25-0.37 p.p.m. for the 3-proton, 0.89-1.16 
p.p.m. for the 6proton, and 0.48-0.97 p.p.m. 
for the 6-proton; for the 6nitroanilines, the 
effects at the 2- and 6-protons range from 0.68 
to 1.04 p.p.m., and at the 5-proton, from 
0.30-0.48 p.p.m. For a series of substituted 
anilines in deuteriochl~roform,~ the mean shifts 
assignable to the amino group were: 2-proton, 
0.82; 3-proton, 0.20; 6proton, 0.72; 5-proton, 
0.27; 6-proton, 0.67 p.p.m., so that the amino 
group effects in dimethyl sulfoxide are quite con- 
sistent with those noted for deuteriochloroform 
solutions. 

The acetamido group in the 2-nitroacetanilides 
shields the 4-proton by 0.17-0.61 p.p.m., and 
the 3-proton by a smaller amount (ranging 
from a deshielding of 0.04 p.p.m. to shielding of 
0.19 p.p.m.; the abnormal shielding noted for 
5-bromo-2,4-dinitroacetanilide is ascribed to 
twisting of the 4-nitro group out of the ring plane 
under the influence of the adjacent bromine). 
The 6-proton is drastically deshielded (1.17- 
1.44 p.p.m.), and it is suggested that this effect 
reflects the existence of a strong intramolecular 
hydrogen bond between nitro oxygen and acet- 
amido hydrogen, so that the acetamido group is 
constrained into a coilformation with the car- 
bony1 group cis to, and coplanar with, the ben- 
zene ring, as in structure 1. The 6-proton in the 
substituted 2-nitroacetanilides is thus in the 
deshielding zone of the acetamido carbonyl 
group. The ortho-deshielding effects are much 
greater in the planar 2-nitroacetanilides of Table 

IV than in the non-planar (21, 25) parent acet- 
anilide, and these large shifts are regarded as 
presumptive evidence for strong intramolecular 
hydrogen-bonding. Independently, Rae, Stern- 
hell, and their co-workers5 have reached similar 
conclusions; the n.m.r. method provides un- 
equivocal indications of the presence of such 
bonds in suitable 2-substituted acetanilides 
(contrast the extensive infrared spectroscopic 
study by Dyall and Kemp (26), where no unique 
test for intramolecular hydrogen bonding could 
be established). 

It is considered likely that part of the driving 
force for the ortho-nitrations depicted in Scheme 
1 paths (a) and (b) is this strong hydrogen- 
bonding interaction between nitro group and 
acetamido hydrogen; in support of this con- 
tention, in the acetyl nitrate nitration of N- 
methylacetanilide, where the hydrogen-bonding 
interaction is eliminated, 4-nitro-N-methylacet- 
anilide is the major reaction product. 
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NOTES 

Chemistry of diarylazoalkanes. I. Synthesis of p,pr-disubstihted 
azocumenes and their decomposition products1~2 

J. REID SHELTON,~ JOSEPH F. GORMISH, CHIH KUO LIANG, PATRICIA L Y o ~ s  SAMUEL: 
AND PETER KOVACIC 

Department of C/zenzistry, Case Western Reserve University, Cleveland, Ohio 44106 
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Department of Clzeinistry, College of Wooster, Wooster, Ohio 44691 

Received October 24, 1967 

p,pf-Disubstituted azocumenes were prepared from the requisite p-substituted cumylamines, 
p-XC,H4C(CH3)2NH2, X = CH3, CH3CH2, (CH3)*CH, (CH3),C, or Br, by treatment with iodine 
pentafluonde. The major products from thermal decomposlt~on were dicumyls, along with minor 
amounts of cumenes and a-methylstyrenes. Syntheses of the corresponding authentic materials are 
described. 

Canadian Journal of Chemistry, 46, 1149 (1968) 

The availability in this laboratory of a con- 
venient, new method (1-3) for synthesis of 
p-substituted cumylamines (@,a-dimethylbenzyl- 
amines) suggested the use of these compounds as 
starting materials for preparation of the corres- 
ponding p,pf-disubstituted azocumenes (I) via 
oxidative coupling (4, 5). In keeping with our 
general interest in the behavior of radical species, 

the azo derivatives were desired as precursors for 
the generation of cumyl-type radicals (for a recent 
paper in the series, see ref. 6). This note deals 
with the synthesis and characterization of the 

azocumenes and their decomposition products. 
A description is provided elsewhere of the 

requisite amines which were obtained by side- 
chain amination of cumenes with trichloramine - 
aluminium chloride - t-butyl bromide (2, 3). 
Conversion to thep,pf-disubstituted azocumenes 
was accomplished by adaptation of the directions 
of Nelsen and Bartlett (5) for the preparation of 
azocumene (1, X = H) from cumylamine and 
iodine pentafluoride. The decomposition points, 
extinction coefficients at 367 mp, elemental 
analyses, and yields for the five new azo com- 
pounds are listed in Table I. The decomposition 
temperature is dependent upon the rate of heat- 
ing. Since only one run was carried out in each 
case, the yields, which refer to analytically pure 
material, undoubtedly could be improved. A 
study of the effect of the para substituents in the 
azocumenes on rate of decomposition, activation 
energy, and product distribution is presented in 
another report (7). 

'This investigation was supported in part by the Nelsen and Bartlett (5) established that the 
National Science Foundation under an Academic Year major (94-95 %) product from the thermal 
Extension Grant, GY-2170, to L. W. H. 

'Taken in part from the M.S. Thesis of Chih Kuo d e c ~ m ~ ~ ~ i t i o n  of azocllmene was dicum~l (2, 
Liang, Case Institute of Technology, 1967. X = H), with the minor ones, cumene (3, 

3Correspondence should be addressed to this author. x = HI, and (4, x = HI, result- 4National Science Foundation Undergraduate Re- 
search Participant, Case Institute of Technology, summer, ing from disproportionation of cumyl radicals. 
1966. Thermal degradation of the substituted ana- 

5National Science Foundation College Teacher Re- 
search Participant, Case Institute of Technology, summer logues in solution gave >77 % 
1966. (usually > 90 %) coupling, accompanied by the 
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TABLE I 

Melting 
p,pr-X,x- point Calcd. (%) Found (%) 

Azocumene (decamp.) % 
X = "C E~~~ mu y~eld  Formula C H N C H N 
- - - 

H 88.8-90* 47.3-i 21 - - - - - - - 
Methvl 92-95 49.5 10 C,,H,,N, 81.63 8.84 9.52 81.54 8.80 9.60 

-- -- 
Gopropyl 55-57.2 51.7 8 c ~ ~ H ~ ~ N ;  82.23 9.78 7.99 82.18 9.81 7.88 
t-ButyI 93.5-97.5 54.2f 90 Cz6H38N2 82.48 10.12 7.40 82.22 10.26 - 
Bromo 109.6-110 66.5 22 C18HZON2BrZ 50.9611 4.75 6.61 50.8711 4.70 6.60 

?Literature i 5 j  c 44. 
tFor material decornposins at 89.5-95'. 
$Plus a second crop, m.p. 89.5-95' (decornp.) (7% yield). 
IIBr: Calculated, 37.68. Found, 37.84. 

found that hot pentane dissolved the azo compounds 
leaving a brown, insoluble material which could be 
removed by filtration. If this procedure did not work 

CH3 CH3 efficiently, washing the crude solid with small amounts of 
methanol dissolved the dark impurity leaving the azo 

2 conlpound as a tan powder which could then be re- 
crystallized from pentane or methylene chloride (Table I). 

CH3 CH3 Decomposition points were determined in a capillary tube 

X e A - H  X+C< with a heating rate of 1-2"/min. 
I 

CH3 CH2 Decotnpositioiz Prodrcfs fioin tlre Azoclri?reizes 

3 4 
p-Sllbstitrlted Cunretzes 
p-Cuinene was obtained from Eastman Organic C11en1- 

disproportionation side reaction (7). Authentic 
samples of the expected products were either 
purchased or synthesized for use in identification 
of products by gas-liquid partition chromatog- 
raphy analysis. Only two of the compounds are 
treated in detail (p,p'-dibromo- andp,p1-diethyl- 
dicumyl) since the others are found in the prior 
literature. 

p,pl-Dislrbstitlrted Azoc~~nrenes 
The procedure of Nelsen and Bartlett (5) was used 

with the indicated modifications. Since iodine penta- 
fluoride decomposes in water (8), the niethylene chloride 
solvent and pyridine were distilled from calciu~ii hydride. 
Also, the reaction flask was baked overnight in an oven at 
200" before use. For the sake of convenience, at the 
cornoletion of reaction and after water had been added. 

icals Department. 
11-Et/zy/cuineize-Treatnient of cumene with acetyl 

chloride and aluminium chloride gave p-isopropylaceto- 
phenone (9) which was converted top-ethylcumene by the 
Huang-Minlon modification of the Wolff-Kishner reduc- 
tion (100). The product, b.p. 194-196" (742 mnl), lit. (lob) 
b.p. 193' (744 mm), was essentially free of the other 
isomers according to infrared and gas-liquid partition 
chromatography (g.1.p.c.) analyses. Attempts to prepare 
the compound by direct alkylation (lob) gave a mixture of 
isomers not easily separable by distillation. 

p-Isopropylc~crneize was obtained from the Aldrich 
Chemical Company. 

p-t-B~tylc~rrrro~e-Cumen was alkylated with t-butyl 
alcohol in 85% sulfuric acid (11). After work-up, the 
product was distilled through a colunln packed with glass 
helices, b.p. 219-224" (748 mni), lit. (11) b.p. 220" (746 
mm). Infrared and g.1.p.c. analyses indicated good purity. 

p-Bro~rrocumerre was obtained from Colun~bia Organic 
Chenlicals Company. 

sufficient ether was introduced to ensure that the organic 
p-ssrbsri.l,ted a-MetllylstJsenes phas-, would conlprise the upper layer during subsequent 

work-up. Although n~ethylene chloride or ether was used 4-Metlr~l-cr-iiret/~yl.stj~re11e-This compound, prepared 

in the earlier studies (5) as the recrystallization solvent, we by dehydration ofp-tolyldimethylcarbinol with potassium 
hvdrosulfate (12a). was obtained in 43Y vield after . ,, ,- . 
redistillation at  atmospheric pressure from sodium, b.p. 

GDecon~position points (uncorrected) were determined 
with a T ~ ~ ~ ~ ~ - H ~ ~ ~ ~ ~  or Me]..Temp capillary tube 185-186.5", tzDZ7 1.5316, lit. (120) b . ~ .  187", lit. (12b) 

apparatus. Elemental analyses were performed by Gal- 
braith Laboratories, Knoxville, Tennessee, The ultra- 4-Etlryl-a-~netlrylsty~'eize-The desired material resulted 
violet spectra were obtained with a Cary recording when the distillation of 4-ethylphenyldin~ethylcarbinol 
spectrophotometer model 14. (13), prepared from acetone and the Grignard reagent of 
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p-bromoethylbenzene, was attempted. The olefin was 
purified by distillation from sodium (43 % yield based on 
p-bronioethylbenzene), b.p. 84-87" (13 mm), nDZ5 1.5285, 
lit. (14) b.p. 60-61" (6 mm), nDZO 1.531. 
4-Isopropyl-a-n1et/1ylstyt~ene was obtained from Aldrich 

Chemical Company. 
4-t-Butyl-a-tt7et/1ylstyrer1e-A mixture of saturated 

aqueous oxalic acid (50 ml) and 4-t-butylphenyldin~ethyl- 
carbinol (15) (9.63 g, 0.05 mole) was refluxed for 21 h. 
The organic layer was separated and washed with water, 
2 %  sodium hydroxide, and then water until the washings 
were neutral. A small amount of ether was added initially 
to aid tlie separations. After removal of solvent from the 
dried solution, the olefin was distilled, 5.6 g, b.p. 102-105" 
(11 mm), raZ8 1.5192-1.5194. An additional 1.2 g of 
product was obtained by extracting the combined 
aqueous phases. The combined fractions were stored over 
sodiu~ll and redistilled to give 5.45 g (60% yield) of the 
desired material, b.p. 92-94" (8 mm), nD2' 1.5194-1.5200, 
lit. (14) b.p. 98" (5 mm), 1zDZ0 1.523. 

4-Bro117o-a-n7et~lstyret1e-The procedure involved de- 
hydration of 4-bromophenyldimethylcarbinol (17) with 
aqueous oxalic acid as described in the preceding section, 
48 % yield, b.p. 109-116" (12 n~m),  1 1 , ~ ~  1.5818-1.5822, 
lit. (18) b.p. 108-110" (11 mm), nD12 1.5835, lit. (19) b.p. 
58-60" (1.8 mm), nDZO 1.5778, lit. (20) b.p. 114.5-117.5" 
(24 mm), 1 1 , ~ ~  1.5834. 

p,pt- Disnbstitrtted Dicutnyls 
p,pf-Dimethyldicutnyl-This con~pound was synthe- 

sized in 3 % yield according to the method of Farmer and 
Moore (21), m.p. 154.5-15S0, lit. (22) m.p. 157". 

p,pt-Die~hyl(Iic~~~nyl-The preparation was first at- 
tempted by tlie method described for p,pl-dibromodi- 
cumyl. The product, which showed three peaks in 
g.1.p.c. analysis, was presumed to include coupled side 
products resulting from abstraction of hydrogen from 
methylene of the ethyl group. 

An alternative pathway was therefore employed. In a 
flask fitted with a reflux condenser and magnetic stirring 
bar were placed 20 ml of benzene and 0.5 mmole of 
p,pl-dicthylazocumene. The flask was purged with nitro- 
gen and in~n~ersed in an oil bath a t  85O for 3 days. After 
renloval of 111ost of the solvent by distillation, a brown 
solid comprised the residue after evaporation for 2 days 
in air. A solution of this material in absolute ether on 
evaporation for 5 days in air to remove the dispropor- 
tionation products gave a light-brown solid (0.095 g, 
0.33 n~n~ole) ,  m.p. 73.5-75.2". The nuclear magnetic 
resonance spectrum (Varian A60) in carbon tetrachloride 
with tetranlethylsilane internal standard showed the 
methyl singlet superimposed on the methyl triplet at 6 
1.28, the methylene quartet centered a t  6 2.59, and the 
aromatic region centered at 6 6.92. These groups of peaks 
were in the ratio, 18:4:8, in agreement with that expected 
for p,pf-diethyldicumyl. 

Anal. Calcd. for Cz2H,,: C, 89.79; H, 10.21. Found: 
C, 89.53; H, 10.31. 

The g.1.p.c. retention time was the same as that for the 
last of the three peaks obtained from injection of the 
products from the photolysis reaction. 

p,pr-Diisopropyldicu~n~~l-A literature pathway (21) 

provided the hydrocarbon in 3 %  yield, m.p. 134-135S0, 
lit. (23) m.p. 134-135". 

p,pl-Di-t-brrtyldiczi~~~yl-Use of a prior technique (21) 
gave a 7 %  yield of product, m.p. 221-225', lit. (15) m.p. 
225". 
p,pl-Dibromodicumyl-This compound was prepared 

by a photolytic method developed in this laboratory (16). 
The apparatus consisted of an outer pyrex reaction vessel 
equipped with thermometer, nitrogen inlet, condenser, 
and an inner pyrex insert containing a G E  H100-A 4/T 
mercury lamp. The outer glass jacket of the lamp was 
renloved to allow insertion into the apparatus. Since 
di-t-butyl peroxide shows a broad, regularly increasing 
absorption from 2200-3400 A (24), the wavelengths 
emitted by the lamp which are effective for peroxide 
decomposition were 3022, 3131, and 3341 A. 

The photolysis apparatus was charged with 0.16 mole 
of peroxide, 0.64 mole ofp-broniocumene, and 150 ml of 
benzene. After a 2 11 purge with nitrogen, the mixture 
was then photolyzed for 25 h at tlie reflux temperature. 
Heat for reflux was supplied by the lamp itself, and the 
desired reflux rate was maintained by passing a stream of 
air over the light source. Following removal of solvent by 
rotary evaporation, three recrystallizations of the brown, 
solid residue from absolute alcohol gave a colorless prod- 
uct, m.p. 174-175.2" (10% yield). 

Anal. Calcd. for CI,H,,BrZ: C, 54.79; H, 5.07; Br, 
40.13. Found: C, 54.32; H, 4.98; Br, 40.10. 
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The alkaline decomposition of o-phtltaalaldehyde di-p-tolaenesulfony1hydrazone 

CLIFFORD C. LEZNOFF~" 
University CI~emical Laboratory, Cambridge, Et~gland 

Received November 16, 1967 

The Bamford-Stevens reaction of o-phthalaldehyde di-p-toluenesulfonylhydrazone gives N-(3,4- 
dihydrophthalaziny1)p-tolylsulfone. The product is synthesized by an independent method. 
Canadian Journal of Chemistry, 46, 1152 (1968) 

The alkaline decoinposition of tosylhydra- 
zones3 of aldehydes and ketones has been exten- 
sively used for the synthesis of olefins (1) and 
some novel cyclic compounds (2). 

The Bamford-Stevens reaction of benzalde- 
hyde tosylhydrazone (la, lc) under aprotic 
conditions (3) yields an aryl carbene which 
dimerizes to trans-stilbene in high yield. Very 
little is known about the alkaline decomposition 
of ditosylhydrazones (la) under aprotic condi- 
tions. The ditosylhydrazone of o-phthalaldehyde 
(1) could yield a dicarbenoid (4) species (2) and 
hence benzocyclobutadiene (3) (5) or some in- 
teresting unsaturated macrocyclic compounds. 

o-Phthalaldehyde ditosylhydrazone (1) was 
prepared by mixing o-phthalaldehyde and p- 
toluenes~~lfonyll~ydrazine in a 1:2 ratio in 
ethanol. The use of acetic acid as solvent (6) gave 
a colored solution. Heating a solution of 1 in 
dimethyl formamide at  120°, or in diethyl Carbitol 
at 160°, with either sodium methoxide or  sodium 
hydride gave N-(3,4-dihydrophthalazinyl) p- 
tolylsulfone (4) in 5-30 % yield, as the only new 
substance isolated." No products derived from 
benzocyclobutadiene (3) (5) could be detected in 
the reaction product. Cava and Stein (7) have 
obtained a similar product by the reaction of 

'NRCC overseas Postdoctorate Fellow, 1965-1967. 
2Present address: Department of Chemistry, York 

University, Toronto 12, Ontario. 
3Tosyl = Ts = p-toluenesulfonyl. 
"Ditolyldisulfide and sodium p-tolyIsulfinate were also 

formed as side products (see refs. l c ,  9). 

phthalaldehydic acid tosylhydrazone with excess 
acetyl chloride in methanol. 

The product 4 was also synthesized by the 
method of Lemal and Fry (8). Phthalazine (5) 
was reduced with lithium aluminium hydride to 
3,4-dihydrophthalazine (Q, and the crude prod- 
uct was treated directly with p-toluenesulfonyl 
chloride in freshly distilled sulfolane and tri- 
ethylamine. 

Dornow and Bartsch (lb) have reported the 
formation of sulfones from diazoalkanes and 
aldehyde tosylhydrazones and hence the con- 
version of 1 to 4 is not surprising. A likely 
precursor of 4 may involve a monocarbene 
resulting from loss of one tosylhydrazone group 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1152 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

15. M. WALTHER. J. Pharm. Chim. 27, 476 (1938); 20. D. SEYMOUR and K. B. WOLFSTIRN. J. Am. Chem. 
Chem. Abstr. 32, 6237 (1938). SOC. 70, 1177 (1948). 

16. C. W. UZELMEIER. Ph.D. Thesis. Case Institute of 21. E. H. FARMER and C. G. MOORE. J. Chem. Soc. 131 
Technolo~v. Cleveland. Ohio. 1967. 11951). 

17. H. C. BR%N, Y. OKA~OTO,  and G. Hm. J. Am. 22. E. BOEDTKER and R. KERLOR. Compt. Rend. 188, 
Chem. Soc. 79,1906 (1957). 1681 (1929). 

18. K. ZIEGLER and P. TIEMANN. Ber. 55, 3406 (1922). 23. Y. ODAIRA and S. TSUTSUMT. Technol. Rept. Osaka 
19. E. BERGMANN and A. WEIZMANN. Trans. Faraday Univ. 8, No. 307, 199 (1958); Chem. Abstr. 53, 

SOC. 32, 1327 (1936). 12230 (1959). 

The alkaline decomposition of o-phtltaalaldehyde di-p-tolaenesulfony1hydrazone 

CLIFFORD C. LEZNOFF~" 
University CI~emical Laboratory, Cambridge, Et~gland 

Received November 16, 1967 

The Bamford-Stevens reaction of o-phthalaldehyde di-p-toluenesulfonylhydrazone gives N-(3,4- 
dihydrophthalaziny1)p-tolylsulfone. The product is synthesized by an independent method. 
Canadian Journal of Chemistry, 46, 1152 (1968) 

The alkaline decoinposition of tosylhydra- 
zones3 of aldehydes and ketones has been exten- 
sively used for the synthesis of olefins (1) and 
some novel cyclic compounds (2). 

The Bamford-Stevens reaction of benzalde- 
hyde tosylhydrazone (la, lc) under aprotic 
conditions (3) yields an aryl carbene which 
dimerizes to trans-stilbene in high yield. Very 
little is known about the alkaline decomposition 
of ditosylhydrazones (la) under aprotic condi- 
tions. The ditosylhydrazone of o-phthalaldehyde 
(1) could yield a dicarbenoid (4) species (2) and 
hence benzocyclobutadiene (3) (5) or some in- 
teresting unsaturated macrocyclic compounds. 

o-Phthalaldehyde ditosylhydrazone (1) was 
prepared by mixing o-phthalaldehyde and p- 
toluenes~~lfonyll~ydrazine in a 1:2 ratio in 
ethanol. The use of acetic acid as solvent (6) gave 
a colored solution. Heating a solution of 1 in 
dimethyl formamide at  120°, or in diethyl Carbitol 
at 160°, with either sodium methoxide or  sodium 
hydride gave N-(3,4-dihydrophthalazinyl) p- 
tolylsulfone (4) in 5-30 % yield, as the only new 
substance isolated." No products derived from 
benzocyclobutadiene (3) (5) could be detected in 
the reaction product. Cava and Stein (7) have 
obtained a similar product by the reaction of 

'NRCC overseas Postdoctorate Fellow, 1965-1967. 
2Present address: Department of Chemistry, York 

University, Toronto 12, Ontario. 
3Tosyl = Ts = p-toluenesulfonyl. 
"Ditolyldisulfide and sodium p-tolyIsulfinate were also 

formed as side products (see refs. l c ,  9). 

phthalaldehydic acid tosylhydrazone with excess 
acetyl chloride in methanol. 

The product 4 was also synthesized by the 
method of Lemal and Fry (8). Phthalazine (5) 
was reduced with lithium aluminium hydride to 
3,4-dihydrophthalazine (Q, and the crude prod- 
uct was treated directly with p-toluenesulfonyl 
chloride in freshly distilled sulfolane and tri- 
ethylamine. 

Dornow and Bartsch (lb) have reported the 
formation of sulfones from diazoalkanes and 
aldehyde tosylhydrazones and hence the con- 
version of 1 to 4 is not surprising. A likely 
precursor of 4 may involve a monocarbene 
resulting from loss of one tosylhydrazone group 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TES 1153 

from 1 with subsequeilt carbene insertion to the 
N-H bond of the remaining tosylhydrazone. 
The intervention of a protonated diazo com- 
pound even under "aprotic" conditions (8, 9) 
cannot be excluded. 

Experimental 
Melting points were taken on a Kofler microscope 

hot-stage and are corrected. Infrared spectra were 
obtained as KBr discs on a Unicam SP-200 spectro- 
photometer. Infrared values (v) are given in cm-'. 
Nuclear magnetic resonance (n.m.r.) spectra were re- 
corded on a Varian Associates HA-100 spectrometer with 
tetramethyl silane as an internal standard and deuterio- 
chloroform as solvent. Ultraviolet spectra were obtained 
in ethanol on a Cary model 14 spectrophotometer. The 
mass spectra were taken on an A.E.I. MS9 double- 
focussing mass spectrometer. Woelm alumina (activity 
11-111) was used for column chromatography. 

~-P/it/lal~kfehj~de Ditosylliydrazone ( I )  
To 2.3 g of p-toluenesulfonylhydrazone in 10 ml of 

warm absolute ethanol was added 0.8 g of o-phthal- 
aldehyde in 3 ml of absolute ethanol. The solution was 
heated to reflux for a few minutes and allowed to stand 
at room temperature for 3 h. The solid was filtered to give 
2.7 g (96%) of 1, m.p. 151-152" (decomp.). The mass 
spectrum did not give a parent ion (the unusual splitting 
pattern of tosylhydrazones is well known (10); n.m.r. (s), 
7.58 s (six protons, Ar-CH), 1.8-3.0 m (complex 
multiplet which includes aromatic H, CH=N, and NH 
protons); v 3300; 3100 (NH), 1640 (C=N), 1595, 1560 
(aromatic), 1335, 1165 (SO,) ; h,,, 225 mp (E 28 800), 
290 (8650). 

Anal. Calcd. for CZZH22N404SZ: C, 56.17; H, 4.71; 
N, 11.91. Found: C, 56.30; H, 5.32; N, 11.81. 

Alkaline Decornpositior~ of o-Pl~thalaldeliyde 
Ditosylliydrazone (1) 

A solution of 1 (2.35 g, 5 mmoles) in 20 n ~ l  of dimethyl 
formamide was added to 0.24 g (10 mmoles) of sodium 
hydride5 in 5 ml of dimethyl formamide at 5". After being 
stirred for 1 h, the solution was immersed in an oil bath 
at 120'. After 5 min at this temperature, nitrogen evolu- 
tion had ceased. The reaction mixture was filtered, the 
filtrate was extracted into ether, and washed six times 
with water. The semi-crystalline residue was chromato- 
graphed to give 300 mg (21 %) of a crystalline compound 
m.p. 169-171' in the 1:1 pentane :ether fractions. 
Recrystallization from ether-pentane gave product 4, 
rn.p.~171-1730. The mass spectrum gave a ion at 
mle 286, as well as large peaks at mle 285, 155, and 130, 
which would be consistent with structure 4; n.m.r. (s) 
7.56 s (Ar-CH), 5.54 s (CHZ-N), 2.0-3.0 (eight 
aromatic protons); v 3450 br (NH), 1600 (aromatic), 
1370, 1180 s (SO,); h,,, 222 mp (E 22 loo), 290 (9030). 

Anal. Calcd. for C15H14NZOZS: C, 62.93; H, 4.93; 
N,9.79.Found: C,62.80;H, 5.32;N,9.97. 

In a similar reaction in which only one equivalent of 
sodium hydride was used, the product 4 was obtained in 
14% yield. When the reaction was carried out in dry 
diethyl Carbitol at 160' with two equivalents of sodium 

5The sodium hydride was freed from mineral oil by 
washing with dry pentane. 

n~ethoxide, only a 6% yield of 4 was obtained. All the 
reactions were carefully examined by thin-layer chro- 
matography for hydrocarbon components, but none 
could be detected. 

Alternative Synthesis of N-(3,4-Dil~ydropI1tIiaIazinyl)p- 
tolylsulfone (4) 

To a stirred slurry of lithium aluminium hydride 
(0.38 g, 10 mmoles) in 10 ml of ether under nitrogen, was 
added dropwise a solution of 1.3 g (10 m o l e s )  of 
phthalazine (5) in 20 ml of tetrahydrofuran. The mixture 
was then refluxed for 8 h. Water (1 ml) was added and the 
mixture was filtered through a filter cel- magnesium 
sulfate pad. The solvent was removed under reduced 
pressure. Thin-layer chromatography and elution of the 
product with ether showed mainly one spot (XI, 0.8; 
phthalazine Rf, 0.05). One half of the product (6) was 
dissolved in 17.5 ml of freshly distilled sulfolane, and 
0.8 ml(5 mmoles) of triethylamine and 950 mg (5 mmoles) 
of p-toluenesulfonylchloride were added. The solution 
was heated at 140-150' for 1.5 h, cooled, and then 
extracted with ether. The resulting oil on chromatography 
in the 1 :1 pentane-ether fractions gave 100 mg of 4, 
m.p. 172-174", undepressed upon admixture with the 
product obtained above; mass spectrum was identical to 
that obtained previously. 

Anal. Calcd. for Cl5Hl4N,OzS: C, 62.93; H, 4.93; 
N, 9.79. Found: C, 62.70; H, 4.93; N, 10.20. 
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The effect of solvents and various arnines on the dirnerization of isoprene with alkali-metal naphtha- 
lene, and the preparation of a new terpenic carboxylic acid, 4,8-dimethyl-3,7-nonadienic acid, by car- 
boxylation of isoprene are described. Tetrahydrofuran, and the 50150 (v/v) mixture of tetrahydrofuran 
and dimethyl sulfoxide each gave 40% of isoprene dirner. Sodium naphthalene in tetrahydrofuran solu- 
tion containing a small amount of  t-butylarnine is active for the reductive dirnerization of isoprene. 

Canadian Journal of Chemistry, 46, 1154 (1968) 

Some dimers of isoprene (1) have been pro- 
duced with transition inetal complexes (1-2). 
Recently, we have reported that lithium naphtha- 
lene dimerizes conjugated cyclodienes (3), and 
that it dimerizes 1 to give linear isoprene dimer 
2, a mixture of 2,6-dimethyl-2,6-octadiene and 
2,7-dimethyl-2,6-octadiene (4). This paper de- 
scribes the effect of solvents and various amines 
on the dimerization of 1 with alkali-metal 
naphthalene, and the preparation of a new 
terpenic carboxylic acid by carboxylation of 1. 

The effect of solvents on the behavior of 
organometallic compounds recently has received 
considerable attention. When various solvents 
were mixed with the tetrahydrofuran solution of 
lithium naphthalene, the solvent effect for the 
dimerization of 1 was studied, and the typical 
results are shown in Table I. From these results, 
tetrahydrofuran and the 50150 (v/v) mixture of 
tetrahydrofuran and dimethylsulfoxide each gave 
equally high yields of 2. 

In the previous paper (4) the authors reported 
that the lithium naphthalene is active for 
dimerization of 1, but sodium naphthalene is not 
active. The authors have found that the sodium 
naphthalene in tetrahydrofuran solution con- 
taining a small amount of Lewis base, such as 
t-butyl amine or pyridine, is active for the 
reductive dimerization of 1, similar to lithium 
naphthalene in tetrahydrofuran solution. The 
effect of t-butylamine and other Lewis bases on 
the yields of 2 have also been examined; the 
results are shown in Table 11. From these results, 
it can be said that the use of 0.1 mole of t-butyl- 
amine per mole of 1 results in the highest yield 
of 2 with sodium naphthalene in tetrahydrofuran. 

The carboxylation of 1 with carbon dioxide 
under similar conditions gave a mixture of 
various carboxylic acids which contained 1 % of 
C6-monobasic acid (3), 28 % of C1l-monobasic 

TABLE I 
Dimerization of isoprene* by alkali-metal naphthalene 
- - 

Yield of 
Alkali- dimer 

Solvent metal ( %) 

Tetrahydrofuran 
Diethyleneglycol 

dimethylether 
Dirnethoxymethane 
Dioxane 
Dimethyl formamide 
Tetrahydrofuran (100 ml), 

Dirnethylsulfoxide (100 ml) 
Tetrahydrofuran (100 ml), 

Benzene (100 ml) 
Tetrahydrofuran (100 ml), 

Ether (100 ml) 
Tetrahydrofuran (100 ml), 

Toluene (100 ml) 
Tetrahydrofuran (100 ml), 

11-Hexane (100 ml) 
Tetrahydrofuran (100 ml) 

Cyclohexane (100 rnl) 
Tetrahydrofuran (100 ml), 

1.3-Dioxane (100 ml) 
Tetrahydrofuran (100 ml), 

Isopropylether (100 ml) 
Tetrahydrofuran 
Tetrahydrofuran (100 ml), 

Dimethyl sulfoxide (100 rnl) 

"0.1 mole of 1 was used. 

acid (4), and 23 % of C12-dibasic acid (5). The 
metlryl esters of these carboxylic acids were 
catalytically hydrogenated over palladium on 
charcoal to give the corresponding saturated 
methyl esters. Methyl isocaproate from 3 and 
tetrahydrohoinogeranic acid methyl ester from 
4 were confirmed by the comparison of the 
authentic samples. The structure of 4 was deter- 
mined as 4,s-dimethyl-3,7-nonadienic acid, a 
new terpenic acid, by spectral evidence as shown 
in the Experimental section. Compound 5 was a 
mixture of various isomers the structures of 
which were not determined since their complete 
separation had not been successful. The effects 
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NOTES 1155 

TABLE I1 

Effect of various Lewis bases in tetrahydrofuran* 
-- 

Molar 
ratio of 
Lewis Yield of 

Alkali- base/ dimer 
metal Lewis amines isoprene (%) 

Li t-Butylamine 0.1 40 
Na t-Butylamine 1 .0 20 
Na t-Butylamine 0.5 20 
Na t-Butylamine 0.2 30 
N a  t-ButyIamine 0.1 35 
Na r-Butylamine 0.05 30 
Na Dibutylamine 0 .1  20 
Na Triethylamine 0.1 25 
Na Pyridine 0.1 10 
Na Triphenylphosphine 0.1 20 
Na p-Phenylenediamine 0.1 20 

*Reaction conditions: tetrahydrofuran (100 ml), alkali-metal 
(0.1 mole), naphthalene (0.03 mole), and 1 (0.1 mole) were used. 
Reaction temperature 30 'C; reaction lime, 5 11. The yields of 2 were 
measured by gas-liqiid chromatographic analysis. Column: poly- 
phenylether (20%) on chromosorb W, 3.5 m; temperature 90 'C: 
carrier gas, hehum 40 ml/min. 

of reaction temperature on the carboxylation of 
1 have also been examined; the results are shown 
in Table 111. From these results, it can be said 
that the reaction at room temperature affords 
more C1l-monobasic carboxylic acid, but that 
the reaction at lower temperature gives more 
CIzdibasic acid. 

TABLE I11 

The effect of temperature on carboxylation of isoprene 
-- 
Temperature Monobasic acid Dibasic acid 

("C) yield ( %) yield ( %) 

20 28 17 
0 12 18 

Experimental 
All the experiments were carried out in a dry apparatus 

under nitrogen and all the reagents were dried over 
metallic sodium and purified by fractional distillation. 

Dirnerizntiorl ofkoprene (I) wit11 Alknli Nnphtl~aler~e 
The tetrahydrofuran solution of alkali naphthalene 

was prepared as reported previously (3-4). Lithium 
naphthalene solutions in solvents other than tetrahydro- 
furan were prepared similarly. Solutions of lithium 
naphthalene in solvent mixtures containing tetrahydro- 
furan were prepared by the addition of the variable sol- 
vent to a tetrahydrofuran solution of lithium naphthalene. 

A typical procedure using a Lewis base is as follows. 
To 40 g (0.312 mole) of naphthalene and 150 ml of 
tetrahydrofuran, 4.5 g (0.65 mole) of lithium cuts were 
added and the mixture was then agitated at room tem- 

perature for 3 h. After addition of 4.7 g (0.065 mole) of 
t-butylamine to the contents, 40 g (0.59 mole) of 1 were 
added and the mixture was stirred for 3 h more at 30 "C. 
The reaction mixture was decomposed with methanol and 
the insoluble matter was dissolved with water. The organic 
layer was isolated with ether, dried over anhydrous 
sodium sulfate, and distilled to give 18 g (b.p. 60-110 "C 
at 40 Torr) of a crude 2, which was a mixture of 2,6- 
dimethyl-2,6-octadiene and 2,7-dimethyl-2,6-octadiene. 
The properties of these hydrocarbons are shown in ref. 4. 

Cnrboxylntior~ of Isopret~e (I) 
To a mixture of metallic lithium (0.29 mole), naph- 

thalene (20 g) and tetrahydrofuran (100 ml), 20 g (0.29 
mole) of 1 was added under an atmosphere of nitrogen 
during 3 h with stirring. At the conclusion of the reaction, 
the mixture was poured onto a large excess of crushed 
Dry Ice (1 000 g) in a beaker. The excess Dry Ice was 
allowed to evaporate overnight; unchanged lithium in 
the carboxylated product was then quenched by the 
cautious addition of 300 cm3 of water during 0.5 h. 
Potassium hydroxide (20 g) was then added to the reaction 
mixture. The nonacidic materials were extracted with 
isopropyl ether (ether solution a) and the remaining 
solution was made acidic with concentrated hydrochloric 
acid. The acid was rcmoved completely from the aqueous 
layer by extraction with isopropyl ether. The ether solu- 
tion was washed with water, dried over anhydroussodium 
sulfate, and the dried ether solution evaporated a t  
reduced pressure to yield 16 g of crude acids. Distillation 
of these acids gave the following fractions: (a) b.p. 
60-80 "C at  25 Torr, yield 0.2 g; (b) b.p. 117-125 "C at 
6 Torr, yield 5.5 g; and (c) b.p. 160-180 "C at 5 Torr, 
yield 4.5 g. 

Fraction a was esterified with methanol in the usual 
way to the corresponding methyl ester. I t  was hydro- 
genated over palladium on carbon in a methanol solution 
at 50 "C to give the saturated methyl ester. Isocaproic 
acid methyl ester was confirmed as the main component 
by gas-liquid chromatography on a 2 rn column of 
Reoplex 400 (20%) on Celite 545 at a temperature of 
120 OC with helium as the carrier gas (40 ml/min). 
Infrared absorption spectrum of fraction a showed a 
characteristic band of trisubstituted double bond at 810 
cm-1 and carbonyl group a t  1725 cm-1. 

Fraction b was esterified similarly to the corresponding 
methyl ester. Distillation of the methylester gave 4,8- 
dimethyl-3,7-nonadienic acid methylester as the main 
product; b.p. 90 "C at 4 Torr, 1 1 ~ 2 0  1.4748, molecular 
weight 186 (calcd. for C12H2002, 196), infrared 1745 
cm-1 (-0-CO-), 1160 cm-1 (an ester), 835 cm-1 (a 
trisubstituted double bond), nuclear magnetic resonance 
(n.m.r.) r 5.40 (-CH=C-), 6.40 (-COOCH,), 8.40 
(-C=C-CH,), saponification value 250 (calcd. for 
C1zH2002, 288). 

Anal. Calcd. for C12H2002: C, 73.41; H, 10.26. 
Found: C, 74.04; H, 10.02. 

The methyl ester was hydrogenated similarly and 
absorbed two equivalents of hydrogen to give the cor- 
responding saturated methyl ester. Distillation of the 
methyl ester gave 4,8-dimethylnonanoic acid methyl ester 
(homogeranic acid methyl ester) as the main product; 
b.p. 87 "Ca t  6 Torr, 1 1 ~ 1 6  1.4368, n.m.r.: 9.15 (CH3-), 
8.8 (-CH2-), 8.6 (-CH-), 7.8 (-CH2-CO-), 6.4 
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(-0-CH3); infrared 1743, 1170, 1260, and 1370 cm-1. Lab. instrument (60 Mcls) with carbon tetrachloride 
The infrared, n.m.r., and gas-liquid chromatogramagreed solutions and with tetramethylsilane as an internal 
with those of its authentic sample. standard. 

Fraction c was distilled to give a mixture of various 
dibasic acids but their complete-separation was unsuccess- 
ful; b.p. 165 "C at 4 Torr, molecular weight 230 (calcd. 
for CL2Hl8O4; 226). The dimethyl ester was prepared 
similarly, and had the following properties, b.p. 160- 
165 "C at 3 Torr, infrared 1745 and 1160 cm-1 (carb- 
oxylic acid), 785 cm-1 (a trisubstituted double bond), 
saponification value 403 (calcd. for C14H2204,444). 

Anal. Calcd. for C14H2204: C, 66.10; H,  8.72. Found: 
C, 67.10; H, 8.85. 

From the ether solution a, 2 g of 2 was obtained by 
fractional distillation. 

blfrared Absorption Spectra 
These (liquid film) were measured on a Koken IRS 

spectrophotometer. 

Nuclear Magtietic Resorz~nce Spectra 
These were determined on a Japan Electron Optics 
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The synthesis and saponification kinetics of some 4'-substituted 
4-phenoxyphenyl acetates 
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Phenoxyphenyl acetate and several 4'-substituted derivatives were synthesized and their rates of 
saponification determined. The nature of the 4'-substituent was correlated with the rate of saponification 
by means of the Harnrnett equation. 

Canadian Journal of Chemistry, 46,1156 (1968) 

The syntheses and saponification kinetics of 
esters represent subjects which have been sub- 
jected to a great deal of study (1). In the course of 
these studies both the acyl and alcohol moieties 
have been extensively varied; however, the 
syntheses and saponification kinetics of 2'-, 
3'-, and 4'-substituted 4-phenoxyphenyl esters 
(1) have been neglected. 

n 

Ikawa's synthesis of 4-hydroxy-4'-nitrodi- 
phenyl ether (2), Ungnade's synthesis of 4-car- 
boxy-2'-methyldiphenyl ether (3), and Walker's 
synthesis of 4-carboxy-4'-hydroxydiphenyl ether 
(4) suggested that the following route should 
furnish the desired 4'-substituted 4-phenoxy- 
phenyl acetates. 

The substituted 4-phenoxyphenyl acetates 
synthesized by this route are found in Table I. 
The acetates were characterized by their ultra- 
violet and infrared spectra and by elemental 
analyses. 

Precedent exists for assuming that substitution 
at the 4'-position might affect the rate of saponi- 
fication of phenoxyphenyl acetates. Since Lit- 
vinenko, Tsukerman, Cheshko, and Kolesnikova 
(5) have shown that the acylation of 4-amino- 
diphenyl oxide occurs 12 times as fast as the 
acylation of 4-amino-4'-nitrodiphenyl oxide, 
similar effects might be expected for the saponifi- 
cation of esters derived from I-hydroxydiphenyl 
oxide reported in Table I. 

The saponifications were carried out in 25% 
ethanol/water (v/v), "pH" 10.3, employing 
phosphate as the buffer species, at 25 "C k0.01, 
(ester) = - M. The course of the 
reaction was conveniently followed by measur- 
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(-0-CH3); infrared 1743, 1170, 1260, and 1370 cm-1. Lab. instrument (60 Mcls) with carbon tetrachloride 
The infrared, n.m.r., and gas-liquid chromatogramagreed solutions and with tetramethylsilane as an internal 
with those of its authentic sample. standard. 

Fraction c was distilled to give a mixture of various 
dibasic acids but their complete-separation was unsuccess- 
ful; b.p. 165 "C at 4 Torr, molecular weight 230 (calcd. 
for CL2Hl8O4; 226). The dimethyl ester was prepared 
similarly, and had the following properties, b.p. 160- 
165 "C at 3 Torr, infrared 1745 and 1160 cm-1 (carb- 
oxylic acid), 785 cm-1 (a trisubstituted double bond), 
saponification value 403 (calcd. for C14H2204,444). 

Anal. Calcd. for C14H2204: C, 66.10; H,  8.72. Found: 
C, 67.10; H, 8.85. 

From the ether solution a, 2 g of 2 was obtained by 
fractional distillation. 

blfrared Absorption Spectra 
These (liquid film) were measured on a Koken IRS 

spectrophotometer. 

Nuclear Magtietic Resorz~nce Spectra 
These were determined on a Japan Electron Optics 
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Phenoxyphenyl acetate and several 4'-substituted derivatives were synthesized and their rates of 
saponification determined. The nature of the 4'-substituent was correlated with the rate of saponification 
by means of the Harnrnett equation. 

Canadian Journal of Chemistry, 46,1156 (1968) 

The syntheses and saponification kinetics of 
esters represent subjects which have been sub- 
jected to a great deal of study (1). In the course of 
these studies both the acyl and alcohol moieties 
have been extensively varied; however, the 
syntheses and saponification kinetics of 2'-, 
3'-, and 4'-substituted 4-phenoxyphenyl esters 
(1) have been neglected. 

n 

Ikawa's synthesis of 4-hydroxy-4'-nitrodi- 
phenyl ether (2), Ungnade's synthesis of 4-car- 
boxy-2'-methyldiphenyl ether (3), and Walker's 
synthesis of 4-carboxy-4'-hydroxydiphenyl ether 
(4) suggested that the following route should 
furnish the desired 4'-substituted 4-phenoxy- 
phenyl acetates. 

The substituted 4-phenoxyphenyl acetates 
synthesized by this route are found in Table I. 
The acetates were characterized by their ultra- 
violet and infrared spectra and by elemental 
analyses. 

Precedent exists for assuming that substitution 
at the 4'-position might affect the rate of saponi- 
fication of phenoxyphenyl acetates. Since Lit- 
vinenko, Tsukerman, Cheshko, and Kolesnikova 
(5) have shown that the acylation of 4-amino- 
diphenyl oxide occurs 12 times as fast as the 
acylation of 4-amino-4'-nitrodiphenyl oxide, 
similar effects might be expected for the saponifi- 
cation of esters derived from I-hydroxydiphenyl 
oxide reported in Table I. 

The saponifications were carried out in 25% 
ethanol/water (v/v), "pH" 10.3, employing 
phosphate as the buffer species, at 25 "C k0.01, 
(ester) = - M. The course of the 
reaction was conveniently followed by measur- 
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NOTES 

R*B~ 4- K O ~ O C H ~  A R ~ o ~ o C H ~  

(OH) (Br) 

TABLE I 
Synthesis of 4'-substituted 4-phenoxyphenyl acetate9 

Melting Boiling 
Yield point point 

R R' R" % ("c) PC> 
- HI. 80 - 181 (15 mrn) 

OCHB CH3 CH3 49 153 (3.2 mm) 
Br 0CH3 Br 14 - 94 (2.2 mm) 
OCH3 NO2 NO2 36 62-64 

* R ~ O H  -i KOU~ :--+ ~ ~ 0 ~ 0 4 ~ .  

tPrepared from acetic anhydride and 4-phenoxyphenol. 

ing the optical density change of the reaction 
mixture as a function of time at the wave- 
length where the product phenolate strongly 
absorbs (280mp - 300mp). First order rate con- 
stants were calculated from plots of log (O.D. 
- O.D.,) as a function of time by the procedure 
of Bruice (6) and are tabulated in Table 11. 
Good first order plots were obtained which were 
reproducible within 2-3 %. 

TABLE I1 

Saponification* of R - O e O & - C H 3  

The nature of the 4'-substituent may be re- 
lated to the rate of saponification of the 4'-sub- 
stituted 4-phenoxyphenyl acetates by use of the 
Hammett equation (7). A p of + 0.289, r = 0.803, 
was calculated. 

The transmission of electronic effects through 
the phenoxy bridge may be evaluated by com- 
parison of the p obtained in these experiments 
with the p for the saponiikation of substituted 
phenyl acetates. Bruice (6) calculated a p of 
+ 1.1 5 for the saponification of phenyl acetates 
in 25% ethanollwater (vlv), "pH" 8.0, at 30". 
The shielding effect of the phenoxy bridge is 
substantial. The ratio p/po (po for substituted 
phenyl acetates, p for 4'-substituted phenoxy- 
phenyl acetates) is 0.25 and agrees with that 
calculated from transmission coefficients for the 
transmission of polar effects through oxygen and 
phenylene links, 0.16 (8). 

2.12 1. J. HINE. Physical organic chemistry. McGraw-Hill 
Book Company, Inc., New York. 1962. Chap. 12, 

NO2 4.19 and references cited therein. 
2. K. IKAWA. Yakugaku Zasshi, 79, 1493 (1959); 

* ~ t  "~II" 10.3. Chem. Abstr. 54,1902211 (1960). 
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Organic and biological spectrochemical studies. XXVII. Electron spin 
resonance spectra of the pyrene monomer and dimer cation radicals1 

Depnrtriietzt of Chemistry, University of Waterloo, Waterloo, Ot~tario at~d Departtilent of Biochetiristry, 
Utziversity of Rochester, Roclrester, New York 

Received October 12, 1967 

The electron spin resonance spectra of pyrene, dissolved in sulfur dioxide - boron trifluoride, are 
investigated. Two different spectra can be obtained, depending on the experimental conditions, and are 
ascribed to the monomeric and dinieric hydrocarbon radical cations. 

Canadian Journal of Chemistry, 46, 1198 (1968) 

Radical dimers of polynuclear hydrocarbons 
are of some biological interest because they may 
provide a mechanism whereby metastable free 
radicals are stabilized. For example, the cation 
radical dimer of 3,4-benzpyrene has been postu- 
lated as a reaction intermediate involved in bio- 
logical activity (1, 2) and may thus, at least 
partly, be responsible for the biological activity 
of that compound. In the course of surveying 
a number of polynuclear hydrocarbon cation 
radicals for possible dimer formation, the elec- 
tron spin resonance (e.s.r.) spectrum of pyrene 
was investigated in various acid media. 

The e.s.r. spectrum of the cation radical of 
pyrene (1) has previously been reported by 
Lewis and Singer (3); it was obtained by 
oxidizing the hydrocarbon with antimony 
pentachloride using methylene dichloride as 
solvent. However, the spectrum was not well 
resolved (line-width ca. 150 mG). 

For the liquid sulfur dioxide- boron trifluoride 
system (cf. deBoer and Praat (4)) hydrocarbon 
and boron trifluoride concentrations of ca. 5 x 

M were used. Samples were prepared in liq- 
uid nitrogen and allowed to melt in the spec- 
trometer cavity a t  -50 "C when the spectrum 
shown in Fig. 1 was obtained. 

This spectrum is better resolved (line width ca. 
65 mG) and the main lines are well accounted 
for by a simulated spectrum, assuming the 
following proton splitting constants: a, = 2.17 
G (four protons; p = 0.098); a, = 5.39 G (four 
protons; p, = 0.178); a, = 1.20 G (two protons; 
p, = -0.054) which are in good agreement 
with the previously reported values (3). The 
corresponding calculated spin densities, p, 
using the McLachlan molecular orbital - self- 
consistent field theory (5) are given in paren- 
theses. Generally, for most polynuclear 
hydrocarbons, which in sulfuric acid afford 
e.s.r. spectra, the SO,-BF, system appears to 
give equally well or better resolved spectra.' 
In some cases, for example pyrene and dibenz- 
(a,c)triphenylene, a spectrum is obtained in this 
medium although none can be obtained in sul- 
furic acid. 

Marked changes occur on altering the 
temperature. The previously blue solution 

'For part XXVI in this series, see W. F. Forbes and 
P. D. Sullivan, Can. J. Chem.46,325 (1968). '5. T. Cooper. Unpublished information. 
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The electron spin resonance spectra of pyrene, dissolved in sulfur dioxide - boron trifluoride, are 
investigated. Two different spectra can be obtained, depending on the experimental conditions, and are 
ascribed to the monomeric and dinieric hydrocarbon radical cations. 

Canadian Journal of Chemistry, 46, 1198 (1968) 

Radical dimers of polynuclear hydrocarbons 
are of some biological interest because they may 
provide a mechanism whereby metastable free 
radicals are stabilized. For example, the cation 
radical dimer of 3,4-benzpyrene has been postu- 
lated as a reaction intermediate involved in bio- 
logical activity (1, 2) and may thus, at least 
partly, be responsible for the biological activity 
of that compound. In the course of surveying 
a number of polynuclear hydrocarbon cation 
radicals for possible dimer formation, the elec- 
tron spin resonance (e.s.r.) spectrum of pyrene 
was investigated in various acid media. 

The e.s.r. spectrum of the cation radical of 
pyrene (1) has previously been reported by 
Lewis and Singer (3); it was obtained by 
oxidizing the hydrocarbon with antimony 
pentachloride using methylene dichloride as 
solvent. However, the spectrum was not well 
resolved (line-width ca. 150 mG). 

For the liquid sulfur dioxide- boron trifluoride 
system (cf. deBoer and Praat (4)) hydrocarbon 
and boron trifluoride concentrations of ca. 5 x 

M were used. Samples were prepared in liq- 
uid nitrogen and allowed to melt in the spec- 
trometer cavity a t  -50 "C when the spectrum 
shown in Fig. 1 was obtained. 

This spectrum is better resolved (line width ca. 
65 mG) and the main lines are well accounted 
for by a simulated spectrum, assuming the 
following proton splitting constants: a, = 2.17 
G (four protons; p = 0.098); a, = 5.39 G (four 
protons; p, = 0.178); a, = 1.20 G (two protons; 
p, = -0.054) which are in good agreement 
with the previously reported values (3). The 
corresponding calculated spin densities, p, 
using the McLachlan molecular orbital - self- 
consistent field theory (5) are given in paren- 
theses. Generally, for most polynuclear 
hydrocarbons, which in sulfuric acid afford 
e.s.r. spectra, the SO,-BF, system appears to 
give equally well or better resolved spectra.' 
In some cases, for example pyrene and dibenz- 
(a,c)triphenylene, a spectrum is obtained in this 
medium although none can be obtained in sul- 
furic acid. 

Marked changes occur on altering the 
temperature. The previously blue solution 

'For part XXVI in this series, see W. F. Forbes and 
P. D. Sullivan, Can. J. Chem.46,325 (1968). '5. T. Cooper. Unpublished information. 
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NOTES 1159 

FIG. 1. The e.s.r. spectrunl of pyrene in SO,-BF3 at -50 "C; the solution was prepared by condensing consti- 
tuents into a tube cooled in liquid nitrogen. 

FIG. 2. ( (1 )  The e.s.r. spectrum of pyrene, prepared as for Fig. 1, after warming to room temperature and subse- 
quent recooling to -60 "C; (6) a computed spectrurii using the parameters given in the text. 

becomes yellow on warming to 25 "C and the 
spectrum is considerably changed and 
broadened. On cooling to -60 "C, the solution 
turns purple and the line-width decreases to ca. 
65 mG (see Fig. 2a). This spectrum may be an- 
alyzed in terms of: a, = 1.09 G (eight protons); 
a, = 2.61 G (eight protons); a, = 0.56 G (four 
protons; see Fig. 2b). These values are approxi- 
mately half those for the cation 1. 

This spectrum is ascribed to the pyrene dimer 
cation radical, with the unpaired electron 
density distributed equally over both molecules. 
Similar dimeric cation radicals have previously 
been proposed for naphthalene (3), anthracene, 
and 2,3,6,7-tetramethylnaphthalene (6). More- 
over, work in this2 and other laboratories3 has 

3E. deBoer and H. van Willigen. Unpublished 
information. 

shown that dimer radicals are also formed for 
coronene and possibly other polynuclear hydro- 
carbons. Dimer formation in solutions of 
pyrene and other hydrocarbons, involving 
neutral molecules, has been investigated by 
fluorescence spectroscopy (8) and the relevant 
theory discussed (9). 

For the pyrene cation radical, diiner formation 
was inhibited if boron trifluoride was present in 
about 10-fold excess. Under these conditions, 
the monomer radical affords well-resolved 
spectra, even at 50 "C. Conversely, if pyrene 
is present in excess, the dimer species appeared 
to be more stable, and was obtained immediately 
at  low temperature. 

Pyrene was supplied by the Coal Tar Research 
Association (Britain) and commercially avail- 
able sulfur dioxide and boron trifluoride 
(Matheson) were used. Electron spin resonance 
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spectra of the vacuum-sealed samples were Public Health Service Research Grant RH00392, 
determined with a Varian E-3 spectrometer. National Center for Radiological Health. 
Spectral techniques and computer programs 
employed were those described previously (7). i: Ly$I~,~k. ~~~~~~~E22~219~irahedron, 
Splitting constants are believed to be accurate 22,2599 (1966). 
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4-Methyl- and 4-ethyl-6,7-dimethoxyisoquinolines have been synthesized by base-induced alkylation 
of homoveratronitrile, hydrogenation, N-formylation of the resultant amines, phosphorus pentoside- 
induced cyclization and palladium-catalyzed dehydrogenation. Homoveratronitrile underwent self-con- 
densation to the dimer, 2,4-bis-(3,4-dimethoxyphenyl-)3-aminocrotonitrile, under the influence of 
potassium t-butoxide. 4-Carbomethoxy-6,7-dimethoxyisoquinoline was synthesized by the following 
sequence of reactions: base-catalyzed condensation of homoveratronitrile with ethyl formate, acid- 
induced interaction with urethane, pyrolytic cyclization, phosphorus oxychloride treatment, palladium- 
catalyzed hydrogenolysis, and hydrolysis and esterification of the resultant 4-cyano-6,7-dirnethosyiso- 
quinoline. 
Canadian Journal of Chemistry, 46 1160 (1968) 

In connection with a problem on alkaloid 
synthesis we were in need of 4-methyl- (la), 
4-ethyl- (lb), and 4-acetyl- (lc) or 4-car- 
bomethoxy-6,7-dimethoxyisoquinoline (la). The 
present communication describes snytheses of 
three of the four bases. 

R 

k 
l a  R = Me, R' = H 
b R = Et, R' = H 
c R = Ac, R' = H 
d R = COZMe, R' = H 
e R = CN, R' = Cl 
f R = C N , R ' = H  
g R = COZMe, R' = CI 

Exposure of homoveratronitrile (2a) to methyl 
iodide and potassium t-butoxide led to a 
methylated product (2b) whose hydrogenation 

in ammoniacal methanol solution over Raney 
nickel yielded an arnine (3a). Treatment of the 
N-formyl derivative (3b) of the latter with 
phosphorus pentoxide produced a dihydroiso- 
quinoline whose palladium-induced dehydro- 
genation yielded the desired isoquinoline la .  
An identical sequence of reactions except for an 
initial ethylation of homoveratronitrile generated 
isoquinoline lb. 

3a R = Me, R' = H 
b R = Me, R' = CHO 
c R = Et, R' = H 
d R = Et. R' = CHO 

e R = C(OCH,),Me e R = c(ocH,),M~, 
f R = C H O  R'= H 

f R = C(OCHz),Me, 
R' = CHO 
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densation to the dimer, 2,4-bis-(3,4-dimethoxyphenyl-)3-aminocrotonitrile, under the influence of 
potassium t-butoxide. 4-Carbomethoxy-6,7-dimethoxyisoquinoline was synthesized by the following 
sequence of reactions: base-catalyzed condensation of homoveratronitrile with ethyl formate, acid- 
induced interaction with urethane, pyrolytic cyclization, phosphorus oxychloride treatment, palladium- 
catalyzed hydrogenolysis, and hydrolysis and esterification of the resultant 4-cyano-6,7-dirnethosyiso- 
quinoline. 
Canadian Journal of Chemistry, 46 1160 (1968) 

In connection with a problem on alkaloid 
synthesis we were in need of 4-methyl- (la), 
4-ethyl- (lb), and 4-acetyl- (lc) or 4-car- 
bomethoxy-6,7-dimethoxyisoquinoline (la). The 
present communication describes snytheses of 
three of the four bases. 

R 

k 
l a  R = Me, R' = H 
b R = Et, R' = H 
c R = Ac, R' = H 
d R = COZMe, R' = H 
e R = CN, R' = Cl 
f R = C N , R ' = H  
g R = COZMe, R' = CI 

Exposure of homoveratronitrile (2a) to methyl 
iodide and potassium t-butoxide led to a 
methylated product (2b) whose hydrogenation 

in ammoniacal methanol solution over Raney 
nickel yielded an arnine (3a). Treatment of the 
N-formyl derivative (3b) of the latter with 
phosphorus pentoxide produced a dihydroiso- 
quinoline whose palladium-induced dehydro- 
genation yielded the desired isoquinoline la .  
An identical sequence of reactions except for an 
initial ethylation of homoveratronitrile generated 
isoquinoline lb. 

3a R = Me, R' = H 
b R = Me, R' = CHO 
c R = Et, R' = H 
d R = Et. R' = CHO 

e R = C(OCH,),Me e R = c(ocH,),M~, 
f R = C H O  R'= H 

f R = C(OCHz),Me, 
R' = CHO 
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TES 1161 

Base-catalyzed condensation of homovera- 
tronitrile with ethyl acetate yielded the ketone 
2d (1) whose interaction with ethylene glycol 
and acid produced the ketal 2e. Hydrogenation 
of the latter yielded an amine (3e) whose 
treatment with formic acid led to the amide 3f. 
Unfortunately all attempts to convert the forma- 
mide into a dihydroisoquinoline failed despite 
application of a large variety of cyclization 
procedures. One of these, treatment of 3f with 
phosphorus pentoxide in pyridine (2), yielded 
the unneeded isocyanide 4 (cf. ref. 3). While a 
direct approach to the ketone Ic  thus appeared 
to be blocked, no alternate route of synthesis 
was sought in view of the concurrent completion 
of a synthesis of the equally useful ester Id. 

Condensation of homoveratronitrile (2a) with 
ethyl formate, followed by acid-induced interac- 
tion of the resultant formyl derivative (2f) with 
urethane, led to 5 whose pyrolysis in diphenyl 
ether solution produced the isocarbostyril 6 
(cf. ref. 4). Phosphorus oxychloride treatment 
of the latter gave the chloro compound Ie whose 
palladium-catalyzed hydrogenolysis yielded If. 
Hydrolysis and esterification of the cyanide 
afforded the desired ester Id. 

Side products of the alkylation of homovera- 
tronitrile (vide supra) appeared reminiscent of 
the product of base-catalyzed dimerization of 
phenylacetonitrile (5). Self-condensation of 
homoveratronitrile (2a) under the influence of 
potassium t-butoxide yielded a dimer whose 
infrared and proton magnetic resonance (p.m.r.) 
spectral characteristics showed it to possess 
structure 8a and thus to be the tetramethoxy 
derivative of phenylacetonitrile dimer (7). The 
alkylation side products were shown to be the 
N-alkyl derivatives 8c and 8d by similar spectral 
examination. 

b R = H , R ' = A c  
c R = Me, R' = H 
d R = Et, R' = H 

Experimental 
All melting points were determined on a Reichert 

microhotstage and are uncorrected. Ultraviolet spectra 
were obtained on a Cary 14 spectrophotometer. Infrared 
spectra were determined with a Perkin-Elmer 137B 
spectrophotometer. Proton magnetic resonance (p.m.r.) 
spectra of deuteriochloroform solutions containing 
tetramethylsilane as internal standard were recorded on 
a Varian Associates A-60 spectrometer. Neutral alumina, 
activity IV, was used for chromatography. 

4-Methyl-6,7-dimethoxyisoquinoline ( la)  
A solution of 3.90 g of potassium, 17.7 g of homo- 

veratronitrile (Z), and 14.2 g of methyl iodide in 120 ml 
of t-butanol was heated at 100" for 2 11. The solution 
was concentrated to low volume, acidified with acetic 
acid, and extracted with chlorofornl. The extract was 
evaporated and the residue distilled at 130-140" at 
0.05 mm. The liquid product, 11.2 g, consisting of some 
dimethylated material and 26 [p (neat) C-N 4.45(w), 
C=C 6.20(m), 6.25(m); 6 C-CH3 doublet at 1.55 p.p.m. 
(J = 7.0 c.p.s.), 0-CH3 singlets at 3.81, 3.82 p.p.m.1, 
was reduced without further purification. A mixture of 
the product and 1.3 g of Raney nickel in 200 ml of 
methanol saturated with ammonia was hydrogenated in 
a Paar bomb at 40 p.s.i. for 6 h. The mixture was centri- 
fuged, the supernatant liquid decanted from the catalyst, 
and the solution evaporated. Distillation of the residue 
gave 10.5 g of anline composed of some dimethylated 
product and3a [p(neat)NH 2.95(w, broad), C=C 6.20(m), 
6.25(m); 6 C-CH3 doublet at 1.21 p.p.m. (J = 7.0 
c.p.s.), 0-CH3 singlets at 3.79, 3.82 p.p.m.1. A solution 
of the product in 2.9 g of formic acid was heated at 115" 
for 3 11. The excess formic acid was removed by distil- 
lation. Further distillation at ca. 200" at 0.05 mm yielded 
11.3 g of amide encompassing some dimethylated 
substance and 36 [p (neat) NH 3.07(m), C=O 5.99(s), 
C=C 6.26(m), 6.34(m); 6 C-CH3 doublet at 1.25 p.p.m. 
( J  = 7.0 c.p.s.), 0-CH3 singlets at 3.79, 3.81 p.p.m.1. 
A solution of the amide and 30 g of phosphorus pentoxide 
in 500 ml of toluene was refluxed for 15 min. Another 
20 g of phosphorus pentoxide was added and the refluxing 
continued for 15 min. The solution was decanted from 
the precipitate and extracted with 10% hydrochloric 
acid. The precipitate was decomposed with ice-water and 
the acidic, aqueous solutions combined. They then were 
washed with chloroform, basified, and extracted with 
chloroform. The extract was evaporated and the residue 
distilled under vacuum. This yielded 4.92 g of a mixture 
of dimethylated dihydroisoquinoline and 3,4-dihydro-la 
[p (neat) C=N 6.14(m), C=C 6.23(m), 6.36(111); 6 
C-CH3 doublet at 1.20 p.p.m. ( J  = 7.0 c.p.s.), 0-CH3 
singlets at 3.86, 3.90 p.p.m.1. A mixture of the product 
and 1.5 g of 10% palladium on charcoal in 200 ml of 
p-cymene was refluxed for 1.5 h. The catalyst was 
filtered and the filtrate concentrated to 50 ml and ex- 
tracted with 10% hydrochloric acid. The extract was 
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washed with chloroform, made basic with 10% potas- 
sium hydroxide, and extracted with chloroform. The 
extract was evaporated and the residue crystallized from 
benzene-hexane yielding 1.73 g of In, m.p. 128"; p 
(Nujol) C=C 6.21(m), 6.37(m); 6 C-CH, singlet at  
2.46 p.p.m., two 0-CH, singlets at 3.97 p.p.m., CS-H 
and Cs-H singlets at 6.92, 7.04 p.p.m., C3-H singlet 
at 8.17 p.p.rn., Cl-H singlet at 8.82 p.p.m. 

Anal. Calcd. for C12H1302N: C, 70.81; H, 6.45; N, 
6.89. Found: C, 70.85; H, 6.52; N, 6.92. 

4-E1/1j~I-6,7-di1i1er/ioxyisoq~1i11o/ire (lb) 
The synthesis of l b  followed the procedure outlined 

above for the preparation of In  (except for the use of 
ethyl iodide in place of methyl iodide in the first reaction). 
Honioveratronitrile (2n), 1.77 g, was transformed into 
0.85 g of its a-ethyl derivative (2c). Hydrogenation of the 
latter, 8.50 g, gave 6.70 g of amine 3c, whose formylation 
yielded 7.00 g of arnide 3d. Cyclization of the formamide 
followed by dehydrogenation of the product (3,4-dihydro- 
lb), 4.04 g, led to a base whose crystallization from 
benzene-hexane afforded 1.90 g of lb,  n1.p. 88"; 6 
C-CH, triplet at  1.36 p.p.rn. ( J =  7.0 c.p.s.), CH2 
quartet at 2.96 p.p.rn. ( J  = 7.0 c.p.s.), 0-CH, singlcts 
at 4.01, 4.02 p.p.m., CS-H and Cs-H sing!ets at 7.22, 
7.27 p.p.111., C3-H singlet at 8.26 p.p.rn., Cl-H singlet 
at  8.92 p.p.m.; 1b.picrate (crystallized from methanol), 
m.p. 223-225"; p (Nujol) C=C 6.15(rn), 6.20(rn), 
6.30(m), 6.39(m), 6.50(m). 

Anal. Calcd. for CIeHlsOpN,: C, 51.12; H, 4.06; N, 
12.55. Found: C, 51.64; H,4.12; N, 12.21. 

a-Ace~~~lhor~rove~'n!ro~~i!~'ile Etliyle11eketnl(2e) 
A solution of 23.4 g of ho~noveratronitrile (2n), 45 

ml of cthyl acetate and 9.1 g of s o d i ~ ~ ~ n  in 100 ml of 
absolute ethanol was refluxed for 2 h. The precipitated 
salt was filtered, washed with ether, and decomposed in 
10% acctlc acid. Evaporation of the mixture and crystal- 
lization of the residue from methanol yielded 29.0 g 
of  2d (I), m.p. 97-98"; 6 C-CH, singlet at 2.22 p.p.m., 
two 0-CH, singlets at 3.90 p.p.rn., benzyl C-H singlet 
at 4.70 p.p.m.; its en01 p (Nujol) O H  3.22(m, broad), 
C=N 4.57(ni), C=C 6.18(m), 6.28(w), 6.38(w). 

A solution of 10.0 g of 2rland 0.3 g ofp-tolucnesulfonic 
acid in 300 1111 of ethylene glycol was distilled slowly 
at 70-72" at 2.5 mrn. After 3 h, 200 ml of ethylene glycol 
was added and the distillation continued for another 2 h.  
Chloroforn~ was added to the rcsidual solution, 50-100 
ml, and the mixture washed with 10% sodium hydroxide 
solution. Evaporation of the chloroform solution and 
crystallization of thc residue from ~iiethanol yielded 7.9 
g of 2e, m.p. 85"; p (Nujol) C=N 4.45(w), C=C 6.22 (w), 
6.28(w); 6 C-CH, singlet at 1.35 p.p.m., 0-CH, 
singlets at  3.88, 3.89 p.p.m., (0-CH,), singlet at 3.96 
p.p.111. 

Anal. Calcd. for C14Hl,0,N: C, 63.87; H, 6.51; N, 
5.32. Found: C, 63.04; H, 7.86; N, 5.24. 

a-Acetyl!~otnove,.ntrylnrr~ine Etl~yleneketnl (3e) 
A mixture of 4.0 g of 2e and 1.0 g of Raney nickel in 

200 1111 of ~iiethanol saturated with ammonia was hydro- 
genated at room temperature and 40 p.s.i. for 6 h. The 
mixture was centrifuged and the supernatant liquid 
decanted and evaporated. The residue was chromato- 
graphed on aluniina. Distillation of the ethyl acetate and 

methanol eluates at  200" at 6.5 mm afforded 3.0 g of 
viscous liquid 3e; p (neat) N H  3.00(w, broad), C=C 
6.22(w), 6.28(w); 6 NH2 singlet at 1.08 p.p.ni., C-CH, 
singlet at  1.19 p.p.m., 0-CH, singlets at 3.88,3.89 p.p.rn. 

Anal. Calcd. for Cl4HZlO,N: C, 62.90; H, 7.92; N, 
5.24. Found: C, 63.04; H ,  7.86; N, 5.24. 

N-(0-Acetyll~on~overatryl) fornlnrllide Etl~ylerreketnl (3f) 
A solution of 2.63 g of 3e in 0.6 g of 98 % formic acid 

was heated at  120' for 3 h. Distillation of the mixture and 
collection of a fraction boiling at  ca. 200° at  0.3 mm 
yielded 2.43 g of viscous liquid 3f; p(neat) N H  3,04(m, 
broad), C=O 6.02(s), C==C 6.22(m), 6.32(ni); 6 C-CH, 
singlet at  1.17 p.p.ni., 0-CH, singlets at  3.81, 3.82 
p.p.m., H-CO doublet a t  7.92 p.p.m. ( J  = 2.0 c.p.s.). 

Anal. Calcd. for C,sH210sN:  C, 61.00; H, 7.17; N, 
4.74. Found: C, 61.26; H, 7.11; N,4.50. 

Zsocyanirle 4 
A mixture of 5.0 g of phosphor~~s pentoxide and 50 g 

of sand was added in four portions to a boiling solution 
of 500 mg of 3f in 30 ml of pyridine over a period of 6 h. 
The solution was decanted from the gummy residue 
which was extracted repeatedly with hot pyridine. The 
conibined pyridine solutions were taken to dryness under 
vacuum and the residue chromatograplked on alumina. 
Evaporation of the benzene eluates and crystallization of 
the residual solid from methanol yielded 160 mg of 4, 
n1.p. 132"; p (Nujol) C=N 4.64(s), C=C 6.22(w), 
6.30(w); 6 C-CH, singlet at  1.12 p.p.ni., 0-CH, 
singlets at  3.88, 3.89 p.p.m., (OCH2)Z singlet at 3.93 
p.p.111. 

Anal. Calcd, for C lSHlD04N:  C, 64.87; H, 6.91; N, 
5.05. Found: C, 64.89; H, 6.91; N, 4.93. 

Urethane 5 
A mixture of 8.85 g of homoveratronitrile (2a), 3.80 g 

of ethyl formate and potassi~lm niethoxide, from 1.95 g 
of potassium, in 40 rnl of ether was stirred at  room 
temperature for 5 h. The precipitated salt was filtered, 
washed with ether, and decomposed in 10% acetic acid 
solution. Thc hygroscopic 2 f enol, 8.00 g, was stored over 
phosphorus pentoxide. A solution of 26.0 g of Zj'enol, 
11.3 g of ethyl carbamate, and 0.7 ml of concentrated 
sulfuric acid in 500 ml of toluene was concentrated by 
slow distillation to a volume of 50 ml. The cooled mixture 
was filtered and the precipitate washed with bcnzene. 
Crystallization of the solid from chloroform-ether 
yielded 23.9 g of 5, m.p. 193"; p (Nujol) N H  3.03(s), 
C s N  4.52(m), C - 0  5.77(s), C=C 6.lO(s), 6.23(w), 
6.30(w); 6 C-CH, triplet at  1.17 p.p.111. ( J  = 7.0 c.P.s.), 
two 0-CH, singlets at 3.92 p.p.m., (0-CH,) quartet 
at 4.11 p.p.rn. (.I = 7.0 c.p.s.). 

Anal. Calcd. for C14H1604N,: C, 60.48; H ,  5.84; N, 
10.14. Found: C, 60.64; H, 5.99; N, 10.40. 

4-Cynrio-6,7-di117etl1o,~yisocarbostyril(6) 
A solution of 11.2 g of 5 in 70 rnl of diphenyl ether was 

refluxed for 50 min. The cooled mixture was filtered and 
the precipitate washed generously with chloroform. 
Crystallization of the solid from glacial acetic acid 
afforded 7.0 g of 6 ,  m.p. 293-294"; p (Nujol) NH 3.05(1n), 
C=N 4.52(rn), C=O 6.02(s), C=C 6.07(s), 6.18(nl), 
6.25(s). 

Anal. Calcd. for ClzH,,03N,: C, 62.60; H ,  4.38; N, 
12.17. Found: C, 62.74; H, 4.50; N, 12.10. 
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NOTES 1163 

I-C/1loro-4-cyano-6,7-dimetkoxyisoqrrinoli~1e (le) 
A solution of 11.0 g of 6 in 200 ml of phosphorus 

oxychloride was refluxed for 2 h and then left standing 
at room temperature for 12 h. The resultant crystalline 
precipitate was filtered and washed with hexane yielding 
8.75 g of le, m.p. 245"; p (Nujol) C=N 4.50(m), C=C 
6.24(s), 6.35(w), 6.45(s); 6 O-CH3 singlets at 4.10, 
4.12 p.p.m., C,-H and Cs-H singlets at 7.32, 7.55 
p.p.m., C3-H singlet at 8.44 p.p.m. 

Anal. Calcd. for C12H902N2C1: C, 57.96; H, 3.57; N, 
11.27.Found:C. 58.15:H,3.86:N, 11.47. 

4-Cyar10-6,7-dirnefl1oxyisoq~tinohe (If) 
A slow stream of hydrogen was passed through a 

refluxing mixture of 10.0 g of l e  and 5 g of 10% palladium 
on charcoal in 500 ml of p-cymene for 2.5 h. The hot 
suspension was filtered through Celite and the filtrate 
extracted exhaustively with 10% hydrochloric acid 
solution. The extract was basified with 15% potassium 
hydroxide solution and the resultant precipitate filtered 
and dried. Crystallization of the solid from chloroform- 
methanol yielded 5.2 g of If, m.p. 218-219'; p (Nujol) 
C-N 4.50(m), C=C 6.18(m), 6.35(m); 6 0-CH3 
singlets at 4.01,4.07 p.p.n~., C5-H and Cs-H singlets at 
7.18, 7.24 p.p.m., C3-H and Cl-H singlets at 8.55, 8.99 

was evaporated and the residue treated with acetic acid. 
The mixture was evaporated and the residue extracted 
with chloroform. The extract was distilled and the 
fraction boiling at 220-24O0at 0.05 mm chromatographed 
on alumina. The benzene eluate yielded 1.00 g of 2,4- 
diphenyl-3-aminocrotonitrile (7) (5) ; p (neat) NH 2.90(s), 
3.00(s), 3.10(s), C-N 4.58(s), C==C 6.10(s), 6.25(s); 
6 CH2 singlet at 3.75 p.p.m., NH2 broad singlet at 4.86 
p.p.m. (While aromatic compounds absorb light in the 
6.0-6.4~ infrared spectral region, the spectra of neither 
phenylacetonitrile nor hon~overatronitrile (2a) revealed 
ihe Gigh-intensity enamine band at 6.10p.) ' 

' 

Homoveratronitrile (a), 1.77 g, was treated with a 
solution of 0.39 g of potassium in 50 ml of t-butanol as 
above. The distillate solidified. On crystallization from 
methanol there was obtained 0.90 g of 2,4-bis-(3,4- 
dimethoxyphenyl-)3-aminocrotonitrile @a), m.p. 133- 
134"; mass spectroscopy mol. wt. 354; P (Nujol) N H  
2.90(s), 3.00(s), C=N 4.58(s), L C  6.10(s); 6 four 
0-CH3 singlets at 3.81 p.p.m., CH2 singlet at 3.82 
p.p.m., NH, broad singlet at 4.82 p.p.m. 

Anal. Calcd. for CZ0H2,O4N2: C, 67.78; H, 6.25; N, 
7.90. Found: C, 68.07; H, 6.38; N, 8.07. 

A solution of 200 mg of 8a and 20 mg of p-toluenesul- 
fonic acid in 50 ml of acetic anhvdride was k e ~ t  at room 

p.p.m. < 

temperature for 24 h. It  was evaporated and the residue 
Anal. Calcd. for C 1 2 ~ 1 0 ~ 2 N 2 :  C, 67.28; H, 4.71; N, chronlatographed on alumina. Benzene yielded 

13.08.Found:C,67.35;H,4.80;N, 13.10. a solid whose cr~stallization from ether led to 100 ma 
Methyl I-Chloro-6,7-dir~1et/1ox~~isoquinolir1e-4- 

carboxylate (Ig) 
A solution of 300 mg of l e  in 30 ml of methanol and 

30 nll of methylene cllloride, saturated with hydrogen 
chloride, was kept at room temperature for 4 days. The 
mixture was evaporated and the residue treated with 10% 
sodium carbonate solution and extracted with chloro- 
form. Evaporation of the extract and crystallization 
of the residue from methanol ~roduced 295 ma of lp .  

. - .  . .. 
6.34(w), 6.40(s). 

Anal. Calcd. for CI3Hl2O4NCI: C, 55.42; H, 4.30; N, 
4.97. Found: C, 55.30; H, 4.63; N, 4.92. 

Methyl 6,7-Dirnef/1oxyisoq~1inolir1e-4-~arboxy1ate (Id) 
A mixture of 7.9 g of the nitrile If and 185 ml of 

concentrated I~ydrochloric acid was refluxed for 40 h. 
Removal of water and excess hydrogen chloride by 
distillation left 8.7 g of 1.HC1 (R = C02H, R' = H), 
m.p. 230-232O, whose solution in 1.3 1 of absolute 
methanol, saturated with hydrogen chloride, was kept 
at room temperature for 18 11. The solvent was evaporated 
and the residue treated with 10% sodium carbonate 
solution and extracted with chloroform. Evaporation of 
the extract and crystallization of the residue from hexane- 
ether led to 6.0 g of the ester Id, m.p. 138'; p (Nujol) 
C=O 5.82(s), C=C 6.17(m), 6,33(m), 6.61(s). 

Anal. Calcd. for C13H1304N: C, 63.15; H, 5.30; N, 
5.67. Found: C, 63.37; H, 5.41; N, 5.80. 

Arylaceto~zitvile Ditners 
Phenylacetonitrile, 2.34 g, was treated with a solution 

of 0.78 g of potassium in 50 ml of 2-butanol. The solution 

of the anlide 8;, m.p. 150'; P (Nujol) N H  3.03(n1; 
C=N 4.52(m), C=O 5.89(s), C==C 6.23(s), 6.29(m); 
6 C-CH3 singlet at 1.90 p.p.m., four O-CH3 singlets at 
3.83 p.p.m., CH2 singlet at 3.84 p.p.n~. 

Anal. Calcd. for CZ2H2405N2: C, 66.65; H, 6.10. 
Found: C, 67.05 ; H, 6.10. 

Crystallization of the residue of the distillation of 2c 
from methanol yielded 8d, m.p. 170-171'; u (Nujol) 
NH 2.98(m), C=N 4.58(s), C=C 6.21(s), 6.26(s); 6 
C-CH3 triplet at 0.93 p.p.m., NCHz quartet at 3.11 
p.p.m., four 0-CH3, CH2 and an NH multiplet at  
3.84.0 p.p.m. 

Anal. Calcd. for C22H2,04N2: C, 69.09; H, 6.85; 
N.7.33.Found: C. 68.97: H. 6.99:N. 7.22. 
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Preparation and structure of dimethyl-a-conidenbin-8-sulfonamide 

G. M .  BARTON 
Department of Forestry atzd Rural Development, Forest Products Laboratory, Vancolrver 8,  British Coh~rnbia 

Received December 1, 1967 

The synthesis and structure of a new derivative of a-conidendrin, an extractive from western hemlock 
(Tslrga Izeteropl~ylla [Raf.] Sarg.), are described. Elemental analyses together with high resolution nuclear 
magnetic spectroscopy enabled the structure to be designated as 2-naphthoic acid, 1,2,3,4-tetrahydro-3- 
hydroxyinethyl-6,7-dimethoxy-4-(3',4'-dimethoxypheny1)-8-sulfonamide y-lactone. 

Canadian Journal of Chemistry, 46, 1164 (1968) 

One of the important challenges of the wood 
extractive field is the number of pure crystalline 
compounds potentially available in commercial 
quantities which are only being used in token 
amounts at the present time. A good example of 
one such compound is a-conidendrin, a major 
phenolic extractive of western hemlock (Tsuga 
heterophylla [Raf.] Sarg.) wood (1) and readily 
obtainable in commercial amounts from hemlock 
waste sulfite pulping liquor (2). 

In a continuing effort to enhance the useful- 
ness of a-conidendrin, new derivatives have been 
synthesized. One of these, dimethyl a-coniden- 
drin-8-sulfonamide (2-naphthoic acid, 1,2,3,4- 
tetrahydro-3-hydroxymethyl-6,7-dimethoxy- 
4-(3',4'-dimethoxypheny1)-8-sulfonamide y-lac- 
tone) has been prepared and submitted for 
cancer chemotherapy testing.' Its structure has 
been determined as 1. 

Although it was originally intended to convert 
a previously prepared derivative of a-coniden- 
drin, namely dimethyl a-conidendrin-8-methyl 

'Dr. H. B. Wood, Jr., Drug Development Branch, 
Cancer Chemotherapy, National Service Center, 
Bethesda, Maryland. 

sulfonate (3), to  the sulfonyl chloride inter- 
mediate by treatment with phosphorous penta- 
chloride this reaction did not prove to be 
successful. An alternative procedure was em- 
ployed with success; this involved the reaction of 
dimethyl a-conidendrin with monochlorosulfonic 
acid (4). The sulfonyl chloride intermediate was 
not isolated, but was reacted immediately with 
concentrated ammonium hydroxide to give the 
more easily crystallized sulfonamide. Recrystal- 
lization of the resultant sulfonamide from 
boiling ethanol gave white crystals melting a t  
291-294 "C. The infrared spectrum of 1 con- 
tained strong, broad absorption bands at 1330 
and 11 50 cm-l ; such bands are characteristic of 
a sulfonamide group. 

First order analysis of the nuclear magnetic 
resonance (n.m.r.) spectra of 1, together with 
consideration of the obtained integrals, substan- 
tiated the proposed structure and supported the 
presence of 25 protons. Chemical shifts, de- 
coupling experiments, and comparisons with the 
spectra of dimethyl a-conidendrin-%methyl 
sulfonate (3) resulted in the assignment of most 
of the protons. The aromatic protons of the 
pendant ring exhibited remarkably weak coup- 
ling and appear as singlets (width at half height 
3.0 c.p.s.) probably as a result of the strong 
electron withdrawing effect of the sulfonamide 
group. This same electron withdrawing effect 
also influenced the chemical shift of the four 
methoxyl groups, and was the basis for the 
assignment of two of them on carbons C-6 and 
C-7 to z 6.32 and 6.24 respectively. The same 
arguments used in assignment of the methyl 
sulfonate group (3) to position-8, based on the 
aromatic proton shifts and steric hindrance, were 
also applied to the sulfonamide. The structure of 
the sulfonarnide is thus accurately described as 1. 
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NOTES I165 

Experimental 
Carbon and hydrogen analyses were performed by 

Mr. P. Broda of the University of British Columbia 
Chemistry Department. Nitrogen and sulfur analyses 
were performed by M-H-W Laboratories, Garden City, 
Michigan. Nuclear magnetic resonance spectra were 
recorded on a Varian, model HA 100, spectrometer in 
deuterated dimethyl sulfoxide with tetramethylsilane as 
an internal standard. Infrared spectra were run in KBr 
discs on a Baird-Atomic infrared spectrophotometer, 

2096 (m), 3022 (s) cm-'. Nuclear magnetic resonance 
z = 2.50 (2H, amide protons, broad singlet), 2.58 (IH, 
C5, singlet), 3.26 (IH, aromatic singlet, width at half 
height 3 c.p.s.), 3.40 (IH, aromatic, singlet, width at half 
height 3 c.p.s.), 3.78 (IH, aromatic, singlet, width at 
half height 3 c.p.s.), 5.02 (IH, C-4, doublet, J = 8 c.p.s.), 
5.84-6.02 (2H, C1, multiplet), 6.24 (3H, C7, singlet), 6.32 
(3H, G6,  singlet), 6.40 (3H, C-3' or C-4', singlet), 6.64 
(3H, C-3' or C-4', singlet), 7.00-7.17 (4H, C-2, C-3 and 
attached methylene, multiplet). 

model KM-1. 

Dimetl~yl a-Conidendritz-8-suIfotzamide 
Acknowledgments 

Dimethvl a-conidendrin (5) (2 g) was dissolved in The author thanks Dr. Ross Stewart and Mr. 
chloroform (50 ml) and the solution cooled to 0 '(2. ~~h~  ill^ of the Chemistry Department, 
Chlorosulfonic acid (6 ml) was then slowly added to the University of Columbia, for their helpful vigorously stirred, cooled solution. After 20 min the 
reaction mixture was poured slowly into a beaker of discussions. Technical assistance by Mr. C. R- 
cracked ice. The chloroform laver containing the inter- Daniels of the Wood Chemistry Section, Forest 
mediate sulfonyl chloride was separated from the aqueous Products Laboratory, is ciratefufiy 
phase by means of a separatory funnel and after mixing ~h~ author also wishes to thank crown 
with an excess of concentrated ammonium hydroxide was 
allowed to stand overnight at room temperature. The Zellerbach, Chemical Products Division, Camas, 
resulting cream-colored ~ r e c i ~ i t a t e  was filtered off and Washinaon, for their generous sample of 
recrystailized from boiiing *ethaol. Yield of white a-conid&drin. 

- 

crystals, n1.p. 291-294 "C was 1.0 g (41.5%). Several 
recrystallizations from ethanol failed to change the 
melting point. 

Anal. Calcd. for C,,H,,O,SN:C, 57.0; H, 5.4; S, 6.9; 
N, 3.0. Found: C, 56.5; H, 5.7; S, 7.1; N, 3.3. 

Spectra: v KBr 656 (w), 740(w), 762(w), 775(w), 872 
(m, br), 936 (w), 990 (s), 1055 (m), 1096 (m), 1105 (w), 
1150 (s, br), 1220 (w), 1260 (m, br), 1330 (s, br), 1380 (w), 
1445 (m), 1470 (m), 1512 (s), 1568 (w), 1609 (w), 1755 (s), 
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30, 659 (1965). 
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Hydrolytic cleavage of cyclic allylic organoboranes 
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It has been shown that cyclic allylic organoborane intermediates obtained from monohydroboration 
of some 1,2- and 1,3-cyclic dienes with diborane generated in situ undergo slow hydrolysis with oxygen- 
free water to yield monoolelins. 

Canadian Journal o f  Chemistry, 46, 1165 (1968) 

It is generally known that organoboranes do phere to establish the generality of this reaction. 
not undergo cleavage at  carbon-boron bond by We undertook the study with cyclopentadiene, 
water at room temperature (1); however, it has I,3-cyclohexadiene, 1,3-cyclooctadiene, 1,2-cy- 
been shown that trisallylborane is unusual in its clononadiene, and 1,2-cyclodecadiene. Our re- 
hydrolysis even at or below room temperature sults with these substrates establish that slow 
(2). In this connection, we have studied the hydrolysis of cyclic allylic organoboranes takes 
behavior of certain cyclic allylic organoboranes place but not as rapidly as does trisallylborane 
with oxygen-free water under nitrogen atmos- (2). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES I165 

Experimental 
Carbon and hydrogen analyses were performed by 

Mr. P. Broda of the University of British Columbia 
Chemistry Department. Nitrogen and sulfur analyses 
were performed by M-H-W Laboratories, Garden City, 
Michigan. Nuclear magnetic resonance spectra were 
recorded on a Varian, model HA 100, spectrometer in 
deuterated dimethyl sulfoxide with tetramethylsilane as 
an internal standard. Infrared spectra were run in KBr 
discs on a Baird-Atomic infrared spectrophotometer, 

2096 (m), 3022 (s) cm-'. Nuclear magnetic resonance 
z = 2.50 (2H, amide protons, broad singlet), 2.58 (IH, 
C5, singlet), 3.26 (IH, aromatic singlet, width at half 
height 3 c.p.s.), 3.40 (IH, aromatic, singlet, width at half 
height 3 c.p.s.), 3.78 (IH, aromatic, singlet, width at 
half height 3 c.p.s.), 5.02 (IH, C-4, doublet, J = 8 c.p.s.), 
5.84-6.02 (2H, C1, multiplet), 6.24 (3H, C7, singlet), 6.32 
(3H, G6,  singlet), 6.40 (3H, C-3' or C-4', singlet), 6.64 
(3H, C-3' or C-4', singlet), 7.00-7.17 (4H, C-2, C-3 and 
attached methylene, multiplet). 

model KM-1. 

Dimetl~yl a-Conidendritz-8-suIfotzamide 
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Dimethvl a-conidendrin (5) (2 g) was dissolved in The author thanks Dr. Ross Stewart and Mr. 
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resulting cream-colored ~ r e c i ~ i t a t e  was filtered off and Washinaon, for their generous sample of 
recrystailized from boiiing *ethaol. Yield of white a-conid&drin. 

- 

crystals, n1.p. 291-294 "C was 1.0 g (41.5%). Several 
recrystallizations from ethanol failed to change the 
melting point. 

Anal. Calcd. for C,,H,,O,SN:C, 57.0; H, 5.4; S, 6.9; 
N, 3.0. Found: C, 56.5; H, 5.7; S, 7.1; N, 3.3. 

Spectra: v KBr 656 (w), 740(w), 762(w), 775(w), 872 
(m, br), 936 (w), 990 (s), 1055 (m), 1096 (m), 1105 (w), 
1150 (s, br), 1220 (w), 1260 (m, br), 1330 (s, br), 1380 (w), 
1445 (m), 1470 (m), 1512 (s), 1568 (w), 1609 (w), 1755 (s), 
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It has been shown that cyclic allylic organoborane intermediates obtained from monohydroboration 
of some 1,2- and 1,3-cyclic dienes with diborane generated in situ undergo slow hydrolysis with oxygen- 
free water to yield monoolelins. 

Canadian Journal o f  Chemistry, 46, 1165 (1968) 

It is generally known that organoboranes do phere to establish the generality of this reaction. 
not undergo cleavage at  carbon-boron bond by We undertook the study with cyclopentadiene, 
water at room temperature (1); however, it has I,3-cyclohexadiene, 1,3-cyclooctadiene, 1,2-cy- 
been shown that trisallylborane is unusual in its clononadiene, and 1,2-cyclodecadiene. Our re- 
hydrolysis even at or below room temperature sults with these substrates establish that slow 
(2). In this connection, we have studied the hydrolysis of cyclic allylic organoboranes takes 
behavior of certain cyclic allylic organoboranes place but not as rapidly as does trisallylborane 
with oxygen-free water under nitrogen atmos- (2). 
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Results and Discussion 

Monohydroboration was carried out by 
diborane generated in situ (3) by the addition of 
boron trifluoride etherate to the stirred solution 
of sodium borohydride and diene in dry diglyme 
under inert atmosphere of nitrogen at 0 to -5". 
The resulting mixture of organoboranes was 
stirred with a known excess of oxygen-free water 
at 5 to 10" for 2 h only since the increase of 
hydrolysis time from 2 to 4 h did not affect the 
yield of the cyclic monoolefin appreciably. A 
flash distillation of the resulting product under 
vacuum gave a mixture of organic and water 
layers. The organic layer was analyzed by vapor- 
phase chromatography (v.p.c.) for the residual 
cyclic diene and the cyclic monoolefin. Under 
these conditions cyclopentadiene, 1,3-cyclo- 
hexadiene, 1,3-cyclooctadiene, 1,2-cyclononadi- 
ene, and 1,2-cyclodecadiene gave cyclopentene, 
cyclohexene, cis-cyclooctene, cis-cyclononene, 
and cis-cyclodecene respectively. The yield of 
the cyclic monoolefin was estimated based on 
the amount of the cyclic diene used in the re- 
action by v.p.c. technique in each case (4). The 
results are summarized in Table I. 

TABLE I 
Percentage yield (by weight) of olefin by vapor-phase 

chromatography 

Yield of 
Diene Olefin olefin 

Cyclopentadiene Cyclopentene 5 
1,3-Cyclohexadiene Cyclohexene 21 
1,3-Cyclooctadiene cis-Cyclooctene 35 
1,2-Cyclononadiene cis-Cyclononene 18 
1,2-Cyclodecadiene cis-Cyclodecene 16 

Each cyclic monoolefin was separated by v.p.c. 
and its identity was established thoroughly by 
comparison of v.p.c. retention times on carbo- 
wax - silver nitrate and ucon columns and 
infrared spectra using an authentic sample. 

The formation of cyclic monoolefins from 
cyclic dienes may be summarized as follows. 

The poor yield of cyclopentene from cyclo- 
pentadiene is in agreement with the results of 
Winstein and co-workers (5) who have observed 
the predominant formation of 3-cyclopenten-1-01 
(94%) in the monohydroboration of cyclo- 
pentadiene with diborane. It has been reported 
by Brown and co-workers (6) that the mono- 
hydroboration oxidation of 1,3-cyclohexadiene 

with diborane gives 34% yield of a mixture of 
2-cyclohexen-1-01 (60%) and 3-cyclohexen-1-01 
(40 %). The lower yield reported may be attrib- 
uted partly to the competing side reaction of 
the intermediate allylic organoborane under the 
hydrolytic experimental conditions. The results 
with 1,2-cyclononadiene and 1,2-cyclodecadiene 
further confirm our previous results on mono- 
hydroboration oxidation of allenes (7). 

We have further confirmed that no other un- 
saturated organoborane (vinylic or non-allylic) 
undergoes carbon-boron bond cleavage by water. 
In support of this we subjected monohydro- 
boration products from 3-hexyne and 1,4-cycle- 
hexadiene to similar study and found no mono- 
olefin formation. 

Experimental 
All infrared spectra were recorded on a Perkin-Elmer 

Infrared model 137B with sodium chloride optics. 
Vapor-phase chromatographic analyses were made with 
Aerograph model 90P instrument using 6 ft by 2 in. 
columns. The following liquid phases were employed 
(percentage by weight on 60180 mesh chron~osorb W): 
15 % carbowax - silver nitrate and 15 % ucon. Cyclic 
monoolefinic samples were collected by v.p.c. for infrared 
analysis. 

Moteriols 
Diglyme (Ansul Co.) was distilled from lithium alu- 

miniunl hydride. In order to inhibit peroxidation, 0.01 % 
of sodium borohydride was added. Boron trifluoride 
ethyl etherate (Eastman) was treated with a small 
quantity of ethyl ether (to ensure an excess of this com- 
ponent) and distilled under reduced pressure from a few 
pieces of calcium hydride. Sodium borohydride from 
Metal Hydrides Inc. (98 %)was used without purification. 

1,3-Cyclohexadiene (Aldrich), 1,3-cyclooctadiene (Col- 
umbia), 1,4-cyclol~exadiene (Aidrich), and 3-hexyne 
(K & K) were used without any purification. Freshly 
distilled cyclopentadiene from its dimer (Aldrich) was 
used. 1,2-Cyclononadiene and 1,2-cyclodecadiene were 
prepared from 9,9-dibromobicyclo[6~l~O]nonane and 
10,1O-dibromobicyclo[7~l~0]decane according to the pro- 
cedure of Moore and Ward (8). Their properties corre- 
sponded well with those reported. 

Geilerol Piocedl(re for Mo?~olrydrobora~io~~ o r~d  Hydrolysis 
In a 250 ml three-necked flask fitted with a condenser, 

an equilibrating dropping funnel, a thermometer, and 
an inlet and an outlet (top of the condenser) for nitrogen, 
was placed pulverized sodium borohydride (2.09 g, 0.055 
mole, 10 %excess) in dry diglyme (50 rnl) and an appropri- 
ate cyclic diene or alkyne (0.20 mole). Boron trifluoride 
etherate (10.28 g, 0.072 mole 10% excess) in diglyme 
(20 ml) was added dropwise with stirring over a period of 
1 h under a slight static pressure of nitrogen while main- 
taining the temperature of the reaction mixture between 
0 to -5'. The stirring was continued for an additional 
hour at room temperature in order to complete the hydro- 
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NOTES 

11 = 1,2,4 No hydrolysis 

boration. Excess of sodium borohydride was destroyed 
carefully by dropwise addition of oxygen-free water at 5 to 
10" and further 10 ml of oxygen-free water was added and 
stirred for 2 h. 

The resultine mixture was then flash distilled under - 
vacuum to obtain a mixture of water and organic layers. 
The organic layer was separated, dried, and weighed. 

Quantitative measurements of the cyclic monoolefin 
formed and the unreacted cyclic diene in each case were 
determined using vapor-phase chromatographic absolute 
method (4), which involves the direct comparison of a 
ratio of the areas of the unknown in a mixture with 
calibration curve obtained from synthetic mixtures 
containing varying anlounts of the components. The 
yield (percentage by weight) of the cyclic monoolefin was 
calculated based on the amount of cyclic diene used in 
the reaction. The identity of each cyclic monoolefin was 
established by comparison of chromatographic retention 
times on carbowax -silver nitrate and ucon columns 
using authentic samples. This was further supported by 
collecting each cyclic monoolefin by v.p.c. and compar- 
ing its infrared spectrum with that of an authentic sample. 

No hydrolysis 
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Studies of the chemistry of azole derivatives. IV. New N-substituted 
2-amhothiazoles 

JAG MEGH SINGH 
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The syntheses of 11 new N-substituted 2-arninothiazoles have been accomplished by condensing 
w-chloro-3,4-dihydroxy- and w-chloro-2,3,4-trihydroxyacetophenone with substituted thioureas. 

Canadian Journal of Chemistry, 46, 1168 (1968) 

In a continuation of our earlier investigations 
(1-3) on azole derivatives we present some 
details concerning the synthesis of a group of 
thiazolylamines prepared by condensing o- 
chloro-3,4-dihydroxy- and o-chloro-2,3,4-trihy- 
droxyacetophenone with substituted thioureas. 

Interest in the preparation of compounds 
obtained by this condensation which contain the 
thiazole nucleus for use as chemotherapeutic 
agents, has been stimulated by the successful 
application of several thiazole compouilds such 
as sulfthiazole and promizole in the treatment of 
various diseases (4). Chelation in medicine has 
proved very useful and the medical potential of 
chelating agents was determined when ethylene- 
diaminetetraacetic acid was used to combat lead 
poisoning; therefore, the possibility of forming 
metal chelates also prompted us to undertake the 
synthesis of some thiazoles. Eleven new N-sub- 
stituted 2-aminothiazoles with general struc- 

Experimentall 
w-Chloro-3,4-dihydroxyacetophenone 

A mixture of chloroacetic acid (20 g), catechol (20 g), 
and phosphorous oxychloride (15 g) was dissolved in 
benzene (80 rnl) and heated on a water bath at 60-70" 
for 24 h. The mixture was cooled, the benzene decanted, 
water added, and the heavy crystalline precipitate (19 g), 
w-chloro-3,4-dihydroxyacetophenone, was collected. The 
product (yield 58%), was recrystallized from hot water, 
m.p. 172" (reported (5) m.p. 173"). 

a-Chloro-2,3,4-trilzydroxyacetophenone 
A mixture of anhydrous pyrogallol(25 g), chloroacetic 

acid, and phosphorous oxychloride (20 g) was kept at 70" 
for 6 h. Cold water (150 ml) was then added and the 
mixture heated until the brown solid dissolved. After 
clarification with charcoal, the mixture was kept for 24 h 
at 0" and dark brown needles of w-chloro-2,3,4-tri- 

tural formula 1, have been synthesized. 1.411 melting points are uncorrected. 

TABLE I 
N-Substituted 2-aminothiazole hydrochlorides 

Melting Yield Calculated Found 
R Solvent Formula point "C % % s % s 

Phenyl Ethanol 
u-Chloro~henyl 50 "/, Ethanol - 
p-Tolyl Methanol 
Auvl Ethanol 
p-~aphthyl  Ethanol 

Phenyl Methanol 
p-Chlorophenyl Benzene 
p-Tolyl 50 % Ethanol 
M y 1  Ethanol 
p-Naphthjjl Methanol 
H Methanol 
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hydroxyacetophenone separated. These were recrystal- K. Acharya for their encourageinent and for 
lized from water; yield 40%, n1.P. 166" (reported (6) providing facilities to undertake this work. 
m.p. 169"). The substituted thioureas were prepared using 
the method of De Clerniont and Wehrlin (7). 
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given in Table I. 51, 1817 (1929). 

6. J. H. S. DAVIES and T. DEEGAN. J. Chem. Soc. 3204 
Acknowledgment (1950). 

7. P. H.'DE CLERMONT and E. WEHRLIN. J. Chem. Soc. Thanks are due to Dr. Kartar Singh, Director, 31, 70 (1877). 
Defence Science Laboratory, Delhi, and Dr. H. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Canadian Journal of Chemistry 
Published by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOLUME 46 APRlL 15, 1968 NUMBER 8 

Phase studies on the iron-selenium system 

J. E. DUTRIZAC, M. B. I. JANJUA, AND J. M. TOGURI~ 
Noranda Research Centre, Pointe Claire, Quebec 

Received November 20, 1967 

The quasi-reduced iron-selenium phase diagram has been determined by a combination of differential 
thermal analysis, visual polythermal, and liquid sampling techniques. Iron and selenium form two 
compounds: FeSe with a broad stoichiometry range and FeSel with a much narrower composition field. 
The former compound was found to melt congruently at 1070 "C and 53.5 atomic %selenium, while the 
latter melted incongruently at 585 "C. Two liquid-liquid regions were observed in this system. One 
occurred above 790 "C from 73.9 atomic % selenium to about 99.92% selenium with a consolute 
temperature of 1070 "C at approximately 93 atomic % selenium. The other liquid-liquid region extends 
upwards from 1520 "C and lies between 3 and 39.5 atomic %selenium. 

Canadian Journal of Chemistry, 46, 1171 (1968) 

Introduction standably the data of Gorokh et al. indicated 

Although the iron-selenium system has been 
extensively studied (1, 2), surprisingly little of 
the diagram has been actually determined. 
Troften and Kullerud (3) have shown that 
Fel-,Se melts congruently at 1070 f 5 "C and 
53 atomic % selenium. Our data confirm these 
observations. They also reported that FeSe, 
melts incongruently at 585 "C which is consistent 
with the present work but disagrees with the 
interpretation of Dudkin and Vaidanich (4) who 
believed that the 585 "C thermal arrest was 
caused by a phase change of the marcasite- 
pyrite type. These latter authors believed that 
FeSe, was formed peritectoidally at 790 "C. 
The only other liquidus datum available for this 
system is a single point obtained for an iron- 
saturated melt by Gorokh et al. (5). They held 
an iron-selenium mixture containing an excess 
of iron at an unspecified temperature between 
1300-1400 "C and then cooled and analyzed 
the resulting mixture of iron and iron selenide. 
Their single value of 42 weight % selenium is not 
in close agreement with our data (under- 

additional iron, an observation which is consis- 
tent with the problem of trying t o  separate these 
two solid phases quantitatively). 

Tengner (6) and Fischer (7) have determined 
the crystal structure of FeSe,. Both workers 
agree that it is orthorhombic, C18 (marcasite) 
type. Fischer presented some indirect evidence 
that FeSe, exists within fairly narrow composi- 
tion limits and the present investigation sub- 
stantiates this view. Work from Japan (8-1 1) 
has resolved the crystal structure of FeSe below 
400 "C. This compound exists by the creation of 
iron vacancies and can have compositions lying 
between Fe7Se, and Fe,Se,. At low temperatures 
there exist two phases: an a (PbO type) and a 
p (NiAs type) (11). At 350 "C there is a eutec- 
toidal reaction t o  give a different NiAs structure. 
Other workers (9, 10) have more recently shown 
that a low temperature triclinic modification 
transforms at 240-298 "C to the NiAs structure 
which subsequently changes t o  a different 
hexagonal modification at 320-388 "C. The 
structure and phase boundaries of "FeSe" have 
not been determined at elevated temperatures. 

In the present work the liquidus of the iron- 
IPresent address: Department of Metallurgy and selenium system has been determined below Materials Science, University of Toronto, Toronto, 

Ontario. 1520 "C. The system shows a congruently 
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melting FeSe compound and two liquid-liquid 
regions at either end of the phase diagram. 
~ & e ,  was found to melt incongruently. 

Experimental 
Materials Used 

Spectrographic grade iron containing at least 99.99 % 
Fe and high-purity selenium shot containing at least 
99.99 % Se were used. 

Preparation of Iron Diselenide 
The iron diselenide was prepared by heating stoichio- 

metric amounts of iron wire and selenium in vacuum- 
sealed Pyrex ampuls at a temperature of 525 "C. The time 
required for this reaction to go to completion was deter- 
mined by the disappearance of the reddish selenium 
vapor in the tube. A typical reaction time using 10 mil 
iron wire was 6-8 weeks. Once the selenium vapor had 
vanished, the diselenide was heated for an additional 
1-2 weeks to improve the homogeneity of the compound. 
X-ray diffraction analysis of the product agreed with the 
published data (6) for this compound. 

Preparation of Zrorz Monosele~zide 
The iron monoselenide was prepared by heating 

suitable amounts of iron and selenium in vacuum-sealed 
silica ampuls at various temperatures. The time required 
for this reaction was just a few hours even at relatively 
low temperatures (600 "C). X-ray diffraction patterns 
obtained for the iron monoselenide prepared by the above 
method agreed closely with the published data (12). 

Experiniental Procedure 
Differential thermal analysis was used to investigate 

the entire phase diagram; a Kanthal or silicon carbide 
furnace was employed depending on the temperature 
range under consideration. Samples of known com- 
position were vacuum-sealed into small Vycor capsules 
containing a thermocouple well; for the high tempera- 
ture regions an alumina sleeve was placed around the 
capsule to provide added mechanical strength. One junc- 
tion of a Pt-Pt, 10 % Rh thermocouple was placed in the 
sample well while the other was simply located in the air 
adjacent to the capsule. The actual temperature of the 
cell was measured by a calibrated Pt-Pt, 10 % Rh thermo- 
couple also placed in the capsule well. The sample was 
heated to various temperatures, homogenized, and then 
cooled quickly at approxin~ately 10 "C/min. 

The basic method used in this work to determine the 
liquidus temperatures in the two-liquid region was to 
observe a sample of known co~nposition as it was slowly 
heated and to note the temperature at which one phase 
vanished. The sample was then slowly cooled and the 
formation of the second phase was likewise observed. 
The heating and cooling cycle was repeated several times 
and the liquidus temperature was obtained from the 
average of the observed values. This method was adopted 
because insufficient heat is evolved on crossing the 
liquidus line for detection by conventional methods of 
thermal analysis. This problem arises because no material 
is solidifying out of solution and, as a result, no heat of 
fusion is detected. The only heat effect observed is the 
small value arising from slight differences in the heats of 
mixing of the two similar solutions; these small heat 

effects are usually obscured by normal temperature 
fluctuations which occur at the elevated temperatures of 
the experiments. 

The measurements were conducted in a non-inductively 
Kanthal-wound Vycor tube furnace. The sample was 
observed through a 1 cm x 5 cm slit cut in the furnace 
refractory bricks on both sides of the clear Vycor tube; in 
order to reduce temperature gradients, both ends of the 
slit were blocked off by Pyrex plate windows. With this 
arrangement, temperature variations in the furnace zone 
were less than f 5 "C. The temperature of the cell was 
measured by a calibrated chromel-alumel thern~ocouple 
inserted through a small hole in the side of the Vycor 
tube; the tip of the thermocouple was placed against the 
outside of the sample cell. The furnace was heated to 
approximately the liquidus temperature and then a cell 
containing accurately weighed amounts of high-purity 
iron wire and selenium pellets, sealed under vacuum in 
Vycor tubes, was suspended in the hot zone. This cell 
was homogenized for 24 h and then heated at about 
10 "C/h until one of the two liquid phases vanished. The 
furnace was then cooled at approximately the same rate 
until the second phase reappeared; the process was 
repeated a few times to confirm the initial value. The 
temperatures at which one phase appeared and dis- 
appeared agreed to within f 5 "C in all instances. 

Since both liquid phases were opaque to visible light at 
the measuring temperatures, the presence of two phases 
could not be checked by transmitted radiation. However, 
there was a significant difference in the reflectivities and 
emissivities of the two phases, the iron-rich phase 
reflecting andemitting much more visible light. As a result, 
the meniscus between the two phases could be detected 
by the differences in reflectivity and emissivity. 

For samples containing between 73.9 and 94.4 atomic 
% selenium, a straight-wall 13 mm diameter Vycor tube 
was used to contain the solutions; for mixtures with 
higher selenium contents, a 4 mm i.d. silica capillary 
tube was blown onto the bottom of the cell in order to 
increase the height of the second layer. By adjusting the 
approximate amounts of each phase present, it was 
possible to obtain the meniscus of the two liquid phases 
in the capillary tube. On heating, the meniscus moved 
downwards and disappeared at the bottom of the capil- 
lary; the temperature at which this occurred was then 
noted. For compositions greater than 99.2 atomic % 
selenium, there was an insufficient amount of the second 
layer to allow the visual method to be used. Instead, a 
vacuum-sealed silica cell was homogenized at a given 
temperature and then quenched by dropping the capsule 
into water; after cooling, the selenium in the upper layer 
was analyzed for iron. To reduce the amount of mixing 
between the two liquid layers on cooling, the cell con- 
sisted of two bulbs c o ~ e c t e d  by about a 1 in. length of 
fine (4 mm) silica capillary tubing. The amounts of the 
phases were such that the liquid-liquid interface was in 
the lower bulb; thus, on cooling, the contents of the upper 
bulb were prevented from mixing with the denser iron- 
rich material in the lower bulb. The cells were homogen- 
ized at  a given temperature for at least 24 11 prior to 
quenching. All the selenium in the upper bulb was used 
for the determination to eliminate the possibility of 
segregation on cooling. Some runs were performed by 
heating the cells to a higher temperature for several 
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hours, cooling to the required temperature, homogeniz- 
ing, and then quenching. Both methods gave essentially 
the same results, indicating that the liquid in the upper 
bulb was in equilibrium with the material in the lower 
bulb. 

Preliminary experiments indicated that the liquidus line 
of the iron end of the phase diagram increased rapidly 
with small changes in composition. Consequently, a 
sampling technique at constant temperature was em- 
ployed. For these experiments, about 5 g of iron mono- 
selenide was placed in the bottom of a 15 mm silica tube 
containing a sliding seal. A stiff steel wire threaded into 
a length of 8 mm diameter iron rod was then placed 
through the seal. The whole tube containing the iron 
rod and the iron selenide was evacuated, flushed with 
nitrogen, and then placed into a hot silicon carbide 
furnace whose temperature was controlled. The tempera- 
ture was measured with a Pt-Pt, 10% Rh couple placed 
in essentially the same position as the reaction tube. When 
the iron selenide had melted (about 5 min), the iron rod 
was lowered to the bottom of the tube and then left in 
contact with the selenide for 2 h at temperatures below 
1300 "C and for 1 h at higher temperatures. Initial 
experiments at the lowest temperature (1016 "C) showed 
that equilibrium between these phases was achieved in 
about 10 min ; however, additional heating time was 
given to insure complete homogeneity of the melt. 
After the desired heating interval, the iron rod was drawn 
out of the melt by the steel wire passing through the 
sliding seal. The tube containing the iron-saturated liquid 
was then quenched and the entire quenched melt was 
analyzed for iron and selenium in order to eliminate 
segregation difficulties. 

Results and Discussion 
The iron-selenium phase diagram as deter- 

mined in this investigation is shown in Fig. 1. 
It is important to realize that the pressure over 
the melts was not 1 atm but rather the equilib- 
rium selenium pressure at a particular tempera- 
ture-composition. The addition of selenium 
depresses the melting point of iron to about 
1520 "C at 3 atomic % selenium. The mono- 
tectic composition is only approximate; it was 
obtained by heating iron and selenium to a 
temperature just above 1520 "C, quenching the 
liquid phases, and then analyzing for selenium 
in the iron-rich phase. The monotectic tempera- 
ture appears well established and is accurate to  
within f 5  "C. Above 1520 "C there is a two- 
liquid region which was not investigated. At 
1490 f 5 "C, an additional arrest was observed 
but the cause of this is not known. Between 
1490 "C and 960 "C the liquidus, as determined 
by the liquid saturation experiments, is very 
steep, especially below about 1300 "C. The shape 
of the liquidus changed abruptly a t  1400 t- 5 "C, 
the y -t 6 transformation in iron. The eutectic 

between iron and iron selenide occurred at 
960 & 5 "C and 44.4 atomic % selenium; these 
data are in excellent accord with those of Troften 
and Kullerud (3). FeSe was found to  melt 
congruently at 1070 1 5 "C and 53.6 atomic % 
selenium, also in agreement with the data of 
Troften and Kullerud. 

I I I I i i l I I I  

0 10 20 30 40 50 60 70 80 90 100 
ATOMIC PERCENT SELENIUM 

FIG. 1. The quasi-reduced iron-selenium phase dia- 
gram. 

An arrest at 885 f 5 "C was observed over 
the range from pure iron to "FeSe"; the cause 
of this has not been ascertained. At 385 "C an 
additional halt was observed; this is believed 
to be caused by the conversion of one hexagonal 
modification of FeSe to  another (10). 

As selenium is added to FeSe, the liquidus 
drops to  the monotectic a t  790 4 5 "C and 73.9 
atomic % selenium. A two-liquid region extends 
upward from 790 "C between 73.9 and 99.98 
atomic % selenium; this region has a consolute 
temperature of 1070 t- 10 "C a t  approximately 
93 atomic % selenium. The liquid-liquid region 
is quite asymmetrical; it appears to  be very 
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difficult to dissolve appreciable amounts of 
iron in selenium under all conditions. As men- 
tioned previously, this region was obtained by a 
combination of visual and quenching methods. 
The experimental data obtained by the visual 
method are given in Table I while the results of 
the liquid quenching experiments are presented 
in Table 11. 

TABLE I 
Liquidus temperatures from visual observations 

Overall 
con~position Liquidus temperatures Mean 
(atomic % Se) PC) PC) 

The temperature arrest at 585 "C, variously 
reported as the incongruent melting point of 
FeSe, (5) or a phase change in FeSe, (6), has 
been conclusively identified as the incongruent 
melting point of FeSe,. This was accomplished 
by heating both FeSe, and FeSe (55.7 atomic 
% Se) in vacuum-sealed ampuls to a temperature 
slightly above 585 "C (approximately 600 "C), 
holding at this temperature for 2-3 h, and then 
quenching. The quenched solids were examined 
by X-ray diffraction and both patterns were 
found to be quite similar. In addition, large 
quantities of selenium were observed to form in 
the sealed ampul containing FeSe, at about 
585 "C. These results confirm that the arrest at 
585 "C is caused by the reaction 

and not by some crystal change in the iron 
diselenide. The possibility of confusion exists 
on this point (6) because the X-ray diffraction 
pattern obtained by decomposing FeSe, at 
585 "C is different from that published for FeSe 
which is for the iron-saturated compound. If, 
however, an iron monoselenide composition is 
chosen which is nearly selenium saturated (e.g. 
Fe,Se,), then the X-ray pattern is quite similar 
to that obtained by decomposing FeSe,. It is 
interesting to note that the FeSe, diffraction 

TABLE I1 
Results from liquid quenching experiments 

Quenching Composition 
temp. of upper layer 
PC) (atomic % Fe) Notes 

863 0.25 Previously heated to 918 "C 
for 15 h, then held at 863 "C 
for 7 h prior to quenching 

855 0.18 Previously heated to 864 "C 
for 12 h, then held at 855 "C 
for 4 h prior to quenching 

806 0.20 Previously heated to 860 "C 
for 6 h 

812 0.16 - 
810 0.17 - 
799 0.11 - 

patterns for material prepared at 525 "C are 
always similar regardless of whether the material 
was prepared with an excess of selenium or a 
surplus of iron. This suggests a rather narrow 
composition range for FeSe,. 

The arrest at 220 "C is the freezing point of 
pure selenium; this is in good agreement with the 
value of 217 "C reported in the literature (13). It 
is evident from the phase diagram that the solu- 
bility of iron in liquid selenium is very low, being 
only 0.06 weight % (600 p.p.m.) at 790 "C. 
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Velocity of sound in liquid argon at high pressures and temperatures 

D. H. BOWMAN, C. C. LIM, AND R. A. AZIZ 
Department of Physics, University of Waterloo, Waterloo, Ontario 

Received September 5, 1967 

Measurements were made of the velocity of sound in liquid argon in the temperature range 86146  "K 
and at pressures up to 65 atm. The velocity versus pressure isotherms are steeper and more curved at the 
higher temperatures. At any one pressure, the velocity is a smoothly decreasing function of temperature. 
Analysis of the results using existing density data showed that the specific heat ratio, y, decreases with 
pressure and increases with temperature in this range. The coefficient in Rao's relation was found to 
increase with temperature at constant pressure, while that in the relation due to Carnevale and Litovitz 
exhibited no definite trend with temperature or pressure. 
Canadian Journal of  Chemistry, 46, 1175 (1968) 

Introduction addition, the ability to change the position of the pressure 
cell in the Dewar holding the liquid nitrogen permitted 

Although the Pressure dependence of the rapid heating or cooling of the cell when desired. The 
velocity of sound has been investigated for liquid velocity and pressure cells were both tested to  80 atm 
argon in the temperature region near its noimal 
liquid range (1-3), the interesting region between 
the normal boiling point and the critical point 
has not been studied to any great extent. The 
measurements presented here represent the be- 
ginning of such an investigation for the inert gas 
liquids. The purpose of these measurements is the 
determination of the temperature and pressure 
dependence of various thermodynamic quantities 
of interest and the study, over an extended 
range, of the relation, proposed by Rao, be- 
tween the temperature dependence of velocity 
and the volume expansivity and that proposed 
by Carnevale and Litovitz between the pres- 
sure dependence of velocity and the isothermal 
compressibility. In addition, the present mea- 
surements. together with future measurements on 

pressure. 
A 1000 p.s.i. Heise gauge was used to measure the 

pressure. It  had been calibrated previously by the 
manufacturers, using a National Bureau of Standards 
certified dead-weight tester. After the velocity measure- 
ments, we compared it against a Texas Instrument 
pressure gauge. The accuracy of the Heise gauge was 
+ 1 p.s.i. (k0.068 atm). 

The argon gas was supplied by Linde and had a rated 
purity of 99.995 %. The purity was possibly improved by 
the distillation process described in an earlier paper (5). 

The temperature of the velocity cell could be controlled 
by the method described in ref. 4 to better than 0.001 
Kelvin degrees. Above 90 OK, the temperature was 
measured in terms of the "international temperature 
scale", and below 90 "K in terms of the National Physical 
Laboratories scale, by means of a platinum resistance 
thermometer calibrated by the National Physical Labor- 
atories. The accuracy of temperature measurements was 
limited to k0.005 "K by the accuracy of the standard 
resistor used for com~arison. , - 

other inert gas liquids, will allow a more thor- The procedure for taking measurements was as follows. 

ough investigation of the principle of corres- The pressure cell was cooled to 85 OK, and argon from 
the low pressure storage vessels was condensed into it until ponding states. full. The velocity cell was then cooled and controlled at 

Experimental Method 
Velocities were measured in the frequency range 1-2 

MHz, using a cylindrical barium titanate transducer. The 
apparatus and method are essentially as described 
elsewhere (4) but with certain modifications. I n  order to 
obtain the high pressures, a pressure cell was connected 
into the high pressure line to the velocity cell, as shown in 
Fig. 1. The pressure cell was simply a thick-walled copper 
chamber of approximately 7 cm3 capacity, with a "pig- 
tail" attached to the bottom. The pigtail consisted of a 
copper rod connected to  the cell via a thin-walled stainless 
steel tube. By adjusting the length of the pigtail, hence 
the amount of thermal decoupling provided by the 
stainless steel tube, and then cooling the copper rod in 
liquid nitrogen, it was possible to control the temperature 
of the pressure cell over a wide range above 77 OK. In 

85 OK, and argon condensed into it until full. The system, 
consisting of the pressure cell, velocity cell, and Heise 
gauge, was then shut off from the storage vessels by a 
high pressure valve, V1 in Fig. 1, and the valves between 
the pressure cell, Heise gauge, and velocity cell were 
opened. The temperature of the velocity cell was then 
adjusted to a value at which velocity measurements were 
to be performed, while the pressure cell was heated to 
room temperature. As a result, the pressure in the system 
increased to over 65 atm. The pressure cell valve V2 
was then closed, and the pressure cell cooled to liquid 
nitrogen temperature. Pressures in the velocity cell could 
then be decreased to those desired for velocity measure- 
ments by allowing small amounts of gas back into the 
cooled pressure cell. Final pressure adjustment was 
effected by fine metering the gas into the storage vessels 
using fine-metering valve V3. A period of about 20 min 
was allowed in each measurement for pressure equilibrium 
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TABLE I 
Velocity of sound in liquid argon 

86.229 OK 96.99, OK 108.180 OK 117.1000K 127.050 O K  136.02, O K  146.63, O K  

P (atm) IY(m/s) P(atm) W (mls) P (atm) W (mls) P ( a t 4  W(mls)  P (atm) W(mls)  P (atm) W(mls) P(atm) W (mls) 

to be achieved between velocity cell and pressure gauge. 
During measurement along any one isotherm, the 
temperature was held constant to + 0.001 Kelvin degrees. 

velocity data presented is reduced, however, at the highest 
temperature taken, because of the large change in veloc- 
ity with pressure. Here, the uncertainty in pressure is equi- 
valent to an error of + 0.1 5 %in the velocity. 

f / :  HEISE 

GAUGE 

- 
VELOCITY 
C E L L  IN 
CRYOSTAT 

PIGTAIL 

FIG. 1. Schematic diagram of high pressure gas 
handling system. Vl and V2 are shut-off valves, V3 is a 
fine-metering valve. 

Results and Discussion 

Forty-seven velocity measurements were made 
along seven isotherms, at pressures from a small 
amount above the vapor pressure to 65 atm. One 
isotherm was at a temperature below the normal 
boiling point and slightly above the melting 
temperature at 65 atm. The temperatures of the 
remaining six isotherms were chosen to be the 
same as those for which accurate density data 
were available (6). The resulting velocities, W, 
are given in Table I, and are shown graphically 
in Fig. 2, together with values obtained by 
interpolation from previous results (7) under 
saturated vapor conditions. At the lower tem- 
peratures, W is an almost linear function of 
pressure P in this pressure range. At higher 
temperatures, the velocity isotherms are steeper 
and more curved. The data for each isotherm 
were fitted to polynomials of successively higher 
degree by the method of least squares. Poly- 
nomials of degree five or less were sufficient to 
describe the isotherms. The coefficients A,, A,, 
A,, A,, A,, and A, of the equation 

are given for each isotherm in Table 11, together 
The uncertainty in the pressure measurements was due 

to the gauge (accuracy i0.068 atm) and the unknown with the standard of estimate' and 
hydrostatic pressure head (+0.04 atm maximum). (8 WIaP),, evaluated at intermediate pressures 

Once the pressure was steady, the velocity could be by the above polynomial, showed smooth vari- 
measured to a precision of better than 0.08% over the ation with pressure, so that the equations were 
entire range of temperature and pressure. The main judged suitable for interpolation and evaluation 
limitation on accuracy was caused by a slight eccentricity 
of the transducer, and a consequent relative shift of of dopes. They are not necessarily suitable, how- 
frequency in the alternate resonance. The accuracy of the ever, for extrapolation to higher pressures. 
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TABLE I1 

Coefficients in the equation W (n~ls) = A, + AIP + AzP2 + A3P3 + A4P4 + ASP5 ( P  in atm) and standard error 
of estimate, o, for argon 

-- 

T ("K) A o A, x l o - 3  x A~ x lo - -4  x ~ O W  o 

FIG. 2. Liquid argon sound velocity isotherms 
W (m/s) versus P (atm). (0) Data points from this paper; 
(A) values interpolated from velocity measurements under 
saturated vapor pressure (7). 

Values of W evaluated at 10, 20, 30, 40, 50, 
and 60 atm pressure are plotted as functions of 
temperature in Fig. 3. The isobars are nearly 
linear at low temperatures, becoming steeper 
and more curved at high temperatures. Poly- 
nomials fitted to the isobars, although suitable 
for interpolation, were judged by the authors 
to be possibly inaccurate for evaluating slopes. 

Dobbs and Finegold (2) have measured the 
velocity of sound as a function of pressure at 
87.2 OK and 90.1 OK. Their results agree to  
within 0.15 % with those found by interpolation 
of our results. Velocities of sound measured in 
the temperature range 87-90 OK by Van Itterbeek 
and Van Dael (3) are higher by about 0.6%. 
Radovskii (8) has measured the velocity of sound 
in liquid argon at temperatures above 138 OK 
and pressures up to  60 atm. The values presented 
in ref. 8 agree with ours in this region to within 

TEMPERATURE T ( O K )  

FIG. 3. Liquid argon sound velocity isobars W (mls) 
versus TPK). (A) Values calculated from equation of 
state by Van Itterbeek et a/. (6). 

Values of W were calculated by Van Itterbeek 
et al. (6) at various pressures, in the region above 
90 OK, using their equation of state and the 
specific heat values of Eucken and Hauck (9). 
Those values calculated at 19.3 atm are shown in 
Fig. 3 for comparison. 

Theoretical calculations of Was a function of 
temperature and pressure have been carried out 
by David and Hamann (10) using the cell model 
for a classical Lennard-Jones-Devonshire liquid. 
Their values (not shown here) are much higher 
than those presented here. They do show, how- 
ever, a similar decrease of W with temperature 
at constant pressure, and an increase in (a  WIaP), 
with temperature. 

the errors-of interpolation. It should be noted, Derivation of Other Thermodynamic Quantities 
however, that at these higher temperatures, the It is now possible, using the above velocity 
interpolation errors are greater, being possibly data and the density data presented by Van 
as much as 0.4 %. Itterbeek et al. (6) and Van Itterbeek and Verbeke 
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TABLE I11 
Adiabatic compressibility X, of argon (atm-I x lo-,) 

7- ("K) 

P (atm) 86. Z9 96. 998 108.18, 117. 10, 127 .05, 136.02, 146. 63, 

*Values in parentheses are extrapolated. 

(1 I), to derive various thermodynamic quantities 
of interest. 

The adiabatic compressibility, x,, was calcu- 
lated from the relation 

Xs = 1/pW2, 

The specific heat ratio 

where the isothermal compressibility 

where X, is in cm2/dyn, the density p is in g/cm3, 
and W is in cm/s. The values of x,, converted to 
units of atm-l, are presented in Table I11 and 
plotted in Fig. 4. The densities for the first 
isotherm were obtained from ref. 9. Those for 
the remaining isotherms were obtained by inter- 
polation, using the method of least squares, of 
the data of ref. 6. Although the accuracy of the 
density values had not been quoted, we esti- 
mated, from the significant figures retained in 
the data of ref. 6 and the standard error of 
estimation of the curves of specific volume V 
versus pressure P, an accuracy in V or p of 
0.05%. Thus xs is accurate to 0.35 % or better. 
Calculations at intermediate temperatures were 
avoided because of the greater inaccuracies 
inherent in the double interpolation which would 
be required. However, X, itself shows a smooth 
increase with temperature at any one pressure. 
Our values of x,, interpolated at 90.1 OK, agree, 
to within the accuracy of interpolation, with 
those of Dobbs and Finegold (2). Any dis- 
crepancy between the two sets of results would 
be due largely to the different density data used. 

was found by differentiation of the equation for 
V describing each isotherm. The resulting 
accuracy of (a  V/ aP), was estimated as 0.4 %. 
This estimate may be optimistic, however, since 
we could not judge accurately the errors intro- 
duced by the fitted equations. y values are 
presented in Table IV. They show an increase in 
y with temperature, at constant pressure, and a 
decrease with pressure at constant temperature. 
The apparent increase of y with P in parts of 
the isotherms at 108.18, 127.05, 136.02, and 
146.63 OK probably has no physical meaning, 
but is just a result of the above-mentioned errors. 

The y values interpolated from our data are 
slightly higher than those found by Dobbs 
and Finegold (2) at 90.1 OK and those found by 
Van Itterbeek et al. ( 1 )  at 90.3 OK. The difference 
is again partly a result of the different density 
data used. At higher temperatures, the agree- 
ment between our values and those of Van 
Itterbeek et al. (6) is not good. I t  is noted here 
that in the thermodynamic relation used by 
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TABLE IV 

y values for argon 

T ("K) 

P (atm) 86.229 96.998 108. 180 

10.0 2.00 2.45 2.38 
20.0 2.00 2.37 2.39 

*Values in parentheses are extrapolated. 

Cb 160 260 360 40'0 560 640 762 
PRESSURE P(ot rn)  

FIG. 4. Adiabatic compressibility, xs, of liquid argon, 
as a function of pressure, for various values of tempera- 
ture. 

Van Itterbeek et al., large errors may be en- 
countered in evaluating (aV/aT), as discussed 
below. 

The molar heat capacity at constant volume, 
C,, was calculated from the formulas 

and 

where V is the molar volume, and M is the 
molecular weight. 

In calculating C,, three separate sets of values 
of V, (aV/aP),, and (aV/aT), were used: (a) as 
determined directly from the density data of 
Van Itterbeek et al. (6) and Van Itterbeek and 
Verbeke (1 I) ;  (b) as tabulated by Van Itterbeek 
et al. (6) at 90, 100, 110, 120, and 130 OK; (c) as 
tabulated by Rowlinson (12) along the liquid- 
vapor coexistence curve. 

The values of C, so calculated differed by 
large amounts from each other where they could 
be compared. The values along the liquid-vapor 
curve had a large and apparently random 
variation about smoothed experimental values 
of C, tabulated by Rowlinson (12). The vari- 
ation (greater than 20% in places) was due 
almost entirely to the uncertainty in (aV/aT), 
and (aV/aP),. For the above reasons, none of the 
calculated values of C, are presented here. 

Test of Relations between Velocity, Thermal 
Expansiuity, and Isothermal Compressibility 

Rao's relationship (13, 14), expressed in the 
form 

was tested for argon by evaluating K for various 
temperatures and pressures. Whereas K has 
been found to be approximately constant and 
equal to 3 for many organic liquids in their 
normal liquid ranges, at low pressures, the 
values of K for argon presented in Table V are 
in general much less than 3, and show a gradual 
increase with temperature. The accuracy of 
our values is uncertain due to the above- 
mentioned errors in evaluating (a V/ V/T),. 

The theoretical predictions of David and 
Hamann (10) also give K a value much less than 
3 for classical Lennard-Jones-Devonshire 
liquids. They show, contrary to our results, a 
decrease in K with increasing temperature. Such 
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TABLE V 
Rao's constant, K, for argon 

T ("K) 

'Values in parentheses areextrapolated. 

TABLE VI 
Values of coefficient K'in the Carnevale and Litovitz relation for argon 

- - - - 

P (atm) 86.22, 96.998 108.180 117. 10, 127.050.1 136.020 146.630 

'Values in parentheses are extrapolated. 
tValues ofK' at 127.050 OK were suspect, because of lack ofdata points for this isotherm. 

a model (the cell model) of the liquid phase Research Council of Canada for their financial 
might be expected to be valid only in the high support of this investigation. 
density limit, that is at low temperatures and high 
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Effects of electron scavengers in the radiolysis of water vapor1 

Observed radiation decomposition yields of 
water vapor in the presence of additives are few 
and there is considerable disagreement amongst 
the recent data (1-3). The value2 g(H) = g(0H) 
= 11.7 quoted by Firestone (1) from the P-ray in- 
duced exchange of D 2  with H 2 0  is much higher 
than the values obtained from water vapor con- 
taining organic scaveilgers where g(H) = 7-8 and 
g(0H) = 8.5 (2) and from the H20-NH,-0, 
system where g(H) = 5.7 and g(0H) = 6.5 (3). 

Recent investigations (4, 5) have shown that 
the hydrogen yield is reduced on addition of 
nitrous oxide or sulfur hexafluoride to H,O or 
D 2 0  vapor containing organic additives. This 
reduction is thought to be caused by electron 
capture by N,O or SF,, thus preventing the 
neutralization reaction 

R. S. DIXON AND M. G. BAILEY 
Atomic Energy of Cat~ada Limited, WhiteslzeN Nuclear Research Establishment, Pitza,va, Manitoba 

Received July 31, 1967 

Water vapor irradiated with X-rays in the presence of nitrous oxide gives mainly nitrogen and oxygen 
together with small amounts of hydrogen and, possibly, hydrogen peroxide. The yield of nitrogen, 
G(N,) = 3.0 + 0.3, is constant over a wide range of conditions and G(02) = 1.6 + 0.3 after an induc- 
tion period. The hydrogen yield is constant at low doses with G(H2) = 0.45 f 0.1, but reaches a steady 
state at higher doses. The nitrogen yield is equated with the yield of scavengeable electrons in water 
vapor, the value g(e) = 3.0 + 0.3 being in reasonable agreement with the theoretical value based on 
W(H20) = 30 eV. Addition of other electron scavengers to water vapor containing nitrous oxide sup- 
presses the nitrogen yield by competing efficiently for electrons. On the basis of their efficiency in sup- 
pressing the nitrogen yield, limiting values for the relative rates of reaction of N 2 0 ,  SF6, CCI,, and HCI 
with electrons in water vapor are obtained and comparisons are made with their known electron attach- 
ment cross sections in the gas phase. 
Canadian Journal of Cllemistry. 46, 1181 (1968) 

Introduction Experimental 
Materials 

Water was successively distilled from acid dichromate, 
from alkaline permanganate, and through a quartz tube 
at 500 OC in a stream of oxygen. Nitrous oxide, sulfur 
hexafluoride, and hydrogen chloride (Matheson research 
grade), carbon tetrachloride and hydrogen peroxide 
(Fisher certified), and propylene (Phillips research grade) 
were used without further purification except for several 
freeze-pump-thaw cycles. 

TecR~zique 
The irradiation vessels were 450 cc cylindrical quartz 

cells equipped with a center thermocouple well and a 
break-seal for analysis. Before filling, the cells were 
washed with permanganic acid, rinsed with acidified 
hydrogen peroxide, rinsed several times with triply dis- 
tilled water, heated in air at 500 "C overnight, cooled, and 
evacuated to Torr at room temperature. A weighed 
amount of water (- 0.25 g) was pipetted into a small 
flask attached to a grease-free preparation line and, after 
degassing with several freeze-pump-thaw cycles, was 
distilled into the irradiation vessel immersed in liquid 
nitrogen. Gases were added by condensing a known 

The reduction in the hydrogen yield AG(H2) z 3 
has therefore been equated with the yield of 
electrons in water vapor. 

The importance of the yield and reactions of 
electrons in the radiation chemistry of water 
vapor has led us to  study irradiated water vapor 
containing several additives, all of which are 
known to  react with electrons from studies in 
other systems, and some of which are thought to 
be specific scavengers for electrons. 

'Issued as A.E.C.L. NO. 3049. 
2Primary yields are written as g(x) and experimental 

yields as G(x), n~olecules per 100 eV. 

volume of gas, at a known temperature and pressure, into 
the vessel. The vessel and contents were finally evacuated 
to Torr at -196 OC before sealing off. The vessel 
was mounted in a furnace which was kept at 125 & 2 "C 
during irradiation. The temperature was controlled by a 
Honeywell controller/recorder system and was constant 
to + 1 OC over the whole vessel. The total pressure during 
irradiation was - 750 Tom. Duplicate irradiations were 
carried out with X-rays from a 1.5 MeV Van de Graaff 
accelerator using a water-cooled stainless steel target. 
After irradiation, the gases not condensable at -196 "C 
were measured volurnetrically and nitrogen, oxygen, and 
hydrogen were analyzed by gas chromatography using 
helium (for N2 and 0 2 )  or argon (for HZ) carrier gas. 
Hydrogen peroxide was estimated by its oxidation of 
iodide ion. 
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Dosimetry 
Thedoserateof3.0 x 1017 eV g-' min-' in H 2 0  (at an 

electron beam current of 1 n1A) was estimated by the 
''' 

nitrous oxide dosimeter irradiated at ambient temperature 
(- 25 OC) inside the furnace. A value G(N2) = 11.0 was 
used (6). The yields of nitrogen from irradiated nitrous 
oxide at 400 and 700 Torr were linear with dose up to the 
maximum dose used, 1.4 x loZ0 eV g- ' (2.8 x 1017 eV "' 

ml-' NzO at s.t.p.), and were independent of pressure $ 
within the range used. The relative dose rate was checked 
periodically with the Fricke dosimeter. The energy ab- \ 
sorbed by each additive was calculated by assuming it t o  
be directly proportional to the electron density of the 2.0 

additive. 

Results 
H 2 f X 5 )  

Water Vapor + N 2 0  
The yield-dose plots for nitrogen, oxygen, and 

I 
2 0  4 .0  60  

hydrogen produced from irradiated water vapor DOSE ( X  I O - ~ ~ I ,  ev p-l 

contaking nitrous oxide are shown in ~ i ~ :  1. 
The slopes of the linear portions give G(N2) 
= 3.0 + 0.3 and G(0,) = 1.6 4 0.3, in the 
latter case after an induction period. The nitro- 
gen yield was independent of dose from 0.1 5-5.0 
x lo2' eV g-l, of dose rate within the range 0.4- 
3.0 x 1017 eV g-l min-l, and of nitrous oxide 
concentration between 0.1-10 mole %. The ," 
intercept in the nitrogen plot at zero dose is 
outside experimental error and appears to indi- 
cate that G(N,) > 3.0 at low doses. However, 
this may be due, in part, to air contamination 
since blank experiments without irradiation 
always gave small quantities of nitrogen (- 0.1 
pmoles) and oxygen (- 0.01 pmoles). Thus it is 
not possible to estimate the magnitude of G(N,) 
at doses lower than 10' eV g-I except that it may 
be greater than the steady state yield of 3.0. As 
shown in Fig. 1, addition of 1 mole % propylene 
to  water vapor containing 1 mole % nitrous 
oxide reduced the oxygen yield to zero but did 
not affect the nitrogen yield. 

The yield of hydrogen from water vapor con- 
taining 1 mole % nitrous oxide appears to  build 
up to a steady state value of about 0.4-0.5 pmoles 
cm-3 H 2 0 ,  though the yields tended to be some- 
what erratic. At low doses the hydrogen yield 
was approximately constant a t  G(H,) = 0.45 
+ 0.1. Generally nitrogen, oxygen, and hydro- 
gen accounted for all the gaseous products 
collected. Small quantities of hydrogen peroxide, 
G(H20,) _< 0.15, were found in some samples. 
Blank experiments with water vapor containing 
added hydrogen peroxide (up to M) 
but without irradiation showed that greater than 
90 % of the hydrogen peroxide decomposed, but 

FIG. 1. Product yields from water vapor containing 
nitrous oxide. Pressure - 750 Torr and temp. 125 OC. 
Dose rate 3 x 1017 eV g-' m i x 1 .  Nz yields: (0) 
0.1 mole % N20;  (0) 1 mole % NzO; (8) 2.2 mole % 
N20;  (0) 5.2 mole % NzO; (0)  10 mole % NzO; (e) 
1 mole % NzO + 1 mole % propylene. OZ y~elds: (0) 
1 mole % NzO; (0) 5.2 mole % NZO; (H) 1 mole % 
NzO + 1 mole % propylene. Hz yields: ( x )  1 mole % 
N20.  Dose rate 4 x 1016 eV g-I min-'. N2 yields: (6) 
1 mole % N20.  0, yields: (B) 1 mole % N20. 

the oxygen measured from this decomposition 
was usually less than 10 % of that expected. 

Water Vapor + N 2 0  + Additives 
Addition of sulfur hexafluoride (0.0016-1.0 

mole %) to water vapor containing nitrous oxide 
(1-10 mole %) caused essentially complete sup- 
pression of the nitrogen yield in each case. Small 
quantities of nitrogen (0.1-0.2 pmoles) were 
produced in all the samples, which in terms of 
"yields" amounted to G(N2) - 0.4 compared 
with 3.0 in the absence of sulfur hexafluoride. 
However, since this "yield" did not change as 
the N,0:SF6 ratio increased from 1 :1 to 1250:l 
and since the absolute amounts of nitrogen were 
similar to those produced in blank runs without 
irradiation, these small quantities of nitrogen are 
probably due to air contamination. It is con- 
cluded that even at a N20:SF6 ratio of 1250:l 
the sulfur hexafluoride causes complete suppres- 
sion of the nitrogen produced by reaction of 
nitrous oxide with intermediates produced from 
the water. G(H,) was - 0.4 a t  doses less than 5 
x lo1' eV g-l but decreased a t  higher doses. 

Carbon tetrachloride (0.04-1.2 mole %) had a 
similar effect in suppressing the nitrogen yield 
from water vapor containing nitrous oxide (1-6 
mole %) at all N20:CCl, ratios between 1 :1 and 
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110:l. Hydrogen was not measured in these 
samples. 

In water vapor containing nitrous oxide (1 
mole %) and hydrogen chloride, G(N,) decreased 
from 2.9 to 0.3 as the hydrogen chloride con- 
centration increased from 0.075 to 1 mole %. 
G(H,) increased from 0.2 to  3.5 over the same 
concentration range. 

All the above yields were based on the energy 
absorbed by water only. Corrections for nitrogen 
and hydrogen produced by direct absorption of 
energy by nitrous oxide and hydrogen chloride 
were made using G(N,),,, = 11.0 (6) and 
G(H,),,, = 8.0 (7). These corrections were 
made assuming that energy transfer from additive 
to water does not occur and that addition of 
sulfur hexafluoride, carbon tetrachloride, or 
hydrogen chloride does not affect G(N,) from 
pure nitrous oxide. I t  is possible that neither of 
these assumptions is strictly correct but we 
estimate that any inaccuracies due to  these 
assumptions will not seriously affect the conclu- 
sions arrived at in the present study. 

Discussion 
Water Vapor + N,O 

The major reactions which produce H and OH 
in irradiated water vapor are generally assumed 
to be 

HzO --M-> HzO*, H,O+, e-  

Reaction [I] is extremely fast (k = 1.26 x 10- 
cm3 molecule-I s-l) (8) thus precluding other 
reactions of H,Oi at the pressure of water vapor 
used. 

The high efficiency of nitrous oxide as an 
electron scavenger has been postulated in various 
aqueous solutions (9), organic liquids (lo), and 
gaseous systems (11). Its efficiency in gaseous 
systems is based on electron impact experiments 
which have shown it to dissociatively capture 
electrons close to zero electron energy (12, 13). 
I t  therefore seems probable that nitrous oxide is 
acting as an electron scavenger in water vapor, 

thus preventing the neutralization reaction [2]. 
If no other reactions produce nitrogen, its yield 

may therefore be taken as a measure of the yield 
of scavengeable electrons in water vapor. The 
value G(N,) = 3.0 i 0.3 = g(e) found over a 
wide range of dose rate and nitrous oxide con- 
centration is in good agreement with the theoret- 
ical value of 3.3 based on the average energy 
required to  form an ion pair in water vapor, 
W(H,O) = 30 eV (14, 15) and with Baxendale 
and Gilbert's value (4) of 3.0 -t 0.4 at low nitrous 
oxide concentration ( 5  0.7 mole %). 

Since nitrous oxide concentration has no effect 
on G(N,) it appears that the reactions 

do not compete favorably with other reactions of 
H and OH. This is confirmed by the lack of effect 
on the nitrogen yield of propylene, which is 
known to react rapidly with both H atoms (see 
for example ref. 16) and OH radicals (1 7). 

Similarly, Fig. 1 clearly shows that the buildup 
of oxygen does not affect G(N,), indicating that 
the quantities of oxygen produced in our experi- 
ments are insufficient for electron capture by 
oxygen to compete with electron capture by 
nitrous oxide. Also, since G(N,) is in good 
agreement with the expected value of g(e) from 
the W-value in water vapor (14, 15), it appears 
that the reaction 

proposed in the propane-nitrous oxide system 
(1 1) is not occurring in water vapor under our 
experimental conditions even at 10 mole % 
nitrous oxide. The fate of 0- is presumably 
neutralization, 

or reaction with water, 

[9 I 0- + Hz0 -> OH -1 OH-, 

followed by neutralization 

[lo] H30+  + OH- -> 2HzO. 

Since reaction [8] probably occurs at a rate com- 
parable to the rate of reaction of 0- with the 
positive ion formed in propane radiolysis ( l l ) ,  
where reaction [7] does occur, and since the dose 
rates are similar in the two studies, the fate of 0- 
is probably disappearance by reaction [9]. Since 
the nitrogen yield was unaffected by nitrous oxide 
concentration up to 10 mole % this indicates k, 
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2 Ic,, assuming an uncertainty of 10 % in G(N,). 
For electrons to disappear via [4] in competition 
with [2] at the dose rate used (-- 3 x 10'' eV 
cm-3 s-l) and at a minimum concentration of 
0.1 mole % nitrous oxide, a steady state treat- 
ment of reactions [I], [2], [4], [8], [9], and [lo] 
indicates k4/k,1'2 > 1.5 x 10-lo, assuming Ic, 
= k, = klO and a 10 % uncertainty in G(N,). 
Similarly for at least 90 % of 0- to disappear via 
[9] in competition with [8], the steady state 
treatment shows kg/k,1'2 > 1.5 X 10-13. The 
recombination coefficients k, and k, are not 
accurately known but probably lie in the range 
10-6-10-s cm3 molecule-' s- l  (18). Hence it 
follows that k, > 1.5 x 10-l4 cm3 molecule-l 
s-' and kg  > 1.5 x 10-l7 cm3 molecule-' s-l, 
though the true values could be much higher than 
the minimum values. The former is at least an 
order of magnitude higher than the speciiic rate 
found in propane radiolysis at room temperature 
( l l ) ,  assuming the same rates of electron - 
positive ion recombination in water vapor and 
propane. 

The value of G(N,) at very low doses is not 
known but may be greater than 3.0. However, 
since the small quantities of nitrogen produced in 
samples containing sulfur hexafluonde, which 
captures all electrons, were similar to the nitro- 
gen intercept in Fig. 1, then if G(N,) is greater 
than 3.0 at low doses, the extra nitrogen prob- 
ably does not originate from electrons. This is 
supported by the lack of effect of nitrous oxide 
concentration on G(N,) over the whole dose 
range studied. Thus there seems little doubt that 
nitrogen is formed by reaction [4] only and that 
G(N,) is a measure of the yield of scavengeable 
electrons in water vapor. 

Oxygen is produced with G(0,) = 1.6 f 0.3 
after a dose of about 5 x 10' eV g-I and extra- 
polation of the yield-dose plot for oxygen to zero 
dose gives a negative intercept of 0.65 pmoles. 
This suggests that oxygen is either removed by 
impurities at low doses or is formed by secondary 
reactions of some product of radiolysis. Our 
analysis for hydrogen peroxide showed little or 
no yield, which is in accordance with our observa- 
tion that hydrogen peroxide is decomposed 
thermally under our experimental conditions. 
However, in blank experiments with water vapor 
containing added hydrogen peroxide (without 
irradiation) we found less than 10% of the 
oxygen expected (0.5-1 pmole) from decompo- 

sition of the hydrogen peroxide, i.e. oxygen is 
being removed by some process. Since the ex- 
tent of this removal is of the same magnitude as 
the intercept in Fig. 1, we suggest that oxygen is 
removed during radiolysis either by reaction with 
impurities or by loss to the walls of the vessel. 

Oxygen is probably produced by the following 
reactions. 

[I41 013 + H 2 0 2  + H 0 2  + H,O 

[I51 OH $. OH + M -. H20, + M 

[I61 OH + HO, --. H 2 0  + 0, 

1171 HO, + HO, + H,O, ; 0, 

[I81 H + 0 2  + M->HO,+ M. 

Since reaction [4] essentially converts e- to OH, 
the presence of nitrous oxide would cause OH to 
be in excess of H by about 6 G units. Production 
of oxygen from these "excess" OH radicals 
would yield G(0,) = 1.5, which is in good 
agreement with the measured value of G(0,) 
= 1.6 f 0.3. The complete suppression of the 
oxygen yield found on addition of 1 mole % 
propylene to water vapor containing 1 mole % 
nitrous oxide is predicted by the above scheme, 
since propylene will rapidly react with all the 
available H and OH radicals (16, 17). 

As shown in Fig. 1, hydrogen builds up to a 
steady state concentration which is presumably 
limited by the back reaction 

Although the hydrogen yields are small and 
somewhat irreproducible, a steady state value of - 0.4-0.5 pmoles cm-3 H,O is reached at a 
dose of about 5 x lo1' eV g-l,  which is similar 
to the steady state yield found in pure water 
vapor (3). At doses lower than this, the yield was 
approximately linear with dose with G(H,) 
= 0.45 f 0.1. This is in reasonable agreement 
with the molecular hydrogen yield in water vapor 
found in several independent studies (19-21). 

When the steady state coilcentration of hydro- 
gen is reached the net chemical change will be 
given by 

N2O + N2 + + 0 2  

assuming that no other products are formed. The 
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TABLE I 
Comparison between the relative rates of reaction of some molecules with electrons in irradiated water vapor and 

their known electron attachment cross sections in the gas phase1 
-- 

Relative cross section at: Relative integrated cross Estimated relative 
Electron section over electron rate of reaction 
energy at 0.5 eV 1.0 eV energy range: with electrons 

Mole- 1st maxi- 1st electron electron from present 
cule nun1 (eV) maximum energy energy (M.5 eV &I eV Reference work 

SF6 0 .0  15&13000 2&80 0 . 5  30&3000 4 M 0 0  23-26 > lo4 
CC14 0.02 3&65 70 30 330 75 23 2 10, 
HCI 0 . 6  1-2 3 0.5 3 2 23 -10 
N 2 0  4 . 6  1 1 1 1 1 12, 13, 22 1 
H z 0  6 . 4  1-2 23 

'All values relative to N 2 0  = 1. 

results substantiate this since, within the limits of 
experimental error, the relationship 

is seen to  hold over the whole range of nitrous 
oxide concentration. 

Water Vapor + N 2 0  + Additives 
Although nitrous oxide captures electrons 

close to zero electron energy, its capture cross 
section for such electrons is low (12, 13, 22). The 
electron capture cross sections of sulfur hexa- 
fluoride and carbon tetrachloride are much 
higher than that of nitrous oxide and their first 
maxima both occur close to zero electron energy, 
whereas that of nitrous oxide is at a much higher 
electron energy (see Table I). Thus the suppres- 
sion of the nitrogen yield from water vapor - 
nitrous oxide mixtures is probably due to electron 
capture by SFG and CCI,, 

1191 e- + SF6 -. SF6- 

[20 1 e- + CCI, -. CCI, + C1-, 

competing with reaction [4], 

14 1 e- + N 2 0  -. N 2  + 0-, 

and it appears that even at the lowest SFG:N20 
and CC1,:N20 ratios used, reaction [4] is com- 
pletely suppressed. Since the lowest SFG : N 2 0  
and CC1,:N20 ratios were 1 :I250 and 1 :I10 
respectively, this indicates that the electron cap- 
ture efficiencies of sulfur hexafluoride and carbon 
tetrachloride in water vapor are at least 10, and 
lo3 times greater than that of nitrous oxide. 
These values are shown in the last column of 
Table I. The limiting relative rate k(e- + SF,)/ 
k(e- + N,O) found in the present work is in 
good agreement with that found by Johnson and 
Warman in gaseous propane (1 I). 

The effect of hydrogen chloride in irradiated 
water vapor containing 1 mole % nitrous oxide 
appears to  be somewhat more complex. G(N2) 
falls from 2.9, which is approximately the valuein 
the absence of hydrogen chloride, to  0.3 as the 
HCl:N20 ratio increases from 0.076:l to  1 :I (a 
factor of 13) and G(H2) increases from 0.2 to 3.5 
over the same range. Assuming an uncertainty of 
about 10% in these G-values, the decrease in 
G(N2) with increase in hydrogen chloride con- 
centration is consistent with a simple competition 
between hydrogen chloride and nitrous oxide for 
electrons, 

[4 1 e- + N 2 0  -> N2 -t 0- 

P I  1 e- + HCI -> H + C1-, 

with k, ,/k, - 10. However, the hydrogen yields 
appear to be too low since, although H atoms 
from reaction [21.] will probably react with HC1, 

[22] H + HCI H, + C1, 

we would also expect H atoms produced in 
reaction [3] to react with HCl via reaction [22]. 
I t  is possible that secondary products are inter- 
fering with the reactions of H atoms but in the ab- 
sence of a more detailed study, which is outside 
the scope of this work, we can only deduce that 
hydrogen chloride probably captures electrons 
about 10 times more efficiently than nitrous ox- 
ide. This is shown in the last column of Table I. 

Comparison between the Cross Sections for 
Electron Attachment andtlze Relative Rates 
of Reaction with Electrons in Water Vapor 

The probability of electron capture by an 
additive will be given by an integral of the form 

N*Sf(E)o(E)dE, 
where NA is the concentration of the additive, 
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f (E) is the flux of electrons at energy E, and o(E) electron energies, probably less than 0.5 eV, but 
is the electron capture cross section of the addi- not necessarily completely at thermal electron 
tive at energy E. It is interesting to speculate on energy. However, more information is needed on 
the probability of electron capture in irradiated both electron capture cross sections at low 
water vapor using available data on electron electron energies and the rates of reaction of 
capture cross sections compared with our values electrons in irradiated gases before a more 
of the relative rates of reaction of electrons with detailed comparison may be made. 
the various additives. 
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Transition from internal to external oxidation in indium-silver alloys1 
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The kinetics of oxidation of In-Ag alloys of 5, 10, and 15 at. % indium have been studied on a vacuum 
microbalance. The 15 at. O/, indium alloy oxidizes externally and the 5 at. % alloy internally. A plot of 
logarithm of the parabolic oxidation rate, k,, versus reciprocal of the absolute temperature for 10 at. % 
indium alloy gives two intersecting straight lines corresponding to the energies of activation of 23 and 
39.6 kcal/mole for the oxidation below and above 600 "C respectively. These are comparable to the 
energies of activation of 23 kcal/mole for the internal oxidation of 5 at. % indium alloy and 40 kcal/mole 
for the external oxidation of 15 at. % indium alloy. The rate-controlling step in the external oxidation 
of 15 at. % indium alloy is the diffusion of indium through the alloy. Photomicrographs of the cross 
sections of the oxidized foils of these alloys confirm the conclusions derived from the kinetic data. 

Canadian Journal of Chemistry, 46, 1187 (1968) 

The high temperature oxidation studies on a 
series of alloys by Rhines et al. (1-3) and Meijer- 
ing and Druyvesteyn (4) have provided the basis 
on which the general features of internal oxida- 
tion can be adequately explained. When the 
percentage of the baser metal component in a 
binary alloy is increased to a certain critical 
value, the volume of the precipitated oxide of the 
baser metal becomes so large that its particles 
condense to form a barrier which inhibits 
further oxygen diffusion through the alloy matrix, 
resulting in the transition from internal to ex- 
ternal oxidation. Dietrich and Koch ( 5 )  found 
this critical concentration to be 9 'atom % 
indium for In-Ag alloy. Wagner (6) has des- 
cribed the conditions required for this transition 
mathematically in terms of the diffusion rates of 
oxygen and the oxide forming baser metal and 
the molar volumes of the metal and the oxide. 
Rapp (7) evaluated this theory for the In-Ag 
system and found his experimental results at 
550 "C in agreement with Wagner's theoretical 
predictions. More recently he has also studied 
the oxidation of three In-Ag alloys of less than 
15 atom % indium, based on the computer- 
calculated programs for the formation of 
interruption bands (8). The change in the 
mechanism of oxidation of indium-silver alloys 
appears to be solely dependent on the concen- 
tration of the less noble metal. However, the 
kinetics of oxidation have not been studied 

lCommunication No. 950 from the National Chemical 
Laboratory, Poona-8, India. 
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Powai, Bombay-76. 

systematically over a range of temperature in 
the region of the critical concentration. In this 
communication, we report the results of such an 
investigation with the aid of a quartz micro- 
balance. 

Experimental Procedure 
The quartz microbalance was constructed according 

to the details described by Bradley (9). As the density of 
the In-Ag alloy was nearly the same as that of pure 
silver, the counterpoise weights were prepared from pure 
silver in order to eliminate corrections due to buoyancy. 
The sample was suspended in the constant temperature 
zone of nearly 3.0 cm in the middle of a non-inductively 
wound resistance furnace. 

After suspending the sample the reaction vessel was 
evacuated to 10-5 Torr. Argon was then introduced at 
the experimental pressure. The furnace, controlled and 
set at the experimental temperature, was raised over the 
reaction vessel. The sample was annealed at the experi- 
mental temperature for 1 h. Argon was then pumped 
out and oxygen introduced in its place. The rate of 
oxidation was then followed by noting the movement 
of the reference pointer, fixed to the balance beam. As 
the molecular weights of argon and oxygen are nearly 
equal, the above procedure enabled us to determine the 
position of the moving pointer before oxidation started 
and at the same time avoided corrections due to buoyancy 
and the thermomolecular effects. 

Silver-indium alloys were prepared by melting the 
spectroscopically pure metals in high purity graphite 
crucibles, placed inside silica tubes and sealed in a vacuum 
of 10-5 Torr. The metals had the following analysis. 

Silver Fe, 0.03 %; Si, 0.01 %; Mg, 0.003 %; Al, 0.003 %; 
and Cu, 0.003 %. 

Indium Fe, Pb, Sn, Mg, Ag, each 0.003 %; Bi and Ni 
each 0.001 %; Si, 0.0003 %. 

The homogenity of the alloys was tested by the analysis 
of small fractions of the alloy taken from different 
portions of the ingot. The ingots were cold rolled to foils 
of the desired thickness. The foils were abraded succes- 
sively by 210 and 410 emery papers under mineral oil, 
rinsed in low boiling point petroleum ether, and finally 
suspended in the balance. 
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MINUTES 

FIG. 1. Kinetics of oxidation of 5/95 In-Ag alloy in 76 Torr oxygen pressure at  various temperatures. The initial 
rate of oxidation of the alloy is shown in the enlarged figure at the top right hand corner. 

Spectroscopically pure argon was used and oxygen gas 
was prepared from analytical reagent grade potassium 
permanganate. 

Results and Discussion 

The oxidation studies were undertaken on 
three alloys of silver containing 5, 10, and 
15 atom % indium. The kinetics of oxidation 
of 5/95 In-Ag alloy in the region 400-600 "C 
and at 76 Torr oxygen pressure are represented 
in Fig. 1. The experimental data for all the three 
alloys have been plotted in Figs. 2-4 as the 
square of the oxygen uptake versus time. 

I t  may be observed that the rate of oxygen 
uptake by the alloys decreases sharply with the 
increase in the indium content. With the excep- 

tion of a brief initial period, the oxidation of 5 at. 
% In-Ag alIoy in the temperature interval 
450-600 "C can be described by means of a 
parabolic rate law. The rate of oxidation for the 
first few minutes shows a linear dependence with 
time as shown in Fig. 1. The interval during 
which the linear law is obeyed increases with the 
decrease in temperature. At 400 "C, the oxidation 
during the entire period of study can be described 
by a linear rate law. The oxidation kinetics of the 
10 at. % In-Ag alloy are also governed by the 
parabolic rate law, the only exception being the 
experiment at 675 "C, where the oxidation 
kinetics deviates from the parabolic rate law 
after the 80th minute (Fig. 3). For the 15 at. % 
In-Ag alloy, the parabolic rate law is valid for 
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FIG. 2. Parabolic plot of the oxidation of 5/95 In-Ag alloy. 

an initial period. With an increase in the period 
of oxidation, marked departures from the para- 
bolic rate law are observed. The period, over 
which the parabolic rate law is valid, decreases 
with an increase in the temperature of oxidation 
(Fig. 4). 

The Arrhenius plots of the parabolic rate 
constants (Fig. 5) indicate that a single mechan- 
ism is responsible for the oxidation of 5 and 
15 at. % In-Ag alloys while there are two differ- 
ent processes taking part during the oxidation 
of 10/90 In-Ag alloy. The change in the mechan- 
ism of oxidation takes place at about 600 "C. 
The obedience of the oxidation kinetics of the 
5, 10, 15 at. % In-Ag alloys to the parabolic 
rate law indicates that the diffusion is the rate- 
controlling process during their oxidation. The 
initial linear rate, observed in 5/95 In-Ag alloy, 

is due to a phase boundary reaction where the 
dissociation and dissolution of oxygen takes place 
at the alloy/oxygen interface. Indium atoms act 
as active sites for the dissociation of the oxygen 
before it dissolves in the alloy. This gives rise to 
and maintains the concentration gradient within 
the alloy which acts as the driving force for the 
diffusion of oxygen. Once the concentration 
gradient has been built up, further oxidation is 
controlled by the diffusion of oxygen through the 
alloy. The observed linear rate of oxidation at 
400 "C indicates that the phase boundary reaction 
is the rate-controlling step during the entire 
period of oxidation. 

The energies of activation calculated for the 
oxidation of these alloys from the Arrhenius 
plots in Fig. 5 are summarized in Table I. 

The energy of activation of 23.6 kcal/qmole 
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MINUTES 

FIG. 3. Parabolic plot of the oxidation of 10/90 In-Ag alloy. 

TABLE I d[In I(,] - - d[ln ~ ~ ' " 1  ][[In Do] - 
The energies of activation calculated from d T  d T  + d T  - 
the slopes of the Arrhenius plots in Fig. 5 
for the oxidation of 5, 10, and 15 atom % 1 

In-Ag alloys j@ [m{iO2(g)  = 

In-Ag alloy Activation energy 
(atom %In) (kcal/mole) 

observed in the oxidation of 5/95 In-Ag alloy 
corresponds to internal oxidation. According to 
Rapp's (7) equation [14], the parabolic constant 
for internal oxidation is proportional to the 
product of the oxygen solubility No(s) and 
oxygen diffusivity Do. Hence, 

According to Eichenauer and Muller (10) 

AH[$02(g) = 0(, .,)I = 11.86 kcal. 
AE(aln) = 11.00 kcal. 

Hence, 

d In K, 11.86 + 11.00 22.86 -- - 
d~ RT" - RT' ' 

The calculated activation energy of 22.86 
kcall-$mole O2 for the parabolic kinetics is in 
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MINUTES 

FIG. 4. Parabolic plot of the oxidation of 15/85 In-Ag alloy. 

good agreement with the value of 23.6 kcal/mole 
deduced from the experimental temperature 
dependence of K,. 

The rate of oxidation of the 15/85 In-Ag alloy 
has been found to be much lower than that of the 
5/95 In-Ag alloy. This is due to the formation 
of an external oxide layer. The growth of this 
external scale is controlled by the diffusion 
of indium ions through it. The oxide was identi- 
fied as In203 by electron diffraction. 

The energy of activation for the 15/85 In-Ag 
alloy has been found to be 40.05 kcal/mole and 
is comparable to the energy of activation of 
36.6 kcal/mole reported by Schoen (I 1) for the 
diffusion of In through 16.6193.4 In-Ag alloy. 
This suggests that the rate-controlling step during 
the oxidation of 15/85 In-Ag alloy is the diffusion 
of In through the alloy and not through the oxide 
as assumed by Rapp (7). An interrupted oxida- 
tion of 15/85 In-Ag alloy at 600 O C  (described 
below) supports the above conclusion. 

The parabolic law ceases to hold after a certain 
period of oxidation of the 15/85 In-Ag alloy 
(Fig. 4). Such a deviation can either be (1) due 
to the ageing of the oxide layer (12) or (2) due 
to a decreased diffusion of indium through the 
oxide on account of the depletion of indium 
atoms at the alloy/oxide interface. In order to 
find out which of the two mechanisms is re- 
sponsible for the deviation, the following experi- 
ment was carried out. 

A sample of 15/85 In-Ag alloy foil was oxi- 
dized at 600 O C  and at 76 Torr oxygen pressure 
for 40 min (the period estimated from the data 
in Fig. 4), after which the deviation from the 
parabolic rate law is expected to take place. The 
oxygen was then replaced by argon at the same 
pressure. The sample was annealed at the same 
temperature for 60 min, after which argon was 
replaced by oxygen and the oxidation reaction 
continued. The kinetic and the parabolic plots 
for this experiment (Fig. 6) show that the 
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TEMP; C 
700 650 500 550 500 L50 400 
I l l 1  I I 1 
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1.2- 5/95 I n -  A g  

I 
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0.4- 

15/85 In-Ag 

FIG. 5. The variation of logarithm of the parabolic 
rates of oxidation of 5,10, and 15 at. % In-Ag alloys as a 
function of reciprocal of absolute temperature. 

interrupted oxidation can still be described by a 
parabolic rate law in spite of the fact that in a 
normal conventional run, a deviation from this 
rate law takes place. This deviation is due to the 
depletion of the indium atoms at the alloy/oxide 
interface. In203  is a n-type sen~iconductor (13) 
and the growth of In203  oxide layer may be 
assumed to take place through the diffusion of 
interstitial In3f ions through the oxide matrix. If 
the rate at which the indium atoms are delivered 
at the alloy/oxide interface is lower than the dif- 
fusion rate of indium ions through the oxide, the 
former step would be rate controlling. If, how- 
ever, the oxidized sample is annealed in an inert 
atmosphere, as is done in our interrupted oxida- 
tion experiment, the concentration of In in the 
alloy layer immediately below the alloy/oxide 
interface would be restored to nearly its original 
value as a result of the inward diffusion of Ag 
atoms and the outward diffusion of In atoms 
during the annealing. This would restore the 
oxidation kinetics to the parabolic rate law. The 
oxygen uptake for the first 10 min immediately 
after the inert gas annealing is higher than the 
oxygen uptake for the same period immediately 

preceding the interruption of oxidation as shown 
in Fig. 6. This observation would immediately 
rule out the ageing of the oxide film as the cause 
of the reduction in the oxidation rate of the 
15/85 In-Ag alloy at 600 "C (Fig. 4) because 
ageing of the oxide film would have resulted in 
a lowering of the oxidation rate. If the oxidation 
data obtained after the inert gas annealing are 
plotted according to a parabolic equation by 
assuming the 100th minute as the zero of the 
time scale, a parabolic rate constant lc, = 45 
pg2/cm4 min is obtained. This may be compared 
with the value of k, = 43.5 pg2/cm4 min during 
oxidation prior to annealing. Almost equal 
values of the parabolic rate constants support 
the conclusions derived earlier. 

The energy of activation for the oxidation of 
10/90 In-Ag alloy below 600 "C is 23.0 kcall 
+mole and is comparable to the energy of activa- 
tion of 23.6 kcal/+mole for the internal oxidation 
of 5/95 In-Ag alloy (Table I). On the other hand, 
the energy of activation of 39.6 kcal/mole for the 
oxidation of this alloy above 600 "C can be 
attributed to the external oxidation, since it is 
nearly equal to 40.0 kcal/mole, the activation 
energy for the external oxidation of 15/85 In-Ag 
alloy. Hence we conclude that the 10/90 In-Ag 
alloy oxidizes predominantly internally below 
600 "C while it undergoes predominantly external 
oxidation above 600 "C. In fact, a reduction in 
the rate of oxidation of 15/85 In-Ag alloy with 
an increase in the period of oxidation observed 
at all temperatures (Fig. 4) has also been found in 
the oxidation rate of 10/90 In-Ag at 675 "C 
(Fig. 3). This is expected at higher temperatures 
since the oxide molecules have a higher mobility 
which facilitates the formation of coarser oxide 
particles. They obstruct further diffusion of 
oxygen and hence inhibit internal oxidation. 
At lower temperatures the oxide molecules are 
relatively immobile and are dispersed widely as 
small oxide particles which may not form a 
barrier to the diff~~sion of oxygen. This is the 
cause of the transition from the internal oxidation 
to the external oxidation of the 10/90 In-Ag 
alloy at  600 "C. It  may be expected that such a 
transition can also take place in alloys of lower 
indium contents like the 5/95 In-Ag but only at 
comparatively higher temperatures. 

Photomicrographs of the cross sections of the 
foils of the three alloys oxidized at 600 "C and 
76 Torr oxygen pressure support the above 
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110 11000 

Reodings on the left for kinetic plot. 

Readings on Vie right for parabolic plot. 

- 
ANNEALED 
IN M G O N  

MINUTES 

FIG. 6.  Oxidation of 15/85 In-Ag alloy at 600 "C and 76 Torr oxygen pressure. The oxidation was interrupted 
between the 40th and 100th minute by pumping out oxygen from the reaction vessel. 

conclusions. Figure 7 shows the two oxidation 
fronts advancing parallel to the surface of the 
internally oxidized foil of 5/95 In-Ag alloy. The 
precipitation of the oxide at the grain boundaries 
is clearly indicated. Figure 8 shows the cross 
section of the oxidized 10/90 In-Ag alloy. 
This alloy oxidizes both internally and externally. 
Hence, we observe significant precipitation at 
the grain boundaries, as well as the external 
oxide scale. The latter is not visible in the photo- 
graph due to the uneven rates of dissolution of 
the alloy and oxide during etching. In contrast 
to this, Fig. 7 shows no unevenness of the external 
layer since no external oxide is present. A cross 
section of the 15/85 In-Ag oxidized foil shown 
in Fig. 9 indicates that there is no significant 
precipitation at the grain boundaries and only 
an external scale is formed, as is evident from 
the unevenness of the surface. 

The process of internal oxidation can be 
considered to take place in the following three 
consecutive steps: (a) dissociation of oxygen 
molecules to atoms at the phase boundary, 
(b) dissolution of oxygen atoms in the alloy, 
and (c) diffusion of oxygen atoms in the alloy 
away from the surface. 

If the interface reactions (a) and (6) are the 
rate-controlling steps, it is expected that the 
oxidation would be governed by a linear rate 
(14). On the other hand, if step (c) is rate con- 
trolling, we expect the oxidation to be governed 
by the parabolic rate law. It may be noted that 
the initial linearity of the oxidation rate for 
5/95 In-Ag alloy may be due to the steps (a) or 
(b), or both controlling the rate of oxidation. 
A plot of the logarithm of the linear rate constant 
versus l /T  is a straight line (Fig. 10) and the 
energy of activation calculated from its slope is 
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FIG. 7. The cross section of the 5/95 In-Ag alloy foil after oxidation at 600 "C in 76 Torr oxygen pressure for 2 h. 
Thelighter band in the middle is the unoxidized alloy. 

FIG. 8. The cross section of the 10190 In-Ag alloy after oxidation at 600 "C in 76 Tom oxygen pressure for 4 h. 
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PETHE ET AL.: TRANSITION FROM INTERNAL TO EXTERNAL OXIDATION 

FIG. 9. The cross section of 15/85 In-Ag alloy foil after oxidation in 76 Torr oxygen pressure at 600 "C for 4 h. The 
unevenness of the surface is due to the external oxide layer. 

FIG. 10. Variation of the logarithm of linear rate of oxidation of 5/95 In-Ag alloy as a function of the reciprocal of 
absolute temperature. 
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18.5 kcall-$mole 0 2 .  This is very much lower 
than the energy of activation required for the 
dissociation of oxygen, viz. 59 kcal/+mole (15), 
but is of the same order of magnitude as the 
energy of activation of 11.86 kcal/$mole 0 2  found 
for dissolution of oxygen in pure silver (10). 
I t  is therefore suggested that the step (b), viz. 
the dissolution of oxygen atoms at the phase 
boundary, is the rate-controlling step and 
responsible for the initial linear oxidation rate 
of the 5/95 In-Ag alloy. I t  may, however, be 
noted that the observed energy of activation 
of 18.5 kcall$-mole O2 is for the dissolution of 
oxygen in the 5/95 In-Ag alloy and hence is 
likely to be higher than that for pure silver. 
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Densities and magnetic susceptibilities of thallium amalganis 

W. T. FOLEY, REBECCA FAI-YING CHIU, AND JOHN R. DELOREY 
Departrnerif of Chemistry, St.  Francis Xavier Utziversity, Antigonish, Nova Scotia 

Received October 13, 1967 

The densities of solid thallium amalgams were measured pycnometrically at  -79.0 "C with the 
following results in g/ml: 13.946, 13.851, 13.465, 13.379, 13.219, 13.263, 13.267, 13.264, 13.184, 
13.180, 13.177, 13.132, 13.063, 13.055 for the concentrations in weight % thallium of 8.72, 11.15, 19.45, 
20.40, 21.32, 21.45, 24.58, 29.20, 30.71, 31.29, 32.03, 33.29, 40.54, and 42.99 res~ectivelv. The magnetic 
susceptibilities of the amalgamswere measured by the GOUY method over the same ~oncentra t ionyan~e 
at  temperatures from -180 "C to  150 "C. The alloys were diamagnetic and the susceptibilities were 
compatible with the phase diagram. The densities and the e.m.f. measurements on concentration cells 
show that the alpha phase at  -79 "C extends from 21.35 to  30.7 weight % thallium and at  0 "C the alpha 
phase extends to  33.75 weight % thallium. 

Canadian Journal of Chemistry, 46, 1197 (1968) 

This is a report on the densities of thallium 
amalgams determined pycnometrically at -79 "C 
over a concentration range from 0 to 42 weight 
% thallium. A few densities were determined 
at 0 "C over the concentration range 29 to 40 
weight % thallium. The report also deals with 
the magnetic susceptibilities of thallium amal- 
gams over a concentration range 0 to 42 weight 
% thallium and over a temperature range from 
- 180 "C to 150 "C. Taylor (I) has reported that 
thallium, which has a single unpaired electron, 
when dissolved in mercury has definite para- 
magnetism, but not to the extent which one 
would expect if the thallium atoms were assumed 
to dissolve in mercury without change. In this 
work it was found that thallium amalgams are 
diamagnetic; in the solid state the amalgams are 
more diamagnetic than mercury, and at 25 "C 
the liquid amalgams are slightly less diamagnetic 
than mercury. 

Densities of Solid Amalgams 
The pycnometer used in the density determina- 

tions was a nlodification of the type proposed by 
Henglein (2) and it consisted of two Pyrex bulbs 
joined by capillary tubing which bore engraved 
calibration marks. The bottom bulb had a vol- 
ume of 15 ml and the top bulb, which terminated 
in a standard taper joint, had a volume of 1 ml. 

Experimental 
The pycnometer was attached to a vacuum line 

as were also two bulbs, one containing the amal- 
gam and the other containing toluene which had 
been freed from sulfur-containing compounds by 
refluxing in the presence of mercuric acetate. 

The toluene was freed from dissolved oxygen by 
pumping after it had been cooled to liquid- 
nitrogen temperature. About 50 g of amalgam 
were transferred to the pycnometer, which, along 
with the bulb containing the toluene, was then 
isolated from the vacuum line. The pycnometer 
was placed into a Dewar flask containing a 
mixture of dry ice and acetone and the tempera- 
ture of this mixture was determined with a 
platinum resistance thermometer which had been 
calibrated at the boiling point of oxygen, the 
freezing point of water, and the melting point of 
pure zinc. Under oxygen-free conditions, the 
toluene was added to the pycnometer until the 
level of the liquid reached the graduation marks 
on the pycnometer and, after a delay to allow for 
thermal equilibrium, the volume was recorded. 
The pycnometer was then transferred to a water 
bath at 25 "C, the volume of the contents was 
measured, and finally the weight of the contents 
was determined. The density of the toluene at 
25 "C was also measured. With the use of these 
data as well as the densities of thallium amal- 
gams at 25 "C (3), the densities of the amalgams 
at -79.0 "C were calculated. In a similar fashion 
were determined the densities at 0.0 "C of several 
amalgams which were solid at 0 "C in the concen- 
tration range of interest. The measurement of the 
density of the 31.29 weight % thallium amalgam 
was performed after the alloy had been kept at 
-79 "C for 24 h. Table I contains the results of 
the measurements at -79.0 "C and at 0.0 "C 
and the same results are displayed in Fig. 1. The 
density values are considered to be accurate to 
+ 0.005 g/ml. I t  was noted that the surface of the 
solid amalgam at the composition corresponding 
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FIG. 1. Densities of solid amalgams at 0 and -79 "C. A?. x 72 

FIG. 2. Mercury-thallium system according to Han- 
to T12Hg, showed to the unaided eye well- sen. 
defined crystal faces in marked contrast to the 
surface of the solids whose compositions were which is the weight % thallium in T12Hg5. As 
slightly different. the thallium content of the alloy increases, there 

The amalgams were prepared and analyzed in is a steady decrease in density because the density 
a manner already described (4). of thallium is about 12% lower than that of 

mercury. It would be expected that if the den- 
TABLE I sities of the solid were corrected for this steady 

Densities of thallium amalgams at -79.0 and 0.0 "C decrease in value, then the corrected values of 
the density would reveal the influence of the 

Wt. % d-79 Wt. % d-79 do compound. In Fig. 3 there is plotted against 
- 

TI (dm11 TI (glnl') (g'ml) weight % thallium the ratio (V, - V2)/V,, 
0 14.271 32.03 13.177 where V, is the specific volume of the liquid at 
8.72 13.946 33.29 13.132 

11.15 13.851 40.54 13.063 
25 "C and V2 is the specific volume of the solid at 

19.45 13.465 42.99 13.055 -79 "C. This figure clearly reveals a maximum 
20.40 13.379 for T1,Hg5. 
21.32 13.219 28.99 13.131 
21.45 13.263 30.87 13.082 The density of the 32.03 weight % amalgam at 
24.58 13.267 32.69 13.050 -79 "C does not fall on a smooth plot with the 
29.20 13.264 33.70 13.020 neighboring values. There is no anomaly at this 
30.71 13.184 40.54 12.934 
31.29 13.180 

0 - 7 g 0 c .  

Discussion o O O C .  

Figure 1 shows that the density isotherm for ",4. 

-79" is made up of three regions, the first being ; 
from 0 to 21.3 weight % thallium, the second s3 - 
between 21.3 and 30.7 weight %, and the third 2 
between 30.7 and 43 weight %. A comparison of ? 2  

Fig. 1 with Fig. 2, which shows the phase dia- 5 ,  
gram of the mercury-thallium system according 
to Hansen (5), enables one to decide that the 
region between 21.3 and 30.7 weight % thallium o 10 2 o 3 0  4 0  

belongs to the alpha phase. However, Fig. 1 does WT. % TI  

not show a maximum at 28.95 weight %thallium, FIG. 3. Relative volume change on solidification. 
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FOLEY ET AL.: DENSITIES AND I MAGNETIC SUSCEPTIBlLITIES 1199 

concentration in the plot of the densities meas- 
ured at 0 "C. In fact, the density curve for 0 "C in 
Fig. 1 suggests that the alpha phase ends at 33.7 
weight % thallium, and also the electromotive 
force (e.m.f.) measurements described further on 
in this report substantiate this view. It is believed 
that the anomalies in the density at 31.29 and at 
32.03 weight % thallium at -79 "C are due to 
the persistence of the alpha phase as a metastable 
phase. It will later be shown that the magnetic 
susceptibility data are also anomalous in the 
same concentration range. In Fig. 3, the dotted 
line in the graph represents the stable portion of 
the region and the presumed metastable region is 
depicted by a solid line in the same concentration 
range. The concentration cell measurements, 
described below in this report, indicate that the 
upper concentration limit of the alpha phase at 
-79 "C is slightly higher than 30.5 wt. % thal- 
lium. On that account, it is considered improb- 
able that the alloy of composition 30.71 wt. % 
thallium was also metastable. 

Magnetic Susceptibility of Thallium Amalgams 

Experimental 
The magnetic susceptibilities of the samples 

were determined by the Gouy method and the 
measurements were made in a nitrogen atmos- 
phere, which has negligible susceptibility. A 
magnetic shield was incorporated into the design 
of the apparatus so as to insure that the magnetic 
field at the outer end of the sample was negligible. 
The specimen was in the form of a rod of uniform 
cross section, and the force on the specimen was 
compared with the force on a sample of mercury 
of identical dimensions, and at the same field 
strength. The susceptibility was calculated with 
the aid of eq. [I]. 

where X, and xS are the gram susceptibilities of 
the alloy and of the mercury, d, and ds are the 
densities, and Fa and Fs are the corrected forces 
which act on the specimens when the magnetic 
field is applied. 

The magnetic susceptibility measurements 
were made relative to a solution of nickel chloride 
as a primary standard and the susceptibility of 
the nickel chloride was calculated from the 
equation of Nettleton and Sudgen (6). The nickel 
chloride solution was prepared from NiC1,.6H2O 

(Fisher Certified), and the nickel content was 
determined gravimetrically using dimethylgly- 
oxime. Mercury, which was used as a secondary 
standard, was purified by washing with dilute 
nitric acid while a stream of air was bubbled 
through it, and finally the mercury was distilled 
according to the method of Hulett (7). The feed- 
line of the still-pot was made of capillary tubing 
and was placed in the gap of a horseshoe magnet 
which had a field strength of 13 kG. The amal- 
gams were prepared in a manner already de- 
scribed (4). 

The magnet used in this study was a Newport 
4 in. electromagnet, type A, powered by a type 
Dl04 Newport magnet power supply. The bal- 
ance used to obtain the force on the sample was a 
Stanton Sm 12 and the cryostat was patterned 
after the one described by Figgis and Nyholm (8). 
The Gouy tubes were made from precision-bore 
glass tubing with an inside diameter of 6 mm. 
The tubes had flat bottoms and the length of the 
specimen in the tubes was 12 cm. 

The amalgam samples in the loaded Gouy 
tubes were frozen solid before being introduced 
into the cryostat and the freezing was performed 
so that there was little likelihood of the composi- 
tion varying longitudinally. In general, when an 
amalgam is frozen the composition of the solid 
which separates differs from that of the surviving 
liquid and the differences in density of the two 
phases could cause stratification. In the Gouy 
method the force on the sample depends upon 
the area of the sample, the strength of the mag- 
netic field, and the gradient of the magnetic field. 
Consequently, a radial variation in the composi- 
tion would be less obiectionable than a vertical 
variation in composition. The pole pieces of the 
magnet were adjusted so that the field at the 
center was uniform over an area as great as the 
area of the sample. Measurements were made on 
samples that had been frozen while in the vertical 
position and measurements also were made on 
samples that had been frozen in the horizontal 
position. Results obtained by the former method 
gave poor agreement with the phase diagram 
while results obtained by the latter method gave 
excellent agreement. The procedure for freezing 
was simple. Attached to the Gouy tube through a 
standard-taper joint was a capillary tube which 
was fastened through a right-angled bend to an 
amalgam reservoir. While the Gouy tube was 
held horizontally and kept rotating, freezing of 
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FOLEY ET AL.: DENSlTlES AND MAGNETIC SUSCEPTlBlLlTIES 1201 

the amalgam was initiated by inserting the end of 
the Gouy tube into a hole drilled in a copper 
block that was cooled with a mush of dry ice and 
acetone. As freezing occurred, the tube was 
slowly pushed further into the block and, when 
the freezing reached a predetermined level, the 
excess amalgam was poured off and the Gouy 
tube was sealed off with a flame. It is not claimed 
that segregation was entirely prevented but the 
method seemed to have minimized it consider- 
ably. The sample could not be frozen along its 
entire length at once because such a procedure 
yielded a solid whose diameter was non-uniform 
as well as being smaller than the internal diam- 
eter of the glass tube. 

I I 
o 10 eo 30 40 

WT. % TI 

FIG. 4. Isotherms of magnetic susceptibility of liquid 
thallium amalgams, x,, in c.g.s.m. units. 

To confirm that the specimens used were free 
from ferromagnetic impurities, all observations 
were made at two field strengths. 

The results of the susceptibility measurements 
are given in Table I1 and Fig. 4. The data of 
Reuter (9) and of Bates and Baker (10) on the 
susceptibility of mercury were plotted and a 
smooth curve was drawn through the points; the 
result was in quite good agreement with that of 
this work. The values obtained for the mass 
susceptibility of mercury in c.g.s. units times lo6 
at  25", -39", - 100°, and - 150 "C by Bates and 
Baker were -0.167 (-0.165), -0.143 (-0.144), 
-0.133 (-0.134), and -0.124 (-0.126) respect- 
ively. The values obtained in this work are those 
written in parentheses. The precision of the data 
is estimated to be 0.6%. 

Discussion 
A plot of the susceptibility of solid mercury 

against temperature yields a straight line with a 
positive slope until the temperature is as low as 

- 152 "C. The absolute value of the susceptibility 
a t  - 18 1 "C shows a 6 % increase over the value 
at -152 "C and it does not lie on the straight 
line: this is in harmony with the work of Bates 
and Baker. When the data for a concentrated 
amalgam are plotted against the temperature, the 
slope is negative. At a composition of 6 % thal- 
lium by weight, the two opposing tendencies are 
equal and the susceptibility of the amalgam at  
this composition is temperature-independent in 
the solid state. 

The relationship between the susceptibility of 
the solid amalgams and the phase diagram is 
brought out most clearly by Fig. 5 which shows, 
as a function of the composition, the values 
obtained at -70 "C and - 150 "C. The straight 
line relationship obtained for the region between 
0 and 22 weight % thallium indicates that, in 
agreement with the phase diagram, the suscepti- 
bility for a given concentration is the sum of (the 
susceptibility of the mercury times its weight 
fraction) plus (the susceptibility of the 22% by 
weight alloy times its weight fraction). Thus at  

FIG. 5. Isotherms of magnetic susceptibility of solid 
amalgams, x,, in c.g.s.m. units. 
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9% thallium by weight, the weight fraction of 
mercury is 0.59, so that the calculated suscepti- 
bility for this concentration at - 150 "C is (0.59 
x 11.7) $ (0.41 x 24.0) = 0.167. Actually, ac- 
cording to the density measurements the alpha 
phase begins at 21.35 and not 22.03 weight % 
thallium. It was estimated that the gram suscepti- 
bility of the 21.35 weight % alloy would be 0.003 
x lo6 c.g.s. units greater than the value meas- 
ured for the 22.03 % by weight alloy. 

The next portion of the susceptibility isotherms 
shows a straight-line relationship from the begin- 
ning of the alpha phase to the composition cor- 
responding to that of T12Hg5. This doubtless 
reflects the change in susceptibility as some of the 
thallium positions in the T12Hg, lattice are being 
replaced by mercury. At the concentration where 
T12Hg5 occurs, the slope changes abruptly again 
until the composition of 30.7 weight % thallium 
is reached and this composition represents the 
boundary of the alpha phase at both - 150" and 
-70 "C. One would expect that from the termin- 
ation of the alpha phase up to 42 weight % thal- 
lium there would be a straight-line relationship 
similar to that which exists between 0 and 21.35 
weight % thallium. But the measured values do 
not lie on a straight line and this may be regarded 
as evidence to support the view that the 31.53 % 
amalgam contains metastable alpha phase at 
-150" and -70 "C. By extrapolating the data 
for 36.00 and 42.17 weight % thallium, one esti- 
mates the susceptibility of the 30.70 weight % 
amalgam at - 150 "C and -70 "C to be -0.204 
and -0.200 x lo6 c.g.s. units respectively. Thus, 
the curve in Fig. 5 is in error at this concentration 
by only 0.003 x lo6 c.g.s. units. The anomaly in 
both the density measurements and in the sus- 
ceptibility measurements led to a decision to 
investigate by electrochemical means the equil- 
ibria at the thallium-rich boundary of the alpha 
phase. 

Concentration Cell Measurements 

Olander (1 1) studied the phase equilibria in 
solid thallium amalgams with the aid of a con- 
centration cell over the temperature range -60" 
to -20 "C. He concluded that the boundary of 
the alpha phase occurred at 31.5 weight % 
thallium. 

Experimental 
An H-type cell was used and the amalgams 

were introduced in the absence of oxygen. An 
oxygen-free solution of 1 % thallium acetate in 
90% alcohol was used as an electrolyte. A two- 
phase saturated amalgam containing 45 % thal- 
lium was used in one leg of the H-cell and the 
amalgam whose composition was within the 
range of interest in the other leg. Measurements 
were made with a Leeds and Northrup type K2 
potentiometer. Measurements were not made 
until 12 h had elapsed after the cells had been 
placed in the constant-temperature bath. The 
results obtained are shown in Table 111. 

TABLE 111 
Voltage of cell (TI, Hg),,. ,, ,,,, 
TIOCOCH3, C2H,0H (TI, Hg), 

Wt. %TI -79 "C 0 "C 

Discussioiz 
If a concentration cell containing the 45 wt. % 

thallium amalgam at one electrode registers 0 V, 
this means that the amalgam at the second 
electrode is in equilibrium with beta-thallium. 
However, the voltage will not be zero if the 
second electrode contains the alpha phase. The 
experimental results suggest that at -79 "C the 
boundary of the alpha phase has a thallium 
content between 30.5 and 32.0 wt. % thallium 
and that at 0 "C the boundary of the alpha phase 
has a thallium content very slightly greater than 
33.7 wt. %. The percent thallium in TlHg, is 
33.75 so that possibly this may be the composi- 
tion corresponding to the boundary of the alpha 
phase. It appears that, under the experimental 
conditions employed in both the density and the 
magnetic susceptibility measurements, at an 
amalgam composition close to 3 1.5 % thallium 
by weight and at a temperature of -79 "C, the 
alpha phase remained as an unstable phase. 
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Nonempirical s.c.f. calculations on sulfur atom, hydrogen sulfide, and 
dih ydrogen sulfoxide 
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This paper reports the f i s t  attempt to use Gaussian basis sets in nonempirical self-consistent field 
(s.c.f.) calculations on sulfur-containingchemical systems. Exponents for Gaussian-type functions (G.t.f.) 
on S atom are given for the minimal basis set. The optimization procedure is described and the optimized 
exponents utilized on calculations on S atom, H2S, and the hypothetical dihydrogen sulfoxide (H2SO). 
Calculations by the minimal basis set of G.t.f., using these exponents, gave a value for the HSH angle of 
H2S that agrees well with the experimentally determined value. Calculations of H,SO support a "multiple 
bond" picture of the S-0 bond. 

Canadian Journal of Chemistry, 46, 1205 (1968) 

Introduction 

Ab initio calculations on atoms and small 
molecules are well established in the chemical 
literature (1). Accurate results have been ob- 
tained usingexponential-type functions (e.t.f.) or, 
as usually referred to, Slater-type orbitals (S.t.0.) 
as basis functions in the s.c.f. procedure. Satis- 
factory results have also been obtained using 
Gaussian-type functions (G.t.f.) or, as sometimes 
called, Gaussian-type orbitals (G.t.o.), when the 
basis set size is approximately 2 to  3 times as 
large as the equivalent basis set of e.t.f. (2). 
Methane, as a classical example, may be quoted 
for comparison of the numerical results obtained 
from e.t.f. and G.t.f. basis sets (3-8). These results 
are shown in Table I. A compendium of ab 
initio calculations covering the period of 1960- 
67 which includes results of both e.t.f. and G.t.f. 
calculations has been prepared (9). 

TABLE I 
Comparison of ab initio m.0.-s.c.f. calculations on 

methane by G.t.f. and e.t.f. basis sets 

C H  Energy (E)* 
Basis (bohr) (hartree) Reference 

*Hartree-Fockenergy = -40.217.Experimental energy = -40.519. 

Because it is possible to compute integrals over 
a basis of G.t.f. about 1000 times faster than over 
e.t.f., it appears advantageous to use the former, 
especially when the number of electrons in the 
problem becomes large. Even with this device it  
may still be necessary to employ a basis set that 
is less than adequate for quantitative purposes. 

Our primary interest is in the sulfinyl grouping 
(10). Because even the simplest sulfoxide, H,SO 
(I), represents a 26-electron problem containing 
four atoms, it was clear at the outset that a 
minimal basis set of G.t.f. had to be utilized. 
Exponents for the S atom were unknown because 
no S-containing compounds had been previously 
treated with G.t.f. It was necessary therefore to 
obtain first an optimal set of exponents for s- 
type and p-type functions from open shell s.c.f. 
calculations on S atom in its electronic ground 
(3P) state and the exponent for d-type functions 
from closed shell s.c.f. calculations on H,S. This 
paper reports these results. To complete this 
preliminary study we have also performed closed 
shell s.c.f. calculations on 1. 

The mathematical formalism for the open and 
closed shell s.c.f. as well as other calculations 
(dipole moment, population analysis, and elec- 
tron density contour plots) have been reviewed 
recently (11) in detail. Consequently only the 
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results obtained from computations on S, H2S, 
and H2S0  are given in this paper. The computa- 
tions have been carried out on an IBM 7094-11 
computer using the Polyatom system (1 1). 

Optimization of spd Exponents (a) of S Atom 

The minimal basis set for sulfur consisted of 
five s-type (5S) functions, two sets of p-type (2P) 
functions, and a set of d-type (Id) functions. Full 
optimization of the s-type exponents would have 
involved five inde~endent nonlinear variables 
and was not attempted. Rather, the exponents 
were restricted to a geometric series in the manner 
described previously (1 1). This restriction had 
the advantage of reducing the number of indepen- 
dent variables to two, the "center exponent" and 
the "ratio of exponents". The effect was not 
expected to be severe (12) since the exponents for 
neon (13) and nitrogen (14) were previously 
optimized for minimal and higher basis sets with 
the same restriction. The exponents for all of the 
second row elements had been obtained from 
neon and nitrogen by a scaling procedure (11, 
15) and satisfactory results achieved (16-24). 
Optimization was performed by varying the s- 
type exponents systematically until a set was 
obtained that yielded a minimum energy for the 
open shell 3P ground state of sulfur atom. 
- Since only two p-type exponents were needed, 

these were varied independently and a parab- 
oloid surface was used to obtain the optimum 
values. The procedure was iterated for the s- and 
p-type exponents until three significant figure 
accuracy was obtained. This involved a triple 
optimization for the s-type and a double optimi- 
zation for the p-type G.t.f. 

TABLE I1 

Exponents (a) of G.t.f. for neon and sulfur 

Sulfur 

Function Scaled from Optimized 
type Neon neon for energy 

s 0.922 2.488 0.5581 

Minimal basis set calculations on hydrogen 
sulfide were used to optimize the d-exponent of 
sulfur (a definition of d-G.t.f. is given in Appen- 
dix 1). The results are summarized in the last 
column of Table 11. 

In order to have a set of initial orbital ex- 
ponents for the detailed optimization, the s and 
p orbital exponents for Ne (9, 11) were scaled 
according to eqs. [65] and. [66] of ref. 11.' These 
values are shown in the third column of Table 11. 
A comparison between the scaled and optimized 
exponents given side by side in Table I reveals 
that the scaling procedure from Ne to S, or 
probably in more general terms, from second to 
third row elements, is not a successful policy. 

TABLE I11 

Orbital energies of sulfur atom 

Energy Occu- 
(hartree) Identification pancy 

Total -378.22026 ls22s22p63s23p4 16 

Results for Sulfur Atom 

The atomic orbital energies for sulfur in its 3P 
state, using the optimized exponents, are shown in 
Fig. 1. Numerical values for the orbital energies 
are given in Table 111. Because of the necessity 
of accommodating 16 electrons in 11 atomic 
orbitals in an open-shell calculation, only two 
orbitals are unoccupied, and it is not surprising 
that some of the occupied orbitals have positive 
energy. This behavior is characteristic of the 
inflexibility of the minimal basis set (12). In the 
atomic calculations, d-type functions were not 
included because the 3d atomic orbitals are 
empty in the ground electronic configuration 
(3P) of S atom. 

lit should be noted that eq. [65] of ref. 11 carries a 
printing error and, in its correct form, both terms must be 
squared. 
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RAUK AND CSIZMADIA: NONEMPIRICAL S.C.F. CALCULATIONS 1207 

FIG. 1. Orbital energies for sulfur, hydrogen sulfide, 
and dihydrogen sulfoxide. 

Figure 2 shows the radial electron density of 
sulfur atom as calculated from Hartree-Fock 
atomic orbitals (25, 26) and from self-consistent 
field atomic orbitals obtained by expansion in 
terms of the optimized basis set of G.t.f. The 
difference between the two radial electron densi- 
ties is a result of the minimal G.t.f. basis set, but 
it is evident that the radial electron density dis- 
tribution has been reproduced reasonably well. 

Results for Hydrogen Sulfide 

The minimal basis set size for hydrogen 
sulfide was 19 and consisted of sulfur 5 q P  Id and 
hydrogen Is (a = 0.283 (15)). The experimentally 
determined geometry (27) of H2S was used 
(HSH = 92.25"; S-H = 2.5228 bohr (1.335 A)). 
The molecular orbital energies are listed in 
Table IV and shown graphically in Fig. 1. Table 
IV also lists the molecular orbital energies for 
H2S without d-G.t.f. on sulfur. It  is apparent 
that the two lowest-lying molecular orbitals 
benefit most from the inclusion of d-G.t.f. (cf. 

Figure 3 shows the electron density contour 
diagrams for the nine occupied orbitals as well as 
the total electron density contours for H2S. In 
every case, the innermost contour represents a 
density of 1 electron per cubic bohr and the 
remaining contours decrease by powers of 10. 

TABLE IV 
Occupied molecular orbitals of H,S 

Energy 
(hartree) 

Symmetry 
S,D basis s a d  basis tme  

Total* -379.63700 -381.03894 Czv 

- 
*The experimental energy of HIS is estimated (28) to be -400.81 

hartree. 

The dipole moment of H2S was calculated t o  
be 1.75 D. The experimental dipole moment (29) 
is 0.98 D. Details of the electron population 
analysis are shown in Table V. 

- HARTREE - FOCK 

---- GAUSSIAN EXPANSION 

DISTANCE FROM NUCLEUS (BOHR) 

Appendices). FIG. 2. Radial electron density of sulfur atom. 
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FIG. 3. Electron density contours for hydrogen sulfide. 
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I \ S D  BASIS SET 1 

HSH ANGLE (DEGREE) 

FIG. 4. Variation of total energy of hydrogen sulfide 
as a function of the HSH angle. 

The results of a conformational study in 
which the HSH angle was varied, keeping the 
S-H bond length fixed at 2.5228 bohr, are 
shown in Table VI. The results are graphically 
presented in Fig. 4. Inclusion of d-type functions 
leads to  a slightly better prediction for the 
equilibrium HSH angle (98.8") than does the 
calculation without d-type functions (99.9").' 
With d-type functions, the energy barrier in 
passing through the linear molecule is somewhat 
higher (0.1475 hartree, 92.3 kcal/mole) than that 
calculated without the inclusion of d-type 
functions (0.1212 hartree, 76.0 k~al/mole) .~ 
There is qualitatively good agreement between 
the experimentally determined HSH angle and 
that calculated using the minimal basis set for 
sulfur. 

2These values were obtained by fitting parabolas to 
three points near the minimum. 

3The inclusion of carbon d-G.t.f. in the basis set of 
CH3- increased the inversion barrier height from 1.16 
kcal/mole to 2.94 kcal/mole for a iixed C-H bond 
length (1.95 bohr) (30). 

TABLE V 
Electron population analysis of H2S 

Quantity s,p basis s,p,d basis 

Net charges Sulfur 0.6462 0.9110 
Hydrogen -0.3231 -0.4555 

Overlap 
population S-H bond 0.5276 0.4853 

TABLE VI 
Variation of HSH angle (0) of H2S (H-S 

bond length = 2.5228 bohr) 

Energy 
(hartree) 

sp basis set spd basis set 

-379.5183 -380.8930 
- 379.5379 -380.9212 
-379.5827 -380.9765 
-379.6223 -381.0208 
-379.6395 -381 .NO4 
-379.6370 -381.0390 
-379.6210 -381.0237 
-379.5509 -380.9554 
-379.3981 -380.8043 
-378.9152 -380.3229 

Results for Dihydrogen Sulfoxide (1) 
The minimal basis set of G.t.f. for 1 consisted 

of the same G.t.f. used in the case of H,S as well 
as 3 7 a  = 1.20; 9.45; 74.7) and l P  (a = 0.749) 
on oxygen. The total basis set size was 25. The 
geometrical parameters were chosen to be those 
experimentally determined (27) for dimethyl 
sulfoxide (HSO = 107"; HSH = 100"; S-0 
= 2.779 bohr (1.47 A); S-H = 2.5117 bohr 
(1.329 A)4). 

Table VII gives the energies of the occupied 
molecular orbitals. The same information is 
displayed graphically in Fig. 1. 

The dipole moment of 1 was calculated to  be 
2.36 D. The results of the electron population 
analysis yielding the net charges are given in 
Table VIII. It is apparent from Table VIII that 
the S-H bond of 1 is essentially ionic in charac- 
ter. The high net charge on hydrogen and the 
lower net charge on oxygen reflect the inability 
of the minimal basis set to  represent adequately 
the electronegativities of the atoms. A similar 
deviation of the calculated dipole moment vector 

4The value 1.329 A is the S-H bond length in mercap- 
tans. 
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FIG. 5. Electron density contours for dihydrogen sulfoxide. 
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TABLE VII 

Occupied molecular orbitals for HzSO (1) 

Energy Symmetry 
(hartree) type 

Total 
1 
2 
3 
4 
5 
6 

s.c.f.-m.0. 7 
8 

c3 

1 a' 
2a' 
3a' 
4a' 
la" 
5a' 
6a' 
7a' 
2a" 
8a' 
9a' 
3a" 

1 Oa' 

from the experimental direction was found pre- 
viously (24, 31) when a minimal basis set was 
used. Improvement of the basis set led to proper 
values of the net charges as well as accurate 
dipole moments. Significantly, in these examples 
(24, 31) even the minimal basis set provided an 
adequate representation of the molecular geom- 
etry. 

Inspection of the coefficient matrix of 1 
revealed that the principal contributions of the 
d-G.t.f. are to two of the lowest-lying molecular 
orbitals. These are essentially the sulfur core 1s 
and 2s orbitals (cf. Appendix 1) and are of no 
chemical interest. The d-orbitals were found to 
be unimportant in the higher occupied molecular 
orbitals. They do become important in the 
highest antibonding molecular orbitals. The two 
highest occupied molecular orbitals can be iden- 
tified as the oxygen lone pairs; the nearest 
facsimile of the classical lone pair on sulfur is 
orbital number 10 (Fig. 5). 

TABLE VIII 
Electron population analysis of HzSO (1) 

Quantity s,p,d basis 

Net charges Sulfur 1.1707 
Oxygen -0.1294 
Hydrogen - 0.5206 

Overlap population S-0 bond 0.8600 
S-H bond 0.1509 

Orbitals 7, 10, 11, and 12 (Fig. 5) each show 
some S-0 overlap. This is consistent with multi- 
ple bonding between sulfur and oxygen (32) 

as is the relatively high S-0 overlap population 
(Table VIII). Computation (utilizing the opti- 
mized exponents presented in this paper) on 
H-SO-CH, and H-SO-CH,(-) has been 
communicated recently (33). The full paper de- 
scribing the above species as well as results on 
dimethyl sulfoxide and its anion will be pub- 
lished shortly (34). 
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Appendix 1 
Gaussian type functions may be defined in a 

number of different ways (see for example eqs. 
[18], [62], and. [63] of ref. 11). However, accord- 
ing to Boys' original suggestion (35) unnormal- 
ized G.t.f. are defined as 

or linear combinations of such functions. Conse- 
quently s-, p-, and d-G.t.f. are obtained with the 
following conditions. 

s-type: a, + a, + a, = 0 

p-type: al + a, + a, = 1 

d-type: a, + a, + a, = 2 

This procedure leads to a single s-type function, 
three p-type functions, and six d-type functions. 
The latter can be represented by factors x2, y2, 
z2, xy, xz, and yz in front of the e- "*' (Fig. 6). 
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Linear combination of those three d-type func- 
tions which include the squares of x, y, and z 
yields a spherically symmetric function since r2 
= x2 + y2 + z2: 

Due to  its spherical symmetry r2e-"" is also an 
s-type function (analogous to 3s e.t.f.). This is in 
agreement with the definition of G.t.f. (p. 197 of 
ref. 11) which makes them analogous to e.t.f. 
(eq. [12] of ref. 11): 

Whenever the normalized spherical harmonic 
S ,,,,, ( 9 , ~ )  is equal to  4 Jn (i.e. I = m = O), the 
function 7) is, by definition, an s-type function. 
Consequently the admixture of dx2-, dy2-, and 
dz2-G.t.f. into the formation of atomic cores is 
not only not surprising but, in fact, essential. It  is 
worth noting that Krauss in his methane calcula- 
tions (7) used G.t.f. of the form r2e-"" to repre- 
sent the carbon atom. 

TABLE IX 
Orbital energies of sulfide ion with minimal 

sp and spd basis sets 

s.c.f.-a.0. Degeneracy 

Orbital energies (hartree) 

sp basis spd basis 

-89.8255 -89.9717 
-6.8505 -7.0353 
-2.7261 -2.7261 
+0.7607 +0.7387 
+1.0450 +1.0569 

+10.3191 
+45.7326 +21.9126 

+689.6740 +92.2843 - +726.2621 

In order to illustrate this point with an 
example, closed-shell s.c.f. calculations were 
carried out on the spherically symmetrical sulfide 
ion (S2-). The orbital energies obtained with the 
sp and spd basis sets are summarized in Table 
IX. It  is clear that a 5' + 2p basis set gave five 
s-type and two sets of p-type self-consistent field 
atomic orbitals (s.c.f.-a.0.); however, a 5' + 2p 
+ Id basis set gave six s-type, two sets of p- 
type, and one set of d-type s.c.f.-a.~. It  can be 
seen from the coefficient matrix that the dxy-, 
d,,-, and dy,-G.t.f. are equivalentto 3d-s.c.f.-a.0. ; 

s-type (al+a2+a,= 0 

p-type (a,+a2+a3 = I )  

d-type (al+a2+a3= 2 )  

FIG. 6. Pictorial representation of the most frequently 
used G.t.f. of the type x"1y"zz~3e-n~'. 

however, from the dX2-, dy2-, and dZ2-G.t.f. one 
linear combination yields an s-type s.c.f.-a.0. 
(i.e. x2 + y2 + z2), as discussed above, while 
the remaining two linear combinations give rise 
to the 3dX2-,,1 (i.e. x2 - y2) and 3d,=l - ,2 (i.e. 
3z2 - (x2 + y2 + z2) = 2z2 - x2 - y2) s.c.f.- 
a.0. 

Appendix 2 
It  is possible to argue that no conclusion can 

be made on the basis of this work concerning the 
importance of d-functions in bonding since the 
optimized d-exponent was too large, causing the 
function to possess its maximum value too close 
to  the sulfur nucleus. Setting the first derivative 
of say dZ2 equal to zero, one obtains a relation- 
ship between a and Z,,, (the position where d,2 
achieves maximum value) : 

1 a =  - or Zmnx = (l/a)112, 
z 2 m n x  

The optimized a was 5.42 which gave Z,,, 
= 0.43 bohr. Remembering that S-H = 2.5228 
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TABLE X 
Characteristics of s.c.f.-m.0. results on H2S with a basis set of 5' + 2p + 2d G.t.f. on the sulfur atom 

1.c.a.o. coefficients of d-G.t.f.* 
Occupied Symmetry Orbital 
s.c.f.-m.o. type energy x2 y2 z XY xz  Y z  

1 la ,  -93.3473 -0.005 -0.004 -0.005 - - - 
+0.219 $0.219 +0.219 - - - 

2 2a I -9.0876 -0.000 -0.001 -0.000 - - - 
-0.285 -0.287 -0.285 - - - 

3 t  161 -4.6891 - - - - -0.081 - - - - -0.001 - 
4t  3a i -4.6880 -0.069 $0.002 -0.065 - - - 

-0.001 -0.001 -0.004 - - - 
5 162 -4.6690 - - - - - -0.001 

- - - - - -0.001 
6 4a -0.9493 -0.200 -0.162 -0.200 - - - 

-0.077 -0.074 -0.077 - - - 
7 26 1 -0.4554 - - - - -0.029 - 

- - - - -0.007 - 
8 501 -0.3867 +0.243 +0.190 +0.215 - - - 

+0.026 +0.030 +0.026 - - - 
9 262 -0.2102 - - - - - 

- - - - - 
+O. 038 
+0.001 

*The first row of coefficients corresponds to d-G.1.f. of a = 0.25 while the second row of coefficients corresponds fo  d-G.1.f. of a = 5.42. 
?Note that orbitals lbl and 3al are interchanged on the orbital energy scale with respect to the order reported In Table IV. This is not sur- 

pris~ng, however, since both 3al and lbl m.0. can be looked upon as distorted Zp-a.0. of sulfur. 

and S-0 = 2.779 bohr it is likely that the maxi- 
mum electron density of a sulfur-participating 
bond will be in the neighborhood of 2 bohrs 
away from the sulfur atom. This distance 
demands an exponent of 0.25. In order to  see 
whether d-functions are necessary t o  describe 
bonding, a calculation was carried out on H2S 
at  the equilibrium bond angle (92.25") with a 
basis set (5S + 2P + 2d) consisting of 23 G.t.f. 
on the sulfur atom. The two sets of d-G.t.f. had 
exponents of 5.42 and 0.25. The 1.c.a.o. co- 
efficients are summarized in Table X. 

Because the molecule is not spherically sym- 
metric the x2-, y2-, and z2-G.t.f. do not show 
identical exponents as they did in sulfide ion 
(Appendix 1) to  form the Is, 2s, and 3s s.c.f.-a.0. 
Nevertheless their coefficients in the molecular 
orbitals of a,  symmetry type are close enough to  
each other t o  justify the conclusion that they 
participate as a distorted x2 + y2 + z2 f~~nct ion  
(cf. Appendix 1). As might have been expected, 
d-G.t.f. with the larger exponent contribute t o  
the two lowest symmetric m.0. (i.e. la,  and 2a1) 
while d-G.t.f. with the smaller exponent con- 
tribute to the two highest occupied symmetric 
m.0. (i.e. 4a1 and Sa,); however, these contribu- 
tions are all of the s-type (i.e. x2 + y2 + z2). 
Coefficients of xz and yz d-G.t.f. in the b1 and 
b2 m.0. are still negligible (cf. Table X) implying 

no appreciable participation of d-orbitals in 
bonding. 

Because the s,p-basis set of the sulfur atom 
was small (5" 2p) it  is natural that the d-G.t.f. 
is overemphasized. A near Hartree-Fock s,p- 
basis set (say 20S + 12*) would most likely 
reduce even the present small contribution of xz 
and yz functions. 
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Studies on the decomposition of tetra-alkylamrnonium salts in solution. 
Part I. Phenylbenzylmethylallylammonium iodide1 

K. T. LEFFEK AND F. H.-C. TSAO 
Departnzent of Chemistry, Dallzousie University, Halifnx, Nova Scotia 

Received July 31, 1967 

The loss of optical activity from pl~enylbenzylmethylallylammonium iodide in chloroform solution has 
been found to be entirely due to decomposition; racemization as such does not take place. The products 
are benzyl iodide and allylmethylaniline. A mechanism involving decomposition via a triple ion is 
deduced from the reaction kinetics. The activation parameters (AH+ and AS*) and a secondary deuter- 
ium isotope effect are reported. 

Canadian Journal of Chemistry, 46, 1215 (1968) 

Introduction 

Most standard texts of organic chemistry state 
that the decomposition of quaternary tetra- 
alkylammonium salts yields an alkyl halide and 
tertiary amine, when the dry salt is heated to 
fairly high temperatures. The reaction 

is the reverse of the Menschutkin reaction. Much 
less well known is the fact that this reaction pro- 
ceeds for certain salts in solution, particularly in 
chloroform solution. 

About 70 years ago some intensive work was 
carried out by several groups of workers on the 
optical activity of tetra-alkylammonium salts 
which depended for their asymmetry on the 
central nitrogen atom, to  which four different 
alkyl groups were attached. The first optical 
resolution of such a compound was made in 1899 
by Pope and Peachey (I), who resolved phenyl- 
benzylmethylallylammonium iodide by fraction- 
al crystallization of the d-10-camphorsulfonate. 
The dextro iodide was recovered by reaction 
with potassium iodide. Many other salts were 
resolved during the following decade, all of 
which contained the benzyl and phenyl groups 
(2-7). 

The loss of optical activity of the salts in 
chloroform solution was quantitatively measured 
and found to take place quite rapidly at room 
temperature. The results of several investigations 
established that the iodides decomposed at the 
same rate as the disappearance of optical 
activity, at least to within 20% (8, 9). This 

'Presented at the 50th Annual Conference of the 
Chemical Institute of Canada, Toronto, Ontario, June 
1967. 

decomposition went to completion and benzyl 
iodide was identified as one of the products by 
its smell. Salts of other halides reached an equi- 
librium at less than 100 % decomposition (10, 1 1) 
and one iodide showed similar behavior in 
ethanol solvent (12). 

Nevertheless, a general mechanism of racemi- 
zation is sometimes given in texts as involving 
the equilibrium 

R4N+Xd + R3N + RX. 

The right-hand-side products cannot be optically 
active so eventually the activity disappears. 

As a preliminary to a general investigation of 
these reverse Menschutkin reactions, it was 
decided to check the relative rates of decompo- 
sition and loss of optical activity. 

Results and Discussion 
The products of the decomposition of phenyl- 

benzylmethylallylammonium iodide in chloro- 
form solution were found to be only benzyl 
iodide and methylallylaniline, by vapor phase 
chromatographic analysis. Authentic samples 
injected into the column under identical con- 
ditions had identical retention times with the two 
peaks found with the reaction mixture. 

The reaction mixtures were found to contain 
no iodide ion after 3 days at 25 "C, indicating 
that the decomposition was complete. 

Comparison of Rates of Decomposition and Loss 
of Optical Activity 

Wedekind and Paschke (8) and von Halban (9) 
employed titration methods using standard silver 
nitrate solution to determine the extent of de- 
composition. However, the ease with which 
benzyl iodide hydrolyzes to yield iodide ion 
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makes a physical method, such as measurement 
of the conductance of the solution used by 
Stewart and Weale (13), much more convenient 
and precise. Good straight line Guggenheim 
plots (14) were obtained when the conductance 
values were used, but curves, showing a gradual 
increase in first order rate constant with time, 
resulted if these were converted to molar concen- 
trations by means of a calibration curve. All the 
rate constants quoted refer to the former means 
of calculatioi~. 

The Guggenheim method applied to the loss 
of optical activity directly gave curved plots. 
However, when the molar concentrations, as 
measured by the optical rotation, were converted 
by means of the conductance-concentration cali- 
bration curve to conductance values, straight 
lines were obtained. The rate constants obtained 
from the straight line plots for decomposition 
and loss of optical activity are compared in 
Table I. 

TABLE I 

Rate constants for the loss of optical activity and the 
decomposition of phenylbenzylmethylallylarnrnoniurn 

iodide in chloroform solution at 25 "C 
- - 

Loss of optical 
No. of Initial conc. activity Decomposition 
runs (moles/l) 105kl (s-') 105kl (s-l) 

Thus, the loss of optical activity seems to be 
entirely due to decomposition, confirming the 
work of Wedekind and Paschke (8) and von 
Halban (9). The figures in Table I are not directly 
comparable with those of ref. 8 because the latter 
have a factor of 2.303 omitted and are averages 
of rate constants which are actually increasing as 
the run proceeds. If the different method of 
calculation is taken into account the present 
results are consistent with those of Wedekind and 
Paschke (8). 

Mechanism of the Decomposition 
Steady first order rate constants are obtained 

from the equation 

111 
2.303 (9) 

kl = 7 log10 

in which C, and C are the measured conduc- 
tances at zero time and time t respectively. 

For weak electrolytes, the degree of ionization, 
a ,  may be equated to A/A,, where A and A, are 
the equivalent conductances at the particular 
concentration and at infinite dilution. Then eq. 
[I] becomes a modified first order rate equation 

The generally low values obtained for the 
conductances of these solutions makes reason- 
able the assumption that most of the salt is 
present as ion-pairs. The degree of ionization is 
then the fraction of salt which is dissociated into 
single ions, although at the concentrations used 
in these experiments, the dissociated species may 
be a larger aggregate. 

The kinetic consequences of several mechan- 
isms of decomposition may be predicted as 
follows. 

An SNl decomposition of the ion-pair, 

slow fast 
R4N'I- - + R3N + R+I- F R3N + RT, 

would give 

Neglecting activity coefficients, the concentration 
of R,NfI- is (I - a)a, which, if a is small, 
would be simply equal to the molar concen- 
tration a. 

An SN2 mechanism, analogous to that consid- 
ered by Pocker and Parker (15) for reactions of 
sulfonium salts in ethanol solution, 

R4Nf + 1- -> R3N + RI, 

would give 

For the equilibrium 

Again, if a is small, this would give a rate 
dependent on the molar concentration of the 
substrate. 

An SNl decomposition of the ammonium ion 
slow fast 

R4N' - +R3N +R+-+R3N + R I  
I- 
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yields 

When integrated this yields eq. [2]. 
However, a free benzyl carbonium ion in 

chloroform solution is quite unlikely since it is 
not formed when benzyl halides react in hy- 
droxylic solvents (16, 17), although the benzyl 
group undoubtedly has some carbonium ion 
character in the initial state as a result of delocal- 
ization of the positive charge. If the salt exists 
almost entirely in the form of ion-pairs in 
chloroform solution, it is probable that any 
small quantity of free ions formed would be 
almost entirely associated in the form of triple 
ions, the concentration of which would be nearly 
equal to aa. The most likely mechanism may be 
formulated as 

fast 
3R4N+I- $ R4N+(I-)2 + (R4N+)21- 

I 
slow 

I 

which is probably best described as an ionic 
internal nucleophilic substitution. 

A comparison of the rate constant for decom- 
position of the iodide with that determined by 
Stewart and Weale for the bromide (13) shows a 
difference of a factor of approximately 10 in 
favor of the iodide, indicating that the anion 
plays a significant role in the reaction. 

The independence of the first order rate 
constant with respect to  the concentration of the 
reacting ion is verified by the results collected in 
Table 11. It thus appears that the assumption 
a = A/A, is valid over the concentration range 
0.02-0.05 M, although this would be expected to 
break down at low concentrations. 

TABLE I1 
First order rate constants for the 

decomposition of phenylbenzylmethyl- 
allylamrnonium iodide in chloroform 

solution at 25 "C 

Concentration (moles/l) 105k1 (s- ') 

If the salt exists almost entirely as ion-pairs 
with a very small concentration of dissociated 
unsymmetrical ions, the order of the reaction 
when calculated with respect to the molar con- 
centration of the substrate should be equal to  
one-half. 

In an investigation by Ross et al. (18) on the 
decomposition of benzyldimethylphenylammon- 
ium thiocyanate in chloroform solution, using a 
basic assumption that the mechanism was SN2, it 
was concluded that the kinetics fitted a two- 
thirds order equation and that the salt existed 
predominantly as triple-ions in solution, al- 
though a two-thirds order arising from mixed 
kinetics was not excluded. On the other hand, 
Stewart and Weale (13) measured the conduc- 
tance of benzylphenylmethylallylammonium bro- 
mide in chloroform solution and concluded from 
its magnitude that the salt existed almost entirely 
as ion-pairs, which seems the more likely state of 
these salts when dissolved in chloroform. 

Although the results of Ross et al. (18) fit a 
two-thirds order equation very well, this is not 
necessarily a unique analysis. Several runs in the 
present work were found to  fit not only a two- 
thirds order equation, but also a one-half order 
equation almost as well. Deviations appear at 
about 90% reaction. On our analysis, the kin- 
etics would be expected to be one-half order, so 
long as the degree of ionization, a ,  was small 
compared to  unity. Thus, towards the end of a 
run when the concentration of salt has fallen to a 
low level, a increases so that the concentration of 
reactive ions becomes less than [R,N+I-]1'2, 
giving rise to deviations in the plot of the square 
root of the salt concentration versus time. Thus, 
the fact that the decomposition fits a two-thirds 
order equation slightly better than a one-half 
order equation need not be significant. 

Another method of determining the kinetic 
order of a reaction is to plot the logarithm of the 
initial concentration against the logarithm of the 
half-life. Nine runs were analyzed to determine 
their half-lives with respect to molar concentra- 
tion of the substrate and the graph was plotted. 
The slope of such a graph is equal to (n - I), 
where n is the reaction order. It was found, 
however, that the fit to a one-half slope was 
about the same as that to a one-third slope. 

Thus the order of the reaction with respect to 
the molar concentrations cannot be unequi- 
vocally determined and therefore it provides only 
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secondary evidence for the mechanism of the 
reaction. Since the kinetic observations of the 

2.4- 
present investigation definitely preclude an S,2 
mechanism, it is believed that the assumption of 
a dominant ion-pair state of the salt in chloro- 2.2.  

form solution with decomposition via a triple ion 
is a preferable interpretation to that offered by 2.0 

Ross et al. (18). 

- m as* 
2.303RT + 2.30312 

- 

1.8- 
Activation Parameters m 

The rate constants for the decomposition - + 
reaction were measured at 5" intervals between 
20 and 45 "C and the results analyzed according g 
to the equation 2 1.4- 

in which the symbols have their standard transi- 
tion state theory meanings. Figure 1 shows a 
graph of log,, (k/T) + 8 versus 1000/T and also 
two values reported by Wedekind and Paschke 
(8). A least squares fit to eq. [3] gives 

'\ 

AH* = 25.91 + 0.07 kcal mole-' 

AS* = 8.86 f 0.22 cal mole-' deg-l. 

The ease with which the reaction takes place 
at  room temperature may be seen to be due to 
the positive entropy of activation which reduces 
the effect of the rather large enthalpy of activa- 
tion. In a reaction such as this decomposition, in 
which one ion decomposes into two entities, the 
transition state would be expected to have a 
greater entropy than the initial state. How much 
of this positive entropy of activation is the result 
of the disruption of the initial state solvation 
shell cannot be ascertained until further studies 
of other salts and other solvents have been made, 
but the known sensitivity of the reaction to 
solvent indicates that solvation plays an impor- 
tant role. 

The fact that the activation energy plot shows 
no curvature over a reasonably large temperature 
range lends support to the explanation of the 
kinetics in terms of a single mechanism. If two 
different ionic species were decomposing simul- 
taneously with different activation energies, devi- 
ations from linearity would be expected in Fig. l .  

Secondary Deuterium Isotope EfSect 
Since the secondary deuterium isotope effects 

FIG. 1. The temperature dependence of the rate 
constant of decomposition of phenylbenzylmethylallyl- 
ammonium iodide in chloroform solution: (e) present 
work, (A) Wedekind and Paschke (8). 

have been measured for some Meilschutkin reac- 
tions (19, 20), it is of interest to consider this 
effect in the reverse decomposition. The rate 
ratios between the normal compound and its 
methyl-d, analogue are shown in Table 111. 
These rate ratios were fitted to eq. [4] by the 
method of least squares: 

(AH,," - AHH") 
[4] loglo (kH/k~)  = 2.303RT - 

TABLE I11 
Secondary deuterium isotope effects for the decon~posi- 
tion of phenylbenzylmethyl-d3-allylammonium iodide in 

chloroform solution 

Temp. ("C) 105kH (s-') 105kD (s-') k,,/kD 

20.03 2.64, 2.38, 1.10, 
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The enthalpy and entropy differences and 
their standard deviations were 

(AHD* - AH,*) = 226 f 43 cal mole-' 

(AS,* - AS,') = 0.58 
f 0.14 cal mole-' deg-'. 

A detailed discussion of the effect of replacing 
methyl by deuteromethyl in this reaction should 
not be attempted without first gaining more 
information concerning the effects of making 
more substantial changes in the substrate mole- 
cule. This information is currently being gathered 
(J. T. Burns and K. T. Leffek, unpublished 
work). However, some discussion is of value. 
The changes in the two reaction parameters are 
opposing, with the enthalpy change the major 
factor. Preliminary results of Burns and Leffek 
indicate that electron-releasing substituents on 
the nitrogen atom increase both the enthalpy and 
entropy of activation for this decomposition. 
Thus the isotope effect on the enthalpy of activa- 
tion is in agreement with the greater electron- 
releasing character, due to an anharmonicity 
effect, of CD, relative to CH,. In this particular 
case, therefore, the deuteromethyl group appears 
to act, qualitatively, in the same manner as any 
other substituent group. In such cases as this it is 
tempting to leave the discussion at this physical- 
organic level as advocated by Halevi (21), but at 
the same time it should be remembered that a 
more theoretical analysis, such as that presented 
by Wolfsberg and Stern (22), is probably neces- 
sary to fit all secondary isotope effects into a 
self-consistent picture. 

Experimental 
Materials 

Phenylbenzyltnethylnllyla~nn~o~zium Salts 
Methylaniline (32 g) and benzyl chloride (38 g) were 

warmed for 2; h on a water bath. The hydrochloride 
which formed was destroyed with concentrated sodium 
hydroxide solution and the benzylmethylaniline was 
recovered, dried with anhydrous sodium sulfate, and 
distilled at reduced pressure. A second distillation gave an 
almost colorless oil, boiling range 205-210 "C at 60 rnm 
Hg pressure. Yield 53 g (90%). 

The benzylmethylaniline (20 g) was shaken with ally1 
iodide (17 g) and allowed to stand 24 h. The ammonium 
iodide which formed was separated by filtration, pow- 
dered, and crystallized from 50% ethanol, m.p. 140-142 
"C. Yield 32 g (93 %). Titration of iodide ion indicated a 
purity of 99.8 %. 

The iodide and anhydrous silver d-10-camphorsulfonate 
were dissolved, in equimolar proportions, in a solvent 

consisting of equal parts of acetone and ethyl ether. After 
repeated recrystallization from boiling acetone, the less 
soluble d-phenylbenzylmethylallylammonium d-10-cam- 
phorsulfonate was obtained as colorless crystals, m.p. 
168-170 "C, [ ~ r ] ~ ~ ~ ~ ~ ~  52.3' in HzO (ref. 1, [a], 44.4"). 
This was reconverted to the iodide by adding an aqueous 
solution of the salt to aqueous potassium iodide. A white 
crystalline precipitate formed immediately. This was 
recrystallized several times from hot 50 % ethanol, m.p. 
145 "C, [ ~ r ] ~ 4 ~ ~ ~ ~  61.1' in 50% acetone-methanol (ref. 1, 

52.5"). 
Phe~zylbetzzyltnethyI-d,-allylatntnoniurn Iodide 
Methyl-d3 iodide was prepared by the method of 

Cotton et al. (23). The deuterium content, by mass spec- 
trometric analysis, was 97.5 %. This was used to prepare 
methyl-d3-aniline by the method of Hepp (24). Acetani- 
lide (15 g) and sodium (4 g) were mixed in xylene (100 ml) 
and heated at 130 "C for 2-3 11. The material was allowed 
to cool, then methyl-d3 iodide (11 g) was added and the 
reaction maintained by gentle heating. The product was 
boiled with alcoholic potassium hydroxide (100 ml) for a 
day, after which the mixture was filtered, the solvent was 
removed, and the base was neutralized with concentrated 
hydrochloric acid. Methyl-&-aniline was recovered by 
steam distillation, dried with anhydrous sodium sulfate, 
and redistilled, b.p. 190-192 "C, yield 30 g (59%). The 
remainder of the preparation was carried out as described 
above. The n.m.r. spectrum of the normal salt in chloro- 
form contained a peak at T = 6.3 due to the N-methyl 
group. The deuterated salt had an identical spectrum 
except for the absence of this peak. 

Chlor-ofortn Solvent 
Commercial material containing about 1 % ethanol 

Time (rnin) 

FIG. 2. Guggenheim plots for illustrative kinetic runs 
for the decomposition of phenylbenzylmethylallyl- 
ammonium iodide in chloroform solution. 1. Conducti- 
metric, initial conc. 0.040 M. 2. Conductimetric, initial 
conc. 0.050 M. 3. Polarimetric, initial conc. 0.050 M. 
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was purified by extraction with water, dried, and re- 
distilled, b.p. 61 "C. Traces of ethanol were still detectable 
by v.p.c. analysis. 

corresponding conductance by means of a calibration 
curve of molar concentration vs. conductance. The first 
order rate constant was then calculated again using the 
Guggenheim method. Figure 2 shows typical Guggenheim 
plots for three runs, and Table IV contains the conduc- 
tance values for one of them. The calibration curve was 
constructed by measuring the conductance of a solution 
containing appropriate concentrations of substrate and 
products over a period of time, and extrapolating the 
conductance, graphically, to the time at which the solu- 
tion was prepared. Although this is not an ideal method, 
repeated determinations gave a satisfactory calibration 
curve (compare line 3 with lines 1 and 2 in Fig. 2). 

Kinetic Methods 
The rate constants for the decomposition reactions 

were obtained from conductance measurements carried 
out with a Wayne-Kerr Universal Bridge type B221. Two 
runs were carried out simultaneously using cells with 
shiny platinum electrodes, capacity about 25 lnl, cell 
constants approximately 0.13. The observed conduc- 
tances (C,) were used in the place of concentrations in the 
Guggenheim equation and the first order rate constants 
were calculated from the slope of the plot of loglo 
(C, - C,') against time (14). 
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A simple cell for the electrodeposition of traces of metal on thin metallized 
plastic films. Applications to the preparation of radioactive sources of Co-60, 

Ag-IIOm, Hg-203, Ni-63, and Zn-65' 

Y. UJIHIRA' AND J. C. ROY 
Dipartemet~t de Chinlie, Universitt Laval, Que'bec, Quebec 

Received September 25, 1967 

A simple and rapid electrochemical technique for the preparation of uniform and adherent metal 
deposits on thin metallized plastic films has been developed. It is based on the use of an electrolytic cell, 
characterized by the separation of the anode and cathode compartments by a fritted glass disc. Further- 
more, electrodeposition is achieved from a solution having a volume of only 0.15 ml. The technique and 
the conditions used to realize the electrodeposition on thin metallized plastic films is described. The cell 
has been used to electrodeposit many metals, mostly by spontaneous electrodeposition using a magnesium 
anode and also by application of an external voltage using a platinum anode. In this paper, we describe 
the experimental conditions and report the results dealing with the electrodeposition of Co, Ni, Ag, Hg, 
and Zn. Deposits of less than a microgram to several hundred micrograms per square centimeter were 
obtained with high yields in 10 to 40 min. The use of the technique for the preparation of radioactive 
sources of Co-60, Ni-63, Ag-llOm, and Hg-203 for absolute rate determinations is reviewed. 

Une methode 6lectrochimique, simple et rapide, a kt6 mise au point pour prkparer des d6p6ts metal- 
liques uniformes et adherents sur des films plastiques, m6tallis6s, dont l'kpaisseur totale est d'environ 
50 pg/cmz. La methode repose sur la separation de la cathode (film metallist) et de l'anode (bande de 
magnesium ou fl de platine) par une paroi poreuse et sur l'utilisation d'un trbs faible volume de solution, 
soit environ 0.15 ml. La mkthode ainsi que les conditions exp6rimentales pour r6aliser 1'tlectrodCposition 
des mttaux sur des films plastiques mCtallisCs sont discuttes de f a ~ o n  dCtaillCe. On dtcrit les conditions 
expkrimentales pour obtenir des dkpbts mktalliques de Co, Ni, Ag, Hg et Zn par tlectrolyse interne. 
Ces dCp6ts ont des Bpaisseurs variant de moins d'un microgramme A quelques centaines de microgrammes 
par centimbtre carrt et sont obtenus avec des rendements trbs kleves pour des pCriodes d'klectrolyse de 
10 ?i 40 min. On discute kgalement de l'utilisation de cette mkthode electrochimique pour prkparer des 
sources radioactives de Co-60, Ni-63, Ag-llOm et Hg-203 pour la mesure absolue de leurs taux de dCs- 
intkgration dans un compteur proportionnel 4n. 

Canadian Journal o f  Chemistry, 46. 1221 (1968) 

Introduction 
Descriptions in the literature of techniques for 

the preparation of targets and radioactive 
sources by electrodeposition on thin metallized 
plastic films having a total superficial density of 
the order of 50 pg/cm2 are exceedingly sparse. 
In the exhaustive review made by Yaffe (1) on 
the preparation of thin films and sources, the 
only reference bearing on the subject is the work 
of Blanchard, Kahn, and Birkhoff (2). In fact, it 
is the only extensive study which has been pub- 
lished on this particular aspect of source prepara- 
tion. These authors prepared annular sources of 
eight different radionuclides (Ru-106, Ag-1 lOm, 
Hg-203, Co-60, In-114, Cr-51, Au-198, and Fe- 
59) on metallized fdms of 60 pg/cm2 for P- 
spectrometry. They reported deposition efficien- 
cies above 95% for the spontaneous electro- 

lPaper presented at the Chemical Institute of Canada 
50th Conference in Toronto. and reviewed in Chem. Can. - - . . . - . -- - 
19, 7, 34 (1967). 

2Laval University Postdoctorate Fellow. On leave from 
the University of Tokyo, Japan. 

deposition of these isotopes using a magnesium 
anode, and of 15 to 95% by the imposition of an 
external voltage, using a platinum anode; the 
deposition times varied from 3 to 8 h and the 
volume of solution was approximately 10 ml. 
The efficiencies were determined by counting 
aliquots of the supernatant solution during and 
after deposition. Although this method of mea- 
surement undoubtedly gives the fraction deposit- 
ed in the course of electrolysis, it does not 
necessarily give the fraction remaining on the 
fdm because dissolution of a metallic deposit 
after electrodeposition or during washing could 
lead to significant losses for some metals, as we 
found and as has been reported by Broyles et al. 
(3) in the case of tin. This point is discussed by 
Lingane (4) in his book on electroanalytical 
chemistry, which is an excellent source of in- 
formation on practical problems associated with 
electrolysis. Whereas Blanchard et al. used an 
acid solution 0.1 M in HCI, Garfinkel and 
Hutchinson (5) found it necessary to neutralize 
the solution in order to minimize the dissolution 
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of the magnesium anode when they attempted to 
use the procedure of Blanchard et al. to electro- 
deposit Fe-55 on metallized collodion for making 
sources for 4.n-counting. For a similar reason and 
other reasons to  be discussed later, we were not 
very successful in using their procedure for 
preparing flat sources of 1 cm2 for 4.n-counting. 

Spernol, De Roost, and Lerch (6) have 
described a cell wherein an external voltage 
is applied to prepare Co-60 on thin metal- 
lized VYNS films (apolyvinylchloride-acetate co- 
polymer) for 4n-counting, but they could not 
obtain deposition efficiencies higher than 70%. 

Parker, De Croes, and Sevier (7) mentioned 
that some good results have been obtained with 
a metallized organic substrate used in conjunc- 
tion with a cell designed to electrodeposit 
elements on to metal backings. Although no 
experimental details or data were reported, from 
the information given in other papers (8, 9), it 
seems that the organic substrate was Mylar (a 
polyester compound), the minimum thickness of 
which was 0.9 mg/cm2. 

This short survey shows that techniques to  
electrodeposit elements on thin plastic films have 
not been developed very extensively, although 
they are useful to  prepare targets and sources for 
alpha and beta spectrometry, and for absolute 
rate determination of alpha and beta emitters. In 
particular, they could be very valuable to prepare 
the kind of sources needed for absolute rate 
determination of some low energy beta-emitters 
and in this connection any proposed electro- 
chemical technique, to be appealing to the 
prospective users, should meet the following 
requirements: (1) be simple, efficient, and repro- 
ducible; (2) give uniform and adherent deposits; 
(3) require relatively short electrodeposition time 
and be nearly quantitative. 

Since we are particularly interested in this last 
type of application, we studied different experi- 
mental arrangements and a few parameters 
affecting electrodeposition on thin metallized 
plastic films. These studies led us to develop an 
electrolytic cell which fulfills the conditions 
stated above for preparations of sources of Co- 
60, Ni-63, Ag-llOm, Hg-203, four low energy 
beta-emitters of special interest in the metrology 
of radionuclides. 

Cells and Electrodes 
The cathode was a VYNS film (10) stretched 

across an aluminium ring, 25 mm inside diam- 
eter, 38 mm outside diameter, and 0.6 mm 
thick, and metallized on one side by vac- 
uum evaporation of gold or of gold - 
18% palladium alloy (11, 12). To avoid breakage 
of the VYNS film during electrodeposition, its 
superficial density should not be much less than 
20 pg/cm2. VYNS was found to be superior to  
collodion as a backing. The resistance of the 
conducting layer between the center of the film 
and the mount should be less than 60 ohms, 
otherwise the electrodeposited metal flakes off 
during or shortly after electrodeposition. With 
our method of preparation of the films (12), a 
sufficient conductivity was obtained with a 
metallic coat of 25 pg/cm2. Superficial densities 
of the films were determined gravimetrically ; 
that of the coating was calculated from the 
equations developed by Holland and Steckel- 
macher (12, 13) from the total evaporation of a 
known amount of metal. Thus, as a rule, the 
total superficial density of the film was about 50 
pg/cm2 except where noted and, for reasons 
given above, it would be difficult to use much 
thinner films. 

FRIT'TED DISC 

-- 
A1 BLOCK 

FIG. 1. Apparatus for internal electrolysis. 

The cell used in this work is showll in Fig. 1. 
It is characterized by the separation of the anode 
and cathode compartments by a fritted glass 
disc. It has been used to prepare metal deposits 
of many elements mainly by internal electrolysis 
(achieved without an external source of electrical 
energy by simply short-circuiting the two elec- 
trodes forming the cell) (4, 14) using a mag- 
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nesium anode. A ribbon or a rod of magnesium 
and the proper anolyte (< 0.1 ml) are placed in 
the sintered glass tube (medium or fine porosity) 
of 1 cm in diameter; this constituted one half- 
cell, the anode. The catholyte (0.1 to 0.15 ml) is 
placed on the metallized film; this constituted the 
other half-cell, the cathode. By bringing the fritted 
disc in contact with the catholyte mixture on the 
film and making electrical contact between the 
two electrodes, spontaneous electrodeposition 
occurs for many elements. The working area 
of the cathode was G 1 cm2. 

According to  our practical experience dealing 
with the electrodeposition of micro-quantities of 
metal on thin plastic films from a small volume 
of solution, the key to  a successful operation 
rests on the separation of the two electrodes by a 
porous membrane. The use of a fritted disc has 
been found most convenient to prepare flat 
sources of 1 cm2 in area. but it is ex~ected that 
other types of porous membranes sLould work 
equally well. In fact, good results have been ob- 
tained with a membrane made of a VYNS film 
pierced in its center and stretched on a support- 
ing aluminium ring. When we tried to use a 
platinum or a magnesium anode dipping directly 
in the mixture in a cell operating with or without 
an external voltage respectively, we encountered 
a number of problems such as: the attack of the 
conducting layer and splashing of the solution by 
the evolved gases; the rupture of the conducting 
layer leaving a bare annulus of VYNS around the 
metal deposit; the formation of a viscous solu- 
tion of Mg(OH), and contamination of the 
deposit with this hydroxide in internal electroly- 
sis; a poor quality and often porous deposit. The 
small volume of solution used in the experiments 
could have been largely responsible for these 
effects. 

Electrodeposition and Methodology 
With the cell shown in Fig. 1, the elements 

studied so far (Fe, Co, Ni, Zn, Cd, Ag, Pt, Au, 
Hg, T1, Pb, Bi) have been successfully electro- 
deposited on thin metallized plastic films. Thal- 
lium, however, is readily and completely dis- 
solved by oxidation when exposed to air. Thus, 
the only way to prepare a source of thallium 
would be by co-deposition with another metal. 
All experiments were done at room temperature. 
The catholyte mixture was prepared by adding, 
separately 011 the film, a weighed amount of the 

radioactive solution, the desired amount of 
carrier, and the proper electrolyte to have an 
overall volume of between 0.1 and 0.15 ml as 
described in Table I. Gravimetric sampling, 
handling of the solution, and dilution are based 
on the use of a small polyethylene ampoule 
called a pycnometer and on techniques already 
described (1 5, 16). 

In this paper, we shall limit our discussion to 
the results obtained for the deposition of Co, Ni, 
Ag, Hg, and Zn by internal electrolysis. We used 
Co-60, Ni-63, Ag-llOm, Hg-203, and Zn-65 as 
radiotracers to determine the optimum condi- 
tions for their electrodeposition. To obtain these, 
the following approach was found very fruitful : 

(1) to use for the catholyte and anolyte the 
procedure suggested by Schleicher (17) and 
Schleicher and Schlosser (18) as our first choice 
for these solutions; 

(2) to  measure the initial and final pH of the 
catholyte with narrow range test papers in the 
preliminary experiments; 

(3) to  carry out the electrolysis for different 
periods of time and to observe the course of the 
current and voltage decay; 

(4) to analyze the cathode, the catholyte, the 
washings, and the anode compartment for the 
presence of the elements being electrodeposited 
after each period of electrolysis. 

In this last operation, the catholyte was with- 
drawn with a transfer pipette (19) and kept for 
analysis, the cathodic deposit was rinsed im- 
mediately with 5 to 10 drops of distilled water or 
methanol, and the washings were withdrawn by 
decantation and kept for analysis. The excess 
water was removed with a piece of Kleenex. 

The final choice of the catholyte and anolyte 
was based on the behavior of the system in this 
series of measurements. 

For the gamma-emitting nuclides Co-60, Hg- 
203, Ag-1 lOm, and Zn-65, analysis of the differ- 
ent fractions was done by gamma spectrometry. 
The deposition efficiencies (defined as the frac- 
tion remaining on the film after washing) were 
measured by comparing the gamma-emission 
rates of the electrodeposited metal with that of 
an evaporated source having the same geometry, 
except for Hg-203 where the y-activity on the 
VYNS film was measured before and after 
electrodeposition. For nickel, the same opera- 
tions were done by chemical analysis using a 
colorimetric method based on the reaction of 
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TABLE I 
Procedure followed for the preparation of the solutions and experimentally determined optimum conditions for the electrodeposition of Co, Ni, Ag, Zn, and Hg 

by internal electrolysis 

Nuclides Co-60 Ni-63 Ag-1 10m Hg-203 211-65 

Specific activity and chemical composition of 
the stock solution 

25 pCi/ml+ + 1.5 mCi/ml 
10 pg Co 0.024 Ci/g 

per ml of Ni 
0.1 MHC1 

25 pCi/ml 
300 pg Hg+ + 

per nll 
0.1 M H N O j  

25 pCi/rnl 
185 pg Hg++ 

per rnl 
0.1 M H N 0 3  

25 pCi/rnl 
66 pg Z n + +  

per ml 
E 

0.1 NH2S04 % 
L Preparation of the radioactive solution 

Dilution of stock soh.  with: 
Dilution factor 
Amount of carrier in soln. 

0.1 MHCI 0.1 NH2S04 
7.84 1379.0 
1 .3 pg/ml 45.3 pg/ml 

5 0 m g 1  M E 
:?;:;:?2 % 

NaOH Cl 

Preparation of the catholyte: about 10 to 60 
rng of the radioactive soln., plus addition of 
carrier, plus the following electrolyte: Final 
volume 0.1 to 0.15 n ~ l  

% 70 mg % 70 rng 
conc. conc. 

NH40H NH40H 

1-3 drops H 2 0  
added to radio. soln. 

< O .  1 M H2S04 - 

% 70 mg 
conc. 

NH40H 

Anolyte: volume z 0.1 ml except for silver 
where it is smaller (cf. Discussion) 

Superficial density of cathode 
VYNS 01g/cm2) 24-60 24-60 (cf. 

Discussion) 
25 25 

Strongly alkaline 

1.8 1.9 

3.0 2.0 

40 2b60  

85-95 z 98 

Au or alloy (pg/cm2) 

Final pH 

Maximum voltage obtained (V) 

Maximum current obtained (mA) 

Duration of electrolysis (min) 

~ v e i a g e  yield obtained (%) 2b90  
(cf. Discussion) 
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UJIHIRA AND ROY: A SIMPLE C ;ELL FOR ELECTRODEPOSITION 1225 

nickel with dithio-oxalate. This method of 
analysis will be fully described in another paper 
(20). 

The gamma spectrometry was done with a 
Nuclear Data 128 multi-channel analyzer used in 
conjunction with a 14 x 1+ in. NaI(T1) crystal. 
The variation of the beta-counting rate as a 
function of the superficial density for Co-60, Hg- 
203, Ag-llOm, and Ni-63 was measured with a 
4n gas-flow proportional counter, pill-box type, 
and the ancillary equipment. Absolutely stan- 
dardized solutions of Co-60, Hg-203, Ag-llOm, 
obtained from the International Atomic Energy 
Commission in Vienna, and a stock solution of 
Ni-63, obtained from Atomic Energy of Canada, 
were used in these measurements. 

The degree of uniformity of the deposits was 
assessed by autoradiography and photography 
with 35 mm color film. The autoradiograms were 
prepared by the techniques outlined by Chase et 
al. (21). Color slides of the electrodeposited film 
were taken with Kodachrome 11, type A, color 
film (any color film will work) using a 35 mm 
Zeiss Ikon Contarex camera equipped with a 
bellows-focusing attachment and mounted on a 
tripod. This last method is particularly effective 
for judging the degree of uniformity of a deposit 
when superficial densities are greater than 10 
pg/cm2 and it has the advantage that the use of a 
radiotracer is not required. 

Results and Discussion 
Table I summarizes the procedure followed for 

the preparation of solutions and the experi- 
mentally determined optimum conditions to 
carry out the electrodeposition of Co, Ni, Ag, 
Hg, and Zn. The detailed presentation of im- 
portant data obtained in these studies is given in 
Tables 11-VI. Scores of sources of each radionu- 
clide have been prepared by following the proce- 
dure. The reproducibility was very good for Co, 
Ni, Ag, and Hg, but only fair for Zn. Deposits of 
Co, Ni, Ag, Hg, and Zn, having superficial den- 
sities of less than 1 pg/cm2 to several hundred mi- 
crograms per square centimeter, were prepared. 
The deposits were metallic and very adherent 
and, when they were observable visually (this re- 
quires about 10 pg/cm2), they were bright and ap- 
peared to be very smooth. Autoradiograms of the 
sources indicate that the metals were homo- 
geneously deposited on the cathode. The exam- 
ination of the 35 mm color slides of the sources 

having superficial density greater than 10 pg/cm2 
showed that, at times, some deposits were slightly 
thinner at the center than around the edge. This 
arose when the catholyte acquired a pronounced 
convex shape under the pressure exerted by the 
fritted glass tube and could be corrected by 
stretching the column of liquid between the two 
surfaces into a concave form. 

From the analysis of the catholyte, washings, 
and diaphragm, one can infer that nearly com- 
plete deposition of microgram quantities of Ni, 
Ag, Hg, Co, and Zn has been achieved rapidly by 
internal electrolysis, but dissolution of the catho- 
dic deposit in the catholyte once the electrodes are 
disconnected and during the washings, probably 
by air oxidation, could lead to losses, more or 
less significant, depending on the element. The 
more noble elements are less prone to be oxi- 
dized and, in fact, the losses are limited to less 
than 1% for Ag and Hg, but they could be large 
for Co and Zn under certain experimental con- 
ditions and could be important for Ni when 
there are just a few micrograms of Ni2+ carrier 
in solution. 

Electrodeposition and Co-deposition of Cobalt 
We have found that a strongly ammoniacal 

solution is the best medium to achieve the electro- 
deposition of microquantities of cobalt. In a 
solution less than 5 M in NH,OH, it is very 
difficult to  electrodeposit much more than about 
10 pg of cobalt. Above this amount, the precipi- 
tation of cobalt hydroxide, which either adhered 
to the cathode or remained in suspension, 
prevents the formation of a metallic deposit 
much thicker than a few pg/cm2. For best results, 
concentrated ammonium hydroxide should be 
added to the radioactive solution in sufficient 
amounts to obtain a mixture between 8 and 10 M 
in NH,OH. The results obtained under these con- 
ditions are presented in Table 11. Pure and metal- 
lic cobalt deposits with yields of 90% can be ob- 
tained in 10 to 20 min provided that the dissolu- 
tion of cobalt can be kept to a minimum when 
the electrolysis is over. This could usually be 
achieved by withdrawing the bulk of the catho- 
lyte with a transfer pipette and by wiping off the 
remainder with a piece of Kleenex as soon as 
possible after the end of the electrolysis. Even 
then, slight losses occur because there always 
remains on the film a very adherent layer of 
liquid into which dissolution takes place. The use 
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TABLE I1 
Some of the data on the electrodeposition of cobalt (expt. nos. 1-7) and on the co-deposition of traces of cobalt with 

nickel (expt. nos. 8-17) 

Distribution of Co-60 activity 
Molaritv . - . - - - - 

of Amount Amount Duration Catholyte 
NHIOH in of Co2+ of Ni2+ of and Fritted 

Expt. mixture in soln. added electrolysis Film washing disc 
NO. (MI (w) (min) ( %) ( %) ( %) 

1 0.03 Npne 
2 1 .o 
3 8-10 8.0 
4 23.3 
5 35.0 
6 53.7 
7 185.0 

of methanol instead of distilled water for washing 
the deposit limits the losses to  1-2% during this 
operation. Even when following this procedure, 
the losses can sometimes be substantial, espe- 
cially when the amount of Co2+ carrier is very 
low, as shown in Table 11. 

Another way to control the dissolution is by 
co-deposition with another metal which does not 
exhibit the same tendency. This possibility has 
been investigated. Zinc and especially nickel have 
been found efficient in this respect. The data on  
co-deposition of traces of cobalt with nickel are 
presented in Table 11. The co-deposition of 
traces of cobalt is best done with nickel in 5-8 M 
ammoniacal solution and, for best results, it is 
recommended that no more than 1 pg of Co2+ 
carrier and at least 15 pg of Ni2+ be used and 
that the electrodeposition be carried out for 20-40 
min. Thus, this procedure affords another 
possible method t o  prepare sources of cobalt 
when dissolution could be a problem. 

Electrodeposition of Mercury 
Some of the data obtained in studying the 

electrodeposition of mercury are presented in 
Table 111. Highest yields are obtained when the 
electrolysis is not continued over 15 min, when 
the final p H  is between 6 and 8, and when the 
amount of carrier is less than 20 pg. Above this 

value, the deposition efficiency drops down fairly 
regularly to about 20% when the amount of de- 
posited mercury becomes larger. Evidence for a 
strong adherence of electrodeposited mercury on  
to  the metallized support comes from the obser- 
vation that no loss of the element occurred over 
periods of observation of several days. This prop- 
erty renders electrodeposition much more attrac- 
tive for the preparation of sources for 47t p-count- 
ing. In  this connection, it might be worthwhile t o  
mention that loss of mercury occurs in sources 
prepared by various evaporation methods and 
that sulfide precipitation of mercury seems to 
have been the only practical method found so 
far to  eliminate this unwanted phenomenon. 

Since gold amalgamates readily, the amalga- 
mation of gold on VYNS would be consistent 
with the results. If this interpretation is correct, 
the stability of electrodeposited mercury should 
be linked with the use of gold as a metal coating 
for VYNS. 

Electrodeposition of Nickel and Silver 
Nickel and silver give excellent deposits, are 

easily plated from an ammoniacal solution, and 
remain on the film with nearly 100% efficiency, 
as one can see in Tables IV and V. For nickel, one 
should remark that the superficial densities of 
some of the VYNS films in Table IV are 36 and 
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TABLE I11 
Data on the electrodeposition of mercury showing (a) the effect of the final pH on the deposition for small (expt. nos. 
1 4 )  and large (expt. nos. 5-7) amounts of HgZ+ ions and (b) the variation of the deposition efficiency with the amount 
of HgZ+ ions initially present in the solution (expt. nos. 8-14). Electrolyte: 1-3 drops of water added to the radioactive 

solution; the solution was initially about 0.1 M in HzS04 

Distribution of Hg-203 activity 
Amount Duration 
of He2+ of Fritted - -  -- - 

Expt. in soln. electrolysis Final Film Catholyte Washing disc 
No. ( ~ g )  (min) pH ( %) ( %) ( %) ( %) 

60 pg/cm2; thicker films than the usual 24 pg/ 
cm2 are needed when the amount of deposited 
nickel becomes greater than about 50 pg. The 
thinner films tend to break under the strain 
exerted by a layer of metal greater than 50-70 
pg/cm2. This remark also applies to the co- 
deposition of Co with Ni. For highest deposition 
efficiencies, the use of at least 10 pg of Ni2+ 
carrier is recommended. 

As can be seen in Table V, a strongly ammoni- 
acal solution is the best medium for carrying out 
the electrodeposition of silver. It has been found 
that the current should not be higher than about 
1 mA in order to obtain a bright deposit; much 
above this value, the deposit is black and porous. 
To control the current at around 1 mA, the 
volume of the anolyte should be very small, 
around 0.01-0.02 ml; the technique that we used 
was to impregnate a piece of filter paper with the 
anolyte and to place the magnesium anode on it. 

influence on the electrodeposition and that yields 
of 95% can be obtained in 4 M 5  min by stopping 
the electrolysis when the final pH is about 7. To  
obtain these results, however, the electrolysis has 
to be done under known and controlled condi- 
tions because most of the current generated 
through the cell is due to the electrolysis of water 
with the result that the pH of the catholyte in- 
creases gradually as the electrodeposition of zinc 
proceeds. The electrode reactions are discussed 
in a later section. Briefly, in the case of zinc, the 
main electrode processes are reactions [l ] or [2] 
where hydroxonium ions are consumed in acidic 
medium and hydroxyl ions are generated in basic 
medium. Since zinc is readily soluble in acid, it is 
not easily deposited at pH lower than about 2, 
whereas zinc hydroxide precipitates in basic 
solution. It follows that the best working pH 
range is between 3 and 7 and that the presence of 
sodium acetate is required to buffer the solution 
at these values for a time long enough to  allow 
the electrodeposition of zinc. We found that the 
best results were obtained by adopting the 
following conditions: 

(a) 50 mg of a 1 M solution of sodium acetate 
was added to the radioactive solution on the film; 

(b) the initial pH of the catholyte was adjusted 
to about 4;  since the radioactive solution was 
initially 1 N in H2S04,  this was done by adding 

EIectrodeposition of Zinc 
On the basis of different studies on the electro- 

deposition of zinc (18, 22, 23), a slightly acidic 
solution of sodium acetate was chosen for the 
catholyte. Then, we investigated the effect of the 
pH and other parameters on the behavior of the 
system. The results, presented in Table VI, show 
that the pH of the catholyte has a considerable 
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TABLE IV 
Data on the electrodeposition of nickel from an ammoniacal medium about 5 M 
in NH,OH showing the variation of the deposition efficiency with the amount of 
Ni2 + ions in solution. Note that the thickness of the VYNS film is increased when 

more than 50 pg/cm2 is deposited 

Amount Duration Thickness Nickel 
of Ni2+ of of VYNS recovered 

Expt. in soln. electrolysis film on film 
No. (pg) (min) (pg/cm2> ( %> 

about 30 mg of a 0.2 M solution of NaOH to the I I I I I I I 
mixture on the film; 

(c) the volume of the anolyte and the porosity 
of the fritted disc were selected in order to obtain 
a flow of current of 0.8-1.0 mA through the cell; 

( d )  the electrolysis was stopped at pH 7;  for the 
conditions given under (a), (b), and (c) it takes 
about 40-45 min to raise the pH from 4 to 7. 

The reproducibility of the results is not as good 
as with Co, Ni, Ag, and Hg, first because of the 
considerable influence of the pH on the electro- 
deposition and secondly because of a white solid 
residue which tends sometimes to remain on the 
film after the catholyte has been removed. This 
residue can be washed away, but the yields drop 
to 70-80%. We found, however, that the depo- 
sition of a residue rarely occurs when the time of 
electrodeposition is 30 min or less; thus, short- 
ening the time of electrolysis is a possible way to 
eliminate this contamination. 

Depositioiz Eficiencies vs. the Duratioiz of 
Electrolysis 

Curves of the deposition efficiencies vs. the 
duration of the internal electrolysis are shown in 
Fig. 2 for a given amount of each element 
initially present in the catholyte. Except for 
mercury, similar curves were obtained for the 
different amounts of Co2+, Ni2+, Ag+, and 
Zn2+ carrier used in these studies; Tables I1 and 
IV-VI also show this similarity. For mercury, 
the same behavior was obtained only up to 20 pg 
carrier, for reasons discussed in the section on 
the electrodeposition of this element. 

AMOUNT OF CARRIER 

W 
n 

O 0 10 2 0  3 0  40 5 0  60 
DURATION O F  I N T E R N A L  

ELECTROLYSIS,  M I N  

FIG. 2. Curves showing the variation of the electro- 
deposition yields of Ag, Ni, Co, Hg, and Zn vs. the du- 
ration of internal electrolysis. 

Electrode Reactions 
The nature of the processes taking place in the 

cell can be interpreted from the analysis of the 
current decay curves taken with different amounts 
of carrier, from the observation of reactions 
taking place at the electrodes, and from the 
calculation of the quantity of electricity needed 
to electrodeposit micro-amounts of metal. 

Current decay curves obtained in the course of 
the electrodeposition of Ni are shown in Fig. 3 ; 
similar curves have been obtained for Co, Ag, 
Hg, and Zn. As a rule, the current increases 
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TABLE V 
Data on the electrodeposition of silver showing (a) how the nature of the medium 
influences the deposition efficiency (expt. nos. 1-7) and (b) that in 10 M NH40H 
the deposition is nearly quantitative, independent of the amount of Ag+ ion in 

solution (expt. nos. 8-14) 

Amount Duration Silver 
Nature of of Ag+ of recovered 

Expt. the in soln. electrolysis on film 
No. medium (~€9 (min) (%) 

*Slightly acidic: 1 drop of 0.02 M HNOl + 1 drop of 0.03 M H2S04 solutions. 

~b 10 $0 30 40 do 60 

DURATION OF ELECTROLYSIS, MIN 

FIG. 3. Current decay curves for different amounts of 
Niz+ carrier present in the catholyte. 

sharply in the first minute or so, due to the 
diffusion of the anolyte through the fritted disc 
and the making of a better junction between the 
two electrode chambers. The curves follow the 
same trend as long as the amount of metal 
deposited is no more than a few hundred micro- 
grams. This is an indication that the reaction at 
the cathode, M u +  + M + ne, contributes only 
to a small fraction of the total current generated 
in the cell, a contribution which varies with the 
amount of metal deposited. Thus, other reac- 

tions must take place at the electrodes; in fact, 
evolution of gas is observed at the cathode and 
gas bubbles come out of the anolyte when shaken. 
This can be interpreted by the following electrode 
reactions taking place in acidic and basic solu- 
tions, namely the evolution of hydrogen at the 
cathode 

[I] 2H+ + 2e + Hz (acid medium) 

[2] 2Hz0 + 2e + Hz + 20H- (basic medium) 

and the evolution of oxygen at the anode 

[3] 2Hz0 + OZ + 4H+ + 4e (acid medium) 

[4] 40H- + O2 + 2Hz0 + 4e (basic medium). 

Other ions in the solutions could possibly be 
involved in electrode reactions and, thus, bring 
their own contribution to the total current, but 
no experimental verification of this has been 
made. We have observed, however, that renewing 
the anolyte in the middle of the electrolysis 
brings about a sharp increase in the current. This 
is an indication that the gradual increase of the 
Mg ions in the anode compartment by dissolu- 
tion of the magnesium is in large part responsible 
for the current decay. This interpretation is 
further supported by the observation already 
made in the case of silver, where the decrease in 
current obtained in diminishing the volume of 
anolyte is due to a slower rate of dissolution of 
the magnesium anode. 
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TABLE VI 
Data on the electrodeposition of Zn showing the variation of the deposition efficiency versus the final pH for small 
(expt. nos. 1-7) and large (expt. nos. 8-12) amounts of Zn2+ ions. Electrolyte: 50 mg of a solution 1 M in sodium 

acetate; for adjustment of the initial pH, see the discussion on zinc 

Amount Duration Distribution of Zn-65 activity 
of Zn2+ of 

Expt. in soln. electrolysis Final Film Catholyte Washing Fritted disc 
No. ( ~ 6 )  (min) PH (%) ( %) (%) (%I 

Since the current flowing through the cell is a 
manifestation of the rate of the electrode reac- 
tion, one can calculate the quantity of electricity 
and the time required to deposit different 
amounts of metal by placing into Faraday's 
equation the value of current generated in the 
cell, which is of the order of 1-3 mA. Assuming 
that the total current results from the deposition 
of the metal, complete plating of 100 pg would 
require about 150 s for Ni and Co and about 75 s 
for Ag and Hg. Thus, this calculation shows that 
the deposition of up to 100 pg of metal contrib- 
utes only a small fraction to the total current and 
that a much larger amount has to be plated in 
order to use the current decay curves as an 
indication of the completeness of the electro- 
deposition. 

Application to Source Preparation for 4n: 
P-counting 

In absolute rate determinations of low energy 
p-emitters by 4n P-counting of solid sources, the 
chief corrections are those required for absorp- 
tion of the p in the thin metallized plastic film 
and in the source. Whereas the first correction 
can be estimated experimentally or from pub- 
lished curves, the second one is much more 
difficult to evaluate and is, therefore, the princi- 
pal uncertainty in 4n-counting. When the activity 
measurement can be made by coincidence 

counting or by application of the efficiency 
tracing technique, the self-absorption correction 
is eliminated. However, a coincidence apparatus 
is not a common piece of equipment in most 
laboratories and the application of the technique 
to actual measurements is not simple, as has been 
pointed out by Baerg (24). It remains that in 
many situations the problem of estimating a self- 
absor~tion correction arises. 

Self-absorption in sources prepared by various 
evaporation methods has been studied by 
Merritt, Taylor, and Campion (25) and the data 
obtained have been used to set up self-absorption 
curves for several radionuclides. A rapid varia- 
tion of self-absorption with source thicknesses 
was found when the mean superficial density was 
greater than a certain critical value, whereas 
below it no simple relationship was found. This 
behavior is typical of sources prepared by 
evaporation methods. Because of the lack of 
homogeneity of such sources, the concept of 
mean superficial density has little meaning and it  
follows that this critical value is ill defined. For 
these reasons, Merritt, Taylor, and Campion 
warn that curves such as theirs are intended as a 
guide and are valid for systems prepared under 
conditions closely similar to theirs. 

Distillation techniques developed by Yaffe and 
co-workers (26, 27) give thin and uniform 
deposits, but the method is not simple for routine 
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source preparation. Keith and Watt (28) claimed 
that freeze drying can give uniform sources, but 
it seems that a great deal of skill is required to  
achieve this goal. As suggested earlier in this 
paper, electrodeposition could be used to prepare 
sources of several radionuclides for 4n p-count- 
ing. Besides being simple, efficient, and repro- 
ducible, the techniques described here give 
sources which possess the following attributes, 
important in 4n P-counting: (1) the sources are 
uniform; (2) only the metal is deposited; (3) as 
superficial density can be unambiguously de- 
fined, self-absorption corrections and values 
determined with accuracy could be used with 
confidence by other workers ; (4) the conductivity 
of the film is not affected since the deposit is 
metallic. 

Electrodeposition, however, has a disadvan- 
tage; it cannot be made 100% quantitative 
because, as discussed before, small losses by 
dissolution and on the membrane are unavoid- 
able. It  is a matter of deciding in each specific 
case if this disadvantage outweighs the possi- 
bility offered by the method of determining self- 
absorption with a good degree of accuracy. It  is 
timely now to discuss the sources of errors 
associated with this method in connection with 
the preparation of sources for 4n P-counting. 

The determination of chemical yields by y- 
counting or by chemical analysis can easily be 
made with a precision of +2% on each individ- 
ual measurement; this error can be reduced 
below 1 % in preparing several sources in a given 
series of measurements, as is common practice. 
The determination of the thickness of the metal 
deposits and conductive layer can be done with 
good precision and does not introduce an appreci- 
able error. As the thickness of the VYNS is in 
the range of 15-40 pg/cm2, one has to rely on a 
gravimetric method and the appearance of the 
film to estimate this quantity; the error could be 
+25% in this measurement. Clearly, the develop- 
ment of a routine method for determining VYNS 
thickness in our working range is needed and we 
are currently investigating this problem. Ideally, 
self-absorption corrections as a function of the 
thickness should be done by the coincidence 
technique when the method is applicable and we 
expect to do this in the near future for Co-60, 
Hg-203, and Ag-llOm. As the maximum P- 
energy of these radionuclides covers a range 

from 0.31 to  0.086 MeV, the self-absorption data 
could be used to establish a general curve for 
self-absorption as a function of the maximum 
P-energy for various thicknesses. 

SUPERFICIAL DENSITY 
(METAL + METALLIZED VYNS), mg/cm2 

FIG. 4. Plots of the relative specific activity of sources 
of Co-60, Ni-63, Ag-1 lOm, and Hg-203 vs. the total thick- 
ness (metal + metallized VYNS). The relative speci6c 
activity is the ratio of the observed disintegration rate per 
mg of the radioactive solution by the absolute disintegra- 
tion rate per mg of the same radioactive solution. 

For the time being, we have setup self-absorp- 
tion curves by 4n P-counting electrodeposited 
sources of different thicknesses and, in Fig. 4, we 
have plotted relative specific activity vs. the total 
thickness (metal deposit + metallized VYNS). 
The self-absorption corrections for the sources of 
Co-60, Ag-1 lOm, and Hg-203 were calculated by 
comparing the observed disintegration rates at 
various thicknesses with those determined by the 
standardization group a t  the International 
Atomic Energy Agency. Since the solution of 
Ni-63 used in the measurement was not absolute- 
ly standardized, we proceeded differently to set 
up the self-absorption curve. The thinnest nickel 
deposit used to establish the absorption curve 
was about 10 pg/cm2 and the thickness of metal- 
lized VYNS was 50 pg/cm2 for a total thickness 
of 60 + 5 pg/cm2. Then, we assume that the 
correction determined by Pate and Yaffe (29) for 
the absorption of the Ni-63 P-rays in metallized 
VYNS can be applied to the combination de- 
scribed above without introducing a serious 
error. Consequently, the correction given by Pate 
and Yaffe for absorption in a source mount of 
60 pg/cm2 was taken as the first point on the 
curve for Ni-63 in Fig. 4. Because self-absorption 
should be determined with better accuracy by the 
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coincidence technique and the thickness of the 
VYNS by an appropriate method, these curves 
should only be considered as tentative: they are 
given to indicate the general trend of self- 
absorption vs. the thickness for these four radio- 
nuclides. 

Conclusion 
The cell described here has been used for the 

spontaneous electrodeposition of the metals 
listed in the section on "Electrodeposition" and 
also with good results for the electrodeposition 
of Fe, Co, and Zn by the imposition of an ex- 
ternal voltage. It is expected that most metals, 
which can be electrodeposited from an aqueous 
solution, could be plated on thin metallized 
plastic films using this cell; however, the most 
reactive metals might not have a useful lifetime 
on the film because of dissolution initiated by air 
oxidation. The case of thallium, mentioned ear- 
lier, is an extreme case of an element which can 
be easily electrodeposited but which has an 
ephemeral life when exposed to air. 

The cell combines simplicity and versatility. 
Similar or different electrolyte solutions, aqueous 
or nonaqueous, can be placed separately in each 
electrode compartment. This feature should 
make it easier to  perform the electrodeposition of 
some metals on metallized VYNS. In one ex~er i -  
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Spectrophotometric determination of traces of nickel as dithio-oxalate complex 

Y. UJIHIRA' AND J. C. ROY 
DLpartement de Chimie, Universitd Laval, Qrrdbec, Que'bec 

Received September 25, 1967 

The reaction between nickel and potassium dithio-oxalate has been developed into a simple, quick, 
and precise method for the spectrophotometric determination of traces of nickel and has been applied to 
the analysis of this element in our studies on its electrodeposition on thin metallized plastic ams .  On 
making absorption measurements of the colored compound formed by the reaction in various bases and 
acids at different concentrations, it was found that a dilute sulfuric acid solution is a good medium for 
preparation of samples and making the measurements. Maximum absorption of the compounds occurs 
at 500 mp and obeys the Beer-Lambert law over a suitable range. The effect of various ions on the 
determination of nickel by the method has been measured along with the absorption curves of the 
compounds formed by the reaction of potassium dithio-oxalate with cobalt and copper. The relative 
merits of the method are discussed with reference to other methods of analysis of traces of nickel. 

Une methode spectrophotomktrique d'analyse de traces de nickel, baske sur la reaction de cet dement 
avec le dithio-oxalate de potassium, a kt6 mise au point. Au cours d'essais avec differents acides et bases, 
il a kt6 trouvk que dans une solution diluQ d'acide sulfurique le compose color6 issu de cette rkaction se 
forme rapidement et posshde la stabilitk requise pour faire des mesures d'absorption. L'absorption est 
maximale A 500 mp et obeit A la loi de Beer-Larnbert. En plus de mesurer les spectres d'absorption des 
composks formks par la reaction du dithio-oxalate de nickel avec le cobalt et le cuivre, nous avons 
dktermine les concentrations tolkrables pour plusieurs autres klkments qui contribuent A l'absorption A 
500 mp. Cette mkthode a kt6 utilisk avec succbs pour I'analyse de nickel dans plus de quarante khantil- 
Ions, obtenus au cows d'ktudes sur l'klectrodkposition de cet klkment sur des films plastiques minces. La 
mkthode se caracthise par sa simplicitk et prksente plusieurs avantages sur celles dkjA dkrites pour 
l'analyse de traces de nickel. 
Canadian Journal of Chemistry, 46,1233 (1968) 

Introduction 
The reaction of nickel with potassium dithio- 

oxalate, K2C202S2, first observed by Jones and 
Tasker (1) has been used by Fairhall (2) and Yoe 
and Wirsing (3) for the colorimetric determin- 
ation of nickel. These investigations indicated 
that the reagent is extremely sensitive and permits 
the determination of very small amounts of 
nickel. The reaction has been further studied in 
order to establish if it could be developed into a 
simple, quick, and precise method for the spec- 
trophotometric determination of microgram 
amounts of nickel in our work on the electro- 
deposition of the element on thin metallized 
plastic films (4). Thus, the absorption spectrum 
of the complex, the application of the Beer- 
Lambert law, and the effect of various ions and 
different experimental conditions have been 
determined. These studies showed that the re- 
action meets the requirements set above for our 
specific application and could also be applicable 
to the analysis of traces of nickel in a wide 
variety of samples. 

'Lava1 University Postdoctorate Fellow. On leave from 
the University of Tokyo, Japan. 

Method and Results 

Reagents and Apparatus 
The potassium dithio-oxalate was obtained 

from Eastman Kodak. A 0.05% aqueous solu- 
tion of potassium dithio-oxalate was freshlypre- 
pared, a more concentrated solution tending to 
form a white turbidity in less than 50 h. The 
standard nickel solution consisted of 40 pg of 
Ni2+ per ml of a 0.1 N H2S04 solution. The 
absorption measurements were made with a 
Beckman model DU spectrophotometer. 

Reaction of Nickel with Potassium Dithio- 
oxalate 

According to Jones and Tasker (I), the reac- 
tion of potassium dithio-oxalate with nickel salts 
is represented by the following equation. 

Our spectrophotometric measurements support 
this reaction. It follows then that 6.75 pg of 
K2C202S2 will be required to react with 1 pg 
of nickel. Under our experimental conditions, it 
has been found that the amount of K2C202S2 
needed to react with 0-60 pg of nickel should be 
about 10% higher than the values calculated from 
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mination of nickel, rather than a more dilute 
solution, primarily to facilitate the dissolution of 
the nickel salts in one of the operations required 
for the preparation of the samples used in study- 
ing firstly the absorption characteristics of the 
complex and secondly the electrodeposition of 
nickel on metallized thin films. 

For the preparation of the first type of sample, 
the procedure was as follows: (a) addition of 
sufficient standard nickel solution in a 25 ml 
beaker in order to have from 0-50 pg of Ni2+, 
evaporation of the solution under an infrared 
lamp, and dissolution of the residue with 1 ml of 
1 N H2S04 by swirling the solution; (6) dilution 
with 8 ml of distilled water, making-up of the 
volume to 10 ml with 1 ml of 0.05% solution of 
potassium dithio-oxalate, and mixing again by 
swirling the solution. 

When the amount of nickel is in the range of 
50-120 pg, the added volume of water and re- 
agent in step (6) should be 7 and 2 ml respec- 
tively. In using the amount of potassium dithio- 
oxalate suggested, one avoids the presence of a 
large excess of reagent which accelerates fading 
of the coloration of the complex. The additions 
of the solutions were done with calibrated pipets 

the above equation. Yoe and Wirsing (3) have 
made a similar observation and have explained 0.3 

it by a slight decomposition of the reagent. 
This seems to be the most likely explanation. 

A bsorbancy of the Complex it? Various Media 
Absorbancy measurements of the potassium 

nickelo-dithio-oxalate complex were made in E 0.2 
0 

various bases and acids at different concen- - - 
trations. In solutions where the normality of - 
H2S04 or HNO, varies between 1 and 1 x 'o 
the color development of the complex is not 
affected by the acidity of the solution. In 0.1 N 2 o-, 
H2S04 solution, the complex reaches its maxi- 
mum color intensity within 10 s and is stable for 
at least 90 min, whereas in 1 N H2S04 the color- 
ation decreases by about 10% in 30 min, a pro- 
cess which is accelerated at higher concentrations. 
In 1 N HCl or 0.1 N NH40H, it takes more than 

The absorption spectrum of the potassium 
nickelo-dithio-oxalate complex in 0.1 N H2S0, 
is given in Fig. 1. The absorption maximum is at  
500 mp and this was the wavelength selected to 
make the spectrophotometric determination of 
nickel. At this wavelength, the absorbancy is the 
same, within f 2%, in solutions from 1 to N 
in sulfuric acid (range of concentrations investi- 
gated in these measurements). It  follows that 
within these limits the concentration of sulfuric 
acid is not critical in the spectrophotometric 
determination. One should remember, however, 
that the complex is less stable in 1 N H2S04 than 
in more dilute solution and for this reason a 
medium about 0.1 Nin  H2S04 was used to make 
the measurements. We found it more convenient 
to use water as blank rather than dithio-oxalate 
solution prepared by the same procedure as the 
nickel sample. If this practice is followed, it is 
important to add the same amount of reagent for 
setting up the calibration curve and for deter- 
mining the amount of nickel in the unknown 
because the reagent absorbs light to  a slight 
extent and the absorption follows the Beer- 
Lambert law at 500 mp. 

I I I 

- - 

- - 

- - 

I I 

and the absorbancy measurements were done Beer-Lambert Law 
immediately after the preparation of the mixture In Fig. 2 the absorbancy of the complex at  
using water as blank. 500 mp is plotted vs. the amount of nickel in 

20 min to get the maximum color intensity while 
O 

460 500 600 

in 1 N NH40H or in 0.1 N NaOH no coloration WAVELENGTH (mp) 

is observed. On the basis of these experiments, a FIG. 1. Absorbancy curve of potassium nickelo- 
medium approximately 0.1 N in H2S04 has been dithio-oxalate compound: 4 pg of Ni per ml of a 0.1 N 

H,S04 solution. Blank: water. 
selected to make the spectrophotometric deter- 
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0.1 N H2S04 solution. The absorption obeys the 
Beer-Lambert law in the range 0-6 pg of nickel 
per ml of solution and appears to follow it from 
6-12 pg of nickel per ml solution (inasmuch as 
could be verified with the data obtained). It was 
difficult to gather precise results in this region 
because discoloration of the complex goes faster 
and faster as the amount of nickel increases. The 
best range for making the measurements is, for 
absorbancy values between 0.1 to 0.3, that cor- 
responding to 1-4 pg of nickel per ml of solution. 
The intersection of the calibration curve with the 
ordinate at 0.011 rather than at 0 is due to the 
slight absorption of the reagent and to the fact 
that water was used as blank. 

NICKEL CONCENTRATION 
(pg per ml of solution) 

FIG. 2. Calibration curve for determination of nickel 
by the potassium dithio-oxalate method in a 0.1 N HzSOc 
solution. Blank: water. 

Efect of Various Ions 
Jones and Tasker (1) and Yoe and Wirsing 

(3) have observed that many ions react with 
potassium dithio-oxalate to form color com- 
pounds. We have determined, for many of them, 
the amount which can be present without inter- 
fering with the spectrophotometric analysis of 
nickel at 500 mp and have measured the absorp- 
tion spectra of the compounds formed by the 
reaction of cobalt and copper with potassium 
dithio-oxalate (Fig. 3). The concentrations of 
these two ions must be under 1/20 that of nickel 
to reduce their contribution to the total absor- 

bancy to about 2% at 500 mp. One pg per ml of 
Ag, Au, Hg, Fe(II), or Fe(II1) introduces a 5- 
20% error. The presence of 30 pg/ml of Cr, 300 
pg/ml of Cd, 100 pg/ml of La, Ca, or Mn, 300 
pg/ml of Mg or Zn does not interfere with the 
nickel determination and also, in the absence of 
sulfate ion, 30 pg/ml of Pb and 300 pg/ml of Ba 
and Sr can be tolerated. 

WAVELENGTH (mp)  

FIG. 3. Absorbancy curves of con~pounds formed by 
the reaction of cobalt and copper with potassium dithio- 
oxalate: 5 pg of either element per ml of a 0.1 N H,SO, 
solution. Blank: water. 

Determination of Nickel Electrodeposited on Tlziiz 
Films 

For this application, the amount of nickel 
introduced initially into the catholyte is accur- 
ately known and varied from 0 to about 500 pg. 
To begin with, we wished to analyze the distri- 
bution of nickel in the catholyte, in the washing, 
on the membrane, and on the film in order to 
determine the optimum conditions for its electro- 
deposition; once these were established, we were 
mainly interested to know the deposition effic- 
iency and used one of the three following ap- 
proaches to  obtain this quantity: (a) direct anal- 
ysis of nickel on the film and calculation of the 
chemical yields by taking the ratio nickel on the 
film/initial amount of nickel; (b) analysis of nickel 
in the combined fractions, catholyte, and washing 
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(the amount on the membrane was found to be 
negligible) and calculation of the yield by differ- 
ence; (c) simultaneous use of modes (a) and (b) in 
the same run. 

Although the last approach is the best, because 
it permits cross-checking of the data and esti- 
mation of the accuracy of the method, modes (a) 
or (b) can be used with coddence and give good 
results. For this application, method (b) was 
preferred when the amount of nickel in the catho- 
lyte and washing was 5-50 pg, otherwise method 
(a) was adopted. By following this rule, the 
concentration of nickel in the final sample was 
usually in the best working range for spectro- 
photometric determination at 500 mp and, 
furthermore, a dilution operation could often be 
eliminated in the procedure. Since the deposition 
efficiency was of the order of 95%, it meant that 
in practice method (b) was used for sources 
having superficial densities higher than about 50 
pg/cm2 and method (a) for thinner sources. 

The general procedure for the preparation of 
the samples was as follows: (i) if method (a) is 
used, dissolve the nickel deposit with a few drops 
of conc. HNO, under an infrared lamp and 
evaporate to dryness (gold and palladium remain 
undissolved on the film); if method (b) is used, 
transfer the catholyte and washings into a 25 ml 
beaker and evaporate to dryness under an infra- 
red lamp; dissolve the residue in 1 ml of a 1 N 
H2S04 solution; (ii) if the amount of nickel is 
less than 50 pg, add 8 ml of water, make up the 
volume to 10 ml with 1 ml of the 0.05% potas- 
sium ditlio-oxalate solution, mix by swirling, 
and measure the absorbancy at once; if the 
amount of nickel is more than 50 pg, transfer the 
1 N H2S04 solution in a 5, 10, or 20 ml volu- 
metric flask depending on the amount of nickel, 
add water up to the mark, mix the solution, then 
pipet at least 2 aliquots of 1 or 2 ml into a 25 ml 
beaker, make up the solution to 9 ml with water, 
add 1 ml of the 0.05% solution of potassium 
dithio-oxalate, mix by swirling, and measure the 
absorbancy at once. 

More than 40 determinations of nickel have 
been successfully done by following this pro- 
cedure in our studies on the electrodeposition of 
nickel. It  has been estimated that each of the 
three operations, setting up the calibration curve, 
spectrophotometric reading, and preparation of 
the sample, introduces a +2% error; since the 

operations are independent, the errors can be 
combined quadratically to yield a f 3.5% stan- 
dard error on each nickel determination. This 
figure would also represent our estimate of the 
precision of the method for the analysis of traces 
of nickel in samples for which its initial concen- 
tration is not known. 

The sensitivity of the method is good down to 
0.5 pg of nickel per ml of solution, but below this 
limit the precision rapidly decreases. 

Conclusion 
Yoe and Wirsing have studied the reaction 

between potassium dithio-oxalate and nickel 
with reference to its use in colorimetry. In the 
present investigation, the reaction has been 
developed into a spectrophotometric method of 
analysis and thereafter has been used for the 
routine determination of nickel in different 
samples resulting from experiments on the elec- 
trodeposition of micrograms of this element on 
thin metallized plastic films. The spectrophoto- 
metric determination of nickel as the dithio- 
oxalate complex has been found to be the most 
convenient method of analysis for the type of 
application described in the paper. In fact, it has 
several advantages over other colorimetric meth- 
ods (5): color development is obtained in acidic 
medium and the concentration of the acid is non- 
critical over a wide range; no extraction by an 
organic solvent is required to make the absor- 
bancy measurement; the maximum absorption 
falls at a very convenient wavelength at which to 
make the measurement; the sensitivity is com- 
parable to the dimethylglyoxime methods; the 
complex and color are stable for an adequate 
period of time. The great advantage of the meth- 
od is its simplicity, the main disadvantage is a 
poorer selectivity than the other methods. When 
this requirement is not important, the use of 
potassium dithio-oxalate becomes very attractive 
to determine traces of nickel. 

1. H. 0. JONES and H. S. TASKER. J. Chem. Soc. 95, 
1904 (1909). 

2. L. T. FAIRHALL. J. Ind. Hyg. 8, 528 (1926). 
3. J. H. YOE and F. H. W I R S ~ G .  J. Am. Chem. Soc. 

54, 1866 (1932). 
4. Y. UJIHIRA and J. C. ROY. Can. J. Chem. This issue. 
5. E. B. SANDELL. Colorimetric determination of traces 

of metals. 3rd ed. Interscience Publishers, Inc., New 
York. 1959. p. 665. 
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Trifluoromethyl-substituted fluorophosphates and fluoroarsenates 

S. S. CHAN AND C. J. WILLIS 
Department of Chemistry, University of Western Ontario, Lotzdotl, Ontario 

Received August 15, 1967 

Synthetic routes have been developed to salts containing the anions [CF3PF5]-, [(CF3),PF4]-, [(CF3),- 
PF3]-, [(CF3)2AsF4]-, and [(CF3)3A~F3]-. These are isolated as stable solids with Csf, or sometimes 
Agf, as the cation. Their 19F n.m.r. spectra are discussed, and it is suggested that the bis- and tris-(tri- 
fluoromethy1)-substituted fluorophosphates have a trans configuration. 

Trimethyltrifluoromethyltin, (CH3),SnCF3, forms 1 :1 complexes withPF,, (CF3),PF3, ~ I I ~ ( C F ~ ) ~ P F ~ .  
It is suggested that transfer of a trifluoromethyl group as CF3- has occurred here, leading to the forma- 
tion of trimethyltin derivatives of the trifluoromethyl-substituted fluorophosphates. 

Canadian Journal of Chemistry, 46, 1237 (1968) 

Comparatively little is known of substituted 
halophosphate or haloarsenate anions, i.e. 
[R,PX6-,,I- or [R,AsX6...,]- where X is a 
halogen. The ions [CH3PF5]- and [C6H5PF5]- 
have been studied, largely using nuclear mag- 
netic resonance (n.m.r.) methods, by Muetterties 
and Mahler (1) and by Schmutzler and Reddy 
(2). Other workers have demonstrated by con- 
ductance measurements .the existence in solu- 
tion of phenoxy derivatives such as [(C6H50),- 
PBr3 1- (3a), [(C6H50),PBr41- (3b), and [(C6- 
H,O),PCl,]- (3b). Several mixed halophosphate 
ions have also been postulated, again on the 
basis of conductance measurements (4): these 
include [PC14F2]-, [PBr,F,Ie, and [PCl,Br]-. 
The chemistry of the hexahaloarsenate ions is 
even more restricted, and only [AsF6]- and 
[AsC16]- are known. 

A number of trifluoromethyl phosphorus(V) 
halides are well characterized, including the 
compounds (CF,),PCl, (5 ) ,  (CF,),PCl, (6), 
CF3PC14 (7), (CF,),PF,, (CF3)2PF3, and CF,- 
PF, (8). A similar range of trifluoromethyl 
arsenic(V) fluorides and chlorides is also 
known (9). 

No reports have appeared on the isolation 
of trifluoromethyl-substituted halophosphates 
or haloarsenates as simple metallic salts. EmelCus 
and Harris (10) suggested the equilibrium 

to account for the conductivity of tris(trifluor0- 
methy1)phosphorus dichloride in acetonitrile 
solution, but did not isolate any compound 
containing the anion. Reports of related anions 
include the hydrogen-containing ion [CF,- 
PF,H]- (11) and the antimony derivatives 
[(CF,),SbCl,]- and [(CF,),SbBr,]- (12). 

Synthetic Routes 
In view of the electronegativity of the trifluoro- 

methyl group and the stability of its known 
compounds with phosphorus and arsenic, it 
would be expected that derivatives of the type 
[(CF3),PF6 -,I- and [(CF3),AsF6 -,I- would 
also be stable, and this we have found to be the 
case. The most general method of preparation 
is through the reaction of the appropriate 
trifluoromethyl phosphorus or arsenic halide 
with a suspension of cesium fluoride in acetoni- 
trile, when simple addition of a fluoride ion 
occurs readily to give the above anions, where 
n = 1, 2, or 3 for phosphorus and n = 2 or 3 
for arsenic. 

Another preparative route is through the 
fluorination of the corresponding salts of the 
trifluoromethyl oxyacids. The fluorinating agent 
used was sulfur tetrafluoride, known to be 
suitable for the replacement of oxygen by 
fluorine (13), and in this way the silver and 
cesium salts of the bis(trifluoromethy1)tetra- 
fluorophosphate anion were prepared: 

Ag[(CF3)zPOz 1 + 2SF4 -> A ~ [ ( C F ~ ) Z P F ~ I  + 2SOF2. 

However, this method did not appear to be as 
generally applicable as that mentioned above. 

A third possible route to  trifluoromethyl- 
substituted anions is available through the 
reactions of trimethyltrifluoromethyltin. This 
compound is known to undergo heterolytic 
fission of the Sn-CF, bond when it reacts 
with boron trifluoride, giving trimethyltin 
trifluoromethyMuoroborate (14): 

I t  might be expected, therefore, that reaction 
with other Lewis acids, such as derivatives of 
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P(V) or As(V), would lead to a similar migration 
of CF3- to ,,yield trifluoromethyl-substituted 
anions, e.g. 

In particular, this route alone offers the possi- 
bility of putting more than three trifluoromethyl 
groups on to a phosphorus or arsenic atom, e.g. 
(CHd3SnCF3 f (CF3)3PFZ 

-+ [(CH3)3Snl+ [(CF3)4PF2 I-. 
This synthetic route did not lead to such 

clear-cut results as the previous two, but some 
reactions did occur and the possible structures 
of the products obtained are discussed below. 

The compounds obtained by these three 
approaches will now be discussed under the 
headings of phosphorus con~pounds, arsenic 
compounds, and trimethyltin derivatives. 

Substituted Fluorop/~osp/zates 
The compounds prepared were the three 

cesium salts Cs[(CF,),,PF,-,,I, where n = 1, 2, 
or 3, and the silver salt Ag[(CF,),PF,]. The 
cesium salts were all stable white solids, water- 
soluble, and recoverable unchanged from 
aqueous solution. They were also soluble in 
polar organic solvents. On heating, the solids 
decomposed above 200" to give fluorocarbons 
and a residue containing cesium fluoro- 
phosphate. 

The silver salt was less stable than the cesium 
salts and decomposed at 120" to give silver 
fluoride and bis(trifluoromethy1)phosphorus tri- 
fluoride. Presumably, the cesium salts do not 
decompose in a similar way because the various 
phosphoranes are not stable at the higher 
decomposition temperatures. 

The principal peaks of the infrared spectra 
of the cesium salts in acetonitrile solution are 
given in Table I. 

Bennett, EmelCus, and Haszeldine (15) 
observed that the carbon-fluorine stretching 
modes in a number of trifluoromethylphosphines 
fell to between 1250 and 1100 cm-l, with a band 
between 750 and 735 cm-l attributed to a 
trifluoromethyl deformation mode. In the hexa- 
fluorophosphate ion, infrared absorptions are 
found at 847 and 561 cm-l(16), with a Raman- 
active absorption at 741 cm- (17). 

The absorption bands present in the trifluoro- 
methylfluorophosphates in the region 1100-1230 
cm-I may therefore be assigned to C-F 

stretching frequencies, while absorptions in the 
region 620-830 cm-l are mainly associated 
with P-F bonds. Each spectrum contains a t  
least one absorption in the region associated 
with C-F deformation frequencies (740-750 
cm-l) but these cannot be definitely distin- 
guished from P-F absorptions. The spectrum 
of the ion [(CF3),PF,]- contains fewer absorp- 
tion peaks in the P-F region, irrespective of 
the assignment of that at 751 cm-l, suggesting a 
higher degree of symmetry for this ion than the 
other two. The infrared spectrum of the silver 
salt, Ag[(CF,),PF,], also showed only three 
bands in the P-F region at 786, 758, and 
639 cin-l (Nujol mull). The similarity of these 
to the frequencies found with the corresponding 
cesium salt suggests that the ions have the same 
configuration. 

TABLE I 
Infrared spectra of cesium trifluorornethylfluoro- 

phosphates (acetonitrile solution) 

Cs [CF~PFS I CS [(CF3)zPF,I Cs [(CF3)3PF3 I 
1317 (vw) 1307 (w) 1305 (w) 
1221 (nl) 1230 (s) 1208 (s) 

1175 (rn) 
1109 (vs) 1119 (vs) 1138 (s) 

1108 (s) 
1056 (vw) 

1029 (vw) 1033 (vw) 1028 (vw) 
829 (vs) 81 5 (vs) 810 (rn) 
804 (s) 
750 (VW) 751 (rn) 764 (rn) 
723 (rn) 740 (vw) 
657 (m) 706 (rn) 
636 (w) 635 (s) 620 (s) . , 
549 (rnj 578 (w) 

Further information on the structures of the 
ions was obtained from their n.m.r. spectra, 
taken in acetonitrile solution. The solubility of 
the salts in this solvent is limited, leading to an 
unfavorable signal-to-noise ratio in the l g F  
resonance spectra and making it impossible to 
obtain a 31P resonance spectrum. 

Since both l g F  and 31P have a spin of 112, a 
considerable amount of spin-spin coupling 
would be expected in the fluorine resonance 
spectrum, and the fact that this was observed 
indicates that no interionic exchange of fluorine 
atoms was occurring. In many cases, however, 
the resulting multiplets did not appear symmetri- 
cal. Muetterties and Mahler (1) also reported 
distorted spin-spin coupling multiplets in the 
fluorine n.m.r. spectra of the methylpentafluoro- 
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CHAN AND WILLIS: TRIFLUOROMETHYL-SUBSTITUTED FLUOROPHOSPHATES 1239 

phosphate and phenylpentafluorophosphate 
anions, attributing this to the fact that the 
coupling constant between non-equivalent fluo- 
rine nuclei is of the same order of magnitude 
as the difference in their chemical shifts. Pople, 
Schneider, and Bernstein (ref. 18, p. 96) point 
out that such distortion is frequently found for 
interacting non-equivalent nuclei of the same 
species where the difference in chemical shifts is 
of the same order of magnitude as the coupling 
constant. 

For the ion [CF,PF,]-, only one structure is 
possible (assuming octahedral coordination 
about the phosphorus atom) : an arrangement 
of C4, symmetry with a trifluoromethyl group 
at one vertex. This will lead to three types of 
fluorine atom in the ion, those in the CF, group, 
four equivalent atoms in an equatorial position 
(F,), and one atom trans to the CF, group in an 
apical position (Fa). 

This should produce three resonance signals 
of relative intensities 3 :4 : 1, with various 
multiplets produced by spin-spin coupling. 

- 674 -550 -417 +I56 C(S 

FIG. 1. 19F n.m.r. spectrum of Cs[CF,PF,] (acetoni- 
trile solution). 

provides a rationalization of the spectrum in 
terms of the structure of the ion, but this must 
be regarded with reserve because of the possi- 
bility that the spectrum is not first order. It 
contains groups of absorption peaks centered 
on -674, -550, -417, and + 156 c/s (all 
chemical shifts are from external trifluoroacetic 
acid) which are designated as A, B, C, and D 
respectively. Although peaks A and D are of 
different appearance, we assign them both to 
the F, atoms, the splitting between them ( J =  
830 c/s) being due to coupling with the phos- 
phorus atom to which they are directly linked. 
Further splitting, only resolved in peak A, is 
found in the form of a doublet ( J  = 52 c/s) due 
to coupling of the F, atoms with the Fa atom, 
and the final splitting into quartets ( J  = 12 c/s) 
is assigned to coupling between the F, atoms 
and fluorine atoms of the CF, group. 

The remaining absorption in the spectrum, 
peaks B and C, is then assigned to the fluorine 
atoms of the CF, group, the primary splitting 
( J  = 133 c/s) being due to coupling with the 
phosphorus atom. Further splitting into quintets 
( J  = 12 c/s) is then apparent, assigned to 
coupling with the four F, atoms. It would be 
expected that interaction with the single Fa atom 
would give further splitting into doublets, and 
on some of the peaks at C a splitting of 4 c/s 
was observed. The resolution attainable, how- 
ever, did not permit any definite decision on 
this point. 

Further absorption peaks, associated with 
the Fa atom, should be present in the spectrum 
but were not observed. This is presumably due 
to  their lower intensity (only 114 that of the F, 
peaks) and high degree of multiplicity. 

The bis(trifluoromethy1)tetrafluorophosphate 
anion, [(CF3),PF4]-, could exist in two octa- 
hedral structures, a trans arrangement of D4,* 
symmetry (1) or a cis arrangement of C2, sym- 
metry (2). 

1 2 
The actual spectrum obtained is shown in 

Fig. 1, and is quite complex. The coupling Structure 1 contains only two kinds of 
pattern shown in the figure, and discussed here, fluorine atom, the six on the CF, groups and 
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FIG. 2. 'T n.m.r. spectrum of CS[(CF~)~PF,]  (acetonitrile solution). 

the remaining four on the phosphorus atom, 
and it would therefore be expected to  give two 
absorption peaks in an intensity ratio 6 9 .  
Structure 2 contains three types of fluorine 
atom, since the four attached to  the phosphorus 
atom now form two pairs in different environ- 
ments, and would therefore give three signals 
in an intensity ratio 6:2:2. 

The 19F n.m.r. spectrum of the ion, Fig. 2, 
makes it clear that it is present exclusively in the 
trans form, structure 1. 

As in the previous spectrum, absorption peaks 
are present in four regions, centered on -564, 
-502, -414, and +404 c/s, which are referred 
to  as A, B, C, and D respectively. The distortion 
referred to previously is still present, but to a 
smaller extent. 

The peaks at A and D are assigned to the four 
fluorine atoms directly linked to  phosphorus, 
the splitting between them (968 c/s) being due to  
coupling with the 31P nucleus. Each peak is split 
into a septet ( J  = 14 c/s) by coupling with the 
six equivalent fluorine atoms in the two CF, 
groups. 

The remaining absorptions at B and C are 
associated with the fluorine atoms of the 
trifluoromethyl groups, the primary splitting 
( J =  88 c/s) being due to coupling with the 
phosphorus atom and the further splitting into 
a quintet ( J  = 14 c/s) associated with coupling 
to  the other four fluorine atoms. The relatively 
simple nature of this n.m.r. spectrum is a con- 

sequence of the high symmetry of the ion; it 
will be recalled that the infrared spectrum of 
this ion also suggested a symmetrical structure. 

The 19F n.m.r. spectrum of the tris(trifluor0- 
methy1)trifluorophosphate ion, [(CF,),PF,]-, 
was considerably more complex. Again, two 
structures are possible, with the three trifluoro- 
methyl groups arranged in either a trans 
configuration of C,, symmetry (3) or a cis 
configuration of C,, symmetry (4). 

The triiluoromethyl groups in structure 3 
are of two types, one is trans to a fluorine atom, 
CF,(,,, and two are trans to each other, CF3(2). 
Similarly, there is one fluorine atom on phos- 
phorus, F(,,, which is trans to a trifluoromethyl 
group while the other two, F(,), are trans to each 
other. The n.m.r. spectrum should therefore 
contain four signals in an intensity ratio of 
6:3 :2:1, each signal being of high multiplicity 
through spin-spin interactions. 

For structure 4, however, the trifluoromethyl 
groups are all equivalent, as are the three 
fluorine atoms on phosphorus, so two signals 
would be expected in an intensity ratio 9:3. 
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1 

FIG. 3. I9F n.m.r. spectrum of Cs[(CF3),PF3] (acetonitrile solution). 

The observed spectrum is shown in Fig. 3, 
and its complex appearance indicates that a 
first order analysis would not be valid. By 
analogy with the other ions studied, we suggest 
that the absorption peaks E and F, at higher 
field, are due to  fluorine atoms directly linked to 
phosphorus, the splitting between them (J = 
881 c/s) being caused by coupling with the 
phosphorus atom. The remaining absorption, 
in areas A, B, C, and D, is then associated with 
the fluorine atoms in the trifluoromethyl groups. 

Although a complete analysis of this spectrum 
cannot be made, it is apparent that the trans 
configuration must predominate, its four 
different types of fluorine atom giving rise to  
the complex interactions observed. The cis 
configura~ion, containing only two types of 
fluorine atom, would be expected to give a 
recognizable and much simpler spectrum. How- 
ever, such a spectrum could easily be incor- 
porated within that observed, and we cannot 
therefore suggest on present evidence that the 
ion is exclusively present in the trans form. 

The chemical shifts and coupling constants 
found in these three ions are summarized in 
Table 11, together with similar data on other 
ions. 

The data obtained in the present work are 
consistent with those obtained previously. I t  
will be seen that there is a progressive change in 
the chemical shift of the resonance for the 
fluorine atoms on the phosphorus as the number 
of trifluoromethyl groups is increased. For 
[PF,]-, the resonance is at -11.6 p.p.m., 
while for [(CF,),PF,]- it has moved up to  
i- 16.6 p.p.m. In view of the relative electronega- 

tivities of the fluorine atom and the trifluoro- 
methyl group, this change will be accompanied 
by an increase in the electron density around 
the remaining fluorine atoms, but data accumu- 
lated from other sources (ref. 18, p. 172) suggest 
that it would not be valid to infer a causal 
relationship between electron density and 
chemical shift. 

Substituted Fluoroarsenates 
The cesium salts of the trifluoromethyl- 

substituted fluoroarsenates were prepared by 
the same general method as the corresponding 
phosphorus derivatives: the reaction of cesium 
fluoride with the appropriate trifluoromethyl 
arsenic(V) fluoride, e.g. 

This method was successful for the bis(trifluor0- 
methy1)tetrafluoroarsenate and the tris(tri- 
fluoromethyl)trifluoroarsenate, Cs[(CF,),AsF,], 
but it could not be applied to  the preparation of 
the mono-substituted ion, [CF3AsF,Id, because 
the parent fluoride, CF,AsF,, is not known, 
and attempts to prepare it were unsuccessful. 

The alternative route to  these compounds, 
using sulfur tetrafluoride as a fluorinating agent, 
was used to prepare silver bis(trifluoromethy1)- 
tetrafluoroarsenate from the oxygen-containing 
salt: 
Ag[(CFJ),AsO,] + 2SF, -> Ag[(CF,),AsF,] + 2SOF,. 

This method, however, did not give the cor- 
responding reaction with the cesium salt, nor 
could it be used for the preparation of either 
the cesium or the silver trifluoromethylpenta- 
fluoroarsenate. 
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TABLE I1 
Chemical shifts and coupling constants in the 19F n.nl.r. spectra of substituted fluorophosphates 

Chemical shifts, 
p.p.m. Spin-spin coupling constants, c/s 

Ion F CF3 G(F-F)t F,-P Fa-P CF,-P Fa-F, F-CF, Ref. 

[PF, 1 - -11.6 710 
[CF~PFS I- -4.4 -8.6 802 N.O. 133 52 

$9) 

[(CF3)2PF41- -1.4 -8.0 9 68 88 l2  14 * 
[(CF3)jPF3]- +16.6 -11.0 to 881 %' 

-10.0 
[CF3PF4H]- -16.1 -11.2 858 156 14.7 (11) 
[CHd'FsI- 10.3 830 691 39 

11.8 829 680 35 
(1) 

[CH~PFS I-  
3.7 830 680 41 

(2b) 
[C~H~PFSI -  

3.0 820 700 40 
(1) 

[C~HSPFSI- ( 2 ~ )  
*Data from present work. All spectra recorded at 56.4 Mcls. 
tG(F-F) represents the difference in chemical shift between F. and F.. 

The cesium salts were both white solids, 
soluble in polar organic solvents. They dissolved 
readily in water, and cesium tris(trifluor0- 
methy1)trifluoroarsenate could be recovered un- 
changed by freeze-drying. Cesium bis(trifluor0- 
methyl)tetrafluoroarsenate, however, appeared 
to  hydrolyze rapidly and could not be recovered 
from aqueous solution. 

The infrared spectra of the three compounds 
were consistent with their proposed structures. 
EmelCus and co-workers (9) reported that the 
spectra of a number of trifluoromethyl deriva- 
tives of arsenic were similar to those of the 
analogous phosphorus compounds, containing 
vibrational absorption frequencies of the CF, 
group in the region 1110-1250 cm-' and a 
deformation band near 735 cm-'. The infrared 
spectrum of the hexafluoroarsenate ion has 
been observed by Weidlein and Dehnicke (20) 
in the compounds [AsC14+] [AsF6-] and 
KAsF,. The former showed absorptions in the 
region 402-389 cm-' with further bands at 
706 and 587 cm-', while the potassium salt 
showed only a very strong absorption a t  700 
cm-' and weaker bands in the region 410-389 
cm-'. 

The principal absorptions in the spectra of 
the compounds prepared in the present work 
are shown in Table 111. 

Strong absorptions of C-F stretching fre- 
quencies are present in all spectra, with a 
deformation mode near 735 cm-' observed in 
most cases. The expected bands near 400 cm-' 
associated with As-F bonds only show up in 
the mulls of the two cesium salts, but the 
absorptions between 500 and 660 cm-I are 

presumably also due to As-F vibrations. All 
the absorption peaks of these compounds were 
considerably broader than those of the analo- 
gous phosphorus compounds. 

The 19F n.m.r. spectra of the arsenic com- 
pounds were not well resolved and no fine 
structure could be observed. This effect was to 
be expected from the known quadrupole inoillent 
(Q = 0.3) of the 75As nucleus, which causes a 
broadening of the resonance signals. However, 
sufficient information was obtained from the 
n.m.r. spectra to give some evidence for the 
configuration of the ions. 

For the ion [(CF3),AsF4]-, two configu- 
rations are possible, the trans and cis that were 
shown as (1) and (2) for the analogous phos- 
phates. By arguments advanced previously, the 
trans isomer would be expected to show two 
signals in an intensity ratio of 6:4, while the 
cis isomer would show three absorptions in an 
intensity ratio of 6 :2 :2. 

The observed spectrum of this ion is shown 
at (a) in Fig. 4. It shows a fairly sharp absorption 
peak at -13.1 p.p.m. and very broad absorp- 
tions centered on -150 and -85 p.p.in. The 
first of these peaks is presumably associated 
with the trifluoromethyl groups in the ion and, 
since no other absorptions were detected, it 
could be suggested that the two peaks at low 
field were due to  the other four fluorine atoms. 
Since there are two of them, this would then 
indicate that the ion is in the cis configuration. 

This explanation must be regarded with 
reserve, however, since the two broad peaks are 
considerably shifted to low field. Muetterties 
and Phillips (19) have reported that the fluorine 
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1 150 (vs) 
1118 (sh)* 

606 (n~)  
566 (w) 

522 (vw) 

TABLE III 
Infrared spectra of trifluoromethyl fluoroarsenates 

CS t(CF3),AsF41 CS[ (CF~)~ASF~I  
Ag [ ( C F ~ ) Z A ~ F ~ I ,  

CH3CN soln. Nujol mull Nujol mull CH3CN soln. Nujol mull 

1268 (w) 

1145 (sh)* 
1118 (vs) 
1080 (sh) 

756 (m) 
734 (s) 
723 (w) 

602 (s) 

518 (s) 
388 (s) 

11 89 (sh)* 
1150 (vs) 
1 125 (sh)* 

744 (w) 
731 (w) 
721 (w) 
655 (w) 

1152 (vs) 

1080 (w) 
1028 (w) 

608 (m) 
562 (m) 

1278 (w) 
1265 (w) 

1144 (s) 

735 (m) 
727 (m) 

595 (s) 

530 (s) 

390 (m) 

*sh = shoulder. 

i1.m.r. absorption in the ion [AsF6]- is at 
- 18.1 p.p.m., and the evidence available from 
the other ions studied here suggested that 
the substitution of a trifluoromethyl group for 
a fluorine atom should give a shift to high 
field rather than to low field. In the absence of 
the f~lrther evidence that would have been 
provided by splitting patterns, these assignments 
must be tentative only, and the configuration 
of the ion [(CF,),AsF,]- cannot be assigned 
with certainty. 

With the ion [(CF,),AsF,]-, there are again 
two possible structures, cis and trans similar to 
those shown as (3) and (4), and these would be 
expected to give four absorption peaks in a 
6:3:2:1 intensity ratio or two peaks in a 9:3 
ratio respectively. The observed spectrum is 
shown at (b) in Fig. 4, and contains only two 
peaks, a strong sharp signal at -14.7 p.p.m. 
and a much weaker, but reasonably sharp, 
signal at f24.1 p.p.m. We feel this spectrum 
gives a clear indication that this ion is present 
as the cis isomer. The stronger ~ e a k  is associated 

[(CF,),PF,]- and [(CF,),PF,]- are consistent 
with the steric requirements of the larger 
trifluoromethyl groups. Since the assignments 
of cis structures in the analogous arsenates rest 
solely on rather ill-defined n.m.r. spectra, 
especially for the bis(trifluorornethy1)tetrafluoro- 
arsenate, conclusions on these configurations 
must be regarded as only tentative until further 
information is available. However, it may be of 
significance that the trans structures are found 
with the smaller phosphorus atom at the center 
of the ion, where steric interactions between 
trifluoromethyl groups might be of greater 
effect than in the arsenic compounds. 

Trimethyltin Derivatives 
The possible reactions of trirnethyl(trifluoro- 

methy1)tin with phosphorus(V) fluoride and 
related compounds were of interest in view of 
the observation by Clark and O'Brien (21) that 
trimethyltin hexafluorophosphate appeared to  
be unstable, decomposing to give trimethyltin 
fluoride : 

with the three triflu0romith;l groups, which [(CH3)3Sn]" [PF6]- -z (CH3)3SnF + PF5. 

are all equivalent in the cis (but not in the ~t might be expected, therefore, that any 
trans) isomer. The remaining peak is then due similar ionic compound with a t r . ~ u o r o m e t ~ y ~ ~  
to  the three equivalent fluorine atoms on the substituted ~ u o r o p ~ o s p ~ a t e  anion would also 
arsenic atom. The chemical shift of the peak at ~ e c o m p o s e ~  
f24.1 p.p.m. is to  a higher field than that of the 
ion [AsF6]- and the peak lies in the region that (CH3)3SnCF3 + fF5 + [(CH3)3Snr[CF3PF51- 

would be expected by analogy with the trends + (CH3)3SnF -k CF3PF4. 

observed with the phosphorus compounds. By repetition of this process, it might be possible 
The trans configurations observed in the ions to  replace successively further fluorine atoms 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

FIG. 4. I9F n.m.r. spectra of (a) Cs[(CF3)=AsF4] and (b) CS[ (CF~)~ASF~]  (acetonitrile solutions). 

on the phosphorus atom, up to the fully sub- 
stituted compound (CF,),P. In practice, how- 
ever, the reaction did not primarily follow this 
course. When an excess of trimethyl(trifluoro- 
methy1)tin was brought into contact with 
phosphorus(V) fluoride, an immediate reaction 
was apparent. Volatile products included small 
quantities of the compounds CF3PF4, (CF,),- 
PF,, and (CF,),PF,, as expected from the 
above scheme, but a white solid was also 
produced. Use of equimolar quantities of the 
reactants favored the production of the solid, 
and the stoichiometry of its formation showed 
it to be a 1 : 1 adduct. 

Similar solid 1:l adducts were also formed 
between trimethyltrifluoromethyltin and the tri- 
fluoromethyl-substituted phosphoranes (CF,),- 
PF, and (CF,),PF,. The former formed readily 
from stoichiometric quantities of the reactants, 
but the latter adduct was only produced in low 
yield and most of the tin compound was 
recovered unchanged. 

The three adducts were insoluble in common 

organic solvents and hydrolyzed in contact 
with water, so it was not possible to carry out 
19F n.m.r. studies. Infrared absorptions in the 
region 500-1300 cm-l are summarized in 
Table IV. 

A comparison of the spectra of the first two 
adducts with those of the salts Cs [CF,PF,] and 
Cs[(CF,),PF,], given in Table I,  shows that 
they are generally similar, although the peaks 
are somewhat broader. We suggest, tl~erefore, 
that these two adducts of trimethyl(trifluoro- 
methy1)tin may be regarded as the salts [(CH,),- 
Sn]+[CF,PF, 1- and [(CH,),Sn]+ [(CF,),PF,]-, 
With the third adduct, that of the phosphorane 
(CF,),PF,, there is no analogous cesium salt, 
but the similarity of its spectrum to those of the 
other two adducts suggests that it also may be 
regarded as a salt, [(CH,),Sn]+ [(CF,),PF,I-, 
in which transfer of a trifluoromethyl group as 
CF,- has occurred. This would constitute the 
first reported instance of a compound containing 
four trifluoromethyl groups attached to  a phos- 
phorus atom. 
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TABLE IV 

Infrared spectra of trimethyltin derivatives (Nujol mulls) 

(CH3)3SnCF3.PF5 (CH3)3SnCF3.(CF3)2PF3 (CH3)3SnCF3.(CF3)3PFz 

1304 (w) 

1228 (m) 
1 122 (vs) 

1023 (s) 

817 (vs) 

755 (w) 
725 (m) 

656 (m) 
635 (m) 
594 (w) 
553 (sj 
528 (w) 
513 (m) 

1300 (sh) 
1274 (s) 
1231 (s) 
11 26 (s) 
1078 (sh) 

979 (w) 
844 (s) 
784 (s) 
760 (s) 
740 (s) 
710 (sh) 

636 (s) 

1298 (sh) 
1278 (s) 
1216 (s) 
11 20 (s) 
1076 (m) 

979 (w) 
810 (sh) 
781 (s) 
752 (s) 

Hydrolysis Reactions 
A brief study was made of the hydrolysis of 

the compounds produced in this work. The 
usual product of the base hydrolysis of a 
trifluoromethyl derivative is known to be 
fluoroform, but this was obtained in surprisingly 
few instances. 

Of the trifluoromethyl-substituted fluoro- 
phosphates, the cesium and trimethyltin deriva- 
tives gave no volatile product on base hydrolysis. 
This lends additional support to the proposal 

mole; Ag[(CF3),AsF4], 1.75 mole; Cs [(CF,),- 
AsF,], 2.75 mole. The generally lower hydro- 
lytic stability of the trifluoromethylarsenic 
compounds, as compared with the phosphorus 
derivatives, is in agreement with previous 
observations (9), but it will be noted that there 
is again a difference between the cesium and 
silver salts of the same anion. 

Experimental 
that the trifluoromethyl group in the t;imethyl- Gelleral 

Conventional vacuum techniques were used through- trifluoronleth~ltin has been transferred out for the manipulation of volatile conlpounds in the 
to the P ~ ~ ~ ~ P ~ ~ ~ ~ ~  since a trifluOrOmeth~l absence of air and moisture. All reactants were carefully 
group attached to a tin atom is known to be dried before use. Products were separated by fractional 
readily cleaved as fluoroform (22). Surprisingly, condensation and identified by infrared spectroscopic 

the salt, A~[(CF,),PF,I, behaved in a examination (vapor phase, unless otherwise noted) 
using Beckman model IR-5 and IR-10 instruments. 

different manner the corresponding cesium Reactions were carried out in sealed, previously evacuated 
salt and gave 0.98 mole of fluoroform Per mole Pyrex glass reaction tubes. 19F n.m.r. sDectra were 
of salt on base hvdrolvsis. determined in acetonitrile solution on a ~ a r i a n  DP-60 

Under acid h;droGsis conditions, the cesium in~f r~nlen t  at a frequency of 56.4 ~ C / S  using external 

salts were less stable. The compoun~ cs [(CF3),- trifluoroacetic acid as reference. Elemental analyses 
were performed by Alfred Bernhardt Laboratories, 

PF4I gave 0.g7 of tetrafluoride per Mulheim, Germany, with the exception of cesium, which 
mole while the compound CS [(CF3),PF3] gave was estimated gravimetrically as the tetraphenylborate. 
0.87 mole of fluoroform per mole. Cesium 
trifluoromethylpentafluorophosphate, Cs[CF,- Tr~uorome*~1ylphosp6i1zes 

The phosphines (CF3),P, (CF;)ZPCI, and CF3PClZ 
PF,I, did not give any product, were prepared by the reaction of trifluoroiodomethane 
however. No attempt was made to identify any with yellow phosphorus and subsequent chlorination, 
nonvolatile product remaining after hydrolysis. following the procedure of Bennett, Emeleus, and 

With the trifluoromethvlfluoroarsenates~ the Haszeldine (5). The various trifluoromethylfluorophos- 

hydrolytic stability was and all phoranes, which are known to undergo slow decom- 
position on standing (8), were kept at -196" and their 

fluorofom with base. The produced purity was checked by infrared spectroscopic examination 
per mole of salt were : CS [(CF3)2A~F4], 0.98 immediately before use. 
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Cesiunz Trifluoromethylpentafluorophosphate 
Trifluoromethyldichlorophosphine was converted to 

trifluoromethylphosphorus tetrachloride by reaction 
with chlorine (7) and fluorinated to the tetrafluoride 
using antimony(II1) fluoride (8). 

Trifluoromethylphosphorus tetrafluoride (0.5 g) was 
condensed on to an excess of cesium fluoride in aceto- 
nitrile (10 ml) and kept at 25"for 15 h. Fractionation 
showed that all the tetrafluoride had reacted and no 
volatile product was obtained. The suspension was 
filtered to remove excess cesium fluoride, then the 
acetonitrile was removed, leaving a white solid. This was 
extracted with water, filtered, and freeze-dried to give 
cesium trifluoromethylpentatluorophosphate. 

Anal. Calcd. for CF8CsP: C, 3.66; F, 46.4; P, 9.45. 
Found: C, 3.55; F, 46.6; P, 9.62. 

Silver Bis(frifluoronzetl~yl)tetrufluorophosphate 
Silver bis(trifluoromethyl)phosphinate, Ag[(CF,),- 

PO,], was prepared from bis(trifluoromethyl)chloro- 
phosphine by the procedure of Emeleus, Haszeldine, 
and Paul (6). A sample of the silver salt (1.4 g) was 
allowed to warm up slowly from -196" with an excess 
of sulfur tetrafluoride (4 g, obtained from the Matheson 
Co., Joliet, Ill.) and kept at 25" for 1 h. Fractionation 
showed that the volatile products included a trace of 
bis(trifluoromethy1)phosphorus trifluoride, together with 
thionyl fluoride and unreacted sulfur tetrafluoride. 
The remaining white solid product was silver bis(trifluor0- 
methy1)tetrafluorophosphate. 

Anal. Calcd. for C2FloAgP: C, 6.81; F, 53.9. Found: 
C, 6.68; F ,  53.6. 

The silver salt decomposed without subliming when 
heated it1 vaclro to 120°, giving bis(trifluoromethyl)phos- 
phorus trifluoride as the only volatile product. 

Cesium Bis(trr~~roromet/~ylJ tetrafluorophosphate 
Silver bis(trifluoron~ethyl)phosphinate (1.6 g) was 

dissolved in water (20 ml) and an equivalent amount of 
aqueous cesium hydroxide solution added slowly. After 
keeping for 12 h at 25', the precipitated silver oxide was 
removed by filtration and the solution evaporated to give 
cesium bis(trifluoromethyl)phosphinate, Cs[(CF3),P02], 
which was then fluorinated with sulfur tetrafluoride in 
the same manner as that described previously for the 
silver salt to give cesium bis(trifluoromet1~yl)tetrafluoro- 
phosphate. 

Anal. Calcd. for C2FloCsP: C, 6.36; F, 50.3; Cs, 35.2. 
Found: C, 5.82; F, 50.2; Cs, 34.4. 

In an alternative route to the same compound, bis(tri- 
fluorometl~yl)phosphorus trifluoride was prepared by the 
action of sulfur tetrafluoride on bis(trifluoromethy1)- 
iodophosphine (8). The phosphorane (0.3 g) was then 
allowed to react with an excess of cesium fluoride 
suspended in acetonitrile (5 ml) for 15 h at 25'. Frac- 
tionation showed no volatile product and filtration, 
followed by evaporation of solvent, yielded crude cesium 
bis(trifluoromethy1)tetrafluorophosphate as a yellow 
solid. The salt was purified by extraction with water, 
followed by freeze-drying, to give colorless material 
identical by infrared spectroscopic examination with that 
produced in the previous reaction. 

Cesium Tris(trifiioronzethyl)trif7~1orophosphafe 
Tris(trifluoromethy1)phosphorus difluoride, (CF3)3- 

PFZ, was prepared by thereaction of tris(trifluoromethy1)- 
phosphine with sulfur tetrafluoride (8). A sample of the 

phosphorane (1.5 g) was allowed to react with an excess 
of cesium fluoride in acetonitrile (10 ml) for 15 h at 25". 
Fractionation gave no volatile product, and the solution, 
which had become brown, was filtered and evaporated 
in vacuo to a thick brown resinous material. On addition 
of water, the brown impurity appeared to be insoluble, 
and the clear solution was filtered and evaporated by 
freeze-drying to give cesium tris(trifluoromethyl)tri- 
fluorophosphate as a white solid. 

Anal. Calcd. for C3F12CsP: C, 8.42; F, 53.3; Cs, 31.1. 
Found: C, 8.37; F, 53.6; Cs, 32.6. 

Trifluorornetl~larsines 
The arsines (CF,),As, (CF,)2AsI, and CF3As12 were 

prepared by the reaction of trifluoroiodomethane with 
arsenic following the procedure of EmelCus et al. (9). 

Cesium Bis(trifl~~oromet/~~~I)tetrafl~roroarse~za te 
Bis(trifluoromethy1)arsenic trichloride was prepared 

by the reaction of tris(trifluoromethy1)arsine with 
chlorine (9). It was converted to the trifluoride by keeping 
a t  25" for 18 h with an excess of dry silver(1) fluoride, the 
identity of the product being checked by nlolecular 
weight measurement (vapor-density, calcd. molecular 
weight, 270; found: 273). The same compound was also 
prepared by the fluorination of bis(trifluoromet11yl)- 
iodoarsine with sulfur tetrafluoride. 

A sample of bis(trifluoromethy1)arsenic trifluoride 
(1 g) was condensed into a reaction tube containing 
excess cesium fluoride suspended in acetonitrile (5 ml). 
After keeping at 25" for 15 h, no volatile product was 
found, and filtration of the solution, followed by evapo- 
ration of solvent, gave a white solid whose analysis 
suggested that it was slightly impure cesium bis(trifluor0- 
methy1)tetrafluoroarsenate. 

Anal. Calcd. for C2FloCsAs: C, 5.68; F, 45.0. Found: 
C, 8.07; F, 46.4. 

In an attempt to prepare this compound by a different 
route, bis(trifluoron~ethyl)arsinic acid was prepared (9) 
and neutralized with aqueous cesium hydroxide. Freeze- 
drying gave solid cesium bis(trifluoromethyl)arsinate, 
Cs[(CF,),AsO,], which was fluorinated with sulfur 
tetrafluoride, as described previously, in the hope of 
preparing cesium bis(trifluoromethyl)tetraAuoroarsenate. 
Volatile products included thionyl fluoride, indicating 
that fluorination had occurred, but analysis showed that 
the solid product had a much lower carbon content 
than the desired compound, suggesting that trifluoro- 
methyl groups had been cleaved to give some cesium 
fluoroarsenate. 

Silver Bi.~(trifl~~oromethyl)tetraf7~oroarsetrate 
Ris(trifluoromethy1)arsinic acid was neutralized with 

silver oxide to give silver bis(trifluoromethyl)arsinate, 
Ag[(CF3),As02] (9). The silver salt was then fluorinated 
with excess sulfur tetrafluoride for 12 h at 25". Volatile 
products were only thionyl fluoride and unreacted sulfur 
tetrafluoride and the solid residue was a white solid which 
turned grey on exposure to light. The similarity of its 
infrared spectrum to that of the cesiu~ll salt identified it as 
silver bis(trifluoromethyl)tetrafluoroarsenate. It could 
be sublimed unchanged in vacuo at 140°, but it was 
insoluble in common organic solvents. 

Cesilrnz ~is(?rifl~roronzethyl) trifluoroarsenate 
Tris(trifluoromethy1)arsenic dichloride was prepared 

from tris(trifluoron~ethyl)arsine and chlorine and con- 
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verted to the difluoride using silver fluoride (9). A sample sublime, but started to  decompose at 120°, giving PF5, 
of the difluoride (1 g) was allowed to react with a sus- POF,, SiF4 and leaving a brown residue shown by 
pension of cesium fluoride in acetonitrile (5 ml) for 15 h infrared spectroscopic examination to  be mainly 
at 25", after which fractionation gave n o  volatile products. trimethyltin fluoride. The adduct could not be dissolved 
The solution was filtered and evaporated in vacuo to  give without decomposition in water, nor in any coinmon 
cesium tris(trifluoromethy1)trifluoroarsenate as a white organic solvent. 
solid. 

Anal. Calcd. for C3FlZCsAs: C, 7.63; F, 48.3. Found: 
C, 7.77; F ,  48.5. 

The solid readily dissolved in water to  give a clear 
solution from which it could be recovered unchanged 
(as judged by its infrared spectrum) by freeze-drying. 

Attempted Preparatiorz of Cesirrm Trifioromethylpenta- 
fluoroarsenate 

Trifluoromethylarsenic tetrachloride, CF3AsC14, is not 
known, and attempts to  prepare it were not successful. 
The chlorination of trifluoronlethyldichloroarsine with 
chlorine, a method successfully used for the preparation 
of other arsenic(V) derivatives, led repeatedly to  explosion 
of the reaction tube. Similar uncontrolled decomposition 
occurred when trifluoromethyldiiodoarsine was fluori- 
nated with sulfur tetrafluoride. Cesium trifluoromethyl- 
arsinate, Cs2[CF3As03], was prepared and fluorinated 
with sulfur tetrafluoride, but extensive decomposition 
again occurred and the desired product could not be 
isolated. 

Adducts of Tri~netbl(trifluoronletItyl)tin 
(a) With Phosphor~s Pentafioride 
Trimethyl(trifluoromethy1)tin was prepared by the 

irradiation of trifluoroiohdmethane with hexamethyl- 
ditin (22). PhosohorusN) fluoride was a commercial 
&&p~e (A. D. ~ a c k a ~  LC., New York, N.Y.) purified 
before use by fractional condensation through a trap 
at  -160" to remove phosphorus(V) oxyfluoride. 

Phosphorus(V) fluoride (6.61 g, 52.4 mmoles) and 
trimethyl(trifluoromethy1)tin (1.17 g, 5.02 mmoles) in a 
sealed tube (20 ml) were kept a t  25' for 1 h, by which 
time a white solid had separated. Unreacted PF5(5.82 g, 
46.2 mmoles) was recovered, together with traces of the 
tin compound; n o  other volatile product was detected. 
Based on the amount of PF, consumed, the ratio of 
reactants in the solid product, (CH3)3SnCF3/PF5, was 
111.2. 

In  a second reaction tube, the reactants were mixed 
in approximately equimolar proportions. Phosphorus(V) 
fluoride (2.86 g, 22.7 mmoles) and trimethyl(trifluoro- 
methy1)tin (4.25 g, 18.2 mmoles) were kept together for 
1 11. Fractionation of volatile products gave some 
unreacted PF, and tin compound, together with a trace 
of trifl~~oromethylpl~osphorus tetrafluoride. Spectro- 
scopic examination of the solid product showed it to  be 
identical with that produced in the previous reaction. 

When a considerable excess of trimethyl(trifluoro- 
methy1)tin (2.46 g, 11.0 mmoles) was kept for 3 h at 25" 
with phosphorus(V) fluoride (0.204 g, 1.63 mmoles) a 
small amount of the same solid was produced, but the 
greater part of the reactants was recovered unchanged. 
Small amounts of the phosphoranes CF3PF4, (CF3),- 
PF,, and (CF3)3PF2 were identified spectroscop~cally, 
but not quantitatively separated. Attempts to  carry out 
the reaction in carbon tetrachloride solutior, lead to 
decomposition giving dark-colored tarry products. 

The solid adduct prepared in the above reactions 
decomposed slowly in vacuo at 2S0, giving off phos- 
phorus(V) fluoride. On heating, it did not melt or 

(b) With Bis(trifiorotnetIgvI)phosphorrrs Trifluoride 
Trimethyl(trifluoromethy1)tin (1.90 g, 8.15 mmoles) 

and (CF3),PF3 (1.50 g, 6.63 mmoles) were kept in a 
sealed tube at 25' for 6 h, by which time a grey solid had 
formed. Fractionation gave unreacted tin compound 
(0.34 g, 1.46 mmoles) as the only volatile product, 
indicating that 6.69 mmoles of it remained in the solid 
adduct for a reacting ratio of 111.0. The solid could be 
sublimed it2 vacrro at 135-140°, but was insoluble in 
common organic solvents. 

(c) With Tris(trifl~ioromethyl)phosphorus Diflrroride 
Trimethyl(trifluoromethy1)tin (2.70 g, 11.6 mmoles) 

and (CF3)3PF2 (1.86 g, 6.75 mmoles) were kept at  25' 
for 6 h, by which time a small amount of white solid had 
appeared. Fractionation gave unreacted tin compound 
(2.40 g, 10.4 mmoles) and phosphorane (1.56 g, 5.66 
mmoles) as the only volatile products. The stoichiometry 
of the formation of the solid appeared to be about 
110.92, but could not be accurately estimated because of 
the small amount of reaction which had occurred (16 %). 
However, the solid was shown by analysis to  be a 1:l  
adduct. 

Anal. Calcd. for C7H9F17PSn: C, 16.5; H, 1.77; F ,  
52.3. Found: C, 16.7; H, 2.50; F,  51.9. 

When the reaction temperature was increased to  
65" for 2.5 h, the amount of reaction increased to 70%, 
but the appearance of carbon tetrafluoride, tetrafluoro- 
ethylene, and fluoroform in the reaction products 
indicated that some decomposition was also occurring. 

The adduct appeared to be slightly soluble in chloro- 
form and methanol, but the solutions were not sufficiently 
concentrated for a lgF nn.1.r. signal to be detected. 

Hydroly~is Studies 
The hydrolysis results were obtained by using either 

15% aqueous sodium hydroxide or 15% sulfuric acid 
solution. I n  either case, a small sample of the colupound 
(ca. 0.2 g) was sealed with the aqueous solution (5 ml) in 
a small tube (20 ml) and kept at  110-120' for about 12 11. 
Volatile products were fractionated, weighed, and 
identified by infrared spectroscopy. N o  attempt was made 
to characterize hydrolysis products remaining in solution. 
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Measurement of the vapor pressure of methanol-n-decanol and 
ethanol-n-decanol mixtures1 

JASWANT SINGH~ AND G. C .  BENSON 
Division of Pure Chemistry, National Research Council of Canada, Ottawa, Canada 

Received November 8 ,  1967 

Molar excess Gibbs free energies of mixtures of methanol and ethanol with n-decanol were obtained 
from static vapor pressure measurements over the temperature range 20-50 "C. The molar excess en- 
tropies of the system methanol-decanol are predominantly negative at 25 "C; those of ethanol-decanol 
are positive. 
Canadian Journal of Chemistry, 46, 1249 (1968) 

I. Introduction in the range 20-50 "C. The temperature of the bath at the 
time of each vapor pressure measurement was determined 

The results of caloritnetric and volumetric with a Leeds and Nor thru~  ~lat inum resistance ther- 
investigations of a number of binary TI-alcohol mometer3 in a Miieller bridgecircuit. 

u 

systems have been reported in previous publics- The cell and ampuls were filled in separate operations 
on another vacuum line. In each case the liquid to be from Our laboratory (Iy 2)' In the present loaded was thoroughly degassed by repeated freezing, 

Paper the study of the thermodynamic properties ~ u m ~ i n ~ .  and meltine as it was distilled back and forth 
A A -, - ..- -. 

of these svstems is extended bv vapor pressure between two traps. Finally an appropriate amount was 
- A -  

measurements made on methanol-decanol and 
ethanol-decanol solutions over the temperature 
range 20-50 "C. 

11. Experimental 
(a )  Description of Apparatus 

A schematic diagram of the vapor pressure assembly is 
given in Fig. 1. Total vapor pressures were measured with 
a precision quartz gauge Qexas Instruments) which had 
been calibrated against a mercury manometer; pressure 
changes of 0.005 mm of mercury could be detected. The 
quartzspiral of the gauge was thermostated at 60 + 0.1 "C 
(i.e. about 10" above the highest temperature at which 
vapor pressures were determined) and was connected to 
the vapor pressure cell by a stainless steel capillary tube 
(1.6 rnrn i.d.). The temperature of the latter was moni- 
tored at several points by iron-constantan thermocouples 
and was maintained at about 60 "C by a heating jacket. 

The vapor pressure cell could be joined through a Hoke 
bellows valve (type Y441) to a vacuum manifold to which 
were attached ampuls of the more volatile component of 
the system under investigation. At the start of a run the 
cell and a set of ampuls were sealed in position with their 
charges separated from the vacuum line by fragile glass 
partitions which could be ruptured later by magnetically 
activated breakers. The shapes of the cell and an ampul 
are illustrated in Fig. 2. Prior to loading the cell its internal 
volume was determined from the weight of water needed 
to fill it to the seal-off constriction. The water bath 
surrounding the cell was mounted on a platform which 
could be raised and lowered by a winch to facilitate 
connecting the cell to the vacuum line. A Thermotrol 
controller (Hallikainen Instruments) regulated the tem- 
perature of the water bath to rfr0.002 "C at temperatures 

'Issued as NRCC No. 9937. 
2NRCC Postdoctorate Fellow 1965-67. 

- -  - 
distilled into thecontainer-(cell or ampul) and sealed off. 
The amount of material was determined from weighings 
of the empty and sealed off container with corrections 
applied to allow for changes in buoyancy. 

After the cell had been sealed in position, the volume 
of the line which later would be available to the vapor 
(i.e. extending from valve K1 into the pressure gauge) was 
determined to better than rfr0.05 cm3 by expanding dry 
nitrogen from a known volume attached to the vacuum 
line and measuring the pressure change. The manifold 
and line to the gauge were then evacuated for 12 h at 
60 "C to remove adsorbed gases; valve K1 was closed and 
the cell seal broken. 

Vapor pressures of mixtures bvere measured at 6 
temperatures from 20 to 50 "C. Generally the actual 
temperatures of the n~easurements were within k0.1 "C 
of the "standard set" (20.0, 25.0, 30.0, 35.0, 40.0, and 
50.0 "C). Where necessary, values at the rounded tem- 
peratures were interpolated by fitting the data with an 
Antoine form of equation 

B 
[I] loglo p (Torr) = A - ---- 

C + t ("C) ' 
Mixtures were formed by freezing the material in the 

cell, opening valve K1, and distilling the contents of one 
of the ampuls (i.e. the more volatile component) into the 
cell. Steady pressure readings were usually obtained less 
than 3 h after each change in composition or alteration 
of temperature. A stirrer in the cell, coupled magnetically 
to an external rotor driven by compressed air, was quite 
effective in decreasing the time needed to achieve equili- 
brium. Occasionally two runs were carried out at 20 or 
25 "C, one at the beginning (after making a new composi- 
tion) and another following the measurements at 50 "C. 

3The thermometer was calibrated by the Division of 
Applied Physics, NRCC, and the R ,  value was checked 
periodically by measurements at the water triple point. 
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FIG. 1. Vapor pressure assembly. A connection to vacuum line; B quartz spiral pressure gauge; C thermally 
jacketed stainless steel capillary; D water bath; E breakers for seals; F cell; G magnetic stirrer; H air driven rotor 
for stirrer; K 1 ,  K 2  metal bellows valves; L ampuls for more volatile component. 

liquid neglecting the volume change which occurs when 
the pure liquids are mixed. In eq. [2] n16 and nzS are the 
moles present in the vapor phase, and VI0 and VZo are 
the molar volumes of the pure liquids. 

Values of nls and nzs corresponding to each total 
pressure measurement are estimated by an iterative cal- 
culation, in which it is assumed that the partial pressure 
of the less volatile component ( i s .  subscript 2) in the 
vapor phase in equilibrium with the solution at inole 
fraction x ,  is given by the Raoult's law expression 

where pZ0 is the vapor pressure of the pure liquid at the 
temperature of the measurement. This iteration is based 
on the equation of state . - 

Ra. 2. Cell and ampvl prior to attachment to filling [4] V' = (nlg f n2') f B f Dp2) , 
line. 

which has been recommended for the representation of 
The agreement of the results indicated that no degassing data for pure alcohols (3). In eq. [4], R is the gas constant, 
had occurred at  the higher temperatures. and B a n d  D are the second and fourth virial coefficients 

respectively. Since in the mixtures under investigation, 
( 6 )  Comnpo.titiorz of Liquid Mixtures the mole fraction y2 of decanol in the vapor phase is 

Only the number of of each 'Omponent generally relatively small, we have assumed that 
(nlt, 1zZ1) are known directly from weighings of the cell 
and ampuls. The composition of the liquid phase at any [5] 23 = B1l 
stage in the measurement must be calculated from these and 
by allowing for the material present in the vapor phase. 
For this purpose, the vapor volume Vpis obtained from [6] D = Dllll, 

[2]  V g  = V C f  - (nlt - nlg)  v10 where B, 1 and Dl are the virial coefficients for the pure 
vapors, and the contributions of all other terms to B a n d  

- (nzt - 9226) vZ0. D have been neglected. 

This represents the difference between VC+=, the sum of ( c )  Materials 
the internal volumes of the cell and line to the gauge The alcohols used were purified by distillation and (or) 
(determined as described above), and the volume of the chromatographic techniques. I n  all cases the starting 
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SINGH A N D  BENSON: MEASUREMENT OF VAPOR PRESSURES 

TABLE I 
Vapor pressures of the pure component liquids 

.- 
Methanol Ethanol 

Decanol, 
Temp. ('C) p (Torr) 6* p (Torr) 6* P (Torr) 

Antoine coefficients 
A 8.04827 
B 1563 .49 
C 238.012 
o 0.018 

'6  = p - value from ref. 4. 

TABLE I1 
Molar volumes and virial coefficients of the pure component liquids (Units: V 0  cm3 mole-' ; B cm3 mole-' ; 

D cm3 mole-' T o r r z . )  

Methanol Ethanol 
Temp. Decanol, 

CC) VI O 41 Dl111 Vl O Bl 1 Dl111 Vz O 

materials were the best available commercial reagents. 
Methanol and ethanol were passed through columns of 
Poropak Q + 5% PEG 20M in a model 775 F & M 
preparative gas chromatograph, refluxed with mag- 
nesium, and stored in flasks on the vacuum line im- 
mediately after distillation from the alcoholates. The 
decanol was purified by passing it through a column of 
Chromosorb W coated with PEG 1500. Densities mea- 
sured on samples typical of the materials used in the 
vapor pressure measurements are: methanol 0.7867', 
ethanol 0.78507, and decanol 0.82687 g ~ m - ~  at 25 "C. 
Throughout the course of the investigation a number of 
chromatographic checks were run on all the materials to 
ensure the detection of any contamination of the samples. 

III. Results and Discussion 

Vapor pressures of the component liquids at  
rounded temperatures are summarized in Table 
I. Coefficients of the Antoine equations used to  
interpolate in the experimental results for meth- 
anol and ethanol are listed at the bottom of the 
table along with o, the probable error of the esti- 
mate in eachcase. The deviations of our results for 
methanol and ethanol from the data tabulated 

by the American Petroleum Institute (4) are 
given in columns 3  and 5. Since these show op- 
posite trends, they can not be attributed to  a 
difference of our temperature scale from the 
"international temperature scale" or to a con- 
stant error in experimental technique. 

Values of the other properties of the pure 
component liquids, needed for analysis of the 
vapor pressure measurements, are collected in 
Table 11. The molar volumes at  25 "C are based 
on the densities quoted in Section 11; coefficients 
of expansion used in obtaining values at other 
temperatures were derived from the data of 
Costello and Bowden (5) .  Virial coefficients were 
calculated from formulas given by Kretschmer 
and Wiebe ( 3 )  and involve extrapolation to  
temperatures 20" lower than considered by those 
authors. 

Results of the vapor pressure measurements 
on methanol-decanol and ethanol-decanol sys- 
tems are summarized in Tables I11 and IV. In- 
cluded are values of the natural logarithm of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46. 1968 

TABLE I11 
Liquid-vapor equilibrium for methanol-decanol mixtures (p in Torr) 

x I P y1 I ~ Y I  x1 P Y ,  Iny1 XI P YI I ~ Y I  

TABLE IV 
Liquid-vapor equilibrium for ethanol-decanol mixtures ( p  in Torr) 

- -- 

x1 P y1 In Y I  x1 P y1 In YI x1 P YI In y1 
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SINGH AND BENSON: MEASUREMENT OF VAPOR PRESSURES 

TABLE V 
Coefficients for eqs. [8] and [9] 

- 

BG 
Temp. ("C) C, CZ CS c4 B,,, (J mole-') 

activity coefficient of component 1 in the liquid the coefficients determined by fitting eq. [9] to  
phase, calculated from the formula the experimental results. 

The excess entropy and enthalpy can be de- 
[71 in rl = in (3) + ( p  - P I ' )  (Bl l  - v:) rived from the temperature dependence of GE 

RT using the formulas 

which is based on the same equation of state as 
used in the iterative calculation of the mole 
fractions x, and y, for the liquid and vapor 
phases. Since the corrections for differences in 
iota1 pressure are negligible, the values obtained 
from eq. [7] can be used for In y, at atmospheric 
pressure. 

If the molar excess Gibbs free energy G~ is 
represented by the polynomial 

r = l  

it follows that 

The coefficients C, were determined by fitting 
eq. [9] to the experimental results for In y, by 
the method of least squares. In all cases, use of 
four constants led to a satisfactory fit, and the 
resulting values are listed in Table V. Values of 
a,, ,, the probable error of the estimate of In y, 
calculated with eq. [9], are given in column 6 
of the table. The last column contains values 

For the methanol-decanol system, the values of 
GE increase with temperature over most of the 
concentration range, but the changes are fairly 
small (i.e. only 8 J mole-' for a 30" change at 
x i  = 0.5). The value of GE for the ethanol- 
decanol system decreases with temperature, but 
again the changes are relatively small. Thus 
qualitatively it  follows that the excess entropy is 
predominantly negative in methanol-decanol 
solutions and positive in ethanol-decanol solu- 
tions. By fitting the GE data for an equimolar 
solution with a third degree polynomial in the 
temperature, the temperature derivative at 25" 
was obtained and values of HE = 401 and 
358 J mole-' were calculated for the methanol- 
decanol and ethanol-decanol systems respec- 
tively. These may be compared with the values 
397 and 301 J mole-I measured calorimetrically4. 
The agreement is reasonable since the quanti- 
tative evaluation of HE from vapor pressures 
involves considerable uncertainty (6). 

of a,, the statistical estimate of the root mean 4H. D. PflUg, A. E. Pope, and G. C. Benson. Un- 
square error of G ~ ,  calculated from eq. [8] with published data. 
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METHANOL- DECANOL AT 25°C 3 

-lo& ' , ' I 1 I 1 I 
0 .4  0.6 0.8 1 .O 

XI  , MOLE FRACTION OF METHANOL 

FIG. 3. Excess thermodynamic properties of meth- 
anol-decanol mixtures at 25 "C. GE from vapor pressures; 
fie calorimetric results4; TSE calculated from eq. [I l l .  

It is preferable to use calorimetrically deter- 
mined values of HE in eq. [l 1 ] to calculate SE. 
This has been done in Figs. 3 and 4, where values 
of GE obtained from the coefficients in Table V 
at 25" and of H~ determined calorimetrically4 
have been combined to calculate TSE. For both 
systems HE is positive, probably resulting from a 
net breaking of hydrogen bonds when solutions 
are formed. In the case of the ethanol system, 
there is an accompanying increase in entropy 
and similar behavior is observed for the more 
concentrated methanol solutions. However, in 
the latter system, at  mole fractions less than 
0.85, the excess entropy is negative, suggesting 
that the smaller alcohol molecule is able to 
participate in a more ordered structure of the 
solution than is possible in the case of ethanol. 

CHEMISTRY. VOL. 46, 1968 

3 5 0  i I 1 ~ l l  1 1 1  

ETHANOL- DECANOL AT 25'C 

X, ,MOLE FRACTION O F  ETHANOL 

FIG. 4. Excess thermodynamic properties of ethanol- 
decanol mixtures at 25 "C. Ge from vapor pressures; HE 
calorimetric results4; TSE calculated from eq. [I 1 1 .  

We are indebted to Dr. D.  H. Davies for 
collaboration in the initial phase of the research. 
We also wish to  thank Mr. C. J. Halpin for 
carrying out the chromatographic work and for 
providing invaluable technical assistance 
throughout the course of the investigation. 
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Etard reactions. I. Nature of complexes and their reactions with some 
oxygen and nitrogen donor molecules 

R. C. MAKHIJA' AND R. A. STAIRS 
Cliemistry Department, Trerzt University, Peterborouglr, Otzt~~rio 

Received October 30, 1967 

Dilute carbon tetrachloride solutions of chromyl chloride and toluene react to form a product of 
empirical composition, C6H5CH3.2CrOZClZ (1). On refluxing 1 with carbon tetrachloride solutions of 
pyridine, a-picoline, acetonitrile, dioxan, tetrahydrofuran, and triethylamine, adducts of approximate 
compositions C6H5CH3.2CrOzC1,.2D (D = donor molecule) are obtained. 

Results of magnetic susceptibility, infrared, and preliminary X-ray observations are discussed. Possible 
structures for 1 and for the ternary adducts are described. 

Canadian Journal of Cl~emistry, 46, 1255 (1968) 

Introduction 
The reaction of toluene with chromyl chloride 

yields a product of composition C6H,CH3.- 
2Cr02CI, (I), which is not a simple adduct, as 
the oxidation state of chromium appears to  be 
reduced from VI t o  IV. Various structures have 
been suggested for this product (1, 2), but that 
due to  Etard (3) has been most favored ( 4 7 ) .  
Etard's structure is 

CI C1 
\ / 

/O-Cr-OH 
C6Hs--CH 

\ 
0-Cr-OH 
/ \  

CI CI 

Very little direct work on the structure of 1 has 
been carried out. Etard's proposal was based on 
analytical data and the nature of the hydrolysis 
products. A single magnetic susceptibility mea- 
surement by Wheeler (5) appeared to  confirm 
Etard's assignment of oxidation state IV to 
chromium, but Necsoiu and co-workers (2) 
reported electron spin resonance (e.s.r.) data 
which were interpreted as showing only one of 
the two chromium atoms in this state, the other 
presumed to be still Cr(V1). E.s.r. measurements 
on substances not known to be magnetically 
dilute are difficult to  interpret, but so is a mag- 
netic susceptibility measurement at  a single 
temperature. 

In order to nlake n~olecular weight and con- 
ductance measurements, and to facilitate infra- 
red and ultraviolet spectral studies, a solvent for 
the Etard products was sought. They are de- 

composed by hydroxylic solvents, and are inert 
to  and insoluble in solvents such as carbon 
tetrachloride and hydrocarbons. Donor solvents 
appear t o  dissolve 1 by r e a ~ t i o n , ~  and removal of 
excess solvent yields new substances of composi- 
tion C6H,CH3.2Cr02C12.2D. We have pre- 
pared and partially characterized, but have not 
been able t o  purify, ternary complexes of this 
sort formed by 1 with pyridine, a-picoline, 
acetonitrile, triethylamine, dioxan, and tetra- 
hydrofuran. Infrared spectra and some prelimin- 
ary X-ray data have been obtained. We have also 
measured the magnetic susceptibility of 1 and of 
the pyridine complex over a range of tempera- 
tures. 

Experimental 
Chroniyl chloride (Allied Chemical) was purified by 

bubbling dry nitrogen through the liquid to remove traces 
of hydrogen chloride, and was then distilled through a 30 
cm Vigreaux column. The fraction boiling at 114-115 "C 
was retained. The reagent was protected from light during 
distillation and storage. Toluene was dried and distilled 
before use. 

The solvents carbon tetrachloride and petroleum ether 
(b.p. 37-50 "C) were purified by standard methods (8). 

Liquid ligands were fractionated, predried off the line 
over either calcium hydride or phosphoric oxide, and 
finally distilled under vacuum from a suitable desiccant 
(sodium for tetrahydrofuran and dioxan, PzO5 for 
acetonitrile). All the purified reagents were stored in a 
dry box. 

Arlalytical Metl~ods 
Chromiuni was determined as Crz03. By evaporating 

the samplenearly to dryness with concentrated nitric acid, 
a clear green solution was obtained from which hydrous 
C r 2 0 3  was precipitated with filtered 1:l ammonia, 
followed by ignition for several hours at 800 "C. Carbon, 
hydrogen, and nitrogen were analyzed by Microanalyses, 
Toronto. 

'Teaching Postdoctoral Fellow. ZR. C. Makhija. Unpublished observations. 
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TABLE I 
Conlparison of infrared spectra and assignments 

Etard 1 (cm-I) 
Etard 1.2CH3CN 

(cm- 1) 
Etard 1.2CsH5N 

(cm-') 
Etard 1.2CSH4(CH3)N Etard 1.2(C2Hs)3N 

(cm- ') (cm - ') 
Etard 1.2C4H80 

(cm- 1) 

Etard 1.2C4HS02 
(cm-1) 

3300 sb 
2900-2980sb 

Assignments 

Associated hydrogen-bonded OH 
C H  stretching 

Nujol 
E N  stretching 

C=C stretching 

C=N slretching 

Nujol 

Unassigned 
Nujol 

Fingerprint bands 

C-N vibrations 

d 
5 

C H  in plane deformation < 
0 r 

L O  stretching of coordinated & 
dioxan and tetrahydrofuran L 

w OI 

C-0-C in cyclic ethers m 

Pyridine vibrations 

Unassigned 
Cr-0 slrctching 
Cr-0 stretching 
Cr-CI stretching 
Cr-N stretching 

-- 

NOTE: (i) s = slrong, m = medium, w = weak. v = very, sh = shoulder, b = broad, asym = asymmetric, sym = symmelric. (ii) In the region 1420 cm-1 lo 940 cm-1 fingerprint bands appear 
which are usually combination bands and are dific~ilt to assign. (iii) Nujol absorption interferes belween 2920-2710 cm-1, 1470-1410 cm-1, and 1380-1350cm-I. 
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MAKHIJA AND STAIRS: ETARD REACTIONS. I 1257 

Physical Measuretner~ts was dried for 2 days. The net gain in weight was 1.2716 g, 
Infrared spectra were measured on Nujol mulls using indicating attachment of 2.21 molecules of dioxan. The 

Beckmann IR 10 and Perkin Elmer 621 (grating) spectro- complex was a shining, crystalline, chocolate-colored 
photometers. Magnetic susceptibility measurements were solid which decomposed in air. 
made over the temperature range 96-297 "K on solid Anal. Calcd. for 2Cr02C12.C6H5CH3.2dioxan: C, 
samples on a Gouy-type balance. X-ray powder diffrac- 31.14; H, 4.15; 0 ,  33.31; Cr, 17.99. Found: C, 28.83; H, 
tion patterns were taken in 11.46 cm Debye-Scherrer 5.83; 0 ,  31.48; Cr, 15.96. 
cameras. Copper K. radiation was used throughout. A 
nickel screen was used instead of filters. Irradiation was 
at 20 mA and 32 kV, for 5-15 h. 

Reactior~s 
All the reactions were carried out in a dry box flushed 

with dry nitrogen to avoid hydrolysis of the highly 
moisture-sensitive materials. Solid products were washed 
thoroughly with a suitable solvent and dried in vacuum 
for several hours. 

Reaction of Chrot~zyl CIzloride wifh Toluene 
A solution of toluene (11.9 g, 129.08 mmoles) in dry 

carbon tetrachloride (500 ml) was treated dropwise with 
stirring with a solution of chromyl chloride (4.99 g, 32.27 
mmoles) in carbon tetrachloride (150 ml) during 1 h, 
stirred for 6 h, and allowed to stand at room temperature 
overnight. The suspension was filtered and the precipitate 
washed with carbon tetrachloride until washings were 
colorless, and then dried in vacuum. 

Anal. Calcd. for C6H5CH3.2Cr02C12: C, 20.91; H, 
2.01; Cr, 25.89. Found: C, 20.89; H, 1.99; Cr, 26.35. 

The Etard complex was insoluble in most common 
organic solvents, e.g. benzene, carbon tetrachloride, 
chloroform, n-hexane, and ether, but was completely 
soluble in dioxan and tetrahydrofuran. On removal of 
solvent a residue remained which contained a new com- 
plex. 

Reaction of 1 with Pyridine 
Etard con~plex 1 (2.2834 g, 5.68 mmoles) was refluxed 

with a dilute solution of pyridine (1.8738 g, 23.72 mmoles) 
in carbon tetrachloride for 20 h. The product was filtered, 
washed with solvent, and dried in vacuum. The net gain in 
weight after the reaction was 0.9046 g, indicating attach- 
ment of two molecules of pyridine. The product was a 
greenish black crystalline solid, insoluble in common 
organic solvents, and did not melt. 

Anal. Calcd. for 2Cr02C12.C6H5CH3.2Py: C, 36.43; 
H, 3.21; N, 5.00; Cr, 18 57. Found: C, 36.08; H, 3.19; 
N, 7.21 ; Cr, 17.95. 

Reaction of 1 wifh Acefor~itrile 
1 (0.32g, 0.79 mmoles) was refluxed with a dilute 

solution of acetonitrile (0.16 ml, 3.05 mmoles) in carbon 
tetrachloride for 24 h. The resulting product was filtered, 
washed, and dried. It was found to be insoluble in com- 
mon organic solvents, was non-melting, and showed co- 
ordination bands in the infrared spectrum. The strong 
band at 2310 cm-I was due to coordination through 
nitrogen of the C=N group. 

Anal. Calcd. for 2Cr02C12.C6H5CH3.2CH3CN: C, 
27.27; H, 2.89; N, 5.78; Cr, 21.49. Found: C, 26.95; H, 
3.04; N, 5.84; Cr, 23.4. 

Reaction of 1 with Dioxan 
1 (2.6271 g, 6.53 mmoles) was dissolved in 35 n11 of dry 

dioxan, giving a dark-brown clear solution. Solvent was 
removed by vacuum distillation and the resulting solid 

Reaction of 1 with Tetrahj~drofiran 
1 (2.50 g, 6.21 mmoles) was dissolved in 50 ml of dried 

tetrahydrofuran. An exothermic reaction occurred, giving 
a dark-brown solution. On removal of the solvent by 
vacuum distillation, a black residue was left which was 
dried in vacuum for 48 h. The new reaction product was 
insoluble in common organic solvents, hygroscopic, and 
decomposed in moist air. It was very lustrous, and X-ray 
powder diffraction showed it to be crystalline. 

Anal. Calcd. for 2Cr02C12.C6H5CH3.2C4Hs0 : C, 
32.96; H, 4.4; Cr, 19.04. Found: C, 31.26; H, 4.97; Cr, 
19.75. 

Reaction of 1 with Triethylarnine 
1 (3.03 g, 7.53 mmoles) was refluxed for 24 h at 50 "C 

with a 5 % solution of triethylamine (4.2 ml, 30 mmoles) 
in petroleum ether, followed by filtration of the precipi- 
tate, washing, and drying in vacuum. The weight of solid 
remaining after reaction was 5.146 g, showing a net gain 
in weight of 2.12 g, which implies attachment of 2.8 mole- 
cules of base. X-ray examination of the residue showed 
lines due to triethylamine hydrochloride, and the infrared 
spectrum shows a band attributed to Cr-N stretching. 
It  appears that complex formation and HCl abstraction 
have both occurred. It was ash colored and crystalline in 
appearance, non-melting, and insoluble in common 
organic solvents. 

knal. Calcd. for 2Cr02C12.CGH5CH3.2(C2H5)N: C, 
37.73; H, 6.38; N, 4.63; Cr, 17.20. Calcd. for 2Cr02ClZ.- 
C6H5CH3.3(CZH5)3N: C, 42.56; H, 7.51; N, 5.95; Cr, 
14.74. Found: C, 35.86; H,7.14; N, 5.31; Cr, 17.58. 

Reaction of 1 ~vith 4-Picolirie 
3.35 g of the toluene cl~romyl chloride complex was re- 

fluxed with a 10% solution of 4-picoline (4 n11 in 40 ml 
petroleun~ ether) for 36 h, followed by filtration, washing, 
drying, and weighing. The net gain in weight after re- 
action was 1.6746 g, which was equivalent to 2.15 moles 
of 4-picoline per mole of Etard complex. The adduct was 
insoluble, hygroscopic, non-melting, and buff colored. 

Anal. Calcd. for 2Cr02C12.C6H5CH3.2CH3C5H4N: 
C, 42.17; H, 3.70; N, 4.68; Cr, 17.39. Found: C, 42.62; 
H, 4.87; N, 7.27; Cr, 17.09. 

Results and Discussion 

The infrared spectra of C6H,CH3.2Cr0,C1, 
and C6H,CH3.2Cr0,C1,.2D (where D = di- 
oxan, tetrahydrofuran, acetonitrile, pyl-idine, 4- 
picoline, or triethylamine) have been recorded 
and frequency assignments are given in Table I. 
These were made by comparison with those of 
chromyl chloride (8) and the donor molecules 
used (9, 10). Recently Duffin and Tucker (11) 
reported that 1 was composed of benzaldehyde 
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TABLE I1 
Magnetic susceptibility measurements 

Etard 1 Etard 1.2C,H5N cr(Iv) 

Average Average 
Temperature Temperature (k%.) (BYE:) 

~ c a ~ ~ d . *  ~ o b r . 7  
("K) 10' x xs ("K) lo6 x xs (B.M.) (B.M.) 

'Magnetic moment calculated from p = J ( n ( n  + 2)). 
tMagnetic moments observed in covalcnt bond complexes of Cr and other atoms with the same number of unshared electrons. 

coordinated to  reduced chromyl chloride, on the 
basis of only one absorption band at  161 8 cm-I, 
which they assign t o  the carbonyl group with a 
negative shift on coordination to  Cr(1V). Our 
values for frequencies are similar to  those re- 
ported by these workers, as shown in Table I. 

Further, a broad, strong band at  3300 cm-' 
was observed which is assigned t o  hydrogen- 
bonded OH. We assign our 1620 and their 1618 
cm-I band as due to C==C in the ring in toluene. 
The strong peaks expected for Cr-0 asym- 
metric and symmetric stretching we believe are 
reduced to medium intensity and shifted to  very 
low frequencies: 528 and 445 cm-I. We can 
discern only one of the two expected Cr-C1 
stretching bands, at 325 cm-'. 

The reaction of chromyl chloride with toluene 
reduces the oxidation state of chromium from VI 
to  IV, while in all other reaction products the 
oxidation state remains IV, i.e. the reactions of 
the Etard complex 1 with nitrile, cyclic ethers, 
pyridine, 4-picoline, and triethylamine do not 
involve any filrther reduction. These reaction 
products are most probably hexa-coordinated 
through hydroxo- or halogen-bridging. 

The infrared spectra of the complexes of 1 
with three of the nitrogen bases show bands at 
495, 442, 340 cm-' (pyridine), at 545, 425, 330 
cm-I (4-picoline), and at 520-560, 410, 340 
cm-I (triethylamine), which are tentatively 
assigned to asymmetric and symmetric Cr-0 
stretching and Cr-Cl stretching vibrations. The 
appearance of new bands at  285, 290, and 290 
cm-I in these respective complexes are assigned 
to the Cr-N linkage, indicating the coordina- 
tion of chromium with the nitrogen of these 
donor molecules. 

The infrared spectrum of C,H,CH3.2Cr02- 
C12.2CH3CN shows a strong absorption around 
2310 f 10 cm-I which shows a positive shift of 
approximately + 60 cm-' compared with values 
obtained in free acetonitrile. This confirms the 
coordination of the nitrile molecule through 
nitrogen (12). The far infrared spectrum of this 
substance shows a single, sharp, medium- 
intensity band at 340 cm-' which may be 
ascribed to a Cr-Cl stretching mode. 

The infrared spectra of the tetrahydrofuran 
and dioxan reaction products of 1 are typical of 
the coordinated ligands in the region 1200-300 
cm-', and in particular the peak associated with 
the COC antisymmetric stretching mode is 
split and shows the expected frequency decrease 
(13, 14). The 1110cm-' and 1070 cm-I anti- 
symmetric COC absorption peaks in dioxan and 
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MAKHIJA AND STAIRS: ETARD REACTIONS. I 

etc. 

etc. 
Etard product 

pyridine 

Ternary complex 

tetrahydrofuran are reduced to 1080 cm-l, 1045 
cm-I and 1040cm-l, 1010 cm-' respectively 
in their reaction products. The low infrared fre- 
quency assignments shown in Table I may be 
used to  establish the coordination number. Thus 
for six-coordinated complexes the frequencies for 
chromium-chlorine stretching modes are expec- 
ted in the 300-380 cm-' region, although they 
are higher for five- or four-co ordinated complexes 
(15, 16). The values obtained in our complexes 
(320-345 cnl-' and 350 cm-') are in accord with 
six-coordination. We observe an additional peak 
in the 270-280 cm-' region in the dioxan com- 
plex, and in the 275-285 cm-' region in the tet- 
rahydrofuran complex, which we tentatively as- 
sign to a stretching mode of the bond between 
chron~iuin and oxygen of the ligand (dioxan or 
tetrahydrofuran). 

Magnetic Susceptibility 
The measured magnetic susceptibilities per 

gram (x,) are recorded in Table 11. The reciprocal 
of the paramagnetic susceptibility per gram-atom 
of chromium is shown as a function of absolute 
temperature for the toluene Etard product (1) in 
Fig. l a  and for the ternary complex of this with 
pyridine in Fig. Ib. 1 obeys the Curie Law (17, 
18), having a Weiss constant zero within experi- 
mental error (estimated f 10"). The ternary 
complex obeys the Curie-Weiss law, with a 
Weiss constant about -30". The values of the 
magnetic moment are for 1, 3.21 f 0.07, and for 
the pyridine complex, 3.28 Jt 0.07 Bohr mag- 
netons. These are the same within experimental 
error. The theoretical values for chromium IV 
are 4.47 for the free Cr4+ ion (the ground state 
presumed to be 3F,), and 2.83 if the orbital con- 

tribution is fully quenched. The measured values 
are sufficiently close to  the spin-only value that 
they may be taken as evidence for chromium IV. 
Whether the coordination at chromium is 
essentially tetrahedral, or octahedral, or of 
lower symmetry cannot be judged froin the 
small excess of the measured over the spin-only 
moment as there are several different groups 
attached to the chromium atom. It appears 
probable, from the observations on the solu- 
bility of the Etard complex, that it is polymeric, 
presumably by the formation of hydroxo or 
chloro bridges. If this is the case, the coordina- 
tion number of chromium would be, not 4 as in 
Etard's structure, but most probably 6. 

These magnetic measurements are in agree- 
ment with that of Wheeler, and tend to confirm 
his interpretation (5). It must be concluded that 
the electron spin resonance result obtained by 
Necsoiu and co-workers arose because of some 
peculiarity of the environment of the chromium 
atoms, such that one half the absorption was so 
broad as to be unobservable with their apparatus, 
or in some way suppressed or grossly shifted. 

The preliminary X-ray observations clearly 
show that the toluene Etard comples is most 
probably amorphous while its reaction products 
with donor molecules are crystalline. As these 
substances are complex in structure and of low 
density, the X-ray powder diffraction patterns 
were not very satisfactory for indexing, etc. More 
information on this will be given in a later paper 
in this series. 

Tentative structures for the Etard product and 
the ternary complexes which are compatible with 
the above are shown in Fig. 2. Work with models 
has shown that the proposed linkage by hydroxo 
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bridges of two chromiums that are attached to  
the same carbon (through oxygen) is much less 
strained than the analogous linkage by chloro 
bridges. Without the constraining carbon atom, 
the chloro bridges between chromiums not 
otherwise linked are not so strained. 

Retention of the hydroxo bridges on reaction 
with pyridine or other bases would explain why 
the ternary complexes contain one molecule of 
base only per chromium atom. We cannot find 
any evidence in the infrared to support any 
particular arrangement of bridges. 
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Rkactions dans le sulfolane. 11. Etude klectrochimique de systkmes 
oxydo-rkducteurs des halogknesl 

R. L. BENOIT, M. GUAY ET J. DESBARRES' 
Dkparfen~ent de Chitnie, Utziversitk de Montrkal, Montrkal, Qukbec 

Requ le 31 juillet 1967 

On a ttudie l'oxydation Clectrochimique des 11alogCnures et la riduction des halogknes dans le sulfolane, 
un solvant aprotique. La formation d'ions trihalogtnures X3- stables a ete mise en evidence. On a 
determint par potentiomttrie les constantes de formation K des ions X3- comme ttant tgales a lo7., 
(X = I), 106.8 (X = Br) et lo3.' (X = C1) en milieu LiCIO, 0.10 M. Les valeurs des constantes K ont 
aussi Cte dtterminkes dans le methanol, un solvant hydroxylique, lo4.' (X = I) et (X = Br) et dans 
des melanges des deux solvants (X = I). L'utilisation d'une tlectrode au ferrockne a permis de montrer 
approximativement dans quelle mesure les energies de solvatation des ions X3- et X- varient d'un solvant 
A l'autre. 

The electrochemical oxidation of halides and reduction of halogens have been studied in sulfolane, 
an aprotic solvent. Stable trihalide ions X3- are formed. The formation constants K of these X3- ions 
have been determined by potentiometry as lo7.* (X = I), (X = Br), and lo3.' (X = C1) in a 0.1 M 
LiC10, medium. The values of the constants K have also been obtained in methanol, a hydroxylic 
solvent, lo4.' (X = I), (X = Br), and in mixtures of both solvents (X = I). The variations of 
solvation energies of X3- and X- ions from one solvent to the other were estimated by means of a 
ferrocene electrode. 
Canadian Journal of Chemistry, 46, 1261 (1968) 

Dans un prCcCdent memoire (1) on a expos6 
les rCsultats d'une Ctude Clectrochimique prC- 
liminaire sur la tCtramCthylinesulfone (sulfolane), 
un solvant polaire aprotique. On examine 
maintenant lecomportement Clectrochimique de 
systimes oxydo rCducteurs des halogines, sys- 
times dCja CtudiCs dans d'autres solvants. Les 
constantes de stabilitC des ions trihalogknures 
X,- formis ont CtC dCterminCes et conduisent ?i 

l'ordre 1,- > Br,- > C1,-, contrairement aux 
conclusions d'Iwamoto et coll. (2) pour ce type 
de solvant. Dans un tout rCcent article, l'oxyda- 
tion dans le sulfolane de Br- en deux Ctapes et 
celle de C1- en une seule est mentionnke (3). 

RCsultats 

I. Comporteinent de l'iode 
( a )  Trace' des courbes intensite'-potentiel 
Les courbes intensitk-potentiel de solutions 

d'iode et d'iodure sont reprCsentCes Fig. 1 
(courbes 1 et 2 respectivement, corrigies pour le 
courant rtsiduel). Les 4 vagues dCsignCes res- 
pectivement par I, 11, 111, IV apparaissent vers 

'Tire d'une communication presentee i la Conference 
Internationale sur la Chimie des Solvants non-aqueux, 
tenue a Hamilton du 1 au 3 juin 1967. 

'En conge du Centre National de la Recherche Scien- 
tifique, Paris, France. PrCsente adresse: Service de 
Chimie Analytique associC au C.N.R.S., E.S.P.C.I., 10, 
rue Vauquelin, Paris, France. 

-0.3 h -0.8 V, +0.1 V, +0.8 V et + 1.5 V. Le 
courant de diffusion de la vague I est le double 
de celui de la vague 11. Les valeurs absolues des 
courants limites de diffusion des vagues I et I1 
sont proportionnelles, et avec le mSme coefficient, 
aux concentrations (Fig. 2). Des dkterminations 
coulomCtriques non rapportCes ici, sur les 
vagues I et I1 indiquent pour l'oxydation de I-  
et la rtduction de I,, des Cchanges de 0.66 + 0.06 
et 0.33 +_ 0.03 electrons Cquivalentslatome- 
gramme sur les vagues I et I1 respectivement. 
En mClangeant d'autre part des solutions d'iode 
et iodure, on obtient le spectre de 1,- avec ses 
maxima h 292 et 362 mp (4). 

Les vagues I et I1 correspondent donc res- 
pectivement aux reactions suivantes. 

[I 1 31- $1,- + 2e 

12 1 21,- $ 31' + 2e 

On a Ctabli les equations des vagues I et I1 (5) 
et comparC les valeurs thCoriques des pentes des 
droites donnant E en fonction de transformkes 
logarithmiques de i et i1 (5), aux valeurs exp6ri- 
mentales. Au lieu d'une pente thCorique de 29.3 
mV par unit6 de logarithme, on obtient pour les 
reactions 31, 4 21,- - 2e, 21,- -> 31, + 2e et 
31- -t I,- + 2e, 30, 32 et 34 mV respective- 
ment. Ces riactions Clectrochimiques seraient 
donc "rCversibles", toutefois les pentes augmen- 
tent lorsque les concentrations dCpassent lo-, M. 
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FIG. 1. Courbes intensit&-potentiel. (1) I2 8.5 x 
M; (2) I- 1.7 x M; (3) courant rCsiduel. 

Dans le cas de la rCduction de l'iode (vague I), 
le plateau de diffusion est B peine visible et suivi 
d'une baisse du courant, un tel phCnomkne 
indique gCnCralement des modifications de 1'Ctat 
de surface des Clectrodes. Popov et Geske (5) ont 
obtenu des rCsultats similaires dans I'acCtonitrile 
et suggkrent une interprktation. La non propor- 
tionnalitk des vagues I11 et IV avec la concentra- 
tion (Fig. 2) a CtC Cgalement rencontrCe par ces 
auteurs. 

( b )  Stabilite' de l'ioiz triiodure dans le sulfolnne 
PlutGt que de diterminer la constante de 

formation de I,- d'apres les diffkrences des 
potentiels de demi-vague des vagues I et I1 (2), 
on a utilist une mCthode potentiomCtrique (6). 

Soit C,, et C,- les concentration d'iode et 
iodure, en moles ou ions-gramme/litre, ajoutCes 
dans une solution, 

C,, = [I2] + [I3-I et C,- = [I-] + [I:]. 
Si en milieu LiCIO, 0.10 M, on psipare deux 
sCries de solutions d'iode iodure telles que 

et si I'ion I,- est suffisamment stable (sinon des 
corrections sont effectutes comme dans les cas 
CtudiCs plus loin de C1,-, et Br,- dans le 
mCthanol) les tquations de Nernst appliqutes 
aux rCactions [l] et [2] deviennent 

EI,lI,- = E 2 3  = E l 2 3  + 0.0293 log C2, 

o t ~  El,, et Elz3 sont les potentiels normaux 

CHEMISTRY. VOL. 46, 1968 

iL ~ A I  

ECHELLE xIO POUR LA VAGUE a 

RG. 2. Relations entre les courants-limites de 
diffusion et les concentrations. (I) vagues I &-/I-), 
(IT) vagues I1 (12/13-), UII) vagues 111, (IV) vagues IV 
(Cchelle des courants multiplik par 10). Concentrations 
C exprimCes en ion ou atome-grammellitre. 

apparents pour LiC10, 0.10 M. Les variations 
de E,, et EZ3 en fonction de log C permettent 
d'obtenir El,, et El2,  par extrapolation (Fig. 3) 
El,, = -0.570 V et El2, = +0.087 V. Les 
pentes des droites expkrimentales donnant E en 
fonction de log C correspondent bien aux pentes 
thioriques. La constante de formation K de I,-, 

est ensuite calculte d'aprks 

( c )  Stabilitk de I'ion triiodure dans le 171Pthanol 
et les me'langes sulfolane me'thanol 

Les potentiels normaux apparents des sys- 
tkmes 1,-/I- et 12/13-, E2,, et EZ2,, ont CtC 
dCterminCs pour des mtlanges sulfolane mttha- 
no1 par rapport a une Clectrode au ferrockne 
dans les m h e s  mklanges. On donne Fig. 4 les 
valeurs de E2,, et EZ2, en fonction de la com- 
position du solvant ainsi que celles des constantes 
K. Les valeurs obtenues dans le nlCthanol sont 
EZ3, = -0.131 V et E~ , ,  = +0.241 V, de telle 
sorte qu'entre le sulfolane et le mtthanol on 
calcule, avec 1'Clectrode au ferrockne comme 
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BENOIT ET AL.: REACTIONS DANS LE SULFOLANE. I1 1263 

A E ( V )  deuxieme. On obtient AE,, = -0.200 V et 
AEZ3 = 0.095 V c7est-8-dire des difftrences de 
seulement 20 A 10 mV avec les valeurs AE2,, et 
AEZ2,. 

II. Conlporternent des autres halog Pnes 
(I) Brome 
Les solutions de brome dans le sulfolane sont 

0.02- peu stables. Les courbes du brome et du bromure 
IO:C (MI ont la m&me allure que celles de l'iode et de 

- 0.38- 
l'iodure (Fig. 5). La hauteur des vagues I et I1 
est aussi proportionnelle A la concentration. La 
transformte logarithmique de ces deux vagues 
indique que les rtactions sont vraisemblablement 
rapides en oxydation et lentes en rtduction. On 
a dttermint la constante de formation de Br3- 
par la mtthode potentiomttrique (8 x lo-, 
< C, et C2 < 2 x lo-' M), El3 ,  = -0.150 V, 
E lz3  = 0.450 V et log KB,,- = 6.8. Les valeurs 
obtenues dans le mtthanol en utilisant une 
tlectrode au ferrocene sont EZ3,  = 0.39 V, E2,, 

FIG. 3. Variations des potentiels normaux apparents = 0.60 V et log KB,,- = 2.3. 
des systbmes I,-/I- (ES1) et 12/13- (EZ3) en fonction des 
concentrations C (rdf. Ag+ l o m 2  M/Ag, LiC104 0.10 M). 

rtftrence commune, AE2,, = -0.179 V et 
AE2,, = 0.106 V. On a aussi dttermin6 ces AE 
en eliminant 17Clectrode au ferrocene. On a 
mesurt la difftrence de potentiel entre deux 
solutions, l'une dans le sulfolane l'autre dans le 
mtthanol, de m&mes concentrations en iode et 
iodure, C, dans le premier cas et C, dans le 

O M  - 

- 7.0 FIG. 5. Courbes intensiti-potentiel. (1) Br2 8.5 
x 10-4 M; (2) BT- 1.7 x lo-,  M. 

0.10 - - 6.0 

0 - (2) Chlore 
On a seulement tract la courbe d'oxydation de 

-0.10 - C1-. La vague ne peut s'obtenir que par dtduc- 
tion d'un courant rtsiduel important. On a 

- , 
obtenu une valeur approximative de la constante 
de formation de C1,- par potentiomttrie, El,, 
= 0.21 V (C, = 1.23 x lo-, M), El2, = 0.48 

0 0.25 030  0.7 5 1.00 V (C2 = 2.46 x M) et log Kc,,- N 3.1. 
Froctlon5 molalres CH30H 

f 3 ) Fluor 
s ,  

FIG, 4. Variation des potentiels normaux apparents La courbe d'oxydation d'une solution saturte 
des systbmes 13-/I- (E231), 12113- (E223) (rdf. electrode de LiF se confond avec la courbe du courant au ferrockne) et de la constante de formation K de 1,- 
dans les mdlanges sulfolane mdthanol. rtsiduel. 
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TABLEAU I 
Constantes d'equilibre 

Constante 
diklectrique Solvant S I2 4- I-  * I3-(s) I2 + S 12.S<Cc~4)(12) 

Discussion 

Les rtsultats indiquent la grande stabilitk 
des ions 1,- et Br,- dans le sulfolane. On com- 
pare dans le Tableau I les valeurs de la constante 
de formation de I,- dans le sulfolane, 4 autres 
solvants polaires aprotiques, le mCthanol et 
l'eau. On indique aussi dans ce tableau les 
valeurs des constantes d'tquilibre des rtactions 
donneur-accepteur entre ces solvants et l'iode 
dans CC1, (12). Ces dernieres constantes sont 
peu Clevtes mais suggerent, que dans ces 
solvants aprotiques de constantes ditlectriques 
voisines, les faibles difftrences de stabilitt de I,- 
proviennent en partie des interactions iode- 
solvants et que les difftrences des tnergies de 
solvatation de I- et 1,- sont voisines. Par contre, 
la stabilitC beaucoup plus faible de 1,- dans le 
mCthanol, un solvant hydroxylique de constante 
ditlectrique aussi voisine, rtsulte de solvatations 
relatives tres difftrentes des ions I- et I,-. 
Parker (9, 13) attribue ces diffkrences d'Cnergies 
de solvatation des anions par les deux groupes de 
solvants aux liaisons hydrogenes. Les mesures 
des potentiels des systemes 1,-/I- et 12/13- par 
rapport B YClectrode au ferrocene permettent 
d'tvaluer dans quelle mesure le changement de 
solvatation, du sulfolane au mtthanol, affecte 
1,- et I-. Strehlow (14) a en effet suggtrC que 
le potentiel d'oxydo-rtduction du syst6me ion 
ferricinium/ferrocene pouvait etre considire 
comme indtpendant du solvant. Ce point de vue 
est confirm6 par les faibles valeurs de AE 
mesurtes entre des tlectrodes au ferrocgne, dans 
le sulfolane et le mtthanol: 14 + 3 mV lorsque 
le pont de LiC10, 0.10 M est une solution dans 
le mtthanol ou le sulfolane. Ces rtsultats 
suggerent que les potentiels de jonction sulfolane- 
mtthanol sont faibles, et que les solvatations 
relatives de l'ion ferricinium et du ferrocgne 

varient peu du premier solvant au second. Les 
valeurs voisines des difftrences de potentiel, des 
systemes 1,-/I- et 12/13-, BE,, et AEZ3, 
dttermintes directement ou par rapport B 
1'Clectrode au ferrocene, renforcent ces conclu- 
sions. Si le solvant hydroxylique est l'eau au lieu 
du methanol, il se peut que I'tlectrode au ferro- 
cene ne soit pas utilisable comme systeme de 
rtftrence, comme en ttmoignent les conclusions 
divergentes obtenues avec le couple acttonitrile 
eau (15, 16). C'est pour cette raison que l'on a 
choisi ici le mCthanol plut8t que l'eau comme 
solvant hydroxylique. 

Les valeurs de E2,, et E231 (Fig. 4) dans le 
sulfolane et le mtthanol, respectivement 0.347 V, 
-0.310 V et 0.241 V, -0.131 V, indiquent que 
la plus grande stabilitk de 1,- dans le sulfolane 
est due B la fois B une Cnergie de solvatation plus 
forte pour I,- et plus faible pour I-. Un calcul 
approximatif montre que, si l'on neglige les 
variations des interactions entre l'iode, et le 
sulfolane et le mtthanol (Tableau I), les contri- 
butions des difftrences d'tnergies de solvatation 
des deux ions a la plus grande stabilitt de 1,- 
dans le sulfolane sont de 1.9 kcal pour I -  et 2.4 
kcal pour I,-. Ceci alors que Parker (9) dans le 
cas du dimtthylformamide et du mtthanol 
attribue la variation de stabilitt de I,- aux 
difftrentes Cnergies de solvatation du seul ion 
I-, d'ailleurs en conformitC avec sa valeur AEZ3 - 0 mV. Le dimCthylformamide et le sulfolane 
paraissent ainsi solvater difftremment le systeme 
12/13- puisque Yon a obtenu AEZ3 = 95 mV, 
ceci si l'on ntglige les potentiels de jonction (9) 
dans les deux cas. 

Les variations des potentiels EZz3 et EZ31 en 
fonction de la fraction molaire de methanol 
(Fig. 4) montrent que de 0 B 0.70 l'tnergie de 
solvatation de 1,- varie peu alors que celle de 
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I -  augmente, et que de 0.70 ?i 1.00, les Cnergies 
de solvatation de 1,- et I -  diminuent toutes 
deux mais cette derni6re moins. Les variations de 
EZz3, EZ3, et E',, - E231 sont cependant telles, 
que l'addition de mCthanol au sulfolane pro- 
voque une diminution continue de la constante 
de I,- (Fig. 4). Ce rtsultat d86re de ce qui est 
observe avec une autre paire de solvants apro- 
tique et hydroxylique, le dimCthylsulfoxyde 
et l'eau, oa la constante K reste Cgale B 
jusqu'a une fraction molaire de 0.40 d'eau (7). 
Cette diffkrence parait dfie aux interactions, 
fortes entre le dimlthylsulfoxyde et l'eau, et 
faibles entre le sulfolane et le methanol. 

La constante K de Br3- dans le sulfolane, 
lo6.' est voisine de celle rCcemment dCterminCe 
dans le nitromethane lo7.' (8) et le dimethyl- 
formamide lo6., (9). La stabilitC de Br,- dans le 
mCthanol est beaucoup plus faible, et les 
valeurs de E2,, et EZ3, comparCes a E',, et 
E',, refl6tent les differentes Cnergies de solvata- 
tion des ions Br- et Br,- dans les deux solvants. 
La faible stabilitt de C1,-, lo3.', est inattendue 
(2) mais a aussi CtC Ctablie dans le nitromethane 
(8). 

L'ordre de stabilitC des ions X3- est ainsi 
1,- > Br,- >> C1,-, c'est-&dire l'inverse de 
celui frCquemment citC (17) et donnC par 
Iwamoto et coll. (2) pour le nitromkthane, 
1'acCtone et l'acktonitrile, trois autres solvants 
polaires aprotiques. Les conclusions de ces 
auteurs sont basCes sur l'examen des courbes 
voltamp6romCtriques des haloginures et l'utilisa- 
tion des E,,,. L'unique vague de Cl- obtenue 
dans le nitromithane et 1'acCtone a CtC attribuie 
a l'oxydation de C1- en Cl,- par comparaison 
avec les valeurs de El ,, donnCes par Kolthoff et 
coll. (18) pour les "deux vagues" de C1- dans 
l'acktonitrile. L'absence d'ions Cl,- stables dans 
le nitromCthane a CtC rCcemment Ctablie et les 
calculs des constantes K B partir des El ,, ont it6 
critiquis (8). De plus la prCsence des deux vagues 
d'oxydation de C1- dans l'acktonitrile n'a pas 
CtC confirmCe (8). Les arguments avancCs pour 
dCmontrer la grande stabilitC de C13- ne sont 
ainsi pas valables. Par ailleures, l'ordre I,- 
> Br,- observC dans le sulfolane l'est aussi dans 
le nitromCthane (8), le dimCthylformamide (9). 
L'ordre de stabilitC I,- > Br3- > Cl,- est donc 
le mCme dans les solvants polaires aprotiques et 
l'eau. Si les d8Crences des Cnergies de solvata- 
tion entre les ions X-  et X3- dans les solvants 

polaires aprotiques et l'eau sont considerables, 
elles diminuent dans l'ordre I > Br >> C1. Ceci 
est confirm6 par des dCterminations potentio- 
mCtriques en cours dans ce laboratoire, qui 
indiquent que dans la sCrie I,X-, l'ordre de 
stabilite est aussi 1,I- > 1,Br- > 1,Cl-. 

Le principe des acides et bases "durs et mous" 
(19) est ainsi bien applicable (2, 17), l'acide 
"mou" I, formant le complexe le plus stable 
avec I-, la base la plus "molle". 

La solvatation probablement tr6s faible de F- 
dans le sulfolaile permettait de penser que l'on 
aurait pu mettre en Cvidence l'oxydation Clectro- 
chimique de F- en F, i un potentiel voisin de 
celui correspondant a l'oxydation de C1- en 
Cl,. Les rCsultats ne permettent pas de conclure 
vu la faible solubilitC de LiF et l'oxydation 
Clectrochimique de 17Clectrolyte support ou du 
solvant B ces potentiels (courants rksiduels 
importants). 

Les effets de solvatation notes pour 1'Cquilibre 
X, + X- + X3- sont aussi observCs pour des 
tquilibres formellement analogues tels SO, 
+ X- =$ S0,X-, AgXJ + X- =$ AgX,- et 
GeC1, + C1- GeC1,-, qui sont fortement 
dtplacCs vers la droite dans les solvants apro- 
tiques (17, 20, 21). 

Partie exphimentale 
Rkactifs 

L'iodure de tetrabutylammonium et le brornure de 
tBtratthylammonium sont des produits Eastman. Les 
perchlorates de lithium anhydre et d'argent proviennent 
de G. F. Smith et le ferrocbne (fer dicyclopentadi6nyl) de 
Aldrich. Le picrate de ferricinium est prepare suivant le 
mode operatoire donne par Kolthoff et Thomas (15). Des 
solutions de perchlorate de ferricinium dans le sulfolane 
sont aussi obtenues par oxydation in situ du ferrocbne 
par le perchlorate d'argent. 

La purification du sulfolane est dCcrite par ailleurs (1). 
La teneur en eau du sulfolane utilise est d'environ 0.1 %. 

Techniques klectrochinziques 
Les courbes intensitbpotentiel sont tracees k l'aided'un 

polarographe Tacussel k trois electrodes. L'electrode 
indicatrice de platine est une electrode rotative a disque, 
le diambtre du fil de platine est I rnrn. L'klectrode de 
reference est constitute par un fd d'argent plongeant dans 
une solution de AgC104 10-2 M- LiC104 0.10 M dans 
le sulfolane, la reversibilite de cette electrode a BtB 
montrCe (1). Cette electrode est skpar6e de la solution par 
un premier frittd "medium", un compartiment contenant 
une solution de LiC104 0.10 M, et un deuxikme fritte. 
L'electrode auxiliaire est un fil de platine plongeant dans 
une solution de LiC104 0.10 M dans le sulfolane, 
I'inttrieur d'un cornpartiment skpar8 et analogue 5 celui 
de 1'6lectrode de rtfkrence. La courbe du courant residue1 
est domQ Fig. 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1266 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Diterrnir~ations potelrtiomitriques 
La determination potentiorn6trique des constantes de 

stabilite des ions trihalogenures X3- en milieu LiC104 
0.10 M est faite en utilisant le pH-metre potentiornetre 
Radiometer 26. Dans le sulfolane, on rnesure les differ- 
ences de potentiel entre l'electrode de reference a l'argent 
decrite plus haut et une electrode de platine plongeant 
dans une solution contenant des melanges halogtne 
halogenure a des concentrations variables. L'etude de 
l'influence de l'addition de methanol sur la stabilit6 de 
13- est effectuee en remplacant l'electrode de reference a 
l'argent par une electrode au ferrocene, c'est-a-dire un fil 
de platine plongeant dans une solution de ferrocene 
picrate de ferriciniurn aux concentrations 5 x 10-3 M; 
la composition du solvant dans cette derni-cellule est 
ajustee de la rn6rne facon que dans la derni-cellule de 
rnesure. Deux series de rnesures sont faites, soit en 
ajoutant du methanol aux solutions dans le sulfolane, 
soit l'inverse. La jonction entre les deux derni-cellules est 
assuree par un pont de LiC104 0.10 M dans le sulfolane 
ou le methanol. Pour la determination de la stabilit6 de 
Br3- dans le methanol, on rnesure la difference de 
potentiel entre l'electrode au ferrocene et une electrode de 
platine plongeant dans une solution de brornure a 
laquelle on ajoute une solution de Br2. Afin de r6duii-e la 
reaction de l'halogtne sur le solvant, on utilise dans le 
cas du brorne et du chlore des solutions environ 0.1 M 
dans CC14, la faible quantiti de CC14 ainsi introduite dans 
les solutions, est sans influence sur la stabilite de X3- (6). 

Le potentiel de l'electrode au ferrocine dans le sulfo- 
lane est de -0.260 V par rapport a l'electrode de reference 
a l'argent. Toutes les rnesures sont faites a 22 f 2 "C. La 
precision des valeurs des potentiels norrnaux apparents 
est estirnee a 10 mV. 

Remerciements 

Nous  remercions le Conseil National  de 
Recherches pour une  subvention. Nous  sommes 
reconnaissants B Madame  Badoz-Lambling pour  
l ' inttret qu'elle a port6 ce travail. Nous  
remercions V. Plichon de sa collaboration 

initiale, e t  J. C. Marchon d e  nous  avoir com- 
mun iqu t  ses rCsultats sur  le nitromethane avant  
leur  publication. Le sulfolane a CtC gracieuse- 
men t  fourn i  par  l a  Compagnie Shell. 

1. R. L. BENOIT, P. P~CHET et J. DESBARRES. Electro- 
chirn. Acta. Sous presse. 

2. I. V. NELSON et R. T. IWAMOTO. J. Electroanal. 
Chern. 7. 218 (1964). 

3. J. B. HEADRIDGE, D. PLETCHER et M. CALLINGHAM. 
J. Chem. Soc. A, 684 (1967). 

4. A. I. P o ~ o v  et R. F. SWENSEN. J. Am. Chern. Soc. 
77, 3724 (1955). 

5. A. I. P o ~ o v  et D. H. GESKE. J. Am. Chem. Soc. 80. 
1340 (1958). 

6. J. DESBARRES. Bull. Soc. Chirn. France, 502 (1961). 
7. F. W. HILLER et J. H. KRUEGER. Inorg. Chern. 6, 

528 (1967). 
8. J. C. MARCHON et J. BADOZ-LAMBLING. Bull. Soc. 

Chirn. France, 4660 (1967). 
9. A. J. PARKER. J. Chern. Soc. A, 220 (1966). 

10. C. SINICKI. Bull. Soc. Chirn. France, 194 (1966). 
11. L. I. KATZ~N et E. GEBERT. J. Am. Chern. Soc. 77, 

5814 (1955). 
12. R. S. DRAGO et K. F. PURCELL. Datzs Non-aqueous 

solvent systems. Edit& par T. C. Waddington. 
Academic Press, Inc., New York. 1965. 

13. A. J. PARKER. Quart. Rev. London, 16, 163 (1962). 
14. H. STREHLOW. Dulls The chemistry of non-aqueous 

solvents. EditB par J. J.  Lagowski. Academic Press, 
Inc., New York. 1966. 

15. I. M. KOLTHOFF et F. G. THOMAS. J. Phys. Chern. 
69, 3049 (1965). 

16. J. F. COETZEE et J. J. CAMPION. J. Am. Chern. Soc. 
89, 253 (1967). 

17. R. ALEXANDER. E. C. F. KO. Y. C. MAC et A. J. 
PARKER. J. A&. Chern. Soc. 89, 3703 (1967). 

18. I. M. KOLTHOFF et J. F. COETZEE. J. Am. Chern. 
SOC. 79, 1852 (1957). 

19. R. G. PEARSON. J. Am. Chern. Soc. 85, 3533 (1963). 
20. E. J. WOODHOUSE et T. H. NORRE. International 

Conference on Non-aqueous Solvent Chemistry. 
McMaster University, Hamilton, Ont. 1967. 

21. M. GAUTHIER. These de M.Sc., Universite de 
Montreal, MontrQ1, Quk. 1967. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Radiolysis of cyclohexane in a xenon matrix at 77 OK1 

J. A.  STONE^ 
Research Clzemistry Branclz, Atomic Energy of Carzada Ltd., Chalk River, Ontario 

Received September 19, 1967 

Low concentrations (less than 7 mole %) of cyclohexane and cyclohexane-dl have been irradiated in 
xenon matrices at 77 OK. The products are qualitatively the same as those obtained by the radiolysis of 
the pure hydrocarbon but the yields differ. In particular G(Hz) = 6.7 for 6.2 mole % cyclohexane is much 
higher than that for solid cyclohexane at the same temperature (4.65). (All G values are calculated on 
energy absorbed in the whole sample.) The G values for products are reduced to limiting values, which 
are - 50-75 % of the initial ones, by low concentrations of SF,. Carbon tetrachloride reduces the yields 
to a greater extent than does SF,. Both ionic and nonionic product formation probably occur. Ion 
chamber dosimetry has been used to determine the energy absorption by xenon which is anomalous due 
to the presence of low energy, scattered gammas in the cobalt-60 source. 

Canadian Journal of Chen~istry, 46, 1267 (1968) 

Introduction 

Radiolytic yields from a given quantity of a 
saturated hydrocarbon in a constant gamma ray 
field are enhanced by the addition of noble gases. 
This phenomenon has been studied extensively 
in the gas phase since the initial experiments of 
Lind and Bardwell (I). Studies in the condensed 
phase have been more limited (2-4). The en- 
hanced yields have been attributed mainly to  
charge transfer from the noble gas t o  the hydro- 
carbon in the solid and liquid phases and to 
charge transfer accompanied by energy transfer 
in the gas phase. In a previous paper (3), the 
author showed that the radiolysis of cyclohexane 
in krypton matrices at 77 OK gives products in 
yields much greater than those expected from the 
mole fraction of hydrocarbon. Even with a 
krypton/hydrocarbon molecular ratio of 100/1, 
G(H,) = 1.9 (this value being calculated accord- 
ing t o  the energy absorbed in the whole sample). 
The other major product is cyclohexene. The 
  re dominance of unimolecular decom~osition 
was confirmed by the isotopic composition of the 
hydrogen evolved from mixtures of cyclohexane 
and cyclohexane-dl , irradiated in krypton 
matrices. The results-were intemreted in terms of 
exothermic charge transfer from krypton to 
cyclohexane. 

In gas phase radiolysis the substitution of one 
noble gas for another changes the product yields 
(5 ,6 ) .  This is interpreted as being due to  a change 
in the differences between the energy levels of 

'Issued as A.E.C.L. No. 3048. 
ZPresent address: Department of Chemistry, Queen's 

University, Kingston, Ontario. 

hydrocarbon and noble gas. Similar changes in 
product yields would be expected from the ra- 
diolysis of cyclohexane in a xenon matrix as 
compared with a krypton matrix. This is indeed 
the case, the overall radiolytic decomposition of 
cyclohexane being far greater in xenon than in 
krypton. 

An advantage that xenon possesses over kryp- 
ton as a matrix material is its lower vapor pres- 
sure at 77 OK mm Hg compared with 3 
mm Hg), which implies that the matrix will be 
relatively more stable. The G(H,) values ob- 
tained with xenon-hydrocarbon mixtures show 
much less scatter than those for the correspond- 
ing krypton mixtures. This can be attributed in 
part to  the lower tendency of the hydrocarbon 
to segregate and in part to  the ease of analysis 
for hydrogen in the xenon system. 

Experimental 
Mn t erials 

Xenon (Matheson Research Grade) was distilled 
several times from trap to trap. No impurities (< 10 
p.p.m.) were detectable by mass spectrometric analysis. 
Cyclohexane-dI2 (Merck of Canada Ltd.) and cyclo- 
hexane (Fisher Spectranalyzed) were shaken with con- 
centrated sulfuric acid and fractionally distilled. The 
purified materials when analyzed by gas-liquid chroma- 
tography with flame ionization detection showed no peaks 
due to cyclohexene, benzene, 1-hexene, or rz-hexane, i.e. 
impurity concentrations were less than 5 x M. 
Sulfur hexafluoride (Matheson 98% minimum purity) 
and carbon tetrachloride (Fisher Reagent Grade) were 
used as received. 

Sample Preparation 
Samples for irradiation were prepared by deposition 

from the gas phase. The components were well mixed in 
thegas phase and were then passed slowly into the irradia- 
tion vessel which was immersed in liquid nitrogen. The 
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TABLE I 
Energy absorption for different materials relative to that of carbon 

Saturation ion 
Wall material Z current (A x los) esc/esZ PZ/PC 

Graphite 6 0.96 1 .OOO 1 .OO 
Aluminium 13 1.05 0.922 1.01 
Copper 29 1.37 0.840 1.20 
Silver 47 1.75 0.769 1.40 
Tantalum 73 2.52 0.719 1.89 

method has been described in detail (3). An improvement 
in the technique was made by the replacement of the 
manually adjusted variable needle valve by a motor- 
driven one which was controlled by a servo-mechanism 
employing a capacitance manometer. A flow rate of 3 ml/ 
min of vapor at s.t.p. was accurately maintained during 
sample deposition. 

Each sample contained 1.28 x lo-' inole of xenon. 
The composition of individual samples was determined 
by the amount of hydrocarbon used. In most of the 
experiments, except those concerned with the effect of 
hydrocarbon concentration on product yields, the liquid 
volume of either c-C6H1 or C-C6D1 , used in making up 
the samples was 0.1 ml (6.2 mole % in each sample). All 
irradiations were at liquid nitrogen temperatures (77 OK). 

tion. The results of the ion chamber measurements are 
presented in Table I. 

By interpolation the ratio of the energy absorption 
coefficient of xenon ( Z  = 54) to that of carbon is 1.52. 
The low energy gamma rays will be stopped more effect- 
ively by a given thickness of material than will the high 
energy ones. Ritz and Attix showed that this difficulty 
could be overcome by using collecting electrodes of 
different thicknesses but of the same material and ob- 
taining saturation ion currents extrapolated to zero 
electrode thickness. This would be a second order correc- 
tion in the present work and so was not attempted. How- 
ever, the effects of attenuation were minimized by using 
collecting electrodes of the same thickness, i.e. 0.85 g/cm2. 

From the results of ferrous sulfate dosimetry (G(Fe3+) . .  , 

- .  = 15.6) the energy absorption per electron for carbon 
Uoslnletry 

The radiation source was a Gammacell 220 (Atomic 
Energy of Canada Limited, Commercial Products). The 
gamma spectrum in such a heavily shielded source con- 
tains contributions not only from the cobalt-60 primary 
gamma rays but also from lower energy scattered Comp- 
yon gammas. Ferrous sulfate d0sim2;~ can be used io 
determine the energy absorption in materials containing 
low Z atoms but is clearly inadequate for high Z atoms 
such as xenon. Ritz and Attix (7) have shown that the 
relative amounts of energy absorbed by materials of 
different Z values may be determined from saturation ion 
currents in ion chambers whose walls are constructed with 
these various materials. Their method has been used in 
the present work to determine the energy absorption in 
xenon relative to that in graphite. 

The geometry of the ion chambers was as described by 
Ritzand Attix. Ion chambers were constructed of graphite, 
aluminium, copper, silver, and tantalum with an air 
volume in each of 1.158 ml. The saturation ion current 
was measured in each chamber. 

If Jz is the saturation ion current in a chamber with wall 
material of atomic number Z and J, is that in a similar 
chamber with graphite walls then 

JZ - PZ eSc -- - X  - 
J, 1 - 1 ~  eSZ' 

where pZ/p, is the ratio of the absorption coefficients per 
electron for material of atomic number Z and carbon in 
the gamma field and esc/esZ is the ratio of electron stop- 
ping powers. The ratios esc/esZ were obtained from the 
tabulated values of Attix, DeLa Vergne, and Ritz (8) and 
are relatively insensitive to varying incident photon 
energy whereas pz/p, shows a more pronounced varia- 

was calculated to be 3.4 x eV/inin. This number 
was used directly to calculate the energy absorption by 
the hydrocarbon part of a sample. For xenon the weight- 
ing factor of 1.52 per electron as determined above 
was employed. 

Product Analysis 
After irradiation the samples were brought to room 

temperature and then frozen again at 77 OK. Nonconden- 
sable gases were pumped off through solid nitrogen traps, 
measured volunletrically, and analyzed mass spectro- 
metrically. The gases determined in this way were Hz, D,, 
HD, CH4, and CD4, the methanes always being less than 
0.5 % of the total gas collected. The xenon was allowed to 
evaporate at 195 "K and the remaining hydrocarbon 
mixture was diluted with 0.5 ml of c-C6Hlz. Liquid 
products were determined by gas-liquid chromatography, 
cyclohexene and bicyclohexyl as described previously (9), 
and n-hexane, n-hexane-dl 4, 1-hexene, and 1-hexene-[I, , 
on a 114 in. x 12 ft, 10% squalane column at 50 OC. The 
latter four products were identified by mass spectral anal- 
sis of chromatographic fractions. Deuterated products 
always had a greater retention time than the corresponding 
protiated products. This difference was most pronounced 
for products separated on the columns operated at the 
lower temperatures. Concentrations of products were 
determined by peak area on the assumption that deutera- 
tion had no effect on the response of the flame ionization 
detector. All standards used for calibration purposes were 
protiated ones. The chlorinated products were also deter- 
mined by gas-liquid chromatography; cyclohexyl chloride 
and hexachloroethane on a 114 in. x 8 ft, 15% Xe-60 
column at 120 "C; and chloroform on a 114 in. x 8 ft, 
10 % carbowax 1000 column at 65 "C. 
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STONE: RADIOLYSIS OF CYCLOHEXANE IN A XENON MATRIX AT 77 OK 1269 

Results and Discussion 

The radiolysis of both c-C6H12 and c-C6D12 
in xenon matrices at 77 "K was studied. More 
experiments were performed with the c-C6Dl ,I 
Xe system since with this system a good check on 
experimental technique was available. The iso- 
topic composition of the radiolytic hydrogen was 
the same as that obtained in the radiolysis of 
c-C6D12 alone, i.e. 95% D,, 5 %  HD, and a 
trace of Hz.  If, however, hydrogenated impuri- 
ties were present, and water was in this category, 
more HD and H z  were observed. The mixing 
flask and irradiation cell were therefore always 
flamed out under vacuum before use. The rest of 
the sample preparation apparatus was kept under 
vacuum at all times. 

All G values quoted in this paper are calculated 
according to the total energy absorbed in the 
sample, although of course the final products 
result from the hydrocarbon alone. In all experi- 
ments low concentrations (< 7 mole %) of 
c-C6H12, c-C6D12, or mixtures of the two were 
used. Since the usual analytical technique was 
used for the quantitative determination of hydro- 
gen, the same absolute amount of hydrogen was 
required as from a liquid phase radiolysis. This 
of course means that the % decomposition of the 
hydrocarbon is high. For example, for 6.2 mole 
% c-C,D12 in xenon, after a total dose of 5.9 
x 10" eV/g, 1.3% of the hydrocarbon has dis- 
appeared (on the rough assumption that G(-c- 
C6D12) = 2G(D2)). For the same dose but the 
lower c-C6D12 concentration of 0.3 mole %, 
about 18% of the hydrocarbon has been con- 
verted to  products. In many of the experiments 
the % decomposition was high. This was un- 
avoidable with the present analytical techniques. 
With increasing dose the G values of the major 
products decreased. The effect of total dose on 
product yields was determined for samples con- 
taining 6.2 mole % of either c-C6H12 or c- 
C6Dl  ,. A rather long extrapolation is required 
to obtain initial yields so that the values quoted 
are subject to considerable error. Much longer 
extrapolations, with the accompanying increases 
in the uncertainties of the initial yields, are 
required at lower hydrocarbon concentrations. 
The total dose studies were therefore confined to 
the samples containing high hydrocarbon con- 
centrations. 

The radiolytic products are the same as those 

obtained from the hydrocarbon alone, viz. 
hydrogen, cyclohexene, bicyclohexyl, and 1- 
hexene. 

Hydrogen 
In this discussion the hydrogen yield from 

c-C6D,, in xenon will be denoted as G(D,) it 
being understood that this includes a 5 % contri- 
bution from HD. 

DOSE I I O ~ ~ ~ V / ~  1 

FIG. 1. Hydrogen yields as functions of dose: (A)  6.2 
mole % c-C6HI2, (0) 6.2 mole % C - C S D ~ ~ .  

Figure 1 shows the variations with dose of 
G(H,) and G(D,) from 6.2 mole % of c-C6H12 
and c-C6D12 respectively in xenon over the 
range 1-10 x 10'' eV/g. The yields extrapolated 
to  zero dose are G(H,) = 6.7 and G(D,) = 5.0. 
These numbers may be compared with the 
corresponding ones for the radiolysis of the 
liquid hydrocarbons at 22 OC, G(H,) = 5.55 
(10) and G(D,) = 4.1 5 (1 1). A better comparison 
would be with the yields from the pure hydro- 
carbons in the solid phase at 77 OK when G(H,) 
is 4.65 (3), but G(D,) is not known. Hydrogen is 
produced with greater efficiency for a given 
energy absorption when the cyclohexane is dis- 
persed in a xenon matrix than when the pure 
hydrocarbon is irradiated to the same dose. 
Although initially most of the energy is absorbed 
by the xenon, transfer of "reactivity" to the 
hydrocarbon occurs with high efficiency. 

G(H,) and G(D2) decrease with increasing 
dose but this decrease is much more pronounced 
than that observed in the liquid phase radiol- 
ysis of cyclohexane (compare Fig. 1 with Fig. 1 
of ref. 10). G(D ,) is always lower than G(H,) for 
a given hydrocarbon concentration a t  the same 
dose. Figure 1 shows that the yields parallel each 
other with increasing dose. When mixtures of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I1 
The isotopic composition of hydrogen from 3.1 mole % C-C6HIZ and 3.1 

mole % C-C6D12 in xenon 

Dose 
(1019 eV/g) G(Hz) GWD) G(Dz) G(Hz + HD + Dz) 

TABLE I11 
The isotopic composition of the hydrogen evolved from 50150 

C-C6H Z-~-C6D1 mixtures under various conditions at 77 "K 

Sample % Hz % HD % Dz 

Xenon matrix 58.1 30.2 11.6 
Krypton matrix 66.0 17.0 17.0 
Hydrocarbons alone 54.5 32.3 13.2 

c-C,D , , and c-C,H , , are irradiated in a xenon 
matrix the isotope effect is still observable. Two 
samples each containing 3.1 mole % of c-C,H12 
and the same amount of c-C6D12 were irradiated 
t o  different total doses. The analysis of the 
evolved hydrogen gave the results in Table 11. 

G(H, + H D  + D,) is lower than expected 
when compared with the averaged values of G(H,) 
and G(D,) from 6.2 mole % c-C6H12 and c- 
C,D12 respectively in xenon. No immediate ex- 
planation can be given for this fact especially 
in view of the large contribution that c-C6H12 
inakes to  the overall hydrogen production. 
Table I11 compares the isotopic composition of 
the hydrogen obtained from mixtures of c- 
C,H12 and c-C,D12 in the solid phase (3), in a 
krypton matrix (3) and in a xenon matrix. In 
each case the total dose is -- 4 x 1019 eV/g. 

The isotopic composition of the hydrogen 
from the samples containing xenon is almost the 
same as that for the solid hydrocarbon mixture. 
In  a krypton matrix the % HD is considerably 
reduced, whereas the % H 2  and % D, are 
greater. This is indicative of a greater relative 
contribution of unimolecular decomposition t o  
overall product formation in krypton compared 
with xenon. The liquid product yields confirm 
this hypothesis. I t  must, however, be borne in 
mind that G(hydrogen) in a krypton matrix is 
about a factor of three less than in a xenon 
matrix. 

At a constant dose of 4.0 x 1019 eV/g G(H2) 
and G(D,) decrease with decreasing hydrocarbon 

L 
Oo 

I I I -1 
4 

MOLE % CYCLOHEXANE 

FIG. 2. Hvdroeen vields as functions of hvdrocarbon 
concentration-: (A> c - ~ ~ H ~ ~ ,  (0) c - c ~ D ~ ~ :  Dose = 4 
x loL9 eV/g. 

concentration (Fig. 2). However, as noted pre- 
viously, the % decomposition at the lower hydro- 
carbon concentration is far greater than at the 
higher concentrations where, at 4.0 x 10'' eV/g, 
the yields are -- 20% lower than the values ob- 
tained by extrapolation to  zero dose. Figure 2 
does not give a true picture. At very low doses all 
points on the two graphs would be raised, but 
those at the lower concentrations by a greater 
amount than those at the higher concentrations. 
The slopes would therefore be less pronounced. 
The curves in Fig. 2 certainly do  not extrapolate 
smoothly to  the origin. The efficiency of "reac- 
tivity" transfer from xenon to cyclohexane is not 
a sensitive function of cyclohexane concentra- 
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STONE: RADIOLYSIS O F  CYCLOHEXANE IN A XENON MATRIX AT 77 OK 

TABLE IV  
Primary product yields obtained by extrapolation to zero dose 

(6.2 mole % hydrocarbon) 

Hydrogen 6.7 5 .O 
Cyclohexene 3 .O 2.2 
Bicyclohexyl 2.3 1.3 
I-Hexene 0.5 0.7 
Cyclohexylcyclohexene 0.16 0.06 

tion over the range studied. A similar conclusion 
was drawn from the radiolysis of cyclohexane in 
a krypton matrix (3) where G(H2) showed little 
variation over the range 0.2-10 mole % hydro- 
carbon. 

Liquid Products 
Cyclohexene and bicyclohexyl are major 

liquid products and I-hexene and cyclohexyl- 
cyclohexene are minor ones. All were quantita- 
tively determined. Figures 3 and 4 show the 
variations of the cyclohexene and bicyclohexyl 
yields with dose for both 6.2 mole % c-C6Hl ,/Xe 
and 6.2 mole % c-C6DI2/Xe. The G values, 
extrapolated t o  zero dose, for all identified prim- 
ary products are shown in Table IV. 

I I 
0 5  I 0  

DOSE l lO'OeV/ql  

FIG. 3. Cyclohexene yields as functions of dose: (A) 
6.2 mole % c-C6H12, ( 0 )  6.2 mole % c-C6DI2. 

A hydrogen balance is not obtained; in each 
system, products with a hydrogen equivalent of - 1.4 units are missing. However, as empha- 
sized earlier, long extrapolations were required 
t o  obtain these yields so that the errors in the 
tabulated values may be large. There were three 
small, unidentified peaks near the bicyclohexyl 
peak in the gas-liquid chromatograms obtained 
with the XE-60 column. The retention times were 

DOSE I I O ' ~ ~ V / ~ I  

FIG. 4. Bicyclohexyl yields as functions of dose: (A) 
6.2 mole % c - C ~ H I  2, ( 0 )  6.2 mole % c - C ~ D I  z. 

all less than that for bicyclohexyl and the total 
peak area was - 25% that of the bicyclohexyl 
peak. The products responsible for these peaks 
were probably C1, or  C l l  hydrocarbons. They 
were primary products showing the same varia- 
tion in yield with dose as did bicyclohexyl. No 
products were detected (G < 0.02) in the C7-C, 
range. As in the radiolysis of liquid cyclohexane, 
C-C bond scission leading to fragments of 
carbon number less than six does not play a 
major role in product formation. Except for 1- 
hexene, which makes no contribution to  the 
hydrogen balance, the yields of deuterated liquid 
products are less than those of the corresponding 
protiated ones. This is consistent with the H z  and 
D,  yields. The primary yields of bicyclohexyl 
and cyclohexene from 6.2 mole % c-C6Hl,/Xe 
are comparable with those obtained by the 
radiolysis of cyclohexane in the liquid phase, as 
shown in Table V. 

The G values for the yields in the krypton 
matrix have been corrected to  allow for the 
absorption of low energy gamma rays. All G 
values given in ref. 3 should be decreased by 
20 %. 

I-Hexene has been reported by Ho and Free- 
man (12) as a primary product (G = 0.4) in the 
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TABLE V 
Yields of bicyclohexyl and cyclohexene under various conditions 

.. . 

Sample G(CsH I 01 G(CBHI 112 

6.2 Mole % C-C6H1z/Xe 
(77 OK) 

4.5 Mole % c-C6H1 JKr 
(77 OK) (3) 

Liquid C-C6H 1 2  

(295 OK) (10) , .  , 
Solid ~-c,H,, 

(77 OK) (3) 

radiolysis of highly purified liquid cyclohexane. 
This product is formed in both the c-C,Hl ,/Xe 
and c-C,Dl ,/Xe systems but unlike all the other 
primary products the deuterated species (G 
= 0.7) has a higher yield than the protiated one 
(G = 0.5). 

One other liquid product, n-hexane, was 
identified and quantitatively determined. It is a 
secondary product. In the system 6.2 mole % 
c-C,Hl ,/Xe the yield rises to a limiting value of 
0.08 G units at 5 x 10" eV/g. The limiting yield 
in the corresponding deuterated system is 0.21 G 
units. Since for both 1-hexene and n-hexane the 
yield of the deuterated species is greater than that 
of the protiated species it is tempting to  desig- 
nate 1-hexene as the precursor of n-hexane. The 
buildup of n-hexane concentration with in- 
creasing dose certainly follows the declining yield 
of 1-hexene but the correlation is not quantitative 
at the lowest doses. This will be discussed later. 

The variations of liquid product yields with 
hydrocarbon concentration were studied at a 
constant dose of 4.0 x 1019eV/g. The yields 
decreased in the same manner as did those of H, 
and D, shown in Fig. 2. 

The Effects of the Addition of Sulfur Hexafluoride 
and Carbon Tetrachloride 

The accuracy with which it was possible to  
measure small gaseous volumes of SF, and 
small liquid volumes of CCl, limited the 
amounts employed to the range 0.03-1.0 mole 
%. Since in these experiments the concentration 
of cyclohexane was held constant at 6.2 mole %, 
the molar concentration of SF, or CCl, was 
between 0.5 and 16 % that of cyclohexane. 

The results obtained upon addition of SF, to  
both the systems c-C,Hl ,/Xe and c-C,D ,/Xe 
are most striking. At even the lowest concentra- 
tion (0.04 mole %) the yields of all primary 

products are lowered by 25-50 %. Increasing the 
SF, concentration fails to cause any further 
significant decrease. These results, shown in 
Figs. 5-8, were all obtained at doses of 4.0 
x 10'' eV/g. Also marked on the figures are the 
yields in the absence of SF, taken from Table 111. 
For comparison purposes these are not the 
correct yields t o  use since the limiting yields, 
unlike those normally encountered in liquid 
phase radiolysis (12), are still dose dependent. 
G(H,) decreased by - 0.4 units for the system 
0.5 mole % SF6/6.2 mole % c-C,Hl ,/Xe when 
the dose was increased from 1.3 eV/g to 4.0 
x 10'' eV/g. In the absence of SF, the decrease 
is - 0.7 units. The yield of the secondary prod- 
uct n-hexane was also decreased by SF,. The 
limiting yield of n-hexane was 0.07 while that of 
n-hexane-dl , was 0.13. 

The effect of CCl, on the c-C,D12/Xe system 
is different from that of SF,. The yields of all 
products obtained from cyclohexane-dl, alone 
are drastically reduced and, except for that of 

L , 1 I I 
Oo 0.2 0.4 0.6 0.8 1.0 

MOLE % SOLUTE 

FIG. 5. The effects of SF, and CCI4 on hydrogen 
yields: (A) 6.2 mole % c-C6H12 + SF,, (0) 6.2 mole % 
C-C6D12 + SF.5, (0) 6.2 mole % C - C ~ D I Z  + CC14. 
Dose = 4 x 10'' eV/g. 
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STONE: RADIOLYSIS OF CYCLOHEXANE IN A XENON MATRIX AT 77 OK 

TABLE VI 
Chlorinated product yields in the system 6.2 mole % c-C6D12/CC14/Xe 

Mole % CC1, G(CDC1,) G(CzCl6) G(c-C6D11C1) G(c-CsD11CC13) 

cyclohexene, the yields approach zero at the 
higher CCl, concentration. These results are 
shown in Figs. 5-7 while in Table VI the yields of 
chlorinated products for the same experiments 
are given. At 0.07 mole % CCl, G(l-hexene-dl,) 
was 0.13 while G(n-hexane-dl,) was 0.1. At 
higher concentrations the yields of these products 
were immeasurably small. 

1 -  
OO 0.2 0.4 0.6 0.8 1.0 

MOLE % SOLUTE 

FIG. 6. The effects of SF, and CC14 on cyclohexene 
yields: (A) 6.2 mole % C-C6H12 + SF,, ( 0 )  6.2 mole % 
c - C ~ D ~ Z  $ SF6, ( 0 )  6.2 mole % c - C ~ D ,  2 + CCl4. 
Dose = 4 x loL9 eV/g. 

r - 1  
3r 

1 
0 2 0 4 0 6 0 8 10 

MOLE % SOLUTE 

FIG. 7. The effects of SF6 and CC1, on bicvclohexvl 
yields: (A) 6.2 mole % C - C , H ~ ~  +  SF^; ( 0 )  6.2 mole % 
c - C ~ D ~ Z  + SFs, ( 0 )  6.2 mole % C-C6D12 + CC14. 
Dose = 4 x 1019 eV/g. 

L__l.-l___l-h-& 0.2 0.4 0 6 0.8 

MOLE % SF6 

FIG. 8. The effect of SF, on n-hexene-1 yields: (A) 
6.2 mole % c-C6H12 + SF,, ( 0 )  6.2 mole % C-C6DI2 + SF,. Dose = 4 x 1019 eV/g. 

Mechanism of Product Formation 
The results obtained are not those that would 

be expected from a two-phase system, i.e. the 
cyclohexane was distributed throughout the 
xenon rather than being segregated. The struc- 
ture of the solid could not be ascertained and it 
may have been that the cyclohexane was present 
in small molecular clusters rather than single 
molecules. The results do not show much scatter, 
which implies that the sample preparation tech- 
nique was good. 

If all the energy absorbed in the xenon were 
transferred completely to the cyclohexane and if 
the hydrocarbon decomposed as it does in the 
pure liquid then the yields from 6.2 mole % 
c-C,H12/Xe would be the same as in the liquid. 
In fact some yields are higher and some are a 
little lower; G(H,) is increased by 1.2 units, 
G(bicyclohexy1) is increased by 0.3 units, and 
G(cyc1ohexene) is decreased by 0.3 units. The 
transfer of "reactivity" from xenon to hydro- 
carbon must be highly efficient. In a similar type 
of experiment Davis, Libby, and Kevan (4) 
reached the same conclusion. They found that 
the yields and proportions of the isomeric 
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hexenes and dodecanes obtained by the radiol- 
ysis of n-hexanelxenon solutions remained essen- 
tially constant over the concentration range 4.3 
to 100 mole % n-hexane. They did not measure 
hydrogen yields or study the effect of total dose. 

The results with xenon are very different from 
those obtained with krypton both in the absolute 
yields of products and in the relative yields. The 
product yields in xenon are much greater and 
the liquid product distribution is more like that 
in the radiolysis of the liquid hydrocarbon. The 
very high ratio G(cyclohexene)/G(bicyclohexyl) 
together with the low % of HD from mixtures of 
c-C,D,, and c-C,Hl, in krypton shows the 
predominant part played by unimolecular de- 
composition. 

Energy migration in a krypton matrix was 
ascribed to resonance charge transfer, the sub- 
sequent localization of energy at the hydro- 
carbon site being by exothermic charge transfer. 
Such processes are equally probable in the 
present work. Charge transfer from xenon to  
cyclohexane is exothermic by - 2.3 eV. It seems 
improbable, however, that a G(H,) value as high 
as 6.7 is explicable in terms of ionic processes 
alone since, on the assumption that the W value 
for xenon in the solid phase is comparable to  
that in the gas phase, G(Xef) is 4.5 (13). Pro- 
cesses other than ionic ones probably contribute 
to product formation as in the radiolysis of the 
pure hydrocarbons. 

The experiments with added SF, and CCI, 
were undertaken in an attempt to  distinguish 
mechanisms of product formation which depend 
upon ion neutralization by electrons. Both 
additives capture thermalized electrons with high 
efficiency (14, 15) but charge transfer between 
the ground state of Xef and CCl, (appearance 
potential of CCl,' = 11.65 eV (16)) is exo- 
thermic while charge transfer with SF, (appear- 
ance potential of SF,' = 15.85 eV (16)) is 
highly endothermic. At room temperature SF, 
is resistant to  free radical attack (17) but CCI, 
readily engages in radical chain reactions. 
Although the present experiments were performed 
at 77 OK, many of the cyclohexyl radicals 
formed will be immobilized as in the radiolysis 
of solid cyclohexane at 77 "K (18). They can be 
scavenged by CCl, when the temperature of the 
sample is raised. Such a process will not occur 
with SF,. The decreases in product yields upon 
the addition of SF, will therefore be ascribed 

entirely to electron capture. It must, however, be 
borne in mind that any products whose yields 
are decreased by SF, must be formed subsequent 
to  charge neutralization, i.e. any neutral products 
formed, for example by dissociative charge 
transfer, should be unaffected by the addition of 
SF,. 

With added SF, AG(H,) and AG(D,) are 
approximately 1.8 units. The corresponding 
reductions in G(cyc1ohexene) + G(bicyclohexy1) 
are 2.4 for c-C,H, ,/Xe and 2.0 for c-C,D, ,/Xe. 
The 1-hexene yields are also reduced and it is t o  
be noted that the difference in yields between 
1-hexene and 1-hexene-dl , is practically elimin- 
ated. 

Three conclusions may be drawn from these 
results: 

(I) No products are entirely eliminated by the 
addition of SF,, i.e. all products are formed in at 
least two ways. This is in accord with the mech- 
anism proposed by Dyne for the liquid phase 
radiolysis of cyclohexane in which the same 
products are formed by both ionic and non- 
ionic mechanisms (19). 

(2) The decrease in hydrogen yield is approxi- 
mately equal to the sum of the decreases in 
cyclohexene and bicyclohexyl yields. SF, is most 
probably reacting with a common precursor of 
all three products. This is presumed to be a 
thermalized electron. 

(3) G(scavengeab1e electrons), which will be 
equated to  AG(hydrogen) + AG(1-hexene), is 
-- 2.0. 

The mechanism by which SF, decreases prod- 
uct yields may be formulated 

[31 C-CGHI Z+ + e -> c-CGH 12* + products 

[ 5 ]  SF6- + c-CGHlz++ products other than those 
from [31. 

Reaction [I] is the resonance charge transfer 
process by which the positive charge migrates 
through the matrix. 

In support of such a mechanism a new prod- 
uct was observed in the SF,/c-C,Dl,/Xe 
system. From its chromatographic retention 
time this product was judged to be cyclohexyl 
fluoride. No definite identification was made. 
The chromatographic peak height increased only 
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STONE: RADIOLYSIS OF CYCLOHEX :ANE IN A XENON MATRIX AT 77 OK 1275 

slightly with increasing SF, concentration which 
would be consistent with C6H1 , F  production in 
reaction [5]. 

CCl, should also capture electrons and reduce 
product yields to the same limiting values as SF, 
does. This has been shown to occur in the gas 
phase radiolysis of propane when G(H2) reaches 
the same limiting value with both additives (20). 
However, in the c-C6D12/Xe system, CCl, 
reduces the yields of all products to  a greater 
extent than does an equal concentration of SF,. 
The mechanism by which CCl, reduces the 
hydrogen yield below the limiting value obtained 
with SF, raises the bigger problem as to how and 
when molecular hydrogen is formed in the 
matrix. Bouldin and Gordy (21) showed by 
electron spin resonance techniques that D atoms 
are present when low concentrations of CD, are 
irradiated in xenon at 4 OK. At 77 OK no H- 
atom signal can be detected when low concentra- 
tions of ethane are irradiated in xenon.3 It must 
therefore be concluded that the hydrogen is 
present in the molecular form at 77 OK. About 
2 % of the hydrogen can be pumped off the solid 
matrix, the rest is trapped but can be released by 
melting the sample. Table I11 shows that radiol- 
ysis of c-C,D12/c-C6H12 mixtures in a xenon 
matrix yields almost the same isotopic composi- 
tion of hydrogen as radiolysis of the hydro- 
carboils alone. The mechanism of hydrogen 
formation therefore probably involves both 
molecular elimination and one or more bimo- 
lecular processes. 

At 77 OK thermalized hydrogen atoms will not 
abstract C1 from CCl, and hot hydrogen atoms 
should show no preference for reacting with 
CCl, rather than with c-C6H12. The reduction 
of hydrogen yields by CCl, below the limiting 
yield obtained with SF, must therefore be due to 
competition between it and c-C6H12 for energy 
supplied by the matrix. This might take the form 
of a charge transfer process since Kevan (6) has 
show11 that in the gas phase there is a dependence 
of product yields on the differences between the 
recombination energies of noble gas ions and the 
molecule donating the electron. Kevan's theory 
would predict that CCl,, having an ionization 
potential much closer in value to that of xenon 
than does c-C,H12, would be very efficient in 
donating an electron to  Xe'. However, i t  was 

3J. A. Stone and D. R. Smith, unpublished result. 

found earlier that CCl, is equally effective in 
reducing product yields in the c-C6H12/Kr 
system where its ionization potential is well 
removed from that of krypton. Some form of 
nonionic excitation transfer, e.g. from metastable 
levels of xenon, may also contribute signscantly 
to  hydrogen production. CCl, must be highly 
effective in quenching this transfer. This role of 
CCl, in reducing product yields is consistent 
with the yields of chlorinated products shown in 
Table VI provided that the process results in the 
scission of a C-Cl bond. 

[6 I Xe* i- CCI, -> Xe + CCI, + -CI 

[71 'C1 $. C - C ~ D I ~  -> DCl $ c-C6DI I. 

[8 1 2 'cc13 -> C2Cls 

[91 C-C~DII' $. 'CCl3 -> C-C6D11CCII 

[lo] -t C-C6DI0 i- CDC13 

Pritchard, Pyke, and Trotman-Dickenson (22) 
found the reaction of chlorine atoms with cyclo- 
pentane to be extremely fast (E, = 0.58 kcal 
mole-', A = 2.9 X loi4 cc mole -' s-') so that 
[7] will occur rapidly even at 77 OK. No attempt 
was made to detect HC1 as a reaction product. 
Reaction [lo] explains why, although the yield of 
bicyclohexyl is reduced to  a very low value with 
large amounts of CCl,, the yield of cyclohexene 
remains high. In fact at 0.75 mole % CC1, 
G(cyc1ohexene-dl,) is 0.9 while G(D2) is 0.5. 
These numbers point out the danger of ascribing 
a cyclohexene yield which is invariant with solute 
concentration as being due to the unimolecular 
elimination of hydrogen. 

Although the hydrogen, cyclohexene, bicyclo- 
hexyl, and 1-hexene yields are reduced by - 70 % 
upon the addition of 0.07 mole % CCl, the yields 
of chlorinated products are not large. However, 
on increasing the concentration of CCl, the 
yields of chlorinated products increase consider- 
ably while there is a much smaller decrease in the 
yields of products from cyclohexane alone. This 
lends support to the idea of direct energy trans- 
fer from xenon to  CCl, at the higher CCl, con- 
centrations. 

Earlier in the paper there was speculation as to 
whether 1-hexene is the precursor of n-hexane. 
Figure 8 shows that the addition of SF, reduces 
1-hexene-dl, to a greater extent than 1-hexene. 
At the same time the yield of n-hexane-dl, is 
reduced to a greater extent than that of n- 
hexane. This would support the hypothesis. 
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However, in the presence of 1 mole % SF, 
G(l-hexene-dl ,) z G(l-hexene) but G(n-hexane- 
dl,) is still about twice as great as G(n-hexane). 
Unless there is a large isotope effect in the 
production of n-hexane then the designation of 
1-hexene as its only precursor becomes doubtful. 

The ratio of disproportionation to combina- 
tion for cyclohexyl radicals is 1.1 in the liquid 
phase at ambient temperature (23) while from 
Table V G(cyclohexene)/G(bicyclohexyl) = 1.68 
for the liquid phase radiolysis. On the assump- 
tion that all the dimer is formed by radical 
combination then the non-radical yield of cyclo- 
hexene is 1.1 G. In solid cyclohexane the ratio is 
1.5 and in a xenon matrix it is - 1.4. The effect 
of temperature on the disproportionation-com- 
bination ratio of cyclohexyl or any other cyclic 
radicals is not known. Experiments with smaller 
alkyl radicals show that disproportionation has 
a slightly lower activation energy than does com- 
bination (24). The present results would suggest 
that there is little change in the disproportiona- 
tionxombination ratio with decreasing tempera- 
ture, if anything the change may be in the 
opposite direction to  that found for other 
radicals. This of course is still based on the 
assumption that the dimer is formed only by 
radical combination. The present results do not 
provide evidence for or against other methods of 
dimer formation. 

An outstanding feature of the yield curves for 
primary products (Figs. 1, 3, and 4) is the 
marked dose dependence. This is much greater 
that that observed in the liquid phase radiolysis 
of cyclohexane (10, 12). I t  is to  be noted, how- 
ever, that the decreases in yields relative to the % 
decomposition of the hydrocarbon are roughly 
the same. As an approximation we can equate the 
number of c-C,H12 molecules decomposing to 
G(H,). From Fig. 1 of ref. 10, G(H,) is reduced 
by 0.5 units after a dose of 3 x loz0 eV/g. A 
dose of 2 x 10'' eV/g is required in a xenon 
matrix containing 6.2 mole % c-C6Hl, to effect 
the same decrease. Since the concentration of 
cyclohexane in the matrix is about 10% of that 
in the pure liquid the % decomposition is 
roughly the same in both cases. 

Ho and Freeman (12) found that although the 
yields of cyclohexene and bicyclohexyl in liquid 
cyclohexane have decreased to the extent of 
3 0 4 0 %  at 3 x loz0 eV/ml the ratio of yields 
decreases only slightly (- 6%). They suggest 

that this is due to the removal of an unidentified, 
common precursor. In a xenon matrix containing 
6.2 mole % hydrocarbon the ratio shows only a 
slightly greater variation over the range studied. 
From the experimental points in Figs. 3 and 4 
the ratio changes from 1.36 at the lowest dose to 
1.48 at the highest dose for c-C,Hl ,, while for 
c-C,Dl , the values, over a larger dose range, are 
1.45 to 1.30. A common precursor in the xenon 
matrix might be the cyclohexyl radical. These 
trapped radicals could act either as traps for 
electron holes or as H-atom scavengers. How- 
ever, there seems little likelihood that the former 
is the case since cyclohexane itself is also an 
effective trap and is present at a much higher 
concentration. H-atom scavenging would lead to 
an increase in the cyclohexene yield relative to 
that of bicyclohexyl since addition will be 
accompanied by disproportionation (24). An 
alternative proposal which would lead to a 
decrease in the cyclohexene/bicyclohexyl ratio 
with increasing dose would be the scavenging of 
hydrogen atoms by cyclohexene. Some cyclo- 
hexene is probably formed even at 77 OK par- 
ticularly at the higher concentrations when the 
cyclohexane is present in molecular clusters. 
G(cyclohexene)/G(bicyclohexyl) decreases with 
increasing dose in the c-C6Dl ,/Xe system but an 
increase occurs in the c-C,H ,,/Xe system. A 
decision for or against the involvement of a 
common precursor cannot be made on the basis 
of the present results. 

Acknowledgments 

The author wishes to express his sincere 
appreciation for the help received from Dr. 
A. W. Boyd in the dosimetry determinations. He 
also thanks Dr. Boyd for the many helpful dis- 
cussions on the substance of this paper. Drs. 
F. Brown, P. J. Dyne, and N. H. Sagert are 
thanked for critical comments on the earlier 
drafts. 

1. S. C. L ~ D  and D. C. BARDWELL. J. Am. Chem. Soc. 
48, 1575 (1926). 

2. P. Aus~oos, R. E. REBBERT, and S. C. LIAS. J. 
Chem. Phys. 42,540 (1965). 

3. J. A. STONE. Can. J. Chem. 43,809 (1965). 
4. D. R. DAVIES, W. F. LIBBY, and L. KEVAN. J. Am. 

Chem. Soc. 87,2766 (1965). 
5. V. AQUILANTI. J. Phys. Chem. 63, 3434 (1965). 
6. L. KEVAN. J. Chem. Phys. 44, 683 (1966). 
7. V. H. Rrrz and F. H. Am=. Radiation Res. 16,401 

(1 9 62). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STONE: RADIOLYSIS OF CYCLOHEXANE IN A XENON MATRIX AT 77 OK 1277 

8. F. H. ATTIX, L. DELA VERGNL, and V. H. RITZ. J. 
Res. Natl. Bur. Std. 60, 235 (1958). 

9. J. A. STONE. Can. J. Chern. 42,2872 (1964). 
10. P. J. DYNE and J. A. STONE. Can. J. Chern. 39,2381 

(1961). 
11. J. R. NASH and W. H. HAMILL. J. Phys. Chem. 66, 

1097 (1962). 
12. S. K. Ho and G. R. FREEMAN. J. Phys. Chem. 68, 

2189 (1964). 
13. G. G. MEISELS. J. Chem. Phys. 41, 51 (1964). 
14. R. A. LEE and D. A. ARMSTRONG. Nature, 200,552 

(1964). 
15. F. P. GUARINO, M. R. RONAYNE, and W. H. HAMILL. 

Radiation Res. 17, 379 (1962). 

16. R. E. Fox and R. K. CURRAN. J. Chem. Phys. 34, 
1595 (1961). 

17. L. BAIT and F. R. CRUICKSHANK. J. Phys. Chem. 
70. 723 (1966). , -- ,-- , 

18. H. SZWARC. J. Chim. Phys. 1067 (1962). 
19. P. J. DYNE. Can. J. Chem. 43, 1080 (1965). 
20. G. R. A. JOHNSON and J. M. WARMAN. Trans. 

Faraday Soc. 61, 1709 (1965). 
21. W. V. B o u ~ ~ m  and W. GORDY. Phvs. Rev. 135. 

22. H. 0. PRITCHARD, J. B. PYKE, and A. F. TROTMAN- 
DICKENSON. J. Am. Chem. Soc. 77,2629 (1955). 

23. W. A. CRAMER. J. Phys. Chern. 71, 1171 (1967). 
24. R. KLEIN. M. D. SCHEER. and R. KELLEY. J. P h ~ s .  

Chem. 68; 598 (1964). . 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Studies on the thermodynamics and conductances of molten salts and their 
mixtures. Part V. The density, change of volume on fusion, viscosity, and 
surface tension of sodium chlorate and of its mixtures with sodium nitrate 

A. N. CAMPBELL AND E. T. VAN DER KOUWE 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received August 17, 1967 

The densities, viscosities, and surface tensions of molten sodium chlorate, and of molten mixtures of 
sodium chlorate and sodium nitrate, as well as the change of volume on fusion, have been determined. 

From the dependence of molar volume on temperature and composition, it appears that the mixing 
of sodium chlorate and sodium nitrate is a process of dilution rather than of interaction. The viscosity 
of sodium chlorate is found to be much lower than that of lithium chlorate, a possible indication of 
greater complexity in the lithium chlorate melt. The activation energy of viscous flow for sodium chlorate 
is less than that of lithium chlorate. For lithium chlorate -lithium nitrate mixtures, at constant tem- 
perature, there is pronounced positive deviation from linearity, when viscosity is plotted against molar 
com~osition. For sodium chlorate - sodium nitrate mixtures, the deviation is much less marked though 
still positive. 

- 

The surface tension of sodium chlorate is almost identical with those of lithium and potassium chlo- 
rates. The surface heat of sodium chlorate is higher than that of lithium chlorate but it still indicates some 
degree of covalency. The Guggenheim formula and Sokolov's rule have been applied. In contrast to 
melts of mixtures of lithium chlorate and lithium nitrate, the sodium salt melts would appear to have 
simpler constituents and to be more ionic in character. 

Canadian Journal of Chemistry, 46, 1279 (1968) 

From previous work on lithium chlorate and 
lithium chlorate- lithium nitrate melts (1) we 
concluded that these melts were complex in 
character. We were unable to say with certainty 
wherein this complexity consists, except that it 
seems probable that simple ions are only present 
to a very limited extent. We did, however, 
suggest that molten lithium chlorate might con- 
sist of clusters of molecules or of molecules and 
ions, and that the addition of lithium nitrate 
gave rise to some kind of interaction between the 
nitrate ion and chlorate lattice, resulting in the 
formation of complex clusters, with possible 
bridging of the nitrate ion between two or more 
clusters. However this may be, the constituents 
of lithium chlorate melts are complex and of a 
covalent character. Possibly the meIt retains 
much of its lattice character in the liquid state. 

We thought that a similar exhaustive investi- 
gation of sodium chlorate and sodium chlorate - 
sodium nitrate mixtures might yield contrasting 
information. Because of its higher melting point, 
it is to be expected that melts containing sodium 
chlorate would be somewhat more ionic in 
character. All the measurements made by Camp- 
bell et al. on LiC10, and LiCI0,-LiNO, melts 
(1) have been repeated for the system NaC10,- 
NaN0, but, because of the higher temperatures 

involved, several experimental methods had to 
be changed. The present communication gives 
an account of our work on molar volume, 
volume change on fusion, viscosity, and surface 
tension. 

Previous work on molten sodium chlorate is 
restricted to an early determination of density 
(2), a measurement of the heat of fusion (3), 
and an investigation of the phase diagram of the 
system NaC10,-NaNO, (4). An accurate de- 
termination of the viscosity of sodium nitrate 
has been made by Dantuma (9 ,  who used an 
oscillating sphere. The phase diagram shows an 
absence of compound formation (in the solid 
state), but extensive solid solution, both of 
sodium nitrate in sodium chlorate and of sodium 
chlorate in sodium nitrate, at the temperature 
of the eutectic (211 "C). The allotropic trans- 
formation of sodium nitrate, occurring at 274.6", 
is depressed below 250" by the presence of 
sodium chlorate in solid solution. 

Density determinations were made over the 
temperature range 240-290"; pure sodium chlo- 
rate undergoes incipient decomposition above 
290". Three mixtures of sodium chlorate and 
sodium nitrate, including the eutectic mixture, 
were investigated. The changes of molar volume 
on fusion of pure lithium chlorate, of pure 
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1280 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

sodium chlorate, and of the eutectic mixture of 
sodium chlorate and sodium nitrate were also 
determined. 

No simple theory relating viscosity to com- 
position of the melt exists. According to Harrap 
and Heymann (6)  the viscosity isotherm ex- 
hibits negative deviation from additivity, even if 
the mixture is ideal in other respects. 

The surface tension of molten salt mixtures, 
apart from its intrinsic interest, gives rise to 
many other functions of interest in the study of 
structure. Thus, for example, Guggenheim (7) 
has derived an expression for the surface tension 
of an ideal equimolar mixture, involving the 
surface tensions of the pure components and the 
average area per molecule in the surface layer. 
Deviations from the Guggenheim equation have 
been attributed by many workers (8-10) to 
thermodynamic nonideality and they have pos- 
tulated the presence of complex ions where these 
deviations are large, e.g. in the CdC1,-KC1 
system (11). Another important relation is the 
surface heat content per unit area: 

Since the temperature coefficient of surface 
tension for molten salts is constant, the surface 
heat content is independent of temperature and 
thus provides a fundamental quantity which 
may be used to compare molten salts and other 
liquids (12). Bloom et al. (9) and Janz and Lo- 
renz (8) have used this parameter as an indication 
of the molecular character of the melt. When 
complex formation occurs, it is to be expected 
that the surface heat will be negative. 

Experimental 
Sodium chlorate and sodium nitrate were used without 

further purification, after drying at 130'. Both were 
Fisher Reagent chemicals; according to the analyses 
supplied with the reagents, the maximum impurity in the 
sodium chlorate was 0.005 % sodium bromate and that in 
the sodium nitrate 0.0005 % 'heavy metals'. Lithium chlo- 
rate was prepared by the method of Campbell and 
Griffiths (13), using reagent grade barium chlorate and 
lithium sulfate. The melting point of the preparation was 
found to be 127.g0, as against 127.6' given by Campbell 
and Griffiths. The high melting point is sufficient proof 
of purity. 

A mixture of 27.3 % lithium nitrate, 18.2% sodium 
nitrate, and 54.5 % potassium nitrate was used as thermo- 
stat fluid; it functioned admirably. The double-walled 
metal thermostat had glass windows on opposite sides. 
Temperature was controlled with a Princo Magnaset 

regulator and was constant to +_0.l0 over the range 230- 
29O0.Temperature wasmeasured withacopper-constantan 
thermocouple and a vernier potentiometer capable of 
measuring to 1 pV. 

As fixed points for thermocouple calibration the 
freezing points of tin (231.g0), bismuth (271.3"), and 
cadmium (320.9") were used. 

For density determinations of melts, we used the 
manometric densitometer of Husband (14). It is un- 
necessary to discuss the theory and operation of this 
admirable instrument here, since they are given in the 
original communication. Transfer of material to the 
densitometer was conducted in a moisture-free atmos- 
phere, in a nitrogen-filled dry box. 

Heights of the dibutyl phthalate manometer (cf. 
Husband (14)) were measured by a cathetometer to 
k0.1 mm. The temperature coefficient of density of 
dibutyl phthalate is about +0.0001 g ml-l deg-l. Since 
temperature fluctuations were within 0. lo, this introduces 
negligible deviations in density. All weighings were made 
on a precision balance and were correct to better than 
+0.0001 g. Hence the overall precision in the density 
values is f 0.0002 g ml- or + 0.02 %. 

For the densities of solid sodium and lithium chlorates, 
a Weld pycnometer of about 25 ml capacity was used. 
Silicone oil, in which the salts are completely insoluble, 
was used as the indifferent liquid. Entrapped air was 
removed by prolonged evacuation. The drawback to this 
method, about the only method which can be used for 
the density of a powder, is the uncertainty as to the com- 
plete removal of air. Nevertheless, we estimate the 
maximum possible error in our determinations of density 
of solid forms to be not greater than k0.05 %. 

Volume GI 100 ml 

C Capillary 9cm 

FIG. 1. The viscorneter. 
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CAMPBELL AND VAN DER KOUWE: STUDIES OF MOLTEN SALTS. PART v 1281 

TABLE I 
Densities, molar volumes, and coefficients of thermal expansion of sodium chlorate and three mixtures of 

sodium chlorate and sodium nitrate 
- -- 

t ( a ~ )  d(grn1-I) ~ ( r n l r n o ~ e - l )  ) I  ~ ( o c )  d (g ml-I) v (rn~ mole-') 

A. Pure sodium chlorate 

Best line V=45.075+0.021t 
a x  103=4.66 

C. Mole fraction sodium nitrate = 0.485 

Best line V=41.851+0.020t 
a x  103=4. 18 I I 

The viscometer used is shown in Fig. 1. It is a modified 
form of that used by Goodwin and Mailey (15). The im- 
portant part is the fritted glass disc D. Melts are very 
liable to contain suspended particles, especially if the 
melt has been exposed to a high temperature, for in- 
stance when sealing an apparatus. The purpose of the 
disc is to filter out any such particles, which would en- 
tirely vitiate a viscosity determination. The large volume 
(100 ml) of the reservoir A renders the hydrostatic 
pressure almost independent of the total amount of 
liquid. The salt was introduced to the upper compart- 
ment of E as a powder; after melting, it collected in re- 
servoir A. The melt was sucked into B and allowed to 
flow back under gravity. Preparation of mixture and 
transfer to viscometer were carried out in a dry box. The 
expression for viscosity is 

q = (1 i- a ~ ) @  - +)td, 

where t = time of flow, d = density, a  = thermal co- 
efficient of expansion of Pyrex glass, and 0 = "C. A and 
B are constants characteristic of the viscometer and 
independent of 0. 

The constants A and B were obtained by calibration 
with water at 6.0 and 25.0". Flow times were measured to 
1 s over a total flow time of about 2000 s. This gives a 
deviation of +_ 0.05 %. Densities of molten sodium chlo- 
rate and its mixtures were correct to 5 0.02 %. This would 
seem to point to an overall precision of + 0.1 %. Because, 
however, an additional correction had to be applied to 
eliminate the effect of change in head of liquid on the 

B. Mole fraction sodium nitrate = 0.273 

Best line V=43.233+0.021t 
a x  104=4.86 

D. Mole fraction sodium nitrate = 0.611 

270.3 2.007 46.506 
280.0 1.999 46.704 
284.1 1.995 46.798 
286.5 1.993 46.840 
Best line V=40.972+0.021t 
a x  104=4.21 

time of flow, the overall accuracy is only 5 1.0%. This 
correction is necasary because of change in cross section 
of reservoir A and expansion of liquid (15). 

The method of determining surface tension has been 
described previously (16). 

Results 

A. Density and Molar Volume 
Table I gives the densities and molar volumes 

of pure sodium chlorate and of three mixtures 
with sodium nitrate, at different temperatures, 
as well as the coefficients of expansion obtained 
from the equation 

v = v, (1 + at). 

When density and molar volume, respectively, 
are plotted against temperature, linear graphs 
are obtained. Calculations of best straight line 
and standard error were made on a 360 I.B.M. 
computer. The appropriate straight line equa- 
tions, in terms of molar volume and temperature, 
for each mixture, are also given in Table I. 

From the graphs of molar volume versus 
temperature, isotherms were obtained for dif- 
ferent temperatures (260 to 290" at 10" intervals). 
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These graphs were linear and satisfy the equation 

where n ,  is the mole fraction of sodium nitrate, 
and A, and A ,  are constants for a given tem- 
perature. 

Table I1 gives the A,  and A ,  values. 
Unlike sodium chlorate, pure solid lithium 

chlorate exhibits allotropic transition. The tran- 
sition P-LiC10, $ a-LiClO, occurs at 99.1 ', 

TABLE I1 
Values of constants in the equation for 

the best line V = A.  + Alnz by  the 
method of least squares 

t Cc) Ao A 1 

260 50.495 -6.799 

-- 

TABLE 111 
Densities in the solid state 

t ("0 d ( g  mi-') I t ("C) d (g ml-') 

190.1 
208.5 
214.0 
235.1 
248.3 
249.4 
252.0 

Best line 

A. Sodium chlorate 
25 .O 2.487 
60.0 2.472 
84.8 2.461 
96 1 2.455 

11~est line V=37.038+0.0201 

B. a-Lithium chlorate 
102.5 2.309 
108 .O 2.303 
112 .O 2.298 
114.0 2.295 

D. Eutectic mixture 
sodium chlorate - 

sodium nitrate 
(57.09 wt 'X NaClOa) 

2.414 
2.405 
2.402 
2.393 
2.388 
2.386 
2.385 

v=42.583 +0'008t 

a-lithium chlorate being the high temperature 
form (13). 

The densities of a- and P-LiCIO,, of sodium 
chlorate, and of the eutectic mixture of sodium 
chlorate and sodium nitrate, at various tempera- 
tures, are reproduced in Table I11 together with 
the equation for the best straight line. 

The molar volume of the solid at the melting 
point was obtained from the equation for volume 
as a function of temperature. A similar pro- 
cedure gave the volume of the liquid at the 
melting point. From these figures, the change in 
molar volume on melting was obtained. The 
equation for the molar volume of liquid lithium 
chlorate was obtained previously by Campbell 
and Nagarajan (1). The volume change of the 
transition was also calculated from the molar 
volumes of a- and P-lithium chlorate at the 
transition temperature. The same calculation 
was made for the eutectic mixture. The results 
are given in Table IV. 

C. P-Lithium chlorate 
25 .O 2.596 
35 .O 2.592 
81.5 2.576 
85.5 2.571 
95 .O 2.567 

110.0 2.563 

Best line V=34.692+0.0051 

TABLE IV 
Volume change on fusion and allotropic transformation 

% increase in volume 
Salt of low temperature form 

a-LiC103 9.05 (fusion) 
B-LiC103 a-LiC103 10.95 (transition) 
NaClOs 11.70 (fusion) 
Eutectic NaC103-NaN03 9.40 (fusion) 

B. Viscosity 
The viscosities of pure sodium chlorate and of 

certain of its mixtures with sodium nitrate are 
given in Table V. In Fig. 2 log q  versus 1/T is 
plotted. All viscosity data were fitted to the 
equation 

=rl 11 = qo exp R-T ' 

where E, is the activation energy of viscous flow. 
Table V lists the values of q ,  and E, for the 
different mixtures. 

From the dependence of viscosity on compo- 
sition, at constant temperature, interpolations 
at arbitrarily chosen temperatures were made by 
means of a computer, employing the equation of 
best fit. The data so obtained were analyzed by 
the method of least squares and found to fit 
the equation 

1I~est line V=40.332+0.009t 
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TABLE V 

Viscosities of pure sodium chlorate and three mixtures of sodium 
chlorate and sodium nitrate 

Mole fraction sodium nitrate 

A. Pure sodium chlorate 0.273 0.485 0.611 

t ("C) ll (cP) t ("'2) rl (cP) t ("C) rl (cP) t PC) rl (cP) 

Best fit: 
q =2.451 x 10-4exp 

(5975/RT) 

The values of B,, B,, and B2 corresponding to 
each temperature are given in Table VI. 

and sodium chlorate, suitable temperatures for 
the comparison must be found. Corresponding 
temperatures, in the usual sense of the term, 
cannot be used, since in most cases the critical 
temperature is unknown. According to Angel1 

TABLE VI 

Values of B,, B,, and Bz in the equation 
q = BO + B,nz + BZ nz2 

t ("C) Bo BL Bz 

C. Surface Tension 
Table VII reproduces surface tension at dif- 

ferent temperatures for pure sodium chlorate 
and for the three mixtures. The results are 
expressed analytically in the same table. 

The analytical representations of the compo- 
sition dependence of surface tension, at constant 
temperature, were obtained from a least squares 
fit of the experimental values. The results are rep- 
resented graphically in Fig. 3. 

The surface heat of sodium chlorate is con- 
stant at 129.6 ergs cm-' over the temperature 
range 260-290". 

Discussion 

In order to establish a comparison between 
the behavior of the two salts, lithium chlorate FIG. 2. Plot of log q vs. 1/T. 
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TABLE VII 
Surface tensions of pure sodium chlorate and mixtures with sodium nitrate 

- 
Mole fraction sodium nitrate 

Pure sodium chlorate 0.273 0.485 0.611 
Surface Surface Surface Surface 
tension tension tension tension 

t PC) (dyn cm-') t r C )  (dyn cm-') t r C )  (dyn cm-') t ("C) (dyn cm- ') 

280.1 89.53 267.8 96.21 
286.5 89.16 275.6 95.75 
290.3 88.85 281.8 95.35 

Best line y=110.28-0.073t y=113.94-O.066t 

I I 8 I I 

I .2 .3 .4 .5 .6 .7 

M a l e  fraction of NaN03 

FIG. 3. Surface tension vs. composition. 

(17), the ratio of temperature to To, where To is 
the temperature at which the structural entropy 
is zero, represents a theoretical corresponding 
temperature. Angell's argument is based upon 
the nonadherence of liquids at low temperatures 
(e.g. below their melting points) to the Arrhenius 
relation. Our liquids, however, obeyed the 
Arrhenius relation quite well over the small 
temperature range studied. We contented our- 

selves with the arbitrary standard laid down by 
Bloom and Heymann ( l l ) ,  viz. a temperature 
10" above the melting point (expressed in OK). 
On this basis, the following table shows the 
effect of the three alkali cations, lithium, sodium, 
and potassium for which data are now available, 
on three common ion substitutions. 

% change in volunle on 
anion substitution 

Anion substitution Li Na K 

While the chlorate-chloride substitution shows 
approximately the same change in molar volume 
for all three cations, the chloride-nitrate sub- 
stitutioil gives a distinctly larger expansion for 
the lithium cation than for the other two. On the 
other hand, the nitrate-chlorate substitution is 
distinctly smaller for lithium than for the other 
two cations. 

In the sodium chlorate-sodium nitrate system, 
a linear relation exists between molar volume 
and molar composition (at constant tempera- 
ture). This is in sharp contrast to the LiCl0,- 
LiNO, system, where there is positive deviation 
from linearity. Boardman et al. (18) regard a 
positive deviation as a sign of complex formation 
and increasing covalency as the second sub- 
stance is added. Large deviations have actually 
been found in systems in which complex forma- 
tion is known to occur (19). 

At 264.5 OC the viscosity of sodium chlorate is 
6.6 cP, as compared with 33.0 cP, the viscosity 
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of lithium chlorate at 131.8'. Molten salts in 
general have viscosities between 1 and 5 cP. 
The much lower viscosity of sodium chlorate 
indicates a more ionic character of the melt, 
although the viscosity is still slightly higher than 
that of most ionic salts. 

The activation energy of viscous flow for 
sodium chlorate is 5.98 kcal mole-', as com- 
pared with 7.86 kcal mole-' for lithium chlorate. 
The value for sodium chlorate is comparable 
with that of most ionic melts, whose activation 
energies of viscous flow usually lie within the 
limits 3 to 10 kcal mole- '. 

No theoretical treatment exists which con- 
nects the viscosity of a molten mixture with 
composition. The "ideal" isotherm does not 
appear to be linear because liquid mixtures 
which behave ideally in other respects (e.g. 
zero volume change on mixing) still do not show 
a linear relation for viscosity versus mole 
fraction. There is a slight positive deviation for 
the system NaC10,-NaNO,, in comparison with 
a very pronounced positive deviation for the 
system LiClO ,-LiNO ,. Harrap and Heymann 
(6) reported only negative deviations from ad- 
ditivity for many chloride systems. 

The surface tension of sodium chlorate is 
91.2 dyn cm-' at the melting point. For simple 
spherical ions, a marked decrease is observed in 
surface tension with increasing cation radius, 
but for the nitrates the surface tension remains 
almost constant. The same tendency appears 
with the chlorates, the surface tensions of li- 
thium, sodium, and potassium chlorates at 1.1 T 
being 86.2, 87.4, and 81 dyn cm-' respectively. 
This suggests that the anion determines the 
surface energy in the Group I chlorates, as with 
the nitrates. 

The surface heat of a molten salt is not tem- 
perature dependent and, according to Bloom 
et al. (9), it is a measure of the covalent character 
of the melt. For some ionic salts the surface 
heat is high (e.g. NaCl 216.7 ergs cm-') while 
for more covalent salts the values are much 
lower (e.g. MgCl, 76.7). The surface heat of 
sodium chlorate is 129.6 ergs cm-2 while the 
value for lithium chlorate is 118. Although the 
difference is relatively small, it shows that in 
both salts some covalency is present, sodium 
chlorate being slightly more ionic in character. 

The surface tensions of pure sodium chlorate 
and its mixtures with sodium nitrate are linearly 

dependent on temperature. At constant tem- 
perature, the surface tension increases with in- 
creasing content of sodium nitrate. This is not 
surprising since the surface tension of sodium 
nitrate is higher, viz. 120.7 dyn cm-' at the 
melting point. 

TABLE VIII 
Sokolov's rule 

Surface tension 
Temperature Molar volume (d~n/cm) 

("c) (rnI) Calcd. Exp. 

Application of the Guggenheim formula for 
the surface tension of an ideal equimolecular 
mixture indicates an almost ideal behavior for 
the sodium chlorate - sodium nitrate mixture. 
The calculated surface tension is 103.37 dyn 
cm-' at 260' and the corresponding experi- 
mental value 101.5. A similar calculation cannot 
be made for the lithium chlorate - lithium nitrate 
mixture because the extrapolations involved 
would be too drastic: it was not possible, a t  the 
temperatures involved, to make a liquid mixture 
containing more than 0.213 mole fraction lithium 
nitrate. 

Sokolov (20) found the following formula to 
represent the temperature variation of surface 
tension, for salts with a complex anion, 

where y, and y, are the surface tensions and 
V, and V, the molar volumes, at temperatures 
t ,  and t ,  respectively. This formula applies to 
pure sodium chlorate, as Table VIII shows. 
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Studies on the thermodynamics and conductances of molten salts and their 
mixtures. Part VI. Calorimetric studies of sodium chlorate and its 

mixtures with sodium nitrate 

A. N. CAMPBELL AND E. T. VAN DER KOUWE 
Department of C/~etnistry, University of Manitoba, Winnipeg, Manitoba 

Received August 22, 1967 

The following properties have been determined by direct experiment for pure sodium chlorate and its 
mixtures with sodium nitrate: heat capacity (both solid and liquid) and heat of fusion. From these 
experimental quantities, the following properties have been derived: entropy of fusion, heat of mixing, 
and free energy and entropy of mixing. The results have been compared with our previous results for the 
corresponding lithium chlorate - lithium nitrate system. On the whole, the conclusion is justified that 
the structure of melts containing lithium chlorate is more complex than that of melts involving sodium 
chlorate. 
Canadian Journal of Chemistry, 46, 1287 (1968) 

As the work described here is largely a repeat temperature, we now substituted a copper-constantan 

of previous work on lithium &lorate and lith- thermocouple in conjunction with an electronic relay 
system. The relay developed an e.m.f. equal to that pro- 

ium chlOrate-lithium nitrate mixtures (I), refer- duced by the thermocouple, at the desired temperature. 
ence should be made to that Paper for the thee- The details of the arrangement are sufficiently well known. 
retical aspect. Calorimetric work on sodium In  the region 200-28O0, temperature was controlled to 
chlorate has been reported by Goodwin and kO.lO- 

The salts were sealed in Vycor tubes and we therefore Kalmus (2) but thermodynamic data are determined the specific heat of Vycor, using for this pur- 
able for sodium chlorate - sodium nitrate mix- pose a solid Vycor rod. The results are given in Table I. 
tures. Goodwin and Kalmus report the heat of 
fusion of sodium chlorate as 5250 cal mole-' TABLE I 
and the molar heat capacity as 32.9 cal mole-' Specific heat of Vycor glass* 
deg- '. Kelley (3) gives values of 5400 and 31.8 
respectively. 

According to Lumsden (4), the accepted heat 
of fusion of sodium nitrate is that obtained by 
Sokolov and Shmidt (5), who found a value of 
3600 cal mole-'. Goodwin and Kalmus (2) 
reported a molar heat capacity for liquid sodium 
nitrate of 36.5 cal mole-' deg-'. As mentioned 
previously (1) we used a method essentially 
similar to  that of Goodkin, Solomons, and Janz 
(6) for the determination of heats of fusion. 

The most accurate measurements of heats of 
mixing are due t o  Kleppa (7-10). Before this 
method was developed, the heat of mixing was 
obtained from electromotive force (e.m.f.) mea- 
surements or from phase diagrams. In this in- 
vestigation. a less direct method has been fol- 
loweud, similar to  the one used by Gilbert (11) for 
the system LiF-KF. 

Temperature of Specific heat 
furnace ("C) (cal deg- g- I )  

*The sample was allowed to cool from furnace to 
room temperature, so that the figures given are average 
values. 

Results 

In order to  make a fair comparison between 
different salts and mixtures, all heats evolved 
were calculated to  the same final temperature, 
using the equation of Goodkin, Solomons, and 
Janz (6) where (t, - t,) is the experimental 
temperature range and tsr the comparison tem- 
perature. 

Experimental Figure 1 expresses graphically the heat content 

The apparatus was identical with that used previously of sodium chlorate over the range 125.2 t o  
(I), except that, instead of the rather cun~bersome photo- 294.40, a range which the point. 
electric control used for keeping the furnace at constant Analytically expressed, i t  was found that the heat 
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TABLE II 
Calorimetric data for the sodium chlorate - sodium nitrate system 

Molar heat capacity, C,  
(cal deg- ' mole- ') ' 

Mole fraction of sodium Freezing point, 
nitrate, n, 

AH, 
Solid Liquid Tr ( OK) (cal mole- ') (cal deg- mole- l )  

A s ,  

7.000 I 
- 
'a - - 6.000 I 
E I 
- 

P 
8 1 - 

5.000/ - /" 
m 
m 

b 
I /O 

P 
a 

moo- 
/" 

/" 
P 

FIG. 1. Heat content data for pure sodium chlorate. 

content of the solid form could be represented by 
the equation 

AHT(s) 22.0 x 10-3T2 + 10.92T 

- 5266 ( $. 19) cal mole-' 

and that of the liquid by 

AH,(l) = 32.05T- 5171 ($. 12) calmole-'. 

Differentiation of the above equations gives 

C,(s) = 44.0 x 10-~1' 
+ 10.92 ( & 0.3) cal deg-lmole-l 

and C,(liq) = 32.05 & 0.2 cal degP1 mole-l. 
The molar heat of ftision was obtained from the 
difference in molar heat contents of the liquid 
and solid forms at the melting point. The entropy 
of fusion, AS, = AHFIT,, is given in Table 11. 
This table also includes the molar heat capacities 
of five mixtures of sodium chlorate and sodium 
nitrate, as well as their heats of fusion and en- 
tropies of fusion. 

The heat of mixing of sodium chlorate (mole 
fraction n,) and sodium nitrate (mole fraction 
n,) has been calculated as the difference between 
the observed and calculated values of heat con- 
tent at 533 OK, the melting point of pure sodium 
chlorate. 

AH" = mobs -  AH^^^^^ 
The observed heat content was calculated to 
533 OK from the formula 

AH.,. = AH,(rnixture) + STY Co(liq) dT ,  

where AH,(mixture) = heat of fusion of the 
mixture, T, = freezing point of mixture, and Cp(l) 
= molar heat capacity of liquid mixture. The 
calculated heat content was obtained as 

where AH,(l) and AH,(2) are the molar heats of 
fusion of pure sodium chlorate and of pure 
sodium nitrate, at 533". AH,(2) was calculated to 
533", using the relation 

Afff(2) = Afff(p) + ST' 533 ACp dT7  

where AH,(p) is the heat of fusion of pure sodium 
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TABLE III 
Heats of mixing in the sodium chlorate - sodium nitrate system at 533 "K 

Mole fraction of Heat content ~'~:;(l)dT Heat content 
sodium nitrate, calculated AHr of sample ~r observed AH"' 

11 2 (cal mole- l) (cal mole- ') (cal mole- ') (cal mole- l) (cal mole- l) 

0.138 4859 4795 599 5394 535 
0.273 4766 4545 950 5495 729 

nitrate at its melting point and AC, is the differ- 
ence between the molar heat capacities of solid 
and liquid sodium nitrate 

114 AC, = CP8 - c, . 
Because the system NaC10,-NaNO, exhibits 

solid solubility, it is questionable whether the 
heat of mixing calculation is justified, since a 
heat of solution in the solid state (unknown) is 
involved. Except for the pure components and 
the eutectic mixture, there is no sharp melting 
temperature: solid and liquid are in equilibrium 
over a range of temperature. Hence, the heat of 
fusion does not have its usual significance. An 
arbitrary correction was applied to the heat of 
fusion, as follows. 

AH,,,, = AH, - 401 - tz) (Cp(s) + Cp(liq)), 
where AH, is the heat of fusion obtained by sub- 
tracting the heat content of the solidus from that 
of the liquidus, t ,  is the temperature at which the 
system is completely solid, and t ,  the tempera- 
ture at which it is completely liquid. In other 
words, the mean specific heat of solid and liquid 
forms is used to give the heat effect over the 
range of temperature in which solid is trans- 
forming to liquid. This AH,,,, has been used for 
the heat of mixing calculations. I t  has been 
assumed that the specific heat of sodium nitrate 
is constant over the temperature range involved. 
The isothermal heats of mixing are given in 
Table 111. Obviously, they are only approximate. 

The activity of sodium chlorate in sodium 
chlorate - sodium nitrate mixtures was obtained 
from the equilibrium diagram (12), by means of 
the equation 

where AC, = difference between mobr heat 
capacities of solid and liquid phases. The free 
energy of mixing then results as AGM = RT In a. 
The entropy of mixing is obtained from AGM 
= AHM - TASM. The values of free energy, 
enthalpy, and entropy of mixing are given in 
Table IV, as well as the ideal entropies of mixing, 
calculated in the usual way. Figure 2 shows the 
dependence of AGM, AHM, and T A S ~  on 72,. 

Discussion 
The entropy of fusion of sodium chlorate is 

puzzling. While the entropies of fusion of the 
nitrates decrease in the order LiNO, = 12.1, 
NaNO, = 6.2, KNO, = 3.8, those ofthe chlor- 
ates are irregular, thus LiC10, = 6.1, NaClO, 
= 9.5, KClO, = 7.8. On the other hand, the 
molar heats of fusion for the nitrates are LiNO, 
= 6.39, NaNO, = 3.60, KNO, = 2.30, while the 
corresponding data for the chlorates are 
LiC10, = 2.47, NaC10, = 5.07, KClO, = 5.0, 
that is, the heats of fusion for the chlorates go in 
the opposite direction to those of the nitrates. If, 
as we suppose, the lithium chlorate melt has a 
coinplicated structure, one might expect the en- 
tropy change on fusion of lithium chlorate to be 
abnormally low: it has, however, a value of 6.1, 
the normal value for ionized salts. On the other 
hand, the entropy of fusion of lithium nitrate is 
exceptionally high. It should be pointed out that, 
while the heat of fusion of sodium chlorate is an 
experimental figure, obtained independently by 
Goodwin and Kalmus (2) and by ourselves, the 
heat of fusion of potassium chlorate is not an 
experimental quantity but is derived by calcula- 
tion, on an assumption which seems to  us some- 
what doubtful, namely that, in the KC10,-KC1 
phase diagram, the KC10, liquidus can be con- 
sidered ideal, and that therefore the activity is 
equal to the mole fraction (13). If it should sub- 
sequently transpire that this figure for the heat of 
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TABLE IV 
Free energy, enthalpy, and entropy of mixing in the system sodium chlorate - sodium nitrate, at 533 "K 

Mole fraction of 
sodium nitrate, AGh' AHM TASM ASM ASM (ideal) 

n2 (cal mole- I )  (cal mole- ') (cal mole- ') (cal deg- ' mole- ') (cal deg- ' mole- I )  

FIG. 2. AGM, AHM, and TASMas functions of com- 
position of NaC103-NaNO, mixtures. 

fusion of potassium chlorate is seriously in error, 
it might be that the entropy of fusion of potas- 
sium chlorate would turn out to be higher than 
that of sodium chlorate and thus one anomaly, 
at least, would be removed. 

The entropy of fusion of sodium chlorate - 
sodium nitrate mixtures decreases steadily from 
9.52 e.u. for pure sodium chlorate to 8.17 e.u. 
for the mixture richest in sodium nitrate, viz. 
0.61 1 mole fraction sodium nitrate. There is a 
very large difference (1778 cal) between the heat 
of fusion of pure lithium chlorate and the mixture 
containing 0.25 mole fraction lithium nitrate. 

This difference is much larger than the corre- 
sponding drop in the heat of fusion in the sodium 
chlorate - sodium nitrate system. The same ten- 
dency is reflected in the entropy of fusion, which 
increases dramatically in the lithium system, 
while for the sodium system there is only a 
modest decrease for small additions to the pure 
sodium chlorate. Although the entropy of fusion 
of lithium nitrate is very high (12.1 e.u.) the 
increase in entropy of fusion is much more than 
that predicted by the mixture rule, e.g. at n,  
= 0.255, the additive value should be 7.51 e.u., 
whereas the observed value is 10.86 e.u. This 
sharp increase in entropy of fusion on addition 
of lithium nitrate may arise from some sort of 
interaction of the nitrate ion with the chlorate 
lattice, which results in an increased entropy 
value. The more ideal behavior in the sodium 
system confirms the view that in this system the 
process is more that of mixing than of inter- 
action. 

The molar heat capacity of sodium chlorate is 
32.05 cal deg-I mole-', as compared with 29.20 
for lithium chlorate. The values are similar to 
those of the nitrates. 

The change in molar heat capacity supports 
the view that addition of lithium nitrate to pure 
molten lithium chlorate forms a more complex 
cluster, perhaps by a process of bridging by the 
nitrate ion. This conclusion is based on the 
positive deviations of the observed molar heat 
capacities of lithium chlorate - lithium nitrate 
mixtures, in both solid and liquid states. The 
deviation is more pronounced in the liquid state 
(1). The heat capacity of sodium chlorate- 
sodium nitrate mixtures shows ideal behavior in 
the molten state. 

The heat of mixing in the molten sodium 
chlorate -sodium nitrate system at 533 OK (m.p. 
of sodium chlorate) is positive and increases with 
addition of sodium nitrate. This agrees with the 
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findings of Kleppa and Meschel (14) that in all temperature of this system, which seems to 
the anion mixtures studied by them the heat of destroy the lattice which we presume to exist in 
mixing is positive. molten lithium chlorate. 

~ l t h o u g h  the free energy of mixing given in 
Table IV is only approximate and subject to a 
number of assumptions, it does give a compari- 
son with the values for the lithium system. The 
free energy of mixing is calculated from the phase 
diagram, where the occurrence of solid solu- 
bility renders the calculation inaccurate. Admit- 
ting a qualitative value, however, the data show 
that the mixing process is spontaneous, because 
AGM is negative. The entropy of mixing, derived 
from the free energy of mixing and therefore 
equally approximate in character, is much 
greater for the lithium chlorate - lithium nitrate 
system than for the corresponding sodium sys- 
tem. The large positive deviations of ASM from 
ideality suggest that more stable low energy 
configurations result on the addition of nitrate 
ion to  chlorate ion. This effect is not spectacular 
in the sodium chlorate - sodium nitrate system. 
In the sodium system, no such configuration 
exists possibly because of the higher melting 
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Studies on the thermodynamics and conductances of molten salts and their 
mixtures. Part VII. The electrical conductance of sodium chlorate 

and its mixtures with sodium nitrate 

A. N. CAMPBELL AND E. T. VAN DER KOUWE 
Department of Cl~ernistry, U~ziversity of Manitoba, Winnipeg, Manitoba 

Received August 28, 1967 

The specific and equivalent conductances of molten sodium chlorate and of its mixtures with sodium 
nitrate have been determined over the temperature range 240-280 "C. The results are treated as tempera- 
ture functions at constant composition and as composition functions at constant temperature. From these 
data, the activation energies of conductance have been derived. The results have been compared with 
various theoretical equations and the conclusion is made that, while melts containing lithium chlorate 
may be associated or complexed in some way, the sodium chlorate melts show less of such a structure and 
are more ionic. 

Canadian Journal of Chemistry, 46, 1293 (1968) 

The work described here is an exact repro- 
duction, with sodium chlorate and sodium 
nitrate, of the previous work on lithium chlorate 
and lithium nitrate (1). The experimental 
technique is also the same. 

Results 

The specific conductances of pure molten 
sodium chlorate, and of its mixtures with 
sodium nitrate containing 0.273,0.485, and 0.61 1 
mole fraction sodium nitrate, were determined 
over the temperature range 240-280 "C. The 
results are expressed graphically in Fig. 1. 

fractions. The equivalent conductances in rela- 
tion to temperature are represented graphically 
in Fig. 2. Specific and equivalent conductances 
are represented analytically by the equations of 
Tables I and 11. 

The analytical representations of the isother- 
mal dependence of specific and equivalent 
conductance on mole fraction of sodium nitrate 
were obtained from least squares fits and are 
given in Table 111. 

The linear relations between log K or log h 
and 1/T are expressed analytically by the equa- 
tion of Table IV. 

Using the density values obtained previously Discussion 
(2), the equivalent conductances of pure sodium 
chlorate were obtained from the expression Plester, Rogers, and Ubbelohde (4) noticed 

that for most molten salts with considerable 
A = MelcP-l. dissociation, the quantities determined in this 

For mixtures, Bloom and Heymann (3) replace paper lie within the following limits 
Me, the equivaleilt weight of the pure salt, 
by the mean equivalent weight of the mixture, K = 1-5 ohm-' cm-' 

M,, given by A = 30-50 cm2 ohm-l equiv-' 

M,,, = Mlnl + M2n2, AE, = 1-5 kcal mole-'. 

where MI and M 2  are the equivalent weights The values of K and h for sodium chlorate are 
of the two salts and n, and n, their mole higher than those for lithium chlorate but lower 

TABLE 1 
Analytical representation of specific conductance 

Mole fraction Temperature Standard 
sodium nitrate range (') Equation error 
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TABLE 11 
Analytical representation of equivalent 

conductance* 

Standard 
Equation error 

h=-27.8236+0.1675t 0 .02 
h=-30.2728+0.1892t 0.04 
h=-26.8541+0.1874t 0.06 
h= -28.9703S0.2014t 0.07 

*Mole fractions and temperature ranges as in TableI. 

I , I 

2 3 0  2 5 0  2 7 0  

Temperature ( O C 1  

FIG. 1. Specific conductance vs. temperature. 

TABLE 111 

CHEMISTRY. VOL. 46, 1968 

0' 5=O6'I  

o/ 
0' 

,,/ 

FIG. 2. Equivalent conductance vs. temperature. 

TABLE IV 
Arrhenius representation of conductance of sodium 

chlorate - sodium nitrate mixtures 
- 

Mole Activation 
fraction Arrhenius equation, energy 
N a N 0 3  conductance = A exp -(AE/RT) (kcal) 

0.000 K d 5 . 9 4  exp -(5268/RT) 5.27 
h=2910 exp -(5506/RT) 5.51 

0.273 ~ = 5 3 . 0 4  exp -(5193/RT) 5.19 
h=3253 exp -(5435/RT) 5.43 

0.485 ~ = 3 7 . 3 8  exp -(4637/RT) 4.64 
h=2160 exp -(4851/RT) 4.85 

0.611 ~ = 3 7 . 5 5 e x p  -(4551/RT) 4.55 
h=2114 exp -(4756/RT) 4.75 

Analytical representation of the change of conductance 
with mole fraction of sodium nitrate. (The specific con- the flow under influence of an A 
ductance obeys the equation K = Al + A2n2 + A3nZ2 lower ratio of the activation energies may 
and the equivalent conduc_tance the equation h = B1 + indicate association. Both for lithium chlorate 

~ 2 1 1 2 )  and sodium chlorate, the ratio is practically 

t PC) A, A, A, B, B, unity; the same value, unity, is frequently . , 
observed for nitrates. 

than for most other salts with polyatomic anions 
which have low melting points. 

The ratio of the activation energies of viscosity 
and conductance usually has a value between 2 
and 4 for ionic melts. Such a value is supposed 
to indicate that the viscous flow in these salts 
involves a greater configurational change than 

Quoting a previous paper by Campbell and 
Williams (1): "A method of calculating the 
degree of dissociation of molten electrolytes 
has been put forward by Greenwood and Martin 
(5 ) ,  which is indeed little more than the old 
classical rule of Arrhenius, and illvolves gross 
approximations and untenable assumptions such 
as the validity of the Walden rule. Neverthe- 
less, the method does sometimes appear to give 
results in rough agreement with accepted 
values." Using the viscosity data of a previous 
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CAMPBELL AND VAN DER KOUWE: STUDIES O F  MOLTEN SALTS. PART VII 

TABLE V 
Enthalpies of jump and hole formation 

Enthalpy 
Crystallographic of hole formation AHh + AHJ AH+ + RT 

Ion ionic radius (A) (kcal mole-') (kcal mole-') (kcal mole-') 

In the above table, the various quantities are obtained as follows. Column 3: enthalpy of hole forma- 
tion = 4rrrzy. Column 4: AHh = 4rrrZ(y - T(dy/dT)). Column 5: Accord~ng to Bockr~s el a/. (6). the 
experimental activat~on energy for equ~valcnt conductance AH+,,, 1s related to the enthalpy of hole 
format~on (AHholc) and lonlc jump (AH,ump) as follows: AH+,,, = A H j u m p  + AHholc - RT. Col- 
umn 5 is not derived from the other columns In Table V. The fact that the figures in columns 4 and 5 
do not agree IS s~gn~ficant  and is commented on In the text. 

paper (2), we have applied Greenwood and They must be larger, despite the fact that the 
Martin's rule to  calculate the degree of ionization cation is the principal conducting species. This 
of sodium chlorate: the figure obtained is 0.81 evidence, together with the similarity of the 
against a corresponding figure of 0.80 for lithium activation enthalpies of conductance and of 
chlorate. The Group I nitrates also yield a viscous flow, indicates that in lithium chlorate 
figure of approximately unity. If any trust is t o  melts, and to  a lesser degree in sodium chlorate 
be placed in this calculation, it would indicate melts, the conducting species are probably 
that all these salts are completely ionic in their associated in some manner. 
melts. The internal consistency of the results can be 

Referring once again to  the work on lithium checked with the equation of Martin (8). 
chlorate (I), we have again applied the equation AE, = AE, + R T ' ~ ,  
of Bockris, Crook, Bloom, and Richards (6), 

AHi = AHjLlmp + AHhole - RT, where a is the coefficient of thermal expansion, 
obtained by us in a previous communication (2). 

to  sodium chlorate, with the results given in AEJ5.26) + aRT2(0.26) = 5.52, compared with 
Table V. the experimental value of AE). of 5.50 kcal 

The value calculated for the activation en- mole-'. 
thalpy of conduction for the sodium ion in the Harrap and Heymanil (9) concluded that 
chlorate, as well as in the nitrate, is much lower deviation from additivity in the conductances of 
than the experimental enthalpy, whereas the mixtures of molten salts increases as the differ- 
calculated activation enthalpies for the anions ence between the equivalent conductances of 
are both larger than the experimental enthalpy. the components of the mixture increases. Most 
Duke and Owens (7) have determined the trans- systems show negative deviations from additivity. 
port numbers of the lithium and sodium ions The equivalent conductance of the system 
in lithium nitrate and sodium nitrate to  be NaC10,-NaNO, shows negative deviation, e.g. 
0.84 i 0.06 and 0.71 f 0.01 respectively: this at 270 "C and n2 = 0.256 mole fraction sodium 
indicates that the conductance is primarily nitrate, A = nlhl + n2h2 = 26.20 cm2 ohm-' 
uni-ionic. It  is possible that the conductances of equiv-', while the experimental value is 23.74. 
the ions in lithium chlorate, and t o  a lesser The corresponding lithium system also shows 
extent those of sodium chlorate, are also uni- negative deviation. The calculations are inexact, 
ionic. If, however, the simple ioils were the con- however, since the equivalent conductances of 
ducting species, the experimental activation the nitrates have been extrapolated t o  tempera- 
enthalpies should be closer to  those calculated tures much below the melting points. 
for the lithium and sodium ions. Because of A striking difference between the two systems 
these discrepancies, the radii of the ionic species is to be seen in the temperature effect. In the 
involved in ionic migration in the lithium and lithium mixtures, the specific conductance is 
sodium melts cannot be identical with the crystal- almost doubled for a 40" rise in temperature, 
lographic radii of the lithium and sodium ions. while for the sodium system the increase is much 
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less. At comparable temperatures (l.lOT,) the 
specific and equivalent conductances of sodium 
chlorate are at least twice as great as those of 
lithium chlorate. 

The activation energies for both specific and 
equivalent conductances show a decrease in the 
sodium system with nitrate addition, while in the 
lithium system the activation energy remains 
essentially constant, at least as far as it was 
possible to  carry the nitrate addition. Campbell 
and Nagarajan (10) suggested a possible 
bridging may occur in the lithium chlorate - 
lithium nitrate mixtures. This would increase 

(e.g. infrared absorption spectra by Wilmshurst 
(11)) have failed to provide any precise experi- 
mental information as to  the nature of the 
presumed association. 
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Surface energy and surface tension1 

E. A. FLOOD AND G. C. BENSON 
Divisiotz of Pure Clzenzistry, National Research Coutzcil of Canada, Ottawa, Canada 

Received December 6, 1966 

Some thermodynamic properties of surface regions are defined. The interdependence of these proper- 
ties, the effects of particle size, etc. are examined. 

Results of con~puter summations of Lemard-Jones (612)  interaction energies of atoms at lattice 
sites of face-centered cubic arrays are presented. "Shells" of lattice sites are described by reduced lattice 
vectors of constant magnitude. Such shells contain (I), 6,8, 12,24, or 48 atoms. 

Sublimation energies of atoms in shells of clusters containing from 1 to 1337 atoms are compared with 
the sublimation energy per atom of an infinite cluster co. Mean sublimation energies of clusters of 13 
and 1337 atoms are, respectively, about 0 . 3 6 ~ ~  and 0 . 8 3 ~ ~ .  

Specific surface energies of clusters show relatively little variation with particle size; the specific 
surface energy of a cluster of 13 atoms is about 0.82 of the specific surface energies of clusters containing 
from 1337 -> co atoms. 

It is shown that two bulk phases and the interphase between then1 can grow in extent from suitable 
sources of mass, etc. while the nature and state of each of the three regions remain constant. Thus the 
extensive thermodynamic variables of each of the three regions can behave (mathematically) as homo- 
geneous functions of f is t  degree in one another. If the three regions consist of a single common com- 
ponent, under equilibrium conditions the Gibbs potentials per unit mass of the three regions must be the 
same. Accordingly if the Helmholtz potential of the surface region exceeds that of, say, the condensed 
bulk phase by A,, per gram, the displacement mechanical growth potential, the pu potential per gram, 
must be less than that of the condensed bulk phase by A,. If thepu potential of the bulk phase is zero, 
then A, + (pv), = 0 and for a flat interface A, = yo  where y is the surface tension and o the area per 
gram of the flat surface region. 

The above ideas underlie Gibb's treatment of surface regions. Such treatments cannot be applied, 
literally, to systems consisting of only a few atoms or n~olecules. Thus surface tension in the sense of a 
negative tangential surface stress ofrelatively large magnitude is a property of systems of very many 
molecules (bulk systems) in a state of complete thermodynamic equilibrium. 

The surface energies of crystals of molecular dimensions are reasonably meaningful and are only a 
little less than those of laboratory scale crystals. However, the "surface tensions" of such crystals are 
largely meaningless. The magnitudes of any negative stresses in the surface regions of such minute 
crystals are probably very much less than those corresponding to the true surface tension of large crys- 
tals; further, the surface stresses of these minute crystals are not closely related to excess surface energies, 
excess surface Helmholtz free energies, etc. 

Canadian Journal of  Chemistry, 46, 1297 (1968) 

I. Introduction 
In order t o  describe, in any detail, the behavior 

of systems whose properties are materially in- 
fluenced by the interfacial regions between 
phases, it is necessary to  know a good deal con- 
cerning the properties of the interfacial regions 
themselves. Thus it is highly desirable to  deter- 
mine the distribution of energies, stresses, and 
the like in surface regions, as well as t o  determine 
the dependence of these properties on sizes of 
holes in condensed systems and upon sizes of 
drops, crystals, etc. 

The dependence of surface energy on particle 
size has been studied both experimentally and 
theoretically by a number of investigators. De- 
tailed statistical mechanical descriptions of sur- 
face regions, tensor analyses of the surface forces 
associated with intermolecular fields, distribu- 

'NRCC No. 9892. 

tions of Gibbs dividing surfaces, etc. appear in 
the scientific literature (1-12). 

In general the rather extensive literature deal- 
ing with these subjects suggests that specific 
surface energies decrease somewhat with decreas- 
ing particle sue. However, the views expressed 
are by no means in perfect agreement with one 
another. Even the definitions of the various sur- 
face quantities vary considerably. The relation 
between surface free energy and surface tension 
depends largely upon whether or not chemical 
potentials of surface and interior material are 
equal. Such questions are usually ignored. 

In what follows we present some thermo- 
dynamic considerations of surface regions, a 
brief discussion of the Gibbs adsorption equa- 
tion, some definitions of surface thermodynamic 
quantities, and the results of computer sum- 
mations of Lennard-Jones (6-12) interaction 
potentials for some idealized systems together 
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with the corresponding surface energies and sur- 
face tensions. 

Perhaps the main conclusions of this study are: 
(I) Surface tension in the sense of a negative 

tangential surface stress is primarily a property 
of bulk systems. It is analogous to  an osmotic 
pressure. Surface tension arises from the differ- 
ences in Helmholtz potentials of surface and bulk 
regions when the extensive thermodynamic prop- 
erties of surface and bulk regions are additive 
and their chemical potentials are equal. It  is not 
primarily dependent on the range of the inter- 
molecular forces. 

(2) Specific surface energies of very small 
clusters of noble gas like atoms are only a little 
less than those of large clusters. 

(3) The "surface tensions" of very small 
clusters (molecular dimensions) and holes are 
probably very much less than those of large 
clusters and holes. 

11. Thermodynamic Equations for Surfaces 

( 1 )  Basic Notions 1 
In deriving the thermodynamic condition for 

internal equilibrium of heterogeneous systems it 
is usually assumed that the energies, entropies, 
etc. of the various parts of a system are additive. 
If such a system is divided into small volumes by 
imaginary planes, each small volume has an 
energy, entropy, pu potential, etc. of its own, no 
energy, no entropy, no pu potential being shared 
between the various small volumes. In such 
systems the extensive variables behave as homo- 
geneous functions of first degree in one another. 
It  is usually assumed that we can write 

[I1 d E  = TdS - pdv + pdnz 

as the condition that a system be in reversible 
equilibrium with the externally applied "forces", 
the temperature, T, the hydrostatic pressure, p, 
and the chemical potential, or "osmotic" forces, 
p. Obviously the equation implies that the time 
average values of S, v, and nz are definite quanti- 
ties capable of practically infinitesimal variations. 

If the energy behaves as a homogeneous 
function of first degree in S, v, and nz between 
certain limits we can integrate eq. [I] between 
these limits and write for the increments, 

[21 E = TS-pv + pm, 

and rearranging, 

[3] E - TS + pv = A + pv = G = pm, 

where A is the Helmholtz free energy or Helm- 
holtz potential and G the Gibbs potential of the 
system between the specified limits. Eq. [3] 
leads to  the familiar equation 

~ 4 1  dp = -s '~T;+ V I ~ P  

where S' and v' are specific quantities. 
If the system is supposed divided into n small 

volumes by imaginary planes, similar equations 
are supposed applicable t o  each small volume, 
and eq. [3] can be written 

n 

C51 E - T S  + pv = C (Ei - TSi  + pvi) 

i.e. the potentials are additive. Each sinall 
volume of eq. [5] is regarded as being in revers- 
ible equilibrium with the "external forces" sup- 
plied by the material surrounding it. 

The conditions for internal equilibrium with 
respect t o  any definable variations follow from 

leading to T, p,  and p uniform [e.g. the potentials 
being additive we suppose the system divided 
into two parts and A = A ,  + A,  and dA 
= (aA,/au,)dv, + (aA,/au,)du,, where dv, 
+ du, = 0; dA = (-p, + p,)du, 3 0, where 
du, is either + or -, therefore p, = p,]. 

The integration of eq. [I]  assumes that it is 
possible for the system t o  grow in extent from 
suitable sources of heat, work, and mass, the 
"intensive" variables T, p, and p remaining 
constant during the growth process. While we 
write eq. [2] t o  describe the increments of the 
system concerned as it grows in extent, the 
process implies corresponding negative incre- 
ments of the system or systems from which it 
grows. The net mechanical displacement work 
done in the process will be pu - youo, i.e. the 
work done by the system less the work done on 
the reference system from which it grows. By 
taking p0 for the reference system as zero, the 
equation describes the net value of SG for the 
process. This is practically equivalent t o  assign- 
ing various values of E, TS, pu, etc. to  the body 
itself in some particular state. 

If the system is subject t o  a change in position 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 1299 

in a scalar potential field in place of eq. [I], we 
must write 

[6] dE = TdS - pdv -t- fxdx -t- pdm, 

where fx is the force function of the field and x a 
corresponding positional coordinate. 

Potentials such as 

are not properties of the system alone but are 
shared between the systems and the field (or the 
system "producing" the field). 

We can write, with S, v, and m constant, 

where EO is the "intrinsic energy" with respect to 
a reference state at x, and E is the "total energy" 
at x. Similar equations can be written for A, G, 
etc. and eq. [4] becomes 

PI  dp = -S'dT -!- v'dp -!- fxrdx. 

When a s  //ax = a f x r / a ~  = 0, 

the conditions for equilibrium between systems 
at x and at x, are 

C ~ I  T(x) - T(xo) = 0 

but not 
P(X) = P(XO). 

Both the total potentials and intrinsic poten- 
tials of systems at x and at x, can be additive 
when the field potential of the system at, say, x is 
independent of the presence or absence of the 
system at x,. Under these latter circumstances 
we can suppose a system at any position x to 
grow in extent at constant x while its nature and 
state remain constant. Thus regarding the whole 
system as made up of "parts" having various 
values of x, the extensive variables of the whole 
system or any of its parts can behave as homo- 
geneous functions of first degree in one another 
between relatively larger finite limits (e.g. a 
laboratory scale system in a gravitational field). 

When, however, the various parts of the sys- 
tern exert mutual field forces upon one another, 
the field potential is shared between the various 
parts and the Helmholtz potentials of the parts 
are not independent of one another and are not 

additive. The extensive thermodynamic variables 
of such systems do not behave, in general, as 
homogeneous functions of first degree in one 
another, i.e. it will not always be possible for 
such systems to grow in extent by appreciable 
factors, while the intensive variables remain 
constant. 

Since we may assume that mutual field forces 
exist in surface regions the applicability of eqs. 
[I.] to [5], to surface regions may appear of 
doubtful validity. However, following Gibbs we 
can get over this difficulty very easily. 

(2) Tlzermodynamics of Surface Layers 
Let the wavy dotted line in Fig. 1 represent the 

"flat" non-uniform interfacial region between a 
liquid and its vapor. 

We can suppose planes drawn at a and a f- h 
parallel with the apparent position of the inter- 
facial region. The planes are supposed drawn 
beyond the range of any surface forces so that 
the whole of the non-uniform region, where 
mutual field potentials exist, is contained within 
the two planes. The whole three-part system, the 
liquid, the non-uniform layer of thickness h, and 
the vapor, can grow in extent from a suitable 
reference state, while its nature and state remain 
constant provided that the growth is parallel with 
the surface. Since no mutual field forces pass the 
imaginary planes, the potentials of the three 
parts are additive. We can suppose the values of 
a, b, and h known. Accordingly we can consider 
the variations of the thermodynamic properties 
of the bulk phases known and we can subtract 
these variations from the "observed" variations 
of the whole system and obtain 

as a thermodynamic equation for the layer con- 
taining the surface region. (pTr is the mean stress 
per unit cross-sectional area through the layer 
between the imaginary planes, i.e. p,' is a mean 
principal stress, not a stress per unit area of 
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surface in the xz plane but in the yz plane if 
growth is in the + x  direction.) 

The terms in eq. [lo] refer unambiguously to 
the layer between the parallel planes containing 
the surface region. However, the observed values 
of these terms will depend upon the distance be- 
tween the parallel planes that we choose to take, 
as well as upon the exact position of the very 
thin non-uniform real region of negative stress, 
i.e. the exact position of the real surface of ten- 
sion within the parallel planes. Generally the 
exact position of this real non-uniform surface 
region will be very difficult if not impossible to 
determine. Hence the values of the various 
quantities in eq. [lo] as determined by any 
particular experiment will be largely dependent 
on experimental details rather than on the ther- 
modynamic properties of the real surface of 
tension; this will be the case even if the value of 
12, the distance between the planes, is taken as 
some standard fixed value. Accordingly it might 
appear that such thermodynamic equations for 
surfaces were of very little practical value. 

One of the most important aspects of Gibbs 
treatment is that for multicomponent systems, 
especially two-component systems, exact equa- 
tions can be obtained without knowing the posi- 
tion of the surface region. "We are therefore at 
liberty to choose such a position for the dividing 
surface as may for any purpose be convenient." 

The term pTfdv, in eq. [lo] represents the 
mechanical displacement work of virtual parallel 
growth of the layer between the imaginary 
parallel planes. Since the distance, h, between the 
parallel planes remains constant during growth, 
we can write dv,, = hdo, where o is the surface 
area. Putting y = -pT'h, y is a positive tension 
when pT' is negative. If the parallel planes had 
been placed at the limits of the uniform bulk 
phases so that h were the actual thickness of the 
non-uniform surface region, then y would be the 
actual negative force per unit length (in the z  
direction for growth in the + x  direction) or the 
tension of the surface region. Accordingly, we 
shall define surface tension for flat surfaces by 

Clll y = -PT~, 
where h is the actual thickness of the non- 
uniform interfacial layer.' 

Putting pTdv, = -ydo in eq. [lo], dropping 
subscripts, and supposing the system to contain 
a number of components, we can write 

[12] dE = TdS + ydo + Cpidmi 

as a fundamental thermodynamic equation for 
interfaces. 

The corresponding increments for parallel 
growth in extent (cf. eq. [2]) are 

The term yo is wholly equivalent to the pv term 
of bulk systems under hydrostatic states of stress. 
Evidently the non-uniform interfacial layer can 
behave thermodynamically very much like a 
laboratory scale system in equilibrium with ex- 
ternally applied forces. 

Equation [13] leads to 

C 141 Y = A l u  - Crw 
and to the so-called Gibbs adsorption equation 

C1513 ( ~ Y ) T  = -Crrd~r, 
where Ti  is the actual mass or number of moles of 
the i'h.component contained in unit area of the 
non-uniform surface region. 

Since the thickness of the non-uniform surface 
region is not readily determined, and in many 
cases it will be difficult if not altogether impos- 
sible to separate experimentally the non-uniform 
surface region from the uniform bulk phases, the 
direct determination of the actual values of Ti  
may present some difficulties. However, there are 
many cases where it is not necessary to determine 
the actual values of Ti  in order to use eq. [15]. 
There are a large number of other values of the 
surface "excess" masses, say Ti', which will 
satisfy eq. [15]. These alternative surface excesses 
depend upon the position chosen for the surface 
region in the real three-part system with respect 
to a reference system consisting of the two 
corresponding bulk phases. Some of these alter- 
native "correct" surface excesses may admit of 
experimental determination much more readily 
than the actual values. This is the gist of Gibbs' 
statement concerning the choice of the position 
of the dividing surface. 

Guggenheim and Adam (13) have given a very 
complete description of the various conventions 
that have been found convenient for determining 
the various permissible values of Ti', i.e. sets of 

ZDiscussions of h, G for the surface layer, etc. appear 
in Appendix I. 

3For a flat surface layer we should write Zm, dp, 
= -SdT - ody, not Eml dpl = -SdT + vdp - ody, 
since p and y are not strictly independent variables. 
Thus p = p(T,pl,~,. . .) and for the interface between 
specified phases y is determined by T,p1,p2, etc. For n 
possible phases there will be n(n - 1)/2 possible flat 
interphases. 
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FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 

values of Ti' which satisfy (dy), = -CTi'dpi. 
The importance of the difference between the 
ratios of the concentrations of components in the 
surface and bulk systems as well as our freedom 
with respect to the real values of Ti may be illus- 
trated by considering a two-component liquid of 
relatively low vapor pressure. For any given 
volume of the bulk liquid we can write 

and for an equal volume of the corresponding 
vapor 

M,'dy, + M2'dy2 = vdp. 

Hence after subtraction, 

If the vapor pressure is low and M, and M, 
are at all comparable, M, >> M,', M, >> M,'. 
Hence for variable values of p, or p, 

[I61 Mldpl + M2dp2 = 0 

very nearly. (Ifp and Tare constant a two-phase, 
two-component system is invariant and dp, 
= dp, = 0). For the corresponding liquid- 
vapor interface we can write 

~ 1 7 1  mldpl + m,dp2 = -ody. 

If M, = bM, and m, = sm,, it is easily shown 
that 

m,[b -s]dp2 = ody 
or 

rl[b - s]dp2 = dy. 

While b and dp, may be considered as known 
(e.g. dp,/dM, for the bulk systems can be deter- 
mined, etc.), s and m, or r, may be practically 
impossible to measure. Any sample of the surface 
region collected for analysis will certainly con- 
tain a large portion of bulk material. However, 
if we add eqs. [16] and [17] we obtain 

If the quantity of liquid phase that is inadver- 
tently included along with the surface region is 
M, + M, and if M, + M, = x(m, + m,) where 
x is unknown, we can write 

m,(x) = nz, + M, 
= ml[l + x(1 + s)/(1 + b)], etc. 

Putting m,(x)/m,(x) = s(x) it is easily shown 
that 

m,(x)[b - s(x)] = m, [b - s]. 

Hence 
m,(x)Cb - s(x)l = ~ d ~ l d ~ 2  

or 
C181 T,'(x)Cb - s(x)l = dyldy,. 

The terms m,(x) or Tlt(x) and s(x) are the 
observed values from the sample collected which 
consisted of the non-uniform surface region to- 
gether with an unknown quantity of the bulk 
liquid phase. When b < s(x) the second com- 
ponent "concentrates" in the surface region or 
is "adsorbed" by the surface and dyldy, is 
negative. When b > s(x) the second component 
"concentrates" in the liquid phase or is repelled 
from, or negatively "adsorbed" by, the surface 
and dyldy, is positive. 

Under the assumed experimental conditions x 
will be a large number and if b and s are not very 
different from one another in magnitude s(x) will 
approach b very closely and [b - s(x)] will ap- 
proach zero. Hence the "experimentally ob- 
served" values of dyldp, will be subject to large 
errors. In the case of adsorption of a substance 
(say, the second component) on the surface of 
the f is t  component where solution of the second 
in the first is practically nil, b can be taken as 
zero, and the relation between dyldp, and the 
quantity adsorbed can be calculated in a number 
of ways. Also experimental measurements of the 
quantities involved, the various Tif  values, are 
relatively easy. The adsorption of H,O vapor 
on Hg was quoted by Gibbs to illustrate the 
general method. With some reservations the 
Gibbs adsorption equation can be applied at 
least as a first approximation to adsorption of 
gases on solids. However, in these cases we 
cannot measure the surface stress directly, nor 
can we distinguish between the surface stress 
and the stresses of the solid remote from the 
surface. In the case of solid adsorbents of large 
internal surface areas we cannot suppose the 
solid, the surface region, and, say, the gas sepa- 
rated from one another by imaginary planes so 
that the potentials of the three regions are 
additive. Hence we cannot give any very definite 
meaning to the pv or yo potential of the surface 
layer as distinct from the solid and we cannot 
apply the Gibbs adsorption equation in any literal 
sense to these cases although this is often done. 

(3) Curved Surfaces 
When a surface layer completely envelopes one 

of the bulk phases or when the layer has an ap- 
preciable curvature the situation is somewhat 
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more complicated. When surface curvatures are 
appreciable and there is any real surface tension 
the tangential surface stresses will have com- 
ponents along the radii of curvature and vice 
versa, leading to  a hydrostatic pressure difference 
across the surface layer. However, if the surface 
region can be separated from the bulk phases by 
imaginary curved surfaces so that the non- 
uniform surface region is contained wholly 
within the surface shell, the potentials of the two 
bulk phases and the surface shell will be additive 
and the system can be treated in much the same 
manner as systems with flat surface regions. The 
formal treatment is straightforward but the mea- 
surement of the pv potential of the surface shell 
as well as the definition of surface tension may 
present some difficulties. When we attempt to  
integrate dE  = TdS - p,dv, + pdm, as applied 
to a spherical shell of volume v, we must suppose 
the radius and thickness of the shell constant if 
the "nature and state" are to remain constant 
during growth. Thus we might write 

where o is solid angle, R the outer radius of the 
shell, R, the inner radius, and R - R, = h, the 
thickness of the shell. We might also suppose a 
very large number, n, of shells and write 

Fv, = 4nR13Fn/3, etc. 

In any case, if the specific properties of the 
material in the surface shell of volume, us, differ 
from those of the material in the interior volume 
v, it is necessary that Fvlv = Fv,/v, = Fv,/v, if 
the specific properties of the whole volume, v, are 
to remain constant during any finite growth. If 
p i s  the hydrostatic pressure exerted on the whole 
volume 71, + v, or v, p, the hydrostatic pressure 
of the interior volume v,, and p, the effective 
surface stress of v, when growth is consistent 
with constant specific properties, we can write 

where pFv is the mechanical displacement work 
of finite growth in volume, mass, etc. of the 
whole system. 

Since Fvl/vl = Fv,/v, = Fvlv when the specific 
properties, "the nature, and state" of the whole 
system remain constant during growth, we can 
write 

When Fv, = R13Fo/3, etc. or when Fv, = 
4nR13Frz/3, etc., eq. [22] follows since these 
relations are consistent with 6vl/vl = Fv,/v,, etc. 

If the spherical system consists of a liquid drop 
(or drops) in equilibrium with its vapor, the 
thermodynamic properties of the surface layer 
(or layers) are largely controlled by the dense or 
liquid-like part of the surface(s). Accordingly it 
is convenient to  compare p, with the hydrostatic 
pressure of the normal liquid in the interior, i.e. 
withp,. Hence we write 

where p, + ?, represents the average of the sur- 
face stresses which yield the correct mechanical 
displacement work for spherical growth of the 
surface (the subscript indicates an average over 
the cube of the radius). Hence substituting this 
value for p, in eq. C2:l.l and the appropriate 
values of Fv,, Fv,, from eq. [19] or [20] we get 

and putting R, = qR, 

If, however, we balance forces acting per- 
pendicularly on a plane through the center of the 
spheres4 we would have 

While we might cornparep,' withp, as we did 
with p, it seems more convenient to  compare 
p,' with the external pressure p. Hence we write 
p,' = p + q2 (the subscript indicates an average 
over the square of the radius) which leads to 

and to  

[28] i 3  = + q)/(1 + q + q 2 h 2  

I t  is worth noting that the p,' from balancing 
forces acting perpendicularly on a plane through 
the center of the sphere is the same as the p,' for 
finite cylindrical growth, i.e. for Fv, = nR?Fz, 
Fv, = n(R2 - R,~)Fz, etc., where z is a distance 
along the normal to  the area X R ~ .  Also p,' is the 
same as the ps in the virtual surface stretching 

4Tl~is is analogous to following Maxwell (14) and 
writing dp/dR = 2(q - p)/R as a condition that the 
tangential stress forces q and the radlal stress forces p 
balance. In our case, however, the surface forces arise 
largely from mutual field potentials and although the 
tangential forces act largely as stress forces, the radial 
forces are a combination of stress and field forces. 
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FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 1303 

work at constant thickness, lz, where R = R, 
-!- h, i.e. for the virtual process 

~291  ~ , ( a v , i a ~ ~ ) d ~ ,  -+ pS(avs ia~  , ) , d ~ ,  
= p(avlaRl)l,dRl 

The spherical growth, cylindrical growth, and 
virtual stretching are, of course, different pro- 
cesses. In the "stretching" process (eq. [29]) 
doldv = 2o/3v whereas for both spherical and 
cylindrical growth processes doldv = Fo/Fv. 
Again, do/dv = 2/R for both "stretching" and 
cylindrical growth, while for the spherical growth 
process doldv = 3/R (o is the surface area of v 
in each case). 

The quantities p, and p,' are "tangential" 
stresses, mechanical forces per unit cross sec- 
tional area of the surface shell. Surface tension is 
a force per unit length. When the inner and outer 
lengths of the perimeters of the surface shell are 
appreciably different from one another, the 
question arises as to what length is the most 
suitable one to correlate with surface tension. 

If we think of the surface tension as measuring 
the net surface stress perpendicular to the radius 
as in "balancing forces" or in a virtual stretching 
process then y will be directly related to p,' by 
an equation of the form yL = -p,'n(R2 - R12), 
where L is a length. If we write n(R2 - R12) 
= =&hi = Lh where CFhi = R - R1 = h, 
then L =  n(R -!- R1). If pi  is independent of Li 
i.e. dependent only on the distance along the 
radius, then CpiLiFhi = pLh = j7 n(R -!- Rl)h 
and putting ph = -y, yn(R + R,) = -p, 'n(~2 
- R12). Hence for the spherical shell we shall 
define y by 

which is consistent with our definition of y for 
flat surfaces. This definition leads to 

and to 

C321 PI - P = ~ ( 1  -!- r l ) / R ~ ~  -!- ~ ( 1  - T ~ ) / I I ~ ;  

when q -+ 1, eq. [32] leads to the familiar rela- 
tions p, - p = 2y/R, ( p ,  - p)v = $yo. Note 
that for a flat surface the pv displacement poten- 
tial is --yo whereas the pv potential for a spheri- 
cal surface is only -+yo. This seemingly para- 
doxical result is another way of saying that a 
flat surface of tension will do  work amounting 
to +yo on external bodies if allowed to form, 
reversibly, a spherical surface of the same area 

and tension. Or as Gibbs puts it "the work [done 
on the system in forming the spherical mass] 
consists of two parts of which one is always 
positive, and is expressed by the product of the 
superficial tension and the area of the surface of 
tension, and the other is always negative, and is 
numerically equal to the product of the difference 
of pressure by the volume of the interior mass". 

The relation between the "pv" potential for a 
flat and a spherical surface does not depend 
directly on the definitions of eqs. [23] and [30] 
but follows from any dehition of y for which 
p, - p = 2y/R together with p,v, -!- p,v, = pv, 
where v, and v are concentric spherical volumes 
of very nearly equal magnitudes. 

If a system containing an interface or surface 
layer were to grow in extent not spherically but 
in some other way the "pv" potential of the sur- 
face layer would be different, e.g. for cylindrical 
growth the pv potential is -yo as for flat 
growths. In any system which is not isotropic 
and where the Helmholtz potentials of the parts 
are not the same, the Helmholtz potentials, the 
pv potentials, etc. wiU depend on how the 
growth, from suitable sources, is to take place. 

The treatment of the surface of a spherical 
hole in a liquid is much the same as that given 
above, except that the hydrostatic pressure of the 
liquid is now the "external" pressure of the 
system containing the spherical surface. 

When the surface region between a solid and 
its vapor (or any other bulk phase) can be 
separated by imaginary planes so that the poten- 
tials of the three regions are additive, the above 
relations are equally applicable provided that the 
intensive variables applicable to the bulk states 
are limited to T, p, and p. 

In the case of a liquid-vapor interface we can 
easily measure the surface tension directly by 
balancing forces. Also, if the system has only a 
single component, we can reversibly convert bulk 
liquid to surface system and measure the differ- 
ence of the pv works concerned. But in the case 
of a solid there is no very direct way of distin- 
guishing between surface stress and bulk solid 
stresses, i.e. there is no unambiguous method of 
measuring surface tension directly. 

However, the energy of solid powders can 
often be measured as a function of surface area, 
the Helmholtz potential per unit area inferred, 
and an ideal surface tension of the particles cal- 
culated assuming eqs. [3], [13], etc. or equivalent 
equations. 
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(4) Surface Free Energy 
"Surface free energy" has been defined as the 

excess Helmholtz potential of small drops or 
crystals, compared with equal masses of bulk 
material, the excess being expressed per unit 
surface area. For a spherical mass this quantity 
may be defined by 

[331 A" AN( f ' - 1)/4nR2, 

where A is the Helmholtz potential per molecule 
of bulk material; Af?' the Helmholtz potential 
per molecule of the N molecules in the spher- 
ical cluster of radius R. Usually f ' > 1. 

If the entropies of surface and bulk material 
are the same, or if the temperature is low so that 
TS is small, A is practically the same as energy 
so that the "surface free energy" becomes 
6 6 surface energy". The surface energy can be 
measured fairly easily. 

Writing E, as the sublimation energy, per 
molecule, of condensed material (i.e. the differ- 
ence between the Helmholtz potentials of the gas 
and bulk material) we can write 

[341 E L  E ~ N ( ~  I- f )/4nR2, 

where f < 1, and cOf is the sublimation energy 
per molecule of the c l ~ s t e r . ~  

In the case of a "hole" in condensed material, 
ES is also given by eq. [34], but N is the number 
of atoms or molecules removed to form the hole 
and N E ~ ~  the sublimation energy of a cluster of 
N atoms. R is the radius of the "hole" and of the 
cluster of the N atoms removed. 

The relation between AQnd the surface ten- 
sion as defined by eqs. [30] and [32] is readily 
obtained, assuming the ideal conditions under- 
lying the derivation of the thermodynamic equa- 
tion for surfaces eqs. [12], [13], etc. 

For spherical drops or clusters we assume 
plvl + p,vs = p v  as before. For equilibrium 
with respect to  diffusive interchange the chemical 
potential of the surface and interior are equal. 
Hence, for a one component system we can write 

where p, and p, are the densities of the interior 
and surface volumes respectively; AT,' and Af',' 
are the Helmholtz potentials per molecule and 

m the mass of the molecule. Since ps is taken as 
PI + q 3 7  we get 

[36] q3 = 3AN(J',' - f ' ) / 4 n ~ ~ ( 1  - q3) 

+ P,(PS - Pl)/Pl, 

where f '  = (NSfs1 + N,f,')/(N, + N,) and Ns 
+ N, = N. 

When p, + p,, we get for drops 

For "holes" in a condensed system 

where R, is the radius of the hole and R, = qR, 
where R is the outer radius of the shell. is 
the sublimation energy of the material just 
beyond the outer radius of the shell. If the hole 
is a hole in a very large bulk system, fo = 1, and 
we can write 

For large drops and large holes q -t 1 and 
y = $A" -2E" The displacement work poten- 
tial, the pv potential, for spherical growth of 
the shell is +yo = ESc. 

If we can calculate the values of the sublima- 
tion energies of interior and surface atoms as 
well as the thickness (R - R,) of the surface 
region we can calculate EQnd the ideal y from 
the above equations. Also if the relative values of 
the energies change with curvature we can esti- 
mate the effect of curvature on surface tension. 

In Part 111 of this paper we shall assume that 
the difference in sublimation energies or self- 
potentials of molecules in various regions of 
face-centered cubic close-packed arrays, as cal- 
culated by pair-wise additive summation of the 
6-12 Lennard-Jones potentials without relaxa- 
tion effects, will correspond, approximately, to  
differences in Helmholtz potentials of such 
regions in real systems, when the real systems are 
close-packed Van der Waals' type crystals or 
dense liquids of very low vapor pressure. 

- - 

5The primed and unprimed factors in eqs. [33] and 
[34] are related by the expression 

(7' - 1)A = ~ ~ ( 1 -  7). 
A similar relation holds between TI' and f; used in sub- 
sequent equations. 

III. Geometry, Surface Energies, and Surface 
Tensions for Face-Centered Cubic Arrays 

The following is an outline of the methods 
used in calculating the self-potentials or sublima- 
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FLOOD AND BENSON: SUFWACE ENERGY AND SURFACE TENSION 1305 

tion energies of 'noble gas atoms' in various 
face-centered clusters of atoms. 

(i) Geometry of the Face-Centered Cubic Array 
Let i,, i,, i, be unit vectors defining a set of 

orthogonal Cartesian axes. The sites of a sim- 
ple cubic lattice with lattice parameter a are loca- 
ted by the vectors 

where I,, I,, I, take integral values, positive, 
negative, or zero. It is convenient t o  use a as a 
unit and to define a reduced lattice vector 

so that r, = aL. Hence, 

A face-centered cubic structure can be derived 
from the simple cubic structure by restricting the 
positions of the atoms to lattice sites of even 
parity, i.e. the sum I, + 1, + I, is an even 
whole number. The nearest neighbor distance in 
the face-centered cubic array is a J2 where 'a' is 
the cube edge of the simple cubic lattice from 
which it is derived. 

(ii) Interaction Energies 
It is assumed that the condensation energy or 

self-potential of a cluster of atoms is the sum of 
the Lennard-Jones (6-12) interaction energies of 
all pairs of atoms in the cluster. Thus the energy 
of interaction between a pair of atoms at lattice 
points i and j separated by the distance rij can be 
represented by 

The two parameters a and P can be adjusted to 
fit two experimental values, the heat of sublima- 
tion and the lattice spacing of large (infinite) 
clusters. 

The lattice energy per atom of a 'large' cluster 
(containing N atoms) is 

C441 @(a) = 

al l  ntoms 

where the prime indicates omission of terms 
i = j. In the limit N +- a, Cjfui j  is the same for 
all atoms i, hence 

0 - m -W -m 
lr+ I?+ l a  even 

Jones and Ingham (15) have tabulated the sums 

- 

-m -m -<o 
11+ lu+ I J  even 

and inserting these values 

where A," = 1.80674 and A,," = 0.18956. 
If 'a,' is the equilibrium value of 'a' for the 

large (infinite) cluster and E,  the sublimation 
energy per atom, then the constants cc and P are 
given by 

The self-potential of an atom in the 'infinite' 
cluster or crystal is the energy of interaction of 
one atom in the cluster with all others (i.e. 
Cjlui j  for i fixed) and is equal t o  -26,. 

(iii) Shells of Atoms 
The 'primary' atom of shell s will be defined 

as that atom which occupies the lattice site 
located by the reduced lattice vector 

[49] P(") = pl(")il + p,(")i2 + p3(")i3, 
where 

pl'"' > p2'"' 2 p3(") > 0, 
and 

pl(") + p2(S) + P3(S), even. 

The sites of the other atoms of shell s are 
located by the vectors 

[50] Q?) = qjl(") i, + qj2(") i2 + qj3(") i3, 

where the set of integers 

(qjl'"), qj2("), qj3(")) 

is derived from (p,("), p2("), p3(")) by permutation 
of thep,("), p2("), p3(s) or by changes of sign. 

The number of atoms in shell s will be indi- 
cated by v(") which can have values I,  6,8, 12, 24, 
or 48 depending on the particular set P("). Thus 
for example, if pl(") > p2(") > p3(") > 0 then 
"(s) = 3 ! '23 = 48. 

The atoms of a shell as defined above are all 
at the same distance from the origin, i.e. (dis- 
t a n ~ e ) ~  = a2[~(")]2. By convention the shells are 
numbered consecutively, 0, 1, 2 ,......, correspond- 
ing to the increasing magnitudes of [P(")]~ start- 
ing with the atom at the origin which forms shell 
0. It is possible for two shells s and s' to have the 
same value of [P(")12 and in this case s is taken as 
less than s', ~ h e n p , ( ~ )  < or ifp,(" = 
when p2(") < p,("'). 
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TABLE I* C) 

4!~= E 
u 

k F z 
s 0 1 2 3 4 5 10 20 30 40 8 

C 

0 0.0000000 0.6713164 0.7673669 0.8876495 0.9133525 0.9397931 0.9726812 0.9892426 0.9934387 0.9954249 g 
1 0.9440569 0.3339210 0.4580340 0.7497330 0.8297271 0.8936675 0.9620766 0.9872368 0.9925860 0.9949655 F 
2 0.9839915 0.7357655 0.2730720 0.5409187 0.6080608 0.8404719 0.9468212 0.9844684 0.9915120 0.994441 5 0 

v 
3 0.9949882 0.8491387 0.7821770 0.3811226 0.5016384 0.6410883 0.9173493 0.9814996 0.9904060 0.9938424 C) 

4 0.9978580 0.9178640 0.8842929 0.6432613 0.3662001 0.5027094 0.8723212 0.977531 6 0.9889906 0.9931 675 
5 0.9988983 0.9669280 0.9088253 0.7693753 0.7011207 0.4317572 0.8083090 0.9702005 0.9868608 0.9923625 

P z 
ci 

10 0.9998103 0.9959670 0.9904298 0.9655269 0.954291 1 0.8307548 0.4092896 0.9048724 0.9733028 0.9876051 !a j 

20 0.9999762 0.9995951 0.9993786 0.9978859 0.9968718 0.9952708 0.9698806 0.4159584 0.8199668 0.9435382 e 
30 0.999991 1 0.9998603 0.9997844 0.9993870 0.9990948 0.9985587 0.9928823 0.8602162 0.4043269 0.8043834 0 

r 
40 0.9999957 0.9999369 0.9998980 0.9997429 0.9996580 0.9993530 0.9976178 0.9867161 0.9341 365 0.3397991 P m - 
*Entries lying above or on the diagonal of the table were calculated from eq. [61]; those below the diagonal were obtained from eq. 1591. 

(O m 
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FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 1307 

Although each shell possesses a center of The average energy of interaction per atom in 
symmetry, the shells are far from resembling a the cluster is 
set of uniform supeficial distributions of atoms. C ~ ~ I  Ek = Ek/v(k). The number of atoms in these shells does not 
increase necessarily as the cluster gets larger and a large it that - 
the number of atoms in the 'outermost shell' of a [57] E ,  = @(ao) = - E ~  
large more Or less 'pherical 'luster be very Ivi) Distribution of Energies of Shells in Clusters 
much less than the effective number of 'surface' and Near Holes 
atoms. Thus, for example, a cluster comprising Suppose we have a hole A in a very large 
shells 0 t o  25 contains 603 atoms of which only cluster, the hole being formed by removal of 
48 atoms are in shell 25. However, the 306 atoms ,to,, in shells 0, 1, 2,..k. The remaining part of 
of shells 15 t o  25 are all within about one nearest the cluster + + 2, . . . is called B. We 
neighbor distance of the surface. wish t o  calculate the self-~otential of an atom at 
(iv) Shell Sums 

It is convenient to  define shell sums v,,("') as 
follows. 

I 
C511 v,~'"' = C 1 P'" - Q,") , t i s 1 -n 

where C j  indicates a sum over all the v(') atoms 
of shell t. In the special case t = s, we define 

where the prime indicates that the term IP(') 
- P(~)/-" must be omitted from the summation. 

By considering a very large cluster it can be 
shown that 

m 

C531 Co V,(~I)  - - A,". 
1 

(v) Energj~ of Clusters 
A cluster of atoms formed by shells 0, 1,2, ..... k 

will be called a cluster of size v(k), where v(k) is 
the number of atoms in the cluster. Evidently 

k 

C541 (s) v(lc) = Co v . 
3 

Using eqs. [43], [48], [51], and [52] the total 
energy of interaction of all of the atoms in the 
cluster can be expressed as 

Note that E, = 0, since by definition v,(OO) 
vanishes. 

site P in B assuming that the lattice is not dis- 
torted. Because of the symmetry we can restrict 
our consideration t o  'primary' atoms in B. 

The self-potential of the atom at P"), when 
k + 1 < s < co and v(k) atoms are removed to  
form the hole, is given by 

' 
Defining 

for s > Ic, it can be shown with the aid of eq. 
[53] that 

C601 u ~ ( ~ )  = -2EO$:. 
This same expression can also be used to  cal- 
culate the self-potential of an atom of shell s in a 
finite cluster consisting of shells 0, 1, 2 ,...... k, 
provided that the definition of $: for s < k is 
taken to be 

k ( S O  C61I $ka = ( 2 / ~  a") x o v r  

' - ( ~ / A ~ z " ) ~ > I . " " .  
I 

Values of $2 were calculated from eqs. [59] 
and [61] for s and k ranging from 0 t o  49. From 
these results the distribution of energies in the 
various 'shells' in clusters and in the 'shells' of 
material surrounding holes can be determined. 
An abridged set ofvvalues of 4," is given in 
Table I.6 

6A table of the complete set of values calculated for 
+9 has been placed in the Depository. Photocopies of the 
depos~ted material may be obtained upon request to: 
The Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa: 
Canada. 
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(vii) Radius and Surface Area of Clusters TABLE I1 

The apparent radius and surface area of a 
cluster of a few 'shells' are necessarily rather k v(" v(k) Rr/ao J2 f E'(QO~/EO> 

vague quantities. However, when the number of o 1 1 0.5527 0.0 0.13027 
shells becomes very large the clusters approach 1 12 13 1.2995 0.35987 0.19607 

2 6 spheres having reasonably definite radii and 3 24 
19 1.4747 0.41591 0.20303 
43 1.9362 0.51807 0.21994 

surface areas. 4 12 55 2.1018 0.56277 0.21660 
The radius R, of a cluster comprising shells 2;f 79 2.3714 0.61376 0.21589 

87 2.4489 0.60944 0.22544 
0, . . .k (i.e. containing v(k) atoms) is defined by 7 48 135 2.8352 0.66605 0.22316 
the equation 8 6 141 2.8765 0.66556 0122675 

9 12 153 2.9559 0.67190 0.22860 

[621 (4/3)7c~,~ = 2a03v(k). 10 24 177 3.1031 0.68704 0.22890 
11 24 201 3.2374 0.70992 0.22135 

The corresponding surface area of the cluster is f: :j ;$ :':!;: ::;:;;: ::;;:;: 
(viii) Surface Energy and Surface Tension 

From Part I1 it follows that the specific surface 
energy of a cluster of v(1c) atoms is the excess of 
the energy of the cluster over that of the same 
number of atoms in a large crystal and expressed 
per unit area of the cluster. Thus in the notation 
outlined above 

- 
1641 E L  ((E, - E,)v(k)/o, 

By comparison of eqs. [34] and [65] we see that 

f = E, /E, .  
38 48 1007 5.5396 0.82304 0.23105 

The value of Esaa,2/&0 for a hole corresponding 39 48 1055 5.6262 0.82630 0.23035 
t o  ~ ( k )  missing atoms in an infinite cluster is the 40 6 1061 5.6369 0.82547 0.23189 
same as that for a cluster of v(k) atoms. 41 24 1085 5.6790 0.82300 0.23693 

42 48 1133 5.7616 0.82744 0.23434 
Calculations of the surface energy from eq. 43 24 1157 5.8020 0.82741 0.23603 

[65] are summarized in Table I1 for clusters 44 24 1181 5 .a418 0.82765 0.23732 
45 24 1205 5.8811 0.82989 0.23581 

with up to 50 shells. I t  may be noted that the 46 48 1253 5,9582 0.83274 0.23490 
values of ~'a;/&, fluctuate as increasingly larger 47 12 1265 5.9772 0.83253 0.23594 
clusters are considered, but appear to  be ap- 48 24 1289 6.0147 0.83265 0.23725 
proaching a value somewhat larger than 0.2345 49 48 1337 6.0885 0.83490 0.23693 

estimated (16) for the (110) face of a large 
undistorted crystal. where 

We shall write ykll, as the apparent surface [68] 71 R k ~ / R k  
tension of the surface layer of a cluster formed 
from shells 0 to k of which shells 0 to  k, consti- and 
tute the central core and the remaining k - k, 
shells the surface layer. Dropping the negligibly ~ 6 9 1  j1 = ( I / v ( ~ I ) )  C ~ ~ V ( ~ ) + ~ ~ .  

t o  

small pressure t€Xm in eq. C371, the of the ~ ~ ~ ~ t h ~ t  is the mean energy of sublimation 
surface tension is given by of atoms in the core. 

2 2 
3n2 f~ - f 5 According to  the above definitions yo/, is the 

[67] yk1 ,k z: = - - lfnl-f & o '  apparent surface tension of the outer layer (12 
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FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 1309 

TABLE III 

k~ Rk1/R4g $49". fi Y ~ I / ~ ~ ( ~ o ~ / E o )  

0 0.09077 0.99636 0.99636 0.00525 
1 0.21344 0.99604 0.99607 0.02605 
2 0.24222 0.99569 0.99595 0.03275 
3 0.31801 0.99531 0.99559 0.05308 
4 0.34521 0.99486 0.99543 0.06122 
5 0.38949 0.99435 0.99510 0.07530 
6 0.40222 0.99386 0.99499 0.07952 
7 0.46566 0.99318 0.99434 0.10155 

atoms) in a cluster of 13 atoms. In this case 
q = 0.5527/1.2995, as may be seen from Table 
11. Thus yo/, = 0.1852Es = 0.036~,/a,~. 

Table I11 summarizes calculations of some 
values of yklI4,. These show the effect of varying 
the core size on the estimation of the surface 
tension of a cluster containing 1337 atoms. 

In the case of 'holes' we write ykllkzlk to indi- 
cate the surface tension of the surface layer made 
up of shells k, + 1 to k, about a hole formed by 
removing shells 0 to k, from a cluster originally 

containing k + 1 shells (the surface layer being 
compared with the outer shells IC, + 1 to k). 
Calculation of 'ykllk2/li is analogous to that of 
yk,/, but uses eq. [38] in place of eq. [37]. Some 
results obtained in this way for holes in a very 
large cluster are 

All of the clusters or holes considered are 
small compared with bulk systems, consequently 
the thickness of the "non-uniform" region is 
somewhat arbitrary. The values of y obtained 111 
the above estimates depend on the thickness as- 
sumed for the surface region, i.e. the values 
depend on the choice of R,,/R,, etc. The radius 
of the largest of the clusters considered is only 
about six atomic diameters. Two reasonably 
complete surface layers would correspond rough- 
ly to k, = 20 and k, = 30. Thus perhaps the 
most meaningful value of y lies between yZol4, 
and y,o14g or about 0.2c0/a;. Of course in 
much larger clusters where the thickness of the 
non-uniform region is quite distinct from the 
interior, the value of q is close to unity and the 
ambiguity in the values of y disappears, i.e. 
y = (3/2)E% 0.36 &,/aO2. In general the calcu- 
lations indicate a small decrease of specific sur- 
face energy ES with decreasing particle size and a 
somewhat greater decrease in surface tension y. 

From the tables rough estimates of "ideal 
stress distributions" in surface layers can be 
made. An "ideal stress distribution" is the distri- 
bution of hydrostatic stresses consistent with the 
distribution of sublimation energies assuming 
that chemical potentials and specific volunles are 
equal everywhere. While perhaps these ideal 
stress distributions are not very realistic they 
should give some notion of the stress distribu- 
tions in systems of reasonable size where the 
assumed conditions are approximately valid. 

IV. Validity of the Thermodynamic Equation 
for Surfaces 

Many Molecule Systems 
The basic assumptions underlying all of the 

equations of Part I1 fall into four categories. (i) 
The basic concepts of thermodynamics (essen- 
tially macroscopic) are applicable to the systems 
concerned. (ii) The only intensive thermody- 
namic variables that need to be considered are 
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the temperatures, the chemical potentials, and 
the pressures, the pressures being largely hydro- 
static. (iii) The energies, entropies, "pv" poten- 
tials, Helmholtz potentials, etc. of the whole 
non-uniform surface layer and those of the 
corresponding bulk phases are additive. (iv) The 
surface layer is in complete thermodynamic 
equilibrium with the bulk phases, i.e. it is in 
equilibrium with respect to thermal and material 
interchange (equality of T and p) as well as being 
in mechanical equilibrium (equilibrium with re- 
spect to change in relative positions of the parts, 
i.e. with respect to "strain"). 

As long as we deal with the time average 
properties of many molecule systems whose 
variables are definable and whose interactions 
with external systems are inherently observable 
(i) should be reasonably valid. 

Assumption (ii), however, is not very likely to  
be valid in cases where "contact potentials", 
surface electric fields, polarization energies, 
stress-strain potentials, etc. of appreciable mag- 
nitudes are possible. 

To provide for a variety of sources of potential 
we should write eq. [l] in the form 

~ 7 1 1  d~ = T ~ S  - pdv + C Y , ~ Y ,  
+ C X d x ,  + C$& + C ~ i d m i ,  

where C Yjdyj represents those "work" terms in 
addition to TdS,pdv, and Cpidmi which must be 
involved as a system grows in extent, its nature 
and state remaining constant. The y's are ex- 
tensive variables. The terms CX,dx, are work 
terms associated with changes in position in 
scalar potential fields. (The equation implies 
that it is possible for the system to grow in extent 
without change in position, i.e. with the x's con- 
stant.) The terms C4,dq, are any other work 
terms not clearly in the other categories, e.g. 
polarization energies, strain energies, etc. In the 
event of p ,  Y,, etc. being different in different 
directions it will be necessary that the system 
grow in extent in some definite manner (e.g. 
constant shape) in order that the quantities have 
definite values, i.e. in order that dE  be the 
derivative of a function. If a crystal in a state of 
homogeneous strain under non-isotropic stresses 
maintains its crystal form during growth, p 
would be 4(p1 + p2 + p,), where PI, p2, p, are 
the principal stresses. If the growth takes place 
in only two directions in a plane, p will be 4(p1 
+ p,), where p, and p2  are the principal stresses 

in the plane of growth. Assuming equations of 
the form of eq. [71] applicable to a system of two 
bulk phases and the interface between them and 
that the whole three-part system can grow in 
extent from suitable sources of heat, mass, etc., 
we can follow the same procedure as used in 
deriving eqs. [lo] to [15] of Part I1 and obtain 
the more general equation for surfaces in the 
form 

~ 7 2 1  d~ = - S ~ T  - crdy - c ~ , ~ Y ,  
+ C$tdqt + C ~ i d m i .  

For Van der Waals type crystals in the absence 
of external electric and magnetic fields, in the 
absence of adsorbed ions, etc., the terms Cyjd Yj 
should be negligible, but terms of the type 4dq 
may still contribute appreciably to the equili- 
brium between the surface and bulk material, 
especially if one of the bulk phases is a solid. 
Accordingly, we should write the Gibbs "ad- 
sorption equation" in the form, 

C731 d r  = C r i d p i  - $'dq. 
This equation should be applicable to the sur- 
faces of reasonably large nonionic crystals. Un- 
less the crystals are highly symmetrical it is 
unlikely that both surface and bulk phase stresses 
will be equal in all directions. Accordingly 
terms of the type $dq should contribute to the 
equilibrium between the surface and bulk ma- 
terial of many solids. 

The assumptions of category (iii) are certainly 
valid for a large number of laboratory scale 
systems, especially those where the surface 
volume ratio is comparatively small and the 
condensed bulk phase is liquid. Where the sur- 
face volume ratio is large and the condensed 
phase is a solid, it is very doubtful that one can 
suppose the surface region separated from the 
bulk state by imaginary surfaces such that the 
potentials of the three regions are additive. If the 
internal surface area of a porous solid were any- 
thing like 10, m2/g this assumption could hardly 
be valid. 

The assumption (iv) of complete thermody- 
namic equilibrium between surface and bulk 
phases should be valid in laboratory scale sys- 
tems of reasonable fluidity, i.e. where self- 
diffusion rates are reasonably high. However, in 
such systems as activated carbon at  room tem- 
peratures, the whole system in a steady state will 
have a uniform temperature and be in mechanical 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FLOOD AND BENSON: SURFACE ENERGY AND SURFACE TENSION 1311 

equilibrium, i.e. the field and stress forces will 
balance, but the chemical potential of the carbon 
(Zit has any meaning in this case) will not be the 
same everywhere. 

However, in many molecule systems, at rea- 
sonable temperatures, fluctuations associated 
with diffusion interchange undoubtedly can and 
do occur. When such fluctuations in number 
density are very small compared with the number 
of molecules in the region concerned the fluctua- 
tions will not change the thermodynamic prop- 
erties per molecule of any of the regions con- 
cerned. Accordingly the conditions for equili- 
brium between many molecule systems whose 
potentials are not additive are probably much 
the same as those between systems whose 
potentials are additive. If the materials consti- 
tuting the "layers" within the interfacial region 
can be thought of as having temperatures and 
chemical potentials, under equilibrium condi- 
tions there can be no temperature gradients and 
no chemical potential gradients along any line 
passing through the interfacial region, i.e. aT/ax 
= 0, ap/ax = 0, along x, a normal through the 
interface. 

Thus we assume that we can write equations 
for layers within an interface that are analogous 
to  the thermodynamic equations for equilibrium 
of bulk systems in scalar potential fields, such as 

where x - x, is any distance along the normal 
to the flat surface. 

In bulk systems under hydrostatic states of 
stress, the term 4dq drops out, and putting 
p = - X, = - Y,, = -Z,, where Xx, etc. are 
principal tractions, eq. [74] can be written in 
the form 

to change of dimensions in any direction) as well 
as equilibrium with respect to  diffusive inter- 
change of material. Thus as applied to a single 
component bulk fluid of uniform temperature, 
the conditions for mechanical equilibrium with 
respect to  pressures and body forces become in- 
distinguishable from the conditions for thermo- 
dynamic equilibrium. However, lf the system 
were, say, a solid in a gravitational field sup- 
ported at the bottom by the traction X, equal in 
magnitude to  mg, the weight of the solid, and no 
external stresses applied to  the surface anywhere 
else, the condition for mechanical equilibrium 
would be as given by eq. [76]. This equation 
would be applicable to a solid of any shape 
which could be formed by rotation about the x 
axis or the direction of the body force g. Al- 
though the solid would be in mechanical equili- 
brium it would not, in general, be in equilibrium 
with respect to diffusive interchange, i.e. p(x) 
# p(x,). The system might be far from being in 
a state of thermodynamic equilibrium. 

Thus eq. [76] of elasticity theory does not, in 
general, include equality of chemical potentials. 
It applies to  every "point" within a body includ- 
ing the points on the surface, and if the surface 
tractions and body forces are known, they rep- 
resent boundarv conditions which the stress 
function must satisfy. The equations enable one 
to  calculate the change in form or the strain, the 
change in distribution of stress within the body, 
as the boundary conditions are changed, pro- 
vided that the elastic properties are known. The 
equations describe the equilibrium between the 
"external" forces applied to the surfaces of any 
small volumes and the field or body forces which 
may act on the interiors (the center of mass) of 
the small volumes which the whole system is 
supposed divided into. Although the small vol- 
umes are treated as points, the underlying ideas 
are essentiallv macrosco~ic. There is no verv 

ay,, - az, [75] ---- - - direct way of measuring stresses acting on a 
= 0, Y,, Z,, etc. = 0. 

dy az molecule or atom and it might seem that such 

This is a special case of the general equation for macroscopic notions as stress, pv potential, etc. 

equilibrium between tractions and "body forces" were meaningless as applied to such ultra- 

of elasticity theory as applied to bulk systems, microscopic systems. However, there are a good 

namely, many cases where the thermodynamic states of 
stress of very minute volumes can be reasonably ax, ax ax 

[76] - + -! + 2 - p(x)f, = 0, etc. definite physical quantities which can be defined 
dx ay dz with respect to  a reference state. 

Equation [74] contains the condition for me- In all condensed systems mutual field poten- 
chanical equilibrium (equilibrium with respect tials exist, i.e. relatively large intermolecular 
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forces are involved in the equation of state. In 
systems where the extensive variables are homo- 
geneous functions of first degree in one another, 
we can suppose the system divided into small 
volumes by imaginary planes and each small 
volume has a time average energy TS, po, pm, 
etc. of its own. The implication is that no mutual 
field forces pass these imaginary planes (the 
surfaces of the small volumes). The gradient of 
the time average field potentials of the material 
constituting these volumes is zero everywhere. 
In the case of uniform mobile fluids there is 
practically no lower limit t o  the size of these 
imaginary volumes. Their time average prop- 
erties are constant over relatively short time 
intervals and are the same everywhere. The 
"radial" distribution becomes uniform at a rela- 
tively short distance from any reference point. 
However, in the case of crystalline solids, where 
definite long range order exists over relatively 
long periods of time, the lower limit of the size 
of the imaginary volumes would be some multiple 
of the unit cell including crystal vacancies and 
the like. The "radial" density and field potential 
distributions may be regarded as periodic, but 
no net field forces pass the surfaces of the 
imaginary small volumes. Evidently if the ex- 
tensive thermodynamic variables of a uniform 
bulk system are homogeneous functions of first 
degree in one another, we can assign definite 
values t o  the intensive thermodynamic variables 
of the smallest interior volumes whose time 
average extensive thermodynamic variables are 
additive. When the bulk system is under a 
hydrostatic pressure approaching zero we take 
the state of stress of the imaginary small volumes 
as the standard state of zero hydrostatic stress, 
regardless of the nature of the intermolecular 
and thermal forces. (Of course the implication is 
that the field forces are short ranged, i.e. decrease 
more rapidly with distance than an inverse 
square law. A large self-gravitating sphere cannot 
be in a uniform state of stress and the potentials 
of its parts cannot be additive.) 

Consider a perfect face-centered cubic closed- 
packed array of identical spherical atoms. If the 
array is large enough and the interatomic forces 
short ranged and surface forces, external fields, 
etc. are negligible, the extensive thermodynamic 
variables of the whole array will be homogeneous 
functions of first degree in one another. If the 

dynamic state of stress of the smallest volumes 
whose potentials are additive can also be taken 
as zero. Since every atom in the interior of the 
array has the same time average properties we 
take the "volume" of the atom as the smallest 
additive volume, i.e. the pressure of each interior 
atom is zero. If the interatomic potentials are 
pair-wise additive and the forces limited t o  
nearest neighbor (n.n.) interaction only, the 
interatomic forces acting between the centers of 
mass of any pair in the assembly are the same 
everywhere. In the absence of an applied external 
stress the repulsive and a t t r ac t6  forces just 
balance and the net force acting on the "sur- 
faces" of the atoms is zero everywhere. The pv 
potential of the interior atoms being taken as 
zero, thepv potentials of the surface atoms in the 
undisturbed lattice must also be taken as zero. 

Assuming the attractive forces somewhat lon- 
ger ranged than the repulsive forces so that work 
must be done to  separate a pair, the work of 
removal of an atom from the interior leaving a 
hole in the otherwise undisturbed lattice would 
be 12 times the work of separating a pair, say 
12 W, while the work of removing an atom from 
the (100) surfaces would be 9 W. 

If the holes are closed after removal and the 
energy of the array is a homogeneous function of 
first degree in the number of atoms, the energy of 
removal or the "sublimation energy" of the in- 
terior atoms is 6 W, while the sublimation energy 
of the (100) surface atoms is 4.5 W. 

Assuming TS very small and E large, the 
Helmholtz potentials of surface atoms must be 
considerably greater than those of the interior. 
Since the pressure is zero everywhere the po 
potentials are zero everywhere. (No potential 
gradients pass the surfaces of the small volumes.) 
While there are different energy levels or self- 
potential plateaux, the potential of each atom 
(or volume) is a minimum and dR/dx, = 0. 
Each atom is at the "bottom of a potential 
energy well". The fact that there are deeper wells 
nearby has no effect whatever on the pressure 
and does not contribute to the eauilibrium. 
Hence the Gibbs potentials of surfacelatoms are 
greater than those of the interior atoms. The 
system will be in thermal and mechanical equili- 
brium but not in equilibrium with respect t o  
diffusive interchange of material. 

We now allow a small statistical relaxation of 
external hydrostatic stress is zero, the thermo- the lattice and suppose that the atoms have 
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sufficient thermal motion so that finite displace- 
ments from their minimum energy positions can 
and do occur. If the displacements are of suffi- 
cient magnitude diffusive interchange will occur 
together with small fluctuations in number 
density of the various regions. The fluctuations 
in number density will require equality of chemi- 
cal potentials when equilibrium is established. 
Thus there would be a tendency for material to  
diffuse toward regions of lower chemical poten- 
tial and the development of a pressure difference. 
The process would resemble very closely the 
development of an osmotic pressure in a macro- 
scopic system. For the ideal system considered 
(strong interatomic forces limited to n.n. distance 
only) a very small increase or decrease in n.n. 
distance (probable number density) would cor- 
respond to the effects that could be produced by 
relatively large externally applied stresses with- 
out changing the energies appreciably. 

Since the chemical potential of the whole 
system will be controlled by the large interior 
mass (assuming a semi-infinite slab), the intro- 
duction of diffusive interchange will tend to make 
the chemical potentials of the surface atoms the 
same as those of the interior atoms. The surface 
being flat the pressure of the interior will tend to 
remain zero while the surface will develop a 
large negative stress, not necessarily hydrostatic 
by any means. But thepv potential of the surface 
for parallel growth must be consistent with the 
difference between the Helmholtz potentials of 
surface and bulk material as in the Gibbs treat- 
ment. Hence we conclude that under conditions 
of complete thermodynamic equilibrium there 
can be a large positive surface tension associated 
with the interface of condensed systems when 
only n.n. interactions occur (a conclusion some- 
what at variance with that of Shuttleworth (5)). 
But without the requirement of equality of 
chemical potentials n.n. interatomic forces will 
not, in general, lead to any stresses in regular 
lattices, as pointed out by Shuttleworth. 

If the interatomic attractive forces are longer 
ranged than the n.n. distance, the repulsive field 
of an atom between two others must sustain a 
larger attractive or "compressive" force than the 
repulsive field of a pair. This situation is some- 
what different from that discussed above. If the 
potentials are pair-wise additive L-J (6-12) 
potentials when the array is large, the potentials 
of the interior volume are uniform. The system 

as a whole can grow in extent, its nature and 
state remaining constant. If the external pressure 
perpendicular to the surface of a semi-idnite 
slab is zero, the states of stress of all the interior 
atoms is still taken as zero. However, the repul- 
sive fields of atoms near the surface will be 
sustaining smaller attractive fields than those in 
the interior and if we suppose those in the in- 
terior to be under zero stress, those near the 
surface should be regarded as in a negative state 
of stress, if we can apply such macroscopic 
notions in this case. The negative stress would u 

be associated not with the difference between n.n. 
self-potentials of surface and interior atoms but 
rather with the difference in self-potentials in 
excess of the difference in n.n. potentials. This 
relatively small difference in "state of stress" will 
by no means compensate for the difference in 
Helmholtz potentials of surface and interior 
atoms. The surface atoms will not be in equili- 
brium with respect to diffusive interchange. If we 
now allow the lattice to relax a little, so that 
diffusive interchange can occur, relatively large 
pressure differences can develop, i.e. a true posi- 
tive surface tension will develop as in the illus- 
tration above. 

Evidently there are two distinct questions. 
(1) What stresses are necessarily associated with 
given field forces in regular lattices of constant 
n.n. distances in order that stress and field forces 
balance? (2) What modification of the stresses 
and n.n. distances in the surface region of lattices 
must exist when diffusive interchange can occur 
and the equilibrium involves equality of the 
chemical potentials? It is clear that the intro- 
duction of the "osmotic" forces associated with 
diffusive interchange (equality of the chemical 
potentials) must influence very materially the 
stress structure of many systems consisting of a 
great many molecules held together largely by 
their own intermolecular forces. 

Few Molecule Systems 
Clusters of a very few molecules in a close- 

packed array cannot in general behave as though 
the potentials of its parts were additive, i.e. i t  
cannot grow in extent while its specific thermo- 
dynamic properties remain constant. Thus there 
can be little or  no meaning to writing d E  = TdS 
- pdv + pdm as applied to, say, a close-packed 
cluster of 13 atoms and certainly we cannot apply 
such an equation to the imaginary "surface" and 
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"interior" volumes of such small clusters. Varia- 
tions of the type d E  = (aE, / am,) dm, 
+ (aE,/am,)dm, = 0, dm, + dm, = 0 are ob- 
viously meaningless or impossible as applied to  
such "surface" and "interior" volumes. Statis- 
tical fluctuations in atom number densities and 
diffusive interchange between various parts of a 
system, the other variables remaining constant, 
is obviously a property assignable only to sys- 
tems of large numbers of  molecule^.^ Thus, in a 
cluster of a few molecules held together by their 
own intermolecular forces, if we can speak of the 
stress structure at all in such cases, it will be 
determined by the intermolecular forces alone 
without any requirement of equilibrium with 
respect to diffusive interchange. If any meaning 
can be given to  the chemical potentials of its 
parts they will not be uniform. If we were to 
suppose that a cluster of 13 atoms has a real 
surface tension in the sense that the outer layer 
of atoms are under appreciable negative tan- 
gential stresses the components of these stresses 
along the radius would lead to  a large compres- 
sive stress on the interior atom, i.e. the repulsive 
field of the interior would have to sustain a 
larger force than that of a molecule in a large 
face-centered cubic array in spite of the fact that 
the latter must sustain the larger attractive force 
fields. Evidently we cannot regard the "surface 
regions" of very small particles as having ther- 
modynamic properties of their own. Similarly in 
the case of very small holes formed by the 
removal of a few atoms from the interior of a 
large many molecule condensed system we can- 
not regard the "surface region" of the hole as a 
thermodynamic entity distinct from the hole. 
The hole and the region surrounding it should 
be regarded as a statistical fluctuation of the 
thermodynamic state of the whole condensed 
system. 

Practically none of the basic assumptions 
underlying the equations relating surface tension, 
y, and surface Helmholtz potential, AS or Es as 
defined in Part 11, can be applicable to very small 
particles or to  very small holes. 

Although we cannot apply equations of the 
type dE  = TdS - pdv + pdm to the surface 
regions of very small particles and holes we can 

7The isothermal condition for equilibrium between a 
cluster and the gas, vcdpc = v,dp,, where the subscripts 
refer, respectively, to the cluster and to the gas, is not 
applicable to a cluster of only a few atoms or molecules 
(cf. ref. 2). 

apply d E  = TdS + dw (where w is work done 
on the system by external bodies) to the whole 
system of particles or to a system of holes in a 
bulk system. Thus if the Helmholtz potential 
increases as a result of dividing a crystal into 
smaller crystals or as a result of the formation of 
holes or vacancies in a bulk system dE - TdS or 
(dA), would be a measure of the work done on 
the system. Thus for the change in Helmholtz 
free energy from its value for a bulk system we 
could write 

taking the Helmholtz potential of the bulk sys- 
tem of negligible surface area as zero, AQs the 
Helmholtz potential per unit surface area of the 
whole system, and o its surface area measured or 
calculated in some particular manner whether 
fictitious or not (cf. eqs. [33], [63], and [64]). 

Equation [77] leads to 

~ 7 8 1  CdA), = (A' + %)do 

This definition of y,' is practically the same as 
that of A?r E%s defined by eqs. [33], [34], and 
[64], and as we have seen is not ilecessarily 
closely related to the real surface tension y. Thus 
while AYs sometimes called surface tension it is 
certainly not necessarily closely related to  tan- 
gential surface stresses at all. Even in large bulk 
systems which are in a state of complete internal 
thermodynamic equilibrium As may be domi- 
nated by work terms other than surface '>u" 
terms. 

V. Conclusions 

The surface energies calculated by the above 
method must be regarded as rather crude ap- 
proximations. However, surface energies of noble 
gas-like crystals based on much more sophisti- 
cated treatments (16) do not differ very much 
from those calculated from pair-wise additive 
6-12 potentials. Hence the variation of E b i t h  
particle size as given in the tables should be 
approximately correct for the systems treated 
and should give the order of magnitude of the 
effect of particle and drop size on E9alues  of 
real systems which are reasonably close to the 
model, i.e. reasonably close-packed systems of 
spherical molecules whose vapor pressures are 
very low. 
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Parts 11, 111, and IV lead to  the following 
conclusions. 

1. The Gibbs thermodynamic equations for 
surfaces are only applicable to  the interfacial 
region between bulk phases which are in com- 
plete thermodynamic equilibrium, i.e. uniformity 
of chemical potentials, etc. 

2. As applied to  solid surfaces the Gibbs ad- 
sorption equation should include shear-strain 
potentials. 

3. The specific surface energies and specific 
surface Helmholtz potentials (E%nd As) of noble 
gas-like crystals decrease very little with particle 
size. For laboratory scale systems the decrease 
is negligible. 

4. Surface tension in the sense of a negative 
tangential surface stress is primarily a property 
of bulk systems. 

5. The surface tension of laboratory scale 
particles and holes decreases with particle size a 
little more rapidly than does A" but the decrease 
is probably negligible for systems resembling 
condensed noble gas-like structures. 

6. The surface tension in the sense of a nega- 
tive tangential surface stress of particles or of 
holes of molecular dimensions is either meaning- 
less, very small, or negative and is not closely 
related t o  AS, the specific surface free energy. 

Appendix I 
The thickness h includes all regions where the 

surface fields are appreciable. Near the critical 
temperature the surface fields will become small 
compared with the gravitational field necessary 
to  maintain the flat surface. The thermodynamic 
properties of systems very near the critical tem- 
perature depend on previous history and the 
"surface thickness" becomes an indefinite and 
largely meaningless quantity, but well below the 
critical temperature it should be a reasonably 
definite quantity. 

Hence when reasonably far from any critical 
regions we assume that under equilibrium con- 
ditions a flat non-uniform region of definite 

perpendicular to  h. Since no mutual fields pass 
the surfaces "containing this piece", we can write 

[All  d E  = T d S  - pudh - p,hdu + Cpidmi 
and 

CA21 pi  = (aE/ami)s,~i.a.m, .... mi-,. 
This system can grow in extent, reversibly, from 
suitable sources of nz,, m,, etc. while T, p, p,, y,, 
etc. remain constant. 

If the growth takes place with both lz and o 
increasing it is equivalent to increasing the 
quantities of the bulk phases as well as increasing 
the quantity of the surface region. Although yl, 
y,, etc. will be constant the values of E, S, v ,  etc. 
depend on the relative proportions of the three 
regions. It  is only when the growth is parallel to 
o (i.e. h constant) that the specific properties of 
the system all remain constant. In a laboratory 
scale layer of thickness Z, where Z = a + b 
+ h, a referring to, say, the gas phase, b the 
liquid phase, and h t o  the non-uniform surface, 
it would be necessary that a and b as well as h 
remain constant during growth, if the specific 
properties are to  remain constant. 

For parallel growth of the three layers a, b, 
and h constant 

[A31 dE = TdS - pado 
- pbdo - p,hdo + Cyidnli . . . 

and 

If desired we could write pTf(a + b + h) 
= p a  + pb + p,h, but p,' will vary with the rel- 
ative values of a + band h, but with T and pi's 
constant, p and p, and h are constant. 

For the surface layer alone 

[A51 dE, = TdS, - p,hdo + Cyidnzi, 

and 

[A61 G, = E, - TS, + pTho 

= E, - TS, - yo = Cyimi, 
and 

thickness, h, can separate two distinct fluid 
phases. In general h will vary with T, p, y,, y,, [A71 dG, = -S,dT + od(p,lz) + Cyidlni 

etc., but for both bulk phases p is a function of = -S,dT - ody + Cyidmi 
T, y,, y ,... pi. The thickness of an interface also 
between specified phases will be determined by 
T, PI, Y,--.Yi. [A81 (5) amz .,It ,,,, ,, ,... ,,,-, 

Consider a small piece of this non-uniform 
region. The area is o,-the thickness h. The exter- 
nal stresses are p perpendicular to  o and p, 
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It will be noted that it is pTh which varies with 
T, p,, pz, . . . etc. and although bothpT and h can 
vary, the displacement work per unit increase in 
surface depends only on the product pTh, i.e. 
dw = pThdo = -ydo. 

If we had put pTh = ph - y', where p is the 
hydrostatic pressure of the bulk phases, dw 
= (ph - yf)do and the value of ph - y' will 
depend on T, p,, . . . etc. in the same way aspTh. 
If we put pho = pu and hence pTho = pu - y'o, 
and for the surface layer write 

G, = E, - TS, + pu - y'o, 

we might conclude that Go= G,(T, p, y', p,, etc.). 
From our point of view the surface displace- 

ment potential (or the Gibbs free energy) of the 
surface is best given by 

as found by Gibbs, rather than 

as found by some authors. 
Hence y = -pTh seems a better definition of 

surface tension than 

as sometimes suggested. 
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Hg(3P1) photosensitized reactions of cyclopropane 
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Under static conditions the major reaction product is a polymer. Polymerization is inhibited by free 
radical scavengers such as NO, 02, butadiene-1,3, etc. with a simultaneous large increase in propylene 
yields. The NO inhibited reaction affords propenaldoxime and acrylonitrile as principal products, 
indicating the presence of allyl radicals, and N 2 0  which is indicative of H atoms. Polymerization can 
also be suppressed by rapid flow: it is entirely a secondary process. The products of the flow experiments 
are: propylene, biallyl, allylcyclopropane, 4-methyl pentene-1, hexene-1, 2,3-dimethyl butane, CS and 
C9 hydrocarbons, HZ, CH*, C3Hs, and traces of bicyclopropyl. Most of the products can be accounted 
for by the self-scavenging of H atoms by propylene and the ensuing reactions of isopropyl and allyl 
radicals. The major primary step is the formation of an electronically excited cyclopropane, possibly the 
ground state triplet of trimethylene with a large excess of vibrational energy. The primary decomposition 
is retarded by pressure. O(decomp.) > 0.38, at 20 Torr, but is less than unity. 
Canadian Journal of Chemistry, 46, 1317 (1968) 

Introduction 

A critical evaluation of the status of the 
mercury sensitization of cyclopropaile up to 1962 
has recently been given in a review article by 
Cvetanovic (I), and for this reason discussion of 
earlier developments on the subject will be 
omitted here. Only the three most recent articles 
will be briefly described. Setser, Rabinovitch, and 
Spittler (S.R.S.) (2) have reported an interesting 
and revealing study on the trans -t cis isomer- 
ization of ti.ans-dideutero cyclopropane at pres- 
sures up to 70 atm. The relative importance of 
the two basic products cis-A-d, and polymer was 
found to be pressure dependent and the frac- 
tional yield of the cis isomer increased rapidly 
with pressure between 0.01 and 5 atm and ap- 
peared to level off above 5 atm. The isomeri- 
zation was envisaged via an excited triplet state of 
cyclopropane (triplet trirnethylene diradical). 
The possibility that polymerization occurs via 
the same excited species or through the inter- 
vention of a second primary step giving cyclo- 
propyl + H atom was also considered. In a 
subsequent study (3), it was also found that oxy- 
gen up to 15 % had only a slight effect on the iso- 
merization which was taken as additional evi- 
dence that monovalent free radicals are not 
involved in the mechanism. 

While this present study was in progress a 
brief communication (4) appeared in the liter- 

lPresent address: Imperial Oil Research Laboratories, 
Sarnia, Ontario. 

2Present address: Dept. of Chemistry, Simon Fraser 
University, Vancouver, B.C. 

ature utilizing the ethylene-14C sampling tech- 
nique for the mercury sensitization of cyclo- 
propane. From the appearance of pentene-1 as 
the major reaction product it was concluded that 
either allyl or cyclopropyl + H-atom split is the 
major mode of decomposition with the subse- 
quent rapid isomerization of the latter to the 
former. A minimum value of 0.22 was deduced 
for the quantum yield of cyclopropane disap- 
pearance. 

Experimental 
Static experiments were carried out in a conventional 

high vacuum apparatus. The flow system consisted of a 
large reservoir, a commercial oil flow meter, a mercury 
saturator and stripper, a 16 mm i.d. tubular quartz cell 
surrounded with a Hanovia helical mercury resonance 
lamp, manometer, and flow control valves. 

From the cell the reaction mixtures were passed 
through traps at - 117 and -196". The noncondensables 
were measured in a gas buret and then analyzed by gas 
chromatography (g.c.) on a 6 ft molecular sieve column. 
The -1 17" fraction was then transferred from the trap to 
the g.c. sample inlet and analyzed on a 20 ft, 5% 1,2,3- 
tri(2-cyanoethoxy)propane-on-chromosorb column f i s t  
at lo", and subsequent to C6 hydrocarbon elution at 60" 
to elute C,'s. 

The -196" fraction was transferred to a calibrated 
volume, allowed to warm, mixed thoroughly, and meas- 
ured, and then a small aliquot was analyzed by g.c. on a 
40 ft 5 % silicon grease-on-celite column at 0 "C. 

Product identifications were performed by comparison 
of g.c. retention times and mass spectrometric cracking 
patterns of g.c. separated components with those of 
standard samples. 

The following products were positively identified: Hz, 
CH,, propylene, propane, 2,3-dimethyl butane, 4-methyl 
pentene-1, hexene-I, and biallyl and allyl cyclopropane. 
From the -117" fraction one peak appeared on the 
chromatogram corresponding to the retention time of 3- 
methyl butene-1 and was assumed to be a CS olefin. Also 
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from the fraction, four components, eluted at 60' cor- 
responding to the retention time range of C9 hydro- 
carbons, were assumed to be nonenes. 

Two very minor products, which appeared as shoulders 
on the biallyl and allyl cyclopropane peaks, were thought 
to be isopropyl cyclopropane and bicyclopropyl. Suffi- 
cient quantity of the latter was collected from a number of 
long runs for mass spectrometric analysis. This was quite 
similar to, but not identical with (possibly because of in- 
complete separation from allyl cyclopropane), that 
obtained on a synthetic sample of bicyclopropyl. 

Product determination for CH4, C3Hs, and the C6's 
were obtained from calibrated g.c. peak areas. For 
propylene the detector response was taken to be identical 
with that of cyclopropane and for C5's it was estimated 
from C~'S. 

The products from the nitric oxide inhibited runs were 
separated by g.c. on a carbowax 600-on-celite column 
with temperature programming between 30 and 92". The 
compound believed to be propenaldoxime always gave 
two peaks, presumably owing to the syr2 and anti forms. 
Their mass spectra were similar, each giving an intense 
parent peak at m/e = 71. The infrared (i.r.) spectrum 
agreed with that obtained on a commercial standard and 
the n.nl.r. spectrum clearly indicated the presence of the 
allyl skeleton. The next important product eluted at 40' 
from the column. Its i.r. spectrum showed the presence of 
the allyl group and its mass spectrum was reminiscent of 
that of alkyl nitrates. It was tentatively identified as allyl 
nitrate. From static experiments an additional product 
was also obtained which, from its g.c. retention time and 
mass spectrum, was identified as acrylonitrile. 

Materials 
Cyclopropane (Matheson C.P. or Ohio Chemical 

Anaesthetic grade) was purified by either of the following 
procedures: (a) a series of low temperature distillations 
utilizing a LeRoy still; (b) preparative g.c. or (c) bubbling 
it through 4 x 1 m columns of saturated aqueous solution 
of alkaline potassium permanganate, with subsequent 
low temperature distillation. 

Nitric oxide (Matheson) was purified by trap-to-trap 
distillation terminating at -186'. 

Ail other materials used were of the best available 
grade and were further purified as found necessary. 

The lamp intensity was determined with the N20-n- 
C4H10 actinometer and the yield of N2 was extrapolated 
to [PI-C4H10]/[N20] = 0, where @(N2) was taken as 
unity. 

Results 

Early studies on the mercury photosensiti- 
zation of cyclopropane (1) have shown that under 
static conditions the main characteristic of the 
reaction is a rapid polymerization with quantum 
efficiencies below unity. In the present investi- 
gation it was found that the nature of the poly- 
mer changes with the impurities present in the 
cyclopropane and with the experimental con- 
ditions. In the initial stages of the reaction with 
scrupulously pursed cyclopropane there was no 

measurable pressure decrease or visible polymer 
formation. This was followed by a period of 
solid polymer deposition and the final stage of 
the reaction was characterized by the appearance 
of a liquid polymer. On the other hand, cyclo- 
propane containing a few hundredths of a per- 
cent propylene impurities gave liquid polymer 
directly. When the reaction was performed in a 
single pass system at fast flow, polymer form- 
ation was almost completely suppressed, indi- 
cating that its origin is entirely secondary in 
character. The yield of volatile products re- 
sulting from static experiments was very low; 
propane, propylene, along with trace quantities of 
C ,  hydrocarbons, 1,5-hexadiene, hexene-1, and 
n-hexane were formed. The major component, 
propylene, slowly reached a photostationary 
state concentration of ca. 0.01 mole % (the same 
concentration could be attained by starting with 
cyclopropane containing more than 0.01 mole % 
added propylene). This, along with the obser- 
vation that a 10-20-fold increase in the propylene 
yield resulted by the addition of relatively small 
quantities of free radical scavengers, such as 
butadiene-1,3, CO, or NO to the system, sug- 
gested that propylene might be one of the major 
primary products of the decomposition. Nitric 
oxide was also effective in suppressing polymer- 
ization and it afforded two revealing new prod- 
ucts, acrylonitrile and propenaldoxime. Both of 
these can be accounted for bv the reaction of 
nitric oxide with allyl radicals and the isomeri- 
zation and subsequent dehydration of the initially 
formed nitroso propene, 

The correctness of this sequence was tested in 
auxiliary experiments by the mercury sensitiz- 
ation of butene-1 in the presence of small concen- 
trations of nitric oxide. The major mode of de- 
composition of butene-1 is a split into methyl 
and allyl (I), and the most abundant reaction 
product found was propenaldoxime. 

The cyclopropane - nitric oxide system also 
gave N,O and H,O, the reduction products of 
NO by H atoms (5), 

H + NO -+ HNO -+ 0.5N20 + 0.5H20. 

Finally in the static system three experiments 
were performed with added 0,. Mixtures of 100 
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STRAUSZ ET AL.: Hz(3P1) PHOTOSENSITIZED REACTIONS OF CYCLOPROPANE 1319 

TABLE I 
Quantum yield values for product formation 

cn K in2 - ,. A -  
Relative \-/ 

flow Sum 

P ( A )  = 200 Torr 

250% 0.48 1.41 0.93 1.54 0.92 7.42 12.7 

*@ x 10' CH4 = 0.13; C3 in C,'s 2: 3.2: in C9 zx 4.7; in C3H8 = 0.24t 
@ total in C3 units r 0.26 

P ( A )  = 20 Torr 
50 0.48 0.39 0.34 0.34 0.38 2.14 4.07 

150 0.42 0.64 0.50 0.73 0.86 7.52 10.7 
250* 0.58 0.92 0.48 0.99 1.03 12.40 16.4 

*@ x lo2 CH4 = 0.29; C3 in C5's 2: 1.3; in C, r 4.90; in C3Hs = 0.291 
total in C3 units 2: 0.25; cP total in C3 units, corrected for incomplete quenching and pressure broaden- 
ing 2: 0.35 

tCalculated from Kd/Kcom (isopropyl) = 0.50; lamp intensity = 8.63 peinsteinslmin; exposure time = 3-5 min. 

Torr cyclopropane with 5 and 10 Torr 0, were 
irradiated. Complete consumption of the oxygen 
had occurred before 5 % of the cyclopropane had 
reacted. Large quantities of oxidation products, 
CO, CO,, and H,O, wereformed, but the yield of 
the other volatile products was essentially un- 
changed from the value for pure cyclopropane. 
In the third experiment the reaction was carried 
out only to ca. 1 % conversion, to ensure that all 
the oxygen would not be consumed. Under this 
condition, propane was not observed and the 
propylene yield increased by a factor of about 2 
over the value for pure cyclopropane. 

The main conclusion which can be drawn from 
these static experiments is that propylene, allyl 
radicals, and H atoms are primary products of 
the mercury sensitization of cyclopropane. 

The reaction was further investigated in the 
single pass system which had the advantage of 
eliminating polymer formation and permitting 
the isolation of the lower molecular weight prod- 
ucts resulting directly from the primary frag- 
ments of the decomposition, before they had 
undergone further reactions. 

Two series of experiments were performed at 
20 and 200 Torr substrate pressures and at 
various flow rates. The following products were 
detected: Hz, CH,, C,H,, 2,3-dimethyl butane, 
4-methyl pentene-1, 1,5-hexadiene, allyl cyclo- 
propane, an unidentified C, which probably was 
3-methyl butene-I, four heavier hydrocarbons, 

probably CgYs, and small amounts of bicyclo- 
propyl together with some other Cg hydro- 
carbons. Quantum yield data for the five major 
C6 hydrocarbons and propylene are summarized 
in Table I. 

The formation of 2,3-dimethyl butane, 4- 
methyl pentene-1 , hexene-1 , and 1,5-hexadiene 
can be rationalized in terms of the reactions of 
H atoms, allyl radicals, and propylene, while the 
allyl cyclopropane seems to indicate the presence 
of cyclopropyl radicals. However, an alternate 
route for this latter product may be the secondary 
mercury-sensitized isomerization of the biallyl 
product (6). To check this possibility, a few runs 
(not reported in Table I) were performed at low 
pressures and low flow rates, under which 
conditions a large increase resulted in the relative 
yield of allyl cyclopropane. A similar increase 
was obtained from a run in which 0.5 % of biallyl 
was added to  12 Torr cyclopropane undergoing 
mercury sensitization. For this reason the pres- 
ence of cyclopropyl radicals is subject to doubt. 
Nevertheless, because the constancy of the allyl 
cyclopropane to 1,5-hexadiene yield ratios at 
high flows, and because of the presence of the 
minor C6 product which appears to  be bicyclo- 
propyl, we are inclined to believe that allyl cyclo- 
propane is not a secondary product in its 
entirety. 

The quantum yield values obtained at 20 Torr 
cyclopropane pressure have to be corrected for 
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incomplete quenching and for incomplete pres- 
sure broadening of the mercury resonance line. 
Using Holstein's formula for the imprisonment 
time, Ti = 0.625 k, R(ln k , ~ ) ' / ~ z  (7) and a value 
of 1.1 A2 for cr2(cyclopropane) (8), the fractional 
quenching is 0.91. The collision-broadening cross 
section of cyclopropane is not known, but should 
not be greatly different from that of propane. 
Using the data reported for propane (9), the 
overall correction factor turns out to be 1.39. 

The total quantum yield values derived from 
the combined product yields, that is the quantum 
yields for cyclopropane disappearance, were 0.26 
and 0.35 at 200 and 20 Torr pressures, respec- 
tively, at the highest flow rate used. As seen from 
the data in the last column of Table I, the 
values show a rising trend with increasing flow 
rates and in the low pressure series, at least, this 
trend would probably continue with further in- 
crease in flow. Because of this and because of the 
possibility that some of the complex products 
have escaped detection, the measured quantum 
yields should be regarded as minimum values. 
The relative yield of propylene, which is pro- 
duced mainly by a molecular isomerization pro- 
cess, can only be crudely estimated as being 60- 
70 % of the total decomposition products. 

The quantum yield for the overall decompo- 
sition is relatively low, and although a clear 
pressure trend appears, it is unlikely that it 
would attain unity at zero pressure. 

The nitric oxide inhibited reaction was also 
examined in the flow system. A number of runs 
have been performed with ca. 2 %  added nitric 
oxide. The bulk of the fraction condensable at 
- 102" was propenaldoxime (- 75 %) and a prod- 
uct tentatively identified as allylnitrate (- 15 %). 

Discussion 

In considering the primary step of decom- 
position, two basic alternatives appear: inter- 
action of the excited .mercury atoms with the 
C-H bonds resulting in cyclopropyl radicals 
and H atoms, or interaction with the carbon 
skeleton leading to trimethylene formation. 

[la] 

a + H ~ *  

[lbl z"'" [.A] * 
The fact that propylene is the major reaction 

product makes it immediately clear that [lb] is 

an important mode of decomposition. This is in 
agreement with the result of S.R.S. (2) on the 
trans 4 cis isomerization of trans-A-d,. Step [la] 
is exothermic by ca. 12 kcal/mole. Thermalized 
cyclopropyl radicals are relatively stable and 
readily undergo abstraction reactions (10, 11) or 
they may recombine to  give, at least partly$.bi- 
cyclopropyl (12). Although they are thermo- 
dynamically metastable with respect t o  allyl (AH - 30 kcal/mole and a bond dissociation energy 
for ring cleavage as low as -18 kcal/mole has 
been estimated (13)), the experimental activation 
energy for the ring opening reaction 

is relatively high,e22 kcal/mole (1 I), rendering 
step [2] unimportant at room temperature. There- 
fore the second major primary decomposition 
product allyl, has to  arise via [lb]. Thepropylene 
product formed from the isomerization of tri- 
methylene 

may contain excess energy up to 121 kcall 
mole and must undergo allylic cleavage quite 
rapidly. In the mercury sensitization of propylene 
the lifetime of the excited triplet propylene mole- 
cules, having excitation energy of 112 kcal/mole, 
with respect to decomposition into allyl + H is 
of the order of lo-' s. The lifetime of chemically 
activated ground state singlet propylene having 
an excitation energy of 118 kcal/mole is of the 
same order of magnitude, 4 x 10-' s (14). As- 
suming that stabilization occurs with collision 
frequency, at 200 Torr pressure 75% of the 
triplet and 91 % of the singlet excited propylene 
should be stabilized. The experimental value is - 63%. Therefore the main source of allyl 
radicals must be 

This conclusion is also supported by the 
observation that the energy transfer process 
from excited mercury to cyclopropane does not 
show the hydrogen deuterium isotope effect 
(k,/k, 7 I), indicating that the primary interac- 
tion site 1s not the C-H bond. 

The appearance of methane and C j  com- 
pounds may be explained by methyl split from 
the excited propylene, 
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which comprises about 12% of [4] in the mer- 
cury sensitization of propylene (15, 16), follow- 
ed by 

[61 CH3 + A + CH4 + A. 

and 

However, the small yield of allyl cyclopropane, 
about 5 % of the total, and the minute quantities 
of bicyclopropyl detected require the inclusion of 
step [la] as a minor primary process in the 
mechanism. Since this reaction, unlike [lb], [3], 
and [4], would provide a pressure independent 
mode of fragmentation it would probably not 
represent more than ca. 2 % of the total quench- 

i ng processes. 
All of the remaining products can now be 

easily accounted for on the basis of the self- 
scavenging of H atoms by propylene, 

[El H + A +  A ,  
the efficiency of which is explained by the in- 
ertness of cyclopropane with respect to  H-atom 
attack (17), and the ensuing radical combination 
and disproportionation reactions. 

[9al 

2 A 
[9 bl L, A-FA 

Disproportionation of allyl radicals is generally 
thought to  be unimportant, although a relatively 
large value of k,/k,,, - 0.16 has recently been 
deduced for the reaction of allyl with ethyl (18). 
If any allene were formed in our system it would 
not have been detected (the reported total 
quantum yields are minimal values). 

Since polymer formation is inhibited by nitric 
oxide it is definitely a free radical process for 
which the responsible species are most likely to 
be the hexenyl and allyl radicals. The observed 
phase change of the polymer with the extent of 
conversion is probably related to the degree of 
unsaturation in the growing polymer chain; 
hydrogenation converts the liquid into a solid 
through crosslinking of the polymeric chains. 

Returning now to  the primary step, we see 
that the predominant mode of quenching is the 
transfer of excitation energy to  the carbon 
skeleton of the ring, promoting a (a  -+ a*) type 
transition, and displaying the well known pseudo 
olefinic character of the cyclopropane molecule 
(19). 

In the majority of triplet mercury photo- 
sensitization~ the spin conservation rule is known 
to be obeyed and we may with reasonable confi- 
dence assume that the trimethylene is formed in 
a triplet state 

According to recent molecular orbital calcu- 
[IOal lations, the ground state of trimethylene is a 

A, + A x :orA+A 
triplet (20) and there are a number of low-lying 

[lob] singlets above it (21). For the subsequeilt reac- 
tions the following sequence may be tested, 

.*,(3*) & ,4f.3*) & A 

[I261 where the number in brackets indicates multi- 
plicity and asterisk and dagger signify electronic 

[I31 H + W  -+ /i"V and vibrational excitation respectively. At high 
pressures where ring reopening to  give singlet 

[14al trimethylene is not too significant, it is permis- 
&V + ~3 sible to  neglect the difference in reactivity be- 

[14bI tween singlet and triplet, under which condition 
steady state approximation gives 

[15] W -F A ---t polymer 

[I61 H + H > H2 
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TABLE I1 
k2,/k1, values for singlet and triplet trimethylenes 

System 

- -- 

Nature of Vibrational 
trimethylene Total energy energy kzilki9 

Hg sensitization of A Triplet 
Ad2 thermal decomposition Singlet 
Addition of CH2 to C2H2D2* Singlet 
Addition of CH2 to C2H2Dz.I Singlet 

*From photolysis of ketene at 3340A. 
?From photolysis of ketene at 3200 A. 

Using the data reported by S.R.S. in Table I of 
ref. 2, and plotting the percentage yield of poly- 
mer over twice the percentage yield of cis- 
dideutero cyclopropane [the equivalent term of 
+(/\)/+(/\)I against reciprocal pressure, the 
six high pressure runs indicate a somewhat scat- 
tered straight line relation. Extrapolation of this 
plot to infinite pressure gives k2,/klg - 0.03, 
which may be compared to  the corresponding 
values reported in the literature for singlet tri- 
methylenes as listed in Table 11. 

The linearity of the plot extends to quite low 
pressures (-0.2 atm) owing to  the not too 
different values of the k2,/klg ratios for the 
singlet and triplet trimethylene species. From the 
slope, which has a value of - 1.0 atm-', the 
value of kt,  can be calculated if we assume a 
value for k,,. Taking k,, equal to the gas kinetic 
collision rate constant, - 1.2 x 10'' M-' S-', 
k,, = 1.5 x 10" s-'. This agrees quite well 
with the value of 1.6 x 10"s-I obtained by 
Rabinovitch et al. (22) from methylene addition 
to ethylene-d, in the 3200 A photolysis of ketene. 
The excess energy content in the two systems, 112 
and 105 kcal/mole, are also comparable. 

The structural isomerization to  propylene, 
step 1211, is known to  have an activation energy 
of ca. 1 kcal/mole higher than the ring reclosure 
step [18] for singlet trimethylene (23). Therefore 
with increasing amounts of excess vibrational 
energy in the trimethylene, the ratio k21/k19 
should increase. The observed low value for 
triplet trimethylene, in spite of its large excess 
vibrational energy, indicates that the hydrogen 
shift in the triplet is not as facile as in the singlet 
state. This is in agreement with the suggestion of 
Rabinovitch and co-workers and of Benson (23, 
24), that the hydrogen shift in the singlet state is 
assisted by simultaneous partial double bond 
formation. If the propylene from triplet tri- 
methylene is formed in its lowest triplet state this 

assistance is obviously absent, and intersystem 
crossing to  the cyclopropane ground state singlet 
may become relatively more important. That 
isomerization to  olefins is relatively less impor- 
tant in the triplet than singlet state of trimethy- 
lenes is also evidenced by the data of Simons and 
Rabinovitch (23) on the triplet and singlet 
methylene addition reactions to  cis-butene-2; the 
ratio of the cyclic to  the olefin products is 
decidedly higher for the triplet reactions. 

The value of the primary quantum yield of the 
mercury photosensitization reaction can also be 
estimated from the combined data of the present 
study and that of S.R.S. (2). +[la] is found to be - 0.02 and +[l b] 2 0.37 and 0.32 at 20 and 200 
Torr pressure respectively. This brings up the 
question of other possible modes of energy dissi- 
pation and "primary" processes which might be 
operative in this system. In view of the fact that 
no Hg 6 ( 3 ~ o )  atoms participate in the reaction 
(25), and the intensity of the recently detected 
band emission (26) around 2600 A appears to be 
comparable to  that from propane (+(decom- 
position) -- l), no meaningful solution of this 
problem can be given at present. 

Because of its relevance it should be noted that 
the only other cyclopropyl compound whose 
mercury-sensitized decomposition has been stud- 
ied, spiropentane (27), exhibits similar kinetic 
features as reported here for cyclopropane. The 
only major primary step is carbon-carbon bond 
cleavage, 

w s D \ J  
The resulting diradical may undergo uni- 

molecular cleavage to  ethylene and allene or may 
be collisionally stabilized as methylenecyclo- 
butene. The combined yield of the two types of 
processes is unaltered by pressure and is equal to 
0.55, manifesting an inherent quantum ineffi- 
ciency. 
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Electrochemical reactions at P b 0 2  electrodes. Part 111. P-Pb02 electrodes 
in acid perchlorate electrolytes at high overpotential 

N. A. HAMPSON, P. C. JONES, AND R. F. PHILLIPS 
Department of Chemistry, Loughborough University of Technology, Leicestershire, England 

Received October 13, 1967 

The mechanism of exchange between !3-lead dioxide and plumbous ions in solution has been investi- 
gated using the galvanostatic technique. Lnterpretation of the 17, vs. i data is consistent with a change in 
mechanism from a single two-electron transfer step to two successive single-electron transfer steps as the 
magnitude of the potential excursion from equilibrium is increased. 

Analysis of the slopes obtained from the linear-logarithmic region indicates that the slow step in the 
reaction is that leading to the formation of a Pb(II1) intermediate. 

The orders of reaction with respect to the plumbous and hydrogen ions have been obtained from the 
dependence of the rate of the reaction on the concentration of the electro-reactive species. 

A reaction mechanism is suggested on the basis of the kinetic data. 

Canadian Journal of Chemistry, 46, 1325 (1968) 

Introduction 

In Part I1 (I), galvanostatic measurements a t  
P-Pb02 electrodes in acid - lead perchlorate 
electrolytes were described in which the maxi- 
mum amplitude of the potential excursion under- 
taken by the electrode was restricted to  i 10 mV 
about the equilibrium potential. There was con- 
siderable evidence to  show that in this range the 
exchange reaction involved a simultaneous two- 
electron transfer. The reaction is more compli- 
cated at higher overpotentials, however, and 
appears to  follow two successive single-electron 
transfer steps. This paper deals with experiments 
in this higher overpotential region in which the 
maximum potential excursion is approximately 
+ 300 mV. - 

Tlzeory 
Excl7ange Current and Rate-Determining Step 
The equations for a 2-electron transfer be- 

tween 0 and R involving two consecutive 
electron transfer steps and an intermediate, S, are 
as follows. 
[la1 O + e = S  

[lbl S + e = R  

Each step has its own characteristic exchange 
current (ion and i,,) and cathodic transfer co- 
efficient (ol, and ol,). The exchange currents are 
defined in terms of concentrations C, and corres- 
ponding standard rate constants, kO, by (2) 

[2aI ion = F ~ ~ ~ c ~ ~ - ~ ~ c $ ~  
Pb 1 i O b  = F ~ ~ ~ c ~ ~ - ~ ~ c ~ ~ ~ .  
By writing for each step a charge-transfer equa- 
tion (3) for the dependence of the charge-transfer 
overpotential, qD, upon current density, i, and 
then eliminating terms connected with the con- 
centration of the intermediate species, Vetter (4) 
obtained the equation1 

FVD FVD exp - (a, + a h )  -7 - exp (2 - a, - a h )  -- 
[3 I - - - Rr RI' -- 

2 I FVD 1 FVD ' 
- exp (1 - a,) 7 + 7 exp (-ah) -- 
i o b  RT t o ,  RT 

where F, R, and T have their usual significance. passed through the origin (qD = 0, i = 0) with 
At high overpotential this equation gives plots of the slope predicted by eq. [4], 
q D  versus log, i (Tafel plots) having slopes 
--ol,F/RTand (1 - ol,)F/RTfor the cathodic and 
anodic branches respectively ; corresponding 
intercepts of the rectilinear parts of these plots obtained by eq. [31 with respect to 
for qD = 0 yield 2iOn and 2iOb. Current-over- i and setting qD = 0. Vetter and Thiemke (6), 
potential characteristics corresponding to eq. [3] 
have been computed by Hurd ( 5 )  for a number of lThis equation, in common with usage throughout this 
ion/io, ratios. I t  was confirmed that the curves paper, conforms to I.U.P.A.C. conventions. 
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investigating the Tl(III)/Tl(I) reaction, calculated 
io, and iob from intercepts of the cathodic and 
anodic branches of the Tafel plots and showed 
that the slope calculated from eq. [4] agreed with 
that observed at q D  = 0. This evidence confirmed 
the view that the Tl(III)/Tl(I) exchange involves 
two consecutive one-electron transfer stages 
within the potential range investigated. 

For the case of a two-electron transfer in- 
volving consecutive single-electron transfer steps 
in which one step is slow and rate determining, 
LovreCek (7) in a somewhat more general treat- 
ment than Vetter's (4) showed that the slopes of 
the cathodic and anodic branches of the linear- 
logarithmic regions are given respectively by 

and 

[612 
a log, i, F 

- R T  (%A* - ail, 
~ V D  

where nc* (and nA*) is the ordinal number of the 
slowest step in a multistep cathodic (or anodic) 
reaction, and ai is a, or a, (eqs. [la] and [lb]). 
For the two-step reaction [:I], nc* may be 1 (or 2) 
with a, equal to  a, (or a,); similarly when nA* is 
1 (or 2), a, is a, (or a,). 

Expressions equivalent to  eqs. [5] and [6] can 
each be obtained from eq. [3] by putting either 
ioa or job respectively equal to  infinity. This has 
the effect of ensuring that the other reaction, for 
which io is finite, controls the reaction (e.g. con- 
sidering eqs. [la] and [lb] for ioa = co, iob is 
finite and reaction [lb] controls). Four i3 log, i/ 
aqD values (two anodic and two cathodic) are 
obtained corresponding to  nA* = 1 or 2 and 
nc* = 1 or 2 using, in each case, the appropriate 
value of the transfer coefficient. 

The usefulness of LovreCek's treatment lies in 
the possibility of choosing values of nA* and n,* 
consistent with the experimental data and hence 
identifying the slow step in the multistep process. 
LovreEek and MarinEiiC (8) for example applied 
the method to the Cd(II)/Cd(Hg) exchange. 

The Electrochemical Reaction Order 
The determination of reaction order by ob- 

serving the dependence of the rate of the reaction 

ZThe present use of the I.U.P.A.C. convention changes 
the eqs. [5] and [6] from the corresponding ones given in 
refs. 7 and 8. This has the effect of replacing a by (1 - a). 
(Care should be taken over signs in reading ref. 8.) Care 
must be taken in extending equations of types [5] and [6] 
to more complicated systems (see Wright (16)). 

on concentration is well established. It has not, 
however, been much applied to  the study of 
reactions at electrodes with the exception of 
Vetter, Gerisher, and their collaborators who 
have used the method extensively for elucidating 
electrochemical reactions at mercury and amal- 
gam electrodes (see for example ref. 9). The basis 
is that, a t  sufficiently high cathodic ovei-poten- 
tials, the cathodic current flowing a t  any fixed 
potential is a function of the concentration of 
those electro-reactive species directly involved in 
the cathodic current flow. Conversely, at high 
anodic overpotentials the reaction rate (mea- 
sured by i) is a function of the concentration of 
the reduced species. For comparison of these 
reaction rates (current densities), potentials must 
be referred to  some standard and in our case the 
reference potential chosen was that correspond- 
ing to  arbitrarily selected solutions of fixed com- 
position. 

This particular procedure is only possible if 
either the anodic or cathodic exchange reactions 
can be suppressed by the application of high 
overpotentials. In some cases such overpotential 
measurements are not feasible, but reaction 
orders may still be deduced, however, from the 
dependence of the exchange currents on concen- 
tration, using relationships of the type given by 
eq. PI. 

Experimental 
The experimental apparatus and technique were the 

same as those detailed in previous parts (1, 10). Galvano- 
static polarizations were made corresponding to cathodic 
and anodic activation overpotentials as high as 300 mVI . 
A range of electrolytes (constant perchlorate ion con- 
centration 6.85 M) of variable [PbZ+] at constant [H+] 
and variable [H+] at constant [PbZ+] were investigated. 

Results 
Determinations were first made of a Z  and io 

using the iterative method of Farr, Hampson, 
and Williamson (11). Experimental qD and i 
values were introduced into the charge-transfer 
eq. [3] in the form 

[7] i = io[exp -aZFVD/RT 
- exp (1 - a)ZF7D/RT] 

(where a is the cathodic transfer coefficient and 
Z the number of electrons involved in the single 
step electron-transfer process) and the iterative 
technique used to  determine optimum values of 
aZ and io. This involved minimizing the root- 
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TABLE I 
Potential limits of constant ciZ. Potential region (about the equilibrium) in which the reaction 

conforms to a simultaneous two-electron transfer process 

Concentration, M Potential region (+ 5 mV) 

1. Lead concerztration at constant [H+] = 3.0 M, [C104-] = 6.85 M 
1.47 -28 mV to +12 mV 
0.47 -30 mV to + 16 mV 
0.093 -41 mV to +19mV 

2. H+ conce~~trot io~l  at constant IPb2+ 1 = 0.1 M. [Clod-1 = 6.85 M 

mean-square deviation of arbitrarily chosen i, 
values, using an I.C.T. 1905 c o m p ~ t e r . ~  

Calculations were made over a progressively 
increasing range of qD values, each successive 
increase (with the associated i )  being incorpor- 
ated with the previous q D  vs. i values. For exam- 
ple, 10 sets of q D  vs. i readings at 1 mV intervals 
were used to  cover the range up to 10 mV (point 
A, Fig. 1). The range of experimental readings 
was then increased to  15 mV and so on to  cover 
the whole potential range (point B, Fig. 1). 

Our results show that in the lower q D  ranges, 
aZ and i, remained constant for both anodic and 
cathodic polarization, but as the magnitude of 
qo was increased in the higher range, these 
optimum values of aZ and i, changed. In Fig. 1 
these optimum aZ values are plotted for a par- 
ticular electrolyte concentration, as a function of 
the highest value of qD, (qD ,,,). Table I shows 
the limits within which aZ is constant. The 
changes in aZ from the constant value at low 
anodic and cathodic q D  indicates a change in the 
charge-transfer process. 

Figures 2 and 3 show current-overpotential 
characteristics presented as log i vs. q, (Tafel) 
plots. Figure 2 refers to  electrolytes of varying 
Pb2' and constant H' concentration, relative 
to  the reference system 3.0 M H', 1.0 M Pb2' 
(6.85 M C10,- with added NaClO,) at equilib- 
rium. On this scale potentials (represented by 
E3,) are given by 

[8] EsllI = qD - 0.029 loglo [pbW] a t  25 'c. 
Potentials for the complementary system (vary- 
ing H' and constant Pb2' concentrations) 
shown in Fig. 3 are relative to  the equilibrium 
potential for the reference system 0.1 M pb2' 

3A program written in Fortran LZD is available from 
the authors. 

FIG. 1. Variation of transfer coefficient with over- 
potential 0-PbOZ electrode: electrolyte 0.1 M PbZ+ + 0.02 M H+. Total [C104-1, 6.85 M (with NaC104); 
23 "C. 

and 1.0 M H'. On this scale, potentials (repre- 
sented by EllM) are given by 

[9] E ' iM = VD + 0.118 log10 Bf] a t  25 'c. 
The validity of both eqs. [8] and [9] was con- 
firmed for the above systems by potentiometric 
measurements at equilibrium (i.e. qD = 0). 
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1328 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

FIG. 2. Anodic and cathodic current density -potential curves for p-PbOz at various Pb(I1) concentrations in 
3.0 M HCIO, at 23 "C. 

The small diagram in Fig. 2 shows the depen- 
dence of anodic current on [Pb2+ ] at constant 
potential. Figures 4 and 5 show the dependence 
of anodic and cathodic currents on [Hf ] for 
polarization within the Tafel region. 

The dependence of exchange currents (i,, and 
i,,) on [Pb2+ ] is shown in Fig. 6 and on [Hf ] in 
Fig. 7. 

Discussion 
Process Change 

In an earlier paper (1) it was shown that the 
computed transfer coefficient for the low over- 
potential region is the same for both anodic and 
cathodic polarization and that this value agreed 
with that derived from the dependence of ex- 
change current on lead ion concentration. It was 
also shown that the exchange currents were 
identical for both anodic and cathodic polariza- 
tion for a given electrolyte. 

In the present work it has been shown that 
when the potential excursion from the equilib- 
rium potential is increased sufficiently, a pro- 
nounced change is observed in the kinetic param- 
eters, as indicated by significant variations in aZ 
(Fig. 1, Table I). The constancy of aZ in the 
lower overpotential regions extends further into 
the cathodic than into the anodic region. It 
should be noted that attempts to force q, vs. i 
data of the form given by eq. [3] into an expres- 
sion of the type eq. [7] would result, for small 
17, ,,,I, in the computed ctZ values being strong- 
ly dependent upon IqD ,,,[ with this dependence 
becoming negligible as IqD ,,,I increased to high 
values, results which are at variance with the 
above observations. 

Table I1 shows the characteristics [i, and 
(RT/F)B log, ilaq,] calculated from the linear 
high overpotential Tafel plots. These results 
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- 0.3 -0.2 -0.1 0 0.1 0.2 0.3 
EL (vo l ts )  

FIG. 3. Anodic and cathodic current density - potential curves for P-PbO, at variable H+ concentration in 0.1 M 
Pb2+ at 23 "C. 

suggest that in this high overpotential region the 
reaction involves two consecutive single-electron 
charge-transfer steps. Thus, (a) the sum of the 
cathodic and anodic coefficients [-(RT/F)a log, 
ic/aqD and (RT/F)a log, iA/aqD, respectively] is 
significantly less than two; (b) the anodic and 
cathodic exchange currents, obtained by extra- 
polation of Tafel plots to q D  equal zero, are 

appreciably different; and (c) these exchange 
currents differ from those obtained for the low 
overpotential region (1). That these consecutive 
single-electron charge-transfer processes do not, 
however, occur in the low overpotential region 
is seen from an analysis of the results in Table 111. 
This follows from a comparison of the experi- 
mental charge-transfer resistances (I) (calculated 

TABLE I1 
Characteristics of Tafel plots. P-Pb02 electrode: total [C104-] = 6.85 M(with added NaClO,); 

23 "C 

Cathodic coeff., Anodic coeff., Intercepts at q ,  = 0 
Concentration (M) -2.303RT a log i, 2.303RT a log iA -- 2i0, 2iob 
Pb2' H ' F aqD F aqD (mA cm-') (mA 
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FIG. 4. Dependence of cathodic faradaic current 
emerges as the rate-determining step. 

density on H +  concentration. P-PbO2 electrode at 23 "C. On this basis we calculate the charge-transfer 
coefficients a, and a, using eqs. [5] and [6] and 
the mean Tafel slopes as 

for q, < 10 mV) with those obtained from the 
theoretical slope of the appropriate equation [4] [lo] nc* - 1 + cu, = 0.86 0.1; 
for the two-consecutive single-electron transfer or, = 0.86 f 0.1 
steps; the differences in magnitude indicate a 
change in the reaction mechanism from that [ l l ]  n,* - a0 = 0.24 f 0.02; 
applying in the high overpotential region. a(, = 0.78 f 0.02. 

TABLE 111 
Charge-transfer resistances. Comparison of experimental 
charge-transfer resistances (1) (for 7 ,  < 10 mV) with 

those calculated from eq. [4] (for q, > 50 mV) 

Concentration Charge-transfer resistance 
(MI (ohm cmZ) 

0.93 0.47 0.093 PbZ+ H +  3.0 3.0 3.0 

Experimental 114 72 83 (1) Calculated 222 152 89 

0.045 3.0 133 369 
0.095 6.65 80 212 
0.089 0.48 142 312 

Rate-Determining Step 
The slopes of Tafel plots for a series of electro- 

lyte compositions are fairly constant (Table 11). 
Interpretation of this data using LovreCek's 
theory only gives rational values for the charge- 
transfer coefficients, corresponding to the 1st and 
2nd charge-transfer reactions, if nA* and n,* are 

I I I 
1.0 0 -1.0 -2.0 

Log ( Acid concentration, M 1 - 10 

each equal to one. Hence, the first charge-transfer 
Log (Acid concentrat ion,M 

-10 step in both the anodic and cathodic directions 

I 

((( i a EM=-o.l5v E' =-0.25 

E '=-O.IV ~ ' = - 0 . 2 V  

1.0 0 -1.0 -2.0 

2.0- 

FIG. 5. Dependence of anodic faradaic current density on H +  concentration. P-PbO2 electrode at 23 "C. 

Y- 6 5 €. 

- 

I. 

0 

?I 

-1.0- 
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FIG. 6. Variation of exchange current with lead concentration. 8-PbOz electrode; total [C10,-1, 6.85 M (with 
NaCIO,); [H+], 3.0 M. 23 "C. 

-1.6 

Reaction Order 
The dependence of current on [Pb2+] at  anodic 

and cathodic overpotentials is shown in Fig. 2. 
Referring to  the cathodic plot, it will be seen that 
in the higher overpotential region the experi- 
mental results fall on the same straight (Tafel) 
line. This is t o  be expected from the fact that the 
activity of P-PbO, is constant. 

I I I I 

' 0 
- , , 

9' 
, 

is therefore zero. 
For the anodic side of Fig. 2, a family of 

parallel linear (Tafel) plots is obtained in the 
higher overpotential region, and further exam- 
ination of these plots (inserted plot of Fig. 2) 
shows that 

is constant over a wide concentration range. This 
suggests that the rate of the reaction is first order 
with respect to  [Pb2+] over this concentration 
range. However, plots of log iA vs. log Pb2+ at  
constant potential show a decrease in reaction 
order in the lower [Pb2+] regions, tending from 
N 1 to  ,- 0.3. Various explanations of this low 

N 

'6 
Q 
E. 
.-0 
N 

o_ 
ol 
-1 

reaction order may be offered. Fleischmann and 
Liler (12) have observed similar apparently low 
reaction orders (0.26), in the case of deposition 
of PbO, from acetate solutions, and explained 
these in terms of the adsorption of Pb2+ at the 
electrode; there is, however, no discernible evi- 
dence for pb2+ adsorption in our system (I). 
Alternatively, self-discharge might occur espe- 
cially at low [Pb2+]. Since at  least one Pb2+ ion 
must, however, be concerned in the electrode 
reaction, it seems very probable therefore that 
the reaction is first order with respect to Pb2+. 

From the above observations and the follow- 
ing derived information (see Figs. 3, 4, and 5) 

1131 ( a log ) = -0.4, a log C=+ C P ~ P + , C C I O . , - , ~ , ~  

we may now write for cathodic polarization, 

[I41 
1.6 i c  = kcFCH+ , 

and for anodic polarization, 

[I51 in = k a ~ ~ p b 2 + ~ ~ + - ~ ' ~ ,  

where kc and kA are the potential-dependent rate : 

constants. 

0,; 

-0.8- 

-0.4' 

I' 

0 
. 

e 6 

0 
I I L I I 

0 -0.5 -1.0 -1.5 -2.0 

Loglo ( Lead concentration, M ) 
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I I I 1 I 
1.0 0 -1.0 -2.0 

Log,,, ( A c i d  concentration, M 

FIG. 7. Variation of exchange current with H f  concentration. P-Pb02 electrode; total [C101-1, 6.85 IM (with 
NaC104); [Pb2+ 1,O.l M. 23 "C. 

Meclzanisin mediate is considered to arise as a surface species 
A possible mechanism (written in the cathodic formed as the product of adsorption of Hf  by 

direction) at high overpotentials is as follows. lattice 0 atoms on the surface. Such an adsorp- - 

[16a] Pb02 + 2Hf e Pb02(Hf)2 ads. 
tion would be expected to further weaken the 
bonds between surface lead atoms and the under- 

[I661 Pb02(HC)2 ads. + e = [HO.Pb.OH]+ lying fully coordinated oxygen atoms of the 

The existence of free Pb4+ ions in solution is 
unlikely. Consequently, it seems probable that 
the overall reaction involves a Pb(1V) species 
[16a] a t  the surface, either adsorbed or as part of 
the lattice. Hydrogen ion adsorption at the PbO, 
lattice has been reported by Riietschi and Cahan 
(13) and by Hampson et al. (I). The proposed 
species P~o,(H+), may be compared with 
Pb(OH),,+, postulated by Fleischmann and 
Liler (12) as an  intermediate in the electrodepo- 
sition of PbO, from acetate solutions. In the 
present discussion the PbO,(H+), inter- 

PbO,. 
The slow stage of the overall reaction is that 

involving the first electron transfer. This is the 
stage eq. [16b] in which we suggest formation of 
a Pb(II1) hydroxy intermediate, [HO.Pb.OH] +. 
It may be noted that Varypaev and Fedot'ev (14) 
similarly considered Pb(II1) formation to be the 
slow step in the electrodeposition of PbO, from 
Pb(NO,), solution; schemes based on a Pb3+ 
ion, however, are more open to objection than 
those based on a transitory single-charged inter- 
mediate. 

Our results show that addition of the second 
electron eq. [16c] is fast, leading we suggest to  
the formation of Pb(OH),, in line with the view 
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that Pb(OH),, being a neutral molecule, might 
be expected t o  transfer across the double layer 
more readily than would a charged ion, such as 
Pb2' (15). 

When the process is carried out anodically, the 
above reactions occur in the reverse order and 
the slow stage is now eq. [16c], again leading to 
the formation (we suggest) of the same [HO.Pb. 
OH]'. 

For the cathodic reaction (rate control by eq. 
[16b]) we have, at sufficiently high overpotential, 

From the equilibrium [16a], and taking the 
activity of P-PbO, as constant, it then follows, in 
the absence of adsorption of H' ions, that 

where kc' is the appropriate rate constant. The 
effect of such H +  ion adsorption would be to  
reduce the exponent of the C,,, term; our ob- 
servations of an  exponent of 1.5 is thus evidence 
for H' adsorption. 

in the region over which the extrapolation is 
made. Since such a change does occur, i, values 
calculated this way can only be interpreted hypo- 
thetically (for high qD reaction). These apparent 
exchange currents, however, depend on the con- 
centration of the electro-reactive species, and we 
can write from eqs. [16b], [16c], and [16d], in 
terms of eqs. [2a] and [2b] for a single-electron 
cathodic transfer, 

From the equilibrium [16a] 

[m] K = [ ~ b O z @ + ) z l / [ ~ + l ~ ,  
it follows that 

[23 I rrO a, '4-a01 
i ~ a  = ka CPb(III)CH+ . 

Similarly for the anodic reaction 

[241 iOb = kbtOc(l-ab) ~b(III)C'%pbll(oH)~~ 

which with eq. [19] gives 

[251 iOb = kbt tO~( l -a~)  C-2ab Pb(III)C%?+ H +  , 

For the anodic reaction (rate control [16cl)the where k , , ~ ,  k,,lo, k b j ~ , a n d  k b , , ~  are rateconstants. 
corresponding equation at sufficiently high over- Both eqs. [231 and [251 contaul a term in- 
potential is volving the intermediate Pb(II1) species. Since 
[ I s ]  ;A = ~ A F C P ~ ( O H ) ~ .  the concentration of this latter is unlikely to be 

independent of potential (because of its ionic 
Since, from the equilibrium [16d], nature), the apparent exchange may only be dis- 
[19] K s =  [ P ~ ( o H ) ~ ] [ H + ] ~ / [ P ~ ~ + ] ,  cussed semiqualitatively. 

From eq. [23] are obtained the following two 
(where K ,  is the equilibrium constant), it tlien for cathodic reaction. 
follows that 

Pol iA = k A 1 ~ ~ P b 2 + ~ H + - 2 ,  

(where k,' is the rate constant). In this case Hi- 
adsorption would increase the value of the C,+ 
exponent, eq. [20]. Our observed value, -0.4, 
indicates therefore the presence of such adsorp- 
tion, in further support of the similar conclusions 
from our cathodic experiments and previous 
observations (1, 13). There seems no reason t o  
suggest, however, that the same amount of ad- 
sorption occurs for both anodic and cathodic 
processes. Adsorption is likely to  be potential 
dependent, and therefore different for anodic and 
cathodic polarization. 

Appareizt Exchaizge Current 
The calculation of exchange current by extra- 

polation of linear-logarithmic qD vs. i data t o  
qD = 0 assumes that no mechanistic change occurs 

d log CPb?+ 

d log io, 
[2714 (d log Ca*) 

log CP~( I I I )  
= 2(1 - a a )  +aa(- 

d log CH+ ) 
Reference t o  Fig. 6 shows that the 1.h.s. of eq. 
[26] has the numerical value - 0.6, and com- 
bining this value with the previously determined 
value of 0.86 for a, (eq. [lo]), we obtain 

Similarly (from Fig. 7) the 1.h.s. of eq. [27] has 
the value - 0.08, leading to 

[2914 d log CFI+ 
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Reaction coordinate 

FIG. 8. Potential energy diagram. 

In the same way, eq. [25] gives the following 
two equations for the anodic reaction. 

The corresponding numerical values for the 
l.h.s., from Figs. 6 and 7, are 0.11 and 0.11 and 
these combined with the previously determined 
a, value of 0.78 (eq. [ l l ] )  give 

[3214 ( a  a  log log cyb,III)) c,,?+ = -3.0 

The two cathodic results (eqs. [28] and [29]) 
could be interpreted as indicating an increase in 

"In eqs. [26]-[33] the appropriate intensity factors are 
maintained constant, e.g. in eq. [26], [H+], [C10,-1, T 
are constant. 

Reaction coordinate 

the effective concentration of the Pb(II1) inter- 
mediate with decrease in [H'] or increase in 
[Pb2+]. These latter changes would, in effect, 
alter the electrode potential to more negative 
values and so (as illustrated above) favor the 
participation of the Pb(II1) in the overall reac- 
tion. Similarly, in the anodic process (eqs. [32] 
and [33]), increasing the [H'] or decreasing the 
[Pb2+] will raise the electrode potential and 
again favor the Pb(II1) participation. This is in 
line with the results of the lqDl vs. aZ correlation, 
Fig. 2. Thus at high positive and at high negative 
potentials the reaction becomes consecutive 
electron transfer involving an intermediate. 

The above evidence for two consecutive single- 
electron stages at high overpotential must, how- 
ever, be considered in conjunction with the earlier 
evidence (and ref. 1) for a single two-electron 
stage at low overpotential. Figures 8a and 8b 
relate to  the lower overpotential and high over- 
potential conditions respectively. In Fig. 8a the 
reaction path (dotted line) does not cross the 
energy curve for the Pb(II1); there is no transi- 
tory intermediate and the two-electron reaction 
occurs in one step. In 8b, however, the cathodic 
polarization raises curve A to  curve C ;  in this 
case, the Pb(II1) energy curve is intersected so 
producing a "stable" region (E in Fig. 8b) of 
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HAMPSON ET AL.: Pb02 

existence of this intermediate in the overall path 
from C to D, with the result that the overall 
charge-transfer process now occurs in two con- 
secutive single-electron transfer steps. 
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Cyclic voltammetry of diphenylpicrylhydrazyl in tetrahydrofuran 

B. LIONEL FUNT' AND DEREK G. GRAY 
Departtnent of Chemistry, University of Manitoba, Wir~nipeg, Manitoba 

Received October 2, 1967 

Cyclic voltammetry has revealed four reversible single electron transfer processes in the oxidation and 
reduction of diphenylpicrylhydrazyl (DPPH) in tetrahydrofuran (THF). These are associated with a 
cation, a free radical, a monoanion, a dianion radical, and a trianion of DPPH. 

THF is a good solvent for cyclic voltammetry as evidenced by the stability of the products generated 
at the electrodes. It is also one of the few excellent solvents for anionic polymerization and is therefore a 
remarkably suitable medium for studies of electropolymerization phenomena. 

Canadian Journal of Chemistry, 46, 1337 (1968) 

Tetrahydrofuran is an excellent solvent for 
electrolytically initiated anionic polymerization 
as well as for conventional anionic polymeriza- 
tion (1-3). This led us to an investigation of the 
suitability of this solvent for an electrochemical 
study of the initiating process for polymer for- 
mation. As a model electroactive compound for 
organic solvent systems, Solon and Bard (4) 
suggested the use of diphenylpicrylhydrazyl 
(DPPH), as they found that this free radical 
undergoes a reversible one-electron reduction 
to form a stable anion and a one-electron oxida- 
tion to form a stable cation in acetonitrile, meth- 
anol, ethanol, acetone, and dimethylsulfoxide. 

DPPH is a compound of profound interest in 
polymer chemistry and has been widely em- 
ployed as an inhibitor and free radical trap. An 
elucidation of its redox behavior appeared of 
intrinsic merit. 

Experimental 
Tetrahydrofuran (Fisher Certified) was dried over 

calcium hydride, fractionated, and stored over calcium 
hydride on the vacuum line. Tetrabutylammonium per- 
chlorate (Southwestern Analytical, polarographic grade) 
was carefully dried by heating and evacuation. Diphenyl- 
picrylhydrazyl (Eastman) was used as supplied. 

High vacuum conditions were used for all solvent 

transfers and electrolytic measurements. The glass electro- 
lytic cell contained a planar working electrode made from 
the cross section of a 1/16 in. diameter platinum wire 
sealed in glass. Because of the risk of contan~ination from 
conventional electrodes a silver wire sheathed in a glass 
capillary was uscd as a reference electrode. The counter 
electrode was a 1 in. diameter platinum disc. The complete 
cell was thermostatted at 25 "C. A Wenking 61RH poten- 
tiostat was used, coupled with a Hewlett Packard 3300A 
function generator and 7030A XY recorder. Background 
currents were negligible and over the complete range 0.6 
V to -3.1 V were less than 0.3 BA. 

Results 
Figure 1 shows a cyclic voltammogram cover- 

ing the potential range available in the solvent. 
In addition to the expected formation of a stable 
cation (A) and anion (B) at the left (anodic) side 
of the voltammogram, two further single electron 
transfers (C), (D) occur at more cathodic poten- 
tials. I t  has been shown (5 )  that in aprotic sol- 
vents, aromatic nitro-compounds undergo revers- 
ible one-electron reductions to give stable radical 
ions. At more negative potentials, dianions, un- 
stable in a dimethyl formamide medium, were 
formed. The voltammetric evidence here suggests 
that DPPHSundergoes a similar reduction of a 
nitro-substituent. The four electron transfer 
processes indicated in Fig. 1 may be written: 

Process A B C D + i e  +e - +e - - .  I, --- 
DPPH DPPH e DPPH DPPH d DPPH 

- e - e - e - e 

The species represented as ions will presum- examined individually by cyclic voltammetry. 
ably exist as ion aggregates with tetra-alkyl For example, Fig. 2 indicates the effect obtained 
ammonium counter ions in this solvent. by varying the scan rate for process B. The theo- 

Each of the electron transfer steps may be retically predicted linear relationship between 
the peak current and the half-power of the scan 

IPresent address: Department of Chemistry, Simon rate was found (6, 7). 
Fraser University, Vancouver, B.C. Figure 2 also indicates that the values for peak 
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TABLE I 
Values obtained for all four electron processes 

Processa 

Peak uotentialb N) , , 
 anodic) t-0.500 -0.122 -1.714 -2.030 
E,, (cathodic) t-0.436 -0.183 -1.788 -2.110 
Ep,-EpC=DEp 0.064 0.066 0.074 0.080 

Peak currentc (PA) 
i p ,  (anodic) 1.8 1.9 1.6 1.8 
i,, (cathodic) 2.2d 1.9 1.8 1 .6d 

.'See Results. Data for 1.0 mM DPPH in 0.10 M THE-NBu,CIO,. 
*The peak potentials, extrapolated to zero current, are measured versus a silver wire electrode, and 

hence only the relative values are significant. 
<Measured from estimated extension of voltammogram for the preceding peak (13). Scan rate, 

0.1 v/s. 
*Approximate values, due to interference from neighboring peak. 

Applied Po ten t i a l ,  Volts 

FIG. 1. Cyclic voltammogram of DPPH (1.0 mM) in 
0.10 M NBu4C104 -THF. Scan rate 0.07 V/s. 

potentials move linearly with increasing peak 
currents. The cathodic peaks become more cath- 
odic and the anodic peaks become more anodic as 
the scan rate is increased. Consequently the peak 
potentials were determined by extrapolating, for 
a range of scan rates, the line through the peak 
maxima to zero current. The values thus obtained 
for all four electron processes, together with 
the corresponding anodic and cathodic peak 
currents, are presented in Table I. From the 
similarity of all the peak currents, and the nature 
of the substrate, it appears that each of the four 
electron transfer steps involves a single electron 
process. Furthermore, it should be noted that 
the cathodic and anodic peaks are of similar 
heights, thus chemical reactions of any of the 
species subsequent to electron transfer are un- 
important in the scan time. 

0.2 0 -0.2 -0.4 -0.6 
Applied Potential ,  Volts 

FIG. 2. Effect of variation of scan rate on process B, 
DPPH 2 DPPH. Scan rates : 0.02, 0.04, 0.07, 0.10, 0.14, 
0.20, 0.30, 0.40 V/s. 

Experimentally, it was found that variation of 
the scan rate resulted in displacement of all eight 
peaks along the potential axis, in an anodic 
direction for anodic peaks and in a cathodic 
direction for cathodic peaks. The peak potential 
displacements for every process were linear with 
peak current, and in all cases corresponded to a 
shift of 22 f 2 mV/pA peak height. When the 
supporting electrolyte concentration was reduced 
from 0.101 M to 0.034 M this shift increased to 
74 f 6 mV per pA peak current. We thus con- 
clude that the potential drift with changing scan 
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FUNT AND GRAY: CYCLIC VOLTAMMETRY OF DPPH IN THF 1339 

rate is due to uncompensated ohmic resistance 
between the reference and working electrodes (8, 
9) resulting from the low solution conductance 
(2.3 x 10-"ohm-' cm-' forO.1 MNBu4C104- 
THF). 

A further criterion for the reversibility of the 
process B is available. Several voltammograms 
were obtained at different scan rates, and log i 
was plotted against E for the lower portion of 
the cathodic sweep, and [log (i, - i)1'2]/i vs. E 
for almost the complete cathodic sweep (lo), 
where i = current for a corrected potential E 
and i, = peak current. In all cases, straight lines 
of gradient 1/66 mV resulted. This is in good 
agreement and within experimental error of the 
value expected for a reversible reaction. 

Thus there is every indication that a potential 
drift is due to uncompensated resistance, and 
that for the low scan rates employed, all the 
electron transfer reactions are reversible. 

Discussion 

THF is a suitable solvent for electrochemical 
studies in the cathodic range (1 1, 12) and a pre- 
ferred solvent for anionic polymerization. Its use 
in the current work, in a vacuum tight apparatus, 
parallels closely the conditions employed in the 
polymerization of living anionic systems. It is 
expected that further studies by cyclic voltam- 
metry in this solvent will provide valuable in- 
sights into the fundamental processes occurring 
during the initiation and propagation of living 
anions in polymerization. 

The simple silver wire reference electrode 
proved adequate for cyclic voltarnmetric mea- 
surements involving low current drain for short 
time intervals. The reliability of reference elec- 
trodes in this nonaqueous system and the repro- 
ducibility of the results obtained was a source of 
satisfaction in this work, and an indication that 
such techniques could be employed further in 
other studies of electropolymerization. 

One of the main findings of this investigation 
was the proof of the existence of a stable cation 
and a stable anion of DPPH in THF and that 
each of these ions was formed by a reversible 
one-electron transfer. The peaks A and B in Fig. 
1 reflect these one-electron transfer steps and 
each has been investigated as indicated in Fig. 2. 
A striking feature of Fig. 1 is the cyclic voltam- 
metric evidence for the formation by two con- 
secutive single electron transfers of a dianion 

radical and trianion of DPPH. The authors are 
unaware of any other sequence of four electron 
transfer reactions in nonaqueous systems that 
show the remarkable reversibility found in this 
work. It appears that five separate stable oxida- 
tion states of DPPH may be produced electro- 
lytically in THF and that each of the processes 
is reversible and can be studied systematically 
and quantitatively. 

Nicholson (8) showed that potential drift with 
variation in scan rate is probably due to: 1. Sub- 
sequent chemical reaction. 2. Irreversibility of 
the electron transfer process. 3. Uncompensated 
ohmic resistance between the working and refer- 
ence electrodes. The symmetry of the anodic and 
cathodic peaks eliminates the first possibility. 
The logarithmic current-potential plots and the 
peak separation indicate the reversibility of the 
transfer processes. Thus there is every indication 
that the potential drift arises from the uncompen- 
sated resistance. 

In future work it may be desirable to perform 
more detailed studies of electron transfer pro- 
cesses at higher scan rates. Under these circum- 
stances it would be necessary to employ special 
circuitry to counteract the large uncompensated 
resistances which are inevitable in organic 
systems. However, the present data indicate that 
electron transfer processes in DPPH are reversi- 
ble at low scan rates and that it is possible to 
calculate the value of the resistance and to take it 
into account in the electron transfer processes in 
the system at low scan rates. 

This study was prompted by our primary 
interest in electropolymerization. One of the 
encouraging findings is that THF is a good 
solvent for studies employing cyclic voltammetry 
inasmuch as the resultant products of the elec- 
trodes were found to be stable. THF is one of the 
few solvents suitable for "living" anionic poly- 
merization, and has been employed extensively 
in many investigations. Thus it is obvious that 
THF is a remarkably suitable medium for studies 
of anionic electropolymerization. It is expected 
that electrochemical evidence obtained by tech- 
niques similar to those described here will eluci- 
date the mechanisms in electrochemically initiat- 
ed polymerizations. 
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Kinetics of neopentyl chloride pyrolysis. I. The molecular decomposition 
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A detailed investigation of the thermal decon~position of neopentyl chloride over the temperature 
range of 410-496 "C established that the pyrolysis occurs via two concurrent processes: (i) a unimolecular 
decon~position accompanied by a Wagner-Meerwein rearrangement giving methylbutenes and hydrogen 
chloride and (ii) a radical-chain decomposition to methane, isobutene, methyl chloride, l-chloro-2- 
methylpropene, 3-chloro-2-methylpropene, 1,l-dimethylcyclopropane, and hydrogen chloride. The 
molecular reaction accounts for 30-40% of the overall decomposition. The Arrhenius equation for the 
molecular process is given by Icl(s-') = 1013.26*0.36e- 60 000*16401Rr. The nature of the transition state 
for the decomposition is discussed in terms of the unique molecular structure of neopentyl chloride. 
Canadian Journal of Chcrnistry,46, 1341 (1968) 

Introduction 

The most recent concept of the transition state 
for the gas-phase molecular elimination of 
hydrogen halides from halogenated hydro- 
carbons is best described as a halide carbonium 
ion-pair 1 (I), or as 2 (2) in which the positive 
charge is distributed between the a-carbon atoms 
and the P-hydrogen atoms rather than an earlier 
model described by 3 (3). 

In structure 3 hydrogen atoms in the positions 
p to the halogen atoms are considered to 
participate in the rate-determining step (the 
polarization of the C-X bond), whereas in 
structures 1 and 2 the slow process is regarded 
as the critical elongation of the carbon- 
halogen bond resulting from redistribution of 
intramolecular energy with little assistance from 
the P-hydrogen atoms, followed by ion-pair 
formation. 

The pyrolysis of neopentyl chloride offers a 
novel opportunity to test the hypothesis that the 

lPostdoctorate Fellow, Division of Pure Chemistry, 
1965-1967. 

2School of Chemistry, University of New South Wales, 
Kensington, N.S.W., Australia. 

P-hydrogen atom has little effect on the rate of 
hydrogen halide elimination, since the molecule 
lacks P-hydrogen atoms. Because of the well- 
established analogies between gas-phase de- 
compositions of alkyl halides and the reactions 
of these compounds in polar solvents (1,4) and 
because solvolytic reactions of neopentyl com- 
pounds frequently lead to rearranged products, 
the kinetic study of this pyrolysis is of ontstand- 
ing interest. 

Maccoll and Swinbourne (5) reporting on the 
pyrolysis of neopentyl chloride in a preliminary 
study discussed the process in terms of four 
concurrent reactions of which the predominant 
process is the loss of hydrogen chloride, accom- 
panied by a Wagner-Meerwein rearrangement 
of the carbon skeleton and leading to the 
formation of methylbutenes. Other products 
were thought to arise from different modes of 
C-C bond rupture and were compared with 
neopentane pyrolysis. Anderson and Benson (6) 
offered an alternative theory to account for 
the experimental results by considering the 
overall reaction as a radical-chain process, with 
1,l-dimethylcyclopropane as the major precursor 
to the methylbutenes. The presence of hydrogen 
chloride at 444 "C was considered to be unfavor- 
able for the isolation of the initially formed C ,  
species which was believed to isomerize rapidly 
(5, 6) .  In view of recent work (7) concerned with 
the catalytic activity of ally1 bromide carbons 
towards olefin isomerization, particularly in 
systems containing hydrogen halides (S), rein- 
vestigation of neopentyl chloride pyrolysis in 
greater detail and in vessels coated with one 
of the decomposition products of the chloride 
is considered justified. 
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Experimental 
I. Materials 

Neopentyl chloride was prepared by the gas-phase 
chlorination of neopentane (5). Of the compounds, found 
as reaction products, which were required for thermal 
stability studies and for calibration purposes, 1,l- 
dimethylcyclopropane was prepared from 1,3-dibromo- 
2,2-dimethylpropane (9), 2-methylbut-I-ene and 2- 
methylbut-2-ene were purchased from Philip's Petroleum 
Company, 1- and 3-chloro-2-methylpropenes were 
purchased from Dr. Theodor Schuchardt (Munchen), and 
hydrogen chloride, 3-methylbut-I-ene, Cl-C5 hydro- 
carbons, and C2-C3 o l e h s  were purchased from 
o at he son Company i n  research grade gas cylinders. 
Commercial svnthetic ammonia and hvdrocren were used 
directly from cylinders. The purity o f  thei rganic  com- 
pounds was checked by gas chromatography. 

II. Procedure ntzd Atlalysis of Products 
Most of the decompositions were carried out in a 

Pyrex glass vessel (400m1, S / V  = 0.8 cm-l) housed in 
a heated aluminium alloy block thermostat. A packed 
vessel (244 ml, S/ V = 5.5 cm-l) was also used to test 
for surface etfects. The apparatus and experimental 
methods have already been described (10). The vessels 
were coated with the pyrolysis products of 3-chloro-2- 
methylpropene at 450 "C and "seasoned" with runs of 
neopentyl chloride. This treatment eliminated the fast 
starts observed with freshly coated vessels and resulted 
with a value for the rate of decomposition slightly lower 
than observed previously (5). Overnight treatment of the 
vessel with propylene at  450 "C reduced the rate to a 
lower, reasonably constant value, on prolonged pyrolysis 
at high temperatures. Between runs the vessel was left 
in contact with the decomposition products of neopentyl 
chloride. At the com~letion of a kinetic run anlnlonia 
gas was distilled in tothe  vessel in a slight excess of the 
calculated hydrogen chloride pressure, after which the 
entire contents of the vessel were distilled into a tapped 
vessel (N 1 1.) at  -196 "C. The sampling vessel was 
allowed to warm up then made up to  atnlospheric 
pressure with dry nitrogen gas. Ammonia addition prior 
to sampling is necessary to  avoid the facile combination 
of hydrogen chloride with the o l eh ic  products. Separate 
control experiments have shown that the presence of 
ammonia has little effect on the reaction rate and on the 
distribution of products. Hydrogen chloride determina- 
tions were carried out on separate kinetic runs, the 
reaction products being trapped in a 200 ml bulb con- 
taining 50 ml of 1 :I ethanollwater mixture at  -196 "C. 
The bulb was warmed to  80 "C, then allowed to  cool 
overnight (this treatment results in complete hydrolysis 
of tertiary and secondary chlorides with negligible 
hydrolysis of the primary chlorides). The contents of the 
bulb were then titrated with alkali. The organic products 
were analyzed by gas chronlatography in a laboratory- 
made unit with a flame-ionization detector. Hydrogen 
was determined separately with a thermal-conductivity 
chromatograph. Reproducible analyses were obtained 
with samples injected by means of a gas-tight syringe. 
Four columns were used: 

1. 20% W/W squalane with 1 % w/w Tween 20 on 
Celite (100-120 mesh, acid washed, dry sil treated), 4' 
long; useful for separation of methane, methyl chloride, 

isobutene, the three isomeric nlethylbutenes, I-chloro-2- 
methylpropene, and neopentyl chloride. 

2 .5  % w/w Dow Corning high vacuum silicone grease, 
5 %  w/w silicone oil F96 (General Electric) 0.3% w/w 
Atpet 800 and 0.1 % w/w Alketerge T on Celite (100-120 
mesh, dry oil treated), 12' long. This column was mainly 
used to separate 3-methylbut-I-ene from 1,l-dimethyl- 
cyclopropane but was also effective in separating other 
hydrocarbons from o l e h s  of the same number of carbon 
atoms. 

3. 20% w/w BPI-oxydipropronitrile with 1 %  w/w 
Tween 20 on Celite (100-120 mesh, acid washed, dry sil 
treated) 4' long; used to separate the isomeric chloro-2- 
methylpropenes, also gives partial separation of t-pentyl 
and neopentyl chlorides. 

4. Molecular Sieve 5A column, prepared by coating 
finely powdered Molecular Sieve 5A on Celite (100-200 
mesh), followed by conditioning with oxygen-free 
nitrogen at  250 "C (11). Separation of methane and 
hydrogen is complete on this column. 

Besides products already reported in neopentyl 
chloride pyrolysis (5), 1,l-dimethylcyclopropane and 
3-chloro-2-methylpropene were found among the re- 
action products, the latter in small amounts. The identity 
of the product believed to be 1,l-dimethylcyclopropane 
was confirmed by comparison of its retention time on 
three chromatographic colunlns (1-3) with those of a 
synthetic sample, and by means of n.m.r. spectroscopy. 
Minor products included hydrogen, ethane, propane, 
ethylene, and propylene, together with traces of neopen- 
tane. Together, these amount to less than 1 % of the 
reaction products in the early stages of the decomposition. 
Variation of total pressure with time and of reaction 
products with total pressure are illustrated in Figs. 1-3. 
Similar plots were obtained at  other temperatures. 

DECOMPOSITION TIME (minutes) 

FIG. 1. Variation of total pressure with time of 
decomposition of neopentyl chloride at  444 "C. Po and P 
represent the initial pressure of neopentyl chloride and 
total pressure after decomposition time, respectively. 
Each point represents a mean of 5-10runs. Po - 200 mm. 

I l l .  The Stoichiometry of the Reaction 
In terms of the observed reaction products and of 

separate control experiments on the thermal stability of 
these, the stoichiometry of the overall reaction can be 
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SHAPIRO AND SWINBOURNE: KINETICS OF NEOPENTYL CHLORIDE PYROLYSIS. I 1343 

represented as follows: 
-> HC1 + C,Hlo (2-methylbut-1-ene and 2-methylbut-2-ene) [I 1 
+ HCl + CSHlo (1,l-dimethylcyclopropane) [I1 1 

(CH3),C(CH2C1) -. CH3C1 + iso-C4H8 [I11 1 
-f CH4 + 1-C4H7C1 (1-chloro-2-niethylpropene) [Ivl 
+ CH4 + 3-C4H7C1 (3-chloro-2-methylpropene) [ v  1 

These are followed by two important secondary reactions: 

1,l-dimetliylcyclopropane + 3-metliylbut-1-ene [VII 

L-t 2-methylbut-1-ene [VII] 

HC1 
(CH3)(CH2CI)C=CH2 d polymer -I- HC1 (+ traces of CH4, iso-C4H8) [VIII] 

hydrogen chloride 

0 rnethylbulenes ond 1,l - dirnelhylcyclopropone 

rnelhone 

40 - isobulene 

A methyl chloride - s v I -  chloro - 2 -  rnelhylpropene - 
0 
0- 3 0 -  
X - 
0 

U \ 
X 

2 20-  
n- 
-I 
w 

3 

I I I 

0 1.20 1.40 1.60 1.80 

pt /Po 

FIG. 2. Product yield at different stages of decom- 
position of neopentyl chloride at 444 OC (% moles of 
product per 100 initial moles of neopentyl chloride). Po 
and P, represent the initial pressure of neopentyl chloride 
and total pressure after decomposition time, t, respec- 
tively. C, and Co represent the concentration of product 
X and the initial concentration of neopentyl chloride, 
respectively. Each point represents a mean of 2-3 runs. 
Po - 200 mm. 

It was deduced from the mass balance that reactions [IV] 
and [V] were almost equal in rate; however, only small 
amounts of 3-chloro-2-methylpropene were detected 
among the products owing to its rapid decomposition 
under the experimental conditions. The initial com- 
position of CsHlo products at 444' is (Fig. 3) 44% 
1,l-dimethylcyclopropane, 36% 2-methylbut-1-ene, and 
20% 2-methylbut-2-ene. It appears likely that 3-methyl- 
but-1-ene is not formed directly from neopentyl chloride 
but is produced by isomerization of the other C5H10 
products. Separate studies on 2-methylbut-2-ene and 

G 2-  melhyl-  b u t - 2 - e n e  

a * 3 - m e t h y l - b u t  - I -  ene 

0 

- 

FIG. 3. Composition of C5H10 products at different 
stages of decomposition of neopentyl chloride at 444 "C. 
Po and P, represent the initial pressure of neopentyl 
chloride and total pressure after decomposition time, t, 
respectively. Each point represents a mean of 2-3 runs. 
Po - 200 mm. 

8 - 
r 
0 

2-niethylbut-1-ene in the presence of hydrogen chloride 
showed that 3-methylbut-1-ene does not come readily 
from these; however, it is formed from 1,l-dimethyl- 
cyclopropane (12). Since, under the reaction conditions, 
the rate of disappearance of 3-methylbut-1-ene can be 
considered negligibly small3 in the early stages of neo- 
pentyl chloride decomposition (to P,/Po - 1.25), the 
amount of 3-methylbut-1-ene present in the reaction 
mixture provides a key to the amount of 1,l-dimethyl- 
cyclopropane which has isomerized, thus allowing 
separate estimates to be made of reactions [I] and [I].] 
over these stages of neopentyl chloride decomposition. 
Reactions [VI] and [VII] complicated these estimates to 
some extent, but the following procedure was found 

0 I ,  I- dimethylcyclopropane 

2 - melhyl - b u t  - l - ene 

3A separate study at 444 "C showed that in the presence 
of an equal pressure of hydrogen chloride 3-metliylbut-l- 
ene isomerizes slowly to 2-methylbut-1-ene. It  also 
decomposes slowly to methane and isobutene, 
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TABLE I 
Variation of product yield of organic products with added substances 

Product yield (%)* 

Time (min) 
P o  (mm) 
Added substance 

P a d d f d  rub. (mm) - 
Neopentyl chloride decoinposed (%) 11 

Product 
Methane 2.45 
Methyl 1.42 
Isobutene 1.88 
I ,l-Dimethylcyclopropane$ 1 .94(2.66) 
3-Methylbut-I-enel 0.24(0.00) 
2-Methylbut-I-enet 1 .90(1.66) 
2-Methylbut-2-enet 1 .24(1.00) 
1-Cliloro-2-methylpropene 1.58 

60 
201 

Isobutene 

50 
159 

Propylenef 

60 
212 

Hydrogen 
chloride 

100 
25 

*yo moles of product per100 initial moles of neopentyl chloride. 
iPyrolysis after prolonged use of vessel. 
$Figures in brackets give the amounts of methylbutenes after allowance is made for contribution from 1,I-din~ethylcyclo- 

propane isomerization. 

fruitful: Flowcrs and Frcy (12) have shown that 1,l-di- 
~netl~ylcyclopropanc isomerizes homogeneously to 3- 
methylbut-I-ene and 2-methylbut-2-ene in a 1:l ratio. 
The results were reproduced in the present apparatus. 
A separate study at 444 "C of the hydrogen chloride 
catalyzed isomerization of 1,l-diniethylcyclopropane 
established 2-methylbut-1-ene as the only major product, 
after allowance was made for the homogeneous isomeri- 
zation. Since the rate of the catalyzed isomerization to 
2-methylbut-1-ene was found to be close to 112 the rate 
of the lioinogeneous isomerization to  3-methylbut-1-ene 
and 2-methylbut-2-ene, the concentration of isomerized 
1,1-dimethylcyclopropane is given by: 

After allowing for the isornerization, subtraction of the 

total 1,l-dimethylcyclopropane from the sum of C,H,, 
products produced in the overall reaction leaves the sum 
of the niethylbutenes produced by rcaction [I] alone. 

In Table I are given the amounts of the major reaction 
products of the pyrolysis of neopentyl chloride at 444O 
carried out in the presence of added substances. The 
marked inhibiting effect of propylene and isobutene and 
the catalytic effect of hydrogen chloride upon the 
formation of methane, methyl chloride, isobutene, 
1-chloro-2-methylpropene, and 1,l-dimethylcyclopropane 
indicate that reactions 1111-[V] are radical processes. 
The effects of these additions upon the formation of 
2-methylbut-1-enc and 2-metliylbut-2-ene are much 
smaller; these apparent effects are further diminished 
when allowance is made for isomerization of 1,l-dimethyl- 
cyclopropane. This behavior is consistent with reaction IJ] 
being molecular. 

TABLE I1 
Effect of S/V ratio on formation of p~.oducts at 444 "C 

Product yield (%)* 

S/V = 0.8 cm-' (a) S/V = 5.5 cm-' (O) 

Time (rnin) 10 30 60 10 30 60 
Po (inrn) 190 196 193 199 190 194 
Neopentyl chloride decomposed (%) 2 5 11 2 6 26 

Prodi tc t  
Methane 
Methyl chloride 
Isobutene 
1,l-Dimethylcyclopropane 
3-Methylbut-I-ene 
2-Methylbut-1-ene 
2-Methylbut-2-ene 
1 -Chloro-2-methylpropene 

* /̂, 111ulo uT p~uduct fbr 100 in~tial moles of neopcntyl chloride. 
(a) Results from runs in vessel after - :O kinetic runs. 
(b) Results fiom runs in vessel after - 10 kinet:c runs. 
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SHAPIRO AND SWINBOURNE: KINETICS OF  NEOPENTYL CHLORIDE PYROLYSIS. I 

TABLE I11 
Effect of hydrogen chloridc on formation of products in vessels of different S /V ratio 
-- 

Product yield (%)" 

Prock1ct 
Methane 2.45 2.81 3.71 5.04 0.57 3.38 
Methyl chloride 1.42 2.25 3.33 3.99 0.34 2.47 
Isobutene 1.88 2.49 3.48 4.03 0.42 2.61 
1,l-Dimethylcyclopropane 1.94 2.77 3.10 2.84 0.40 2.78 
3-Methylbut-1-ene 0.24 0.28 0.28 0.32 0.03 0.05 
2-Methylbut-1-ene 1.90 1.83 2.16 2.32 2.42 2.49 
2-Methylbut-2-ene 1.24 2.75 2.69 3.64 1.47 1.98 
1-Chloro-2-methylpropene 1.58 2.76 3.70 5.66 0.32 2.29 

* %  moles o r  product per 100 initial moles of neopentyl chloride. 
(a) Pyrolysis of neopentyl ciiloridc at 444 OC for 60 min arter - 90 kinetic runs. 
(b) Pyrolysis of neopentyl chloride nt 444 OC for 20 min after - 30 kinetic runs. 

TABLE IV 

Effect of hydrogen bromide on formation of products in the 
packed vessel (a, 6) 

Product yield (%)* 

Product 
Methane 
Methyl chloride 0.34 7 .4  10.2 
Isobutene 0.42 11.7 27.4 
1,l-Dimethylcyclopropane 0.40 4.7 0.8 
3-Methylbut-1-ene 0.03 0 . 7  0.8 
2-Methylbut-1-ene 2.42 5.4 5.0 
2-Methylbut-2-ene 1.47 9 .2  13.1 
1-Chloro-2-methylpropene 0.32 6.6 4.2 

'moles of product per 100 initi'd moles of neopentyl chloride. 
(a) SIV = 5.5 rm-1. 
ibj P;io~~sT;biniopinty~ chloride at 144 OC for20 min after 30 kineticruns. 
(c) 100 mm of HUr were introduced into the evacuated vessel, then pumped 

out after 10 min until the pressure dropped to 3 X lo- '  mm. 

Runs in the packed vessel showed that a sevenfold 
increase in S / V  ratio resulted in only a slight change in 
the rates of formation of products in the early stages 
(- 5 %) of neopentyl chloride decomposition (see Table 
11). This is consistent with the pyrolysis being homo- 
geneous in both vessels at least over this range of decom- 
position. Beyond this point, the formation of products 
was significantly more rapid in the packed vessel than in 
the unpacked vessel, particularly in respect of the 
formation of methvlbutenes. This marked autocatalytic -. 

behavior in the packed vessel appeared to be associated 
with the hydrogen chloride acting in combination with 
the increased surface area: the catalytic activity of added 
hydrogen chloride was much more marked in the packed 
than in the unpacked vessel, and such additions in the 
packed vessel caused a marked increase in the rate of 
formation of 1 ,l-din~etl~ylcyclopropane (see Table 111). 
Two runs carried out in the packed vessel in the presence 
of hydrogen bromide showed it to be an even more 
effective catalyst than hydrogen chloride (see Table IV) 
as may be expected from the observations of Failes and 

Stimson (29) concerning the catalytic activity of these 
two substances. 

Examination of Figs. 1 and 2 shows that, in contrast 
to the behavior in the packed vessel, decomposition of 
neopentyl chloride in the unpacked vessel proceeded 
smoothly with no sudden acceleration in the rate, and 
it is probable that decomposition in this vessel was 
essentially homogeneous well beyond the 5 %  decom- 
position point.4 

4There was indirect evidence that the surface/HCl 
effect was also operating to a lesser extent in the unpacked 
vessel. Thus, the overall rate of decomposition of neo- 
pentyl chloride was slightly less in vessels which had been 
in use over a prolonged period and there was also a 
slightly different product distribution in these vessels. 
These changes, however, did not relate to reaction [I] 
(see Table V, also Table 111, Part 11). It is possible that 
the surface may act as a secondary generating source of 
chlorine atoms via the reaction 
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1346 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

The extent of reaction [I] which is believed to be decomposition in the unpacked vessel. It is represented 
molecular can be expressed as a function of the overall here by 8 which is given by: 

- 
~ [ Z ( C ~ H I O ) C ~ ]  -CIII - (1 ,I-dimethylcyclopropane) + 3(3-methylbut-1 -ene)] 

- 

[Weaction products),,, -,,,,,, 1 

since (XC~HIO)CII = (HC~)[II. 
Evaluation of 8 in t h~s  manner applies only to the early 

stages of neopentyl chloride decomposition (to P,/P, < 
1.25), since at greater extents of reaction the rate of 
disappearance of 3-methylbut-1-ene becomes significant. 
Under normal experimental conditions values of 8 were 
in the range 0.35 -t_ 0.05 regardless of pyrolysis tempera- 
ture and of the initial pressure of the reactant. 

Direct gas chromatographic analysis of undecomposed 
neopentyl chloride was not readily reproducible (owing 
presumably to adsorption of the vapor by the silicone 
stopcock grease) and it was found more accurate to 
deduce this quantity from a mass balance based upon the 
amounts of products formed. For example, from re- 
actions [I]-[VIII] it is evident that 

In cases where hydrogen chloride determinations were 
not carried out, empirical relationships such as the 
following were found applicable: 

(HCI) = (methylbutenes) 
+ (1,l-dimethylcyclopropane) + (1-C4H7Cl).' 

The concentrations of reactant decomposed by the 
molecular and radical-chain processes are then given by 
-A(C5H11Cl)8 and -A(CSHllCI)(l - O), respectively, 
and the concentrations of unreacted chloride, and hence 
given by: 

CMOL = CO - A(CSHIIC~)~  

The remainder of this paper deals with the molecular 
mode of decomposition, while the radical-chain pyrolysis 
will be closely examined in the following paper. 

Results 

Table V shows the rate coefficient (k,) for the 
unimolecular decomposition of neopentyl 
chloride, estimated from C,, CMoL and from the 
first order law 

k ,  = (2.3031t) log (COICMOL), 

applicable for early stages of decomposition. No 
significant variation of k, with initial pressure 
is evident. Insensitivity of kl to propylene, 
isobutene, ammonia, and hydrogen chloride is 

51-C4H7C1 and 3-C4H7CI formed in equal amounts. 

illustrated in Table VI. Variation of k, (39 
values) with temperature is shown as an 
Arrhenius plot in Fig. 4. The line, determined by 

FIG. 4. Arrhenius plot for the n~olecular decomposi- 
tion of neopentyl chloride. The points correspond to 
mean rate coefficients. The line drawn through the points 
was determined by the least squares method. 

least squares procedure, and the 90 % confidence 
limits (assuming that all errors reside in log k ,  
and none in T) are given by log k, = 13.26 + 
0.36 - (60 000 + 164012.303 RT). 

Discussion 
The present experimental results confirm the 

findings of the previous experiment (5) that the 
decomposition of neopentyl chloride occurs via 
two parallel pathways : (i) molecular elimination 
of hydrogen chloride and formation of methyl- 
butenes and (ii) a radical-chain process. 
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SRAPIRO AND SWINBOURNE: KINETICS OF NEOPENTYL CHLORIDE PYROLYSIS. 1 

TABLE V 

Lack of dependence of k1 on initial pressure (444 "C) 

Po (mm) 312 250 212 214* 215* 93 65 26 
lo6 kl  (s-') 8.8 8.2 8.4 8.8 7.5 9.8 8.5 10.1 

*For runs carried out after prolonged use of vessel at high temperatures. 

TABLE VI 

Decompositions in the presence of added substances at 444 "C 

- " \------, - -  - 
Additive Isobutene Isobutene Propene Propene ~r&ene  Propene HCl* HC~* 

102 
NH3 

P a d *  (mm) 42 59 150 207 243 18 100 101 
lo6 kl (s-') 7 .4  7.4 9.3 8 .5  10.8 9.6 9.3 13.2 10.3 - .  . 

*Correction was applied for the decomposition of 3-methylbut-1-ene. 

The molecular nature of (i) is established by 
the pressure independence of k,, by the insensi- 
tivity of k, to olefinic inhibitors and to hydrogen 
chloride, and by a value of - loi3 s-' for the 
Arrhenius pre-exponential factor of the reaction. 
The effect of surface on the molecular elimination 
was found to be small, confirming the homo- 
geneous nature of the process. 

It is evident from Table VII that the Arrhenius 
expression for the molecular decomposition of 
neopentyl chloride is in line with those observed 
for the other primary chlorides. The normal 
value for the activation energy supports the 
view that the decomposition proceeds through 
reaction pathway with an energy barrier of 
comparable height to those of the other chlorides, 

hence takes place via a common mechanism. No 
additional energy is necessarily required for the 
isomerization of the neopentyl ion to the 
t-pentyl ion as thermochemical calculations (1 8) 
indicate that this transformation is exothermic 
by 3 1 kcal/mole. 

Comparison of relative rates of solvolysis in 
polar solvents and gas-phase pyrolyses of 
neopentyl and ethyl derivatives is instructive in 
view of previously stressed analogies (1-4). The 
relative rates of solvolysis of ethyl and neo- 
pentyl bromide and p-toluene sulfonate in 
formic acid are compared with pyrolysis rates 
for  unimolecular elimination of hydrogen 
chloride in the gas phase in Table VIII. 

In the case of the solvolyses (S,l processes 

TABLE VII 
Arrhenius parameters for the decomposition of primary alkyl chlorides 

Temperature 
AlkyI chloride range ("C) log A (s-') E (kcal mole-') Ref. 

Ethyl 400490 14.60 60.8 13 
420-500 13.63 56.8 14 

n-Pro~vl 420478 13.45 55.5 15 
.. - .~. 

1sobdyl 417474 14.02 56.9 16 
rz-Pentyl 396-456 14.60 58.3 17 
Neo~entvl 410-496 13.26 60.0 This study 

TABLE VIII 
Relative rates of primary alkyl compounds 

Reaction Ethyl Neopentyl Reference 

RBr, HCOOH, 95 "C 1 . 0  0.6 19 
ROTS*, HCOOH, 75 "C 1.0  1 .O 20 
RCl, gas phase, 444 "C 1.0  0.08 13, and 

present study 

*OTS represent p-toluene sulfonate group. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1348 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

leading to rearranged products) the migrating 
methyl group does not appear to assist C-X 
heterolysis since similar rates are observed for 
both ethyl and neopentyl compounds. This 
observation has been interpreted (21,22) as an 
indication that the rate of methyl migration in 
the initially formed carbonium ion is faster than 
the rate of reaction with the surrounding solvent. 
In the gas phase a different situation exists since 
the pyrolysis rate of ethyl chloride is about 12 
times faster than that of neopentyl chloride. The 
role of a P-hydrogen atom in unimolecular 
gas-phase dehydrohalogenation reactions has 
been considered to be the same as that of the 
polar solvent in S,1 and E l  reactions of halides 
(3). The decrease in rate of pyrolysis in a molecule 
lacking P-hydrogen atoms leads to the con- 
clusion that P-hydrogen atoms do play an  
important part in the rate-determining process 
of charge separation between the cr-carbon atom 
and the chlorine atom to which it is bonded. In 
the case of neopentyl cbloride the critical 

elongation of the carbon-chlorine bond is 
probably assisted by one of the y-hydrogen 
atoms, the interaction being less effective than 
in a molecule possessing P-hydrogen atoms. 

With the molecular nature of the reaction 
established, it is worthwhile to speculate on the 
nature of the transition state. Maccoll and 
Swinbourne have considered (5) an ion-pair 
transition state 4 with five possible modes for its 
decomposition depending upon the manner of 
hydrogen chloride elimination and on which of 
the hydrogen atoms is eliminated. From Fig. 3, 
it is evident that the two major CSH,, products 
produced initially are 1,l-dimethylcyclopropane 
and 2-methylbut-1-ene. Since the rate of iso- 
merization of the former to the latter in the 
early stages of the neopentyl chloride decomposi- 
tion cannot account for the bulk of the 2-meth- 
ylbut-1-ene, this must be formed by a molecular 
reaction. This conclusion is consistent with struc- 
ture 5, in which a y-hydrogen atom is attacked 
by the departing chloride ion. 

H3C\ <H3 H3C\ C\H3 H3C CH3 
,'+\\\ [ /C-cH2cl-] + [ /C-CH; ] + \ C-CH, / + HCI 

H3C H2C H------CI I I 
C H  - 

Similarly, although 2-methylbut-2-ene is 
formed in smaller amounts, the quantities 
present in the early stages of neopentyl chloride 
decomposition suggest that some 2-methylbut-2- 
ene is independently produced from neopentyl 
chloride via a ~~nimolecular mechanism6 prob- 
ably involving transition state 6, proposed by 
Maccoll and Swinbourne (5). 

The gas-phase pyrolysis of neopentyl chloride 
thus leads to the formation of a methylbutene 
mixture containing a larger proportion of 
2-methylbut-1-ene than expected from thermo- 
dynamic data (23) and from the equilibrium 

61n a recent conln~unication (28) it was stated that 
2-methylbut-2-ene might possibly be formed from neo- 
pentyl chloride via a free-radical intermediate; however 
the more recent analysis of results, as discussed in this 
paper, supports a unirnolecular mechanism for its 
formation. 

composition observed after prolonged pyrolysis 
(see Fig. 3). I t  appears that methylbutenes with 
abnormal proportions of methylbuteiles are not 
uncommon in other reactions of neopentyl 
compounds in which skeletal rearrailgemeilt is 
observed in solution (24), in the gas-phase (25), 
and on alumina (26). In each of these cases a 
carbonium ion not having a t-pentyl structure 
was proposed as a precursor to the methyl- 
butenes. This situation applies to the present 
case where the most likely carbonium ion 
intermediate is represented by a methyl-bridged 
structure 4. A similar transition state was 
proposed for liquid-phase reactions of neopentyl 
compounds (27). 

The most likely factor accounting for difference 
between the composition of methylbutenes 
produced from neopentyl chloride in the present 
and the preliminary study (5) is the nature of the 
pyrolytic carbon which was found to be less 
active than ally1 bromide carbon in promoting 
isomerization of olefins in the presence of 
hydrogen chloride (8). 
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Kinetics of neopentyl chloride pyrolysis. 11. The radical-chain decomposition 

J. S. SHAPIRO' AND E. S. SWINBOURNE~ 
Division of Pure Clletnistry, National Researcll Council of Catzada, Ottatva, Canada 

Received July 10, 1967 

The radical-chain thermal decomposition of neopentyl chloride was studied in the temperature range 
of 410-496 "C and over the pressure range of 22 to 340 mm. A small surface effect was noted after 
prolonged conditioning of the vessel and in a vessel of high surface/volume ratio. The reaction is of 
three-halves order and the rate coefficient is expressible by k3,2 (l1I2 S-l) = 1013.55+0.67 x 
e-56300=2100'RT. The experimental facts are shown to be consistent with a mechanism involving chlorine 
atoms as the principal propagating radicals, with a iirst-order initiation step and a termination step 
involving the combination of methyl and chloromethyl radicals. The relative concentrations of the 
various radicals, calculated from known and estimated kinetic parameters, have been shown to be 
dependent on the hydrogen chloride produced from the concurrent unimolecular decomposition of 
neopentyl chloride reported in Part I. 1,l-Dimethylcyclopropane, found as a reaction product, is 
believed to be formed directly from neopentyl chloride by a radical-chain mechanism. 
Canadian Journal of Chemistry, 46, 1351 (1968) 

Introduction 
It has been proposed by Barton and Onyon (1) 

that, apart from a molecular mechanism, alkyl 
halides may decompose by themselves thermally 
via a radical-chain mechanism. It was proposed 
that alkyl chlorides decompose via reaction 
schemes of this type only if two conditions are 
fulfilled: (i) the molecule has a hydrogen atom 
in the position fi to  the chlorine atom so that 
p-radicals (2) capable of decomposition are 
produced and (ii) the olefinic products of such 
reactions are inefficient inhibitors (otherwise 
chlorine atoms will be removed rapidly from the 
system). 

The radical-chain decomposition of neo- 
pentyl chloride presents an interesting case of an 
alkyl chloride lacking P-hydrogen atoms, and 
which on decomposition yields products such as 
methylbutenes which should be highly efficient 
radical scavengers (28). 

1,l-Dirnetl~ylcyclopropane has been observed 
as a product of the pyrolysis of neopentyl 
chloride. Maccoll and Swinbourne (22) have 
proposed that this compound could be formed 
from neopentyl chloride via a unimolecular 
mechanism iilvolving an ion-pair type transition 
state, while Anderson and Benson (10) have 
proposed its formation via a free-radical inter- 
mediate. Other reactions involving neopentyl 
compounds have resulted in the formation of 

'Postdoctorate Fellow, Division of Pure Chemistry, 
1965-1967. 

2Scliool of Chemistry, University of New South Wales, 
Kensington, N.S.W., Australia. 

1,l-dimethylcyclopropane. These include the 
reaction between neopentyl chloride and sodium 
(3, 4), and between neopentyl chloride and 
phenyl sodium (9, both of which are believed t o  
proceed via a carbene intermediate with elimina- 
tion of a hydrogen atom in the position cl with 
respect to  the carbon atom to  which the chlorine 
is attached. Other examples are the pyrolysis of 
neopentyl chloroformate (8) and the thermal 
dehydration of neopentyl alcohol on alumina 
(9), for each of which a mechanism has been 
proposed with a transition state involving charge 
separation. 

The present study is expected to permit 
selection of the most likely process leading to the 
formation of 1,l-dimethylcyclopropane in neo- 
peiltyl chloride pyrolysis. 

Experimental 
Preparation of materials, description of apparatus, 

procedure and analysis of products have been described 
in Part I. 

Results 

I. Reaction Mechanism 
In Figs. 1-3 (Part I) the variation of total 

pressure with pyrolysis time and of yields of 
reaction products with total pressure were 
illustrated for the pyrolysis a t  444 "C. In Figs. 
1-3, shown below, the corresponding plots are 
given for the propylene-inhibited pyrolysis. 
These results together with others shown in 
Table I (Part I) indicate that the major products 
of the radical-chain decomposition are: methane, 
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TABLE I 
Analysis of minor products of neopentyl chloride pyrolysis at 444 "C. Initial pressure of 

neopentyl chloride N 200 nun 
- 

Product yield* (%) 

Pyrolysis time (min) 20 40 80 160 320 
- - Hvdroeen - 0.016 2.20 

~ - - ~ ~ - - -  . . - - .  ...- 

Ethylene 0 1004- 0.015 0.028 0.074 0.36 
Propane 0.0000 0.000 0.007 0.02 0.16 
Propylene 0.0007 0.002 0.003 0.09 0.40 
3-Chloro-2-methyl~ro~ene 0.01 0.17 0.30 0.70 0.60 - -  - 
Isobutene 0.30 0.64 1.46 3.36 7.65 

'moles of product formed/100 initial rnolcs of neopentyl chloride. 

isobutene, methyl chloride, I-chloro-2-methyl- 
propene, I, 1-dimethylcyclopropane, and hydro- 
gen chloride. 3-Chloro-2-methylpropene, an o methane 

expected major product, was found only in small e isobulene 
quantities presumably because of its thermal 
instability at the temperature range studied. A 
separate study of its pyrolysis, alone and in the ;; 
presence of an equal pressure of hydrogen o 
chloride, revealed that it decomposes more x 
rapidly than neopentyl chloride to a polymer, < - 

hydrogen chloride, and small amounts of meth- ,x 
ane and isobutene. - 

n 

I I 

0 I. 10 1.20 1.30 

pt ' 
FIG. 2. Product yield at different stages of decom- 

position of neopentyl chloride at 444 "C in the presence 
of added propylene (% moles of product per 100 initial 
moles of neopentyl chloride). Initial molar ratio of 
neopentyl chloride to propylene = 1:l. Po and P, 
represent the initial pressure of neopentyl chloride and 
total pressure after decomposition time, t ,  respectively. 
Cx and Co represent the concentration of product X and 
HC1 initial concentration of neopentyl chloride, respec- 
tively. Po - 150 mm. 

1.40 

1.30 

aO 
\ 

a- 1.20 

0 100 200 300 
In Table I are listed the yields of the minor 

DECOMPOSITION reaction products at various stages of decom- 
position. Isobutene is included in the table for 

FIG. 1. Variation of total pressure with time of compa~son. since the yields of the minor pro- decomposition of neopentyl chloride at 444 "C in the 
presence of added propylene. Initial molar ratio of neo- ducts are very small and tend to increase rapidly 
pentyl chloride to propylene = 1 :l. Po and P, represent with extent of reaction these products are 
the initial pressure of neopentyl chloride and total formed by secondary ~ecomposition of pressure after deconlposition time, t, respectively. 
po - 150 mm. the major pyrolysis products. 
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SHAPIRO A N D  SWINBOURNE: KINETICS OF NEOPENTYL CHLORIDE PYROLYSIS. I1 1353 

4 + LOG C 

- 
8 

FIG. 4. Double logarithmic plot for the determination 
of reaction order for the radical-chain deco~nposition of 
neopentyl chloride at 444 "C. C represents the concentra- 
tion of neopentyl chloride. C and (rate)RAD are given in 
mole 1-' and mole 1-' s-I respectively. 

- 
cn + 100 
U 
3 
n 
0 
LL 
a 

I 
L n  

U 

IL 
0 

Z 
50 

0 - 
k 

cn 2 o 2 5 -  
0 
U 

II. Reaction Order 
The procedure for resolving the overall rate 

of decomposition of neopentyl chloride into 
molecular and radical-chain components is 
outlined in Part I. The rate of the radical reaction 
is given by d(Co - CRAD)/dt or (C, - C,,,)/t 
for small amounts of decomposition, where C, 
and C,,, represent the initial concentration, and 
concentration of undecomposed neopentyl 
chloride after reaction time, t. From the results 
at the early stages of the decomposition a plot of 
log (rate),,, versus log Cis  shown in Fig. 4. The 
slope of the line of best fit corresponds to a 
reaction order of 1.5. Similar logarithmic plots 
for the formation of methane, methyl chloride, 
isobutene, 1-chloro-2-methylpropene, and 1,l- 
dimethylcyclopropane also gave an order of 1.5 
in each case. In contrast, the reaction order for 
the formation of the methylbutenes (2-methyl- 
but-1-ene and 2-methylbut-2-ene) estimated 
with a similar plot is 1. 
III. Kinetic Results 

The rate coefficient for these radical chain 
decompositions (k,/,) was calculated from the 
expression: 

k3/, = 2 ( ~ ~ ~ / ~  - c ~ ~ ~ ~ ~ ~ ) / ~ c ~ ~ ~ ~ c ~ ~ ~ ~ / ~ .  

- 2 -  m e t h y l - b u t -  l  - e n e  

2 - methyl - but - 2 - ene 

0 I ,  I - d~rnelhylcyclopropone 

' 0  . 3 -  m e t h y l - b u t - I - e n .  ,,-\ 

- 

8-8 
P/ \A' 
7\% 

0 7  
/ ---------C@' 

- , , a - - - y e  I I 

FIG. 5. Arrhenius plot for the radical-chain decom- 
position of neopentyl chloride. The points correspond to 
mean rate coefficients. The line drawn through the points 
was determined by the least squares method. 

1 10 1 20 1 30 

p+ ' Po 
FIG. 3. Composition of C,Hlo products at difl'erent 

stages of decomposition of neopentyl chloride at 444 "C 
in the presence of added propylene. Initial molar ratio 
of neopentyl chloride to propylene = 1:l. PO and P, 
represent the initial pressure of neopentyl chloride and 
total pressure after decon~position time, t, respectively. 
Po .- 150 mm. 
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TABLE I1 
Effect of added substances on isobutene/methyl chloride and isobutene/l-chloro-2-methylpropene 

ratios. Pyrolysis of neopentyl chloride (- 200 mm) at 444 "C for 60 min 

Added substance Isobutene/methyl chloride Isobutene/l-chloro-2-methylpropene 

None 1.33* 1.18* 
2-Methylbut-2-ene 2.21(34), 5.34(98) 1 .25(34), 0.91(98) 
Hydrogen chloride 1.11(18), 1.04(50), l.Ol(100) 1 .01(18), 1 .05(50), 0.80(100) 

*Average of 3 kinetic runs. Figures in parentheses give the pressures (mm) of added substances. 

TABLE I11 
Typical decon~positions at 444 "C 

Po (mm) 190 196 179 194 214-1 213.1 21 5.i- 198i 
Co/C* 1.02 1.05 1.11 1.24 1.02 1.05 1.11 1.27 
lo4 k312(11/2 mole- 1/2s-1) 2.36 2.85 3.06 2.42 0.71 1.51 1.91 2.56 

*Ca and C rcpresent the measured o r  estimated values of initial concentration and concentration remaining after pyrolysis, of neopentyl 
chloride, respectively. 

?Runs after prolonged use of vessel at  high temperatures. 

The temperature dependence of the rate co- 
efficient is shown in Fig. 5 for 31 runs in 
the range 410-496 "C. The Arrhenius expression, 
determined by the method of least squares 
together with the 90% confidence limits (assum- 
ing all the error resides in log k and none 
in 1/T) is given by k3,,(1112 mol~'" s-l) = 
1 0 1 3 . 5 5 i 0 . 6 4 e - 5 6 3 0 0 ~ 2 1 0 0 / R T  

IV. Efect of Added Substances 
The effect of added propylene, isobutene, and 

hydrogen chloride on the rate of formation of 
products is demonstrated in Table I (Part I). 
Both olefins reduce the rates of formation of 
organic products other than methylbutenes by 
factors of 5-10 while hydrogen chloride en- 
hances these rates by factors of 2-3. Rough 
estimates of the reaction order with respect to 
added isobutene and hydrogen chloride are 
minus 1 and plus 112 respectively. 

Addition of olefins and of gas-phase catalysis 
affects the rate of formation of certain products 
more than others. This observation particularly 
applies to isobutene and methyl chloride which 
are expected to be formed in a stoichiometric 
ratio via the same elementary reaction (see 
reaction scheme, Part I). For example, olefins 
reduce the rate of formation of methyl chloride 
more than the rate of formation of isobutene. 
In Table I1 are given the isobutene/methyl 
chloride ratios together with the isobutene/l- 
chloro-2-methylpropene ratios observed during 

the pyrolysis, alone and in the presence of 
2-methylbut-2-ene3 and hydrogen chloride. 

V. Efect of Surface Conditioning 
Prolonged use of the vessel (S/V = 0.8 cm-l) 

at high temperatures was found to have a signifi- 
cant effect on the rate of radical-chain decom- 
position as shown in Table 111. Inspection of 
Table 111 points to the existence of an induction 
period in runs carried out at 444 "C after 
proloilged use of a vessel at high temperatures. 
No definite induction period was found during 
the earlier experiments, though it was noted that 
induction periods are produced if the vessel was 
treated with propylene overnight at 444 "C. 
Hence the vessel was left in contact with the 
decomposition products of neopentyl chloride 
between kinetic runs. 

Discussion 
Reaction scheme 1, although speculative, 

accounts for most of the experimental observa- 
tions reported here on the decomposition of 
neopentyl chloride. 

The following notation is used in the discussion 
<HZ 

given below: (CH3),C(CH2C1) and (CH3),C- 
(CHC~) are both represented by R,. CH3 and 

32-Methylbut-2-ene was used instead of isobutene 
since gas chromatographic analysis for methyl chloride in 
the presence of a large excess of isobutene is unsatis- 
factory. This olefin was found to have an inhibiting effect 
of the same order of magnitude as isobutene. 
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SHAPIRO AND SWINBOURNE: KINETICS OF NEOPENTYL CHLORIDE PYROLYSIS. I1 1355 

(CH3)3C(CH,CI) -> CH3CH,(CH3)(==CHz + HCI (molecular decomposition) 
(CH~)Z(==CH(CH~) 

[3 1 CH, or CH,CI -t HCI =$ CH, or CH3CI + dl 

CH3 CH, 1 
olefin + CH,CI CHIC, + -/ olefinic radical 1 or 1 large olefinic radical 1 

1 I$ HC1 
abstraction addition 

! 
[7 1 d H 3  + CH3 or C H ~ C I  -> C2Hs or C2HsCI(C2HsCI + C,H, + HCI) 

k H z  
I 

[8 1 C H ~  or CH,CI + (CH3),C(CH2CI) or (CH3)3C(CHCI) + termination products 

CHZ CH, 

19 1 (CH3),&(CH2CI) + (CH3)z&(CH2CI) or ( C H ~ ) ~ C ( ~ H C I )  - tem~ination products 

1101 61 + ( c H ~ ) , ~ ( c H ~ c I )  or ( c H ~ ) ~ c ( ~ H c I )  -> termination products 

1111 2 olefinic radicals -> termination products 

REACTION SCHEME 1. 

CH,Cl are both represented by R1 and all olefinic formed during the pyrolysis, respectively. No 
radicals are represented by R1. RC1, RIH, and formal distinction is made here between the two 
RIH designate neopentyl chloride, methane, or types of R1 and R, radicals, and between the 
methyl chloride, and any of the olefinic products different types of R1. 
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TABLE I V  
Kinetic parameters for elementary reactions 

Reaction Log k4440 Log A E References or remarks 

[I 1 -5.0 13.26 60.0 See Part I 
[2 1 -7.7 16.1 78.0 (23) 
13 1 7 .5  9.0 5 .0  (1 5) 

L .-- J ~ .~ , , 
[4bl 5.5 813 10.2 Assumed that k ~ , = k ~ ~  
14cl 10.0 10.5 1 .5  Assumed the same A and E as for C2H5Cl (15) 
is]. 4.7 13.2 28* Assumed from related reactions (13, 15) 
1601 6.2 8.0 6.0 Assumed the same as for methyl addition to . . 

propylene (26) 
6.2 

[6b1 11.0 
8 .0  6.0 Assumed that kG,=kG6 

[6cI 11.3 1 + 1  Assumed from related reactions (14) 
[7 I 10.4 10.4 0 

10.4 10.4 0 
(1 5) 

[8 1 Assumed that k7=lcs 
19 I 11 . O  11.0 0 Assumed 

[lo] 11.3 11.3 0 (1 5) 
[11 I 7.4 7 .4  0 (25) 

k A and Ere fe r  to the Arrhenius equation k = Ac-"IRT. k and A are given ins- '  o r  in lmole-I  s - I  and  E in kcal/rnole. 
* ~ c d v a t i o n  energies for reactions [5a]-(5~11 were estimated from bond dissociation energies and standard heats of forma- 

tion (18, 27). Benson's additivity rules (12) \\'ere used where data was not  other\\,ise available. 

In Table IV are listed the Arrhenius param- 
eters of the elementary reactions together with 
rate coefficients at 444 "C. No distinction is made 
between initiation steps [2a] and [2b], although 
from a statistical viewpoint and from the 
consideration of the two carbon-carbon bonds 
which are of conlparable strength, reaction [2a] 
is inore likely to predominate. In order to 
simplify the solution of the kinetic equations, a 
single (average) set of values for the Arrhenius 
parameters has been chosen to account for 
reactions [5(a-d)]. These parameters are not 
known with any certainty, but the analytical 
results suggest that the relative rates of these 
reactions are approximately equal over the tem- 
perature range studied. 

On the assumptioil of long radical chains, the 
steady state expressions are given by: 

[a] d(Cl)/dt = lc3(Rl)(HCl) + k5,(R2) 
- 1c4,(Cl)(RC1) - ~,,(c~)(RH') 

- lc- ,(C1)(RlH) = 0 

From expressions [a] and [c ] ,  on neglecting 
small terms, 

where 4 = 1 +  4ko (~13 ' )  
3k,,(RCl) ' 

Substitution of numerical values for the rate 
coefficients at 444 "C, listed in Table IV, and 
taking (RCl) = 50 x low4 mole 1-I (equivalent 
to 220 mm) lead to the following relative ratios 
of radical concentrations : 

1 % reaction: (CI)/(Rl) = 8 x (Rl)/(R2) = 57 
5 % reaction: 3 x lo-4 16 

10% reaction: 4 x lo-4 12 
20 % reaction: 6 x 9 

The calculated ratios indicate that R, radicals are 
in the greatest concentration in the early stages 
of the decomposition, hence reaction [7] is the 
most important termination step. From the 
steady state assumption it follows that k2(RC1) = 
1c7(R1)' or (R1) = (k2/k7)11Z(~~1)112 on substi- 
tution for (R,) in the ratio (Cl)/(R,), 
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SHAPIRO AND SWINBOURNE: KINETICS OF NEOPENTYL CHLORIDE PYROLYSIS. 11 1357 

4k3 k (HCI) From the analysis of reaction products, the 
(Cl) = - (A) 

3k4, k7 + ( R C I ) ~ / ~  ' concentration of hydrogen chloride, (HCl), is 
related to the extent of the overall decom~osition, 

The rate of disappearance of neopentyl in the early stages, by the expression: (HC~) = 
chloride by the radical-chain reaction is then 0.37 [(RCl,) - (RCI)], where (RCI,) and (RC1) 
given by the expression : represent the initial concentration and con- 

centration remaining after pyrolysis, of neo- 
pentyl chloride, respectively. The rate expression 
for neopentyl chloride radical-chain decom- 

4k3 K Z  'I2 position can then be expressed entirely in terms 
= - ( )  (MCI) (RC~)"'- .f(RCl) thus : 3 4  k7 

This mechanism predicts a reaction order of 1.5 
with respect to neopentyl chloride. The rate 
coefficient is expected to be constant for de- 
compositions carried out to the same extent of 
reaction but to change with the progress of the 
reaction, the change in rate coefficient being 
dependent on the ratio [(RCl,)/(RCI) - 1 I/$. 
The experimental finding shown in Fig. 4 is in 
agreement with the predicted mechanism. From 
Fig. 4 it is seen that points corresponding to runs 
of approximately the same extent of decom- 
position lie along a straight line with a slope of 
1.5. From values of rate coefficients at 444 "C 
listed in Table IV and from analysis of products 
the calculated values of k,121 for (RCl,)/(RCl) = 

1.05, 1.10, and 1.20 at 444 "C are 6.6 x 
9.4 x and 12.0 x 1'12 s-I, 
respectively. Observed values of k,,, at 444 "C 

showed a tendency to increase with extent of 
reaction but because of poor reproducibility 
these values were scattered about a mean of 
2.7 x l1I2 mole-'I2 s-I. Other cases may 
arise (1 1) : (i) when (R,) -- (R,) ; (ii) when (R,) > 
(R,); and (iii) when (RIH) 3 (RCI). 

(i) This case corresponds to decompositions in 
the presence of added hydrogen chloride 
((HCl)/(RCl) < 1). For (HCl)/(RCl) -- 0.25 
(R,)/(R,) -- 1.2 and 1.8 at 1% and 10% 
decomposition respectively, and for (HCl)/ 
(RC1) -- 1, (R,)/(R2) -- 0.6 and 0.9 at 1% and 
10% reaction respectively. Under these circum- 
stances the predicted major termination step is 
[8] and the rate of disappearance of neopentyl 
chloride via the radical mechanism is given by 
the expression : 

(ii) In the presence of a large excess of hydro- 
gen chloride (HCl)/(RCl) >, 1 or in the presence 
of hydrogen bromide, (R,) >> (R,) and the 
most important termination step is [9]. The rate 
of disappearance of neopentyl chloride is then 
given by expression [C] which is independent of 
the concentrations of added hydrogen halides. 

(iii) For the olefin-inhibited pyrolysis and for 
the decomposition at extents greater than 25% 
contributions of processes [6a], [6b], [6c] 
become important, particularly that of [Gc]. 
Under such conditions olefins compete with 
neopentyl chloride for propagating radicals, of 
which chlorine atoms are the most reactive since 
the ratio 6,,/k4, is estimated to be -- 10. This 
ratio plays a predominant part in the expression 
for the rate of disappearance of neopentyl 
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chloride by processes corresponding to eqs. [A] 
and [B]. Reaction [6c] represents a general type 
of process involving chlorine atoms in addition/ 
abstraction reactions with olefins containing 
primary as well as secondary and tertiary 
hydrogen atoms (e.g. isobutene, 2-methylbut-l- 
ene, and 3-methylbut-1-ene, respectively). Since 
a rather larger pre-exponential factor is pre- 
dicted for abstraction of secondary and tertiary 
hydrogen atoms by chlorine atoms than in the 
case of primary hydrogen atoms (14), the ratio 
k6,/k4, - 10 is probably of a reasonable order 
of magnitude. 

Thus under the above stated conditions 
reaction [I] ] becomes the most important 
termination step. From [dl and from the steady 
state expression k,(RCI) = kll(R1)2, on neglect- 
ing unimportant terms, 

Though detailed measurements were not made 
of the initial rates of pyrolysis in the presence of 
either hydrogen chloride or olefins, the rough 
estimates of reaction order with respect to these 
substances (see previously) are in agreement 
with rate expressions [B] and [Dl. In the 
presence of added hydrogen bromide, even at 
very low concentrations, (R,) >> (R,) since the 
analogous reaction to [3] involving hydrogen 
bromide (16) occurs at least 10 times faster than 
reaction [3] at 444 "C. Appropriate substitution 
in expression [C] gives a rate for the radical 
reaction which is about 6 times greater than the 
predicted value for the "normal" pyrolysis at 
444 "C given by [A]. The observed rates of 
formation of products from the radical reaction 
were increased by factors of 2 0 4 0  in the 
presence of hydrogen bromide (see Part I). 

In Table I1 it was shown that the isobutenel 
methyl chloride ratio increases in the presence 
of added 2-methylbut-2-ene and decreases in the 
presence of added hydrogen chloride, the change 
in this ratio depending on the amount of added 
substance. A possible explanation for this is that 
the radical chains in neopentyl chloride pyrolysis 
are short and a substantial contribution of 
isobutene comes from the decomposit.ion of the 
chloro tertiary butyl radicals ((CH,),C(CH,CI)) 
produced in the initiation reaction [2a]. This 
would lead to large isobutene/methyl chloride 
concentration ratios for decomposition in the 

ZHEMISTRY. VOL. 46, 1968 

Dresence of olefins and to smaller ratios for 
decompositions in the presence of added 
hydrogen chloride because of long radical chains 
in the latter case. This is in agreement with the 
observed results for isobutenelmethyl chloride 
ratios shown in Table 11, but is inconsistent with 
observations on the isobutenell-chloro-2-methyl- 
propene ratio which remains almost unchanged 
in the presence of added substances. Since in the 
normal pyrolysis isobutene and l-chloro-2- 
methylpropene are formed at approximately the 
same rate, a corresponding increase in the 
isobutenell-chloro-2-methylpropene ratio can be 
expected if the excess isobutene is indeed formed 
from the decomposition of chloro tertiary butyl 
radicals. Since this is not the case, the remaining 
possibility is that no significant amounts are 
produced in this way, instead some chloromethyl 
radicals (as well as methyl radicals) are lost from 
the system via reactions [6a], [6b], and 8. 
Isobutene concentration was therefore used 
instead of that of methyl chloride to monitor 
reaction [5b]. 

Addition of ammonia gas prior to sampling 
for analysis or organic products (see Part I) has 
little effect on the rate of radical reaction. The 
expected rate of hydrogen atom abstraction 
from ammonia by methyl (17) and chloromethyl 
radicals is of the same order of magnitude as the 
rate of abstraction from neopentane. Some 
chlorine atoms are probably removed from the 
system by ammonia but rather slowly since 
D(H-NH,) -- D(H-CI) (27). 

The outstanding difference between the present 
study and the earlier work (22) lies in the nature 
of the carbonaceous material coating the inner 
walls of the vessel. In the study by Maccoll and 
Swinbourne (22) 1,l-dimethylcyclopropane 
isomerized very rapidly to methylbutenes and 
the methylbutenes isomerized to give an equili- 
brium mixture. This process obscured the extent 
of the radical-chain process. Pyrolytic carbon 
from ally1 bromide decomposition was shown 
by Bridge and Holmes (19) only to promote the 
isomerization of butenes but not to affect the 
rate of n-butyl bromide pyrolysis at 370-420 "C 
(20), contrary to the proposal by Laidler and 
Wojciechowski (21). With the pyrolytic carboil 
used in the present study (from 3-chloro-2- 
methylpropene and propene treatment) there 
are indications that while the surface is less 
efficient in promoting the isomerization of the 
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methylbutenes than is ally1 bromide carbon, a 
heterogeneous process leading to the formation 
of 2-methylbut-1-ene and hydrogen chloride 
occurs on the surface in a vessel of high S/ V ratio 
(see Part I). Interaction of this heterogeneous 
reaction with the radical-chain decomposition 
could take place through the hydrogen chloride 
produced by the former process, via reaction [3]. 
However, the interplay between the surface and 
the radical-chain decomposition is likely a more 
complex process than can be accounted for by 
the heterogeneous reaction alone since the rate 
of formation of products representative of the 
radical-chain process increases more in the 
vessel of high S/ V ratio in the presence of hydro- 
gen chloride (see Part I). Traces of ammonium 
chloride, found in the analysis of the pyrolytic 
carbon vessel with S/V ratio = 0.8 cm-I at the 
conclusion of the experiment, may be partly 
responsible for the heterogeneous process. 

This work establishes that 1,l-dimethyl- 
cyclopropane is formed during the pyrolysis of 
neopentyl chloride via a largely homogeneous 
radical-chain reaction rather than via a quasi- 
heterolytic process (22) or via a carbene inter- 
mediate (6, 7). Although the exact mechanism 
leading to its formation from chloro-neopentyl 
chloride radicals is not confirmed unequivocally, 
of the two possible transition states shown below, 
1 is more probabIe since it involves least 
scrambling of atoms in the transition state. 

While Anderson and Benson's proposal (10) 
that 1,l-dimethylcyclopropane is a radical-chain 
decomposition product of neopentyl chloride is 
verified here, their hypothesis that the methyl- 
butenes are formed exclusively via the cyclo- 
propane is disproved. Formation of the methyl- 
butenes by methyl radicaI addition to the 
chloro-2-methylpropenes and to isobutene, also 
suggested by these authors, was found to be 
negligible from studies on the pyrolysis of 
neopentyl chloride in the presence of l-chloro-2- 
methylpropene. 
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Mercury-sensitized photolysis of perfluorocyclobutene and 1,3-perfluorobutadiene 
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The mercury-sensitized photolyses of cyclo-C4FG and 1,3-C4FG were examined in the vapor phase. In 
the C-C4FG system, the major product was 1,3-C4FG; in the 1,3-C4FG system, c-C4F,. h both cases, an 
excited molecule is formed which can pass to a common intermediate structure. The intermediate reverts 
to 1,3-C4FG about 86 % of the time and to c-C4FG about 14 % of the time. The efficiencies of quenching 
the excited mercury atom, relative to NzO, are 0.71 and 1.38 for c-C4FG and 1,3-C4F~ respectively. 

Canadian Journal of Chemistry, 46, 1361 (1968) 

I. Introduction 

In the study of the mercury-sensitized photol- 
ysis of C4F,-2, cis-trans isomerization occurred. 
Thus, the formation of an excited-molecule 
intermediate was indicated (1). Except for the 
cis-trans isomerization, no other chemical change 
occurred at temperatures up to 370". 

Perfluorocyclobutene and 1,3-perfluorobuta- 
diene are isomers with the same carbon-fluorine 
bonding. Therefore, interconversion of the two 
compounds does not require the difficult step of 
fluorine-atom migration. It has been shown by 
Schlag and Peatman (2) that the isomerization 
can be induced thermally at temperatures above 
192" by a homogeneous unimolecular reaction 
with no side complications. They deduced both 
rate constants in the temperature range 192 to 
266". The purpose of the present paper is to 
elucidate the isomerization induced by mercury 
sensitization. 

II. Experimental 
The fluorocarbons used in this study were obtained 

from the Peninsular ChemResearch Co., Inc. Each was 
degassed at -196" prior to use; gas chron~atographic 
analysis, employing a column at 0' packed with Union 
Carbide Perfluorolube FS-5 on firebrick, showed about 
0.3 and 0.7 % of an impurity with a retention time similar 
to C2FG, respectively, for c-C4FG and 1,3-C4FG. Nitrous 
oxide was from the Matheson Co. and also was degassed 
at -196" before use. 

The experimental procedure is the standard one used in 
our laboratory, originally described by Saunders and 
Heicklen (3). Irradiation was from a Hanovia, flat, spiral, 
low-pressure mercury arc. The incident light passed 
through a Corning 9-54 glass (to remove radiation below 
2200 A) and, for some runs, through screens (to reduce 
the intensity) before entering one arm of the X-shaped 
cell through a quartz window. The other arm of the cell 
was situated in the sample path of a Beckman IR-5 
spectrometer. The cell was encased in a wire-wound 

'Present address: Department of Chemistry, Pem- 
sylvania State University, University Park, Pa. 16802. 

aluininium block so that elevated temperatures could be 
obtained, if desired. 

For runs in which the C4 perfluoroolefin was sensitized, 
the growth of its isomer was monitored by in sitrl infrared 
spectroscopy. The 7.10 and 7.52 y bands of c-C4FG and 
1,3-C4FG were used, respectively. 

When mixtures of N,O and the C4 perfluoroolefin were 
sensitized, the Nz produced was measured after exposure 
was terminated. The reaction mixture was expanded 
through a trap at -196", and the pressure of the non- 
condensable gas was measured in a McLeod gauge. 

We determined the absolute intensity of the lamp by 
monitoring CFzO production in the mercury-sensitized 
photolysis of 500 Torr of N,O in the presence of 20 Torr 
of CzF4. Undcr these conditions, CD(CF20) was equal to 
1 .O (4). 

III. Results 

The absorption at 2537 A of c-C4FG and 
1,3-C4F6 was measured on a Cary model 15 
spectrometer. Perfluorocyclobutene was essen- 
tially transparent, but 38 Torr of 1,3-C4F6 had 
an optical density of 0.066 in a 10 cm cell. Thus, 
with c-C4F6 the primary process is entirely 
mercury sensitization. However, with 1,3-C4F,, 
a small amount of direct absorption of the radi- 
ation will occur, too. 

The mercury sensitization of perfluorocyclo- 
butene yielded 1,3-C4F6 almost exclusively. With 
20 Torr of c-C4F6, gas chromatographic analysis 
showed 97.9 % 1,3-C4F6, and two unidentified 
products of 0.7 and 1.4%. By infrared analysis, 
the only product detected was 1,3-C4F6 under all 
conditions. 

The irradiation of about 20 Torr of 1,3-C,FG 
produced 91.8 % c-C4F6, 1.5 % C,F6, 2.2% of a 
compound with the retention time of C,F6, and 
0.7,0.9, and 2.9 % of three unidentified products, 
as obtained by gas chromatographic analysis. 
Only c-C4F6 could be detected by infrared 
analysis. 

In both cases, the failure to detect the minor 
products by infrared analysis was due to the 
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insensitivity of this technique and not to pecu- 
liarities in the system. However, this deficiency 
prohibited us from monitoring their quantum 
yields in all the runs. 

With c-C4F6, the minor products are so small 
that they could hardly have any influence on the 
conclusions. With 1,3-C4F6, the minor products 
may come from the direct absorption of the 
radiation by 1,3-C4F6, and thus would be a side 
issue to the purpose of this manuscript. In any 
event, the sum of their quantum yields is only 
0.01. It was felt that a separate study of the 
direct photolysis at 1,3-C4F6 would be more 
fruitful in unraveling their mechanism of forma- 
tion, and they are not discussed further in this 
paper. 

At room temperature and low pressures, some 
runs were done to extended conversions starting 
with each isomer. Both isomers were monitored 
and, to within 10 %, the sum of their pressures 
was constant; thus, there was no extensive loss of 
material by polymerization. 

0.05v  1 I I 1 I I I  1 1 1 1 1 1 1 1 1  I I I I I I I T /  
0.1 0.5 1 5  10 50 100 

[ c - c ~ F ~ ]  , Torr 

FIG. 1. Log-log plot of Q(l,3-C,F,) vs. [c-C,F6] in 
the mercury-sensitized photolysis of c-C4F6. 

[ 1 , 3 - ~ 4 ~ 6 ] ,  Torr 

FIG. 2. Log-log plot of @(c-C,F6) vs. [1,3-C4F6] in 
the mercury-sensitized photolysis of 1,3-C,F6. 

The initial quantum yields of product forma- 
tion as a function of pressure of the starting 
material are shown in Figs. 1 and 2. The data 
exhibit considerable scatter, but definite con- 
clusions can be made: First, a 20-fold change in 
intensity has little, if any, effect in either system. 
Second, in the c-C4F, system, the results are 
essentially the same at 25 and 125 "C. However, 
the points at the lower intensity at 125" are above 
the other points. We feel that this is an artifact 
caused by the difficulty in the actinometer runs 
under these conditions. It was found that when 
N20-C2F4 mixtures were exposed under these 
conditions, the C F 2 0  produced slowly disap- 
peared after exposure. Thus, the absorbed inten- 
sity measurements may have been somewhat low. 
As a result, the values for @(1,3-C4F6) would be 
too high. Measurements at 125" were not made 
with 1,3-C4F6 as a starting gas because polymer- 
ization was extensive. As a third conclusion, in 
the 1,3-C4F6 system, @(c-C4F6) is 0.14 + 0.02 
independent of 1,3-C4F6 pressure between 4 and 
100 Torr. Measurements were made to pressures 
as low as 0.4 Torr. However, in order that the 
back reaction be minimized, the amount of 
c-C4F6 produced was extremely small, and the 
scatter of the data increased markedly as can be 
seen in Fig. 2. Nevertheless, @(c-C4F6) is not 
measurably affected. Fourth, in the c-C4F6 sys- 
tem, @(1,3-C4F6) is about 0.86 a t  high pressures 
(definitely less than 1 .O) but drops measurably as 
the c-C4F6 pressure is lowered. 

To obtain the relative quenching cross section 
of the C4 compounds for the excited mercury 
atom, we irradiated mixtures of N 2 0  and the 
perfluoroolefin. Small amounts of C2H6 also 
were present to scavenge the oxygen atoms pro- 
duced from N 2 0  decomposition. The quantum 
yields of N2 obtained in these runs are listed in 
Table I. They increase toward 1 as the ratio of 
N 2 0  pressure to perfluoroolefin pressure is 
enhanced. 

IV. Discussion 
The primary photolytic act is mainly the 

absorption of radiation by Hg vapor. 

[a 1 Hg + hv(2537 A) -t Hg* 

The excited mercury atom Hg* is scavenged by 
the perfluoroolefin 

[bl Hg* + B - t H g  + B *  

[cl Hg* + C -> Hg + C*, 
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TABLE I 
Mercury-sensitized photolysis of N,O- per- 

fluoroolefin mixtures at  25', I, - loL4 
quanta/cc s 

[N,O], Torr [C4F6], Torr (D(N,) 

where B and C are 1,3-C4F6 and c-C4F6 respec- 
tively, and the superscript * denotes an electron- 
ically excited state (presumably a triplet). 

Since the excited molecules isomerize rever- 
sibly, there must be a common intermediate 
form (designated I). The invariance of O(c-C4F6) 
in the 1,3-C4F6 system with conditions suggests 
that all B* molecules convert to I. 

However, in the c-C4F6 system, O(1,3-C4F6) 
falls as the pressure is reduced below 10 Torr. 
The falloff at low pressures suggests that either 
the light absorbed is reduced (because of the 
pressure-broadening effect on absorption) or 
that all the HgX is not quenched by C. In the 
latter case reaction [c] would be in competition 
with 
[el ~ g *  -> ~ g  + hv . 
To check this possibility, we studied the mercury- 
sensitized photolysis of N 2 0  in the presence of 
small amounts of C2H6 (to scavenge the oxygen 
atoms produced). The rate of N, production at 
0.1 Torr of N 2 0  was 0.25 that at the high- 
pressure limit. Thus, reaction [el must be impor- 
tant. Since it will be shown that c-C4F6 is only 
0.71 times as efficient as N,O in quenching Hg*, 
@(1,3-C4F6) should be reduced by a factor of 5.6 
at 0.1 Torr of c-C4F6. The data in Fig. 1 show a 
reduction of about a factor of 15. There is 
considerable scatter in the data, especially at the 
low pressures, and it is possible that these two 
numbers are within experimental error of each 
other. 

If the difference between 5.6 and 15 is real, 

LCURY-SENSITIZED PHOTOLYSIS 1363 

then the additional falloff could be explained in 
two ways. The first possibility is that the 1,3- 
C4F6 product was formed with excess energy and 
either decomposed or polymerized before stabil- 
ization at low pressures, thus resulting in a low 
yield. The second possibility is that there was a 
competition for C* 

The intermediate then converts to one of the 
stable isomeric configurations 

The mechanism predicts that in the c-C,F6 
system 

where [ ] indicates concentration, whereas in the 
1,3-C4F6 system 

The equations predict that at sufficiently high 
pressures, the quantum yields are independent of 
pressure or absorbed intensity with O(1,3-C4F6) 
= k, l  [k, + kil and O(c-C4F6) = kil [k, + kil. 
Consistent values of 0.86 and 0.14 are obtained 
for the respective rate constant ratios. As the 
pressure is reduced, the expressions predict that 
the quantum yields will drop. This occurs in the 
c-C4F6 system, but not in the 1,3-C4F6 system. 
However, the lowest pressure for which data 
could be obtained in the 1 ,3-C4F6 system was 0.4 
Torr. It will be shown that 1,3-C,F6 is 1.38 times 
as efficient as N,O in scavenging Hg*, so that 
k,//cb is 0.22 Torr in this system. Thus, even at 
0.4 Torr, O(c-C4F6) should have dropped to 
only 0.093; at 0.7 Torr, to 0.1 1. The uncertainty 
in the data at these pressures is so large that the 
effect was masked. 

To obtain the relative quenching efficiencies 
for reactions [b] and [c], we irradiated mixtures 
of N 2 0  and the perfluoroolefin. With N 2 0  the 
reaction is 
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10 - I I  I I I I ( I  I I I  [il Hg* + N,O -> Hg -t N, f 0 .  

FIG. 3. Log-log plot of [l - cD(N2)]/@(N2) vs. [c- 
C4F6]/[N20] in the mercury-sensitized photolysis of 
C-C4FG-Nz0 mixtures. 
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FIG. 4. Log-log plot of [l - (P(N,)]/@(NZ) vs.,[1,3- 
C4F6]/[N20] in the mercury-sensitized photolysls of 
1,3-C4FG-N20 mixtures. 

0(N2) should o b e y  t h e  equa t ion  

TABLE Il  
Summary of rate constant information 

Ratio Value Source 

0  5 1 5 10 T h e  ra te  cons tan t  in fo rmat ion  obtained in this  
[ c - c ~ F ~ ] / [ N z o ]  s tudy  is summar ized  in T a b l e  11. 

kh/[kh+kil 0.86 Eq. 1, Fig. 1 
kil[kh+k,l 0.14 Eq. 2, Fig. 2 
kC/kl 0.71 Eq. 3, Fig. 3 
k,/lcj 1 .38 Eq. 4, Fig. 4 

[31 
1 - WN2) - kc[Cl -- 

WN2) k] [ N z O l  
or 

[41 
1 - WN2) - kbP1 

NN2) k j  [ N z O l  
Figures  3 and 4 are t h e  appropr ia te  plots. T h e  
log-log graphs a r e  linear wi th  slopes o f  1. The 
intercepts yield values of 0.71 i 0.03 a n d  1.38 + 
0.18, respectively, for lcc/lcj and kb/kj.. 

5 -  - 
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Photometric analysis of trace amounts of hydrazine with p-dimethylamino- 
benzaldehyde. Chemical equilibria. Part II' 

DONALD S .  GAMBLE 
Aimlj~ticnl Cl~eirlistry Research Service, Research Brm~cA, Cnnnda Agric~ilture, Ottn~va, Cnnnrln 

Received November 7 ,  1967 

Additional chemical equilibrium data are presented for aqueous solutions into which have been put 
p-dimethylaminobenzaldehyde, HCI, and hydrazine sulfate. The photometric measurement of the thermo- 
dynamic equilibrium constant for p-dimethylaminobenzaldehyde protonation agrees to within experi- 
mental error with the value from solubility experiments. The average of the two is A< = 44. (mola1)- ' 
+ 2%. - 

Soille analytical chemical applications are discussed. 

Canadian Journal of Cliemistry, 46, 1365 (1968) 

Introduction hyde concentration, with acid concentration 

y-Dimethylaminobenzaldeliyde reacts with hy- 
drazine in aqueous strong acid solution to  give 
a colored compound. The photometric method 
of analysis based on this reaction was pioneered 
by Pesez and Petit (l), and has been improved 
several times since (2-4). Gamble and Hoffman 
have described the main features of the chemical 
equilibria in this system, and have measured 
some of the constants and activity coefficient 
ratios (5). The purpose of this work is to  provide 
further quantitative data for these equilibria, so 
that this method of analysis may be more readily 
improved or adapted to vai-ious needs. 

The first experimental step is to  measure the 
acid dependence of the p-dimethylan~inobenzal- 
dehyde protonation equilibrium. The ultra- 
violet-visible spectrum for the aldehyde in 
aqueous strong acid solution shows absorbance 
peaks at 350 mp and 240 mp. Among the evi- 
dence for protonation reaction is the fact that 
strong acid depresses the 350 mp peak while 
enhancing that at 240 mp (6). This suggested the 
idea of photometric measurements of the pro- 
tonation equilibrium. The protonated and un- 
protonated forms of the aldehyde have similar 
absorbances at h = 240 mp, so that the total 
absorbance is not a very sensitive function of the 
extent of reaction. The 350 mp peak, however, is 
excellent for measuring this equilibrium. Because 
the aldehyde concentrations used are three t o  
four orders of magnitude lower than those of 
the acid, it is most practical t o  measure absor- 
bance at h = 350 mp as a function of total alde- 

'Contribution No. 96, Analytical Chemistry Research 
Service. 

&ing the parameter o f  the family of curves. 
The second step consists of making photo- 

metric measurements on the color-forming reac- 
tion itself. These experiments are very similar to 
some of those already reported (5), and consist of 
absorbance measurements at  h = 455 inp for 
solutions into which have been put strong acid, 
hydrazine sulfate, and p-dimethylaminobenzal- 
dehyde. 

These two sets of measurements are used for 
estimating the mass action quotient for the 
color-forming reaction between the aldehyde and 
hydrazine. HCl was chosen as the strong acid 
most useful for this study. 

Experimental 
( a )  Cheirzicals 

Hydrazine sulfate, formula weight 130.130; Fisher 
Certified Reagent, assay 99.3%, American Chemical 
Society standard. The reagent was dried to constant 
weight over P,05 at room temperature. 

p-Dimethylaminobenzaldehyde, formula weight 149. 
195; Analar Analytical Reagent, melting point 73.0- 
75.0 "C. Maximum ash, 0.05 %. The reagent was dried to 
constant weight over P205  at room temperature. 

Hydrochloric acid, 37-38%, Baker Analysed Reagent, 
American Chemical Society grade. Maximum total im- 
purity, 0.008 %. 
(b)  Equipinent 

Beckman DU spectrophotometer, with thernlostatted 
cell compartment. 

Constant temperature bath, 25.000 _+ 0.005". 
A matched pair of quartz sample cells, 1.00 cm path 

length. 
The calibrations of the spectrophotometer and its 

sample cells have been described elsewhere (5). 

( c )  Method forp-Dii~~ethylaminobertznldet~yde Protonntion 
Equilibrium 

Standard HCI solutions were prepared with concentra- 
tions from 0.025 m to 1.0 m, and used for making stock 
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TABLE I 
Absorbance at 350 n ~ p  as a function of p-dimethylaminobenzaldehyde molality, with HCl 
molality as the parameter. Least squares results for the family of straight lines. 25.00 "C 

0 x lo5, 
C3, ( ~ A ~ I ~ c ~ ) ~ ~  cl  range Number of stand. deviation 

HCl molality x 10- x lo5 measurements of straight line 

solutions of the reagent. These were 0.01 m aldehyde in 
aqueous HC1. 

0.1 to 0.9 g aliquots of the stock solution and enough of 
the corresponding HC1 standard solutions were weighed 
into flasks, to give 50 g of total solution. One hour of 
equilibration at 25.000 "C gave reproducible absorbance 
readings, which were taken at h = 350 mp. The corre- 
sponding HC1 solutions served as blanks. 

(d) Method for the Color-Forming Reactiorz 
Standard HC1 solutions were prepared with concentra- 

tions from 0.4842 m to 0.7322 rn; 0.1 nz and 0.02 m alde- 
hyde solutions in aqueous HC1 were made from these. 
2 g to 6 g aliquots of 0.1 m aldehyde, or 11 g to 12.5 g 
aliquots of 0.02 nz aldehyde, were weighed into flasks. 
4.9 x lo-' m hydrazine sulfate in aqueous HC1 was also 
made with the same HClstandard solutions. 12 g to 12.5 g 
aliquots of hydrazine sulfate stock solution were weighed 
into each flask to give 25 g total solution. After 30 min of 
equilibration at 25.000 OC, the absorbance was read at 
h = 455 mp. The blanks lacked only the hydrazine 
sulfate. 

Results and Calculations 
Symbols 

in, = p-dimethylaminobenzaldehyde molality. 
m, = H +  molality. 
m, = protonated aldehyde molality. 
m, = nzlo + inll .  
m, = benzaldazine molality. 
m, = benzaldazine quinoidal cation molality. 
nz, = N,H, molality. 
m l l  = N,H,+ molality. 
a i  = molal activity of ion or molecule i. 
yi = molal activity coefficient of ion or mole- 

cule i. 
2j = thermodynamic equilibrium constant. 
Kj = mass action quotient correspondillg to  

4. 
A, = total absorbance at h = 350 mp, of 

aldehyde in aqueous HC1. 

A, = absorbance at 455 my, of the benzal- 
dazine quinoidal cation. 

I = light path (cm) in the sample. 
E~ = molar extinction coefficient at h = 350 

my, of unprotonated aldehyde in aqueous HCl. 
E, = molar extinction coefficient at h = 350 

my, of protonated aldehyde in aqueous HC1. 
E~ = molar extinction coefficient at h = 455 

my, of the benzaldazine quinoidal cation. 
W = (kg of H20)/(liter of solution). 

The p-Dimethylaminobenzaldelzyde Protonation 
Equilibrium 

The absorbance at h = 350 my was measured 
as a function of p-dimethylaminobenzaldehyde 
molality, with total HC1 molality being the 
parameter. The temperature was constant at 
25.000 f 0.005 "Cduring equilibration. The meth- 
od of least squares showed the data to  be linear, 
with zero intercepts. The slopes, (i3Al/i3c,),,, 
and other information for the resulting family of 
straight lines are given in Table I. 

The total absorbance in this system is given by 

[I] A, = lW(~,rn,  + ~ ~ 1 7 ~ ~ ) .  

The material balance relations for total aldehyde 
and total acid are given by eqs. [2] and [3]. 

13 I c, = nz, + tn,. 

Substituting [2] into [I  ] gives 

The protonation equilibrium is described by eq. 
PI ; 
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Since m, < c,, then when c, << c,, as with the 
present work, [3] reduces to 

C 3  z : :I2 .  

Substituting this and [2] into the mass action 
expression [5] gives 

[6 1 m ,  = cl/(Klc3 + 1). 

Absorbance as a function of total acid and total 
aldehyde is found by combining [4] and [6]; 

Assuming that W = W(c,) is independent of c,, 
the slope of [7] is 

Since Lim 
c, - t o  

a simple extrapolation of (I /I W)(aA ,lac ,),, vs. 
c, might be expected to yield the molar extinc- 
tion coefficient of the unprotonated aldehyde.' 
In practice, however, eq. [8] approaches the 
c, = 0 limit asymptotically, so that the intercept 
is unobtainable. A more tractable relationship is 
found by multiplying both sides of eq. [8] by 
(KlXc3 + I), where Kt* is some arbitrary value 
for K, ; 

Equation [9] has the same intercept as does [8], 
but if K,* is of the same order of magnitude as 
Kt ,  then it will approach the c, = 0 limit much 
less steeply, and in a more nearly linear fashion. 
The intercept thus becomes accessible. The ac- 
curate calculation of E,  requires, however, that 
the properties of [9] near the c, = 0 limit be 
examined in detail. For c, < 0.025 m, Kt z X ,. 
If the term (K,*c, + l ) ~ ,  is not too big, then 
three conditions are possible in this region: 

2Dr. R. C.  Turner has correctly pointed out that in [8], 
the approximation m, = c3 becomes invalid as c3 ap- 
proaches zero. Because c l  is of the order of m in the 
lower c3 region, however, the term affected, Klc3 ,  be- 
comes negligible compared with unity before the approxi- 
mation breaks down. Hence the numerical value of E~ is 
not affected within the number of significant figures ex- 
perimentally justified. 

(a) Kt* E X , .  Then (K,*c, + 1)/(Klc3 + 1) 
approaches unity, and the plot of (I/IW)(BA,/ 
a~,)~,(K,*c,  + 1) vs. c, becomes nearly hori- 
zontal for c, < 0.025 m. The intercept will give 
an accurate value of E ,. 

(b) K,* < X,. Since Kt 2 X , ,  then as c, 
approaches zero, (K,*c, + 1)(K,c3 + 1) rises 
ever more steeply toward unity. The quantity 
(111 W)(aA ,lac ,)c,(K,*c, + 1) then rises corres- 
pondingly steeply toward the true intercept. 
Consequently the shape of the curve cannot be 
determined between c, = 0 and the first experi- 
mental point. As a result, the apparent intercepts 
give E ,  values that are too low. 

(c) K,* > X I .  As c, decreases toward zero, 
there will be a point at which KIX K,, so that 
the curve of (1/IW)(aAl/acl)c3(Kl*c3 + 1) vs. 
c, has zero slope. Then as c, further approaches 
zero, the curve will drop ever more steeply to the 
true intercept. As before, this yields the wrong 
intercept, leading this time to E, values that are 
too high. Figure 1 illustrates this behavior. In 
Fig. 2, the apparent intercept is accordingly 
plotted as a function of KtX, for the determina- 
tion of E, .  It is evident that, as expected, the 
apparent intercept becomes constant at E, as 
K," approaches X, from either direction. E, is 
readable from this graph to more significant 
figures than are justified by the photometric 
accuracy. The result is 

E ,  = 0.293 x lo5 (mole x cm-') + 0.6%. 

By using this answer and assuming, on the 
strength of Fig. 2, that K, FZ 45 at c, = 0.05053 
m (see Table I), it was found from eq. [8] that E, 

is zero to within the errors of measurement. With 
these values of the molar extinction coefficients, 

2 1 
. 

0 0.1 0.2 0.3 0.4 0.5 0.6 
HCI MOLALITY, c3 

FIG. 1. The effect of KI* on the calculation of E , .  
@, K1* = 42;  6, K,* = 47. h = 350 mp. See eq. [9]. 
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0.2Ci 

4 2  0 43 0 44.0 45.0 46.0 

K;, TRIAL VALUES OF K,. m-' 

FIG. 2. The calculation of from the intercepts of 
. See Fig. 1 and eq. [9 ] .  

eq. [8] was used for calculating K,', the prelim- 
inary values of K, and XI  shown in Fig. 3. This 
gives 

X1 = 45. (mola1)-' + 2%, 

which agrees to  within the experimental errors 
with the value of 43. (mola1)-' f 2.4% from 
solubility measurements (6). The value finally 
adopted therefore is the average, 

By definition, X ,  = Kl(y3/yly,). 
The values of (y,/y ,y,) in Table I1 were accord- 
ingly calculated from eq. [lo]. 

TABLE I1 
Activity coefficient data for p-dimethylaminobenzalde- 

hyde in aqueous HCI. 0 < cl < 22 x nl 

(v,lv,): from , . - . . - . , 
c3, total solubility 

HC1, (yJ/yIyZ) experiments Y I 
n2 (i 4%) (+ 4%) (+ 8%) 

4 0 . 0 ~ ~ ~ ~ ~ ' ~  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

HCI MOLALITY, c3 

FIG. 3. p-Dimethylaminobenzaldehyde protonation 
The adopted of K1 are 'Onsequent- equilibrium. Preliminary values, K1 , of the mass action 
ly given by Table I1 and eq. [I 1 1. quotient. Experimental error = + 2  %. 

The error in K, is found to be only +2%, 
because of the cancellation in eq. [ l l ]  of errors 
from a common source. 

Finally, the results of the solubility work (6,7), 
in the form of eq. [12] and the published values 
of (y,/y,), and m,, permitted the calculation of 
the molal activity coefficient of unprotonated 
aldehyde, y,. 

The substitution m, z c3 was again used here. 

Tlze Color Formation Equilibrium 
Table I11 gives the measurements, in the form 

of absorbance at h = 455 mp, of quinoidal 
cation concentrations in aqueous HC1 solutions 
into which have been put aldehyde and hydra- 
zine sulfate. From the work of Gamble and 
Hoffman, the quinoidal cation molality is given 
by eq. [13]. 

[I31 ti?6 = AJ(0.566 X 1o5zW). 

The material balance equations for total alde- 
hyde and total acid for these solutions are 
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TABLE 111 

Color formation equilibrium; measurements error in A is k0.5 % 

c2 ,  A 2, 
C l ,  total hydrazine, absorbance c3, 

total DAB, m rn x 105 at 455 m~ total HCI, n z  

Using these to  eliminate m 2  and m ,  from eq. [5] 
gives eq. [16], from which m , is calculated. 

compared with the variation of ( y 3 / y 2 )  with c,, 
being generally somewhat less than the outside 
limit of 2%. 

(b) y ,  is less strongly dependent on c ,  than is 
(Y 3 1 ~  2) .  

( c )  The effects of c ,  on y ,  and on ( y 3 / y 2 )  
partly cancel. 

(d) Generally, the effects of electrolyte com- 
position are secondary relative to  the effects of 
total electrolyte concentration. 

As a guess then, it is assumed that the effect of 
c ,  on y  is small, and may even partly cancel the 
effect of c ,  on ( y3 / y2 ) .  For the subsequent cal- 
culations, the effect of c ,  on ( y 3 / y 2 y  ,) has been 
neglected. This approximation is unlikely to  
introduce an error as great as 2% into the cal- 
culation of m,.  

The color-forming reaction between p-di- 
methylaminobenzaldehyde and hydrazine is de- 
scribed by eq. [17]. 

In general, 
( ~ 3 1 ~  1 ~ 2 )  =f (c3 ,c1) .  

Table I1 gives, essentially, 

Applying these data from Table I1 to the color 
formation experiments for which c ,  # 0 there- 
fore raises the problem of correcting them 
accordingly. Since eqs. [12], [2], and [3] permit 
this correction for ( y3 / y2 ) ,  the problem reduces 
to a consideration of y,. The dependence of y ,  
on c ,  is quite unknown. The following observa- 
tions are, however, relevant. 

(n) The total effect of c ,  on ( y 3 / y 2 )  is minor 
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If the HC1 concentration and an upper limit 
for hydrazine concentration are given, then the 

K2 = m6/m12m4. p-dimethylaminobenzaldehyde concentration re- 
quired for complete conversion of the hydrazine 

The product is the benzaldazine quinoid- to  the colored quinoidal cation can be estimated. 
a1 cation that absorbs light at = 455 mp (5).  hi^ is done by using y l  with the (y3/y,y,) 
The material balance equation for total hydra- values in Table 11, and K, values interpolated 
zine is from Fig. 4. Assuming that these K, values have 
[I81 c, = m, + m,. an error of +20%, then  the estimate of the 

required total reagent concentration, c,, will be 
K2 eqs. [I6], [I7], and good to about -1 10%. Since the calculation 
[18] are shown in Fig. 4. cannot be done for complete conversion (m, 

Discussion 

The three mass action quotients chosen for 
giving a full description of the equilibria in this 
system (5) are K,, K, (see eqs. [5] and [17]), and 
K3 = (m,m,/m,). Of these, K3 was earlier 
shown to be not applicable to  solutions with acid 
concentratio~l in the range used. K,  and its 
corresponding equilibrium constant have now 
been very adequately measured. It is unlikely 
that K, can be evaluated at present t o  better than 
$. 15%. One reason for this is that it contains a 
squared factor. The results can nevertheless be 
usefully applied. 

d 018 110 1.2 114 116 1.8 2:0 2.2 2.4 
TOTAL ALDEHYDE MOLALITY, c, X lo2 

FIG. 4. Color-forming reaction equilibrium. @, 
0.4842 m HCl; E, 0.5866 m HCl; 0, 0.6328 m HCl; 0, 
0.7322 m HCl. Experimental error = + 15 %. 

= 0), it is carried out by setting m, w c,, and 
m4 w 2% of c,. In this way it is possible to avoid 
both the incompleteness of color formation on 
one hand, and an unreasonable excess of re- 
agent on the other. Conversely, if absorbance, 
total acid concentration, and total aldehyde 
concentration are known, a calculation can indi- 
cate whether or not unreacted hydrazine is likely 
to  exist. 

The previously published (K,/y12) data of 
Gamble and Hoffman are in rough agreement 
with the present results, and may serve as a guide 
to  the analytical chemist. The K, values calcula- 
ted from them, however, could be in error by as 
much as 36%, leading td  c, estimates in erro; by 
20%. 

The existing methods of hydrazine analysis 
based on the reaction with p-diinethylamino- 
benzaldehyde typically employ 0.6 M to 1 M 
H2S04  in the sample solutions. Apart from the 
fact that at least some acid is required to  produce 
the quinoidal cation, acid concentrations as 
great as this are generally used to  avoid reagent 
solubility problems. Withp-dimethylaminobenz- 
aldehyde solubility measurements and other 
equilibrium data now at hand, it becomes 
possible to  explore improvements in the method 
of analysis. For example, the aqueous HC1 
solubility curve makes it possible to  prepare a 
solution for which 

c3 = 0.2 m HC1 
c, = 1.14 x m hydrazine 
c, = 0.04 m aldehyde. 

The hydrazine will be fully converted to the 
quinoidal cation and have, in a 1 cm sample cell, 
an absorbance of about 0.65 at h = 455 mp. The 
advantages to  be gained from improved pro- 
cedure are: 

1. Complete conversion of the hydrazine to  
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the colored product absorbing at 455 mp ensures 
maximum reproducibility. (This has been done 
before, but with more difficulty.) 

2. The use of smaller reagent concentrations, 
which is permitted by the smaller acid concentra- 
tions, makes the blanks less absorbing. Random 
error in the preparation of blanks will therefore 
contribute less experimental error to the absorb- 
ance reading. 

3. The use of smaller reagent concentrations, 
by making the blanks less absorbing, opens the 
way to  increased sensitivity of the method 
through increased path lengths (3 to 5 cm). 

4. When the hydrazine is known to be fully 
converted to  the colored product, then its con- 
centration can be calculated from the molar ex- 
tinction coefficient (E, = 0.566 x lo5 (mole 
cm)-l). Thus the analysis does not depend solely 
on standards, which therefore become indepen- 
dent checks. 

The estimated error in y, in Table I1 is ) 8%. 
Because y, approaches unity at low HCl con- 

centrations, despite the fact that it was calculated 
with (y ,/y , y ,) values and (y ,/y ,) values from 
independent experiments, it is suspected that the 
data may be better than this. 
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Chemisorption sites on porous silica glass and on mixed-oxide catalysts 

N. W. CANT' AND L. H. L~TTLE 
Departtnel~t of Physical Cl~e~nistry, University of Western Austrnlia, Nedlands, Westet.11 A~rstralia 

Received October 2, 1967 

It has been shown previously that two types of adsorption sites exist on the surface of porous silica 
glass (Corning code no. 7930) for the adsorption of polar molecules, such as ammonia. One site is the 
surface hydroxyl group which forms a hydrogen bond to the adsorbate molecule. The second type 
of site is provided by traces of foreign oxides on the glass surface. 

In the present study, the infrared spectrum of ammonia adsorbed on the silica glass has been compared 
with that of ammonia adsorbed on samples prepared by adding Bz03, Zr02,  and A1203 to a pure 
silica powder. This comparison suggests that surface boron a t o ~ n s  (a Lewis acid) are the adsorption 
sites for ammonia on the porous silica glass. An additional type of site (a Bronsted acid or a different 
type of Lewis acid site, such as aluminium atoms) may exist in small concentrations on the glass and 
be responsible for isomerization and polymerization reactions with olefins. 

Canadian Journal of Chemistry, 46, 1373 (1968) 

Introduction 

In recent years the nature of the acidic sites 
present on the surface of silica-alumina cracking 
catalysts has been the subject of many studies. 
The infrared measurements of Parry (I) and 
Basila, Kantner, and Rhee (2) have demonstrated 
the existence of both Lewis (electron acceptor) 
and Bronsted (proton donor) acid sites on 
silica-alumina. 

The corresponding surface properties of 
porous silica glass (Corning code no. 7930) have 
been much less studied. Little, Klauser, and 
Amberg (3) first showed that the glass could 
isomerize and polymerize certain hydrocarbons 
and associated this ability with the small quan- 
tities of other oxides such as AI,O3, ZrO,, and 
B,03, which are present in the glass. Chapman 
and Hair (4) found that when some of the surface 
hydroxyl groups were replaced by fluorine atoms 
the ability of the glass t o  crack cumene was 
greatly enhanced. This was attributed to  the 
electronegative fluorine atoms which increased 
the acidity of the neighboring hydroxyl groups, 
i.e. the catalytic sites were Bronsted acids. The 
explanation was supported by the ineffectiveness 
of a fully fluorinated glass (containing no surface 
hydroxyl groups) to  crack cumene. Chapman 
and Hair failed t o  detect radical cations which 
may be formed by the abstraction of electrons 
from anthracene molecules adsorbed on Lewis 
acid centers on the glass surface. 

Folman and Yates (5) studied the adsorption 
of ammonia on porous glass and interpreted data 
-. 

'Present address: Mellon Institute, Pittsburgh, Penn., 
U.S. A. 

on length changes and infrared spectra to  indi- 
cate two adsorptioil sites; one was definitely 
shown to be a surface hydroxyl group, the other 
was thought to  be a surface silicon or oxygen 
atom, although ammonia adsorbed on the latter 
site was not distinguished spectroscopically. 
Using thinner samples of glass, Cant and Little 
(6) were able to  make this distinction, finding 
that ammonia adsorbed on a surface hydroxyl 
group gave bands at 3400 cm-' and 3320 cm-', 
which were removed on room temperature 
evacuation. Ammonia adsorbed on the second 
site produced bands at 3365 cm-' and 3280 
cm-' and was not greatly affected by evacuation 
at 150 "C. Because of the similarity of the 3365 
cm-' and 3280 cm-' bands to  those in the 
spectrum of the Lewis acid-base complex 
F3B:NH, the second site was interpreted as a 
Lewis acid site, possibly a surface boron atom. 
This assignment was supported by investigations 
which showed that pure silica only possessed 
adsorption sites of the first type (7, 8). 

The aim of this study has been to determine 
which, if any, of the other oxides present in 
porous silica glass is responsible for the chemi- 
sorption of ammonia. Since this work was com- 
pleted Low, Ramasubramanian, and Subba Rao 
(9) have reported further studies to  define the 
adsorption sites on porous glass. 

Experimental 
The technique in this study has been to  add small 

quantities of other oxides to a silica powder whose 
adsorption properties for ammonia are known. By conl- 
paring the spectrum of ammonia adsorbed on porous 
glass with the spectrum of ammonia adsorbed on these 
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modified silicas, the nature of the chemisorption site on Results 
porous glass could then be assigned with more confidence. Table I summarizes some of the available data The silica powder employed was Degussa Aerosil. Its 
adsorption properties for ammonia were identical with for the NH vibrations Of ammonium and 
those of Cab-0-Sil silica used previously (8). Its surface ammine complexes. The former are characterized 
area was approximately 180 mZ/g determined by the by strong absorption near 1450 cm-l, the latter 
B.E.T. method using nitrogen. Small quantities of Bz03, by two bands, one near 1600 c m - ~  and the other 
ZrOz, and Alz03 were incorporated in the aerosil by 
making a slurry of aerosil with a solution of boric acid, 1400 cm-l, arising in each case NH 
zirconium nitrate, and aluminium nitrate, respectively. deformation vibrations. The low frequency band 
Laboratory grade materials were used in each case and for ammonia coordinated to the surface occurs 
the concentration was such that the resulting adsorbents below 1350 cm-l (15) and in the present study 
had an oxide concentration of about 3%. The slurries could not be observed due to strong absorption were dried for 2 h at 120 "C and calcined at 400 "C for 
10 h. The surface areas of these impregnated silicas were the adsorbent- The vibration Occurs at even 
unchanged from that of the original aerosil. It is known lower frequency for ammonia hydrogen bonded 
that silica-alumina catalysts made in this way are active to surface hydroxyl groups (16). However, it is 
in cumene cracking (10). 

In order to obtain the infrared spectra, the adsorbents 
possible to distinguish ammonia chemisorbed in 

were ground to a fine powder and compressed into thin the a Lewis acid from 
self-supporting discs under a pressure of 10 tonslsq. in. that in the protonated form (produced by 
The thickness was chosen such that after 450 "C evacua- Bronsted acid sites) by the infrared absorption 
tion, the optical density of the hydroxyl band at 3750 
cm-' was in the range 0.6-0.9. Discs of silica impregnated 
with zirconia, as described above, had only limited 
transmission and samples with higher transmission were 
prepared by soaking a compressed disc of aerosil in the 
zirconium nitrate solutions and then drying and calcining 
as before. Mathieson anhydrous (99.99 % pure) ammonia 
gas was used without further treatment. 

The spectrometer used was an all-grating Perkin Elmer 
model 521, and most spectra were recorded with com- 
puted spectral slit widths between 6.0 and 1.2 cm-' for 
the frequency range 4000-700 cm-'. The instrument was 
calibrated as required against atmospheric water vapor or 
ammonia gas present in the cell. The frequencies quoted 
are limited in accuracy to about 5 cm-' by the difficulty 
of assigning frequencies to comparatively broad bands. 
Many of the spectra were recorded using the linear 
absorbance attachment available on the instrument, to 
facilitate comparison of band intensities. 

The cell was similar to the windlass type described by 
Little, Klauser, and Amberg (3). It was carefully aligned 
in the infrared beam and all manipulations were carried 

bands near 1600 a i d  i450 cm-l. 
The frequencies of the corresponding NH 

stretching bands do not enable such positive 
identification to be made. Symmetry considera- 
tions show that the infrared spectrum of NH4' 
should produce a single absorption (due to v,) in 
this region and the 3332 cm-' band of NH4BF4 
is assigned to this vibration. Stronger perturba- 
tions in other crystalline salts, such as ammo- 
nium chloride, displace this frequency to lower 
values and produce additional bands due to 
overtone, combination, and the normally in- 
frared-forbidden v, vibration (12). There are two 
infrared-active NH stretching fundamentals of 
ammine complexes, the frequencies of which are 
sensitive to the environment. 

In the absence of strong surface perturbations, 
ammonia chemisorbed as ammonium ion on 

out without changing the alignment. It was possible to ~ ~ ~ ~ ~ t ~ d  acid sites should produce a single 
wind the sample from the infrared beam to the furnace 
section and back again without significant changes in the band near 3300 cm-l' Ammonia 
s~ectrum. Another cell with identical ~ a t h  leneth and coordinated to Lewis acid sites should produce 
connected to the same gas line was arranged in the refer- 

- 
two bands in this region separated by 50-100 

ence beam to ensure compensation for absorption by Cm-l. 
ammonia gas. 

The following procedure was employed. The com- 
When the experiments detailed previously 

pressed disc was evacuated in the furnace section at were performed with aerosil containing % 
450 "C to an ultimate vacuum of less than mm. ~t B2O3, the spectra of Fig. 1 were obtained. The 
was then wound down into the infrared beam and the spectrum of the evacuated adsorbent differs in 
spectrum recorded from 4000 cm-' to about 1300 cm-', two respects from that of pure silica. ~ i ~ ~ t l ~ ,  a 
at which frequency the sample absorbed all radiation. A 
known pressure (usually about 5 cm) of ammonia gas was sharp band appears at 3707 cm-l in addition to 
then admitted to both sample and reference cells and the the one at 3747 cm-' which is found for the Pure 
spectrum recorded after sianding for 1 h. No changes silica. This is assigned to a hydroxyl group on a 
were observed on further standing. Gas phase ammonia boron atom. A similar band was observed by 
was then removed by room temperature evacuation and Kozirovski and Folman (17) in the spectrum of another spectrum recorded. The temperature of evacua- 
tion was gradually raised and spectra recorded after each their porous glass, and more 
further period of evacuation. recently by Low and Ramasubramanian (18) for 
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CANT AND LITTLE: CHEMISORPTION SITES ON POROUS SILICA GLASS 

TABLE I 

Some of the available data for NH vibrations of ammonium salts and ammine conlplexes 

Absorption frequencies 

Assignment v (NH) 6 ,,,., (NH) S,,,(NH) Reference 

NH, gas 3444, 3337 1627 932, 968 
NH, physically 

(11) 

adsorbed on 
hydroxyl groups 3400, 3320 1630 

NH4CI 3138 1403 
(7, 8) 

NH4BF4 3332 1433 
(1 2) 

F,B:NH, 3340, 3285 1596 1440, 1420 
(12) 

Co(NH,),CI, 3070 (broad) 1603 1325 
(1 3) 
(14) 

cm-1 
FIG. 1. (a) Infrared spectrum of boric oxide - silica mixture evacuated at 450 "C, (b) after addition of 5 cni of 

ammonia, (c) after evacuation a t  20 "C. 

boric oxide - silica mixtures. Secondly, as found 
with 0.1 mm porous silica glass, the sample 
absorbs completely below 1450 cm-' compared 
with 1330 cm-' for pure silica. This is probably 
due to  a vibration of B203, and Hanst, Early, 
and Klemperer (1 9) have observed a broad band 
at 1400 cm-' in the spectrum of B203 vapor at 
1200 "C. 

Spectrum (b) of Fig. 1 shows that in the pres- 
ence of gas phase ammonia there is adsorption 

onto free hydroxyl groups (both Si-OH and 
B-OH) similar t o  that observed with the 
Si-OH groups of pure aerosil (8). Room tem- 
perature evacuation removed this physically 
adsorbed ammonia but did not affect a chemi- 
sorbed species which absorbs at 3365 cm-', 
3280 cm-', and 1595 cm-' (spectrum (c), Fig. 1). 
As the temperature of evacuation was raised the 
intensity of the three bands was reduced in the 
same ratio, suggesting that only one adsorbed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1376 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

FIG. 2. (a) Infrared spectrum of zirconia-silica mixture evacuated at 450 "C, (6) after addition of 5 CLTT of ammonia, 
(c) after evacuation at 20 "C. 

species was present. This species was not re- 
moved by evacuation until the temperature was 
raised to  200 "C. The appearance of the intense 
band at 1595 cm-' confirms that the major 
chemisorbed species is NH,, probably coordin- 
ated to  a surface boron atom, i.e. a Lewis acid 
site. An additional band arising from the v, 
vibration would be expected between 1400 and 
1300 cm-' but this cannot be checked since the 
adsorbent is opaque in this region. Ammonia 
adsorbed as ammonium ions on Bronsted acid 
sites could not be distinguished from coordinated 
ammonia by spectra in the 3300 cm-' region if 
the two forms were desorbed at similar rates 
during evacuation. However, ammonium ions 
are unlikely to be present in large quantities in 
view of the similarity between the spectrum of 
the chemisorbed species and that of F,B:NH,. 

An additional weak band appeared at 3450 
cm-' in the sDectrum of ammonia adsorbed on 
boric oxide - silica. This band has been assigned 
(9, 20) to a secondary amine group such as 

No evidence of bands due to  primary amine 
groups =B-NH, or =Si-NH, was found. 

Figure 2 shows the corresponding spectra for 
ammonia adsorbed on aerosil impregnated with 
zirconia. The spectrum of the evacuated disc 
prior to  the adsorption of ammonia is identical 
with that of pure aerosil. In the presence of 
ammonia g a ~ , - ~ h ~ s i c a l  adsorption by hydrogen 
bonding to surface hydroxyl groups is apparent. 
Chernisorbed species are also present which 
absorb at 3380 cm-'. 3285 cm-'. 1610 cm-l. 
and 1425 cm-l. Evacuation at increasing tem- 
peratures reduced the intensity of all bands until 
the ammonia was completely removed at 200 "C. 
A small quantity of ammonium ion is thought to  
be responsible for the 1425 cm-' band, while 
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CANT AND LITTLE: CHEMISORPTION SITES ON POROUS SILICA GLASS 1377 

FIG. 3. (a) Infrared spectrum of alunlina-silica mixture evacuated at 450 "C, (b) after addition of 5 cm of ammonia, 
(c )  after evacuation at  20 "C. 

ammonia coordinately bonded t o  surface zir- 
conium atoms produced the other bands. The 
presence of proton donor sites on the silica- 
zirconia is supported by its catalytic activity in 
olefin isomerization (21). 

When ammonia was adsorbed on aerosil 
impregnated with alumina the spectra of Fig. 3 
were obtained. The frequencies of the bands at 
3340 cm-', 3280 cm-', 1620 cm-', and 1450 
cm-' are similar to those reported for ammonia 
adsorbed on a silica-alumina cracking catalyst 
(22). Lewis and Bronsted sites thus exist on the 
impregnated silica-alumina sample similar t o  
those reported for the cracking catalyst. 

Discussion 

Because of the method of preparation it is 
expected that the surface of porous glass will be 
of variable composition. After the acid leaching 
process it is considered that few boron or 
aluminium atoms will exist on the surface (23). 
However, if the glass is heated above 500 "C (and 

this is usually done during most spectroscopic 
studies) it is known that boron atoms diffuse 
through the glass and form "whiskers" of B203  
on the surface (23). Presumably, other impurity 
atoms may do the same. 

The quantity of other oxides in porous glass 
has been found to vary. The specifications of 
porous silica glass (Corning code no. 7930) show 
a B,03 content of 3%, an A1203 content of 
0.3 %, and trace amounts only of ZrO, and other 
oxides (23). Chapman and Hair (4) quote the 
following figures for their samples: B2O3, 3% 
and trace amounts of Al,03 and As,03. Our 
samples (6) were too small to analyze for A1203 
or ZrO, but were found to contain about 3% 
B203.  In contrast, Little, Klauser, and Amberg 
(3) from spectrochemical analysis report: B203, 
2.1 % and approximately 0.4% each of A1203 
and ZrO,. They also showed that leaching with 
acid for 6 h subsequent to  the initial preparation 
did not affect the B203  content although it 
approximately halved both the A1203 and ZrO, 
contents. Acid-leached glass showed less ability 
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to polymerize and isomerize hydrocarbons. For 
this reason Little, Klauser, and Amberg con- 
sidered that A1,0, and ZrO, were responsible 
for the hydrocarbon reactions rather than B,O,. 
Of course, the analysis figures refer to the bulk 
porous glass. The acid leaching process may have 
significantly reduced the surface boron content 
without causing a measurable change in its bulk 
content. 

In the region of N H  stretching vibrations the 
infrared spectrum of ammonia chemisorbed on 
aerosil impregnated with boria (Fig. 1) is very 
similar to the spectrum of chemisorbed ammonia 
on porous glass that we have presented pre- 
viously (6). The frequencies of the bands of the 
adsorbed species are identical in the two cases 
and the intensity ratio between the two bands are 
similar. The same dependence on the tempera- 
ture of desorption is also apparent. For these 
reasons we consider that surface boron atoms 
(Lewis acid sites) are responsible for the chemi- 
sorption of ammonia on porous glass. We have 
been able to detect only one chemisorbed NH, 
species on silica-boria and on the porous silica 
glass, in addition to the small quantity of secon- 
dary amine responsible for the band at 3450 
cm-l. 

Previously, we (6) had not been able to detect 
a band due to the asymmetric bending vibration 
of adsorbed ammonia on porous glass. From the 
band intensities observed in the present study, it 
can be shown that the intensity of this band 
would be too weak to detect for ammonia 
adsorbed on the thin glass samples previously 
employed. 

Infrared spectroscopic investigations of the 
adsorption of ammonia have revealed the pres- 
ence of Bronsted acid sites on silica-alumina 
and to a lesser extent on silica-zirconia. The 
latter catalyst, moreover, shows less activity than 
silica-alumina in the isomerization and poly- 
merization of butenes (21). 

Recent spectroscopic studies (21) with boric 
oxide - silica systems have shown that surface 
boron atoms are not catalytically active sites for 
the olefin reactions reported previously with 
silica glass (3). However, it is possible that 

Bronsted acid sites or other Lewis acid sites such 
as aluminium atoms exist on porous silica glass 
and are responsible for hydrocarbon reactions 
that have been observed (3). The number of these 
catalytically active sites may be small in relation 
to  the total number of acid sites and the am- 
monia chernisorbed to them would be indistin- 
guishable by infrared spectroscopy. 
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Colorimetric determination of molybdenum with 
5,7-dibromo-8-hydroxyquinoline 
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A new method for the colorimetric determination of molybdenum(V1) uses 5,7-dibromo-8-hydroxy- 
quinoline as coloring reagent. Molybdenum(V1) is separated from other elements by paper chromatog- 
raphy using a butanol - nitric acid - acetylacetone solvent mixture. 

Canadian Journal of Chemistry, 46, 1379 (1968) 

Introduction 

Several methods have been described (1) for 
the colorimetric determination of minute 
amounts of molybdenum in complex materials. 
These methods depend on the separation of 
molybdenum from other elements by precipita- 
tion, extraction, and ion-exchange methods. The 
present work describes a new method for the 
colorimetric determination of molybdenum(VI), 
using 5,7-dibromo-8-hydroxyquinoline which 
forms a canary-yellow color with molybdenum- 
(VI). This method depends on the separation of 
rnolybdenum(V1) from interfering ions by de- 
scending paper chromatography using a new 
solvent mixture which consists of n-butanol, 1.5 
N nitric acid, and acetylacetone (50:50: 1). The 
method proved to be simple, sensitive, and 
accurate. 

Experimental 
Apparatus and Reagents 

Instrument 
Absorbance measurements were made with a Unicam 

spectrophotometer model SP.500 using 1.00 cm cells. 
Reagent Solution 
0.2 g of 5,7-dibromo-8-hydroxyquinoline was dis- 

solved in 500 ml ethanol, left for 2 h, and then filtered if 
necessary. 

Standard Molybdenun~ Solutiot~s 
A stock solution was prepared by dissolving 0.9200 g of 

A.R. ammonium molybdate in 500 ml of 0.1 Nnitricacid. 
From this stock solution (which is 0.1 %) other standard 
solutions were prepared to contain 20,40,60,80,100,120, 
140, and 150 pg molybdenum per ml. 

Buffer Solutiotz pH = 1.09 
50 ml N sodium acetate + 70 ml N hydrochloric acid 

were diluted to 250 ml with distilled water. 

Standard Molybden~on Reagent Solutions 
To the standard molybdenum solution in 0.1 N nitric 

acid, 4.5 ml buffer solution (pH = 1.09), 12 ml of ethanol, 
and 5.5 ml of the reagent solution, ethanol is added to the 
mark in a 25 ml volumetric flask. 

The absorptiotz curve of the standard molybdenunl re- 
agent solution is shown in Fig. 1. It is clear from this 

Absorption and Calibration Curves 0 1  1 
I I 

3 50 400 450 Blank Reagent Solution 
To 4.5 ml of buffer solution (pH = 1.09), 12 ml ethanol, Hawlength in qz 

and 5.5 ml of the reagent solution, ethanol was added to FIG. 1. Absorption curve for Mo6+,  nlaxinlum ab- 
the mark in a 25 ml volumetric flask. sorption at 386 mp. 
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curve that the niaximuni absorption for the molybdenum TABLE I 
reagent solution is at  386 mp, the spectrophotometer being Tolerance to other ions 
set on the blank reagent solution as reference. 

A calibrotiot~ crrrue was prepared using the standard Concentration below which no interference 
molybdenu~n reagent solutions and setting the spectro- ion occurs (pg) 
~hotometer  on the blank reagent solution as reference. I t  - 
was clear from this curve that Beer's law is obeyed over 
the concentration range 20-150 pg of molybdenum per 25 
ml of solution. 

Effect of pH 
The optimum pH value was found to be 1.09 (sodium 

acetate and HC1). At higher pH values the color of the 
solution fades quickly. 

Stability of the Reaction 
At pH = 1.09 the color of the molybdenum complex 

(bright canary-yellow) was found to be stable for at  least 
1 h. However, it was found that readings should not be 
taken before 10 min from mixing the reagents thoroughly, 
as the absorption of the colored solution reaches a maxi- 
mum after a period of 10 min. The absorbance for 100 pg 
of ~nolybdenum was found to be 0.272 after 10 min from 
mixing tlie reagents, and the same value was again ob- 
tained for the same solution after a period of I h. 

Effect of Solcetzts 
Water causes precipitation of 5,7-dibromo-8-liydroxy- 

quinoline. The n~olybdenum complex is unstable in 
acetone; the best medium should contain about 80% 
ethanol. 

A precipitate due to HC1 in buffer solution 
A precipitate due to HC1 in buffer solution 
A precipitate appears 

85 
5 

35 
40 
35 
50 

J 

30 
Present in buffer solution 
Present in buffer solution 

Sensitivity of Reactiotz Br- 100 
The reaction was found to be sensitive to a concentra- I -  100 

tion of 2 pg of molybdenum per 25 ml of solution. The  SO,^- 
100 

optical density reading obtained for this solution was co3z- 
135 
150 

0.003. 

Effect o f  Diuerse Ions 
Tests were made for the presence of several ions in the 

standard n~olybdenum reagent solution. A solution con- 
taining 100 pg of molybdenum per 25 ml of solution was 
used for these tests. Table I shows the tolerance to other 
ions. 

Tlre Cl~ro~)~atographic Separation of Molybdetlrrt~z 
A new solvent for the chron~atographic separation of 

molybdenum(V1) was prepared: 50 ml of n-butanol are 
shaken in a separatory funnel with 1 ml acetylacetone, 
then 50 1111 of 1.5 N nitric acid are added. The mixture is 
shaken thoroughly and left for complete separation of the 
two phases. Then a conventional unit for descending 
paper chromatography is employed; the lower layer is 
placed on the bottom of the tank and the upper layer is 
put in the trough and left for a few hours to assure equili- 
bration. The tank is kept in an insulated cupboard which 
keeps tlie inside temperature constant during the experi- 
ment. Filter paper sheets (for chromatography) are cut 
out into strips 18 x 52 cm and the trough height is 
adjusted to permit the strips to be hung on both sides of 
the trough. Four loaded and four blank zones are used for 
each determination. Each of the sheets is pencilled into a 
zone chroinatogram, as shown in Fig. 2, to provide a 
central zone and two locating strips. Ten drops (each 
exactly 0.01 ml) of the sample solution are placed 
with a microsyringe along the starting line of the middle 

area of each strip to be loaded, and two drops on the 
locating strips (on the small crosses). The drops are 
allowed to dry, the top edge of each paper is placed in the 
trough and the tank closed. The papers are allowed to 
develop until the solvent front travels about 30 cm from 
the starting line. The development time for this solvent 
mixture is about 18 h. The sheets are then removed from 
the tank and dried in a stream of hot air. The locating 
strips are cut from each sheet and sprayedwith the general 
sprays (2) to locate the cation spots. The locating sl.lips 
are first sprayed with the kojic acid -oxine mixture (I g 
kojic acid and 5 g oxine in 1 1 of 60% ethyl alcohol), 
dried, and observed under ultraviolet illumination. They 
are again sprayed with amlnoniacal hydrogen sulfide 
water, dried, and observed in daylight. 

I t  was found that this solvent mixture gives concentric 
spots with most cations except A13+ which gives a faint 
forward shadow, V5 + which gives an  elongated spot, and 
Hg+, HgZ+ which give faint backward tailings. Mo6+ 
moves as a concentric spot with the acid front. The posi- 
tion of the nlolybdenum spot is marked on the locating 
strips with a pencil. These strips are placed against their 
respective sheets and the position of the molybdenu~n 
zone is marked with a pencil. Four loaded and four blank 
zones are cut out and collected in two glass containers. 
The R ,  values of several cations in the butanol - acetyl- 
acetone - nitric acid solvent mixture are given in Table 11. 
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ELBEIH AND ABOU-ELNAGA: COLORIMETRIC DETERMINATION OF MOLYBDENUM 1381 

(2) When the crucible is cool, 2.5 ml of concentrated 

7 
b o l t i n g  strlps. hydrochloric acid are added to the greyish-brown residue, 

and the mixture is boiled gently for a few seconds on a hot 
plate. About 8 ml of distilled water are added and the 
solution is boiled for 4 min. 

(3) The acid solution is transferred to a 50 ml beaker 
Star t ing  Line. and the crucible is washed three times with 10,10, and 5 ml 

of boiling water. The washings are transferred to the 
beaker. 

(4) The solution is boiled gently on a hot plate, using a 
small clean glass rod to regulate the boiling, until the 
total volume is reduced to about 4 ml. 

(5) The solution is made alkaline with 40% sodium 
hydroxide solution (about 30 drops), then it is made just 
acid with 75% nitric acid (about 15 drops), and the sides 
of the beaker are rinsed with 2 ml ethanol. 

(6) The solution is filtered through a sintered glass 
Loaded or yo6t funnel No. 3 into a 25 ml volumetric flask and the beaker 

/ washed thoroughly twice with 3 ml ethanol. 
(7) T o  the filtered solution, 4.5 ml buffer solution (pH 

= 1.09) and 5.5 ml of 5,7-dibromo-8-hydroxyquinoline 
solution are added. 

(8) The solution is made up to the mark with ethanol 
and shaken well. 

(9) The extraction is repeated with the other blank 
zones. The solution obtained is used as a blank reagent 

Molybdemm Spot. solution. 
(10) One loaded molybdenun~ zone is shredded, ig- 

nited, and extracted in the same manner as the blank zone. 
The extraction is repeated with the other loaded zones. 
The solution obtained is used as an  unknown molyb- 
denum reagent solution. (In fact parallel experiments of 
four blank and four loaded zones are carried out at  the 

Solvent ~ r m t .  same time.) 
(11) The absorbance of the unknown molybdenu~n 

reagent solution is determined at a wavelength of 386 mLl 

FIG. 2. Zone chromatogtam for estimation of molyb- after 10 min using the blank reagent solution as reference. 

denum(V1). (12) By referring to the calibration curve, the amount 
of molybdenum in the unknown is estimated. 

TABLE I1 

R, values of cations with butanol -acetylacetone -nitric 
acid solvent mixture 

Cation R, Cation R,: Cation R, 

Sb3+ 0.00 Ni2+ 0.09 Li+ 0.21 
Sn4+ 0.00 T1+ 0.09 V 5 +  0.22 
Ba2+ 0.03 Cr3+ 0.10 Be2+ 0.30 
Sr2+ 0.04 Co2+ 0.10 Ti4+ 0 .30 
Th4+ 0.04 Zn2+ 0.10 U6+ 0.30 
Ce3+ 0.05 Cd2+ 0.11 Fe3+ 0 .40 

c<+ 0.06 A I ~ +  0.11 As3+ 0 .50 
K 0.07 Mn2+ 0.11 Mo6+ 0.73 

Results 

The satisfactory nature of the above procedure 
was established using drops taken from standard 
ammonium molybdate solutions. These drops 
were chromatographed, extracted, and estimated 
as given above; typical results are shown in 
Table 111. 

TABLE I11 

Typical results of alnmoniuin molybdate 
solutions 

wg of molybdenum 

It is clear from Table I1 that only mercury and stannous Expt. Taken Found Error 
ions interfere in the chromatographic separation of 
n~olybdenum. 1 55 55 0 

2 75 75 0 
Estrnctiotl ntld Deterniinatiotz of Molybdenunz Zottes 3 100 99 - 1 

(1) One blank zone is shredded, placed in a clean silica 4 120 119 - 1 

crucible, and ignited at 600 OC for 3 h in a muffle furnace. 5 150 149 - 1 
-- 
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The application of the above technique was 
also investigated with a number of cationic mix- 
tures, examples of which are given in Table IV. 

TABLE IV 

Typical results of molybdenum mixtures 

pg of n~olybdenun~ 

Mixture Taken Found Error 

(1) Molybdenum is completely separated 
chromatographically from most cations and 
especially from V5+ and Fe3 +, which interfere 
seriously with the coloring reagent. 

(2) The volume of molybdenum chloride must 
not be reduced by evaporation to less than 4 ml, 
otherwise volatilization of molybdenum chloride 
takes place and low absorption values of molyb- 
denum are obtained on the calibration curve. 

(3) Increase of acidity with nitric acid, when 
neutralizing the sodium hydroxide solution, 
gives low absorption readings. 

The cations other than MaG+ are each present in amounts of 3 W 0  
pg. 1. E. B. SANDELL. Colorimetric determination of traces 

of metals. 3rd ed. Interscience Publishers, Inc., ~ e w  
Discussion York. 1959. 

2. I. I. M. ELBEIH and M. A. ADOU-ELNAGA. Anal. 
Although the technique described above is chin,. Acta, 17,397 (1957). 

fairly simple, there are still certain points to be 
coniidered in order to obtain the best results. 
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Ch6lates du fer (111) avec des anions dicarboxylates 

M. DENEUX, R. MEILLEUR ET R. L. BENOIT 
Dkparternent de Chimie, Universitk de Montrkal, Montrkal, Qukbec 

Requ le 14 juillet 1967 

La formation de complexes entre le fer(II1) et les anions oxalate, malonate, succinate, glutarate et 
acetate a kt6 CtudiCe par potentiometrie et spectrophotomktrie a 25 "C, force ionique 0.52 + 0.02, [H+]  
E 0.5 et 0.1 M. Les constantes d'acidite des acides dicarboxyliques et les constantes de formation des 
monochelates du fer(II1) ont ete determinees. L'ordre de stabilite est le suivant: oxalate 2 malonate > 
succinate E glutarate. 

Complex formation between iron(II1) and oxalate, malonate, succinate, glutarate, and acetate ions 
has been studied by potentiometric and spectrophotometric methods at 25 "C, ionic strength 0.52 + 
0.02, and E 0.5 and 0.1 M H +  concentrations. The acidity constants of the dicarboxylic acids and the 
formation constants of the monochelates of iron(II1) have been determined. The stability order is as 
follows: oxalate E malonate > succinate 2 glutarate. 
Canadian Journal of Chemistry, 46,1383 (1968) 

Introduction 

Parmi les facteurs affectant la stabilitC des 
chClates en solution, la dimension du cycle 
form6 par le mCtal et les atomes du ligand joue 
un r6le important. Les rCsultats expkrirnentaux 
obtenus avec des ions mCtalliques M2' indi- 
wen t  un maximum de stabilitt des cvcles 
comportant cinq chainons, ou six s'il y a des 
effets de resonance. C'est ainsi que les anions 
dicarboxylates [02C-(CH2),-C02]2- forment 
avec les ions M2' des premiers ClCments de 
transition, des complexes dont la stabilite 
varie dans l'ordre oxalate > malonate >> suc- 
cinate - glutarate (1-3). Les rares donnCes 
concernant les complexes des ions M3' sem- 
blent confirmer des variations similaires (4). 
Cependant, lors de travaux sur les complexes 
oxalates et malonates du germanium(IV), des 
expkriences prkliminaires ont rCvClC que les 
complexes de l'ion ferrique Fe3' avec les 
anions oxalate et malonate avaient des stabi- 
litCs voisines. Une Ctude plus complMe des 
complexes de Fe3+ avec les quatre premiers 
anions dicarboxylates, 0 < n 6 3, a donc CtC 
effectuke afin de prCciser l'ordre des stabilitCs. 
Durant ces travaux, deux articles ont paru 
(5, 6) sur les complexes monooxalates du 
fer(II1). oh des conclusions contraires sont 

~ ,, 

tirCes quant B l'existence d'un complexe proton6 
FeHC20,2 +. 

Partie expkrimentale 
A. Rkactifs 

Les solutions de fer(I1) et de fer(II1) destintes a 
1'Ctude potentiometrique sont prtparees par dissolution, 
en presence de fil de platine, de fer electrolytique dans 

l'acide perchlorique "Baker and Adamson", qualit6 
"reagent", convenablement dilue. On ajoute ensuite 
de l'eau oxygente de maniere a oxyder partiellement ou 
totalement le fer(1I). On dose ce dernier par le cerium(1V). 
La concentration en ions H +  est vtrifite (7). 

La purete des ligands utilises: acides oxalique et 
malonique (Matheson Coleman and Bell), acide suc- 
cinique (Fisher Scientific Company), acide glutarique 
(Eastman Organic Chemicals) determinee par dosage 
potentiometrique varie entre 99.1 et 100.1 % a 0.7% 
pres. Le produit LiC104,3HZ0 est de "G. F. Smith". 

B. Appareillage 
Les mesures potentiometriques sont effectuees avec un 

potentiometre Leeds and Northrup, auquel est adjoint 
un galvanornetre de zero. Les densites optiques sont 
determinees l'aide d'un spectrophotomttre Zeiss 
PMQII muni de cuves de quartz de 10.0 mm. Le pH 
est mesure avec un appareil Radiometer 22. Les mesures 
sont faites a 25.0 + 0.1 "C et a force ionique 0.52 + 0.02 
(LiCIO,). 

C .  Mktlrodes 
a. Potentiomktrie 
La formation de complexes entre les ions Fe3+ et les 

ligands oxalate et malonate est etudiee par potentio- 
metrie. On determine les variations de potentiel d'elec- 
trode d'une solution de fer(II1) et de fer(I1) 2-6 x low3 M 
dans HC10, 0.50 M ou 0.10 M lors de I'addition du 
ligand. On utilise deux demi-cellules de 100 ml recouvertes 
exttrieurement d'un film plastique noir (8). La jonction 
est assuree par un tube en U rempli d'une solution 
HClO, 0.50 M ou HC1040.10 M + LiC104 0.40 M .  Une 
atmosphere d'azote est maintenue au-dessus des solu- 
tions. Une electrode de platine plonge dans chaque 
demi-cellule. La composition de la demi-cellule de 
reference reste inchangee, tandis que l'on ajoute dans 
la demi-cellule de mesure une solution de ligand 3 x lo-' 
- 8 x lo-' M sensiblement de m2mes aciditt et force 
ionique, ainsi qu'une solution de fer(II1) et de fer(II) de 
manitre a maintenir constantes les concentrations 
totales de ces derniers ions. Des valeurs du potentiel 
stables a k0.5 mV sont obtenues en moins de 2 min 
et la reproductibilite est de l'ordre du mV. 
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Les potentiels pris par les electrodes sont respective- 
ment: 

RT [Fe3+Ir;, 
[l] E,if = Eo + y Log T- 

[Fe I,;, 

12 I 
RT [Fe3+ ] 

Em,, = Eo + 7 Log- [Fez+] ' 
oh CM reprtsente la concentration totale constante de 
Fe(II1) (CM = 4.7 x et 2.35 x low3 M respective- 
ment en milieu [H+]  -v 0.5 et 0.1 M), CFc2+ la concen- 
tration totale constante de Fe(I1) (CFc2+ = 5.8 X 
et 2.9 x M respectivement en milieu [ H f ]  -v 0.5 
et 0.1 M), KH la constante d'hydrolyse des ions ferriques, 
KH = [FeOHZ+][H+]/[Fe3+], [Fe3+] et [Fez+] les 
concentrations de Fe(1II) et Fe(I1) libres. 

On mesure : 

[3] A E = E n , e s - - E r k r n  , - 

en fonction de C,,  la concentration totale du ligand. 
Les differents bilans-matikres dans la cellule de mesure: 

nous conduisent a I'expression finale en fonction des 
constantes de formation p, des differents complexes de 
Fe(III),FeL,, 

[ F e L n ]  8 ,  = [ ~ e " ' l [ ~ ~ j  v 

de la constante KH et de la constante de formation p,' du 
cornplexe avec Fe(I1) 

L'hydrolyse de Fe(II1) et la formation de complexes 
avec Fe(I1) apparaissant a titre correctif, les valeurs des 
constantes KH et PI1 ne necessitent pas une grande 
precision. Nous avons utilisk: Kl, = 1.8 :< lo-' (9-11) 
et p,' = 4 x 104(8). 

Dans une premiere approximation, en negligeant la 
faible variation de [H+ ] due la formation de complexes, 
I'hydrolyse de Fe(lI1) et la formation de complexes avec 
Fe(II), on calcule a. a l'aide de 1'Cq. [3] sirnplifiee AE = 
(RTIF) Log ao. A partir de la relation entre a. et CL,  on 
atteint par approximations successives, en posant 

-d log a0 
f i  = ----- et CL = [ C H s L ]  + 71Chr, 

d l o g [ C H ? L ]  

la correspondance entre a. et [ZH2L], [ZH2L] Ctant la 
concentration en ligand libre: 

[CH2L] = [H2L] + [HL-1 + [L2-I. 
A l'aide de fonctions telles que 

on determine graphiquement les valeurs approchees des 
constantes de stabilite apparentes 

PI,* = [FeL,,I I ( C F e 3 + 1 C C H 2 L I " )  

valables a I'acidite consideree. 
Compte tenu de ( [H'] [H']?" 

[lo] P,, = PI,* 1 + -- + 
K s  I-lI<? ' 

nous calculons les valeurs approchees des constantes P,,. 
On porte alors ces valeurs approchees dans I'eq. [7], 

on calcule [L] par approximations, puis 

[Ill (Yo = 
1 

et A E  (a l'aide de I'eq. [3]). L'on ajuste ensuite les 
differentes valeurs de P, de manikre a faire coincider 5 
f 1 mV les A E  calculCs et experimentaux. Ces dernikres 
valeurs nous permettent de calculer les concentrations 
des differentes especes en solution et ainsi d'atteindre 
une meilleure valeur de [H+]. On ajuste a noweau les 
p,, jusqu'a obtention d'une bonne concordance a & 1 mV 
entre les A E  calculCs et exptrimentaux. 

b.  SpectropI~otot?~itrie 
La methode potentiometrique prtctdente n'a pu &tre 

appliquee aux cas des acides succinique et glutarique, 
les differences de potentiel observCes Ctant trop faibles 6. 
[H+]  = 0.1 M. Dans la methode spectrophotometrique 
utilisee, on mesure I'augrnentation d'absorption de 
solutions ferriques causee par I'addition du ligand, P 
force ionique 0.51, [Hf ] = 0.101 + 0.001 M, Cbl = 2-3 
x 10-3 M e t  CL variable. 

Les spectres des complexes FeL prksentent un maxi- 
mum d'absorption assez etale dans la region 280-320 
m1.i par rapport au fer(II1) pris comme reference. Dans 
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cette zone de longueur d'onde, l'absorption correspon- 
dant H2L, HL- et L2- est nkgligeable. On a :  

[I2] Arkl = EF~CM* 
oh E F ~  est le coefficient d'extinction effectif du fer(II1). 
Dans les conditions expCrimentales choisies, [FeL,-] est 
negligeable: la proportion maximale [FeL,-]/[FeL+] 
calculee en posant B2 < 10'' ne depasse pas 0.9%, 0.3 % 
et 0.4% pour les ligands malonate, succinate et glutarate. 

Nous avons: 

[13] A,,,,, = EFe[~eW] + e[FeL] 
= ( E  - Ere) [FeLl + EFCCM 

oh E est le coefficient d'extinction du complexe FeL. 
On mesure: 

[14] A,,, - Ar6m = AA 
= (E - E ~ , ) [ F ~ L ]  = Ae[Fel,] 

En tenant compte de la constante Dl*, on arrive a 
I'expression: 

AA 
[15] CL - [FeL] - AeP1*CaI - P1*AA. 

[FeL] Ctant negligeable devant CL, ([FeL+]/CL < 
0.018) on obtient: 

CM restant constante et CL Ctant la variable, la pente de 
la droite A A/CL = f (AA) est egale a PI*. 

c. Cotzstatztes d'aciditk des ligands 
Les constantes d'acidite des acides dicarboxyliques et 

de l'acide acttique sont dCterminCes par analyse des 
courbes de titrage potentiomktrique de solutions d'acides 
environ 2 x 10-'M par de la soude 0.5 M. Des solutions 
d'acide perchlorique de concentration connue et de force 
ionique 0.50 servent a la standardisation du pH-metre. 
La linearit6 de rCponse de l'tlectrode de verre a etC 
vCrifiOe dans I'intervalle 1.70 < -log [H+]  < 3.30. 

Les constantes K1 et K, ont ttC dCter~minCes par 
approximations successives B l'aide des fonctions 

CB + [Htl - - -- 
pH = pKl + l 0 g K ~ ~ - w ~ >  CL - CB - [Hi]  

[H+I(CB + [H+I)I(i-' + CB+ [I-I+l - CL pH = pKz + log 
2CL - CB - [Ht] 

oh CB represente la concentration de NaOH ajoutke. 
L'Cquation [17] n'etant pas applicable B l'acide 

oxalique, le pH bas des solutions conduisant B des 
erreurs de calcul in~portantes, le pK1 de ce ligand a CiC 
donne par la pente de la droite d'kquation: 

[19] [H+](Cu + [H+]) = Ki[I(2(2CL - CB - 

[Htl) [H+]-' + CL - CB - [H+l] 
et a ete confirm6 par etude spectrophotomCtrique B 
h = 215 mp, avec CL = 1.7 x M et [ H C ]  variant 
deO.l a0 .5  M. 

(concentration maximale: 0.18 M dans les 
deux cas) aux aciditts voisines. On a port6 sur 
la Fig. 1 les points exptrimentaux donnant 
AE en fonction de C,, ainsi que les points 
calcults. On note un boil accord. La Fig. 2 
reprtsente les variations de la fonction [16] 
pour les difftrents ligands considtres. On a 
regroup6 dans les Tableaux I1 et 111 les valeurs 
des constantes Dl* et p,, obtenues par poten- 
tiomttrie et spectrophotomttrie respectivement. 

On note la concordance de notre valeur de 
RBsultats et discussion PI"', constante apparente en milieu [H'] = 

0.50 M, avec celle de Bauer et Smith (5). Cette 
Dans le Tableau I, les constantes d'aciditt derni6re a ttt dtterminte par spectrophoto- 

des acides dicarboxyliques et acttique obtenues mttrie en utilisant des solutions de fer(llI) 
en milieu LiC104 0.5 M sent com~aries  aux fois mains concentrtes que les n6tres. on peut 
valeurs dttermintes en milieu KC1 0.2 M (16). conclure a 13absellce de complexes poly- 
Par rapport 2 ces dernieres, nos valeurs de nucltaires dans ces milieux. La valeur de 
pKl et pK, sont respectivement inftrieures de Moorhead et Sutin (6), en milieu [HT1 = 0.50 
0.15 et 0.20 environ: ces ecarts rtsultent vraisem- M, CNaC1O,l = 0,50 M, est aussi voisine, 
blablement des milieux difftrents. Nos valeurs de bl ne dtpendent que peu de 

La rntthode potentiomttrique d'ttude des Celles de Bauer et Smith varient 
com~lexes a conduit des diff'rence' de et ces auteurs ant expliqut ces variations en 
potentiel AE jusqu'& 190 et 270 postulant l'existence d7un complexe protoni 
pour des concentrations maximales en acide FeHCz02+, dent ils calcult la collstante 
oxalique 6.7 x lo-' et 2.9 X M en deformation: 
milieu [H+] = 0.495 5 0.005 M et [H'] = 
0.105 t- 0.003 M respectivement, mais seule- [FeHCZO 
ment de 13 et 70 mV pour l'acide malonique 

log PI" = log -T+ 
[Fe ] [H C 2 0  ,-I 

= 4.35. 
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TABLEAU I 
Constantes dlaciditC des ligands 

Ligand PKI PKZ PKL (16) pK2 (16) 

Acideoxalique 1 .00k0 .05  3.50+0.03 1.14 3.85 
Acidernalonique 2 .53k0.03 5.01+0.03 2.69 5.24 
Acide succinique 3.92 + 0.03 5.05 + 0.03 4.07 5.28 
Acide glutarique 4.09 + 0.03 4.84 + 0.03 4.21 5.06 
Acide acetique 4.48 + 0.03 4.67 

TABLEAU I1 
Constantes de stabilitt P, et P,* deterrninees par potentiornetrie 

Ligand [ H + l  (M) log P I  1% P2 1% P 3  log P I *  
Oxalate 0.495k0.005 7.56 13.63 - - 
Oxalate 0.105+0.003 7.49 13.64 18.49 - 
Oxalatea 0 .5  3.58 

0 .1  4.67 
Malonate 2.0.50 7.47 0.54 
Malonate -0.10 7.45 1.89 

"CalculBe 6 I'aide de I'6q. [ lo].  

FIG. 1. Variations de AE en fonction de la concen- 
tration totale en ligand. Les courbes experimentales 
sont representees en trait plein (les points marques ont 
et6 calcul~s). (a) Oxalate, [ H + ]  = 0.103 + 0.003 M, 
CM = 2.35 x M, CFc2+ = 2.9 x M ;  (h) oxa- 
late, [H+] = 0.495 + 0.005 M, CM = 4.7 X M, 
CFc2+ = 5.8 x M; (c) rnalonate, [ H + ]  = 0.10 M, 
CM = 2.35 X M, CFc2+ = 2.9 X M ;  (d )  
malonate, [ H +  ] = 0.50 M, CM = 4.7 x M, CFc2+ = 
5 . 8 ; ~  1 0 4  M. 

FIG. 2. Determination spectrophotomCtrique des P I *  
pour les differents systernes ferriques (en milieu [ H + ]  = 
0.100 M). (+) = rnalonate, CL = 0.46M.163 x 
M, CM = M, h = 310 mp; (0) = succinate, CL 
= 0.859-2.11 X lo-' M, CM = 2 x M, h = 
300 mp; (a) = glutarate, CL = 0.745-2.086 x lo-' M, 
CM = 2 x M, h = 300 rnp; (a) = acetate, 
CL = 0.493-0.985 M, Ch.1 = 2 x M, h = 295 mp. 

TABLEAU 111 
Compte tenu de la formation de ce complexe, 

Constantes:de:stabilitt Dl* et Dl determineespar ils trouvent log PI  tgal i 7.39. Si nous admet- s~ectro~hotornetrie 
tions leur hypothbe, on calculerait: 

Ligand log PI = 7.48 et log PI" = 3.60. [H+ I (M) log P I *  log B I  
Acide rnalonique 0.101 1.91L-0.01 7.46 Moorhead et Sutin obtiennent Pour PI des Acide succinique 0.100 -0.10+ 0.01 6.88 

valeurs indtpendantes de l'aciditt entre [H'] = Acide glutarique 0.100 -0.15+0.02 6.78 
0.50 M et [H'] = 1.00 M B force ionique 1.0, Acide acetique 0.100 -0.85+0.05 2.63 
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DENEUX ET AL.: CH~LATES DU FER(II1) 

TABLEAU IV 
Constantes de formation du complexe monooxalate du fer(II1) et constantes d'acidite de 

I'acide oxalique 

log PI* log P I  PKI pK2 Milieu Reference 

3.58 7.56 [HC!O,I = 0.495 + 0.005 M Present 
travail 

4.67 7.49 [HC104]=0. 105 + 0.003 M 
[LiC104]=0 .4 M 

1.00+0.05 [ H + ] = 4 x  10-3-0.5 M 1 w-0. 50(Liclo4) 
3.50k0.03 [LiC104]=0.50 M 

w = O .  52(LiC104) 

ainsi qu'a force ionique 3.0 entre [H+] = 0.50 
M et [H'] = 3.00 M. Ces auteurs rejettent 
donc l'existence du complexe protone. I1 faut 
toutefois noter que tous ces rCsultats adinettent 
implicitement, et ceci est discutable, que les 
coefficients d'activit6 des diffirents ions restent 
constants lorsque le milieu passe de [HClO,] - 0.1 M + [NaClO,] 1: 0.4-2.9 M (ou 
[HClO,] - 0.1 M + [LiClO,] 1: 0.4 M)  B 
[HCIO,] = 0.5-3 M (voir Tableau IV), et 
ainsi, que K, est indtpendant du milieu. I1 
semble que l'existence de tels complexes pro- 
ton& "labiles", dCjB difficile B Ctablir aux 
faibles acidit6s utilisCes pour caractiriser les 
complexes oxalates du Cu2+ (12, 13), l'est 
d'autant plus, aux fortes acidit6s employ6es 
dans le cas des complexes oxalates du fer(II1). 
Nous adoptons log PI = 7.53 + 0.1. 

Cette valeur est nettement plus faible que 
celles dtterminkes aux faibles aciditks, en 
tenant compte de l'hydrolyse des ions Fe3+: 
8.15-9.4 (4). 

Les valeurs de p, du complexe malonate 
obtenues par potentiomitrie et spectrophoto- 
m6trie sont voisines, log PI = 7.46. Les con- 
stantes PI des complexes succinate et glutarate 
n'ont CtC dCterminCes qu'a [H'] = 0.10 M et 
sont respectivement log PI = 6.88 et 6.78. La 
valeur donnCe pour le succinate dans la lit- 
tCrature est log P1 = 7.49 (4). 

La stabilitC nettement plus faible du com- 
plexe adtate, log P, = 2.63, semblerait indiquer 
que les complexes des anions dicarboxylates 
sont des chklates, la substitution de CH,- par 
-COO-(CH2),,- ne devant que peu modifier 
la stabilitk. De meme, au complexe monodent6 
FeC204H+ devrait correspondre log PI" < 2.6 
vu le remplacement de CH,- par HOOC-. 
La valeur calculee par Bauer et Sinith (log 
PI" = 4.35), semblerait donc, si elle Ctait 
confirmke, devoir Etre attribuie B un complexe 
bident6. 

L'ordre de stabilit6 des complexes du fer- 
(111) est ainsi: oxalate -- malonate > succinate 
1: glutarate. On retrouve la sCquence suivie 
gkntralement par la plupart des complexes des 
mttaux bivalents, B ceci prks que l'on enregistre 
pour Fe(II1) des variations faibles (A log PI - 
0.6) entre les complexes malonates et succinates, 
alors que la dCcroissance est rapide de l'oxalate 
au glutarate pour les ClCments de transition 
bivalents. Bien que l'on explique souvent la 
diminution de stabiliti avec une augmentation 
des dimensions du cycle form6 comme Ctant 
un effet d'entropie, des mesures rkcentes de 
AH et AS ont montrC que le problkme Ctait 
plus complexe, les effets de l'enthalpie et de 
l'entropie sur PI pouvant Etre oppos6s (3). Si 
l'on compare les rtsultats obtenus pour Fe(II1) 
avec ceux dCjB connus pour La(II1) (1) et 
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1388 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Cr(II1) (14), la nature du mttal parait jouer 
un r61e important dans la dttermination de 
l'ordre de stabilitt des complexes dicarboxy- 
lates des mttaux trivalents. Les rtsultats impli- 
quent ainsi des limitations aux corrtlations 
entre, d'une part la stabilitt des complexes d'un 
mttal et d'autre part la basicitt des ligands 
ou la stabilitt des complexes d'un autre mttal 
(1 5). 
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Nuclear spin-spin coupling constants; equilibrium and kinetic studies for 
fluoroberyllate complexes in solution 
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19F nuclear magnetic resonance signals of aqueous solutions containing beryllium and fluoride ions 
have been used to study the equilibrium and kinetic processes occurring. Detailed studies of line widths, 
intensities, chemical shifts, and coupling constants have been made. This leads to an equilibrium constant 
determination Kc = 8.0 + 2.0 x mole kg-' for the dissociation reaction 

k 1 

BeF42- $ BeF3- + F-.  
k-  1 

The line width studies show that in addition to the above reaction there is fluoride ion exchange involving 
all three species. Rate constants at 33 "C are: k1 = 23.8 (s-'), k- ,  = 3 x lo2  mole-I s-', k2 = 4.3 
x loZ  mole-' s-' (for F-  ion exchange with BeF4Z-), k3 = 4.5 x 10' mole-' s-' (for F -  ion exchange 
with BeF3-), k, = 4.5 x lo2 mole-' s-' (for F-  ion exchange between BeF32- and BeF,-). These 
values are determined within a factor of three. The equilibrium constant Kc is independent of temperature 
in the range 2 to 50 "C. An entropy of reaction - -5 e.u. is indicated. 

Studies of BeF2 solutions show that at least two fluoroberyllate complexes are present and these are 
assigned as monomeric BeF2 and (BeF').. Values of coupling constants and line widths in the absence 
of exchange processes strongly suggest the structures BeF3(H20)- and BeFz(2HZO) for the tri- and 
di-fluoride species. 

The reduced coupling constants j x -~  in the isoelectronic series BeF42-, BF4-, CF,, and NF4+  
correlate with atomic number in the same manner as the series TeFG, SbFG-, and SnFG2-. A change in 
sign of the coupling constant jx-F is suggested between NF,+, CF,, BF,- as a group and BeFd2-. The 
variation of coupling constants j and IY2,,(0)I with atomic number is presented for a wide range of 
elements. The question of the origin of the sign of the coupling in relation to the atomic number depen- 
dence is related to a recent theory of Pople and Santry (16). 
Ciln;ldi;ln Journal  o f  Chemistry, 46, 1389 (1968) 

Introduction several other resonances in these solutions and 

The study of beryllium fluoride complexes of 
the type B~F,'~-"'-  by nuclear magnetic 
resonance (n.m.r.) has not been extensive. In the 
solid state, studies of (NH,),BeF, have been 
made by Leane and Richards (1) and Blinc and 
Levstek (2). 

Gutowsky and Hoffmann (3) reported spectra 
of aqueous BeF, solutions as part of an early 
survey of the chemical shifts of fluoride mole- 
cules. Recently Francis and Lawrenson (4) made 
a qualitative study of the "F spectra of ammo- 
nium tetrafluoroberyllate solutions. They re- 
solved a quadruplet signal of chemical shift 
+ 85.5 from trifluoroacetic acid (TFA). The 
components of the quadruplet were broad 
(-- 24 c.p.s.) and the reported coupling constant 
J,,-, was 33.7 c.p.s. No other resonances were 
reported. 

We have been able in this work to detect 

to compute the equilibrium constant for the 
reaction 

BeF,2 - $ BeF3- + F- 

as well as study the kinetics of fluoride exchange. 
The measurement of the coupling constant JBeF 
in B ~ F , ~ -  affords an opportunity to consider 
coupling constants in the isoelectronic series 
BeF,,-, BF,-, CF,, and NF,' in the context of 
the atomic number dependence and to further 
extend the relationship between the 's' contact 
interaction and coupling constants from more 
recent measurements (17, 18). 

Experimental 
Ammonium tetrafluoroborate and beryllium fluoride 

were supplied by K. and K. Laboratories and used 
without further purification. Ammonium fluoride was an  
analytical grade reagent supplied by B.D.H. Laboratories 
Ltd. Solutions were made by weighing both the water and 
the salt. 
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TABLE I* 

Chemical shift and line width of the peak associated with BeF4'- and other fluoro- 
beryllate complexes when BeZ+ ion is added to a solution containing F- ion 

Concentration of Chemical shift 
beryllium nitrate of the new peak Line width 

(mole 1) (p.p.m.1 (c.P.s.) Remark 

84.8 27.2t Quartet 
85.0 30.5 
85.1 37.0 
84.4 142.0$ Quartet collapses 

into a broad ~ e a k  

- - -  

'Concentration of NH4F is 5.0 M; coupling constant JgBe- lgF-  32-34 c.p.s.; the chemical shift 
of F- - 36.8 D.D.m. - -  - 

?Line widthro'f one component of the resolved quartet. 
$Line width of the peak due to the collapse of quartet. 

"F spectra were observed using Varian HR 60 and 
HR 94.1 spectrometers. ' ~ e  resonances were obtained in 
15 mm sample tubes at 7.75 Mc/s with a Varian variable 
frequency n.m.r. spectrometer. The field modulation 
frequency was 200 c.p.s. and the audio phase detector was 
adjusted so as to observe only first side bands in absorp- 
tion mode. The external standard was TFA for "F 
chemical shifts and a saturated solution of Be(N03)' for 
the ' ~ e  chemical shifts. Intensities were measured by 
repeated tracings onto good bond paper and then weigh- 
ing the cutouts. The nucleus 'Be has spin 312. 

Results 

( a )  Addition of Be2+ to Anzmonium Fluoride 
Solutions 

A 5.0 m solution of ammonium fluoride was 
treated with beryllium nitrate solutions in vary- 
ing amounts. The ratio [F-]/[Be2+ ] was varied 
between 50 and 5.  The resulting solutions had 
two fluorine magnetic resonance signals, one 
with chemical shift + 36.8 p.p.m. and the second 
+85 p.p.m. from an external TFA reference. 
The signal a t  +36.8 p.p.m. is assigned to the F- 
ion and the second signal to the species BeF,'-. 
The latter high field peak varied considerably in 
character, depending on the ratio [F-]/[Be2+ 1. 
At high values of [F-]/[Be2+ ] it was resolved as 
a quadruplet with the components considerably 
broadened. The coupling constant JB,-, was 
always between 32 and 34 cycles and the ap- 
parent value obtained depended on the line 
width of the components, which in turn depend 
upon an exchange process involving the F- ion. 
The major fluoride ion complex present in these 
solutions is always assigned as BeF,'- on the 
basis of further studies of ammonium tetra- 

fluoroborate solutions. Table I gives a suinrnary 
of the data obtained for ammonium fluoride/ 
beryllium nitrate solutions. When [F-]/[Be2+] 
< 14 the quadruplet structure collapses to a 
single broad resonance. 

(b )  Studies of Ammoniurn Tetraj7~ioroberyllate 
Solutions 

A complete study of the concentration 
dependence of 19F chemical shifts, line widths, 
and signal intensities was made at 33 "C and 
selected solutions were studied over the tempera- 
ture range +2 "C to 50 "C. At ambient tem- 
perature, 33 "C, the number and complexity of 
the 19F magnetic resonance peaks depend 
markedly on coilcentration of ammonium tetra- 
fluoroberyllate in water. 

In concentrated solutions > 0.6 172 there are 
two broad signals which can be assigned to the 
F- ion and BeF,'- ions on the basis of their 
chemical shifts. As the salt is diluted, however, a 
third fluorine resonance is resolved on the high 
field side of the BeF2- ion peak; it is of con- 
siderably lower intensity and appears initially as 
a broad peak - 100 c.p.s. in width. As the 
ammonium tetrafluoroberyllate is diluted further 
the new peak develops a quadruplet structure at  - 0.3 m. As further dilution is made the quadru- 
plet structure on both high field peaks, 8 = +85 
p.p.m. and F = +88.5 p.p.m., becomes sharper 
as the exchange process causing line broadening 
becomes slower. The area of the new peak with 
6 = +88.5 p.p.m. is always three times that of 
the F- ion signal in the same solution, so it is 
assigned to the BeF,- ion. The exact nature of 
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FEENEY ET AL.: NUCLEAR S P I N S P I N  COUPLING CONSTANTS 

TABLE I1 
Chemical shifts and intensities of "F nuclear magnetic resonance signals in (NH4)2- 
BeF4 solutions at various concentrations. 14/13 = intensity of BeF42- ion resonance/ 

intensity of BeF3- ion resonance 

Chemical shifts @.p.m.)* 
Molality Intensity BeF42- - .- I4 

(NH4)2BeF, Intensity BeF3 - I3 BeF42- BeFa- F- 

*External TFA reference. 
tBeF,*- and BeF3- resonances become a single peak due to  a rapid exchange process. 

the BeF3- ion is not directly available but the 
line widths of the 19F resonance in dilute solu- 
tions at 2 "C (-- 7.0 Hz) probably indicate a 
symmetrical structure since spin-spin relaxation 
through interruption of scalar coupling to a 'Be 
nucleus of spin 312 cannot be appreciable. This 
is consistent with a structure [BeF3(H20)]- 
where 1 water molecule replaces a fluoride ion. 
The chemical shift data for these resonances are 
summarized in Table 11. The F- ion resonance 
position is somewhat concentration dependent. 

The addition of excess F-  ion to these solu- 
tions causes a decrease in line width of both 
quadruplet signals to a minimum value of 10 Hz 
half width at 33 "C in the limit of large excess of 
F -  ion. The chemical shifts of signals assigned to 
B~F,'- and BeF3- ions do not change. Addition 
of Be2+ ion in the form of the nitrate salt 
results in considerable broadening of the BeF,'- 
and BeF3- peaks and leads to collapse of the 
two signals into one broad peak which moves to 
high field on adding excess Be2+ ion. 

In Fig. 1 selected spectra in the region of the 
BeF,'- and BeF3- resonance peaks are indi- 
cated at several temperatures and concentrations 
for an 19F Larmor frequency of 94.1 MHz. The 
relative intensities and chemical shift data are 
recorded in Table I1 for various concentrations 
of ammonium tetrafluoroberyllate at ambient 
temperature 33 "C. Table I11 lists similar data 
and the computed equilibrium constants to be 
discussed later for the variable temperature ex- 
periments. Line widths for the quadruplet 
components and the F -  ion signal were also 
measured in the solutions at ambient tempera- 
ture and were used to derive the kinetic param- 

eters, for the exchange processes taking place in 
these solutions. 

1.308 rnolal (NH412 BeF4 
BeF4= 

0.185 rnolal ( N H 4 &  BeF4 

BeF; 5 0 ° C  0 e F4= 4 0 ° C  

BeF4= n Be F,- 

0.554 rnolal Be(NH4), BeF4 

Be FT B ~ F ~ =  

- 237cps.- 0.185 rnolal (NH,), BeF4 

I 

- 243 cp.s.+ -192 CP5.- 

Ho- 

FIG. 1. 19F n.m.r. spectra of ammonium tetrafluoro- 
beryllate solutions at selected temperatures and concen- 
trations. 

JJJ- - 226 c.D~.+ - 2IOcp.s.- 

I I 2 ° C  

BeFT 
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TABLE I11 
Collected data on equilibrium constants from intensity measurements 
for the reaction BeF42- $ BeF,- + F -  at a series of temperatures and 

concentrations 
-- -- 

Concentration Equilibrium constant, 
(NH4),BeF, Temperature Kc X lo2  

(moles/1000 d PC) R = I , / l ,  (moles kg-') 

(c) Studies of BeF2 Solutions 
A single fluorine nuclear magnetic resonance 

signal was observed in concentrated solutions of 
beryllium difluoride at room temperature. 
Typical signals are illustrated in Fig. 2 for 1.81 
m, 0.362 m, and 0.181 m solutions. At the lower 
concentrations two signals appear in the 
spectrum; the high field one has a quadruplet 
structure. The chemical shifts are +90 p.p.m. 
and +92.4 TFA, while the single broad reson- 
ance in concentrated solutions is centered around 
+91.7 p.p.m., indicating that rapid intercon- 
version is occurring between the two species 
which are resolved separately in dilute solutions. 
It should be noted that the high field quadruplet 
is approximately twice as intense as the broad 
resonance in dilute solutions. Details of the 
coupling constant measurement and chemical 
shift measurements are listed in Table IV from 
0.181 m to 1.810 m BeF,. No fluoride ion 
resonance was observed in any of the beryllium 
difluoride solutions. At least two beryllium 
fluoride complexes are present and these do not 
appear to be dissociative to give fluoride ion. 

(d) Studies of the 'Be Nuclear Resonance 
It is expected that changes in 'Be chemical 

shifts are quite small (5) and this was our 
experience in several solutions of beryllium 
complex ions measured. The intrinsic line width 
on the spectrometer used was 15 to 20 Hz 
because of field inhomogeneity. The only 
noticeable effect of adding Be2+ ions to solutions 
containing the fluoride ion was some line 

Ho- 

FIG. 2. 19F n.m.r. spectra of beryllium difluoride 
solutions at  three concentrations. 

broadening and chemical shift changes near the 
limits of experimental error f 8 Hz (- f 1 
p.p.m.). An attempt was made to investigate the 
well-known polymeric substances (6) produced 
when beryllium carbonate is dissolved in solu- 
tions of beryllium salts or bases such as sodium 
hydroxide are added to aqueous solutions of the 
nitrate. The solutions become viscous in the 
limit of high Be2+ concentrations. Some line 
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FEENEY ET AL.: NUCLEAR SPIN-SPIN COUPLING CONSTANTS 

TABLE IV 
Chemical shifts and coupling constant of species present in aqueous 
BeF, solutions. A* refers to the single broad peak and B* refers to the 

quadruplet. The coupling constant is noted in column 4 

Chemical shifts (~ .p .m.)  
Concentration of Coupling constant 
BeF, (moles/l) A* B* (c.P.s.) 

broadening of the 'Be n.m.r. signal occurred and 
there was a chemical shift change to low field 
of approximately 1.6 p.p.m. from saturated 
beryllium nitrate in the limit of incipient 
gelatinous precipitation. It is evident that a 
spectrometer of higher resolution and stability 
is required for a complete study of the 'Be nu- 
clear magnetic resonance in these systems. 

Discussion 
Equilibriunz Studies 

The species present in ammonium tetrafluoro- 
beryllate solutions are quite clearly associated 
with the equilibrium 

[I] BeF4'- S BeF3- + F-, 

which probably represents the exchange of a 
fluoride ion for a water molecule 

[21 BeF4'- S lJ3eF3(H20)]- + F-. 

The limiting line widths at low temperature 
(2 "C) and low concentrations (2.4 Hz for 
B~F,'- and 7.0 Hz for BeF3-) indicate that even 
in the BeF3- ion the actual structure is close to 
tetrahedral about the beryllium (7). 

The intensity measurements lead to  an 
evaluation of Kc at various temperatures, 

where c = molality of the B~F,'- ion, a = de- 
gree of dissociation of the BeF,'- ion, and 
yBeF,z-, YBeF3, and y,- are activity coefficients 
for the respective ions. 

If I, and I, represent areas of the ''F nuclear 

magnetic resonance signals for BeF,'- and 
BeF3- ions respectively then Kc can be written 

[ 5 ]  Kc = 16c/3(4R + 3R2)-' moles kg-', 

where R = (I,/13). The values of Kc obtained by 
this method are listed in Table I11 for the 
solutions investigated. It is clear that Kc is 
reasonably independent of concentration at the 
ambient temperature 33 "C; the mean value is 
assigned as 8.0 + 2 x loT2 mole kg-'. K ,  is 
not determined but appears to be independent of 
concentration. There is no sensible temperature 
dependence of Kc so that AH for reaction [l] 
appears to be close to zero. Using AGO = 1.5 
kcal from the equilibrium constant and AH0 = 0 
then AS0 S -5 e.u. The only other determi- 
nation of Kc, from optical density studies, gave 
a value 1 x lop2 mole 1-' at room tempera- 
ture (8). 

The equilibria in BeF, solutions are more 
difficult to assign. No doubt in all these solutions 
a very low concentration of species such as BeFi 
occurs but these would not be detected and the 
predominant equilibrium seems to be a non- 
dissociative type. It is reasonable to suggest 

t51 nBeFz S (BeF')", 

where n is unknown and the beryllium is located 
in an unsymmetrical environment in the polymer 
leading to rapid relaxation of the 'Be nuclear 
spin and loss of the quadruplet structure. Signal 
overlap is serious enough to preclude intensity 
measurements of sufficient precision to investi- 
gate the equilibrium thoroughly. There is also a 
rapid exchange in concentrated solutions which 
complicates an analysis of the equilibrium. The 
species BeF,(H,O), has been reported (5) and is 
consistent with the resolution of a quadruplet, in 
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a fairly symmetric electric field gradient for an 
approximately tetrahedral shape. 

Connick and Poulson (9) observed separate 
resonances for AlF2' and A1FZf in mixed 
solutions of sodium fluoride and aluminium 
nitrate, but the much larger quadrupole moment 
of "A1 and possibly unsymmetric environment 
precluded measurement of a scalar coupling. 

Chemical Shifts and Coupling Constants 
In order of decreasing fluoride ion content the 

chemical shifts and coupling constants JBeF are: 
BeF,,- 6 = +86 + 0.5 from TFA, J = 33 + 1 
Hz; BeF,- 6 = +88.5 + 1 p.p.m., J = 36 + 
0.5 Hz; BeF, (monomeric) 6 = +92.2 + 0.5, 
J =  39.6 + 0.5Hz;(BeF2),6= 90 + 1 p.p.m., 
no coupling resolved. The increase in the abso- 
lute magnitude of the coupling constants is 
approximately proportional to the chemical shift 
changes. 

I t  is interesting to consider the coupling 
constants to the central atom in BeF,,-, BF,-, 
CF,, and NF,' as an isoelectronic series. 

The reduced coupling constants taken as 
iXF = JXF/yXyF (where jx-, is in Hz, yx and y, 
are nuclear moments in nuclear magneton units 
divided by the spin I in units of f i )  for fluorides 
of the first period elements are: NF,' 110.35; 
NF, 75.45; ONF, 63.90; CF, 38.8; BF, 1.11; 
BF,- 0.12; BeF,,- 8.00; BeF,- 8.73; BeF, 
9.60; and H F  17.752 (10-15). These reduced 
couplings jA, are related to those defined by 
Pople and Santry (16), KAB, given in units of 
cmP3 by the following conversion formula. 

where jAB = JA,/yAy, as defined above. h = 
Plank's constant and p, is the nuclear magneton 
in ergs G-'. The factor h/pN2 = 2.598 x loz0 
erg-' G-, S. Thc gyromagnetic ratio of all nuclei 
are positive except for 'Be where KAB and jAB 
will differ in sign from JAB. 

The correlation of jx-, in a series of com- 
pounds of related symmetry with atomic number 
is now well established for Y = H and X = a 
central atom in a molecule or ion (17, 18), and 
some correlation is also noted for Y = F (19, 
20). The linear relation l j ( ' I2  = AZx + B where 
A and B are empirical constants is widely 
applicable. 

We have indicated (17) that the origin of this 
empirical law lies in the magnitude of the 's' 

electron contact interaction which is always 
positive because it is the square of the state 
function at the nucleus. Since, however, it would 
be unlikely that j could change sign in a series of 
compounds which fit the linear relation fairly 
well, we have taken this to indicate all such 
couplings j have the same sign. There has as 
yet been no experimental determination of 
relative signs which contradicts this statement. 

Before proceeding further with a discussion of 
the fluorine compounds it is profitable to 
illustrate how well the couplings to protons 
follow the magnitude of the 's' electron contact 
interaction as a function of atomic number. 
Since the earlier publications (17, 18) more 
experimental determination of spin-spin coup- 
ling constants have been made and it is also 
possible to obtain fairly reliable estimates of the 
contact interaction since such data has been 
important in the measurement of the isotropic 
contributions to hyperfine interactions in e.p.r. 
spectra. In Fig. 3(a) the dependence of the contact 
interaction ~Y~, , (o) ( ' /~ ,  where 11 is the valence 
shell of the atom, is given as a function of 
atomic number for a wide varietv of elements. 
Curve (1) refers to the alkali metal atoms, 
curve (2) to the group IV elements, and curve (3) 
to the group VI elements. After the first 10 
elements the contact interaction is close to a 
linear dependence on the atomic number of the 
atom. 

Some remarks are necessary regarding the 
source and precision of the data. Fermi-contact 
interactions can be determined from hyperfine 
structure separations in atoms which havesimple 
spectroscopic states (21) or by using an empirical 
formula due to Goudsmit (22) based on pseudo- 
hydrogen-like behavior of more complex atoms. 
In some cases refined Hartree-Fock wave 
functions are available from computer calcula- 
tions and these give a good estimation of the 
amplitude of the state function at the nucleus 
(23, 24). A further source of data is to be found 
in the book by Kopfermann (25). 

Several corrections should be applied in order 
to get precise estimates of the contact energy. 
These include relativistic corrections which are 
more serious with heavy atoms, the finite size of 
the nucleus, and spin polarization of inner 's' 
shells (23, 26). Some of the data in Fig. 3(a) is 
corrected and some relies on the point nucleus 
model with no corrections. The refinements even 
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FEENEY ET AL.: NUCLEAR SPIN-SPIN COUPLlNG CONSTANTS 

FIG. 3. (a) Values 1Y2,,,(0)1'!2 for atoms plotted versus atomic number Zx of the atoms. The designation of points 
relates to the method of calculating Y2,,(0)) : (x) self-consistent field calculation (23); a hyperfine structure separa- 
tions; (0) Hartree-Fock wave function (24); (0) Goudsmit method (22). (b) Reduced coupling constants 1 jX-HJ1!2 and 
I jx,c-~I'!~ plotted as a function of atomic number 2,. Note that changes of hybridization at 'X' have been accounted 
for m HZ, Cd(CH3)2, and Hg(CH3)2. 

with heavy atoms is not significant enough to 
affect the overall correlation represented in 
Fig. 3(a). The units of Y2,,,(0) are atomic and 
may be converted to cm-3 by multiplying by a 
factor ao3 in cm3. 

Remarkable agreement with this Z, depend- 
ence is shown in the plot of ( j ~ " ~  versus Z, 
(Fig. 3(b)) for couplings in the symmetrical tetra- 
hedral species XH, and X(CH3),. Some of this 
data has been presented before but more com- 
prehensive values of lj( are now available 
(17-19). The vertical scales in Figs. 3(a) and 3(b) 
for l'l' 2,1,(0)1 'I2 and 1 j ( ' I2 have been arranged so 
that for the group IV elements C, Si, Ge, Sn, and 
Pb the two curves designated (2) in both Figs. 
3(a) and 3(b) are act~~al ly coincident. There was 
too much data available to combine the two 
dependences in one graph. Curve (1) in Fig. 3(b) 
refers to the indirect couplings j,,,. Both 
I jl 'I2 and (Y2,,,(0)1 'I2 give a nonlinear dependence 
up to element 10, neon, where the lack of 
shielding by d shells produces a deviation from 
the equations 1 jIu2 - AZx 4- B and ( ~ P ~ , , , ( o ) ~ ~ ' ~  
= aZ, 4- b where A, B and a, b are empirical 
constants. The parallelograms bounded by 
curves (2) and (3) for groups IV and VI in 
Fig. 3(a) are completed by the variation of 

1~~, , , (0 )1"~  across a period of the periodic table. 
This produces a much larger variation in Y2,,,(0). 
The lines from left to right with the much steeper 
slope correspond to the 2nd period Li to 
fluorine, 3rd period Na to C1, 4th period K to 
Br, and 5th period Rb to I. The data is much 
more fragmentary for the heavy element ele- 
ments. The transition period elements where the 
's' contact interaction has not been evaluated 
must have low values of 1Y2,,,(0)1, though the 
apparent linearity of 1Y2,,,(0)11'2 versus Z X  can- 
not continue to give a zero value at any finite Z,. 
The general appearance of Fig. 3(a) is: 

(a) vindication of the parallelogram rule for 
couplings presented earlier (19); 

(b) excellent demonstration that the value of j 
is dominated by 'Fermi' contact interaction 
terms; and 

(c) an explanation of the very low values of j 
in compounds where fluorine is directly bonded 
to a transition metal such as WF, ( l l ) ,  MoF, 
(12), and NbF,- (28). 

The obvious problem of taking the square root 
of a number which may have a negative sign for 
j can be circumvented by the fact that Y2,,,(0) is 
always positive and the sign contribution to j 
arises from another term. 
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Pople and Santry (16) express the contract 
contribution to 'K', a reduced coupling constant, 
as 

where 
OCC UUOCC 

I j 

( E ,  - E ~ )  are the energy differences between the 
highest occupied molecular orbital and the 
excited triplet states j which are unoccupied. 

C,,, C,, etc. are coefficients of the atomic 
orbital 's' wave functions used in the linear 
combination atomic orbital approximation. 
Pople and Santry (16) point out that the sign of 
K resides in the term x,,. The matrix elements 

The vertical scale of ( j ( 1 ' 2  is a real axis in Fig. 3(b) 
for I,j,-,I, curve (2), and an imaginary axis for 
the JjX-,-,,l, curve (1). It is always a real axis 
for 1 ~ ~ ~ , ~ ( 0 ) 1  ' I2 .  

The question arises in some cases when the 
empirical constant B is negative that l j ~ ' ' ~  be- 
comes zero at some finite 2,. When A Z x  < B a 
change in sign of the term [Az,  4- B] occurs. 
We must interpret this as merely a discontinuity 
in the periodic dependence of 1~~, , , (0 )1"~  as 
indicated in Fig. 3(a), for each period of the 
periodic table. 

are always real and positive. The dependence of 
j or K on Z ,  relates only to the absolute magni- 
tudes as we point out (17). In the average energy 
approximation when Ci Cj ( E ~  - E ~ )  is replaced 
by an average energy, the sign information is 
also lost. Pople and Santry (16) further show that 
for directly bonded atoms where the s electrons 
on one atom are tightly bound, i.e. the energy of 
an s electron is well below that of the p electron 
function with which it is mixed and the s electron 
on the other atom, then the value of j may 
become negative. They predict that such a 
factor does produce a negative j in CF, and H F  
and indeed the C-F coupling in CF, has been 
shown to be opposite in sign to C-H which is 
positive (29, 30). 

We may write the coupling constant K in the 
following form. 

a is a numerical constant and xsAsB is of uncer- 
tain sign. Combining all numerical constants and 
adding the empirical law for the dependence of 
I.jl and 1~21,,(0)1 on Z X ,  

= ( A 1 ) 1 ' 2 [ ~ ~ x  A B ] .  

FIG. 4. Reduced coupling constants I jX-Fl'12 in 
simple fluorides of the second period. 

, " ,  . , . . . . . . 
45 46 47 48 49 50 51 52 53 

zx - 
FIG. 5. Reduced coupling constants I jx-FI'12 in the 

isoelectronic series TeFs, SbFs-, and SnF,2- asa  function 
of atomic number. 

The isoelectronic series NF,' , CF,, BF,-, 
and B~F,'- are an example of a negative B and 
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almost zero coupling at boron. In Fig. 4 the 
empirical law 

[12] ~ j x - ~ ~ ~ ' '  = (&1)1'2 [5.37 Zx - 26.61 
for BF,- (13, 14), CF, (31), and NF,' (10) is 
illustrated. It is evident that there is a change in 
sign of the coupling in going from BF,- to 
BeF,,-. We suggest in agreement with Pople 
(16) that j is negative in BF4-, CF,, and NF,' 
but positive1 in BeF2-. In order to represent 
this discontinuity in some manner in Fig. 4, the 
positive ordinate is labelled (- 1)112j112 while the 
negative ordinate is labelled (+ 1)112j112. Further 
coupling constants j for simple fluorides of the 
second period elements are also plotted in Fig. 4. 
They appear at sensible positions with respect to 
the symmetric tetrahedral species. As a further 
illustration of the applicability of this particular 
type of 2, dependence the recently available 
series TeF6, SbF6-, and snF6,- (1 1, 31) are also 
plotted in Fig. 5. Here the sign of j is uncertain 
but the linear dependence is quite clear. 

Kinetic Studies orz (NH,) , BeF, Solutions 
The line widths of the 19F n.m.r. lines in 

ammonium tetrafluoroberyllate solutions vary 
with coilcentration as demonstrated in Fig. 1. 
Qualitatively an increase in concentration of 
(NH,),BeF, at ambient temperature 33 "C 
results in an increase in line width for all three 
species present in solution F- ,  BeF3-, and 
BeF2-. The fact that the line width of the 
BeF2- ion resonance is a function of concen- 
tration indicates that a fluoride ion exchange 
process occurs in addition to simple dissociation 
and re-association. The line widths of all signals 
have been measured and in the case of the 
BeF2- and BeF3- resonances a mean of four 
measurements involving each component of the 
quadruplet is obtained. The mechanism of the 
kinetic processes measured corresponds to the 
following scheme. 

'The actual sign of J will be negative because -y,, is 
negative. 

An analysis of this reaction scheme can be 
made according to standard methods (32). Let 
the sites BeF,,-, BeF3-, and F-  be denoted as 
A, B, and C respectively. The mean lifetime of a 
fluorine nucleus in these sites can be written (32) 

The full line width at half height Av,,, in Hz 
is related to the mean lifetime z, on site 'i' by the 
simple equation 

where 1 / P 2  is the contribution to line width 
from all other sources than the exchange pro- 
cesses. The kinetic scheme represented by eqs. 
[13] to [16] leads to the following expressions 
for zA, z ~ ,  and 4,. 

= kl + (kz + k,)ICC(3/4)R 

where Kc = 8.0 + 0.9 x lo-, mole kg-' at  
33 "C determined earlier and R = (14/13) as in 
eq. [5]. By plotting zA-' versus R, Ic, and 
(k, + k,) were determined from the slope of the 
lines and the intercepts when R = 0. By fitting 
the values of z,-l and zC-l to equations of the 
form quadratic in R (eqs. [22] and [23]) all rate 
constants could be separately determined. 

It is known that line widths are not a very 
accurate method of determining rate constants 
(33), however, the linearity of experimental 
points in eq. [21] is quite satisfactory and the 
quadratic behavior of points in eqs. [21], [22] is 
also quite good. We estimate that the rate 
constants determined and listed below should 
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be regarded as satisfactory within a factor of 
three. 

It is interesting that the slowest process is the 
dissociation or water replacement involving the 
tetrahedral arrangement BeF,'- but that fluoride 
ion exchange as in [I41 or [16] is still quite fast. 
The values of TZA*, T,,:" and TZc"; are 0.8 s, 
0.8 s, and 0.1 s respectively. These are reasonable 
values and allow some additional consistency in 
the kinetic analysis. They correspond to relaxa- 
tion times plus inhomogeneity broadening effects 
in the absence of the exchange processes con- 
sidered. The values 0.8 s indicate the field 
inhomogeneity estimated at - 0.5 Hz. The 
fluoride ion 19F relaxation time is considerably 
shorter and this is consistent with our own un- 
published observations that the fluoride ion 
takes part in other exchange processes not 
involving the fluoroberyllate ions. These pro- 
cesses are at present under study. 
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Chemical shifts for compounds of the group IV elements silicon1 and tin2 
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Chemical shifts for Z9Si in seven series of molecules of the type X,,SiY,-,, have been measured where 
Y is an  alkyl group and X varies widely in electronegativity. A considerable amount of proton and 
fluorine chemical shift data has been obtained for the same compounds and in one series (CH3),,SiC14-,, 
the "C chemical shifts in the methyl groups have been measured. 

The gross features of the ZgSi chemical shifts are understood by considering the series (Alkyl),SiX 
with the electronegativity of X widely varied. The hybridization at silicon is approximately conserved In 
these series and the theoretically anticipated linear dependence on electronegativity of X is demonstrated. 
The ligands X = 0, N, and F are exceptional and these Z9Si chemical shifts have a high field shift. This 
additional shielding has been associated with (p -> d)n bonding. The approxinlate nature of present 
chemical shift theories is not likely to provide a measure of the order of (p -> d)n bonding. 

The Z9Si chemical shifts in the series X,,SiY,_, are discussed and also indicate a net shielding effect 
with (p -> d)n bonding. A comparison is always made with corresponding "C chenlical shifts. A long 
range proton-proton coupling in nlolecules Me,SnX and MezSnXz, H-C-Si-C-H, is observed when 
and only when X = 0, (N?), F. 

"'Sn chemical shifts in a series of alkyltin compounds have been measured. The same dependence on 
the electronegativity of X in the series (Alkyl),SnX is noted, but the variation of X is much Inore limited. 
Some shielding due to (p -> d)n bonding in the series (ti-Butyl),,SnCl,-,, is suggested. The tin chemical 
shift has been measured as a function of concentration and solvent for s i m ~ l e  methvltin bromides and 
chlorides. In donor solvents, it has been possible to obtain equilibrium const'ants for ~oniplex formation 
from tin dilution chemical shifts. The nature of the bonding in conlplexes suggested previously is con- 
sistent with the variations in the coupling constant IJ,,,_.-,I with concentration. The distinction between 
ionization and conlplex formation w ~ t h  the solvent for (CH3),SnClZ can be made on the basis of tlie 
concentration dependence of Js,,- ,-11l. 

The spin-lattice relaxation time TI for "C and "Si in natural abundance in several pure degassed 
compounds has been measured. These are not in the case of "C (as has been suggested) of the order 
several minutes, but are always less than 50 s and in one case as low as 3 4  s. Both "Si and 13C T1 values 
follow what night be expected on the basis of a dipole-dipole niechanisni from thc closest protons. 
The short value of 35 s in CS2 is probably a result of spin-rotation interact~on in tlie liquid state. 

Canadian Journal of Chernislry, 46, 1399 (1968) 

Introduction 

Although 13C chemical shifts in organic com- 
pounds are becoming available at an increasing 
rate (1, 2), so far only two papers have appeared 
in which 29Si and 'lgSn have been studied (3,4). 
In both cases the investigators have lacked a 
systematic set of compounds, but the work on 
l19Sn carried out by Lauterbur and Burke with 
tin com~ounds was a com~rehensive investiea- 
tion which included solventkffects and predictved 
a considerable use for tin magnetic resonance in 
following the nature of tin compounds in solu- 
tion. Reeves and co-workersrecently measured 
the spin-spin coupling constant for 7~n-1 'Sn 
in hexamethylditin from a study of the ll'Sn 
spectrum (5). 

Clearly, there is a need for further data, 
particularly of a systematic nature, regarding 
the chemical shifts of Si and Sn in organo- 

metallic compounds. It is the aim of this study 
to fill some of this gap, especially with respect to 
29Si chemical shifts which have not yet been 
studied systematically. 

Experimental 
(a) N.M. R. Measrtremerrts 

Proton magnetic resonance measurements were made 
on a Varian HA100 or a Varian A60 suectronleter. With 
silicon compounds, because of the possibility of near 
overlap with the tetramethylsilane (TMS) signal, a small 
amount of benzene was used to provide a lock signal and 
to serve as an internal reference peak. Subsequently, all 
proton chemical shift data was referenced to 1 % TMS 
with low field shifts reported with a negative sign in parts 
per million. The tin compounds were usually measured on 
a Varian A60 with a 1 % TMS internal reference signal 
included. With suitable care, the chemical shifts of 
protons are given to f 0.01 p.p.m. and coupling constants 
to f 0.05 Hz. 

Fluorine n.m.r. spectra were obtained from either 
Varian H R  60 or H R  100 spectrometers tuned to 56.4 

'presented at the 8th E.N.C. meeting, Pittsburgh, pa. MHZ or  94.1 MHZ respectively. Monofluorotrichloro- 
March (1967). methane (FTCM) was added in small amount ( N  2% by 

Z~resented'at  the 7th E.N.C. meeting, Pittsburgh, Pa. volume) to each solution and served as an  internal 
February (1966). standard for fluorine chemical shift measurements. Spin 
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coupling constants to fluorine have a mean square devia- 
tion i O . l  Hz, while fluorine chemical shifts are given to 
iO.O1 p.p.m. 

29Si nuclear magnetic resonance spectra (n.m.r.) were 
obtained from a spectrometer assembled largely from 
parts manufactured by Varian Associates. The magnetic 
field strength was 9.41 kG, and the detecting frequency 
7.95 MHz. Field sweep was provided by a V3507 slow 
sweep unit and signals were recorded on a Varian G10 
recorder. The V4311 radiofrequency (r.f.) transmitter and 
receiver unit was driven by highly regulated power 
supplies which allow increased stability over those 
available in a Varian spectrometer. The B+ voltage was 
supplied from a Lambda Electronics Corporation model 
32 power supply and the 12 V d.c. filament source was a 
Lectronic Research Associates Inc. model T.R. 32-34 
0.01 % regulated power supply. The silicon signals were 
all recorded with rapid passage dispersion mode ( N  1 G/  
min sweep rates) at  high r.f. power levels. Relaxation time 
measurements (TI) for 13C and 29Si were measured as 
will be described in the Results section of this paper. The 
samples were neat liquids in 10 mm 0.d. thin wall tubes 
and immersed in some reference liquid in standard 15 mm 
0.d. test tubes. The external standard was tetramethoxy- 
silane in almost all cases. Sweep rate calibrations were 
achieved by using a sample of trimethylsilane. The 
doublet structure with spacing 184 Hz was measured 
from the proton spectrum and this corresponds to 23 
p.p.m. in the silicon spectrum. The sweep standard was 
observed with increasing and decreasing magnetic field 
and the doublet recorded. The external reference and 
unknown sample were then recorded a t  exactly the same 
sweep rates four times in each direction and finally 
replaced by the sweep standard to assure no drift in 
sweep rates. 

The 119Sn nuclear magnetic resonance signal was 
observed with a modified Varian V4310C r.f. unit at  
22.3822 MHz in a field 14.1 kG. In this case the signals 
are somewhat stronger and display through a Varian 
V3521 base line stabilizer was possible. This latter instru- 
ment employs an audio modulation frequency of 1996 
Hz in our case, and in most experiments an absorption- 
made signal was presented. The modulation frequency 
provides a calibration for spectra. Heteronuclear double 
resonance at high power levels at  the proton resonance 
frequency using an NMR Specialties S.D. 60 decoupler 
causes collapse of the scalar coupling to protons and 
simplifies the measurement of tin chemical shifts. In many 
cases, the 11gSn signal is badly split due to coupling to 
many non-equivalent protons in the molecule. 

(6 )  Sa~nple Preparatiotz 
Organosilicon compounds were purchased from several 

sources (N.M.R. Specialties Co.; Peninsular Chem- 
Research Corp.; Aldrich Chemical Co.). Several samples 
were kindly donated by the Dow Corning Corporation. 
The purchased and donated samples were used without 
further purification. 

Several samples were prepared by standard techniques 
(6) as listed below. Standard vacuum techniques were 
used where necessary. Samples were usually purified by 
distillation and purities checked by n.m.r. spectra run on 
a Varian A -60. 

The silanes (CGH5)zSiHz, (C6H5)SiH3, SiH4, Me,SiH, 

MezSiH2, and MeSiH3 were prepared by reduction of the 
corresponding chlorides with LiAIH4 under a dry nitrogen 
environment. 

The methyl and phenyl fluorides were prepared froin 
the chlorides using various fluorinating agents as shown 
below. Silicon tetrafluoride (SiF4) was prepared from the 
reaction of NazSiF6 and H2S04 on a silica gel (7). The 
phenylmethylsilanes were prepared from phenyllithium 
and the corresponding methylchlorosilanes. Triphenyl- 
silane was prepared from phenylmagnesium bromide and 
trichlorosilane. 

Preparation of fiuorosilat~es 
Compound Fluorinating agent - - 

AgF/Et20 
PbF2/reflux 
HFIEt,O (low vield) 

The organotin compounds were obtained from Penin- 
sular Chemical Company or graciously supplied by M 
and T chemical company as research samples through the 
agency of Dr. Considine. In most cases, the purity of the 
supplied material was adequately assured from the 
proton magnetic resonance spectrum, but in a few cases 
distillation of the materials was made to provide a pure 
sample. 

Results 
Silicon Cowlpounds 

(a)  Accuracy of Silicon-29 Clzel~zical Shift Data 
The error in the "Si shift measurements is 

estimated to be + 1 p.p.m. This estimate is based 
on two facts. First, the standard deviation on a 
series of seven measurements of the chemical 
shift in a (MeO),Si/TMS sample was found to be 
0.4 p.p.m. Second, many samples give "Si 
spectra which are split into multiplets by direct 
"Si-H coupling. The coupling constants may 
be measured from the "Si spectrum and com- 
pared with the value obtained from the 'H 
spectrum. The values from "Si spectra con- 
sistently agree to +5  Hz with those obtained 
from 'H spectrum. For example, J z g S i - ,  in 
+,SiMeH was found from the "Si spectrum to 
be 190-200 Hz and from the 'H spectrum to be 
196 Hz. In some cases, for example the methyl- 
chlorosilanes, the "Si spectrum cannot be 
observed except under very fast sweep and higher 
than normal power conditions. The errors are 
consequently somewhat larger, about + 5 p.p.m. 
Also, some signals, particularly tetravinylsilane, 
are considerably broadened by spin coupling and 
the error is increased to f 3 p.p.m. 

While the random error in the "Si measure- 
ments is + 1 p.p.m., there is a systematic error 
in the measurements which has not been taken 
into account. Since an external standard is being 
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series of the type SiX,Y,,, have been measured 
where the ligands X and Y are varied among the 
following: -OMe, -H, -OEt, -OAc, -C1, 
-4, -F, and -Me. An incomplete set of data 
on the vinyl ligand is also available as well as 
other miscellaneous silicon chemical shifts which 
do not fall into regular series. The data is com- 
pounded into a series of tables which have 
adequate legends. In Appendix I, all previously 
reported silicon chemical shifts are also listed in 
order to serve as a reference point (2, 3). When- 
ever there was overlap with this previous data 
and disagreement in values occurred, our mea- 
surements were repeated several times in order 
to ensure that our reported values were correct. 
An example of a typical silicon-29 spectrum with 
calibrated sweep is shown in Fig. 1. In lA, tri- 
methylsilane with tetramethoxysilane as an 
external sample was recorded in one sweep. The 
doublet with 184 Hz, splitting for trimethylsilane 
is clearly seen. In the lower spectrum 1B at the 
same sweep rate and in the same field direction, 
the trimethylsilane is replaced by TMS and the 
chemical shift of 79.5 p.p.m. is recorded. The 
average chemical shift reported in the tables is 

used, a correction should be made for differences 
in bulk susceptibility of the various samples (8). 
This correction may be applied using the follow- 
ing equation. 

2 a 
SsDhere = Sobs + 3 (xv,ref - xv,snrnD~e)r 

where 6sp,,,, = spherical or true chemical shift, 
6,,, = observed chemical shift, xV,,,, = volume 
susceptibility of reference, and x ~ , , , , ~ ~ ~  = volume 
susceptibility of sample. The bulk susceptibility 
correction will be less than 1 p.p.m. and can 
probably be ignored. As a check, the chemical 8.-61 p p m  

shift between Me,SiH and (MeO),Si was 
measured from internal and external standards. 

FIG. 1. 29Si magnetic resonance spectra in rapid 
passage dispersion mode. The upper spectrum is used to 
calibrate the sweep. The sample is tetramethoxylane with 
trimethylsilane as an external sweep standard. The lower 
spectrum shows the -79.5 p.p.m. chemical shift change 
between (CH,),Si and (CH,O),Si at the same sweep rate. 

For the internal standard the shift is 62.6 p.p.m. 

obtained, of course, from several such sweeps in 
both increasing and decreasing field direction. 

The general features of the data in Tables I to 
VII inclusive can be summarized as follows. 
When an oxygen ligand replaces methyl groups 
on silicon, there is a shift to low field for the first 
alkoxy group, and for the further addition of 
alkoxy groups a shift change to high field is 
observed. This behavior is very similar to that 
reported by Lauterbur (2) for the methoxy series. 
There are small differences of up to 10 p.p.m. in 
the range of chemical shifts for methoxy, ethoxy, 
and acetoxy groups. The dominant effect, there- 
fore, must be the exchange of carbon for oxygen 
in the bonding to silicon. Changes in proton 
chemical shifts of the methyl groups directly 
bonded to silicon are small and much less 
characteristic of the ligands on silicon. The 
value of IJlsc-Hl in the silicon methyl increases 

(MeObS i  Me, SI 

and for the external standard it is 61.5 p.p.m. It ( B )  
is questionable whether or not this difference is 
significant. In any case, the small error intro- 
duced by failure to apply a bulk susceptibility 
correction is bound to be preferable to the 
possibility of larger errors introduced by solvent 
effects. 

(6) N.M.R. Studies of Silicon Conzpounds 
The main object has been to collect as com- 

plete data as is possible on a series of organo- 
silicon derivatives of related structure. Seven j4G[ 2 8 . - 7 9 5 p p m  
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TABLE I 

N.m.r. data for Me,Si(OMe),-, 

Sin Me OMeh J ~ ~ s ~ c H  J ~ ~ S ~ O C I I  J ~ ~ c B '  

(p.p.ni.) (p.p.m.) (p.p.ni.) (c.p.s.) (c.p.s.) (c.p.s.) 

:Silicon-29 chemical shift in p.p.m. from (MeO),Si. 
'H chemical shift in p.p.m. from TMS. 

7 1 3 ~ ~ ~  is for a methyl group directly attached to silicon. 

with oxygen substitution at silicon, but the effect 
is much more pronounced with the acetoxy 
group. The coupling constant IJsi-c-n( is also 
enhanced as oxygen ligands are added. While the 
13C satellites of TMS are single sharp lines, in the 
case of Me3SiX and Me2SiX2, where X = 0, F, 
fine structure is resolved. In the Me,SiX com- 
pounds, the side bands have a septet structure, 
while for Me2SiX2 compounds, a quadruplet is 
resolved. For the oxygen and fluorine ligands 
which are probably bound to silicon by partial 
(p -z d)n bonds there is a long range proton 
coupling between equivalent methyl protons, 
J,r- ,- ,i - ,-,. The splitting is always J = 0.35 
f 0.1 Hz. We shall consider this feature in the 
Discussion section. 

Tin Cotnpozmds 
(a) Chemical Shifts 

The chemical shift range encountered corre- 
sponds to ,- 250 p.p.m., which is considerably less 
than the total range of chemical shifts for tin com- 
pounds (2, 4, 8). The present list is restricted t o  
alkyltin compounds, and does not include the 
tetra- and di-valent halides which have large 
chemical shifts to high field (8). Tin chemical 
shifts often exhibit a concentration dependence 
in polar solvents (4), and this was the object of a 
quantitative study. In the list of tin chemical 
shifts, solvent conditions are specified where a 
study was made. 

(b)  Solvent Dilution Studies 
Solvent studies were made on trimethyltin 

bromide and chloride. The ll%n resonance 
position could be located with good precision 
(f 1.0 p.p.m.) to  dilutions of approximately 10 
mole % in the solvents investigated. These results 

These series of compounds available were not are plotted for the polar solvents acetone and 
particularly systematic, though some major acetonitrile in Fig. 2. The open circle points are 
trends in the effects of substituents can be seen. tin chemical shifts relative to the chemical shift 
The chemical shifts measured are listed as mis- equal to zero for tetramethyltin. The right hand 
cellaneous tin chemical shifts in Table IX. If the scales correspond to this chemical shift in p.p.m. 
tin compounds are solids, the chemical shifts Trimethyltin bromide is a liquid, but trimethyltin 
correspond to measurements in saturated chloro- chloride is a solid with maximum solubility ,- 40 
form solutions. The internal or external reference mole % in acetone and acetonitrile. 
peak is always the 'l9Sn shift in tetramethyltin. Dilution of the two trimethyltin halides in 

TABLE 11 
N.ni.r. data for Me,Si(OEt),-, 

'Silicon-29 chemical shift in p.p.m. from (MeO)& 
bLH cheniical shift in p.p.m. from TMS. 
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. . . . . . . . .  
66b66.0 Me3SnBr in  Acetone K = 3.00 

.. 
o= chernicol shift  Oa.' 

'. 
0 2 0 40 6 0  8 0 100 

66 

6 4  

62 

6 0  

FIG. 2. Concentration dependence of "'Sn chemical shifts and spin-spin couplings Js,,-c-II for trimethyltin 
halides in donor solvents. 

nonpolar solvents, such as chloroform, benzene, 
and carbon tetrachloride, does not change the 
chemical shifts of '19Sn more than 5 p.p.m. from 
the pure compound value. The extrapolated 
infinite dilution chemical shifts for trimethyltin 
bromide are +5, 0, and -5 p.p.m. for carbon 

-tetrachloride, benzene, and chloroform respec- 
tively. The corresponding figures for trimethyltin 
chloride are the same within experimental error. 
The relatively large extrapolation and small 
observed change leave an uncertainty of approxi- 

0 20 4 0 6 0  8 0  I ~ O  

Me3SnCI in Acetone K= 7.0 - 
r 65.4 

-106.6 - 
\-- o----- 

- *-%- .-. 
0 " - '. 

- 

'. - 
- , **. 

+ 

t 
--I00 

2 

-120 

--I40 

mately +2 p.p.m. in these figures. The lack of 
large changes in chemical shift with dilution in 
these solvents is indicative that 110 complexing 
occurs between the tin compound and the solvent 
and, furthermore, no self-association occurs in 
the trimethyltin halides. On the other hand, it is 
clear that some complexing between the tri- 
methyltin halides and acetone and acetonitrile 
does occur. Further studies on dioxane solutions 
of trimethyltin bromide were made. These, too, 
indicated a large change in chemical shift (- 45 

--I00 

-120 

--I40 

0 20 4 0  6 0 8 0  100 0 2 0  4 0 6 0 8 0 100 

Concentration, Mole O A  

N 
I 

6 6 -  

64  

6 2  

6 0  

TABLE I11 
N.m.r. data for Me,Si(OAc),-, 

Sia Me J ~ ~ S I C M  J I ~ C M  

(p.p.m.1 (p.p.m.1 (c.P.s.) (c.P.s.) 

66 

-80 

64  

--I00 

62  

--I20 

6 0 -  

Me3SnBr in  CH3CN K-3.48 

-65.1 -73.8 - 
- 

t-__ 
8--. 

F. '. 
v. 
0 ..8'. - 

". .. 
S'.. 0 

- -0.' .. . , -- 

'Silicon-29 chemical shift in p.p.m. from (MeO)& 
b l ~  chemical shift in  p.p.m. from TMS. 

-66.7 -86.5- 
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TABLE I V  

N.m.r. data for Me,SiCl,-, 

12%i chemical shift in p.p.m. from (MeO),Si. 
'3C chemical shift in p.p.m. from CS2. 

'1H shift in p.p.m. from TMS. 

TABLE V 
N.m.r. data for MerSi(C6H5)4-x 

"29Si chemical shift relative to (MeO),Si. 
b'H chemical shift relative to Me4&. 
'Too insoluble to be measured. 

p.p.m. to high field at infinite dilution) consistent shifts are characteristic only of the well-known 
with molecular complexing between dioxane and changes in chemical shift that occur with non- 
trimethyltin bromide. polar solvents (such as cyclohexane) in benzene 

These studies were complemented by a similar due to its large molecular diamagnetic anisotropy 
study of the changes in chemical shift of the (8). The proton magnetic environment must be 
protons with dilution in the same solvents. As considered virtually insensitive to the complex 
expected, the only appreciable change in the formation, which is known to involve donation 
Droton chemical shift occurred in benzene into d orbitals on the central tin atom. These 
solutions. The changes in chemical shift of the observations are a complete vindication of the 
protons of trimethyltin. bromide between the promise held out by Burke and Lauterbur (4) 
pure compound and infinite dilution are -0.033 regarding the utility of tin magnetic resonance 
p.p.m. in CHCI,, -0.066 p.p.m. in acetone, for the study of solution complexes of tin. 
-0.1 p.p.m. in CH,CN, -0.13 p.p.m. in di- While it is not expected that proton chemical 
oxane, and -0.47 p.p.m. in benzene. These shifts should be sensitive to complexing at the tin 

TABLE VI 
N.m.r. data for Me,SiF4-x 

Sin Me Fc J"SIF J ~ ~ S I C H  J 1 3 c ~  JHCSIF  

(p.p.m.) (p.p.m.) (p.p.m.) (c.p.s.) (c.p.s.) (c.p.s.) (c.p.s.) 

Me4Si -79.5 0 - - 6.62 118.1 - 
Me3SiF -110 -0.19 158 276 7.40 120.0 7.23 
Me2S1F2 -84 -28 130 7.60 6.25 
MeSiF, d +0.2 133 278 8.8 4.14 
SiF, d - 161.8 178 - - - 

z29Si chemical shift relative to (MeO),Si. 
IH chemical shift from TMS. 

='9F chemical shift from CFC13. 
d ~ o o  volatile to be measured. 
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TABLE VII 
N.m.r. data for MexSiH4-x 

Sin Me H c  JSIH J 2 9 ~ ~ ~ ~  J I ~ C H  J ~ ~ c s ~ H  
( P . P . ~ . )  (p.p.m.) (p.p.m.) (c.p.s.) (c.p.s.) (c.p.s.) (c.p.s.) 

''"Si chemical shift from (MeOIaSi. 
'IH chemical shift from TMS. 
'Too volatile to be measured. 

TABLE VIII 
Miscellaneous 29Si chemical shifts 

Chemical shifta 
( D . D . ~ . )  

'Relative to (MeO).,Si. 
'Vi 3 vinyl. 

atom, the indirect spin-spin coupling from llgSn 
to the methyl protons is very sensitive to dilution 
in the same manner as the "'Sn chemical shifts. 
Any change in coordination at the tin atom will 
result in variations in the use of the 's' electron 
state function for any particular bond to  the tin. 
This must be reflected in changes in coupling 
constant through the Fermi contact interaction 
)~ , , ( 0 )1~ .  A complementary study of JllsS,,- ,-, 
in the same solvents for the trimethyltin halides 
has been made. 

These studies are summarized with the chemi- 
cal shift data in Fig. 2. The solid circles on each 
graph show changes in coupling constant 
Js,,-c-H referred to the left hand scales as 
indicated. The sensitivity of the proton resonance 
signal allows the detection and measurement of 
peaks to a limit of about 1 mole % for the l19Sn 
side bands. The points for chemical shift and 
coupling constant are plotted so that the scale 
on the left and right of each graph corresponds 

to the same linear distance for changes in these 
parameters in going from pure compound to 
infinite dilution. 

Dimethyltin dichloride has limited solubility 
in most solvents (less than 40 mole%). A dilu- 
tion study from a saturated solution was made 
for the variation of IJs,-c-HI in the following 
solvents: acetonitrile, acetone, methanol, 50150 
mole % acetone-water, and water. The first 
three solvents were carefully dried over vacuum- 
baked anhydrous calcium sulfate. The results of 
this study are shown in Fig. 3. In nonpolar 
solvents such as chloroform, benzene, and 
carbon tetrachloride the variation in IJs,,-c-HI 
from the pure compound in very dilute solutions 
was less than $- 3 Hz. 

The dilution studies of IJs,-c-HI shown in 
Fig. 3 are of two types. In water and water/ 
acetone, the value of the coupling constant 

'"0 20  40 6 0 8 0 100 
Mole % Me2SnC12 

FIG. 3. Concentration dependence of the spin-spin 
couplings Js,,-,-, for dimethyltin dichloride in various 
solvents. 
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TABLE IX 
"%n chemical shifts 

Compound Solvent 

Triphenyltin 
-2 ethylhexoate } 
Triphenyltin 
-cyclohexyl } 
(CH3)3Sn-Sn(CH3)3 
Diphenyltin 
-dicyclohexyl } 
Phenvltin 1 
-tricjklohexyl 
Diphenyltin 
bis-thiobenzoate } 
Triphenyltin 
SS dimethylthiocarbonate 
(CH2=CH)zSn(n-Butyl)z 
Bis-triphenylt~n ox~de 
(n-Butyl),Sn2 
(CH3),Sn(CH=CH,), 
Diphenyltin } 
-dibutyl 
(CH3)2Sn$2 
bis(tripheny1tin sulfide) 
Tri~henvltin chloride 

None 
Acetonea 
Watera 

CHC13 

Pure CHC13 

None 

CHCI3 

None 
CHC13 
None 
None 

None 

None 
None 
None 

Phenyltintributyl 
(CH2=CH),SnC1, 
(CH3),Sn(CH=CH2) 

(CH,CH; j4sn 
(CH3)3Sn(CH2CH2CH3) 
(CH3),Sn cyclohexyl 
(CH3)4Sn 
(CH3)2Sn(~~-B~ty1)2 
(CH3)3Sn(CH2CH3) 
(CH3)3Sn(Iso~ro~~l) 
(CH,),Sn(t-Butyl) 
Diphenyltin sulfide 
Tris(Trimethy1tin 1 
-orthophosphate )' 
Trimethyltin chloride 
- pyridine complex } 
(CH,'I,SnOH 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
CHC13 

None 

CH3CH 
CHCl3 
MeOH 
Cyclohexane 
CHC13 
CS, 
None 

Cyclohexanea 

None 
{to -::::: 

-155.9 - - -  

'Range of chemical shift noted; dependent on concentration. 

always increases with dilution, but in the polar coupling constants are: 107 Hz in water, 103 Hz 
organic solvents between 5 and 8 mole % tin in waterlacetone, 90 Hz in methanol, and 84 Hz 
chloride the coupling constant decreases sharply in acetonitrile and acetone. The coupling con- 
in absolute magnitude to a lower value at infinite stants and chemical shifts in the pure supercooled 
dilution. The estimates of the infinite dilution halides are estimated from the linear dependence 
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of these parameters on the relative mole con- 
centration of halogen in their mixtures. Rapid 
halogen exchange is occurring in these solutions. 

TABLE X 
Tin chemical shifts in trimethyltin halides as a function of 

concentration in various solvents 

In p.p.m. from 
Compound Solvent Mole % pure compound 

3 .2  +96.8 f: Aceto;e-~,~  34.0 $77.4 
24.0 +82.4 
14.2 +102.3 
9 .7  +107.5 

*Extrapolated values. 

In Table X, the tin chemical shifts related to 
the pure compound are given for trimethyltin 
bromide and chloride for various accessible 
dilutions in water and 50150 mole % acetone/ 
water mixtures. In the case of trimethyltin 
chloride, the data also include solutions in 
methanol. 

Relaxation Time3 TI for Sonw Silicon and Carbon 
Con7pounds 

The measurement of spin-lattice relaxation 
times for 13C usually observed in 1.1 % natural 
abundance of spin 112 and "Si in 4.7% natural 
abundance, spin 112 in liquid samples of their 
compounds has received no attention in the 
published literature, although for 13C they are 
often alluded to as long or worse, quoted as 
several minutes without measurement. In view of 
the increasing interest in observing 13C by the 
direct fieldlfrequency lock techniques and accu- 
mulated scans of absorption mode spectra, we 
felt it worthwhile to measure a few values of Tl 
in typical pure compounds of these elements. 

The method used is based on the adiabatic 

rapid passage method. The conditions dHo/dt 
<< lyH121 and z, the time spent in resonance, 

H,/(dHo/dt) << TI, T2 were satisfied in all 
measuremeiits (9). The procedure consisted of 
increasing power levels on the V4311 r.f. unit to 
20 db below 0.5 W, the full output, then sweep- 
ing rapidly at - 1 G/min through the 13C or "Si 
signal in natural abundance in the purified 
vacuum-degassed liquids. Probe balance proved 
to be the limiting factor on the amount of power 
that could be produced at the sample. The single 
adiabatic passage inverts the magnetizatioii to 
the negative z direction, taking positive z as the 
Ho field direction. Subsequently, recovery at a 
relaxation rate l/Tl occurs back to the positive z 
direction. The signal strength at constant gains in 
the adiabatic passage is proportional to the mag- 
netization M(t) at any time, since it is the act of 
precession of a macroscopic vector of length M(t) 
through the xy plane perpendicular to H, which 
induces a proportional signal in the receiver coil 
(9). If the sample is left in the magnetic field Ho 
for a period at least 10T1, then the first adiabatic 
passage gives a signal proportional to M(0). A 
second adiabatic passage a time 't' later performs 
a precession of the magnetizatioii remaining in 
the negative z direction back into the positive z 
direction. The signal height is proportional to 
-M(t). The signal width unde; adiabatic con- 
ditions is proportional to the H1 field which 
remains constant for all traverses of the reson- 
ance. By varying the interval 't', the signal heights 
can be measured and Tl determined from the 
first order recovery law 

I and I, are heights of the signal at times t and 
t = 0. 

The plots of In (1 + I/Io) versus t give a 
straight line of slope l/T1 and intercept In 2. 
These experimental results are show11 for the 13C 
resonances in pure benzene, acetone carbonyl 
carbon, and CS, at 7.95 MHz and 7.45 kG, and 
for the "Si resonances in tetramethoxysilane, 
tetramethylsilane, and hexamethyldisiloxane at 
7.95 MHz and 9.41 k G  (Fig. 4). Table XI con- 
tains the list of T ,  values. After this work was 
completed, Drs. Paul Lauterbur and Ray 
Ettinger made us aware that they had obtained 
similar measurements on enriched compounds 
some years ago (10). There is only one compound 
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TABLE XI 

Compound Nucleus TI (s) Reference 

Benzene 
Acetone carbonyl 
CS2 
*13C02 in H 2 0  
*13C02 in D 2 0  
*I3CO2 in CS, 
*OCS 
*Hl3CO - 
* N H ~ ~ ~ ~ O O N H ~  
"(CzH,O)z"CO 
*(CH30),'3C0 
*(C2H50),'3C 
* ~ ~ c H . I  

*Enriched to 55 % '3C in the aoorooriatc oosition. .. - & 

(a) Present work'." 
(b) Ettinger and Lautcrbur. Private communication. 
(c) Et l in~er  and Johnson. Private communication. 

which is common to both sets of measurements, 
CS,, and the agreement is excellent. Subsequent 
to our measurements, Ettinger and Johnson (1 1) 
rechecked the value of 35 s for 13CS2 and in an 
enriched sample of Me31 found TI  to be 3 4  s. As 
far as is known, the results in Table I1 are the 
only known values of TI for 13C and " ~ i  in 
liquids. 

Discussion 

Silicorz Clzernical Slzifrs 
Chemical shift theories for isotropic liquids 

have followed the formulation of Ramsey (12, 
13), who treated the electron-nucleus interaction 
in the complete Hamiltonian to second order 
perturbation. Notable exceptions to this include 
a variation method calculation of O'Reilly (14). 

More recent attempts to use the Ramsey 
method in more approximate forms, usually with 
an average excitation energy approximation, have 
met with some success in explaining the gross 
features of the chemical shift behavior of heavier 
nuclei (15-20). The paramagnetic contribution 
in the Ramsey formulation (12, 13) is considered 
only for the atom containing the nucleus in 
questioil (except in Cornwell's paper (19)). The 
o and x systems used in bonding and the ionicity 
of these bonds are a requirement in computing 
the matrix elements for the perturbation calcula- 
tion. Bond orders must be known. If the p and d 
content of all bonding orbitals remains an 
invariant factor in a series of molecules, the 
assumptions lead to the general result that 
chemical shift is a linear function of p and d 

CHEMISTRY. VOL. 46, 1968 

0.8 I 

-1.0 

-1.2 , *\, 1 
0 10 20 3 0  4 0  50 6 0  70 

Time, S 

FIG. 4. Results for TI measurements for 13C and 
"Si signals in six compounds. Illo represents the ratio of 
the peak intensities at arbitrary times t and t = 0;  In 
(1 $ Illo) is plotted versus t. 

orbital occupancy, which is often empirically 
represented by differences in electronegativity. 
At present, the theory of Saika and Slichter (15) 
with respect to p orbital occupancy in the F-X 
bond remains less than satisfactory. Numerous 
exceptioils are found among experimentally 
measured fluorine chemical shifts (21). 

\ ,  

In the compounds of silicon, the participation 
of (p -> d) bonding from a suitable ligaild has 
been a subject of some controversy (22-26). Bond 
shortening in Si-N, Si-0, and Si-F can be 
characterized using the criteria of Shomaker and 
Stevenson (27) and the unusual bond angles of 
silylamines and silyl ethers are well known (26). 
I t  is to be hoped that the chemical shifts, which 
are also crudely dependent on electronegativity 
differences, can, when taken in consideration 
with carbon, point out the peculiarity of certain 
silicon-X bonds. Previous studies of proton 
chemical shifts in silicon compounds cannot be 
expected to show bonding changes at  silicon so 
well. 

Gutowsky and Juan (34) have an approximate 
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HUNTER AND REEVES: CHEMICAL SHIFTS FOR COMPOUNDS OF SILICON AND TIN 1409 

expression for the chemical shift based on either 
valence bond or linear combination atomic 
orbital - molecular orbital calculations. They 
consider only the second order paramagnetic 
term on the bonding orbitals of the atom in 
question and an equation may be written. 

A is a mean ground state to triplet state excitation 
energy and e,  h, m, and c are constants. (11 
r:) and (l/rd3) are mean inverse cubes for 
distances electrons to nucleus and P, and D, may 
be called the 'electron unbalance' for valence p 
and d orbitals respectively. 
P, and D, are dependent on coordination 

number, hybridization of atomic orbitals in 
bonding, and ionicity of bonds. In order to 
extract the dependence on ionicity, one assumes 
that A, (llr:), and (l/rd3) can be approximately 
constant in a series of compounds and, further, 
that one can arrange a series such that the co- 
ordination number and hybridization do not 
change. For silicon compounds, it is convenient 
to choose the series (CH3),Si-X where X varies 
in electronegativity as widely as possible. In 
order to avoid any dependence on an n.m.r. 
scale of electronegativities, the "Si chemical 
shifts of (CH3),Si-X compounds have been 
plotted against the Pauling electronegativity (28) 
difference between silicon and X in Fig. 5. The 
lower half of the figure is devoted to "Si chemical 
shifts in (CH3),SiX compounds and the upper 
half to previously published data on 13C chemical 
shifts in CH3X compounds (2). Features which 
distinguish 13C chemical shift dependence on 
electronegativity have been discussed (1, 2). 
The odd feature in the experimental data is 
the high field shifts for CH31, CH3Br, and CH3Cl, 
which stand out as exceptions to the gross linear 
dependence on electronegativity. The shifts for 
the three odd methyl halides depend within them- 
selves linearly on electronegativity, but the line 
through them is well displaced from zero chemical 
shift change for the C-C bond, which is arbi- 
trarily set at zero for zero electronegativity 
difference. This aspect of 13C chemical shift 
behavior has received some attention (29, 30). 
Both diamagnetic anisotropy and intramolecular 
dispersion forces have been suggested as contrib- 
uting a shielding effect for these halides. 

The silicoil chemical shift data in the lower 

FIG. 5. ZgSi chemical shifts in (CH3)&X and I3C 
chemical shifts in CH3X compounds plotted against the 
electronegativity differences (xx - xsi) and (xx -xc). The 
"C chemical shifts are given In the figure at  the upper 
right. 

half of Fig. 5 show marked contrasts to the 13C 
data. In this case a regular linear trend is seen 
for the elements Si, C, I, Br, and Cl, with the 
expected zero relative shift with Si = X in 
(CH3),Si-Si(CH3), being on the line. With 
X - N, 0, and F, an additional shielding effect 
becomes operative. The shift with X = H seems 
in both 13C and "Si shifts to be a little displaced 
to high field from what might be expected for the 
electronegativity of hydrogen. Bonds to  hydro- 
gen are known to be exceptional even with 
regard to bond length, e.g. Si-H bonds are 
longer than calculated from electronegativities 
and covalent radii (27). Gutowsky and Larmann 
(31) computed chemical shifts for tervalent 
phosphorous compounds where no appreciable 
(p -> d)n back donation of charge occurs. In 
tetravalent phosphorous compounds, calcula- 
tions have been extended to include arbitrary 
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fluorine. The results here support this suggestion. 
These ligands would otherwise give strong low 
field chemical shifts for the bonded silicon. 
(p -> d)n bonding in tin compounds should 
occur with larger ligands, such as chlorine and 
bromine, where overlap is more favorable, but 
the (p -> d)n bonding order is expected to be 
lower than in silicon compounds because the o 
bonding will not be as ionic with these more 
electropositive ligands (23). A chemical shift 
range of 1900 p.p.m. in tin compounds compared 
with 316 p.p.m. in carbon reflects the same order 
of change in (l/r3),,,. The chemical shifts mea- 
sured in this work are only a small fraction of this 
range, -- 500 p.p.m., and consist mainly of 
alkyltiil (X) compounds or tin ions in aqueous 
media. 

I 

FIG. 6.  "'Sn chemical shifts in (Alkyl),SnX com- 
pounds as a function of (xx-xsn). 

There are several similarities between silicon 
and tin chemical shifts with respect to molecular 
structure. The n-butyltin chlorides give the same 
'sagging' dependence on the number of chlorine 
atoms that is reported earlier in this paper for 
silicon bonded to oxygen and fluorine. The first 
chlorine atom produces a deshielding effect, but 
all subsequent chlorine atoms to SnC1, are 
shielding. The figures for these results are a com- 
bination of the data of Lauterbur (4) and our 

present work. The shifts are: (n-Bu),Sn + 12 
p.p.m. (4); (n-Bu),SnCl - 143 p.p.m. (4), - 139 
p.p.m. (present work); (n-Bu),SnCl, -71 p.p.m. 
in acetone solution (4), -56 p.p.m. (present 
work); (n-Bu)SnCl, +3 p.p.m. (4); SnCI, +150 
p.p.m. (4, present work). 

The results for vinyltin compounds are similar 
to the silicon vinyls. Apart from Sn(C,H,),CH,, 
which was not available, the increase in tin 
shielding per vinyl group is constant at 40 p.p.m. 
per vinyl added. This shielding effect is almost 
an order of magnitude larger than for silicon vinyl 
derivatives and reflects the increased overall 
sensitivity of tin chemical shifts to ~nolecular 
structure. 

The general form of the dependence of tin 
chemical shifts on Pauling electronegativity 
difference in (Alkyl),SnX compounds follows 
the same form as those for silicon in the lower 
half of Fig. 4. The number of chemical shifts 
available is disappointingly small and limited 
by the formation of solid polymeric substances 
with the very electronegative elements. A gross 
linear dependence can be noted for the elements 
-Sn, -C, -Br: and -C1. The availability3 of 
( C H 3 ) 3 S ~ ~ M ~ ~ ( C ~ ) j  enabled us to get a l19Sn 
chemical shift of -66.3 p.p.m. It is plotted as a 
(CH,),Sn-X compound in Fig. 5. The chemical 
shift is quite irregular. The much larger slope of 
the chemical shift versus electronegativity in tin 
compounds is again a manifestation of the use of 
(5p) valence electrons for bonding rather than 
(3p) in silicon. The hybridization of bonding 
orbitals will be approximately the same. 

The Clzatzges in ' 19sn Clzemical Sllijts with Solvent 
and Concentration 

It is known that nonaqueous donor molecules 
complex with tetrahedral tin compounds to form 
penta- and hexa-coordinated tin complexes (39- 
41). Some equilibrium constants have been 
measured from infrared intensity data (42). 
Burke and Lauterbur (4) concluded that these 
tin complexes are formed with large accompany- 
ing changes in tin chemical shifts. No quantita- 
tive study has followed these earlier observations. 

The dissolution of trimethvltin chloride and 
bromide in donor organic solvents such as 
acetone, acetonitrile, and dioxane proceeds to 
a 1 :1 complex formation. 

3We thank Professor H. C. Clark for providing this 
sample. 
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We can write (CH3)?SnCI2 + :D + [(CH3),SnC12:D] 

(CH,),SnX + :D + (CH,),SnX:D 1 : I  complex. (CH3),SnC12 :D + :D =S [(CH3),SnC12 :2D] 

In aqueous or mixed aqueous/organic solvents, 
If we assume there is 1 mole of halide plus donor both the trimethyltin halides and dimethyltin and C moles of halide and a C  moles of complex dihalides ionize. In the case of the dihalides, 
are formed at equilibrium, then the equilibrium ionization proceeds in two steps to give in dilute 
constant in mole fraction units for the above solutions the dimethyl stannic ion (44). For  
reaction is given by dimethyltin dichloride, the equilibrium constants 

131 
a(1 - Ca) ' 

K =  are known (44). 
(1 - a ) ( l  - C -  Ca) KI 

(CH3),SnCI2 + (CH3),SnCI+ + CI- 

The tin chemical shift observed is the time (CH,),SnCI+ S (CH3),Sn2+ + C1- 
weighted average of the complexed and free K2 

forms. If the chemical shifts are referenced to Kl = 3.48 moles 1-I in water and K2 = 0.417 
zero for pure trimethyltin halide then moles 1-' in water. 

The study of dimethyltin dichloride in various 
[41 6, = a6,. solvents is summarized in Fin. 3. In methanol. 

6, = observed tin chemical shift in a solution of 
arbitrary concentration, 6, = chemical shift in 
the complex, and K is given by 

A simple computer program was devised to 
choose trial values of K and 6, and compute the 
dilution chemical shift curves shown in Fig. 2. 
The dotted curve on each graph is the computed 
dilution chemical shift dependence in each case 
for the values of Krecorded on the top right hand 
side of each plot, and for an infinite dilution chem- 
ical shift 6, recorded on the right. The figures 
are: Me3SnBr in acetone 6, = -67.2 p.p.m. 
with respect to tetramethyltin, K = 3.00; Me3- 
SnBr in CH3CH 6, = -73.8, K = 3.48; Me3- 
SnCl in acetone 6, = - 106.6, K = -106.6; 
Me3SnC1 in CH3CN 6, = -86.5, K = 2.7. 

As noted earlier, the spin-coupling constant 
J,.-,-, is modulated in the same way by the 
same exchange process. By assuming that the 
coupling constant Js,,- ,-, in the complex takes 
arbitrary values and knowing the coupling con- 
stant in the pure halide, then the dotted curve 
obtained from best computed results also repre- 
sents the variation of coupling constant with dilu- 
tion. The infinite dilution values of coupling con- 
stants in the complexed form are: Me,SnBr:ace- 
tone J, = 66.0 Hz; Me,SnBr:acetonitrile J, = 
65.1 Hz; Me,SnCl:acetonitrile J, = 66.7 Hz. 

The dimethyltin dihalides are known to be 
better acceptors and with the same donor mole- 
cules complexing takes place in two steps (43). 

- 
acetone, and acetonitrile the values of Js,-c-H 
can be interpreted in terms of the formation of 
a penta-coordinated tin complex in concentrated 
solutions followed in dilute solution by the pre- 
dominant formation of a hexa-coordinated tin 
complex with two donor molecules. The value of 
J13,-I, in the methyl group changes by less than 
1-2 Hz in all solutions and this locates the center 
of the complexing reaction as being at the tin 
atom. The approximate proportionality between 
J,. -,-, and the s electron character used in 
bonding at the tin to tlie carbon has been estab- 
lished (45). It appears, therefore, that the 's' char- 
acter used in bonding increases in going from 
(CH3)2SnC12 to [(CH,),SnCl, :Dl  and decreases 
in proceeding to [(CH3)2Si~C12:2D]. If the bond- 
ing changes at tin can be approximately described 
as (sp3) 3 (sp2)dp -t (dsp2)(dp), then the Sn-C 
bond at the tin has 114, 113, and 114 's' electron 
character respectively. This accounts, at least 
qualitatively, for the shape of the observed 
dilution curves. There is support for this bonding 
scheme in the known bond lengths. The donor 
molecules occur as axial ligands with longer 
bonds (41). Extrapolated values of Js, - ,-, from 
the concentrated regions of the solution are 90 to 
96 Hz, depending on the solvent, compared with 
71 Hz in the pure dihalide. The approximate 
ratio of 413 is satisfactory. The infinite dilution 
values of the coupling are less certain because the 
extrapolation is difficult to make in view of the 
rapid decrease of J and decreasing signal to 
noise. 

Ionization in water and acetonelwater mix- 
tures is accompanied by an increasing value of J 
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HUNTER AND REEVES: CHEMICAL SHIFTS FOR COMPOUNDS OF SILICON AND TIN 1413 

to infinite dilution values 107 Hz and 103 Hz Si2' chenlical shifts (2, 3) 
respectively. The linear (CH3),Sn2+ ion has a Chemical shift 
tin-proton coupling constant which is sensitive Compound ( P - P . ~ . )  
to solvation, therefore. Addition of excess C(CH3),SiI,NH -19.8 sodium chloride to the water solutions does not (CH,),SiCH,OH -21.8 
change the coupling, hence waterlacetone com- (CH,),Si -22.0 petition in the solvation process must occur. 

C(CH3)3Sil2CH, -22.5 Tin chemical shifts in aqueous media are given (CH3),SiCH,NH2 -23.2 
at a series of dilutions for (CH,),SnCl and 

(CH3)3SiCH2C6H5 -23.4 
(CH,),SnBr in Table X. The latter compound 

(CH3)3Si(CH2)3CH3 -23.8 does not dissolve an appreciable amount of (CH,),SiCH,Cl -25.5 
water, but is solubilized by addition of acetone. (CH,),SiCH,NCS -28.2 
A considerable high field displacement of chem- 

C(CH,),SilzO -28.7 ical shifts occurs with ionization.The infinite dilu- (CH,),SiOC,H, -29.4 
tion chemical shift of (CH,),SnCl is sensitive to C(CH3)3SiO13SiCH3 -29.4 
the solvent mixture, indicating some role played CH3SiC13 - 30 
by the second solvent component in the solva- 

C~CH3)3Si014Si -30.4 
tion process. (CH,),SiI -30.6 

Acknowledgments (CH3)2Si(CH2Si)CHC12 -31.2 
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-35 

of Canada is gratefully acknowledged. We are 
-48.4 

also indebted to Mrs. Cyr for making some tin 
(CH,),SiCl -51 
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chemical shift measurements. (CH3)2SiC12 - 54 
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Appendix 

Si" chernical shifts (2, 3) 
Chemical sh 

Compound (p.p.m.1 

[(CH,),SiO],Si 81.5 
SiBr, 68 
Sodium silicate solution 64 
(C2H50)4Si 59.5 
[(CH,),SiO],SiCH, 42.5 
C6H5SiH3 39 
(C,H,O),SiH 21.5 
CGH5(CH3)SiH2 14.8 
(CH,SiHO), 13.1 
(CH,SiHO), 12 
(C6H5)zSiH2 11.8 
C(CH,),SiOIx 0 
C(CH,),SiOl, -2.2 
CC,H5(CH,)Si0]4 -2.3 
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Chemistry of phosphorus pentaselenide. I. Its reaction with alcohols 

MOHAN V. KUDCHADKER, RALPH A. ZINGARO, AND KURT J. IRGOLIC 
Departn~er~t of Cl~emistry, Texas A&M University, College Station, Texas 

Received September 26, 1967 

The reaction of phosphorus pentaselenide with a number of alcohols has been studied. The predicted 
products, the dialkyldiselenophosphoric acids, were unstable. Derivatives were isolated as the potassium 
salts or as the chromium(III) complexes. When the salts of the acids were not isolated from the reaction 
mixture, different derivatives having bridged selenium atoms, viz. (RO),P2Se, and (RO),P,Se,, were iso- 
lated. The properties of these compounds as measured using infrared, ultraviolet, n.m.r. spectroscopic and 
differential thermal analytical methods are reported. 

Canadian Journal of Chemistry, 46, 1415 (1968) 

Introduction 

Phosphorus pentasulfide is widely used as the 
starting material for the preparation of a large 
number of organosulfur compounds. Its selenium 
analogue, P2Se,, may be useful for the synthesis 
of phosphorus bearing organoselenium com- 
pounds, but it has been investigated to a very 
limited extent. This paper describes the reaction 
of P2Se5 with alcohols. 

The existence of P2Se5 was suggested by 
Berzelius (1) as early as 1834, but its preparation 
was reported for the first time by Carius and 
Bogen (2) in 1862. They obtained it in the 
form of a dark red-brown mass by the fusion of 
stoichiometric amounts of red phosphorus and 
selenium in an atmosphere of CO,. This prepara- 
tion was confirmed by other workers (3). 

Rathke (4) in 1869 reported that the P2Se5 
obtained in the above fashion was purified by 
recrystallization from CCl, at 200". Behrens and 
Haschka (5) reported that it could be purified by 
sublimation in high vacuum at 30&350°. We 
were unable to reproduce these findings. 

There are few reports in the literature concern- 
ing the reactions of P,Se, with organic com- 
pounds. The reaction between P,Se, and eth- 
anol (2) has been reported to proceed as follows. 

The products isolated from this reaction in the 
present study differ from these. Rathke (4) 
studied the reaction of P2Se5 with CCl,, and he 
reported the formation of CSe, as a major 
product. This was recently confirmed by 
Yarovenko and co-workers (6). Rathke (4) 
also reported on the reaction of P,Se, with KOH 
and ROS0,K. He obtained R2Se and R,Se, as 

the principal products. Pall (7) observed the 
formation of selenophene in the reaction of 
acetylacetone with P,Se,. Jensen and co-workers 
(8) converted ureas to the corresponding 
selenourea derivatives with P,Se,. 

In 1961 Behrens and Haschka (5) studied the 
reaction of P,Se, with liquid ammonia. Depend- 
ing upon the temperature used, various products 
could be isolated as indicated by the following 
scheme. 

I Filter; cool 
the filtrate -70" 

[ N H ~ ] ~ [ P S ~ ~ ]  + [ N H J I ~ [ P S ~ ~ ( N H ~ ) N H I  

Stolle and Gutmann (9) converted dibenzyl- 
and diacetyl-hydrazides to the corresponding 
selenodiazoles with P,Se,. Van den Hende and 
Klingsberg (10) used P,Se, to affect the following 
conversion. 

Ph Ph 

Ph)+ P2S.5 , ph+ 

S-S 0 S-S Se 

To the best of our knowledge these examples 
describe the known reactions of P,Se, with 
organic substrates. 
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TABLE I 
Analytical data for the products isolated from P2Se,-alcohol reactions 

s? 
Molecular Melting Recrystallization Approximate ' 

Compound c ( % )  H(%) ?(%I  weight point (OC) Color solvent yield (%) 6 
3.17 132-136 

F 
a. (C2H50)  2P(Se)SeK Calcd. 15.10 Colorless 95 % ligroin 60 i! 

Found 14.70 3.13 + 5 %  EtOH 60 3 
b. n-(C3H,0)zP(Se)SeK* Calcd. 20.81 4.08 92-95 Colorless 95 % ligroin 

Found 20.94 4.17 + 5 %  EtOH 55-60 s 
c. (C,H,0)2P(Se)SeK Calcd. 25.67 4.86 92-93 Colorless 95 % ligroin 5 

Found 25.64 4.99 + 5 %  EtOH 50 
d. (CeHl  10)~p(Se)SeK Calcd. 33.80 5.21 202-208 Colorless 80% ligroin 

Found 33.99 5.39 (decamp.) +20% EtOH 60 
f?, 
CI 

e. (C5Hl10)2P(Se)SeK~H,0 Calcd. 28.57 5.77 132-133 Colorless ligroin 
Found 28.43 5.52 

35 

/. I S ~ ~ P ( O C Z H S ) , I ~ C ~  Calcd. 16.21 3.41 10.45 160 Olive green EtOH 45 i; 
Found 15.99 3.64 10.45 

g. n-[Se2P(OC3H,)213Cr* Calcd. 22.21 4.36 9.55 
2 
j 

- - 

Found 22.16 4.20 9.44 
Calcd. 23.47 4. 60 10.09 

83 Dark green EtOH 35-40 
11. i-(C3H,0),P2Se4t 

Found 23.65 4.67 9.86 
 chloroform) 102-102.5 Orange-red Benzene 75 

Calcd. 37.22 5.74 8.00 
P 

i. ( C ' H I I O ) J ' Z S ~ ~  ( c o r o o r m )  1 15-1 16 Orange-red Benzene m 
Found 36.98 5.71 8.00 70 k 
Calcd. 15.08 3.17 10.05 
Found 15.00 3.30 10.20 

:!;(benzenc) 84 Golden yellow Cyclol~exane 

*,I-Propyl derivative. tlsopropyl derivative. $Se (%) Calcd. 8Se (%I Found. 
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KUDCHADKER ET AL.: CHEMISTRY OF PHOSPHORUS PENTASELENIDE. I 1417 

Experimental 
Reagents 

The various alcohols were purchased from the Aldrich 
Chemical Company. They were dried over calcium oxide 
for a period of 6 h and then distilled. Red amorphous 
phosphorus was purchased from the Fisher Chemical 
Company. Grey selenium was supplied by the Canadian 
Copper Refiners, Ltd. 

Cyclohexane, n-heptane, and toluene were purchased 
from the Aldrich Chemical Company. These were dried 
over phosphorus pentoxide and distilled before use. 
Spectral grade CCI,, CS,, and cyclohexane were purchas- 
ed from the Curtin Chemical Company. 

Spectra 
All infrared spectra were recorded on the Beckman 

model IR-12 as KBr pellets or as solutions. The ultra- 
violet spectra were recorded on the Cary model 14-R. 
The n.m.r. spectra were recorded on the Varian model 
A-60. The potassium salts were run as solutions in D,O, 
the tetraselenides in CCI,, and the pentaselenide in CS,. 
Whenever it was possible to do so, tetramethylsilane 
was used as the internal reference standard. Methylene 
chloride was used as the external standard for the D,O 
solutions. 

Phosphorus Pentaselenide 
Red phosphorus was first washed with anhydrous 

ether and then dried in vacuo. Stoichiometric amounts of 
the dry phosphorus and finely powdered grey selenium 
were mixed intimately by rolling for 12 h in a ball-mill. 
The mixture was introduced into a heavy-walled glass 
container which was evacuated and then filled with 
nitrogen. The neck of the container was sealed and placed 
in a furnace where it was heated at 450 "C for 12 h. The 
container was removed from the furnace and allowed 
to cool overnight before it was broken.' 

P,Se5 was obtained as a glassy black-purple solid. It 
was powdered in a ball-mill, preferably under a dry. inert 
atmosphere and then stored in a desiccator over Pz05.  
The finely powdered solid was examined on a G.E. X-ray 
diffractometer. Both rapidly and slowly quenched samples 
were examined, but no scattering patterns were observed. 
P,Se, appears to be an amorphous solid. Analysis of a 
typical sample gave the values P 13.47 % and Se 84.37 %, 
which compares with the calculated values of 13.56% 
for P and 86.44% for Se. No success was achieved in the 
preparation of samples of this material which were 
sufficiently thin to allow for measurement of its infrared 
absorption. It was either totally insoluble or decomposed, 
in the usual organic solvents. P,Se, hydrolyzes in air 
with the evolution of large amounts of gaseous H2Se. 

The P,Se, prepared according to the method of 
Muthmann and Clever (3) was far less reactive than that 

Caution: On several occasions the container exploded 
quite violently upon fracture of the glass neck. To avoid 
such potentially dangerous explosions it is recommended 
that the glass tube be enclosed in a screw-capped iron 
pipe. The narrow neck of the glass container is permitted 
to emerge through a hole drilled into one of these caps. 
The glass can then be broken by breaking the emergent 
neck. Should the container explode, the glass fragments 
will be contained within the pipe. 

described in this report. A definite loss of reactivity was 
observed on aging and this was probably due to hydrol- 
ysis of the sample when the container was opened to the 
atmosphere at various times during storage. 

Preparatiorz of Bis(O,O1-dietlzy1diseler1opkosplrato)- 
selerzium(II) 

In a three-necked flask equipped with a mechanical 
stirrer, reflux condenser, and a separatory funnel a 
suspension of freshly ground P2Se5 (14 g, 0.034 mole) 
in 75 ml of cyclohexane was taken to reflux under an 
atmosphere of nitrogen. Then, 4.61 g of absolute ethanol 
(0.1 mole) was added dropwise until the evolution of 
HzSe ceased, -3.5 h. Any HzSe was swept out by the 
nitrogen and trapped in sodium hydroxide. The suspen- 
sion was filtered and to the bright orange-yellorv filtrate 
was added 50 ml of low-boiling ligroin.' The solvent was 
stripped in a film type evaporator at reduced pressure 
until bright-yellow needles began to separate. The satu- 
rated solution was stored under nitrogen and cooled for 
24 h. The bright-yellow crystals were separated by 
filtration and rapidly removed to a nitrogen-filled 
desiccator. The yields varied from 60-75 %, based upon 
the reaction of 4 moles of alcohol with excess P,Se,. 

As obtained the compound is analytically pure. It 
decomposes in air, depositing selenium, and invariably 
undergoes decomposition upon recrystallization. It can 
be recrystallized from cyclohexane and is readily soluble 
in CS, or CC1,. The CS2 solutions remain clear and 
stable for several hours. The pertinent analytical data 
are given in Table I. 

Preparation of Bis(O,Of-dialkyldiselerzopl~ospAares) 
Isopropyl or cyclohexyl alcohol was added to a boiling 

suspension of P,Se, in n-heptane in the same molar 
ratio and under conditions identical with those described 
in the immediately preceding section. The filtrate, having 
a bright red-orange color was reduced in volun~e under 
reduced pressure until the formation of red-orange 
crystals was observed. The saturated solutions were 
cooled under nitrogen and yielded large, well-formed 
crystals whose stoichiometry corresponded to the 
formulation (RO),P2Se4. The yields averaged 75% and 
the pertinent analytical data are given in Table I. 

These compounds were kept in air for indefinite 
periods without any apparent decon~position. They were 
readily soluble in CCl,, CS2, or benzene and were 
easily recrystallized from absolute ethanol. 

Preparation of Tris(O,O1-dinlkyldiselenopl~osplznto)- 
clrromium(III) 

The filtrate obtained following the reaction of either 
ethanol or 11-propanol with P,Se, was treated with a 
slight excess of CrCl3,6H2O in ethanol. The volume of 
ethanol is just sufficient to dissolve the chromium salt. 
For each 6 moles of the alcohol used in the reaction, 
1 mole of the chromium salt was added. For example, to 
the filtrate obtained from the reaction of 40 g of P,Se, 
(-0.088 mole) with 25 ml (0.33 mole) of n-propanol in 
100 ml of cyclohexane was added 18 g (0.067 mole) of 
CrCI3.6HZO in the minimum volume of ethanol required 

'The addition of ligroin was found to inhibit the 
deposition of selenium as a decomposition product. 
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to effect its dissolution. The mixture was refluxed for 
30 min on a steam bath and filtered. Following overnight 
storage in a refrigerator, large, shiny, dark-green, almost 
black crystals of tris(O,O1-11-propyldiselenophosphato)- 
chromium(II1) are deposited. The compounds were 
recrystallized from ethanol. The pertinent analytical 
data for the ethyl and 12-propyl derivatives are given in 
Table I. 

Preparafio~r of the Porassiuln Salts of 0,01-dialkyldisele~ro- 
phosphoric Acids 

The preparation of potassium O,O1-di-n-butyldiseleno- 
phosphate will be described. This procedure is generally 
applicable for the preparation of the potassium salts. 

Under an atmosphere of nitrogen, 14.82 g (0.20 mole) 
of 12-butanol was added, with stirring, to a boiling 
suspension of finely divided P,Se5 (25 g, 0.055 mole) in 
100 ml of n-heptane. The evolution of H,Se ceased after 
4 h. The solution was filtered. To  the clear filtrate was 
added a solution containing 5.6 g of KOH (0.1 mole) in 
25 ml of absolute ethanol. The combined solutions were 
stirred for 1 h. The solution was evaporated under 
reduced pressure until a precipitate began to separate. 
The saturated solution was stored under dry nitrogen and 
refrigerated for 12 h. The colorless crystals were separated 
by filtration under an atmosphere of dry nitrogen. The 
crystals were dried in vacrra (-0.1 mm) at a temperature 
of 35-45". 

The alcoholic KOH must be added to the reaction 
mixture immediately following the period of reflux. The 
potassium salts were all exceedingly hygroscopic and 
in the case of the 17-amyl derivative continuous pumping 
for a period of 72 h at a temperature of 65" was necessary 
to obtain a solid of constant stoichiometry which was 
obtained as the monohydrate. 

Potassiun~ ethoxide was used successfully in place of 
KOH for the preparation of the potassium salts. The 
pertinent data for the five potassium salts which were 
characterized are given in Table I. 

Results and Discussion 

Plzj~sical Properties of Phosplzorzrs Pentaselenide 
The dark, almost black color of this compound, 

the absence of any crystalline structure, its 
glass-like appearance, and its tendency to 
fracture suggest that it possesses a band-type 
structure. One of the obvious ways to determine 
whether a solid possesses such a structure is to 
examine the widths of its spectral absorption 
bands. Although such experiments were attemp- 
ted with thin slices of P2Se,, it began to decom- 
pose immediately upon contact with atmospheric 
moisture, as evidenced by the rapid evolution 
of H2Se and the surface deposition of selenium. 
This behavior obviated the acquisition of any 
meaningful results. Although it has been reported 
that P2Se5 is red in color, this color is probably 
due to separation of red selenium as a result 
of decomposition of the sample or to incomplete 

fusion of the elements. The freshly fused material, 
unexposed to air, did not possess any red color. 

The claim of Rathke (4) that P2Se5 could be 
recrystallized from carbon tetrachloride appears 
to be very doubtful. Attempts to reproduce his 
results by heating P2Se5 in CCl, in sealed tubes 
always resulted in decomposition of the com- 
pound. This claim may befurther discounted in 
view of the fact that P2Se, has been found to 
react with this solvent with the formation of 
carbon diselenide (6). Although it was found 
that P2Se5 did not undergo sublimation under 
the conditions used in this study, the possibility 
does exist that at sufficiently low pressure it 
may undergo such a transition. 

Two important observations were made 
during the course of the preparation of P2Se5. 
They are: (a) the compound prepared by quench- 
ing the sealed tube from 450" to room temperature 
was found to possess a higher reactivity (towards 
alcohols) than the compound obtained on slow 
cooling and (6) aging rendered the material less 
reactive, the probable reason being that it 
undergoes hydrolysis on exposure to atmospheric 
moisture through handling. 

I t  is very important that both the red phos- 
phorus and selenium be thoroughly dried before 
fusion in the sealed tube. 

Reaction of Phosphorus Pentaselenide with 
Alcolzols 

Although none of the 0,O'-dialkyldiseleno- 
phosphates were isolated as free acids, their 
formation during the course of the reaction with 
phosphorus pentaselenide is inferred from the 
isolation of the potassium salts of 0,O'- 
dialkyldiselenophosphates. The primary reaction 
of P2Se5 with alcohols is, therefore, represented 
by the equation 

In all of the reactions, the ratio of the number of 
moles of the alcohol to that of the P2Se5 used was 
close to 4:l. The formation of (RO),P(Se)SeH 
must be the primary reaction because (1) it was 
found necessary to add an ethanolic KOH 
solution immediately in order to get the salts, (2) 
the potassium salts were obtainable in every case, 
and (3) the potassium salts could not be pre- 
pared from either the bis(O,O1-dialkyldiseleno- 
phosphates) or bis(O,O1-diethyldiselenophos- 
phato)selenium(II). 
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KUDCHADKER ET AL.: CHEM~STRY OF PHOSPHORUS PENTASELENIDE. 1 1419 

The potassium O,Of-dialkyldiselenophos- 
phates were rather unstable and turned red upon 
storage. These salts were best preserved in 
sealed tubes under an atmosphere of nitrogen. 

The preparation of the tris(O,Or-dialkyldi- 
selenophosphato)chromium(III) complexes 
is similar to the preparation of their sulfur 
analogs (1 1). The formation of these chromium 
complexes may be represented by the equations 

The chromium complexes were quite stable and 
did not require any special precautions for their 
storage. Jorgensen (12) prepared inner complexes 
of 0,O'-diethyldiselenophosphate in low yields 
by the use of a fused mixture of 0.2 g-atom 
yellow phosphorus and 0.3 g-atom selenium 
powder. The yield of the tris(O,O1-diethyldisel- 
enophosphato)chromium(III) was greatly im- 
proved when phosphorus pentaselenide was used 
as a reagent. 

The formation of bis(O,O1-dialkyldiseleno- 
phosphate) and that of bis(O,O1-diethyldiseleno- 
phosphato)selenium(II) was rather unique and 
unexpected. The mechanism of their formation is 
not clear and requires further study. However, 
the first step almost certainly involves the 
formation of the 0,01-dialkyldiselenophosphoric 
acid. The bis(O,O1-dialkyldiselenophosphate) 
and bis(O,Of-diet11yldiselenophosphato)seleni- 
um(I1) could then form by the atmospheric 
oxidation of the P-bonded selenium. 

There is always elemental selenium present in 
reaction mixtures of this type due to decomposi- 
tion of the P2Se5 or of the 0,01-dialkyldiseleno- 
phosphoric acid itself. The H2Se evolved during 
the course of the reactions could easily become a 
source of elemental selenium. There is a possi- 
bility that the O,Of-dialkyldiselenophosphoric 
acids could react with P2Se5 in the absence of 
air to yield the bis(O,O1-dialkyldiselenophos- 
phate) and the bis(O,Of-diethyldiselenophos- 
phato)selenium(II) along with the formation 
of a lower phosphorus selenide and elemental 
selenium. 

There is a marked difference in the stabilities 
of the two types of compounds. Although the 
two bis(O,O1-dialkyldiselenophosphates) are 
quite stable, the bis(O,Of-diethyldiselei~ophos- 
phato)selenium(II) was found to decompose 
rapidly. The colors of the two con~pounds also 
differ. Both of the tetraselenides are orange-red 
in color, while the pentaselenide is golden yellow. 
These differences will be discussed more quanti- 
tatively in the section dealing with their electronic 
spectra. 

The possibility that the compounds with 
stoichiometry (RO),P2Se4 may be dimers of the 
0,01-dialkyldiselenophosphoric acid, [(RO),- 
P(Se)SeH],, was excluded because (1) no acid 
hydrogen could be detected upon titration with 
a standard base, (2) no absorption bands were 
observed in the region 2260-2350 cm-', which 
is the range assigned to absorption due to 
Se-H vibrational frequency (1 3-1 5), and (3) 
n.m.r. spectra in CCl, solutions failed to show 
the presence of any acidic protons. 

By analogy with compounds having the 
formula (26), R2P(Se)-Se,,-P(Se)R2, structure 
(1) is assigned to the compounds with stoichio- 
metry (RO),P2Se, and (RO),P2Se5. 

Il I1 
(R0)2P-Se,,-P(OR)2 

(1) 

(n = 2 for (R0)4P2Se4; I I  = 3 for (RO)4P2Se5) 

The final structural assignments will be 
possible only after making a complete X-ray 
crystallographic study. Such a study has been 
initiated and preliminary data (16) for bis(O,O1- 
dicyclohexyldiselenophosphate) showed that the 
crystals are monoclinic with a = 12.01, A, 
b = 14.59, A, c = 9.80, A, P = 65.58", space 
group P2 ,/c. 

Proton N.M.R. Spectra 
Lalezari and Sharghi (17) have recently 

investigated the proton shift of the SeH group in 
selenomercaptans and selenols. They reported a 
chemical shift 7.2G8.75 T in a series of nine 
selenols. However, no mention of the size of the 
coupling constants is made in this paper, nor 
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TABLE I1 
'H n.m.r. data for O,Of-dialkyldiselenophosphate derivatives 

'H chemical shift 
(T scale) J c t ~ ~ c r r ,  JP-CA. 

Compound CH3 CH2 
(CH3CH20)4P2Se5 8.62 5.88 7.2 10.5 

I 
CH 3 -c-H JCA-CH~ 

I 
JP-CH~ 

I 
(CH 3-CH-0)4P2Se4 8.62 5.2 6.5 4 

was any integration of the peak areas carried out. 
These results cannot be considered conclusive at 
the present time. An examination of the 'H 
n.m.r. spectra of bis(O,Or-diethyldiselenophos- 
phato)selenium(II), bis(O,Of-diisopropyldisele- 
nophosphate), and bis(O,O1-dicyclohexyldisel- 
enophosphate) did not show any absorption in the 
region 7.20-8.75 7, the region assigned to the 
Se-H proton by Lalezari and Sharghi. 

The 'H resonance spectra of phosphorus- 
contailling compounds are rather complicated 
due to the possible long range coupling to 
31P which has a spin of 112. In the present study 
coupling by 31P to the nearest methylene group 
was observed in the case of compounds having 
an ethyl or 11-propyl group. The methine proton 
in the isopropyl group did not show any splitting 
due to 31P. 111 the case of the cyclohexyl group, 
the poorly resolved 10-proton multiplet appeared 
as a broad band centered at -- 8.45-8.55 7. 

Couplillg to the phosphorus could not be 
observed for lack of resolution. The eleventh 
proton, attached to the oxygen-bonded carbon, 
appeared as a small broad band around 5.68 T. 
In all cases, when 31P coupling was observed it 
was only to those protons attached to the 
cx-carbon atom. 

Ideally, the methylene protons of an ethyl 
group adjacent to a phosphorus atom should 
show an eight line spectrum. Coupling of the 
methylene protons to a single phosphorus 
ilucleus will yield a doublet. Each of the two 

components of the doublet will then couple to 
the methyl protons to yield a set of two quartets, 
or a total of eight lines. The intensity of these 
lines will be in the ratio 1 :3 : 1 :3 :3 :1:3 : 1. 

The 'H spectrum of bis(O,O1-diethyldiseleno- 
phosphato)selenium(II) in CS, ideally illustrates 
the points made in the discussion immediately 
preceding. The methylene protons yield a well- 
defined eight line spectrum (Fig. l), while the 
methyl protons, even under high resolution, 

FIG. I. Nuclear magnetic resonance spectrum of 
(C2H50)4P2Se5 in CSz, 50 c.p.s. sweep: (a) methyl 
tnplet; (b) ~nethylene octet. 
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show the normal triplet without any splitting 
arising out of coupling to the phosphorus 
nucleus. 

Table I1 summarizes the 'H n.m.r. shifts and 
related coupling constants observed for the 
compounds prepared in this study. In the case of 
potassium O,Or-diethyldiselenophosphate the 
n.m.r. signal from the methylene protons was 
also observed as an octet. ~ h e ~ n . m . r .  spectrum of 
potassium 0,01-di-n-propyldiselenophosphate 
also showed coupling of the a-methylene 
protons to 3'P. In this case, a well-defined sextet 
was observed in what would otherwise be a 
triplet. In this molecule the protons of the 
P-methylene group and the terminal methyl group 
yielded the normal spectrum with no coupling 
to 3lP. 

Overlapping of the multiplet components to 
yield a spectrum having fewer lines than the 
number expected has been observed (18). In the 
case of triethylphosphate, for example, the 
methylene protons appear as a quintet, 4.11 z, 
and this is bnly one of a number of examples of 
such partial overlap reported in the literature (19) 
for similar compounds. 

The absence of 31P coupling to the methine 
proton in the case of the isopropyl derivative 
could possibly be due to shielding by the two 
attached methyl groups. The absence of such 
co~pling has also been reported in triisopropyl- 
phosphate (19) and other isopropyl derivatives. 

Harris et ul. (20) studied the proton resonance 
spectra of a number of esters of pyrophosphoric 
and hypophosphoric acids and their sulfur 
analogs. All of the observations made in the 
present study, viz. 31P coupling to the a-carbon 
only and the values of the chemical shifts 
and the coupling constants, are consistent with 
their work. 

Itlfi.c~red Spectra 
Chittenden and Thomas (21) have observed 

two bands which they ascribe to v(P=Se) in 
compounds of the type (RO),PSe, (RO),RPSe, 
and (RO)(HO)(R)PSe. To the higher frequency 
band they assign the number I, and to the lower 
frequency band the number 11. Because, in the 
compounds which are the subject of this study, 
two bands were observed in the region of 
v(P=Se), this notation is used. However, it 
should be pointed out that in a series of phos- 

phine selenides, R3PSe, v(P=Se) was observed 
as a singlet (22). 

In Table I11 the compounds which were 
studied in this investigation have been classified 
into one of three groups. 

TABLE 111 

Observed frequencies for v(P-Se) in various 
0,O'-dialkylselenophosphates and derivatives 

P-Se stretching 
frequencies (cm- I )  

I* II* 

Group A 
(CZH50),P(Se)SeK 5 84 520 
(n-C3H70),P(Se)SeK 610 500 
(11-C4H90),P(Se)SeK 589 525 
(n-C5H 10)2P(Se)SeK.HZ0 580 520 
(%Hi I O ) ~ P ( S ~ ) S ~ K  582 530 

Group B 
(i-C3H70)4P2Se4 
(C6H110)4P~Se4 
(C,H,OLP,Se, 

'Chillenden and Thomas (21) notation. 

The potassium salts exhibit an intense 
absorption which is observed over the rather 
narrow range 580-610 cm-l. These values fall 
within the range assigned by several other 
workers (21-24). A second band, of lower 
intensity, which is tentatively assigned as band I1 
falls within the range 500-530 cm-l. In these 
molecules the two P-Se linkages may be 
expected to be equivalent, i.e. the structure may 

,Se 
be described by the resonance form (RO),P< Q. 

\\Se 

The two vibrations may arise from a number of 
well-known causes, but it would be highly 
speculative to specify a cause in such complicated 
molecules without additional experimental infor- 
mation. 

The tetraselenides and the pentaselenide, 
which make up Group B, exhibit absorption due 
to P-Se stretching at frequencies lower than 
those of Group A. A strong, higher frequency 
band is observed in the range 512-531 cm-' 
while band 11, of medium intensity, falls within 
the limits 449-477 cm-l. Structure (1), which has 
been assigned to these compounds, is consistent 
with the infrared data. The selenium atoms 
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attached to each of the phosphorus atoms in 
such a structure are non-eauivalent and the 

l L  

higher frequency band presukably arises from 
the P-Se link having the higher bond order. 

Group C is made up of the chroinium(I1I) 
complexes. Values observed for the two P-Se 
frequencies are the lowest among the compounds 
studied. It should be noted that the two P-Se 
vibrations reported in Table I11 for these 
compounds are almost equal in their intensities. 
That these bands can be assigned with confidence 

; 

i (C2H5O),,P2Se5 

l L  

to v(P-Se) was corroborated by comparison 
of these spectra with those of the thio-analogues, 
i.e. [(RO),P(S)S],Cr(III). The latter were pre- 
pared and they were found to be completely 
transparent in the region of v(P-Se). 

The absence of any absorption due to (Se-H) 
in any of the compounds has been mentioned 

LrtC,FI, 0)2P(Se)SeK 

0 200 - \I 325 450 200 ..':: 325 450 

earlier. 

0 

Electronic Spectra 
The electronic spectrum of tris(O,O1-diethyldi- 

selenophosphato)chromium(III), prepared in this 
study, exhibited absorption maxima at 727 mp, 
565 mp, and 309 mp ( E  430, 340, 14 000 respec- 
tively). These results are in excellent agreement 
with those reported by Jorgensen (12), who 
assigned them to the following transitions in the 
respective order 

4r2 + 4r5, 4r2 + a 4 r 4  and 7c + y, 

The compounds bis(O,Of-diethyldiseleno- 
phosp1~ato)selenium (11), bis(0, O1-diisopropyl- 
diselenophosphate), and bis(O,Of-dicyclohexyl- 
diselenophosphate) exhibited absorptioil maxima 
as recorded in Table IV. 

2. Ultraviolet spectra of various dialkyldiselenophosphate derivatives in absolute ethanol. 

- 

TABLE IV 

P, 

Absorption spectra of bis(0,O'-dialkyldiselenophos- 
phates) and bis(O,O1-diethyldiselenopl~osphato)- 

selenium(I1) 

Compound hmnx ( ~ I P )  E 

(C2H50),P2Se5 27 1 14 500 
(i-C3H70)4PZSe4 (a) 324 9 800 

(b) 273 7 600 
(C6H L 10)4PzSe4 (a) 318 9 500 

(6) 265 7 700 

The compounds listed in Table IV, as can be 
seen in Fig. 2, show strong absorption in the 
ultraviolet region. These bands possess a long 
wavelength tail which extends well into the 
visible region. This long wavelength tail is 
undoubtedly responsible for the orange or 
yellow color of these compounds. Fredga (25) 
observed that among acids having the general 
formula, HOOC-CH2-Se-(CH,),,-Se- 
CH,-COOH, those with n # 0 were colorless, 
whereas, the acid with iz = 0 was yellow. In the 
course of the synthesis of diethyldiselenophos- 
phinic acid and its derivatives, Kuchen and Knop 
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(26) isolated compounds with the general 
formula (C2H5)2-P(Se)-Se,,-P(Se)(C2H5)2. 
They observed that the compound with n = 1 
was colorless, whereas that with n = 3 was 
orange-red. Finally, Bergson and co-workers (27) 
cite a number of examples involving compounds 
having a Se-Se linkage, all of which are yellow 
to orange-red in color. It seems reasonable to 
conclude that the diselenide group constitutes 
a special chromophoric system. In the current 
study all of the potassium salts, which do not 
possess a Se-Se linkage, were observed to be 
colorless. The tetraselenides and the pentasel- 
enide (structure I), on the other hand, are 
colored orange-red and yellow respectively. This 
further suggests the presence of a Se-Se bond 
in these compounds. 

A simplified molecular orbital diagram has 
been constructed for dialkyldisulfides and 
diselenides (27), which utilizes only the o-electron 
pair between the S or Se atoms and the two 
pairs of n-electrons on these atoms. In the 
compounds presently under consideration, how- 
ever, such a simplification cannot be justified 
because of the presence of a large number of 
dissimilar atoms having higher energy levels. 
Jorgensen (12) has constructed a molecular 
orbital diagram for a central transition metal ion 
octahedrally surrounded by three ROPSe2- 
groups. In his treatment, the lowest energy levels 
are the osep ones. Hence, the electrons from these 
levels are not expected to be easily excited. The 
intermediate levels are in the order o,,, and 
n+ses,(bonding) while the highest ligand levels 
below the metal d levels are the n-,,,,(anti- 
bonding). 

If the assumption is made that the a,,, levels 
in the tetra- and penta-selenides lie below the 
nSeSe levels, as suggested by Jorgensen for the 
metal complex, then the molecular orbital 
diagram of Bergson and co-workers (27) may 
describe, in a very simple way, the transitions 
that are observed in these molecules. That is, 
they are transitions which arise from energy 
levels derived from the Se-Se bridge. However, 
the possibility that transitions among npse levels 
may be involved cannot be ruled out. Unfortun- 
ately, such levels were not discussed in the 
Jorgensen treatment. 

I t  is to be noted that the two bis(O,O1- 
dialkyldiselellophosphates) have almost identical 
spectra with respect to both the location of the 

maxima and their intensities. This suggests an 
equivalent structure with respect to the arrange- 
ments of the phosphorus and selenium atoms, as 
is to be expected. 

The potassium salts prepared in this study also 
absorbed in the ultraviolet region. The two salts 
whose spectra were measured, the ethyl and 
n-propyl derivatives, possessed a single maximum 
at 273 my ( E  1200) and 262 mp (E  3200) respec- 
tively. These bands were much less intense than 
those observed for the penta- and tetra-selenides 
and did not extend into near ultraviolet or 
visible region (Fig. 2), and they are colorless. 

Dzferential Thermal Analysis 
The data obtained from the differential thermal 

analysis (d.t.a.) curves observed for the various 
compounds prepared in this study are recorded 
in Table V. 

TABLE V 
Differential thermal analysis data for 

0,O'-dialkyldiselenophosphate derivatives 

Change at "C 

Compound Exothermic Endothermic 

AnnnE\ ' rn~ lo~s :  s = sharp, w = weak, vw ;- very weak, sh = 
shoulder. b = broad. 

A few comments regarding some of the changes 
observed can be made. Tetraphosphorus trisel- 
enide melts at 245-246'. Sharp exothermic peaks 
were observed at -239" and --250°, indicating 
a possible spontaneous decomposition at a 
temperature near the observed m.p. of the 
material. Phosphorus pentaselenide showed a 
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well-defined exothermic peak at --370°, indicat- National Laboratory, for running the i1.m.r. 
ing a decomposition of the compound at about spectra of some of our samples at a time when 
this temperature. our instrument was not operative. 

The d.t.a. curve for bis(O,Of-diethyldiseleno- 
phosphato)selenium(II) showed a sharp endo- 1. J. J. BERZELIUS. 112 Gmelins Handbuch der anor- 

thermic peak at -750. ~h~ observed m.p. of the ganischen Chemie. SYS. no. 9-12. Verlag Chemie, 
WeinheimIBergstr. 1942. p. 244. 

compound was 84". 2. L. CARIUS and W. BOGEN. Ann. 124, 57 (1862). 
Bis(O,O'-diisopropyldiselenophosphate) was 3. W. MUTHMANN and A. CLEVER. Z. Anorg. Chenl. 

13, 191 (1897). characterized by a sharp endothermic peak at 4. B. RATHKE. ls2, 200 (1869). 
log0, the observed melting point of the same 5. H. BEHRENS and G. HASCHKA. Ber. 93,1191 (1961). 
compound was 102-102.5". Bis(O,O1-dicyclo- 6- N. N. YAROVENKO, G. B. GAZIYEVA, V. N. 

SHEMANINA, and N. A. FEDOROVA. Z11. Obshch. 
hexyldiselenophosphate) showed a sharp exo- Khim. 29, 940 (1959). 
thermic peak at 110"; its observed m.p. was 7. C .  PALL. Ber. 18, 2255 (1885). 
1 1 ~ 1 1 6 0 .   hi^ suggests a ~ecomposition near 8. K. A. JENSEN, G. SELBERT, and B. KAGI. Acta 

Chem. Scand. 20,281 (1965). 
the lnelting point. Tris(O,O1-diethyldiseleno- 9. R. STOLLE and L. GUTMANN. J. Prakt. Chem. 69, 
phosphato)chron~ium(III) showed a sharp exo- 509 (1934). 

10. J. H. VAN DEN HENDE and E. KLINGSBERG. J. Am. thermic peak at 152" while its observed m.p. was Chem. Sot. 88, 5045 (1966). 
160". This also suggests a decomposition near the 11. D. E. COLDBERY, W. C. FERNELIUS, and M. SHAMMA. 
melting point. Further, a weak endothermic peak Inorganic syntheses. Vol. VI. M c ~ r a w - ~ i l i  Book 

Company, Inc., New York. 1960. pp. 142-143. 
was observed at ~ ~ 1 5 " .  The melting point of 12. C. K. JORGENSEN. MoI. Phys. 5, 485 (1962). 
grey selenium is 217". Hence, the endothermic 13. N. SHARGHI and I. LALEZARI. Spectrochin~. Acta, 

20, 237 (1964). peak at 2150 may from the formation of 14. A. B. HARVEY and M. K. WILSON. J. Chem. Phys. 
elemental selenium and subsequent decomposi- 45, 678 (1966). 
tion. 15. D. M. CAMERON, W. C. SEARS, and H. H. NIELSEN. 

J. Chem. Phys. 7, 994 (1939). Tris(O,O'-di-n-~ro~~ldiseleno~hos~hato)- 16. R. F. COPELAND. Private comlnunication. 
chromium(111) had a m.p. of 83". The d.t.a. 17. I. LALEZARI and N. SHARGHI. Spectrochim. Acta, 

23, 1948 (1966). curves for the were characterized by a 18. N. S. BHACCA, L. F. JOHNSON, and J. N. SHOOLERY sharp endothermic peak at 820- As in the previous (Compilers). High resolution n.m.r. spectra catalog. 
case, a weak endothermic peak at 216" suggested Vol. 2. Analytical and Instrument Division, Varian 
the formation of elemental selenium. A m.p. of Associates, Pasadena, California. 1962. Spectrum 

no. 482. 
160" has been recorded for tris(O,O1-di-n- 19. Catalog of nuclear magnetic resonance spectral data. 
~ropyldithiophosphato)chromium(III). Its d.t.a. Manufacturing Chemists' Association Research 
curve had an exothermic maximum at 154". Project, Chemical Thermodynamic Properties Center, 

Texas A&M University, College Station, Texas. 
It should be noted that the temperatures on the Loose-leaf data sheets, extant, 1967. Serial Nos. 3-55. 

recorder were not calibrated. 20. R. K. HARRIS, A. R. KATRITZKY, S. MUSIEROWICZ, 
and B. TERNAI. J. Chem. Soc. (A), 37 (1967). 
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Chemistry of phosphorus pentaselenide. 11. Its reaction with amines 

ROBERT G. MELTON AND RALPH A. ZINGARO 
Department of Cl~emistry, Texns A& M University, College Stntion, Texas 

Received September 26, 1967 

The reaction of phosphorus pentaselenide with amines may yield, as products, selenophosphoric 
triamides, (RNH)3PSe; alkylammonium diselenophosphoric diamides, (RNH)2P(Se)Se-RNH3 + ; or 
alkylammonium monoacidbis(dise1enophosphoric diamides), ([(RNH)2P(Se)Se]2H) -RNH3+, where 
R is an alkyl group. The preparation of potassium diselenophosphoric diamides, (RNH)ZP(Se)Se-K+, 
is also described. 
Canadian Journal of Chemistry. 46, 1425 (1968) 

This paper describes the reaction of phos- 
phorus pentaselenide with primary amines. The 
reactions of phosphorus pentaselenide which 
were previously reported have been reviewed 
in the first paper of this series (I). In this part, 
selenophosphoric triamides, (RNH),PSe (1); 
alkylammonium diselenophosphoric diamides, 
(RNH),P(Se)Se-RNH,' (2); potassium disel- 
enophosphoric diamides, (RNH),P(Se)Se-K' 
(3) ; and alkylammonium monoacidbis(dise1eno- 
phosphoric diamides), {[(RNH),P(Se)Se] ,H) - - 
RNH,' (4), where R is an alkyl group, have 
been prepared by the reactions of P2Se5 with 
primary amines. 

The nature of the reaction of phosphorus pen- 
tasulfide with primary amines has been known 
for several years (2) and the subject has been re- 
viewed by Cowley (3). The reaction of P,Se5 
with primary amines has not been the subject of 
previous investigations. 

Experimental 
Reagents 

All amines were purchased from the Baker Chemical 
Company and were stored over sodium hydroxide. 
They were distilled just prior to use. Red phosphorus 
powder was purchased from Mallinckrodt Chemical 
Company. It was washed several times with anhydrous 
ethyl ether and dried in vacuo over phosphorus pentoxide 
before use. Selenium powder was supplied by the Cana- 
dian Copper Refiners Ltd. Heptane (96-100') and 
ligroin (66-75") was purchased from Eastman Organic 
Chemicals Company. Ethanol (absolute) was purchased 
from the U.S. Industrial Chemical Company. 

Plrosplrorrrs Perztnselenide 
Phosphorus pentaselenide was prepared according to 

the procedure described by Kudchadker et 01. (1). Stoi- 
chiometric amounts of dry red phosphorus powder were 
intimately mixed with selenium powder. The mixture 
was sealed in a glass container under an atmosphere of 
nitrogen and was then heated to 450" for 12 h. After 
cooling to room temperature, the glass container was 

broken and the glassy, grayish black PzSe, was removed 
and ground into a fine powder in a ball-mill before use. 

N,N1,N"-Tris(cyclohexyl)selenophosphoric Trin~~zide 
This compound was prepared by the dropwise addition 

of a stoichiometric amount (0.9 mole) of cyclohexyl- 
amine to a suspension of powdered PzSe, (0.1 mole) in 
200 ml of heptane at 50°, with stirring, under an atmos- 
phere of nitrogen, over a period of 2 h. After the reaction 
mixture was stirred for an additional 3 h, the solid' 
cyclohexylammonium hydrogen selenide which precipi- 
tated was separated, along with other solids, from the 
reaction mixture. The filtrate, which contained a suspen- 
sion of colloidal selenium, was allowed to remain in a 
stoppered flask until the red selenium converted to the 
stable gray form which settled rapidly. Finally, the 
filtrate was refiltered and the product (C6H1 1NH)3PSe 
was recovered from the second filtrate by evaporation of 
the heptane solvent in a film-type evaporator at reduced 
pressure. Purification was accomplished by first washing 
the solid product with ligroin. It was redissolved in the 
minimum volume of a cool heptane-ethanol mixture. 
The solvents were slowly removed by evaporation at 
reduced pressure until the crystalline product separated. 
The latter was removed, dried in vacrro, and stored in 
evacuated, sealed glass tubes. 

Alkylainmonirmz Diseleilophosphoric Dinnlides 
Compounds of the type (RNH)ZP(Se)Se-RNH3 + were 

prepared by the addition of a stoichiometric amount of 
the amine (0.7 mole) to a suspension of powdered PZSe, 
(0.1 mole) in heptane. The reaction conditions and 
methods of recovery and purification were the same as 
those just described for the preparation of N,N1,N"- 
tris(cyclohexyl)selenophosphoric triamide. It must be 
emphasized that the solution containing the compound 
should not be evaporated to  dryness. Continued pumping 
on the solvent-free crystals will cause the loss of a mole 
of amine and conversion to the acid salt. 

Potnssium N,N1-Bis(brityl)dian7idodiselerrophosplrate 
Potassium N,N'-bis(butyl)diamidodiselenophospl~ate, . . 

(C4H,NH)ZP(Se)Se-K+, was prepared by the reaction 
of butvlammonium N.N1-bis(butvl~dian~idodiseleno~hos- 
phate -(0.01 mole) with a 'stoichiometric amouit of 
alcoholic potassium hydroxide (0.01 mole) in ethanol 
under an atmosphere of nitrogen. After refluxing the 
reaction mixture for 2 11, the solution was filtered and 
evaporated to dryness at reduced pressure (0.1 mm). 
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TABLE I 
Data for selenophosphoric amides* 

Calcd. Found Melting Yield v(P=Se) 
Compound ( %) ( %) point ("C) (%) (cm-l) 

N,N',NT'-Tris(cyclol~exyl)selenophos- C 53.46 53.35 10 599 168-169 
phoric triamide H 8.97 8.91 

P 7.66 7.62 
Se 19.52 19.28 

Hexylan~monium N,N1-bis(hexy1)diami- C 43.99 43.87 88-89 4 
dodiselenophosphate H 9.02 9.12 (decamp.) 

P 6.30 6.42 
Se 32.13 32.05 

Butylammonium N,N'-bis(buty1) diami- C 35.38 35.61 117-120 6 
dodiselenophosphate H 7.93 8.02 (decomp.) 

N 10.31 10.42 
P 7.60 7.80 
Se 38.77 39.01 

Isobutylammonium N,N'-bis(isobuty1)- C 35.38 
diamidodiselenophosphate H 7.93 

P 7.60 
Se 38.77 

sec-Butylan~n~oniun~ N,N'-bis(sec-butyl)- C 35.38 
dian~idodiselenophosphate H 7.93 

P 7.60 
Se 38.77 

Isobutylamn~onium monoacidbis[N,N'- C 32.39 
bis(isobutyl)diamidodiselenophospI~ate] H 7.20 

N 9.45 

35.15 164-1 66 7 
8.06 (decomp.) 
7.33 

38.50 

35.49 132-1 34 11 
8 .OO (decomp.) 
7.57 

38.52 

32.30 86 
7.34 
9.26 
8.54 

43.04 

sec-Butylammonium monoacidbis [N,N'- C 32.39 32.08 95-96 8 566 
bis(sec-butyl)diamidodiselenophosphate] H 7.20 7.25 

P 8.35 8.18 
Se 42.60 42.10 

Potassiun~ N,N'-bis(butyl)diamidodiseleno- C 25 .82 25.64 Above 300" Quanti- 545 
phosphate H 5.37 5.50 tative 

Se 42.44 42.25 based on 
oniuln 
salt 

*Analyses were performed by the Galbraith Laboratories, Knoxville, Tennessee, and by the Schwarzkopf Laboratories, Woodside, New 
York. 

The resulting solid was purified by dissolution in the 
minimum volume of a heptane-ethanol mixture at  room 
temperature followed by filtration and evaporation under 
reduced pressure until crystals of the solid separated. 

Isobrrtylatnt~zot~iitttz Monoacidbis[N,Nf-bis(isobuty1)- 
dia~nidoodiselet~oplrosphate] 

{[(C4H9NH)2P(Se)Se]J3-C,H9NH3+ was prepared 
by the evaporation, at reduced pressure (0.1 rnm), of a 
heptane-ethanol solution (1 :1 by volume) of isobutylam- 
moniurn N,Nt-bis(isobutyl)diamidodiselenophosphate. 
Following the complete removal of the solvent, pump- 
ing was continued on the crystals until they acquired 
a constant weight. Free amine was collected in the cold 
trap of the vacuum pump. Purification of the resulting 
solid product was accon~plished in the manner described 
for the conlpounds prepared in the preceding sections. 
The same procedure was used for the preparation of sec- 

butylamn~oniun~ lnonoacidbis[N,Nt-bis(sec-butyl)diam- 
idodiselenophosphate]. 

Spectra 
The infrared spectra of all of the co~upounds were 

recorded on a Beckman IR 12 double beam spectropho- 
tometer. The KBr pellet technique was used. Samples 
were scanned between 200 and 4000 cm-'. Nuclear 
magnetic reasonance (n.nl.r.) spectra were run on a 
Varian A-60 n.m.r. spectrometer. 

Results and Discussion 

The eight selenophosphoric amides which 
were prepared in this study are listed in Table 
I along with other pertinent physical data. All of 
the selenophosphoric amides were found to be 
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unstable in air. This was especially true of the 
alkylammonium salts of the diselenophosphoric 
diamides (2). Forkthis reason, all reactions and 
recovery and recrystallization of the products 
were carried out in a dry, nitrogen atmosphere. 
The reported yields are not the highest attain- 
able. No systematic study was made for the 
purpose of maximizing the yields. 

In contrast with the analogous reactions of 
P,S5 with primary amines in which large 
amounts of H,S are evolved, viz. 

12RNH2 + P4SI0 3 4(RNH)3PS + 6H2S 

H,Se and (RNH),P(Se)SeH were never isolated 
as the free acids, but only as the alkylammo- 
nium salts, RNH, + HSe- and (RNH),P(Se)- 
Se-RNH,'. Both H,Se and the selenophos- 
phoric acids are expected to be stronger acids 
than the corresponding thio-derivatives. Thus, 
they readily form salts with the excess m i n e  
present in the reaction mixture. The formation 
of the products that were isolated is described 
by the following reactions. 

EtOH 
(RNH)2P(Se)Se-RNH3 + + KOH + 

(RNH)zP(S~)S~-K+ + RNH2 + H 2 0  

vacuum 
2(RNH)2P(Se)Se-RNH3 + - 

( [(RNH)2P(Se)Se]2H) -RNH3 + + RNH2 

In comparison with the reaction of P,Se5 with 
alcohols in which compounds containing 
bridged Se, and Se, bonds were formed (I), 
the reactions of P,Se5 with primary amines 
proceeded in the manner expected. This was 
probably due to the fact that the free acids that 
were formed were rapidly converted to the 
stable alkylammonium salts. This precluded 
any secondary reactions involving the unstable, 
free acids. 

Except for the reaction of cyclohexylamine, 
triamides were not isolated at atmospheric 
pressure. Since Buck and co-workers (2) reported 
that dithiophosphoric diarnides were inter- 
mediates in the formation of thiophosphoric 
triamides, the conversion of selenophosphoric 
diamides to the triamides may be possible if the 
reactions are carried out under pressure. It  is 

probable that the failure to isolate ethyl or 
n-propyl derivatives was due to the loss of these 
volatile amines under the conditions under 
which these reactions were carried out. These 
derivatives could probably be prepared under 
reaction conditions which would involve the 
use of high pressures. 

Infrared and N.M.R. Spectra 
The assignment of the P=Se vibration was 

based on previous work which established the 
location of the fundamental P=Se vibration 
(4-6) and was corroborated in the case of the 
selenophosphoric triamide by a comparison of 
the series of molecules (C,H,,NH),P=O (7), 
C6H, ,NH),P=S, and (C6H1 ,NH),P=Se. The 
fundamental P=Se vibrational band of all sel- 
enophosphoric amides occurs as a singlet in 
the predicted region. The frequencies observed 
for v(P-Se) are listed in Table I. 

Nuclear magnetic resonance spectra did not 
distinguish between the protons on the corre- 
sponding ammonium, (RNH),P(Se)Se-RNH,+, 
and ammonium monoacid salts, {[(RNH),P(Se)- 
Se],H)- RNH, + . The protons on the ammonium 
cation and any acid proton, if present, appeared 
as a rather broad peak at 5.99 z with respect to 
tetramethylsilane. When treated with D,O, 
this peak disappeared very rapidly showing that 
any acid proton was in rapid exchange with the 
protons attached to the N-onium atom. No 
resonance peaks were observed at 8.75 z which 
Lalezari and Sharghi (8) have recently reported 
as the region for the Se-H proton in selenols. 
The infrared spectra of the alkylammonium 
and alkylammonium monoacid salts were 
essentially identical. 

A hydrogen bond between two selenium 
atoms, Se-H...Se may possibly exist in anions 
of the type (4) prepared in this study. This is 
very unlikely, however, because of the relatively 
large size and low electronegativity of selenium. 
It is more likely that the proton is associated, 
probably through hydrogen bonding, to the 
smaller, electronegative nitrogen atoms attached 
to the phosphorus. 

X-ray Data 
Preliminary X-ray crystallographic data on a 

single crystal of isobutylammonium monoacid- 
bis[N,N1-bis(isobuty1)diamidodiselenophos- 
phate] indicates a triclinic space group and a 
molecular weight of (730 10)/p, wherep is an 
integer (the actual molecular weight is 741.45). 
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It was found that a = 11.24 A, b = 19.96 A, 
c = 15.88 A, y = 93.0°, a! = 93.5O, and P = 
93.5O.l Inasmuch as the assumed molecular 
weight is that of the acid salt and because the 
molecular weight of any other reasonable species 
is totally inconsistent with these data, the as- 
sumption of a structure involving an acid anion 
seems very reasonable. The final results of this 
X-ray study should prove to be most interesting. 
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Vacuum ultraviolet chemiluminescence from the reactions of active nitrogen 
with I,, IBr, ICl, and ICN 
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Received August 10, 1967 

Numerous emission lines from excited I, Br, and C1 atoms have been observed between 1261 and 2062 
A. For the flames with 12. IBr, and ICI it is possible to assign excitation mechanisms on the basis of the 
dependence of emission intensity on either [N] or [NI2. In the case of dependence on [N] the emission is 
the result of energy transfer from an excited nitrogen molecule, which is produced by reaction of N with 
NI, has an  energy of 185 + 3.5 kcal/mole, and is identified with the predicted 3A, species. The dissociation 
energy of NI is found to lie between 35.6 and 40 k 3.5 kcal/mole. It is proposed that excited nitrogen 
~nolecules can be produced as well as removed very rapidly by processes of the type 

N(4S) + N2(3A,) + N2('Cg+, v >> 0) + N(4S) 

Canadian Journal of Chemistry, 46, 1429 (1968) 

Introduction 

Previous studies (1-6) of chemiluminescence 
arising from reactions of active nitrogen with 
halogens were concerned mainly with the proces- 
ses leading to emission by excited halogen mole- 
cules, although the ready excitation of atomic 
iodine lines at 2062 and 1876 A has also been 
known for a long time (2). 

In the present work the observations of flame 
spectra have been extended into the vacuum 
ultraviolet (u.v.), as far as the lithium fluoride 
cutoff at 1024 A. The unexpected outcome of 
these studies is that a rich emission spectrum has 
been found, with many strong atomic lines be- 
tween 1500 and 1900 A, and with weaker lines as 
far down as 1261 A. Practically all of the emis- 
sion is due to excited iodine atoms, though chlor- 
ine and bromine lines have also been observed. 

In order to obtain some information about the 
excitation mechanisms of these lines their inten- 
sities were measured as a function of the nitrogen 
atom concentration in the reaction tube. For 

molecules was earlier postulated by Kenty (9) to 
account for excitation processes in weak electri- 
cal discharges through nitrogen. The present 
results provide support for his conclusions as to 
the energy and radiative lifetime of this species. 
The state of N,, which has been observed 
at  low concentrations in the N-I, flame (lo), and 
which was previously believed to be responsible 
for exciting the banded emission from this flame, 
is now considered to be present largely as a 
consequence of collisional deactivation of the 
3Au state by atomic nitrogen. 

For emission features which require more 
excitation energy than is available from the 3A,, 
state a different excitation mechanism, one in- 
volving %,+ nitrogen molecules, is postulated. 
Such a mechanism was previously proposed for 
the flames with metal halides, and is probably 
also applicable to the flames with metal car- 
bonyls. 

Experimental 
Active nitrogen from a microwave discharge at ca. 3 

ICN the results of such measurements have no Torr entered a 2 5  mm 0.d. pyrex reaction tube, where it 

ready interpretation at present, but from the was mixed with I,, IBr, ICI, or ICN carried in a stream of 
nitrogen from a simple saturator. The saturator flow was 

results for I,, IBr, and ICl it has been possible adjusted to produce an intense visible reaction flame in 
deduce a reaction scheme which provides a uni- the 5 cm length of tube between the halogen inlet and the 
fied interpretation of (i) the vacuum U.V. emission pumping lea;. The flame normally extenlded a further 30 
from I,, IBr, and ICl flames; (ii) the banded Cm to the cold-trap protecting the Pump. A counter- 

current of nitrogen prevented any solid reaction products and u.v. emission from these flames; (either CN polymer, or I z 0 5  resulting from the presence ' (iii) the visible and U.V. line emission from flames of a trace of 0, in the prepurified nitrogen) from reaching 
of active nitrogen with metal halides (7) and a Harshaw lithium fluoride window situated at the far " \ ,  

carbonyls (8). end of the reaction tube, 15 cm from the halogen inlet jet. 

T - , ~  main novel feature of this scheme is the ICN was prepared1 by the method of GOY, Shaw, and 
- -- 

important role which it assigns to nitrogen mole- , I  am grateful to Mr. Q. J. F. Grady for preparing this 
cules in the 3Au state. Energy transfer from 3A, sample O ~ I C N .  
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1391 1403 1546 1395 
1412 1268 1383 1261 
1276 7 

. . . .  . 

. . . .  . 

.. . .  . 

... .. . 

5:.2~0 , ~ s . ~ P  , ~ s . ~ P  , ~ s ' . ~ D  5 p 4 . h d ) ,  ~ s " . ~ s  , ~ s . ~ P  , 7 s S 2 p .  

FIG. la.  Transitions from the observed excited states of atomic iodine. Heavy unbroken lines indicate strong 
emission, thin unbroken lines moderately strong, heavy broken lines weak, thin broken lines very weak, and dotted 
lines very very weak or unobserved emission. The following groups of lines were not able to be resolved because of the 
need to use wide slits: 1457.5, 1458.0, and 1458.8 A ;  1383.2, 1390.8, 1392.5, and 1395.0 A;  1261.3 and 1267.6 A. 

Pritchard (11); other materials were as  previously de- 
scribed (6). The spectrometer was a McPherson model 
218, with a 2400 lines/mm grating, sodium salicylate 
screen, and EM1 type 9514 SA photomultiplier. Entrance 
and exit slit widths were varied from l o p ,  for the strong- 
est lines, to 400 for lines below 1400 A. The nitrogen 
afterglow intensity halfway along the 5 cm length of reac- 
tion tube was monitored with an RCA type lP21 photo- 
multiplier in combination with a Spectrolab P-type inter- 
ference filter of 15 A half-width a t  6250A. Nitrogen 
atom concentrations were varied, when necessary, by 
varying the power supplied to the discharge. 

Results 

(i) The Observed Transitions 
The observed emission lines of atomic iodine 

are shown in Fig. l a  (energy levels from Moore 
(12)). The same lines were present in each of the 
four flames, but with noticeably lower intensity 
in the flames of ICI and ICN. Essentially all the 
predicted transitions to the lowest ('P) term of 
iodine (I) were observed for the terms ~ s . ~ P ,  
6s.'P, 6sr.'D, 5p4.nd, 6s".'S, and 7s.'P. There is 
some uncertainty about the transitions from FIG. 16. Transitions from observed excited states of 

atomic bromine. Strengths indicated as in Fig. In. 
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~ s . ~ P ;  of the two lines which would not be 
confused with transitions from 7s.'P, that a t  
1276 A was classified as very very weak, and that 
at  1403 A was not observed at all. These lines are 
expected to be relatively weak because of the 
change of spin that is involved in going to the 
ground state. The most energetic transition ob- 
served, that a t  1261 A, required an excitation 
energy of 226.6 kcal/mole. 

In the IBr flame lines of Br (I) were observed 
below 1650 A, with intensity comparable to that 
of iodine lines in the same region. The observed 
transitions are shown in Fig. lb. Corresponding 
C1 (I) lines lie below 1400 A, where the necessity 
of using wide slits made identification a problem. 
However, there was a definite feature at 1360 A 
which could be attributed to the transitions from 
4s.'P,+ and 4s.,P+ to 3p5.2Pt A less definite 
feature near 1340 A probably represented the 
transitions from these same excited levels to 
3p5.'P,+. NO transitions could be observed from 
4s?P levels, presumably because spin conser- 
vation is a powerful constraint in the case of 

FIG. 2. ICN flame: representative graphs of log 
intensity for various iodine lines versus log intensity at 
6250 A (nitrogen afterglow region). Results obtained by 
measuring intensities simultaneously as the discharge 
power was varied. 

FIG. 3. ICI flame: representative graphs of log inten- 
sity of atomic iodine lines versus log intensity of the nitro- 
gen afterglow. 

atomic chlorine. No short-wavelength emission 
from CN radicals was observed, neither in the 
ICN flame, nor in a separate experiment with 
cyanogen. 

(i i)  Dependence of Intensity on Nitrogel1 Atom 
Concentration 

The data here consist of simultaneous values 
of intensity for the nitrogen afterglow, propor- 
tional to [NI2 (13), and for the individual atomic 
lines. Typical results are plotted logarithmically 
in Figs. 2, 3, 4, and 5. 

In the case of ICN the lines show only a slow 
variation with nitrogen atom concentration (ap- 
proximately [NIu2). With I2 and IBr the lines 
arising from ~ s . ~ P  and 6s?P levels of atomic 
iodine vary as [N], while those arising from 
higher levels (this includes all bromine lines) vary 
as [NI2. l n  the case of ICl the lines all vary as 
[NI2, with the exception of the line at 1830 A 
which varies as [N]. It  is noteworthy that the 
banded emission from these flames varied as [N] 
in the case of I, and IBr, and as [NI2 in the case 
of IC1 (6). 
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FIG. 4. I, fame:  as in Fig. 3. 

Discussion 

Two basic mechanisms which have been pro- 
posed to account for luminescence excited by 
active nitrogen are as follows: 

(i) the termolecular mechanism (as proposed 
for metal halides) 

11 1 N + N  + M + N , * + M  

[2 1 N 2 * + M - . N z + M  

131 NZ* +I-hNZ + I * ;  

(ii) the bimolecular mechanism (as proposed 
for I, and 1Br) 

[4 1 N + I X + N I + X  

151 N + NI -. N,** + I 
[61 N,** + I -. N, + I* 

171 Nz** $ M -. N, + M. 

In each instance the intensity of luminescence 
is proportional to the concentration of excited 
nitrogen molecules, so that for (i) we have, in the 
steady state, 

[8 1 intensity cc 
k,  [N12 [MI 

k,[Ml + k,[Il 

FIG. 5. IBr flame: representative graphs of log inten- 
sity versus log afterglow intensity for atomic iodine and 
bromine lines. 

and for (ii) . . 

[lo1 intensity cc k4 [NI [IXI 
k,[11 + /<,[MI 

where "M" includes the species IX. 
The first mechanism can account for excitation 

processes requiring up to 225 kcal/mole (or 
sliglltly more with a contribution from kT), 
assuming the N,* species to begin its career in 
the 5C,f state. The second mechanism, on the 
other hand, is limited by the energy of N,"", 
which in turn is limited to 225.1 kcal/mole minus 
the dissociation energy of NI. 

The results for the ICN flame do not fit either 
of these simple mechanisms, and the attempt to 
explain the behavior of this rather complex 
system is therefore postponed, at least until the 
results of a current study of the banded emission 
at longer wavelengths become available. 

In the I, and IBr flames the lower energy lines, 
like the banded emission between 1900 and 6000 
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A, vary as [N], and it is therefore reasonable to 
attribute them to mechanism (ii). When this 
mechanism fails, because of insufficient energy in 
the species N,**, it is to be expected that the 
intrinsically less efficient termolecular mecha- 
nism will take over, to account for the emission 
down to 1261 A. In accord with this hypothesis, 
all of the higher energy lines which are suffi- 
ciently intense to measure as a function of [N] 
have been found to vary as [NI2. The changeover 
from one mechanism to the other occurs between 
the 6s.'P+ level of iodine, at 63 186.76 cm-' and 
the ~ s . ~ P , +  level of bromine, at 63 429.82 cm-l. 
Thus the energy of N2** appears to  be 63 310 $. 
120cm-l, or 180.9 k 0.3 kcal/mole. However, 
this can be criticized on the grounds that no 
excitation of Br by N,** has been observed, and 
the process could be inefficient near its upper 
energy limit. Hence it seems preferable to set the 
upper limit at the 6s1.'D2+ level of iodine 
(66 020.64 cm-I), and to state the energy of N,** 
as 185 -1: 3.5 kcal/mole. This should be com- 
pared with Kenty's result (9) that the energy of 
the 3Au state of N, lies between 182 and 190 kcal/ 
mole. As was pointed out previously ( 9 ,  both 
NC1 and NBr are too stable to form N2(3Au) by 
reaction with N. If the excited species were 
merely vibrationally excited, electronic ground- 
state N,, rather than a definite, metastable, 
electronically excited molecule, there would be 
no reason for the marked difference found be- 
tween iodine and other halogens in their reac- 
tioils with atomic nitrogen. 

For IC1 we consider first the lines other than 
that at 1830 A. Since they vary as [NJZ we con- 
clude that the termolecular mechanism (i) ap- 
plies, and must also apply to the banded emis- 
sion, which shows the same variation. It follows 
that the reaction 

1121 N + ICI -> NCI + I 
occurs to the exclusion of 

1131 N + ICI -> NI + C1. 

This is reasonable, since the production in 
reaction [5] of N,** having 185 $. 3.5 kcal/mole 
implies that DO,, is less than 40 + 3.5 kcal/mole. 
Thus reaction [13] is endothermic to the extent 
of at least 9.8 $. 3.5 kcal/mole (14), and is 
expected to be slow. Since reaction [4], with 
X = I, is quite rapid at room temperature and 
has almost no temperature coefficient, the value 

of Do,, must also be greater than 35.6 kcal/mole. 
If we believe, in addition, that reaction [4] occurs 
as written with X = Br, then the lower limit for 
Do,, is raised to 41.9 kcal/mole. However, this is 
doubtful because the results obtained with IBr 
can also be explained in terms of the reactions of 
an equilibrium proportion of I,, IBr vapor being 
about 8 % decomposed to I, and Br, a t  equilib- 
rium, at room temperature. It thus seems a 
better deduction that the reaction of N with IBr 
is entirely according to 

[I41 N + IBr -> NBr + I. 
The apparent high efficiency of reaction [4] in 
producing N2(3Au) suggests that this reaction is 
nearly thermoneutral, i.e. that the dissociation 
energy of NI is in fact close to 40 $. 3.5 kcal/ 
mole. 

In an attempt to  explain the [N] dependence 
of the 1830 A line, which has the lowest exci- 
tation energy of the lines observed, we consider 
the reaction 

[I51 N + NCI -> N, + C1. 

The dissociation energy of NC1 is estimated to 
be about 62 kcal/mole (14), so that the nitrogen 
molecule resulting from reaction [15] c o ~ ~ l d  pos- 
sess up to 163 kcal/mole of excess energy, prob- 
ably in vibrational form. The rather close corre- 
spondence of the energy available with that 
required to excite the 1830 line raises the possi- 
bility that energy transfer could be very efficient. 
The number of such excited molecules needed to 
account for the 1830 A emission could thus be 
insufficient to affect the kinetics of emission at 
other wavelengths, particularly in the banded 
region. 

One other discrepancy remains in connection 
with the IC1 flame. In the previous work (6) the 
decay of the banded emission with time was 
found to be similar to the decay of [N], whereas 
the intensity measured at a fixed point in the 
flame was proportional to [NIZ. The most likely 
explanation of this is that the dependence of 
intensity on [NI2 was found relatively early in 
the flame, but by the time the banded emission 
had begun to decay the system was effectively an 
N-I, flame, as a consequence of wall recombin- 
ation of iodine atoms formed in reaction [12], 
and the decay followed the usual N-I, kinetics. 

Several authors (15, 16) have proposed that 
electronically excited molecules are able to be 
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quenched very efficiently b y  reaction wi th  g r o u n d  
state a toms ,  f o r  example:  

[16] N2(A.3Z,+) + N(4S) -> N(?S) + N,(X.'Z,+, v >> 0). 

Rate constants  quo ted  for this  s o r t  of process are 
typically 2 x 10- lo  cm3 molecule-' s - l ,  i.e. not 
appreciably less t h a n  t h e  ra te  cons tan t  for b ina ry  
collisions. Considerat ions  of microscopic  revers- 
ibility m a k e  it difficult to see w h y  the reverse 
reactions should n o t  be equally efficient, i.e. w h y  
a highly vibrationally excited, electronic g round-  
s ta te  molecule  shou ld  not cross  into a higher 
electronic s ta te  a s  a result  o f  a n  atom interchange 
reaction. T h u s  in a system containing electron- 
ically excited molecules a n d  ground-state a t o m s  
o n e  would  expect to find a cascade deactivation 
process, in which appreciable popu la t ions  would  
be produced  in intermediate  electronic levels. 
For the present  reaction systems the processes 
involved would  include 

1171 N2(3Au) + N4S) + N4S) + Nz('Zg+, ~ 1 )  

1181 N2('Zg+, ~ 1 )  + M -> N2(lZg+, VZ) + M 

[19] N,('Z,+, v2) + N(4S) -> N(4S) + N2(3Z,+) 

[20] Nz(3Z,+) + N(4S) -> N(4S) + N,('Z,+, v,) 

and s o  o n ,  wi th  p robab ly  a lso the one-step 
process 

[21] N,(3A,) + N(4S) -> N(4S) + Nz(3Z,+, v3). 

Evidence in suppor t  o f  th is  scheme is provided 
b y  o u r  previous observat ion (10) o f  small con- 
centra t ions  of nitrogen molecules in the 
N-I, flame. At the time the A s ta te  was  believed 
to be mainly responsible f o r  excitation occurr ing 
in the N-I, f lame;  the present  results a p p e a r  to 
provide a m u c h  m o r e  satisfactory explanat ion.  

NOTE ADDED IN PROOF: I n  a cur ren t  publi- 
cat ion Kenty  (17) discards his previous es t imate  
of the energy of the 3Au s ta te  in  favor  o f  a value 
of a b o u t  170 kcal/mole. Th i s  does  not affect t h e  
identification of N,** a s  3A, provided this species 
can transfer b o t h  electronic a n d  vibrat ional  

excitation energy to a tomic  iodine. T h e  nex t  
higher metastable  state o f  N,, a'.'C,- at 194  
kcal/mole, has  too m u c h  energy for p roduc t ion  
b y  reactions [4] and [5]. A consecutive excitation 
mechan i sm involving I('P,) would  lead to 
dependence of intensity on- [NI2, and is a l so  
ruled o u t .  
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Carbon-13 kinetic isotope effects. 111.' Temperature dependence of k12/k13 
for 1-bromo-1-phenylethane alcoholysis 

JAN BRON AND J. B. STOTHERS 
Department of Chemistry, University of Wester11 O~ztario, Lorzdon, Or~tario 

Received November 2, 1967 

The temperature dependence of k ,  ,/k13 for methanolysis and ethanolysis at the a-carbon of l-bromo- 
1-phenylethane has been determined over the ranges 25" and 45" respectively. It is found that the kinetic 
isotope effect increases with increasing temperature for these systems. This result offers support for 
earlier interpretations on the 13C fractionations measured previously and the data are considered in 
terms of the original Bigeleisen equation. The results indicate that primary kinetic 13C isotope effects may 
be useful for distinguishing between bimolecular and unimolecular substitution mechanisms. 
Canadian Journal of Chenlistry, 46, 1435 (1968) 

Introduction 
Some time ago a study of the kinetic isotope 

effect at the a-carbon of 1-bromo-1-phenylethane 
in alcoholysis was described (1). From the results 
of this work, it seemed reasonable to suggest that 
there is appreciable bond strengthening between 
the a-carbon and the phenyl ring in the transi- 
tion state of the rate-determining step. Recently, 
other evidence has been presented by Kresge, 
Lichtin, Rao, and Weston (2) to support this 
view. The latter authors have shown that the 
Ar-C+ bonds in the triphenylcarbonium ion 
must be considerably strengthened relative to 
those for the uncharged species. One of the weak- 
nesses of the previous work in the l-bromo-l- 
phenylethane system (1) is the fact that k ,  , / k13  
was measured at a single temperature in each of 
the solvents methanol and ethanol. A knowledge 
of the temperature dependence of these 13C 
fractionations could shed further light on the 
origins of these kinetic isotope effects and pro- 
vide data for comparisons with the variation of 
k  , , / k13  in bimolecular substitution processes 
(3). , , 

In this paper the results of measurements of 
I<, , / k 1 3  for methanolysis at 0 "C and ethanolysis 
at 0 and 25 "C are presented. Thus, with the 
earlier data (I), the variations of k ,  , /k13  over a 
range of 25" and 45" are known for methanolysis 
and ethanolysis respectively. The experimental 
results are considered in terms of the Bigeleisen 
equation (4). 

Experimental 
The general techniques employed have been described 

in detail previously (1). Some modifications were intro- 

'Part 11, ref. 3d. 

duced in the present work to  improve the reliability of our 
measurements. The purity of the product san~ples was 
checked by gas chromatography to insure that the samples 
were free of starting material and styrene. All distillations 
were carried out on  a Nester-Faust spinning, platinum 
band column. An isotope-ratio, 15 in. Nier-type mass 
spectrometer was used for the isotopic abundance mea- 
surements of the carbon dioxide samples. The signal for 
the mass 45 peak was compared with the signal for the 44 
and 46 masses. These ratios were corrected for "0 and 
''0 contributions and the isotope effects calculated in the 
usual fashion (1). Measurements of the reaction kinetics 
were done for each of the systems by acid-base titration 
of the hydrogen bromide formed. Each reaction was 
followed to at least one half-life. 

Results 
The rate constants found for methanolysis at 

0" and ethanolysis at 0" and 25" are listed in 
Table I together with the data reported by Fain- 
berg and Winstein (5). The agreement between 
these two sets of data is favorable and any differ- 
ences would not affect the calculated kinetic 
isotope effects significantly. 

TABLE I 
Kinetic results of alcoholyses of 1-bromo-1-phenylethane 

k ,  x lo6  (s-I) 
Temp. 

Solvent ("c) Found Lit.* 

Methanol 0 1.84 1.7 
Ethanol 0 0.194 0.199 

25 6.70 6.28 

The results for the kinetic isotope effect deter- 
minations for methanolysis and ethanolysis are 
collected in Tables I1 and 111 respectively. For 
each system a sufficient quantity of l-bromo-l- 
phenylethane was prepared and purified for the 
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TABLE I1 
I3C kinetic isotope effects in the methanolysis of 1-bromo-1-phenylethane 

Temp. Expt. Extentof 
("C) No. reaction (%) k l  ~ l k 1 3  ( k ~  zlk13 - 1)lOO 

0 1 4.8 1.0032 0.32 
2 4.8 1.0055 0.55 
3 4.7 1.0064 0.64 
4 4.7 1 .0045 0.45 
5 4.7 1 .0046 0.46 
6 4.8 1.0055 0.55 

Mean values 1.0050+0.0010* 0.50f 0.10* 

25 Mean valuest 1 .0065 + 0.0007* 0.65+0.07* 

'Standard deviations. 
?Reference 1. 

entire series of runs. A small sample was de- 
graded to carbon dioxide via benzoic acid in our 
usual manner (I) and this served as the standard 
for comparisons of the 12C/13C ratios measured 
for the products from each individual run. The 
extent of reaction is indicated for each experi- 
ment in the tables. The rate constant ratios (k, ,/ 
k , ,) and "percent isotope effects", (k, ,/k13 - 1) 
x 100, are listed in the last two columns. For 
comparisons and discussion, the earlier results 
(1) of isotope effect measurements in these sys- 
tems are included in the tables. 

Discussion 

An isotopic rate constant ratio such as k ,  ,/k13 
in the present systems can be viewed as the prod- 
uct of two factors: the so-called temperature 
independent factor, t.i.f., and the temperature 
dependent factor, t.d.f. Thus we have 

The t.i.f. can be evaluated from the masses of the 
molecular fragments formed by rupture of the 
bond undergoing change, as discussed previously 
(1) the C-Br or C-0 bond in the present in- 
stance. Experimental support for the choice of 
this fragment model, originally suggested by 
Bigeleisen and Wolfsberg (4), has been presented 
for these reactions (1). The second term, t.d.f., 
represents the contribution to the isotope effect 
of isotopic frequency shifts in the vibrational 
modes available to the reactants and activated 
complexes. According to an equation due to 
Bigeleisen (4), the t.d.f. can be written, 

where ui = hvi/kT and 

[values for the latter function are readily avail- 
able in the tables of Bigeleisen and Mayer (6)]. 

As noted previously (I), it seems reasonable to 
assume that alcoholysis of the 1-phenylethyl 
halides proceeds by a SN1-type mechanism in 
which a cationic intermediate is involved and 
there is reason to suggest that much of the sub- 
stitution occurs through an intimate ion-pair (7). 
Thus there are two transition state models which 
can be envisaged as the source of the kinetic 
isotope effect; both of which must be closely 
related to the intimate ion-pair. Since both were 
considered in detail earlier ( I ) ,  it is sufficient to  
note that the magnitude of t.i.f. contribution is in 
the range 1.001 1-1.0021 according to the n~olecu- 
lar fragment model for the two transition states. 
From eq. [ l ]  it follows that the t.d.f. must be 
1.005 or less depending on which of the observed 
results is considered. 

From eq. [2] it is seen that the contributions to 
t.d.f of the initial state are opposite in sign to 
those of the transition state. Furthermore, there 
is ample reason (3c,  4) to expect that the tem- 
perature dependence will be inverse since the 
t.d.f. approaches unity as the high temperature 
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TABLE 111 
13C kinetic isotope effects in the ethanolysis of 1-bromo-1-phenylethane 

Temp. Expt. Extent of 
re) No. reaction (%) k12/k13 (k i2 /k i3  - 1)100 

2 5 . 6  
3 4 . 5  
4 4 . 8  
5 6 . 5  

Mean values 

25 1 4 .7  
2 4 .6  
3 4 . 4  
4 4 . 5  
5 4 . 5  

Mean values 

45 Mean valuest 1 .0064~0 .0007*  0 .64+0.07* 

'Standard deviations. 
tReference 1. 

limit. In a number of nucleophilic bimolecular 
substitutions, k ,  ,/k,, for the carbon at the site 
of displacement has been shown to decrease with 
increasing temperature (3c, 3e) as expected. In  
the present systems, however, the opposite be- 
havior is found such that the l3C isotope effect 
increases with increasing temperature. Qualita- 
tively this can be explained in terms of eq. [2] by 
a difference in the temperature dependencies of 
the initial and transition state terms. 

The fact that the observed k, ,/k13 ratios are 
relatively small is consistent with the conclusion 
that the contributions of the transition state are 
comparable to those of the initial state and the 
observed temperature dependencies substantiate 
this conclusion. Presumably the strengthening of 
the Ar-C, bond in the cation is sufficient to 
offset the effect of the loss of the C-Br vibra- 
tional modes. This view had been expressed 
earlier on the basis of our original results (1) and, 
more recently, indirect support was presented 
from a study of the equilibrium isotope effect for 
the dissociation of trityl alcohol in concentrated 
sulfuric acid (2). 

There has been evidence presented to show 
that valid calculations of isotope effects can be 
obtained from a consideration of grossly abbre- 
viated models of larger systems (2, 8). For the 
present case the major contribution to the iso- 
topic fractionation at the cr-carbon can be ex- 
pected to arise from vibrational changes of the 
bonds with which this atom is directly involved. 

These are the C-H, C-Me, C-Ph, and C-Br 
bonds of the initial state and the C-H, C-Me, 
and C-Ph bonds in the transition state, which 
we can assume to resemble those of the cation. 
The vibrational energy differences for a tertiary 
C-H bond in a process involving the hybridiza- 
tion change sp3 -t sp2 have been discussed by 
Streitwieser et al. (9) for which an aldehyde or 
olefin was suggested as a suitable model for 
estimating the frequencies associated with the 
trigonal case. Choosing the olefin as a model for 
the present case we can consider the stretching 
mode changing from - 2900 -> - 3020 cm-l, 
while one of the bending modes is little affected 
(- 1350 cm-l) and one is lowered substantially - 1350 -f - 800 cm-l. In addition, the C-C 
stretching modes in the initial state can be 
assigned nominal values of 1210 cm- ' on the 
basis of other estimates (2). In the transition 
state, it is reasonable to suppose that both the 
C-Me and C-Ph bonds will be somewhat 
"tightened" due to resonance and hyperconju- 
gative interactions. Presumably the effect of the 
phenyl ring will be the greater and, as a first 
approximation, we assign to it a frequency of 
1450 cm-l. For the C M e  we have chosen 1350 
cm-l. It is difficult to estimate frequencies for 
the bending modes of these C-C bonds in either 
state but we have chosen 400 and 600 cm-I for 
the initial and transition states, respectively. 
Finally, the contribution of the C-Br bond (550 
cm-l) must be included in the initial state term. 
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TABLE IV 

Contributions to t.d.f. for solvolysis of I-bromo-I-phenylethane 

273" 318" 

State Bond vi Avi ui G(lci)Aui ui G(ui)Aui 

Initial C-Br 550 19 2.899 0.0214 2.489 0.0162 
C-H 2900 9 15.286 0.0206 13.123 0.0173 

1350 4 7.116 0.0076 6.109 0.0061 
C-C 1210 23 6.378 0.0418 5.475 0.0335 

Transition C-H 3020 9 15.919 0.0207 13.666 0.0174 
800 2 4.217 0.0029 3.610 0.0023 

C-C + 1450 28 7.643 0.0546 6.562 0.0442 
1350 26 7.116 0.0494 6.109 0.0398 

Using these frequencies, with the simple dia- 
tomic model to calculate the effect of the mass 
change, 12C -> 13C, on these, one can evaluate 
t.d.f. from eq. 121. The results are set out in 
Table IV for each of two temperatures, 273 and 
318 OK. Vibrational modes which are not al- 
tered during reaction, such as the in-plane 
bending mode for the tertiary C-H bond, need 
not be included since these cancel. Using these 
data the CG(ui)Aui terms can be evaluated for 
the initial and transition states. Including two of 
each of the C-C contributions CG(ui)Aui is 
0.1470 (273") and 0.1 170 (318") while ZG(ui$)- 
Aui$ is 0.1564 (273") and 0.1257 (318"). Thus, 
t.d.f. is 0.9906 (273") and 0.9913 (318"), which 
when combined with the t.i.f. contributions men- 
tioned above yield kinetic isotope effects in the 
range, 0.9920-0.9934. Specific values are listed in 
Table V. We conclude, therefore, that, although 
the estimates are crude, bond strengthening in 
the transition state can offset the loss of the 
C-Br mode in the initial state sufficiently to 
account for the relatively small kinetic isotope 
effects observed. 

TABLE V 
Carbon-13 isotope effects in ethanolysis of l-bromo-l- 

phenylethane 

k i ~ l k i ~  
Temp. 
03 t.i.f.* t.d.f:r Calcd. Obsd. 

0 1.0021 0.9906 0.9927 1.0018 

'"Temperature independent factor", values from ref. 1. 
t"Temperature dependent factor", see text. 

Although the above estimates lead to an in- 
verse isotope effect (i.e. k ,  ,/k13 < 1.0), it is 
important to note that the choice of bending 
frequencies for the C-C bonds can be the 
decisive factor. If the true values for these are 
less than those given in Table IV for the transi- 
tion state terms, G(ui)$Aui$ is reduced corre- 
spondingly and the calculated isotope effect in- 
creases. It seems reasonable, however, that the 
frequencies of the bending modes for the C-Cf 
bonds will be higher than those for normal C-C 
bonds. Since accurate estimates are difficult, 
more precise predictions of the t.d.f. values are 
not possible. These problems, however, do not 
affect the important conclusion regarding the 
small observed isotope effect. 

The "abnormal" temperature dependency 
found for these 1-bromo-1-phenylethane alco- 
holyses is interesting but difficult to interpret in 
a unique way. Perhaps the isotopic shifts of the 
vibrational frequencies are different for cationic 
species than those for stable molecules. It has 
been noted by Kresge et al. (2) that some of the 
infrared assignments for the triphenylcarbonium 
ion suggest smaller isotopic shifts. If this is the 
case, the temperature dependence of the G(uiS)- 
Aui$ terms will be significantly different from 
that of the G(ui)Aui terms and this could produce 
the observed variation of k12/k13 with tem- 
perature. 

Another possibility which merits mention in 
the present case is one of those discussed by 
Yankwich and Buddenbaum (10) in their recent 
critical discussion of the temperature dependence 
of kinetic carbon isotope effects. For solvolyses 
proceeding through an intimate ion-pair in 
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equilibrium with an organic halide, eq. [ l ]  may 
be rewritten as 

in which (t.d.f.),,, arises from the activation step 
leading to the products and (t.d.f.),,,,, represents 
isotopic fractionation for an equilibrium pre- 
ceding the rate-determining step. The temperature 
dependencies of these two temperature depend- 
ent factors may well be different and this differ- 
ence may account for the observed results. 

Yankwich and Buddenbaum (101 have de- 
lineated the difficulties associated'with interpre- 
tations of kinetic isotope effect results obtained 
"over the modest temperature ranges covered by 
most studies of solution reactions". Nevertheless, 
it is tempting to suggest that the temperature 
dependence of the primary carbon isotope effect 
may serve as a useful distinction between the 
limiting SN1 and typical SN2 mechanisms for 
nucleophilic displacement, since the latter are 
found to behave "normally", i.e. klk' z f(l/T), 
in several instances (3c, 3e, 10, 11). The extremely 
tentative nature of this proposal cannot be over- 
emphasized and, unfortunately, it would appear 
to be difficult to confirm or disprove. 
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NOTES 

Adsorption and coprecipitation of silver on hydrous ferric oxide 

WILLY DYCK 
Geological Survey of Canada, Ottnwn, Cnrmdn 

Received August 23, 1967 

With silver-ll0m as a tracer, detailed investigations were carried out on the adsorption of silver on 
freshly prepared hydrous ferric oxide in the pH region 4-8, and silver equilibrium concentration range 
10-4-102 p.p.m. The results fit Freundlich adsorption isotherms, and may be explained in terms of 
hydrogen-silver ion exchange. They also show that adsorption is essentially complete in less than 5 min 
and is strongly dependent on pH and the manner in which the precipitate was prepared, but is indepen- 
dent of temperature in the 0-50 "C range, of moderate concentrations of sodium nitrate (- 10 g/l), and 
of trace concentrations of sodium chloride (7 1.5 x g/l) during test periods ranging from 1 to 3 
days. 

Tests also showed that under equilibrium conditions and similar chemical environments the amounts 
of silver coprecipitated or adsorbed were identical. 
Canadian Journal of Chemistry, 46, 1441 (1968) 

Introduction 

The hydrous oxides of iron and manganese 
that occur in nature have been found to  contain 
considerable quantities of trace elements such as 
Ag, Co, Ni, etc. (1-4). It is generally accepted 
that adsorption plays a dominant role in con- 
centrating trace elements in these oxides. 

The nature of hydrous oxides of iron has been 
studied extensively by Weiser (5 ,  6). The adsorp- 
tion of silver on ferric oxide gels has been studied 
by a number of Russian scientists (7-10). The 
silver concentration range investigated by these 
workers is indicated by the dotted rectangle in 
Fig. 1A. In general, their results show that ad- 
sorption of silver is strongly influenced by the 
presence of anions which form insoluble silver 
salts; the less soluble the salt, the greater the 
adsorption. 

This report deals with a detailed investigation 
of the adsorption and coprecipitation of silver 
on freshly prepared hydrous ferric oxides in the 
silver concentration range and pH range nor- 
mally encountered in natural waters. 

Experimental 
Proced~rres 

The experimental results were obtained by batch type 
experiments in which the silver ion concentration or the 
pH was varied and the amount of hydrous ferric oxide 
was kept constant throughout at 2.53 x mole Fe3+ 

silver at the predetermined pH. The amount of silver ad- 
sorbed was determined by measuring the change in the 
activity of the solution. After equilibrium was established, 
the activity of the washed precipitate was also measured. 
The coprecipitation tests were carried out by precipitating 
the iron with base from mixtures of iron and silver solu- 
tions. For example, the values shown in Fig. 1 were ob- 
tained as follows: 100 ml of 1410 p.p.m. Fe3+ solution 
was titrated with dilute NaOH with vigorous stirring. The 
resulting precipitate was washed 3 times with 60 ml hot 
1 % NaNO, adjusted to the pH at which the experiment 
was to be carried out. The NaNO, was used to  prevent 
the hydrolysis of the precipitate at low pHs. The precipi- 
tate was then mixed with pH-adjusted AgN03 solution 
containing 2 g NaN03 and sufficient water to make a 
total volume of 200 ml. The resulting mixture was stirred 
intermittently. All pH adjustments were made with NaOH 
or HNO,. The Ag+ concentration changes were measured 
periodically by centrifuging a 30 n ~ l  aliquot and measur- 
ing the counting rate of two 5 n ~ l  aliquots of the clear 
solution. These aliquots were then returned to the mix- 
ture. These measurements are referred to as 'solution 
measurements'. 

After 1-3 days, the precipitates were washed in a 1 % 
NaNO, solution at the pH of the experiment until the 
counting rate of the precipitate approached a constant 
value (8 to 10 washes). This washing resulted in10-20% 
loss of precipitate, hence all washed precipitates were 
dissolved after silver analysis and the iron content was 
determined col~rimetricall~. These silver and iron 
measurements are referred to as 'washed precipitate 
measurements'. 

The values shown in Fig. 2 were obtained by the same 
general procedure except that the precipitates were pre- 
pared by boiling the iron solution with urea as described 
by Willard and Tang (1 1). 

equivalent. Solutions 
The adsorption tests were carried out by precipitating Pure solutions containing silver were prepared by 

the iron with base (NaOH, NH40H, or urea), washing accurate dilution of a 0.02 N AgN03 stock solution. To  
the precipitate, and then adding the desired amount of minimize adsorption on walls of storage bottles, the pH 
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L O G  C n o n o m o l e s  A g ' l  l i l e r  

FIG. 1. Room temperature (- 25 'C) adsorption 
isotherms of silver and hydrous ferric oxide prepared with 
sodium hydroxide: A, solution measurements; B, washed 
precipitate measurements. (For details of tests see experi- 
mental section.) Points with tail were obtained without 
NaNOa. 

of the diluted solutions was kept below 2. A convenient 
quantity, approximately 20 pCi of silver-1 10m, was added 
to  1 1 of solution to  measure subsequent silver concentra- 
tion changes. The secondary stock solutions contained 
216, 21.6, 2.16, 0.216, and0.022 p.p.m. Ag+. 

Reagent grade Fe(N03)3.9H,0 was dissolved in water 
and kept at  pH 1 with H N 0 3  to prevent the formation of 
colloidal iron. The stock solution was standardized gravi- 
metrically and colori~netrically. Aliquots of this stock 
solutiom were then diluted to give 1410 p.p.m. Fe3+ 
secondary stock solution. 

Itzstrrrt~ierrts 
All pH measure~nents were made with a model 22 

Radiometer pH meter. To avoid chloride contamination 
of experimental solutions the KC1 in the calomel-salt 
bridge was replaced by KNO,. Silver concentration 
changes were measured with a Harshaw 3" well type NaI 
(Tl) crystal and a single-channel pulse-height analyzer 
Victoreen model 851A. The instrument was set to  record 
the 0.656 MeV gamma ray of silver-l10m. 

Errors 
Because a large silver concentration range was covered, 

cross contamination was found to be one of the most 
troublesonle factors. T o  achieve an average reproduci- 

L O G  C n o n o m o l a r  ~ g ' l  l i t e r  

FIG. 2. Room temperature (- 25 "C) adsorption 
isotherms of silver and hydrous ferric oxide prepared with 
urea: A, solution measurements; B, washed precipitate 
measurements. (For details of tests see experimental 
section.) 

bility of -1 5 %, as was eventually attained in this study, 
several experiments had to be carried out with a set of 
laboratory ware conditioned to a particular silver con- 
centration. Counting errors and volunle measurement 
errors were easily kept below & l %  in most cases. By 
adding sufficient tracer to the solutions, the 10 000 counts 
required to give an error of +_ 1 % (95 % confidence limit) 
were easily accumulated in all but a few cases where ad- 
sorption exceeded 98%. At low silver concentrations, 
extraneous loss of silver was minimized by using large 
volunles of solution in all-glass apparatus. 

Results and Discussion 

As is evident from Figs. 1 and 2, the adsorp- 
tion of Ag' by freshly prepared hydrous ferric 
oxides from very dilute solutions can be repre- 
sented by the well-known Freundlich adsorption 
equation 

X/M = lcC1'", 

where X/M = ratio of the amounts of silver and 
iron in the precipitate at the equilibrium silver 
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concentration C. It is also evident that the hydro- 
gen ion concentration greatly influences the 
amount of silver adsorbed. From the constant 
spacing of the isotherms, one can readily infer 
that a plot of pH vs. log C at constant XIM also 
gives straight lines. A pH vs. log C relationship, 
as well as one form of the Freundlich adsorption 
isotherm, can be deduced from the expression 
for the equilibrium constant of the ion exchange 
reaction 

Ag+ $ R = H +  fAg, 

where the barred quantities refer to the respec- 
tive ions in the solid phase. Although H cannot 
be measured directly, it is proportional to the 
amount of hydrous oxide M, hence the ratio - - 
Ag/H is proportional to XIM. Thus a linear 
relationship is obtained if any one quantity on 
the right side of the equation 

-- 
log K = log H +  - log Ag+ + log (AglH) 

is kept constant. Here K is the equilibrium con- 
stant of the above reaction. 

Part A of Figs. 1 and 2 represents solution 
measurements and part B washed precipitate 
measurements (for details of procedures see 
Experimental section). Extensive washing did 
not change XIM appreciably at the lower con- 
centration range even though 1&20% of the 
silver and iron were lost during washing. At the 
high equilibrium concentrations but low pH, 
relatively more silver was washed out than iron, 
i.e. XIM decreased somewhat. This silver-iron 
correspondence suggests that the adsorption 
forces which bind silver to hydrous iron oxide 
are nearly as strong as those binding the hydrated 
iron oxide molecules to each other. Yet silver 
ferrites (AgFeO,), are known to form only 
under extreme conditions, such as boiling in 
NaOH (12). 

XIM values obtained from measurements with 
precipitates prepared with urea (Fig. 2) are 
generally about 2-4 times lower than those from 
NaOH precipitations. Since the amount of iron 
was kept constant in all experiments, it follows 
that about 2-4 times less silver is adsorbed by 
these precipitates. This could be due to the fact 
that the precipitates prepared with urea were 
approxi~nately 1.5 times denser than those from 
NaOH, indicating closer packing of the oxide. 
Ammonia, it was found, does not appreciably 
affect adsorption of silver below pH = 6. The 

values represented by tailed points in Fig. 1 
(adsorption isotherm pH = 6) were obtained 
without NaNO, and show that the electrolyte 
does not interfere with the adsorption of silver. 
The lower XIM values of this isotherm in Fig. 1 B 
coincide with excessive loss (-- 30%) of precipi- 
tate during washing. Apparently much of the 
iron went into a colloidal state and carried with 
it relatively larger amounts of silver. 

A comparison study showed that adsorption 
and coprecipitation values were the same within 
the limits of experimental error, indicating a 
rather open structure for the hydrous oxide. 
Below pH 6 the values obtained with precipitates 
prepared with NH,OH were only slightly lower 
than those obtained with precipitates prepared 
with NaOH. Above pH 6 appreciable complex- 
ing of silver was noted when NH,OH was 
present. 

The effect of temperature on adsorption was 
found to be negligible in the temperature range 
2-50 "C. 

Because ions forming insoluble silver salts can 
influence the adsorption of Agi appreciably, 
chloride tests were carried out to determine what 
role C1 ions would play in the adsorption tests 
described here. These tests showed that only after 
increasing the C1- concentration by a factor of 
10 from that added initially with the various 
salts (as calculated from impurity labels on re- 
agent bottles) is an increase in the adsorptioil of 
Ag' observed. 

Igneous rocks have an average Ag:Fe ratio of 
1 :500 000; the lowest Ag:Fe ratio in the experi- 
mental mixtures described above is 1 :70 000. 
Even at this ratio essentially all of the silver was 
adsorbed by the hydrous ferric oxide. Assuming 
indiscriminate leaching for the two elements and 
no Agi complexing, subsequent precipitation of 
iron will carry with it essentially all of the silver. 
Hence natural waters near the neutral point 
cannot be expected to carry Ag' in solution in 
easily detectable quantities whenever there is 
evidence of iron oxide formation. Limonite, on 
the other hand, can be expected to contain silver 
if the ion was present in the solution from which 
the limonite precipitated. 

I. R. W. BOYLE. Bull. Geol. Surv. Can. No. 1 1 1 (1 965). 
2. R. W. BOYLE, W. M. TUPPER, J. LYNCH, G. FRIED- 

RICH, M. ZIAUDDIN, M. SHAFIQULLAH, M. CARTER, 
and K. BYGRAVE. Geol. Surv. Can. Paper 65-42 
(1966). 
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Circular dichroism of the tetracyanonickelate(I1) ion 

ROLAND A. HAINES AND ANTHONY A. SMI'TH 
Deporttnetlt of Cltetnistry, Uniuersitj~ of Western Ontario, Lotzdot?, Ot~torio 

Received October 20, 1967 

When [Ni(CN),IZ- is dissolved in optically active 1,2-propanediol, two circular dichroism bands 
are observed which can be attributed to electronic transitions in the complex. Based on previous 
molecular orbital calculations, the relative energy levels of the d orbitals have been determined as 
d.T:, dy: < dXY < d:2 < ~ X I - ~ I .  

Canadian Journal of Chemistry, 46, I444 (1968) 

In the last few years there has been consider- 
able interest in the electronic structures of 
square planar metal complexes. Much of this 
interest has been due to the fact that the relative 
energies of the d orbitals in square planar 
complexes are not known with certainty, even in 
compounds of D,, symmetry. Information 
regarding the ordering of the energy levels of the 
d orbitals often may be obtained by examining 
the absorption spectra of the complexes. How- 
ever, for many of the square planar complexes it 
has been difficult to observe the bands due to 
d-d transitions because of very strong over- 
lapping with the charge transfer bands. This is 
particularly found to be the case when n-bonding 
ligands such as CN,- are present and as a con- 
sequence the d-d absorption bands usually occur 
only as shoulders in the region of the low energy 
charge transfer band or are completely hidden. 

Gray and other workers (1-4) have studied 
various square planar complexes with cyanide 
ions and have attempted to determine energy 
levels from the observed transitions. However, 
in most cases the peaks due to the d-d transitions 
were well hidden. We wish to report a study of 
the [~i(cN),] '-  ion which gives further insight 
into the relative ordering of the energy levels of 
the molecular orbitals in this type of compound. 

The study was suggested by a recent paper (5) 
in which circular dichroism (c.d.) was reported 

for the [PtC1,I2- ion in optically active 2,3- 
butanediol. In the region of one of the d-d 
transitions, a c.d. band was observed and this 
was attributed to the concentration of the dis- 
symmetric influences of the solvent to the 
tetragonal (f z and -z) positions of the ion. 

We have examined the [Ni(CN),I2- complex 
in a similar optically active solvent (cl-1,2-pro- 
panediol) and have found evidence for two c.d. 
bands. The observed spectra are shown in Fig. I .  
The bands are quite reproducible for a given set 
of conditions and remain relatively unchanged 
over a period of 1 to 2 weeks. Due to very strong 
absorption by both the solvent and solute, the 
c.d. maximum for the high energy band could 
not be obtained. However, it is unquestionable 
that a second negative c.d. peak does occur and 
some rounding of the curve at approximately 
272 mp is indicated. 

For [PtCl4I2-, the observed c.d. was attributed 
to the ' A , ,  -> 'A,, transition (5). This assign- 
ment would correspond to an arrangement of 
the d-orbitals which is different from that given 
by Gray and Ballhausen (1). Recently new 
molecular orbital calculations have been made 
(6) and the ordering of energy levels in [ ~ t C l , ] ~ -  
is now given as d22 < dxz, dyz < dxy < dX2-y2. 
The results of the c.d. study for [ ~ t ~ l , ] ~ -  are 
consistent with this new arrangement. 

The [~i(cN),] '-  complex has D,, symmetry 
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energies of the d orbitals in square planar 
complexes are not known with certainty, even in 
compounds of D,, symmetry. Information 
regarding the ordering of the energy levels of the 
d orbitals often may be obtained by examining 
the absorption spectra of the complexes. How- 
ever, for many of the square planar complexes it 
has been difficult to observe the bands due to 
d-d transitions because of very strong over- 
lapping with the charge transfer bands. This is 
particularly found to be the case when n-bonding 
ligands such as CN,- are present and as a con- 
sequence the d-d absorption bands usually occur 
only as shoulders in the region of the low energy 
charge transfer band or are completely hidden. 

Gray and other workers (1-4) have studied 
various square planar complexes with cyanide 
ions and have attempted to determine energy 
levels from the observed transitions. However, 
in most cases the peaks due to the d-d transitions 
were well hidden. We wish to report a study of 
the [~i(cN),] '-  ion which gives further insight 
into the relative ordering of the energy levels of 
the molecular orbitals in this type of compound. 

The study was suggested by a recent paper (5) 
in which circular dichroism (c.d.) was reported 

for the [PtC1,I2- ion in optically active 2,3- 
butanediol. In the region of one of the d-d 
transitions, a c.d. band was observed and this 
was attributed to the concentration of the dis- 
symmetric influences of the solvent to the 
tetragonal (f z and -z) positions of the ion. 

We have examined the [Ni(CN),I2- complex 
in a similar optically active solvent (cl-1,2-pro- 
panediol) and have found evidence for two c.d. 
bands. The observed spectra are shown in Fig. I .  
The bands are quite reproducible for a given set 
of conditions and remain relatively unchanged 
over a period of 1 to 2 weeks. Due to very strong 
absorption by both the solvent and solute, the 
c.d. maximum for the high energy band could 
not be obtained. However, it is unquestionable 
that a second negative c.d. peak does occur and 
some rounding of the curve at approximately 
272 mp is indicated. 

For [PtCl4I2-, the observed c.d. was attributed 
to the ' A , ,  -> 'A,, transition (5). This assign- 
ment would correspond to an arrangement of 
the d-orbitals which is different from that given 
by Gray and Ballhausen (1). Recently new 
molecular orbital calculations have been made 
(6) and the ordering of energy levels in [ ~ t C l , ] ~ -  
is now given as d22 < dxz, dyz < dxy < dX2-y2. 
The results of the c.d. study for [ ~ t ~ l , ] ~ -  are 
consistent with this new arrangement. 

The [~i(cN),] '-  complex has D,, symmetry 
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FIG. 1. Absorption spectrum and circular dichroism of [Ni(CN),12- in d-1,2-propanediol. 
-- - /- 

and hence should be optically inactive. The fact The three observed absorption bands at  
that circular dichroism is observed must be due 31 950, 34 720, and 36 900 cm-' in propanediol 
to dissymmetry caused by the presence of the are charge transfer bands as predicted previously 
optically active solvent. In dissymmetric com- (I). The shoulder at 30 500 cm-' is a d-d transi- 
plexes strong circular dichroism is observed for tion and since no c.d. is observed for this band, 
those absorption bands which are magnetic it must be 'A,, + 'B, , ,  corresponding to an 
dipole allowed (7). In a given point group this electron transfer from dZz to dX2-,,2. Since no 
requirement is met when the direct product of c.d. is observed at lower energies, the two 
the symmetries of the electronic wave functions magnetic dipole allowed d-d bands must be 
belongs to a representation containing a rota- hidden under the intense charge transfer bands. 
tion. For [Ni(CN),I2- only two transitions meet The positions of the two observed c.d. bands 
this requirement, namely 'A,, -> 'A,, and (34 840 cm-' and -- 37 000 cm-l) coinpare 
'A,, -> 'E,. These correspond to the orbital favorably with estimates made by Gray and 
transitions d,, -> d.y2-yZ and d,,, d,, + dX2-y2. Ballllausen (1) for the d-d transitions. The high 
Charge transfer bands involve transitions be- energy band should be the 'A,, + 'E, transition 
tween the d levels and low energy n-antibonding since this corresponds to transitions involving 
levels. If Gray's assignment of the molecular the dXZ and d,, orbitals which should be of lowest 
orbital energy levels is correct, the lowest-lying energy and the most energy would be required 
antibonding orbital is a,,. The lowest energy for this case. The other c.d. band must therefore 
charge transfer bands arise from transitions be 'A,, -> 'A,, and corresponds to a transition 
from the various d orbitals to this level and from the d,, orbital. The c.d. spectra thus sup- 
circular dichroism should not be observed for ports the ordering of d-orbital energy levels as 
these bands. Thus the c.d. which is observed d,,, dyZ < d,, < dZ2 << dX2-yZ. Gray's recent 
should be due to the two d-d transitions given work (6) has pointed out that for [Ni(CN),I2- 
above. Certain charge transfer bands could the dZ2 orbital would be expected to be of higher 
exhibit c.d. but these are of higher energy; the energy than dXZ and d,, and not in the reverse 
a,, orbital would be expected to be of lower order as was found for [PtCl4I2-. Our c.d. 
energy since it is stabilized by overlap with the results are consistent with his views and those of 
4p, orbital (1). other workers (4). 
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The conclusions made in this work have been 
based on the assumption that Gray's antibonding 
levels are 2orrect. Other intermetations are 
possible only with much rearrangement of the 
antibonding orbitals and the present ordering is 
quite feasible on the basis of currently available 
data. The ordering of the d-orbitals given for 
[Ni(CN),I2- may not necessarily be valid for 
[Pd(CN),I2- and [Pt(CN),I2- since the crystal 
field strength of ligands coordinated to second 
and third row transition metals is usually greater 
than that observed for transition metals of the 
first row. As a result, the levels of dZ2 and d,, 
may reverse to yield the arrangement given by 
Gray and Ballhausen (1). These other complexes 
absorb at  much higher energies and have large 
extinction coefficients so that the technique 
which we have used is not readily applicable. 

Experimental 
Potassium tetracyanonickelate(I1) monohydrate was 

prepared by the method of Fernelius and Burbage (8). 
The orange-red crystals were dried at 100 "C under 
vacuum to yield the yellow anhydrous compound. 
Optically active d-1,2-propanediol was obtained from the 
Aldrich Chemical Co., Milwaukee, Wisconsin. 

Solutions containing the complex in rl-1,2-propanediol 
were prepared by weighing both solvent and solute into a 
weighing bottle; the density of the solvent was then used 
to calculate concentrations. Solutions used for c.d. 
measurements were approximately 4 X M. Circular 
dichroism spectra were recorded on a Durrum-Jasco 
ORD-UV-5 spectropolarimeter and absorption spectra 
were obtained using a Beckman DK-1 spectrophotometer. 
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The crystal structure of Sc,03 (C-type; a, = 9.8459 f 15 A at 20 f 2 "C) was refined from X-ray 
powder diffractometer data. Isotropic individual temperature factors were used in full-matrix F (19 
reflections) and FZ (41 reflections) programs. The positional parameters were determined as ~r(Sc) = 
-0.0355 f I, x(0) = 0.3933 + 3, y(0) = 0.1513 f 3, and z(0) = 0.3835 f 3. The merits and limita- 
tions of refining from careful powder diffractometer data are briefly discussed. 
Canadian Journal of Chemistry, 46, 1446 (1968) 

The crystal structure of Sc203 is of the C-type 
(space group 1a3-~, ,~) ,  with 8 Sc, in 8(b) (a++ 
etc.), 24 Sc, in 24(d) (uO+ etc.), and 48 0 in 
48(e) (xyz etc.) (I). The structure has been 
refined by least squares, first from 19 IF,J 
extracted from accurate powder diffractometer 
intensities of single well-resolved reflections 
(for details see ref. 2), and then from 41 7 F:. 
The latter set contained 17 single (i = l), 21 
double (i = 2), and 3 triple (i = 3) reflections. 
Only those multiple reflections were utilized in 

which both or all three component F,,'s had 
the same multiplicity, e.g. 420 + 240 or 611 + 
532 + 352. The peaks were step-scanned at 
0.01" 8 intervals wherever this appeared desir- 
able. Individual isotropic temperature factors 
were employed. Both parts of the dispersion 
correction (3) were applied to  the scattering 
factors of Sc3' (4) and 0,- (5). Three least- 
squares programs were used: a block-diagonal 
approximation F-program of ref. 6 written for 
IBM 1620 (40K), and ad  hoc full-matrix F and 
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TABLE I 

Results of the least-squares refinements 

Initial Block-diagonal Full-matrix Full-matrix 
values approximation F-refinement F2-refinement Ref. 9 

Number of I F,J or Z Fo2, )I 

After cycles 
Scale factor, K 
U 
X 

Y 

-0.0351 + 2  
0.3928+7 
0.1528f7 
0.3802f7 
Not stated 
Not stated 
Negative 

77 

* R I  = ZIIFol - IFc!llZlFol; R2 ZIFo2 - Fc21/ZFo2. 
?It is not made clear In ref. 9 to wh~ch stage of refinement this R value refers. 
$157.3 for initial trial values. 

F2 programs written for IBM 1800. The 
weighting scheme was W3 of ref. 7. 

The intensity of each reflection was measured 
at least three times. The reproducibility varied 
with the integrated intensity as follows (inten- 
sities normalized to  I, (222)): 

Standard deviation, % 
Intensity Number of 

range reflections Range Average 

Reflections 220, 752 + 572, and 965 + 695, 
which were not observed in the diffractometer 
pattern, were entered at I, = 0. Reflection 664 
was observed but its intensity was too low, 
relative t o  the background, to  be measured with 
any accuracy. 10(664) was therefore estimated 
by comparison with 10(833) = 0.5. The only 
eligible reflection not included in the refinement 
was 200. 

The high-purity scandium oxide was kindly 
donated by Drs. B. I. PokrovskiI and F. M. 
Spiridonov of the Institute of Inorganic Chemis- 
try, Faculty of Chemistry, Moscow State 
University. Spectrographic analysis revealed 
the following impurities: 0.1% K, 0.02% Na, 
0.01 % Ca, and (in p.p.m.) 70 Si, 30 Al, 20 Fe, 
5 Mg, and 27 Y. No rare-earth impurities were 
detected. 

The powder patterns of the original material 
taken with Ni-filtered CuK radiation were weak 
and not very sharp. To improve the crystallinity 
two pressed disks of the oxide were heated t o  
1 100 "C for 12 h followed by firing at 1400 "C 
for 2 h. One of them was then kept at 1600 "C 
for 2 h and subsequently fired at 1700 "C for 
18 h in argon. Only the disk fired at 1700 "C 
sintered with appreciable shrinkage. Since 
there did not appear to  be further improvement 
in the definition of the powder lines on firing 
t o  1700 "C, the less sintered 1400 "C material 
was used in the X-ray study. The lattice pa- 
rameter, a, = 9.8459 f 15 A (at 20 $- 2 "C), 
agreed well with that reported in ref. 8, 9.845 A 
(at 25 "C), but not with the recent value of 
9.810 -1: 2 A (9).' 

The initial F-refinement was carried out with 
the block-diagonal approximation program 
starting with reasonable estimates of the param- 
eter values (Table I). After 12 cycles the un- 
weighted R reached 2.01%, with all the shifts 
well within the corresponding e.s.d.'s and con- 
verging absolutely. When the final parameter 
values were used as the initial trial values in the 
full-matrix F-program, very small changes in 
the parameters resulted after 3 cycles. 

The correlation matrix contained 3 terms 
whose absolute values were greater than 10.51, 
viz. B(Sc,) - u (0.65), B(0) - y (-0.53) and 

'This value appears to have been reported by mistake. 
It has been corrected to 9.844 2 2 (cf. 2. Krist. In 
press). 
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TABLE I1 

Observed and calculated structure factors 
-- -- 

FMFZ* 
BD A* FMF* 

hkl 10IFoI l o  F, 10 F, I O ( ~ ~ F , ~ ~ ) ~ ~  I O ( Z F , ~ ) ~ ~ ~  

*BDA, block-diagonal approximation; FMF, full-matrix F-program; FMF2, full-matrix FZ-program. 
t l ( / ~ / c / )  = f(k111). 
$Estimate for the local conditions of background and peak-to-background ratio. 

B(Sc2) - u (0.66), but the low e.s.d.'s suggested 
that the correlations, if actually present, could 
not have interfered significantly with the refine- 
ment and that the numerical accuracy of the 
matrix inversion was adequate (cf. ref. 10). 

The initial trial values in the F2-program 
were again those obtained in the block-diagonal 
approximation refinement. The results after 
3 cycles (Table I) were all within, or very close 

cients B(Sc2) - u, B(0) - y, and B(Sc,) - y 
were 0.86, -0.66, and 0.52 respectively. The 
absolute values of all the others were below 
10.51,and 14ofthembelow 10.11. Theagreement of 
the observed and calculated structure factors was 
satisfactory for all the refinements (Table 11). 

The intensity agreement indices D(AI) and 
D(I) (cf. ref. 7) show that the selection of 
1 F, and Fo2 for the refinements was reason- 

to, 20 of the final parameter values produced ably balaked, so that the results may be 
by the full-matrix F-refinement, but the e.s.d.'s considered as representative for the complete 
were appreciably lower. The correlation coeffi- set of intensities. 
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TABLE 111 
Sc-0 distances in SczOa and other scandium compounds 

- 

Compound Coordination Distance, A Reference 

Sc203 (SC, -) 6 0 2.12k 0.036 (3u) 9 
(SCZ -) 2 0 + 2 0 + 2 0 2.08; 2.09; 2.16 (all k0.039, 3u) 
(Sc, -) 6 0 2.159k 0.016 This work* 
(SCZ -) 2 0 + 2 0 + 2 0 2.071f 0.018; 2.107k0.018; 2.146k0.017 

ScVO, (zircon) 4 0 + 4 0  2.07; 2.38 11 
ScOF (monoclinic Zr02) 4 0 + 3 F 2.08; 2.08; 2.10; 2.14 (all + 0.02) 12 
a-ScOOH (diaspore) 2 0 + 1  O + 2 O H +  1 OH 2.06k0.03;1.97+_0.04;2.29+0.03; 13 

2.18 + 0.04 - -.- . 
y-ScOOH (boehmite) 2 0 + 2 0 + 2 0  2.06; 2.08; 2.17 14 
Sc(OH)3 6 OH 2 . 0 ~  + 0.05 15 
CaSc,O, (CaFe20,) 2 0 + 2 0 + I 0 + 1 0 2.07; 2.15; 2.18; 2.22 (all k0.05) 16 

1 0 + 1 0 + 2 0 + 2 0 2.04: 2.12: 2.16: 2.17 (all i0.05) 

'Based o n  the final parameter values (c3s) from the full-matrix Fz-refint 

D(AI) D(I) 
Reflections used in the 

F-refinement (19) 2.64% 1010 
Reflections used in the 

F2-refinement (41) 3.60% 1005 
All reflections mea- 

sured (65) 4.81 % 986 
Reflections observable 

within the CuKa 
sphere up to and 
including 1 1.6.1 + 
6.1 1.1 + 10.7.3 + 
7.10.3 (69) 5.01% 988 

Refinements from FO2 work best when all 
the component Fc2's in a sum change in the 
same direction for a given set of parameter 
shifts, i.e. when they all simultaneously increase 
or all decrease. When the changes are in oppos- 
ing directions, there might occur, in the extreme 
case, a complete compensation, so that the net 
change in the Fc2 would be zero and the 
particular sum teim would not contribute to  the 
refinement. For Sc20, the changes are in 
opposing directions in a few of the sums, but 
usually the absolute values of the individual 
component Fc2's in a sum and their rates of 
change are combined in such a way that refine- 
ment does take place, albeit with reduced 
efficacy. The result of the F2-refinement is thus 
to  be preferred to  that of the full-matrix F- 
refinement, but as noted above the differences 
in the parameters obtained are small. 

The present values of the refined parameters 

:merit. Not  corrected for  thermal motion. 

are not very different from those obtained 
recently by Geller et al. (9) using a single crystal 
and photographic methods (Table I). There is 
an almost complete agreement in u, x, and y, 
but the difference in z is outside the stated 30 
limits, and all our temperature factors are 
reasonable. By contrast, Geller et al. reported 
that their B(0) was negative, and "the standard 
deviations of the thermal parameters indicated 
that the values were not very meaningful". 
However, the elements of their correlation 
matrix were all less than 0.15. 

The Sc,-0 and Sc2-0 distances (both 
for irregular six-coordination) are compared 
with Sc-0 distances in other scandium com- 
pounds in Table 111. Geller's Sc-0 values all 
fall within our 30 uncertainty intervals of the 
individual distances. The unweighted average 
of the four different values for the Sc-0 
distances (present work), 2.121 A, agrees with 
Norrestam's unspecified average of 2.122 A 
quoted in ref. 12. 

The present results may be regarded as 
demonstrating the usefulness and reliability 
of refinement of simple structures from accurate 
powder diffractometer data. They also confirm 
the view that the presence of even relatively 
large linear correlation coefficients need not 
prejudice the accuracy and reliability of a least- 
squares refinement. 

The advantages of refining from powder data 
are the elimination of approximate absorption 
corrections and of empirical correlation factors 
which are required t o  bring (photographic) 
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single-crystal data to the same scale, and mini- 
mization of extinction and double reflection as 
well as of problems arising from local imper- 
fections and inhomogeneities, which in a small 
single crystal might seriously affect the observed 
intensities. On the other hand, the powder data 
are usually insufficient for a full anisotropic 
refinement; they do not permit evaluation of the 
anisotropy of the local background which may 
be associated with a reflection; and specimen 
preparation must be designed and executed so 
as to  counteract possible tendency to  preferred 
orientation of the powder and aging of the 
pressed disk or grease mount. Extraction of 
very weak reflections from the background may 
also present problems. However, where single 
crystals are not obtainable, there is no choice of 
method, and then it is reassuring to  know that 
careful powder diffractometry, where applicable, 
is capable of yielding results which are com- 
parable with those from single-crystal data. 
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The flame spectrum between 1 and 3 p consists mainly of nitrogen first positive bands, plus the atomic 
iodine line at 1.315 p. The intensity of the emission bands increases markedly when iodine is added. 
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The emission spectrum of the active nitrogen- 
iodine flame has previously been observed to 
consist mainly of bands and continua of molecu- 
lar iodine in the visible and near ultraviolet (I), 
together with numerous atomic iodine lines 
below 2100 A (2). In the present work these ob- 
servations have been extended into the infrared 
as far as 3 microns. 

The spectrometer was an evacuated model 84- 
1 1 1 Jarrell-Ash half-metre Ebert monochrom- 
ator, used with 3 mm slits and a 295 grooves/mm 
grating blazed at 2.1 p. Window materials were 
Linde sapphire or calcium fluoride. For most of 
the experiments radiation below 1.1 p was re- 
moved with a Spectrolab anti-reflection coated 
silicon blank. The detector was a Unicam SP50 
Golay detector with KBr window, contained in a 
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California, Berkeley, California. tuned lock-in amplifier, and phase-sensitive 
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single-crystal data to the same scale, and mini- 
mization of extinction and double reflection as 
well as of problems arising from local imper- 
fections and inhomogeneities, which in a small 
single crystal might seriously affect the observed 
intensities. On the other hand, the powder data 
are usually insufficient for a full anisotropic 
refinement; they do not permit evaluation of the 
anisotropy of the local background which may 
be associated with a reflection; and specimen 
preparation must be designed and executed so 
as to  counteract possible tendency to  preferred 
orientation of the powder and aging of the 
pressed disk or grease mount. Extraction of 
very weak reflections from the background may 
also present problems. However, where single 
crystals are not obtainable, there is no choice of 
method, and then it is reassuring to  know that 
careful powder diffractometry, where applicable, 
is capable of yielding results which are com- 
parable with those from single-crystal data. 
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below 2100 A (2). In the present work these ob- 
servations have been extended into the infrared 
as far as 3 microns. 
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NOTES 

T I M E  - 
FIG. 1 .  Enhancement of the (0,l) first positive emission by addition of iodine to discharged nitrogen. Intensity of 

en~ission in arbitrary units versus time. At A the discharge is turned on, at  B a trace of iodine (ca. Torr) is added, 
at  C and D successively larger amounts of iodine are added (to ca. Torr), at  E the iodine is removed, and at  F 
the discharge is turned off. Duration of experiment ca. 7 min. 

detector were used. The total light path through 
air (mainly in the condensing unit) was about 
15 cm. 

Matheson prepurified nitrogen was dried at 
-180 "C, pumped through a microwave dis- 
charge at ca. 3 Torr, and allowed to react with 
analytical reagent grade iodine, carried in a 
stream of the same nitrogen, in a 40 cm x 25 mm 
0.d. Pyrex tube having a sapphire window at the 
end furthest from the iodine inlet. The discharge 
was separated from the reaction tube by 30 cm of 
15 mm 0.d. tubing having two right-angle bends 
in different planes before a final T-join to the 
reaction tube. There was a tendency for the ener- 
getic "pink afterglow" to occur in this T-join; 
to avoid complications from this source the 
microwave power level was always reduced well 
below the point at which a more energetic region 
could be seen. Addition of iodine caused the 
color of the gas stream to change first from yel- 
low to almost white, then to blue as more iodine 
was added. Most of the observations were made 
under conditions where the visible emission from 
the reaction tube was blue except for a short re- 
gion near the iodine inlet. Typical partial pres- 
sures of atomic nitrogen (prior to reaction) 
and iodine were 2 x lop2  and 2 x Torr, 
respectively. 

The strongest emission features between 1.1 
and 3 p were the atomic iodine line at 1.3 15 p and 
the (0,l) band of the N, first positive system at 

1.238 p. Other features were essentially the same 
as the bands found by Hepner and Herman (3) 
in the emission from energetic discharges through 
helium-nitrogen mixtures, but the resolution and 
signal-to-noise ratio were much poorer in the 
present study because of the relatively low light 
intensity. Thus the observed emission mostly 
belonged to the first positive system. It was 
notable that the emission increased greatly in 
intensity when a trace of iodine was added to the 
discharged nitrogen. Typical behavior is shown 
for the (0,l) first positive band in Fig. 1. A sub- 
sequent investigation in the visible region, using 
narrow slits, a grating blazed at 5000 A, and a 
1P21 photomultiplier (with Corning filters for 
order separation), showed that in fact all first 
positive bands, up to at least v' = 12, increased 
in intensity when a trace of iodine was added. 
The maximum enhancement. and the amount of 
additional iodine required to bring about a net 
decrease in intensity, were least at high v', but 
the decrease was quite gradual; no effect was 
observed which could be attributed to energy 
resonance in a process such as (2,4, 5) 

[1 I Nz* + N(4S) -> N(4S) + N 2 ( 3 ~ , ,  v') ,  

where N2* is an excited species produced by reac- 
tion of N with NI (2). The simplest interpretation 
of these observations is that I,, or I, is a particu- 
larly efficient third body for promoting recom- 
bination of nitrogen atoms into the 5C,+ state. 
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COMMUNICATIONS 

Correlation of specific rotation with conformation. A new approach to the study 
of conformational equilibria 

R. U. LEMIEUX AND A. A. PAVIA' 
Depnrtrnerit of Chemistry, Uriiuersity of Alberta, Edmonton, Aibertn 

Received March 14, 1968 

The marked changes in optical rotation which occur on dissolving the methyl 2-deoxy-a-L-and 3- 
deoxy-p-L-erytlzro-pentopyranosides in a variety of solvents including chloroform, acetone, acetonitrile, 
pyridine, dimethylsulfoxide, and water were found by nuclear magnetic resonance to  result alnlost 
exclusively from changes in conformational equilibria. The changes in rotation are in agreement with 
those expected from Brewster's rules. 

Canadian Journal of Chemistry. 46, 1453 (1968) 

The profound influence of solvent on the 
conformational properties of methyl 2-deoxy- 
a-D-evythro-pentopyranoside (1) prompted a 
further examination of this and related phenom- 
ena. 

Methyl 3-deoxy-P-L-erythro-pentopyranoside 
(1) was prepared by reactioil of methyl 4-0- 
acetyl-2,3-anhydro-P-L-ribopyranoside (2) with 
sodium iodide in acid acetone (3) followed by 
hydrogenolysis of the resulting methyl 4-0- 
acetyl-3-deoxy-3-iodo-P-L-xylopyranoside using 
palladium on carbon as catalyst. The deacety- 
lated product was converted to the di-0-p- 
nitrobenzoate of 1, m.p. 123.5-1 24.5", [a] ,  
+51.2" (c, 1.3 in chloroform) for purification. 
Saponification followed by vacuum distillation 
afforded analytically pure 1 as a colorless oil. 

The nuclear magnetic resonance (n.m.r.) spec- 
trum of 1 in deuterium oxide required the com- 
pound to exist largely in the 1C conformation 
(lb) since J, , , = 6.0, J,, , - J,,, - 8.9, J,, , , - J3. , ,=4.5,  and J,,,,,= 1.9 Hz. In this 
conformation, the compound is expected (4) to 
possess a specific rotation of + 100". A specific 

'University of Alberta Postdoctorate Fellow, 1967- 
1968. 

rotation of +95" was observed. When deuterio- 
chloroform was used as solvent, J1,, decreased 
to 2.2 Hz and it was clearly evident that H, and 
H,, were weakly (< 3 Hz) coupled with both H, 
and H,. Similarly H, was weakly coupled with 
both H, and H,,. It was therefore apparent that 
the compound now existed largely in the C1 
conformation (la). Indeed, for the coinpound in 
this conformation a specific rotation of + 137" 
is expected and the value observed was +142". 
It was possible to show that the relative chemical 
shifts observed for the various ring protons 
were in good agreement with those expected 
based on the empirical rules proposed by Le- 
mieux and Stevens (5). 

The above data infer that the change in ro- 
tation was to a good approximation the result of 
the change in conformational equilibria which 
occurred on changing the solvent. It could be 
expected, therefore, that in such situations 
studies of change in conformation with change 
in environment could be examined by simple 
polarimetry. To test this hypothesis, the rota- 
tions and n.m.r. spectra of compound 1 were 
measured in a variety of solvents. The results 
presented in Fig. 1 show that a linear relation- 
ship was obtained between the coupliilg con- 
stant of H,  with Hz  (J,,, as displayed by the 
spacing of the doublet for H I )  with the specific 
rotation. The value for J,,, is considered to be 
a measure of the relative populations of the 
conformations l a  and l b  for 1. 

Preliminary studies with the a and P auomers 
for methyl 2-deoxy-L-erythr'o-pentopyranoside 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

SPECIFIC ROTATION ," 
FIG. I .  Relationship between specific rotation ( [ E ] , ~ ~ )  and the coupling constant at 35' for H L  and H 2  of methyl 

3-deoxy-P-L-erythro-pentopyranoside (1) with change in solvent at concentrations (g/100 ml) of 9 f 1 (except for 
acetonitrile and pyridine, 7 f I): 1, D 2 0 ;  2, (CD3),SO; 3 ,  6.4 g (CD,),SO/g CDCI,; 4, 2.57 g D20/g (CD3)2CO; 
5, CSDSN; 6, CDACN; 7, (CD3)2CO; 8, CDCI3. 

(2 and 3, respectively) confirmed these con- 
clusions. The earlier observations (1) for com- 
pound 2 were confirmed. In deuterium oxide, 
the coupling constants J 1  ,, and J ! , , ,  were 7.2 
and 3.3 Hz, respectively, values which require a 
high concentration of conformation 2a. Indeed, 
in this conformation, the compound is expected 
(4) to have a specific rotation of 0°, and a specific 

rotation of -50" was observed. On changing the 
solvent to deuteriochloroform, the values of J 1  ,, 
and J ,  ,,, became near equal at 3 Hz and the spe- 
cific rotation changed to - 169". A specific rota- 
tion of - 169" is expected (4) for the compoundin 
conformation 2b. The P-anomer 3 showed J ! , ,  - J,,,, - 2.9 Hz both in water and deuterio- 
chloroform. In accord with this observation the 
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specific rotation appeared virtually independent 
of solvent. This is apparent from the specific 
rotations of +197", +201°, and + 192" observed 
in water, chloroform, and dimethylsulfoxide, 
respectively. Brewster's rules would predict a 
specific rotation of +20g0 for the compound in 
the Cl  conformation shown. The presence of the 
C1 conformation (2b) to an extent of about 25 % 
for compound 2 in water is not eliminated by 
the n.m.r. parameters and may account for the 
observed rotation. For compounds 2 and 3, the 
specific rotations were measured at much lower 
concentrations (about 1 %) than were the n.m.r. 
spectra (about 10 %). 

We are therefore led to the important con- 
clusion that the changes in rotation, noted for 
the changes in solvent, can be primarily related 
to the change in conformation of the compound. 
That is, solvent molecules in the solvent shell 

made contributions which were relatively small 
as compared to the measured rotation. It is 
evident, therefore, that in such cases, studies of 
the changes in rotation of compounds which 
occur on changing solvent can provide an im- 
portant tool for the study of conformational 
equilibria and thereby of solvation phenomena. 
A consideration of the data in Fig. 1 obviously 
shows that the conformational changes are the 
result of specific solvation of the substrate. 
Through a net gain of electron density, the 
change in the electronic state of the oxygen 
atoms involved in the hydrogen bonds with 
solvent appears to have an important influence 
on the conformational equilibrium. This will be 
discussed in a forthcoming communication, 
which will deal with a variety of derivatives of 
compounds 1 and 2. 
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Stable complexes of bromine with some phthalazinesl 
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Bromine complexes of phthalazine and several phthalazine derivatives have been prepared. The yields 
are quantitative and the compounds exhibit good stability. The complexes may be utilized as sources of 
bromine in bromination reactions. 
Canadian Journal of Chemistry, 46, 1455 (1968) 

When a solution of phthalazine in carbon the reaction product and drying in high vacuum 
tetrachloride was treated with 1 molar equiva- gave a yellow-colored crystalline powder, m.p. 
lent of bromine, a solid separated. Isolation of 122-123". The yield obtained was exactly the 
--- sum of the quantities of the two reactants used, 

'We gratefully acknowledge thesupport of theNationa1 a fact which reasonably suggested that the ele- 
Research Council of Canada. 

2Present address: Standard Packing Corporation, Clif- mental composition was C,H6Br2N2 (1). Addi- 
ton, New Jersey. tional support for this molecular formulation 
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specific rotation appeared virtually independent 
of solvent. This is apparent from the specific 
rotations of +197", +201°, and + 192" observed 
in water, chloroform, and dimethylsulfoxide, 
respectively. Brewster's rules would predict a 
specific rotation of +20g0 for the compound in 
the Cl  conformation shown. The presence of the 
C1 conformation (2b) to an extent of about 25 % 
for compound 2 in water is not eliminated by 
the n.m.r. parameters and may account for the 
observed rotation. For compounds 2 and 3, the 
specific rotations were measured at much lower 
concentrations (about 1 %) than were the n.m.r. 
spectra (about 10 %). 

We are therefore led to the important con- 
clusion that the changes in rotation, noted for 
the changes in solvent, can be primarily related 
to the change in conformation of the compound. 
That is, solvent molecules in the solvent shell 

made contributions which were relatively small 
as compared to the measured rotation. It is 
evident, therefore, that in such cases, studies of 
the changes in rotation of compounds which 
occur on changing solvent can provide an im- 
portant tool for the study of conformational 
equilibria and thereby of solvation phenomena. 
A consideration of the data in Fig. 1 obviously 
shows that the conformational changes are the 
result of specific solvation of the substrate. 
Through a net gain of electron density, the 
change in the electronic state of the oxygen 
atoms involved in the hydrogen bonds with 
solvent appears to have an important influence 
on the conformational equilibrium. This will be 
discussed in a forthcoming communication, 
which will deal with a variety of derivatives of 
compounds 1 and 2. 
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(RI = cyclohexene; R 2  = acetone) 

was obtained by bromine analysis. Thus, the prod- 
uct obtained was quite stable and after 6 months 
of storage showed no indication of change 
in its melting point and infrared spectrum. Its 
tetrahydrofuran solution was bright yellow and, 
upon addition of compounds reactive towards 
bromine, the color was discharged. The chemical 
changes depicted in Reaction Scheme 1 can only 
be compatible with the formulation 1. 

2 and 3 are bromocompounds arising from 
R ,  and R, respectively. In no case was an 
attempt made to isolate and identify 2 and 3. 
Furthermore, it was found that l-phenylphtha- 
lazine, 1,4-dichlorophthalazine, and 1,6dibro- 
mophthalazine, available in our laboratory, can 
also combine with bromine to form stable com- 
plexes of the type 1. The yields obtained were 
quantitative and in agreement with the com- 
plexing of the phtllalazine compound with 1 
molar equivalent of bromine. These new com- 
pounds reported in the experimental part 
showed sharp melting points and characteristic 
colors. 

Experimental3 
Brornir~e andPI~thalazir~e Cornplex ( I )  

T o  a solution of phthalazine (1.3 g) in carbon tetrachlo- 
ride (80 ml) at room temperature and under vigorous 
stirring, a solution of bromine (1.6 g) in carbon tetrachlo- 
ride (20 ml) was added in 2-3 min. The resulting mixture 
was stirred for 30 additional rnin. The yellow precipitate 
was collected, washed with carbon tetrachloride, and 
dried in high vacuum. A yellow crystalline powder was 
obtained melting at  122-123' to a red liquid; yield quan- 
titative. This product upon heating at about 100" for 
several hours acquires a violet color without any change 
in its melting point and infrared spectrum. Bromine 
analysis showed the value 55.51 %, which was compatible 
with the theoretical calculated 55.12 %. 

3Melting points are uncorrected. Analyses were carried 

Chemical properties of 1: (a) The yellow-colored tetra- 
hydrofuran solution of 1 was decolorized upon addition 
of an excess of cyclohexene. From the resulting colorless 
solution pure phthalazine could properly be isolated. The 
recovery of phthalazine was quantitative. (6) Addition of 
1 into acetone resulted in a yellow-colored solution. This 
solution on standing overnight or refluxing for 1 min was 
decolorized while a white crystalline material separated. 
It melted at 254255" with foaming and by mixed melting 
point and infrared spectrum was identified as  phthalazine 
hydrobromide 4. (c) Treatment of 1 with an aqueous 
solution of NH,  or NaOH results in the quantitative 
recovery of phthalazine. 

Plrthalazir~e Hydrobromide (4) 
This derivative has not been described previously, and 

for identification purposes its preparation was requested. 
Phthalazine (0.65 g) was dissolved under stirring in 2 ml 
of a 48% aqueous solution of hydrobrotnic acid. The 
resulting clear solution, upon addition of 50 ml of ace- 
tone, separated a white crystalline solid, rn.p. 254-255" 
with foaming; yield 1.02 g. 

Anal. Calcd. for C8H,BrN,: Br, 37.85. Found: Br 
38.26. 

I-Pl~enylphtl~nlazine-Bro117i11e Cornples 
This complex was prepared by a procedure similar to 

that applied for 1. It was obtained as a red-colored pow- 
der melting at 105"; yield quantitative. 

1,4- Dibrornophthalazine-B1'01?7i11e Cor?rplex 
1,4-Dibrornophthalazine (0.01 mole) was dissolved in 

chloroform (15 ml). The volume of the resulting solution 
was increased to  100 rnl by adding carbon tetrachloride 
(85 ml). Then, under vigorous stirring, bromine (1.6 g; 
0.51 ml; 0.01 mole) in carbon tetrachloride (10 1111) was 
added dropwise. The orange-colored solution was stirred 
for 20 additional min and upon removal of the solvent 
afforded an orange-colored powder nlelting at 195"; 
yield quantitative. 

1,4- Dichlorophthalazirle-Bror?~irre Cor?~plex 
I t  was prepared by the procedure given above for the 

1,4-dibromophthalazine-bron~ine complex. The product 
was obtained as a yellow-colored powder melting at 155"; 
yield quantitative. 

out by Dr. C. Daessle, Montreal, Quebec. 
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COMMUNICATIONS 

The mechanism of isomerization of cyclopropanes 

ROBERT J. CRAWFORD AND THOMAS R. LYNCH 
Departtnent of Clzernistry, University of Alberta, Edrnotzton, Alberta 

Received March 21, 1968 

The racemization rate of trans-(-)-1,2-diphenylcyclopropane has been observed to be greater than that 
of trotu-cis isomerization, in support of a trimethylene intermediate. 
Canadian Journal o f  Chemistry, 46, 1457 (1968) 

The isomerization of 1,2-disubstituted cyclo- 
propanes may proceed through an "expanded 
ring" (1) or trimethylene species 1 (2) or via the 
concerted twist mechanism of Smith (3). The 
latter is attractive in that it follows the principle 
of least motion; ref. 4 gives an excellent review 
of this concept. The trimethylene species has 
the geometry 1 and if it plays a role1 in the iso- 
merization of 2 to 3 then (-)-2 will be race- 
mized on reaching 1. Thus by the Smith mech- 
anism the racemization rate constant (k,,,) will 
be equal to the rate constant for trans to cis 
isomerization (kt,). 

We have undertaken a study of the rate of 
geometrical isomerization and the rate of race- 
mization of trans-(-)-l,2-diphenylcyclopro- 
pane (5). This compound was selected on the 
basis of its large rotation, the lack of any com- 

peting olefin formation, and the convenient 
temperature of isomerization (6). Table I gives 
the rate constants observed for the measurements 
carried out in 1-butanol 0.2 M in trans-1,2- 
diphenylcyclopropane. 

The value Ic,, was obtained from the observed 
rate of approach to equilibrium from the trans 
isomer (7). The values kt, and kc, are in good 
agreement with those previously reported by 
others (6). 

That the racemization of 2 is faster than its 
conversion to 3 is consistent with a mechanism 
suggesting the trimethylene species as an inter- 
mediate and cannot be explained by the Smith 
mechanism alone. 

Acknowledgment 
The authors wish to express their thanks to 

TABLE I 
Rate constants for the isomerization and racemization of 

(-)1,2-diphenylcyclopropane 

I,, , kt, + kc, 
Temperature (lo6 s-') ( l o 5  s-') Kc I c r a c l k w  

204.5k0.2  6.80k0.06' 6.10+0.18b 11.8 1 .42 f  0.03 
220.7k0.3  25.6 5 1 . 3  20.1 k 1 . 0  10.7 1 .49k0.05 
229.0+0.5 49.1 2 2 . 6  36.5 k 2 . 1  10.3 1.52+0.03 

aErrors are  standard deviations. 
b~accmi?a t ion  and gcometrical isomeri?ation rates wcrc me~s t l r ed  for each sarnp:c, thus mini- 

rnlzing the errors from tcmperaturc deviations and  tlic errors In the ratios o f  the last c o l ~ m n .  
c E q ~ i l i b r i ~ m  vnlics obtained starting from pure <is and pure rr t~~rs .  

'The symmetry state of the trimethylene species 1 is 
dependent upon the angle 6 in 1 and thus both con- and 
dis-rotatory ring closure from 1 are possible (26). 
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Steroids and steroidases. V1.l On the C-17 specificity of the 
a5-3-ketoisomerase of Pseudomonas testostevoni and 

evidence for substrate micelle formation 

J. BRYAN JONES AND DONALD C. WIGFIELD 
Lash Miller Chernical Laboratories, Department of Chemistry, University of Toronto, Toronto 5, Ontario 

Received November 27, 1967 

Studies on the acid-, base-, and enzyme-catalyzed isomerizations of several variously C-17 substituted 
A5-3-ketosteroids have indicated micellar aggregation of relatively non polar substrates in the dilute 
aqueous methanol assay solvent to be an important consideration when evaluating specificity data. 
Further evidence that the isomerase is sensitive to the presence of 17a-substituents in its substrates has 
been obtained and the probability that tyrosine is the acid catalytic group at the active center is discussed. 

Canadian Journal of Chemistry, 46, 1459 (1968) 

Introduction 

The literature reports concerning the C-17 
specificity of the A5-3-ketoisomerase of Pseudo- 
monas testosteroni (1-3), and, in particular, that 
cholest-5-en-3-one (16) is not a substrate of the 
enzyme (I), prompted us to investigate syste- 
matically the behavior of a series of variously 
C-17 substituted As-3-ketosteroids towards acid-, 
base-, and enzyme-catalyzed isomerizations to 
the corresponding ap-unsaturated ketones. 

la. R.R' = 0 

position, whereas the only A5-3-ketosteroid with 
a negligible enzymic isomerization rate, cholest- 
5-en-3-one (Id), possessed a nonpolar C,H,, 
C-17 substituent. In an attempt to ascertain the 
reasons for this marked specificity difference, 
systematic studies on the series of As-3-ketones 
la-d, with groups of graded polarity at C-17, 
were carried out. 

Experimental 
Preparation of As-3-Ketosteroids2 

(a) By Oxidation (5) 
Androst-5-ene-3,17-dione (la), androst-5-en-3-one (lc), 

and cholest-5-en-3-one (Id) were prepared by dimethvl 
sulfoxide - dicyclohexyl~arbodiimide -oxidation of t i e  
corresponding 3e-alcohols as described previously (4). 

7 - - 2 - -  

b, R = OH, R' = H 
c, R = H, R' = H 
d, R = C8H17, R' = H 
e, R = OH, R' = CH3 
f: R = O H .  R ' = C = C H  

All the substrates reported to undergo signi- 
ficant enzyme-catalyzed isomerization have one 
striking feature in common, viz, a polar, oxygen 
containing, functional group a t  or near the C-17 

(b) By Deconjugation (6)  
17a-Hydroxyandrost-5-en-3-one (1g)-A solution of 

17a-hydroxyandrost-4-en-3-one (400 mg) and potassium 
t-butoxide (1.5 g) in t-butyl alcohol (10 ml) was stirred 
under nitrogen for 90 min at 20°, and the reaction was 
then quenched by the rapid addition of 10% aqueous 
acetic acid. Excess aqueous sodium bicarbonate (40 ml, 
saturated solution) was added and the mixture was 
extracted with ether (4 x 20 ml). The combined ether 
extracts were washed with water (3 x 10 ml), dried 
(MgSO,) and rotary evaporated at room temperature. 
The residue was washed with cold n-hexane (10 ml) to 
remove I-butyl alcohol and the precipitate was then 

'Full details of the purification and analytical proce- 
'For Part V of this series, see J. B. Jones and D. C. dures used to obtain pure As-3-ketosteroids are given in 

Wigfield. J. Am. Chem. Soc. 89, 5294 (1967). an earlier communication (4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1460 CANADIAN JOURNAL OF ( 

recrystallized from acetone to give 17a-hydroxyandrost- 
5-en-3-one as plates (260mg) m.p. 175-180", v,,, (CHCI,) 
3584 (OH), and 1715 (C=O). 

Anal. Calcd. for C19H2,02 6288.4): C, 79.12; H, 9.79. 
Found: C, 79.28; H, 9.81. 

The following compounds were also obtained by the 
above procedure: 

I7p-Hydroxyandrost-5-en-3-one (1b)-From 17B-hy- 
droxyandrost-4-en-3-one (400 mg), plates (320 mg, 
from acetone) m.p. 162-164' (lit. (7) m.p. 160-168"), 
v,,,(CHCI3) 3690 (OH) and 1712 cm-' (C=O). 
17~-Hydroxy-l7cl-met/gvlandrost-5-en-3-one (1e)-From 

17~-hydroxy-17a-niethylandrost-4-en-3-one (400 mg), 
prisms (325 mg, from acet0ne)m.p. 168-172" (lit. (8) m.p. 
156-157"), vm,,(CHC13) 1712 cm-' (C=O). 
17~-Hydroxy-17a-ettiynylandrost-5-en-3-one ( 1  f) - 

From 17~-hydroxy-17a-ethynylandrost-4-en-3-one (400 
mg), prisms (260 mg, from acetone) m.p. 238-240", 
vm,,(CHCI3) 3584 (OH), 3311 (=C-H), and 1715 cm-' 
( G O ) ;  nuclear magnetic resonance (n.m.r.), 6 0.91 and 
1.20 (3H singlets, CIS-CH3 and CI9-CH3), 2.54 (IH, 
singlet, =C-H), and 5.3 p.p.m. (lH, multiplet, C6-H). 

Anal. Calcd. for C21H2802 (312.4): C, 80.73; H, 9.03. 
Found: C, 80.84; H, 9.00. 

Androst-5-ene-3,17-dione (la)-From androst-4-ene- 
3,17-dione (400 mg), plates (250 mg, from methanol) 
m.p. 153-154" (lit. (4) m.p. 150-155"). (Since l a  is very 
soluble in n-hexane, the crude product was not washed 
prior to recrystallization.) 

General Isomerization Kinetics Procedures (1-3) 
All isomerizations were performed in 3 ml, 1.0 cm 

light path, quartz cuvettes using a Beckmann D.U. 
spectrophotometer fitted with a thermostatted (25") cell 
compartment. The wavelength selector was set to the 
wavelength of maximum absorption of the A4-3-ketones 
produced from la-g. The isomerizations were then 
followed by observing the rate of increase of absorbance 
(in optical density units) as a function of time. For the 
faster reactions, the absorbance value was preset and the 
time noted on a split hand stopwatch as the bridge 
circuit came into balance. Using this t e~hn ique ,~  readings 
could be taken every 8 s. The absorbance of the reaction 
mixture at infinite time (at least six half-lives) was also 
determined. The data were then analyzed by the now 
standard procedure (1-3). 

For the acid- and base-catalyzed reactions, methanolic 
stock solutions containing 0.5 mg/ml of steroid were used. 
These solutions were always freshly prepared immediately 
prior to each run. For the substrates la-d, these stock 
solutions provided a concentration of -0.03 p mole per 
ml in the final reaction mixture. (This steroid concen- 
tration minimized the solubility difficulties encountered 
and provided convenient optical density values for 
following the kinetic runs.) For the isomerizations of all 
the new As-3-ketosteroids, and for those incompletely 
documented in the literature, the formation of the 
corresponding A4-3-ketone was verified by its isolation. 

For all the kinetic runs, the absorbance values were 

3We are grateful to Dr. P. Talalay for introducing us 
to this method. 

4 4 9 1 6  

CHEMISTRY. VOL. 46, 1968 

obtained using a reference cell containing all components 
except the steroid substrate. Also all data were corrected 
for the uncatalyzed rate of substrate isomerization by 
evaluating reaction mixtures in which the catalyst solution 
was replaced by an equivalent volume of C02-free water. 
In  addition, for the enzyme-catalyzed processes, owing to 
the anomalous behavior of Id, it was necessary to do  
blank reactions in which 1 % aqueous bovine serum 
albumin (present in all enzyme solutions used) replaced 
the isomerase solution. The larger of the two uncatalyzed 
rates was then used in calculating the net enzymic rate of 
isomerization. All runs were carried out at least twice, 
and the reproducibility was < 1 3  %. 

Buffer Solutions 
Tris-(hydroxymethy1)-aminomethane - hydrochloric 

acid (Tris - HCI), carbonate - bicarbonate, potassium 
chloride - hydrochloric acid (KC1 - HC1) were prepared 
as described by Gomori (9); borate - hydroxide -carbon- 
ate buffer was the Fisher certified reagent. 

Acid-catalyzed Isomerizations 
The kinetic data were obtained with 3 ml reaction 

mixtures of the following con~position. 
3.3 % Aqueous Methanol 
Aqueous hydrochloric acid p H  l.004 (2.90 ml), 

methanol (0.05 ml), steroid stock solution (0.05 ml). 
27% Aqueous Metl~anol 
KCI-HCI buffer solution5 of 0.15 M and DH 1.10 (2.20 

ml), methanol (0.75 ml), steroid stock solution (0.05ml). 
75 % Aqueous Metlzanol 
KCI-HCI buffer solution (2.95 ml of a solution pre- 

pared from methanol (64.5 ml) and aqueous 0.15 M 
KC1-HC1 pH 1.16 (24.0 ml)), steroid stock solution 
(0.05 ml). 

The results obtained for the substrates evaluated, la-d, 
are summarized in Table I. 

Base-catalyzed Isomerizations 
Isomerization of a methanol solution of androst-5-ene- 

3,17-dione (la) with 0.2 M carbonate -bicarbonate 
buffer, p H  8.5-9.0, or with aqueous sodium hydroxide 
p H  8.5-9.0 gave products shown by thin-layer chroma- 
tographic analysis to contain at least four  component^.^ 

When 0.05 MTris-HC1 buffers, p H  8.5-9.0, or aqueous 
sodium hydroxide pH > 10.0, were used, clean isomeri- 
zations were obtained from which a quantitative yield of 
pure androst-4-ene-3,17-dione could be isolated. The 
kinetic data were obtained with 3 ml reaction mixtures 
of the following composition. 

41n all cases, the pH values quoted refer to those of the 
parent aqueous buffer. The pH values of the various 
water-methanol mixtures were not determined. 

5For acid-catalyzed isomerizations carried out in 
aqueous solutions containing >5 % methanol it became 
necessary to use KCI-HCI buffers as the catalysts since 
reproducible results could no longer be obtained with 
HCI alone. 

6Subsequently, the formation of such mixtures was 
found to be less serious than indicated by the initial 
thin-layer chromatography analyses since 95-99 % of the 
expected product, androst-4-ene-3,17-dione, was formed 
in each case (10). 
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JONES AND WIGFIELD: STEROIDS AND STEROIDASES. VI 

TABLE I 
Acid- and base-catalyzed isomerizations of A5-3-ketosteroids* 

l a  l b  l c  Id 

Reaction Rate Reaction Rate Reaction Rate Reaction Rate 
Solvent (pH)? orderf constants order constant order constant order constant 

3 .3  % MeOH (1.00) 1 9.08 1 10.5 MultipleJJ - Multiplel/ - 
27 % MeOH (1 .lo) 1 5.29 1 5.88 1 5.23 11Multiple - 
75 % MeOH (1 .16) 1 1.20 1 1.44 1 1.55 1 1.53 

1 .6% MeOH (8.82) 1 0.46 1 0.47 MultipleJJ - Multiplell - 
27 % MeOH (8.54) 1 0.29 1 0.28 1 0.49 IlMultiple - 
75 % MeOH (10 .O) 1 65.9 1 47.5 1 47.6 1 46.1 

*A11 measurements taken at  25 OC with a steroid concentration of 0.008 mg (-0.03 pmole)/ml. 
?pH refers to that of the aqueous solution prior to addition of methanol. 
$With respect to steroid concentration. 
SAll rate constants in min-' X lo2. 
JJRcaction proceeds more rapidly than for l a  or Ib. 

TABLE I1 
Enzyme-catalyzed isomerizations of As-3-ketosteroids* 

- 
Relative rate? 

Solvent l a  l b  l c  Id l e  -- I f  l g  
. 

1.6% MeOH 1OOf 102f 33 30 
27 % MeOH lOOJ 249$ -0s - 1  -11 - 1 1  
*All measurements taken at 25 O C  with a steroid concentration of 0.055 pmole/ml. 
?Relative to androst-5-ene-3,17-dione ( la)  = 100, under each set of conditions. All rates corrected 

for the uncatalyzed reaction and For the effect of added protein. 
$Immeasurably fast when enzyme concentration was increased 10-fold. 
$Unaffected by up to 100-fold increases in enzyme concentralion. 
/(Not determined. 

1.6 % Aqueous Metl~anol developed by Talalay and his co-workers (1). Typical 
0.05 M Tris-HC1 buffer pH 8.82 (2.95 ml), steroid reaction mixtures had the following composition. 

stock solution (0.05 ml). 1.6 % Aqueous Methanol 
27% Aqueous Methanol Aqueous potassium phosphate buffer (100 p moles) pH 
0.05 M Tris-HC1 buffer pH 8.54 (2.20 ml), methanol 7.0 (2.90 ml), 0.175 p mole steroid (in 0.05 ml methanol), 

(0.75 ml). steroid stock solution (0.05 ml). 0.05 ml of the 1000 times diluted enzvme solution. 
' 75% ~queous Metl~anol 5 %  Aqueous Methanol 

Buffer solution (2.95 ml of a solution prepared from AS for 1.6% aqueous methanol except that the 3 ml 
methanol (64.5 ml) and 0.05 aqueous - hydrOx- reaction volume contained a total of 0.15-ml methanol. 
ide -carbonate pH 10.0 (24.0 ml)), steroid stock solution 27% A ~ ~ , ~ ~ ~ ~  Metha,lo/ 
(0.05 ml). As above except that the reaction volume contained 

The results obtained for the steroids evaluated, la-d, 0.80 ml methanol, and 0.05 of 10 times diluted 
are summarized in Table I. isomerase solution was used. 

Enzyme-catalyzed Zsomerizatiorzs The results obtained, and the range of conditions 

Preparation o ~ ~ o ~ u t i o l l s  of the A S - ~ - K ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
applied in obtaining the relative substrate activities of 

Pseudomorzas testostero~li was cultivated and the cells la-g, are given in I1. 
converted to an acetone powder as described by Talalay 
et al. (1). To extract the enzyme, acetone powder (100 mg) Results and Discussion 
was ground (pestle and mortar) with alumina (100 mg) in F~~ compar~son purposes model isomeriza- 
ice-cold 0.03 M phosphate buffer pH 7.0 (5 rnl) con- 
taining 1 % bovine serum albumin until a homogeneous tions employing acid catalysis were first under- 
mixture was obtained. The mixture was then centrifuged taken. Enzymic catalyses of by-unsaturated 
(6000 g)  at 2" for 10 min and the supernatant was stored ketones are routinely- carried 'out in dilute 
at 0". When required, dilutions of this enzyme supernatant methanol at 250 (1, 3) and accordingly 
solution were made with 0.03 M phosphate buffer pH 7.0 
containing 1 % bovine serum albumin. the initial acid (HC1)-catalyzed isomerizations of 

Kinetic data were obtained using the assay method la-dwere performed in 3.3% aqueous methanol 
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at the above temperature, under conditions 
approximating those of the enzymic assay as 
closely as pra~ticable.~ The results obtained 
(Table I) showed that only for the two substrates 
with an oxygen function at C-17, l a  and lb, was 
a pseudo first order dependence on steroid 
concentration observed. In contrast, for l c  and 
Id, with H and C,H,, respectively as the 17P- 
groups, the isomerizations did not obey first 
order kinetics. Their overall rates were much 
faster than for l a  and l b  but the orders of 
reaction observed were multiple. The orders 
observed were in the range 2-3 and were found 
to change as the isomerization proceeded; they 
also varied from one run to another. 

These data, together with the fact that precipi- 
tation of l c  and I d  occurred during some 
isomerizations, indicated that the influence of 
the nonpolar nature of the C-17 groups on the 
solubility of these steroids caused their aggrega- 
tion into micelles in the aqueous medium em- 
ployed for the kinetic analyses. If this was so, 
increasing the steroid solvating ability of the 
aqueous solvent by raising the methanol con- 
centration should reflect itself in a progressive 
breakdown of the micellar aggregations. The 
experimental observations supported this view. 
As the proportion of methanol was gradually 
increased, the multiplicity of the acid-catalyzed 
reaction orders for l c  and I d  decreased until in 
27% aqueous methanol pseudo first order kinetic 
behavior was observed for the isomerization of 
androst-5-en-3-one (lc). However, for cholest-5- 
en-3-one (Id), with the most nonpolar C-17 
substituent of the series, the kinetics did not 
become first order until a methanol concentra- 
tion of 75% was reached. 

The kinetic data cited above were obtained 
spectrophotometrically by monitoring the change 
in optical density of the reaction solution at the 
wavelength of maximum absorption of the 
clp-unsaturated ketone product (244-248 mp). 
The remote possibility was considered that the 
abnormalities observed in very dilute aqueous 
methanol might be due to deviations from the 

'Most enzymic assays have been.carried out in 1.6% 
aqueous methanol (1, 3) but owlng to the frequent 
solubility difficulties encountered with l c  and Id in this 
solvent, 3.3% aqueous methanol proved a more satis- 
factory solvent for the acid-catalyzed reactions. For the 
subsequent base-catalyzed isomerizations, it was possible 
to use 1.6% aqueous methanol although some data in 
this medium were invalidated by steroid precipitation 
during the isomerization. 

Beer-Lambert law. However, a close reexamina- 
tion of the final molar extinction coefficients 
obtained did not reveal any evidence for this, 
and, in addition, the ultraviolet and optical 
rotatory dispersion spectra of freshly prepared 
solutions of la-d in polar (methanol) and non- 
polar (cyclohexane) solvents were in no way 
u n ~ s u a l . ~  

In view of the acid-catalysis evidence for 
micelle formation by the more nonpolar sub- 
strates, it became of interest to  extend the model 
isomerization studies into the pH range 6-9 
where the isomerase itself operates at maximum 
efficiency (13). In contrast to the well studied 
isomerizations of As-3-ketosteroids at low pH 
(2, 3) few measurements had been made in basic 
solution presumably owing to the complications 
arising from multiple product formation (2). 
That the base-catalyzed reaction was not straight- 
forward (2) was confirmed by the observation 
that isomerization of androst-5-ene-3,17-dione 
(la) in a sodium hydroxide solution of pH 9 
afforded a mixture containing at least three 
components. A similar result was obtained when 
a carbonate - bicarbonate buffer solution of the 
same pH was e m p l ~ y e d . ~  However, when Tris- 
HC1 buffer of pH 8.8 was used the isomerizations 
of all the As-3-ketones la-dproceededcleanly and 
accordingly this medium was used for all the 
base-catalysis kinetic measurements in solutions 
containing up to 27% methanol. In water con- 
taining 75% methanol, the addition of the 
Tris-HC1 buffer effected isomerization only very 
slowly and it was found necessary to substitute 
borate - hydroxide - carbonate buffer of pH 10 
in order to achieve convenient rates. 

The data obtained are summarized in Table I ;  
they follow a similar pattern to those of the 
acid-catalyzed reactions and thus provide further 
evidence that substrates l c  and Id, with non- 
polar substituents at C-17, form micelles in 
aqueous solution. 

A comparison of the rate constants for the 
acid- and base-catalyzed isomerizations of la-d 
in 75% aqueous methanol shows that those for 
lb-d do not differ by > 7 and > 3% respectively. 
This indicates that the rates observed for 
cholest-5-en-3-one are normal and it seems likely 

Tau t ion  is required when interpreting the spectra of 
some By-unsaturated ketones possessing remote carbonyl 
groups unless the compounds and solutions are examined 
immediately after their preparation (11, 12). 
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therefore that all the micelles have been broken 
down in solutions of this composition. 

Surprisingly, the steroid that is anomalous, in 
75% aqueous methanol, is the standard enzyme 
substrate, androst-5-ene-3,17-dione (la), since 
its acid- and base-catalyzed isomerization rates 
are significantly slower and faster respectively 
than those of the other A5-3-ketones. This con- 
stitutes yet another example of the many long 
range substituent effects which have been ob- 
served in steroidal systems (see ref. 14 for some 
leading references). The influence of the carbonyl 
group can in this case be satisfactorily rational- 
ized in terms of polar transmission (14, 15) 
whereby the inductive effect of the carbonyl 
group would tend to destabilize the positively 
charged enolic transition state involved in acid 
catalysis, but would stabilize the negatively 
charged enolate intermediate of the base-cat- 
alyzed reaction. 

In view of the preceding kinetic evidence for 
micelle formation by l c  and I d  in aqueous 
solution, the possibility arose that the negligible 
enzymic isomerization rate reported for cholest- 
5-en-3-one might be due to such aggregation and 
that the fully solvated molecule might well be a 
good substrate. Unfortunately, the fact that a 
methanol concentration of 75% is necessary to 
ensure the complete breakdown of cholest-5- 
en-3-one micelles precluded the substrate evalu- 
ation of the monomeric molecule, since, as 
expected, the enzyme was completely denatured 
under such conditions. 

Nevertheless, a comparison of the relative 
rates of enzymic isomerization of la-c (see 
Table 11) provided firm evidence that substrate 
aggregation into micelles can indeed give rise to 
an apparent C-17 specificity of the enzyme. 

In 1.6% aqueous methanol l a  and lb,  with 
=O and P-OH groups respectively at C-17, are 
both good substrates and the substitution of 
P-OH for =O has a negligible influence on the 
rate. For lc,  however, with no functional group 
at C-17, the rate of enzyme-catalyzed isomeriza- 
tion in this solvent was negligibly small, and, in 
contrast to those of l a  and lb, was not increased 
when higher (up to 100-fold) enzyme concen- 
trations were applied. 

The next step, viz. increase of the methanol 
concentration, was approached with some 
trepidation owing to the increasing denaturation 
most proteins undergo when the organic solvent 

.OIDS AND STEROIDASES. VI 1463 

concentration of their solutions in water is 
raised. The activity of the isomerase was assayed 
as a function of methanol concentration, and, 
as anticipated, progressive loss of activity was 
observed. Using androst-5-en-3,17-dione (la) as 
the standard substrate it was found that the 
addition of 3,5, and 10% methanol destroyed 
5,17, and 76% respectively of the enzyme's 
isomerization capacity. In 27% methanol, 99% 
of the activity was lost; fortunately, this could 
be counterbalanced by using greater quantities 
of enzyme and satisfactory rates were obtained 
in 27% aqueous methanol by increasing the 
enzyme concentration 100 times. In such solu- 
tions the isomerase activity was found to be 
constant over the period of kinetic measurement 
(3 min) and 75% of this activity was still present 
after 1 h. 

When l c  was assayed in 27% aqueous 
methanol, in which solution it is present as the 
fully solvated molecule, it became a better sub- 
strate of the enzyme than either l a  or lb. This 
observation establishes beyond all doubt that an  
oxygen function at or near C-17 is not a require- 
ment for substrate a~t iv i ty .~  

As expected, for I d  negligible enzymic catalysis 
was observed in 1.6 and 27% aqueous methanol 
even when the enzyme concentration was in- 
creased 100-fold. 

It should be stressed that the relative rates for 
la-d given in Table I1 are those due to the 
enzyme-catalyzed process alone and do not 
necessarily reflect the total rate of product for- 
mation under the assay conditions. It is necessary 
to make this distinction since for androst-5- 
en-3-one the uncatalyzed reaction in the assay 
medium lacking only the enzyme was quite 
rapid both in 1.6 and 27% aqueous methanol. 
Even greater caution was required when evalu- 
ating the enzyme-catalyzed process for cholest- 
5-en-3-one since the uncatalyzed rate of iso- 
merization was substantially increased by the 
addition of the enzyme preparation. However, 
increases in enzyme concentration of up to 
100-fold did not further augment the rate and it 
was subsequently established that the velocity 
increase observed on addition of the enzyme was 

gThe results obtained in this unusual, for an enzyme, 
solvent are considered valid since (i) la  and 16 remain 
good substrates in the solvent of higher methanol 
content; (ii) their rates of isomerization in both 1.6 and 
27% aqueous methanol, and that of l c  in the latter 
solvent, are proportional to the amount of enzyme added. 
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due only to the addition of protein; the addition 
of 1% -aqueous bovine serum albumin alone 
(with which all the enzyme preparations were 
diluted prior to use) caused a similar increase in 
the uncatalyzed isomerization rate of Id. In 
contrast, for l a  and l b  the uncatalyzed rates in 
1.6 and 27% aqueous methanol were low and 
were unaffected by the addition of bovine serum 
albumin. In arriving at each of the net enzymic 
relative rates summarized in Table 11, both the 
uncatalyzed reaction and the effect of bovine 
serum albumin were taken into account. 

As stated earlier, it was not possible to evalu- 
ate the enzymic substrate activity of cholest-5- 
en-3-one under conditions ensuring its existence 
as a monomer.1° From the data of la-c it seems 
likely that the observed specificity with respect to 
I d  results from a combination of micelle forma- 
tion" and a true specificity effect of the large 
C,Hl, group. In an attempt to clarify the rela- 
tive contributions of these two factors further 
experiments systematically examining the influ- 
ence of C-17 hydrocarbon substituents are being 
carried out. 

Although the negligible enzymic isomerization 
of cholest-5-en-3-one is by far the most dramatic 
feature of the currently available specificity data, 
smaller, but real, rate differences have been 
reported for other substrates, particularly for 
those with 17m-substituents (1, 2). The 17a- 
specificity of the enzyme was corroborated by 
comparison of the isomerizations in 1.6% 
aqueous methanol of l7a-hydroxy-l7m-methyl- 
androst-5-en-3-one ( le) ,  17a-hydroxy-17a- 
ethynylandrost-5-en-3-one (If ), and 17m-hy- 
droxyandrost-5-en-3-one (lg). AsTable I1 shows, 
their rates relative to that of androst-5-en- 
3,17-dione (la) are very much diminished. The 
unlikely (since le-g all contain a C-17 hydroxyl 
function) possibility that the rate differences 
might be explained, at least in part, by some 
substrate micellation, was eliminated by a com- 
parison of the isomerization rates of l a ,  le ,  and 
If in 1.6 and 5% aqueous methanol; the rate 
ratios in both solvents were identical. 

Since the 17m-groups of le-g differ markedly 
in polarity, the observed specificity presumably 

'"The isomerase from beef adrenals does not appear 
to require monomeric substrates (16). 

"The influence micelle formation may have on 
enzymic and related processes is attracting increasing 
attention (17). 

reflects an increased steric interaction of this 
region of the substrate with the active site. 

The elegant fluorescence studies carried out by 
Talalay and his co-workers (13) on isomerase-19- 
nortestosterone complexes implicate tyrosine a t  
the binding site. Their data suggest this to be a 
polar interaction involving the C-3 or C-17 
region of the steroid but do not enable the two 
possibilities to be distinguished. The above 
specificity results, and particularly that mono- 
meric androst-5-en-3-one is an excellent sub- 
strate, argue against any significant C-17 
tyrosine interaction of this kind. The mechanism 
of action of the isomerase outlined by Malhotra 
and Ringold (3) proposes the concurrent partici- 
pation of an acidic and a basic group in the rate 
determining enolization step. They suggest that 
the acidic group protonates (partly or fully) the 
C-3 carbonyl group and it now seems likely that 
the phenolic group of a tyrosine at the active site 
fulfills this role. The activation parameters for 
the isomerization (18) are consistent with this 
view and further supporting evidence will be 
presented shortly. 
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Studies in terpenoids. 1V.l Synthetic studies in juvabiones and analogues. 
Conversion of ar- (+ )-turmerone to ar- (+ )-juvabione2 

K. SUBRAHMANIA AYYAR~ AND G. S. &ISHNA -0 

Department of Organic Cl~etnistry, Itldiatz Institute of Science, Barrgalore 12, India 
Received July 31, 1967 

Synthetic work leading to the preparation of todomatuic acids4 (2a), juvabiones (26), and or-(&)- 
juvabione (8d) and the successful conversion of ar-(+)-turmerone (9) to ar-(+)-juvabione (36) IS 
presented. The synthetic compounds 26 and 36 exhibit juvenile hormone activity. 

Canadian Journal of Chemistry, 46, 1467 (1968) 

By hydrolysis of the oil derived from Abies 
sachalinensis Mast., Tuchihashi and Hanzawa 
(1) isolated todomatuic acid and its structure, 
deduced by Momose (2), was confirmed by 
Nakazaki and Isoe (3) who also assigned its 
absolute configuration (la). Very recently highly 
active sesquiterpenoid juvenile hormones called 
juvabione (4,5) Bnd dehydrojuvabione (5,6) were 
isolated from the wood of the balsam fir, Abies 
balsamea L., the former identified as the methyl 
ester (lb) of todomatuic acid. 

This describes the synthetic work6 
leading to the preparation of todomatuic acids4 
(2a), juvabiones (2b), and ar-(5)-juvabione (Sd), 
the successful conversion of ar-(+)-turmerone 
(9) to ar-(+)-juvabione (3b), and the chemical 
correlations of the various compounds. 

p-Methoxystyrylisobutyl ketone (7) on con- 
jugate addition (8) with CH3MgI furnished the 

'For Part I11 in this series, see L. R. Subramanian and 
G. S. Krishna Rao, Tetrahedron, 23,4167 (1967). 

2For a preliminary account of this work, see K. 
Subrahmania Ayyar and G. S. Krishna Rao, Tetrahedron 
Letters, 4677 (1967). 

3Present address: Forest Research Laboratory, 
Bangalore 3, India. 

4The s u a  s indicates diastereomixture. 
5For a recent report on the synthesis of (f )-juvabione 

from Japan, see K. Mori and M. Matsui. Tetrahedron 
Letters, 2515 $1967). 

6Part of this work was presented and published as an 
abstract at the "Symposium on Recent Advances in the 
Chemistry of Terpenoids", National Chemical Labo- 
ratory, Poona, India, in June 1965. 

1,4-addition product 4a.7 Birch reduction of the 
anisyl alcohol 4b and hydrolysis of the resulting 
dihydroanisole gave the unconjugated keto 
alcohol 5a. Its acetate 5b was hydrogenated to 6a 
which was then converted to the cyanohydrin 
acetate 6b by an exchange reaction (10). The 
dehydration of 6b furnished the acetoxy un- 
saturated nitrile 7a as a major product8 which on 
alkaline hydrolysis gave the hydroxy un- 
saturated acid 7b. Oxidation (Jones' reagent) of 
7b gave the keto acids 2a: m.p. 65-66" (lit. (6) 
m.p. 66-67") when regenerated from its S- 
benzylthiuronium salt, m.p. 162". I t  gave an 
infrared spectrum (CCl,) almost superimposable 
with that of the natural todomatuic acid (la).1° 
Several attempts to separate the two racemates of 
the methyl ester 2b by thin-layer chromatography 
(t.l.c.), including AgN03-SiO, (1 l), gas-liquid 
chromatography (g.1.c.); ' and inverted dry col- 
umn chromatography (12) were unsuccessful. 

'For an alternate synthesis of 4a in support of its 
structure, see K. Subrahmania Ayyar, Ph.D. Thesis. 
Indian Institute of Science, Bangalore, India. 1967. 

8The structure of the minor product was established 
(9) to be a deacetoxy diene nitrile (7a, with OAc sub- 
stituted by a double bond). 

gThe synthesis of todomatuic acids4 (20) was also 
achieved by the route: 5a -+ 6c -+ 6d -+ 6e -+ 7c. Though 
7c furnished 2a on acid hydrolysis, its hydrolysis by 
alkali gave a solid nonketonic diene acid. Its structure and 
the related transformations will be published separately. 

''We thank Dr. S. Isoe for the authentic samples. 
"We thank Dr. Sukh Dev for the gas-liquid chroma- 

tography of 26 and its nuclear magnetic resonance 
spectrum. 
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Gas-liquid chromatography gave a single peak 
on two different columns. Besides showing on 
t.1.c. identical R, value as juvabione lb, 2b ex- 
hibited juvenile hormone activity12 against 
Pyrrhocoris apterus L. and Dysdercus inter- 
medius at 10 pg per one bug dosage. The natural 
and synthetic juvabiones exhibited surprisingly 
almost identical infrared spectra.12 

OAc; OH R, = CN 
OH 

,/OH; 
C, R1 = R, = 0 

\H 
R, = COzH 

OH 
c, R1 = 0 

,/OH; 
d , R  - Rz = CN 

R ~ = < ~ ~  

The synthetic todomatuic acids (2a) gave 
desoxo- and the anilide (m.p. 125 ") of trans- 
dihydrodesoxotodomatuic acids (3) which gave 
superimposable infrared spectra (in CCl,) with 
the corresponding samples derived from the 
natural acid la.'' 

The synthesis of ar-todomatuic acid arose from 
a consideration that the occurrence in nature, in 
different sources or often in the same source, of 
perhydroterpenoids and the corresponding aro- 
matized compounds is quite widespread (1 3). 

Conjugate addition of CH3MgI to the 
styrylisobutyl ketone (14) furnished 2-phenyl-6- 
methylheptan-4-one (8a). Chloromethylation of 
8a gave the chloromethyl ketone 8b which was 

lZWe thank Prof. F. Sorm for the t.1.c. and infrared 
comparison of l b  and 26, and comparative hormonal 
evaluation of l b ,  26, and 36. 

!-A- 

converted by standard procedures to the keto 
acid 8d and ar-(f )-juvabione 8e via the aldehyde 
8c. Dehydrogenation of the keto acids 2a to give 
the ar-keto acid 8d provided mutually confir- 
matory support to both the structures. 

A 
8 a , R = H  

b, R = CHzCl 
c, R = CHO 
d, R = C02H 
e, R = C02Me 

Alternatively ar-(+)-turmerone (9) of known 
absolute configuration (15) at C-7 appeared to be 
an attractive starting material for the preparation 
of optically active ar-todomatuic acid (3a) and 
ar-juvabione (3b). 

Aromatization of the sesquiterpene ketone 
fraction from Curcuma longa L. consisting 
chiefly of turmerone and ar-turmerone by the 
hydrogen transfer technique of Kindler and 
Luhrs (16) gave ar-(+)-turmerone (9).13 On 
oxidation (17, 18) by a modified procedure 
(CrO, - AcOH - H20), ar-(+)-dihydroturme- 
rone (10) gave ar-todomatuic acid (3a) contami- 
nated with terephthalic acid. Purification of the 
esterified material by chromatography gave ar- 
(+)-juvabione (36). The ar-analogue (+)-3b also 
exhibited juvenile hormone properties12 like the 
keto esters l b  and 2b. 

In Table I are summarized the o~t ica l  rotations 
of some of the related compounds under study. 
It  is interesting to note that while the ar- 
compounds with S-chirality at C-7 (type A) 
exhibit dextro rotation, the trans-dihydro- 
desoxotodomatuic acid with R chirality at C-7 
(type B) also exhibits dextrorotation. Since 
compounds of type C will be levorotatory (anti- 
podal to A), it follows that aromatization of 
B would lead to reversal in the sign of rotation. 

13We thank Dr. A. S .  Rao for theiinfrared spectrum of 
authentic ar-turmerone (15). 
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TABLE I 2-(p-Methoxyphenyl)6-metlgvll1epta~1-4-ol (4b) 
The ketone 4a (20 g) in dry ether (100 ml) was added 

Serial Chirality dropwise with vigorous stirring to a suspension of lithium 
NO. Compound at C-7 Rotation aluminium hydride (4 g) in dry ether (100 ml). Stirring 

was continued (1 h) and the reaction mixture was left 
1 Todomatuic acid (la) R(5) [a] 65+87 "14) overnight. The excess lithium aluminium hydride was 

M~ +233 (3) decomposed with ethyl acetate (50 ml); water (40 in]) and 
DesOxO-tOdomatuic acid R(5) MD +224 " (3) aqueous HCI (1 :6, 200 ml) were added and the product 
trans-Dihydro-desoxo- R(5) Mo t34 " (3) was extracted with ether. Removal of solvent furnished 

todomatuic acid 
4 Juvabione (lb) R(6) 179.5 0 (5) the alcohol4b, b.p. 140-141 "at0.5 mm (14 g); 116V.5090; 
5 Turmerone fraction S(17) [ a ] ~  -7 to -27" infrared (neat); 3448 cm-' (-OH). 

(15); -32.6" * Anal. Calcd. for C15H2402: C, 76.3; H, 10.2. Found: 
6 Turmerone tali5 -61.7" (19) C, 76.4; H, 10.2. 
7 ar-Turmerone (9) '(I7) ['ID 1 6 0  168 " to (I5); 44'(-Hydroxy-6'-methyl-2'-heptyl)cyclohex--en--one 

1 6 9  * (5a) 
8 ar-Juvabione (3b) S [a]:: 122.93 " * To a solution of the alcohol 4b (25 g) in absolute 

*Present work. 
ethanol (125 ml), and liquid ammonia (500 ml) sodium 
(34 g) in small pieces was added in small lots. Each 
further lot of sodium was added after the disappearance 
of the blue color. More ammonia (500 ml) was collected 
to replenish the ammonia lost by evaporation and the 
addition of sodium completed (6 h). Evaporation of 

R1 ammonia followed by the usual work-up gave the corre- 

A, ( 1 ) -  B, (+)- 
sponding dihydroanisole (27 g) which did not show 
aromatic absorption in the ultraviolet; infrared (neat); 
3509 (-OH); 1706, 1672, 1217 cm-' (enol ether) (20). It 
was immediately used in the next reaction. 

It may therefore be predicted that the To the above crude en01 ether (27 g) in acetone (194 ml) 
ally occurring dextrorotatory todomatuic acid, and methanol (106 ml), oxalic acid (5 g in 120 ml water) 
juvabione, and dehydrojuvabione will furnish the was added and the reaction mixture was stirred vigor- 
corresponding levorotatory compounds on are- O U S ~ Y  (1.5 h). It Was poured into water (1 1) and ex- 

matization of the ring. tracted with petroleum ether. The solvent was removed at 
room temperature under reduced pressure to furnish 5a 
(24 g). An analytical sample was prepared by chroma- 

Experimental tography (SOz). The keto alcohol 5a, eluted with 1 :I 
benzene+ther had b.t. 120-140" at 1 mm, nA3 1.4740; infra- 

Bath temperatures (b.t.) are given for short-path 
distillations. Melting points are not corrected. Infrared red (neat); 3571 (-OH), 1724 (saturated \ 

\ 
/C=O) and, 

spectra were taken on Perkin-Elmer Infracord, model 800 cm-I ( C=CH-). No absorption for a$-unsatu- 
137. Petroleum ether used had boiling range 40-60 ". The / 
organic extracts were washed appropriately and dried rated ketone was noticed in the ultraviolet even after 
(NazS04) before removal of the solvent. Microanalyses equilibration with 
were carried out by M ~ ~ ~ ~ ~ .  B. R. Seetharamia, D. p. Anal. Calcd. for C14H2402: C, 75.0; 10.7- Found: 

Bose, and H. S. Thyagarajan of this department. C, 74.9; Hz 10.7. 
The above keto alcohol 5a (5 g), acetic anhydride (8.3 

2-(p-Methoxyphenyl)6-methylheptan-4-one (4a) ml) and pyridine (0.7 ml) were mixed together and left 
To a solution of the Grignard reagent prepared from overnight. It was then poured into water (100 ml) and 

magnesium (15.8 g) and methyl iodide (50 ml) in dry extracted with petroleum ether. Removal of the solvent 
was added at 0 0 with stirring anhydrous cuprous furnished the acetate 5b (6.2 g) which was used as such for 

chloride (3 g). p-Methoxystyrylisobutyl ketone (7) (50 g) the next An analytical sample prepared by 
in dry ether ( 100~1)  was slowly added to the reaction short-path distillation had b.t. 100-120" at 1 mm, nk4 
mixture at 0 ". Along with the addition of the ketone more 1.4725 ; infrared (neat); 1727 and 1236 cm-' (acetate). 
cuprous chloride (3.0 g) was added in small lots. After Anal. Calcd. for C I S H Z ~ O ~ :  C, 72.2; H, 9.8. ~ o u n d :  C, 
leaving the reaction mixture overnight, it was refluxed 72.2; H~ 9.7. 
(lh) and decomposed under cooling (ice and salt) the 4-(4'-Ace~oxy-6'-methy~-2'-hep~y[) ~ y ~ l ~ h ~ x a n - l - ~ ~ e  (60) 
slow addition of HC1 aqueous (1 :I) with vigorous stirring. ~h~ 56 (6.2 g) was hydrogenated in acetic 
The ether layer was separated, washed with water, satu- acid (25 ml) with A~~~~ catalyst (150 mg) at room 
rated aqueous Na2S203 and again water. of temperature and pressure till slightly more than one mole 
solvent furnished 4a, b.p. 131-136" at 1.5 mm (37.5 g), n63 of Hz was adsorbed (6 h). l-he catalyst was removed by 
1.5025; infrared (neat); 1724 cm-I (saturated) C=O); filtration and the product 6. (5.8 g) was worked up. An 
A,., (EtOH) 276 mp (~757.5). analytical sample prepared by short-path distillation had 

Anal. Calcd. for CI5H2,O,: C, 76.9; H, 9.4. Found: C, b.t. 135-140" at 1 mm, ng5 1.4630; infrared (neat); 1724 
77.0; H, 9.3. and 1236 cm-I (acetate). 
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Anal. Calcd. for Cl6HZ8o3: C, 71.6; H, 10.5. Found: 
C, 71.8; H, 10.8. 

4- (4'-Acetoxy-6'-methyl-2'-heptyl) cyclohexan-I-one 
Cyanolydrin (66) 

The keto acetate 6a (5.8 g), acetone cyanohydrin (18 
ml), and 10% aqueous NaOH (1 ml) were mixed together 
and left overnight. The reaction mixture was poured with 
stirring into ice-water slurry (1 kg) containing acetic acid 
(4 ml). Extraction with ether and removal of the solvent 
furnished the acetoxy cyanohydrin (6b) which was used 
directly for dehydration. Infrared (neat); 3571 (-OH), 
2273 (saturated -C=N), 1730, and 1238 cm-' (acetate). 

4-(4'-Acetoxy-6'-methyl-2'-heptyl) cyclohex-l-ene-l- 
nitrile (7a) 

To the acetoxy cyanohydrin 66 (6 g) in dry pyridine 
(27 ml), POC13 (9 ml) was added under cooling (ice). The 
reaction mixture was heated on a steam bath (15 min). It 
was cooled and poured into crushed ice with vigorous 
stirring. Extraction with petroleum ether followed by 
washing with aqueous HCl(1 :I), 10% aqueous NaHC03 
and then with water and removal of solvent gave a 
residue (5.2 g) which was chromatographed (Si0,-I). 
Benzene eluted the deacetoxynitrile8 and other by- 
products (1.7 g), while ether eluted the required acetoxy 
unsaturated nitrile, 7a(3.3 g) which had b.t. 115-125" at 
1 mm (2 g), I I ~  1.4795; infrared (neat); 2242 (conjugated 
-C=N), 1730 and 1238 (acetate), and 1645 cm-I 
(conjugated C=C) and no absorption maxima in the 
region 220 to 330 mp (21). 

Anal. Calcd. for C17H2,N02: C, 73.6; H, 9.8; N, 5.1. 
Found: C, 73.4; H,9.5; N, 5.1. 

4-(4'-Hydroxy-6'-methyl-2'-heptyl) cyclohex-l-ene-l- 
carboxylic Acid (76) 

The acetoxy nitrile 7a (1.6 g) was refluxed (20 h) with 
ethanolic KOH (5.6 g KOH in 28 ml of distilled alcohol) 
and worked up to give the hydroxy unsaturated acid 76 
(1.45 g) which was directly used in the subsequent step. 
An analytical sample of 76 was obtained on short-path 
distillation (150-170" at 1 mm) as a low-melting solid. In- 
frared (CCLJ; 2985,2667, and 1689 (-COOH) and 1645 
cm-' (conjugated k c ) .  The infrared of the Ag salt 
showed a strong peak at 3404 nm-I (-OH). 

Anal. Calcd. for C15H2603: C. 70.9; H. 10.2. Found: 
C, 70.4; H, 9.8. 

The S-benzyltl~iuroniurn salt had m.p. 134-1 36 ". 
Anal. Calcd. for C23H3603N2S: N, 6.7. Found: N, 

6.5. 

4-(4'-Keto-6'-methyl-2'-heptyl) cyclohex-l-ene-l- 
carboxylic Acid: Todomatztic Acids4 (2a) 

To a solution of the hydroxy acid 76 (1 g) in acetone 
(20 ml), Jones' reagent (22) (8 ml) was added dropwise 
with stirring (magnetic) and cooling (ice). After the 
addition was over, it was left for 15 min and poured into 
water (200ml), extracted with ether, and the acidic 
product (0.9 g) worked up. An analytical sample of 2a 
prepared by short-path distillation had b.t. 15@16O0 at 1 

I 
mm; infrared (CC1,); 3636-3077 (broad, O=C-OH), 
1712, 1695 (acid and ketone carbonyl), and 1647 cm-I 
(conjugated k c ) .  

3HEMISTRY. VOL. 46, 1968 

Anal. Calcd. for Cl5H2403: C, 71.4; H, 9.5. Found: C, 
71.6; H, 9.6. 

The S-benzyltl~iuroni~tn~ salt had m.p. 162". 
Anal. Calcd. for CZ3H3,N2O3S: N, 6.7. Found: N, 6.8. 
The keto acid regenerated from the S-benzylthiuronium 

salt by the usual procedure was obtained as a white solid, 
m.p. 65-66". It had an infrared spectrum (CC14) almost 
superimposable with todomatuic acid (la).lo 

The rnetliyl esters 26 (juvabiones4), prepared by 
refluxing (6 h) the solution of the keto acid 2a (0.3 g) in 
dry acetone (10 ml) with dimethyl sulfate (0.22 g) and 
anhydrous K2C03 (0.22 g) followed by the usual work-up 
had b.t. 1 15-12O0at 1 mm, ni7 1.4815; infrared(neat); 1721 
(shoulder, unsaturated ester), 1715 (ketone), and 1647 
cm-' (conjugated C=C). Nuclear magnetic resonance," 
6 (solvent CC14, reference TMS) 0.86 (d, J = 6 Hz) 
and 0.88 (d, J = 6 Hz) 9H, 3.67 (-COOCH,), 6.87 

I I 
(H-&c-co,cH~). 

Anal. Calcd. for C16H2603: C, 72.2; H, 9.8. Found: C, 
71.8; H, 9.9. 

The keto acid 2a was subjected to Wolff-Kishner 
reduction (3). An analytical sample of the corresponding 
desoxotodornatuic acid had b.t. 155-160" at 1 mm (0.4 g), 
ni6 1.4850. The infrared spectrum (in CCI,) was super- 
imposable with that of the authentic sample.'O 

Anal. Calcd. for Cl5HZ6O2: C, 75.6; H, 10.9. Found: 
C, 75.4; H, 10.7. 

Hydrogenation of the above desoxoacid (0.35 g) in 
acetic acid (25 ml) at room temperature and pressure over 
Adams catalyst (0.1 g) till there was no more absorption 
of Hz gave the crude dil~ydrodesoxotodomatuic acid. An 
analytical sample had b.t. 155-160" at 1 mm (0.25 g), nAO 
1.4730; infrared (neat) ; 2976, 2615, and 1712 cm-I 
(-COOH). 
1 - - - - -  , - 

Anal. Calcd. for Cl5H28O2: C, 75.0; H, 11.7. Found: 
C, 75.0; H, 11.9. 

The &ethyl ester of the above dihydrodesoxo acid 
(0.25 g) was prepared by esterification with diazomethane 
generated from nitrosomethylurea (0.85 g) and 40% 
aqueous KOH (2.5 ml). An analytical sample (0.1 g) had 
b.t. 115-120" at 1 mm, n iO 1.4555; infrared (neat); 1742 
cm-' (ester). 

Anal. Calcd. for C16H30O2: C, 75.6; H, 11.8. Found: 
C, 75.7; H, 11.8. 

trans ( -+) -Dilzydrodesoxotodomatuic Acid 
The above methyl ester (0.6 g) was equilibrated with 

NaOEt (5) and hydrolyzed to the trans acid. An analytical 
sample had b.t. 15C155" at 1 mm (0.52 g), 1 1 2 ~  1.4635; 
infrared (neat); 2976, 2695, and 1712 cm-I (-COOH). 

Anal. Calcd. for Cl5HZ8O2: C, 75.0; H, 11.7. Found: 
C, 74.6; H, 11.4. 

The anilide of trans-(-+)-dihydrodesoxotodomatuic 
acid prepared in the usual manner by treatment of the 
acid with thionyl chloride, followed by aniline had m.p. 
125" (dilute MeOH) [Lit. (3) m.p. 106" for the anilide of 
optically active acid], with its infrared spectra in CC1, and 
in CHC1, completely identical with the authentic sample.1° 

Anal. Calcd. for C21H33NO: N, 4.4. Found: N, 4.5. 

2-Pl~enyl-6-metlzyll1eptan-4-o1ze (8a) 
To a solution of the Grignard reagent prepared from 

magnesium (1 1 g) and methyl iodide (35 ml) in dry ether, 
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was added at  0' with stirring, anhydrous Cu2C12 (3 g). 
Styrylisobutyl ketone (14) (35 g) in dry ether (100 ml) was 
slowly added to  the reaction mixture at  0'. Along with the 
addition of the ketone more anhydrous Cu2C12 (3 g) was 
added in small lots. After leaving the reaction mixture 
overnight, it was refluxed (1 h) and decomposed under 
cooling (ice-salt) by the slow addition of aqueous HCI 
(1:l) with vigorous stirring. The residue (34 g) from the 
ethereal extract was fractionated and the fraction b.p. 
109-1 14 "a t  l /mm (22.8 g) had n i7  1.5040; infrared (neat); 

Anal. Calcd. for C ; ~ H , ~ O :  C, 82.4; H, 9.8. Found: C, 
82.6; H, 9.8. 

4-(4'-Keto-6'-met/1yl-2'-heptyl)betzzaldehyde (8c) 
To the ketone 8a (5 g) taken in a suspension of 

anhydrous AICI3 (2.3 g) in nitrobenzene (10 ml), chloro- 
methyl methyl ether (7 g) (23) was added dropwise with 
stirring at  room temperature (5 rnin). Stirring was 
continued at room temperature (30 min) and then at 50' 
(3 h). After leaving overnight, the reaction mixture was 
poured into crushed ice with stirring and extracted with 
ether. From the ethereal extract which contained both the 
chloromethyl derivative (8b) and nitrobenzene, some 
nitrobenzene (9 ml) was distilled off at b.t. 100" at 1 mm. 
The crude product thus obtained was used for the 
Sommelet reaction. 

To the crude chloromethyl compound 8b (5 g) in 
aqueous HOAc (1 :1,25 ml), hexamethylenetetramine (24) 
(6.2 g) was added. The reaction mixture was refluxed (30 
min). Aqueous HCI (1:1, 20 ml) was added and the 
refluxing continued (10 min). The reaction mixture was 
cooled, poured into water, and extracted with ether. The 
crude residue from the ethereal extract containing the 
aldehyde 8c was used as such for the next reaction. An 
analytical sample of the aldehyde 8c obtained by purifi- 
cation via theGirard Tcomplex had b.t. 120-125 Oat 1 mm; 

I 
infrared (neat); 2817 (o=c-H) and 1709 cm-I 

\ 

(ketone and aldehyde >C=O). 
/ 

Anal. Calcd. for Cl5Hz0O2: C, 77.6; H, 8.6. Found: C, 
77.4; H, 8.8. 

ar-(+)-Todomarrric Acid (8d) 
(a) By Oxidation of 8c 
T o  the crude aldehyde 8c (5 g) taken in ethanol (65 ml) 

and aqueous AgN03 (3.1 g in 32.5 ml water), aqueous 
NaOH (3.1 g in 31 ml water) (25) was added dropwise 
with vigorous stirring (30 rnin). After stirring for 3 h, the 
reaction mixture was filtered and the alcohol distilled off 
under reduced pressure. The residue was diluted with 

Anal. Calcd. for Cl5HZ003:  C, 72.6; H, 8.1. Found: 
C, 72.7; H, 7.9. 

The methyl ester, ar-(f)-j~tvabione (8e) prepared by 
esterifying the above acid (1.23 g) with diazomethane 
generated from nitrosomethylurea (4 g) and 40% aqueous 
KOH (12 ml), had b.t. 134-135 " at 1 mm; infrared, (vide 
infia) . 

Anal. Calcd. for C16HZ203: C, 73.3; H, 8.4. Found: 
C, 73.3; H, 8.3. 

(b) By Del~ydrogenationof Syntlretic Todotnatlric Acids4 
( 2 4  

The keto acid (0.1 g) and sulfur (70 mg) were heated 
(1 h) at 240-260". The reaction mixture was cooled to  
room temperature and was then repeatedly digested with 
thiophene free dry benzene and filtered. The filtrate was 
refluxed (2 h) with freshly precipitated copper (1 g). The 
solid was filtered off and the benzene was removed from 
the filtrate. The residue (50 mg) was esterified with 
diazomethane generated from nitrosomethylurea (200 
mg) and 40% aqueous KOH (0.6 ml). The crude ester 
obtained was purified by preparative thin-layer chroma- 
tography. The infrared spectrum (vide itlfra) of the pure 
ester (20 mg) was superimposable in all respects with that 
of methyl ar-(+)-todomatuate (Se), as prepared above. 

ar-Turmerone (9) 
The oil (161 g) of Crrrcuma lotzga L., supplied by Techno 

Chemical Industries, Calicut, India, was fractionated and 
the sesquiterpene ketone fraction (31 g) distilling a t  
115 "at 1 mm was collected, c(i6 - 32.6 ", ni6 1.5050; infra- 

\ 
\ red (neat); 1695 (unsaturated ,C=O), 1626 (conju- 

gated C=C), and 1515 cm-I (gr C=C). ar-Turmerone 
in the ketone fraction was spectrophoto1netrica1Iy 
estimated to  be ca. 65 %.I4 

A mixture of the ketone fraction (13.2 g), xylene 
(100 ml), cinnamic acid (27 g), and 10% palladiu~ll on 
carbon (1 g) was refluxed (2 h). After cooling to room 
temperature, the reaction mixture was filtered, and the 
filtrate diluted with ether. The residue (13 g) from the 
ethereal extract on fractionation gave ar-turmerone 9 (9 g) 
which had b.p. 146" at  8 mm; ~ 6 ~ - 6 9 "  (homogeneous 
by t.1.c.) and an infrared spectrum superimposable with 
that of the authentic sample.13 

ar-Dil~ydrotrrrn~erone (10) 
ar-Turmerone (9) (2.2 g) was hydrogenated at  room 

temperature and pressure over 5 % palladium on carbon 
(0.5 g) in ethanol (25 ml) till there was no more absorption 
of hydrogen. The catalyst was filtered and the alcohol 
distilled off from the filtrate. The residue (2.2 g) was 
fractionated to furnish ar-dihydroturmerone (10) b.p. 
115"at 1 mm (1.6 g) which hadnA2 1.4890, c(g7 +37.4"; 

water (250 ml) and extracted with ether to  remove all infrared (neat); 1712 cm-l (saturated 
neutral matter. The clear alkaline aqueous portion was 
acidified with aqueous HC1 (1:l) and the liberated acid Anal. Calcd. for C1,H2,O: C, 82.5; H, 10.2. Found: 
extracted with ether. The residue (1.6 g) from the extract C, 82.4; H, 10.3. 
on short-path distillation, b.t. 180-185" at  1 mm, gave an 

(1.23 g) of 8d. ~t to a low- ar-(+)-Jlrvabiotle (Methyl ar-(+)-Todotnatuate) (3b) 
ar-(+)-Dihydroturmerone (10) (6 g) was added to  a melting yellow solid. Infrared (CC14); 3676-3021 (broad, solution of Cr03 (24 g) in AcOH (320 ml) containing I -- 

o=~-o-H), 1715 (sh) and 1695 (carbox~l and lsThe estimation was carried out, on  the suggestion of 

ketone ' e 0 )  and 1613 cm-' (aromatic +C). one of the referees, in a separate experiment on a different 
/ batch of the fraction. 
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water (37 ml). The reaction mixture was left aside for 24 h. 
Methanol (100 ml) was added to destroy excess CrO, and 
the acetic acid and methanol were distilled off under 
reduced pressure. The residue was diluted with water 
(500 ml) and extracted with petroleum ether. The acid 
(0.9 g) reextracted from the organic phase was dissolved in 
absolutemethanol (25 ml). Potassiunl hydroxide(0.3 g) and 
methyl iodide (5 ml) were added and the reaction mixture 
was refluxed (6 h). Methanol was distilled off and the 
residue was extracted with ether after dilution with water. 
The residue (0.9 g) from the ethereal extract was chroma- 
tographed (SOz). The methyl ester (0.4 g) after one more 
chromatography followed by purification by preparative 
t.1.c. and short-path distillation gave an analytical sample 
of ar-(+)-juvabione12 (36) which had b.t. 125-130" at 1 
mm, t1a7 1.4960; and [ a ] i 7  $22.93" (CHC13 concen- 

\ 

tration 17.88); infrared (CHCI,); 1710 (ester >c=o), 
I 

and 1288 cm-I (o=c-0-~e). The infrared spec- 
trum, displaying several sharp bands, was completely 
superimposable with the spectra of the methyl esters 
prepared from (a) ar-(f)-todomatuic acid (8d) and (b) 
synthetic todomatuic acids (2a) (vide supra). 

Anal. Calcd. for CI6HZ203: C, 73.3; H, 8.4. Found: 
C. 73.1 ; H, 8.6). 
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, The photolysis of benzil in cyclohexane solution1 
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Benzil has been irradiated in cyclohexane solution. The principal products are: benzoic acid; benzal- 
dehyde; phenyl cyclohexyl ketone; benzoin; benzoin benzoate; a compound tentatively identified as 
desyl benzoyloxydesyl ether; another con~pound not yet identified; and approximately one-third of 
the reacted benzil that was not accounted for. A small amount of unsaturation is also found. As long 
as there is enough benzil present (presumably to absorb all of the light) the benzil disappearance is 
linear with time. All products appear at the shortest times checked and so cannot be secondary products. 
If one neglects the benzoic acid approximately 19% of the benzoyl groups that react do so in the form 
of benzoyl radicals. No evidence for phenyl radical formation was found. The upper limit for the quan- 
tum yield of benzil disappearance at 366 mD is 0.25. The benzoic acid does not arise directly during 
the photolysis but only when the solution is exposed to oxygen during the work-up. Preliminary ex- 
periments in cumene solution have shown that the amount of benzil lost for the same length of irra- 
diation increases by a factor of about 1.5. In 2-propanol solution the increase is by a factor of 2.5. 
When 2-propanol is the solvent, a new product appears which is most probably the dimer of the ketyl 
radical which is formed when an excited benzil abstracts a hydrogen atom. This product is very unstable. 

Canadian Journal of Chemistry, 46. 1473 (1968) 

Introduction 

The photoreduction of benzophenone and 
other phenyl ketones to the corresponding 
pinacols is a well studied reaction (1-4). Ali- 
phatic 1,2-diketones such as 5,6-decanedione 
give 2-hydroxycyclobutanones on photolysis 
with remarkable yields, practically 100 % of all 
ketone reacting (5). On the other hand biacetyl, 
which is unable to  form a cyclic intermediate for 
hydrogen abstraction from itself, undergoes a 
radical split into two acetyl radicals on photol- 
ysis in mineral oil, heptane, and perfluoro- 
octane (6). In ethanol solution biacetyl under- 
goes photoreduction to  the 3,4-dimethyl-3,4- 
dihydroxyhexane-2,5-dione in analogy to the 
formation of benzpinacol in 2-propanol(7). 

Benzil was irradiated in cyclohexane solution 
in an effort to see which path or combination 
of the two is followed. Cyclohexane was 
chosen as the initial solvent as its hydrogens 
are moderately easy to abstract, but there would 
still be a chance for the split into radicals to  
occur. In retrospect it would have been better to 
have started at one of the extremes. 

Experimental 
Materials 

Benzil was Matheson, Coleman, and Bell reagent grade 
which was twice recrystallized from methanol. Cyclo- 

'Presented at the Annual Meeting of the Atlantic 
Section of the Chemical Institute of Canada on August 
25 and 26. 1966. Taken in Dart from the M.Sc. thesis of 
Chiou   on^ Wang. 

ZPresent address: University of North Dakota, Grand 
Forks, North Dakota. 

hexane (Fisher certified reagent) was freshly distilled. 
Silica gel used in column chromatography was 100-200 
mesh Fisher certified grade and washed with ethyl ether 
before use. The silica gel used in thin-layer chromatog- 
raphy (t.1.c.) was silica G according to Stahl from E. 
Merck and was pretreated in the following way. It was 
allowed to stand overnight with methanol, filtered, and 
rinsed with methanol. The washed adsorbent was dried 
in an oven at 120-130 "C for 6 h. All other solvents used 
were distilled before use. 

Apparatus 
All melting points were taken on a Fisher-Johns 

melting point apparatus and are uncorrected. Infrared 
(i.r.) spectra were determined on a Beckman IR 8 double- 
beam instrument. Nuclear magnetic resonance (n.m.r.) 
spectra were determined on a Varian A-60A instrument. 
Analyses and molecular weights were by Schwarzkopf 
Microanalytical Laboratory, 56-19 37th Avenue, Wood- 
side, New York 11377. Gas-liquid chromatography 
(g.1.c.) was performed on a Burrell model K-1 with 
thermal conductivity detector. The column was 250 cm 
long, & in. in diameter, and was filled with 20% Dow 
Coming high-vacuum silicone grease on 80-100 mesh 
Chromosorb W. Standard solutions were run alternately 
with the irradiated solution for each peak of interest. 
Three Raymaster Uviarc high-pressure mercury lamps 
420-U1 (George W. Gates and Co., Franklin Square, 
Long Island, N.Y.) were used in all but the actinometry 
run. 

Irradiation 
Two types of irradiation were carried out. In the first 

type, the reaction vessel was a Vycor cylinder and had a 
volume of 50 ml. Benzil (0.530 g) was placed in this cell 
which was then attached to a high-vacuum line by a 
ground joint and evacuated. Cyclohexane (35 ml) was put 
into another container and after degassing by conven- 
tional freeze-pump-thaw cycles was distilled onto the 
benzil. The reaction cell was then sealed off from the 
line, allowed to warm up to room temperature, and the 
benzil was dissolved by shaking. After all the benzil had 
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dissolved, the cell was placed in a Vycor cylinder of about 
twice the diameter of the cell and water (20-30 "C) 
circulated through this cylinder during irradiation. The 
bath with cell was surrounded by the three mercury 
lamps. The arrangement of reflectors was such that most 
of the light was reflected back and forth until it was 
absorbed. Irradiation was for 2 h. 

In the second type, 34.5 g of benzil was dissolved in 
2.3 1 of cyclohexane (the concentrations used in both 
types are close to saturation). The resulting solution was 
poured into a 3-1 three-necked round-bottom Pyrex 
flask fitted with reflux condenser and nitrogen sparger 
connections. Before irradiation the solution was flushed 
for 30 min with nitrogen (99.997% purity, Matheson Co., 
Whitby, Ontario). The flask was then surrounded with 
the same three ultraviolet lamps. The progress of reaction 
during irradiation was followed by withdrawing small 
portions for g.1.c. and t.1.c. 

Thin-layer Chromatograplzy 
The plates were coated with a slurry of Silica Gel 

G (25 g in 50 ml of distilled water) to 0.25 mm thickness 
and allowed to stand overnight prior to use. Where 
available, standards were run as well as the irradiated 
solution. The developing solvent was petroleum ether 
(30-60"): ethyl ether (4:l). Visualization was both by 
ultraviolet light and by iodine. 

Colrlmn Chromatography 
The reaction mixtures of 10 sealed-tube runs were 

combined and added to 30 g of silica gel (100-200 mesh) 
with continuous shaking. The cyclohexane was removed 
by a rotary evaporator, the dried product ground in a 
mortar with n-hexane, and the slurry then slowly added 
to the 11-hexane layer on top of 300 g of silica gel in a 
previously packed column. The column was eluted with 6 
1 of hexane - ethyl ether which varied in concentration 
from 0 to 70% ethyl ether (v/v), then 2.5 1 each of acetone 
and ethyl alcohol. Each fraction was examined by either 
t.1.c. or g.1.c. The first compound eluted was phenyl- 
cyclohexyl ketone, the second benzil, and the third 
benzoic acid, which was purified using sodium hydrogen 
carbonate. The materials eluted by acetone and ethyl 
alcohol could not be identified. 

In nitrogen-flushed photolyses the cyclohexane was 
removed under reduced pressure and the residue divided 
into four equal parts each of which was treated in the 
following way. The irradiated mixture was adsorbed on  
silica gel then placed on top of a silica gel column. The 
column was eluted with 10 1 of ethyl ether - hexane, which 
varied in concentration from 0 to 50% ethyl ether (v/v). 
Five per cent ether brought out phenylcyclohexyl ketone 
and 15 % brought out the unreacted benzil. The fractions 
eluted by 25% ether were combined, concentrated, and 
extracted with sodium hydrogen carbonate. The sodium 
hydrogen carbonate extract was acidified and the lib- 
erated benzoic acid extracted, recovered, and weighed. 
The material remaining after removal of the benzoic 
acid was subjected to further column chromatography 
and yielded four compounds. The material eluted from 
the first column by 50% ether could not be separated any 
further and was brownish in color. The i.r, and n.m.r. 
spectra showed the presence of aliphatic hydrogen atoms, 
presumably in cyclohexyl residues. There was also some 
material which could not be removed from the column. 

Isolatiorl Ide~ztificatiorz and Estirrmtion of Prorlrrcts 
Benzaldehyde 
In both types of irradiation the solution was injected 

into the gas chromatograph and a peak obtained with the 
same retention time as authentic benzaldehyde. The sol- 
vent was distilled under reduced pressure and checked 
again on the gas chromatograph. The peak belonged to 
the distillate. The presence of benzaldehyde in the dis- 
tillate was confirmed by precipitating its 2,4-dinitro- 
phenylhydrazone, observed m.p. 237 ", lit. 237 ". Quan- 
titative measurement of benzaldehyde was made by 
comparing its area on the gas chromatograph with that of 
a standard solution. 

Pl~e~zylcyclohexyl Ketone 
In sealed-tube photolyses this conlpound was identified 

by trapping its peak from the gas chronlatograph and 
comparing its infrared spectrum with that of an authentic 
sample prepared by standard procedures. Quantitative 
measurement was made by comparing the peak area in 
the irradiated solution with that of a standard solution. 
In nitrogen-flushed irradiations, the isolated material was 
also weighed. 

Unreacted Benzil 
Its peak from the gas chromatograph was trapped and 

identified by its i.r. spectrum. The area was compared 
with that of standard solutions. The recovered material 
was weighed. 

Unsatrrration 
The irradiated solution of some sealed-tube photolyses 

was distilled under reduced pressure or  at atmospheric 
pressure using chlorobenzene as a chaser. The distillate 
was treated according to the method of Hardwick (8) 
(addition of glacial acetic acid, bromine, then KI, 
followed by thiosulfate titration). The unsaturation was 
assumed to indicate cyclohexene. 

Benzoic Acid 
After its recovery from the bicarbonate extracts ben- 

zoic acid was identified by its melting point and i.r. 
spectrum. It was measured by weighing. 

The following products were isolated only from nitro- 
gen-flushed irradiations following rechromatography and 
after removal of the benzoic acid (although t.1.c. showed 
their presence in sealed-tube experiments). 

Benzoin Benzoate 
The first fraction eluted gave a substance which after 

recrystallization had a m.p. of 128 "C, lit. 125 "C. The 
mixture melting point with benzoin benzoate showed no 
depression and the i.r. and n.m.r. spectra were identical 
with an authentic sample prepared by refluxing benzoyl 
chloride and benzoin in sym-collidine. Interestingly, no 
ester was formed when pyridine was used as the solvent. 
The substance was weighed. 

Benzoin 
The third substance eluted has a n1.p. of 134 "C on 

recrystallization, lit. 137". A mixture melting point with 
benzoin showed no depression and its i.r. spectrum was 
identical with that of an authentic sample (Matheson, 
Coleman, and Bell). It was weighed. 

An earlier attempt in the sealed-tube runs to separate 
this material on an alumina column led to the formation 
of benzil. Authentic benzoin gave the same reaction. A 
similar reaction is known to occur at 150 "C (9). 
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Desyl Benzoylosydesyl Ether ( 4 )  
This was the second substance eluted and after re- 

crystallization had a melting point of 218-219 "C. It was 
weighed. 

Anal. Calcd. for C35H2605 (formula weight, 526.5): 
C, 79.83; H, 4.98. Found (mol. wt., 558, isothermal dis- 
tillation): C, 80.19; H, 4.80. 

The carbonyl absorption in the infrared is a doublet, 
1712 and 1680 cm-'. Between 1600 and 1430 cm-I there 
are four other peaks whose position and relative in- 
tensities were more or less the same as in 11 other benzoyl 
compounds. In five other benzoyl compounds either the 
third or fourth peak is missing. The presence of the two 
bands at about 1600 and 1582 cm-' in all benzoyl com- 
pounds examined by Rasmussen et a/. has already been 
pointed out (10). The correspondence of these four bands 
with those of benzoin and benzoin benzoate is partic- 
ularly marked. The n.m.r. spectrum consists only of 
unresolved aromatic absorption. The low solubility of 
the compound did not allow a decision to be made on the 
presence or absence of the lone aliphatic hydrogen atom. 

On hydrolysis, this compound would be expected to 
yield benzoin, benzil, and benzoic acid. When refluxed 
for 4 h with KOH in ethanol no reaction occurred. When 
refluxed with 6 N HCI in ethanol for 3 h no reaction oc- 
curred. However, a ketal should be very sensitive to acid 
hydrolysis. A small amount was refluxed overnight with 
10 % KOH inethyleneglycol, water added, and the mixture 
extracted with methylene chloride. The methylene chlo- 
ride was evaporated in a mortar and an infrared spectrum 
taken of the residue. It appeared to be hydrobenzoin. 
Both benzoin and benzil when refluxed with 10% KOH 
in ethylene glycol (b.p. 197 "C) for 24 h yielded hydro- 
benzoin. It is known that when a primary alcohol is 
heated with sodium hydroxide or potassium hydroxide 
the sodium or potassium salt of the corresponding fatty 
acid is formed with the evolution of hydrogen (11). 
Acidification of the water layer, extraction with methylene 
chloride, followed by evaporation gave a material that 
showed the presence of benzoic acid. 

We also obtained 0.5 g of a substance that came out 
initially with the benzoin. The benzoin was removed by 
extraction with hot methanol and colored substances 
were removed by recrystallization. After recrystallization 
from a large volume of methyl ethyl ketone the m.p. was 
227-228 "C. There was no evidence for aliphatic hydro- 
gens in either the n.m.r. or i.r. spectra. The carbonyl 
peak in the i.r. is a doublet at about 1718 and 1662 cm-'. 
The four peaks mentioned before as being characteristic 
of the benzoyl group are all present. The elementary 
analysis of the compound was found to be: C, 75.99; 
H, 5.26, the best fit for which is Cl,H1303. We would 
like to think that the compound is 1,2,3,4-tetraphenyl- 
1,4-butanedione-2,3-diol dibenzoate but that would give 
an analysis of: C, 80.0; H, 4.80. The reported molecular 
weight is 300 by the Rast method, but, since the com- 
pound decomposes on melting, this is almost surely 
wrong. The insolubility of the con~pounds prevents use of 
the isothermal distillation method and also prevents a 
good n.m.r. spectrum from being obtained. 

Results and Discussion 
From a comparison of runs B-3, B-4, and B-5 

in Table I it will be seen that the disappearance 
of benzil is approximately linear with time and 
that the production of benzaldehyde and phenyl- 
cyclohexyl ketone also increases with time. Be- 
cause of variations in the quality of the cooling 
water and in the voltage to  the lamps, repro- 
ducibility was difficult to  obtain. Runs 1-10 in 
Table I exhibit this clearly. From a comparison 
of runs B-9, B-10, B-11, and B-12, it is seen that 
neither concentration nor total amount of benzil 
present had any effect on the actual number of 
moles destroyed as long as the percent destroyed 
did not reach the very high value of run B-8. 
The course of a nitrogen-flushed photolysis, 
followed by withdrawing small amounts for gas- 
liquid chromatography, showed that the benzil 
disappearance and the production of phenyl- 
cyclohexyl ketone and benzaldehyde were linear 
with time. Table I1 shows a complete analysis of 
a nitrogen-flushed photolysis and a comparison 
with the sum of runs 1-10 of the sealed-tube 
photolysis. A complete analysis of run 11 was 
not possible since at the time all of the products 
were not known. In sealed-tube photolysis it was 
impossible to analyze for benzoin and higher 
molecular weight products by gas-liquid chro- 
matography as they would either decompose or 
not come off at all. Since the percent benzalde- 
hyde and phenylcyclohexyl ketone produced in 
the two types is the same within experimental 
error it is assumed that the same mechanism 
is operative in each case. Since the Pyrex cell 
and flask give the same result as the Vycor cell, 
light of wavelength below 280 mp is not neces- 
sary. The photochemically reactive state of 
benzil is presumably the lowest energy triplet 
as in most other carbonyl compounds. Calvert 
and Pitts (12) record that the quantum yield for 
intersystem crossing (s, +t,) for benzil is 0.92. 

Although a complete material balance has not 
been obtained, 68 % of the benzoyl groups lost 
have been accounted for. Four products require 
a split of the benzil into benzoyl radicals: 
benzaldehyde, phenylcyclohexyl ketone, ben- 
zoin benzoate (21, and desyl benzoyloxydesyl 
ether (4). Equations [l-131 can account for 
their formation. 

Equation [6] leading to the addition of ben- 
zaldehyde to cyclohexene is a well-known type 
of reaction (13). In support of eqs. [8], [9], and 
[lo], benzaldehyde is known to add photo- 
chemically to phenanthraquinone though by a 
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TABLE I 
Reaction variables and products for the photolysis of benzil in cyclohexane 

-- 

hexyl- 
Sample Unsatu- phenyl 

Run Time Volume Benzil Conc. C6H,CH0 ration ketone 
no. (rnin) Solvent (rnl) (rnrnoles) (rnrnoles/l) (rnrnoles) (%) (rnrnoles) (rnrnoles) (rnmoles) 

Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Hexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Curnene 
Curnene 
2-Propanol 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 

0.076 
0.059 
0.021 
0.066 
- 

0.014 
0.025 
0.000 
0.025 
0.030 
trace 
trace 
- 

0.122 
0.094 
0.094 
0.169 
0.085 
0.142 
0.122 
0.178 
0.170 
0.076 

*A Pyrex cell was used. 
tThe original cell broke at the end of this run. 
$Not measured. 

TABLE I1 
Comparison of sealed-tube and nitrogen-flushed photolysis 

Sealed-tube Nitrogen-flushed Nitrogen-flushed 

% Benzoyl % Benzoyl % Benzoyl 
Sum of groups groups groups 

runs 1-10 lost Run 11 lost Run 12 lost 

Time (h) 2 
Cyclohexane (rnl) 350 
Benzil starting (rnrnoles) 25.4 
Benzil disappeared (rnrnoles) 10.1 
Benzaldehyde (rnrnoles) 1.25 6.2 
Phenylcyclohexyl ketone 

(mrnoies) 0.96 4.8 
Cyclohexene (calculated on two 

runs) (rnrnoles) 0.24 
Benzoic acid (rnrnoles) 6.3 31.1 
Benzoin benzoate (rnrnoles) 
Desyl benzoyloxydesyl ether 

(rnrnoles) 
Benzoin (rnrnoles) 
Compound with 3 or 6 benzoyl 

groups 
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slightly different mechanism. In that case, after 
the addition of the benzoyl radical t o  the oxygen 
of the quinone, it is an oxygen radical rather 
than a carbon radical that removes the hydrogen 
atom in eq. [13] (14). In support of eqs. [8] 
and [ l l ] ,  benzil is known to be an efficient 
radical trap (1 5). All nonaromatic hydrogens 
must originate from the cyclohexane so there 
should be an equivalent number of cyclohexyl 
residues (one cyclohexene equivalent to  two 
residues). The sum of benzaldehyde, benzoin 
benzoate, desyl benzoyloxydesyl ether, and twice 
the benzoin in run 12 is 27.2 mmoles. The sum 
of phenyl cyclohexyl ketone and twice the cyclo- 
hexene is 9.86 mmoles. A search was made for 
bicyclohexyl but none was found, in contrast 
t o  the photoreaction of benzophenone in cyclo- 
hexane (16). The missing cyclohexyl residues 
must be in the remaining unidentified material 
which did show evidence of aliphatic hydrogens. 
Pitts and others (17) found that cyclohexene 
strongly inhibits the formation of benzpinacol 
in irradiated olefin - alcohol - benzophenone 
systems and thought that this might be due t o  
reaction of the ketyl radical with the cyclo- 
hexene: no adducts could be isolated however. 

The benzoin is thought to  arise from an ex- 
cited benzil which abstracts a hydrogen from 
the solvent or from benzaldehyde and forms the 
ketyl radical (5). The ketyl radical then dis- 

proportionates. That the ketyl radical is formed 
is not in doubt as Beckett, Osborne, and Porter 
(18) report its spectrum in flash-photolyzed, de- 
gassed ethanol solutions and triplet benzo- 
phenone will abstract hydrogen from hexane 
as well as alcohols though with a lower quantum 
yield (3). No product which could be assigned t o  
coupling of the ketyl radicals of benzil could 
be found. In support of this observation, Porter 
and others (18) suggest that the ketyl radicals 
from benzil, unlike those from benzophenone, 
acetophenone, and benzaldehyde, dispropor- 
tionate owing to a steric effect, as one of the 
products that they find in the flash photolysis of 
benzil in ethanol is benzoin. Also, in studying 

the thermal decomposition of 1 , l,2,2-tetraphenyl- 
ethanol in the presence of benzil, Metzger (19) 
finds benzoin among his products and suggests 
that it arises from the disproportionation of 
the same ketyl radical. He does not report any 
of the coupling product. However, later work 
here has shown that when benzil is irradiated 
in degassed isopropyl alcohol a precipitate that 
has a hydroxyl band in the infrared and a ben- 
zoyl group, and which is not benzoin appears. 
This product is very unstable thermally and in 
solution in the presence of oxygen it forms 
benzil. We believe that this is the dimer of 
the ketyl radical; however, further work con- 
cerning elucidation of its structure is being done.3 

The product which is most difficult to  explain 
and which appears in such large amounts is the 
benzoic acid. In the sealed-tube experiments 
particularly, only a very small trace of oxygen 
can be present during the irradiation. Therefore, 
some product must be formed which reacts 
quickly with oxygen to form benzoic acid after 
the irradiation is over and during the work-up. 
In an attempt to check this a sealed-tube photol- 
ysis was performed in which 0.26 g of benzil was 
decomposed. Immediately on opening the cell, 
the contents were poured into sodium bicar- 
bonate through which CO, had been bubbled 
for about 15 min. On shaking, separation, acidi- 
fication, extraction, and evaporation of the 
solvent, 0.02 g of benzoic acid was recovered. 
If the same proportion of benzoic acid as in run 
12 had been produced 0.06 g should have been 
obtained. Stevens and Dubojs (20) have ob- 
served that the major product of aerated solu- 
tions of biacetyl in hexane, when exposed t o  
sunlight, is acetic acid. A possible reaction path 
they suggest is one involving reaction of the 
ketyl radical of biacetyl with oxygen. If some 
product in the benzil case is in equilibrium with 
the ketyl radical from benzil, this could lead to  
benzoic acid when exposed to air. During the 
photolysis of benzophenone in alcohols Pitts and 
others (17) have observed the formation of a 
reactive intermediate which is quickly destroyed 
by oxygen. This intermediate was formed in 
deaerated solutions and at high light intensities. 

3Note added in proof-This work (not yet published) 
has confirmed the suggested structure and shown that 
the appearance of the precipitate is temperature, con- 
centration, and solvent dependent. 
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Our intensities were at least as strong. They also All products appear at the earliest times and so 
refer to  earlier work by J. Boeseken who irra- presumably do not arise by secondary photolysis. 
diated terephthalophenone in cyclohexanol and In run B-1 a special search was made for ben- 
observed a visibly colored "photosubstance" zene to check the possibility of phenyl radicals 
which was destroyed on shaking with oxygen. being formed but none was found. 
In this work the precursor of benzoic acid might If one neglects the benzoic acid whose mode of 
be the analogous intermediate. formation is unknown, one finds that approxi- 

Rust, Seubold, and Vaughn (21) found that mately 19% of the benzoyl groups of the 
heating benzaldehyde with t-butyl peroxide led benzil that react, do so as benzoyl radicals. 
to  the formation of dihydrobenzoin dibenzoate 
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radicals would have been separated by a mole- 14. R. F. MOORE and W. A. WATERS. J. Chem. Sot. 

238 (1953). 
cule of nitrogen- As would be expected, the 15. H. C. MCBAY and S. M. MCBAY. Papers pre- 
amount of benzil destroyed in the same time sented at the 135th Meeting, American Chemical 

increases in cumene solution and in isopropyl Society, Division of Paint, Plastics and Printing Ink, 
Chemistry. Boston, 1959. Vol. 19, No. 1. 

alcohol solution when runs B-10, B-13, and B-14, 16. C. WALLING and M. J. GIBIAN. J. Am. Chem. Soc. 
and B-10 and B-16 are compared. In cumene 86,3902 (1964)- 

17. J. N. PITTS, Jr., R. L. LETSINGER, R. P. TAYLOR, solution there was no increase in the amount of J. M. pATTERsoN, G. R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  and R. B. 
benzaldehyde produced so the increased dis- MARTIN. J. Am. Chern. Soc. 81, 1068 (1959). 
appearance must have been due to more hydro- 18. A. BECKETT, A. D. OSBORNE, and G. PORTER. Trans. 

Faraday Soc. 60,873 (1964). 
gen abstraction by excited benzil andlor reaction 19. s. H. METZGER. P ~ . D .  Thesis, University of IlIi- 
of the benzoyl radicals with benzil. That the nois, Urbana, Ill. 1962. p. 73. 

benzoyl radical is a poor hydrogen abstractor is 20. B. STEVENS and J. T. DUBOIS. J. Chern. Soc. 2813 
(1962). 

shown by the fact that MacKay and others (22) 21. F. F. RUST, F. H. SEUBOLD, and W. E. VAUGHN. J. 
found only a trace of benzaldehyde when azo- Am. Chem. Soc. 70,3258 (1948). 

dibenzoyl was photolyzed in cumene solution. 22. D. MACKAY, U. F. MARX, and W. A. WATERS. J. 
Chem. Soc. 4793 (1964). 
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Models for the assignment of the chemical shifts for protons on the epoxide 
ring of 2,3-anhydroglycopyranosidesl 

F. SWEET AND R. K. BROWN 
Department of Chemistry, University of Alberta, Eclnzonto~z, Alberta 

Received December 1, 1967 

The signal assignments for the protons of the epoxide ring in several 3,4-epoxy-2-alkoxytetrahydro- 
pyrans have been made by spin decoupling. Because of the close resemblance of these tetrahydropyrans 
to 2,3-anhydroglycopyranosides, these results have been used to make chemical shift assignments for 
the H-2 and H-3 protons of the latter compounds. For the compounds examined, the H-2 proton 
signal occurs at higher field compared to the position of the H-3 proton signal. 

Canadian Journal o f  Chemistry, 46, 1481 (1968) 

In a recent paper (I), nuclear magnetic 
resonance (n.m.r.) data of a number of glyco- 
pyranosides, each of which contained a 2,3- 
epoxy, 2,3-episulfide, or 2,3-epimine function 
(Scheme 1) were reported. A relationship was 
found between the H-1,H-2 coupling constant 
(as shown in the signal for the anomeric proton) 
and the cis or trans orientation of the anomeric 

1 2 

X = 0 ,  S, NH, NAc 

SCHEME 1 

alkoxy group and the C-2,C-3 epi function. In all 
cases presented, when these two groups were 
trans, the H-1,H-2 coupling was very small 
(J,,, N 0 ) )  whereas when they were in the cis 
arrangement, the H-1,H-2 coupling was 2.5 to 
4.5 Hz. This useful information has permitted 
an assignment of the signals for the C-3 methy- 
lene protons in indene oxide and has simplified 
the analysis of the n.m.r. spectra of a variety 
of cyclopentene oxides (1). 

Since it was found that J1 ,, N J, ,, - 0 for 
1 (X = 0) ,  no assignment of the signal position 
of H-2 and H-3 (1) could be made on this 
basis. However, by a comparison of the n.m.r. 
spectra of 2 (X = 0 )  and 1 (X = 0 )  an assign- 

ment was apparently possible (1) although the 
rationale for this is obscure to us. The signals 
for the H-3 and H-2 protons of 1 (X = 0 )  were 
reported to be at z 7.25 and T 6.93 respectively. 
Assignments of the H-2 and H-3 signal positions 
of the analogues of 1 (Scheme 1) were then 
made by analogy (1). 

During the course of work in this laboratory, 
we have prepared a number of 2,3-epoxytetra- 
hydropyrans2 (Scheme 2) as possible inter- 
mediates for the preparation of carbohydrate 
models. These now prove to be well-suited to 
the study of the n.m.r. spectra of the 2,3-anhydro- 
pyranosides. 

In these compounds (3-5) the signals for the 
protons on C-4 are well upfield and are separated 
from those of the protons on the remaining 
carbon atoms. This simplifies the assignment of 

3a R = CH,;  R ' =  H 
4 R = t-C4H9; R' = H 
5 R = CH3; R' = CH2-0CH3 

'Taken from the thesis of F. Sweet to be submitted to 
the Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, as part of the requirements for the 
degree of Doctor of Philosophy. 

2The numbering system used here is not that recom- 
mended for the tetrahydropyran series, but is that which 
is applied to the pyranosides wherein the anomeric car- 
bon is designated as position-1. 
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signals and the problem of their separation, of the signals for H-2 and H-3 more difficult 
contrary to the situation prevailing in the 2,3- as in the case of 1 (1). A further advantage of 
anhydropyranosides which possess an oxygen our models is the elimination of the possibility 
atom attached to each carbon atom. Moreover, that virtual coupling (2, 3) might affect the 
it is highly unlikely that J, ,, N J3 ,,, ,- J3 ,,, -0, magnitude of the spacing from which J, ,, is 
a condition which would make the assignment measured. 

HI trans H4e, H4a 

- 4 

FIG. 1. The 100 MHz nuclear magnetic resonance spectrum of 4 (trans and some cis) in CDCI, as solvent 
(imp. = impurity). 

FIG. 2. The 100 MHz nuclear magnetic resonance spectrum of 5 (trans and some cis) in CDC1, as solvent. 
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SWEET AND BROWN: CHEMICAL SHIFT ASSIGNMENT OF PROTONS ON EPOXIDE RING 1483 

TABLE I 
Observed chemical shifts (in 7 units) and first order coupling constants* 

Compound? 7 H-1 J1.z 7 H-2 7 H-3 J2.3 

*In Hz. 
?The solvent for these compounds was CDC13. 

The n.m.r. spectra of compounds 3-5 are 
shown in Figs. 1-4 and the significant 2 and J 
values are listed in Table I. For compounds 3a, 
4, and 5, wherein H-1 and H-2 are trans, two 
characteristic signals are observed. The ano- 
meric proton appears as a singlet (J,,, - 0) 
in the region z 4.88-5.22. A doublet ( J  = 4.0), is 
observed at 2 7.06-7.13. These results are similar 
to those reported (1). Decoupling experiments 
clearly show the latter doublet to be due to 
H-2, not H-3. 

When the nucleus with the doublet at -z 7.1 

simplified to a quartet but no change was ob- 
served in the region 2 7.9-8.2 (H-4a and H-4e). 
Irradiation at z 6.7 caused the doublet at z 7.1 
to collapse to a singlet and the development of a 
simpler pattern at z 7.9-8.2. Irradiation at 
z 8.13 gave no change in the doublet at z 7.10 
but collapse occurred in the signals at -z 6.7. 
This information shows that the signal for H-2 
is that at z 7.1 (J,,, = 4.0) while that for H-3 is 
at a somewhat lower field (see Table I). 

The close similarity of these model compounds 
to the 2,3-anhydropyranosides clearly indicates 

was irradiated, the complex pattern at -z 6.7 that the reported signal assignments for H-2 

3The practically constant value of 4.0 Hz for J2,3 in and H-3 (1) should be reversed. Further support 
compounds 3a, 4, and 5 should be compared to the range for this is found in the n.m.r. spectrum (Fig. 5) 
of J2.3 of 3.8-4.5 Hz found for analogous pyranosides of methyl 4,6-O-benzylidene-2,3-anhydro-m-~- 
(1). The effect of virtual coupling on the observed coupling 
constant may be responsible for this reported (1) varia- mannO~~ranOside, 6. Significant assign- 
tion. ments of 6 are shown in Table I and in Fig. 5. 
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FTG. 3. The 60 MHz nuclear magnetic resonance spectrum of a cis, trans mixture of 3a in CDC1, as solvent. 
FIG. 4a. The 100 MHz nuclear magnetic resonance spectrum of 3a in CDCI, as solvent. 
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SWEET AND BROWN: CHEMICAL SHIFT ASSIGNMENT OF PROTONS ON EPOXIDE RING 

FIG. 4b. The 100 MHz nuclear magnetic resonance spectrum of 3b in CDC13 as solvent. 
FIG. 5. The 100 MHz nuclear magnetic resonance spectrum of 6 in CDClj as solvent. 
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Irradiation at .c 6.56 (H-3) caused the doublet 
at .c 6.88 (H-2) to collapse to a singlet as well 
as a sharpening of the signals at ~t 5.75 (H-4). 
Irradiation at ~t 5.75 (H-4) caused a sharpening 
of the signal at t 6.56 (H-3) and a marked col- 
lapse of the multiplet at t 6.30 (H-5) but no 
change in the doublet at .c 6.88 (H-2). 

The conformational implications of the in- 
formation in Table I are interesting. The benzyl- 
idene group provides methyl 4,6- 0 - benzyli- 
dene-2,3-anhydro-a-D-mannopyranoside with 
a greater degree of rigidity than is found 
in the epoxytetrahydropyrans 3 and 4. The 
methoxymethyl group of 5 would no doubt 
result in the existence of 5 largely in the con- 
former in which the methoxymethyl group is 
equatorial. Models show that 3 and 4 possess 
considerable conformational freedom between 
the two extremes shown below. Such mobility 
is associated with rotation about the C-l,C-2 
and C-3,C-4 bonds with consequent change in 
the dihedral angle, coupling constant, and signal 
position (chemical shift) of the protons con- 
cerned. No doubt the values observed are time- 
averaged. Yet in all cases, for 3a and b, 4, and 
5, the couplings are J,,, - 0 and J2,, = 4.0 
indicating a marked similarity of their confor- 
mational equilibria. It is interesting to compare 
J,,, = 3.8 Hz in methyl 4,6-0-benzylidene- 
2,3-anhydro-a-D-mannopyranoside, 6. 

Experimental 
The nuclear magnetic resonance spectra were obtained 

with Varian A60 and HRlOO spectrometers operated by 
Mr. Robert Swindlehurst and Mr. Glen Bigam respec- 
tively. The HRlOO spectrometer was operated at the nor- 
mal probe temperature of 35 "C. Tetramethylsilane was 
the internal reference and the solvent was CDCl, in all 
cases. Spin decoupling was performed using Johnson's 
procedure (4). 

The following compounds were prepared by literature 
methods: cis- and trans-3,4-epoxy-2-methoxytetrahydro- 
pyran (36 and 3a) ( 9 ,  trans-2-t-butoxy-3,4-epoxytetra- 
hydropyran (5), methyl 2,3-anhydro-4-deoxy-6-0-methyl- 
a-DL-lyxo-hex~pyranoside,~ and methyl 4,6-0-benzyli- 
dene-2,3-anhydro-a-D-mannopyranoside (6). 
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1 
I Mass spectra of alkylquinolines 

Department of Chemistry, McMaster University, Hamilton, Ontario 

Received September 1, 1967 

A study has been made of the fragmentation upon electron impact of monomethylquinolines, di- 
rnethylquinolines, monoethylquinolines, and monopropylquinolines. Deuterium labelled analogues of 
some of the alkylquinolines have been prepared and their fragmentation studied to gain insight into 
the mechanism of fragmentation. The fragmentation of the alkylquinolines is closely analogous to 
that of alkylbenzenes. Rearrangement of the molecular ion appears to precede the fragmentation pro- 
cess in many of the compounds studied. The fragmentation of 2- and 8-ethyl- and n-propylquinolines 
are influenced by the proximity of their alkyl side chains to the nitrogen atom. 

Canadian Journal of Chemistry, 46, 1487 (1968) 

Sample et 01. (1) have recently reported a study ceeds through the sequence M -t M-H -t 

of the mass spectral fragmentation of alkyl- M - (H + HCN). Since they found that the 
quinolines and isoquinolines. We have also M - (H + HCN)/M-H ratio was constant for 
carried out a study of alkylquinolines with the the 2-, 3-, and 4-isomers, they concluded that 
object of using mass spectrometry in the identi- the loss of HCN must proceed from a common 
fication of degradation products from alkaloid intermediate, which they postulated to be the 
studies, and we report here the results of our azatropylium ion 2 as shown in Scheme 1. 
investigation. They noted that ion 2 might form either by 

Until the recent work, the spectra of only a rearrangement of the benzyl ion 1 or direct 
few alkylquinolines had been discussed (2-5). from the molecular ion but they were unable to 
However, the spectra of other alkylated aromatic differentiate between the routes since they had 
compounds including alkylpyridines (6-8), alkyl- 
indoles (9), and alkylbenzenes (10, 11) have been 
discussed in some detail. Our results show that 
the fragmentation patterns observed for alkyl- 
pyridines and alkylbenzenes can be applied in 
many cases to the alkylquinolines. 

Sample et al. (1) observed that the major 
fragmentation of monomethylquinolines pro- 

no deuterated methylquinolines available. 
In the case of methylquinolines substituted 

in the benzene ring they found that the ratio 
M - (H + HCN)/M-H was constant for the 
four isomers but much lower than that observed 
for the compounds substituted in the pyridine 
ring. They postulated two routes to these ions 
as shown in Scheme 2. 

- HCN 
___f 
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115 

1111 11, ,I I I 
60 80 100 120 140 160 

146(hf? 

I 

FIG. 1. Mass spectra of (a) 2-methylquinoline, (b) 2-methylquinoline-a-d3, (c) 4-methylquinoline, (d) Cmethyl- 
quinoline-2-dl, (e) 8-methylquinoline, and Cf) 8-rnethylquinoline-a-dl. 

60 80 100 120 i40 i60 bo 'a0 ioo i20 140 160 

(61 mcD3 
I, lllll, 11 11  

acH3 
115 128 

1 1 1  1111 I, - 1 1  I I 

144(MC) 

I 

We also examined the seven monomethyl- 
quinolines obtaining results similar to those 
reported. In addition, we have examined the 
spectra of three labelled compounds, 2-methyl- 
quinoline-a-d3, 4-methylquinoline-2-dl, and 8- 
methylquinoline-a-dl. The spectra of the three 
labelled compounds and their corresponding 
unlabelled analogues are shown in Fig. 1. 

Among the monomethylquinolines the 2- 
methyl compound is characterized by the pres- 
ence of an M - 15 ion (about 16 % of the mole- 
cular ion in intensity). This feature allows 2- 
methylquinoline to be differentiated from other 
members of the series. In the deuterated ana- 

143 (W)  

: 

60 80 100 120 140 160 60 80 ~ O O  120 140 160 
1,11 

logue (Fig. l b) this peak is observed at M - 18 
showing that the loss of methyl proceeds without 
randomization of hydrogen. 2-Methylquinoline 
has prominent peaks at M - 1 and M - 28. In the 
a-d3 analogue the peak corresponding to M - 1 
in the unlabelled compound appears at M - 1 and 
M - 2. The relative intensities of M - 1 and M - 2 
are not compatible with a benzyl ion or with a 
simple expansion of the pyridine ring of the 
quinoline system to a benzazatropylium ion. 
The ratio is more in accord with a random loss 
of H and D from the whole system. The peak 
appearing at M -28 (mle 1 15) is distributed over 
three masses in the labelled compound appearing 

143(hP) 

I 

115 

I l l  

115 

, 11 1 1 1 ,  1111, 1 # 1 1 1  1 1 1 1  L I I  1 1  
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DRAPER AND MACLEAN: MASS SPECTRA OF ALKYLQUINOLINES 

TABLE I 
Mass spectra of dimethylquinolines 

M -(CH3 + HCN) 
M +  M-1 M-15 M-28 M-42 M-CH, 

at m/e 116, mle 117, and mle 118 indicating 
retention of all three deuterium atoms in the 
ion of mle 118. In this region of the spectrum 
the undeuterated compound also shows peaks 
of low intensity at M - 27, emanating either from 
direct loss of HCN from the molecular ion or 
from loss of acetylene from M - H, and at M - 26 
possibly through loss of CzHz from the mole- 
cular ion. Calculation of the ratio of loss of 
HCN to DCN in the deuterated compound is 
impractical without a knowledge of the C and 
N composition of the ions in this region. 

The spectrum of 4-methylquinoline-2-dl and 
its unlabelled analogue are shown in Fig. Id and 
Fig. lc, respectively. In the spectrum of 4- 
methylquinoline-2-dl it is not clear that loss of 
H is a random process since there is only a very 
small contribution to the ion of M-2 in the 
deuterated analogue, relative to the undeuterated 
sample. However, the loss of DCN from the 
system is not specific for the ion appearing at 
m/e 115 in the undeuterated compound and is 
now found at both mle 115 and 116. 

In Fig. le  and Fig. 1 f the spectra of 8-methyl- 
quinoline and its a-dl analogue are recorded. 
The M - 1 peak found in the undeuterated sample 
is now distributed over M -- 1 and M - 2 in the 
deuterated sample. The ratio of M - 1 to M - 2 
(7:l) is such that randomization of all nine 
hydrogens appears to occur although the possi- 
bility that it involves only the benzenoid ring 
hydrogens and the methyl hydrogens is not 

rigorously excluded. The peak appearing at mle 
115 in the undeuterated compound is now dis- 
tributed over mle 11 5 and 116 in the deuterated 
analogue with the latter making the larger con- 
tribution. Again the interpretation is rendered 
difficult by the presence of peaks at mle 116 and 
117 in the spectrum of the unlabelled sample. 

The labelling experiments, therefore, suggest a 
rearrangement of the molecular ion prior to loss 
of hydrogen. Randomization of the nine hydro- 
gens of the system appears to occur but the 
labelling experiments are not extensive enough 
at this stage of our study to propose a structure 
for the intermediate species. The azatropylium 
ion 2 is, however, a convenient representation 
of the M - 1 ion bearing in mind that randomiza- 
tion of H has occurred in its formation. 

The dimethylquinolines which we have exam- 
ined are recorded in Table I. The intensities of 
the major fragment ions are listed as well as the 
M - (CH, + HCN)/M-CH, ratio. Sample et al. 
recorded only the spectra of 2,3- and 2,4-di- 
methylquinoline. They discussed the formation 
of ions, M - 1, M - 28, and M - 42 in the two 
systems but failed to remark upon the peak at 
M - 15 which is present in the two compounds 
and which is prominent in all of the other isomers. 
They imply that the M - 42 ion is formed from 
M - 1 through loss of CH,CN. Our results indi- 
cate that although this scheme may apply to 
2,3- and 2,4-dimethylquinoline it cannot be 
generally applied to dimethylquinolines. 
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We believe that the major pathway to the M-42 
ion proceeds through the sequence M -> M- 
CH, -+ M - (CH, + HCN). This sequence is 
supported by the presence of metastable peaks 
corresponding to the two transformations in all 
the isomers which we have examined. Moreover, 
the loss of acetonitrile from M-H in a single 
step in any but the 2-substituted dimethylquino- 
lines would require extensive rearrangement. 

A second but less general route to the M - 42 
ion, namely M -t M-CH,CN -+ M - (CH,CN 
+ H), has been detected in all our Z-substituted 
dimethylquinolines.' In their spectra there is a 
metastable peak at 86.0 corresponding to the 
transformation M -t M-CH,CN and we find 
that the peak at M - 41 is more intense than 
expected of an isotope peak of M - 42. 

The fact that all the dimethylquinolines show 
both M - I and M - 15 ions is reminiscent of the 
behavior of the xylenes (10). The loss of methyl 
is in accord with fragmentation of a ring-ex- 
panded molecular ion since the monomethyl- 
quinolines (2-methyl excepted) show little ten- 
dency to lose methyl. Further fragmentation of 
the M - 1 and M- 15 ions seems to proceed 
through loss of HCN in all cases. 

Examination of the M - (CH, + HCN)/M- 
CH, ratios in Table I shows that the dimethyl- 
quinolines can be divided roughly into three 
groups in order of decreasing ratios, namely (i) 
2-substituted dimethylquinolines, (ii) 3,4-di- 

'Loss of CHBCN from a molecular ion has recently 
been reported in two related systems. See W. H. Paudler 
and T. J. Kress, J. Org. Chem. 32, 2616 (1967) and T. J. 
Batterham, A. C. K. Triffett, and J. A. Wunderlich, J. 
Chem. Soc. (B), (9), 892 (1967). 

methylquinoline and dimethylquinolines with a 
methyl group in each ring but excluding those 
in (i), and (iii) dimethylquinolines which have 
both methyl groups in the benzene ring. The 
order parallels that observed with the mono- 
methylquinolines where the M - 1 ion formed 
from methylquinolines with a substituent in the 
pyridine ring shows a much greater tendency to 
eliminate HCN than the M - 1 ion formed from 
methylquinolines with the substituent in the 
benzene ring. The higher ratios in the case of 
2,6-, 2,7-, and 2,s-dimethylquinoline relative to 
other dimethylquinolines with a methyl group 
in each ring may be a consequence of a signifi- 
cant contribution to the M - 42 ion by the alter- 
native pathways discussed previously. The very 
high values observed for the 2,3- and 2,4-isomers 
may also be caused by the same factors coupled 
with a generally lower tendency of these two 
compounds, relative to other isomers, to undergo 
rearrangement and lose a methyl group. 

There is still no satisfactory explanation why 
the M - 15 ions from the three groups of dimethyl- 
quinolines show such different tendencies to lose 
HCN. Similarly there is no satisfactory explana- 
tion for the difference observed between the two 
groups of monomethylquinolines. Labelling 
studies on the dimethylquinolines and further 
studies with the monomethyl compounds may 
help to resolve these problems. 

Of the ethylquinolines, only 2- and 7-ethyl- 
quinoline were examined previously (I). It was 
noted that loss of H and CH, are the important 
fragmentations of the ethylquinolines and that 
the relative importance of these processes varies 
with the position of the substituent. The origin of 
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DRAPER AND MACLEAN: MASS SPECTRA OF ALKYLQUNOLNES 

the M - 1, M - 28, and M - 29 ions found in the 
spectrum of 2-ethylquinoline was discussed and 
a mechanism proposed for their formation 
(Scheme 3). It  was pointed out that the M - 29 
ion may form by loss of hydrogen from 8 or by 
loss of C2H4 from 6 but a metastable peak 
corresponding to the pathway M - 1 -+ M - 29 
was observed. 

1 , 60 I I [  111 . I  h I . Ilk 
o ioo i20 i40 160 

60 80 100 120 140 160 

FIG. 2. Mass spectra of (a) 2-ethylquinoline, (6) 2- 
ethylquinoline-a-d,, and (c) 2-ethylquinoline-p-4. 

We examined the spectra of five ethylquino- 
lines and three deuterated ethylquinolines and 
found features in their fragmentation which 
escaped the earlier workers. The spectra of 2- 
ethylquinoline, 2-ethylquinoline-a-d2, and 2- 
ethylquinoline-gd, are recorded in Fig. 2a, b, 
and c, respectively. The spectra reveal that 
hydrogen is lost from both the a- and P-carbons 
in the formation of the M - 1 ion. Calculations 
based on the spectra of the deuterated compounds 
show that approximately 40% of the hydrogen 
lost originates in the methyl group and 40% in 
the methylene group. The remainder may be the 
result of a random loss from the nucleus or 
there may be an isotope>ffect favoring the loss 
of H. Examination of the spectrum of the 
a-P-d, compound would be required to deter- 
mine if H were lost from the nucleus. Scheme 3 
provides a satisfactory representation of hydro- 
gen loss from the P-carbon. To account for 
hydrogen loss from the cr-position we propose a 
second independent mechanism in which the 
molecular ion rearranges with P-H transfer to 
nitrogen, ion 9, followed by elimination of 
a-hydrogen yielding ion 10 (Scheme 4). 

Ring expansion followed by loss of H is an al- 
ternative mechanism for loss of the a-hydrogen. 
We favor the mechanism of Scheme 4, however, 
because there is not an appreciable peak at M - 15 
expected from a ring expanded molecular ion (as 
observed in the spectra of 3-, 4-, and 6-ethyl- 
quinoline). Moreover, a higher retention of 
deuterium in the spectrum of 2-ethylquinoline- 
a-d2 would be expected if ring expansion had 
occurred. 

Our labelling experiments show that ion 8 is 
derived from 9 through loss of ethylene. In both 
the a-d2 and P-d, compound the M - 28 peak 
observed in the undeuterated sample is shifted 
to M - 30. The M - 29 ion in the unlabelled com- 
pound may form by loss of C2H4 from ion 6, by 
loss of H from M - 28 (ion 8) or by cr-elimination 
of the ethyl group (by analogy with loss of 
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methyl from 2-methylquinoline). Any one of 
these mechanisms is compatible with the spectra 
of ethylquinoline and ethylquinoline-a-d,. For 
the P-d, analogue, however, peaks are present 
atbothM - 31 and M - 32.TheM - 32ionisex- 
pected for a-cleavage or for loss of CD,=CH, 
from ion 6. The M - 31 peak suggests a major 
contribution from the pathway in which hydro- 
gen is lost in a random fashion from ion 8. 

FIG. 3. Mass spectra of (a) 8-ethylquinoline and (b) 
8-ethylquinoline-P-d,. 

The spectra of 8-ethylquinoline and 8-ethyl- 
quinoline-P-d3 are shown in Fig. 3a and Fig. 3b 
respectively. The spectrum of 8-ethylquinoline 
resembles that of 2-ethylquinoline but may be 
differentiated from it by virtue of a much stronger 
M - 15 ion. The situation resembles that of the 
methoxyquinolines where the 2- and 8-isomers 
showed a fragmentation distinctly different from 
the other isomers (12). The major fragment ions 
are observed at M - 1 and M - 28. The labelling 
experiments show that loss of H from the CH, 
group accounts for approximately 55 % of the 
M - 1 ion, which may be formulated as ion 15. 
The remainder, by analogy with the 2-isomer, 
may be derived from the a-carbon through the 
sequence 11 -> 12 -t 14, or by ring expansion 
followed by loss of hydrogen. The M - 28 ion, 13, 
seems to be derived from the rearranged mole- 
cular ion 12 through loss of ethylene since there 

CHEMISTRY. VOL. 46, 1968 

is a metastable peak corresponding to the tran- 
sition 157 -> 129 and since the M - 28 peak in 
the undeuterated compound is shifted almost 
quantitatively to M - 30 in the deuterated com- 
pound. These fragmentations are outlined in 
Scheme 5. 

The loss of methyl yielding the ion M - 15 is 
specific since the peak is quantitatively shifted 
to M - 18 in the P-d3 analogue. An anomaly in 
the spectrum of the deuterated compound for 
which we offer no explanation is the relatively 
intense peak at M - 3 1. 

The behavior of 8-ethylquinoline on electron 
impact is different from the 6-isomer, Fig. 4a, 
which we have examined, and the 7-isomer, 
examined earlier (1). In the latter compounds 
the loss of 15 mu accounts for the major frag- 
ment ion in the spectrum while loss of H and 
ethylene are relatively less important processes. 
The 6- and 7-ethylquinolines thus resemble the 
behavior of ethylbenzene (10) and from our 
studies on the dimethylquinolines it seems likely 
that ring expansion occurs prior to the elimina- 
tion of the methyl group. The 3- and 4-ethyl- 
quinolines, Fig. 4b and Fig. 4c, respectively, 
exhibit a pattern similar to that of the 6- and 
7-isomers in that the M - 15 ion is the most 
intense fragment ion in the spectrum. They may 
be differentiated from the 6- and 7-isomers, how- 
ever, by virtue of a much more intense M - 42 
ion. Thus, the elimination of HCN from the 
M- 15 ion is amuch more favorable process when 
the ethyl group is in the 3- and 4-position than 
when it is in the 6- or 7-position. This behavior 
is in accord with the behavior of the methyl- 
quinolines and the dimethylquinolines. The 
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TABLE I1 
Metastable ions observed in spectra of ethylquinolines 

Calcu- Observed in the 
157(W) Transformation lated spectra of 

M -> M-1 155.0 2-, 3-, 4-, 6-, 8- 
M + M - 2  2-a-d,, 2-p-d3, 8-p-d3 
M -> M-15 128.4 3-, 4-, 6- 

, ] I  M +- M-28 106.0 8- 

in a similar manner but show sufficient differ- 
ences from one another in their spectra that mass 

157(M+) spectrometry alone should be an adequate 

,[;, [ , I l ,  method for their identification. 
P-Cleavage accompanied by hydrogen transfer 

(Scheme 6) has been shown to dominate the 
fragmentation of the 2-n-propyl, 2-n-butyl, and 
2-isobutylquinolines (I) and to play a role in 

120 140 160 the fragmentation of 6-, 7-, and 8-n-propyl- 
quinolines. 

1 I I I I  L t l .  , I l l  1,. I i.l ,ill, 129 

60 80 100 i20 40 160 

FIG. 4. Mass spectra of (a) 6-ethylquinoline, (6)  3- 
ethylquinoline, and (c) 4-ethylquinoline. 

more intense M - 1 ion in the 4-isomer relative 
to that observed in the 3-, 6-, or 7-isomers may 
be a consequence of radical stabilization by 
cyclization to the 5-position as suggested (I) 
for other 4-substituted alkylquinolines. We have 
not, however, carried out labelling experiments 
to test this hypothesis. 

In Table I1 the metastable peaks observed in 
the spectra of the ethylquinolines are recorded. 
They support the mechanisms which we have 
proposed for the fragmentation of these com- 
pounds. 

In summary, it appears that 2- and 8-ethyl- 
quinoline may be easily differentiated from one 
another and from the other isomers by mass 
spectrometry. The remaining isomers fragment 

In this study we examined the spectra of 2-, 
3-, 4-, 6-, and 8-n-propylquinolines, 2-n-propyl- 
quinoline-y-d,, and 8-n-propylquinoline-y-d,. 
Our results and our interpretation of the frag- 
mentation of 2- and 6-n-propylquinolines are in 
agreement with those already reported and need 
not be discussed. 

P-Cleavage is the most important fragmenta- 
tion pathway of 3-n-propylquinoline (Fig. 5a), 
and again loss of HCN from the mle 142 ion is 
favored in propylquinolines substituted in the 
pyridine ring over those substituted in the hen- 
zene ring. P-Cleavage with hydrogen rearrange- 
ment is negligible in 3-n-propylquinoline. 

The spectrum of 4-n-propylquinoline as shown 
in Fig. 5b, is dominated by peaks originating from 
p- cleavage with hydrogen rearrangement (ion 16) 
and by simple P-cleavage. The latter results in 
the base peak in the spectrum of 4-n-propyl- 
quinoline. Peaks at M - 15, ion 17, and M - 17, 
ion 18, may be due to stabilization of the 
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FIG. 5. Mass spectra of (a) 3-n-propylquinoline, (6) 4-11-propylquinoline, (c) 8-n-propylquinoline-y-d3, and (d) 
8-n-propylquinoline. 

resulting fragments by cyclization to the 5-posi- 
tion as shown in Scheme 7, but we have not 
carried out labelling experiments to substantiate 
this hypothesis. This scheme is analogous to that 
proposed in the fragmentation of 4-isobutyl- 
quinoline (1). 

17IW 

1 
115 

l t l l l  5 1 2 1  1 .  I 

Our spectrum of 8-n-propylquinoline, as shown 
in Fig. 5d, is similar to that recorded earlier but we 
have been able to clarify the fragmentation 
through examination of the y-d, analogue, Fig. 5c. 
The base peak in the spectrum of the undeuter- 
ated compound arises from loss of CH, from the 

60 Bo 100 I20 140 i60 180 80 bo loo 120 i40 i60 160 

molecular ion. The peak is shifted to M - 18 in 
the y-d3 isomer showing that the terminal methyl 
is lost, and that the resulting fragment is prob- 
ably stabilized by the nitrogen as suggested 
earlier (1). Our labelling experiments show that 
only about 20-25% of the hydrogen loss origi- 
nates from the terminal carbon in formation 
of the M - 1 ion. Likely alternatives are loss of 
a- and P-hydrogens (as in 2- and 8-ethylquino- 
lines) resulting in fragments 19 and 20, re- 
spectively, as shown in Scheme 8. 

The peak at mle 143 is partially shifted (some 
scrambling) to mle 144 in the labelled compound 
indicating transfer of a terminal hydrogen to 
nitrogen and loss of ethylene. The peak at mle 
142 in the unlabelled compound remains at m/e 
142 in the labelled analogue and is probably 
caused by a simple P-cleavage. The peak a t  
m/e 129 may originate from transfer of a 
P-hydrogen to nitrogen followed by loss of 
propylene, by analogy with the rearrangement 
involving expulsion of ethylene observed in the 
spectra of 2- and 8-ethylquinolines. 

The transformations which we have discussed 
for the n-propylquinolines are supported by the 
presence of metastable peaks in their spectra. 
These are recorded in Table 111. 

142 142 

143 

156 

115 

1111 . 11 

171(M6) 

I , 

154 

1 1 1 1  111 ,<Ill I l l 1  I I I I  1111 1 1  
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TABLE 111 
Metastable ions observed in spectra of propylquinolines 
-- 

Calcu- 
Transformation lated Observed in the spectra of 

Finally we have determined the spectra of 
2-isopropylquinoline, 2-isopropylquinoline-P-d,, 
and 2-isopropylquinoline-P-d6 (Fig. 6a, b, and 
c, respectively). The spectra of 2-isopropylquino- 
line and 2-n-propylquinoline are readily differen- 
tiated by the relative intensities of peaks at M f ,  
M - 15, and M -28.The spectrum of2-isopropyl- 
quinoline-P-d, (Fig. 6b) shows that the M - 15 
peak arises from loss of methyl and that CD, is 
lost more readily than CH,. 

Loss of 28 mu is a minor process in the frag- 
mentation of 2-isopropylquinoline and the 
fragmentation mechanism is unknown. The 
spectrum of the P-d6 isomer indicates a loss of 
C,HD,, while the spectrum of the P-d, isomer 
suggests a randomization of the 6 terminal 
hydrogens in the loss of the two-carbon unit. 
Results of our labelling experiments show that 
the origin of peaks at M - 1, M - 42, and M - 43 
can be accounted for by mechanisms similar to 
those proposed for peaks at M - 1, M - 28, 
and M - 29 respectively in 2-ethylquinoline 
(Scheme 3). 

In conclusion mass spectrometry appears to 
be a useful tool for determining the position and 
extent of substitution of the quinoline nucleus. 

In the monomethyl series those substituted in 
the benzene ring can be differentiated from those 
substituted in the pyridine ring, while in the 
dimethylquinoline series an unknown can be 
placed in one of three groups according to the 
M - (CH, + HCN)/M-CH, ratio. As the length 
of the alkyl chain increases the position of 

60 100 izo 60 180 

60 80 ioo izo i40 160 180 

I3O 46 

I ,  
60 80  loo izo 140 160 180 

FIG. 6.  Mass spectra of (a) 2-isopropylquinoline, (b) 
2-isopropylquinoline-8-d,, and (c )  2-isopropylquinoline- 
8-d6. 
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substitution can be determined with greater cer- TABLE IV 

tainty although the 6- and 7-isomers (and prob- Preparation of alkylquinolines 
ably the 5- also) show similar spectra. 

Melting point 
Alkylquinoline picrate ("C) Reference 

Experimental 
2-methyl 193.5-195.5 (195) 13 

Appnratrrs, Methods and Materials 3-methyl 187-190 (190) 14 
Mass spectra were determined on a Hitachi Perkin- 2,3-dimethyl 229-232 (235) 15 

Elmer RMU-6A mass spectrometer at an  ionizing 2 y 4 - d i m e t h ~ 1  194-196 (196) 16 
189-190 (191) 13* potential of 80 eV and an ionizing current of 50 PA. 2,6-dimethy1 

Samples were introduced through an all-glass inlet >:;fkythyl 219-221 (221) 14 
system maintained at 200 "C. Spectra are plotted in 2-ethyl-P-& 

151-153 (148) 17 
- - - 

terms of relative abundance, with the most intense peak 2-n-propyl 
1 7 t ~  

163-1 64.5 (1 59) 17 
(base peak) taken as 100%. Only peaks equal to or 2-n-propyl-y-d3 - - - 

greater than 2% of the base peak are recorded. 4-ethyl 191-192 (200) 
17511 
18 

All samples for mass spectrometry were purified by 4-n-propyl 204-207 (205,207) 18 
gas-liquid chromatography (g.1.c.) on a 6 ft column of 6-e th~1 205-206 (205-206) 19 
20% apiezon M on Celite. The column temperature was 6 - " - ~ r 0 ~ ~ 1  173.5-174.5 (171-172) 197 
maintained at  180 to  220 'C depending on the volatility ~ ~ ~ ~ ~ o y l  146-149 (146) 20 
of the material. 138-140 (142) 

19 i t  
5 7-dimethyl 243-245 (249) 14$$ 

CD31 (99 atom % D) and CD3CHzBr (98 atom % D) 5:8-dimethyl 180-182 (186) 
were obtained from Merck, Sharp and Dohme of 6,7-dimethyl 273-275 (278) 

1411 

Canada Ltd. 6,8-dimethyl 223-225 (230) 
14$$ 
14$f 

The 4-. 6-. 7-. and 8-methylquinolines and 4.6-dimethyl- 7,8-dimethyl 196-198 (198) 14$$ . . .  
quinoline were obtained c6mmercially. 

5-Methylquinoline and 2,7-, 2,8-, 3 3 ,  3,6-, 3,7-, 3,8-, 
4,8-, and 5,6-dimethylquinolines were obtained from Dr. 
W. A. Ayer of the University of Alberta. 

Nuclear magnetic resonance (n.m.r.) spectra were deter- 
mined in CDCl, solution on a Varian A-60 spectrom- 
eter. Chemical shifts are expressed in parts per million 
(6) from tetramethylsilane used as an  internal standard. 

Preparation of Alkylquinolines 
Many of the alkylquinolines used in this study were 

prepared by procedures already described in the litera- 
ture. Table IV lists the quinolines which we have pre- 
pared by previously described methods and provides the 
pertinent references to their preparation. In  some cases 
picrates were prepared. The melting points of the picrates 
which we recorded are given, with the values quoted in 
the literature given in brackets. 

2-Metizylqui~zoline-a-d3 
The labelled 2-methylquinoline was prepared from 

N-ethoxyquinolinium iodide and CD3MgI by the method 
of Cervinka et al. (23). The composition of the deuterated 
sample determined by low voltage mass spectrometry 
was cl, = 0.5%, dl = 1 %, dZ = 4%, and d3 = 94.5 %. 
An n.m.r. singlet a t  6 2.78 (3H) in the undeuterated 
compound was absent in the labelled compound. 

4-Metizylquinolir~e-2-d 
T o  a stirredsuspension of 100 mg LiA1D4 in anhydrous 

tetrahydrofuran was added 215 mg lepidine in tetrahydro- 
furan. The reaction was heated under reflux for 24 h and 
excess LiA1D4 destroyed with water. This process was 
repeated twice and the product isolated and purified by 
chromatography over alumina for n.m.r. analysis. The 
composition of the deuterated sample, determined by 
low voltage mass spectrometry was do = 8 %, dl = 90 %, 
and d2 = 2%. The n.m.r. spectrum of the undeuterated 

*The procedure dcscribed for the preparation of 2-methylquinoline 
was used except that p-toluidine was substituted for aniline. 

t C D d  was used instead of CH-I. 
*Low voltace measurements showed the comoosition of the deuter- 

at& sample t6 be dl = 3 % ;  d 3  = 97%. 
' 

SCDICHII was used ~nstead of CH3CH21. 
IlLow voltage measurements showed the composition of the deuter- 

ated sample to be d, = 2%;  (I2 = 5 5:  d ,  = 93 %. 
Bp-Propylaniline was prepared by the method of L 

field (21). 
ong and Scho- 

**Nitrate. 
?to-Propylanilinc was prepared by the method of W. P. Neumann 

(22). 
$$These quinolines were prepared by J. K.Tandan of this laboratory. 

compound showed a pair of doublets a t  7.36 (1H) and 
6 9.04 (IH), ( J  = 4.5 c.p.s.) assigned to  the protons a t  
C-3 and C-2 respectively, while the labelled compound 
showed a singlet at  6 7.39. 

8-Meti~ylquinoline-a-dl 
A solution of 300 mg 8-bromomethylquinoline (24) 

in 1.5 ml CH3COZD (25) was added dropwise to a stirred 
mixture of 130 mg zinc metal (granular), 0.8 ml D,O, 
and 1.0 ml CH3COZD. The reaction mixture was stirred 
overnight a t  room temperature and then refluxed for l h .  
The reaction was cooled, water added, and the mixture 
basified with NH3 and extracted with ether. The com- 
position of the product determined by low voltage mass 
spectrometry was cl, = 5.5 % and dl  = 94.5 %. 

2-Etizylqui~ioli~~e-a-d, 
2-Ethylquinoline (1.5 mmoles) in anhydrous ether was 

added to  1.4 ml of a 1.6 N hexane solution of n-butyl- 
lithium. One equivalent of D,O was added with stirring 
after the reaction mixture had been heated for 0.75 h 
under nitrogen. 

This process was repeated an additional five times. The 
reaction mixture was poured into DZO, acidified, and 
washed with ether. The acid layer was then basified and 
extracted with ether. The ether layer was dried over 
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Na2S04 and the ether evaporated. The product was 
purified by chromatography over alumina (g.1.c. caused 
back exchange). The composition determined by low 
voltage mass spectrometry was do = 2.7 %, dl = 15.2 %, 
dl = 69.0%, d3 = 11.7 %, and d4 = 1.4%. 

3-Ethylquinoli~~e nnd 3-11-Propylquinoline 
Ethyl ethyln~alonanilate (26) (2.5 g) was heated under 

reflux with 12.5 g phosphorus oxychloride for 10 h. The 
mixture was cooled, poured on crushed ice, basified and 
extracted with ether. The resulting 2,4-dichloro-3-ethyl- 
quinoline was converted to 3-ethylquinoline by heating 
with 15 g of tin metal and 55 ml hydrochloric acid for 
1 h. The yield of 3-ethylquinoline was 0.46 g (27 % based 
ontheethyl ethylmalonanilate); picrate m.p. 197-198.5 "C 
(lit. 199 "C (27)). 

3-n-Propylquinoline was prepared in a similar manner 
from ethyl n-propylmalonanilate. The yield was 12.5% 
based on ethyl 11-propylmalonanilate; picrate m.p. 168- 
169 "C (lit. 174175 "C (28)). 

8-Etfiylq~1it1oli1ze-~-d-3 and 8-12-Propylquinoline-y-d3 
An ether solution of 8-bromomethylquinoline (24) 

(0.015 mole) was added dropwise to an ether solution of 
CD3MgI (0.03 mole). The reaction mixture was heated 
with stirring for about 45 min. The excess Grignard 
reagent was destroyed and the crude reaction product 
isolated by conventional procedures. 8-Ethylquinoline- 
p-d3 was separated from the crude product by g.1.c. The 
composition determined by low voltage mass spectrom- 
etry was dl = 0.5 %, d2 = 2 %, and d3 = 97.5 %. 

8-11-Propylquinoline-y-d3 was prepared in a similar 
manner; CD3CH2Br was substituted for CD31 in the 
preparation of the Grignard solution. The composition 
determined by low voltage mass spectrometry was 
dZ = 5% and d3 = 95 %. Yields were low in both prep- 
arations. 

2-Zsopropylquinoline 
Quinaldine was treated with an equivalent of n-butyl- 

lithium followed by an equivalent of methyl iodide (17). 
A second equivalent of n-butyllithium and methyl iodide 
was then added to the reaction. The reaction was 
quenched by pouring into water and the work-up was 
similar to that described for 2-ethylquinoline-a-dZ. The 
picrate melted at 154155 "C (lit. 155-157 "C (29)). The 
n.m.r. spectrum had a doublet at 6 1.43 and a septet at 
6 3.39 (J = 7.2 c.P.s.). 

2-Isopropylqzrino1ine-~-d3 
The procedure used was that described above except 

that CD31 was substituted for the second equivalent of 
CH31. The composition of the product determined by 
low voltage mass spectrometry was do = 1.5%, dl = 
1%,d2 = 2.5%,d3= 80%,d4= 3.5%,d5 =2.5%,and 
d6 = 9 %. 

2-Zsopropylquinoline-b-d6 
The procedure used was that described above except 

that CD3I was substituted for CH31. The composition of 
the product determined by low voltage mass spectrom- 
etry was d3 = 1 %, d4 = 1 %, ds = 2.5 %, d6 = 91 %, 
d, = 1 %, and dg = 3.5 %. 
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Mass spectra of tetrahydroquinolines 

P. M. DRAPER AND D. B. MACLEAN 
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The mass spectra of 1,2,3,4-tetrahydroquinoline and 5,6,7,8-tetrahydroquinoline have been recorded. 
The spectra of the I-dl, 2,2-d2, 3,3-d2, and 4,4-d2 analogues of 1,2,3,4-tetrahydroquinoline, and the 
spectra of the 5-rl,, 6,6-d2, and 8,8-d2 analogues of 5,6,7,8-tetrahydroquinoline have aided in the 
interpretation of the fragmentation mechanisms. The spectra of both isomers are characterized by 
fragment ions at  M - 1, M - 15, and M - 16 while the 5,6,7,8-isomer has an  additional peak at M -28. The 
spectra of 2-, 3-, 4-, and 6-methyl-1,2,3,4-tetrahydroquinolines have also been examined. Substitution 
of a hydrogen by a methyl group in the 2- and 4-positions results in an  intense M - 15 peak, and sub- 
stitution in the 3-position results in a peak at  M -29. The main features of these spectra can be pre- 
dicted from the proposed fragmentation pathways of the parent tetrahydroquinoline. 

Canadian Journal of Chemistry, 46, 1499 (1968) 

In a recent paper we reported on the mass 
spectrometric fragmentation of alkylquinolines 
with the object of using mass spectrometry for 
identification of degradation products in alkaloid 
studies (1). We have also studied the mass spectra 
of some tetrahydroquinolines for the same 
reason, and we report here the results of our 
study. 

Although the spectra of tetrahydroquinolines 
have not been reported, the spectra of many 
other saturated heterocycles including piperidine 
(24) ,  the piperidine alkaloids (5), and oxygen 
heterocycles (6,7) have been studied in detail. In 
addition, the spectra of tetrahydronaphthalenes 
(8, 9) and tetrahydroisoquinoline (10) have been 
reported. I t  might be expected that the spectra 
of 1,2,3,4-tetrahydroquinolines would show frag- 

mentation pathways similar to the piperidines, 
and that the spectrum of 5,6,7,8-tetrahydro- 
quinoline would be similar to that of tetrahydro- 
naphthalene. Our results show that similarities 
as well as differences exist. 

The mass spectra of 1,2,3,4-tetrahydroquino- 
line and its I-dl, 2,2-d,, 3,3-d,, and 4,4-d, 
analogues are shown in Fig. 1. The base peak 
in the spectrum of the unlabelled compound 
results from loss of hydrogen from the molecular 
ion. Our labelling experiments show that about 
70% of the hydrogen lost originates from C-2 
giving ion 1 (Scheme I). Loss of an a hydrogen 
is expected by analogy with the spectra of piperi- 
dine and pyrrolidine (2). The remainder of the 
hydrogen appears to be lost from the rest of the 
molecule in a random fashion. Ring expansion 
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1500 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

FIG. 1. Mass spectra of (a) 1,2,3,4-tetrahydroquinoline, (b) 1,2,3,4-tetrahydroquinoline-1-dl, (c) 1,2,3,4-tetrahydro- 
quinoline-2,2-d,, (d) l,2,3,4-tetrahydroquinoline-3,3-d,, and (e) l,2,3,4-tetrahydroquinoline-4,4-d,. 

involving C-4 with random loss of hydrogen to 
give tropylium ion 2 by analogy with the spec- 
trum of toluene (11) is a possible route. The 
peak at M- 3 presumably arises from aroma- 
tization of ion 1 resulting in ion 3. 

Peaksat M-15(m/e 118)andM- 16arethe 
only other peaks of appreciable intensity in the 
spectrum of 1,2,3,4-tetrahydroquinoline. The 
peak at M - 15 is partially shifted (about 70 %) 
to M - 16 in the spectrum of the 1-dl analogue 
and to M - 16 and M - 17 in the 3,3-d, ana- 
logue. These results indicate that the major por- 
tion of the M - 15 peak arises from loss of C-3 
and its hydrogens as well as the hydrogen atom 
on the nitrogen. The proposed fragmentation 

mechanism is illustrated in Scheme 1 (M+ ->4 -+ 
5 or 6). 

A similar mechanism supported by labelling 
experiments has been proposed to account for 
the M - 15 peak found in the spectrum of piperi- 
dine (2). C-3 and its associated hydrogens are 
lost in both compounds; in piperidine the third 
hydrogen is transferred from C-6 while in tetra- 
hydroquinoline the third hydrogen is transferred 
from nitrogen. 

The M - 16 peak found in the spectrum of 
1,2,3,4-tetrahydroquinoline can arise by two 
pathways, namely, by loss of H from M - 15 or 
by loss of CH, from M - 1. The latter pathway 
is supported by the presence of a metastable 
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peak at 103.9 (calculated, 103.7) and probably 
represents the major route. Examination of the 
spectra of the labelled compounds has helped 
to elucidate its mode of formation but its origin 
is not straightforward. From the spectra of the la- 
belled compounds it is observed that the M - 16 
peak is not appreciably shifted in the 2,2-d2 
analogue, that it is partially shifted (ca. 40%) 
to M - 17 in the 1-dl compound, to M - 17 and 
M - 18 in the 3,3-d2 compound and to M - 17 in 
the 4,4-d, compound. The 3,3-d, compound 
appears to show the greatest shift suggesting 
that C-3 is lost accompanied by three hydrogens 
from among the 1-, 3-, and 4-positions. A 
possible mechanism involving in the first step 
ring contraction of ion 1 to ion 7 is shown in 
Scheme 1. Hydrogen transfer from nitrogen or 
C-4 followed by loss of a methyl radical would 
yield ions 8 or 9. The driving force for this 
rearrangement may lie in the formation of the 
stable indole system. 

Other peaks in the spectrum of 1,2,3,4-tetra- 
hydroquinoline are of low intensity and their 
formation difficult to interpret even though the 
labelled analogues are available. The peak at 
mle 91 may be derived from ion 5 or 6 through 
loss of HCN since a metastable peak is present 
corresponding to the transformation mle 118 +- 
mle 9 1. The series of peaks centered at mle 104 
probably arise through successive losses of HCN 
and one or more hydrogens from M - 1 and 
M - 3. Thus, metastable peaks are present for the 
trailsformation mle 132-> 105 and mle 130+ 103. 
The spectrum of 1,2,3,4-tetrahydroquinoline is 
easily differentiated from its 5,6,7,8-isomer (Fig. 
3a) and the isomeric 1,2,3,4-tetrahydroisoquino- 
line (10) thus allowing mass spectrometry to be 
used in its identification. 

The spectra of four monomethyltetrahydro- 
quinolines are recorded in Fig. 2. The spectra 
show that a methyl group on the hydroaromatic 
ring is more readily lost than a methyl group on 
the aromatic ring. 

The spectra of 2- and 4-methyl-l,2,3,4-tetrahy- 
droquinolines are similar in that they both show 
weak M - 1 peaks and a base peak at M - 15. 
The M - 15 fragment from the 2-methyl isomer 
may be represented by ion 1 which then loses 
two hydrogens or CH, (Scheme 1) to give peaks 
at M - 17, ion 3, and M - 30, ion 8, respectively. 
The formation of the latter is supported by the 
presence of a metastable peak at mle 103.9 (calcu- 

lated, 103.7). The M - 15 ion in the spectrum of 
the 4-methyl isomer may be stabilized by ring 
expansion to ion 2 and this ion in turn may lose 
hydrogen to give a peak at M - 17. 

The M - 30 ion in the 4-methyl compound 
apparently arises from M - 15 through loss of a 
CH, radical since a corresponding metastable 
peak is present at mle 103.9 (calculated, 103.7). 
Since the M - 15 to M - 30ratio is similar for the 
2- and 4-isomers it appears that the M - 15 ion 
derived from the two isomers may have a com- 
mon structure. Loss of methyl from C-4 followed 
by hydrogen rearrangement could lead to ion 1 
for which a mechanism for loss of 15 mu has 
already been proposed. 

The spectrum of 3-methyl-l,2,3,4-tetrahydro- 
quinoline (Fig. 26) shows an intense M - 1 peak, 
a less intense M - 15 peak and an intense M - 29 
peak relative to its 2- and 4-isomers. The M - 1, 
M - 29 and M - 30 peaks can form in a manner 
analogous to the M - 1, M - 15, and M - 16 
peaks of the parent compound as shown in 
Scheme 1. However, the presence of a metastable 
peak corresponding to the transformation mle 
132 + mle 117 indicates that, in part at least, the 
M - 30 ion forms from M - 15 through loss of 
a methyl group. We propose that the M - 15 ion 
formed by loss of the 3-methyl group may re- 
arrange to ion 1 by H transfer before expulsion of 
the second methyl group in a manner similar to 
the M - 15 ion derived from the 4-isomer. The 
M - 15 ion may also lose two hydrogens to give 
the peak observed at M - 17 which is represented 
as ion 3 in Scheme 1. 

All three compounds show peaks at M - 1, 
M - 16, and M - 17. In the case of the 3-methyl 
compound there are metastable peaks corre- 
sponding to the transformations M - 1 + M - 16 
and M - 16 to M - 17. The 2- and 4-methyl 
compounds show a metastable for the latter but 
not the former transformation. Thus there is a 
pathway to the M - 17 ion for all three com- 
pounds other than that described previously. 

The spectrum of 6-methyl-l,2,3,4-tetrahydro- 
quinoline (Fig. 2d) is similar to that of tetra- 
hydroquinoline since the substitution is not in 
the saturated ring and accordingly has little 
effect on the fragmentation. A difference from 
the parent compound is the presence of a peak 
at M - 17 in the spectrum of the 6-methyl com- 
pound which is caused by loss of hydrogen from 
the M-16 species. A ring expanded ion 12 is 
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FIG. 2. Mass spectra of (a) 2-methyl-1,2,3,4,-tetrahydroquinoline, (b) 3-methyl-1,2,3,4-tetrahydroquinoline, (c) 
4-methyl-1,2,3,4-tetrahydroquinoline, and (d) 6-methyl-l,2,3,4-tetrahydroquinoline. 
FIG. 3. Mass spectra of (a) 5,6,7,8-tetrahydroquinoline, (b) 5,6,7,8-tetrahydroquinoline-5-dl, (c) 5,6,7,8-tetrahydro- 

quinoline-6,6-d,, and (4 5,6,7,8-tetrahydroquinoline-8,8-d,. 

60 80 100 120 140 160 60 80 100 120 140 

probably formed through the sequence, Mf -t 
10 -t 11 -t 12 (Scheme 2). 

The mass spectra of 5,6,7,8-tetrahydroquino- 
line and its 5-dl, 6,6-d2, and 8,8-d2 derivatives 
are shown in Fig. 3a-d respectively. The spec- 
trum of 5,6,7,8-tetrahydroquinoline may be 
differentiated from that of the 1,2,3,4-isomer by 
virtue of the intense peak at M - 28 (mle 105) 
in the former isomer. 

132 - 

: 0 

147(Mt) 

(0) 

acH3 H 

117 

The base peak in the spectrum of 5,6,7,8-tetra- 
hydroquinoline corresponds to loss of hydrogen 
from the molecular ion. The labelling experi- 
ments indicate that the hydrogen loss is not 
specific. A significant contribution from C-6 is 
observed (Fig. 3c) and a similar contribution 
from C-7 might be expected. A large proportion 
of the hydrogen lost may originate from the 
pyridine ring possibly by ring expansion with 
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mle 118 

random loss of hydrogen to give ion 13, as shown 
in Scheme 3. 

The labelling experiments do not shed much 
light on the origin of peaks at M- 15 and 
M - 16. In all the labelled compounds partial 
shifts to M - 16 and M - 17 are observed but 
evaluation is difficult because of the two adjacent 
peaks. The results indicate that scrambling of hy- 
drogen occurs or that a series of competing reac- 
tions may contribute to the M - 15 and M - 16 
ions. A tentative mechanism for the formation of 
ions at M - 15 and M - 16 is outlined in Scheme 
3. For formation of the M - 15 ion, a C-6- C-7 
bond fission is postulated followed by H transfer 
and expulsion of a methyl radical. As depicted in 
Scheme 3, C-7 and its associated hydrogens are 
lost along with a hydrogen from C-5. It  is 
equally probable that C-6 and its associated hy- 
drogens along with a hydrogen from C-8 would 
be lost. In the formation of the M - 16 ion, 
a loss of H from C-7 is followed by ring con- 
traction and elimination of methyl. In this case 
C-6 and its associated hydrogens are lost along 
with a hydrogen from C-5 or C-8. By losing 
hydrogen initially from C-6, C-7 and its associ- 

ated hydrogens along with a single hydrogen 
from C-5 or C-8 would be lost. This mechanism 
accounts for the fact that some deuterium is lost 
in all the labelled compounds which we have 
studied, and that deuterium loss is not speciiic 
for the M - 5 or M - 16 ions. It is noteworthy 
that peaks at M - 15 and M - 16 are also found 
in the spectrum of tetrahydronaphthalene (8, 9) 
but to our knowledge their origin has not been 
discussed. 

The peak at mle 105 (ion 14) may be explained 
by a retro Diels-Alder fragmentation since 
deuterium is retained in the 5-dl and 8,8-d, 
isomers while it is lost in the 6,6-d, isomer. A 
similar loss of ethylene has been observed in the 
spectrum of tetrahydronaphthalene (8, 9). 

Experimental 

Apparatus, Methods and Materials 
Mass spectra were determined on a Hitachi Perkin- 

Elmer R.M.U.-6A mass spectrometer at an ionizing 
potential of 80 eV and an ionizing current of 50 PA. 
Samples were introduced through an all-glass inlet 
system maintained at 200 OC. Spectra are plotted in 
terms of relative abundance, with the most intense peak 
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(base peak) being taken as 100%. Only peaks equal to 
or greater than 2 % of the base peak are recorded. 

Nuclear magnetic resonance (n.m.r.) spectra were 
determined in CDCI, solution on a Varian A-60 spectro- 
meter. Chemical shifts are expressed in parts per million 
(6) from tetramethylsilane used as an internal standard. 

All samples were purified by gas-liquid chromato- 
graphy (g.1.c.) on a 6 ft column of 20% Apiezon M on 
Celite. The column temperature was maintained at 180 
to 220 "C depending on the volatility of the sample. 
1,2,3,4-tetrahydroquinoline, 2-methyl-l,2,3,4-tetrahy- 

droquinoline, and 6-methyl-1,2,3,4-tetrahydroquinoline 
were obtained commercially. CH30D (99 atom % D) was 
obtained from Merck, Sharp and Dohme of Canada Ltd. 

1,2,3,4-Terrahydroquinoline-I-dl 
A sample of tetrahydroquinoline, purified by g.1.c. was 

treated with 0.3 ml CHSOD and the CH30D evaporated 
in a vacuum desiccator. The process was repeated three 
times. A small amount of CHsOD was pumped through 
the mass spectrometer to minimize back exchange. The 
composition of the product determined by low voltage 
mass spectrometry was: do = 29 % and dl = 71 %. 
1,2,3,4-Tetrahydroquinoline-2,2-d, 

3,4-Dihydrocarbostyril (12) (100 mg) was heated under 
reflux with 80 mg LiA1D4 in 15 ml anhydrous ether for 
2 h. The excess LiAlD, was destroyed by adding wet 
ether, then water. The precipitate was removed by liltra- 
tion and the ether solution dried over Na2S04. The yield 
of product was 82 mg and its composition determined by 
low voltage mass spectrometry was: dl = 2 %  and 
d2 = 98%. The n.m.r. spectrum showed a triplet at 
6 1.96 (2H) and a triplet at 6 2.84 (2H) ( J  = 6.5 c.p.s.) 
while the spectrum of the nondeuterated compound 
showed a multiplet at 6 1.87 (2H), a triplet at 6 2.75 
(2H) ( J  = 6.5 c.p.s.), and a triplet at 6 3.25 (2H) ( J  = 6.0 
c.P.s.). 

1 ,2,3,4-Tetrahydroquinolit~e-3,3-d2 
3,4-Dihydrocarbostyril (12) (85 mg) and sodium 

methoxide (45 mg) were heated under reflux with 1 ml 
CH30D for 3 h. The solvent was evaporated and the 
process repeated. The residue was extracted with chloro- 
form and the product reduced with lithium aluminium 
hydride as described above. The composition of the prod- 

and steam distillation of the reaction mixture followed 
by extraction of the distillate with ether. Yields of both 
compounds were about 60 %. 

The picrate of 3-methyltetrahydroquinoline melted at 
153-155 "C (lit. 155-156 "C (15)) and that of 4-methyl- 
tetrahydroquinoline at 134 "C (lit. 157 "C (16) and 138 "C 
(17)). The N-benzoyl derivative of 4-methyltetrahydro- 
quinoline melted at 135-137 "C (lit. 138 "C (17)). 

5,6,7,8-Tefraf~ydroquinoline 
5,6,7,8-Tetrahydroquinoline was prepared from 5,6,7,8- 

tetrahydrocarbostyril (18) by the method of von Braun 
and Lemke (19). The picrate melted at 155-157 "C (lit. 
160-161 "C (19)). 

5,6,7,8-Tetrahydroqui~~oline-5-dl 
5-Aza-1-tetralone was reduced to 5-aza-1-tetralol-1-d 

by the method of Zymalkowski and Rimek (20) except 
that NaBD, was substituted for NaBH4, 110 mg of the 
alcohol was added to excess LiALH4 (80 mg) in anhydrous 
tetrahydrofuran and the mixture heated under reflux 
overnight. The composition of the product determined by 
low voltage mass spectrometry was: do = 5 %, dl = 94 %, 
and d, = 1 %. Reduction of the tetralone with LiAlD, 
resulted in large amounts of d3 and d4 species (probably 
by exchange in the pyridine ring) (1). 

5,6,7,8-Tetrahydroquit~oline-6,6-d2 
5-Aza-1-tetralone (20) (180 mg) was treated with 50 mg 

CH30Na and 1 ml CHBOD for 1 h at room temperature. 
The solvent was then evaporated under reduced pressure 
and the process repeated. The residue was extracted with 
ether and the ether layer dried over Na,S04. The ex- 
changed tetralone was reduced to 5,6,7,8-tetrahydroquino- 
line-6,6-d2 by refluxing it with excess LiA1H4 in tetra- 
hydrofuran for 15 h. The composition of the product 
determined by low voltage mass spectrometry was: 
do = 3 %, dl = 12%, d, = 81 %, and d3 = 4%. 

5,6,7,8-Tetrahydroquinoline-8,8-d2 
5,6,7,8-Tetrahydroquinoline (20 mg), CH30Na, and 

CH30D (I ml) were sealed in a glass tube and heated 
in a steam bath for about 3 weeks. The composition of 
the product determined by low voltage mass spectro- 
metrywas:do = 2%,d1 = 8.5%,d2 = 70%,d3 = 16%, 
and d4 = 3.5 %. 

uct determined by low voltage mass spectrometry was: 
dl = 10% and d2 = 90%. The n.m.r. spectrum showed Acknowledgments 
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Enantiomeric 3-hydroxypent-4-enethionamides from thioglucosides of Crambe 
and Brassica seeds by action of ferrous salts 

F. L. AUSTIN, C. A. GENT, AND I. A. WOLFF 
Northern Regional Research Laboratory, Northern Utilization Research and Development Division, Agricul~nral 

Research Service, United States Depart~rzetlt of Agriculture, Peoria, Illinois 61604 
Received December 11, 1967 

epi-Progoitrin, the major thioglucoside of Crambe abyssinica seed, is cleaved by ferrous salts to 
yield (9-I-cyano-2-hydroxy-3-butene and (S)-3-hydroxypent-4-enethionamide. The products are the 
same whether obtained from the purified thioglucoside or from the seed meal. Identical behavior was 
observed for seed meal of Brassica napus, which gave corresponding derivatives of the opposite con- 
figuration. Optical rotatory dispersion and proton magnetic resonance studies suggest the existence of 
solvent-dependent differences in rotamer composition for the 3-hydroxypent-4-enethionamides. 

Canadian Journal of  Chemistry, 46, 1507 (1968) 

Earlier publications from this laboratory have 
detailed the chemistry of epi-progoitrin, the 
major thioglucoside in seed meal of Crambe 
abyssinica Hochst ex R. E. Fries and of its 
enzymic conversion products (1-3). The enzymic 
reaction may lead to two distinct types of prod- 
ucts. One, 5-vinyl-oxazolidinethione or (R)- 
goitrin, is formed by spontaneous cyclization of 
an intermediate P-hydroxy isothiocyanate (4); 
the other consists of open-chain nitriles derived 
from the aglucon of epi-progoitrin. Three of 
this group have been recognized: (S)-1-cyano- 
2-hydroxy-3-butene and a diastereoisomeric pair 
of episulfides related to this unsaturated nitrile. 

Several species of Brassica contain a thio- 
glucoside with a similar structure to that found 
in Crambe. The two thioglucosides differ only 
in configuration about the asymmetric carbon 
atom in the aglucon portion of the molecule (I). 
The configurations persist without racemization 
during enzymic conversion, so that two series 
of enantiomorphic compounds result, depending 
on the source material (1, 2). A scheme show- 
ing these relationships, together with the abso- 
lute configurational assignments, was recently 
given (5). 

The occurrence of enantiomers of a compound 
in related plant families is unusual but not 
unique for Crambe and Brassica. The situation 
with respect to the thioglucosides of these species 
has been discussed by Daxenbichler et al. (1) 
who also cited other substances, mainly ter- 
penes, which occur in nature as enantiomers. 
Analogous observations were noted for an 
alkaloid (20) and for the butanol derivative, 
betuligenol (21). 

Although enzymic transformation of the thio- 
glucosides present in members of the Cruciferae 
and in a limited number of other plant families 
frequently proceeds via the isothiocyanate path- 
way, the route leading to nitriles may occur 
almost exclusively or the two types of products 
can be formed concurrently. Schwimmer (6) 
noted that the decomposition of sinigrin by 
myrosinase (thioglucosidase, EC3.2.3.1) in the 
presence of ascorbate and protein yielded nitrile 
at pH 3.0 but isothiocyanate at higher pH 
values. Further studies of this system by Ettlinger 
et al. (7) supported pH dependence of the ob- 
served ratio of nitrile to isothiocyanate pro- 
duced. The results were explained in terms of the 
nonenzymatic breakdown of a labile intermediate 
whose rate was determined by pH. The inter- 
mediate was identified as the sinigrin aglucon. 

These studies provide fairly clear results in 
the case of isolated thioglucoside plus enzyme 
systems. However, a more complex situation 
was demonstrated by VanEtten et al. (8) for 
Crambe abyssinica seed meal subjected to the 
action of endogenous enzymes. Age, storage 
conditions, and prior heat treatment of the seed, 
as well as such factors as amounts of water, 
temperature, and pH during autolysis, affected 
the relative amounts of (R)-goitrin and nitrile 
products formed. In fact, exclusive production 
of nitrile components was usual for the majority 
of recently harvested seed samples. Essentially 
the same autolysis pattern was noted for Brassica 
napus (a species of commercial rapeseed) as for 
Crambe. 

The explanation for these variations was 
obscure, and more subtle influences were sought. 
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HxOH , S--C6HI1O5 Myrosinase 
CH,=CH CHzC,, 

\ NOSO20- Kf pH 5.3 NH 

\ 
2 ( R )  

Myrosinase + Fe(I1) 

pH 5.3 
H-*OH ' CH2=CH CH2CN 

Fe(I1) H.. OH - pH 5.3 3 + c H I = c H ~ c H 2 c ~ S  \ 

NH2 

Miller (9) noted that potassium silver sinigrate 
was converted quantitatively to allyl cyanide by 
iodide in the presence of ferrous ion, whereas 
other metal salts or iodide alone gave pre- 
dominantly allyl isothiocyanate. Enzymic con- 
version of sinigrin also yielded nitrile when 
ferrous ion was present. 

We found that ferrous ion also exerts a direc- 
tive influence on the enzymic conversion of iso- 
lated epi-progoitrin (1). At pH 5.3 in the absence 
of iron, the addition of myrosinase produced 
(R)-goitrin (2) only, whereas under the same 
conditions but with low concentrations of fer- 
rous salts, the major product was the unsaturated 
nitrile (3). There was only a trace of 2. The 
enzymic reaction also was more rapid with 
ferrous ion. 

Although ferrous salts exerted a profound 
influence on the course of the enzymic reaction, 
they also unexpectedly cleaved the thioglucoside 
without the mediation of an enzyme (10). In this 
instance the products were 3 and (S)-3-hydroxy- 
pent-4-enethionamide (4). Enzymic reaction [I]  
is compared with nonenzymic reaction [2] in 
Scheme 1. 

Youngs and Perlin (11) describe the non- 
enzymic decomposition of sinigrin by ferrous 
sulfate at 95". In their work, only allyl cyanide 
was obtained. 

Results and Discussion 
The nonenzymic degradation of epi-progoitrin 

(1) was slow at room temperature and required a 
considerable excess (six to eight equivalents) of 

ferrous salt for best results. Other metal ions, 
including stannous, cobaltous, nickel, and ferric, 
as well as hydroquinone, did not degrade 1. 
Neither was the pentaacetate of 1 (1) attacked 
by ferrous salts. 

Traces of residual enzyme in the preparation 
of 1 were considered an unlikely explanation for 
the reaction on the grounds of the isolation pro- 
cedure, the differences in products, and the 
relatively large ferrous ion requirement. This 
explanation was excluded by boiling an aqueous 
solution of 1 for 5 min. Ferrous salt was added 
to the cooled solution and the reaction allowed 
to proceed at room temperature. Both the ratio 
of products and yields were the same as from 1 
not subjected to heat. 

In defatted Crambe meal, the native enzyme(s) 
of which had been inactivated by heat, thio- 
glucoside degradation by ferrous ion proceeded 
as observed for isolated 1. Contact of the meal 
with a solution of a ferrous salt resulted in the 
production of both nitrile(3) and thionamide (4). 

Similarly, we found that defatted, enzyme- 
inactivated seed meal of Brassica napus L. (rape- 
seed), in contact with a solution of a ferrous 
salt, also produced nitriles and a thionamide. 
Although significant amounts of thioglucosides 
other than progoitrin are present in rapeseed 
(12), only a single thionamide was obtained 
from this source. I t  proved to be the enantiomer 
of the corresponding compound from Crambe 
meal. 

Crambe and rapeseedmeals were used as source 
material for the isolation and investigation of 
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mides (15) and interpreted as an n -> n* tran- 
sition for the longer wavelength band and a 300 

I \ n -t n* transition near 267 mp. The absorption 
data are summarized in Table I. 

TABLE I 
Ultraviolet absorption of (S)- or (R)-3-hydroxypent-4- 

enethionamide 

hm,, h,,, 
n -> n* n -> n* 

Solvent (nw) Log E (mp) Log E 

Water 318 1.76 265 4.04 
95 % Ethanol 330 1.73 267 4.05 
Chloroform 350 1.75 269 4.01 

-- 

Bath and co-worker~ studied the anomalous 
rotatory dispersion and circular dichroism 
curves for N-thiobenzoyl and N-phenylthioacetyl 

I I I I I derivatives of amino acids in solvents of differing 
300 350 400  450  5 5 0  polarity (16). Their suggested explanation for 

Wavelength [mpl unexpected shifts in sign of the Cotton effects 
FIG. 1. Optical rotatory dispersion curves in methanol changes in rotamer 
f3-hydroxypent-4-enethionamides:-(S)-enantiomer composition. We made a similar investigation 

from Crambe abyssinica; - - - - 
Brassica napus. 

(R)-enantiOmer of the rotatory dispersion curves of (S)-3- 
hydroxypent-4-enethionamide in water and chlo- 
roform. The position of the extrema varied with 

the two optical isomers of 3 - h ~ d r o x ~ ~ e n t - 4 -  solvent as expected from the absorption maxima 
enethiOnamide. had the same for the longer wavelength transition (Table I). 
melting ~ o i n t  but exhibited equal and opposite In addition, the Cotton effect was negative in 
rotatory dispersion curves (see Fig. 1). The (S)- both solvents, but its amplitude differed more 
thionamide (4) from Crambe exhibited a nega- than threefold. These data are summarized in 
tive Cotton effect, whereas the configurationally ~ ~ b l ~  11. 
related (S)-unsaturated nitrile (3) showed a plain TABLE LI 
positive (2)' A negative optical rotatory dispersion of (S)-3-hydroxypent-4-ene- 
Cotton effect was noted as an exception by thionamide 
Burakevich and Djerassi (13) for the (S)-N- 
methylthionamide of 0-acetyllactic acid. They First Second 
attributed the deviation from the general positive Solvent [a]o'' extremum extremum 
Cotton effect for (S)-thionamides to the lack of water -9' [a]347 -278' [ E ] ~ ~ ~  +320° 
correlation between bulk and priority in the Chloroform -96" -1102" [a]335 +884" 
Cahn-Ingold notation when a hetero atom was 
involved. The same argument would be valid for Burakevich and Djerassi (13) demonstrated 
the hydroxythionarnide from 1. considerable conformational mobility in thion- 

Ultraviolet spectra of the thionamides in amides by measuring the circular dichroism 
alcohol were typical of those for thioacetamide maxima over the temperature range - 192" to 
and dimethyl thioacetamide (14). A weak band 168". Without resort to temperature studies, 
was present at 330 mp and a strongly absorbing our observed amplitude differences suggest that 
band at 267 mp, The higher wavelength band polarity of the solvent affects the rotamer 
undergoes a bathochromic shift of 20 mp in population of the 3-hydroxypent-4-enethion- 
chloroform solution, whereas the position of the amides. This deduction is supported by the nu- 
high intensity band is scarcely affected. This clear magnetic resonance (n.m.r.) spectra of the 
behavior has been observed with other thiona- compounds. The region of absorption by the 

- ;\ 
I \ 
I \ 
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FIG. 2. High field proton magnetic resonance spectra 
of 3-hydroxypent-4-enethionamides. a, in deuteriochloro- 
form; b, in deuterium oxide. 

methylene protons at 6 2.8 to 3.0 was of interest 
because it showed an unsymmetrical two proton 
triplet in deuteriochloroform, which became a 
two proton doublet in deuterium oxide (see 
Fig. 2). Most likely, the spectrum observed in 
deuteriochloroform indicates a small chemical 
shift difference between two magnetically non- 
equivalent protons. Jackman and Bowman (17) 
have discussed such nonequivalent geminal 
protons and cited several examples of alteration 
of the chemical shift with change in solvent or 
concentration. The behavior of 2-butanol on 
dilution in carbon tetrachloride was interpreted 
in terms of a change in rotamer population. 

Other features of the n.m.r. spectra of the 
3-hydroxypent-4-enethionamides were essentially 
like the published spectrum (2) of (S)-1-cyano-2- 
hydroxy-3-butene in deuteriochloroform. The 
only differences were a shift in position of the 
hydroxyl proton from 6 3.8 to 3.9 and the addi- 
tion of a broad band from 6 7.9 to 8.6 for the 
two amide protons. 

The structure of the thionamides was con- 

firmed chemically by reaction with silver nitrate 
in aqueous solution. Silver sulfide precipitated, 
and 1-cyano-2-hydroxy-3-butene was isolated in 
nearly quantitative yield after ether extraction. 
Kindler and Finndorf (18) first reported the 
reaction of either silver or lead salts with thio- 
acetamide to form acetonitrile. 

The unsaturated nitrile from (S)-3-hydroxy- 
pent-Cenethionamide was identical to the (S)-1- 
cyano-2-hydroxy-3-butene derived from 1 in 
Crambe seed meal on enzymic cleavage (2). 
Comparison was made of the infrared absorp- 
tion and of mobility on thin-layer chromatog- 
raphy. The plain positive optical rotatory 
dispersion curves also were the same. Thus 
configurational integrity of the asymmetric 
center was maintained during nonenzymic de- 
gradation of 1 and also through the subsequent 
steps of purification of 4 and its dehydrosulfura- 
tion by silver nitrate. 

Experimental 
Assays for goitrin and unsaturated nitrile were carried 

out by the procedures of Daxenbichler et a/. (2). Thion- 
amide was determined with a Beckman1 DK-2 instrument 
by measurement of the ultraviolet absorption at 267 mb 
in alcohol solution; the extinction value (log E = 4.05) 
was determined from a purified sample. Usually back- 
ground absorption was negligible. Optical rotatory dis- 
persions were made with a Cary 60 recording spectro- 
polarimeter. Initial sample concentrations were between 
0.1 and 0.2% and diluted further if necessary to record 
the extrema. Proton magnetic resonance spectra were 
determined with a Varian A-60 instrument. 

Isolated epi-progoitrin (1) (estimated purity 90 %) was 
obtained from defatted Crambe meal by the procedure 
of Daxenbichler et a/. (1). 

Enzymic Degradation of 1 
1 (100 mg, 0.21 mmoles) was dissolved in water (5 ml) 

and mustard myrosinase (15 mg) added. The pH was 
maintained at 5.3 by addition of 0.1 N sodium hydroxide 
with an automatic recording titrator (radiometer). After 
alkali consumption ceased (2 h), the solution was ex- 
tracted five times with 10-ml portions of ether. The ether 
solution, dried over sodium sulfate, was evaporated in 
a stream of nitrogen. The residue was dissolved in chloro- 
form (1 ml) for nitrile assay. Solvent was then replaced 
with alcohol, the solution appropriately diluted, and the 
ultraviolet absorption determined (assay for goitrin or 
thionamide). Results of the assays showed 21.7 mg of 
(R)-goitrin (80% yield) and only a negligible yield of 
unsaturated nitrile (c 5 %). 

'Mention of firm names or products does not imply 
endorsement by the United States Department of Agri- 
culture over other firms or similar products not men- 
tioned. 
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This reaction was repeated, except that ferrous am- 
monium sulfate (20 mg, 0.05 mmoles) was added to the 
solution of 1 before introduction of the enzyme. In this 
instance the enzyme reaction was faster than before 
(20 min for alkali consumption to cease). Assay of the 
ether-soluble products showed only 0.4 n ~ g  of (R)-goitrin 
(1.5% yield) but 12.3 mg of unsaturated nitrile (60% 
yield). 

No~zerzzyrnic Degradatiorz of 1 
1 (100 mg, 0.21 mmoles) was dissolved in 25 ml of pH 

5.3 buffer (acetic acid - sodium acetate) and ferrous 
ammonium sulfate (600 mg, 1.53 mmoles) was added. 
The solution was covered with nitrogen and allowed to 
stand overnight at room temperature. On spectral 
examination of the reaction mixture at the end of this 
time period, 1 (I, , ,  = 227 mp) was no longer detect- 
able, but a peak was present at 265 mp. The aqueous 
solution was saturated with salt and extracted five times 
with 50-ml portions of ether. The extract was dried over 
sodium sulfate, the solvent removed, and the residue 
assayed. There were 3.3 mg of unsaturated nitrile (16% 
yield) and 12.0 mg of the thionamide (43 % yield). 

These results were typical. Although stoichiometric 
conversions were not achieved, from 90-100% of the 
total ether extractable material was represented by nitrile 
and thionamide. Buffered solutions were not essential, 
and the reaction proceeded in the same way in distilled 
water. Ferrous sulfate could be used in place of ferrous 
ammonium sulfate without affecting the results. 

Action of Ferrous Salts 012 Crambe Meal 
Enzyme(s) in defatted Crambe meal were inactivated 

by the procedure of VanEtten et a/. (19). For the purpose, 
Crambe meal (100 g), which assayed 6.7 % epi-progoitrin, 
was heated on a steam bath, covered with boiling water 
(700 ml), and maintained above 90" with stirring for 
10 min. Ferrous ammonium sulfate (50 g) was added to 
the cooled mixture. It was covered with nitrogen and 
allowed to stand 16 h at room temperature. The reaction 
mixture was divided into four portions, residual meal 
solids were removed by centrifugation, and each solid 
fraction was washed four times with 50-ml portions of 
water. The combined aqueous extracts and washes were 
saturated with sodium chloride and extracted with five 
600-ml portions of ether. Centrifuging was necessary to 
break emulsions. The ether extracts were dried over 
sodium sulfate, partially concentrated, and made to 
100 rill. Samples were removed for assay. The average 
yield of thionamide from 10 runs was 590 mg (29 %). The 
accompanying nitrile amounted to 190 mg (12%). 

Separation of 3 and 4 
Ether extracts from two Crambe meal reactions were 

evaporated. The residue (containing 1.05 g of thionamide 
and 0.41 g of nitrile) was dissolved in chloroform (10 ml) 
and transferred to a column (40 x 2.5 cm) of aluminium 
oxide (Camag, chromatographic grade, acidic) prepared 
by slurrying the adsorbent in chloroform. The column 
was eluted with chloroform and eluate collected in 200-ml 
fractions. The initial fraction contained (R)-goitrin (0.05 g, 
1.2% based on thioglucoside content of the meal). This 
low level of (R)-goitrin was not observed during assay of 
crude extracts in the presence of larger amounts of thion- 

amide. The second and third fractions contained most of 
the (5')-1-cyano-2-hydroxy-3-butene (0.40 g, 97% re- 
covery). The infrared curve was identical to that of a 
known sample (2). A composite of nitrile-containing 
fractions from the aluminium oxide colun~n was evapor- 
ated, dissolved in water, and chromatographed on 
Sephadex G-10 by the method of Daxenbichler et a/. (3). 
All the product eluted was in the range corresponding to 
the unsaturated nitrile and no evidence for the presence 
of episulfide nitriles was found. 

Elution of the aluminium oxide column with additional 
chloroform (600 ml) was continued to remove final traces 
of 3. The eluting solvent was then changed to a mixture 
of chloroform:methanol (95:5). After an intermediate 
fraction (100 ml), most of 4 was removed from the 
column in the two succeeding 200-ml fractions (1.00 g, 
95 % recovery). 

(S)-3-Hydroxype1zt-4-enethionarnide (4) 
The thionamide-containing fractions from the chroma- 

tographic column were concentrated to remove solvent. 
The residue was dissolved in acetone and the solution 
centrifuged to separate a trace of insoluble matter. After 
evaporation of the acetone, benzene (5 ml) was added. 
The product formed on refrigeration was recrystallized 
from ether-benzene followed by washing with cold ether. 
Recovery, 0.82 g of colorless crystals, m.p. 56.5-57'; 
[aIDz5 -20' (c, 0.16; methanol). 

Anal. Calcd. for C5H9NOS (mol. wt., 131): C, 45.8; 
H, 6.9; N, 10.7; S, 24.4. Found (mol. wt., 134): C, 46.2; 
H, 6.9; N, 10.7; S, 24.0. 

(R) -3-Hydrox,ype1zt-4-enetIziomide 
Defatted seed meal of Brassica rzapus L. (200 g) was 

heated in water to inactivate enzyme(s), the cooled sus- 
pension was allowed to stand in the presence of ferrous 
ammonium sulfate (100 g), and products were isolated by 
ether extraction as described for Crambe. Assay showed 
the presence of 390 111g of nitrile and 740 mg of thiona- 
mide. The products, separated on aluminium oxide, gave 
recoveries of 351 mg of nitrile and 550 mg of the (R)-3- 
hydroxypent-4-enethionamide, m.p. 56.5-57'; [aIDz5 
+21° (c, 0.104; methanol). 

Anal. Calcd. for C5H9NOS: C, 45.8; H, 6.9; N, 10.7; 
S, 24.4. Found: C, 45.8; H, 6.9; N, 10.6; S, 24.0. 

Racemic 3-Hydroxypent-4-enethionarl~ide 
Equal amounts (19.5 mg) of (5')- and (R)-3-hydroxy- 

pent-4-enethionamide were dissolved separately in ether 
(1 ml). The solutions of the enantiomers were combined 
and half the solvent was evaporated. Benzene (1.5 ml) 
was added and the colorless racemate recovered, m.p. 
87-87.5". 

A melting point for the racemate 30" higher than that 
of the optical isomers is unusual, but has a counterpart 
in the 14" difference observed between the enzymic prod- 
uct (2) and racemic goitrin (1). 

Dehydros~llfuratio~z of (S)-3-Hydrolcypent-4-enethion- 
amide 

(5')-3-Hydroxypent-4-enethionamide (100 mg, 0.763 
mmoles) in 5 ml of water was added dropwise to a 
stirred solution of 0.1 N silver nitrate (16.5 ml). Stirring 
was continued for 10 min longer. The black precipitate 
of silver sulfide was removed by gravity filtration. After 
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saturation with salt, the filtrate was extracted five times 
with 50-ml portions of ether. The extract, dried over 
sodium sulfate and with solvent removed, gave 64 mg 
(87%) of (S)-1-cyano-2-hydroxy-3-butene. The infrared 
absorption and optical rotatory dispersion curves were 
indistinguishable from those of the known cyano com- 
pound (2) obtained from enzymic Ilydrolysis of 1. Rf 
values were the same in a parallel thin-layer chromato- 
gram (Silica Gel G;  developed with ether-hexane, 5:3). 
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Studies on chitan (p-(1 + 4)-linked 2-acetamido-2-deoxy-D-glucan) fibers of the 
diatom Thalassiosira JEuviatilis, Hustedt. 111. The structure of chitan from x-ray 

diffraction and electron microscope  observation^'^^ 

N. E. DWELTZ~ AND J. ROSS COLVIN 
Division of Bioscie~zces, National Research Council of Canada, Otta~va, Canada 

AND 

A. G. MCINNES 
Atlantic Regiorzal Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

Received October 27, 1967 

The form and crystal structure of the fibers attached to the diatom Thalassiosiraj?uviatilis were studied 
by the electron microscope and x-ray diffraction. 

These fibers, which were shown previously to be pure, highly crystalline 13-(1 -> 4) linked poly-N-acetyl- 
D-glucosamine (chitan), are strap-like in cross section, 1000-2000 A in width at their widest point close 
to the base, from which they taper uniformly to a very small tip at their outer extremity. Three connected 
filaments or microfibrils form the fiber at its widest point. 

The unit cell of chitan is monoclinic with the space group P2,. The parameters of the unit cell are 
a = 4.80, b = 10.32, c = 9.83 A, and 13 = 112 ". The density of the chitan fibers is 1.495 g/cm3. There 
is only one polymeric chain per unit cell with a two-fold screw axis and therefore the chains are parallel 
to each other. A three-dimensional structure is proposed for chitan which is reasonable from stereo- 
chemical considerations and which is in good agreement with all observed x-ray diffraction data. 

Canadian Journal of Chemistry, 46, 1513 (1968) 

Introduction 

A previous publication (1) described the pro- 
duction and isolation of extracellular fibers 
attached to the planktonic, euryhaline diatom 
ThalassiosirafIuviatilis. The extracellular "muci- 
lage" surrounding each diatom was shown to be 
due to long, narrow fibers, each composed of a 
number of microfibrils, which grew from mar- 
ginal and central pores in the ends of the diatoms. 
Later evidence (2) showed that these extracellular 
fibers consisted entirely of pure, highly crystal- 
line poly-N-acetyl-D-glucosamine, (C,H, ,05N),, 
linked by P-(1 -t 4)-bonds. This polymeric sub- 
stance was given the name chitan to distinguish it 
from chitin, as it is isolated from other sources. 
It is not a chemically distinct species but has a 
radically different x-ray diffraction pattern and 
infrared spectrum (2). The name chitan was 
selected for this polysaccharide to conform with 
modern nomenclature. 

The present paper records the results of a 

'This investigation was reported in detail to the 
National Meeting of the American Chemical Society, 
Cellulose, Wood, and Fiber Chemistry, Chicago, Septem- 
ber 1 1 .  1967. -.. - -  7 --  

ZIssued as NRCC No. 9927. 
3NRCC Postdoctorate Fellow, 19661967. Present 

address: Physics Division, ATIRA, Ahmedabad-9, India. 

combined x-ray diffraction and electron micro- 
scope study of these extracellular fibers and 
proposes a probable structure for the crystalline 
polysaccharide. The atomic positions and chain 
configuration were first approximately assumed 
from known chemical and stereochemical criteria 
and these were then adjusted by trial and error 
until the calculated structure factors were in best 
agreement with the observed structure factors. 
Thirteen structure factors were studied quantita- 
tively and fifteen were studied qualitatively. 

Experimental 
Methods for production and isolation of the chitan 

fibers have been described previously (1). 

Electron Microscopy 
Washed diatoms and the associated extracellular fibers 

were suspended in distilled water and drops of a dilute 
suspension transferred to specimen grids bearing carbon 
films. The grids were then dried in a desiccator over 
anhydrous CaS04 prior to shadowing with Pd :Au (60:40) 
at 15 "C. Both unshadowed as well as shadowed speci- 
mens were examined in a Philips EM 100C electron 
microscope at 80 kV. 

x-Ray Diffraction 
Both powder and fiber x-ray diffraction photographs of 

chitan were taken. The finely-powdered chitan, used to 
obtain the powder diffraction photographs, was prepared 
as follows: clean, dry mats of fibers (1, 2), frozen in a 
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FIG. 1. Electron micrograph of the shell of an unshadowed diatom, Thalassiosirafluoiatilis, in girdle view. 

FIG. 2. Photograph of the shadowed basal end of a fiber which was embedded in the diatom prior to examination. 

matrix of ice, were ground to a fine powder in an agate 
mortar. The powder was subsequently lyophilized. 

Uniform, highly oriented fiber bundles, 0.1 mm in 
diameter and about 1 cm in length, were used for fiber 
x-ray diffraction photographs. The bundles were drawn 
slowly from a viscous slurry of chitan fibers in distilled 
water, the process being interrupted periodically to allow 
partial air drying before continuing the extension. Finally, 
the fiber bundles were air-dried completely. 

The powder and oriented fiber x-ray diffraction photo- 
graphs were obtained using a Philips "Norelco" micro- 
camera. Nickel-filtered CuK a x-radiation of wavelength 

1.542 A was employed with a specimen to film distance 
of 15 mm. The collimator diameter was 0.002 in. and the 
microcamera was kept evacuated during exposure. The 
diffraction photographs were recorded on flat films. 

Results and Discussion 
Electron Microscope Studies 

Electron micrographs of the shells of single 
diatoms, as well as single extracellular fibers, 
were taken. Figure 1 shows an electron micro- 
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DWELTZ ET AL.: THE STRUCTURE O F  CHITAN 

FIG. 3. Photographs of segments of: (A) a shadowed fiber close to the basal end and of; (B) a similar unshadowed 
segment. 

graph of the shell of a single diatom in girdle 
view. Diatom lengths are in the range 12 to 15 p. 
At the periphery of both ends of the cylindrical 
structure can be seen a circular array of tiny, 
hollow protrusions or pores. In addition, similar 
pores can be seen in the center of the circular 
ends. It is through these pores that the extra- 
cellular chitan fibers extend (1). The diatom shell 
is weakly siliceous with no N-acetyl-D-glucos- 
amine present (1) which is further evidence that 
there is no close connection between the fibers 
and the wall. 

Previous observations showed that the indi- 
vidual fibers have a strap-like form and are 
60-80 p in length with a maximum width of 
0.1-0.2 p (1). Present studies confirmed and ex- 
tended these conclusions. Figure 2 is a photo- 
graph of the basal end of a fiber which was 
embedded in the diatom prior to examination. I t  
tapers rapidly and resembles the quill tip of a 
feather. Figure 3A is a photograph of a short 
segment of a fiber, close to the base and after 
shadowing and Fig. 3B a photograph of a similar 
unshadowed segment. Each segment has a maxi- 
mum width of 0.2 p and a thickness which is 

much less (of the order of 0.05 p). Furthermore, 
in these segments three parallel filaments are 
connected to each other laterally by two strips of 
the same material which are less electron dense. 
Therefore, two longitudinal grooves are present 
along both sides of the strap-like fiber close to its 
base and also in the center. On shadowing, both 
these grooves fall within the shadow created by 
the Au-Pd alloy and only the thicker, outer 
filaments are seen (Fig. 3A). Although it is not 
practical to illustrate all their length in a single 
photograph, the fibers also taper slowly and uni- 
formly from a point close to their basal end to 
their outer extremity. Figure 4 shows the extreme 
outer tip of a fiber, where it tapers to a point 
below the resolution of the microscope. Although 
not shown in Fig. 4, the two longitudinal grooves 
gradually disappear as the tip of the fiber is 
approached. In summary, each chitan fiber is like 
a small strap with two grooves along each side, 
tapering rapidly towards one end and very 
slowly towards the other. 

Because the fibers taper slowly towards their 
outer extremities and because they grow in 
length by extrusion from the cell, new chains of 
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FIG. 4. An electron micrograph of the shadowed, tapering outer tip of a fiber. 

poly-N-acetylglucosamine must be added to the 
periphery of the fibers as they extend at the base. 
However, nothing is yet known about the details 
of this process. 

x-Ray D~Jiraction Studies 
(a) Unit Cell of Chitan 
The unit cell was determined from the x-ray 

diffraction pattern of completely randomized, 
finely powdered chitan, using the general method 
of Zsoldos (3) for a monoclinic lattice, because it 
was not possible to index all reflections on the 
basis of a unit cell of higher order. The d and 
sin20 values of every observed ring were cal- 
culated and the first observed reflection of 
highest d spacing was assumed to be 001. The 
rest of the reflections were indexed with the aid 
of a graph in which the values of (sin20 - 
12sin20001) were plotted as ordinates and I the 
Miller index, as abscissa. From the indexed 
diffraction pattern, the unit cell parameters were 
deduced as a = 4.80, b = 10.32, c = 9.83 A, 
and p = 112". Fiber diffraction patterns were 
taken in order to check the unit cell parameters 
deduced from the powder ring analysis (3), to 
determine the correct space group of the mono- 

clinic cell and to determine the structure factors 
of the observed reflections. The parameter b 
= 10.32 A obtained earlier is in agreement with 
the fiber repeat distance calculated from the 
layer line spacings of a well-oriented bundle of 
chitan fibers (Fig. 5) where the fiber axis is 
vertical. Furthermore, the highest d value is an  
equatorial reflection and the earlier assumption 
that it was 001 is justified. All well-resolved 
reflections may be indexed with the unit cell 
derived above. Further, on the fiber diagram 
reproduced in Fig. 5 only the even order re- 
flections were present on the meridian and all the 
odd order reflections OkO with k odd were 
absent. It was therefore concluded that there was 
a screw axis parallel to the fiber axis. As no 
further systematic absences were noted, it was 
concluded that the space group was P2,.  

(b) Structure of Chitan 
The density of chitan was determined by the 

flotation method using well oriented bundles of 
chitan fibers in a mixture of bromoform and 
benzene. It was found to be 1.495 g/cm3. 

From the volume of the unit cell and the 
density it was calculated that there are two 
residues of N-acetylglucosamine, C,HI3O,N, 
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DWELTZ ET AL.: THE STRUCTURE OF CHITAN 

FIG. 5. x-Ray diffraction pattern of a bundle of longitudinally oriented chitan fibers recorded on flat film using 
Nickel-filtered CuK cr radiation. Fiber axis vertical. The pattern has been enlarged to correspond to a specimen to film 
distance D = 4 cm. 

per unit cell of chitan. Since chitan is a polymer 
with a crystallographic chain repeat of 10.32 A 
and since the P-(1 -+ 4) repeat distance of a 
single N-acetyl-D-glucosamine residue from ste- 
reochemical criteria is 5.16 A, there must be 
two residues in a repeat of 10.32 A. Therefore, 
the two residues of N-acetylglucosamine in each 
unit cell must belong to the same chain. Further- 
more, since there is a screw axis parallel to the 
fiber axis demanded by the space group, these 
two residues are crystallographic counterparts 
obtainable by a screw operation. 

The cross-sectional area of the base of the unit 
cell (ac-plane) allows only one chain of po1y-N- 
acetyl-D-glucosamine to pass through each par- 
allelopiped without steric hindrance. Conse- 
quently, all the polymer chains in the crystalline 
part of the structure must run in the same direc- 
tion and the structure of chitan is parallel crys- 
tallographically. 

Using the above facts and the finding that the 
N-acetylglucosamine residues were linked by 
P-(1 4 4) bonds (2), scale model polymer chains 
were built in crystallographic array so that good 
lateral hydrogen bonding between neighboring 

chains was obtained. The coordinates of all 
carbon, oxygen and nitrogen atoms in one 
residue of N-acetylglucosamine were then deter- 
mined with due consideration for stereochemical 
criteria regarding interatomic covalent and hy- 
drogen bonds. 

From the atomic coordinates the structure 
factors were calculated, F,, for all possible re- 
flections whose sin2@ values were less than 0.13, 
because no reflections were recorded outside 
this range. The calculations were made using a 
computer programmed with the standard ex- 
pression for structure factors for space group 
P2,. 

Individual atoms within a single molecule 
were moved, as well as chains rotated as a whole, 
until good general agreement between calculated 
and observed structure factors was obtained. 
This process was carried out entirely by trial 
and error. 

The x-ray intensities of all observed reflections 
from the fiber pattern were determined using a 
recording microdensitometer and following the 
method of Langridge et al. (4). The variation of 
optical density was measured for each reflection 
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FIG. 6. The a-projection of the structure proposed for chitan. The fiber axis is vertical. 

FIG. 7. The b-projection (fiber axis projection) of the structure proposed for chitan. For simplicity, only one 
half of the residues in the unit cell have been included. 

in all the four quadrants of the photograph along (5). The first seven correction factors given by 
a radius passing through the center of each spot. them were employed in these studies. The last, 
In practice, an image of a slit was traversed a correction for absorption by the specimen, was 
across each reflection, the length of the slit lying ignored. The average integrated intensity from 
along the arc length. The integrated intensity was all four quadrants was calculated in each case 
then calculated from the observed maximum by and the square root taken as the observed 
the method proposed by Franklin and Gosling structure factor, F,. 
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DWELTZ ET AL.: THE STRUCTURE OF CHITAN 1519 

In order to scale correctly the Fo to the F,, and 
to correct the F, for the temperature effect, the TABLE I 

following procedure was adopted. T.,~ value Calculated and observed structure factors for chitan 

In Fc/Fo was plotted against sin28/h2 for all Sinz@ 
observed reflections and a straight line graph hkl  F, 

SinZ@ d ( A )  
F, (observed) (observed) 

obtained. The intercept of this line on the 
001 0.0072 22.81 22 0.007 

In Fc/Fo axis gave the scale factor and its slope 101 0.0262 61 .60 61 0.026 9.12 4.76 
gave the value of B to be used in the standard 002 0.0286 3.13 
temperature factor. The value of B was 14 A' ::q :.::: ;:.:: y; ::::; 4.45 
which is considered reasonable for a fibrous 101 0:0481 0:39 V.F.* 0.048 4.03 

3.52 
material. 103 0.0615 1.51 

Figure 6 shows the projection along the a- : v.F.* 0.065 3.02 

axis of the final structure proposed for chitan. 103 0.1006 lo:89 
The atoms of one residue of N-acetylglucos- 202 0.1047 15.46 

20i 01052 2896) 0.10~ 2.38 amine are represented by circles and the covalent 004 0:1145 :50 
bonds by continuous lines. Hydrogen bonds are 203 0.1185 0.69 
shown by broken lines. Figure 7 shows the 200 0.1200 6.23 

103 0.1273 6.28 projection along the b-axis. Here just one mole- 010 0,0056 
cule on each of 4 adjacent chains has been Oil 0.0127 15.14 16 0.013 6.80 
projected in order to prevent overlap of atoms :::::: ::::; :: :::): 4.31 
in projection. 4.18 

110 0.0356 7.00 
Figures 6 and 7 show that there are three 112 0.0422 9.18 V.F.* 0.042 3.76 

hydrogen bonds for every residue of N-acetyl- f : ):::: v.F.* 0.053 3.35 
glucosamine. Of these three, one is an intra-chain 013 0,0700 17 ,43) W 0.068 2.96 
0 , H . .  . O, bond of length 2.68 A, and two are 112 0.0862 0.99 
inter-chain: O,H. . . 0 7  bond of length 2.75 A 2.32 
and N H . .  .07 bond of length 2.73 A. Both 217 0.1108 7.85 
inter-chain stabilizing hydrogen bonds are bi- :14 : 1 :  FT 0.120 2.23 

furcated as the oxygen atom O7 takes part in 210 0.1256 12.23 
both. The six-membered rings are "chair" shaped 020 0.0223 32.12 33 0.022 5.16 
and are connected to one another along the chain y;: : : :::it 4.45 3.48 
axis by bridge oxygen atoms in the P-(1 -t 4) 022 0.0509 15.05 16 0.051 3.41 

0 120 0.0523 13.75 
122 0.0590 9.59)v'F'* 0.057 3.23 

II / 121 0.0705 18 73 V.F.* 0.070 linkage. The C-N amide group is planar 123 0.0838 :61 2.91 
/ 'H 023 0.0867 8.23 

122 0.1029 3.72 
and has the conventional bond distances. There 124 0.1229 6.95 
are no short contacts in the proposed structure. :.f;:: 

Table I gives the d-values and hkl Miller 030 o:0502 0 
indices of all observed reflections from the fiber 031 0.0574 30.09 30 0.058 3.20 

13T 0.0764 22.47 pattern and also shows the agreement between 032 0,0788 30 2.78 
F, and Fo. In Table I, the F, values have been 130 0.0802 11.30 
corrected for the temperature effect, and the Fo 132 0.0869 10.05 V.F.* 0.089 2.58 

131 00984 8.92 values have been suitably scaled to the F,. There 133 0: 1117 13 ,60 FT 0. 110 2.32 
were a few observed reflections which were too 033 0.1146 7.58 
weak to determine their intensities accurately 040 0.0893 13.43 Ft 0.089 2.58 

041 0.0964 9 92 FT 0.097 2.48 
and these have been included in Table I as 147 0.1155 8 175 
faint (F) or very faint (V.F.). Where two or more 042 0.1179 8.62 
reflections overlapped the Fo of individual re- I:; : FT 0, 126 2.17 
flections could not be recorded, and here again 

*V.F. = very faint. the Fo have been included in Table I in sym- IF= faint. 

bolic terms. It is quite clear from Table I that 
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there is good agreement between F, and F,, and 
that the structure proposed for chitan is probably 
correct. In this structure determination the con- 
tribution by the hydrogen atoms was ignored as 
the intensity data available are not accurate 
enough to warrant their inclusion. 

TABLE I1 

Fractional coordinates of one N-acetyl- 
glucosamine residue (except hydrogens), 
corrected to 3 places of decimals derived 

from the final structure for chitan 

Atom xla rib zlc 

Table I1 gives the final fractional coordinates 
of one N-acetylglucosamine residue without the 
hydrogen atoms which resulted in the satis- 

- - 

factory agreement between calculated and ob- 
served structure factors. Tables I11 and IV give 
the covalent and hydrogen bond distances in- 
volved in each residue of N-acetylglucosamine. 
All bond distances are satisfactory. 

TABLE 111 
Intramolecular covalent 
bond distances in A de- 
rived from the final 

structure for chitan 

Bond Distance 

CHEMISTRY. VOL. 46, 1968 

TABLE IV 
Intermolecular hydrogen 

bond distances in A for the 
final structure of chitan 

Bond Distance 

/ 
0 3  (H). . . . .05 2.68 

(c)  Modijications of Chitan 
An earlier study (2) reported that when chitan 

was immersed for a short time in hot, aqueous 
(50%) lithium thiocyanate, it was changed ir- 
reversibly into a form with an infrared spectrum 
and x-ray diffraction pattern indistinguishable 
from those of ordinary crustacean chitin (cl- 

chitin). During the present investigation, this 
result was confirmed but we wish to stress that 
this change in the original chitan is accompanied 
by a marked loss of crystallinity and order in the 

FIG. 8. Radial microdensitometer scans of: (A) x-ray 
powder diagrams of chitan; (B) chitan swollen in hot 
aqueous lithium thiocyanate (50%) for 15 s, washed, and 
dried; and (C) crustacean chitin. 
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specimen, as reflected both by the infrared 
spectrum (compare Fig. 3A with Fig. 3B of ref. 
2) and x-ray diffraction powder patterns. Figure 
8 shows uncorrected, radial, microdensitometer 
scans of the intensity distribution on flat film, 
powder, x-ray diffraction photographs of chitan, 
chitan swollenin hot aqueous lithium thiocyanate 
(50%) for 15 s, and crustacean chitin. The 
differences observed in the sharpness, intensities, 
and positions of the bands in microdensitometer 
tracings a and c add further support to the 
previous conclusion (2) that the macrostructure 
of unmodified chitan is markedly different from 
and much more crystalline than that of crus- 
tacean chitin. The lack of detail and broadness 
of the bands in scan b as compared with those in 
scan a clearly reflect a marked loss of order in the 
modified chitan. A similar comparison of scan 
b with scan c indicates that modified chitan has a 
lower degree of order than crustacean chitin, and 
consequently it is not possible to conclude un- 
ambiguously that modified chitan and crustacean 
chitin (a-chitin) have identical macrostructures. 

Note added in proof-After this paper was 
submitted for publication, a recent short com- 
munication by Blackwell et al. (6) came to our 
notice in which a new unit cell was proposed for 
chitan based on d-spacings from fiber photo- 
graphs. The parameters of the monoclinic unit 

cell with space group P2, were given as a = 
4.85, b = 10.38 (fiber repeat), c = 9.26 A, and 
j3 = 97.5". This gives rise to essentially the same 
lattice as the one derived independently by us and 
proposed in this paper. The two unit cells can be 
derived from one another by a transformation of 
axes. The essential difference between the two is 
that a basal ac-plane diagonal in the present unit 
cell becomes the basal cell edge in the unit cell 
proposed by Blackwell et al. (6). The reason why 
the Dresent unit cell was retained bv us was 
beckse it is the one derived by the method 
proposed by Zsoldos (3) in which the reflection 
with the highest d-spacing is indexed as 001. 
Thus there is essentially no difference between 
the unit cell proposed here and the one given by 
Blackwell et al. (6). The space group and parallel 
chain arrangement are also confirmed inde- 
pendently. 
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Fermentation of long-chain compounds by Tovulopsis apicola. IV. Products from 
esters and hydrocarbons with 14 and 15 carbon atoms and from methyl 

palmitoleate 

A. P. TULLOCH AND J. F. T. SPENCER 
National Research Council of Canada, Prairie Regional Laboratory, Saskatoorz, Saskatchewan 

Received November 22, 1967 

Esters and hydrocarbons, containing 14 and 15 carbon atoms, are converted to the hydroxy fatty 
acid portions of glycosides by Torulopsis apicola in yields of 10-20%. When C-15 compounds are 
fermented, almost half of the hydroxy acids which are produced are 16-hydroxy C-17 acids. The carbon 
chain of the substrate is first lengthened by two carbon atoms and then hydroxylated. Direct hydroxyla- 
tion also occurs, to a lesser extent, giving both 14-hydroxy- and 15-hydroxypentadecanoic acids. Similar 
results are obtained when C-14 compounds are used. Lengthening of the chain followed by hydroxylation 
gives rise to hydroxy C-16 acids and direct hydroxylation produces 13-hydroxy- and 14-hydroxytetra- 
decanoic acids. Primary and secondary C-14 and G15 alcohols were also isolated from the products of 
hydrocarbon fermentation (2.5-5 % yield). Methyl palmitoleate is converted to hydroxy fatty acids in 
yields of 40-70 %, the major component of which is 16-hydroxy-cis-9-hexadecenoic acid. 

Canadian Journal of Chemistry, 46. 1523 (1968) 

Several years ago we reported the discovery of 
a yeast of the genus Torulopsis which produced 
extracellular glycosides consisting of partly acy- 
lated sophorosides of hydroxy fatty acids (1). 
The yeast, which was formerly thought to be a 
strain of Torulopsis magnoliae (I), has since been 
examined at the Centraalbureau voor Schimmel- 
cultures in Delft and has been identified as 
Torulopsis apicola (Hajsig). As well as producing 
glycosides when grown on glucose, the yeast 
also converted long chain hydrocarbons and 
fatty acids directly to the hydroxy fatty acid 
portion of the glycosides (2). When compounds 
with 16 or more carbon atoms were fermented 
they were converted to hydroxy fatty acid glyco- 
sides in quite high yield, but when compounds 
with 15 or fewer carbon atoms were used the 
yield of glycoside was much lower. We have now 
investigated the composition of the hydroxy 
fatty acid portion of the glycosides obtained 
when compounds with 14 and 15 carbon atoms 
are fermented. In all the fermentations the 
hydroxy acids consisted of a mixture of acids 
with the hydroxyl group on the terminal carbon 
atom, (a-hydroxylation), and acids with the 
hydroxyl group on the penultimate carbon atom 
((a- 1)-hydroxylation). The relative amounts 
of these acids varied considerably. Our earlier 

'Issued as NRCC No. 10003. 
=Presented in part at the 49th Canadian Chemical Con- 

ference of the Chemical Institute of Canada, Saskatoon, 
June 1966. 

work with 16-18 carbon compounds (2) sug- 
gested that the degree of a-hydroxylation in- 
creased as the length of the substrate molecule 
decreased. We wished to determine if still higher 
proportions of a-hydroxy acids were formed 
when the shorter chain acids were used, parti- 
cularly, since one of the possible products, a- 
hydroxypentadecanoic acid, is used to prepare 
the macrocyclic musk "exaltolide". 

The products of the fermentation of methyl 
palmitoleate were also investigated, since it ap- 
peared (2) that an ester with one cis double bond 
reacted like a saturated ester with one less 
carbon atom. It was suggested (2) that this was 
because the molecules of such a pair of esters 
were similar in length. Methyl palmitoleate 
might therefore be expected to react in the same 
way as methyl pentadecanoate. 

Fermentation of I4 and 15 Carbon Compounds 
When either esters or hydrocarbons with 14 

and 15 carbon atoms were fermented, 10-20 % 
of the substrate was converted to hydroxy fatty 
acid sophoroside. Sometimes the rest of the 
added compound was completely metabolized 
by the yeast, but on other occasions about half 
could be recovered unchanged. 

The compositions of the hydroxy fatty acid 
portions of the products obtained after the fer- 
mentation of methyl pentadecanoate and penta- 
decane were determined by gas-liquid chroma- 
tography (g.1.c.) (3, 4). They are shown in Table 
I. The mixtures were more complicated than 
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those obtained from earlier fermentations and 
the individual components had to be concen- 
trated by column chromatography, distillation, 
and fractionation of the acetates by urea complex 
formation, and finally purified by g.l.c., before 
characterization. The strain of yeast, used to 
ferment the ester, had been kept in laboratory 
culture longer than that used to ferment the 
hydrocarbons and formed hydroxy fatty acids 
with a greater degree of unsaturation than it had 
produced when first isolated (1). 

TABLE I 
Composition of hydroxy acid portion of fermentation 

products from C-15 compounds 

Compound fermented 

Methyl 
pentadecanoate Pentadecane 

Hydroxy acid Percentage of hydroxy acid 

Unidentified components 

Table I shows that hydroxypentadecanoic 
acids are produced but these form only about 
25% of the total. The amounts of o-hydroxy- 
and (a- 1)-hydroxypentadecanoic acids are ap- 
proximately equal, which is similar to the ratio 
of o-hydroxy to (a-1)-hydroxy acid obtained 
by fermenting methyl palmitate ((2) and Table 
111). The major components are (a- 1)-hydroxy 
C-17 acids but o-hydroxy C-17 acids are very 
minor components. The remainder consists of 
hydroxy C-18 acids which, together with 2-3 % 
of hydroxy C-16 acids, are probably produced 
by the "normal" fermentation of the organism 
which sometimes continues in the presence of 
long-chain substrates (2). 

The hydroxy acids were shown to be produced 
by direct hydroxylation of the substrate (2) and 
this reaction no doubt accounts for the forma- 

TABLE I1 
Composition of hydroxy acid portion of fermentation 

products from C-14 compounds 

Compound fermented 

Methyl 
myristate Tetradecane None 

Hydroxy acid Percentage of hydroxy acid 

13 OH 14:O 13 7 - 
14 OH 14:O 14 9 - 

17 OH 18:O 6 15 19 
17 OH 18:l 25 20 48 
18 OH 18:O - 1 4 
18 OH 18:1 3 2 4 
Unidentified components 2 4 4 

tion of 14-hydroxy and 15-hydroxy C-15 acids. 
The formation of 16-hydroxyheptadecanoic acid 
was much more unexpected. However, the car- 
bon chain of pentadecanoic acid is probably 
lengthened by two carbon atoms and the result- 
ing heptadecanoic acid is then hydroxylated. The 
relative amounts of (a- 1)-hydroxy and o-hy- 
droxy C-17 acids are about the same as those 
found when heptadecanoic acid was fermented 
(2). The unsaturated 16-hydroxy C-17 acid was 
isolated and shown to be 16-hydroxy-cis-9- 
heptadecenoic acid. Thus it appears that, when 
the chain length is too short for good conversion 
to hydroxy acids, the chain can be elongated to a 
more suitable length; also a double bond can be 
introduced at the 9,lO-position. 

Table IT shows the compositions of the fatty 
acid portions of the glycosides obtained from 
C-14 ester and hydrocarbon. The composition 
of the fatty acids, obtained when the strain used 
to ferment the methyl ester was grown in the 
absence of long-chain substrate, is included for 
comparison. Up to 25% of the acids are pro- 
duced by direct hydroxylation giving 13-hydroxy 
and 14-hydroxytetradecanoic acids in about a 
1 :I ratio. It is likely that elongation of the chain, 
giving rise to hydroxy C-16 acids, also occurs 
since these acids form about 40% of the total 
compared to about 20% formed without added 
long-chain compounds. The unsaturated 16- 
hydroxy C-16 acid was isolated and the double 
bond shown to be at the 9,lO-position. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TULLOCH AND SPENCER: FERMENTATION OF LONG 

In addition to hydroxy acids, the hydrolyzed 
fermentation products produced from C-14 and 
C-15 hydrocarbons contained alcohols. Those 
from tetradecane were a mixture of l-tetra- 
decanol and 2-D-tetradecanol, and those from 
pentadecane were a mixture of 1-pentadecanol 
and 2-D-pentadecanol. In both cases the ratio of 
secondary alcohol to primary alcohol was about 
4:l. The alcohols are probably formed by 
hydroxylation and then converted to glycosides 
without further oxidation to acids. The higher 
proportion of secondary alcohols compared to 
the 1:l ratio of (w-1)-hydroxy to w-hydroxy 
acids suggests that secondary alcohols are less 
readily converted to hydroxy acids than are 
primary alcohols. The secondary alcohols are 
assigned the D-configuration because of their 
positive rotation ( 9 ,  but as explained before (I), 
the rules of nomenclature require that the dextro- 
rotatory (a-1)-hydroxy acids be named as 
L-hydroxy acids. 

Fermentation of Methyl Palmitoleate 
The yields of glycoside obtained from methyl 

palmitoleate were much better than those from 
methyl pentadecanoate. One strain of yeast con- 
verted about 40% of the substrate to hydroxy 
acids and another converted about 70%. The 
composition of the product, which was the same 
for both strains of yeast, is shown in Table 111; 
the hydroxy esters obtained by fermenting 
methyl palmitate are shown for comparison. The 
major components have been produced by direct 
hydroxylation in both cases, but using the un- 
saturated substrate, the ratio of o-hydroxy to 
(o-1)-hydroxy acid is about 4:1 and for 
palmitate it is 1 : 1. If methyl palmitoleate had 
been fermented in the same way as methyl 
pentadecanoate a 1 : 1 ratio would have been 
expected. Thus it appears that the theory relating 
degree of o-hydroxylation with length of sub- 
strate molecule (2) does not hold in this case, 
though it seems that the presence of a cis double 
bond favors w-hydroxylation. 

16-Hydroxy-cis-9-hexadecenoic acid, which 
had previously been isolated from shellac (6), 
was obtained from the hydrolyzed fermentation 
product by column chromatography. By analogy 
with the fermentation of methyl pentadecanoate, 
chain extension of the substrate by two carbon 
atoms might occur, giving cis-11-octadecenoic 
acid which might then be hydroxylated to the 

-CHAIN COMPOUNDS BY TORULOPSIS APICOLA. 1V 1525 

TABLE 111 
Composition of hydroxy acid portion of 
fermentation products from C-16 esters 

Compound fermented 

Methyl Methyl 
palmitoleate palmitate 

Hydroxy acid Percentage of hydroxy acid 

15 OH 16:O 4 36 
15 OH 16:l 13 1 
16 OH 16:O 4 42 
16 OH 16:l 55 4 

9 5 
13 10 

trace trace 
2 2 

corresponding 17-hydroxy acid. The fractions, 
obtained during the isolation of 16-hydroxy-9- 
hexadecenoate which contained unsaturated 
C-18 hydroxy esters and unsaturated 15-hydroxy 
and 16-hydroxy C-16 esters, were oxidized with 
the permanganate periodate reagent and the 
products analyzed by g.1.c. (7). However, since 
the only dibasic acid produced was azelaic acid, 
the unsaturated C-18 ester must be 17-hydroxy- 
oleate and cannot be derived from palmitoleate 
by simple chain extension. 

Experimental 
Nuclear magnetic resonance (n.m.r.) spectra were 

measured with a Varian HA-100 spectron~eter, using 
carbon tetrachloride as solvent. Silicic acid (Bio-Sil A 
from Bio-Rad Laboratories, Richmond, California) was 
used for column chromatography. Gas-liquid chroma- 
tography (g.1.c.) was carried out as described previously 
(2-47). 

Method of Fermentation 
The medium used was: glucose (lo%), yeast extract 

(1 %), and urea (0.1 %). Methyl esters (0.5-1 g portions) 
were fermented with strain 148-64 in shaken flasks con- 
taining medium (50ml) as described previously (2). 
Strain 325-66 was used to ferment the hydrocarbons. 
Medium (3 1) was inoculated with 50 ml of shaken culture 
and agitated at 385 r.p.m. for 4 days at 24 "C with an air 
flow of 1 l/min in 5-1 fermentors. Portions (35 g) of the 
hydrocarbons were added on each of the first three days. 
The extracellular glycosides were extracted with ethyl 
acetate and the solvent removed, the gum was then taken 
up in 80 % methanol-water, and unreacted substrate 
extracted by shaking with hexane, the aqueous methanol 
was removed on a rotatory evaporator. 

Products of the Fer~nentation of C-15 Compounds 
Glycoside (4.85 g) was obtained from methyl penta- 

decanoate (8 g in 8 flasks), and hydrolysis with methanolic 
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hydrogen chloride (4%) (1) gave hydroxy ester (1.93 g). 
Pentadecane (200g) gave glycoside (51.5 g) and un- 
reacted starting material (100 g) was recovered. 

Isolation of C-15 Alcohols 
Hydrolysis of the above glycoside from pentadecane 

gave hydroxy esters and alcohols (21 g). This mixture was 
saponified with aqueous alkali and the alcohols (3.5 g) 
extracted with hexane; acidification of the aqueous 
portion and ether extraction gave the hydroxy acids 
(15.2 g). The alcohols and their acetates were analyzed by 
g.1.c. using silicone and polyester columns (3, 4), com- 
parison of the retention times with those of 2- and 1- 
pentadecanols (and their acetates) indicated that the 
alcohols consisted of Zpentadecanol (80%) and 1- 
pentadecanol (20 %). 

The mixture of alcohols was acetylated by refluxing 
with acetic anhydride and the acetate of I-pentadecanol 
concentrated to about 60% by urea complex formation, 
as previously described in the purification of methyl 
18-hydroxyoctadecanoate (2). The two acetates were then 
separated in batches by g.1.c. using a silicone column (2) 
and the alcohols isolated after deacetylation. I-Penta- 
decanol crystallized from hexane and had m.p. 4343.5 "C, 
an authentic sample had m.p. 44-45 "C and the mixed 
m.p. was 44-45 "C. 2-D-Pentadecanol was crystallized 
from hexane and had m.p. 3940  "C and [a]i8 +6.2" 
(c, 1.5 in methanol). 

Anal. Calcd. for C15H3ZO: C, 78.87; H, 14.12. Found: 
C, 78.80; H, 13.93. 

The location of the hydroxyl group at C-2 was 
confirmed by the n.m.r. spectrum which showed a 
methyl doublet at 1.10 p.p.m. for CH3 adjacent to 
CHOH (8). 

Identification of the Hydroxy Acids 
Portions of the hydroxy methyl esters derived from the 

products, of the fermentation of C-15 esters and hydro- 
carbons were acetylated and analyzed by g.1.c. (ethylene 
glycol succinate column (4)). Using this column methyl 
16-acetoxy 9-heptadecenoate has almost the same emer- 
gence time as methyl 16-acetoxy hexadecanoate; there- 
fore, part of the acetylated esters was hydrogenated and 
reanalyzed and the percentages of the overlapping peaks 
calculated by difference. Figure 1 shows the curves 
obtained in the analysis of the esters before and after 
hydrogenation. 

Isolation of Hydroxy C-15 Esters 
Acids (15.2 g), from the fermentation of pentadecane, 

were taken up in acetone (160ml) and allowed to 
crystallize at room temperature. After filtration of the 
saturated acids (4.7 g), the mother liquors, which con- 
tained unsaturated acids and an increased proportion of 
hydroxy C-15 acids, were converted to methyl esters and 
acetylated. Fractional distillation at 0.2mm through a 
short Vigreux column gave a fraction (2.4g), b.p. 
140-145 "C, which contained 14-acetoxypentadecanoate 
(30%) and 15-acetoxypentadecanoate (25 %). This frac- 
tion was treated with urea (2 g) in methanol (25 ml) and 
gave a urea complex (1.4 g) which yielded esters (0.37 g) 
after decomposition. These esters, which contained 52% 
of o-acetate, were separated on the silicone column and 
gave methyl 15-hydroxypentadecanoate after deacetyla- 

tion. Crystallization from hexane gave the ester with m.p. 
and mixed m.p. 47.548.5 "C. 

The mother liquors from the urea fractionation were 
distilled to give a concentrate of 14-acetoxy ester which 
was purified by g.1.c. Deacetylation and crystallization 
from hexane gave methyl 14-L-hydroxypentadecanoate 
with m.p. 40-41 "C and [a]i8 +4.5 (c, 1.3 in methanol). 

Anal. Calcd. for C16H32O3 : C, 70.54; H, 11.84. Found : 
C, 70.75; H, 11.80. 

The n.m.r. spectrum confirmed the structure (methyl 
doublet at 1.10 p.p.m. (8)). 

Isolation of Hydroxy C-17 Acids 
The saturated hydroxy acids (4.7 g) obtained from the 

fermentation of pentadecane, above, were converted to 
methyl esters and acetylated. Methyl 16-acetoxyhepta- 
decanoate, which formed about 60% of the mixture, was 
isolated by preparative g.1.c. (2). Deacetylation gave 
methyl 16-hydroxyheptadecanoate which was crystallized 
from hexane; the m.p. and mixed m.p. with an authentic 
sample (2) was 50.5-51.5 "C. 

The unsaturated hydroxy C-17 ester was isolated from 
hydroxy esters obtained by fermentation of methyl 
pentadecanoate since they contained a relatively high 
percentage of this component. These esters were acety- 
lated and separated on a silver nitrate-silicic acid column 
(9). Elution with benzenehexane 1 :I gave saturated 
esters, and elution with benzene-hexane 4:l gave un- 
saturated esters which consisted of a mixture of acetoxy 
C-17 and C-18 compounds. The mixture was separated 
by g.1.c. and the C-17 product deacetylated to give 
methyl 16-hydroxy-9-heptadecenoate. Oxidation with the 
permanganate periodate reagent gave azelaic acid which 
was identified by g.1.c. (7). The n.m.r. spectrum showed a 
methyl doublet at 1.12 p.p.m. (8) and a multiplet at 
5.24 p.p.m. for the two protons of a relatively isolated 
cis double bond (10). 

Products of the Fermentation of C-14 Compounds 
Methyl myristate (0.5 g per flask) was fermented in two 

flasks giving glycoside (1.4 g); hydroxy esters (0.53 g) 
were obtained on hydrolysis. Tetradecane (200 g) gave 
glycoside (65 g) and unreacted hydrocarbon (c, 100 g) 
was recovered. 

Isolation of C-14 Alcohols 
The above glycoside (65 g) gave a mixture (25 g) of 

hydroxy esters and alcohols on hydrolysis. Alcohols 
(3 g) were isolated and separated into 1-tetradecanol 
(20 %) and 2-tetradecanol (80 %) by the procedures used 
with the C-15 alcohols. 1-Tetradecanol was crystallized 
from hexane and had m.p. and mixed m.p. 38-39 "C. 
2-D-Tetradecanol, crystallized in the same way, had m.p. 
33.5-34.5 "C and +6.2 (c, 1.6 in methanol). 

Anal. Calcd. for C14H300: C, 78.43; H, 14.11. Found: 
C, 78.25; H, 13.88. 

The n.m.r. spectrum had a methyl doublet signal a t  
1.12 p.p.m. 

Isolation of C-14 and C-16 Hydroxy Acids 
The acids remaining after the separation of alcohols 

were converted to methyl esters (17 g) and fractionated 
on a silicic acid column. Elution with hexane-acetone 
(96:4) gave a fraction (8 g) with C-18 esters as major 
components and elution with hexane-acetone (92:8) gave 
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TIME (MIN)  
FIG. 1. Gas-liquid chromatographic separation of acetylated hydroxy esters derived from the fermentation of 

methyl pentadecanoate. 

material (4.8 g) composed mainly of C-14 and C-16 
esters. This material (4.8 g) was acetylated and chroma- 
tographed on a silver nitrate - silicic acid column (250 g) 
giving saturated esters (2.8 g) (elution with benzene- 
hexane 1:l) and unsaturated esters (1.8 g) (elution with 
benzene-ether 95:5). 

Isolntioit of Saturated C-14 and C-16 Hydroxy Esters 
The saturated esters were deacetylated and chroma- 

tographed on a silicic acid column. Elution with hexane- 
chloroform (3:l) gave crude methyl 15-hydroxyhexa- 
decanoate which, after rechromatography and crystalliza- 
tion from hexane, had m.p, and mixed m.p. 46.5- 
47.5 "C (2). A mixture of methyl 16-hydroxypalmitate 
and methyl 13-hydroxytetradecanoate was eluted next, 
and finally methyl 14-hydroxytetradecanoate was eluted 

with hexane-chloroform (1:l). Methyl 14-hydroxytetra- 
decanoate was crystallized from hexane and had m.p. 
4-6.5 "C (lit. (11) gives 47"); 14-hydroxytetradecanoic 
acid was obtained by saponification and had m.p. 90- 
91 "C (lit. (11) gives 91-91.5 "C). Methyl 16-hydroxy- 
hexadecanoate was isolated by rechromatography and 
had m.p. and mixed m.p. 5656.5 OC (2). A fraction 
containing a relatively high proportion of methyl 13- 
hydroxytetradecanoate was acetylated and the pure 
acetoxy ester obtained by preparative g.1.c. Deacetylation 
and crystallization from hexane gave methyl 13-L- 
hydroxytetradecanoate with m.p. 41-42 OC and [cr]A8 
+6.2 (c, 1.1 in methanol). 

Anal. Calcd. for C15H3003: C, 69.72; H, 11.70. Found: 
C, 69.51; H, 11.63. 

In the n.m.r. spectrum the terminal CH3 signal was a 
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doublet at 1.11 p.p.m. A 13-hydroxytetradecanoic acid 
has been reported to be present in the bark of white fir 
(12), but the configuration of the optical center was not 
determined. 

Isolation of Unsaturated Hydroxy C-16 Acid 
When the unsaturated acetoxy esters (1.8 g) were 

deacetylated and chromatographed on silicic acid in 
chloroform-hexane (1 :3) fractions containing methyl 
17-hydroxy-9-octadecenoate (0.9 g) and methyl 16-hy- 
droxy-9-hexadecenoate (0.4 g) were obtained. Both 
yielded azelaic acid on oxidation with the permanganate 
periodate reagent (7). 16-Hydroxy cis-9-hexadecenoic 
acid was obtained by hydrolysis of the second fraction, 
after crystallization from acetone the map. was 28- 
28.5 "C. Conversion to the methyl ester and hydro- 
genation gave methyl 16-hydroxyhexadecanoate with 
m;p. and mixed m.p. 56-57 "C (2). 

Products of the Fermentation of Met/zyl Palmitoleate 
Methyl palmitoleate was isolated from Emery oleic 

acid (Emersol 233LL) which was previously shown to 
contain 12 % of hexadecenoic acids (4). The acid was con- 
verted to methyl esters and the esters of the C-16 acids 
were separated by distillation through a spinning band 
column. Fractional crystallization from methanol at - 10 
to -20 "C removed the less soluble methyl palmitate and 
also the trans ester leaving pure methyl palmitoleate. 

Methyl palmitoleate (0.5 g per flask) was fermented in 
two flasks with strain 148-64 giving glycoside (1.78 g) 
which gave hydroxy esters (0.76 g) on hydrolysis. Using 
strain 319-67, ester (4 g) (1 g per flask) gave glycoside 
(5.8 g) and hydroxy esters (1.50 g). 

The hydroxy esters (1.4 g) were chromatographed on 
silicic acid (50 g) and eluted with hexane-chloroform 
(3:l). The first fraction (0.23 g) contained hydroxy G I 8  
esters and the second (0.51 g) consisted of approximately 
equal amounts of unsaturated 15-hydroxy and 16-hydroxy 
C-16 and 17-hydroxy C-18 esters. Portions of each of 
these fractions were oxidized with the permanganate 
periodate reagent in 60 % t-butanol(7) and the dicarboxy- 

lic acids produced were shown by g.1.c. (7) to consist 
almost entirely of azelaic acid. The latter fractions from 
the silicic acid column contained pure methyl 16-hydroxy- 
cis-9-hexadecenoate (0.50 g), which gave 16-hydroxy-cis- 
9-hexadecenoic acid on hydrolysis; the m.p. was 23.5- 
25.5 "C (Lit. (6) gives 17-19 OC). Part of this acid was 
esterified with diazomethane and hydrogenated to give 
methyl 16-hydroxyhexadecanoate m.p. and mixed m.p. 
54.5-55.5 "C. 
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The deamination of 16-acetyl-17-aminoandrosta-5,16-dien-3~-01 (2a) with nitrous acid afforded two 
products. Their structures have been established as 3a and 36. 

Canadian Journal of Chemistry, 46, 1529 (1968) 

Nitrous acid deamination of several steroidal 
amines has been reported in the literature (1). It  
is well known that rearrangements often take 
place in the course of this reaction. Apparently, 
there has not been recorded the deamination of a 
steroidal enamine; for this reason we became 
interested in the examination of the behavior 
of such a function upon treatment with nitrous 
acid. 

The 16-acetyl-17-aminoandrosta-5,16-dien-3P- 
01 (2a) is a stable enamine whose diacetyl 
derivative (2b) was obtained by a Beckmann 
rearrangement of the acetoxime of pregna-5,16- 
dien-3P-01-20-one acetate (1) (2) in acetic anhy- 
dride solution using boron trifluoride etherate as 
catalyst. When the enamine 2a, in acetic acid 
solution, was treated with sodium nitrite, 
two products were isolated after chromato- 
graphy. Evidence is presented herewith for 
assignment of structures 3a and 3b to these 
products. 

Product 3a obtained in small amounts showed 
m.p. 23&23l0 and analyzed for CZ3H3,O5. In 
the infrared (i.r.) spectrum it showed a free 
hydroxyl band at 3600 cm-' and a carbonyl band 
at  1735 cm-'. Its nuclear magnetic resonance 
(n.m.r.) spectrum2 exhibited two singlets at 0.85 
and 1.02, corresponding to the angular methyl 
groups. A singlet (intensity 6 protons) at 2.15 
is assigned to the 16-acetyl group already present 
in 2a and an acetoxy group. At lower field (5.38) 
is observed only a multiplet corresponding to 
the 6-vinylic proton; therefore, the acetoxy group 
must be substituted on a tertiary carbon atom. 

Product 3b, m.p. 206-208" (CZ5H3,O6) also 
showed a free hydroxyl i.r. band at 3600 cm-' 

'Contribution No. 259 from the Instituto de Quimica 
de la Universidad Nacional Autonoma de Mexico. 

'The nuclear magnetic resonance spectra were deter- 
mined by Mr. Eduardo Diaz on a Varian A-60A spec- 
trometer in CDC13 solution, using tetramethylsilane as 
internal reference. All chemical shifts are reported in 
p.p.rn. as 6 values. 

and a carbonyl band at 1740 cm-'. In the 
n.m.r. spectrum the singlets ascribed to the 
angular methyl groups are observed at 0.80 and 
1.02. Three singlets at 2.05, 2.08, and 2.15 were 
assigned to the methyl group of the 16-acetyl 
side chain and to two acetoxy groups. A proton 
attached to a carbon atom bearing an acetoxy 
group which is not coupled with other hydrogen 
atoms is responsible for a singlet at 5.25. A 
multiplet at 5.35 corresponds to the 6-vinylic 
hydrogen. 

Chromium trioxide oxidation (3) of 3b in 
acetone solution followed by mild acid treatment 
afforded the a,&unsaturated ketone 4 (h,,,, 
240 mp; E, 15 200) which in the i.r. spectrum did 
not show free hydroxyl bands. It had carbonylic 
bands at  1675 cm- ' (a,P-unsaturated 6-mem- 
bered ketone) and at 1745 cm-' (acetyl groups). 

Acetic anhydride - pyridine acetylation of 
3a or 3b gave the same product (3c) 
(CZ7H3,O7), m.p. 248-25O0, which did not 
exhibit free hydroxyl i.r. bands. The n.m.r. 
spectrum of 3c indicates the presence of three 
acetoxy and one acetyl groups. It showed 
singlets at 2.05 (6 H), at 2.08 (3 H), and at 
2.16 (3 H). A broad multiplet found at  4.55 is 
characteristic of the proton bonded to the 
3-carbon atom carrying an acetoxy group. 
The n.m.r. spectrum of 3c also showed the 
singlet at 5.25 (1 H) attributed to a proton 
bonded to a carbon bearing an acetoxy group 
and the multiplet at 5.40 corresponding to the 
6-vinylic hydrogen. The newly formed hydroxyl 
groups are substituted in the 6-membered ring 
of 3c since alkaline hydrogen peroxide oxidation 
of 3c afforded a dicarboxylic acid, characterized 
as its dimethyl ester - acetate and identified as 
the diester 5, prepared following the method 
described by von Seeman and Grant (4). 

Lithium aluminium hydride reduction of the 
ketone 3c gave a mixture of two stereoisomeric 
tetrols containing three vicinal hydroxyl groups. 
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AcO & 

Only one of them (6a) formed an acetonide 
(8a) when the mixture was treated with acetone 
in the presence of hydrochloric acid. In this way 
the tetrol 7a could be readily separated from 
the acetonide (8a). The latter showed a free 
hydroxyl i.r. band at 3625 cm-' and formed the 
diacetate 8b. 

Hydrolysis of the acetonide 8a gave the tetrol 
6a. Acetylation of 6a with acetic anhydride- 
pyridine afforded the triacetate 6b which still 
showed in the i.r. spectrum a free hydroxyl 
band at 3600 cm-' indicating the presence of a 
tertiary hydroxyl group. The latter could be 
acetylated under acid conditions. The resulting 
tetraacetate exhibited four n.m.r. singlets at 
1.96, 2.03,2.05, and 2.1 assigned to four acetoxy 
groups. The tetrol 7a yielded the triacetate 7b. 

Sodium borohydride reduction of 3c in 
tetrahydrofuran solution was accompanied by 

migration of the acetate function from the 
tertiary 16-hydroxyl group to the newly formed 
secondary hydroxyl group in the side chain, 
yielding the triacetate 6b. 

Chromium trioxide oxidation (3) of the ace- 
tonide 8a followed by acid treatment afforded a 
mixture of the ketones 9 and 10. Both products 
had free hydroxyl i.r. bands. The i.r. spectrum 
of 9 had only a carbonylic band at 1750 cm-l 
corresponding to a 5-membered ketone. Product 
10 is a diketone since its i.r. spectrum had bands 
at 1735cm-' (cyclopentanone) and at 1660 cm-l 
(cl,P-unsaturated 6-membered ketone) (A,,, at 
240 mp; E, 15 800). 

Periodic acid oxidation of the tetrol 6a gave 
acetaldehyde, characterized as its 2,Cdinitro- 
phenylhydrazone. When this reaction was carried 
out under mild conditions the ketol l l a  was ob- 
tained. The diacetate l l b  was prepared. Both 
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c; N@ 

NH2 0 N@ 0 0 

OAc 

OAc 0 

__t 

products were identified 
prepared according to a 
scribed (5). 

with authentic samples 
method previously de- 

We suggest the following mechanism for the 
deamination of 2a.3 

Some considerations concerning the stereo- 
chemistry of the deamination products 3a and 
3b are pertinent: A P configuration is assigned to 
the 16-acetyl side chain since the optical rotatory 
dispersion curve of 3c exhibited a strong negative 
Cotton effect (6) consequently the 16-tertiary 
acetoxy group possesses an ct orientation. The 
p configuration of the 17-acetoxy group of 
3c is deduced from that of the ketol l l a  (7), 
and is in accordance with the proposed mechan- 
ism. Construction of models of the tetrols 
6a and 7a indicates that there is a steric inter- 
action between the 17ghydroxyl group and the 
methyl group of the side chain when an ( S )  
configuration is assumed at the side chain 
asymmetric center. Therefore the formation of 
an acetonide is thermodynamically unfavored. 
Such steric crowding is not observed in the 
tetrol having an (R) configuration at that asym- 
metric center and consequently the latter is the 
tetrol (6a) which forms the acetonide. 

Nitrous Acid Treatment oJ' 16-Acetyl-17-amino-androsta- 
3,16-dien-3p-01 (2a) 

A solution of sodium nitrite (5 g) in water (25 ml) was 
added dropwise in 25 rnin with mechanical stirring to a 

3We are grateful to the referees for valuable suggestions 
concerning this mechanism. 

4Melting points are uncorrected. The alumina used in 
the chromatograms was Alcoa F-20 (washed with ethyl 
acetate). Analyses by Dr. F. Pascher, Bonn, Germany. 
Ultraviolet spectra: 95 % EtOH solution, Beckmann DK2 
spectrophotometer. Infrared spectra: CHC13 solution, 
(unless noted otherwise) Perkin-Elmer 21 double beam 
spectrophotometer. Rotations in chf at 20". We are grate- 
ful to Syntex, S. A., for the determination of the rotations. 

suspension of the amino derivative 2a (4.60 g) in acetic 
acid (100 ml) at 15". The mixture was stirred for 0.5 h 
more, poured in water, and extracted with chloroform. 
The organic extract was washed with water, dried on 
anhydrous sodium sulfate, and evaporated to dryness. 
The residue was chromatographed on alumina (100 g). 
The crystalline fractions eluted with benzene - ethyl 
acetate 9:l were combined and recrystallized from 
acetone-hexane. This yielded the diacetate 36 (650 mg), 
m.p. 206-208"; [a], -135"; i.r. bands at 3600 cm-l 
(hydroxyl group) and at 1740 cm-l (ketone and acetyl 
groups). 

Anal. Calcd. for CZ5H3,O6: C, 69.42; H, 8.39; 0 ,  
22.19. Found: C, 69.20; H, 8.31; 0 ,  22.53. 

The crystalline fractions eluted with benzene - ethyl 
acetate 4:l were combined and recrystallized from 
methanol-ether. This yielded the monoacetate 3a (50 mg), 
m.p. 230-231"; [a],, -80"; i.r. bands at 3600 cm-I 
(hydroxyl groups) and at 1735 cm-l (ketone and acetyl 
groups). 

Anal. Calcd. for CZ3H3405: C, 70.74; H, 8.78; 0, 
20.48. Found: C, 71.15; H, 8.52; 0 ,  20.81. 

The combined mother liquors were acetylated and 
chromatographed on alumina (80 g). Elution with 
benzene-hexane 1 :1 and benzene gave 3c (2 g). The 
analytical sample showed m.p. 248-250° (needles from 
acetone-hexane), [a], -153"; i.r. bands at 1740 cm-l 
(ketone and acetyl goups); optical rotatory dispersion 
(dioxan); [a]55o -126"; [a]450 -214; [aInno -484; 

-494; Ial ,~o -494. 
Anal. Calcd. for Cz7H,&7: C, 68.33; H,  8.07; 0, 

23.60.Found: C,68.17;H,8.08;0,23.84. 
The same product (3c) was obtained when 3a and 36 

were acetylated with acetic anhydride and pyridine. 

Chromium Trioxide Oxidation of the Diacetate 36 
A solution of the diacetate 3b (300 mg) in acetone (15 

ml) was treated with 8 N chromium trioxide at 5" until 
the persistence of an orange color. After 5 min the solu- 
tion was diluted with water and the precipitate filtered. 
The crude material was dissolved in methanol (8 ml) 
treated with a drop of concentrated hydrochloric acid 
and left at room temperature for 15 min. The solution 
was diluted then with water and the precipitate fltered 
and washed with water. The crude product was chromato- 
graphed on alumina (5 g). The crystalline fractions 
eluted with benzene -ethyl acetate 9:l were combined 
and recrystallized from ether-hexane. This yielded the 
ketone 4 (150 mg) m.p. 190-191'; [a], -24"; A,,,, 
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240 mp; E ,  15 200; i.r. bands at 1745 cm- ' (acetate and 
acetyl groups), at 1675 cm-' (a$-unsaturated 6-mem- 
bered ketone), and at 1620 cm-' (C = C double bond). 

Anal. Calcd. for C25H3406: C, 69.74; H, 7.96; 0 ,  
22.30. Found: C, 69.91 ; H, 7.89; 0 ,  22.35. 

Hydrogen Peroxide Oxidation of the Triacetate 3c 
A solution of the triacetate 3c (500 mg) in methanol 

(25 ml) was treated with 30% hydrogen peroxide (5 ml), 
potassium hydroxide (1 g) in water (5 rnl), and heated 
under reflux for 1 h. Thirty percent hydrogen peroxide 
(5 ml) was added and the reflux continued for 1 h more. 
The solution was concentrated, diluted with water, and ex- 
tracted with ether. The ethereal extract was discarded. 
The aqueous solution was acidified with dilute hydrochlo- 
ric acid and extracted with ether. The ethereal extract 
was washed with water, dried, and evaporated to dryness. 
The gummy residue was treated with an ethereal solution 
of diazomethane (prepared from 2 g of N-nitrosome- 
thylurea), left at 4" overnight, treated with a few drops of 
acetic acid to destroy the excess of diazomethane, and 
evaporated to dryness. The residue was acetylated with 
acetic anhydride - pyridine for 1 h on the steam bath. 
Crystallization from ether-hexane afforded the diester 5 
(40 mg) as needles from ether-hexane m.p. 145-147"; [a], 
-87". This product was identified by the standard meth- 
ods with an authentic specimen prepared according to a 
method previously reported (4). 

Lithium Aluminium Hydride Reduction of the 
Triacetate 3c. 

A solution of the triacetate 3c (3 g) in anhydrous 
tetrahydrofuran (300 ml) was treated with lithium 
aluminium hydride (3.5 g) and heated under reflux for 4 h. 
The excess of lithium aluminium hydride was destroyed 
with ethyl acetate. A saturated aqueous solution of 
sodiumsulfate(l0 ml) was added, the mixture filtered, and 
the solution evaporated to dryness in vacuo. The residue 
(2 g) suspended in acetone (100 ml) was treated with con- 
centrated hydrochloric acid (2.5 ml) and heated under re- 
flux for 1 h. The solution was concentrated to a small 
volume in vacuo, cooled, diluted with ethyl acetate, and 
washed withasaturated aqueoussolution of sodium bicar- 
bonate, dried and evaporated.The oily residue crystallized 
from acetone.This yielded the tetrol7a (200 mg) m.p. 250- 
25S0.The analytical sample showed m.p. 272-273' (prisms 
from methanol - ethyl acetate); [a], -38"; i.r. bands 
(Nujol) at 3500 and 3200 cm-I (hydroxyl groups). 

Anal. Calcd. for C21H3404: C, 71.96; H, 9.78; 0 ,  
18.26.Found: C,71.72; H,9.92;0,  18.50. 

Acetylation of 7a with acetic anhydride - pyridine on 
the steam bath for 1 h yielded the triacetate 76, map. 
209-210"; [a], -44"; i.r. bands at 3550 cm-' (hydroxyl 
group) and at 1740 cm-' (acetyl groups). 

Anal. Calcd. for C27H4007: C, 68.04; H, 8.46; 0, 
23.50. Found: C, 68.20; H, 8.33; 0, 23.79. 

The acetone mother liquors were evaporated to dryness 
and the residue chromatographed on alumina (20 g). 
Elution with benzene -ethyl acetate 1 :1 gave the ace- 
tonide 8a (1.47 g) m.p. 138-142". The analytical sample 
showed m.p. 142-144" (needles from acetone-hexane), 
[a], -41"; i.r. band at 3625 cm-' (hydroxyl groups). 

Anal. Calcd. for CZ4H3,.,O4: C, 73.81; H, 9.81; 0 ,  
16.38. Found: C, 73.64; H, 10.01; 0 ,  16.58. 

Acetylation of the acetonide 8a with acetic anhydride - 
pyridine for 1 h on the steam bath, furnished the diacetate 
86, m.p. 190-193" (needles from acetone-hexane); 
[a], -93"; i.r. band at 1745 cm-I (acetyl group). 

Anal. Calcd. for C28H4206: C, 70.85; H, 8.92; 0 ,  
20.23. Found: C, 70.72; H, 8.97; 0 ,  20.17. 

Tetrol 6a 
The acetonide 8a (500 mg) in methanol (5 ml) was 

treated with hydrochloric acid (0.5 ml) and water (1 ml) 
heated under reflux for 10min and left 0.5 h at room tem- 
perature. The solution was concentrated in vacuo, water 
was added, and the precipitate collected and washed with 
water. Crystallization from methanol - ethyl acetate 
yielded prisms (170 mg) m.p. 240-242"; [a], -63"; i.r. 
band (Nujol) at 3300 cm-I (hydroxyl group). 

Anal. Calcd. for C21H3404: C, 71.96; H, 9.78; 0 ,  
18.26. Found: C, 71.58; H, 9.86; 0 ,  18.75. 

Triacetate of the Tetrol 6a 
Acetylation of the tetrol 6a with acetic anhydride - 

pyridine for 1 h on the steam bath and crystallization 
from acetone-hexane afforded prisms m.p. 199-201"; 
[a],  -48"; i.r. bands at 3600 cm-' (hydroxyl group) and 
at 1740 cm- ' (acetyl groups). 

Anal. Calcd. for C27H4007: C, 68.04; H, 8.46; 0, 
23.50. Found: C, 67.82; H, 8.64; 0 ,  23.71. 

Tetraacetate of the Tetrol 6a 
A solution of the tetrol6a (150 mg) in acetic anhydride 

(5 ml) containing p-toluenesulfonic acid (50 mg) was left 
at room temperature overnight and poured in water. 
After the hydrolysis of the anhydride the precipitate was 
extracted with ethyl acetate. The organic extract was 
washed with aqueous sodium bicarbonate, dried, and 
evaporated. The gummy residue dissolved in benzene was 
passed through alumina (2 g). Crystallization from 
acetone-hexane yielded needles (65 mg) m.p. 132-1 34" ; 
[a], -32"; i.r. band at 1740 cm-I (acetyl groups). 

Anal. Calcd. for CZ9H4208: C, 67.16; H, 8.16; 0 ,  
24.68. Found: C, 67.38; H, 7.94; 0 ,  24.55. 

Acetylation of the triacetate 66 as described above 
afforded also the tetraacetate 6c. 

Sodium Borohydride Reduction of the Triacetate 3c 
A solution of the triacetate 3c (250 mg) in tetrahydro- 

furan (15 ml) was treated with sodium borohydride 
(250 mg) and heated under reflux for 1.5 h. Water was 
added and the mixture acidified with acetic acid. The 
precipitate was extracted with ethyl acetate. The organic 
extract was washed with water, dried, and evaporated. 
The solid residue was crystallized from ether-hexane. 
This yielded the triacetate 66 (100 mg) m.p. 200-201". 
This was identified by the standard methods with the 
triacetate 66 obtained previously by acetylation of 6a. 

Chromium Trioxide Oxidation of the Acetonide 8a 
A solution of the acetonide 8a (320 mg) in acetone 

(12 ml) was treated at 5" with 8 N chromium trioxide (3) 
until the persistence of an orange color. It was then 
proceeded as described in a previous case. Crystalliza- 
tion of the crude product from ether and methanol 
afforded the ketone 9 (35 mg) m.p. 248-250"; [a]? 
67" (dioxane); i.r. bands (Nujol) at 3300 and 3450 cm- 
(hydroxyl group) and at 1750 cm-' (cyclopentanone). 
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RODR~GUEZ-HAHN AND 

Anal. Calcd. for C21H320~: C, 72.38; H, 9.26; 0 ,  
18.36. Found: C, 72.41; H, 9.44; 0 ,  18.13. 

The ethereal mother liquors were evaporated to dryness 
and the residue, dissolved in benzene was passed through 
alumina (5 g). Crystallization from acetone-hexane 
afforded the diketone 10 (50 mg) as prisms m.p. 138-140"; 
[a], 202"; h ,,,, 240,303 mp; E, 15 800, 600; i.r. bands at 
3600 cm-' (hydroxyl groups), at 1735 cm-' (cyclopen- 
tanone), at 1660 cm-I (a$-unsaturated 6-membered 
ketone), and at 1615 cm-I (C = C double bond). 

Anal. Calcd. for C21H3004: C, 72.80; H, 8.73; 0 ,  
18.47. Found: C, 72.60; H, 8.84; 0 ,  18.52. 

Periodic Acid Oxidation of tire Tetrol 6a 
A solution of the tetrol6a (550 mg) in methanol (30 ml) 

was treated with periodic acid (425 mg) in water (2 ml). 
The mixture was left at room temperature for 5 h then 
poured in water andextracted withethyl acetate.The organ- 
ic extract was washed with water, dried, and evaporated. 
Crystallization of the residue from ethyl acetate - hexane 
afforded the ketol l l a  (250 mg), m.p. 186-190". Further 
crystallizations from ethyl acetate -ether raised the m.p. 
to 193-195"; i.r. bands (Nujol) at 3450 cm-' (hydroxyl 
groups) and at 1750 cm-I (cyclopentanone). 

Acetylation of the ketol l l a  with acetic anhydride - 
pyridine for 1 h on the steam bath gave the diacetate 
l l b  m.p. 120-121"; [ a ] ,  -189"; i.r. bands at 1740 and at 
1750 cm-I (acetyl groups) and at 1770 cm (cyclopen- 
tanone). 

Anal. Calcd. for C~3H3205: C, 71.10; H, 8.30; 0 ,  
20.60. Found: C, 71.05; H, 8.54; 0 ,  20.79. 

ROMO: DEAMINATION 1533 

The ketol l l a  and its diacetate l l b  proved to be 
identical with samples prepared following a procedure 
previously described (5). 

The periodic acid oxidation of 6 (300 mg) was repeated 
and after 5 h at room temperature the solution was 
distilled and the distillate collected in a solution of 
2,4-dinitrophenylhydrazine hydrochloride in aqueous 
methanol. The precipitate was collected and washed 
with water. Crystallization from methanol~hloroForm 
afforded the 2,4-dinitrophenylhydrazone of acetaldehyde 
m.p. 156-158". It showed no depression in mixture m.p. 
with an authentic specimen and the i.r. spectra were 
identical. 7 
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Franserin and confertin : new pseudoguaianolides isolated from fvansevia 
and ambrosia species1 

J. ROMO, A. ROMO DE VIVAR, A. VBLEZ, AND E. URBINA 
Instituto de Qlcimica de la Unioersidad Nacional Autdnoma de Mixico, Mbxico 20, D.F., Mixico 

Received January 12; 1968 

Two pseudoguaianolides were isolated from Franseria arnbrosioides Cav. : damsin of known structure 
and franserin whose constitution was established as a 10-hydroxytetrahydroambrosin (2). From Ambrosia 
confertiflora DC. were isolated the known desacetylconfertiflorin (12) and confertin, a new lactone found 
also as constituent of Ambrosia tenuifolia Harv et Gray. It was identified as the ketolactone 9 previously 
prepared from cumanin (11). 
Canadian Journal of Chemistry, 46, 1535 (1968) 

Franseria ambrosioides Cav. is a Compositae 
widely distributed in the northwestern part of 
Mexico. In the less polar fractions of the chrom- 
atogram of the ethanol extract of the plant we 
have isolated a crystalline product (Cl,H,,O,) 
m.p. 111°, identified as damsin (1) (1) by its 
spectral features. Furthermore, isomerization of 
its double bond to endocyclic conjugation under 
hydrogenation conditions gave dihydroisoam- 
brosin (3) (2). Treatment of our product with 
toluenethiol in the presence of piperidine fol- 
lowed by desulfurization with Raney nickel of 
the intermediary adduct yielded the C-1 1 epimer 
of tetrahydroambrosin (5) (2). It had infrared 
(i.r.) bands at 1770 cm-I (y-lactone) and at 1740 
cm-I (cyclopentanone). The tetrahydro deriv- 
ative 5 showed in the nuclear magnetic resonance 
(n.m.r.) spectrum2 a doublet ( J  = 8 c.p.s.) at 4.46 
corresponding to the C-6 proton. Two doublets 
( J  = 7 c.p.s.) at 1.23 and 1.10 were ascribed to 
two secondary methyl groups. A tertiary group 
is responsible for a singlet at 1.11 partially super- 
imposed on one of the doublets. When an 

'Contribution No. 260 from the Instituto de Quimico 
de la Universidad Nacional Aut6noma de Mkxico. 

ZThe nuclear magnetic resonance spectra were deter- 
mined by Mr. Eduardo Diaz on a Varian A-60A spectro- 
meter in CDCI3 solution using tetramethylsilane as 
internal reference. All chemical shifts are reported in 
p.p.m. as 6 values. 

authentic sample of ambrosin (6) was submitted 
to a similar treatment as described above for 
damsin (1) the tetrahydro derivative 5 was also 
obtained. 

From the more polar fractions of the chrom- 
atogram there was isolated a crystalliile pseudo- 
guaianolide which we propose to name franserin. 

Franserin (2) m.p. 225-227" and [cr], + 0" had 
an analysis of C15H2204. It contains a cyclo- 
pentanone and a five-membered ring lactone as 
shown by i.r. bands at 1740 and 1775 cm-'. The 
latter group is not conjugated with an exocyclic 
methylene group as frequently occurs in this type 
of lactones since franserin (2) did not show end 
ultraviolet (u.v.) absorption and its n.m.r. spec- 
trum did not exhibit low field signals besides that 
corresponding to the proton attached to the 
carbon bearing the lactone closure. This group- 
ing must be oriented to C-6 since the signal 
appears as a doublet ( J  = 8 c.p.s.) at 4.45. 

Franserin (2) possesses a tertiary hydroxyl 
group (i.r. band at 3550 cm-l) (n.m.r. singlet at 
1.64 which disappears on equilibration with 
deuterium oxide). It is not acetylated with acetic 
anhydride - pyridine nor oxidized with chrom- 
ium trioxide. 

The following evidence indicates that the 
tertiary hydroxyl group of franserin (2) is located 
at C-10. The n.m.r. spectrum of franserin (2) 
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showed in the methyl region a singlet at 1.10 and 
a doublet ( J  = 7 c.p.s.) at 1.25 ascribed to a 
tertiary and a secondary methyl group, respec- 
tively. A singlet at 1.37 corresponds to a methyl 
group attached to a carbon atom carrying a 
hydroxyl group. Anhydrofranserin (4) prepared 
by dehydration of a pyridine solution of franserin 
(2) with thionyl chloride exhibited in its n.m.r. 
spectrum a singlet at 0.95 and a doublet ( J  = 7 
c.p.s.) at 1.18 assigned to a tertiary and a 
secondary methyl group, respectively. A vinylic 
methyl group is responsible for a triplet ( J  = 0.5 
c.p.s.) at 1.79. A multiplet at 5.56 was ascribed to 
a vinyl proton. A doublet ( J  = 6.5 c.p.s.) at 4.53 
corresponds to the C-6 proton. Oxidation of 
anhydrofranserin (4) with m-chloroperbenzoic 
acid gave the epoxide 7. Its n.m.r. spectrum 
exhibited a singlet at 1.40 corresponding to the 
methyl group linked to the carbon bearing the 
epoxide. A triplet at 3.02 is attributed to the 
proton at C-9. Treatment of 7 with boron tri- 
fluoride etherate afforded the ketone 8. It 
showed in the i.r. spectrum three carbonyl bands, 
at 1775 cm-' (y-lactone), at 1750 cm-' (cyclo- 
pentanone), and at 1720 cm-' (cycloheptanone). 

The structure of franserin (2) was established 
when hydrogenation of anhydrofranserin (4) 
afforded a product identified with the tetra- 
hydro derivative 5 obtained as described above 
from damsin (1) and ambrosin (6). Therefore, 
franserin is correctly represented by formula 2 
with its asymmetric centers at C-I, C-5, C-6, and 
C-7 oriented as in ambrosin (6). 

Chromatography of the ethanol extract of 
Ainbrosia confertiJora DC yielded in the less 
polar fractions a sesquiterpene lactone which we 
propose to name confertin. It was found also as 
a constituent of Ambrosia tenuifolia Harv et 
Gray. Confertin m.p. 145-146", showed in the 
i.r. spectrum a band at 1740 cm-' corresponding 
to a five-membered ring ketone. Confertin also 
contains an exocyclic methylene group conju- 
gated with a y-lactone as shown by i.r. bands a t  
1770 and 1665 cm-' by end absorptionin the U.V. 

spectrum (h,,, 21 1 mp; E, 10 500) and confirmed 
by the formation of a pyrazoline (10). The 
structure of confertin was elucidated when it was 
identified as the ketolactone 9 previously ob- 
tained by dehydration of cumanin (11) (3). 

From the more polar fractions of the chrom- 
atogram of the ethanol extract of A. conferti- 
flora there was obtained a crystalline product 
(Cl,H,,O,), m.p. 201-204", [a], +16". It was 
identified as desacetylconfertiflorin (12) of 
known structure and stereochemistry (4). Chro- 
mium trioxide oxidation of 12 gave another 
proof of the relative position of the secondary 
hydroxyl group. I t  yielded the lactone 13 which 
contains the double bond conjugated with the 
lactone carbonyl and with the newly formed 
ketone (A,,, 245 mp; E, 9700). I t  had i.r. bands 
at 1695 and 1640 cm-I attributed to the a,P- 
unsaturated cycloheptanone. The n.m.r. spec- 
trum of 13 exhibited a singlet at 0.83, a doublet 
( J  = 7 c.p.s.) at 1.04, and a doublet ( J = 2  c.p.s,) 
at 2.30 corresponding to a tertiary, a secondary, C
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ROMO ET AL.: FRANSE !RIN AND CONFERTIN 1537 

and a vinylic methyl group, respectively. The 
signal assigned to the proton at C-6 shows 
homoallylic coupling and appears as a quadrup- 
let (J = 2 c.p.s.) at 5.28. 

Isolation of the Lactones from Franseria anzbrosioirles 
The plant was collected in September in the neighbor- 

hood of Rio del Quelite (State of Sinaloa). The dried 
plant (without roots, 300 g) was extracted twice with 
ethanol (3 1) for 8 h. The combined ethanol extracts were 
concentrated to 500 ml and treated with a solution of lead 
acetate (25 g) in water (500 ml). The mixture was left at  
room temperature for 1 h, filtered, diluted with water 
(1 l), and extracted with chloroform. The extract was 
evaporated to dryness and the gummy residue (12 g) dis- 
solved in benzene-hexane 1 :1 was chromatographed on 
alumina. The crystalline fractions eluted with benzene- 
hexane 1 :1,2:1, and 3:1 were combined and crystallized 
from isopropyl ether. This yielded damsin (1) (2.43 g), 
m.p. 109-111"; h,,, 213 mp; E, 8400; i.r. bands at  
1770 cm- ' (y-lactone), at 1750 cm-' (cyclopentanone), 
and at  1665 cm-' (C==C double bond). 

Anal. Calcd. for C15HZ003: C, 72.55; H, 8.12; 0 ,  
19.33. Found: C, 72.33; H, 8.21 ; 0 ,  19.47. 

In the nuclear magnetic resonance (n.m.r.) spectrum it 
showed the following signals: a pair of doublets ( J  = 2.5 
c.p.s.) at  6.23 and 5.60 (exocyclic methylene), a doublet 
(J = 8 c.p.s.) (C-6 proton), a singlet at  1.08, and a doublet 
( J  = 7 c.p.s.) at 1.11 (secondary and tertiary methyl 
groups, respectively). 

Franserin (2) was obtained in the polar fractions eluted 
with benzene and increasing proportions of ether. 
Crystallization of 2 from ethyl acetate -ether yielded 
small needles (140 mg) m.p. 225-227": [rID k 0" (dioxan); 
i.r. bands (KBr) at 3550 cm-' (hydroxyl group), at  1775 
cm-' (y-lactone) and at 1740cm-' (cyclopentanone). 

Anal. Calcd. for Cl5HZ2O4: C, 67.64; H,  8.33; 0 ,  
24.03. Found: C, 67.98; H, 8.35; 0 ,  23.90. 

Dihydroisoambrosit~ (3 )  
A solution of damsin (1) (400 mg) in ethyl acetate (30 

ml) was stirred in an  atmosphere of hydrogen in the 
presence of 5 % Pd-C (60 mg); after 2 h the solution was 
filtered and evaporated to dryness. The residue crystal- 
lized from acetone-hexane yielding 290 mg dihydroiso- 
ambrosin; m.p. 165' which was identified with an  authen- 
tic specimen by the standard methods. 

11-Epitetrahydroambrositl (5) 
A solution of ambrosin (6) (400 mg) in benzene (25 ml) 

was treated with toluenethiol (2 ml) and piperidine (2 ml) 
and heated under reflux for 6 h. The solution was washed 
with dilute hydrochloric acid, water, dried on anhydrous 
sodium sulfate, and evaporated to dryness. The residue 

3Melting points are uncorrected. Infrared spectra and 
rotations were measured in chloroform, and ultraviolet 
spectra in 95 % ethanol. The alumina used in the chroma- 
tograms was Alcoa F-20 (washed with ethyl acetate). 
The analyses were carried 01-t by Dr. Franz Pascher, 
Bonn, Germany. We are grateful to  Syntex, S.A., for the 
determination of the rotations. 

dissolved in ethanol (40 ml) was treated with Raney 
nickel (7 g), heated under reflux for 14 h, filtered, and 
evaporated to dryness. The residue crystallized from iso- 
propyl ether. This yielded 11-epitetrahydroambrosin (5) 
(120 mg) m.p. 115"; [aID +27"; i.r. bands at  1770 cm-' 
(y-lactone) and at 1740 cm-' (cyclopentanone). 

Anal. Calcd. for C15H2203: C, 71.97; H,  8.86; 0, 
19.17. Found: C, 71.99; H,  9.01; 0 ,  19.08. 

When this reaction was carried out with damsin (1) 
(400 mg), a dihydroderivative (170 mg) m.p. 115" was 
obtained. It was identified with ll-epitetrahydroambro- 
sin (5) by the standard methods. 

Anhydrofranseritl (4) 
A solution of franserin (2) (600 mg) in pyridine (10 ml) 

was treated at  5" with thionyl chloride (1.5 ml). After 5 
min the mixture was poured in ice-water and extracted 
with ethyl acetate. The organic layer was washed with 
dilute hydrochloric acid, water, dried on anhydrous 
sodium sulfate, and evaporated to dryness. The gummy 
residue dissolved in benzene-hexane 1 :1 was chromato- 
graphed on alumina. The crystalline fractions eluted with 
benzene-hexane 1 :1 and increasing proportions of benz- 
ene were combined and crystallized from ether-hexane. 
This yielded 270 m.p. 91-94". Further crystallizations 
from acetone - isopropyl ether raised the m.p. to 107- 
108"; [a],, -5"; i.r. bands at  1770 cm-' (y-lactone) and 
at  1740 cm-' (cyclopentanone). 

Anal. Calcd. for C15HZ003: C, 72.55; H, 8.12; 0, 
19.33. Found: C, 72.43; H, 8.04; 0 ,  19.58. 

Hydrogenation of Anhydro fratiserin (4 )  
A solution of anhydrofranserin (150mg) in ethyl 

acetate (20 ml) was hydrogenated with Adams catalyst 
(50 mg) until the absorption of hydrogen ceased. The 
solution was filtered and evaporated to dryness. The 
residue crystallized from isopropyl ether. This yielded a 
dihydro derivative (45 mg) m.p. 115-116' which was un- 
depressed on admixture with a sample of ll-epitetrahy- 
droambrosin. The i.r. spectra were superimposable. 

Fratrseritl Epoxide (7) 
A solution of anhydrofranserin (4) (200 mg) in chloro- 

form (10 ml) was treated with 111-chloroperbenzoic acid 
(400 mg). The mixture was heated under reflux for 4 h, 
washed with aqueous sodium bicarbonate solution, dried 
on anhydrous sodium sulfate, and evaporated to  dryness. 
The residue was chromatographed on alumina. The 
crystalline fractions eluted with hexane and increasing 
proportions of benzene were combined and crystallized 
from chloroform+%her. This yielded the epoxide (7) (130 
mg) m.p. 145-148'; [aID +33"; i.r. bands at  1780 cm-' 
(y-lactone) and at  1750 cm-' (cyclopentanone). 

Anal. Calcd. for C15H2,0,: C, 68.16; H,  7.63; 0 ,  
24.21. Found: C, 68.26; H, 7.60; 0 ,  24.24. 

Ketofranserin (8)  
A solution of the epoxide 7 (100 mg) in benzene at  10" 

was treated with boron trifluoride etherate (0.5 ml) and 
the mixture was left overnight at  room temperature. It was 
then washed with aqueous sodium bicarbonate solution, 
dried, andevaporated. The residue was purified by chroma- 
tography on alumina. Crystallization from acetone - iso- 
propyl ether afforded prisms m.p. 141-143"; [a],, +12"; 
i.r. bands at 1775 cm-' (y-lactone), at 1750cm-' (cyclo- 
pentanone) and at 1720 cm-' (cycloheptanone). 
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Anal. Calcd. for C15HZ004: C, 68.16; H, 7.63; 0 ,  
24.21. Found: C, 67.74;,H, 7.41; 0 ,  24.56. 

Isolation of the Lactones from Ambrosia confertiflora DC 
The plant was collected in June, 19 km to the north of 

San Luis Potosi. The dried plant (1100 g) was extracted as 
described in the previous case. 

Chromatography on alumina of the residue afforded 
confertin (9) in the less polar fractions eluted with hexane 
and increasing proportions of benzene. Crystallization 
from acetone-hexane yielded needles (565 mg) m.p. 145- 
146". Undepressed on admixture with a sample of 
anhydrocumanin (9) (3). The i.r. spectra were super- 
imposable. The polar fractions eluted with benzene and 
increasing proportions of ethyl acetate afforded des- 
acetylconfertiflorin (12). Crystallization from ethyl ace- 
tate - ether furnished needles m.p. 201-204"; [a], + 16" 
(dioxan); hm.,210mp; E, 8800; i.r. bands at 3620 and 3500 
cm-' (hydroxyl group), at 1775 cm-l (y-lactone), at 1750 
cm-l (cyclopentanone), and at 1660 cm-' (C=C double 
bond). 

Anal. Calcd. for Ci5HZ0O4: C, 68.16; H, 7.63; 0 ,  
24.21. Found: C, 68.33; H, 7.73; 0 ,  24.20. 

Mixture m.p. with an authentic sample was unde- 
pressed and the i.r. spectra were superimposable. 

DehydroisodesacetyIconfertij¶orin (13) 
A solution of desacetylconfertiflorin (12) (300 mg) in 

acetone (8 ml) was treated at 5' with Jones reagent until 
the persistence of an orange color. After 5 min the 
mixture was diluted with ethyl acetate washed with water, 
aqueous sodium bicarbonate, dried on anhydrous sodium 
acetate, and evaporated to dryness. The residue was puri- 
fied by chromatography on alumina. Crystallization from 
chloroform - isopropyl ether gave material (60 mg) m.p. 
118"; [a], -132"; h,,,, 245 mp; E, 9700; i.r. bands at 
1765 cm-I with a shoulder at 1750 cm-' (y-lactone and 
cyclopentanone), at 1695 cm-l (cycloheptenone), and at 
1640 cm-l ( G C  double bond). 

Anal. Calcd. for C15H1804: C, 68.68; H, 6.92; 0 ,  
24.40. Found: C, 68.49; H, 6.96; 0 ,  24.57. 

Pyrazoline of Confertin (10) 
A solution of 9 (300 mg) in methanol (5 ml) was treated 

with an ethereal solution of diazomethane (prepared with 
1 g of N-nitrosomethylurea) and left at 4" overnight. The 
crystalline precipitate was collected and recrystallized 

from chloroform-ether. This yielded prisms (270 mg) 
m.p. 137" decomposition; [aID +405" (dioxan); h,,, 322 
mp; E, 240; i.r. bands at 1765 cm-I (y-lactone) and at 
1750 cm-' (cyclopentanone). 

Anal. Calcd. for Cl6HZZO3NZ: C, 66.18; H, 7.64; 0 ,  
16.53; N, 9.65. Found: C, 66.04; H, 7.70; 0 ,  16.59; N, 
9.79. 

Isolation of Confertin (9)  from Ambrosia tenuifolia Harv 
et Gray 

The dried plant (520g) collected on the highway 
MBxico-Laredo (85 k n ~ )  was extracted with ethanol. It 
was then processed as in the previous case. From the less 
polar fractions of the chromatogram there was obtained 
confertin (9) (1.895 g) m.p. 145-146" undepressed on 
admixture with the lactone 9 isolated from A. confertiflora 
The i.r. spectra were identical. 
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Odoratin : a new pseudoguaianolide isolated from Hymenoxis odorata DC. 

A. ORTEGA, A. ROMO DE VIVAR, AND J. ROMO 
Instituto de Qrriinica de la Universidad Nacional Autdno~na de Mixico, Mixico 20, D. F., Mixico 

Received November 20, 1967 

The structure of odoratin, a constituent of Hyme~zoxis odorata DC. has been established as a pseudo- 
guaianolide l a  with a stereochemistry related to the sesquiterpene lactones isolated in the genus Helelriurn. 

Canadian Journal of Chemistry, 46, 1539 (1968) 

Hymenoxis odorata DC. is a Compositae 
occurring commonly in the High Plateau of 
Mexico. The bitter taste of this plant suggests the 
presence of sesquiterpene lactones and led us to 
undertake its chemical examination. Chromatog- 
raphy of its ethanol extract afforded in the polar 
fractions a substance of formula C, ,H2,0,, m.p. 
165-167", and [a], +71° which we propose to 
name odoratin. In the infrared (i.r.) spectrum 
odoratin (la) showed only one carbonyl band at 
1760 cm-I ascribed to a y-lactone very probably 
conjugated with an exocyclic methylene group 
since l a  exhibited an ultraviolet (u.v.) maximum 
at 214 mp (E, 9900) and a weak i.r. band at 
1660 cm-l. 

Odoratin (la) possesses two hydroxyl groups 
as shown by the bands at 3610 and 3450 cm-I 
present in the i.r. spectrum of l a  which disappear 
in its diacetate (lb). The latter exhibited i.r. 
bands at 1765 and 1740 cm-I assigned to the 
five-membered ring lactone and acetyl groups. 

The hydroxyl functions of odoratin (la) are in 
a vicinal position since l a  gave a positive period- 
ic acid test. 

The nuclear magnetic resonance (n.m.r.) 
spectrum2 of odoratin (la) showed a pair of low- 
field doublets ( J  = 2 c.p.s.) at 5.64 and 6.29 
confirming the presence in l a  of an exocyclic 
methylene. The proton attached to the carbon 
bearing the ethereal oxygen of the lactone is 
responsible for a multiplet which could be 
defined as a pair of lateral doublets and a central 
triplet centered at 4.81, indicating a lactone 
function oriented at C-8. A multiplet at 4.10 and 
a doublet at 3.64 are attributed to the protons on 

'Contribution No. 258 from the Instituto de Quimica 
de la Universidad Nacional Autbnoma de Mtxico. 

2The nuclear magnetic resonance spectra were deter- 
mined by Mr. E. Diaz on a Varian A-60A spectrometer in 
CDCIB solution using tetramethylsilane as internal stand- 
ard. All chemical shifts are reported in p.p.m. as 6 values. 

the carbon atoms carrying the hydroxyl groups. 
These signals are displaced downfield in the 
n.m.r. spectrum of the diacetate lb. A broad 
signal at 3.23 in the n.m.r. spectrum of l a  is 
ascribed to an allylic proton. A singlet (2 H) at 
2.60 which disappears on equilibration with 
deuterium oxide corresponded to the hydroxyl 
protons. A doublet ( J  = 7 c.p.s.) at 1.00 and a 
singlet at 0.85 are assigned to a secondary and a 
tertiary methyl group, respectively. The n.m.r. 
spectrum of diacetylodoratin (lb) exhibited two 
singlets at 2.13 and 2.06 assigned to two acetoxy 
groups. 

Isomerization of the double bond to endo- 
cyclic conjugation with the lactone carbonyl 
group (1) occurred in attempts to hydrogenate 
odoratin (la). The resulting derivative 2a 
showed a U.V. maximum at 220 mp (E, 15 200). A 
vinylic methyl group with an apparent homo- 
allylic coupling is responsible for a triplet ( J  = 1 
c.p.s.) at 1.81 in the n.m.r. spectrum of diacetyl- 
isoodoratin (2b). 

Dehydration of odoratin (la) with potassium 
bisulfate (2, 3) resulted in the formation of a lac- 
tone (3) (A,,,, 213 mp; E, 10 100) containing a 
five-membered ring ketone as shown by an i.r. 
band at 1740 cm-l. The n.m.r. spectrum of 3 ex- 
hibited the following signals: two low field dou- 
blets ( J  = 2 c.p.s.) at 6.24 and 5.65 (exocyclic 
methylene protons). A multiplet centered at 4.73 
(hydrogen attached to the carbon bearing the 
lactone closure). Adoublet ( J  = 6.5 c.p.s.) at 1.10 
and a singlet at 0.92 (secondary and tertiary 
methyl groups respectively). 

Baeyer-Villiger oxidation of the ketone 3 
afforded a dilactone 4 (1, 2). I t  had bands at 
1765 cm-I (y-lactone) and at 1730 cm- (six- 
membered ring lactone). The n.m.r. spectrum of 
4 indicates that the ethereal oxygen of the six- 
membered lactone is attached to C-5. It exhibited 
a displaced singlet at 1.39 corresponding to the 
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angular methyl group; a pair of low field doub- 
lets ( J  = 2 c.p.s.) at 6.32 and 5.72 (exocyclic 
methylene protons); a multiplet centered at 4.86 
(C-8 hydrogen); and a doublet at 1.17 (second- 
ary methyl group). 

The evidence described above indicates that 
the keto group of the lactone 3 is attached to C-4. 
Therefore the hydroxyl groups of odoratin (la) 
are bonded to C-3 and C-4. 

The double bond of the lactone 3 was iso- 
merized to endocyclic conjugation when 3 was 
submitted to hydrogenation conditions in the 
presence of palladium on charcoal catalyst. The 
resulting lactone (5) (A,,,, 218 mp; E ,  9500) 
showed in its n.m.r. spectrum a triplet ( J  = 1 
c.p.s.) at 1.89 ascribed to a vinylic methyl group. 

The structure of odoratin (la) was elucidated 
when the lactone 5 was identified as desoxydi- 
hydroisohelenalin (dihydroisoaromatin) (4-6). 
Mixture melting points of both products was 
undepressed and the i.r. spectra were super- 
imposable. Therefore, odoratin possesses struc- 
ture l a  with the asymmetric centers at C-1, C-5, 
C-8, and C-10 oriented as in aromatin (6). 
Biogenetic considerations render it very prob- 
able that odoratin (la) has the P configuration at 
C-7 as several lactones of this series (7). The 
orientation of the hydroxyl groups of odoratin 
(la) must be trans since an acetonide or a cyclic 
sulfite could not be obtained. These derivatives 
are readily prepared in the cumanin series (2, 3). 

The gross structures of odoratin (la) and 
cumanin (2) (7) are identical. They differ in the 
configuration of the C-10 methyl group, which in 
odoratin (la) has an a orientation identical to 
that of the lactones isolated in the genusHeleniun. 
Geigerinin (8, 9), a sesquiterpene lactone which 

possesses the same gross structure as l a  and 
whose stereochemistry has not been defined, also 
differs from odoratin (la). 

Experimental3 
Isolation of Odoratin (In)  

Hymenoxis odorata DC.4 was collected 20 km to the 
north of Matehuala (State of San Luis Potosi) on the 
highway to Saltillo. The dried plant (500 g) was extracted 
twice with ethanol (4 1) under reflux for 10 h. The ethanol 
extract was concentrated to 500 ml, treated with a solution 
of lead acetate (40 g) in water (500 ml), left at room 
temperature for 2 h, filtered, diluted with water (1 I), and 
extracted with chloroform. The extract was evaporated to 
dryness and the residue (20g) chromatographed on 
alumina. The more polar fractions eluted with chloroform 
- 5 % ethanol crystallized. They were combined and re- 
crystallized from ethyl acetate. This yielded 3.28 g of l a  
m.p. 132-134". Further crystallizations from acetone 
raised the m.p. to 165-167"; [a], +71° (dioxan); A,,, 
214 mp; E ,  9900; infrared (i.r.) bands at 3610 and 3450 
cm-l (hydroxyl groups), at 1760 cm-' (five-membered 
ring lactone), and at 1660 cm-' (exocyclic methylene 
group). 

Anal. Calcd. for Cl,HzzO,: C, 67.64; H, 8.33; 0, 
24.03. Found: C, 67.57; H, 8.29; 0, 24.31. 

Odoratin Diacetate ( Ib )  
Acetylation of l a  with acetic anhydride - pyridine on 

the steam bath for 1 h afforded the diacetate l b  m.p. 132- 
133" (needles from acetone - isopropyl ether); [a], -33"; 
h,,, 213 mp; E ,  10000; i.r. bands at 1765 cm-I (y- 
lactone), at 1740 cm-' (acetyl groups), and at 1650 cm-' 
(exocyclic methylene group). 

Anal. Calcd. for C10HZ606: C, 65.12; H, 7.48; 0, 
27.40. Found: C, 65.09; H, 7.49; 0 ,  27.53. 

3Melting points are uncorrected. Analyses were done 
by Dr. F. Pascher, Bonn, Germany. Infrared spectra and 
rotations were run in CHCl-,.; ultraviolet spectra in 95 % 
EtOH. The alumina used In the chromatograms was 
Alcoa, F-20 (washed with AcOEt). 

4We are grateful to Mr. H. Quero for the identification 
of the plant (voucher Q-19 of the Instituto de Biologia de 
la Universidad Nacional Autonoma de Mtxico). 
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ORTEGA ET AL.: ODORATIN 1541 

Isoodoratin (2a) and p-toluenesulfonic acid (200 mg) and heated under 
A solution of odoratin (la) (500 mg) in ethyl acetate (60 reflux for 16 h. The solution was washed with aqueous 

ml) was hydrogenated in the presence of 5 %  Pd-C (70 sodium bicarbonate, dried, and evaporated to dryness. 
mg) until the absorption of hydrogen ceased. The solu- The gummy residue dissolved in benzene-hexane 1 :1 was 
tion was filtered and evaporated to  dryness. The solid chromatographed on alumina (6 g). The crystalline 
residue crystallized from chloroform+ther. This yielded fractions were combined and recrystallized from acetone - 
prisms (310 mg) m.p. 148-150". Further crystallizations isopropyl ether. This yielded 150 mg of 4 m.p. 142-143"; 
from acetone4her  raised the m.p. to 151-153°;[a]D -2'; [a], -21"; h,,, 212 mp; E ,  10 000; i.r. bands at 1765 
h,,, 220 mp; E ,  15 200; i.r. bands at  3610 and 3450 cm-' cm-' (y-lactone), at  1730 cm-' (six-membered ring 
(hydroxyl groups), at 1760 cm-' (y-lactone), and at  1670 lactone) and at  1665 cm-I (C=C double bond). 
cm-I (C=C double bond). Anal. Calcd. for C15H2004 :  C, 68.16; H,  7.63; 0 ,  

Anal. Calcd. for C15H2,04:  C, 67.64; H, 8.33; 0 ,  24.21. Found: C, 67.99; H,  7.67; 0,24.42. 
24.03. Found: C, 67.13; H, 8.77; 0, 24.42. 

Isolactor~e 5 
Isoodoratitz Diacetate (26) A solution of the ketone 3 (200 mg) in ethyl acetate was 

Acetylation of 2a with acetic anhydride and pyridine on hydrogenated in the presence of 5 % Pd-C (40 mg). When 
the steam bath for 1 h yielded the diacetate 26, m.p. 215- the absorption of hydrogen ceased, the solution was 
216" (prismatic needles from acetone-hexane); [a], filtered and evaporated to dryness. Crystallization from 
-110"; h,,, 218 mp; E, 16 500; i.r. bands at 1750cm-' acetone-hexane afforded the lactone 5 (130 mg), m.p. 
(broad, y-lactone and acetyl groups) and at  1675 cm-' 146"; h,,. 218 mp; E,  15 500. Mixture m.p. with dihydro- 
(C=C double bond). isoaromatin (4, 5) showed no depression. The i.r. spectra 

Anal. Calcd. for C19HZ6O6: C, 65.12; H ,  7.48; 0 ,  were superimposable. 
27.40.Found:C,65.11;H,7.46;0,27.60. 

Dehydration of Odoratin (la) with Potassium Bisulfate 
An intimate mixture of l a  (500 mg) and potassium bi- 

sulfate (2.5 g) was heated under high vacuum. The 
lactone 3 began to sublime at  150"; the mixture was heated 
a t  increasing temperature until no more sublimate was 
produced (240"). The sublimate (180 mg) was chromato- 
graphed on alumina. The crystalline fractions were com- 
bined and recrystallized from acetone - isopropyl ether. 
This yielded the lactone 3 m.p. 108-110"; [a], +152"; 
h,,, 213 mp; E, 10 100; i.r. bands at  1760 cm-' (y- 
lactone), at  1740 cm-I (five-membered ring ketone) and 
at  1660 cm- ' (exocyclic methylene group). 

Anal. Calcd. for C15H2003: C, 72.55; H, 8.12; 0, 
19.33. Found: C, 72.61; H,  8.06; 0 ,  19.26. 

Baeyer-Villiger Oxidation of the Lactorze 3 
A solution of the lactone 3 (300 mg) in chloroform (25 

ml) was treated with m-chloroperbenzoic acid (550 mg) 

1. W. HERZ, A. ROMO DE VIVAR, J. ROMO, and N. VIS- 
WANATHAN. J. Am. Chem. Soc. 85, 19 (1963). 

2. J. ROMO, P. JOSEPH-NATHAN, and G. SIADE. Tetra- 
hedron, 22, 1499 (1966). 

3. J. ROMO, P. JOSEPH-NATHAN, A. ROMO DE VIVAR, and 
C. ALVAREZ. Tetrahedron, 23, 529 (1967). 

4. W. HERZ, P. JAYARAMAN, and H. WATANABE. J. Am. 
Chem. Soc. 82. 2276 (1960). 

5. J.-ROMO, P. JOSEPH-NATHAN, and F. D~AZ.  Chem. 
Ind. London, 1839 (1963). 

6. J. ROMO, P. JOSEPH-NATHAN, and F. D i ~ z .  Tetra- 
hedron, 20, 79 (1964). 

7. J. ROMO and A. ROMO DE VIVAR. Fortschr. Chem. 
Org. Naturstoffe, 25, 90 (1967). 
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i 
Cis- and trans-2,4-dimethoxytetrahydropyran.' Models for the study of 

I the anomeric effect 

F. SWEET AND R. K .  BROWN 
Department of Clzemistry, University of Alberm, Edmonton, Alberta 

Received December 29, 1967 

Acid-catalyzed methanolysis of 2-methoxy-5,6-dihydro-2H-pyran gave, in good yield, a 4.0:l.O 
mixture of trans- and cis-2,4-dimethoxytetrahydropyran. Mild acid hydrolysis of 2-methoxy-5,6-dihydro- 
2H-pyran followed by acid-catalyzed reaction with methanol gave a cis-trans mixture of 4-hydroxy-2- 
methoxytetrahydropyran in very poor yield. 

From the equilibrium mixture of trans- and cis-2,4-dimethoxytetrahydropyran (4.0:1.0), the magnitude 
of the anomeric effect of the 2-methoxy group was calculated to be 1.4 kcal/mole. 

Canadian Journal of Chemistry, 46, 1543 (1968) 

Introduction 
As part of a study of the effect of substituents 

on the ease and direction of C-0 bond cleavage 
in substituted tetrahydropyrans (I), we required 
the compounds cis- and trans-4-hydroxy-2- 
methoxytetrahydropyran and their 4-0 methy- 
lated derivatives. Furthermore, the cis- and 
trans-2,4-dimethoxytetrahydropyrans are con- 
sidered to be more suitable simple carbohydrate 
analogues useful in studying the anomeric effect 
than the compounds cis- and trans-4-methyl-2- 
methoxytetrahydropyran previously employed 
for this purpose (2). This paper describes the 
results of our work on the preparation of these 
compounds. 

Results and Discussion 
When 2-methoxy-5,6-dihydro-2H-pyran was 

heated in methanol in the presence of a cata- 
lytic amount of p-toluenesulfonic acid there was 
obtained by fractional distillation a 92% yield 
of a mixture of what proved to be trans- and 
cis-2,4-dimethoxytetrahydropyran in the ratio 
4.0: 1.0 respectively. Gas-liquid chromatography 
(g.1.c.) showed these to be the only signscant 
products of this reaction. Their separation was 
readily achieved by preparative g.1.c. on a 
column of 20% butanediol succinate on Gas- 
Chrom P. 

The mixture, as well as the separated com- 
ponents, was analyzed by nuclear magnetic 
resonance (n.m.r.) spectroscopy (Figs. 1 and 2) 
and showed for the anomeric proton signals of 

=Taken from the thesis of F. Sweet to be submitted 
to the Faculty of Graduate Studies as part of the re- 
quirements for the degree of Doctor of Philosophy. 

the major and minor constituents respectively a 
triplet at z 5.28 (J2,3, = J2,3 = 2.9 Hz) and a 
quartet at z 5.68 (J2,3, = 8.3 Hz, J2,3 = 2.8 Hz). 
These coupling values enabled the identifi- 
cation of the major and minor constituents as 
the trans and cis isomers respectively and 
showed that both isomers existed preferentially 
in the conformer in which the C-4 methoxy 
group was equatorial (24) .  The pattern of sig- 
nals observed for the anomeric protons also 
confirms the position of the methoxy group at 
C-4 rather than at C-3, since if the latter were 
the case, the signal for the anomeric proton in 
both isomers would be a doublet or a broad 
singlet. 

Each of the two separated isomers was allowed 
to isomerize at room temperature in methanol 
containing a small amount of p-toluenesulfonic 
acid. Equilibrium was reached within 7 days at 
room temperature (25 "C) and the equilibrium 
mixture in each case was found by g.1.c. analysis 
to be composed of the trans and cis isomers in 
the ratio of 4.0:l.O respectively. 

The formation essentially of only the two 
components, trans- and cis-2,4-dimethoxytetra- 
hydropyran shows that a highly selective re- 
action had occurred between methanol and 
2-methoxy-5,6-dihydro-2H-pyran. It has already 
been established that both trans- and cis-3,4- 
epoxy-2-methoxytetrahydropyran will react with 
lithium aluminium hydride to give in high yield 
only that product which results from the cleavage 
of the epoxide C-0 bond remote from the 
anomeric carbon (5). This phenomenon was 
attributed to the marked destabilizing effect 
which the two oxygen atoms, attached to the 
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1544 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

FIG. 1. The 60 MHz nuclear magnetic resonance spectrum of trans-2,4-dimethoxytetrahydropyran in solvent 
CDCI,. 

FIG. 2. The 60 MHz nuclear magnetic resonance spectrum of cis-2,4-dimethoxytetrahydropyran in solvent 
CDCI,. 
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anomeric carbon, had on carbonium ion forma- 
tion arising from cleavage of the epoxide C - 0  
bond nearest the anomeric center. The results 
obtained in the present work strongly suggest 
that a similar polar effect occurs when the 
double bond is protonated. The more stable 
protonated state, then, is that in which the 
carbon of the double bond more remote from 
the anomeric center becomes positive. This 

- 

effect is quite powerful since we have not been 
able to detect, either by g.1.c. or by n.m.r. 
spectroscopy, any of the 2,3-dimethoxy isomers 
(4) whose retention times are clearly different 
from those of the 2,4-dimethoxy compounds. 
Accordingly a possible route by which the cis- 
and trans-2,4-dimethoxytetrahydropyra~ls are 
made can be represented as shown in Scheme 1. 

Since the reaction was carried out in an acidic 
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SWEET AND BROWN: CIS- AND TRANS 

medium in which acetals are known to be un- 
stable, a second route to the formation of the 
2,4-dimethoxytetrahydropyrans can be devised. 
This is shown in Scheme 2 and involves a pre- 
ferred protonation of the oxygen atoms rather 
than the double bond. Two pathways, a and/or 
b, might be followed. In pathway a, removal of 
methyl alcohol would result in an allylic car- 
bonium ion stabilized by participation of the 
oxygen atom. Attack of methyl alcohol on the 
C-4 would result in 4-methoxy-2,3-dihydro-4H- 
pyran which should be thermodynamically more 
stable than 2-methoxy-5,6-dihydro-2H-pyran. 
The 4-methoxy -2,3 -dihydro-4H-pyran would 
then react as expected with methanol in the pre- 
sence of acid to produce the 2,4-dimethoxytetra- 
hydropyran. In pathway b, the ring is cleaved 
first, to yield an allylic carbonium ion which, as 
in a, is stabilized further by oxygen participation. 
Here also that product should accumulate in 
which reaction of methanol occurs at the C-4 
carbon atom to yield a dimethoxy olefin alcohol 
which would then readily cyclize to yield the 
2,4-dimethoxytetrahydropyran. The possibility 
exists that the dimethoxy olefin might react with 
the solvent methanol to form the acetal 3,5,5-tri- 
methoxy-1-pentanol. But it is expected that 
under acidic conditions this would lose the 
methoxy group and give the cyclized product, 
2,4-dimethoxytetrahydropyran. The instability 
of such 6-hydroxy acetals in acid media and their 
tendency to cyclize to the more stable tetra- 
hydropyrans has been shown previously (6). 

An unsuccessful attempt was made to deter- 
mine the relative stability of 2-methoxy-5,6- 
dihydro-2H-pyran and 4-methoxy-2,3-dihydro- 
4H-pyran by heating 2-methoxy-5,6-dihydro-2H- 
pyran in refluxing ether containing some boron 
trifluoride etherate. Only unchanged material 
and much polymeric substance was obtained. 
This formation of polymeric substance is not 

surprising in view of the reactivity of 3,4-dihydro- 
2H-pyrans (12). 

Since methanolysis of 2-methoxy-5,6-dihydro- 
2H-pyran had produced cis- and trans-2,4-di- 
methoxytetrahydropyran in good yield, it was 
thought possible, by hydrolysis followed by 
treatment with acidic methanol to prepare 
4-hydroxy-2-methoxytetrahydropyran. An early 
report (7) states that attempts to convert 2- 
methoxy-5,6-dihydro-2H-pyran by mild acid 
hydrolysis to 5-hydroxy-2-pentenal resulted only 
in a polymeric product unless carried out in the 
presence of 2,4-dinitrophenylhydrazine. How- 
ever, steam distillation of the hydrolysis mixture 
gave a 55 0/, yield of 2,4-pentadienal, a product 
obtained from the dehydration of 5-hydroxy-2- 
pentenal (7). 

Our attempts to hydrolyze 2-methoxy-5,6-di- 
hydro-2H-pyran in 0.1 N sulfuric acid at 95- 
100 "C gave only the dehydration product 
2,4-pentadienal (isolated as the 2,4-dinitro- 
phenylhydrazone) along with some polymeric 
material. Such vigorous conditions were dis- 
carded in favor of room temperature hydrolysis 
of 2-methoxy-5,6-dihydro-2H-pyran in the pre- 
sence of the acidic ion-exchange resin, Amberlite 
IR 120. When the viscous oil obtained from this 
reaction was treated with acidic methanol a 
mixture of 5 products was obtained. Three of 
these proved to be starting material, and trans- 
and cis-2,4-dimethoxytetrahydropyran. The re- 
maining two substances, both of retention time 
greater than those of the other three constituents, 
were isolated by g.1.c. as a mixture (2% overall 
yield) of the isomers cis- and trans-4-hydroxy-2- 
methoxytetrahydropyran. These were shown to 
be different from the isomeric mixture of au- 
thentic cis- and trans-3-hydroxy-2-methoxy- 
tetrahydropyran (4) whose retention times were 
lower than those of the 4-hydroxy-2-methoxy- 
tetrahydropyrans. The n.m.r. spectra of the 
mixture of cis- and trans-4-hydroxy-2-methoxy- 
tetrahydropyrans showed two sets of overlapping 
multiplets in the anomeric proton region of 
z 5.10-5.35, whereas the cis- and trans-3-hydroxy 
2-methoxytetrahydropyrans showed doublets at 
z 5.44 and 5.75 for the anomeric protons. 

Methylation (8) of the mixture of cis- and 
trans-4-hydroxy-2-methoxytetrahydropyran gave 
a mixture of cis- and trans-2,4-dimethoxytetra- 
hydropyran identical, both by their n.m.r. spectra 
and g.1.c. analyses, with those obtained above. 

The 4.0:l.O trans:cis equilibrium obtained at 
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25 "C when either cis- or trans-2,4-dimethoxy- 
tetrahydropyran was dissolved in dry methanol 
containing some p-toluenesulfonic acid, shows cH3@ 6+ cH:&q 6 f 

that the axial C-2 methoxy group is favored over 6 * 
the equatorial C-2 methoxy to the extent of 0CH3 0CH3 
- A F  = 0.82 kcal/mole (9). The anomeric effect 6 - 6- 

quantitatively is equal to the sum of the free SCHEME 3 

energy difference between the anomers and the 
A value of the C-2 methoxy group (2). Using the me thox~  group at C-4 will create a partial ~ o s i -  
A value of 0.6 kcal/mole (10) for the methoxy tive charge on the C-4 atom, just as the ring 
group, Anderson and Sepp (2) have calculated Oxygen causes a partial positive charge on C-6. 
the anomeric effect in 2-methoxy-4-methyltetra- These two positive charges will provide greater 
hydropyran (in methanol) to be 1.08 kcal/mole. of the partial negative charge on 

rn the present work, using the same value of the anomeric oxygen atom in the axial position 
0.6 kcal/mole for the A value of the rnethoxy than would be the case if the C-4 substituent 
group (cf. 0.7 kcal/mole, ref. 9, p. 44), the were the group. 
anomeric effect in 2,4-dimethoxytetrahydropyran 
is 1.4 kcal/mole. This difference between our Experimental 
value and that of Anderson and Sepp must be Boiling points are uncorrected. 
due to the nature of the C-4 substituent. The Elemental analyses were done by Mrs. Darlene Mah- 

fact that replacement of the C-4 methyl group low, Department of Chemistry, University of Alberta, 
Edmonton. 

by the methOxy substituent increases the Nuclear magnetic resonance (n.m.r.) spectra were made 
m r i c  effect by -0.3 kcallmole supports the by Mr. R. Swindlehurst and associates, Department of 
view (11) that the anomeric effect is caused by Chemistry, University of Alberta, Edmonton. 
intramolecular dipolar interactions. In Scheme 3 cis- a,,d ~ra,,s-~,4-dimethoxytetrafiydropyran 
it is quite clear that the electron attracting To a stirred solution of 100 mg of p-toluenesulfonic 
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SWEET AND BROWN: CIS- A N D  TRANS-2,4-DIMETHOXYTETRAHYDROFURAN 1547 

acid in 100 ml of anhydrous methanol was added 11.4 g 
(0.10 mole) of 2-methoxy-5,6-dihydro-2H-pyran (7). The 
mixture warmed spontaneously over the next 5-10 min 
and was subsequently heated under reflux for 4 h. The 
cooled solution was neutralized with powdered sodium 
methoxide and the bulk of the solvent then removed by 
fractional distillation. The residue, dissolved in 100 ml 
of ether, was washed with 15 ml of water then dried 
(MgSO,), atered, and freed from solvent by fractional 
distillation. The residual oil, distilled under reduced 
pressure, gave 13.5 g (92%) of material which by g.1.c. 
and by n.m.r. was shown to be a mixture of two isomeric 
components in the ratio 4.0:l.O. The boiling point of the 
mixture, 109 "C at 100 mm; nZ5, 1.4330. 

Anal. Calcd. for C7H1403: C, 57.51; H, 9.65. Found: 
C, 57.44; H, 9.33. 

The two isomers were separated by g.1.c. with a model 
A700 Aerograph Autoprep equipped with a 4 in. (O.D.) 
x 12 ft stainless steel column packed with 20 % butane- 
diol succinate on Gas-Chrom P. Helium was the carrier 
gas at a flow rate of 110 ml/min. The column tempera- 
ture was 160 "C and 175 pl quantities were injected 
manually. Retention times for the major and minor con- 
stituents were 190 s and 260 s respectively. Re-injection 
of these collected fractions showed that they consisted 
of only one component each and had suffered no de- 
composition. 

The maior component (trans isomer) had n,? and - 
1.4324. 

Anal. Calcd. for C7H14O3: C, 57.51; H, 9.65. Found: 
C. 57.54: H. 9.47. 
 he mino; component (cis isomer) had nDZ5 and 1.4370. 

Found: C, 57.06; H, 9.30. 
The n.m.r. spectra are shown in Figs. 1 and 2. The 

trans isomer (Fig. 1); H-2 (anomeric) exhibited a triplet 
centered at z 5.28, J,,,. = JZS3 = 2.9 Hz, and referred 
to tetramethylsilane. The cis isomer (Fig. 2); H-2 (ano- 
meric) exhibited a quartet centered at 7 5.68, JZ,3, = 8.3 
Hz, J z n 3  = 2.8 HZ. All couplings are the observed values. 

Equilibration of Cis- and Trans-2,4-dimethoxytetrahydro- 
pyrans 

To separate solutions of 50 mg of each isomer in 5 ml 
of dry methanol was added 5 mg of p-toluenesulfonic 
acid. The solution was stirred at room temperature 
(25 OC) for several days. At regular intervals aliquots 
were removed from each solution and analyzed by g.1.c. 
using the system described above. Equilibrium was at- 
tained within 7 days and in both cases a 4.0:l.O ratio 
of trans and cis isomers was obtained. 

Cis- and Tra1rs-4-hydroxy-2-met/toxytetraI1ydropyrai~ 
A mixture of 2 g of Amberlite IR 120 (H+) ion- 

exchange resin and 10 g (0.087 mole) of 2-methoxy-5,6- 
dihydro-2H-pyran in 100 ml of water was stirred for 3 h 
at room temperature. The resin was removed by filtra- 
tion and washed with water (4 x 10 ml). The combined 
filtrate and washings were freed from water on a rotary 
evaporator under vacuum at 45 "C. The residue was 
shaken with 50 ml of dry benzene and the solution freed 
of solvent in a rotary evaporator under vacuum thus 
removing the last of the water by azeotropic distillation. 
The syrupy residue was taken up in 100 ml of dry methyl 
alcohol and to this was added 10 g of anhydrous MgSO, 

and 100 mg of p-toluenesulfonic acid. This mixture was 
stirred at room temperature for 48 h, then neutralized 
with powdered sodium methoxide and filtered. The fil- 
trate was freed from solvent in a rotary evaporator under 
vacuum. The oily residue was dissolved in 50 ml of 
ether, washed with 10 ml of water, and dried (MgSO,). 
The ether solution was filtered and freed from solvent 
to give 2.5 g of a crude oil. Gas-liquid chromatographic 
analysis of this oil was done with the apparatus described 
above. The column temperature in this case was 180 "C. 
Five components were obtained. In order of increasing 
retention time the first three were found, by comparison 
with authentic samples, to be respectively, 2-methoxy- 
5,6-dihydro-2H-pyran, trans- and cis-2,4-dimethoxy- 
tetrahydropyran. The h a 1  two components to emerge 
were found to be trans- and cis-4-hydroxy-2-methoxy- 
tetrahydropyran. These last two components were col- 
lected as a mixture by preparative g.1.c. using the Aero- 
graph as described above. The boiling point (micro) was 
56-58 "C at 3 mrn, nk5, 1.4560. 

Anal. Calcd. for CSH1203: C, 54.53; H, 9.15. Found: 
C, 54.63; H, 9.24. 

Gas-liquid chromatographic analysis of a mixture of 
the above cis- and trans-4-hydroxy-2-methoxytetrahydro- 
pyrans and cis- and trans-3-hydroxy-2-methoxytetra- 
hydropyrans (4) showed four peaks. The retention times 
of the first two peaks were identical with those for the 
cis- and trans-3-hydroxy -2-methoxytetrahydropyrans 
(with the cis isomer coming out of the column first). 

The signals due to the anomeric protons in the n.m.r. 
spectra (in CDCI,) of the isomeric 3-hydroxy-2-methoxy 
compounds were found at z 5.44 (doublet) and z 5.75, 
(doublet). The reference was tetramethylsilane. The sig- 
nals for the anomeric protons of the cis- and trans-4- 
hydroxy-2-methoxytetrahydropyran appeared as two sets 
of overlapping multiplets in the region z 5.1C5.35. 

Methylation of the isomeric mixture of cis- and trans- 
4-hydroxy-2-methoxytetrahydropyran was accomplished 
by the general procedure described previously (8). To 
100 mg of the cis-trans mixture in 25 ml of dry ether at 
room temperature was added 3 g of methyl iodide 
followed by 1 g of sodium hydride. Stirring was con- 
tinued for 1 h at room temperature. The mixture was 
filtered under vacuum and the solvent removed from the 
filtrate. The oily residue (85 mg) was analyzed by g.1.c. 
No starting material was observed. Only two components 
were present in the product. These were found to be 
identical in retention times to the cis- and trarts-2,4- 
dimethoxytetrahydropyrans prepared above. 

Attempted Equilibration of 2-Metlioxy-5,6-dihyrdo-2H- 
PYra". 

A solut~on of 2.24 g (0.02 mole) of 2-methoxy-5,6-di- 
hydro-2H-pyran in 50 ml of dry ether to which was 
added 10-drops of freshly distilled boron trifluoride 
etherate, was heated under reflux for 24 h. The solution 
was cooled and shaken with 2 g of commercial sodium 
methoxide in 25 ml of dry ether. The resulting mixture 
was washed successively with 20 ml of 5% aqueous 
sodium carbonate, and 20 ml of saturated aqueous 
sodium chloride. The ether solution was dried (Na,SO,), 
filtered, and freed from solvent by careful fractional dis- 
tillation. The residual oil was distilled under vacuum to 
give 1.05 g (47%) of starting material (b.p. 65-66 "C at 
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65 mm) and a yellow viscous residue (1.1 g) which could 
not be distilled. The infrared spectrum of the recovered 
starting material showed no absorption in the region of 
1650 cm-I indicative of the presence of an a,p un- 
saturated ether such as 4-methoxy-l,2-dihydro-4H- 
PYran. 

The polymeric substance was analyzed for carbon and 
hydrogen. 

Anal. Calcd. for (C6H100Z)n: C, 63.14; H, 8.83. Found 
(mol. wt., 241, osmometric, acetone as solvent): C, 63.83; 
H, 8.93. 

The molecular weight was indicative of a dimeric 
species. 
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Conversion of p-chloro-L-alanine to a-carbobenzoxy-DL-diaminopropionic acid 

LEO BENOITON 
Department of Biochemistry, Faculty of Medicine, University of Ottawa, Ottawa, Canada 

Received October 18, 1967 

Several N-acyl-P-chloroalanine esters have been prepared from the ester which was obtained by chlori- 
nation of L-cystine diester. Reaction of benzoyl-P-chloro-L-alanine ethyl ester with potassium phthali- 
mide followed by acid hydrolysis yielded DL-diaminopropionic acid. Reaction of carbobenzoxy-a- 
chloro-L-alanine ethyl ester with potassium phthalimide followed by saponification and mild acid 
hydrolysis yielded a-carbobenzoxy-DL-diaminopropionic acid. The racemization took place during the 
amination step. 
Canadian Journal of Chemistry, 46, 1549 (1968) 

Simple routes to derivatives of optically active 
diaminopropionic acid (DAPr) are lacking be- 
cause the amino acid itself is not readily available, 
and because selective reaction at one of the 
amino groups presents difficulties. This paper 
describes an attempt at the preparation of mono- 
N-substituted DAPr derivatives from P-chloro- 
L-alanine. 

Present sources for L-DAPr include isolation 
from seeds of Mimosa palmeri (I), enzymatic 
resolution of the racemate with acylase (2), and 
Hofmann degradation of acetyl- (3), carboben- 
zoxy- (4), or tosylasparagine (5). Only the latter 
directly provides a useful mono-substituted 
DAPr derivative, a-tosyl-L-DAPr, which is an 
intermediate in the degradation. 

P-N-Substituted derivatives of DAPr are not 
accessible by the route usually used for preparing 
o-N-substituted diamino acid derivatives. This 
approach, involving the protection of the a- 
amino group by cupric ion (6), fails for DAPr 
because the copper binds both amino groups 
under the alkaline conditions used (7). At pH 4, 
the P-amino group is free, but the derivatives so 
far obtained under these conditions (8,9) are not 
useful starting materials for further synthesis. In 
the absence of copper, in alkaline solution, 
preferential acylation of the p-amino group does 
take place (lo), having provided P-tosyl- ( l l ) ,  
P-chloroacetyl- (12), and P-carbobenzoxy - 
DAPr (lo), but not without concomitant forma- 
tion of a,P-disubstituted derivative. Reaction in 
a pH 7.0 buffer has, however, provided P-carbo- 
benzoxy - DAPr in good yield (9). 

In 1960, Baganz and Dransch showed that 
chlorination of disulfides resulted in cleavage, 
with replacement of the sulfur atoms by chlorine 
atoms. P-Chloroalanine ester was prepared by 

bubbling chlorine through a suspension of 
cystine dimethyl ester dihydrochloride in chloro- 
form (13). This appeared to us as a possible 
simple route to mono-N-substituted DAPr deriv- 
atives and eventually mixed peptides, as well as 
a quick source for P-chloroalanine derivatives, so 
this was investigated. The series of reactions 
carried out appears in Scheme 1. At first, cystine 
methyl ester was used as starting material, but 
this was abandoned in favor of the ethyl ester 
which gave derivatives which were easier to 
crystallize. Both cystine esters were initially 
prepared by the classical hydrogen chloride 
method (14), however, because of the limited 
solubility of the ethyl ester in the reaction 
medium, the thionyl chloride procedure (1 5) was 
adopted. The chlorination was carried out essen- 
tially as described in the original paper (13). The 
yield of P-chloroalanine methyl ester was higher, 
but the ethyl ester was preferred for subsequent 
reactions. 

Acid hydrolysis of the ester (2) provided P- 
chloro-L-alanine (3) in good yield. This com- 
pound is usually obtained from serine by the 
action of PCl, on the ester (16). The route de- 
scribed here seems to be more attractive. The 
carbobenzoxy derivative (4) was obtained with- 
out difficulty. Synthesis of the latter has since 
been reported (17). 

Five different acylchloroalanine esters (5) were 
prepared. Baganz and Dransch had reported the 
acetylmethyl ester, obtained with acetic an- 
hydride, as being hydroscopic (18). By using 
thioacetic acid as acylating agent, both the 
acetylmethyl and acetylethyl esters have been 
obtained and adequately characterized, but the 
other derivatives are simpler to prepare and 
purify. The benzoylethyl and carbobenzoxyethyl 
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CI 
I 

Phth 

Bz.Ala.OEt 
PhthNK I t Bz.Dpr.OEt 

56 \ 

I 
(3 I lo / ii HCl 

Z.Ala.OEt PhthNK 
k Z.DprOEt 

5a 

T r i t . . O E t  

Bz = benzoyl 
Z = carbobenzoxy 

Dpr = diaminopropionic acid 

BzCl C1 
I 

H. Ala-OH 
\ 

Karrer (20) H.Dpr.OH 

esters both crystallize out during the reaction in 
yields of over 80%. The trityl ester is also a 
suitable derivative for further use. 

Since the carbobenzoxy group is sometimes 
labile under alkaline conditions, the next reaction 
was first explored with the benzoyl derivative. 
Amination was effected with potassium phthali- 
mide in hot dimethylformamide to give crystal- 
line ethyl a-benzoyl-0-phthalyldiaminopropion- 
ate (6). Hydrolysis in one step with concentrated 
hydrobromic acid gave DL-DAPr. Since it is 
known that DAPr is gradually racemized in hot 
hydrochloric acid (9), the zero rotation was first 
believed due to the stringent hydrolytic con- 
ditions. 

The amination was repeated with the carbo- 
benzoxy ester (5c), but the product (7) could not 
be crystallized. The oil was saponified in a 
sodium hydroxide - dioxane mixture. This also 

Phth = phthalyl 
Trit = trityl 

5d \ \NH3 9 A 

cleaved one of the phthalimido C-N bonds to 
leave an o-carboxyphenyl substituent which 
could be removed by mild acid hydrolysis. The 
carbobenzoxy group survived these conditions. 
This gave a-carbobenzoxy-DL-DAPr (8), a com- 
pound not yet reported in the literature. Direct 
amination of carbobenzoxy-P-chloroalanine with 
ammonia or potassium phthalimide was also 
attempted, but without success. Mild acid 
hydrolysis of the carbobenzoxyphthalyl ester 
also failed to give the free disubstituted acid (10). 

The a-carbobenzoxy - DAPr obtained was 
found to be devoid of optical activity. Samples 
converted to free DAPr by hydrogen bromide in 
acetic acid or hydrogenation also gave racemic 
DAPr. In view of this, the racemization could 
have taken place only during the amination reac- 
tion with potassium phthalimide. Racemization 
could be accounted for by assuming a base cat- 

a HzlPd 
6 HBr/AcOH 

CI 
H-AlaOEt 

/ phfh/hA!a*O\ 
I ZCI 

(H.C~S-OE~), Z:Dpr.OH Z.Dpr.OH 
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BENOITON: CONVERSION 

alyzed p-elimination reaction leading to the for- 
mation of an acyldehydroalanine ester as the first 
step in the reaction. Another explanation would 
invoke participation of the amide carbonyl group 
in the loss of the p-chlorine atom as postulated 
for the 0-desulfoxylation of a serine derivative 
(19).' The latter could account for the fact that 
only partial racemization was observed by Karrer 
in the synthesis of DAPr from J3-chloro-L-alanine 
and liquid ammonia (20). 

Experimental 
Melting points were determined with a Kofler Hot- 

bench. Optical rotations were determined at 23' with a 
Rudolph model 62 polarimeter using a 2-dm tube. Com- 
pounds were dried at 60' before analysis. Chloroform was 
redistilled after washing with sulfuric acid and water. 

L-Cystirze Dietlzylester Dihydrochloride ( I )  
Thionyl chloride (51 ml; 0.7 mole) was added (cautiotl) 

to a suspension of L-cystine (24 g; 0.1 mole) in ethanol 
(600 ml). The mixture was refluxed while being stirred 
until all the amino acid had dissolved (10 h).Z Ether (700 
ml) was then added, and after cooling, the product (29.2 g) 
was filtered off. A second crop (6.5 g) was obtained from 
the mother liquor. This material (95% yield) had m.p. 
187", [a], -47.5" (4, water), lit. m.p. 188", [aIDZ0 -48" 
(21), and was used without further purification. It con- 
tained about 1 % cystine (amino acid analyzer). 

0-Chloro-L-alanine Ethyl Ester Hydrochloride (2 )  
A stream of chlorine was passed into a suspension of 

ester (1) (40 g) in purified chloroform (700 ml) for 1 h at 
0" while the mixture was being stirred (13). The solution 
was clear after h. The flask was stoppered and kept at 0" 
for 48 h. The mixture was then allowed to warm to 20°, 
ether (500 ml) was added, and air was bubbled through 
for 1 h. The precipitate was filtered off and washed 
four times with ether; yield, 27.5 g (68%). 

P-Chloro-L-alanine Methyl Ester Hydrochloride (2a) 
This compound was prepared in 87 % yield (70% re- 

crystallized) from methanol-ether, m.p. 153" as described 
above (13) from the appropriate ester (23). 

Carbobenzoxy-13-chloro-L-alanine (4)  
The ethyl ester (2) (5.64 g) was converted to the free 

P-chloro-L-alanine hydrochloride (3) by refluxing 1 h in 
2 N HCI (60 ml) (13). The mixture was repeatedly evapo- 
rated to dryness with the addition of water and finally 
ethanol, and the residue was crystallized from methanol- 
ether; yield, 4.0 g (go%), [a], -10.8" (3.2, water con- 
taining one equivalent of NaOH), corresponding to [a], 
-14.0" (2.5, water) for the free acid, lit. [a], -15.0" 
(9.9, water) (22). 

A mixture of this acid (3) (4.8 g; 0.03 mole), sodium 
bicarbonate (10 g; 0.12 mole), and carbobenzoxy chloride 

'We thank one of the referees for this suggestion. 
'The product sometimes begins to come out of solution 

before all the starting material disappears. 

(6 ml) was stirred vigorously for 4 h. The mixture was 
extracted twice with ether and the aqueous layer was 
acidified to Congo Red. The oil which separated out was 
extracted into ethyl acetate, the extract was dried, and then 
evaporated to dryness. The residue was crystallized from 
carbon tetrachloride (if the mixture forms a gel, tritura- 
tion results in crystallization after a day or two); yield, 
6.4 g (82.8 %), m.p. 89", [a], -4.0" (2, dimethylforma- 
mide), [a], +14.2S0 (2, methanol), lit. m.p. 88", [aIDZ5 
$27" (1, methanol) (17)., 

Anal. Calcd. for CllH12C1N04 (mol. wt., 257.7): C, 
51.3; H, 4.7; N, 5.4. Found: C, 51.2; H, 4.7; N, 5.3. 

Acetyl-P-chloro-L-alanine Methyl Ester (5 )  
To a cooled solution of methyl ester (2n) (6.19 g; 0.035 

mole) and triethylamine (4.9 ml; 0.035 mole) in chloro- 
form (30 ml) and acetonitrile (30 ml) was added thio- 
acetic acid (5.25 ml; 0.07 mole). After 3 days, air was 
bubbled through the mixture, the solvent was evaporated, 
and the residue was taken up in ethyl acetate (100 ml). 
The mixture was filtered through Celite, the filtrate was 
washed successively with NHCI, water, aqueousNaHCO,, 
water, and finally dried. The solvent was evaporated and 
the solid residue was collected with the aid of cold petrol- 
eum ether. After thorough drying, the acetylmethyl ester 
was recrystallized from petroleum ether (b.p. 80-100"); 
yield, 3.8 g (60%), m.p. 100-102", [a], -12.7" (1, di- 
methylformamide), soluble in water. 

Anal. Calcd. for C6HloC1NO3 (mol. wt., 179.6): C, 
40.1; H, 5.6; N, 7.8. Found: C, 39.8; H,  5.4; N, 7.8. 

Acetyl-P-chloro-L-alanine Ethyl Ester (5a) 
This derivative was prepared as described for (5) from 

the corresponding ester (2); yield, 60%. It can be re- 
crystallized from ether, carbon tetrachloride, or petrol- 
eumether (b.p. 67'1, but with considerable loss of mater- 
ial. A sample~crys~allized twice from ether had m.p. 95", 
[a],-14.3" (1, dimethylformamide). 

Anal. Calcd. for C7HlzCIN03 (mol. wt., 193.6): C, 
43.4; H, 6.25; N, 7.2. Found: C, 43.4; H, 6.3; N, 7.3. 

Benzoyl-a-chloro-L-alanine Ethyl Ester (56) 
Benzoyl chloride (6 ml; 0.051 mole) was added drop- 

wise to a stirred aqueous solution of chloroalanine ester 
(2) (9.4 g; 0.05 mole) and sodium bicarbonate (8.4 g; 0.1 
mole) at 0". After 1 h of additional stirring at 25", the 
precipitate was collected, dried, and recrystallized from 
ethanol-water ; yield, 11.2 g (88 %), m.p. 112", [a], 
-24.7" (2, dimethylformamide), soluble in ether and 
tetrahydrofuran. 

Anal. Calcd. for ClZHi4ClNO3 (mol. wt., 255.7): C, 
56.35; H, 5.5; N, 5.5. Found: C, 56.5; H, 5.4; N, 5.35. 

Carbobenzoxy-rJ-chloro-L-alanine Ethyl Ester (5c) 
A mixture of the chloroalanine ester (2) (11.3 g; 0.06 

mole), sodium bicarbonate (15.1 g; 0.18 mole), and car- 
bobenzoxy chloride (10 ml) in water was stirred vigorously 
for 4 h. The precipitate was filtered and recrystallized from 
ethanol-water ; yield, 14.0 g (82 %), m.p. 60", [a], - 18.8' 
(2, dimethylformamide), soluble in ether and tetrahydro- 
furan. 

,We have no explanation for the discrepancy in the 
rotation values. 
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Anal. Calcd. for CllH12C1N04 (rnol. wt., 257.7): C, 
51.3; H, 4.7; N, 5.4. Found: C, 51.2; H, 4.7; N, 5.3. 

Trityl-P-chloro-L-alanine Ethyl Ester (5d) 
A mixture of chloroalanine ester (2) (3.76 g; 0.02 

mole), triethylarnine (6 ml; 0.044 mole) and triphenyl- 
chlorornethane (5.6 g; 0.02 mole) in chloroform (30 ml) 
was left at 25' for 6 h. The solution was washed twice with 
water, dried, repeatedly evaporated down to dryness with 
the addition of acetone, and the residue was crystal- 
lized twice from methanol; yield, 5.65 g (72%), rn.p. 87", 
[a], + 18.0" (2, dirnethylforrnarnide). 

Anal. Calcd. for CZ4Hz4C1NO2 (mol. wt., 393.9): C, 
73.2;H,6.1;N,3.6.Found:C,73.0;H,6.1;N,3.45. 

Ethyl a-Benzoyl-8-phthalyl-DL-diaminopropionae (6) 
A mixture of benzoylchloroalanine ester (56) (7.67 g; 

0.03 mole) and votassium ~hthalimide (8.33 g :  0.045 
mole) in dirnethycorrnarnide <40 ml) was &red ; ' 9 ~  for 
3 h. Water (100 rnl) and chloroform (100 rnl) were added. 
After shaking, the organic layer was washed with 0.1 N 
NaOH, then with water, dried, and evaporated to small 
volume. The residue was crystallized from ethanol con- 
taining a few drops of water; yield, 8.46 g (77 %), rn.p. 
59", [a], 0.0" (CHCI, or acetic acid). 

Anal. Calcd. for CZOH18N205 (rnol. wt., 366.4): C, 
65.6; H, 4.95; N, 7.65. Found: C, 65.8; H, 4.9; N, 7.6. 

a-Carbobenzoxy-DL-diaminopropionic Acid ( 8 )  
A mixture of the carbobenzoxy ester (5c) (4.28 g; 0.15 

mole) and potassium phthalirnide in dirnethylformarnide 
(15 ml) was stirred at 90" for 3 h. Water (100 rnl) and 
chloroform (100 rnl) were added, and after shaking, the 
organic layer was washed with 0.1 N NaOH, then with 
water, dried, and evaporated to an oil. Tetrahydrofuran 
(15 ml) and N NaOH (30 ml) were added, and after 1 h, 
the tetrahydrofuran was removed under reduced pressure. 
N HC1 (60 rnl) was added and the mixture was refluxed 
for 1 h. The cooled solution was extracted twice with 
ether and then adjusted to pH 6 with N NaOH. After 
cooling for 1 h, the crystals were filtered off, washed 
thoroughly with water, and dried over P 2 0 5 ;  yield, 2.42 g 
(67.8%). Found: N, 11.95. 

The carbobenzoxy - diarninopropionic acid was re- 
crystallized by dissolving in N HC1, treating with charcoal, 
and adding an equal volume of N NaOH; yield, 1.69 g 
(47.5 %), [a], -0.7" (2, N HC1). 

Anal. Calcd. for CllH14N204: C, 55.45; H, 5.9; N, 
11.8. Found: C, 55.5; H, 5.9; N, 11.7. 

DL-Diarninopropionic Acid Monolzydrobromide (9) 
From Ethyl a-Benzoyl-13-phthalyl-DL-diamino- 
propionate (6) 
The benzoyl derivative (6) (3.66 g) was refluxed for 2 h 

in 48% hydrobrornic acid (35 rnl). The mixture was 
cooled, diluted with water (35 rnl), filtered, and the filtrate 
repeatedly evaporated to dryness. The residue was solidi- 
fied by trituration in ethanol, and the product was 

crystallized from water%thanol; yield, 2.93 g (SO%), [a], + 1 .On (2, 5 N HCI). 
~ n a l . ' ~ a l c d .  for C,H,B~NO~ (rnol. wt., 185.0): C, 19.5; 

H, 4.9; N, 15.1. Found: C, 19.7; H, 5.0; N, 15.0. 
From a-Carbobenzoxy-DL-diaminopropio~zic Acid (8 )  
To the carbobenzoxy derivative (8) (0.24 g) dissolved 

in dry acetic acid (5 rnl) was added a 35% hydrogen 
bromide in acetic acid solution (5 ml). After 1 h, several 
volumes of ether were added and the precipitate was 
collected and recrystallized from water-ethanol; yield, 
0.12 g (62%), [a], 0" (1, 6 N HCI). Found: C, 19.7; H, 
5.0; N, 15.2. 
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Acid-catalyzed rearrangement of hydroperoxides. 
I. Benzhydryl hydroperoxides' 
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Substituted benzhydryl hydroperoxides have been synthesized and rearranged using sulfuric acid as the 
catalyst and acetone as the solvent. The products have been analyzed in order to determine the migration 
aptitudes for the various aryl groups. A linear relationship exists between the log of the migration 
aptitude and the o+ values of the substituents. Ortho substituents deviate from this relationship but 
the extent of deviation is much smaller than expected. The migration aptitude of hydrogen versus phenyl 
in the rearrangement of benzhydryl hydroperoxide has been found to vary markedly depending on the 
solvent. These observations and their bearing upon the mechanism of the rearrangement are discussed. 

Canadian Journal o f  Chemistry. 46, 1553 (1968) 

Introduction 

Hydroperoxides are well known to undergo 
rearrangement under acid conditions 
in the case of benzhydryl hydroperoxide, phenol 

H + 

PhZCHOOH -4 PhOH + PhCHO 

and benzaldehyde (1). Qualitatively, the migra- 
tion aptitude of substituted phenyl groups 
has been examined by several investigators 
(2-5). Such studies (2-4) often relied upon the 
generation of the hydroperoxide and its re- 
arrangement in the same medium rather than 
upon the stepwise preparation andisolation of the 
hydroperoxide followed by a separate rearrange- 
ment. However, these studies did establish that 
electron-donating substituents on the aryl group 
facilitated its rearrangement while electron- 
attracting groups inhibited it. 

A quantitative comparison of the effects of 
substituents on aryl migration has been made 
by van Steveninck and Kooyman (6) for a 
series of substituted cumene hydroperoxides. A 
comparison of these results with ,hose derived 
from competitive migration of two different aryl 
groups within the same molecule was felt to be 
of interest. 

For this study, several substituted benzhydryl 
hydroperoxides were examined. These were 

'Contribution No. 153 from the Exploratory Research 
Laboratory, Dow Chemical of Canada, Limited, Sarnia, 
Ontario. 

chosen so as to provide an independent com- 
parison with the two triarylmethyl hydroper- 
oxides which have also been studied (7). 

In addition, the complication of olefin forma- 
tion (3) which might arise from compounds 
such as 1,l-diarylethyl hydroperoxide, was 
avoided. 

Results 
The hydroperoxides were prepared from the 

corresponding alcohols by the method of Davies 
et al. (8). In the case of benzhydryl hydroperoxide 
and the methylbenzhydryl hydroperoxides, this 
procedure proved quite satisfactory. However, 
the chlorobenzhydrols reacted so slowly that 
mixtures of the starting alcohol and hydroper- 
oxide arose. These proved difficult to separate. 

Extending the reaction time 10-fold, resulted in 
satisfactory production of hydroperoxide. This 
variation of the procedure was accompanied by 
a reduced yield of product due to its slow con- 
comitant rearrangement to phenol and aldehyde. 
These latter impurities were extracted with 
dilute alkali from the crude product, the 
aldehyde having been oxidized to the acid under 
the reaction conditions. 

Table I presents a summary of the hydro- 
peroxides prepared. 

Substituted benzhydryl hydroperoxides re- 
arrange to a mixture of two phenols and two 
benzaldehydes. From an analytical viewpoint, 
the ideal systpm for performing the rearrange- 
ment of the hydroperoxides would be one in 
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TABLE I 
Benzhydryl hydroperoxides* 

-- 
Analysis 

- 

Found Calculated 
Reaction Melting Iodometric 

X time (h) point ("C) purity C H C1 C H C1 
- 

H 6 49-51.5t 99 

0-CH3 4 62-63 .5 94 78.53 6.53 78.52 6.59 
m-CH3 3.5 oil 96.5 78.47 6.63 
p-CH3 1.5 50.5-52 100 78.06 6.30 

'Compounds of structure ,&'a ' 
OOH 

?Reported m.p. 50T5Z0 (8). 
SReported as an 011 (9). 

PhOH f ArCHO 

Ph-CH-OOH 
I 

Ar 
ArOH + PhCHO 

which the final reaction mixture could be injected 
directly into a gas chromatography unit for 
analysis after the mineral acid had been neutra- 
lized. Acetic acid as a reaction medium, while 
frequently described in the literature, was found 
unsatisfactory for our purposes. This solvent 
tailed badly on the vapor-phase chromatographic 
(v.p.c.) unit and, while neutralization of the 
solvent with aqueous sodium bicarbonate was 
possible, it increased the danger of air oxidation 
of the aldehydes. Furthermore, trial experiments 
with p-methylbenzhydryl hydroperoxide demon- 
strated that appreciable amounts of the p-cresol 
formed during the reaction, were estersed to form 
p-cresyl acetate. The final mixture was difficult 
to analyze with sufficient accuracy. 

The use of benzene with a ferric chloride 
catalyst (10) was also examined and found to 
produce anomalously low amounts of the 
phenolic product, possibly due to complexing 
with the catalyst. 

Several solvents were examined as possible 
replacements for acetic acid. Of those studied, 
diethyl ether and dioxane slowed the reaction 
inconveniently (1 1) and produced a large amount 
of benzophenone in addition to the normal 
rearrangement products, phenol and benzal- 
dehyde. 

Acetone proved to be a satisfactory solvent; 
the reaction proceeded rapidly producing high 
yields of phenol and benzaldehyde and low 
yields of benzophenone. By using an internal 
standard it was shown that the rearrangement 
products, phenol and benzaldehyde, were ob- 
tained in 91 % and 93% yield respectively 
while benzophenone was obtained in 3.1 % yield. 
These results compare favorably with those 
obtained using acetic acid as a solvent. 

The rearrangement was carried out at 20 OC 
under nitrogen with sulfuric acid catalyst. The 
reaction was monitored using the starch- 
acidsed potassium iodide test for unreacted 
peroxides. When the reaction was complete, a 
sample was withdrawn for analysis followed by a 
second sample approximately 30 min later. 
After the mineral acid was neutralized by addi- 
tion of sodium bicarbonate, the samples were 
analyzed by v.p.c. on a column calibrated with 
known mixtures. The results reported are an 
average of the analyses on these two samples. 
Migration aptitudes were calculated from the 
areas of the aldehyde peaks only. The phenols 
tended to tail and overlap in the v.p.c. and the 
analyses were not reproducible. 

The migration aptitudes are tabulated in 
Table 11. Their logarithms are plotted in Fig. 1 
against the o+ values of Brown and Okamoto 
(12, 13) for the meta and para substituents and 
against the Taft o* constants (14) for the 
ortho substituents. Alinear relationship is evident 
with deviations noticeable in the case of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ANDERSON AND SMITH: ACID-CATALYZED REARRANGEMENT OF HYDROPEROXIDES. I 1555 

1.5 

FIG. 1. Migration aptitude in the rearrangement of benzhydryl hydroperoxides. 

ortho substituents. Such a linear relationship Discussion 
was not obtained when Hammett 'Onstants The present results can be compared to those 
(1 5) were used. obtained in previous studies. In the rearrangement 

of substituted cumene hydroperoxides, van 
TABLE I1 Steveninck and Kooyman (6) found a p value 

Migration Aptitudesa for of -4.57 compared with -3.78 found here. 
P~CH(AI)OOH In the case of triarylmethyl hydroperoxides, 

"In acetone, 20°C. 
DFrom references 12 and 13. 
cFrom reference 14. 

migration aptitudes  relative to phenyl) of 
10.6-12.3 for p-tolyl and 0.45 for p-chlorophenyl 
can be calculated from the data reported by 
Bissing et al. (7). The minor differences between 
the above values and those found in the present 
study are no doubt due to the different solvent 
systems and the different temperatures employed. 

This study supports the accepted mechanism 
for the acid-catalyzed rearrangement of hydro- 
peroxides (1). The structure favored in the 
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TABLE 111 
o+ Values for ortho substituents 

Experimental Literature values 

Ortho Present work Calcd. from ref. 6 Taft's o* (ref. 14) Ref. 17 

transition state (A) is that in which the developing 
positive charge is most stabilized. Thus an 
aryl group bearing an electron-donating sub- 

stituent migrates in preference to a phenyl group 
while a phenyl group migrates in preference to 
an aryl group bearing an electron-attracting 
substituent. 

Perhaps the most interesting observation is 
the effect of ortho substituents on the migration 
aptitudes. In pinacol rearrangements, an ortho 
substituent hinders migration of the group 
because the steric requirements of the ortho 
substituent prevent the aryl group from assuming 

assumption has some merit. Possibly, a study of 
the acid-catalyzed rearrangement of hydroper- 
oxides with less steric hinderance at the migration 
origin would provide a means of directly 
determining ortho o+ constants. 

The behavior of ortho substituted phenyl 
groups in the Baeyer-Villiger oxidation is quite 
different. In fact, Saunders (18) concluded that 
there is no essential difference between the 
migration of such groups to an oxygen or to a 
carbon. For example, the o-tolyl group was 
observed to migrate less than a phenyl group. 

The principal difference in the transition state 
(19) of the Baeyer-Villiger oxidation (B) and that 
of the hydroperoxide rearrangement is the 

9, H 
I' \ '(,----ABz 

HO',$' 

Ar 
B 

the preferred cOnfolXlatiOn for migration (I6). presence of a hydroxyl group (instead of hydro- 
In the case of hydroperoxides, this argument 1s gen) on the migration origin. Seemingly, the 
less applicable. First, the migration terminus is steric bulk ofthe hydroxyl group in 
an Oxygen atom bearing the with that of the phenyl group is sufficient to 
protonated hydroxyl group and this probably produce the ortho 
offers littlein the way of stericinteraction. Second, The formation of benzophenone as a product 
the migration origin bears a proton and a in the rearrangement of benzyhydryl hydroper- 
phenyl group and the latter can be oxide can be interpreted as a migration of the 
to offer any steric interaction. benzylic proton in competition with the phenyl 

Thus, it might be expected that the migration groups. On this basis, a striking effect of 
of an ortho-substituted group in the hydroper- 
oxide rearrangement would occur in a manner PhzCO + H20 

reflecting more closely the nature of the substit- 
uent than in the pinacol rearrangement. That this PhzCHOOH 

is true can be seen in Table I11 where o+ values PhCHO + PhOH 
are calculated for o-methyl and o-chloro substit- 
uents on the assumption that their migration solvent upon the migratory aptitude of hydrogen 
aptitudes and their o+ values are related in the (relative to phenyl) is apparent, and is sum- 
same manner as those of para and meta sub- marized in Table IV. 
stituents. The agreement of these values and those Such a variation has been noted by Collins 
calculated in the same manner from the data et al. (20-22) when different acids are used in the 
of van Steveninck and Kooyman (6) with values pinacol rearrangement. In this case, the explana- 
determined in other ways suggests that the tion advanced depended upon the changed steric 
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TABLE IV 

Solvent effect in the rearrangement of benzhydryl 
hydroperoxide 

Migration aptitude 

Solvent H/Ph (Ph CHO)* H/Ph (Ph OH)? 

Acetic acid 0.017 
Acetone 0.067 
Diethyl ether 0.475 

benzaldehyde and henzophenone mole ratio. 
phenol and benzophenone mole ratio. 

requirements of the transition state caused by the 
acids employed. Whether such an explanation 
is applicable here or whether the nonpolar 
solvent, diethyl ether, is suppressing the ionic 
rearrangement and thus allowing a free radical 
decomposition of the hydroperoxide to become 
the predominant reaction mode, can only be 
determined by further experiment. 

Experimental 
Melting points were taken on a Gallenkamp melting 

point apparatus and are uncorrected. Iodometric 
titrations were performed using the procedure of Kharasch 
and Burt (4). Elemental analyses were performed by 
A. B. Gygli, Microanalyses Laboratory, Toronto, 
Ontario. Gas-liquid chromatographic analyses were 
done on an F and M model 700 gas chromatograph with 
dual flame ionization detectors using an 8 ft by 114 in. 
column packed with 15% XF 1150 on Anakrom ABS 
substrate, operated at 150' with injection port at 275' 
and detectors at 220". The system was calibrated with 
standards using purified samples of the commercially 
available aldehydes. Purification of the aldehydes was 
effected by washing the aldehyde with 5% sodium 
bicarbonate solution, drying, and distilling under vacuum. 
Three aldehydes were found to be contaminated with 
substantial amounts of non-aldehydic materials and were 
purified by preparing their bisulfite adducts, washing the 
dried adducts with hexane until free of the impurity, 
regenerating the aldehyde with aqueous sodium carbonate 
solution, extracting with hexane, and distilling. These 
aldehydes were m-chlorobenzaldehyde, m-methylbenzal- 
dehyde, and o-methylbenzaldehyde. 

The starting alcohols used for the preparation of the 
hydroperoxides were obtained by the addition of benzyl- 
magnesium chloride to the appropriate substituted benz- 
aldehyde (23). 

Preparation of Hydroperoxides 
The procedure used is exemplified by p-methylbenz- 

hydryl hydroperoxide. The only parameter adjusted was 
the reaction time. 

A solution of 0.20 + 0.01 g of concentrated sulfuric 
acid in 15 ml of 90 % hydrogen peroxide was prepared and 
cooled in an ice-water bath. This solution was stirred 
vigorously with a magnetic stirrer and a solution of 
4.07 g of p-methylbenzhydrol in 15 ml of diethyl ether 

added rapidly. The mixture was stirred in the ice bath 
for 30 min. After this, the ice bath was removed allowing 
the reaction mixture to warm to room temperature. 
Stirring was continued for a further 60 min. 

At the end of this time, the mixture was diluted with 
ice and water and the ether phase was separated, washed 
once with 15 ml water, once with 15 ml 2% sodium 
hydroxide and ice (separated rapidly while cold), and 
three times with water. The ether was then dried and 
removed under vacuum at room temperature. The resi- 
due, 4.0 g, crystallized rapidly and titrated as 96% p- 
methylbenzhydryl hydroperoxide. 

Recrystallization was effected by dissolving the crude 
material in 10 ml of benzene at room temperature, 
stirring, and diluting the solution with 100 ml of hexane. 
The solution was seeded and cooled to 5". The material 
(2.2 g), which slowly separated, titrated as 100% pure, 
and had m.p. 50.5-52". 

Both o-methyl- and m-methylbenzhydrol were con- 
verted to their hydroperoxides in this manner. p-Chloro-, 
m-chloro-, and o-chlorobenzhydrol required the longer 
reaction times shown in Table I. The effect of reaction 
time on the degree of conversion of the benzhydrol to 
its hydroperoxide is shown in Fig. 2. 

Rearrangement of Hydroperoxides it1 Acetot~e 
The hydroperoxide (250 mg) was dissolved in 2.0 ml 

of acetone. The solution was placed in a bath at 20" and 
treated with 2.0ml of a freshly prepared solution of 
1.0 g concentrated sulfuric acid in 25 ml of acetone. The 
reacting solution was stirred and periodically, approxi- 
mately 0.25 ml samples were withdrawn and added to an 
aqueous solution of potassium iodide acidified with 
acetic acid, followed by 4 drops of saturated starch 
solution. 

When the reaction gave a negative test for peroxides, 
a 1 ml sample was withdrawn and added to a large excess 
of solid sodium bicarbonate. The neutralized solution was 
stored over the sodium bicarbonate until the analysis 
was completed. 

A second sample was withdrawn 0.5 to 1.0 h later and 
also analyzed. Each sample was analyzed five times and the 
resulting values averaged to give the final value. 

Rearrangement of Benzhydryl Hydroperoxide 
A solution of 150 mg of benzhydryl hydroperoxide in 

1.5 ml of diethyl ether and 60 mg of 1,2,4,5-tetrachloro- 
benzene was treated with 2.0 ml of the same solvent 
containing 0.080 g of concentrated sulfuric acid. After 
15 h the solution gave a negative test for peroxides and a 
sample was withdrawn, added to solid sodium bicarbon- 
ate to neutralize the acid, and analyzed by vapor-phase 
chromatography as described before but with a column 
temperature of 165". 

Similar experiments were carried out with acetone as a 
solvent and with acetic acid. In the last case, the internal 
standard proved to be insoluble and only a relative 
analysis could be obtained. Reaction times were 2 h with 
acetone and 5 h with acetic acid. The results are reported 
in Table IV. 

p-Cresyl Acetate Formation 
A solution of 125 mg ofp-cresol in 2.5 ml of acetic acid 

was treated with 2.5 ml of acetic acid containing 0.080 g 
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100 

0 
0 2 0  40 60  

R E A C T I O N  T IME (h) 

FIG. 2. Preparation of substituted benzyhydryl hydroperoxides. 

of concentrated sulfuric acid. After 5 h at 25", a sample 
was neutralized with sodium carbonate and analyzed. 
The product contained 4 % (by vapor-phase chromatog- 
raphy area) of p-cresyl acetate. 
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Acid-catalyzed rearrangement of hydroperoxides. 11. 

Phenylcycloalkyl hydroperoxides' 
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AND 

JAMES G. SMITH 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received October 13, 1967 

The acid-catalyzed rearrangement of 1-phenylcycloalkyl hydroperoxides has been investigated using 
the cyclohexyl, cyclopentyl, and cyclobutyl compounds. Evidence was sought for rearrangement of the 
cycloalkyl group in competition with migration of thephenyl group during the reaction. Such a rearrange- 
ment would result in ring expansion of the cycloalkyl group to give, ultimately, products formed by cyclo- 
alkyl ring opening. 

No evidence for such a reaction was found in the case of 1-phenylcyclohexyl hydroperoxide; only the 
expected products, phenol and cyclohexanone, were detected. However, rearrangement of l-phenylcyclo- 
pentyl hydroperoxide gave, besides the expected phenol and cyclopentanone, significant amounts of the 
ring-opened compound 4-hydroxyvalerophenone as its acetate. A second product, 1-phenylcyclopentene, 
arose by elimination of hydrogen peroxide from the hydroperoxide. 

1-Phenylcyclobutyl hydroperoxide proved to undergo ring expansion with great facility. Only the ring 
expanded products, 2-phenyl-2-tetrahydrofuryl hydroperoxide and its corresponding peroxide, could be 
isolated in the treatment of 1-phenylcyclobutanol with hydrogen peroxide using catalytic amounts of 
mineral acids. However, in the absence of catalysts, 1-phenylcyclobutyl hydroperoxide was formed in 
detectable amounts and its presence was demonstrated by decomposition with ferrous sulfate to butyro- 
phenone and 1,6-dibenzoylhexane. 

It seems reasonable that ring strain is the factor promoting the ring expansion of 1-phenylcyclobutyl 
hydroperoxide. In the case of 1-phenylcyclopentyl hydroperoxide, it is suggested that the steric interac- 
tion of the ortho hydrogens of the phenyl group with the cyclopentyl ring protons has the effect of slowing 
the migration of the phenyl group sufficiently that alkyl migration can occur to give the observed ring- 
opened products. 
Canadian Journal of  Chemistry, 46, 1561 (1968) 

Introduction Because it was of interest to examine some of 

The acid-catalyzed rearrangement of aralkyl 
hydroperoxides is believed to involve the initial 
protonation of the hydroperoxide followed by 
dissociation of the protonated species with a 
concerted migration of the aryl group to the 
positive oxygen (1). While, in general, aryl 
groups migrate to the virtual exclusion of alkyl 
groups (2), it is evident that this is a matter of 
the relative ease of migration of aryl groups 
compared to alkyl. The latter are known to 
migrate when they are not faced with such 
formidable competitors as aryl groups (3). 
Indeed, there are examples in which the alkyl 
group migrates appreciably even in the presence 
of competing aryl groups (4,5). 

'Contribution No. 154 from the Exploratory Research 
Laboratory, Dow Chemical of Canada, Limited, Sarnia, 
Ontario. 

the factors affecting the migration of alkyl groups 
in hydroperoxides, we have studied the behavior of 

- - 

phenylcycloalkyl hydroperoxides with the expec- 
tation that as the cycloalkyl ring size decreased, 
an increasing tendency for alkyl migration to 
occur at the expense of phenyl migration would 
be apparent. 

Results 
The acid-catalyzed rearrangement of the first 

member of the series, 1-phenylcyclohexyl hydro- 
peroxide, had been examined in the past and 
high yields of phenol and cyclohexanone 
reported (6-10). The rearrangement of this 
hvdro~eroxide was reexamined under the con- 
ditions selected for the present study, i.e. in 
acetic acid solution at 25" with sulfuric acid 
catalyst. A 95% yield of phenol and cyclohex- 
anone was produced as determined by vapor- 
phase chromatographic (v.p.c.) analysis. 
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The next member of the series, l-phenylcyclo- 
pentyl hydroperoxide, had also been reported in 
the literature (11-13). However, its acid-cata- 
lyzed rearrangement had been studied (12) 
largely in terms of its rate of rearrangement 
relative to that of cumyl hydroperoxide. 

The acid-catalyzed rearrangement of l-phenyl- 
cyclopentyl hydroperoxide under the conditions 
selected for the cyclohexyl analogue produced 
only a 6&65% yield of phenol and cyclopen- 
tanone. In addition, a product was observed by 
v.p.c. which appeared to be 1-phenylcylopentene. 
This last product had been reported by van 
Steveninck and Kooyman (12). 

The neutral products from a large scale 

rearrangement were separated by column chro- 
matography. These products proved to be l-phe- 
nylcyclopentene (1 1 % yield), valerophenone (3 % 
yield), 5-acetoxyvalerophenone (12 % yield), 
and at least one other unidentified compound. 
Identification of the 1-phenylcyclopentene was 
made by comparison of its infrared and nuclear 
magnetic resonance (n.m.r.) spectra to that of an 
authentic sample. The valerophenone was iden- 
tified on this basis as well as by its 2,4-dinitro- 
phenylhydrazone derivative. 

The structure of 5-acetoxyvalerophenone was 
established by its analysis, its infrared, and n.m.r. 
spectra, and by its conversion to l-phenylpen- 
tanediol-1,5 with lithium aluminium hydride. 

OH 0 Ph 
0 

H+ II phgH - AcOH 'r 'r 'r CH3(CH2)3-C-Ph 

In an attempt to prepare the next homologue, 
1-phenylcyclobutyl hydroperoxide, l-phenylcy- 
clobutanol was treated with 90% hydrogen 
peroxide and a catalytic amount2 of sulfuric 
acid (9). However, the product obtained proved, 
on examination by thin-layer chromatography 
(t.l.c.), to consist of four compounds containing 
active oxygen. Of the four, three liberated iodine 
rapidly from the acidified potassium iodide de- 
tecting spray and were judged to be hydroper- 
oxides. The remaining material liberated iodine 
slowly and proved to be a peroxide. 

It was found that the concentration of this 
peroxide (1) increased on storage of the crude 
reaction mixture. Isolation was effected by 
column chromatography and its analysis, molec- 
ular weight and peroxide titer, established its 
molecular formula as C2,HZ2O4. 

Even though the infrared spectrum showed 

20n two occasions, violent explosions occurred com- 
pletely demolishing the flask and stirring apparatus. 
Extreme caution should be observed with this reaction 
and special care should be taken to moderate the initial 
exothermic reaction with cooling. 

the absence of hydroxyl or carbonyl groups, 
heating the peroxide with strongly acidic 2,4- 
dinitrophenylhydrazine solution produced the 
derivative of 4-hydroxybutyrophenone while 
reduction of the peroxide with lithium alumin- 
ium hydride produced 1 -phenylbutanediol- 1,4. 

This chemical behavior coupled with the fact 
that in the n.m.r. spectrum four aliphatic pro- 
tons were much further downfield than the 
remaining eight, indicated that the compound 
had one of the following two structures, l a  or lb. 
Additional confirmation for these structures 
was obtained when it was found that 4-hydroxy- 
butyrophenone could be converted under cer- 
tain reaction conditions to a mixture containing 
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the peroxide. These two structures were distin- 
guished by mass spectral analysis. The peroxide 
(1) showed no molecular ion peak, the largest 
ion-peak observed being at m/e of 163 or half the 
molecular weight. This behavior would be ex- 
pected from (la) which should readily cleave at 
the -0-0- bond. Such a behavior is unlikely 
in the case of a compound of structure (lb) 
which would be expected to show ion peaks 
greater than 163 but less than 326. 

While this identified one product from the 
oxidation of 1-phenylcyclobutanol, it was estab- 
lished by t.1.c. that the major product was a 
hydroperoxide (2) and the peroxide (1) was only 
detected after the oxidation product was aged. 
On the basis of the similarity of the infrared 
spectrum of the hydroperoxide (2) to that of the 
peroxide (1) (with the obvious exception of the 
presence of an OH absorption band in the for- 
mer) and on the basis of the conversion of (2) to 
(1) on standing, the structure 2-phenyl-2-tetra- 
hydrofuryl hydroperoxide was assigned to (2). 

The chemical behavior of hydroperoxide (2) 
substantiated this structure. Reduction of (2) 
with sodium sulfite produced 4-hydroxybutyro- 
phenone while peroxide (1) was unaffected by 
this reducing agent. Furthermore, treatment of 
4-hydroxybutyrophenone with 30 % hydrogen 
peroxide generated the hydroperoxide (2) and, 
on aging, peroxide (1). Hydroperoxides similar 
to (2) have been reported to form peroxides 
readily (14, 15). 

Attention was then turned to the oxidation 
of 1 -phenylcyclobutanol with 90 % hydrogen 
peroxide in the absence of acid. Under these 

conditions a slow formation of a second 
hydroperoxide (3) was observed, different from 
2-phenyl-2-tetrahydrofuryl hydroperoxide (2), 
but identical by t.1.c. to one of the minor hydro- 
peroxides detected in the acid-catalyzed oxida- 
tion of 1-phenylcyclobutanol. As the reaction 
continued, the concentration of this second 
hydroperoxide increased and 2-phenyl-2-tetra- 
hydrofuryl hydroperoxide (2) began to appear 
as well. 

Hydroperoxide (3) is believed to be l-phenyl- 
cyclobutyl hydroperoxide which would be the 
anticipated initial product from the alcohol and 
hydrogen peroxide. It might be noted here that 
the oxidation of 4-hydroxybutyrophenone with 
hydrogen peroxide does not produce this hydro- 
peroxide as a minor product. If hydroperoxide 
(3) were 1 -phenylcyclobutyl hydroperoxide, it 
could not be formed in this manner. 

Column chromatography of the oxidation 
product of 1-phenylcyclobutanol and hydrogen 
peroxide separated (3) from the other hydroper- 
oxides but not from the unconsumed alcohol. 
Further separation could not be effected. Treat- 
ment of this hydroperoxide - alcohol mixture 
with ferrous sulfate caused radical decomposi- 
tion of the hydroperoxide with formation of 
1,6-dibenzoylhexane and butyrophenone. By 
analogy with the known behavior of similar 
hydroperoxides (9, 16) these reaction products 
provide strong evidence for the presence of 1- 
phenylcyclobutyl hydroperoxide (3) in the orig- 
inal mixture. 

Discussion 

It  is evident that the reaction products ob- 
served in the acid-catalyzed rearrangement of 
phenylcycloalkyl hydroperoxides demonstrate 
that cycloalkyl groups can rearrange competi- 
tively with migration of aryl groups under favor- 
able circumstances. In fact, qualitatively, it may 
be said that alkyl migration is the major reaction 
in the 1-phenylcyclobutyl system, it occurs 
significantly in the 1-phenylcyclopentyl but 
occurs only slightly if at all in the l-phenylcyclo- 
hexyl analogue. 

Two reports in the literature (6, 17) suggest 
that alkyl migration may occur even in the 1- 
phenylcyclohexyl system under special reaction 
conditions. The first of these involved the treat- 
ment of the hydroperoxide with chromium tri- 
oxide in acetic acid while the second involved 
treatment with acid-washed clays. However, 
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under our reaction conditions, such rearrange- 
ment products were not observed. 

C r 0 3  II 

/AcOHF P~-c-(cH~)~-co~H 

Ph, ,OOH 

clay 

1-Phenycyclopentyl hydroperoxide appeared 
to undergo acid-catalyzed decomposition by at 
least three different paths. These are outlined in 
Scheme 1. 

Protonation of the hydroperoxide group can 
occur in two ways, either on the ether-oxygen 
to give (4) or on the hydroxyl-oxygen to give (5). 
As noted by Smith (18) protonated species such 
as (4) do not lead to rearrangement. Apparently, 
in this particular case, olefin formation by elimi- 
nation of hydrogen peroxide is particularly 
favorable and occurs in competition with the 
rearrangement reaction. The formation of hydro- 
gen peroxide has been observed by van Ste- 
veninck and Kooyman (12). This behavior agrees 
with the qualitative observation that l-phenyl- 
cyclopentanol dehydrates with ease in the 
presence of acids. 

Two paths are involved in the decomposition 
of protonated species (9, one involving aryl 
migration and the other alkyl migration. The 
former reaction mode produces phenol and 
cyclopentanone while the latter effects ring 
enlargement with the eventual production of 
ring-opened products. Similar ring enlargements 
with formation of acetoxy ketones have been 
observed with 1-methylcyclohexyl hydroper- 
oxide (19-21). 

The valerophenone detected in the reaction 
mixture represents a reduction product of the 
starting hydroperoxide. Its formation is puzzling 
and may indicate that a small amount of homo- 
lytic decomposition is occurring as well. 

Ring strain is evidently an important factor in 
the reaction of 1-phenylcyclobutanol with hydro- 
gen peroxide. The initially formed l-phenylcy- 
clobutyl hydroperoxide (3) rearranged suffi- 
ciently fast under the acidic reaction conditions 
that only low concentrations of (3) were detected, 
the principal product being the rearranged 
hydroperoxide (2). Even in the absence of 
mineral acid, this tendency for rearrangement 
was manifested although higher concentrations 
of the hydroperoxide (3) could be obtained. 

While ring expansion is understandable in the 
case of the cyclobutyl compound, it is more 
difficult to explain in the case of the cyclopentyl 
analogue. One possibility is that the driving force 
for the reaction is the reduction of ring proton- 
proton interactions when the five-membered 
ring expands to six. If this were true, one would 
anticipate that the rate of rearrangement of the 
cyclopentyl compound would be greater than 
that of the cyclohexyl because of this additional 
driving force. In actual fact, the cyclopentyl 
hydroperoxide rearranges less than half as fast 
as the six-membered ring (12). 

However, this rate difference may simply 
reflect the differing basicities of the hydroxylic 
oxygen in the 1-phenylcyclohexyl and l-phenyl- 
cyclopentyl hydro peroxide^.^ Such a difference 
in basicity would be reflected in a different con- 
centration of the respective protonated species 
such as (5) and thus a different reaction velocity 
in the rate-controlling rearrangement step. If 
this were true, it would be difficult to select the 
structural features of the two compounds causing 
the difference in basicities. Inductive effects in 
both compounds are similar as are the steric 
effects in the vicinity of the hydroxyl group. It 
would seem that the explanation lies elsewhere. 

The slower rearrangement of the cyclopentyl 
compound relative to its cyclohexyl analogue 
suggests that the rearrangement of the aryl group 
is inhibited in the former case. An examination 

3A possibility suggested by a referee. 
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Ph, ,OOH // 

v 1 alkyl- OAc- I I '? D L C - ( C ~ 2 ) 4 ~ ~ c  

of Stuart-Briegleb molecular models demon- 
strates that when the phenyl group is positioned 
for maximum interaction of the n-electrons with 
the positive oxygen (22), the interaction of the 
ortho-hydrogens and the cycloaliphatic ring 
hydrogens is greater in the cyclopentyl com- 
pound than in the cyclohexyl. It is possible, then, 
that this steric interaction slows the migration 
of the aryl group sufficiently that rearrangement 
of the cyclopentyl group with resultant ring 
expansion can occur to an appreciable extent. 

Experimental 
Melting points are uncorrected and were determined 

in an open capillary with a Gallenkamp melting point 
apparatus. Infrared spectra were recorded on a Perkin- 
Elmer 337 grating spectrophotometer using carbon tetra- 
chloride solutions with a reference blank. Nuclear mag- 
netic resonance (n.m.r.) spectra were recorded on a 
Varian A-60 spectrometer, using deuterated chloroform 
solutions, with tetramethylsilane as an internal reference. 
The chemical shifts reported are in parts per million 
downfield from the tetramethylsilane. Mass spectra were 
recorded on a Bendix TOF mass spectrometer at room 
temperature using a direct probe inlet. Vapor-phase 
chromatography (v.p.c.) analyses were made on an F and 
M 700 gas chromatograph equipped with a dual flame 
ionization detector. Eastman type K301R silica gel chro- 
matogram sheets were used for thin-layer chromatog- 
raphy. The method of Kharasch and Burt (2) was used 
in the iodometric titrations for active oxygen. 

OOH 

I-Phenylcyclohexyl Hydroperoxide 
This hydroperoxide was prepared by the method of 

Hey et al. (9) from 1-phenylcyclohexanol (Aldrich Chem- 
ical Co., Inc.; m.p. 61-63"). The compound was a white 
crystalline solid m.p. 59-60 "C and was 99% pure by 
iodometric titration. Nuclear magnetic resonance: aro- 
matic H's 7.1-7.5 (5.09 H), the aliphatic H's were in a 
broad band 1.4-2.3 (10.00 H). 

Rearrangement of I-Phenylcyclohexyl Hydroperoxide 
1-Phenylcyclohexyl hydroperoxide (100 mg) and 100 

mg of p-dichlorobenzene (the internal standard) were 
dissolved in 5 ml of glacial acetic acid and 0.1 ml of con- 
centrated sulfuric acid was added, with stirring, to the 
solution. After 2 h at room temperature the reaction 
mixture was dissolved in 20 ml of ether and washed with 
three 50 ml portions of saturated aqueous sodium bicar- 
bonate solution. The combined bicarbonate wash was 
extracted five times with 10 ml portions of ether. The 
combined ether extracts were analyzed by v.p.c. at 165" 
using an 8 ft by $ in. column packed with 15% Ucon 501 
HB/2000 on Chromosorb 60-80 mesh. The analyses were 
made by comparison of the ratio of the peak heights of 
the products and internal standard to those of mixtures 
of known composition. The yields were: phenol, 95% 
and cyclohexanone, 95 %. 

Preparation of 1-Phenylcyclopentanol 
Phenylmagnesium bromide was prepared from 12.0 g 

(0.50 moles) of magnesium, 52 ml (0.50 moles) of bromo- 
benzene, and 450 mlof diethylether.To this, a solution of 
45 ml (0.50 moles) of cyclopentanone in 100 mls of ether 
was added dropwise with stirring and this was followed 
by $ h of reflux. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1566 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

After cooling, a solution of 250 mls of 10% aqueous 
ammonium chloride was added slowly. The gelatinous 
precipitate which formed was removed by filtration, the 
organic phase was washed with: 100 ml of water, 100 ml 
of 2% aqueous sodium carbonate solution, 100 ml of 
water, dried over anhydrous magnesium sulfate, and 
evaporated under vacuum. The yellow oily residue of 
crude 1-phenylcyclopentanol was vacuum distilled in the 
presence of 0.25 g of sodium carbonate yielding 39.5 g 
(50% yield) b.p. 99-102' at 2 mm. Nuclear magnetic 
resonance: aromatic H's 7.0-7.4 (5.00 H), the aliphatic 
H's had a sharp peak at 1.84 (7.70 H) and the hydroxyl 
H at 2.29 (1.13 H). 

Preparation of I-Phenylcyclopentyl Hydroperoxide 
This hydroperoxide was synthesized by the procedure 

of Hey et al. (9). The product so prepared had an iodo- 
metric titration of 94%. Further purification could be 
effected by the sodium salt method of Kwart and Keen 
(6) but the recovery was quite low. The purified product 
had an iodometric tritration of 98 % nDZ0 1.5452. Nuclear 
magnetic resonance: aromatic H's 7.0-7.4 (5.00 H), 
aliphatic H's in a broad band at 1.5-2.4 (7.63 H). 

Rearrangement of I-Phenylcyclopentyl Hydroperoxide 
(a) Phenol Determination 
1-Phenylcyclopentyl hydroperoxide (0.395 g) and 0.216 

g of p-dichlorobenzene (internal standard) were dissolved 
in 6 ml of glacial acetic acid and 0.1 ml of concentrated 
sulfuric acid was added while stirring the solution in an 
ice-water bath. The solution developed a red color and 
after 2.5 h at room temperature, a negative test for hydro- 
peroxides was obtained (acidified potassium iodide and 
starch). After 5 h all carbonyl compounds in the mixture 
were precipitated as 2,4-dinitrophenylhydrazones by the 
addition of 10 ml of aqueous 2,4-dinitrophenylhydrazine 
reagent (23) and were removed by filtration. The filtrate 
was extracted with 10 ml of ether and the organic phase 
washed with two 50 ml portions of saturated aqueous 
sodium bicarbonate solution. The combined bicarbonate 
wash was back extracted with two 20 ml portions of ether. 
The combined ether extracts were analyzed by v.p.c. at 
165" using an 8 ft by t in. column packed with 15 % Ucon 
50/HB/2000 on Chromosorb 60-80 mesh. The analysis 
was made by comparing the ratio of the peak height for 
phenol and p-dichlorobenzene to those of mixtures of 
known composition. The yield of phenol was 65 %. 

(b) Cycloperitanone Determination 
The 2,4-dinitrophenylhydrazone mixture was chromat- 

ographed on a column of 80 g of Woelm grade IV neutral 
alumina using benzene as the eluting solvent. The largest 
band to appear on the column, cyclopentanone 2,4-dini- 
trophenylhydrazone, was isolated; 0.336 g, m.p. 140- 
142", and mixture melting point with an authentic sam- 
ple, 141-142". This represented a yield of 57 % of cyclo- 
pentanone. 

The rearrangement was run at 10-15" with the yields 
being; phenol 64% and cyclopentanone 57 % and at 40' 
with yields of phenol 65 % and cyclopentanone 55 %. 

(c) Ideritificatiort of Mirror. Products 
A solution of 4.0 g of 1-phenylcyclopentyl hydroper- 

oxide (assay 94%) in 50 ml of glacial acetic acid and 3 
drops of concentrated sulfuric acid was stirred at room 
temperature for 5 h. The solution was washed with 400 

ml of 10% sodium hydroxide and this alkaline extract 
was back extracted with two 50 ml portions of ether. The 
combined ether extract was concentrated by evaporation 
to 2-3 ml. The ether concentrate was applied to the top 
of a column of 80 g of Woelm grade IV neutral alumina 
and eluted in series with 250 rnl of n-pentane, 250 ml of 
benzene, and 300 ml of chloroform. Fractions were cut 
at 100 ml intervals, their composition checked by thin- 
layer chromatography and like fractions were combined. 
The following products listed in the order in which they 
were eluted, were isolated, and identified: l-phenylcyclo- 
pentene (0.345 g, 11 % yield), valerophenone (0.113 g, 
3 % yield), 5-acetoxyvalerophenone (0.606 g, 12% yield), 
and unknown (0.178 g, -). 

Identification 
I-P/ier~ylcyclopentene 
This compound was identified by comparison of its 

infrared and n.m.r. spectra to those of an authentic sam- 
ple. Nuclear magnetic resonance: aromatic H's 6.7-7.2 
(5.00 H), the aliphatic H's were in two complex bands 
at 1.55-2.14 (2.22 H), and 2.18-2.75 (3.94 H) and the 
vinyl H at 5.75-5.95 (0.92 H). 

Preparation of I-Phenylcyclopentene 
1-Phenylcyclopentene was prepared by the acid-cata- 

lyzed dehydration of 1-phenylcyclopentanol; b.p. 109" 
at 14 mm, nDZ0 1.5710. 

Valerophenone 
This compound was identified by comparison of its 

infrared and n.m.r. spectra to those of an authentic sam- 
ple (Eastman Organic Chemicals) and by it 2,4-dinitro- 
phenylhydrazone derivative, rn.p. 160 - 162', mixture 
m.p. 160 - 162". Nuclear magnetic resonance: aromatic 
H's are split into two complex bands at 7.15-7.40 (3.04 
H) and 7.60-7.85 (1.96 H), aliphatic H's have a broad 
band at 0.70-1.90 (7.01 H), and a triplet at 2.80 (1.98 H). 

5-Acetoxyvalerop/ienone 
This compound, m.p. 4548", was identified by: its 

analysis; its infrared spectrum (ester carbonyl 1735 
cm-', aromatic ketone 1690 cm-' and a C-0-C 
stretch at 1240 cm-' characteristic of CH3-CO-OR); 
and its n.m.1. spectrum. The aromatic protons split into 
two bands at 7.15-7.40 (3.56 H) and 7.65-7.85 (1.43 H), 
the aliphatic protons split into two distorted triplets, one 
at 2.88 (1.77 H) and the other at 3.95 (1.95 H), and also 
split into a broad band at 1.50-2.10 overlapping the 
acetoxy methyl singlet at 1.93 (total area 7.12 H). 

Anal. Calcd. for Cl3Hl6O3: C ,  70.90; H, 7.27. Found: 
C, 70.89; H, 7.16. 

LiAIH, Reduction of 5-Acetoxyualerophenone 
A solution of 0.178 g of 5-acetoxyvalerophenone in 

50 ml of diethyl ether was slowly added to a suspension 
of 0.025 g of LiAlH, in 20 ml of diethyl ether with stirring 
and then refluxed for h. Ethyl acetate (10 ml) was added 
dropwise followed by 15 ml of 10% sulfuric acid. The 
ether phase was washed with 50 ml of water and evapo- 
rated on a steam bath. The yellow oil (0.130 g) of crude 
reduced product crystallized when 20 ml of n-hexane was 
added. This solid, m.p. 48-52', had a mixture m.p. 
of 50-54" with 1-phenyl-1,5-pentanediol. Its infrared 
spectrum (Fluorolub 3690-1350 cm-I and Nujol mull 
1350-610 cm-') had a broad OH band at 3100-3400 
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cm-', a primary OH stretch at 1050 cm-', and a secon- 
dary OH stretch at 1090 cm-'. This spectrum was iden- 
tical with that of an authentic sample of 1-phenyl-1,5- 
pentanediol (m.p. 53-54") prepared by the LiAlH, reduc- 
tion of 4-benzoylbutyric acid (Aldrich Chemical Co., 
Inc.). 

Synthesis of I-Pherzylcyclobutanol 
Phenylmagnesium bromide was prepared from 1.72 g 

(0.071 moles) of magnesium, 11.20 g (0.071 moles) of 
bromobenzene, and 65 ml of diethyl ether. To this, a 
solution of 5 g (0.71 moles) of cyclobutanone in 10 ml of 
diethyl ether was added dropwise with stirring. After 
refluxing for 0.5 h, the reaction mixture was hydrolyzed 
with a solution of 50 ml of 10% hydrochloric acid. The 
organic layer was separated, washed with 100 ml of satu- 
rated aqueous sodium bicarbonate solution, 100 ml of 
water, dried through a bed of anhydrous magnesium 
sulfate, and evaporated under vacuum. A yellow crystal- 
line residue of crude I-phenylcyclobutanol (8.8 g) was 
left m.p. 35-40 "C. On recrystallization from n-pentane, 
pale-yellow rhombic crystals formed, 7.0 g (67% yield) 
m.p. 41-43 "C. 

Its infrared spectrum had a sharp peak at 3580 cm-', 
a broad OH at 3200-3500 cm-', and a tertiary OH stretch 
at 1135 cm-' whereas its nuclear magnetic resonance had 
aromatic H's 7.05-7.50 (4.95 H), aliphatic H's in a very 
broad complex band 1.50-2.60 (6.00 H) and the OH pro- 
ton at 2.85 (1.01 H). 

Acid-catalyzed Oxidation of I-Phenylcyclobutarzol 
(THIS REACTION SHOULD BE RUN BEHIND A 

SAFETY BARRIER) 
A solution of 2.0 g of 1-phenylcyclobutanol in 10 ml of 

ether was added dropwise with stirring in an ice-water 
bath to 10 ml of 90% hydrogen peroxide acidified with 
0.01 ml of concentrated sulfuric acid. The mixture was 
stirred at 0" for 2 t  h. At the end of the reaction time, 25 
ml of ice-water was added. The organic phase was washed 
with: 25 ml of cold water, 25 ml of saturated aqueous 
sodium bicarbonate solution, 25 ml of water, dried 
through a bed of anhydrous magnesium sulfate, and 
evaporated under an air stream. A yellow oil remained 
1.50 g. Iodometric titration showed a 14 %yield of peroxy 
compound based on the molecular weight of l-phenylcy- 
clobutyl hydroperoxide. 

Identification of the Oxidation Products 
A thin-layer chromatogram (t.1.c.) of the residue using 

1 :1 benzene. chloroform solution as the develo~ing sol- . - 
vent and aqueous potassium iodide solution acidified 
with acetic acid as the detecting spray revealed three 
peroxy compounds with the following Rf values: 0.19, 
0.32, and 0.51. The 0.32 spot was several times larger in 
area than the other two. After the crude reaction product 
stood for several hours, a second t.1.c. showed a fourth 
peroxy spot with Rf 0.66 characterized by a slow develop- 
ment of color (5-10 min) after spraying with the detec- 
ting agent and an additional intense peroxy spot at the 
origin. After several days standing, subsequent chromato- 

chromatographed on 80 g of Woelm grade IV  neutral 
alumina using 1:l chloroform benzene solution as the 
eluting solvent. Four fractions of 75 ml each were col- 
lected and each was analyzed by t.1.c. The first fraction 
contained the compound, R, 0.66. the rest were mixtures. 

Fraction one was evaporated under an air stream 
leaving a white crystalline residue, 0.663 g. The residue 
was recrystallized from rz-hexane m.p. 104-107 "C. The 
infrared spectrum showed no OH peak, no carbonyl 
peak, but strong C-0-C stretch at 1055 cm-', and 
aromatic substitution band at 700 cm-'. Nuclear mag- 
netic resonance: aromatic H's 7.10-7.75 (10.40H) aliphat- 
ic protons in two complex bands 3.60-4.40 H (4.00 H) 
and 1.50-2.45 (7.70 H). Mass spectrogram: ion peak of 
highest significance mle 163, no peaks were present 
greater than 163 and no molecular ion peak appeared at 
mle 326. 

Anal. Calcd. for CzoH220, (mol. wt., 326): C, 73.6; 
H, 6.80. Found (mol. wt., 336, osmometer; 320-350, 
iodometric titration): C, 73.51 ; H, 6.72. 

Preparation of a 2,4-Dirzitropherzylhydrazor~e frorn 
Cornpound Rf  0.66 

A sample of the crystalline compound Rf 0.66 was 
heated with a solution of 2,4-dinitrophenylhydrazine in 
ethanol strongly acidified with sulfuric acid. A red 
crystalline derivative formed which was recrystallized 
from methanol, m.p. 167.5-170". The mixture melting 
point with an authentic sample of the 2,4-dinitrophenyl- 
hydrazone of 4-hydroxybutyrophenone was 168-170". 

LiAlH, Reductiori of Compound Rf  0.66 
A sample (0.10 g) of the crystalline compound R, 0.66 

was reduced by refluxing with 0.08 g of lithium aluminium 
hydride in 3 ml of ether. After 1 h, 1 ml of ethyl acetate 
was added followed by 3 ml of concentrated hydrochloric 
acid. The organic phase was diluted with 10 ml of chloro- 
form, washed with 5 ml of water, 5 ml of saturated 
aqueous sodium bicarbonate solution, 5 ml of water, 
dried through a bed of anhydrous magnesium sulfate, and 
evaporated on a steam bath. A white crystalline residue 
0.058 g was left, which after recrystallization from ben- 
zene had a m.p. 63-66". The mixture melting point with 
an authentic sample of 1-phenyl-l,4-butanediol was 
63-66". 

Sy~~thesis of I-Phenyl-I,4-butanediol 
This compound, m.p. 64-66", was synthesized by the 

lithium aluminium hydride reduction of 3-benzoylpro- 
pionic acid (Aldrich Chemical Co., Inc.) 

Treatment o f  Compourid Rf  0.66 with Sodiurn Sulfite 
A suspension of 0.056 g of compound Rf 0.66 (m.p. 

97-102.5") was stirred in 10 ml of aqueous sodium sulfite 
solution (11.0 g/100 ml water) for 24 h. The suspension 
was extracted with 2 ml of ether and the ether extract 
checked by t.1.c. No change was evident. The ether was 
stripped off under an air stream leaving 0.038 g of white 
crystalline residue m.p. 101-104°. The mixture melting 
point with the starting material was 98-103". 

of the crude reaction product showed an increase Identification of Compound Rf  0.32, 2-Phenyl-2- 
in the relative areas of the spots at Rf 0.66 and the origin tetrah~~drofuryl Hydroperoxide 
and a decrease in the relative area of the spot at  Rf 0.32. A solution of 1.0 g of 1-phenylcyclobutanol in 5 ml of 

Twelve days after the initial oxidation, the residue was ether was added dropwise with stirring in an ice-water 
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bath, to 5 ml of 90% hydrogen peroxide acidified with 
0.01 rnl of concentrated sulfuric acid. The mixture was 
stirred at 0" for 24 h. The reaction was terminated with 
the addition of 15 ml of ice-water. The organic phase was 
washed with 20 ml of water, 20 ml of saturated aqueous 
sodium bicarbonate solution, 20 ml of water, dried 
through a bed of anhydrous magnesium sulfate, and 
evaporated under an air stream. A yellow oil 0.68 g was 
left. Thin-layer chromatography showed that the residue 
was mainly one compound, R, 0.32, with a small amount 
of two other peroxy compounds R, 0.19 and 0.51. In- 
frared spectrum: almost identical with that of peroxide 
Rf 0.66 save for a strong OH band 3700-3100 cm-'. 
Nuclear magnetic resonance: aromatic H's 7.12-7.60, 
aliphatic H's are in a triplet at 4.09 and a broad peak at 
1.65-250. 

Preparation of p-Nitrobenzoate Perester of Comporrnd RI 
0.32 (3) 

A solution of 0.496 g of the oxidation product in 5 ml 
of dry pyridine was added to a solution of 0.540 g of 
p-nitrobenzoyl chloride in 15 ml of dry pyridine with 
stirring in an ice bath. The mixture was kept at 0" for 21 
h, then poured into a flask containing 5 ml of concen- 
trated hydrochloric acid and 15 g of cracked ice. A 
creamy-white precipitate formed and was filtered off. It 
was suspended in 25 ml of ether in which most of it dis- 
solved.Thesolution waswashed with; 30ml of 10% hydro- 
chloric acid, 30 ml of 10% sodium hydroxide solution, 
and dried through a bed of magnesium sulfate. The ether 
was stripped on a steam bath leaving 0.286 g of yellow 
oil. This residue was chromatographed on 80 g of Woelm 
grade IV neutral alumina using 1 :1 chloroform benzene 
solution as the eluting solvent. One 75 ml fraction was 
collected and evaporated under an air stream leaving a 
yellow residue 0.242 g. The residue was recrystallized 
from 1 :1 ether, n-pentane giving a crystalline compound 
decomposing above 70". 

Anal. Calcd. for Cl7Hl5NO6: C, 62.0; H, 4.56; N, 4.26. 
Found: C, 64.18; H, 4.54; N,4.25. 

Oxidation of 4-Hydroxybutyrophenone 
A solution of 0.13 g of 4-hydroxybutyrophenone in 10 

ml of ether was added dropwise with stirring in an ice- 
water bath to 10 ml of 30% hydrogen peroxide acidified 
with 0.01 ml of concentrated sulfuric acid. The mixture 
was stirred for 24 h. The organic phase was washed with: 
15 ml of water, 15 ml of saturated aqueous sodium bicar- 
bonate solution, 15 ml of water, dried through a bed of 
anhydrous magnesium sulfate, and evaporated under an 
air stream. A colorless oil 0.10 g was left. Thin-layer 
chromatography showed one large spot at R, 0.32. The 
infrared spectrum of this material showed no carbonyl 
band indicating substantially complete conversion of the 
hydroxy ketone to the hydroperoxide and appeared iden- 
tical to that of 2-phenyl-2-tetrahydrofuryl hydroperoxide 
prepared by the oxidation of 1-phenylcyclobutanol with 
hydrogen peroxide in the presence of sulfuric acid. 

On standing overnight, the reaction product deposited 
a few crystals. These were isolated by crystallization from 
hexane and shown to be (2-phenyl-2-tetrahydrofuryl) 
peroxide by their melting point, Rf value, and infrared 
spectrum. 

Sodium Sulfte Reduction of Compound R, 0.32 
A solution of 2.03 g of 1-phenylcyclobutanol in 10 ml of 

ether was stirred at 0 "C with 10 ml of acidified 90% 
hydrogen peroxide for 14 h. The organic phase was 
washed with: 20 ml of water, 20 ml of saturated aqueous 
sodium bicarbonate solution, 20 ml of water, dried 
through a bed of anhydrous magnesium sulfate, and 
evaporated under an air stream leaving 1.96 g of yellow 
oil. Thin-layer chromatographic analysis showed one 
large peroxy spot R, 0.32 and small amounts of three 
others at R, 0.19,0.51, and 0.66. 

A 0.10 g sample of the oxidation product was stirred 
with 10 ml of 10% aqueous sodium sufite solution for 
2$ h. The mixture was extracted with 2 ml of ether and 
checked by t.1.c. The peroxy spot at Rf  0.32 had dis- 
appeared, leaving the faint peroxy spots at Rr 0.19, 0.51, 
and 0.66. When the chromatogram was exposed to iodine 
vapor a spot at Rr 0.15 appeared corresponding to that 
of an authentic sample of 4-hydroxybutyrophenone. 

The ether was stripped and a yellowish oil having an 
infrared spectrum identical with that of 4-hydroxybuty- 
rophenone was left. A 2,4-dinitrophenylhydrazone was 
prepared from this residue, m.p. 168.5-170" and mixture 
m.p. 168-170" with the 2,4-dinitrophenylhydrazone from 
an authentic sample of 4-hydroxybutyrophenone. 

Acid-free Oxidation of I-Phenylcyclobutanol: a Time Study 
A solution of 2.0 g 1-phenylcyclobutanol in 10 ml of 

ether was added to 10 ml of 90% hydrogen peroxide with 
stirring in an ice-water bath. After stirring 24 h at 0" a 
sample of the organic phase was analyzed by t.1.c. using 
a 1 :1 chloroform, benzene developing solution. When 
sprayed with acidified aqueous potassium iodide solution 
a faint peroxy compound with R, 0.51 appeared. A second 
t.1.c. developed simultaneously with the first and then 
exposed to iodine vapor revealed spots at R, 0.35 and R, 
0.51, the former spot corresponding to the starting 
alcohol. After 6 h the procedure was repeated. Two 
faint peroxy compounds were detected at RI 0.51 and 
0.32 in addition to the starting material at Rf  0.35. 
After 24 h the peroxy spots at Rr 0.51 and 0.32 were quite 
large and they obliterated that of the starting material. 

Acid-free Oxidation of I-Phe~gvlcyclobutanol 
A solution of 2.00 g of 1-phenylcyclobutanol in 10 ml 

of ether was added to 10 ml of 90% hydrogen peroxide 
with stirring in an ice-water bath. The mixture slowly 
warmed to room temperature over a 3 h period and was 
stirred for 154 h. The reaction was terminated by adding 
100 ml of ice-water. The organic phase was washed with 
two 75 ml portions of water and the aqueous phase was 
back extracted with 30 ml of ether. The combined ether 
extracts were dried through a bed of anhydrous magne- 
sium sulfate and the ether was stripped under an air 
stream. Thin-layer chromatography showed two large 
peroxy spots at R, 0.51 and 0.32. The residue was chro- 
matographed on 80 g of Woelm grade IV neutral alumina 
using benzene as the eluting solvent. One hundred ml of 
solvent were collected before the first band came through. 
Ten fractions of 10 ml each and two of 25 ml were col- 
lected. Each fraction was analyzed by t.1.c. The first three 
fractions had only peroxy compound Rf 0.51 and starting 
alcohol (detected with iodine vapor) in them. The re- 
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maining fractions were mixtures of the two peroxy com- 
pounds and the starting material. 

Ferrous Sulfate Reduction of Conlpound Rf 0.51 
The above fractions containing 1-phenylcyclobutanol 

and the hydroperoxide R, 0.51 were combined and evapo- 
rated under an air stream leaving 1.157 g of a yellow oil. 
A saturated aqueous ferrous sulfate solution (75 ml) 
was added cautiously with stirring to the residue. The 
mixture turned from green to muddy brown and a white 
precipitate separated. The solution was extracted with 
three 20 ml portions of ether. The combined ether 
extracts were dried through a bed of anhydrous magne- 
sium sulfate and evaporated under an air stream. A sweet 
smelling semi-crystalline residue was left, 0.863 g. The 
residue was taken up in 10 ml of hot n-hexane and allowed 
to cool. A crystalline solid precipitated, was removed by 
filtration, and was recrystallized from n-hexane, yield 
0.064 g, m.p. 84.5-88.5". The mixture melting point with 
an authentic sample of 1,6-dibenzoylhexane of m.p. 87- 
88.5" was 85-88.5". The filtrate was evaporated under an 
air stream leaving 0.710 g of yellow liquid. Thin-layer 
chromatography using benzene as the developing solvent 
and iodine vapor as the detecting agent showed three 
spots with Rf 0.35, 0.45, and 0.61. These corresponded to 
the Rf values of 1-phenylcyclobutanol, 1,6-dibenzoyl- 
hexane, and butyrophenone respectively. The spot cor- 
responding to 1-phenylcyclobutanol was much larger 
than the other two. 

The residue was heated with 10 ml of acidified metha- 
nolic 2,4-dinitrophenylhydrazine solution. Nothing pre- 
ci~itated from solution. However. when the solution was 
checked by t.1.c. two yellow sdots appeared with Rf 

at 0.4 mm of ethyl benzoylacetate, 1.343 g, b.p. 103-140" 
at 0.4 mm and 4.04 g 14C145" at 0.4 mm of ethyl 2-ben- 
zoyl-4-hydroxybutyrate. 

Fraction three was refluxed with 40 ml of 10% potas- 
sium hydroxide solution for 3 h. Potassium carbonate 
(4.0 g) was added and the mixture was extracted with 
40 ml of ether. The ether extract was dried through 
a bed of anhydrous magnesium sulfate and evaporated 
on a steam bath. The residual amber oil was distilled 
giving 2.27 g, b.p. 12+129" at 0.6 mm. This fraction was 
crystallized from n-hexane giving 4-hydroxybutyro- 
phenone, m.p. 31-33". Infrared spectrum: broad OH 
peak 330C3700 cm-', carbonyl peak 1680 cm-l, aroma- 
tic substitution peak at 700 cm-l. Nuclear magnetic 
resonance: aromatic H's split into two complex bands 
7.15-7.60 (3.58 H) and 7.8C8.07 (1.91 H), aliphatic H's 
are in a triplet at 3.70 (1.71 H) and at 3.08 (2.00 H) and a 
quartet at 1.94 (2.29 H) and hydroxyl proton at 2.51 
(1.45 H). The 2,4-dinitrophenylhydrazone was prepared 
m.p. 168-170" 

Anal. Calcd. for CI6Hl6N4o5; C, 55.7; H, 4.65; N, 
16.25: Found: C, 55.84; H, 4; 85; N, 16.02. 

Synthesis of l,6-Dibenzoylhexane 
This compound was synthesized by the procedure des- 

cribed for 1,4-dibenzoylbutane (26). The product had a 
m.p. 82-85' (reported (27) 85-86") and its bis (2,4-dini- 
trophenylhydrazone) had a m.p. 243-244". 

Anal. Calcd. for C32H30N808: C, 58.8; H, 4.59; N, 
17.15.Found:C,58.96;H,4.82;N, 17.14. 
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After two days, the yellow-brown gelatinous precipi- 
tate was removed by filtration and washed thoroughly 
with ether leaving a white solid. This was dissolved in 
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NOTES 

Synthesis of benzylidene-flavanones 

T. SZ~LL AND M. ZARANDY 
Department of Applied Chemistry, University of Szegerl, Hungary 

Received December 22, 1967 

Various procedures for the preparation of benzylidene-flavanones have been examined and von 
Kostanecki's method was found to give best results. A number of new 6-nitroflavanones are reported. 

Canadian Journal of Chemistry, 46, 1571 (1968) 

Recent interest in the 6-nitro-3-benzylidene- 
flavanones as bacteriostatic materials has led us 
to reinvestigate the methods for their prepara- 
tion (1-7). Reaction of the flavanone with the 
appropriate benzaldehyde in ethanol-hydrogen 
chloride according to von Kostanecki's method 
(1) was found to give best results. Attempts to 
develop a one-step synthesis from the aceto- 
phenones and benzaldehydes listed in Table I, 
using basic (5, 6) or acidic (7) catalysts, were 
generally unsuccessful. This failure is believed 
to be inherent in the reaction process; the ini- 
tially-formed chalcone must isomerize to flava- 
none before condensing with the benzaldehyde, 

but isomerization is a relatively slow process and 
occurs under conditions which promote the 
decomposition of benzylidene-flavanones. In 
agreement with earlier observation (8), flava- 
nones and benzaldehydes in which the substit- 
uents have negative Hammett constants can be 
successfully condensed in the presence of acids. 

Experimental 
Attempted Synthesis of 6-Nitro-3-benzylidene-pauanones 

from 5-Nitro-2-hydroxyacetophenone and the 
Appropriate Aldehyde 

Base-catalyzed condensations (6) were unsuccessful. 
For the acid-catalyzed condensations, the acetophenone 
(0.037 g) and 4-methylbenzaldehyde (1 g) were dissolved 

TABLE I 
Experimental data for benzylidene-flavanones* 

Product Heating Melting % nitrogen 
times Yield point? 

Benzaldehyde R1 R2 R3 R4 (min) % ("c) Formula Calculated Found 

4-CH3- H H CH3 H 10 75 178-179 C23Hl7N04 3.8 3.7 
4-i-C3H7 H H i-C3H7 H 5 8 1 163 C ~ ~ H z i N 0 4  3.5 3.5 
4-OH- H H OH H 10 33 186-188 C22H15N05 3.8 3.7 
4-0CH3- H H 0CH3 H room 81 153-154 C23H17N05 3.6 3.7 

temperature, 
2.5 days 

2-OCH3- 0CH3 H H H 5 53 168-170 C23H17N05 3.6 3.7 
2-OC2H5- 0C2H5 H H H 8 29 181-182 C24H19N05 3.5 3.5 
4-F- H H  F H 25 86 172-173 CzzH14N04F 3.7 3.8 
3-F- H F  H H 15 69 158-159 Cz2H14N04F 3.7 3.7 
2-F F H H H  15 51 153 Cz2H14N04F 3.7 3.6 
2 , 5 - d i 0 ~ ~ ~  0CH3 H H OCH3 room 85 197-198 C24H19N06 3.4 3.3 

I temperature 
3,4-dioxymethy- H 0 - C H ~ ~  H room 76 220-222 C23H15NOs 3.5 3.6 
lene temperature, 

I day 

*Compounds of structure 02N 
t Uncorrected. m 2 - - R 3  bl 

R I  R2 
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in 15 ml of dry ethanol, saturated with HC1 at 0 OC, al- 
lowed to stand for 30 min, refluxed 25 min, diluted with 
water, and evaporated to dryness. The residue was crystal- 
lized from ethyl acetate - aqueous ethanol, the crystals 
washed with 2N ethanolic sodium hydroxide, then recrys- 
tallized from ethanol - ethyl acetate; yield 11 %, m.p. 
185-187". 

A similar attempt with 3-fluorobenzaldehyde gave only 
8.8% yield of benzylidene-flavanone, m.p. 187-189 "C. 

Syntheses from 6-Nitro~7avanone 
6-Nitroflavanone (9) (0.040 g) and the appropriate 

benzaldehyde (0.5-3 Amole) 6 1 . 5  ml dry ethinoi were 
saturated with hydrogen chloride at 0'. The solutions, 
often deeply colored, were allowed to stand for some 
time at room temperature, refluxed briefly, then placed 
overnight in the refrigerator. The resulting yellow 
crystals were recrystallized from ethanol - ethyl acetate 
(1:l). With 4-methoxy-, 2,5-dimethoxy-, and 3,4-dioxy- 
methylene-benzaldehydes, the HCI solutions were not 
refluxed but were allowed to stand 1-3 days at room 
temperature. 
3-(p-Methylbenzylidene)-6-nitro-4'-methylflavanone 

was prepared from 6-nitro-4'-methylflavanone in a yield 
of 75% by this procedure; m.p. 185-187'. 

Anal. Calcd. for C24H19N04: N, 3.6. Found: N, 3.7. 
The new starting flavanone (m.p. 120-121 "C) was pre- 

pared by a method developed for this purpose (9). The 
remaining products are described in Table I. 
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Sur la rkduction par les hydrures complexes d'Cthers knoliques dkrivCs 
de formyl-2 cyclanones. III. Ethers dkrivCs de la formyl-2 

dimkthyl-6,6 cyclohexanone 
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R e p  le 27 decembre 1967 

La reduction des ethers 0- et S-butylks derives de l'hydroxymethylene-2 dimkthyl-6,6 cyclohexanone 
conduit A l'aldkhyde attendu et au methylene-2 dimethyl-6,6 cyclohexanol. 

Thereduction of the 0- and S-butylether derived from the 2-hydroxymethylene-6,6-dimethylcyclo- 
hexanone yields, inaddition to the expected unsaturated aldehyde, 2-methylene-6,6-dimethylcyclohexanol. 

Canadian Journal of Chemistry, 46, 1572 (1968) 

Introduction dimCthyl-6,6 cyclohexanone (2). Dans le cas 

Dans le cadre de nos travaw 2) sur les similaire de 1'Cther Cnolique (lb), Seifert et 

facteurs affectant les r&juctions 1 : 2 vs. 1 :4 des Schinz (3) n'avaient r a ~ ~ O r t C  que la formation 

groupes carbonylCs conjuguCs avec des doubles de l'aldkhyde insaturd (3) provenant d'une addi- 
liaisons, nous avons rCexaminC la rCduction de tion initiale 1:2 de l'hydrure sur le groupe 

1'Cther Cnolique (la) dCrivC de la formyl-2 carbonyle. 

RCsultats et discussion 
lLes risultats rapport& dans ce travail sont tires du L , c ~ ~ ~ ~  inolique (la), prepark A partir de la memoire de maitrise dtposd par Jean-Marie Hachey, 

Facultd des Sciences, Universitd de Montreal, mai 1966. formyl-2 dimCthyl-6,6 cyclohexanone (2) d'apr2s 
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in 15 ml of dry ethanol, saturated with HC1 at 0 OC, al- 
lowed to stand for 30 min, refluxed 25 min, diluted with 
water, and evaporated to dryness. The residue was crystal- 
lized from ethyl acetate - aqueous ethanol, the crystals 
washed with 2N ethanolic sodium hydroxide, then recrys- 
tallized from ethanol - ethyl acetate; yield 11 %, m.p. 
185-187". 

A similar attempt with 3-fluorobenzaldehyde gave only 
8.8% yield of benzylidene-flavanone, m.p. 187-189 "C. 

Syntheses from 6-Nitro~7avanone 
6-Nitroflavanone (9) (0.040 g) and the appropriate 

benzaldehyde (0.5-3 Amole) 6 1 . 5  ml dry ethinoi were 
saturated with hydrogen chloride at 0'. The solutions, 
often deeply colored, were allowed to stand for some 
time at room temperature, refluxed briefly, then placed 
overnight in the refrigerator. The resulting yellow 
crystals were recrystallized from ethanol - ethyl acetate 
(1:l). With 4-methoxy-, 2,5-dimethoxy-, and 3,4-dioxy- 
methylene-benzaldehydes, the HCI solutions were not 
refluxed but were allowed to stand 1-3 days at room 
temperature. 
3-(p-Methylbenzylidene)-6-nitro-4'-methylflavanone 

was prepared from 6-nitro-4'-methylflavanone in a yield 
of 75% by this procedure; m.p. 185-187'. 

Anal. Calcd. for C24H19N04: N, 3.6. Found: N, 3.7. 
The new starting flavanone (m.p. 120-121 "C) was pre- 

pared by a method developed for this purpose (9). The 
remaining products are described in Table I. 
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NOTES 1573 

le procede habitue1 (4), a t t t  rtduit par l'hydrure 
double de lithium et d'aluminium en suivant les 
indications de Seifert et Schinz (3). I1 a t t t  
observt que les produits de la rtaction sont 
formts de 15 a 20 % de mtthylene-2 dimtthyl-6,6 
cyclohexanol (4a) et de 80 a 85 % de l'aldthyde 
attendu (3). 

L'aldthyde a t t t  caracttrist par comparaison 
de ses proprittts physiques et celles de ses dtrivts 
avec les proprittts correspondantes rapporttes 
dans la litttrature (3). Quant a l'alcool insaturt 
4a, sa presence a t t t  mise en tvidence d'une part 
par superposition de pics en c.p.g. avec un tchan- 
tillon authentique prtpart par reduction (5) par 
LiAlH, de la formyl-2 dimtthyl-6,6 cyclohexa- 
none (2). D'autre part, le traitement du mtlange 
brut de la rtduction (80% de 3 et 20% de 4a) 
avec de l'acide, transforme l'alcool 4a en tri- 
mtthyl-2,2,6 cyclohexanone (5) mise en tvidence 
par superposition de pics en c.p.g. avec un 
tchantillon authentique. Cette transformation, 
qui a maintenant t t t  observte par plusieurs 
auteurs (2, 6) a aussi t t t  rtaliste sur l'alcool 
4a pur. 

Le thiotther tnolique 6, prtpart A partir de 
l'hydroxymtthylkne-2 dimtthyl-6,6 cyclohexa- 
none (2) et du butanethiol, a vu Etre dtsulfurist 
en utifisant les indications he fieland et Marshall 
(7) pour fournir un tchantillon authentique de 
trimtthyl-2,2,6 cyclohexanone (5). Le thiotther 
tnolique 6 a aussi t t t  rtduit par LiAlH,; la 
dtcomposition de l'intermtdiaire (7) par H,S04 
concentrt conduit a un mtlange rtactionnel brut 
contenant 90 a 95 % de l'aldthyde 3 et 5 a 10 % 
du mtthylkne-2 dimtthyl-6,6 cyclohexanol (4a). 

6 + Ni Raney + 5 

Les rtsultats obtenus dans le ~ r t s e n t  travail 
montrent donc que les additions i :4 d'hydrures 
sur des groupements carbonyles conjuguts avec 
des doubles liaisons seraient plus gtntrales que 
l'on aurait pu le croire d'aprb les travaux prt- 
ctdents et principalement ceux de Schinz et ses 
collaborateurs (3, 8). Conformtment aux rtsul- 
tats obtenus dans la strie du camphre (2) il est 
not6 a nouveau que les quantitts d'addition 1 :4 
d'hydrures sont plus grandes dans le cas des 
0-tthers tnoliques ( l b )  que dans le cas des thio- 
tthers tnoliques (6). 

Partie expkrimentale 
Les analyses par chromatographie en phase gazeuse 

(c.p.g.) ont t t t  effectuks a l'aide d'un appareil de la 
Compagnie F & M, modkle 810, muni d'un detecteur a 
flamme ionisante sur une colonne spiralie de cuivre de 2.5 
m. contenant 10% d'Hyprose sur Chromosorb P 3C60. 
Temperature de la colonne, 140 "C, debit du gaz porteurs 
(He) 60 ml/min. 

B~ltoxyme'thyline-2 dimithyl-6,6 cyclohexarzone (la) 
Prepare (4) avec un rendement de 85 %, ce derivt prC- 

sente les caracteristiques suivantes: p.e.: 104 "C/0.4 mm 
Hg; nB5: 1.4854; ultraviolet: A,,, 275 mp log E:  4.21 ; 
resonance magnktique nuclkaire (r.m.n.) (produit pur): 6 
4.00 (t,2H,-0-CH2-) et 6 7.20(t,lH, vinylique). 

Anal. Calc. pour C13H2202: C, 74.24; H,  10.54. 
TrouvB: C, 74.17; H, 10.45. 

Mithyline-2 dimithyl-6,6 cyclohexanol (4a) 
La reduction de 9.lg d'hydroxym6thyl&ne 2 par 2.8 g 

d'hydrure de lithium et d'aluminium selon les indications 
de Dreiding et Hartman (5) conduit a 9.0 g de produits 
bruts qui contiennent d'aprts la c.p.g. 91 % du methylene 
alcool desire (4a). Purifie par distillation fractionnee sous 
atmosphere d'azote, I'alcool presente les caracteristiques 
suivantes: p.e.: 135 "C/10 mm Hg; ni4: 1.4805; infra- 
rouge: bandes a 3420 (OH); 885 (=CHz); r.m.n.: (solvant, 
CDCl,), 6 3.67(1H, carbinolique) et 6 4.80(2H, 
vinyliques). 

p-Nitrobenzoate 4b 
Prepare i la maniere habituelle (9), ce derive prksente 

les caracteristiques suivantes: p.f. : 48-49 "C; r.m.n. : 
(solvant, CCI,), 6 4.80(m, 2H, vinyliques), 5.20(n1, lH,  
carbinolique), et 8.10(s, 4H, aromatiques). 
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Desoxycholic acid and 3a,l2a-dihydroxypregnane were transformed to the corresponding A9(")- 
12-0x0 compounds. These steroids and their NaBH4 reduction products were then hydrogenolyzed with 
AIC13-LiAIH4 to provide A9(11)-compounds in good yield. 
Canadian Journal of Chemislry, 46, 1574 (1968) 

Introduction Results and Discussion 
Aluminium chloride - lithium aluminium 

hydride reagents have been used effectively for 
the elimination of oxygen functions from allylic 
alcohols and a,P-unsaturated ketones (1-6). 
Aside from the olefins which are the main reac- 
tion products, conjugated dienes and saturated 
alcohols have been isolated in smaller amounts. 
In general, these hydrogenolyses have provided 
the products that are expected to arise from inter- 
mediary carbonium ions. For example (6), pule- 
gone yielded 41 % of A3-menthene, 35 % of A ~ ( ~ ) -  
menthene, 12% of A294(8)-menthadiene, and 13% 
of A3*8-menthadiene. Hydrogenolysis of A1- 
cholesten-3-one provided 20 % of A'-cholestene 
and 10 % of A2-cholestene (3), but A4-cholesten- 
3-one gave 85-90 % of A4-cholestene (1, 2, 5). It 
was decided to apply the AlC13-LiAlH, reaction 
to A ~ ( ~ ~ ) - ~ ~ - O X O -  and Ag(ll)-12-hydroxy steroids. 
The latter compounds are readily accessible from 
some bile acids and sapogenins, and it was 
hoped that this route would lead to an efficient 
synthesis of Ag(ll)-steroids which, in turn, can 
be converted by established methods to 1 l-oxy- 
genated corticosteroids. 

Desoxycholic acid was transformed to methyl 
3a-acetoxy-12-oxocholanate (1) by a known 
(7-9) sequence of reactions comprising methyla- 
tion of the carboxyl group, preferential acetyla- 
tion of the 3a-hydroxy group, and oxidation of 
the 12a-hydroxy function with chromic acid. 
Dehydrogenation of the product (1) could be 
effected in excellent yield using selenium dioxide 
in refluxing acetic acid (10) but the reaction did 
not proceed well in tertiary butanol (containing 
traces of pyridine) under conditions that have 
been reported (11) to provide good yields of 
A9(11)-12-oxo compounds in the sapogenin 
series. Summarizing the above reactions, it is 
apparent that methyl 3a-acetoxy-Ag(11)-12-oxo- 
cholenate (2a) or its saponification product (2b) 
can be obtained in 80435% yield from desoxy- 
cholic acid. Hydrogenolysis of methyl 3a-acet- 
0xy-A~(~~)-12-oxocholenate (2a) with AIC1,- 
LiAlH, reagents in ether provided 60% of 
3a,24-dihydro~y-A~'~~)-cholene (4). Better over- 
all results (8045%) were obtained when 3a- 
hydroxy-Ag(11)-12-oxocholenic acid (2b) was 
first reduced with sodium borohydride to a 
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Introduction Results and Discussion 
Aluminium chloride - lithium aluminium 

hydride reagents have been used effectively for 
the elimination of oxygen functions from allylic 
alcohols and a,P-unsaturated ketones (1-6). 
Aside from the olefins which are the main reac- 
tion products, conjugated dienes and saturated 
alcohols have been isolated in smaller amounts. 
In general, these hydrogenolyses have provided 
the products that are expected to arise from inter- 
mediary carbonium ions. For example (6), pule- 
gone yielded 41 % of A3-menthene, 35 % of A ~ ( ~ ) -  
menthene, 12% of A294(8)-menthadiene, and 13% 
of A3*8-menthadiene. Hydrogenolysis of A1- 
cholesten-3-one provided 20 % of A'-cholestene 
and 10 % of A2-cholestene (3), but A4-cholesten- 
3-one gave 85-90 % of A4-cholestene (1, 2, 5). It 
was decided to apply the AlC13-LiAlH, reaction 
to A ~ ( ~ ~ ) - ~ ~ - O X O -  and Ag(ll)-12-hydroxy steroids. 
The latter compounds are readily accessible from 
some bile acids and sapogenins, and it was 
hoped that this route would lead to an efficient 
synthesis of Ag(ll)-steroids which, in turn, can 
be converted by established methods to 1 l-oxy- 
genated corticosteroids. 

Desoxycholic acid was transformed to methyl 
3a-acetoxy-12-oxocholanate (1) by a known 
(7-9) sequence of reactions comprising methyla- 
tion of the carboxyl group, preferential acetyla- 
tion of the 3a-hydroxy group, and oxidation of 
the 12a-hydroxy function with chromic acid. 
Dehydrogenation of the product (1) could be 
effected in excellent yield using selenium dioxide 
in refluxing acetic acid (10) but the reaction did 
not proceed well in tertiary butanol (containing 
traces of pyridine) under conditions that have 
been reported (11) to provide good yields of 
A9(11)-12-oxo compounds in the sapogenin 
series. Summarizing the above reactions, it is 
apparent that methyl 3a-acetoxy-Ag(11)-12-oxo- 
cholenate (2a) or its saponification product (2b) 
can be obtained in 80435% yield from desoxy- 
cholic acid. Hydrogenolysis of methyl 3a-acet- 
0xy-A~(~~)-12-oxocholenate (2a) with AIC1,- 
LiAlH, reagents in ether provided 60% of 
3a,24-dihydro~y-A~'~~)-cholene (4). Better over- 
all results (8045%) were obtained when 3a- 
hydroxy-Ag(11)-12-oxocholenic acid (2b) was 
first reduced with sodium borohydride to a 
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a, R1 = Ac; R, = CH3 a, R = H  
b, R l = R , = H  b, R = CH3 

mixture of the 12-epimeric alcohols (3a) which, Experimental 
after methylation with diazomethane, was hydro- ~ ~ ~ h ~ l  ~cr-Acetoxy-~9~ll~~~2-oxoc~olenate (2a) 
genolyzed with AlC1,-LiAlH,. These reactions Methyl 3cr-acetoxy-12-oxocholanate (1; 191 g) was 
were carried out in ether and o~ t imum yields dissolved in warm glacial acetic acid (1.8 l), and selenium . . 

were obtained when the molar proportio~s of dioxide (20 g) was added. The mixture was refluxed and 

steroid :LiA1H4 :AlC13 were 1 :5 : 16. stirred for 31 h and, during this time, four additional 
portions of selenium dioxide (20 g each) were added at 

Hydrogenolysis with AlC13-LiAlH4 was then regular intervals. The cooled mixture was then filtered, 
a ~ ~ l i e d  to ~ ~ ( ~ ~ ) - 1 2 - o x o ~ r e g n e n e s .  The Wolff- and the dark-orange filtrate was diluted bv slow addition 
KGhner reduction prod;ct-(6a) of 3cl,12,-~-di- of water (5 1).  he-resulting precipitate was removed by 

hydroxypregnan-20-one (5) was esterified pref- filtration, washed with water, and vacuum-dried to yield 
172 g of product, m.p. 142-145 "C. One crystallization 

erentiall~ with and the from methanol, with charcoaling, provided material 
3cl-monoester (6b) was then oxidized with with m.p. 146.5--148.5 "C and h,,, (ethanol) 240 mp ( E  

chromic acid and dehydrogenated with selenium 11 840). Reported (121, m . ~ .  145-147 "C and h,,, (ethan- 
dioxide to afford 3cl-ethoxycarbonyloxy-A9~11)- ol) 241 mp (& l1 480). 

12-oxopregnene (8). The latter compound was 
reduced with NaBH, and the crude reduction 
product was hydrogenolyzed with AlC1,-LiAlH,, 
under the same conditions as described earlier, 
to yield 72 % of 3cl-hydroxy-A'('')-pregnene (9). 

Attempts were then made to extend this 
hydrogenolysis reaction to A9(1')-12-oxopreg- 
nenes containing an esterified hydroxyl group in 
the 2 0 ~ -  or 20P-position. Elimination of the 
12-oxygen function did not take place in good 
yield in these cases. 

3~t,24-Dihyrlroxy-A~~~~)-cholene ( 4 )  
(a) By Direct AlCl3-LiAlH, Hydrogerzolysis of Metlryl 

3a-Acetoxy-Agc")-12-oxocholenate (2a) 
Methyl 3cr-acetoxy-A9~11~-12-oxocholenate (2a; 2.35 g) 

was taken up in ether (80 ml) and the suspension was 
added within 20min to a stirred, ice-cold solution of 
A1C13-LiAlH, reagent in ether. The reagent had been 
prepared by carefully dissolving anhydrous aluminium 
chloride (8.45 g) in cold, dry ether (50 ml) and adding 
lithium aluminium hydride (1 g) thereto in several por- 
tions. The hydrogenolysis was carried out by refluxing 
the mixture for 4.5 h. The mixture was then treated 
cautiously, first with a few ml of water then with dilute 
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sulfuric acid, the ether layer was separated, and the 
aqueous phase was extracted with methylene chloride. 
The combined solvent extracts were washed with water, 
dried over MgS04, and evaporated to yield 1.94 g of 
residue. The latter was crystallized from ether to give 
1.14 g (60%) of product, m.p. 173-177 "C, and this was 
shown by thin-layer chromatography (t.1.c.) to be 90% 
pure. Repeated recrystallization from methylene chlor- 
ide -ether gave pure 3a,24-dihydroxy-A9(")-cholene ( 4 ,  
m.p. 178-180 "C and [aIDZZ +50.6' (c, 0.488, dioxane). 

Anal. Calcd. for CZ4H400Z: C, 79.94; H, 11.18; 0 ,  
8.88. Found: C, 79.86, 79.94; H, 11.18, 11.11; 0 ,  9.05. 

(b) By NaBH, Reduction of 3a-Hydroxy-Ag'11~-12-oxo- 
cholenic Acid (2b) Followed by AlC13-LiAlH, 
Treatment 

The steroid (26; 36.5 g) was dissolved in a solution of 
sodium hydroxide (4.2 g) in distilled water (185 ml). 
Sodium borohydride (8.9 g) was added, the mixture was 
stirred at 20" for 23 h, and the clear solution was then 
added dropwise to a stirred solution of concentrated 
sulfuric acid (10 ml) in water (300 ml). The resulting pre- 
cipitate was filtered, washed with water, and vacuum- 
dried at 60" to give 35.4 g of crude 3a,l26-dihydroxy- 
Ag(")-cholenic acid (3a), showing negligible absorption 
at 240 my. 

This crude acid was methylated with ethereal diazo- 
methane, and a solution of the methyl ester (3b; 4.04 g; 
0.01 mole) in ether (80ml) was added dropwise with 
stirring to a reagent prepared from aluminium chloride 
(21.3 g; 0.16 mole) and lithium aluminium hydride (1.9 g; 
0.05 mole) in ether (80 ml). The mixture was refluxed for 
4 h, and the products were isolated in the manner de- 
scribed previously. Crystallization of the residue (3.59 g) 
from ether yielded 2.85 g (79 %)of 3a,24-dihydroxy-A"'")- 
cholene (4), n1.p. 177-179", identical on t.1.c. and mixture 
m.p. with an authentic sample. 

For further identification this compound was acetylated 
with acetic anhydride-pyridine, and the residue was 
crystallized from methanol to provide 3a,24-diacetoxy- 
Ag(")-cholene, m.p. 89-91 "C and [aIDz7 +58.7' (c, 0.98, 
dioxane); reported (1 3), m.p. 87-88 "C and [aIDZ5 +59" 
(dioxane). 

3a-Ethoxycarbonyloxy-12-oxopregnane (7) 
Application of the Huang-Minlon modification (14) 

of the Wolff-Kishner reduction to 3a,l2a-dihydroxy- 
pregnan-20-one (5) gave, in nearly quantitative yield, 
3a,12a-dihydroxypregnane (6a). The latter compound 
(16 g) was dissolved in pyridine (50 ml), the solution 
was cooled by ice-water, and ethyl chloroformate (21.5 g) 
was added dropwise. The mixture was kept at 20' for 
2 h, it was then diluted with water, acidified with dilute 
hydrochloric acid, and the products were extracted with 
ether. The solvent extract was washed with water, dried, 
and evaporated to a small volume to yield 11.2 g of 
material, m.p. 159-172 "C. Recrystallization from ether 
afforded 5.3 g of 66, m.p. 174-176 "C. Examination of 
66 by t.1.c. showed the presence of approximately 5% of 
a less polar contaminant. 

A solution of 3a-ethoxycarbonyloxy-12a-hydroxypreg- 
nane (66; 4.1 g) in acetic acid (40 ml) was treated at 20" 
with a solution of chromic acid (1 g) in water (3 ml), 
acetic acid (15 ml), and sulfuric acid (0.2 ml). The addi- 
tion took 20 min and, after stirring the mixture for 3 h, 

water was added slowly to precipitate the product. Fil- 
tration yielded 3.8 g of material, m.p. 90-93 "C. Recrystal- 
lization from methanol afforded large, prismatic needles 
of 7, m.p. 107-109 "C and [crIDz5 +123.5" (c, 0.566, 
chloroform). 

Anal. Calcd. for CZ4H3804: C, 73.80; H, 9.81. Found: 
C, 73.97, 74.03; H, 9.90, 9.80. 

For further characterization, this ester was saponified 
with methanolic potassium hydroxide. The product was 
crystallized from aqueous methanol to yield 3a-hydroxy- 
12-oxopregnane, m.p. 127-128 "C and [aIDZ5 +129.9" 
(c, 0.292, chloroform); reported (15) m.p. 129-130 "C. 

Anal. Calcd. for C21HJ402: C, 79.19; H, 10.76. Found: 
C, 79.43; H, 10.97. 

3a-Ethoxycarbonyloxy-A9(")-12-oxopregnene (8)  
3a-Ethoxycarbonyloxy-12-oxopregnane (7; 3 g) was 

dissolved in glacial acetic acid (50 ml), selenium dioxide 
(1.5 g) was added, and the mixture was refluxed and 
stirred for 27 h. An additional 2 g of selenium dioxide 
was added in two portions during this time. The cooled 
mixture was filtered, the orange filtrate was diluted with 
water, and the resulting precipitate was collected, washed, 
and dried to give 2.63 g of product, m.p. 121-128 "C. 
Crystallization from methanol, with charcoaling, yielded 
a pure sample, m.p. 128-130 "C, [aIDz4 +122.8' (c, 
0.235, chloroform), and h,,,(ethanol) 240.5 my (E 

13 300). 
Anal. Calcd. for C24H3604: C, 74.19; H, 9.34. Found: 

C, 74.43, 74.33; H, 9.50, 9.48. 
A small sample of the ester was saponified with 

methanolic potassium hydroxide, then isolated by 
crystallization from hexane-ether to give 3a-hydroxy- 
A9(")-12-oxopregnene, m.p. 125 "C, [aIDz4 +125.3' (c, 
0.399, chloroform), and h,,,(ethanol) 240.5 my ( E  12 500). 

Anal. Calcd. for CzlHBZOZ: C, 79.70; H, 10.19. Found: 
C, 79.58, 79.62; H, 10.40, 10.36. 

3a-Hydroxy-A9(")-pregnene (9) 
A solution of 3a-ethoxycarbonyloxy-A9~1'~-12-oxo- 

pregnene (8; 1 g) in tetrahydrofuran (20 ml) was treated 
with a solution of sodium borohydride (0.3 g) in water 
(1.5 ml) and the mixture was refluxed for 5 h. After de- 
composition with very dilute sulfuric acid, the product 
was extracted with ether, and the solvent extract was 
washed, dried, and evaporated to give an amorphous 
residue (0.97 g). 

A solution of this residue in ether (30 ml) was added 
dropwise to a reagent prepared from aluminium chloride 
(5.5 g) and lithium aluminium hydride (0.49 g) in ether 
(30 ml). After refluxing for 4 h, the cooled mixture was 
treated carefully with water followed by dilute sulfuric 
acid, the products were extracted with ether, and the 
solvent extract was washed, dried, and evaporated. The 
residue (750 mg) was crystallized from ether - isooctane to 
yield 580 mg (75%) of product with double m.p. 121- 
122" and 128-129" and [aIDz4 +45S0 (c, 0.364, chloro- 
form). 

Anal. Calcd. for C21H340: C, 83.38; H, 11.33. Found: 
C, 83.41, 83.42; H, 11.32, 11.20. 

1. J. BROOME and B. R. BROWN. Chem. Ind. (London), 
1307 (1956). 

2. 0. H. WHEELER and J. L. MATEOS. Chem. Ind. 
(London), 395 (1957). 
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Etude de configuration en sbrie bicyclo[2*2 -11 heptbnique 

G. M. BROWN ET P. DUBREUIL 
Dipartement de chitnie, Universitt! de Sherbrooke, Slzerbrooke, Quibec 

R e p  le 4 dCcembre 1967 

Deux reactions de Diels-Alder ont CtC etudiees: celle de l'anhydride rnalCique avec l'acttate de furfuryle 
et celle du mCme anhydride avec l'alcool furfurylique. La configuration des composCs obtenus a Cte deter- 
rninee a l'aide de la resonance magnttique nucltaire comrne Ctant exo-cis. 
Canadian Journal of Chemistry, 46. 1577 (1968) 

La condensation de l'acttate de furfuryle avec 
l'anhydride maltique a t t t  faite pour la premiere 
fois en 1931 par Diels et al. (1). Toutefois aucune 
preuve de structure n'est donnke par ces cher- 
cheures ni par Bitler et Nicholl (2) dont le but 
est d'utiliser ce compost et ses dkrivks comme 
plastifiants. I1 a donc t t t  dkcidt d'ktudier la 
structure de ce produit d'addition Diels-Alder 
entre l'acktate de furfuryle et l'anhydride malki- 
que au moyen de la rtsonance magnttique nu- 
clkaire. 

Ce dtrivt oxa-7 [2.2.1.] hepttnique 1 prksente 
cinq absorptions sur le spectre de rksonance 
magnttique nucCaire (r.m.n.) (Tableau I). Les 
absorptions des protons en 5 et 6 correspondent 
bien aux emplacements des pics d'absorption des 
m&mes protons du produit de condensation 
furanne - anhydride maltique (3). Le proton en 
t&te de pont n'est couplk qu'avec le proton en 
position-5, donc il n'est pas couplk avec le proton 
en 3; ce qui prouve que les deux protons en 2 et 
3 sont endo. Cette absence de couplage est bien 
connue; parmi un nombre considtrable de tra- 
vaux on peut citer quelques rtfkrences (4-7). I1 
est facile d'identiiier les autres bandes r.m.n. car 
en comparant le spectre de ce composk A celui 
du produit de condensation de l'alcool furfuryli- 
que et de l'anhydride malkique 2 (reaction con- 
nue @)), il devient Cvident que la plus grande 

dstrence de glissement chirnique est celle qui 
existe entre les bandes d'absorption de 7 5.35 
(pour l'adtate) et de 7 6.09 (pour l'alcool). Cette 
bande d'absorption appartient aux mtthyl6nes 
en position-1. Par conskquent les bandes A 7 
6.49 (pour l'acktate) et a 7 6.64 (pour l'alcool) 
sont dues aux protons en 2 et 3. Les couplages 
sont typiques des protons endo-endo (9). 

I1 faut ajouter que certaines difficultts sont 
apparues lors de l'ttude en r.m.n. de l'anhydride 
2. Car s'il est possible de prendre le spectre de 
cet anhydride A la tempkrature de la piece, il 
se dtcompose en solution dans le dimkthylsul- 
foxyde a la temptrature de 60 "C et encore plus 
rapidement i 85 "C. 

Shono et Hachihama, en prkparant l'anhy- 
dride de l'acide hydroxymkthyl-1 oxa-7 bicyclo- 
[2.2.1]hept&ne-5 dicarboxylique-2,3 (2, 8), n'en 
donnerent pas la configuration, ce produit 
instable n'ttant pas l'objet de leurs recherches. 
Plus rkcemment Yuldashev et Tsukervanik (10) 
firent la condensation de l'alcool furfurylique 
avec l'anhydride maltique et affirmerent que 
l'addition donnait un produit "endoxo". La 
reduction et du dkrivC acttylt 1 et du dkrivk 
hydroxylt 2 dtmontre que les deux composks 
possedent la m&me configuration, car elle donne 
un produit unique 3. Le spectre de ce trio1 3 est 
trks compliqut (Tableau I). 
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Etude de configuration en sbrie bicyclo[2*2 -11 heptbnique 

G. M. BROWN ET P. DUBREUIL 
Dipartement de chitnie, Universitt! de Sherbrooke, Slzerbrooke, Quibec 

R e p  le 4 dCcembre 1967 

Deux reactions de Diels-Alder ont CtC etudiees: celle de l'anhydride rnalCique avec l'acttate de furfuryle 
et celle du mCme anhydride avec l'alcool furfurylique. La configuration des composCs obtenus a Cte deter- 
rninee a l'aide de la resonance magnttique nucltaire comrne Ctant exo-cis. 
Canadian Journal of Chemistry, 46. 1577 (1968) 

La condensation de l'acttate de furfuryle avec 
l'anhydride maltique a t t t  faite pour la premiere 
fois en 1931 par Diels et al. (1). Toutefois aucune 
preuve de structure n'est donnke par ces cher- 
cheures ni par Bitler et Nicholl (2) dont le but 
est d'utiliser ce compost et ses dkrivks comme 
plastifiants. I1 a donc t t t  dkcidt d'ktudier la 
structure de ce produit d'addition Diels-Alder 
entre l'acktate de furfuryle et l'anhydride malki- 
que au moyen de la rtsonance magnttique nu- 
clkaire. 

Ce dtrivt oxa-7 [2.2.1.] hepttnique 1 prksente 
cinq absorptions sur le spectre de rksonance 
magnttique nucCaire (r.m.n.) (Tableau I). Les 
absorptions des protons en 5 et 6 correspondent 
bien aux emplacements des pics d'absorption des 
m&mes protons du produit de condensation 
furanne - anhydride maltique (3). Le proton en 
t&te de pont n'est couplk qu'avec le proton en 
position-5, donc il n'est pas couplk avec le proton 
en 3; ce qui prouve que les deux protons en 2 et 
3 sont endo. Cette absence de couplage est bien 
connue; parmi un nombre considtrable de tra- 
vaux on peut citer quelques rtfkrences (4-7). I1 
est facile d'identiiier les autres bandes r.m.n. car 
en comparant le spectre de ce composk A celui 
du produit de condensation de l'alcool furfuryli- 
que et de l'anhydride malkique 2 (reaction con- 
nue @)), il devient Cvident que la plus grande 

dstrence de glissement chirnique est celle qui 
existe entre les bandes d'absorption de 7 5.35 
(pour l'adtate) et de 7 6.09 (pour l'alcool). Cette 
bande d'absorption appartient aux mtthyl6nes 
en position-1. Par conskquent les bandes A 7 
6.49 (pour l'acktate) et a 7 6.64 (pour l'alcool) 
sont dues aux protons en 2 et 3. Les couplages 
sont typiques des protons endo-endo (9). 

I1 faut ajouter que certaines difficultts sont 
apparues lors de l'ttude en r.m.n. de l'anhydride 
2. Car s'il est possible de prendre le spectre de 
cet anhydride A la tempkrature de la piece, il 
se dtcompose en solution dans le dimkthylsul- 
foxyde a la temptrature de 60 "C et encore plus 
rapidement i 85 "C. 

Shono et Hachihama, en prkparant l'anhy- 
dride de l'acide hydroxymkthyl-1 oxa-7 bicyclo- 
[2.2.1]hept&ne-5 dicarboxylique-2,3 (2, 8), n'en 
donnerent pas la configuration, ce produit 
instable n'ttant pas l'objet de leurs recherches. 
Plus rkcemment Yuldashev et Tsukervanik (10) 
firent la condensation de l'alcool furfurylique 
avec l'anhydride maltique et affirmerent que 
l'addition donnait un produit "endoxo". La 
reduction et du dkrivC acttylt 1 et du dkrivk 
hydroxylt 2 dtmontre que les deux composks 
possedent la m&me configuration, car elle donne 
un produit unique 3. Le spectre de ce trio1 3 est 
trks compliqut (Tableau I). 
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TABLEAU I 
Valeurs de glissement chimique (7) et de constantes de couplage (J, c.p.s.) 

ComposC H-5 H-6 H-4 H-2,H-3 CH2 en 1 

CH20H 3.47(s) 3 .62 (s) 

CH20H 42- 
33 CH20H 

3.38(q)* 3.55(d) 
COOH 

J5,6=5.8 J s s6=5 .8  

C00CH3 J4,5 = 1.6 4f' CH20COCH3 

COOH 3.54 (s) 3 .54 (s) 

COOCH3 & 
5'f CH20H 

4.73 (s) 6.64 (q)* 

J =  6.0 

5.19 (s) 7 -97 (q)* 

J =  5.0 

4.67 (d) 7 .02 (s) 

J4.5 = 1.6 

4.77 (s) 7.10 (s) 6 .04 (s) 

*q = quadruplet. 
tSolvant: CD3COCD3. 
SSolvant: CD3SOCD3. 
5Solvant: D20. 

La rCaction de l'anhydride 1 avec le mCthanol 
donne, m&me s'il y a beaucoup de dCcomposi- 
tion, un diester monoacide 4 dont l'emplacement 
des bandes d'absorption en spectroscopie r.m.n. 
dans l'acetone-d6 est rapport6 dans le Tableau I. 
Le pic du proton acide apparait A T - 1.81 dans 
la pyridine. 

Dans ce composC, le groupement acide et le 
groupement ester pourraient &tre aussi bien l'un 
et l'autre en position-2 ou en position-3. 

Si la fonction acide de notre produit est en 
position-2, le dipart de 1'acCtyle en milieu alcalin 
et puis l'acidification devrait donner lieu ii cette 
lactone dont la formation semble assez facile 
selon les modeles molCculaires. 

Mais aprCs hydrolyse partielle, le produit 
obtenu ne poss6de pas de fonction lactone dans 
l'infrarouge. La possibilitC de la formation de la 
lactone, laquelle s'hydrolyse par la suite, n'est 
pas exclue mais nous semble peu probable dans 
ces conditions. Nous favorisons donc la structure 
4 pour le monoester. 

Dans le Tableau I, il est montrC que les com- 
posCs 4 et 5 posddent tous les deux la configura- 
tion exo; fait toujours bas6 sur l'absence de 
couplage entre le proton en 4 et le proton en 3. 

Les points de fusion ont BtC dktermines a I'aide de la 
plaque chauffante Fisher-Johns et ne sont pas corrigb. 
Les spectres de rCsonance magnetique nuclCaire ont Cte 
pris sur l'appareil Varian A-60 a des concentrations 
variant de 10 a 15 %. Les microanalyses ont kt6 effectuees 
par le laboratoire de microanalyse Schwarzkopf Wood- 
side, New York. 
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NOTES 

Anhydride de I'acide exo-cis ace'toxymBthy1-1 oxa-7 
bicyclo [2.2.I]heptBne-5 dicarboxylique-2,3 (1) 

Ce produit fut prepare par la methode de Bitler et 
Nicholl (2), f = 114-115 "C; litt. f = 114 "C (1). Rende- 
ment: 75 %; infrarouge (CH2C12) en cm-I : 1859 et 1786 
(carbonyles de l'anhydride), 1748 (carbonyle de l'ester). 

Anhydride de I'acide exo-cis hydroxymkthyl-1 0x0-7 
bicycl0[2~2~1]11eptBne-5 dicarboxyliqrte-2,3 (2) 

Meme mode operatoire que pour le compose 1, f = 
88-89" (acetonitrile); litt. f = 82-83 "C (1 1) et f = 80 OC 
(10). Rendement: 82%; infrarouge (CHCl,) en cm-I: 
1855 et 1779 (carbonyles de l'anhydride). 

Exo-cis trihydroxymkthyl-1,2,3 oxa-7 bicyclo[2.2.1]- 
heptPne-5 (3) 

(a) RBdrtction de l'anhydride 1 
Une solution de l'anhydride 1 (6.4 g, 0.03 mole) dans 

30 ml de tetrahydrofuranne sec fut ajoutee lentement a 
une suspension de LiAlH, (4.0 g, 0.10 mole) dans 50 ml 
de tetrahydrofuranne sec. Le melange fut agite 4 h a la 
temperature de la piece. L'exces d'hydrure fut detruit par 
un peu d'eau et la suspension hydrolysee par une solution 
de tartrate de K et de Na a 20%. La solution tetrahydro- 
furannique fut sechee sur MgSO,, puis le solvant fut 
chass6 et le produit recristallisk dans le methanol, f = 
151-152 "C. Rendement : 3.0 g, (60 %); infrarouge 
(acttonitrile) en cm-I : 3610 (hydroxyles). 

Anal. Calc. pour C9H1404: C, 58.05; H, 7.58. TrouvB: 
C, 57.67; H, 7.54. 

(b) RBdrlction de I'anlzydride 2 
La reduction de cet anhydride (5.0 g, 0.025 mole) par 

LiA1H4 (2.5 g, 0.06 mole) dans le tetrahydrofuranne fut 
faite selon (a). 3.0 g (64%) du produit de reduction fon- 
dant a 151-152 "C (nlethanol) furent obtenus. Le point de 
fusion mixte des produits des reductions (a) et (b) n'est 
pas abaissC. 

Acide exo-cis ace'toxymkthyl-1 carbome'thoxy-2 oxn-7 
bicyclo[2.2.I]hepiBne-5 carboxylique-3 (4) 

L'anhydride 1 (21.0 g, 0.09 mole) fut chauffe dans 200 
ml de methanol pendant 7 h, apres quoi le methanol fut 
chasse sous vide et le residu mis au froid. Le produit est 
repris par le chloroforme, f = 121-122 "C, Rendement: 
2.4 g, (lo%), infrarouge (CHC13) en cm-I: 1742 (car- 
bonyle d'ester) et 1715 (carbonyle d'acide). 

Anal. Calc. pour C ~ ~ H ~ , ~ , :  C, 5 3 . 3 3 ; ~ ,  5.22. TrouvC: 
C, 53.63; H, 5.37. 

Acide exo-cis carbomkthoxy-2 hydroxymdthyl-1 oxa-7 
bicyclo[2.2.I]kept$7e-5 carboxyliqlle-3 (5) 

Le diester monoacide 4 (2.2 g, 0.008 mole) dans 100 ml 
de mCthanol fut ajoute a une solution de K2C03 (13.3 g) 
dans 120 ml d'eau. Ce melange fut agite pendant lh a la 
temperature de la piece. Le methanol fut chasse, la solu- 
tion fut acidifiee jusqu'a pH 3 par HCl dilu6, puis le 
volume de la solution fut rkduit a 25 ml sous vide. La 
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solution aqueuse fut extraite a l'acktate d'tthyle. Cette tkre de 1'Education du Gouvernement du Quebec 
solution fut stchQ sur MgSO,, puis le solvant fut chasst une bourse (P.D.). 
sous vide. 300 mg (16 0/,) d'un produit fondant a 118- 
120 "C (acitate d'ithy1e:kther de pttrole) furent obtenus. 
Aprks deux recristallisations dans l'acttate d'tthyle, 
f = 119.5-120 "C, infrarouge (pastille de KBr) en cm-': 
1742 (carbonyle de rester) et 1675 (carbonyle de l'acide). 

Anal. Calc. pour Cl ,z06 : C, 52.63 : H, 5.30.Trouvi: 
C, 52.78; H, 5.59. 
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Reaction of 3-O-p-bromophenylsulfonyl-l,2:5,6-di-O-isopropylidene-a-~- 
glucofuranose with dimethylaminel 

DEREK HORTON, JON S. JEWELL, AND H. S. PRIHAR 
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 

Received February 28, 1967 

The p-bromobenzenesulfonate (3) of 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose (4) reacts with 
dimethylamine by aromatic nucleophilic substitution to give the p-dimethylaminobenzenesulfonate (5) 
of ( 4 ,  rather than by attack at C-3 of the sugar moiety. 
Canadian Journal of Chemistry, 46, 1580 (1968) 

As part of a program in this laboratory con- 
cerning the synthesis of amino sugars and di- 
methylamino sugars related to antibiotics (I ) ,  
it was of interest to study the feasibility of dis- 
placements at C-3 by dimethylamine with various 
sulfonic esters of 1,2 :5,6-di-0-isopropylidene-u- 
D-gluco(and D-al1o)furanose. The p-tolylsul- 
fonyloxy group in 1,2 :5,6-di-0-isopropylidene- 
3-0-p-tolylsulfonyl-u-D-glucofuranose (1) (2) is 
very resistant to displacement by nucleophiles 
(3-6) with the exception of hydrazine (4-8), 
although displacements in the D-a110 analogue 

'Supported, in part, by funds from the United States 
National Institutes of Health, Public Health Service, 
Department of Health, Education, and Welfare, Bethesda, 
Maryland under Grant GM-11976-02 (The Ohio State 
University Research Foundation Project 1820). Funds for 
the purchase of the nuclear magnetic resonance spectro- 
meter were provided by the National Science Foundation, 
Washington, D.C. 

of 1 are relatively facile (9). The supposedly 
better leaving-group characteristics (10) of the 
3-substituent in the 3-p-nitrobenzenesulfonate 
analogue (2) of 1 did not facilitate displacement 
at C-3 by ammonia; the reaction gave mostly 
black tar (6). 

The present report records the reaction of 
dimethylamine with the p-bromobenzenesul- 
fonate (3) of 1,2:5,6-di-0-isopropylidene-u-D- 
glucofuranose (4) for 24 h at 160"; it is observed 
that the nucleophile attacks 3, not at C-3, but 
on the aromatic system, to replace the bromine 
atom by the dimethylamino group and give 3-0- 
(p-dimethylaminophenylsulfonyl)- 1,2: 5,6-di-0- 
isopropylidene-u-D-glucofuranose (5), isolated 
crystalline in 42% yield. The product was 
characterized by elemental analysis, by the simi- 
larity of the nuclear magnetic resonance (n.m.r.) 
parameters (Table 11) of the sugar moiety of 5 
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1742 (carbonyle de rester) et 1675 (carbonyle de l'acide). 
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The p-bromobenzenesulfonate (3) of 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose (4) reacts with 
dimethylamine by aromatic nucleophilic substitution to give the p-dimethylaminobenzenesulfonate (5) 
of ( 4 ,  rather than by attack at C-3 of the sugar moiety. 
Canadian Journal of Chemistry, 46, 1580 (1968) 

As part of a program in this laboratory con- 
cerning the synthesis of amino sugars and di- 
methylamino sugars related to antibiotics (I ) ,  
it was of interest to study the feasibility of dis- 
placements at C-3 by dimethylamine with various 
sulfonic esters of 1,2 :5,6-di-0-isopropylidene-u- 
D-gluco(and D-al1o)furanose. The p-tolylsul- 
fonyloxy group in 1,2 :5,6-di-0-isopropylidene- 
3-0-p-tolylsulfonyl-u-D-glucofuranose (1) (2) is 
very resistant to displacement by nucleophiles 
(3-6) with the exception of hydrazine (4-8), 
although displacements in the D-a110 analogue 
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of 1 are relatively facile (9). The supposedly 
better leaving-group characteristics (10) of the 
3-substituent in the 3-p-nitrobenzenesulfonate 
analogue (2) of 1 did not facilitate displacement 
at C-3 by ammonia; the reaction gave mostly 
black tar (6). 

The present report records the reaction of 
dimethylamine with the p-bromobenzenesul- 
fonate (3) of 1,2:5,6-di-0-isopropylidene-u-D- 
glucofuranose (4) for 24 h at 160"; it is observed 
that the nucleophile attacks 3, not at C-3, but 
on the aromatic system, to replace the bromine 
atom by the dimethylamino group and give 3-0- 
(p-dimethylaminophenylsulfonyl)- 1,2: 5,6-di-0- 
isopropylidene-u-D-glucofuranose (5), isolated 
crystalline in 42% yield. The product was 
characterized by elemental analysis, by the simi- 
larity of the nuclear magnetic resonance (n.m.r.) 
parameters (Table 11) of the sugar moiety of 5 
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NOTES 

vie 

with those of 1, 3, and the 3-0-(methylsulfonyl) 
(6) (1 1) and 3-0-(phenylsulfonyl) (7) derivatives 
of (4), and by the fact that the aryl protons of 5 
gave a 4-proton A2X2 system (12) in the n.m.r. 
spectrum. Details of characterization of the sul- 
fonic esters are given in Table I and in the Ex- 
perimental section. 

At least five possible modes of attack of a 
nucleophile on 3 can be postulated; abstraction 
of H-4 (or, conceivably H-2) leading to elimina- 
tion; rearside attack on C-3 leading to dis- 
placement of the sulfonyloxy group; attack on 
sulfur leading to formation of 4;  or displacement 
of bromine by aromatic nucleophilic substitu- 
tion. The fact that the last of these processes 
was observed as a major pathway in the reaction 
of 3 with dimethylamine further illustrates the 
hindrance to rearside (endo) attack at C-3 in 
this bicyclo [3'3'0]system, and indicates that the 
use of a good leaving group, such as p-bromo- 
benzenesulfonate, does not facilitate the dis- 
placement at C-3 to a degree suitable for pre- 
parative purposes. 

Experimental 
Melting points were determined with a Hershberg type 

of apparatus and are uncorrected. Specific rotations were 

determined in a 2-dm polarimeter tube. Infrared spectra 
were measured with a Perkin-Elmer model 137 "Infra- 
cord" infrared spectrometer. Nuclear magnetic resonance 
(n.m.r.) spectra were measured at 60 MHz with a Varian 
A-60 n.rn.r. spectrometer. Chemical shifts are given on the 
T-scale and all spectra were measured at -40" with solu- 
tions (-10%) in chloroform-d, with tetramethylsilane 
(T = 10.00) as the internal standard. Spectra were ana- 
lyzed on a first-order basis, and the Jvalues recorded are 
the measured peak spacings. The width at half-height is 
denoted by w*. Microanalyses were determined by W. N. 
Rond. Thin-layer chromatography was performed with 
Silica Gel G (E. Merck, Darmstadt, Germany) on plates 
activated at 110". The developing solvent was 3:l chloro- 
form-ether and indication was effected with sulfuric acid. 

Preparation of Sulfonic Esters of 1,2:5,6-Di-0-isopropyli- 
dene-a-D-glucofuranose 

A solution of 1,2:5,6-di-0-isopropylidene-a-D-gluco- 
furanose (4, 26.0 g, 0.100 mole) in dry pyridine (50 ml) 
was treated, with cooling, with the appropriate sulfonyl 
chloride (0.110 mole) and the solution was kept at 25". 
Separation of pyridinium chloride was observed (sul- 
fonyl chloride and the time of reaction when pyridinium 
chloride began to separate is given): methanesulfonyl 
chloride; 2 min; p-nitrobenzenesulfonyl chloride; 10 
min; p-bromobenzenesulfonyl chloride; 60min; benzene- 
sulfonyl chloride; 120 min; p-toluenesulfonyl chloride; 
120 min. The products were isolated after 18, 24, 48, 48, 
and 48 h, respectively, by adding 20 ml of water with 
cooling to the reaction mixture. This was followed by 
a further 350 ml of water 15 min later. Substances 1, 3, 
6, and 7 crystallized on trituration and were filtered, 

TABLE I 
Characterization data for 3-sulfonic esters of 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose 

- 

Analytical data 
Melting [a lDZ4' 

Ester point "C (c, 1 ; CHC13) R, C H Br S 

p-Bromophenylsulfonyl* (3) 149-1 50 -79.7k0.6 0.95 45.07 4.80 16.97 6.58 
Methylsulfonylt (6) 80-82 -49 + 1  0.80 
p-Nitrophenylsulfonyl~ (2) 109-1 11 -78 -10.6 
Phenylsulfonyl§ (7) 150-152 -78.5k0.9 0.85 54.21 6.39 8.19 
p-Tolylsulfonylll (1) 122.5-123.5 -71.8k0.6 0.88 

'Calcd. for C,,H,,BrO,S: C, 45.09; H, 4.84; Br. 16.63; S, 6.70. 
?Lit. (11) m.p. 83-84'. [alD -50' (chloroform). 
tLit. (6) m.p. 110'. [al~ -81.2' (chloroform). 
5Calcd. for C18H2408S: C ,  53.98; H. 6.05; S. 8.00. 
[/Lit. (2) m.p. 120-121'. [ale -81.7' (1,1,2,2-tetrachloroethane). 
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TABLE I1 
Nuclear magnetic resonance spectral data for 3-sulfonic esters of 1,2:5,6-di-0-isopropylidene-u-D-glucofuranose 

Chemical shifts (r) 

Ester H-I(J1,~, Hz) H-2* H-3 H-4,5,6, 6' CMe, Aryl 

p-Bromophenylsulfonyl (3) 4.09 (3.5) 5.13-5.27 5.92-6.19 8.51,8.69,8.79,8.84 2.05-2.42 
p-Dimethylaminophenylsulfonylt (5) 4.11 (3.8) 5.16-5.30 5.80-6.18 8.52,8.69,8.76,8.78 2.30,3.35$ 
Methylsulfonyl§ (6) 4.07(3.7) 5.25 5.0311 5.73-6.11 8.51,8.59,8.68,8.68 
Phenylsulfonyl (7) 4.10 (3.7) 5.12-5.26 5.88-6.21 8.52,8.70,8.81,8.87 1.95-2.54 
p-Tolylsulfonyl** (1) 4.11 (3.5) -5.21 5.90-6.22 8.54,8.70,8.80,8.84 2.18,2.65tt  

*In each examole J, . was -0 HZ. 
t6-Proton sindet ( ~ k e , )  at  r 6.95. 
$Two 2-proton doublets, broadened at base, A2X2 system, JA,X = 9 HZ. 
$3-Proton singlet (MeSO,) at T 6.91. 
YMultiplet, vvt  4 Hz. 
*Nuclear magnettc resonance data for 1 in acetone solution have been reported in ref. 13. 

ttTwo 2-proton doublets, broadened at base, A2X2 system, JA.X = 8 HZ; a 3-proton singlet (Me of Ts) is observed at r 7.58. 

washed well with water, dried, and recrystallized from tion of the reaction product revealed the presence of a 
methanol. Substance 2 did not crystallize directly, and major component having the mobility of 5, together with 
was extracted with 1,2-dichloroethane. The extract was at least four other components. The syrup rapidly de- 
washed at 0' with N sulfuric acid, and then with aqueous colorized bromine in carbon tetrachloride, suggesting that 
sodium hydrogen carbonate. The dried (magnesium sul- 3-deoxy-1,2:5,6-di-0-isopropylidene-u-~-eryt/1ro-hex-3- 
fate) extract was evaporated and the product was crystal- enofuranose (3) was present. 
lized from the minimum volume of boiling methanol. 
The relative solubilities of the five compounds in meth- 
anol was 6 > 2 > 1 > 7 > 3. The yields of once-re- Acknowledgment 
crystallized product were: 1, 32 g (78 %); 2, 34 g (77 %); The authors thank Dr. J. L. Godman for 
3, 36 g (75 %); 6, 25 g (77 %); 7, 27 g (68 %). Additional 
crops of each compound could be obtained by con- 'Ome Of the magnetic resonance 
centrating the mother liquors and adding water to inci- measurements .  
~ i e n t  turbidity. Details of characterization of 1, 2. 3, . . . 

6, and 7 are given in Table I, and Table I1 gives n.m.r. 
spectral data for 1, 3, 6, and 7. 

The p-nitrobenzenesulfonate 2 was not stable on 
storage. Even after careful recrystallization it darkened, 
liquified, and eventually gave a black tar having the odor 
of acetone, when kept at  room temperature for a period 
of 30 days. The p-bromobenzenesulfonate 3 darkened 
slowly over a period of several months. Carefully re- 
crystallized samples of the methanesulfonate 6, benzene- 
sulfonate 7, and p-toluenesulfonate 1 appeared stable 
on prolonged storage, but slow decomposition took place 
if small proportions of impurities were present. 

3-0-(p-Dimethylaminophenylsulfonyl)-1,2:5,6-di-O- 
isopropylidene-a-D-g!ucofiranose (5) 

A mixture of 3 (5 g) and dimethylamine (10 g) was 
heated in a steel bomb for 24 h at 160'. The resultant 
mixture was evaporated, crystallized from propyl alcohol, 
and recrystallized from chloroform to give 5, yield 
1.94 g (42%), m.p. 132", [u]DZ3 -71' (c, 0.8, chloroform), 
R, 0.78; A,,, (KBr) 6.23,6.62. (aryl C=C), 7.28 (sulfonate, 
CMe,), 8.60 Fm (sulfonate). The n.m.r. data are given in 
Table 11. 

Anal. Calcd for CZOHZ9NO8S: C, 54.16; H,  6.59; 
N, 3.16; S, 7.23. Found: C, 53.93; H ,  6.77; N, 3.03; 
S, 7.34. 

Thin-layer chromatography of the uncrystallized por- 
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WEBBER. Carbohydrate Res. 3, 137 (1966). 
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Thermal and photolytic decomposition reactions of diazo compounds in the 
bicyclo[4 -1 -0Iheptane 

IAN W. J. STILL AND D. T. WANG 
Department of Cl~emistry, University of Torot~to, Toronto 5, Ontario 

Received December 1, 1967 

The photochemical and thermal decomposition reactions of 5-diazo-3-caren-2-one have been studied. 
Thermal decomposition led to the corresponding azine (93 %), while photochemical decomposition in 
aqueous dioxan led to the azine (7 %) and to 3-carene-2,5-dione (9 %). Photochemical decomposition in 
methanol led to a third product C20H2404 (3 %). Experiments on the photochemical decomposition of 
the isomeric 2-diazo-3-caren-5-one are also described. 

Canadian Journal of  Chemistry, 46, 1583 (1968) 

The thermal and photolytic decomposition 
reactions of cl-diazoketones have been studied 
extensively (1-3). In many cases the reaction 
proceeds by loss of nitrogen followed by Wolff 
rearrangement of the presumed carbenoid inter- 
mediate. We felt that it would be of some 
interest to investigate a diazoketone in which 
rearrangement was precluded by the molecular 
structure and in which the diazo group is y- to  
the a,P-unsaturated carbonyl function. 

The compound we chose for our initial study 
was 5-diazo-3-caren-2-one which could be 
prepared in 67% yield from 3-carene-2,5-dione- 
5-oxime (2) (4), using the modification of the 
Forster (6) reaction with chloramine, as described 
by Cava et al. (5). The diazoketone is a reddish 
violet solid, m.p. approximately 40" (decomp.), 
with very intense bands in the infrared at 4.88 
and 6 . 0 1 ~  and a maximum in the ultraviolet at 
378 mp (E 16 000) in methanol, and at 350 mp 
(E 17 000) in n-hexane. The nuclear magnetic 
resonance (n.m.r.) spectrum revealed signals a t  
T 3.22, 7.95, 8.22, 8.69, and 8.91. Exact integra- 
tion was not possible since the diazoketone was 
decomposed by attempts at purification. 

When the diazoketone (1) was heated at 40" 
under nitrogen, in the absence of solvent and in 
the dark, it was converted to a high-melting 
orange solid in 93% yield. This compound was 
found to have the molecular formula C,,H,,N,- 
0,, on the basis of mass spectral and elemental 
analysis. The azine structure (3) was indicated by 

its infrared, ultraviolet, and n.m.r. spectra. The 
particular configuration was assigned on the 
basis of the n.m.r. signals for the bridgehead 
protons. Two of these protons appear as a doub- 
let at z 7.87 ( J  = 7 c.p.s.) and the others as a 
doublet at T 7.28 ( J  = 7 c.p.s.). In 3-carene-2,5- 
dione (4) on the other hand, the two bridgehead 
protons appear as a singlet at z 7.79, while in 3- 
carene-2,5-dione-5-oxime (2) two doublets (J 
= 7 c.p.s.) were again observed at z 7.88 and 
7.28. Since it has been shown (7) that the oxime 
function in (2) is syn to  the cyclopropyl group, 
we have assigned to the azine structure (3) in 
which the N-N bond is syn relative to both 
cyclopropane rings. Chemical support for the 
gross structure of the azine was obtained by its 
reaction with excess hydroxylamine hydrochlor- 
ide, which afforded 3-carene-2,5-dione-2,5-diox- 
ime (5) in more than 50% yield. The azine was 
also obtained when the diazoketone (1) was kept 
at 25" in the absence of light for a few days. 

The irradiation of 5-diazo-3-caren-2-one (1) in 
0.2% solution in 50% aqueous dioxan under 
nitrogen could readily be followed by watching 
the disappearance of the diazo band at 4 . 8 8 ~  in 
the infrared. After 8 h, complete decomposition 
had occurred, and chromatography on silica gel 
led to the isolation of the azine (3) (7 %) and 3- 
carene-2,5-dione (4) (9 %). The remaining mater- 
ial consisted largely of polymer, together with 
small amounts of impure liquid fractions. The 
carenedione may arise by a mechanism similar 
to that proposed by Bartlett and Traylor (8) for 

'Presented in part at the 50th Annual Conference of the conversion of diphenyldiazomethane, in the 
the Chemical Institute of Canada, Toronto, June 5-7, 
1967. presence of oxygen, to benzophenone. We have -. ~ 

~ ~ r o m  the M.Sc. thesis of D. T. Wang, University of found, however, that the yield of 3-carene-2,5- 
Toronto, 1967. 

3Numbering of the carane system used throughout is dione is surprisingly insensitive either to more 
that used in structure (1). rigorous removal of oxygen from the system or 
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to  attempts to increase the yield by bubbling air 
through the irradiated solution of the diazo- 
ketone, so that a mechanism involving the 
solvent, or solvent impurities, cannot be excluded 
at this stage? 

When the irradiation of (1) was conducted 
under similar conditions, in methanol as the 
solvent, three products were isolated. In addition 
to 3-carene-2,5-dione (12%) and the azine (3) 
(3 %), a colorless solid, m.p. 140" (decomp.), was 
obtained in 3 % yield. Nitrogen was not present 
in this compound, and the elemental analysis 
indicated the empirical formula (C,H,O),. No 
molecular ion was observed in the mass spectrum 
but a peak at mle 296 might arise by (thermal) 
loss of 0, from C20H2404. Some support for 
this view was obtained by the fact that the 

unknown solid gave a strong peroxide test when 
a chloroform solution was shaken with dilute 
acidified potassium iodide. Two carbonyl bands 
were observed in the infrared at 5.90 and 6 . 0 4 ~ ~  
which were shifted to slightly longer wavelength 
when the compound was heated under nitrogen 
for 10 min at 150". The amount of material then 
remaining was too small to permit further 
characterization. 

The isomeric 2-diazo-3-caren-5-one (8) was 
obtained similarly by the reaction of 3-carene- 
2,5-dione-2-oxime (7) with chloramine. The 
oxime in turn was prepared as shown by a 
modification of the published procedure of 
Corey and Burke (4), starting from eucarvone 
(6). 

The diazoketone so obtained was slightly con- 

taminated by traces of unreacted oxime (7) but 
possessed the expected bands at  4.80 and 6 .05~.  
It was felt that the very small amount of oxirne 
present would not significantly affect the de- 
composition of the diazoketone, and in view of 
the lability of the diazo grouping, no further 
attempts were made at purification. 

Thermal decomposition was accomplished by 
heating (8) at 55" under nitrogen for 24 h. Poly- 
meric material only was obtained. The greater 
stability of the diazo function when present at 
the 2-position (as reflected in the greatly in- 

4We thank one of the referees for this suggestion. 

creased time required for complete decomposi- 
tion) indicates that loss of nitrogen and develop- 
ment of a carbenoid center at the 5-position in 
the isomeric diazoketone (1) may be facilitated 
by conjugative electron-release from the 3- 
methyl group. Irradiation of a 0.2 % solution of 
the diazoketone (8) in 50 % aqueous dioxan for 
8 h led to the formation of a dark resinous oil 
from which small amounts of the starting oxime 
(7) and 3-carene-2,5-dione (4) were isolated. No 
azine could be detected in this reaction. A third 
product, isolated in extremely low yield, posses- 
sed pronounced spectral similarities with the 
unidentified product from the photolysis of (1) in 
methanol. 
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To complete our study of diazo compounds in 
this series, we attempted to convert 3-carene-2,5- 
dione-2,5-dioxime (5) into the bisdiazo com- 
pound (9), using chloramine. The inherent diffi- 
culty involved arises from the fact that the 5- 
oxime group undergoes conversion to the 5-diazo 
group more readily than that at the 2-position, 
while the 5-diazo function so formed undergoes 
much more rapid thermal decomposition than 
the 2-diazo group, as we have already observed. 
Some material was obtained from this reaction 
with a band at 4 .89~.  Infrared examination, 
however, also revealed the presence of substan- 
tial amounts of hydroxylic material (5 + 10) and 
this reaction was not pursued further. 

In conclusion, oxygenation of a carbenoid 
precessor, with the formation of the correspond- 
ing ketone (9), has been observed in low yield in 
both cases. Further investigation will be carried 
out to determine whether attack of ground-state 
oxygen on triplet carbene species is responsible. 
Azine formation was observed in virtually 
quantitative yield in the thermal decomposition 
of (1) and it  has been suggested (10) that attack 
of a diazo group on the singlet carbene may be 
responsible. Minor products observed during the 
photolyses of these y-diazoketones may be cyclic 
peroxides, but further investigation of these 
compounds is necessary to substantiate this view. 
Products corresponding to nucleophilic attack 
of water or methanol on an electron-deficient 
(singlet) carbene could not be detected in any of 
our photolyses, nor were any products corres- 
ponding to formal coupling of two carbenoid 
species obtained. 

Experimental 
All irradiations were carried out in Pyrex vessels using 

a 125 W medium-pressure Hanovia mercury lamp? Infra- 
red spectra were recorded on a Perkin-Elmer model 237B 
grating spectrometer and the ultraviolet spectra on 
Bausch and Lomb 505 or Unicam SP 800 recording 
spectrophotometers. Nuclear magnetic resonance spectra 
were taken on Varian A-60 or HA-100 instruments, with 

5Engelhard Hanovia Lamps, Bath Road, Slough, Eng- 
land. 

tetramethylsilane as internal standard. Mass spectra were 
measured using the AE1 MS-902 machine, and the micro- 
analyses were carried out in the laboratory of Mr. A. B. 
Gygli, Toronto. All melting points are uncorrected. 

5-Diazo-3-caren-2-one (I) 
A solution of carenedione-5-oxime (2) (2.3 g, 0.013 

mole) in a mixture of water (100 ml) and 33% sodium 
hydroxide (3.8 ml, 0.031 mole) was cooled to On. Twenty- 
eight percent ammonium hydroxide (7 ml, 0.55 mole) was 
added, followed by 12% sodium hypochlorite solution 
(32 ml, 0.052 mole) added dropwise over a period of 20 
min. After the addition of the hypochlorite, the ice bath 
was slowly warmed up, and stirring was continued for an 
additional hour. The deep red solid (1.45 g, 67%) was 
collected by filtration and washed with ice-cold water. 
The solid melted at 40" (decomp.). The infrared spectrum 
showed intense bands at 4.88 and 6.01p, h,,,(hexane) 
350 mp (E 17 OOO), h,,,(MeOH) 378 mp (E 16 000). 

.Thern~al De~ompositiotl of 5-Diazo-3-caren-2-one 
(a) The diazoketone (1) (0.2 g, 0.0011 mole) was ex- 

posed to air, in the dark, at room temperature for 8 h. 
The resulting orange solid (0.17 g, 92%) was recrystallized 
from 95% ethanol, m.p. 189-191"; infrared bands 
(CHCl,) at 6.05, 6.18, 6.40 p; h,,,(MeOH) 340mp (E 
13 400); z(CDC13) 8.88 (6 H), 8.70 (6 H), 8.05 (6 H), 7.87 
(2 H), 7.28 (2 H), and 3.01 (2 H). 

Anal. Calcd. for C20H24N202: C, 74.10; H, 7.41; N, 
8.62. Found: C, 74.25; H, 7.69; N, 8.60. 

(b) The diazoketone (1) (0.2 g, 0.001 1 mole) was heated 
over boiling methylene chloride for 4 h, and the same 
orange-colored solid (0.18 g, 93 %) was obtained. 

Photolysis of 5-Diazo-3-caren-2-one ( I )  
(a) In 50 % Aqueous Dioxan 
A 0.2 % solution (100 ml) of 5-diazo-3-caren-2-one in 

50% aqueous dioxan was irradiated under nitrogen for 
8 h. The orange-colored solution was diluted with water 
(100 ml) and extracted repeatedly with ether. The organic 
layer was dried and evaporated to give an oil. Chroma- 
tography on silica gel and elution with 5% and 10% 
ether-benzene mixtures afforded two distinct fractions- 
one being a pale-yellow crystalline solid, and the other an 
orange-colored solid. The pale-yellow solid proved to be 
3-carene-2,5-dione (4) (0.019 g, 9.479, identical in melting 
point and infrared spectrum with the material obtained on 
deoximation of 3-carene-2,5-dione-Soxime. The orange 
solid was the azine (3) (0.012 g, 6.7 %) identical in melting 
point, mixture melting point, and infrared spectrum 
with the material obtained on thermal decomposition 
of (1). 

(b) 111 Methanol 
A 1 % solution (100 ml) of 5-diazo-3-caren-2-one in 

methanol was irradiated under nitrogen for 8 h. Chroma- 
tography of the crude product on silica gel and elution 
with 5 %, 10 %, and 20 % ether-benzene mixtures, gave on 
evaporation 3-carene-2,5-dione (4) (0.15 g, 16%), the 
azine (3) (0.03 g, 3%), and a colorless crystalline solid 
(0.03 g, 3 %), respectively. 

The colorless solid, after recrystallization from carbon 
tetrachloride had m.p. 140-144' (decomp.); infrared 
bands (CHCl,) at 5.90 and 6.04 p; h,,,(MeOH) 227 mp 
(E 27 000) and 287 mp (E 15 000); z(CDC1,) 8.87, 8.77, 
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8.17, 7.94, 7.41, 5.16, 3.75, and 2.70; mass spectrum m/e at 2.80, 3.06, 4.80, and 6.05~. No purification was at- 
296. tem~ted. 

Anal. Calcd. for C20HZ4O4: C, 73.16; H, 7.32. Found: 
C, 73.88, H, 7.60. 

Pyrolysis of Corrzpound C20 H2404 
Compound CZOHZ4O4 (0.001 g, 0.000003 mole) was 

placed in a small test tube, which was heated in an oil bath 
at 155" under a nitrogen atmosphere. After 10 min, gas 
evolution ceased and the solid turned into a yellowish oil. 
Infrared bands were present (CHCI,) at 5.92 and 6 . 1 0 ~ ;  
h,,,(MeOH) were at 220 mW (E 8500), 294 mp (E 7000), 
and 350 mW (E 5500). 

Photolysis of 2-Diuzo-3-caren-5-one (8)  
The crude diazoketone (0.10 g) was dissolved in 50 % 

aqueous dioxan (20 ml). The solution was irradiated 
under nitrogen, for 8 h. The resulting solution was diluted 
with water (100 ml) and was extracted with ether (3 
times). The combined ether extracts on drying and 
evaporation yielded an oil. Chromatography on silica gel 
and elution with 5%, lo%, and 20% ether-benzene 
mixtures gave 3-carene-2,5-dione (4) (0.0025 g), 3-carene- 
2,5-dione-2-oxime (7) (0.0062 g), and a trace of a third, 
unidentified compound, respectively. The third product 

Conversion of 3-Carene-2,5-dione-5-azine (3) into 
3-C~rene-2,5-dioize-2,5-dioxime (5 )  

showed infrared bands (CHCl,) at 2.78, 3.00, 5.88, and 

3-Carene-2,5-dione-5-azine (3) (0.1 g, 0.0003 mole) was 
6 .02~;  h,,,(MeOH) 220 mW (E 6400) and 283 mW (E 4600). 

dissolved in a 1 :1 pyridine - absolute alcohol solution (10 
ml). Hydroxylamine hydrochloride (0.2 g, 0.004 mole) Acknowledgment 
was added and the mixture was heated on a steam bath 
for 30 min. After removal of the solvents. the residue was We wish to  thank the National Research 
triturated thoroughly with water and a white solid (0.067 Council of Canada for their financial support 
g, 57%) m.p. 187-188", was filtered, washed with water, of this research. and dried in air. This material was identical (mixture 
melting point and infrared spectral comparison) with 3- 
careneI2;5-dione-2,5-dioxime (5) obtained from 3-carene- 

W. KIRMSE. Carbene chemistry. Academic Press, 2,5-dione-5-oxime (2) (4), r (DMSO-d6) 9.18 (3 H), 8.70 New York, 1964. 
(3 H), 8.05 (3 H), 7.66 (2 H), 3.83 (1 H), -1.48 (1 H), and 2. R. 0. KAN. Organic photochemistry. McGraw- 
-1.72 (1 H). Hill, New York. 1966. 

3. D. C. NECKERS. Mechanistic organic photochem- 
2-Diazo-3-caren-5-one (8 )  istry. Reinhold, New York. 1967. 
3-~arene-2,5-dione-2-oxime (7) (0.25 g, 0.0014 mole) 4. E. J. COREY and H. J. BURKE. J. Am. Chem. Soc. 

was dissolved in 33 % sodium hydroxide solution (0.4 ml, 78, 174 (1956). 
0.0032 mole). The solution was diluted with water to 10 5. M. P. CAVA, R. L. LITLE, and D. R. NAPIER. J. Am. 
ml and cooled to -5" in a dry ice - carbon tetrachloride Chem. Soc. 80, 2257 (1958). 
bath. Ammonium hydroxide (0.8 ml, 0.006 mole) was 6. M. 0. FORSTER. J. Chem. SOC. 260 (1915). 
added, followed by 12 % sodium hypochlorite (3.2 ml, 7. G. L. BUCHANANy R. A. and I-  W. J. 

J. Chem. Soc. 4372 (1963). 0.0052 mole), added dropwise over a period of 5 min. 8. p. D. BARTLEm and T. G .  TRAYLOR. J. Am. Chem. After completion of the addition of sodium hypochlorite, Sot. 84, 3408 (1962). 
the mixture was allowed to warm up slowly to room g. E. J. MORICONI and J. J. MURRAY. J. Org. Chem. 
temperature. The alkaline reaction mixture was then 29, 3577 (1964). 
extracted with ether and removal of the solvent gave a 10. G. CAUQUIS and G. REVERDY. Tetrahedron Letters, 
dark orange-colored oil (0.1 5 g), infrared bands (CHC13) 1493 (1967). 

Convenient synthesis of 3-amino-3-deoxy-D-ribose 

WALTER SOWA 
Department of Organic Chemistry, Ontario Research Fourzdation, Sheridan Park, Ontario 

Received January 5, 1968 

3-Amino-3-deoxy-D-ribose and D-ribose were prepared from a derivative of D-xylose. 1,2-0-Isopropyl- 
idene-5-0-triphenylmethyl-a-D-xylofuranose (2) was oxidized by dimethyl sulfoxide - acetic anhydride 
to 1,2-O-isopropylidene-5-O-triphenylmethyl-a-~-erythro-pentofuranos-3-uose (3). The oxime (4) of this 
3-keto sugar derivative was reduced with lithium aluminium hydride to 3-amino-3-deoxy-l,2-0-isopro- 
pylidene-5-0-triphenylmethyl-a-D-ribofuranose (5), isolated as the acetamido derivative (6). Hydroly- 
sis yielded 3-amino-3-deoxy-D-ribose hydrochloride. 3 was reduced by sodium borohydride to 1,2-0-iso- 
propylidene-5-0-triphenylmethyl-a-D-ribofuranoe (7), which yielded D-ribose on hydrolysis. 

Canadian Journal of Chemistry, 46, 1586 (1968) 

In recent years many unusual amino and interest because it occurs in puromycin (2) and 
deoxy sugars have been identified as components in 3'-amino-3'-deoxyadenosine (3). Puromycin, 
of a number of antibiotic substances (1). One of which has been identified as 6-dimethylamino-9- 
these sugars, 3-amino-3-deoxy-D-ribose, is of [3-(p-methoxy-L-phenyl-alany1amino)-P-D-ribo- 
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NOTES 

furanosyl]purine (4), has become an important 
biochemical tool since its inhibitory effect on 
protein biosynthesis was demonstrated (5). Both 
nucleosides exhibit significant antitumor activity 
(6, 7) and 3-amino-3-deoxy-D-ribose has been 
described as an intermediate useful for the prep- 
aration of compounds antagonistic to vitamins 
B, and B,, (8). Numerous synthetic 3'-amino- 
3'-deoxynucleosides have been reported (9-14). 

Several procedures have been published for the 
synthesis of 3-amino-3-deoxy-D-ribose. The first 
two are similar in principle. Ammonolysis of 
2,3-anhydropentose derivatives yields interme- 
diate 3-acetamido-3-deoxypentose compounds; 
the required configurational inversion of these 
is obtained by the attack of the acetamido group 
on a neighboring trans-methylsulfonate (15, 16). 
Another method (17) depends on the inversion 
which takes place when the p-tolylsulfonoxy 
group of 1,2 ;5,6- di - 0-isopropylidene- 3 - 0 - p  - 
tolylsulfonyl-a-D-glucofuranose undergoes hy- 
drazinolysis. Reduction of the hydrazino com- 
pound yields a derivative of 3-amino-3-deoxy- 
D-allose which is then converted to 3-amino-3- 
deoxy-D-ribose via periodate oxidation and 
borohydride reduction. A fourth procedure (18) 
is shorter and more direct than the others. 
Periodate oxidation of methyl P-D-xylopyrano- 
side followed by treatment of the intermediate 
dialdehyde with nitromethane and sodium 
yields the sodium salt of methyl 3-aci-nitro-3- 
deoxy-P-D-ribopyranoside. This is converted to  
the free nitropentoside with potassium bisulfate 
and anhydrous sodium sulfate in a ball-mill. 
Methyl 3-amino-3-deoxy-P-D-ribopyranoside is 
obtained by hydrogenation of the nitropentoside 
with platinum catalyst in the presence of hydro- 
chloric acid. 

The present commuilication reports a new and 
simple method for preparing 3-amino-3-deoxy-D- 
ribose. 1,2-0-Isopropylidene-E-D-xylofuranose 
(I), readily obtained by hydrolysis of 1,2;3,5- 

di-0-isopr'opylidene-a-D-xylofuranose (19), was 
treated with triphenylchloromethane to protect 
the primary alcohol group. Oxidation of the 
ether (2) by dimethyl sulfoxide - acetic anhydride 
(20) provided the 3-keto derivative (3). The 
oxime (4) of 3 was reduced by lithium aluminium 
hydride to  3-amino-3-deoxy-l,2-0-isopropyl- 
idene-5-0-triphenylmethyl-a-D-ribofuranose (5), 
isolated as the acetamido derivative (6). Hydrol- 
ysis of 6 afforded 3-amino-3-deoxy-D-ribose as 
the crystalline hydrochloride in an overall yield 
of about 45% based on 1. The yield in the 
slightly shorter nitromethane procedure (18) is 
about 17 % based on methyl P-D-xylopyranoside. 

The 3-keto derivative (3) was reduced by so- 
dium borohydride to  1,2-0-isopropylidene-5-0- 
triphenylmethyl-a-D-ribofuranose (7), thus pro- 
viding a facile route to D-ribose. A similar con- 
version of a derivative of D-xvlose to one of 
D-ribose has been reported using chromium 
trioxide in t-butyl alcohol for oxidation and 
hydrogen over platinum oxide at 60 atm pressure 
for reduction (21). 

Experimental 
Solutions were concentrated under reduced pressure 

using a rotary evaporator and a watcr bath at a tenipera- 
ture of 50" or less. Thin-layer chromatography utilized 
Silica Gel G,  benzene-methanol (97:3 v/v) and sprays of 
50% sulfuric acid or p-anisidine hydrochloride reagent 
(22) followed by heating at 120". Rates of movement are 
quoted relative to that of 1,2,3,4,6-penta-0-acetyl-B-D- 
glucopyranose (R, = 1.0). Melting points were deter- 
mined on a calibrated Fisher-Johns apparatus. Optical 
rotations were measured in chloroform solutions at 21- 
22" unless stated otherwise. Nuclear magnetic resonance 
spectra were recorded on a Varian A-60 spectrometer 
using tetramethylsilane as an internal standard; the con- 
centration of the samples was approxinlately 10% in 
deuteriochloroform or carbon tetrachloride. 

1,2-O-Isopropy/idetie-5-O-tr@~ieny/t?1ethy/-a-~-xy/o- 
firratlose (2) 

I,?-0-Isopropylidene-a-D-xylofuranose (1) (19) (19.0 g) 
and triphenylmethyl chloride (30.7 g) were stirred in dry 
pyridine (100 ml) for 20 h at room temperature. The 
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solution was poured into a mixture of ice and water (700 
ml) which was then stirred for 30 nlin and extracted with 
ether (3 x 200 rnl). The combined ether extracts were 
washed successively with cold dilute sulfuric acid (2 x 
200 ml, 10% v/v), water (1 x 100 ml), saturated sodium 
bicarbonate solution (2 x 100 ml), and water (2 x 100 
mi). The solution was dried over anhydrous sodium sul- 
fate and evaporated to a syrup (41 g). This was crystal- 
lized from ether-hexane to obtain the triphenylmethyl 
ether (2) (35.5 g, 82%), n1.p. 118-120" and R, 1.10. After 
recrystallization it had m.p. 121" and [a], +13.3" (c, 4.9). 
The nuclear magnetic resonance spectrum (CC1,) showed : 
6 1.25 and 1.40 (-C(CH3)2), 2.69 (-OH, multiplet), 3.41 
(-CHZ, multiplet), 4.10 (C-3 and C-4 protons, multiplet), 
4.33 (C-2 proton, doublet), 5.83 (C-1 proton, doublet), 
7.31 (aromatic protons, multiplet). 

Anal. Calcd. for C27HZ805:C, 74.97; H, 6.54. Found: 
C, 75.19; H, 6.63. 

I ,2-O-Zsopropylidene-5-O-tr@I~enylrnethyl-a-~-erythro- 
pento furanos-3-ulose (3) 

Acetic anhydride (4 ml) was added to a solution of 2 
(4.2 g) in anhydrous dimethyl sulfoxide (30 ml). After 22 
h at room temperature, the reaction mixture was poured 
into an aqueous solution of sodium bicarbonate (800 ml, 
10% w/v). This mixture was stirred for 1 h and then 
extracted with chloroform (4 x 300 ml). The combined 
chloroform extracts were washed with water (4 x 400 
ml), dried over anhydrous sodium sulfate, and evapora- 
ted. The residue was dissolved in ethyl acetate - light 
petroleum or ether-hexane to crystallize the oxidized 
product (3), R, 1.21, m.p. 132" and [a], +132" (c, 4.7). 
The yields from several preparations varied between 65 
and 79 %. Nuclear magnetic resonance spectrum (CCl,): 
6 1.41 (-C(CH3)2), 3.33 (-CH2, multiplet), 4.27 (C-4 
proton, multiplet), 4.36 (C-2 proton, doublet), 6.20 (C-1 
proton, doublet), 7.29 (aromatic protons, multiplet). 

Anal. Calcd. for CZ7H2605 : C, 75.32; H, 6.10. Found: 
C, 75.58; H, 6.26. 

I,2-O-Isopropylidene-5-O-tr@Ize1zylnzethyl-a-~-erythro- 
peritofuranos-3-ulose Oxinze (4) 

To a solution of hydroxylamine hydrochloride (12.5 g) 
in water (50 ml) was added an equal volume of sodium 
hydroxide solution (10% w/v) followed by a solution of 
3 (5.0 g) in methanol (100 ml). The mixture was stirred at 
65" for 2 hand then allowed to cool to room temperature. 
The product (4) was collected by filtration (5.1 g, 99 %). 
It had R, 0.90, m.p. 168-169" and [a], +154" (c, 2.3). 
Nuclear magnetic resonance spectrum (CDC1,): the 
oxime was a mixture of syn and anti forms; except for 
the anomeric and hydroxyl protons, overlapping signals 
were obtained for the corresponding protons in each 
form; 6 1.39 (-C(CH3)J, 3.42 (-CH2, broad multiplet), 
5.18 (C-2 and C-4 protons, broad multiplet), 6.18, and 6.28 
(C-1 proton, doublets), 7.74 and 7.94 (-NOH, singlets), 
7.33 (aromatic protons, multiplet). 

Anal. Calcd. for CZ7HZ7NO5: C, 72.78; H, 6.12; N, 
3.16. Found: C,72.69; H, 6.25;N, 3.13. 

Reduction of l,2-0-Isopropylidene-5-0-tt.iphenylrnethy1- 
a-D-erythro-pentofuranos-3-ulose Oxirne 

A solution of the oxime (4) (1.5 g) in dry ether (40 rnl) 
was added dropwise to a stirred mixture of lithium alu- 

minium hydride (2.0 g) in dry ether (75 n ~ l )  at room tem- 
perature. The reaction mixture was refluxed with stirring 
for 74 h, cooled, and excess hydride was destroyed by 
slow addition of water. The aqueous layer was separated 
from the ether layer and extracted with ether (3 x 75 ml). 
The combined ether solutions were washed with water, 
dried over anhydrous sodium sulfate, and evaporated to a 
syrup (1.3 g). Chronlatography revealed that the product 
(S), R, 0.80, was acconlpanied by a small amount of a 
second compound, R, 0.59. The latter was not identified 
but was probably the epimeric amino sugar having the 
xy10 configuration. The crude product (1.3 g) was dis- 
solved in ethanol (25 ml) and treated with acetic anhy- 
dride (2 ml). After 30 min stirring, the mixture was poured 
into a solution of sodium bicarbonate to give 1.2 g (75 % 
based on 4) of acetamido derivative (6), R, 0.74 and n1.p. 
180-181 ".After recrystallization from ether-hexane, it had 
m.p. 185" and [a], +46.4" (c, 4.1). The nuclear magnetic 
resonance spectrum (CDCI,) showed: 6 1.33 and 1.53 
(-C(CH,),), 1.90 (-COCH3, singlet), 3.35 (-CH,, 
multiplet), 3.79 (C-4 proton, multiplet), 4.25 (C-3 proton, 
multiplet), 4.59 (C-2 proton, triplet), 5.64 (-NH-, 
broadened doublet), 5.86 (C-1 proton, doublet), and 7.33 
(aromatic protons, multiplet). 

Anal. Calcd. for CZ9H3,NO5: C, 73.54; H, 6.61 ; N, 
2.96.Found: C,73.66; H,6.63;N,3.22. 

A solution of 6 (1.0 g) in hydrochloric acid (50 ml, 1 N) 
was refluxed for 4 h, cooled, filtered, and evaporated. 
The residue was crystallized from ethanol to yield 3- 
amino-3-deoxy-D-ribose hydrochloride (0.27 g, 93 %) 
having m.p. 166" (decomp.) and [a], -23.0" (c, 4.1 in 
water). Literature values (16) are m.p. 160" (decornp.) 
and [a];, -25.0" (c, 2% in water). 

I ,2-O-Zsopropylidene-5-O-fripheriylt1zetliyI-a-~- 
ribofuranose (7) 

To a cooled and stirred solution of 3 (1.0 g) in aqueous 
ethanol (100 ml, 80% v/v) was added a solution of sodium 
borohydride (1.0 g) in water (25 ml) over a period of 20 
min. After the mixture had been stirred for 1 h at room 
temperature, it was poured into a mixture of ice and 
water (200 ml). The precipitate was collected by filtration 
and crystallized from ether-hexane to obtain 7 (0.62 g, 
62%), R, 1.22, m.p. 117" and [a], 4-25.8" (c, 4.5). The 
nuclear magnetic resonance spectrum (CCl,) showed: 6 
1.33 and 1.51 (-C(CH3)*), 1.97 (-OH, broad multi- 
plet), 3.23 (-CH,, multiplet), 3.75 (C-3 and C-4 protons, 
multiplet), 4.45 (C-2 proton, triplet), 5.79 (C-1 proton, 
doublet), 7.30 (aromatic protons, multiplet). 

Anal. Calcd. for C27H28O5 : C, 74.97; H, 6.54. Found: 
C, 75.00; H, 6.48. 

A portion of 7 was hydrolyzed with 0.1 N sulfuric 
acid at 100" for 1 h. The cooled hydrolyzate was filtered, 
neutralized with barium carbonate, and filtered again. 
The filtrate was chromatographed on Whatman No. 1 
paper developed in ethyl acetate - acetic acid - formic 
acid - water (18:3:1:4 v/v). Ribose was the only sugar 
detected with thep-anisidine hydrochloride spray reagent. 
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Introduction 
Although the kinetics of hydrolyses of ali- 

phatic and aromatic Schiff bases has been studied 
extensively (for a recent review see ref. 1 and 
also refs. 2-5), very little is known about the 
effects of ortho substituents on the rates. Benzyl- 
ideneaniline and most of the substituted benzyl- 
ideneanilines hydrolyze rapidly, even in weakly 
acidic solutions (pH = 5.6 or lower), with half- 
lives of a few minutes or even a fraction of a 
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minute (2). On the other hand, o-hydroxy- 
benzylideneaniline ("salicylidene aniline") ap- 
pears to  be more stable, for it has been reported 
that chelate complexes may be prepared by 
reacting the Schiff base with (weakly acidic!) 
solutions of heavy metal salts (6). Such a deceler- 
ating effect on the rate of hydrolysis may be 
explained with the aid of two different assump- 
tions: (a) the ortho hydroxy group causes steric 
hindrance of the attack of H,O or OH- on the 
azomethine carbon of the N-protonated Schiff 
base, or (b) a hydrogen bond between the ortho 
hydroxy group and the azomethine nitrogen 
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Introduction 
Although the kinetics of hydrolyses of ali- 

phatic and aromatic Schiff bases has been studied 
extensively (for a recent review see ref. 1 and 
also refs. 2-5), very little is known about the 
effects of ortho substituents on the rates. Benzyl- 
ideneaniline and most of the substituted benzyl- 
ideneanilines hydrolyze rapidly, even in weakly 
acidic solutions (pH = 5.6 or lower), with half- 
lives of a few minutes or even a fraction of a 
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minute (2). On the other hand, o-hydroxy- 
benzylideneaniline ("salicylidene aniline") ap- 
pears to  be more stable, for it has been reported 
that chelate complexes may be prepared by 
reacting the Schiff base with (weakly acidic!) 
solutions of heavy metal salts (6). Such a deceler- 
ating effect on the rate of hydrolysis may be 
explained with the aid of two different assump- 
tions: (a) the ortho hydroxy group causes steric 
hindrance of the attack of H,O or OH- on the 
azomethine carbon of the N-protonated Schiff 
base, or (b) a hydrogen bond between the ortho 
hydroxy group and the azomethine nitrogen 
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decreases the basicity of the nitrogen and renders 
the Schiff base less accessible to  acid-catalyzed 
hydrolysis. If the rate decrease is caused by 
steric hindrance, a similar effect must be expected 
for any other ortho substituent. If that be the 
case, a systematic study of ortho effects in Schiff 
base hydrolysis would supply important infor- 
mation on the rate determining step under 
various conditions, e.g., pH. In order to  dis- 
tinguish between the two theoretical possibilities 
mentioned above, we have carried out a kinetic 
study of the hydrolyses of o-methylbenzylidene- 
aniline and o-hydroxybenzylideneaniline in com- 
parison to benzylideneaniline. 

Experimental 
Benzylideneaniline, o-methylbenzylideneaniline, and 

o-hydroxybenzylideneaniline were prepared and purified 
according to known methods (3). Rates of hydrolysis 
were followed by observing the change of the ultraviolet 
absorption with time in a Beckman DU spectrophoto- 
meter. The temperature of the cell compartment of the 
instrument was kept constant at +29.9 "C (+ 0.15) with 
the aid of thermospacers and a circulation thermostat. (A 
temperature constancy within k0.15" is sufficient for 
these kinetic experiments since the activation energies for 
the hydrolyses of benzylideneanilines are low (2). The 
pcH values of the buffer solutions in 20% (by volume) 
aqueous methanol were measured at 29.9' C in a thermo- 
stated cell with a glass electrode Metrohm, type U, and a 
silver - silver chloride electrode, using a Metrohm pH 
meter, type E388. The cell was calibrated with a solution 
of 0.0100 N hydrochloric acid and 0.090 N KC1 in 20 % 
(by volume) aqueous methanol (pcH = 2.000). 

Results 

TABLE I 
Rate constants for Schiff base hydrolyses* 

o-Methyl o-Hydroxy- 
benzalanil- benzalanil- benzalanil- 

Buffer ine ine I ne 
no. pcH k ( s c l )  k (s-') /c (s-l) 

A1 5.59 Too fast Too fast 2 .2  x 
A2 5.89 Too fast Toofast  1 . 2 4 ~ 1 0 - ~  
A3 6.37 4 . 8 3 ~ 1 0 - ~  5 . 2 5 ~  4 . 7 9 ~ 1 0 - ~  

*2O% (by volume) aqueous methanol at 29.9 'c, p = 0.100 N. 

Kinetic experiments have been done in 20% 
(by volume) aqueous methanol at a constant 
ionic strength of p = 0.100 N at +29.9 "C. 
Rates are too fast for measurement in lop2  or 

N hydrochloric acid (complete decompo- 
sition within 1 min), but they become measur- 
able when the pH is increased above 5.5 or 6.3, 
respectively. The reaction follows a first order 
course at  least up to 75% decomposition. 
Pseudo first order rate constants obtained in 
various buffer solutions are collected in Table I. 
The estimated precision of the rate constants is 
within _+3 %. Compositions of the buffer solu- 
tions are reported in Table 11. According to the 
results in Table 111, the rate constant increases 
with increasing buffer concentration, even if pH 
and ionic strength are kept constant. 

Discussion 
The data in Table I11 indicate general acid 

catalysis for the hydrolyses of o-methylbenzyl- 
ideneaniline and o-hydroxybenzylideneaniline, 
in agreement with previous findings for benzyl- 
ideneaniline and some parasubstituted benzyl- 
ideneanilines (2, 3). No attempt has been made 
in this study to collect enough rate data for 
extrapolations to zero buffer concentration at 
each of the pH values. Therefore, it is not pos- 
sible at present to  derive empirical equations for 
k as a function of [H30+].  However, it can be 
seen that in the pH region of 6.3-8.3 the rate 
constants for benzylideneaniline and o-methyl- 
benzylideneaniline in the same buffer solutions 

TABLE I1 
Buffer solutions employed in kinetic experiments* 

Buffer base Buffer acid CKCC 
No. (MI (MI (MI 

acetate - acetic acid 

tris(l1ydroxyrnet11yl)aminomethane - 
conjugate acid 

TI 0.00476 0.0143 0.0860 
T2 0.00952 0.00952 0.0905 
T3 0.0286 0.00952 0.0905 

carbonate - bicarbonate 

- 
*Solvent: 20% (by volume) aqueous methanol. 
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are identical within experimental error. At pH 
values above 8.3 o-methylbenzylideneaniline is 
hydrolyzed faster than the unsubstituted com- 
pound. On the basis of previous findings for 
&substituted benzylideneanilines it may be 
concluded that the electronic substituent effect of 
the o-CH, group must be small, presumably 
due to  approximate cancellation of opposing 
effects in consecutive steps. Consequently, these 
results indicate that the ortho methyl substituent 
does not cause any noticable rate retarding 
steric effect in benzylideneaniline hydrolysis. 

Such an effect inight possibly occur if two 
o-CH, groups are present, provided that attack 
of nucleoplile on the azomethine carbon is rate 
limiting. However, it is not completely certain 
whether this step can be rate limiting in the 
reaction under study, since in acid-catalyzed 
esterification and ester hydrolysis steric hin- 
drance is effective already in the presence of one 
ortho substituent (7). (As far as the conformation 
of benzylideneaniline is concerned, there is ultra- 
violet spectroscopic evidence which indicates 
that the ring bonded to the nitrogen is not in the 
same plane with the azomethine group. The 
other aromatic ring, however, appears to be 
coplanar with the CN double bond (8). 

TABLE I11 

Cependence of the rate constant on the buffer concen- 
tration* 

-- 
-- 

Buffer base Buffer acid 
( M )  ( M )  PCH k (s-I) 

- 

tris(11ydroxyrnetl~yl)arninomethane - conjugated acid, 
o-metl~ylbenzalaniline 

acetate - acetic acid, o-l~ydroxybenzalaniline 

0.00952 0 00926 5.89 1 . 2 4 ~ 1 0 - Z  
0.0190 0.0185 5.89 1 . 7 7 ~  
0.0286 0.0276 5.89 2 . 0 1 ~ 1 0 - ~  

*Solvent: 20% (hy volume) aqueous merhanol, 29.9 *c, p = 0.100N 

o-Hydroxybenzylideneaniline is hydrolyzed 
about 10 times more slowly than benzylidene- 
aniline at pH 6.6 (Table I), but 10 times as fast 
at pH = 8.3 and 100 times as fast as benzyl- 
ideneaniline at pH = 10.0. In weakly acidic 
solutions, in the presence of metal salts, the 
hydrolysis of o-hydroxybenzylideneaniline can- 

not compete with the formation and precipita- 
tion of the chelate complex. Furthermore, the 
complex is probably more stable with respect to  
hydrolysis than the Schiff base itself (9). 

As the rate decreasing effect of the o-OH 
group at pH < 7 cannot be caused by steric 
hindrance, we have to  consider the alternative 
possibility of the explanation based on hydrogen 
bond formation. In the infrared spectra of o- 
hydroxybenzylideneaniline, formation of an 
intramolecular hydrogen bond is indicated by a 
strong shift of the OH stretching frequency to 
lower wave numbers (10). Consequently, it must 
be expected that the hydrogen bond decreases 
the basicity of the nitrogen, in the same manner 
as the intramolecular hydrogen bond in salicylate 
ion decreases the basicity of the carboxylate 
group (11). Experimental data are available on 
the pK values of the nitrogen in ortho and meta 
hydroxybenzylidene-2-aminopropane (12), they 
indicate the presence of such a basicity decreasing 
hydrogen bond effect in the ortho compound. 

A decreased basicity of the nitrogen leads to a 
decreased rate of the acid-catalyzed pathway of 
the Schiff base hydrolysis. Conditions are chang- 
ed in the high pH region because the hydrolysis 
of o-hydroxybenzylideneaniline is also subject to  
base catalysis: The rate constant as a f~~nct ion  of 
pH goes through a minimum near pH = 7, and 
then increases with increasing pH (Table 1). Base 
catalysis in the hydrolysis of unsubstituted 
benzylideneaniline is not noticable below pH 
= 12 (13). 

Base-catalyzed as well as uncatalyzed reactions 
of o-hydroxy Schiff bases (see also Reeves' 
results for o-HOC,H,CH = N-C,H,NMe, ' 
(4)) probably go through intermediates in which 
the OH group is deprotonated. Then, the rate 
decreasing effect of the hydrogen bond would be 
replaced by a strong accelerating effect of the 
negative charge. 
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Methyl 4-deoxy-3-0-methyl-a,p-DL-threo-pentopyranoside has been prepared by a highly selective 
reaction of methanol with cis-, trans-, or cis-trans-3,4-epoxy-2-methoxytetrahydropyran in the presence 
of a catalytic amount of p-toluenesulfonic acid. The structure was supported by its conversion, after 
hydrolysis, to the phenylosazone and, by nitric acid oxidation, to 0-methyl-DL-tartaric acid. 

Canadian Journal of Chemistry, 46, 1592 (1968) 

It has been shown recently (1) that 2-alkoxy- 
5,6-dihydro-2H-pyran reacts with m-chloro- 
peroxybenzoic acid to give a preponderance of 
the epoxide in which the 3,4-anhydro ring is 
trans to the 2-alkoxy substituent and that open- 
ing of the epoxide ring by LiAlH, occurs ex- 
clusively by breaking the C-0 bond remote 
from the C-2 alkoxy substituent. 

We have now employed this approach to pre- 
pare a mixture of methyl 4-deoxy-3-O-methyl-a- 
and P-DL-threo-pentopyranosides starting with 
the cis-, trans-, or cis-trans-2-alkoxy-3,4-epoxy- 
tetrahydropyran (1 and 2). 

When 1 and/or 2 were heated in methanol 
containing some p-toluenesulfonic acid as cata- 
lyst, a distillable oil was obtained in 76% yield, 
(Scheme I) which contained in each case the same 
mixture of just two substances as shown by gas- 
liquid chromatography (g.1.c.). That these two 
substances were isomers was shown by the anal- 
ysis of the binary mixture which was correct 

ITaken from the thesis of F.  Sweet to be submitted to 
the Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, as part of the requirements for the 
degree of Doctor of Philosophy. 

for methyl 4-deoxy-3-0-methyl-a (or P)-DL- 
threo-pentopyranoside. The result could be 
rationalized on the reasonable assumption that 
the first reaction which occurred was that in 
which the methanol attacked the protonated 
epoxide exclusively on that carbon atom remote 
from the anomeric center. This was then fol- 
lowed by a slower isomerization to produce an  
equilibrium mixture of the a and P anomers of 
the DL mixture. 

The structures of the products 3 and 4 were 
proved in the following manner. 

The mixture (3 and 4) obtained from methano- 
lysis of l and 2 was hydrolyzed to give a syrup. 
Treatment of the syrup with phenylhydrazine 
gave a solid phenylosazone, which analyzed 
correctly for the phenylosazone of 4-deoxy-3-0- 
methyl-DL-threo-pentose, thus proving the loca- 
tion of the methoxy group at position-4 in the 
tetrahydropyran ring system. Conversion of the 
mixture 3 and 4 to the 3,5-dinitrobenzoate gave 
a solid whose nuclear magnetic resonance 
(n.m.r.) spectrum showed doublets for the 
anomeric protons at T 5.55 (J,,,, = 7 Hz) and 
T 5.03 (J,,, = 3.3 Hz) for the two epimers, and 
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The preparation of methyl 4-deoxy-3-O-methyl-~,p-~~-thveo-pentopyranoside~ 

F. SWEET and R. K. BROWN 
Department of Chemistry, University of Alberta, Ednlonton, Alberta 

< - 
Received January 22, -1-967 /-TL .. 

Methyl 4-deoxy-3-0-methyl-a,p-DL-threo-pentopyranoside has been prepared by a highly selective 
reaction of methanol with cis-, trans-, or cis-trans-3,4-epoxy-2-methoxytetrahydropyran in the presence 
of a catalytic amount of p-toluenesulfonic acid. The structure was supported by its conversion, after 
hydrolysis, to the phenylosazone and, by nitric acid oxidation, to 0-methyl-DL-tartaric acid. 

Canadian Journal of Chemistry, 46, 1592 (1968) 

It has been shown recently (1) that 2-alkoxy- 
5,6-dihydro-2H-pyran reacts with m-chloro- 
peroxybenzoic acid to give a preponderance of 
the epoxide in which the 3,4-anhydro ring is 
trans to the 2-alkoxy substituent and that open- 
ing of the epoxide ring by LiAlH, occurs ex- 
clusively by breaking the C-0 bond remote 
from the C-2 alkoxy substituent. 

We have now employed this approach to pre- 
pare a mixture of methyl 4-deoxy-3-O-methyl-a- 
and P-DL-threo-pentopyranosides starting with 
the cis-, trans-, or cis-trans-2-alkoxy-3,4-epoxy- 
tetrahydropyran (1 and 2). 

When 1 and/or 2 were heated in methanol 
containing some p-toluenesulfonic acid as cata- 
lyst, a distillable oil was obtained in 76% yield, 
(Scheme I) which contained in each case the same 
mixture of just two substances as shown by gas- 
liquid chromatography (g.1.c.). That these two 
substances were isomers was shown by the anal- 
ysis of the binary mixture which was correct 

ITaken from the thesis of F.  Sweet to be submitted to 
the Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, as part of the requirements for the 
degree of Doctor of Philosophy. 

for methyl 4-deoxy-3-0-methyl-a (or P)-DL- 
threo-pentopyranoside. The result could be 
rationalized on the reasonable assumption that 
the first reaction which occurred was that in 
which the methanol attacked the protonated 
epoxide exclusively on that carbon atom remote 
from the anomeric center. This was then fol- 
lowed by a slower isomerization to produce an  
equilibrium mixture of the a and P anomers of 
the DL mixture. 

The structures of the products 3 and 4 were 
proved in the following manner. 

The mixture (3 and 4) obtained from methano- 
lysis of l and 2 was hydrolyzed to give a syrup. 
Treatment of the syrup with phenylhydrazine 
gave a solid phenylosazone, which analyzed 
correctly for the phenylosazone of 4-deoxy-3-0- 
methyl-DL-threo-pentose, thus proving the loca- 
tion of the methoxy group at position-4 in the 
tetrahydropyran ring system. Conversion of the 
mixture 3 and 4 to the 3,5-dinitrobenzoate gave 
a solid whose nuclear magnetic resonance 
(n.m.r.) spectrum showed doublets for the 
anomeric protons at T 5.55 (J,,,, = 7 Hz) and 
T 5.03 (J,,, = 3.3 Hz) for the two epimers, and 
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NOTES 

quartets centered at z 4.92 (J,,,,, = 8 Hz and 
J,,,, = 7 Hz) and z 4.97 (J2,, = 8 Hz and 
J,,, = 3.3 Hz) for the protons H-2, and H-2 on 
the carbon atom bearing the 3,5-dinitrobenzoyl- 
oxy group in the two anomers respectively.' 
Irradiation of the signal position for the ano- 
meric proton H' at z 5.55 collapsed the quartet 
centered at z 4.92 to a doublet centered at 
z 4.92 (J2t31 = 8 Hz) thus showing that the two 
protons concerned must be on adjacent carbon 
atoms and thus locating the position of the free 
hydroxyl group on C-2 of the xylopyranoside 
ring system. 

The xylose configuration was established on 
the basis of the oxidative degradation, with 
concentrated nitric acid, of the syrup resulting 
from the hydrolysis of 3 and 4. There was 
obtained a solid, melting at 196-202 "C (de- 
camp.). The infrared spectrum of this compound 
waspractically identical with that of authentic 
0-methyl-L-tartaric acid kindly donated by Woo 
et ~ 1 . ~  (2) who prepared it by nitric acid oxida- 
tion of 4,6-dideoxy-3-0-methyl-D-glucose (chal- 
cose) and by methylation of authentic L-tartaric 

'Here the numbering is that for the xylopyranoside 
ring system in which the anomeric carbon is number 1. 

3We are indebted to Dr. Woo and associates of the 
Parke, Davis and Company, Detroit, Michigan, for their 
sample of 0-methyl-L-tartaric acid and a copy of its 
infrared spectrum. 

acid. The melting point of 0-methyl-L-tartaric 
acid was 179-182 "C (1) whereas our material 
melted at 196-202 "C and is therefore a racemic 
compound rather than a racemic mixture (3, 4). 

Experimental 
Methyl 1-4-Deoxy-3-0-methyl-a,~-~~-t/~reo-pentopyrano- 

side 
A quantity (9.95 g, 0.076 mole) of the 1 :3 mixture of 

cis- and trans-3,4-epoxy-2-methoxytetrahydropyran was 
dissolved in 100 ml of anhydrous methanol containing 
100 mg of p-toluenesulfonic acid. The solution was heated 
under reflux overnight, then cooled to room temperature 
and neutralized by the addition of solid sodium meth- 
oxide. The methanol was then removed at 45 "C in a rotary 
evaporator under the vacuum obtained by a water pump. 
The residue, in 100 ml of methlyene chloride, was washed 
with 10 ml of saturated aqueous sodium carbonate solu- 
tion then with 10 ml of water. The combined washings 
were extracted with 25 ml of methylene chloride. The 
combined methylene chloride extract and solution were 
dried (Na2S0,), filtered, and then freed from solvent at 
45 "C under vacuum in a rotary evaporator. Distillation 
of the oily residue afforded 9.8 g (76%) of a colorless, 
viscous oil. The boiling point was 63-66 "C at 0.75 mm; 
1zDZ3, 1.4575. 

Anal. Calcd. for C7H1404: C, 51.84; H, 8.70. Found: 
C, 51.61; H, 8.43. 

The nuclear magnetic resonance (n.m.r.) spectrum in 
CDC1, (reference, tetramethylsilane) at 60 MHz using 
a Varian Associates A60 spectrometer showed two 
anomeric proton signals at T 5.79 (doublet, Jlr2 - 2 Hz) 
and at 7 5.92 (doublet, J1,.Zl - 7 HZ). 

Gas-liquid chromatography (g.1.c.) on a 12 ft, + in. 
O.D. column of 20 % butanediol succinate on Gas-Chrom 
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P 6C80 mesh, with helium as the carrier gas at a flow 
rate of 40 ml/min, column temperature 180 OC, showed 
the presence of only two con~ponents, clearly resolvable. 

The 3,5-dinitrobenzoate, obtained in the usual man- 
ner, melted at 131-135 "C (from methanol-water). 

Anal. Calcd. for Cl4Hl6O9NZ: C, 47.19; H,  4.43; N, 
7.86. Found: C, 47.09; H,  4.36; N, 8.13. 

The n.m.r. spectrum in CDCI, (reference tetramethyl- 
silane) (obtained with a Varian Associates HR 100 
spectrometer) clearly showed the presence of two iso- 
mers. Analysis of the spectrum is described in the dis- 
cussion section. 

4-Deoxy-3-0-nzetlzyl-ct,p-DL-threo-pentose 
Methyl 4-deoxy-3-O-methyl-c1,B-~~-tlzreo-pentopyrano- 

side (2 g) was placed in 125 ml of water containing 3 g 
of Amberlite IR 120 (H'). The mixture was stirred while 
being heated on a steam bath to 85-90 "C for 20 h. The 
cooled mixture was filtered (gravity) and the ion-exchange 
resin washed with 15 ml of water and separated. The 
combined filtrates were freed from water at  45 "C in a 
rotary evaporator under reduced pressure and gave 2 g 
of a colorless syrup. Attempts to crystallize this from a 
variety of solvents (ethyl acetate, Skellysolve B, methanol, 
water) failed. 

The n.m.r. spectrum in pyridine (reference, tetra- 
methylsilane; A60 spectrometer) showed the presence 
of two isomers since two anomeric proton signals were 
obtained - T 4.45 (doublet, JIFZ ,- 2.0 Hz) and T 5.12 
(doublet, J1.,2f ,- 7.0 Hz). No starting material was 
detected. 

Pherzylosazone of 4-Deoxy-3-0-metlzyl-u,p-DL-tltreo- 
petztose 

To 0.4 g of 4-deoxy-3-0-methyl-u,p-DL-threo-pentose 
was added 0.8 g of phenylhydrazine hydrochloride fol- 
lowed by 1.2 g of crystalline sodium acetate and then 
8 ml of water. T o  the cloudy solution was added 1 ml 
of saturated aqueous sodium bisulfite to prevent air 
oxidation of the product. The mixture, frequently 
shaken, was heated in a beaker of boiling water for 
40 min. After 7 min of heating, light-amber colored oil 
droplets appeared and accumulated. When the solution 
was cooled, the oil droplets formed a n  amorphous solid 
from which the liquid could be decanted. The solid was 

CHEMISTRY. VOL. 45, 1965 

crystallized from 25 ml of ethanol-water (3:l by volume) 
and gave yellow needles. Two further crystallizations 
from the same solvent mixture gave 350 mg of the pure 
phenylosazone of 4-deoxy-3-O-methyl-cx,B-~~-tlfreo-pen- 
tose. The melting point (with decomposition) was 121 "C. 

Anal. Calcd. for ClsHz20zN4: C, 66.23; H,  6.79; N, 
17.17. Found: C, 66.44; H,  6.94; N, 17.38. 

Nitric Acid Oxidatiorz of 4-Deoxy-3-O-rnetlfyl-~~-threo- 
pelftose 

The 4-deoxy-3-0-methyl-DL-xylose (1 g) was added to 
a solution of 4 ml of concentrated nitric acid in 10 ml 
of water in a porcelain evaporating dish. The mixture was 
heated on a steam bath, in an efficient hood, until about 
2-3 ml of viscous liquid remained. Cooling failed to  
induce crystallization. The crude material was transferred 
with 10 ml of water to a flask. The water was removed 
by a rotary evaporator under vacuum whereupon a 
colorless solid appeared. This was taken up in 15 ml 
of hot ethyl acetate, filtered, and stored overnight in a 
refrigerator. The colorless crystals were separated by 
filtration under vacuum and again crystallized from 10 ml 
of ethyl acetate; yield, 550 mg (55 %) of pure O-methyl- 
DL-tartaric acid. The melting point (with decomposition) 
was 196-202 "C. Literature melting point for O-methyl- 
L-tartaric acid was 179-182 "C (2). 

Anal. Calcd. for C5H806: C, 36.59; H, 4.91. Found: 
C, 36.48; H,  4.80. 

The infrared spectrum (KBr pellet) was identical with 
that supplied by Woo et 01. (2). 
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COMMUNICATIONS 

Effect of substituents on the chemical shift of benzylic protons: evidence for 
a conformational dependence 

ROBERT R. FRASER, GURUDATA, CESAR REYES-ZAMORA, AND ROBERT B. SWINGLE 
Departtnent of Cllemistry, Ut~iversity of Ottawa, Ottawa, Catzado 

Received March 5. 1968 

The benzyl proton shifts in 11 series of para-substituted toluenes bearing different cc substituents have 
been determined. In  each series, a plot of the benzylic shift against the Hanimett o values of the para- 
substituent is linear. The slope of these plots varies from 0.2 to  0.0 p.p.m./o. The variation is found to  be 
conformationally dependent, a fact which is not explicable by current theory. A hyperconjugative in- 
teraction is proposed to  account for these results and for several anomalies in the literature. 

Canadian Journal of Chemistry, 46. 1595 (1968) 

In the last decade a large number of authors 
have presented data showing a correlation 
between the effect of substituents on the chemical 
shifts (SCS) of protons on a benzene ring, and 
the Hammett o values of the substituents (1-3). 
More recently, correlations between o values 
and the SCS of protons in the side chain of 
aromatics have been reported (4, 5, and refer- 
ences therein). It is usually assumed that the 
SCS results from the inductive and resonance 
effects of the substituent, which alter the electron 
density at the ring carbon atoms. This change is 
then transmitted through the n electrons to the 
proton in question. An alternative explanation 
involving field and mesomeric effects (the F-M 
correlation) has recently been put forward by 
Dewar and Takeuchi (6). 

We wish to report the determination of the 
para-substituent effect on the benzylic proton 
shifts, in eleven series of compounds of the 
formula X-C6H5-CH,-Z. For each Z, at 
least five X substituents were studied whose 
range of o values was 0.95 or greater.' An 
example of the Hammett correlation for the 
benzylic protons of eight tetrahydropyranyl 
ethers is shown in Fig. 1. This plot is typical of 

'All chemical shifts were measured on a Varian 
DA-60 nuclear magnetic resonance spectrometer using 
dilute solutions (0.2 M )  in CDCI,, except in the case of 
compounds whose methylene protons were magnetically 
non-equivalent. In these cases 0.3 M solutions were 
used. In each series, 0.1 M solutions were also studied 
and dilution shifts beyond the experimental error of 0.2 
c.p.s. could not be detected. Satisfactory elemental 
analyses were obtained for all new compounds included 
in this study. 

the degree of correlation found in all series. 
In each series the point for chlorine deviates 
the most and lies above the best straight line 
by 1-3 c . p . ~ . ~  In all series the slope of the best 
straight line, p, is negative. In Fig. 1, p has 
values of 0.16 and 0.15 (p.p.m. per o) for the 
two diastereotopic protons of the benzyl group. 

The p values for the remaining series are listed 
in Table I. It can be seen that p varies widely 
(0.22-0.00) as the nature of Z is altered. If we 
accept the premise that any para-substituent 
affects only the n electron distribution of the 
benzene ring, then the variation in p must be 
due to the variation in Z. The most important 
properties of Z which change with electro- 
negativity and size and from series to series, 
are also listed in Table I. 

It can be seen that changes in electronegativity 
of Z bear no relation to changes in p. On the 
other hand there is a reasonably consistent 
parallel between p and the size of Z, the sulfones 
and toluenes being the only exceptions. This 
indicates that p depends to a large extent on 
the conformation of the methylene group with 
respect to the benzene ring. 

This conclusion is most strikingly sup- 
ported by the data for the sulfoxides. When 
Z = SOC6H5, the two diastereotopic protons of 

=Because of the variable deviation of chlorine, we have 
not included it when drawing the best straight line for 
each series. If it were included, the standard errors given 
in Table I would increase by 30%. We have chosen the 
standard error of measurement to indicate the accuracy 
of each correlation, rather than the more commonly used 
correlation coefficient r, since r varies with p (7). 
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-0.4 0 0.4 0.8 
cr pa ra  

FIG. 1. A Hammett plot of the benzylic proton shifts of nine para-substituted benzyl tetrahydropyranyl ethers. 

the methylene group have p's of 0.00 and 0.20 
in spite of the fact that the electronegativity of Z 
is the same for each. In the most probable 
conformation for this sulfoxide depicted as 1, 
the bulky phenyl rings are trans and the oxygen 
atom which is larger than the electron pair is 
located further from the ortho proton of the 
benzene ring. As a result, the diastereotopic 
protons are placed differently with respect to 
the plane of the adjacent benzene ring. If the 
substituent effect is maximal when the C-H 

bond of a benzylic proton is colinear with the 
adjacent p-orbital, and minimal when at a right 
angle to it, then the results for this sulfoxide, 
and for the decrease in p with increasing size 
of Z, would be accounted for.3 In other words, 
when Z is small the conformation shown in 2 

31t is also possible that HA, because it is trans to  the 
sulfoxide oxygen, has a different p than HB, which is 
gauche t o  the oxygen. However, this interpretation cannot 
explain any of the other data in Table I and is therefore 
less likely. 
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substituent on benzene ring anisotropy is 
generally assumed to be negligible (12). A 
proposal has recently been put forward suggest- 
ing that all substituents decrease the "ring 
current" effect by increasing the contributions 
of the quinonoid form (13). However, using the 
reported values, we have calculated the substitu- 
ent effect on anisotropy to be an order of mag- 
nitude smaller than that observed in our results 
and the effect shows no correlation with o. 
Since the solvent was CDC1, in all series, solvent 
effects are also eliminated. Thus we are forced 
to conclude that a previously unrecognized 
factor influences the chemical shift of benzylic 
protons. Two possibilities which would be 
conformationally dependent are hyperconjuga- 
tion or, alternatively, the paramagnetic shielding 
term of Ramsey's formula (11, p. 159), each of 
which would be sensitive to a substituent effect. 

will predominate, and when Z is large the 
conformation shown in 3 will predominate. Our 
previous studies of geminal coupling constants 
in the tetrahydropyranyl ethers and sulfoxides 
(9), which indicated the former to have 2 and 
the latter to have 3 as their predominant con- 
formations, support this proposal. We wish to emphasize the fact that, regardless 

of its origin, this new factor merits careful 
attention. It cannot be explained by existing 
theories, and its magnitude must be anticipated 
to be considerably greater than the observed 
perturbation by substituents, through which it 

TABLE I 
Rho values of substituent chemical shift - Harnrnett 

plots for x ~ , z  - 

Van was revealed. There are several large-anomalous 
shifts in the literature which can be explained by 
a hyperconjugative or paramagnetic effect. In 

der 
Waals Electro- Standard 

Z -p radius* negativity* error? N'j. 
a-haloketones, an axial  roton on appears -1 
p.p.m. to lower field than normal (14, 15), in 
7,12-dihydropleidenes the pseudoaxial proton 
appears 1-2 p.p.m. to lower field than the 
pseudoequatorial proton (16), and in the di- 
benzhomotropyl methyl ethers of Childs and 
Winstein (17) a similar discrepancy was observed. 
Furthermore since this factor influences benzylic 
shifts (and possibly the shift of any proton a to 
an sp2 hybridized atom) their magnitudes must 
not be used to derive AX values. Finally, a 
greater understanding of this effect could provide 
an important method of conformational analysis. 

*Values of the Van der Waals radius and electronegativity of the 
atom attached to themethylene group are quoted from ref. 18. 

?The standard error of estimate (8) is given inunits of c.p.s. 
$N represents the number of compounds studled in each series. 
§This value was calculated from the data in ref. 4. 
IjThis va!ue wascalculated from the data in ref. 19. 

There does not appear to be any explanation 
for the conformational variation of p within the 
present framework of proton shift theory. 
Current theory (10, 11) recognizes three main 
factors which determine the chemical shift of a 
proton; (a) diamagnetic shielding, (b) aniso- 
tropy, and (c) solvent effects. Neither the field 
nor the inductive mechanism of altering the 
diamagnetic shielding can account for the con- 
formational dependence of p. The effect of a 

Further studies to this end are in progress. 
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Binuclear copper(1) complexes with bridging bis(dipheny1phosphino)acetylene groups 

A. J. CARTY AND A. EFRATY 
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The preparations of some novel copper(1) complexes of the ligand bis(dipheny1phosphino)acetylene 
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Acetylenic ditertiary phosphines of the type 
R,PC - CPR, are potentially interesting ligands 
in view of the possibility of using the n orbitals 
of the acetylenic group for coordination in 
addition to the two phosphorus atoms. More- 
over, the linear P-C-C-P skeleton suggests 
that these compounds may exhibit markedly 
different coordinating properties from the 
related tertiary alkylene and tertiary o-phenylene 
diphosphines (1). We have recently prepared a 
number of complexes of bis(dipheny1phosphino)- 
acetylene 1 which have several novel structural 
features. Increasing interest in complexes of 
unsaturated ditertiary phosphines (2) prompts 
us to report the results of our studies on 
copper(1) compounds. 

Hydrated copper(I1) chloride, bromide, and 
nitrate in ethanolic solution are immediately 
reduced by 1 with the formation of stable, 
white, crystalline, diamagnetic compounds insol- 
uble in ethanol but readily recrystallized from 
dichloromethane. Analyses indicated a composi- 
tion (CuX),(DPPA), (X = CI, Br, NO,; DPPA 
= bis(dipheny1phosphino)acetylene) in each case. 

Reaction of potassium thiocyanate with 
CuC1,.3H20 in ethanol, followed by addition 
of 1 yielded, on extraction with dichloro- 
methane, a thiocyanate (CuSCN),(DPPA),. 
The corresponding iodide complex was pre- 
pared by metathetical reaction of the chloride 
with potassium iodide. 

We suggest a structure 2 for these compounds 
in which three diphosphine molecules sym- 
metrically bridge two tetrahedral copper(1) 
ions. Our main evidence is summarized below. 

Osmometric molecular weight measurements 
in dibromomethane indicate binuclear (CuX),- 
(DPPA), species in solution. v(C = C) is infrared 
inactive in the free ligand but appears in 
the Raman at 2100 cm-'. Coordination of an 
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Acetylenic ditertiary phosphines of the type 
R,PC - CPR, are potentially interesting ligands 
in view of the possibility of using the n orbitals 
of the acetylenic group for coordination in 
addition to the two phosphorus atoms. More- 
over, the linear P-C-C-P skeleton suggests 
that these compounds may exhibit markedly 
different coordinating properties from the 
related tertiary alkylene and tertiary o-phenylene 
diphosphines (1). We have recently prepared a 
number of complexes of bis(dipheny1phosphino)- 
acetylene 1 which have several novel structural 
features. Increasing interest in complexes of 
unsaturated ditertiary phosphines (2) prompts 
us to report the results of our studies on 
copper(1) compounds. 

Hydrated copper(I1) chloride, bromide, and 
nitrate in ethanolic solution are immediately 
reduced by 1 with the formation of stable, 
white, crystalline, diamagnetic compounds insol- 
uble in ethanol but readily recrystallized from 
dichloromethane. Analyses indicated a composi- 
tion (CuX),(DPPA), (X = CI, Br, NO,; DPPA 
= bis(dipheny1phosphino)acetylene) in each case. 

Reaction of potassium thiocyanate with 
CuC1,.3H20 in ethanol, followed by addition 
of 1 yielded, on extraction with dichloro- 
methane, a thiocyanate (CuSCN),(DPPA),. 
The corresponding iodide complex was pre- 
pared by metathetical reaction of the chloride 
with potassium iodide. 

We suggest a structure 2 for these compounds 
in which three diphosphine molecules sym- 
metrically bridge two tetrahedral copper(1) 
ions. Our main evidence is summarized below. 

Osmometric molecular weight measurements 
in dibromomethane indicate binuclear (CuX),- 
(DPPA), species in solution. v(C = C) is infrared 
inactive in the free ligand but appears in 
the Raman at 2100 cm-'. Coordination of an 
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'Distance between the donor atoms. 
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acetylene to a transition metal causes v(C= C) X-ray data on P(C- CC,H,), (6) is 4.7 A. This 
to  appear weakly in the infrared at a frequency compares with 3.1 A for o-phenylene bis(diethyl- 
200400 cm-' lower than in the free ligand (3). phosphine) and is considerably larger than the 
There are no absorptions between 2100 cm-' distance between adjacent positions in tetra- 
and 1600 cm- ' in the infrared of these complexes hedral copper(I1) and copper(1) complexesZ 
suggestive of a lowering of symmetry of the or between cis positions in square planar 
ligand due to  coordination of the acetylenic phosphine complexes of platinum(I1) halides 
triple bond. Moreover, v(C-C) appears a t  (7). The ligand is therefore clearly incapable 
2120 cm-' in the Raman spectra of methylene of chelating in the same way as other diphos- 
dichloride solutions of the complexes, 20 cm-' phines. An  X-ray structure investigation of 
higher than in the free ligand. We therefore (CuNO,),(DPPA), is now in progress and 
conclude that only the phosphorus atoms are metal carbonyl complexes of 1 are also being 
used for coordination. The infrared spectrum of examined. 
(CUNO,)~(DPPA), shows two strong bands a t  
1440 cm-', 1296 cm-' and a medium band a t  1. G. BOOTH. Advan. Inorg. Chem. Radiochem. 6, 

1 (1964). 1028 cm-l  readily assignable to v4(vaN02), 2 (a) W. R cULLEN, p S, DHALIWAL, and C. J. 
v1(v,NO2), and vZ(vN0) of coordinated nitrate. STEWART. Inorg. Chem. 6, 2256 (1967). (b) H. N. 
(CuSCN),(DPPA), has a single sharp v(C=N) RAMASWAMY, H. B. JONASSEN, and A. M. AGUIAR. 

Inorg. Chem. Acta, 1, 141 (1967). at 2060 cm-l and weak v(C-S) 3. J CHATT, R. G. GUY, and L. A. Du~c-nso~ J. 
bands a t  798 cm-I and 805 cm-I characteristic Chem. Soc. 827 (1961). 
of N-bonded thiocyanate (4). There are no  4. M. E. FARAGO and J. M. JAMES. Inorg. Chenl. 4, 

1706 (1965). 
data in the literature on metal-halogen stretch- 5. D. M. ADAMS and P. J. LocK. J. chen1. sot. A, 620 
ing frequencies in copper(1) complexes. However, (1967). 
comparison of the analogous complexes shows 6. ~ i l ~ m M ~ ~ ~ ~ ~ a ~ , " , , ~ o ~ ~ ~ ~ ~ 7 " ; ~ s H A u s E N .  z. Anorg. 
that v(Cu-CI) appears as a sing1e band 7. G. G. MEssMER, E. L. AMMA, and J. A. IBERS. Inorg. 
a t  267 cm-l  and v(Cu-Br) a t  202 cm-l .  Chem. 6, 725 (1967). 
These values are lower than the frequency ranges 8. & ~ i ~ ~ ~ 4 ~ j . p u R D e ~  and F. C1lenl. 
for v(Cu-X) modes in tetmhedral copper(I1) 9. S. J. LIPPARD and K. M. MELMED. Inorg. Chem. 6 ,  
complexes and agree with the single v(Cu-X) 2223 (1967). 
( A z " )  mode expected for 2 of D,, symmetry (5). 

In the many complexes of 1 we have examined, 'In the tetralneric copper co~npound [CUIASE~,], the 

the ligand always appears to be bridging. distance along a tetrahedral edge is 2.5 8, (8). CU(PP~, )~-  
BH, is the only copper(1) phosphine con~plex structur- 

Reasons for this are readily apparent on ally characterized (9). Although the P-CU-P bond 
examination of the molecular geometry. The angle is unusuall~ large (123.26") the P-P distance is 

still only 4.0 8,. 
bite1 of the ligand, calculated from recent 
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Solvent effects on the boron-fluorine coupling constant and on fluorine 
exchange in the tetrafluoroborate anion 
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The "B-'T spin-spin coupling constant in AgBF, is shown to have an opposite sign in water from 
that found in a number of organic solvents. Application of the hypothesis of Bell and Danyluk indicates 
that it has a positive sign in water. Evidence is presented for association, probably in the form of solvent- 
separated ion pairs, in aqueous LiBF, and NaBF, solutions, and for the formation of more tightly bound 
ion pairs in solvents of lower dielectric constant. In contrast, there apparently is no solute association 
in AgBF4 solutions in water, DMSO, DMF, or acetonitrile. The pronounced changes observed in the 
"B-'T coupling constant support the postulate that its small size is a result of near cancellation of 
large opposing terms. 

The collapse of the 'OB-"B isotope shift at high temperatures in the 19F spectra of solutions of AgBF, 
in acetonitrile and in acetone provides evidence for exchange of fluorine anlong boron atoms; a mechan- 
ism is proposed for this process. 

e 
Canadian Journal of Chemistry, 46, l G O l  (1968) 

Introduction 
The remarkable variation with concentration 

of the "B-19F coupling constant of sodium 
tetrafluoroborate in aqueous solution was first 
clearly demonstrated by Kuhlmann and Grant 
(1). These authors found that J I I B - l P F  is 
dependent not only on the concentration of 
NaBF, but also on the presence of other ions in 
solution. They found that in NaBF, solutions 
the value of the coupling constant varies from 
an extrapolated value of 1.1 Hz at infinite 
dilution to 4.8 Hz in a saturated solution, and at 
a given concentration it is increased by the 
addition of NaNO, and LiNO,. An equilibrium 
between free BF,- and BF,- associated with 
Na' (or Li') in an ion pair was postulated to 
explain the results. Since the coupling constant 
in ammonium tetrafluoroborate was found to be 
1.1 Hz and essentially independent of concen- 
tration, it was concluded that the NH,' ion does 
not form an ion pair with BF4-. 

Haque and Reeves (2) pointed out that if ion- 
pair formation occurs in aqueous solutions then 
the coupling constant should increase in low 
dielectric constant solvents where ion-pair for- 
mation should be more extensive. They found, 

however, that for NaBF, in acetone-water and 
dioxane-water mixtures the coupling constant is 
slightly decreased and that in dimethyl sulfoxide - 
water mixtures it decreases from 2.0 to 0.8 Hz 
over the range 0-65% dimethyl sulfoxide 
(DMSO). A similar decrease in the coupling 
constant from 3.5 to 1.3 Hz had been observed in 
these laboratories by Quail (3) for solutions of 
NaBF, in diglyme-water mixtures over the 
range 0-70% diglyme. In all the solvent mixtures 
studied by Haque and Reeves the coupling 
constant increases with increasing NaBF, con- 
centration as it does in water. They found that 
the changes in coupling constant that they 
observed with increasing concentration of NaBF, 
were paralleled by changes in the chemical shift. 
They concluded that their results could not be 
interpreted in terms of ion-pair formation and 
they also discussed other evidence against this 
hypothesis. The X-ray diffraction results of Ryss 
and Radchenko (4) show that in solutions of 
NaBF, (2-9 M) in water the Na' ion is hexa- 
coordinated by water and therefore there can be 
no direct contact of Na' with BF,-. Also the 
19F spectrum is a sharp quartet although llB 
has a quadrupole moment; the presence of the 
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Na' ion in an ion pair would be expected to 
create an appreciable field gradient at the l lB 
nucleus and hence cause broadening or collapse 
of the quartet. Further evidence against an 
intimate ion pair has been provided by a study of 
the 7Li resonance in aqueous solutions of LiBF, 
in which narrow resonance lines were obtained 
(5). The absence of broadening due to quadru- 
pole relaxation implies that the environment 
around the Li' ion is symmetrical. 

Haque and Reeves postulated that all the 
observations could be explained by assuming 
that the observed changes in the coupling con- 
stant, J,' can be attributed to changes in 
B-F . . . H-0 hydrogen bonding. They assumed 
that increased hydrogen bonding lowers the cou- 
pling constant. They attributed the concentration 
dependence of the coupling constant in aqueous 
NaBF, solutions to removal of water by hydra- 
tion of the sodium ion and thus to a decrease in 
the number of water molecules that are available 
to hydrogen bond with the BF,- ion. The diffi- 
culty with this explanation is that even in quite 
dilute solution there is an  appreciable dependence 
of the coupling constant on concentration, e.g. 
from 1.1 Hz at infinite dilution to 1.9 Hz a t  1 M 
(1). In a 1 M solution there are over 50 molecules 
of water per Na' ion and it seems unlikely that a 
single sodium ion could influence 50 molecules of 
water sufficiently that their ability to hydrogen 
bond with BF,- is appreciably reduced. 

Haque and Reeves attributed the marked de- 
crease of the coupling constant with decreasing 
water concentration in dimethyl sulfoxide - water 
mixtures to specific solvation of BF4- by the 
conjugate acid of dimethyl sulfoxide which is 
formed in the following protolysis equilibrium. 

DMSO + Hz0 S DMSOH' + OH- 

The absence of a similar decrease in the coupling 
constant in dioxane-water and acetoncwater 
mixtures was attributed to the fact that they 
undergo the above protolysis reaction to a much 
smaller extent. However, it has been estimated 
that the ionic concentrations in a 1:l H,O- 
DMSO mixture are only 4 x M (6). Thus 
it seems unlikely that an  appreciable fraction of 
the BF4- ions could be solvated in this way. 

I t  appears, therefore, that no entirely satis- 
factory and consistent explanations have been 

'The coupling constant JIIB-~PF is hereafter denoted 
simply by the symbol J. 

given for the variation of the coupling constant 
in the tetrafluoroborate ion with concentration 
and with added cations in aqueous sodium tetra- 
fluoroborate solutions and with the variation of 
the solvent composition in organic solvent - 
water mixtures. The present work provides fur- 
ther information which enables a more compre- 
hensive explanation of all the observations to be 
given. 

In a preliminary report of this work (7) we 
have shown that J for solutions of AgBF, 
changes sign on changing the solvent from water 
to acetonitrile. 

Results 
The llB-19F coupling constant J of silver 

tetrafluoroborate was investigated by l g F  n.m.r. 
in the solvents water, acetonitrile, dimethyl sulf- 
oxide (DMSO), dimethylformamide (DMF), ace- 
tone, diglyme, and pyridine and in some mixtures 
of these solvents. Some solutions of other tetra- 
fluoroborates were also studied. 

In solutions of the silver salt in the pure 
solvents water, acetonitrile, dimethyl sulfoxide, 
and dimethylformarnide the 1 :1:1:1 quartet due 
to coupling with boron-11 (I = 312) was ob- 
served. In the case of acetonitrile, however, the 
observed splitting of 0.39 Hz was only just 
detectable. In acetone, diglyme, and pyridine no 
splitting was observed although the peak had a 
width of 1.4-6 Hz. The peak due to fluorine on 
boron-10, which was shifted 0.050p.p.m. to lower 
field, did not have observable multiplet structure 
in any of the solutions except concentrated 
solutions in water for which a splitting corre- 
sponding to J l o B _ 1 g F  = 0.4 f 0.1 Hz was ob- 
served; this agrees well with the corresponding 
J l l g - l g F  value of 1.07 f 0.07 Hz. In most 
other solutions of the silver salt the expected 
1°B-19F splittings were below the limit of 
resolution of the spectrometer which was about 
0.35 Hz. The coupling constants obtained in 
these various solvents are summarized in Table 
I. We note that in the pure solvents and in the 
50:50 mole % CH,CN-H,O mixture the cou- 
pling constant is essentially independent of con- 
centration. This simplifies the investigation of 
the effects of changing the solvent. 

The mean value of J for AgBF, in aqueous 
solution, 1.07 f 0.07 Hz, appears to be inde- 
pendznt of concentration and is the same within 
experimental error as was obtained by Kuhlmann 
and Grant for NH4BF4 solutions (1). I t  appears 
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SOLVENT MOLE PERCENT 

FIG. 1. Variation of J l l B - l g F  with solvent composition in solutions of silver tetrafluoroborate. (*) N o  splitting 
was observed in these cases; J was estimated from the width of the single peak. 

that in water there is no specific interaction of 
the BF,- ion with either the Ag' or NH,' 
cations. The value of J for LiBF, solutions in 
water, however, increases with concentration in 
a manner similar to that for NaBF, solutions. 

Figure 1 shows the variation of J with solvent 
composition for solutions of AgBF, in CH3CN- 
H20 ,  acetone-H,O, DMSO-H20, CH3CN-ace- 
tone, and CH3CN-DMSOmixtures. In all the or- 
ganic solvent - water mixtures the magnitude of 
J decreases, becomes zero, and then increases 
again as the percentage of organic solvent in- 
creases. Smooth curves are obtained only if it is 
assumed that the coupling constant decreases 
from the value observed in water to a value of 
zero and then changes sign, so that in the pure 
organic solvents its sign is opposite to that in 
aqueous solutions. Further evidence that J does 
indeed change sign in all the water- organic 
solvent systems studied is provided by the results 
of measurements on solutions of AgBF, in 

CH3CN-acetone and CH3CN-DMSO mixtures 
which clearly indicate that the coupling constant 
remains of the same sign in these mixtures 
(Fig. I). 

TABLE I 
J l l g - l g F  values for AgBF, solutions 

(temperature 25" unless otherwise specified) 

Molality J (HZ) j (  Molality J (HZ) 

- - ,  
1.16 0.42 (5") D M F  
1.16 0.37 / I  1.01 0.96 

Water 
0.11 1.05 
0.58 1.13 
0.58 1.13 (69") 
0.58 0.98 (96") 
0.91 1.14 

50 mole % CH3CN-H20 
0.08 0.53 
0.57 0.50 
1.49 0.43 

DMSO 
0.48 1.20 
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Aqueous solutions of sodium tetrafluorobor- 
ate show a small but distinct decrease in J at 
higher temperatures. A brief investigation show- 
ed that one sample with J = 4.37 F 0.1 Hz at 
room temperature yielded J = 3.60 + 0.2 Hz at 
98". A second sample with J = 2.03 + 0.1 Hz at 
room temperature yielded J = 1.7 + 0.1 Hz at 
83". These changes were not due to extensive 
irreversible reaction since the original room 
temperature value could be obtained again on 
cooling; however, a small additional multiplet 
appeared which apparently arises from BF,OH- 
(1). The shift of J towards the infinite dilution 
value as the temperature is raised is further evi- 
dence supporting Kuhlmann and Grant's postu- 
late of an equilibrium between free and ion- 
paired BF,- in these solutions. Solutions of 
silver tetrafluoroborate, on the other hand, do 
not show marked changes in J with temperature. 
Table I shows that the J values obtained for an 
aqueous solution of AgBF, at 69" and 96" are 
within 0.1 Hz of the average room temperature 
value of 1.07 Hz. In solutions of AgBF, in 
DMSO splittings due to B-F coupling were 
clearly visible at several temperatures between 
room temperature and 91" ; J remained constant 
at 1.24 + 0.1 Hz. The absence of marked chang- 
es in J with temperature, such as are observed in 
solutions of the sodium salt, is a further indi- 
cation of the lack of any appreciable interactions 
of BF,- with the Ag+ ion. A brief investigation 
suggested that the tetrainethylammonium salt 
behaves similarly in aqueous solution. The fact 
that essentially the same value of J is obtained in 
aqueous solutions of the ammonium, tetra- 
methylaimonium, and silver salts, and that this 
value is equivalent to the infinite dilution value 
of aqueous solutions of the sodium and lithum 
salts, is good evidence that NH,+, N(CH,),+, 
and Ag+ do not interact appreciably with the 
BF4- ion. On the other hand, aqueous solutions 
of LiBF,, like those of NaBF,, show a clear 
dependence of J on concentration (Fig. 2). How- 
ever, the effect is less than in the sodium salt by a 
factor of about 2; results previously obtained for 
the sodium salt are shown in Fig. 2 for compari- 
son. Clearly both Li+ and Na+ tend to form ion 
pairs with BF4-. 

The very closely spaced quartet structure due 
to boron-fluorine coupling was difficult to ob- 
serve at room temperature in solutions of AgBF, 
in acetonitrile. Slightly better resolution, with no 

change in the size of the small splittings, was 
obtained at rather lower temperatures. Above 
room temperature the small splittings due to J 
disappeared completely. At high temperatures 
the separate peaks arising from F-on-1°B and 
F-on-"B (7) collapsed to yield a single sharp 
peak, which showed no further change at higher 
temperatures up to 150". The temperature range 
of peak coalescence was 90-100" in the more 
dilute solutions (0.52 and 0.65 m AgBF,) and 
80-90" in the more concentrated solutions stud- 
ied (3.1 and 3.8 m AgBF,). This collapse of the 
isotopically shifted peaks at high temperatures is 
strong evidence for rapid exchange of fluorine 
among boron atoms at these temperatures. 
Because of the small relative chemical shift of 
the F-on-1°B and F-on-"B peaks and the broad- 
ening due to B-F coupling at lower temperatures 
the changes in signal shape as the peaks collapsed 
could not be observed in as much detail as one 
would wish for the calculation of detailed kinetic 
data for the process. However, the occurrence of 
peak coalescence at somewhat lower tempera- 
tures in the more concentrated solutions is in ac- 
cord with an exchange mechanismwhich is greater 
than first order in tetrafluoroborate anion. 

A solution of AgBF, (1.51 m) and BF, (1.42 
nz) in acetonitrile gave separate 19F peaks for 
BF,- and for BF, (as CH,CN.BF,), each with 
an isotope shift, at  -17". A partially collapsed 
spectrum showing two distinct maxima was ob- 
tained at 0" and a single broad peak (width at 
half-height 8.6 Hz) at room temperature. Higher 
temperatures caused some reaction, shown by 
the appearance of new small peaks in the 19F and 
'H spectra. 

Solutions of AgBF, in acetone (0.22, 0.74, 
and 1.29 n2) gave broadened 19F spectra in 
which the F-on-llB peak had a width at half- 
height of 1.4-2.0 Hz, but with no splittings 
visible. In the 1.29 nz sample, spectra essentially 
identical with the room temperature spectrum 
were obtained at 10.5", -39", and -56". In a 
1.19 m sample the separate peaks arising from 
F-on-'OB and F-on-"B collapsed at -- 70". Thus 
rapid fluorine exchange occurs at high tempera- 
tures in acetonitrile and acetone, but not in 
water or DMSO. 

Solutions of AgBF, in diglyine and pyridine 
gave room temperature lgF spectra consisting of 
a single broad peak with a ,width at half-height 
of 6 6  Hz. 
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GILLESPIE ET AL.: SOLVENT EFFECTS ON THE BORON-FLUORINE COUPLING CONSTANT 1605 

Discussion (13). J l i9Sn-19F  was found to vary from 1557 
Hz in water to 1593 Hz in DMSO, and was 

Boron-Fluorine Coupling virtually independent of concentration in the 
Kuhlmann and Grant that the solvents studied. The lack of concentration de- 

"B-"F coupling constant is anomalousl~ small pendence contrasts with the results obtained 
compared with the isoelectronic molecules from the ~i-n-propy~ammon~um salt, in which a 
BeF4'- and CF4, which have and concentration dependence of J119Sn-19F was 
1 3 ~ - 1 9 ~  coupling constants of 33.7 and 259 Hz, evident in all of the solvents studied, and for 
respectively (899). Haque and Reeves (2) have ex- which ion pairing was proposed. The tetraethyl- 
pressed these values in terms of the reduced coup- ammonium salt was postulated to give free 
ling constant j, which corrects for the changes snF62- ions in solution, and the differences in 
in the magnetogyric ratios y, of the nuclei. JllPSn-19F in the different solvents were postu- 

J ~ -  F 
lated to arise from differing degrees of solvation 

[1 I of the ion. The maximum observed changes with 

jx-'l=l ;I solvent SnF, and of AgBF, JllgSn- are and 36 Hz J i I B -  and 19' 2.4 in Hz (Et,N),- respec- 

This yields the absolute values of the reduced tively, and correspond to changes in reduced 
coupling constants jB,-,, j,-,, and j,-, as coupling constants j (eq. [I]) of 3.29 and 0.26. 
8.16, 0.16, and 34.9 respectively. Further evi- Thus the change in j is an order of magnitude 
dence of the anomaly in BF4- is provided by the smaller in BF,-, in spite of the fact that the sign 
larger B-F coupling constants in the closely changes. 
related species BF30H- and CF3BF3- which Although a number of studies of solvent 
are 12.7 and 39.0 Hz respectively (1, 10). dependence of coupling constants have been 

Pople and Santry, who carried out calculations reported (ref. 1 of ref. 14), the causes of the 
of nuclear spin-spin coupling constants by mo- solvent dependence are not always clear; in 
lecular orbital theory (1 l), showed that only the many, but not all, cases the effect can be attrib- 
Fermi contact mechanism is important in the uted to molecular complex formation or associ- 
case of direct interaction between light nuclei ation. It has been postulated (14, 15) that in the 
and that the anomalously small size of J i n  BF,- absence of such strong interactions variations in 
is a result of a close balance between large terms solute coupling constants are caused mainly by 
of opposite sign in the atom-atom polarizibility. the electric field of the solvent. Bell and Danyluk 
These conclusions have been supported by addi- (15) proposed that the solvent interaction takes 
tional calculations by Murrell et al. (12). the form of different reaction fields at the differ- 

The suggestion that the small values of J in ent solute atoms, which change the solute elec- 
BF,- are due to a close balance between large tron distribution to  some extent and affect the 
coupling terms of opposite sign is strongly sup- amount of s character in the molecular orbitals, 
ported by the evidence given in this paper for a and thus affect the spin-spin coupling. Dean and 
change of sign of the coupling constant J be- Evans (13) have applied the arguments of Bell 
tween water and organic solvents. Since the and Danyluk (15), which are based on the 
absence of a concentration or temperature de- molecular orbital treatment of Pople and Santry 
pendence of J in AgBF, solutions in different (1 l), to the trend of J119Sn-19F in snF,'- with 
solvents strongly suggests that free BF4- is solvent polarity and have estimated that the 
present rather than an associated species, changes absolute sign of the reduced coupling constant 
as striking as those observed are to be expected is negative. (Since yl19~,, and ylgF have opposite 
only if the contributing terms are large, so that a signs, JI19Sn-19F would then be positive.) A 
change of no more than a few percent in one or similar estimate can be made from the available 
more of these could change the sign of J. data for the BF,- ion in solutions of AgBF,. 

As an illustration that the magnitude of the We consider that as the solvent polarity in- 
observed changes in J in BF4- is not unusually creases as we move from the organic solvents to 
large, we may consider the changes in ' "Sn-"F water, a more positive reaction field, resulting 
coupling in tetraethylammonium hexafluoro- from orientation of solvent dipoles, builds up 
stannate, recently reported by Dean and Evans near the fluorines; this increases the polarity of 
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the B-F bonds. Since according to the Pople- 
Santry treatment the negative contribution to 
jB-, decreases as the B-F bond polarity 
increases, j,-, becomes more positive as we 
move from the organic solvents to water. Thus 
jB-, should be positive in water and negative 
in the organic solvents studied; since both 
llB and 19F have positive magnetogyric ratios 
JllB-19F also will be positive in water and 
negative in the organic solvents. 

Haque and Reeves (2) have rejected Kuhlmann 
and Grant's hypothesis that NaBF, is associated 
into ion pairs in aqueous solution, apparently on 
the assumption that any significant interaction 
would have to involve an inner-sphere ion pair. 
Their reasons for discarding an inner-sphere ion 
pair are convincing; however, a solvent-separated 
ion pair is not excluded by any of their evidence. 
It is possible that in a solvent-separated ion pair 
the symmetry at boron is not decreased suffi- 
ciently to collapse the splitting due to boron- 
fluorine coupling, although the coupling con- 
stant is nevertheless affected; this seems reason- 
able especially since the postulate of opposing 
coupling terms provides that small interactions 
can strongly affect the observed small J. 

Structure 1 appears possible for the ion pair in 
aqueous solution; the very small differences in 
the fluorine environments between it and struc- 
ture 2 for the free solvated anion could cause 

HOH 

changes in J and in the chemical shift. Structure 
1 is in accord with a very small electric-field 
gradient about boron and also with hexacoor- 
dination of water molecules about Na+ as has 
been demonstrated by Ryss and Radchenko (4). 
Both structures 1 and 2 are also in reasonable 
agreement with Ryss and Radchenko's estimate 
that each fluorine of BF,- has 1.1 nearest neigh- 

CHEMISTRY. VOL. 46, 1968 

bor water molecules. There would presumably 
be an equilibrium between 1 and 2 and the 
equilibrium constant determined by Kuhlmann 
and Grant would still be valid. The existence of 
an equilibrium such as that between 1 and 2 is 
further supported by our observation that J 
decreases as the temperature is raised, corre- 
sponding to a greater degree of dissociation of 
1 at higher temperatures. 

Further evidence that ion pairs exist in NaBF, 
solutions is provided by the increase of J from 
1.1 to 4.8 Hz in these solutions as the concen- 
tration is raised. We have concluded above that 
jB-, and J are negative in the organic solvents 
and become positive in aqueous solution as a 
result of increasing polarity of the B-F bonds. 
In an ion pair such as 1 there should be a greater 
degree of polarity in the B-F bonds than would 
be found in free aqueous BF4-; the coupling 
constant should thus become more positive. A 
marked change in this direction is in fact observ- 
ed. This additional correlation tends to confirm 
both Bell and Danyluk's hypothesis of reaction 
field effects on directly bonded coupling con- 
stants and Kuhlmann and Grant's postulate of 
ion pairs in aqueous NaBF, solutions. 

The concentration dependence of J i n  aqueous 
solutions of LiBF, (Fig. 2) provides good evi- 
dence that Li+ also forms an ion pair with BF,-, 
as was previously indicated by Kuhlmann and 
Grant's study of the effects of adding lithium 
salts to solutions of NaBF, (1). However, it is 
surprising that the increase in J from the infinite 
dilution value is less by a factor of two at a given 
concentration for the lithium salt than for the 
sodium salt. This would appear to suggest that 
LiBF, does not form ion pairs as readily as 
NaBF,; however, this is unlikely in view of the 
smaller size and greater polarizing power of the 
Li+ ion. The difference might arise, instead, 
from the presence of tetrahedral, rather than 
octahedral, coordination of water about Li+, 
which would affect the nature of the solvent- 
separated ion pair, and hence the coupling con- 
stant. This may be a simple statistical effect in 
that there are 12 possible ways that a BF,- ion 
can hydrogen bond to two cis water molecules of 
Na(H,O),+ but only 6 possible ways in which it 
can hydrogen bond to two cis water molecules in 
Li(H,O),+. 

The apparent correlation of the coupling con- 
stant with the boron-fluorine bond polarity can 
explain the difficulties encountered by Haque 
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GILLESPIE ET AL.: SOLVENT EFFECTS ON TI -IE BORON-FLUORINE COUPLING CONSTANT 1607 

FIG. 2. The concentration dependence of J l l g - 1 9 ~  

in aqueous solutions of lithium and sodium tetrafluoro- 
borates. Legend: (0) LiBF4 (this work); (0) NaBF4 
(ref. 1). 

and Reeves in accounting for the results of their 
studies of variations of J in solutions of NaBF, 
in mixed solvents. Ion pairs, which would be 
expected to be formed to-a greater extent and to 
be held more tightly in solvents of lower dielectric 
constant, should increase the B-F bond polar- 
ity, while the decreased reaction field of the 
solvent with respect to that of water should 
decrease it. Thus the choice of the sodium salt for 
studies of the dependence of J on solvent was 
unfortunate, as the presence of two opposing 
effects of unknown relative magnitudes does not 
allow clear conclusions to be drawn. 

The presence of splittings due to B-F cou- 
pling in the 19F spectra of AgBF, solutions, 
and of n.m.r. evidence for a rapid exchange of 
fluorine among boron atoms at high tempera- 
tures, appears to be related to the dielectric 
constant of the solvent. Table I1 indicates this 
relationship; the data for methylene chloride so- 
lutions wei'e obtained by Sharp and co-workers, 
who studied solutions of triphenylmethyl tetra- 
fluoroborate (16). It is seen that solutions of 
BF,- in solvents of low dielectric constant do 
not give rise to splittings due to boron-fluorine 
coupling. This is apparently not due to a cou- 
pling constant of zero since the peaks are not 
sharp, but is probably a result of quadrupole 
relaxation of boron. Because of the lower dielec- 
tric constant and the probable absence of a stable 
solvation shell about the cation, intimate or 
inner-sphere ion pairs are probably present in 
these solvents and there could be a suficiently 

large field gradient at boron to collapse the small 
splittings. 

A study by Packer and Muetterties (17) of 
19F spectra of solutions of potassium hexafluoro- 
arsenate provides precedent for the postulate 
that the absence of splittings due to B-F 
coupling in solutions of the tetrafluoroborate ion 
in solvents of low dielectric constant is due to 
quadrupole relaxation. The AsF6- ion is similar 
to the BF,- ion in that it is a highly symmetrical 
species with a central spin-312 nucleus, and in 
aqueous solution it gives rise to a 19F spectrum 
consisting of a 1:l:l:l quartet. However, its 
much larger spin-spin coupling constant (5, 5AS- 

9, = 933 Hz (18)) allows the characteristic 19F 
signal shapes expected (19) for intermediate rates 
of quadrupole relaxation of 75As to be distin- 
guished. ' g ~  spectra of KAsF, in the series of 
solvents of decreasing dielectric constant, water, 
acetonitrile, acetone, and glyme, showed in- 
creasing amounts of quadrupole relaxation. In 
these solvents it was possible to obtain the entire 
range of line shapes for a spin-112 nucleus 
coupled to a spin-312 nucleus. A further study by 
Arnold and Packer (18) using 75As resonance 
was interpreted as indicating association of 
AsF,- with cations rather than with solvent 
molecules. 

In solutions of AgBF, the B-F splittings are 
so small that even relatively slow quadrupole 
relaxation of boron should be sufficient to pre- 
vent resolution of the 19F quartet. In the present 
study the absence of splitting due to B-F 
coupling in acetone solutions provides the best 
evidence for quadrupole relaxation of boron in 
a solvent of low dielectric constant. Our studies 
with acetonitrile-acetone solvent mixtures pro- 
vide evidence that J is not zero in acetone but 
that a broadening process obscures the splittings. 
Thus as the mole fraction of acetone is increased, 
the small splittings become less well resolved and 
eventually disappear, but as long as they are 
visible they do not change appreciably in size 
from those observed in pure acetonitrile. The 
disappearance of the splittings due to J cannot 
be due to moderately fast fluorine exchange as 
the same broadened spectrum was obtained a t  
low temperatures. The effect is not dependent on 
concentration as essentially identical spectra 
were obtained over a considerable range of 
concentrations. The most reasonable explanation 
is association of the solute; ion pairs are the 
most likely type of association. In this system, as 
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TABLE II 
Correlation of "F spectra of AgBF, with solvent dielectric constant 

-- 

Evidence for rapid fluorine exchange 
Dielectric Splittings due 
constant to J observed At Above Coalescence 

Solvent at 20" at room temp. room temp. room temp. temperature 

Water 80 Yes No No - 
DMSO 47 Yes No No - 
Acetonitrile 38 Yes No Yes 90" 
Dimethylformamide 37 Yes No - - 
Acetone 21 No No Yes 70" 
Pyridine 12 No Uncertain - - 
Methvlene chloride 9 No Yes* - - 

*Exchange between BCI,- and BF,- (as triphenylmethyl salts) is indicated by '9F and "B n.m.r. (16). 

the solvent changes from acetonitrile to acetone, 
the decreasing ability of the solvent to solvate 
the ions could cause an increasing proportion of 
them to exist in the form of intimate ion pairs, 
with resultant broadening and disappearance of 
the closely spaced 1 : 1 : 1 : 1 multiplet. Previous 
work has shown that the degree of solvation of 
Ag+ appears to vary with the solvent in the order 
acetone < acetonitrile < DMSO (20). This 
could explain why the splittings due to boron- 
fluorine coupling are observed only in solvents 
with dielectric constants equal to or greater than 
that of dimethylformamide; these are the better 
coordinating solvents, and the formation of inti- 
mate ion pairs, in contrast to solvent-separated 
ion pairs such as I ,  should be favored by the 
absence of a stable solvation shell about the 
cation. Since Ag+ appears to have especially 
high complexing ability towards a number of 
nonaqueous solvents (21) it would not be 
expected to form an intimate ion pair with BF,- 
in these solvents. In accord with this there 
appears to be no quadrupole relaxation of the 
BF,- ion in AgBF, solutions in these solvents 
since very small splittings down to 0.3 Hz can be 
observed. 

Fluorine Exchange 
Rapid exchange of fluorine among boron 

atoms is proved by the collapse of the 1°B-llB 
isotope shift at high temperatures in solutions of 
AgBF, in acetonitrile and acetone. The absence 
of such rapid exchange in water and in DMSO 
is demonstrated by the 19F n.m.r. spectra at 
90" which clearly show both the isotope shift 
and the splitting due to J. The results sug- 
gest that the exchange process is facilitated by 
solvents of low dielectric constant (Table 11); 

since solvents of low dielectric constant tend to 
solvate ions less efficiently, the exchange may be 
a result of poorer solvation of the anion. The 
results of Sharp and co-workers (16) on solutions 
in methylene chloride are included in Table I1 
although these results are not strictly analogous, 
the observed exchange being between fluorine 
and chlorine, rather than among fluorines. 

Various mechanisms are possible for the 
fluorine exchange; e.g. a simple reversible dis- 
sociation of BF4- into F- and BF,. In view of 
the fact that exchange seems to be much faster in 
acetonitrile solution when BF, is added, we sug- 
gest a mechanism involving a slight initial dis- 
sociation of BF4- to yield BF,, which can then 
take part in several reversible reactions, including 
the formation of a fluorine-bridged B2F7- ion 
[3] which we propose as the principal inter- 
mediate in the fluorine exchange. 

(i) BF4- + BF3 f F-  

[3] (ii) BF3 f BF.- + [F3B/F\BF3]- 

(iii) BF3 + solvent =+ BF,.solvent 

Complexing of BF, with the solvent as indi- 
cated by step (iii) is not directly involved in 
fluorine exchange but would be expected to occur 
in donor solvents and would decrease the amount 
of free BF, in solution and affect the exchange 
rate. Evidence for the existence of the proposed 
intermediate B,F7- as a stable species in methy- 
lene chloride solution has been provided by 
Brownstein and co-workers (22). 

The fluorine scrambling reaction in solutions 
of AgBF, and CH,CN.BF, in acetonitrile may 
be analogous to that in solutions of (12-C,H,),N.- 
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PF, and CH,CN.PF, in the same solvent, re- 
ported by Tebbe and Muetterties (23) on the 
basis of the collapse of the doublet due to P-F 
coupling in the 19F spectrum of CH,CN.PF, 
when the hexafluorophosphate salt is added. In 
the absence of the hexafluorophosphate salt the 
collapse of the doublet was found to occur only 
at high temperatures. Tebbe and Muetterties 
proposed a three-step reaction scheme analogous 
to [2] for the exchange process. They did not 
discuss the mechanism of exchange between PF, 
and PF,-; we suggest as the intermediate or 
transition state the fluorine-bridged dimer P,Fl ,-, 
analogous to B,F,-. Step (ii), probably the 
chief fluorine scrambling step in both of the 
analogous schemes involving BF,/BF4- and 
PF,/PF,-, would be most effective when both 
the anion and the Lewis acid are present in 
considerable concentration. This would explain 
the increase in the rate of fluorine exchange in 
both systems on adding the second of the two 
species. 

To explain the results of their l lB  and 19F 
n.m.r. studies which showed that rapid halogen 
exchange occurs between BC1,- and BF4- in 
methylene chloride solution, Sharp and co- 
workers (16) postulated reactions similar to (i) 
and (ii) of scheme [2], but with the important 
difference that the presence of BC14- is required. 
Their work showed that BF4- does not exchange 
halogen with C1- in this solvent, and thus it 
would appear that BF4- does not dissociate as 
in (i). However, they proposed that BC14- does 
dissociate in a reaction analogous to (i), and that 
the BC1, so formed exchanges halogen with 
BF4-. The mechanism of this halogen exchange 
reaction is probably analogous to (ii), with the 
formation of a halogen-bridged ion. An equi- 
librium of BC1,- with BC1, and C1- in methy- 
lene chloride has also been proposed by Thomp- 
son and Davis (24) to explain the variation of the 
I1B chemical shift of the BC1,- ion with concen- 
tration of chloride ion in this solvent. The ap- 
parent inability of BF4- to take part in reaction 
(i) is in keeping with the very poor solvation 
expected for fluoride ion in methylene chloride; 
no ionic fluoride is known which is soluble in 
this solvent (16). 

Summary 

The tetrafluoroborate ion has proved to be 
especially amenable to study by high-resolution 

19F n.m.r. spectroscopy. The sensitivity of the 
boroil-fluorine coupling constant to small chang- 
es in the environment of the ion arovides an 
accurate probe for small d3erences;n solvation 
and for association. The possibility of quadru- 
pole relaxation of boron provides a further ap- 
proach to the detection of association. The 
existence of an isotope shift allows observation 
of a fluorine scrambling process. The BF4- ion 
is most unusual in that near cancellation of 
large opposing coupling terms allows small 
changes in these large terms to have readily 
observable effects on the spectrum. 

Experimental 
Hydrated lithium tetrafluoroborate was prepared by 

dissolving reagent grade lithium hydroxide monohydrate 
in an equimolar amount of purified grade 48-50% 
fluoroboric acid. Excess fluoroboric acid was added to 
this solution and was carefully evaporated at 90-100" to 
yield crystalline LiBF4.3H,0. Anhydrous lithium tetra- 
fluoroborate was prepared by carefully drying the tri- 
hydrate at 9&100°. 

Sodium tetrafluoroborate (Harshaw) and the silver and 
tetramethylammonium tetrafluoroborates (Alfa Inorgan- 
i c ~ )  were used without further purification. The reagent 
grade solvents acetone, acetonitrile, DMSO, DMF, and 
pyridine were dried over molccular sieves before use. 
Boron trifluoride was purificd zs described previously 
(25). 

Tetrafluoroborate solutions were prepared directly in 
precision 5 mm n.m.r. tubes. Addition of the tetra- 
fluoroborate salt was carried out in a dry-box. The 
mixtures were degassed by passing a slow stream of 
nitrogen through the liquid for 10 min; this also served to 
mix the sample and effect complete solution. Passage of 
nitrogen caused a negligible weight loss in solutions in 
water, DMSO, DMF, or pyridine, but a significant loss in 
solutions containing acetone or acetonitrile. The solution 
containing BF3 was made up on a high-vacuum system. 

19F n.m.r. spectra were obtained at 56.4 MHz on a 
Varian Associates HR-60 spectrometer equipped with a 
variable temperature probe. 
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Behavior of a sulfur vapor electrode in sulfide melts 

W. T. THOMPSON AND S. N. FLENGAS 
Depnrtrne~zt of Metnll~trgy arzd Materials Science, Uiziversity of Toronto, Toronto, Ontario 

Received December 13. 1967 

The reversible potentials for the formation cell 

have been measured for concentrations of silver sulfide in silver chloride up to 12 mole %,in the tempera- 
ture range 490 to 860 "C. Nernst behavior with respect to the partial pressures of the various sulfur 
species present in the vapor phase over the electrode is observed in the range to 1.0 atm. Calculations 
of partial pressures are based on existing mass spectrometric data. The concentration dependence of the 
cell voltage follows the Nernst law only in very dilute silver sulfide solutions. The data are used to 
calculate the thermodyna~llic properties of silver sulfide in solution with silver chloride. 

Canadian Journal of Chemistry, 46. 161 1 (1968) 

Introduction 

In spite of recent developments in the field of 
sulfide electrochemistry, high temperature for- 
mation cells employing gaseous sulfur electrodes 
have not yet been investigated. 

Pure heavy metal sulfides are known to be 
electronic conductors even in the liquid state. 
However, recent investigations (1-6) have shown 
that the solutions of these sulfides in molten 
metal chlorides are ionic over appreciable con- 
centration and temperature ranges specific to 
each system. For those solutions a gaseous sulfur 
electrode may be used in conjunction with a 
metal electrode to realize the formation of the 
metal sulfide in solution and, thereby, study its 
thermodynamic properties. 

A liquid sulfur electrode has been developed 
by Kiukkola and Wagner (7) and used with a 
solid silver iodide electrolytic membrane to in- 
vestigate the thermodynamic properties of pure 
silver sulfide in the temperature range 150 to 
425 "C. A similar sulfur electrode used with a 
sodium electrode and ceramic electrolyte for 
energy storage purposes has been announced 
recently (8). 

Verduch and Wagner (9) investigated solid 
double sulfides at temperatures up to 400 "C 
using a galvanic cell fitted with a solid electrolyte 
membrane and two sulfur vapor electrodes. The 
cell arrangement was such that the properties of 
the sulfur electrode could not be observed as the 
sulfur pressure did not enter into the expression 
for the cell potential. 

In the present investigation a formation cell 

employing a sulfur vapor electrode in conjunc- 
tion with a silver electrode has been developed 
and used to study the binary solutions of Ag,S- 
AgCl in the temperature range 490 to 860 "C. I t  
is shown that the sulfur pressure dependence of 
the cell voltage at different temperatures follows 
Nernst behavior consistent with a two electron 
electrode process per sulfur atom. For this 
interpretation, it is necessary to calculate the 
partial pressures of the various molecular forms 
of sulfur vapor over the electrode using equilib- 
rium constants obtained from mass spectro- 
metric data (10). The concentration dependence 
of the cell voltage is similarly consistent with the 
Nernst equation for dilute silver sulfide solutions 
where Henry's law is expected to be valid. These 
data also indicate a two electron process. 

The technique described herein may be used in 
the study of other sulfide<hloride systems in 
their range of ionic behavior. It is only required 
that the chloride solvent be stable under an 
applied sulfur pressure. 

Experimental 
The electrochemical cell 

(-1 Ae graphite, S.,... (+) 

and the connected apparatus for handling the argon and 
sulfur vapor mixtures are given in Figs. 1 and 2. The cells 
were made entirely of glass. The high temperature parts 
of the apparatus containing the sulfide melts were made 
from quartz tubing connected to the Pyrex using graded 
seals. The silver electrodes were 2 to 4 mm diameter pure 
silver rods dipping into the melt; these were maintained 
in an argon atmosphere. The inert electrodes for sulfur 
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GLASS SEALS 

LIQUID SULFUR 

BOX FURNACE - 
-GRADED SEALS 

CYLINDRICAL FURNACE- 

SILVER ELECTRODE 

THERMOCOUPLE WELL 

DIAPHRAGM 

FIG. 1. Experimental cell design. 

were 2 mm diameter spectroscopic graphite rods. Prior to 
use, these were heated in vacuum at 1000 "C for about 
24 h to remove volatile matter. T o  test its reactivity the 
graphite was heated in a flowing (about 60ml/min) 
sulfur-argon mixture at 850 "C. After 2 weeks exposure to  
a sulfur pressure of lo-* atm, only 0.5 mg of carbon had 
reacted. This corresponds to  less than one part in a 
thousand of the theoretical weight loss based on the 
formation of carbon disulfide. Therefore, graphite may be 
considered as essentially inert with respect to  sulfur at  
temperatures up to 850 "C. 

The sulfur pressure was created by bubbling preheated 
argon through molten sulfur. The molten sulfur was con- 
tained in a 1000 ml Aask located in a furnace equipped 
with removable top and front panels, the latter having a 
double wall glass window. 

The lower part of the cell, containing the sulfide solu- 
tion, was in a second independently temperature-regulated 
furnace. During the experiments, the temperature of the 
upper furnace was controlled to  + 1 "C, while the sulfide 
melt temperature was controlled to  + 2 "C. 

The silver chloride was either reagent grade or made by 
precipitation from an aqueous silver nitrate solution with 
hydrochloric acid. Silver sulfide was similarly prepared 
using ammonium sulfide. The prepared compounds were 
washed with distilled water and alcohol, followed by 
vacuum drying at  120 "C. The sulfur was laboratory 
reagent grade. Purification by repeated sublimation was 
not performed since the impurities in this material 
consisted chiefly of insoluble matter, and these are known 
not to  affect the sulfur pressure (1 1). The sulfur was dried 
"in situ" under vacuum at 90 to  100 "C prior to  its use in 
an  experiment. 

CHEMISTRY. VOL. 46, 1968 

TABLE I 
Experimental e.m.f. measurements 

XA,,S E(mV) To ("C) TE ("C) 

During measurements, dry oxygen-free argon was 
slowly bubbled through the liquid sulfur in the bulb. The 
sulfur-saturated argon was led to  the electrode and over 
the surface of the sulfide melt. The gas mixture leaving the 
electrode then passed to  a sulfur condenser from which 
sulfur-free argon was expelled to  the atmosphere through 
a sulfuric acid bubbler. The saturation of the argon with 
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G A S  PURIFICL~TiON T R A I N  

AUXILIARY HEATER . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  ' ;, ARGON-SULFUR 

, . . . M I X T U R E  . . FROM C E L L  

E X I T  FROM 
S I L V E R  
ELECTRODE 

-TO SULFUR 

-TO SILVER 
E L E C T R O D E  

-TO VACUUM 

FIG. 2. Apparatus for handling the sulfur-argon gas mixtures and controlling the differential flow rates of argon 
and total pressures. 

sulfur was verified by approximate dew point measure- cell voltages were measured with a Leeds and Northrup 
ments taken on the tube leading from the bulb. Condensed type K-3 potentiometer. The cell e.m.f. was found to be 
sulfur could be seen on the tubing when the latter was 4 to reproducible on increasing and decreasing temperature 
5 "C cooler than the sulfur bath. In order to  be certain and pressure cycles, and with the exception of the most 
that the temperature of the liquid sulfur in the bulb would dilute solution investigated, the reproducibility was 
control the sulfur pressure at the electrode, it was neces- better than 3 mV. 
sary to  heat all tubing conducting the vapor from the bulb Early experiments showed that the e.m.f. was insensitive 
to the condenser. This was accomplished by wrapping the to changes in argon flow rate in the range 20 to 100 ml/ 
tubing with auxiliary heating elements. I t  was also min. For the experimental measurements included in this 
required to use hot internal electrode connections. These paper, the flow rate was 60 to  80 ml/min. 
were made using tungsten leads sealed in urania glass, the 
electrodes being threaded or silver soldered to the tung- 
sten. The metal exposed to  the sulfur vapor rapidly Results 
formed a thin sulfide layer which rendered the connections 
immune to  further sulfur attack. The effect of sulfur pressure on the e.m.f. was 

The two electrode compartments contained melts of investigated by varying the liquid sulfur tempera- 
the same composition but were separated by means of an ture T~ in the range 140 to 370 oc for electrode 
asbestos diaphragm. This diaphragm was made by col- 
lapsing quartz tubing around a small pre-fired strand of temperatures T ,  from 490 to 860 "C. These data 
asbestos fibers, the continuity of the fibers being preserved are shown in Table I at the corresponding sulfide 
(12). The capillaries formed between the interstices of the concentration of the solution. 
fibers allowed electrolytic contact but effectively preven- Table 11 shows the electromotive force mea- 
ted the diffusion of dissolved sulfur to the silver electrode. surements as a function of temperature at various 
In  experiments conducted with cells in which a simple 
U-tube, without the asbestos fiber diaphragm, connected concentrations- For these measure- 
the two electrode comoartments. dissolved sulfur attacked ments the temperature of the liquid sulfur was 
the silver electrode. This effeci could be minimized by low so that the sulfur pressure would be small. 
operating the cells at a low sulfur pressure and was, for all The measurements shown in this and the previ- 
practical purposes, eliminated by the introduction of the 
diaphragm described above. ous table are in chronological order and indicate 

The temperatures were measured using calibrated that the measurements are On 

chromel-alumel thermocouple wires. Thern~ocouple and increasing and decreasing electrode temperature 
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TABLE I1 
Experin~ental e.m.f. n~easurements 

and pressure cycles. At high temperatures equi- 
librium was reached within 1 h after adjusting 
the experimental variables; at lower electrode 
temperatures (below 600 "C) significantly longer 
periods of time were required to achieve a steady 
cell voltage. 

At the end of each experiment, samples of the 
melt in each electrode compartment were ana- 
lyzed for sulfur. It was found that during the l to 
2 weeks of continuous cell operation the sulfide 
concentration of the sulfur electrode compart- 
ment had increased slightly. This can be attrib- 
uted to a small amount of chlorine evolution 
resulting from the displacement reaction 
[I]  2AgCl + +S, + Ag2S + CIZ. 

Although the standard free energy for the reac- 
tion as written is about $25 kcal in the tempera- 
ture range of this investigation, chlorine can be 
evolved since the flowing sulfur-argon mixture 
prevents the true equilibrium chlorine pressure 
from being established over the melt. This dis- 
placement was minimized by restricting the 
silver sulfide concentration to no less than 1 mole 
% and also by operating the cell at low sulfur 
pressures, whenever possible. The largest relative 
increase in sulfide concentration was in the most 
dilute solution where the sulfide concentration 
increased from 1 .OO to 1.12 mole % silver sulfide 
over a period of a week. For the most concen- 
trated solution containing 11.9 mole % sulfide, 
no change in sulfide concentration was detected. 
For calculation purposes the small junction 
potential which this effect might introduce has 
been neglected and the concentrations reported 
in the table are the average of the analyzed values 
for each compartment. 

Discussion 
Theoretical Considerations 

If sulfur were a simple vapor that could exist 
only in one molecular form, the sulfur pressure 
at the electrode would be equal to the vapor 
pressure of sulfur in equilibrium with the liquid 
in the bulb. It  is known, however, that s u l f ~ ~ r  in 
the vapor phase is a complex mixture of various 
molecular species ranging essentially from S, to 
S,, the concentration of each being temperature 
and pressure dependent. For this reason the 
relative concentrations of the various molecules 
will be different at the electrode than in the bulb. 
Assuming that the vapor passes through the 
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THOMPSON AND FLENGAS: BEHAVIO R OF A SULFUR VAPOR ELECTRODE 1615 

temperature gradient from bulb to electrode 
while at all times preserving local equilibrium, it 
is possible to calculate the composition of the 
sulfur vapor at the electrode when both bulb and 
electrode temperatures are known. The assump- 
tion of equilibrium is reasonable since, in the 
pressure range of the investigation, the number 
of sulfur-sulfur collisions per unit time is expec- 
ted to be very high, and the time constants for 
dissociation and association processes are small 
(13). Therefore, before a sulfur molecule can 
move an appreciable distance within the tem- 
perature gradient, it will enter the equilibrium 
required by the temperature and total sulfur 
pressure in the new position. 

For calculation purposes, it is convenient to 
consider the vapor in the sulfur bulb and at the 
electrode as consisting of G B  and 6, mean number 
of sulfur atoms per molecule, respectively. These 
numbers may be defined by a relationship of the 
following form, 

R 

where Psy is the partial pressure of species S,, and 
v is an integral number having values between 2 
and 8. Therefore, upon passage from temperature 
TB to temperature T,, the sulfur dissociation may 
be represented by - 

P I  (S%)T~ + 2 (Syr, . 
For calculation purposes a volume element VB 
containing nA moles of argon and n,, moles of 
species S, at a total pressure of 1 atm and 
temperature TB will be considered. When the 
temperature is increased to TE, dissociation will 
take place and the volume will expand to VE to 
accommodate the increased number of molecules 
at a total pressure of 1 atm, fixed experimentally 
by the exit bubbler head. At temperature TE 
there are (fiB/GE)~~SoD moles of species S, and nA 
moles of argon if argon diffusion from the vol- 
ume element under consideration can be ignored. 

Multiplying the numerator and denominator of 
eq. [4] by RTB/VB and substituting 

the sulfur pressure at the electrode is given as: 

Because it is necessary for the total gas pres- 
sure to always equal the exit bubbler pressure 
(eq. [5]), it follows that there is a decrease in the 
argon pressure as sulfur dissociates. The argon 
partial pressure at the electrode is given as: 

At the low sulfur pressures employed during 
most of the experimental measurements where 
(P,),, is approaching unity, (PA), is only slightly 
lower than (PA),. Thus, the assumption in the 
development of eq. [6 ] ,  namely that there be no 
argon diffusion, is justified since not only is there 
little time in the flowing gas stream for diffusion 
to occur, but also the partial pressure difference 
is generally small. 

The most comprehensive data on sulfur vapor 
comes from the mass spectrometric studies of 
Berkowitz and Marquart (10). Their results show 
in graphical form the equilibrium constants 
relating the various partial pressures as functions 
of temperature. These generate the following six 
independent equations : 

[81 3 l 0 g P s 2 - 2 l o g P s ,  
= -6.00 X 1 0 3 ~ - '  + 8.50 

[91 2 l o g P s , - l o g P s ,  
= -5.73 X 10~T-l + 6.49 

[lo] log P ,, - 5 log p s, 
= -2.57 X 103T-' + 3.28 

[I21 log P ,, - g log P ,, 
= -1.16 x 1 0 3 ~ - '  + 1.55 

Due to uncertainty in the experimental values 
for the S,-S, equilibrium constants, the data for 
this case is taken from calculations based on 
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vibrational assignments for the S, molecule (14). 
The calculated line is in fair agreement with the 
experimental mass spectrometric data. 

The equilibrium constant equations can be 
applied to calculate the partial pressures for all 
sulfur species when an additional independent 
relationship among the various partial pressures 
is available. For vapor in equilibrium with liquid, 
the vapor pressure equation provides this re- 
lationship (1 5). 

determined by eq. [6] in which PSDo and G, have 
values that are determined by TB. The curves (c) 
represent the variation of 6, with respect to 
log Psne for various electrode temperatures. It 
may be seen from the figure that each set of tem- 
peratures TB and TE defines only one total sul- 
fur pressure at the electrode; this is given by 
the intersection of the appropriate curves of sets 
(b) and (c). 

- 4830 o - m 0 c  
[I41 LogP,,,,ur = --- TB 7W"C 

-5.0 log TB $ 21.00, 6M C 

550 C 

where 
0-2 R 

-1 - SCOC - 
Hence, for conditions that exist in the bulb, 8,  2 

and PSTB can be evaluated and therefore PSzE can 8 450C 

be related to 8 ,  from eq. [ 6 ]  for any temperature 
T,. This reduced form of eq. [6] together with -2-  

eqs. [8]-[13] evaluated now a t  the electrode 
temperature TE allows the calculation of the ' 
partial pressures of all molecular forms of sulfur 
vapor over the sulfide melt. 

The calculation is illustrated in Fig. 3. Curve -3 -3 -2 -1 o 
(a) represents the variation of 8 ,  with respect to 
log PSG. The family of curves (b) represents the log pS- "E .dm 

variation of 6, with respect to log PsiE, as FIG. 4. Variation of the partial pressure of S, species 
at  various temperatures and total sulfur pressure at  the 
electrode. 

1 

log (Sulfur Presswe), a t m  

FIG. 3. Sulfur pressures plotted as a function of the 
number of sulfur atoms per sulfur vapor molecule for the 
saturated vapor Or) and non-saturated vapor (c) at 
various electrode temperatures. Curve (b) is the variation 
of the mean number of sulfur atoms per molecule at the 
electrode temperature plotted against total sulfur pressure 
at  corresponding sulfur bulb temperatures. 

Figure 4 shows the relationship between total 
sulfur pressure and S2 pressure for various 
temperatures of importance to this investigation. 
The partial pressure of other molecules can now 
be simply related to the S2 pressure from the 
equilibrium constant expressions [8]-[13] and so 
a complete knowledge of the vapor over the 
melt, necessary for the proper understanding of 
electrode behavior, is possible. In the following 
discussion, the subscript with v will be omitted, 
it being understood that v applies to the sulfur 
vapor at the electrode. 

For the electrochemical cell 

(-1 A8 graphite, S. (+) 

the primary cell process is the formation of 
Ag2S according to the equation 
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THOMPSON AND FLENGAS: BEHAVIOR OF A SULFUR VAPOR ELECTRODE 1617 

for which the Nernst expression is [22] (l'S?)sflvcr e lec t rode  

where E, EO, and a, represent measured and 
standard cell potentials and activity, respectively. 
In eqs. 1151 and [16], v can have any integral 
value from 2 to 8. The standard cell potential 
will also have different values depending upon 
the choice of the standard state for the sulfur 
vapor. However, the value of E for a given set of 
experimental conditions is uniquely defined and 
is independent of the value of v since it is 
expected that all the vapor molecules must be in 
equilibrium at the electrode. The choice for the 
value of v is therefore a matter of preference. 
Since S, is the major component of the sulfur 
vapor in most of the experiments, v will be taken 
to be 2, thus making the standard state for sulfur 
pure S2 vapor at 1 atm pressure. 

The overall cell reaction may be realized by 
considering either formation or concentration 
cell reactions. In the formation cell the following 
reactions are considered to occur: 

At the silver electrode, 

At the graphite electrode, 

Hence, the overall cell process is as in eq. [15]. 
The cell may also be considered as a sulfur 

vapor concentration cell. In this case, the reac- 
tions are: 

At the silver electrode, 

At the graphite electrode, the reaction is again 
as in eq. [18]. The overall process is now 

Reaction [20] represents the process of transfer 
of sulfur from high to low partial pressure for 
which the cell potential is 

RT (&?)sulfur electrode [21] E=-In----- 
4F (psZ)sl~ver electrode 

Equation [16] and eq. [21] are equivalent only 
when the partial pressure of sulfur at the silver 
electrode is the decomposition pressure for dis- 
solved silver sulfide in equilibrium with pure 
silver. For this condition, 

- P 6. 
= exp -- L) , 

where p and p0 represent chemical potentials in 
the solution and standard state respectively. 

In a cell without a diaphragm separating the 
two compartments, the sulfur pressure at the 
silver electrode will not have the equilibrium 
value given by eq. [22] due to s u l f ~ ~ r  diffusion 
through the electrolyte. In this case the cell 
potential should be described as a mixed poten- 
tial and does not have a simple thermodynamic 
interpretation. By introducing a diaphragm into 
the cell, the silver electrode operates under 
essentially equilibrium conditions and, hence, 
the measurements can be used for thermo- 
dynamic calculations in accord with eq. [16]. 

Interpretation of Results 
The plot of cell e.m.f. vs. the logarithm of the 

total sulfur pressure over the melt is shown in 
curve (a) of Fig. 5, the data being taken from 
Table I. The changing slope of this curve indi- 
cates changes in the distribution of the sulfur 
pressure among the different sulfur molecules. 
For this reason, the Nernst equation is not 
directly applicable. Lines (b, c, (1) represent the 
same plot with respect to the partial pressure of 
S,, S,, and S,, calculated as previously indicated. 
The relationships are now linear with respect to 
log P and correspond to an electron change n of 
1.93. Considering the accuracy of the voltage 
measurements and, more particularly, the ac- 
curacy of the sulfur vapor data in the pressure 
calculations, this experimental value for 11 can be 
taken to substantiate the two electron electrode 
process represented in eq. [18]. The correspond- 
ing lines for other forms of sulfur, s,, Sj,  Sb, and 
S,, also give the expected slopes. These have not 
been plotted for the sake of brevity. It should be 
noted that lines (a) and (6) asymptotically ap- 
proach each other, indicating that at low sulfur 
pressure (less than atm), S2 is the main 
sulfur vapor molecule at 490 "C. 

The effect of temperature on the pressure 
dependence of the e.m.f. is shown in Fig. 6. The 
data for this plot are taken from Table I. In 
order to plot all the data on the same graph, the 
lines shown at 612 and 755 "C, respectively, were 
corrected for the concentration effect and made 
to correspond to X,,,, of 0.081. 
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log R ~ ~ ~ ~ ,  - a m  and so the sulfur pressure over the electrode 
FIG. 5. Variation of cell potential with respect to the depends only on the temperature of the liquid 

logarithm of the partial pressures of SZ, S4, Ss, and S; sulfur in the bulb. 
sulfur species. 

present. At lower temperature and higher pres- 
sure where heavier molecules exist in significant 
concentrations, the curve again deviates from 
linearity. The diagonal dotted line indicates the 
temperature-pressure limits beyond which the 
electrode can be operated without extensive 
calculations. For low pressures, where 5, equals 
2, eq. [6] reduces to 

FIG. 6. Cell e.m.f. against log Ps, at various electrode 
temperatures. 

The least squares slopes for all lines in Fig. 6 
give a value of n of 1.91 0.06. This is taken as 
indicating that the process in eq. [18] occurs 
over the entire temperature range of importance 
to this investigation. 

The variation of the e.m.f. vs. temperature at 
fixed sulfide concentration for various calculated 
total sulfur pressures at the electrode is given in 
Fig. 7. The temperature dependence is linear in 
the high temperature - low pressure region 
where S2 is essentially the only vapor molecule 

FIG. 7. Effect of total sulfur pressure on the tempera- 
ture dependence of cell e.m.f. Region to the right of the 
diagonal dashed ,line represents a vapor consisting 
entirely of S2 specles. 

FIG. 8. Effect of temperature on the cell potential a t  
various silver sulfide concentrations. 

The concentration dependence of the cell 
potential as a function of temperature at fixed 
sulfur pressure is given in Fig. 8. The data are 
taken from Table 11. Most of these measurements 
were conducted at a pressure level where sulfur 
at the electrode was essentially S,, thereby allow- 
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THOMPSON AND FLENGAS: BEHAVl :OR OF A SULFUR VAPOR ELECTRODE 1619 

ing eq. [23] to be used. For some of the low 
temperature measurements, however, the ex- 
tended calculations were required. The equations 
determined by linear regression are shown in 
Table 111, the e.m.f. being given with respect to a 
standard sulfur electrode (S, at 1 atm). Standard 
deviations are also included. Measurements at 
higher concentration than 12 mole % Ag2S were 
not taken because the electrolyte is known to no 
longer conduct completely ionically (2). 

TABLE 111 
Temperature dependence of e.m.f. vs. S2 electrode at 

1 atm 

Standard 
deviations 

XA,+ e.m. f. (mV) vs. temp. ("K) (mv) 

The plot of E vs. log XAgZS is shown in Fig. 9. 
The dotted lines indicate the liquidus for this 
system (1). The solid points are calculated from 
the free energy measurements of Rosenqvist (16) 
for solid Ag2S as interpreted by Richardson and 
Jeffes (17). The curvature of the plot at  higher 
concentrations is indicative of the change in 
activity coefficient along an activity isotherm. At 
the lower concentrations, Henry's law is valid 
and the slopes of the lines shown are in agree- 
ment with the process represented in eq. [18]. 

From the data available in Table 111, the heat 
and entropy changes for reaction [15] can be 
obtained for v equal to 2. By subtracting from 
these properties the heat and entropy of for- 
mation of pure Ag,S, the partial molar enthalpy 
and entropy ofmixing may be determined. These 
values are plotted as a function of concentration 
in Fig. 10. 

The uncertainty in the heats of formation of 
dissolved silver sulfide calculated from the stan- 
dard deviations represent error limits of the 
order of 5 5 0  to 100 cal/mole. However, it is 
possible that other errors that cannot be readily 
accounted for, such as the uncertainty in the 
equilibrium constants for the sulfur pressure 
calculation and the slight change in melt com- 
position during a run, could make the error 
limits wider. Furthermore, since the heats of 

FIG. 9. Variation of cell potential with respect to the 
logarithm of silver sulfide concentration at constant tern- 
peratures. Solid points are on the silver sulfide liquidus 
and were calculated from existing free energy data. 

4 2 s  

FIG. 10. Enthalpies and entropies of formation of 
dissolved silver sulfide. 

formation of pure silver sulfide are not known 
with coddence, the partial molar properties for 
the solutions have not been tabulated. The curves 
in Fig. 10 indicate that the partial molar heats of 
mixing of silver sulfide decrease with increasing 
sulfide concentration and the solutions approach 
nearly athermal behavior at  about 20 mole % 
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sulfide. It appears that the partial molar heats of 
mixing are all small positive quantities. 

The activity isotherm for Ag,S is given in Fig. 
11 at  the melting point of Ag,S. The open 
circles represent activities calculated from the 
e.m.f. measurements made in this investigation 
using Rosenqvist's value for the standard cell 
potential. The solid line for concentrated sulfide 
solutions represents cryoscopic activities calcu- 
lated from the van't Hoff equation, wherein it is 
assumed that the heat of fusion, AH,, of silver 
sulfide is temperature independent and has a 
value of 800 cal/mole (16). 

- AH, 
[24] 

8 = x- (k - &) 
Although the activities actually apply only to the 
liquidus temperature, their use at  higher temper- 
atures is justified in constructing Fig. 1 I, since 
the temperature dependence of the activity as 
given by the partial molar heat of mixing is seen 
from Fig. 10 to be very low for the concentrated 
sulfide solutions. It is evident that the cryoscopic 
and electrochemical measurements are in sub- 
stantial agreement. 

The positive deviations from ideality indicated 
by the activities are consistent with a tendency of 
the like species in this system to associate in the 
liquid. The positive heats of mixing indicate a 
decrease of activity with temperature and the 
solutions tend towards ideality a t  the higher 
temperatures, as expected. 

The present results indicate that the previously 

FIG. 11. Activity isotherm for silver sulfide at 825 "C. 
Points are experimental; the solid line represents activities 
calculated from the phase diagram. 

suspected incongruently melting coinpound in 
this system (1) does not exist and that the un- 
usual shape of the silver sulfide liquidus should 
be attributed to the positive deviations from 
ideality and to the tendency towards in~nlisci- 
bility. Immiscibility appears to  be a general 
trend, particularly, in reciprocal metal chloride - 
metal sulfide systems. For example, a large 
miscibility gap has been found in the system 
NaCl-Ag,S and in other metal sulfide - alkali 
and alkaline earth chloride systems currently 
under investigation in this laboratory (18, 19). 

As mentioned in the introduction, silver chlor- 
ide solutions rich in silver sulfide conduct elec- 
tronically over wide temperature and composi- 
tion ranges (2). From the present results it 
appears that association of like species is the 
only structural property of the melt that may be 
related to its abnormal electrical properties. 
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Gas-solid exchange reactions : Zinc vapor and polycrystalline zinc selenide 

E. A. S ~ c c o  AND CHIEN-HUO SU 
C/zen~istry Deparltl~ent, St. Francis Xavier Utziuersity, Antigonish, Noun Scoria 

Received November 28, 1967 

The exchange kinetics of zinc vapor with polycrystalline zinc selenide have been studied in a static sys- 
tem in the temperature range 720-800 "C. 

The kinetic data are consistent with a diffusion-controlled process from the initial stage, in contrast 
with existing exchange data on ZnO and ZnS powders. The diffusion equation is given as: 

D = lo3 exp (-79.5 + 5 kcal/RT) cmZ s-'. 
Canadian Journal of Chemistry, 46, I621 (1968) 

Introduction 

This study is a continuation of a program of 
research on heterogeneous isotopic exchange 
reaction involving a metallic vapor and a solid 
compound. The program is an attempt to under- 
stand the kinetics and mechanism of gas-solid 
interaction. Previous studies reporting on the 
Zn-ZnO (1) and Zn-ZnS (2) systems have shown 
the rate to be controlled by two processes, an 
initial first-order rate followed by a diffusion 
rate. 

The con~pound ZnSe, while belonging to the 
family of compounds which includes ZnO and 
ZnS, possesses a zinc blende cubic structure in 
contrast to the wurtzite hexagonal structure of 
ZnO and ZnS previously studied. The exchange 
study between Zn vapor and solid ZnSe shows 
that the gas-solid reaction is diff~lsion controlled 
over the entire range of the reaction fraction 
investigated. 

Experimental 
The polycrystalline ZnSe used in this work was from 

A. D. MacKay, Inc. 99.9995% purity. The X-ray diffrac- 
togram showed a pattern identical with the ZnSe diffrac- 
tion pattern recorded in A.S.T.M. index No. 5-0522. The 
surface area of the selenide powder was found to be 0.64 
m2/g by nitrogen adsorption measurements. The particle 
radius is calculated to be ca. 8.7 x cm. The selenide 
powder was stored in an oven at 150 "C before use. 

The exchange runs were carried out in a static system 
with the use of quartz vessels, and the reaction fraction 
was determined by the uptake of radio-zinc, as previously 
described (3). 

Results 
In Fig. 1 are shown typical log (1 - a*) 

versus time plots at different temperatures for 
constant Zn pressure (0.10 atm) and constant 
mole fraction of zinc selenide (0.50); a* is the 
reaction fraction. The logarithms of the rate 

constants, kc, obtained from the slopes of the 
straight lines in Fig. 1 are plotted against the 
reciprocal of the absolute temperature in Fig. 4, 
line a, to give a straight line corresponding to an 
energy of 80.5 + 3 kcal. The characteristic 
feature of the common non-zero intercept of Fig. 
1, whose value of -0.20 corresponds to 40% 
reaction, is evident as in previously reported 
gas-solid exchange studies. 

The noticeable absence in Fig. 1 of a straight 
line for the initial exchange stage as previously 
observed suggested the probing of the initial 
stage in greater detail. The results in the form of 
log (1 - a*) versus time plots are given in Fig. 2. 
The absence of the zero intercept persisted while 
the common non-zero intercept in Fig. 2 now 
appears at  -0.10. The logarithms of the rate 
constants, k,', obtained from the slopes of the 
straight lines in Fig. 2 when plotted against 
l / T  OK in Fig. 4, line b, give a linear relation 
whose slope also corresponds to an energy of 
80 + 5 kcal. 

It is obvious that a single process prevails in 
the zinc vapor - selenide solid exchange reaction 
with an activation energy of 80 t 3 kcal. The 
significance of the lower value for the common 
non-zero intercept at shorter durations is simply 
one of tangential origins, thus attesting to the 
singularity of the exchange rate. With an acti- 
vation energy of 80 kcal, it is most probable that 
the exchange process is a diffusion-controlled 
transport mechanism whose rate is a function of 
depth. If such is the case, the diff~~sion process is 
operative at  the outset of the exchange reaction. 

The particular solution to the diffusion equa- 
tion of interest in this type of experiment is that 
in which a solid specimen is bathed in an atmo- 
sphere containing the diffusion species. For the 
case of the sphere, to which the polycrystalline 
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0 5 10 15 20 
Time (h) 

FIG. 1. Plot of log (1 - a*) versus time a t  various temperatures. 

Time (min) 
FIG. 2. Plot of log (1 - a*) versus time a t  various temperatures for early stage of reaction 
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SECCO AND SU: GAS-SOLID EXCHANGE REACTIONS 1623 

powder is assumed to approximate quite well, 
the solution to the problem is given by Crank 
(4) in the form: 

This gives the total amount of M, of tracer in the 
solid at time t as a fraction of the amount M, a t  
equilibrium. P is the ratio of the moles of zinc in 
the vapor to the number of moles of zinc in the 
solid, ng/ns; D is the diffusion coefficient, and r is 
the radius of the spherical particle. The 9,'s are 
the non-zero positive roots of 

3% tan pn = - . 
3 + Pqn 

In order to test the applicability of the diffusion 
equation and to evaluate the diffusion coeffi- 
cients, a theoretical plot is made of (M,/M,) 
against x2 = Dt/r2 and from this curve a value 
of x2 is read from each experimental value of 
M,/M,. These values of x2 are plotted against 
the time t. If the diffusion equation is followed, 
the resulting graph should be a straight line 
through the origin, the slope of which is D/rZ. 
Figure 3 shows such a plot of the nondimensional 
(Dt/r2) as a function of time for 65Zn exchange 
with ZnSe at the different temperatures up to 

12 h. The very good fit of the experimental data 
with the theoretical diffusion expression supports 
the view that the exchange reaction is governed 
by a diffusion process at the outset. 

The diffusion coefficients at the various tem- 
peratures were evaluated as the product of the 
slope of the straight line in Fig. 3 and the square 
of the particle radius, r2. The logarithm of the 
diffusion coefficients versus l /T°K yields a 
straight line, Fig. 4, line c, corresponding to an  
activation energy of 79.5 $- 5 kcal, which is 
identical with the previously obtained energy 
values. The diffusion equation is given as D 
= lo3 exp (-79.5 + 5 kcal/RT)cm2 s-l.  

Discussion 

It is well recognized that in such a simple 
reaction as gas-solid exchange, i.e. 

Zn*(,) + ZnX(,) +- Zn*X,,, + Zn(,,, 

where the reactants and products are chemically 
and structurally identical, thus precluding prod- 
uct-reactant interface effects, in addition to the 
actual exchange process, there may occur the 
part-processes of chemisorption of vapor and 
phase-boundary reaction along with the dis- 
solution and transport of the vapor in the solid 
to the exchange site, any one of which may be 
rate determining. However, our exchange studies 
on ZnO and ZnS systems indicate that, of all the 
part-processes possible, only two processes have 
played rate-determining roles, namely (i) first- 
order rate and (ii) diffusion or transport process. 
The interpretation of the Zn-ZnSe exchange data 
in terms of a single diffusion-controlled mecha- 
nism is an interesting contrast to the previously 
reported studies. The obvious question is what 
factors determine the interplay of these two 
rate-determining processes? 

Let us consider the initial step as an adsorp- 
tive one, viz. 

K 
Zn,,, + site,,, e (Znad..site)(,), 

and assume the surface exchange reaction to be p,#< 1 proportional to the concentration of adsorbed 
20 Zn. The total exchange rate, by applying the law 

of mass action and the Langmuir adsorption 

+/+O //* 
isotherm, is given by 

X e 

[3 I k = 
akeKPzn 

O 5 I0 15 (RT) + KPzn' 
Time (h) where a = number of occupied adsorption sites, 

FIG. 3. Plot of nondime~lsional Dt/u2 versus time. k, = exchange rate constant, K = equilibrium 
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FIG. 4. Plot of log k, versus l / T  OK. 

constant for adsoprtion, and p,, = pressure of 
zinc vapor. 

The exchange studies on Zn-ZnO and Zn-ZnS 
(5) systems have shown the measured rate 
constant to be a product of the exchange rate 
coilstant and an adsorption constailt which is a 
limiting case of eq. [3], i.e. Kpz, >> RT, so that 
I<:= ak,, a condition corresponding to complete 
coverage or. high K value at constant p,,. In the 
ZnO and ZnS systems, the exchange reaction 
followed a first-order rate for the initial 30-50 % 
of the exchange for the inequality condition 
D,, > k, i.e. the diffusion coefficient of Zn is 
greater than the composite rate constant. As the 
reaction progressed beyond 50 %, the inequality 
is reversed, i.e. k > D,,, and the reaction is 
controlled by a diffusion process. Evidently the 
latter inequality prevails in the Zn-ZnSe ex- 
change reaction from the outset. 

The inequality D,, > 1c implies that the solid 
is relatively permeable and the exchange sites are 

readily accessible to the vapor, whereas for 
D,, < k the reverse is implied. Since the studies 
on ZnO and ZnS involved hexagonal structures 
while ZnSe is cubic, this structural aspect merits 
further study. It would be especially useful to  
carry out exchange studies between Zn vapor 
and the cubic form of ZnS. 
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Radiolysis of ethyl iodide and carbon tetrachloride mixtures at 77 O K  
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Received December 7 ,  1967 

The radical yields of C2H5' and CCI,' observed by electron spin resonance of CCI4 + C,H51 mixtures 
irradiated by y rays at 77 "K are compared with yields of HCI, I,, and HI measured after thawing. The 
dissociative capture of thermalized electrons by CC14 is extremely effective and accounts for most of the 
observed radicals. The difference between yields of HC1 and CCI3' results from charge transfer from 
C2H51' to CC1,'. The formation of iodine proceeds both from neutralization processes of C1- ions 
with positive ions formed from C2H51, and from ion-molecule reactions. 

On compare les rendements radicalaires observes par la resonance tlectronique paramagnttique aux 
rendements en HCI, I, et H I  observes apris rkchauffement de melanges de CC14 et de C2H51 soumls aux 
irradiations des rayons y. La capture d'electrons thermalids est tris efficace dans le cas du CC14 et fournit 
la plus grande partie des radicaux observts. L'Ccart entre les rendements en HCI et CCI,' est dii au trans- 
fert de charge que subit C2H51+ avecCCI,'. Les reactions de neutralisation de C1- avec une entit6 positive 
issue de C2H51 et les reactions ion-molCcule sont a la base de la production d'iode. 
Canadian Journal of Chemistry, Volume 46. 1625 (1968) 

Introduction 

It has been shown that some y-irradiated 
halogenated alkanes form anions efficiently by 
electron capture, as indicated by the correspon- 
ding visible and U.V. spectra of the ionic species 
in organic glasses at -196 OC (1). In the same 
way, Hamill and his co-workers (1) have estab- 
lished a scale of relative efficiency of electron 
capture for a whole series of solutes dissolved in 
suitable solvents; these measurements were 
based on competitive reaction abilities of solutes 
for thermalized electrons produced within the 
medium; however, they were confined to low 
solute concentrations. 

It seems worthwhile to extend such a study 
over a wider range of concentration in a mixture 
of two solutes chosen from the Hamill scale. 
However, at high concentration the technique of 
measuring the optical spectrum of organic 
glasses at 77 OK does not give sufficient precis- 
ion, therefore another experimental approach 
was preferred: the e.s.r. spectrum of radicals in 
frozen solutions and the subsequent chemical 
analysis of reaction products enabled us to 
establish a reaction scheme in such a system. In 
addition, irradiation in the solid phase has the 
advantage of limiting the reactions, especially of 
formed products, by preventing diffusion of 
bulky fragments in the solid. 

'Holder of a NRCC Student Fellowship. 
,Present address: Laboratoire de Chimie-Physique 111, 

Universitt de Louvain, Belgium. 

We have chosen ethyl iodide and carbon tetra- 
chloride as components of the mixture, both 
being known as good scavengers for thermalized 
electrons. Besides, numerous investigations of 
the irradiation of ethyl iodide in the pure state 
and in solutions have been made. Complete 
agreement on yields and on reaction mechan- 
isms has not yet been fully established, and 
during this study new values of radiochemical 
yields were found, which give a better under- 
standing of the observed behavior of y-irradiated 
ethyl iodide. 

Experimental 
Carbon tetrachloride (Baker Company) labeled "Spec- 

troscopic Grade" was distilled on a Todd colunm with a 
reflux ratio of 25:l. Ethyl iodide (BDH reagent) was 
purified on a silica gel and then distilled on a column of 
40 theoretical plates. In the next step both reactants were 
successively vacuum distilled through a mixture of soda 
lime and magnesium sulfate and from trap to trap at 
liquid nitrogen temperature, and finally stored in dark- 
ened vessels. The purity of the reactants was checked by 
gas chromatography and only in C,H5 I did an unidenti- 
fied impurity remain of concentration less than 0.005 %. 

The solutions were prepared under vacuum 
Torr) by mixing by volume (precisions *5%) known 
quantities of the components (total of 5 ml). After admis- 
sion to the irradiation cell they were frozen rapidly in 
order to obtain glassy solids. The irradiation cell reserved 
for chemical analysis was henlispherical in shape with a 
flat bottom (diameter 5 cm) and equipped with a break- 
seal. This particular geometry allows the solution to 
spread into a thin layer (< 2 mm). Once the irradiation 
was completed the cell was withdrawn from the liquid 
nitrogen bath, some water was poured over the break- 
seal, and the latter was broken. In this way the thin solid 
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layer of organic solution is warmed very quickly by water 
which is sucked into the cell. In such a way one prevents 1 2  - 
to a considerable extent the reactions of HC1 and HI G 

with radicals during the thawing period, the two acids 1.0 - 
being immediately extracted by water. In addition a small 
excess of water still remaining over the broken break-seal 0.6 - 
prevents any losses of acids by evaporation. 

Our purpose being the study of primary reactions only, 0.6 - 

the chemical analysis was limited to HCI, HI, and I2 and 
was performed in the following manner. The aqueous 0.4 - 

solution collected after successive extractions was washed 
2 to 4 times with cyclohexane "Spectroscopic Grade" to 0.2 . 
remove iodine and all other organic compounds which 
might be dissolved in the aqueous phase. A part of that 

,,,6-- ----.; d,l, 
u A - A% 

P 

I' 

,IY' 

,o' 

,' 
,,d 

q=f ' 

aqueous solution was used for determination of hydrogen 0.2 0.4 0.6 0.8 1.0 

iodide by spectrophotometry at 226 mp wavelength. The electron fraction C2H,I 

determination of the total concentration of acids, HC1, FIG. 1. ~ ( 1 ~ )  (0) and G(HCI) (A) of mixtures of 
and HI, by the method of Bergman and Sanik (2), was C~H,I - cc14 lrradlated at 77 OK. 
performed on the remaining aqueous solution. Following 
this method, the concentration of the Fe(SCN)2+ 
complex proportional to the concentration of halogen state at 77 OK. However, the sum of the yields 
ions was measured spectrophotometrically at A,,, = 460 for iodine, G(H1) + 2G(12), are comparable in 
mp. The iodine present in the organic phase was extracted both cases. A value of G(HI) in the present 
with freshly prepared K I  2 M solution, and determined 
by absorption of the 13-  ion at 350 mp (E  = 2.77 x lo4 study higher than that of Arnikar and Willard 
I mole- ' cm- (3) ). (3) or that of Hermann and Harrah (6) can be 

The e.s.r. study of free radicals formed during irradi- explained by a better prevention of the reaction 
ation was performed on 0.2 ml san~ples of the same solu- between free radicals and HI, which is known to 
tions rapidly frozen at 77 "K in Suprasil tubes. Before be a very efficient reaction (7). ~h~~~ authors 
sealing, the sample was evacuated for several hours at 
lo-" Torr. The free radical spectra were obtained with a lose an of in 
Varian (model 4500 - 10 A, X-band) e.p.r. spectrometer, a reaction during the thawing of the solid ethyl 
which was equipped with variable temperature dual- iodide. For this reason the experimental method 
cavity and cooling system. The spectra were obtained at adopted here is justified. 
77 "K or at a higher temperature, the temperature being It can be seen that an addition of minute maintained within 0.5 "C. The first derivative spectra 
were obtained with a X-Y recorder. The radical concen- quantities of CC14 decreases the 
tration was determined by calibration with diphenylpi- yield of HI (Table I), while the yield of iodine 
crylhydrazyl (DPPH) in biphenyl. increases slightly (Fig. 1). However, a further 

The irradiation cell and the Suprasil tubes were irradi- addition of c ~ 1 ,  to C,H ,I brings about a linear 
ated in a Gammacell 220 irradiator (A.E.C.L.) at a dose 
of 2.92 eV g- Yields are reported relative to decrease in the yield of iodine. On the other 
G = 15.6 for the Fricke dosimeter, but corrections have hand, the yield of HC1 is remarkably constant 
been made for the low energy components in the cylin- over a wide range of concentration. This result 
drical 6 0 C ~  source, which caused a significant increase in can be with that of Van Dusen and 
the energy absorbed by the iodine atoms (4). Hamill (8) and Urban and Bednar (9) obtained 

in irradiated mixtures containing CCl,. 
Results The e.s.r. spectrum of irradiated pure CCl, 

The results of the spectrophotometric deter- was the same as described by others (10-12), and 
mination of HCl, I,, and HI  as a function of the is attributed to the CCI,' radical. It consists of 
ethyl iodide fraction are given in Fig. 1 and one broad asymmetric band (g=2.014) which 
Table I. We have adopted the electron fraction begins t o  show structure at 120 OK and finally 
as being characteristic of the energy absorption disappears at 217 OK. 
by the two constituents of the mixture, but we Pure C2H,I in the glassy state displays an 
are aware that no particular reason can be e.s.r. specturm of 6 lines, whose characteristics 
advanced to justify such a procedure (5). are identical with that observed by others (6, 13) 

There is a significant difference between our and is attributed to the C2H ,' radical. The g fac- 
values and those of Arnikar and Willard (3) for tors being different for CC1,' and C2H; radi- 
the yields of iodine and hydrogen iodide from cals, their e.s.r. spectra are slightly separated and 
the radiolysis of pure ethyl iodide in the glassy this allows one to calculate the respective con- 
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TABLE I 
Electron fraction of CZH,I 
- -- 

1.00 0.98 0.93 0.76 0.61 0.41 0.31 0.16 

Present G(H1) 3.2 2 0.013 0.002 0.003 0.008 0.008 - 
work Go2) 0.72 

Reference 3 

Reference 6 G(H1) 1 .25 
G(I2) 1.45 

centrations of the radicals in irradiated mixtures. 
The ratio of concentration of these radicals is 
influenced only slightly by increasing the tem- 
perature. However, the temperature of disap- 
pearance of the radicals decreases steadily with 
increasing C2H51 content in the mixtures. 

The variation of the free radical concentra- 
tions was usually linear with absorbed doses. 
However, highly concentrated solutions of CCl, 
show a small (several %) decrease from linearity. 

electron fraction C,H,I 

FIG. 2. Radical yields G(CCI,') (7) and .G(C2H;) 
(@I), and total radical yield G(R) (0) of mlxtures of 
C2H,I - CCI, irradiated at 77 OK. 

The total yield of radicals, G(R), and the 
yields of each radical species, G(C2H5') and G 
(CCI,'), are given as a function of the electron 
fraction of ethyl iodide in Fig. 2. If one admits 
that any deviation from the theoretical yield is 
represented by a curve, which does not coincide 
with the straight line of the mixture law (14) 
(line issued from the origin and passing through 
the experimental yield of the pure component), 
then G(C2H5') shows a negative deviation, 
while G(CC1,') is characterized by a positive 
deviation relative to  the theoretical yields. These 
deviations can be represented by the following 
formulas : 

g(CpHj') .= Gz(C2H5') .- XG'(C~H~.)  

g(CC13') = G,(CCl,') - (1 - x ) G 0 ( ~ c 1 3 ' ) ,  

where X is the electron fraction of C2H51, G, 
represent the experimental yields at concentra- 
tion X and Go the yields of radicals in pure 
components, and jj(C2H5') and g(CC1,') repre- 
sent losses and gains relative to the mixture law. 
It can be seen in Fig. 3 that there is no compen- 
sation of the gains of the CCl,' radical yields by 
the losses of the C2H5'  yields; the excess total 
radical yield, g(R), 

g(R) = G(R) - ((1 - x)G0(cc13')  

+ XG0(Cs~, ' ) ] ,  
is also represented in Fig. 3. Roginskii et al. (1 1) 
found a similar relationship for irradiated mix- 
tures of methanol in carbon tetrachloride. 

B 
0.3 1 1 

FIG. 3. Deviations of radical yields relative to the 
mixture law. 

Discussion 

The analytical procedures for measuring the 
concentrations of radicals and reaction products 
are realized in such a manner that any compar- 
ison between these measurements must be done 
very carefully. Indeed, the difficulty of measuring 
the amplitude and the nature of the reactions 
taking place during the thawing of the sample 
is the principal obstacle limiting the validity of 
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any conclusion. However, the radical yields 
being much less than that of reaction products, 
it can be assumed that reactions of these radicals 
during the warming period will modify only 
slightly the quantities of products formed during 
irradiation. Moreover, the irradiation doses 
were chosen to  prevent significant accumulation 
of reaction products within the system, thus 
reducing the possibility of secondary reactions. 

Ions and excited molecules of both compo- 
nents in the mixtures are formcd in primary 
processes, as a result of the absorption of energy 
in the systcm: 

Y 
1 CZH,I --w-rv-> CZH51+ + e- 

Y 
[la1 -*-> C ~ H ~ I *  

Y 
[2 I CCI, -y.--> CC14+ + e- 

Y 
Pal -w-+ CCI,* 

Although there is no evidence from mass spectro- 
metric measurements for the existence of CCI,', 
its presence in the solid phase at low temperature 
has been postulated by Hamill et al. (15, 16). 
They tentatively ascribed the 4800 A absorption 
band produced in the irradiation at 77 OK of 3- 
methylpentane (3-MP) containing CCI, to 
CCI,' ions formed by charge transfer from 
excited 3-MP' ions. However, the study of 
Claridge and co-workers (17) calls in question 
the assignment of this band to CCI,' ions. 
More recently, Shida and Hamill (18) observed 
in y-irradiated polycrystalline CCI, at 77 OK a 
band centered at 4000 A, which they attributed 
to  trapped positive holes in the CCl, matrix, the 
calculated yield, G(hole), being around 1.9. They 
suppose that (positive) holes in carbon tetrachlo- 
ride may correspond to (CC1,-CI)' entities 
having an increased internuclear separation. 
However, CCI,' is an ion-radical and therefore 
should be detected by the e.s.r. method. If so, it 
should be included in the experimental radical 
yield of pure CCl,, which in the present case is 
0.4 (Fig. 2). The discrepancy between this value 
and that of Shida and Hamill should not be 
interpreted as a nonexistence of the CCl,' ion, 
but rather may point out the efficiency of the 
recapture process in pure carbon tetrachloride 
between anions and (positive) holes. 

The species formed in processes [I], [la], [2], 
and [2a] will enter into a series of reactions in 
order to  dissipate the accumulated energy. 

Thermalized electrons can undergo dissociative 
capture with ethyl iodide and carbon tetrachlo- 
ride (12, 15, 19, 20) in the following reactions: 

where parentheses indicate anions which might 
be long lived. Hamill and his co-workers (8, 21) 
have shown that the solvolysis of CC1,- is 
greatly promoted in polar media. However, it 
would be wrong to presume that solvolysis must 
necessarily separate CCI,' and C1- in the solid 
phase. On the contrary, Claridge and Willard 
(12) showed, that in the case of irradiated methyl 
halides in the solid phase, both CH,' and X- 
fragments are formed in the same solvent 
envelope. 

On the other hand, because of the low concen- 
trations of HI and I, compared with that of 
mixture components, the electron capture pro- 
cesses by these reaction products can be ignored, 
notwithstanding that thc cross section for elec- 
tron attachment of I, is higher than that of CCl,, 
and that of HI is higher than that of C,H,I 
(1,221. 

Another possibility for the degradation of the 
internal energy of the primary species is the 
charge transfer from ions formed in reactions 
[ l ]  and [2]. If the ionization potential (i.p.) of 
CCI, is taken as 11.47 eV (23) (it is actually the 
appearance potential of CCl,'), this value being 
greater than that of C,H,I (i.p. = 9.33 eV) (24), 
reaction [5] is plausible. 

Even reaction [6], 

might take place because the i.p. of CCI,' is only 
8.78 eV (25). However, the low concentrations 
of reactants in reaction [6] suggest that this 
reaction may be less important than reaction 
[5]. On the other hand, the electroluminescence 
experiments on 3-methylpentane, tretramethy- 
lene-p-phenylenediamine solutions (26) are 
interpreted as evidence for trapping of electrons 
in close proximity to the parent ion. If this also 
applies to  the present system, C,H,I+ and CCI,' 
(formed in reaction [4]) might not be too far 
from one another, and assuming a chain of 
positive charge transfer, reaction [6] can be 
significant. Since CCI,' ion can not be detected 
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LEBLANC ET AL.: RADIOLYSIS OF MIXTURES AT 77 OK 1629 

by e.s.r., reaction [6] might be tentatively [lo1 -> (CzH5)21+ s 1'. 
invoked to explain the differences in yields of ~ h ,  conversion of C,H,I+ to (c,H,I); or 
CCl,' and HC1. (C,H,),I+ ions in a solid matrix at 77 "K is 

Charge neutralization processes will play an attributable to a preexisting neutral dimer, 
important role either during irradiation or (C,H,I),, caused by permanent dipole pairing. 
during the thawing period the sample. Neu- The occurrence of reaction [g] is based on the 
tralization of the primary ions, CC14+ and work of Mittal and Hamill (30), who attributed 
C2H51+, by that fraction of electrons which have the absorption band at 7600 A in the y-irradiated 
not escaped the coulombic attraction of parent alkyl iodide to (RI),+ ion, whereas claridge and 
ions and return back in less than lo-' '  s, leads willard (31) assigned the same band also to the 
to highly excited neutral species which resemble R,I+ ion. The evidence that this absorption band 
those formed in reactions [la] and L 2 ~ I .  It is belongs to a cationic species is collvincing; like- 
normally assumed that such highly excited ,is,, its to a species having RI+ ion 
neutral molecules will dissociate (in the gas as precursor seems reasonable. However, the 
phase) into radical fragments: assignment of the 7600 A absorption band to 

However, Claridge and Willard (12) showed 
that in 3-methylpentane glasses, direct dissoci- 
ation of R-X molecules by photon absorption 
does not occur. The reason for this might be a 
strong cage effect in the solid phase, as seen by 
the difference of radiochemical yields in the solid 
and liquid state (22, 27). If the same behavior 
applies to the present system, formation of CCl,' 
and C,H,' radicals in the homolytic dissociation 
reactioils of excited neutral molecules is not 
important, and the contribution to G(CC1,') and 
G(C,H,') is small. In such a way, we assume 
that the small, but measurable, radiochemical 
yield of C,H,' radicals in the concentration 
range less than 0.9 of ethyl iodide (Fig. 2) results 
from reaction [7] and accounts for a g,(C,H,') 
= 0.07 in pure C,H,I. 

Luebbe and Willard (28), who photolyzed 
pure ethyl iodide at 93 OK, concluded from kin- 
etic results that HI is formed in a homolytic 
splitting reaction : 

[8 I C2H51* -> C2H4 + HI. 

However, Tiinm (29) did not find any evidence 
for reaction [8] in the photolysis of ethyl iodide 
in a hydrocarbon matrix at 77 OK. In the present 
case, if such reaction occurs, the formation of 
HI should follow the C,H,I content over the 
whole range of concentrations. It is clear from 
Table I that such is not the case and for this 
reason we reject the occurrence of the homolytic 
dissociation reaction [8]. 

One of the following ion-molecule reactions 
should be considered : 

(RI),+ only is based on an app;oximate ener- 
getic consideration of the ionization efficiency 
curve of the (C,H,I),+ ion in the gas phase and 
therefore might be not definitive. Mechanistic- 
ally, reaction ['lo] is more interesting in the 
present case, because it can explain the relatively 
important formation of molecular iodine (Fig. 
I), while reaction [9] cannot. Moreover, reaction 
[lo] might explain partly the difference between 
G(C,H,') and G(1) =i2G(12). 

The neutralization reactions between positive 
and negative ions are probably the main pro- 
cesses accounting for decomposition products. 
Such neutralization processes in the solid phase 
were recently invoked by Mittal and Hamill (30) 
in order to explain the slow decay of ionic spec- 
tra of alkyl halides in hydrocarbon glasses a t  
77 OK. In the present system the following reac- 
tions must be considered: 
[ I l l  (C2H5)21+ + X- -> (C2Hs),I.X 

[I21 (C2H51)+ + X- -, (CzHsI).X, 

where X- stands for C1- or I-.  During the 
warming period, when the matrix is softening, 
the complexes (RI).X and (R,I).X enter into a 
series of reactioils which are similar to radical 
reactions within spurs in the liquid phase. We 
assume that HCl and HI are formed by the 
reactions [13a] and [13b]. 

[13a] (C2H5)21.Cl -> HCl 4- C2H4 + C2H51 
(C2H51).C1 -> HCI + I' + C2H4 

Reactions [ I l l  and [12] are of special interest. 
Since carbon tetrachloride is extremely effective 
in dissociative electron capture, its addition in 
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even small amount will strongly diminish the 
neutralization processes [l 1 ] and [12] with I-, 
and therefore could be the reason for the dra- 
matic decrease of G(H1) (Table I), inasmuch as 
we admit that the formation of HCl prevails over 
formation of HI in reaction [13a]. 

Radical Yields 
The free radicals measured by e.s.r. are 

mainly formed in reactions [3] and [4]. Went- 
worth et al. (20) showed that reaction [4] seems 
to be temperature independent, contrary to 
reaction [3]. Moreover, Hamill et al. (1) and 
Buchel'Nikova (32) showed that carbon tetra- 
chloride is more efficient in electron capture than 
ethyl iodide. In the present case, a G(CC1,') 
superior to that given by the mixture law sup- 
ports this view (Fig. 2). Ethyl iodide acts as an 
efficient electron capturer only when its electron 
fraction is greater than 0.9; in this range of con- 
centrations the increase of G(C2HSm) is propor- 
tional to the decrease of G(CCl,'), as measured 
from the slopes of the two curves. 

Indeed, if N(X-) is the number per ml of X- 
anions formed by dissociative capture (reactions 
[3] and ['I]), the following equality must hold: 

where o stands for dissociative capture cross 
section. A straightforward steady state kinetic 
derivation confined only to reactions [I], [3], 
and [4] gives an expression of the well-known 
form : 

1 1 1 UCC, ,  [CC141 
[15] ---+--- 

(1-1 - g o (  g (I-) U C ~ H ~ I  [C2H.dI1 
where g(1-) and gO(~- )  are calculated yields in 
mixtures and in pure ethyl iodide respectively of 
iodine ions formed in reaction [3]. This yield is 
defined by the difference g(1-) = G(C2H5'),,, 
- g,(C2H,'), which for pure ethyl iodide is 
equal to gO(I-) = 0.20 - 0.07 = 0.13 (Fig. 2). 
A plot of the reciprocal of go-)  as a function of 
the ratio of concentrations [CC14]/[C2H51] 
should give a straight line, from whose slope it 
should be possible to calculate the ratio of 0's. 
From the linear portion of such a plot one finds 
a ratio G ~ ~ ~ ~ / G ~ ~ ~ ~ ~  = 16, which compares very 
favorably with the value of 18 calculated from 
Lee's coefficients of electron attachment (33). 

The shape of the G(C2H,') curve (Fig. 2) 

indicates that another mechanism must be 
invoked in order to explain the small, but mea- 
surable, yield in the concentration range less 
than 0.9. The homolytic dissociation of excited 
C2H,I molecules formed in reactions [la] and 
[7] might be the process responsible for this 
slow decrease of G(C2H,'). On the other hand, 
at high concentrations of ethyl iodide (> X = 
0.6) the observed G(CC1,') decreases, notwith- 
standing that one might expect that the yield of 
CCl;, being the counterpart of Cl- by reaction 
[4], should not differ much from that measured 
at low and moderate concentrations. Because 
G(CC1,') decreases with increasing C2H51 con- 
centration, it might be assumed that this radical 
has better chances for a charge transfer with 
increasing concentration of C2H ,If ions (reac- 
tion [6]). Finally, the nonvanishing excess total 
radical yield, g(R) (Fig. 3), might result from the 
combined effect of preferential electron capture 
by CCl,, the polarity of the medium, and an 
undetermined contribution of homolytic disso- 
ciation of excited CC14* into CCI,' and C1 atom. 

Iodine Formation 
In the solid matrix at 77 OK there is no evi- 

dence for formation of I,, as inferred from the 
absence of characteristic band absorption of this 
molecule. However, the 1,- was assumed to 
exist in glassy C2H,I (31),, and is formed by the 
reaction 

This ion might be the precursor for the molecu- 
lar iodine, if we propose that the neutralization 
by positive ions does not induce secondary 
reactions consuming iodine. Even if such would 
be the case, reaction [16] can only be important 
for pure and very concentrated ethyl iodide, 
because the addition of a small amount of CC1, 
will decrease very strongly the concentration of 
iodine anions. For this reason we prefer reaction 
[17] for the formation of molecular iodine at 
moderate and low concentrations of ethyl iodide. 

[171 I. + I. + I~ 

Assuming that the molecular iodine formed 
during the thawing period does not react further, 
and thus does not change its concentration 
appreciably, and provided that the iodine pro- 

3Recently Mittal and Hamill (30) attributed the absorp- 
tion band of 1,- (4050 A) to RI.1 neutral complex. 
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duction in reactions [3] and [16] is equivalent to 
G(C2H5'), the excess of G(1) over G(C2H5') 
must result from the two other reactions [lo] 
and [13]. In the case of pure ethyl iodide, this 
excess can come only from reactions [lo] and 
[13b] and accounts for g(1) = G(I),,, -G(C,- 
H,') = 1.24. One can verify these assumptions 
when looking, for instance, for yields of I' and 
C,H; radicals at an electron fraction of 0.9 for 
C,H,I. We observe a G(1) = 2.3 and a G(C,- 
H,') = 0.07; if we add to the latter value the 
calculated g(I)lo,13,, then we find that the yield 
g(I),,, is about unity, and this corresponds well 
to the observed G(HC1). 

The relative importance of the above mechan- 
isms is valid only in the range of high concentra- 
trations of C,H ,I (0.9 to 1.0). With diminishing 
concentrations of ethyl iodide, the importance 
of (RI).I complexes decreases, because the con- 
centrations of (C2H5),If and c,H,I+ decrease. 
Nevertheless, even at low concentrations of 
ethyl iodide, the concentration of the RIf ion 
may be sufficient to  produce the main part of the 
iodide, as shown by Croft and Hanrahan (34) 
and Forrestal and Hamill (35). 

Hydrogen Chloride Yield 
Several authors (9, 36) have assumed that 

formation of HCl in the mixtures of hydrocar- 
bons and carbon tetrachloride results essentially 
from the attack on CC1, by H atoms. Similarly 
it was proposed (37) that formation of radicals 
in the solid phase might also originate from 
homolytic dissociation of H atoms from excited 
hydrocarbon molecules and a subsequent attack 
on neighboring molecules by these hydrogen 
atoms. However, the low yields of hydrogen for 
irradiated liquid C,H,I (38, 39) and, in the 
present case, the invariance of HC1 and HI 
yields in the solid phase with increasing concen- 
tration of ethyl iodide, suggest that the above- 
mentioned process is not very important. There- 
fore, the reaction 
[I81 H- + C C I ~  + HCI + CC13' 

should have only a limited importance for 
formation of HCl and CCl,', in spite of the fact 
that such a process has been postulated in mix- 
tures of methanol in carbon tetrachloride (9, 
ll,40). 

We have seen previously that at high C,H51 
concentrations equal amounts of iodine atoms 
and HC1 are formed in reaction [13a], which 

accounts for the radiochemical yields of about 
unity for each of these species. We assume that 
the same reaction [13a] is still responsible for 
yields of HCl at moderate and low concentra- 
tions of ethyl iodide. Indeed, examination of 
Figs. 1 and 2 to the extent of X = 0.6 shows 
some parallelism in the CCl; and HCl yields. 
This observation, coupled to the regular aspect 
of G(HCl), might be explained by assuming that 
originally there is a unique C1- species. Pro- 
viding that the concentration of Cl- remains 
constant, as a result of the high efficiency of 
electron capture and of the polarity of the 
medium, a constant yield of the charge neutrali- 
zation reactions [ l l  ] and [12] will be found, in 
spite of the decrease of CCl, content of the mix- 
ture. Finally, the possibility of formation of 
HC1 in reaction [18] cannot be disregarded at 
high concentrations of CCl,. 
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Determination of the heat of formation of trimethylindium and calculation of 
the mean In-CH, bond dissociation energy 

W. D. CLARK' AND S. J. W. PRICE 
Department of Clzetnistry, University of Windsor, Windsor, Ontario 

Received November 20, 1967 

The enthalpy of reaction of In(CH,),,c with a chloroform solution of bromine is -162.5 kcal mole-'. 
With this value AHfoZ,,~In(CH~),,c] = 29.5 kcal mole-' and AH,0zq8[In(CH3)3,g] = 41.1 kcal mole-'. 
Combining the latter w ~ t h  AH, zq8[CH3,g] = 33.2 kcal mole-' and AHfO,,,[In,g] = 58.2 kcal mole-l 
then gives E(1n-CH3) = 38.9 kcal mole-'. From previous kinetic studies D[(CH,),In-CH,] f 
D[In-CH3] = 87.9 kcal mole-'. Hence D[CH31n-CH,] = 28.8 kcal mole-'. 
Canadian JournaI ofchernistry, 46, 1633 (1968) 

Introduction 
The pyrolysis of trimethylindium has been 

studied in a toluene carrier system (1). From 
the kinetic data the following values were esti- 
mated: D[(CH,),In-CH,] = 47.2 kcal mole-', 
D [In-CH,] = 40.7 kcal mole-'. The kinetic 
mechanism proposed assumed that under all 
conditions used reaction [2] was much faster 
than reaction [I]. 

The present work was undertaken to determine 
the mean metal-carbon bond dissociation energy 
in trimethylindium and hence D[CH,In-CH,]. 

Fowell and Mortimer (2) used the reaction of 
trimethylgallium with excess iodine to determine 
the heat of formation of this alkyl. Because of 
the high strength of the gal l ium~arbon bond in 
methylgallium (3) only two methyl radicals were 
readily displaced. Concentrated iodine solution 
at an elevated temperature was required to 
obtain sufficient extent of reaction to allow the 
heat of formation of the alkyl to be determined. 
Bromine was chosen over iodine 
work because a reliable value for 
c) was available. 

for the present 
AHf02,,(InBr3, 

Experimental 
Materials 

(a) Trimethylindium was prepared by refluxing indium 
metal with dimethylmercury in an  atmosphere of dry 
nitrogen using mercuric chloride as catalyst (4). After 8 
days the reaction flask was cooled to 0 "C (vapor pressure 
of trimethylindium, 0.2 rnm) and the unreacted dimethyl- 
mercury (vapor pressure, 17 mm) was distilled off. The 
crude trimethylindium was transferred to the main alkyl 

'Recipient of an  NRCC Fellowship. 

storage system where the remaining dimethylmercury was 
removed by repeated degassing at 0 "C. The final product 
melted at  89.5 "C and gave vapor pressure measurements 
consistent with literature values (4). I t  was stored under 
its own vapor pressure at -190 "C. 

(b) Chloroform and bromine were fractionally distilled 
and then degassed by bulb to bulb distillation. Sufficient 
bromine was vacuum distilled into chloroform to give 
approximately 1 N solution. The resulting solution was 
stored under a nitrogen atmosphere. 

(c) InBr, was dried in a nitrogen atmosphere using 
phosphorus pentoxide. 

Apparatus and Procedure 
The amaratus used was similar to that of Fowell and 

 ort time; (2). The temperature rise was measured with a 
Beckman thermometer equipped with a magnifying lens 
so that the relative temperature could be estimated to 
within 0.001". A 0.20 W bare wire chrome1 immersion 
heater was used for electrical calibration. 

The normality of the bromine solution was checked 
before each run by addition of excess potassium iodide 
followed by titration of the liberated iodine with standard 
sodium thiosulfate. Similar titrations were used to deter- 
mine the amount of bromine consumed in a run. Titra- 
tions before and after blank runs showed that no measur- 
able loss of bromine occurs. 

Trimethylindium was distilled under vacuum into a 
weighed arnpul, sealed, and reweighed. The ampul was 
attached to a rod fitted into the reaction vessel through a 
ground glass sleeve. To start an experiment, the alnpul 
was crushed against the bottom of the reaction vessel by 
depressing the rod. Blank runs showed that no measurable 
heat is generated when an empty evacuated ampul is 
broken. 

Results and Discussion 
The results are shown in Table I. All experi- 

ments were carried out at approximately 25 "C. 
Within the experimental scatter the observed 
heats of reaction are consistent with the per- 
centage of the alkyl undergoing reaction. The 
data are limited, but inspection of Fig. 1 indi- 
cates a pattern of reaction similar to that previ- 
ously observed by Fowell and Mortimer for the 
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/ 

25 50 75 100 
% Reaction 

FIG. 1. Variation of the heat of reaction of trimethyl- 
indium with bromine in chloroform solution at 25 "C. 
The percent reaction is based on replacement of all three 
methyl groups by bromine. Solid line, linear least mean 
squares line obtained using the points above 66 %reaction; 
broken line, plot obtained if the first two methyl groups 
are readily replaced by bromine so that a linear relation- 
ship holds from 0-66.7 % conversion. 

TABLE I 
Enthalpy of reaction of trirnethylindium with bromine in 

chloroform solution 

Sample 
weight (g) 

Normality 
of Br, Conversiont AHrx 

solution* (%) (kcal mole-') 

'25.0 ml bromine solution used in each run. 
tBased on replacement of all three methyl groups by bromine. 

reaction of trimethylgallium with iodine (2), 
quantitative replacement of two methyl radicals 
by halogen followed by slow replacement of the 

third methyl group. The linear least mean 
squares extrapolation to 100% based on this 
mechanism gives AH = 162.5 kcal mole-' for 
reaction [3]. 

No correction has been made for the heat of 
solution of any CH3Br which remains in solution. 
The heat of solution of InBr3,c in chloroform 
was determined in separate experiments as 
AH ,,,, = - 1.4 i 0.3 kcal mole-'. The enthalpy 
of solution of bromine in chloroform is 0.7 kcal 
mole-' (5). With AH:2g8(InBr3,c) = -102.5 
kcal mole-' (6) and AHfoZg8(CH3~r,g) = -9.0 
kcal mole- ' (7), AH:298(In(CH3)3,c) = 29.5 
kcal mole-'. Combining this with AH,,bli,,ti,n 
(In(CH,),,c) = 11.6 kcal mole-' (4) gives 
AH:~~,(I~(CH,),,~) = 41.1 kcal mole-'. With 
AHf(CH3) = 33.2 (5) and AH,(In,g) = 58.2 (6) 
the mean metal-methyl bond dissociation energy 
in trimethylindium, E(1n-CH,), is 38.9 kcal 
mole-'. This gives D [CH31n-CH, ] = 28.8 
kcal mole-', a value consistent with the previ- 
ously proposed kinetic mechanism for the de- 
composition of trirnethylindium in a toluene 
carrier system (1). 
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I Theory of the thermoelectric power of ionic crystals 

A. R. ALLNATT~ AND P. W. M. JACOBS 
Department of C/temistry, University of Western Ontario, Lo~zdon, Ontario 

Received July 31, 1967 

A thermodynamic analysis of the interface between a metal and an ionic crystal is performed and a 
differential equation for the potential difference Q, between the electrode and the crystal is derived. 
This equation can be used to give a new expression for the heterogeneous contribution to the thermo- 
electric power of an ionic crystal MX between electrodes M'. Addition of the homogeneous contribution 
gives the total thermoelectric power 8. A complete a priori evaluation of this expression for 8 is only 
possible by making assumptions about the contribution to the potential difference between the surface 
and bulk of the crystal, cpS - cpB, which comes from the relaxation of cations and anions in the surface 
layers of an ionic crystal. Some information on this point is provided by the marked decrease in 8 which 
occurs at low temperatures. While an analysis of experimental data in terms of the theory provides accept- 
able values for the ionic heats of transport, there is, as yet, no explanation of the remarkable A-point in 
the thermoelectric power of pure KCI. 
Canadian Journal of Chemistry, 46, 1635 (1968) 

I. Introduction 
It was first pointed out by Frenkel (I) that if 

the free energies of formation of cation vacancies 
and anion vacancies are unequal then a potential 
difference will develop between the surface and 
the bulk of an ionic crystal. In this and all other 
treatments of the space-charge problem, the 
crystal was assumed to be at a uniform tempera- 
ture. If two opposite faces of a crystal are at 
different temperatures then the temperature de- 
pendence of this space charge will make a con- 
tribution to the heterogeneous thermoelectric 
power. The purpose of this paper is to evaluate 
this contribution. If the electrodes are perfectly 
polarized so that no charge crosses the crystal/ 
electrode boundaries this space-charge contri- 
bution will in fact constitute the whole of the 
heterogeneous thermoelectric power. The theory 
presented is thus in complete contrast to formu- 
lations (2-4) in which thermodynamic equilib- 
rium between the crystal and electrode phases 
is expressed by equating the electrochemical 
potentials of all species common to the two 
phases. The ideally polarized electrode we are 
considering may not exist in practice, but it is 
necessary to examine this model because the 
other theories have not been successful when 
applied to systems of the form M' I MX 1 M' in 
which the electrodes M' do not have a cationic 
or anionic species in common with the salt MX. 

Contact between a metal and an ionic crystal 

'Permanent address: Department of Chemistry, The 
University, Manchester 13, England. 

has been considered only once previously, in a 
paper by Grimley and Mott (5) .  These authors, 
however, discussed only the silver/silver bromide 
interface and so neither their results nor their 
technique are applicable to the present problem. 
Lehovec (6) has also considered the space-charge 
problem, obtaining a solution for the potential 
distribution which is exact for crystals whose 
thickness is large compared with the Debye 
length. The most recent attack on the space- 
charge problem is given in a series of four papers 
by Kliewer (7-10). Here general solutions for the 
potential distribution are obtained which are 
exact, provided e(cpS - cpB) << kT and the only 
form of defect interactions are those in which 
defects of opposite virtual charge occupy nearest 
neighbor sites. In neither of these contributions, 
however, is there a specific discussion of the 
metallsalt interface. 

II. Theory 
The interfacial region o comprises parts of 

both phases; in particular it includes the actual 
geometrical interface between phase a (the crys- 
tal MX) and the phase P (the metal M') together 
with that part of a in which a space charge 
occurs. Since there is no applied potential 
difference between P and a second electrode, any 
space charge will be localized near the surface 
so that the region of a in o is small but finite. 
Temperature and pressure may therefore be as- 
sumed to be uniform in o. Our starting point is 
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the Gibbs-Duhem equation for the interfacial 
region o, 

because there are equal but opposite charges on 
each side of the interface. It is important to note 
that N,, Ni are, respectively, the number offiee, 
that is uncomplexed, cation vacancies and im- 
purity ions present in phase a. Enumerating the 
appropriate species j in [3] and utilizing [4] and 
[6] gives 

[I] S d T -  V d P + A d r  

Nja is the number of species j (ions, vacancies, 
etc.) in that part of a included in o ;  pj" is 
similarly the electrochemical potential of species 
j in that part of a which is in o ,  and the other 
symbols have their usual thermodynamic signif- 
icance. Now 

[2] dpj" = -sj" d T  + vj" d P  

+ [ d p j " l ~ . ~  + ezja 
Equations [l] and [2] yield where the subscripts T,P have been omitted to 

avoid an excessively clumsy notation. Define the 
surface excess of j in a by 

qa is the total charge in phase a ,  cpa the potential 
of a and ezja the charge carried by species j in a ,  
e being the charge on the proton. Note that za is 
zero for vacancies, which carry no charge. 

We consider a crystal MX in which the defects 
are of the Schottky type, containing a fraction c 
of divalent impurity ion, M2'. The crystal is in 

where A is the area of the interface, nj is the 
number of species j per unit volume, Vau is the 
volume of a in o, and B denotes the bulk phase 
of MX, away from the space-charge region. 
Substituting [8] into [7] and using the Gibbs- 
Duhem equation for the bulk phase (where there 
is no space charge) gives contact with two electrodes M' which are at 

different temperatures T, T + AT. In phase a the 
species j are M', X-, impurity ions (subscript i), 
cation vacancies (subscri~t + ). anion vacancies 
(subscript -), and com$exes'(subscript k). In 
phase P the species are cations M"' of charge 
ze and electrons e-. Since the ~ h a s e  D is in 
internal equilibrium, 

+ dp-) - ~ P X -  + dp-, 
where @ = cpM' - cpMX and oM' = qM'/A is the 
surface charge on the metal. 

Since there is equilibrium between the surface 
space-charge layer and the bulk at the same 
temperature 

In phase a ,  equality of the number of cation sites 
and the number of anion sites requires 

where N is the total number of sites on each sub- 
lattice. Electroneutrality is not conserved in the 
separate surface phases but The appropriate chemical potentials for substi- 

tution in [lo] have been given elsewhere (4). 
The result of these substitutions is 

[ I l l  n+"(x) = n+B exp Ie(vU(x> - Y B ) / k ~ ) ,  
where n+"(x) and cpu(x) denote respectively the 
number of cation vacancies per unit volume and 
the potential at a distance x below the surface jn 

ZA con~plex consists of a divalent cation and a cation 
vacancy on nearest neighbor sites. 
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the surface region o.  The analogous expressions cies. A second integration [cf. refs. 6 and 71 
for anion vacancies and impurity ions are would give the potential distribution but this is 

[12]  n P u ( x )  = n-* exp ( - e (p" (x )  not our immediate concern. 

- cpB) / kT )  
The surface charge per unit area is 

[13] ? z Iu (x )  = n? exp ( - e (p" (x )  [17] -u h l ~  - - u ~ '  = - Lrn p(x )  d r  

- a , ,  - -  -- 
There is no gradient of complexes in the space- 4 a  L d~ J,=o' 
charge region. In deriving eqs. L1 3I .we which, on substituting from 11 61, gives 
have used approximate formulas for the chemlcal 
potentials which are valid when n+ << n,+, j E ~ T  
n- << nx- . Ifwedonot make theseapproximations [ I S ]  uM'I = 1, C n: 

' K  , 
in p, the expressions derived are \ 112 

K ( 1  - c y  - 26:) 
X texp ( - z , e ( u S  - p B ) / k T l  - 111 , 

n+° ( x )  [ l l ']  7 = 
n+ 1  + c+"(K - 1 )  - clB - 2ckB where cpS = cp"(x) at x = 0. Since n+B - n- B 

K - B 

when K >> 1 ,  
- ni 9 

N 
1 + C + ~ K  ' 2 ~ k T n + =  "" 

[19] u"' = ( ) sinh { e ( c p s  - , 
2 k T  

n-" ( x )  K-' [127 - - 
n- I3 - 1 + c-"(K-I - 1 )  where we have chosen the + sign because 

cpS > c p B  when oM'is positive. 
K - I  - when K + O, The surface excess of species j is 

- 1 + cLBK-' ' 
and 1201 r j  = Lrn ( n y ( x )  - n j B )  dx. 

nl"(x)  - K-' ( 1  - G 1" - 2cku) 
[13L1 7 - = ( ~ - 1 ) - 6 : - 2 c ~  Substituting from [Ill-[13] in [20] and in- 

tegrating gives 
I<-' - -- when K>> I. 

- 1 + c+"K ' 

When K is of 0(1), eqs. [ll'], [12'], and [13'] X (exp (-z,e(cpS - cpB) /2kr )  - I ) ,  
reduce respectively to eqs. [l 11, [12], and [13]. 
Actually for alkali halides and for other pure where the negative sign must be used for rj when 

crystals of similar Schottky defect concentration, j denotes cation vacancies and the positive sign 

the condition is far less restrictive than K = o(1) whenj  denotes impurity ions or anion vacancies. 

and eqs. [Ill-[13] will be valid for < K substituting for cM', r + ,  and Ti in [g] 
< lo3 or I cp"(x) - cpB I < --450mV. and noting that r, is zero yields 

The charge density is e  d r  eu 12 

[a21 e d *  = - - +--- 
[14] p ( x )  = e ( n - ( x )  + ?z , (x )  - ?z+(.Y)}. 

x e~/q I @ P M +  

Substituting for p(x)  in Poisson's equation + dpx- - dp+ - dp-) 

and integrating once gives - ~ P X -  - d~ 1 + dp-) 

V ( X )  S K ~ T  
- dps -  + dp-, 

~ 1 6 1  1%;- 1 = [, c nj" where y is an abbreviation for e(cpS - c p B ) / k ~  
112 The chemical potentials are 

X ( exp [ - z j e ( v ( x )  - v B } / k T 1  - I ]  , 
pi  = p 1 0  + kTln  c i  

where z j  is defined to be + 1 for impurity ions [231 P+ = g+ i- k T  ln c+ 
and anion vacancies and - 1 for cation vacan- p- = g- + k T  In c-, 
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where cj is the site fraction of j. It is a valid ap- ck -- 
proximation to set cM+ and ex- equal to unity [291 c+c, - Kz = exp ({/KT) 
and SO [dpM+IT = 0 = [dpX-IT. Substituting 
from the eqs. [23] in [22] and dropping the 130] Ch = C - C ]  

term in dy/dT (which is difficult to evaluate [31] C- = C+ - C ,  

precisely but is certainly small) gives 
Substitution of the result in [26] gives the final 

d4, - e~ 12 expression for the thermoelectric power 

[24] e E = F q [ ( $ ) T g  [32] Tee = -QM+ - t-(h - @MX) 

1 + 2 7 7 7  

- 
= eeh,,, 

where Oh,, denotes the heterogeneous contribu- 
tion to the thermoelectric power. The expression 
for the homogeneous contribution is (2,4) 

where t j  is the transference number of species j 
and QM+, Qx- are the ionic heats of transport 
for cations and anions respectively. Adding [24] 
and [25] gives 

[as] Tee = - Q, , I+  - t-(h - QMX) 

+ h/(eUl' + 1) 

where we have used the fact that 

where p is the degree of association (= c,/c) and 
- X  is the enthalpy change accompanying the 
formation of a complex from an unassociated 
cation vacancy and a divalent impurity ion. 

The high-temperature limiting form of [32] 
when c+ >> ci, p + 0, is 

[33] Tee = -Q,+ - t-(h - Q,:;) 

The first two terms on the right-hand side of 
[33] represent an approximate expression for 
TeO which was developed previously (11); this 
previous result is clearly only valid when the 
potential difference cpS - cpB is large in com- 
parison with kT, and so is of rather limited 
applicability. The new result, eq. [33], should 
apply to pure crystals at high temperatures, i.e. 
in the intrinsic region, whenever the conditions 

K << 1, c - ~  K-I << 1 are satisfied. 
When ci - c+, t -  + 0, the limiting form of 

[32] is - - 
[34] Tee = - Q % ~ +  - 

This result should apply either to crystals doped 
with divalent cation impurities or to nominally 

QMx is the sum of the individual ionic heats of pure crystals at low temperatures. Again when 

transport, QM+ + ex-, and h is the enthalpy cpS - cpB is large compared with kT, [34] de- 

change accompanying the formation of a Schott- generates to the previous approximate result 

ky defect pair. The term in braces in eq. [26] is (1 l), TeO = - OM+. 

evaluated with the help of four relations. Equation [26] may also be used to derive the 
result for the precipitation region in which the 

[281 c+c- = = exp (-g/kT) impurity concentration exceeds the solubility 
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ALLNATT AND JACOBS: THEORY OF THE THERMOELECTRIC POWER OF IONIC CRYSTALS 1639 

limit. The excess impurity precipitates as a 
separate phase taking a corresponding number 
of cation vacancies from solution. The concen- 
tration of impurity ions and cation vacancies in 
solution is then limited by the relation 

[35] c+cl = exp (gpIkT), 

where g, is the free energy change on removing 
an isolated cation vacancy and an isolated im- 
purity ion from solution into the precipitated 
phase. Combining eqs. [23], [26], and [35] the 
result for the limit where t- + 0 and ci - c+ is 

[361 Tee = -QM+ - 

where h, is the enthalpy corresponding to g,. 
This equation is valid in the presence of associa- 
tion of unprecipitated defects. 

111. Comparison with Experiment 

There are a few modern measurements of the 
thermoelectric power of cells of the type 
M' 1 MX I M' which cover a reasonable tem- 
perature range. These consist of two sets of 
measurements on KC1 (1 1, 12) and another two 
on NaC1 (13, 14). Platinum electrodes have been 
used almost exclusively. The most extensive 
measurements, in terms of temperature range, 
are those of Jacobs and Maycock (11) on KC1. 
Some of their data are reproduced in Fig. 1. The 
most striking features of these results are as 
follows : 

(i) The value of Te0 decreases at low tempera- 
tures. This is characteristic of both the pure and 
the doped salt althougb for the latter it occurs at 
higher temperatures. 

(ii) In the data for pure KC1 there is a pro- 
nounced A-point in the region of 820 OK. 

(iii) There is remarkably little concentration 
dependence in 0 since the pure KC1 crystal con- 
tains about mole fraction of divalent im- 
purities, whereas c was 1.2 x lop3  for the 
crystal doped with SrC1,. 

(iv) Te0 for both pure and doped crystals 
decreases linearly with temperature apart from 
the features mentioned under (i) and (ii). The 
temperature slopes are remarkably similar also. 

(v) The data for two nominally pure crystals 
which are illustrated in Fig. 1 do not show 
quantitative agreement. Run 20 refers to KC1 
twice recrystallized from distilled water before 
being grown by the Kyropoulos method from a 

platinum crucible. Run 2 refers to a KC1 crystal 
grown from A.R. KC1 in a silica crucible by the 
Stockbarger method. Alternating current con- 
ductivity measurements show that the Kyro- 
poulos crystal is purer with the larger value of 
t- at equivalent temperatures. The differences 
between the two runs are not necessarily con- 
nected with the use of Rh electrodes in run 2 and 
Pt electrodes in run 20, since additional data 
obtained with Pt electrodes show differences of 
the same order. 

The theory outlined in I1 provides a reasonable 
explanation of some, but not all, of the features 
observed. The difficulty in making a quantitative 
test centers on the calculation of cpS - cpB. By 
considering the equilibrium between the atom 
in the bulk and an atom at a kink site on the 
surface one has 

which gives 

[38] e(cpS - cpB) = - (g+ + k T  log n+") 

+ (PM+~ - PM+~) .  
The first parenthetical term represents the dif- 
ference in potential for an idealized crystal in 
which surface properties are neglected and is the 
result stated by Lehovec (6). The presence of the 
second term was clearly recognized by Grimley 
and Mott (5). It may contribute an appreciable 
potential difference since a relative displacement 
of the positive and negative ions, in the crystal 
plane at the interface, over a few tenths of an 
angstrom is sufficient to set up a potential of 
-- 0.5 V. Unfortunately, accurate estimates of 
this quantity are not available. We refer to the 
first and second parenthetical terms in [38] as 
the space-charge part and the lattice part of 
cpS - cpB respectively. 

The calculation of the first term, although 
much simpler, is by no means precise at present. 
Conductivity measurements (15) for KC1 yield 
11 = 2.259 eV, s = 0.463 x eV deg-l. A 
recent theoretical calculation (16) yields the 
same value of h and gives h+ = 0.956 eV, 
h- = 1.303 eV. In the absence of either experi- 
mental or theoretical information we take s- 
= 0.31 x 10-3eVdeg-1ands+ = 0.15 x 
eV deg- l. 

For the doped crystal, neglecting the small 
effect of association, the first term in [38] con- 
tributes -0.52 V to -0.56 V in the range 600 
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-1 -0 

Tee 

-1.5 

-2 .0  

temperature (deg K) 
FIG. 1. Thermoelectric power of KCI. (a) Run 2, pure KC1 between rhodium electrodes. (b) Run 20, pure KC1 

between platinum electrodes. (c) Run 11, KC1 containing SrC12 (c = 1.2 x 

to 900 OK. If the Grimley and Mott estimate of 
the second term is accepted then cpS - cpB may 
lie in the range 0 to - 1 V depending on the sign 
of (P ,+~  - pM+'). In a previous paper the ap- 
proximate form of [34] without the association 
term was used for the doped crystal as would be 
correct for y >> 1. The present estimate suggests 
that this is not valid but that the correct answer 
lies between the limiting values 

The experimental value of x is 0.42 eV, so that 
the association correction is actually quite small. 
Thus for y = 0, QM+ is 0.97 eV at 800 OK and 
1.13 eV at 900 OK, compared with 0.80 eV and 
0.97 eV respectively for y << - 1, and 1.14 eV 
and 1.28 eV respectively for y >> 1. 

The decrease of thermoelectric power at low 
temperatures occurs at approximately the tem- 
perature of impurity precipitation as detected 

by conductance measurements. According to 
eqs. [34] and [36] the decrease in Tee is 

1  prg (hD - *) l + P  . 

For SrCl,, h, = 1.43 eV (17) and the decrease 
in thermoelectric power is therefore 1.08/(eY/' 
+ 1) eV and 1.25/(eYI2 + 1) eV for doped and 
pure crystals respectively. This analysis is there- 
fore consistent with the experimental results if 
eYI2 << 1. The experimental values of 8 at these 
temperatures are the least accurate because of 
isothermal space-charge effects. Precise experi- 
mental values of h, are also difficult to determine. 
If one tentatively assumes, therefore, that eYI2 
+ 1 < 1.1, and if agreement between theory 
and experiment is to be attained, then the lattice 
part of cpS - cpB is < 0.2 V. 

We conclude that [34] and [36] correctly 
predict the large effect of precipitation and lead 
to reasonable values for the cation heat of 
transport for KCl, and also (14) for NaC1. These 
heats of transport are not strongly temperature 
dependent and are greater than the correspond- 
ing activation energies. Since the association 
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effect is rather small the theory predicts that the 
concentration dependence of 0 in doped crystals 
is very weak, in contrast to previous theories 
which predict a dependence from a term 
-I< log ci (1 - p) (14). Further measurements 
may therefore distinguish between the two kinds 
of theories in a relatively simple manner. It 
would also be valuable to obtain a more accu- 
rate comparison of theory and experiment for the 
precipitation point, and hence obtain a reliable 
value for the lattice part of cpS - cpB. 

For the pure crystal, comparison between 
theory and experiment is more difficult. Such a 
comparison is extremely sensitive to the values of 
transport numbers, concerning which uncer- 
tainty persists, and to the smallness of the ob- 
served differences between 0 for pure and doped 
crystals. Furthermore, there is a still unexplained 
experimental irreproducibility between runs on 
different specimens in the intrinsic conductance 
region in KCl, and to an apparently smaller 
degree in NaCl. With these factors in mind the 
results for KC1 may be considered. (It should be 
stated that no explanation for the A-point is 
provided either by the present theory or by 
previous theories.) 

For the pure crystal (with Pt electrodes) one 
finds from [38] that a t  900 OK the first term 
contributes 0.11 V to cpS - cpB corresponding to 
a contribution to y of 0.04. In a previous paper 
the pure crystal results have been used to calcu- 
late Qx- from [33] assuming eYI2 + 1 >> /z so 
that the last term may be neglected. Using the 
tentative value for the lattice part of cpS - cpB 
obtained above, 0.2 V, and assuming that it is 
independent of temperature, one finds that the 
neglected term is approximately 0.27 eV. Using 
QM+ = 0.97 eV, consistent with the estimate of 
0.2 V for the lattice part of cpS - cpB, the amended 
value of Qx- is 0.4 eV. 

IV. Conclusions 

The present theory has been successful in ex- 
plaining both the low-temperature falloff in Te0 

and the apparent lack of a strong concentration 
dependence for the thermoelectric power of 
alkali halides. Neither it nor any other theory yet 
proposed explains the curious A-point found for 
pure KC1 nor the lack in reproducibility in the 
data for pure alkali halides. The theory gives 
values for the cation heat of transport which are 
of a reasonable magnitude, i.e. somewhat greater 
than the migration activation energy. An ap- 
proximate value for the anion heat of transport 
can also be obtained and this is rather less than 
half the anion migration energy. On the Wirtz 
(18) picture this would mean that, for the anion 
jump, rather more energy must be expended in 
preparing the site to receive the jumping anion. 
This in turn implies that there is a greater 
relaxation around an anion vacancy than around 
a cation vacancy, a conclusion which is supported 
by the theoretical calculations of Boswarva and 
Lidiard (1 6). 
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I Partition coefficient of methyl iodide between vapor and water1 

R. A. HASTY 
Bnttelle Memorial Zt~stitute, Pacific Northwest Laboratory, Ricfzland, Washitlgton 

Received September 12, 1967 

The Ostwald's partition coefficient for the solubility of methyl iodide in water was determined from 4.85 
to 68.5 "C. The partition coefficient measured for lo-' to lo-' M solutions was found to be from 20 to 
30% lower than for lo-, M solutions. A new rapid gas chromatographic technique is described for the 
determination of partition coefficients in dilute systems. 

Canadian Journal of Chemistry, 46, 1643 (1968) 

Introduction 

The removal of methyl iodide in the p.p.m. 
concentration range by the action of sprays has 
been investigated in this laboratory and else- 
where (1, 2). The mass transfer of methyl iodide 
from the gas phase to the liquid involves the 
partition coefficient of methyl iodide between the 
vapor phase and the aqueous phase. The parti- 
tion coefficient is also known as the Ostwald's 
absorption coefficient. Estimates (2, 3) and mea- 
surements (4) of the partition between vapor and 
aqueous solution of methyl iodide have been 
reported. It was felt that a determination of the 
partition coefficient for the p.p.m. concentration 
range would be valuable for the calculation of 
rate of mass transport in our studies and would 
also extend the knowledge of the behavior of 
methyl iodide to dilute systems. 

Experimental 
The partition coefficient, p, expressed in units of (g- 

moles CH31/liter of solution)/(g-moles CH31/liter of 
vapor) can be calculated from the concentration, Co, of 
methyl iodide in a known volume, VT, where no solution 
is present, and the concentration of methyl iodide in the 
gas phase, C, when the container of volume, V,, has a 
volume of liquid, V,, present. 

The partition coefficient is defined as 

where CL is the concentration of methyl iodide in the 
liquid phase. Rearrangement of eq. [I] gives 

A Research Specialties gas chromatograph, equipped 
with a Warner Chilcot electron capture detector, was 
used. A 114" 0.d. x 6' stainless steel column packed with 
Chromosorb P coated with 20% SE 30 (silicone gum) 
under isothermal conditions (50 "C) was employed to 
separate the methyl iodide from the other gases, N, and 
H20,  in aliquots. The carrier gas and scavenger gas flow 
rates were adjusted to 30.4 ml/min and 39.3 ml/min, re- 
spectively, to give an optimum between sensitivity and 
linearity of detector response for methyl iodide. The 
lower detection limit of the system was determined to be 
2 x 10-l2 g methyl iodide. A linear correlation was ob- 
tained for peak height for aliquots which contained up to 
6 x 10-lo g methyl iodide. 

Jacketed Pyrex vessels were maintained at a specified 
temperature, f 0.05 "C, by circulation of an ethylene 
glycol - water mixture from a thermostatted bath through 
the jacket of the vessel. The vessel was cylindrical with an 
i.d. of 2.7 cm and a volume of 55.3 + 0.1 ml. A 6 mm i.d. 
tube at the top of the vessel was sealed with a rubber 
serum bottle stopper to permit sampling. Adsorption of 
methyl iodide by the stopper during the measurement of 
the partition coefficient was shown to be negligible. 

Methyl iodide was obtained from Eastman Organic 
Chemicals and stored at 4 OC until needed. To obtain a 
desired concentration of methyl iodide in an experiment, 
appropriate dilutions were made of saturated methyl 
iodide - air mixtures (20.0 T). A reproducibility of 
dilution was shown to be within + 3.6%. The accuracy of 
the determination of the methyl iodide concentration was 
estimated to be ca. 7 % at 30 "C. 

An initial dilution of approximately 300 was made of 
the saturated vapor of methyl iodide at 20.0 "C. A sub- 
sequent set of dilutions of approximately lo3 is made into 
a set of three vessels. One vessel is used as a standard, i.e. 
without liquid present. The other two vessels with water 
present have the same total amount of methyl iodide in 
the system. Aliquots are taken from each of the vessels. 
The vessels which contain both liquid and gas phases are 
shaken vigorously after each sampling to ensure that 
equilibrium is reached. It was observed that one shaking 
was usually sufficient to obtain equilibrium, as shown by 
a constant concentration in the gas phase. 

Results and Discussion 
1 'This paper is based on work performed under United 

States Atomic Energy Cornn~ission Contract AT(45-1)- The measurement of partition coefficient 
1830. Permission to publish is gratefully acknowledged. methyl iodide between vapor and liquid is limited 
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at the lower temperatures by the freezing point of 
the solution and at the upper temperature by the 
hydrolysis of methyl iodide by the solvent. The 
effect of the hydrolysis (5) was negligible between 
60 and 70 "C. An additional limitation was found 
which lowered the reliability of the partition co- 
efficient at temperatures above 50 "C. Sampling 
of the gas mixtures at temperatures above am- 
bient with a syringe at ambient temperature is 
thought to cause partial condensation of water 
vapor within the syringe. 

The effect of concentration of methyl iodide 
on the partition coefficient was examined from 
6.4 x lop9  M to 1.28 x M at 29.90 "C 
and found to be constant within experimental 
error. The average of six values for the partition 
coefficient is 2.75 with a standard deviation of 
k0.15. The maximum deviation from the aver- 
age is 7.9 %. The uncertainty2 calculated for the 
partition coefficient is 7.3 % (VG/VL = 1.21, P 
= 2.75). From the data of Glew and Moelwyn- 
Hughes (4), a value of the partition coefficient of 
3.95 at 29.90 "C and a vapor concentration of ca. 
5 x l op3  g-molelliter is calculated. This value 
decreases by 3 % over a concentration range of 
from 4.046 x lop2 to 2.085 x 10- g-moleslliter 
in the solution. The decrease in partition co- 
efficient with a decrease in methyl iodide con- 
centration is unlike the behavior of methyl 
chloride and methyl fluoride (4, 6). The partition 
coefficient for methyl bromide (4) shows a small 
increase (ca. 0.5 %) over the concentration range 
2.4 x 10-I to 7.3 x lo-' g-molelliter. 

The values of partition coefficient for methyl 
iodide between vapor and an  aqueous solution 
determined in this work are shown in Fig. 1. 
Between 4.8 and 68.5 "C, the partition coefficient 
can be represented by 

- 

ZThe uncertainty of the partition coefficient, 6!3, can 
be shown to be 

where oco and oc are the uncertainties of C0 and C. All 
other terms have the same definitions as in eq. [I]. 

TEMPERATURE, ( O C )  

1 

Z 0 - 0 2.3~10-~ MOLESILITER, I N I T I A L  
t 
C p. 1.4~10-7 
u 0. A AVERAGE OF S I X  VALUES 

1.4~10'8 TO 2 . 3 ~ 1 0 ' 7  MOLESILITER 

FIG. 1. Partition coefficient of methyl iodide as a 
function of the reciprocal temperature. 0, 2.3 x 
mole/l, initial; .,1.4 x mole/], initial; A, average 
of six values with concentration between 1.4 x to 
2.3 x mole/l. 

where T is the temperature in OK. The partition 
coefficient as represented by eq. [3] is 22 % lower 
than the value reported by Rex (7) and 32% 
lower than the value reported by Glew. 
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Electric moments and conformation of substituted fluoroformates in benzene 
solutions 

E. BOCK, D. IWACHA, H. HUTTON,' AND A. QUEEN 
Parker Clzemistry Laboratory, University of Manitoba, Winnipeg, Manitoba 

Received October 11, 1967 

The dipole moments of methyl-, ethyl-, 12-propyl-, n-butyl-, 12-amyl-, and phenyl-fluoroformate were 
determined in dilute benzene solutions at 25 "C. The experimental results suggest that the confornlation 
of the fluoro-esters is similar to the conformation of the chloro-esters and differs from the conformation 
of the normal esters; viz. the ester hydrocarbon group and the fluorine atom are cis to each other. Results 
of fluorine and proton n.m.r. measurements on these molecules support the conclusions based on the 
dipole moment data if a "through-space" coupling mechanism is assunled for the long range spin-spin 
coupling JH-F1-5. 
Canadian Journal o f  Chemistry, 46, 1645 (1968) 

Introduction 

On the basis of the experimental data on the 
dipole moments of the first five members of the 
chloroformate homologous series, determined 
in this laboratory (I), it was concluded that the 
most probable conformation of these molecules 
in benzene solution differed from the now well- 
established conformation of the normal esters 
and carboxylic acids, in general, by having the 
chlorine atom situated cis to the hydrocarbon 
moiety. Although this conclusion is in agree- 
ment with the observations of Mizushima and 
Kubo (2) on the temperature dependence of the 
vapor phase dipole moments of methyl and 
ethyl chloroformate, it is nevertheless a sur- 
prising result. The only other paper in the 
literature, concerning the structure of methyl 
chloroformate, is the paper by O'Gorman, 
Shand, and Schomaker (3), who determined the 
electron-scattering spectra of methyl chloro- 
formate. These authors interpreted their results 
in terms of a structure in which the chlorine 
atom was trans to the methyl group; a structure 
which, in a sense, is directly opposite to the one 
proposed earlier in this laboratory. To investi- 
gate this matter further, it was decided to deter- 
mine the dipole moments of a number of 
fluoroformates. The particular molecules used 
were selected because the presence of the fluo- 
rine atom in them offered the possibility of an  
independent study of their conformations by 
fluorine and proton n.m.r. studies. 

'Department of Chemistry, Brandon University, Bran- 
don, Manitoba. 

Experimental 
Solvent 

Fisher certified reagent benzene was used as solvent. 
The benzene was dried by repeated shaking with Linde 
molecular sieve 4A. The purity of the solvent was checked 
by gas chronlatography as well as by determining the 
usual physical constants, viz. the boiling point, refractive 
index, and density, and comparing the latter with the 
appropriate literature values. 

Solute 
The fluoro-esters were synthesized after the method of 

Nakanishi, Myers, and Jensen (4), with one slight modi- 
fication. I t  was found that the yield of the product was 
increased and the reaction time decreased considerably 
if in addition to constant stirring the reaction mixture was 
simultaneously subjected to gentle refluxing for several 
hours. The product was distilled from fresh, dry thallous 
fluoride at reduced pressure and further purified by gas 
chromatography. Moreover since the most likely chief 
impurity in the iluoroformates would be the correspond- 
ing chloroformate, all solute san~ples were checked for 
the presence of chlorine by hydrolyzing the sample and 
adding aqueous silver nitrate. All samples remained 
clear, thus confirming the absence of chloride ions. The 
boiling points and refractive indices of the synthesized 
molecules are summarized in Table I. The dipole moment 
apparatus and experimental procedure have been de- 
scribed elsewhere (5). The proton and fluorine n.m.r. 
spectra were determined on degassed, 5 % benzene solu- 
tions containing tetramethylsilane (TMS) and CFCI, as 
internal references, using a Varian DP-60 spectrometer. 
The fluorine line positions were determined relative to  
CFCI, using the superposition of sidebands technique 
and the locked frequency sweep technique. When using 
the latter technique the field was "locked on" to the 
CFCl, signal. 

Results and Discussion 
The experimental data are shown in Table 11. 

The dipole moments derived from these data by 
the method of Smith (6) are summarized in 
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TABLE I 
Boiling points and refractive indices of prepared fluoroformates 

Boiling point ("C) nDZ5 

Compound Exp. Lit. Exp. Lit. 

Methyl 37-40" 
fluoroformate 39 40b 

Ethyl 55-57" 
fluoroformate 56 57b, 55.6-57' 1 .3292 1 .3295' 

57d 
n-Propyl 

fluoroformate 78 90-102b 1.3463 
n-Butyl 

fluoroformate 94 97-99b 
n-Amy1 

fluoroformate 78-80 at 80 mm 1.3810 
Phenyl 

fluoroformate 150 153d 1.4649 

Table 111. The dipole moments were calculated 
using the equation 

where k is the Boltzmann constant, T the abso- 
lute temperature, N the Avogadro number, M ,  
molecular weight of the solute, dl and E ,  the 
density and dielectric constant of the pure sol- 
vent, a the slope of curve &,, = E, + aw,, where 
, is the dielectric constant of the solution and 

w, the weight fraction of the solute in solution, 
and v the slope of the curve n,,' = n12 +vw,, 
where n12 and n, is the refractive index of the 
solution and solvent respectively. The reliability 
of the calculational method used was tested by 
comparing the derived dipole moment for methyl 
fluoroformate with the value obtained for the 
same molecule by the use of the Halverstadt- 
Kumler equation (7) in conjunction with 
accepted bond refractivities (8). Both methods 
yielded the same value of 2.61 D. Included in 
Table 111, to facilitate comparison, are the 
dipole moments of the normal esters and of the 
chloro-esters. The chemical shifts and coupling 
constants are given in Table IV. 

From Table 111, it is apparent that the dipole 
moments of all fluoro-esters are uniformly 
higher, by about 0.2 D, than the corresponding 
chloro-esters. A vector-model, bond-moment 
calculation based on the structural data for 
methyl formate as determined by Curl (9) and 
accepted bond moments (8) (see Fig. I) was 

TABLE 11 
Weight fraction, w, dielectric constant, E, re- 
fractive index, 11,  and density d of benzene 

solutions at 25 "C 

w x 103 E 12 d 

Methyl fluoroformate (a = 8.88 v = -0.60) 

Ethyl fluoroformate (a = 9.15 v = -0.44) 

n-Propyl fluoroformate (a = 8.20 v = -0.47) 
0.844 2.2796 1.4978 0.8731 
1.789 2.2873 1.4977 0.8735 
4.255 2.3077 1.4972 0.8738 
5.495 2.3172 1.4971 0.8744 
7.726 2.3355 1.4968 0.8744 

n-Butyl fluoroformate (a = 7.23 v = -0.48) 

1.058 2.2804 1.4976 0.8738 
1.816 2.2858 1.4975 0.8738 
3.862 2.3005 1.4973 0.8739 
7.461 2.3260 1.4970 0.8743 

n- Amy1 fluoroformate (a = 6.47 v = -0.49) 

Phenyl fluoroformate (a = 5.14 v = -0.32) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOCK ET AL.: ELECTRIC MOMENTS AND CONFORMATION 

TABLE 111 
Dipole nloments in debye units, D, of normal, chloro-, 
and fluoro-formate esters derived from dilute benzene 

solutions 

Formate Chloroformate Flouroformate 

Methyl 1.75 (16) 2.38 (1) 2.61*&0.02 
Ethyl 1.96 (17) 2.66 (1) 2.85*+0.02 
n-Propyl 1.91 (17) 2.70 (1) 2.91*& 0.02 
n-Butvl 2.03(1) 2.71(1) 2.92*+0.02 . . . . 
n - ~ m y l  1.92 

(gas) (17) 2.71 (1) 2.93*&0.02 
Phenyl - 2.39 (1) 2.65*+0.02 

*Values obtained in this work. 

compatible with the conformation in which the 
fluorine atom was cis to the hydrocarbon moiety. 
This result is in agreement with a similar cal- 
culation carried out for the chloro-esters (1). 
As in ref. 1, the vector model calculations were 
based on bond moments given by Smith (8), 
viz. H-C = 0.4 D, C-0 = 0.8 D, C=O = 
2.4 D, C-F = 1.4 D. It was also assumed that 
the group moment of CH, was equal to the 
H-C moment and that the direction of the 
latter was along the CH,-0 bond. From Fig. 1, 
it is quite apparent that the dipole moment 
decreases with increase in the angle 0 and 
assumes a minimum value for 0 = n. Thus, u = 
2.33 D for 0 = 0, and u = 1.64 D for 0 = n. 
The calculated moment for the cis conformation, 
2.33 D, is smaller than the experimentally deter- 
mined value of 2.61 D. This discrepancy may be 
due to a number of effects, viz. induction effects, 
mesomeric effects, or other effects. However, in 
our opinion, no great significance should be 
read into the observed discrepailcy between 
calculated and experimental dipole moment. It 
is well known that such calculations give quali- 
tative results only; e.g. on the basis of bond 
moments one would predict that chloromethane 
and chloroform molecules should have identical 
dipole moments. But, in fact, the dipole moment 
of the chloromethane molecule is 1.87 D and 
that of the chloroform molecule is 1.01 D (1 8). 

The n.m.r. results support the above con- 
clusions based on dipole moment data but 
only if a "through-space", coupling mechanism 
is assumed. The fluorine n.m.r. spectrum of 
methyl fluoroformate consists of a single line of 
about 0.8 c/s width at half-height. The slight 
broadening of the line suggests that some 
coupling exists between the fluorine nucleus and 
methyl protons, but the coupling is too small to 
be resolved by our instrument. The ethyl fluoro- 

/( c i s  c o n f o r r n a  t i on  
CH3 
FIG. I. Vector model for methyl fluoroformate mole- 

cule. 

formate spectrum consists of a well-developed 
quartet, indicating quite definitely that the 
fluorine is coupled to the methyl protons by a 
long range spin-spin coupling (JH-FJ1-5). All 
other higher alkyl fluoroformates exhibit triplet 
spectra only, indicating that the fluorine is 
coupled to a methylene group. Proton spectra 
of n-propyl fluoroformate showed definitely that 
in this molecule the coupling is also JH-FJ1-5, 
viz. the fluorine is coupled to the P-methylene 
group. The proton spectrum of n-propyl fluoro- 
formate (from low to high field) consists of a 
triplet, followed by a multiplet, which seems to 
consist of seven lines, followed by another trip- 
let. The spectrum is very similar to that of 
n-propyl alcohol with the obvious exception that 
the hydroxyl proton line is missing and that the 
number of lines due to the P-methylene protons 
is increased from four to approximately seven. 
It is very tempting to explain the observed long 
range spin-spin coupling (JH-,'-') in ethyl and 
propyl fluoroformate in terms of a "through- 
space" coupling mechanism. Such a mechanism 
has been proposed from time to time in the 
literature (10-1 5). If such a coupling mechanism 
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TABLE IV 
Fluorine chemical shifts at 56.4 Mc/s and coupling constants 

Coupling 
Compound Solvent Chemical shift* constant Jr,-r;t 

Methyl fluoroformate CqH6 (!,%) 1064.0 & 0.2 - 
Ethyl fluoroformate 987 .2 t0 .2  1 .76 t0 .10  
n-Propyl fluoroformate :: :: 1001.7k0.1 1.61k0.04 
n-Butyl fluor oformate 989.2k0.1 1.55k0.07 
11-Amyl fluoroformate :: 1: 985.5k0.2 1.54k0.07 
Phenyl fluoroformate 927.1 + 0.1 (Splitting= 

0,58_+0.07) 
*In c / s  from internal CFCI3. 
tm CIS. 
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Phosphine-substituted carbonyl halide complexes of chromium and molybdenum 

A. D. ALLEN AND P. F. BARRETT' 
Department of Cllenlistry, Uiziversity of Toronto, Toro~~to, Ontario 

Received December 1, 1967 

A number of phosphine tetracarbonyl halide salts of the Group VI metals have been prepared of 
the type: c ~ s - [ E ~ ~ N ] [ P R ~ M ( C O ) ~ X ]  where PR, = (p-FC6H4),P or (p-C1C6H4),P, M = Cr or Mo for 
X = C1, and M = Mo for X = Br, by the reactlon of phosphines with the pentacarbonyl halides 
[Et4N] [M(CO)5X]. A new method for the preparation of ci~-(P+,),Mo(C0)~ complexes from the phos- 
phine tetracarbonyl halides is described. 

Assignments are made for the bands in the carbonyl stretching region of the infrared spectra of these 
complexes. 

Canadian Journal of  Chemistry, 46, 1649 (1968) 

Although a number of phosphine-substituted 
carbonyl halide complexes of manganese have 
been prepared (1-3), no corresponding com- 
plexes of the Group VI transition metals have 
been reported. Since the pentacarbonyl halide 
complexes of these metals can be prepared by the 
reaction of the hexacarbonyls with a tetra-alkyl- 
ammonium halide (4), 

where X = C1, Br, or I, and M = Cr, Mo, or W, 
it was felt that the phosphine tetracarbonyl 
halide complexes could be prepared in a similar 
manner by reacting complexes of the type PR,M- 
(CO), with a tetra-alkylammonium halide: 

R4NX -t PR3M(CO)5 -> 
[R,N]+ [PR,M(CO)4X]- -t CO. 

Reactions of this type were carried out in 
diglyme at 120 "C under nitrogen with com- 
plexes containing a variety of substituted triaryl 
phosphines. Products were isolated in some 
cases which gave good analyses for the proposed 
phosphine tetracarbonyl halide complexes. Un- 
fortunately, however, the yields from these 
reactions were very poor because a considerable 
amount of decomposition occurred at the high 
temperatures necessary for the preparations. 

An alternative method for the preparation of 
these compounds was suggested by the method 
for the preparation of the corresponding man- 
ganese compounds (1). The manganese penta- 
carbonyl halides react with a phosphine at room 
temperature, a carbonyl group being replaced 
by a phosphine. The analogous reactions of 

'Present address: Department of Chemistry, Trent 
University, Peterborough, Ontario. 

some of the Group VI metal pentacarbonyl 
halides with phosphines were found to proceed 
smoothly at room temperature in diglyme under 
nitrogen to produce the desired phosphine tetra- 
carbonyl halides : 

[I  I [R,NI[M(CO)5Xl + PR3 -> 

[RdNI [PR,M(CO),X] + CO. 

Table I lists the complexes of this type that 
were prepared, with their analytical data. All 
these complexes were bright orange-yellow in 
color and were only moderately stable in air. 

We could not prepare pure samples of any 
iodo complexes, or any bromo complexes of 
chromium by this method. In addition, pure 
samples of the product could not be obtained 
with aryl phosphines containing electron- 
releasing groups, or with triphenylphosphine 
itself. Although products were obtained in these 
cases which showed peaks in the carbonyl region 
of the infrared spectra similar to those observed 
for the pure complexes in Table I, additional 
peaks were also evident, indicating the presence 
of other products. 

Angelici and Basolo (2) have found that the 
reaction of cis-Mn(CO),LX with L' (L and L' 
represent a variety of tertiary phosphines, 
arsines, and stibines) results in the replacement 
of one of the carbonyl groups by L' to form cis- 
Mn(CO),LLIX. In an attempt to prepare the 
corresponding cis-tricarbonyl complexes of the 
Group VI metal halides, we have reacted the 
cis-phosphine tetracarbonyl halides prepared 
as above with additional phosphine. During the 
course of these reactions in diglyme a precipitate 
of the tetra-alkylammonium halide was formed 
and pale-yellow complexes were isolated from 
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TABLE I 

% C  % H  

Corn~lex Calcd. Obsd. Calcd. Obsd. 

TABLE I1 

% C  % H  

Complex Melting point (OC) Calcd. Obsd. Calcd. Obsd. 

(P43)zMo(CO)4 148-150 (decornp.) 65.57 65.58 4.14 4.15 
[@-FC6H4)3P],Mo(CO)4 158-160 (decornp.) 57.15 56.91 2.88 2.76 
[(p-CIC6H4)3P],Mo(CO)4 142-145 (decornp.) 51.14 49.88 2.58 2.42 

the solution. The molybdenum complexes ana- present in the complex, in addition to replacing 
lyzed quite well for (PR,),Mo(CO), (see Table the halide, thus resulting in a mixture of 
11) and the chromium complexes had infrared products. 
suectra and melting ~ o i n t s  identical with those 
h r  the t r a n s - ( ~ ~ ~ j , ~ r ( ~ ~ ) ,  complexes (5). 
Thus in the case of the Group VI metal com- 
plexes it appears that the halide rather than the 
carbonyl group is replaced by the phosphine. 
The reactions can be represented by 
121 [Et4Nl [PR3M(CO)4Xl f PR3 -t 

(PR3)2M(C0)4 f Et4NX. 

The possibility of this reaction occurring 
during the preparation of the phosphine tetra- 
carbonyl halide complexes explains why pure 
products were obtained in some cases and not 
in others. The ratio of the two possible products 
formed, [Et,N] [PR,M(CO),X] and (PR,),M- 
(CO),, would depend on the relative rates of the 
two reactions [I] and [2]. Only when reaction 
[2] is slow compared with [l] could the [Et4N]- 
[PR,M(CO),X] complexes be prepared in a 
pure state. A kinetic study of these reactions has 
been carried out and is reported in a later paper. 

Attempts to prepare the mixed phosphine 
complexes, (PR,)(PR',)M(CO),, by this reac- 
tion have been unsuccessful. Compounds have 
been isolated with infrared spectra similar to 
those of the (PR,),M(CO), complexes, but good 
analyses for these compounds could not be 
obtained. From the infrared spectra and the 
analytical data it could be seen that the reagent 
phosphine partly replaced the phosphine already 

Discussion of Infrared Spectra and Structures 

[Et,N][PR, M(C0) , XI Complexes 
The infrared spectra of all the [Et,N] [PR,M- 

(CO),X] complexes in the carbonyl stretching 
region showed four bands : a high frequency peak 
of medium intensity, a moderately intense low 
frequency peak, and two moderately intense 
peaks at intermediate frequencies. The two peaks 
a t  intermediate frequencies were often so close 
together that it was not possible to resolve them. 
Thus the absolute positions of these two peaks 
are often in doubt. A typical spectrum is shown 
in Fig. 1. 

Two isomers of the [PR,M(CO),X]- anions 
are possible in which the phosphine group is 
either cis or trans to the halide. The trans con- 
figuration would have C,, symmetry and only 
three carbonyl bands would be predicted. The 
cis configuration with C,, symmetry would be 
expected to show four bands: a high frequency 
band of medium intensity and three moderately 
intense bands at lower frequencies. 

The observed spectra of the phosphine tetra- 
carbonyl halide complexes prepared corre- 
sponded exactly to that predicted for the cis con- 
figuration. This structure is also in agreement 
with that predicted on electronic grounds. The 
weaker n-bonding ability of the halide compared 
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ALLEN AND BARRETT: PHOSPHINE-SUBSTITUTED COMPLEXES OF CHROMIUM AND MOLYBDENUM 1651 
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FIG. 1. Infrared spectrum in diglyme of cis- [Et,N]- 
[(p-FC6H4),PCr(CO),C1] [(0.03 M). Cell thickness = 
0.1 mm. 

with carbon monoxide should result in the 
metal-carbon bond trans to the halide being 
stronger than the other metal-carbon bonds in 
[M(CO),X]-, so that the cis carbonyls might be 
expected to be replaced more easily than the 
trans carbonyl in these complexes. 

(PR,) , Mo (CO) , Complexes 
The infrared spectra of all the molybdenum 

compounds (PR,),Mo(CO), showed four bands 
in the carbonyl stretching region: one medium 
intensity band at  the highest frequency and three 
closely spaced (and sometimes unresolved) in- 
tense bands at  lower frequencies. Figure 2 shows 
a typical spectrum in the carbonyl stretching 
region. 

These complexes have been assigned the cis 
configuration since the infrared spectra are con- 
sistent with C,, symmetry, which should give 
four active carbonyl stretching modes. The 
trans configuration having D,, symmetry would 
show only three bands. 

FIG. 2. Infrared spectrum in diglyme of cis-(P$,),- 
Mo(CO)~ (0.02 M). Cell thickness = 0.1 mm. 

The chromium complexes, (PR ,) ,Cr(CO),, on 
the other hand, had infrared spectra identical 
with those of the trans-(PR,),Cr(CO), com- 
pounds (5). Although the halide replaced by the 
phosphine is cis to the phosphine already present 
in the starting material, cis-PR,Cr(CO),X]-, 
the complex rearranges during the course of the 
reaction so that in the final product the phos- 
phine groups are trans to each other. It  seems 
that there is too much steric interaction between 
two triaryl phosphine groups for the cis codgu-  
ration to be formed in the chromium series. 

The reaction of the cis-phosphine tetracar- 
bony1 halide complexes of molybdenum with 
phosphines appears to be a better method to 
prepare the cis-(PR,),Mo(CO), complexes than 
by the direct reaction of the hexacarbonyl with a 
phosphine. Since the former reaction can be done 
at room temperature, there appears to be no 
tendency for isomerism to the trans complex to 
occur. The method of Poilblanc and Bigorgne 
(6) resulted in the formation of mixt~~res of the 
cis and trans isomers which were difficult to 
separate. 
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Assigntnetzt of Carborlyl Stretclzing Bands 
For the purpose of assigning the carbonyl 

stretching frequencies observed in the infrared 
to particular modes of vibration for the com- 
plexes cis-(PR,),Mo(CO), and cis- [Et4N ] [PR3- 
M(CO),X], only the triphenylphosphine com- 
plexes of molybdenum will be discussed in detail. 
The modes of vibration and the observed bands 
for solution spectra in diglyme are given below. 

Cis-(P$,), Mo(CO), - C,, Symmetry 

Absorption bands (cm-'): 2022(m), 1917(s), 
1903(s), 1882(s). 

Cis- [Et,N] [Pb ,Mo(CO),Br] - C,, Symtnetry 

Absorption bands (cm-'): 2005(m), 1890(s), 
1875(s), 1818(s) 

Trans-(P$,),Mo(CO), has an intense band at  
1896 cm- ' in diglyme and this has been assigned 
to the E, mode (7). The B, mode in cis-(P$,),- 
Mo(CO), is similar to the E, mode of the trans 
complex, since they involve the asymmetric 
stretching of two trans carbonyl groups. In  both 
cases there are two carbonyl groups and two 
phosphines cis to these carbonyl groups so that 
the frequencies of these two modes should be 
almost identical (8). The 1903 cm- ' band in the 
cis complex is the closest to the 1896 cm-' band 
in the trans complex and has been assigned to 
the B, mode. This assignment is also supported 
by the relative intensities of the bands; the B, 
mode should give rise to the most intense band, 
and the 1903 cm-' is in fact the most intense. 

Since in most carbonyl complexes trans pairs 
of carbonyl groups have stronger force con- 
stants than carbonyl groups trans to substituents 
(8, 9), the highest frequency band in cis-(Pb ,),- 
Mo(CO), a t  2022 cm-' can be assigned to the 
A,(") mode. Also since symmetrical stretching 
modes of vibration are at  higher frequencies 
than the corresponding asymmetical modes of 

vibration (lo), the A,(" mode and the B,  mode 
in cis-(P$,),Mo(CO), can be assigned to the 
1917 cm-' peak and the 1882 cm-' peak 
respectively. 

A summary of the assignments of the carbonyl 
frequencies for the cis-(PR,),Mo(CO), com- 
plexes is given in Table 111. 

The separation between the A,(") mode and 
the B, mode in cis-(P$,),Mo(CO), is 119 cm- ' 
and we would expect the separation between the 
corresponding A'(,, and A" modes in cis- [Et,N]- 
[P$,Mo(CO),Br] to be similar. The A'(,, mode 
can easily be assigned to the 2005 cm- ' band so 
that the 1890 cm-' band can be assigned to the 
A" mode. This assignment is also supported by 
intensity arguments. The lower K-bonding 
ability of the bromide compared with the phos- 
phine leads us to assign the lowest frequency 
peak at  18 18 cm- ' to the A'(,, mode, leaving the 
A'(,,mode to be assigned to the band at  1875 
cm . 

A summary of the assignments of the infrared 
spectra of the cis- [Et,N] [PR,M(CO),X] com- 
plexes is given in Table IV. The assignmeilts for 
the chromium complexes were made on the basis 
of the similarity in the profiles of their spectra to 
those of the molybdenum complexes. 

Experimental 
C~S-[E~~N/[PR~M(CO)~X]  Co~nplexes 

A mixture of 0.001 mole of [Et4N][M(CO),X] and 
0.0011 mole of PR3 in 10 ml diglyme was stirred under 
nitrogen at room temperature for about 1 h. The solu- 
tion was then filtered under nitrogen and the product 
was precipitated from solution with low boiling petroleum 
ether (b.p. 40-60 "C). The solvent was then decanted off 
and the yellow-orange product washed several times with 
petroleum ether and dried under vacuum. The 
[EtaN] [M(CO),X] complexes used in this method were 
prepared by the method of Abel, Butler, and Reid (4). 

C ~ S - ( P R ~ ) ~ M O  (C0)4 Coniplexes 
A mixture of 0.0008 mole of [Et4N][Mo(CO)5Br] and 

0.0011 mole PR, was stirred in 30 ml tetrahydrofuran 
under nitrogen for about h. A further 0.0011 mole of 
PR, was then added and the mixture was stirred for 
I+  h at about 40 "C. The Et4NBr precipitated during the 
reaction was filtered off and the solvent was evaporated 
under reduced pressure. The resu!ting product was ex- 
tracted with chloroform and recrystallized fro111 a mix- 
ture of chloroform and methanol, giving pale-yellow 
needle crystals in about 70% yield. 

111 frared Spectra 
Infrared spectra were recorded with a Perkin-Elmer 

521 grating spectrophotorneter. 
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ALLEN AND BARRETT: PHOSPHINE-SUBSTITUTED COMPLEXES OF CHROMIUM AND MOLYBDENUM 1653 

TABLE I11 
Infrared spectra of c~s-(PR~),Mo(CO)~ complexes in diglyme 

(frequenc~es ~n cm-') 

PR3 A,'") mode A,(b) mode BI mode B2 mode 

p43 2022 1917 1903 1882 
(p-ClCsH4)sP 2024 1925 1909 1890 
( P - F C ~ H ~ ) ~ ) P  2024 1923 1907 1890 

TABLE IV 

Infrared spectra of ~~S-[E~~N][(~-XC~H,),PM(C~)~X'] in diglyme 
(frequencies in cm- ') 

M X X' A'(,, mode A" mode A'(b) mode* A'(,) mode* 

'The A1(b) mode represents the vibration of the carbonyl group rrarrs to the phos- 
phine, and the A'(c) moderepresents thevibrationof the carbonyl group trans to the halide. 
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Kinetics of some substitution reactions of the Group VI metal carbonyl halides 

A. D. ALLEN AND P. F. BARRETT' 
Department of Cfzemistry, University of Toronto, Toronto, Ontario 

Received December 1, 1967 

The kinetics in diglyme are reported for the two reactions of [Et4N] [M(CO),X] with aryl phosphines 
to form c~s- [E~~N][PR~M(CO)~X]  and PR3M(CO), where M = Cr, Mo, or W, X = C1, Br, or I, and PR, 
= P$,, ( P - F C ~ H ~ ) ~ ~ ,  or (P-CIC~H~)~P.  The reactions of c{s-[Et4NI[PR3M(C0)+] with excess phos- 
phine to form (PR3)2M(C0)4 have also been studied kinet~cally. Possible mechanisms for these three 
types of reactions are discussed. 
Canadian Journal of Chemistry, 46 1655 (1968) 

Recently we reported the preparation of com- 
plexes of the type cis-[Et,N] [PR,M(CO),X] by 
the reaction of [Et,N ] [M(CO) ,XI with various 
tertiary phosphines. The reactions of these com- 
plexes with excess phosphine to form (PR,),M- 
(CO), were also described (I). Kinetic studies 
are now reported for the following reactions in 
the solvent diglyme : 

where PR,  = P4,, (p-FC,H,),P, o r  ( p -  
ClC,H,),P, X = Cl, Br, or I, and M = Cr, Mo, 
or W. 

Experimental 
Preparation and Purification of Materials 

The complexes [Et4N] [M(CO),X] were prepared by 
the method of Abel, Butler, and Reid (2). Our recently 
reported methods were used for the preparation of the 
complexes c ~ s - [ E ~ ~ N ] [ P R ~ M ( C O ) ~ X ]  (1). Triphenyl- 
phosphine was obtained from Eastman Organic Chem- 
icals Ltd. and was used without further purification. 
( P - F C ~ H ~ ) ~ ~  and (p-C1C6H4)3P were prepared by the 
method of Cook (3). DigIyme was thoroughly dried over 
sodium and freshly distilled before each run. 

Determination of Rates 
The rates of reactions [I ] and [2] were determined by 

following the disappearance of the highest frequency 
carbonyl band of [Et4N][M(CO),X] as it reacted with 
PR3 to form C ~ S - [ E ~ ~ N ] [ P R ~ M ( C O ) ~ X ]  and PR3M- 
(C0)5. The fact that c ~ s - [ E ~ ~ N ] [ P R ~ M ( C O ) ~ X ]  reacts 
further with phosphine to produce (PR3)2M(CO)4 is of 
no consequence since this product is also transparent in 

'Present address: Department of Chemistry, Trent 
University, Peterborough, Ontario. 

the region of the peak followed in the kinetics. To study 
the rate of reaction [3], the cis-[Et4N][PR3M(CO),X] 
complexes were isolated and then reacted with excess 
phosphine and the disappearance of the lowest frequency 
carbonyl band in these complexes was followed. 

To carry out the kinetic runs a weighed amount of the 
carbonyl complex was added to a flask in a bath whose 
temperature was maintained to k0.1 "C. A slow stream 
of dry nitrogen was continously passed through the flask. 
A thermostated solution of known phosphine concentra- 
tion in diglyme was added to the flask at time zero and 
the mixture was stirred briefly to dissolve the carbonyl 
complex. Samples were withdrawn with a syringe and 
inserted into the infrared cell. During the course of the 
reaction usually only a 50 cm-' range of the spectrum 
was scanned in the region of the peak being studied. 
The base line of the spectrum was obtained from the 
absorbance of a solution of the phosphine run against 
the reference solvent diglyme. From the transmittances, 
linear plots of log (o.d., - o.d.,) against time were ob- 
tained and the first order rate constants were calculated 
from the slopes of these lines. In these calculations, o.d., 
is the optical density at time t and o.d., the optical den- 
sity at t = co ; o.d., was found to be zero in all cases. 

During the course of both reactions [2] and [3] a pre- 
cipitate of Et4NX was formed since it is quite insoluble 
in diglynle. In an attempt to avoid this precipitation, the 
tetrabutyl-ammonium complex was prepared and used 
in reaction [3] since the tetrabutyl-ammoniunl halide 
formed in the reaction would be more soluble in diglyme. 
Under these conditions, however, the reaction did not go 
to completion but reached an equilibrium. The precipi- 
tate did not prove to be a problem since it settled to the 
bottom of the reaction flask and the samples for kinetic 
studies could be withdrawn from the clear supernatent 
liquid. Added solid tetraethyl-ammonium halide did not 
change the rates of the reactions. It was therefore con- 
cluded that the precipitate did not have any catalytic 
effect. 

Results 

Reactions of the Pentacarbonyl Halides 
The pentacarbonyl halides react with phos- 

phines via two paths to produce cis-[PR,M- 
(CO),X]- (path [l I) and PR,M(CO), (path [2]). 
The formation of PR,M(CO), was discovered to 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 
k,,, for reactions of [Et4N:I [MO(CO)~X] with PR3 in diglyme 

([Mo(CO)~X]- 0.03 M) 

Temp. (oC) PR3 [PR3] (mole/l) X k,,, x 104 (s-') 

.Average value of several runs. 

take place when the pentacarbonyl halides were 
reacted with a large excess of phosphine. Under 
these conditions additional peaks appeared in 
the infrared identical with those of the PR,M- 
(CO), complexes already reported (1). Hence 
the halide as well as a carbonyl group in the pen- 
tacarbonyl halides can be replaced by phos- 
phines. Experimentally the rate of disapperance 
of the pentacarbonyl halide was followed so that 
the observed pseudo first order rate constant 
was a function of the rate constants for both 
these reaction paths. 

Problems arose in studying reactions [ l ]  and 
[2] simultaneously when the rates of these two 
reactions were vastly different or when one of 
them was quite rapid. If the diffrence in the rates 
was too great, the faster reaction went nearly 
to completion before a significant portion of the 
slower reaction had taken place. Under these 
conditions it was not possible to obtain a rate 
constailt for the slower reaction. If one of the 
reactions was quite rapid, the overall rate of the 
two reactions was too fast to study accurately 
with the apparatus used. 

Table I lists the pseudo first order rate con- 
stants for the disappearance of [Et4N ] [Mo- 
(CO),X] via the two reactions paths [I] and [2]. 

The reactions of [Et4N] [Mo(CO) ,C1] with 
PR, and [Et4N] [Mo(CO),Br] with (p-C1C6- 
H,),P or (p-FC6H4),P were too fast to be 
studied accurately by this method. 

Table I1 lists the pseudo first order rate con- 
stants for the disappearance of [Et,N][Cr- 
(CO),X]. In the case of [Et,N][Cr(CO),Cl] 
there was no infrared evidence for the forma- 
tion of PR,Cr(CO),, whereas both cis-[Et4N]- 
[PR,Cr(CO),Br] and PR,Cr(CO), were formed 
in the reactions of [Et,N] [Cr(CO),Br] with 
phosphines. No appreciable reaction occurred 
with [Et,N] [Cr(CO),I] and phosphines after 2 h. 

Table I11 lists the values of the pseudo first 
order rate constants for the reactions of [Et,N]- 
[W(CO),Cl] with triphenylphosphine. A com- 
parision of the infrared spectrum of the products 
of this reaction with those of the other Group 
VI metal complexes suggested that both cis- [P+,- 
W(CO),Cl]- and P+,W(CO), were formed, but 
there was no evidence for cis-[P+,W(CO),Cl]- 
reacting further to give (P+,),W(CO),. The 
reactions of [Et,N][W(CO),Br] were too slow 
to be studied. 

Except for the reactions of [Et,N][Cr(CO),- 
Cl] with phosphines, the results in Tables I, 11, 
and I11 indicate that the rates of reaction of the 
pentacarbonyl halides are dependent on both 
the nature and concentration of the incoming 
ligand. Plots of the pseudo first order rate con- 
stants against phosphine concentration gave 
straight lines with a common non-zero intercept 
for all the phosphines. This indicates that only 
one of the reaction paths is dependent on the 
phosphine concentration and the intercept at 
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ALLEN AND BARRETT: KINETICS OF SOME SUBSTITUTION REACTIONS 

TABLE I1 
kOb, for the reactions of [Et4N] [Cr(CO),X] with PR3 in diglyme 

([Cr(CO),X]- -- 0.03 M)  

Temp. ("C) PR3 [PR3] (mole/l) X kOb, x lo4 ( s -  ') 

OAverage value of several runs. 

TABLE 111 

k,,, for the reactions of [Et4N] [W(CO),CI] with PR3 in 
diglyme ([W(CO),CI]- - 0.03 M)  

Temp. ("C) PR3 [PRBI (mole/]) kOb, X lo4 (s-'1 

zero phosphine concentration gives a value of 
the rate constant for the phosphine independent 
path. At t = oo, the products are PR,M(CO), 
(which does not react further at the temperatures 
used) and (PR,),M(CO),. On increasing the 
concentration of the phosphine, relatively more 
PR,M(CO), was formed than (PR,),M(CO),, 
as indicated by the intensities of the infrared 
bands of these products. Hence the path to form 
PR,M(CO), must be the phosphine dependent 
path. 

The observed pseudo first order rate constant, 
Ic,,,, can thus be expressed as 

where k, is the first order rate constant for 
reaction [I.], and k, is the second order rate 
constant for reaction [2]. Figure 1 shows a plot 
of the data obtained for the reactions of [Et,N]- 
[Mo(CO),I] with phosphines. Table IV sum- 
marizes the values of k, and k, from similar 
plots for the other reactions studied. 

Reactions of the Plzosphine Tetracarbonyl Halides 
Phosphines react with the cis-phosphine tetra- 

carbonyl halides to produce the diphosphine 
tetracarbonyl (path [3]) by the replacement of 
the halide. The products formed with the molyb- 
denum complexes have the cis configuration, 
while those with the chromium complexes have 
the trans configuration (1). It is possible that the 
cis complexes of chromium are formed initially 
but rearrange rapidly because of steric inter- 
action. The tungsten complex, cis- [P+J ,W(CO),- 
CJ]- did not react to form (P+J ,),W(CO), under 
the conditions used. 

Table V lists the pseudo first order rate con- 
stants obtained by following the disappearance 
of the lowest frequency carbonyl band of the 
cis- [Et,N] [PR ,M(CO),X] complexes during 
their reaction with excess phosphine. 
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TABLE IV 
Rate constants for the following reactions in diglyme 

kl 
[I I [Et4N] [M(CO),X] -k PR, -> cis-[Et,N:I[PR,M(CO),X] + CO 

Temp. k l x 1 0 4  k 2 x 1 0 4  
PC) M X PR3 s (1 mole-' s-I) 

Rapid 
1.34 
1.13 
1.13 
1.13 
1.56 
1.56 
1.56 

- .  . 
0.7 
Slow 
1.73 

1.81 
Negligible 
Negligible 
Negligible . 

I .  IL  
1.72 
1.37 
Slow 
1.39 

"Since k, is so large it was not possible to obtain a value for kz, although some P6,Mo- 
(CO), wasdetected in the infrared so that the rate of this reaction must be greater than w ~ t h  
the Cr-CI complex. 

I I I I I I I 

.I .2 .3 .L .5 .6 .7 

C P R ~  (mole / L )  
3 

FIG. 1. k,,, for the reactions of [Et,N] [Mo(CO),I] 
with phosphines in diglyme at 29.8 "C. (a) PR, = (p- 
ClCGH4)3P, (b) PR3 = (p-FCGH4)3P, (c) PR3 = P43. 

Plots of 1cObs against the concentration of 
phosphine gave straight lines passing through 
the origin, indicating that the reactions were 
first order in both the complex and the phos- 
phine. It was not possible to study some reac- 
tions kinetically because of the difficulty in pre- 
paring pure starting material from the first step 
in the following reaction sequence. 

In a number of cases the second reaction was 
fast compared with the first so that it was not 

possible to isolate the intermediate complex cis- 
[Et,N] [PR,M(CO),X]. Under these circum- 
stances it was only possible to obtain relative 
rates for the reactions of the different phosphines 
by following the appearance of (PR,),M(CO), 
from a mixture of [M(CO),X]- and phosphine. 
Since the rate of formation of the intermediate 
is independent of the phosphine used, the relative 
rates of formation of (PR,),M(CO), give a 
measure of the reactivity of the phosphine in the 
second step. Under these preparative conditions 
so low a concentration of phosphine was used 
that virtually no PR3M(CO)S was formed. In 
all cases the rates of reaction of the complexes 
with different phosphines decreased in the order: 
P93 > ( ~ - ~ ~ 6 ~ 4 ) 3 ~  > ( ~ - ~ ~ ~ 6 ~ 4 ) 3 ~ .  

Table VI lists the second order rate constants 
for the reactions of the phosphine tetracarbonyl 
halides with phosphines, obtained from the 
slopes of the plots of kOb, against [PR,]. Figure 
2 shows the plots of the rate data for the reac- 
tions of cis- [Et,N] [PR,M(CO),Br]. 

Discussion 
Reaction [I] 

[M(CO),X]- + PR3 + cis- [PR,M(CO),X]- + CO 

The rates of the reaction of the Group VI 
metal pentacarbonyl halide complexes with 
phosphines to form the phosphine tetracarbonyl 
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ALLEN AND BARRETT: KINETICS O F  SOME SUBSTITUTION REACTIONS 

TABLE V 
k,,, for the reactions of C ~ S - [ E ~ ~ N ] [ P R ~ M ( C O ) ~ X ]  with PR, in diglyme 

(cis-[PR,M(CO),X]- - 0.02 M) 

Temp. [PR,I k O b s  x lo4 
("C) M x PR3 (mole/l) (s- l) 

TABLE V I  
Second order rate constants for the reactions of cis- 

[Et4N] [PR3M(CO)4X] with PR, in diglyme 

IC, x 104 
Temp. ("C) M X PR, (1 mole-' s-') 

29.9 Mo CI p43 -1.7 
29.9 MO BI (p-FCsH,),P 3 . 4  
29.9 Mo Br (p-ClCsH4),P 3  .O 
19.6 Mo Br p43 9.2 
29.9 MO I (p-CICsH4)3P 11 . I  
19.6 Mo I p43 Rapid 
29.8 Cr Cl (p-FC6H4),P 4 . 3  
29.8 W C1 p43 Slow 

halides were found to be independent of both 
the nature and, the concentration of the added 
phosphine. This suggests that the first step in the 
mechanism of these reactions involves the uni- 
molecular dissocation of a carbonyl group 
followed by the rapid attack of the phosphine - .  

on the five-coordinated intermediate : 

- - 
[M(CO),XI- - 

slow 
PR3 

[M(C0)4X]- + c~s-[PR,M(CO)~X]-. 
fast 

This is the mechanism Angelici and Basolo have 
proposed for the reactions of the manganese 
pentacarbonyl halides with a variety of ligands 
(4). It is interesting to note that evidence has been 
obtained for the presence of M(CO), (M =Cr, 

FIG. 2. kabr for the reactions of cis-[Et4N][PR3Mo- 
(C0)4Br] with phosphines in diglyme. (a) PR, = PI$, 
(at 19.6 "C), (b) PR, = (p-FC6H4),P (at 29.9 "C), (c) 
PR, = (p-C1C6H4),P (at 29.9 "C). 

Mo, and W) in the photochemically induced 
reactions of the hexacarbonyl (5, 6) so that it is 
not unreasonable to assume that the five coordi- 
nate [M(CO),X]- is an intermediate in the 
above reaction. 

The rates were found to decrease with changes 
of the halide in the order C1 > Br > I. This can 
be explained on the basis of the electronegativity 
or polarizability of the halides, as has been done 
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for the corresponding reactions of the man- 
ganese pentacarbonyl halides (4). 

The molybdenum complexes react more 
readily than either the chromium complexes or 
the tungsten complexes and this is presumably 
due to the variation in the metalkarbon bond 
strengths between these complexes. Although 
there are no data for the bond strengths in these 
complexes, the metalkarbon bond strengths are 
known for the Group VI metal hexacarbonyls 
and indicate that the metal-carbon bond is 
weaker for molybdenum than for chromium or 
tungsten (7). Our results are then reasonable if 
the molybdenum-carbon bond is the weakest in 
the three pentacarbonyl halides. 

Reaction [2] 

[M(CO),X]- + PR3 + PR3M(CO), + X- 

The rates of both reactions involving the 
replacement of a halide ligand by a phosphine 
ligand (reactions [2] and [3]) were found to be 
dependent on both the nature and the concen- 
tration of the phosphine. Because second order 
kinetics were observed, one possible mechanism 
for these reactions would be an SN2 displace- 
ment mechanism, involving a seven-coordinated 
intermediate. Another possibility, however, 
would involve the establishment of an equili- 
brium between the starting material and an 
intermediate (which may or may not be solvated) 
followed by the slow reaction of this interme- 
diate with a phosphine: 

kr PR 
MX- $ M*(solvent) + X- ->3 MPR3, 

kb 

where M* = M(CO), for reaction [2], M* = 
PR,M(CO), for reaction [3]. 

In  this case the rate could also show a second 
order dependence on the phosphine concentra- 
tion, but at high concentrations this dependence 
could disappear if the overall rate reached the 
rate of the forward reaction k,. At the concen- 
trations of phosphine used this effect has not 
been observed, but this of course does not rule 
out the mechanism. 

The rates of reaction [2] decrease with changes 
in the phosphine in the order: (J-ClC,H,),P > 
(J-FC,H,),P > P4,. Since the basicity in- 
creases in this sequence, one might have expected 
the order of the rates to be reversed. In this case, 
however, the important factor must be the 
ability of the phosphine to accept d orbital 

electrons from the metal. The greater the ten- 
dency for this to occur, the less would be the 
repulsion between the nonbonding d electrons 
on the metal and the electron pair on the phos- 
phorous, allowing an easier approach of the 
metal and the phosphorous in the transition 
state. Thus the increase in the ability of the 
phosphines to accept metal d orbital electrons 
caused by electron-withdrawing substituents, 
must override the accompanying decrease in the 
basicity of the phosphines in these reactions. 
Edwards and Pearson (8) have pointed out that 
this polarizability factor plays the chief role in 
cases where the central element has several outer 
orbital electrons, in particular with transition 
metals with a full compliment of d electrons. 

The results for this reaction indicate that the 
bromide is replaced more readily than either the 
chloride or the iodide. Presumably the M-X 
bond strengths follow a smooth trend on 
changing the halide from chloride to bromide to 
iodide and would determine the rates on the 
basis of an SN1 mechanism. However, in an SN2 
displacement mechanism, steric factors would 
be expected to play a large role as well. If the 
metal-halide bond strengths increase in the 
order I < Br < C1, the iodide complex would 
not necessarily react the fastest because of the 
greater steric difficulty in forming the seven co- 
ordinate transition state. Since the bromide 
complexes react the most rapidly, we regard this 
as evidence against an SN1 mechanism, thereby 
giving weight to an SN2 mechanism. 

The rates of reaction [2] are greater for the 
tungsten and molybdenum complexes than for 
the chromium complexes. For an SN1 mechan- 
ism involving the dissociation of the halide we 
would expect the rates to parallel the order of 
the M-X bond strengths. Using the infrared 
data of Bennett and Clark (9) for the M-CI 
stretching frequencies in [M(CO) &I]-, crude 
calculations for the M-C1 force constants were 
made on the assumption that the M-Cl portion 
of the molecule approximates a diatomic system. 
These showed that the M-Cl bond strengths in- 
creased in the order Cr < Mo < W and this pre- 
dicts that the chromium complex should react 
the fastest. On the basis of an SN2 mechanism, 
however, the larger tungsten and molybdenum 
atoms would be more susceptible to an SN2 
attack, resulting in their complexes reacting 
faster than those of chromium, as is observed. 

Hence all our data are consistent with an SN2 
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mechanism and we are led to propose this 
mechanism for reaction [2]. 

The rates of the above reactions were found to 
decrease with changes of the phosphine in the 
order P+, > (p-FC6H4),P > (p-C1C6H4),P, 
which is the reverse order found for the replace- 
ment of a halide by a phosphine in the penta- 
carbonyl halides. It is difficult to predict the 
order of rates that might be expected on the 
basis of an SN2 mechanism because of the phos- 
phine already present in the complex. However, 
the observed order of rates might be predicted 
on the basis of an SN1 mechanism involving the 
breaking of the metal-halogen bond. The greater 
the basicity of the phosphine in the complex, the 
weaker the metal-halogen bond would be and 
the faster would be the rate. This is supported by 
the work of Bennett and Clark (9), who have 
shown that the metal-halogen stretching frequen- 
cies in substituted derivatives of Mn(C0) ,X de- 
crease with increasing basicity of the substituents. 

The rates of reaction [3] increase with change 
of the halide in the order C1 < Br < I. Although 
no information is available on the metal-halide 
bond strengths in these complexes, molecular 
models have shown that there is considerable 
steric interaction between the halide and the 
phosphine which increases with the size of the 
halide. Thus the strength of the metal-halogen 
bond and hence the rates of the reactions can be 
explained on steric grounds. 

Finally the rates of these reactions decrease 
with changes of the central metal in the order: 
Cr > Mo > W. If the metal-halogen bond 
strengths in these complexes can be assumed to 

follow the same order as that proposed for the 
[M(CO) ,XI- complexes (W > Mo > Cr), the 
rates would be expected to follow the observed 
order if the breaking of this bond is the impor- 
tant step in the reaction. A steric factor may also 
be involved since the smaller the central atom, 
the greater would be the steric repulsion between 
the halide and the phosphine, allowing the 
metal-halogen bond to break more easily. 

All our results are thus consistent with an SN1 
mechanism in which the breaking of the metal- 
halogen bond in reaction [3] is the rate-deter- 
mining step. Although an SN2 mechanism was 
proposed for the replacement of the halide in 
the pentacarbonyl halides, it appears that the 
presence of the phosphine in the phosphine 
tetracarbonyl halides makes it sterically impos- 
sible to form a seven-coordinated intermediate 
with another phosphine via an SN2 mechanism. 
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Cumulative yields in the 14-MeV neutron fission of 238U 

D. J. GORMAN' AND R. H. TOMLINSON 
Department of Cl~ernistry, McMaster University, Hatniltotz, Ontario 

Received November 20, 1967 

The isotopic abundances of the elements xenon, krypton, and cesium formed in the 14-MeV neutron 
fission of 238U have been measured mass spectrometrically. The relative yields of some isotopes of 
krypton,strontium, zirconium, molybdenum, ruthenium, iodine, xenon, barium, cerium, and neodymium 
were measured using a Ge(Li) detector. The ratios were normalized through isobaric nuclides, and 
absolute yields were obtained by normalizing the sum of the heavy-mass yields to 100 %. 

The results indicate that the fine structure persists at this excitation energy. In particular, the peak at 
A = 134 which is so characteristic of thermal fission is still prominent in 14-MeV fission. 

Canadian Journal of Chemistry, 46, 1663 (1968) 

Introduction 

Fine structure in the mass-yield curve has been 
well established for thermal or pile neutron 
fission of 235U (I), 233U (2), 238U (3), 2 3 9 P ~  
( 4 ,  2 4 1 P ~  (5), and 229Th (6), but no single com- 
parable work exists for fission by neutrons of 
14-MeV energy. 

All of the yields for 14-MeV fission reported to 
date have been determined by radiochemical 
methods. Wahl(7) measured yields of ' 'I-' 5I 
in 2 3  5U 14-MeV fission and observed that the 
fine-structure peak at A = 134 present in thermal 
fission was almost washed out a t  the higher 
energy. Ames et al. (8), Cuninghame (9), and 
James et al. (10) determined yields for the 14- 
MeV fission of 238U but were unable to establish 
the presence of any fine structure, since in none 
of these works were yields for more than two 
consecutive masses determined. Broom (1 1) 
measured iodine yields in the mass region 131- 
135 and observed a fine-structure peak at A 
= 132. This was in agreement with the structure 
observed in spontaneous fission of 2 3  8U but not 
with the work of Wahl(7) on 2 3  5U or with the 
work done in this laboratory on the fast fission 
of 238U (3). 

In the present work the relative yields of xenon, 
krypton, and cesium isotopes were determined 
mass spectrometrically. The yields of some iso- 
topes of krypton, strontium, zirconium, molyb- 
denum, ruthenium, iodine, xenon, barium, 
cerium, and neodymium were determined rela- 
tive to mass 99 by gamma-ray measurement with 

'Holder of NRCC Scholarship 1963-66 and B.A. Oil 
Co. Ltd. Fellowship 196667. Present address: Lawrence 
Radiation Laboratory,University of California, Berkeley, 
California, U.S.A. 

a Ge(Li) detector using the method of Gordon et 
al. (12). The xenon and cesium yields were related 
through their isobars at mass 135; the yields 
obtained from mass spectrometry and gamma- 
ray spectrometry were related through the iso- 
bars at masses 131, 132, 133, and 135. By com- 
bining these two methods it has been possible to 
obtain yields for all mass numbers between 131 
and 147 with the exception of masses 138, 143, 
144, 145, and 146. These were obtained by inter- 
polation. Mass yields above 146 and below 131 
were extrapolated with the aid of radiochemical 
data. Absolute yields were obtained by normal- 
izing the sum of the relative yields in the heavy- 
mass peak to 100 %. 

Experimental 
The principal limitation in this work was the 14-MeV 

neutron flux available. All irradiations were done with a 
Texas Nuclear model 9509 neutron generator which pro- 
duces 14-MeV neutrons by the 3H(d,n)4He reaction. The 
neutron flux averaged over a target lifetime of about 5 h 
was 5 x lo7 n cm2/s. For a 30 h irradiation of 10 g of 
uranium, the number of atoms of a fission product formed 
in 6% yield is approximately 10". For cesium this is just 
at the limit of detection with the mass spectrometer. 
Because of the small sample size, contamination by 
naturally occurring elements was a problem and special 
precautions had to be taken to eliminate the contamina- 
tion or to reduce it to a tolerable level. 

(a)  Mass Spectrometry 
The samples used to obtain the krypton and xenon 

ratios consisted of 10 g of UCl, sealed in quartz. The 
UC1, was prepared by allowing uranium metal to react 
with chlorine in a closed system. The rare gases were 
released from the UC14 by heating it until it sublimed. 
The analyses were performed in a 10 in. radius, 90" sector, 
gas-source spectrometer with magnetic scanning. The 
irradiation data for these samples are given in Table I. 

The samples for the determination of cesium consisted 
of approximately 50 g of UF6 sealed in quartz. The UF6 
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TABLE I 

Irradiation data for samples used to obtain relative yields 
of krypton and xenon isotopes 

Length of 
irradiation t I* tz t  

Sample (h) (h) (h) 

- 
* t ,  = time from end of irradiation to extraction of rare gases. 
ti, = time from extraction of rare gases to analysis of sample. 
$An average time taken from the midpoint of a series of irradiations 

over a period of 1 week. 

was purchased from Atomergic Chemetals Co. and was 
purified using the fractional distillation procedure de- 
scribed by Claassen, Weinstock, and Malm (13). After 
irradiation, the UF, was distilled out of the sample tube 
leaving the nonvolatile fission products behind on the 
walls. The fission products were dissolved in a small 
amount of pure dilute HCI, evaporated to one drop, and 
applied to the filament of the mass spectrometer. The pure 
HCI was prepared by dissolving HCI gas in water which 
was purified by passage through a cation exchange column 
of Dowex 50W-X8. The analyses were performed in a 
10 in. radius, 90" sector, solid-source mass spectrometer 
with magnetic scanning and a 12 stage electron multiplier. 
The UF, samples were irradiated for 6-8 h each day over 
a period of 1 week, and were allowed to cool for several 
months before the mass spectra were determined. The 
irradiation data are given in Table 11. 

TABLE I1 

Irradiation data for samples used to obtain relative 
yields of cesium isotopes 

Length of Time from 
irradiation irradiation to 

Sample (h) analysis* (days) 

1 23.5 7 1 
2 21 .o 101 

*An approximate time taken from the midpoint of the series of 
irradiations. 

(b) Ganzmn-ray Spectrometry 
Three identical samples of natural uranium foil weigh- 

ing 80 mg each were sealed in 0.5 mrn thick polyethylene. 
These constituted samples A, B, and C. Sample A was 
irradiated in the thermal column of the McMaster reactor 
for 5 h at a thermal neutron flux of approximately lo8 n 
cm-2 s- '. Under these conditions only the 235U in the 
sample undergoes fission; therefore sample A was used as 
the 235U standard. Samples B and C were irradiated in a 
14-MeV neutron flux of lo8 n cm-2 s-'. Since these 
samples contain 99.27% 238U, and since the 14-MeV 
fission cross sections of 238U and 235U are comparable 
(14), essentially all of the fissions are from 238U, as dis- 
cussed below. 

The detector used was an ORTEC model 8145 lithium- 
drifted germanium detector with a volume of 2 cm3. The 
pulses were amplified with an ORTEC model 118A FET 
preamplifier and a model 410 linear amplifier. The full 
width at half-maximum of the 662-keV 137Cs line was 
about 3.4 keV. Pulses were analyzed and stored in a 
Nuclear Data 4096 channel pulse height analyzer. 

Gross fission-product gamma-ray spectra were ob- 
tained for samples A, B, and C at 3, 5, 6, 18, and 24 h 
after the end of the irradiation, with the samples still 
sealed in polyethylene. Thereafter spectra were recorded 
once a day for the first week and every 2 or 3 days for the 
next 2 weeks. 

Because the fission cross section of 'U (I. 17 b) (15) is 
comparable to the (n,2n) cross section (880 mb) (16) a t  a 
neutron energy of 14 MeV, 237U was produced in 
approximately the same yield as the fission products. 

37U has a number of gamma rays with energies less than 
100 keV and these completely obscured any fission- 
product gamma rays below this energy, in particular the 
91.1-keV gamma ray from 147Nd. Therefore, in order to 
obtain the yield of 147Nd it was necessary to separate it 
from the uranium after the irradiation. To accomplish this, 
another set of samples was prepared. Sample D was used 
as a standard and it consisted of 2 mg of U308  enriched 
to 93.18% in 235U. This was sealed in a quartz capsule 
and irradiated in the McMaster reactor for 1 h at a flux 
of approximately 10' n cm-2 s- '. Samples E and F con- 
sisted of 1 g of reagent grade uranyl nitrate sealed in a 
polyethylene capsule. They were irradiated in a 14-MeV 
neutron flux of lo8  n cm-2 s- '  for I h. The uranyl 
nitrate was purified by adsorbing the uranium on Dowex 
AGI-X8 anion exchange resin in 9 M HCI solution. The 
rare earths were eluted with 9 M HCI and the uranium 
was eluted with water (17). 

TABLE I11 

Irradiation data for samples used in activity measurement* 

Length of 
Neutron Type of irradiation 

Sample energy fission (h) 

A Thermal 235U 
238U 5 

B 14 MeV 
238U 

5 
C 14 MeV 

235U 5 
D Thermal 1 
E 14 MeV 238U 

238U 1 
F 14 MeV 1 

*In all cases the neutron flux was approximately lo8 n cm-2 s-1. 

Approxin~ately 12 h after the irradiation, samples D, 
E, and F were broken open and dissolved in 9 MHCI, and 
a mixture of rare earths was added as a carrier. The urani- 
um was adsorbed on Dowex AGI-X8 anion exchange resin. 
Both uranium and rare-earth fractions were evaporated to 
dryness and spectra were taken of each. In samples D, E, 
and F, spectra were recorded once a day for 5 days after 
the irradiation. 

The composition of these samples and the irradiation 
data are summarized in Table I11 and the prominent 
gamma rays observed are given in Table IV. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE IV 
Prominent gamma rays observed from fission products (reproduced froin ref. 12) 

Energy of peaks Time analyzed after 
Nuclide analyzed (keV) end of irradiation 

First day 
First 2 days 
After 10 days 
First 3 days 
First 2 weeks 
After 10 days 
After 5 days 
First 2 weeks 
First 3 days; 

after 2 weeks 
First 3 days 
First day 
After 5 days 
After 10 days 
First 5 days 
After 1 month 
After 2 weeks 
After 2 weeks 

*Not observed in 13EU spectra because of low activity of sample. 
tSeparated from uranium and measured first 5 days after irradiation. 

Results The relevant equations are 

The isotopic abundances of fission-product 
krypton measured relative to mass 86 are shown 
in Table V. The final relative yields have been 
corrected for the presence of atmospheric kryp- 
ton and for HBr background in the mass spec- 
trometer. 

The relative abundances of the xenon isotopes 
are given in Table VI. These have been corrected 
for contamination by atmospheric xenon and for 
decay and branching in the 133 and 135 mass 
chains. 

133Xem (2.3 d) 

0 . 0 Z 4 7  I 

[ j ]  N - N3* e - X 3  ' 2  A 2  
3 - + Nz* 

[e-X2 r z  - e-X3 r z ] ,  

where 
(1 - e - ' I T )  -A1 l 1  [a] N z *  = e 

X z  - A 1  

[I] '331 (20.8 h) 
R + 2 (1 - e - X 2 T )  e-X2 11 

X z  
and 

0.976 

133Xe (5.27 d) -> 133Cs h ? ( l  - e - * l T )  e-ll ll 
(stable) [71 Ni* = a]<,[--- (A, - x l j (x3  - x l j  

135Xem (15.6 m) ~ ~ ( 1  - e-"' - ) e - h 2 t 1  
0 . 3 0 7  1 ( A ,  - X I )  ( h a  - A,) 
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TABLE V 
Relative yields of krypton isotopes 

Relative abundance 

Sample 80 82 83 84 85 86 

1 Measured ratio 
Relative yield (a)* 

(6) 
Standard deviatlon 

2 Measured ratio 
Relative yield (a) 

(6) 
Standard deviation 

3 Measured ratio 
Relative yield (a) 

(6) 
Standard deviatlon 

Average 
Standard deviation 

*(a) Ratio corrected assuming that masses 80 and 82 are a mixture of atmospheric krypton and HBr: (b) 
krypton-85 corrected for decay assuming a 10.6-y half-life for KI-85 and assuming that 22.5% of  the 4.4-h 
isomer decays to the ground state of krypton. 

TABLE VI 
Relative yields of xenon isotopes 

Relative abundance 

Sample 
- 

1 Measured ratio 
Relative yield (a)? 
Standard deviation 

2 Measured ratio 
Relative yield (a) 
Standard deviation 

3 Measured ratio 
Relative yield (a) 
Standard deviation 

4 Measured ratio 
Relative yield (a) 

(6) t 
Standard deviatlon 

5i- Measured ratio 
Relative yield (a) 

(6) 
Standard deviatlon 

6 Measured ratio 
Relative yield (a) 

(6) 
Standard deviatlon 

Average 
Standard deviation 

- 

'Assuming independent yield of 135Xe is 3.0 f 1.5% of the chain. 
?(a) Ratio corrected assuming that mass 129 is 100% natural xenon; (b)  ratio corrected for holdup in isomeric 

state and independent yield of xenon. 
:Sample discarded due to large hydrocarbon contamination. 
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Here, T is the length of the irradiation, t, is the 
time from the end of the irradiation to the 
separation of the xenon from the iodine pre- 
cursor, and t2 is the time from the separation 
from the iodine to the determination of the 
ratios. N, represents or ','I, N2 is 33Xem 
or 13'Xem , and N, is '"Xe or 13'Xe. R, is the 
rate of production of N, during the irradiation; 
R2 and R, are the rates of production of N2 and 
N, independently during the irradiation. The 
constants a and b are the branching ratios for the 
iodine. For the 133 mass chain a = 0.024, b 
= 0.976 and for the 135 chain a = 0.30, b = 0.70 
(1 8). The independent yields of ,Xe and 'Xe 
were calculated using the Coryell displacement 
method (19). The fractional chain yield of 
is less than 0.008 % and it was neglected. The 
fractional chain yield of ,'Xe was taken as 3.0 

5 1.5 %. The corrected 'Xe yield is not sensi- 
tive to the ratio R2/R3; it remains within the 
quoted errors for all values of this ratio from 
zero to infinity. 

In spite of the precautions taken to purify the 
uranium, the cesium samples were found to 
contain a large amount of 13,Cs contamination, 
relative to the size of the sample, which was of 
the order of 109-1010 atoms of cesium. Because 
this contamination was 10,-lo4 times the 
amount of 'Cs and 7 C ~ ,  it was not possible 
to measure any fission-product ,Cs. Table VII 
gives the relative abundances of fission-product 

'CS and 3 7 C ~  corrected for contamination by 
natural barium from the ion-source filaments. 

TABLE VII 
Relative yields of cesium isotopes 

Relative abundance 

Sample 135 137 
-- 

1 Measured ratio 1 .OO 0.860 
Relative yield (a)* 1 .OO 0.860 

(b) 1 .OO 0.863 
Standard deviation 0.116 

2 Measured ratio 1 .OO 0.936 
Relative yield (a) 1 .OO 0.853 

(b) 1 .OO 0.863 
Standard deviat~on 0.130 

Average 1 .OO 0.863 
Standard deviation 0.086 

*(a) Ratio corrected for nature1 barium contamination; 
(O)  ratio corrected assuming a half-life for Cs-137 of 30.4 y. 

The results from gamma-ray spectrometry are 
summarized in Tables VIII and IX. In each 
spectrum the peak areas were determined by 

TABLE VIII 
Results of measurements on gross fission-product spectra* 

Mass Number of 
chain ( x )  ~ ~ ~ ~ ~ / ~ e e ~ ~ ~  R determinations y ,Z38 /y99  2 3 8  

99 <TC~-  -' 
103 (Ru) 
131 (I) 
132 (I) 
133 (1) 

139 @aj 1.059 0.861 Zo.041 4 0.912+0.043 
140 (Ba,La) 1.031 0.800kO.087 10 0.825k0.090 
143 (Ce) 0.942 0.822+0.076 14 0.744k0.072 

*Fission yields for the heavy fragments in 235U fission were taken from the work of Farrar and Tomlin- 
son (1) and those for the light fragments from Katcoff (20). 
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7 ) 0 " L "  " ' "  " " " "  1 

M A S S  NUMBER 

FIG. 1. Mass-yield curve for the heavy fragments in the 14-MeV neutron fission of 238U. 

xenon yields through the mass chains 131, 132, 
133, and 135 which were measured by both 
methods. The relative yields thus obtained are 
shown in Tables X and XI. 

In order to obtain absolute yields, the relative 
yields of the heavy-mass fission products were 

TABLE XI 
Relative and absolute yields of the heavy fragments in 

14-MeV fission of 238U 
- 

Mass Relative yield Absolute yield (%) 

Total 15.386 100.00 

*Obtained by interpolation and extrapolation. 
tEstimated errors. 

normalized such that they add up to 100%. In 
the mass region 131-147 only five relative yields 
were not experimentally determined, those of 
masses 138, 142, 144, 145, and 146. These were 
instead obtained by interpolation. Using the 
relative abundances of 153Sn~  and lS6Eu deter- 
mined by Cuninghame (9) and those of lZ1Sn, 

"Sn, 7Sb, and 44Ce of Ames et al. (8), all 
with respect to 140Ba, it was possible to extra- 
polate the mass-yield curve and obtain relative 
yields of masses 118-130 and 148-157. The 
absolute yields of the light fragments were com- 
puted using the calculated absolute yield of mass 
134. The absolute yields thus obtained along with 
their standard deviations are given in Tables X 
and XI. These include a 2.3% normalization 
error as discussed below. The heavy-mass yields 
are plotted in Fig. 1 where the error bars indicate 
the standard deviation of the mean of the mea- 
sured values. 

Discussion 

The relative abundances reported in this work 
have been obtained by both mass-spectrometric 
and counting methods, both of which have their 
own different sources of errors. 

Errors in the mass-spectrometric yields can 
arise through statistical and systematic errors in 
the measurements, and from the corrections for 
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decay and contamination. In general, the statis- 
tical errors have been less than 1 % as can be seen 
from the standard deviations quoted for the 
individual measurements. Systematic errors can 
arise through mass discrimination in the source 
and at the electron multiplier in the mass spec- 
trometer. Clarke,' using the same machine, has 
found no isotopic fractionation among the xenon 
isotopes and less than 1 % between mass 82 and 
86 among the krypton isotopes. Previous investi- 
gations (1-6) in this laboratory have shown no 
mass discrimination effect among the cesium 
isotopes. It was thus concluded that the mass 
discrimination effect was negligible in all cases 
reported here. 

The correction for natural contamination in- 
volved in the xenon ratios was small, and the 
results from the six samples were all consistent 
within the quoted statistical errors. Only the 
' 3Xe and ' 'Xe required corrections for decay 
and so these yields are affected by the values used 
for the half-lives and branching ratios. The 
largest uncertainty is the correction for the 
independent yield of 'Xe and this is responsi- 
ble for the larger error given for ' 'Xe. Including 
the effects of uncertainty in half-lives, branching 
ratios, and independent yields, the ' 3Xe and 
13'Xe yields are believed to be reliable to 2 %  
whereas the other xenon yields are believed to 
be within 1 % of the true value. 

The contamination correction for the krypton 
yields is less certain than that for the xenon 
yields and so the resulting krypton ratios are 
considered to be less accurate than the xenon 
ratios. It is unlikely that the s3Kr and 'Kr are 
in error by more than 5 % but the 84Kr could be 
in error by as much as 10 %. 

The statistical uncertainty (1 0 %) in the cesium 
ratios is so large that effects such as mass dis- 
crimination, small errors in contamination 
corrections, and uncertainty in half-lives will be 
negligible in comparison. 

There are three principal ways in which errors 
can arise in the yields measured by the counting 
technique: interference by another gamma ray of 
the same energy (within 1-2 keV), errors in the 
reported yields of the 2 3  'U standard, and, where 
a chemical separation was performed, fraction- 
ation of different elements. 

Interference by another gamma ray in the case 

ZW. B. Clarke, private communication. 

of the 235U is unlikely, since Gordon et al. (12) 
have made a study of this by determining the 
energies and half-lives of all the peaks that were 
measured here, and our resolution was com- 
parable to that reported by these authors. It is 
possible that in 23sU 14-MeV fission, some nu- 
clide (probably in the valley region) which is 
formed in higher yield than in ' 5U might have 
a gamma ray which would interfere with one of 
those being measured. However, this should 
manifest itself in the ratio R (as defined in eq. 
[8]), changing systematically with time, since it 
is unlikely that the interfering nuclide would have 
both the same gamma-ray energy and half-life as 
those of the one being measured. Since R re- 
mained constant within statistical errors, the mea- 
sured gamma rays seemed free of interference. 

The heavy-mass yields in ' 'U thermal fission 
were taken from the work of Farrar and Tomlin- 
son (1). In the light-mass region the yields were 
normalized to the yields of Katcoff (20). In this 
work these yields were considered to be exact. 
This is reasonable, since their precision is cer- 
tainly much better than the precision obtained in 
counting the low-activity samples obtained in 
this work. 

The 14'Nd yield could be in error if, during 
the removal of the uranium, the neodymium and 
cerium somehow became partially fractionated. 
This is unlikely, as the anion exchange procedure 
used has been extensively studied (17) and the 
rare earths, with the exception of Ce(IV), are not 
adsorbed from 9 M HC1 solution. The presence 
of Ce(1V) is ruled out, as it is unstable in hot 
hydrochloric acid solution, being reduced to 
Ce(II1) with the simultaneous liberation of 
chlorine (21). 

In general, the relative yields from masses 13 1- 
136 are believed to be accurate to 1 %, while the 
remaining yields in the heavy peak are thought to 
have an accuracy of 5-10 %. 

Since natural uranium was used in the irradia- 
tions there is the possibility that a thermal- 
neutron component in the 14-MeV neutron flux 
might cause fission in the 2 3  'U that is present. 
This can be ruled out as a possible source of error 
because no 239Np was observed in the 14-MeV 
fission product spectrum from the 238U. It was 
calculated that if no ' 39Np were detected, the 
thermal flux would have to be less than lo6 n 
cm- ' s- I. Since ' 'U comprises only 0.72 % of 
the uranium in the sample, the maximum contri- 
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GORMAN AND TOMLINSON: CUMULATIVE YIELDS IN FISSION OF 2mU 

TABLE XI1 
Absolute yields of fragments in 238U 14-MeV fission 

Absolute total chain yields 

Mass Ames et a[. Cuninghame Broom James et a[. 
chain (1958) (8) (1957) (9) (1962) (11) (1964) (10) This work 

bution from 235U fission products is less than 
0.5 %. 

In order to determine absolute yields, the 
relative yields in the heavy-mass peak were 
normalized such that they add up to 100 %. This 
procedure necessitated interpolation of the yields 
at masses 138, 142, 144, 145, and 146, and extra- 
polation of the curve above mass 147 and below 
mass 13 1. To aid in this, radiochemical yields a t  
masses 153, 156 (9), 121, 125, 127, and 144 (8) 
were taken relative to 140Ba. 

Uilless there is significant fine structure a t  
masses 138, 142, 144, 145, and 146, it is unlikely 
that the interpolated yields will be systematically 
either high or low in comparison with the mea- 
sured relative yields, and hence they will not con- 
tribute significantly to the normalization error. 

The total of the measured and interpolated 
yields relative to 134Xe given in Table XI is 
15.386; the total of the extrapolated yields is 
3.466. It may therefore be seen that, if the extra- 
polations had both been either high or low by 
lo%, the resulting error in the normalization 
would be only 2.3 %. Although the extrapolations 
may be either high or low by 10 %, it is unlikely 
that both would be high or low. Nevertheless, 
the 2.3 % normalization error has been used. 

The values of the fission yields from Tables X 
and XI are reproduced in Table XI1 along with 
the values of Ames et al. (8), Cuninghame (9), 
Broom (1 1), and James et al. (10) for comparison. 
In assessing these results, we must consider the 
fact that the relative xenon yields reported here 
are far superior in precision to any which have 
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been previously reported. Therefore, the relia- 
bility of any existing data which does not have 
approximately the same relative yields for masses 
131-136 must be seriously questioned. 

Particular attention is drawn to the work of 
Broom (11) whose iodine yields are in disagree- 
ment with this work. This author claimed to have 
observed a fine structure peak at A = 132; 
however, we find no evidence of this. On the 
basis of our results, the peak is definitely at mass 
134, as predicted by Cuninghame (9). 

The only other workers who have measured 
more than one yield in the region 131-136 are 
James et al. (10) and their relative yields at  131, 
133, and 135 are in general agreement with our 
more accurate ones. The absolute yields quoted 
by James et al, are believed to be somewhat less 
reliable than those reported here in that, al- 
though they used the same method of normaliza- 
tion, their measured yields amounted to only 
56% out of 200%, while our measured yields 
totalled 59 % out of 100 %. 

The agreement between our absolute yields 
and those of Cuninghame (9) is quite remarkable, 
considering that his absolute yields were ob- 
tained by normalizing the area under the entire 
mass-yield curve on the basis of only 12 mea- 
sured yields totalling 29 % out of 200 %. 

It is difficult to compare the work of Ames et 
al. (8) with this work, since very few yields are 
common to both; however, in the cases where 
the same yield has been measured, the agreement 
seems reasonable. 

In this work more consecutive heavy-mass 
yields have been determined than in any previous 
work, and because of the methods used, the 
errors are more easily assessed. Although other 
individual radiochemical yields might prove to 
be more accurate, the data reported here should 
certainly give the best overall picture of the 
general shape of the heavy-fragment mass-yield 
curve. 

The most significant feature of the mass-yield 
curve for 14-MeV fission as shown in Fig. 1 is the 
persistence of the fine structure. 

The large peak appears at mass 134 as pre- 

dicted by Cuninghame (9) while the peak at A 
= 132 reported by Broom (11) was not ob- 
served. 
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Dielectric properties of the hydrates of argon and nitrogen1 

S. R. GOUGH, E. WHALLEY, AND D. W. DAVIDSON 
Divisiott of Applied Chemistry, National Research Contzcil of Canada, Ottawa, Cannda 

Received December 5, 1967 

The dielectric relaxation of water in the structure I clathrate hydrates of argon and nitrogen was 
studied over a range of temperature and pressure. Hydrates were slowly grown at pressures of 1 to 
2 kbar in a coaxial cell enclosed in a pressure vessel. The complex permittivity loci resemble circular 
arcs with static dielectric constants of - 56 at 0 "C and high-frequency dielectric constants of 2.85 
i- 0.05. Relaxation near 0 "C is about as slow as in ice I, but activation energies and entropies are 
much smaller. Formation of Bjerrum defects probably takes place preferentially near the occasional 
sites at which argon and nitrogen molecules have replaced water molecules in the lattice. The much 
faster relaxations found previously in the isostructural hydrates of ethers arise from orientational 
defects induced in the water lattice by the encaged molecules, a small proportion of which may form 
hydrogen bonds with water. The effect of small gaps in series with samples showing circular-arc dis- 
persion behavior was evaluated. 
Canadian Journal of Chemistry, 46, 1673 (1968) 

Dielectric relaxation associated with the re- 
orientation of water molecules in ice (1, 2) and 
its high-pressure modifications (3, 4) has been 
previously studied. The gas, or clathrate, hy- 
drates (5) are further examples of ices whose 
lattices consist of hydrogen-bonded four-co- 
ordinated water molecules. Stability is conferred 
upon these hydrates by the presence in the 
lattice cages of guest molecules, which typically 
seem to interact only weakly with the water 
molecules of the host lattice (5, 6). 

The earlier dielectric studies of the water 
relaxation in clathrate hydrates were mainly 
confined to hydrates of rather large water-soluble 
ethers and ketones, viz. those of acetone (7); 
ethylene oxide (8); tetrahydrofuran, 2,5-dihydro- 
furan, propylene oxide, and trimethylene oxide 
(9) ; 1,3-dioxolane (1 0) ; dimethyl ether and cyclo- 
butanone (1 1). In these hydrates the relaxation 
rates were found to be several orders of magni- 
tude faster than in ice I and the activation 
energies only about half as great. Although the 
shapes of the dispersion loci appeared to be 
characteristic of the lattice structure for the 
structure I1 hydrates (9-1 I), the relaxation rates 
depended somewhat on the nature of the guest 
molecules. Except for the structure I hydrate of 
ethylene oxide (12), the smaller cages of all 
these hydrates are essentially unoccupied. More- 
over, all of these hydrate formers are capable of 
relatively strong interaction, i.e. of hydrogen 
bonding, with water molecules. It is known 
from microwave absorption measurements (6) 

'Issued as NRCC No. 9962. 

that in ethylene oxide and tetrahydrofuran 
hydrates the rotation of the guest molecules is 
only slightly hindered, but this does not exclude 
the possibility that a guest molecule may occa- 
sionally hydrogen bond to a lattice water mole- 
cule. Since these factors mav well affect the 
details of the mechanism of relaxation of the 
water lattice, i t  is of considerable interest to 
examine the relaxation behavior of hydrates of 
small nonpolar molecules which fill both large 
and small cages almost quantitatively and which 
are incapable of hydrogen bonding to the water 
molecules of the lattice. 

The results of a study of the temperature and 
pressure dependence of the dielectric properties 
of argon and nitrogen hydrates are reported 
here. Argon is the smallest molecule known to 
form a clathrate hydrate. Its hydrate is stable 
at 0 "C under argon pressures greater than 96 
bars (13). Nitrogen hydrate is stable at 0 "C 
under pressures above 160 bars (13, 14). The 
decomposition pressures of both hydrates reach 
1700 bars at 25 "C. 

Experimental Methods 
The cell (shown schematically in Fig. 1) consisted of a 

three-terminal stainless-steel coaxial electrode system 
mounted in a Teflon cylinder B which was contained by 
a brass sleeve. The bottom of B was attached to the lower 
pressure head by the binding post C, which was electric- 
ally connected to the outer (high-potential) electrode.The 
low-potential electrode A was guarded at the bottom. A 
brass ring D provided shielding between the binding 
posts C and E in the gas-filled region where their mutual 
capacitance would otherwise be variable. A small fixed 
capacitance resulted from interaction within the insula- 
tion between binding posts and mounting screws. This 
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and the cell constant were measured by calibration with 
air, cyclohexane, and conductivity water. The electrical 
connections, seals, and pressure vessel were as previously 
described (2). 

Pressure was generated by a compressed-air-driven oil 
pump and transmitted to argon or nitrogen by a 3-kbar 
gas compressor. Pressures were read on a large calibrated 
3-kbar Heise gauge. The pressure vessel containing the 
cell was immersed in an ethanol bath cooled to as low 
as -100 "C by a three-stage refrigeration unit designed 
and built by the Plant Engineering Division of NRCC. 
The bath temperature was regulated by adjustment of 
the flow rate of refrigerant through the cooling coils and 
by thermistor-controlled immersion heaters. Temperatures 
were measured by a calibrated copper-constantan ther- 
mocouple F (Fig. 1) inserted into the lower head of the 
pressure vessel to within 3" of the center of the sample. 

Capacitance and loss between 50 Hz and 500 kHz 
were measured by the earlier methods (15). For nitrogen 
hydrate measurements were extended to 0.05 Hz by use 
of a low-frequency bridge constructed according to a 
design of Professor R. H. Cole, to whom we are indebted. 

The hydrates were grown in situ by subjecting freshly 
degassed conductivity water to gas pressures much above 
the hydrate decomposition pressure. Formation of 
hydrate, which was followed by changes in the dielectric 
properties of the sample, was very slow, presumably 
because of a hydrate crust formed at the water-gas inter- 
face. Repeated temperature and pressure cycling between 
about +10 and -40 "C and 1 and 3 kbar increased the 
formation rate, probably by cracking this crust. Even so, 
complete conversion to hydrate usually required from 
3 to 5 weeks. 

The problem of quantitative formation of clathrate 
hydrates of water-insoluble molecules, even with shaking, 
has long plagued attempts to define their compositions 
accurately. (See, for example, ref. 16 for a review of 
early disagreements in analyses, and ref. 13 for a recent 
unsuccessful attempt to directly determine the composi- 
tion of methane hydrate.) For the present hydrates, the 
conductances measured at frequencies small in compari- 
son with the frequency of maximum dielectric absorption 
were particularly sensitive to small quantities of water 
in the sample and served to monitor the disappearance 
of liquid water. Excess water in a sample of argon hydrate 
formed at 3 kbar led at low temperatures to a separate 
absorption region at higher frequencies whose amplitude 
diminished with conditioning and which was attributed 
to ice 111. 

CHEMISTRY. VOL. 46, 1968 

Results 
The Disuersion Loci 

Typical experimental complex dielectric con- 
stant plots of argon and nitrogen hydrates are 
given in Figs. 2 and 3. In all some 50 such 
curves were obtained. The shapes conform quite 
closely to depressed circular arcs. The Cole-Cole 
a parameter increases greatly with decreasing 
temperature from values of about 0.1 at tem- 
peratures above 0 "C to 0.25 (for nitrogen 
hydrate) at -70 "C. The dispersion loci of 

SECTION X X  

- 
0 1/2 1 

inch 

. Schematic of dielectric cell assem 

nitrogen hydrate are somewhat broader than 
those of argon hydrate at the same temperature. 

As with the hydrates previously studied (7, 9, 
10) there are noticeable departures from arcs at 
low temperatures, especially at high frequencies 
where E" approaches the E' axis more steeply 
than the circular arc. Departures of this kind 
also are observed on the low-frequency side of 
the absorption region when not obscured by the 
additional absorption associated with ionic con- 
ductance (see Fig. 3, upper locus). 

In deriving dielectric parameters from the 
experimental data, we have taken the Cole-Cole 
representation (see eq. [I], p. 1676) to be ade- 
quate, except for E,, which was obtained by 
extrapolation to the E' axis of the high-frequency 
side of the experimental locus rather than from 
the best fit of a circular arc to the locus as a 
whole. 
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GOUGH ET AL.: DIELECTRIC PROPERTIES OF THE HYDRATES OF ARGON AND NITROGEN 1675 

FIG. 2. Complex permittivity loci of argon hydrate. Numbers on loci are frequencies in kHz. 

FIG. 3. Complex permittivity loci of nitrogen hydrate. Crosses refer to low-frequency bridge measurements. 
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TABLE I 
Representative dielectric parameters 

.r/us 
Sample t PC) Plbar EO(~XP) t(exp)/~s CL 
- 

(eq&'[9]) (eq. [8]) lo3 6 

Argon hydrate 
1 18.5 2000 54.3 8 .O .08 53.7 8 .O 0 
1 18.8 2985 48.3 7.3 .08 54.2 8.3 3 
I 9.2 2080 41.6 9.5 .09 55 4 13 n 9 

Nitrogen hydrate 
3 10.5 1795 -60 8.2 . l l  55 .O 8.2 0 
2 3 .O 1233 58 12.6 .14 56.1 12.6 0 
1 -9.3 592 55.4 21.7 .17 58.2 23 .O 1 
1 -21.8 620 52.4 39.8 .20 60.9 48.1 3 
2 -35.4 1235 64.6 161 .21 64.5 161 0 
1 -45.6 1255 53.7 242 .20 67.2 319 5 
3 -50.3 3 57.4 215 .22 67.7 317 3 
3 -69.8 1 43.2 730 .26 73.8 1520 10 
2 -70.8 808 67.6 1150 .23 74.8 1320 2 

Some representative experimental values of 
static dielectric constant s,(exp), a ,  and relax- 
ation time ~(exp) are given in Table I. Values of 
E, lay in the range 2.70 to 2.85. 

At relatively high temperatures the measured 
static dielectric constants (e.g. 54 + 2 for argon 
hydrate at 20 "C, 56 -1 2 for nitrogen hydrate 
at 0 "C) were quite reproducible and, despite the 
difference of lattice structure, similar to values 
(e.g. 57 + 2 at 20 "C) estimated from earlier 
measurements of structure I1 hydrates of polar 
molecules (9, 10) with the dipolar contribution 
of the guest molecules subtracted. At lower 
temperatures, however, the apparent values of 
the static dielectric constant varied considerably 
from sample to sample and with sample history. 
They sometimes showed a decrease with decrease 
of temperature, especially marked for argon 
hydrate, rather than the increase expected. These 
effects undoubtedly arose from cracking or 
shrinkage of the samples away from the elec- 
trode surfaces. Such sample contraction affects 
not only the amplitude of the measured disper- 
sion locus, but also its dependence on frequency. 
An analysis of contraction effects follows. 

The Uniform Gap Model for Cole-Cole Behavior 
The complex dielectric constant of the Cole- 

Cole locus is (17) 

where As is ( E ,  - E,), x = OT, T is the relaxa- 

tion time corresponding to 110 at the frequency of 
maximum dielectric absorption, and P = 1-a. 

If the effect of sample shrinkage may be 
represented by a gap of uniform thickness a 
fraction 6 of the interelectrode distance, in series 
with the sample, the measured complex dielectric 
constant is 

where E* is the sample complex dielectric con- 
stant and k is the dielectric constant (assumed 
to have only a real component) of the medium 
which fills the gap. Substitution of [ l ]  in [2] 
leads to 

[3] s*(exp) = [ks, + k~, ( ix)~]  
x [b + a ( i ~ ) ~ ] ] - l ,  

in which a = 6&, + (1 - 6)k and b = 6&, 
+ (1 - 6)k. At the low- and high-frequency 
limits eq. [3] reduces to 

[4] s,(exp) = ks,/b and s,(exp) = ks,/a. 

Substitution for so and s, in eq. [3] gives 

in which As(exp) = ~,(exp) - s,(exp). Equa- 
tion [5] has the same form as the Cole-Cole 
eq. [ l ]  and describes a locus of the same shape. 
However, xP = w P ~ P  has been replaced by 
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TABLE I1 
Effect of the gap corrections for nitrogen hydrate 

Eo ~ P S  
t ("C) Pibar ~ ~ ( e x p )  ~(exp)/ps ci (eq. [9]) (eq. [8]) lo3 6 

(a/b)xP = oP(a/b)~P, that is, the apparent relaxa- 
tion time is now 

To the extent that the observed dispersion loci 
are Cole-Cole arcs the adequacy of this model 
may be tested by the consistency of the values 
of T derived from experimental relaxation times 
by use of eq. [6]. For this purpose the proper 
values of E, and E, are required. A knowledge 
of k is not explicitly required for eq. [6], but 
is necessary for an estimation of the effective 
gap thickness 

If 6 and E, are small, and E, >> E,, little error 
is introduced by putting a/b = ~,(exp)/s,, 
whence 

Application of the Gap Model to the Data 
For application of eq. [S], E, as a function of 

temperature and pressure is required. For argon 
and nitrogen hydrates we take 

where P is the pressure in kbar. This equation 
fits the experimental values of E, (f 2) at high 
temperatures, when the gaps are inappreciable, 
and allows for variations of E~ with tempera- 
ture and pressure similar to those of the other 
forms of ice (1-3). 

Values of E~ from [9] and of .r from [8] are 
included in Table I, along with the estimates of 

ZStrictly, 6 is the ratio of gap thickness to electrode 
separation only for parallel plate electrodes. For cylin- 
drical coaxial electrodes of radii u and u, 6 in the above 
equations is replaced by Ar/[rln (u/u)], where r is the 
radial position of a small gap of uniform thickness Ar. In 
the likely event that contraction occurs by shrinkage 
away from the outer electrode, 6 is replaced, for the 
actual electrodes used, by 0.786', where 6' = Ar/(v-u). 

the relative gap thickness 6 from [7]. Values of 
k were crudely evaluated by extrapolating to 
lower temperatures the dielectric constants of 
gaseous argon and nitrogen measured under 
pressure (18, 19). Values of 6 did not exceed 
0.015 for nitrogen hydrate and 0.018 for argon 
hydrate. 

The gap correction reduces considerably the 
variability of the original relaxation time ~(exp). 
The data in Table I1 for sample 2 of nitrogen 
hydrate at -3 "C illustrate this. The relaxation 
times for the two sets of measurements at  1230 
bar are brought into close agreement and the 
T'S now clearly increase with increasing pressure 
as they do for other ices (24). Figure 4 shows 
the general improvement in consistency which 
results. 

The series-gap treatment does not reduce the 
scatter of the relaxation times, particularly 
between different samples, to the level of uncer- 
tainty (ca. 1 %) with which T may be measured 
in the absence of gaps. Some of the residual 
scatter suggests overcorrection for the larger 
gaps. This may arise because the real static 
dielectric constants are somewhat less thau those 
given by eq. [9] or the gaps are not of uniform 
thickness. However, certain consistent differ- 
ences between results for different samples sug- 
gest some variation of the relaxation behavior 
with the conditions of preparation and history 
of the sample. Thus initial measurements on 
sample 3 of nitrogen hydrate at a number of 
temperatures (not shown in Fig. 4) yielded 
smaller a's and T'S than those previously mea- 
sured. These anomalies, which do not seem 
attributable to the presence of ice, disappeared 
after several days of conditioning. 

Discussion 
High-Frequency Dielectric Constants 

Values of E, for both argon and nitrogen 
hydrate (2.85 f 0.05 at  -30 "C after small gap 
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FIG. 4. Experimental (left) and gap-corrected (right) relaxation times at various pressures. (a) Argon hydrate. 
Sample 1: 0, 300; +, 800; X, 1100; @, 2000; A, 3000 bar. Sample 2: 0, 2000 bar. (b) Nitrogen hydrate. Sample 
1: A, 600; 9, 1240 bar. Sample 2: A, 620; V, 810; 0, 1240 bar. Sample 3: +, 1; x, 310;0, 1800 bar. 

corrections) are similar to that of ice (3.1), in 
contrast to the much higher values found for 
the hydrates of dipolar molecules, to which the 
reorientation of the guest molecules makes a 
large contribution (6, 9, 10). 

For a solution of argon or nitrogen in the 
structure I hydrate lattice the Onsager equation 
may be written (20) 

where N is the number density of molecules, cl is 
the molecular polarizability, fa allows for the 
reaction field, and the subscripts 0 and 1 refer 
respectively to water and argon or nitrogen. The 
empty lattice contribution cannot be evaluated 
in terms of the polarizability of the isolated 
water molecule since lattice vibrations make 
important contributions. Instead, we take 

- - 

in which E, and No in the square brackets refer 
to ice I. Equation [ l l ]  assumes a contribution, 

bution of the encaged molecules gives E, = 2.90 
for argon hydrate and E, = 2.91 for nitrogen 
hydrate if all the cages are occupied. 

Thus eq. [ l l ]  appears to provide a good 
approximation to the effective polarizability of 
the water lattice in these hydrates. As in ice, 
E, is considerably greater than nD2 which is - 1.72 for both hydrates and ice. It is probable 
that the lattice vibrations are similar, especially 
the translational modes which are associated 
with the optical density maximum in ice at  
229.2 cm-I at  100 OK (21). Even after correction 
for gaps, values of E, for nitrogen hydrate 
decrease slightly with decrease of temperature, 
despite the increase of density. This decrease 
amounts to 0.08 + 0.04 between -30 and 
-94 "C and probably arises from a general 
shift toward higher frequencies of the lattice 
modes. 

Static Dielectric Constants 
Since encaged argon and nitrogen molecules 

contribute only about 0.1 to the dielectric con- 
stants, the static dielectric constants are essen- 
tially those of the ice-like lattice. Substitution of 
co = 56 at 0 O C  into the Kirkwood equation in 
the form 

per water molecule, of the empty hydrate lattice 
equal to that of ice and leads to a value of E, 

[12] E, - E, = 27cN0[(n2 + 2)/3]2gp2/k~, 

of 2.78 for the empty lattice if the unit cell with n2 = 1.60 (from the Lorentz-Lorenz 
dimension is 12.05 A. Addition of the contri- equation and n2 = 1.72 for ice) and p = 1.84 D, 
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TABLE I11 
Relaxation times and activation parameters for structure I hydrates and ices I and 111 at  0 "C 

EA A S +  A V+ 
P/bar ~ / p s  (kcal mole-') (cal deg-l mole-l) (cm3 mole-l) Reference 

Argon hydrate 2000 16 5.7 -17.5 3 This work 
Nitrogen hydrate 1200 15 7.9 - 9.4 2 This work 
Ethvlene oxide hvdrate 1 0.027 6.7 - 1.2 8 
~ r i m e t h ~ l e n e  oxihe hydrate* 1 0.005 5.8 - 1.3 9 
Ice I 1 21.5 13.25 + 9.5 2.9 (-23 "C) 

3000 0.19 11.6 +13.0 4.5(-30°C) 
1,2 

Ice IIIf 3 

*Extrapolated from data below -74 OC. 
tExtrnpolated from data below -22 OC. 

gives a g value of 2.5. This is significantly smaller 
than the value of 3.3 for ice I, but is comparable 
to the value of 2.7 found for ice I11 (3) and for 
structure I1 hydrates (9). Clearly again the 
hydrogen bonding imposes a considerable local 
correlation between the directions of the dipole 
moments of water molecules. 

Relaxation Times 
Reorientation of the water molecules in argon 

and nitrogen hydrates is remarkably slow in 
comparison with their reorientation in the clath- 
rate hydrates previously studied. The relaxation 
times at 0" C (Table 111) are larger by several 
orders of magnitude than those of the isostruc- 
tural hydrates of ethylene oxide (8) and trimethy- 
lene oxide, the latter extrapolated from results 
at much lower temperatures (9).3 The structure 
I1 hydrates of several ethers and ketones (7, 
9-1 l), have relaxation times of about 0.1 ps 
at 0 "C. 

At relatively high temperatures, argon and 
nitrogen hydrates relax as slowly as ice I, the 
slowest of the disordered ices to relax. The 
relaxation times depend much less on tempera- 
ture, however, and the activation energies (Table 
111) are similar to those of other hydrates. 

The activation volumes (2 or 3 cm3 mole-') 
are indistinguishable from the activation volume 
of ice I. Because of small differences between 
samples, and the small effect of pressure on the 
relaxation times, activation volumes were de- 
rived only from measurements on the same 
sample. They almost certainly refer to hydrates 
of constant composition, rather than to hydrates 

31n addition to a hydrate of structure 11, trimethylene 
oxide forms a second hydrate (9) which Calvert's X-ray 
diffraction studies (22) have now confirmed to be struc- 
ture I. 

whose compositions attain new equilibrium 
values in response to a change of pressure. 

Shape of the Dispersion Curves 
The shapes of the dispersion loci of structure 

I1 hydrates and their change with temperature 
appear to be characteristic of the crystal struc- 
ture (9-11). This is not the case for the four 
structure I hydrates for which information is 
available if the shapes are compared a t  the same 
temperatures. Values of cl of about 0.1 are found 
above 0 "C for argon and nitrogen hydrates, at 
-80 "C for ethylene oxide hydrate, and at 
- 110 "C for trimethylene oxide hydrate, a t  
which temperatures the relaxation times of all 
these hydrates are similar. However, if the width 
of the dispersion is entirely dictated by the 
degree of non-equivalence of water molecule 
sites and hydrogen bonds in the lattice, identical 
structures should lead to identical a's a t  the 
same temperature. The size of the unit cell is 
known to vary slightly for different encaged 
molecules (23, 24). The extent to which the 
positions of the water molecules vary within the 
unit cell is unknown, but is likely to be too small 
to markedly affect the value of cl. The relatively 
broad loci shown by argon and nitrogen hydrates 
are probably partly due to factors other than 
non-equivalence of the hydrogen bonds (see 
next section). 

Mechanism of Relaxation 
There are several suggestive regularities in the 

activation parameters for relaxation of the 
various phases of "ice" listed in Table I11 of 
this paper and in Table I11 of the following 
paper (25). The Arrhenius activation energies 
fall into two groups, with values in the ranges 
5.7 to 8.7 (average about 7) and 11.0 to 13.3 
kcal mole-', respectively. The group with high 
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activation energies is also characterized by 
relatively high positive entropies of activation, 
9 to 13 cal deg-' mole-'. The group with low 
activation energies may be subdivided into the 
ether and ketone hydrates, with entropies of 
activation close to zero, and argon and nitrogen 
hydrates, with large negative activation entro- 
pies. 

According to the Bjerrum model of relaxation 
in ice (26), reorientation of water molecules 
occurs by the diffusion of D and L defects, that 
is, of 0 - - - 0 "bonds" which have either two 
hydrogen atoms or none near them. In pure ice I 
these defects are formed by thermal excitation 
of normal hydrogen bonds N 

for which an enthalpy and entropy of formation 
of 15.7 kcal mole-' and -4.2 cal deg-' mole-' 
may be estimated (27). The activation enthalpy 
and entropy for the diffusion of the defects are 
then 4.9 kcal mole-' and 11.6 cal deg-' mole-', 
where the dielectric Arrhenius energy (Table 111) 
has been converted to an enthalpy of activation 
at 0 "C. 

Ices 111, V, VI, and VII have (high) energies 
and entropies of activation like ice I and appear 
to relax by essentially the same mechanism 
(2-4). The hydrogen bonding between the water 
molecules of the clathrate hydrates of types I 
and I1 approaches more closely that in ice I 
than does the hydrogen bonding in the higli- 
pressure ices. All water molecules are four- 
coordinated and in the structure I ethylene 
oxide hydrate at -25 "C (12) for example the 
average nearest-neighbor 0 - - - 0 distance is 
2.79A and the average departure of the 
0 - - - 0 - - - 0 angles from tetrahedral is only 
3.7". It  is therefore likely that the clathrate 
hydrates also relax by diffusion of orientational 
defects, although the details of the Bjerrum 
mechanism must be modified to account for the 
appreciable lowering of the energies and entro- 
pies of activation. 

The similarity of the activation parameters 
shown by the ices proper, despite their diverse 
structures, suggests that the thermodynamic 
parameters for the formation and diffusion of 
the defects responsible for relaxation are similar 
in these phases. We neglect small differences and 
assume, because of the structural similarities, 
that the parameters for the intrinsic formation 

and diffusion of the defects are the same in the 
clathrate hydrates as in ice I. 

The fact that the ether and ketone hydrates 
relax faster than ice suggests that, in addition to 
intrinsic defects, defects are introduced into the 
lattice of these clathrate hydrates by interaction 
of the water with guest molecules. This is further 
indicated by the existence of differences between 
the relaxation rates of the isostructural hydrates 
of different ethers and ketones. The most prob- 
able form of this interaction with a guest 
molecule M produces something resembling 
an L defect 

where N stands for a normal hydrogen bond. The 
equilibrium constant is 

where a is the fraction of normal bonds con- 
verted to defects. The ratio c,/c, of the con- 
centration of normal bonds to the concentration 
of guest molecules varies from 11.5 for structure 
I hydrates with all cages occupied to 34 for 
structure I1 hydrates. From the representative 
Arrhenius energy and entropy of activation of 
7 kcal mole-' and 0 cal deg-I mole-' for these 
hydrates, the energy and entropy of formation 
of defects are about 3 kcal mole-' and -23 cal 
deg-' mole-', Kis  about 2 x at -10" C, 
and a is about 3 x lop5. In ice I the fraction a 
of defect to normal bonds is much less, about 

at - 10 "C. The energy of defect formation 
is reasonable: the geometry is less favorable 
than for hydrogen bonding within the lattice 
and very roughly half the energy of a hydrogen 
bond has to be paid. The entropy of formation 
is also reasonable since a large part of the trans- 
lational and rotational entropy of the guest is 
lost when it is tied at one point. 

It is not possible to explain the large negative 
apparent entropies of activation of argon and 
nitrogen hydrates by such an interaction between 
the encaged and host molecules as has been 
suggested above for the ether and ketone 
hydrates. The most likely explanation is that 
argon or nitrogen molecules occasionally sub- 
stitute for water molecules as "impurities" in 
the lattice during the formation of the hydrate 
at about 2 kbar gas pressure. The van der Waals 
radii (1.90 A for argon and 2.05 A for nitrogen) 
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are somewhat larger than the effective radius of Acknowledgments 
the water molecule (1.40 A) and some distortion We are indebted to R. E. Hawkins for help in 
of the local structure sub- the construction of the cell and to A. Lavergne stitution. Each substitution would tend to inject for installation and maintenance of high- up to 2 D defects into the lattice. Such a mech- pressure equipment. 
anism of defect formation would account for 
the unexpected breadth of the dispersion loci 
and for its large temperature dependence (last 
section), as well as for the differences between 
the activation energies and entropies of the two 
hydrates. It is consistent with the volumes of 
activation. 

It is instructive to compare the effect of 
impurities, including air, on the relaxation of 
ice I. For "slightly impure" ice, log z vs. 1/T 
plots show curvature toward decreasing slopes 
at low temperatures in both dielectric (1 1) and 
spin-lattice (28, 29) relaxation time measure- 
ments. In the dielectric case, additional absorp- 
tion appears at relatively high frequencies to 
broaden the dispersion loci. Impurities clearly 
act as sources of orientational defects, the effect 
of which is not purely local since the whole 
relaxation spectrum is shifted to higher fre- 
quencies. At low enough temperatures defects 
so originating outnumber those arising intrinsic- 
ally in ice and the activation energy and entropy 
become appreciably smaller. 

Since argon and nitrogen hydrates have nearly 
the same relaxation times as ice I at 0 "C, about 
the same fraction of normal bonds is converted 
to defects, i.e. about 3 x The impurity- 
induced defects must be more numerous than 
the intrinsic defects or the activation energy 
would be temperature dependent. 

This semiquantitative discussion has neglected 
the differences between the different "ice" 
structures and between the D and L defects, 
and is by no means complete. It does, however, 
serve to explain in a general way the dielectric 
behavior. 

The lattice impurity mechanism suggested for 
argon and nitrogen hydrates would not be 
expected to determine the rate of defect forma- 
tion in the hydrates of much larger molecules 
which would substitute with more difficulty. 
Relaxation in SF, hydrate is considered in - the 
following paper (25). 
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Dielectric and nuclear magnetic resonance study of the hydrate of sulfur 
hexafluoride' 

Y. A. MAJID, S. K. GARG, AND D. W. DAVIDSON 
Division of Applied Clzernistry, National Research Courzcil of Canada, Ottawa, Carzada 

Received December 5, 1967 

In its dielectric and proton magnetic resonance behavior (except TI )  the clathrate hydrate of SF6 
is similar to ice I. Reorientation of water molecules appears to be little affected by the guest SFG mole- 
cules and probably depends on the diffusion of rotational Bjerrum defects formed in numbers intrinsic 
to the lattice structure. The Arrhenius energy and activation entropy for dielectric relaxation are 
12.3 f 0.5 kcal mole-' and 6.8 + 2.0 cal deg-' inole-', respectively. The proton rigid-lattice second 
moment is 32.8 + 0.5 GZ at -180 "C. The 19F second moment agrees with the value calculated for 
rapid isotropic rotation of SF6 molecules in the large cages only. Diffusion of water molecules in the 
hydrate is slower than in ice, which suggests that diffusion in ice occurs by migration of interstitial 
inolecules through the channels in ice rather than by migration of lattice vacancies. 

Canad~an Journal of Chemistry, 46, 1683 (1968) 

A dielectric study (1) of the structure I clath- 
rate hydrates of argon and nitrogen showed 
that the water molecules undergo reorientation 
at a much slower rate than in the isostructural 
hydrates of ethylene oxide and trimethylene 
oxide. Nevertheless the activation energies for 
reorientation were considerably less than for 
ice I (2) and other ices (3). In structure I hy- 
drates the 0---0---0 angles of the water lattice 
are distorted from tetrahedral values to a much 
smaller extent (4), than in ices I11 (5a), V (5b), 
and VI (5c), and a smaller hydrogen-bond 
energy is not to be expected. It was tentatively 
suggested (1) that, under the high pressure of 
gas necessary for preparation of their hydrates, 
argon and nitrogen molecules occasionally re- 
place water molecules in the lattice. Mobile 
orientational defects of the Bjerrum type may 
originate at the sites of such substitution and 
lead to relatively rapid reorientation of the water 
molecules. 

Of the hydrates of the related structure I1 (6), 
that of sulfur hexafluoride (7) appears to 
approach most closely the ideal clathrate (8). SF, 
is too large (van der Waals' diameter 6.1 A) to 
readily replace water (2.8 A) in the lattice. As 
the result of its octahedral symmetry, SF, 
possesses no dipole, quadrupole, or octupole 
moment. The relaxation of the water lattice of 
SF, hydrate is therefore expected to be less 
affected by the encaged molecules than in the 
structure I1 hydrates of ethers and ketones pre- 
viously studied (9-1 1). 

'Issued as NRCC No. 9963. 

We report here the results of dielectric and 
wide-line n.m.r. studies of SF, hydrate. These 
two techniques usefully supplement one another. 
The proton resonance line of the water mole- 
cules may be narrowed by diffusion (as appears 
to be the case for ice I) as well as by the re- 
orientation responsible for the dielectric relaxa- 
tion. The shape of the 19F resonance line is 
determined by the motion of the encaged SF, 
molecules to which the dielectric properties are 
insensitive. 

Experimental Methods 
Preparation of the Hydrate 

SF6 hydrate is stable under 0.8 atm of SF6 at 0 "C 
(12). It was prepared by subjecting conductivity water to 
pressuresof3 to4 atm of SF6 at about 0 "C with occasional 
cooling to lower temperature to ensure nucleation. Ini- 
tially, hydrate was formed in a pressure-tight cylindrical 
dielectric cell under static conditions. The electrical pro- 
p~rties always showed these samples to incompletely fill 
the interelectrode region, despite attempts to improve 
the fi!ling factor. Samples more satisfactory for dielectric 
measurement were pressed at low temperatures under 
5000 p.s.i. into discs about &" thick which were inserted 
into a pre-cooled cell equipped with a bellows to main- 
tain contact between the parallel-plate electrodes and the 
sample. Hydrate for pressing was prepared in a small 
Teflon-lined pressure vessel equipped with a cooling 
jacket and mounted in a mechanical shaker. 

P~lrity of Hydrate 
The early measurements with the cylindrical cell 

showed that the dielectric behavior of SF6 hydrate is 
quite similar to that of ice. This was indicated by the 
persistence of ice-like properties to ten~peratures well in 
excess of 0 "C. The complex permittivity locus at +2 "C 
shown in the inset of Fig. 1 is typical of the results ob- 
tained with the cylindrical cell, in which the absence of 
significant quantities of ice in the sample was indicated 
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FIG. 1. Complex pernlittivity locus of SF6 hydrate at -26.6 "C. Inset: apparent permittivity locus at f2.O "C. 
Frequencies are in kHz. 

by the absence of discontinuities in dielectric properties 
as the sample was heated through 0 "C. This method of 
analysis could not be used with the parallel-plate cell, 
which was not sealed against loss of SF6. The SF6 con- 
tent was estimated by the loss of weight and the volume 
of gas evolved when the hydrate decomposed. Some 
samples prepared in the presence of 1 atm of air dis- 
charged more gas than corresponded to SF6.17Hz0, 
which indicated some incorporation of nitrogen and 
oxygen in the smaller latitce cages. It is believed that all 
samples consisted of at least 90% hydrate. 

Dielectric Measrrreme~zts 
Electrical measurements were made with three-elec- 

trode cells by techniques previously described (1, 10, 
13). 

N.M.R. Measurements 
Proton and l9F  resonance lines were obtained at 16 

MHz with a Varian wide-line n.m.r. spectrometer 
equipped with Fieldial control of the field of the 12" 
electromagnet. The derivative of the absorption mode 
was observed by means of a Princeton Applied Research 
JB4 lock-in amplifier and an X-Y recorder. Tempera- 
tures in the range between -180 and f 2 "C were 
obtained with a thermocouple-calibrated Varian V-4540 
variable temperature accessory; temperature control and 
measurement were to + 1 OC. Second moments of line 
width were measured with a curve-reader attached to an 
EAI analog computer programmed to perform the 
necessary integrations and were corrected for modulation 
broadening. 

Results 
Dielectric Dispersion 

The complex permittivity locus shown in Fig. 1 
is representative of the loci obtained for SF, 

hydrate in the parallel-plate cell. These loci are 
quite well described by Cole-Cole arcs, with 
values of a which vary from about 0.05 at 
-12 "C to about 0.15 at -65 "C. These width 
parameters are maximum values. Measurements 
on samples known to contain appreciable quan- 
tities of ice showed additional absorption at 
relatively high frequencies. Ice present to the 
extent of a few percent may have contributed 
some high-frequency absorption even in the best 
samples, leading to a broadening of the loci, 
particularly at low temperatures where the two 
absorption regions are further apart. As is 
common for slowly relaxing polar solids, the 
curves are poorly defined at low frequencies 
where there is overlap from ionic conductance 
and polarization effects. Values of the high- 
frequency permittivity &, lay in the range 
2.94 + 0.06 at temperatures between -30 and 
-65 "C, in agreement with the value 2.97 calcu- 
lated by the Onsager equation by the method 
used for argon and nitrogen hydrates (1). The 
unit cell dimension was taken as 17.21 A (7) 
and the polarizability of SF, as 6.46 A3. Again 
(I), there was an anomalous decrease of E ,  with 
decreasing temperature. This decrease was of 
the order of 0.04 between -45 and -65 "C. 

At the higher temperatures static dielectric 
constants are close to, if a few permittivity units 
less than, the value expected for structure I1 
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MAJID ET AL.: DIELECTRIC AND NUCLEAR MAGNETIC RESONANCE STUDY 

TABLE I 
Dielectric data for SF, hydrate 

TIPS 
T r c )  E O ( ~ ~ P )  E m  ~/Ps(exp) CI  ass) ("corr") 6 x lo3 

hydrates (10, 11). The difference between the 
experimental value (58 $_ 2) at - 15 "C and the 
value anticipated (64 $_ 2) from the earlier work 
on isostructural hydrates of ethers (10) may 
arise from incomplete exclusion of voids from 
the sample during pressing. At -65 "C these 
values are 61 and 76, respectively, and it is 
likely that cracks or gaps have developed, as 
suggested also by the behavior of the relaxation 
times (next subsection). 

Dielectric Relaxation Times 
The relaxation times corresponding to the 

frequencies of maximum absorption for samples 
of SF6 hydrate prepared in the absence and 
presence of air are plotted vs. 1/T in Fig. 2. They 
are similar to those of ice I for which the broken 
line gives the results of Auty and Cole (2). The 

FIG. 2. Dielectric relaxation times of SFs hydrate. 
@ and 0 : hydrate prepared in the absence and presence 
of air, respectively. x : points g corrected for series air 
gaps. The dashed line for ice is from ref. 2. 

effect of the presence of air, and therefore of the 
incorporation of some nitrogen and oxygen 
molecules in the smaller cages, is to increase 
slightly the relaxation times. 

The Arrhenius energy is 12.3 kcal mole-' at 
the higher temperatures. Below -40 "C the 
apparent activation energy decreases, an effect 
at least partly caused by cracking of the samples. 
Application of a correction for the effect of a 
gap parallel to the electrodes on the relaxation 
times by the method previously outlined (1) 
removes some of the curvature of the log T vs. 
1/T plot (Fig. 2). Some of the data are given 
in Table I, together with values of the static 
dielectric constants E,  assumed for calculating 
the corrections and ratios 6 of effective gap 
thickness to electrode separation. 

Proton Resonance Lines 
A typical derivative tracing of a proton 

resonance line is given in Fig. 3. There is a 
partially resolved doublet structure which is 
more pronounced at about -50 "C than at lower 
or higher temperatures. The origin of the 
doubling, as was first pointed out by Pake (14) 
for polycrystalline CaSO4.2H,O, is the domin- 
ant magnetic interaction between the protons 
of the same water molecule. 

FIG. 3. Derivative curve of 'H absorption line at 
-60 "C. Radio frequency field 7 mG, modulation field 
1.6 G, sweep rate I G/inin, time constant 10 s. 
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M z 

I C E  I 

FIG. 4. Temperature dependence of 'H second mo- 
ment (upper curve) and 'H line width. The data for 
polycrystalline ice are from ref. 15. 

The experimental second moment of the 
proton line (Fig. 4, upper curve) increases 
slightly with increasing temperatures from 
32.8 G2 at -180 "C to 33.8 G2  at -50 "C. The 
amount of this increase appears to exceed sig- 
nificantly the experimental error in the relative 
second moment values : the average difference 
between the 14 moments measured at tempera- 
tures between -180 and -50 "C and the 
(least-squares) straight line drawn was f 0.27 
G2. The probable uncertainty in the absolute 
values of the second moment given by the 
linear relationship between - 180 and - 50 "C is 
no more than f 0.5 G2. 

Kume reported (15) the second moment of 
polycrystalline ice at - 180 "C to be 36.7 G2, 
with a standard deviation of 1.7 G2. The accu- 
racy of the measurements on "pure" ice is 
severely limited by saturation of the radio- 
frequency (r.f,) signal at low temperatures. Thus 
Kume found it necessary to reduce the r.f. field 
to 40 pG in ice at - 180 "C. Saturation was not 
important in SF, hydrate for fields as high as 
20 mG at temperatures down to -180 "C. This 
difference is undoubtedly a result of the rapid 
motion of the encaged molecules. 

In the lower two curves of Fig. 4 the tempera- 
ture dependences of the line widths (between 
extrema of the derivative curves) of SF, hydrate 
and "pure" polycrystalline ice (15) are com- 
pared. Over most of the temperature range the 
line widths are essentially the same. However, 
the temperature of the onset of narrowing is con- 
siderably higher for SF, hydrate. The lattice of 
this hydrate remains "rigid" to much higher 

temperatures than those of the clathrate hydrates 
previously studied (16), including the isostruc- 
tural lattices of the hydrates of tetrahydrofuran, 
dihydrofuran, and propylene oxide. 

A liquid line appeared at 0 "C which corre- 
sponded to decomposition of a few percent of 
the hydrate. 

Fluorine Resonance Lines 
The 19F resonance lines are narrow and well 

defined (see Fig. 5A for example) at all tem- 
peratures studied. The shapes are almost in- 
distinguishable from Gaussian. With increasing 
temperature the second moment (Fig. 5B) 
decreases linearly from 1.20 G2 a t  -'176 "C to 
1.14 G2 at -60 "C and thereafter somewhat 
more rapidly to about 0.90 G2 at 0 "C, where 
the hydrate decomposes a t  a noticeable rate. 
The small 19F second moments a t  temperatures 
where the proton second moments are essentially 
those of the rigid lattice are consistent only with 
rapid isotropic rotation of encaged SF, mole- 
cules. 

FIG. 5. (A) 19F derivative curve of SF, hydrate at 
-178 "C. Radiofrequency field 9 mG, modulation field 
0.17 G, time constant 10 s, sweep rate 1 G/min. (B) 
Second moments of lgF resonance line in SF, hydrate. 

Discussion 
" F  Second Moments 

The calculation of the second moment of the 
19F resonance line is similar to the one previously 
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TABLE LI 
Contributions to the fluorine second moment in SF6 hydrate at 0 "C 

Contribution 
Interaction R, or Rk Multiplicity to M2 

Protons in cage 4.423A 42 0.893 G 2  
Protons on near ends of radial bonds 5.66 14 0.068 
Protons on remote ends of radial bonds 6.40 14 0.033 
More distant protons (estimated) 0.10 
19F in first neighbor SF6's 7.45 4 x 6  0.044 
19F in second neighbor SF6% 12.17 1 2 x 6  0.007 

Total second moment 1 . I5  G2 

made for the proton second moment of tetra- 
hydrofuran deuterate (16). SF, molecules are 
taken to be rotating isotropically around their 
centers of mass located at the centers of the 
large structure I1 cages. The protons are assumed 
to lie on the 0---0 bonds of the rigid water 
lattice 1.01 A away from an 0 atom. The 
Bernal-Fowler rules require that, for the 28 
water molecules that constitute the cage, 42 
protons lie on the surface of the cage and 14 on 
bonds extending radially outward. The geo- 
metric model differs from the previous one (16) 
only in the adjustment of distances to fit the 
unit cell dimensions of SF, hydrate, given by 
von Stackelberg and Jahns (7) as 17.21 A at 
0 "C. 

The main contribution to the I9F second 
moment comes from interactions with the pro- 
tons. In the polycrystalline case this contribution 
is 159.1 Cj Rj-, G2, where Rj is the distance of 
proton j from the cage center in A. Interaction 
with the fluorine spins of SF, molecules in 
neighboring cages contributes to the second 
moment 317.4 Ck R,-, G2, where R, is the 
distance between a cage center and the center 
of a neighboring cage which contains fluorine 
nucleus k. The contributions to the second 
moment are listed on Table 11, along with the 
number of nuclei at distances Rj and R,. 

For comparison with the value of 1.15 G2  
calculated from the lattice parameter at 0 "C 
the linear portion of Fig. 5B has been extra- 
polated to 0 "C to give an experimental second 
moment of 1.10 G2. The extent of this agreement 
seems to indicate that there is no appreciable 
effect on the second moment of the "rattling" 
vibrations of the SF, molecules. 

The slope of the linear region of the curve in 
Fig. 5B may be used to estimate the coefficient 

of expansion of SF, hydrate, if it be assumed that 
the only effect of temperature change is to change 
all Rj's and Rk's in proportion to the change in 
size of the unit cell. A value of -78 x lo-, 
deg-I is obtained for the mean linear coefficient 
between - 176 and -60 "C. Sargent and Calvert 
(17) give an average coefficient of 75 x lo-, 
deg-I between - 163 and 0 "C from their X-ray 
studies of six structure I1 hydrates. 

H Second Moments 
The structure of SF, hydrate suggests that 

the proton second moment should be similar to 
that of ice (see next paragraph). For polycrystal- 
line ice Barnaal and Lowe (18) have calculated 
a second moment of 30.8 G2, before vibrational 
correction, for a model in which the OH dis- 
tance is 1.01 A, the 0---0 distance 2.76 A, and 
the angles tetrahedral. For Peterson and Levy's 
neutron-diffraction model of D 2 0  ice at -50 "C 
(19) we calculate a second moment of 31.2 G2  
as an average of 8 proton positions in the unit 
cell, with a total of 196 nearest protons placed 
randomly at positions which conform to the 
Bernal-Fowler rules. 

In ice about 57% of the second moment is 
contributed by the intramolecular proton. The 
exact geometries of the water molecules in SF, 
hydrate are not known. Mak and McMullan's 
results (6) for the isostructural tetrahydrofuran - 
hydrogen sulfide double hydrate show that the 
0---0---0 angles depart on average from tetra- 
hedral by only 3". The average 0---0 distance 
is 2.77 A, scaled to the smaller unit cell dimen- 
sion of SF, hydrate at 0 "C. Thus the environ- 
ments of the water molecules in the hydrate 
are sufficiently similar to those in ice to suggest 
that the geometry of the water molecules and 
the intramolecular contribution to the second 
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moment are not appreciably different. The pro- 
tons of the four nearest-neighbor water molecules 
contribute one third of the second moment of 
ice. For SFG hydrate this contribution will again 
be almost identical; although the average 0- - -0  
distance (at 0 "C) is somewhat longer, there is a 
slightly larger contribution in the hydrate 
because all neighbors are in eclipsed configura- 
tions with respect to the 0---0 bonds: in ice 
three neighbors have staggered configurations. 
The contribution from more distant protons is 
about 20% or 0.6 G2 less in the hydrate since 
the density of water molecules is about 90 % as 
great as in ice. Finally, interaction with the "F 
spins of the SF, molecules adds about 0.2 G2 
to the hydrate second moment. Thus, before 
vibrational corrections, it appears that the 
second moments of SF, hydrate and ice are the 
same to within less than 1 G2. The corrections 
for molecular and lattice vibrations again will 
be nearly the same in the two cases. Barnaal 
and Lowe (18) have estimated these corrections 
to be - 1.2 G2 for polycrystalline ice. 

The large moment measured for polycrystal- 
line ice by Kume (36.7 f 1.7 G2 at - 180 "C) 
may have been affected by saturation. Barnaal 
and Lowe (18) obtained the value 32.1 $- 2 G2 
by analysis of the free induction decay shape at 
-35 "C. The present value of 33.8 $- 0.5 G2 for 
SF, hydrate at -50 "C, in view of the arguments 
of the last paragraph, suggests that the proper 
value for ice is near the upper end of the un- 
certainty range given by Barnaal and Lowe, i.e. 
near 34 G2. It is possible that at -35 "C some 
diffusioi~al narrowing occurs. 

The calculated second moment for the 
Peterson-Levy model (19), without vibrational 
correction, is smaller than the experimental one 
by about 3 G2. The most probable explanation 
of the difference is that the effective H-0-H 
angle is not almost teterahedral but, at -50 "C, 
some 3 or 4 degrees less. Use of the rather 
uncertain vibrational corrections of Barnaal and 
Lowe (18) leads to a further reduction of this 
angle. 

An increase of second moment with increasing 
temperature is opposite to the usual effect of 
density and motional changes. However, as 
Gutowsky et al. (20) have pointed out, the line 
widths of single crystal ice measured at right 
angles to the c axis (a direction in which the line 
shows no doubling) by Kume and Hoshino (21) 

show an increase of about 4 % between - 183 "C 
and the onset of motional narrowing. 

From the coefficient of expansion given in the 
last section the density of SF, hydrate at 
- 180 "C is about 3 % greater than at -50 "C 
which should increase the intermolecular contri- 
bution to the second moment by about 0.8 G2. 
The observation that in fact M2 is smaller at 
-180 "C by 1.0 G2 than at -50 "C means that 
it is about 1.8 G2 less than expected. In a 
strictly formal way this may be accounted for 
by an increase in the H-0-H angle by about 
2 degrees. The electrostatic interaction between 
the proton and the oxygen atom to which it is 
hydrogen bonded has, however, a much larger 
component in the direction of increasing 0-H 
bond length than in the direction corresponding 
to increase of the H-0-H angle. An increase 
in bond length of about 2 %  is required to 
account for the full effect. In fact both an open- 
ing of the angle and an increase in the bond 
length probably take place with decrease of 
temperature. Part of the change in moment with 
temperature may also be due to change in 
excitation of lattice vibrations. 

Dielectric and N.M.R. Relaxation 
The dielectric relaxation times at -30 "C and 

the activation parameters of a number of struc- 
ture I1 hydrates and ices are listed in Table 111. 
Because of some uncertainty in the effects of 
gaps, the estimated errors in the activation param- 
eters for SF, hydrate (f 0.5 kcal mole-' in 
EA and f 2.0 in AS') are larger by about a 
factor of two than for the other substances 
listed. The parameters for the structure I1 hy- 
drates of acetone (9), propylene oxide (lo), 
dihydrofuran (lo), and trimethylene oxide (10) 
lie between those shown for dioxolane and cyclo- 
butanone hydrates. 

At -30 "C the relaxation time of SF6 hydrate 
is longer by two to three orders of magnitude 
than the relaxation times of the isostructural 
hydrates of ethers and ketones. SF, molecules 
clearly affect the reorientation of the water 
molecules much less than these other guest 
molecules, all of which have appreciable dipole 
moments and can form hydrogen bonds with 
water. The activation energy and, to a less 
extent, the entropy of activation of SFG hydrate 
are similar to those of the ices (Table 111). This 
suggests that in SF, hydrate the relaxatioil be- 
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TABLE 111 
Relaxation times and activation parameters for structure I1 hydrates and ices at -30 'C 

T EA AS* 
(PS) (kcal mole-I) (cal deg-l mole-') Ref. 

Sulfur hexafluoride hydrate 270. 12.3 6.8 This work 
Tetrahydrofuran hydrate 0.51 7.8 0 .8  10 
Dioxolane hydrate 2.6 8.7 1.3 11 
Cvclobutanone hvdrate 0.28 6.5 -3.5 * 
G I  
Ice 111 (3 kbar) 
Ice V (5 kbar) 
Ice VI (8 kbar 

*D. W. Davidson, unpublished work. 

havior is approaching that intrinsic to the 
structure I1 water lattice. 

At 0 "C the dielectric relaxation time of SF, 
hydrate (18 ps) resembles the relaxation times 
of argon and nitrogen hydrates (16 and 15 ps 
at 2.0 and 1.2 kbar, respectively (I)), but the 
activation parameters are much different. The 
unexpectedly low activation energies and large 
negative entropies of activation of argon and 
nitrogen hydrates are not found for SF, hy- 
drate. This provides support for the view (1) 
that Bjerrum defects in the former hydrates 
originate predominantly, especially at low tem- 
peratures, at sites where argon or nitrogen 
molecules have replaced water molecules in the 
lattice. Such a mechanism is possible because of 
the small size of these molecules and the high 
pressures under which their hydrates were 
formed (I). In SF, hydrate Bjerrum defects 
probably originate, a s  they do in pure ice, at 
normal lattice sites. 

Molecular reorientation alone cannot account 
for the observation that the proton resonance 
line of SF, hydrate narrows at a higher tempera- 
ture than that of polycrystalline ice (Fig. 2). The 
faster average dielectric relaxation rate and the 
presence of a distribution of relaxation times in 
SF, hydrate predict the opposite. This clearly 
suggests that the main contribution to motional 
narrowing in ice is the diffusion of water mole- 
cules. Onsager and Runnels (22) have indicated 
that diffusion of free interstitial water molecules 
is responsible for the low spin-lattice relaxation 
times of ice. This mechanism of diffusion in ice 
is consistent with a lower diffusion coefficient 
in SF, hydrate, which lacks the channels present 
in hexagonal ice. Diffusion by migration of lat- 
tice vacancies (23) would almost certainly be 
faster in the hydrate than in ice. 

The motions responsible for proton spin-lat- 
tice relaxation in SF, hydrate are those of the 
encaged SF, molecules and not, as in pure ice, 
diffusion and rotation of the water molecules. 
The value of TI measured in ice at 30 MHz has 
reached 100 s at -38 "C (1 5) and serious satura- 
tion occurs at low temperatures. The absence of 
saturation in SF, hydrate shows TI to be less 
than 1 s at 16 MHz even at - 180 "C. 

Comparison with the Results of McDo~vell and 
Raghunathan 

These authors have recently published (24) the 
results of a study of the 19F resoilailce line of 
SF, hydrate. Their results are in rough agree- 
ment with the present results a t  temperatures 
between - 123 and -30 "C but show a "sharp 
motional transition" at -123 "C, below which 
much higher second moments (-2.0 G2) were 
obtained. No evidence of such a transition was 
found in any of the three samples st~idied by us. 
I t  is difficult to account for a transition of this 
kind on the basis of the geometries of the SF, 
molecule and the cage which it occupies. 
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La ddtermination de la tempdrature optimale de prdcipitation de l'iodate de 
thorium 
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Universitk de Liige, Liige, Belfiqlte 

Recu le 14 juin 1967 

Une etude experimentale a etC entreprise au moyen d'un cryostat-ultra-thermostat. Des investigations 
ont port6 d'une part sur des produits purs de thorium et de cerium, isoles ou en melange et d'autre part 
sur des solutions de lixiviation de minerais de monazites. Les rtsultats experimentaux montrent que le 
choix de temperatures de l'ordre de 5 a 10 "C entraine des erreurs exctdentaires appreciables dans les 
determinations analytiques. Par ailleurs, I'entrainement intempestif du cCrium subit l'influence de la 
presence du thorium. Au surplus, il ne su&t pas de refroidir simplement les solutions car la temperature 
optimale de precipitation est de I'ordre de -2 "C. 

Le respect de la temperature optirnale de precipitation permet d'obtenir une plus grande exactitude 
des resultats analytiques et d'assurer ainsi un meilleur contrble de bilan des operations metallurgiques. 

Canxdian Journal of Chemistry, 46, 1691 (1968) 

Introduction 
Les mtthodes de determination analytique du 

thorium dans les minerais et les produits mttal- 
lurgiques thoriferes sont assez nombreuses et 
leur choix dtpend de multiples facteurs tels que 
la prtcision dtsirte, l'importance de la teneur, la 
nature et l'importance des autres tltments, la 
rapiditt tventuellement exigte, le prix des ap- 
pareillages ntcessaires (1-16). Les proctdts les 
plus courallts sont la gravimttrie par l'iodate ou 
par le thiosulfate (I, l l) ,  la titrimttrie par le 
molybdate ou l'oxinate, la colorimttrie par 
l'acide arsCnophCnylazonaphtol-disulfonique (2- 
12), la fluorimttrie par l'amino-hydroxyanthra- 
quinone (12), la spectrophotomttrie par l'acide 
dimtthyl aminophtnylarsinique (2, 4), la fluores- 
cence, la polarographie et l'analyse spectrale (1, 
7, 1 l), la complexomttrie (8,9), l'tchange ionique 
et l'extraction liquide-liquide (13-23). 

Une mtthode d'analyse particulikrement intt- 
ressante est essentiellement baste sur les pro- 
prittts complexantes de l'acide Cthylkne diamino- 
tttraacttique (EDTA, Titriplex) (8-10, 18, 20, 
24). Dans certaines conditions, ce rtactif com- 
plexe les terres rares sans complexer le thorium. 
Le procidt est simple et rapide et convient par- 
ticulierement aux ttudes d'orientation n'exigeant 
pas une exactitude rigoureuse. La complexation 
est cependant dtlicate en prtsence de certains 
ions tels que le fer, le zirconium, le bismuth, 
l'aluminium et I'antimoine. 

Nous avons particulikrement ttudit la mise au 
point d'une mtthode d'analyse radiochimique 

baste sur l'irradiation et la spectomttrie du 
rayonnement gamma. Le proctdt rend de grands 
services dans de nombreux cas particuliers, mais 
postule notamment l'emploi d'un appareillage 
trks coiiteux (24-26). 

Au cours de ~lusieurs ttudes relatives aux 
minerais et aux produits thorifkres, nous avons 
ttudit les performances et les conditions d'em- 
ploi de toutes ces mtthodes d'analyses et I'ex- 
ptrience molltre que dans le cas oii les teneurs en 
thorium sont suptrieures B 1 % et oh il est ntces- 
saire d'obtenir des dtterminations quantitatives 
prtcises permettant le contr6le et le bilail des 
optrations mttallurgiques, la meilleure mtthode 
est encore la gravimttrie par l'iodate. En prin- 
cipe, le thorium est precipitt par un excks d'io- 
date de potassium en milieu nitrique trks acide, 
tandis que les iodates de cirium et des terres 
rares restent en solution. Les autres impuretts 
doivent &re stpartes au prtalable, par exemple 
par un traitement B l'acide oxalique. 

Malgrt son grand inttret, l'expost de la 
mtthode technique opiratoire par les auteurs 
sptcialists comporte- de nombreuses impr6 
cisions qui tendent B dtmontrer que ces auteurs, 
ayant ttudit consciencieusement les optrations, 
ont constatt dans leurs rtsultats des variations 
ne leur permettant pas de donner des indications 
plus formelles. En particulier, la temptrature de 
prtcipitation n'est pas prtciste, les auteurs re- 
commandant simplement de "refroidir" ou de 
"tenir la solution bien froide". Comme certaines 
anomalies sont apparues dans quelques-uns de 
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nos contrales analytiques, il nous a semblC utile 
de consacrer quelques expiriences i la dCter- 
mination de la temperature optimale de pricipi- 
tation de l'iodate de thorium, en vue de~contri- 
buer i une meilleure connaissance de ce mCtal 
qui prend une importance toujours plus grande 
dans I'expansion du gCnie nuclCaire. 

Partie expkrimentale 
L'obtention d'une tempCrature reglable et constante se 

fait au moyen d'un cryostat-ultra-thermostat KT 40 S 
Colora, mod6le 1962, auquel nous avons apportC quelques 
modifications. Cet appareillage est muni d'un compres- 
seur semi-hermetique refroidi par I'air, du type SWM- 
Copeland, modele 41 1 L-301-1 et d'un moteur PW 7 x 14. 
L'agent frigorifique est le frCon (R 22). Tous les ClCments 
de cornmande, de distribution et de service sont rCunis sur 
un C16ment special. Le bain isotherme a un volume de 22 1, 
une pompe foulante assure la circulation du bain et par 
consCquent une temperature uniforme. Celle-ci peut &tre 
rCglCe a des valeurs s'etendant de +40 a -40 "C avec une 
prCcision de 0.02 a 0.05 "C. 

Comme constituant liquide du bain nous avons em- 
ploy6 soit l'eau dCsionis6e pour les tempdratures sup& 
rieures ou Cgale a 5 "C, soit le methanol techniquement 
pur pour les temperatures infkrieures a 5 "C. 

Cornme ce type d'appareil, tel qu'il a CtC conGu par le 
fabricant, ne perrnet pas la rialisation simultante de 
plusieurs expCriences et comme d'autre part le dispositif 
de la pompe foulante et du serpentin auxiliaire n'est pas 
prCvu pour assurer une circulation extCrieure du liquide 
au debit souhaitable, nous avons adjoint a l'installation 
plusieurs bains isothermes r6glCs par thermostat et met- 
tant a profit le m&me cornpresseur frigorifique. 

Les expCriences relatives a 1'8tude des composCs purs de 
thorium et de cerium ont Cte rCalisCes en partant des 
produits suivants. Nous avons pr6f6rC travailler sur des 
constituants de plusieurs origines car l'expirience de 
problemes analogues nous a montrC que des resultats 
ueuvent varier selon l'histoire ou I'hBrCditC des uroduits 
traitis. 

Nitrate de thorium oour analvse. Merck 12.511- - ,  

Darmstadt. 
Thoriumnitrat reinst. Dr. Th. Schuckardt, Munchen. 
Thoriumnitrat chemisch rein. Riedel-CRB. 
Nitrate thorium pur. 
Thorium sulfate, BDH. British Drug Houses Ltd. 
Thorium sulfate. Societe des Produits chimiques de 

Terres rares, Paris. 
Nitrate de cerium pour analyse, Merck 150.066 et 

150.064. 
Ceric sulfate, British Drug Houses Ltd-769.229- 

620.123. 
Cerium IV sufuricum pro analysis-Merck 2274- 

426.991. 
Cerium IV Sulfat fiir Analvse-Riedel de Haen, 12502. 

Hannover. 
Sulfate cCrique pour analyse, Union Chimique Belge. 
Iodate de potassium pour analyse, 5051-728.049- 

Merck Ag Darmstadt. 

Lorsque les composes de dCpart sont des nitrates, 
ceux-ci sont mis directenlent en solution aqueuse nitrique 
et soumis A la methode B l'iodate. Comme l'analyse des 
minerais se fait gCnCrale~nent aprb  lixiviation sulfurique, 
un certain nombre d'expkriences ont Ctt effectuees sur des 
sulfates purs et sur des minerais de monazites. 

Expkriences relatives ci des mklaizges cle ckriunz et 
de thorium 

Les premihes expkriences de determination de 
la temperature optimale de prCcipitation de 
l'iodate ont CtC rCalisCes sur des solutions de 
nitrates Cquipondtrales en thorium et en cirium. 
Les tempCratures des expiriences ont CtC de 
40,20, 10, 7, 5 , 2 , 0 ,  -2, -5, -7 et -10°C. 
Les solutions i analyser et les solutions d'iodate 
sont amenees sCparCment i la temperature 
choisie, ensuite mClangCes 5 cette tempkrature et 
maintenues isothermes pendant 1 h. Les rCsultats 
obtenus sont illustrCs par le Tableau I. 

TABLEAU I 
RBsultats en thorium et en cCrium obtenus expirimentale- 
ment par la m6thode d'analyse B I'iodate a diverses 

ternpiratures 

MCtal (Ce) analysC 
TempCrature dans le filtrat apr6s 
de l'expCri- MCtal (Th) prCcipitC precipitation par 
ence ("C) par l'iodate (%)* l'iodate (%)* 

-5 99.6 100.2 
- 7 97.9 104.5 
- 10 95.5 110.7 

*Les rbultats sont donnes en pourcentage du thorium ou  du cerium 
contenus dans la solution analysee et determines par la pesee des' 
composes puts de depart. 

Le prfcipitb final d'jodate est considkb comme un compose de  
thorium exempt de c f r ~ u m  tandis que le filtrat est repute contenir le 
cerium exempt de thorium. 

Les rCsultats expkrimentaux montrent notam- 
ment que pour des tempkratures de l'ordre de 
40 "C, la quantitC de thorium prCcipitCe par 
l'iodate est largement dkficitaire et plus de 15% 
de thorium restent dans la solution et s'ajoutent 
au cCrium du filtrat comme le montre le rCsultat 
exctdentaire de l'analyse du cCrium. Ce phCno- 
m6ne est connu des auteurs spCcialisCs qui recom- 
mandent parfois de "refroidir la solution" ou de 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



"tenir la solution bien froide" lors de la prCcipi- 
tation. 

Toutefois, ils ne donnent aucune precision 
relativement a la tempkrature optimale et "re- 
froidir la solution" ou "tenir la solution bien 
froide" se fait le plus souvent en p la~ant  simple- 
ment les ballons contenant les solutioils B re- 
froidir dans un bassin B eau courante et la 
tempCrature obtenue de cette manibre est gCnCra- 
lement de l'ordre de 5 B 15 "C. Or c'est prCcisC- 
ment pour ces tempiratures que les erreurs sont 
les plus importantes dans la dktermination du 
thorium. Ces erreurs peuvent dCpasser 10%. 
M&me dans le cas, rare d'ailleurs, o i ~  le refroi- 
dissement se fait par immersion dans la glace 
fondante, l'erreur est encore supCrieure 84%. 11 est 
dks lors vraisemblable qu'i  ces tempkratures, une 
partie du cCrium est prCcipitC par l'iodate, dans 
les conditions opkratoires classiques, comme 
semble le confirmer la coloration de ce prCci- 
pitC, qui est nettement jaune au dessus de 2 "C et 
blanc aux tempiratures infkrieures. De surcroit, 
la quantitC de thorium est finalement dCterminCe 
par pesCe de l'oxyde et le facteur de conversion 
en mCtal est plus ClevC pour le thorium que pour 
le cCrium. Dks lors la prCsence d'oxyde de cCrium 
dans le produit rCputC &tre exclusivement de 
l'oxyde de thorium accentue encore I'erreur par 
excks des rCsultats en thorium. De m&me, dans la 
dktermination du cCrium dans lYexpCrience rCa- 
lisCe 2 40 "C, la presence d'oxyde de thorium 
dans un produit rCputC &tre exclusivement de 
l'oxyde de cirium, renforce l'erreur par dCfaut. 

Aux tempCratures infkrieures -5 "C, les 
rCsultats expCrimentaux de dktermination du 
thorium deviennent dkficitaires vraisemblable- 
ment parce que les conditions physiques de 
prkcipitation sont modifiCes comme semble le 
confirmer un changement dans l'aspect du prCci- 
pitC. 

Selon les rCsultats expkrimentaux obtenus, la 
temptrature optimale de prkcipitation devrait 
&tre comprise entre 0 et -5 "C et serait de 
l'ordre de -2 "C. 

Application aux sulfates, aux rnklanges non 
e'quipondkraux et aux minerais 

Dans l'analyse des principaux minerais de 
thorium, le thorium et le cCrium sont le plus 
souvent lixiviCs en milieu sulfurique et d'autre 
part la teneur en cCrium est gCnCralement de loin 

plus ClevCe que la teneur en thorium. Aussi 
avons-nous appliquC 1'Ctude de la temperature de 
prkcipitation par l'iodate des mClanges de ces 
deux mCtaux dans lesquels la teneur en cerium 
est 5 fois, 10 fois et 20 fois plus importante que 
celle en thorium, B des solutions sulfatCes et B des 
minerais de monazite B 0.3%-2% et 14% de 
thorium. Les rCsultats expkrimentaux confirment 
ceux obtenus ci-dessus. En effet, le choix de 
temperatures de 2 B 20 "C pour la prkcipitation 
par l'iodate entraine des erreurs excidentaires 
relatives de 5 B 20% sur les teneurs en thorium. 
Toutefois, les quantitCs de cCrium qui accom- 
pagnent le thorium dans la prkcipitation restent 
faibles et ne sont nullement proportioilnelles au 
thorium. Par ailleurs, les tempCratures optimales 
de pricipitation sont encore de l'ordre de -2 "C. 

Pre'cipitation de solutions pures contenant un seul 
des me'taux e'tudie's 

En vue de prCciser les r6les respectifs du 
thorium et du cCrium en fonction de la tempera- 
ture au cours de la mCthode de pricipitation par 
I'iodate, deux series dYexpCriences ont Ctt effec- 
tuCes d'une part sur des solutions pures de 
thorium exemptes de cCrium et d'autre part sur 
des solutions pures de cerium exemptes de 
thorium. 

Dans le cas des solutions de thorium, les 
rCsultats montrent normalement que la prCcipi- 
tation de ce mCtal par l'iodate, dans les condi- 
tions opCratoires dCcrites ci-dessus, est complkte 
pour des tempiratures comprises entre 15 et 
-5 "C. Dans le cas des solutions de ckrium, une 
faible quantitC de cerium est prCcipitCe pour des 
tempkratures supCrieures B 0 "C et notamment 
entre 5 et 15 "C, mais les quantitCs prCcipitCes 
sont infirieures 2 5% de celles alimenttes dans 
les solutions analysCes et sont donc nettement 
plus faibles que les Ccarts constatks dans 1es 
rksultats ci-dessus relatifs aux analyses des solu- 
tions contenant simultaniment les deux mCtaux. 
Dks lors. I'entrainement du cCrium dans les 
prCcipitCs B ces tempkratures ne serait donc pas 
di3 uniquement B la solubilitC intrinskque de 
I'iodate de c6rium mais serait provoque ou du 
moins accentuC par la prCsence du thorium. 

Par ailleurs, les prCcipitCs d'iodate de cerium, 
obtenus lors de la premi6re prkcipitation par la 
solution contenant 15 g de KIO,, ont une colo- 
ration jaune aux tempkratures supCrieures B 2 "C 
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mais nettement blanche aux temptratures in- 
ftrieures. Ainsi, le changement de coloration de 
l'iodate en fonction de la temptrature ne peut 
&tre, B lui seul, un crit6re de la purett de l'iodate 
de thorium ou de sa pollution par de l'iodate de 
ctrium. 

Conclusion 

Selon les renseignements fournis par les ouv- 
rages sptcialists, la prtcipitation de l'iodate de 
thorium doit se faire en "solution froide". 
Toutefois l'imprtcision relative B la temptrature 
peut faire supposer B l'utilisateur, dont ce n'est 
pas le r6le sptcifique d'ttablir la mtthode analy- 
tique, que des temptratures de l'ordre de 5 B 
10 "C conviennent parfaitement. 

Une ttude exptrimentale, employant notam- 
ment un appareillage ultrathermostat-cryostat 
nous a permis de constater formellement que le 
choix de telles temptratures entraine des erreurs 
excedentaires apprtciables dans les dttermina- 
tions analytiques. Les rtsultats exptrimentaux 
montrent qu'il ne suffit pas de refroidir les solu- 
tions mais que la temptrature optimale de preci- 
pitation est de l'ordre de -2 "C. Cette valeur a 
t t t  vtrifite sur des mtlanges de composts purs et 
sur des minerais naturels. 

Par ailleurs, l'influence perturbatrice du ctrium 
ne dtpend pas uniquement des proprittts intrin- 
s6ques de ce mttal mais subit l'influence de la 
prtsence de thorium. 

La dttermination de la temptrature optimale 
permet donc d'obtenir une plus grande exacti- 
tude analytique et d'assurer ainsi un meilleur 
contr6le du bilan des opkrations mttallurgiques. 
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Studies on the surface area of zeolites, as determined by physical adsorption 
and X-ray crystallography 

D. J. C. YATES 
Central Basic Research Laboratory, Esso Research and Engineering Cotnpatzy, Linden, New Jersey 

Received September 18, 1967 

The determination of the surface areas of zeolites is discussed. It is shown that it is incorrect to  use the 
multilayer isotherm method of Brunauer, Emmett, and Teller for solids where only little more than one 
monolayer can be adsorbed, in cavities little larger than the adsorbed molecules. The areas of such 
materials can, however, be determined from the beginning of the linear portion of their isotherms (point 
B). In addition, X-ray spectra can provide an independent method of measuring changes in the surface 
areas of zeolites. 
Canadian Journal of Chemistry, 46, 1695 (1968) 

Introduction 

Although there is now a very considerable 
volume of work dealing with adsorption on 
zeolites, there is very little of it that is concerned 
with the problem of the determination of the 
surface area of such materials. 

In general, although there has been consider- 
able criticism of its theoretical basis (see review 
in refs. la, 2, 3a), the equation derived by Brun- 
auer, Emmett, and Teller (B.E.T.) (4) has gained 
wide acceptance as a valid method of determin- 
ing the surface area of solids. Nevertheless in 
some instances, it is considered that the B.E.T. 
equation, a t  least as regards surface area deter- 
mination, has its main utility in being a con- 
venient analytical method (lb, 2a) of locating 
point B (5 ) ,  the point on the isotherm where a 
monolayer is adsorbed. 

Most solid surfaces have physical adsorption 
isotherms of type I1 in Brunauer's classification 
(6) ,  and their geometrical structure is such that 
there is no physical restriction on the number of 
layers of gas that can be adsorbed. Such multi- 
molecular layers cannot form on zeolites (and 
some charcoals), as their very small cavities are 
of similar dimensions to  molecules which are 
adsorbed (7-9). Under such conditions, the iso- 
therms are expected to  be of type I in nature. 
Such isotherms have been reported by many 
workers using the natural zeolites analcite (9), 
chabazite (7-9), erionite (lo), and mordenite (7, 
l l ) ,  and with the synthetic zeolites faujasite (7, 
12-17), mordenite (IS), and type A (7, 19). Some 
values of surface areas have been given in the 
above work (10, 15, 19) and in reviews (20, 21). 
There has, however, been no agreement on the 
best method of area determination, some workers 

using the B.E.T. method (15, 19, 22, 23), others 
(10, 19) using the Langmuir equation (2b). 
Barrer has introduced (20, 21) the concept of 
monolayer equivalent area for zeolites. 

Some data on a synthetic faujasite are present- 
ed, where the area values obtained with the 
B.E.T. equation are compared with those ob- 
tained by the point B method. I t  is stressed that 
the B.E.T. equation should not be used for 
materials with very small pores, such as zeolites. 
As zeolites are crystalline, the possibility exists 
of measuring relative surfaces areas by X-ray 
crystallography. This has been examined, and it 
is shown that this method can easily be used to  
monitor surface area changes in zeolites. 

Experimental 
Apparat~ts and Materials 

All isotherms were determined volun~etrically, using 
argon at 77 OK. For most of the work, conventional Pyrex 
glass cells and vacuum systems were used, the pressures 
being measured with mercury manometers (24). In some 
cases, however, a quartz Bourdon gauge was used to 
measure pressures (17). 

The X-ray equipment consisted of a Phillips diffractom- 
eter, using copper Ka radiation, with a Geiger counter 
detector. The zeolite samples were exposed to air while 
their spectra were being measured. 

The synthetic faujasite used was an experimental ma- 
terial donated by the Davison Division of W. R. Grace & 
Co., and had a silica-to-alumina ratio similar to that of 
zeolite Y of the Linde Co. (25, 26). The structure of this 
zeolite is similar to  that of synthetic zeolite Linde X, 
which is fairly well known (26-28). The material con- 
tained some 15% of a binder, but the nature and surface 
area of the binder were not given by the manufacturer. 
The argon, of purity 99.5%, was obtained from the 
Matheson Co., East Rutherford, New Jersey. 

Procedure 
In addition to the fresh material, 11 samples were 

available which had been used, under varying degrees of 
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severity, for drying gases. All samples were handled 
identically. For the surface area measurements I g was 
loaded into the Pyrex cells, and evacuation begun. The 
cell was then heated to 150 "C while pumping. After a 
good vacuum was reached at this temperature, the tem- 
perature was increased to 370 "C. Pumping was then con- 
tinued until a vacuum of 2 x Torr or better was 
obtained. The cell was then closed, cooled to 77 OK, and 
argon added. After the isotherm was determined, the 
argon was evacuated while the sample was warmed to 
room temperature. The cell was then recooled to 77 "K 
and helium added to calibrate the cell. After this, the 
sample was taken out of the cell and weighed. All of the 
surface area values are given per gram of anhydrous 
zeolite. The samples were ground in a mortar and pestle 
for X-ray examination, and that portion which passed 
through a 300 mesh screen was used. The powder was 
pressed into a holder using McCreery's procedure as 
discussed in detail by Klug and Alexander (29). 

Results 
Surface Area Values 

As referred to  earlier (la, lb, 2a, 3a, 4-6), for 
physical adsorption isotherms, point B corre- 
sponds to  the adsorption of a monolayer ofmole- 
cules. If a molecule of known size such as nitrogen 
or argon is used, the surface area of the solid can 
be calculated from a knowledge of the number of 
moles of gas adsorbed, per gram of solid, at 
point B on the isotherm. 

There are two widely accepted methods of 
determining point B (la, 2). The first is simply to 
measure the isotherm in sufficient detail so that 
the shape of the "knee" near point B can be de- 
termined accurately. The other method is to  use 
the B.E.T. equation and to determine two or more 
points on the isotherm in the relative pressure 
(pip,) region between 0.05 and 0.30. As the 
B.E.T. plot gives a straight line, the slope and 
intercept of which give the monolayer capacity, 
a minimum of two isotherm points is needed. In 
practice, for an accurate determination, it is 
usual to measure 3 or 4 points on an isotherm. 

For nlolecular sieves, as they contain such 
small cavities, the isotherm is not type 11, and the 
B.E.T. equation should not be used. The only 
way, therefore, that the surface areas can be 
determined is by measuring the isotherm in a 
fairly detailed fashion. This has been done in this 
work, and argon isotherms at 77 OK are shown in 
Figs. 1 and 2. From the first of these isotherms, 
it was determined that the point B occurred at a 
pressure of 1.5 cm Cp/po = 0.071), and this 
pressure was used to  define the point B on sub- 
sequent isotherms. This meant that the isotherm 
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I I I I I I I 

pressure, crn Hg 

FIG. 1. Argon isotherms at 77 "K on a series of 
sodium faujasites. 

FIG. 2. Argon isotherms at 77 OK on a series of 
sodium faujasites. 
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TABLE I 
Surface areas of Na-Y zeolites by two methods 

Monolayer Surface area Ratio of areas 
capacity from Surface area Surface area using the 

point B from point B as % of B.E.T. equation l3.E.T- equation 
Sample (cn13//s) (m2/g) fresh sample (m2/g) point B method 

Fresh 205.2 805.9 100 675.0 0.84 
A 182.3 715.9 88.8 609.1 0.85 
B 181 .O 710.9 88.2 620.3 0.87 
C 154.2 605.7 75.1 517.0 0.85 
D 130.2 511.5 63.5 425.4 0.83 
E 77.2 303.0 37.6 251.8 0.83 
F 48.4 190.0 23.6 168.9 0.89 
G 24.7 96.9 12.0 88.5 0.91 
H 7.9  31.2 3.9 30.25 0.97 
I 7 .6  29.7 3 .7  26.9 0.91 
J 4.1 16.2 2 .0  14.6 0.89 
K 3.8 15.2 1.9 15.1 0.99 

only had to be closely defined in this region, and 
that the isotherms did not have to be measured at 
pressures higher than about 10 cm. After the 
experiment was finished, the sample was taken 
out of the cell and rapidly weighed before it 
could adsorb water from the air. Using this dry 
weight, the surface areas were calculated, and 
these values are given in Table I. The areas have 
also been expressed as a percentage of the area of 
the fresh sieve. The area of the adsorbed argon 
atoms needed to calculate the surface area from 
the monolayer capacity has been taken as 14.6 
A2, following Livingston (30). 

In order to show the inapplicability of the 
B.E.T. equation to zeolites, we have also con- 
structed a B.E.T. plot for every isotherm. In most 
cases, satisfactory B.E.T. plots were obtained, but 
the areas obtained from them (see Table I) were 
always found to be considerably lower than 
those obtained by the point B method, except for 
the samples of extremely low area (H-K). The 
latter had obviously lost most of their zeolitic 
character. As the area of the zeolite increased 
(i.e. going towards the fresh material), the B.E.T. 
equation gave areas with lower and lower values 
relative to the areas obtained from point B. It 
will be seen that the use of the B.E.T. equation 
with a normal zeolite would cause an under- 
estimate of the area by about 20%. 

Deterlnination of Changes in Crystallinity 
The unique characteristic of zeolites as ad- 

sorbent~ is that they are crystalline. Most silicas 
are an~orphous, and some aluminas are partly 
crystalline, but the very developmen6 of the ad- 

sorptive property of a zeolite depends on its long- 
range order, as shown by its regular array of 
tetrahedrally coordinated cubo-octahedral struc- 
tural units. 

With specific reference to faujasite, a consider- 
able amount of work on its structure and proper- 
ties has been published (12,26-28). In particular, 
its crystal structure has been determined by a 
three-dimensional Fourier analysis of its X-ray 
diffraction patterns by Broussard and Shoe- 
maker (27). While their work was on the 13X 
faujasite, the structure of 13Y faujasite is quite 
similar (26). It has been found that various 
batches of synthetic zeolites, of the Na-X type, 
have variations in crystallinity depending on the 
variations in their manufacture.' These differ- 
ences are proportional to the peak height at a 
given diffraction angle. Hence, if the instru- 
mental conditions of the X-ray diffractometer 
are kept constant, changes in crystallinity can be 
easily followed with reference to the original 
zeolite. This has been done with all the samples 
used here. Their X-ray diffraction spectra have 
been determined, all under identical instrumental 
conditions, and the decrease in crystallinity has 
been determined with reference to the peak 
heights of the fresh zeolite. The peaks with 
Miller indices 33 1, 533, and 555 (see ref. 27) have 
been used. These have d-spacings of 5.70, 3.78, 
and 2.855 A, and occur at 28 values of about 
15.5, 23.5, and 31.3. The complete spectra of 
Na-X over a range of 20 values from 5 to 55 
degrees is given in Fig. 1 of ref. 27. In this work 

ID. J. C .  Yates. Unpublished observations. 
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the spectra were also measured over the same 
range of 28 values. However, to make the dia- 
gram simpler, typical spectra obtained for our 
samples are shown in Fig. 3 only for 28 values 
between 14 and 34 degrees. In all cases the three 
peak heights were measured and expressed for 
each of the peaks as a percentage of the peak 
height of fresh zeolite. The average of these 
three peaks was then taken and used as the best 
indication of the overall crystallinity of the 
sample. The data are given in Table 11. 

I I I I I I 
14 18 22 26 30 34 

2el d8pre l l )  

FIG. 3. X-ray diffraction patterns of a series of faujas- 
ites of decreasing surface area. 

Discussion 

Adsorption Measurements 
It has been known for some considerable time 

that most zeolites have type I (6) adsorption iso- 
therms (7-9, 11-14, 18, 19), which are character- 
istic of monolayer adsorption, and capillary 
condensation is absent (2,3a). The B.E.T. theory, 
on the other hand, applies to the case of multi- 
layer adsorption (la, 2,3a), most commonly seen 
as type I1 isotherms. Under these circumstances, 
it is not surprising that the application of the 
B.E.T. equation to type I isotherms yields an 
incorrect value of urn, the monolayer capacity. In 
this work, on a faujasite containing a binder, the 
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TABLE I1 
Crystallinity changes in Na-Y zeolites 

d-spacings 
- 

Average 5.7 A 3.78 A 2.85 A 
crystallinity (% of (% of (% of 

Sample (%) fresh) fresh) fresh) 
- - 

Fresh 100 100 100 100 
A 95.7 100 92.2 94.8 
B 97.0 98.5 92.5 100 

H 6.8 8.3 6.4 5.6 
I, J, and K all have zero crystallinity 

B.E.T equation gave urn values about 20% less 
than those obtained directly from point B. 

Similar discrepancies can be found in the 
literature. For example, Eberly (15) used the 
B.E.T. equation to determine the area of Linde 
NaX faujasite and obtained a value of 760 rn2Ig. 
In some isotherms on NaX using argon at 77 OK, 
when the point B was at 3.0 cm, we obtained 
monolayer capacity values of 228 cm3/g (of de- 
hydrated zeolite) for Lot No. 13961 and 230 
cm3/g for Lot No. 133692-R. These materials 
have been used in earlier work (17, 31, 32). 
Assuming an argon area of 14.6 A2, these capa- 
cities correspond to surface areas of 895 and 903 
m2/g. Again the B.E.T. value is too low. 

In later work on erionite, Eberly (10) used both 
the B.E.T. equation and the Langmuir equation 
and considered the latter more reliable. Here, 
again, the B.E.T. values were considerably lower 
than the Langmuir values (10). Similar effects 
had been observed considerably earlier with A 
type zeolites by Breck and co-workers (19). 

Other values obtained (23) by the B.E.T. 
method seem low, although a range of values was 
given (60S800 m2/g) for zeolites A, X, and Y, 
with no further details. 

For some considerable time it has been recog- 
nized that isotherms in zeolites can be represent- 
ed by the Langmuir equation (7-14, 18, 19, 33, 
34). In many cases, this equation has been used 
to obtain zeolite monolayer capacities, and hence 
surface areas. However, there are many problems 
in the use of the Langrnuir equation to obtain v, 
values (3b). For instance, there are numerous 
isotherms which give excellent straight-line 
Langmuir plots, but which fail to give consistent 
urn values (3c). When consideration is given to 
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the assumptions underlying the Langmuir equa- 
tion, it seems very unlikely. that they could apply 
to adsorption in zeolitic cavities. In fact, it has 
been stated by Young and Crowell (2c): "Char- 
coal and chabazite are the only adsorbents 
characterized by type I isotherms and it is 
certain that adsorption on these two porous 
solids does not even approximate the severely 
simple Langmuir picture." With the addition of 
other zeolites, the above seems a fair summary of 
the situation. 

From the above discussion, it will be seen that 
the B.E.T. multimolecular isotherm gives, as 
might be predicted for a type I isotherm, in- 
correct surTace areas for zeolites. The Langmuir 
equation applies to type I isotherms. It does not 
necessarily follow, however, that the v m  values 
derived from the equation will be correct (2c, 3b, 
3c). This would seem to eliminate all methods, 
except that of the recognition of point B as the 
completion of the monolayer. As the zeolite iso- 
therms are type I with no rise in the amount 
adsorbed at saturation pressure (p,), the possi- 
bility exists of using this point as a measure of 
surface area. For example, with the Na-X 
sample, which had an argon v m  value of 230 
cm3/g (corresponding to a surface area of 903 
m2/g), the amount adsorbed at saturation was 
247 cm31n. 

Very ' h i l a r  values (248 cm3/g) have been 
reported by Barrer and Sutherland (12). If this 
value is taken as equivalent to a monolayer, the 
area would then be 970 m2/g. 

On balance, the use of the point B, which is 
very well established with adsorbents with type 
I1 isotherms, is considered the most reliable. It 
is also relatively insensitive to the particular 
pressure chosen for point B, as shown by the data 
in Table I11 for argon at 77 OK on NaX (Lot No. 
133692-R). If point B is taken at 3.0 cm, v,, is 230 
cm3/g. However, if it were to be taken anywhere 
in the pressure region from 1.5 to 5 cm, the v, 
value would be within k2.5 % of that at 3 cm. 
This is very much less than the uncertainty in the 
area (om) which the argon atom occupies (30) in 
the monolayer (14.6 A'). The problems in assign- 
ing a unique om value to a given molecule have 
been discussed recently (24.  Even nitrogen (at 
-195 "C), which has probably been used more 
than any other adsorbate, has been assigned om 
values ranging from 15.4 A2 to 16.2 A2 (lc, 30). 

In conclusion, providing that no molecular 
sieve effects interfere (e.g. neither A nor N, are 

T B L E  I11 
Argon isotherm at 77 O K  on Na-X 

Pressure 
(cm Hg) 

Corresponding 
Volume adsorbed surface area 

(cm3/g) (m2/g) 

1.0 219 860 
1.5 224 880 

15 242 950 
2l(sat. press.) 247 970 

adsorbed (19) on Na-A at -195 "C) it is pro- 
posed that the determination of point B on an 
isotherm of a simple, small, nonpolar molecule 
such as argon, nitrogen, or oxygen offers the 
most accurate means of measuring the surface 
areas of zeolites. Other adsorbents which give 
type I isotherms with the above gases (for 
example some kinds of charcoal (35)) should also 
be treated in the same fashion. Some remarks in 
a recent paper (36) also draw attention to the 
difficulties of using the B.E.T. equation for 
zeolites, and a procedure is suggested which 
seems similar to that used here, although point 
B was not determined explicitly. 

X-Ray Measurements 
Although some considerable effort has been 

put into using low-angle X-ray scattering as a 
method of measuring surface areas (Id), it has 
not been too successful. The difficulty is that only 
crystallite sizes are given, rather than total sur- 
face area. 

This limitation does not apply here, as the 
unique characteristic of zeolites as adsorbents is 
that they are entirely crystalline and normal X- 
ray techniques can be used. Despite this, there 
has apparently been only one attempt made very 
recently (36) to use the X-ray spectra of zeolites 
as a measure of their surface area. The only de- 
tails given were : "The changes in surface area as 
determined by N2  adsorption and in crystallinity 
as determined by X-ray analysis were always 
found to be in general agreement." 

Before this work was started, there was very 
little information available in the literature about 
the usefulness of the X-ray spectra as a measure 
of the decreasing surface areas of zeolites. It 
should also be stressed that there are almost no 
data on, and less understanding of, the reasons 
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for the breakdown of zeolites at elevated tem- 
peratures. For instance, it is conceivable that the 
outer portions of the sieve crystals might de- 
compose most readily. If the products of this 
decomposition were amorphous silica and alum- 
ina, it is possible that this amorphous material 
would block the very small (13 A) holes in the 
outside of the crystal. It is then probable that the 
surface area would drop considerably, as there 
would be a much restricted access to  the interior 
of the crystals. However, such a process would 
not readily be detected by X-rays, as the overall 
crystallinity of the material would be but little 
affected. 

Data given in Tables I and I1 and Fig. 4 show 
that the above process only occurs to a small 

1 I I I I 
20 40 60 80 

'/, Average c r y s l s l l i n ~ l y  from X-ray speclra 

I +  

FIG. 4. Relation between average crystallinity and 
surface area for a series of faujasites. 

extent under the conditions used here. If the 
surface area and crystallinity decreased to exactly 
the same extent, the points would all fall on the 
45" line shown in Fig. 4. This line is defined by 
the fresh zeolite (100% surface area and 100% 
crystallinity) and the origin, when all surface area 
and all crystallinity are lost. The points in Fig. 4 
lie fairly close to this line, considering the diffi- 
culties in measuring the crystallinities. However, 
there are 6 points below the line (greater loss in 
area than in crystallinity) and 3 above it, so there 
is some slight evidence that surface area is lost to  
a greater degree than is crystallinity. 

It is concluded that, under the above condi- 

:HEMISTRY. VOL. 46, 1968 

tions, surface area changes in zeolites can be 
measured equally well by gas adsorption or by 
X-ray crystallinity measurements. Nevertheless, 
the gas adsorption method is the most generally 
applicable, as there are times when the X-ray 
spectra vary for other reasons than surface area 
changes. For instance, if it is desired to ascertain 
whether the zeolite structure has not been dam- 
aged as a result of ion exchange, the X-ray spectra 
cannot readily be employed to do this. The ex- 
pected changes in surface area per gram of 
dehydrated zeolite can be calculated, and values 
close to  these have been found (17) for the 
Ag-X and Li-X. On the other hand, if a series 
of zeolites with the same structure and cation but 
varying areas are under study, the X-ray method 
may be faster than the adsorption method, 
although the latter method is probably the most 
accurate. 

Absolute Areas 
Zeolites are unique among highly dispersed 

materials, as they are crystalline in nature. If its 
structure is f ~ ~ l l y  understood, and its dimensions 
established, a given zeolite can then have an  
"ab~olute" surface area, that is, an area defined 
crystallographically. Such an area will be inde- 
pendent of the errors and uncertainties inherent 
in area values derived from physical adsorption 
isotherms. 

For the X form of faujasite, many X-ray 
measurements of its structure have been reported 
(12, 2&28,37), and the volumes of its supercages 
have been calculated and converted into surface 
area values (38, 39). It is known that gases such 
as argon and krypton do not enter the sodalite 
cages (17, 40), so that area values obtained from 
isotherms of these gases can be directly compared 
with values calculated from the size of the super- 
cages. For argon, with the point B method, the 
sample of Na-X used in this work has a sur- 
face area of 903 m2/g. One of the calculations 
(38) gave a value of 1400 m2/g for Na-X, 
which seems rather high. Other calculations (39) 
gave values between 960 and 1 132 m2/g, depending 
on the model used. In view of the fact that most 
samples of zeolites probably contain some 
am;unt of noncrystalline material, surface area 
values calculated from crystallographic data 
should be higher than values obtained from iso- 
therm measurements. With this proviso, it is felt 
that the experimental value (903 m2/g) is in 
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quite good agreement with the calculated (39) 
values (960-1 132 m2Ig). 

As calculations become more precise in the 
future, it should be possible to use the difference 
between the experimental and calculated surface 
areas as a measure of absolute degree of crystal- 
linity of a given sample. At present, no samples 
of known crystallinity seem to be available, so 
that X-ray spectra cannot be used to measure the 
absolute crystallinity of zeolites. The value of 
100% average crystallinity was assigned to  the 
fresh N a y  zeolite in Table I1 solely to enable 
relative comparisons to be made, and should not 
be taken to imply that this material is entirely 
crystalline (apart from its binder content, whose 
nature is unknown). 
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Temperature dependence of the electron resonance spectrum of the 
hydrazine positive ion 

H. R. FALLE 
Tizeoretical Chemistry Laboratory, McGill University, Montreal, Quebec 

Received November 16, 1967 

A temperature study of the hydrazine positive ion, N2H4+, showed that the ratio of the nitrogen hyper- 
fine splitting to the proton hyperfine splitting, laN/aHI, increased with increasing temperature. The increase 
in laN/aHI was approximately 3 %, while the increase in aN itself was less than 1 % over the 50 "C tempera- 
ture range. This effect is attributed to torsional vibration about the N-N bond and is assessed on this 
basis. 
Canadian Journal of  Chemistry, 46, 1703 (1968) 

Introduction 
The temperature dependence of amino proton 

hyperfine splitting has been reported for the 
4-amino-2,6-di-t-butyl phenoxy radical (1). This 
effect was attributed to torsional vibration of the 
amino group with respect to the plane of the 
aromatic ring (2). A temperature study of the 
hydrazine positive radical-ion has shown similar 
behavior; the ratio laN/aHl was found to increase 
with increasing temperature. An e.p.r. spectrum 
of N2H4+ is shown in Fig. 1, and the variation 
of the ratio la,/a,I with temperature is displayed 
in Fig. 2. As pointed out by Adams and Thomas 
(3), assessment of the relative intensities of the 
25 line spectrum of N2H4+ leads to the assign- 
menta, > a,. Had the protonhyperfine splitting, 
a,, been greater than a,, the intensities of the 
lines which are circled in Fig. 1 would have been 
in the ratios 3 :8:6 instead of 6:8:3. 

Experimental 
Using the method of Adams and Thomas (3), N2H4+ 

was generated by the aqueous flow technique using pre- 
heated solutions of 0.16 M aqueous hydrazine and 0.08 M 
ammonium ceric sulfate in 1 M sulfuric acid. A Varian 
V-4500-10A EPR spectrometer was employed, and to 
determine the temperature variation of Ja,/a,J, only the 
three central "groups" of hyperhe lines were recorded 
(see Fig. 1). The temperature was monitored with a 
copper-constantan thermocouple inserted into the outlet 
stream just outside the microwave cavity. Each tempera- 
ture cited in Fig. 2 is the average, taken to the nearest 
0.5 "C, of the temperature measured at the first and third 
of the three central line-groups recorded. A capillary tube 
containing dilute peroxylamine disulfonate solution was 
affixed to, and sufficiently insulated from, the quartz 
flat-cell to serve as the calibration standard. Interference 
between the high-field line of the standard and the third 
line-group N2H4+ recorded was negligible. Preliminary 
determinations of the variation of laN/aHI with tempera- 
ture using a perylene positive-ion field-scan calibration, 

that is without the above calibration setup, showed 
essentially the same slope as reported here. Hence it is 
inferred that the nitrogen hyperfine coupling in peroxyl- 
amine disulfonate is independent of temperature, at least 
over the temperature range under consideration. The 
magnetic field-strength was determined using a Varian 
F-8 fluxmeter coupled with a Schomandl FD-I frequency 
meter. 

Discussion 
The factor g = 2.00346 (std. dev. 0.00003), 

the hyperiine coupling a, = 32.5 Mc/s, and the 
ratio laN/aHl = 1.047 at 25 "C obtained in this 
study are in agreement with published results 
(3). A least-squares analysis of the temperature 
variation of the ratio JaN/aHJ gave the intercept 
at 0 "C as 1.027 and the slope as 0.00080 per 
deg C with a standard error of 0.0025. The mean 
of the values for the nitrogen hyperfine coupling 
was found to be a, = 32.52 Mc/s (std. dev. 0.21), 
whereas the method of least squares gave the 
intercept at 0 "C as 32.35 Mc/s and the slope as 
0.005 Mc/s per deg C with a standard error of 
0.20. 

Since the data show little justification for 
assuming any temperature dependence of the 
nitrogen hyperiine coupling, a, will be con- 
sidered to have a constant value of 32.5 Mc/s 
in the treatment to follow. The increase in the 
ratio (a,/a,l with temperature in N2H4+ can be 
explained using the torsional vibration treatment 
due to Stone and Carrington (2). The ion N2H4+ 
is iso-electronic with the mono-negative ion of 
ethylene and hence, the unpaired electron can be 
assigned to the antibonding orbital 

which has a node between the two nitrogen 
atoms. The atoms in N2H4+ are labelled as 
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FIG. 1. The first-derivativee.p.r. spectrum of the radical-ion N2H,+ in aqueous solution a t  35 "C. 

shown in the inset in Fig. 2. In the equilibrium 
position, 8 = 0°, the hyperfine coupling a,, 
and a,, (=a,,,) are proportional to the unpaired 
n-electron spin population on nitrogen atom 1. 
This follows from the usual concepts embodied 
in the relationships (4) 

and 

where Q is the proportionality constant which 
relates the hyperfine coupling, a, to the unpaired 
spin population, p". 

When the angle between the planar halves of 
N,H,' is 8 > 0°, overlap can occur between any 
antisymmetric combination of the bonding 
o-orbitals (o,,,, and o,,,,) of the amino group 
incorporating N,  and the 2pz-orbital of N,. 
Overlap can also occur between the orbital 
(2pJN2 and an antisymmetric combination of 
the antibonding orbitals o*,,,, and o*,,,,. 
Thus, the perturbation imposed on the 2pz- 
orbital of nitrogen atom 2 can be expressed in 
the form of two equations: 

[31 (Cu11/2)[aNl~, - a N l ~ b 1  

+ CN[(~P,)~,IX'  sin 8 

(~~IV'~)[~*N~H~ - U * N ~ H ~ I  
+ CN[(2p,)N,lk" sin 8. 

Similar expressions hold for the pertubation 
experienced by nitrogen atom 1 due to the 
o-orbitals of the N, amino group. Hence, the 
effect of torsional displacement through 8" 
would be to introduce positive spin density at 
the protons, which would bring about an overall 
decrease in the proton hyperfine coupling, a,. 

This treatment can be simplified by assuming 
that the torsional displacement is small so that 
the perturbed coefficient, CN, is approximately 
equal to the coefficient of the unperturbed 2p,- 
orbital, CNO, and that the resonance integral, 
P,,, remains essentially constant. As a conse- 
quence, QN = 65.0 Mc/s follows from eq. [I], 
since p," = JCN012 = 0.5 and the mean value 
of a, is 32.5 Mc/s. 

The contribution to the proton coupling 
arising from the perturbations due to the tor- 
sional motion will be proportional to ICN12 sin2 
8 and can be expressed as 

where Q, > 0. The proton hyperfine couplings 
at a given angle of displacement will then be 

and since pNln = p,," = 112, the hyperfine 
coupling for all protons as a function of 8 
becomes 

Thus, the formula for the temperature variation 
of a, will contain the torsional vibration fre- 
quency and the extent of orbital mixing since Q, 
contains the parameters A' and A". 

Proceeding as previously described (2), a, (8) 
can be averaged over a given vibrational state 
by utilizing the relationship 

where AE, is the energy of the state with quan- 
tum number v above the ground state, and K is 
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FALLE: TEMPERATURE DEPENDENCE OF THE E.P.R. OF THE HYDRAZINE POSITIVE ION 1705 

FIG. 2. The nitrogen coupling, aN, and the temperature variation of the ratio laN/a,l in the radical NZH,+. 

the vibrational force constant (in energy unit 
rad-2). This affords the average, - - 

but because the radical is subject to random 
tumbling in solution, the time average of the 
proton hyperfine coupling is assumed to be 
equivalent to a Boltzmann average over the 
vibrational states (2). Hence the observed proton 
hyperfine coupling should be given by 

m (-vAEY) 
[9] aH = z-'C (aR)" exp ---- , 

v=o kT 
where Z -  is the vibrational partition function. 
At a given temperature then, the proton hyper- 
fine coupling for N2H4+ will be 

QH Qt (AEP) z-l 
[lo] a, (T) = - + - --- 2 2 K  

m (-vAE,) x C (v + 4) exp ---- 
v=o kT ' 

whence 

In C2H4, the torsional band lies at 825 cm- ', 
whereas it is at 580 cm-' for C2D4 (5). The 
value for N2H4+ is expected to be lower due 
to the additional electron in the antibonding 
n-orbital. The torsional vibration of hydrazine 
has been assigned to a band centered at 376.7 
cm- ' in the gas phase (6) and to bands at 404 
and 383 cm-' using a N 2  matrix (7), while the 
torsional vibrations for C2H6 and C2D6 are at 
275 and 200 cm-', respectively (5). It now 
remains to choose a reasonable value for the 
torsional vibration frequency in the planar 
N2H4+ ion and hence to derive an estimate of 
the magnitudes of QH and Q,. Though rather 
arbitrarily, the value AE, = 450 cm- ' is chosen 
and, using rN-, = 1.02 ki (6) and Hfi H = 120" 
for N2H4+, this corresponds to a vibrational 
force constant, K, of 4730 cm- ' radC2. From 
Fig. 2, the two points a, (15 "C) = -31.30 
Mc/s and a, (55 "C) = -30.36 Mc/s were used 
in calculating the values of QH and Q, in eq. [ l l ] .  
The best fit to the temperature variation of the 
ratio, (aN/aHl for 450 cm-', was obtained with 
QH = -89.5 Mc/s and Q, = 459 Mc/s. 

The magnitudes of QN = 65.0 Mc/s and QH = 
-89.5 Mc/s are reasonable, being greater than 
the corresponding values for NH,+ (8) but 
comparable with those for various nitrogen 
semiquinones (4, 9, 10). The magnitude of Q, = 
459 Mc/s is comparable with the frequency 
dependent Q, = 400 Mc/s derived for the 
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2,6-di-t-butylphenoxy radical (2). But Q, is con- Acknowledgments 
siderabl~ larger than thevalues QH", 1 l2 Mc/s The author wishes to thank the International 
(11) and 120 Mc/s (I2), derived from experhen- Order of the Daughten of the Empire (Canada) 
tal P-proton hyperfine using an for an overseas scholarship during 1966-67, 
expression (1 1) : when this research was carried out in affiliation 
[I21 a= = QH' + QHtt  cos2 0. 

However, the magnitudes of QH and Q,, particu- 
larly the latter, are sensitive to the frequency 
used for the torsional vibration in N2H4+. For 
example, choosing AE, = 400 cm- ' (K = 3740 
cm-' rad-2) leads to the values QH = -86.3 
and Q, = 336 Mcls, whereas AE, = 500 cm-' 
(K = 5840 cm- ' rad- ') yields QH = -93.2 
and Q, = 606 Mc/s. 

I t  should be mentioned that the invocation of 
wagging vibrations and the consequent break- 
down in orthogonality between the nitrogen 
2p,-orbital and the N-H ~(bonding) and o*- 
(antibonding) orbitals would lead to an increase 
in a, (2). Wagging vibrations should also be 

I expected to result in a larger increase in a, than 
in a, and thus a resultant decrease in the ratio 
laN/aH( (2, 3, 8). However, the probable frequen- 
cies for deformation modes in N2H4+ should be 
relatively high (-900 cm- ') (5, 7) and since a, 
is independent of temperature, the wagging vibra- 
tions are deemed to be unimportant. Deuterium 
substitution could provide the data necessary to 
confirm the foregoing torsional vibration hypo- 
thesis in the case of N2H4+ as well as in the 
2,6-di-t-butylphenoxy radical. 

with the Department of Theoretical chemistry, 
Cambridge, England. Thanks are extended to 
Dr. A. Carrington, who suggested this problem, 
and to Dr. A. J. Stone and Dr. M. A. Whitehead 
for helpful discussions. The author is also 
indebted to the referees for a number of valuable 
comments. 
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Formation et stabilitii de complexes hydroxo-ammonio en solution aqueuse. 
I. Complexes de zinc 

A. 0. GUBELI ET J. STE-MARIE 
Dipartement de Chimie, Universiti Laval, Qriebec, Quebec 

R e ~ u  le 16 aoilt 1966 
Approuvt pour publication le 26 septembre 1967 

On a developpe une nouvelle methode de calcul pour determiner les constantes de formation de com- 
plexes en 6quilibre avec un precipite en solution aqueuse. Cette methode a kt6 appliqute h l'ttude des 
complexes ammonio et hydroxo-ammonio du zinc en presence de son hydroxyde. Les courbes de solu- 
bilite en fonction du pH et de pNH3 ,,, ont 6tC Btablies au moyen de l'isotope 65Zn h 25 "C et force ioni- 
que unitaire avec NaC10,. 

A new method has been developed for the calculation of the formation constants of complexes inequi- 
librium with a precipitate in aqueous solution. This has been applied to the study of ammonio and am- 
monio-hydroxo complexes of zinc in the presence of the hydroxide. The curves of solubility vs. pH and 
pNH3 have been established by means of 65Zn at 25 "C and ionic strength 1.0 with NaC10,. 
Canadian Journal of Chemistry, 46, 1707 (1968) 

Introduction 
Lorsqu'un prCcipitC existe en Cquilibre avec 

une solution contenant, outre des ions produits 
par la dissociation du prCcipitC, des ions ou des 
molCcules qui peuvent servir de ligands, des com- 
plexes peuvent non seulement se former A par- 
tir des ions mCtalliques et des ligands en solution 
mais Cgalement entre les ligands et le prCcipitC 
en Cquilibre avec la solution. Dans le premier 
cas on obtient normalement des complexes 
simples et les mCthodes courantes de calcul 
peuvent &tre utilides. Dans le second cas par 
contre, les complexes formCs peuvent &tre 
mixtes, c'est-A-dire formCs de plus d'une espbce 
de ligand. 

Comme 1'Ctude des complexes mutes est 
toute rCcente et que les mCthodes de calcul ne 
leur sont pas facilement applicables, il fallut 
mettre au point une mCthode particulibre A la 
dktermination des constantes de formation de 
ces complexes mixtes. 

Traitement mathkmatique 
Traitement giniral 

Lorsque l'on prCcipite l'hydroxyde M(OH), 
d'un mCtal bivalent de coordination n en prC- 
sence d'ammoniaque, un syst6me d'kquilibres 
sirnultanks peut s'ktablir en solution. Ces divers 
Cquilibres peuvent &tre groupCs de la manibre 
suivante. 

(a) Equilibre de dissociation de NH,+. 

(b) Equilibre de prkcipitation de M(OH),. 

(c) Equilibres de formation des complexes 
simples et mixtes. 

4zu = 
[M (OH)Z(NH~)~~-~I  
[M [OH-:IZ [NH 31' 

Comme la concentration totale de mCtal en 
solution est Cgale A la somme des concentrations 
de l'ion mCtallique et de tous les complexes en 
Cquilibre, on peut Ccrire 1'Cquation gCnCrale 

n-y n-z 

H I  [MtotI = C C 4 z u [ ~ 2 + l ~ ~ ~ - : l z ~ ~ ~ 3 1 u .  
z=o y=o 

Dans cette Cquation gCnCrale, les concentrations 
[M2+ 1, [OH-] et [NH,] peuvent &tre expri- 
mCes en fonction de [Hf ] et de [NH, ,,,I (con- 
centration totale d'ammoniaque en solution). 
En effet, cornme la solution est en Cquilibre avec 
l'hydroxyde M(OH), prCcipitC: 

De plus, si la concentration des complexes 
contenant NH, est faible comparCe A la concen- 
tration totale d'ammoniaque en solution, on peut 
Ccrire : 
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et On peut dtriver les tqs. [9] et [lo], aprb  les 
avoir mises sous forme logarithmique, selon 

[7] [NH,] = [NH3 tot] 
[H+l + k, pNH, ,,, et selon le pH; on obtient les equations 

= Fn(H+) [NH3 tot]. suivantes. 

L'tquation [4] devient finalement: [ I l l  a log [Mtotl = -, 
n-u n-z d pNH3 tot  

[81 [Mtotl = C C + z U ~ u ~ ~ - ~ [ ~ + l ~ - "  
z=o u=o log ["t~tl = x  + y - 2, si p~ < pk, 

X [NH3 t o t I u F n  (H+)". 
[I21 pH 

Si [H+l >> k,, Fn(H+) = k,/[H+l 
et l'tq. [8] devient : 

n-v 71-4 

[gl [MtotI = C C + z u ~ u , ~ d - 2  
z=o l,=O 

X k,V [NH3 tot]V[~+]2-Z-v. 
Si k, >> [H+], Fn(H+) = 1 

et l'tq. [8] devient : 
n-v n-z 

[lo1 [Mtotl = C C +zv~D,K,"-2 
r = O  ,,=O 

Me'thode d'identification de complexes en con- 
centration pr6dominante en solution par 
l'interpre'tation de courbes de solubilite' 
d'hydioxydes peu solubles 

On sait qu'il existe rarement en solution plus 
de deux ou trois complexes en tquilibre en con- 
centration prtdominante. La concentration to- 
tale de mttal en solution, [M,,,], devient donc B 
toute fin pratique tgale 2 la somme d'un nombre 
limit6 de concentrations. Or, on peut ttudier de 
f a ~ o n  exptrimentale les variations de [M,,,] en 
fonction du pH et de la concentration totale 
d'un ligand en solution. I1 est de plus possible de 

- ~ 

calculer, B partir de la loi d'action de masse, les 
variations de la concentration d'un complexe 
donnt en fonction des m&mes variables. 

Si, dans une rtgion donnte de pH et dans un 
intervalle de concentration de ligand, les varia- 
tions trouvtes exptrimentalement pour [M,,,] 
correspondent aux variations prtdites pour un 
complexe donnt dans les m&mes conditions 
d'tquilibre, on peut alors conclure que [M,,,] 
correspond 2 la concentration de ce complexe. 
Le complexe se trouve donc identifit et sa cons- 
tante de formation peut &tre calculte a partir de 
la valeur de [M,,,], de [Hf ] et de [NH, ,,,I. Si 
l'on ttudie toutes les rtgions du pH ainsi qu'un 
intervalle assez ttendu de la concentration 
totale de ligand, on pourra ainsi identifier tous 
les complexes se formant en concentration 
'apprtciable en solution. 

d log [Mtotl 
[I3] dpH 

= x - 2 ,  si pH > pk, 

Les complexes prtdominants dans les diverses 
rtgions de pH et de pNH, ,,, peuvent donc 
&tre identifits B partir des pentes des courbes de 
solubilitC selon le pH et pNH, ,,,. A cette fin, on 
construit un graphique en perspective de log 
[M,,,] en fonction du pH et de pNH, ,,, (Fig. 1). 
Paralldement et en partant des tquations 
donntes ci-dessus, on peut dtduire la valeur des 
pentes caracttristiques de tous les complexes pos- 
sible~. Ces valeurs sont rtsumtes au Tableau I 
pour chacune des 15 esp6ces susceptibles d'&tre 
en tquilibre avec l'hydroxyde prtcipitt, pour un 
mttal de coordination quatre. On remarque qu'il 
n'existe pas deux combinaisons semblables. 

I v 
7 8 9 10 1 1  I2 

pNH3 tot 

FIG. I. Graphe tridimensionnel de la solubilitC de 
Zn(OH), en fonction du pH et de pNH, ,,,. 

Constantes de.formation des complexes I~ydroxo-arnmonio 
de zinc en prdsence de Z n ( 0 H )  , 

Les solutions en Cquilibre avec Zn(OH)2 ont CtC prC- 
parCes dans des fioles volumCtriques de 50 et 100 ml. 
Continuellement agitCes pendant les premiers jours 
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GUBELI ET STE-MARIE: FORMATION ET STABILITE DE COMPLEXES 

TABLEAU I 

Pentes caracteristiques de la courbe de solubilite pour des complexes 
de formule gCnCrale M(OH)x(NHB),'-x 

a log [MlOl1 a log [Mloll 
a pH a pH a log [M,,,I 

- 
x Y Complexe (pH i pk,) (pH > pk, a pNH3 ,,, 

TABLEAU I1 

SolubilitC de Zn(OH), en fonction 
du pH en presence de NH, 0.005 M 

Solution pH pZntOl 

taux aux Tableaux 11, 111 et IV. De plus, ces 
resultats sont reprisentks a la Fig. 1 par un graphi- 
que en perspective de log Zn,,, en fonction du p H  
et de pNH3 ,,,. 

Les courbes de solubilite montrent en milieu 
neutre une pente de -2 par rapport au pH et une 
pente de 0 par rapport a pNH3 ,,,; l'ion corres- 
pondant ces pentes dans le Tableau I est Zn2+. 
Commes les courbes se superposent dans cette 
rtgion a celle de l'hydroxyde seul, publite pre- 
ctdemment, on a une preuve que le prtcipitk 
est bien le m&me pour chacun des cas ttudits, 
soit Zn(OH),. 

TABLEAU I11 
SolubilitC de Zn(OH), en fonction 
du pH en presence de NH3 0.02 M 

Solution pH pZnlot 

d'kquilibre, ces solutions reposkrent ensuite pour que le 
prCcipitC solide puisse se deposer complktement au fond 
des recipients. Aprks 5 ou 6 jours d'equilibre, 4 echantil- 
Ions de 5 ml furent pris dans chacune des solutions et 
transfer& dans des contenants en matiCre plastique pour 
le comptage de la radioactivitk. Les pH furent dtterminks 

l'aide de couples d'klectrodes verre-calomel. 
Toutes les solutions d'kquilibre furent conservCes dans 

des bains a temperature constante, rkglCs a 25 OC et leur 
force ionique fut portCe a I'unite avec NaC104. Aucun 
tampon ne fut utilisC pour obtenir un pH particulier afin 
d'eviter toute interaction possible entre le tampon et la 
solution CtudiCe. Seuls HCIO, et NaOH furent donc 
utilises. 

Trois series de solutions contenant respectivement des 
concentrations 0.005, 0.02 et 0.04 M de NH3 furent ainsi 
prtparkes. 

Nous avons group6 les rtsultats experimen- 
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TABLEAU IV 
Solubilite de Zn(OH)2 en fonction 
du pH en presence de NH, 0.04 M 

Solution pH pZntot 

Ces courbes prCsentent, en outre, deux carac- 
tkristiques: l'apparition d'un maximum vers pH 
9.5 et une pente de 1 en milieu plus alcalin. On 
remarque aussi que dans la rCgion du maximum, 
la courbe de solubilitC selon pNH,,,, a une 
pente de -4 et que cette pente est de -1 en 
milieu plus alcalin. Or, d'apres le Tableau I, on 
voit que le seul complexe pouvant donner une 
pente de -4 selon pNH,,,, a la courbe de solu- 
bilitC est Zn(NH,),*+ et que, en milieu alcalin, 
des pentes de 1 selon le pH et de - 1 selonpNH,,,, 
correspondent au complexe Zn(0H) ,(NH ,) - . 
Ces deux complexes sont en concentration 
prkdominante en solution ammoniacale. 

CalcuI des constantes d'kquilibre 
( 1 )  Produit de solubilite'deZn(OH), 
Tous les points expkrimentaux situCs sur les 

segments des courbes de solubilitC de pente -2, 
selon le pH, peuvent &tre introduits directemeilt 
dans le calcul du produit de solubilitC de 
l'hydroxyde de zinc. En effet, pour tous ces 
points [Zn,,,] est Cgal B [Zn2+]. Comme par 
dkfinition 

K,, = [Zn2+][0~-12, 
on peut Ccrire 

[14] K,, = [ Z ~ ~ ~ ~ : ~ [ O H - I ~  = ~ ~ [ ~ n ~ , ~ l [ ~ + l - ~ ,  

ou, sous forme logarithmique 

[I51 pK,, = 2pKw - 2pH + pZntot 
oh pK, = 14.00 (pour I = 1.0 et t = 2 5 ' ~ ) .  

Des courbes de solubilitC obtenues, 15 points 
exptrimentaux peuvent servir au calcul du pro- 

CHEMISTRY. VOL. 46, 1968 

duit de solubilitC de Zn(OH), selon 1'Cq. [15]; 
on trouve comme valeur moyenne: 

(2) Constantes deformation des complexes 
hydroxo-ammonio et ammonio de Z ~ I  

Par les pentes des courbes de solubilitC, il a 
CtC possible d'identifier deux complexes dont la 
concentration est prCpondCrante dans deux 
regions donnCes du pH et de pNH, ,,,. Ce sont 
les complexes z n ( N ~ , ) , ~ +  et Zn(OH),(NH,)- 
que nous avons mentionnCs. Nous avons donc 
fait le calcul des constantes de formation de ces 
deux complexes et comme ce calcul pour le pre- 
mier complexe demandait la connaissance de la 
constante de dissociation de l'ammoniaque, 
nous avons prCfCrC trouver cette valeur a partir 
des courbes de solubilitC disponibles plut6t que 
prendre une valeur donnCe en 1ittCrature pour 
une autre force ionique. 

(a)  Constante de dissociation de I'ammoniaque 
Cette constante a CtC calculCe en m&me temps 
que la constante de formation de Zn(NH3)42+. 
En effet, dans la rigion de pH et pNH, ,,, oh 
ce complexe est pridominant, il est possible 
d'tcrire : 

[16] [ ~ n  ( N H ~ ) ~ ~ ' ]  = [Zntotl 
= +04[Zn2+] [ N H ~ ] ~ .  

Or nous savons d'apres 1'Cq. [7] que 

1'Cq. [16] est donc une Cquation B deux incon- 
nues, Ic, et +,, que l'on peut Ccrire de la maniere 
suivante : 

Les concentrations [Zn,,,], [NH, ,,,I et l'acti- 
vitC [H'] sont dCterminCes experimentalement 
et, connaissant le pH de la solution et le produit 
de solubilitC de Zn(OH),, [Zn2+] peut Stre 
CvaluCe. Ainsi chacun des points exptrimentaux 
de la rtgion de pH et pNH? ,,, considtrCe donne 
une Cquation particuli6re si les valeurs des con- 
centrations sont introduites dans lYCquation 
gCnCrale [17]. Par exemple, pour un point i, on 
aura 

4 [zn2+1i 
= +04[NH3 t o t l i  - [Zntotl i ' 
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TABLEAU V 

Valeurs de la constante de dissociation k ,  de l'ammoniaque 

Points choisis 
pZn12+ pZnJz+ 

i i - pZntOt - pZntOt PA~J PHI PHJ pk= 

et pour un point j 
des mCmes points expCrimentaux. En effet, si 

4 [ ~ n ~ + l ,  
[jl ([H'l;n+ ") = ~o, [NHHI to,], l'on remplace [Zn2+] dans l'tquation modifiCe 

[ZntotIr ' [17] par Kp,K,-' [H+I2, on obtient 

Si [NH3 ,,,li = [NH, ,,,Ij, on obtient en divi- 
sant 1'Cq. Ij] par 1'Cq. [i] : 

~ w ~ [ ~ n t o t l ( [ ~ + l  + k,I4 [20] 904 = ------ 
Km[H+I"K,4[NH3 t O t l 4  ' 

[Zn ] .[Zn2+], [IS] 4- = A 
[ZnL+l i[Zntotlj 

Le symbole A j j  est introduit pour simplifier l'tcri- 
ture. L'Cquation [18] transformCe, on aboutit 
finalement 8: 

Les valeurs obtenues pour la constante de 
dissociation k, de I'ammoniaque sont donnCes 
au Tableau V ;  elles proviennent de I'tq. [19] en 
y introduisant les valeurs expCrimentales de 
plusieurs couples de points; les solutions corres- 
pondant aux points choisis pour les calculs con- 
tenaient toutes la m&me concentration totale 
d'ammoniaque. 

On trouve comme valeur moyenne de la cons- 
tante de dissociation de NH,+ en H +  et NH,: 
pk, = 9.30 $- 0.02. 

(b) Constante de formation deZn(NH3)42+- 
Une fois k, dCterminCe, la constante de forma- 
tion de zn(NH,),'+ peut &tre calculCe B partir 

qui devient sous forme logarithmique: 

[211 11904 = pZntot - 2pH - 4pNH3 
+ 4 p ( [ ~ + I  + kn) - 4pkn + 2pKw - pKD,. 

Les valeurs ainsi obtenues pour les 10 points 
expCrimentaux choisis sont donnCes au Tableau 
VI ; on trouve comme valeur moyenne 

p404 = - 10.54 f. (0.02 + 0.11) 

(la valeur 0.11 correspond B 1'Ccart moyen fait 
sur la dktermination de Ic, et de K,,). Afin de 
simplifier le tableau, les valeurs calculCes pour 
les concentrations de Zn2+ et NH, sont donnCes 
directement ; en effet 

p ~ n 2 +  = pK,, + 2pH - 2pK, et 

pNH3 = pNH3 tot + pk, - p([H+l + k,). 

(c) Constante de formation de Zn(OH),- 
(NH3)--Comme on 1'a vu la prtsence du 
complexe en solution a t t t  dCterminCe B partir de 
la courbe de solubilitC en milieu fortement alcalin 
de pentes 1 et -1 selon le pH et pNH, ,,,. 
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TABLEAU VI 
Calcul de la constante de formation de Zn(NH,),2+ 

Solution pH pZn,., pZn2+ pNH, ,,, pNH3 4pNH3 -p$04 

33 8.64 3.74 6.04 1.41 2.15 8.60 10.90 
34 8.76 3.68 6.28 1.41 2.06 8.24 10.84 
35 8.87 3.64 6.50 1.41 1.98 7.92 10.78 
36 9.08 3.55 6.92 1.41 1.83 7.32 10.69 
37 9.20 3.49 7.16 1.41 1.76 7.04 10.79 
38 9.33 3.43 7.42 1.41 1.70 6.80 10.81 
39 9.46 3.36 7.68 1.42 1.65 6.60 10.92 
40 9.60 3.38 7.96 1.41 1.59 6.36 10.94 
41 9.68 3.55 8.12 1.41 1.56 6.24 10.81 
42 9.80 3.61 8.36 1.41 1.53 6.12 10.87 

Rtciproquement, tous les points se trouvant sur 
le segment de courbe de pente 1 peuvent servir au 
calcul de la constante de formation du complexe 
mixte Zn(OH),(NH,)-. Pour tous ces points, 
[Zn,,,] = [Zn(OH),(NH,)- ] et l'on peut tcrire: 

[Zn (OH) x(NHs)-I 
[221 $31 [ z ~ ? + ~ [ o H - ] ~ [ N H ~ ]  

- [Zntotl 
K,, [OH-:I [NH a J ' 

Or, pour les points choisis [H+] est beaucoup 
plus petite que k, et dans ce cas, d'aprks l'tq. 
[7], [NH,] devient Cgale B [NH, ,,,I. On a donc 

[Zntotl 
[23 = KP8[OH1 [NH 3 tot 1 

- - [Zntotl[H+l 
KPsK, [NH 3 tot1 ' 

qui sous forme logarithmique devient : 

Les valeurs ainsi trouvtes pour les sept points 
choisis en milieu tres alcalin sont donntes au 
Tableau VII. On obtient comme valeur moyenne: 

(d )  Constante de formation de Zn(0H)  ,- 
(NH,)  2 - P ~ ~ r  vtrifier si seuls les complexes 
z ~ ( N H , ) ~ ~ +  et Zn(OH),(NH,)- sont en tqui- 
libre avec ZnZ+ et le prtcipitt Zn(OH),, il est 
possible de calculer ce que l'on devrait thtori- 
quement trouver comme valeur de pZn,,, pour 
les points des courbes de solubilitt non utilists 
dans le calcul des constantes de formation de ces 
complexes. I1 suffit donc d'additionner les con- 
centrations des ions ZnZ+, Zn(NH3)42+ et 
Zn(OH),(NH,)- calcultes i partir des cons- 
tantes dtjh trouvtes ainsi que le pH et pNH, ,,, 
des points choisis. Les valeurs ainsi obtenues 
sont donntes au Tableau VIII, la fois pour 
pZn,,, calcule et trouvt exptrimentalement. 

On remarque que la difftrence entre les 
valeurs exptrimentale et calculte de pZn,,, est 
assez grande pour les solutions 7, 8, 9 et 10 si 
l'on considkre uniquement la difftrence entre 
les logarithmes (p = -log). Du point de vue 
absolu cependant, elle correspond h une difft- 
rence de concentration de 0.000002 1n en Zn. 

Dans le cas des solutions 24, 25, 26, 27, 28 et 
29, la difftrence entre les valeurs exptrimentale 
et calculte s'explique t r b  bien par l'erreur sur 
les points exptrimentaux et la valeur de l'icart 
moyen des constantes de formation. 

TABLEAU VII 
Calcul de la constante de formation de Zn(OH),(NH,)- 

pH -k pZn,,, 
Solution pH pZn,,, pNH3 ,,, - pNH3 I,t -P$,~ 
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GUBELI ET STE-MARIE: FORMATION ET STABILITE DE COMPLEXES 

TABLEAU VllT 
Calcul de la constante de formation de Zn(OH)2(NH3)2 

pZnl0, pZn,,, 
Solution pH pZn2+ pZn(NH,),'+ PZ~(OH)~(NH,)-  (calc.) (exp.) 

Enfin, pour les solutions 30, 31, 43 et 44, la 
difftrence entre pZn,,, calcult et trouvt exptri- 
mentalement est assez grande pour que l'on 
suppose la prtsence d'un autre complexe dans 
cette region de pH et pNH, ,,,. D'aprks les 
differences remarqutes, la concentration de ce 
complexe augmente ltgkrement avec le pH mais 
est proportionnelle au carrt de la concentration 
de NH, en solution. Or, le Tableau I montre que 
le complexe qui correspond 5 une pente voisine 
de 0 selon le pH et une pente de -2 selon pNH , ,,, 
des courbes de solubilitt a pour formule 
Zn(OH),(NH,),. Bien que nous n'avions que 
quatre points disponibles pour calculer la cons- 
tante de formation de ce complexe, il nous a 
semblt inttressant d'effectuer ce calcul afin de 
comparer la constante ainsi obtenue avec celle 
dtj5 dtterminte pour le complexe mixte Zn- 
(OH),(NH,)-. Cette constante +,, peut Stre 
calculte de la manikre suivante 

qui, sous forme logarithmique, devient 

[261 p 4 ~  = pAZntot - 2pNH3 - pKpsr 

oh ~AZntot = ~([Znt,tl,,p - [Zntotl,,,,). 
Les valeurs obtenues pour le calcul de la 

constante de formation du complexe Zn(OH),- 
(NH,), sont donnees au Tableau IX, ainsi que 
les rtsultats obtenus 5 partir de l'tq. [26] pour 
les quatre solutions concerntes. On trouve 
comme valeur moyenne: 

p4zz = - 15.53 (0.05 + 0.03). 

Discussion 
Alors que Bjerrum (1) en 1941 et Spike et 

Parry (2) en 1953 rapportkrent la formation 
de z~(NH,),+, Z ~ ( N H , ) , ~ + ,  Zn(NH,),,+ et 
zn(NH,),,+, nous n'avons remarqut que la 
prtsence de Zn(NH,),,+. De plus, la valeur de 
-pp, (correspondant 5 notre -p+,,) obtenue 
par Bjerrum pour ce complexe est plus faible 
que celle que nous avons trouvte nous-mEmes 
(9.48 en comparaison de 10.84). Cette difference 
serait encore plus grande si la constante de 
dissociation de 9.61 utiliste par Bjerrum dans 

TABLEAU IX 

Valeurs de la constante de formation de Zn(OH)2(NH3)2 

PZ~(OH)Z(NH~)Z 
Solution pH pNH3 2pNH3 (pAZnlot) - p b 2  
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ses calculs ttait substitute a celle de 9.30 
trouvte et utiliste dans nos calculs de $,,. 

Les conditions exptrimentales ttant difft- 
rentes, il est tvidemment malaist d'ttablir une 
comparaison. En effet, le travail de Bjerrum n'a 
t t t  effectut qu'en milieu homogkne, entre pH 
5.8 et 8.3 dans une solution 2 M de NH,NO,, 
alors que nos resultats proviennent de solutions 
en tquilibre avec l'hydroxyde de zinc dans une 
rtgion de pH allant de 6 ?I 13 et pour des con- 
centrations d'ammoniaque de 0.005 A 0.04 M. 

Etant donnt qu'il nous a t t t  relativement 
difficile de calculer la valeur des constantes de 
formation de trois complexes dans un intervalle 
de 8 unites de pH et de 0.9 unitt de pNH, ,,,, on 
peut se demander comment Bjerrum a pu rtus- 
sir 5 dtterminer quatre constantes dans un inter- 
valle de 2.5 unitts de pH sans changer la con- 
centration totale d'ammoniaque et d'ions ammo- 
nium en solution. Une remarque semblable a 
d'ailleurs t t t  faite en 1954 par Wormser (3) qui 
a montrt, en reprenant les calculs de Bjerrum a 
partir de la courbe exptrimentale, que cette 
courbe de Bjerrum pourrait aussi bien s'expli- 
quer par la prtsence en solution des seuls com- 
plexes Zn(NH,)," et Zn(NH,),". 

De toute tvidence, la thtorie de Wormser 
ttait fondte puisque nos travaux dtmontrent 
la prtsence du seul complexe zn(NH,)," en 

travaux de la possibilitt de formation de com- 
plexes mixtes. 

Une ttude des complexes hydroxo-ammonio 
du zinc a Ctt entreprise par Bode (4) en 1962. 
Mais il introduit dans ses calculs les constantes 
d t j i  trouvtes par Bjerrum pour la formation 
de Zn(NH,)", Zn(NH,),", Zn(NH,)," et 
Zn(NH,),'+. Bode propose toute une strie de 
complexes mixtes, possibles et en "trouve" les 
constantes de formation en construisant, a 
l'aide de ses donntes exptrimentales, un systkme 
de sept tquations oa apparaissent sept cons- 
tantes p inconnues en plus des valeurs de Bjer- 
rum. Des sept valeurs trouvtes, deux correspon- 
dent respectivement aux complexes Zn(OH),- 
(NH,), et Zn(OH),(NH,)-. Comme on pou- 
vait s'y attendre, ces valeurs sont plus faibles que 
celles que nous avons trouvtes; en effet, si l'on 
tient compte de la formation de complexes qui 
en rtalitt n'existent pas, on accorde relativement 
moins d'irnportance aux complexes rtels et de 
ce fait les constantes de formation calcultes sont 
trop basses. 
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Preparation and infrared spectra of alkali and alkaline earth metal chlorosulfates 

J. A. CIRUNA AND E. A. ROBINSON 
Lash Miller Cl~ernical Laboratories and Erindale College, University of Toronto, Toronto, Ontario 

Received December 8, 1967 

A new method for the preparation of alkali and alkaline earth metal chlorosulfates is described which 
involves the precipitation of the salts from saturated solutions in chlorosulfuric acid using thionyl chlo- 
ride. The infrared spectra of all the chlorosulfates in the region 400-1500 cm-' have been measured and 
the assignment of the frequencies is discussed. 

Canadian Journal of Chemistry, 46, 1715 (1968) 

Introduction 

Salts of chlorosulfuric acid, although not 
always recognized as such, have been prepared 
previously by reacting metal chlorides with 
sulfur trioxide (1-5). Very recently, NaS0,Cl 
has been obtained by the reaction between 
sodium perchlorate and dimethyl formamide- 
sulfuryl chlorideadduct in acetonitrile solvent (6). 

The reaction of metal chlorides and sulfur 
trioxide gives various products. For example 
ller (4) and Hixon and Tinney (5) have described 
commercial methods that give adducts between 
the alkali metal chlorides and sulfur trioxide. In  
the presence of excess SO3, compounds of the 
type NaCl.nS0, (n > 1) were obtained which 
lost SO3 at temperatures above 100 "C to give 
NaCl.SO,, which was found to be relatively 
stable. Similarly, much earlier, Schultz-Sellack 
(1) found that when NaCl and KC1, respectively, 
are exposed to sulfur trioxide for a considerable 
time, compounds of the type NaC1.4SO3 and 
KC1.8S03 (which are presumably best formu- 
lated as NaS,O,,Cl and KS,O,,Cl, the salts of 
chloropolysulfuric acids) are obtained. 

In 1960 Waddington and Klanberg (7) showed 
that reaction of tetramethylammonium chloride 
and phosphorus pentachloride, respectively, with 
chlorosulfuric acid gave crystalline compounds 
which, on the basis of their infrared spectra, 
were formulated as the chlorosulfates Me4- 
N + -SO,Cl- and PC14+ .SO,Cl-, respectively. 

In  the present work alkali and alkaline earth 
metal chlorosulfates have been obtained by 
reacting anhydrous metal chlorides with chloro- 
sulfuric acid, 

[ l ]  MCI, + nHSO3C1 = M(S0,Cl). + nHC1, 

a method which parallels that of Gillespie and 
co-workers (8), who have prepared the analogous 

very pure fluorosulfates by reacting metal chlo- 
rides with fluorosulfuric acid. 

Vibrational Spectra 
Previously, Waddington and Klanberg (7) 

assigned the infrared spectrum of the chloro- 
sulfate anion in its tetramethylammonium and 
tetrachlorophosphonium salts by analogy with 
Sharp's assignment of the spectrum of the 
fluorosulfate anion in its alkali metal salts (9). 
More recently, Gillespie and Robinson (10) 
measured the Raman spectra of solutions of 
chlorosulfates in dimethylsulfoxide and chloro- 
sulfuric acid, respectively. Very recently, Steger 
and Ciurea (11) have reported the infrared 
spectrum of NaS0,Cl between 300 and 1600 
cm-'. 

Experimental 
Reagents 

Chlorosulfuric acid was used directly as obtained from 
the British Drug Houses Ltd., since attempts to purify it 
further by simple or fractional distillation gave acid 
containing appreciable quantities of the anhydride 
S2O5Cl, (see also ref. 12). Alkali and alkaline earth 
metal chlorides were commercial samples: barium, 
calcium, cesium, potassium, and sodium chlorides were 
B.D.H. Analar reagents; lithium and strontium chlorides 
were B.D.H. reagent grades; and rubidium chloride was 
Fisher certified reagent grade. All the salts were carefully 
dried before use. Thionyl chloride (Fisher) was distilled 
at atmospheric pressure, and the fraction boiling at 76 "C 
collected and used. 

The handling and transfer of all reagents was carried 
out in a dry box under an atmosphere of dry nitrogen. 

Preparation of Chlorosulfates 
In a typical experiment 50 ml of chlorosulfuric acid were 

transferred under dry nitrogen into a 250ml flask 
equipped with a microcondenser. The anhydrous metal 
chloride was added through the condenser until the 
solution was saturated at the boiling point of the acid. 
When the evolution of hydrogen chloride was complete 
the solution was allowed to cool and thionyl chloride 
added slowly until the metal chlorosulfate precipitated 
from solution. The mixture was transferred to the 
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apparatus shown in Fig. 1 and the salt filtered onto a TABLE I 
sintered glass plate and washed several times with thionyl Analysis of metal chlorosulfates 
chloride from the reservoir B. The solvent was repeatedly -- 
drawn off by opening S1 and Sz and applying a vacuum 
through SZ. After the final washing S1 and S4 were closed mequiv acid/g % (3 

and remaining thionyl chloride pumped off under reduced Found Theor. Found Theor. 
pressure into the traps C and D. The dry product was - 
ground to a fine powder and stored in sealed ampuls. NaS03CI 14.37 14.44 25.23 25.60 

KS03C1 12.87 12.93 22.52 22.93 
Ba(S03C1), 10.72 10.86 19.27 19.25 - . -  

prepared by precipitation, probably due to partial 
hydrolysis during the distillation procedure, e.g., 

[3 1 2HS03Cl= SzO,CIz + HzO 

[4 1 MS03C1 + HzO = MHS04 t HC1 

Spectra 
The infrared spectra were obtained on Nujol mulls 

prepared in an inert atmosphere from finely powdered 
samples of the salts. The mulls were contained between 
silver chloride plates and the spectra measured using a 
Perkin-Elmer 521 grating spectrometer in the range 
400-1500 cm-'. 

Results and Discussion 

The infrared spectra of the alkali and alkaline 
earth metal chlorosulfates obtained as Nujol 
mulIs in the region 400-1500 cm-' are shown in 
Table TI. Six normal modes of vibration are 
expectedfor thechlorosulfate ion (C,, symmetry) 
all of which should be active in both the infrared 
and Raman. They are conveniently described 
(10) as a SO, symmetric stretch, v,, an asym- 
metric stretch, v,, a SO, symmetric bend, v,, an 
asymmetric bend, v,, a S-C1 stretch, v,, and 
a S-C1 wag, v,. 

Waddington and Klanberg (7) assigned the 
spectra of Me4N.S03C1 and PC14.S03C1 by 
comparison with the spectra of fluorosulfates 
(9); however, the Raman study of Gillespie and 
Robinson (10) showed that the band at 540 cm-I 

FIG. 1. Apparatus for preparing chlorosulfates. 
assigned b; waddington and Klanberg to the 
S-C1 stretching mode was in fact the SO, 

The metal chlorosulfates were analyzed by hydrolyzing 
symmetric band. The four bands at 533, 555, 

known weights and determining the total acid and 600, and 640 cm-', respectively, observed in the 
chloride content. infrared spectrum of NaS0,Cl by Steger and 

Ciurea (1 l), were assigned in terms of removal 
121 M(S03C1),, + 3nHz0 of the expected degeneracy of the asymmetric 

= Mn+ + nSO,Z- + nC1- + 2nH30i bend (533, 555 cm-l) and a Fermi resonance 
Typical analyses are shown in Table I. interaction between the symmetric SO, bend and 

An alternative method of preparation, which was a combination band of the S-C1 stretch (392 
found to be less successful, was td distill ~hlorosulfuric cm-1) and the S-Cl wag (220 cm-') (10) to 
acid onto the anhydrous metal chloride, allow the reac- give the 600 and 640 cm- i frequencies. tion to go to completion, and then distill off the excess 
acid under reduced pressure. Salts obtained in this way The present infrared spectra the 
were generally of poor quality compared with those chlorosulfates, although somewhat complex, are 
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TABLE I1 
Infrared spectra of chlorosulfates 

(a) Li + Na + K + Rb+ Cs + CaZ + SrZ+ BaZ+ Assignment 

vs (E) S-CI wag 
vz (A) S-CI stretch 
(2~6)  
va (A) Sym. SO3 deform. 

vs (El Asym. SO3 deform. 

(v2 f ~ 6 )  
(v1- vz) 
( ~ 3  f ~ 6 )  
( ~ 6  f ~ 5 )  
(v2 f ~ 3 )  
(v2fv5) 

~ I ( A )  Sym. SO, stretch 
( 2 ~ 3 )  

(v3 f v 5 )  
( 2 ~ 5 )  

V 4  (El Asym. SO3 stretch 
( ~ 1  f ~ b )  

(a) Raman spectrum in solution (ref. 10). 
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satisfactorily explained in terms of overtones and 
combinations of the fundamental frequencies. 
The frequencies v, and v,, which were estimated 
from combination frequencies, compare favor- 
ably, as do the other fundamentals, with the 
frequencies in the Raman spectra of chloro- 
sulfate solutions (10). These assignments, how- 
ever, which hold consistently for the entire series 
of salts, do not support Steger and Ciurea's 
postulate of Fermi resonance to explain the 
peaks in the SO, bending region of the spectrum 
of sodium chlorosulfate. 

For the large cations where interionic interac- 
tions are least likely, the chlorosulfate ion 
exhibits the lowest S-0 symmetric stretching 
frequency. This behavior is consistent with that 
postulated to explain differences in the electrical 
conductivities of the salts in chlorosulfuric 
acid (12). 

Acknowledgments 

The National Research Council of Canada is 
thanked for the award of a scholarship (to J. A. 
Ciruna) and for generous financial assistance. 

Apart from '6 and vz, which were deter- 1. C. SCHULTZ-SELLACK. J. Chem. Soc. 24,193 (1871). 
mined directly, the remaining fundamental fre- 2. 0. RUFF. Ber. 34,3513 (1901). 
quencies are consistent with the expected C,, 3- H- H. S1sLER and L. F- ANDRIE~H. J. Am. Chem. 

SOC. 61,3392 (1939). 
symmetry of the chlorosulfate anion. If any ~ . R . K . I L E R .  U.S.PatentNo.2,219,103.1941. 
appreciable covalent bonding existed between 5. A. W. HIXON and A. H. TINNEY. Ind. Eng. Chern. 

33,1472 (1964). 
the and chlorosulfate the of 6. H. A. LEHMANN, C. RINGLL, and V. K~LTZSCH. Z .  
MS0,Cl would, at best, have been reduced to Chem.5,313 (1965). 
C, with the appearance of at least nine funda- 7. T. C. WADDINGTON and F. KLANBERG. J. Chern. 

mentals. SOC. 2339 (1960). 
8. R. J. GILLESPIE, J. BARR, and R. C. THOMPSON. 

However, the steady decrease in the chloro- Inorg. Chem. 3,1149 (1964). 
sulfate symmetric stretching frequency, v,, with 9. D. W. SHARp. J. Chem. Sot. 3761 

10. R. J. GILLESPIE and E. A. ROBINSON. Can. J. Chem. 
the change in metal cation in the order Li+ to 40,644(1962). 
Cs+ and ca2' to Ba2', is consistent with a 11. VON E. STEGER and I. C. CJIJREA. Z. Anorg. Allgern. 

Chem. 350,225 (1967). decreasing interaction between M' and SO,Cl- 12. J. CIRUNA and E. A. RosmsoN. Can. J. Chem. 
as the polarizing power of the cation decreases. This issue. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The chlorosulfuric acid solvent system. Part I. Electrical conductivity, transport 
number, and density measurements on solutions of simple bases 

E. A. ROBINSON AND J. A. CIRUNA 
Laslz Miller Clzetnical Laboratories and ErLldale College, University of Toronto, Torotrto, Ontario 

Received December 8,  1967 

Electrical conductivity, transport number, and density measurenlents on solutions of some simple 
bases, including alkali metal and alkaline earth metal chlorosulfates, are reported in the chlorosulfuric 
acid solvent system. The S03CI- ion was found to have a high mobility compared with, for example, the 
mobilities of the alkali metal and alkaline earth metal cations, and is believed to conduct by an abnormal 
Grotthus-type chain mechanism. Alkali metal chlorosulfates appear to behave as fully dissociated 
electrolytes, whereas alkaline earth metal chlorosulfates are incompletely dissociated. Difficulties 
encountered in preparing pure chlorosulfuric acid are discussed. 
Canadian Journal of Chemistry, 46, 1719 (1968) 

Introduction 

Although Williamson (1) first synthesized 
chlorosulfuric acid in 1857 little interest has been 
shown in its properties as a nonaqueous solvent. 
However, since sulfuric acid and fluorosulfuric 
acid are known to be good solvents for a wide 
variety of inorganic and organic solutes, it is to 
be expected that chlorosulfuric acid might be 
equally useful. 

Early work by Walden (2) in 1902 established 
the acid to be a good ionizing solvent and a value 
of 1.72 x lo-, ohm-"m-I was found for its 
specific conductivity at 25 "C. More recently Paul 
and co-workers (3) have studied the electrical 
conductivities of solutions of a few tertiary bases 
and alkali chlorosulfates; they postulated the 
following modes of solvent self-dissociation, 

and concluded that the high specsc conductivi- 
ties of solutions of potassium and sodium chloro- 
sulfates in chlorosulfuric acid infer that the acid 
ionizes according to eq. [ l ]  rather than eq. [2]. 
Quinoline and a-picoline also gave highly con- 
ducting solutions; it was claimed that this could 
be due to either 

[3 1 HS03CI + R N  + RNH+ + S03CI- 

To further confirm the validity of eq. [ l ]  the 
conductivities of solutions of the Lewis acids 
AlCl,, SbCl,, SnCl,, TiCl,, and SO, were deter- 
mined; it was found that all these solutes behave 

essentially as nonelectrolytes. This behavior 
was interpreted as ruling out eq. [2]. 

Gillespie and White (4) found that the dielec- 
tric constant of chlorosulfuric acid is 60 + 10 a t  
14 "C and Palm (5) has determined the Hammett 
acidity function to be - 1.89 units more negative 
than that of pure sulfuric acid, showing that 
HS0,Cl is a stronger acid than H,SO,. The 
latter result was confirmed by Ban-, Gillespie, 
and Robinson (6), who found that chlorosulfuric 
acid behaves as a very weak acid in 100 % H2S04. 
Waddington and Klanberg (7) found that chloro- 
sulfuric acid behaves also as an acid in liquid 
hydrogen chloride, 

[5] HSO3CI + HCl % H2CI+ + S03CIM. 

The greater acidity of chlorosulfuric acid as 
compared with sulfuric acid, its relatively high 
dielectric constant, and its potential use as a 
solvent for inorganic and organic chlorides 
prompted us to start a systematic investigation 
of its properties as a nonaqueous solvent. This 
paper reports the results of some electrical 
conductivity, transport number, and density 
measurements on solutions of simple bases. 

Experimental 
Chlorosulfuric acid (British Drug Houses, reagent 

grade) was used without further purification. The normal 
method of purification has been by distillation, but we 
have found it impossible to obtain pure samples in this 
manner. Attempts to purify chlorosulfuric acid by distil- 
lation at atmospheric (and reduced) pressures gave a 
product containing increased amounts of pyrosulfuryl 
chloride (Table I). The S20,C12 content was determined 
by the method of Zararov (12) by extracting the nonpolar 
anhydride into anhydrous carbon tetrachloride. Ten 
milliliters of chlorosulfuric acid in 20 ml of 100 % H2S04 
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was extracted with three 20 ml portions of CCI,. Aliquots 
(25 ml) from the combined extractions were then hydro- 
lyzed with 75 ml of water and titrated to  give the total acid 
and chloride content. The original HS03CI/HzS04 
sample was extracted with two additional 20 ml portions 
of CC14 to  give standards for correcting the HS03C1- 
HZSO4 partition in carbon tetrachloride. The presence of 
pyrosulfuryl chloride as the impurity in distilled chloro- 
sulfuric acid was verified from its Raman spectrum and by 
a constant total acid to  chloride ratio of 3 to 1 (exp. 
3.00 & 0.02) obtained on hydrolysis. 

Other possible decomposition products (e.g. SOZClz, 
HSZo6C1, SOCIZ, HC1, or SO3) would give acid to  
chloride ratios different from 3 to 1. 

The difficulty in preparing pure chlorosulfuric acid 
arises because of the ease with which it decomposes 
thermally, 

and 

Decomposition appears to  occur under all distillation 
conditions, and since SZ05C12 and HS03Cl have very 
similar boiling points, it has proved impossible to separate 
them effectively (Table I). 

TABLE I 
Percentages of SzO5CIz in distilled HS03C1 

Boiling range ('C) % szO,clz 

1. 152-153at760mrn 13.7 
2. 151.5-153 at  760 mrn 15.3 
3. 151.5-152.5 at  760mrn 16.6 
4. 68-69 at 30 mrn 22.6 
5. 70-71 at  28 mrn 9 . 2  

*B.D.H. reagent grade acid. 

Fortunately, the SZO5Cl2 content of comn~ercial grade 
chlorosulfuric acid (British Drug Houses) was found to  
be 0.7% or less. This acid has a rather low specific 
conductivity (approximately 4 x ohm-' cm-I), and 
reagent grade HS03Cl has proved to  be a very satis- 
factory starting material for most of our physical meas- 
urements. I t  certainly appears t o  be a suitable solvent for 
the study of the conductimetric behavior of most electro- 
lytes which typically give specific conductivities of the 
order of lo-' ohm-' cm-'. 

Alkali al~d alkaline earth tnetal clrlorosulfates were 
prepared from the reaction between an anhydrous metal 
chloride and chlorosulfuric acid. The details of prepar- 
ation have been describedpreviously (13). Sodium chloride, 
potassilrm chloride, cesiutn chloride, amtnonilrm chloride, 
calcium chloride, and bariuni chloride were B.D.H. Analar 
reagents; lithilrnl chloride and stro~ztium chloride were 
B.D.H. laboratory reagents; rubidium chloride was Fisher 
certified reagent. Benzoic acid was recrystallized twice 

from absolute alcohol and dried at 75 "C. The crystals 
were fused at  130 "C in a platinum dish and ground to a 
fine powder (m.p. 122.3 to 123.0 "C); acetic acid was 
prepared by refluxing glacial acetic acid with acetic an- 
hydride for 12 h and fractionating the mixture. The 
fraction boiling at 118 "C was collected (f.p. 16.56 "C); 
p-atninobenzoic acid was Fisher certified reagent grade; 
Irydrazi~re dilrydrocl~loride was B.D.H. reagent grade; p- 
phenylenediamine was Fisher certified reagent grade. 

The conductivity cells were modified versions of those 
described by Gillespie and co-workers (14). The standard 
form consisted of two 125 ml Erlenmeyer flasks connected 
by a supporting glass rod, an  electrode chamber, and a 
10 mrn pyrex tube. A bevelled standard taper on one flask 
facilitated the addition of solutes to  the acid. The elec- 
trodes were platinized according to  the method of Jones 
and Bollinger (15). Initially the platinized electrodes were 
greyed at red heat and then replatinized. The optimum 
platinizing procedure which gave minimum electrode 
polarization was to  electrolyze the chloroplatinic acid/ 
plumbous acetate solution suggested by Kohlrausch (16) 
with a direct current of 19.3 mA for 3 min, reversing the 
current every 30 s. The cell constant was found by using 
minimum conducting sulfuric acid (14) as a secondary 
standard. Conductances were measured using a Wayne 
Kerr B221 universal bridge operating at  a set frequency of 
1592 c.p.s. with the solution thermostated at 25 2 
0.003 "C. 

Conductivity cells were filled under dry nitrogen with 
chlorosulfuric acid from a delivery burette connected to  a 
reservoir fitted with an  efficient drying tube. Solid samples 
were added from individual ampuls filled in a dry box 
under an  atmosphere of dry nitrogen; liquids were added 
from bottles equipped with dropping pipettes with 
standard taper joints. 

Density measurements were carried out at  25 "C using 
Weld specific gravity bottles fitted with ground glass 
covers and standardized with doubly distilled water. 
Individual solutions were made up by weight in a dry box 
under an  atmosphere of dry nitrogen. 

Transport numbers were measured in a Hittorf cell 
similar to  that used by Gillespie and Wasif (17). After the 
solution was electrolyzed with a current supplied from a 
Sargent coulometric source, the contents of the cell 
compartments were analyzed gravimetrically after hy- 
drolysis for total sulfate content to  determine the change 
in metal ion concentration. 

Results and Discussion 
Some of the important physical constants of 

chlorosulfuric acid are summarized in Table 11; 
however, the accuracy of some of the literature 
values is doubtful since it is not certain that the 
measurements were performed on pure chloro- 
sulfuric acid. 

Electrical Conductivities and Transport Numbers 
By analogy with other protonic solvents we 

assume that chlorosulfuric acid undergoes auto- 
protolysis. 
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Thus, according to the solvo-system definition, sulfuric acid system (20, 21) are expected to be 
bases are defined as substances that increase the fully protonated in chlorosulfuric acid. 
concentration of chlorosulfate ion, S03C1-, and 
acids as substances which increase the concen- [lo] CH3COOH + HSO3CI = CH3COOH2+ + S03C1- 

tration of the chlorosulfuric acidium ion, [ l l ]  PhCOOH + HSO,CI = PhCOOH,+ -1- S03C1- 
H,S03C1+. By analogy with the behavior of 
hydrogen sulfates in sulfuric acid (IS), and 
fluorosulfates in fluorosulfuric acid (19), the 
alkali and alkaline earth metal chlorosulfates are 
expected to behave as strong bases of the chloro- 
sulfuric acid solvent system. 

TABLE I1 
Some physical properties of chlorosulfuric acid 

Ref. 

Boiling point 62 "C at 2.4 mm 
78 "C at 21.5 mm 

152 "C at 760 rnrn 
Melting point -80 "C 
Density 1.7410 g/cc 
Viscosity (25 "C) 0.0243 P 
Dielectric constant 

(14 "C) 60+ 10 
Molar susceptibility 46.60 
Soecific heat 0.282 calla . - 
~ a m m e t t  acidity 

value -12.78 (5) 

Specific conductance 1.72 x ohm-' cm-I (2) 
(25 "C) 4.0 x ohm-' cm-I a 

(a) Present results. 

The results of our conductivity measurements 
on solutions of metal chlorosulfates in chloro- 
sulfuric acid at 25 "C are given in Table 111. 

Since chlorosulfuric acid is a stronger acid 
than sulfuric acid, any organic base that is fully 
ionized in sulfuric acid is expected to be also fully 
ionized in chlorosulfuric acid. Thus, acetic and 
benzoic acids which are strong bases of the 

The proton n.m.r. spectra of acetic and benzoic 
acid, respectively, in both sulfuric and chioro- 
sulfuric acid were found to be identical. 

The results of electrical coilductivity measure- 
ments on solutions of these solutes are also given 
in Table 111. The specific conductivity curves for 
the alkali metal chlorosulfates and acetic and 
benzoic acids are remarkably similar (Fig. 1, 
which shows that the alkali metal chlorosulfates 
are indeed fully ionized bases of the chloro- 
sulfuric acid system). Solutions of calcium, 
strontium, and barium chlorosulfate, on the 
other hand, have appreciably lower specific con- 
ductances which must be attributed to either 
incomplete ionization or incomplete dissociation 
due to the formation of ion pairs. 

The rather high specific conductances of 
solutions in chlorosulfuric acid, which are much 
greater than would be expected if the only contri- 
bution to conductance was from a normal 
diffusion-controlled transport process, suggests 
that most of the current in the solutions is carried 
by the chlorosulfate ions which conduct by an 
abnormal proton transfer mechanism similar to 
that found for HS0,- ions in sulfuric acid (17) 
and SO3Fp ions in fluorosulfuric acid (19). This 
arises from a Grotthus-type chain mechanism in 
which protons are transferred along chains of 
solvent molecules. The phenomenon is shown 
diagramatically for the chlorosulfate ion in Fig. 2. 

Abnormal conduction by the S03Cl- ion was 
verified by transport number measurements on 

TABLE I11 

Interpolated values for the specific conductances of the alkali and alkaline earth metal chlorosulfates in 
chlorosulfuric acid at 25 "C 

Concentration (equivalents per kilogram of solution) 

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 

s ~ ( s o ~ ~ I ) , -  0.290 0.518 0.723 0.905 1.070 1.228 1.370 1.502 1.628 1.743 - 
Ba(S03Cl), 0.292 0.531 0.751 0.961 1 .I47 1.320 1.478 1.623 1.760 1.886 - 

CH3COOH 0.314 0.587 0.843 1.091 1.315 1.528 1.729 1.916 2.091 2.260 - 
PhCOOH 0.314 0.583 0.839 1.070 1.289 1.490 1.675 1.844 2.008 - - 
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0.04 0.08 0.12 0.16 0.20 
equiv /kg soln. 

FIG. 1. Specific conductivities of solutions of a, 
acetic acid; b, benzoic acid; c, lithium chlorosulfate; d, 
potassium chlorosulfate; e, sodium chlorosulfate; f, bar- 
ium chlorosulfate; g, strontium chlorosulfate; and / I ,  
calcium chlorosulfate in chlorosulfuric acid. 

solutions of sodium and barium chlorosulfate, 
respectively, in chlorosulfuric acid. The results 
are given in Table IV. Difficulties in accurately 
analyzing for low cation concentrations limited 
the measurements to solutions of relatively high 
concentration. There appears to be no depen- 
dence of the cation transport number on concen- 
tration (Fig. 3) and on this basis, the transport 
numbers of the sodium and barium cations are 
0.11 and 0.06, respectively. 

CHEMISTRY. VOL. 46, 1968 

TABLE I V  
Transport numbers of the sodium and barium 

cations in chlorosulfuric acid at 25 "C 

Soln." Mequivalents 
conc. of current tCb tac taV 

Na+ cation 

0.1204 2.1153 0.087 
0.1273 2.5401 0.119 
0.1482 2.1660 0.082 

BaZ+ cation 
0.0824 2.0000 - 
0.0838 2.0000 0.042 
0.0852 2.0000 0.043 

nSolution concentration (equivale~ 
solution). 

bc, cathode. 
ca, anode. 

~ t s  per kilogram of 

At low concentrations, below 0.05 mole per 
kilogram of solution, the specific conductance 
curves for sodium and barium chlorosulfate are 
linear, giving equivalent conductances of 79.5 
and 72.0 ohm-' cm2, respectively. Thus the 
limiting cation mobilities of Na+ and BaZ+ are 
9 and 4 ohm-' cm2, respectively, and the limiting 
mobility of the chlorosulfate ion is 71 and 68 
ohm-' cm2 for the two electrolytes, respectively; 
the mobility of the chlorosulfate ion is clearly 
some 8 to 18 times that of a typical metal cation. 

The difficulty in preparing highly pure samples 
of the alkali and alkaline earth metal chloro- 

FIG. 2. Abnormal proton conduction by S0,Cl- in chlorosulfuric acid. 
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TABLE V 
Interpolated values for the specific conductances of the alkali and alkaline earth metal chlorides, 

hydrazine dihydrochloride, p-phenylenediamine, and p-aminobenzoic acid in chlorosulfuric acid at 25 OC 

Concentration (equivalents per kilogram of solution) 

LiCl 
NaCl 
KC1 
RbCl 
CsCl 
NHLCI 
CaCI, 
SrC1, 
BaC1, 
NHTNH, .2HCI 

I 
0.04 0.08 012 016 0.20 

equiv kg soln. 

FIG. 3. Sodium and barium ion transport numbers in 
chlorosulfuric acid. 

sulfates led us to investigate the specific conduc- 
tivities of the anhydrous metal chlorides of 
Groups IA and IIA in chlorosulfuric acid. The 
results are given in Table V. The specific conduc- 
tivity curves for the alkali metal chlorides (Fig. 
4) are all very similar and compare favorably 
with those for solutions of the alkali metal 
chlorosulfates. 

Quantitatively, the specific conductivity curves 
of the alkali metal chlorides are all slightly higher 
than those for the alkali metal chlorosulfates. 
This is due to the presence of hydrogen chloride 
in solution which behaves as a very weak base. 

[13] HCl + HS03CI H2C1+ + S03C1- 

The ionization constant was calculated by com- 
paring concentrations of HC1 and KS03Cl 
(reference base) that give the same specific con- 
ductivity. To a first approximation, the ratio of 
these concentrations gives the degree of ioniz- 
ation of the base in chlorosulfuric acid. Hence, 

Z 
a w -- - 3.0 X lop4 mole k g ' ,  1 - a  

where a = [KS03CI]/[HC1] at a given specific 
conductivity. 

In contrast to the similarity of the specific 
conductivities of the alkali metal chlorides, the 
chlorides of Group IIA show a greater diversity 
in their specific conductivities (Fig. 4). In com- 
parison with the specific conductances of p- 
aminobenzoic acid, p-phenylenediamine, and 
hydrazine dihydrochloride, which were used as 
dibasic standards in a manner similar to the 
monobases acetic acid and benzoic acid, 

[17] NH2NH2.2HC1 + 2HS03C1 
= NH3+NH3+ + 2S03C1- + 2HC1, 

the conductivities of the alkaline earth metal 
chlorosulfates are lower, markedly so in the case 
of the strontium and calcium salts. 

The relatively low dielectric constant of 
chlorosulfuric acid (E = 60) as compared with 
sulfuric acid (E = 100) and fluorosulfuric acid 
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TABLE VI 
Densities of sodium, potassium, and barium chlorosulfate 

solutions in chlorosulfuric acid 

NaS0,Cl KS0,Cl Ba(SO,Cl), 

W P 0 P W P 

0.04 0.08 0.12 0.16 0.20 
equiv k g  soln. 

FIG. 4. Specific conductivities of solutions of a, 
ammonium chloride; b, cesium chloride; c, rubidium 1.74 
chloride; cl, potassium chloride; e ,  lithium and sodium ,73 chloride; f, p-phenylenediamine; g, hydrazine dihydro- 
chloride; h, p-aminobenzoic acid; i, barium chloride; j, 
strontium chloride; k, calcium chloride; and I, hydrogen 
chloride in chlorosulfuric acid. 

0.04 0.08 0.12 0.16 0.20 
mole/  kg soln. 

1 -  
(E = 120) would encourage the formation of ion 

FIG. 5. Densities of solutions of sodium, potassium, 
pairs, in the case divalent and barium chlorosulfate in chlorosulfuric acid. The 
with small radii. This would effectively reduce sodium curve is displaced vertically downward by 0.01 
the concentration of free chlorosulfate ions in density units. 

solution and, since the SO,Cl- ion carries about ~~~~i~~~~ 
90% of the current, this would lead to a signifi- ~ h ,  densities of sodium, potassium, and 
cant decrease in the specific conductivities of the barium chlorosulfate solutions were found to be 
solutions. I t  seems unreasonable that the low linear functions of the concentration ( ~ ~ b l ~  VI 
specific conductivities of the strontium and cal- and ~ i ~ .  5) and can be expressed in the form 
cium chlorosulfates could be due to incomplete 
ionization, since chlorosulfuric acid would favor 
the dissociation of simple salts. 

The specific conductivity curve for p-amino- 
benzoic acid falls lower than the curves for 
hydrazine dihydrochloride and p-phenylenedia- 
mine, suggesting that protonation on the amino 
and carboxyl groups may be incomplete. This is 
consistent with the behavior of these compounds 
in sulfuric acid, where the intrinsic basicity of an 
amino group is such that, even for a polyamine, 
all the amino groups are completely protonated 
regardless of their position in the molecule. But 
for an amino acid, the fully protonated amino 
group decreases the basicity of the carboxyl 
group in proportion to the decreasing separation 
of the groups (22). 

[I81 p = 1.7410 + Aw, 

where the constant A has the following values : 

Metal cation A 
Na + 6.586 x lo-' 
Kt  6.875 x lo-' 
Ba2+ 3.400 x lo-' 

The apparent molar volumes, +v, of the 
chlorosulfates can be calculated from the densi- 
ties of their solutions through the relation 

where M2 is the molecular weight of the solute, 
is the density of the solvent, and o is the 

concentration of the solute in moles per kilogram 
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of solution (23). If the apparent molar volume of solvent molecules that can partake in the ab- 
the chlorosulfate ion is assumed to be the same normal Droton conduction and this results in a 
as that of a chlorosulfuric acid molecule (67 cm3), lowering of the specific conductivity as one goes 
the apparent molar volumes of the cations can to ions with an increasing polarizing power. 
then be calculated. The negative or zero values 
that are obtained for @vi (Table VII) indicate Acknowledgments 
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Electrochemistry of zinc, cadmium, and mercury ions in fused 
AICI, -NaCI-KC1 eutecticl 

D. A. HAMES AND JAMES A. PLAMBECK 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received November 28, 1967 

The electrochemistry of the ions of zinc, cadmium, and mercury in the A1C13-NaCI-KC1 eutectic at 
150 "C was investigated by e.m.f., voltammetric, and chronopotentiometric techniques. Oxidation states 
of +2 were observed for these three elements and oxidation states of +1 were observed for cadmium and 
mercury. Values of equilibrium constants for the reactions Cd2+ + CdO F? Cd22+ and Hg2+ + HgO 
Hg22+ were calculated to be 26 and 36 000 respectively. A standard potential scale for the Zn(II)/Zn, 
Hg(II)/Hg(I), Hg(I)/Hg(O), Ag(l)/Ag(O), and Al(III)/Al(O) couples was established in the solvent system 
A1C13-NaC1-KC1. 
Canadian Journal of Chemistry, 46, 1727 (1968) 

Introduction 

This study is concerned with electromotive 
force (e.m.f.), voltammetric, and chronopoten- 
tiometric measurements of the Group IIB metal 
ions in the AlC1,-NaC1-KC1 eutectic and was 
initiated by interest in the existence of a sub- 
valent state of cadmium. The divalent oxidation 
state of cadmium is the most common and stan- 
dard potentials have been assigned to the 
Cd2+ /CdO couple in several molten salts (I), 
although no potential values have been assigned 
to couples such as Cd(II)/Cd(I) or to Cd(I)/ 
Cd(0). However, magnetic (2), cryoscopic (3), 
and e.m.f. studies (3-5) of the Cdo-CdC1, 
system, and e.m.f. (6), Raman (7), and voltam- 
metric (8) measurements in molten AlC1,-NaC1, 
indicate the existence of a lower valence cad- 
mium ion, CdzZ+, in these media. It was there- 
fore considered desirable to investigate the 
electrochemical behavior of the group IIB 
elements in a medium in which lower valence 
ions might be expected. 

The ternary eutectic used in this study (66 
mole % AlCl,, 20 mole % NaC1, and 14 mole % 
KC1) has an unusually low melting point of 
70 "C (9) as compared with the considerably 
higher melting points of most fused salts. 
Electrochemical studies in this melt have 
included the determination of deposition poten- 
tials of metal ions (10-13), conductance measure- 
ments (14), and polarography of metal ions (15). 
Density (9) measurements have also been made. 

'Taken from the Thesis of D. A. Hames submitted to 
the Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, in partial fulfillment of the require- 
ments for the degree of Master of Science. 

The eutectic is a solvent for metal chlorides, 
oxides, and oxychlorides (10-13). It has a useful 
electrochemical range of 2.6 V, the limiting 
reactions being the cathodic deposition of 
aluminium and the anodic evolution of chlorine. 

Experimental 
Materials 

All chemicals were Fisher Certified reagent grade 
unless otherwise stated. Aluminium chloride was purified 
by sublimation (16) under a positive pressure of nitrogen 
into a Pyrex vessel which could be tightly stoppered and 
then weighed. Aluminium metal turnings were added to 
the AlC13 before sublimation to reduce the FeC1, impu- 
rity. Sodium chloride and potassium chloride were dried 
by heating to 350 "C under vacuum. To prevent contami- 
nation of the eutectic by atmospheric moisture and 
subsequent hydrolysis, an aluminium wire spiral was 
added to the vessel to reduce any HCl contaminant to 
hydrogen gas. The vessel containing the eutectic mixture 
was then heated to 200 OC under a flow of dry nitrogen 
for 1 h. The fused eutectic was filtered through a 25-50 
micron glass frit directly into the electrolytic cell. Further 
purification was effected by constant-potential elec- 
trolysis (2.0 V) between two large (2.0 cm2) platinum 
electrodes for several hours, during which time the current 
decreased by a factor of 5, to about 0.01 mA/cm2. 

Zinc chloride and cadmium chloride (5) were melted 
under a flow of hydrogen chloride gas; after 3 h they 
were purged with nitrogen for 1 h and finally filtered 
through a glass frit. Mercurous chloride was dried over 
magnesium perchlorate. Reagent grade mercuric chloride 
(Mallinckrodt) was purified by sublimation. 

All material transfers were made in a nitrogen-filled 
glove box, but weighings were made with an analytical 
balance outside the box, using tightly stoppered weighing 
bottles. Moisture in the glove box was eliminated by pass- 
ing nitrogen over Linde molecular sieves (Union Carbide 
Corporation) and by storing open P2O5 in the glove box. 

White heavy paraffin oil (Fisher, viscosity 3351350 
USP) was circulated in an oil jacket surrounding the 
electrolytic cell which was located in the glove box. A 
type NB-ELE constant temperature bath (Colora, W. 
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Germany) was used to maintain the oil temperature. 
Temperatures for various experimental runs varied from 
149 to 159 OC, but the temperature was constant for each 
individual run to k0.5 "C. The cell was closed with a 
machined Teflon stopper which had openings that 
allowed the electrodes to be inserted into the cell. Half- 
cells were isolated by glass sealing tubes with 10-20 
micron glass frits (D porosity, Ace Glass Inc., Vineland, 
N.J.) when necessary. 

Both tungsten and platinum were found to be inert in 
the eutectic. Tungsten and platinum indicator electrodes 
were made by sealing the pure wires into uranium and 
Pyrex glass tubing respectively, the wire protruding 
beyond the glass. Zinc and cadmium electrodes were 
pure wires wound into spirals to increase the area. An 
aluminium rod was used as the counterelectrode for all 
experiments. A mercury electrode was made by inserting 
a tungsten wire into a mercury pool; the eutectic above 
the pool was connected to the bulk melt through a glass 
frit. 

Apparntrrs 
Potentials were measured with a Type K-3 potentio- 

meter (Leeds and Northrup Co., Phila., Pa.) or a 3440A 
(Hewlett-Packard, Palo Alto, Calif.) digital voltmeter. 
Coulometric oxidations and reductions were made using 
a Model IV coulometric current source (E. H. Sargent and 
Co., Chicago, Ill.). An Anotrol Model 4100 potentiostat 
modified to accept a Model 4510 linear scan unit (Magna 
Electronics) was used for voltammetric scans and for 
constant potential electrolysis. A Model EUW-2OA 
servo recorder (Heath Co.) with a variable chart speed 
motor was used for automatic recording of voltammetric 
scans. 

Chronopotentiometric measurements employed a 
Model 6824A power supply/amplifier in a constant- 
current configuration controlled by appropiate mercury- 
wetted relay switching circuitry; measurements were 
recorded on a Model 175A oscilloscope equipped with 
1750B and 1781B plug-in units and a Model 196B camera 
(Hewlett-Packard) using ASA 3000 Polaroid film. 

Reference Electrode 
An aluminium reference electrode has been established 

(12, 17) in this melt and all potentials in this study were 
measured and are given with respect to the AI(III)/Al(O) 
couple. This reference electrode would not be expected to 
be easily polarized because the concentration of Al(II1) 
in the eutectic is large and the activity of both Al(II1) and 
Al(0) is constant (1). Small currents did not significantly 
alter the potential of the reference electrode (relative to 
an auxiliary Ag(I)/Ag electrode), and the aluminium 
electrode returned to its original potential immediately 
after the passage of larger currents. 

This couple assumed its standard potential immediately 
upon the insertion of an aluminium wire into the eutectic. 
Other couples were generated by coulometric oxidation or 
reduction within isolation compartments. The amount of 
solvent in each isolation compartment was calculated 
from a Mohr chloride titration. The solute ion concen- 
trations were calculated from these amounts and the 
moles of metal ion added as a salt or generated coulo- 
metically (18). The density data used was that of Mido- 
rikawa (9). All reductions unless otherwise stated were 

carried out at a current density of 3 mA/cmZ; oxidations 
were carried out at approximately 5 mA/cm2. 

The IUPAC Stockholm sign convention is used 
throughout. The thermocouple effect was determined 
between electrodes and found to be negligible (< 0.5 mV). 
The solute metal ion concentrations were kept below 0.1 
m so that Henrian behavior would be observed. 

Results 
Electroinotive Force Measurements 

If the Zn(I1) concentration was varied by 
oxidation of metallic zinc or reduction of 
added ZnC1, the Nernst equation was obeyed 
and a two-electron change was calculated 
(Zn(I1) + 2e- P ZnO). Standard potentials (1) 
on the molar, molal, and mole fraction scales 
were calculated as the Zn(I1) concentration was 
varied bv oxidation of ZnO (Table I): these are , , 

denoted by E,', E,,,', and E,' respectively. 
Nernstian behavior was observed for the 

reduction of added HgCl, or the oxidation of 
added Hg2C12 with a two-electron change being 
indicated ( 2 ~ g ~ +  + 2e- P Hg22+). Standard 
potentials on the three scales were calculated 
from the coulometric reduction of Hg2+ (Table 
I). Similarly, the Nernst equation was obeyed as 
a mercury pool electrode was oxidized and the 
standard potential of the Hg22+/Hg0 couple 
was calculated (Table I). 

To facilitate comparison of these standard 
potentials with standard potential series deter- 
mined in other fused salt media (1) the standard 
potential of the Ag(I)/Ag(O) couple was also 
determined in this solvent. 

If the logarithm of the equivalents of electri- 
city used to oxidize a cadmium metal rod was 
plotted against e.m.f., a slope corresponding to 
a two-electron change is observed. However, if 
CdC1, was added to the eutectic and reduced at  
a platinum or tungsten flag electrode, stable 
e.m.f. values were not obtained although the 
potential drift was followed for up to 3 h. This 
instability was observed regardless of whether 
the reduction was kept small with respect to the 
Cd2+ concentration or whether it was a signifi- 
cant percentage of the Cd2+ concentration. This 
unstable e.m.f. was an unexpected observation 
since a previous study (6) reported the quantita- 
tive reduction of Cd2+ to Cd2'+ in a 95 % 
NaAIC1, - 5 % AlCl, solvent at 277 "C. Since 
there is thus uncertainty regarding the oxidation 
state of cadmium produced anodically, no stan- 
dard potential was calculated for this system. 
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TABLE I 
Electromotive force series in A1C1,-NaC1-KCI at 423 "K 

Standard 
Couple EM0, V E,,Io, V EX0, V deviation, V 

AI, + / A ~ O  0.000 0,000 0.000 Defined 
Zn2 +/Zno i -0.254 1-0.263 +0.304 0.002 

$g/$gg0 +0.740 +0.759 +0.839 
0.001 

+1.028 1-1.037 +1.077 0.001 
HgZ+/HgO(calcd.) + 1.271 + 1.280 + 1.321 0.005 
Hg2+ /HgZZ+ +1.415 +1.424 + I  ,464 0.005 

For either Cd22'/Cd0 or Cd2'/cd0, however, 
the standard potential would be about $0.35 V. 
The values obtained in this study are in agree- 
ment with those obtained for the Cd(II)/Cd(O) 
couple in this and other chloride media (1). 

Voltam~netric Meastrrements 
All voltammetric scans were taken using a 

tungsten cylindrical electrode with a geomet- 
rical area of 1.2 x cm2. Scans were made 
from oxidizing to reducing potentials. Concen- 
trations of dissolved metal chlorides were 0.03- 
0.08 in. If a voltammetrjc scan was taken of a 
solution of ZnC12, one well-defined wave was 
obtained indicating a single reduction process, 
which from the e.m.f. data must be two-electron 
(B, Fig. 1). The E+ for this wave was $0.16 V; 
the plateau current was directly proportional to 
concentration of ZnCl,, indicating a diffusion- 
limited process. If the Zn2+ concentration was 
then changed by coulometric reduction, the 
only change in the voltammogram was a decrease 
in the height of the diffusion-limited plateau. 
This indicates that the divalent oxidation state 
of zinc is the only state present in this eutectic, 
since formation of a monovalent zinc ion would 
be expected to increase the anodic current prior 
to the cathodic wave. 

A voltammogram of a solution of HgCl, (A, 
Fig. 1) contained two waves of Et of + 1.36 and 
$0.85 V. This would correspond to the reduc- 
tion of Hg2' in two steps: the first to Hgzz+ 
and the second to HgO. If the Hg2' concentra- 
tion was reduced coulometrically the height of 
both diffusion-limited plateaus decreased lin- 
early as expected. 

If a voltammogram of a solution of CdCI, 
was taken, two waves were obtained (C, Fig. 1). 
The first was small and ill-defined and may 
correspond to the first step in the reduction 
Cd(I1) -> Cd(1) -+ Cd(0); the second was well- 

VOLTS vs.  ALUMINIUM ELECTRODE 

FIG. 1. Voltammetric scans for solutions of metal 
chlorides. Taken in fused AlC1,-NaCI-KC1 eutectic at 
150 "C with tungsten microelectrode of area 1.2 x 
cm2. A, 0.03 m HgCI, ; B, 0.04 nz ZnCI2 ; C, 0.05 nz CdCI,. 

defined and corresponded to reduction to the 
metal. The Eq values were approximately $0.3 
and $0.22 V and the limiting current for the 
second wave was directly proportional to CdCI, 
concentration. Long scan times of 3 h/V and 
reduction of the CdC1, at lower current densi- 
ties failed to improve the definition of the first 
wave. 

When CdC1, was reduced coulometrically, 
successive voltammograms showed an increase 
in the anodic current prior to the reduction 
waves as well as a decrease in the height of the 
well-defined cathodic plateau. Similar behavior 
was observed if cadmium metal was left in con- 
tact with the CdCI, solution. This increase in 
anodic current can be explained by the reduction 
of Cd2+ with cadmium metal to form an oxi- 
dizable monovalent cadmium species. 

Chronopotentiometric Measurements 
A tungsten cylindrical electrode whose geo- 

metrical area was 1.6 x cm2 was used as 
the indicator electrode for all chronopotentio- 
metric experiments. The indicator electrode was 
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FIG. 2. Chronopotentiogram of 0.06 m ZnC12. Taken 
in fused A1C13-NaC1-KC1 eutectic at 150 OC with tung- 
sten cylinder electrode of area 1.6 x cm2. Current 
6.50mA. 

always driven in the oxidation direction and then 
allowed 3 rnin to become quiescent before the 
reduction chronopotentiogram was recorded. 

Chronopotentiometric experiments made on a 
solution of Zn2+ (whether added as the salt or 
generated coulometrically) showed one well- 
defined transition (Fig. 2). If the current was 
reversed during this transition, one transition 
was obtained in the oxidation direction in which 
z,,, was approximately equal to z,,. This would 
correspond to the plating of a metal on the 
electrode (1 9). 

If the Sand equation is obeyed for the reduc- 
tion of ZnCl,, 7.:: should be proportional to A/i 
for identical concentrations. Thus if log z is 
plotted against log i a straight line of slope -2 
should be observed. Slopes of -2.0 + 0.1 were 
obtained for all determinations. Obedience to 
this equation for diffusion-limited processes is 
also indicated by the linearity of a plot of zt/C 
against reciprocal current density (Fig. 3). The 
chronopotentiometric constant (id/C) was 
0.0325 A s i  m-' with a relative standard devia- 
tion of less than 4 %  with current densities 
varying from 0.063 to 0.100 A/cm2 and concen- 
tration of ZnC1, from 0.064 to 0.144 m. 

In addition to the main wave a small inflection 
appeared at approximately 4-0.4 V. This inflec- 
tion appeared whether Zn2+ was generated 
coulometrically or added as ZnCl,; it was not 
well-defined and is believed to be due to a trace 
of some impurity. 

Chronopotentiometric results were also 
obtained for CdC1, dissolved in the eutectic. 
Two well-defined transitions appeared (A, Fig. 
4) with a E,,, separation of approximately 0.1 V. 
This small separation in potentials made it 

(CURRENT DENSITY j' ( c m 2 / ~ l  

FIG. 3. Plot of T ~ / C  against reciprocal current den- 
sity. Various dilute solutions of ZnC1, in fused AlC13- 
NaC1-KC1 at 150 "C. 

FIG. 4. Chronopotentiograms of 0.03 m CdC12. 
Taken in fused A1CI3-NaC1-KC1 at 150 "C with tung- 
sten cylinder electrode of area 1.6 x cm2. A, 
reduction curve; B, oxidation curve for Cd metal plated 
on electrode. Current 2.78 rnA anodic, 5.00 mA cathodic. 

W 
0 l ' ' ' ' l ' ' L r ~ ' ~ ' ' '  
2 .1.20 - - 
C - 
G - 
W 

- 

- 

I , , , ,  

difficult to obtain results over a large range of 
current densities. At a suitable current density, 
several chronopotentiograms could be obtained 
with a relative standard deviation in 7.: of less 
than 1 %. 

Berzins and Delahay (20) have shown that if 
a diffusing substance undergoes multistage oxi- 
dation or reduction, a chronopotentiometric 
curve will show two transitions, and that if the 
diffusion coefficients of the higher and lower 
states are nearly equal, then the ratio of tran- 
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sition times will depend only on the number of 
electrons/stage: 

22/21 = 2n2/nl + nZ2/nl2. 

Therefore, if n2 equals n,, as is expected for the 
Cd2'/CdZ2+/Cdo system, 2, should equal 32 ,. 
The experimental value of 2,/2, was 3.0 + 0.3 
over the current range used. 

Plots of log T vs. log i gave slopes of -2.0 1 
0.2 for both transitions. The values of id /C  
were constant and the plots of z$/C against reci- 
procal of current density were linear for both 
transitions (Fig. 5). 

FIG. 5. Plot of T+/C against reciprocal current den- 
sity. Various dilute solutions of CdCl, in fused A)Cl,- 
NaCl-KC1 at 150 "C. A, first (Cd2+/Cd22+) trans~tion; 
B, second (CdZ2 +/Cdo) transition. 

If current reversal chronopotentiometry was 
used, first driving in the reduction direction and 
then switching to the oxidation direction, two 
transitions were observed (By Fig. 4). This two- 
stage oxidation would correspond to the oxida- 
tion of cadmium metal through two separate 
steps. Values of i ~ ,  f and iz ,$ were not constant 
for this oxidation and the z2/2, ratio varied 
from 1 .O to 2.0, with a mean of 1.4. The value of 
i~, ,  was always signi£icantly less than the value 
of bred for the second (cathodic) transition 
ascribed to the Cd,"/Cdo couple. Even the i~ 
product for aluminium oxidation was less than 
that for reduction in this solution, indicating 
unusual behavior. 

.Y OF ZINC, CADMIUM, AND MERCURY IONS 1731 

LU 
Q 
22.00 0 3 ,  r ,  8 8 * t ,  I t 1 8  

- 

., : O ~ ' ' ' ' ~ r ' ' ' l ' ' -  
0.025 0.050 0.075 

5 TIME ( S )  

9 
FIG. 6. Chronopotentiogram of 0.03 m HgCI,. Taken 

in fused A1Cl3-NaC1-KC1 at 150 "C wlth tungsten cylin- 
der electrode of area 1.6 x crnZ. Current 12.5 mA. 

chronopotentiometry was used, first depositing 
metallic mercury and aluminium on the electrode 
and then oxidizing the metals to their respective 
metal ions, the transition time for the oxidation 
of the metals was shorter than the transition 
time for their deposition. The decrease in tran- 
sition time is ascribed to a chemical reaction of 
the Hg(0) with diffusing Hg(I1) thus decreasing 
the amount of mercury metal available for 
electrochemical oxidation. The quantity of 
aluminium would also be less for oxidation than 
for reduction since it would reduce the diffusing 
Hg(I1) and be oxidized to A1 (111). 

Diffusion coefficients were calculated for Zn2 + 

and Cd2' from the slopes of Figs. 3 and 5; the 
values were 6.5 x low5 (for Zn2+) and 1.8 x 

(for Cd2') cm2/s at 150 "C. These diffu- 
sion coefficients are considerably higher than 
those determined by the less accurate polaro- 
graphic method (both 1.5 x cm2/s) in 
fused LiN0,-NaNO ,-KNO, at 160 "C (21), 
but that for Cd2+ is in agreement with the 
values of 1.7 x cm2/s determined in fused 
LiCl-KC1 eutectic at 450 "C (22) and 1.8 x 

cm2/s determined in fused AlC1,-NaCl at 
160 "C (23), but lower than the value of 2.7 x 

cm2/s obtained from voltammetric data in 
LiCI-KC1 at 500 "C (24). 

Chronopotentiometric reduction experiments 
on solutions of HgCl, showed two transitions Discussion 

with E,,, values of +1.3 and +0.93 V, corres- Of the three elements of Group IIB, zinc 
ponding to the Hg2+/HgZ2+ and HgZ2+/Hg0 exists only in the divalent oxidation state in this 
half-reactions (Fig. 6). The 2,/2, ratio varied solvent. In the case of cadmium and mercury, 
between 1 and 3 and the iz,$/C and i.t2%/C both monovalent and divalent species appear, 
values were not constant. If current reversal presumably Cd2+, CdZ2+, Hg2+, and ~ g , " .  
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If the Erl,  values are taken as approximately 
equal to standard potentials, the stability of the 
monovalent cadmium ion can be calculated. 
The equilibrium constant for Cd2+ + CdO P 
CdZ2+ is calculated to be 26. The equilibrium 
constant for the analogous reaction Hg2' + HgO 
PHgZ2 '  is calculated to be 36 000 using the 
standard potentials measured in this study 
(similar results would have been obtained using 
E,,, values). This is considerably larger than the 
value of 110 calculated for this mercury equili- 
brium using aqueous standard potentials (25), 
indicating the greater stabilization of lower 
valence states in this fused salt medium as com- 
pared with water. 

The use of these equilibrium constants can 
explain most of the observations made for the 
cadmium and mercury systems. Since the equili- 
brium constant for cadmium is 26, this means 
that when a cadmium rod is anodized, the pro- 
duct is primarily Cd22' but that the generation 
of CdZ2' cannot be quantitative; some Cd2' 
will be formed also. If Cd2' is coulometrically 
reduced, the reduction to Cd22' will proceed, 
but if the concentration of CdZ2' in the vicinity 
of the electrode becomes high, there will be 
disproportionation into Cd2' and Cd metal; 
the Cd metal will remain on the electrode. 
Stable potentials will not be obtained thereafter, 
since the diffusion of Cd2' toward the electrode 
will result in generation of more CdZ2' which 
must then diffuse away and this process will 
continue until the supply of Cd metal on the 
electrode is exhausted. The changing concentra- 
tions of Cd2', CdZ2', and Cd metal at the elec- 
trode surface will give rise to a potential drift, as 
observed. This would not be a problem in the 
mercury system since the equilibrium lies so 
heavily in favor of HgZ2+ that disproportiona- 
tion of this species will not occur. 

The chronopotentiometric results can be 
explained in a similar manner. In the cadmium 
system, two well-defined waves were obtained 
for both reductive and oxidative chronopoten- 
tiometry. In the reductive case the expected 
z2/zl ratio of 3.0 was found. In the oxidative 
case the ratio would be expected to be 1.0 (or 
perhaps somewhat lower if much CdZ2' 
diffuses away from the electrode) where in fact a 
higher ratio is obtained, indicating an additional 
source of CdZ2 '. This additional Cd, 2f  could 
arise from the chemical reaction of CdZ ' with 

CdO on the electrode, as favored by the equili- 
brium constant. Such a chemical reaction could 
also explain the fact that the iz product for the 
cathodic metal deposition transition is greater 
than the iz product for the anodic metal strip- 
ping transition, although these would be 
expected to be equal; metal is removed by the 
chemical reaction and thus is not available for 
anodic reoxidation. This would hold regardless 
of whether the metal were cadmium or 
aluminium. 

In the mercury system the expected z2/z1 
ratio of 3.0 for reduction was not obtained nor 
could the diffusion coefficient be calculated 
from &/C against reciprocal current density 
plots. A comparison of the reductive transitions 
for mercury and cadmium (Fig. 6 and A, Fig. 4) 
shows a long sloping region between the plateaus 
of the first and second transition in the case of 
mercury. This sloping region made it difficult to 
determine the end of the first transition and the 
start of the second. Although the method of 
measuring transition times used throughout 
this work (26) gave the ratios cited, other 
measurement techniques gave values closer to 
3 for the mercury system. 

Two similar cases in which mixtures of oxi- 
dation states have been produced by electro- 
chemical anodization of metals in fused salts 
are niobium in fused LiCI-KC1 (27), in which 
the ratio between Nb(1V) and Nb(II1) concen- 
trations was approximately equal to 3, and 
zirconium in the same solvent, in which the 
proportion of Zr(I1) and Zr(1V) obtained is 
temperature dependent (28). 
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Mass spectra of some deuterated ethanes. I. The effect of ionizing voltage' 

Y. AMENOMIYA AND R. F. POTTIE 
Diuisiotz of Applied Clzemistry, National Research Council of Canada, O t t a ~ v ~ ,  Canacla 

I Received December 22, 1967 
1 

The mass spectra of seven ethanes (do-d6) have been obtained at various ionizing voltages. For low 
ionizing voltages (i.v. < 13.4 V), the only remaining ions are the parent molecule ion and that resulting 
from the loss of two hydrogen atoms (nz/e 30 and m/e 28 in C2H6). With the exception of C2H5D, the 
ratio of the ion currents for these species remained reasonably constant below i.v. = 13.0. The sensl- 
tivity for detection of the molecule ion was found to decrease continuously as the D atom content was 
increased, both for high (70 V) and for low (12.8 V) ionizing voltages. 
Canadian Journal of Chemistry, 46, 1735 (1968) 

Introduction Experimental 
In general, mass spectrometric analysis of The data reported here were taken with two mass 

deuterated compoun~s provides the most con- Spectrometers. Most of the results were obtained from an 
Atlas CH4 (60" magnetic sector) mass spectrometer at high 

venient and quantitative of estimation' (70 V) and low (12-15 V) ionizing voltages. This instru- 
This technique has been widely used on the ment was operated with anion-accelerating voltage of3000 
assumption of equal sensitivity for detection of V and an ion source temperature of 250". An electron 
molecular ions, both at  the normal operating multiplier was employed for detection of the ions. A 

ionizing voltages of or 70 V, and at low ioniz- second mass spectrometer (90" magnetic sector) was em- 
ployed to obtain comparison mass spectra at 50 V ioniz- 

ing voltages for which interference fragment ing voltage. The ion acceleration voltage was 2000 V, and 
ions is reduced. However, it is difficult to apply the ion source temoerature was about 125". The ion inten- 
the latter technique for the analysis of deuterated ~ ethanes because of interference from the ethylene 
fragment ion whose appearance potential is not 
significantly above that of the molecule ion. In 

I addition we found in some preliminary studies 
1 
I that there was a considerable variation in the 

sensitivity of the molecule ion for various degrees 
I of deuteration. 
I It is particularly important to obtain accurate 
I 

I analysis of mixtures of deuterated ethanes 
because of the wide interest in the catalytic deu- 
teration of ethylene or in the catalyzed exchange 

I 
I of hydrogen with ethane. Several mass spectral 

studies of deuterated ethanes (1-7) have been 
I reported, but in no case have all the deuterated 

isomers been studied, and it is not possible to use 
the published data to obtain relative sensitivities 
for mass spectrometric analysis. This work was 
undertaken to provide such data and to elucidate 
the mechanism of ion dissociations that lead to 
the observed mass spectra. In this report (Part I) 
we shall be concerned mainly with the use of our 
results for the mass spectrometric analysis of 
deuterated ethanes. 

'NRCC No. 9998. 

sities were measured by means of a Faraday cup collector. 
In both instruments mass spectra were obtained by 
variation of the magnetic field, and the i.v. values were 
uncorrected. 

All the ethanes, other than CzH6, were obtained from 
Merck, Sharp and Dohme of Canada, Ltd. and were 
supplied with a stated minimum isotopic purity of 98 to 
99 atom %. The C2H6 was Phillips research grade. All 
samples were repeatedly outgassed over liquid nitrogen. 
No traces of methane or ethylene were detected by gas 
chromatographic analysis. 

In all instances residual mass spectra were taken before 
and after the admission of each sample to improve the 
accuracy of the reported data. However, because of resid- 
ual ions at M1  MI ( M  is used here for m/e because of 
convenience), the data for the C1 fragments are not as 
precise as those for the Cz ions. 

The sensitivities for the molecular ions were obtained 
by the method of mixtures and were related to that for 
C2D6+.  Mass spectra were first obtained for the individ- 
ual ethanes and were corrected for isotopic impurities. 
Mixtures were then composed by manometric techniques 
and mass spectra of these mixtures were taken. From the 
known compositions, it was then possible to relate the 
sensitivities for detection of the molecular ions of all 
other ethanes to that for C2D6+.  C2D6+ was used as the 
primary standard since it had the lowest sensitivity of the 
molecular ions, and the MS6 ion is free from interference 
by other ethanes. This technique avoids many of the 
errors inherent in the absolute method that is convention- 
ally used in mass spectrometric analysis. Thus, a standard 
mixture, say, of C2D6 and CzH5D could be used from 
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I.V. ( v o l t )  I.V. ( v o l t  I 

FIG. 1 .  Mass spectrometry of C2H6 at low ionizing voltages. (a) Ionization efficiency for the ions from C2H6. 
(b) Relative intensity of C2H4+ ion (C2H6+ = 100). 

time to time as a means of calibration for mass spectral 
variations, or for comparison of different mass spectrom- 
eters. 

Results and Discussion 

(a) Low Ionizing Voltages 
Partial ionization efficiency curves are shown 

for various fragment ions from C2H6 in Fig. 
l(a). Because of the small difference between the 
ionization potential of C2H6 and the appearance 
potential for C2H4+, approximately 0.7 eV (7), 
it is usually not possible to eliminate completely 
the ethylene peak from the mass spectrum of 
ethanes at low i.v. without sacrificing adequate 
sensitivity for analysis. However, C2H5+ dis- 
appears below i.v. = 13.4 eV, so that the use of 
low ionizing voltage does simplify the mass 
spectrum. Similar results were found for other 
ethanes, so that corrections could be made for 
impurities containing one less deuterium atom 
than the major constituent by using i.v. < 13.4 
eV. This was further confirmed by the observed 
constancy of Mp- ,IMP over a wide range of i.v. 
in the low i.v. region. We define M, to be the 
intensity of the molecular ion and Mp- as the 
intensity for the ion of one mass lower than Mp. 

In Fig. l(b), the ratio M,,/M,, is plotted for 
C,H, versus i.v., for which the intensity unit of 
M,, is taken as 100. Similar curves are given in 
Fig. 2 for the other ethanes investigated in this 
work. In all cases the intensities have been 
corrected for l3C contributions. In no case were 

there any impurities of more highly deuterated 
ethanes than the major constituent. Usually only 
one correction had to be made, that for the com- 
pound at Mp-,. Since the fragment ion for 
Mp-, was eliminated below i.v. = 13.4 eV, the 
corrections were readily made and could then be 
applied to the mass spectra for both low and high 
i.v. The impurities thus found were: 3.4 % do in 
dl ,2.0%dlind2,3.7%d2ind3,5.1%d3ind4, 
5.1 % d4 in d,, and 2.3 % d, in d6. The symbols 
do-d, refer to the number of deuterium atoms in 
the ethane of interest. 

We see in Figs. l(b) and 2 that the ratios of the 
ethylene fragments to the molecular ions are 
reasonably constant in the region of i.v. = 12.8- 
13.0 V, except for MZ8 of C,H,D. Therefore, 
it is possible to obtain reproducible mass spectra 
for a i.v. of about 13.0 eV. Mass spectra for i.v. 
= 12.8 V are summarized in Table I. Also in- 
cluded in this table are relative sensitivities for 
the molecular ions. 

(b) Mass Spectra for Normal Operating Ionizing 
Voltage (I. V. = 70 V) 

Mass spectra of the seven ethanes, obtained at 
i.v. = 70 V, are summarized in Table 11. The 
mass spectra were corrected for other ethane im- 
purities and for 13C. It was not possible to ascer- 
tain the carbon positions of the deuterium atoms 
for the impurities d, in CH3CD3, d, in CHD,- 
CHD,, and d4 in CHD,, so that we used im- 
purity mass spectra as obtained for our d,, d,, 
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TABLE I 
Mass spectra of ethanes (i.v. 12.8 V). Relative sensitivities for molecular ions (C2DGf = 1.00) were 

smoothed out in Fig. 3 

n ~ / e  CzDG C2HD5 CHDzCHDz CH3CD3 CH2DCH2D C2H5D CZHG 

Relative 
sensitivity 1 .OO 1.09 1.20 

Ol 2 
1 , & ~ 2 9 1  1 , , i 

13 14 15 '12 13 14 I: 

- I.V. ( v o l t )  

FIG. 2. Relative intensities of ethylene ions for 
various deuteroethanes (intensity of each molecular ion 
= 100). 

and d, ethanes in Table 11. However, the errors 
introduced because of variation in mass spectral 
ion distributions among isomers of the same D 
atom content are usually not very large (ref. 8, 
Part I1 of this series), and the low impurity con- 
tents found here would make these variations of 
negligible importance. 

The results for the compounds listed in Table 
I1 differ in some respects from those reported by 

Quinn and Mohler (5), but are in better agree- 
ment with those of other workers (1, 3, 6), with 
the exception of M29 in CH3CD3. The relative 
intensity of our M z g  for this compound is con- 
siderably lower than in some earlier studies (3,6, 
9) but agrees reasonably well with that reported 
by D'Or et al. (7). Therefore our CH3CD3 and 
CHD2CHD2 were subjected to analyses by 
infrared spectroscopy. Very clear spectra were 
obtained with the absorption bands at 2965, 
2240, 1470, 1080, and 680 cm-' for CH3CD3 
and at 2960, 2220, 1308, and 1068 cm-' for 
CHD ,CHD, respectively. No absorption at 
1308 cm- ' was found for CH3CD3. This band 
appeared only in the d, compound and is pre- 
sumably the bending frequency for CHD,. We 
conclude that our CH3CD3 contained none of 
the isomeric impurity CHzDCHDz within the 
detection limits of infrared spectroscopy. 

As others have pointed out, the mass spectra 
of the C,  fragments are complicated by the 
presence of doubly charged C, ions, so that we 
will not give here a detailed discussion of the 
C, fragments. However, M I ,  in the spectrum of 
CH3CD3 is much larger than is expected from 
its structure. As already mentioned, no appreci- 
able amount of CH2DCHD2 was found in this 
sample by infrared spectroscopy. Indeed MI ,  
was found in CH3.CD3 spectrum also by pre- 
vious authors (3, 5-7) and the value 0.27 ob- 
tained as the ratio of M,  ,/MI, in the present 
work is comparable to those found by the other 
authors; 0.48 at 75 V and 0.35 at 17.5 V (I), 0.52 
at 70 V (5), 0.27 at 70 V, 0.25 at 25 V and 0.23 at 
18 V (6), and 0.30 at 50 V (7). 

This fact indicates, as Krauss et al. have 
already suggested (lo), that the reshuffling of 
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TABLE II 
Mass spectra of ethanes (i.v. 70 V). Relative sensitivities for molecular ions (C2D6+ = 1.00) were 

smoothed out in Fig. 3 

m/e CZDB CzHD5 CHDzCHD2 CH3CD3 CHzDCHzD CzHSD C2H6 

Relative 
sensitivity 1 .OO 

hydrogen atoms occurs to some extent before or 
during the C-C bond ruptures as follows : 

If M,,/M,, ratio is taken as the degree of this 
process, about one fifth of the original molecule 
is reshuffled, but it is still far less than complete 
randomization. However, it is not yet known 
whether the whole spectrum would be that of a 
mixture of the two isomers, or whether most of 
the reshuffled molecules decompose to C ,  frag- 
ments. This matter will be discussed in Part I1 
in somewhat more detail. 

( c )  Relative Sensitivities 
The sensitivities for detection of the molecular 

ions of the various ethanes were obtained rela- 
tive to that for C,D,+ by the method described 
in the Experimental section. A similar method 
involving the use of standard mixtures was em- 
ployed by Pyper and Long (1 1) for obtaining the 
relative sensitivity of deuteroacetylene. The 
results are shown in Fig. 3. Included also are the 
sensitivities that were obtained by the second 
mass spectrometer which employed a Faraday 
cup detector and for which i.v. = 50 V. The 
sensitivities for the d,  and d, ethanes were ob- 

FIG. 3. Relative sensitivities for molecular ions of 
deuteroethanes (CzD6' = 1.00). The sensitivities for i.v. 
= 70 V and i.v. = 12.8 V were obtained with an electron 
multiplier detector in an Atlas mass spectrometer. Those 
at 50 V were measured on a second instrument that em- 
ployed a Faraday cup collector. 

tained relative to the d,  and d ,  compounds re- 
spectively. The sensitivities for d,  and d, ethanes 
had previously been obtained relative to d6 and 
were used as secondary standards because of 
much greater interference at the molecular ions 
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of d, and d4 ethanes from the mass spectrum of 
C2D6. 

From Fig. 3 we see that the relativesensitivities 
decrease continuously as the D atom content 
increases, both for i.v. = 70 and i.v. = 12.8 V. 
Ignoring this difference, say, for C2H6 vs. C2D6 
would result in a relative error of some 20% in 
their relative concentrations for a 1 :1 mixture, 
using i.v. = 70 V. The relative sensitivities listed 
in Tables I and I1 were obtained from the 
smoothed curves of Fig. 3. 

We find at low i.v. (12.8 V) that there is some- 
what of a variation in the fraction of the total 
ionization that is retained by the molecular ion. 
From Table I, these percentages are: C2H6+ 
= 71.4%, C2H5D+ = 60.3 %, C2H4D2+ = 
61.7%,C2H3D3+=66.4%,C2H2D4+ = 61.5%, 
C2HD5+ = 65.4%, and C2D6+ = 55.7 %. The 
recent results of D'Or et al. (7) for C2H6, 
C2H5D, C2H,D3, and C2D6 exhibit less 
variation in the percentage intensities of the 
molecular ions, with their values ranging from 
62.8 % for C2D6+ to 66.6% for C2H5D+ at an 
i.v. of 11 V (corrected). Because of the differ- 
ences between the two instruments (single focus- 
ing vs. double focusing) and the apparent lack of 
a trend with D atom content, we do not consider 
that there is a fundamental conflict with the 
earlier results. 

However, our observed intensity for M,, in 
C2H5D at i.v. = 12.8 V is considerably higher 
than that of D'Or et al., and from Fig. 2, Mzs 
actually increases relative to M,, for lower i.v. 
Although this behavior was not found for 
ethylene ions in the other ethanes, it was quite 
reproducible, and we have no explanation for 
thk observation. Also there are no obvious ex- 
planations for the large variation in sensitivity 
between our two instruments. However, in one 
experiment, a Faraday cup collector was substi- 
tuted for the electron multiplier as the ion 
collector in the Atlas mass spectrometer, and 
mass spectra were obtained at i.v. = 70 V for the 
standard mixture of C2H5D and C2D6. We 
found a relative sensitivity of 1.22 for C,H,D+ 
which agreed exactly with that obtained in the 
second instrument for i.v. = 50 V. It is not clear 
why the electron ejection efficiency of the multi- 
plier should be so strongly dependent on D atom 
content, but this appears to be a sufficiently 
large effect to account for the discrepancy 
between the two mass spectrometers. Similar 

arguments could be advanced to explain the 
overall lower sensitivities that we find for total 
ionization (summation of all ion intensities) in 
C2D6 versus C2H6. 

The wider variations in relative sensitivities a t  
low i.v. would suggest that this region is not as 
useful as normal operating i.v. for quantitative 
analysis of deuterated ethanes, despite the sim- 
plicity of the mass spectra. However, the inten- 
sity ratios of the molecular ions to the ethylene 
fragments remain reasonably constant in the 
vicinity of i.v. = 12.8 V, so that some advantage 
is obtained in estimating the concentrations of 
mixed ethanes by using low i.v. 

Conclusions 

We have obtained mass spectra for seven 
ethanes in two mass spectrometers and find that 
the molecular ion sensitivities depend strongly 
on the degree of deuteration both at high (70 V) 
and low (12.8 V) ionizing voltages. Errors as 
great as 20 % would be introduced into analysis 
for C2H6 vs. C2D6 in a 1 :1 mixture if their 
sensitivities would be taken as equal. We suggest 
the use of a standard mixture, such as C2H5D 
and C2D6, as a calibrant for mass spectral sensi- 
tivities of the deuterated ethanes. 
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Mass spectra of some deuterated ethanes. 
11. An empirical method of calculation of the spectra1 
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I Relative intensities of the C, fragment ions in deuterated (dl-d,) ethanes have been calculated on a 
statistical basis from the mass spectrum of CzHs and have been compared with experimental mass 
spectra previously reported in Part I. For these calculations we have introduced a correction for the 

I relative probabilities of loss of two hydrogen atoms in addition to weighting factors for the loss of H 
and D atoms. The isotopic weighting factors have been expressed in terms of power series. By this 
means satisfactory agreement was obtained between the calculated and experimental mass spectra. 

This treatment also made it possible to calculate the intensities of doubly charged C2 fragments that 
appear in the C1 mass spectra. We then estimated the degree of reshuffling of hydrogen atoms prior to 
C-C bond rupture and obtained calculated mass spectra that were in reasonable agreement with the 
experimental data for the C1 region of the mass spectrum. 

Experimental mass spectra have been newly obtained for 1,l-d, ethane and 1,1,1,2-d, ethane and are 
included here for completeness. 

Canadian Journal of Chemistry, 46, 1741 (1968) 

Introduction 

The mass spectra of six deuteroethanes and of 
C2H6 have been reported by the authors in 
Part I of this series (I), and optimum conditions 
have been discussed for the mass spectrometric 
analyses of deuterated ethanes. For analytical 
purposes it is generally advisable to refer all 
mass spectra to standard compounds and mix- 
tures. However, for complex mixtures of deu- 
teroethanes this is both costly and inconvenient. 
It would therefore be preferable to be able to use 
mass spectra, calculated on a modular basis, 
that have been shown to give reasonably good 
agreement with experimental spectra, and that 
could be obtained for any deuterated isomeric 
ethane from a convenient standard, such as the 
mass spectrum of C2H6. It is the object of this 
report to provide such calculations and com- 
parisons. In order to reduce the number of param- 
eters, the calculations were made on a statis- 
tical basis in which we used as few empirical rules 
as possible. 

Calculations of a similar nature have been 
reported for dl ethane by Turkevich et al. (2) 
and were later extended for d, and d, ethanes 
(3). Weighting factors for loss of H and D were 
regarded as isotope effects, and good agreement 
was found with experimental mass spectra for 
the dl and d, compounds. However, the calcu- 
lated mass spectrum of I,l,l-d, ethane was very 
different from that which was observed for 75 V 

'NRCC No. 10022. 

electrons. At low ionizing voltage (i.v. = 13.0 
V), Schissler et al. (3) observed the relative ion 
intensities for losses of H, :HD:D, as 0.04:0.71: 
0.25 respectively for the CH,CD, compound. 
At i.v. = 13.0 V, the only ions remaining were 
those for the parent molecule and for the loss of 
two hydrogenatoms. Although their intensity for 
the loss of D, is larger than that obtained by 
Stief and Ausloos (4) and by the present authors 
(I), the high intensity observed for loss of HD 
suggests, as they pointed out themselves (3), 
that there is a much higher probability for re- 
moval of two hydrogen atoms from adjacent 
carbons than from the same carbon atom. 

This conclusion was further tested by Flynn 
and Hulburt (5), who calculated the mass spec- 
trum of CH,CD, for mle 29-33 by assuming 
that the ethylene ion was the result of (A) loss of 
two hydrogens from adjacent carbons, or (B) 
loss from the same carbon, or (C) loss by a 
random process. Best agreement was found for 
model (A), although their calculated intensity 
for mle 29 was less than half the observed value, 
suggesting that process (B) had occurred to some 
extent. More recently, Krauss et al. (6) and the 
present authors (1) have shown by analysis of the 
mass spectra of C, fragments that a certain 
degree of rearrangement of hydrogen atoms 
must occur before or during C-C bond rup- 
ture. It could not be established, however, 
whether the observed spectra were those of 
mixed isomers that resulted from the reshuffling 
of hydrogens or whether most of the rearranged 
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molecules decomposed to produce Cl  fragments 
only, without giving rise to rearranged C, ions. 
Thus, mass spectra could be calculated empiri- 
cally by consideration of the two models: (1) 
Processes (A) and (B) both occur with a certain 
ratio of probabilities, but the rearrangement of 
hydrogen atoms does not further alter the dis- 
tribution of C, ions, or (2) the mass spectrum is 
that of the original molecule combined with a 
rearranged isomer, but loss of two hydrogens 
occurs by process (A) exclusively. 

Recently D'Or et al. (7) have carefully exam- 
ined themass spectraofC,H,, C,H,D, CH3CD3, 
and C2D6 with the purpose of establishing a 
model for the exchange of hydrogens in CH ,CD,. 
Appearance potentials were measured for all 
major fragment ions; all metastable ions were 
recorded; and mass spectra were taken over wide 
ranges in ionizing voltage and in ion residence 
time in the ion source. Nevertheless, it was not 
possible to obtain a wholly satisfactory explana- 
tion for the mass spectrum of CH3CD3 by 
consideration of hydrogen exchange from any 
single model. 

In this paper we used the first model as the 
basis for our calculations. We obtained weight- 
ing factors for loss of H and D atoms in the 
usual manner and then calculated the ratio of 
probabilities for processes (A) and (B). Excepting 
the process for loss of two hydrogens, all other 
fragment ion intensities of the C, group were 
calculated on a statistical basis by means of the 
weighting factors. We will consider later the 
second model described above. 

Notations which will be used in the remainder 
of this report are as follows: Mi, the relative 
intensity of an ion of mle = i; I(nX), the relative 
intensity of the ion that results from the loss of 
atoms nX from the parent ethane, for example 
M,, (from C,HsD) = I(2H) + I(D); a, and 
b,, the weighting factors for the rupture of 
C-H and C-D bonds, respectively, in ethane 
that contains n deuterium atoms; the probabili- 
ties for the occurrence of processes (A) and (B) 
as discussed earlier, are defined as A and B, 
respectively. In general, the word "hydrogen" 
will include both isotopes, protium and deu- 
terium, and where necessary, the individual 
atoms will be designated as H and D. For 
simplicity, the symbol d,, will be used to indicate 
the number of deuterium atoms in the parent 
molecule. 

Calculations of C, Ions 

(a) Isotopic Weighting Factors 
We have found, in agreement with previous 

work (3), that Mp- (P is the mass of the parent 
molecule ion) is always larger than would be 
expected from M,, of C2H6 if hydrogens were re- 
moved statistically. We observed further that this 
discrepancy became larger as the D atom content 
was increased. We then obtain a weighting factor 
a, for the molecule C2H6-,Dn as the ratio of the 
observed Mp-, to that calculated on a statis- 
tical basis, using MZ9 (MZ9 = 76.2, cf. Table I) 
from C2H6 as the standard ratio. Thus, the loss 
of an H atom is a,, times more probable than it is 
from C2H6 for a molecule with n number of D 
atoms. The average value we obtain for a, is 
1.095", so that the individual factors become 
1.10,1.20,1.31,1.44, and 1.57ford1tod,ethanes. 
The averaged factor will be used in preference 
to the experimental a, of the individual molecule 
to calculate a particular mass spectrum. 

The second weighting factor, b,, was obtained 
from MZ7 and M,, in 1,1,2,2-d4 ethane, and 
from M,,-,, and M,, in C2HDs. These ions 
are all formed by a single process and were 
selected for that reason. It was first necessary to 
apply the a, weighting factors before b, could be 
obtained. Other ions, such as M,, in the dl, 
d,, d,, and d4 ethanes and M Z 6  in the d, com- 
pound, are also derived from a single process, 
but their intensities are too low to be useful for 
this calculation. A few examples are given below 
to illustrate the method for calculating the b, 
values. (Intensities are taken from Table I.) For 
1,1,2,2-d4 ethane 

and for ds ethane 

From these and similar equations we obtain 
average values for b4 and b,, and derive the 
generalized weighting factors as 0.9106-,, namely 
0.62, 0.69, 0.75, 0.83, and 0.91 for the dl to ds 
ethanes. 

Similar formulas were also obtained for 
weighting factors in terms of power series by 
Schissler et al. (3) and Kandel (8) for deutero- 
methanes and by Dibeler et al. (9) for deuterated 
ethylenes. 
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TABLE I 
Observed and calculated mass spectra of deuteroethanes at i.v. = 70 V. Observed spectra were obtained 

with an Atlas CH4 mass spectrometer as reported in Part I (1). Gothic numbers were assigned rather than calculated 

CzHD5 CH2DCD3" CHD2CHDZ CH3CD3 
CzDs 

rnle Obsd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. 

Statistical 
deviation 

18 13.2 
17 1.8 
16.5 
16 8.9  

CHZDCHDZ 
111le Calcd. 

CH3CHDza CH2DCHzD CzH5D 
CzHs 

Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. 

Statistical 
deviation 

18 
17 
16.5 
16 

.These samples were prepared from 1,1-fI2 ethylene and were of lower isotopic purity than the remaining compounds. 
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(b) Probabilities of Processes (A) and (B) 
In Part I we observed that there was a strong 

tendency for two hydrogens to be lost from 
adjacent carbons to produce the ethylene frag- 
ment ion. This could be seen most clearly in the 
low i.v. mass spectrum of CH3CD3. However, 
the ion intensities were low and of insufficient 
accuracy to be used in the calculation of relative 
probabilities for loss of two hydrogens from 
adjacent carbons, process (A), versus loss from 
the same carbon, process (B). A more accurate 
estimate of these probabilities, defined as A and 
B respectively, can now be made by considera- 
tion of the mass spectrum for i.v. = 70 V. 

We first calculate the contributions of I(D), 
1(3H), and I(2H + D) to M3 ,, M,,, and M29, 
respectively, in the mass spectrum of CH3CD3 
by utilizing the mass spectrum of C2H6 and by 
taking into account the statistical and isotope 
weighting factors derived above. We then sub- 
tract these contributions from the observed mass 
spectrum and obtain the spectrum of ethylene 
ions only. Thus: I(2H) = 43.0, I(HD) = 325.6, 
and I(2D) = 13.6. We then have the following 
equations : 

388.5Aa3b3 = 325.6 

From these equations we obtain A = 0.853 
and B = 0.129 and 0.125 for good agreement 
between the two independent equations. Using 
average B, we obtain A = 0.87 and B = 0.13. 
These values will be used in the calculations that 
are given below. 

(c) Calculation of the Mass Spectra 
The method of calculation has been described 

in the Introduction and will be illustrated here 
by a few examples from the mass spectrum of 
CH2DCH,D. Thus : 

and 

Results and Discussion 

The results of our calculations are given in 
Table I and are compared with the experimental 
mass spectra (1). Included also are the spectra of 
CH,DCD3 and CH3CHD, which were pre- 
pared by the hydrogenation of 1,l-d, ethylene 
on an alumina catalyst at 0" with H, or D, (10). 
It has been found that the hydrogenation of 
ethylene that was preadsorbed on alumina pro- 
ceeds at low temperature by the symmetrical 
addition of two hydrogens (11). The unreacted 
ethylene was removed by gas chromatography. 

The two ethanes thus prepared contained 
3-4 % of the Mp+ , and 8-9 % of the Mp- , 
compounds as the only observable impurities. 
The contributions of the Mp+,  impurities to 
the mass spectra were allowed for by using the 
observed spectrum of d, ethane and that cal- 
culated for 1,1,2-d3 ethane. To obtain the contri- 
butions of Mp- , we subtracted the correspond- 
ing ion intensities of 1,1,2,2-d, and 1,2-d, 
ethane from those observed for 1,1,1,2-d, and 
1,1 -d, ethane respectively. The residuals thus 
obtained were in excellent agreement with those 
found at low ionizing voltage (i.v. = 13 V). 
The calculated mass spectrum of 1,1,2-d3 ethane 
was employed to correct the spectrum of the d4 
compound for the MP-, impurity. 

There was no observable MZ8 at low ionizing 
voltage, indicating the absence of impurities 
with D atom content lower than Mp- ,. 

From Table I we find good agreement between 
the calculated and the observed mass spectra 
for C, ions. The statistical deviation was ob- 
tained according to the method of Schissler et al. 
(3), by taking the square root of the sum of the 
squares of the deviations, divided by the total 
C2 ion intensities. Despite the somewhat lower 
isotopic purity of CH,DCD, and CH3CHD,, 
good agreement was also found between the 
calculated and experimental spectra, indicating 
that our model correctly accounted for the effect 
of position of the deuteroatoms on the relative 
ion intensities. 

By further consideration of the details of 
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the mass spectra of the C, and C, fragments, 
we find it possible to calculate the relative ion 
intensities in the C,  region as well. The C, 
spectra are somewhat complicated by the pres- 
ence of doubly charged C, ions. In addition, 
Schissler et al. (3) have reported that the in- 
tensity of a doubly charged ion was not pro- 
portional to the intensity of the corresponding 
singly charged ion in various ethanes. However, 
the results in Table I show that this ratio of in- 
tensities is reasonably constant for M,  ,. ,/M,, 
in do, M15.5/M31 in 1,2-d,, M16.,IM3, in 
1,1,2,2-d, and d,, and M,,/M,, in d6 ethane, 
the ratios being: 0.025, 0.020, 0.025, 0.016, and 
0.025 respectively. Excluding the ratio 0.016 for 
d, ethane, which is unaccountably out of line, 
we obtain the average ratio 0.024, defined as a,. 
These doubly charged ions are all ethyl radical 
ions. 

The absence of M,,., in d l ,  MI,., in d,, 
and MI,, ,  in d, ethane demonstrates conclu- 
sively that we do not have to consider doubly 
charged molecular ions. The similar lack of 
MI,, ,  in do, MI,,, in d, and d,, and M,,  in d6 
ethane also eliminates the possible occurrence of 
doubly charged ions that have resulted from the 
loss of three hydrogens. These observations are 
identical with those previously obtained by D'Or 
et al. (7). Thus, for example, in d l  ethane, M,,., 
must consist of contributions from C2H5,+ and 
C,H3D2+ which are derived from C2HSf and 
C,H,D+ respectively, and for which the rel- 
ative intensities are 7.9 and 310.8. We have 
already obtained the parameter a ,  as the ratio of 
the intensities for the doubly charged versus 
singly charged ethyl radical, and can now calcu- 
late the corresponding ratio for the ethylene 
fragment ion, defined as a,. 

Thus : 
7 . 9 ~ ~  + 3 1 0 . 8 ~ ~  = 2.9. 

Similar equations were set up for MI,, in  
d,, M ,  ,., in d3, d,, and d, ethanes to obtain 
values for a,. For these cases they are: 0.0087, 
0.013, 0.026, 0.010, and 0.013. The average 
value a, = 0.011 was obtained by excluding the 
exceptionally high value of 0.026 for M,,,, 
in d, ethane. 

It was then possible to deduct the contribu- 
tions of doubly charged ions from the C ,  mass 
spectra by utilizing a, and a, and the intensities 
that were calculated for the ethyl radical and 

ethylene fragment ions in the various ethanes. 
The resultant experimental mass spectrum for 
the C,  fragments in C,H, is: 

This agrees rather well with that obtained em- 
pirically by Flynn and Hulburt (5), namely 
100:22.4:10.2:5.4. 

We now must account for the effect of re- 
arrangement of hydrogens on the C,  mass 
spectra for the d,, d,, and d, ethanes. We assume 
that M ,  , in the spectrum of CH,CD, represents 
the extent of such reshuffling for which the 
intensity ratios are 1.3/(4.9 + 1.3) = 21 % and 
assume additionally that the degree of re- 
arrangement is the same for all other ethanes. 
Then the symmetrical and asymmetrical d, and d, 
compounds should have respectively (21 x 419) % 
and (21 x 619) % rearranged methyl radical ions. 

To obtain the calculated mass spectrum in the 
C,  region we first standardize the relative in- 
tensities with respect to the methyl radical ion of 
highest mass, include the doubly charged ions 
by means of the ratios a,  and a,, and calculate 
the intensities of the methyl, methylene, and 
methyne ions from the experimeiltal values for 
the C2H6 spectrum, by correcting for the degree 
of rearrangement as estimated above. The cal- 
culated spectra, shown in Table I, are in satis- 
factory agreement with experiment. The correct 
prediction of the C, spectrum for 1,1,2,2-d, 
versus 1,1,1,2-d, and also 1,l-d, versus 1,2-d, 
ethane is particularly striking. Failure to ob- 
serve M, ,  for the former compound is not 
considered to be a significant deficiency of the 
theory, since the background intensity was quite 
high for this mass. We conclude that the C,  
spectra can be of considerable use to determine 
the carbon positions of the D atoms in the 
molecule. 

We now evaluate the use of the second model, 
as described in the Introduction, for calculation 
of the mass spectra. According to this model we 
would assume a certain degree of reshuffling for 
both the C, and C,  mass spectra, but would not 
allow loss of two hydrogens from the same car- 
bon atom to produce the ethylene fragment ion. 
The degree of rearrangement could be estimated 
in two ways: firstly, from the intensities M, ,, 
M,,, and M,, in the mass spectrum of CH,CD, 
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by considering that they derive from a re- 
arranged structure rather than from probability 
ratios of (A) and (B) as discussed above, and 
secondly, from the MI, in CH3CD3 by the 
same manner as already described for the C, 
fragments. These two procedures lead to slightly 
different estimates for the degree of reshuffling, 
but the statistical deviations between the cal- 
culated and observed mass spectra for the C, 
ions as estimated by these two techniques, 1.82 
and 2.23 % for CHD,CHD, and 1.68 and 4.10 % 
for CH3CD,, are not significantly different from 
those deviations of 1.81 and 1.09 % (Table I) 
obtained with the first model. Thus we cannot 
use these calculations for a judgment either in 
favor of or against the relevancy of either model 
advanced here. 

Summary 

Mass spectra have been calculated for a series 
of deuteroethanes from a statistical model that 
was standardized to the mass spectrum of 
C2H6. The agreement between the calculated 
and experimental mass spectra was satisfactory 
in all cases, for both C, and C, fragment ions. 

The experimental and calculated data were of 
sufficient accuracy to permit determination of 

the position of the D atoms in isomers with the 
same deuterium content. Particularly striking 
were the large intensity differences between the 
methyl radical ions of 1,1,2,2-d, and 1,1,1,2-d, 
ethane, and those for 1,2-d, and 1 ,l -d2 ethane. 

It was not possible to establish by the em- 
pirical procedures used here the exact nature of 
the model for the decomposing molecule, al- 
though information was obtained about the 
probable degree of rearrangement of hydrogens 
that will be of some use to future work. 
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Electron spin resonance detection of radicals and electrons condensed from 
water vapor after irradiation with 1 MeV helium ions1 

W. A. SEDDON, D. R. SMITH: AND P. E. BINDNER 
Atotnic Et~e,;qv of Canada Ltd., Researclr Cllernistry Branch, Chalk River Nuclear Laboratories, Clzalk River, Ot~tario 

Received October 24, 1967 

A stream of water vapor was irradiated in a "crossed-beam" experiment by 1 MeV Hei ions. After 
traversing the Hei ion beam, the vapor was condensed on a quartz tube at 77 OK. The deposit so 
formed was then isolated under vacuum and transferred to an electron spin resonance (e.s.r.) spectrom- 
eter. E.s.r. spectra were observed that arise from species formed as a consequence of radiolysis in 
the vapor phase. Species trapped in the deposit were identified as H 0 2  radicals and electrons. Addition 
of CH,I and NzO gives results which indicate that hydrogen atoms were also formed although they 
do not become trapped in the deposit. 

The physical parameters of the experiment have been measured or calculated. These include the 
pressure and velocity of molecules in the vapor stream, and the time between irradiation and deposition 
on the cold finger. 

Canadian Journal o f  Chemistry, 46, 1747 (1968) 

Introduction 

In an earlier study (I), it was shown that free 
radicals were trapped at 77 OK in the deposit 
condensed from a vapor stream after irradiation 
of the latter with 40 keV Arf ions. At that time 
it appeared that such radicals were formed as a 
result of irradiation in the vapor phase and not 
as a consequence of any scattered Ar+ ions 
striking the condensate. For a more complete 
understanding of the system it became desirable 
not only to obtain additional confirmation of 
this point but also to determine the pressure in 
the radiation zone. From the latter, one can then 
estimate the fraction of radicals that may dis- 
appear by reaction in the vapor phase during the 
elapsed time between irradiation and subsequent 
trapping in the deposit. 

Bombardment by 40 keV Arf ions resulted in 
deposition of energy in the vapor by both 
atomic collision processes and electronic pro- 
cesses. The ratio of the energy deposited by the 
two twes of processes was about 4 to 1 in 

accelerator. The results presented in this paper 
were all obtained by bombardment of the vapor 
stream with 1 MeV He+ ions. Energy deposition 
by this beam is almost entirely via ionization 
and electronic excitation processes. 

Since the earlier work (1) we have learned of 
related experiments. Apparatus described by 
Horani and Leach (2) has been used to irradiate 
vapors with 100 eV electrons followed by con- 
densation and an e.s.r. study of the deposit. 
Marx, Leach, and Horani (3) have studied water 
vapor and Marx and Maruani (4) have studied 
ammonia vapor. 

The first section of this paper describes our 
improved methods, measurement, and calcula- 
tion of the physical parameters, and evidence 
supporting our postulate that the radicals are 
formed in the vapor phase before becoming 
trapped in the solid deposit. The second section 
describes recent work on trapping radicals and 
electrons from a stream of water vapor after 
irradiation in the vapor phase. 

favor yf collision processes (1). Atomic collision Experimental 
processes involve considerable momentum trans- 

The technique for collecting and transferring the fery which cause many of the species deposit to the e.s.r. spectrometer is the same as described 
foIXled to be ejected in the forward beam) previously (1). Pure samples were obtained in the vapor 
direction. Since this is undesirable from the phase by distillation from the liquid during the experi- 
point of view of trapping the maximum number ment. Mixtures were prepared in the vapor phase in a 5 1 

of species, our was transferred to the bulb and used directly. A needle valve (J3kirds High 
Vacuum Ltd.) was used to control the sample flow rates 

target chamber a MeV Van de Graaff in order to deliver 0.1 g samples in approximately 15 min. 
H z 0  and DzO were doubly distilled from alkaline per- 

lA.E.C.L. No. 3056. manganate solution, gamma irradiated to about 10' rads 
'On attachment to Radiation Chemistry Group, in a 'OCo source, and then distilled a third time from 

Atomic Energy Research Establishment, Harwell, U.K. alkaline permanganate. Baker and Adamson CH,I was 
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singly distilled. Matheson NZO was used without further 
purification. The required amounts of CH31 and NzO 
were metered by a gas burette in a grease-free system. All 
samples were deaerated by standard vacuum line 
techniques. 

A 100 pA beam of I MeV He+ ions was focussed and 
collimated to about 1 mm wide and 2 mm high at the 
point of intersection with the vapor stream. The end of 
the vapor nozzle was 1.0 cm from the cold finger and the 
distance between the irradiation zone and the cold finger 
about 0.8 cm. The ion beam size and position were fixed 
by focussing with a magnetic quadrupole lens, vertical 
and horizontal electrostatic steering, and by collimation 
with a pair of vertical and horizontal current-monitoring 
slits upstream from the nozzle and cold finger. Since the 
beam path was bent 15" to reach the target chamber, 
fluctuations in the terminal voltage of the accelerator 
cause the beam position to oscillate. To eliminate this, a 
"feed back" signal derived from the current detected at 
either horizontal slit was used to stabilize the terminal 
voltage to k 1.0 keV. 

A set of apertures was used to mask the deposit on the 
cold finger from bombardment by He+ ions scattered off 
the collimating slits. These features are shown in Fig. 1. 
The background pressure in the target chamber was 
usually about 2 x lo-' Torr and the accelerator vacuum 
was protected from stray vapor by an annular liquid 
nitrogen dewar inside the beam flight tube. 

FIG. 1. Schematic diagram of the target assembly 
and collimating slits: (A) vapor nozzle, (B) vapor 
aperture, (C) quartz tube filled with liquid nitrogen, (D) 
He+ ion beam aperture, (E) vertical collimating slits, (F) 
horizontal collimating and feed back energy stabilization 
slits. 

Special experiments were performed to measure the 
pressure of the vapor stream in the radiation zone. In one, 
a parallel plate ion chamber (copper plates 0.5 cm x 0.5 
cm, with0.5 cm gap), not shown in Fig. I, was constructed 
syn~metrically about the radiation zone. Electrons and 
ions formed from the irradiated vapor were collected by 
applying a positive voltage to one plate with the other 
plated grounded through a Keithley 414 micro-micro- 
ammeter. This chamber discharged above 500 V. The 
other experiment involved measuring the absolute 
number of He+ ions deflected through 45" by Rutherford 
scattering from the vapor atoms. This was done by 
nuclear counting techniques using conventional equip- 
ment consisting of a solid state detector (20 keV resolu- 
tion, 50 mm2 area), preamplifier, amplifier, and 100 
channel analyzer. The data on punched tape were con- 
verted to a graph by an analogue-to-digital converter and 
a data plotter. 

The e.s.r. spectrometer was the Varian model V-4502-04 
with Fieldial and dual cavity. The Varian 0.1 % pitch 
standard was used in the second sample position to give a 
correction factor for fluctuations in spectrometer sensitiv- 
ity. Relative concentration measurements froill different 
experiments were reproducible to within 5-15%. One 
source of error in this respect arises from slight differences 
in the alignment and focussing of the He+ ion beam at 
the point of intersection with the vapor stream. The 
absolute number of spins in a sample was obtained by 
double integration of the various first derivative e.s.r. 
spectra and comparison with the previously calibrated 
0.1 % pitch standard (5). A calculated correction was 
applied for differences in filling factor and microwave flux 
distribution at the sample compared with the standard. 
Quartz concentrates microwaves, resulting in different 
microwave intensities at the sample and standard in our 
experiment. The appropriate correction factor for this 
effect was measured experimentally. 

Post irradiation photolysis (photobleaching) of the 
deposit was done with light from a 500 W tungsten lamp 
passed through a 0.5 in. water filter to prevent heating 
the sample. 

Results 
Physical Paranzeters 

At the cold finger the vapor stream has 
diverged to about 1 cm. We estimate that about 
40% of the vapor is collected giving 0.04 g of 
deposit and that this remains constant for each 
experiment. The measured sample flow rate is 
about 0.4 g/h. 

The pressure of the vapor stream in the radia- 
tion zone has becn both calculated and 
measured. 

A simple calculation of the pressure based on 
the assumption of thermal velocity, v = 5.2 x 
lo4 cm/s for D 2 0  at 300 OK, gives a pressure of 
about 0.05 Torr in the radiation zone. 

The results of ion chamber measurements 
during bombardment of water vapor were in- 
conclusive because a plateau saturation current 
was not obtained. This may possibly be due to 
space charge phenomena (6). A rough estimate 
was obtained by substituting butane for water. 
Irradiated butane vapor at the same initial 
reservoir pressure as water vapor gave an  ion 
chamber saturation current of 24 PA at 300 V. 
From the butane results corrected by the ratio of 
(molecular to  allow for velocity and 
stopping power (1) the saturation current in 
water vapor should be about 5.4 p.4. Taking 
-dE/dx (linear energy transfer) = 1.6 keV/pg/ 
cm2 for 1 MeV He' ions in water (7), and W (the 
average energy required for the formation of one 
ion pair) = 37.6 eV (8), then the calculated 
pressure in the radiation zone is about 0.01 Torr. 

The most reliable measurement of the pressure 
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in the radiation zone was obtained by measuring 
the absolute number of He' ions deflected by 
Rutherford scattering through a known angle 
and solid angle. The differential cross section for 
scattering dO(8) (9) was modified to use center 
of mass coordinates because in our case the mass 
of the projectile He' is not negligible compared 
with the mass of the scattering nucleus (oxygen). 
This method determines the density of oxygen 
nuclei and hence the number of water molecules 
in the radiation zone. Using the equation 

where N = number of 0 atoms/cm2, A = num- 
ber of He' scattered through 8 in a known solid 
angle, i = He' beam current in ionsls, and 
t = counting time, this method gave a pressure 
of 0.045 Torr in the radiation zone, in good 
agreement with the pressures estimated above. 

From the measured values of N = 6.2 x 
cm2, the deposition rate D - 3.4 x 1018 mole- 
cules/~, and the width of the radiation zone, 
x = 0.1 cm, it is calculated that the time for 
water molecules in the vapor stream to travel 
0.1 cm = NID = 1.8 x s. Hence the 
velocity of these molecules is about 5.5 x lo4 
cmls, and comparable with thermal velocity. I t  
follows that the water molecules travel the 0.8 
cm from the radiation zone to the cold finger in 
about 1.4 x s. 

Pure Water Vapor 
The deposit from H 2 0  vapor was colored 

blue. The e.s.r. spectrum with a cavity input 
power of 8 x W is shown in Fig. 2A. A 
broad asymmetric spectrum, similar in shape to 
that calculated for twofold g-factor anisotropy 
(lo), was observed. This spectrum has g,, = 2.032 
and g, = 2.0028. Photobleaching a t  77 OK with 
visible light removed the blue color, but no 
change in the e.s.r. spectrum was observed. 

D 2 0  also gave a blue-colored deposit. The 
e.s.r. spectra a t  1.2 x and 8 x lop5 W 
cavity input power are shown in Figs. 2B and 
2C respectively. A broad asymmetric spectrum 
similar to that observed from H 2 0  was obtained. 
However, a t  the lower power, a narrow singlet 
of 2.1 G between derivative maxima was super- 
imposed on the high field peak of the broad 
spectrum. The singlet has g = 2.0008 f 0.0005. 
At  the higher power, microwave saturation has 
reduced the intensity of the singlet relative to  
that of the broad spectrum. The singlet has also 

FIG. 2. First derivative e.s.r. spectra observed from 
H 2 0  and D20. The cavity input power is given in 
parentheses. (A) H20  (8 x W), (B) D,O (1.2 x 

W), (C) D 2 0  (8 x lo-' W), (D) D20  after photo- 
bleaching (8 x W). 

become asymmetric presumably due to rapid 
passage effects (1 1). Photobleaching removed the 
blue color and the narrow e.s.r. singlet simul- 
taneously. Figure 2D shows the e.s.r. spectrum, 
a t  8 x W cavity input power, obtained 
from D 2 0  after photobleaching at 77 O K .  Only 
the broad asymmetric spectrum remains. I t  is 
similar to the corresponding spectrum from H 2 0  
except for minor differences in line shape. 

EfSect of Alkyl Iodides and N 2 0  
A mixture of approximately 5 x lop3  mole % 

CH,I in D 2 0  was studied. The blue color of the 
deposit was perceptibly weaker. Figure 3A 
shows the resultant e.s.r. spectrum. The narrow 
singlet is reduced by about 30 % and four narrow 
lines ( A H  = 23.3 G) due to CH, radicals are 
superimposed on the broad asymmetric spec- 
trum. No reduction in intensity in the latter 
spectrum is detected. Photobleaching removed 
the rest of the blue color and the e.s.r. singlet 
while the CH, radical spectrum increased by 
27% (Fig. 3B). The intensity of the CH, lines 
increased with CH,I concentration up to  about 
0.14 mole %, beyond which the yield of CH, 
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radicals was constant within experimental error. 
Figure 3C shows the e.s.r. spectrum obtained 
when 0.14 mole % CH,I or greater was added. 
The limiting CH, intensity is about 10 times 
greater than in Fig. 3A and the broad asym- 
metric spectrum is almost completely masked. 
We assume that it is unaffected. Up to 0.14 
mole % CH,I the blue color and the intensity of 
the singlet decreases with increasing CH,I con- 
centration. At 0.14 mole % and above, the 
singlet is absent and the deposit is pale brown in 
color. Addition of 0.6 mole % n-propyl iodide to 
D,O gave a pale brown deposit and the e.s.r. 
spectrum shown in Fig. 3D. Six broad lines 
(AH = 21.7 G) presumably due to n-propyl 
radicals are superimposed on the broad asym- 
metric spectrum, and the narrow singlet is 
absent. The addition of a similar amount of 
n-propyl chloride had no such effect. 

FIG. 3. First derivative e.s.r. spectra observed from 
D,O in the presence of alkyl halides at a cavity input 
oower of 8 x W. (A) 5 x mole O/, CH-I. (B) 
gfter photobleaching the sample in A, (C) 0.114 moie'% 
CH31, (D) 0.6 mole % C3H71. 

The normalized yield of CH, radicals as a 
function of CH,I concentration is shown in 
Fig. 4A. 

Mixtures of 0.14 mole % CH,I in D 2 0  with 
increasing amounts of N 2 0  were studied. As the 
ratio N20/CH31 increased, the yield of CH, 

CHEMISTRY. VOL. 46, 1968 

radicals decreased to a new plateau between 55 
and 65% of the yield in the absence of N,O 
(Fig. 4B) and the brown color of the deposit 
was visibly diminished. 

Relative Yields of Radicals 
Yields of radicals in D 2 0  were obtained 

under conditions where microwave saturation 
was absent. Pure D 2 0  gave relative yields of 1.4 
before photobleaching and 1.0 after photo- 
bleaching. Hence we assign 1.0 to the species 
giving rise to the broad asymmetric spectrum and 
0.4 to the species giving the narrow singlet. CH, 
radical yields were obtained by doubly inte- 
grating the high field line and multiplying by 8. 
Above 0.14 mole % CH,I the relative CH, yield 
was 0.97. Addition of increasing amounts of 
N 2 0  reduced this yield to between 0.55 and 0.65. 
The absolute number of paramagnetic species 
trapped in the pure D 2 0  deposit was found to be 
3.7 x 10'' spins (525%). 

Discussion and Conclusions 
Scattering of He+ Ions by the Vapor Phase 

One hazard of this experiment is the possi- 
bility that scattered He+ ions strike the deposit 
and that the radicals observed were formed by 
irradiation in the solid phase. This would occur 
if 1 in lo7 of the He' ions were scattered on to 
the deposit. The deposit is protected from any 
ions scattered off the slits, so that the only 
possible scattering source is the vapor stream 
itself. Our Rutherford scattering measurements 
indicate that only 1 in 10'' of the He' ions are 
scattered 90" to the cold finger. This intensity of 
scattered beam is a factor of lo4 too low to 
produce the observed number of radicals. 

Identification of the Species Formed fionz Water 
Vapor 

(a) Asymmetric E.S.R. Spect~~unz 
Asymmetric e.s.r. absorption spectra similar 

to those presented in Figs. 2A and 2D have been 
reported by various authors using other means 
of formation and there is considerable contro- 
versy over the identity of the free radical. This 
spectrum has been observed in the condensate 
from a microwave discharge in H 2 0  and H202 
vapors (12), from an electric discharge in H 2 0  
and D 2 0  vapors (13), in frozen aqueous solu- 
tions of 5 to 98% H202 photolyzed by ultra- 
violet light (14, 15), in frozen aqueous solutions 
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of 6 M H202  irradiated by tritium beta particles 
(16), and in the condensate from a jet of H,O or 
D,O vapor irradiated by 100 eV electrons (3). 
The radical must be oxygenated since a similar 
spectrum is obtained from H 2 0  or D20. These 
observations have been interpreted on chemical 
or spectroscopic grounds as evidence for either 
OH or HO, radicals. Either radical would 
exhibit an e.s.r. spectrum with twofold g-factor 
anisotropy (13). In the case of the photolysis 
results (14), HO, would be formed according to 
reaction [l ] followed by [3] in competition 
with [2]. 

Since no effect of H,O, concentration was 
observed, it was concluded that reaction [3] was 
not occurring and that the spectrum was due to 
OH. However, these arguments have been con- 
tradicted by evidence that reaction [3] does occur 
even at low H202  concentrations (16). 

In our experiment kinetic data favor the OH 
radical. In the vapor phase transient species such 
as H (D), OH (OD), H 2 0 f  (D20f) ,  e-, and 
H,O* (D20)* (electronically excited molecules) 
are likely to be formed. Based upon the physical 
parameters it is instructive at this stage to 
estimate the initial concentration of such species 
and hence the reaction half-lives, t,,,, for 
possible ion-molecule, radical-radical, or three 
body processes in the vapor phase. If each por- 
tion of the vapor is irradiated for 1.8 x s 
and G(transients) = 16 molecules/100 eV (see 
later discussion), then we deduce a steady state 
concentration of transients of 5 x 1011/cm3 in 
the radiation zone. This represents a maximum 
concentration which decreases as the vapor 
stream diverges toward the cold finger. However, 
assuming this concentration and taking known 
rate constants for bimolecular and termolecular 
reactions in the gas phase, e.g. OH + OH + 
H 2 0  + 0 ,  k = 2.5 x 10-12 cm3/molecule2 s, 
and OH + OH + M -> H202 + M (where 
M = H20), k = 18 x cm6/molecule2 s 
(17), then t,,, ranges from about 1 to 60 s. 
Since the transients are condensed in 1.4 x 
s, none of them can disappear by reaction in the 
vapor phase. Similarly in the presence of 0.14 
mole % CH,I, radical reactions with CH31 are 

unlikely in the vapor phase, since using an upper 
limit for k = 3 x lo-'' cm3/molecule s gives 
t,,, = 1.6 x s. 

On the other hand the ion-molecule reaction 

[4 I H 2 0 +  + Hz0 -t H30+ + OH 

is feasible, since k4 = 4.9 x 10-lo cm3/mole- 
cule s (18) giving t,,, N s at 0.05 Torr. 

Consequently there is insufficient time for 
reactions [2] and [3] to occur in the vapor 
stream. It seems probable therefore that the 
scavenging reactions of CH31 (or N20), dis- 
cussed below, occur in a transient liquid state 
which exists for a very short time during the 
process of condensation. This time interval must 
be long enough to allow such a reaction in the 
liquid phase and yet short enough to account for 
the trapping of at least the observed number of 
radicals in the absence of a radical scavenger. 
Taking a typical upper limit, k = 2 X 10'' M-l  
s-l for diffusion-controlled radical-solute and 
radical-radical reactions in the liquid phase, we 
estimate that such a liquid state probably exists 
for a time 2 x lo-' s < t < 1 x s. If this 
liquid phase were to exist long enough for [2] to 
occur (tl12 N 5 x s), it would go essentially 
to completion before reaction [3] could compete, 
k3 = 4.5 x lo7 M - ~  s - ~  (19), t,,, = 1.4 x 
s, and no OH radicals would become trapped. 
During the cooling process the ratio Jc2/k3 would 
become larger and less favorable toward HO, 
formation both in a transient liquid phase, and 
in the solid, since the temperature coefficient for 
reaction [3] is expected to be greater than that 
for reaction [2]. 

On the basis of the earlier e.s.r. data (3, 12-16), 
it would be hazardous to identify this radical 
from its e.s.r. spectrum alone. One hazard is 
illustrated by the fact that the shape of the 
spectrum varies when ice is formed either by 
freezing the liquid, or by condensing water vapor, 
followed by X-ray irradiation. In these cases 
neither spectrum looks like the one obtained by 
condensing water vapor after electron irradiation 
in the vapor phase (3). In addition, previously 
published examples of this spectrum (12-16), in 
a water or water - hydrogen peroxide matrix 
cannot on their own merit be definitely ascribed 
to the HO, radical because of the uncertainty in 
the process of radical formation. 

The identification of the radical can be 
resolved with some certainty on the basis of 
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three recent papers (20-22). Bennett et al. (20) 
have formed HO, in an ice matrix (formed by 
condensing water vapor) by reacting HI with Na 
in the presence of 0,. For the HO, radical they 
find g,, = 2.0351 and g, = 2.0039. These values 
agree fairly well with those measured in our 
experiment, g,, = 2.032 and g, = 2.0028. 
Spectroscopic evidence that our radical is not 
OH is derived from the g values in the papers by 
Dibdin (21) and by Brivati et al. (22). From 
these papers one can infer that HO, was also 
formed in the earlier work (3, 12-16). 

Although the spectroscopic data show that 
the radical is HO,, it is difficult to ignore the 
kinetic argument that HO, is not formed by 
reactions [2] and [3]. Neither could HO, have 
been formed by combination of H atoms and 
O,, since 0, is not present. Marx, Leach, and 
Horani (3) suggest that a greater concentration 
of water vapor molecules exists near the surface 
of the cold deposit. Possibly in such a region, or 
in a transient liquid phase, one or more of the 
reactions [5] (17), [6] (18), or [7] may occur to 
produce oxygen atoms. 

In the condensed phase these may then be 
followed by reaction 181. 
181 O + O H + H 0 2  

Reaction [9], rather than [8], occurs in the gas 
phase (23), but in our system could result in the 
formation of HO, on condensation. 

[91 0 + O H + H + 0 2  
[lo] H + 0 2  -> HO2 

I t  should be noted here that the total con- 
centration of trapped radicals is only about 1 % 
of the estimated number produced initially. With 
our experimental geometry this difference is 
almost that expected on the basis of an  isotropic 
flow of radicals from the radiation zone. How- 
ever, this may be coincidental and does not 
necessarily support such a model. 

(b) Singlet E.S.R. Spectrum 
Pure H,O and D,O give a blue-colored 

deposit and, in the case of D,O, a narrow e.s.r 
singlet is observed. This singlet and the blue 
color presumably arise from the same species, 
since they are both removed by photolysis or by 

CHEMISTRY. VOL. 46, 1968 

addition of CH,I. These observations are 
analogous to those obtained by many authors 
after the gamma radiolysis of alkaline ice or 
certain organic glasses at 77 OK, and have been 
attributed to the presence of trapped electrons. 
It is highly probable that in this work electrons 
are also being observed after trapping from the 
vapor phase. In this respect our conclusions are 
similar to those of Marx, Leach, and Horani 
regarding similar observations following the 
irradiation of D,O vapor with 100 eV electrons. 
They actually observed a "doublet", but we 
conclude from our results in Figs. 2B and 2C 
that the "doublet" was the result of distortion of 
a singlet due to rapid passage effects. We observe 
this in Fig. 2C when the cavity input microwave 
power was increased to 8 x W. Marx et al. 
(3) also observe a very slight absorption asso- 
ciated with the blue color in H20 .  We do not 
observe this absorption. Apparently in H,O the 
electron singlet is broadened and masked by the 
HO, absorption. In D,O, Marx et al. observe 
that the blue color and the "doublet" disappear 
on warming to 150 OK. 

Formation of C3H7 - or CH, . radicals on 
addition of C3H71 or CH,I supports our pro- 
posal that electrons are present. Presumably 
reaction [l 1 1, 
[ I l l  RI + e- + R .  + I-, 

is occurring in the transient liquid phase, k , ,  for 
C,H,I is 1.3 x 10" M-' s-' and the corre- 
spondingvalueforC3H7C1 is 6.9 x 10' M-Is - '  
(24). The 19 times lower rate constant may 
account for the absence of an effect when 
C3H7Cl is added. 

(c) Evidence for Hydrogen Atoms 
It was realized that the limiting yield of CH, 

radicals at 0.14 mole % CH,I need not arise 
entirely from reaction [l 1 1. The CH, radicals 
could also be formed by reaction [12] with 
hydrogen atoms. 
[I21 CH31 + D.  -> CH3 + DI 

Hydrogen atoms would not themselves become 
trapped in ice at 77 OK, but their temporary 
existence would be revealed through the forma- 
tion of CH, radicals. The occurrence of reaction 
[12] is supported by the effect of adding N 2 0  
(Fig. 4B). N,O would compete via reaction [13] 
with CH,I in reaction [I I. 1, 
[13] N,O + e- + NZ + 0- (-> OD + OD-), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SEDDON ET AL.: ELECTRON SPIN RESONANCE DETECTION OF RADICALS 1753 

but would not compete with reaction [12]. If all 
the CH, radicals were formed by reaction [ l l ] ,  
N 2 0  would reduce the CH, yield to zero. In fact 
the CH, yield is only reduced by slightly less 
than half at an N20/CH,I ratio of 30. It is 
concluded that in the absence of N20,  the yield 
of CH, equals the sum of the yields of electrons 
and hydrogen atoms. In the presence of N 2 0  the 
yield of CH, radicals is equivalent to that of 
hydrogen atoms. 

FIG. 4. (A) Dependence of the CH3 yield on CH31 
concentration in D,O, (B) effect on the CH3 yield of 
increasing amounts of N20 to D2O containing 0.14 
mole % CH31. 

MOLE % CH,I 
1 I - 

O 0 

This evidence for the presence of hydrogen 
atoms is supported by the observation of the 
emission spectrum of hydrogen atoms when 
water vapor is irradiated by 100 eV electrons (2). 

The above results and mechanism are con- 
sistent with results obtained by conventional 
gamma radiolysis of water vapor by Baxendale 
and Gilbert (25) and by Johnson and Simic (26). 
Both groups find that the yield of hydrogen 
atoms and electrons is about 5 and 3 molecules 
per 100 eV respectively, giving a ratio of yields 
D/(e + D) = 0.63. If we assume for the pur- 
poses of our earlier calculations that G(0D) = 
G(e + D), then G(tota1) = 16. (This may not be 
strictly true but is adequate for our purpose.) 

It  must be pointed out that such a close 
correspondence with the conventional gas phase 

; 0.5 
0 

results may be coincidental, since reactions [14], 
[15], and [16] may occur to an unknown extent. 
[I41 2D -> D2 

[I51 D + OD + D20 

[16] e - + H 3 0 f + H + H 2 0 ( o r 2 H + O H )  

- 0 - 
0 0 0 

Furthermore, in the absence of such complica- 
ting reactions, there is no way of knowing that 
the ratio of radicals actually trapped in the 
deposit is in fact directly related to the number 
of species produced initially in the radiation 
zone. 

Additional Comments 
The observation by ourselves and by Marx 

et al. (3) that electrons can be trapped in neutral 
ice is interesting. When neutral ice formed by 
freezing liquid water is gamma irradiated at  
77 OK, trapped electrons do not appear: neither 
are they detected when ice, formed by condensing 
water vapor, is irradiated with X-rays at  77 OK 
(3). Electrons are, however, trapped in irradiated 
alkaline ice (27) (although the e.s.r. line width is 
greater due to line broadening by hyperfine 
interaction with alkali metal nuclei (28)). A 
plausible explanation is that in neutral ice, the 
positive ion is not neutralized as it is in alkaline 
ice. When the solid phase is irradiated, the 
positive ion and the electron never become 
sufficiently separated to prevent recombinatioil 
due to coulombic attraction. However, when the 
ion and the electron are formed in the vapor 
phase, they are deposited with a homogeneous 
distribution and must be separated by a distance 
sufficient to permit trapping. More recent work 
by Schulte-Frohlinde et al. (29-3 1) suggests that 
the trapping site is an interstitial or lattice defect 
which is present initially in the amorphous phase 
but not in the crystal. If this is so then it may be 
that the thermal electrons produced in the vapor 
phase can orient and distort the ice structure 
during the condensation process and thereby 
induce their own trap. This process presumably 
would not be favored for electrons produced at  
77 "K within the crystalline ice. 

An obvious extension of this work is a study 
involving the effect of electric and/or magnetic 
fields on the number of electrons and other 
species finally detected in the deposit. Prelimi- 
nary investigations have been made, but the 
results indicate that this approach is considerably 
more complex than expected. However, it was 
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found that the existence of a magnetic field 
(about 1000 G perpendicular to the vapor 
stream) coupled with the presence of a coarse 
grid in front of the cold finger nearly eliminates 
both the blue color and the associated e.s.r. 
signal ilormally observed in the deposit. This 
result would be expected if electrons were being 
removed from the vapor phase by the magnetic 
field. On the other hand the application of about 
100 V potentials to the grid, either negative or 
positive, does not prevent electrons from being 
trapped in the deposit. 

The detection of 1015 electrons in the deposit 
indicates that a corresponding number of posi- 
tive ions must also be present, since the negative 
potential otherwise generated at  the cold finger 
would lead to a field strength of about lo7 V/cm. 
This situation is exceedingly unlikely. The 
irradiated vapor apparently behaves as if it were 
electrically neutral but any interpretation of 
electric field effects is complicated by possible 
space charge phenomena which may, for ex- 
ample, be generated at  the cold finger. These 
results are not entirely understood and must 
await further investigation. 

In conclusion, the validity of this "crossed 
beam" experiment as a method of studying 
intermediates generated in vapor phase radiolysis 
has been confirmed and previous results (1) are 
validated. The present work has provided 
physical and chemical evidence for the formation 
of HO, radicals, hydrogen atoms, and electrons 
on the irradiation of water vapor. 
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Ion-molecule reactions in acetylene and acetylene-methane mixtures 

J. J. MYHER' AND A. G. HARRISON 
Department of Chemistry, University of Toronto, Toronto, Ontario 

I 
Received December 1, 1967 

I The ion-molecule reactions in acetylene have been studied. The reaction of CZHz+ with CzHz yields 
C4H?+ and C4H3+ in the ratio 0.40:l. C2H+ ions also react to form C4H2+. Excited states of C2H2+ and 
possibly C2Ht are shown to be important in the ion-molecule reactions in acetylene. 

In acetylene-methane mixtures the following reactions have been identified and their rates measured. 

C2HZ+ + CH4 -+ C3Hs+ + H 

CzHz+ + CH4 -+ C3H4+ + HZ 
CH4+ + CzHz -+ C3H3+ + Hz + H 
CH3+ + CZHZ -> C3H3+ + HZ 

1 CzH+ + CH4 -+ C3H3+ + Hz 

! CLHz+ + CH4 -+ CzH3+ + CH3 

CH4+ + CzHz -+ C2H3+ + CH3 
By studying the reactions in CH4-C2D2 mixtures the condensation reactions have been shown to involve 
extensive isotopic scrambling while the hydrogen-transfer reactions occur without isotopic scrambling. 

Canadian Journal of Chemistry, 46, 1755 (1968) 1 

i Introduction 
I 

Several studies have been made of the ionic 
reactions in gaseous acetylene. The earlier studies 
( 1 4 )  have elucidated only the ionic reactions of 

I lowest appearance potential while more recent 
I work (5 )  has been concerned with the higher 

order reactions occurring at elevated pressures. 
The present work was undertaken using the 

1 

ratio plot technique (6) in an attempt to elucidate 
the possible role of concurrent reactions leading 
to the same product ion. While this work was in 

I progress both Munson (7) and Derwish e t  al. (8) 
I reported more detailed studies of the ion-mole- 
I cule reactions in acetylene. The present results 
I 

will be com~ared with these studies. 

In several cases concurrent reactions involving 
reactant ions of higher appearance potential are 
thermochemically peimitted. The present study 
was undertaken to establish more clearlv all the 
reactions leading to the observed produc; ions. 

Experimental 
The major portion of the study was carried out using 

the modified MS-2 mass spectrometer described previ- 
ously (9). All ratio plots with this instrument were 
obtained at 10 V/cm repeller field corresponding to 3.7 
eV ion exit energy. The source concentrations usually 
were in the range 1 to 4 x 1013 molecules cm- 3. The 
ionizing electron beam was pulsed to reduce the effect 
of space charge. Since, as we have shown previously (lo), 
the measurement of source concentrations in the MS-2 is 
subject to rather large errors, runs were also carried out 

The ion-molecule reactions in methane- on the medium pressure instrument (10) to obtain more 

acetylene mixtures have been examined by accurate values of absolute rate constants. 
The acetylene was obtained from Matheson and Com- 

~ a r k e r ,  m am ill, and Williams (2). The secondary pany and showed only a small air impurity which was 
ions observed were C ~ H ~ + ,  c3H3+, C 3 H 4 + ,  removed by vacuum distillation. Acetylene-dl, obtained 
and C3H,+. From appearance potential mea- from Merck, Sharp and Dohme of Canada (98.9% iso- 
surements they identified the following reactions. topic purity), was used as received. Matheson research 

grade methane was used without further purification. 

[1 1 CzHz+ + CH4 -+ C2H3+ + CH3 
Results and Discussion 

[2 1 CH4+ + C2Hz -+ C3H3 + + HZ + H 
Acetylene 

[31 C2H2+ + CH4 -+ C3H4+ + HZ The major secondary ions in the mass spec- 

[4 I CZH2+ + CH4 -+ C3Hs+ + H 
trum of acetylene are C4H3+ (m/e 51) and C,- 
Hz+ (m/e 50) with smaller contributions at mle  

lPresent address: Department of Chemistry, Cam- 49 (C4H+), 38 (C3H2+), 37 (C3H+), and 27 
bridge University, Cambridge, England. (C2H3+). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1756 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

The dependences of the ion currents at mle 27, 
50, and 51 on the C2H2+ ion current at constant 
source pressure are shown in Fig. 1. The C2H2+ 
ion current was varied by variation of the 
ionizing electron energy. Initially the m/e 27 ion 
current is a linear function of I,,,,+ with a 
slope of 2.2 x lo-', indicating that the only 
contribution to mle 27 in this region is the 
12C'3CH2+ ion. The upward curvature above 
approximately 16.5 eV (Ic,,,+ z 570) indicates 
the onset of an ion-molecule reaction, presum- 
ably involvingan excited C2H2+ ion. 

This reaction also has been suggested by Mun- 
son (7) and by Futrell and Sieck (4). 

In the initial regions both C4H3+ (m/e 51) 
and C4H2+ (m/e 50) are linear functions of 

FIG. 1. Secondary ion currents as a function of 
I c ~ H ~ + .  

IC2,,+, indicating the occurrence of both reac- 
tions [6] and [7]. 

From the slopes in this linear region we calcu- 
late k7/k, = 0.36 i 0.02 (0.41 1 0.02 in 
C2D2) in reasonable agreement with the value 
of 0.44 reported by Munson. Above approxi- 
mately 16.5 eV the C,H3+ intensity deviates in 
a negative manner from linearity with IC2Hz+. 
This drop-off occurs at the same point as the up- 
ward curvature of the m/e 27 plot and undoubt- 
edly signifies that the excited species C2H2+* 
either does not react to form C4H3+ or does 
so at a lower rate than ground-state C2H2+. 

Above approximately 17 eV there is a rapid 
increase in the C4H2+ ion current which can be 
seen to correlate with the onset of C2H+ ion 
formation in the primary spectrum. Therefore, 
in addition to reaction [7], reaction [8] also 
leads to C4H2+. 

However, as shown in Fig. 2, the ratio plot 
obtained assuming both reactions [7] and [8] 
does not lead to the expected linear plot. This can 
be explained by assuming that C2H2+* reacts to 
form C4H2+ a t  a greater rate than does C2H2+. 
We therefore conclude that k7/k6 is greater for 
C2H2+* than for C2H2+;  however, no quanti- 
tative estimate of this difference can be made. 
From retarding potential difference studies of 
appearance potentials of primary and secondary 
ions in acetylene, Melton and Hamill (1 1) have 
concluded that C2H2+* reacts to give C4H3+ 
and not C4H2+. This result is in contrast to that 
of Lindholm et al. (12), who concluded from 
experiments in a tandem instrument that C4H3 + 

was formed from the ground state ion and C4- 
H z +  from the excited ion. Recently, Futrell and 
Tiernan (13), using a tandem mass spectrom- 
eter, have produced C2H2+ ions by charge 
exchange with various ions and observed the 
C4H2+/C4H3+ ratio resulting from reaction of 
these C2H2+ ions with acetylene. When they 
produced C2H2+ by charge exchange with an 
ion of low recombination energy (e.g. Xe') they 
observed a C4H2+/C4H3+ of 0.3 ,, while with 
Ar' (r.e. (recombination energy) > 15 eV), where 
presumably the excited C2H2+* will beproduced, 
they found C4H2+/C4H3+ = 1.8,. These results 
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MYHER AND HARRISON: ION-MOLECULE REACTIONS IN ACETYLENE 

support the conclusions reached by Lindholm 
and in the present work. 

Munson (7) has attributed the formation of 
C,H+ (m/e 49) to the reaction 

while Denvish et al. (8) have considered the 
reaction to be 

As shown in Fig. 3, I,, + is neither a linear func- 
tion of I,, + (C,H+) nor I,,+ (C,'). Further- 
more a ratio plot assuming the two reactions 
does not lead to a straight line. The origin of 
C,H+ remains obscure and possibly may involve 
excited states of C2H+. If an excited state of 
C,H+ is involved, a linear plot versus I,,+ in 
Fig. 3 would not be expected. 

Munson has attributed formation of both 
C,H,+ and C,H+ to the reaction of a single 
excited state of C,H,+. In the present work 

FIG. 2. zC4t12+/rC2H2+ versus zCZH+/zCZHZ+, acetylene. 
FIG. 3. ZC4H+ versus ZCZH+ and Zc2+, acetylene. 

these ions were studied in C2D2 and therefore 
were observed at m/e 40 (C3D2+) and m/e 38 
(C,D+). A plot of I,,+ (C,D+) versus I,,+ 
(C3D2+), Fig. 4, at constant pressure is not 
linear, indicating different origins for the two 
ions with C,D+ probably having a slightly 
higher appearance potential. A plot of I,,,,+ 
versus I,,,+ (Fig. 5) shows that the C3D2+ ion 
has an appearance potential higher than that 
of C2D+. Denvish et al. have attributed forma- 
tion of C3D2+ to reaction of C,+. However, the 
ratio Ic3D2+/Ic2+ was found to decrease with 
increasing electron energy, suggesting that 
C3D2+ had an appearance potential lower than 
C,'. The most probable reactant is either an 
excited state of C,H+ or C,H,+. 

Denvish et al. have attributed formation of 
C3H+ to reaction of either C+  or CH+. A plot 
of versus I,,+ (Fig. 6) shows an initial 
linear portion followed by upward curvature. 
It thus appears probable that C,H+ is formed 

FIG. 4. Zc3D+ versus Zc3D,+, acetylene-dz. 
FIG. 5. ZcaD + versus ZC,D + , acetylene-&. 
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in part from CH+, the second reactant causing 
the upward curvature may be C+. 

Effect of Ion Energy on Reaction of C2H2+ with 
C2H2 

In addition to the studies reported above, 
which were carried out at  3.7 eV ion exit energy, 
the reactions of C2H2+ with C2H2 (and the 
corresponding reactions in acetylene-d,) were 
studied at thermal ion energies on the MS-2 
using the pulsing techniques previously de- 
scribed (9). The electron energy was kept below 
the onset of formation of the C,H2' excited 
state and below the onset of C2H+ formation. 

At thermal energies the ratio k,/k7 = 0.41, 
in C2H2 and 0.47, in C2D2 compared with 
0.36, and 0.41, respectively at  3.7 eV ion exit 
energy. This small variation probably is not 
significant. The ratio k6(thermal)/k6(3.7 eV) 
was found to be 1.1, for the C,H, system and 
1.2, for the C2D2 system while the ratio k,(ther- 
mal)/k7(3.7 eV) was 1.0, for C,H, and 1.0, 
for C2D2. The results clearly indicate that 
neither the rate of reaction nor the product dis- 
tribution is dependent to any significant extent 
on the kinetic energy of the reactant acetylene 
ion, although the results discussed above show 
that the product distribution is dependent on the 
internal excitation of C2H2+. 

As pointed out previously (10) absolute rate 
constants obtained with the MS-2 (although 
not relative rate constants) are subject to large 
error due to difficulties in estimating the source 
pressure accurately. Accordingly the reaction 
of C2HZt  with C2H2 was studied using the 
medium pressure instrument at  pressures up to 
12 p and electron energies where only C2H2+ 
was a significant primary ion. From the log 
plot of the normalized intensity of C2HZf 
versus pressure at 3.5 and 5.2 eV ion exit energy 
the total rate constant for the disappearance of 
C,H,+ was found to be 8.0 f 0.3 x lo-'' cm3 
molecule-I s-I with C4H2+ and C4H3+ being 
the major product ions in the ratio C4H2+/C4- 
H3+ = 0.42,, in good agreement with the ratios 
found using the MS-2. The experimental rate 
constant is in good agreement with the value of 
8.5 x lo-'' cm3 molecule-' s-' qupted by 
Munson. 

The experimental reaction rate constant is 
approximately 67 % of the collision rate constant 
calculated on the basis of ion-induced dipole 

CHEMISTRY. VOL. 46, 1968 

8 I I I I 

FIG. 6. I C 3 ~  + versus I C ~  + , acetylene-d2. 
FIG. 7. versus ICZHZ+, acetylene-methane 

mixture. [N],,,,, = 1.44 x 1013 molecule ~ m - ~ .  

interactions (14), suggesting the possibility that 
some fraction of the collisions do not lead to 
reaction but revert to reactants. In experiments 
using C2H2-C2D2 mixtures we found no 
evidence for isotopically mixed acetylene mole- 
cule ions. This result is in agreement with the 
results obtained by Munson for acetylene, but is 
in contrast to the ethylene system where it has 
been found (15) that reversion of the collision 
complex to reactants occurs with a small amount 
of isotopic mixing. In further agreement with 
Munson we have also found that there is no 
measurable isotope effect on the overall rate of 
reaction in C2H2-C2D2 mixtures, although in 
the mixed collision complex (C4H,D2') the 
loss of H was favored to a coilsiderable extent 
(k,/k, = 1.6) over loss of D. The loss of H z  
(and isotopic variants) appeared to proceed with 
essentially complete scrambling and little isotope 
effect. 
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Acetylene-Methane Mixtures 
The reactions in acetylene-methane mixtures 

were studied initially using the MS-2 instrument. 
With this instrument a mixture containing 33 % 
C2H2 and 67% CH, was allowed to enter the 
ionization chamber from the sample inlet system. 
Since at the pressures used the gas flow both into 
and out of the ionization chamber is molecular, 
the composition in the ionization chamber was 
assumed to be the same as the gas in the inlet 
system. The correlation between sample line 
pressure and source concentration was estab- 
lished from separate measurements on the self- 
reaction in methane carried out over the same 
period of time. The rate constants reported in 
Column 4 of Table I are therefore relative to 
k = 12.0 x 10- lo  cm3 molecule- s- ' for the 
reaction 

[I 1 1 CH4+ + CH4 -> CH5+ + CH3. 

Only the reactions forming C3H5+, C3H3+, 
and C2H3+ were studied with the MS-2. A plot 
of I,, +(C3H5 +) versus I,,+ (C2H2+) is shown 
in Fig. 7. The good straight line covering the 
electron energy range from 11 eV to 35 eV 
(nominal electron energy) indicates that reaction 
[4] is the only source of C3H5+. The rate con- 
stant obtained from the slope is given in Table I. 

The results eliminate the exothermic reaction 
[12] as a source of C3H,+ although the collision 
of CH,+ with C2H2 probably leads to a com- 
plex, C3H,+, and all C3H6 isomers show large 
C3HSf ions as fragments. A plausible explana- 
tion for the failure to observe reaction [I21 is 
that the C3H,+ ion retains a sufficient fraction 
of the exothermicity of the reaction to undergo 
further decomposition, i.e, 

In addition to reaction [2], reported by Barker 
et al. (2), reactions [I41 and [15], which are of 

2All data on which the reaction heats are based have 
been taken from the compilation of Bemecker and Long 
(16). 

ECULE REACTIONS IN ACETYLENE 1759 

higher appearance potential, are exothermic for 
formation of C3H3 +. 
P I  CH4+ + C2H2 -> C3H3+ + H2 + H, 

AH = -22 kcal/mole, 

TABLE I 
Ion-molecule reactions in methane-acetylene mixtures 

-- 

Rate constant x loL0 
(cm3 molecule-' s-I) 

Secondary Prjmary MS-2 
m/e ion ]on (3.5 eV*) 

9.0 
31. 

Not observed 
5.4 

21.2 
9.8 
- 
3.8 

Medium 
pressure 
(1.7eV*) 

3.3 
16.7 

Not observed 
1 . 7  

15.4 
- 

0.95 
3.3 

'Ion exit energy. 

I I I 
006 0.10 0.14 

I25+/ 'Is+ 

FIG. 8. IcJ113 + / ~ c A ~ +  versus ICH3 + /ICH4 +, acetylene- 
methane. [N],,,,, = 1.44 x IOl3 molecule ~ r n - ~ .  

FIG. 9. A(Ic3n3+/icH4+) versus ICZII+/ICtl4+, acety- 
lene-methane. 
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Attempts to investigate reactions [2] and [14] 
by the ratio plot method were only partially 
successful since IcH,+/IcH4+ could be varied only 
over a small range before CzH+ became a signifi- 
cant primary ion. The experimental results are 
shown in Fig. 8, as a plot of Ic,H3+/ICH4+ versus 
I,,,+ /IcH, + . An apparent initial linearity is 
evident, as anticipated, followed by an upward 
curvature whose onset corresponds to the 
appearance of CzH+ in the primary spectrum. 
The results therefore suggest that all three reac- 
tions are occurring. For the three reactions the 
following expression can be written. 

where z,+ is the residence time for ion X+,  and 
k, is the rate constant for reaction [i]. On re- 
arrangement eq. [16] gives 

The quantity in braces on the left hand side of 
eq. [17] is given by the straight line of Fig. 8. 
The difference between the experimental I,,,,+/ 
I,,,+ and the straight line of Fig. 8, defined as 
A, should be a linear function of IC,,+/IcH4+. 
This plot is shown in Fig. 9. The satisfactory 
straight line obtained indicates that the analysis 
on the basis of these reactions is reasonable. The 
rate constants obtained from the appropriate 
slopes and intercepts are given in Table I. The 
quantitative results obviously are subject to 
large errors; however, there is little doubt that 
all three reactions leading to C3H3+ are 
occurring. 

FIG. 10. IcZn3 +/IczH2 +, acetylene-methane. 
FIG. 11. Ic3113+l ~ I c H ~ + P c ~ H ~  versus I c H ~ + / ~ c ~ I ~ + ~  

acetylene-methane. 

Figure 10 shows a plot of IZ7+/Iz6+ (C2H3+/ 
CzH2+)  versus I,, +/Iz6+ (CH4+/CzHz+). The 
good straight line of non-zero slope and inter- 
cept indicates that in addition to- reaction [ l ]  
reaction [8] also contributes to formation of 
C2H3+. The rate constants are given in Table I. 

[I  1 C2H2 + + CH4 -z C2H3 + -k CH3 

The reactions in CzHz-CH, mixtures were 
also studied on the medium pressure mass 
spectrometer at various concentration ratios of 
CH, to CzH2  (total pressure in the range 1 to 
2 p) and over a range of electron energies (10-15 
V nominal energy) chosen so that the ion cur- 
rent ratio I,,,+ /IczH,+ varied significantly. The 
rate constants calculated from the experimental 
results for reactions [3] and [4] were found to be 
independent of the IcH4+/Ic,H~+ ratio, indica- 
ting that only these two reactions were occur- 
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ring. The rate constants obtained are given in the 
final column of Table I. 

With the increased sensitivity of the medium 
pressure instrument the ICH3+/IcH4+ ratio could 
be varied in the absence of significant C2H+ 
over a considerably greater range than was 
possible with the MS-2. Consequently the con- 
tributions of reactions [2] and [14] to C3H3+ 
formation c o ~ ~ l d  be determined more accurately. 
For the higher conversions (> 5 %) obtained, a 
modified ratio plot, eq. [19], gives more accurate 
rate constants. 

where CIc,,,+ is the total ion current for CH,' 
and products originating from reaction of CH,' 
and K is the proportionality constant between 
source pressure and source concentration. The 
plot of eq. [19] is shown in Fig. 11. A straight 
line can reasonably be drawn through the experi- 
mental points and leads to the rate constants in 
Table I. The results are in reasonable agreement 
with those obtained from the MS-2 experiments 
which, as noted, are subject to large error. 

Abramson and Futrell (17) recently have 
studied the reaction of C2H2+ with CH, using 
a tandem instrument and observed formation 
of C3H3+ (113 the abundance of C3H4+) by the 
reaction 

AH = + 19 kcal /mole. 

As shown in Fig. 12 our data when plotted as 
IC3t.13 + /ICzHZ+ versus I,,, + extrapolates to 
Ic3H3+/Ic,,,+ = 0, indicating that reaction [20] 
is not observed in our experiments near the 
threshold for formation of C2H2+.  One must 
conclude that Abramson and Futrell's observed 
reaction results from ions with considerable in- 
ternal excitation energy. This is a distinct possi- 
bility since they produced their C,H,+ ions by 
impact of 75 eV electrons on acetylene3. 

For the two reactions, [ l ]  and [IS], leading 

3Tiernan and Futrell (personal cornnlunication) report 
that when the C2H2+ reactant ions are produced by 
impact of electrons of 10 eV nominal energy the ratio 
C3H3+/C3H4+ is reduced to about 0.02. This result agrees 
with our findings. 

.ECULE REACTIONS IN ACETYLENE 1761 

I I 1 I I 

FIG. 12. Ic,H~ +/ICzHz+ versus ICF~~+/C~H~+,  acety- 
lene-methane. 

FIG. 13. Ic,H~+/~Ic,I,,+Pc,,, versus (zICH4+/zIC3HZ+) 
(PczHz/PcH4), acetylene-methane. 

to C2H3+ formation a modified ratio plot appli- 
cable at the higher conversions can be written as 
follows. 

where XI,+ represents the total ion intensity 
for the ion X+ and the products derived from 
that ion. The results obtained are plotted in this 
form in Fig. 13. The straight line drawn through 
the experimental points leads to the rate con- 
stants given in Table I. The agreement with the 
MS-2 results is not good; however, since the 
ion source pressures are measured directly with 
the medium pressure instrument, we consider 
the results therefrom to be more reliable. 

Isotope Mixing Experiments 
The spectrum of a mixture of 1.02 p CH, and 

0.50 p C2D2 was recorded at 1.7 eV ion exit 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF 

TABLE I1 
Secondary ion yields in CH,-C2D2 

mixtures 
-- 

Electron energy 

m/e 12.7 eV 14.3 eV 

27 0.014 0.032 
29 1 .OO 1 .OO 
40 Not meas. 0.018 
4 1 0.106 0.118 
42 0.272 0.300 
43 0.518 0.563 

Icl.14+/Ic,~,+ 0.016 0.023 

TABLE I11 
Comparison of experimental and 

calculated ion distribution for 
C2D2 + + CH, reaction 

m/e Exp. Calcd.* 

*On basis of complete isotopic scram- 
bling. 

energy and low electron energies to check the 
extent of isotopic mixing in the product ions. 
The results, after 13C correction and subtraction 
of the spectra of the pure components, are given 
in Table I1 normalized to unit intensity for the 
ln/e 29 (C,D,Hf) ion. Since the CH,' primary 
ion current was only about 2 %  of the C,D,+ 
primary ion current the products observed are 
almost entirely due to the reaction of C,D,+ 
with CH,. 

The relative abundances in the m/e 40-43 
region are compared, in Table 111, with the 
relative intensities calculated on the assumption 
that the C,H,+ and C3H,+ ions (or partially 
deuterated analogues) are formed with com- 
plete scrambling in the C3D,H,+ complex. The 
experimental results are consistent with exten- 
sive scrambling. On the other hand the forma- 
tion of the vinyl ion is not consistent with 
isotopic mixing in the collision complex. The 
results (Table TI) show a C,D,Hf /C,H3+ ratio 
of approximately 43.5 :1 compared with the 
ratio 1 :1 predicted for scrambling. At somewhat 
higher electron energies where CH,' was a 
significant primary ion, C3H3+ and deuterated 

CHEMISTRY. VOL. 46, 1968 

analogues were observed. Owing to the overlap 
with the C3H,+ and C3H,+ ions the isotopic 
distribution could not be accurately determined ; 
however, considerable isotopic scrambling in the 
complex is indicated. 

In summary the isotopic mixing experiments 
show extensive scrambling in the formation of 
condensation products, indicating that a com- 
plex is formed with sufficient lifetime to permit 
considerable hydrogen rearrangement. On the 
other hand the transfer of a hydrogen occurs 
without isotopic mixing, indicating either that 
the reaction occurs by a stripping mechanism or 
through formation of a complex which is either 
so loosely bound or so short lived that hydrogen 
rearrangement cannot occur. 

Acknowledgments 
The authors are indebted to the National 

Research Council of Canada for financial sup- 
port and the award of studentships (1963-1966) 
to J. J. M. They are also indebted to Professor 
J. H. Futrell for the communication of results 
prior to publication. 

1. F. H. FIELD, J. L. FRANKLIN, and F. W. LAMPE. J. 
Am. Chem. Soc. 79,2665 (1957). 

2. R. BARKER, W. H. HAMILL, and R. R. WILLIAMS. J. 
Phys.  hem. 63,825 (1959). 

3. R. F u c ~ s .  Z. Naturforsch. 16a. 1026 (1961) 
4. J. H. FUTRELL and L. W. SIECK. J.  ~ h y s : ~ h e k .  69, 

892 (1965). 
5. S. WEXLER, A. IIFSHITZ, and A. QUATTROCHI. Ad- 

van. Cheni. 58,193 (1966). 
6. T. W. SHANNON and A. G. HARRISON. J. Chem. 

Phys. 43,4201 (1965). 
7. M. S. B. MUNSON. J. Phys. Cheni. 69, 572 (1965). 
8. G. A. W. DERWISH, A. GALLI, A. GIARDINI-GUIDONI, 

and G. G. VOLPI. J. Am. Chem. Soc. 87, 1159 
(1965). 

9. T. W. SHANNON, F. MEYER, and A. G. HARRISON. 
Can. J. Chem. 43. 159 (1965). 

10. S. K. GUPTA, E. 6. JONES, A. G. HARRISON, and J. J. 
MYHER. Can. J. Chem. 45, 3107 (1967). 

11. C. E. MELTON and W. H. HAMILL.. J. Cheni. Phys. 
41,1469 (1964). 

12. E. LINDHOLM, I. SZABO, and P. WILMENIUS. Arkiv 
Fvsik. 25.417 (1963). 

13. J:H. F U T R E L L ~ ~ ~ ' T .  0. TIERNAN. J. Phys. Chem. 
72, 158 (1968). 

14. G. GIOUMOUSIS and D. P. STEVENSON. J. Chem. 
Phys. 29,294 (1958). 

15. J. J. MYI~ER and A. G. HARRISON. Can. J. Cheni. 

16. R.'R. BERNECKER and F. A. LONG. J. Phys. Chem. 
65, 1565 (1961). 

17. F. P. ADRAMSON and J. H. FUTRELL. J. Cheni. Phys. 
45, 1925 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Isomeric yield ratios of 133Xe in fission of 232Th, 233U, 235U, and 238U with 
protons of energies 20-85 MeV1 

J. H. FORSTER~ AND L. YAFFT 
Radioc/zemistry Laborntory, Department of Clzetizistry, McGill Utziveusiiy, Mo~ztreal, Quebec 

Received August 8,  1967 

The ratio of 133Xe isomers produced in the fission of Z32Th, 233U, 235U, and 238U by protons 
ranging in energy from 20-85 MeV was measured. The Hafner, Huizenga, and Vandenbosch formalism 
was applied with different sets of input parameters to establish their effect on the relation between 
initial fragment spin and isomer ratio for three spin-pair classes of isomers. The isomer ratio was found to 
be independent of the spin and type of fissioning target and only weakly dependent on projectile energy. 

Canadian Journal of Chemistry, 46, 1763 (1968) 

Introduction 
At present only crude calculations can be made 

to interpret the experimental ratios of indepen- 
dent yields of the two isomers of a fission 
product. These moderately successful calcula- 
tions are based on the statistical model formalism 
introduced by Vandenbosch and Huizenga (I, 2) 
and used with only minor modifications (3-7) by 
numerous other workers to describe the relative 
formation of isomers in spallation reactions. 

Isomer ratio studies for fission have had a 
different objective from those for spallation. 
In the latter there was considerable confidence 
in the model which described the disposition 
of angular momentum during the reaction. 
The model has been used with the large number 
of isomer ratio data from spallation studies 
(8, 9) to determine parameters describing the 
nuclear level density, In the more complex 
process of fission, however, the disposition of 
angular momentum is less well defined and the 
isomer ratio studies have been limited by the 
very few fission products for which isomer 
ratios can be measured precisely. The following 
factors determine tthe isomer ratio in fission. 
[I] The spin distribution of the compound 
nucleus (if formed). [2] The modification of the 
spin distribution following emission of pre- 
fission neutrons. [3] The orbital angular 
momentum between the two fragments. [4] The 
disposition of angular momentum between the 
two fragments immediately after scission. [5] The 
orientation of the spins of complementary 

'This project received financial assistance from the 
National Research Council of Canada. 

'Present address: Imperial Chemical Industries, 
Central Instrument Research Laboratory, Bozedown 
House, Whitchurch Hill, Reading, Berks. 

fragments. [6] The modification of the initial 
spin distribution of the fragments during their 
de-excitation by emission of several neutrons 
and a cascade of gamma rays. [7] The effective 
spin pair for the isomeric species. 

Calculations can be made for factors [ I]  and 
[2] with parts (1) and (2) of the FORTRAN 
program of Hafner, Huizenga, and Vandenbosch 
(10) (the H.H.V. program), which was based on 
the statistical formalism referred to above. 
However, these results cannot at present help 
greatly in the calculation of the isomer ratio, 
because factors [3]-[5] are not understood. 
Therefore, the theoretical interpretations of 
fission isomer ratios used here and in previous 
work have not attempted to include all of the 
above factors, but have started by giving the 
unknown spin of the initial fragments an assumed 
distribution. Then, factor [6] has been computed 
by parts (2) and (3) of the H.H.V. program with 
rather poorly defined input data and level densi- 
ties assumed from spallation studies of isomer 
ratios. 

Despite their many shortcomings, these 
fission studies have been pursued because they 
can provide a powerful method of investigating 
the angular momentum of fission fragments. 
Whereas gamma ray studies (11-17) give an 
estimate of the spin averaged for all fragments, 
an isomer ratio study estimates the spin of 
specific initial fragments and such studies could 
determine the dependence of initial spin on 
fragment mass (1 1, 16, 18-20). For example, the 
spins of fragments from near-symmetric fission 
have been predicted to be lower than those 
from asymmetric fission. 

Table I surveys fission studies of independent 
yield ratios and classifies the studies into three 
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TABLE I 
Classification and summary of the main studies of isomer ratios in fission 

Isomer Target Projectile 
Spin-pair spin-pair Isomeric species, energy Isobaric parent, 

Class H ,  L half-life (I = 0) ( I  # 0) (MeV) half-life Ref. 

"Nb g H 35 d 238U, 23'Th 208Pb, 209Bi p 20-160 g5Zr 65 d 47 
1 912, 112 rn L 9 0 h  

117In g H 38 rn 238U, m2Th 20gBi p 20-160 "7Cdm 3.1 11 
rn L 1 . 9 h  g 2 . 7  h 29 

238u,  PIT^ a 33 
d I8 

'3'Te rn H 3011 30 
2 3 5 ~  n ThermaI 13'Sb 19.4111 

g L 25rn 
233*235U, 23gPu n Thermal 45 

2 1112, 312 
'33Te rn H 53 rn 238U, 232Th a 33 

d 18 '33Sb 3 m  30 
& L 12.5rn 

'33Xe rn H 2 . 3  d 238U, 23'Th 233U, 235U p 20-85 I 20.8 h This work 
g L 5 . 3  d 

1 3 . 3 ~  2 3 3 ~ ~  2 3 5 ~  a 27,42 
237Np d 21 Both isobaric 

'3'Cs rn 8 2 . 9 h  2 3 3 ~  Y 16 neighbors 3 1 
3 8, ( 9 ,  4 are stable 

2 3 8 ~  p 25-80 49 

g 4 2 . l y  
232Th p 20-85 32 

spin-pair classes of isomers. Ratios have been 
measured also for the isomers of 'OBr (21), 
and there have been many studies of the isomers 
of '15Cd (20, 22). The latter did not give ratios 
of independent yields, so that changes in the 
observed ratios were partly a result of changes in 
the charge distribution for chain 115. 

Experimental Procedure and Results 
Only a brief outline of the experimental procedure is 

given here. A full description has been published else- 
where (23) along with the formation cross sections of 
133Xem and 133XeE at various proton energies. 

The targets were bombarded for a few minutes in the 
circulating beam of the McGill synchrocyclotron and 
then, as quickly as possible (20-30 min), the rare gases 
were extracted from the target materials and other fission 

Radiation Mcasrtretnerzts 
The gamma spectra and decay curves for 13"Xem and 

133XeE have been discussed previously (23). The com- 
posite photo-peak due to 233-keV and 249-keV radiation 
from 2.3-d 133Xem and 9.2-h 13=XeS gave a two-compo- 
nent decay curve which was increasingly difficult to 
resolve for 133Xem at energies below 30 MeV where the 
formation cross section of 13"Xe decreased rapidly. At 
the highest proton energies, neutron-deficient xenon 
isotopes interfered with the analysis of the photo-peak 
due to 133Xem, but satisfactory corrections were made. 

The measurements of the photo-peaks of the two 
isomers could be made with good accuracy because they 
were taken from the same spectrum and errors in back- 
ground subtraction and peak efficiencies were minimized 
by calibration with a beta proportional counter. 

Results 
products and were adsorbed on activated charcoal cooled isomer ratios of 1 3 3 ~ ~  are given in 
in liquid air. Krypton and xenon were fractionally de- 
sorbed and each fraction was collected on activated I1 and in Fig- Only One ex~er i -  
charcoal in a separate trap cooled in liquid air. The mental value, a~ = 4.4, has been reported (25) 
separation was shown to be very efficient by tests made for the 233-keV y-transition between the 133Xe 
in this and in previous work (24). Finally the xenon isomers. This value falls far below the theoretical 
fraction was desorbed and transferred to a quartz fur- 
nace for purification over titanium at 800 "C; the purified of ', = 6.2 (26)' Isomer ratios were 
xenon was cooled and its chemical yield measured in a computed for values of 'T = 6-23 7.3, 8.3, and 
gas burette. A sample was prepared for measurement of 9.3, corresponding to a, values of 4.4, 5.0, 5.7, 
gamma activity by condensing and sealing the xenon and 6.4. The ratios are given with and without a 
into a glass vial of standard dimensions. 

A second extraction, sweep [b] ,  of xenon which had 
simplified correction for growth of 133Xe from 

resulted purely from decay of the iodine parents was 1 3 3 ~ .  This correction assumes that the precursors 
made after about 30 h. of 1331 are short-lived, which is not quite 
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FORSTER AND YAFFE: ISOMERIC YIELD RATIOS OF "'XE IN FISSION 

TABLE I1 
Effect of a~ for 33Xem on the isomer ratios of 33Xe (where G,' = uncorrected yield of ' 33Xeg 

and o," = "over-corrected" yield of 33Xes) 

Proton CIT = 6.3 CIT = 7.3 ~LT = 8.3 CIT = 9.3 
energy 
(MeV) om/o,' om/o," om/os' om/os" om/os' om/oS" om/o,' om/o,* 

true for 133Te. The correction procedure 
involves the use of a disintegration rate for 
the 1331 formed cumulatively which is too high 
and consequently gives independent yields 
of 133Xeg which are too low and are thus 
referred to as "over-corrected". Significant 
errors are introduced by this procedure only 
when there is a large growth of 133Xeg. This 
was minimized by keeping the time between 
the end of irradiation and the first xenon 
separation to a minimum. 

It was shown previously (23) that changes in 
the value used for a, did not cause serious 
errors in the measured cross section of 133Xe. 
The isomer ratios of 133Xe, however, are shown 
here to be strongly dependent on the value used 
for a,. An increase in a, causes an increase in 
the experimental isomer ratio and a larger 
scatter of data. 

Excluding the possible large systematic error 
due to uncertainty in a,, an uncertainty of 12 % 
has been given to the experimental ratios, 
corresponding to a, = 4.4. The lowest energy 

experiments with 232Th and 238U had larger 
uncertainties. The correction for the growth of 
133Xeg from 1331 (23) was minimized by a fast 
sweep [a] but could still be large if there was a 
high ratio of the cumulative yield of 1331 to the 
independent yield of 133Xe. However, this 
occurred in only a few low-energy experiments. 
The majority of measured ratios required only 
small growth corrections which were within the 
estimated experimental error. 

Discussion 

[a]  Theoretical Isomer Ratios and Fragment Spin 
The type of calculation already referred to 

was made for the de-excitation of fragments 
leading to 133Xe whose isomers are of the spin- 
pair class 2 (1 112, 312). A full description of the 
theory for the computation of the disposition of 
angular momentum during fragment de-excita- 
tion to two isomeric states has been given 
elsewhere (24 ,  27, 28). This method has been 
used previously to estimate the spin of specitic 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I11 
Values of B estimated in fission isomer ratio calculations, with initial fragment spin 

distribution given by eq. [I] 

Fission system 
Experimental Estimated B 

Projectile Isomeric isomer of initial 
Target (MeV) nuclide ratio fragment Ref. 

235U n Thermal lTe 1 . 8 k 0 . 4  6 k 1 . 5  48 
?n -- 

232Th a 33 lTe 3 .3k0 .5  -8 31 
232Th (i) 1  .O 4f 1 .0  This :::: I p 20-85 133Xe (ii) 2  . 0  6 k 1 . 5  work 

2 3 3 ~  
(iii) 3  .O 8 k 1 . 5  

FIG. I. Experimental isomeric yield ratios for 133Xe 
from proton-induced fission of (a) 232Th, (b) 238U, 
(c) 235U, (d )  233U. The "over-corrected" values are 
shown for C(T = (0) 6.3, (A) 7.3, (m) 8.3, (6) 9.3. 

fission fragments leading to '171n (29), 13'Te 
(30), and 134Cs (31, 32). Table I11 summarizes 
these studies. The symbol B which characterizes 
the distribution of fragment spin, J i ,  in the 

following expression first suggested by Warhanek 
and Vandenbosch (3 l), 

was varied until the experimental isomer ratio 
was reproduced by the calculations. 

The relationship of fragment spin to isomer 
ratio was obtained for a wide variety of input 
parameters as shown in Table IV. These have a 
great deal of uncertainty attached to them due to 
the very limited experimental and theoretical 
information available. The values of Nn and N.,, 
the numbers of neutrons and y-rays respectively 
emitted from the excited fragment, cannot be 
estimated from energy considerations alone, 
because of the competition between neutron 
and y-ray emission (16, 31, 33-35) which is 
dependent on angular momentum. At best 
only mean values can be obtained because the 
isomeric fission product has had several neutron- 
emitting parents and Nn and N., vary with frag- 
ment mass (14, 36, 37). From the best available 
experimental data (36,38-43) it is estimated that, 
for fission induced by 30-MeV protons, the 
predominant neutron parent of 1 3 3 ~ e  is 13'xe. 
There are no available data for N., for medium- 
energy fission and values of 4 5 1 have been 
assumed. The multipolarity I of the y-ray was 
usually taken to be one. However, since quad- 
rupole radiation has been introduced by some 
workers into the calculations (5, 11, 12, 14, 16, 
29, 31), the effect of quadrupole radiation on the 
isomeric ratios had to be considered. 
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FORSTER AND YAFFE: ISOMERIC YIELD RATIOS OF l33XE I N  FISSION 

TABLE IV 
Input data for stages 1 and 2 of the fragment de-excitation computations 

(a) For Part 2 of H.H.V. Fortran program (10) 

Neutron 

parameters 1st 2nd 3rd 

Assumed; Output Output 
formula (1) from 1st from 2nd 

Spin distribution B = 3,4,6,7,9,11 step step 

G(n) Trial i 6 5 4 
Trial ii 7 6 5 

(6)  For Part 3 of H.H.V. Fortran program 

Input 
parameters 1st 2nd to  5th 

Spin distribution Output Output 
following from 

3rd neutron previous 
emission step 

G(q) Trial i 3 3 
Trial ii 4 4 

I Trial i 
Trial ii 

The only information available to estimate o, 
the spin cutoff factor, comes from isomer ratio 
studies in spallation reactions and simple 
theory (3 1, 44) which show that o is energy 
dependent. 

Table IV summarizes the input data used in the 
present work for the first two stages of the 
H.H.V. Fortran program (10). The values for the 
transmission coefficients, T,, ( E J ,  for emission 
of a neutron of mean energy En and angular 
momentum I' are those of Feld et al. (45). 
Fixed values of 3 and 6 were chosen for Nn 
and N., respectively in order to limit the numerous 
possible combination of parameters. The distri- 
bution for N., < 6 was also contained in the 
output. Two sets of o values were used in trials 
(i) and (ii). The factor o was assumed to decrease 
as fragment excitation energy decreases with 
successive neutron emission, but was assumed to 

be constant throughout the y-cascade where 
energy changes were only about 1 MeV per 
emission. 

A representative example of the results from 
stages 1 and 2 is shown in Fig. 2 in which the 
calculated distributions following each of the 
three neutron and five y-ray emissions are 
characterized by their root mean square angular 
momentum (J,')'l2, the number above the line is 
the value of o used for that step of the computa- 
tion. The values of B used for the initial spin 
distribution are given at the right of the figure. 

Stages 1 and 2 lead to the following conclusions 
about the fragment de-excitation process. ( i )  For 
initial fragments with B = 6 there were only 
small changes in the root mean square angular 
momentum. (ii) For higher B values, m'I2 
decreases, and these changes become larger as B 
is increased, and if the y-emission is quadrupole, 
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FIG. 2. Values of (JT)'~' for successive steps in the 
fragment de-excitation. The first three y-rays in the 
cascade had I = 2. 

not dipole. (iii) For lower B values, (J;r)lt2 
increases. 

These trends result simply from the nuclear 
level density function, used for each neutron 
emission, which has a maximum at N (o  - 4). 

0  1  d, 1 4  5  1 7 8 9  1 0 1 1  12 13 14 15 

PRWMLHT SPIN , Jr 

If higher o values were used, the effect would be 
FIG. 3. Theoretical normalized cumulative distribu- increase the predicted isomer ratio of tions of the spin of fragments during their de-excitation. 

classes of isomers, since while the high spin The initial spin distribution was given by eq. [I] with 
states would decrease to lower values the low B = 7. The following modified distributions are shown 

after the emission of (a) 1 neutron, (b) 3 neutrons, spins would increase their (c) 3 neutrons, and 3 dipole ?-rays, (d)  3 neutrons, and 
the predicted ratios are decreased if a lower 3 quadrupole y-rays. The intersection points, Y,, and 
value of is used. ~h~ effective converging of the corresponding ordinate are described in the text. 

spin states during the de-excitation process tends 
to reduce the sensitivity of the isomer ratio to 
the spin of the initial fragment. 

Stage 3 predicts a value of the isomer ratio 
from the calculated spin distribution following 
the penultimate emission in the gamma cascade. 
The ratio is obtained by adding the probabilities 
for individual spin states according to the simple 
prescription that spin states decay to the isomer 
of nearest spin. This has been done here geomet- 
rically using the cumulative spin distribution. 
Figure 3 gives examples of these curves at 
different steps in the de-excitation, calculated 
for B = 7 and o(,, = 6, 5, 4, and o, = 3. The 
vertical lines at J, = 2, 3, and 6 intersect the 
curves at ordinate Y,. The ratio (1 - Yi)/Yi is 
then the isomer ratio for spin classes 1, 2, and 
3 respectively. This type of figure gives a 
direct representation of the isomer ratios for 
isomeric pairs of different classes from the 
distribution calculated at each step of the 
fragment de-excitation for a particular assumed 
B value. 

Figures similar to Fig. 3 were constructed for 
3 values of B in order to obtain functions of the 
type shown in Fig. 4. This figure shows the 
predicted isomer ratios for three isomer classes 
as a function of B. The higher values of B are 
nearly equal to (p)'". All computations here 
had Nn = 3 and (N, - 1) = 3. Dipole gamma 
radiation was assumed, except for the long 
dashed lines which were computed for three 
quadrupole y-rays. The short dashed lines show 
the significant decrease in predicted isomer ratio 
with a lower set of spin cutoff factors (on = 6, 5, 
4, and o, = 3, whereas the other lines result 
from on = 7, 6, 5, and o, = 4). 

Unfortunately until a, of 133Xen' is measured 
more precisely the present experimental ratios 
for the 133Xe isomers can give only a range of 
estimates for the spin of fragments leading to 
'33Xe. Values for the wide range of input 
parameters shown in Table IV for isomer 
ratios of '33Xe equal to 1.0, 2.0, and 3.0 were 
calculated and were found to correspond to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FORSTER AND YAFFE: ISOMERIC YIELD RATIOS OF "'XE IN FISSION 1769 

FIG. 4. Theoretical values of the isomer ratio for 
three spin-pair classes of isomers. The value of B charac- 
terizes the initial spin distribution given by eq. [I.]. The 
different lines show the effect of the multipolarity and the 
spin cutoff factor upon the theoretical ratios. All compu- 
tations had N. = 3 and (N., - 1) = 3. Dipole radiation 
was used except for the long dashed lines which were 
computed for three quadrupole y-rays. Different sets of 
spin cutoff factors were used. (- -) on = 6, 5, 4, and 
o, = 3 ;  (- ) and (--- -) o, = 7, 6, 5, and 
0, = 4. 

initial fragment spins of 4 5 1, 6 5 1.5, and 
8 If: 1.5. 

Further strong evidence for such high 
fragment spins has been obtained from isomer 
ratio measurements of a few s~ecies which 
could be formed either in fission or in a spalla- 
tiol? reaction. The measured ratios of high to low 
spin for an isomeric species formed in fission 
were much higher than when the isomers were 
spallation products or formed by neutron 
capture (31, 46). I t  would be of some interest to 
compare the present data for 133Xe with data 
for the reaction 130Te(a,n)133Xe in the a-energy 
range 10-25 MeV. In the latter system the initial 
and modified spin distributions could be rather 
well defined by ~alculations similar to those made 
for other (a,n) reactions (4, 6, 7, 38). It  might 
therefore be possible to obtain a better spin 

cutoff factor for our fission calculations and to 
compare the de-excitation process in spallation 
(and fission) products leading to 133Xe. The 
spins involved in both types of system should be 
of about the same magnitude. 

Isomer ratio studies have given some evidence 
for the theoretical prediction that the spin may 
be less for fission fragments formed in syrnmetri- 
cal fission than that formed in asymmetrical 
fission. For example, surprisingly low fragment 
spins were estimated in Hagebo's study (29) of 
the isomers of '171n formed in the near- 
symmetric fission of 232Th, 238U, and 'OgBi 
with protons of energy less than 30 MeV. Also 
relatively low isomeric ratios have been measured 
for "SCd in fission, although this is complicated 
by the decay of l15Ag to '"Cdp. 

[b] Target Eflects 
For the targets 232Th and 238U ( I  = 0) and 

for 233U (I = 512) and 235U ( I  = 712) the 
measured ratios for 133Xe were remarkably 
constant within the experimental error of 
10-20% and behaved in the same way with 
energy. Thus the spin and type of target do not 
greatly affect the isomer ratio. This agrees with 
most of the limited data previously reported 
which are summarized briefly below for the 
3 spin-pair classes. 

Class I-For proton energies up to 115 MeV, 
Hagebo's (29) ratios of 'I7In for the targets 
232Th and 238U ( I  = 0) were the same as those 
for '09Bi ( I  = 912). In his earlier work (47) 
on "Nb, however, the ratio for 238U was lower 
than for 232Th, 209Bi, and '08Pb. 

Class 2-Previous data (3 1,48) on the isomers 
of I3'Te gave confusing variations of ratios 
with various systems. 133Te ratios had larger 
uncertainties (29) and thus are not very meaning- 
ful for such comparisons. 

Class 3-The ratios measured for 134Cs 
(31, 32, 49, 50) like those for 133Xe from this 
work were the same for fission of 233U, 235U, 
238U for medium-energy deuterons and alpha 
particles and for 238U and 232Th with protons 
of energy 20-85 MeV. For 20-MeV protons on 
238U, Davies and Yaffe (50) obtained a very 
high value for the 134Cs isomer ratio. This 
result, obtained from only one experiment, will 
be repeated since it is inconsistent with the 
other data. 

Simple theoretical considerations confirm 
the independence of the isomer ratio on type 
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and spin of target. Part 1 of the H.H.V. program 
was used to show that a change of target spin 
from 0 to 712 increases the mean value of the 
compound nucleus spin distribution by only 
1 or 2 units. Many factors in the complex 
fission and de-excitation processes would pro- 
bably prevent the small changes in the compound 
nucleus spin from being reflected in the measured 
isomer ratio. It can be estimated that changes in 
initial fragment spin of at least 2 units would be 
necessary to produce a significant change in 
the measured isomer ratio. 

[c] Projectile Energy Effects 
The lower curve in Fig. 1, corresponding to 

a, = 4.4, shows that the isomer ratios do not 
change significantly over the proton energy 
range studied. However, the other curves show 
that for values of a, >_ 5 the results are consis- 
tent with a slight increase of isomer ratio with 
energy. As discussed above, to cause a detectable 
change in the isomer ratio, a change in the spin 
of the initial fragment of about 2 units is 
necessary. Thus the spin of the initial fragments 
in all the fission systems investigated here 
appears to differ by less than 2 units, even though 
the compound nucleus spin goes from a lower 
limit of about 5 to a probable value of greater 
than 10. 

All other isomer ratio data that have been 
determined for a wide range of fission energies 
are also for proton-induced fission. The 134Cs 
isomer ratios, like those for 133Xe, show very 
little energy dependence (with the exception of 
the 20-MeV result which seems discordant). 
The isomer ratios (29) for 'l7In, however, do 
show a strong energy dependence. The ratios 
increased from 2 to 10 from 40 MeV to 100 MeV 
(corresponding to initial fragment spin of less 
than 3 to at least 10). The 95Nb data are 
less reliable, but also show a similar increase 
with energy. Some other fragmentary evidence on 
the energy dependence on fission ratios does 
exist. The independent isomer ratio of 'OBr 
increases slightly from 70 to 100 MeV (21). The 
rapid increase of the cumulative isomer ratio 
of '15Cd (20, 22) may not be due entirely to the 
energy dependence of the isobaric distribution 
in chain A = 115. The 134Cs isomer ratios were 
slightly but significantly higher for medium- 
energy a-particle and deuteron fission than for 
low-energy photo-fission (3 1) and l3  lTe ratios 

were similarly higher for this type of medium- 
energy fission than for thermal neutron fission 
(30). 

The following factors would contribute to 
the insensitivity of the isomer ratios of 13'Cs 
and 133Xe to projectile energy. (i) Direct 
interactions become more important as the 
projectile energy increases above about 40 MeV. 
(ii) With the increasing projectile energy there is 
less transfer of energy and angular momentum to 
the target and angular momentum is removed 
by the pre-fission cascade. (iii) At higher 
projectile energies the orbital angular momentum 
between the fragments may increase leaving 
less spin available for the initial fragments. 
(iv) Fragments with very high spin will lose 
relatively large amounts of angular momentunl 
by each neutron emission and by a gamma 
cascade of high multiplicity and of largely 
quadrupole radiation. (v) This would obviously 
help to maintain the isomer ratio constant at 
higher energies if the fragments have a limiting 
spin value (4). On the other hand, the increase in 
the ratios of 9 5 ~ b  and '''In with energy 
is difficult to explain. 

[ d l  Predictions of Isonzer Ratios 
Predictions of isomer ratios still contain some 

uncertainties. The most important factor in 
determining the ratio is the effective spin pair of 
the isomeric nuclides. A second factor is the 
spin ass~~med for the initial fragments. However, 
the ratio is not too sensitive to this spin which 
must be changed by at least 2 units for the isomer 
ratio to be significantly affected. The fragment 
spin is believed to be fairly high, but it has not 
yet been conclusively shown whether it is lower 
for symmetric than for asymmetric fragments. 
Furthermore, for increasing energy, it is not 
clearly understood whether the latter phenom- 
enon would become less important if the 
fragment spin does reach a limiting value. The 
variations of the other input parameters are 
reasonably well defined and cause relatively 
small changes in the predicted ratios. Most 
critical amongst the latter is the spin cutoff 
factor. 

An example of the use of theoretical isomer 
ratios exists in the work of Strom, Grant, and 
Pappas (51). They used the type of calculations 
outlined in this paper to predict isomer ratios 
for the shielded nuclides lZ4Sb and 12'Sb 
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(isomeric spins = 3, 5, 8, and 5, 8 respectively) 
formed in thermal neutron fission of 235U. 
With activity data for only the ground states 
and the theoretical isomer ratios, they were 
able to estimate the total independent yields 
of these two nuclides. However, these estimated 
ratios should be regarded as only lower limits, 
because although no experimental ratios have 
been measured for Class 3 isomers formed in 
thermal fission, the theory has predicted too 
low values for the isomer ratio of 134Cs (isomeric 
spins = 5, 8) formed in other fission systems. 

Conversely, theoretical ratios for Class 1 
isomers were too high, particularly for lower- 
energy fission, if initial fragment spins were 
assumed to be fairly high (of the order 6-8). 
Theoretical and experimental ratios for Class 2 
isomers were in reasonably good agreement. For 
Class 2, our experimental 133Xe ratios are 
consistent with ratios measured in similar 
fission systems for 13'Te and 133Te (30, 48). 
These data agree reasonably well with ratios 
predicted for a fairly high initial fragment spin. 
Therefore, experimental and theoretical results 
contradict a conclusion by Storms (52) in an 
earlier study of '33Xe formed in medium-energy 
fission of thorium and uranium. He concluded 
that the yield of 133Xem was negligible. Possible 
errors in Storms' work have been discussed in 
our previous paper (23). 
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Reactions of iron carbonyls with various ligands in the presence of chloroform. 
A new method for the preparation of iron halide complexes 

P. P. SINGH' and R. RIVEST 
Ddparten~etlt de Clzitnie, Uniuersitk de Motztrdal, Montrdal, Qrrkbec 

Received November 23, 1967 

Iron halidecomplexes ofthe type FeCI2.2L (L = CH3CONH2, HCONH2, HCONHCH3) and FeC13.L 
(L = (C6HS)3P, (C6H5)3A~, CsH5NH2, C6H5CONH2) have been prepared by the reaction of iron 
carbonyls with various ligands in chloroform as solvent. The mechanism of the reaction and the effect 
of other solvents have also been studied. The magnetic susceptibility measurements and infrared spectral 
study (4000-200 cm-') suggest that these complexes have tetrahedral configuration. The possible site 
of bonding in ligands and infrared assignments for Fe-0, Fe-Cl, Fe-N, Fe-P, Fe-As bands have 
been given. The relative Fe-0 bond strengths in various amide complexes have been determined on the 
basis of metal-oxygen stretching frequency and of shifts in carbonyl stretching frequency. 

Canadian Journal of Chemistry, 46. 1773 (1968) 

Introduction Experimental 

Halogenated hydrocarbons have been found 
to be involved in reactions with metal carbonyls 
either as oxidizing agents (1-7) or entering as 
addition molecules (8-10) besides producing 
substitution products (5, 11). Webb and Bor- 
cherdt (12) produced coupling of allyl radicals by 
treating allyl halides with nickel carbonyl. 

Coffey (1) has allowed many metal carbonyls 
to react with gem-dihalides and has found that 
these reactions lead to the formation of metal 
chlorides and ethylenic con~pounds with evolu- 
tion of carbon monoxide as shown in the follow- 
ing equation. 

He has observed that only gem-dihalides can 
undergo such reactions and chloroform was 
found to be inert in a similar reaction. 

Since halogenated hydrocarbons have been 
found to react with metal carbonyls in a variety 
of ways, it was thought to be of interest to carry 
out a systematic study of this system. This paper 
describes the reactions of various organic li- 
gands with metal carbonyls in the presence of 
chloroform and other halogenated hydrocar- 
bons. The structure of the complexes obtained 
by this method has been elucidated with the 
help of infrared studies in the range 4000-200 
cm- ' and magnetic susceptibility measurements. 

'M.L.K. College, Balrampur (Gonda) U.P., India. 

Materials and Manipulations 
All the solvents were of reagent grade and were 

purified and dried before use. Reagent grade iron penta- 
carbonyl was obtained from K and K Laboratories and 
was used after distillation over molecular sieves. Diiron 
nonacarbonyl and triiron dodecacarbonyl were obtained 
from Alfa Inorganics and were used after drying in 
vacuum. Other metal carbonyls were used without further 
purification. 

Formamide (FA), N-methylformamide (MFA), and 
aniline (AN) were purified by distilling under reduced 
pressure over molecular sieves. Acetamide (AM) and 
benzamide (BM) were crystallized from chloroform. 
Triphenylphosphine (TPP) and triphenylarsine (TPA) 
were used from fresh bottles without further purifications. 
Reactions were carried out, where essential, in a dry-box 
flushed with nitrogen. 

Infrared spectra of the complexes and ligands were 
recorded either in Nujol mulls or in solutions on a 
Perkin-Elmer Model-621 recording spectrophotometer 
using sodium chloride optics. For far-infrared measure- 
ments cesium iodide optics were used. 

The magnetic susceptibility measurements were made 
by the Gouy method, using mercury(I1) tetrathiocyana- 
tocobalt(I1) as standard. The diamagnetic corrections 
were estimated by methods outlined by Figgis and Lewis 
(25). 

Preparation of the Complexes 
FeC13.AN, FeC13.BM, FeC12.2AM, FeC12.2FA, and 

FeC12.2MFA were prepared by refluxing Fe3(C0) 
(2 g) with AN (1.2 g), BM (1.5 g), AM (1.5 g), FA (1.1 g), 
or MFA (1.5 g) in chloroform (100 ml) till the color of the 
solution changed from green to light yellow. In each case 
a white or light-yellow flocculent precipitate separated 
which was filtered, washed with the solvent, and dried in 
vacuum. Instead of the trimer, the dimer could be con- 
veniently used. With the monomer Fe(CO), the complex 
was obtained only when the refluxing was continued 
for about 48 h. 
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TABLE I 
F z 
P 

Melting points and elemental anaylses of complexes u 

Fe (%) a ( % )  c (%) H (%) N (%) p (%) L. 
0 

Melting C 
point PC)* Color Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. 5 

FeC12.2AM 116 White 22.95 22.52 28.70 28.26 19.79 19.62 4.10 4.12 11.06 11.39 F 
FeCIZ.2FA 200d Yellowish 25.81 25.24 32.72 32.31 11.05 11.71 2.76 2.92 12.90 13.55 0 

vl 
FeC12.2MFA 140 White 22.95 22.64 28.70 28.52 19.79 19.25 4.10 3.81 11.06 12.01 0 
FeC12.4FA 156 Yellowish 18.24 18.16 23.12 23.73 15.64 15.04 3.90 4.23 
FeC13.AN - Yellow 21.96 21.53 42.54 41.97 28.24 27.82 2.69 3.41 Ti 
FeC13.TPP 118 Lightyellow 13.19 12.83 25.08 25.60 50.88 50.23 3.57 3.51 g 
FeC13.TPA 130 Darkyellow 11.99 12.62 22.48 22.50 46.15 44.99 3.51 3.49 0 9 
(CsH5)2C--(CsH5)z 222 White 93.97 93.66 6.05 5.41 j 
FeC13.BM 158 Brown 19.78 19.42 37.63 36.99 29.68 28.94 2.47 2.79 4.94 4.57 < 
MoC13.TPP 95 Pink 22.84 22.44 46.67 47.36 3.23 3.89 6.69 6.39 

*d = deiornposilion. e 
OI 

* 
w 
0, 01 
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SINGH AND RIVEST: REACTIONS OF IROI 

FeCl,.TPP and FeC13.TPA were prepared by re- 
fluxing Fe3(CO), (2 g) and TPP (3.2 g) or TPA (5.6 g) 
in chloroform (100 ml) for 12 h;  the solution was then 
filtered. The residue was rejected and the filtrate con- 
centrated by vacuum evaporation. To the concentrate 
n-hexane was added and the mixture was vigorously 
shaken until a dark-yellow viscous mass separated. The 
supernatant liquid was rejected and the residue treated 
with small quantities of absolute alcohol. A yellow solid 
was thus obtained which was washed with iz-hexane and 
dried in vacuum. It was recrystallized from absolute 
alcohol. The complex could also be prepared by refluxing 
Fe(CO),.TPP with chloroform, and completing the pro- 
cess as described above. 

MoC13.TPP was also similarly prepared from Mo- 
(CO)6 (2 g) and TPP (2 g) but the refluxing time was 5 
days. 

Isolatio~z of (CsH5) 2C=C(C6,H5) 2 

Fe(CO),.TPA (5.3 g) was m~xed with 4 ml of diphenyl- 
dichlorornethane and refluxed in 150 ml of benzene with 
stirring for 15 h. A viscous layer appeared which was 
separated from the supernatant liquid. The supernatant 
liquid was concentrated by vacuum evaporation when a 
white compound crystallized out; it was filtered, washed 
several times with acetone, and dried in vacuum. It  was 
recrystallized from an acetone-water mixture and identi- 
fied as tetraphenylethylene by its melting point, elemental 
analysis, and infrared spectrum. 

Alzalysis of the Conlporrnds 
Iron and chlorine were estimated as oxide and silver 

halide respectively. Carbon, hydrogen, and nitrogen were 
analyzed by microtechniques from Galbraith Labora- 
tories Incorporated. The results obtained are given in 
Table I. 

Results 
All the three iron carbonyls (monomer, dimer, 

and trimer) react with various organic ligands in 
the presence of chloroform and form halide 
adducts of the type FeC1,.2L and FeC13.L. 
Molybdenum carbonyl also reacts similarly with 
TPP and forms MoC13.L. Chromium and tung- 
sten carbonyls under similar conditions do not 
form any complex. The substituted carbonyl 
complex Fe(CO),.L also forms halide complexes 
(FeCl,.L) when refluxed with chloroform. .The 
solveilts other than chloroform which have been 
found to lead to similar oxidation reactions are 
carbon tetrachloride, tetrachloroethane, and ben- 
zyl chloride. Dichloroethane and methylene 
dichloride have been found to lead to some sort 
of decomposition giving rise to impure com- 
pounds. 

The organic ligands which have been found 
to form complexes of the type FeC1,.2L are 
formamide, monomethylformamide, and aceta- 
mide, whereas those which form the FeCl,.L 
type are aniline, benzamide, triphenylphosphine, 

v CARBONYLS WITH VARIOUS LIGANDS 1775 

and triphenylarsine. It has been noticed that all 
the ligands which have a phenyl group give rise 
to an iron complex of higher oxidation state. 

Acetonitrile, dimethylformamide, and tri- 
phenylstibine do not form pure complexes, 
probably due to the formation of excess FeC1, 
during the course of the reaction. Triphenyl- 
amine and triphenylbismuthine do not react at all. 

This method of preparing halide complexes is 
an improvement over the direct synthesis from 
the halides as the latter involves difficulty in 
dissolution of the halide in nonpolar organic 
solvents and in its handling. Out of the three 
forms of iron carbonyls, the dimer and the 
trimer are best suited for this purpose and can 
safely be handled even in open air. 

Mechanism of the Reaction 
The formation of complexes of the type 

FeC12.2L or FeCl,.L by the reaction of iron 
carbonyl with various ligands in the presence of 
halogenated hydrocarbons suggests two possible 
reaction mechanisms. On the lines of the Coffey 
(I) mechanism it can be suggested that the halo- 
genated hydrocarbon first reacts with the car- 
bony1 and forms ferrous chloride which further 
reacts with the ligand and forms the complex. 
The possibility of this mechanism is ruled out 
because iron pentacarbonyl does not react with 
chloroform in the absence of the ligand, and the 
formation of ferric chloride has never been ob- 
served in any kind of reaction in which iron 
carbonyl reacts with any halogenated hydro- 
carbon. The second possible mechanism is 
through the formation of a substituted carbonyl 
complex of the type Fe(CO),.L, which reacts 
with halogenated hydrocarbons to give rise to a 
halide complex. To  verify this, Fe(CO),.L was 
allowed to react with chloroform, and the halide 
complex was obtained. In order to establish the 
reaction mechanism we tried to isolate the pro- 
duct formed from cl~loroform after its involve- 
ment in the oxidation reaction but failed to 
identify or isolate any such compound. We there- 
fore replaced the chloroform with diphenyl- 
dichloromethane and allowed this to react with 
Fe(CO),.TPA. We could thus isolate tetra- 
phenylethylene besides the halide complex. A 
possible mechanism of the reaction therefore 
can be suggested as 

Fe(CO)5 $ 2L = Fe(CO),.L2 + 2 C 0  

2Fe(C0)3.L2+2(C6H5)2CC12 = 2FeCl2.L2 + 
(C6H5)2C=(C6H5)2 -k 6CO. 
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TABLE I1 
Assignments of infrared bands of ligands and complexes 

Ligand Complex Ligand Con~plex Ligand 
Assiwments 

Complex Ligand Complex 
(CHCI soh.) RJuiol) (CHCls soln.) (Nujo]) (CHCI, ( ~ ~ j ~ l )  (CHC13 soln.) (Nuiol) - . - .  . . .  . . .  - - .  

N-H stretch (asym.) 3550 (s) 3400 (s) 3560 (s) 3400 (s) 3555 (s) 3440 (s) 
N-H stretch (sym.) 3425 (s) 3280 (s) 3440 (s) 3280 (s) 3483 (s) 3340 (s) 3440 (s) 3340 (s) 
h i d e  I 1710 (s) 1690 (s) 1710 (s) 1670 (s) 1690 (s) 1635 (s) 1675 (s) 1652 (s) 

1685 ( s )  g 
h i d e  I1 
C-N stretch 
Fe-CI stretch 

Fe-0 stretch 
Fe-0 stretch f 6NCO 

159o(m) 1 5 7 0 ( ~ )  i605 iij 1580 (s) 1590 (s) 1560 (s) * tl 
1300 (s) 1335 (m) 1380 (s) 1410 (m) 1410 (s) 1445 (s) 

373 (wb) 350 (wb) 380 (sb) 375(mb) 
330 (mb) 
400 (vw) 
585 (sh) 

360 (s) 
475 (vw) 
540 (m) 

288 475 (s) (mbj 5 
C 

538 (s) 
s = strong, m = medium, w = weak, v,= very, b = broad. r 

0 
%I 
0 

TABLE 111 I C 

Assignments of infrared bands of ligands and complexes 3 
j 

FeC13.AN FeC13 .TPP FeCI, .TPA MoCI,.TPP 
5 

Ligand Complex Ligand Complex Ligand Complex Ligand Complex r 
Assignment (CHC1, soln.) (Nujol) (Nujol) (Nujol) (Nujol) (Nujol) (Nujol) (Nujol) e C, - 
N-H stretch (asym.) 3478 (s) 3360 (sb) '0 CI 

2400 (s) m N-H stretch (sym.) 
NH2 bending 1620 (s) 1640 (s) 
Fe-N stretch 462 (s) 
M - 4 1  stretch 375 (m) 370 (s) 360 (s) 330 (s) 

290 (w) 320 (w) 330 (m) 335 (sh) 
Phenyl-P 1095 (s) 1105 (s) 
M-P 525 (s) 522 (s) 
Phenyl-As 1072 (s) 1080 (s) 
Fe-As 460 (s) 

s = strong, m = medium, w = weak, b = broad, sh = sl~oulder, M = Fe, Mo. 
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SINGH AND RIVEST: REACTIONS OF IRC )N CARBONYLS WITH VARIOUS LIGANDS 1777 

Infrared Study 
Amide Complexes 

Amides can coordinate either through the 
nitrogen of the NH, group or the oxygen of 
the C=O group. A reference to Table I1 shows 
that there is a negative shift of the carbonyl 
stretching frequency and a positive shift of 
the C-N stretching on complex formation, 
suggesting coordination through the carbonyl 
oxygen of the amides. A negative shift in NH, 
bending or amide I1 band on coordination also 
indirectly supports coordination through oxy- 
gen, as coordination through nitrogen would 
cause a positive shift in this band (20). However, 
a marked negative shift in the N-H stretching 
frequency of the amide is also observed. The 
reason for such a negative shift in N-H stretch- 
ing frequency is hydrogen bonding between the 
NH, of the amide and chlorine of the metal 
halide. Such hydrogen bonding has been ob- 
served by Chatt et al. (13) in a series of amine 
complexes of platinous chloride. There is also 
ample evidence (14,15) for the presence of hydro- 
gen bonding between the hydrogen of amine 
complexes and anions such as halides. It is 
worth mentioning that the magnitude of the shift 
due to hydrogen bonding is even greater than 
the shift due to coordination, and can be of the 
order of 200 cm-l. If one makes a molecular 
model of the complexes one finds quite a good 
possibility of such a hydrogen bonding. As such, 
the negative shift in N-H stretching frequency 
is not due to coordination through nitrogen, but 
due to hydrogen bonding. 

Previous workers on amide and urea com- 
plexes (16) have not noticed such a marked shift 
in N-H stretching frequency when coordination 
took place through oxygen. Since our observa- 
tion is the first of its kind it is interesting to 
explain it in detail. Intermolecular hydrogen 
bonding between oxygen of the carbonyl group 
and hydrogen of NH, is well known (17) inamides 
and has a marked effect on the positions of 
N-H and C-0 stretching vibrations. It is 
therefore essential to record the spectrum of the 
ligand in very dilute solution so that hydrogen 
bonding is completely eliminated. We have there- 
fore compared the spectrum of the complexes 
with that of a very dilute solution of the ligand 
and have deduced the magnitude of the shift. 
However, if the spectrum of the complex is 
compared with that of the ligand in solid phase 

or in concentrated solution, where hydrogen 
bonding is not eliminated, no negative shift will 
be observed, as in ref. 16. 

Since the spectrum in the far infrared region 
provides direct evidence of bonding, we re- 
corded the spectrum in this region also and the 
assignments are given in Table 11. The weak band 
in the region 40W75 cm-' (for which there are 
no corresponding ligand bands) is assigned to 
pure Fe-0 stretching vibration. Nakamoto et 
al. (18, 19) also observed a weak band for M-0 
stretching frequency and gave the assignment 
for this band in the region 430490 cm-l. The 
band in the region 538-585 cm-l has been 
assigned as a combination band of metal- 
oxygen stretching frequency and C-C bending 
vibration (18, 19), or 0-C-0 bending (34), or 
N-C-0 bending (16). Since the N-C-0 
bending vibration is present in all the amide 
complexes, we assign the band in this region to 
Fe-0 stretching vibration plus N-C-0 bend- 
ing vibration. 

On the basis of inductive effects, one can fairly 
well establish that the three amides will have the 
order of donor ability MFA > AM > FA, be- 
cause in MFA the methyl group will tend to 
repel the electrons towards the carbonyl, this 
effect being absent in FA. Acetamide is inter- 
mediate, due to the methyl group on carbon. 
If coordination takes place through the car- 
bony1 group we should then observe an increase 
in Av(C=O) from FeC1,.2FA to FeC1,.2MFA 
and also an increase in the Fe-0 stretching in 
the same order indicating an increase in bond 
order. Table IV gives results which confirm these 
assumptions. A similar relationship has also 
been elucidated by Nakamoto in acetylacetonate 
and oxalato complexes (18,19). 

TABLE IV 
Infrared spectra assignments 

Position of Av(C==O) v(M-0) 
Complex v(C===O) (cm-') (cm-') (cm- ') 

NOTE. The benzamide complex has not been included in this se- 
quence as the metaI is in a different oxidation state. 

Analine, Triplzenylphosphine, and Tripkenylarsine 
Coniplexes 

Since these ligands have only one center of 
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coordination, the discussion of the infrared 
spectrum in the regular region is hardly of any 
interest. We have therefore confined our dis- 
cussion to the far infrared region, and the assign- 
ments are given in Tables I1 and 111. 

In the case of the aniline complex there is a 
strong band at 462 cm-' corresponding to which 
there is no ligand band. This band therefore can 
reasonably be assigned to the Fe-N stretching 
vibration. Previous workers (21-24) have given 
M-N assignments in the same region. 

In triphenylphosphine complexes of iron and 
molybdenum there appear bands at 525 cm-' 
and 522 cm-l respectively, whereas in the tri- 
phenylarsine complex a band appears at 450 
cm-l. There are no ligand bands corresponding 
to these bands which can be assigned to Fe-P, 
Mo-P, and Fe-As stretching vibrations res- 
pectively. Assignment for M-P stretching 
vibration has been given in the same region by 
Rivest et al. (27) and Westland and Westland 
(35). Coates and Parkins (26) have observed that 
the Pd-P stretching frequency is higher than 
the Pd-As stretching frequency in palladium 
dichloride complexes. A similar observation has 
been made by Rivest et al. (27) in the case of 
stannic halide complexes of triphenylphosphine 
and triphenylarsine. Our assignments have a 
similar relation. 

Fe-CI Bands 
The assignments of Fe-C1 vibrations are 

given in Tables I1 and 111. We find that there are 
bands at about 375 cm-I in all the iron halide 
complexes corresponding to which there are no 
ligand bands. The presence of these bands in all 
the complexes strongly suggests that they are 
due to Fe-C1 stretching vibrations. This assign- 
ment is in good agreement with the assignments 
given by Woodward and Taylor (28) and Adams 
(29) for M-Cl bands. 

Magnetic Susceptibility and Structural Studies 

It is well known that C1- (30) has a weak and 
TPP a strong ligand field (31). To evaluate the 
ligand field strength of amides, FeC12.4FA was 
prepared and its magnetic susceptibility mea- 
sured, which was found to correspond to four 
unpaired electrons, showing that the ligand field 
due to amides is weak. A diamagnetic complex 
(dS6dT0) was expected from a strong field. 

The number of unpaired electrons in FeC1,.2L 

and FeC13.L complexes are four and five res- 
pectively. These values favor a tetrahedral 
structure for the complexes. Chatt and Shaw 
(32) have also observed that in a weak field only 
a tetrahedral structure is possible and that the 
field required for a square planar complex must 
be very high. 

The number of bands in the far infrared region 
also supports the tetrahedral configuration for 
these complexes. The complexes of the type 
FeC1,.2L have a C2v symmetry and those of 
FeC13.L type have C3v symmetry, if treated as 
tetrahedral (33). The number of stretching vi- 
brations expected for FeC1,.2L is four (two for 
Fe-L and two for Fe-C1) and for FeCl,.L is 
three (one for Fe-L and two for Fe-Cl). The 
bending vibrations have not been taken into 
account as they will appear below 200 cm-'. 
We observed the expected number of bands 
(Tables 11 and 111) in the far infrared region of 
the complexes which is in conformity with the 
tetrahedral configuration for these complexes. 

The molecular weight determinations could 
not be made because the complexes dissociate 
in solution; however, the fact that these com- 
plexes have a low melting point and are easily 
soluble with dissociation is indirect evidence of 
their monomeric nature. If one accepts the hy- 
pothesis that they are monomeric, the other data 
support the tetrahedral configuration for these 
complexes. 
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Potential parameters and surface areas from third-order gas-solid interactions1 

ROBERT WOLFE~ AND JOHN R. SAMS 
Department of Ctlemistry, University of British Columbia, Vanconuer, British Colrrmbia 

Received October 3 ,  19663 

Values of the effective interaction potential between a pair of adsorbed molecules are evaluated in 
terms of different potential models for argon adsorbed on two carbon surfaces. The resultant three-body 
(admolecule-admolecule-solid) energies are not in accord with independent theoretical predictions. It is 
suggested that the results may be indicative of a saturation phenomenon. The apparent areas of both 
powders are nearly independent of the assumed interaction model, a fact which lends weight to the quan- 
titative significance of surface areas determined by this method. 

Canadian Journal of Chemistry, 46, 1781 (1968) 

Introduction 

We wish to report an apparent anomaly in 
values found for the effective pair interaction 
energy when two gas molecul& are adsorbed 
onto a surface, i.e. the fact that the perturbation 
of the pair potential is nearly independent of the 
gas-solid interaction energy. We also comment 
on surface areas determined from third-order 
adsorption data. 

Considerable insight into the nature of the van 
der Waals interaction of gas molecules with solid 
surfaces and the forces acting between adsorbed 
molecules has been gained from the imperfect 
gas theory of adsorption developed by Steele and 
Halsey (1). A recent fruitful approach has been 
to treat the admolecules as an imperfect two- 
dimensional gas in an external potential field 
(2, 3). This approximation appears to be quite 
satisfactory in the experimental cases to  which 
it has been applied (4), but if desired, corrections 
to account for nonplanarity of the adsorbed 
phase can be included without much difficulty 
(3). These corrections are usually small. 

Theoretical studies (5, 6) indicate that when 
two molecules are adsorbed into a monolayer 
there should arise an additional repulsion 
between them which varies as the inverse cube 
of their separation. Thus, if a Lennard-Jones 
(L.J.) (12,6) potential is taken for the bulk gas 
interactions, the potential function for the two- 
dimensional gas can be written as 

'Supported in part by the Research Fund of theuniver- 
sity of British Columbia. 

2Present address: Department of Chemistry, University 
of Toronto, Toronto, Ontario. 

3Revision received December 19,1967. 

where 
712  = / .el  - T?), T* = 7 1 2 / ~ ,  

and where E and o are the bulk phase L.J. param- 
eters. T is a two-dimensional vector in the plane 
parallel to the surface (assumed to be uniform). 
The (negative) constant q which measures the 
three-body energy can be determined in two 
distinctly different ways. The first of these is to 
treat q as an empirical parameter to be deter- 
mined by fitting experimental data to  the model 
(4, 7). Alternatively, two theoretical equations 
have been proposed for calculating q. Sinano- 
glu and Pitzer (5) obtained from third-order 
perturbation theory the result 

where a ,  is the polarizability of the admolecule, 
I ,  and I, the respective ionization potentials of 
admolecule and adsorbent, and E , ,  the minimum 
interaction energy of a single molecule with the 
surface, obtained from analysis of second-order 
adsorption data. Yaris (6) has also derived an 
expression for q employing variational tech- 
niques, and finds 

- - 

where the x are diamagnetic susceptibilities. 
Note that these equations both predict that the 
perturbation of the lateral pair potential will be 
greater the more polarizable the admolecule and 
the stronger the gas-surface interaction. 

For all the systems investigated thus far (Ar, 
Kr, Xe, CH,, and CD, on the highly graphitized 
carbon P33) it has been found (4) that there is at 
best only semiquantitative agreement between 
calculated and empirically determined q values, 
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TABLE I 
Effective two-dimensional potential parameters and three-body energies. Bulk 

gas parameters are ~ / k  = 119.8 OK and o = 3.41 A .  
The quantity 6, ,  = 42 x 

Potential model ~ ~ / k  (OK) c2 ( A )  q A x lo2 S2 x 10z 

Ar-BP71 system ( ~ , , / k  = 1921 OK) 

Ar-P33 system ( ~ , , / k  = 1110 OK) 

the latter being no more than about half the 
former. Although one does not necessarily 
expect experimental measurements to thoroughly 
substantiate approximate theoretical calcula- 
tions, one does hope that the measured and 
calculated values will show the same trends as 
one changes systems, especially so if the theoret- 
ical predictions are as intuitively reasonable as 
those provided by eqs. [2] and. [3]. But whereas 
the calculated q values show a monotonic 
increase with polarizability of the admolecule, 
no discernable trend is observed for the experi- 
mental ones. It should be noted. however, that 
for a given adsorbent, all the quantities a,, E , , ,  

E ,  (T, x , , and I, change with the adsorbate, and it 
is virtually impossible to  decide just where the 
difficulty resides. 

On the other hand, if one employs data for the 
same adsorbate on, say, two different carbon 
surfaces, the q values found should be directly 
proportional to  E,, (on the basis of eqs. [2] and 
[3]), since slight changes in a, and X, orI, will have 
a very small effect on the calculations. We there- 
fore decided to compare the previous results for 
the Ar-P33 svstem with Freeman's measure- 
ments (8) for i r  on the carbon black designated 
as Black Pearls 71 (BP71). The E , ,  values for 
these systems differ by a factor of almost 2, and 
we anticipated a sizeable increase in q for the 
Ar-BP71 system. 

A further reason for analyzing Freeman's 
results was to investigate in more detail the 
apparent insensitivity (4) of surface areas deter- 
mined from third-order data to  the exact form 
of the potential function chosen to represent the 
lateral interactions. 

The method used to analyze the data, and to 
determine the effective two-dimensional inter- 

action energy &,, collision diameter cr2, and the 
surface area A, has been described (4). For pur- 
poses of comparison, in addition to eq. [ l ]  we 
have employed a two-dimensional (12,6) model, 
for which there is also some theoretical justifi- 
cation (9). 

Potential Parameters and Three-Body Energies 

Table I lists the effective two-dimensional 
potential parameters and q values found for the 
systems Ar-BP71 and Ar-P33. Also included are 
the (12,6) bulk gas parameters employed and the 
gas-surface interaction energies. It is immedi- 
ately obvious that the effective parameters from 
either model are very nearly the same for both 
systems, although the dfiereilces between the 
n~odets are quite apparent. 

We define a reduced three-body energy A as 

which can be thought of as the fractional non- 
additivity of the pair potential. It is more signif- 
icant and instructive to compare A values 
between the systems than the actual parameters 
themselves, and these are also given in Table I. 
For both systems it can be seen that A(12,6,3)/A 
(12,6)-2. This difference between the models is 
not difficult to  explain. If one employs a (12,6) 
potential for both bulk gas and adsorbed film, 
the entire perturbation must be taken up in chang- 
ing the apparent depth of the well and position 
of the potential minimum. The introduction of 
the 2C3 term, however, also alters the shape of 
the potential well. Some of the perturbation is 
apparently absorbed in altering this shape factor, 
so that the effective well depth does not decrease 
by the same amount. 
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The fact that the A values for a given model 
are nearly the same for both systems is not sus- 
ceptible of such a ready explanation. If we define 
a quantity 6, by 

[5] 6 2  = [A(BP71) - A(P33)]/A(BP71), 

then according to eqs. [2] and [3], for a given 
adsorbate 6, should have approximately the 
same value as 

sional model than does the Ar-P33 system. If one 
introduces explicit corrections for nonplanarity 
into the treatment (10) the effective pair energy 
E, falls slightly, the decrease being greater the 
larger the corrections. This means that the 
inclusion of nonplanarity effects would serve to 
decrease the 6, values rather than increase them. 
Thus, slight deviations from the two-dimensional 
model cannot account for the observed results. 

[GI  61, = [el, (BP71) - clS (P33)]/clS (BP71). ( b )  Dejciencies in the Potential Energy Models 

I t  is clear from Table I that this is not the case. Although neither the (12,6) nor (12,6,3) model 

6, for the (12,6) model is only one-fourth F,,, fits the data perfectly, in both cases the agree- 

and the discrepancy is even larger for the (12,6, ment is certainly adequate (4). I t  therefore 

3) potential. seemed unlikely that the fairly small deficiencies 

These results were quite unexpected. We have here could account for the very large discrepancy 

examined critically a number of possible defi- between the theoretical and experimental 6 

ciencies in the models and experiments which values. However, as a further check we have 

might account for the discrepancy, and these fitted both sets of data to  a Sutherland (046) 

will be considered one by one. model. The effective interaction energies found 
are listed in Table I. The bulk gas E for this model 

(a )  Lack of Planarity of the Adsorbed Phase 
One of the crucial assumptions of the treat- 

ment is that the admolecules form a strictly two- 
dimensional layer. The degree to  which the 
systems conform to this model can be estimated 
as follows. Take the z-axis normal to  .t and let 
z, be the separation of the admolecule and the 
surface at the potential minimum of the gas- 
solid interaction. In terms of the variable 6 -  
z - z, assuming the vibrations in the z-direction 
to be harmonic, the root-mean-square (r.m.s.) 
amplitude for motion of the admolecules normal 
to  the surface is 

The force constant I<= is proportional to the 
strength of the gas-solid interaction and inversely 
proportional to the square of the gas-surface 
collision diameter z,, and hence 

[S I Z , . ~ . ~ .  

z, can be computed from E ~ ,  and the Kirkwood- 
Miiller formula (1). If now T is taken as the 
middle of the temperature range of the experi- 
ments for both systems, we find 

z, .,.,. (BP71)/zr .,.,. (P33) = 0.89. 

This result implies that the Ar-BP71 system 
corresponds a bit more closely to the two-dimen- 

was obtained from the (12,6) value and the 
reduced Boyle temperatures : 

TB*(12,G)/TB*(m ,6) = e(m ,G)/c(12,6). 

This gave the value ~/k(m,6)  = 351 OK. The A 
values for this potential are, as one might antici- 
pate, considerably larger than for the other 
models. It is clear, however, that there is no 
correlation between the magnitudes of A and 6,. 

Of course, what one would really like to do is 
to  fit the data to a model which is more realistic 
than those employed here, although it is likely 
that any such function would have to be con- 
structed semiempirically, and probably without 
much theoretical justification. 

( c )  Assuined Potential Parameters for the BlrIlc 
Gas Plzase 

This possibility can be dismissed at once as a 
serious source of discrepancy. Although q, E,, 
and A are quite sensitive to the choice of (12,6) 
bulk parameters (4), the degree of sensitivity for 
6, is not nearly so great. Furthermore, the 
energy parameters for argon to be found in the 
literature are all very similar, differing by no 
more than about 3 %. 
( d )  Errors in tlze Experiinental Measuren~ents 

The results for the Ar-P33 system were 
obtained with a highly precise apparatus, and 
are probably the most accurate adsorption 
measurements in the literature (1 1, 12). It is a bit 
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difficult to estimate the accuracy of Freeman's 
results (8) as error limits are not given in his 
paper, but it is unlikely that his measurements 
are inaccurate by more than + 5 %. In order to 
investigate the maximum effect of experimental 
uncertainties on 6,, we have doubled this error 
limit and arbitrarily assumed a f 10 % variation 
in each of the four experimental B ( ~ ) / A  values for 
the Ar-BP71 system. We have proceeded as 
follows. For each point one either adds or sub- 
tracts the 10% or leaves the value unchanged. 
There are thus a total of 34 permutations to  be 
tried. The computer time involved in fitting all 81 
possibilities to each model is very substantial, 
but by examining the fit of the original data it is 
apparent that a large number of the permuta- 
tions will lead to lower lql and 6 ,  values. In 
many cases, in fact, 6 ,  becomes negative. By 
proceeding in this way it was possible to narrow 
the choice to about a dozen permutations which 
would lead to  the most significant increases in 
( q .  The maximum value of (ql obtained was 
0.0337, which yields the following results for 
the (12,6,3)) model: 

The changes from the original results do not lead 
to substantially improved agreement with the 
theoretical predictions. 

Of course the entire process is quite arbitrary, 
in that we are trying to adjust the data so as to  
give the best fit with the calculations, rather than 
vice versa. However, it is interesting to note that 
in order to obtain a 6 ,  value in agreement with 
the predictions of eqs. [2] and [3], one must 
impose an error limit of at least + 21 % on Free- 
man's data. We feel the supposition that errors 
of this magnitude are present in Freeman's 
work is far-fetched. 

(e)  Surface Heterogeneity 
This is probably the most difficult factor to 

evaluate because of the absence of much quanti- 
tative information on the two solids. Freeman 
has argued at some length (13) that, by and 
large, virial treatments of adsorption are not 
much affected by surface heterogeneity. Al- 
though Freeman's view is perhaps a bit sanguine 
(14), we doubt that heterogeneity can play a very 
serious role in the present cases. P33 shows all 
the indications of an extremely uniform surface 
(15, 16) and even though BP71 is not so homo- 

geneous, the surface area and heat of adsorption 
data (8) suggest that it is not very heterogeneous. 
For an extremely heterogeneous surface one 
expects that the high energy sites will fill pref- 
erentially, so that even though the average sur- 
face density may be low there are regions in 
which the adsorbate is quite concentrated. Under 
these conditions it is unlikely that plots of 
versus p would be linear (2), since the (Freund- 
lich-type) isotherm does not reduce to Henry's 
law. There is no apparent indication of this 
happening with Freeman's data. 

( f )  Conclusions 
With a slight reservation regarding the effects 

of surface heterogeneity, we conclude that the 
effect observed here is real, and that the pertur- 
bation of the pair interaction by the surface 
field is not directly proportional to the strength 
of the field (as measured by E,,). We suggest that 
this mav be the result of a saturation effect. Not 
only is the apparent three-body energy smaller 
than previously supposed, but it also seems quite 
insensitive to the gas-solid interaction energy. 
This may indicate that a moderate surface field 
can perturb the pair interaction only slightly, 
and that a subsequent large increase in the field 
induces no more than a small additional pertur- 
bation. Of course this surmise is based on data 
for two systems only and we are not therefore 
prepared to comment at this time on the possible 
generality of the effect. 

Surface Areas 

The apparent surface areas of P33 and BP71 
are presented in Table 11. It is encouraging that 
both the (12,6) and (12,6,3) potentials yield the 
same area, and even the crude (co,6) function 
gives values within ,- 10% of these, indicating 
that the best-fit value of A is nearly independent 
of the potential model chosen to  represent the 
two-dimensional interaction. This effective 
model-independence lends considerable weight 
to the quantitative significance of areas deter- 
mined from third-order adsorption data. 

The present area values are in good agreement 
with those found from second-order (Henry's 
law) data alone (4). However, both second- and 
third-order areas are about 20 % lower than the 
B.E.T. values, a situation which is generally true 
for all systems studied thus far. Of course B.E.T. 
estimates depend strongly upon the assumptions 
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TABLE I1 1. W. A. STEELE and G. D. HALSEY. J. Chem. Phys. 22, 
Surface areas derived from third-order 979 (1954). 

interaction data 2. J. R. SAMS, G. CONSTABARIS, and G. D. HALSEY. J. 
Chem. Phys. 36,1334 (1962). 

3. J. A. BARKER and D. H .  EVERETT. Trans. Faraday 
System Potential model A (rnZ g-I) SOC. 58,1608 (1962). 

I 4. R. WOLFE AND J. R. SAMS. J. Chem. Phys. 44, 2181 
1 Ar-BP71 (12,631 111 (1966). 
I (12,6) 111 5. 0. SINANO~LU AND K. S. PITZER. J. Chem. Phys. 32, 
I ( a 6 1  98 1279 (1960). 
I Ar-P33 (12,6,3) 10.4 6. R. YARIS. Thesis, University of Washington, Seattle, 

(12,6) 10.1 Wash. 1962. 
(~f3,6) 9.3 7. J. D. JOHNSON and M. L. KLEIN. Trans. Faraday 

SOC. 60, 1964 (1964). 
8. M. P. FREEMAN. J. Phys. Chem. 62, 729 (1958). 

made regarding packing in the monolayer and the 9. A. D. MCLACHLAN. MOI. P ~ Y S .  7, 381 (1964). 
I effective cross-sectional area of the admolecule. 10. R. WOLFE and J. R. SAMS. J. Phys. Che1-11. 69, 1129 

(1965). This is the greatest advantage Of using low- 11. G. C~NSTA~~ARIS,  J. H. SINGLETON, and G .  D. HALSEY. 
coverage measurements for determining surface J. Phys. Chern. 63,1350 (1959). 
areas: they are unambiguous because they are 12. J. R. SAMS, G. CONSTABARIS, and G .  D. HALSLY. J. 

I Phys. Chem. 64,1689 (1960). 
I Of any estimate Of cross- 13. M. P. FREEMAN. J. Phys. Chern. 62,723 (1958). 

section or monolayer packing. The experiments 14. D. H. EVERETT, J. D. JOHNSON, and M. L. KLEIN. 
are somewhat more difficult at the low coverages, Coloquio sobre quirnica fisica de procesos en super- 

i ficies sblidas, Libreria Cientifica Medinaceli, Madrid, 
but the high degree of consistency found and the 1965. p. 73. 
fact that it is unnecessary to  introduce any exter- 15. M. H. POLLEY, W. D. SCHAEFFER, and W. R. SMITH. 

J. Phys. Chern. 57,469 (1953). nal assumptions indicate the Of the 16. J. H. SINGLETON and G. D. HALSEY. J. Phys. Cliem. 
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Recherches sur le point isohydrique et les kquilibres acido-basiques de 
condensation ou association en chimie. XXVI. Quelques nouvelles 

remarques et commentaires thkoriquesl 

GEORGES CARPBNI 
Labovatoire de Clrimie Mirze'rale A, Facultt des Sciences, Place Victor Hugo, Marseille (3"), France 

R e ~ u  le 12 octobre 1967 

Les dor~ntes exptrimentales acquises a ce jour et relatives aux reseaux de titrage a "points isohydriques" 
permettent d'affirmer que (a) la loi electrochimique qui regit I'ensenlble des Cquilibres acido-basiques 
n'est valable qu'en milieu "suffisamment diluC" et (b) en milieu "suffisamment concentrt", les systemes 
chimiques acido-basiques dissous sont trts gCnCralement le siege d'equilibres de (isopoly-)condensation 
ou -association, qui se superposent simultanement a ceux de dissociation; la presence des espitces isopoly- 
condensees (sous leurs formes molCculaires et (ou) ioniques) apparait de faqon indubitable dans les 
reseaux de courbes de titrage, plz = f(X,c), qui sont toujours isohydriques. 

L'irzterprktation thtorique du point isohydrique est basCe sur un postulat, qui, autour de ce point, 
accorde un r81e preponderant a l'espece la plus condenske dont I'Cquivalence stoechiomCtrique correspond 
approximativement a l'abscisse isohydrique XI, d'oh la relation fondamentale 

xi z xg;: = (zlrz),, 
l'indice de multiplicitC, m, etant fix6 aprks calcul. La relation indiquie est CtayCe et justifike par quelques 
arguments experimentaux et thkoriques. 

Jusqu'a nouvel ordre, le postulat avanct parait licite, car ses criteres de validit6 n'ont jamais CtC lnis 
en difaut. 

On trouvera en Annexe des remarques concernant I'analogie de representation entre point isohydrique 
et point isobestique. 

The experimental darn so far obtained relative to titration networks showing isohydric points (i.p.) 
permit us to affirm that (a) the classical electrochemical law which governs all the acid-base equilibria 
is in fact valid only for "sufficiently diluted" media and (b) in "sufficiently concentrated" media, the 
dissolved acid-base cllemical systems always give rise to (isopoly-)condensation or -association equilibria 
which are simultaneously superposed on those of dissociation; the presence of the isopolycondensed 
species (under their molecular and (or) ionic forms) appears unquestionably in the titration networks, 
ph = f(X,c), which are always "isohydric". 

The ~/leoretical irrterpretatior~ of the i.p. is based on a postulate that, around the i.p., attributes a 
prominent importance to the most condensed species which has its stoichiometric equivalence approxi- 
mately equal to the isohydric abscissa XI; whence follows the fundamental relation 

XI =: x2:1 = (2112),,,, 
the nlultiplicity index m being found by calculation. The above relation is sustained and justified by 
several experimental and theoretical arguments. 

Until further knowledge is obtained, the above postulate can be held to be true, as its validity has 
never been known to fail. 

Some remarks concerning the analogy in representation between the isohydric and isobestic points 
can be found in the Appendix. 

Canadian Journal o f  Chemistry, 46, 1787 (1968) 

Notations 

i ou p.i. Point isohydrique, lieu de conver- 
gence des courbes de titrage du rCseau pH 
=f(X,c). 

xi(ou Xi),phi CoordonilCes du point iso- 
hydrique. 

Iz,pl~(oll,poh) Concentration (molell) des ions 

'Certaines des questions examinees dans le present 
article ont deji ete developpees par l'auteur, surtout 
dans la premiere des deux conferences donnees, en 1965 
et 1966, a 131nstitut de Chinlie-Physique de Tiibingen 
(A,.F.), mais sont neannloins resties jusqu'a present 
lnedltes. 

H', et son cologarithme (concentration des ions 
OH-, et son colog.). Dans toutes les recherches 
prtsentes, les electrodes B hydrogene ou de verre 
sont CtalonnCes directement en "concentrations" 
des ions Ht ,  non en "activitks". 

P(  = dphld1og.c) Pente des courbes de dilu- 
tion plz = f(10g.c)~ B taux x constant. Entre xi 
- dx et xi + dx,P change de signe en passant 
par zCro. 

[(P < O)xi-d.~ (P = O)xi + (P > O)xi+dxl 

c Concentration analytique (mole11 = M) du 
solutC, supposC "monom6re". 
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c,, ou c,,;, Espkce (ou composC), ou sa con- 
centration (mole11 = M). Une "esp8ce", dCfinie 
par son degrC de condensation n (nombre entier 
positif), peut exister sous diffkrentes 'tformes" 
(molCcules ou ions) suivant la valeur de sa 
charge z, nombre nu1 (molCcule : c,;,), positif ou 
nCgatif (ion : c,;,). 

kc,, ou kc;,, Constante de condensation (ou 
d'association), exprimCe en "concentrations". 
Exemple, pour l'tquilibre nc,, $ c,,,, on a kc, 
- - n  - C1,0~C10  . 

k,,, ou k,,;, Constante de dissociation d'ordre 
z, exprimCe en "concentrations". Exemple, pour 
la dissociation de l'acide c ,;,-, + c,,, + h, on a 

- 1 
kn, = cnZ.h.c ,;=- 1 . 

k,," ou k,,;,* Constante de dissociation glo- 
bale, pour les z premikres aciditCs successives. 
On a 

kn,* = k 11 I .kn 2 . . knz = knz. 

x Taux de neutralisation dCfini par le rap- 
port du nombre d'equivalents OH- ajoutCs (base 
forte titrante) au nombre de mole du solutC 
acide B titrer. On a x = oh ajouttslc. 

X "Taux de neutralisation combine", dCfini 
par X = x + (11 - oh)/c. Lorsque (cas frtquent) le 
terme (/I - 01z)lc est nCgligeable devant x, X peut 
&tre confondu avec x. 
xi;,";, xz"," Taux des points d'iquivalences 

des espkces "monomkre" et "condenste" (ou 
"associCe"), respectivement. 

La definition du point isohydrique (purement 
expCrimentale) et son interprCtatiol1 thCorique (a 
l'aide d'un postulat) ont CtC donnCes, pour la 
premiere fois, en 1948. Une communication (I), 
une note (2) et un memoire (3) sont ainsi B 
l'origine de toutes les recherches, poursuivies 
depuis sans interruption, portant sur les multi- 
ples problkmes progressivement surgis ou posCs 
par cette nouvelle notion. 

Cependant, B l'exception d'une revue d'en- 
semble, datant de 1960 (4), peu accessible et 
d'ailleurs volontairement plut6t descriptive, 
aucun article n'est venu actualiser, en quelque 
sorte, nos conceptions sur la question. Or, en 
prks de 20 ans, bien que, pour l'essentiel, les 
bases expkrimentales et thkoriques n'aient pas 
changC, une certaine Cvolution, naturelle, a 
malgrC tout eu lieu, au fur et B mesure que de 
nouvelles acquisitions sont venues s'ajouter aux 
anciennes. Le bref dCveloppement qui va suivre 
est destinC B combler cette manifeste lacune, en 

prtsentant succinctement l'ensemble du "prob- 
lkme isohydrique" sous son aspect prCsent. 

L'tlectrochimie classique enseigne que, si l'on tient 
compte des ions H +  et OH- libres et Cventuellement des 
coefficients d'activites impliquCs, tout acide (ou base)2 
(qu'il soit mono- ou poly-acide, fort ou faible) conduit, 
par neutralisation, 2 une courbe de titrage unique, indi- 
pendatzte cie sa concentration: les diffkrentes courbes 
representees par la fonction ph = f(X,c) se reduisent en 
fait a une seule. La relation mathen~atique par laquelle la 
thermodynamique exprime cette loi n'est autre que celle 
dkfinissant la constante de dissociation. 

Or, de multiples systemes acido-basiques montrent que 
cette loi n'est en realit6 pas toujours valable. C'est le cas, 
par exemple, et pour ne citer que les principaux connus 
des 1948, des acides germanique, chromique et borique. 
Pour tous ces composes, lorsque la concentration du 
solute augmente suffisamment, le rCseau p/1 = f(X,c) 
forme deux fuseaux, dont les courbes, en se croisant, 
determinent un point de convergence I. Comnle en ce 
point leph reste constant, donc independant de la concen- 
tration du solute acide considere, il etait logique de 
l'appeler "point isohydrique", nom que j'ai effectivement 
propose des le debut et qui, apparemment, est actuelle- 
ment adoptC. 

I1 est assez remarquable de constater que, depuis la 
publication de ce premier resultat, le nombre des rCseaux 
de titrage "isohydriques" trouves s'est considerablement 
accru, au point qu'actuellement et depuis deja plusieurs 
annees, nous cherchons, mais en vain, tant en chimie 
minerale qu'organique, un systeme qui, pour ses solutions 
les plus concentrkes, ou saturees, ne cotld~risepns a un tel 
rCseau i~ohydrique!~ 

Soulignons que ce qui precede concerne des faits 
espirime~ztaux, bien etablis, inconstestables et apparem- 
ment incontestes, indkpendamment de toute interprB 
tation theorique. Les investigations (certaines tres pous- 
sees, d'autres seulement esquissees, a titre indicatif) faites 
ces 17 dernieres annees dans notre laboratoire, ont port6 
sur : 

(1) des anions, ou acides [germanique (3, 5), borique 
(6a, 6b), selenieux (7, 8 4 ,  arsknieux (80, 8b), tellurique 
(9), molybdique (lo), chromique (1 I), tungstique (12), 
phosphorique (13), per i~d ique ,~  eau oxygCnCe (14)]; 

(2) des cations, hydrates (ou "acides", au sens de 
Bronsted) [(Ga.ad3+ (15), (Be.adz+ (16), organo-stan- 
niques (R2Sn.ad2+ (17)l; 

(3) des acides carboxyliques, tant homologues que 
substitues [acides formique (1 8 4 ,  acCtique (1 8b), pro- 
pionique(l8c), mono-, di- et tri-chlor-acktiques (1 8 4 ,  oxa- 

2 0 n  sous-entend gtnkralement qu'il s'agit de solutions 
aquelues, mais cette condition n'est pas imperative, pas 
plus d'ailleurs, sauf exception (par exemple, pour des 
solutions extrimement conce~ztrkes, etc.), que celle d'une 
"force ionique" constante, circonstance pourtant favor- 
able par suite du maintien des coefficients d'activite (plus 
ou moins) constants. 

3Pour le cas des acides "tres forts" (HClO,, HCl . . .) 
cf. renvoi 11. 

4Travaux inkdits. 
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lique (go), su~cinique,~ mercapto-s~ccinique,~ phenylact- samment concentrken7, les systemes acido-basi- 
tique (19), benzoi'que (lo), a~ryl ique,~ etc.]; ques les plus divers fournissaient toujours, sans 

(4) des phenols [phenol(21), pyrocattchol (22), rtsor- 
cine,4 hydroquinone (23)l; exception, des rCseaux ph = f(X,c) A conver- 

(5) un Cnol [acide ascorbique ( = vitamine C) (8a)I; gence is0hydrique. 
(6) un amphotere, amino-acide [glycine (8a)l. La raison de ce fait parait indubitable: en 
Au sujet de ces recherches on peut relever: dehors des tquilibres de dissociation normale- 
(lo) la tres grande diversite des systernes, tant au point merit du solutbacide, ces solutions 

de vue de la constitution chirnique que de leur nature, 
mintrale ou organique; "suffisamment concentrCes" sont le siege d'Cqui- 

(2") le domaine des solubilitts, entierenlent couvert, libres supplkmentaires entre especes (molCcules 
depuis les composts tres peu solubles [tels les "hydroxy- et (ou) ions) d'une part monomere, d'autre part 
des" Be(OH)z ou Ga(OH)aI jusqu'a ceux miscibles a isopo~ycor~~ens~es (ou associkes). L9Ctablissement 
I'eau en toutes proportions [tels que les acides phos- 
phorique, formique, acetique]. des rCseaux ph = f(X,c) permet en fait de dCceler 

Rernarquons aussi que, suivant les systkmes, les con- immkdiatement la presence de ces dernieres 
vergences isohydriques peuvent &tre plus ou rnoins n e t t e s b s p e c e s  nouvelles, et nous estimons que cette 
ou n'avoir lieu que pour des zones plus ou rnoins restrein- procCdure constitue le test le plus sfjr, et le plus 
tes de concentrations (par exeinple entre des lirnites rapide, pour prouver l,existence de ce type 
C m ~ n i m u n n  et c . , , , ~ ~ , ~ ~ ) . ~  d'kquilibres en solution. 

Cependant, dis le dCbut, la question s'est 
InterprCtation thkorique posCe: Peut-on attribuer une signification parti- 

Les donnCes exptrimentales prCcCdentes ont culiere B ce point de convergence? 
montrt que, lorsqu'ils Ctaient en solution "suf$- Remarquons tout d'abord que sa presence 

dans les rCseaux ph = f(X,c) n'est pas du tout 

5Experimentalernent, ttant donnt les incertitudes sur 
fortuite, ni exceptionnelle, mais qu'au contraire, 

les valeurs mesrrrkes de x, et ph,, le p.i. n'est en fait jarnais a i n ~ i  qu'on ]'a vu, il represente un fait e x ~ t r i -  
un point rigoureux mais est defini par un petit rectangle mental gCnCra1, au mgme titre, dans une certaine 
de coordonntes xi + dx, phl + dph. En gtntral, plus les 
fuseaux du rtseau ph = f(x,C) sent aplatis, plus la mesure, que le point dYCq~ivalence, classiq'e, de 
convergence au p.i. est floue et les courbes paraissent toute courbe de titrage acido-basique. 
confondues sur des tronCons plus OU rnoins larges. Dans Nous basant, essentiellement, sur la fornTe de 
ces cas, une reprtsentation plus adequate consiste a 
tracer les courbes "isotauxV c'est-i-dire le rtseau ph la courbe de titrage de I'acide germanique en 
= f(c, ou log.c), des courbes de dilution aux difftrents solution pratiquement saturee [rtf. 5 ,  Fig. 118, 
taux x. Sur de tels graphiques, un p.i. bien dtfini se traduit nous avons intuitivement d6duit que le point iso- 
par une horizontale unique, au taux xi. Lorsque le p.i. est 
flou, p]usieurs courbes de taux voisins prtsentent des hydrique i.kSultait, en SOml?te, de l'iHteI'Se~ti0fl 
tronGons a maxima (ou minima) plus ou moins aplatis. entre la courbe de titrage de l'acide gern?al?ique 

GBien qlle ne desirant pas entrer dans les details, il 
serait peut-&tre utile de simaler les quelques particularitts n'0'0mire (seul ~r'sent en solution relativement 
experimentales suivantes: t r b  diluCe (~0 .0004  M)) et celle d'un acicle iso- 

(1) pour un systtme donnt, le p.i., et en particulier son p o ~ y c o n ~ e n s ~  klectroc/linziquelnent "plLw fort"g 
abscissex,, peut se deplacer soit avec la concentration c du 
solutt lui-in&nle, soit avec la force ionique de la solution, conviellt de toujours attribuer au terrne "concentr6" soit avec la ternptrature, ou encore, Cventuellement, avec sa signification ce qui lui confere une grandeur la nature du cation antagoniste (Na+, K+); 

(2) en dehors de la zone de concentration le rtseau essentiellernent variable avec le systeme considtrt. Tol~te 
ph = f(s,cm,, < < cma,), dtfinit la convergence isom solution de cor~centratior~ voisine de la saturatiotz sera 
hydrique, les courbes aux aL,tres concentrations riputke "concentric", quelle que soit sa concentration 

possibles, ne passent par le p.i. et sent effective: ainsi, la concentration pourra &tre trbs forte, si 
done ~~extra-isohydriques~, les ordonntes plr correspon- le solutt est par exemple miscible a l'eau, dans tel autre 
dant B xi ttant suptrieures ou inftrieures a phi; cas, par contre, elle sera relativernent tres faible, le solutt 

(3) il arrive parfois, mais plutBt rarernent, que pour etant lui-rnCrne extrErnement peu 
certaines concentrations, x, soit tgal I,abscisse de 8Celle-ci est en rtalitt une solution 0.04 M seulement, 
I'tquivalence du monomere = xz2t); dans ce cas, le c'est-a-dire ~IutBt  tres dilute au sens absolu, mais 

relativenzent "tres concentrte", puisque proche de la 
caractere "anormal" du p.i, est malgre tout manifeste, car saturation, ]'oxyde GeOz itant peu soluble dans I ' ~ ~ ~ .  
la valeur du phi est nettement difftrente de celle du ph a Cette remarque justifie ainsi celle qui prectde7. 
I'tquivalence du monornkre (phl # phc?;yt); gC'est un fait reconnu et tout a fait gtntral que les 

(4) lorsqu'il s'agit de systkrnes extr61nernent peu soh-  acides isopolycondensts sont toujours "plus forts" que 
bles (tels que par exernple leshydroxydes B~(OH)Z (16) ou ceux monomeres dont ils sont issus. Remarquons que s'il 
Ga(OH)3 (15)) les p.i. apparaissent en milieu hktirog2ne: n'en Ctait pas ainsi, les courbes de titrage propres aux 
les rtseaux plr = f(X,c) n'en sont pas moins idohydriques, acides monorntre et condenst, supposts a I'etat stpare 
les p.i. Ctant d'ailleurs bien dtf i is ,  surtout lorsqu'on et pur, pourraient parfaiternent rle pas se couper, et le 
opere a force ionique constante. rtseau isohydrique n'existerait plus! 
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dont le point d'e'quivalence aurait une abscisse 
Ie'g2rement supe'rieure d celle xi du p.i. Comme, 
ntanmoins, nous n'Ctions pas siir que d'autres 
esptces que celles envisagCes n'Ctaient pas tgale- 
ment prksentes, nous avons estimC devoir appor- 
ter immkdiatement quelques rCserves restrictives 
[cf. rCf. 3, p. 631, colonne gauche, lo].  

Depuis 1948 cependant, de nouvelles recher- 
ches sont venues nous apporter d'autres argu- 
ments, B la fois d'ordre experimental et thtorique, 
tous favorables a notre conception. 

En ce qui concerne les donne'es directes de 
I'expe'rience, relevons : 

(1) des composes " i s ~ h ~ d r i ~ u e s " ' ~  (c'est-8- 
dire ayant une composition correspondant B 
l'abscisse xi) sont effectivement connus [exem- 
ples: K2HB50,  (24); sel acide potassique du 
pyrocatCchol (22); disClCnites KHSe,O, et 
NaHSe205 (8), etc. .I; 

(2) des sels " i s ~ h ~ d r i q u e s " ~ ~  auparavant in- 
connus ont pu, au cours de nos recherches, Etre 
facilement mis en Cvidence et isolCs [exemples: 
sel acide sodique du pyrocatCchol (22); 
K2Ge5O1 (25), etc.] ; 

(3) dans certains cas les courbes de titrage 
relatives aux solutions les plus concentrkes, ou 
saturtes (pour lesquelles les condensations ou 
associations sont forcCment les plus fortes) 
paraissent Etre constit~~Ces en rCalitC de deux 
courbes de titrage distinctes et successives, cha- 
cune de forme classique, en S couchC. Tout se 
passe comme si on titrait, d'abord, un acide 
"plus fort" (celui isopolycondensC) ensuite, un 
deuxitme, "plus faible", qui n'est autre que le 
monointre restant ou issu du prCcCdent par 
"dkgradation alcaline" [exemples: titrage des 
acides (a) germanique en solution sursaturee 
(rCf. 4, Fig. 6, p. 26), (b) propionique (ref. 4, Fig. 4, 
p. 20), (c) phCnylacCtique en solution saturee a 
50 "C (rCf. 4, Fig. 8, p. 36), etc.]. Ces nouveaux 
exemples viennent ainsi renforcer la premiere 

1°Ces composCs sont forcCment des "sels acides", 
puisque leurs Cquivalences stoechionietriques correspon- 
dent a des taux "plus acides" que ceux oh se foment les 
sels "chimiquenient neutres" du niononiere. Remarquons 
aussi que s'il n'est pas du tout nkcessaire d'avoir autant 
d'especes a I'etat solide qu'en solution, il est neanmoins 
tres vraisemblable que les sels solides err eqrlilibre ouec Ieurs 
sollltions satllries pr:existent duns celles-ci, menie si leurs 
solubilitCs peuvent &re tres faibles. On con~oit  parfaite- 
ment, par contre, des especes "en solution" qui n'appa- 
raissent pas a 1'Ctat solide par suite de produits de solubi- 
lit& trop ClevCs. 

observation signalte comme Ctant B l'origine du 
postulat. 

Quant aux conside'rations the'oriques, develop- 
pons principalement les trois aspects suivants: 

(I) Au point isohydrique (tout comme au point 
d'equivalence des acides forts") la pente P( = 
dphld 1og.c) est nulle, les valeurs de P Ctant 
inversCes de part et d'autre de ces lieux de con- 
vergence: P < 0, avant Xi et xgd:, et P > 0, 
apr2s ces deux points. Les pentes P se comportent 
donc de f a ~ o n  identique pour le p.i. comme pour 
le point d'equivalence habitue1 du monomere, et 
cette analogie n'est pas sans intCrEt pour l'hypo- 
thtse faite d'apres laquelle le p.i. est en rCalitC le 
point d'kquivalence, plus ou moins approchC, du 
composC isopoly-condend ou -associC. 

(11) Puisque toutes les courbes du rtseau 
experimental ph = f(X,c) passent par le p.i., en 
ce point la thermodynamique nous autorise B 
Ccrire la suite d'CgalitCs Cvidentes (cf. Notations) : 

ou, en explicitant en fonction de Xi, n et z 

A priori, ces relations incitent B envisager des 
Cquilibres fort complexes, puisque au p.i. on peut 
trouver B c6tC du lnonomCre des esptces isopoly- 
condensCes en nolnbre considkrable, theorique- 
ment mEme infini. Pour fixer les idCes, supposons, 
par exemple, que le p.i. ait l'abscisse Xi = 0.4. 
En tenant compte des inCgalitCs 

qui relient Xi au degrt n de condensation et B la 

'En rtalite, dans le cas des acides tres forts (HCIO,, 
HCI, . .) neutralisks par des bases tres fortes (KOH, 
NaOH), le point d'kquivalence du rnorzoni2re est nussi rlrz 
p.i. niais son ordonnCe phi ne dCpend que du soll;nrrt (de 
son produit ionique). Dans ces solutions, cependant, il 
rr'y a pas d'espdces isopolycorr~letensies (ou associkes) aussi, 
si I'on tient conipte, comme il se doit, des ions H +  et OH- 
libres en solution, et aussi Cventuellement des coefficients 
d'activitt, le reseau plr = f (x ,c)  se rCduit-il a une verticale 
nrriqlle, d'abscisse xf",": prCcisCnient. C'est pour tenir 
conipte de ces p.i., observes en milieux suffisam~nent 
dilues avec les acides monomeres forts, que nous avons 
proposk (26), en 1953, la classification en p.i. "solvant" et 
p.i. "solutC". Rappelons que ce dernier etant seul carac- 
tkristique des especes condensees, c'est uniquement lui 
qui est CtudiC ici. 
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CARPENI: RECHERCHES SUR LE POINT ISOHYDRIQUE. XXVI 1791 

charge z des ions formis au cours du titrage et mentale xi E x:{",~ est donc retrouvCe de f a ~ o n  
conditionnent ainsi le passage de toutes les cour- tgalement logique15. 
bes par le pi. ,  les CgalitCs prtckdentes devien- (C) I1 convient d'Ccrire gtniralement 
nent : 

Xi M ~z{::~ = (z/n),,,, 

Des relations qui prCcedent trois consCquences 
principales paraissent devoir &tre dCgagees : 

(A) Si la complexit6 envisagCe, concrttisCe par 
un nombre d'espkces considCrable, est thCorique- 
ment possible, pratiquement elle ne parait gukre 
probable, car cela impliquerait tout un ensemble 
de cot7ditions imvkratives sitnultankes entre les 
coilstantes k,,. Dans l'exemple choisi, nous dev- 
rions en effet avoir : k, ,/k, , = 6; k, ,/k, , 
= 0.042; k4,/lcll = 2.25; etc. . . La simple logi- 
que nous incite B estimer que la plus forte 
probabilite' est celle like ail tnininlutn de conditions, 
d'ou la limitation (aclmise dans notre postulat) 
B deux especes, prkpoizde'rantes.'4 

(B) Chaque sCquence a,b. . de la "formule [4]" 
se termine avec le terme relatif a un ion de 
condensation maximum dont 17Cquivalence stoe- 
chiomktrique correspond prCcisCment B l'abscisse 
isohydrique : c5 ,,c, ,;,. . . Notre relation fonda- 

12Le numerateur etant nul, il y a indetermination, 
puisque k S 2  doit &tre infini: xl est dans ce cas un veritable 
point d'Cquivalence. 

13De nouveau le nu~nCrateur est nu1 et xi,  un point 
d'kquivalence, comme precedemment. 

14(a) On peut cependant concevoir que, dans certains 
cas et de faqon eventuellement seulement approchke, plr~s 
de derrx corzditiorrs puissent Ctre simultanement rernplies 
entre les constantes k,,,: cela constituerait plutdt I'excep- 
tion, qui confirme la regle [exemples: systeme borique, 
arsknieux (?) . . .I. 

(b) I1 parait pratiquement exclu que, du moins dans 
I'etat actuel de nos connaissances, nous puissions (pour 
un systkme donne: reseau solide/solution saturee) d6- 
rrlontrer, ou calculer a priori, quelles sont les espkces 
thermodynarniquement stables en Cquilibre! Le caractere 
"postulat", donc indernontrable, ressort nettement de ce 
qui precede. 

(c) Notons enfin que "la r6ciproqueW (si deux especes 
sont seules prksentes, le rCseau est forckn~ent isohydrique) 
est, elle, 6vidernment dkmontrable et imrnkdiatement, 
puisqu'elle resulte de l'egalite: 11, = k1 ,(l - X,).X,- ' 
= k,,,(z/rz - Xi)[X, - (z - l)/r!]-'. Soulignons cepen- 
dant, que, comrne dkja remarque [renvoi 91, ceci irnpliqrie 
une constante d'espece condenske k,,: plus forte que celle 
k l  du monomitre. 

puisque les mgmes conditions d'kquivalences 
stoechiomCtriques se retrouvent en fin de chaque 
sCquence, a,b. . . pour les valeurs entikres succes- 
sives de I'indice de multiplicitC 171. Dans I'exemple 
prCcCdent, on a en effet: 

Mais on peut encore ajouter deux observations : 
(a) Ctant donnC les fortes concentrations [rela- 

tives ! cf. renvoi 71 des solutions, l'espkce isopoly- 
condensCe c,,, de stoechiomitrie xz:, = xi, sera 
probablement celle de condensation n maximum 
compatible B la fois avec le solute-solide et sa 
solution (pratiquement) saturCe; 

(b) l'indice m est toujours precis6 aprks calcul 
[cf. un exemple d'application (14)l. 

(111) I1 nous reste a examiner le cat6 thtorique 
quantitatifdu probl6me. Celui-ci consiste en fait 
a determiner: d'une part, les differentes esp2ces 
en equilibre (sous leurs formes molCculaires et 
(ou) ioniques16), d'autre part, les diverses con- 
stantes de condensation (ou association) k,,, et de 
dissociation klIZ (ou des combinaisoils de kc,, et 
k1J des espkces identifikes. 

I1 est clair que si les constituants et les con- 
stantes respectives ont pu Etre correctement 
trouvCs, le calcul "en retour" du rCseau exptri- 
mental, ph = f(X,c), sera aisk. Plusieurs exem- 
ples de rCseaux calcults ont dCjB CtC publiCs (7, 
14, 17), d'autres sont sous presse (15, 16, 23) ou 
en cours d'Ctude. D'ailleurs, dans ce journal 
mEme, le mCmoire qui suit (et qui porte sur les 
Cquilibres de condensation de certains composCs 
organiques de Sn(IV), du type RpSnC14-,) in- 
dique en dttail le mode opkratoire, qui est assez 
classique, rapide et tr2s gkzkral. 

lSC'est a 1'6quivalence que I'intlexion au cours d u  
titrage est gCneralernent la plus marquee. Le scl~ema 
figurant dansnotre premier memoire [ref. 3, Fig. 2, p. 6321 
permet aisCment de visualiser cette circonstance. 

16L'espPce est essentiellernent definie par son degre de 
condensation n, de sorte qu'elle peut cornporter, normale- 
ment, a la fois la molecule et tous ses ions possibles, donc 
plusieurs forrlres, mais sans que ceci soit une necessite 
imperative: suivant les conditions (c et ph, en particulier), 
certaines formes (la mol6cule ou certains de ses ions) 
peuvent seuls intervenir. 
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Or, les rCsultats thCoriques quantitatifs appor- 
tent eux aussi des arguments favorables aux con- 
ceptions exposCes. En effet: 

(a) toutes les fois que les conditions dYCtude 
d'un systeme donnC sont suffisamment favorables 
pour conduire h des conclusions univoques et 
unanin~ement acceptCes (soit que le systeme soit 
relativement simple, ou que les expCriences 
soient aisCment reproductibles et interprktables) 
nos propres rCsultats, acqzlis sur la base des con- 
ceptions "isohydriques" ge'ne'rales, sont toujours 
en accord avec ceux admis par I'ensemble des 
auteurs1 ' ; 

(b) dans les cas litigieux ou controversCs, nos 
conclusions rendent correctement compte des 
faits et ne conduisent jamais A des incompati- 
bilitts avec les donnCes expkrimentales. I1 serait 
vraiment Ctonnant que partout et toujours nos 
applications bCnCficient de coincidences fortuites 
et heureuses ! 

Conclusions 

Les faits essentiels qui se dCgagent de cette 
breve prisentation d'ensemble du probleme iso- 
hydrique sous son aspect actuel, peuvent se 
classer en deux catCgories, suivant qu'ils relevent 
de l'expirience ou de l'inteiprttation theorique: 

(1) Les donne'es expe'rimentales acquises h ce 
jour et relatives aux rCseaux de titrage a points 
isohydriques permettent d'affirmer que: 

(a) la loi Clectrochimique qui rCgit l'ensemble 
des Cquilibres acido-basiques18 n'est valable, 
m&me si l'on tient compte des coefficients d'acti- 
vitC et des ions H f  et OH- libres, qu'en milieu 
"suffisamment diluC" ; 

(b) en i?ziliezl "sufisamment concentre'", les sys- 
times chimiques acido-basiques dissous sorzt t r b  
ge'ne'ralement le siige d'e'quilibres de condensatio~z 
(ou association), qui se superposent ri ceux de dis- 
sociation: la pre'sence d'espices isopolyconderzse'es 
(ou associe'es) (sous leurs fori?les mole'culaires et 
(ou) ioniques) apparait de f a~on  sensible dans les 

re'seaux des courbes de titrage ph = f(X,c), qui 
sont toujours "isohydriques". 

(2) L'interpre'tation the'orique des p.i. est essen- 
tiellement basCe sur un postulat, que nous avons 
discutC et justifiC, et qui peut actuellement se 
dCfinir de la f a ~ o n  suivante: Autour du Point 
Isohydrique: donc en solution "suffisamment 
concentree" (ou saturCe) et entre certains ph, les 
Cquilibres de condensation (ou association) sont 
principalement dus h deux especes pre'poi2de'- 
rantes, celles dont les Cquivalences stoechio- 
mCtriques sont, respectivement, x?,","i",19 et (xi z) 

cond xh,i, = (zln),,, m Ctant prCcisC apres calcul du 
rCseau. Si, dans les limites de c et depk ci-dessus 
prCcisCes, d'autres especes coexistentz0, celles-ci 
sont le plus souvent moins condenstes et en pro- 
portions moindres ou negligeables. La proba- 
bilitC d'existence des especes isohydriques (les 
plus condensees) diminue au fur et h mesure que 
les solutions deviennent de plus en plus diluCesZ1. 

Rappelons que les arguments justificatifs prC- 
sentCs au cours de cet article sont soit d'ordre 
expe'rinlental (existence de "sels isohydriques"; 
forme particuliere des courbes de titrage des 
solutions les plus concentrtes) soit tl~e'oriques 
(analogie entre pentes des courbes de dilution 
autour des p.i. et des points d'equivalence du 
monomere; relations et conditions thermo- 
dynamiques au p.i. ; rtsultats quantitatifs obtenus 
soit en accord avec ceux de la litttrature, ou en 
complete comptabilitt avec l'exptrience). 

Jusqu'A nouvel ordre, le postulat avanct parait 
parfaitement licite, car, comme tout postulat 
acceptable, ses criteres de validit6 ("vtriiiable" 
par ses consCquences et constamment "com- 
patible" avec l'exptrience) n'ont jamais t t t  mis 
en dtfaut. 

Annexe 

Sur la comparaison entre point isohydrique 
(e'lectrochimique) et point isobestique 
(spectrochimique) [cf. (2 ) ]  

L'analogie, visuelle, rCsulte de la reprCsen- 
tation, h points de convergences, d'une part du 

'Rernarquons que, presque toujours, nos conclusions 
sont quand rn&rne plus completes et prtsentent, de plus, 
certains aspects originaux. Quant a nos calculs, ils sont 
netternent plus simples et rapides que ceux gentralernent 
utilists dans la litterature pour la resolution des in2mes 
problernes (on fait d'habitude appel a des rnkthodes de 
rninirnisation, l'aide d'ordinateurs, ou a d'autres tech- 
niques, egalernent laborieuses). 

s"La loi d'action des masses" appliquke aux solutions 
acido-basiques, d'oG dtcoule la definition de la constante 
de dissociation. 

1911 n'est pas exclu, pour certains systkrnes et entre 
certaines lirnites de concentration et de plz, que l'espece 
rnonornere soit elle rnsrne en quantite ntgligeable; dans 
ces cas les Cquilibres principaux, preponderants, auraient 
lieu entre deux especes toutes deux condenstes, de degres 
l z l  et nz (avec nz > n, > 1). 

'OCf. renvoi 14a. 
21Dans certains cas, des especes pl~rs condeirs&es que 

celles isohydriques pourraient Cgalernent exister, rnais 
alors les courbes ne passeraient pas par le p.i. et seraient 
relatives a des concentrations plus fortes que celles cor- 
respondant au dornaine isohydrique. 
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rCseau des courbes de titrage ph = f(X,c) d'autre 
part du rCseau des courbes d'absorption log.J,/ 
J = f(pH,M. 

Cependant, si dans le domaine spectral les 
faits ont prouvC que la prCsence du point iso- 
bestique indique un Cquilibre entre deux consti- 
tuants ~ e u l e m e n t ~ ~ ,  dans le cas du point iso- 
hydrique, les conclusions sont gCnCralement com- 
patibles (ainsi que les calculs le montrent) avec 
des Cquilibres n'impliquant que deux espBces pre'- 
ponde'rantes. Exemples : chromates, molybdates, 
germanates, sClCnites, eau oxygCnCe, hydroxo- 
dimCthylCtain(IV), etc. . . 

1. G. CARPBNI. Communication, rtsumt dans Bull. 
Soc. Chim. France, 505 (1948). 

2. G. CARPBNI. Compt. Rend. 226, 807 (1948). 
3. G. CARPBNI. Bull. Soc. Chim. France, 629 (1948). 
4 .  G. CARPENI. Ann. Fac. Sci. Marseille, 30. 3 (1960). 
5. G. CARPBNI et A. TCHAKIRIAN. Compt. Rend. 226, 

725  (1948). 
6. (a )  G. CARPBNI. Bull. Soc. Chim. France, 1327 

(1955). ( b )  R. SABBAH. These Doctorat d'Etat, Mar- 
seille, France. 1965. 

7 .  R. SABBAH et G. CARPBNI. J. Chim. Phys. 63, 1549 
11 966). 

8. (a) ~1 CARP~NI et al. 7e I.C.C.C., Stockholm. 
Abstracts. 1962. p. 180. ( b )  P. BIANCO. Diplame 
dlEtudes Suptrieures, Marseille, France. 1961. 

"Avec 1,s reserves: 
( 1 )  un troisieme constituant en quantitt ntgligeable 

peut ne pas perturber serieusement le rtseau, 
( 2 )  ,le point isobestique, lui non plus, n'est pas toujours 

parfa~ternent dtterminable exptrimentalement [cf. ren- 
voi 51. 

9. CL. PRAT. Diplame dlEtudes Suptrieures, Marseille, 
France. 1962 

10. M. MICHEL et G. CARP~NI.  Travaux intdits. Cf. 
Ann. Fac. Sci. Marseille, 30, 15 (1960). 

11. ( a )  J .  MASPOLI. Diplame d'Etudes Suptrieures, Mar- 
seille, France. 1952. ( b )  A. MARTENS. These de 
Doctorat d'Etat. Marseille. France. 1964. 

12. CH. ROQUE. dip18rne d '~tudes Suptrieures, Mar- 
seille, France. 1961. 

13. G. FERRONI. Diplame dlEtudes Suptrieures, Mar- 
seille, France. 1962. 

14. G. CARPENI. J. HALADJIAN et S. POIZE. J. Chirn. 
Phvs. 61. 733  (1964). 

15. J. H A L A D J I A N ' ~ ~  6. CARPBNI. J. Chirn. Phys. 64, 
1338 (1967). 

16. E. LANZA et G. CARPBNI. Electrochim. Acta, Sous 
presse (1967). 

17. M. Asso et G. CARPBNI. Acad. Rep. Populare 
Rornine, Omagiu Acad. Prof. Raluca Ripan, 81 
(1966). 

18.  G. CARPBNI et a/. Congres Intern. Union Pure ~ p p l .  
Chern., Ziirich, Abstracts p. 7 .  cf. Ann. Fac. Sci. 
Marseille, 30 (1960)  ( a )  p. 11. (b )  pp. 21 et 22. (c) p. 
20. ( d )  p. 17 et tableau p. 14. 

19. M. MICHEL. These d'Ing. Dr., Marseille, France. 
1959. Cf. Ann. Fac. Sci. Marseille, 30, 18, 36 (1960). 

20. E. FAURE. Diplame d'Etudes Suptrieures, Marseille, 
France. 1963. 

21. G. GEHIN. Diplame d'Etudes Suptrieures, Mar- 
seille, France. 1963. These de Doctorat d'Etat, 
Marseille, France. 1965. 

22. G. CARPBNI et Y. HAMMAN. C o m ~ t .  Rend. 239. 

23. F.-SP~TALI~R, R. SABBAH et G. CARPBNI. J. Chim. 
Phys. Sous presse (1968). 

24. G. CARPBNI, J. HALADJIAN et R. PILARD. Bull. SOC. 
Chirn. France, 1634 (1960). 

25. ( a )  A. TCHAKIRIAN et G. CARPBNI. C o m ~ t .  Rend. 

H A ~ A D J I A N ~ ~  G.'PE&NET. Bull. SOC.  chin^. ~ rance ,  
1903 (1960). 

26. G. CARPBNI. Compt. Rend. 237, 1088, 1154 (1953). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Recherches sur le point isohydrique et les kquilibres acido-basiques de 
condensation ou association en chimie. XXVII. Les hydroxocomplexes 

des sels organostanniques (CH3)3SnCI et (C2H5)2SnC12, en solutions 
aqueuses, A 25 "C et A diffbrentes forces ioniques 

MARCEL ASSO ET GEORGES CARPENI 
Laborntoire de Cliimie Mintrale A, FacultP des Sciences, Place Victor Hugo, Marseille (3"),  France 

R e ~ u  le 12 octobre 1967 

L'Ctude ClectromCtrique du chlorure de trimCthylCtain et du dichlorure de diCthylCtain, ti 25 "C et i 
diffkrentes forces ioniques, conduit B des rCseaux ph = f(x,c) prksentant, chacun d'eux, un point iso- 
hydrique (pi.), indice de l'existence en solution d'une espece associCe, prkpondCrante, en Cquilibre avec 
le monomere. L'examen thCorique a permis de dCterminer les diffkrentes constantes d'kquilibre. Pour 
chacun des rCseaux prCcCdents, les valeurs des coordonnCes isohydriques expkrimentales et des constantes 
calculees sont : 

(Io) SystPn~e (CH3) ~SIICI-KOH 
(nJ "Solvant" eau 

xi  = 0.50 + 0.01 pk, = 13.84 + 0.05; pkll  = 6.16 + 0.05 
plil = 6.16 + 0.02 pk,, + pkzi = 5.40 + 0.15; pkzz = 8.10 + 0.40 

(b) "Solvant " K+(Cl-) = 2 M 
X,  = 0.50 + 0.01 pk, = 13.94 + 0.05; pkl l  = 6.40 i 0.05 
plr, = 6.40 & 0.02 p k , ~  t pk21 = 5.45 + 0.20; pk22 = 8.40 + 0.40 

(2') Syst2171e (C2H5) ,SnC12-KOH 
(a) "Solvant" eau 

XI = 1.50 + 0.01 
phi = 4.62 + 0.02 

(b) "Solva~~t " K+(Cl-) = 1 M 
X I  = 1.50 + 0.01 pkc=13 .90+0 .05 ;  p k 1 1 = 2 . 6 5 + 0 . 0 3  
phl = 4.87 + 0.02 pk12 ~ 4 . 8 4  k 0.03; pkCz + pkZ2* = 4.00 + 0.10 

pk23 = 3.60 + 0.10 

Par ailleurs, le "sel isohydrique" (de taux xi = 0.5) ~IICOIIIIU jusqu'a prCsent a pu Ctre effectivement 
isolC: (CH 3)6Sn2(0H)C1. 

The electrometric study of the trimethyltin chloride and diethyltin dichloride, at 25 "C, and at different 
ionic strengths, leads to ph = f(x,c) networks, each of which shows an isohydric point (i.p.), proof of 
the existence in solution of an associated preponderant form in equilibrium with the monomeric. The 
theoretical study permitted us to determine the different equilibrium constants. The values of the 
experimental isohydric coordinates and of the calculated constants, for each of the previous networks, 
are : 

(1) (CH,) 3S~iC1-KOH System 
( [ I )  Water "Solvent" 

X I  = 0.50 ik 0.01 PIC, = 13.84 + 0.05; p l ~ l l  = 6.16 + 0.05 
phi = 6.16 i 0.02 pkcz + pkzl = 5.40 + 0.15; pkzz = 8.10 + 0.40 

(b) ,!+(el-) = 2 M "Solvetrt" 
x1 = 0.50 + 0.01 pk, = 13.94 + 0.05; pkll  = 6.40 + 0.05 
phi = 6.40 + 0.01 pk,z + pkzl = 5.45 k 0.20; pkzz = 8.40 + 0.40 

(2) (C2H5) 2SnC12-KOH Syste~~z 
(a) Water "Solvent" 

x i = 1 . 5 0 +  0.01 pk,= 13.85 + 0.05; pkl l  = 2.40 + 0.03 
plr, = 4.62 0.02 pklz = 4.58 + 0.03; pk,, + pkZ2* = 3.40 + 0.10 

pk23 = 3.30 + 0.10 
(b) K+(C/-) = I M "Solvet?t" 

Furthermore, the "isohydric salt" ((CH3)6Sn2(OH)Cl), corresponding to xi  = 0.50 but not known until 
now, was obtained. 
Canadian Journal of Chemistry, 46, 1795 (1968) 
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Notations 

k,, pk, Produit ionique de l'eau, (mole2 lP2) 
et son colog. 

6 kcart I ~ c a l c u 1 6  - Xcxpfrirncnta~ I. 
A tcart quadratique moyen = ( C62/N)"2, 

N ttant le nombre de mesures. 
Pour l'ensemble des autres notations, voir le 
mtmoire prtctdent. 

Introduction 

Les diverses ttudes entreprises sur les cations 
organostanniques, en particulier le cation 
[(CH,),Sn aq.I2+, ont montrt qu'il existait, en 
solution, des tquilibres entre monombres et es- 
pbces assocites. Tobias et collaborateurs (1, 2) 
rendent compte des rtsultats exptrimentaux en 
considtrant aussi bien les espbces dimbres et 
trimbres que celles dimbres et tttrambres. Pour 
Asso et Carptni (3), les courbes de titrage con- 
duisent a envisager l'existence surtout d'un di- 
mbre, prtpondtrant au taux isohydrique. Alles- 
ton, Davies et Hancock (4), par des dktermi- 
nations de masses moltculaires et analyses spec- 
trales, estiment que l'hydrolyse des composts du 
type R2SnX2 s'accompagne de la formation des 
complexes successifs: R4Sn2X20, R4Sn2X- 
(0H)O et R2Sn0. Des ttudes concernant l'in- 
fluence des groupements organiques sur la liaison 
Sn-C1 ont t t t  faites (5); on observe une dt- 
croissance gtntrale d'aciditt lorsqu'on passe des 
dtrivts trialkylts aux dtrivts monoalkylts. 
Prince (6) a ttudit, par conductimttrie, les dtri- 
vts trialkylts. Cet auteur a observt une tlkvation 
de la force acide avec l'encombrement stCrique 
des substituants. Janssen et Luijten (7) ont 
ttudit la dissociation des chlorures de trialkyl6 
tain dans le mtlange eau-tthanol 2 44% d'etha- 
no1 en poids. Enfin, Kasai et al. (8), Luijten et 
Van der Kerk (9) signalent la grande solubilitt de 
l'hydroxyde de trimtthylttain, tandis que Oka- 
wara et Yasuda (10) envisagent sa dimtrisation. 
Toutes ces ttudes montrent que les espbces prt- 
pondtrantes sont essentiellement celles mono- 
mbre et dimbre, sans lesquelles toute interprt- 
tation s'avbre pratiquement impossible. 

Nous nous sommes proposks, au cours du 
prtsent travail, d'ttendre l'ttude entreprise sur le 
cation dimtthylttain, a d'autres systbmes organo- 
stanniques tels que le trimtthylttain et le 
ditthylktain. 

Comme, dans tous les cas, les courbes de 
neutralisation ph = f(x,c) se coupent en un point 

de convergence bien dtfini, la dttermination des 
difftrentes constantes d'tquilibre a t t t  faite en 
utilisant la thtorie du point isohydrique tmise 
par l'un de nous (1 1). 

Produits et appareillage 
Les composCs (CH3),SnC1 et (CzH5)2SnCIz nous ont 

CtC fournis par la SociCtC Billiton Chemische Industrie 
(La Haye). Leur pureti a CtC vCrifi6e. ClectromCtriquement 
a la fois par titrage acidimitrique (Clectrode de verre) et 
chloromCtrique (electrode au chlorure d'argent). L'etain 
est dosC gravimktriquement sous forme de SnOz, d'aprb 
la mtthode de Luijten et Van der Kerk (12). Le KC1 
utilisC est un produit Prolabo, R.P. "Pour analyses". 

Les mesures de force electromotrice ont CtC faites au 
moyen d'un ph m&tre "Radiometer" a + 0.1 mV prks. La 
pile utilisCe est du type "avec transport" et peut &re 
schCmatisCe comme suit: 

L'Blectrode indicatrice est une Clectrode de verre 
"Radiometer" du type basique, CtalonnCe en concentratiotz 
des ions H f ,  par comparaison avec une electrode a Hz, 
selon une mBthode prCconisBe au laboratoire (13) et qui 
permet, en meme temps, de dCterminer la valeur du 
produit ionique kc du "solvant" utilis6. 

Toutes les experiences ont BtC faites dans un thermostat 
reg16 a 25 t 0.05 "C et i l'abri du C 0 2  atmospherique. 

Lorsqu'on a voulu opCrer i force ionique sensiblement 
constante, nous avons ajoutk du KCI, i concentration 
relativement ClevBe par rapport a celle du solutC, de f a ~ o n  
a maintenir la concentration cationique constamment 
Bgale a [Kf (Cl-)] = 2 M.' 

Rksultats expkrimentaux 

Electrode 
indicatrice 

(A)  Les rtseaux des courbes de neutralisation, 
a difftrentes concentrations, ph = f(x,c), prtsen- 
tent un p.i. d'abscisse xi = 0.50 pour le dtrivt 
trimtthylt et xi = 1.50 pour le dtrivt ditthylt. 
Les rtsultats sont donnts sous formes de "cour- 
bes exptrimentales" et "points calcults" (Figs. 1, 
2). A titre d'exemple, les abscisses exptrimentales 
et calcultes ainsi que les tcarts quadratiques 
moyens relatifs a la Fig. 1 sont indiquts dans le 
Tableau I. Dans les autres cas, nous avons 
simplement donnt les valeurs des constantes 
d'tquilibre. 

solution 
de sel 
organo- 
stamique 

siphon de 
KC1 saturB 
i 25 "C 

'I1 est Cvidemment impossible d'avoir une concen- 
tration constante a la fois en anion et en cation. Notre 
choix a CtC dCtermin8: 

(1) par le fait que, dans le cas prCsent, l'isopoly- 
association intBresse le cation; 

(2) parce que le fonctionnement de 1'Blectrode de verre 
semble meilleur dans ces conditions. 

solution 
saturee de 
KC1 et 
Hg2ClZ 
25 "C 

Hg 
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ASS0 ET CARPENI: RECHERCHES SUR LE POINT ISOHYDRIQUE. XXVII 

FIG. 1. Riseau des courbes de neutralisation ph =f(x,c) de (CH,),SnCl par KOH, 25 "C, en milieu "eau": 
courbes exptrimentales en traits plein; points, pour les valeurs calculees. 

(B) L'ttude du systeme (CH ,) ,SnCl-(CH ,) ,- Pour le chlorure de trimtthylttain, peuvent 
SnOH-H20 par la mtthode des restes (de ainsi Ctre envisagtes les rtactions totales ou 
Schreinemakers) a permis d'isoler 3 phases soli- tauilibrtes2: 

1 - - 
des, dont l'une (celie correspondant au sel acide 

(CH3)3SnCl -> [(CH,),Sn]+ + C1- 
"isohydrique" (CH,),Sn2C10H, de taux xi 
= 0.5) n'ttait pas jusqu'ici mentionnte dans la (dissociation pratiquement totale) et 

ou, symboliquement (cf. Notations) 
Interpretation des rksultats expkrimentaux 

La dissolution dans l'eau des sels organo- [31 c i  o * C I  1 4- h (avec k i  i = c11hc10-') - 
stanniques entraine une dissociation ionique, en et, tventuellement, aussi des rtactions d,associ- 
mCme temps qu'une acidscation attribuable 5 la ation. 
dissociation "acide" (au sens de Bronsted) des 
cations stanniques hydrates; il apparait done, en Vour simplifier IyCcriture, les moltcules d'eau d'hydra- 
solution, d'une part, des ions C1- et, d'autre tation (en particulier celles coordinies autour des atomes 

part, des cations organomttalliques hydratts, Sn) ne figurent pas dans les formules. On peut rioter, par 
ailleurs, que l'hydrolyse pourrait Ctre "interne", c'est-a- 

plus ou moins "acides". dire avoir lieu aux dtpens de l'eau coordinte prtcidment. 
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FIG. 2. Rtseau des courbes de neutralisation ph =f(x,c) de (C2H,),SnC12 par KOH, a 25 "C, en milieu "K+(CI-)" 
= 1 M: courbes exptrimentales en traits pleins; points, pour les valeurs calcultes. 

TABLEAU I 
RCseau ph =f(x,c) exptrin~ental et calcult: titrage de (CH3),SnCI par KOH a 25 "C ("solvant" eau). Coordonnies 

isohydriques: XI = 0.50,phi = 6.16. Constantes: plc, = 13.85; pkll = 6.16; pkz2 = 8.15; pkcz + p/czl = 5.40 

c = 0.4 c = 0.2 c = 0.1 c = 0.05 c = 0.02 c = 0.01 c = 0.005 C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ASS0 ET CARPENI: RECHERCHES SU IR LE POINT ISOHYDRIQUE. XXVII 1799 

Pour le dichlorure de ditthylttain, on aurait 
de m&me les tquilibres: 

La prtsence, dans un rtseau de titrage tlectro- 
mttrique ph = f(x,c), d'un p.i. implique, d'apres 
la thCorie de Carptni (11) les constquences 
suivantes : 
-l'existence, en solution, d'un tquilibre entre 
2 especes principales, ions et moltcules rnotzo- 
mdres, d'une part, ions et moltcules associts ou 
condensts, d'autre part; 
-1'espece associte ou condenste, prkpondkmzte 
autour du p.i., posskde une courbe de titrage 
qui doit, elle aussi, passer par ce point; 
-1e degrt n d'association ou de condensation, 
et le nombre z de liaisons OH, de l'ion c,,,, sont 
lits par la relation: xi % (z/n),,,, oh m est un 
facteur de multiplicitt. Pour nz = 1, correspon- 
dant B la solution la plus simple du probleme, 
l'abscisse du p.i. xi = 0.5 = 112 (cas du trimtthyl 
ttain) donne z = 1 et tz = 2 d'oh l'ion c,, 
= [(CH3),Sn2(OH)It, alors que avec xi = 1.50 
= 312 (cas du ditthylttain), on aura z = 3 et 
n = 2, d'oh l'ion cZ3 = [(C2H,),Sn2(OH)3]t. 

Dans les deux cas, la thtorie conduit ainsi 
immkdiaten~ent i des dinzsres. Le calcul ulttrieur 
prouvera si ces conclusions sont compatibles, 
effectivement, avec l'exptrience. 

La marche adoptte pour I'analyse quantitative 
des rtsultats est la suivante: 

On calcule, tout d'abord, (la ou) les constantes 
de dissociation du nzonomdre, en se p la~ant  sur la 
courbe exptrimentale la plus dilue'e, qui corres- 
pond en gtntral aux solutions exemptes d'espkces 
assocites. 

On dttermine, ensuite, au moyen des tquations 
de "conservation" des masses et des fonctions 
hydroxydes (cf. Notations) 

les constantes relatives aux difftrents tquilibres 
de la forme dimere. 

Chlorure de trime'thyle'tain 
(a) Constante du monom2re 
Ce systeme ne prtsente qu'une seule fonction 

acide (k, ,), aussi l'ttude de la forme monomere 
s'effectue-t-elle trks simplement, et avec une tres 
bonne approximation, au point de demi-neutra- 
lisation, soit a x = 0.50. La valeur de la con- 
stante k , ,  obtenue est vtrifite en d'autres points 
de la courbe exptrimentale, et, en particulier au 
p.i. On a, en effet: 

Le calcul conduit 9: 
pk,, = 6.16 f 0.05, dans le "solvant" eau 
pk, , = 6.40 f 0.05, dans le "solvant" Kt(C1-) 

= 2 M .  
(b) Constantes du ditndre 
L'hypothese dimere nous conduit B eilvisager 

les tquilibres symboliques suivants : 

[I :I.] c lO + c, , + c, ,, de constante globale: 
1c,,k2,k1 ,-' = ~ , , c , ~ - ~ c ~  ,-' 

[12] et c,, + c,, + h, de constante: 

k Z 2  = ~ , 2 h ~ 2 1 - ~  

Les tquations de "conservations" deviennent : 

soit, en explicitant: 

La rtsolution de ce systeme fournit les valeurs 
des constantes lc,,k,, et k,, cherchtes. On peut 
simplifier les calculs en ntgligeant la forme c,, 
= [(CH ,) ,Sn,(OH), ] dans la premiere partie du 
rtseau (0 < x < 0.5). En calculant au prtalable 
le parametre c, ,, une valeur moyenne de k,,lc,, 
est obtenue aistment. 

On trouve ainsi: 
(lo) milieu "eau": pk,, + plc,, = 5.40 f 

0.15 : 
(2" milieu "K+(c~-)" = 2 M: PIC,, + pk,, 

= 5.45 * 0.20. 
L'introduction ulttrieure de c,,, surtout dans 

les rtgions de taux tlevts (0.7 < x < l), permet 
finalement d'atteindre les valeurs : pk,, = 8.1 
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1800 CANADlAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

+ 0.4 dans le "solvant" eau, et pk,, = 8.4 
+ 0.4 dans le "solvant" K*(Cl-) = 2 M. - 

Le calcul des x a partir de ces valeurs, nous a 
permis de constater qu'elles convenaient rtelle- 
ment, car les Ccarts entre les x expkrimentaux et 
x calculCs, n'excedent pas 1/100 de taux, prt- 
cision de l'ordre de l'erreur exptrimentale 
moyenne. 

Dichlorure de Die'thylyle'tain 
(a) Constantes du rnonom2re 
Puisque la forme monomere c,, se comporte 

comme un acide dibasique, dont la courbe de 
titrage ne prCsente, pratiquement, pas d'inflexion 
marquCe A la premiere stoechiomCtrie, ses con- 
stantes de dissociation k, ,  et k,, doivent, en 
fait, intervenir pour toute la zone de x = 0 a x 
= 2. 

On Cvalue tout d'abord k,, au point de demi- 
neutralisation de la deuxibme fonction acide, 
soit A x = 1.50, qui est pratiquement aussi le p.i. 
du rCseau. On obtient, au moyen de la relation 

[15] k,, = hc12~11-1 
= hi(Xi - 1)(2 - xi)-,  

dans le "solvant" eau: pk,, = 4.58 + 0.03, dans 
le "solvant" K*(Cl-) = 1 M: pk,, = 4.84 
+ 0.03. - 

Ayant k,,, on dttermine ensuite k ,  ,, en se 
servant des Cquations de "conservation" rela- 
tives au monomere: 

c = c,, + c,, + c,, 
c X =  c,, + 2c,, 

et en faisant le calcul en plusieurs points expCri- 
mentaux. L'Cquation 

conduit 9: pk, , = 2.40 f 0.05, dans le milieu 
"eau" et pk, , = 2.65 + 0.05, dans le milieu 
"Kf(C1-)" = 1 M. 

(b) Constantes du dirn2re 
L'espCce dimbre prepondkrante au point iso- 

hydrique serait le complexe c,, - [(C2H5),- 
Sn,(OH) ,] + formt d'apres 1'Cquilibre : 

ou, symboliquement, pour stparer 1'Cquilibre de 
condensation (ou association) proprement dit, de 
celui de dissociation (neutralisation) : 

1181 2c,, e c,, de constante globale 
- 2 

kC2k22*kll = C 2 2 C l  l 
- 2 

[19] et c,, e cZ3 f h, de constante 
kZ3 = c ~ ~ ~ c ~ ~ - ~ .  

Une valeur approchte de kZ3 peut &tre immCdi- 
atement obtenue en se servant des coordonntes 
du p.i. d'apres la relation (du type Henderson- 
Hasselbalch) : 

L'abscisse isohydrique (en X) Ctant Xi = 1.47 
dans les 2 milieux, on trouve: pk,, = 3.30 
f 0.10 dans le "solvant" eau, pk,, = 3.60 
+ 0.10 dans le "solvant" K*(C1-) 1 M. - 

On dCtermine, ensuite, dans la majeure partie 
du rCseau (0.3 < x < 1.7), le produit de con- 
stantes kC2k2,*relatif ala formec,, = [(C2H5).- 
S ~ , ( O H ) , ] ~ ~ ,  au moyen des Cquations: 

soit, explicitement : 

On obtient ainsi une valeur moyenne du produit 
kC2k2,*: pk,, + pkZ2* = 3.40 f 0.10 dans le 
milieu "eau", pk,, + pk,,* = 4.00 ? 0.10 dails 
le milieu "Kf (Cl-)" = 1 M. 

On a essay6 de diterminer k,, (relative a la 
forme c,,) dans la premiere partie du rCseau 
(0 < x < 0.50), et kZ4 (relative a c,,) en der- 
niere partie du rtseau (1.5 < x < 2). N'ayant pu 
obtenir des valeurs significatives de ces constan- 
tes, il semble que les especes c,, et c,, soient ou 
nkgligeables ou pratiquement absentes en solu- 
tion. Pour vCrifier si les diverses constantes ainsi 
dCterminCes convenaient rCellement, des rCseaux 
thCoriques ont CtC construits pour les diffkrentes 
concentrations utilistes dans les exptriences. Les 
valeurs de x calculCes ont CtC porttes sur les 
graphiques (petites croix dans les Figs. 1, 2) et 
dans le Tableau I. 

L'accord est tres satisfaisant et les tcarts quad- 
ratiques moyens (cf. Notations), pour les quatre 
systemes calcults, sont de l'ordre de 5 x 
soit infkrieurs aux erreurs moyennes exptri- 
mentales. 

Les Figs. 3 et 4 reprtsentent graphiquement 
les pourcentages relatifs des diffkrentes espkces 
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FIG. 3. Concentrations relatives nc,,=/c des especes 
n~oltculaires et ioniques monomeres et dimtres, en Cqui- 
libre, au cours du titrage d'une solution de (CH3)3SnCI 
0.2 M par KOH, a 25 "C, en milieu "K'(C1-)" = 2 M. 

FIG. 4. Concentrations relatives nc,,/c des espkces 
molCculaires et ioniques monomeres et dimeres, en Cqui- 
libre, au cours du titrage d'une solution de (CZH5)2SnC12 
0.01 M, par KOH, a 25 "C, en milieu "K+(Cl-)" = 1 M. 

en solution pour des concentrations relativement 
ClevCes. Un diagramme ternaire du systeme 
(CH ,),SnCl-(CH ,) ,SnOH-H20 a CtC Cgale- 
ment track (Fig. 5). On observe que l'addition 
d'ions OH- favorise la dimirisation. La concen- 

JR LE POINT ISOHYDRIQUE. XXVII 

Hz0 

FIG. 5. Diagramme d'equilibre ternaire du systen~e 
(CH3)3SnCI-(CH3)3SnOH-H20, a 25 "C, en g %. 

tration de la forme associke est maxirnunz au taux 
isol7ydrique et le solide correspondaizt prkcipite 
kgalenzent a ce taux (sa solubilitC est donc con- 
gruente). On constate ainsi, une fois de plus, que 
le p.i. permet non seulement de rendre aisCment 
compte des Cquilibres en solution, mais fourni 
correctement, en m&me temps, la composition du 
solide prCcipitC. 

Conclusion 
L'Ctude des systemes (CH,),SnCl et (C2H,),- 

SnC1, faite par Clectrometrie a permis d'obtenir 
des rCseaux de titrage ph = f(x,c) qui, comme 
toujours, prCsentent des convergences isohydri- 
ques, indice de l'existence d'une espece associCe 
prCpondCrante, en Cquilibre avec le monom6re. 
Les rCsultats obtenus (en parfaits accords avec la 
thCorie du point isohydrique) font intervenir 2 
c6tC des especes monomeres, essentiellement les 
especes dim?res: c2, = [(CH,),Sn,OH]' et 
cZ2 = (CH,),Sn,(OH), pour le trimCthylCtain, 
c 2 2  = [(C2H.5)4Sn2(oH)212+ e t  c 2 3  = 
[(C2~5)4Sn2(OH)3]+ pour le diCthylCtain. 
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Electrocrystallization and surface diffusion: Effect of chemical reaction in 
the solution 

S. K. RANGARAJAN 
Central Electrochemical Research Institute, Karaikrtdi-3, Zr~dia 

Received July 14, 1967 

A theoretical solution to the problem of electrochemical crystal growth when (a) surface diffusion, 
(b) diffusion in the solution phase, and (c) a chemical reaction in the solution are all present is derived. 
The rate of lattice incorporation is assumed to be fkite. A generalized impedance function is derived and 
its characteristics discussed. 

Canadian Journal of Chemistry, 46, 1803 (1968) 

1. Introduction 

The theory that surface diffusion can be a 
slow step in the overall mechanism for electro- 
chemical crystal growth has been proposed 
(1-5)' and experimental evidence from tech- 
niques employing faradaic impedance (2,3) po- 
tential step (4), and galvanostatic charging 
transients (1, 4 6 )  are advanced. The earlier 
theories (1,2,7,8) (barring an attempt by Lorenz 
(3)) were confined to conditions of null-con- 
centration polarization in the solution phase. 
However, a mathematical formalism developed 
recently (9, 10) takes into account the diffusion 
in the solution as well. 

The earlier studies (9, 10) treated the diffusion 
effects in the absence of any prior chemical 
reaction in solution. We consider in this paper 
the more general problem of the interaction of 
bulk diffusion of metal ions with the surface 
diffusion of adatoms in the presence of a homo- 
geneous reaction. Thus the theory developed 
here may be useful when a partial dehydration 
of the metal ions is essential prior to the dis- 
charge step or if the oxidant is a complex ion 
and the concentration polarization for the com- 
plexing substance cannot be ignored. The 
emphasis made by this paper is on the formal, 
rigorous solution to the mathematical problem. 
In a subsequent communication, theoretical 
curves computed on the basis of these results and 
comparison with the experimental findings of 
Lorenz and those planned in this Laboratory 
will be discussed. 

In this paper, we present theoretical results 
concerning the time dependence of the current 
when the overpotential is kept constant. An 

'Reference 1 provides a detailed report on the galvano- 
static experinlents of the Philadelphia School. 

expression for the generalized impedance that 
would formally represent the interface (under 
certain conditions) is also presented. Some of 
the earlier results worked out for less general 
schemes are shown to follow from the solutions 
given in this paper. 

An essential feature characterizing these prob- 
lems of electrodeposition is the distinction made 
between the region where the electrochemical 
charge transfer takes place and sites where the 
products are to be 'delivered'. The phenomenon 
linking the two, viz. charge transfer and the 
adatom incorporation, is the surface diffusion. 

Models describing the mechanism of electro- 
chemical crystal growth and the surface structure 
are both required. The mathematical complexity 
introduced by even the most elementary de- 
scription of the 'actual' physical situation limits 
one to idealizations even if somewhat un- 
satisfactory. 

2. Reaction Schemes 

Of the several steps that may constitute the 
overall scheme of lattice buildup, only the follow- 
ing are considered in this paper: (i) a homoge- 
neous chemical reaction in solution, that is for- 
mally monomolecular; (ii) the diffusion of the 
reactive species to the surface from the bulk of 
the solution ; (iii) the electrochemical charge trans- 
fer at the surface; (iv) diffusion of adatoms along 
the surface to the lattice building sites, viz. edges; 
(v) lattice incorporation, i.e. 

metal atom (adsorbed) S metal atom (lattice). 

Though the 'order of events' described here 
refer to deposition conditions, this scheme and 
the following discussion could easily be adapted 
to dissolution conditions as well. 
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I t  has been recognized that the lattice incor- 
poration may not be in 'equilibrium', i.e. the 
rate of adatoms along the surface may be com- 
parable with or less than the rate at which the 
adatoms lodge themselves in the kinks. The 
slowness at this incorporation stage may arise 
from several factors. For example, allowing that 
adatoms are not wholly desolvated, the re- 
action (v), viz. adatom (surface) + metal atom 
(lattice), which demands a complete desolvation, 
can be slow indeed. 

Moreover, incorporation of the adatoms into 
the kinks need not always occur with unit 
probability (1 1). Assumption of a finite rate of 
'lattice incorporation' is an acknowledgment of 
the fact that the diffusing species may be either 
reflected from or reversibly captured at steps. 
Again, the assumption that the concentration 
gradient on the surface is one-dimensional and is 
edge-oriented may become unrealistic if the dens- 
ity of kinks is not too large. A finite incorpora- 
tion rate postulated at the edge can thus be use- 
ful under such conditions which prevent the edges 
from playing the role of ideal kinks. 

3. Model for the Surface 

The model assumed for the surface structure, 
however, is the same as done earlier (lb). The 
surface is composed of a planar region which is 
'acceptable' as far as the 'charge transfer' goes 
but not for the lattice incorporation. The lattice 
building sites are to be reached by the 'dis- 
charged species', adatoms (or adions), by dif- 
fusion. The edges provide the lattice-building 
sites and, in turn, are made available 'continu- 
ously' by screw dislocations. Yet another 
simplification adverted to, primarily to simplify 
the mathematical apparatus, is that edges form 
a parallel array with an inter-step distance, 21, 
say. While dealing with a surface not populated 
by 'fully developed' screw dislocations, 21 is to 
be related to the density of dislocations. The 
edges are identified with the steps introduced by 
the pairs of dislocations of opposite sign emerg- 
ing with screw component perpendicular to the 
surface (1 c). 

There is no doubt that a uniform distribution 
of steps (such as that assumed here) does not 
faithfully reflect the physical picture (lc). But 
in the absence of any reliable information on the 
frequency distribution of the inter-dislocation 

distance, it is safer to assume, as has been done 
elsewhere, that 21 x N = 1, where N is the 
density of 'active' dislocations (1). This is 
particularly valid in transient studies and near 
equilibrium conditions. (A satisfactory method 
of accounting for the spatial distribution of steps 
would be to assume a distribution of inter-step 
length and, based on this, to give weightage in 
evaluating the instantaneous current/potential. 
The assumed frequency distribution, however, is 
supposed to be stationary with respect to time). 

An attempt to identify the 'growth sites' with 
the parallel arms of a fully grown spiral (in 
which case 21 is to be equated to the inter-step 
spacing with the attendant q-dependence, etc.) 
is indeed more specific, but is less general (8). 

4. Formulation of the Problem 
Scheme: 

[i] Y + BX + 0, (chemical reaction in bulk) 

[ii] 0 (bulk) -, 0 (pre-electrode layer), (diffusion) 

[iii] 0 + ne + R (surface), (charge transfer) 

[iv] R (surface) -, R (edge), (surface diffusion) 

[v] R (edge) + R (lattice), (lattice incorporation) 

A large excess of X, as compared with 0 and 
Y, is assumed and, consequently, [i] is formally 
monomolecular. The concentration changes of Y 
are not assumed to be negligible but it is assumed 
that Y and X are not oxidized or reduced at the 
electrode. I t  is obvious that if, instead of [i], 
the reaction Y + 0 + pX is considered, the 
mathematical apparatus that follows is not 
essentially different. For the overall electro- 
chemical reaction [ui], we assume the usual rate 
equation in the form 

i t )  = ( Z )  Sz (klCo - k2C,,) d r ,  

where Z F ~ ~ C O '  = io exp (a,Frl/RT) 

and ZF~~C,,' = ioexp (-a,Frl/RT), 

the overpotential q being assumed constant. (The 
integral in the right-hand side (r.h.s.) over the 
distance variable denotes the averaging process.) 

In mathematical terms, we represent this 
diffusion problem as follows. 
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RANGARAJAN: ELECTROCRYSTALLIZATION AND SURFACE DIFFUSION 1805 

[41 v2 = a2/ax2 + a2/ay2, (the x axis is along the surface and perpendicular 
to the steps; y axis is normal to the electrode and 

with the boundary conditions into the solution) and the initial conditions 

[51 Y = 0: ~ a c ~ / a y  = klc0 - k2cnd [lo] t = 0: co = coo,  cU = cU0, and cud = cad0 
5. Mathematical Solution 

Define 

[I].] j ( ~ )  = p Jm e-p?(t) dt = ~ [ f ( t ) l  

[7] DdCo/ax = DdCU/dx = D,aCad/ax = 0 and f(t) = L-'Cf@)). 
x = o  The solution for the boundary value problem 

[sl DdCo/ax = D ~ c , / ~ x  = 0 [I]-[lo] is stated below (refer Appendix I). 

= ( l / (K + 1))  f: crnArn@)[l - ((P + l / ~ m ) / @  + IL + l / ~ m ) ) l / ~ l  
m=O 

exp [- (@ + l/rrn) /D) 1/2y] cos (m .rrx/l) 

cos (max/l) - [k3/(k3~i*(P) ~ l ) l ( k i c o ~  - ~ z c ~ ~ O ) [ ( P D ) ~ / ~ / + O ( P ) I  

((p/D,)"?) - cosh ((p/D,) (1 - x))/sinh ( ( p / ~ , ) ' / ~ l )  
where 

[I51 Am@) = - (klcoo - k?cndO) . ( P / + o ( P ) ) ( ~ ~ ~ o  + [ ~ ~ ( P D ) ~ / ~ / + ~ ( P > I  . [k3/(k3sl*(~) + PJ)]}, 

[IS] I/T, = m 2 a 2 ~ / 1 2  under constant q-conditions. However, it is 
simpler to obtain the Laplace transform of i(t), 

[ 191 1/7?: = m2a2DU/l2 and viz. i (p)  as 

[20] = 1, m = 0 ;  = 0, otherwise. 
Our primary interest lies in evaluating the cur- fZ2] '(P) = (ZF/l) 1' [klco(xi ' 9  p) 
rent-time behavior. 

- kzcud(x, P)l dx 
121.1 i(t) = (ZF/J) J1 (~ICO(X, y, t) 

- k2Cad(x, t) dx) Iu=o 
= (zF/~) J D (a~, /ay) ,=,  dx 
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It is proved in Appendix I that 

so that 
[I  + ( l / K ) ( P / ( P  + 

[25] ~ ( p )  = ~ ~ ( k i ~ o ~  

[I + (kzk3(p~)~~~/+o(P))/(k3~1*(~) + PL)].  
sl*(p) is defined through [16]. The solutions 
[12]-[14] and [22], though exact, are not com- 
plete (the time dependence not being explicitly 
stated). Though inversion of the transforms 
occurring in [12]-[23] is a formidable task, a 
formal presentation of these solutions was con- 
sidered useful because, with [25] : 

(i) generalized impedance for small deviations 
from equilibrium can be given. In particular, for 
a small sinusoidal input, it is possible to obtain 
an exact frequency dependence of impedance; 

(ii) even if it be heuristic, the relative im- 
portance of the relaxation times defined for the 
various steps can be discussed; and 

(iii) numerical inversion of transforms is in- 
deed possible, though usually t e d i o ~ s . ~  

6. Particular Cases 

( i )  Chemical Reaction (in the Solution) Injinitely 
Fast 

pt << 1 or K - t  a ;  since 

[261 s t ( P )  -t 2 ernP(k1 + ((P + l / ' ~ n ~ ) D ) " ~ )  
m=O 

[a71 $o (P)  -t ( k ~  + ( P D ) ~ / ~ ) P  + k z ( ~ D ) ~ / ~ .  

A substitution of 1261 and [27] in [25] gives 
an expression for i(p) which is identical with that 

'Attempts are being made in this laboratory to obtain 
numerical inversion of [25] and will be published later. 

CHEMISTRY. VOL. 46, 1968 

derived earlier [lo]. (A misprint is to be corrected 
in equation [39] of ref. 10.) 

(ii)  Surface Dzjfzrsion and Lattice Incorporation 
Fast 

[28] D,t/12, kz12/D, 4 0 and kzl/k3 -+ 0 

Sl*(P) -t 

[a91 $ o ( P )  - + P ( P D ) ' / ~  + klp(I</K + 1 )  

11 + ( l / K ) ( P / P  + 
[301 ~ ( p )  -t z F ( k i ~ o ~  - k2Caa0) . [I + ( k i /  

K + ~ - ~ ( P D ) ~ I >  + / U P  + EL~i~)1/3)1-i 
Equation [30] can be seen to be a special case 

of the result obtained earlier,3 if one observes 
that the concentration polarizatioil of the 're- 
ductant' is assumed absent here and i, # W .  

(iii) Chemical Reaction, Bullc Dzrusion: Both 
Negligible 

D ~ / P ,  K ,  ( ~ / t )  l12/kl -+ 

1311 sl*(P) -t slz*(P) = ( P / P  + k2) . ( (9  

+ h ? ) / ~ , ) l / ~ ~  ~ 0 t h  ( [ ( p  + k ? ) / ~ , ] ~ / ? )  

[321 $ o ( P )  + (9 + kz)  (PD)  
so that 

[331 z ( p )  ~ ~ ( k l c o ~  - k?Cado) ( p /  (p  + 
k z ) )  - [I + (k&a/(P + k z ) )  (k3siz*(p) + pl)-']. 

[33] is a fainiliar result (8, 9). 

(iv) A Slow Cliemical Reaction 

I< -t 0 
m 

[341 s i*(p)  -+ sia*(P) C emP[ki + ( (9  
nr=O 

+ EL + 1 / ~ r n ) ~ > ' / ~ I  . [ ( ( P  

+ EL + ~ / ~ ? I & > D ) " " P  

+ ~ / T ~ , L "  + k2) 

+ k l (P  + l / ~ m " ) ] - ~ ,  

1351 $0(p> -t $03 ( 9 ) )  say = ( p / p  + ~)"?k lp  

+ ( P  + k z ) ( ( P  + E L ) D ) ~ / ~ I  

3See, for e.g. ref. 12, eq. [33]. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RANGARAJAN: ELECTROCRYSTALL .IZATION AND SURFACE DIFFUSION 1807 

Equation [40] can be rewritten as 

The results derived above refer to the poten- 
tiostatic conditions, i.e. Ic, and k, are constants. 

7. Generalized Impedance 

The expression for i(p) when the input, viz. 
i(t), is small (but time dependent) (ZFq/RT<<l) 
is 

[371 z(P)/io = (zF?(P)/RT) (P(PD)"~/$o'(P>) 

R,, the familiar transfer resistance, and R,, 
a resistance due to finite lattice incorporation, 
are dependent on i, while C,,, termed the 
'pseudo-capacitance', is not. RL, R,, and C,, are 
'constants' and show no frequency dependence. 
ZsD accounts for the impedance offered by the 
diffusion on the surface with the interference of 
the bulk diffusion and kinetic effects in solution 
properly accounted for. ZD denotes the War- 
burg impedance. Thus the faradaic impedance 
can be analyzed into a series combination of 
R,, Z,, ZKD and an impedance which itself is 
composed of a capacitance C,, parallel to 
(ZSD + RL). 

(i) Z,, 4 a pure resistance for t + a and 
(ii) for t 4 0, C,, assumes control over 

(Z,, + RL) while for t 4 a, it is vice versa. 
For a small sinusoidal input, the steady state 
frequency dependence of impedance is im- 
mediate. The complex Zf(jo), ( j  = can 
be easily evaluated for various freqnencies and 
the equivalent circuit elements can be computed. 
A detailed study of the dependence of Zf( jo)  
on various non-dimensional parameters, viz. 
D/o12, ~ , / o l ~ ,  k,l/k,, k l / l / a ,  k,/o, K, and 
p/o will be reported in a subseqnent communi- 
cation. 

The shortcomings inherent in the model 
postulated for the surface, the lack of generality 
in the above scheme of reactions for the overall 
electrochemical crystal growth and the in- 
volved nature of the problem reflected through 
the mathematical solutions given are obvious. 
Firstly, the possibilities of a potential drop varia- 
tion along the metal surface and consequent 

(k3~1*'@) + pl)-ll 
where 

[38] kl' = io/ZFco0 and kz' = io/z~cnd0. 
In [37], $,'(p) and sl*'(p) are the same as 

$&) and s,*(p) except that k,' and k,' replace 
k, and k, respectively in [I61 and [17]. Thus, 
under linearized conditions, the impedance 
f~~nction,  Zf(p), can be introduced. 

From [37], it is noted that 

After some algebraic manipulations, the im- 
pedance function can be presented in a more 
convenient form, viz. 

+ [P/kz + l/(s" (p) + kzl/k3)]-'], 
where 
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surface migration effects (ref. 10, p. 1130, com- 
ments by Prof. Gerischer) and secondly, the 
instantaneous time-profile of the surface re- 
main but are ignored in this paper. And a more 
sophisticated averaging for the current (or the 
potential) under potentiostatic (or galvanostatic) 
conditions taking into account the inter-step 
distance distribution (and various other crystal- 
lographic aspects in the case of polycrystalline 
electrodes) is called for, but not offered here. 
Investigations on these lines are in progress. 
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Appendix 

Transform the variables C,, and C,, through 

[A.l] M* = CO + C, - M0 and 

[A.21 N* = (C,, - (l/K)Co) exp (pt), where 

LA.41 K = (kf/kb) (c,O)@ 

LA.51 1~ = kt(cZ0)@ + kb. 

Equations [I]-[5j and the conditions [5]-[I01 
become 

IA.61 DV~M* = a ~ * / a t ,  

LA.71 DV~N* = dN*/dt, with 

[A.S] aAl*/ax = aN*/ax = 0 a t  x = 0 

and; = I 

LA.91 M* = N* = Oasy--t 

[A.10] D(aM*/ay) = klC0 - k,C,, 

= (kico* - k2Cnd*) + kicoO - k2cnd0 

= kl(K/(K + 1)) (M* - N* exp (-pt)) 

0 - K2Cad* + klcoO - k2Cnd a t  y = 0 

[A.11] D(aN*/ay) - exp (-pt) = -kl/(K 

+ I) . (Al* - N* exp (-pt)) - kZCnd* 

+ (kicoO - k2cnd0) /~  a t  y = 0. 

Also 

= dCnd*/at, with 

[A.13] D,aCnd*/ax = k3Cnd* a t  x = 0 

[A.15] Cad* = Cad - cndO = Owhent = 0. 

Defining Laplace transform of a function 
f(x,y,t) as 

LA.161 f (x,y,P) 

= P la exp (-Pi) . fk,y, t )  dl = L[fl 

and finite fourier cosine transform of f(x,y,t) in 
the interval (0, I )  through 

LA.171 fC(n,y,t) 
1 

= (2/1) f(x,y,t) cos (nrx/l) dx, 

one has the simple inversion 

= 5 ~ - ~ [ j ~ ( m , y , p ) l  cos (mrmr/~). 
m=O 

In IA.18) 

= 2, otherwise. 

Applying the above transforms to the func- 
tions M*(x,y,t), N*(x,y,t), and C,,(x,t), it can 
be shown by elementary methods that 

+ 1 /~m>/~>"" )  
and 
LA.211 N,*(~,Y,P) = Bm@) . exp (- (@ 

+ ~/%J/D)~'~Y) 
where 

and An,@), Bn,@), unknown 'constants'. Thus, 
with [A. 181 

+ 1 /rm) / D ) " ~ ~ )  - cos (m rx/l) 
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RANGARAJAN: ELECTROCRYSTALLIZATION AND SURFACE DIFFUSION 1809 

and 
a - C € ~ ( P / P  + P ) B ~ ( P  + P )  

LA.241 N* (~ ,Y ,P )  = C cmBm(P) . exp (- ((p m = ~  
m=O cos ( m ~ x / l )  

+ 1 / ~ , )  / ~ ) ' / ~ y )  cos ( m  axil). 
Since + ksEo(p) cosh ( ( P / D , ) ' / ~ ( ~  - x )  

[A251 (dM*/dy),=o = - k2 C c m ~ m @ ) [ ( ( ~  
m=O 

- ~ [ ~ d i V * / d y .  exp ( - ~ t ) ] ,  
one obtains + l / ~ ~ ) ~ ) ' / ~ / ( p  + l / ~ m ~ ) l  

rA.261 cmAm(P) . ((p + 1 / 7 m ) ~ ) ' / ~  
cos ( m ~ x / l )  

where 
- - -em P . K  .Bm(P + P )  ((p [A.32] 6,0 = 1 , m  = 0 

+ P + 1/7m)~) ' l? l (P + P I .  = 0 ,  otherwise. 

Substituting for (aM*/ay),,o in CA.121 We note from CA.261 

[A.27] D,d",,*/dx2 - PCnd* - C €,Am@) ((p rA.331 K ' Bm@ + P )  & / p  + P )  

+ I / T , ) D ) ' / ~  cos ( ~ T x / z )  = o = - A m ( p )  ( ( P  + l / ~ ~ ) ~ ) ' / ~ / ( ( p  

from which it is deduced, with the help of + P + ~ / T ~ ) D ) ' / ~  
CA.141, that and using the identity 

[A%] end* (x ,p )  = Eo@) . cash ( ( P / D , ) ' / ~ ( ~  
[A.34] @/D,) ' 1 2 1  - cosh ( ( ~ / D , ) ' / ~ ( Z  

- x )  ) /sin11 ((p/D,) ' 1 2 1 )  
- - fr cmAm(P)[((P + 1 / 7 m ) ~ ) ' / ~ / ( ~  

m=O 
m 

+ 1 / T ~ ~ ) ]  . cos ( m  T X / ~ ) .  = m=O C [em$/ (p + 1/7ma) 1 cos ( m  T X / ~ ) ,  

In CA.281, E,(p) is an unknown constant and CA.311 is transformed into 

[A.29] 1 / ~ ~ '  = m 2 ~ 2 ~ n / 1 2 .  [ ~ . 3 5 1  &A,@) { ( ( P  + ~ / T ~ ) D ) ' / ~  + k2(@ 

CA.131 and CA.101 give + 1 / 7 m ) ~ ) " ? ( p  + 1/7ma) 
[A.30] Eo (p) . (PD,) ' I 2  sinh ( (P/D,)  '121)  

= - k3 . Eo(p)  . cosh (@/D,) 1/21) 

and 

rA.311 2 cmAm@) ((p + l / ~ m ) ~ ) " ~  k2k3S . [k3 cosh (@/D,)  lt21) 

m=O 

cos ( m ~ x / l )  + (pD,) ' I 2  sinh (p/D,) 1/21]-' 

= - ( k l ~ :  - k 2 ~ , ~ ~ ) 6 , 0  In CA.351, S is defined through 

cos ( m a x / l )  + l / ~ ~ > ~ ) ' l ~ / l ( P  + 1/7ma). 
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Writing With a little algebra, CA.391 becomes 

CA.351 is rewritten as 
+ l/rm))l/z~ + k3~1* (p)]-l. 

Eliminating S in LA.381 through CA.431 

+ [emP/(P + l/.,mQ)l + [ P ( P D ) ~ ~ ~ $ o ( P ) I C ~ ~ / ( P  + l/rma)l 
[k2 sinh ( ( p / ~ , ) ~ / ~ l ) / ( ( p l ~ , >  l1'l)] 

[si*(P> + ~l/k31-'] 
k3S. [ka C O S ~  ( ( p / ~ ~ ) ~ ' ~ l )  Hence 

+ (PD,)'/~ sinh ( (p /~ , ) "~ l ) ] -~ .  

CA.381 is an infinite system of linear equations 
since S is an infinite series involving A,,,'s. 
Multiplying CA.381 by ((p + llr,,) D) ' /~ /~ , (P)  
and summing for m = 0 to a, 

[A.39] S .  {l - k2k3sl(p) [sinh ((P/D,) 1/21)/ 

( ( p / ~ , >  "%I . [ha cash ((P/D,) 'I2z) 

+ ( p ~ , ) ~ / ~  sinh (($/D,) '"1) ]-I} 

= - (ki~oO - kzcnoo) @D)'/~/$O(P), 

where 

+ l/rT:) . [$,,L(~)l-l. 
Define 

+ I / K ~ ( P  + l/rm)/P + p + l / r m ) ] .  

CA.401 and. CA.411 together give 

= ( ( p / ~ ~ ) ' / ' l )  coth ( ( ~ / D , ) ~ / ~ Z ) .  

11 + [ k n ( P ~ )  1 1 2 / $ o ( ~ ) ~ [ s ~ * ( ~ )  + pllkal-') 
and 

Notations 

a,, u,: Anodic and cathodic transfer co- 
efficients. 
D: Diffusion coefficient of the species 0 ,  Y. 
D,: Surface diffusion coefficient of adatoms. 
i,: Exchange current density for the electro- 

chemical reaction 0 + Ze =$ R(adatoms). 
k,, kb: Rates of the chemical reaction Y + PX 

& 
7 0. 

k,: Rate of lattice incorporation (cm s-I). 

p: kf(CxO)P + k,. 
K:  (kflkb)(CxO)P. 
21: Distance between two adjacent, parallel 

steps on the electrode. 
N: Density of 'active' dislocations. 
p: (Laplace) transform variable. 
?(t): Overpotential as a function of time. 
o: Angular frequency. 
Zf, Rt, ZD, ZKD, CSD, ZsD, RL: Impedance 

elements. Refer to eqs. [42]-[48] in the text. 
Ci: Instantaneous concentration of i (i = 0, 

Y, ad). 
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RANGARAJAN: ELECTROCRYSTALLIZATION AND SURFACE DIFFUSION 1811 

C,O: Bulk concentration o f  the species i 
( i  = 0, X ,  Y, ad). 

ci*: C,  - CfQ. 
c,*: Laplace t ransform o f  Ci* = p $:e-~' 

C,*dt. 
M*: C,,* + C o * 
N*: (C,," - 1/K. Co*) exp (pt). 
AIll(p), sl*(p), $,,(p), st'@): Please refer to 

eqs. [ 1 5 ] ,  [16], [17], and [41] respectively. 
E,,: 1 ,  n i = 0 ; 2 i f m = 1 , 2 , .  . . . 
F,,,: 1 ,  m= 0 ;  zero otherwise. 
k , :  (io/ZF Coo) exp (a,Fq/RT). 
k2 : (io/ZF Cad0) exp (-a,Fq/RT). 
k, ':  (io/ZF Coo). 
k2':  (io/ZF Cad0). 
l / r , :  m2a2 D/12. 
l/r,,,LI: m2a2 D ~ / I ~ .  
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NOTES 

Relative efficiencies of triplet-triplet energy transfer from benzene (3B1u) to 
monoolefins and 1,3-butadienel 

A. MORIKAWA~ and R. J. CVETANOVI~ 
Division of Applied C/~ernistry, National Research Council of Canada, Ottawa, Canada 

Received December 29, 1967 

Relative efficiencies of quenching of the benzene triplet (3B1,) in the gas phase by a number of mono- 
olefins, 1,3-butadiene, and several inorganic gases (SFs, Xe, COz, NZO) have been determined by a 
competitive technique. Most of the data have been obtained at room temperature (- 26 "C) and some 
measurements have been made at 30 and 70 "C. The latter indicate that the efficiency of the energy 
transfer to the monoolefins and 1,3-butadiene increases with increasing temperature. The mechanism 
of the "energy transfer" to the olefins appears to involve a chemical interaction with the benzene (3B1,) 
molecules. The inert gases are inefficient quenchers. 

The kinetic data obtained with 1,3-butadiene indicate that this diolefin quenches also to an appreciable 
extent the first excited singlet of benzene (~Bz,,). This has been confirmed by direct fluorescence 
measurements. 
Canadian Journal of Chemistry, 46,1813 (1968) 

Considerable interest has been shown in 
recent years in the collisional intermolecular 
transfer of electronic excitation energy. As part 
of a continuing investigation in this field, we have 
measured the relative rates of the triplet-triplet 
energy transfer from the excited molecules of 
benzene (3B1,) to a number of olefin acceptors. 
While this work was in progress, a similar study 
was reported by Haninger and Lee (1). The com- 
petitive technique developed earlier by Cundall 
et al. (2) has been used in both studies. Our 
results agree closely with those of Haninger and 
Lee: they exhibit a well-defined trend in the rates 
of energy transfer with the molecular structure 
of the olefins and thus confirm the difference 
from the opposite conclusion in the more re- 
stricted earlier work (2) that the rate of transfer 
is independent of olefin structure. Since we have 
also dealt with some additional olefins and other 
compounds of interest and have obtained some 
information on the temperature dependence of 
the relative rates of energy transfer, we wish to 
report briefly a summary of our results. 

The competitive technique used is based on 
the following reactions (Be = benzene, Bu = 
butene-2, Q = another olefin or a quenching 
substance, superscripts S and T indicate elec- 
tronically excited molecules in a singlet and a 
triplet state, respectively). 

'NRCC No. 9996. 
'NRCC Postdoctorate Fellow. 

[la] Be + hv -+ BeS 

[lb] BeS -+ BeT 

[2] BeT + cis-Bu -t Be + BuT 

[3] BuT -t crtrans-Bu '+ (1 - a)cis-Bu 

[4] BeT + Q -t Be + QT (or another product) 

If the rate of formation of BeT (benzene 3B1u) 
is I,+, and the steady state treatment is applied, 
the rate (R) of formation of the trans isomer of 
butene-2 at negligibly small conversions is given 
by 

[I.] 1/R=-- 

At constant light absorption (I,), the plot of 
1/R against [Q]/ [cis-Bu] should be linear with 
the slope to  intercept ratio equalling k,/kz, i.e. 
the relative rate of quenching of the benzene 
triplet (3Blu). 

Light from a medium-pressure mercury lamp 
(Hanovia 673A) or from a homemade low- 
pressure mercury arc was passed through a 
Corning 9-54 filter and a KI aqueous solution 
filter (6.6 mg/100 ml, 10 mm thickness) which 
absorbed the light of wavelengths below 2400 A. 
In view of the absorption spectrum of benzene, 
although two different light sources were alter- 
natively used, to a good approximation only 
light close to 2537 was absorbed by benzene 
from either of the two sources. Benzene pressure 
was kept at 10 or 15 Torr in all experiments and 
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the ratio of concentrations [Q]/ [cis-Bu] was 
varied. Gas chromatographic analyses were 
carried out and the only reaction product found 
was trans-butene-2 both with and without other 
olefins added to cis-butene-2. Conversion of 
cis-butene-2 did not exceed 5%. In separate 
experiments, after prolonged irradiation the 
stationary trans- to cis-butene ratio was 0.94, in 
agreement with the value obtained by Tanaka, 
Terao, and Sato (3) and by Haninger and Lee (I). 

FIG. 1. Relative initial rates of the benzene-photo- 
sensitized isomerization of cis-butene-2 to trans-butene-2 
in the presence (R) and absence (R,) of additives (ben- 
zene 10 Torr; cis-butene-2 15 Torr in the case of C2H4 
and (CH3),C:C(CH3),, 10 Tor1 in all other cases). 
Temperature 30 OC. 

Examples of the effect of additives (Q) on the 
rate of isomerization of cis-butene-2 are shown 
in Fig. 1. Inorganic gases, SF,, Xe, CO,, and 
N,O do not, within the experimental error, 
affect the rate of isomerization of cis-butene-2. 

accordance with eq. [I]. Increased pressures of 
cis-butene-2 itself from a standard value of 10 
Torr to  20 and 40 Torr, as shown by the filled 
circles in Fig. 1 at the abscissa values of 0, 1, and 
3 respectively, leave the rate of isomerization 
unaltered. This result agrees with the finding 
(3) that butene-2 quenches BeT much more 
efficiently than does benzene itself and justifies 
omission of a spontaneous decay of BeT in the 
derivation of eq. [I 1. 

Butadiene-1,3 inhibits the isomerization of 
cis-butene-2 much more strongly than do the 
monoolefins, as is evident from Fig. I .  However, 
the plots of R,/R instead of being linear are 
distinctly curved when the [1,3-C,H, I /  [cis- 
butene-21 ratio is varied by varying the concen- 
tration of butadiene. This is shown in Fig. 2 for 
experiments at 30 "C. The curvature decreases 
with the absolute concentration of butadiene at 
the same [1,3-C,H,]/[cis-butene-21 ratios. Simi- 
lar trends are observed at 70 "C as well (not 
shown in Fig. 2). That the variation in the con- 
centration of 1,3-butadiene is responsible for the 
deviation from eq. [ l ]  is shown in Fig. 3 (for 
experiments at 30 "C), which is similar to  Fig. 2 
except that 1,3-butadiene is kept constant while 
the cis-butene-2 concentration is varied. The 
curvatures are now absent but two distinct linear 
plots are obtained at two different butadiene 
pressures (2.5 Torr, circles, and 5.1 Torr, 
squares). However, the slope to intercept ratios 
are, within the experimental error, the same. 
Similar behavior is found at 70 "C (not shown in 
Fig. 3). 

The distinctive behavior of 1,3-butadiene is 
apparently due to the fact that, unlike the mono- 
olefins, it is capable of quenching not only the 
triplet (3B,u) but also the first electronically 
excited singlet of benzene (BeS, presumably the 
'B,, state). Under such conditions, the following 
additional reactions have to be considered, 

[lc] BeS -+ Be + kv (fluorescence) 

In agreement with this, no N, production could [51 BeS + 1,3-C4H6 -> Be + 1,3-C4H6*, 
be detected with N,O as the additive. Alkenes. 

A. 

on the other hand, have a pronounced effect on where reaction [Id] indicates all the BeS con- 
the rate of jsomerization of cis-butene-2, in- suming processes other than reactions [lb], [lc], 
creasing in intensity from C2H4 to tetramethyl and [5], such as the internal conversion to the 
ethylene and giving at room temperature and at ground electronic state, the self-quenching by 
70 "C good linear plots of l/R (or of R,/R, where benzene (constant at constant benzene pressure) 
R, is the value of R in the absence of Q) in and, perhaps also, valence isomerization pro- 
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FIG. 2. Plots of (R,/R) against the [1,3-butadiene]/ 
[cis-butene-21 ratios at three different constant pressures 
of cis-butene-2: 10 Torr (circles), 20 Torr (triangles), and 
30 Torr (squares). Benzene pressure 10 Torr. Temperature 
30 "C. 

FIG. 3. Plots of (Ro/R) against the [1,3-butadiene]/ 
[cis-butene-?I ratios at two different constant pressures of 
1,3-butadiene: 2.5 Torr (circles) and 5.1 Torr (squares). 
Benzene pressure 10 Torr. Temperature 30 "C. 

cesses not leading to the formation of BeT. Steady 
state treatment gives 

The last term in eq. [2] explains the deviations 
from linearity of the plots in Fig. 2 and the lack 
of such deviations in Fig. 3. Moreover, the slope to 
intercept ratios of the plots in Fig. 3 are equal to 
k4jk2, i.e. to the ratio of the rates of the quench- 
ing of benzene triplet by 1,3-butadiene and cis- 
butene-2. The values of k4/k2 thus obtained, for 

30 "C from Fig. 3 and for 70 " from analogous 
plots of the data at 70 "C, have been used to  
draw the limiting (Ro/R)* linear plots (shown 
for 30 "C in Fig. 2) defined as 

The latter have been used in turn to evaluate the 
relative deviations from linearity of the Ro/R 
plots. Equations [2] and [3] give 

- - k 5 

klb + kl, + kld 
( ~ , ~ - C < H G ) ,  

indicating that the relative deviations from 
linearity should be directly proportional to the 
partial pressure of 1,3-butadiene. Figure 4 shows 
that this is approximately true both at 30 and 
70 "C. The appreciable scatter of points is not 
unexpected for plots of this kind. The slopes of 
the plots are equal to k,/(kl, + k,, + k,,) 
and are 1.6 x 10-l8 and 3.3 x 10-l8 ccjmolec 
at 30 and 70" C respectively. The ratio of about 
2 of the values at the two temperatures cor- 
responds to a positive activation energy dif- 
ference3 of about 3.8 kcaljmole (with an appre- 
ciable margin of uncertainty because of the 
scatter of points in Fig. 4). The value of (k,, 
+ Ic,, + k,,) is not known precisely, but if it is 
taken approximately (4) as 1.7 x lo6 s f1 ,  then 
k,  = 2.7 x lo-'' ccjmolec s at 30 "C, i.e. 
roughly about 1 % of collisions at 30 "C lead to 
the singlet-singlet energy transfer in reaction 
[ 5 ] .  As the temperature is raised, the efficiency 
of this energy transfer becomes greater. 

The relative rates of the triplet energy transfer 
from benzene (3B1,) determined in the present 
work are summarized in Table I (columns 2-4) 
and are compared with the results of Haninger 
and Lee (1) (column 5). The relative rates vary 
somewhat with the temperature and tend to  

3Reference to activation energies in this article is 
necessarily purely formal, indicating the existence of 
positive temperature coefficients of the ratios of rate 
constants. T o  assign the activation energies observed to 
a particular elementary step, for example to the "energy 
transfer" reaction [5], a detailed knowledge of the tem- 
perature dependence of the rates of the other elementary 
steps involved, for example of reactions [lb], [Ic], and 
[Id], is required. If (klb + klc + kid) increases with 
temperature, as is probable, the observed activation 
energy difference is a lower limit for E,. 
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TABLE I 
Relative rate constants of "energy transfer" and of chemical reactions of several triplets (the value for cis-butene-2 is 

taken as unity) 

Energy transfer 

BeT Chemical reaction 

The Present work Ace- 0(3P) S(3P) S ~ ( ~ P ) C ~ O ( ~ C )  
quencher HLc toneT SG" CT1 WBJ 

Hg- '$$I) 2F:C 25 OC 25 OC 27 o c  (Q) -26 "C 30 "Cb 70 "Cb 23 OC RAd (3Pl)e 

Ethylene 
Propylene 
Butene-1 
Pentene-1 
Isobutene 
2-Methyl- 

butene-l 
cis-Butene-2 
trans-Butene-2 
Cyclopentene 
Trlmethyl- 

ethylene 
Tetramethyl- 

ethylene 
1,3-Butadiene 
Propane 
coz 
SF6 
Xe 
NzO 

"Medium-pressure mercury lamp (Hanovia 673A) used. bLow-pressure mercury lamp used. CHaninger and Lee (1). "ebbert and Ausloos (5). 
Taken  from ref. 6. "rsunashima and Sato (16). Cvetanovii  (7). hGunning and Strausz(8). 'Callear and Tyerman (9). JWilliarnson andBayes 
(IO).~Estimatedfrom the dataat 30and 70°C. 'Very small (k = 7.6 X lo-" exp (-24100/RT)ccmolec-Is-', estimatedin ref. 11. 

differ less at higher temperatures, indicating that 
the energy transfer in all probability requires an 
activation energy. The activation energy dif- 
ferences appear to  be small: cis-butene-2 has an 
activation energy about 1 kcal/mole smaller than 
ethylene and about the same amount larger than 
tetramethyl ethylene or butadiene. In view of 
the relatively small temperature interval and the 
small differences in the relative rates, these 
values represent only order-of-magnitude esti- 
mates. 

A comparison is made in Table I of the rela- 
tive rates of energy transfer from benzene 
(3B,u) and from the lowest triplets of acetone, 
mercury, and cadmium with the relative rates of 
chemical reaction of several triplet reagents 
(0(3P), S(3P), Se(3P), and C,0(3C)). The last 
four triplets have been recognized as electro- 
philic reagents (7-10) and there is evidently a 
close similarity between the trends in their re- 
activities and the rates of energy transfer from 
the triplets of benzene and of acetone. I t  is 
therefore suggestive that similar electronic inter- 
actions come into play in both processes. The 
"energy transfer" from the triplets of benzene 

and of acetone to olefins appears to  be brought 
about by a chemical interaction, i.e. formation 
and subsequent decomposition of a "chemical 
complex" of limited duration. The need to 
assume an interaction in the intermediate which 
is deeper and longer lasting than in a mere 
"collision complex" comes also from the fact 
that a non-vertical transition must apparently 
take place. In the case of the triplet energy 
transfer from benzene to ethylene a vertical 
transition would probably be about 22 kcal/mole 
endothermic (12). 

The rates of energy transfer to butadiene from 
the first triplet of benzene and especially of 
acetone are very much larger than are the rates 
of transfer to the monoolefins. In the case of 
butadiene even a vertical transition is apprecia- 
bly exothermic and a greater efficiency of energy 
transfer is therefore strongly favored. 

The rates of energy transfer from Hg(3Pl) 
and Cd(3Pl) show very little or no dependence 
on olefin structure. The pronounced difference in 
this respect from the triplets of benzene and 
acetone has been recently pointed out by S. 
Tsunashima and S. Sato (private communica- 
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Electron spin resonance studies of radiation damage. Part 11. Gamma-irradiated 
single crystals of sodium chlorate: The ClO, radical 

P. F. PATRICK AND F. P. SARGENT' 
Depnrtmerlt of Cl~enlistry and Clremicnl Engineering, University of Saskatche~vnn, Saskaroon, Snskatche,vnn 

Received September 25, 1967 

Single crystals of sodium chlorate were gamma irradiated and examined by e.s.r. at -196 "C. One of 
the species present was identified as C10,. 
Canadian Journal of Chemistry, 46, 1818 (1968) 

The gamma irradiation of single crystals of 
perchlorates to give several different paramag- 
netic centers is now reasonably documented and 
the identity of the centers well established. Cole 
has observed C10, in both ammonium (1) and 
potassium (2) perchlorate together with C10, in 
the latter. These results and assignments were 
confirmed by Atkins et al. (3) for several other 
perchlorates and chlorine oxide systems. Very 
recently Morton (4) has detected another para- 
magnetic species in X-irradiated potassium per- 
chlorate at  low temperatures. Although the 
identity of this species is not as certain, Morton 
presents a strong argument for identification as 
ClO,. 

The situation for irradiated chlorates is by no 
means as settled. Hasty et al. (5) examined X- 
irradiated single crystals of potassium chlorate 
at room temperature. They interpreted their e.s.r. 
spectra in terms of two species; namely 0,- and 
C10 associated with a chlorate ion. Subbotiil(6) 
found similar spectra from other chlorates and 
identified the two species in a similar manner. 
However, Atkins et al. (3) disagree with these 
assignments and propose that the species identi- 
fied as 0,- is more likely to be 0,-. They also 
dispute the assignment of the species with two 
non-equivalent chlorine nuclei to C10---C10,- 
and tentatively suggest that this species could be 
a chlorine atom associated with a chlorate ion. 
Further confusion and ambiguity arose when 
Gamble observed yet another species in irradi- 
ated sodium chlorate crystals (7) which he 
assigned to C10,. This identification was partic- 
ularly unusual in that the hyperfine electron- 
nuclear couplings for Cl(35) differed vastly from 
those reported for ClO, in ammonium perchlor- 
ate (1); however, the g values agreed quite well. 

We wish to report a brief and admittedly 
qualitative study of gamma-irradiated single 

'NRCC Postdoctorate Fellow 1965-1967. 

crystals of sodium chlorate at liquid nitrogen 
temperatures.' The crystals became blue in color 
in contrast to the brown color observed on warm- 
ing to room temperature. We confined our obser- 
vations to non-annealed crvstals at - 196 "C 

~ - 

which were examined in the dark to preclude the 
possibility of photo-bleaching. The e.s.r. spectra 
were exceedingly complex and involved a large 
number of lines. Under conditions of high 
sensitivity and high recorder gain the spectrum 
with Ho parallel to a crystal 100 direction con- 
sisted of four peaks on scale, i.e. ALE, (main 
spectrum off-scale) B2A2. Peaks A, and A, were 
of equal intensity as were B, and B, ; however, 
the relative intensities of A, :EL (and A, :B,) were 
almost exactly 3:l. In  addition the ratio of the 
peak separations from A, to A, and from B, and 
B, was 0.832. We assume that these peaks are 
due to the MI  = $- 312 lines for Cl(35) and Cl(37) 
in a paramagnetic species with one chlorine 
nucleus. We cannot completely rule out the 
~ossibilitv of more than one chlorine nucleus 
being present, but no indication of a small 
chlorine coupling was observed as in the room 
temperature spectra (6). 

Rotation of the crystal about an  [loo] axis 
perpendicular to Ho caused each of the A and B 
lines to split into two equally intense lines, dem- 
onstrating the presence of at least two equally 
populated sites in the crystal. For orientations 
with Ho neither parallel nor perpendicular to the 
crystal [I001 axis, the presence of four equally 
populated sites were detected. These sites all 
became magnetically equivalent when Ho was 
parallel to a [100] crystal axis. 

When Ho was parallel to a crystal [loo] axis 
-- 

2Detailed studies were not possible because of experi- 
mental difficulties due to intermittent stability of the 
magnetic field. However, the spectra reported here were 
taken at a time of comparatively good stability, this being 
particularly so for the spectrum recorded with Ho parallel 
to the [loo] crystal axis. 
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the overall width (i.e. A, to A,) of the spectrum 
was 399.7 G correspoilding to a first order coup- 
ling constant of 133.2 G (373 Mc/s) for A(35); at 
this orientation the first order g value was 2.0076. 
The maximum and minimum values of A(35) 
(corresponding to the two site splittings) oc- 
curred when Ho was parallel to a [I101 crystal 
direction, giving 151.5 G (425 Mc/s) and 112.3 G 
(315 Mc/s) respectively. It was also observed 
that the maxiinurn value of A(35) corresponded 
to a minimum value of g and the minimum value 
of A(35) corresponded to a maximum g value. 
Although experimental difficulties2 did not per- 
mit accurate measurement of these g values they 
were of the order of 2.007 and 2.008. 

Since the crystals are cubic (8), the spectra 
corresponding to Ho parallel to the crystallo- 
graphic axis are all the same. Therefore the 
diagonal elements of the non-diagonalized A- 
tensor are all equal to 133 G (373 Mc/s)., TO 
determine the relative signs of the off diagonal 
elements it is necessaiy to examine the spectra 
for the orientation with direction cosines of 1 / Jg, 
1/<3, 1 /43 ,  i.e. [1,1,1]. However, wemay make 
some limited deductions from the diagonal 
values. If these are all of the same sign then the 
isotropic coupling constant for Cl(35) would be 
133 G (373 Mcjs), since the trace of the tensor is 
not affected by diagonalization. Similarly the 
isotropic or average g value will be 2.0076. These 
results are in agreement with the values reported 
for C10, in perchlorates (1, 3). We therefore feel 
justified in identifying our species as ClO, trap- 
ped in sites previously occupied by chlorate ions. 
Since when Ho is parallel to a cube edge, i.e. [loo] 
direction, all four sites are equivalent and the 
C10, must have a symmetry axis along the [I11 ] 
directions which all make equal angles of 54" 44' 
with H,  at  this orientation. 

When the crystals are warmed to room tem- 
perature the ClO, lines are no longer present and 
the blue color is replaced by a brownish amber 
coloration. We are at  a loss to re-identify the 
species observed by Gamble (7) but we are 
convinced that it is not C10,. Gamble argues 
that his species could not be C10 (which also has 
axial symmetry) because its formation would 
involve the loss of two oxygen atoms from a 
chlorate site and the relocation of the C1-0 

,This is only true if direct field effects are ignored and if 
S and I are quantized in the direction of Ho. 

bond along a body diagonal of the cube. He 
argues that the distortion required for this pro- 
cess would be too great. We question this 
reasoning and also dispute the use of the cor- 
respondence of g values to support the identi- 
fication and yet the differences in the observed 
A(35) values are ignored. In fact Atkins et al. (3) 
have reported variations in the g values for C10, 
observed in different perchlorates but the iso- 
tropic (or average) hyperfine couplings were all 
of the order of 130 G. We suspect that the species 
Gamble identifies as C10, is possibly C10. 

The presence of ClO, in the samples may be 
explained by the very simple ionizatioil mecha- 
nism 

gamma 
C10,- C10, -1 e, 

although the ClO, is not necessarilj, formed in 
its electronic ground state. The comparatively 
low yield of this species seems to indicate loss via 
dissociation, perhaps to give C10, or C10. 
Conventional radiation chemical studies of 
gamma-irradiated chlorates involving dissolution 
in water after irradiation (9) indicate the for- 
mation of perchlorate. We assume that this is 
derived from the mixed anhydride Cl,O, formed 
by the dimerization of ClO,. 

Further study of these crystals is coiltemplated 
for the near future when we hope to examine and 
analyze the central field section of the e.s.r. 
spectra in detail. 
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Relation entre la structure de la kriihnkite et la dissym6trie des spectres de 
rksonance magnktique nuclkaire de 196chantillon polycristallin 

PIERRE J. VAN TIGGELEN' 
Laboratoire de Chimie Analytique et Inorganique, U~~iversitd de Louvaitz, Louvain, Belgique 

Requ le 22 septembre 1967 

Les second et troisibme moments ont Ctt obtenus 5. partir des spectres de rtsonance magnCtique 
nuclCaire du proton d'une poudre cristalline de la krohnkite. Ces resultats con6rment les dttails de la 
configuration atornique proposCe antirieurement i partir des spectres d'un monocristal. 
Canadian Journal of Chemistry, 46, IS20 (1968) 

Si l'emploi du second moment en rtsonance 
magnttique nucltaire des solides est d'usage 
courant pour ttudier certains problkmes struc- 
turaux, les moments impairs sont fort peu 
utilists par suite de la symttrie de la plupart des 
spectres. Toutefois, la prtsence d'ions para- 
magnttiques dans le rtseau provoque, dans le 
cas d'un monocristal, un glissement de la raie 
par rapport au champ de rtsonance Ho d'un 
noyau isolt, glissement qui peut Etre relit B des 
paramttres structuraux. Dans le cas d'une pou- 
dre cristalline au contraire, les orientations au 
hasard des cristallites annulent le glissement de la 
raie, tout en faisant apparaitre une certaine dis- 
symttrie de la distribution spectrale autour de 
son centre de gravitt. 

Dans un article prtctdent (I), on a dtduit une 
relation qui lie la dissymttrie des raies de rt- 
sonance magnttique nucltaire (r.m.n.) du proton 
aux distances internucltaires (ion paramagnt- 
tique - proton et proton-proton) qui caracttri- 
sent la structure du compost paramagnttique. 
Par ailleurs, pour la krohnkite (Na,Cu(SO,), . - 
2H,O), la position des atomes d'hydrogkne dans 
le rtseau cristallin a pu Etre dtterminte par 
l'ttude des spectres d'un monocristal (2). Des 
coordonntes ainsi obtenues et de la position des 
atomes lourds dtterminte par Rao (3), il est 
possible de calculer 
- S,, troisikme moment thtorique (I), B l'aide 

de la formule: 

'Adresse presente: Laboratoire de Chimie analytique et 
inorganique, 96, Naamsestraat, Louvain, Belgique. 

oh pp est le moment magnttique moyen de l'ion 
cuivre distant de Rip du proton i, et pj  le mo- 
ment magnttique nucltaire du noyau j distant 
de rij du mEme proton, p, = (Ij(Ij + 1)/3)3gjpo, 
Ij est le nombre de spin du noyau j de facteur de 
dtcomposition spectrale gj et po le magntton 
nucltaire, hpij est l'angle entre les vecteurs r i j  
et Rip; enfin ki j  est un facteur numtrique tgal B 
312 pour des noyaux i et j identiques et 1 dans les 
autres cas. La somme en j est ttendue A tous les 
noyaux de spin nucltaire Ij non nu1 et la somme 
en i porte sur les N protons situts en des sites 
intquivalents ; 
- S,, le second moment, B l'aide de la formule 

de Van Vleck (4) : 

Dans la structure de la krohnkite, il existe 
deux sites intquivalents pour les protons (N 
= 2). En outre, les contributions aux second et 
troisitme moments des noyaux situts A une dis- 
tance suptrieure B 4.25A du proton envisagt sont 
ntgligeables, ceci nous amkne donc 2 utiliser les 
formules de S2 et S3 reprises ci-dessus ou seule 
l'influence d'un ion paramagnttique intervient. 
Avec un moment magnttique moyen de l'ion 
cuivrique dans la krohnkite de 34.2 G A3 (2), les 
moments thtoriques valent 28.5 5 0.2 G2  pour 
S2 et -25.4 3- 3.0 G~ pour S3. 

Dans ce travail deux types d'tchantillons poly- 
cristallins ont Ctt employts: il s'agit en premier 
lieu d'une poudre prtparte par broyage d'un 
tchantillon nature1 de krohnkite et par ailleurs 
d'un Cchantillon obtenu par tvaporation d'une 
solution tquimolaire des sulfates de cuivre et de 
sodium dans les conditions dtcrites par Massink 
(5). Les deux tchantillons fourn ssent des spec- 
tres de r.m.n. rigoureusement identiques. 11s 
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produisent kgalement un mime spectre de dif- 
fraction' des rayons X (mtthode des poudres), 
qui plus est en parfait accord avec les valeurs 
cities dans la littkrature (6). Les spectres de 
rtsonance magnktique du proton furent enregis- 
trts sur un spectromktre Varian V 4300 - 2 dual 
purpose travaillant 2 56.4 MHz. Pour pouvoir 
mesurer le troisikme moment d'une raie de 
rksonance, les conditions a remplir par le spectre 
sont assez skvkres : il faut entre autres : 

une intensitk du signal suffisante pour dC- 
terminer avec precision la forme des ailes du 
spectre ; 

une vitesse de balayage lente pour fixer avec 
prkcision la position du champ de rkfkrence Ho 
du proton libre et pour obtenir a partir de me- 
sures effectukes au millimktre prks, une prkcision 
suffisante des moments en gauss ; 

une phase correspondant au mode d7absorp- 
tion quelques pourcents prks. L'erreur de phase 
s'exprime en pourcent par la diffkrence des sur- 
faces des ailes 2 haut et B bas champ du signal 
obtenu a l'enregistreur, rapportke B la surface 
moyenne des ailes; 

une amplitude de modulation assez faible 
afin que la correction du champ de modulation 
prtconiske par Andrew (7) reste faible. 

Sur une skrie de 30 spectres on a sklectionnt 
ceux remplissailt les conditions prkcittes. Les 
troisikmes moments mesurks 2 l'aide de la 
formule 

trouver pour un spectre dans le mode d'absorp- 
tion pure un troisikme moment (S,),,, = -27.0 
+ 5  G3. Les seconds moments des mimes raies 
fournissent une valeur de (S,),,, = 28.22 f 1 G2. 

Malgrk I'imprkcision sur la mesure de S,, le 
rksultat obtenu confirme bien la structure pro- 
poste antkrieurement (2) & savoir des liaisons 
hydrogknes vers des atomes d'oxygkne situks B 
2.64 et 2.65 A de l'oxygkne de la molkcule d7eau. 
De plus, l'emploi du troisikme moment du spec- 
tre d'un tchantillon de krohnkite en poudre 
permet d'exclure la possibilitk des liaisons 
hydrogknes dissymktriques (c'est-8-dire vers des 
oxygknes B 2.87 et 2.65 A), pour lesquels le 
troisikme moment serait de - 11.0 f 1.5 G3 et 
le second de 27.7 f 0.2 G2. 11 faut remarquer 
que le second moment seul ne permet pas de 
decider laquelle des deux structures a priori pos- 
sible~ est rkaliske effectivement. 

I1 convient enfin de noter que, si la contri- 
bution de la se~ile interaction dipolaire nuclkaire 
a S2 peut itre obtenue par extrapolation h 
champ magnktique nu1 des seconds moments 
mesurks sur des spectres pris 5 des valeurs dif- 
ferentes du champ directeur, l'emploi simultank 
de S2 et de S3 pour des spectres d'uiz kchantillon 
A l'ttat de poudre, enregistrks 2 une valeur du 
champ magnttique et a une tempkrature pre- 
sente dans certain cas un grand avantage. 
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Erratum : Sur quelques rhactions acide-base dans les solvants fortement basiques 
anhydres. I. Ethylbediamine 

W. R. HEUMANN, A. BOUCHARD ET G. ~ E M B L A Y  
D4parternetlt de Chitnie, UniversitS de Montre'al, Montreal, Q~tSbec 

(Ref.: Can. J. Chem. 45, 3129 (1967)) 

R e ~ u l e  15 janvier 1968 

Canadian Journal of Chemistry, 46, 1822 (1968) 

Page 3133, colonne droite, ligne 14: 
lire le diphCnylmtthane au lieu de la diphenyl- 
anline. 
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COMMUNICATIONS 

Photoinduced paramagnetism in the 1,3,5-trinitrobenzene - cyanide ion system 

A. R. NORRIS, A. BRECK, AND J. K. S. WAN 
Department of C/~emistry, Queen's U~~iversity, Ki~~gston, 011tario 

Received March 25, 1968 

Photoinduced paramagnetism has been observed in the 1,3,5-trinitrobenzene - cyanide ion system 
and evidence is presented to indicate that the radical species is generated via the 1,3,5-trinitrobenzene - 
cyanide ion a-complex. 
Canadian Journal of Chemistry, 46, 1823 (1968) 

Nitroaromatic radical anions can be formed 
as a result of the interactions of nitro compounds 
with a number of anions (14 )  and in some 
instances photoinduced paramagnetism has been 
observed (5). A simultaneous reaction in many of 
these systems particularly when the nitro- 
aromatic is 1,3,5-trinitrobenzene is the formation 
of o-complexes (6). The extent to which radical 
anions are present under conditions which lead 
to significant concentrations of o-complexes in 
solution and the role, if any, of the o-complexes 
in the formation of the radical anions are 
uncertain. 

As part of a comprehensive study of the 
equilibrium and kinetic aspects of the cyanide 
ion - 1,3,5-trinitrobenzene interaction (7-9), we 
have investigated the paramagnetic species 
formed by irradiation of this system. We report 
here evidence which suggests that the para- 
magnetic species are solvated electrons formed 
via the one to one, 1,3,5-trinitrobenzene - 
cyanide ion complex (TNBCN-). 

At 25 "C freshly prepared oxygen-free chloro- 
form, carbon tetrachloride, dichloromethane, 
ethylacetate, p-dioxane, or 1,2-dimethoxyethane 
solutions approximately lo-' M in both 1,3,5- 
trinitrobenzene and tetraphenylarsonium cyanide 
do not give rise to an electron spin resonance 
(e.s.r.) spectrum, although they all contain a 
high concentration of the o-complex (8). 

However, irradiation of these freshly prepared 
dark-red solutions within the microwave cavity 
of a Varian e.s.r. spectrometer by light (350C- 
6500 A) results in the appearance at g = 2.002 
of a single symmetrical line of maximum slope 
width 6 to 7 G. The light source was a Bausch 
and Lonlb high pressure mercury arc equipped 

with a high intensity monochromator. Tetra- 
phenylarsonium cyanide and 1,3,5-trinitroben- 
zene alone, in the solvents indicated, do not give 
rise to an e.s.r. spectrum under similar irradia- 
tion. Over the temperature range -30 "C to 
30 "C the maximum slope width of the line is 
apparently both solvent and temperature inde- 
pendent. The photoinduced signal is, however, 
broadened considerably, sometimes beyond 
detection, when the solvent is frozen. 

Under steady irradiation the intensity of the 
photoinduced e.s.r. signal remains constant as 
long as the concentration of o-complex does not 
change. The e.s.r. signal rapidly decays to zero 
intensity when irradiation is discontinued but 
rapidly returns to its original intensity when 
irradiation is resumed. The rates of the growth 
and decay reactions both seem to be solvent and 
temperature dependent and detailed kinetic 
studies of these two processes are underway. 
Over long periods of time secondary dark 
reactions involving the o-complex lead to the 
disappearance of the red color, and the resulting 
solutions no longer give rise to an e.s.r. signal 
when irradiated with light in the visible region. 

In a given solvent at a fixed temperature and 
fixed 1,3,5-trinitrobenzene and tetraphenylar- 
sonium ion concentrations the variation in the 
intensity of the e.s.r. signal with wavelength of 
the irradiating light parallels the variation with 
wavelength of the molar extinction coefficient of 
the o-complex. In addition, in a series of solveilts 
containing a fixed concentration of 1,3,5-trinitro- 
benzene and tetraphenylarsonium cyanide and 
irradiated with the same wavelength of light, the 
e.s.r. signal intensity varies with solvent as does 
the equilibrium constant governing complex 
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formation. These observations strongly suggest 
the paramagnetic species is generated from the 
o-complex upon absorption of light, possibly in 
the following way. 

[l I TNBCN- + hv -> (TNBCN),,l,,,,d + e-,,~,,,,~ 

P I  (TNBCN)so~v,lcd -1- e-,,lv,tcd + TNBCN- 

[3] (TNBCN)solvalcd 4- TNBCN- -> TNBCN 
+ (TNBCN)-solvatcd 

If the exchange reaction [3] is assumed to be 
rapid, the e.s.r. spectrum of the (TNBCN), may 
be broadened beyond detection. Thus, only the 
solvated electron is observed which gives an 
isotropic line (10). Further details of kinetic and 
mechanistic studies will be forthcoming. 
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Carbon-13 kinetic isotope effects. IV.' The effect of temperature on k,,/k,, for 
benzyl halides in bimolecular reactions 

JAN BRON AND J. B. STOTHERS 
Departmerrt of Chemistry, University of Western Ontario, London, Ontario 

Received January 10, 1968 

The temperature dependence of the 13C kinetic isotope of the a-carbon in benzyl bromide (1) and in 
I-bromo-1-phenylethane (2) has been measured for reaction with alkoxide ion. For these bimolecular 
displacements, a relatively large temperature effect was found, comparable to that reported for other SN2 
processes. A reexamination of the reaction of 2 with EtO- has shown an earlier value for klZ/k13 to be . 
In error. 
Canadian Journal of Chemistry, 46, 1825 (1968) 

Introduction 
Several papers have appeared dealing with 

carbon isotope effects in bimolecular nucleo- 
philic displacements in aliphatic systems (1-3) 
and, with a single exception (I), each of the 
results is relatively large, i.e. in the range, 3-8 %, 
on a 13C basis. For those cases in which the 
temperature dependence has been examined 
(2), the expected inverse trend was found such 
that k , ,/k , , decreases with increasing tem- 
perature. This trend is opposite to that found 
recently for solvolysis (4) and, coupled with the 
fact that ' ,C fractionations in SNl-type reactions 
tend to be smaller, suggests that 13C kinetic 
isotope effects may offer a suitable means for 
distinguishing between transition states for car- 
bonium ion reactions and those for three-center 
displacements. While this was the original reason 
for the initial studies (1, 3, 5), the first results 
have apparently discouraged further work in 
this area. 

As an extension of an earlier study of 12C/ 
13C fractionation at the a-carbon of benzylic 
systems undergoing nucleophilic substitution 
we have measured k , ,/k,, for (a) benzyl 
bromide (1) reacting with methoxide ion at 
- 23 "C and (b) 1 -bromo- 1-phenylethane (2) 

'For Part 111, see J. Bron and J. B. Stothers, Can. J. 
Chem. 46,1435 (1968). 

with ethoxide ion at 0" and 25 "C. These systems 
had been examined previously (I), 1 at 0" and 
2 at 25 "C, but an anomalous value for k ,  ,/k,, 
was reported for the reaction of 2. Furthermore, 
the initial study was conducted at a single tem- 
perature and more recent results (2, 4) have 
shown that a knowledge of the temperature 
dependence of k ,  ,/k,, would be valuable. 

Experimental 
The methods employed were essentially those described 

previously ( 9 ,  with some modifications. These included 
the use of an  isotope-ratio, 15 in., Nier-type mass spec- 
trometer with which the carbon dioxide samples derived 
from the a-carbons were analyzed. A comparison of the 
mass 45 signal with those for masses 44 and 46 provided 
a measure of the lZC/13C isotopic abundances after 
correction for ''0 and 180 contributions. Kinetic 
measurements were carried out as before (1) to establish 
the rates to enable one to quench each experimental run 
at a known extent of reaction. The purity of the products 
was confirmed by gas-liquid chromatography after 
isolation by distillation through an 18 in. Nester Faust 
platinum spinning-band column. A minor modification 
in the quenching and isolation stages was the use of 
60-80 "C petroleun~ ether for extraction instead of ben- 
zene because of the lower melting point and the reduced 
solubility of the alcohols. 

Results 
For the reaction of benzyl bromide (0.5 M) 

with MeO- (1.0 M) in absolute methanol, k, 
was found to be 2.70 x l oF6  l/mole s at 
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TABLE I 
13C Kinetic isotope effects in the reaction of 1 M MeO- with benzyl bromide (0.5 M )  

Temperature Experiment Extent of 
("C) number reaction (%) kLzlk13 (k12/k13-1)100 

4 10 1.0573 5.73 
Mean values 1.0578+0.0002* 5.78f0.02* 

0 Mean values-1 1.0531 +0.0002* 5.31 +0.02* 

"Standard deviation of the mean. 
tReference I .  

TABLE I1 
I3CKinetic isotope effects in the reaction of 2 M of EtO- with 1-bromo-1-phenylethane 

(0.5 M )  

Extent of 
Temperature Experiment reaction 

("c) Number ( %) k1zlk13 (k1~/kl3-1)100 

4 5 .O 1.0347 3.47 
Mean values 1.0359 + 0.0007* 3.59+ 0.07* 

- - ~ - 

2 10 1.0330 3.30 
3 10 1.0324 3.24 
4 10 1.0297 2.97 

Mean values 1.0321 + 0.0007* 3.21 + 0.07* 

*Standard deviation of the mean. 

-23 "C, while k, = 2.71 x l/mole s for 
the reaction of 2 (0.5 M)  with EtO- (2.0 M) in 
absolute ethanol at 0 "C. 

The 13C kinetic .isotope effects obtained are 
collected in Tables I and I1 for the reactions of 
1 and 2, respectively. As before (5), the measure- 
ments for the benzyl systems are the more 
precise presumably because purification of the 
ether product is easier and there is little, if any, 
contamination by side-products. 

Discussion 

The observed carbon-1 3 kinetic isotope 
effects of the reaction of benzyl bromide with 
methoxide ion show the expected normal tem- 
perature dependence, i.e. k , ,/k,, cc 1/T. These 
results are comparable to those found for bimo- 
lecular nucleophilic displacements of methyl 
halides (2) although the k,,/k13 values are 
somewhat smaller, 1.05 vs. 1.07. The change in 
the isotope effect from 5.8 to 5.3 % over the tem- 
perature interval of 23 "C compares favorably 

with that, 7.8-6.7 % over 45 "C, for the reaction 
of methyl halides with cyanide ion (2). Although 
the temperature dependence has not been 
examined in all of the earlier studies of bimolec- 
ular substitution (3), the relatively large frac- 
tionations observed in all reported cases, but 
one, indicate that isotopic mass effects are 
significantly larger in SN2 processes than in 
SN 1 -like reactions. 

The single exception, 1 -bromo- 1 -phenyl- 
ethane reacting with ethoxide ion, was re- 
examined in the present study and the original 
results were found to be seriously in error. As 
the data in Table I1 show, the k12/k,, values, 
although smaller than those found for other 
bimolecular reactions, are an order of magni- 
tude larger than those previously reported (1). 
We had originally intended to investigate the 
temperature dependence of the 13C fractiona- 
tions for the bimolecular process to compare the 
results with those for solvolytic reactions of the 
same reactant (4) but were surprised to find 
that, at  0 "C, the isotope effect is 3.6%. Since 
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the earlier work (1) gave a value of 0.3% at 
25 "C, its reexamination was essential. Initially, 
reproducible results were not obtained and 
there was evidence of (a) product decomposition 
during its isolation and purification and (6) 
contamination of the ether with small amounts 
of the starting material and the corresponding 
alcohol (presumably formed in small amount 
during the quenching procedure). In the present 
work, gas-liquid chromatography was employed 
to monitor the progress of the purification 
stages and it was found necessary to carry out 
the distillations at lower pressures (1-2 mm Hg) 
than those previously used to avoid contamina- 
tion. Apparently these modifications are essen- 
tial for meaningful data although the reproduc- 
ibility of the earlier results seems remarkable. 

Two features of the present data are inter- 
esting. Of these, the more significant is the fact 
that the results for the a-phenylethyl system 
contrast sharply with those for alcoholysis of 
the same reactant (4, 5). A plot of the Ic12/k13 
values for nucleophilic displacement of various 
alkyl halides us. temperature is shown in Fig. 1, 
from which two trends emerge. Processes 
generally considered to be typical of the S,2 
displacement exhibit relatively large ' 3C isotope 
effects which vary inversely with temperature. 
The a-phenylethyl halides upon solvolysis, how- 
ever, display very much smaller fractionations 
at the a-carbon and, furthermore, these vary 
directly with temperature. Perhaps ' 3C kinetic 
isotope effects can serve to distinguish between 
these two mechanistic extremes. 

The second feature of the results for reactions 
with alkoxide ion, is the smaller k t  , /kt,  value 
for 2 relative to that for 1. One would not expect 
that the difference, methoxide us. ethoxide, 
could affect the fractionation at the a-carbon 
appreciably in either case and recent work in 
these laboratories confirms this for the benzyl 
case.' The a-methyl group in 2, however, will 
tend to stabilize developing positive charge on 
the a-carbon and also will tend to inhibit the 
approach of an attacking nucleophile. These 
factors can alter the nature of the transition 
state for 2 + EtO- relative to that for 1 + 
MeO- and the difference may be reflected in 
the isotope effect for the a-carbon. 

If we can assume that three-center displace- 

2A. J .  McNarnara and J. B. Stothers. Unpublished 
results. 

ments at carbon will exhibit isotope effects 
similar to those predicted for hydrogen isotopes 
in three-center reactions (6, 7), the maximum 
fractionation will be observed for systems pro- 
ceeding through symmetrical transition states. 
For these, the asymmetric stretching mode in- 
volving the nucleophile, N, the leaving group, 
X, and the carbon at the center of displacement 
becomes the reaction coordinate and the sym- 

[N ----- C ----- X ]  
3 

metrical stretching frequency is independent 
of the mass of the central atom. The transition 
state, 3, therefore is symmetrical in the sense that 
the force constants of the N---C and C----X 
"bonds" are the same. If these force constants 
are not equal, the frequency for the "symmetric 
stretch" will depend on the mass of the central 
carbon and the observed isotopic fractionation 
will be less than the maximal value. Several 
discussions of this phenomenon for hydrogen 
isotopes have appeared (S), and Fry (3) has 
discussed the effects predicted for each of the 
C, N, and X nuclei in terms of a closely-related 
model. 

If this reasoning is valid for carbon isotopes 
in three-center displacements, the direction in 
which the transition state is shifted from the 
symmetric remains to be decided. Is it product- 
like or reactant-like? This question and its 
solutioi~ have been discussed for hydrogen iso- 
topic fractionations by Thorton (9). In the 
present system it seems reasonable to suggest, 
lacking other evidence, that the transition state 
for the a-phenylethyl system would be car- 
bonium-ion like in the sense that little bond 
formation is involved with extensive bond rup- 
ture, since the a-methyl group and the phenyl 
ring can stabilize developing charge at the a- 
carbon. We tentatively conclude, therefore, that 
the smaller k t  , /kt,  for the reaction of 2 with 
ethoxide ion is indicative of a transition state 
having some degree of carbonium ion character. 

It would be interesting to compare the secon- 
dary a-deuterium isotope effect in the a-phenyl- 
ethyl and benzyl systems undergoing these 
bimolecular reactions as a test of our interpre- 
tation. The former would be predicted to exhibit 
a kH/k, value slightly greater than unity while, 
for the latter, kH/k, should be equal to, or less 
than, unity (10) if our interpretation of the 13C 
results is valid, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

0 
\ 

FIG. 1. Plot of k,,/kI3 results for some nucleophilic displacements us. temperature. Methyl halides, ref. (2); a- 
phenylethyl bromide alcoholyses, ref. (4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BRON AND STOTHERS: CARBON-13 KINETIC ISOTOPE EFFECTS. 1V 1829 

Acknowledgment Am. Chem. Soc. 80, 4308 (1958); A. FRY. Pure 
ADD[. Chem. 8.414 (1964). 

We are grateful to the Nat iona l  Research 4. J.'BRON and J. B.' STOTHERS. Can. J. Chem. 46, 
1435, (1968). of Canada for of this 5. J, B. STOTH~RS and A. N, BOURNS. Can. J. Chem. 

investigation. 38.923 (1960). 
6. F.H. WESTHEIMER. Chem. Rev. 61, 265 (1961). 
7. L. MELANDER. 111 Isotope effects on reaction rates. 

1. J. B. STOTHERS and A. N. BOURNS. Can. J. Chem. The Ronald Press Co., New York. 1960. 
40,2007 (1962). 8. J. BIGELEISEN. Pure Appl. Chem. 8, 217 (1964). 

2. K. R. LYNN and P. E. YANKWICH. J. Am. Chem. 9. E. R. THORNTON. J. Org. Chem. 27, 1943 (1962). 
Soc. 83, 53 (1961); 83, 790 (1961); 83, 3220 (1961). 10. E. A. HALEVI. In Progress in physical organic 

3. M. L. BENDER and D. F. HOEG. J. Am. Chem. Soc. chemistry. Vol. 1. Interscience Publishers, Inc., New 
79, 5644 (1957); G. J. BUIST and M. L. BENDER. J. York. 1963. p. 173. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Hydroxyl stretching vibration in 2,6-dimethyl- and 2,6-dichloro-4-substituted 
phenols 

GORDON LEARY 
C1zemistr.y Division, Departnlent of Scientific and Ind~rstrial Research, Petone, New Zealand 

Received August 14, 1967 

The infrared frequencies and apparent half band widths of the 0-H stretching band of a series of 
2,6-dimethyl-4-substituted phenols and a series of 2,6-dichloro-4-substituted phenols have been measured 
in carbon tetrachloride solution. The slopes of the Hammett plots for the frequencies and half band 
widths of both these series are compared with those calculated from published data for 2,6-di-t-butyl- 
4-substituted phenols and 3- or 4-substituted phenols. Significant differences are found in p obtained 
from the frequency data for the four series. The 2,6-dimethyl-4-substituted phenols, unlike the unhindered 
phenols, are found to parallel the 2,6-di-t-butyl-4-substituted phenols in having a negative p for the 
frequency data and a negative p for the half band width correlation. I t  is concluded that the negative p 
from the half band widths of 2,6-di-t-butyl-4-substituted phenols is primarily a result of electronic 
rather than steric factors. 
Canadian Journal of Chemistry, 46, 1831 (1968) 

Introduction concentrations of 0.01 M n o  association of unhindered 

The infrared frequencies (v,) and apparent 
half band widths Av;" of the 0-H stretching 
band in 3- and 4-substituted phenols and in 
2,6-di-t-butyl-4-substituted phenols have been 
found to correlate with Hammett o values for the 
3- or 4-substituents (1, 2). Although the slopes of 
the Hammett plots for the frequency data were 
very similar for the two series, the slopes for the 
Av;" data were of opposite sign. From a con- 
sideration of these two series alone it could not 
be decided whether this change in sign was a 
consequence of the steric rather than the polar 
effect of the t-butyl substituent. The methyl 
substituent normally has a similar electronic 
effect to the t-butyl group, yet it is too small to 
cause appreciable steric hindrance to solvation 
of the hydroxy group in 2,6-dimethyl phenol (3). 
It is thus of interest to examine the dependence 
of v, and AvQ" on o, for 2,6-dimethyl-4-sub- 
stituted phenols, covering a wide range of 
4-substituents. 

The changes in v, and Av;" with o, for a 
series of 2,6-dimethyl-4-substituted phenols are 
now reported. The corresponding data for a 
series of 2,6-dichloro-4-substituted phenols are 
also included. 

Experimental 
A Beckman DK2A spectrophotometer was used to  

measure the hydroxyl bands. The instrument was cali- 
brated by the standard absorption lines of water and 
ammonia. In no case did corrections to the measured 
0-H frequencies exceed 2 cm-l. The carbon tetrachlo- 
ride used as solvent (British Drug Houses, "AnalaR" 
grade) was freshly redistilled through a 12 in. vigreux 
column. The cells were 10 c n ~  long and phenol concentra- 
tions from 0.0025 to 0.0005 M were en~ployed. Even at  

phenols is found (1). The preparation and purification of 
the phenols has been described elsewhere (4,5). 

Results 
The frequencies of the band maxima (v,) and 

the apparent half band widths (Avia) for the 
0-H stretching vibration in the phenols ex- 
amined are given in Table I. Hammett substi- 
tuent constants for the 4-substituents (o,) are 
included in the table. The o,- values used were 
considered to be the most accurate available 
since they were evaluated by Taft's recommended 
procedure (4). Regression lines were fitted to the 
v, against o data and the slopes (p), correlation 
coefficients (r), standard deviations (S) and 
standard deviations of the slopes (Sp) are given 
in Table 11. Similar calculations using the same 
o values for Ingold's data (1) for 2,6-di-t-butyl- 
4-X-phenols (X = OCH,, t-Bu, CH,, C1, CN, 
CHO, NO,, H) and 3- or 4-X-phenols (X = 
4-OCH,, t-Bu, CH,, C1, CN, CHO, NO,, H ;  
3-CH,, C1, NO,) and also for Cohen and Jones' 
data (2) for 2,6-di-t-butyl-4-X-phenols (X = 
OCH,, t-Bu, CH,, H, Br, COOEt, COCH,, CN, 
CHO, NO,) are included in Table 11. The values 
used for the 3-CH,, C1, and NO, substituents 
were oOs (61, that for the 4-C1 substituent was o- 
(5). lngoid;s data (1) for multiply-substituted 
phenols were not included because of the possi- 
bility of steric interactions between substituents. 
His data (I) for 4-OH,-NH,,-C,H,(CH,),C, 
-C2H,(CH3)CH,-C,H,(CH,),C, and Cohen 
and Jones' data (2) for 4-COO-,-SO,-,- 
CONH,,-N(CH,),+,-COOH were also omit- 
ted because o values for these substituents are not 
known with certainty. Plots of Av:." against o, 
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TABLE I 
Frequencies and apparent half band widths of the 0-H band in 

substituted phenols 

Substituents OP V, (cm- ') Av+" (cm - ') 

2,6-Di-(CH3)-4-CH, -0.15.i 3628 29 
2,6-Di-(CH3)-4-OCH, -0.12.r 3630 30 
2,6-Di-(CH3)-4-t-Bu -0.13.i 3627 26 
2,6-Di-(CH3)-4-H 0.OOr 362611 26 
2,6-Di-(CH3)-4-F 0.021 3627 26 
2,6-Di-(CH3)-4-Br 0.261 3622 26 
2,6-Di-(CH3)-4-CH3C0 0.851 3615 22 
2,6-Di-(CH3)-4-CN 0.89: 3615 22 
2,6-Di-(CH,)-4-CHO 1.041 3612 20 
2,6-Di-(CH3)-4-NO2 1.251 3611 2 1 
2,6-Di-(CH3)-4-NO* 1 ,601 3583 16 
2,6-Di-CI-4-CH, -0.lSt 3546 26 
2,6-Di-CI-4-H 0.00t 3540 24 
2,6-Di-CI-4-Br 0.261 3540 28.5 
2,6-Di-C1-4-COOC2H5 0.650 3527 27 
2,6-Di-CI-4-CH,CO 0.853 3526 26 
2,6-Di-C1-4-CN 0.89: 3526 27.5 
2,6-Di-C1-4-CHO 1.041 3521 26 

'Not used in fitting the regression line since it exists in the quinone oxime form (10). 
to0 values (6).  
to- values (4, 5). 
5 Derived from the pFC, of ethyl 4-hydroxybenzoate (7). 
IILiterature values 3622 cm-I (3) and 3620 cm-' (8). 

TABLE I1 
Correlations of v,,,/o, for substituted phenols 

Number of 
phenols in 

Phenol series P r S Sp serles 

for the 2,6-dimethyl-4-substituted phenols and 
2,6-dichloro-4-substituted phenols are shown in 
Fig. 1. With the exception of 2,6-dimethyl-4- 
nitrosophenol, whose band width is not included 
in Fig. 1, all the compounds had absorption 
bands of similar, symmetrical shape. The use of a 
consistent set of o values in the calculation of the 
regression line parameters for each of the phenolic 
series means that any observed differences in the 
parameters for different series does not result 
from fortuitous variations in the choice of o 
values. 

Discussion 
The hydroxyl frequency in 2,6-dimethyl phenol 

differs from that found by other workers (3, 8). 
However, the correlation of vm with o, for the 
2,6-dimethyl-4-substituted phenols, including 

2,6-dimethyl phenol, is very good, as is that 
for the 2,6-di-t-butyl- and the unhindered 3-, or 
4-substituted phenols. The correlatioil is highest 
for the di-t-butyl series and falls off as the ortho 
groups decrease in size (t-Bu > CH, > H) and 
solvation of the hydroxyl group becomes easier. 
The 2,6-dichloro-4-substituted phenol data gave 
a relatively low correlation coefficient (0.894) 
and a relatively high standard deviation of 
slopes (4.464). This is almost certainly attribut- 
able to the presence of an intramolecular 
hydrogen bond between the 0-H group and 
the ortho chloro atom (9). The strength of such 
a hydrogen bond would not depend solely on 
o, but should also be a function of om for the 
4-substituent. Nevertheless, plotting vm for the 
2,6-dichloro-4-substituted phenols against o, 
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32 - constant for the vm/o data of the 2,6-di-t-butyl- 
4-substituted phenols does not fit in with this - 
trend and hence seems to be anomalous. 

The plots of the Avaa/o data (Fig. 1) reveal 
x that Avg" for the 2,6-dichloro-4-substituted 

X phenols does not vary significantly with o,, i.e. 
X X p is roughly zero. On the other hand, Av*" for 

the 2,6-dimethyl-4-substituted phenols decreases 
24 - x as (3, increases. The 2,6-dimethyl-4-substituted 

phenols thus fall into the same category as the 
- 2,6-di-t-butyl-4-substituted phenols which pre- 

viously were reported (1) as the only known 
20 - series of benzene derivatives whose frequencies 

and apparent half band widths vary with o to 
I 

-0.2 0 0.4 0.8 1'20 
give slopes of the same sign. The unhindered 
phenols have apparent half band widths that 

=-P increase as o increases. 
FIG. 1. ~ p p a r e n t  half band width of 0-H bands Since the value of Avaa is probably largely against op. o-2,6-Dimethyl-4-substituted phenols; X-2,6- 

dichloro-4-substituted phenols. 0 represents points for dependent up0n the degree (degree 
2,6-dimethyl-4-substitutedphenols;Xrepresents pointsfor of hydrogen bonding; degree of interaction with 
2,6-dichloro-4-substituted phenols. solvent or bulky ortho groups; etc.) of the 

+ ao,, where the constant a was given a wide phenolic 0-H group, it seems that the associa- 
range of values, did not noticeably improve the tion the h ~ d r o x ~  group in 296-dichloro-4- 
correlation. substituted phenols is fairly constant. This is not 

Compar~son of the reaction constant (,,) for surprising in view of the intramolecular OH.. . . C1 
the four series suggests that the agreement in hydrogen bond that is known be formed- 
reaction constants previously reported (1) for the the association of the h ~ d r O x ~  group 
plots for the 2,6-di-t-butyl-4-substituted phenols appears to increase with 0 in unhindered phenols 
and the unhindered phenols is not real but and to decrease with o in 2,6-dimethyl-4-substi- 
results from the lower correlation found for the tuted phenols and 276-di-t-but~1-4-substituted 
latter. Otherwise, the steric and electronic prop- phenols. It  is difficult to picture how the associa- 
erties of the methyl group would lead to an tions of the h ~ d r o x ~  group the latter two 
identical value for the 2,6-dimethyl-4-substi- series can decrease with increase in electron 
tuted phenols. *lthough the precision of the withdrawing power of the 4-substituent, but in 
reaction constants is not high enough to be view of the great difference in the steric effects 
certain that the p values for the 2,6-dimethyl-4- Ortho methyl and Ortho t -bu t~ l  groups, the 
substituted phenols and the unhindered phenols polar rather than the steric effects of the ortho 
are different, p for the 2,6-dimethyl-4-substituted are probalby 
phenols is significantly higher (less negative) 
than that for the 2,6-di-t-butyl-4-substituted 

K. U. INGOLD. Can, J. Chem .38, 1092(1960). phenols. 2. L. A. COHEN and W. M. JONES. J. Am. Chem. Soc. 
Similarly the low correlation of v, with o, for 85,3402 (1963). 

the 2,6-dichloro-4-substituted phenols means 3. L. J. BELLAMY and R. L. W ~ L L ~ A ~ ~ .  Proc. ROY. Sot. 
London, Ser. A, 254, 119 (1960). 

that the reaction constant for this series is not 4. A. FISCHER, G. J. LEARY, R. D. TOPSOM, and J. 
significantly different from that for the un- VAUGHAN. J. Chem. Soc. B, 782 (1966). 

5. A. FISCHER. G. J. LEARY, R. D. TOPSOM, and J. hindered phenols. It  is, however, significantly VAUGHAN. J. Chem. Sot. B, 686 (1967). 
lower than that for the 2,6-dimethyl-4-sub- 6. R. w. TAFT. J. Phys. Chem. 64,1805 (1960). 
stituted phenols. Moreover, the p values for the 7. ki,$i$O[~$nd M. J. Am. Chem. Sot- 
296-dimeth~l~ unhindered, and 2,6-dich10ro series 8. P. J. KRUEGER and H. w. THOMPSON. proc. Roy. 
of phenols steadily increase in magnitude (be- Soc. London, Ser. A, 250,22 (1959). 

9. N. A. PUTTNAM. J. Chem. Soc. 5100 (1960). 
come negative) as for the Ortho 10. R. K. NORRIS and S. STERNHELL. Australian J. 
tuent becomes more negative. The reaction Chem. 19,841 (1966). 
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RCactions des kpoxydes de quelques sthroides avec Ie glycinate d'Cthyle 

KRZYSZTOF JANKOWSKI ET CASIMIR BERSE 
Ddpartement de chirnie, Universitd de Mor~trdal, Morztrdal, Qudbec 

R e ~ u  le 12 dCcembre 1967 

La reaction d'ouverture de l'hydroxy-3p epoxy-16a,l7a pregnene-5 one-20, du cCtal de l'hydroxy-3!3 
epoxy-16a,l7a pregntne-5 one-20, de l'hydroxy-3a epoxy-5a,6a pregnanone-20 et de l'acetate de 
l'tpoxy-5!3,6!3 cholesttryl par le glycinate d'ethyle a t t e  Ctudiee. La  sterkochimie des principaux pro- 
duits obtenus, les hydroxyaminoesters, a Cte discutee. 
Canadian Journal of Chemistry. 46, 1835 (1968) 

La continuation des travaux prtctdents (1, 2) 
sur l'ouverture par les acides amints d'tpoxydes 
nous a conduit a examiner les comportements 
des tpoxydes des stkroides vis-a-vis des esters des 
acides amints. Nous avons voulu obtenir des 
aminohydroxyesters posstdant l'activitt physio- 
logique. Nous avons aussi penst que l'introduc- 
tion d'un grand substituant sur l'azote des acides 
amints peut stabiliser les aminohydroxyesters 
formb. Nous avons choisi l'hydroxy-3P tpoxy- 
16c(,17a pregnkne-5 one-20 (1) et son cttal (2) 
avec l'tpoxyde sur le cycle D B cause de rigiditt 
moins grande et l'exposition B l'attaque par les 
acides amines plus grande. L'hydroxy-3P tpoxy- 
5cr,6cr pregnanone-20 (3) et l'acttate de l'tpoxy- 
5P,6P cholesteryl (4) avec l'tpoxyde sur le noyau 
B ont t t t  choisis a cause de leur grande stabilitt 
et de l'empechement de ce noyau par la presence 
des noyaux A et C. 

Les tpoxydes utilists pour les rtactions ont 
ete verifits par la rtsonance magnttique nu- 
cleaire (r.m.n.). 11s correspondent aux rtsultats 
calcults par Tori, Komeno et Nakagawa (3) 
(Tableau I). L'ouverture de l'hydroxy-3P tpoxy- 
16c(,17a pregnkne-5 one-20 (1) avec le glycinate 
d'tthyle dans le chloroforme a fourni l'amino- 

TABLEAU I 
Signal du pfoton.sur le noyau 

oxlrannlque 

Epoxyde* 6 (p.p.m.) 

*Le solvanr elair CDC13. 

hydroxyester, p.f. 220 "C. Le spectre infrarouge 
(i.r.) montre une large double bande carbonyle 
entre 1705 et 1693 cm-' et une forte bande 
carbonyle d'ester B 1725 cm-'. Le spectre r.m.n. 
montre les signaux des mtthyles en 18, 19, 21 
vers 1.00, 1.05 et 2.03 p.p.m. de NH-CH2-CO 
vers 3.2 p.p.m. et de C2H5 vers 4.2 et 1.2 p.p.m. 
respectivement (Tableau 11). Dans les conditions 
employees, la formation d'une imine par action 
du groupement amint du glycinate d'tthyle sur 
le carbonyle en position-20 (4) a t t t  peu probable 
et cette rtaction n'a pas t t t  observte. En plus, 
le mtlange rtactionnel a t t t  trait6 par l'acide 
chlorhydrique pour hydrolyser l'imine tventuelle- 
ment formte. 

TABLEAU I1 
Les spectres de resonance magnktique nuclCaire des produits d'ouverture* (6, p.p.rn.) 

Hydroxyaminoester MCthyle 18 Methyle 19 Methyle 21 CH,-CH2 NH-CH2-CO Autres 

0 0 
11 0.58 0.86 2.10 1.20et 4.18 3.17 - 
13 0.68 0.99 0.82 1.25 et 4.29 3.19 mCthyle 26 et 27 

0.91 (doublet) 
acetate 2.07 

*LC solvant etait CDC13. 
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Pour cet aminohydroxyester, on peut attribuer 
deux structures possibles correspondant B 
l'attaque du c6tC du carbone en positions-16 
ou -17 donnant le N-(0x0-20 dihydroxy-3P,17a 
pregnene-5 y1)-16P glycinate d'Cthyle (5) ou le 
N-(0x0-20 dihydroxy-3P, 16cl pregnene-5 y1)-17P 
glycinate d'Cthyle (6) respectivement. La premiere 
de ces structures est favorisCe par l'effet sttrique, 
regle de Fiirst et Plattner (5, 6), la deuxikme par 
l'effet Clectronique. 

Pour rCsoudre ce problGme, nous avons prt- 
park le cCtal de l'hydroxy-3P Cpoxy-5a,6cl 
pregnanone-20 (2) pour Climiner l'effet Clec- 
tronique. 

L'ouverture du cttal de l'hydroxy-3P Cpoxy- 
16a,17cl pregn2ne-5 one-20 (2) avec le glycinate 
d'Cthyle dans le chloroforme a fourni deux pro- 
duits isolCs par la chromatographie: le cCtal de 

la trihydroxy-3P,16P, 17cl pregnene-5 one-20 (7) 
et le N-(cttal de 1'0x0-20 dihydroxy-3P,17cl preg- 
nkne-5 y1)-16P glycinate d'Cthyle (8). 

En plus, on a isolt le produit qui n'a pas rtagi. 
Les deux cCtals 7 et 8 ont Ctt dCcCtalists par 
l'acide acetique dans le mCthanol pendant 2 h a 
la temperature de la piece. Les deux produits 
ont CtC isolCs et identifiCs. Le premier a CtC 
identifii par le spectre infrarouge et le point 
de fusion comme la trihydroxy-3P, 16P,17cl preg- 
nene-5 one-20 (9) identique B celui prCparC par 
Inhoffen et al. (7). Le deuxikme a CtC identifik 
par les spectres infrarouges, r.m.n., point de 
fusion mixte comme le N-(0x0-20 dihydroxy- 
3P,17a pregnene-5 y1)-16P glycinate d'Cthyle (5) 
identique a celui obtenu par l'ouverture de 
l'hydroxy-3P Cpoxy-l6a,l7a pregnkne-5 one-20 
(1) par le glycinate d'ithyle. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JANKOWSKI ET BERSE: REACTIONS DES EPOXYDES 

TABLEAU I11 
Les spectres de resonance magnetique nucleaire des derives de I'hydroxy-17 pregnanone* 

Compose MCthyle 18 MCthyle 19 MCthyle 21 

d 0.645 

1.025 2.15 

HO 
10 

1 .OO large 2.10 

1 .OO large 1.30 

1 .OO 1.05 2.03 

0.95 large 1.32 

C' 

*Le solvant 6tait CDCI,. 

L'absorption du mCthyle 19 dans le spectre 
r.m.n. apparait trks prks de celui du mCthyle 18 
et l'absorption du mCthyle 19 reste constante 
pour toute la sCrie des produits. Cette absorp- 
tion est influencCe par les environnements comme 
Ziircher (8), Tori (9) et Smith (10) l'ont montrC 
dans leurs travaux. Les calculs ont CtC faits et les 
corrections pour les diffirents substituants ont 

CtC rapportkes (10). En utilisant. l'hydroxy-3P 
pregnkne-5 one-20 (10) comme le produit de 
rCfCrence, nous avons calculk les corrections 
pour les mCthyles 18 et 19 du composC 5, et 
nous avons trouvC les valeurs suivantes: 0.355 
p.p.m. et 0.025 p.p.m. respectivement. 

I1 faut admettre que l'environnement influence 
aussi la position du mkthyle 21 (c'est-8-dire le 
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AcO &' HO i 
C 2 ~ S O ~ C - C H 2 - ~ ~  AcO Lq 

NH-CH2-COOC2H5 0 H 

mtthyle de I'acttyle en position-17). La difft- 
rence entre I'absorption de l7a-acttyle et de 
17p-acttyle est environ 0.19 p.p.m. (A - A'). 
Nous avons aussi constatt que la diffirence 
entre l'absorption des mtthyles d'acttyle et de 
cttal reste presque constante pour les paires des 
produits (B - B'; C - C') (Tableau 111). 

L'ouverture de I'hydroxy-3P Cpoxy-5a,6a pre- 
gnanone-20 (3) et de I'acttate de l'tpoxy-5(3,6P 

cholesttryl (4) avec le glycinate d'tthyle dans 
le chloroforme a fourni deux aminohydroxy- 
esters. Le premier avec le p.f. de 187 "C montre 
le spectre infrarouge pour les bandes carbonyles 
1735-1703 cm-I et 1693 cm-'. Le spectre 
r.m.n. montre les signaux des mtthyles en 18, 
19, 21 vers 0.58, 0.86 et 2.1 p.p.m.; de C2H5 
vers 1.2 et 4.18 p.p.m. et de NH-CH2-CO 
vers 3.18 p.p.m. respectivement. Le deuxiime 
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JANKOWSKl ET BERSE: RE !ACTlONS DES EPOXYDES 1839 

aminohydroxyester avec le p.f. de 254 "C montre 
le spectre infrarouge pour les bandes carbonyles 
1730 cm-I et 1715 cm-I. Le spectre r.m.n. 
montre les signaux des mCthyles en 18, 19 et 21, 
vers 0.68, 0.99, 0.82 respectivement et des 
mCthyles en 26 et 27 vers 0.91. 

Pour chacuil de ces aminohydroxyesters, on 
peut attribuer deux structures possibles corre- 
spondant a l'attaque sur le carbone en position-5 
ou -6 par le groupement amin6 du glycinate 
d'Cthyle. L'attaque en position-6 donne le N- 
(0x0-20 dihydroxy-3P,5a pregny1)-6P glycinate 
d1Cthyle (11) et le N-(acCtate-3P dihydroxy-3!3,5P 
cholestany1)-6a glycinate d'ethyle (13) respec- 
tivement. L'attaque en position-5 donne le N- 
(0x0-20 dihydroxy-3P,6ci pregny1)-5P glycinate 
d'Cthyle (12) et le N-(acttate-3P dihydroxy-3P,6P 
cholestany1)-5a glycinate d'tthyle (14) respective- 
ment. 

La structure 11 montre que la jonction des 
noyaux A et B des stCroides est trans. L'hydroxy- 
aminoester 5 se caractkrise de la rCtention de la 
configuration du groupement hydroxyle vis-a-vis 
de I'tpoxyde de dipart. Le produit est diaxial 
et par consiquence la regle de Plattner est 
respectie. Dans la structure 12, la jonction des 
noyaux A et B des stCroides est cis. La structure 
13 montre la jonction cis pour les noyaux A et 
B. Dans cette structure, il y a aussi la retention 
de la configuration du groupement hydroxyle 
par rapport a 1'Cpoxyde de dCpart. MEme si la 
structure 13 ne respecte pas la regle de Plattner 
et Fiirst, d'apr5s les examens des spectres r.m.n., 
les structures 11 et 13 ont CtC choisies comme les 
plus probables. 

Nous avons calcult l'influence d'environne- 
ment sur les mithyles en position-18 et -19 pour 

les aminohydroxyesters 11 et 13 en utilisant 
comme rCfCrences les stCroides ayant les jonc- 
tions des noyaux A/B trans ou cis. 

Les valeurs obtenues pour le compost 11 ont 
CtC plus proches de celles de l'hydroxy-3P preg- 
nane-5ci one-20 avec la jonction trans 15 qu'avec 
celles de I'hydroxy-3P pregnane-5P one-20 avec 
la jonction cis 16. Les valeurs obtenues pour le 
compost 12 ont CtC plus proches de celles de 
I'acCtate de coprostanol avec la jonction cis 18 
qu'avec celles de 1'acCtate de cholestanol avec 
la jonction trans 17. 

I1 faut souligner que les diffkrences dans les 
absorptions A6 calculCes pour les mCthyles en 
position-18 et -19 dans le cas des composb 11 
et 15 et celles pour les composes 13 et 18 sont 
de m&me ordre (Tableau IV). 

Nous avons aussi calcult la largeur du pic 
dans le spectre r.m.n. pour le mtthyle en posi- 
tion-19 a sa demi-hauteur. Le mtthyle 19 est 
influence cause du couplage a longue distance 
par les trois hydrogenes sur la jonction trans et 
par un seul pour la jonction cis (11). Comme 
produit modele, nous avons choisi l'hydroxy-3P 
pregnanone-20 avec la jonction A/B soit trans 
15 soit cis 16 avec les valeurs pour largeur du 
pic a demi-hauteur 1.25 c.p.s. et 0.87 c.p.s. re- 
spectivement. Le deuxieme produit modkle 
choisi a CtC le cholestanol-3P avec les valeurs 
pour largeur du pic 0.72 c.p.s. pour l'isomkre 
cis 18 et 0.91 c.p.s. pour l'isomere trans 17 
(Tableau IV). 

La valeur de 1.0 c.p.s. calculee pour le com- 
posC 10 indique que la jonction A/B est trans 
et la valeur de 0.8 trouvte pour le composC 13, 
montre que la jonction A/B est cis. La valeur 
pour la jonction trans du compose 11 est plus 
petite probablement a cause du fait que l'hydro- 
gene 5ci a CtC substituC par un groupement 
fonctionnel (Tableau VI). L'ouverture des 
Cpoxydes stiroidaux avec le glycinate de sodium 
n'a donnC aucune rCaction, seulement les 
CpoxystCroides ont CtC rCcupCrCs, probablement 
a cause d'une rCaction d'klimination qui suivit 
la rtaction d'ouverture des Cpoxydes en milieu 
basique. Si on considere le glycinate d'tthyle 
comme une base faible, cela peut expliquer le 
faible rendement en produits d'ouvertures de 
1'Cpoxyde dans la sirie steroidale. 

MalgrC que les Cpoxydes stCroidaux CtudiCs 
contiennent les cycles Cpoxycyclopentanique et 
Cpoxycyclohexanique, nous n'avons pas constat6 
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TABLEAU IV 
Les resultats de spectres rtsonance magnttique nucltaire 

- 

6 (p.p.m.1 A& Mtthyle 19 L h/2 (c.p.s.) 

Compose Mtthyle 18 Methyle 19 Mtthyle 18 Mtthyle 19 Ce travail Litt. (11) 

1 .25 (,rans) 

0.72 (cis) 

la formation des dtrivts de la dictto-2,5 pipCra- cyclohexanique qui facilite la dimerisation ou 
zine N,N'-disubstitut ou des morpholones-2 la lactonisation. Dans le cas des sttroides, ces 
comme pour l'tpoxycyclohexane (2) comme la transformations sont emp&chtes. 
formation de la dictto-2,5 piptrazine dans le cas 
de l'tpoxycyclopentane (19). L'tpoxycyclopen- Partie expkrimentale 
tane (19) dans la rtaction avec le glycinate 

Les points de fusion ont t t t  dttermints dans l'appareil d'tthyle donne le bis-(hydroxy-2 cyclopentyl)-l 74 de Kofler et ne sont pas corrigts. Les spectres infrarouges 
dictto-295 ~iptrazine (20), P . ~ .  255 "C. Le produit ont 6tC enregistrts sur un spectrophotometre BECKMAN 
20 a ett identifit par la cornparaison des spectres IR-8 en Nuiol. Les microanalvses ont ett  effectutes dans 
infrarouges avec'celui obtenu pour 190u;erture les laboratdires Midwest ~ i c r o l a b . ,  Inc., Indianapolis, 

de ~ ~ ~ p o x y c y c ~ o ~ e x a n e  (2) (1635 et 3350 cm- I), Indiana; U.S.A. et par nous-mCmes (micro Kjeldahl). Les 
spectres de rtsonance magnttique nucltaire ont e t t  par l'hydrolyse et par la synthese. enregistrts sur un spectrometre Varian A-60. Le glycinate 

L'absence des dtrivts de la dickt0-2,5 pipera- dqtthyle a t t t  prtpart d'apres la mtthode de E. Fischer 
zine et mor~holones-2 dans la strie des sttroides (12). Le compost 1. produit commercial (Sigma Chemical . -  
peut Stre eipliqute par une plus grande stabilitt company) a 616 purifie par la recristal~isation du 

mCthanol (p.f. 191-193 "C). A partir de ce produit, on des h~drox~arninoesters rnentionnCs 'Ornrne les a prtpar6 son c,Atal (2) (p,f. 171 OC) dlapr& la m6thode 
produits primaires d'Ouverture des C ~ O x ~ d e s  et dtcrite par P. L. Julian el al. (13) avec le rendement de 
par la flexibilitt des noyaux cyclopentanique et 37 %. 
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JANKOWSKI ET BERSE: REACTIONS DES EPOXYDES 1841 

Le compose 3 a Bte &pare du melange des Bpoxydes 
a et (3 obtenus d'apres la peroxydation de l'hydroxy-3(3 
pregnene-5 one-20 par l'acide m-chloroperbenzoique dans 
le chloroforme (rendement 17%, p.f. 182-183 "C. Litt. 
180-184 "C (14)) ou par l'acide perbenzoique (rendement 
12%). 

~ i !  compose 4 a 6tB prepare par la peroxydation de 
I'acCtate de cholesteryl avec l'acide m-chloroperbenzoique 
dans le chlorure de mkthylene, p.f. 112 "C rendement 
21 % (Litt. (15), p.f. 112 "C). 

Le compost 19 a 6tB prepare a partir du cyclopenttne 
(21) par peroxydation avec l'acide m-chloroperbenzoique 
dans le chloroforme p.6. 100 "C, rendernent 23 % (Litt. 
(16), p.8. 1W102 "C). 

Ouverture de I'hydroxy-3P kpoxy-l6a,l7a pregnine-5 one- 
20 (1)  avec le glycinate d'kthyle 

La solution du produit 1 (2 g, 7 rnrnoles) dans le 
chloroforme anhydre (25 ml) a etk chauffie au bain- 
marie pendant i 2  h avec le glycinate d'tthyle (0.8 g, 
7 mmoles), puis la solution a ete extraite avec l'acide 
chlorhydrique 2% (2 x 20 ml) et l'eau. La solution a 
6tB s6chk avec le carbonate de potassium anhydre et 
Bvaporee a sec. Le residu a ete chromatographit sur la 
colonne de silica gel. Trois fractions ont t t t  stparks: (a) 
p.f. 260 "C (subl.); rendement: 93 mg (21 %); (b) p.f. 
189-191 "C; rendement: 1.35 g (67.5 %) et (c) p.f. 220 "C; 
rendement : 26 mg (1 %). 

Le produit (a) a ett  identifie comme la diceto-2,5 
pipkrazine (23) par la comparaison des spectres infra- 
rouges et par le point de fusion mixte. Le compose (b) 
a Cte identifie comrne le produit 1 par la comparaison de 
ses spectres r.m.n., infrarouge et par le point de fusion 
rnixte. Le produit (c) cristallisC de l'kthanol absolu a 
CtC identifib cornme le N-(0x0-20 dihydroxy-3(3,17a 
pregnene-5 y1)-16P glycinate d'kthyle (5). 

Anal. Calc. pour C25H3905N (433.6): C, 69.25; H, 
9.07; N, 3.23. Trouve: C, 69.60; H, 8.80; N, 3.01. 

Ouverture du cktal de I'hydroxy3S $oxy-16a,17a 
pregnine-5 one-20 (2) avec le glycinate d'ktl~yle 

La solution du produit 2 (180 mg, 0.5 mmole) dans le 
chloroforme (50 ml) a CtC portCe B reflux avec le glycinate 
d'ethyle (50 mg- 0.5 mmole) pendant 10 h. Le solvant a 
t t t  tvapore in 71acuo et le rCsidu a CtC chromatographie 
sur la colonne de silica gel. Les quatre fractions ont CtC 
stpartes: (a) p.f. 260 "C (subl.); rendement: 5 mg, 
(17%); (b) p.f. 169-171 "C; rendement. 40 mg, (22%); 
(c) p.f. 178 "C; rendement: 45 rng, (19%); (d) p.f. 219 "C; 
rendement : 3 1 mg, (16 %). 

Les produits (a) et (b) sont identiques avec la diceto- 
2,5 piperazine (23) et le produit 2. 

Le produit (c) recristallise de l'acetone a CtC identifie 
comme Ctant le N-(cCtal de 1'0x0-20 dihydroxy-3B,17a 
pregnene-5 y1)-16B glycinate d'ethyle (8). Le spectre 
infrarouge est 1730 et 1095 cm-l. 

Anal. Calc. pour CZ7H4&N (477.6): C, 67.90; H, 
9.07; N, 2.93. TrouvC: C, 68.23; H, 8.72; N, 2.72. 

Le produit (d) recristallise de l'ethanol a Ctt identifit 
comme le cCtal de la trihydroxy-3B,16(3,17a pregntne-5 
one-20 (7); le spectre infrarouge est 3350 cm-'. 

Anal. Calc. pour C23H3605 (392.5): C, 70.38; H, 
9.22. TrouvC: C, 69.70; H, 8.90. 

N- (0x0-20 dihydroxy-3 P,17apregnPne-5 yl) -16(3 glycinate 
d'kthyle (5) 

La solution du produit 8 (26 mg, 0.05 mmole) dans 
l'acide acetique mtthanol 1 :1 (5 ml) a t t t  chauffte a 
60 "C pendant 4 h puis les solvants ont t t i  tvapores in 
vacuo. Le residu a t t t  trait6 deux fois avec le benzene- 
ethanol absolu 1 :1 et tvaport in vacuo. Le produit a 6tB 
chromatographie sur la colonne de silica gel et recris- 
tallisk d'tthanol. Le produit 5 a 6tB identifie par le 
point de fusion mixte, et par la chromatographie sur 
couches minces, par les spectres infrarouge et r.m.n. Le 
rendement: 10 mg (45.1 %), p.f. 219-220 "C. 

Trihydroxy-3(3,16P,I7a pregnine-5 orre-20 (9) 
La solution du produit 7 (25 mg, 0.05 mmole) dans 

I'acide acetique - methanol 1 :1 (3 ml) a kt6 trait6 B la 
f a ~ o n  habituelle. Le produit 9 a 6tB identifie par le point 
de fusion et par les spectres; le rendement: 13 mg 
(55%), p.f. 232-236 "C. (Litt. (7): p.f. 230-236 "C). 

Ouverture de I'hydroxy3P kpoxy-5a,6apregtlanone-20 (3) 
avec le glycinate d'kthyle 

La solution du produit 3 (800 mg, 2.5 rnrnoles) dans 
le chloroforme anhydre a 6tC chauffke au bain-marie 
avec le glycinate d'kthyle (250 mg, 2.5 mmoles) pendant 
10 h, puis le melange a 6tB extrait deux fois avec l'acide 
chlorhydrique 5%. La solution chloroformique a 6ti  
skh& avec le carbonate de potassium anhydre et Bva- 
porCe in vacuo. Le residu a CtB chromatographie sur la 
colonne de silica gel et les trois fractions ont Cti sCpar&s: 
(a) p.f. 260 "C (subl.); rendernent: 70 mg (50%); (b) p.f. 
182-183 "C; rendement: 160 rng (20%) et (c) p.f. 187 "C; 
rendement: 29 mg (1.7 %). 

Le produit (a) cristallisk de l'kthanol a kt6 identifii 
comme la diceto-2,5 piperazine (23) par la comparaison 
des spectres et par le point de fusion mixte. Le produit 
(b) cristallisC de l'acetone a CtC identifie comme le pro- 
duit 3 de depart. Le produit (c) cristallise de l'ethanol a 
etC identifie comme le N-(0x0-20 dihydroxy-3S,5a pre- 
gny1)-6(3 glycinate d'ethyle (11); le spectre infrarouge est 
1735, 1703 et 1693 cm-l. 

Anal. Calc. pour CZ,H4,O3N (435.6): C, 68.93; H, 
9.49; N, 3.22. Trouve: C, 68.71; H, 9.44; N, 3.00. 

Ouverture de I'acktate de I'kpoxy-5P,6B cl~olesteryl (4) 
avec le glycinate d'krhyle 

La solution du produit 4 (450 mg, 1 mmole) dans le 
chloroforme (35 ml) a CtC chauffke avec le glycinate 
d'kthyle (100 mg, 1 mmole) au bain-marie pendant 14 h. 
Le solvant a etC CvaporC et le rCsidu a etC chromato- 
graphie sur le silica gel. Les trois fractions ont Cte &pa- 
rCes: (a) p.f. 260 "C (decomp.); rendement: 25 mg 
(43%); (b) p.f. 110-112 "C; rendement: 200 mg (44%) 
et (c) p.f. 254 "C; rendement: 17 mg (3.1 %). 

Le produit (a) recristallise de l'kthanol a CtC identifie 
comme la diceto-2,5 pipkrazine (23) par la comparaison 
des spectres et point de fusion mixte. Le produit (b) 
recristallise de methanol a ete identifie comme le pro- 
duit 4 de depart. Le produit (c) a CtC identifie comme le 
N-(acetate-3B dihydroxy-3(3,5(3 cholestany1)-6a glycinate 
d'ethyle (13); le spectre infrarouge est 1730 et 1715 
cm-'. 

Anal. Calc. pour C3,H5,05N (547.9): C, 72.35; H, 
10.25; N, 2.56. TrouvC: C, 72.10; H, 9.37; N, 2.51. 
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0ucer.trn.e de I'kpoxycyclopet~tat~e (19) avec le glycinate 1. C. BERSE et K. JANKOWSKI. Can. J. Chem. 44, 1513 
d'tthyle (1966). 

La solution du produit 19 (4.2 g, 0.05 mmole) dans le 2. C. BERsE et K. JANKOWSKI. Can. J. Chem. 45, 2865 
chloroforme (45 ml) a CtC portCe a reflux avec le glycinate 
dhthyle ( 5  g, 0.05 mole) au bain-marie pendant 12 h. EL2io.;, ~ i 3 f ~ ~ ~ ~ .  et " NAKAGAWA. 

Org. 

Le solvant a t t t  CvaporC in vacuo et le produit a CtC 4. TH. wAGNER-JAUREGG, L. zIRNGIBL et H,  GUNTHER. 
recristallise de I'tthanol. Tetrahedron Letters, 33, 3123 (1967). 

Le bis-(hydroxy-2 c ~ c l o ~ e n t ~ l ) - 1 , 4  dicCto-2,5 pipera- 5. A. FURST et PL. A. PLATTNER. Intern. Congr. Pure 
zine (20) p.f. 255 'C a CtC isole; le rendement 240 mg and Appl. Chem. 12th Congr. New York. 1951. 
(3.5%); le spectre infrarouge est 1635 et 3350 cnl-'. Abstr. Papers. p. 405. 

Anal. Calc. pour C14H2204N2 (282.4): C, 59.56; 6. R. PARKER et N. S. ISAAC. Chem. Rev. 59, 737 
H, 7.85; N, 9.92. Trouve: C, 59.84; H, 7.92; N, 9.71. (1959). A. A. AKHREM, A. V. KAMERNITSKII, V. A. 

Le produit 20 hydrolyst avec chlorhydrique DUBROVSKU et A. M. MOISEENKOV. IZV. Akad. Nauk 
Kaz. S.S.R. Ser. Khim. Nauk, 9, 1726 (1964). L. concentre a CtC compare avec celui obtenu par la rCaction VARGHA, E. KASZTREVNER, L. SZPORNY et M. RADos. 

de tr.atls-amino-2 cyclopentanol (22) (17) avec l'acide H ~ ~ ~ .  Patent N ~ .  150,213 ( M ~ ~  31, 1963), d'aprts 
chloroacCtique. L'identitC des deux produits hygro- Chem. Abstr. 60, 623f (1964). 
scopiques a CtC prouvCe par la chromatographie sur 7. H. H. INHOFFEN, F. BROMEYER et K. BROCKZIER. 
couches minces dans le systeme pyridine - eau - acide Ber. 87, 593 (1954). 
acet iq~~e (1 :I :3); le Rf du produit apres l'hydrolyse est 8. R. F. ZURCHER. Helv. Chim. Acta, 44, 1380 (1961); 
0.27 et le R, du produit synthCtis6 a partir de trans- Helv. Chim. Acta, 46, 2054 (1963). 
aminocyclopentanol (22): 0.25 - 0.26. 9. K. TORI, T. TOMITA, H. ITAZAKI, M. NARISADA et 

W. NAGATA. Chem. Pharm. Bull. (Tokyo), 11, 956 
Bis-(/zydr.oxy-2 cyclopenty1)-l,4 dickto-2,5 pipkrazine (20) (1963). 

Le produit 20 a CtC synthttist partir de l'amino-2 10. L. L. SMITH. Steroids, 4, 3, 395 (1964). 
cyclopentanol (22) avec le chloroacCtate d3Cthyle d'apres K. L. WILLIAMSON~ T. et T. A. SPENCER. 

la mtthode analogue ti celle dtcrite par l'amino-2 cyclo- J. Am. 88p 325 ). 12. E. FISCHER. Ber. 34, 436 (1901). 
hexanol (2). Apres la IibCration du HCI par le traitement 13. p. L. J ~ ~ ~ ~ ~ ,  E. W. MEYER et I. RYDEN. J. Am. 
avec la trikthylamine dans le dimCthylformamide, les them, sot. 71, 756 (1949); J. A ~ .  them. sot. 72, 
petites quantites du produit 20 ont CtC stparies; p.f. 367 (1950). 
255 "C (rendement; 1.4%): le spectre infrarouge est 3350 14. M. EHRENSTEIN et T. D. STEVENS. J. Org. Cheni. 6, 
et 1635 cm-'. Le produit ne donne pas de depression du 908 (1941). 
point de fusion lorsque mClangC avec le composC 20 15. L. RUZICKA et L. BOSSHARD. Helv. Chim. Acta, 20, 
d6ja obtenu. 244 (1 937). 

16. W. MEISNER. Ber. 32, 2052 (1899). 
17. M. GODRHOT et M. MOUSSERON. Compt. Rend. 

Remerciements 196, 1680 (1933). J. SICHER, M. HORAK et M. 
S v o n o o ~ .  Collection Czech. Chem. Commun. 24, 

Les auteurs remercient le Conseil National de 950 (1959), d'aprPs Chem. Abst. 53, 21162. 
Recherches du Canada pour l'aide financi6re 
apportCe sous forme d'octroi de recherches. 
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Reformatsky reactions with o- and p-substituted benzophenones 

E. H. CHARLESWORTH AND PETER CHARLESON 
Department of Clzernistry, University of Manitoba, Winnipeg, Manitoba 

Received October 26. 1967 

Nine new P,p-diarylhydracrylic acids are reported from the condensation of monosubstituted benzo- 
phenones with ethyl bromoacetate in Reformatsky reactions. The reaction of 4-nitrobenzophenone 
which fails to go into classical Reformatsky reactions can be accon~plished in excellent yield by the 
two-step process; however, 2-nitrobenzophenone fails to react under any conditions. 

In the case of 2-chlorobenzophenone in benzene-toluene, the hydracrylic acid is not isolated, but 
rather the unsaturated P-chlorophenyl-13-phenyacrylic acid. Diethyl ether appeared in general to be 
superior to benzene-toluene as a solvent for the reactions. Anisole under reduced pressure has also 
been used successfully in two cases. 

Canadian Journal o f  Chemistry, 46, 1843 (1968) 

This research was undertaken largely on the 
basis of a comment by Klemm and Bower (1) 
in 1958 that "there has been very little investiga- 
tion of the Reformatsky reaction employing 
diary1 ketones". 

The four major objectives of the investigation 
have been: a study of the influence of substit- 
uents in the 2- and 4-positions of the benzophe- 
none nucleus on the yield of products; the 
comparison of the relative effectiveness of two 
dissimilar reaction solvents namely diethyl ether 
and benzene-toluene; experiments to see if 
nitrobenzophenones which previously have failed 
to go into the classical (one-step) Reformatsky 

reported a case where different solvents benzene 
and ether gave different end products. Cason and 
Fessenden (6) and Evans (7) found that benzene- 
ether gave better yields than benzene itself. The 
two-stage process was introduced by Siegel and 
Keckeis (2) and also used by Vinograd and 
Vul'fson (8), Grob and Brenneisen (9), and 
Vaughan et al. (10). In general this method has 
permitted reactions between substances that fail 
in the one-step process and in other cases has 
given increased yields. 

Fifteen P,P-diarylhydracrylic acids have been 
synthesized in this investigation, nine of which 
are new compounds namely : P-(2-aminopheny1)-, 

method might react in the two-stage process P-(4-aminoihenyl)-, P-(2-hydroxypheny1)-, P- 
introduced in 1953 by Siegel and Keckeis (2); (6hydroxyphenyl)-, P-(2-bromopheny1)-, P-(4- 
the isolation and characterization of the P,P- bromopheny1)-, P-(2-chloropheny1)-, P-(bfluoro- 
diarylhydracrylic acids resulting when a variety pheny1)-, and P-(4-nitropheny1)-P-phenylhydra- 
of 2- and bsubstituted benzophenones are crylic acids (see Table 11). Twelve of these acids 
condensed with ethyl bromoacetate under have been characterized by means of their 
appropriate conditions. p-nitrobenzyl esters as shown in Table 111. 

Zn 
i- BrCH,-C02Et 

etc TABLE I 
Yields with variation of solvent* 

% yield of 

7H2 
X Solvent crude acid 

I 
I 

The classical Reformatsky reaction is well 
reviewed up to 1942 by Shriner (3). The following 
brief review of the literature since this time may 
be worth while. Natelson and Gottfried (4) 
reported that best yields were obtained with a 

I 
I solvent giving a reaction temperature of 95- 

105 "C and this is best achieved by a benzene- 
toluene (1:l) solution. Dreiding and Pratt (5) 

2-CH3 Benzene-toluene? 32 
2-CH3 Benzene 41 
2-CH3 Benzene+ther$ 53 
2-CH3 Ether 52 
4-CH, Benzene-toluene 76 
4-CH, Benzene 62 
4-CH 3 Benzenexther 8 1 
4-CH, Ether 84 

0 

'Compounds o f  slructure X 
t40:35 v/v. 
$ 1  : I  v/v. 
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TABLE I1 
p,p-Diarylhydracrylic acids* 

%yield of crude acid 
Melting 

In Benzene- point? Analyses 
In  toluene purified 

X EtzO (40:35 v/v) acid ("C) Formula Calculated (%) Found (%) 

C,56.7; H,4.3;  Br, 24.8 
C,55.8; H,4.2;  Br, 25.0 

N, 4.9 

tAll melted with decomposition (frothing). 

In general, diethyl ether proved to be superior 
to benzene-toluene as a reaction solvent (see 
Tables I and 11). The reaction of 2-chlorobenzo- 
phenone in benzene-toluene has resulted in the 
formation of the unsaturated acid, P-(2-chloro- 
pheny1)-P-phenylacrylic , acid rather than the 
corresponding hydroxyacid isolated from ether. 

Resonance and steric effects associated with 
the substituent groups attached to the benzo- 
phenone nucleus, were found to have predictable 
influences on the yields of the hydroxyacids 
(Table 11). The 4-derivative produces greater 
yields than the 2-derivative. 4-Nitrobenzo- 
phenone which does not react in the classical 
Reformatsky reaction gives an excellent yield 
in the two-step process (see Table IV). On the 
other hand with 2-nitrobenzophenone no yield 
of acid was obtained by either process. In other 
cases, the two-step process has given increased 
yields. (Compare similar substances in Table V 
and Table I1 (benzene-toluene).) 

Lewis and Wright (1 1) in their investigation on 
solvent effects in the Grignard reaction reported 
that anisole was superior to ether in the reaction 
of ethyl magnesium bromide with benzophe- 
none. By a reduced pressure technique anisole 

was successfully used in the present investigation 
as a Reformatsky solvent (Table V). Due to the 
relatively high reflux temperature (1 70") consider- 
able decomposition occurred at atmospheric 
pressure and a pressure of 26 mm was employed. 

Experimental 
Activated Zinc 

The zinc used in this investigation was in the form of 
20 mesh granules, Fisher Scientific Co. (Z-15) activated 
by the procedure of Palmer and Reid (12). 

Monosrrbstituted Benzoplzenones 
The sixteen substituted benzophenones employed in 

this study were all prepared as described in the litera- 
ture. Syntheses of five of these were sufficiently modified 
to merit comment. 

2-Hydroxybenzophenone 
In  the past, this appears to have been made by a 

Friedel-Crafts reaction between 2-methoxybenzoyl chlo- 
ride and benzene, excess aluminium chloride being used 
to ensure demethylation as well as aroylation (13). A 
direct synthesis employing 2-hydroxybenzoyl chloride in 
the Friedel-Crafts reaction does not appear to have been 
previously employed. 

A suspension of anhydrous aluminium chloride (77 g, 
0.58 mole) in benzene (450 ml) was heated under reflux. 
A solution of 2-hydroxybenzoyl chloride (0.36 mole) pre- 
pared by Kirpal's method (14) in benzene (200 ml) was 
added with stirring to the refluxing solution. The reaction 
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CHARLESWORTH AND CHARLESON: REFORMATSKY REACTIONS 1845 

TABLE I11 
p-Nitrobenzyl P,P-diarylhydracrylates* 

Analyses 

X Melting point PC) Formula Calculated (%) Found (%) 

N; 3.1; B< 17.5 
N, 3.1; Br, 17.5 
N, 6 .6  

N; 2.8; ~ r l  18.2 
N,  2.9; Br, 18.4  
N, 6 .4  

*Compounds of structure 

OH 

TABLE IV 
Two-stage reactions* 

X %yield of crude acid 

was allowed to  continue until the evolution of hydrogen 
chloride ceased. On cooling, the mixture was poured 
cautiously onto a mixture of ice and dilute acid. The 
aqueous layer was separated and extracted with ben- 
zene. The benzene extract was washed successively with 
dilute hydrochloric acid, water, sodium carbonate solu- 
tion (573, and water. After drying over magnesium 
sulfate and removal of the benzene by distillation, the 
residue was subjected to vacuum distillation. The crude 
product was collected at  119-138' at  1 mm, as a yellow 
oil (46.5 g). Recrystallization from aqueous acetone gave 
a solid (37.2 g) which melted at 3 9 4 1  "C. DeTar and 
Relyea (15) have reported 38.5-39 "C. 

2-Aminobenzophenone 
This ketone was prepared by the method of Scheifele 

and DeTar (16) with the following modification. 
The benzene reaction mixture after the completion of 

the Friedel-Crafts reaction was cooled to  room tem- 
perature and poured onto a mixture of ice and con- 
centrated hydrochloric acid. This hydrolyzed mixture 
was filtered free of a considerable quantity of light olive- 
green solid. This solid which was apparently impure 
2-toluenesulfonylamidobenzopl~enone was readily hydro- 
lyzed by hot hydrochloric acid (10%) to  2-aminobenzo- 
phenone. The benzene layer from the filtrate was sepa- 
rated from the aqueous phase, washed with water, and 
dried. Removal of the benzene in vaclro afforded a con- 
siderable quantity of a brown solid. This solid was 
heated with concentrated sulfuric acid (200 ml) on a 
steam bath for 15 min. The resultant solution was cooled, 
poured into water (500 ml), and filtered free of a solid 
which was apparently phenyl p-tolyl sulfone. The filtrate 
was neutralized with 6 N sodium hydroxide solution. The 
precipitate of impure 2-aminobenzophenone was collected, 
combined with the main portion isolated above by hydro- 
chloric acid hydrolysis and recrystallized from aqueous 
ethanol. The yield of 2-aminobenzophenone was 40.8. g 
(41 % on basis of p-toluenesulfonylanthranilic acid). I t  
melted at  105-107 "C. 

0 
*Compounds of  structure "0-;a 

TABLE V 

Reactions under reduced pressure* 
- 

Reaction % yield of 
X conditions crude acid 

Anisole 
b.p. 64" at  26 mm 
Anisole 
b.p. 62" at 26 mm 
Benzene-toluene? 
b.p. 37" at 82 mm 
Benzene-toluene 
b.p. 92" at  atm 
Benzene-toluene 
b.p. 38" at 84 mm 
Benzene-toluene 
b.p. 91" at atm 
Benzene-toluene 
b.p. 38" at 85 mm 
Benzene-toluene 
b . ~ .  92" at  atm 

'Reactions involved 
compo~~nds of structure 

t40:35 v/v. 
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4-Nitrobenzoplrenone 
This ketone was prepared in a Friedel-Crafts reaction 

by dropwise addition of a solution of 4-nitrobenzoyl 
chloride in benzene to  a well stirred suspension of 
anhydrous aluminium chloride in benzene at room 
temperature and then allowing the mixture to  stand 
overnight. A 95% yield of ketone was obtained which 
melted at  135-137 "C. If the Friedel-Crafts reaction is 
carried out at the more usual temperature of 50 "C the 
yield falls to  60%. Schroeter (17) has reported a melting 
point of 138 "C. 

Reduction of this nitroketone with iron and acetic 
acid according to  the directions of Simpson et a / .  (18) 
for the corresponding 2-nitroketone gave an excellent 
yield (88 %) of 4-aminobenzophenone. 

4-Merlrylbenzophenone 
This ketone was prepared in 57 % yield by treating 4- 

methylbenzoyl chloride with diphenyl cadmium accord- 
ing to the directions of Cason and Prout (19) for the 
preparation of methyl 4-keto-7-methyloctanoate. Puri- 
fication was accomplished by vacuum distillation, b.p. 
127-130" at 1 mm, and recrystallization from alcohol, 
m.p. 5G59'C. Blakely and Scarborough (20) have 
reported a melting point of 56 "C. 

2-Nitrobe~zzoplrenone 
This proved the most difficult of the starting ketones 

to obtain. A number of syntheses are reported in the 
literature, but none of these presented a simple method 
giving a pure product in good yield. Even the diphenyl 
cadmium method used above for 4-methylbenzophenone 
gave only an impure product which contained a con- 
siderable quantity of biphenyl. The method which was 
eventually successful was the oxidation of 2-nitrobenz- 
hydro1 according to the directions of Stoermer and 
Fridericji (21) and also used by us in the preparation of 
2-~nethoxybenzophenone. 

A solution of potassium dichromate (55.6 g) concen- 
trated sulfuric acid (46 ml) and water (256 ml) was added 
in one portion, with stirring, to 2-nitrobenzhydrol 
(30.9 g). The temperature of the mixture was observed 
to  rise quickly to  45" and then slowly dropped back to  
room temperature. The dark colored liquid was poured 
into water (500 ml), the crude product isolated by filtra- 
tion, washed with water and air-dried. Recrystallization 
of the crude ketone (30.8 g) from methanol afforded a 
product which melted at 104-106 "C. Hay and Mulley 
(22) have reported a figure of 103-104 "C. 

Getzeral Procedures for Sytzrhesis of P ,  P-Diaryllzydracrylic 
Acids 

(a )  Classical (One-stage) Reaction 
Activated zinc granules (3.8 g, 0.058 g-atom) were 

added to  a solution of diarylketone (0.025 mole) and 
ethyl bromoacetate (4.5 g, 0.027 mole) in anhydrous 
solvent (30 ml). The reaction mixture was contained in a 
lOOml three-necked flask, equipped with a magnetic 
stirrer, electric heating mantle, thermometer, and an 
efficient reflux condenser with the outlet protected by a 
calcium chloride tube. 

The mixture was stirred and cautiously heated to  the 
reflux temperature. If, after several minutes of refluxing, 
the reaction showed no signs of having initiated (a dis- 
tinct change in clarity and/or color of the solution), one 

or two small crystals of iodine andior mercuric chloride 
were added to reactivate the zinc in situ. In the event that 
the initial exothermic reaction threatened to "froth 
over", the heating mantle was removed and the flask 
was cooled as long as it was necessary to keep the re- 
action under control, but not enough to  stop the reaction. 
Once under control, the reaction was refluxed and 
stirred for an additional 2 h. 

At the end of this period, the reaction mixture was 
decanted from the unreacted zinc, and both the zinc and 
the flask were rinsed with additional solvent. The zinc 
was dried and its weight recorded. The decanted mixture 
was combined with the solvent and hydrolyzed with 10% 
sulfuric acid (20 ml). The resultant two-phase system was 
separated; the aqueous layer was extracted with ether 
(2 x 25 ml), and then discarded. The combined organic 
layers were evaporated under reduced pressure and the 
residue was saponified according to  the directions of 
Palmer and Reid (12) by refluxing with potassium 
hydroxide solution (13 ml, 2.5 N )  in ethanol (25 ml) for 
4 h. The saponification mixture was diluted with water 
(25 ml) and most of the alcohol was removed at 60" 
under reduced pressure. 

The residue was extracted with ether (2 x 25 ml, 
2 x 10ml) and the combined ethereal extracts were 
washed with 5 %  sodium carbonate solution (these 
washings were combined with the main aqueous layer). 
Then the ether layer was dried over magnesium sulfate 
and filtered into a tared distillation flask. Removal of 
the ether under reduced pressure left a neutral residue 
(mainly unreacted ketone) whose weight was recorded. 

The combined aqueous layers (above), containing the 
potassium salt of the hydroxy acid and excess base, were 
heated on a steam bath to  drive off traces of ether, 
cooled, and acidified with dilute hydrochloric acid. In 
most instances the precipitated acid was isolated by 
suction filtration, washed, and dried. In a few cases, it 
was necessary to extract the acid with ether, with sub- 
sequent washing, drying, and removal of the ether. The 
weight of the crude acid was recorded and the percentage 
yield calculated on this figure, in general, agreed well 
with that calculated on the basis of the recovered ketone. 

(b )  Reaction under Reduced Pressrrre 
This procedure was exactly the same as the above ex- 

cept that the apparatus was connected (via the top of 
the condenser) to a vacuum pump, manometer, and 
bleeder valve for adjusting and maintaining a constant 
low pressure. This setup permitted the reaction mixture 
to be refluxed at a temperature considerably lower than 
at  atmospheric pressure. The low pressure was main- 
tained throughout the initiation, and the 2 h reflux 
period. 

( c )  Two-stage Reaction 
As the heading implies, this reaction was carried out 

in two steps. First, a reaction of activated zinc granules 
(3.8 g, 0.058 g-atom) with ethyl bromoacetate (4.5 g, 
0.027 mole) in anhydrous ether (30 ml) was initiated as 
in the one-stage procedure and refluxed for 1 11 beyond 
initiation. At the end of this period the ethereal solution 
was cooled and quickly decanted into another dry 
reaction flask. Second, a solution of the diarylketone 
(0.0063 mole') in 30 ml of benzene-toluene (40:35 v/v) 
was added in one portion to  the above ether solution. 
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1 CHARLESWORTH AND CHARLESON: REFORMATSKY REACTIONS 

The total reaction mixture was refluxed for 2 h, and 
worked up as in the one-stage procedure. 

Purification and Characterizatiot~ of the p,p-Diarylhydra- 
crylic Acids 

The crude acids (Table 11) from the Reformatsky 
reactions and hydrolysis of the esters were crystallized 
for analysis or for comparison with literature melting 
points from aqueous alcohol. The 2-hydroxy and the 
4-nitro acids were crystallized from benzene. All were 
colorless except the 2-amino acid which was in the form 
of yellow needles. The 4-amino compound was not 
obtained in pure enough condition for analysis. The melt- 
ing points of the purified acids and the analytical results 
are reported in Table 11. 

The p-nitrobenzyl esters of these acids were prepared 
according to the directions of Shriner, Fuson, and 
Curtin (23). Melting points and analytical results are 
recorded in Table 111. 

In the case of the reaction with 2-chlorobenzophenone 
in benzene-toluene the hydroxy acid was not formed, 
but rather the corresponding unsaturated p-2-chloro- 
phenyl-p-phenyl acrylic acid. On crystallization from 
aqueous alcohol this melted at 140-141.5 "C. 

Anal. Calcd. for C15Hl102C1 (neutralization equiva- 
lent, 258.5): C1, 70.0; H, 4.25; C1, 13.7. Found (neutrali- 
zation equivalent, 260 + 3): C, 69.7; H, 4.28; C1, 13.9. 

When a hot alkaline solution of j3-4-methoxyphenyl-p- 
phenylhydracrylic acid, (m.p. 154") was acidified with 
dilute hydrochloric acid, carbon dioxide and water were 
lost and a-methoxyphenyl-a-phenylethylene was pro- 
duced. After crystallization from aqueous alcohol it 
melted at 74-76 "C. Hurd and Webb (24) reported 75 "C 
as the melting point. 

Anal. Calcd. for C l5HI40 :  C, 85.7; H, 6.7. Found: C, 
85.5; H, 6.5. 
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Etude de quelques dkrivks A4-cyclohex6niques 

G. M. BROWN, P. DUBREUIL ET E. P. DEMERS 
Dipartemetzt de chimie, Uniuersiti de Slzerbrooke, Slzerbrooke, QuPbec 

R e ~ u  le 5 fevrier 1968 

Certains derives cyclohexenedicarboxyliques de deux series distinctes sont examines. Dans une des 
series, trimkthylee en 3,3,5, les deux monoesters isomeres cis sont prepares et leurs structures prouvees 
par lactonisation. L'Ctude de I'autre serie, methylee en 4, porte sur la lactonisation et I'ipoxydation. Les 
spectres resonance magnetique nuclkaire de tous ces composes sont donnis. 

Canadian Journal of Chemistry, 46, 1849 (1968) 

L'anhydride 1 dtcrit par Diels et Alder (1) et 
plus tard par Jacquemain (2) provient de la 
reaction entre l'anhydride maltique et le dimt- 
thyl-2,4 pentadhe-1,3. Pour prtparer ce produit 
de dtpart, nous nous sommes inspirts d'une 
mtthodeemployte par Ichikizaki(3) quipourtant, 
ne chauffe que dix heures et n'isole pas cet 
intermtdiaire; effectivement la conversion de cet 
anhydride en acide 2 se fait sans purification. 
Ensuite Ichikizaki lactonise le diacide 2 au moyen 
de HCl a 20%; il obtient la lactone-acide 3 
qu'il nomme comme dtrivt bicyclo [2.2.2] octa- 
nique. Dans cette publication, nous utilisons la 
mime nomenclature. Nous avons r tpt t t  la lac- 
tonisation en nous servant d'acide formique 
simplement pour nous assurer de l'efficaciti de 
ce rtactif; la determination de la structure des 
monoesters 4 et 7 par lactonisation n'aurait pas 
t t t  possible dans les conditions experimentales 
draconiennes dYIchikizaki. 

Le mime monoester 4 ttant synthttist a partir 
des deux composts 1 et 2, la position de la 

fonction acide est obligatoirement telle qu'in- 
diqute car la 6-lactone 5 est obtenue par cycli- 
sation. Ichikizaki (3) a prtpart cette substance 
par l'action du diazomtthane sur l'acide cor- 
respondant 3; cependant il ne l'a pas obtenue 
sous forme cristalline. Cette structure du monoes- 
ter 4 prtpare par estCrification partielle de l'acide 
2 ttait a prtvoir; en effet la fonction Cquatorielle 
de l'acide dont la conformation est connue (3) 
slestCrifie prtftrentiellement. 

I1 ttait donc logique de supposer que le second 
monoester pourrait itre prtpart par saponifi- 
cation partielle du diester 6, lequel est obtenu 
par une rtaction Diels-Alder. Ce produit est 
rapport6 dans la litttrature (4) mais les condi- 
tions exptrimentales de sa prtparation ne sont 
pas divulgutes. La saponification partielle con- 
duit au monoester 7. La lactonisation de 7 donne 
lieu B la y-lactone 8, preuve de la position de la 
fonction acide. La structure des lactones : 5 
et 8 est tgalement sans equivoque; la rtsonance 
magnttique nucltaire est formelle 18-dessus. 

COOH 

COOH 
COOH 

3 2 

6 7 

COOCH3 
COOCH3 COOH 
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La deuxiime partie de ce travail a t t t  amorcte 
par la rCaction Diels-Alder entre l'isoprkne et 
l'anhydride malCique, ce qui donne l'anhydride 
9. Shabanov et ses collaborateurs (5) ont dCja 
port6 leur attention sur la lactone obtenue par 
l'action du HC1 gazeux en solution acCtique sur 
l'acide 10. 11s donnent la structure 11 ii cette 
lactone-acide mais la seule preuve apportCe est 
une valeur de 1765 cm - ' attribuCe une y-lactone. 
Ce chiffre nous semblait peu suffisant pour prC- 
ciser une formule exacte. Nous avons donc refait 
la lactonisation au moyen d'acide formique et 
nous avons mesurC l'emplacement exact de ce 
pic. Notre valeur plus conforme aux absorptions 
y-lactoniques et la resonance magnktique nu- 
clCaire confirment cependant la structure avancCe 
par Shabanov. 

Le diester 12 est prCparC par une rCaction 
Diels-Alder; la mCthode gCnCrale employCe par 
Petrov et Sopov (6) nous Ctait d'une grande uti- 
litC. La rCduction du composC 12 en diol 13 
s'effectue selon le mode operatoire maintenant 
classique. 

L'Cpoxydation de ce glycol par l'acide m- 
chloroperbenzo'ique donne l'tther-alcool 14. Le 
produit de la rCaction d7Cpoxydation ne subit 
aucun changement en prCsence de LiAlH, ; preuve 
que la rCaction ne donne pas un Cpoxyde reel. 

Sur le spectre risonance magnttique nuclCaire 
(r.m.n.), il y a les pics d'absorption de deux OH 
differents qui se dCplacent avec un changement 
de temperature; l'un Ctant un doublet, donc un 
OH secondaire et l'autre un triplet du proton 

hydroxylique d'un alcool primaire. Si le proton 
de l'hydroxyle en position-2 est un doublet, cela 
veut dire qu'il est couplC avec un proton qui se 
trouve sur le mCme carbone. Alors le mCthyle 
est fix6 en 1 sur le carbone qui porte le lien Cther. 
En infrarouge (i.r.), les seules bandes OH prt- 
sentes sont la bande OH primaire libre ii 3638 
cm-I et la bande OH secondaire libre A 3623 
cm-l. I1 n'y a pas sur le spectre de bande O H  
associC. Cette cyclisation donne obligatoirement 
un dCrivC trans oh le lien Cther en 1 et la fonction 
alcool en 2 sont axiaux. La preuve parait dans 
une publication oh d'autres substances de ce 
type ont CtC synthCtisCes (7). 

La prkparation du diester trans 15 se fait Cgale- 
ment par une reaction Diels-Alder selon Wal- 
borsky (8). L'Cpoxydation de ce diester mine ?i 
un Cpoxyde riel 16. Nous voulions examiner les 
produits de rCduction du composC 16, mais nous 
avons obtenu un melange de triols et nous n'avons 
pas rCussi i en effectuer la dparation. 

Les points de fusion ont CtC determines a l'aide de la 
plaque chauffante Fisher-Johns et ne sont pas corriges. 

Les spectres infrarouges ont kt6 enregistrds sur le spec- 
trophotometre Infracord de Perkin-Elmer et, dans les 
cas oh une mesure prtcise de l'emplacement des bandes 
Ctait exigee, sur le spectrophotometre a riseau Perkin- 
Elmer 125. 

Les spectres de resonance magnetique nucleaire ont Btt 
pris sur l'appareil Varian A-60 a des concentrations variant 
de lOa15%.  

Les microanalyses ont ete effectubs par le laboratoire 
de microanalyse Schwarzkopf Woodside, New York. 
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Anhydride de I'acide trirnethyl-3,3,5 cyclohexdne-4 
dicarbo.u~~lique-l,2 cis ( I )  

Un melange d'anhydride maleique (15.7 g, 0.16 mole), 
de dimethyl-2,4 pentadiene-1,3 (18.3 g, 0.19 mole), de 
benzene anhydre (200 ml) et d'hydroquinone (1.0 g) est 
chauffC 22 h a 90 "C dans un autoclave rempli d'azote. Le 
benzene est chasse et le residu obtenu mis au froid oh il 
solidifie. Apres traitement au noir animal et recristallisa- 
tion dans 1'Cther de petrole (35-60 "C) on obtient un 
solide blanc, p.L = 49-50 "C. Litt. p.f. = 49 "C (I), p.f. 
= 51.5 "C (2); rendement: 28.0 g (90%). 

Infrarouge (CC1,) en cm-': 1857, 1785 (carbonyles de 
l'anhydride); r.m.n. (CC1,) t = 4.60 (quadruplet de 1H 
en 4, J = 1.5 c.p.s.); t = 6.50 (octuplet de 1H en 1, JIVB 
= 6.5 et 8.6 c.p.s., J1,, = 10.0 c.p.s.); t = 7.14 (doublet 
de 1H en 2, J1,, = 10.0 c.P.s.); .s = 7.56 (2H en 6, 
resolution imparfaite); t = 8.24 (doublet de CH, en 5, 
J = 1.5 c.p.s.); .s = 8.74 et 9.04 (deux singulets des CH3 
en 3). 

Acide trirnithyl-3,3,5 cyclol~exine-4 dicarboxylique- 
I,2 cis ( 2 )  

La mCthode d'Ichikizaki (3) est employee, p.f. = 191- 
191.5 "C (acktonitrile). Litt: p.f. = 193-194 "C(3); rende- 
ment: 96%. 

Infrarouge (KBr) en cm-': 1706 (carbonyle); r.m.n. 
(pyridine): .s = -3.78 (singulet de 2H acides); .s = 4.75 
(singulet large de 1H en 4); .s = 6.5 a 7.7 (multiplet de 
4H en 1,2 et 6 non resolu); t = 8.24 (singulet du CH3 en 
5); .s = 8.64 et 8.80 (deux singulets des CH, en 3). 

Acicle trin16thyl-4,6,6 oxa-8 0x0-7 bicyclo[2.2.2] octane 
exo-carbosylique-2 (3 )  

Un melange de diacide cis 2 (2.5 g, 11.8 mmoles) et de 
25 ml d'acide formique est agitC pendant 3 h a 80 "C. 
L'acide formique est chasse sous vide et le risidu repris 
deux fois dans le chloroforme. Apres deux recristallisa- 
tions dans I'acetate d'ethyle, un solide blanc est obtenu, 
p.f. = 162-163 "C. Litt. p.f. = 166 "C (3); rendement: 
1.4 g (56%). 

Infrarouge (CCI,) en cnl-' : 1752 (&-lactone), 171 5 
(carbonyle de I'acide); r.m.n. (CH2CI2): .s = -0.05 
(singulet de 1H acide); t = 6.70 (octuplet de 1H en 2, 
J1,, = 2.0 c.P.s., J2,3 = 5.7 et 10.5 c.p.s.); t = 7.39 
(doublet 1H en 1, J,,, = 2.0 c.p.s.); t = 7.99 et 8.05 (pics 
complexes et ma1 dCfinis des 2H en 3); t = 8.43 (singulet 
large de 2H en 5); .s = 8.58 (singulet du CH, en 4); t = 
8.79 et 8.90 (singulets des CH3 en 6). 

Acide trirnithyl-3,3,5 carbo~?rtthosy-l cyclohexine-4 carb- 
oxyliqrre-2 cis ( 4 )  

Mitlrode I 
L'anhydride 1 (9.7 g, 49.9 mmoles) est chauffe 5 h sous 

reflux avec 22 ml de methanol. Le solvant est chasse et le 
residu mis au froid oh il solidifie. Apres trois recristallisa- 
tions dans le cyclohexane on obtient un solide blanc, 
p.f. = 96.5-97.5 "C; rendement: 4.6 g (41 %). 

hIithode 2 
Un melange du diacide cis 2 (2.5 g, 11.8 mmoles), de 

1llethanol(2.3 g, 72 mmoles), de dichloro-1,2 Cthane (8 ml) 
et de deux gouttes d'acide sulfurique concentrC est chauffk 
12 11 sous reflux. Apres I'addition de 20 ml d'eau, le melange 
est amen6 a pH 8 en ajoutant du Na2C03 solide. La 
couche organique est lavCe puis sCchCe sur MgSO,. Le 

solvant est chasse et le residu visqueux solidifie au froid, 
p.f. et p.f. mixte (mithode 1) = 96.5-97 "C; rende- 
ment: 1.5 g (57%). 

Infrarouge (CC14) en cm-' : 1743 (carbonyle de l'ester), 
1710 (carbonyle de l'acide); r.m.n. (CCI,): t = -1.60 
(singulet de 1H acide); t = 4.96 (singulet large de 1H en 
4); .s = 6.31 (singulet de 3H de l'ester mtthylique); r = 
6.81 a 7.28 (pic complexe, superposition des protons en 1 
et 2); t = 7.34 a 8.16 (multiplet ma1 dCfini de 2H en 6); 
.s = 8.29 (doublet de 3H du methyle en 5, J = 1.1 c.p.s.); 
.s = 8.89 (singulet de 6H des deux mtthyles en 3). 

Anal. Calc. pour ClzH1804: C, 63.70; H, 8.02. TrouvC: 
C, 64.23; H, 8.1 1. 

Trin~ithyl-4,6,6 oxa-8 0x0-7 bicyclo[2.2.2]octane 
exo-carboxylate de ~nithyle-2 (5)  

Un melange du monoacide 4 (3.5 g, 15.5 mmoles) et de 
35 ml d'acide formique est agite pendant 4 h a 80 "C. 
L'acide formique est chassC sous vide et le residu repris 
deux fois dans le chloroforme. Le liquide visqueux obtenu 
est distille sous pression riduite, p.e., = 148-150 "C; il 
cristallise difficilement a la glaciere, p.f. = 53.5-54 "C 
(pentane). Litt: p.e.o.8 = 131-132 OC (3); rendement: 1.4 
s (40%). 

Infrarouge (CCI,) en cm-I: 1764 (&-lactone), 1747 
(ester); r.m.n. (CCI,), .s = 6.34 (singulet de l'ester methy- 
lique); t = 6.80 (octuplet de 1H en 2, J2,3 = 6.2 et 10.4 
c.p.s., J1., = 2.1 c.P.s.); .s = 7.60 (doublet de 1 H e n  1, 
JlV2 = 2.1 c.P.s.); t = 8.00 (quadruplet de 2H en 3, J2,, 
= 6.2 et 10.4 c.p.s.); .s = 8.45 (2H en 5, rCsolution 
imparfaite); .s = 8.64 (singulet du mithyle en 4); .s = 8.81 
et 8.95 (singulets des methyles en 6). 

Anal. Calc. pour C12H1804: C, 63.70; H, 8.02. TrouvC: 
C, 63.59; H, 7.98. 

Trirne'tlryl-3,3,5 cyclohextne-4 dicarbosylate de rnttlryle- 
I ,2 cis (6) 

Un mClange de maleate de methyle (27.0 g, 0.15 mole), 
de dimethyl-2,4 pentadiene-1,3 (19.2 g, 0.20 mole), de 
benzene anhydre (100 ml) et d'hydroquinone (100 mg) 
est chauffk 72 h a  180 "C dans un autoclave rempli d'azote. 
Le solvant est chasse et le residu distille deux fois sous 
pression rCduite, p .e .~ ,  = 148-150 "C; tzDZ0 = 1.4717. 
Litt: 1.4712 (4). Apres 2 jours au froid, on obtient un 
solide blanc, recristallisC dans le pentane, p.f. = 54- 
54.5 "C Litt. = 149-151 "C (4); rendement: 16.5 g 
(46 %). 

Infrarouge film liquide: 1745 cm-' (carbonyle de 
l'ester); r.m.n. (CCl,), T = 5.08 singulet large de 1H en 
4); .s = 6.40 et 6.48 (deux singulets des esters mCthy- 
liques); r = 7.16 (multiplet de 2H en 1 et 2); t = 7.69 
(absorption complexe de 2H en 6); T = 8.32 (doublet 
hyperfin de 3H du methyle en 5, J rr 0.6 c.p.s.); .s = 8.94 
et 9.03 (deux singulets des methyles en 3). 

Anal. Calc. pour Cl3HZ0O4: C, 64.98; H, 8.39. 
TrouvC: C, 64.85; H, 8.43. 

Acide trirnithyl-3,3,5 carbornitlroxy-2 cyclohext~re-4 
carboxyliqrre-I cis (7) 

Au diester 6 (5.0 g, 20.8 mmoles) est ajoutee lentement, 
en agitant, une solution de KOH (4.7 g, 83.2 mmoles) 
dans 47 ml dYCthanol a 95%. Le melange est reflue 2 h 
puis l'alcool est chasse. Apres l'addition de 50 ml d'eau, 
la solution est extraite au chloroforme. La couche aqueuse 
est acidifiee a froid a l'aide d'une solution de H2S04 2N 
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extraite au chloroforme, lavee a l'eau et finalement sCchte 
sur MgSO,. Le liquide visqueux obtenu solidifie lente- 
ment a la temperature de la piece. Apres traitement au 
noir animal et recristallisation dans le cyclohexane, on 
obtient un solide blanc, p.f. = 116.5-117.5 "C; rende- 
ment: 4.6 g (97 %). 

Infrarouge (CCI,) en cm-' : 1740 (carbonyle de l'ester), 
1709 (carbonyle de l'acide); r.m.n. (CCI,), r = -1.9 
(singulet de 1H acide); r = 4.98 (singulet large de 1H en 
4); r = 6.40 (singulet de 3H de l'ester methylique); z = 
6.72 a 7.27 (superposition des H e n  1 et 2); r = 7.27 a 8.11 
(2H en 6, complexe); z = 8.28 (doublet hyperfin de 3H 
du methyle en 5, J = 1.1 c.p.s.); z = 8.90 et 9.00 (deux 
singulets des methyles en 3). 

Anal. Calc. pour C12Hi804: C, 63.70; H, 8.02. 
Trouve: C, 63.78; H, 8.24. 

TrimCtlzyl-3,3,5 oxa-6 0x0-7 bicycloj3.2. lloctarze 
eso-carboxjllate de nzttl~yle-2 (8) 

Un melange du monoacide 7 (1.5 g, 6.6 mnioles) et 
d'acide formique (15 ml) est agite pendant 12 h a 80 "C. 
L'acide formique est chassC sous vide et le rCsidu solide 
repris dans le chloroforme. La solution est amenee a pH 

piece. L'acide formique est chassC sous vide et le produit 
de la reaction cristallise. Recristallise plusieurs fois dans 
I'acktate d'kthyle, la lactone-acide fond a 157-160 "C. 
Litt. p.f. = 159-161 "C (5); rendement: 1.4 g (40%). 

Infrarouge (CHC1,) en cm-I: 1774 (y-lactone) et 1713 
(carbonyle d'acide); r.m.n. (pyridine) z = -3.24 (singulet 
de 1H du proton acide); r = 6.56 (pic ma1 defini de 1H en 
2); z = 7.24 (pic ma1 defini de 1H en 1); r = de 7.57 a 
8.40 (niultiplet de 6H des mtthylenes en 3, 4 et 8) et 
r = 8.67 (singulet de 3H du methyle en 5). 

Mtfhyl-4 cyclol~exdne-4 dicarboxylate de mttl~jde-1,2 cis 
(12) 

M&me mode operatoire general que pour le diester 6; 
le chauffage se fait dans un autoclave a 120-125 "C 
pendant 12 h, p.e., = 125-126 "C, t2D2S = 1.4703. Litt. 
p.e.,,, = 149-150 "C (1 I), p.e.,,, = 152-154 "C (12); ren- 
dement : 46 %. 

Infrarouge (film liquide) en cm-': 1742 (carbonyle 
l'ester); r.m.n. (CC1,) z = 4.68 (multiplet de 1H en 
r = 6.37 (singulet de 6H des esters mithyliques); z 
7.10 (multiplet de 2H en 1 et 2); r = 7.66 (multiplet 
4H en 3 et 6); r = 8.33 (singulet de 3H du mithyle en 

alcalin l'aide d'une solution de Na2C03 a lo%, ex- Mithy[-,$ cyc[ohe.r&2e-4 ditlltthy[o[-1,2 cis (13) 
traite au chloroforme puis sechCe sur MgS04. Le solvant L, diester 12 (6.6 g, 0.042 dans 30 ml de THF est chasse et le solide obtenu recristallisC dans le cyclo- ,jOute lentement une suspension de L ~ A ~ H ,  
hexane ou mieux dans le tttrachlorure de carbone, p.f. = (2.0 g, 0.053 mole) dans 60 ml de THF set. L~ 
93.5-94 OC; rendement : 580 mg (39 %). est agitC pendant 4 h a la temperature de la piece. Apres 

Infrarouge (cC~,) en cm-': 1789 (y-lactone), 1732 19hydrolyse par une solution de tartrate de K et Na 20%, 
(ester); r.m.n. (CCI,), 7 = 6.26 (singulet de 3H du 1, T H F  est &ass6 sous vide et le glycol extrait de l'eau 
m6thyle de l'ester); r = 7.06 (quadruplet de 1 H  en 1 avec rCsiduel au chloroforme. Le produit est distill6 sous pres- 
egalement un dedoublement hyperfin, Ji,z = 2.1 C.P.S., ,ion r&duite, p.e.,,, = 118-120 "C. Litt. ~ . e . ~  = 155- 
J , , ~  = 5.5 c.P.s.); T = 7.43 (doublet de 1H en 2, J1.z = 156 oC (13); rendement: 4.0 g (88 %). Le produit cristal- 2.1 c.P.s.); T = 7.72 (octuplet de 2H en 8, J1.8 = 5.5 et lise tres lentenlent, p.f. = 37-39 "C (ether). 
2.2 c.p.s., J,,, = 11.8 c.P.s.); = 8.22 (quadruplet de Infrarouge (CCI,) en cm-' (concentration du diol0.002 
2~ en 4, J,,, = 6.5 c.P.s.); 7 = 8.57 (singulet de 3H du M dans une cellule de 2.5 cm de longueur): 3638 (OH mCthyle en 5); r = 8.77 et 8.94 (deux singulets des libre) et 3468 (OH associC); r.m.n. ( ~ ~ s 0 - d ~ )  = 4.74 
methyles en 3). (singulet de 1H en 5); r = 5.64 (triplet de 2H des protons 

Anal. Calc. pour CizH1804: C, 63.70; H, 8.02. Trouve: hydroxyliques, J = 5.0 c.p.s.); r = 6.66 (nlultiplet de 4H C, 63.47; H, 8.21. des mtthylenes en 1 et 2): z = 8.13 (sinrrulet de 6H en 
At~lzydride de I'acide rndthyl-4 cyclokexdne-4 

dicarboxyliq~re-1,2 cis (9)  
Mode optratoire de Diels-Alder (I), p.f. = 63-64 "C 

(ether de petrole). Litt p.f. = 63-64 "C (1); rendement: 
90 %. 

Infrarouge (CS2) en cm-': 1855 et 1786 (carbonyles); 
r.m.n. (CC1,) z = 4.38 (multiplet de 1H en 5); r = 6.67 
(multiplet de 2H en 1 et 2); z = 7.64 (multiplet de 4H en 3 
et 6) et z = 8.23 (singulet du mCthyle en 4). 

Acide mitlzyl-4 cyclohexdne-4 dicarboxyliqzre-1,2 cis (10) 
Prepare a partir de l'anhydride 9 par la mtthode 

employee dans la synthese de I'acide 2, p.f. = 154-155 "C 
(acetonitrile). Litt. p.f. = 154-155 "C (9, 10); rendement: 
90 %. 

Infrarouge (CHC1,) en cm-' : 1709 (carbonyle d'acide); 
r.m.n. (pyridine) r = -3.38 (singulet de 2H des protons 
acides); r = 4.54 (multiplet de 1H en 5); r = 6.64 
(multiplet de 2H en 1 et 2); r = 7.36 (multiplet de 4H en 
3 et 6) et z = 8.33 (singulet de 3H du methyle en 4). 

Acide mkthyl-5 oxa-6 0x0-7 bicycloj3.2. I]octatze exo- 
carboxylique-2 (11) 

Un mdlange de 3.5 g du diacide 10 et de 25 ml d'acide 
formique est agitC pendant 7 h a la temperature de la 

1, 2, 3 et 6) et z = 8.40 (s'ingulet de 3~ d;mtthyle en 4). 
Anal. Calc. pour CBHi602: C, 69.19; H, 10.32. 

TrouvC: C, 69.10; H, 9.81. 

Mttlgvl-1 exo-hydroxymttlzyl-4 oxa-7 bicycloj3.2.1; 
endo-ocfanol-2 (14) 

Une solution d'acide m-chloroperbenzolque (1.95 g, 
0.012 mole) dans 15 ml d'ether anhydre est ajoutCe a 
une solution du diol cis 13 (1.56 g, 0.01 mole) dans 15 ml 
d'Cther anhydre. La solution est abandonnee une nuit au 
froid, puis 48 h a la temperature de la p ike  avant d'Ctre 
de nouveau mise au froid. L'Cther-alcool cristallise. 
Recristallise dans un melange chloroforme-ether Cthyli- 
que 1:1, I'Cther-alcool fond a 96.5-97.5 "C; rendement: 
700 mg (40 %). 

Infrarouge (CCl,) en cm-' (concentration de 0.001 M 
dans une cellule de 2.5 cm de longueur): 3638 (OH libre 
primaire) et 3623 (OH libre secondaire); r.m.n. (DMSO- 
d6)  z = 5.36 (doublet de 1H du proton hydroxyliqueen 2, 
J = 4.0 c.p.s.); r = 5.62 (triplet de 1 H  du proton hy- 
droxylique du mCthylol en 4, J = 5.0 c.p.s.); z = 6.35 
(doublet de 2H du mtthyltne en 6, J = 3.0 c.p.s.); 
r = 6.77 (pic complexe de 3H du methylene du methyl01 
et du proton en 2); z = 7.59 (multiplet de 2H en 4 et 5); 
r = 8.05 (multiplet de 2H en 3); z = 8.58 (doublet de 
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2H en 8, J = 3.0 c.p.s.) et r = 8.84 (singulet de 3H du 
methyle en 1). 

Anal. Calc. pour C9Hl6O3: C, 62.76; H, 9.36. TrouvC: 
C, 63.08; H, 9.06. 

Mdthyl-4 cyclohextne-4 dicarboxylate de mdthyle-1,2 
trans (15) 

Mode o~eratoire selon Walborskv (8). D.e., = 122- - . ,, 
124 "C, n k 5  = 1.4670. Litt. p.e.l.z = 98-100 OC (8); 
rendement: 92%. Le produit solidifie difficilement, apres 
deux recristallisations dans Ether de petrole, p.f. = 
33 "C. 

Infrarouge (CSJ en crn-': 1742 (carbonyle de I'ester); 
r.m.n. (CC14) r = 4.68 (multiplet de 1H en 5); r = 6.43 
(singulet de 6H des esters mkthyliques); r = 7.33 (rnulti- 
plet de 2H en 1 et 2); r = 7.82 (rnultiplet de 4H en 3 et 6) 
et r = 8.33 (singulet de 3H du rnethyle en 4). 

Anal. Calc. pour CllH1604: C, 62.25; H, 7.60. TrouvC: 
C ,  62.05; H, 7.05. 

Mkthyl-4 kpoxy-4,5 cyclohexa~ze dicarboxylate de 
mtthyle-1,2 trans (16) 

Une solution d'acide perbensoi'que (12.4 g, 0.09 mole) 
dans 185 rnl de chloroforrne est ajoutke a une solution 
du diester 15 (16.0 g, 0.07 mole) dans 50 rnl de chloro- 
forrne. Aprks avoir ett abandonnk au froid 3 jours, le 
melange est lave avec une solution de Na2C0, a 20%, 
puis avec de l'eau et secht sur MgSO,. Le solvant est 
chassC et le residu distill6 sous pression rkduite, p.e.,., = 
8688  "C. Apriis trois recristallisations dans un melange 
Cther4ther de petrole, p.f. = 81-82 "C; rendernent: 5.7 
g (33 %). 

Infrarouge (CS2) en crn-l: 1739 (carbonyle de l'ester); 
r.m.n. (CC14) r = 6.35 (singulet de 6H des esters rnethy- 
liques); r = 7.07 (triplet de 1H en 5, J = 2.0 c.p.s.); r = 
7.40 (rnultiplet de 2H en 1 et 2); r = 7.89 (multiplet de 
4H en 3 et 6) et r = 8.71 (singulet de 3H du rnkthyle en 
4). 

Anal. Calc. pour C, ,HI 605 : C ,  57.88 ; H, 7.07. Trouve: 
C, 57.60; H, 6.82. 
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Preparation of some isothiazolium salts 
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Certain 1,2-dithiolium salts react with primary amines in alcoholic solution to provide I-amino- 
propene-3-thiones, which can be oxidized by iodine to form isothiazolium salts. These react with sulfur 
in pyridine to form isothiazole-3-thiones, which react with methyl iodide to form 3-methylthioisothiazol- 
ium iodides. 
Canadian Journal of Chemistry, 46, 1855 (1968) 

In connection with another study which 
required certain isothiazolium salts (1) as inter- 
mediates, we attempted to prepare some of these 
from readily accessible 1 ,Zdithiolium salts (2a, 
b, c, d) (see refs. la, 6, and c). The versatility of 
1,2-dithiolium salts in the preparation of some 
pyrazole (la,  2) and isothiazole (3, 4) systems by 
their treatment with hydrazines and ammonia 
respectively is well known and such nucleophilic 
attack has been shown to occur at the 3-position of 
the 1,2-dithiolium salt (see Scheme I). However, 
although N, N'-disubstituted hydrazines react to 
form N-alkyl and N-aryl pyrazolium salts (2), 
primary amines do not give N-substituted iso- 
thiazolium salts. Instead, disulfide intermediates 
(3) lose one atom of sulfur to generate precursors 
(4) of 1-alkyl- and 1-arylaminopropenethiones 
(5a-e). This is represented in Scheme 2, reaction 
(a). An alternate reaction path, (b), involving the 
overall loss of a sulfhydride ion to afford the 
N-substituted isothiazolium system is not found, 
although this is similar to the main pathway in 
the reaction of ammonia with 1,2-dithiolium 
salts when isothiazoles are obtained (3, 4). 

Although N-alkylisothiazolium salts may be 
prepared by alkylation of suitable isothiazoles 
(5a, b) this method is generally inapplicable to 
the preparation of N-arylisothiazolium salts, and 
ring synthesis is necessary. Consideration of the 
methods used for the synthesis of certain iso- 
thiazolium (6) and N-alkyl isothiazolium salts (6, 
7) by halogen oxidation of some aminothiones 
(5f and g) indicated that the aminopropenethione 
products above might be useful precursors of the 
isothiazolium system, especially of N-aryl com- 
pounds. 

Treatment of the thiones (5a-e) made by the 
method above (4), in ethanol or methanol solu- 
tion with iodine, afforded brown precipitates, 
apparently the triiodides of the required iso- 

thiazolium salts. Faust (7) reports obtaining 
bromides or tribromides depending on the 
amount of halogen used. Generally the iso- 
thiazolium triiodides were converted to the 
corresponding perchlorates in acetic acid or 
nitromethane, but in one case (ld, X = I,) a 
satisfactory analysis was obtained for the tri- 
iodide. In certain cases, (5a and c) the thiones 
were not obtained pure and crystalline, but 
solutions of the crude products oxidized satis- 
factorily, except in one case. In this case the 
product was derived by treatment of 4-methyl-3- 
phenyl-1,2-dithiolium perchlorate (2b, X = 

CIO,) with aniline, which apparently was un- 
stable. 

The structures of the isothiazolium salts pre- 
pared follow from the analysis, and from the 
identity of one of them (la) with a compoulld 
prepared by direct alkylation of 5-phenyliso- 
thiazole. The perchlorates were light-colored, 
usually light-tan or yellow, and more readily 
purified than the corresponding triiodides. 

Klingsberg has shown (2) that 1,2-dithiolium 
salts (2) unsubstituted in positions adjacent to 
the sulfur atom undergo oxidation by sulfur in 
boiling pyridine to provide the corresponding 
1,2-dithiole-3-thiones (7a and b). Similarly, two 
isothiazolium salts studied ( la  and b) reacted 
with sulfur in pyridine to produce isothiazole-3- 
thiones (7c and d), isolated as their methiodides, 
which may be formulated as the corresponding 
3-methylthioisothiazolium iodides ( lg  and 12). 

One possible scheme for this reaction would 
proceed via loss of a proton from the isothia- 
zolium cation to form a carbene (6) (reaction (c) 
in Scheme 3) which, possibly after dimerization, 
is oxidized by sulfur to form the thione (7c and 
d). Wanzlick (8) has shown that certain thiazo- 
lium salts when treated with bases form carbenes, 
which after dimerization can be converted to 
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S-SH ) SH N-R f S 

SCHEME 2 

thiazole-2-thiones. However, yields with iso- 
thiazoles are not so high as with 1,2-dithioles or 
thiazoles. Perhaps an alternate reaction (reaction 
path (d), Scheme 3) leads to the formation of a 
thioketoketirnine (8, X = S), with further de- 
composition. Woodward (9) has shown that 
isoxazolium salts treated with tertiary amines 
form ketoketimines (8, X = 0). Another possible 
mechanism would involve direct nucleophilic 
attack on the 3-position of the isothiazolium 
cation by polysulfide anion, with subsequent 
formation of the isothiazole-3-thione. However, 
at this stage, we are unable to distinguish experi- 
mentally between these reaction mechanisms. 

Since the overall reaction producing the iso- 
thiazolium salts involves loss of a hydride ion 
from the aminopropenethione precursors, at- 
tempts were made to synthesize 2,3,5-triphenyl- 

isothiazolium perchlorate (le) from l-anilino- 
1,3-diphenylprop- 1 -ene-3-thione (5e) directly, 
using triphenylmethyl perchlorate, a reagent 
which is known to abstract hydride ions (10). 
However, this merely gave a compound whose 
analysis corresponded to an N-tritylated product. 
It was not a simple adduct since it was stable in 
acetic acid. However, rather unexpectedly, boil- 
ing in ethanol regenerated the aminothione. 
Possibly this reaction is facilitated by the ready 
loss of the triphenylmethyl cation. 

Experimental 
1,2-Dithioliiim Salts 
3-Plietgvl-1,2-dithioliun1 Perchlorate (2a, X = C/O4)  
This was prepared ( l a )  from 5-phenyl-1,2-dithiole-3- 

thione by peracetic acid oxidation. 
3,5-Diphenyl-l,2-dithiolium Perchlorate (2d, X = C/O4)  
This was prepared by the method of Behringer and 

Grimm (Ic).  
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TABLE I U P 
Preparation of isothiazolium salts 

-- --- -- 
- 

- - -- P 
R 

Analysis 
-- -- ; 

Melting Calculated (%) Found (%) 
Yield point !! 

Conlpound ( %) "C Formula C H N S CI I C H N S C1 I P ~ 
l a  19 144-145 CloHloNSC104 43.65 3.63 5.08 11.99 12.87 - 43.73 3.70 4.92 11.55 12.75 - 0 

2 
l b  59 194-196 C15H12NSC104 53.40 3.56 4.15 9.48 10.50 - 54.63 3.70 3.69 9.25 9.88 - 
l c  51 208 C2,H16NSC104 60.94 3.90 3.38 7.74 8.67 - 60.84 3.98 3.38 7.82 8.48 - 8 
1 CI 40 162-163 Cl6Hl4NSCl04 54.70 4.02 3.98 9.12 10.11 - 54.95 4.05 3.76 10.28 9.57 - 
l e  53 250-253 CzlH16NSC104 60.94 3.90 3.38 7.74 8.67 - 61.03 3.94 3.25 7.88 8.49 - 

B 
30.40 2.23 2.21 5.07 60.05 - 30.22 2.18 2.09 5.09 - 

z 
If 45 150-151 C16H14NS13 60.24 m 
I? 42 162-165- C1 ,HI *NSzI 37.65 3.44 4.02 18.38 - 36.15 37.72 3.58 4.04 18.50 - 

l h  23 211-214* CI6H,4NSzI 46.50 3.39 3.39 15.64 - 30.08 46.47 3.42 3.34 16.10 - :?;? 8 
*Decompos~t~on. E g 

z 
V) 

P 
2 
V) 
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4-Methyl-5-plze11yl-1,2-ditI1ioliu1~1 Perchlorate (26, X = 
c l o d  

This was prepared by oxidation of 4-methyl-5-phenyl- 
1,2-dithiole-3-thione (11) using peracetic acid according 
to the usual methods (la, b). Pale-yellow needles, m.p. 
159-160 "C (61 %) were formed. 

Anal. Calcd. for CloH9S2C104: C, 41.03; H, 3.08; S, 
21.88; C1, 12.12. Found: C, 40.90; H, 2.91; S, 22.04; C1, 
12.91. 
4,5- DiphenyC1,2-dithiolilrm Perclzlorate (2c, X = C/O4) 
This was prepared by oxidation of 4,5-diphenyl-1,2- 

dithiole-3-thione (12) using peracetic acid according to 
the usual methods (In, 6). Lemon-yellow needles, m.p. 
230-231.5 "C (67%) were formed. 

Anal. Calcd. for CI5Hl1S2C1O4: C, 50.78; H, 3.10; S, 
18.06; C1, 10.00. Found: C, 50.90; H, 3.51; S, 17.69;C1, 
9.70. 

I-Alkyla171irzo- atzd I-Arylarnirzoprop-I-ene-3-tl~iones 
The 1,2-dithiolium salts (1 g) suspended in a small 

quantity of ethanol were treated with a slight excess of the 
primary amine (methylamine was used as the commercial 
40% aqueous solution). The mixtures were heated gently 
until homogeneous and allowed to cool when the thiones 
were deposited. The products were recrystallized from 
ethanol; two of the thiones (50 and e) had been made 
before (4) and one (5d) was new. Tan plates were formed, 
m.p. 83-84 "C (56%). 

Anal. Calcd. for CI6Hl5NS: C, 75.85; H, 5.97; N, 
12.62: S, 5.52. Found: C, 75.81; H, 5.96; N, 12.73; S, 
5.53. 

Two other compounds (50 and 4 were not obtained 
crystalline, and the ethanolic solution was used directly 
in the oxidation stage. The treatment of 4-methyl-3- 
phenyl-l,2-dithiolium perchlorate (26, X = C104) with 
aniline by the above method gave a red oil which failed to 
oxidize satisfactorily. 

lsothiazolilrrn Salts (la-f) 
(i) By Oxidation of I-A1~1ir1oprop-l-ene-3-tt~io1zes 
A solution of the aminopropenethione (1 g) in ethanol 

(10 ml) was slowly titrated with a saturated ethanolic 
iodine solution until precipitation was complete. The 
brown or dark-red precipitates were removed by filtration, 
and either recrystallized from nitromethane, or converted 
to the perchlorates in acetic acid or nitromethane. 
Cooling or precipitation by dilution with ether afforded 
the required isothiazolium perchlorates. The results for 
compounds l a  to 1 fa re  summarized in Table I. 

(ii) By Methylation of5-Plrenylisothiazole 
Dimethyl sulfate (1 11-11) and 0.5 g of the above were 

heated at 100 "C for 2 h (3). Dilution of the solution with 
ether afforded an oily precipitate which was dissolved in 
acetic acid and treated with perchloric acid (4 drops). 
Dilution with ether gave 2-methyl-5-phenylisothiazolium 
perchlorate (la) as light-tan plates, m.p. 44-45 "C (73 %). 
Infrared analysis and determination of the mixture m.p. 
showed this to be identical to the compound prepared 
by method (i). 

Reaction of lsothiazolirrrn Salts rvitlz Sulfrrr 
The isothiazolium salts (lg) ( la  and b) were slowly 

added to a saturated solution of sulfur in boiling pyridine 

(10 ml). The mixtures became deep-red and were refluxed 
for 30 min. Dilution with water gave precipitates which 
on ether extraction and evaporation yielded brown pasty 
solids. The crude isothiazole-3-thiones (7c and d) were 
dissolved in methyl iodide and after 1 day the yellow 
solids were removed by filtration and recrystallized from 
nitromethane. The results for compounds l g  and h are 
summarized in Table I. 

Reaction of Tripherzylmetl~yl Perchlorate witlz I-Arzilino-1, 
3-diphenylprop-l-ene-3-r/rione 

The thione (0.2 g) in acetone (10 ml) was treated with a 
slight excess of triphenylmethyl perchlorate (13) with 
stirring. The red solution became yellow in a few minutes. 
Dilution with ether and recrystallization from acetic acid 
containing a drop of perchloric acid gave the N-tritylated 
product as yellow needles, m.p. 188-190 "C (79 %). 

Anal. Calcd. for C39H3ZNSC101: C, 72.4; H, 4.96; N, 
2.16; S, 4.98; C1, 5.49. Found C, 71.30; H, 4.91; N, 2.21; 
S, 4.76; CI, 5.04. 

Reaction of the IV-TripRerzylr7zetl1yl Perchlorate of I -  
Anilino-1,3-diphenylpr'op-l-e1ze-3-thiot1e with Ethanol 

The yellow salt (0.4 g) dissolved in ethanol (2 ml), was 
refluxed gently for 2 rnin. The solution gradually became 
deep-red and on cooling deposited I -aniline-l,3-diphenyl- 
prop-I-ene-3-thione, m.p. 158 "C. 
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Synthesis of some 1,6naphthoquinones and reactions relating to their use in the 
study of bacterial growth inhibition 

R. F. SILVER AND H. L. HOLMES 
Cliemistrj~ Sectiot~, Defence Researcli Establishtnetzt S~~field,  Defetlce Researclz Board, Ralstot~, Alberta 

Received August 8, 1967 

A series of 107 1,4-naphthoquinones and related products has been synthesized to study their mode of 
action in bacterial growth inhibition. The itz vitro reactions of a number of these with aniline, 11-butyl- 
amine, sodium methoxide, and an 11-buthanethiol - triethylamine mixture have been examined. A series 
of epoxides of C-2 monosubstituted and C-2,C-3 disubstituted 1,4-naphthoquinones has been synthe- 
sized and their reactions with amines, thiols, and halogen acids have been studied. The ultraviolet absorp- 
tion maxima of many of these quinoncs are also tabulated. 
Canadian Journal of Chemistry, 46, 1859 (19GS) 

A number of 1,4-naphthoquinones were syn- 
thesized to determine their growth inhibitory 
activities against Stuphylococcus aureus (1) 
and also the relation of these activities to their 
partition coefficients in cyclohexane-water (2) 
and to their polarographic half-wave potentials 
(3). The inhibitory activities were independent 
of partition coefficients1 but exhibited a direct 
relationship to their polarographic half-wave 
potentials. The logarithms of the growth inhib- 
itory activities for 1,4-naphthoquinones with 
unreactive groups at C-2 and C-3, when plotted 
against their half-wave potentials, gave two 
maxima, oile at -0.23 V and a less pronounced 
maximum at -0.36 V. The 1,4-naphthoquinones 
with a free position or a reactive group at C-2 or 
C-3 gave similar results when the logarithms of 
the growth inhibitory activities were plotted 
against the polarographic half-wave potentials 
of their C-2 or C-3 n-butylthio analogues. This 
was not true when their C-2 or C-3 amine ana- 
logues were used. 

These results (1) support the postulate (6) 
that 1,4-naphthoquinones or compounds such 
as 1,4,4a,9a-tetrahydroanthraquinone (7) which 
are readily converted to 1,4-naphthoquinones, 
function as bacterial growth inhibitors by func- 
tioning competitively in electron transport with 
the endogenous vitamin K or ubiquinone, thus 
decreasing the effectiveness of the latter as oxi- 

dative phosphorylating agents. For 1,4-naphtho- 
quinones with unreactive groups at C-2 or C-3 
to be effective growth inhibitors, this requires 
that their half-wave potentials lie between 
-0.163 to -0.307 V or -0.314 to -0.536 V (6) 
and that maximum effectiveiless should be 
intermediate between these limits. The 1,4-naph- 
thoquinones with a free position or a reactive 
group at C-2 or C-3 may react with a bacterial 
protein-thiol or protein-amine prior to f~lnc- 
tioning as growth inhibitors, in which case the 
half-wave potentials of the derived 1,4-naphtho- 
quinones must lie between these limits with 
maximum effectiveness intermediate between 
these limits. 

This paper reports the synthesis of a number of 
1,4-naphthoquinones along with model 11-butyl- 
thio-, phenylthio-, n-butylamino-, and anilino- 
derivatives. The reactions leading to the model 
protein analogues were also used to classify 
substituents at C-2 and/or C-3, at least, in vitro, 
as reactive or unreactive and to demonstrate 
where these reactions did not follow the normal 
course. 

Anilino derivatives of the 1,4-naphtho- 
quinones were prepared in two ways. The first 
method involved the addition of aniline to a 
number of C-2 substituted 1,4-naphthoquinones 
by the method of Golovanova (8) to give the 
respective 2-substituted 3-anilino-l,4-naphtho- 
quinones. While most of these give normal prod- 
ucts the C-2 substituents of 2-hydroxy-, 2- 

'Partition coefficients were used to evaluate penetra- 
bility into cell-wall and membrane (4, 5). The growth acetoxy-, and 2-methox~-1,4-na~hthoquinones 
inhibitory activities of the p-nitrostyrenes, p-nitropro- undergo nucleophilic displacement while 2- 
penylbenzenes, and 13-nitrobutenylbenzenes on the other bromo-l,4-naphthoquinones, potassium 1,4- 
hand were dependent upon their partition coefficients. 
(D. J. Currie, C. E. Laugh, and G. J. Leahy. Unpub- na~hthoquinone-2-sulfonate, and 2-benzene- 
lished results.) sulfonyl-l,4-naphthoquinone react in both ways. 
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TABLE 1 (Concl~rded) 
- ........... ............. .- . ............... -. -. ..... 

Analyses 

Calculated Found$ Ultraviolet 
Reference to Melting -- 

R R' A B method point ("C)y C I i N  S X C H N S X  h,,,.,. E 
F 
4 

6-CH3 7-CH3 C H 3  CI 39 178.0-178.8 66.52 4.69 66.38 4.52 E 
66.34 4.53 N 

6-CH3 7-CH3 C H 3  Br 39,3771 193.0-194.0 55.84 3.96 56.07 3.94 
z 
a 

6-CH3 7-CH3 C H 3  O H  40 185.5-186.0 72.20 5.59 72.09 5.43 z 
6-CH3 7-CH3 C H I  C H 3 0  C H 2 N 2  138.5-139.0 73.05 6.08 72.99 5.88 
6-CH3 7-CH3 C H 3  C ~ H S N H  39 219.0-219.4 4.80 4.40 
6-CH3 7-CH3 C H I  C o H s N H  8 217.0-218.0 7.64 7.48 Fi 

Anil of ? 
6-CH3 7-CH3 C H 3  II-C.,H~S Experimental 90.5-91.0 70.81 6.99 70.51 6.77 
6-CH3 7-CH3 C H I  C6HsS Experimenlal 112.2-113.2 74.00 5.23 73.78 5.18 
6-CH3 7-CH3 C 6 H s  Br 37 164.0-165.0 63.35 3.83 63.17 3.83 

s 
334 264.5 5380 16700 2 
287 259 83CO ? " 

6-CH3 7-CH3 C 6 H s  11-C,H ,NH 34 347.0-148.0 4.21 4.26 
z 
V1 

4.37 
6-CH3 7-CH3 C 6 H s  CsHsNH 8 > 230 3.96 4.20 8 
6-CH3 7-CH3 CI NH2 35 244.0-244.5 5.94 6.18 
6-CH3 7-CH3 CI CH3CONH 35 235.0-236.0 5.04 z :  ;;} Fi - 
6-CH3 7-CH3 CI n-C,H9NH 34 138.0-138.5 4.80 5.04 
6-CH3 7-CH, CI C6HsNH 9 213.5-214.0 4.89 4.60 g 
6-CH3 7-CH3 Br C , H s N H  8 198.0-398.8 3.93 3.96 2: 
6-CH3 7-CH3 C H l O  CH 3 0  I 1  120.5-121.5 68.28 5.72 68.17 5.47 
6-CH3 7-CH3 N H 2  C H  3CONl-I 35 219.0-220.0 65.07 5.46 65.10 5.38 

3 
6-CH3 7-CH3 CH3CONH Cl-1,CONIi 35 248 0-249.0 63.98 5.37 64.08 5.38 8 
6-CH3 7-CH3 C 6 H s N H  11-C,HgS Experimenral 98.8-99.6 3.83 3.69 

0 
- 2 

1-All melting points are corrected. 
$These analyses were done by Mr. R. P. Hicken of this laboratory. 
§The yield was 0 %  by the method quoted. 
IlThe product obtained by addition of n-butanethiol to 2-~cetamido-l,4-nap11thoquinone proved diificult to purify. 
BThe oroduct obtained by method auoted oroved difficult to purify. 
**Thii figure was hard t o  evaluate since it was a shoulder on another curve. 
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On the other hand, 2-anilino- l,4-naphthoqui- 
none is recovered unchanged from this reaction 
but the C-2 anilino group can be displaced by 
n-butylainine under forcing conditions. Methyl 
groups at C-6 and C-7 lead to unexpected results. 
The compound, 2-methyl-l,4-naphthoquinone, 
gives a fair yield of 2-anilino-3-methyl-l,4-naph- 
thoquinone while the anil of 2-anilino-3,6,7-tri- 
methyl-l,4-naphthoquinone was the only prod- 
uct isolated from 2,6,7-trimethyl-1,4-naphtho- 
quinone. 

These and other 2-substituted 3-anilino-1,4- 
naphthoquinones were also prepared from 2-sub- 
stituted 3-halogeno-1,4-naphthoquinones by the 
method of Calandra and Adams (9). Most of 
these reactions went as expected and in good 
yield; however, the chlorine atom of 2-anilino-3- 
chloro-l,4-naphthoquinone and its 6,7-dimethyl 
derivative cannot be replaced by aniline. The 
desired 2,3-dianilino- l,4-naphthoquinone and 
related quinones were obtained by treating the 
N-nitroso derivative of 2-anilino-3-chloro-l,4- 
naphthoquinone with aniline or one of its 
derivatives (10). Generally the C-3 halogen of 
the 2-amino-3-halogeno-l,4-naphthoquinones is 
inert towards amines. When 2-anilino-3-chloro- 
1,4-naphthoquinone is boiled with an ethanolic 
solution of n-butylamine most of the starting 
material was recovered along with a small 
amount of 2,n -butylamino -3 -chloro -1,4 -naph- 
thoquinone. Hence, irz vitro, at least, all the 
2-substituted 3-halogeno-l,4-naphthoquinones 
except the 2-amino-3-halogeno-1,bnaphthoqui- 
nones must be classed as quinones with a reactive 
group towards amines. 

While 2-amino- and 2-anilino- l,4-naphtho- 
quinones fail to react with amines by addition, 
these compounds must be classed as reactive 
towards n-butanethiol and triethylamine. In  
each case a good yield of the respective 2-amino- 
3,n-butylthio-l,4-naphthoquinone was obtained. 
Similarly the halogen of the 2-amino-3-halogeno- 
1,4-naphthoquinones must be classed as reactive 
towards this reagent and indeed the yields of 
products are superior to those obtained when 

sodium ethoxide is used (1 1). This reagent can 
be used without fear of formation of 2-amino-3- 
diethylaminovinyl- l,4-naphthoquinone (12-14) 
because the oxidation potentials of the 2-amino- 
3-halogeno-l,4-naphthoquinones, as evaluated 
by polarographic half-wave potentials (3), are 
not large enough to permit these quinones to 
oxidize triethylalnine to diethylvinylamine. 

Since it is known that methoxyl- (15-19), 
alkylthio- (20, 21), acetamido- (22), hydroxyl- 
(17, 23-30), and methyl- (15) groups in quinones 
are susceptible to nucleophilic displacement, a 
number of these l,4-naphthoquinones were 
treated with boiling ethanolic solutions of ani- 
line and of 12-butanethiol containing triethyl- 
amine. The 2,3-dimethyl-, 2,3-diphenyl-, 2- 
methyl-3- hydroxy-, and 2,3-diacetamido- 1, 4-  
naphthoquinones were recovered unchanged 
from reaction with aniline while 2,3-diacetami- 
do- l,4-naphthoquinone, 2-anilino-3-methyl- 1, 
4-naphthoquinone, and 2-anilino-6,7-dimethyl- 
3-phenyl-l,4-naphthoquinone were inert to- 
wards n-butanethiol - triethylamine reagent. The 
quinones with abnormal reactions were not 
used in the plot of the logarithms of the growth 
inhibitory activities against half-wave potentials. 

A number of epoxides, 1, of C-2 monosub- 
stituted-, and of C-2, C-3 disubstituted-1,4- 
naphthoquinones were prepared and the epox- 
ide ring opened by such model nucleophiles 
(HA) as aniline, n-butanethiol, and the halogen 
acids to give the respective 1,4-naphthoquinones, 
3. Yields of 40-50% of the red 2-anilino-3- 
methyl-l,4-naphthoquinone, 3 (R = CH3; 
A = C,H,NH), and 2,n-butylthio-3-methyl- 
1,4-naphthoquinone, 3 (R = CH, ; A = 11-C 4- 
H9S), were obtained when 2,3-epoxy-2,3-dl- 
hydro-2-methyl- 1,4-naphthoquinone, 1 (R = 

CH3;R1 = H), was boiled respectively with 
ethanolic solutions of aniline and n-butanethiol. 
As would be expected, no red quinone was 
formed when 2,3-epoxy-2,3-dihydr0-2,3-dimethyl- 
1,4-naphthoquinone, 1 (R = R1 = CH,), was 
treated similarly, with aniline. 
4a-Methyl-1,4,4a,9a-tetrahydroanthraquin01le 
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SILVER AND HOLMES: SYNTHESIS O F  SOME 1.4-NAPHTHOQUINONES 

TABLE I1 
Summary of reactions of some 1,4-naphthoquinones 

Reactants Conditions Yields (%) Products 

2-Anilino-l,4-Naphthoquinone and 
11-butylan~ine 

2-Anilino-3-chloro-1,4-Naphthoquinone 
and 11-butylarnine 

2-Chloro-l,4-naphthoq~1inone and bromine 

2-Bromo-3-methoxy-I ,4-naphthoquinone 
and aniline 

2-Bromo-3-methoxy-I ,4-naphthoquinone 
and 11-butyla~~line 

2-Methoxy-3-methyl-] ,4-naphthoquinone 
and aniline 

2-Acetamido-3,rz-butylthio-l,4-naptho- 
quinone and aniline 

2,3-Di-11-butylthio-1,4-naphthoquinone 
and aniline 

Potassium 1,4-naphthoquinone-2-sulfonate 
and aniline 

Hydrogen chloride on a glacial acetic 
acid solution of 2,3-epoxy-2,3-dihydro- 
2-phenyl-l,4-naphthoquinone 

2,3-epoxy-2,3-dihydro-2-alkyl-1,4- 
naphthoquinones and ethanolic alkane- 
thiols or thiophenols 

Refluxing in EtOH 
for 18 h 

Standing in EtOH 
for 60 h, then 
refluxed 4 h 

Method used in 
ref. 42. 

Method used in 
ref. 9 

Method used in 
ref. 9 

Method used in 
ref. 9 

Method used in 
ref. 9 

Method used in 
ref. 9 

Method used in 
ref. 41 from 
aqueous mother 
liquors 

Reflux 

2,rz-Butylamino-1,4-naphtho- 
quinone 

2,rz-Butylamino-3-chloro-1,4- 
naphthoquinone 

2-Anilino-3-bromo-1,4-naphtho- 
quinone 

2-Bromo-3,rz-butylamino-1,4- 
naphthoquinone 

2-Anilino-3-methyl-l,4-naphtho- 
quinone 

2-Acetanlido-3-anilino-l,4- 
naphthoquinone 

2-Anilino-3,n-butylthio-l,4- 
naphthoquinone 

Potassium 2-anilino-l,4-naphtho- 
quinone-3-sulfonate 

was prepared from butadiene and 2-methyl-1, 
4-naphthoquinone but it could not be dehydro- 
genated by air and ethanolic potassium hydrox- 
ide under conditions that convert 2,3-dimethyl- 
1,4,4a,9a-tetrahydroanthraquinone i n t o  
2,3-dimethylanthraquinone (31). 

As expected the growth inhibitory activities 
of neither the 2,3-expoxy-2,3-dihydro-2,3-disub- 
stituted 1,4-naphthoquinones nor of 4a-methyl-1, 
4,4a,9a-tetrahydroanthraquinone were of the 
same order of magnitude as the 2,3-epoxy-2,3- 
dihydro - 2 - monosubstituted - 1,4 - naphthoqui- 
nones or 2-methyl-l,4,4a,9a-tetrahydroanthra- 
quinone. 

Table I lists the new 1,4-naphthoquinones 
prepared in this work. Similar data for the 1,4- 
naphthoquinones, previously described, and for 
related compounds will be found in Tables 111 
and IV.' 

Experimental 
Novel features encountered in the synthesis and reac- 

tions of some 1,4-naphthoquinones are summarized in 
Table 11. Yields of the order of 85 % were obtained when 
I g of the 2-a1~~ino-3-l~alogeno-1,4-naphtl~oquinoi~e was 
refluxed for 9 h in 5 ml of ethanol containing 2 g of 
both rz-butanethiol and triethylamine. The product sep- 
arated as a solid when the cold reaction was poured into 
5 % hydrochloricacid. 
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Synthesis and properties of some forrnylferrocene thiosemicarbazones' 

D. M. WILES AND T. SUPRUNCHUK 
Dicision of Applied Chemistry, Notiorla1 Research Courzcil of Canada, Ottawa, Carlada 

Received February 13, 1968 

Twelve new substituted thiosemicarbazones have been prepared from formylferrocene and 2- and 
4-monosubstituted and 4,4-disubstituted thiosenlicarbazides. The infrared spectra of these conlpounds 
are discussed in some detail. Copper complexes of three of them were synthesized and their structures 
established. They were found to be strongly paramagnetic. The electronic absorption spectra of the 
thiosemicarbazones and the copper complexes are reported. 
Canadian Journal of Chemistry, 46, 1865 (1968) 

Introduction 
There have been numerous publications, in 

recent years, dealing with the chemistry of 
ferrocene and with the many derivatives which 
can be prepared from it (e.g. ref. 1). Considerable 
interest has been shown in the reactions of 
formylferrocene. It  is easy to synthesize and 
many additional ferrocenes may be derived from 
it. Both the semicarbazone (1) and the simple 
thiosemicarbazone (2) of formylferrocene have 
been synthesized. 

In the present work, the preparation and some 
properties of forrnylferrocene thiosemicarba- 
zones are described. The syntheses involved the 
reaction of formylferrocene with thiosemicar- 
bazide and substituted thiosemicarbazides. This 
method produced a set of compounds which 
have not been reported previously, except for 
forrnylferrocene thiosemicarbazone (A; R = R, 
= R, = H), mentioned by Boichard et al. (2). 
The structure of A was deduced from infrared 
spectra and from analytical data. 

Soine be~lzoylferrocenes have been shown (3) 
to retard the actinic degradation of polymer 
films and the photodecomposition of ferrocenes 
in hydroxylic (4) and alkyl halide (5) solvents has 
been reported. However, very little use has 
been made of particular ferrocene derivatives 
as protective ultraviolet absorbers in spite of the 
fact that ferrocenes absorb strongly in the 
important, near-ultraviolet region. The electronic 
absorption spectra of the new compoullds 
reported here were measured in order to indicate 
the potential effectiveiless of them as photo- 
protective agents. 

I t  is known that copper will form 1 :1 complexes 
(B) with thiosemicarbazones (6) and a different 
type of 1 :1 complex (C) with dithiosemicar- 
bazones (7). Copper complexes of three of the 
ferrocene thiosemicarbazones reported here 

'Issued as NRCC No. 10084. 

RCH 
\ YH2 NH-C=N-N=CHR 

N+Cu-S-C 
/ I I 

I \ 
CH2 

N I 
s\ 1 

/ N  
C u 

I I y H x  ,,s/ 7 
I NH-C=N-N=CHR 

NH2 

were prepared using cupric acetate. These are 
interesting organometallic - metal - chelate com- 
pounds, somewhat analogous to the copper 
complexes of diacylferrocenes reported pre- 
viously (8). 

Experimental 
Methods and Materials 

Formylferrocene was prepared by the method of 
Broadhead and co-workers (9), and was purified by 
recrystallizing from aqueous ethanol. 

2-Methylthiosemicarbazide was prepared by the 
method of Greer and Smith (10) and was recrystallized 
from water. 
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TABLE I 

Formylferrocene thiosemicarbazones* 

Analysis (%) 
Melting Yield 

Compound Substituents point ("C) (%) Formula Calculated Found 

1 R = CH3 185 521 C13H15N3SFe C, 51.82 C, 52.19 
R l  = Rz = H H, 4.98 H, 4.98 

N, 13.95 N, 13.75 
S, 10.63 S, 10.62 

Fe. 18.61 Fe. 19.1 
c; 53.33 
H, 5.39 
N, 13.33 
S, 10.16 

Fe, 17.78 
C, 59.50 
H, 4.68 
N, 11.57 
S, 8.82 

Fe, 15.42 
C, 63.92 
H. 4.60 

H; 5.38 
N, 13.20 
S, 9.94 

Fe, 18.1 
C. 59.59 

N, 11.41 
S, 8.52 

Fe, 16.0 
C, 63.66 
H. 4.60 

N; 10.17 
S, 7.74 

Fe, 13.56 
C, 61.38 
H. 5.37 

S: 7.80 
Fe, 13.7 
C, 61.09 
H, 5.38 
N .  10.69 

s; 8.18 
Fe, 14.32 

Cl~H16NJOZSFe C, 52.94 
H. 3.92 

S; 8.05 
Fe, 14.7 
C, 52.77 
H, 3.98 
N: 13.80 
S, 8.02 

Fe, 14.3 
C, 52.25 
H,  4.07 
N, 13.95 
S; 7.99 

Fe, 14.0 
C, 52.16 
H, 5.05 
N, 14.05 
S, 10.38 

Fe, 18.3 
C, 53.38 
H, 5.51 
N, 12.94 
S, 9.95 

Fe, 18.3 
C, 55.53 
H, 5.43 
N, 13.00 
S, 9.74 

Fe, 17.6 
C, 58.88 
H, 7.09 
N, 10.85 
S, 8.55 

Fe. 14.7 

~ e ;  13.73 
C13H15N3SFe C, 51.82 

H, 4.98 
N, 13.95 
S, 10.63 

Fe. 18.61 

C15H17N3SFe C, 55.05 
H, 5.19 
N, 12.84 
S, 9.78 

Fe, 17.13 
C1gHz7N3SFe C, 59.22 

H. 7.01 

*The structural formula may be represented by: 

tRecrystallized from ethanol-utater. 
%Recrystallized from ethanol. 
$Recrystallized from chloroform-hexane. 
IlRecrystallized from isooctane. 
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TABLE I1 

Infrared absorption bands for Formylferrocene thioscmicarbazoncs 
-~~ ~~ ~ - ...... . - .. - -~ . ~ ~~ ~ 

-- .. ~~ ~ 

Conlpound number* 

*The numbers 1 to 16 at the head of  this table refer to  the compounds havins the same numbers in Table 111. 
?The letters following the \i8ave nuniher in the table refer to  the hand intensity o r  shape: w, weak; In, rnedinm; vw, very weak; s, strong; sh. shoulder; br, broad. 
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substituted thiosemicarbazones. Evidence that 
this structure does, in fact, represent the pro- 
ducts reported here, was obtained from the 
infrared absorption spectra of these compounds. 
The bands observed in the 3500 to 700 cm-' 
frequency region are listed in Table 11. 

The absorptions characteristic of the expected 
functional entities for the eleven substituted 
thiosemicarbazones (Table I), for formylfer- 
rocene thiosemicarbazone, and for ethylene 
di(formy1ferrocene thiosemicarbazone), are as 
follows. The bands arising from NH stretching 
vibratidns occur in the 3380 to 3120 cm-' region 
for all of these compounds. In the 1600 to 1615 
cm-' region, the medium to strong band arising 
from y(C==N) is observed in all cases. Strong ab- 
sorption occurs in the 1535 to 1550 cm-' region 
for compounds 2 to 13 and may be related to 
the fact that these are N-substituted thioamides. 
The CNH vibration, involving NH bending 
and C-N stretching (IS), gives rise to strong 
absorption in this region; this has been observed 
previously in the case of some dithiosemi- 
carbazones of aliphatic and aromatic aldehydes 
(7). In the spectrum of compound 1, formyl- 
ferrocene-2-methylthiosemicarbazone, a strong 
band appears at 1585 cm-'. This shift to higher 
frequency has been observed before (19) in a 
comparison of 2- and 4-substituted thiosemi- 
carbazones. The band which is observed at 
1510 or 1500 cm-' in the spectra of compounds 
3 to 7 may be attributed to aromatic ring 
absorptions (see, for example, ref. (20)). 

Several absorption bands were observed, in 

all the spectra shown in Table 11, which are 
characteristic of formylferrocene or other sub- 
stituted ferrocenes. Peaks in the vicinity of 
1460 (f 20) cm-' and 1410 (f 10) cm-' 
presumably correspond to the transitions in the 
ferrocene part of formylferrocene, at 1456 and 
1412 cm-', as described by Rubalcava and 
Thomson (21). The bands at  11 10 cm-' and at 
1005 cm-' are also reported for formylferrocene 
(21) and are described by Rosenblum (22) as 
characteristic of "ferrocene derivatives posses- 
sing an unsubstituted [cyclopentadienyl] ring". 

Some of the bands which are observed for the 
various compounds in the 1030 to 1090 cm-' 
region presumably represent a contribution from 
N-C-N stretching vibrations which may be 
coupled with a small amount of y(C=S) (23). 
However, the largest contribution from C=S 
stretching vibrations gives rise to a band in 
830 to 805 cm-' region of the spectra of 
thiosemicarbazones (23, 24) and presumably 
accounts for an appreciable proportion of the 
peaks at 825 to 815 cm-' in the spectra of 
compounds 1 to 13 (Table 11). Superimposed on 
this in all cases is a contribution from the 
ferrocene moiety (21). 

Collectively, the absorption band assignments 
described above provide strong evidence that the 
compounds prepared in this work are indeed the 
thiosemicarbazones that the analytical data have 
suggested, and that A represents the correct 
structure for compounds 1 to 12. It follows that 
compound 13, ethylene di(formy1ferrocene thio- 
semicarbazone) could be depicted as 

Additional evidence is obtained from the 
experiments to form copper complexes of some of 
the thiosernicarbazones. Attempts to prepare 
copper complexes with 2-substituted thiosemi- 
carbazones failed; only starting materials were 
recovered from the reaction mixtures. This is 
in agreement with previous work on copper 
complex formation with a variety of substituted 
thiosemicarbazones (19). Copper complexes 
(2:l) were prepared from compounds 3, 4, and 
5 (4-substituted compounds) and the infrared 
spectra of these complexes are given in Table I1 

(spectra 14 to 16). Comparison with the spectra 
of the uncomplexed, parent compounds leads to 
the following observations. The two bands in 
NH region of the spectrum have been replaced 
by a single band in the vicinity of 3410 cm-', 
on copper complex formation. In addition, the 
intensity of the C=N band at about 1600 cm-' 
has increased, whereas the CNH band at 1550 
cm-' has disappeared. Finally, the absorption 
at 820 cm-' has an appreciably lower intensity. 
It is reasonable to conclude that complex forma- 
tion is associated with a reduction in the number 
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TABLE 111 

Electronic spectra of formylferrocene thiosemicarbazones 
-- -- -. -- - 

Absorption band maxima (mp) 
Compound* (molar extinction coefficient x Solvent 

Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Isooctane 
Isooctane 
Isooctane 
Acetonitrile 
p-Dioxane 
p-Dioxane 
p-Dioxane 

*(I) Formylferrocene-2-methylthiosernicarbazone: (2) formylferrocene-4,4-dimethylthiosemicarhazone; 
(3) formylferrocene-4-phenylthioremicarbazone; (4) formylferrocene-4(I-naphthyl)thiosemicarbazone; (5) 
forrnylferroczne-4-phenethylthiosemicarbazone; (6) formylferrocene-4lp-nilrophenyl)thjosemicarbazone: (7) 
formylferrocene-4(nr-nitrophenyl)thiosemicarbazone; (8) formylferrocene-4-methylth~osemicarbazone; (9) 
formylferrocene-4-ethylthiosemicarbazone' (10) formylferrocene-4-allylthiosemicarbazone. (11) formylfcr- 
rocene-4-beptylthiosemicarbazone; (I?) fo;rnylferrocene thiosemicarbazone; (13) ethylene d~(formy1ferrocene 
thiosemicarbazone); (14) copper complex of compound 4; (15) copper complex of compound 5; (16) copper 
complex of compound 3. 

of NH groups, an increase in the number of 
C=N groups and elimination of the C==S group. 

On the basis of this evidence, and in the context 
of previously proposed structures for copper 
complexes of analogous compounds (6, 7), 
it is reasonable to suggest the following 
general structure for compounds 14, 15, and 16. 

In such a 2:l  complex, copper would be para- 
magnetic. The copper complexes prepared in 
this work are all strongly paramagnetic, having 
an electron spin resonance signal intensity of the 
same order of magnitude as that from an 
equimolar quantity of CuS04.5H20. The g 
value for compound 15, for example, is 2.066. 
Thus, there is good reason to believe that the 
Structure D proposed for the copper complexes, 
and the Structure A proposed for the thiosemi- 
carbazones, are valid. 

The important bands in the electronic absorp- 
tion spectra of most of the compounds prepared 
in this work are listed in Table 111. together with , " 
the relevant molar extinction coefficients. The 
compounds are all colored and many of them 
absorb strongly in the important, near-ultraviolet 
region. However, the requirements for a useful 
ultraviolet protective substance include, in 
in addition to a high molar extinction coefficient, 
such considerations as inherent stability, a 
relatively low volatility and minimal absorption 
of visible wavelengths. On this simplified basis, 
it may be suggested that compounds 13, 6, and 
3 (in that order) could be useful as retarders of 
the photooxidation of polymeric materials. 

Since some organometallic and many thio- 
carbonyl-containing compounds have antifungal 
properties, the formylferrocene thiosemicarba- 
zones and the three copper complexes were eval- 
uated as potential fungicides. Below 1000 p.p.m. 
none was found effective, in tube dilution tests. 
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Acyl derivatives of Hydroxylamine. XIII. Configuration and conformation of 
hydroxamic acid derivatives containing sulfur ' 

0 .  EXNER 
J. Heyrousky Instit~rte of Polarograph~~, Czechoslovak Acadetny of Sciet~ces, Prague, Czechoslovakia 

AND 

M. H. BENN AND FRANCES WILLIS' 
Departt77etzf of C/~etnistry, Ut~iuersity of Calgary, Calgary, Albom 

Received January 18, 1968 

The configurations and conformations of S-methyl benzothiohydroxarnic acid (3) and its S-0x0 and 
S,S-dioxo derivatives (5) and (7) were established by means of a graphical comparison of their dipole 
moments with those of the corresponding p-nitro compounds. 

The proton magnetic resonance and infrared spectra of these compounds were also studied. 
I t  is concluded that the relative stability of stereoisomers in the series of conlpounds C6H5C(NOH)X 

seems to depend more on the electronic nature of the group X than on its steric requirements. 

Canadian Journal o f  Chemistry, 46, 1873 (1968) 

Derivatives of the tautomeric hydroximic form 
of hydroxamic acids are capable of existing in 
two geometrically isomeric forms, l a  in which 
the gFoups X and OH have the syn arrangement, 
and lb in which these groups are anti to one 
another. However, for some hydroxamic acid 
derivatives both geometrical isomers have not yet 
been described. 

In previous communications in this series (1, 
2) it was shown that the configurations originally 
assigned by Werner (3) to the pair of isomers of 
the 0-alkyl hydroxamic acid (2) had to be 
reversed. Subsequently, the stable configurations 
of some other related compounds, known only 
in oiie geometrically isomeric form, were also 
established (2). 

R-C-X R-C-X 
I 1  
N-OH 

I 
HO-N 

2) R = C6H5 and X = 0CH2CH3 in general formula (1). 

R ~ $ - X C H ,  R ~ $ - X C H ~  

N-OH HO-N 

(3) R = H, X = S 
(4) R = NO,, X = S 
(5) R = H, X = SO 
(61 R = NO,. X = SO 
i i j  R = H,~% = SO, 
(8) R = NO,, X = SO2 

'For part XI1 see: 0. Exner and W. Simon, Collection 
Czech. Chem. Commun. 30, 4078 (1965). 

,Nte Hall. 

A recent synthesis (4) made S-alkyl thio- 
hydroxamic acids (e.g. 3) readily available, 
though in every case only one isomer, inferred to  
be the anti form, was isolated. 

The initial objective of the present work was 
to  establish the coilfiguration of these S-alkyl 
thiohydroxamic acids; the investigation was tlien 
extended to include the oxidized derivatives (5- 
8), in order to compare the relative stabilities of 
stereoisomers la or lb with various groups X. 

The approach which we followed was to meas- 
ure the dipole moments (p) of a phenyl and 
corresponding p-nitrophenyl der i~a t ive .~  The 
experimeiltal and calculated dipole moments 
were tlien compared in a simple graph in which 
11' for the unsubstituted phenyl compound was 
plotted against p2 for the p-nitro compound (see 
Figs. 1-3). This method has been described in 
detail elsewhere (5 ) .  

The dipole moment measurement also enables 
us to assess the approximate conformation of the 
N-0 and C-S single bonds. We have to 
consider first eight plaiiar conformations denoted 
here as A1-D2; any non-planar conformatioil 
can be considered as transitory between planar 

3The proton magnetic resonance and infrared spectra 
of the compounds 3-8 were also recorded and compared 
with those of stereoisorners 2a and 2b, the configurations 
of which are known (1). However, both these approaches 
are of limited value when, as here, only one isomer form 
(of S 8 )  is available. 
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FIG. 1 .  Comparison of dipole moments of S-methyl 
benzothiodydroxamic acid (3) (x-Axis) and its 4-nitro 
derivative (4) (y-Axis). The experimental moments are 
expressed by the hatched circle, and the calculated 
moments by points A-D and BI ,  B2. The full lines 
represent the rotation about the N-0 bond, and the 
broken line represents rotation around the C-S bond. 

conformations. The conformations Dl and 0 2  
are improbable for steric reasons, but are included 
for the sake of completeness. 

FIG. 2. Comparison of dipole moments of S-oxo-S- 
methyl benzothiohydroxamic acid (5) and its %nitro 
derivative (6).  (See Fig. 1 for descriptive details.) 

Materials 
Although the benzothiohydroxamic acids (3) 

and (4) were readily prepared and gave the S-0x0 
derivatives (5) and (6) upon oxidation with 
hydrogen peroxide - acetic acid, preparation of 
the S,S-dioxo derivatives presented some diffi- 
culties. 

Oxidation of 3 with hydrogen peroxide- 
acetic acid appeared to stop at the S-0x0 stage; 
oxidation with peracetic acid or potassium per- 
manganate gave dibenzohydroxamic acid (9), a 
conversion which has some precedent in the 
observation that oxidation of benzohydroxamic 
acid with iodine gives 9 (6). 

We then turned to the reaction of benzohyd- 
roxamoyl and p-nitrobenzohydroxamoyl chlor- 
ides with potassium methanesulfinate, and ob- 
tained products which analyzed correctly for the 
desired S,S-dioxo compounds (7) and (8). 

However, although the reaction of alkyl hal- 
ides with salts of sulfinic acids is well recognized 
as a method for preparing sulfones, a recent 
study has revealed that acyl halides yield sulfin- 
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FIG. 3. Comparison of dipole moments of S,S-dioxo- 
S-methyl benzothiohydroxamic acid (7) and its 4-nitro 
derivative (8). (See Fig. 1 for descriptive details.) 

ate ester derivatives, which are usually unstable 
and react further (7). We therefore have to 
consider the alternative structures 10 and 11 for 
our products. 

x ~ ~ O H  

0SCH3 
I I 
0 

(10) X = H 
(11) X = NOz 

Unfortunately, the dipole moments calculated 
for either 7 and 8, or 10 and 11 are too close to 
the observed values t o  be used to exclude either 
pair.4 However the infrared spectra of the prod- 
ucts show the intense absorption a t  1320 cm-' 
characteristic of sulfones and absent in sulfinate 
esters (8). Hence the products are the desired 
S,S-dioxo compounds, 7 and 8. 

4Although structures 7 and 8 yield calculated moments 
that are in fact, closer to the observed values, than those 
obtained from 10 and 11. 

The products 3-8 were homogeneous as 
judged by the usual criteria of microanalysis, 
infrared and proton magnetic resonance spectro- 
scopy, and thin-layer chromatographic analysis. 
As will be seen later, the stereochemical purity 
was confirmed, in some cases a t  least, by the 
dipole moment measurements. 

Experimental 
S-Mefllyl Benzofhiohydroxarnic Acid (3) 

This was prepared as described previously (4). 

S-Mef/~yl4-Nifroberzzofhiohy~/ro.~ar11ic Acid (4) 
p-Nitrobenzaldoxime (3.0 g) was dissolved in dry ether 

(100 ml); the solution was cooled to 0 "C in an ice-salt 
bath and a slow stream of chlorine bubbled through it for 
30 min. The reaction mixture, which contained a small 
amount of white solid in suspension, was allowed to warm 
to room temperature. It was then evaporated under 
reduced pressure in a fume hood, to a yellow oil of crude 
p-nitrobenzohydroxamoyl chloride, which crystallized 
from ether - petroleum ether as almost colorless prisms, 
m.p. 87-88 "C. 

Methyl mercaptan (8 ml) in ether (30 ml) was added to 
a solution of the hydroxamoyl chloride in dry ether (50 
ml), followed by triethylamine (8 ml). A copious precipi- 
tate of triethylamine hydrochloride separated. After 30 
min at room temperature the reaction mixture was poured 
into ice-cold I N  aqueous sulfuric acid (50 ml). The ether 
layer was separated and the aqueous solution extracted 
with ether (50 ml). The combined ether extracts were 
dried (MgSO,) and evaporated to a residual oil which 
crystallized; this was recrystallized from ether-petroleum 
ether as lemon-yellow prisms, (0.2778, 773, m.p. 134- 
140 "C (determined by open capillary). 

Anal. Calcd. for C,H,N,O, (212.2): C, 45.28; H, 3.79; 
N, 13.20; S, 15.11. Found: C, 45.19; H, 4.11; N, 13.07; 
S, 15.22. 

In  a second preparation the yield from the oxime was 
15%. 

S-0x0 S-Meflryl Benzofhiohydroxatnic Acid (5) 
S-Methyl benzothiohydroxamic acid (1.67 g) was dis- 

solved in glacial acetic acid (15 ml); 30% H 2 0 z  (2.2 ml) 
was added, and the reaction mixture was stored at 0 OC 
for 24 h. Excess H 2 0 z  was still present (indicated by the 
Starch-KJ test) but the reaction mixture was worked up 
by pouring it into water (100 ml). Neutralization of the 
solution with NaHC03  was followed by extraction with 
ether (3 x 100ml). The combined dried (MgSO,) ex- 
tracts were evaporated to a pale-yellow residual oil which 
crystallized on trituration with ether - petroleum ether. 
Recrystallization from acetone - petroleum ether gave 
small colorless prisms, (0.720 g), m.p. 142-143 "C. 

Anal. Calcd. for C,H,NO,S (183.2): C, 52.44; H, 4.95; 
N, 7.64. Found: C, 52.50; H, 5.04; N, 7.07. 

S-0x0 S-Mef/zyl4-Nifrobetzzofhio/1y~/roxamic Acid (6) 
S-Methyl4-nitrobenzothiohydroxamicacid(1.06 g) was 

suspended in glacial acetic acid (15 ml) and 30% HzOz 
(1.25 ml) was added. The reaction mixture was stirred 
continuously until the crystals had dissolved (ca. 10 min). 



1876 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

The solution was kept at room temperature overnight and 
then poured into water (200 ml). A fine, crystalline 
precipitate separated and was collected and recrystallized 
from acetone-petroleum ether to give fine, almost 
colorless needles, (0.95 g), n1.p. 163-1 64 "C. 

Anal. Calcd. for C8HsN,0,S (228.2): C, 42.10; H, 
3.53: N, 12.28; S, 14.05. Found: C, 42.23; H, 3.52; N, 
11.81; S, 14.11. 

Pern~ntzgannre Oxidntion of S-Metl~yl Benzothio- 
Izydroxamic Acid 

S-Methyl benzothiohydroxamic acid (0.81 g) was dis- 
solved in acetone (35 ml) and 6 N aqueous sulfuric acid 
(5 ml) was added. Aqueous permanganate solution (3 %) 
was added from a burette until the permanganate color 
showed signs of persisting (21 ml). The brownish reaction 
mixture, containing some suspended solids, was poured 
into water (250 ml) and extracted with chloroform (3 
x 30 ml). The combined, dried (MgS04) extracts were 
evaporated and the crystalline residue was recrystallized 
from acetone-ether as colorless needles, (0.52 g), m.p. 
165-166 "C. The melting point was undepressed on 
admixture with authentic dibenzohydroxamic acid. The 
infrared spectrum in KBr was also superimposable upon 
that of authentic dibenzohydroxamic acid. 

S,S-Dioxo S-MefI7yI Betrzo/lriol~ydroxan~ic Acid (7) 
Benzohydroxamoyl chloride (4.0 g) was added to a 

solution of potassiun~ methanesulfinate, prepared (9) 
from methyl methanesulfinate (7.0 g) in ethanol (70 ml). 
The reaction mixture, which became warm and rapidly 
deposited a precipitate of KCI, was stirred for 3 h, and 
the bulk of the ethanol was then removed under reduced 
pressure. The residue was diluted with water (50 ml) and 
then extracted with ether (2 x 50 1111). The ether extracts 
were combined, dried (MgS04), and evaporated under 
reduced pressure to yield a pale yellow-brown oil which 
crystallized in small prisms from chloroforn~. Recrjstal- 
lization from benzene-chloroforn~ gave colorless prisms, 
(2.55 g), n1.p. 97-98 "C. This product started to de- 
compose after standing for 18 h. 

Concentration of the mother liquors yielded a second 
crystalline product as fine colorless laths, m.p. 140-142°C; 
recrystallization from chloroforn1-benzene raised the m.p. 
to 145-146 "C. 

Anal. Calcd. for C8H9N03S (199.2): C, 48.23; H, 4.55. 
Found: C, 48.21 ; H, 4.70. 

S,S-Dioxo S-Merhyl p-Nitrobenzorlriol~ydroxamic Acid (8 )  
This compound was prepared, as described above, from 

p-nitrobenzohydroxamoyl chloride (2.0 g) and potassium 
methanesulfinate in ethanol. The product was isolated by 
pouring the reaction mixture into water, removing the 
precipitate by filtration and recrystallizing it from 
ethanol. This method yielded 1.5 g of pale-yellow laths, 
m.p. 174 "C. 

Anal. Calcd. for C,H,N,O,S (244.2): C, 39.34; H, 
3.30; N, 11.47. Found C, 39.32; H, 3.01; N, 11.36. 

dyne apparatus at a frequency of 1.2 Mc.p.s. 
Usually five measurements were carried out in 
the concentration range 5 x 5 x 10-,M 
using the method of Halverstadt and Kumler 
(10). In the calculations of the dipole moment p 
from the overall polarization ,P, and molar 
refraction RD, an allowance of 5 % or 15 % of the 
RD value was made for the atomic polarization. 
The molar refraction was calculated using the 
atomic and group increments of Vogel (1 1) and 
the increments for the =NOH group and the 
exaltations for the conjugation with the benzene 
nucleus were the same as those used previously 
(1,2). The calculation is only approximate, but in 
fact the errors do not markedly influence the 
resulting values for the dipole moments. The 
values found for ,P,, RD, and p are summarized 
in Table I. In Figs. 1-3 values of p with a 15% 
correction are used. 

Calculation of Theoretical Dipole Monzents 
The dipole moments of individual configur- 

ations and conformations (Al-D2) of com- 
pounds 3-8 were calculated by vector addition of 
bond moments in a graphical way with an 
accuracy of about k0 .30 .  The bond moments 
used are summarized in Table 11. They are 
mostly based on our previous experience (1, 2, 
12). For the bond angles, the values taken were 
the same as those used previously (2) with the 
C=NOH group5 (the angle 120" at the carbon 
atom being preferred) and with the SO, group 
(12). With the sulfoxyl group the values of 
100" for LR--S-R and 106" for L R-S-O 
were taken corresponding to values found for 
some simple sulfoxides (1 5). The bond moments 
S-O and p,,, (SO) were derived using these 
values. For 3 and 4, the L R-S-R was taken as 
102", this being the mean of several values 
recorded for sulfides (15). 

The value of the LR-S-R was thus not 
exactly the same in sulfur compounds of dif- 
ferent oxidation level but the differences are not 
important to the calculations. 

The calculated dipole moments are not tabu- 
lated but plotted as p2 in Figs. 1-3. 

Results 5Fron~  these well-tried values, the value 122" for the 
angle C=N-0 may be somewhat high. It follows from 

Measurements of Dipole Monzents measurements on different oximes (15) that better values 

Dielectric constants of the benzene or dioxane should be 114" for the sytz isomer and 118" for the atrti 
isomer. However, this correction does not have a siwifi- 

solutions were measured at 25 "C using a hetero- cant influence on further concIusions. 
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Fig. 1) can also represent unrestricted rotation; 
the points A, B, C, D were calculated assuming 
such unrestricted rotation about the C-SCH, 
bond. By comparison with experimental values 
the approximate conformation can be deter- 
mined and, according to the distances of the 
other points, the reliability of this conclusion 
estimated. 

It follows from Fig. 1 that the S-methyl 
benzothiohydroxamic acid has the syn (3a) con- 
figuration and conformation B with practically 
free rotation around the C-S bond (Bl + B2). 
This conclusion is safe within the limits of accur- 
acy of the methods used; the radius of the dashed 
circle should represent rather the errors in 
computing the theoretical moments than the 
experimental uncertainty. This configuration, 
syn (3a), was originally considered by us as most 
likely, on the basis of arguments concerning the 
reaction mechanism (4). It was, however, desig- 
nated as antiaccording to the older nomenclature 
(see ref. 1). 

Both configurations 2a and 2b of the 0-ethyl 
benzohydroxamic acids (2) are of comparable 
stabilities (1, 16), but the conformation of the 
OH group in the syn isomer (2a) is opposite to 
that of 3a, i.e. as in A, or A,. The difference may 
be due to weak hydrogen bond in the compound 
2a but we have repeated our older experiments 
(1) and were unable to detect such an intra- 
molecular hydrogen bond by infrared spectros- 
copy. A further difference is that there is essen- 
tially free rotation of the SCH, group in com- 
pound 3a, whereas rotation of the 0C2H5  group 
in 2a seemed to be partially restricted (2). The 
larger size of the sulfur atom as compared to 
oxygen, and thus the greater distance of the 
methyl group from the oxime function in 3a as 
compared to 2a may be an explanation for this 
effect. 

With the other compounds (5-8) the determin- 
ation of configuration and conformation is more 
difficult. Firstly some assumptions about the 
choice of appropriate bond moments must be 
made; more especially, the C=N bond is highly 
polarizable so that it has been given various 
values of bond moments in different compounds 
(1, 2). The value 1.40 has been found most 
suitable for hydroxamoyl chlorides with respect 
to the polarization by the adjoining C-C1 bond 
(2) and we have chosen the same value for the 

compounds 5-8, which likewise possess a strongly 
electron-attracting group. A second assumption 
concerns the conjugation of the sulfonyl and 
sulfoxy groups for which a formal mesomeric 
moment had to be introduced (see (12)) to 
account for a big difference between moments of 
aliphatic and aromatic derivatives (12, 14). We 
have used the samevalues of mesomeric moments 
in our compounds 5-8 in which the groups SO, 
or SO are bonded to a sp2-hybridized carbon 
atom, too, even though any mesomerism cannot 
easily be formulated by limiting structures. Both 
those corrections may seem somewhat arbitrary 
but they can be checked by comparison with 
experimental values, using our graphical pro- 
cedure. In fact, without these corrections it is not 
possible to obtain computed moments which 
would be comparable with experimental values. 
(The computed moments would be much too 
low.) 

In Fig. 2 the calculated and experimental 
values for the sulfoxy derivatives 5 and 6 are 
compared. It can be concluded that the sulfoxy 
group cannot be freely rotating but must have a 
stable conformation with a nearly maximum 
dipole moment (conformation B l  or Cl). The 
same is true for the rotation of the OH group 
around the N-0 bond. On the other hand the 
configuration about the C=N bond cannot be 
established from our experiments. Either the anti 
configuration (56) in an intermediate form 
(closer to C1 than to C2), or the syn configur- 
ation (5a) (in the form B1) is possible. 

The case of the sulfonyl derivatives 7 and 8 is 
somewhat better. From Fig. 3 it can be con- 
cluded that the conformations of the S02CH3 
and NOH groups are the same as in the pre- 
ceding case and that the anti configuration (C,) 
is more probable than the syn (B,). This view is 
further substantiated by nuclear magnetic reson- 
ance (n.m.r.) spectral data. The agreement with 
experiment is only fair with compounds 5-8 but 
we do not consider it justifiable to improve upon 
this by making further corrections in the values 
of bond moments. The most striking and quite 
reliable result is the restricted rotation of the 
SO,CH, groups, so that the actual conformation 
has the largest moment of all conformations 
possible. (It was believed for some time that in 
such cases the conformation with a minimum 
moment is generally preferred (l3).) At the same 
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TABLE IV 
Configuration and conformation of hydroxamic acid derivatives* 

Conformation Conformation 
X Configuration of the O H  group of the X group Reference 

C1 anti H away from Ph - 

S02CH3 anti H away from Ph 0 away from N 

SOCH, anti (?) H away from Ph 0 away from N 

OCzH5 anti H away from Ph "Free rotation" 
s ~ n t  H close to 0 Somewhat 

restricted 
rotation 

SCH, sYn H away from S "Free rotation" 

NHz sy n H away from N Unknownf 

2 
This 

paper 
This 

Paper 
1, 2 

1, 2 
This 
paper 

2 

*The general formula is PhC(N0H)X. 
tS.vn form rearranges to anti form upon acylation, but both syn and ariri forms are "stablc" under normal 

conditions. 
$This conformation could be co-planar; there is a!so a possibility of rotation. 

time there is no apparent steric hindrance, or 
hydrogen bonding. On the contrary, a possible 
hydrogen bridge would result in the opposite 
conformation of the SO,CH, grouping. 

Nuclear Magnetic Resonance Spectra 
The comparison of n.m.r. spectral data is made 

somewhat difficult because the measurementswere 
not all made in the same solvent. The spectra were 
consistent with the structures 3-8 as they con- 
tained the following signals: (i) a sharp singlet 
due to the methyl group, (ii] a complex due to 
aromatic protons, which are separated into two 
doublets with the 4-nitro derivatives, and (iii) a 
singlet for the hydroxyl group, which is strongly 
concentration dependent. Some chemical shifts 
are collected in Table 111. The signal due to the 
OH hydrogen is of some diagnostic value for 
determination of configuration. With the S- 
methyl benzothiohydroxamic acid (3) the extra- 
polated value for the position of this signal can 
be compared with the corresponding values for 
both stereoisomeric 0-ethyl benzohydroxamic 
acids (measured in the same solvent) (16). As can 
be seen from Table 111, this comparison confirms 
the syn configuration for 3. For the sulfonyl 
derivatives 7 and 8 a direct comparison is not 
possible due to presence of a strongly electron 
attracting group in the molecule, and also use of 
a different solvent. However, the relative position 
of this peak in both stereoisomers can be com- 

pared and the one with a more negative value 
may be considered as due to a syn isomer. This 
conclusion is supported by the shifts of the 
methyl hydrogens, the difference of which are 
however ~ m a l l e r . ~  

Infrared spectra 
The infrared spectra of all compounds are 

also in agreement with the structures assigned 
to them. Especially noteworthy is the presence 
of symmetric and asymmetric SO, vibrations 
in compouilds 7 and 8 and the absence of 
such bands in the spectra of 5 and 6. For 
comparison purposes only the OH frequency 
deserves some further comments. Compounds 3 
and 4 are strongly associated in chloroform 
solution, but the frequency of the free OH group 
can also be observed. There is a small difference 
in this frequency between both stereoisomers of 
the 0-ethyl benzohydroxamic acid 2a and 20 
which may be due to the influence of the 
adjoining OC,H, group. However, we were 
unable to detect any signs of an intramolecular 
hydrogen bridge in a dilute chloroform solutioil 
of 2a or 3. If there is any interaction it must be 
very weak. The difference in frequency of the 

'All signals are shifted in the expected direction with 
substitution. The difference between compounds contain- 
ing the sulfonyl, sulfoxy, or thio group are very marked, 
the shifts of the signals due to the O H  hydrogens being 
more affected than those due to the CH3  grouping. 
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OH absorption band cannot be used for distin- 
guishing the configuration of stereoisomers 
unless both forms are isolated. 

Conclusions 

Although the collfiguratiolls of some of the 
compounds are not absolutely secure, we can 
compare the relative stability of stereoisomers 
l a  and l b  with various groups X. The present 
and previous (1, 2) results are summarized in 
Table IV. In cases when only one isomer was 
isolated, it was assumed to be the more stable 
one. This assumption need not be true, as the 
compounds were prepared by reactions which 
may be kinetically controlled; however, it is 
supported by the course of some reactions in 
which the more stable isomer definitely is pro- 
duced. Thus chlorination of both stereoisomeric 
bellzaldoximes (17) gives the same benzohydrox- 
amoyl chloride which has the anti co~lfiguration 
(2). 

From the data of Table IV it follows that the 
steric requirements of the group X are apparently 
not the deciding factor, unlike the configuration 
of ketoximes, C6HjC(=NOH)R (1 8), or meth- 
oximes, C,H,C(=NOCH,)R (19), which are 
controlled by the size of the alkyl group R. With 
hydroxamic acid derivatives (1) the electronic 
nature of the variable group is evidently more 
important, the anti collfiguratio~l being more 
stable as X becomes strongly electron attracting. 

The conforn~ation of the NOH group is uni- 
form, with the hydrogen atom remote from other 
parts of the molecule. There is only one excep- 
tion, the case of syn-0-ethyl bellzohydroxamic 
acid (2n) and the possibility of a very weak 
hydrogen bridge in this compound has already 
been discussed. 
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Structure of pithecolobine. I1 
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The alkaloid of Samatzea satnatz Merr. Pithecolobine is shown to be a family of closely related ana- 

l 
logues of the general formula (13). The structure (9a) has been proved for one of these compounds. 

Canadian Journal of Chemistry, 46. 1881 (1968) 

Our first full paper on the alkaloid of Pitlze- 
colobium saman Benth' was published sixteen 
years ago (1). Since that time we have solved the 
structure in principle (2, 3) and corroborated the 
solution by synthetic work (4). All this has been 
published only in preliminary form. Moreover, 
owing to its very peculiar nature and experi- 
mental difficulties our solution of the "pithe- 
colobine" problem, while essentially correct, 
represents only a part of the story-the real 
situation is more complicated. Finally new syn- 
thetic work has been performed to render our 
conclusions as rigorous as possible. For these 
reasons we have decided to summarize in the 
present paper, degradative work on pithecolo- 
bine not included in our first report (I). 

Pithecolobine was purified by chromatog- 
raphy, a twofold countercurrent distribution, 
and many crystallizations of the picrolonate (I). 
After these operations it appeared completely 
homogeneous and many analyses of the picrolo- 
nate and free base, while showing fluctuations, 
fitted best the formula C21H,,N,02. It was, 
however, realized from the start that the molec- 
ular formula is tentative and had to be corrobo- 
rated by degradative work and a characterization 
of all the functions. Consequently the molecular 
formula has never been used in any structural 
argument., 

Pithecolobine showed, in the infrared (i.r.) 
spectrum, an amide band at 1650 cm-' and its 
potentiometric titration curve revealed three 
basic nitrogens (I). Thus one oxygen and all 
four nitrogen atoms have been directly proved 
to be present. The absence of N- and 0-alkyl 
groups has been originally demonstrated by 
Zeisel determinations and much later corrob- 

'The tree has since been renamed Satnanea sanlan 
Merr. 

ZAlso, more recent attempts to ascertain the niolecular 
formula by mass spectrometry failed. 

orated by nuclear magnetic resonance (n.m.r.) 
studies. 

Reduction of pithecolobine by lithium alu- 
minium hydride yielded desoxypithecolobine, 
C,,H,,N,. This compound gave beautifully 
crystalline salts and its molecular formula was 
supported by excellent analytical data (I). Never- 
theless a molecular formula, richer by two 
hydrogens, was not excluded and consequently 
the presence or absence of a ring in desoxy- 
pithecolobine, had to be deduced from deg- 
radative  result^.^ 

Potentiometric titration of desoxypithecolo- 
bine showed clearly the presence of four basic 
nitrogen atoms (I). Thus the pithecolobine lac- 
tam group has been predictably reduced to a 
basic nitrogen, and the second elusive oxygen 
atom has disappeared. 

It was first shown (2) that the four nitrogens of 
desoxypithecolobine are all secondary. Desoxy- 
pithecolobine was converted into a glassy, neu- 
tral tetraacetyl derivative, which did not show 
any NH absorption in the i.r. spectrum. This 
compound was then reduced by lithium alu- 
minium hydride to tetraethyl-desoxypithecolo- 
bine, which was characterized by a homogeneous 
countercurrent distribution and distillatioil of 
the peak fraction. An attempt to acetylate this 
material was negative. This demonstrated con- 
clusively that all the nitrogens in the tetraethyl 
compound were tertiary, and consequently in 
desoxypithecolobine they were secondary. 

Next the Hofmann degradation of methylated 
desoxypithecolobine was investigated (I). This 
reaction gave, in the first stage, tetramethyl-1,4- 
tetramethylenediamine and a mixture of bases. 
The second stage performed on this mixture 
yielded a conjugated diene C,,Hz2 (ultraviolet, 
h,,, 227; log E = 4.38). The molecular formula 

3Again, much later attempts to  determine the molecular 
formula by mass spectrometry failed. 
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of this hydrocarbon was not completely certain 
but the formula given was compatible with the 
analytical data. 

From the mixture of bases produced in the 
first stage of the Hofmann reaction it was 
possible to isolate material which analyzed well 
for C16H3,N (1). It took up two moles of 
hydrogen and gave a tetrahydro product which 
by another Hofmann degradation yielded a 
hydrocarbon C12H2, and dimethyl-n-propyl- 
amine. The hydrogenation of the CI2H2, hydro- 
carbon yielded a dihydro derivative Cl2HZ6 
which was practically identical by i.r. spectros- 
copy with n-dodecane. When we first obtained 
this derivative, we tentatively considered it to be 
a slightly impure sample of n-dodecane, and this 
conclusion was subsequently f ~ ~ l l y  corroborated 
(vide infra). 

It can now be readily shown (2) that the data 
discussed up to this point enable us to postulate 
rigorously that desoxypithecolobine is a macro- 
cyclic compound of the type (1) or (2). 

7 1 2  - NH 7 1 2  - NH 
HN 1 HN 

I c3 I 

I 
c3 

Y3 
HN- C4-NH 

Y4 I 
HN-C3-NH 

(1) (2) 

The absence of N-alkyl groups in desoxy- 
pithecolobine, first postulated (1, 2) on the basis 
of Zeisel determinations and later corroborated 
by n.m.r., shows clearly that all the remaining 
carbon which has not been isolated and charac- 
terized in the Hofmann degradation must be 
present in one fragment. It is now impossible to 
arrange the four carbon fragments and four 
secondary nitrogens in ally other way than those 
indicated in the structures (1) and (2). We note 
that this conclusion does not require independent 
knowledge of the molecular formula of desoxy- 
pithecolobine. We have further concluded from 
Kuhn-Roth C-methyl determinations performed 
with desoxypithecolobine, that only one C- 
methyl group is present. (This conclusion was 
also later corroborated by n.m.r.) 

Since the C,, fragment can be isolated as a 
conjugated diene by a double Hofmann deg- 
radation, it must be the site of this single carbon 
methyl group. Thus we may expand the struc- 
tures (1) and (2) to the structures (3) and (4). 

Further clarification of the nature and arrange- 
ment of the various pithecolobine fragments, 
came from the Hofmann degradation of meth- 
ylated pithecolobine itself (2, 3). The first stage 
of this procedure yielded a neutral fraction, 
which was hydrogenated and the individual 
compounds separated by chromatography. One 
product turned out to be a primary amide 
which, after a series of crystallizations, was 
identified as the amide of n-dodecanoic acid. 
The second compound (C,,H3,0N) was a 
secondary amide and by hydrolysis yielded n- 
propylamine. From the cold trap used in the 
Hofmann reaction a good yield of tetramethyl- 
1,3-trimethylenediamine was obtained. It is 
clear that the two C, compounds identified in 
this degradation cannot conceivably have a 
common origin. 

Thus we have now isolated all the carbon of 
pithecolobine in the form of four known com- 
pounds. Moreover, the isolation of the secondary 
amide shows clearly the presence in pithecolo- 
bine of the part structure (5). 

The chromatogram of the neutral hydro- 
genated Hofmann degradation products of pithe- 
colobine yielded also a liquid 6-lactone, (car- 
bony1 maximum 1732 cm-') C12H2,02. It was 
immediately clear that the lactone must possess 
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the structure (7), and be generated by an internal 
displacement portrayed in formula (6), followed 

by hydrolysis of the intermediate imino lactone. 
The lactone (7) was hydrolyzed to the corres- 
ponding hydroxy acid, which was converted into 
the ketoester (8). This last compound was then 
identified with an authentic sample as the 
crystalline 2,4-dinitrophenylhydrazone. 

CH3-(CH2)6-C-(CH2)3-COOCH3 
I! 
0 

(8) 

The isolation and identification of the lactone 
(7) leaves no doubt about the point of attach- 
ment of the second nitrogen in the C , ,  chain. 
In summary of all the rigorous degradative 
evidence presented until now, we can write the 
structures (2, 3) (9a) or (10a) for pithecolobine 
and (96) or (lob) for desoxypithecolobine. From 
the two possibilities, biogenetic considerations 
strongly favor the formula (9) which contains as 
part structure, the naturally occurring ainine, 
spermine. 

The next problem to be investigated is the 
nature of the second oxygen atom, the presence 
of which is indicated only by the analytical data 
of pithecolobine. If this oxygen indeed exists, it 
has to be present in the form of a hydroxylamine 
hydroxyl to explain the formation of desoxy- 

RE OF PITHECOLOBINE. I1 1883 

pithecolobine on lithium aluminium hydride re- 
duction. Since pithecolobine clearly is not a 
hydroxamic acid or aldehyde ammonia, a hy- 
droxylamine group is the only possibility com- 
patible with the facts. 

We have stated at the outset that we shall not 
accept the fluctuating analytical data for pithe- 
colobjne until they are corroborated by degrada- 
tion and direct characterization of all the func- 
tional groups. We have, consequently, per- 
formed the following experiment designed to 
prove directly the presence of a hydroxylamine 
hydroxyl or, in the negative case, to prove 
directly the presence of three secondary amino 
groups in pithecolobine. The acetylation of 
pithecolobine gave a quantitative yield of a 
glassy peracetyl derivative. This compound 
showed in the i.r. spectrum a very strong amide 
band at 1637 cm-I and no ester band. In the 
n.m.r. spectrum a poorly resolved triplet (3 H) 
at T = 9.10 p.p.m. and a broad singlet (9 H) at 
approximately T = 8.10 p.p.m. could be dis- 
tinguished. 

The triplet represents the C-methyl group of 
pithecolobine and the singlet may be assigned to 
three N-acetyl groups. This later conclusion was 
corroborated as follows. Lithium aluminium 
hydride reduction of peracetyl-pithecolobine fol- 
lowed by acetylation yielded an oily basic acetyl 
derivative purified by chromatography, which 
was homogeneous in thin-layer chromatography. 
Nuclear magnetic resonance spectroscopy re- 
vealed a sharp triplet (12 H) at T = 8.95, 9.05, 
9.15 p.p.m. and a sharp singlet (3 H) at T = 8.16 
p.p.m. The triplet must be assigned to three 
N-ethyl groups covering up the C-methyl group 
of pithecolobine. The singlet is clearly one single 
N-acetyl. 

None of the compounds discussed yielded 
crystalline derivatives or a molecular ion, in 
mass spectrometry. Nevertheless, the expeii- 
ments described prove that pithecolobine con- 
tains three secondary amino groups and a 
secondary lactam. Since all the carbon of pithe- 
colobine has been identified as known compounds 
and the entire functionality characterized, we 
have to conclude that the "second oxygen" of 
pithecolobine is in fact, not present and the 
molecular formula of this alkaloid should be 
C,,H4,N40. Thus the structure of pithecolobine 
must be (9a) or, less likely, (10a) with no 
hydroxyl group present. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1884 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

In order to corroborate the structure of 
desoxypithecolobine we have synthesized the 
tetratosylate of the macrocyclic amine (9b) (4). 
Since we were unable to detosylate the synthetic 
material, we prepared the tetratosylate of "natu- 
ral" desoxypithecolobine and compared it with 
the synthetic one. The two glassy but chroma- 
tographically homogeneous tetratosylates gave 
superimposable i.r. spectra. This most certainly 
corroborates the structure (9b) for desoxypithe- 
colobine, in principle. For fine detail, however, 
the rigorous degradation data seem more reliable. 
It is difficult to assess if, for instance, a change of 
the ring size by two or three carbons would 
produce a significant change in the i.r. spectrum. 

In spite of the rigorous nature of the degrada- 
tion data, the apparent identity of the synthetic 
and "natural" desoxypithecolobine tetratosy- 
lates and the fact that pithecolobine was purified 
by repeated crystallization of a peak fraction 
from countercurrent distribution, evidence began 
to accumulate that pithecolobine is a mixture of 
closely related analogues only one of which 
possesses the precise structure (9a). The first 
indication of this came from a more detailed 
study of the 11-dodecanoic amide obtained in the 
Hofmann degradation of pithecolobine (vide 
supra). The crude amide was hydrolyzed and the 
corresponding acid was analyzed by Dr. Klaus 
Biemann (Massachusetts Institute of Technology, 
Cambridge, Massachusetts) by mass spectrom- 
etry. Dr. Biemann reported that the main com- 
ponent, 11-dodecanoic acid, was contaminated by 
tetradecanoic acid and a trace of tridecanoic 
acid. Thus certain small amounts of homologous 
pithecolobines appear to be present. 

Furthermore, it turned out that also the 1,5- 
attachment of the nitrogens in the C,, chain is 
not exclusive. 

As discussed above, a mixture of bases analyz- 
ing for CI6H3,N, isolated from the first stage of 
the desoxypithecolobine Hofmann degradation, 
was subjected to hydrogenation and the tetra- 
hydro derivatives (11) and (12), on further 
Hofmann degradation, gave dimethyl propyl 
amine and a CI2H2, olefin. 

The olefin was ozonized and the mixture of 
aldehydes obtained by cleaving the ozonides 
with zinc dust and acetic acid was converted into 
2,4-dinitrophenylhydrazones. Paper chromatog- 
raphy of these derivatives proved the presence of 
formaldehyde, acetaldehyde, propionaldehyde, 

rz + ni = 9 with traces of rz + rn = 10 and 11 

and a mixture of higher aldehydes which could 
not be resolved. 

It is clear that the olefin which yielded for- 
maldehyde must come from compound (12). On 
the other hand, the acetaldehyde and propional- 
dehyde must have been produced by ozonolysis 
of two olefins originating from the compound 
(11) (n7 = 1 ) .  

There is another very importailt conclusion 
one can deduce from the experiment just dis- 
cussed. The paper chromatogram of the dinitro- 
phenylhydrazones reveals that formaldehyde, 
acetaldehyde, and propionaldehyde were pro- 
duced in approximately equal quantities. This 
means that the mixture of (11) and (12) must 
have contained the two components in a ratio 
approximately 2 : 1. On further Hofmann deg- 
radation pure climetl~yl-n-propj)lai?zine zincontami- 
nated with' dimethyl-n-butylamine was obtained. 
This proves that both compounds (11) and (12) 
contain a C3-N-C,, junction, and this con- 
stitutes our first degradative evidence for the 
sequence of the fragments shown in formula (1). 
The biogenetically less likely sequence (2),  may 
thus be dismissed. It is clear that if the sequence 
(2)  was correct, oilly pure compound (12) could 
yield a C1, olefin and pure dimethyl-n-propyl- 
amine. The C,, olefill from pure compound (12) 
however, could yield only formaldehyde, and 
not acetaldehyde and propionaldehyde, by ozon- 
olysis. 

From all these studies we must conclude that 
besides the rigorously proved pithecolobine (9a) 
we are dealing with a family of compounds of the 
general formula (13). In this formula n f nz = 
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9, 10, or 11 and there is a considerable propor- 
tion o fm = 1. 

This peculiar family of analogues is practically 
inseparable, and behaves as a homogeneous 
alkaloid. Thus we are faced with the unusual 
task of analyzing a mixture and determining the 
structures of the components without separation. 
We have consequently decided to extend the 
studies described in the present communication 
in order to  make our conclusion quantitative 
and completely rigorous. 

The final report will describe the synthesis of 
both the free and tosylated 1,3- and 1,5-desoxy- 
pithecolobines and the mass spectrographic com- 
parison of these compounds with "natural" 
desoxypithecolobine. We shall also deal in this 
paper with quantitative gas chromatographic 
studies of the pithecolobine mixture. 

Experimental 
Tetraetl~yldesoxypirhecolobine 

Desoxypithecolobine (4.2 g) was acetylated with 40 ml 
of acetic anhydride and 40 ml of pyridine at room 
temperature. After workup in the usual manner, 6.6 g of 
a neutral glassy tetraacetyl derivative was obtained. 
[Infrared (i.r.)spectrum: strongamide band at 1635 cm-l,  
no  N H  or O H  bands.] This compound was reduced with 
an excess of lithium aluminium hydride in ether. Workup 
in the usual manner gave 4.6 g of a liquid base which did 
not yield crystalline derivatives. The entire amount was 
consequently subjected to  countercurrent distribution in 
a 50-funnel apparatus between phosphate buffer pH 
= 6.56 and ether. The distribution curve had the theo- 
retical shape. The peak fraction, number 24, contained 
247 mg of material. This was distilled at  0.05 mm/Hg 
and the middle fraction, b.p. 211-212 "C was analyzed. 

Anal. Calcd. for C3,H6,N4: C, 74.94; H, 13.42; N, 
11.64. Found: C, 75.05; H, 13.22;N, 11.6. 

The attempt to  acetylate this mateCa1 gave negative 
results. 

Depradatior~ of the C16H3 Bases 
The C16H31N bases were obtained by the Hofmann 

degradation of methylated desoxypithecolobine as de- 
scribed in our first paper (I). They were hydrogenated 
with platinum oxide in glacial acetic acid. Two moles of 
hydrogen were taken up in 1 h. Workup yielded a clear 
basic oil which did not form crystalline derivatives. It was 
purified by distillation at 0.9 mm/Hg and boiled at  
126-131 "C. 

Anal. Calcd. for C16H35N: C, 79.57; H,  14.61; N, 
5.80.Found:C, 80.21;H, 14.81;N,5.48. 

This material (2.9 g) was dissolved in 100 ml of dry 
methanol and heated under reflux with 20 ml of methyl 
iodide. Evaporation to dryness yielded 4.5 g of crude 
methiodides. The methiodides were converted into the 
methohydroxides by shaking with freshly precipitated 
silver oxide in aqueous solution. The clear filtered solu- 
tion of the methohydroxides was evaporated t o  dryness 
in vacuo and the methohydroxides heated in vacuo t o  
80 "C, at which temperature they decomposed. 

The material washed out from the dry ice- acetone 
trap gave 550 mg of a picrate which after recrystallization 
melted alone and in admixture with dimethyl-n-propyl- 
amine picrate at 109-1 10 "C. 

Anal. Calcd. for CI1Hl6o7N4:  C, 41.77; H, 5.10; N, 
17.72. Found: C,41.77; H,  5.16;N, 18.49. 

The picrate obtained by degradation and authentic 
dimethyl-n-propylamine picrate gave superimposable i.r. 
spectra in KBr. 

The higher boiling products from the decomposition 
of the methohydroxides (1.7 g) were dissolved in ether 
and washed extensively with aqueous sulfuric acid and 
alkali. Evaporation of the ether and preliminary distilla- 
tion of the residue at  100-130 "C (10 mm/Hg) gave 
846 mg of a clear oil. On redistillation most of the 
material boiled at 108-113 "C (12 mm/Hg bath tempera- 
ture). 

Anal. Calcd. for Cl2H24: C, 85.64; H, 14.37. Found: 
C, 85.17; H, 14.24. 

The above material (0.24 g) was hydrogenated in 
glacial acetic acid with platinum oxide. It took up one 
mole of  hydrogen in 30min. Workup in the usual 
manner and distillation at  129-132 "C (40 mm/Hg bath 
temperature) gave the saturated hydrocarbon. 

Anal. Calcd. for C12HZ6 (mol. wt., 170): C, 84.63; H, 
15.39. Found (mol. wt., 175): C, 84.77; H,  15.09. 

The i.r. spectrum of the hydrocarbon was practically 
identical with the spectrum of rz-dodecane. 

The Cl2HZ4 olefin (1 14 mg) was ozonized in 10 ml of 
glacial acetic acid under cooling with ice. The solution 
was diluted with 40 ml of water and the ozonides de- 
composed by the addition of 2 g  of zinc dust. The 
aldehydes were steam distilled into a solution of 250 mg 
of 2,4-dinitrophenylhydrazine in 33 % hydrochloric acid. 
This reagent has been previously rigorously shown t o  be 
free of traces of hydrazones. The hydrazones were ex- 
tracted with benzene and analyzed by paper chroma- 
tography. The descending paper chromatograms were 
developed with petroleum ether in an air-tight tank, the 
atmosphere of which was saturated with absolute 
methanol and petroleum ether. Under these conditions 
the spots of formaldehyde, acetaldehyde, and propional- 
dehyde dinitrophenylhydrazones, are widely separated 
and very distinct. All these three aldehydes were clearly 
shown t o  be present in approximately equal quantities. 

Hofn7anrz Degradation of Pithecolobine 
Pithecolobine (24 g) was dissolved in 47 ml of a 36% 

formaldehyde solution, and 76 ml of a 88 % formic acid 
solution were added. After 2 h of heating under reflux, 
additional portions (15.7 ml and 25.5 ml, respectively) of 
the same solutions were added and the mixture was 
heated for another 2 h. Finally, the same additions were 
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repeated and the reflux continued for 6 h. Workup in the 
usual manner gave 25 g (97%) of crude methylated 
pithecolobine. This material was dissolved in 450 ml of 
absolute methanol and 80 ml of methyl iodide were 
added. The solution was refluxed for 90 min and evapo- 
rated to  dryness in vacuo. The yield was 45.6 g (92%) of 
crude pithecolobine methiodide. The methiodide was 
dissolved in methanol and filtered through a column 
(2 kg) of Amberlite IRA400 anion exchange resin, 
previously treated with 5 % sodium hydroxide and 
washed to neutrality. The methanol was evaporated a t  
room temperature in high vacuo. The quaternary 
hydroxide thus obtained was heated in vacrro in a round 
bottom flask equipped with cold-finger and dry ice trap. 
The decomposition took place between 110-140 "C. The 
volatile material, condensed in the dry ice trap, yielded 
1.2 g of a crystalline picrate, m.p. 215-217 "C. 

Anal. Calcd. for C19H24N8014: C, 38.78; H, 4.11; N, 
19.06. Found: C, 38.73; H, 4.12; N, 18.96. 

This compound was shown to  be identical by mixture 
melting point and i.r. spectrum (KBr) with authentic 
tetramethyl-l,3-trimethylenediamine dipicrate. 

The less volatile degradation products were collected 
from the cold finger and the decomposition flask. They 
were separated in the usual manner into 2.08 g of neutral 
and 12.4 g of basic material. The neutral material was 
hydrogenated in glacial acetic acid with 319 mg of 
prehydrogenated Adam's catalyst. The uptake was 
228 ml of hydrogen. From the hydrogenated neutral 
material, chromatography o n  100 g of basic alumina 
separated three compounds: (i) lactone (122 mg) eluted 
with benzene, (ii) secondary amide (257 mg) eluted with 
ether, (~i i )  primary amide (134mg) eluted with 5 %  
methanol in chloroform. 

The lactone was distilled at  103 OC (0.07 mm/Hg bath 
temperature) in a collar flask. Infrared: 1732 cm-' 
(lactone carbonyl). 

Mol. Wt. Calcd. for C,,H2,02: 198. Mol. Wt. Found: 
198 (mass spectrometry). 

The lactone was hydrolyzed with a n  equivalent of 
methanolic sodium hydroxide and the sodium salt con- 
verted into the ketoacid by oxidation with an  excess 
(170 mg) of chromium trioxide in acetic acid. After 
workup in the usual manner the ketoacid was esterified 
with diazornethane. The ketoester (45 mg) was converted 
into a crystalline 2,4-dinitrophenylhydrazone which 
melted alone and in admixture with the authentic (5) 
5-ketododecanoic methyl ester derivative at  207 "C. The 
i.r. spectra (KBr and CHCI,) of both samples were 
superimposable. 

The primary amide was recrystallized several times 
from ether and melted at 98-100 "C. The sample was 
found to be identical by mixturemeltingpoint andi.r. spec- 
trum (CHCI, and KBr) with authentic n-dodecanoic acid 
amide. The once recrystallized amide was hydrolyzed 
under reflux in 25 ml of concentrated hydrochloric acid 
for 48 h. The acidic product was separated in the usual 
manner and the acid (m.p. 33-35 "C) was sublimed in 
high vacuum for analysis. 

Anal. Calcd. for C12HZ402: C, 71.91; H, 12.08; 0 ,  
15.97.Found: C, 72.17; H, 12.07; 0 ,  15.62. 

Mass spectrometric analysis (performed by Dr. K. 
Biemann) showed that the material consisted of 11- 

dodecanoic acid contaminated with small amounts of the 
two higher homologues. 

The secondary amide was recrystallized from ether to  
a m.p. 49-50 "C and sublimed for analysisin highvacuum. 

Anal. Calcd. for C1,H310N: C, 74.63; H, 12.95; N, 
5.80. Found: C, 74.74: H, 12.77; N, 5.80. 

The above co~npound (354 rng from two runs) was 
refluxed in 15 ml of concentrated hydrochloric acid for 
36 h. The solution was diluted with water, extracted 
several times with ether, and evaporated to dryness in 
vacuo. The residue (70 mg) was a crystalline hydro- 
chloride. It was purified by recrystallization under 
absolutely anhydrous conditions from methanol-ether. 
The crystals were extremely hygroscopic and they gave 
a n  i.r. spectrum (KBr under anhydrous conditions) 
superimposable with authentic n-propylamine hydro- 
chloride. 

PeracetylpitJzecolobine 
Pithecolobine (600 mg) was acetylated with 4 ml of 

acetic anhydride and 4 ml of pyridine for 48 h at  room 
temperature. After workup in the usual manner 630 mg 
of neutral product were obtained and chromatographed 
on 30 g of neutral alumina. The peak fractions of the 
chromatogram, containing 500 mg of clear, glassy mate- 
rial, homogeneous in thin-layer chromatography, (t.1.c.) 
were used for further work. Infrared: Amide carbonyl 
(very strong) 1637 cm-' ; n o  ester carbonyl. Nuclear 
magnetic resonance: see Introduction. 

TriethylacetyldesoxypitJ~ecolobine 
The above compound was reduced with an  excess of 

lithium aluminium hydride in ether and the product, 
isolated in the usual manner, was acetylated as in the 
previous case. After workup, 490 mg of a basic acetyl 
derivative were obtained. This material was chromato- 
graphed on 50 g of basic alumina. The peak fractions 
containing 300 mg were homogeneous in t.l.c., in several 
systems. Infrared: Arnide carbonyl 1735 cm-'; no O H  
or N H  band. Nuclear magnetic resonance: see Intro- 
duction. 
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Reaction of bicyclobutanes with electrophilesl 

E. LEE- RUFF^ AND G. JUST 
Departmerit of Chemistry, McGill University, Montreal, Quebec 

Received January 24, 1968 

Reactions of Bicyclobutanes 1 and lo, obtained from the corresponding cholesta-3,5-dienes, with 
ketones, phosgene, halogens, and tetracyanoethylene gave the A-norcholest-5-ene derivatives 3 - 14. A 
possible mechanism for these reactions is postulated. 

Canadian Journal of Chemistry, 46. 1887 (1968) 

Recently ;(I) we reported on the reaction of although their presence could not be ruled out. 
steroidal bicyclobutanes (1) with aldehydes in We had also reported that acetone gave no 
dilute pentane solution, which were shown to observable reaction under these conditions. 
give ketones of type 3, presumably via an inter- We now wish to report on the reaction of 
mediate zwitterion 2 (X = H). No instance of bicyclobutanes 1 with ketones, phosgene, 
intermediate ether formati011 was observed, halogens, and tetracyanoethylene. 

3 R,R' = H,CH3 
R" = alkyl, aryl 

Ketones 
Reaction of bicyclobutane l a  with a large 

excess of acetone gave a crystalline product 
4 in 50% yield. The nuclear magnetic resonance 
(n.m.r.) and infrared (i.r.) spectra were consistent 
with the structure assigned to 4. Reaction of 
l a  with cyclobutanone gave ketone 5, v 1755 
cm-I, 6 3.20 p.p.m. (allylic proton), 5.15 p.p.m. 
(vinyl proton), and a broad 3 proton absorption 
at 2.30 p.p.m. Similarly, reaction of l a  with 

'This work was supported by the National Research 
Council of Canada. 

=Holder of a National Research Council of Canada 
Bursary, 1964-1965 and Studentship, 1965-1967. Present 
address: De~artment of Chemistry. Columbia University, 
New York, 'New York 10027. 

cyclopentanone and cyclohexanone gave the 
cyclohexanone derivative 6 (v 1720 cm-I) and 
the cycloheptanone derivative 7 (v 1705 cin-I). 
All these derivatives showed the appropriate 
low field signals in the n.m.r. 

These reactions seem to follow the pattern 
proposed for the aldehydes and presumably 
proceed via an intermediate oftype 2 (X = alkyl). 

The reaction of l a  with methyl vinyl ketone 
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gave one major product 8 and two minor 
ketonic products which were not identified. It 
may be noted that in the reaction of bicyclo- 
butane l a  with acrolein (I), the products of 
1,2- and 1,4- addition were formed in equal 
amounts. This may be due to the larger steric 
hinderance of the carbonyl group in methyl 
vinyl ketone as compared to acrolein (2). 

PIzosgene 
When a pentane solution of l a  was treated 

with gaseous phosgene a crystalline compound, 
C5,H8,0C12 was obtained in 30% yield. The 
spectral data were consistent with structure 9. 
Acid chloride 10 is probably an intermediate in 
this reaction. 

Halogens 
Reaction of a pentane solution of l a  with one 

equivalent of iodine, gave a crystalline com- 
pound, C2,H4,12. Its spectral data were consis- 
tent with structure l l a .  The hydrolysis of l l a  
by refluxing for two weeks with 5% methanolic 
sodium bicarbonate, gave aldehyde 12, identified 
by comparison with an authentic sample (3). 

Similarly l b  gave l l b ,  which, however, could Treatment of l a  with one equivalent of 
not be obtained in a pure state since it decom- bromine gave an inseparable mixture. It was 
posed upon chromatography. Its spectral data evident from the spectral data that the reaction 
left little doubt as to its structure. mixture was quite complex. 

l a R = H  l l a R = H ,  X = I  12 
l b  R = CH3 l l b  R = CH,, X = I 

When l a  was allowed to react with chlorine, 
chloride 13 and a product C2,H4,C1,, were 
obtained. The formula of the latter indicated 
addition of two molecules of chlorine, followed 
by elimination of hydrogen chloride. The 
reaction of hydrogen chloride with bicyclobutane 
l a  would then give 13. In a separate reaction 
involving bicyclobutane l a  and hydrogen chlo- 
ride, the product was chloride 13. The structure 
of the compound C2,H4,C1, was not elucidated. 

Tetracyaizoethylene 
Treatment of a pentane solution of bicyclo- 

butane l a  with one equivalent of tetracyano- 
ethylene gave a 1 :1 adduct which precipitated 
from the solution after 15 min. The adduct was 
assigned structure 14, based on the following 

evidence. The i.r. spectrum showed nitrile 
absorption at 2245 cm-' and no absorption in 
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the carbonyl region. The n.m.r. spectrum 
showed the appropriate signals at 5.58 
(=C,-H),3 2.93 (allylic proton), and 2.90 p.p.m. 
(HC-CN). The mass spectrum showed the 
molecular ion at 496 and the base peak at 
354 mle, corresponding to cleavage and hydrogen 
transfer as shown in 14. Hydrolysis with 
methanolic sodium hydroxide gave a mixture of 
acids which could not be separated and used 
for confirmation of the structure. 

Hexachloroacetone 
Reaction of bicyclobutane l a  in pentane 

with an excess of hexachloroacetone gave a 
major product 16 and a minor product 17. 
Compound 16 absorbed in the i.r. at  1745 
cm-', and showed signals in the n.m.r. at 

5.42 (C, = CH), 3.50 (allylic proton), and a 
doublet at 4.90 p.p.m. ( J  = 4 c.p.s.), correspond- 
ing to the proton a to a carbonyl and trichloro- 
methyl groups. Hydrolysis of 16 with methanolic 
sodium hydroxide gave carboxylic acid, 15, with 
methanolic sodium methoxide it gave the ester 
15a. The identity of 15 was established by 
comparison with an authentic sample (1). 
The structure of the minor product 17, 
C3,H4,C1,, was established by spectroscopic 
means only. No successful chemical degradation 
to substantiate the structure could be carried 
out. Ether 17 showed no absorption in the 
carbonyl (i.r.) or olefinic region (n.m.r.) region. 
It had strong ether bands in the i.r. at  1060 
cm-'. In the n.m.r. spectrum the only low-field 
signal was a triplet at 4.85 p.p.m. (H-C,-0). 

17 15 R = H  
15a R = CH, 

The reaction of bicyclobutanes 1 with hexa- 
fluoroacetone gave in part, products whose 
spectral features resembled those of 17. How- 
ever, the reaction is considerably more complex 
and further investigations are being carried out 
in that area. 

Discussion 

The reactions of ketones seem to resemble those 
of aldehydes and most likely proceed via the 
zwitterion 2, followed by an intramolecular 
alkyl shift. The reaction of phosgene, hexa- 
chloroacetone, tetracyanoethylene, and iodine 
can be interpreted to proceed via the same 
initial addition, with concomitant or subsequent 
elimination of an anion and recombination of 
the carbonium ion with the anion. The inter- 
mediate ion-pair is probably very closely 
associated. In one experiment involving 1 and 
hexachloroacetone, sodium azide was added 
but no product of recombination with azide 
could be detected. 

By analogy with the reaction of bicyclo- 

butanes with aldehydes, the alkyl shifts to, 
or additions of nucleophiles at C-4, is most 
likely stereo~pecific.~ The magnitude of the 
coupling constant J,,, was 2-4 c.p.s., as was the 
case with the bicyclobutane-deuterioformalde- 
hyde adduct. A recent report (5) suggesting that 
bicyclobutane la  undergoes nucleophilic attack 
by ethanol is not substantiated. We have not 
observed any reaction of bicyclobutane l a  with 
either methyl lithium or sodium methoxide. 
It would, therefore, be inconceivable that in 
neutral ethanol, a nucleophilic attack on the 
bicyclobutane l a  would occur. 

Experimental 
All melting points were taken in a Gallenkanip 

melting point apparatus and are uncorrected. The 
infrared (i.r.) spectra were taken in a Perkin-Elmer 337 
spectrophoto~neter. The ultraviolet (u.v.) spectra were 
measured using a Unicam model S P  800 A spectro- 
photometer. The nuclear magnetic resonance (n.n~.r.) 
spectra were recorded on  a Varian A-60 instrument as 
CCI, solutions using TMS as an external standard. 
All preparative thin-layer chromatography (t.1.c.) 

3Cs refers to  carbon number six in the usual steroid 
numbering system (4). 

4C-4 refers to that position which originally was C-4 
in the steroid nucleus. 
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separations were performed with glass plates (20 x 
20 cm) covered with silica gel (0.5 mm, E. Merck 
A. G.). Bicyclobutanes l a  and l b  were obtained by 
irradiating a 0.2% pentane solution of the corresponding 
cholesta-3,5-diene in a Rayonet photochemical reactor 
using lamps having a peak intensity at 253 mw. The 
photolysis tubes (25 mm internal diameter, 1 ft length) 
were equiped with drying tubes at the inlet and outlet. 

Reaction of Bicyclobutane 1 with Ketones 
Reactions of bicyclobutane l a  with ketones were 

carried out using the following general experimental 
procedures. A pentane solution (90 ml) of 200 mg of 
cholesta-3,5-diene (6) was irradiated in a helium atmo- 
sphere for 15 h. The pentane was evaporated at room 
temperature under a stream of nitrogen and the residue 
diluted with 5 ml of anhydrous ether. Excess ketone was 
added (0.2 ml of acetone, cyclobutanone, cyclopentanone, 
cyclohexanone, and methyl vinyl ketone) and the solution 
was stirred at room temperature for 1 h. After evapora- 
tion of the solvent and excess reagent, the residue was 
chromatographed on two t.1.c. plates (benzene-hexane, 
6:4). 

Acetone 
A crystalline product was isolated and identified as 

ketone 4, (80 mg), m.p. 126-127 "C (after recrystal- 
lization from methanol-ether solution); v 1725 cm-' 
(saturated C==O); 6 5.12 p.p.m. (IH, broad signal, 
C=C-H), 3.07 p.p.m. (IH, broad signal, C3-H), 
2.65 p.p.m. (IH, doublet of quartets, CH-CO-CH3), 
and 2.15 p.p.m. (3H, singlet, CH-CO-CH3). 

Anal. Calcd. for C30H500: C, 84.44; H, 11.81. Found: 
C, 84.31; H, 11.73. 

Cyclobutanone 
A crystalline product (84 mg) was obtained and 

identified as ketone 5, m.p. 134135 "C (methanol-ether); 
v 1755 cm-' (C=O in cyclopentanones); 6 5.15 p.p.m. 
(IH, broad signal, C=C-H), 3.20 p.p.m. (IH, broad 
signal, C3-H), and 2.CL2.4 p.p.m. (3H, coinplex signals, 
protons adjacent to carbonyl group). 

Anal. Calcd. for C31H500: C, 84.44; H, 11.81. Found: 
C, 84.49; H, 11.70. 

Cyclopentanone 
A crystalline material (43 mg) was obtained and 

identified as ketone 6, m.p. 115-116 OC (methanol-ether); 
v 1720 cnl-' (C=O in cyclohexanones); 6 5.00 p.p.m. 
(IH, broad signal, C=C-H), 3.00 p.p.m. (IH, broad 
signal, C3-H) and 2.3-2.6 p.p.m. (3H, complex signals, 
protons adjacent to carbonyl group). 

Anal. Calcd. for C32H5,0: C, 84.89; H, 11.58. Found: 
C, 85.15; H, 11.52. 

Cyclohexanone 
A crystalline product (50 mg) was obtained and 

identified as ketone 7, m.p. 68-72 "C (methanol-ether); 
v 1705 cm-' (C=0 in cycloheptanones); 6 5.05 p.p.m. 
(IH, broad signal, C=C-H), 3.10 p.p.m. (lH, broad 
signal, C3-H), and 2.6-2.2 p.p.m. (3H, complex 
signals, protons adjacent to carbonyl group). 

Anal. Calcd. for CS3H5,O: C, 84.91; 11.66. Found: 
C, 84.30; H, 11.62. 

Methyl Vinyl Ketone 
Thin-layer chromatography of the crude reaction mix- 

tureshowed three bands. Theslowest moving band (75 mg) 
was not obtained crystalline but was identified as the 

ketone 8; h,,.(EtOH) 225 m l  ( E  10 000); v 3040 and1680 
cm-' (a,p-unsaturated ketone); 6 6.67 p.p.m. (IH, two 
doublets, J = 6 and 8.5 c.p.s., separations between 
doublets J = 15.5 c.p.s., vinylic proton adjacent to 
methylene group), 6.00 p.p.m. (IH, doublet, J = 15.5 
c.p.s., vinylic proton adjacent to carbonyl group), 
5.22 p.p.m. (lH, broad signal, C-6 vinyl proton), 
4.15 p.p.m. (IH, broad signal, C-3 allylic proton), and 
2.17 p.p.m. (3H, singlet, methyl adjacent to carbonyl 
group). The two other bands were not further identified. 

Anal. Calcd. for C31HS00: C, 84.86; H, 11.49. Found: 
C, 84.61; H, 11.55. 

Reactiotz of Bicyclobutatie l a  with Phosgene 
A solution of 200 mg of cholesta-3,5-diene (6) in 90 ml 

of spectrograde pentane was irradiated for 15 h in a 
helium atmosphere. Phosgene gas was bubbled through 
the solution for 10 min and the solution was stirred for a 
further 2 h. The pentane was evaporated and the residue 
diluted in 25 ml of ether. The etheral solution was washed 
to neutrality with water, dried, and evaporated to give 
220 mg of an oily residue which was chromatographed on 
two t.1.c. plates (hexane). A solid material was isolated 
(50 mg) and identified as the adduct 9, m.p. 125-130 OC 
methanol-ether); v 3030 cm-' (C==C-H), 1730 cm-' 
(C==O), and 840 cm-I (C-Cl); 6 5.24 p.p.m. (IH, multi- 
plet, C-6 vinyl proton), 5.03 p.p.m. (IH, doublet, 
-CH(Cl)-), 3.37 p.p.m. (IH, broad signal, C3-H). 
Recrystallization from ether-methanol gave an analytical 
sample, m.p. 129-131 "C. 

Anal. Calcd. for Cs5Hs6CI20 (mol. wt.. 833): C, 
79.23; H, 10.32; CI, 8.52. Found (mol. wt., 816, ~ a s t ) :  C, 
79.52; H, 10.19; Cl, 8.23. 

Reactiotz of Bicyclobutat~e l a  wit11 Iodine 
A solution of 200 mg of cholesta-3,5-diene in 90 ml of 

spectrograde pentane was irradiated for 15 h in a 11eliun1 
atmosphere. To the solution was added 100 mg of iodine. 
The reaction mixture was stirred for 24 h at room 
temperature. The solution was washed with 2% aqueous 
sodium thiosulfate and water, dried over anhydrous 
magnesium sulfate, and evaporated under reduced 
pressure to give an oily residue which was chromato- 
graphed on two t.1.c. plates (hexane). A solid material 
(110 mg) was isolated and identified as the geminal 
diiodide l l a ,  m.p. 111-112 OC; v 3025 cm-I (C=C-H); 
6 5.30 p.p.m. (IH, doublet, J = 2 c.p.s., -CHI2), 
5.23 p.p.m. (IH, multiplet, C-6 vinyl proton), 2.95 
p.p.m. (lH, broad signal, C3-H). The material was 
recrystallized from ether-methanol to give an analytical 
sample. 

Anal. Calcd. for C27H441Z: C, 52.09; H, 7.07; I, 40.9. 
Found: C, 52.12; H, 7.26; I, 40.7. 

Hydrolysis of Iodide l l a  
A solution of 150 mg of iodide l l a  in 25 ml ether and 

10 ml of methanol containing 200 mg of sodium bicar- 
bonate was heated under reflux for 10 days. The ether 
solution was washed to neutrality with water, dried, and 
evaporated to give 145 mg of an oily residue which was 
chromatographed on two t.1.c. plates (benzene). This 
yielded 10 mg of the a,e-unsaturated aldehyde 12 which 
was identical (i.r., u.v., and t.1.c.) with a sample prepared 
previously (3). 

Reaction of Bicyclobutane l b  with Iodine 
A solution of 200 mg of 3-methylcholesta-3,5-diene (7) 
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in 90 ml of spectrograde pentane was irradiated for 24 h. 
T o  this solution was added 100 mg of iodine. The reaction 
mixture was stirred for 10 h at room temperature. The 
solution was washed with 2% aqueous sodium thio- 
sulfate and water, dried, and evaporated to  give 220 mg 
of an  oily residue. Qualitative t.1.c. (hexane) showed one 
major spot; v 3030 cm-' (C=C-H); 6 5.25 p.p.m. (lH, 
multiplet, C-6 vinyl proton), 5.10 p.p.m. (lH, singlet, 
-CHI,). The residue decomposed when applied to a t.1.c. 
plate. 

Reaction of Bicycloblctane l a  with Clzlorine 
A solution of 200 mg of cholesta-3,5-diene in 90 ml of 

spectrograde pentane was irradiated in a helium atmo- 
sphere for 15 h. Chlorine gas was passed through the 
solution for 10 min at a slow rate. The solution was stirred 
overnight at room temperature. The solvent was evapo- 
rated and the residue (210 mg) was chromato- 
graphed on two t.1.c. plates (hexane) giving 76 mg of oily 
trichloride C27H43C13; v 3010 cm-' (C==C-H), 638, 
685, and 770 cm-' (C-CI); 6 5.02 p.p.m. (lH, doublet, 
J = 2.5 c.P.s., vinyl proton), 4.30 p.p.m. (lH, triplet), 
4.17 p.p.m: (2H, singlet). 

Anal. Calcd. for C7,HA2CI,: C. 68.49: H. 9.09; CI, . . 

22.51. Found: C, 68.50; H; 8.?3 ; dl,  22.83. 
The monochloride 13 was also isolated (25 mg) from 

the reaction mixture, m.p. 71-72OC; v 3040 cnl-' 
(C=C-H), 650 cm-' (C-CI); 6 5.30 p.p.m. (lH, 
multiplet, C-6 vinyl proton), 3.40 p.p.m. (2H), signals 
resembling an ABX system, -<Hz--CI), 3.00 p.p.m. 
(lH, broad signal, C3-H). The chloride 13 was recrystal- 
lized from ether-methanol to give an analytical sample. 

Anal. Calcd. for C27H45CI: C, 80.20; H, 11.14; C1, 
8.79. Found: C, 79.78; H, 10.98; Cl, 9.09. 

Reaction of Bicyclobutane l a  with Hydrogen Clzloride 
A solution of 200 mg of cholesta-3,5-diene in 90 ml of 

spectrograde pentane was irradiated for 15 h in a helium 
atmosphere. Hydrogen chloride was bubbled through the 
solution for 5 min. The pentane solution was washed to  
neutrality with water, dried, and evaporated to give 195 mg 
of an oily residue which was chromatographed on two 
t.1.c. plates (hexane) giving 130 mg of crystalline mono- 
chloride 13, identical by t.1.c. and i.r. with a sample 
prepared above. . . 

Reaction of Bicyclobuta~~e l a  wit11 Tetracyanoethyler~e 
A solution of 200 mg of cholesta-3,5-diene in 200 nll of 

spectrograde pentane was irradiated for 15 h in a helium 
atmosphere. Tetracyanoethylene (70 mg) was added and 
the solution stirred for 2 h at room temperature. The 
resulting precipitate was removed by filtration and 
identified as the adduct 14, m.p. 241-243 "C (decomposed); 
v 3020 cm-' (C==C-H), 2245 cm-' (nitrile); 6 5.58 
p.p.m. (lH, multiplet, C-6 vinyl proton), 2.93 p.p.m. 
(lH, broad signal, C3-H), 2.90 p.p.m. (lH, singlet 
slightly split, -C(CN)H-); m/e = 550. 

Anal. Calcd. for C33H44N4: C, 79.79; H, 8.93; N, 
11.28. Found: C, 79.52; H, 8.89; N, 11.63. 

Reactio11 of Bicyclobuta~~ l a  with Hexaclzloroacetone 
A solution of 200 mg of cholesta-3,5-diene in 90 nll of 

spectrograde pentane was irradiated for 15 h. Hexachloro- 
acetone (0.15 ml) was added and the solution was stirred 
at room temperature for 48 h. The solvents were evapo- 
rated and the residue was chromatographed on two t.1.c. 
plates (hexane) to give two crystalline products. The less 

polar material was characterized as the ketone adduct 16, 
m.p. 123-124 OC; v 1745 cm-' (C=O), 3030 cm-I 
(C=C-H), 850-550 cm-' (C-CI); 6 5.42 p.p.m. ( lH,  
broad signal, C=C-H), 4.90 p.p.m. (lH, doublet, 
-C(CC13)H-), 3.50 p.p.m. (broad signal, lH ,  C3-H). 

Anal. Calcd. for C30H44C160: C, 58.36; H, 7.18; CI, 
34.46. Found: C, 58.37; H, 7.01; CI, 33.42. 

The more polar crystalline product was characterized 
as the cycloether 17, m.p. 157-158 "C; v 3070,3030, and 
1020 cm-' (cyclopropane), 1060 cm-' (ether), 840-650 
cm-I (C-CI); 6 4.85 p.p.m. (lH, unsymmetrical 
triplet, C6-H), 2.82 p.p.m. (lH, multiplet, C3-H) and 
2.28 p.p.m. (lH, doublet, C4-H). 

Anal. Calcd. for C3,H4,C160: C, 58.36; H, 7.18; C1, 
34.46. Found: C, 57.95; H, 7.16; C1, 33.81. 

Hydrolysis of Ketone 16 with Metlranolic Sodiun~ 
Hydroxide 

A solution of 10 mg of ketone 16 in 5 ml methanol 
containing 500 mg of sodium hydroxide was refluxed for 
10 min. The solution was neutralized with concentrated 
hydrochloric acid and extracted with 25 ml of ether. The 
ether extract was washed with water, dried, andevaporated 
to give 7 nlg of carboxylic acid 15 identical in all respects 
with a sample obtained previously (i.r., m.p., t.1.c.). 

Hydrolysis of Ketone 16 with Methanolic Sodirim 
Metlroxide 

A solution of 70 mg of ketone 16 in 5 nll methanol 
containing 250 mg of sodium methoxide was refluxed for 
10 min. The solution was neutralized with concentrated 
hydrochloric acid and extracted with 25 ml of ether. The 
ether extract was washed with water, dried, and evaporated 
to  give 55 mg of the methyl ester of carboxylic acid 15; 
v 1730, 1260, and 1130 cnl-' (ester); 6 5.20 p.p.m. ( lH,  
multiplet, C=C-H), 3.80 p.p.m. (IH, multiplet, C3-H) 
and 3.63 p.p.m. (3H, singlet, -COzCH3). 

Hydrolysis of this methyl ester (10 mg) in refluxing 
methanolic sodium hydroxide (5 nll of 5%) generated 
after usual workup the carboxylic acid 15 (8 mg) identical 
by t.l.c., i.r., and m.p. with a previously prepared sample. 

Reaction of Bicyclobutane l a  with Hexachloroacetorre irz 
the Presence of Sodiltm Azide 

A solution of 200 mg of impure bicyclobutane l a  in 
90 1111 of pentane prepared in the usual manner was 
treated with 0.2 ml of hexachloroacetone and 10 ml of 
anhydrous ether containing 50 mg of sodium azide. The 
reaction mixture was stirred for 48 h. Thin-layer chroma- 
tography and an infrared spectrum of the residue after 
workup revealed an identical mixture of products 16 
and 17 as previously obtained. 
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Degradation of wood constituents during the self-agglomeration of an 
oak sawdust. 11. Infrared study of two lignins 

HENRY P. NAVEAU 
Utliversitd de Louvain, Laboratoire Forestier, Heverlee, La Belgique 

Received December 27, 1967 

Structural changes in lignins isolated from particle-boards are studied by infrared spectrophotometry, 
in relation to an endothermic trend which characterizes the self-agglomeration process. 

Changes in intensity of various infrared bands are reported and are attributed to the following: (a) 
variation in the nature and distribution of substituents of the aromatic ring and conjugation of the 
aromatic ring with carbonyl C=O or C=C, which indicate an increasing state of condensation of the 
lignin, (b) simultaneous division of the macromolecule of lignin, partially caused by breakage of ether 
linkages between its lateral chains, (c) cleavage of bonds between lignin and carbohydrate material, and 
(d) insolubilization, with the acid lignin, of an increasing amount of carbohydrate material which is also 
increasingly condensed. 

The origin of the endothermic trend cannot be explained in terms of these reactions of lignin. 

Canadian Journal o f  Chemistry, 46, 1893 (1968) 

Introduction 

The self-agglomeration of woody material to 
form particle-board can be realized under certain 
conditions of pressure, temperature, and mois- 
ture content (1). A strong endothermic trend 
accompanies this process and its appearance and 
development characterize the properties of the 
resultant product. 

In an earlier paper (2), the chemical alterations 
of wood constituents of oak sawdust (Quercus 
pedunculata Ehrh.) during such self-agglomera- 
tion were reported. This paper is a continuation 
of that work and is concerned with the study by 
infrared (i.r.) spectrophotometry of structural 
changes in lignin during this process. 

Experimental 
Particle-board Marzufacture 

Sawdust preparation and particle-board formation and 
subsequent reduction to small fragments were as de- 
scribed in Part I (2). Particle-board made under these 
same conditions with sawdust extracted with alcohol: 
benzene (1 :1, v/v) was used for the isolation of acidolysis 
lignin. 

Figure 1 indicates the changes in sawdust temperature 
at  the center of the particle-board during its formation. 
Lignin was isolated at stages S, A, B, C, D, and E of this 
temperature curve; stage S corresponds to unprocessed 
sawdust. 

Lignin Isolation 
Halse lignin was obtained as an insoluble residue in a 

mixture of concentrated hydrochloric and sulfuric acids 
(lO:l, v/v) (3). 

Acidolysis lignin was isolated from milled materials by 
extraction with dioxane:water (9:1, v/v) 0.2 N in hydro- 
chloric acid under nitrogen for 1 h at  87 "C (4). I t  was 

assumed that milling does not profoundly alter the 
structure of the acidolysis lignins, which were considered 
representative of the lignin in situ (5). 

Methoxyl group content was determined by the semi- 
micro method of Viebock and Schwappach (6). 

Itlfmred Spec frophotometry 
Infrared spectra were obtained with a Grubb Parsons 

Spectromaster (I6 700-400 cnl-' (0.6-25 y), double beam) 
equipped with grating optics; spectra were recorded 
proportional to wavelength. KBr pellets with a 1 % 
lignin concentration were used for analysis. T o  exclude 
any influence from absorbed water, pellets were prepared 
under controlled humidity conditions with lignin and 
KBr samples pre-dried under vacuum. Pertinent absorp- 
tion band assignments are given in Table I. 

Results 
The lignin contents of particle-board at desig- 

nated stages of the temperature curve and the 
corresponding lignin methoxyl group contents 
are given in Table 11. 

Infrared spectra of Halse and acidolysis lignins 
from 3600-2650 cm-I and 2000-800 cm-' at 
some of these same stages are shown in Fig. 2, 
and spectra of acidolysis lignins from 1480- 
1640 cm-I (aromatic C-C vibration region) are 
shown in Fig. 3. 

Absorbance of individual bands of these 
spectra are corrected for background absorbance 
determined at a wavelength at  which the samples 
do not absorb radiation (1900 cm-l) (17). Rela- 
tive absorbance values are determined in tripli- 
cate for all bands by the internal standard 
method, and compared with corresponding 
values for lignin isolated at stage S. Mean values 
for bands with a relative intensity change of over 
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Oc 0 

I 

12 min 

FIG. 1. Changes in the internal temperature of a particle-board during its formation. 

TABLE I 
Band assignment for the lignin in the infrared region 

cm-I P Band origin References 

2.91- Bonded 0-H stretching vibration 
7 a7 

(7-9) 
L.IL 

3.345 C-H stretching vibration 
C-H2 antisymmetric stretching vibration 

(7) 
3.405 
3.472 C-H stretching vibration in tertiary C-H groups 

(7) 
(7,8) 

3.521 C-H stretching vibration in methoxyls and C-H, symmetric 
stretching vibration (7,8) 

5.78- C=O stretching vibration of aliphatic or 8-ketones (7-1 2) 
5 85 -.-- 
5.99- C=O stretching vibration of a-ketones (7-10,12,13) 
6.02 
6.10 H-0-H deformation vibration of adsorbed water 
6.251 C-C stretching vibration of benzene ring 
6.651 

6.85 { C-H deformation vibration 
Benzene ring vibration 

7.02 C-H bending vibration in methoxyls 
7 .32 0-H in plane bending vibration 
7.52- Aromatic aldehydes 
7 C C  
I .  J J  

7.87 Asymmetric stretching vibration of aryl-alkyl ethers 
See text : )  C-0 stretching vibration (mixture) 

8 -70 
8.89' Asymmetric stretching vibration of dialkyl ethers (7, 6 1 6 )  
9.71 Symmetric stretching vibration of dialkyl ethers (7-9) 

11.97 C-H out of plane bending vibration (7,8, 1 4 1 5 )  
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FIG. 2. Infrared spectra of Halse lignins and acidolysis lignins between 3600 and 2650 cm-I and between 2000 
and 800 cm-' at different stages of the self-agglomeration. 

TABLE I1 Discussion 
Amount of Halse and of acidolysis lignins and their ~~l~~ ~ i ~ ~ i ~  methoxyl group contents at each stage of the self- 

agglomeration The increase in Halse lignin contents and the 
corresponding decrease in methoxyl group con- - -  - 

Stage S A B C D E tents of this-lignin during agglomeration are 

Halselignin* 21.5 21.6 22.3 24.5 26.1 27.3 
caused by the insolubility in acids of some 

Methoxylst 20.5 19.6 19.0 18.7 17.7 17.0 carbohydrate materials which are transformed 
Acidolysis by thermal action (2,18). This influences the 

lignin* 18.2 18.8 19.5 20.0 22.0 22.1 
Methoxylsi 19,0 18.7 18.7 18.6 18.6 18.7 infrared spectra of Halse lignins in addition to 

*Expressed as % o f  wood or designated particle-board. 
the transformation of lignin itself during the 

tExpressed as % of corresponding lignin. self-agglomeration process. 
The internal standard selected for spectro- 

10% in any one of the stages from A to E are photometric analysis of these lignins is the sum 
given in Figs. 4 and 5 for Halse lignins, and in of the absorbances of the aromatic C-C bands 
Fig. 6 for acidolysis lignins. Since these values at 1595 and 1505 cm-I. The measure of aromatic 
are related to peak height measurements, only group content, considered in terms of the ab- 
the general trend of each band's relative intensity solute methoxyl group content of the lignin 
will be considered. samples, remains fairly constant. 
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FIG. 3. Infrared spectra of acidolysis lignins between 1640 and 1480 cm-'. 

Relative intensity values for individual bands, 
shown in Fig. 4, are characterized by an increase 
in C-0 band intensities except for the band at 
1125 cm-', attributed to dialkyl ethers, which 
decreases. A somewhat smaller increase is noted 
for the band at 1224cm-' which has been 
assigned to C-0 vibrations of phenols by some 
authors (8,9) and to asymmetric C-0 vibrations 
of alkyl-aryl ethers by others (7). The intensity 
of the carbonyl band at 1724 cm-' increases 
quite rapidly in contrast to the other C-0 

bands and more than doubles in magnitude. In 
addition, a shoulder of increasing intensity on 
the aromatic C-C band at 1595 crn-' appears 
at l6lOcm-'. 

Similar values for C-H bands display differ- 
ent patterns. The band at 1460 cm-', which may 
be partially attributed to aromatic C-H, and 
the methoxyl C-H band at 1422 cm-' do not 
change in intensity. In contrast, as shown in 
Fig. 5, the shoulder at 2996 cm-', the methylene 
C-H band at 2932 cm-', the methylene and 
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FIG. 4. Relative Halse lignin contents and relative absorbances of bands (cm-') due to G O  or C--C vibrations 
in Halse lignins (S = loo%, internal standard: AlSg5 =, , -I  + AlSo5 =,,,-I). 
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FIG. 5. Relative absorbances of bands (cm-') due to C-H and 0-H vibrations in Halse lignins (S = loo%, 
internal standard: A15,, .,-I + 1 5 0 5  ..,-I). 

methoxyl C-H band a t  2840 cm-I, and the 
methenyl C-H shoulder at 2880 cm-', which is 
equivalent in magnitude to the band at 2840 
cm-I, increase in intensity from stage A to D. 
The aromatic C-H band at 835 cm-I (adjacent 
positions on the benzene ring) shows a similar 
trend from stage C on, and that at  925 cm-I 
from stage A to D. 

The rupture of bonds between carbohydrate 

material and lignin side chains during agglomera- 
tion should be necessary for the plasticization of 
lignin which is observed in the thermal treatment 
of wood (19). This rupture could form aromatic 
ketones (1 1) which would increase the intensity 
of the carbonyl band near 1724 cm-I. An in- 
creasing amount of aliphatic acid groups in 
undissolved carbohydrate material and in liguin 
itself, and of ester groups in hemicellulose, 
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FIG. 6.  Relative acidolysis lignin contents and relative absorbances of bands (cm-l) due to C-0 and C-C 
vibrations in acidolysis lignin (S = loo%, internal standard: AIdz2 cm-~ ) .  
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formed from hydroxyacids under the influence 
of temperature, could also affect this band in the 
same manner. 

The appearance of a shoulder near 1610 cm-' 
may be partially or completely attributed to the 
following: (a) the formation of double bonds in 
conjugation with the benzene ring, e.g. a car- 
boilyl group, (6) the changes in number and 
position of substituents on the benzene ring, and 
(c) the formation of conjugated, C=C in lignin 
or undissolved carbohydrate material. The divi- 
sion of the ligniil macromolecule, discussed 
elsewhere (2), certainly causes some changes in 
the substituents of aromatic lings and could 
explain the increase in intensity of the band at 
835 cm-'. Variations in the intensities of the 
C--H bands are related to the increasing amount 
of carbohydrate material in the Halse lignin. 

The intensity patterns of the bands attributed 
to C-0 should be compared with that of the 
0-H band at 3410 cm-I shown in Fig. 5. This 
latter band increases 10 % in intensity at stage A, 
decreases slowly until stage D, and then falls to 
a level at stage E (in which the Halse lignin has 
about a 25 % carbohydrate content) lower than 
that a t  stage S. It is obvious that even if some 
broadening of the 0-H band is conceded, the 
carbohydrate material is becoming lower in 
hydroxyl group content, especially between 
stages D and E, and is in an increasing state of 
condensation. In this regard, the hydroxyl groups 
are probably eliminated as water with the forma- 
tion of C=C or of ether linkages. 

The changes in intensity of C-0 bands may 
also be explained by these same reactions; i.e. 
increase in the number of C=C and adjacent 
ether linkages with the increasing condensation 
state of undissolved carbohydrate material. This 
implies that bands due to these ether linkages 
should be found in the 1200-1300 cm-I region, 
whereas those due to preexisting dialkyl ether 
linkages may be shifted to the alkyl-aryl ether 
region by the formation of adjacent double 
bonds. This band shift would explain the decrease 
in intensity of the dialkyl ether band near 
1125 cm-' ; however, this band may also be 
attributed to C-0 vibrations of secondary 
alcohols in lignin which could form ether link- 
ages with phenolic hydroxyl groups. A similar 
reaction could occur between carbohydrate ma- 
terial and phenolic hydroxyl groups. 

Most of the intensity changes of the bands 

observed in Halse lignins are partially due to the 
increasing co-precipitation of carbohydrate ma- 
terial. Although this co-precipitation occurs 
during the isolation process, it is assumed that 
the structural modifications causing it take place 
during self-agglomeration since the isolation 
method remains unchanged. However, it is 
possible that the acid treatment somewhat ac- 
centuates these structural modifications. 

Acidolysis Lignin 
Acidolysis lignin contents increase until stage 

D and then remain constant at stage E. Com- 
parison of methoxyl group contents, which are 
fairly constant, with that of Halse lignin at stage 
S, indicates an 8 % carbohydrate material con- 
tent since the acidolysis treatment does not in- 
duce loss of methoxyls (5). The relative intensity 
values of individual bands in the spectra of these 
lignins are calculated using the methoxyl C-H 
band near 1425 cm-' as the internal standard. 
The methoxyl group contents in conjunction with 
Halse lignin results confirm the band assignment 
cited in the literature. 

The intensities of the bands having maxima a t  
1505 and 1595 cm-' (Fig. 3), do not change 
although the bands do broaden markedly with 
the appearance of slight shoulders near 1515 and 
1615 cm-l.  As shown in Fig. 6, the intensities of 
these shoulders increase continuously while the 
intensities a t  1510 and 1462 cm-' increase in a 
less definite manner. The band near 1462 cm-' 
is generally attributed to coincident C-H and 
aromatic C-C vibrations (7,8). This assignment 
is confirmed by the pattern of intensity changes 
and the parallelism with the band a t  1510 cm-l.  

Structural changes are occurring which affect 
the aromatic ring. The broadening of the bands 
a t  1505 and 1595 cm-I may be attributed to  
changes in the nature and distribution of sub- 
stituents of the aromatic ring such as those 
induced by oxidation or condensation, or to 
conjugation of aromatic rings with double bonds 
formed as shown below. The shoulder near 
1615 cm-' may also be partially due to the 
formation of conjugated C=C. 

The changes in intensity of bands attributed 
to C-0 are not particularly marked. Con- 
versely, the intensity of the band near 1730 cm-', 
attributed to aliphatic or P-keto groups in 
isolated lignins, increases noticeably as shown in 
Fig. 6. That of the band near 1660 cm-', as- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NAVEAU: DEGRADATION OF WOOD CONST~TUENTS 1901 

signed to conjugated keto groups, increases in a 
similar fashion although the band remains rather 
weak. These two series of keto groups could be 
formed when the bonds between carbohydrate 
material and lignin are broken (11). Such a 
rupture would permit the isolation of a larger 
amount of acidolysis lignin which is clearly the 
case, as indicated in Fig. 6, i.e. the plot of the 
amounts of acidolysis lignin isolated, expressed 
as a percentage of its value at stage S, parallels 
the relative intensity curve of the band at 
1730 cm-l. All lignin carbohydrate-bonds sus- 
ceptible to heat are probably broken from stage 
D on and the isolated lignin includes the fol- 
lowing two complementary classes : (a) lignin 
normally isolable with dioxane - water - hydro- 
chloric acid which is equivalent to the amount 
of acidolysis lignin at stage S, and (b) lignin 
isolable after thermal treatment, which implies 
separation from carbohydrate material and is 
equivalent to the amount of acidolysis lignin in 
particle-board less that at stage S (4 % maximum). 

The increase in intensity of the band near 
1660 cm-' may also be due to carbonyl C=O 
vibrations of aromatic acids which have been 
shown (2) to increase in amount during ag- 
glomeration. 

The decrease in intensity of the dialkyl ether 
band near 1125 cm-I can be attributed on one 
hand to the breaking of ether linkages between 
the lateral chains of lignin and on the other hand 
to condensation of the small amount of carbo- 
hydrate material remaining in acidolysis lignin. 
These condensations would produce C=C ad- 
jacent to ether bonds and shift the absorption 
band from the dialkyl to the aryl-alkyl ether 
region (1200-1300 cm-l). I t  is also possible that 
at  stage S this carbohydrate material is chemi- 
cally bound with lignin and later, after these 
bonds are broken during agglomeration, this 
material is precipitated with it. 

The changes in intensity of other C-0 bands 
below an arbitrary 10% increase in magnitude 
are not considered. 

In summary, the changes noted in the infrared 
spectra of Halse and acidolysis lignins can be 
attributed to the following reactions: (a) changes 
in the nature and distribution of substituents of 
the aromatic ring as caused by formation of acid 
groups, condensation of alcohols and phenolic 
hydroxyl groups, and division of the lignin 
macromolecule which is partially explained by 

the breaking of ether linkages between its lateral 
chains, and (b) conjugations between the aro- 
matic ring and carbonyl groups, aromatic C-C 
bonds, or C=C formed by condensation of 
hydroxyl groups. These results indicate an in- 
creasing state of condensation in lignin (20). 

The rupture of bonds between lignin and 
carbohydrate material during agglomeration pro- 
duces an increase in the amount of acidolysis 
lignin isolated. 

Carbohydrate materials precipitated in in- 
creasing amount with Halse lignin are in an 
increasing state of condensation and show a 
multiplicity of C--C and adjacent ether linkages. 
These latter bonds are formed by the condensa- 
tion of hydroxyl groups with the elimination of 
water. The number of acid groups increases 
as well. 

Conclusions 

The reactions which take place during the 
self-agglomeration of oak sawdust were studied 
by infrared spectrophotometry of isolated lignins 
and by subsequent (2) chemical analysis of 
particle-boards. On these bases, these reactions 
may be divided into the following three types: 
(a) scission reactions of macromolecules in the 
wood, i.e. cleavage within lignin, rupture of 
bonds between lignin and carbohydrate material, 
or hydrolysis of carbohydrate material, (6) oxida- 
tion reactions producing aromatic and aliphatic 
acids, and (c) condensation reactions of lignin 
and carbohydrate material, often accompanied 
by the elimination of water, which form hydro- 
phobic, resinous binder materials. Scissio~l reac- 
tions take place throughout the entire agglomera- 
tion process, oxidation reactions from stage C 
on, and condensation reactions in stage E 
although their appearance is delayed by the 
endothermic trend shown in the earlier stages. 

This endothermic trend has been attributed 
(21) to the formation of bonds in the amorphous 
zones of cellulose and no one element of this 
study associates it with other reactions. Ac- 
cordingly, it seems that the coildensation reac- 
tions are only slowed by the temperature drop 
and that their effects prior to stage E are masked 
by the predominance of the scission reactions. 
The composite result of these reactions should 
cause a decrease in the physical properties of 
particle-board once the minimum in the tem- 
perature curve is passed. 
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Synthesis and properties of some p-diketimines derived from 
acetylacetone, and their metal complexes 
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The synthesis of a number of diketimine ligands of structure 1 is reported. These give bis-bidentate 
chelates of type 2 with Cu(II), Ni(II), and Co(I1). Optical spectra, magnetic moments and, in a number 
of instances, solution molecular weights are recorded for these complexes. On the basis of these, it is 
concluded that the complexes unsubstituted on nitrogen, adopt a square planar stereochemistry in 
contrast to the others which are all pseudotetrahedral. 

Canadian Journal of  Chemistry, 46, 1903 (1968) 

Introduction this type by a mild method of general applic- 
ability and record the preparation and properties 
of their copper, nickel, and cobalt complexes. 

While complexes of P-diketones have enjoyed 
study for close to one hundred years those of 
simple analogues in which one or both oxygen 
atoms are replaced by other elements have only Results 

recently received much attention. Worthy of 
note is the examination of complexes of P- 
amino-C$-unsaturated ketones (I), monothio-P- 
diketones (2) ,  and dithioacetylacetone (3). 

The ligands 1 (R = H, Me, Et, i-Pr, Ph), which 
are vinylogous amidinium salts, were synthesized 
by Reaction Scheme 1 from the readily available 
corresponding enamino ketones (6). A few 
examples of this method for the synthesis of such 
salts have been previously reported (7). I t  de- 
pends on the propensity of triethoxonium fluo- 
borate for 0-alkylation of the enamino ketone, 
which renders the carbon of the original carbonyl 
function readily susceptible to nucleophilic at- 
tack in the resulting vinylogous imino ether. 
Some characteristics of the ligand fluoborate 

Insofar as we are aware, no particular attention 
has been paid to  those of P-diketimines, in 
which both oxygen atoms are replaced by 
nitrogen, although isolated examples of such 
complexes do exist (4). This in part may be due 
to  the rarity of the required ligands ( 5 ) ,  and to  
their considerable hydrolytic instability. We 
herein report the synthesis of several ligands of 

TABLE I 

Characterization of the ligand fluoborate salts 

Compound analysis Ultraviolet spectrum Nuclear magnetic resonance 

R %C %H %N Melting point ("C) k,,, M ~ O H ( E )  (CD3COCD3)r 

H Calcd. 
Found 

Me Calcd. 
Found 

Et Calcd. 
Found 

i-Pr Calcd. 
Found 

Ph Calcd. 
Found 

*Singlet. 
tDoublet. 
rMultiplet. 
$Broad, unresolved band. 
JJTriplct. 
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TABLE I1 
Characterization of the free bases from the ligand fluoborate salts 1 

- - 
Compound analysis Nuclear magnetic resonance 

R %c %H %N Melting point (OC) (CDC1,)r 

Calcd. - - - 
Found - - - 
Calcd. 66.62 11.18 22.20 
Found 66.66 11.07 22.03 
Calcd. 70.06 11.76 18.16 
Found 70.06 11.65 18.39 

Calcd. 81.56 7.25 11.19 
Found 81.63 7.41 11.05 

'Singlet. 
tDoublet. 
SMultiplet. 
§Broad, unresolved band. 
Triplet .  
'[Quartet. 
**A satisfactory analysis was not obtained, but Mol. Wt. Calcd. for C5HloN,: 98.0844. Found (mass spectrometry): 98.0844. 

+ CH371/CH3 + Et30BF4- -+ CH3'-.p(cH3 RNH2 CH3\l;yCH3 
RNH 0 R F H  OEt RNH HNR 

* wCH3 + ( E L I N ) ~ M X ~  4- IIOCH~-/CH~OH + 
RNH HNR 

- - CH3 R 

salts are given in Table I. They are all stable 
crystalline substances but are best protected 
from moisture. The corresponding free bases 
could be obtained by deprotonation of these 
salts by methoxide ion in anhydrous methanol. 
Data concerning these are recorded in Table 11. 

We chose for study the bis-bidentate copper, 
nickel, and cobalt complexes of these ligands, as 
most studies on related species have involved 
these metals. They were prepared, as shown in 
Reaction Scheme 2, essentially by the non- 
aqueous procedure of Everett and Holm (8) but 
with the use of methanol (in which all of the 
reactants are freely soluble) in place of t-butanol 
as solvent. Analytical and other data are given in 
Table 111. In the preparation of the nickel and 
copper complexes 2 (R = H) the isolated prod- 
ucts from the above reaction were not the 

simple bis-bidentate chelates but rather corn- 
plexes of these with tetraethylammonium halide 
of the stoicheiometry Et4NX(ML2),. These were 
decomposed by shaking with water at room 
temperature to give the simple chelates. By heat- 
ing them at 220 "/0.01 mm the simple chelates 
could again be obtained in the form of subli- 
mates. It is likely that the initial product ob- 
tained in the preparation of the Co(I1) complex 
in this series is also of this type as it is benzene 
insoluble. It proved to be too unstable toward 
air to permit purification and analysis. The 
nature of these complexes is not known. The 
ligand field spectra of the solids and their solu- 
tions in methanol were the same as those of the 
simple chelates themselves. The nuclear mag- 
netic resonance (n.m.r.) spectrum of the dia- 
magnetic nickel complex in deuterated dimethyl 
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TABLE I11 
Characterization of the metal complexes 2 

%C %H %N 

R Metal Melting point ("C) Color Calcd. Found Calcd. Found Calcd. Found 

green 
red - - 

H Cot - orange 4 

Me u 150* purple 
Me Ni 165-166 brown 
Me Co 164-165* orange 
Et Cu 98-101 blue-black 
EF- Ni 65-66 brown - ~ 

Et Co 50-5 1 orange 
c11 164 green-black 

Ph Ni 167-168 dark green 
Ph Co 143-145 orange-red 

*Decomposed at the melting point. 
?This compound was too unstable to  permit analysis, but  Mol. Wt. Cali 

sulfoxide between 30-100 " was a superirn- 
position of the spectra of the simple chelate and 
tetraethylammonium halide in the same solvent. 
None of the N-substituted ligands gave similar 
complexes. 

No chelates of the series with R = i-Pr 
could be obtained by the above method or by 
the similar but more vigorous conditions utilized 
by Collman and Kittleman in the synthesis of 
tris(P-ketoamino)Cr(III) complexes (9). We 
conclude that these are probably too sterically 
hindered to exist in either tetrahedral or planar 
forms, a fact also suggested by an examination of 
molecular models. For the complexes listed in 
Table I11 optical spectra between 5000 and 
25 000 cm-I were measured. These were all 
virtually identical in both the solid state and in 
non-coordinating solvents. They are recorded in 
Table IV and graphically in Figs. 1-3. Effective 
magnetic moments were also obtained as shown 
in Table V. In addition the solution molecular 
weights of those complexes of sufficient stability 
were measured osmometrically and are given in 
Table VI. A discussion of the data obtained is 
given below separately for each metal series. 

Copper Complexes 
The complex with R = H is monomeric in 

solution. Its ligand field spectrum possesses only 
one band centered at 15 600 cm-l. This single 
band is very similar to that observed in known 
square planar bis(salicy1ideniminato)copper com- 
plexes at around 16 000 cm- (10-13). We ac- 
cordingly assign this coordination geometry to 
the complex. The value of peff of 1.86 BM is 

:d. for C,oH,sN4Co: 253.0864, Found (mass spectrometry): 253.0867. 

consistent with the slightly lower orbital contri- 
bution expected for this stereochemistry (14), 
and is to be compared with those of the three 
N-substituted complexes which lie between 1.94 
and 1.98 BM. Of these three substituted com- 
plexes only one, 2 (R = Me), gave an acceptable 
value for the molecular weight as a monomer in 
solution, the remaining two giving values more 
than 5 %  below that calculated for the mono- 
meric species. The close resemblance in their 
electronic spectra, however, strongly suggests 
that they are all similarly constituted. These 
spectra are very different from that of the un- 
substituted case, and exhibit evidence of three or 
four bands. In this they bear a resemblance to 
the spectrum of bis(N-t-butylsalicy1ideniminato)- 
Cu(I1) (13) which has been sllown by x-ray 
analysis to possess a distorted tetrahedral geom- 
etry (15). Splitting of the ground and excited 
states with a resultant multiplicity in the one 
transition allowed for perfectly tetrahedral cop- 
per has been predicted for the distorted tetra- 
hedral orientation (16). The dangers in assigning 
extreme square planar or tetrahedral geometries 
to four-coordinate copper from ligand field 
spectra have been pointed out (17). We conclude 
that while the three N-substituted complexes are 
almost certainly of the distorted tetrahedral type 
there is no evidence to indicate how close to pure 
tetrahedral they may be individually. 

Nickel Complexes 
The complex with R = H is diamagnetic in 

both the solid state and in solution. Its n.m.r. 
spectrum has absorptions for the methyl and 
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5 9 13 17 2 1 2 5  
WAVELENGT H ( crn-1 x lo6) 

FIG. 1. Optical spectra of the bis-bidentate copper complexes. 
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McGEACHIN: SYNTHESIS A N D  PROPERTIES O F  p-DIKETIMINES 

FIG. 2. Optical spectra of the bis-bidentate nickel complexes. 
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WAVELENGTH ( cm-lx 10'~) 
FIG. 3. Optical spectra of the bis-bidentate cobalt con~plexes. 
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McGEACHIN: SYNTHESIS AND PROPERTIES OF p-DIKETIMINES 1909 

TABLE IV 

Spectral data for con~plexes 2 between 5000 and 25 000 cm-' 
-. 

Metal Medium Spectral maxima and extinction coefficients 

Soln. 15 600 (53) 
Solid 16 100 (max) 
Soln. 7400 (66) 12 500 (sh) 19 300 (1 850) 
Solid 7400 (max) 12 000 (sh) 19 300 (max) 
Soln. 6060 (51) 12 500 (sh) 17 800 (1 620) 
Solid 6450 (max) 12 000 (sh) 16 700 (max) 
Soln. 5900 (41) - 14 800 (1 107) 
Solid 5900 (max) 11 300 (sh) 15 000 (max) 

Soh .  18700 (115) 
Solid 18 700 (max) 
Soln. 9100 (sh) 9500 (28) 10 750 (sh) 17 100 (sh) 22 750 (sh) 
Solid 9100 (sh) 9 500 (max) 10 200 (sh) 17 250 (sh) 22 200 (max) 
Soh.  7400-9100 (28) 10 250 (sh) 17 200 (123) 22 200 (sh) 
Solid 10 200 (n~ax) 10 500 (sh) 17 200 (max) - 
Soln. 7350 (46) lOOOO(sh) 16000(310) - 
Solid 7400 (sh) 8 350 (n~ax) 11 100 (sh) 15 900 (max) 19 500 (sh) 

23 200 (sh) 
22 500 (sh) 
22 600 (411) 

20 400 (sh j 
19 600 (sh) 

24 400 (1 900) 
- 

23 700 (2380) 
- 

23 600 (sh) 
- 

H Co Soln. 5500-6500 (7) 10 750 (20) 20 400 (sh) 22 200 (sh) 24 100( sh) 
Solid - - 10 500 fn~axl - - - - -  .. ,----- ~, 

Me Co Soln. 9100 (59) 10 000 (sh) - 13 300 (sh) 21 000 (sh) 22 500 (880) 
Solid 9000 (max) 10 200 (sh) 10 600 (sh) 13 300 (sh) 21 000 (sh) 22 500 (max) 

Et Co Soln. 9700 (67) 11 800 (sh) - - 21 000 (sh) 22 500 (1600) 
Solid 9700 (maxj 10 200 (shj 13 100 (sh) 14700 (sh) - - . . 

ph co So~n .  9400 (135j 11 loo (shj 12900 (shj - 21 800 (sh) - 
Solid 9350 (max) 11 800 (sh) 12800 (sh) - 21 500 (sh) - 

TABLE V 

Magnetic moments of the complexes 2 

Solid Solution 

R Metal P,rr BM Solvent Pcrr BM 

H N i d ia dia 
Me Ni 3.13 CHzC12 3.08 
Et N i 3.12 CHCIs* 3.11 
Ph Ni 3.21 CHZCIz 3.12 

*Freed from ethanol. 

vinylic protons at T 8.14 and 5.40 (triplet, 
J = 2 c.p.s.), which correspond within 5 c.p.s. 
to their positions in the free ligand base. The 
protons on nitrogen appear as a broad band, 
T 6.1-6.6, and are responsible through long 
range coupling for the splitting of the vinylic 
proton to a triplet. The ligand field spectrum of 
the com~lex  exhibits one band at 18 700 cm-I 
which is identical in position with that of known 
square planar diamagnetic bis(dipivaloy1meth- 

TABLE VI 

Molecular weights in solution of the con~plexes 2 

Molecular weights 

R Metal Solvent Calcd. Found 

H Cu PhH 257 250 
Me Cu PhH 313 323 

- -~ 

~ t -  ~i ~ e ; c d  365 351 
Ph Ni Me,CO 557 555 
Et Co PhH 365 344 
Ph Co Me2C0 557 547 

anato)lVi(II) (18), and can be assigned to a 
singlet-singlet transition centered on nickel. 
This complex is therefore similar to other four- 
coordinate nickel complexes, with oxygen, sulfur, 
or nitrogen donor atoms, in preferring to adopt 
a planar diamagnetic configuration in the ab- 
sence of significant steric strain. For each of the 
three N-substituted complexes the values of p,,, 
for the solid and solution are within 2 % of each 
other. These values which range from 3.08 to 
3.22 BM lie slightly lower than those, 3.18 to 
3.37 BM, observed for fully paramagnetic bis- 
(P-ketoamino)Ni(II) complexes of proven pseu- 
dotetrahedral geometry. Since, however, molec- 
ular weight studies on the three, indicated 
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absence of association in solution at molarities 
of the same order of magnitude as those used in 
the determination of perf, one may conclude 
that they are likewise strictly four-coordinate 
and adopt a pseudotetrahedral geometry in both 
the solid and in non-coordinating solvents. This 

u 

is supported by the ligand field spectra, which are 
virtually identical in solid and solution phases 
and show features similar to those of the above- 
mentioned pseudotetrahedral bis(e-ketoamino)- 
complexes (8). The evidence does not permit us 
to exclude 5 % or less of the diamagnetic planar 
form in equilibrium in solution with the tetra- 
hedral, but it is apparent that the latter must 
greatly predominate. This is to be compared 
with similarly substituted bis(aminotroponeimi- 
nato)Ni(II) complexes 3 which at  room tempera- 
ture are < 1 % paramagnetic for R = CH,, 
50-75 % for R = Ar, and > 99 % for R = Et 
(19). It is evident that the greater steric repulsions 
among the substituents on nitrogen expected for 
the six membered chelate rings of 2 destabilize 
the planar form relative to the tetrahedral much 
more than in the five membered rings of 3. 

Cobalt Complexes 
A situation exists with these complexes similar 

to that for the other two seiies. The complex 
with R = H is low spin in both the solid and 
benzene solution. The two values of perf are 
within 4 % of each other and in the range, 2.2 to 
2.9 BM, considered characteristic of low spin 
Co(I1) (20). Its ligand field spectrum, identical in 
the solid and in solution, is characterized by the 
presence of a narrow band at 11 000 cmP1 
( E  20). This band, although shifted to higher 
frequency, closely resembles in shape and in- 
tensity that observed in the spectra of other low 
spin four-coordinate complexes of cobalt, such 
as N,N'-ethylenebis(4-amino-3-penten-2-onato)- 

Co(I1) (4) (21), which have been assigned a 
square planar configuration. In these latter it is 
considered characteristic of low spin planar 
Co(I1). We therefore assign this geometry to the 
complex in question. Holm and Everett have 
shown for the similarly constituted complex 5 
that an equilibrium between low spin planar and 
high spin tetrahedral forms exists in solution, in 
which the latter is present to about 70 % at room 
temperature. The evidence presented here does 
not exclude 5 % or less of the tetrahedral form in 
equilibrium with the planar in solution. The 
absence, however, of any significant concentra- 
tion of the tetrahedral form in solution indicates 
that for this ligand there is a greater Free energy 
difference between the two forms than exists 
between those of 5. This difference can scarcely 
be steric in origin and is probably a consequence 
of the greater field strength of the diketimine 
ligand. 

The remaining three complexes have perf be- 
tween 4.28 and 4.51 BM and are therefore fully 
high spin. The adequate stability of two of them 
toward oxygen permitted molecular weight 
determinations to indicate their monomeric na- 
ture in solution. The near identity of the optical 
spectra of the complex with R = Et and that 
with R = Me in solution makes it clear that the 
latter must also be monomeric under these 
conditions. In general the ligand field spectra of 
the three are very similar and feature a broad 
band at -10 000 cm-I with a high frequency 
shoulder at -12 000 - 13 000 cm-', and a vis- 
ible band at -22 000 cm-I with a low frequency 
shoulder. These spectra, although shifted to 
higher frequencies, closely resemble in outline 
those of bis(N - isopropylamino - 3 - penten - 2 - 
onato)Co(II) (21) which has been convincingly 
shown to possess a pseudotetrahedral structure. 
We therefore consider that the three N-substi- 
tuted complexes have this structure. 

The cobalt complexes show an increasing 
lability toward oxygen with decreasing size of 
the substituent on nitrogen. In the case of the 
ligand with R = H it proved possible to syn- 
thesize the tris(diketimine)Co(III) complex by 
passing dry air into a solution of the ligand and 
Co (11) in the ratio of 3 : 1. This is a deep red 
diamagnetic complex which has no discrete band 
in the visible or near infrared portions of the 
spectrum. Although oxidation clearly took place, 
attempts to synthesize the corresponding tris- 
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McGEACHIN: SYNTHESIS AND PROPERTIES OF (J-DIKETIMINES 1911 

Co(II1) complexes of the substituted ligands The ligand salts may all be further purified by recrystal- 
under the above conditions yielded none of the lization from acetone - ethyl acetate. The corresponding 

desired compounds. free bases were obtained from the salts by treatment with 
an equivalent amount of 0.5 M sodium methoxide in 

Experimental methanol. The methanol was removed it1 oacuo, at, or 
below room temperature, and the residue extracted into 

General benzene. The benzene solution was filtered and taken 
Melting points were taken On a Kofler point cautiously to dryness in vacua at room temperature, In 

apparatus and are uncorrected. were performed the phenyl substituted case the product was crystallized 
by the Microanalytical Laboratory of this department. from pentane at 0 0 ~ .  The others were sublimed at 
All measurements on the complexes were performed on 50-100 010.1 mnl on to a cold finger (< 0 o C ) ,  Character- 
freshly purified samples. Optical spectra were obtained izing data are given in ~ ~ b l ~  II. 
on a Car); 14 spectrophotometer. Solution spectra were 
taken in benzene or chloroform (ethanol free). Solid Bis-bidetztrrte Con~plexes 2 
state spectra were measured by absorption (pressed KBr These were all generated in the same way by the 
disk) between 5000and 10 000 cnl-I, and by reflectance addition under nitrogen of ca. 1 mmole of Et4NMX4 
between 10000 and 25 000cn1-I. Magnetic suscepti- (M = CU, Ni, CO; X4 = C1, or Br,) in anhydrous 
bilities of solids were obtained by the Faraday technique methanol (5-10 ml) to a stirred solution of 2 eq~~ivalents 
with X, for HgCo(CNS), = 16.44 (k0.08) x 10-6 c.g.s. of the ligand fluoborate salt in 4 equivalents of anhydrous 
at  293 "K taken as the reference (22). Magnetic suscepti- 0.5 N sodium methoxide in methanol. The reaction 
bilities of substances in solution were obtained by a mixture was then stirred for a further IOmin. The 
nuclear magnetic resonance (n.m.r.) method (23). The reaction was kept at room temperature throughout and 
solutions for this were prepared under nitrogen, placed the product was isolated as follows: 
in n.m.r. tubes, transferred to a high vacuum line, 2 (R = H; M = Ni, Cu) 
degassed, and sealed. The Curie Law was used in the The precipitate formed was collected and shaken with 
evaluation of peer from X M  corrected. Molecular weights water and benzene until complete dissolution had oc- 
in solution were determined on a Mechrolab Osmometer. curred. The product was isolated from the benzene layer 
Accurate molecular weights were obtained on an A.E.I. and recrystallized from benzene-hexane. 
M.S.9 double focussing mass spectrometer. 2, (R = H; M = Co) 
Preparation of theLigands 1, (R = H, Me, El, i-pr, pI1) The precipitate formed was removed by filtration and 

~h~ preparations of the five ligand salts are very dried under nitrogen. It was then transferred rapidly to a 
similar and only two are given in detail. Characterizing sublimation apparatus and the complex isolated by 
data are given in Table I. sublinlation at 180-220 "C/0.005 mm. It was then sealed 

inin~ediately in a vial under nitrogen. 
4-An1i110-3-penten-2-im1?i01ziu1n Fluoborate 1, (R = H )  

Triethoxonium fluoborate (24) (25 g, 0,131 mole) dis- 2' (R = M = C1[, Ni, Co; and = Me; = Ni) 

solved in dichloromethane (50 ml) was added to a stirred The precipitate formed was collected and dissolved in 

solution of 4-amino-3-penten-2-one (13 g, 0.131 mole) in benzene. The solution was then filtered. Crystallization 

the same solvent ml). ~h~ resulting solution was was induced by the addition of methanol to the con- 
allowed to stand for 30 min. A solution of anhydrous centrated solution. 

3.28 N ethanolic ammonia (40 ml) was then added 2, (R = Me; M = C& Co) 
dropwise over a period of 20 min to the stirred reaction The precipitate formed was collected and dissolved in 
mixture. This was allowed to stand a further 10 min, and warm hexane. The solution was filtered, concentrated, 
was then filtered to remove the amn~on iun~  fluoborate and d ~ w e d  to crystallize to give the product. 
(3 g). The filtrate, upon concentration at room tempera- 2, (R = Et; M = Cu, Ni, Co) 
ture in vacrro to ca. 113 of its volume, deposited the The reaction mixture was taken to  dryness in oacuo 
crystalline immonium salt (11 g, 45%) in pure form. and the residue washed with warm benzene. The benzene 

The three N,N'-dialkyl analogues were prepared by solution was filtered, concentrated, and crystallization 
this procedure. In all cases a small amount of anline induced by the addition of methanol with strong cooling. 
fluoborate salt had to be removed prior to concentration The con~plexes were purified by sublimation at 100- 
of the reaction mixture. Yields ranged from 40 to  60%. 150 "C/0.01 mnl except for the phenyl series which were 
N,~'-~~p~eny~-4-alll~llo-3-petl~e~-2-illl~~l~~~~~l~ Fllloborate These 

1, (R = Ph) are all sensitive to  atmospheric moisture and the cobalt 

Trietlloxonium fluoborate (4 g, 0.021 mole) in di- series to  oxygen. Therefore, they were stored in sealed 

chloromethane was added dropwise to a stirred vials under nitrogen. Yields ranged from 30 to 80%. 
solution of 4-%-ph~nylamino-3-penten-2-one (3.68 g, 
0.021 mole) in the same solvent (10 ml). The mixture was 
allowed to stand for 30 min and a solution of aniline 
(1.96 g, 0.021 mole) in dichloromethane (5 ml) was 
added. After I h the solvent was removed completely in 
vacuo and the residual oil was dissolved in hot ethyl 
acetate and allowed to  crystallize to give the product 
(5.91 g, 83 %). 

Tris(4-arnir10-3-per1tet1-2-01zei1ninafo) Co (111) 
A solution of Et4NCoBr4 (327 mg) in methanol 

(5 ml) was added under nitrogen to a stirred solution of 
4-amino-3-penten-2-immoniunl fluoborate (285 mg) in 
6.1 ml of 0.5 N sodium methoxide in methanol. An im- 
mediate yellow precipitate of the [L,Co(II)],Et,NBr 
complex (see text) formed. Stirring was continued and 
dry air was passed into the apparatus for 30 min. The 
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solution darkened and a red precipitate formed. This 
was collected and crystallized from benzene. The ana- 
lytical sample had m.p. 215-220 "C (decamp.). It did not 
give a satisfactory con~bustion analysis. 

Mol. Wt. Calcd. for C,,H2,N6Co: 350.1629. Found 
mass spectrometry): 350.1630. 
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Steroids and steroidases. VII.' A unique long-range directing effect exerted by the 
cholestane C8H17 group on the formation of A-homosteroid ketones 

J. BRYAN JONES AND J. MALCOLM ZANDER 
Departnlerlt of Chemistry, Lash Miller Chemical Laboratories, Uwi~.ersity of Toronto, Torotlto 5 ,  Otltario 

Received January 15, 1968 

The diazomethane homologation of a broad spectrum of variously C-17-substituted steroid-3-ketones 
has shown that the C,H1, cholestane side chain exerts a unique influence on the direction of the ring 
enlafgement reaction. This long-range effect is not explicable in terms of polar or conformational trans- 
miss~on. 

Canadian Journal of  Chemistry, 46, 1913 (1968) 

An earlier study (I), based on literature com- 
parisons, had indicated that a C-17 C8HI7 
substitutent influenced the direction of ring 
enlargement of steroid-3-ketones. During the 
course of a parallel investigation of the related 
Tiffeneau-Demjanov reaction, the diazomethane 
homologations of 5a- and 5P-cholestan-3-one 
were reinvestigated. The results obtained2 
(Table I) confirmed the published data for the 
5a-series (2, 3) and further showed that the 
effect of the C8H17 group was also manifest in 
the 5P-series. 

These observations prompted us to study the 
homologation of a broad spectrum of variously 
C-17 substituted 3-ketosteroids. The data ob- 
tained (Table I) show that the cholestane C8H,, 
group exerts a unique influence which cannot be 
satisfactorily rationalized in terms of the con- 
cepts (4) normally invoked to account for long- 
range directing effects. Furthermore, the ob- 
served effect is unusual in that it is reflected in 
the nature of the products. Relatively few exam- 
ples of this kind have been documented (5); 
most steroidal long-range effects manifest them- 
selves in rate differences. 

Most of the steroid-3-ketones (1) used in this 
study were purchased or were obtained by stan- 
dard procedures from readily available starting 
materials as indicated in the Experimental 
section. Real difficulties in obtaining pure 
starting material were experienced only in the 
preparation of 17P-hydroxy-5P-estran-3-one 
(lk). 

The preparation of l k  has been investigated 

'For Part VI of this series, see J.  B. Jones and D. C. 
Wigfield. Can. J. Chem. 46, 1459 (1968). 

ZJ. B. Jones and P. Price. T o  be published. 

by several groups (6-9). All of the methods in- 
volved hydrogenation of 17P-hydroxyestr-4-en-3- 
one and, not surprisingly, even the more suc- 
cessful procedures (6, 9) gave mixtures of the 5% 
and 5P epimers. Separation of the epimers 
proved to be a difficult process and it is now 
apparent that complete purification of the 5P- 
estran l k  was not previously achieved. 

The most successful of the literature con- 
ditions were those of Counsel1 (9) in which 
17P-hydroxyestr-4-en-3-one was hydrogenated 
in the~presence of 5 % palladium on charcoal and 
potassuim hydroxide, and accordingly, this pro- 
cedure was repeated in the current investigation. 
The hydrogenation product contained the 
expected mixture of epimers from which, after 
repeated chromatographic separations on large 
quantities of alumina, it proved possible to iso- 
late pure 17P-hydroxy-5P-estran-3-one (lk), 
albeit in low (25 %) yield. Optical rotatory dis- 
persion (0.r.d.) proved to be the only reliable 
analytical tool and the chromatographic purifi- 
cations were continued until the samples of l k  
had constant 0.r.d. spectra. 

The basic experimental procedure used for the 
diazomethane homologations of most of the 
ketones la-lk was a modification of that devel- 
oped by Nelson and Schut (2), the diazomethane 
being generated in situ by the addition of N- 
nitrosomethylurea to the steroid-3-ketone and 
potassium hydroxide in methanol-ether solution. 
The main exceptions to this general method 
involved the base-labile acetates I d  and l h  which 
were homologated in methanol -ether-water 
solution by the addition of ex situ generated 
ethereal diazomethane, from which all traces of 
potassium hydroxide had been removed. 
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TABLE I 
Ratios of A-homo-3- and 4-ketones produced by diazomethane homologation of 

3-ketosteroids* 
- 

A/B 
Compound configuration R Rl R2 Product Ratio (2:3)t 

la 5a CH3 OH H 41 :59f z 3 % 
l b  5a CH3 H OH 4555 i 3 %  
l c  5a CH3 H H 42:58$? 3 % 
Id 5a CH3 OAc H 4 5 : s  ?3% 
l e  5a CH3 OH CH3 38:62 ?3% 
If 5a CH3 CaH17 H 79:212i3% 

(83 : 17) (2) 

. . . . - - - 
l h  5a H OAc H 4555  +3%y 
l i  5 0 CH3 CaH17 H 22:782 k 3 % 
li 5 P CH3 OH H 5050  *3% 
lk  5 I3 H OH H 39:61 + 3 X  - ," 

*The reaction can be represented as:- 

tOverall yields of A-homoketones 60-80%; > 95:/. of total material accounted for. 
:Preferred ratio CL less accurate value quoted in ref. (1)  which was obta~ned prior to the develop. 

ment of the 0.r.d. analytical method. 

The homologations were monitored by gas-liq- 
uid phase chromatography (g.1.c.) and the reac- 
tions were terminated when an optimum balance 
between thedisappearance ofstartingmaterial and 
the formation of bis-homo products was reached. 
The isomeric A-homoketones 2 and 3 were then 
isolated by column chromatography. Optical 
rotatory dispersion proved to  be the best analyt- 
ical tool since the pairs of A-homoketones were 
indistinguishable by g.1.c. and differences in 
their thin-layer chromatographic (t.1.c.) behav- 
ior were at best marginal. In  some cases the 
extreme similarity in the chromatographic 
behavior of the A-homo-isomers resulted in 
substantial numbers of fractions containing 
varying proportions of both A-homoketones. 
In these situations the mixed A-homoketone 
fractions were combined, evaporated, and the 
0.r.d. spectrum of the mixture measured; from 
a knowledge of the 0.r.d. amplitudes of the pure 
A-homoketones the amount of each present was 
calculated. 

For the homologation of 5cc-androstan-3-one 
(lc) it was necessary to rely completely on this 
latter method to determine the relative propor- 
tions of the A-homoketones 2c and 3c since 

their complete chromatographic separation was 
not possible. The authentic samples of 2c and 
3c required for the reference 0.r.d. spectra were 
prepared as indicated in Chart 1. 

The product ratios observed for the homolo- 
gation of la-lk are summarized in Table I. For  
the most thoroughly studied compound, la ,  the 
product ratio was insensitive to  the amount of 
diazomethane added (twofold-sevenfold excess) 
and to variations in the polarity of the solvent 
used. However, the rates of homologation were 
very slow when methanol was completely ex- 
cluded (10). The reaction was unaffected by the 
presence or absence of potassium hydroxide. 

As Table I shows, significant departure from 
a - 40:60 A-homo-4 to 3-ketone-ratio occurs 
only for the 3-ketosteroids possessing the 
cholestane side chain at C-17. It is of interest to 
note that the deviations due to  the C,H,, group 
are approximately equal, but in opposite direc- 
tions, for the 5a- and the 5P-series. 

Attempts to explain the role of the C,H,, 
substituent in terms of polar inductive effects 

3This observation contrasts inexplicably with the re- 
ported potassium hydroxide dependence of the 5a-cho- 
lestan-3-one reaction (3). 
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(4, 11) of the other C-17 groups, are not con- 
vincing since compounds bearing C-17 substitu- 
ents of widely different polarity, such as la-le 
give virtually identical proportions of the cor- 
responding A-homo-4 and 3-ketones. 

Alternative explanations involving the 
through-solvent interaction of C-17 partial 
cationic charges, with the developing transition 
state (1 1) can be ruled out for the same reasons. 
In addition, such an interaction should be influ- 
enced by the solvent polarity whereas, as stated 
earlier, no solvent dependence of the product 
ratio from l a  was observed. 

Anv rationale based on conformational trans- 
mission (4) is equally unattractive. There is 
strong circumstantial evidence (12-1 5) that 
compounds la-le will encompass a range of 
ring D conformations (including the a- and 
P-envelopes and half chair) which will induce 
correspondingly different distortions of the C/D 
ring junction, and hence dissimilar ring A con- 
formations, whereas again the product ratios 
are essentially invariant for this group of com- 
pounds. That the C-19 angular methyl group 
has little effect on the course of the reaction, cf. 
l a  and lg,  I d  and lh, and lj and lk ,  provides 
further evidence that conformational trans- 
mission is not an important factor. 

The manner in which the C,H,, group is able 
to cause the formation of one of the two pos- 
sible A-homoketones to be so much preferred is 
not yet clear. Its presence obviously induces a 
significant energy difference between the two 
competing homologation  pathway^.^ 

The special character of the cholestane side 
chain also manifests itself in other ways. For 
example, the chromatographic behaviors of 2f 
and 3f are anomalous in that the 3-ketone is 
eluted from alumina before the 4-one. For all 
A-homoandrostane and estrane-ketones, the 
converse is observed. Also, the 0.r.d. curves of 
2f, 3f, and 3i are atypical, the amplitudes of 
their Cotton effects being only 30-50% as in- 
tense as those of the analogous A-homoandros- 
tane and estrane-ketones.' (Abnormal effects 
due to micellar aggregation in aqueous solution 

4For an  - 80:20 product ratio to  begiven, the predomi- 
nant reaction must be preferred by -0.8 kcal mole-' (16) 
whereas the -40:60 distribution observed for the major- 
ity of the ring enlargement reactions represents an  almost 
insignificant free energy difference of only - 0.2 kcal 
mole-' (16) between the transition states involved. 

of steroids containing a C8H17 group have also 
been noted (17), and that micelle formation may 
be involved in the current long range effect has 
not yet been ruled out.) 

It is hoped that the nature of the C8HI7 effect 
on the homologation reaction, and on the physi- 
cal properties of A-homoketones, will be clari- 
fied by the experiments now in progress which 
are systematically examining the influence 
exerted by C-17 hydrocarbon substituents. The 
direction of addition of diazomethane to the 
C-3 carbonyl may also be significant and accor- 
dingly, the influence of the configuration of the 
intermediate adduct on the rearrangement is 
currently under investigation. 

Experimental 
Infrared spectra were obtained on Beckmann IR8 and 

Perkin-Elmer 237-B spectrophotometers in chloroform 
solutions, and optical rotations on a Bendix-Ericsson 
143A automatic polarimeter. Optical rotatory dispersions 
(0.r.d.) were measured on a Jascc-Durrum O R D  5 spec- 
tropolarimeter at 25 "C. Melting points were determined 
on a Fisher-Johns block and are corrected. All solvents 
for column chromatography were distilled before use; 
the alumina used was British Drug Houses chromato- 
graphic grade, which was deactivated by shaking with 
5 % of its own weight of 10% aqueous acetic acid; Flori- 
sil was activated by heating at  140 "C for 24 11 prior to  
use. Gas-liquid phase chromatographic (g.1.c.) analyses 
were effected with columns containing 3 %  SE-30 and 
1 % QF-1 respectively on silanized "Chromosorb G" 
using a n  F and M model 400 biomedical unit. Thin-layer 
chromatography (t.1.c.) was performed on Merck silica 
gel G with benzene4her (1 :1) as the developing solvent; 
the spots were detected by spraying the chromatograms 
with aqueous toluene-p-sulfonic acid (1 :I  w/w) followed 
by heating at 100 "C. All compounds described were 
purified until no impurity was detectable by t.1.c. or by 
g.1.c. on  the two columns, and until a constant 0.r.d. 
spectrum was obtained. Solvent removals were effected 
with a rotary evaporator at  25 "C. 

Steroid-3-ketones 
1713-Hydroxy-5a-androstan-3-one (la) and 17B-hy- 

droxy-5B-androstan-3-one (lj) were prepared as de- 
scribed previously (1). 17P-Hydroxy-l7a-methyl-5a-an- 
drostan-3-one (le) was purchased from Searle Chemicals 
Inc., Chicago. 

17a-Hydroxy-5a-arzdrostan-3-one (10) 
T o  a stirred solution of lithium (400 mg) in liquid 

ammonia (200 ml) was added 17~-hydroxyandrost-4-en- 
3-one (2 g) in dry dioxane+ther (3:1, 80 ml) during 15 
min. Stirring was continued for 1 h and then ammonium 
chloride (5.2 g) was added. Following overnight evapora- 
tion of the ammonia, water (100 ml) was added, and the 
mixture extracted with chloroform (3 x 50 ml). The 
combined chloroform extracts were washed successively 
with 2 N hydrochloric acid (50 ml), saturated aqueous 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JONES AND ZANDER: STEROIDS AND STEROIDASES. VII 1917 

sodium bicarbonate (50 ml) and water (50 ml). The dried 17~-Acetoxy-5a-estrar1-3-one(lh) 
(MgSO,) chloroform solution was evaporated and the This was obtained as chunky prisms from hexane, m.p. 
residue chromatographed on alumina. Elution with ben- 103-104 "C (lit. (7) m.p. 102-103 "C). 
zene followed by recrystallization from cyclohexane 
afforded 17a-hydroxy-5a-androstan-3-one (1.47 g) as Horrlologatior~ of the Steroid-3-ketones 1 with Diazo- 
needles, n1.p. 179-180 "C (lit. (18), m.p. 179.5-180 "C); rnetharze 
[alDZ4 +12.8 + 0.4' (c, 1.2 in CHCI,); v,,, 3600 and GeneralProcedrrres 
1700 cm-'. (a) With in sit11 generated diazomethane (2)-The 3- 

17~-Hyrlrox~~-5a-estra11-3-or1e(Ig) 
17p-Hydroxyestr-4-en-3-one (3 g) in dry dioxane-ether 

(1 :1, 72 ml) was reduced with lithium (600 mg) in liquid 
ammonia (300 ml) as described above. 17p-Hydroxy-5a- 
estran-3-one was obtained as fluffy needles (1.8 g) from 
hexane, n1.p. 132-133 "C, (lit. (19) m.p. 130-131 "C); 
v,,, 1707 cm-'; 0.r.d. (c, 0.004 in CH30H);  
+4200°; -3500" (a = +77). 

5a- Ar~drostarl-3-one(1c) 
3lj-Hydroxy-58-androstan-17-one was subjected to the 

modified Wolff-Kishner reduction procedure of Mamlok 
and Jacques (20) and the 5a-androstan-3p-01 produced 
was oxidized with Jones' reagent (21). After chromatog- 
raphy on alumina (benzene elution) and recrystallization 
from acetone 5a-androstan-3-one was obtained in 80% 
overall yield as needles, m.p. 104-105 "C, [a]D2" +23.3 
+ 2" (c, 1.1 in CHCI,), (lit. (22) n1.p. 104.5-105.5 'C, 
[a]D2' +25 + 3"). 

17~-Hydroxy-5(3-estrarz-3-one ( lk)  
Hydrogenation at atmospheric pressure of 17p-hy- 

droxyestr-4-en-3-one (5 g) in 95 % ethanol (50 ml) con- 
taining potassium hydroxide (150 mg) and 5 % palladium 
on charcoal (3.5 g) (9) gave a mixture of the 5a- and 5b- 
epimers l g  and l k  respectively. The crcde product (2 g) 
was chromatographed on alumina (600 g); elution with 
benzene gave fractions containing the required 5p-com- 
pounds as evidenced by the negative Cotton effects of 
their 0.r.d. spectra. These fractions were combined and 
were successively rechromatographed on alumina (300:l). 
After four such steps the molecular amplitudes of each 
of the 5p-fractions had reached the same constant value 
and the 17!3-hydroxy-5b-estran-3-one they contained 
was then recrystallized from acetone-hexane as fluffy 
needles5 (1.25 g), n1.p. 125.5-126 "C; v,,, 3600 and 1700 
cm-I; 0.r.d. (c, 0.004 in CH,OH), [+I3,, -800"; 
[+]Z6? 1-3100- (a = -39). 

17p-Acetates l d  and l h  
These were prepared in 85-90 % yield by treatment of 

the corresponding l7p-hydroxy compound with pyridine - 
acetic anhydride for 12 h a t  25 'C. 

17~-Acetoxy-5a-androstan-3-one(ld) 
This was obtained as needles from hexane, m.p. 159- 

160 'C, (lit. (24) m.p. 157 "C). 

jThis melting point for l k  is significantly higher than 
those quoted in the literature viz. 106-108 "C (6) and 108- 
110 'C (9). (It is now clear that the compound m.p. 
133.5 ' reported by Chen (7) is in fact 17p-hydroxy-5a- 
estran-3-one (cf. ref. (9)). These lower values are pre- 
sumably due to contamination by the 5a-compound and 
the 0.r.d. data support this view. The molecular ampli- 
tude (a = -30) (23) of the sample prepared by Counsel1 
(9) indicates the presence of - 8 % of l g  (a = +77). 

ketosteroid and potassium hydroxide were 'dissolved in 
methanol-ether (1 :1) and N-nitrosomethylurea was added 
during 15 min to  the stirred, cold (0 "C), solution. The 
reaction mixture was stirred at  0 OC until analysis by 
g.1.c. showed optimum conversion to A-homoketones 
(- 6 h). The reaction was then acidified by the dropwise 
addition of 2 N hydrochloric acid. The resulting solution 
was filtered, evaporated, and the residue dissolved in 
ether. After refiltration, the ether solution was eva~orated 
and the crude product chromatographed on alumina 
(300-600:l) columns prepared in petroleum ether (b.p. 
60-70 "C) or in petroleum ether (b.p. 60-70 "C)-benzene 
(1:l). Sufficiently careful chromatography was carried 
out to effect complete separation of the A-homoketones 
from the starting material remaining and from by-prod- 
ucts such as epoxides, A-bishomoketones, etc. The 
presence of these contaminants was readily detected by 
g.1.c.; however, the isomeric A-homoketones were 
indistinguishable by this technique. The fractions con- 
taining only the A-homoketones were combined, and 
were rechromatographed (with benzene-ether elution) 
until their complete separation was achieved. Generally, 
the A-homo-4-ketones were eluted prior to the 3-ketones. 
The 4- to 3-ketones product ratios were then calculated 
directly from the isolated yields of each. Tlie course of 
the purifications was monitored by 0.r.d. and for the 
difficultly separable isomers, the composition of the 
mixed fractions was calculated from their composite 
0.r.d. spectra and from a knowledge of the o.r.d.'s of 
each of the pure component A-homoketones. 

( 6 )  Witll e s  sit11 generated diazorr~etllane-This method 
was applied mainly to  the base-labile acetates I d  and 111. 

A dried (KOH) ethereal solution of diazomethane 
(obtained from N-nitrosomethylurea, aqueous potassium 
hydroxide and ether (10)) was added to a cooled (0 "C) 
solution of the steroid-3-ketone in methanol - ether - 
water (5:5:1). After -- 7 11 the reaction was then worked 
up as described above. 

Tlie following conlpounds were prepared by method 
(0). 
17~-Hydroxy-A-/1orno-5a-a11drostnn-4-0~e (2a) and 

-3-one (3a) 
These were prepared from 17p-hydroxy-5a-androstan- 

3-one (1.15 g; 3.9 mmoles), potassium hydroxide (1.54 g), 
N-nitrosomethylurea (1.1 1 g, 11 mmoles) and ether- 
methanol (1 :1, 110 nil) (1). An overall A-homoketone 
yield of 81 % was obtained, composed of l7p-hydroxy- 
A-homo-5a-androstan-4-one (30 %), as plates from ethyl 
acetate, m.p. 193.5-194.5 "C, (lit. (25) n1.p. 195-196 "C); 
v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in CH30H) 

T8850°; [+]z61 -7050'; (a = +159); and 17p- 
hydroxy-A-homo-5a-androstan-3-one (51 %), as needles 
from hexane, m.p. 21 1-212 "C (lit. (1) m.p. 212-213 "C); 
v ,,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in CH,OH) 
[+]302 -4700°, +5100°, (a = -98). 
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No significant change in the product ratio was observed Anal. Calcd. for C19H3,O2: C, 78.57; H, 10.41. Found: 
when the potassium hydroxide free ex sit11 method was C, 78.76; H, 11.14. 
used, when the reaction was performed in solvents ranging 17p-Hydroxy-A-homo-5a-estran-3-one (45 %), was ob- 
in composition between methanol-ether (3:l) to meth- tained as needles from hexane, m.p. 136-137 "C, v,,, 
an01 -ether - water (3:6:1), or when the diazomethane 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in CH,OH) [41aos 
excess was varied twofold to sevenfold. -6750°, [612,, +7000°, (a = - 137.5). .. - - ~  

17a-Hydrosy-A-110t~zo-5a-at~drostar-4- (2b) and Anal. Calcd. for c ~ ~ H ~ ~ o ~ :  C, 78.57;-H, 10.41. Found 
-3-one (3bl C, 78.39; H, 10.82. 

These were prepared from 17a-hydroxy-5a-androstan- 
3-one (2.2 g, 7.6 mmoles), potassium hydroxide (2.1 g) 
and N-nitrosomethylurea (1.56 g, 15.2 mmoles) in meth- 
anol-ether (I:], 150 ml). From the A-homoketone frac- 
tions (81 % overall yield) was obtained 17a-hydroxy-A- 
homo-5a-androstan-4-one (34 %) as needles from hexane, 
m.p. 173-174 "; v,,, 3600and 1695 cm-l;  0.r.d. (c, 0.004 
in CH30H) [ 4 1 ] ~ , ~  +8550°, [+I263 -6950" (a = +155). 

Anal. Calcd. for C20H3202: C, 78.90; H, 10.59. Found: 
C, 79.05; H, 10.65. 
17a-Hydroxy-A-homo-5a-androstan-3-one (47 %), was 

obtained as laminae from hexane, m.p. 153.5-154.5 "C; 
v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in CH30H) 
[+I302 -4150°, [+I261 +4100 (U = -82.5). 

Anal. Calcd. for C20H3202: C, 78.90; H, 10.59. Found: 
C, 79.09; H, 10.52. 

A-Homo-5a-androstatl-4- (2c) and -3-one (3c) 
These were prepared from 5a-androstan-3-one (1 g, 

3.7 mmoles), potassium hydroxide (930 mg), and N-nitro- 
somethylurea (660 mg, 6.4 mmoles) in methanol-ether 
(1:1, 100 ml). The A-homoketone material (60% yield) 
could only be partly resolved by chromatography and 
was analyzed by the 0.r.d. method using authentic sam- 
ples of the two ketones prepared as indicated in Chart 1. 
A-Homo-5a-androstan-4-one and A-homo-Sa-androstan- 
3-one were found to be present in the proportion 4258 
respectively. 
I7~-Hydroxy-17a-met/1yl-A-hotno-5a-at1drostan-4- (2e) 

and -3-one (3e) 
These were prepared from 17~-hydroxy-l7a-methyl-5a- 

androstan-3-one (1.5 g, 4.9 mmoles), potassium hydroxide 
(1.53 g), and N-nitrosomethylurea (1.13 g, 11 mmoles) in 
methanol-ether (1:1, 110 ml). Obtained in an overall 
yield of 81 % were 17~-hydroxy-l7a-methyl-A-homo-5a- 
androstan-4-one (30%) as needles from hexane, m.p. 
139-140 "C; v,,, 3600 and 1695 cm-l; 0.r.d. (c, 0.004 in 
CH30H); [+]sol +8200", [+I262 -6800°(a = $150). 

Anal. Calcd. for C21H3402: C, 79.19; H, 10.76. Found: 
C, 79.26; H, 10.83. 
17~-Hydroxy-l7a-methyl-A-homo-5a-androstan-3-one 

(51 %), was obtained as needles from hexane, m.p. 177.5- 
178.5 "C; v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in 
CH30H) -500o0, [+I261 +4050°, (a = -90.5). 

Anal. Calcd. for Cz1H3,O2: C, 79.19; H, 10.76. Found: 
C, 79.22; H, 10.76. 
17(1-Hydroxy-A-hon1o-5a-estrat1-4- (2g and -3-one (3g) 
These were prepared from 17p-hydroxy-Sa-estran-3- 

one (910 mg, 3.3 mrnoles), potassium hydroxide (1.2 g), 
and N-nitrosomethylurea (950 mg, 9.2 mmoles) in meth- 
anol-ether (13, 90 ml). The A-homoketone product 
(74 %) was composed of 17p-hydroxy-A-homo-5a-estran- 
4-one (29 %), obtained as needles from hexane, m.p. 164.5- 
165 "C; v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in 
CH30H); [+I307 +78000; [+]2e7 -62500 (a = +140.5). 

17~-Hydroxy-A-l1on~o-5a-androstan-4- (2 j) and 
-3-one (3j) 

These were obtained from 17p-hydroxy-5a-androstan- 
3-one in equal amounts as described previously (1). 

The following compounds were prepared by method 
(6) .  
170-Hydroxy-A-homo-5p-esiran-4- (2k) and -3-one (3k) 
These were prepared from 17p-hydroxy-Sp-estran-3- 

one (1.1 g, 4 mmoles) in methanol - ether - water (5:5:1, 
70 ml) and ethereal diazomethane (40 ml, from N-nitroso- 
methylurea (1.13 g, 11 mmoles)). An overall yield of 80% 
was obtained, 39 % being 17p-hydroxy-A-homo-5p- 
estran-4-one, as needles from hexane, m.p. 165.5- 
166.5 "C; v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 in 
CH30H) -3100°, [+I263 +55000 (a = -86). 

Anal. Calcd. for C19H3002: C, 78.57; H, 10.41. Found: 
C, 78.74; H, 10.54. 17p-Hydroxy-A-homo-5p-estran- 
3-one (41 %) was obtained as plates from hexane, 1n.p. 
144.5-145.5 "C; v,,, 3600 and 1695 cm-'; 0.r.d. (c, 0.004 
in CH3OH) [+I306 +4250°, [+I268 -1850' (a = +61). 

Anal. ~alcd.-for C,9H3002 : C, 78.57; H, 10.41. Found : 
C, 78.76; H, 10.53. 
I7~-Acetoxy-A-hom0-5a-androstan-4- (2d)  and 

-3-one (3d) 
These were prepared from 17p-acetoxy-Sa-androstan- 

3-one (lg, 3.2 mmoles), methanol - ether - water (5 :5 :I, 
50 ml), and dry, potassium hydroxide-free, ethereal dia- 
zomethane (40 ml, from N-nitrosomethylurea (1.4 g, 14 
mmoles)). The mixture was stirred at 0 "C for 7 h after 
which time 2 N hydrochloric acid was added to terminate 
the reaction. ThepHof the solution was adjusted to 7 with 
aqueous potassium hydroxide and further potassium 
hydroxide (150 mg) was then added.6 The solution was 
kept overnight at 25 "C, after which time the excess base 
was neutralized with 2 N hydrochloric acid, and the mix- 
ture was worked up in the usual way. Chromatographic 
isolation of the 17p-hydroxy-A-homoketones showed 
that the overall yield of A-homo-17p-acetates formed in 
the reaction was 79 %, of which 17p-acetoxy-A-homo-5a- 
androstan-4-one accounted for 37 %, and 17p-acetoxy-A- 
homo-5a-androstan-3-one, 42 %. 

17~-Aceto.uy-A-l1omo-5a-estrcn1-4- (2h) and -3-one (311) 
These were prepared as described for 2d and 3d. Again, 

the 17p-acetoxy-A-homoketones produced were hydro- 
lyzed prior to chromatography, and analysis of the mix- 
ture of the corresponding 17p-hydroxy compounds 
showed the original yield of acetates to be 81 %, com- 
prised of 17p-acetoxy-A-homo-5a-estran-4-one (38 %) 
and 17p-acetoxy-A-homo-5a-estran-3-one (43 %). 

6This hydrolysis step was introduced since it was found 
that the 17p-acetates were less amenable to chromato- 
graphic separation than the corresponding 17p-hydroxy 
compounds. 
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Preparation of Piire A-Hotno-5a-androsta~z-4- and -.?-one 
A-Homo-5a-androsratt-4-one (2c) 
A solution of 17P-hydroxy-A-homo-5a-androstan-4- 

one (155 mg), toluene-p-sulfonic acid monohydrate (15 
mg) and ethane-1,2-diol (350 mg) in benzene (12 ml) was 
refluxed, with magnetic stirring, in a Dean-Stark appa- 
ratus for 3 h. The benzene solution was then cooled and 
was washed with 10% aqueous sodium carbonate (6 ml), 
followed by water (6 ml), dried (MgSO,) and evaporated. 
The residue (170 mg) was chromatographed on Florisil 
(8 g, column packed in hexane); elution with 5% ether- 
hexane afforded 4,4-ethylenedioxy-A-homo-5a-androstan- 
17P-o1(4), as prisms (138 mg) from petroleum ether (b.p. 
40-60 "C), m.p. 167-168 "C; v,,, 3600, 1100, and 965 
cm-'. 

The above ketal4 (133 mg), pyridinium trifluoracetate 
(43 mg), and dicyclohexylcarbodiimide (274 mg) in di- 
methylsulfoxide (5 ml) wasstirred at 55 "Cfor 2 h (26). The 
mixture was then poured into water (50 ml) and extracted 
with ether (3 x 25 ml). The ether solution was filtered, 
washed with water (3 x 5 ml), dried (MgSO,), and evapo- 
rated. The residue was digested with boiling hexane for 15 
min (dicyclohexylurea is insoluble in hexane) and the 
filtered hexane solution evaporated. The crude product 
obtained was chromatographed on Florisil (8 g, column 
packed in hexane); elution with 6% ether-hexane gave 
4,4-ethylenedioxy-A-horno-5a-androstan-I7-one (5), as 
needles (80 mg) from petroleum ether (b.p. 40-60 "C), 
m.p. 184-185 "C; v,,, 1725 and 1105 cm-'; 0.r.d. (c, 
0.004 in isooctane) [+I318 +8700", [$I278 -7000" (a = 
+157). 

The 4-ketal(5) (75 mg), potassium hydroxide (250 mg), 
99% hydrazine hydrate (800 mg) in diethylene glycol 
(2 ml) was refluxed under a nitrogen atmosphere for 3 h 
(20). The condenser was then removed and the bath tem- 
perature raised gradually to 195-200 "C, and maintained 
at this level until nitrogen evolution ceased (5 h). 

The mixture was then poured into water (50 ml), and 
the solid removed by filtration and washed with water 
until the washings were neutral. After drying in vaciro the 
crude 4,4-etlgvlenedio.uy-A-homo-5a-a~zdrostan (6) (70 
mg), m.p. 130.5-131.5 OC was dissolved in methanol- 
ether (2:1,20 ml) and 1 N hydrochloric acid (1 ml) added. 
The solution was kept at 25 "C for 2 h, following which it 
was poured into water (100 ml) and the mixture extracted 
with ether (3 x 50 ml). The combined ether extracts were 
washed with water (20 ml), dried (MgSO,), and evapo- 
rated to give A-homo-5a-androstan-4-one (60 mg, 99 % 
pure by g.1.c.). Complete purification was effected by 
low temperature recrystallization from petroleum ether 
(b.p.40-60°C) followed by sublimation at 75 "/0.1 Torr to 
give prisms, m.p. 85-86 "C; v,,, 1695 cm-'; 0.r.d. (c, 
0.004 in isooctane) [+]318(5h) +5200°, [+Iso8 +5800°, 
[+]199(sh) +3200", [+Iz7, -42000 (a = +loo); (c, 0.004 
inCH30H);  [+I302 +7600", [+I264 -6400°, (a = +140). 

Anal. Calcd. for CZ0H3,O: C, 83.28; H, 11.18. Found: 
C, 83.27; H, 11.12. 

A-Homo-5a-androstan-3-one (3c) 
This was prepared from 17P-hydroxy-A-homo-5a- 

androstan-3-one via analogous intermediates, and under 
exactly similar conditions of reaction and purification, to 
those described above for 2c. 
17P-Hydroxy-A-homo-5a-androstan-3-one (265 mg), 

gave 3,3-ethylelzedioxy-A-homoJa-androstan-7-01 (7), 
as prisms (260 mg) from petroleum ether (b.p. 40-60 "C), 
m.p. 108-109 "C; v,,, 3600, 1105, and 945 cm-I. 

The 17p-hydroxyketal (7) (760 mg) was then oxidized 
to 3,3-ethylerzedioxy-A-homo-5a-a1tdrostan-17-one (€9, 
which was obtained as needles (680 mg) from petroleum 
ether (b.p. 40-60 "C), m.p. 113.5-114 "C; v,,, 1725, 1105, 
and 945 cm-'; 0.r.d. (c, 0.004 in isooctane) [+I3,, 
+8200° -7700' (a = + 159). 

Anal. Calcd. for C22H3403: C, 76.26; H, 9.89. Found: 
C, 76.29; H, 10.00. 

The 17-keto-3-ketal (8) (395 mg) was reduced to 3,3- 
ethylenedioxy-A-horno-5a-androstane (9) (336 mg), m.p. 
68.5-69 "C, whichon treatment with acid yielded A-homo- 
5a-androstan-3-one (3c) (280 mg). Sublimation at 55 "C/ 
0.1 Torr followed by recrystallization from petroleum 
ether (b.p. 40-60 "C) gave prisms, m.p. 65 "C; v,,, 1695 
cm-'; 0.r.d. (c, 0.004 in isooctane) [+]323(sh) -3200'. 
[+I312 -38000, [+I269 +3150 (a = -69.5); (c, 0.004 in 
CH30H) -5200", -1-4700" (a = -99). 

Anal. Calcd. for CZOHB20:  C, 83.28; H, 11.18. Found: 
C, 83.14; H, 11.16. 
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Some silicon-containing phenyl and benzyl isoquinoline derivatives, 2-aralkyl 
imidazolines, and N-substituted phenethylamines 

IGAL BELSKY, DAVID GERTNER, AND ALBERT ZILKHA 
Department of Organic Chemistry, The Hebrew U~ziuersity, Jerlrsalern, Israel 

Received December 14, 1967 

Several trimethylsilyl substituted 1-phenyl or 1-benzyl isoquinoline derivatives were synthesized by 
the Bishler-Napieralsky reaction starting from the corresponding homoveratrylamides, which were 
cyclized in toluene in the presence of phosphorus pentoxide or phosphorus oxychloride. These conditions 
were suitable for the homoveratrylamides ofp- or o-trimethylsilylbenzoic acid andp-trimethylsilylmethyl- 
phenylacetic acid but not for that of p-trimethylsilylphenylacetic acid, due to the greater sensitivity of 
the silicon-aryl bond in the latter to cleavage under acid conditions. 

Some 2-aralkyl imidazolines containing a trialkylsilyl group in the para-position were synthesized by 
condensation of silicon-containing aromatic acids and ethylenediamine. 

Several N-substituted p-trialkylsilyl phenethylamines were prepared by lithium aluminium hydride 
reduction of the corresponding amides. 

Canadian Journal of Chemistry, 46, 1921 (1968) 

As part of a program (1, 2) for the synthesis 
of analogues of biologically active compounds 
containing silicon, we have prepared a number of 
1-phenyl and 1-benzyl isoquinoline derivatives 
containing a trimethylsilyl group attached to the 
phenyl or benzyl ring as well as some 2-aralkyl 
imidazolines containing a trialkylsilyl group in 
the para position and some N-substituted p- 
trialkylsilylphenethylamines. 

Compounds containing the isoquinoline nu- 
cleus are interesting from the chemical and 
pharmacological aspects due to the occurrence of 
this group in various alkaloids, and the interesting 
biological activity of some of these alkaloids. 

The silicon-aryl bond is sensitive to cleavage 
under acid conditions, and in the present work 
the Bischler-Napieralsky cyclization (3) was in- 
vestigated to find out conditions for cyclizing 

homoveratrylamides of silicon-containing aro- 
matic acids without causing scission of the 
silicon-aryl bond. 

p-Trimethylsilylbenzhomoveratrylamide (I), 
obtained by reaction of p-trimethylsilylbenzoyl 
chloride and homoveratrylamine in chloroform, 
was cyclized to 1-p-trimethylsilylphenyl-3,4-di- 
hydro-6,7-dimethoxy isoquinoline (2) in boiling 
toluene in the presence of phosphorus pentoxide. 
Under these conditions no significant cleavage 
of the silicon-aryl bond occurred. On carrying 
out the cyclization with o-trimethylsilylbenzho- 
moveratrylamide, the isoquinoline derivative 
could not be isolated either free or as the picrate 
or methiodide derivatives. However, using phos- 
phorus oxychloride in toluene, it was possible to 
isolate the isoquinoline derivative as the 
methiodide. 

Attempts to cyclize p- and o-trimethylsilyl- product, due to partial cleavage of the silicon- 
phenylacethomoveratrylamides using phospho- aryl bond. The trimethylsilyl group in these deriv- 
rus pentoxide or phosphorus oxychloride in tolu- atives is in a para or ortho position to a methy- 
ene as well as phosphorus pentachloride in chloro- lene group which is electron releasing as com- 
form at room temperature, (4) did not yield a pure pared to the carbonyl group in (1). This makes 
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the silicon-aryl bond in these compounds more 
sensitive to acid conditions. 1-p-Trimethylsilyl- 
methylbenzyl-3,4-dihydro-6,7-dimethoxy iso- 
quinoline (3) was obtained by cyclization of p- 
trimethylsilylmethylphenylacethomoveratryla- 
mide in toluene in the presence of phosphorus 
oxychloride. In this case the trimethylsilyl group 
being separated from the benzene ring by a 
methylene group is stable to  acid conditions (5). 
1-p-Trimethylsilylmethylbenzyl-1,2,3,4-tet- 

rahydro-2-methyl-6,7-dimethoxy isoquinoline 
(5) was obtained from 3 by reaction with methyl 
iodide and reduction of the resulting methiodide 
(4) with sodium borohydride. 

We investigated the possibility of cyclization 
under "physiological conditions". o-Trimethyl- 
silylphenethylamine hydrochloride and acetalde- 
hyde were kept at  room temperature at  pH 4 for 
10 days, but no cyclization occurred. This is 
compatible with previous findings of Schopf and 

Bayerle (6) that cyclization reactions under phys- 
iological conditions do not take place if no 
phenolic groups are present on the phenethyla- 
mine skeleton. 

Imidazolines substituted at the 2-position by 
aryl or aralkyl groups have a wide range of 
pharmacological activities; slight changes in 
structure may make dominant one or another 
activity (7, 8). 2-Benzyl imidazoline (Tolazoline, 
Priscoline) has a sympathomimetic activity and 
lowers the blood pressure (7). 

Some 2-aralkyl imidazolines containing a 
trialkylsilyl group in the para-position were syn- 
thesized by condensation of silicon-containing 
aromatic acids and ethylenediamine. A modified 
synthesis in which the components were heated 
in xylene in the presence of activated alumina, 
and the water formed removed by azeotropic 
distillation, gave the substituted imidazolines (6) 
in 35-50% yield. 

The ethylenediamide derivatives of the acids (7) degrees of resistance to enzymatic oxidative deg- 
were the main by-products in this condensation radation (9, 10). Phenethylamines having 
and could be isolated. trialkylsilyl substituents in the para position of 

the benzene ring (1) were found to lower the 

R 3 S i ~ C H 2 C O N H C H 2 C H 2 N H C O C ~ 2 ~ ~ i ~ 3  pressure (I I). 
We have synthesized some N-substituted p- 

7 trialkylsilyl phenethylamines (8) by lithium 
aluminium hydride reduction of the correspond- 

Phenethylamine has sympathomimetic activity ing amides. 
and increases the blood pressure. Substitution of N-p-trimethylsilylphenethyl morpholine hy- 
alkyl groups on the nitrogen causes variation in drochloride was found to lower the blood pres- 
the extent of this activity, mainly due to various sure in cats but its effect was of short duration. 
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Experimental l-o-Tritr1etl~ylsilylpI1et1yI-3,4-rlil1~~dro-6,7-dit~~etlroxy 
Isoqrtit~olitze Metlriodide 

~ e l t i n g  ~ o i n t s  were determined on a Fisher-Johns phosphorus oxychloride (5 ml) was dropped under 
apparatus. nitroeen into a soliltion of o-trimethvlsiIvlbenzhomove- 

p-Tritnetl~ylsi~~~~betzzIzon~ouerntryIat~~ide 
A solution ofp-trimethylsilylbenzoyl chloride (12) (2.12 

g; 0.01 mole) in chloroform (10 ml) was dropped into a 
cooled solution of homoveratrylamine (3.62 g; 0.02 mole) 
in dry chloroform (30 1111) and stirred for 20 h. The 
chloroform was evaporated it2 vacrro, and acetone was 
added to the residue. The precipitated homoveratryla- 
mine hydrochloride was filtered and washed thoroughly 
with acetone. The combined acetone solutions were evap- 
orated in uaclro, water was added and the p-trimethyl- 
silylbenzhomoveratrylamide was removed by filtration, 
washed with 5% hydrochloric acid and then with water; 
yield 3.03 g (85%), 1n.p. 117 "C, after recrystallization 
from aqueous ethanol. 
Anal. Calcd. for C20H27N03Si: C, 67.19; H, 7.61; 

N, 3.92; Si, 7.85. Found: C, 66.91; H, 7.66; N, 3.84; 
Si, 7.93. 

l-p-Trit~retl~~~lsilylplte,ryl-3,4-dilrydro-6,7-dimetlro.~y 
lsoqirinolirre 

phosporus pentoxide (16 g) was added in small por- 
tions to a well-stirred boiling solution ofp-trimethylsilyl- 
benzhomoveratrylan~ide (4 g; 0.011 mole) in dry toluene 
(100 ml). The addition was performed under nitrogen and 
the time taken was 30 min. The reaction mixture was 
heated and stirred for another 30 min, cooled, and the 
toluene decanted. Crushed ice was added, with stirring, 
to the residue until it dissolved. The acidic solution was 
extracted with ether, then cautiously made alkaline with 
cold dilute sodium hydroxide solution. The separated oil 
was taken up in ether, washed with water, and dried over 
lnagnesium sulfate. The ether was evaporated in uacuo 
and the l-p-trin1ethylsilylphenyl-3:4-dihydro-6,7-dime- 
thoxy isoquinoline (2.6 g; 70%) crystallized on addition 
of petroleum ether to the residue, m.p. 95 OC; h,,,,,, 238 
mp (E 25 500); 315 mp, (E 6800). 

Anal Calcd. for C20Hz5NOzSi: C, 70.76; H, 7.42; 
N, 4.13; Si, 8.27. Found; C, 70.65; H, 7.33; N, 4.36; 
Si, 8.53. 

The methiodide derivative was obtained on addition 
of methyl iodide (4 ml) to a solution of the 1-p-trinle- 
thylsilylphenyl-3,4-dihydro-6,7-dimethoxy isoquinoline 
(0.70 g) in benzene (30 1111). This was left at room tem- 
perature for 24 11. The methiodide derivative crystallized 
out in almost quantitative yield and was recrystallized 
from benzene - petroleum ether, m.p. with decomposition 
about 240 "C; h.,,, 253 mp (E 15 500), 316 mp (E 10 500), 
and 373 mp (E 1100). 

Anal. Calcd. for CZ,H281NOZSi: C, 52.39; H, 5.86; 
N, 2.91; I, 26.40. Found: C, 52.18; H, 5.72; N, 3.05; 
I, 26.72. 

ratryiamide (13) (3.57 g; 0.01 mole) ;n toluene (40 ml) 
and the mixture heated under reflux for 2 h. The toluene 
and POCI, were removed itr uncrro and the residue was 
taken up in a small quantity of methanol and added to 
5% ammonia solution (150 ml). The separated oil was 
extracted with ether, washed thoroughly with water, and 
dried over magnesium sulfate. The ether was removed 
and the residue was taken up in benzene (30 ml). This 
was gently boiled with methyl iodide (5 ml) for 5 h. 
Petroleum ether was added until the mixture became 
cloudy and the methiodide was left to crystallize in the 
refrigerator, yield 3.2 g (67%); n1.p. 193 "C after recrys- 
tallization from benzene- petroleum ether; h,,,, 254 nip 
(E 16 500), 318 n ~ p  (E 10 OOO), 374 my (E 11 300). 

Anal. Calcd. for Cz1H28TN02Si: C, 52.39; H, 5.86; 
N, 2.91; Si, 5.83; 1, 26.40. Found: C, 52.00; H, 6.14; 
N, 3.14; Si, 6.14; I, 26.57. 

p-Trit~retlgvlsilyb~zetIrylplret~~~IncetyI Clrloride 
Freshly distilled thionyl chloride (15 ml) was dropped 

slowly into a solution ofp-trimethylsilyln~ethylphenylace- 
tic acid (14) in dry benzene (10 ml) and heated under 
reflux for 1.5 h.  Excess thionyl chloride and benzene 
were removed in urrcrro and the p-trimethylsilylmethyl- 
phenylacetyl chloride (10.5 g; 87%) was distilled at 
108-1 10 "C/lrn~n. 

Anal. Calcd. for C12H17CIOSi: C, 59.86; H, 7.12; 
CI, 14.73. Found: C, 59.77; H, 7.12; C1, 14.62. 

p-Trinret/ry/si/j~/tt~et/ry/p/retry/acet-/rotnoveratry/atnide 
The amide was obtained in 90% yield by reaction of 

p-trimethylsilylmethylbenzoyl chloride and homovera- 
trylamine, b.p. 245-250 "C/lmm; m.p. 54 "C. 

Anal. Calcd. for C2ZH31N03Si: C, 68.53; H, 8.11; 
N, 3.63; Si, 7.28. Found: C, 68.42; H, 8.13; N, 3.62; 
Si, 7.45. 

l-p-Trin1etlrylsilyhretlryIberrzyl-3,4-rlilrydro-6,7- 
dirnetlroxy Isoqrrinoline Metlliodide 

Phosphorus oxychloride (10 1111) was dropped into a 
solution of p-trimethylsilyln~ethylpl~enylacethomovera- 
trylamide (4.6 g, 0.012 mole) in toluene (30 1111) and heated 
under reflux for 3.5 h in an argon atmosphere. Excess 
oxychloride and toluene were then driven off in uaciro 
and the residue was dissolved in alcohol-water. The 
solution was made alkaline with dilute sodium hydroxide, 
and the oil which separated out was extracted with ether, 
washed with water, and dried over magnesiun~ sulfate. 
The ether was removed itr vncrro. Petroleum ether (40- 
60 "C) (100 ml), benzene (10 ml), and methyl iodide 
(15 ml) were added and the mixture was heated under 
reflux for 4 h. The reaction mixture was evaporated in 
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uacuo and the residual methiodide was recrystallized from 
benzene - petroleum ether; yield 4 g (65%); m.p. 206 "C; 
h,,, 256 mp (E 14 5.00), 296 mp (E 14 OOO), 378 mp 
(E 6900). 

Anal. Calcd. for CZ3H321N02Si: C, 54.22; H, 6.33; 
N, 2.75; Si, 5.51; I, 24.91. Found: C, 54.60; H, 6.28; 
N, 2.69; Si, 5.21; I, 24.73. 

I-p-Tritt1ethylsilylr~1ethylbetzzyl-l,2,3,4-tetra/1ydro- 
2-rnethyl-6,7-dimethoxy Isoquinolir~e 

Sodium borohydride (1.5 g) was added portion-wise 
with stirring into 1-p-trimethylsilylmethylbenzyl-3,4- 
dihydro-6,7-dimethoxy isoquinoline methiodide (2.55 g, 
0.005 mole) in methanol (30 ml). Stirring was continued 
for 2 h and the solution became yellow. The methanol 
was removed it1 uaclro, 10% sodium hydroxide (50 ml) 
was added to the residue, the amine was extracted with 
ether, washed with water, and dried over magnesium 
sulfate. The ether was removed in vacuo and the amine 
(1.5 g, 82%) was distilled at 226225 "C/lmm; h,,, 230 
mp (shoulder) (E 20 000); 283 mp (E 4800). 

Anal. Calcd. for C23H33N02Si: C, 72.02; H, 8.67; 
N, 3.65; Si, 7.32. Found: C, 71.49; H, 8.33; N, 4.01; 
Si, 7.68. 

p-Trinzet/~ylsilylp/ze~zylacethornoveratrylanzide 
The amide was obtained in 84% yield from p-trime- 

thylsilylphenylacetyl chloride and homoveratrylamine; 
b.p. 230 "C/lmm; m.p. 45 "C. 

Anal. Calcd. for CZ1HZ9NO3Si: C, 67.89; H, 7.87; 
N, 3.77; Si, 7.56. Found: C, 67.92; H, 7.53; N,3.54; 
Si, 7.82. 

o-Trinzet/zylsilylphenylacethor~zoveratrylatnide 
The amide was prepared in 78% yield from o-trime- _ thylsilylphenylacety1 chloride and homoveratrylamine; 

b.p. 232-236 "C/lmm. 
Anal. Calcd. for CZIHZ9N03Si: C, 67.89; H, 7.87; 

N, 3.77; Si, 7.56. Found: C, 68.03; H, 7.68; N, 3.62; 
Si, 7.63. 

2-(p-Trimet/zylsilyl) berzzyl Inzidazoline 
Asolution ofp-trimethylsilylphenylacetic acid (la) (4.16 

g; 0.02 mole) in benzene (50 ml) was dropped into a 
solution of ethylenediamine (10 ml) in benzene (50 ml) 
and stirred for 5 min. The benzene was driven off in 
uacuo. Dry xylene (50 mi) and activated alumina (22 g) 
(66200 mesh) were added to the residue and the mixture 
was heated in an azeotropic distillation apparatus for 
3.5 h. The reaction mixture was cooled and the alumina 
was removed by filtration and washed thoroughly with 
dry benzene. The xylene and benzene solutions were 
combined and distilled fractionally in uacrro. The 2-(p- 
trimethy1silyl)benzyl imidazoline (1.62 g; 35 %) passed at 
16C163 "C/lmm and solidified on cooling; m.p. 101 "C 
on recrystallization from petroleum ether. 

Anal. Calcd. for C13HzoN2Si: C, 67.19; H, 8.67; 
N, 12.06; Si, 12.07. Found: C, 67.11; H, 8.34; N, 12.27; 
Si, 12.35. 

From the residue the ethylenediamide of p-trimethyl- 
silylphenyl acetic acid (1.85 g, 42%) was isolated; m.p. 
126 "C on recrystallization from aqueous ethanol. 

Anal. Calcd. for C2,H36N202Si2: C, 65.41; H, 8.24; 
N, 6.36; Si, 12.73. Found: C, 65.65; H, 8.94; N, 6.48; 
Si, 12.46. 

2-(p-Triethylsilyl) betzzyl Imidazoline 
p-Triethylsilylphenylacetic acid (1 1) condensed with 

ethylenediamine by a similar procedure yielded 2-(p- 
triethylsilyl) benzyl imidazoline in 48% yield, b.p. 189- 
191 "C/lmm; m.p. 77 "C on recrystallization from petro- 
leum ether. 

Anal. Calcd. for C16H26N2Si: C, 70.02; H, 9.55; 
N, 10.21; Si, 10.22. Found: C, 69.83; H,  9.56; N, 10.50; 
Si, 10.02. 

2-(p-Trimet/zylsilylmethyl) benzyl In~idazolirzr 
This substituted imidazoline was obtained in 40% 

yield by the condensation ofp-trimethylsilylmethylphenyl 
aceticacid(l4) andethylenediamine, b.p. 174-176 "Cllmm; 
m.p. 85 "C on recrystallization from petroleum ether. 

Anal. Calcd. for C,,HZ2N2Si: C, 68.21; H, 8.99; N, 
11.37; Si, 11.38. Found: C, 68.24; H, 8.87; N, 11.56; 
Si; 11.15. 

The ethylenediamide of p-trimethylsilylmethylphenyl 
acetic acid was isolated in 45 %yield and melted at 165 "C 
on recrystallization from aqueous ethanol. 

Anal. Calcd. for C26H40N202Si2: C, 66.62; H, 8.60; 
N, 5.98; Si, 11.97. Found C, 67.03; H, 8.37; N, 6.44; 
Si, 11.71. 

2-(p-Trimethylsilyl)/~ydrocinnamyl Imidazolitze 
The substituted imidazoline was synthesized from p- 

trimethylsilylhydrocinnamic acid (2c) and ethylenedia- 
mine in 42% yield; b.p. 168-171 "C/lmm; m.p. 105" C. 

Anal. Calcd. for Cl4HZZN2Si: C, 68.21; H, 8.99; N, 
11.37; Si, 11.38. Found: C, 68.16; H, 9.28; N, 10.95; 
Si, 11.68. 

N-(p-Tri~net/zy/silylp/lenethyl)piperidit~e 
A solution of p-trimethylsilylphenylacetyl piperidine 

(2c) (6.3 g; 0.025 mole) in dry ether (30 ml) was dropped 
with stirring into a suspension of lithium aluminium 
hydride (1.9 g; 0.05 mole) in ether (50 ml) under argon, 
heated to reflux for 3.5 h and stirred overnight. The 
reaction mixture was cooled in an ice-salt bath and ethyl 
acetate (6 ml) was dropped in, followed by water (3 ml) 
and 20% sodium hydroxide solution (4 ml). The pre- 
cipitated salts were removed by filtration and washed 
thoroughly with ether. The amine was extracted from 
the ethereal solutions with dilute hydrochloric acid, made 
alkaline with sodium hydroxide and taken up again in 
ether, dried over magnesium sulfate and distilled in 
vacuo. The N-(p-trimethylsilylphenethyl) piperidine (5.42; 
83%) distilled at 136133 "C/2mm. 

Anal. Calcd. for C16H2,NSi: C, 73.50; H, 10.41; N, 
5.36; Si, 10.73. Found: C, 73.77; H, 10.34; N, 5.34; 
Si, 10.56. 

N-(p-Trirnet/zylsilyIphethyl)morpholine 
The amine was synthesized as above in 85% yield 

from N-p-trin~ethylsilylphenylacetyl morpholide (2c), b.p. 
138-140 "C/2mm. 

Anal. Calcd. for C,,H2,NOSi: C, 68.39; H, 9.57; 
N, 5.32; Si, 10.65. Found: C, 68.72; H, 9.25; N, 5.17; 
Si, 10.84. 

N-(p-Trimethylsilylphenethyl)n~orpholine 
Hydrochloride 

This was obtained by passing dry gaseous hydrogen 
chloride into a cooled solution of the amine in dry ether; 
m.p. 240 "C. 
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Anal. Calcd. for C,,Hz6C1NOSi: C, 60.07; H, 8.74; 
C1, 11.82. Found: C, 60.04; H, 8.82; C1, 12.13. 

N-Methyl-p-trimetblsilylpI~ethylamine 
This was synthesized as before in 63% yield froill 

N-methyl-p-trimethylsilylpl~enylacetamide (2c); b.p. 120- 
122 "C/lrnrn. 

Anal. Calcd. for CI2Hz1NSi: C, 69.50; H, 10.21; N, 
6.76; Si, 13.53. Found: C, 70.06; H, 10.02; N, 6.63; 
Si, 13.73. 

N-(p-Trimethylsilylbetizyl)p-Trimetliylsi/y~/~e~~ethyla~ni~ze 
This arnine was prepared similarly in 65% yield by 

reduction of theappropriateamide; b.p. 190-196 "C/lrnrn; 
m.p. 90 "C. 

Anal. Calcd. for Cz,H,,NSi2: C, 70.93; H, 9.35; N, 
3.94;Si, 15.78.Found:C,71.16;H,9.02;N,4.04;Si, 15.65. 
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Fischer indole synthesis. The reaction of 
N'-alkyl-2,6-dialkylphenylhydrazines with cyclohexanonel 

G. S. BAJWA AND R. K. BROWN 
Department of C/ret>zistry, Utziversity of Alberta, Ed~rotrton, Alberta 

Received January 29, 1968 

Condensation of N'-methyl-2,6-dirnethylphenylhydrazine with cycloliexanone in refluxing benzene 
gives 8,9-dimethyl-l,2,3,4-tetrahydrocarbazole along with water and ammonia. Yields of the 8,9-dimethyl- 
1,2,3,4-tetrahydrocarbazole are improved and general decomposition in the reaction mixture minimized 
if the hydrazine hydrochloride is used. In this case, however, the ammonia is obtained as ammonium 
chloride contaminated with -6% of rnethylammoni~~ni chloride. N'-Ethyl-2,6-dimethylphenylhydrazine 
hydrochloride and N'-methyl-2,6-diethylphenylhydrazine hydrochloride condense with cyclohexanone 
to give 9-ethyl-8-methyl-l,2,3,4-tetrahydrocarbazole and 8-ethyl-9-methyl-l,2,3,4-tetrahydrocarbazole 
~.espectively along with amrnoniuln chloride contaminated with a very small amount of ethylarnrnoniuni 
chloride and niethylammonium chloride respectively. 

The results are interpreted in terms of the formation first of the intermediate enamine then the 
dienone-imine. 

Canadian Jou rna l  of C l~emis t ry ,  46, 1927 (1968) 

Introduction 

Recently (1) this laboratory reported the 
results of an attempt to isolate the dienone- 
imine, 3 (Scheme 1) postulated as an inter- 
mediate in the mechanism of the Fischer indole 
synthesis (2, 3). Two innovations had been 
employed (1). First, to prevent the rapid aromati- 
zation of the dienone ring (3 -> 4, R = H), and 
thus loss of this diene intermediate, the 2- and 
6-positions of the aromatic ring in the phenyl- 
hydrazine were blocked by chlorine substituents 
(1, R = Cl). Secondly, since an enamine such as 
2 is thought to be a necessary intermediate 
preceding the dienone-imine (2, 3), it was con- 
sidered advantageous to condense cyclohexa- 
none with N'-nzethyl-2,6-dichlorophenylhydra- 
zine, rather than with 2,6-dichlorophenylhy- 
drazine and thus obtain the enamine directly. 
This would avoid the rearrangement of a 
phenylhydrazone to the enamine, which is con- 
sidered to be the first step in the formation of 
indole from a phenylhydrazone. 

Two significant results were obtained (1). 
Although neither the enamine (2, R = Cl) nor 
the dienone-imine (3, R = Cl) could be isolated, 
the products actually obtained, (5 and 6, R = C1, 
in 14% and 21 % yield respectively) were readily 
explicable only on the basis of both the enamine 
and dienone-imine intermediates. Also, the con- 

lTaken from the thesis of G. S. Bajwa to be submitted 
to the Faculty of Graduate Studies, University of 
Alberta, Edmonton, Alberta, as part of the requirements 
for the degree of Doctor of Philosophy. 

densation, 1 -> 2, and cyclization to 5 and 6 
occurred at room temperature witlzout the aid of 
an acid catalyst, the first example of the Fischer 
reaction under such mild conditions. 

Although the 2,6-dichloro substituents in 1 
(R = CI) were expected to retard aromatization 
(3 -> 4, R = Cl), their incorporatioil gave a 
substance or substances which lost halogen 
readily at some stage during the formation of 5 
or 6 (R = Cl). If one accepts the dienone-imine 
as an intermediate in the mechanism of the 
Fischer indole synthesis, then a labile halogen 
atom is evident in the allylic system present in 
structures 3 and 7 (Scheme 2), with aromatization 
as the driving force leading to further reaction. 

For the present work it was thought that 
substitution at positions-2 and -6 by methyl 
groups rather than by halogen atoms should 
decrease the tendencv towards such elimination 
and aromatization, and thus improve the sta- 
bility of the intermediates 3 and 7 (R = CH,). 
This paper describes the results obtained when 
N'-methyl-2,6-dimethylphenylhydrazinewascon- 
densed with cyclohexanone by azeotropic re- 
moval of water. 

Results and Discussion 

When equimolar quantities of carefully dried 
N'-methyl-2,6-dimethylphenylhydrazine and cy- 
clohexanone were heated under nitrogen in 
refluxing dry benzene, a 26% yield of 8,9- 
dimethyl-1,2,3,4-tetrahydrocarbazole was ob- 
tained, identical in all respects with an authentic 
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,H + 0 ;:2 qipNn + qIiTJ3 
N-N, 0 

I I I I R CH3 H CH3 
/ 

H CH3 

(reduction) H 
I 

I I 
H CH3 CH3 

sample prepared by methylation of %methyl- resonance (n.m.r.) spectrum in D 2 0  of the latter 
1,2,3,4-tetrahydrocarbazole (4). Water was ob- material showed only one significant signal, that 
tained in a Dean-Stark trap (5). The gases for DOH. However, the presence of a minute 
evolved from this reaction were collected in dry peak at z 7.3 indicated that a very small amount 
ether saturated with dry hydrogen chloride. A of methylamine might have been formed. Identi- 
precipitate of ammonium chloride was obtained fication was made by melting point and by 
as the only product. The nuclear magnetic n.m.r. spectra obtained in water and in D20. 
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FIG. 1. The ultraviolet spectrum of the reaction product 8,9-dimethyl-1,2,3,4-tetrahydrocarbazole in cyclohexane. 
FIG. 2. The ultraviolet spectrum of authentic 8,9-dimethyl-l,2,3,4-tetrahydrocarbazole in cyclohexane. 
FIG. 3. The ultraviolet spectrum of authentic 8-methyl-1,2,3,4-tetrahydrocarbazole in cyclohexane. 
FIG. 4. The ultraviolet spectrum of 2,3,3-trimethylindolenine in cyclohexane. 

When the same condensation was repeated 
with N'-methyl-2,6-dimethylphenylhydrazine hy- 
drochloride and cyclohexanone, the reddish 
yellow oil which was left after removal of the 
benzene solvent did not darken, and readily 
deposited nearly double the yield of 8,9-di- 
methyltetrahydrocarbazole (44 %). In this case, a 
small amount of methyl ammonium chloride 

(-6%) was found mixed with the ammonium 
chloride obtained from the ether trap. The 
difference in color of the oils is no doubt due to 
the strong tendency of free N'-methyl-2,6- 
dimethylphenylhydrazine to decompose on 
standing, whereas its hydrochloride is quite 
stable and has been kept indefinitely with no 
apparent decomposition. 
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In the preparation of authentic 8,9-dimethyl- 
1,2,3,4-tetrahydrocarbazole it was found that 
N-methylation of 8-methyl-l,2,3,4-tetrahydro- 
carbazole was difficult and gave at best a poor 
yield of the 8,9-dimethylated homologue (7% 
was converted to the N-methylated product. 
Yield, based on the carbazole consumed, is 
-20%). Resistance to N-methylation might be 
attributed to steric hindrance due to the methyl 
group at position-8 since under identical condi- 
tions of methylation 1,2,3,4-tetrahydrocarbazole 
gave the N-methyl homologue in at least 45% 
yield. 

That methylation of 8-methyl-l,2,3,4-tetra- 
hydrocarbazole had actually occurred on the 
nitrogen atom and not elsewhere is indicated by 
the absence of C=N absorption in the region 
1630-1690~m-~ in the infrared (6), and the 
close similarity of the ultraviolet (u.v.) spectrum 
of the methylated product (Fig. 2) to that for 
8-methyl-1,2,3,4-tetrahydrocarbazole (Fig. 3) and 
the marked difference from that for 2,3,3,-tri- 
methylindolenine (Fig. 4). Further support for 
N-methylation of 8-methyl-1,2,3,4-tetrahydro- 
carbazole is shown by its n.m.r. spectrum (in 
CDC1, referred to tetramethylsilane). The signals 
for the methyl group protons in authentic 
8-methyl-l,2,3,4-tetrahydrocarbazole and 9- 
methyl-l,2,3,4-tetrahydrocarbazole are at T 7.58 
and T 6.57, respectively. The proton signals for 
the two methyl groups in 8,9-dimethyltetra- 
hydrocarbazole are at T 7.27 and T 6.20, in the 
region expected for the methyl group attached 
to the benzene ring and to the nitrogen atom, 
respectively. 

The formation of 8,9-dimethyltetrahydrocar- 

bazole by the condensation of cyclohexanone 
with N'-methyl-2,6-dimethylphenylhydrazine can 
be explained by assuming the intermediacy of the 
dienone-imine 3a (Scheme 3) which cyclizes to 8. 
Elimination of NH, as ammonia is possible due 
to the formation of the resonance stabilized 
imonium-carbonium ion, 9. Loss of the methyl 
group as the equivalent of a methyl carbonium 
ion is facilitated by the stability gained in the 
conversion of 9 to the aromatic system, 10. 

It is clear that one of the methyl groups of the 
aromatic ring is lost. However, its fate is as yet 
unknown. Failure to detect or isolate methyl 
alcohol or methylamine (except for the small 
amount of the latter detected when the hydro- 
chloride was used) indicates that the liberated 
water or ammonia do not provide the chief 
nucleophile which attacks the labile methyl 
group. The evolved gases absorbed in ether or in 
benzene showed no evidence (by mass spectrom- 
etry) for the presence of methane, which might 
arise by a reductive process such as that sug- 
gested (1) for the liberation of halogen as halide 
ion from 3 to give 5 in Scheme 1 (R = Cl). 

When equimolar quantities of dry N'-methyl- 
2,6-diethylphenylhydrazine hydrochloride and 
cyclohexanone were heated under nitrogen for 
1.5 to 4 h in refluxing dry benzene a 38 % yield of 
8-ethyl-9-methyltetrahydrocarbazole was ob- 
tained. (If the free hydrazine was used, much 
decomposition was observed and a yield of only 
4 % of the 8-ethyl-9-methyltetrahydrocarbazole 
was obtained.) Ammonia was obtained as the 
hydrochloride when it was trapped in acidified 
dry ether. As well, the presence of a small 
amount of methylammonium chloride was de- 
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FIG. 5. The ultraviolet spectrum of the reaction product 8-ethyl-9-methyl-1,2,3,4-tetrahydrocarbazoe in cyclo- 
hexane. 

FIG. 6. The ultraviolet spectrum of the reaction product 9-ethyl-8-methyl-1,2,3,4-tetrahydrocarbazole in cyclo- 
hexane. 

tected by the n.m.r. spectrum of the precipitated 
salt. No ethylammonium chloride could be 
discerned. 

The structure of the product 8-ethyl-9-methyl- 
1,2,3,4-tetrahydrocarbazole was verified by its 
n.m.r. spectrum and by the similarity of the U.V. 
absorption spectrum (Fig. 5) to that of 8,9- 
dimethyl-l,2,3,4-tetrahydrocarbazole (Fig. 2) and 
to that of 8-ethyl-l,2,3,4-tetrahydrocarbazole 
(Fig. 7). We were unable to methylate 8-ethyl- 
1,2,3,4-tetrahydrocarbazole and thus provide an 
authentic sample for comparison. 

Condensation of cyclohexanone and Nf-ethyl- 
2,6-dimethylphenylhydrazine hydrochloride 
under conditions similar to those mentioned 
above gave a 13 % yield of 9-ethyl-8-methyl- 
1,2,3,4-tetrahydrocarbazole, whose structure was 
corroborated by the n.m.r. and U.V. (Fig. 6) 
spectra. Here again, we were unable to ethylate 
the nitrogen atom of 8-methyl-l,2,3,4-tetrahy- 
drocarbazole to produce an authentic specimen. 
Of significance was the fact that the gases col- 
lected in acidified ether gave a precipitate of 
ammonium chloride contaminated with a small 
amount of ethylammonium chloride but no 
methylammonium chloride. 

This clearly indicates that the small amount of 
methylammonium chloride obtained from the 
condensation of both N'-methyl-2,6-dimethyl- 
phenylhydrazine hydrochloride and N1-methyl- 

I I I 
250 300 

WAVELENGTH (mp) 

FIG. 7. The ultraviolet spectrum of authentic 8-ethyl- 
1,2,3,4-tetrahydrocarbazole in cyclohexane. 

2,6-diethylphenylhydrazine hydrochloride with 
cyclohexanone must have come from a side 
reaction such as shown in Scheme 4 and not 
from the attack by ammonia on the labile methyl 
group from the benzene ring. A blank reaction 
with a solution of the N'-methyl (or ethyl)-2,6- 
dimethylphenylhydrazine hydrochloride in ben- 
zene containing no cyclohexanone gave only the 
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(R = CH3 or C2H5; R' = CH3 or C2H5) 
SCHEME 4 

unchanged hydrazine hydrochloride and no ether and dried (MgSO,). The ether was removed by 
methyl (or ethyl) ammonium chloride. rotary evaporator and the oily residue was dissolved in 

120 ml of glacial acetic acid. Formylation was carried out 
That the chief reaction should be c~clization by a modification of the published directions (1, 8). To 

in the direction shown by Scheme 3 rather than the solution was added dropwise 6.6 g (0.147 mole) of 
that in Scheme 4 is due to the presence of the formamide and the mixture then stirred for 2 h. It was 

proton in 3a (scheme 3) which is easily lost to cooled in an ice bath and made alkaline by the slow 
addition of 5 % aqueous sodium hydroxide, the tempera- produce the nucleophilic group ture being kept -20 "C. The oil which separated was 

(enamine) attached to the cyclohexene ring removed by extraction with ether (2 x 150 ml) and dried 
system whereas similar formation of a nucleo- (MgSO,). The filtered ether solution, when cooled in a 
phi]ic primary amino group from the dienone- refrigerator overnight, deposited needles which were 

inline system is much more difficult. separated and thrice crystallized from ether; yield, 6 g 
(31 %); m.p. 139-140 "C. When the above procedure was 

date we have been to the modified by dilution of the glacial acetic acid-formamide 
proposed intermediate enamine, 2 or dienone- mixture with water as previously advocated (1, 8), rather 
imine, 3 (Scheme I,  R = CH,). However, the than with 5 %  aqueous sodium hydroxide, the yield was 
results of this work add further support for the markedly increased(73%). 

Anal. Calcd. for C9HI2N20: C, 65.85; H, 7.31; N, accepted mechanism (2, 3) of the Fischer indole 17.07. Found: C,66.28; H,7.52;N, 16.83. 
synthesis. The i.r. spectrum in Nujol showed two strong bands at 

Experimental 3240 cm-' and 3295 cm-' (two different NH) and a 
strong band at 1670 cm-I (C=O). 

All melting points and boiling points are uncorrected. The n.m.r. spectrum in c~f-1~ possessed two sharp 
Elemental analyses were made by Mrs. signals at r 7.62 and r 7.72 for methyl groups attached to 

Mahlow, Department of Chemistry, University ofAlberta, the aromatic ring. These were in the area ratio of 28:11 
and by ~ r .  C. ~aess le ,  Organic Microanalysis, 5757 respectively. In pyridine-d5 the 100 MHzspectrum showed 
Decelles Avenue, Montreal. that they were in the area ratio of -2:1, but collapsed to 

Unless otherwise stated, solvents were removed with a a singlet at 100 "C. They reappeared when the tempera- 
rotary evaporator under vacuum produced by a water ture was decreased to below -90 "C, thus indicating that 
pump. 

Ultraviolet (u.v.) spectra were obtained with a Perkin- 
Elmer model 202 ultraviolet-visible spectrometer. The 
solvent in all cases was cyclohexane. 

Infrared (i.r.) and nuclear magnetic resonance (n.m.r.) 
spectra were obtained by Mr. Robert Swindlehurst, 
Department of Chemistry, University of Alberta, Ed- 
monton. The n.m.r. spectra were taken in CDCI, 
solution unless otherwise stated. Signals are referred to 
tetramethylsilane. 

N'-Forr~1yl-2,6-dimethylphenylhydrnzi11e 
A solution of 20 g (0.116 mole) of 2,6-dimethylphenyl- 

hydrazine hydrochloride (7) in 80 ml of water was made 
alkaline by the addition of ice-cold concentrated aqueous 
sodium hydroxide. The liberated oil was extracted with 

~'-form~l-2,6-dimethylphen~lh~drazine exists in- two 
forms at temperatures below 90 "C. The other signals of 
the n.m.r. spectrum in pyridine-d5 were at r 2.86-3.24 
(multiplet, 3H aromatic + l H for NH); r 1.73 (singlet) 
and r 1.20 (doublet, J = 11 Hz) for 1 H for CHO; 
r -0.20 (doublet, J = 1 l Hz) and r -0.47, 1 H for NH. 
The N-H signals were identified by deuterium exchange. 

Attempts to introduce a second formyl group, by 
repetition of the above procedure starting with N'- 
formyl-2,6-dimethylphenylhydrazine, were unsuccessful. 
Only starting material was recovered in excellent yield. 

Raney Nickel Reduction of N'-Formyl-2,6-dimethyl- 
phet~ylhydrazine 

N'-Formyl-2,6-dimethylphenylhydrazine was reduced 
with W-2 Raney nickel according to published directions 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BAJWA A N D  BROWN: FISCHER INDOLE SYNTHESIS 1933 

(9). The oil obtained after removal of the catalyst and 
solvent was extracted with benzene and dried (MgSO,). 
Removal of the benzene gave a liquid which, by its i.r. 
and n.m.r. spectra was identified as 2,6-dimethylaniline. 
Acetylation gave a derivative which proved to  be N- 
acetyl-2,6-dimethylaniline (10) by its melting point and 
mixture melting point (176177 "C). The oil left after 
the extraction with benzene proved t o  be formamide by 
comparison of its i.r. spectrum and gas-liquid chronlato- 
graphic retention time with those of authentic formamide. 
Chromatography was done on a 100 in. x 0.2 in. (I.D.) 
column of Apiezon L (8 g) on Gas Chrom P (32 g) with 
helium as the carrier gas. 

This information proved that t?~onoformylation had 
occurred, and only on the nitrogen atom of 2,6-dimethyl- 
phenylhydrazine remote from the ring. 

Crude N'-Formyl-N'-tnerhyl-2,6-dinierI1ylphen~~l/rydrclzi1re 
N'-Formyl-2,6-dimethylphenylhydrazine (4 g) was nie- 

thylated according to published directions for the prepa- 
ration of N'-methyl-N'-formyl-2,6-dichlorophenylhydra- 
zine (I), but using a 2 : l  molar ratio of dimethyl sulfate to  
the hydrazine. The reaction mixture was then diluted with 
water, extracted with ether, and dried (MgSO,). Removal 
of the ether gave a yellow oil (3.8 g, 87.5 %). The oil was 
obviously a mixture according to its n.m.r. spectrum. 
Fractional distillation procedures were prohibitive due 
to  the tendency of the material to  decompose. Attempts 
at purification by chromatography were unsuccessful. 

Hydrolysis of N ' - F o r r r r y l - N ' - 1 ? 1 e t I ~ y l - 2 , 6 - d i t ? r e ~  
hydrclzine 

A solution of 5 g of the crude N'-formyl-IV'-methyl- 
2,6-dimethylphenylhydrazine in a mixture of 10 ml of 
concentrated hydrochloric acid in 10 n11 of 95 % ethyl 
alcohol was refluxed for 6 h. The cooled mixture was 
poured into ice cold water (80 ml) and basified with 5 % 
aqueous sodium hydroxide. The mixture was extracted 
with ether, dried (MgSO,), filtered, and reduced in 
volun~e to  -100 ml. Addition of dry hydrogen chloride 
gave a yellow precipitate (3.85 g) melting at  169-175 "C 
(addition of a large excess of hydrogen chloride caused 
some darkening and decomposition). After crystallization 
from alcohol-ether it melted at 198-199 "C; yield, 2.1 g 
of N'-rnetkyl-2,6-dirnerIry~Iret1yII1ydrazO1e hydrochloride. 

Anal. Calcd. for COHISNZC1: C, 57.92; H, 8.04; N, 
15.01; C1, 19.01. Found: C, 58.06; H, 8.09; N, 14.97; 
C1, 19.03. 

The i.r. spectrum in Fluolube (Hooker Chemicals) 
showed strong bonds at 3240 cm-' (N-H), 2940 cm-' 
(CH3), 2700 cm-' (NHZ@), and 1575 cm-' (aromatic 
C==C). 

The n.m.r. spectrum in D,O showed sharp singlets at  
r 2.73 (3H, aromatic), r 5.20 (DOH, broad singlet), 
r 6.98 (3H, for N-CH3), and r 7.59 (6H, two CH3 
attached to  an aromatic ring). 

The N'-methyl-2,6-din1ethylphenylhydrazine hydro- 
chloride (2.6 g) was dissolved in 50 ml of water and 
basified with 2% aqueous sodium hydroxide. The ether 
extract of this mixture was washed with water (3 X 20 n11) 
and dried (MgSO,). The ether was removed giving crude 
N'-methyl-2,6-dimethylphenylhydrazine 71D25'5, 1.539. 
The n.m.r. spectrum agreed with the structure but 
indicated some decomposition. N o  evidence of the 
presence of the solvent, diethyl ether, was observed. The 

oil darkened rapidly at room temperature, hence further 
purification was unsuccessful. An elemental analysis of  
this material gave the following results. 

Anal. Calcd. for C9H14N2: C, 72.00; H, 9.33; N, 
18.66. Found: C, 71.08,71.53; H, 8.53,8.24; N, 17.63. 

The mother liquor obtained from the acidified (HCI) 
ether solution above was further concentrated to  -50 ml 
and kept in a refrigerator overnight. A colorless precipi- 
tate was obtained (1.5 g) melting at  180-181 "C. Crystal- 
lization from ethanol (95 %) - ether failed to change the 
melting point. 

Anal. Calcd. for Cl0Hl7N2C1: C, 59.86; H, 8.48; N, 
13.99; CI, 17.68. Found: C, 59.61; H, 8.41; N, 13.72; 
C1, 17.77. 

This data, along with that shown below, agreed with 
the structure of the compound as N',N'-dittrerl~vl-2.6- 
di~nerhylphetyllrydrazine l~~droclrloride. ~pparent l ;  some 
hydrolysis and dimethylation had occurred during the 
niethylation of N'-formyl-2,6-dimethylphenylhydrazine. 

The i.r. spectrum in Fluolube showed the following 
bands: 3228 cm-I (NH), 2940 cm-' (CH3), 2700cm-' 
( N H o ) ,  and 1578 cm-I (aromatic C=C). 

The n.m.r. spectrum of the 180-181 "C melting 
material in D 2 0  showed signals at r 2.90 (3H, aromatic, 
sharp singlet), r 5.27 (DOH, broad singlet), r 6.96 (3H) 
and r 7.12 (3H) (sharp singlets for two N C H j  groups) 
and at  r 7.68 (6H, singlet for two CH3 groups attached to  
an aromatic ring). 

When N'-formyl-2,6-dimethylphenylhydrazine was me- 
thylated with an equimolar proportion of dimethyl sulfate 
(1) the product obtained, following the above procedure, 
was N'-methyl-2,6-dimethylphenylhydrazine hydrochlo- 
ride (42%). N o  N',N'-dimethyl-2,6-dimethylphenylhy- 
drazine hydrochloride was obtained. 

Pure N'-Formyl-N'-merlryl-2,6-di1netI1ylpI1et1yIIrydrn~it1e 
A solution of 1 g (0.0053 mole) of N'-methyl-2,6- 

dinlethylphenyll~ydrazine hydrochloride in water (50 ml) 
was basified with 5 %  aqueous sodium hydroxide. The 
ether extract (2 x 50 nil) was washed with water (2 >: 
20 ml) and dried (MgSO,) for 1 h. The drying agent was 
separated and the filtrate was freed of solvent. To  the 
residual yellow oil was added 6 ml of glacial acetic acid 
followed by 0.5 g (0.011 mole) of formarnide. The 
mixture was stirred for 3 h at room temperature, then 
diluted with 20 ml of water. The benzene extract (2 x 
50ml) of this mixture was washed with 5 %  aqueous 
sodium carbonate (4 x 30 ml) and then with water 
(2 x 50 ml) and dried overnight (MgS0,) in a refriger- 
ator (to minimize decomposition). The filtrate was freed 
from solvent at  room temperature for 6 h. The yellow oil 
(690 mg) solidified on standing for -1.5 h. Three 
crystallizations from petroleum ether (b.p. 60-70 "C) 
gave 510 mg (53 %) of N'-formyl-N'-n~etlryl-2,6-dinietlr~~l- 
plrenyllrydrazitre. 

Anal. Calcd. for C10H14NZO: C, 67.41; H, 7.92; N, 
15.73. Found: C, 67.46; H, 7.76; N, 15.74. 

The n.m.r. spectrum supported the structure com- 
pletely. Signals were found at r 1.44 (1H for CHO, 
singlet), r 2.8-3.1 (3H, aromatic, multiplet), r 3.96, ( lH ,  
for NH, broad singlet), r 7.21 (3H, for NCH3, singlet), 
and r 7.76 (6H, singlet for two aromatic CH3 groups). 

Attempts at hydrogenolysis of N'-formyl-N'-methyl- 
2,6-dimethylphenylhydrazine with Raney nickel (9) were 

. Lines 11 1-- 
--a? and 10 shall therefore read: ".-. . gave 510 mg F'D H g2 F;AIA s ~ . t -  

(53%) of Nf-formyl-N'-methyl-2,bdimethyl- l..,.l... 

. 19.,. ... . .F. . . , .. phenylhydrazine, m.p. 6W." ----.----___- i - 
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unsuccessful. Only unchanged material was recovered. 
This is not surprising in view of the finding that 1,2- 
diacetyl-1,2-dimethylhydrazine could not be cleaved by 
treatment with Raney nickel (11). 

2,6-Diet/zylphetzylhydrazitze Hydrochloride 
This was made by the method described for the 

preparation of 2,6-dimethylphenylhydrazine hydrochlo- 
ride (7). From 53 g (0.355 mole) of 2,6-diethylaniline 
there was obtained 30 g (42%) of 2,6-diethylphenyl- 
hydrazine hydrochloride melting at 176-177 'C. An 
analytical sample, crystallized from a mixture of ether 
and 95% ethanol melted at 191-192 "C. 

Anal. Calcd. for ClOHl7NZC1: C, 59.80; H, 8.53; N, 
13.95; C1, 17.68. Found: C, 60.08; H, 8.68; N, 14.22; 
C1, 17.70. 

N'-Forngvl-2,6-dietIiylpIietiyIIiydrazine 
N'-Formylation was carried out according to the 

directions for the N'-formylation of phenylhydrazine (8). 
From 5 g (0.03 mole) of crude 2,6-diethylphenylhydrazine 
(obtained by evaporation of the solvent from the dried 
ether extract to  which no hydrogen chloride had been 
added (7)) there was obtained an oil which solidified on 
standing for 0.5 h;  yield, 5.5 g, m.p. 61-65 "C. To this 
solid, dissolved in ether, was added some Skellysolve B 
(petroleum ether, b.p. 6&70 "C). The amorphous solid 
which precipitated was separated and washed with 
petroleum ether (b.p. 6&70 "C) and then with a small 
amount of ice cold diethyl ether. The residual colorless 
solid melted at 99-100 "C; yield, 4 g (68%). Two 
crystallizations from petroleum ether (6&70 "C) raised 
the melting point to 101 'C. 

Anal. Calcd. for CllH16NZO: C, 68.70; H, 8.39; N, 
14.57. Found: C, 68.98; H, 8.08; N, 14.78. 

The i.r. spectrum in carbon tetrachloride showed 
absorption bands at 3430 cm-' and 3358 cm-' (medium, 
for two NH groups), and a strong band at 1700cm-' 
(C=O). 

The n.m.r. spectrum in CDC1, agreed with the structure 
as N'-formyl-2,6-diethylphenylhydrazine and showed the 
following signals: T 2.06 (IH, broad singlet for CHO), 
T 2.25 and T 4.33 (2H, for two N-H, located by deute- 
rium exchange), T 8.78 (6H, triplet for two CH3-CHz- 
groups, J = 7.5 Hz) and two overlapping quartets 
centered at T 7.23 and .r 7.37 (4H, for two CH3-CHz- 
groups, J = 7.5 Hz). In pyridine, the 100 MHz spectrum 
showed two overlapping triplets centered at T 8.82 and 
T 8.85 ( J  = 7.5 Hz) roughly in the ratio 2:l respectively 
(methyl protons of the ethyl groups). The methylene 
protons of the ethyl groups gave two overlapping quartets 
centered at T 7.02 and T 7.22 ( J  = 7.5 Hz). The former 
collapsed to one triplet while two methylene proton 
quartets merged into one quartet at temperatures above 
80 "C thus indicating that Nf-formyl-2,6-diethylphenyl- 
hydrazine exists in two forms at room temperature 
roughly in the ratio of 2:l. 

N'-Fortnyl-N'-methyl-2,6-diethylphenylhydrazine 
Methylation was carried out according to the directions 

employed for the methylation of N'-formyl-2,6-dichloro- 
phenylhydrazine (I) using equimolar proportions of 
dimethyl sulfate and the hydrazine. From 6 g (0.031 
mole) of the N'-formyl-2,6-diethylphenylhydrazine there 
was obtained an oil, after dilution of the reaction mixture 

CHEMISTRY. VOL. 46, 1968 

with water, which was extracted with ether (2 x 50 ml) 
and dried (MgSO,). Removal of the ether from the filtered 
solution gave a yellow oil (4 g, 62%) whose i.r. and n.m.r. 
spectra supported the structure as N'-formyl-N'-methyl- 
2,6-diethylphenylhydrazine. The n.m.r. spectrum showed 
that N-methylation had occurred, by the appearance of 
two singlets at T 7.18 and T 7.22. It was also clear that the 
material consisted of more than one substance. Since the 
methylated N'-formyl-2,6-dimethylphenylhydrazine had 
resisted attempts at purification, the methylated 2,6- 
diethyl homologue was not purified further. 

N'-Methyl-2,6-diethylphetzylhydrazine Hydrochloride 
N'-Formyl-N'-methyl-2,6-diethylphenylhydrazine(29g, 

0.14 mole of the crude material) was hydrolyzed by the 
same procedure used to hydrolyze N'-formyl-N'-methyl- 
2,6-dimethylphenylhydrazine above; yield, 6 g (20%) of 
material melting at 170 "C (from 95 % ethanol). 

Anal. Calcd. for CllH19N2C1: C, 61.52; H, 8.92; N, 
13.05; C1, 16.51. Found: C, 61.63; H, 8.73; N, 13.32; 
C1. 16.07. 

The i.r. spectrum (Fluolube) showed a sharp band at 
3240 cm-' (NH) and a medium strength band at 2690 
cm-' (NHz@). 

The n.m.r. spectrum, in DzO, agreed with the structure 
and showed the following signals: T 2.74 (3H, narrow 

e3 
multiplet, aromatic), T 5.28 (3H, for NCH3 overlapping 
the DOH signal), T 7.0 (3H, for NCH,, singlet), T 7.25 
(4H, for two CH3-CH2- groups, quartet, J = 7.5 Hz) 
and T 8.82 (6H, for two CH3-CHz- groups, triplet, 
J = 7.5 Hz). 

N'-Ethyl-N'-formyl-2,6-dimethylphetzylhydrazitie 
N'-Formyl-2,6-dinlethylphenylhydrazine (5 g, 0.03 

mole) was ethylated by the procedure described for the 
methylation of N'-formyl-2,6-dichlorophenylhydrazine 
(I), using equimolar quantities of diethyl sulfate and the 
formylated hydrazine. There was obtained a reddish- 
yellow oil (5 g) whose n.m.r. spectrum indicated that 
N-alkylation had indeed occurred. Signals appeared at 
T 2.95-3.2 (aromatic), two overlapping quartets for the 
methylene protons of the ethyl group centered at T 6.81 
and T 6.72 and one at .r 5.92, J = 7 Hz; at least two 
overlapping triplets for the methyl moiety of the ethyl 
group, between .r 8.5 and T 9.1, J = 7 Hz; two prominent 
singlets at .r 7.63 and .r 7.76 for methyl groups attached to 
the aromatic ring. These data indicate the presence of 
more than one ethylated species. No attempt was made 
to purify this material in view of the lack of success in 
purification of the N'-methyl-N'-formyl-2,6-dimethyl- 
phenylhydrazine above. 

N'-Ethyl-2,6-dimethylphe~iylhydrazine Hydrochloride 
N'-Ethyl-N'-formyl-2,6-dimethylphenylhydrazine (30 

g crude) was hydrolyzed by the same procedure used to 
hydrolyze the N'-formyl-N'-methyl-2,6-dimethylphenyl- 
hydrazine above. There was obtained 11 g of N'-ethyl-2,6- 
dimethylphenylhydrazine hydrochloride melting at 181- 
182 "C. An analytical sample was obtained by three 
recrystallizations from ethanol(95 %) - ether and melted 
at 189-190 "C. 

Anal. Calcd. for CloH17NzC1: C, 59.86; H,  8.48; N, 
13.97; C1, 17.46. Found: C, 59.89; H, 8.93; N, 14.19; 
C1, 17.40. 
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The i.r. spectrum (in Fluolube) showed a sharp, strong 
band at 3245 cm-I (NH) and bands in the region of 

m 

2700 cnl-' (RH,). 
The n.m.r. spectrum, in DzO, agreed with the structure 

indicated. Signals appeared at  T 2.80 (3H, aromatic, 
singlet), T 5.3 (DOH), T 6.57 (2H, one quartet for 
N-CH2-CH3, J = 7 Hz), T 8.61 (3H, one triplet for 
N-CH2-CH,, J = 7 Hz), and T 7.59 (6H, one singlet 
for two aromatic methyl groups). 

o-Metlzylphenylhydrazir~e 
This compound was prepared by the same method 

used to make 2,6-dimethylphenylhydrazine (7). From 
100 g (0.93 mole) of o-toluidine there was obtained 80 g 
(54%) of o-methylphenylhydrazine hydrochloride, m.p. 
188-190 "C (from ethanol(95 %) - ether). 

Anal. Calcd. for C7HllNZCI: C, 52.96; H, 6.99; N, 
17.67; CI, 22.38. Found: C. 51.58; H, 7.01; N, 17.98; 
C1,20.35,20.13. 

A more satisfactory purification and analysis eluded us. 
The o-methylplienylhydrazine was obtained by the 

addition of base to an aqueous solution of the hydro- 
chloride followed by ether extraction of the mixture and 
removal of the solvent from the dried ether solution. It 
crystallized on standing, m.p. 57-58 "C; lit. m.p. 56 "C 
(12); 59 "C (10, p. 532). 

Cyclohexarzorze o-Metlrylphenyllrydrazone 
A solution of 26 g (0.213 mole) of o-methylphenyl- 

hydrazine and 20.8 g (0.216 mole) of cyclohexanone in 
100 ml of 95 % ethyl alcohol, containing a small amount 
of acetic acid, was refluxed for 2.5 h. Removal of the 
alcohol under vacuum in a rotary evaporator left a 
residue which quickly deposited needles (35.5 g, crude); 
m.p., 60-61 "C, lit. m.p. 61-62 "C (13). The hydrazone 
had a strong tendency to decompose during attempts to 
crystallize it. 

8-Metlryl-I ,2,3,4-tetralrydrocarbazole 
This was prepared according to  published directions 

(5). From 1 g of cyclohexanone o-niethylphenylhydrazone 
was obtained 400mg (44%) of 8-methyl-1,2,3,4-tetra- 
hydrocarbazole; n1.p. 95-96 "C, lit. m.p. 98 "C (13, 5). 
For the U.V. spectrum see Fig. 3. 

8,9-Dir~zetlzyl-1,2,3,4-tetrahydrocarbazole 
T o  a 250 ml round bottom flask containing 1.84 g 

(0.0107 mole) of barium hydroxide and 1.84 g (0.012 
mole) of barium oxide was added 40 ml of a 1:l  (by 
volume) solution of N,N-dimethylformamide and di- 
methyl sulfoxide. This was stirred gently and cooled to  
-0 "C in a salt-ice bath. T o  this was added, all at  once, 
2 g (0.0108 mole) of 8-methyl-l,2,3,4-tetrahydrocarbazole 
followed by 2.8 g (0.022 mole) of dimethyl sulfate. The 
reaction mixture was stirred for 3 h at  0 "C, then stirred 
while it was allowed to come to room temperature, and 
finally stirred for an  additional 12 h at  room temperature. 
T o  the solution was added 2.8 ml of concentrated 
ammonium hydroxide and the resulting mixture was then 
filtered. The filtrate, on standing at room temperature, 
deposited crystals (100 mg) melting at 152-153 "C. A 
second crop (50 mg) was obtained when the mother 
liquor was cooled for 2 days in a refrigerator; yield, 7 %. 

The i.r. spectrum (in Nujol) showed n o  absorption in 
the region > 3100 cni-' (NH). 

The n.m.r. spectrum agreed fully with the structure 
indicated. The following signals were found: T 2.5-3.3 
(3H, aromatic, multiplet), T 6.18 (3H, for N-CH,, 
singlet), T 7.27 (3H, aromatic methyl, singlet), two 
characteristic closely spaced multiplets centered at T 7.35, 
and T 8.12 for the 8H of the tetrahydro ring. 

The U.V. absorption spectrum is shown in Fig. 2 ;  
h,,, = 23.4 mp (E = 38 OOO), 28.7 mp (E = 3700). 

The mother liquor above, diluted with 40 ml of water, 
was extracted with ether (2 x 50 ml). The dried (MgSO,) 
extract was freed from ether and gave 1.4 g of solid, 
unreacted crude 8-methyl-l,2,3,4-tetrahydrocarbazole, 
m.p. 83-86 "C. The n.m.r. spectrum showed that this was 
essentially 8-methyl-1,2,3,4-tetrahydrocarbazole contami- 
nated with a small amount of 8,9-diniethyl-1,2,3,4- 
tetrahydrocarbazole (a very small singlet was found a t  
-T 6.2 for the N-CH3). 

Yield of N-methylated product based on the 8-methyl- 
1,2,3,4-tetrahydrocarbazole consumed, -20 %. 

The 8,9-dimethyl-1,2,3,4-tetrahydrocarbazole (250 mg) 
was dehydrogenated by heating with 90mg of 5 %  
palladium on charcoal for 2.5 h in refluxing mesitylene 
(3 ml). The hot solution was filtered and the solid was 
washed with methyl acetate (2 x 10 ml). The washings 
(filtered) were combined with the mesitylene solution and 
the whole freed from solvent. The residual solid (200 mg) 
melted at 110-1 15 "C. Three crystallizations from ethanol 
(95 %) raised the melting point to 117 "C; yield, 170 mg 
(69.4 %) of 1,9-dir~zethylcarbazole. 

Anal. Calcd. for C14H13N: C, 86.15; H, 6.71; N, 7.17. 
Found: C, 86.52; H, 6.95; N, 7.37. 

The n.m.r. spectrum agreed completely with the struc- 
ture assigned. The only signals evident were a multiplet 
between T 1.8-2.25 (2H) and another between T 2.4-3.0 
(5H), aromatic protons; a singlet at T 6.0 (3H, for 
N-CH3); a singlet at  T 7.23 (3H, for CH3 attached to an  
aromatic ring). 

o-Etlzylpherrylhydrazine 
This compound was prepared by the method used to 

synthesize 2,6-dimethylphenylhydrazine (7) with the 
following modification. The dried ether solution of the 
o-ethylphenylhydrazine was freed from solvent. The 
residual oil solidified when kept in a refrigerator over- 
night. From 113 g (0.933 mole) of o-ethylaniline there was 
obtained 18 g (13%) of the product; m.p. 49-50 "C, 
reported m.p. 49-50 "C (14). 

A solution of o-ethylphenylhydrazine in dry ether was 
treated with dry hydrogen chloride gas. The colorless 
precipitate was removed and washed with dry ether, then 
dried, m.p. 183-185 "C. Two crystallizations from 95% 
ethanol gave a melting point of 185-186 "C for o-etlzyl- 
plrenylhydrazine hydrochloride. 

Anal. Calcd. for C8Hl3N2c1: C, 56.61; H, 7.53; N, 
16.23; C1, 20.05. Found: C, 56.22; H, 7.78; N, 16.53; 
C1, 19.95. 

The n.m.r. spectrum in D 2 0  supported the structure 
assigned. 

Cyclohexanorze o-Etlzylphenylhydrazone 
This was prepared by the same method used to syn- 

thesize cyclohexanone o-methylphenylhydrazone above. 
From 11 g (0.081 mole) of o-ethylphenylhydrazone there 
was obtained 12 g (69 %) of product, m.p. 44-46 "C. The 
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hydrazone decomposed rapidly in air at room tempera- 
ture, hence was not analyzed, but immediately cyclized 
as below. 

The n.m.r. spectrum supported the structure. The 
signals were at r 2.5-3.5 (4H, aromatic multiplet); a 
broad absorption centered at -r 3.55, (1H for NH, 
identified by deuterium exchange); r 7.52 (quartet, 2H 
for CH2-CH3, J = 7.5 Hz); two multiplets at r 7.5-7.9 
and r 8.G8.5 (10H for the cyclohexanone moiety); r 8.78 
(3H, triplet for CH3-CH2-, J = 7.5 Hz). 

8-Etl1yl-1,2,3,4-tetral1ydrocnubnzole 
A mixture of 6 g  of cyclohexanone o-ethylphenyl- 

hydrazone and 100 ml of 3 N aqueous sulfuric acid was 
heated under reflux for 1.5 h. The reaction mixture was 
cooled and then kept overnight at room temperature. 
The tarry mass was extracted with ether (2 x 200 ml). 
The ether extract was washed with water (3 x 30 ml) and 
dried (MgSO,). The filtered solution was freed of solvent 
and gave a dark yellow oil which was distilled at 168- 
170 "C at 9 mm (3.6 g). It solidified immediately to  a 
yellow gummy mass melting at 5C52  "C. Crystallization 
from methanol by the addition of water to  faint turbidity 
followed by cooling of the solution in a refrigerator for 
2 h, gave colorless crystals melting at 58-59 "C; yield, 
3.4 g, 61 %. 

Anal. Calcd. for Cl4HI7N: C, 84.37; H, 8.60; N, 7.03. 
Found: C ,  83.98; H, 8.35; N, 6.90. 

These crystals began to discolor after standing at room 
temperature for 4-5 h. 

The n.m.r. spectrum completely supported this struc- 
ture. The signals were at  r 2.6-3.2 (3H, aromatic multi- 
plet), r 2.4-3.2 ( lH,  for NH, broad, identified by deuteri- 
um exchange); r 7.26 (quartet, 2H for methylene group of 
the ethyl moiety, J = 7.5 Hz). two rnultiplets at  r 7.C7.5 
and r 7.9-8.4 (8H for the tetrahydro ring), r 8.70 (3H, 
triplet for CH,-CH2-, J = 7.5 Hz). 

The i.r. spectrum in CCI, showed a sharp strong band 
at  3480 cm-I (NH). 

The U.V. spectrum (Fig. 7) showed two bands: A,,, 
= 227 mp (E = 27 OOO), 277 mp (E = 6200). 

I-Ethylcarbazole 
A quantity of 8-ethyl-l,2,3,4-tetrahydrocarbazole in 

3 rnl of mesitylene containing 90 mg of 5 % palladium on 
charcoal, was heated under reflux for 2.5 h. The cooled 
mixture was filtered and the solid washed with methyl 
acetate (2 x 10 ml). The combined washings and filtrate 
were freed from solvent. The residual yellow oil solidified 
when kept in a refrigerator overnight giving 230 mg of 
material melting at  69-72 "C. This was crystallized by 
solution in methanol, addition of water to  faint turbidity 
and cooling in a refrigerator; yield, 190 mg of colorless 
solid melting at  73 "C, reported m.p. 74 "C. (15). 

The n.rn.r. spectrum agreed with the structure. Signals 
were at  r 1.8-2.2 and T 2.5-2.9 (two multiplets for 7H, 
aromatic), T 7.11 (2H, quartet for CH,-CH,, J = 7.5 
Hz), T 8.62 (3H, triplet for CH3-CH2-, J = 7.5 Hz). 

This conversion corroborated the structure of 8-ethyl- 
1,2,3,4-tetrahydrocarbazole. 

2,3,3-Trimethylindolenine 
A solution of 30 g (0.35 mole) of methyl isopropyl 

ketone and 37.6 g (0.35 mole) of phenylhydrazine in 
100 ml of 95% ethyl alcohol, containing 3 drops of 
glacial acetic acid, was refluxed for 3 h. The alcohol was 

removed and the residual oil distilled; b.p. 145 "C at  
14 mm; yield, 32 g (52%) of methyl isopropyl ltefotze 
pl~et~yll~ydrazo~~e, lit. b.p. 175-176 "C at 47 mm (16). 

The i.r. and n.rn.r. spectra supported the structure 
indicated. 

The methyl isopropyl ketone phenylhydrazone was 
converted to  2,3,3-trimethylindolenine according to  pub- 
lished directions (16) using an atmosphere of nitrogen 
rather than hydrogen. 

The n.m.r. spectrum agreed with the structure. Signals 
were found at r 2.4-3.0 (4H, aromatic, multiplet), r 7.75 
(3H, for CH3 attached to N=C, singlet) and r 8.73 (6H, 
singlet for two aliphatic CH3 groups). 

The i.r. spectrum (film) showed a strong band at 
1580 cm-I (C=N); lit., C=N, 1579 cm-'  (neat) (17). 

The U.V. absorption spectrum in cyclohexane is shown 
in Fig. 4; h,,,, = 214 mv (E = 11 640), 219 rnp (E = 
10 220), and 252 mp  (E = 39501, lit., 216mp (log E 

= 4.27), 255 rnp (log E = 3.78) in 95 % ethanol (17). 

Condensation of Cyclohexntzone 
(a) With N'Metl~~~l-2,6-dimet/1ylphet~yll1.vdrazii~e 
A solution of N'-methyl-2,6-dimethylphenylhydrazine 

hydrochloride (1 g, 0.0054 mole) in 20 ml of water was 
made alkaline with 5 % aqueous sodium hydroxide, and 
the resulting mixture extracted with ether. The ether 
solution was washed with water (2 x 20 rnl), dried 
(MgS04), and was freed from solvent. T o  the residual oil, 
in 20 ml of dry benzene, was added 0.5 g (0.0052 mole) of 
freshly distilled (twice) cyclohexanone. The mixture, in 
an apparatus equipped with a trap to collect the azeo- 
tropically distilled water (4), was heated under reflux for 
1.5 h in an atmosphere of nitrogen. The solution became 
dark. Water collected in the Dean-Stark trap and was 
identified by its reaction with anhydrous copper sulfate 
(colorless -+dark blue) and by its retention time o n  a 
gas-liquid chromatogram. 

The reaction mixture was then freed from benzene and 
the residual dark oil allowed to  stand at  room tempera- 
ture for 2-3 h. The solid which was deposited was 
collected and recrystallized from 95 % ethanol. Needles 
were obtained, melting at  152-153 "C, identical in all 
respects (i.r. and n.m.r. spectra and mixture melting 
point) with authentic 8,9-dimethyl-1,2,3,4-tetrahy(1rocar- 
bazole; yield, 240 mg (22%). Its U.V. spectrum is shown 
in Fig. 1. 

Anal. Calcd. for Cl4Hl7N: C, 84.42; H, 8.54; N, 7.03. 
Found: C, 84.83; H, 8.47; N, 6.89. 

In  a repetition of the above experiment, 2.6 g (0.014 
mole) of N'-methyl-2,6-dimethylphenylhydrazine, first 
separated from the hydrogen chloride, was heated with 
cyclohexanone (1.6 g,  0.016 mole) in refluxing benzene 
for 1 h, using the same apparatus as above. A current of 
nitrogen gas was passed through the apparatus to carry 
away evolved gases into a trap of dry ether saturated 
with hydrogen chloride gas. A colorless precipitate 
(-80 mg) accumulated in the acidified ether. This 
substance decomposed at  350 "C. Its n.m.r. spectrum in 
D 2 0  showed only one significant signal, that for DOH a t  
T 5.28. A minute peak at  T 7.3 suggested the presence and 
hence the formation of methylamine (as the hydro- 
chloride). Treatment of the solid with aqueous sodium 
hydroxide liberated ammonia. 

Water was obtained from the Dean-Stark trap and 
identified as such. Gas-liquid chromatography of the 
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benzene solution, or the water or benzene obtained from 
the Dean-Stark trap, showed no evidence of the presence 
of methyl alcohol. 

(b) With N'-Methyl-2,6-dimethylphenylhydrazine 
Hydrochloride 

A mixture of N'-methyl-2,6-dimethylphenylhydrazine 
hydrochloride (I g, 0.0054 mole) and cyclohexanone 
(0.7 g, -0.007 mole) was heated in dry refluxing benzene 
(30 ml) for 2.5 h in the apparatus used in (a) above. The 
formation of water in the Dean-Stark trap was not at all 
clear, but that it actually was a product of the reaction 
was shown in a repetition of this experiment using 3 g 
rather than 1 g of the hydrochloride. The refluxing 
solution, which did not darken, but merely changed from 
red to  yellow, deposited a colorless solid. This was 
separated and air-dried (95 mg). It showed some collapse 
at 225 "C, then darkened and partly sublimed in the 
melting point tube and finally completely melted at  
300 "C. The n.m.r. spectrum in D 2 0  showed a very large 
signal at T 5.37 for DOH and a small one at T 7.43 for 
NCH, in the area ratio of -15:1, indicating that the 
precipitate was essentially ammonium chloride (-33 % 
yield) contaminated with a small amount of methyl- 
ammonium chloride (-6 %). 

The yellow benzene filtrate was freed from solvent, and 
the residual yellow oil readily deposited crystals (500 mg). 
Recrystallization from 95 % ethanol gave 450 mg (42%) 
of 8,9-dimethyl-1,2,3,4-tetrahydrocarbazole melting at 
151 "C. When 3 g of starting material was used, the yield 
of the pure 8,9-dimethyltetrahydrocarbazole increased 
to  55 %. 

(c) Witlz N'-Ethyl-2,6-dimethylp/zenyl/1ydrazit1e 
Hydroclzloride 

A mixture of 1 g (0.005 mole) of N1-ethyl-2,6-dimethyI- 
phenylhydrazine hydrochloride and 0.5 g (0.005 mole) of 
cyclohexanone in 30 ml of dry benzene was heated under 
reflux (N2) for 3 h in an apparatus equipped with a 
Dean-Stark water trap. N o  water was apparent in the 
trap but this again was no doubt due to  the small amount 
of starting material used. The solid precipitate (132 mg) 
was separated from the reaction mixture. Its n.nl.r. 
spectrum in D 2 0  showed it t o  be essentially ammonium 
chloride contaminated with a small amount of ethyl- 
ammoniunl chloride: a large signal (broad singlet) at  
z 5.33 (DOH) and small signals for CH3-CH2N dis- 
cernible only under high amplification as a triplet centered 
at T 8.80 and a quartet centered at T 6.93 ( J  = 8 Hz). 

The filtrate was freed from benzene and the residual 
reddish-yellow oil, under vacuum in the rotary evapora- 
tor, was subjected to  a temperature of 40-50 "C for 4 h 
to  complete the removal of cyclohexanone. When the 
residue was cooled in a salt-ice bath, yellow crystals 
(1 50 mg) were obtained. Recrystallization from 95 % 
ethanol gave 140 mg (13 %) of 9-etlzyl-8-methyl-1,2,3,4- 
tetra/zydrocarbazole, n1.p. 55-57 "C. 

Anal. Calcd. for C15H19N: C, 84.46; H, 8.92; N, 6.57. 
Found: C, 84.35; H, 8.94; N, 6.65. 

The u.v. spectrum is shown in Fig. 6 and supports the 
assigned structure; h,,, = 232 mp  (E = 36 OOO), 286 mp  
(E = 7100). 

The i.r. spectrum in CC14 showed no absorption in the 
N H  region. 

The n.m.r. spectrum agreed completely with the 
structure proposed and showed the following signals: 

z 2.6-3.3 (3H, aromatic, multiplet), T 5.82 (2H, quartet 
for N-CH2-CH,, J = 7 Hz), T 8.77 (3H, triplet for 
CH,-CH2-N, J = 7 Hz), T 7.33 (3H, singlet for aro- 
matic CH,), and two multiplets at T 7.37 and T 8.16 for 
the 8H characteristic of the tetrahydro ring. 

Attempts to  condense the free N'-ethyl-2,6-dimethyl- 
phenylhydrazine with cyclohexanone in refluxing benzene 
with or without catalytic amounts of acetic acid, boron 
trifluoride etherate or p-toluenesulfonic acid resulted in 
considerable and rapid darkening of the reaction mixture. 
N o  product such as 9-ethyl-8-methyl-1,2,3,4-tetrahydro- 
carbazole could be induced to  crystallize out of it. 
Chromatography of the reaction mixture on neutral 
alumina was fruitless. 

(d) With N'-Met/~yl-2,6-diet/zylp/zetzyl/1ydrazine 
Hydrochloride 

N'-Methyl-2,6-diethylphenylhydrazine hydrochloride 
(1 g, 0.0047 mole) and 0.7 g (0.007 mole) of cyclohexa- 
none were heated for 4 h in refluxing dry benzene 
(30 ml). The colorless solid (I 10 mg) obtained from the 
reaction mixture by filtration proved to  be essentially 
ammonium chloride contaminated with a very small 
amount of methylammonium chloride. Removal of the 
benzene and excess cyclohexanone from the filtrate gave 
a yellow oil which, when cooled, deposited a solid. 
Crystallization from 95 % ethanol gave 380 mg (38 %) of 
8-et/1yl-9-met/1yl-l,2,3,4-tetrahydrocarbazole, m.p. 58-59 
"C. 

Anal. Calcd. for C15H19N: C, 84.46; H, 8.98; N, 6.57. 
Found:C,84.14;H,8.99;N,6.58. 

The i.r. spectrum in CCI, showed no N H  absorption. 
The u.v. spectrum is shown in Fig. 5 and supports the 
assigned structure; h,,, = 233 mp (E = 32 OOO), 286 mp  
(E = 5900). 

The n.m.r. spectrum corroborated the assigned struc- 
ture and showed the following signals: T 2.5-3.2 (3H, 
aromatic, multiplet), z 6.26 (3H, singlet for NCH,), 
z 6.94 (2H, quartet for CH2-CH, attached to  the 
benzene ring, J = 7.5 Hz), T 8.70 (3H, triplet for -CH2- 
CH,, J = 7.5 Hz), and two multiplets at  T 7.35 and z 8.13 
(8H, characteristic of the tetrahydro ring). 

When cyclohexanone was condensed with the free 
N'-methyl-2,6-diethylphenylhydrazine under the same 
conditions as above, the dark oil obtained from the 
benzene filtrate failed to  deposit crystals. When this oil 
was dissolved in benzene, then treated with three drops of 
glacial acetic acid and the resulting solution heated under 
reflux for 1 h, workup of the reaction mixture gave 60 mg 
(-4%) of pure 8-ethyl-9-methyl-l,2,3,4-tetrahydrocar- 
bazole. 
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NOTES 

Prkparation de qnelqnes nonveanx dkrivCs de la morpholone-2 

KRZYSZTOF JANKOWSKI ET CASIMIR BERSE 
DPpnrreme~~t de ci~inzie, U~liversitP de Mo~ztrPal, Montrknl, Q~ikbec 

Recu le 19 decembre 1967 

Plusieurs morpholones-2 substituees ont t te  obtenues par la reaction d'ouverture d'epoxydes avec la 
glycine et ses derives. Les structures des composCs obtenus ont ete determinees par la spectroscopie de 
resonance magnetique nuclkaire. 
Canadian Journal o f  Cllcmistry, 46, 1939 (1968) 

Au cours de travaux prCcCdents (1, 2), nous 
avons constat6 que parmi les produits de l'ouver- 
ture des Cpoxydes par les acides aminks, se 
retrouvaient des morpholones-2. Diffesentes 
mCthodes de prkparation de morpholones-2 
ont CtC rapporties par plusieurs auteurs (3-1 1). 
11 nous a donc semblC intkressant de tenter 
la synth2se de morpholones-2 substitutes et 
d'Ctudies leurs propriCtCs (12). 

Les morpholones-2 obtenues sont tres insta- 
bles, extrsmement sensibles B I'humiditC et B 
l'oxydation (6, 7). Elles se dCcomposent en 
quelques heures. Notre travail a donc Ctt limit6 
B la dktermination de leurs structures par les 
mCthodes spectroscopiques et analytiques. L'en- 
semble des risultats observes est rCsumC dans le 
Tableau I. 

Les syntheses des n~orpholones-2 ont CtC 
rCalisCes B la suite des reactions suivantes. 

R-CH-CH-R' 
'0' 

R"-NH-CH2-COOR"' 

Mtthode a - 
I R"-NH-CH2-COONa 

Mtthode b 

R-CH-C H-R' + R'"NH-CH2-COONa 
Hh b 

Mtthode c 

I1 faut signaler que les rendements calculCs 
pour les produits purs ont CtC trks faibles. La 
prCparation des morpholones-2 se trouvaient 
IimitCe B 'a fois par la formation des dictto-2,s 
piperazines, des produits de polymCrisation des 
Cpoxydes et par une dtcomposition importante. 

Les spectres de rCsonance magnCtique nu- 
clCaire (r.m.n.) des morpholones-2, des N- 
mCthylmorpholones-2 et des N-phCnylmorpho- 

lones-2 montrent un dtplacement chimique des 
protons -NH-, N-CH, et N-C6H, qui 
varie entre 1.60-2.00, 2.05-2.27, 6.27-7.30 
p.p.m. et des protons -CH,-C- qui varie 

entre 2.90-3.30, 2.90-3.13 et 3.45-3.85 p.p.m. 
respectivement. 

Les constantes de couplage des protons 
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TABLEAU I 
RCsultats spectroscopiques 

Resonance magnttiquc 

Acides Epoxydes 
amines derives de 

Glycine Ethylene 

Glycinc Buttnc-1.2 

Glycine Cyclopen- 
t h e  

Glycine Cyclo- 
hexene 

Glycine Styrene 

Glycine Stilbbne 

Sarcosine Ethylene 

Sarcosine Butbnc-1.2 

Sarcosinc Butbne-2.3 

Sarcosinc Cyclo- 
hexene 

Sarcosine Styrtne 

N-phenyl- Ethylene 
glycinc 

N-phCnyl- Butene-1,2 
glycine 

N-phenyl- Cyclo- 
glycine hcxene 

N-phCnyl- Styrtnc 
glycinc 

N-phCnyl- Butenc-2.3 
glycine 

N-R 

p.f. p.tb. Rendement Infrarouge R=H. CH, 
Nom ('0 ("Clmm) MCthode % M cm-1 on C6H. CH,-CO 

Ethyl-5 morpho- - 8016 a 0.8 1715 1.6 '2 .9 
lone-2 (J=5 c.P.s.) 

Perhydrocyclo- - 170-173/110 c 0.5 1700 - - 
penta-[bl-oxa- 
zine-1,4 one3 

Perhydrobemox- - 61-65/5 a 3 1715 2.0 3.30 
azinc-1.4 one-2 c 1.7 

(2) 

PhCnyl-6 mor- I21 - rCf. 1 0.08 1720 2.6(?) 3.20 
pholone-2 

(1) 

Ethyl-5 N-m& - 155112 a 0.5 1717 2.05 2.9 
thylmorpho- b 4.2 (J=Sc.p.s.) 
lone-2 

N-mCthylper- - 220-224117 c 3 1720 2.27 3.13 
hydrobenzoxa- 
zine-1.4 one-2 

N-ph&nylmorpho- 75 - c 12 1720 7.20 3.6 
loncd 

(3) 
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NOTES 

et analytiques 

nuclbaire S (pg.rn.) dans CDC13 
Analyse 

CH-0  CH-N Calcule Trouvb 
OU OU 

CH2-0 CHz-N Autres Pour l u  cornposks C H N C H N  

2.4 2.1 - acide N-(hydroxy-2 Ltbyl) 40.30 7.52 - 40.33 7.85 - 
glycine p.f. 141' 
C,H,O,N (119.2) 

2.45 4.60 C6Ha 7.2 ref. I - - - - -  - 

4.6 3.9 CsH, 7.2 ref. 2 - - - - - -  

3.7 3.4 CHI I .  I CH3-CH, 1.65 sel sod6 p.f. 175' 58.77 6.53 - 58.40 7.09 - 
CllHlsOIN Na (245.2) 

2.4 3.75 C 6 H 5 - C  7.3 ClaHJaO2N (253.3) 75.87 5.97 5.53 75.18 6.77 5.41 
Spectres dc nlasse (mlc) 

M+ 253. (M - 44)+ 209, (M - I l l )+ 132 
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-CH,-C- varient entre 4-6 c.p.s. Aussi on 
\ I  
0 

observe que les dtplacements chimiques des 
protons -CH,-C- des N-phtnylmorpho- 

I I 
0 

lones-2 ont lieu vers le champ plus bas par 
rapport A ceux des morpholones-2 et des N- 
mtthylmorpholones-2. On observe aussi que les 
dkplacements chimiques des protons sur le car- 
bone-5 ont les valeurs 6 plus basses que ceux 
du carbone-6. 

Les spectres de masse de deux N-phtnylmor- 
pholones-2 montrent la fragmentation avec 
perte de CO, et de phtnyle: 

Rernerciements 
Les auteurs remercient le Conseil National de 

Recherches du Canada pour I'aide financiere 
apportte sous forme d'octroi de recherches. 

Partie expbrimentale 
Les points de fusion ont ttC determines dans I'appareil 

de Kofler et ne sont pas corriges. Les spectres infrarouges 
ont etC enregistres sur un spectrophotornetre Beckrnan 
IR-8 dans le Nujol. Les microanalyses ont ete effectuees 
dans les laboratoires Midwest Microlab, Inc., Indiana- 
polis, Indiana, U.S.A. et par nous-m&mes (micro Kjel- 
dahl). Les spectres r.ni.n. ont Cte enregistres sur un 
spectrometre Varian A-60 

Les produits utilises pour les syntheses ont CtC soit 
commerciaux, soit prepares dans nos laboratoires par les 
niethodes connues (epoxydes (14, 15, 17), chlorliydrines 
(16), derives des acides aniines (l3,18, 19)). 

Priparation rles morplrolones-2 
Mithode n 
Une solution (environ 0.1 M )  d'un Cpoxyde (0.05 mole) 

dans I'Cthanol absolu ou dans le chloroforme a CtC portCe 
B reflux avec I'ester d'un acide amine pendant 12 h. Le 
solvant a CtC CvaporC in vncrro et le rbsidu a CtC distill6 
sous pression rCduite. Le produit separe a CtC purifie par 
plusieurs distillations fractionnees. 

Mithode b 
L'acide amink (0.1 mole) a t t e  trait6 par une quantitt 

Cquimolaire de l'hydroxyde de sodium dissous dans envi- 
ron 50 nil d'eau. L'Cpoxyde (0.1 mole) a etC ajoute sous 
forte agitation en niaintenant la temperature entre -5 
et 0 "C. L'addition terniinke, le melange reactionnel a 
CtC agite a la temperature a~nbiante pendant 12 h. Apres 
le cliauffage au bain-marie pendant 2 11, le melange a &tC 

neutralist avec I'acide chlorhydrique en presence de 
n~ethylorange. Le solvant a e t t  chasse sous vide et le 
produit de la reaction a ete fractionnk tgalement sous 
vide. 

M$ihorle c 
La solution d'un acide aniine (0.1 mole) dans l'hydro- 

xyde de sodium (0.1 mole) a ete chaufyke au bain-niarie 
pendant 1 h. La chlorhydrine d'un alcene (0.1 mole) a 
ete ajoutee goutte a goutte. L'addition terniinee, le 
nielange a ete laisse pendant 24 h a la temperature 
anibiante, puis chaufye b reflux pendant 2 h. Le solvant 
a ete evapore itr vaclro ct le residu a ete dissous dans 
I'Cthanol absolu a chaud. Le chlorure de sodium preci- 
pite a et6 separe par filtration. Le solvant a ete chasse 
sous vide et le residu a ete distille deux fois sous pression 
rkduite. Le produit a ete dissous dans l'ether et la solu- 
tion CthCree a ete secliee avec le carbonate de potassiuni. 
Apres evaporation de I'ether, le produit a ete purifie par 
la distillation fractionnee sous vide. La N-phenylmor- 
pholone-2 a ete o b t e n ~ ~ e  suivant la m&me methode, niais 
le produit cristallise apres la distillation. La N-phenyl- 
morpholone-2 a ete recristallisee de I'ethanol-ether. 

Dans les trois methodes, apres la distillation, 1e residu 
contient principalenlent des diceto-2,5 p~perazines et des 
polymeres q ~ ~ i  ne contlennent pas d'azote. 
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NOTES 1943 

Partition coefficients of some conjugated heteroenoid compounds in the system 
cyclohexane-water 

C. E. LOUGH, R. F. SILVER, AND F.  K. MCCLUSKY 
Cl~er~tistry Section, Defence Resenrch Estoblishtnent Sufield, Rnlstort, Alberta 

Received November 2. 1967 

Partition coefficients in cyclohexane-water were determined for 160 conjugated heteroenoid com- 
pounds and were used to calculate n constants for several component groupings of molecules. 

Canadian Journal of Chemistry, 46, 1943 (1963) 

Substituent and substitueilt interaction con- TABLE I11 

stants (n and n interaction) for some component New 7-t values for the system cyclohexane-water 

groupings of molecules have already been de- 
veloped (1) for the calculation of cyclohexane- n, in RCH(X)R, 

RCH,X, and 
water partition coefficients, K. Added support is X CHJY n interaction 
now provided for this concept and n constants -- 

- COR - for several other component groupings of mole- +O. 60 

cules are presented here for use in eq. [I]. -COzR - -0.30" 

[I ] log K = Cn $- Cn interaction - 1.30 -CONHI -4.95 + I  . 7 j  

Partition coefficients were determined for 160 
of the conjugated heteroenoid compounds pre- 
pared by Silver et al. (3) and consistent results 
were obtained even for the readily hydrolyzable 
compounds (2, 4) when the shaking times were 
reduced to  5 and 7.5 min and the interval between 
shakings was reduced t o  3 min. The logarithms 
of these partition coefficients and those derived 
from eq. [ l ]  using the n values previously re- 
ported (1) and the new values listed in Table 111 
are presented in Tables I and 11.' 

The new n values reported here have indirectly 
permitted refinement of the n values assigned to  
the phenyl group. Only two values appear t o  be 
necessary. The value +2.75 is used in all cases 
with the following exceptions: for benzene itself 
and for mono-substituted benzenes when the 
substituent is alkyl, hydroxyl, hydroxymethyl, 
nitro, amino, cyano, or cyanomethyl. For each 
of these cases the value t-3.65 is used. This factor 
improves the calculated' values for the partition 
coefficients of ethyl benzoate, alkyl benzenes, 
benzyl alcohol, phenylacetonitrile, ethyl phenyl- 
acetate, 4-alkyl~uaiacols, and the acyl deriva- 
tives of vanillylamine in comparison t o  those 
reported in ref. 1. 

Deviations of the calculated values from those 
observed were noted for the 3-n-butoxy deriva- 

'Photocopies of Tables I and I1 may be obtained upon 
request, from The Depository of Unpublished Data, 
National Science Library, National Reseal.ch Council of 
Canada, Ottawa, Canada. 

*This value is altered from that reported in re(-. 1.  
.t?lone used. 
:Value when C-3 substituent is present. 

tives of compounds with the generalized formula 
1. These, as well as the calculated values of the 
cinnamal analogues of 1 and those of some 
p-phenylene-bis compounds, 2, are more positive 
than those measured, and similar anoillalies 
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have been reported by Hansch and Anderson 1. D. J. CURRIE, C. E. LOUGH, R. F. SILVER, and H. L. 
HOLMES. Can. J. Chem. 44, 1035 (1966). ( 5 ) .  is in progress these 2. R. B. PRITCHARD, C. E. LOUGH, J. B. REESOR, H. L. 

the conformations of these comvounds in HOLMES. and D. J. CURRIE. Can. J. Chem. 45, 775 
solution. (1967). 

3. R. F. SILVER, K. A. KERR, P. D. FRANDSEN, S. J. 
Acknowledgments KELLEY, and H. L. HOLMES. Can. J. Chem. 45, 1001 

11967). 
\ - -  - ,~ 

The authors thank Dr. D. J. Currie and Dr. 4. R. B. PRITCHARD, C. E. LOUGH, D. J. CURRIE, and 
H. L. HOLMES. Can. J. Chem. 46, 775 (1968). Ha La Holmes for their su!Zgestions concerning 5. C. H~~~~~ and S. M. A~DERSON.  J. erg. them. 32. 

the n values assigned to the phenyl group. 2583 (1967). 

Essential oils and their constituents. XL1I.l Isomerization of epoxides on 
active alumina 

ISHWAR C. NIGAM AND LEO LEVI 
Research Laboratories, Food and Drug Directorate, Departmet7t of National Health and Welfare, Ottawa, Catlada 

Received May 25, 1967 

When chromatographed on active alumina, epoxides isomerize yielding chiefly the corresponding 
a,a-unsaturated alcohols. Side reactions were observed in some cases. Limonene oxide yielded cis-1 (7), 
8 p-rnenthadien-01-2, cis- and trat~s-carveol, perillyl alcohol, trans-8p-menthene-diol-l,2, and cis- and 
trans-dihydrocarvone. a-Pinene oxide was converted to pinocarveol, cis- and trans-pinocan~phone, 
campholenic aldehyde and an unidentified alcohol. Caryophyllene oxide yielded three isomeric un- 
saturated alcohols which were converted to a ketone of known structure. 

4 s -  
Canadian Journal of Chemistry, 46, fig42 (1968) 

Recently Nigam and Levi observed that Experimental 
humulene oxide and caryophyllene oxide undergo Preparation of Epoxides of Linzorzene, a-Pirlet~e, and 
characteristic isomerizations to unsaturated Caryophyllene 

The hydrocarbons were allowed to react with equi- 
during chromatography On molar amounts of perphthalic acid in ether solution for 

alumina (1, 2). Similar findings were made 72 h at 5 OC. The reaction mixtures were washed with 
Damodaran and Dev (3). Prelog et al. observed l o x  sodium carbonate solution until free from per- . , - 

the rearrangement of trans-cyclodecene epoxide 
to an allylic alcohol during chromatography 
over strongly activated alumina (4). It is the 
purpose of this communication to demonstrate 
the value of the reaction for the preparation of 
terpene alcohols which serve as valuable raw 
materials to the perfume, flavor, cosmetic, and 
pharmaceutical industries. 

'Presented at the 153rd Meeting of the American 
Chemical Society, Miami Beach, Florida, April 1967. 
For the previous paper in this series, see Ishwar C. Nigam 
and G .  A. Neville, J. Chromatog. 24, 85 (1968). 

phi<alic acid (starch-iodine test) and were dried over 
anhydrous sodium sulfate. Removal of the solvent under 
reduced pressure gave the crude epoxides which were 
purified by chromatography on tenfold neutral grade I11 
alumina. 

Isomerization of the Epoxides 
The purified compounds were dissolved in a small 

volume of hexane, transferred to a column packed with 
grade I alumina (1 :25 by weight), and eluted with ether. 
Products of rearrangement were recovered by evaporating 
the solvent under vacuum. 

Analysis of Zson~erizatiotz Products 
The isolates were examined by gas-liquid chrornatog- 

raphy (g.1.c.) employing apparatus and procedures pre- 
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The hydrocarbons were allowed to react with equi- 
during chromatography On molar amounts of perphthalic acid in ether solution for 

alumina (1, 2). Similar findings were made 72 h at 5 OC. The reaction mixtures were washed with 
Damodaran and Dev (3). Prelog et al. observed l o x  sodium carbonate solution until free from per- . , - 

the rearrangement of trans-cyclodecene epoxide 
to an allylic alcohol during chromatography 
over strongly activated alumina (4). It is the 
purpose of this communication to demonstrate 
the value of the reaction for the preparation of 
terpene alcohols which serve as valuable raw 
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phi<alic acid (starch-iodine test) and were dried over 
anhydrous sodium sulfate. Removal of the solvent under 
reduced pressure gave the crude epoxides which were 
purified by chromatography on tenfold neutral grade I11 
alumina. 

Isomerization of the Epoxides 
The purified compounds were dissolved in a small 

volume of hexane, transferred to a column packed with 
grade I alumina (1 :25 by weight), and eluted with ether. 
Products of rearrangement were recovered by evaporating 
the solvent under vacuum. 

Analysis of Zson~erizatiotz Products 
The isolates were examined by gas-liquid chrornatog- 

raphy (g.1.c.) employing apparatus and procedures pre- 
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NOTES 

viously described (5, 6). Constituents were identified by 
comparison of retention times with those of pure ref- 
erence standards, and by infrared analysis of effluents 
collected following repeated sample injections and puri- 
fied by rechromatography under optimal conditions of 
temperature and carrier gas flow rate. 

Corzversion of Unsaturated Alcohols from Caryophyllene 
Oxide to Saturated Ketone 

The reaction was carried out in two steps. 

Hydrogenation of Unsaturated A/co/zo/s 
Each of the three unsaturated alcohols a, b, and c 

(120 mg, 30 mg, and 30 mg, respectively) was dissolved 
in glacial acetic acid and hydrogenated at atmospheric 
pressure in the presence of platinum oxide catalyst until 
gas absorption ceased. The hydrogenated products were 
recovered in the usual manner and analyzed by g.1.c. 
(Column: 20% Reoplex 400 on acid washed Chromosorb 
W; Temperature 200 "C; Helium: 75 ml/min). 

Oxidatiorz of Saturated Alcohols 
The crude hydrogenation products obtained from 

alcohols a, b, and c (Step 1) were dissolved in pyridine 
(2.0 ml; 0.5 ml, and 0.5 ml, respectively), treated with a 
solution of 1.5 g of chromium trioxide in 20 ml pyridine 
(2.0 ml, 0.5 ml, and 0.5 ml, respectively) and the reaction 
mixtures processed as described previously (2). 

Results and Discussion 

Product yields obtained by isomerization of 
limonene oxide (1) on basic, neutral, and acidic 
alumina are shown in Table I. Major products 
of the reaction were cis-1 (7), 8 p-menthadiene- 
01-2 (2), and cis- and trans-carve01 (3). Perillyl 
alcohol (4) was formed by allylic rearrangement 
of (2). Side reactions produced trans-8p-men- 
thene-diol-1,2 (5) and cis- and trans-dihydro- 
carvone (6). These products were also obtained 
when limonene oxide was isomerized in the 

TABLE I 

Isomerization products from limonene oxide* 

Compound 

Product yield (%); 
type of alumina 

used 
Retention 

timet Basic Neutral Acidic 

trans-Dihydrocarvone 
cis-Dihydrocarvone 
cis-1 (7),8p-Menthadien- 

01-2 
trans-Carve01 
cis-Carve01 
Perillyl alcohol 
trans-8p-Menthene- 

diol-1,2 
Unidentified 

*The column used was: Reoplex 400 (20%) on acid washed ~hro- 
mosorb W. The temperature was 200 OC; and the helium flow rate 
was 75 mllmin. 

?In minutes. 
tIsomers not sufficiently resolved to permit individual estimations. 

TABLE I1 
Isomerization products from a-pinene oxide* 

Product yield (%); 
type of alumina 

Re- used 
tention 

Compound timef Basic Neutral Acidic 

Campholenic aldehyde 5.3 7 8 6 
trans-Pinocamphone 
cis-Pinocamphone 6'33 6.91 13 26 53 
Pinocarveol 7.9 63 43 22 
Alcohol (unidentified) 11 .1 13 18 15 
Constituents not 

characterized - 4 5 4  

*The column used was: Reoplex 400 (20%) on acid washed Chro- 
mosorb W. The temperature was 170 OC and the helium flow rate 
was 75 mllmin. 

?In minutes. 
$Isomers not sufficiently resolved to permit individual estimations. 
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TABLE 111 
Isomerization products from caryophyllene oxide 

Unsaturated alcohol 
-- 

Nuclear magnetic 
resonancet 

Infrared 
Melting Retention Chemical Mass 

Conlpound % yield point time* Band Assignment shift Assignment spectrum$ 

*The eolumn used was: Reoplex 400 (20%) on acid washed Chroniosorb W. The temperature was 200 O C  and the helium flow rate was 
75 ml/min. The retention time is ~ i v e n  in minutes. 

.pNuclear magnetic resonance spectra were recordcd using CCCll as solvent and TMS as internal standard. Chemical shifts are given as p.p.m. 
:The parent peak in the mass spectrum is given. 
$This absorption appeared as a doublet with broad peaks with J = 5.5 c.p.s. 

presence of pyridinium bromide (7). The iso- 
merizations reported previously (8, 9) were 
generally carried out under more drastic con- 
ditions and led primarily to the formation of 
carbonyl compounds. Recently Humbert and 
Guth isomerized limonene oxide in the presence 
of alumina at 200 "C and identified carveol, 
dihydrocarvone, carvone, dihydrocarveol, and a 
cyclopentanic alcohol as reaction products (10). 
Formation of the latter three compounds was 

not observed in the present studies. The facile 
rearrangement of limonene oxide to alcohols and 
ketones is of biogenetic significance, since the 
epoxide has been identified in oil of gingergrass 
and may be the precursor of several related com- 
pounds occurring in this oil (7, 11). 

Previous investigations showed that during 
cleavage of the oxirane ring of a-pinene oxide 
(7) the pinane carbon skeleton also ruptured 
leading to the formation of p-menthane deriva- 
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tives, e.g. carve01 (3) and sobrerol (11) or of 
campholenic aldehyde (10) (12-16). The present 
study showed that isomerization of a-pinene 
oxide on alumina takes place without significant 
cleavage of the pinaile skeleton. Formation of 
the major reaction products, pinocarveol(8) and 
pinocamphone (9) depended on the type of 
alumina employed (Table 11). I t  has been report- 
ed recently that base-catalyzed rearrangement 
of a-pinene oxide also yields pinocarveol(17). 

Caryophyllene oxide (12) is known to  undergo 
skeletal rearrangements readily (18-20). How- 
ever, in the present reaction, the caryophyllane 
carbon framework remained unchanged and the 
epoxide yielded three unsaturated alcohols (13) 
(a, b, and c, see Table l lI) ,  one of which (c) was 
a solid (m.p. 79-80 "C). A mixture of these 
allylic alcohols was prepared by Holub et al. 
by isomerization of caryophyllene oxide with 
pyridiniuin bromide (21). Molecular weights of 
a and c, determined by mass spectrometry, 
agreed with the formula C,,H,,O. Hydrogena- 
tion of these alcohols yielded mixtures of corre- 
sponding saturated alcohols (14), which on chro- 
mic acid oxidation formed the same saturated 
ketone (15). The identity of this ketone was 
established by comparison of its infrared (i.r.) 
spectrum with that published in literature (21). 
O n  the basis of i.r. and nuclear magnetic 
resollance (n.1n.r.) spectral data (Table 111), 
alcohol a may be characterized as the isomer 
containing the double bond, allylic to  the 
hydroxyl group, in the exocyclic position. Both 
alcohols b and c possess a trisubstituted double 
bond and an exocyclic methylene group, and,  
therefore, appear to be stereoisomers. 

The isomerizations of epoxides were brought 
about by alumina of grade I activity. Only un- 
changed epoxides were recovered when the cata- 
lyst was partially deactivated by the addition of 
4-6 % of water. Evidently, the isomerizations 
are initiated a t  active surface sites of the alu- 
mina (22), and one or  more of the following 
three reactions takes place: (i) hydration to  form 
a vicinal glycol, (ii) rearrangement to  allylic 
alcohols, and (iii) rearrangement to  a ketone. 
The glycol was appareiltly not an  intermediate 
in the formation of the unsaturated alcohol for 
trans-8p-menthene-diol-1,2 was recovered un- 
changed when passed through a column of grade 

I alumina. Experiments employing different types 
of alumina indicated that a decrease in the 
acidity of alumina favors the formation of allylic 
alcohols and reduces the ketone yield. Of the 
two unsaturated alcohols, the isomer containing 
an exocyclic methylene group was formed in 
preference to that containing an  endocyclic 
double bond. 
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Thermal condensation of formaldehyde with 3-p-menthene, 1-p-menthene, 
and cyclooctene 

SHOJI WATANABE, KYOICHI SUGA, AND MASAYUKI KUNIYOSHI 
Department of Applied Chemistry, Faculty of Engineering, Chiba University, Yayoicho, Chiba, Japan 

Received October 23, 1967 

When a mixture of 3-p-menthene, paraformaldehyde, and acetic anhydride was heated at 200 'C in an 
autoclave, an acetate was obtained. By saponification of the acetate with alcoholic potassium hydroxide, 
3-hydroxylmethyl-4-p-menthene was obtained. Similarly, 2-hydroxymethyl-6-p-menthene was produced 
from 1-p-menthene, and 1-hydroxylmethyl-2-cyclooctene was produced from cyclooctene. 
Canadian Journal of Chemistry, 46, 1948 (1968) 

The addition reaction of formaldehyde with 
olefins is known as the Prins thermal reaction. 
The condensation product is mainly the primary 
alcohol or its acetate, in which the double bond 
is located at a position adjacent to its original 
site in the starting olefin(l,2). This note describes 
the chemical structures of the Prins alcohols 
obtained from 3-p-menthene (I), 1-p-menthene 
(4), and cyclooctene (6). 

From the condensation of 3-p-menthene (1) 
with paraformaldehyde in the presence of acetic 
anhydride (at 200 "C), an acetate was obtained 
as the main product. The saponification of the 
acetate gave an unsaturated alcohol (2). The 
infrared (i.r.) absorption spectrum showed an 
absorption band at 810 cm-l, indicating the 
presence of a trisubstituted ethylenic bond. 
Reduction of the alcohol gave 3-hydroxylmethyl- 
p-menthane (3). Therefore, 2 must be 3-hydroxyl- 
methyl-4-p-menthene. The structural assignment 
was further supported by the nuclear magnetic 
resonance (n.m.r.) spectrum, as will be shown in 
the Experimental section. 

Saponification of the condensation product 
from 1-p-menthene (4) with paraformaldehyde 
gave the corresponding alcohol, 2-hydroxyl- 
methyl-6-p-menthene (5), as the main product. 
The structural assignment was supported by i.r. 
and n.m.r. spectra and also by the catalytic 
hydrogenation to the corresponding dihydro 
compound. 

From the condensation product of cyclooctene 
(6), an unsaturated alcohol, C,H160 (7), was 
obtained in ca. 23 % yield. The infrared absorp- 
tion spectrum showed a primary hydroxyl 
absorption band at 1040 cm-l, and a character- 
istic band of a cis type double bond at 755 cm-'. 
The dihydro compound obtained by the hydro- 
genation of 7 was hydroxylmethyl cyclooctane. 

Therefore, 1-hydroxylmethyl-2-cyclooctene (7) is 
a reasonable assignment for the alcohol. 

Experimental 
Materials 

3-p-Menthene (1) was prepared as reported previously 
(3). It  was repeatedly distilled until 90% pure. The 
boiling point at 100 Torr was 102 "C; nDZO, 1.4518. 

1-p-Menthene (4) was prepared by the hydrogenation 
of d-limonene over palladium on carbon: b.p. 68-70 "C 
at 41 Torr; d,ZO, 0.8401; nDZO, 1.4730, infrared: 1360- 
1380 cm-I (doublet), 800 cm-'. 

Commercial cyclooctene (6) was fractionally distilled 
until 95 % pure (as shown by gas-liquid chromatographic 
analysis), b.p. 32 "Cat 10Torr; d425, 0.8451 ; ttDz5, 1.4732; 
infrared: 750 cm-'. 

Co~lderzsation of 3-p-Merzthene (I) with Forntolrleh~~rle 
A mixture of 180 g of 1, 60 g ofparnformaldehyde and 

75 g of acetic anhydride was heated at 180-220 "C in a 
stainless steel autoclave for several hours. The reaction 
mixture was extracted with ether. The ethereal solution 
was then washed with water and dried over anhydrous 
sodium sulfate. Fractional distillation gave 102 g of 1 and 
60 g of a crude acetate (b.p. 90-110 "C at 5 Torr). Saponi- 
fication of the product gave 25 g of 2.  This was fractionally 
distilled until a pure product was obtained, b.p. 100- 
104 "C at 5 Torr; nD30, 1.4815; d430, 0.9160; hydroxyl 
group, 10.81 % (calcd. for monohydric alcohol, 10.11 %); 
infrared (i.r.): 1050 cm-I, 810 cm-I; nuclear magnetic 
resonance (n.rn.r.): 6 0.97 (two CH,), 6 1.08 (CH,), 6 1.72 
(two-CH,), 6 3.60 (-CHzOH), 6 5.45 (-CH=C-). 

Anal. Calcd. for CLIHZoO: C, 78.49; H, 11.98. Found: 
C, 78.31; H, 11.64. 

The 3,5-dinitrobenzoate derivative of 2 was prepared in 
the usual manner and recrystallized from methanol, m.p. 
81 "C. 

Anal. Calcd. for ClsHzzOsNz: N, 7.73. Found: N, 
7 88. 

Compound 2 was hydrogenated over a Raney nickel 
catalyst in methanol solution at 100 "C. An initial 
hydrogen pressure of 50 kg/cmZ was used to give 3- 
hydroxylmethyl-p-menthane (3), b.p. 91-94 "C at 5 Torr; 
rzDzO, 1.4738; n.m.r.: 6 0.93 (two CH,), 6 1.02 (CH3-), 
6 1.46 (-CHz-), 6 2.46 (OH), and 6 3.55 (-CHzOH). 

Anal. Calcd. for CI1HZzO: C, 77.59; H, 13.03. Found: 
C, 77.12; H, 12.87. 



NOTES 1949 

Cot~det~satiot~ of 1-p-Mer~thene (4) with Formaldef~yde 
From a mixture of 38 g of 4,8.5 g ofparaformaldehyde 

and 14 g of acetic anhydride, 15 g of a crude acetate was 
obtained. Saponification of this acetate gave 2-hydroxyl- 
methyl-6-p-menthene, b.p. 92 "C at 3 Torr; ddzo, 0.9378; 
tzD20, 1.4850; molecular refraction 52.10 (calcd. for 
Cl1H2,0, F1 = 51.85); i.r.: 1385 and 1365 cm-' (doub- 
let), 1030 cm-', 800 cm-'; n.ni.r.: 60.9 (two CH,), 6 1.4 

(OH), 6 3.68 (-CH20H), 6 5.6 (-CH-c=). 
Anal. Calcd. for C11H200: C, 78.49; H, 11.98. Found: 

C, 78.12; H, 11.36. 
The 3,Sdinitrobenzoate derivative of 5 was prepared 

and recrystallized from methanol, m.p. 138-139 "C. 
Anal. Calcd. for C17H2206N2: N, 7.73. Found: N, 

7 7n 

for C9H160, F1 = 42.15); i.r.: 1040 cm-', 755 cm-'; 
I 

n.m.r.: 6 1.6 (-CH2-), 62.2 (-CH2-C=), 6 3.37 
(-CH20H), 6 3.4 (OH), 6 5.6 (-CH=CH-). 

Anal. Calcd. for C9H160: C, 77.10; H, 11.51. Found: 
C, 77.01; H, 11.12. 

The 3,Sdinitrobenzoate derivative from 7 was prepared 
in the usual manner, m.p. 72-73 "C. 

Anal. Calcd. for C16H1806N~: N, 18.17. Found: N, 
18.30. 

The compound 7 was hydrogenated over palladium on 
carbon in a methanol solution, under an initial hydrogen 
pressure of 20 kg/cm2 to give hydroxylmethylcyclooctane 
(8), b.p. 125 "Cat  40 Torr; i.r.: 1040 cm-', 1450 cm-'; 
n.ni.r.: 6 1.45 (-CH2-), 6 1.7 (-CH-), 6 3.48 
(-CH20H), 6 1.95 (OH). 

Anal. Calcd. for CgH180: C, 76.02; H, 12.76. Found: 
C, 75.98; H, 12.41. . . .  -. 

The conipound 5 absorbed one equivalent of hydrogen 
by catalytic hydrogenation to give 2-hydroxylmethyl-p- 
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Deuterated 4-hydroxycoumarin derivatives' 
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4-Hydroxycoumarin exchanges rapidly with heavy water, resulting in deuterium replacing both the 
3- and the 4-hydroxy proton. Preparation of the following deuterated coumarin derivatives is described: 
4-clilorocoumarin-3-dl, 4-piperidylcoumarin-3-dl, and 4-anilinocoumarin-3-dl. 

Canadian Journal of Chemistry, 46, 1949 (1968) 

A number of authors (1-4) have discussed the solution, 1 is the predominant structure. If such 
structure and the tautomers of 4-hydroxycou- tautomerization occurs readily, the 3-proton 
marin (1) shown below, and suggest that in would be expected to exchange rapidly in pro- 

tonic solvents, and in D,O an equilibrium with 
OH o o both the 4-hydroxy proton and the 3-proton 

would be established. This would then provide * aO = aOli a facile method to synthesize coumarin deiiva- 0 4 0  
tives labelled in the 3-position. 

1 2 3 In our investigation of coumarin condensation 
reactions, we have prepared coumarin deriva- 

'Contribution No. 162 from the Dew Chemical of Can- t i v e ~  deuterated in the 3-~0siti0n reacting 
ada Exploratory Research Laboratory, Sarnia, Ontario. 4-hydroxycoumarin (1) with D,O in acetone to 
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Esploratory Research Laboratory, Dobv Cfzen~ical of Canada, Limited, Sarnia, Ontario 

Received February 13, 1968 

4-Hydroxycoumarin exchanges rapidly with heavy water, resulting in deuterium replacing both the 
3- and the 4-hydroxy proton. Preparation of the following deuterated coumarin derivatives is described: 
4-clilorocoumarin-3-dl, 4-piperidylcoumarin-3-dl, and 4-anilinocoumarin-3-dl. 

Canadian Journal of Chemistry, 46, 1949 (1968) 

A number of authors (1-4) have discussed the solution, 1 is the predominant structure. If such 
structure and the tautomers of 4-hydroxycou- tautomerization occurs readily, the 3-proton 
marin (1) shown below, and suggest that in would be expected to exchange rapidly in pro- 

tonic solvents, and in D,O an equilibrium with 
OH o o both the 4-hydroxy proton and the 3-proton 

would be established. This would then provide * aO = aOli a facile method to synthesize coumarin deiiva- 0 4 0  
tives labelled in the 3-position. 

1 2 3 In our investigation of coumarin condensation 
reactions, we have prepared coumarin deriva- 

'Contribution No. 162 from the Dew Chemical of Can- t i v e ~  deuterated in the 3-~0siti0n reacting 
ada Exploratory Research Laboratory, Sarnia, Ontario. 4-hydroxycoumarin (1) with D,O in acetone to 
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C.P.S. 

FIG. 1. The nuclear magnetic resonance spectrum of 4-hydroxycoumarin-3,4-4 recorded in hesamethylphos- 
phoramide: (a) before H 2 0  was added; (b) after H 2 0  was added. 

give 4-hydroxy~oumarin-3,4-d~.~ The amount of 
deuteration was determined by nuclear magnetic 
resonance (n.m.r.) through a comparison of the 
relative area of the peaks for the 3-proton and 
the four aromatic protons (Fig. 1). When an 
acetone solution of this deuterated com~ound 
was diluted with a few drops of water, the com- 
pound quickly reverted to 4-hydroxycoumarin 
containing no 3-deuterium as indicated by the 
area of the 3-proton peak. 

Reacting 4-hydroxycoumarin-3,4-cl, with phos- 
phorous oxychloride (Spalding et al. (5)) gives 
4-chlorocoumarin-3-d (-95 % 3-6). Retention 
of this 3-deuterium during the isolation condi- 
tions (phosphorous oxychloride diluted with 
methanol and water) demonstrates that the 3- 
proton of 4-chlorocoumarin does not exchange 
in water or acids. 

2Farmer has investigated the infrared spectra and 
structures of 4-hydroxycoumarins and also some 4- 
deuteroxycoumarins. The 4-deuteroxycoumarins were 
prepared by recrystallizing from dioxane-D20 o r  ether- 
D 2 0  mixtures; the author explains "although it is to  be 
expected that the labile hydrogen on carbon 3 would also 
be replaced by deuterium, no spectral changes due to  
this could be identified" (3). 

Treatment of 4-chlorocoumarin with piperi- 
dine gives 4-piperidylcoumarin (6). Conducting 
this reaction with 4-chlorocoun~arin-34, ,' elves 

primarily deuterium retention. 
4-Anilinocouinarin may be prepared from 4- 

chlorocoumarin and aniline as described by 
Zagorevski et al. (6). When this method is used 
with the 3-d compound, a complete loss of 
deuterium was obtained. Attempts to prepare 
the 3-d from 4-anilinocoumarin with acetone 
and D,O failed, suggesting that under these 
conditions there is not tautomerization between 
the amino and imino forms of the 4-anilino 
compound. However, heating with deuterated 
aniline resulted in exchange at the 3-position as 
indicated by the small relative area of the 3- 
proton in the n.m.r. A similar exchange resulted 
when 4-piperidylcoumarin-3-d,, was heated with 
aniline, the deuterium being replaced by a 
proton. 

In summary the exchange of 4-hydroxy- 
coumarin with heavy water provides a facile 
starting material, 4-hydroxycoumarin-3,4-d2 for 
the preparation of coumarin derivatives with 
deuterium in the 3-position. Another quite 
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NOTES 1951 

satisfactory method to prepare some 3-deuterated mixture was filtered to give 4-piperidylcou~~~arin (87 % 
derivatives is by base-catalyzed proton exchange 3-d1), m.P. 104-107.5 "C; n.m.r. (CDCI,, C.P.S.) 108 broad 

(area 6), 188-204 broad (area 4), 347 singlet (area 0.13), 
at elevated temperatures (i.e. with deuterated 439474 multiplet (area 4). 
aniline at 150 "C). Reacting 0.3 g of this 4-piperidylcoumarin-3-4 with 

1 ml of aniline at 150 " for 1 11, concentration of the 
Experimental solution on a steam bath, and crystallization from 

4-H)~rlroxycournarin-3,4-d2 methanol, gave 4-piperidylcoumarin with the replace- 

A mixture of 15 e of 4-hvdroxvcoumarin. 60 e of D,O. ment Of the by a 
- - - - - , - - ,  

and 50 g of acetone was heated until a solution formed 
and then stirred for 30 min. The solution was evaporated 
under vacuum until a dry powder formed; the infrared 
(i.r.) and nuclear magnetic resonance (n.m.r.) spectra of 
the powder were recorded immediately. The i.r. spectrum 
was similar in the carbonyl region but showed consider- 
able differences from 4-hydroxycoumarin at lower fre- 
quencies; a broad band occurred at  -2200 cm-' corres- 
ponding to 0-D vibration. 

The n.m.r. spectrum,, recorded in hexamethylphos- 
phoramide (Fig. la), indicated 92% deuteration in the 
3-position when the area of the 3-proton peak at  347 c.p.s. 
was compared to the area of the peaks corresponding to 
the four aromatic protons. When a drop of H 2 0  was 
mixed with the solution in the n.m.r. tube and the spec- 
trum recorded (Fig. 1 b), a very rapid exchange was noted, 
with only 47% deuteration remaining in the 3-position. 
When dioxane was used instead of acetone (3) 4-hydroxy- 
coumarin-3,4-d, was also obtained. 

4-Cl~lorocou~narin-3-dl 
Twenty ml of phosphorus oxychloride was added to 

the 4-hydroxycoumarin-3,4-d2 prepared above and the 
mixture was refluxed for 1 h. The solution was cooled, 
diluted first with methanol and then with water and 
chloroform and the insoluble precipitate removed by 
filtration. This precipitate was characterized as a trimer 
of coumarin (7). The chloroform layer was evaporated 
and the residue crystallized from methanol to give an  
orange compound, m.p. 93-94 "C. The n.m.r. spectrum 
(CDCI,) showed a singlet at 392 c.p.s. having a relative 
area of 0.05 corresponding to 95% deuteration in the 
3-position. 

4-Piperidylcoumari~~-3-dl 
T o  1.0 g of 4-chlorocoumarin (95 % 3-d,) in 15 ml 

methanol was added 3 ml of piperidine and the methanol 
solution was boiled for 10 min. The cooled reaction 

,The nuclear magnetic resonance spectra were recorded 
on a Varian A-60 spectrometer; chemical shifts are 
reported in c.p.s. downfield from internal tetramethyl- 
silane. 

4-Anili~zocournari~~ 
One gram of 4-chlorocoumarin (95% 3 4 , )  and 3 n11 

of aniline were heated at  150 "C for 1 h. Cooling and 
dilution with methanol yielded 4-anilinocoumarin. Its 
i.r. spectrum was identical with that of 4-anilinocoumarin 
prepared from undeuterated 4-chlorocoumarin. The 
n.m.r. spectrum in hexamethylphosphoramide showed a 
peak at  329 c.p.s. corresponding to  the 3-proton, area 1. 

4-Anili11ocouma,d1-3-d~ 
4-Anilinocoumarin (0.5 g) prepared as above from 

4-chlorocoumarin and aniline, was added to 1.5 n11 of 
deuterated aniline4 and the mixture heated a t  150 "C for 
1 h. The solution was cooled, diluted with methanol, 
boiled, cooled, and filtered. Nuclear magnetic resonance 
showed this compound to be -92% deuterated in the 
3-position, and -100% protonated at the nitrogen. 

When a mixture of 4-anilinocoumarin (0.5 g), 20 n11 
acetone, and 5 ml D 2 0  were stirred at room temperature 
for 1 h, only the undeuterated product was obtained. 
Similarly when this procedure was repeated with the 
addition of 10 ml of pyridine and the solution stirred for 
15 h. no deuterated 4-anilinocoumarin was obtained. 

1. M. E. PEREL'SON and Yu. N. SHEINKER. Zh. Prikl 
Spektroskopii Akad. Nauk. Belorussk. SSR, 5, 104 
(1966). Chem. Abstr. 65, 19478d(1966). 

2. B. K. SABATA and M. R .  ROUT. J. Indian Chem. 
SOC. 41,74 (1964). 

3. V. C. FARMER. Spectrochim. Acta, 10, 870 (1959). 
4. F. ARNDT, L. LOEWE, R. UN, and E. AYCA. Chenl. 

Ber. 84,319 (1951). 
5. D. P. SPALDING, H. S. MOSHER, and F. C. WHITMORE. 

J. Am. Chem. Soc. 72,5338 (1950). 
6. V. A. ZAGOREVSKI and D. A. ZYKOV. Zhur. 

Obshchei Khim. 30, 1378 (1960). (Chen~. Abstr. 55, 
524e (1961). 

7. A. R. KNIGHT and J. S. MCINTYRE. Can. J. Chem. 
To be published. 

4Aniline was treated twice with heavy water, to give 
deuterated aniline which was shown by nuclear magnetic 
resonance to be greater than 99 % deuterated. 
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Synthesis of new chalcone analogues and derivatives 

R ~ A L  LALIBERT~, JANE MANSON, HILDA WARWICK, AND GEORGE MEDAWAR 
Departtrzent of Chemistry, Ayerst Research Laboratories, Ayerst, McKenna, and Harrison Lirrlited, 

Montrtal, Qrtkbec 
Received December 28, 1967 

The synthesis of new derivatives of 2'-hydroxychalcone, such as esters, sulfonates, and thiocarbamates, 
prepared for evaluation as antiparasitic agents as well as new heterocyclic chalcone analogues prepared 
for the same purpose, is described. 
Canadian Journal of Chemistry, 46, 1952 (1968) 

In a search for a new gastrointestinal anthel- 
mintic with a broad spectrum of biological 
activity, a number of chalcones and related 
compounds were prepared and evaluated as 
antiparasitic agents (1). In this study a weak 
anthelmintic activity of chalcone was discovered 
and the activity has been increased by the addi- 
tion of a hydroxyl group in position-2'. Deriva- 
tives of this phenol have also exhibited increased 
anthelmintic activity. The new aryl esters, sul- 
fonates, and the thiocarbamate of 2'-hydroxy- 
chalcone which were prepared and submitted 
for testing are herein described. 

To establish structure-activity relationship in 
this series, chemical manipulations to evaluate 
the importance of the two phenyl groups in the 
chalcone molecule were made. New chalcone 
analogues in which one of the phenyl rings is 
replaced by a heterocyclic ring were prepared by 
the Claisen-Schmidt condensation of an appro- 
priate aldehyde with a convenient methylketone, 
using methanol or ethanol as solvent and sodium 
hydroxide as base. 

Experimental 
Gerzeral Procedure ( Claisen-Schmidt Conderzsation) 

Two ml of 40% sodium hydroxide was added to a solu- 
tion of the appropriate aldehyde (0.05 M )  and the methyl- 
ketone (0.05 M )  in methanol. The solution became yellow 
and generally a solid appeared on standing for a few 
hours. It was removed by filtration and was crystallized 
from an appropriate solvent as described in Table I.  If 
no solid formed, the solvent was evaporated under 
vacuum and the substance was extracted with dichloro- 
methane. The solvent was washed with water and then 
dried and evaporated. The residue was crystallized from 
an appropriate solvent (see Table I). 

turnings (11 g). The mixture was cooled and the mag- 
nesium was removed and washed with ether. The solvents 
were washed to neutrality with 5 %  NaOH and water. 
Evaporation yielded a heavy oil that could not be dis- 
tilled without decomposition. This oil was either crys- 
tallized as described in Table I1 or it was purified by 
passing it through silicic acid as it was for the cinnamate 
which did not crystallize. 

Method b: the Preparation of Slrlfonates 
To a solution of 2'-hydroxychalcone (0.01 M )  in 25 ml 

of pyridine was added a tenfold excess of a sulfonyl 
chloride. After 18 h, water was added. The substance was 
placed in benzene and washed. After evaporation it was 
crystallized from ether and from methylcyclohexane to 
give light-yellow solids described in Table 11. 

2'-Hydroxy-B-N-morpholinoacrylophenone 
A mixture of 2'-hydroxy-B-formylacetophenone (3) 

(0.02 M )  and morpholine (0.02 M )  was heated on a steam 
bath for 1 h. The crude solid crystallized from ethanol to 
give yellow crystals (85% yield) melting at 107-108 "C; 
ultraviolet (u.v.), h,,, at 256 mp. 

Anal. Calcd. for C,,H15N03: C, 66.93; H, 6.48; N, 
6.01. Found: C: 62.17; H, 6.64; N, 5.94. 

2'-Hydroxy-~-N(N'-p/~enyl)piperazinoacrylophenot1e 
A mixture of 2'-hydroxy-(3-formylacetophenone (3) 

(0.02 M )  and N-phenylpiperazine was heated on a steam 
bath for 1 h. The crude solid obtained was crystallized 
from ethanol to give yellow crystals (75 %yield) melting 
at 114-115 "C; U.V. h ,,,, at 230 and 248 mu. 

Anal. Calcd. for C 1 9 H z o N Z 0 ~ :  C, 74.00; H, 6.54; N, 
9.09.Found: C,74.20; H, 6.34;N, 8.76. 

Di(2'-hydroxychalco~ze) thiocarbonate 
The triethylamine salt of 2'-hydroxychalcone (0.03 M )  

was prepared by adding triethylamine (0.03 M )  to an 
equivalent of 2'-hydroxychalcone in benzene (60 ml). This 
solution was added dropwise with stirring to a cooled 
solution of thiophosgene (0.03 M )  in benzene (60 mi). 
After 2 h, another portion of thiophosgene (0.01 M )  with 
an equivalent of triethylamine was added. The reaction 
mixture was allowed to come to room temperature and 
it was stirred for a further 2 11. The solvent was removed 

Esters from 2'-Hydroxyclralcone to give a brown oil which crystallized on addition of 
Method a ether. Recrystallization from ethanol yielded a pale- 
The technique used has been described by Spasov (2). yellow solid (65% yield) melting at 131-132 "C; U.V. h,,,, 

A benzene solution (300 ml) of 2'-hydroxychalcone (0.03 at 227 and 306 mp. 
M )  and of an appropriate acid chloride (0.04 M )  was kept Anal. Calcd. for C, ,HZ2O,S: C, 75.91 ; H, 4.52; S, 
under reflux for 4 days in the presence of magnesium 6.52. Found: C, 75.54; H, 4.58; S, 6.55. 
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TABLE I 
Experimental data for new chalcone analogues and derivatives 

Analyses 

Calculated Found Infraredt 
Melting Yield Solvent of Molecular C=O 

Compound point ("C) (%) c~ys t a l i~ t i on  formula C H C I N S  C H C1 N S (cm-') 

Methylene cliloride* 
3 1-32 40 and hexane C I 3H9CIOS 62.90 3.66 14.25 12.87 62.84 3.70 14.18 12.95 1655 

89-90 50 Methanol* and water CIGHl,OS 75.57 5.55 12.58 75.32 5.67 12.83 1655 

190-191 55 Ethyl acetate 

CI 

& 5 6 5 7  65 Methanol C1 GET 13CI0 74.87 5.32 13.81 74.63 5.10 13.79 1662 
CI 
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TABLE I (Concluded) 

Analyses 

Calculated Found Infrared* 
Melting Yield Solvent of Molecular C=O 

Compound point ("C) ( %) crystallizntion formula C H C I N S  C H C1 N S (cm-') + 
n 5 

&Yc"' N.HCI 127-130 
CHI 

5 
FJ 

50 Isopropyl alcoho C ~ O H I B N Z O Z  75.45 5.70 8.80 75.77 5.88 8.73 1663 - 
n 

75 Ethyl acetate C2,H16N2O3S 65.93 4.43 7.69 8.78 66.09 4.53 7.60 9.16 1648 3 s 

25 Methanolt CI4Hl3NOS.HCI 12.67 5.01 11.45 

P m 

60 Toluene C1gH16Nz03S 64.77 4.58 7.95 9.08 65.01 4.67 7.96 9.13 1647 
m 

*In chloroform solution. 
tThese substances were extracted with dichloromethane from the residue after evaporalion of the methanol. 
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2 7 -  Dicirznamoxychalcone 
Triethylamine (0.01 M )  was added to  2,2'-dihydroxy- 

chalcone (0.005 M )  in hot toluene (20 ml). Cinnamoyl 
chloride (0.01 M )  in toluene was added slowly with con- 
stant stirring and the mixture was heated under reflux for 
90 min. Similar addition is repeated. The mixture was 
cooled and then it was washed with water and extracted 
with toluene. After removal of the solvent, the oil was 
crystallized from propanol to  give a yellow solid (65% 
yield) melting at 126-127 "C; u.v. h,,, at 282mp. 

Anal. Calcd. for C33H2405: C, 79.18; H,  4.83. Found: 
C, 79.34; H ,  4.96. 

2-(N-Pl1enylcar.batnyl)oxy-2'-hydroxychalc01ze 
Phenyl isocyanate (0.01 M )  was added t o  2,2'-dihy- 

droxycl~alcone (0.005 M )  in hot toluene (30 ml). Five 

drops of pyridine were added and the mixture was heated 
under reflux for 1 h. The solvent was evaporated to give a 
yellow solid. Recrystallization from acetone by the addi- 
tion of hexane gave a yellow solid (35 %yield) melting a t  
167-169 "C; u.v.h ,,,,, at237and313 mp. 

Anal. Calcd. for C22H, ,N04 :  C, 73.53; H,  4.77; N, 
3.90.Found:C,73.19;H,4.78;N,3.82. 

1. R .  LALIBERTE, D. CAMPBELL, and F. BRUDERLEIN. 
Can. J. Pharm. Sci. 2,37 (1967). 

2. A. SPASOV. Ber. 75B, 779 (1942); Chenl. Abstr. 36, 
7nln 

3. A."SCHBNBERG and A. SINA. J. Am. Chem. Soc. 72, 
3397 (1950). 
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VOLUME 46 JUNE 15, 1968 NUMBER 12 

The X-radiolysis of water vapor containing methanol. Effects of some 
electron and hydrogen atom scavengers1 

R. S. DIXON AND M. G. BAILEY 
Atomic Encrgy of Canada Limited, Whiteshell N~tclear Research Establishment, Pinalva, Manitoba 

Received December 18, 1967 

The X-radiolysis of water vapor containing methanol at 125 "C and 1 atm pressure has been studied 
alone and in the presence of some electron and hydrogen atom scavengers. In water vapor containing 
methanol only, a plateau value G(H2) = 7.9 k 0.3 is obtained at all methanol concentrations above 
0.5 mole %. Addition of propylene drastically reduces this yield due to efficient scavenging of hydrogen 
atoms, and values for the total number of H atoms from all precursors g(H), = 7.5 + 0.2 and k(H 
-k C3H6)/k(H + CH30H) -- 1600 are deduced from the competition. An unscavengeable hydrogen 
yield ,y(H2) -0.5 is also indicated in mixtures containing propylene. Nitrous oxide and sulfur hexa- 
fluoride are found to scavenge electrons efficiently in water vapor containing methanol and the number 
of hydrogen atoms arising from electron - positive ion recombination is estimated to have a value 
G = 2.2 + 0.6. The number of hydrogen atoms arising from processes not involving electrons is g(H) 
= 5.2 + 0.3. Carbon tetrachloride reacts efficiently with both electrons and hydrogen atoms, w ~ t h  
k(H i -  CH30H)/k(H + CCI,) = 0.085. Values of g(H) = 4.9 t 0.5 and g(Hz) = 0.8 + 0.2 are 
deduced fro111 mixtures containing carbon tetrachloride. 

Canadian Journal of Chemistry. 46, 1957 (1968) 

Introduction cursor (4. 5). This is in marked contrast to the 

Pure water vapor undergoes little decomposi- 
tion when exposed to ionizing radiation (1-3). 
In the presence of organic additives, however, 
the hydrogen yield greatly increases and a value 
for the total reducing species of G -- 8' has 
been obtained in H,O and D 2 0  containing 
various organic additives (2, 4). The contribu- 
tions of radical and ionic processes towards the 
yield of reducing species has been the subject 
of more recent publications (4-6). Irradiation of 
water vapor containing nitrous oxide gave 
G(N2) = 3.0, which is thought to represent the 
yield of scavengeable electrons in water vapor 
(5, 6). This value agrees well with the reduction 
in hydrogen yield AG(H,) -- 3 when nitrous 
oxide or sulfur hexafluoride is added to  H 2 0  or 
D 2 0  vapor containing organic additives (4, 5). 
However, comparison of g(e) with the total yield 
of reducing species indicates that a major 
fraction does not have the electron as a pre- 

'A.E.C.L. No. 3098. 
'Primary yields are written as g(x) and experimental 

yields as G(x), molecules per 100 eV absorbed. 

\ ,  , 

situation in liquid water, where the major frac- 
tion of the reducing species is present as the 
hydrated electron (see, for example, ref. 7). 

The importance of the radical and ion yields 
in the radiation chemistry of water vapor has led 
us to study the extent to  which electrons and 
other precursors contribute to the yield of re- 
ducing species in water vapor containing meth- 
anol. We have done this by looking at the 
effect of certain electron and hydrogen atom 
scavengers on the hydrogen yields from this 
system. The similarities and discrepancies be- 
tween our results and those from other studies 
in water vapor are briefly discussed. 

Experimental 
Water was triply distilled from acid dichromate, from 

alkaline permanganate, and finally through a quartz tube 
at 500 "C in a stream of oxygen. Methanol and carbon 
tetrachloride (Fisher certified), cyclohexane and propy- 
lene (Phillips research grade), nitrous oxide and sulfur 
hexafluoride (Matheson research grade) were used with- 
out further purification except for several freeze-pump- 
thaw cycles. 

The irradiation vessels were - 450 cc cylindrical quartz 
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cells fitted with center thermocouple wells and break 
seals for analysis. The vessels were cleaned as described 
previously (6). The weighed aqueous methanol sample 
(- 0.25 g) was deaerated by several freeze-pump-thaw 
cycles and distilled into the irradiation vessel immersed 
in liquid nitrogen. Additives were introduced by con- 
densing a known volume of gas or vapor, at  a known 
temperature and pressure, into the vessel. The vessel and 
contents were finally evacuated to Torr at - 196 OC 
before sealing off. Irradiations were carried out at  125 "C 
and atmospheric pressure using X-rays from a 1.5 MeV 
Van de Graaff accelerator equipped with a stainless steel 
target. After irradiation, the gases not condensable at  
-196 "C were measured volumetrically and the compo- 
sition determined by gas chromatography. 

The dose rate of 3.0 x 10'' eVg- I  min-I in H Z O  
was estimated by the nitrous oxide dosimeter assuming 
G(N2) = 11.0 (8). The relative dose rate was checked 
periodically with the Fricke dosimeter. The energy 
absorbed by each component was calculated assuming 
it to be directly proportional to the electron density of 
the gas. Total doses in the samples were generally in the 
range 1019 - 1OZ0eV g- l .  

All G-values were based on the energy absorbed by 
wdter only. Corrections for products produced by direct 
absorption of energy by methanol were made using the 
experimentally determined values of G(H2) = 11.5, 
G(CH4) = 0.7, G(C0) = 1.8 for methanol vapor irra- 
diated at  125 "C and 320 Torr. Corrections for other 
additives were made using G(N2),,, = 11.0 (a), 
G(H2)cyclohexanc = 5.3 (9), and G(Hz)proPylene = 1.2 (10). 
In correcting, it was assumed that the product yields 
from each component in a mixture were the same as those 
in the pure component. This assumption may not be 
strictly correct, but we estimate that any inaccuracies due 
to  it will not seriously affect our conclusions. 

Results 
Water + Metlzanol 

The effect of methanol concentration on the 
hydrogen yield from water vapor at 125 "C and 
atmospheric pressure is shown in Fig. 1. G(H2) 
increases from 4.6 at lo-' mole % methanol to 
a plateau value of 7.9 + 0.3 at about 0.5 mole 
% methanol, remaining constant up to 7.7 mole 
% methanol. Small amounts of methane and 
carbon monoxide were also formed. 

A few runs with water vapor containing 2.6 
mole % cyclohexane gave G(H2) = 7.0 + 0.3. 

Water + Methanol + Propylene 
Hydrogen yields from water vapor containing 

various concentrations of methanol and pro- 
pylene are shown in Table I. In all runs, the 
methanol concentration was sufficient to have 
reacted with all available hydrogen atoms in the 
absence of propylene. Since G(H2) increased 
with dose in most of these experiments, pre- 
sumably due to consumption of the propylene, 

0 I I I I I 
0 2 4 6 8 

MOLE % METHANOL 

FIG. 1. Effect of methanol concentration on the 
hydrogen yield from water vapor at 125 "C and atmo- 
spheric pressure. 

TABLE I 
G(H2) from water vapor containing methanol and 

propylene 

C H 3 0 H  (mole %) C3Hs (mole %) G(Hd 

the values of G(H2) are initial yields obtained 
by extrapolation to zero dose. 

A few samples of water vapor containing 0.1 
and 1.0 mole % propylene (but no methanol) 
gave G(H,) = 0.6. 

Water + Methanol + N,O (or. S F 6 )  
The effect of nitrous oxide concentration on 

the hydrogen yield from water vapor con- 
taining 2.2 mole % methailol is shown in Fig. 
2. G(H2) falls from 7.9 + 0.3 to 5.7 + 0.3 on 
addition of 0.1 mole % nitrous oxide, followed 
by a much slower falloff to G(H,) = 4.8 at 10 
mole % nitrous oxide. At the same time, the 
nitrogen yield increases from zero to G(N2) 
= 4.2 at 0.1 mole % nitrous oxide, then in- 
creases slowly to G(N2) ,- 4.8 at 10 mole % 
nitrous oxide. A few results with water vapor 
containing various concentrations of methanol 
(1-10 mole %) and nitrous oxide (1-10 mole %) 
showed that while G(N2) depended little on 
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N 2 0  concentration, it increased with increasing 
methanol concentration to G(N2) = 8.0 at 10.6 
mole % methanol. Addition of 1 inole % sulfur 
hexafluoride reduced G(N ,) to zero at all meth- 
anol and nitrous oxide concentrations studied. 

Sulfur hexafluoride has a similar effect on 
G(H2) from water vapor containing 2.2 mole % 
methanol, as shown in Fig. 3. G(H2) falls from 
7.9 + 0.3 to 5.8 f 0.3 on addition of 0.1 mole 
% sulfur hexafluoride, then stays approximately 
constant up to 5 mole % sulfur hexafluoride. 
Addition of 1 mole % propylene to water vapor 

MOLE % N 2 0  

FIG. 2. Hydrogen and nitrogen yields from water 
vapor containing 2.2 mole % methanol and various con- 
centrations of nitrous oxide: ( 0 )  H Z  yields, (@) N z  yields. 

0 
I 

2 4 6 8 
MOLE OI. ADDITIVE 

FIG. 3. Effect of sulfur hexafluoride and carbon 
tetrachloride on the hydrogen yield from water vapor 
containing 2.2 mole % methanol: (a) sulfur hexafluoride, 
( 0 )  carbon tetrachloride, ( A )  carbon tetrachloride + 1  
mole % SFs. 

containing 2.2 mole % methanol and 1 to 5 mole 
% sulfur hexafluoride reduced the hydrogen 
yield to G(H2) = 0.4. 

Water + Methanol + CCI, 
The effect of carbon tetrachloride on the 

hydrogen yield from water vapor containing 2.2 
mole % methanol is shown in Fig. 3. G(H2) 
falls rapidly on addition of less than 0.1 mole 
% carbon tetrachloride, the falloff becoming 
slower as the carbon tetrachloride concentration 
increases. A few runs with H20-CH30H-CCI, 
mixtures containing 1 mole % sulfur hexa- 
fluoride gave values of G(H2) which fall on the 
same curve as those in the absence of sulfur 
hexafluoride. G(H2) does not fall to zero, how- 
ever, even at 7.7 mole % carbon tetrachloride, 
but tends to flatten out at a plateau value of - 0.8. 

Discussion 
Water + Methanol 

As previously shown (2), even low concentra- 
tions of organic additives substantially increase 
G(H2) from irradiated water vapor. Figure L 
shows that less than 1 mole % methanol is 
sufficient to give a limiting value of G(H2). The 
major reactions which produce H and OH in 
water vapor are generally assumed to be 

13 I H z O *  ->H + O H  . 
Recent mass spectrometric investigations (1 1) 
have shown that u-particle irradiation of water- 
methanol vapor mixtures under conditions where 
ion-molecule reactions occur gives mainly ions 
of the type Hf (H20),(CH30H),. Here x and y 
depend on the temperature and pressure and the 
concentrations of water and methanol in the 
mixture. In our experiments, therefore, reaction 
[2] will be replaced by 
[4] H 3 O +  $ ( X  - l ) H z O  + yCH3OH -> 

H + ( H z O ) ,  (CH3OH)jx 

[5] e- + H + ( H 2 0 ) , ( C H 3 0 H ) ,  -> H  
-1- xHZO + Y C H ~ O H ,  

where reaction [4] represents the clustering of 
the hydronium ion by water and methanol 
molecules. In the present experiments the cluster 
will consist mainly of water molecules, except at 
high methanol concentrations. 
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The H and OH radicals produced above will 
react with methanol, 

[61 H 4- CH30H -> H z  -k CH2OH 

[7] OH + CH30H + Hz0 + CH20H, - 0 IS 

I - 
b t  

and only when all available H and O H  react 
with methanol will the plateau value be reached. 
The plateau value of G(H2) = 7.9 + 0.3 thus 
represents the sum of all available H atoms 
arising via [3] and [5] plus the yield of "mole- "' 

- 0 I2 
cular" hydrogen, if any. This value (obtained in 
silica vessels) is in good agreement with Baxen- 
dale and Gilbert's value of 7.8 using soda glass 
vessels (2) but is less than their value of 8.9 in 

[CSHI 

silica vessels (5). The importance of these dif- [aoolnq 

ferences will be discussed later. In view of the (FIG. 4. The reciprocal of the reduction in the hydro- 
possible discrepancies due to different dosim- gen yield plotted against the ratios of concentrations of 

methanol and additive in water vapor: (g) propylene, etry methods used by various authors, the (0)  car,,on tetrachloride. 
experiments with added cyclohexane were car- 
ried out for comparitive purposes. The value of a small yield of hydrogen, g(H2) - 0.5, which 
G(H2) = 7.0 + 0.3 found here agrees well with does not have the H atom as a precursor. The 
the values found by other workers (2, 12). presence of a "molecular" yield of hydrogen is in 

Water + Methanol + Propylene agreement with that found in other studies in 

Since propylene is known to add H atoms water vapor (14-1 6). 

rapidly giving the isopropyl radical (l3), The above conclusions rest on the assumption 
that propylene does not interfere with the ionic 

[S I H ; C3H6 -> C3H7, steps in the mechanism. The simple alkenes, 
its effect on G(H2) from water vapor containing having negative electron affinities, cannot cap- 
nlethanol is presumably due to the scavenging of ture electrons and will not interfere with electron 
H atoms in competition with reaction [6]. This reactions. At the pressure of water vapor used, 
simple conlpetition for H atoms leads to the reaction [I]  is fast enough to preclude other re- 
relationship actions of H,O+ (17). We have also excluded 

1 1 [ k ,  [CH :,OH I] charge or proton transfer to propylene on ener- -- - -- - 1 +--- , 
g(H)t k,[C,HsI 

getic grounds. Reactions [9] and [lo] are both 
endothermic, 

where AG = the reduction in hydrogen yield on 
addition of propylene and g(H), = the total [9] CH30HZ+ + C3H6 -> CH30H + C3H7+ 

AH = -1-(5-30) kcal/mole 
yield of H atoms from reactions [3] and [5]. 
The plot of 1/AG versus [CH30H]/[C3H6] is [I01 CH30H2+ 4- C3H6 -> H -t CH30H + C3Hsf 

shown in Fig. 4 and although methanol is only AH = $90 kcal/mole 

reacting with a maximum of about 10% of the (AH was calculated using proton affinities: 
total hydrogen atoms, the plot is a reasonable p(C3H6) = 153-172 (18), p(CH30H) = 177- 
straight line in agreement with the above kinetic 183 (19) kcal/mole and ionization potentials 
scheme. From the slope and intercept we obtain Z(C3H6) = 223, I(H) = 313 kcal/mole). As 
the values E ( H ) ~  = 7.5 + 0.2 and k , / k ,  - 1600. pointed out earlier, in the absence of propylene 

These results show that the majority of the the positive ion will actually be present as 
hydrogen is formed by H atom abstraction from H+(H20),(CH30H),, but since C3H,+ and 
the methanol. Experiments with water vapor C,H6+ will also be present as ion clusters, 
containing propylene (but no methanol) gave clustering of the ions will probably not have a 
G(H,) = 0.6, independent of propylene con- marked effect on the enthalpy changes in re- 
centration over a factor of 10. This, together actions [9] and [lo]. We therefore conclude that 
with the kinetic analysis, indicates the presence propylene does not interfere with the ionic steps 
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proposed but merely acts as an  H atom scav- 
enger in this system. 

Water + Methanol + N,O (or SF,) 
Previous results (4-6) have shown nitrous 

oxide and sulfur hexafluoride to  be efficient 
scavengers of electrons in water vapor. 

In water vapor containing nitrous oxide only, 
G(N,) = 3.0 -+_ 0.3 which was identified with 
the yield of scavengeable electrons (5, 6) and is 
in reasonable agreement with the value calcu- 
lated from the W-value in water vapor (20, 21). 
Figures 2 and 3, however, show G(H2) falls by 
2.2 i 0.6 when as little as 0.1 mole % nitrous 
oxide or sulfur hexafluoride is added to  water 
vapor containing sufficient methanol to  capture 
all available H atoms. Since both nitrous oxide 
(22, 23) and sulfur hexafluoride (24) react too 
slowly with H atoms to  compete with methanol 
at low N 2 0  or SF, concentration, their effect 
on G(H2) is presumably due to  capture of 
electrons which are precursors to  part of the 
hydrogen yield. Increasing the concentration of 
nitrous oxide or sulfur hexafluoride from 0.1 to 
1 mole % had no noticeable effect on G(H2); 
hence we can assume that 0.1 mole % is suffi- 
cient to capture all available electrons. I11 the 
absence of an electron scavenger, electrons are 
converted to hydrogen atoms via reaction [5] 
and the H atoms converted to H z  via reaction 
[6]. These results therefore suggest that electroil 
- positive ion neutralization in water vapor con- 
taining methanol gives H atoms with a yield 
corresponding to G = 2.2 F 0.6, unless ion-ion 
neutralization results in the formation of H 
atoms. 

It has been shown (6) that 0- probably reacts 
wit11 water, 

[I31 0- + H,O -> OH + OH-, 

and neutralizatioil will therefore proceed via 

[I41 H+(H20),(CH30H), i- OH- + (X + 1)H20 
+ yCH30H 

Reaction [14] is analogous to  the reaction 

~151 D,O+ i- OD- + D*O + D,O 

proposed in the D,O-C,H, system (4), where it 
was found that D atoms were not formed by 
hydronium ion neutralization. Similarly in al- 

kane gases, positive ion - negative ion neutrali- 
zation in the gas phase (25) or neutralization a t  
the walls on application of an electric field (26) 
have been shown not to  yield H atoms. I11 our 
system nitrous oxide and sulfur hexafluoride 
have essentially the same effect on G(H,) at low 
concentration. If ion-ion recombination yielded 
H atoms, we would not expect the negative ions 
from nitrous oxide and sulfur hexafluoride to  
regenerate H atoms to the same extent. We there- 
fore conclude that ion-ion neutralization does 
not regenerate H atoms in our system and that 
the reduction in hydrogen yield on addition of 
electron scavengers represents the number of H 
atoms arising from electron - positive ion neu- 
tralization. 

Our value of G = 2.2 $. 0.6 is slightly less 
than the values obtained in other studies in 
water vapor (4, 5). As explained above, we have 
rejected the possible formation of H atoms by 
ion-ion neutralization. Similarly we have no 
evidence for formation of other products in the 
neutralization reaction [5]. The yields of meth- 
ane and carbon monoxide were reasonably 
consistent with those expected from direct ab- 
sorption by methanol, showing that neither of 
these products is formed via the neutralization 
reaction. The difference between our results and 
those of Baxendale and Gilbert (5) is difficult to 
explain, since the values of G(H2) in the presence 
of electron scavengers are essentially the same in 
both cases. The discrepancy arises as a result of 
the different values of G(H2) in silica vessels in 
the absence of electron scavengers and we are 
unable to offer any explanation for these differ- 
ences and, hence, for the discrepai7.cy. 

In the presence of nitrous oxide or sulfur 
hexafluoride, the total hydrogen which does not 
have the electron as a precursor is G(H2) = 
g(H2) + g(H) = 5.7 $. 0.3. Since this yield is 
reduced to  G(H,) -- 0.5, the molecular hydro- 
gen yield, on addition of propylene, then the 
molecular hydrogen yield does not arise via 
thermal electron precursors. By subtraction, the 
number ofhydrogenatoms arising from processes 
not involving the electron is g(H) = 5.2 $. 0.3. 
This value is in good agreement with the values 
obtained from other studies in D 2 0  (4) and 
H ,O (5) vapors. 

In the present work the decrease in G(H2) on 
addition of 0.1 mole % nitrous oxide was ac- 
companied by the productioil of nitrogen with 
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G(N2) = 4.2. Since g(e-) = 3.0 (5, 6) we would 
expect G(N,) = 3.0 from reaction [ l l ] ,  i.e. 
about 1.2 G units must originate from some 
other process. The reaction 
[I61 0- + N 2 0  -> N2 + 0,- 

proposed in the radiolysis of propane - nitrous 
oxide mixtures (25) does not occur in water 
vapor - nitrous oxide mixtures in the same ex- 
perimental conditions as the present work (6). 
Since nitrous oxide is present in the same con- 
centration range as in (6) and since G(N,) de- 
pends little on nitrous oxide concentration, we 
may discount reaction [16] as a source of nitro- 
gen. The chain propagation reaction 

proposed in pure methanol vapor (27) and in 
H 2 0  - methanol vapor (5) does not apparently 
occur to any extent, since addition of sulfur 
hexafluoride suppressed the nitrogen yield at all 
methanol and nitrous oxide concentrations 
studied. To explain the nitrogen suppression in 
terms of a competition for CH,OH radicals 
between nitrous oxide and sulfur hexafluoride 
would require the rate of reaction of CH,OH to 
be 1000 times faster with sulfur hexafluoride 
than with nitrous oxide, which seems unlikely. 
The "extra" nitrogen yield may arise from the 
following competition 

[I31 0- + H,O -. OH + OH- 

[I81 0- + CH,OH -> P + ..., 
followed by 

it91 P + 2N20 -> 2N, + ... 
Reaction [18] has been shown to occur in al- 
kane-methanol - nitrous oxide mixtures, giving 
some product P which reacts quantitatively with 
nitrous oxide producing two molecules of nitro- 
gen (28). The complete suppression of the nitro- 
gen yield on addition of sulfur hexafluoride 
supports a mechanism of this type, since electron 
capture by sulfur hexafluoride would prevent 
formation of both N, and 0- produced in 
reaction [I 11. 

As the nitrous oxide concentration increases 
between 1-10 mole %, the hydrogen yield de- 
creases slowly and the nitrogen yield increases 
slowly. This may be due to the slow reaction of 
H atoms with nitrous oxide, Ic = 10,-10' cc 
mole-' s-' at 150 "C (22,23), 
[20 1 H + N 2 0 - > N 2  +OH,  

competing with reaction [6] at high nitrous oxide 
concentrations. 

Water + Metllano1 + CCI, 
In this system, the slower falloff in G(H2) 

above about 0.1 mole % carbon tetrachloride 
(Fig. 3) and the nonlinear plot of 1/AG versus 
[CH,OH]/[CCI,] shown in Fig. 4 indicate the 
presence of more than one precursor of hydro- 
gen reacting with carbon tetrachloride. We 
identify these precursors as the electron and the 
hydrogen atom, in view of their known re- 
actions with carbon tetrachloride in the vapor 
phase (6,29). 
[21 I e- + CCI, -> CCl, + CI- 

1221 H -t CCI, -> HCI t CCI, 

Competition will occur between methanol and 
carbon tetrachloride for H atoms produced via 
reactions [3] and [5], the number of H atoms 
arising via [5] depending on the relative effi- 
ciencies of [5] and [21]. Our experiments show 
that, in the presence of sufficient sulfur hexa- 
fluoride to capture all electrons, values of G(H,) 
fall on the same curve as those in the absence 
of SF6 (Fig. 3). This indicates that k,, [CCl,] 
>> k, [H+(H,O),(CH,OH),], i.e. that carbon 
tetrachloride captures all available electrons (in 
the absence of SF,) at all CCI, concentrations 
studied. Since the consumption of carbon tetra- 
chloride due to electron capture is negligible 
at CCI, concentrations >_ 0.1 mole 0/,, the hy- 
drogen yield will therefore be given by 

which may be written as 

G(Ha) g(Hd + (g(Hs) + g(H) - G(H2)) 
~ G [ C H ~ O H I  

X k~~[CC14] . 
If g(H2) + g(H) = 5.7, as in H,O-CH30H 
containing either nitrous oxide or sulfur hexa- 
fluoride, a plot of G(H2) vs. (5.7 - G(H,)) X 
[CH,OH]/[CCl,] should give a straight line 
with a slope Ic,/k,, and an intercept g(H,). The 
plot is shown in Fig. 5 and gives Ic6/1c2, = 0.085 
and g(H,) - 0.8 f 0.2. By subtraction, g(H) 
= 4.9 +_ 0.5. The values of g(H2) and g(H) are 
a little higher and a little lower, respectively, 
than those found in H20-CH,OH containing 
nitrous oxide or sulfur hexafluoride. 
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FIG. 5. Plot of G(H,) versus (5.7 - G(H,))[CH,OH] 
/[CCl,] from water vapor containing 2.2 mole % meth- 
anol and various concentrations of CCI,: ( 0 )  without 
SF6, (a) with 1 mole % SF6. 

Since a small yield of hydrogen persists, even 
at very high carbon tetrachloride concentrations, 
this is further evidence that this "molecular" 
hydrogen yield does not arise from either ther- 
mal electron or hydrogen atom precursors. 

Rates of Reaction of N 2 0  and SF,  with Electrons 
Figures 2 and 3 show that the concentrations 

of sulfur hexafluoride and nitrous oxide re- 
quired to scavenge all available electrons do not 
differ by more than a factor of 10. This would 
indicate that sulfur hexafluoride is not greater 
than a factor of 10 more effective than nitrous 
oxide in capturing electrons. However, based on 
the efficiency of sulfur hexafluoride in suppress- 
ing the nitrogen yield from water vapor or pro- 
pane containing nitrous oxide, it appeared that 
sulfur hexafluoride was reacting a t  least lo4 times 
faster with electrons than was nitrous oxide 
(6,251. 

I11 mixtures containing either N,O or SF,, the 
important parameter is the rate of reaction with 
electrons compared with the rate of electron - 
positive ion neutralization. When both N ,O and 
SF, are present and compete for electrons, other 
factors may be important. The electron affin- 
ities of NzO and SF, are not known but could 
be important if the ions formed by electron 
capture live for any appreciable time. Thus, if 
the electron affinity of SF, is greater than that 
of N ,O, the reaction 

[23 1 N z 0 -  + SF6 -> NzO -k SFs- 

would occur if the lifetime of N,O- were long 
enough for it to collide and react with SF,. In 

water vapor containing 1 mole % N 2 0 ,  the 
nitrogen yield is completely suppressed by as 
little as 1.6 x mole % SF, (6). For this to 
be due to reaction [23], then N 2 0 -  would have 
to live for a t  least lo-' s, assuming reaction 
[23] has a collision efficiency less than or equal 
to  unity. Electron transfer of this type has been 
postulated to account for the effects of certain 
electron scavengers in methylcyclohexane vapor 
(30). While not offering direct evidence for re- 
action [23], the present results suggest that it is 
not simply the rate of reaction with electrons 
which is important in water vapor containing 
more than one electron scavenger. 
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Thermodynamics of ionization of aqueous toluidinium ions 

W. F. O'HARA 
Scietlce Department, U.S. Naval Academy, Annapolis, Maryland 21402 

Received January 16, 1968 

Standard heats of ionization of ortho-, meta-, and para-toluidinium ions in water at 25 "C have been 
determined in a high precision solution calorimeter. Entropies of ionization have been calculated from 
these heats and well-defined free energy changes. As predicted by theory, a linear relation is found between 
ASoi,. and AGoI,, and between AH0,,, and AS0,,, for these compounds. 
Canadian Journal of Chemistry, 46, 1965 (1968) 

Introduction 

Current investigations and discussions (1-1 1, 
17) of the effects of molecular structure and 
solvent effects on the relative strengths of organic 
acids in water have involved determination and 
examination of heats and entropies of ionization 
and their relative effects on standard free energy 
changes. 

Recently we reported the thermodynamics of 
ionization of aqueous anilinium ion (1 1) and in 
continuation of the study of substituted anilines 
have determined AH' and calculated AS' for 
ionization of the toluidinium ions in water at 
25 "C. 

Experimental 
The reaction calorimeter used in all experiments was 

of 800 ml capacity and similar to a 900 nil niodel described 
before (12). Power for the calorimeter heater was supplied 
by a Kepco 40-0.5M. d.c. power supply replacing 
storage batteries. A Fluke 351-A constant current d.c. 
power supply replaced a low discharge battery as the 
source of current (0.00277 A) in the transposed Maier 
bridge thermometer circuit. 

The sensitivity o l  this calorimeter was determined to be 
4.3 x 10-I (deg,'wV), the same as the apparatus pre- 
viously described (12). 

All heats of reaction were determined at 25.0 + 0.15 "C. 
Toluidines Lvere obtained fro111 Aldricli Chemical 

Company. The ortho and meta isomers were vacuum 
distilled in a micro apparatus with Vigreux column 
immediately belore use. Purity was determined by 
refractometry, 1Vd20 (ortho) = 1.5731, lit. 1.5728, 
NdZZ" (~neta) = 1.5713, lit. 1.5711. Para-toluidine was 
sublimed in a Nester/Faust vacuum sublimation appara- 
tus and its purity was ascertained by corrected melting 
point (4%44', lit. 43.8"). 

Solutions of HCI and HCIO, were prepared and stan- 
dardized by common procedures. Toluidine solutions 
were prepared by weight. 

The accuracy of the calorimeter has been checked 
periodically by n~easuring the heat of solution of KCl(c) 
in water (13) (endothermic) and the heat of solution of 
tris(hydroxymethyl)amino~nethane, in 0.1 M HCI (14) 
(exothermic). 

Results and Discussion 

Heats of ionization of ortho-, meta-, and 
para-toluidinium ions were determined by 
measuring heats of neutralization of aqueous 
solutions of the toluidines by 5 ml of 5.498 N 
HC10, (eight runs for o-toluidine, 0.027 to 
0.008 M final solution, five runs for m-toluidine, 
0.027 to 0.009 M final solution, and nine runs for 
p-toluidine, 0.034 to 0.008 M final solution). 
These reactions are represented by the general 
equation 

Seven determinations of the heat associated with 
breaking the thin pyrex bulb containing the 
HCIO, solution and dilution of the acid were 
made. Approximately 5.5 M HCIO, was chosen 
to minimize heat of dilution effects (13) and 
allow complete neutralization of the aqueous 
base. Combination of these two heats yields 
AH, for the reaction 

[2] R$NHz(aq) + H f  (aq) -> R$NH3 +(aq). 

The values of AH, were extrapolated to infinite 
dilution by linear least square treatment to 
yield AHoiOn, the negative of the standard heat 
of ionization of the aqueous ortho-, meta-, and 
para-toluidinium ions. These  AH^^^^ values are 
listed in Table I. 

To insure the validity of the heats of ionizatioil 
so obtained, the following was done. Four 
measurements of the heat of solutioil of liquid 
m-toluidine were made. This process is 

The heats obtained were not sensitive to con- 
centration and were extrapolated to zero 
concentration as before giving AH0, the standard 
heat of solution of m-toluidine (1). 
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TABLE I 
Thermodynamics of ionization of aqueous toluidinium ions a t  25 "C* 

Ion AH0, A H 0 ,  AH0iOn AH0'iOn AG0iOn ASOian 

Anilinium 0.45?0.03 -6.79+0.09 - 7.24k0.1 6.27k0.02 3.3k0.3 
o-Toluidinium - - 7.22k0.09 - 6.07k0.02 3 .9k0 .2  
tiz-Toluidinium 0.30+0.02 -7.06+0.04 7.37k0.06 7.36k0.05 6.44k0.02 3.1k0.2.i 
p-Toluidinium - - 7.60k0.09 - 6.93k0.02 2.2k0.2 - 

- 
* A H 0  and AGO in kcal/mole and AS0 in cal/deg mole. 
tAHO,.. used to compute ASO,,. was 7.37 kcal/mole. 

Four heats of neutralization of m-toluidine (1) ours. Unfortunately, differences such as these 
by 0.097 N HC1 were measured at final concentra- are common when comparing calorimetric 
tions of m-toluidinium ion from 0.030 to 0.017 values with values from temperature coefficients. 
M. These reactions are indicated by For example, the most recent calorimetric heat 

Extrapolation to infinite dilution as before yields 
AH0,,  the standard heat of neutralization of 
m-toluidine. Combination of AH0,  and AH', 
gives  AH"^,,, the standard heat of ionization 
of aqueous nz-toluidinium ion. This is shown by 

[5 I AHO'~,, = A H O ,  - A H O , .  

Values of AH0,,  AH0, ,  and AH0' are in Table 
I along with AHoi0 ,  values obtained by the 
aforementioned method. 

Several investigators (1 5-17) have determined 
thermodynamic pK, values for the toluidinium 
ions in water at 25 "C, all in excellent agreement. 
The pK, values we adopt are ortho 4.45, meta 
4.72, and para 5.08. Values of AGoi0,  are 
calculated from these pK,'s by 

and are listed in Table I. Standard entropies of 
ionization have been calculated from 

[71 
AH' ion -  AS ion ,so ion = 

298.15 

and are listed in Table I along with calorinletric 
data for anilinium ion (1 I). 

Bolton and Hall (17) recently have reported 
pK, values for these compounds in water from 
10 to 50 "C at 5 deg intervals and have calculated 
AGoiOn, AHoi0 , ,  and ASoi0 ,  at  25 "C. They also 
calculate these quantities from the preliminary 
equilibrium data of Biggs (16). Their data for 
AHoiOn are about 0.1 kcallmole higher than 
ours, except in the case of the para isomer 
where a difference of about 0.4 kcallmole exists. 
In addition, their AS0 values are higher than 

of ionization of water at 25 "Cis 13.34 kcal/mole 
(18, 19) and the e.m.f. value at  25 "C is 13.53 
kcal/mole (20). King (8) and Larson and Hepler 
(9) discuss to some extent these differences and 
their causes. 

Electrostatic models of solute-solvent inter- 
action (8) predict a linear relation between 
AGoi0 ,  and ASoiOn for acids of similar structure. 
Larson and Hepler (8) show that 

Here y is a parameter depending on the partic- 
ular solvent and on the possible small differences 
of solute-solvent effects on AHoi0 ,  and TASO~,,,. 
Figure 1 is a plot of AGoi0,  vs. ASoi0 ,  using 
Bolton and Hall's (17) and our data. A similar 
straight line relation between AGoi0,  and ANoion 
is a consequence of the AGoion VS. ASoion 
linearity, and is not shown here. 

Bolton and Hall (17) and Biggs (16) are in 
excellent agreement on pK, values in the 10 to 
50 "C range. The order of acid strengths is 

at all temperatures in this range. There is little 
disagreement on AGoiOn at 25 "C, but AHoi0 ,  and 
ASoiOn at this temperature are not agreed upon. 
The values calculated by Bolton and Hall from 
Biggs' (16) preliillinary data are significantly 
different from their own values. Chen and Laidler 
(4) suggest that the calorimetric heats and 
entropies of ionization reported by Zawidzki et 
al. (21) are in serious error and should be 
disregarded. There are no other calorimetric 
measurements of these heats in the literature. 
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O'HARA: THERMODYNAMICS OF IONIZATION OF AQUEOUS TOLUIDlNlUM IONS 1967 

FIG. I. Correlation between standard free energies 
and standard entropies of ionization of toluidinium ions 
and aniliniu~n ion: (0) this paper, (A) data of Bolton 
and Hall (16). 

Larson and Hepler (9) show that 

for symmetrical proton transfer reactions and 
would apply to the reaction 

in which RSNH,' is the substituted aniliniun~ 
ion and $NH,+ is aniliniuln ion. AHi, ,  is the 
"internal" part of the enthalpy change for reac- 
tion [ I  I 1, or this enthalpy change in the absence 
of solute-solvent effects. 

It can be seen from eq. [ lo] that if 1 >> y, 
which would not be surprising, 

AGO,, values from pK, are: o-toluidinium- 
aniline (-0.20 kcal/mole) m-toluidinium-aniline 
(0.17 kcal/mole), p-toluidinium-aniline (0.66 
kcal/mole). With y small compared to 1 for these 
ions, the relative acid strengths are mainly 
determined by the ease of proton removal 
measured by AHi, , .  In this case, or in the case 

where y is known, solute-solvent interaction 
enthalpies, or external enthalpies AH,,,, can be 
calculated from [lo] and 

[I31 A H 0 ,  , = AHi, ,  + AH,,,, 

which has been previously discussed (2, 5, 8, 9). 
A H 0 , ,  is obtained from heats of ionization such 
as reported in this paper. These calculations of 
AH,,, can be and will be made when more is 
known about y. 
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A new simple absolute viscometer for use in experimental systems with 
limited access to the liquid 

M .  K.  NAGARAJAN' 
Depmtrnent of Chemistry, Indian Institute of Technology, Bombay-76, India 

Received October 7 ,  1966 

A novel type of vertically oscillating bob viscometer for liquids is described. The mathematical theory 
of a solid sphere oscillating in a viscous liquid is developed, and results in an exact equation depicting 
the relationship between the logarithmic decrement of the oscillations of the sphere and the viscosity 
of the liquid surrounding the bob. The use of this technique for the determination of absohrte viscosity 
of liquids is demonstrated. Using five sample liquids, at room temperature, the average error between the 
absolute viscosities determined and those of previous measurements is 1.5 %. 

The viscometer consists of a quartz spring, which suspends a solid gold sphere, hanging vertically. The 
oscillations of the system are sensed by electrically recording the output of a linear variable differential 
transformer, the core of which forms a part of the oscillating system. The oscillations are stimulated 
electrically; the positioning of the transducer core is precisely adjustable with the use of an  electric motor 
driven mechanism. Thus, the viscometer can be entirely remotely controlled and is, therefore, recom- 
mended for experimental situations which make the liquid not easily accessible, e.g. inside furnaces, 
pressure vessels, vacuum chambers, etc. 

Canadian Journal of Chemistry, 46, 1969 (1968) 

Introduction 

As an extension of our recent investigation (I) 
on the effect of pressure on the self-diffusion 
coefficients in molten salts, it was desired to 
carry out viscosity measurements in molten 
salts at high pressures. Such a study requires a 
remote-controllerl device capable of measuring 
the viscosity of liquids at high temperatures and 
high pressures. The viscometer described here 
can, in general, be used for measurement of the 
viscosity of liquids in experimental situations 
which make the liquid not easily accessible, e.g. 
inside furnaces, pressure vessels, vacuum cham- 
bers, etc. 

Among the many methods generally employed 
for viscosity determination, that which is 
suitable for electrical recording is some form 
of logarithmic decrement method. A solid bob 
oscillating in a liquid will experience a damping 
force, which is a function of the viscosity of 
the liquid, resulting in a progressive decrease 
in amplitude of the oscillations. From the 
logarithmic decrement (measured as the loga- 
rithm of the ratio of successive oscillations), 
the density of the liquid, and the mass of the 
system it is generally possible to evaluate the 
viscosity of the liquid. However, due to the 
complexity of the exact mathematical relation 
between the logarithmic decrement and the 

'This work was performed by the author at  The 
University of Pennsylvania, Philadelphia, Pa., 19104, 
U.S.A., where he worked as a Postdoctoral Associate. 

viscosity of the liquid, many authors (cf. ref. 2) 
resort to calibration of the apparatus with known 
liquids. All known oscillational methods (3-8) 
fall into one of the following two general cate- 
gories: (i) those involving torsional oscillations 
of the suspended solid bob and (ii) those involv- 
ing oscillations in a plane, viz. simple pendulum 
type. A third possible type of oscillation, solid 
bob oscillating vertically (i.e. in the axis of 
suspension), has not yet been described in the 
literature. This communication reports on the 
theory and the design of a vertically oscillating 
sphere viscometer. 

The main advantages of this new method are: 
(i) the geometrical arrangement of the com- 
ponents of the viscometer deviates very little 
from the (often stringent) requirements of the 
theory, thus allowing absolute measurement of 
viscosity, (ii) the one dimensional character of the 
oscillations eases the mathematical treatment, 
and (iii) the oscillations can be started and re- 
corded electrically, thus making the method suit- 
able for situations where access to the liquid is 
limited. 

Theory of the Method 
A schematic diagram of the experimental 

assembly is given in Fig. 1. The solid sphere (B) 
of radius a cm is completely surrounded by a 
liquid ofdensity p gcmP3 and viscosity 4 P. Since 
the sphere (of mass m,) is oscillating vertically, 
in an axis coinciding with the axis of suspension, 
the system has only one degree of freedom, 
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i.e. the configuration is completely determined 
by the vertical displacement ( x )  from the 
position of static equilibrium. By a sudden 
application and removal of an external force 
the system is set into oscillation, which is now 
maintained by the elastic force of the spring (S) 
alone; hence, we are considering only the free 
vibrations of the system. The viscous drag on the 
sphere, due to the liquid, acts as the retarding 
force resulting in the progressive dimunition of 
amplitude of each successive oscillation. 

spring. The inertial force of the system is, there- 
fore, (m, + m, + +m,)(d2x/dt2) or M(d2x/dt2) 
(m, denotes the mass of the transducer core). 
The buoyancy on the sphere contributes a 
term -m'(d2x/dt2) to the inertial force; where 
m' is the mass of liquid displaced by the sphere 
(m' = Qnpa3). Stokes (10) has derived the 
correction (1 1) to the inertia of a sphere oscillat- 
ing in a fluid, which is 

L- where p is a dimensionless quantity defined by 
< 

FIG. 1. Schematic diagram of the vertically oscillat- 
ing sphere viscometer. 

(a) Inertial Force of the Sphere 
Neglecting the effect of liquid friction and the 

buoyancy, the inertial force2 of the sphere is 
mb(d2x/dt2). However, it is not sufficient to 
consider only the mass of the sphere, since the 
transducer core (C) and a part of the spring also 
belong to the oscillating system. The contribu- 
tion to the total mass, M, of the system from the 
spring is (9) m,/3, where m, is the mass of the 

where z is the period of oscillation. The effect of 
this correction term is to increase the inertia of 
the sphere and hence is denoted positive. 
Taking into account the buoyancy on the sphere 
and the correction to the inertia of the sphere 
given by Stokes, the net inertial force (I,) of the 
sphere in the downward direction is 

d 'x d2xj ( ) d% 
[2] I f =  M y - m ' - +  F + - p  m ' - 3  d t dt' dt 

= [ M -  rn'(;-- i p ) ] g .  
(b) The Retarding Force due to the Elasticity of 

the Spring 
Let h denote the 'spring constant' of the spring ; 

h is the load necessary to produce unit extension 
of the spring. When the sphere is displaced by a 
distance x in the downward direction, the 
elastic nature of the spring will give rise to a 
force, T,, proportional to the displacement and 
opposing the motion. This retarding force is given 
by 

[3 1 T ,  = -Ax. 
Note: The displacement, x, must be in the 

elastic range. In the experimental arrangement 
described below, x = k0.2 cm and Hooke's law 
is obeyed by the spring up to an extension of 
ca. 10 cm. 

(c) Damping Force due to the Viscous Drag on 
'Since the spring hangs vertically, one may include 

gravity in the discussion, in which case the displacement x the Sphere 
is measured from the unstrained position or, as in the The liquid surrounding the oscillating sphere 
present discussion, denote the displacement from the exerts a damping force, Fd, proportional to the 
position of static equilibrium (i.e. already strained) by x, 
in which case the term mg cancels out, on  writing the of motion. The effect of the force Fd is 
differential equation of motion. to hinder the motion of the sphere and hence will 
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be negative. Stokes (10) has shown that in the 
case of a sphere oscillating in an unlimited volume 
of a liquid and in a direction perpendicular to a 
fixed horizontal plane in the liquid (cf. p. 31 of 
ref. lo), the damping force is given by 

Equation [4] was originally derived by Stokes 
for the case of periodic laminar flow (Reynold's 
number lying between 40 and 200). The Reynold's 
number calculated3 for the experimental system 
described below lies within this range. Further- 
more, eq. [4] assumes that the liquid is 
'unbounded'. The necessary corrections to be 
applied in the case of a sphere oscillating in a 
liquid contained in a vessel, with finite bounda- 
ries, are discussed in Section Cf). 
(d) Equation of Motion for the Vertically 

Oscillating Sphere 
From eq. [2], [3], and [4], the differential 

equation of motion of the vertically oscillating 
sphere is 

We obtain the solution for eq. [5] by the usual 
procedures. In order to reduce eq. [5] to the 
'standard form' we divide the equation by the 
coefficient of d2x/dt and write 

where 

and 

For the case of under-damped4 systems (where 
K/n << l), the solution of eq. [6] leads to the 

'Reynold's number, NRe is defined as N,, = Vrlplq 
where v is the linear velocity and d is the diameter of the 
spherical bob. Substituting typical values, i j  - 1.2 cm s-', 
d - 1 cm, and ( q / p )  - 0.01, N,, is - 120. If ( q l p )  > 0.01 
then NRe is < 120. 

'Using the following typical values: p -0.04, rn' - 0.8. z - 0.3. M - 10. and h - 4 x 10'. the value of 
K / n  is'of the order of 

normal form for the damped sinusoidal motion 
of the sphere and the logarithmic decrement 
(6)  is given (12) by 

[91 6 = -  
2 a K  

(n2 - K2)1/P 

The amplitudes of successive oscillations on the 
same side of the origin are considered in this case. 

(e) The Relation between the Logarithmic 
Decrement and the Viscosity5 

From eq. [9], we can write 

In the experimental system described below, 
n2/K2 -- lo5 for viscosity of the liquid ranging 
from 0.5 cP to 5 cP and density of unity. Neglect- 
ing unity in comparison to n2/K2 in eq. [lo], 

Substituting the values of Kand n2 as defined by 
eqs. [7] and [8] and simplifying (see Appendix), 
we get the following relationship between the 
logarithmic decrement and the viscosity of the 
liquid, 

[i2] ~ 8 7 ~ "  + BeZ7 - ce762q1/2 
+ s2(op  - 1) = 0, 

where 0 = (p/~)112 and the constants, which 
depend only on the dimensions of the apparatus, 
are defined by the following equations: 

(f) Correction due to the 'Finite Boundaries' 
of the Liquid 

In the derivation of equations for the net 
inertial force (eq. [2]) and the damping force 
(eq. [4]), it has been assumed that the liquid was 
'unbounded'. However, in practice the liquid 
encounters finite boundaries, e.g. the walls and 
the bottom of the container. Stokes (10) has 
estimated additive correctioils to I, and F, by 
considering a hypothetical spherical boundary 

5Although eq. [9] has been arrived at by the use of 
known principles and well-established methods, the 
equations derived here are original in respect of their 
application. There is no reported method which uses 
the same combination of forces which resulted in eqs. [5] 
and 191. 
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(of radius b cm) concentric with the spherical The resulting cubic equation in qlJ3 was 
bob, which are : solved by a trigonometric method (14). 

[14] A& = 0 for most low viscosity liquids 
and 

3a3m' d2x A I ,  -- ,5--- -- 
- (b - a") dt2 ' 

Although in actual experiments a cylindrical 
container is generally employed to contain the 
liquid, the corrections given in eq. [14] were 
employed for the following reasons: (i) calcula- 
tion of the corrections due to the cylindrical 
walls of the container, with a spherical bob in 
the liquid, are mathematically tedious and (ii) 
the ratio bla can be kept as large as the experi- 
mental situation allows thus reducing the magni- 
tude of the correction term; in the experiments 
reported here the correction to the inertial force 
was never larger than 1 %. Incorporating eq. 
[14] in eq. [2], we have 

[15] I,(corrected) = M - nz' 7 - - p [ (; : 
Using the corrected net inertial force in the 

differential equation of motion (eq. 151) one 
obtains the following modified equation, 

[16] A B ~ ~ / ~  + - ~ 8 7 6 ~ 7 7 ~ ' ~  
+ ((D - E)p - 1 ) 6 ~ =  0, 

where 
2 .rraG E = 

m, (b" a') 

and the other constants are as defined by eq. 1131. 

( g )  Use of Equation [I61 
This equation was used for thz absolule 

determination of the viscosity of a number of 
liquids at room temperature in the following 
manner. The constants A, B, C, D, and E 
were calculated using the known parameters of 
the apparatus, which are: m, = 8.7405 g;  m, 
= 0.5932 g;  m, = 3.0756 g;  M = 10.3589 g;  
a = 0.4761 cm; b = 1.70 cm; h = 3.988 x lo3 g 
s-'. The apparatus constants calculated accord- 
ing to eqs. 1131 and 1171 are: A = 0.03253; 
B = 0.01373; C = 0.1163; D = 0.06549; and 
E = 0.001743. 

Experimental 
(a )  Getzeral 

The general schematic view of the apparatus is shown 
in Fig. 2. I t  consists, essentially, of a helical quartz spring 
(S) which suspends a solid gold sphere (B), the latter 
being immersed in the I~quid. Between the gold sphere 
and the quartz spring there exists a transducer core 
(made of a specially treated stainless magnetic alloy) 
(C), which is situated concentric with a linear variable 
differential transformer (1.v.d.t.). 

The system is stimulated into oscillation by the applica- 
tion of a momentary d.c. bias to  one of the secondary 
windings of the 1.v.d.t. The amplitude of the resulting 
oscillations is recorded by sens~ng the output of the 
l.v.d.t., which is applied to a fast-response recorder. 

The positioning of the core in the 1.v.d.t. can be 
adjusted, as needed, by the use of a n  electric motorized 
drive mechanism. 

I- liquid 

The values of 8 were known from density data FIG. 2. Experimental assembly. S, quartz spring; 

(13) for the liquids used and from the experiment- B, solid gold sphere; C, transducer core; M, reversible 
motor with gearbox; T, threaded drive shaft; F, flexible 

ally observed periods of oscillation. coupling; P, mounting platform. 
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NAGARAJAN: A NEW SIMPLE ABSOLUTE VISCOMETER 

FIG. 3. Circuit for stimulation and recording of oscillations. P, primary winding of 1.v.d.t.; S, secondary winding 
of 1.v.d.t.; A, freely moving core; D,, D,, germanium rectifiers; C, electrolytic capacitor (30 pF); R ,  = R, = 1000Q. 

The apparatus can thus be entirely remotely controlled. ( f )  Motorized Drive Meclzatzisn~ 

( b )  Quartz S p r i ~ g  
Quartz was chosen for its excellent elastic properties; 

it does not creep. The helical quartz spring used was 
ca. 1.5 cm in diameter and ca. 7 cm long when unloaded. 
The maximum capacity of the spring was ca. 40 g; 
when fully loaded the maximum extension was ca. 10 cm. 
The quartz spring was supplied by Microchemical 
Specialties Co., Berkeley, California (Catalogue no. 
1-2652). 

( c )  Transdilcer 
The linear variable differential transformer is a linear 

motion transducer and is essentially an electro-mechanical 
device, which produces an electrical output proportional 
to the displacement of the core; the output is also 
directional. 

The 1.v.d.t. used was supplied by the International 
Resistance Co., Philadelphia; model no. 70-3155. The 
core was about 4 in. long and weighed about 600 mg. 
The maximum rated input (6 V, 400 c/s) was not used in 
order to minimize the magnetic field; an  input of 3 V, 
400 c/s was found to be sufficient. The sensitivity at  this 
input level is 1 mV per 1 V input per 1/1000 in. 

The 1.v.d.t. used was high temperature wound, capable of 
withstanding 250 "C. 

( d )  Circuit for Stimlllation and Recording of Oscillations 
This is shown in Fig. 3. The circuit serves to convert 

the a.c. output of the transducer to d.c. The recorder used 
has a response time of 118 s; this response time was quite 
sufficient to record the oscillations with a frequency of 
3 c/s. The recorder was supplied by the Esterline Angus 
Co., model S-601-S speed servo recorder. 

( e )  The Bob 
A solid gold sphere (0.48 cm radius; 8.7 g) was used in 

the present experiments. Gold was chosen for use at high 
temperatures (e.g. molten salts); the results of the high 
temperature experiments are reported elsewhere. 

The sphere was suspended from the free end of the 
transducer core by means of a fine (0.01 cm diameter) 
platinum wire. 

A Hurst reversible motor (M) (20 oz-in.) with a built 
in gear box was used to rotate the threaded drive shaft 
(T); a flexible coupling (F) between the motor and the 
threaded shaft helped to overcome any strains that may, 
otherwise, lead to wobbling. The mechanism was such 
that by operating the motor one can move a bronze 
cylindrical mounting platform (P), which is moved 
vertically on the threaded shaft. The quartz spring was 
attached to a hook on the mounting platform. With the 
motor rotating at 6 r.p.m. and a 40 turns/in. threaded 
shaft, it was possible to precisely locate the core of the 
transducer in such a way as to produce a minimum null 
output of the 1.v.d.t. The mechanical center of the core 
with respect to the 1.v.d.t. must be adjusted whenever 
there is a change in the density of the liquid surrounding 
the bob. 

Figure 4 is a photographic reproduction of the experi- 
mental assembly used in this work. 

Results 

The logarithmic decrement was determined 
from diagrams of the type shown in Fig. 5 and 
using the relation 

where A,  and A,  denote the amplitudes of the 
0th and nth oscillations, respectively, and n is 
the number of oscillations. 

The logarithmic decrements obtained in this 
way were corrected for the air-damping of the 
oscillating system simply by subtracting from 
each of the above values the value of the loga- 
rithmic decrement of the system when the gold 
sphere was freely suspended in air. The corrected 
values of the logarithmic decrement, for five 
sample liquids, are given in column 4(a) of 
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FIG. 4. Photographic view of  the apparatus. 
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NAGARAJAN: A NEW SIMPLE ABSOLUTE VISCOMETER 

Time 

FIG. 5.  Typical record of oscillations: CCI.+; chart speed 12 in./min; recorder range 10m V full scale (center zero). 

Table I. The period of oscillation was found to 
vary very little from liquid to liquid; hence one 
value, z = 0.333 s, was used. 

The theoretically derived eq. [16] was verified 
in two ways. 

(i) Using the theoretical values of the appara- 
tus constants given in eqs. [I31 and [17], the 
measured period of oscillation and the literature 
values (13) of the density and the viscosity 
of the five liquids, values of the logarithmic 
decrement were calculated; these are shown in 
column 4(b) of Table I. The average error in the 
experimental 6 values is f 0.74 % (column 4(c), 
Table I). 

(ii) Using the apparatus constants, period of 
oscillation, the known density values, and the 
experimental 6 values, the viscosity of the five 
liquids were calculated from eq. [16]; these are 
given in column 5(b) of Table I. The average 
error in the theoretically calculated (absolute) 
viscosity is k 1.5 %. 

It is seen that a small error (0.74%) in the 
value of the logarithmic decrement leads to a 
larger error (1.7 %) in the calculated value of the 
absolute viscosity. If greater accuracy is needed 
one can calibrate the apparatus with known 
liquids and then use the calibrated apparatus 
constants in eq. [16]; in this way the error in the 
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TABLE I 
Verification of eq. [16] using known liquids at room temperature 

(1) 
Liquid 

(b) 
(a) Calcd. from 

Expt. eq. [16] 

(4 
Error 
( %) 

(0) 
Lit. 

(c) 
b )  Error 

Ref. Determined (%) 

1. CCI, 19 1.5960 2.836 2.814 $0.8 0.985 13 1,001 + I  .7 
2. CHC13 23 1.4835 2.013 1.993 $1.0 0.546 13 0.558 $2.2 
3. CH3COCH3 23 0.7867 1.070 1.076 -0.5 0.313 13 0.310 -1.1 
4. CsHs 23 0.8756 1.625 1.620 $0.3 0.619 13 0.622 $0.5 
5. CS2 23 1.2587 1.455 1.471 -1.1 0.359 13 0.351 -2.1 

*These arecorrected values o f  S in liquid; &,I, = 0.00167. 

viscosity values (now no longer absolute) can 
be reduced to less than 1 %. 

Appendix 

To obtain eq. [I21 from eq. [ l l ] ,  we proceed 
as follows. Substituting for K and n2 in eq. [ l l  1, 
from eqs. [7] and [8], we have 

s 1  ~ " r n ' ) ' ~ ~ ( ( l  + P)' 
[ l l a ]  62 = -- 

1 
4hr2[db - : 2 m' + - 4 mrP I ] '  

Now, p -- 0.04 in ordinary liquids. If we make 
an approximation (1 + p)2 N 1 + 2p, the 
omission of p2 in the expansion of (1 + p)2 
results only in a small error of about 0.2 %. Using 
this approximation, eq. [I l a ]  can be written as 

Dividing both sides by 4 M h ~ ~  and rearranging, 

Substituting for m' = (4/3)npa3 and p = ( q ~ /  
npa2)'I2 in eq. [ l l c ]  and grouping the constants 
(cf. eq. [13]), we get eq. [12]. 
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Electrical conductivities of quaternary ammonium salts in acetone. 
Part I. Pressure and temperature effects 
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The equivalent conductivities of tetramethylammonium iodide, tetraethylammonium iodide, and 
tetra-n-propylammonium iodide in acetone solution were determined at  concentrations from 1 to  10 
x mole/liter and at temperatures of 25 to  55 "C and pressures from atmospheric to 1.1 kbar. The 
concentration dependence of the equivalent conductivities was analyzed by the Shedlovsky method. 
Limiting equivalent conductivities and ion-pair dissociation constants are tabulated. 

Canadian Journal of Chemistry, 46, 1977 (1968) 

Experimental and theoretical research on the 
thermodynamics of electrolyte solutions has been 
devoted mainly to aqueous solutions. However, 
water has many special properties which divert 
attention from those properties of electrolyte 
solutions which are  common to many solvent 
systems. The conductivity behavior of salts in 
acetone solutions over a range of temperature 
and pressure should reflect a pattern to be found 
in many solvent systems. 

Minc and Werblan (1) have studied several 
salts in acetonitrile (E = 36.8 at 25 "C) between 
15 and 30 "C and made an ailalysis of the 
mechanism of ion-pair formation (2) and con- 
ductivity (3) similar to that undertaken for ace- 
tone solutioils in the present work. The limiting 
equivalent conductivities were analyzed using 
the activated-complex theory and the individual 
ionic activation parameters were estimated (2). 
It was suggested, on the basis of differences 
observed in these activation parameters, that the 
large C10,-, Et,N+, and Cs+ ions undergo 
translation in solution without the primary sol- 
vation layer, the small cations Li+ and Na+ 
with their primary layer. In the latter case, the 
mechanism of the movement of the ions is 
determined by the solvent molecules in the second 
solvation layer. The mechanism of ionic migra- 
tion for K i  and Rb+ ions is intermediate be- 
tween these two extremes. 

Hills (4) has discussed the problem of dividing 
the activation parameters for coilductivity into 
their ionic contributions. A simple relationship 
between the ionic and the total activation param- 
eters for conductivity exists only if the trans- 
port numbers are independent of temperature 
and pressure. However, there are few transport 
number measurements in the literature for non- 

aqueous solvent systems and the effects of tem- 
perature and pressure on transport numbers are 
uncertain. Some indication of the individual 
ionic contributions can be estimated by studying 
a series of salts containing a common ion and 
noting the effect on the total activation param- 
eters of a variation of either the cation or the 
anion. 

Parker (5) has discussed a number of results 
in terms of two classes of anionic solvation. In 
hydrogen-bonding solvents, anions are solvated 
by ion-dipole interactions upon which is super- 
imposed a strong hydrogen bonding which is 
strongest for small anions. However, in dipolar 
aprotic solvents, such as dimethylsulfoxide, N,N- 
dimethylformamide (DMF), and acetone, anions 
are solvated by ion-dipole interactions upon 
which is superimposed only an interaction due to 
the mutual polarizability of the anion and the 
solvent molecules; this is greatest for the large 
anions. The lack of anion solvation in these 
solvents is indicated by the limiting equivalent 
conductivity data gathered by Parker (5); these 
show that anions of the same crystallographic 
size as cations are much more conducting in 
acetone or D M F  than are these same anions, 
relative to cations, in methanol or water. 

The normal boiling and freezing points of 
acetone are 56.2 and -95.4 "C respectively. The 
temperature for acetone which corresponds to 
25 "C for water is about -58 "C. The effect of 
ions in causing a disruption of the structure in 
acetone at 25 "C will be a minimum, since little 
structure is present at this temperature and at 
atmospheric pressure because of the thermal 
motion of the molecules. However, the ability of 
external pressure to bring about a change in 
volume of the solvent is a maximum under these 
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circumstances since the solvent is most com- 
pressible near its boiling point. Therefore, al- 
though ions have a net structure-making effect 
in acetone at atmospheric pressure, at high pres- 
sures the ions must compete with enhanced 
dipole-dipole interactions between the solvent 
molecules, and the relative structure-making 
ability of the ions is reduced. 

Mishchenko and Sokolov (6) have studied 
the thermodynamics of solutions of NaC10, in 
acetone. Added NaClO, results in a marked in- 
crease in the ordering of the solvent molecules 
in acetone solutions and a net disordering in 
aqueous solutions. Mishchenko and Sokolov (7) 
have also found that the exothermicity of the 
integral heat of solution decreases in the order 
Mg(ClO,), > NaI > NaC10, > NaCNS > KCNS 
> NH,CNS, suggesting that the heat of sol- 
vation is primarily a property of the cations. 
The integral heat of solution becomes more 
negative with decreasing concentration because 
of the solvation of ions released from the more 
neutral ion-paired state. The heat of dissociation 
of ion pairs in NaI-acetone solution was esti- 
mated to be about -3.0 kcal mole-'. 

There is strong evidence to support the view 
that Na+ ions in acetone are solvated by four 
acetone molecules. Below 25.5 - 25.7 "C, NaI is 
known to separate from saturated solutioil as 
Na1.3CH,COCH3 (8). Mishchenko and Sokolov 
(7) have determined that the heat of formation of 
this solvate at 10 'C is -15.67 0.01 kcal 
mole-'. Also, from steric considerations, the 
solvation number of the Na+ ion is four and 
the C10,- ion is eight. Mishchenko and Sokolov 
(6) have observed a rapid change in the thermo- 
dynamic properties of NaC104 solutions at a 
molality of about 1.44 where complete solvation, 
based on these solvation numbers, would be 
expected to occur. 

Anions are not greatly solvated in dipolar 
aprotic solvents such as acetone. Cations, on 
the other hand, interact quite strongly with such 
solvents. Small cations such as Na+ favor four 
coordination in acetone solution. The effect of 
ions on the solvent structure of acetone at at- 
mospheric pressure between 10 "C and the boiling 
point is to increase the amount of order. 

In a previous paper the compressibility of 
liquid acetone was measured (9) and several 
thermodynamic properties of the liquid were 
evaluated in connection with the present work. 

CHEMISTRY. VOL. 46, 1968 

In the work described in the present paper the 
conductivities of the iodide salts of tetramethyl- 
ammonium ion (Me,N+), tetraethylammonium 
ion (Et,N+), and tetra-n-propylammonium ion 
(n-Pr,N+) were investigated, at concentrations 
from 1 to 10 x lo-, molelliter, from 25 to 
55 "C and 1 to 1100 bar pressure. From measure- 
ments of the concentration dependence of the 
equivalent conductivity, the ion-pair dissociation 
constants and the limiting equivalent conductivi- 
ties were calculated. The two papers which follow 
discuss these results in terms of theories of trans- 
port processes and of ion association. 

Experimental 
Marerials 

The acetone used was either Fisher Electronic Grade 
or G.C. Spectrophotometric Quality Baker Analyzed 
Reagent Grade. Renloval of small traces of water was 
accomplished by drying with Linde 4 molecular sieves 
(10) in a dry nitrogen atnlosphere. All operations with 
acetone, including the preparation of solutions and the 
filling of conductivity cells, were carried out under dry 
nitrogen. Confirmation that the removal of water was 
effective was made by conductance and n.m.r. measure- 
ments. According to Muller (1  1) the chemical shift of 
water in dilute solutions of water in acetone is -2.8 
p.p.m. This peak was reduced in height relative to the I3C 
satellite peak from 0.87 for untreated acetone to 0.23 for 
the treated. Since the naturally occurring abundance of 
3C is 1 . l  1 % (12), this indicates -0.06 ", water by weight 

in the treated acetone. This value is comparable to that 
obtained by Meeker, Critchfield, and Bishop (10) for 
sieve-dried acetone. 

The water used to prepare the KC1 solutions required 
for determining the conductivity cell constants was puri- 
fied as described in a previous paper (9). 

The tetramethylammoniun-i iodide and the tetra-tl- 
propylammoniun~ iodide were purified Enstman Reagent 
Grade chenlicals; the tetraethylammoni~~nl iodide was 
obtained from the Colunlbia Organic Chenlicals Co. All 
the salts were dricd for 24 11 or more in catiro at 60 to 
100 "C just before the solutions were prepared; they were 
shielded from direct light to prevent decomposition. The 
purity was confirmed by Volhard determinations of the 
percentages of iodine relative to the theoretical. Reagent- 
grade KC1 was dried in unclio at 110 'C for 24 h. 

Appcimtlrs 
Conductance nleasurements were carried out with a 

RC-18 conductivity bridge manufactured by Industrial 
Instruments, Cedar Grove, New Jersey; the balance 
detector was a 2-in. oscilloscope and the linlit of error 
was 0.1 % of the decade resistance rcading over the range 
500 - 50 000 Q. 

Figure 1 shows a high-pressure conductivity cell, which 
is similar to the miniature cells designed by Hills (4). 
Eight of these cells could be fitted into a cell holder and 
placed in the high-pressure vessel. This arrangement is 
shown in Fig. 2. Pressure distortion of the cell and 
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ADAMS AND LAIDLER: ELECTRICAL CONDUCTIVITIES OF QUATERNARY AMMONIUM SALTS. 1 1979 

ungsten wire leads 

Multiple connector 

Spring clip cell holder 

(Cross section) 
Fig. 1. High-pressure conductivity cell. 

resultant changes in the cell constant were avoided by a Fig. 2. High-pressure conductivity cell holder. 

ring and rod arrangement of unplatinized electrodes. 
Ovenden (13) has shown that this type of cell has a cell closure. It was modified to acccpt electrical leads; a 
constant independent of pressure over a range of 2000 0.030-in. kovar wire was sealed, using a ceramic material, 
atnl. Metal-to-glass seals were made with electrowelded into a thin conical nickel sleeve, which was then force- 
tungsten-to-platinu~n rods, which were conipletely sealed fitted into a coned 3132-in. hole in the vessel top. Through 
in glass so that the solutions would not come in contact another hole passed a 10-wire lead consisting of varnished 
with tungsten. Measurements at atmospheric pressure copper wires; the sealins was done using "Duro" epoxy 
were made using cells o f  the Shedlovsky type (14), which resin glue, manufactured by the Woodhill Chemical 
were filled almost co~npletely with solution to  avoid Corporation, Cleveland, Ohio. The total of 11 wires 
having to make a concentration correction for the acetone was used for the thermistor and the eight conductivity 
vapor in the dead space of the cell. The solvent conductiv- cells, the arrangement being shown in Fig. 2. 
ity cell, used for making a small solvent correction, was 
constructed from a 1-1 flask with large unplatinized elect- Bourdon gouge Heise bourdon 

rodes placed close together. o i l  0 
gouge 

All conductance measurelnents were made in a 35- r e s e r v o i r i , k  - 
gallon oil bath, controlled by a therrnoregulator with a ! 
sensitivity of ? 0.01 "C. Thernlon~eters used were specially 2-Woy volves Pressure 
calibrated by the National Research Council of Canada. ,5- release 

T o  ensurc temperature equilibrium after co~npression or --fi 4 
decompression, the internal temperature uas  measured 
using a bead-type thermistor of about 25 000Q resistance; P ~ ~ ~ , " ~ ~ t o r  

r --4 -7 
it was placed against the inside of the top of the high- Moin nut 

pressure vessel and cemented into position with epoxy E l e c t r ~ c  A 
ff 

cover 
hydroullc 

resin glue. compressor " 0 " r i n g  

The high-pressure system was similar to that used in 
High- 

previous investigations in this laboratory (15) and is ~ r e s s u r  

shown diagramatically in Fig. 3. The high-pressure vessel vesseP 

was of 2-1 capacity, No. OM-2000 manufactured by 
Autoclave Engineers, Erie, Pennsylvania; it was con- 
structed from 410 stainless steel and had an "0" ring Fig. 3. Diagram of the high-pressure system. 
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TABLE I 
Y 

Properties of acetone (V,,, specific volun~e (ml g-I); q, viscosity (mg cm-I s-I); E,  dielectric constant) 5 
- 

L. 

Temperature ("C) 8 
26.6 35.0 45.0 54.8 

s z 
Pressure $ 
(bar) Vs, E 11 Vsp E 11 vsp E rl vsp E q $  
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ADAMS AND LAIDLER: ELECTRICAL CONDUCTIVITIES OF QUATERNARY AMMONIUM SALTS. I 1981 

Procedure 
The dried salt was weighed on a balance enclosed in a 

dry-nitrogen-filled polyethylene glove bag and placed in 
a preweighed 500 ml volumetric flask; this operation was 
carried out in subdued light, since strong light causes 
slight decomposition. The flasks were filled in another 
nitrogen-filled glove bag with the dried acetone whose 
conductivity had just been measured in the solvent con- 
ductivity cell. The vacuum-corrected masses of the solu- 
tions were used to  calculate the molarities at  different 
temperatures and pressures, on  the basis that the solution 
densities were the same as those of acetone given in 
Table I ;  these were calculated from the results of the 
previous paper (9). 

Eight solutions prepared the previous day were taken 
I'rom the refrigerator and placed in a glove bag for 
transfer to  the cells. Small seasoned polyethylene bottles 
were then filled with the solutions and the appropriate 
cell was filled through the stem with that solution. Filled 
cells were then inverted stem down into small cups of 
triple-distilled mercury, and the complete units then 
clipped into the cell holder. Enough solution was prepared 
so that fresh solution could be used to fill the atmospheric 
cells at  each of the four temperatures at which measure- 
ments were made. These cells were also filled in a dry- 
nitrogen atmosphere in a glove bag. 

Untreated platinum electrodes were uscd for the con- 
ductivity measurements, since there is a danger that 
platinized electrodes will bring about catalysis of an  
undesirable reaction (16). However, when smooth plati- 
num electrodes are used the resistance decreases with 
increasing frequency (17). The true ohn~ ic  resistance of 
electrolytes is independent of frequency at audio frequen- 
cies, the Debye-Falkenhagen effect occurring to  a signifi- 
cant extent only at  radio frequencies. The true resistance, 
R,, should be obtained by extrapolating the resistance, 
Rf, at frequency, f, against an appropriate function off. 
Jones and Christian (17) found that their results for bright 
platinum electrodes could be expressed by the equation 

Bockris and Conway (18) have found this relationship 
t o  be obeyed in the electrodeposition of copper, but 
son~et in~es  it is not obeyed (19, 20). Measurements were 
made in the present systems, over the frequency range 
0.7 to  10 kcycles/s, and the inverse-square-root behavior 
expressed by eq. [ l ]  was found to be obeyed very satis- 
factorily. Much less frequency dependence was found 
when the electrodes were platinized. In all of the results 
quoted below a frequency correction has been made 
using eq. [I]. 

The conductivity cells were calibrated using KC1 solu- 
tions following the procedure of Lind, Zwolenik, and 
Fuoss (21). 

Results and Calculations 

Eauivalent Coizd~~ctivitv 
Equivalent conductivities, A, were calculated 

from the measured resistances, corrected for the 
frequency effect; the specific conductance of the 
solvent was subtracted. The concentration as a 
function of temperature and pressure was ob- 

tained by assuming the solution density to be 
identical with that of acetone given in Table I. 
The specific conductances for all the concentra- 
tions and conditions studied are given in Table I1 
and the concentrations in Table 111. 

Dielectric Constant of Acetone 
The dielectric constants for the four tempera- 

tures at atmospheric pressure were calculated 
from an equation of Maryott and Smith (22): 

Measurements of Grirnm and Patrick (23) at 
higher temperatures suggest that this equation 
gives values that are slightly too high. A correc- 
tion was therefore applied to the dielectric con- 
stant calculated by eq. [2] above 40 "C. 

Kyropoulos (24) and Hartmann, Neumann, 
and Rinck (25) have studied the effect of pres- 
sure on the dielectric constant of liquid acetone. 
Owen and Brinkley (26) successfully fitted Kyro- 
poulos's data at 20 "C to an equation of the form 
of the Tait equation. Hartmann et al.'s data 
refer to 20, 25, and 50 "C at 12 pressures be- 
tween atmospheric and 1800 atm. We have used 
the temperature-dependent constant B(T), ob- 
tained from the application of the Tait equation 
to the compressibility data given in a previous 
paper (9), to obtain values of the other 'constant' 
A in the equation 

The A values were plotted first against pressure 
to obtain the values of A at the pressures of 
interest, and these were then plotted against 
temperature. The Tait constants B(T) obtained 
from the compressibility data were then com- 
bined with the dielectric constant values calcu- 
lated at atmospheric pressure, and the A values, 
to obtain dielectric constant values for acetone 
at various temperatures and pressures. The results 
are given in Table I. The results agree with 
directly determined values, where available, to 
within 0.05 %. 

Viscosity of Acetone 
Howard and McAllister (27) measured the 

viscosity of acetone at atmospheric pressure from 
room temperature to the boiling point; their 
interpolated values are included in Table I. 
Bridgman (28) made measurements at 30 "C and 
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1982 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46 1968 

TABLE I1 TABLE I1 (Confincced) 

Specific conductance, corrected for solvent conductance, 
calculated from resistance extrapolated to infinite fre- 

quency (A- '  c n - '  x lo6) 
Pres- Temperature ("C) 
sure 
(bar) 26.61 35.00 45.01 

-- 

(C2Hs)dNI 

Solution 
number (a )  High-pressure cells 

-- 

Pres- Temperature ("C) 
Solution sure - 
number (bar) 26.61 35.00 45.01 54.83 
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ADAMS AND LAIDLER: ELECTRICAL CONDUCTIVITIES O F  QUATERNARY AMMONIUM SALTS. I 1983 

TABLE I1 (Corltinrrecl) TABLE I1 (Concl~tded) 
-- (b) Atmospheric pressure cells 

Pres- Temperature ('C) 
Solution sure 
number (bar) 26.61 35.00 45.01 54.83 Temperature ("C) 

. Solution 
I I - (C~H,)~NI number Salt 26.61 35.00 45.01 54.83 

TABLE I11 

Concentrations of acetone solutions at atmospheric pres- 
sure and 26.61 "C (mole I-') x lo4 

Salt* 
High-pressure 

cell Me4NI Et,NI n-Pr4NI 

*The solvent conductivities for the acetone used to make up these 
solutions were: Me,NI, 2.08 :r 10-8 Q-'crn-1; Et,NI, 2.85 x 10-8 
0-' cm-'; and 11-Pr,NI, 9.64 x 1 0 - B R - '  cm-'. 

at pressures up to 12 000 atm. It has sometimes 
been assumed that 11 varies with T according 
to (29) 

[4 I 17 = C e " I R T  

where C is independent of T and P and E is 
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TABLE IV 

Onsager slope, S, limiting experimental slope, S,,,, and limiting equivalent conductivity, A,, at atmospheric pressure* 
-- 

Tem~erature ("C) 

Me4NI 714 1888 218.8 778 2137 236.0 862 2455 256.6 947 3065 276.8 
E~,NI 703 1299 209.9 765 1442 225.6 848 1684 246.0 939 1888 265.0 
n-Pr,NI 677 1188 193.3 737 1342 208.5 817 1570 227.7 905 1780 245.7 

*Units in Tables IV and  V: S a n d  SCxP, (cmlS?-I mole-I) x (mole I-')-&;A~, crn2 R - l  mole-'. 

independent of T, and that q varies with pres- 
sure according to 

However, when this procedure was applied to 
Bridgman's data the activation energy E was 
found not to be a linear functioil of pressure, 
so that C must be considered to be a function of 
pressure. The procedure employed was to assume 
E to be independent of T, as found in Howard 
and McAllister's work. The pressure dependence 
of E was calculated from Bridgman's results 
using eq. [4] at each pressure. Pressure-dependent 
values of log,, C were then calculated from the 
viscosity data at 30 "C. Graphical interpolation 
then gave a set of E and log ,, C at the pressures 
of interest, and eq. [4] was then used to calculate 
viscosities. The results are given in Table I. 

Concentration Dependence of Equivalent 
Conductivity 

The Onsager equation, which relates the equiv- 
alent conductivity, A, to the concentration, c, is 

[7 I 112 
li = 1io - S,,, c , 

where A, is the limiting equivalent conductivity 
at c = 0 and S,,, is the limiting experimental 
slope at zero concentration of A plotted against 
c1I2. This expression, derived theoretically by 
Onsager (30), is equivalent to an empirical equa- 
tion of Kohlrausch (31). For unassociated, sym- 
metrical, 1-1 electrolytes the limiting expeiimen- 
tal slope, S,,,, is closely approximated by an 
expression given by Onsager (30): 

[S] S = 5204 X lo2 A~/(ET)" '  
+ s ~ . ~ / ~ ( E T ) ~ " ,  

where E is the dielectric constant of the solvent 
and q the viscosity in g cm-' s-'. 

If the Sex, values obtained from a plot of A 
against c1I2 are close to those calculated from 
eq. [8], it would be concluded that the salts were 
unassociated. This is not the case in the present 
work. Table IV gives the calculated Onsager 
slope and the Sex, and A, values for the three 
salts at atmospheric pressure obtained by least- 
mean-square (1.m.s.) fitting of the data to eq. 
[7] on an I.B.M. 360 computer. The calculations 
were also performed on the A data at high pres- 
sures, and some of the results are given in 
Table V. This table also includes the calculated 
Onsager slopes. It is to be seen that the calculated 
S values do not agree with the limiting experi- 
mental slope, S,,,, so that eqs. [7] and [8] do not 
apply; the conclusion is that there is some ion 
association. 

We have also made use of the Shedlovsky 
extrapolation method (32, 33) which is an itera- 
tive procedure by which successively better esti- 
mates of A, are used to estimate the ion-pair 
dissociation constant, Kd. Previous applications 
of the method have been made by Sears, Wilhoit, 
and Dawson (34) for KCNS and n-Bu4NI in 
acetone at various temperatures, and by Save- 
doff (35) for lithium and n-Bu4N+ salts in ace- 
tone solution at 25 "C. 

The activity coefficients y, are evaluated using 
the Debye-Hiickel formula 

where f+  is the mean rational activity coefficient, 
related to yi by 

[lo] log f, = logy, [i0 c (72*4,f, - !If.?) + log -- + 
lOOOdc I. 

Here d and do are the densities of solution and 
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TABLE V 

Onsager slope, S, limiting experimental slope, S,,,, and limiting equivalent conductivity, Ao, at 45.01 "C 

Me4NI Et4NI t1-Pr,NI 
Pressure 

(bar) s Sex, A o s Sex, A o s Sex, A o 

solvent, M I  and M ,  the molecular weights of 
solvent and solute, c is the concentration of 
solute, and n is the number of moles of ions 
produced per mole of solute. For the concentra- 
tions studied (c < 0.001 M ) ,  f, A y,. 

The iterations were carried out on an I.B.M. 
360 computer using a polynomial-fitting sub- 
routine suggested by Hildebrand (36). The quan- 
tities S ,  Z ,  S (Z ) ,  and y,"cf. refs. 32 and 33) 
were evaluated, starting with the Kohlrausch- 
Onsager A,  and the A values at different con- 
centrations. Then A S ( Z )  was fitted as a linear 
function of cy,'A'S2(z) and the intercept 
recorded as the first estimate of A,; K, calcu- 
lated from the slope, -(K,A,)-l, was also 
recorded as the first estimate of the dissociation 
constant. If this new A ,  did not agree with the 
original A,  to better than +0.05%, the new 
A ,  was used to recalculate S,  Z ,  S (Z) ,  and y,2. 

Three iterations were ~~sua l ly  required to give 
the specified agreement. 

Table IV gives the calculated Onsager slopes 
using the limiting equivalent conductivity which 
was employed in the final Shedlovsky interation. 
Table V gives the corresponding results at higher 
pressures for 45.01 "C. 

Table VI contains the limiting equivalent con- 
ductivities and dissociation constants calculated 
by the Shedlovsky method at  atmospheric pres- 
sure, the errors estimated by the curve-fitting 
program being shown (cf. later). Table VII con- 
tains the limiting equivalent conductivities and 
dissociation constants calculated by the Shed- 
lovsky method at high pressures. 

Errors 
The equations upon which the error estimates 

of Parts 1-111 are based have been incorporated 

TABLE VI 
(o) Limiting eqilivaient conductivity at atmospheric pressure (cni2 Q-' mole-') 

- 

Temperature ("C) 

(b) Dissociation constant at  atmospheric pressure ((mole I-') x lo4) 

Temperature ("C) 
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TABLE VII 
(a) Limiting equivalent conductivity (cm' R" mole-') 

Temperature ("C) 
Pressure 

(bar) 26.61 35.00 45.01 54.83 

into computer programs. The goodness of fit 
of polynomials to any of the sets of data fitted 
in the computer programs was estimated by the 
subroutine from the formula 

Where applicable, weighting factors, based on 
the error estimates of the limiting equivalent 
conductivity and the dissociationconstants gener- 
ated by the Shedlovsky program, were used. In 
the curve fitting by the subroutine, a coilvention 
according to eq. [12] was adopted: 

where Ri is the residual at the ith point, Wi is 
the weight associated with the ith point, N is the 
number of points, and K is the number of 
coefficients (for example K is four for a third- 
degree polynomial). 

The standard error in each coefficient was 
estimated by the equation 

where Wi is the weighting factor for the ith point, 
Yi is the ith dependent variable in the set fitted, 
and A Yi is the error estimate in the ith Y above. 
This convention is similar to that suggested by 
Young (37). 

As an example of how the error estimate was 
obtained, the error equation for the volume of 
activation for conductivity (cf. Table IV of Part 
11) will be derived. This volume parameter was 
obtained from two separate 1.m.s. fittings. The 
first kind were in the Shedlovsky program, to 
obtain sets of A, for each temperature at nine 

where 1 < i < K and Aii is the ith diagonal 
element of the inverse of the matrix of the normal 
equations. 
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TABLE VII (Cot~clrmded) 

(b) Dissociation constant ((mole I-') x lo4) 
-- - - .... 

Temperature ("C) 
Pressure 

(bar) 26.61 35.00 45.01 54.83 

pressures. Each of these fits resulted in a standard 
error, defined by eq. [12], for each coefficient of 
the polynomial fitted. The error in the equivalent 
conductivity at infinite dilution, AA,, was ob- 
tained directly from the standard error in the 
intercept. This standard error was then used to 
weight the dependent variable, In A,, in the 
second-order polynomial in pressure which was 
then fitted: 

The result of this curve fitting was the polynomial 

The error in this slope was estimated as follows: 

The volume of activation was calculated by sub- 
stituting the slope given by eq. [16] into the 
appropriate equation. The error in the volume 
of activation was then given by the equation 

The error in the compressibility was estimated 
from the errors in the experimentally determined 

[I51 In A O  = n o  + alp + nzp2, Tait constants (9). Error estimates in other 
parameters were derived from similar equations. 

where the standard error in the coefficients are ~ h ,  error themselves represent the 
A a ~ ,  A a l y  and Aa2.The coefficient of In with maximum possible estimated error since no factor 
respect to pressure was obtained differentia- was used to convert them to a probable error, 
ting eq. [I 51 : and positive terms were always taken in the error 

equations. The curve-fitting procedure results in 
calculated values for the fitted parameter which 
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are more reliable than any of the individual 11. N. MULLER. PurdueUniversity, Lafayette, Indiana. 
Personal communication. cf. N. MULLER and P. I. measurements which go into the data set fitted 

J, Phys. Chenl, 69, 2564 (1965). 
by the curve. This statement is confirmed bv a 12. R. C. WEAST (Editor-in-cl~ief).Handbook of chemis- 
result derived by Young (37), 

where a, is the standard deviation of the mean 
(the "precision" of the mean) and a is the stan- 
dard deviation for a set of N points. Therefore, 
to convert error estimates given in tables to 
the most probable precision of the measure- 
ments, eq. [19] is applied and the result multi- 
plied by 0.674. Comparisons within the data 
obtained in this work can be made by using 
the program error estimates in the tables as a 
guide to the relative precision of the data. 
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Electrical conductivities of quaternary ammonium salts in acetone. 
Part 11. The mechanisms of transport 

W. A. ADAMS AND K. J. LAIDLER 
Department of Cllernistry, Uni~.ersify of Otta)va, Ottawa, Cairndo 

Received October 20, 1967 

The limiting equivalent conductivities of tetramethylammonium iodide, tetraethylammonium iodide, 
and tetra-12-propylammonium iodide in acetone solution have been interpreted in terms of activated- 
complex theory; the energies of activation for conductivity at  constant pressure and at constant volume, 
and the volumes of activation for conductivity, were calculated. 

The hole free-volume theory of liquids has been discussed and found to give a satisfictory explanation 
for the observed pressure and temperature coefficients of conductivity, viscosity, and self-diffusion in 
several solvents. The magnitude of the limiting ionic equivalent conductivity has been shown to depend 
in a critical way on the ionic radius and on the relative strengths of the ion-solvent and the solvent- 
solvent interactions. 

Canadian Journal of Chemistry, 46. 1989 (1968) 

Introduction 

The present paper is concerned with the inter- 
pretation of the limiting equivalent conductivities 
obtained in Part I (preceding paper) from the 
standpoint of theories of transport in the liquid 
state. 

Tliern?odynanzic Activation Paratneters for 
Conh~ct i~ i ty  

The experimental volume of activation for 
ionic conductivity can be defined as (1) 

The energy of activation for conductivity at  
constant volume is (1) 

The logarithms of the A, values were first fitted 
to a third-order polynomial in molar volume, a t  
each of the four temperatures. Twelve volumes 
were then chosen over the pressure range investi- 
gated, and log,, A, calculated for these volunles 
from the polynomial. These quantities were then 
fitted to a first-order polynomial in temperature 
for each of the 12 volumes, and E, calculated 
using eq. [3]. The results are given in Table VI. 

where /3 is the isothermal solvent compressibility Discussion 
and Xi0 the limiting equivalent ionic conductiv- 
ity. In the present work the combined cationic 
and anioilic conductivities were employed. Cal- 
culatioils of AVi* were made both at  finite 
concentrations, in order to gain some infor- 
mation about the interionic effects, and at  zero 
concentration. The results obtained are given in 
Tables I-IV. The values are all corrected for 
solvent compressibility. 

The energy of activation for conductivity, at  
coilstant pressure, may be defined as (1) 

Szrmmary of Main Results 
The main conductivity results obtained in the 

present work may be summarized as follows: 
( 1 )  The limiting equivalent conductivity, A,, 

decreases with the size of the cation, increases 
with temperature, and decreases with pressure 
(Tables V and VI of Part I). Both the dielectric 
constant and the viscosity of acetone decrease 
with temperature and increase with pressure 
(Table I of Part I). 

(2) The energy of activation at constailt pres- 
2 d ln ilo sure is greater than the energy of activation at  

Dl Ep = RT (--) P . constant volume by about 1 kcal/inole (Tables V 
and VI). Both quantities increase with the size 

The logarithms of the A, values were fitted to a of the cation. Ev increases with decrease in the 
first-order polynomial in temperature by the acetone volume for n-Pr,NI, which has the 
least-mean-squares method, and E, was evalu- largest cation, but decreases for the other two 
ated, at different pressures, from the temperature salts (Table VI). E, is independent of the pres- 
coefficients. The computed results are given in sure within the precision of the measurements 
Table V. (Table V). 
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TABLE I 

Volume of activation for conductivity of Me4NI corrected for solvent 
compressibility at different salt concentrations (ml mole-') 

-- 
p~ 

Tem- Concentration at 1.0 bar and 26.61 "C (mole I-') x 10" 
perature Pressure 

PC) (bar) 4.468 4.201 2.807 2.170 1.946 1.724 

TABLE I1 

Volume of activation for conductivity of Et4NI corrected for solvent 
compressibility at different salt concentrations (ml mole-') 

- 

Tem- Concentration at 1.0 bar and 26.61 "C (mole I-') x lo4 
perature Pressure 

r C )  (bar) 11.25 9.729 8.770 3.341 3.292 1.068 
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TABLE 111 

Volume of activation for conductivity of n-Pr,NI corrected for solvent 
compressibility at different salt concentrations (ml mole-') 

- -- 

Tem- Concentration at 1.0 bar and 26.61 "C (mole I-') x loJ 
perature Pressure 

("C) (bar) 10.67 8.118 5.783 3.647 1.697 0.8000 

(3) The volumes of activation are all positive, 
and within the precision of the measurements are 
independent of the cation under all conditions 
studied. They are also independent of the tem- 
perature, but decrease from about 11 to 7 ml 
mole-' when the pressure is increased from 
atmospheric to 1.1 kbar (Tables I, 11, 111, and 
IV). The volumes of activation all increase with 
decreasing salt concentration (Tables I, 11, and 
111). 

The significance of these results is discussed 
below. 

Walden's Rule 
Walden (2) proposed the empirical equation 

[4 1 noto = constant, 

where A, is the limiting A and q,  is the viscosity 
of the solvent under the same conditions. Values 
of the Walden product, calculated on the com- 
puter, are given in Table VII. Pressure is seen to 
bring about an increase in the Walden product in 
all cases. 

The effect of pressure in bringing about an 
increase in the Walden products of Me4NBr, 
NaBr, n-Bu4NBr, and I I - B U ~ N B P ~ ,  in methanol 
was found by Skinner and Fuoss (3) to become 

less in the series of salts from Me4NBr, where 
the increase was approximately 10% for about 1 
kbar, to n-Bu4NBPh4, where no pressure effect 
was detected. Skinner and Fuoss conclude that 
the pressure dependence of A,q, for the first 
three salts above must be mostly a property of 
the bromide ions, since the Walden product for 
II-BU,NBP~, is independent of pressure. How- 
ever, this conclusion is based on results obtained 
at one temperature only, 31 "C. If the increase in 
the Walden product was primarily a property of 
the anion, the behavior of the Walden product as 
a function of temperature at different pressures 
would be the same for salts with different cations 
but a common anion. However, Table VII indi- 
cates that in acetone the decrease in the Walden 
product accompanying a 30 "C increase in the 
temperature is accentuated by compression to a 
greater extent for the smaller cation, Me4Nf,  
than for 11-Pr4Nf. The conductivity work of 
Sears, Wilhoit, and Dawson (4) in acetone solu- 
tions at atmospheric pressure indicated that the 
average Walden product for n-Bu4NI, an iodide 
salt with a larger cation in the same series of 
salts studied here, was 0.545 + 0.001 at tempera- 
tures from 25 to -50 "C. It  follows from these 
considerations that the ionic radius is one of the 
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TABLE IV 
Volun~e of activation for conductivity (mi mole-') 

-- 

Temperature ("C) 
Pressure 
(bar) 26.61 35.00 45.01 54.83 

properties of a salt which determines whether or 
not its conductivity behavior as a function of 
temperatcre and pressure can be understood 
solely in terms of the variation of the viscosity of 
the solvent. 

TABLE V 

Energy of activation at  constant pressure for conductivity 
(kcal mole-') 

-- 
Pressure 

(bar) Me4NI Et,NI 11-Pr4NI 

To illustrate the relationship which exists 
between the ionic radius and the limiting equiv- 
alent conductivity, Fig. 1 has been constructed 
from the conductivity data obtained in the 
present work and in previous work. The ionic 
radii chosen for the tetraalkylammonium ions 
are those estimated by Robinson and Stokes (8) 
from molecular volumes or models; the other 
ionic radii, with the exception of the C10,-, 
picrate (Pi-), and NO3- ions were taken from 
Pauling (9). The C10,- and Pi- radii were taken 
to be the van der Waals radii and the NO3- 
radius was taken to be the crystallographic 
radius. These values were obtained from a 
critical compilation of ionic radii estimated by 
various methods described by Stern and Amis 
(10). The points can be well represented by two 
straight lines A and B. The vertical line, C, 
which divides A and B corresponds to the radius 
of the acetone molecule, 2.8 A, estimated by 
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TABLE VI 

Energy of activation at  constant volume for conductivity 
(cal mole-') x lo-' I 

Volume of acetone 
(ml mole-') Me,NI Et4NI rl-Pr4NI 

TABLE VII 

Walden product (g cm R-' s-' mole-') x lo3 

Temperature ("C) 
Pressure 

(bar) 26.61 35.00 45.01 54.83 

0 I 2 3 4 5 6  

Ionic r o d i u s  ( a )  
FIG. 1. Walden products in acetone plotted as a 

function of ionic radii: (a) present work, (b) Savedoff (5), 
(c) Sears, Wilhoit, and Dawson (4). All unmarked data 
are from Reynolds and Kraus (6). Vertical lines: C cor- 
responds to  the radius of the acetone molecule, 2.8 A (7). 
D corresponds to  thecritical ionic radius, 2.36 A (see text). 

Line A includes the large ions which presunlably 
interact only weakly with the acetone dipoles 
because of their low surface charge density. The 
conductivity decreases almost linearly with in- 
creasing radius except for Me4Nf which falls 
below curve A; Me4Nf interacts more strongly 
with the acetone dipoles than the other tetra- 
alkylammonium ions. Ions with smaller radii 
than about 2.3 A (line B) have decreasing limit- 
ing equivalent conductivities as the ionic radius 
decreases. This indicates that these ions interact 
strongly with the acetone dipoles producing 
solvodynamic entities for which effective radii 
are identical with ions having the same Walden 
product on line A. For example, the solvated Lif 
ion has approximately the same effective hydro- 
dynamic radius as the n-Pr4N+ ion, which is not 
solvated. 

Nightingale (1 I), in constructing a plot of the 
crystal radii versus the hydrated radii of ions in 

Zeidler (7). The maximum in the limiting equiv- 
alent conductivity at about 2.3 A illustrates the 
size factor in determining the extent of solvation 
and, therefore, the transport behavior of ions. 
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water, found a broad minimum at about 2.5 A. 
This minimum corresponds to a maximum in the 
Walden product. There is also a break in this 
curve at about 1.3 A, which roughly corresponds 
to the radius of a water molecule. The interpre- 
tation of this feature of such plots is that when 
the radius of an ion approaches the same value 
as the radius of the solvent molecules, ionic 
transport can more easily occur by the same 
mechanism as that of the self-diffusion of the 
solvent. 

If a simple ion-dipole interaction is assumed 
to hold between an ion and an acetone molecule, 
for example the C104- or NO,- ions which have 
approximately the same radius as acetone, it is 
possible to calculate the ionic radius below which 
the ion-dipole interaction energy is greater than 
the heat of vaporization at 25 "C. By use of the 
procedure given by Gurney (12), with a heat of 
vaporization of 7.403 kcal mole-' (13), the 
critical ionic radius can be estimated. The 
distance r between the center of the ion and the 
center of the dipole when the dipole axis is 
oriented along the line joining the centers of the 
ion and the dipole is given by 

where e is the electronic charge, N is Avogadro's 
number, p is the dipole moment of acetone, and 
AH, is the heat of vaporization of acetone at 
25 "C. The radius of an acetone molecule is 
about 2.8 A ;  therefore, when ions have a radius 
of about 5.16 - 2.8 = 2.36 A or less at 25 "C and 
atmospheric pressure, solvation by acetone 
molecules can be expected. Nightingale (1 1) 
similarly interpreted the broad minimum in the 
plot of the hydrated radii of aqueous ions against 
their crystal radii as indicating the strong hydra- 
tion of small ions. 

Gopal and Rizvi (14), and also Nightingale 
(1 l), concluded that the solvated volume of an 
ion increases with temperature to a greater 
extent for ions which have minimal solvatio~l at 
low temperatures. This effect in aqueous media 
is due to the thermal disruption of the water 
structure at high temperatures. This permits a 
greater hydration of these ions at  high tempera- 
ture, because at low temperature the ion-solvent 
interaction is too weak with respect to the 
solvent-solvent interaction to bind the water 
molecules to the ions. The Walden product of 
ions near the maximum in Fig. 1 would therefore 

be expected to decrease with temperature. This 
result was found by Nightingale (1 1) for those 
ions in aqueous solution near the minimum in 
the plot alluded to above. The broadness of the 
minimum in this plot for water is consistent with 
a wide range of possible interaction energies 
between water molecules. In acetone, the primary 
intermolecular interactions are the dipole-dipole 
forces which have an inverse cube dependence on 
the separation of the interacting dipoles. The 
probability distribution curve of intermolecular 
energies is probably much narrower than in 
water, so that the extent of solvation, and hence 
the mobility, is strongly dependent on the ionic 
radius; the maximum in Fig. 1 is thus quite 
sharp. 

The effect of pressure on the Walden product 
will also be a strong function of the ionic radius. 
Skinner and Fuoss (3) observed an increase in 
the Walden product of n-Bu4NBr with pressure 
but not in that of n-Bu,NBPh4. This is probably 
due to the fact that although the n-Bu4N+ ion is 
not solvated in either salt, and increasing the 
pressure has little effect on the degree of its 
solvation, the Br- ion is somewhat solvated at 
atmospheric pressure and the extent of its sol- 
vation is decreased by pressure. This would not 
be the case for the BPh,- anion which would be 
expected to remain unsolvated at  all pressures 
because of its large size. Since an increase with 
pressure in the Walden products was observed 
for the three salts investigated in acetone, the 
extent of interaction of these ions with the solvent 
must be decreased relative to the solvent-solvent 
interactions by compression. A clearer analysis 
of this interaction can be obtained by a consider- 
ation of conductivity as a process of ions moving 
between equilibrium positions of low free energy 
by a jump mechanism. 

The decrease in the Stokes radii with pressure 
is the opposite to that expected from electro- 
striction considerations. Ions might be expected 
to cause greater compression of solvent at high 
pressures where the lower volume of the system 
is energetically more favorable. However, to 
counter this effect the attractive intermolecular 
forces between acetone molecules are enhanced 
by pressure (15). It therefore becomes more 
difficult for acetone molecules to be removed 
from the bulk solvent into the solvation spheres 
of the ions. Since the Walden products increase 
with pressure (decrease with temperature), a 
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decrease in the extent of solvation of the ions 
with pressure (increased solvation with tempera- 
ture) is suggested. 

Table VIII shows the Stokes-law ionic radii 
calculated from the Walden products at 26.61 "C 
and atmospheric pressure, on the basis of the 
transport numbers estimated by Reynolds and 
Kraus (16), using the equation given by Robin- 
son and Stokes (16): 

where ri is the Stokes radius of the ion in A. 
The Stokes radii increase with the size of the 

cations estimated by Robinson and Stokes (8): 
Me4Ni, 3.47 A;  Et,N+, 4.00 A;  and n-Pr4N+, 
4.52 A. However, the Stokes radii in acetone are 
all less than the estimates of the radii of the 
cations. The average Stokes radius obtained for 
I-  of 2.45 + 0.04 A is in good agreement with 
both Savedoff (5), 2.40A, and Hughes and 
Hartley (17), 2.36 A. The Stokes radius of I- is 
greater than the crystal radius given by Gourary 
and Adrian (18) of 2.05 A or by Pauling (9) of 
2.16 A. 

TABLE VIII 
Stokes law ionic radius at 26.61 "C and atmospheric 

pressure (A) 

Me4NI Et,NI 11-Pr4NI 

Cationic 2.80+0.05 3.00+0.01 3.54k0.02 
Anionic 2.44k0.04 2.44k0.01 2.47+0.02 
Sum 5.24+0.09 5.44k0.02 6.01 k0.04 
Sum of crystallographic 

radii 5.63 6.16 6.68 

It is concluded that there is not a permanent 
primary solvation shell which accompanies these 
ions as they move through the solution. If this 
were the case, the Stokes radius would be expec- 
ted to be much larger than the crystal radius as it 
is, for example, for Li+. The crystal radius of 
Li+ is 0.60 A according to Pauling (9), compared 
to the Stokes radius measured in acetone by 
Savedoff (5) of 3.16 A. 

Energies of Activation for Conductivity at 
Constant Volume and at Constant Pressure 

In a study of several salts in N,N-dimethyl- 
formamide (DMF) Brummer (19) has discussed 
the interpretation of E, and Ep on the basis of 
the theory proposed by Stearn and Eyring (20), 

in which it is assumed that migration of an ion 
occurs by a discrete jump over a free-energy 
barrier to transport between positions of equi- 
librium in the liquid. An activated-complex 
treatment (21) which has been applied to proton 
transfer in hydroxylic solvents has been general- 
ized by Bockris, Kitchener, Ignatowicz, and 
Tomlinson (22). Bockris, Crook, Bloom, and 
Richards (23) have elaborated a theory which 
separates the process of the ion jumping between 
equilibrium positions and the formation of a 
hole in the liquid. This discussion employs the 
equation adopted by Brummer and Hills (24,25): 

where L is the jump distance between equilibrium 
positions and Do* is the change in chemical 
potential for the ion to reach the activated state. 
This equation can also be written as 

exp(- AH~*/RT). 
We then have 

where (AVO*), is the partial molar standard 
internal energy of activation for conductivity at 
constant volume. Equation [lo] can be further 
simplified if it is assumed that (a In LIBT), is 
approximately zero, so that E, is identified with 
(AD,*),. Ep, however, is a more complex func- 
tion involving the isobaric coefficient of ex- 
pansion of the solvent as well as the enthalpy 
term (AH, *), : 

since 

Ep and E, are related as follows (25, 26) 
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where ( a U / a V ) ,  is the internal pressure of the 
solvent, n, and A Po* is the partial molar stan- 
dard volume of activation for conductivity. Then 

("',a, O) [ l i ]  - 1  -- = -2RT 
T 

+ AVOf.  
Since 

where p is the isothermal compressibility of the 
solvent, eq. [14] can be written as 

In several systems it has been found that the 
constant-volume parameters are simpler than the 
corresponding constant-pressure parameters (27). 
At constant volume the intermolecular distances 
remain essentially unchanged as the temperature 
is varied; the energy of activation at constant 
volume is thus representative of the process 
itself and does not contain a term which depends 
on the variation in the intermolecular potential 
between the solvent molecules. This view has 
been put forward for diffusion in liquids by 
Nagarajan and Bockris (28) and for liquid 
viscosity by Bondi (29). However, the simplicity 
of constant-volume parameters over constant- 
pressure parameters requires that the solvent has 
110 temperature-sensitive structure. The heat 
capacity of acetone at constant volume has been 
shown to be a function of temperature, especially 
at small volumes (15). In acetone, therefore, the 
constant-volume parameters may not have this 
simple and more direct interpretation. Further- 
more, the nature of the mobile ionic species may 
be a function of temperature at constant volume; 
solvent molecules are less bound to each other by 
dipole-dipole interactions as the temperature is 
raised. Solvent molecules, are, therefore, more 
easily bound to the ions at high temperatures, an 
effect which causes curvature in the Arrhenius 
plots at either constant pressure or constant 
volume. 

The Hole Theory of Liquids and Transport 
Properties 

There has been some controversy regarding 
the applicability of a hole theory to liquids. 
Hildebrand and Scott (30, 31). have presented 

several arguments against the reality of holes of a 
molecular size and the use of the concept of free 
volume to calculate thermodynamic properties 
of liquids, stressing that "all liquids with fairly 
symmetrical rnolecules possess equal amounts of 
configurational entropy under the conditions of 
comparison, a situation quite unlikely to exist if 
the molecular disorder in them were less than 
maximum". However, there need be no postulate 
of a pseudo-lattice structural model of the liquid 
state for a theory of holes to be developed. 
Bockris and Richards (32), on the basis of an 
earlier treatment of a hole theory of liquids by 
Fiirth (33), suggested that the holes have sizes 
that are thermally distributed and that they arise 
from density fluctuations in the liquid. Brummer 
(19) has suggested that the view of Watts, Alder, 
and Hildebrand (34), that movement of a mole- 
cule occurs by a weakening of the cage surro~und- 
ing the molecule, differs only semantically from a 
hole model of the liquid where a hole is supposed 

a Ion. to arise near a molecule by a density Auctu t. 
However, there is more than a semantic differ- 
ence between the two views. Hildebrand and 
Scott (30) strongly support the views of Alder 
and Wainwright (35) which are based 011 the 
computed trajectories of hard-sphere molecules 
in which diffusion is found to occur by a process 
of random walk with very small steps. Nagarajan 
and Bockris (28), in studies of the self-diffusion 
in molten salts at constant volume, do not sup- 
port a micro-jump model such as that described 
above, or the model of Swalin (36) in which 
small random movements of about 0.1 A of the 
diffusing species occur. Their observations can 
be best interpreted in terms of a hole model of 
the liquid. If a liquid contained no holes of the 
size of the diffusing particles, the diffusing 
particle must open a hole of its own size when it 
moves in such a liquid, and the energy of acti- 
vation at constant volume would have to contain 
the energy of hole formation as well as the energy 
of activation for jumping. However, Nagarajan 
and Bockris (28) find that E, is about 15-20% of 
E,. This indicates that E, does not contain the 
energy of hole formation. This relation between 
E,  and E, is observed for conductivity in acetone 
as call be seen in Tables V and VI. Fukuda and 
Kobayashi (42) state that the hole theory is a 
reasonable qualitative model for the liquid state 
after testing the theory's predictions against the 
experimental behavior of liquid isochores. These 
observations lend strong support to the impor- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ADAMS AND LAIDLER: ELECTRICAL CONDUCTIVITIES O F  QUATERNARY AMMONIUM SALTS. I1 1997 

tant part that holes in the liquid must play in the 
mechanism of transport. 

Near the melting point or at high pressure the 
Arrhenius equation does not hold in its simple 
form. An equation in which exp(E,,,/RT) is 
replaced by exp(E,,,/R(T - To)), where To is a 
constant, has been found by Angell (37) to 
represent the viscosity results more accurately. 
Hogenboom, Webb, and Dixon (38) have used a 
free volume approach to interpret the pressure 
and temperature dependence of liquid hydro- 
carbon viscosity. In connection with the effect of 
volume on the temperature dependence of the 
viscosity of associated liquids or of van der Waals 
liquids at small volume, Bridgman (39) has 
reported that the viscosity varies markedly with 
temperature at constant volume. Contrary to the 
view of Hildebrand and Scott (30), these obser- 
vations are thought to be best interpreted by a 
model of the liquid state which emphasizes the 
importance of free volume. In the non-Arrhenius 
region of liquids, according to Angell (37, 40) 
and Davies and Matheson (41), a free-volume 
parameter should be considered. Free volume, 
v,, is defined as the expansion volume (v - v,), 
where v is the specific volume of the liquid at 
temperature Tand v, is the specific volume of the 
liquid at temperature To at which the mobility of 
the molecules is effectively zero. Angell (40) 
suggests that To corresponds to the theoretical 
glass transition temperature where v, -> 0 and, 
therefore, A, -> 0, D + 0, and q + co. In the 
liquid range of a substance, a discontinuity often 
occurs in the temperature dependence of the 
viscosity which divides Arrhenius behavior from 
non-Arrhenius behavior. According to Davies 
and Matheson (41,43), the temperature at which 
such a discontinuity is found should correspond 
to a second-order thermodynamic transition. In 
the temperature range investigated in acetone at  
atmospheric pressure, the behavior of the vis- 
cosity is Arrhenius. However, in a compressed 
condition in this temperature range, acetone 
shows some evidence that the heat capacity at con- 
stant volume, as a function of temperature, goes 
through a minimum (15). This effect would 
constitute a second-order thermodynamic tran- 
sition. It is, therefore, thought that at high pres- 
sures a free-volume theory should describe the 
transport properties observed in acetone. 

The physical model treated by Davies and 
Matheson (41, 43) involves restriction of rota- 
tional modes of freedom as the amount of free 

volume is reduced. In the Arrhenius region the 
molecules have sufficient rotational freedom to 
reorientate several times between translational 
jumps. However, in the non-Arrhenius region, 
reorientation between translational jumps is 
hindered because one or more rotational degrees 
of freedom is lost. A molecule may possess 
sufficient energy to jump, but may not be capable 
of jumping. It may lose the ability to reorientate 
itself in order to move into a position where sur- 
rounding molecules have momentarily opened 
up sufficient free volume. The viscosity of liquids 
at high pressures has been treated by a free- 
volume formulation by Matheson (44). 

Angell (40) states that measurements of the 
effect of pressure on relaxation properties have 
not been in accord with free-volume model 
predictions. This assertion was based on a state- 
ment by Brummer (19) that his conductivity 
results did not support the Cohen and Turnbull 
(45) free-volume theory. According to Cohen 
and Turnbull, the diffusion coefficient, D, for 
free-volume-limited transport should vary as T f  
at constant volume. The Nernst-Einstein equa- 
tion (46) 

where hio is the limiting equivalent ionic con- 
ductivity and DiO is the limiting ionic diffusion 
coefficient, relates the diffusion coefficient and 
the limiting equivalent conductivity for cases 
where the moving species translate under identi- 
cal local conditions (h+O = L o ) .  On the as- 
sumption that this equation holds, A, should be 
a linear function of T T B  at  constant volume, 
under conditions where the process is free- 
volume-limited. Within the experimental error 
A, varies linearly with T-k. 

The free energy of activation for conductivity 
at constant pressure, E,, is assumed to contain 
a partial free-energy term for hole formation, 
AG,, as well as a partial free energy of activation 
for jumping, AGj*, in the theory of conductivity 
outlined below. Application of the equation 
given by Nagarajan and Bockris (28) for diffusion 
in fused salts gives the following conductance 
equation which refers to constant-pressure con- 
ditions : 

[IS] AO = constant X exp[(A8,, + A~, ' ) /R ]  
X exp[-  AH^ + AH,+)/RT], 

where the subscripts h and j refer to parameters 
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of hole formation and jump respectively. This 
equation is based on the concept developed by 
Frenkel (47) for crystal defects. The number of 
holes per mole of liquid, Nh, in equilibrium with 
the number of molecules per mole of liquid is 
given by the relationship 

~191 N,,/N = exp (- A~, , /RT) .  

To obtain eq. [18], eq. [19] has been combined 
with a probability factor, exp(-AGj*/RT), 
which predicts the probability of a collision 
between a hole and an ion, that is the probability 
for a jump to take place. Comparison of eqs. 
[18] and [2] gives 

Pol Ep = (AJ I~ , )~  + (AH ,*),. 
In the formulation by Nagarajan and Bockris 
(27), (ARj*), is written as an energy of acti- 
vation for jumping, but it is preferable to write 
it as an enthalpy of activation following Brum- 
mer (24). Further, for constant-volume con- 
ditions, the enthalpy function becomes an inter- 
nal-energy function, so that comparing eqs. [18] 
and [3] the following relationship can be written: 

In order to identify E, with an energy associated 
solely with the jump process in liquid transport, 
it must be demonstrated that (AU,,), is negligible 
compared with (Anj*),. Nagarajan and Bockris 
(28) assume that change in the volume of a liquid 
with temperature is largely a result of an increase 
in the free volume or the total volume of holes: 

where v, represents the most probable volume of 
the holes. It is assumed that v, is independent of 
temperature at constant volume. From eqs. [22] 
and [19] 

since VT2 = V,, at constant volume. This means 
that (AUh), is zero. Therefore, if we assume that 
the most probable volume of holes is not affected 
by a variation in the temperature at constant 
volume, the energy of activation at constant 
volume, Ev, may be equated to (ADj*),. The 
two quantities (Aaj')p and (AUj*), are identical 
if the movement of an ion into a hole is not 
accompanied by a volume change. This problem 
is discussed in connection with the volume of 

CHEMISTRY. VOL. 46, 1968 

activation parameter associated with conduc- 
tivity. A hole theory of liquids based on density 
fluctuations in the liquid has been used by Bock- 
ris and Richards (32) to derive an equation which 
gives a rough correlation between the melting 
point, T,,, at atmospheric pressure and AH,, for 
the viscous flow of a wide variety of liquid gases, 
hydrocarbons, simple organic liquids, and fused 
salts: 

The predicted enthalpy of hole formation in 
acetone is 1.32 kcal mole-'. The difference 
Ep - Ev  at atmospheric pressure, based on the 
results in Tables V and VI, are 1.16, 1.17, and 
1.21 kcal mole-' for Me4NI, Et4NI, and 
n-Pr,NI respectively. The constancy of this 
number for the three salts suggests that the same 
process is being measured for each salt and that 
this is indeed the enthalpy of hole formation in 
eq. [20]. The results of Howard (48) in methanol 
solutions also tend to support the view that 
Ep - E, is nearly independent of the ionic 
species as would be expected if it represented the 
energy of hole formation. 

The results in Table VI show that the usual 
increase with decreasing volume is found for 
n-Pr,NI and Et4NI. This increase in Ev  is associ- 
ated with the enhanced solvent-solvent inter- 
actions present when the solvent is more densely 
packed. In contrast to the results reported by 
Brummer (19), which indicated that Ev was 
inversely proportional to the ion size, it was 
found that E, increased with the ion size. The 
Me4NI results appear to show a decrease in Ev 
with compression. This observation suggests 
that condition-variable solvation effects associ- 
ated with smaller ions, which are near the peak 
of plots such as that in Fig. 1, would somewhat 
limit the applicability of the simple hole theory. 
However, the decrease in E, with pressure could 
also be interpreted as a lessening with pressure, 
of the solvation binding, relative to the solvent- 
solvent interaction, such that the energy of 
activation for the jump process is reduced. 
From the results of E, as a functioli of volume 
reported by Brummer (19), particularly for KPi, 
where the solvation should be illost important, 
there appears to be some indication of a mini- 
mum in Ev at the higher volume side of the plot. 

The pre-exponents of the isochoric plots be- 
tween In A, and T-' have been plotted against 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ADAMS AND LAIDLER: ELECTRICAL CONDUCT1 

6.4 r- 

k 
7 0 7 2 74 7 6 78 

M o l a l  v o l u m e  (ml)  

FIG. 2. Semi-logarithmic plot of the pre-exponent of 
the isochoric plots of In A, versus T-' against the molal 
volume. 

the volume in Fig. 2. The pre-exponent decreases 
with decreasing volume throughout the range of 
volumes studied, except for Et4NI, which shows 
evidence of a minimum at about 71 ml. The 
results presented by Brummer (19) indicate that 
such minima are present in all of the salts he 
studied in DMF. There are two unknowns in the 
pre-exponent, L, the jump distance, and AS, * , 
the partial molar entropy of activation. Brum- 
mer (19) has discussed the problem of estimating 
the pre-exponent. A transmission factor included 
in this term has been assumed to be unity. 
Estimates of the jump distance, L, have been 
inade by Brummer from the equation 

[25] L A (v/~v) ' I 3 ,  

where V is the molar volume of the liquid. With 
the L parameter calculated from eq. [25], Brum- 
mer found that the calculated entropies, when 
plotted against the volume, paralleled the pre- 
exponent vs. volume curves. The entropies were 
negative and had values from 7.5 to 6.5 e.u. 

VITIES OF QUATERNARY AMMONIUM SALTS. 11 1999 

Negative entropies of activation indicate that the 
activated state is more ordered than the initial 
state. Equation [25] is not thought to give an 
adequate estimate of the volume dependence of 
L, especially since there are indications, from the 
volume dependence of the pre-exponent, that L 
may not be a monotonic function of the solvent 
volume. In a study of n.m.r. spin-lattice relax- 
ation times of protons and deuterons by pulse 
methods in mixtures of proton-containing and 
fully deuterated acetone molecules in the liquid 
state, Zeidler (7) has estimated the mean jump 
distance from the self-diffusion coefficient of 
acetone. If this mean jump distance, estimated 
for acetone at 25 "C and atmospheric pressure to 
be 10.5 A, is taken to be equivalent to the ionic 
jump distance, L, then AS, is estimated to be 
-8.7 e.u. from the pre-exponent of eq. [8]. This 
jump distance is slightly less than two molecular 
diameters, which certainly does not support the 
micro-jump mechailism of transport in liquids. 
In order to interpret a negative entropy of acti- 
vation in conjunction with the positive volumes 
of activation observed (see Tables I-IV), the 
volume of activation measured is considered to 
be largely determined by the volume of hole 
formation in the liquid, which is independent 
of the species being studied. In acetone, in 
contrast to the findings of Brummer (19), over 
most of the volume range studied the entropy 
of activation is more negative for the smaller 
ions. This observation is taken to indicate 
(i) the greater ordering influence of the ions 
with larger charge to surface-area ratios, and (ii) 
that larger ions produce a greater degree of 
disruption in the solvent when the jump occurs. 
The reversal of the ion-size trend observed by 
Brummer (19) is probably due to the solvation of 
K i  and Me,Ni. The presence of solvation 
effects in the case of K i  is indicated by the 
decrease in A, in the order Me4Ni, Ki ,  and 
n-Bu4N +. 

McCall, Douglas, and Anderson (49) have 
used n.m.r. spin-echo techniques to measure the 
pressure and temperature dependence of self- 
diffusioil in acetone. The energy of activation at 
constant pressure was 2.03 kcal inole-' for the 
self-diffusion of acetone, and was independent of 
temperature to within 5-10%. The energy of 
activation for self-diffusion at  constant volume 
was 1.00 kcal mole-'. Within the experimental 
errors of these two energies, the difference, 1.03 
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kcal mole-', is close to the predicted enthalpy of 
hole formation of 1.32 kcal mole-'. This is the 
same result found in the acetone conductivity 
work. Such a close similarity in these values 
suggests a common mechanism to both ionic 
conductivity and self-diffusion in acetone. 

The importance of the ionic size in connection 
with the limiting equivalent conductivity has 
been emphasized in the discussion of Fig. 1. 
Cohen and Turnbull (45) have made a similar 
correlation between the size of a diffusing species 
with respect to the solvent molecules and the 
rate of diffusive transport. If the species is 
smaller than or about the same size as the sol- 
vent, but larger than the average hole size, then 
the diffusion process is controlled by the rate of 
self-diffusion of the solvent and such species will 
diffiise at the same rate as the solvent. This 
condition correspoilds to that of ions with radii 
approaching that of the solvent molecule. In 
Fig. 1, such ions have a maximum ionic mobility. 
Smaller ions do not have a higher mobility, 
because they are solvated. Larger species than 
the solvent molecules diffuse more slowly and, 
therefore, larger ions or ion-solvent complexes 
also have lower mobilities. 

Calculations have been made by Mackenzie 
(50) on the ratio of the energy of activation for 
viscosity of liquid acetone at constant volume to 
the energy at constant pressure; this ratio in- 
creases with decreasing volume from 0.2 to 0.6. 
This increase is a result of an increase in Ev with 
decrease in volume. He suggests that E, is the 
energy of activation for jumping plus the energy 
of hole formation. In addition. on the basis of a 
review of the viscosity data for many liquids, he 
concluded that, in general, Ev is always much 
less than E,, except at very high pressures. The 
energy of activation for viscosity at constant 
volume for acetone is about 0.5 kcal mole-', 
whereas at constant pressure this energy is 1.70 
kcal mole-'. These activation energies closely 
resemble those obtained for conductivity in 
acetone (Tables V and VI). In addition, the 
difference between E, and Ev for viscosity, 1.2 
kcal mole-', is approximately equal to the 
energy of hole formation, 1.32 kcal mole-'. 
Viscosity, as well as self-diffusion, appears to 
depend on the same molecular processes as 
conductivity in dilute solution. The nature of this 
fundamental process seems to be closely related 
to the amount of free volume in the system. 

:HEMISTRY. VOL. 46, 1968 

Speci f ic  volume ( m l  g- ' )  

FIG. 3. Volume of activation for conductivity, cor- 
rected for solvent compressibility, plotted against specific 
volume of acetone. 

Volume of Activation for Conductivity 
Volumes of activation are given in Tables 

I-IV. The decrease in ATo* with pressure is 
similar to the decreases observed by Brummer 
(19) in DMF, by Brummer and Hills (25) in 
methanol and nitrobenzene, and by Howard 
(48) in methanol solutions. This decrease is 
related to the reduced free volume in the solvent 
at high pressures. 

The most striking observation in connection 
with the volumes of activation is their indepen- 
dence, within the experimental error of about 
1-2%, from the ionic species (see Fig. 3). This 
observation confirms the results of Brummer 
(19), using DMF, that the volumes of activation 
of n-Bu4NPi, Me4NPi, HPi, KPi, and KBr, over 
a 10% range of volume, differ by less than 10%. 
Neglecting KBr in this comparison, the volumes 
of activation are found to be identical to within 
about 5 %. The effect of different sized anions on 
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TABLE IX 
Con~parison between the volume of activation for conductivity, self-diffusion, and viscosity and 

the average volume of holes estimated by Fiirth's equation 

Dielectric Surface tension 
constant (27 "C) A FA,* 

Liquid (25 "C) (dyn cm-') (A VJav (ml mole-') A VD* A V,,+ 

Acetone 20.7 23.2 30 13" 13b 15.gh 
Methanol 32.63 21.7 34 7' 

-. 2c 
8 

Water 78.54 71.2 6 O.Oh 1.3h 
N,N-Dimethylformamide 36.7 35.2' 16 11" 
Nitrobenzene 34.82 42.2 13 15" 
Benzene 2.274 28.0 23 20.0b 20.4" 
Cyclohexane 2.015 25.3 27 28 30. 8h 
Nitromethane 39.5 35.5 16 13.6b 
lso~entane 2 15.8 50 34h 23.gb 

"Prcsent work. 
bMcCall, Douglas, and Anderson (49). 
CHoward (48). 
*Bondi (29). 
=Hills (51). 
fBlankenship and Clnmpitt (52). 
eBrummer (19). 

ATo* is of the same order of magnitude as the 
effect that different sized cations have on A v o * .  
KBr and KPi have A vo' values which differ by 
about 4 %  at high volumes and become almost 
identical when the system is compressed by 10 %. 
This independence of A v o *  from the nature of 
the ionic species has also been observed by 
Bruminer and Hills (25) in methanol and nitro- 
benzene solutions. 

This behavior can be related to the dual nature 
of the proposed mechanism for transport in 
liquids and is expressed by the equation 

where A Fh is the most probable volume of holes. 
The volume of activation for jumping, A q*, can 
be understood in terms of the equation 

where vi and Ti* are the partial molar volumes 
of the ions before jumping and in the activated 
state, and Fh and vh* are the most probable 
volumes of the holes without and with an ion at  
the activated state. The term q* is the result of 
distortion of the holes when the ion jumps and 
is likely to be small. In fact, since the other term, 
A E ,  in eq. [26], is independent of the ionic 
species at infinite dilution, the small differences 
observed in To*, of about 10 %, indicate that if 
there is a large distortion volume, it does not 
depend strongly on the charge-to-volume ratio 
of the ions. 

The most probable volume of holes in a 

liquid, AVI,, has been theoretically derived by 
Fiirth (33), in whose model the holes are anal- 
ogous to clusters of molecules in a dense gas or 
vapor and which perform a kind of Brownian 
movement. A test of this simple theory is to 
assume that A E *  is small compared to AVl,. 
This comparison is made in Table 1X. Ther  CL g ree- 
ment between AV,* and Al/,,', AV,', and 
AV,,' for DMF, nitrobenzene, benzene, cyclohex- 
ane, and nitromethane is very good. The volun~es 
of activation for isopentane show fair agreement. 
However, the liquids acetone, methanol, and 
water have volumes of activation for transport 
which are much smaller than the estimated 
AV,' values. This lack of agreement can be 
interpreted in terms of the following ideas. The 
volume of activation for jumping may be nega- 
tive, such that A To* is reduced to a value much 
less than AV, in these liquids. This interpretation 
is commonly made to explain the negative 
volumes of activation for conductivity in water 
(see Horne, Courant, and Johnson (53)). A 
negative A F* implies that the short-range liquid 
structure in the environment of the ion is de- 
stroyed when the ion jumps. This explanation 
correctly correlates the negative entropies of 
activation with negative volume changes on 
jumping, if it is assumed that there is more dense 
packing around the ion at the col, resulting in an 
increase in order in the activated over the initial 
state. A second possibility is that the model upon 
which this treatment is based is not adequate to 
treat highly polar solvents and that the bulk 
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liquid surface tension is not a good parameter 
for estimating the volume of holes when the 
liquid possesses more than a minimum of short- 
range order. The significant result is that the 
similarities in the volumes of activation for ionic 
conductivity at high dilution, self-diffusion, and 
viscosity in a wide range of l i q ~ ~ i d s  indicate that 
these processes are related in a fLlndamental way. 
The mechanism of transport appears to involve 
the formation of holes as a separate process 
from the movement of the mobile species. 

At finite concentrations, the effect of different 
ionic species on the activatioil parameters of 
conductivity is more pronounced. This q ~ ~ a n t i t y  
is quite complex because the equivalent conduc- 
tivity at finite concentrations depends on both the 
mobility and extent of ion association. However, 
Tables I, 11, and I11 indicate that the volume of 
activation for conductance increases approxi- 
mately linearly with concentration to  its limiting 
value at infinite dilution. The slope becomes 
progressively less negative a t  higher pressures. 
The salt with the smallest cation has the most 
iiegdtive slope with concentration, the increase 
in A V *  being about 3 ml for a decrease from 
5 x to 0 x mole 1-' for Me,NI. This 
variation can be correlated with the effect that 
added solutes have on the surface tension in 
liquids, in view of Fiirth's theory. However, this 
is not a large enough change to explain the strong 
concentration dependence of A  8*, especially at 
low concentrations, althougli it is in the correct 
direction. The smallest ions show the strongest 
dependence on the concentration, suggesting that 
the explanation for this effect should involve 
electrostriction. 

Equation [13] suggests that the major expendi- 
ture of energy in the jump of an ion is the work 
done in the change in volume, A v o * ,  against the 
internal pressure of the liquid, n. Combining the 
experimental values of n and P for 40 "C and 
atmospheric pressure with the average measured 
difference E, - E, of 1.18 kcal mole-' at atmo- 
spheric pressure, the value of Avo*  predicted by 
eq. [13] is 12 ml mole-'. This is in excellent 
agreement with the experimental activation vol- 
umes of Table IV. Therefore, the pressure depen- 
dence of the limiting equivalent conductivity is 
seen to  be largely a volume property of the 
solvent. This follows because the internal pres- 
sure is the rate of change of the internal energy 
of the liquid with volume at constant tempera- 

ture. The internal-pressure function, therefore, 
relates the intermolecular solvent forces to the 
volume. That this agreement is so satisfactory 
suggests that the activated-complex theory gives 
an adequate account of the limiting equivalent 
conductivity. The agreement between the calcu- 
lated and the experimental A h *  for acetone, 
using the internal-pressure correlation, is better 
than the treatment involving the surface tension. 
This probably reflects the fact that the simple 
assumptions in this version of the hole theory are 
not a d e q ~ ~ a t e  for a dipolar liquid. The internal- 
pressure function is more characteristic than the 
surface tension of the intermolecular forces 
which deterinine the energetics of hole forma- 
tion. 

Sunzmary o f  Cor7cl~~sions 
1. There is a sharp maximum in the correla- 

tion between ionic radius and limiting ionic 
equivalent conductivity in acetone solution at a 
radius close to the acetone molecular radius. 
This value has a significance in terms of the ion- 
dipole and dipole-dipole forces in the solution. 
For ions with radii which are greater than the 
radius at this break, the ionic equivalent con- 
ductivity decreases with increasing ion size. For 
ions with radii less than this value, increasing 
solvation of the ions with decreasing radius 
brings about a decrease in the limiting ionic 
equivalent conductivity. 

2. An increase observed in the Walden prod- 
uct with pressure is a result of a decrease in the 
extent of ionic solvation at  high pressure. 

3. None of the quaternary ammonium ions 
studied is accompanied by a primary solvation 
layer when it moves in the solution, whereas the 
Lif ion moves in acetone with its primary sol- 
vation shell intact. 

4. The energies of activation for conductivity 
a t  constant pressure and at constant volume 
observed in acetone solution are coilsistent with 
predictions of the hole theory of liquid structure 
and transport processes in liquids. 

5. The volume of activation for conductivity, 
which is found experimentally to  be almost 
independent of the ionic species, is closely related 
to the distribution of free volume in the liquid. 
The distortion volume change accompanying the 
jump process is small compared with the most 
probable volume of holes. 

6. Activated-complex theory offers a conve- 
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nient framework in terms of which the tempera- 
ture and pressure coefficients of conductivity can 
be interpreted. However, maximum insight into 
the mechanism of ionic conductivity is obtained 
at the present time when hydrodynamic and 
activated-complex theory are both used. There is 
a lack of a large body of data from pressure and 
temperature studies of conductivity into which 
the results of a single investigation can be fitted, 
but the conductivity results a t  25 "C and atmo- 
spheric pressure are extensive for many solvents. 
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Electrical conductivities of quaternary ammonium salts in acetone. 
Part 111. Ion-pair formation 

W. A. ADAMS AND K. J. LAIDLER 
Department of Clzemistry, University of Ortawa, Otta,va, Catzadli 
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The ion-pair dissociation constants determined from a Shedlovsky analysis of conductivity (see 
Part I) were used to calculate the enthalpy, the internal energy at constant volume, the entropy, and the 
volume of dissociation of tetramethylammonium iodide, tetraethylammonium iodide, and tetra-n- 
propylammonium iodide ion pairs in acetone solution. The sign and magnitude of these parameters over 
the range of conditions investigated, temperature 25 to 55 "C and atmospheric to 1.1 kbar pressure, 
indicated that the free ions in acetone solution are extensively solvated and that, depending on the 
conditions, solvent-shared or solvent-separated ion pairs are formed. 

Canad i an  Jou rna l  o f  Cl~emist ry .  46. 2005 (1968) 

Introduction 

Part I of this series (1) gives results for ion- 
pair dissociation constants in acetone. The pres- 
ent paper is concerned with a thermodynamic 
analysis of these results and a discussioil of the 
derived parameters in relation to the inolecular 
nature of ion pairs. 

Thermodynamic Parameters for Ion-Pair 
Dissociation 

The standard Gibbs free energies for the dis- 
sociation are given by the equation 

[1 1 AG,' = -RT In K,. 

The volume changes on dissociation are de- 
fined by 

The log Kd values were fitted to a second-order 
polynomial by the least-mean-squares method ; 
the resulting values are given in Table I. 

The standard enthalpy of dissociation is de- 
fined by 

The log Kd values were fitted to a first-order 
polynomial in temperature. The AHdO values 
obtained are given in Table 11. 

The standard entropy changes for dissocia- 
tion, calculated from the AGdO and AH,' values, 
are listed in Table 111. 

The standard change in the internal energy of 

dissociation at constant volume is defined by the 
equation 

The logarithms of the dissociation constants were 
first fitted to a third-order polynomial in the 
molal volume at each of the four temperatures. 
Twelve volumes were then chosen over the range 
of pressure investigated, and the logarithms of 
Kd calculated for these volumes from the poly- 
nomial. These quantities were then fitted to a 
first-order polynomial in temperature for each 
one of the 12 volumes and (AudO), was calcu- 
lated using eq. [4]. Computed results are reported 
for the three salts studied in Table IV. 

Discussion 

Stunmary of Results 
The ion-pair dissociation behavior of the 

three tetraalkylammonium halides studied has 
the following general features: 

(i) All of the Kd values increase with pressure 
and decrease with temperature (Tables VI and 
VII of Part I). 

(ii) The Kd values increase in the order Me,NI 
< Et4NI n-Pr4NI (Tables VI and VII of 
Part I). 

(iii) The AGdO values are about 3 kcal mole-' ; 
they decrease with pressure and increase with 
temperature. 

(iv) The AGdO values decrease in the order 
Me4NI > Et4NI A n-Pr4NI. 

(v) The AHdO values are negative (the dis- 
sociation process is exothermic), the values being 
about -2 kcal mole-' (Table 11). 
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TABLE I 
Volu~ne of dissociation (ml mole-l) 

- 

Temperature ( O C )  
Pressure 

(bar) 26.61 35.00 45.01 54.83 

(vi) The AHdO values do not show any signifi- 
cant change with pressure, but tend to become 
more negative in the order Me4NI < Et4NI < 
11-Pr4NI (Table 11). 

(vii) The ASd0 values are strongly negative and 
are independent of the temperature; they be- 
come more negative in the order Me4NI < 
Et4NI < n-Pr4NI (Table 111). 

(viii) The ASd0 values for Me4Nl and Et4NI 
become significantly larger (less negative) as the 
pressure increases, whereas the AS,' values for 
n-Pr4NI show little or no increase with pressure 
(Table 111). 

(ix) The AvdO values are all strongly negative. 
They tend to become more negative as the tem- 
perature increases. The AvdO values vary with 
the salt in the order Me,NI < Et4NI < n-Pr4NI 
(Table 1). 

(x) The (AUdO), values all become signifi- 
cantly larger (less negative) as the pressure in- 
creases (Table IV). 

(xi) The (AUdO), values decrease with decreas- 
ing volume aiid are increasingly negative in the 
order Me4NI < Et4NI < n-Pr4NI (Table IV). 

Gerzeral Discz~ssion 
A comparison of the Kd values obtained with 

the literature is only possible for n-Pr4NI at 
25 "C aiid atmospheric pressure. McDowell and 
Kraus (2) obtained a value of 4.98 x mole 
I-', which agrees within the experimental error 
limits with the values given in Tables VI aiid 
VII of Part I (1). 

The negative AVdO and ASd0 values indicate 
that there is considerably more solvation in the 
dissociated than in the ion-pair state. The varia- 
tion of AVdO with the salt (point (ix)) suggests 
that there is more ionic solvatioil in the case of 
the smaller cations. 

The small Kd values and positive AGdO values 
are largely due to the strongly negative ASd0 
values; the dissociated state is one of low entropy, 
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TABLE I1 

Enthalpy of dissociation (kcal mole-') 

Pressure 
(bar) 

and is reached only with difficulty. The solvatioil 
of the ions causes their enthalpy to be low, so 
that the AHdO values are negative; the entlialpy 
effect is, however, offset by the entropy effect. 

The pressure effects on I(, reflect negative 
AV,' values. The fact that A s d o  values become 
less negative as pressure increases (point (viii)) 
reflects the greater difficulty that the field of the 
ion has in orienting solvent dipoles when the 
solvent is compressed. The decrease in the volume 
change AVdO with pressure is also related to 
this effect. 

The effect of variation of the temperature and 
pressure on ion-pair dissociation in water has 
been investigated for [Co(III) (NH,),] (SO4)+ 
going to [Co(III) (NH3),I3+ and SO4*- by 
Shimizu, Takizawa, and Osugi (3). They reported 
that, at 25 "C, A v d O  went from a value of -2.0 
to - 12 ml mole-' for a rise from 1 to 600 kg 
c111-~ in pressure. This decrease in AVdO with 
pressure was not observed at 40 "C, where an 
increase in AV,' with pressure, similar to that 
observed in acetone, was found. The entropy 
of dissociation was found to be strongly negative 
and to increase (become less negative) with pres- 

sure. The enthalpy of dissociation showed com- 
plicated temperature and pressure dependence. 
At 25 "C, AHdO was negative at all pressures, 
while it was found to become positive at 40 "C 
and 600 kg ~ m - ~ .  

Osugi, Shimizu, and Takizawa (4) found that 
the pressure dependence of the dissociation in 
water of [Co(III) (NH,),] CI2+, to give [Co 
(111) (NH3),I3+ and C1-, gave a positive 
volume change at low pressures, the values te- 
coming negative at higher pressures. These 
anomalous results in aqueous solutioiis are 
attributed to the structural effects. 

Fisher and Davis ( 5 )  have studied the pressure 
dependence of the dissociation of MnSO, i11 
aqueous solutions, and have found that A v d O  
increases from about -7 to -5 ml mole-' for 
an increase of 2000 atmospheres in the pressure. 
The pressure and temperature dependence of the 
thermodynamic parameters of ion-pair forma- 
tion in water are not the same as those found 
in acetone, but the entropy and volume changes 
observed are generally negative and show in 
most cases a similar, although smaller, pressure 
dependence than that observed in acetone. 

TABLE 111 

Entropy of dissociation (cal deg-' mole-') 

Pressure 
(bar) Me4NI Et,NI ?I-Pr4NI 



2008 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE IV 
Internal-energy change of dissociation at constant volume (kcal mole-') 

Volume of acetone 
(ml mole-') Me4NI Et4NI 11-Pr4NI 

Variation of Kd with Changes in tlze Ionic Radius 
It is not possible to give an adequate interpre- 

tation of the different K, values solely in terms 
of the electrostatic interactions between the 
cation and the anion using the crystallographic 
radii. This can be inferred from the solvation 
effects observed in the ionic-radius dependence 
of the limiting equivalent conductivity. When 
the ionic radius falls below a certain value which 
will depend on temperature and pressure the ion 
becomes solvated and the effective charge to 
volume ratio is reduced. If the counter-ion 
cannot displace the molecules in the solvation 
sheath the observed K,, will be greater than pre- 
dicted on the basis of an electrostatic theory 
using the crystallographic radii. Also, Hughes 
and Price (6) have found evidence that there is 
penetration between the ethyl groups in the ion 
pairs formed between some tetraalkylammonium 
ions and halides in ethyl methyl ketone. With 
the lithium halides, whose conductivities have 
been studied by Savedoff (7), there is a 2000-fold 
increase in the dissociation constant in going 
from LiCl to LiI. This increase is far larger than 
that predicted by the electrostatic theory based 
on the increase in the anionic radii from C1- 
to I-. These results suggest that there is a drastic 
difference in the ion pair formed between Li' 
and C1- from that formed between Li' and I-. 
Furthermore, the enthalpy of dissociation for 
LiCl ion pairs is much more negative than that 
for either LiBr or LiI ion pairs (8). 

Four classes of ion pairs were defined by 
Griffiths and Symons (9): (i) Complexes: two 
or more ions, in contact, held together by cova- 
lent bonds; (ii) Contact ions pairs: ions in con- 
tact, but with no covalent bonding between 

them; (iii) Solvent-shared ion pairs: pairs of 
ions, linked electrostatically, by a single (oriented) 
solvent molecule; and (iv) Solvent-separated ion 
pairs: pairs of ions, linked electrostatically, but 
separated by more than one solvent molecule. 
They used the general term "ion pairs" to  in- 
clude classes (ii), (iii), and (iv) when a distinc- 
tion between them can not be made. Ions in 
solvents of low bulk dielectric constants but 
large dipole moments such as acetone are pre- 
dicted to form solvent-separated ion pairs of 
class (iv) as well as some class-(iii) ion pairs. 

Recently, Griffiths and Scarrow (10) have 
presented spectroscopic evidence that ion-pair 
interactions are important in acetone solutions 
of a series of alkylammonium bromides. The 
Br-:Ni2' ratio for conversion of NiBr, to 
NiBr,'- was found to be quite sensitive to the 
radius of the cation. 

The sensitivity, with respect to pressure and 
temperature, of the ultraviolet spectrum of iodide 
ions in various organic solvents has been studied 
by Griffiths and Wijayanayake (1 1) up to about 
160 bar pressure and 300 "C. It was found that 
the charge-transfer-to-solvent spectrum was sen- 
sitive to the temperature and pressure. Solvents 
with dielectric constants greater than 23 are 
expected to contain only solvent-separated ion 
pairs. From dielectric constants of 23 down to 
11, solvents are expected to contain solvent- 
shared ion pairs as well. It is interesting, there- 
fore, that the dielectric constant of acetone 
increases from about 20 to 23 at 26.6 "C when 
the pressure is raised from 1 atm to 1.1 kbar. 

The solvation of the iodide ion in acetone is 
expected to be symmetrical, even in the ion- 
paired state, if the dielectric constant is such as 
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to prohibit the formation of solvent-shared ion 
pairs. The measured values of the temperature 
dependence of the absorption maximum position 
over a wide temperature range agree with the 
correlation predicted for pure solvation. When 
the dielectric constant is less than about 20 (in 
acetone this corresponds to low pressures and 
temperatures greater than 35 "C [see Table I, 
Part I (I)]), the spectrum becomes cation-depen- 
dent. This is interpreted as an indication of the 
formation of some solvent-shared ion pairs in 
addition to the solvent-separated ion pairs al- 
ready present. On the basis of a study of band 
shapes, the excited orbital of iodide in these ion 
pairs is concluded to be ellipsoidal. In solvent- 
shared ion pairs, a single solvent molecule is 
polarized and oriented differently from the other 
solvent molecules, so that an excited electron is 
now no longer in a spherically symmetrical orbital 
as it would be in the case of the class-(iv) ion 
pair. The temperature dependence of the solvent- 
shared ion-pair absorption maximum position 
is greatly reduced from that of the solvent- 
separated ion pair. 

This spectroscopic evidence indicates that the 
class of ion pair formed depends critically on 
the solvent and the temperature and pressure. 
Acetone, because of the variation of its dielectric 
constant over the present range of temperature 
and pressure (Table I, Part 1 (l)), should contain 
solvent-shared ion pairs at the higher tempera- 
tures and lower pressures, and solvent-separated 
ion pairs at the lower temperatures and higher 
pressures. Because of the nature of the charge 
transfer in these two classes of ion pairs, a 
difference in the extent of electrostriction of the 
solvent is predicted. In a solvent-shared ion pair, 
the residual charge on the ions is thought to be 
negligible. This implies that two full charges are 
developed on the dissociation of a neutral ion pair 
for class-(iii) ion pairs, with a large electrostric- 
tion of solvent to be expected. Table I1 indicates 
that a large negative volume change results under 
the dielectric conditions thought to favor solvent- 
shared ion pairs. Solvent-separated ion pairs, 
however, do not result in a charge neutralization, 
since the charge of the anion is not neutralized 
by the cation. This implies that there is only a 
small increase in the charge developed when a 
class-(iv) ion pair dissociates. The increased elec- 
trostriction of the solvent that results from the 
dissociation of this kind of ion pair should be 
small. Table I indicates that a small negative 
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volume change is found under conditions thought 
to favor class-(iv) ion-pair formation. 

The values of the dissociation constants them- 
selves also support this explanation involving 
two classes of ion pairs. At low pressures, the 
salt with the largest cation, n-Pr4NI, is most dis- 
sociated (see summary point (ii)). However, at 
high pressure, the dissociationconstants approach 
one another in value. The radius of the cation is 
less important under these conditions, a charac- 
teristic of class-(iv) ion pairs. 

The internal-energy change at constant volume, 
shown in Table IV, indicates that there is a 
significant difference in the volume dependence 
of this function for the three salts investigated. 
(AUdO), decreases with decreasing volume in 
each case. The trend is not well delineated for 
Me,NI, but is very definite for Et4NI and n- 
Pr4NI. Work must be done to separate the ions 
forming an ion pair, which implies that (AUdO), 
should be positive. At large volumes, (AUdO), 
is either positive, or small and negative, for the 
threesalts studied. This suggests that thedominant 
interaction in the ion pair under these conditions 
is the electrostatic interaction between the two 
ions. These results suggest that a negative (AUdO), 
could be used as a diagnostic test to indicate the 
formation of solvent-separated ion pairs. 

Fuoss Theory of Ion-Pair Dissociation 
In the theory developed by Fuoss (12) the 

cations are represented by charged spheres of 
radius a in a continuum having the bulk dielec- 
tric constant of the solvent. Ion pairs are said to  
be present when anions, considered to be charged 
point masses, are a distance r < a from the center 
of a cation. Hamann, Pearce, and Strauss (13) 
have derived the equation. 

This equation holds if the contact distance a is 
not a function of pressure. 

The enthalpy of dissociation can similarly be 
calculated from the Fuoss theory by taking the 
temperature derivative of In K,; the resulting 
equation is 

A computer program was written which calcu- 
lated the dissociation constants from the Fuoss 
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TABLE V 
Average ion-size parameters for nine pressures (A) 

-- 

Temperature ('C) 

/ 
CURVES CALCULATED FROM 

FUOSS E Q U A T I O N  

A. 26.6IDC 1103 BAR 
B.  26 .6 I0C 1 B A R  

C 54.83OC 1 BAR 

E X P E R I M E N T A L  LOGlO [ ~ a ]  

a M04NI  

X E t 4 N I  

A n-Pr4NI 

0 n-BuqNI Reynolds and Krour 
(1948)  12SDC) 

0 1 2 3 4 5 6 7 8 9 l O  

I o n  s i z e  paramete r  (a) 
FIG. 1. Logarithm of the dissociation constant calcu- 

lated from the Fuoss equation plotted against the ion- 
size parameter. 

equation for values of the ion-size parameter 
from 0.05 to 10.00 A, for the 36 conditions of 
temperature and pressure studied. Calculations 
to obtain the dissociation constants at 25 "C 
and atmospheric pressure for ion-size parameters 
from 0.05 to 20.00 A were also completed. The 
dependence of log,, KF on theion-size parameter 
is shown graphically for three conditions in Fig. 
1. The results obtained for the ion-size parameter 

at the nine pressures were averaged for each 
temperature and the values are shown in Table V. 

The experimental volumes of dissociation and 
enthalpies of dissociation were used in conjunc- 
tion with eqs. [5] and [6] to compute the ion- 
size parameters associated with these pressure 
and temperature derivatives. The average values 
are shown in Table VI. 

The average values of the ion-size parameter 
shown in Table Vl(a) are seen to increase with 
the ion size. This result is expected and is found 
when the ion-size parameter is calculated from 
A VdO. However, the ion-size parameter calculated 
from AHdO decreases with the ion size. The 
model upon which the Fuoss equation rests is 
crude and it is therefore not unexpected that 
physically unreasonable ionic separations are 
found. For example, the sum of the Stokes radii 
for n-Pr,NI is 6.01 & 0.04 A, the Fuoss- 
Onsager conductance equation predicts an ion- 
size parameter of 5.2 * 0.6 A, while the sum of 
the crystallographic radii is 6.68 A. A com- 
parison of these values, which refer to 26.6 "C, 
to the ion-size parameters given in Table V 
shows that the Fuoss equation predicts separa- 
tions that are too small to  be physically realistic. 
Also, the large standard deviations in the average 
ion-size parameters given in Table VI(n) and 
the large variation with temperature of the 
average ion-size parameters in Table VI(b) 
indicate that it is not a good assumption that the 
contact distance be considered to be independent 
of pressure and temperature in the derivation of 
eqs. [5] and [6] respectively. 

S~tnzrnary of Conclrrsions 
1. Solvation of the free ions determines the 

sign and magnitude of the thermodynamic 
parameters of ion-pair dissociation in acetone. 

2. Theories of ion-pair formation advanced 
on the basis of spectroscopic observations are 
consistent with the results obtained in the pres- 
ent work. 



ADAMS AND LAIDLER: ELECTRICAL CONDUCTIVITIES OF QUATERNARY AMMONIUM SALTS. 111 2011 

TABLE VI 

Average ion-size parameters calculated at several temperatures (A) 

Temperature ("C) 

(a) Values based on the experimental volu~nes of dissociation 
and the pressure derivative of the Fuoss equation 

Me4NI 2 . 8 k 0 . 2  6 + 3  5 .1k0 .7  4 + 1  
Et4NI 4 . 4 k 0 . 2  6 . 8 k 0 . 7  7 + 2  7 + 2  
n-Pr4NI 6 . 3 t 0 . 8  7 . 2 k 0 . 6  9 + 1  14 + 7 

(b) Values based on the experimental enthalpy of dissociation 
and the temperature derivative of the Fuoss equation 

Me4NI 3 .8k4 .1  5 . 3 k 5 . 6  7 . 4 k 8 . 0  l o +  11 
Et4NI 2 . 1 k 0 . 7  3 .1k0 .8  4 . 5 k 1 . 1  6 . 2 k 1 . 3  
n-Pr,NI l . l k 0 . 5  1 . 6 k 0 . 4  2 . 4 k 0 . 5  3 . 3 k 0 . 6  

3. Acetone solutions are thought to contain 4. J. OSUGI, K. SHIMIZU, and H. TAKIZAWA. ~ e v .  
Phys. Cheni. Japan, 36, 1 (1966). 

solvent-shared and solvent-separated ion pairs; 5. F. H. FISHER and D. F. DAVIS. J. Phys. Chenl. 
the proportion of each class present depends on 69, 2595 (1965). 
the conditions of temperature and pressure. 6. S. R. C. HUGHES and D. H. PRICE. J. Chem. Soc. 

1093 (1967). 
4. The ion-size parameters 7. L. G. SAVEDOFF. J. Am. Chem. Soc. 88, 664 (1966). 

tinuous dielectric theory are generally a function 8. P. C. BLOKKER. Rec. Trav. Chim. 54, 975 (1935). 

of pressure and temperature and have smaller 9. T. R. GR'FF'THS and M. C. R. SYMONS. M01. P h ~ s .  
3, 90 (1960). 

values than would be expected from other lo. T. R. GRIFFITHS and R. K. SCARROW. International 
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Etude par diffusion de la lumi6re de la polydispersit6 
rksiduelle des polym6res fractionn6s1 

ELIE AHAD, JACQUES PRUD'HOMME~ ET YVON SICOTTE 
Lnborntoire de Chirnie Physiq~ce, Dkportenzent de Chirnie, Uniuersitd de Montreal, Montrdnl, Quebec 

R e ~ u  le 5 dkcenibre 1967 

Les resultats expCrinientaux confirment l'allure ginerale des resultats theoriques obtenus par Tung 
sur des fractionnements simules et montrent que la polydispersite residuelle et la variation de cette poly- 
dispersite rtsiduelle d'une fraction a I'autre dependent des conditions de fractionnernent et particuliere- 
ment de la concentration initiale en polymere. A la limite, pour des fractionnements effectues a partir de 
concentrations tres faibles en polymere, on peut obtenir des fractions medianes de polydispersitt negli- 
geable au niveau de precision des niesures. Le parametre ( F > : / M p  mesure pour ces fractions sert de point 
de reference dans la caracttrisation de la polydispersitk d'autres echantillons. La comparaison avec ce 
parametre des grandeurs (So2>,/Mp obtenues sur des echantillons polydisperses permet d'en mesurer 
I'indice de polydispersite m Z / Z p .  Les resultats ainsi obtenus sur des fractions provenant d'un fractionne- 
ment a efficacite moyenne confirment pleinement les calculs de Tung. 

The general trend of the theoretical results obtained by Tuns  on simulated fractionations is verified 
experimentally, showing that the sharpness of the fractions and the variation of the sharpness in the 
different fractions of a given fractionation are very much dependent on the fractionation conditions and 
especially on the polymer starting concentration. For very low starting concentration, the middle 
fractions can be considered as being rnonodisperse as far as polydispersity detection by light scattering is 
concerned. The ratio (Soz>,/li;,,. for these fractions can be used as a reference for polydispersity character- 
ization of other samples of the same polymer. The comparison of this ratio to the same ratio obtained on 
a polydisperse sample yields R1/Z,,,. Results obtained in this way for a moderately sharp fractionation are 
in good accord with the theoretical predictions of Tung. 

Canadian Journal o f  Chemistry. 46, 2013 (1968) 

Introduction 

On sait que l'on peut obtenir des doilnees de 
diffusion lumineuse un certain nombre de 
moyennes des grandeurs molCculaires dont les 
valeurs relatives constituent des informations 
sur la polydispersitC de 1'Cchantillon. L'extra- 
polation a angle d'observation nu1 donne la 
moyenne en poids, M,, de la masse molCculaire, 

oh ci est la concentration en poids de l'espkce 
ayant la masse molCculaire Mi. 

Dans le cas des macromolCcules en chaines, 
Benoit a montrt (1, 2) que I'on peut tirer du 
comportement asymptotique de la fonction P(0), 
c'est-&-dire la variation de 1'intensitC de diffusion 
en fonction de l'angle d'observation, 0, la 
moyenne en nombre de la masse molCculaire et 
le cart6 moyen du rayon de giration d'une 

'Les resultats utilists dans le present travail sont tires 
de la these de Ph.D. en Chimie de Jacques Prud'homme, 
UniversitC de Montreal (1967), et du memoire de Maitrise 
en Chimie de Elie Ahad, UniversitC de Montreal (1967). 

'Prtsentement boursier post-doctoral au Conseil 
National de Recherches du Canada, Ottawa. 

molCcule ayant cette masse. En pratique, cepen- 
dant, cette rCgion n'est accessible pour les 
longueurs d'onde visibles que pour les trks 
grands rayons de giration, correspondant a des 
masses molCculaires de plusieurs millions. 

D'utilisation plus courante, la pente a l'origine 
de la fonction P(0) donne la moyenne suivante 
pour le carrC moyen du rayon de giration (3), 

que I'on dCnote z par analogie avec la moyenne 
z de la masse molCculaire: 

Dans le cas d'une macromolCcule en chaine en 
solvant thkta, le carrC moyen du rayon de 
giration d'une chaine isolCe est proportionnel a 
sa masse moltculaire : 

[41 (so2) = CM. 
Dans le cas d'un milieu polydisperst, nous 
aurons la relation simple: 
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On dispose donc ici d'une mtthode simple de 
- - 

determination de la quantitt MJM,,  mtthode 
qui ne fait intervenir qu'une seule mtthode 
exptrimentale. Bien qu'elle soit connue depuis 
tres longtemps (3), cette mtthode n'a gukre kt6 
utiliste parce qu'elle repose sur la connaissance 
de la grandeur C. On pourra effectuer la dtter- 
mination de cette grandeur sur un tchantillon 
aussi monodisperst que possible, mais l'tchantil- 
lon en questioil conservera toujours une poly- 
dispersitt rtsiduelle qu'il sera souvent difficile 
d'tvaluer. 

Pour tviter ce probleme, et tgalement pour 
ttendre la mtthode aux bons solvants oh I'tq. 
[4] n'est plus utilisable, Badley (4) propose 
d'tvaluer la relation entre le rayon de giration et 
la masse moltculaire a l'aide de la thtorie de Fox 
et Flory. Malheureusement cette thtorie n'est 
pas rigoureuse ti cet tgard et peut introduire des 
erreurs importantes. En fait la mesure de C peut 
sembler dtlicate A prime abord mais, en exami- 
nant le mecanisme du fractionnement, nous 
verrons qu'on peut esptrer obtenir des Cchantil- 
lons dont la polydispersitt rtsiduelle soit assez 
faible pour ne pas introduire d'erreurs impor- 
tantes. 

Considerations theoriques sur le fractionnement 
La stparation d'un tchantillon polydisperst, 

par precipitation fractionnte B partir d'une solu- 
tion, repose tvidemment sur la variation de 
l'enthalpie libre molaire partielle de mtlange avec 
la masse moltculaire. Comme on peut le voir par 
exemple dans la thtorie de Flory et Huggins (5), 
cette grandeur est fonction de plusieurs variables 
dont on peut considtrer les trois suivantes comme 
independantes au point de vue exptrimental: la 
masse moltculaire tvidemment, la concentration 
en moltcules ayant cette masse moleculaire et 
enfin la concentration globale en polymere. 

I1 en resulte que la stparation d'un tchantillon 
polydisperse en deux phases, qui n'est jamais une 
fonction discontinue au point de vue masse 
moltculaire, pourra cependant, selon les con- 
ditions experimentales, s'approcher plus ou 
moins de cette fonction discontinue. De plus, au 
cours du fractionnement d'un tchantillon en 
plusieurs fractions par appauvrissement pro- 
gressif du solvant, on doit s'attendre B ce que la 
fonction en question evolue puisque les trois 
variables impliqutes changent de valeur. Par 
constquent, dans les fractions successives ainsi 

obtenues, on observera une variation monotone 
de la polydispersitt rtsiduelle. 

Pour notre besoin, il est inttressant de suivre 
l'tvolution de cette variation de la polydispersitt 
rtsiduelle des fractions successives en fonction 
des conditions exptrimentales, sptcialement en 
fonction de la concentration initiale globale en 
polymkre. Nous nous en tiendrons au cas des 
Cchantillons prtsentant une courbe de distribu- 
tion A un seul maximum. A la suite des travaux 
de Schulz et Dinglinger (6) ,  et en se basant sur la 
thtorie de Flory et Huggins, Tung a montrt (7) 
par des fractionnements simults que, pour des 
concentrations initiales de polymtre assez tlevtes 
(2 % dans l'exemple de Tung), on doit s'attendre 
B ce que la polydispersitt rtsiduelle soit la plus 
grande pour les hautes masses moltculaires, qui 
correspondent aux premihes fractions dans ce 
cas, et diminue graduellement pour les fractions 
de masses moltculaires plus faibles. La polydis- 
persitt rtsiduelle des fractions est alors fortement 
influencte par la concentration totale du poly- 
mkre et par sa variation au cours du fraction- 
nement. Nous excluons de cette discussion la 
fraction de masse moltculaire la plus faible qui 
constitue un cas particulier (7). Pour une concen- 
tration initiale de polymkre de 0.5%, la poly- 
dispersite rtsiduelle des fractions diminue glo- 
balement, mais sa variation pour les fractions 
successives garde la mime allure. Nous verrons 
d'ailleurs que dans un cas comparable nous 
avons retrouvt exptrimentalement le mime 
phtnomkne. 

Par contre, pour des dilutions encore plus 
grandes (fractionnement double, concentration 
initiale de 1 % et refractionnement i partir d'une 
solution a 0.2% selon le schtma de Flory), non 
seulement la polydispersitt rtsiduelle calculee 
par Tung continue i diminuer, mais la concen- 
tration initiale des espkces contenues dans 
chacune des fractions commence B intervenir. La 
polydispersitt rtsiduelle des fractions successives 
commence a refleter l'allure de la courbe de 
distribution et presente un minimum (l'indice 
M,/M,, est de 1.05) dans le voisinage du maxi- 
mum de la courbe de distribution pour ensuite 
augmenter aussi bien pour les fractions plus 
basses que pour les fractions plus hautes. 

Cet effet, qui ne fait que commencer a se 
manifester cette concentration, est cependant 
assez marqut pour que l'on puisse extrapoler de 
la et prtvoir, pour une concentration initiale 
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beaucoup plus faible, que la polydispersitt rCsi- la moyenne de plusieurs valeurs tres colierentes (9). Le 

duelie des fractions successives pr~sentera pour les benzene a Cte utilise comme standard pour calibrer le 
photogoniodiffusometre, en prenant comliie valeur du mCdianes un - plateau - cOrres- rapport de Rayleigh pour ce liquide, a 5461 A et g 25 OC, 

pondant B un indice IM,/IM,, encore plus voisin 17.2 x 10-6 (10) valeur q u i  passe a 17.9 x 10-6 a 
de l'unite. A toutes fins pratiques par consequent 35 'C (11). 
on pourra alors considCrer ces fractions comme Resultats et discussion 
Ctant monodispersCes. 

Etant donne le grand noinbre de fractions 
obtenues, il n'Ctait pas question de les carac- 

Partie expbimentale tCriser toutes par diffusion de la lumiere. D'ail- 
Nous avons fractionne deux Cchantillons de poly- leurs. comme nous allons le voir. il suffisait d'en 

styrene. Le premier a ete obtenu par polymerisation 
thernlique et nous a ete fourni par la maison Dow- 
Corning sous le numero B-25. Le second, que nous 
denoterons 60-1, a etC obtenu dans ce laboratoire, sous 
vide, en presence de 2,2'-azobis(2-methyl propionitrile) 
comme initiateur, a 60 "C, avec un taux de conversion de 
13%. 

L'echantillon B-25 a Cte fractionne en ajoutant a une 
solution a 1 % dans la butanone des quantites croissantes 
de methanol. Les fractions ainsi obtenues ont ete redis- 
soutes par elevation de temperature puis reprecipitees par 
retour lent a la temperature initiale, 25 "C. Seize fractions 
ont ainsi Cte obtenues dont les poids, variant irreguliere- 
ment, representaient de 1 a 12% de l'echantillon de 
depart. Ces fractions ont ete numerotees B-25-1 a 
B-25-16. Trois de ces fractions, B-25-3, B-25-6 et B-25-8, 
representant chacune environ 8% de I'tchantillon de 
depart, ont Cte refractionnees selon le mCme procede, en 
partant d'une solution a 0.1 %. Dans chacun de ces trois 
cas une des fractions mkdianes a de nouveau ete fraction- 
nee en partant d'une solution a 0.05 % pour donner entre 
autres les fractions B-25-3-4-2, B-25-6-3-2 et B-25-8-3-2, 
remesentant chacune environ 1 "/, de I'Cchantillon de 

~ - -  

caractkriser quelques unes pour voir tres nette- 
ment I'allure du phCnomkne. 

Puisque 1'Cvaluation du parametre C, Cq. [4], 
requiert la mesure de la masse molCculaire de 
fractions monodispersCes, la valeur que 1'011 
obtiendra pour ce parametre contiendra les 
erreurs de calibration de l'appareil (basCe sur 
I'intensitC de diffusion d'un solvant) ainsi que les 
erreurs contenues dans la grandeur dnldc, la 
variation d'indice de refraction de la solution 
avec la concentration Par contre ces erreurs 
seront systCmatiques et joueront tout aussi bien 
pour 1'Cq. [ 5 ] ,  de sorte que 1'Cvaluation de la 
polydispersitC d'un Cchantillon, c'est-8-dire dans 

- - 
ce cas I'indice IM,/IM,, sera independante de ces 
erreurs. 

L'Cvaluation du rayon de giration par diffusion 
des radiations ClectromagnCtiques est absolue et 
ne reauiert aucune connaissance sur la structure 

dipart et ayant kt6 triplement fractionn~es. de 170ijet diffractant, du moins dans les c i s  oh la 
L'khantillon 60-1 a Cte sournis a un fractionnement pente 2 l'origine de la fonction p(8) est accessible double, en utilisant la mCme paire de solvants, selon un 

schema utilise depuis de nombreuses annkes dans ce a I'expCrience: c'est la lei de Guinier (12). 
laboratoire (8) et qui est tres voisin du schema de refrac- Toutefois, dans le cas de la diffusion de la 
tionnenient de Flory. De facon a partir d'une concen- lumiere par les macromolCcules en chaines, nous 
tration en polymere qui soit assez faible, tout en obtenant avons m o n t r ~  (13) que, dans les intervalles 
des fractions assez importantes, nous avons dQ nous 
contenter d'un nornbre de fractions plus faible dans ce angulaires genCralement explorCs, ce comporte- 
cas, sept en I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  de 7 20% de ment limite de la fonction P(8) n'est accessible B 
I'Cchantillon de depart et numerotees 60-1-D-1 60-1-D-7. I'expeIknce que pour les rayons de giration 
Dans la premiere Ctape du fractionnement la concen- infkrieurs a 300 A environ. Au deli de cette 
tration originale etait de 0.05% et de l'ordre de 0.02% limite, la determination pr~cise du rayoil de 
dans la seconde Ctape. La fraction 60-1-D-3, representant 
19 % de I'tchantillon de depart a ete de nouveau soumise giration nkcessite la connaissance a priori de la 

un fractionnement double. Dour donner. entre autres. la fonction P(8). 
, . ~ - 

fraction 60-1-D-3-D-2, representant environ 5 %  de 
1'Cchantillon de depart et obtenue a partir d'une solution 
a 0.01 %. 

Les rnesures de diffusion lumineuse, en raie verte du 
mercure, 5461 A, ont etC effectuees dans le cyclohexane h 
35 "C (tempirature theta) sur un photogoniodiffusometre 
de Wippler et Scheibling, fabrique par Sofica. Les solu- 
tions ont ete dbpoussierbes par centrifugation dans un 
appareil Lourdes (LCA 1, 37 000 g) durant 1 h. 

Comme valeur de dnldc pour le polystyrene dans le 
cyclohexane a 35 "C, nousavons utilisk 0.171,, c'est-a-dire 

Les e'chai~tilloiu i?zonodisperse's 
Dans le cas d'un Cchantillon monodispersC de 

macromolCcules en chaines, en solvant theta, on 
sait qu'on peut utiliser 1'Cquation maintellant 
classique de Debye, 

[GI P(0) = 2(e-" - 1 + L L ) / ~ L ' ,  

oil 21 reprksente 4n202(S2), o est la quantite 
(2/h) sin (0/2), h est la longueur d'onde de la 
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TABLEAU I 

CaractCrisation des fractions quasi rnonodispersCes 

ct/ Zci an x 10 - <-)= x 10 -6 (AZ) ( T ) = / M p  (Az) 
B-25-3-4-2 0.007 0.965 0.071 0.073 
B-25-6-3-2 0.013 0.66, 0.0455 0.069 
B-25-8-3-2 0.011 0.440 0. 0305 0.069 
60-1-D-3 0.19 2.28 0.168 0.073 
60-1-D-5 0.19 1.35 0.097 0.071 
60-1 -D-3-D-2 0.05 2.55 0.180 0.070 

- 

lumiere incidente rnesurte dans le milieu. On 
pourra dans ce cas obtenir la rnasse moltculaire 
et le rayon de giration, par exemple en super- 
posant les courbes thtorique et exptrirnentale 
selon la mtthode dtcrite prtctdemrnent (13). 

A titre d'exemple, nous avons reproduit a la 
Fig. 1, pour la fraction 60-1-D-3, la super- 
position, par translation x-y, de la courbe 
thtorique (log P(8) en fonction de log u) a 
I'ensemble des points expkrimentaux (log- 
[c/I(8)],,, en fonction de log 4n202). La super- 
position des abcisses donne (So2), et la super- 
position des ordonntes donne I@,. La grandeur 
I(8) est l'intensite de diffusion normee, 

X ~ ~ I V ,  sin BR,,O 
[7] I ( e ) =  

hr (dn/dc)"l f coi20)n,? 

oh NA est le nombre d'hvogadro, R,,' le rapport 
de Rayleigh du liquide utilist comme standard 
de calibration, n,, l'indice de rtfraction de ce 
liquide; les A sont les lectures galvanornttriques 
pour la solution (sln.), le solvant (solvt.) et le 
liquide utilisC comme standard (st.). 

Nous avons rassemblt au Tableau I les 
rtsultats ainsi obtenus pour les fractions quasi 
rnonodisperstes. Les rtsultats indiquent claire- 
ment qu'on a, dans les deux cas, atteint un 
plateau au point de vue indice de polydispersitt. 
Cette concordance des rtsultats obtenus par 
deux exptrimentateurs differents, sur des tchan- 
tillons de polystyrene d'origines dstrentes, par 
des mtthodes de fractionnement diffkrentes mais 
caracttrisees toutes les deux par une dilution 
extreme, cependant que la dilution n'est pas la 
m&me dans les deux cas, de m&me que le fait 
qu'un fractionnement double ulterieur de 60-1- 
D-3 n'arnene pas de changement important, tout 

tvidernment la limite thtorique pour cette 
grandeur. A ces tvidences s'ajoute d'ailleurs le 
fait que ces valeurs de (c),/iV, pour le poly- 
styrene sont prtcisement les plus basses parmi 
celles qui ont t t t  obtenues a date (14-17). 

Bien qu'elles aillent dans le sens prtvu thtori- 
quement au point de vue efficacitt du fraction- 
nernent, les variations de (e)Z/R,, dans les 
rtsultats du Tableau I ne semblent pas signifi- 
cative~, puisqu'elles sont de l'ordre de grandeur 
de l'erreur experimentale. Quoiqu'il en soit nous 
choisirons comme valeur du pararnetre C, c'est- 
8-dire le rapport (?),/a, pour un milieu 
rnonodisperst, la valeur 0.070 A', correspondant 
au plateau prtvu thtoriquement. I1 est inttressant 
de noter que des fractions reprksentant pres de 

l o g  4 Jr2'r' 
- 6 - 5 

cela indique que le plateau de polydispersitk en l o g  u 
A -  - 

question - - correspondre une de FIG. I. Superposition de la murbe theoriquc, Cq [6], 
M,/M, tr6s voisine de l'unitt, l'unitt constituant et des donnees experilnentales pour la fraction 60-1-D-3. 
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20% de 1'Cchantillon de dCpart prCsentent dans 
ces conditions de fractionnement une polydis- 
persit6 rksiduelle nkgligeable B ce niveau de 
prCcision. 

En plus de 1'utilitC qu'il prCsente dans les 
Ctudes de polydispersitC, le parametre C prCsente 
beaucoup d'intCr&t dans les thCories des solutions 
inacromolCculaires, puisqu'il est reliC aux inter- 
actions B courte distance et par la B la structure 
de la chaine. De tris nombreux chercheurs ont 
mesurC ce parametre pour le polystyrene en 
solution dans le cyclohexane B 35 "C. Les valeurs 
obteuues prksentent des Ccarts considCrables, 
allant de 0.075 (14, 15) 0.093 A2 (16, 17). Les 
valeurs voisines de 0.075 pour C sont en bon 
accord avec nos propres rksultats, compte tenu 
des erreurs normales, des erreurs systCmatiques 
et des erreurs dans l'estimation de la poly- 
dispersitC risiduelle des Cchantillons utilisCs. Par 
ailleurs 1'Ccart entre cette valeur basse et 0.093 
est apparemment plus importante que toute 
erreur vraisemblable et nous nous proposons 
d'etudier si cet Ccart ne rCvClerait pas des dif- 
fkreuces structurales dans les tchantillons utili- 
sCs. 

Les Pclzantillons polydispersds 
Dans le cas d'un Cchantillon polydispersC, en 

solvant theta toujours, il faudra utiliser (3) la 
moyenne s de la fonction P(8) donnCe par 1'Cq. 
161, 

fa IIl'(B)P (M)dM 
- ' 0  - - , La JIP (M)ddl  

oh P(M) est la fonction de distribution en poids 
des inasses molCculaires dans llCchantillon poly- 
dispersk. En dCveloppant la fonction P(8) en 
sCrie de puissances positives de u, on peut 
facilement voir que P,(8) s'exprime finalement 
en fonction des diffkrents moments de la 
fonction P(M), c'est-&-dire M,, M,, M,,,, etc, et 
que les moments d'ordre ClevC n'interviennent 
que pour les puissances correspondantes de u. I1 
en resulte que dans l'intervalle de valeurs de u 
que nous avons explorC (u infkrieur B 2, corres- 
pondant a des valeurs de P(8) supCrieures B 0.6), 
la fonction PZ(8) dCpend tres peu de la forme 
exacte de la fonction P(M), mais presqu'ex- 
clusivement des valeurs relatives de ses premiers 

moments. Par conskquent, la valeur de (ST)= 
qu'on tirera des rCsultats expCrimentaux a l'aide 
de la fonction PZ(8) dCpendra tres peu de la 
forme de la fonction P(M) utilisCe pour calculer 
P,(8), pour peu Cvidemment que la fonctioil 
P(M) en question ne s'Ccarte pas grossierement 
de la fonction de distribution rCelle. Dans les cas 
Ctudits dans le prCsent travail, nous avons 
utilisC la fonction de Zimm (3), qui a une forme 
assez gCntrale et qui se pr&te bien au calcul, 

oh y et h reprisenteilt deux parametres ajus- 
tables qu'on peut facilement relier aux diffkrents 
moments de la fonction. Entre autres, le rapport 
R,/IM, devient (lz + 2)/(11 + 1). 

11 est bien Cvident que cette f a ~ o n  de procCder 
est limitCe aux valeurs relativement basses de u, 
c'est-8-dire B la rtgion qui ne contient que tres 
peu de renseignements sur la forme de la fonction 
P(M). I1 n'en sera plus ainsi dans la rtgion des 
valeurs plus ClevCes de u, plus riche en renseigne- 
ments sur P(M), et oh on pourra tenter d'obtenir 
ces renseigneinents sur la forine de P(M), comnle 
Carpenter l'a fait (1 8). Malheureusement, dans 
le cas CtudiC par Carpenter, I'effet de solvailt vient 
compliquer l7interprCtation des rksultats. En 
effet il s'agit d'un bon solvant et non seulement 
Carpenter nCglige l'influence de l'effet solvant 
sur le P(8), inais Cgalement, ce qui est vraisem- 
blablement plus important, il nCglige le fait que 
dans ce cas le rayon de giration et la masse 
molCculaire ne sont plus relits aussi siinplement 
que dans 1'Cq. [4]. 

Dans les cas que nous avons CtudiCs, la situa- 
tion est plus simple, tant par le fait que le poly- 
mere est en solvant theta que par le fait que la 
quailtit6 d'informations est plus restreinte. Nous 
sommes dans des conditions telles que la seule 
donnte a propos de laquelle les informations 
sont prtsentes en quantitt apprtciable, c'est 
- - 
M,/M, c'est-h-dire finalement la variance, le 
carrC moyen de 1'Ccart a la moyenne. On sait en 
effet que : 
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TABLEAU 11 
Caracterisation d'echantillons polydisperses 

-- --- 

c,/ zci m,, x 10- 6 <%)= x 10- (A2) <3F)r/7i?p (A') 7i?z/Mp 

B-25 1 0 .  530 0.059 0.111 1.59 
B-25-2 0.019 1.20, 0.109 0.091 1.30 

Dans les cas oh nous ne connaissions pas B 
priori la polydispersitt des tchantillons, il a fallu 
tvidemment proctder par approximations suc- 
cessive~. On se donne d'abord une valeur ap- 

- 
prochte de M,/Mp; on en tire une fonction 
FL(0) dont on se sert pour determiner (c), et 
2, B partir des donntes exptrimentales de dif- 
fusion lumineuse. L'tquation [5] permet alors de 
calculer une premiere approximation pour 
R,/Mp, B l'aide de laquelle on recommence le 
cycle. La mtthode converge tvidemment plus ou 

- - 
moins rapidement selon la valeur de M,/M, 
choisie au dtpart. Pour les tchantillons faible- 
ment polydispersts, on choisit l'unitt pour cette 
grandeur. Pour les tchantillons non fractionnts, 
il vaut mieux partir de 1.5. Dans ces conditions, 
deux cycles suffisent gtntralement. La Fig. 2 
reprtsente les rtsultats obtenus pour la fraction 
B-25-2. 

- I  0 
l o g  iiz 

FIG. 2. Superposition de la courbe theorique, tq. 161, 
181 et 191, pour h = 6, et des donntes experimentales 
pour la fraction B-25-2. 

Le Tableau I1 montre les rtsultats obtenus 
pour l'tchantillon B-25 brut et pour quelques 
unes de ses fractions3. La variation de la poly- 
dispersitt rtsiduelle pour les fractions successives 
se superpose tr6s bien aux cas calcults par Tung 
(7), m&me si le calcul n'a pas t te  fait pour le 
systhne que nous avons Ctudit exptrimentale- 
ment. L'allure gtntrale est tout B fait semblable 
et confirme le genre de calcul de Tung. I1 est 
inttressant de noter par ailleurs, comme on peut 
le prtvoir thtoriquement, qu'a cette concen- 
tration de dtpart pour le fractionnement, 1 %, la 
polydispersitt rtsiduelle dtpend fort peu de 
l'importance de la fraction. Nous avons port6 au 
Tableau I1 la fraction en poids correspondant B 
chaque fraction, ci/ x c i ;  on voit que les fractions 
ttudites sont alternativement fortes et faibles et 
que la polydispersitt rtsiduelle tvolue cependant 
de f a ~ o n  monotone d'une fraction B l'autre. Par 
ailleurs la fraction B-25-2, qui reprtsente moiils 
de 2 %  de l'tchantillon de dtpart, est beaucoup 
moins monodisperste que la fraction 60-1-D-5 
qui est 10 fois plus importante par rapport a 
l'tchantillon de dtpart. Cet exemple illustre bien 
l'effet des conditions de fractionnement sur la 
polydispersitt rtsiduelle des fractions. 

Conclusion 
I1 semble donc, comme on pouvait le prtvoir 

en extrapolant aux basses concentrations les 
rtsultats des fractionnements simulCs de Tung, 
qu'on puisse obtenir dans ces conditions des 
fractions de polydispersitt tr6s faible. Ces Cchan- 
tillons permettent d'tvaluer le rapport (e),/ 

3Les m&mes fractions B-25 avaient deja it6 utilisees 
dans un travail anterieur (13) et caracterisees dans le 
toluene. Les differences de masses molCculaires qu'on 
observera entre le Tableau I1 du prtsent memoire et le 
Tableau I du memoire precedent (13) proviennent d'une 
valeur trop grande utiliske dans (13) pour le dnldc du 
polystyrene dans le toluene (J. Prud'homme et Y. Sicotte, 
a paraitre). 
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AHAD ET AL.: ETUDE PAR DIFFUSION DE LA LUMIERE 2019 

a,, pratiquement en absence des effets de poly- 
dispersite, ce que nous avons appelC le para- 
mitre C. 

Une fois ce paramitre connu, on peut Cvaluer 
la polydispersitC d'un - echantillon - quelconque, 
c'est-a-dire le rapport MZ/M, ,  en utilisant seule- 
ment les donnCes de  d i f f~~sion lumilleuse en 
solvant thkta. 

Par ailleurs les resultats obtenus pour la sCrie 
des fractions B-25 confirment les calculs de 
Tung sur la variation de la polydispersiti rCsi- 
duelle des fractions successives obtenues B partir 
d'une concentration de dCpart assez Clevte. 
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Influence des effets inductifs et stkriques sur la basicitk des amines 
tertiaires. Dktermination et interprktation des AH et des A S 1  

GUY PERRAULT 
Centre Canadien de Recherches et Perfectionnernerzt des Arrnes, Qrre'bec, Que'bec 

Recu le 26 dicembre 1967 

Les pK, d'une serie d'amines tertiaires dihydroxyltes ont ete mesurts dans l'eau a differentes temp& 
ratures afin de calculer des AH et les AS de la reaction. Les facteurs thernlodynamiques semblent confir- 
mer la theorie d'empgchement frontal a la solvatation combinee a une sorte de tension arriere pour 
expliquer la diminution de basicite introduite par les substituants a longue chaine carbonte. Pour les 
substituants a courte chaine, l'effet de formation de liaisons hydrogenes intramoleculaires peut Ctre note 
grdce aux variations du facteur entropique. 

AH and AS were obtained by pK, measurements in water at different temperatures for a series of 
dihydroxylated tertiary amines. The thermodynamic factors seem to confirm that the diminution in 
basicity introduced by long chain substituents is caused by frontal hindrance to solvation, accompanied 
by a new type of back-strain. With short chain substituents, the formation of intran~olecular hydrogen 
bonds can be seen by the variations of the entropy factor. 

Canadian Journal o f  Chelnistry. 46, 2021 (1968) 

Introduction 

Grice une famille d'amines tertiaires dihy- 
droxylees (1) dont le chlorhydrate est soluble 
dans l'eau, il a CtC confirm6 (1) que la relation de 
Hall (2), reliant la basicit6 des amines tertiaires 
aux seuls effets inductifs (o*), s'appliquait a tous 
les produits q ~ ~ i  ne comporte pas de substituants 

chaine plus longue que cinq atomes de carbone. 

Pour les amines avec un substituant a longue 
chaine (6 C et plus), une sCrie d'iquations a CtC 
dCduite pour calculer l'effet stCrique (E,) de ces 
groupes (I). Ces Cquations Ctaient basCes sur 
deux hypotheses. En premier lieu, les longues 
chaines diminuaient la basicit6 des amines en 
crCant de l'empechement frontal a la solvatation. 
En second lieu, le degrC d'empechement frontal 
d'une chaine de longueur donnCe est dCterminC 
par la nature des deux substituants voisins sur 
I'azote. Cette interaction des substituants sur 
I'azote a CtC nommCe tension arriere, en compre- 
nant qu'il s'agissait d'une tension arriere qui in- 
fluencait le nombre deconformations de la chaine 
ne provoquant pas d'empechement frontal. 

'Cet article a ete presente en partie au congres de 
1'ACFAS en novembre 1967. 

Afin d'obtenir plus de prtcision sur les effets 
stCriques impliquts, il a t t t  dCcidt de dkterminer 
les AH et les A S  de neutralisation. 

La synthese des produits et la technique de niesure des 
pK, ont deja ete rapportees (1). La quantiti d'acide 
ajoute au depart a t te  calculke pour obtenir une force 
ionique d'environ 0.06 au point stoicliion~Ctrique. Les 
pK, ont ete dtterniines dans un bain a temperature 
constante. La temperature de la reaction est dtterminie 
par un thermometre qui plongeait dans la solution A 
titrer. Cette temperature etait constante B k0 .2  "C. Les 
pK, sont reproductibles a k0 .1  et chaque valeur est la 
moyenne d'au moins deux determinations. Le Tableau 
I donne les pK, mesures avec la te~nperature entre 
parentheses. 

Les AH et les AS ont etC calcules gr%ce aux equations 
usuelles en prenant la meilleur concordance obtenue 
par la mkthode des moindres carres pour la droite du 
In K e n  fonction de l'inverse de la temperature absolue 
(l /T).  Les valeurs obtenues sont compilees aux Tableaux 
I1 et I11 pour les produits a effets inductifs et aux Tableaux 
IV et V pour les amines a effets inductifs et steriques. 

La precision des AH et des AS est encore sujette a 
discussion. Un article recent (3) porte B croire qu'avec la 
precision sur les pK, et l'ecart de te~nperature utilise, 
les AH devraient Etre precis a k 1 kcal/mole et les AS a 
+ 3 cal/deg mole si les erreurs introduites sont dues au 
hasard au lieu d'Ctre consistantes. Toutefois, la precision 
des AH et des AS peut &re, jusqu'a un certain point, 
verifiee experimentalement. En effet, les resultats obtenus 
avec le propyl-N(hydroxy-2 propyl, hydroxy-7 butyl)- 
amine (cf. Tableaux I1 et 111, C3H, B) peuvent &tre 
compares B ceux du propyl-N bis-(hydroxy-2 propyl)- 
amine (cf. Tableaux I1 et 111, C3H, E) vu que la somnie 
des constantes o* de ces deux produits est pratiquement 
tgale, soit respectivement 0.19 et 0.205. Or les deux AH 
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TABLEAU I 
pK, des alkyl-N bis-(hydroxy-2 a1kyl)arnines (1) 

R1 Rz R3 pK, (Temperature, "C) 

- 
'Dans 

portkes. 

. .. 

pas 616 mesllr6 a explique cert aines modifications dans les valelirs rap- temperature constante ce qui 

ne different que par 0.2 kcallmole et les AS, 0.2 calldeg devraient se manifester que des effets inductifs le 
mole. La mCme observation peut Ctre faite entre le AH a tendance 2 augmenter a mesure que 
t-butyl-N(hydroxy-2 propyl, hydroxy-2 buty1)arnine 
(cf. Tableaux 11 et 111, t-C4H9 B) et le t-butyl-N his- ljeffet inductif negatif des substituallts en R2 
(hydroxy-2 propy1)amine (cf. Tableaux I1 et 111, t-C4H, est augment6 en gardant RI et R3 constants 
E),  oh la somme des o* est respectivement egale B 0.05 (cf. Tableau 11, D* CH, = 0 jusqu'a D" t-C,H, 
et 0.20. Dans ce cas, les deux AH sont egaux et les AS = -0.300). Ceci est en accord avec I'explication 
varient de 0.4 cal/deg mole. Cette concordance entre les classique djune plus grande disponibilit~ du valeurs indiquent une bonne precision sur les AH et 
Ies AS. doublet d'electrons de l'azote 2 mesure que ... 

I'effet inductif devient plus nkgatif. Un des 
Rksultats et discussion produits, le methyl-N (hydroxy-2 ethyl, hydroxy- 

Ainines tertiaires ci effets inductifs 2 propy1)amine (cf. Tableau 11, CH, D) s'tloigne 
En general, pour les amines tertiaires oG ne de faqon anormale de la tendance generale, sans 
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PERRAULT: INFLUENCE DES EFFETS INDUCTIFS ET STERlQUES 

TABLEAU I1 
+ A H  kcal/mole des amines (1) B effets inductifs 

A B C D E 

qu'il y ait d'explication apparente. Tel qu'at- 
tendu, les substituants a effet inductif positif 
(a* C,H,CH, = 0.22 et a* CH, = CHCH, 
= 0.13) donnent les AH les plus bas. 

Les variations de AS (Tableau 111) sont en 
gentral assez faibles. Leur apport 2 la basicitt 
n'est pas dtterminant pour ce groupe de pro- 
duits. Toutefois, le sens de ces variations est 
significatif. I1 est remarquable que toutes les 
amines avec un AH 1: 12.2 donnent un AS II 0. 
Toutes les amines qui ont un AH < 12.2 ont un 
AS < 0 et toutes celles qui ont un AH > 12.2 
ont un AS > 0. 

Si le AH est pris comme ttant une mesure de 
la disponibilitt du doublet d'tlectrons tel que 
suggtre plus haut, il devient possible d'identifier 
cette valeur de 12.2 kcal/mole comme ttant le 
seuil a partir duquel une liaison hydrogkne 
intramoltculaire commence se manifester 
(cf. Fig. 1). Cette liaison hydrogkne ralentit 
le mouvemellt d'inversion de l'azote dans 
l'amine tertiaire libre ce qui change l'entropie 
de l'etat fondamental. Lorsque le AH < 12.2, le 
doublet d'tlectron n'est pas disponible a la 
liaison hydrogene. L'observation exptrimentale 
indique que dans ce cas, le AS est positif rendant 
l'amine plus basique. Par contre, lorsque le 

FIG. 1. Liaison hydrogtne intrarnoltculaire. 

AH > 12.2, le doublet d'tlectron est assez 
disponible pour permettre la formation du lien 
N---H; en perdant de sa mobilitt, l'amine 
devient semblable au chlorohydrate ce qui se 
manifeste par un AS ntgatif et une ltgere di- 
minution de basicitt. 

Mais l'influence de ce facteur, particulier h 
cette serie d'amines, est minime. I1 reste que la 
basicit6 des amines tertiaires ne comportant pas 
de substituants a chaine plus longue que cinq 
atomes de carbone, est surtout influeilct par 
les effets inductifs. 

TABLEAU 111 
+ A S  cal/deg mole des amines (1) B effets inductifs 
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TABLEAU IV 
+AH kcal/mole des amines (1) a effets inductifs et sttriques 

A B C D 
Courbe R1 = C2H5 R1 = C2H5 R1 = C2H5 R1 = CH3 

Rz (Fig. 2) R3 = C2H5 R3 = CH3 R3 = H R3 = H 

CsHls 1 12.3 12.3 12.5 12.2 
_________------------------------------------------------------------------------------------------, 
CnH,, 2 11.6 13.4 16.3 10.2 

An~ir~es  tertiaires li effets inductifs el stkriques 
La clef de I'interprCtation des variations de 

AH et de AS pour ce groupe d'amines rCside dans 
l'observation des diminutions brusques dans les 
valeurs. Ainsi, en passant de l'octyl-N(hydroxy-2 
Cthyl, hydroxy-2 buty1)amine (cf. Tableaux IV 
et V, C8H1, C) A l'octyl-N(hydroxy-2 Cthyl, 
hydroxy-2 propy1)amine (cf. Tableau IV et V, 
C8H1, D), le AH passe de -16.3 kcal/mole 
- 10.2, tandis que le AS passe de - 16.6 cal/deg 
mole a + 3.0. De la m&me faqon, entre le dtcyl- 
N(hydroxy-2 Cthyl, hydroxy-2 buty1)amine 
(Cl0H2, C) et le dtcyl-N(hydroxy-2 Cthyl, 
hydroxy-2 propy1)amine (Cl0H2, D), le AH passe 
de -14.7 a -10.8 et le AS de -16.5 B -2.1. Les 
m&me baisses subites se retrouvent respective- 
ment entre le dodicyl-N(hydroxy-2 propyl, 
hydroxy-2 butyl)amine (C12H2, B) et le dodCcyl- 
N(hydroxy-2 Cthyl, hydroxy-2 buty1)amine 
(C12H2, C) de m&me qu'entre le tttradkcyl-N 
(hydroxy-2 propyl, hydroxy-2 buty1)amine 
(CI,H2, B) et le tCtradCcy1-N(hydroxy-2 Cthyl, 
hydroxy-2 buty1)amine (Cl,HZg C). De cette 
faqon les amines a effet inductifs et stCriques 
peuvent &tre stparCes en cinq groupes de 
produits et dans chacun de ces groupes les 
effets stkriques (E,), tels que calculCs grdce aux 
Cquations issues des hypotheses de depart, sont 
du m&me ordre de grandeur (cf. Tableau VI). 

I I I 1 
0 10 2 0  3 0  

AS (CAL IDEG MOLE I 

FIG. 2. Relation AH vs. AS. 

De plus, si la relation enthalpie-entropie2 est 
trade, cinq droites paralleles sont obtenues 
(cf. Fig. 2) qui correspondent aux cinq groupes 
du Tableau VI. La premiire courbe se superpose 
sur celle qui serait obtenue 2 partir des produits a 
effets inductifs seulement. 

Or quel est l'explication impliquke par une 
serie de droites enthalpie-entropie paralleles? 
Tel qu'CnoncC par Leffler (3), des lignes paralleles 

'Si, tel que suggerC par Exner ( 4 ,  le graphiques des 
pK, 2 25°C en fonction des pK, a 58 "C est trace, une 
droite est obtenue qui relie tous les produits. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PERRAULT: INFLUENCE DES EFFETS INDUCTlFS ET STERIQUES 

TABLEAU V 

+ A S  cal/deg mole des amines (1) & effets inductifs et stkriques 

A B C D 
Courbe R I  = CzHs R I  = CzHs RI = CzH5 R1 = CH3 

R 2 (Fig. 2) R3 = C2H5 R3 = CH3 R3 = H R3 = H 

proviennent de difftrentes valeurs d'un vecteur 
constant qui caracttrise soit un effet de substi- 
tuant, soit un effet de solvant. Dans le cas 
prCsent, cette observation expirimentale s'ex- 
plique bien par de I'empEchement frontal B la 
solvatation qui introduit un vecteur entropie- 
enthalpie constant. Chacun des cinq groupes de 
produits correspondrait a un t tat  de solvatation 
donnC. 

TABLEAU VI 
Partage des effets steriques (Es) 

A l'inttrieur d'un mEme groupe, le A S  
positif augmente a mesure que I'empEchement 
frontal diminue tel qu'attendu. Toutefois, le 
AH augmente indiquant qu'une diminution 
d'empcchement frontal introduit de 1'Cnergie du 
point de vue enthalpie entre I'amine et le 
chlorhydrate. 

D'autres phtnomknes, tels la formatioil de 
liaisons hydroghes intramolCculaires et l'associa- 
tion des longues chaines en solution, exercent 
sOrement une certaine influence sur la diminu- 
tion de basicit6 des amines longue chaine. 
Toutefois, avec les mesures d'enthalpie et 
d'entropie, il apparait que le degrC d'empEche- 
ment froiltal it la solvatation tel que dCterminC 
par la tension arrikre des substituants voisins 
sur I'azote, tient compte 5 lui seul des variations 
des donnCes thermodynamiques. 
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Accurate heats of atomization and accurate bond lengths. 
I. Benzenoid hydrocarbons 

DONALD H. LO AND M. A. WHITEHEAD 
Q N ~ ~ ~ L I I I I  Chetnisfry Laboratory, Depnrttt~et~t of Chemistry, McCill U~ziversit~~, Motitreal, Quebec 

Received October 5, 1967 

A semi-empirical P.P.P. type s.c.f.m.0. method has been developed to calculate, with practical accu- 
racy, heats of atomization (at 25 "C), bond lengths, and resonance energies of benzenoid hydrocarbons. 
Sigma bond energies Em, are estimated simultaneously with the pi bond energies En, in this method. 
Self-consistent field bond lengths are obtained, by minimization of the total bond energy, Emb +- Enb, 
with respect to each individual bond length. The empirical resonance energies are calculated and a new 
tern?, the stabilization energy per CC bond, is introduced. 

Canadian Journal of Chemistry, 46, 2027 (1968) 

(I) Introduction 
Although the P.P.P.-s.c.f.-m.0. (Pople-Pari- 

ser-Parr - self-consistent field - molecular 
orbital) theory of pi electron systems (1, 2) has 
been successfully applied to the prediction of 
transition energies (2, 3), comparatively little 
work has been done either in the realm of 
chemical reactivity or on ground state proper- 
ties of conjugated systems. Traditionally, com- 
plete sigma and pi separation has been assumed, 
and the sigma electrons have been treated as if 

data permit the empirical calculation of the 
heats of atomization (AH,). The standard ener- 
gies (7) shown in Table I have been used, in 
which C,H, represents a conjugated hydrocar- 
bon. Equation [I] represents the heat of com- 
bustion reaction, and eqs. [2] through [5] 
represent the standard energy reactions. The 
heat of atomization is given by eq. [7]: 

[7] AHa = [a(264.944) + b(86.2607) - AH,] 
+ [(AH,) x 0.0002 + ~(0.4608) - 

they were an inert core of non-polarizable elec- + b(0.0648)] kcal/mole. 
trons. A set of semi-empirical parameters for the 
Hamiltonian matrix elements have generally 
been adopted, so as to fit each particular chem- 
ical problem (4, 5). It is difficult to  find one 
general set that can predict all chemical proper- 
ties. Many of these semi-empirical parameters, 
such as the resonance integral (Pij) and the two 
center repulsion inlegral (yij), depend arbitrarily 
on a convenient function form (3, 6) rather than 
on a sound theoretical basis. Therefore a com- 
parative study of the different parameters has 
been carried out, and both the pi and sigma 
bond energies have been considered simulta- 
neously on a variable geometry basis. 

The heats of atomization (at 25 "C) of the 
benzenoid hydrocarbons have been calculated, 
with the CC sigma bond energy taken into con- 
sideration explicitly for each bond. Bond lengths 
have been estimated by minimizing the total 
electronic energy. The empirical resonance 
energy and the newly established stabilization 
energy per CC bond have been calculated without 
any additional (5) auxiliary assumptions. 

The heat of combustion is the change in heat 
content per mole, when the compound reacts 
with oxygen in its standard state to  form gaseous 
CO, (at 1 atm) and liquid water at 25 "C. The 
"best" experimental measurement of AH,, using 
the bomb calorimeter technique, has an uncer- 
tainty of +0.02% (8). Equation [7] therefore 
generates the minimum uncertainty in the mea- 
surements. The heat of atomization is the heat 
content change necessary to dissociate the 
isolated gaseous molecule into isolated gaseous 
atoms in their ground state. 

(In) Theory 

(A) Theoretical Approach to AH, 
Using Pople's (1) s.c.f. pi theory, diagonal Fii 

and off-diagonal Fij Hamiltonian matrix ele- 
ments are systematically simplified to the 
following: 

and 

(11) Thermochemistry [91 F I j  = p . .  13 - gp. ajY ij, 

The experimental heat of combustion (AH,) where Wpi is the core integral, qi is the charge, 
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TABLE I 
Heat of combustion (AH,), standard energies, and heat of atomization (AH,) reactions 

and energies 

Heat con- 
tent change 

Reaction (kcal/rnole) Error 

[ I ]  C.Hb(gas) + (a + Bb)Oz(gas) -t aCO?(gas) + ibH*O(gas) - IAHcl* + 0.02 % 
[2 1 aCOt(gas) -+ aC(graph~te) + a0Agas) a(94.054)t + a(0 .0108)? 
[3 1 ?C(graphite) + aC(gas) a(170.89)i + a(0.45)t 
[4 1 3bHZO(gas) + BbH2(gas) + &b02(gas) b(34.1587)f + b(O .0048)7 
[5 I $bH2(gas) -+ bH(gas) b(52.102)t + b(O .06)7 

Overall 

[6 I C,Hb(gas) -+ aC(gas) + bH(gas) 
(at I atm and 25 "C) 

and Pi,i is the bond order. The total pi bond 
energy is given by 

IS the total sigma bond energy EGb can be 
represented by a sum of all individual sigma 
bond energies, CkEkCC, then the heat of atomiz- 
ation of a conjugated hydrocarbon, AH, (25 "C), 
is the sum of three independent contributions, 

[Ill AH, (25  OC) = ETb + EOb + N~~ E'", 
where ECH is the CH bond energy and NCH is the 
number of CH bonds. 

These various parameters will be discussed in 
(B). Since more thermochemical data are avail- 
able for comparison at 25 "C, AH, (25 "C) is 
used instead of AH, (0 OK) in this work. It is 
assumed that vibrational energy is an additive 
property, which can be transferred from mole- 
cule to  molecule. 

(B) Parameters 
(1) The qi and Pij are respectively the relative 

measures ofthe pielectron distribution on the atom 
and in the bond. The Wpi (= 1 +i*(l)H O cOre~ i ( l )  
dz,) represents the kinetic and potential energies 
of an electron in an atomic orbital +i of the 
core. Semi-empirically, this is the negative of 
the valence state ionization potential. 

The 

is the electrostatic repulsion energy between two 
electrons, both distributed within the same 
atomic orbital +i. The neglect of electronic cor- 
relation causes the direct theoretical evaluation 
of yii, using, for example, a Slater 2p atomic 
orbital (yii = 5.324 x Z* (9), where Z" is the 
effective nuclear charge) to  give a much higher 
value than that estimated semi-empirically from 
the difference between valence state ioilization 
potential and electron affinity (10). The semi- 
empirical estimation will be followed, using 
Hinze and Jaffe's (11) valence state energies. 
For carbon (tr tr tr n), the semi-empirical value 
for Wpi is -11.16 eV and for yii is 11.134 eV. 

(2) The 

represents the two center repulsion integral. 
(a) Theoretical yi,-Explicit formulas have 

been devised by Roothaan (9) for the theoretical 
evaluation of yij, using Slater-type atomic 
orbitals, with arbitrary effective nuclear charge 
Z*, which can be estimated using the classical 
Slater's rule (12). However, new rules for deter- 
mining Z* have been developed by Clementi 
and Rairnondi (13), who optimized the orbital 
exponent of an atomic orbital to  give minimum 
energy, by Burns (14)' who compared the 
moments (Rq) of Slater-type atomic orbitals 
to  previously calculated Hartree-Fock wave 
functions, and by Paoloni (15), who used the 
analytical relation yii = 5.324 Z* and the semi- 
empirical value for yii to  develop a parallel set 
of Z* values. These values for a carbon 2p 
atomic orbital are: 
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LO AND WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. I 2029 

[12] yij = l/(R,jz + aZ)'" Ohno (16) 
Z*, the erective n~~c lea r  charge for carbon 2p atomic 

orbital 
[13] yij  = [l  - exp (-aRiJ)]/RiJ Ooshika (17) 

Clsmenti 
and 

Slater's Rairnondi [14] yij  = l/[Rij + a ]  Mataga and 
rule (12) (13) Burns (14) Paoloni (15) Nishimoto (1 8) 

Using Roothaan's formula (9) together with 
these Z*, different sets of yij are evaluated as a 
function of distance. Their functional depen- 
dences are illustrated in Fig. 1. 

SLATER 

CLEMENTI 

BURNS 

PARISER-PARR 

O O S H I K A  

MATAGA 

Frc. I .  Theoretical and semi-empirical y,, evaluated 
as a function of R,,. 

(6) Semi-empirical yij-Several simple but 
arbitrary relations are in the literature (1 6-1 8). 
They all satisfy two basic conditions: when Rij  
-> a, thenyij -> 0, and when Rij  -> 0, then yij  -> 
yii. However, there are no further restrictions on 
their functional behavior at intermediate dis- 
tances, and it is especially necessary to know how 
the functions behave at bond distances and 
nearby. Consequently, it is difficult to justify 
any of these different approximate forms. Several 
of the current semi-:mpirical schemes are shown 
below. 

Pariser and Parr (2) use a uniform charged 
sphere (u.c.s.) model to approximate the effect 
of electrostatic repulsion yij  when Rij > 2.8 A, 
but when Rij 5 2.8 A, an adjusted polynomial 
with two par. meters A and B is employed. 

[15] yij  = a + AR,, + BRijZ 
Pariser and Parr (2) 

Lorquet (19) follows the same line of argu- 
ment and develops a modified form: 

[I61 yij  = a + CRijz + DRij3 Lorquet (19). 

In all these cases, the parameter "a" is ad- 
justed so that in the limit as Rij  approaches 
zero, yij  approaches yii, the one center repulsion 
energy. 

As a further extension of the U.C.S. model, 
Dewar et al. (5) propose a split-p-orbital (s.p.0.) 
method, where two pi electrons may exert signi- 
ficantly different electrostatic repulsions, if they 
are located with respect to  each other in different 
lobes from the nodal plane. To some extent, this 
is expected to take into consideration the effect 
of electronic correlation. 

The first four semi-empirical relations are 
shown in Fig. 1 together with the theoretical 
relations. 

As shown in Fig. 1, the semi-empirical values 
of yij  are, in general, lower than the theoretical 
estimates. However, when Rij. > 3.0 A, all the 
forms, except Mataga, approx~mately converge. 
It is interesting to  note that the theoretical y i j  
line, using Paoloni's Z*, coincides exactly with 
the line of Ohno's formulation. Paoloni's Z* is 
semi-empirically adjusted at Rij  = 0, and "if" 
this Z* value is equally valid for regions where 
Rij  > 0, this coincidence may be taken as a 
verification of Ohno's semi-empirical form. 
Mataga and Nishimoto's and Ooshika's yij's 
are much lower in magnitude. Pariser and Parr's 
yij are slightly higher than even the theoretical 
yij when Rij  > 3.0 A, and there is a discontinu- 
ity of about 0.14 eV at Rij  = 2.8 A, due to the 
two approximations used at this point. 
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Because of the coincidence of Paoloni's theo- 
retical curve and Ohno's semi-empirical curve, 
Ohno's yij have been used in this work. 

(3) The final parameters to be considered are 
p i j  (= j +i*(l)HO 'Ore +,(l) d ~ , ) ,  the resonance 
integral, and E .,", the CC sigma bond energy. 

In calculating atomization energies, a widely 
accepted scheme for evaluating P i j  is that due to  
Dewar et al. ( 9 ,  which is based on a hypothetical 
thermocycle: 

R.' -c' 
C-C - c-C 

- En!, c" R," - C=C- C=C. 
I (E." - E,') ?. 

Re1, Ref', E,', and Ee" are the equilibrium 
bond lengths and bond energies of CC single and 
double bonds respectively. c' and c" are compres- 
sion energies involved in the two processes, and 
evaluated using a Morse potential function. 
En, is the pi bond energy given by eq. [lo], in 
which the only unknown is P i j  However, 
despite the theoretical beauty of the thermo- 
cycle, a critical and highly controversial point 
is the "valid" properties of a single sigma 
C(sp2)-C(sp2) bond. Since Re', E,', and k,' 
(the force constant) are all purely hypothetical 
estimates associated with this bond, the validity 
of Pij, derived in this manner, is open to ques- 
tion. For example, Lorquet (19) uses 1.517 A 
for Re' and 92.19 kcal/mole for E,' (0 OK), 
while Dewar et al. (5) adopt 1.485 A for Re' and 
96.674 kcal/mole for E,' (25 "C). The logic 
behind this scheme is completely obscure, when 

this thermocycle is applied to  a bond C-X, 
where X contributes two pi electrons (20). First, 
it is difficult to  visualize the formal meaning of 
an equilibrium double bond between C and X, 
and secondly, it is difficult to associate any valid 
physical properties with this bond. 

Consequently, it was necessary to  develop a 
completely different scheme, in which all the 
input parameters are based on experimental 
o bservables. 

The bond energy EbC=' of "a" C=C bond 
is partitioned into pi and sigma bond energies 
as follows. 

By assuming that the CH bond energy at 25 "C 
is a constant property, that is E(C-H) = 
102.13 kcal/mole ( 9 ,  then from the experimen- 
tal AH, (25 "C) values for ethylene and benzene, 
the equilibrium bond energies ECC=' for both 
compounds can be determined. The dependence 
of E,'" on distance Rij in ethylene and ben- 
zene can be expressed by a Morse potential 
function, in which the ke (the force constant) and 
the Re (the equilibrium bond length) are experi- 
mentally determined. 

Hence, 

[IS] E,'=~ (R,;) = 

EeC='[2 exp {-a (R,, - R,)) - 

exp {-2a (Rij - Re))], 

for which the experimental parameters are: 

Ethylene 102.13 129.172 1.334 (22) 9 . 5 7 ~  lo5 2.309 
Benzene 102.13 117.558 1.397(23) 7 . 5 0 ~ 1 0 ~  2.142 

Therefore, the total pi bond energy, according 1 
to eq. [lo], in which the density matrix elements = - [ z ~ l l f  
qi and Pij are predetermined by symmetry in 
these compounds, reduces to  

4 
/"-"\ 

1 
[I91 E Z b  L5-d 

cl=C\n the case of ethylene and benzene respectively. 
and Substituting eqs. [I91 and [18] into [17] for 

1 benzene ethylene, and eqs. [20] and [18] into 1171 for 
[20] E~~~~~~~~~ = - [Eab (total)] 

6 benzene, the following expressions are obtained 
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LO A N D  WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. I 2031 

for Pij(Rij) and Eb(Rijj, as all other parameters 
are previously determined. 

and 
7 

Their functional dependences on distances 
are shown in Fig. 2 for p i j  and in Fig. 3 for E,, 
(Rij) against Rij. Of special importance is the 
maximum in Fig. 3, the plot of E,,(Rij) vs. R,j. 
This establishes, without any auxiliary assump- 

1.36 1.40 1.44 1.48 1.52 

R i j  (i) 

FIG. 2. The resonance integral pi, evaluated as a 
function of R,,. 

R i j  ( A )  
FIG. 3. A plot of the signla bond energy Eob of a 

C=C bond against interatomic separation R,,. 

tions or any extrapolations, that the eqttilibri~rrn 
single bond distance between two trigonally 
hybridized carbons is 1.505 A. 

The present theory is of fundamental value 
because it is based entirely on experimental 
observables. The only limitation on its validity 
lies in the partitioning of energies, and the use of 
the Morse potential function, but they are both 
known to be extremely satisfactory approxi- 
mations (24,25). 

( c )  The S.C.F. Boncl Lengths Rij-The pi bond 
order is generally used (26) as a relative measure 
of the pi electron distribution between atoms in 
a n~olecule. By minimizing the total electronic 
energy of a molecule with respect to  Rij, using 
the molecular orbital theory, it can be sl~own 
that there is a direct relation between Pij and 
Rij  (26); the variation of bond length is attri- 
buted to  the delocalization of the pi electrons. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2032 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Many linear relationships (5, 27, 30) between (d) Method of Calculatio~z-In all the conjuga- 
Pij and Rij  have been suggested, as typified by ted molecules considered, an arbitrary planar 

geometry with standard bond lengths of 1.400 A 
123 1 Rij = 1.504 - 0.166 Pij, is initiallv assumed to start the calculation. A 

due to Dewar and Gleicher (5), and 

due to Coulson and Golebiewski (27). 
These approaches depend upon the arbitrary 

selection of several molecules, such as benzene, 
ethylene, and graphite, as fixed points on the 
calibration line. Unfortunately, the bond dis- 
tances calculated for molecules other than the 
calibration molecules show a wide scatter from 
such calibration lines. 

An alternate approach is to directly minimize 
the total energy with respect to  each bond length 
Rij  in a molecule for a given Pij. for the bond. 
Although Pij is an explicit function of Rij, the 
exact form of this function is unknown, conse- 
quently the pi bond order has been considered 
to be a molecular property, where aPij/aRij = 0. 

With the total bond energy given by eq. [ l l  1, a 
secoild minimization of the total energy can be 
performed with respect to  Rij  (the first mini- 
mization (28) is that involving the coefficients of 
the atomic orbitals in the variation method, used 
to establish eqs. [8] and [9]): 

simple ~ L c k e l  m.0. treatment is performed on 
the pi electrons in a molecule to give the qi and 
Pi ,'s which are used as input data, together with 
the assumed geometry for the s.c.f. program of 
eqs. [8] and [9]. A new density matrix is gener- 
ated, and subsequently new bond lengths, 
corresponding to the modified Pij's, are obtained 
from eq. [25], by using a numerical method 
(regula-falsi). The roots Rij of eq. [25] are 
obtained to a tolerance of lo-'. With the new 
Ri;s, new neighboring yij, Ptj, and E,, are 
generated. These modified Darameters are then 
u 

used as input for the second iteration of the s.c.f. 
program. In general, 5 or 6 iterations suffice to 
give self-consistency. 

The final results for Rij and AHa, correspond- 
ing to the real molecule, are found to be insen- 
sitive to the input geometry of the molecule. 
Numerical computations are programmed in 
Fortran IV, and executed by an IBM ,7044 com- 
puter at the McGill Computing Centre. 

(e) Resonance Energy-The single and double 
bond energies of a CC bond are now known. 
The double bond energy is from the experimen- 
tal results for ethylene, 

aEb (total) aEnb aEsb 
~233 - - -- +-=O.  [30] E(C==C) = 5.6033 eV at R = 1.334 A 

aRij dRij  d R i 5  (eq. [18] parameters), 

Furthermore, 
7 

and the single bond energy from Fig. 3: 

Using Ohno's version of yij, and two third 
degree polynomial fits to  the established rela- 
tions for p i j  and E,, respectively, then 

+ 9 . 4 9 4 2 8 3 ~ ~ ~ ~  
and 

With these quantities known, the total sigma 
and pi bond energies can be determined, cor- 
responding to the most stable reference valence- 
bond structure, while in the s.c.f. procedure the 
total bond energy is calculated, corresponding 
to the real molecule. Hence, it can easily be 
estimated that the empirical resonance energy 
(ERE) is 

where N,=, and Nc-, are the number of iso- 
lated double and single bonds in the reference 
valence-bond structure. Physically, ERE is a 
measure of the stability difference between a 
real molecule and a most stable hvvothetical 

+ 4 .  reference structure. As the number of pielectrons 
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increases in these systems, the total resonance 
energy generally exhibits a parallel increase. 
Consequently, it is difficult to  carry out a "sen- 
sitive" comparison between different classes of 
conjugated hydrocarbons, using these ERE 
quantities. Therefore, a new term, the stabiliza- 
tion energy per CC bond (SECC) is introduced 
anddefinedby 

[33] SECC = EREItotal number of CC bonds 
in the molecule. 

The introduction of the SECC common basis 
permits the analysis of the energies with respect 
to the type of moleculc and its degree of 
aromaticity. 

The Huckel m.0. theory stabilization energy 
per pi electron has been previously established 
(29), in a similar way to the newly defined SECC. 
The Huckel m.0. method is a purely pi electron 
theory, the sigma bonds being treated as a non- 
polarizable core, which is assumed not t o  have 
any effect on the pi bond energy. Hence, it is not 
logical to use a term corresponding to the SECC 
in the Huckel m.0. theory stabilization energy, 
since all the bonds of a molecule are not expli- 
citly considered. 

In the s.c.f. method ~ ~ s e d  in this paper, the 
total resonance energy is dependent on both the 
pi delocalization and the sigma bond compres- 
sion. Consequently, all the CC bonds, whether 
formally single or double bonds, are involved in 
generating the total resonance energy, and an 
"average" measure of the stabilization of the 
real molecule relative to the hypothetical 
localized structure will be given by the SECC. 
The stabilization per pi electron would not be a 
good measure since the number of pi electrons 
does not always equal the number of CC bonds. 
An example of this discrepancy occurs in hexa- 
triene (C6H,) and fulvene (C6H6), both of which 
have six pi electrons, but five and six CC bonds 
respectively. The SECC is therefore a more 
illustrative term than the stabilization energy 
per pi electron. 

Although the concept of aromaticity is 
traditionally connected with definite patterns of 
chemical reactivity, the ERE and SECC are 
purely ground state properties, characteristic of 
an isolated molecule in an ideal gaseous state; 
nevertheless, qualitative patterns of reactivity 
are discussed in terms of these quantities and 
the s.c.f. bond lengths. 

The thermochemical ERE are not considered, 
because they usually suffer from the defect of 
using the same bond energies for a CC, or CH 
bond, no matter what the hybridizatioll state of 
the carbon atom may be. Further, these thermo- 
chemical ERE values include many different 
effects which are specifically excluded in the 
theoretical treatment, such as changes in hybri- 
dization, nonbonded interactions, ring strain, 
etc. The theoretical treatment only considers the 
significance of pi electron delocalization and 
sigma bond compressions, and the validity of 
the ERE and SECC can only be judged by com- 
paring their values with experimental ground 
state measurements, such as bond length, total 
energy, ionization potential, and dipole mo- 
ments. The SECC can then be used as a measure 
of the stability of the ground state, and this is 
related to the chemical reactivity of the mole- 
cule; it is not a direct measure of the reactivity 
(31). 

(IV) Results and Discussions 

( A )  AH, and Ri j  
The calculated heats of atomization for ben- 

zenoid hydrocarbons are well in accord with the 
available experimental data, Table 11. The 
difference between the AH, calculated and 
observed, 6, Table TI, is within the experimental 
uncertainties in eq. [7]. In cases where severe 
steric hindrance occurs, due to substantial non- 
bonded H,H van der Waal's interactions, non- 
planarity is imposed on the systems, as in 3,4- 
benzphenanthrene (6) (32), yet agreement be- 
tween the calculated and the experimental AH, 
is still within the limits of experimental accuracy. 
This suggests that a planar configuration may be 
a satisfactory description of the actual state of 
the molecule. 

In these molecules, the total sigma bond 
energy, E,,, is two to three times as large as the 
pi bond counter part, En, (Table 11, E,, and En, 
columns), thus justifying the use of a variable 
sigma bond energy in the work. 

By minimizing the total energy E, (eq. [25]) at 
25 "C, bond lengths are obtained which are 
averaged over the vibrational motions of the 
nuclei and which are not the equilibrium dis- 
tances between two nuclei in a hypothetical 
vibrationless state. The s.c.f. bond lengths, 
Table 111, are compared with experimental bond 
lengths, whenever possible, and also with Dewar 
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TABLE I1 
Values of the heats of atomization (25 OC) and resonance energies (in eV) - - . - -- - -. -- 

Resonance 
A Ha energy 

Compound Code En,, Em,, Calcd. Obsd.* 6 Total SECC 

C6H, Benzene 
C10H8 Naphthalene 
C ,  ,H jn  Anthracene 
c;,H;~ Phenanthrene 4 20.783 59.164 124.250 124.354 -0.104 5.520 0.3450 
Cl6HI0 Pyrene 5 23.886 70.456 138.644 138.855 -0.211 6.489 0.3415 
C18H12 3,4-Benzphenanthrene 6 26.877 77.767 157.807 157.534 f0.273 7.276 0.3465 
CI8Hl2 1,2-Benzanthracene 7 26.716 77.734 157.612 157.651 -0.039 7.082 0.3372 
C18H12 Chrysene 8 26.869 77.774 157.805 157.824 -0.019 7.275 0.3464 
C18HlZ Naphthacene 9 26.161 77.791 157.114 157.615 -0.501 6.584 0.3135 
Cl8H1 Triphenylene 10 26.971 77.843 157.977 157.885 -k0.092 7.446 0.3546 
C20H12 Perylene 11 29.877 89.134 172.173 172.100 -i-0.-073 8.216 0.3423 
C,,HI1 1,12-Benzperylene 12 33.345 100.404 186.911 9.525 0.3529 
C,,H,, Anthanthrene 13 32.951 100.326 186.440 9.056 0.3354 

Pentacene 
Picene 
1,2;5,6-Dibenzanthracene 
1,2;3,4-Dibenzanthracene 
Pentaphene 
Coronene 
I ,2;6,7-Dibenzopyrene 
Zethene 
Hexacene 
1,2;3.4;5,6;7,8-Tetrabenzo- 

anthracene 
Ovalene 

- 

*Obtained from Table 1. 

and Gleicher's calculated bond lengths (5). 
These are given for nine benzenoids in Table 111. 

In Dewar and Gleicher's calculations (5), the 
two center repulsion integrals are formulated by 
the split-p-orbital method, and bond lengths are 
estimated from the linear relation Rij  = 1.504 - 
0.166Pij. The split-p-orbital method is believed 
to compensate for the effect of correlation, and 
the linear relationship between Ri j  and Pi j  has 
been widely used in many s.c.f. or Huckel cal- 
culations of bond lengths (26,29). It is of interest 
to compare the significance and accuracy of the 
results from the present procedure with those 
from experiment and s.p.0. calculations. 

Because of the systematic errors in diffraction 
data (33), which result in undetermined inaccu- 
racies of the individual bond length in a mole- 
cule, it was necessary to  carry out root mean 
square (r.m.s.) tests for all bond lengths of a 
molecule between the experimental and various 
different calculated values. In nearly all cases, 
Table 111, the s.c.f. bond distances predicted by 
the minimization of the total electronic energy 
are well within the experimental error, and they 

prove to be more satisfactory than the s.p.0. 
values. 

( B )  Linear Polyacenes (Berzzene ( I ) ,  Naphthalene 
(2), Anthracene (3), Naphthacerze (9), Penta- 
cene (14), Hexacene (22 ) )  

The s.c.f. bond lengths estimated for this set 
of molecules are in excellent agreement with 
experiment, especially for the first three mole- 
cules, whose experimental results are most 
accurately known. In naphthalene (2), the r.m.s. 
values of the experimental bond lengths obtained 
from electron diffraction technique, and between 
these experimental bond lengths and those pre- 
dicted by s.p.0. calculations and this work (I.w.), 
are respectively E :  .00925, s.p.0.: .01319, and 
1.w.: .00682, Table 111. The corresponding r.m.s. 
values from X-ray data are X: .006, s.p.0.: 
.01207, and 1.w.: .0096. In anthracene (3), the 
respective r.m.s. values are X: .008, s.p.0.: 
.01414, and 1.w.: ,00648, Table 111. In all these 
cases, the lower magnitudes of the r.m.s. of this 
work compared with s.p.0. calculations illustrate 
that, in the prediction of bond lengths, the 
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d' c'b' a' 

ma g d a 
d@ a@ 
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FIG. 4. Geometries of the-benzenoid hydrocarbons. 
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TABLE III* 
Bond lengths (A) and r.m.s. of the benzenoid hydrocarbons 

- -- .. - - -. -- 

R,, (A) 
Compound a b c d e f k' h i i 1; r.rn.s. 

. . 

S.D.O. 1 440 1.358 1.445 1.422 1.385 1.415 1.413 .0311 
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TABLE III* (Concluded) 
-- - 

R,, (A) 

1.408 
(b')l ,411 

1 .399 
(6')l ,420 

1.358 
1.368 
1.386 

(in) 1 ,429 
1.389 

1.378 
(171)l ,410 

1.376 
(b')1 ,376 

1.381 
1.416 
1 ,393 
1.414 
1.368 
1 ,394 
1.416 
1.414 

I .458 

1.453 

1.464 
1.436 
1.440 

1.446 
(p') 1 .446 

1.428 

1.455 

1.400 
1.453 
1.438 
1.411 
1.435 
1.424 

-- 

'Experimental bond lengths obtained from (X) X-ray diffraction, (E) electron diffraction, (R) Raman spectroscopy: s.p.0.: r.c.f. bond lengths calculated by R,, = 1.501 - 0.1GG Pi , ;  y,, by split- 
p-orbital method, ref. 5:  1.w.: this work. C
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present treatment is more satisfactory than the 
s.p.0. method. 

In these systems the SECC decrease with 
increase in ring size, whereas there is an increase 
in the average1 calculated CC bond lengths, 
Fig. 5. The "calculated" bond length averages 
are used, and not the "experimental" bond 
length averages, because experimental data are 
not available for hexacene. The averages of the 
known "experimental" CC bond lengths, Table 
111, in this series of molecules also show this 
increase (1, 1.400 A;  2, 1.460 A ;  3, 1.412 A ;  
etc.) with increased ring size. Thus pi electron 
delocalization is less favorable in an elongated 
linear polyacene. 

FIG. 5. Plot of the stabilization energy per CC bond, 
SECC, and the calculated bond length averages, E, as a 
function of ring size n of linear polyacenes. 

In these compounds, the number of pi elec- 
trons satisfies Huckel's 4n + 2 rulc (29), where 
rz = 1, ... 6. Dewar and Gleicher (5) have shown 
that the total resonance energy of the monocy- 
clic polyenes, with 4n + 2 pi electrons, decreases 
with the increase in n. If the periphery bonds of 
these linear polyacenes are treated as if they 
were monocyclic polyenes, slightly perturbed by 
the bridging bonds, then the decrease of SECC 
in the linear polyacenes parallels the decrease in 
total resonance energy of the monocyclic 
polyenes. 

The bridge linkages, bond d, in these linear 
polyacenes (Fig. 4, Table 111) are quite long: 

'The-average calculate_d or experimental CC bond 
length R is obtained by R = R,j(all CC bonds)/total 
number of CC bonds in a molecule. 

1.420 A (2), 1.427 A (3), 1.432 A (9), 1.434 A 
(14), and 1.435 (22); they therefore increase in 
length as the number of joined rings increases. 
The same trend occurs for bonds g. Thus, as 
the ring size increases linearly, the central bridge 
CC bonds tend to elongate, so that the linear 
polyacene increasingly resembles a compressed 
inonocyclic ring. In the peripheral CC bonds, 
bond b is always shorter (1.37 A), Table 111, and 
bond alternations always occur, becoming more 
pronounced as the ring size increases. 

( C )  Clar and Zander's Benzenoids 
Clar and Zander (34) noted that many benze- 

noids appear to be composed of unperturbed 
benzene nuclei, linked together by psuedo single 
CC bonds. Three of these, triphenylene (lo), 
1,2;6,7-dibenzopyrene (20), and 1,2;3,4;5,6;7,8- 
tetrabenzoanthracene (23), have been examined. 

On a simple resonance model, pi electron 
delocalization would be expected to occur over 
the whole molecule. Chemical evidence (34) of 
their unusually low reactivities, such as their 
inertness to attack by sulfuric acid, and their 
very small spectral shifts towards violet, similar 
to biphenyl, strongly suggest that isolated pi 
electron ring sextets occur, as in biphenyl, 
preferentially to a symmetrical distribution of pi 
electrons over the whole molecule. The calcu- 
lated bond lengths for the bonds in these ben- 
zene "islands", marked "B" in 10, 20, and 22, 
Fig. 4, are all approximately 1.4 A (bonds a, b, 
c, d, g, and f i n  Table I11 for these compounds). 
The interbenzene linkages, such as bond e ,  are 
long, about 1.457 A. Thus the calculations are in 
good agreement with Clar and Zander's empiri- 
cal deductions. Moreover, the SECC are com- 
paratively high, which reflects their relative 
inertness. In the case of triphenylene (10) the 
calculated bond lengths are well within the ex- 
perimental X-ray measurement accuracy. 

( D )  Other BenzenoidaI Rings 
In Phenanthrene (4), the calculated s.c.f. bond 

lengths are more satisfactory than those pre- 
viously calculated by the s.p.0, method; for 
bonds g and h (Table 111), while there is an 
improvement, there is still a major discrcpancy 
with X-ray data. The calculations predict g = 
1.443 A and lz = 1.41 9 A, respectively lower and 
higher than the s.p.0. results, but X-ray measure- 
ments give g = 1.390 A and h = 1.457 A. None 
of extant m.0. methods (5, 35) can correctly 
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LO AND WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. I 2039 

predict g and h relative to each other, let alone 
individually; whether this is because g and h are 
in fact interchanged in the X-ray analysis or 
because the gaseous state free molecule calcu- 
lations cannot account for the solid state situa- 
tion remains to be seen. It seems, however, that 
in the free molecule g and h will be 1.443 A and 
1.419 A respectively. In pyrene (5), the experi- 
lnental bond length for the peripheral bond d 
is very short, 1.320 A, Table 111, which is even 
shorter than the experimental bond length of 
ethylene, 1.334 A. The s.c.f. value for d is 
distinctly shorter than all other bonds with a 
value of 1.363 A but is nowhere near the 1.320 
A experimental measurement. Thus, since there 
is no inherent reason within the present theory 
for such a discrepancy, and since it does not 
seem possible that a double bond can be shorter 
than an ethylenic bond and still stable, it appears 
the experimental measurement is in error, or 
that crystallographic effects are peculiar. 

Extensions of Huckel's 4n + 2 rule to poly- 
cyclic aromatics have been attempted (36) by 
decomposing a whole molecule into constituent 
structural units. The linkages between these units 
are treated as mild perturbations to the whole 
system. For example, pyrene (5) (C, ,H ,,) can 
be considered as a peripheral C,, ring, with an 
isolated C, unit inside, connected by bridge 
linkages, e, both of which satisfy the 4n + 2 
condition. 

Perylene (11) (C,,H,,) can be analyzed in 
terms of two C,, naphthalene-like components 
(36), coilnected by bridge linkages, g. 

An analysis of the predicted s.c.f. structures 
is helpful in considering the validity of such an 
approach. In pyrene (5), bond e is 1.421 A and 
bond f is 1.434 A, Table 111, which is not only 
indicative of C,, and C, separation, but also 
shows that f has less double bond character 
than e. 

However, in perylene ( l l ) ,  such a decom- 
position of the molecule is satisfactory: thus 
bonds a to f in B l  compared with a to d in  2, Fig. 
4 (dark lines in 11 and 2), show that the distances 
(Table 111) in the C,, unit are very similar to 

zenoidal 1.400 A, but still shorter than the single 
bond value of 1.505 A. Thus some pi bond 
delocalization occurs across g. 

Fused rings such as coronene (19) and ovalene 
(24) usually possess higher SECC values than 
benzene, and increase in the series perylene ( l l ) ,  
0.3423 eV; 1,12-benzperylene (12), 0.3529 eV; 
and coronene (B9), 0.3566 eV (Table 11). 12 
demonstrates some properties intermediate be- 
tween those displayed by 11 and 19. Thus the 
lengths of bond a' to d' in 12 are very similar 
to the corresponding coronene bond lengths a 
to d i n  19, Table 111, while the bond lengths a 
to g in 12 are similar to those of a to g in pery- 
lene 11 (follow dark lines in 11, 12, and 19, Fig. 
4, for comparison). 

The pattern of the bond lengths for bonds a to 
e between anthracene (3), 1,2-benzanthracene 
(7), and 1,2 ;3,4-dibenzanthracene (27) are very 
similar, showing that the additional ring fusions 
at the 1,2 and 3,4 (Fig. 4) positions do not cause 
the bond lengths at the other extreme of the 
molecule to differ from those present in the 
anthracene molecule with no such ring fusion. 

Chrysene (8) can be pictured as a quasi-mole- 
cule of 1,6-diphenylhexatriene from the calcu- 
lated bond lengths, Table 111; bonds f and 1c are 
short, while bond e is comparatively long; never- 
theless, the benzene rings marked "B" have 
significant bond alternations. 

Conclusion 

The success of the present method in pre- 
dicting the heats of atomization and bond 
lengths of the benzenoids indicates that it can be 
applied to other classes of conjugated hydro- 
carbons. Moreover, because of the reliability of 
the predicted s.c.f. bond lengths, it is possible to 
make detailed structural analyses of many new 
sets of molecules. Results on non-benzenoid 
hydrocarbons are given in Part I1 of this series. 
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Accurate heats of atomization and accurate bond lengths. 
11. Polyenes and polyphenyls 

DONALD H. LO AND M. A. WHITEHEAD 
Qtmtrtrrni Chenristry Laboratory, Departttletit of Cl~emistry, McGill Utiiversity, Motrtreal, Qirebec 
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Accurate heats of atomization and bond lengths are calculated for several polyenes and polyphenyls, 
using the s.c.f.-1.c.a.o.-m.o. method described in Part I (1). Localization of n and a bonds is found in 
the linear polyenes and in the diphenyl-substituted polyenes. The estimated stabilization energy per 
CC bond (SECC) gives a direct measure of the n electron conjugation and a bond compression. Con- 
jugation stabilization and steric hindrance are analyzed in 1,3-butadiene and biphenyl; the predicted 
geometries are in good agreement with experimental results. The minimum energy for any planar 
structure is found to be associated with the s.c.f. calculated bond lengths. The validity of pi bond order 
as a measure of molecular stability in the polyphenyls is discussed. 

Canadian Journal of Chemistry, 46, 2041 (1968) 

(I) Introduction 

In the pi theory of conjugated systems (2, 3), 
the sigma electrons are either treated as a non- 
polarizable core, or else some average property 
is adopted, such as the CC sigma bond energy, 
from which a collective property such as the 
total sigma bond energy can be deduced. While 
the pi theory (3) is successful in predicting heats 
of atomization, and bond lengths of benzenoid 
hydrocarbons, it is less satisfactory when applied 
to other classes of conjugated hydrocarbons, 
since averaging the sigma property is invalid 
unless all the bonds are of approximately the 
same length. 

The simultaneous treatment of pi and sigma 
bond energies in a semi-empirical s.c.f.-1.c.a.o.- 
m.0. method was developed in Part I, in order to 
improve the calculation of the heats of atomiza- 
tion and bond lengths of the benzenoid hydro- 
carbons, and is now extended to the polyenes 
and polyphenyls. 

Theoretical Method 
Pople's original s.c.f.-1.c.a.o.-m.0. method (2) 

is extended by the following modifications (1) : 
(i) The core integrals and the one center re- 

pulsion integrals are estimated from valence 
state energies (4). 

(ii) The two center repulsion integrals are ex- 
pressed by Ohno's functional form (5). 

(iii) The resonance integrals and the CC sigma 
bond energies are estimated from thermochemi- 
cal data (6) together with the experimental force 
constants and bond lengths of ethylene and 
benzene (7-9). 

The s.c.f. bond lengths are calculated by a 
direct minimization of the total electronic energy, 
with respect to each bond length. The heat of 
atomization AHa of the real molecule is 

where En,, the total pi bond energy, is estimated 
by the s.c.f.-1.c.a.o.-m.0. method; E,,, the total 
sigma bond energy, is the sum of all the individ- 
ual CC sigma bond energies, corresponding to 
the respective s.c.f. bond lengths; N,, is the 
number of CH bonds and EcH is the CH bond 
energy. 

The stabilization energy per CC bond (SECC) 
is evaluated by dividing the calculated empirical 
resonance energy (ERE) by the total number of 
CC bonds present in the system. This SECC is 
an average property, characteristic of the specific 
molecule. 

Resu/ts and  isc cuss ion' 
The calculated values for AH, at 25 "C, ERE, 

and SECC for the polyenes and vinyl compounds 
are tabulated in Table I, and the corresponding 
bond lengths in Table 11; the results for the 
polyphenyls are in Tables 111 and IV. Experi- 
mental data are also shown in these tables and 
the accuracy of the calculation examined. The 
trends are discussed in terms of the importance 
of conjugation, internal rotation, localization of 
x and CJ bonds, and modification of the molecular 
geometry by phenyl substitution. 

lMolecules 1 to 24 (benzenoids) are contained in Part 
1 (1). 
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(11) Polyenes and Vinyl Compounds 
1,3-Butadiene 26 is shown by electron-dif- 

fraction measurements to be planar and to exist 
99 % in the trans conformation at room tempera- 
ture (12). The bond lengths R,, and R,, in this 
molecule reflect the significance of conjugation 
throughout the molecule. The s.c.f. bond lengths 
calculated by the present minimization pro- 
cedure are more accurate than those obtained 
from the conventional linear relation between 
bond length and pi bond order (3, 1 I), the bond 
lengths RZ3 and R,, being herein 1.470 and 
1.338 A compared with 1.465 and 1.344 A in ref. 
10 and 1.483 and 1.337 A from experimental 
measurements (12). However, the central pi 
bond order P,, is 0.2534, which is within the 
extreme values of P,,, 0.23 and 0.28, calculated 
by conventional m.0. methods (14); the Huckel 
m.0. value of 0.447 for P,, is much higher. 

The effect of hybridization, K electron de- 
localization, o bond compression, steric hind- 
rance due to H-H interaction, hyperconjuga- 
tion, and non-bonded electrostatic repulsion on 
the overall stability and the equilibrium geometry 
of the molecule has been critically investigated 
by Dewar and Schineising (15) and Mulliken 
(14). The first four effects are considered in this 
work. 

The carbon atoms are assumed to be trigonally 
(sp2) hybridized, and no variation of geometry is 
attributed to this effect. The combined effects of 
K electron delocalization and o bond compres- 
sion to the stability of a molecule is illustrated 
by the ERE of cis- and trans-l,3-butadiene. The 
reference structure used to determine the ERE 
is a trans structure with bond (R,,) at 90" to the 
molecular plane. The geometry is R,, = R,, 
= 1.334 A and R,, = 1.505 A, corresponding 
to the equilibrium CC double and single bonds 
respectively (1). The cis structure with ERE 
equal to 0.404 eV is the more stable form since 
the trans structure ERE is 0.370 eV (Table I). 
This result contradicts experiment. 

The effect of steric hindrance, which causes 
internal rotation about the central bond, is 
included by using Bartell's intramolecular poten- 
tials (16) for the interaction through space of the 
H and C atoms. The van der Waal's interaction 
energies, corresponding to molecular conforma- 
tions of 0, 90, and 180" twist angles have been 
calculated by Fisher-Hjalmars (17) using Bartell's 
potentials. These values were used for 1,3-buta- 

diene. The combined effect of K electron de- 
localization, o bond compression, and van der 
Waal's interaction in 1,3-butadiene gives total 
stabilization energies of 0.361, 0.028, and 0.163 
eV for twist angles of 0,90, and 180" respectively. 
Thus, trans-1,3-butadiene is the most stable 
conformation, the difference in energy between 
the cis and the trans conformations being 
0.198 eV. Further discussion on internal rotation 
will be given in Section (111) for biphenyl. 

It is interesting to note that the calculated AH, 
is 42.069 eV for a strain-free model which is 
higher than the experimental AH, of 42.052 eV 
by t0 .017  eV. Since the van der Waal's repul- 
sion energy, calculated using Bartell's intra- 
molecular potential, is +0.009 eV (17) and since 
steric hindrance destabilizes the total bond 
energy, then the remaining error in AH, cal- 
culated is only $0.008 eV. 

The series of linear polyenes will be considered 
next with respect to the increase in chain length 
N. The length of the double bond at the center 
of these chains (1.331 A, 25; 1.338 A, 26; 
1.347 A, 29; 1.348 A, 30; and 1.350 A, 31) shows 
that there is a definite increase in conjugation as 
the chain length increases. The SECC increases 
in the same direction (0.0 eV, 25; 0.1233 eV, 26; 
0.1512 eV, 29; 0.1637 eV, 30; 0.1706 eV, 33). 

In the diphenyl-substituted linear polyenes 
(e.g. stilbene 40, etc.), the central double bond 
lengths (1.348 A, 40; 1.349 A, 42; 1.350 A, 43; 
1.349 A, 44; and 1.350 A, 45) are essentially 
constant and, moreover, as the bridge CC chain 
lengthens, the SECC gradually decreases (0.3257 
eV, 40; 0.3103 eV, 42; 0.2983 eV, 43; 0.2884 eV, 
44; and 0.2803 eV, 45). The terminal benzene 
rings become less effective in stabilizing the 
linear polyene unit in these molecules, when the 
bridge chain lengthens. To illustrate this point, 
the SECC over the polyene unit2 are derived, 
treating the benzene rings as isolated units. The 
SECC (linear polyene unit) are 0.262 eV, 40; 
0.235 eV, 42; 0.223 eV, 43; 0.217 eV, 44; and 
0.213 eV, 45. 

Dewar and Gleicher (13) showed that the 
bond energies for these classical polyeues are 
additive, when the pi bond contribution is 

'SECC (linear polyene unit) = [(E,, + Em,) - 
(2ECcbcnzcnc - N ~ ~ ~ ~ E "  - N'ccEf)lI [N'cc -I- N"cc1, 
where E" = 5.603 eV (the ethylenic double bond energy, 
Table I) and E' = 3.911 eV (the equilibrium single 
bond energy (1)). Other symbols are defined in the text. 
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LO AND WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. II 2043 

TABLE I 
The heats of atonlization (eV) and resonance energies (eV) for polyenes and vinyl compounds 

AH, 

Compou~ld Code En, Eob Calcd. Obsd. (1) 6 ERE SECC 

Ethylene 
1,3-Butadiene (trnus) 
1,3-Butadiene (cis) 
2-Vinylbutadiene 
Hexatriene 
Octatetraene 
Decapentaene 
Styrene 
o-Divinylbenzene 
m-Divinylbenzene 
p-Divinylbenzene 
1.3.5-Trivinvlbenzene 

* " - - * -  

C,,H,~ 8,8%icir1ylstyrene 38 16.845 43.477 1131484 3.233 0.2694 
CI4HlZ 1,l-Diphenylethylene 39 20.298 55.072 128.534 4.855 0.3236 
CILHIZ Stilbene 40 20.313 55.088 128.563 128.523 +0.040 4.885 0.3257 
C2,Hls Bis-triphenylene 41 31.997 88.218 199.959 7.728 0.3220 
C, & H I &  1.4-Di~henvlbutadiene 42 23.037 62.269 147.329 5.276 0.3103 

absorbed into the empirical single and double eV. The E",, (5.584 eV) is very close to 5.603 eV, 
bond energies. Thus, a non-resonating localized the E",, value for ethylene. The calculated bond 
model, with alternating single and double bonds, lengths of the 'single' and 'double' bonds vary 
can satisfactorily account for the collective very little in the series (s = 1.338 A to 1.340 A 
properties of these molecules, such as AH, and and d = 1.464 A to 1.470 A). The results demon- 
the bond length. The AH, of a linear polyene is strate the success of this localized bond mcdel 

in representing the linear polyenes. 
[21 AH, = N C H ~ C H  + N f ~ ~ E ' ~ ~  -t N ' l ~ ~ E ' l ~ ~ ,  An extension of the above a ~ ~ r o a c h  can be 

where NtCc and N'lCc are the number of 'single' 
and 'double' CC bonds with bond energies 
Elcc and E",, respectively. 

In the present s.c.f, method, AH, is obtained 
from eq. [I 1. Therefore, combining eqs. [I ] and 
[2], and with Nucc equal to (N',, + 1) in the 
non-resonating model : 

[3] &(tot) = (E'cc -t E",,) N'c, -t E"cc, 

where 

[4 I Eb(t0t) = En, -t E,b. 

L. 

applied to the diphenyl-substituted linear poly- 
enes. If these compounds are treated as nou- 
resonating IocaIized bond molecules, the AH, is 

[61 AH, = NcHEc,, -t N'ccE'cc 
+ N1'CCE'lCC + 2ECCbenzene 

where E,--~'~"~' is the sum of the total sigma and 
pi CC bond energies of an 'isolated' benzene 
ring, which is reasonable since the bond lengths 
in the rings 'B' are close to 1.400 A. Since NIcc 
equals (Nucc + 1) in these systems, then equat- 
ing eqs. [1 ] and [6] gives 

- - 

Using the calculated results of Ex, and E,, in [71 Eb(tOt) = (E,cc + E,,cc)N,,cc columns 2 and 3 of Table I for the molecules 25, 
26, 29, 30, and 31, E,(tot) is plotted against + (Elcc + 2Eccbenzene). 
N ' ~ ~  in Fig 2. The linear L51 is On plottillg the calc~llat~d results of (En, + E,,) 
obtained for eq. [3]. for the molecules 40, 42, 43, 44, and 45, the 

[5] Eb(tot) = (9.904)NtC, -t 5.584, linear relation of eq. [7] is established in Fig. 3 as 

from which Elcc is 4.320 eV and EtJCc is 5.584 [8] Eb(tot) = (9.905)N1'cc + 65.496, 
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TABLE I1 
Bond lengths of polyenes and vinyl compounds 

Compound a 

25 R ' 1.334 
1.w. 1.331 

(e') 1 ,400 
1.39 . . .. 

1.467 
1.465 

(b') 1.466 
1.467 

\ ,  

1.398 
(d') 1 .400 

I .  398 
(d') 1 .404 

1.398 
(d') 1 .400 

*R = Raman spectroscopic datn; E = electron-diffraction data; X = X-ray data; 1.w. = this work. 
'References 9a, 24. ZReference 12. 3Reference 10. 4Reference 25. 
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LO AND WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. 11 2045 

TABLE 111 
The heats of atomization (eV) and resonance energies (eV) of polyphenyls and related compounds 

A Ha 

Compound Code En, Eob Calcd. Obsd. (1) F ERE SECC 

(A) 
C ,  ,H., Biohenvl 46 17.577 47.904 109.784 109.671 4-0.113 4.480 0.3446 

f g h i  

32 N =  1 2  
42.43,  

d 3 4 
4 4 . 4 5  

FIG. 1. Geometries of polyenes and vinyl compounds. 

from which Efcc is 4.305 eV and EuCc is for the two estimates of EuCc (5.584 eV and 
5.600 eV. Equations [5] and [8] have the same 5.600 eV). Since eqs. [5] and [8] are empirical 
slopes, since (Elcc + E",,) equals 9.904 eV and results for two different types of molecules, the 
9.905 eV respectively. The estimates for Efcc agreements of the different estimates of Efcc 
from both eqs. [5] (4.320 eV) and [8] (4.305 eV) (and Ef',,) strongly suggest that in the diphenyl- 
agree closely with each other. The same is true substituted linear polyenes pi delocalizations 
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I 1 

1 2 3 4 5 

N'CC 

FIG. 2. Plot of Eb(tot) versus chain length (N) of 
linear polyenes. 

from the benzene rings to the bridge chain are 
relatively unimportant. Also, the linear plot of 
Fig. 3 further confirms that these substituted 
polyenes can be treated as molecules with 
localized bonds which are "non-resonating". 

The above results are very reliable because the 
calculated heats of atomization for these systems 
are very accurate. (The deviations of AH, be- 
tween the calculated values and experimental 
data are only 0.017 eV for 26, 0.038 eV for 32, 
and 0.040 eV for 40, which is within the experi- 
mental uncertainty (1)). 

Though the variations of bond lengths in the 
benzene ring are small, it is possible to see how 
the pi electron delocalization has actually parti- 
cipated in these systems. For example, bond i in 
bis-triphenylene 41, from which two linear chains 
originate, has increased to 1.41 1 A, as compared 
with 1.406 A for bond c in 40 with one bridging 
CC chain and 1.400 A for a normal benzenoidal 
distance. 

Eb (TOT) = N;,(E~,+ E;,I + 

FIG. 3. Plot of Eb(tot) versus chain length (N) of 
diphenyl-substituted linear polyenes. 

liquid, and vapor states show interesting varia- 
tions in the twist angle and bond lengths which 
prove to be characteristic of polyphenyls. 

(i) The solid state structure of biphenyl (18) is 
a planar molecule, with the inter-benzene bond 
length d of 1.506 A. The ortho-hydrogen atoms 
on the two rings are separated by 2.07 A. These 
ortho-hydrogens would be 1.80 A apart in a 
totally flat molecule in which bond d is 1.506 A. 
The displacement of 0.27 A presumably reduces 
the steric strain by making the H non-planar. 
Intermolecular forces of packing are responsible 
for the planarity of the ring. 

(ii) Spectroscopic data for biphenyl in solu- 
tion suggest that the twist angle is about 20" 
from planarity (19) and the two benzene rings are 
only weakly interacting (20). 

(iii) Vapor phase electron-diffraction data (21) 
indicate that-biphenyl is non-planar, with a 

Polyphenyls and Re'ated twist angle of 42", bond d being 1.49 A and the 
( A )  Biphenyl ortho-hyhrogen separation being 2.35 A. 

The structures of biphenyl 46 in the solid, The separation of the ortho-hydrogens in the 
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LO AND WHITEHEAD: ACCURATE HEATS OF ATOMIZATION. I1 2047 

solid (2.07 A), liquid, and vapor (2.35 A), and 
the corresponding twist angles (0, 20, and 42"), 
suggest that van der Waal's interactions (essen- 
tially repulsive destabilization) are important 
and comparable in magnitude to conjugation 
stabilization. Mulliken (14) estimated the ortho- 
hydrogen overlap to be 0.28, and concluded that 
the observed twist in biphenyl was due to steric 
hindrance. The total bond energy can be analyzed 
in terms of the geometries of a planar molecule. 
Conventional pi theory (22) depends on assum- 
ing an initial fixed geometry for the calculation, 
which is not the minimum energy planar struc- 
ture. The present method calculates all individual 
bond lengths, and the final s.c.f. planar geometry 
is the one associated with the minimum energy. 
Consider three different planar geometries for 
biphenyl: model I, the X-ray solid state structure 
described earlier; 11, 2 normal benzene rings 
linked by a bridge bond d = 1.506 A ;  111, the 
s.c.f. geometry calculated for biphenyl, 46, 
Table IV, then the energies of interest for the 3 
models are shown in Table V. 

Several conclusions can be drawn : 
(1) Model I11 with the s.c.f. geometry pos- 

sesses the highest total bond energy (and SE). It 
is, therefore, the most stable planar structure. 
This serves as a direct justification of the present 
method of calculating all individual bond lengths 
of a molecule, rather than to adopt an arbitrary 
geometry (22) for the calculations. 

(2) An obvious contradiction is obtained, if 
only the pi quantities En, and n-SE are used as 
measures of stability, I is more stable than I1 
which is inore stable than 111. In general, the 
stabilization gained by pi conjugation is in- 
sufficient to balance the comparable amount of 
sigma destabilization, and it is only by treating 
both the sigma and pi bond energies, that the 
energy of the whole molecule can be estimated 
and compared (Table V). In this case, only 111 
gives both positive n-SE and o-SE. 

(3) The pi bond order is used as a semi- 
quantitative measure of conjugation and molec- 

ular stability and the inter-benzene pi bond 
order PI,,, in biphenyl is 0.22 in I, 0.24 in 11, 
and 0.26 in 111. It is a fortunate coincidence that 
in biphenyl the total bond energy, E,(tot), and 
the pi bond order, PI,,,, both vary as I11 > I1 
> I. PI,,! is simply the pi electronic property of 
one bond in a molecule and since the collective 
properties of the pi electrons, Ex, and n-SE, give 
a reverse order of stability, I11 < I1 < I, then 
PI,, , alone must be used with reserve in con- 
sidering the stability of a molecule, because the 
bond order Pij for any one bond need not 
necessarily reflect the behavior of the E,(tot) for 
a conjugated system. 

I11 order to investigate the effect of steric 
hindrance, and consequently internal rotation, 
about the bridge bond in biphenyl, van der 
Waal's interactions are included as in 1,3-buta- 
diene (Section 11). The interaction energies, 
calculated by Fisher-Hjalmars (17), using Bar- 
tell's intramolecular potentials (16), are used 
here for the various conformations of biphenyl. 
The angular dependence of the total stabilization 
energy is expressed as (SE) x cosZ 0 (17). 0 is the 
twist angle of one phenyl group from planarity 
about the bridge bond, and (SE) is the maximum 
stabilization energy of +0.380 eV as calculated 
for model 111. The combined effect of van der 
Waal's interaction energies (VW) and total stabi- 
lization energies (SE) are shown below for 
various twist angles. 

Thus the equilibrium conformation of biphenyl 
is non-planar with a twist angle of about 40" and 
with a barrier to internal rotation of a5out 
0.174 eV (4 kcal/mole). The potential minimum 
in the region between 0 equal to 30 and 40" is 
very shallow, which is consistent with the experi- 
mental result of 0 = 42 + 10" (21); the molecule 
has a large amplitude of rotational oscillations 
about the bridge bond. 

(B) Polyphenyls 
The SECC in biphenyl 46, p-terphenyl48, and 

p,pl-diphenylbiphenyl 49 are 0.3446 eV, 0.3457 

Twist angle 8 (") 0 30 40 50 60 90 
VW = van der Waal's interaction 

energy* (17) (eV) -.3595 -.0924 -.0286 +.0087 i . 0 2 4 3  i . 0 2 8 4  
SE = total stabilization energy* 

(n conjugation + 
0 compression) (eV) +.3795 i . 2 8 4 6  +.2227 -1k.1568 +.0949 0 

Combined effect* (VW f SE) (eV) + ,0200 + .I922 -+ .I941 + .I655 + .I192 + .0284 - , .  , 

*Positive energy is stabilization. 
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TABLE 1V 
Bond lengths of polypl~enyls and related compounds 

0 
a' 

R ~ J  (A) z P 

a b c e f u 
Compound d f i  h i j i: 

z 

(aJ1.419 ( b , j ~  ,388 ( c , ~ I  432 (d,)1 ,417 &,')I .381 if,,jf!j1 .428 - \O 

(a, )I ,421 (blf)l ,381 (cl')l .426 (el')l .380 (1, )I .428 m 02 

'Rcferenco 21. 
2The s.c.f. f1.w.) bond lengths of naphthalene (in part I)  arc: rr = 1.419 A, b = 1.382 A ,  cz- 1 426 A,  cl = 1.420 A. 
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LO A N D  WHITEHEAD: ACCURATE HEATS O F  ATOMIZATION. I1 

TABLE V 

Bond lengths, bond energies, stabilization energies, and pi bond order 
for n~odels I, 11, and I11 

- 

Models 
- 

Biphenyl I I1 111 (s.c.f.) 

I Geometries (A) a 
b 
C 

d 
I1 Energies (eV) 

A. Bond energies 
(for all CC bonds) 
En b 

Eo b 

Eb(t0t) 
B. Stabilization energies* 

(SE in eV) 
nSE 
oSE 
Tot. SE 

I11 Pi bond order 
P,, , , (inter-benzene bond) 

*The referencestructureconsists of  two orthogonal benzene rings (treated as isolated units, 
E r b  = 8.624 eV and Eob = 21.971 eV (1)) joined by bridge bond 1.505 .& which is the equi- 
librium single CC bond length with Enb o f  3.91 1 eV (1). A positive (+) SE is stabilizing. 

FIG. 4. Geometries of polyphenyls and related compounds. 
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eV, and 0.3462 eV, coinpared with 0.3417 eV in (IV) Conclusion 
benzene (1). Therefore, additional phenyl substi- 
tutions provide further stabilization. The cumu- 
lative van der Waal's interaction might easily 
override the established stabilization energy of a 
planar conformation. However, as the benzene 
rings increase, the conjugation band in the 
ultraviolet absorption spectra (19) of p-poly- 
phenyls (in solution) is shifted towards longer 
wavelength with increased absorption intensity. 
This is attributed to the increasing extent of 
conjugation due to elongation of the conjugation 
system, which is of course consistent with the 
increase of SECC mentioned above. Such com- 
parisons are dangerous since the present calcula- 
tions give the same energy for m-terphenyl 47 
and p-terphenyl 48, for which the absorption 
suectra are auite different (19). 

. ,  
Accurate heats of atomization and accurate 

bond lengths of inany classes of colljugated 
hydrocarbons have been obtained. The calcu- 
lated heats of atomization can be used as ac- 
curate thermochemical energies in systems for 
which the experimental heats of conlbustion are 
difficult to obtain. The calculated bond lengths 
will be practically useful in experimental diffrac- 
tion studies. The degree of aromaticity is quanti- 
tatively illustrated by the SECC values. 

The present method has been extended to 
apply to open shell ground states of radicals, and 
radical ions, of the conjugated hydrocarbons, 
and to calculate the unpaired spin densities of 
.n electrons, the total bond energies, and the s.c.f. 
bond lengths. 

* ln  the soiid phase, the'th;ee phenyl rings of (V) Acknowledgments 
1,3,5-triphenylbenzene 50 are twisted out of the We wish to thank the National Research 
plane of the ring 24, and 340 (23)' Council of Canada for support of this Research, 
The van der Waal's interactions in 50 are more the Canadian Industries Limited for the award complicated than those in biphenyl, because the of a Fellowship to D. H. Lo, the Mccill Cornput- hydrogens at the central ring are acted upon ing Centre for Facilities, and Miss A. Chan for 

the of the two 
drawing the figures. We are indebted to the adjacent phenyl rings. It is encouraging to note Referees and Editor for their criticism and that the predicted AH, calculated using a model 
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I ~ Kinetics of disproportionation of chlorous acid 

C. C. HONG' AND W. H. RAPSON 
Department of Chemical Engineering and Applied Cl~emistry, University of Toronto, Toronto, Ontario 

Received December 15, 1967 

I A mechanism involving HOCI, C1-C102, and C12 as intermediates is proposed for the disproportiona- 
l tion of chlorous acid. In the absence of chloride, the reaction is controlled by two simultaneous 
I processes, 2HC102 + H+ + HOCl + C1O3- and HCIOz + CIOz- + HOCl + C103-. Chloride has 

a catalytic effect and an inhibiting effect as well on the formation of chlorine dioxide. The initial reaction 
I rate passes through a minimum at a certain concentration of chloride at low acidities, which can be 
1 interpreted by the postulated mechanism. Under chloride catalysis, the reaction is controlled by the 
1 process H+ + C1- + HClOz + 2HOC1. 

Canadian Journal of Chemistry, 46, 2053 (1968) 

The first kinetic investigation of the dispropor- 
tionation of chlorous acid was carried out in 1935 
by Barnett (I), who showed that the rate of 
formation of chlorine dioxide varied with the 
square of the chlorous acid concentration. The 
second-order rate law was also observed by 
Launer et a[. (2) and Nabar et a[. (3). However, 
in 1954, several authors (4, 5) found that the re- 
action forming chlorine dioxide was second order 
with respect to total chlorite conceiltration rather 
than the equilibrium concentration of chlorous 
acid. 

If the second-order dependence on the equili- 
brium concentration of chlorous acid is correct, 
it would be expected that the reaction order with 
respect to the equilibrium hydrogen ion concen- 
tration is 2. Nevertheless, Stitt et a[. (5) found 
that the order was definitely less than 2. The 
reaction appeared to  be nearer to first order with 
respect to  the equilibrium concentration of 
hydrogen ions than second order, the numerical 
values falling between 1.0 and 1.2. Buser and 
Hanisch (6) found that the rate of formation of 
chlorine dioxide in dilute chlorite solution is not 
a simple function of pH. They observed a maxi- 
mum reaction rate at DH 1.70 for a solution of 
3.18 x M ~ a ~ 1 0 , .  A similar dependence 
of the reaction rate on pH was found by Hefti (7). 

The published literature about the effect of 
chloride on the rate of disproportionation of 
chlorous acid is meager. The catalytic effect of 
chloride was first observed by Barnett (l), who 
found that the catalyzed disproportionation re- 
action was first order with respect to  chloride and 
first order with respect to chlorous acid. He also 

lPresent address: Research Department, Imperial Oil 
Enterprises, Ltd., Sarnia, Ontario. 

found that in the presence of chloride and after 
long standing, the reaction was probably compli- 
cated by the chloride-catalyzed decomposition 
of chlorine dioxide. 

Several intermediates have been proposed for 
the formation of chlorine dioxide from the dis- 
proportionation of chlorous acid. These include 
H,Cl,O,, H,ClO,, Cl,03, C10, HOCl by 
Barnett (l), and Cl-C10, or Cl-0-C1-0 by 
Taube and Dodgen (8). 

An extensive investigation of the dispropor- 
tionation of chlorous acid both in the absence 
and presence of chloride has been carried out in 
the present work. It is hoped that the mechanism 
postulated from the experimental results will 
explain many contradictory observations pub- 
lished in the literature. 

The parameters investigated include ionic 
strength, effect of chlorate, and the reaction order 
with respect to  the concentration of each re- 
actant. All experiments were carried out at 25 "C. 

A brief investigation on the reaction between 
chlorous acid and hypochlorous acid was made 
in order to  justify the postulated mechanism. 

Experimental 
(a)  Reagents 

Chlorous acid was prepared by the acidification of 
sodium chlorite containing 97.8% NaCIOz with nitric 
acid in most of the kinetic studies. The equilibrium be- 
tween chlorous acid and chlorite ions is rapidly established 
upon acidification. The equilibrium concentration of 
chlorous acid is calculated from the equation (9) 

[ I]  2(HC102) = (a + b + Kc) - [(a + b + Kc)' - 4ab]+, 

where a and b are respectively the concentrations of nitric 
acid and sodium chlorite after mixing and Kc is the dis- 
sociation constant of chlorous acid expressed in terms of 
concentrations. Kc depends on the ionic strength of the 
solution, as shown in Fig. 1 (9). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CHEMISTRY. VOL. 46, 1968 

I. MOLE /LITER 

FIG. 1. Effect of ionic strength on the dissociation 
constant of HCIOz in terms of concentrations at 25 "C. 

Hypochlorous acid solutions, which were used in some 
experiments, were prepared by adding excess mercuric 
oxide to a chlorine solution and distilling off the hypo- 
chlorous acid. 

( b )  Experittzental Proced~rre 
Separate solutions of nitric acid and sodium chlorite, 

either in the absence or presence of added chloride, were 
contained in volumetric flasks and brought to the reaction 
temperature by immersion in a thermostat for ober an 
hour. The reaction was started by adding 10 n ~ l  of nitric 
acid solution with a pipet into a 10-ml sodium chlorite 
solution contained in a 25-n~l volumetric flask immersed 
in the thermostat. Zero time was taken when the pipet 
containing nitric acid solution had half-emptied into the 
sodium chlorite solution. In~nlediately after mixing, the 
flask was shaken vigorously. The reacting solution was 
filled into a 10-mm glass-stoppered absorption cell after 
rinsing three times. The cell was wiped with tissue paper 
and placed in the cell compartment of a Beckman DB 
spectrophotometer. The reaction was followed by rneasur- 
ing the absorbance of chlorine dioxide produced at 360 m p  
with an automatic chart recorder. The reaction tiille was 
calculated from the speed of the recorder. 

The initial rates of reaction were calculated from the 
slopes of absorbance vs. time curves, obtained from the 
chart recorder, together with the measured molar 
absorptivity of chlorine dioxide at 360 mp. 

Results and Discussions 

( A )  Disproportionation in the Absence of Clzloride 
The disproportionation of chlorous acid in the 

absence of chloride follows the stoichiometry 
(1,3,9) 
[21 2H+ + 4C1O2- -> 2C102 f CI- + C103- + HzO. 

( a )  Ionic Strength Dependence 
The ionic strength of the solution was varied 

by adding sodium nitrate of analytical reagent 
grade. It was found that the initial reaction rate 
is independent of ionic strength. 

For an ionic reaction, the rate constant is 
related to ionic strength by the following 
expression (10, 1 1), 

[3] log k~ = log ko + 1 .018z~z ,1~ '~ ,  

where k, is the rate constant at ionic strength I, 
k, is the rate constant at zero ionic strength, and 
z,, z ,  are the ionic charges of ions. 

The independence of the reaction rate from 
ionic strength in the disproportionation of 
chlorous acid leads to the conclusion that at least 
one of the reactants is an uncharged species of 
chlorous acid. The stoichiometric equation 
(eq. [2]) as such represents only the net change of 
the reaction. 

( 6 )  Reaction Orders 
If the reaction is assumed to occur as a result 

of the interactions of the undissociated inolecules 
of chlorous acid, the initial rate equation can be 
written as 

where n is the reaction order with respect to the 
concentration of chlorous acid, or 

1.51 log Y o  = log k + n. log(HC102). 

A plot of log r, against log (HC10,) should yield 
a straight line whose slope is equal to the reaction 
order. 

The reaction is second order with respect to the 
equilibrium concentration of chlorous acid, as 
shown in Fig. 2. It is of interest to note that as 
the acidity is decreased, the observed reaction 
order with respect to chlorous acid decreases 
slightly. This can be attributed to the dependence 
of the rate constant of eq. [4] on hydrogen ion 
concentration rather than the actual change in 
the reaction order. This result in conjunction 
with the fact that the four lines in Fig. 2 do not 
coincide with one another suggests that a re- 
action occurs between chlorous acid and chlorite 
ions in parallel with the bimolecular reaction of 
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3 . 0 [ I ' r 1 1 1 1 1  1.4 16 1.8 2.0 2.2 

- LOG (HC102) 

FIG. 2.  Determination of reaction order with respect 
to chlorous acid. 

chlorous acid. The overall reaction is the com- 
posite of the two reactions, and its rate can be 
represented by 

The equilibrium concentration of chlorite ions 
can be expressed by 

Substitution of eq. [7] into eq. [6] and rearrang- 
ing gives 

If Kc is constant, a plot of I~, / (HC~O,)~ against 
l / (H+)  should yield a straight line with an inter- 
cept equal to k and a slope equal to k'K,. The 
values of k and k' at 25 "C, as calculated from 
Fig. 3, are 0.330 and 1.37 l/(mole) (min), respec- 
tively. The line in Fig. 3 levels off slightly at low 

FIG. 3. Calculation of second-order rate constants 
at  25 "C. 

acidity due to the decrease in the dissociation 
constant of chlorous acid with ionic strength 
(Fig. 1). 

Equation [6] can also be written as 

[9] 70 = k ( H ~ 1 0 2 ) ~  + kt(HC102) 
x [O - (IHCIO?)], 

where b is the total concentration of sodium 
chlorite. Differentiation of eq. [9] with respect to 
the concentration of chlorous acid gives 

d ~ o  - bk' - 2(kt - k )  (HC102) [lo] -- - 
d (HC102) 

and 

d2ra 
[ l l ]  ----- - -2(kt - k). 

~(HcLo,)?  - 

Since k' is greater than k, the second derivative 
is negative. It is therefore expected that a plot of 
the initiaI reaction rate against the equilibrium 
concentration of chlorous acid will have a rnaxi- 
mum, as observed by Buser and Hanisch (6). 

Barnett (1) found that the rate law for the dis- 
proportionation of chlorous acid was 

[12] 7 = k ( ~ c 1 0 ~ ) "  

and the value of k at 25 "C was 1.4 l/(inole)(inin). 
His experiments were for conditions of fairly low 
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acidity, (C10,-) > (HCIO,). In view of the low 
equilibrium concentrations of chlorous acid in- 
vestigated by him, the bimolecular reaction of 
chlorous acid may be neglected, and the rate he 
measured may be mainly due to the reaction 
between chlorous acid and chlorite ions. The 
rate constant for the latter reaction is 1.37 1/ 
(mole)(min) as determined in the present work. 
Barnett's rate law cannot explain why there is a 
maximum reaction rate at a certain pH. 

It was found that at the same equilibrium 
concentration of HC10, the initial rate due to the 
reaction of HCIO, with C10,- is approximately 
directly proportional to the equilibrium con- 
centration of C10,-. Thus, this reaction is first 
order with respect to C10,-. 

The rate law represented by eq. [6] explains the 
contradictory observations published in the 
literature. When the concentration of sodium 
chlorite is in excess, the reaction between HC10, 
and C10,- will be predominant, and the reaction 
order with respect to H f  will be close to 1, as 
observed by Stitt et al. (5). On the other hand, if 
the acid used for the acidification of sodium 
chlorite is in excess, the bimolecular reaction of 
HCIO, will be predominant and the reaction 
order with respect to total chlorite is close to 2, as 
observed by Launer et al. (4) and Stitt et al. (5), 
since most of sodium chlorite is converted to 
chlorous acid. 

( c )  Effect of Chlorate 
Chlorate and chloride are the coproducts of 

chlorine dioxide in the disproportionation of 
chlorous acid. It will be of interest to know the 
effects of these products on the rate of production 
of chlorine dioxide. 

It was found that the addition of 0.324 M 
NaClO, into a solution containing 0.0207 M 
NaClO, and 0.0375 M H2S04 only increased the 
initial reaction rate by approximately 6.7 %. This 
implies that the oxidation of chlorite by chlorate 
also gives chlorine dioxide, but its reaction rate 
is smaller than that of the disproportionation of 
chlorous acid (8). It also implies that chlorate 
does not have an inhibiting effect on the reaction 
rate. 

( B )  Disproportionation in the Presence o f  
Chloride 

In the presence of chloride, stoichiometric 
results (9) are coinpatible with the following two 
reactions 

CHEMISTRY. VOL. 46, 1968 

occurring in conjunction with reaction [2]. The 
contribution of reaction [13] increases with in- 
creasing concentration of chloride. Reaction [14] 
does not give chlorine dioxide and is responsible 
for the observed inhibiting effect of chloride. 

( a )  Ionic Strength Dependence 
In the presence of chloride, the disproportiona- 

tion of chlorous acid is also independent of ionic 
strength. Consequently, the reaction is expected 
to proceed through HCI + HClO, and/or H f  + 
Cl- + HC10, and/or HCI + H +  + C10,-, in 
which at least one of the reactants is the un- 
charged species. However, since HCI is a much 
stronger acid than HCIO,, the reaction is more 
likely to proceed through H f  + C1- + HCIO,, 
which is a third-order reaction. The relationship 
between the rate constant and ionic strength for 
a third-order ionic reaction has the same expres- 
sion as eq. [3]. 

( b )  Effect of Chlorate 
In the presence of added chloride, it was found 

that the addition of sodium chlorate also in- 
creases the reaction rate slightly, due to the 
oxidation of chlorous acid by chlorate to give 
chlorine dioxide. 

( c )  Catalytic Effect vs. Inhibiting Effect 
In contrast to the relatively simple effect of 

chlorate the presence of chloride affects the 
disproportionation of chlorous acid in a complex 
manner. Figure 4 shows that at low acidities, the 
initial rate of production of chlorine dioxide 
passes through a minimum as the concentration 
of added chloride is increased (curves A and B). 
At high acidities, however, the minimum reaction 
rate disappears (curve C). 

In view of the fact that a minimum reaction 
rate occurs as the concentration of chloride is 
increased, it may be concluded that chloride has 
a catalytic effect and an inhibiting effect as well 
on the formation of chlorine dioxide. The overall 
reaction rate is the summation of these two 
opposing effects and the uncatalyzed dispropor- 
tionation of chlorous acid. 

The solid lines in Fig. 4 are the experimental 
initial rates as a function of chloride concentra- 
tion. The calculated values (see the sections on 
Treatment of Data and Mechanism) are re- 
presented by the broken lines. 
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MOLE /LITER 

CURVE IO'(HNO,L I O ' ( N O C I O ~ ~  

A 4 ' 9 0  4 . 0 0  

C 9 7 . 0  

FIG. 4. Effect of chloride as a function of acidity. 

(d) Reaction Orders 
Figure 4 shows that at  high concentrations of 

chloride, there exists a linear relationship be- 
tween the initial reaction rate and the concentra- 
tion of chloride. This suggests that the catalytic 
disproportionation of chlorous acid is first order 
with respect to the concentration of chloride. 

When the concentrations of nitric acid and 
sodium chloride are maintained constant, the 
reaction order with respect to chlorous acid can 
be determined for the chloride-catalyzed re- 
action. In Fig. 5, ro denotes the overall initial 
rate of both the chloride-catalyzed and uncata- 
lyzed reactions, and rO1 the initial reaction rate 
of the uncatalyzed reaction calculated from the 
rate constant already determined. The difference 
between the two reaction rates, or rO - rO1, 
represents the initial rate due to the chloride- 
catalyzed reaction, and has approximately a 
linear relationship with the equilibrium con- 
centration of chlorous acid. This confirms 
Barnett's results (1) that the chloride-catalyzed 

FIG. 5. Determination of reaction order with respect 
to chlorous acid under chloride catalysis. 

PROPORTlONATlON O F  CHLOROUS ACID 2057 

CURVE H N O  .M - 3 -  

A 0.970 

B 0.729 

C 0.485 
D 0 . 2 4 3  

FIG. 6. Effect of acidity on chloride-catalyzed reaction 
at 25 "C. 

reaction is first order with respect to chlorous 
acid. 

The effect of acidity on the chloride-catalyzed 
reaction is shown in Fig. 6. At a given concen- 
tration of chloride, the variation in the slopes of 
different curves is a measure of the effect of 
hydrogen ion concentration. Therefore, the re- 
action order with respect to H +  can be deter- 
mined from the slopes of different curves at  a 
given concentratioil of chloride. The concentra- 
tion of chloride may be taken arbitrarily at  ally 
value, but it is better to choose higher values 
than lower ones, since the catalytic effect of 
chloride preponderates over the inhibiting effect 
at high concentrations of chloride. Thus, at  
3.50 x lo-' M NaC1, the slope of each curve, 
Aro/A(C1-), can be estimated from Fig. 6. A plot 
of log [Aro/A(C1-)] against log (H') gives a 
straight line with slope equal to 0.962, indicating 
first order with respect to H+ under chloride 
catalysis. 

(e) Treatment of Data 
The data on the initial rate of formation of 

chlorine dioxide in the presence of chloride 
were f o u n d  to  f i t  t h e  ra ther  complicated 
expression 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 
The four constants of curves A and B in Fig. 4 

m 11 P 9 

Curve A 3 . 6 2 ~ 1 0 - ~  5 . 0 5 ~ 1 0 - ~  5.21 x 3.02(3.35) 
Curve B 1 . 6 5 ~ 1 0 - ~  1 . 6 2 ~ 1 0 - ~  I . I ~ X I O - ~  2.53 (2.28) 

where x is the concentration of chloride and in, 
n,p, and q are positive constants independent of 
the concentration of chloride but dependent on 
the equilibrium concentrations of H', HClO,, 
and C102-. The function has a minimum 
provided that n7q > np. 

When x = 0, eq. [15] is reduced to  lao = m, 
which is the initial reaction rate in the absence 
of chloride. Other constants of eq. [15] can be 
calculated by making some approximations. 
When x is large, qx >> p so that p is negligible, 
and eq. [15] becomes 

which is the equation of the straight line extended 
from high values of x. The intercept and the slope 
of the line are m(1 - (119)) and n(1 - (119)) 
respectively. The intercept can be used to  
calculate q, which in turn can be used to calculate 
11 from the slope. On the other hand, when x is 
small, in >> nx, and eq. [15] is reduced to 

chloride investigated does not justify the evalua- 
tion of the four constants by the same approxi- 
mations made for curves A and B. However, the 
four constants for curve C can be evaluated 
from the concentrations of H f ,  HClO,, and 
C10,-, and will be dealt with in the section of 
Mechanism. 

(C) Reaction b e t ~ ~ e e n  HCIO, and HOCl 
In the oxidation of chlorous acid by hypo- 

chlorous acid, stoichiometric results (9) are 
compatible with the following two parallel 
reactions : 

[IS)] HOCl -1- 2HC102 -> 2C102 + CI- + Hf 4- H20 

[201 HOCI + HC102 -> 2Hf -1- C1- + C103-. 

In the absence of nitric acid, the dilute solu- 
tions of NaC10, and HOCl give measurable 
reaction rates so that the reaction orders call be 
determined. Tt was found that reaction [19] 
which produces chlorine dioxide is first order 
with respect to the concentratio~ls of both 
chlorous acid and hypochlorous acid (9). 

Mechanism 

which can be rearranged to From the experimental results obtained, a 

1 
reaction mechanism for the disproportionation 

[IS1 
P = - + q .  of chlorous acid can be proposed. 

1-(r0/11z) X 
(A) Disproportionation in the Absence oj'Clilori~le 

A plot of 1/(1 - (r.,/rn)) vs. l /x  should give a 
straight line with slope equal t o p ,  and intercept (step '1 2HC10z -> H+ -i- H°C1 + "'3- 

equal to  q, which can be checked against the (step 2) C10,- + HClO, -> HOCl + C103- 
value obtiined from eq. [16]. 

The four constants for curves A and B in Fig. 4 
as fitted by eq. [15] are given in Table I. The 
values of q in parentheses are those calculated 
from eq. [18]. The approximations which have 
been made to calculate these four constants are 
justified from the relative values of these 
constants. 

The calculated initial reaction rates for curves 
A and B are shown by the broken lines of Fig. 4. 
For curve C the range of the concentrations of 

(step 3) HOCl -1 HClO, -> H 2 0  + Cl-ClO, 

(step 4) CI-CI02 i- HCIOz -> H+ -1- C1- -i- 2CIO2 

The reaction is initiated by hypochlorous acid 
produced from the disproportionatio~l of two 
molecules of chlorous acid or one molecule of 
chlorous acid with one chlorite ion, according t o  
steps 1 and 2 which occur simultaneously. The 
sequence of reactions is propagated by step 3 t o  
form another intermediate, CI-CIO,, which 
then reacts with chlorous acid to  give chlorine 
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dioxide according to step 4. The observed 
stoichiometry, eq. [2], call be obtained by the 
summation of steps 1, 3, and 4, or 2, 3, and 4. 

Using the steady-state hypothesis for the con- 
centrations of the two intermediates, HOCl and 
C1-CIO,, gives 

which agrees exactly with the empirical expres- 
sion (eq. [6]). The same rate expression is 
obtained if C10,- is written instead of HC10, in 
steps 3 and 4. 

Steps 1 and 2 are slow processes which control 
the overall reaction rate. Step 3 has been shown 
to be fast and of second order, being first order 
with respect to both HC10, and HOC1. Step 4 
is also expected to be fast, since it involves the 
reaction with a reactive intermediate. 

Steps 1 and 2 are irreversible, since chlorate 
does not inhibit the reaction, and the equilibrium 
constants for these two reactions are as high as 
3.78 x 1014 and 1.87 x 1017 respectively. If step 
3 is written in reversible form, it does not make 
any difference to the derived kinetic law. Step 4 
is irreversible, since it was experimentally ob- 
served that the absorbance of a mixed solution of 
chlorine dioxide and chloride does not decrease 
with time. 

Since the controlling steps 1 and 2 involve at 
least one uncharged molecule as reactants, the 
reaction is independent of ionic strength. 

The possible existence of the intermediate 
C1-ClO,, first proposed by Taube and Dodgen 
(8), may be justified partly by the fact that the 
congeners of oxygen form similar compounds 
with chlorine, such as S,Cl,, Se2C1,, SOCl,, and 
SeOCl,. Le~lzi (12) demonstrated spectrophoto- 
metrically the presence of an intermediate in the 
chloric - hydrochloric acid reaction, which may 
be C1-ClO,. I11 addition to these, it is reasonable 
to write C1-C10, as the product, with water as 
its coproduct, in the bimolecular reaction be- 
tween chlorous acid and hypochlorous acid, as 
shown in step 3. 

Strictly speaking, the reaction is not taking 
place in the absence of chloride even if chloride 
is not added, since chloride is one of the products. 
However, as the reaction rates were measured 
only at  the initial stages of the reaction, the con- 

centration of chloride produced would be too 
low to have any significant effect on the reaction. 

(B )  Disproportionatiorz it7 the Presetzce of' 
C/z lo r icle 

In addition to those elementary steps cited for 
the disproportioilation of chlorous acid in the 
absence of chloride, the following steps also 
occur in the present case. 

(step 5) H +  f CI- + HCIO, -> 2MOC1 

(step 6) H +  -k C1- -t HOCI -> H 2 0  + C12 

(step 7) C1, -1- HCIO, + H,O -> 

3H+ -k 2CI- + C103- 

(step 8) CI, 4- HC102 + H +  + CI- + CI-CIO, 

Step 5 is introduced to account for the catalytic 
effect of chloride, and step 6 for the observed 
inhibition by chloride. Chlorine produced by 
step 6 is another intermediate in the present 
system and reacts with chlorous acid in two 
different paths, one giving the intermediate 
C1-ClO, which is favorable for the formation 
of chlorine dioxide and the other giving chloride 
and chlorate. 

The summations of (step 3 + step 4) x 2 + 
step 5, and step 1 + step 6 + step 7, give 
respectively the stoichiometric eqs. [13] and [14], 
both of which occur in parallel with reaction [2]. 

Steps 5, 6, and 7 are all irreversible, since their 
equilibrium constants are 1.24 x lo5, 2.29 x 
lo3, and 1.34 x lo6 respectively. Step 8 is 
written as irreversible to simplify the rate 
expression derived from the mechanism. 

Applying the steady-state hypothesis again to 
the concentrations of the three intermediates, 
HOCI, C1-ClO,, and Cl,, gives the followii~g 
rate expression: 

T o  visualize the effect of chloride, the follow- 
ing quantities are defined. 
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TABLE I1 
Calculations of average rate constants or their ratios at 25 "C 

Average 0 290 4 06 2.47 (2.5ij  

[25] x = (Cl-). 
The substitution of these definitions into eq. [22] 
gives 

[15] ro = (m + nx) 

which is the same as the empirical expression. 
The values of m, n, and p are dependent on the 

equilibrium concentrations of H', HCIO,, and 
C10,-. However, q is independent of these 
concentrations. 

The calculated rate constants or their ratios by 
the method given in the section of Treatment of 
Data are summarized in Tables I1 and 111. The 

TABLE 111 
Individual rate constants or their ratios at 25 "C 

k ,  k2 k3lkb ks kalk7 

rate constants k, and k, are those determined 
from the reaction in the absence of chloride. The 
rate constants k,, k,, k,, and k, are second-order 
rate constants with units of l/(mole)(min), k, is a 
pseudo second-order rate constant, and k, and k, 
are third-order rate constants with units of 
12/(mole)2(min). 

By use of the rate constants or their ratios 
evaluated, the calculated initial rate of formation 
of chlorine dioxide as a function of the concen- 
tration of chloride at high acidity for curve C in 

Fig. 4 is shown by the broken line in the same 
figure. 

Conclusion 
The proposed reaction mechanism for the 

disproportionation of chlorous acid in the 
presence or absence of chloride are in good 
agreement with the experimental results. Al- 
though the calculated reaction rates in the 
presence of chloride at high acidity are some- 
what smaller than the experimental values, the 
calculated results do show that the minimum in 
the initial reaction rate gradually disappears as 
the acidity is increased. This is consistent with 
the experimental observations. 
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Analyses of chlorine dioxide, chlorous acid, chlorite, 
chlorate, and chloride in composite mixtures 

C. C. HONG' AND W. H. RAPSON 
Deportr~errf of Clrenlical Er~girzeerir7.q and Applied Clzernistry, Urtrversity of Torortto, Tororzto, Ontario 

Received December 15, 1967 

An analytical procedure was devised to determine chlorine dioxide, chlorous acid, and chlorite, 
chlorate, and chloride ions in composite mixtures. Chlorine dioxide was determined spectrophoto- 
metrically at 360 mp. After the removal of chlorine dioxide by passing air through the solution, the total 
concentration of chlorous acid and chlorite ion in the solution was determined spectrophotometrically a t  
250mp where the two species have the same molar absorptivity. The total concentration of chlorous acid, 
chlorite ion, and chlorate ion was determined by iodimetric titration. Chloride ion was determined by 
the Mohr titration in neutral solution. 

1 C a n a d ~ a n  Journal of Chemistry, 46, 2061 (1968) 

To find the stoichiometric equations for the 
disproportionation of chlorous acid, it was neces- 
sary to analyze composite mixtures of HClO,, 
C10,-, ClO,, C10,-, and C1-. Other oxidation 
states of the chlorine system, namely Clz, HOCl 
(OC1-), and ClO,- have been excluded, since 
C1, and HOCl (OC1-) undergo rapid reactions 
(I) with chlorous acid, and the published stoi- 
chiometric equations, though often conflicting, 
agree at least in not showing C10,- as a product, 
and C10,- has not been found as a product 
under the conditions used in these experiments. 

In addition to analytical complications caused 
by components of closely related chemical prop- 
erties, the analysis is further complicated by 
the possible interactions of some components in 
the solution. 

Prince (2) used an indirect method by which 
chlorite and chlorine dioxide were determined 
spectrophotometrically at 350 mp by absorbance 
of triiodide produced from iodide oxidation at 
the appropriate pH. Chlorate was determined 
spectrophotometrically at 305 mp by ferric ion 
absorbance after chlorate reduction by ferrous 
ion in sulfuric acid solution. Chloride was 
determined either by the Mohr titration at pH 
9 or the Volhard titration. Several empirical 
corrections were made by Prince (2) in order to 
get satisfactory results. 

Harrison and Rosenblatt (3) achieved separa- 
tion of chloride, chlorate, and chlorite by use of 
paper partition chromatography. However, this 
method took 16 h to obtain good chromatograms 
by the development of each strip with a mixture 

'Present address: Research Department, Imperial Oil 
Enterprises Ltd., Sarnia, Ontario. 

of 2-propanol, water, pyridine, and concentrated 
ammonium hydroxide. 

The procedure devised in the present work 
permits a simple and accurate determination of 
composite mixtures of chlorine dioxide, total 
chlorite (including HC10, and C10,-), chlorate, 
and chloride in much shorter time without 
empirical corrections. It consists of spectropho- 
tometric determinations of chlorine dioxide and 
total chlorite, iodimetric titration for total con- 
centration of chlorite and chlorate, and the 
Mohr titration for chloride. 

The procedure is based on the following 
considerations : 

(a) Chlorine dioxide in aqueous solution has 
an absorption maximum at 360 mp (4) with a 
high molar absorptivity in the order of 1100 
l/(mole)(cm). At this wavelength, the molar 
absorptivity of sodium chlorite in water is only 
1.2 l/(mole)(cm), which can be neglected. Chlo- 
rate and chloride do not interfere with the analy- 
sis at this wavelength. 

(b) In the four components to be analyzed, 
only chlorine dioxide is a gas which can readily 
be removed from the solution by bubbling air 
through it. The solution free from chlorine 
dioxide can be analyzed for total chlorite 
(HC10, and C10,-) spectrophotometrically. The 
absorption spectra of these two species intersect 
at 250 mp (4), where the molar absorptivities 
of the two species are the same. This particular 
wavelength was chosen for the analysis of the 
total concentration of HClO, and C10,-. 

(c) After the removal of chlorine dioxide with 
air, the two oxidizing agents, total chlorite and 
chlorate, in the solution may be determined 
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iodimetrically. In strong acid solution, both 
chlorite and chlorate are reduced by iodide to 
chloride: 

121 C10,- + 6H+ + 6e- + CI- + 3H20.  

It follows that 

where N, and V,  are the normality and the 
volume of the standard sodium thiosulfate solu- 
tion used for titration, V,  the volume of the 
unknown solution, and Mi and Ma the molarities 
of total chlorite and chlorate respectively. This 
equation, in conjunction with the concentration 
of total chlorite already determined spectro- 
photometrically at 250 mp, may be used to 
calculate the concentration of chlorate. 

Alternatively, chlorite and chlorate may be 
determined separately by iodimetric titration in 
different acidities. In moderately acid solution, 
only chlorite is reduced to chloride by iodide. 
In strong acid solution, both chlorite and chlo- 
rate are reduced to chloride. 

(d) The solution free from chlorine dioxide 
is analyzed for chloride by the Mohr titration. 

[4 1 Ag+ + CI- I AgCI 

Experimental 
Apparatus 

The spectrophotometric analyses were carried out with 
a Beckman DB spectrophotometer, equipped with an 
automatic recorder. The temperature was controlled by 
circulating water through coils molded into the sample 
compartment. The temperature of the water bath was 
maintained constant at 25 + 0.1 "C by a thermoregulator. 

Materials 
All the chemicals employed were reagent grade. Sodium 

chlorite is very stable and not hygroscopic (5). Sodium 
chlorite, chlorate, and chloride used were all supplied by 
British Drug Houses Limited. All these chemicals were 
dried in an oven at 120 'C for 2 h and then stored in 
desiccators before use. 

The sodium chlorite reagent employed was found by 
iodimetric titration in strong acid solution to  contain 
97.8 + 0.7% sodium chlorite. Since the analysis in 
moderately acid solution did not make any significant 
difference, no appreciable chlorate was present in the 
chlorite as an impurity. With a silver nitrate solution, 
sodium chlorite and chlorate were tested to be free from 
chloride. The dried sodium chlorate and chloride on 
analysis were found t o  be essentially 100 % pure. 

Pure chlorine dioxide was prepared from sodium 
chlorite in sulfuric acid solution. After a few hours, air 
was passed through the solution to  transfer chlorine 
dioxide into distilled water. The chlorine dioxide prepared 

was free from chlorine, since the addition of a silver 
nitrate solution did not give any white precipitate of silver 
chloride. If chlorine were present in the solution, chloride 
would be formed by the equilibrium 

Experitr~etztal Details 
Todetermine the molar absorptivity of chlorinedioxide, 

some solutions were prepared by dissolving pure chlorine 
dioxide in distilled water. The concentration of chlorine 
dioxide in each solution was determined by iodimetric 
titration. To 25.0 ml of chlorine dioxide solution con- 
tained in a glass-stoppered conical flask, about 1.0 g 
of iodate-free potassium iodide and 25 n ~ l  of concentrated 
hydrochloric acid were added. The flask was stoppered, 
and the contents were shaken and allowed to stand for 
10 ~ n i n  in the dark. The iodine produced by the reaction 

was titrated with standard sodium thiosulfate solution, 
using starch solution as indicator. A blank was run on 
the same volume of distilled water. The absorbance 
corresponding to  the concentration of chlorine dioxide 
in each solution was measured in a 10-mn1 absorption 
cell with the Beckman DB spectrophotonleter at 360 
mp. If the concentration of chlorine dioxide was too high 
t o  be measured spectrophotometrically, the solution was 
diluted to  a suitable volume. Distilled water was used as 
reference in the absorbance measurements. The molar 
absorptivity of chlorite in distilled water was determined 
by the same procedure at 250 mp. Since chlorite under- 
goes decomposition in acid solution. the spectrophoto- 
metric analyses were carried out in netural solution. 

After the determinations of the molar absorptivities 
of chlorine dioxide and chlorite at 360 mp and 250 1nj.t 
respectively, some synthetic samples containing chlorine 
dioxide, chlorite, chlorate, and chloride were prepared 
in 100-ml volumetric flasks. Some samples were prepared 
without the addition of chloride or chlorine dioxide. 

The concentration of chlorine dioxide was determined 
from the direct measurement of the absorbance at 360 
mj.t after suitable dilution. Chlorine dioxide was then 
removed by passing air through the solution contained 
in a gas-washing bottle for 10-15 min. The complete 
removal of chlorine dioxide was confirmed by the 
absorbance measurements at 360 mp. 

After the removal of chlorine dioxide, the solution 
contained only three components, chlorite, chlorate, and 
chloride. The concentration of total chlorite was deter- 
mined by the absorbance measurement at 250 mp. The 
concentration of chlorate was found by the same iodi- 
metric titration mentioned previously for chlorine dioxide, 
in conjunction with the concentration of total chlorite 
determined spectrophoton~etrically. Equation [3] was 
used for this calculation. 

Chloride was analyzed by the Mohr titration (6), using 
a mixed indicator of potassium chromate and potassium 
dichromate. To 25.0 ml of the solution in a 250 ml 
conical flask resting upon a large white porcelain crucible, 
1 ml of the indicator solution was added with a pipette. 
The solution was titrated with a standard silver nitrate 
solution with constant swirling until a faint but distinct 
change in color occurred. The faint reddish brown color 
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TABLE I 
Molar absorptivity of C102 at 360 mp and 25 "C 

103(C102), moles/l Absorbance Molar absorptivity, 
(before dilution) Dilution (after dilution) I/(mole)(cm) 

20 times 0.278 1070 
20 times 0.518 1120 
20 times 0.680 1100 

Average 1100 

TABLE [[ 

Molar absorptivity of total chlorite at 250 m p  and 25 "C 

Molar absorptivity, 
103(NaC10,). molesll Absorbance Il(mole)(cm) 

Average 140 

TABLE 111 
Analyses of synthetic samples 

102(concentration), moles/l 

Samole Added or Found CIO, C102- CIOC C1- 

Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 
Added 
Found 

should persist after brisk shaking. A blank was run on a checked by the three runs in Table I. Lenzi (7) 
volume of distilled water equal to  the final volume in also showed that the molar absorptivity of 
the titration. chlorine dioxide is independent of the acidity of 

Results and Discussion 
the solution. 

The molar absorptivity of total chlorite (in- 
The molar absorptivity of chlorine dioxide cluding HCIO, and ~ 1 0 , - )  at 250 mp and 

at 360 mp and 25 "C measured by Lenzi (7) 25 "C was determined to be 140 f 2 l/(mole)(cm) 
was 1100 f 50 l/(mole)(cm). This value was (Table 11). 
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The accuracy of the analytical procedure pro- 
posed can be judged from the experimental data 
of Table 111 for some synthetic samples. 

This method proved to be excellent for the 
determinations of chlorite and chloride in neutral 
solutions. The slight negative discrepancy in the 
chlorine dioxide determination can be attributed 
to the possible loss of chlorine dioxide to the 
atmosphere during the preparation of synthetic 
samples. Another possible reason is that the 
addition of the solids sodium chlorite, chlorate, 
and chloride may increase the volume of chlorine 
dioxide solutio~l and, accordingly, the concentra- 
tion of chlorine dioxide is decreased. For chlo- 
rine dioxide and chlorate the maximunl devia- 
tion was 2.8 %. 
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Vapor-liquid equilibrium studies of n-propanol-n-decanol mixtures1 
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Static vapor pressure measurements were made on mixtures of 11-propanol with TZ-decanol over the 
temperature range 2Q-50 "C. From the results, the molar excess Gibbs free energies were calculated. The 
applicability of the principle of congruence to these values and to similar data published previously for 
methanol-decanol and ethanol-decanol systems was examined. 

Canadian Journal of  Chemistry, 46, 2065 (1968) 

I. Introduction 

Vapor-liquid equilibrium studies on ~nixtures 
of methanol-n-decanol (MeOH-DeOH) and 
ethanol-12-decanol (EtOH-DeOH) were reported 
in a previous communication (1). We have now 
extended these studies of binary alcohol sys- 
tems by measurements on n-propanol-n-decal101 
(PrOH-DeOH) mixtures over the temperature 
range 20-50 "C. 

11. Experimental 
The vapor pressure assembly and experimental pro- 

cedure used in the present investigation have been de- 
scribed in ref. 1. Measurements of vapor pressures were 
made for 12 different (total) compositions and at  6 
temperatures (20.0, 25.0, 30.0, 35.0, 40.0, and 50.0 "C) 
for each mixture. Generally the temperatures were within 
50.1 "C of the standard set and values at the rounded 
temperatures were interpolated by fitting the data with an 
Antoine form of equation 

An iterative calculation similar to that outlined in ref. 1 
was used to obtain the conlpositions of the liquid and 
vapor phases from the known volumes of the various 
parts of the apparatus, the overall composition, and the 
total vapor pressure. In the present work the equation 
of state employed was 

where Vs is the vapor volunle, tis is the number of llloles 
in the vapor, and B is the second virial coefficient. For 
mixtures, it was assumed: 

(i) that the second virial coefficient of the vapor (mole 
fraction y, of propanol) could be approximated by that of 
pure propanol B, , and 

(ii) that the partial pressure of decanol could be 
estimated by the Raoult's law expression 

'Issued as NRCC No. 10053. 
'NRCC Postdoctorate Fellow 1965-1967. 

wherex2 is the mole fraction of decanol in the liquid phase 
and pZ0  is the vapor pressure of decanol at the same 
temperature as the mixture. 

These assumptions should provide reasotlable estimates, 
since pZ0 is relatively small over the temperature range 
studied and y2 i 0.03 for all the mixtures. 

Purification of the decanol used in the prcsent work 
has been described in ref. 1. The TZ-propanol (Eastman 
Organic Chemicals) was purified in a model 775 F & M 
preparative gas chromatograph with a colullln containing 
PEG 4000 supported on Chromosorb W. C111.omato- 
graphic analyses of the materials indicated an impurity 
content i 0.1 mo!e %. Density measurements at 25 "C 
on samples of the alcohols yielded the values 0.79962 and 
0.82687 g ~ m - ~  for the propanol and decanoi respec- 
tively. 

111. Results 

Properties of the pure alcohols at rounded 
temperatures are given in Table I. The vapor 
pressures for 12-propanol (listed under heading 
pI0)  are calculated from eq. [I  ] with the values 
A = 8.36512, B = 1777.23, and C = 227.388, 
which represents our experimental pressures 
with an estimated standard error of 0.029 Torr. 
Over most of the temperature range studied, 
our results for propanol are higher than the 
vapor pressures tabulated by the American 
Petroleum Institute (2). At the 6 standard 
temperatures from 20 to 50 "C, the deviations 
amount to 0.62, 0.58, 0.50, 0.35, 0.14, and 
-0.44 Torr respectively. 

The molar volumes at 25 "C in Table I were 
obtained from the densities stated in the preced- 
ing section; in estimating values at other temper- 
atures, coefficients of expansion based on obser- 
vations by Costello and Bowden (3) were used. 
The values of the second virial coefficient Bll 
for propanol were calculated from the equation 

[4] loglo(-B~l) = 12.491 - 3.7 loglo I' 

which represents the measurements of COX (4) 
over the range 105 to 150 "C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 
Properties of pure component liquids 

Propanol Decanol 

Temp. 
("C) 

pi0 
(Torr) 

Vl O 
(cm3 mole-') 

B11 
(cm3 mole-') 

pzO 
(Torr) 

v 2  O 
(cm3 mole-') 

Table I1 summarizes the vapor-liquid equilib- 
rium measurements on PrOH-DeOH mixtures. 
p is the measured value of the vapor pressure; 
x l  and yl are the mole fractions of propanol in 
the liquid and vapor phases respectively. Also 
included in the table are values of the natural 
logarithm of the activity coefficient of propanol 
in the liquid phase calculated from the formula 

IV. Discussion 

(a) Afo lar Excess Functions 

are questionable, since the corresponding molar 
excess enthalpies calculated from 

do not agree with values determined calori- 
metrically. For an equimolar mixture the excess 
free energy data lead to  a value of 344 J mole-' 
for HE at 25 "C, which is considerably higher 
than the calorimetric result 252 J mole-' (5). 
The reason for this discrepancy is not clear. 

was fitted to the experimental results for In y, 2 0 0  - 

by a least squares procedure. At each temperature 
the use of 4 coefficients (i.e. n = 4 in eq. 161) 
led to a satisfactory fit of the data. The values of 
the coefficients are listed in Table 111 along with 
o,,,, the standard error for each fit, and o, E the statistical estimate of the root mean square 
error of GE (the molar excess Gibbs free energy) 
as calculated from the formula 

n 

[ i ]  G" = xlx2 C7(xz - xl)'-'. 
r = l  

At all mole fractions GE for PrOH-DeOH 
mixtures decreases with increasing temperature, 
indicating a positive molar excess entropy. 

[S I 0.0 0.2 0 . 4  0.6 0.8 1.0 

P X I ,  MOLE FRACTION OF n-PROPANOL 

At 25 "C this appears to be similar in magnitude Fro. 1. Excess thermodynamic properties of pro- 
to  that of the system EtOH-DeOH (1). However, ~anol-decano' mixtures at 25 "C: GE from 

pressures; HE calorimetric results from ref. 5; TSE 
the numerical values of SE obtained in this way calculated from eq. [91. 
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TABLE I1 
Vapor-liquid equilibrium for propanol-decanol mixtures (p in Torr) 

-- 

XI  P J' I X I  P Yl In y, 

20 "C 25 "C 

The change in GE (at x, = 0.5) between 20 and 
30 "C is only about 6 J mole-', but this would 
have to be reduced to 3 J mole-' to bring about 
agreement with the calorimetric result. The virial 
coefficients used in the present work were ob- 
tained by a rather lengthy extrapolation of Cox's 
data (4) and uncertainty in these values might 
account for some of the difference (but only a 
small fraction of it). 

The thermodynamic functions GE, HE, and 
TSE for PrOH-DeOH mixtures at 25 "C are 
plotted in Fig. 1. The values of GE were calcu- 
lated from eq. [7] with the coefficients given in 
Table 111; results of direct calorimetric deter- 
minations (5) were used in constructing the 

curve for HE, and T S ~  was obtained from these 
two sets of data by means of eq. [9]. Graphs 
constructed in the same way for the systems 
MeOH-DeOH and EtOH-DeOH are given in 
ref. 1. Comparison with these shows that the 
behavior of the present system is similar to that 
of EtOH-DeOH. However, although both GE 
and HE have been decreased by the change from 
ethanol to propanol, the difference between 
these values (i.e. TSE) has increased over most 
of the concentration range. 

The magnitudes of GE for the three systems 
at 25 "C are illustrated by the solid curves in 
Fig. 2. These are all skewed towards low mole 
fractions of decanol, with the asymmetry less for 
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TABLE I11 
Coefficients for eqs. [6] and [7] (C, and oc in J mole-') 

Temp. 
("C) c1 c z  CS c, Ol"., GG 

systems having a smaller difference in chain 
length of the components. The maxima occur at 
mole fractions of decanol equal to 0.352, 0.383, 
and 0.395 for the systems containing methanol, 
ethanol, and propanol respectively. It can be 
shown from the coefficients in Table 111 that 
there is a tendency for the curves to become more 
symmetric at higher temperatures, but this is so 
slight that for practical purposes the mole frac- 
tion at the maximum can be treated as indepen- 
dent of temperature over the range investigated. 

DECANOL SYSTEMS AT 25" C d 

0.0 0.2 0.4 0.6 0.8 1.0 

X,, MOLE FRACTION OF DECANOL 

FIG. 2. Excess free energy of decanol systems. Solid 
curves represent experimental results from vapor pressure 
data (MeOH-DeOH and EtOH-DeOH from ref. 1;  
PrOH-DeOH present investigation). Dashed curves 
calculated from principle of congruence. 

(13) Congruence Calc~rlatioizs 
The principle of congruence (6) has been 

applied with significant success to the thermo- 
dynamic properties of n-alkane mixtures (7-10). 
Application to the excess enthalpies (1 1 ,  12) and 
excess volumes (13) of binary n-alcohol systems 
has shown that the principle is also usef~~l  in 
correlating these data, but that estimates of the 
excess enthalpy and excess volume based 011 the 
principle are subject to relatively larger errors 
than in the case of the n-alkanes. The con, Oruence 
of the present free energy results for PrOH- 
DeOH mixtures with those published previously 
(1) for MeOH-DeOH and EtOH-DeOH was 
investigated following the method described in 
ref. 12. 

If a set of component materials characterized 
by their "chain length" are congruent, the 
thermodynamic properties of a binary mixture 
are the same (at constant temperature and 
pressure) as those of the member with chain 
length equal to the mean in the mixture, as 
defined by 

In this expression n, and n, are the chain lengths 
of the two components (by convention, n, < n,), 
and x, and x, are their mole fractions in the 
mixture. The molar excess free energy can then 
be written in the form 

[Ill GE(nl, np, XI) = f (n) - x f  (nl) 
- xqf (nd,  

where f(n) is a suitable function. 
In our considerations of the excess enthalpies 

and excess volumes of alcohol systems (12, 13) 
a four term polynomial in reciprocal powers of 
the chain length was employed. A similar func- 
tion could also be used in fitting the free energy 
data. However, Bellemans and Mat (14) have 
pointed out that in the limit of long chain lengths, 
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TABLE IV 
Results of congruence calculations (all units J mole-') 

Temp. 
("C) Bo B, Bz B3 OMcOH GELOH OPrOH G 

the combinatorial entropy of chain molecules 
should contribute a term of the form 

RT(x1 In nl + x2 In n2 - In n )  

to the excess free energy. Therefore in the analysis 
of our G~ results, the form 

L3 
[ la]  f(n)  = -XT ln rt + -2 

72 

B1 Bz B3 
+2+;7+;.3 

was assumed, and the values of the four coeffici- 
ents were determined to minimize the value of 

where 

GEcalcd (nls, n2', xl) indicates the value of the 
excess free energy calculated for system s from 
eq. [ l l ]  with the form of f(n) substituted from 
eq. [12], and GE,,,, is the corresponding experi- 
mental value obtained from eq. 171. The sum in 
eq. 1131 is taken over the N systems of the set 
considered. (N = 3 in the present application 
and the name of the shorter chain component 
in each of the three systems is used for the identi- 
fying label s i n  eq. [14].) 

Table IV contains the results of the calcula- 
tions. There the values of the coefficients at 
each temperature and the resulting minimum 
value of G are given; in addition, the standard 

(GMeOH GEtOH GPrOH , , ) for the individual 
systems are shown. Although the deviations 
are too large to be attributed entirely to experi- 
mental error, the principle does provide a useful 
approximation to the data. This is illustrated by 

the dashed curves in Fig. 2 which are calculated 
with the coefficients for 25 "C from Table IV. 
However, the temperature variation of GE, as 
represented by the coefficients in Table IV, is 
not satisfactory and leads to positive excess 
entropies for all three systems in contrast to the 
negative entropy values found for MeOH- 
DeOH mixtures (I). It can be seen from Table IV 
that the fit of the MeOH-DeOH system is poorer 
at higher temperatures. Deviations from con- 
gruence which increase with increasing tempera- 
ture have also been reported for the excess 
enthalpies of n-alkane mixtures (10). 
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Nuclear magnetic resonance studies of tertiary phosphine hydrobromides 
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Phosphorus and proton magnetic resonance data are presented for hydrobromides of 15 tertiary phos- 
phines, of which 5 are trialkylphosphines, 5 are dialkylphenylphosphines, and 5 are diphenylalkylphos- 
phines.The 31P chemical shifts of each of these series of phosphonium compounds are linearly related 
to the sum of the group contributions (g.c.) of the organic groups on the respective phosphines. 

Canadian Journal of Chemistry, 46, 2071 (1968) 

Introduction 

Recently some quantum mechanical treat- 
ments which illustrate a priori calculations of 
phosphorus-31 chemical shifts have been pub- 
lished (1-5). These studies add considerably to 
the understanding of various factors influencing 
chemical shifts, although their predictive utility 
is rather limited because the parameters, such as 
bond angles, electronegativities, and average 
electron excitation energies, which are necessary 
for the calculations, are generally more tedious 
to obtain than the chemical shifts. 

In order to develop a predictive basis for 
phosphorus chemical shifts, we (6-9) have been 
engaged in phosphorus magnetic resonance 
measurements of various series of closelv related 
organophosphorus compounds, whose chemical 
shifts are predicted rather accurately by group 
contributions, which were originally devised to 
be useful in predicting the chemical shift of any 
trivalent phosphorus compound (lo), but are 
especially useful for primary phosphines (11), 
secondary and tertiary phosphines (6, 8), and 
quaternary phosphonium salts (7). 

We report in this work 31P chemical shifts 
for 15 tertiary phosphine hydrobromides, as 
well as proton chemical shifts and coupling 
constant data. 

Experimental 
The tertiary phosphines, R3P, R2PhP, and RPh,P, 

were prepared by the reaction between PCI,, PhPCl,, or 
PhzPCl and a l(r20% excess of the appropriate Grig- 
nard reagent in ether at  -23". They were isolated by 
hydrolysis of NH,CI solution, followed by distillation 
under reduced pressure. The solutions of the tertiary 
phosphine hydrobromides were made by bubbling anhy- 
drous HBr into ca. 30% solution of the phosphines in 
CH2CI, for a few minutes, and then by passing dry N 2  
through the solution for about a minute. The solutions, 
which are saturated in HBr, probably contain HBr2- (12) 
and more complex anions in addition to Br-, since in 

several cases it was observed that a precipitate would 
form on first addition of gaseous HBr, but would redis- 
solve on continued addition of HBr. 

The 31P magnetic resonance measurements were per- 
formed at  24.3 MHz on a Varian DP60 spectrometer. The 
solutions were contained in 13 mm 0.d. tubes which were 
stationary and the 85 % H3P04 reference was placed in a 
5 mm 0.d. tube fixed concentrically within the specimen 
tube. Line positions were determined by visual super- 
position on the oscilloscope of the signal and of a side- 
band of H3P0,  generated by a Hewlett Packard wide 
range oscillator, model No. 200CD. The chemical shift 
values are accurate to + 5 Hz (0.2 p.p.m.). 

The 'H magnetic resonance spectra were determined 
on the same spectrometer at 56.4 MHz using ca. 10% 
solutions in CH2C12 contained in a spinning 5 mni 0.d. 
tube with tetramethylsilane (TMS) as the internal 
reference. 

Results and Discussion 

Table I lists the 31P chemical shifts of 15 ter- 
tiary phosphonium compounds. A plot of these 
chemical shifts against the sum of the group con- 
tributions (8) for the three organic groups 
(methyl, 21; ethyl; 7 ;  n-butyl, 11; isopropyl, 
-6; cyclohexyl, -2; phenyl, 3) does not yield a 

FIG. I .  The chemical shift of tertiary phosphonium 
compounds vs. the sum of the group contributions for 
the three organic groups. The number associated with 
each point identifies the compound listed in Table I. 
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TABLE I 
31P chenlical shifts in phosphine hydrobromides 

Chemical shift (p.p.m.) 

Phosphine No. Free phosphine Hydrobromide Difference 

fCHn),P 1 62 2.9* -59.1 

*In aqueous solution. 

straight line, but rather a series of three lines of 
similar slope (Fig. 1). The correlation is fairly 
good except for the cyclohexyl compounds, 
which have been noticeably out of line in other 
work (13). The correlation coefficients for the 
lines are 0.96, 0.96, and 0.97, respectively. These 
lines represent the three classes of compounds, 
trialkylphosphonium salts, dialkylphenylphos- 
phonium salts, and alkyldiphenylphosphonium 
salts. The number labels in Fig. 1 are identified 
in Table I. 

The equations for the three lines are: 

G(p.p.m.) = -28.5 + 0.50 x g.c. for R,PHi 

G(p.p.m.) = -25.0 + 
0.57 1 g.c. for (C6H5)R,PHf 

G(p.p.m.) = -13.2 + 
0.57 g.c. for (C,H5),RPHf. 

Since it has 
phenyl group 
shift in going 
salts is quite 

been shown that the change in the 
contribution to the 31P chemical 
from phosphines to phosphonium 
different from the change in the 

alkyl group contributions in phosphines rela- 
tive to phosphonium salts (7), it is understand- 
able that the different number of phenyl groups 
in the phosphonium compound would lead to 
different intercepts. 

The last column in Table I lists the change in 
chemical shift on protonation of the teryiary 
phosphines. I t  was hoped that this chemical 
shift on protonation might be a measure of 

basicity of the phosphine, reflecting the extent 
of electron donation by phosphorus and thus 
the decrease in shielding. 

Comparison of the chemical shift on protona- 
tion in the series R,P, R2(C6Hj)P, and 
R(C,H5),P with the basicities gives the expected 
results, i.e. both values decrease in the series as 
listed in order of increasing number of phenyl 
groups. However, comparison of the values 
within a particular series, e.g. R2(C,H5)P as R 
varies, gives no correlation between basicity and 
chemical shift on protonation. The same obser- 
vation was noted for the chemical shifts of the 
phosphines themselves, viz. the group contribu- 
tions of the alkyl groups are not linearly related 
to the Taft o* values (6). 

It is reasoilable that the chemical shift on 
protonation is related to change in bond angles 
upon protonation. Assuming that all the pro- 
tonated species have approximately tetrahedral 
configuration, then the phosphines with the 
smallest groups (e.g. methyl) would have the 

TABLE I1 

Jp-, (Hz) in tertiary phosphonium 
compounds, [R3-,Ph,,PH] + 

R i z = O  , 1 = 1  12=2  
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TABLE 111 
Proton n.m.r. data in tertiary phosphines and tertiary phosphonium conipounds* 

THE Tl ip  JP-HZ JP-HP JHn-HP 

J~I-11%. JP-H, 
Phosphine X Y X Y  x Y  x Y  s 11 y  Y  

*s is the value in the free phosphine. y is the valuc in the phosphonium compound. T in p.p.m.; J in Hz. J,,-lrn is Lhe coupling betueen the 
acidic proton and Ha. 

smallest angles in the uiiprotonated species and 
would change most on protonation, resulting 
in the largest chemical shift on protonation. This 
idea was presented earlier with respect to chem- 
ical shifts on coordination of tertiary phosphines 
with chromium carbonyl (9). This concept does 
explain the difference in the chemical shifts on 
protoilation between the series (constant R with 
a different number of phenyl groups) and within 
a series (constant number of phenyls with vari- 
able R). 

Table I1 lists the coupling constants between 
phosphorus and the directly bound proton. Two 
of these have been reported previously (14-16). 
Proton-carbon-1 3 coupling constants have been 
shown to depend linearly on the s-character in 
the bond (17), in addition to other factors (18, 
19). Proton-phosphorus-3 1 couplings are quali- 
tatively (but not linearly) related to the amount 
of s-character (20) in the bond and the large 
value of Jp-, (ca. 500 Hz) for approximately 
sp3 bonding by phosphorus in the phosphonium 
salt is reasonable compared to the smaller value 
(ca. 200 Hz) for P-H bonds in trivalent com- 
pounds (15, 20) in which the bonding is largely 
p3 with a small amount of s-character. 

JPpH couplings in these compounds increase 
with the number of phenyl groups and decrease 
with R in the order shown in Table 11. 

Triphenylphosphine, diphenylphospl~ine, and 
phenylphosphine are so weakly basic that pro- 

Proton magnetic resonance data are given in 
Table 111. Of particular interest here are JHPH,, 
the coupling between the methyl hydrogens and 
the acidic hydrogen, in methyl compounds. This 
coupling is observed to be 5.8 Hz in dimethyl- 
phenylphosphine, which means the mean life- 
time of thephosphonium salt must be of the order 
of 0.2 s or longer. On the other hand, under 
approximately the same coilditions (the concen- 
tration of HBr in solution was not known, but 
the solutions were prepared similarly) JH-,, is 
not observed for diphenylmethylphosphine, 
which is less basic than dimethylphenylphos- 
phine. However, Jp-, is observed, so that the 
mean lifetime of dimethylphenylphosphonium 
cation is in the range of approximately 3 x 10- 
to 0.2 s. In the series triphenylphosphine, di- 
phenylmethylphosphine, and dimethylphenyl- 
phosphine, as the phosphine becomes more 
basic, the respective phosphonium ion becomes 
longer-lived, as would be intuitively predicted. 
Proton magnetic resonance studies of trimethyl- 
phosphonium cation in aqueous solution under 
controlled DH have been used to determine the 
kinetics of proton exchange in that system (14), 
but it is not possible to compare the totally dif- 
ferent solvent systems. 

The increase of Jp-,, and Jp-Hp and changes 
in z values on phosphonium salt formation have 
been discussed previously (22,23). 

ton exchange in solution of their hydrobromides Acknowledgment 
in dichloromethane solution prevented any We are grateful to the National Science Faun- 
determination of the coupling constants or "P dation for support of this work under Grant No. 
chemical shifts. The lifetime of (C6H5)3PHf GP4483. 
must be less than about 3 x 10- s, since Jp-H 

be expected be about 500 Hz and = 1. H. S. GUTOWSKY and J. LARMANN. J. Am. Chen~ .  
J2/~(21), where Tis the lifetime. soc. 87,3815 (1965). 
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Radiolysis in the adsorbed state. 11. N,O adsorbed on silica gel and zirconia1s2 

N. H. SAGERT AND R. W. ROBINSON 
Resecrrclz Cl~emistrj~ Brat?clr, Cl~nlk River Nuclear. Laboratories, Cllalk River, Otltario 

Received January 11, 1968 

The "Co y-radiolysis of N 2 0  adsorbed on  silica gel and zirconia has been studied. In  both systems 
a large fraction of the energy absorbed in the solid is able to  cause decon~position of the N 2 0 .  For the 
silica gel - N 2 0  system, studies with electron scavengers have shown that on gels degassed at low tempera- 
tures, electrons are precursors for a large fraction of the yield and about 1 G unit of nitrogen is produced 
by other processes. The total nitrogen yield is smaller for gels degassed at  high temperatures, but the 
yield of nitrogen produced by direct excitation stays constant at 1 G unit. 

Experiments using electron scavengers with the zirconia-N20 system have shown that direct excitation 
of the solid is responsible for most of the nitrogen yield at 7 G units on high surface zirconia. Studies of 
nitrogen yields on  a number of zirconias showed that the range over which energy is transferred is 
about 50 A. 
Canadian Journal o f  Chemistry, 46, 2075 (1968) 

Introduction ica (7). Hence it was of interest to see if N,O 

In a recent paper (I), we showed that N,O 
could reduce hydrogen yields when perdeutero- 
cyclohexane was irradiated adsorbed on silica gel 
and suggested that this decrease arose because 
the N,O captures free electrons. Early work has 
shown that large yields of N, and nitrogen oxides 
are obtained when N 2 0  is irradiated by fission 
fragments or y-rays when adsorbed on silica and 
silica-alumina (2). Recent results of Sutherland 
and Goodrich (3) have shown that nitrogen and 

\ ,  L 2  

oxygen are the major products from the y-radi- 
olysis of N,O on silica gel. These authors 
suggested that electrons formed in the solid are 
precursors of nitrogen. Wong and Willard (4) 
observed anions when silica gel was irradiated 
with adsorbed naphthalene or biphenyl. Their 
data indicates that electrons are produced in 
silica gel by ionizing radiation, with G(e-) 
greater than unity. We therefore examined the 
nitrogen yields in the presence of other electron 
scavengers and studied the yield as a f~~nct ion  of 
degassing temperature as done by Kohn (5) in 
order to see if electrons actually were precursors 
of the nitrogen yield. 

It has been shown that cyclohexane adsorbed 
on zirconia does not decompose to a much 
greater extent than can be accounted for by 
energy absorbed in the cyclohexane (6). This is 
probably because the band gap in zirconia, which 
is the maximum energy which can be transfer- 
red, is 5.0 eV; approximately one-half that of sil- 

, , 
would decompose when irradiated over zirconia. 
It was also of interest to study the effects of other 
electron scavengers on this system, since it has 
been reported that electron irradiation does not 
induce changes in the electrical conductivity of 
anodic zirconia (8) and therefore no measur- 
able increase in charge carriers is produced. We 
also studied the radiolysis of N,O adsorbed on 
zirconia particles of varying size, in order to get 
an estimate of the range of the observed interac- 
tions. 

Experimental 
The silica gel was the same as that used previously (1). 

Its surface area was 760 L- 50 m2/g. Zirconia was usually 
prepared by the slow neutralization of 0.1 to 1.0 M solu- 
tions of ZrO(N03)2.2HN0,.4H20 (Anachemia), or 
ZrO(N03)2.2H20 (Fisher), by dilute ammonium hy- 
droxide. All solutions were made from doubly distilled 
water. Precipitates were filtered, washed, and dried at 
110 "C. They were then ground and heated to 550-580 "C. 
The low surface area samples were Fisher zirconia. The 
zirconia was monoclinic, with a small admixture of the 
cubic form, as shown by X-ray diffraction patterns. 
Surface areas were measured as before (1). 

Adsorption isotherms for N 2 0  and SF, on  silica gel 
and zirconia were measured at 0 "C using the Sor-Bet 
surface area apparatus (Aminco) and the helium carrier 
technique. The N 2 0  (Canadian Liquid Air), SF, 
(Matheson), and CCI4 (Anachemia) were used as received. 

San~ples of 4 to 6 g were weighed out into cylindrical 
vessels fitted with Hoke valves (1). The vessels were 
evacuated and raised to the desired temperature. They 
were kept overnight at this temperature while being 
evacuated to lo-, Torr. Most zirconia samples were 
evacuated at 400 "C, while the silica gel samples were - 
evacuated at various temperatures. 

lIssued as A.E.C.L. No. 3097. Small amounts of N 2 0 ,  SF,, and CCI, were measured 
*Presented in part at the 51st Chemical Institute of out, degassed, and transferred to the solid on  a mercury- 

Canada Conference, Vancouver, B.C., June 1968. free grease-free vacuum line. Samples were irradiated at 
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0 "C in a 'OCo y-SOU~CC at a dose rate of 7.3 x 1017 eV/g 
min in silica gel. The dose rate was determined by Fricke 
dosimetry using G(Fe3+) = 15.6 molecules/100 eV. 
With a high atomic number material such as zirconiun~ 
and the highly shielded source used (Atomic Energy of 
Canada Limited, Gammacell 220), there is some energy 
absorption by the photoelectric effect, not only from the 
primary -/-rays of about 1.25 MeV, but also from the 
snlall reflected component of 100-200 keV. The dose 
rate was therefore determined by ion chamber dosimetry 
using ion chambers of various materials, following the 
procedure of Ritz and Attix (9) and interpolating for 
zirconium. The details of this dosimetry in our source 
have been dcscribcd by Stone (10). The dose rate in 
zirconia was 8.0s x 1017 eV/g min. 

Products volatile at - 196 ' C  were measured volumetri- 
cally and analyzed nlass spectrornetrically. In order to 
measure NOZ,  all the material degassed from the gel was 
collected at -196 "C and 3 ml of 0.1 N NaOI-I were 
added. Nitrogen dioxide was then determined as nitrite 
by the method of Rider and Mellon (11, 12). 

Results 
(a )  Silica Gel , , 

The major product from the irradiation of the 
N,O silica gel system is nitrogen. We obtained 
very little oxygen, even when the gel was heated 
above 600 "C to collect strongly adsorbed 
products, and saw no evidence for any yield of 
NO. Sutherland and Goodrich (3) noted almost 
stoichiometric yields of oxygen. However, as 
the total dose given our samples was only about 
2.5 % that given theirs, our smaller amounts of 
oxygen could be chemisorbed irreversibly, or 
could react with carbon impurities in the gel (13). 
A yield of NO, has been noted (2), but for our 
system NO, was a very minor product, with 
G(N0,) < 0.2. Typical nitrogen yields as a 
function of surface coverage for a gel degassed at 

FIG. 1. Nitrogen yields from the silica gel - N,O 
system. Dose = 2.5 x 1019 eV/g. Gel degassed at 140 "C. 

EVACUATION T E M P E R A T U R E  I a C  I 

FIG. 2. The effect of degassing temperature on the 
nitrogen yield from the silica gel - N 2 0  system. 
= 0.03. Dose = 2.4 x 10" eV/g. 

140 "C are shown in Fig. 1. The fraction of a 
monolayer adsorbed on the surface (0) was 
calculated taking the area of N,O to be 16.8 A2/ 
molecule (14) and correcting for the N,O not 
adsorbed at 0 "C. The G values are molecules 
produced for every 100 eV of energy absorbed in 
the entire system. This energy was about 
2.5 x 10'' eV/g. No nitrogen whatsoever was 
produced when N,O was adsorbed on the silica 
gel and the system allowed to stand for several 
hours. Only small amounts of nitrogen (G(N,) 
N 0.3) were produced when N,O was added to 
irradiated silica gel, although the blue color of 
the irradiated gel was bleached. 

Nitrogen yields as a function of evacuation 
temperature-are shown in Fig. 2. These results 
were obtained at a surface coverage of 3 % of a 
monolayer and with an absorbed dose of 2.4 
x 10'' eV/g. The nitrogen yields decrease 
with increasing evacuation temperature, as has 
been noted by Kohn (5). These yields parallel 
the decrease in surface OH as a function of 
evacuation temperature, which have been given 
previously for this silica gel (1). 

In an attempt to see if species resembling 
electrons were responsible for the nitrogen yield, 
electron scavengers were added to the system. 
Nitrogen yields as a function of the surface 
coverage of scavenger are shown in Fig. 3 for a 
gel degassed at 400 "C. The SF, coverage is 
corrected for SF, not adsorbed at 0 "C. Both 
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SF, and CCl, appear to reduce these yields to - I I I I I 

about 1 G unit. Over a gel degassed at 150 "C 
and one degassed at  750 "C, this same limiting 
yield of 1 G an i t  was obtained. It  should be 6 -  

noted that a gel degassed at 750 "C is not strictly 
comparable to one degassed at temperatures i 
below 600 "C, as its surface area has been 
reduced to 600 m2/g. 

0 SCAVENGER 

FIG. 3. Effect of electron scavengers on the nitrogen 
yield from the silica gel - N 2 0  system. eNZO = 0.11. Gel 
degassed at 410 OC. Dose = 2.5 x 1019 eV/g. 

The 0.3 G units of nitrogen produced when 
N 2 0  was added to the irradiated gel has not been 
subtracted from any yields. It  was observed that 
the blue color centers were bleached when SF, 
was added to irradiated silica gel, and therefore a 
large portion of these 0.3 G units is probably 
included in the scavengeable nitrogen. 

FIG. 4. Nitrogen yields from the zirconia-N20 
system for several zirconias of varying surface area. 
Dose = 2.5 x 1019 eV/g. 

sharply with coverage, but at coverages greater 
than 30% of a monolayer little additional 
increase in yield is observed. As with N 2 0  on 
silica gel, blank experiments indicated that most 
of the phenomena observed are radiation 
effects which occur during irradiation. Nitrogen 
yields when N 2 0  was added to irradiated 
zirconia (65 m2/g) were about 0.02 G units. On a 
few samples of zirconia accidently formed in the 
cubic modification, yields were oilly about 60 % 
of those obtained over monoclinic zirconia. 

I t  would appear from Fig. 4 that the higher the 
surface area of the gel the larger the "limiting" 
yield of nitrogen. Figure 5 shows nitrogen 
yields at one monolayer coverage plotted as a 
function of the surface area of the oxide. The 
yields rise almost linearly at first, but then 
much more slowly for areas larger than 90 m2/g. 

(b )  Zirconia 
Nitrogen was the major product observed 

a- 

when the N20-zirconia system was irradiated. 
No NO was noted in the products and G(N02) " -  - 

was < 0.2. Yields of nitrogen for a number of 
zirconia samples of varying surface area are a - 

shown in Fig. 4 as a function of surface coverage 5 
of N20 .  These surface coverages were corrected " 

for the N 2 0  not adsorbed at 0 "C, which, 2 -  - 
although negligible at the lower coverages, 
consisted of over half the total N 2 0  at the 
highest coverages. The total dose given was 50 I,30 1 5 0  I 

about 2.5 x 10'' eV/g and the amounts of I, o, SURFACE mu lnz,ql 

nitrogen produced were linear with dose at FIG. 5. Nitrogen yields at one monolayer coverage 
least 4 X 10'' eV/g. Initially G(N2) rises very as a function of the surface area of the zirconium oxide. 
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To remove the last traces of air from the 
zirconia, we had to evacuate it at 400 OC at least. 
Hence it was impossible to study the behavior of 
zirconia samples evacuated at temperatures less 
than 400 "C, and therefore no extensive study of 
the effect of degassing temperature was at- 
tempted. 

L I I I I I 
0.1 0 2 0 3  0.4 

SCAVENGER 

FIG. 6. Effect of electron scavengers on the nitrogen 
yield from the zirconia-N20 system. 0N20 = 1.1. 
Dose = 2.4 x lOI9 eV/g. 

As with the N 2 0  - silica gel system, other 
electron scavengers were added to the N20- 
zirconia system. The results using a zirconia 
sample 104 m2/g and an N,O surface coverage 
of 1.1 monolayers are shown in Fig. 6. Small 
additions of carbon tetrachloride reduce the 
nitrogen yield to about 1.2 G units, whereas 
SF, hardly reduces the yield at all. The coverages 
shown in Fig. 6 are calculated from adsorption 
isotherms of individual components, not allow- 
ing for mixed adsorption effects (ref. 14, chapter 
11). Therefore the possibility exists that less SF, 
is adsorbed than indicated. If the Langmuir 
isotherm is assumed to hold, then 

where the constants have the form b = b, eA"IRT, 
AH being the heat of adsorption. The heat of 
adsorption for SF, would not be expected 
to be less than that of N 2 0 ,  and the 6, terms 
should be comparable. Hence sufficient SF6 
should be adsorbed to act as a scavenger. 
Experimeiltal evidence that sufficient SF, was 
adsorbed was considered necessary, however, 
and several irradiations were done at -78 "C. 

At this temperature N 2 0  and SF, are certainly 
adsorbed completely. Although the results were 
rather scattered, probably because of the diffi- 
culty of obtaining uniform coverages, adding up 
to 0.2 of a monolayer of SF, reduced the nitrogen 
yield by only 1 G unit. 

Discussion 
(a) Silica Gel 

Some of the energy absorbed in the silica gel 
is transferred to the N 2 0  and causes decomposi- 
tion. This is clearly shown by the results given 
in Fig. 1. If the gas phase value of G(N2) from 
N 2 0  is taken as 10 (12), it is easily shown that 
the nitrogen yield from energy absorbed in the 
N 2 0  alone, calculated on the basis of energy 
absorbed in the entire system, is 0.2 at  a surface 
coverage of 7 %  of a monolayer. Since the mea- 
sured value at this surface coverage is about 
4.1, most of the nitrogen is produced by energy 
absorbed in the gel. This "energy transfer" is 
quite effective at the lowest coverages, but 
beyond 3 % of a monolayer little increase in 
yield is noted, except that accounted for by 
direct radiolysis of the additional N,O. Since 
G(N2) is 10 for the gas phase radiolysis of N20 ,  
the energy absorbed in the gel decomposes N 2 0  
with only -113 the efficiency of the gas phase 
decomposition. 

The experiments with electron scavengers 
indicate that a large portion of the energy is 
transferred from the solid by a mechanism 
involving electrons and 1 G unit is transferred by 
some other mechanism. Following our earlier 
suggestions (I), we may write 

Pal  solid -+ 0 + @ 

[2bl WL, solid* 

solid"$ 
i' 

1301 0 + 0  
'Y 

[3bl recombination 

where solid* and solid ** are unspecified excited 
states of the solid which may or may not be 
distinguishable from each other. Electrons and 
positive holes are denoted by O and @ respec- 
tively. The "unscavengeable" yield of N, may 
result from 

[5 I solid* + N,O -> N, + 0 + solid. 
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Since the species identified as solid* may have 
energies as iarge as the 10 eV band gap in silica, 
whereas the dissociation energy of the N,-0 
bond is 1.7 eV, reaction [5] may be very exother- 
mic. The 0- and 0 appear to be strongly 
adsorbed on the silica gel and no NO and only 
small amounts of 0, and NO, are produced. 
Reaction [6], 

[6 1 0- + N,O -> N, i- 0,- ,  

proposed by Johnson and Warman (15) for the 
gas phase radiolysis of the propane-N20 system 
and often considered for the therinal decomposi- 
tion of N,O over semiconducting catalysts (16), 
may occur to some extent. Hence the reduction 
in nitrogen yield should not be equated with 
G(@) for silica gel. 

The nitrogen yield is lower the higher the 
degassing temperature of the gel. The electron 
scavenger results indicate that electrons make a 
smaller contribution to the yield for gels 
degassed at  higher temperatures and that, in fact, 
the "unscavengeable nitrogen yield" is virtually 
constant at about 1 G unit. The "electron yield" 
thus appears to parallel the water content 
measured previously for these gels, indicating 
that some form of "solvation" may be important 
in stabilizing these electrons (5). 

It might well be that some of the "unscavenge- 
able nitrogen yield" is unscavengeable because 
the N,O molecule is smaller than either the CCI, 
or the SF, n~olecules, and thus the CCI, and SF, 
cannot penetrate into pores of the gel accessible 
to the N,O. However, the ratio of the "scavenge- 
able" yield to the "unscavengeable" yield changes 
greatly over the range of evacuation tempera- 
tures, whereas the surface area, and hence the 
pore structure, does not change greatly (1). 
Hence it is unlikely that a molecular sieve effect 
is responsible for most of the "unscavengeable 
yield". 

(6) Zirconirl 
Calculations of the same type as used in the 

silica gel case above show that energy originally 
deposited in the zirconia decomposes nitrous 
oxide adsorbed on its surface. For the 131 in2/g 
oxide, the contribution to the nitrogen yield of 
7 G units from energy absorbed directly in the 
N 2 0  is 0.33 G units at  a coverage of 70% of a 
monolayer. Contributions from direct radiolysis 
over lower surface area zirconias will, of course, 
be less in direct proportion to the surface area 

for a given coverage. Apparently the energy 
absorbed in the zirconia decomposes N,O with 
about 213 the efficiency of the gas phase decom- 
position. 

The "energy transfer" from the zirconia to 
the adsorbed layer will only operate over some 
finite range, or, more probably, some distribu- 
tion of ranges. For low surface area solids, this 
range may be very much smaller than the average 
particle radius. A large fraction of the energy 
deposited in the solid will then be unable to 
cause decomposition of the adsorbate, so G(N,) 
will be small. As the surface area is raised a 
greater fraction of the energy will be able to 
cause decomposition, so G(N,) will rise. Then, 
when the average range of interaction is equal to 
the particle radius, most of the energy deposited 
will be capable of interacting with the adsorbate 
and G(N,) will stop rising. An exa~nination of 
Fig. 5 shows that such a levelling off of G(N,) 
occurs at  a surface area of 90-100 m2/g. Assum- 
ing a unique range for energy transfer processes 
and a spherical particle shape, the range is 
about 50 A. This is smaller than the migration 
distance found by Kohn (17) in silica samples for 
D, exchange over silica gel, and is of the order of 
the migration distance found in MgO by Rabe, 
Rabe, and Allen (18) for azoethane decomposi- 
tion as calculated by Kohn (17). The larger 
migration distance in silica gel is consistent with 
our observation that the limiting yield of 
nitrogen is obtained at  much lower coverages 
over silica gel than over zirconia. 

The mechanism by which the energy is trans- 
ferred from the solid is somewhat obscure and 
we do not have a completely satisfactory one. 
Sulfur hexafluoride does not appear to reduce 
the nitrogen yields even though it is known to 
react with electrons much more efficiently than 
N,O in the gas phase (15). Thus it may be 
concluded either that the usual assumptions 
about dissociative electron capture by N,O are 
wrong, or that the radiolysis of N 2 0  adsorbed on 
zirconia is a very special case. Although the first 
possibility should not be discarded outright, 
only the second will be seriously discussed here. 
The inability of SF, to drastically reduce 
nitrogen yields will be taken as evidence that 
electrons are not involved in the rate-controlling 
step for the radiolysis of N,O on zirconia. 
Electron transfer from 0- may be the rate- 
controlling step, as discussed by Winter (19) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2080 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

for the thermal decomposition of N,O on doped 
nickel oxides, particularly since zirconia may 
be a p-type semiconductor at oxygen pressures 
greater than atmosphere (8, 20, 21). In 
this case SF6 would not lower the nitrogen 
yield since its electron affinity is higher than that 
of an oxygen atom (22, 23). Therefore 0- 
would probably give up its electron more 
easily than SF,-. However, the evidence from 
CCl, scavenger experiments tends to refute this 
mechanism. Carbon tetrachloride probably cap- 
tures electrons by a dissociative process and since 
chlorine atoms have a much higher electron 
affinity than oxygen atoms (22), it is difficult to  
see why C1- should give up its electrons more 
easily than 0-, as it would have to do in order to 
interfere with the nitrogen yield. As shown in 
Fig. 6, CCl, competes quite successfully for 
precursors of nitrogen. Thus electron transfer 
from 0- is probably not the rate-controlling 
step under our conditions. Any mechanisms 
involving positive charge transfer from the 
zirconia to the N 2 0  can probably be excluded 
because the ionization potential of N,O is 
12.9 eV (22), much larger than the 5.0 eV band 
gap of zirconia. 

It appears that, with zirconia, the results may 
be best explained by a mechanism involving 
reactions [ l ]  and [2], followed by reaction [4]. 
The species identified as solid* may be of two 
sorts, one quenchable by CCl, and one not. On 
the other hand, it may not be necessary to 
postulate two species. The reason that CCl, does 
not reduce the yield of nitrogen to zero may be 
that N 2 0  can penetrate into pores and crevices 
in the oxide from which the larger CC1, molecule 
is partially excluded. The fact that the concentra- 
tion of charge carriers is not increased, relatively 
speaking, by electron irradiation (6) supports a 
mechanism which does not involve charge 
separation. If such a mechanism applies, it 
seems likely that G(N,) is a 111easure of the 
excitation, since N,O is known to be relatively 
inert to ground state oxygen atoms (24). 
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Infrared spectra of triphenylboron and triphenylborate 
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The infrared spectra of triphenylboron and triphenylborate have been obtained in the region 4000 to 
300cm-'. The analysis of the spectra supports a propeller-shaped structure with symmetry D3 for 
triphenylboron and a planar structure with symmetry C j h  for triphenylborate. The Urey-Bradley force 
field has been applied to the calculation of approxin~ate vibrational force constants for the BC3 and B 0 3  
groups. 

Les spectres infrarouges du triphtnylbor et triphenylborate ont kt6 enregistres entre 4000 et 300 cm-I. 
L'analyse des spectres indique une structure helice avec symetrie D3 pour triphenylbor et une structure 
plane avec symktrie C3,, pour triphenylborate. Le champs de force Urey-Bradley a e t t  utilise pour 
calculer des constantes de force pour Ics groilpes BC3 et BO,. 

Canadian Journal o f  Chemistry, 46, 2081 (1968) 

Introduction 

In continuation of our study of the infrared 
spectra of triphenyl derivatives (1-3) we have 
investigated the infrared spectra of triphenyl- 
boron and triphenylborate. The infrared spec- 
trum of triphenylboron has been previously 
reported by Sharp and Sheppard (4) while that of 
triphenylborate was reported by Werner and 
O'Brien (5). However, no detailed assignments 
or discussion of the observed frequencies were 
given. The present study was therefore under- 
taken to record the infrared spectra over a 
larger frequency range than that covered by the 
previous workers and to present as far as possible 
complete frequency assignments for the two 
molecules. 

As in previous studies of polyphenyl com- 
pounds (1-3, 6), the spectra are interpreted in 
terms of mo~~osubstituted benzene derivatives 
(point group C,,) and the central BC, or BO, 
groups. For a monosubstituted benzene, there 
are l l a ,  -t 6b1 + lob, vibrations active in the 
infrared while for the BC, and BO, skeletons 
(point group D,,) we expect 2e' + la," infra- 
red active vibrations. 

We have made the assignments of the observed 
frequencies by analogy with the spectra of other 
monosubstituted benzenes (7, 8), triphenyl de- 
rivatives (1-3, 6), alkylborates (9, lo), and boric 
acid (1 1, 12). The notations used for the vibra- 
tions of the monosubstituted benzenes are those 
of Whiffen (7). 

The Urey-Bradley force field has been used in 
calculations involving the BC, and BO, group 
vibrations. The calculated force constants are 

only approximations to the true force constants, 
since the phenyl groups are either treated as 
groups of mass equal to that of the carbon atom 
(triphenylboron) or ignored (triphenylborate). 
However, the results provide an approximate 
value for the B-C force constant and enable the 
strength of the B-0 bonds in triphenylborate 
and the B0,,- ion (13) to be compared. From 
these force constants it is also possible to estimate 
approximate frequencies of the infrared inactive 
B-C and B--0 symmetric stretching vibrations. 

Experimental 
Because of the ease with which both triphenylboron and 

triphenylborate are hydrolyzed, precautions were taken to 
avoid exposure of the san~ples to the atmosphere. 

The triphenylboron sample obtained from Aldrich 
Chemical Company was used without further purification. 
The results of an analysis and a melting point determina- 
tion showed that the material was pure. 

Triphenylborate was prepared from boron trichloride 
and phenol (14) under dry nitrogen, and the product was 
recrystallized from methylene dichloride: n1.p. 89-90". 

The spectra were obtained in the solid phase as Nujol 
and Fluorolube mulls between CsBr windows and in 
so l~~ t ion  in carbon tetrachlorideat different concentrations 
using 0.05 mm sodiuin chloride cells. All spectra were 
recorded with a Beckman IR 10 spectrophotometer which 
was calibrated against a polystyrene film (15). The 
frequencies reported in Tables I and I1 are believed to be 
correct to within + 2  cm-I. 

Symmetry and Structure 

We have assumed a propeller-shaped structure 
with symmetry D, for triphenylboron and a 
planar structure of symmetry C,,, for triphenyl- 
borate. Our assumptions are based on the follow- 
ing arguments. 
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TABLE I 
Infrared absorption (frequencies in cm-') and assignliients for 

triphenylboron 

Present work * 
-- Reference 4," 
Nuiol CC14 Nujol Assignmentst 

828 (calculated) 
775 rn - 

v c c  
v c c  
v c c  
v c c  

v c c  
BCH 

BCH 

b 'BC, 
u c c c  
FBC3 

C 
e' - 
a l  (a) 
b, (c) 
6 ,  (4 
0, (b) 
a1 (P) 
b2 ( i )  
C 
b2  (i) 
a1 ( r )  
a,' - 

*In this and  subsequent tables, relative intensities are denoted by: vs = very 
strong. s = strong. m = medium, w = weak, vw = very weak, and sh = 
shoulder. 

tin this table and in Table I1 the letters in parentheses after the nssignrnent~ 
identify the corresponding vibritions in monosubstituted benzenes accordins to  
Whiffen (7). c denotes a combination band. 

A cryoscopic molecular weight determination 
(16) showed that triphenylboron is unimolecular 
and an electron diffraction study (17) showed 
that the BC, group is planar with the B-C 
bonds single. The orientation of the phenyl 
groups about these bonds will therefore deter- 
mine the structure of triphenylboron. An all- 
planar D,, structure is unlikely, because the 
overlap of the Van der Waals' spheres of the 
ortho hydrogen atoms would be expected to 
give rise to twisting of the phenyl groups out of 
the plane of the BC, group, so that a propeller- 
shaped molecule with symmetry D, would result. 

Sharp and Sheppard (4) concluded that the D, 
model was reasonable on the basis ofthe number 
of components into which well-defined absorp- 
tion bands of a single phenyl group split in the 
spectrum of triphenylboron. Each of the b,, b,, 
and a, vibrations of the local point group C,, are 
split into doublets for overall point groups D, or 
D,,,. For D, both of the components from the b, 
and b, vibrations, and one of the a, vibrations, 
become infrared (i.r.) active; for D,,, only one of 
the components of b, and b, vibrations is i.r. 
active, and both components of the a, vibrations 
remain inactive. 
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Some of these predictions have been observed TABLE I1 

in the spectrum of triphenylboron. Thus, the Infrared absorption (frequencies in cnl-') and 

peak assigned to the b,  yCH vibration is split assignments for triphenylborate -. . 

into two components at 775 and 742 cm-I and - 
Present work Reference 5 Assignments 

the infrared inactive a ,  bCC vibration at 400 --- . .- 
cm-' has been observed. The infrared spectrum 
therefore supports the propeller-shaped model 
for triphenylboron. 

FIG. 1. Structures of (a) triphenylboron and (b) 
triphenylborate. 

We assume that triphenylborate like the alkyl- 
borates exists as a monomer (18) and that the 
BO, skeleton is planar (19, 20). Examination of 
molecular models of triphenylborate shows that 
the most symmetrical configuration is the one in 
which all the benzene rings are coplanar with the 
BO, plane. No steric interactions occur in this 
model and with this structure triphenylborate 
belongs to the point group C,,,. 

The proposed structures of both molecules are 
illustrated in Fig. 1. 

Results and Discussion 

3100 vw - 
3080 vw - 
3052 w - 
3042 vw 
3020 vw - 
1956 w - 
1870 w - 
1795 w A 

1734 w - 
1600 s 1593 s 
1565 vw - 
1491 s 1486 s 
1456 w - 
1402 s, sh 1400 s 
1350 vs 1350 vs 
1300 w - 
1285 vw A 

1214 s 1217 s 
1199 vw 1196 w 
1164 w 1153 w 
1068 n~ 1071 m 
1020 w 1024 w 
1000 vw - 

974 w - 
904 m - 

860 (calculated) - 
830 m - 
805 vw - 
760 s 767 s 
710 m - 
685 s 692 s 
635 m - 
598 m - 

522 w - 
505 s - 
450 vw - 
430 m - 

380 vw - 

350 vw - 

v c c  
v c c  
v c c  
v c c  
v c c  
v,,BO 

king 
llCH 
llCH 
v,BO 

-- 
The suectra obtained from Nuiol mulls and 

from s o ~ t i o n s  in CCl, were simila;. The infrared 
spectrum of triphenylboron is shown in Fig. 2, 
while the observed fundamentals and their 
assignments are summarized in Table I, together 
with those reported by Sharp and Sheppard (4). 
The strongest combination bands are also in- 
cluded in Table I. The frequencies and assign- 
ments of the observed fundamentals of triphenyl- 
borate with the results of Werner and O'Brien 
(5) are listed in Table 11, together with the 
strongest combination bands, and the spectrum 
is shown in Fig. 3. 

Triphenylbo~.on 
BC, Skeletal Vibrations 
The BC, group of symmetry D,,, has six 

fundamental vibrations. Two of these are B-C 
stretching vibrations, a totally symmetric a,' 

vibration and an antisymmetric e l f  vibration. 
The latter is infrared active and we have assigned 
the strong peak at 1242 cm-I to this vibration. 
Stewart (21) assigned a band at 1309 cm-' in 
the spectrum of trimethylboron to the anti- 
symmetric B-C stretching vibration, while 
Lehmann et al. (22) for the same molecule 
assigned a band at 1150 cm-I to this vibration. 
A similar disagreement is found for triethyl- 
boron. Bands at 1298 and 1120 cm-I were 
assigned to this vibration by Blau and Mulli- 
gan (23) and Lehmann et al. (24) respectively. 
Our assignment supports the work of Stewart 
(21) and Blau and Mulligan (23). From a normal 
coordinate calculation, we have estimated the 
frequency of the symmetric B-C stretching 
vibration to be 828 cm-l. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2084 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

FIG. 2. The infrared spectrum of triphenylboron: (a) in CCI, solution in a 0.05 mm NaCl cell, (b)  in a Nujol mull 
between CsBr windows. 

The BC, in-plane and out-of-plane deforma- 
tions have been assigned to the absorption bands 
at 599 and 641 cm-' respectively. These assign- 
ments are different from those of previous 
workers on trialkylborons (21-24). However, the 
normal coordinate analysis supports our assign- 
ment, since a reasonable set of force constants 
was obtained using these frequencies. It is prob- 
able that the frequencies previously assigned to 
these vibrations, 336 and 320 cm-', correspond 
to BC, rocking vibrations, which are expected to 
give rise to absorptions in this lower frequency 
range. In the spectrum of triphenylboron the 
corresponding vibrations are likely to occur at 
still lower frequencies, below the range of our 
instrument. 

Be~zzene Ring Vibrations 
The assignments of the fundamentals associ- 

ated with the benzene rings are listed in Table I. 
The notation of Whiffen (7) for monosubstituted 
benzenes has been used to describe these vibra- 
tions. A weak peak at 400 cm-' has been 
assigned to an out-of-plane ring deformation 
(+CC) of species a,. I t  is suggested that this 
mode has been made allowed by the overall D, 
symmetry of the molecule. The out-of-plane CH 
deformation (yCH) near 760 cm-' is split into 
two components at 775 and 742cm-'. This 
supports the D, structure for triphenylboron (4). 

The correlation of the benzene ring vibrations 
in triphenylboron with corresponding modes in 

other monosubstituted benzenes and triphenyl 
compounds is good both in frequency and in- 
tensity. 

Triphe~zylborate 
BO, Skeletal Vibrations 
Two of the six vibrations of the BO, group are 

the symmetric and antisymmetric B-0 stretch- 
ing modes. The absorption band associated with 
the latter is readily identified at 1350 cm-'. It is 
the strongest band in the spectrum of triphenyl- 
borate. In the spectrum of boric acid, this 
vibration was assigned by Bethel and Sheppard 
(1 1) to a band at 1450 cm-I and by Servoss and 
Clark (12) to an absorption at 1428 cm-l. A 
band near 1355 cm-' in the infrared spectra of 
some trialkylborates (5, 9) was attributed to this 
vibration. The B-0 symmetric stretching vibra- 
tion is of species a,' which is infrared inactive. 
From a normal coordinate analysis, we have 
estimated a frequency of 860 cm-' for this mode. 
In the spectrum of the borate ion B0,,- (25) 
this vibration has been observed at 910 cm-'. 
The decrease in frequency of both the sym- 
metric and antisymmetric stretching vibrations 
of the BO, group in triphenylborate compared 
with similar vibrations of the B03,- ion is not 
unexpected, since the B-0 bond strength in the 
borate ion should be greater than in the BO, 
skeleton of triphenylborate. 

A strong peak at 505 cm-' is assigned to the 
symmetric in-plane deformation (6B03) by coin- 
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FIG. 3. The infrared spectrum of triphenylborate: (a) in CC14 solution in a 0.05 mrn NaCl cell, (b) in a Nujol n~ull  
between CsBr windows. 

parison with the spectra of boric acid (1 1) and 
the alkyl borates ( 9 ,  where the corresponding 
frequencies were 544 and 525 cm-' respectively. 
Bands due to  the out-of-plane BO, deformation 
(6'B03) were located by Servoss and Clark at 
639 and 667 cm-' in the infrared spectra of boric 
acid (12) and trimethylborate (9) respectively. In 
each case isotopically labelled boron 1°B com- 
pounds were used to identify the peaks, since 
the vibration in question involves movement of 
the boron atom along the axis of symmetry. We 
might expect to find the corresponding band in 
the spectrum of triphenylborate at  a lower 
frequency and have therefore assigned the band 
at 598 cm-' to this vibration. 

The C-0 Stretclling Vibration 
The C-0 stretching vibration in triphenyl- 

borate has been assigned to the peak at  1214 
cm-'. Although this frequency is within the 
range of the in-plane CH deformation vibrations 
of the benzene ring, it is the only prominent band 
in the region. Our assignment is in agreement 
with that of Werner and O'Brien (5). 

Benzene Ring Vibrations 
The assignments of the vibrations of the 

phenyl groups in triphenylborate given in Table 
I1 are again based on previous work on mono- 
substituted benzenes (7, 8) and triphenyl de- 
rivatives (1-3, 6). 

The C-H stretching vibrations in triphenyl- 
borate give rise to much weaker absorption than 
for triphenylboron. The in-plane ring deforma- 

tion (aCCC) is assigned to a peak at 635 cm-', 
somewhat higher than the usual frequency range 
for this mode. 

Calculation of BC, and BO, 
Skeletal Vibrations 

We have applied the Wilson F-G matrix 
method (26) to calculate Urey-Bradley force 
constants (27, 28) from the observed frequencies 
for the BC, and BO, groups. Both groups belong 
to the point group D,, and hence the normal 
modes of vibration shown in Fig. 4 are of species 
a,' + 2e' + a,". For this calculation, the sym- 
metry coordinates as well as the F and G 

THE NORMAL VIBRATIONS OF 

THE EX3 SKELETON 

FIG. 4. The normal vibrations of a planar BX3 group. 
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matrices used have the same form as those re- 
ported by Janz and Mikawa (13). The geometry 
and internal coordinates for these groups are 
shown in Fig. 5. The following inolecular pa- 
rameters were used (29): r(B-0) = 1.38 A, 
r(B-C) = 1.56 A, and all bond angles = 120". 
All calculations were carried out with an IBM 
1620 computer. The program was designed so 
that the elements of the F matrix could be varied 
independently until the best fit is obtained with 
the frequencies. 

FIG. 5. Geometry and internal coordinates of the 
BX, group (X = 0 or C). 

The calculated force constants for the BC, and 
B03 groups are given in Table 111. The values 
obtained for the B0,,- ion (13) are included for 
comparison. In Table IV the calculated and 
observed frequencies are summarized. 

TABLE 111 

Calculated Urey-Bradley force constants (mdyn/A) for 
the BC3 and B03 groups and the B033-  ion 

-- 

Force constant BC3 B 0 3  B033- (13) 
- 

Bond stretching KBx 3.5 3.8 4.64 
Angle bending HxBx 0.43 0.733 0.744 
Interaction Fxx 0.45 1.05 1.05 

For the B 0 3  skeleton, our calculated force 
constants are similar to those of Janz and 
Mikawa (13) for the B0,,- ion. It seems, there- 
fore, that the calculated value of 860 cm-' for 
the symmetric B-0 stretching frequency and 

TABLE IV 
Observed and calculated frequencies (cm-') 

for the BC, and B 0 3  groups 
-- -- 

Observed Calculated 
-- 

BC3 0,' - 828 
e' 599 594 

1242 1249 

B 0 3  0,' - 8 60 
e' 505 505 

1350 1347 

our assignment of the 505 cm-' to the in-plane 
BO, deformation are reasonable. Although the 
reliability of the force constants obtained for the 
BC, group cannot be ascertained, since there are 
no force constants with which they can be com- 
pared, the set appears fairly satisfactory. In both 
skeletons, the symmetric B-C and B-0 stretch- 
ing frequencies calculated at 828 and 860 cm-' 
respectively must be considered to be only 
approximate, since drastic assumptions were 
made in the calculations. 

Conclusions 

Two features in the infrared spectrum of tri- 
phenylboron support a propeller-shaped D, 
structure for this molecule. A forbidden a, +CC 
deformation of the monosubstituted benzene 
ring was observed at 400 cm-' and one of the 
b, yCH vibrations was split into two peaks at 
775 and 742 cm-'. An approximate value of 
828 cm-' has been calculated for the infrared 
inactive symmetric BC, stretching vibration in 
this molecule. 

Reasonable assignments of the observed 
frequencies have been made for both triphenyl- 
boron and triphenylborate in terms of mono- 
substituted benzene derivatives and central BC, 
and BO, groups. 
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Infrared spectra of phenylboronic acid (normal and deuterated) and 
diphenyl phenylboronate 
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The infrared spectra of phenylboronic acid, normal and deuterated, and diphenyl phenylboronate have 
been recorded in the range 4000-300 cm-' and assignments of the observed frequencies have been made. 
The spectrum of the acid in the OH stretching region shows evidence of intramolecular hydrogen 
bonding. The spectrum of diphenyl phenylboronate has been interpreted by analogy with monosubsti- 
tuted benzene derivatives. The two different environments of the phenyl groups in this molecule give 
rise to splitting of two of the characteristic vibrations of the benzene ring near 760 and 680 cm-I. 

Canadian Journal of Chemistry, 46, 2089 (1968) 

Introduction 

Our interest in the study of phenylboronic 
acid and diphenyl phenylboronate arose during 
our investigation of the infrared spectrum of 
triphenylboron (C,H,),B (1). It was found that 
triphenylboron can be easily contaminated 
through various stages of hydrolysis that give 
phenylboronic anhydride (C,H,BO),, phenyl- 
boroi~ic acid C,H,B(OH),, and diphenyl phe- 
nylboronate C,H,B(OC,H,), (2, 3). Therefore, 
in conjunction with our spectral study of tri- 
phenylboron (I), a detailed spectroscopic in- 
vestigation on these contaminants seemed worth- 
while. The infrared spectrum of phenylboronic 
anhydride has been studied (4). Although phe- 
nylboronic acid has been known for a long time, 
only a brief reference to part of its infrared 
spectrum has appeared in the literature as a 
means of distinguishing the acid from its an- 
hydride (5-7). Burch et al. (8) in their study of 
the infrared spectra of dialkyl phenylboronates 
discussed a few of the bands in the infrared 
spectrum of dibenzyl phenylboronate without 
any tabulation of the observed frequencies. 

In this work, we present the infrared spectro- 
scopic data on phenylboronic acid, normal and 
deuterated, and diphenyl phenylboronate. The 
spectra of pheilylboronic anhydride (4), boric 
acid (9, lo), and dialkyl phenylboronates (8) 
have been useful in making our assignments. In 
addition, the spectrum of diphenyl phenyl- 
boronate is interpreted in terms of a mono- 
substituted benzenederivative and acentral CBO, 
skeleton. We have applied Wilson's F-G matrix 
method in an attempt to calculate the Urey- 
Bradley force constants from the observed fre- 
quencies involving the CBO, group. However, 

the results of this calculation were unsatis- 
factory and are not reproduced here. 

Symmetry Consideration 

Cryoscopic molecular weight determinations 
(11, 12) and dipole moment measurement (13) 
indicate that phenylboronic acid is a monomer. 
By analogy with boric acid (14, 15), we have 
assumed a planar structure of symmetry Cs for 
phenylboronic acid. Under the Cs point group, 
all the 42 normal vibrations of phenylboronic 
acid will be infrared active. These comprise 
29a' in-plane and 13a" out-of-plane vibrations. 

FIG. 1. Three possible structures of diphenyl phenyl- 
boronate, C ~ H S B ( O C ~ H ~ ) ~ .  
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Examination of the molecular models of di- 
phenyl phenylboronate shows that no planar 
structure is feasible for this compound due to  the 
overlap of the benzene rings. Three possible 
structures for this molecule, considered from 
molecular models, are shown in Fig. 1. I t  is 
likely that the true structure is intermediate 
between these. However, treating the phenyl 
groups as mo~losubstituted benzenes and the 
CBO, skeleton separately, we expect 1 l a ,  + 3a, 
+ 6b1 + lob, vibrations for the monosubstituted 
benzene and 3a1 + 2b, + 6, vibrations for the 
CBO, group. Only the 3a2 vibrations will be 
inactive in the infrared. This treatment assumes 
that all the phenyl groups in this molecule are 
identical. The actual differences in the environ- 
ments of the phenyl groups are expected to  give 
rise to  small splittings of some of the monosub- 
stituted benzene vibrations. 

Experimental 
phenylboronic acid was prepared by two methods: 

((a) from a Grignard reagent and 11-butylborate (3, 7) and 
(b) by the hydrolysis of phenylboron dichloride with 
water (16, 17). The products were crystallized from petro- 
leum ether. Determination of an accurate melting point 
was difficult due to the ease of dehydration of the acid 
to form the anhydride, m.p. 214-215 "C, literature m.p. 
215-216 "C(2,ll, 12,18). 

Deuterated phenylboronic acid was prepared by the 
exchange reaction between D 2 0  and phenylboronic acid 
containing about 0.1 g of K2C03  and by the hydrolysis 
of phenylboron dichloride with D20 .  The products were 
crystallized from petroleum ether. The hydrogen-deu- 
terium exchange reaction was not complete, however. 
The last method gave a better product. 

Because diphenyl phenylboronate is easily hydrolyzed, 
its preparation was carried out in an inert atmosphere of 
dry nitrogen. The compound was prepared by the ester- 
ification of phenylboron dichloride with phenol (3, 17, 
18) under dry nitrogen. The absence of any absorption 
band between 3300-3200 crn- due to an 0-H stretching 
vibration or near 1000 cm-' due to a B-0-H de- 
formation mode in the spectrum indicated the absence of 
0-H bonds and was thus a proof of the purity of the 
sample. 

The infrared spectra of the acids were obtained from 
KBr pressed discs, as mulls between CsBr windows and 
in solution in CC1, at various concentrations using 0.05 
mm NaCl cells. No differences were observed in the 
spectra obtained in solution and in the solid state. The 
spectrum of diphenyl phenylboronate was obtained as a 
Fluorolube mull between 4000 and 1350 cm-' and as a 
Nujol mull between 1600 and 300 cm-'. All spectra were 
recorded on a Beckman IRlO grating spectrophotometer 
which was calibrated against a polystyrene film (19). The 
frequencies given in Tables 1-111 are believed to be 
accurate to ? 3 cm-' between 2000 and 300 crn-' and 
+ 5 cm- ' between 4000 and 2000 cm- '. - 

Results and Discussion 

We shall use the usual symbols to  describe 
monosubstituted benzene vibrations. We shall 
also use 6 to  denote a deformation mode. The 
fundamental frequencies of phenylboronic acid, 
ilormal and deuterated, and diphenyl phenyl- 
boronate are listed in Table I which includes 
corresponding frequencies for phenylboronic 
anhydride (4). Tables I1 and I11 contain assign- 
ments of the combination and overtone bands 
of phenylboronic acids and diphenyl phenyl- 
boronate respectively. The spectra of the acids 
are shown in Fig. 2 and that of diphenyl phenyl- 
boronate in Fig. 3. Splitting of the yCH vi- 
bration a t  755 and 745 cm-' and the +CC vi- 
bration a t  692 and 682 cm-' occurs in the 
spectrum of diphenyl phenylboronate. It is 
likely that the splitting arises from the different 
environments of the phenyl groups in the 
molecule 

/o-Ph 
Ph-B/ and -B 

\ \o-Ph, 

where Ph = phenyl group. 

0-H and 0-D Vibrations 
One of the two very strong and broad bands 

in the spectrum of phenylboro~lic acid occurs a t  
3280 cm-'. This shifts to 2440 cm-' upon 
deuteration. The assignment of these bands to  
vOH and vOD stretching vibrations is straight- 
forward. In the spectra of the boric acids, normal 
and deuterated, absorption bands a t  3200 and 
2400 cm- l  (9) and 3150 and 2380 cm- '  (10) 
have been assigned to  these vibrations. The 
strength, broadening, and frequencies of these 
bands suggest that intramolecular hydrogen 
bonding occurs in phenylboronic acid. 

B-0 Vibrations 
The second strong band in the spectrum of 

phenylboronic acid occurs a t  1350 cm-I and in 
the deuterated acid as a doublet at 1344 and 
1330 cm-l.  The doublet a t  1360 and 1340 cm-' 
is the strongest band in the spectrum of diphenyl 
phenylboronate. We have assigned these bands 
to the asymmetric 1°B-0 and "B-0 (vBO 
asym.) stretching vibrations. Treating the B-0 
group as a diatomic molecule, then assuming 
harmonic frequencies, one predicts that the ratio 
vlOBO :vl'BO is 1.0 1 : 1. The observed isotopic 
splitting fits this ratio remarkably well. Stretch- 
ing vibrations of double bonds usually give rise 
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TABLE I 
Fundamental frequencies in cnl-' of phenylboronic acids, normal and deuterated, and 
diphenyl phenylboronate with the corresponding data for phenylboronic anhydride" 

(CsHsBO),, 
C6H5B(OC6H5)2 Ref. 4 Assignment? 

vcc b; 
vCC a,  
vCC b l  
vCC b, 
vBO asym. 

PCH b i  
PCH b i  
vCO asym. 
PCH a,  
OCH b ,  

Ring a ,  
6BOH.6BOD 
yCH 'b, 
vBO sym. 

Boroxole ring 
YCH bz 

Boroxole ring 
6'B02 (out- 

of-plane) 
crccc b, 
6B02 (in- 

plane) 

B 0 2  rock 

'Relative intensities in this and  subsequent tables are denoted by : vs = very strong, s = strong, m = 
medium, ms = medium strong, w = weak, vw = very weak,d = doublet,sh = shoulder. 
?The notation employed is described in the teat. 

to very strong absorption bands (20). It is 
possible, therefore, that the high intensity of the 
B-0 asymmetric stretching vibration could in- 
dicate some double bond character for the B-0 
bonds in phenylboronic acid. This is consistent 
with a calculation of a bond order of 1.58 in the 
B0,3- ion (21). Our observed frequencies for the 
asymmetric B-0 stretching vibration in di- 
phenyl phenylboronate are higher than those re- 
ported by Burch et al. for this vibration in the 
spectra of dialkyl phenylboronates (8). 

The assignment of the B-0 symmetric 

stretching vibration (vBO sym.) is not simple. I11 
the spectrum of dialkyl pheilylboronates (8) a 
peak at 1123 f 3 cm-' has been assigned to this 
mode. One might expect to find a band in phe- 
nylboronic acid in a similar spectral region and 
at lower frequencies in diary1 phenylboronates. 
A possible assignment would be the shoulder at  
1070 cm-' in the spectrum of the undeuterated 
acid and the band at 1065 cm-' in the spectrum 
of diphenyl phenylboronate. However, no cor- 
responding frequency has beell found in the 
deuterated acid and the peak at 1065 cm-' 
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is more likely to be due to one of the in-plane 
CH deformations (PCH) of the monosubstituted 
benzene ring. It is then likely that the symmetric 
B-0 stretching vibration does not occur in this 
region. A strong polarized Raman line at 726 
cm-' in trimethylborate (22) and at 910 cm-' 
in the borate ion B033-  (23) was assigned to this 
vibration. It  is therefore possible that the weak 
absorption bands at 850 cm-' in the spectra of 
phenylboronic acid, normal and deuterated, and 
diphenyl phenylboronate correspond to the B-0 
symmetric stretching vibration. 

TABLE I1 
Assignment o f  the combination and overtone bands in the spectra o f  phenylboronic acids (normal and 

deuterated). Frequencies in cm-' 

The B-C Vibration 
Santucci et al. ( 5 )  associated an absorption 

band between 1080 and 1 1 10 cm- ' with a B-C 
stretching mode (vBC) in arylboronic acids. We 
have assigned the band at 1089 and 1085 cm-' 
in the spectra of the normal and deuterated 

CsH5B(OH)z Assignment 

3110 vw 1500+1608=3108 ( a ,  x a l = A , )  
2950 vw 1375+1580=2955 ( b l X b l = A l )  
2860vw 1580+1270=2850 ( b l x b , = A l )  
2800 vw 1188+1608=2796 ( a 1 x a , = A 1 )  
2155 vw 570+1580=2150 ( a , x b , = B , )  
2060vw 615+1444=2059 ( b l ~ b I = A l )  
1978vw 966$1002=1968 ( b l x a l = B 1 )  
1926 vw 2 x  966=1932 ( b z x b , = A l )  
1835 vw 570+1270=1840 ( a ,  x b 1 = B I )  
1790 vw 758+1025=1783 ( b 2 x a l = B Z )  
1734 vw 570+1160=1730 (al  x b l = B l )  
1700 vw 2 x  850=1700 ( a l x a l = A l )  
1669 vw 570+1089=1659 (al x a l = A , )  
1560vw 570+1002=1572 ( a l x a l = A l )  
1070 sh 450i- 615=1065 ( b 1 x b 1 = A l )  
920 vw 2X 4 5 0 ~  900 ( b , S b , = A 1 )  
720 vw - 
650 vw - 

TABLE 111 

-- 

CsHsB(OD)z Assignment 

3110 vw 1498+1608=3106 ( a ,  x a , = A , )  
2 9 4 0 ~ ~  1370+1580=2950 ( b , X b l = A l )  
2220 vw 610+1608=2218 (bl  x a l = B , )  
1920 vw 610+1305=1915 ( b ,  S b I = A 1 )  
1840 vw 568+1269=1837 (a, s b,=B,) 
1791 vw 610+1186=1796 (a l  x b l = B l )  
1700 vw 2 x  850=1700 ( a ,  x a l = A l )  
1690 vw 610+1085=1695 (al  x b , = B l )  
1560 vw 6444- 910=1554 (a ,  xb,=B,) 
1540 vw 568+ 970=1538 ( a l x b I = B I )  
1323vw 568+755=1323 ( a l x b z = B 2 )  
1110 vw 430+ 685=1115 ( a , x b z = B 2 )  
111Ovw 451+644=1095 ( b 2 x b 2 = A , )  
800 vw 385+ 430= 815 ( a ,  x b l = B l )  

Combination and overtone bands in diphenyl phenyl- 
boronate. Frequencies in cm-I 

Frequency Assignment 

phenylboronic acids respectively and at 1084 
cm-' in diphenyl phenylboronate to the B-C 
stretching vibration. This corresponds to the 
doublet at 1104 and 1087 cm-' in the infrared 
spectrum of phenylboronic anhydride (4). The 
band is weaker in diphenyl phenylboronate. 

B-0-H and B-0-D Deformation Vibrations 
The B-0-H deformation (6BOH) is easily 

recognized in the spectrum of phenylboronic 
acid, since upon deuteration, its frequency is 
significantly lowered. A strong band at 1002 
cm-' in the spectrum of phenylboronic acid 
which shifts to 910 cm-' upon deuteration is 
identified with this vibration. Bands located at 
1197 and 929 cm-' (9) and at 1183 and 914 
cm-' (10) have been assigned to 6BOH, 6BOD 
respectively in normal and deuterated boric 
acids. The absence of this peak in the spectra 
of phenylboronic anhydride (4) and diphenyl 
phenylboronate further supports our assign- 
ment. 

BO , Deforinatiolzs 
By comparing our spectra with those of dialkyl 

phenylboronates (8) and boric acid (9, lo), we 
have placed the BO, out-of-plane deformation 
mode (6'B02) at 631 and 644 cm-' in normal 
and deuterated phenylboronic acids and at 650 
cm-' in diphenyl phenylboronate. Burch et al. 
(8) assigned a band at 652 cm-' to this mode in 
dialkylamino and dialkyl phenylboronates. The 
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FIG. 2. The infrared spectra of KBr discs of the phenylboronic acids: (A) C6H5B(OH)2 and (B) C6H5B(OD)2. 

in-plane BO, deformation mode (6B02) gives 
rise to an absorption band at a lower frequency. 
Bands at 570 and 568 cm-I in the spectra of the 
phenylboronic acids are assigned to this mode. 
These values are higher than previously re- 
ported for the 6B0, vibration in the boric acids 
(9, 10). In the spectrum of diphenyl phenyl- 
boronate, a doublet at  508, 494 cm-I is assigned 
to 61°B0, and 611B0, respectively. 

The absorption bands arising from the rocking 
deformation modes are generally observed in 
the low frequency region and, in these mole- 
cules, are expected to be very weak. The weak 
peaks found at 450 and 452 cm-I in normal and 
deuterated acids, respectively, and the doublet 
at 397 and 384 cm-I in diphenyl phenylboron- 
ate are therefore attributed to BO, rocking 
vibrations. 

C-0 Vibintions 
In the spectrum of diphenyl phenylboronate, 

the asymmetric C-0 stretching vibration (vCO 
b asym.) is observed at 1205 cm-'. Bands at 1238 

and 1214 cm-I were assigned respectively to this 
mode in arylboronates (24) and triphenyl- 
boronate (1). The frequency of the symmetric 
C-0 vibration (vCO sym.) has been shown to 
depend upon the nature of the substituents on 
the carbon atom (25). The assignment of 
the band at 1149 cm-I to this mode is made 
by analogy with those of dialkyl phenylboron- !ado i d 0  1800 idoo doo a80 3b0 cm-I ates (8). 

FIG. 3. The infrared spectrum of diphenyl phenyl- C H  vibrations 
boronate, C,H5B(OC6H5)2. A scale expansion device 
was used to record (a). The absorption bands in the aromatic C H  
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stretching region of these compounds are very 
weak. We have resolved the absorption in this 
region into five peaks in the case of phenyl- 
boronic acid, and four peaks for the deuterated 
acid and diphenyl phenylboronate. The assign- 
ments to symmetry species a ,  and b , are arbitrary. 

In the spectra of the three compounds, five 
peaks have been assigned to the in-plane C-H 
deformations (PCH). These are located at 13 10, 
1270, 1186, 1160, and 1025 cm-' in the spec- 
trum of phenylboronic acid, at 1305, 1269, 1186, 
1160, and 1024 cm-' in the deuterated acid, and 
at 1308, 1178, 1164, 1065, and 1022 cm-' in di- 
phenyl phenylboronate. These agree well with 
similar assignments in monosubstituted ben- 
zenes (25). 

Bands at 966 and 758 cm-' in the spectrum of 
phenylboronic acid and at 970 and 755 cm- ' in the 
deuterated acid are assigned to out-of-plane CH 
deformation modes (yCH). In diphenyl phenyl- 
boronate, the strong yCH absorption near 750 
cm-' splits into two peaks at 755 and 745 cm-l. 
Since there are two kinds of phenyl groups in 
different environments in this molecule, such 
splitting is not unexpected. The out-of-plane 
ring deformation (4CC) also shows a splitting 
of a similar magnitude. The band at 894 cm-' 
is also assigned to a yCH vibration in this 
molecule. A third yCH mode for a monosub- 
stituted benzene derivative is expected near 980; 
however, it has not been observed in the spec- 
trum of diphenyl phenylboronate. 

Be~zzene Ring Vibrations 
In the aromatic C-C stretching region (1320- 

1620 cm-') the assignments of five bands in the 
spectra of phenylboronic acids (normal and 
deuterated) and four in diphenyl phenylboronate 
to vCC modes is straightforward. The fifth band 
in diphenyl phenylboronate near 1370 cm-' 
probably has been obscured by the broad asym- 
metric B-0 stretching band. 

The out-of-plane ring deformation (4CC) 
usually observed near 680 cm-' in the spectra 
of monosubstituted benzenes (26), has been 
assigned to the strong peaks at 691 and 685 
cm-' in the spectra of the phenylboronic acids 
(normal and deuterated respectively). As men- 
tioned previously, the 4CC vibration in the 
spectrum of diphenyl phenylboronate is split 
into a doublet at 692 and 682 cm-'. 

In the spectra of normal and deuterated 
phenylboronic acids, the in-plane ring deforma- 

tion (clCCC) is located at 615 and 610 cm-' 
respectively. A peak of medium intensity at 630 
cm-' in the spectrum of diphenyl phenyl- 
boronate is also assigned to an MCCC vibration. 

The symmetric ring breathing mode usually 
found near 1000 cm-' in the spectra of mono- 
substituted benzenes (26) could not be identified 
in phenylboronic acid due to the presence of 
the FBOH band at 1002 cm-'. However, weak 
peaks at 1000 cm-' in the spectrum of the deu- 
terated acid and at 994 cm-' in diphenyl phenyl- 
boronate are respectively assigned to this vi- 
bration. 

X-Sensitive Vibrations 
In monosubstituted benzenes, C,H5X, vi- 

brations in which the substituent X moves with 
an appreciable amplitude have been described 
as X-sensitive (26). In this study, the si~bstiti~ent 
X is -B(OH), and -B(OD), in phenylboronic 
acids, normal and deuterated respectively, and 
-B(OC,H,), in diphenyl phenylboronate. 
Thus, the B-C vibration in these three com- 
pounds is really one of the X-sensitive vibrations. 
These vibrations are not easy to identify, since 
in many cases bands that could be due to X- 
sensitive vibrations have possible alternative 
assignments as combinations and overtones of 
unobserved fundamentals. We have tentatively 
assigned a band at 465 cm-' in the spectrum of 
phenylboronic acid, bands at 430 and 485 cm-' 
in the deuterated acid, and bands at 805, 566, 
and 425 cm-' in diphenyl phenylboronate to 
X-sensitive vibrations. 

Combinations and Overtones 
Most of the weak absorption bands which are 

not assigned to fundamental modes are ac- 
counted for in terms of combinations and over- 
tones of the fundamentals. However, the weak 
bands below 750 cm-' which could not be 
accounted for are probably combination and 
overtone bands of the fundamentals outside the 
spectral range covered. 

Conclusion 

The Cs symmetry assumed for phenylboronic 
acid seems to be satisfactory. We have found 
evidence of intramolecular hydrogen bonding 
between the two hydroxyl groups in this mole- 
cule. It is not possible to decide which of the 
three structures of Fig. 1 are most likely for 
diphenyl phenylboronate. The phenyl groups in 
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this molecule are not planar, however. Our in- 
terpretation of the observed spectrum in terms 
of a monosubstituted benzene derivative and a 
central CBO, group seelns reasonable. The spec- 
trum also indicates that there are two sets of 
phenyl groups in the molecule; the small dif- 
ferences in frequencies of their vibrations result 
in the observed splitting of the yCH and $CC 
vibrations observed in the infrared spectrum 
near 760 and 680 cm- '. 
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Association of perchlorate, fluoroborate, and fluorophosphate ions with complex 
ions of palladium and platinum 

A. D. WESTLAND AND J. P L U ~ ~ E C  
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Perchlorate, tetrafluoroborate, and hexafluoropl~osphate salts containing the ions (PhSC3H4SPl~)2M2 + 

where M = Pd or Pt are extensively associated as 1 :1 electrolytes in nitromethane. Association is pre- 
ceded by loss of one of the ligand molecules. 

Canadian Journal of Chemistry, 46, 2097 (1968) 

Perchlorate and fluoro-ions are notable for 
their poor donor ability. Consequently, per- 
chlorate which occurs as a ligaild in a solid 
complex is dissociated as an ion when the com- 
plex is dissolved. Electrostatic interaction in the 
solid state between perchlorate and a central ion 
can lead to deformation of the perchlorate ion 
(I). The lifting of degeneracy in the vibrational 
spectra of such coordinated ions does not 
necessarily indicate the occurrence of decidedly 
covalent bonding. 

There is some evidence of the association of 
perchlorate ion with certain cations in aqueous 
solution. It is probable that in a given case, the 
phenomenon is due to solvent-separated or outer 
sphere ion-pairing. Evidence of possible associ- 
ation between TI+, Mg2+, and Mn2+ and Cl0,- 
was obtained by Raman studies of aqueous 
solutions (2). Hester and Plane failed to observe 
any Raman line splittings with solutions of 
Mg(ClO,),, while under similar conditions a 
variety of metal nitrates gave positive evidence of 
association (3). There is a broadening of the 35Cl 
n.m.r. resonance line in HC10, solutions con- 
taining Mn2+ (4). This was attributed to the 
exchange of 35CI between different sites via an 
inner sphere Mn-CIO, complex. Polarographic 
studies by Blazej and Svancer (5) were interpreted 
as showing complex formation between 
CI- (H,O)~~+ and ClO,- (5). There have been 
reports of complexes between perchlorate and 
Z r02+  (6), Fe3+ (7), and Ce3+ (8). 

Inner sphere coordination should be more 
easily attained in a solvent whose molecules are 
poorer donors than water. Thus, Barker et al. 
observed weak electrolyte behavior with Cu- 
(bipy),(CIO,), in nitrobenzene and this was 
shown to be due to coordination of Cl0,- to the 
copper atom (9). 

In the course of work on solutioils of nitrate 
and perchlorate salts in nonaqueous solvents, we 
encountered weak electrolyte behavior in nitro- 
methane. The compounds which showed this 
behavior are L2Me(C10,),, where L = PhSC3- 
H6SPh and Me = Pd or Pt. It would be mis- 
leading not to point out immediately that it is not 
these compounds themselves which are weak 
electrolytes but rather the n~onochelated deriv- 
atives which form by the loss of one ligand 
n~olecule when the bis-chelated conlpounds are 
dissolved. This is represented by the equation: 

[1 1 L2Me2 + =$ LMe2 f L. 

The weak electrolyte association is believed to be 

The occurrence of [I ] was indicated in three ways. 
(1) The conductivity increased upon the addition 
of excess dithioether. (2) Essentially strong 
electrolyte behavior, unaffected by addition of 
excess ligand, was shown by the platinum per- 
chlorate complex containing PhSC,H,SPh which 
forills a five-membered chelate ring. Chugaeff 
and Kobljansky have shown that dithioethers 
which form six-membered chelate rings with 
platil~um form much less stable con~plexes than 
dithioethers which form five-membered rings 
(10). These authors established that dissociation 
according to an equilibrium such as [ I  ] occurs to 
an appreciable extent at the concentrations used 
in the present work. The palladiun~ perchlorate 
complex of PhSC2H4SPh exhibited a slightly 
lower conductivity in nitromethane than the 
platinum analogue and the conductivity was 
raised by the addition of excess ligand. Palladium 
complexes are generally a little less stable than 
platinum complexes. (3) The absorption maxi- 
mum of the palladium perchlorate complex of 
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PhSC,H,SPh at 384 mp was shifted to 390 mp 
and its intensity was increased by more than a 
factor of three when a large excess of ligand was 
added. A spectrophotometric study of the pal- 
ladium complex showed the stability constant for 
eq. [ l ]  to be 2 x lo4. The platinum complex 
could not be so examined bccause it absorbs 
strongly in the near ultraviolet region where 
nitromethane shows strong absorption. 

We have reported the conductivity behavior of 
the palladium perchlorate complexes with 
PhSC,H,SPh and PhSC,H,SPh in a brief com- 
munication (1 1). 

Fluoroanion complexes, because of the rarity 
of two-coordination for fluorine (12), seemed to 
be even less likely than perchlorates to show 
evidence of ionic association, so we proceeded to 
examine the salts containing the BF4- and the 
PF6- ions. Tetrafluoroborate appears to be 
coordinated to the central atom in trimethyltin 
tetrafluoroborate (13) and in bis-ethylenedia- 
minecopper(I1) tetrafluoroborate (14), but only 
in the crystalline state. There is a report of the 
coordination of BF4- and C10,- in ethyl acetate 
and methyl cyanide solutions with the ion 
Cu(~olvent),~' (15). The conclusions were based 
upon the visible absorption spectrum. However, 
the compounds behaved as strong 2:l electro- 
lytes in CH,CN. 

Experimental 
Cond~rctiuity Measurements 

Conductivities were measured at 25.00 ? 0.05" in 
purified dimethylformamide and nitromethane, using an 
Industrial Instruments model RC16B2 conductivity 
bridge and a solution cell of the Washburn type with 
platinized electrodes. The cell was calibrated with 
0.1000 N potassium chloride and it had a cell constant 
of 0.761. 

Preparatior~ of Complexes 
Bis-l,3-di(phenylthio)propanepalladium(II) perchlor- 

ate, bis-1,3-di(phenylthio)propaneplatinum(II) perchlor- 
ate, and di-(l,2-bisdipheny1phosphinoethane)platinum 
perchlorate were prepared as described previously (3, 16). 

Bis-I,2-di(p/1er~ylr/1io)ethar1epalladiutn(ll) Perchlorate 
Dichloro-l,2-di(pheny1thio)ethanepalladium (1.87 g) 

was suspended in hot CH3N0, (100cc) and silver 
perchlorate (1.78 g, 2equiv) was added. A precipitate 
formed which was allowed to age for 0.5 h on the steam 
bath. The solvent was removed on a rotary evaporator 
and a yellow oil was obtained. This was triturated three 
times with acetone and a mustard-yellow powder was 
formed (1.31 g) which exploded at 251". 

Anal. Calcd. for CZ8H2sC120sPdS4: C, 42.1; H, 3.55. 
Found: C, 42.5; H, 3.55. 

Bis-I,2-di(pher1yltl1io)etAar1eplatbl1on(II) Perchlorate 
This was prepared in 40% yield from bis-1,2-di- 

(phenylthio)ethaneplatinum(II) chloride by a procedure 
similar to the foregoing. The product was a white solid 
which decomposed a t  185'. 

Anal. Calcd. for CzsHzsClzOsPtS2: C, 37.9; H, 3.19. 
Found: C, 37.0; H, 3.43. 

Bis-l,3-di(p/1er1yltl1io)propm1epallaciirr,r1(II) 
Tetrafl~loroborate 

Dichloro-1,3-di(phenylthio)propanepalladiun (1.0 g) 
was suspended in CH,CI, (100 cc) and additional ligand 
(0.60 g, 1 mole equiv) and silver tetrafluoroborate (0.89 g, 
2 mole equiv) added. The mixture was shaken for 12 h 
after which the resulting precipitate was separated and 
washed with a solution consisting of methanol (50 cc) 
and 49 % aqueous hydrofluoric acid (5 cc). The washings 
were evaporated in a Teflon beaker on the steam bath to 
a volume of ca. 15 ml. The evaporation was continued 
thereafter at room temperature to produce crystals which 
were recrystallized from methanol - hydrofluoric acid 
solution. The product (76% yield, glistening amber 
crystals) had m.p. 255-257". 

Anal. Calcd. for C30H3,B,FsPdS4: C, 40.38; H, 3.58; 
S, 14.20. Found: C, 40.51 ; H, 3.62; S, 14.42. 

Bis-1,3-di(phenylthio)propar1eplatin11r11(II) 
Tetraflrroroborate 

This was prepared in a manner identical with that used 
for the palladium analogue. The product (79% yield, 
light grey powder) had m.p. 255-258". 

Anal. Calcd. for C3,H,,B,F8PtS4: C, 45.00; H, 4.01; 
S, 16.01. Found: C,44.76; H,4.04; S, 15.93. 

Bis-I ,3-di(phet~yltl1io)propanepalladi11rr1(11) 
Hexaflrroropl~ospl~ate 

Dichloro-1,3-di(phenylthio)propanepalladium (0.449 g) 
was suspended in acetone (20 cc) and additional ligand 
(0.244 g) and a filtered solution of AgPFs (0.476 g) in 
acetone (25 cc) added. The mixture was shaken for 5 h 
after which the precipitate of silver chloride was separ- 
ated. The filtrate was evaporated under reduced pressure 
and the resulting crystals were recrystallized from 
acetone. The product (76% yield, yellowish green 
powder) was heated a t  60" in a drying pistol for 6 h and 
it had m.p. 215-218". The various operations were 
carried out in the dark. 

Anal. Calcd. for C,oH3,F12PzPdS4: C, 39.28; H, 3.50; 
S, 14.00. Found: C, 39.47; H; 3.69; S, 14.26. 

Bis-1,3-di(plietiylt/1io)propat1eplatit11rr?1(lI) 
Hexafl~~oropl~ospl~ate 

This was prepared in a manner identical with that used 
for the palladium analogue. The product (69% yield, 
white powder) had m.p. 220-222". 

Anal. Calcd. for C30H32F12P2PtS4: C, 35.82; H, 3.20; 
S, 12.76. Found: C, 36.05; H, 3.31; S, 13.05. 

Results 

The conductivities of the perchlorate salts in 
nitromethane and N,N-dimethylformamide 
(DMF) are given in Table I. Measurements in 
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methanol were attempted, but in this solvent the 
compounds were not sufficiently soluble. 

TABLE I 
Molar conductivity of perclilorate salts in CH3N02 

and DMF 

Conductivity at concentration 
c = 5 x M in ohm-' 

Conipo~~nd CH3N02 DMF 

The molar conductivities of the complexes of 
(PhS),C3H6 in DMF were just as great as that 
for {(Ph,P),C,H,},Pt(CIO,), at a concen- 
tration of 5 x M. This suggests that the 
sulfi~r-containing complexes are strong electro- 
lytes in DMF. Previous work (16) has established 
that the phosphorus-containing compound is a 
strong electrolyte. 

Plots of molar conductivities against Jc  for the 
various perchlorate compounds in nitromethane 
are shown in Figs. 1 and 2. The linear plots 
illustrate the Onsager relation for 1 :1 and 2:l 
strong electrolytes. The conductivity curves for 
complexes of PhSC3H,SPh show a sharp drop in 
molar conductivity with increasing concentration 
such that at high concentrations the conductivity 
approaches a value suggestive of a 1 :1 electrolyte. 

One cannot expect the conductance curves to 
approach that of Et4NC10, asymptotically 
because (a) the mobilities of the complex metal 
ion and of ammonium ion may differ consider- 
ably and (b) a conductance minimum resulting 
from a conflict between the Ostwald dilution 
effect and the decrease in activity coefficients may 
occur at the higher concentrations (17) and 
indeed appears in the case of the palladium com- 
pound to lie close to the upper end of the con- 
centration range. 

The conductivities in nitromethane of the 
palladium and the platinum salts were raised to 
upper limits of 169 ohm-' mole-' and 166 
ohm-' mole-' respectively upon adding a large 
molar excess of PhSC,H,SPh. The establishment 
of equilibrium was somewhat slow with the 
platinum salts and 20 min standing at 25 "C was 
required in order to permit the conductivity to 
reach a steady value. 

,TE, FLUOROBORATE, AND FLUOROPHOSPHATE IONS 2099 

A -o., 
' 0  

Yo  ' 0  

' 0 -  

' 0  ~k 
Y\ 

D -  

L:, 
o - o - o ~ o ~ o  0  0  ---k0- 

------- 0  - 0  - 

FIG. 1. Plot of molar conductivity vs. (concentra- 
tion)lI2 of perchlorate salts in nitroniethane: (A) [(Pli2P),- 
CzHj]zPt(C104)2, (B) [(PhS)zC3Hsl2Pd(ClOs)z~ (C) 
[(PhS)zC3Hs]zPt(ClO,),, (Dl [ELN lCIO4. 

FIG. 2. Plot of molar conductivity vs. (concentra- 
tion)ll' of tetrafluoroborate and hexafluorophosphatesalts 
in nitroniethane: (A) [(PhS)2C3H6]2Pd(PF&, (B) 
[ ( P ~ S ) ~ C ~ H G I Z P ~ ( B F ~ ) Z ,  (C) [(PhS)2C,H6lzPt(PFs)r, 
(D) [ ( P ~ S ) Z C ~ H G I Z P ~ ( B F ~ ) Z ,  (El AsBF~.  

The tetrafluoroborate and hexafluorophos- 
phate salts were examined in nitromethane only. 
The conductivities of these compounds are 
plotted against J c  in Fig. 2. The behavior of 
these salts is qualitatively similar to that of the 
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perchlorate salts but we may note the following 
features : 

1. The hexafluorophosphate salts are the 
strongest electrolytes among those under study. 

2. The perchlorate and tetrafluoroborate salts 
are somewhat alike in appearing to behave 
almost like 1 :I electrolytes at the higher concen- 
trations under study. 

3. The platinum compounds are weaker elec- 
trolytes than the corresponding palladium ana- 
logues. 

A solution of (PhSC,H,SPh)2Pd(C104)2 in 
nitromethane at a concentration of 1.7 x lop4 
M was studied spectrophotometrically. Addition 
of AgC10, in about 10-fold excess caused an 
increase in absorption intensity at  Ib,,, = 384 
mp of 207%. Addition of AgBF, caused an 
increase in h,,, of 300%. Chloride and nitrite 
ions, added as the lithium salts, caused a slight 
decrease in intensity. The value of h,,,, was not 
noticeably influenced. However, halide produced 
an increase in relative intensity at longer wave- 
lengths with the result that the absorption curve 
became slightly more skewed. 

Discussion 
The complexes of PhSC,H,SPh all show a 

marked tendency to be incompletely dissociated 
in nitromethane, a solvent of moderately strong 
polar character ( E  = 35.9), while no evidence 
was found for association in more strongly polar 
media. I t  is of interest to consider whether the 
ion-pair association is of the outer sphere type 
with a solvent molecule interposing between the 
central metal atom and the anion. or whether the 
anion enters the first coordination sphere of the 
metal. In the latter situation, the various anions 
C10,-, BF4-, and PF,- would be serving as 
ligands. 

The observation that the fluoroborate salts are 
associated to about the same extent as the Der- 
chlorate salts seems to indicate that it is not 
necessary for the donor atom to have a free 
valence as has the oxygen atom in an oxyanion. 
If the free valence of the oxygen atom were a 
factor in the coordination, we should expect a 
greater difference in behavior between the ions 
C104- and BF,-. The similarity is very under- 
standable in electrostatic terms because the 
structures of the two ions are almost identical. 

We feel that the evidence supports the hypo- 
thesis of inner sphere coordination. The obser- 

vation that one of the thiodiether ligands must 
be lost in order for ion association to take place 
supports this view. Further support is provided 
by a calculation of the degree of association 
using Bjerrum's theory and also Fuoss' theory of 
ion-pairing (18, 19). In order to carry out the 
calculations we must make, in addition to the 
assumptions already embodied in the respective 
treatments, the assumption that for inner sphere 
coordination the anion and the central metal 
atom approach one another to within about 3.2 
A. This figure was obtained by adding the 
tl~ermochemical radius of the perchlorate ion 
(20) to 0.80 A, the apparent radius of the Pd2+ 
and Pt2+ ions. If a solvent molecule is located 
between the ions, their closest distance of ap- 
proach cannot be less than 7.5 A. This figure was 
arrived at by nleasurement of a space-filling 
model. We have used these two assumed 
distances of closest approach to calculate the 
theoretical degree of association. 

The degree of association may be written as 
1 - a where a is the degree of dissociation. The 
values of 1 - a given by Bjerrum's treatment are 
0.32 and 0.058 for the inner and outer sphere 
models respectively. Activity coefficients were 
assumed to be unity and the free ion concen- 
tration 5 x lop4  M. The Fuoss treatment gives 
0.33 and 0.03 respectively, in good agreement 
with the former values. 

The inner sphere model thus leads to the 
prediction that the perchlorate salt should be 
32% associated to [LMeClO,]+ClO,-. The 
outer sphere model indicates that about 3-6 % of 
the cations should be associated as ion-pairs. The 
conductivity at a concentration of 5 x lop4  M 
( J c  = 0.0236) is in fact approximately halfway 
between the values for the 2: 1 and the 1 : 1 elec- 
trolytes and is thus in agreement with the calcu- 
lations for the inner sphere model. It is likely that 
there is some 5 to 10 % ion-pairing of the refer- 
ence compound {(Ph2P)2C2H4),Pt(C104)2 at  
5 x lop4 M concentration. 

It is not possible with our present knowledge 
of nonaqueous solutions to obtain more infor- 
mation from the shape of the conductance plots. 
Moreover, there is no entirely satisfactory theory 
available for the conductivity of unsymmetrical 
electrolytes. 

The results of Barker et a[., who obtained 
evidence of inner sphere coordination from the 
visible spectrum of a copper complex (9), lend 
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support to our view of the bonding. Our 
experience with the visible spectra of the palla- 
dium complex led to negative results, however. 
Although the large changes in intensity which 
occurred upon adding additional ClO,- or 
BF,- ion indicated that an association equilib- 
rium was involved, the position of the absorption 
maximum was invariant. It should be noted, 
however, that the absorption band for Pd2+ is 
generally affected very little by changes of the 
ligands if the donor atoms are oxygen (21). 
Fluoride is very close to oxygen in the spectro- 
chemical series. Most important is our obser- 
vation that even upon replacement of two sulfur 
donor atoms by solvent molecules (presumably 
an oxygen of the nitro group), there is a shift in 
A,,, of only 6 mp. It appears that the two resid- 
ual sulfur donors dominate the ligand field 
conditions so that substitutions at the other two 
coordination sites have little effect on the position 
of hm31. 
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Mkthode directe de mesure d'intensitk intkgrke d'une bande d'absorption 
infrarouge en phase liquide. Application a la bande v ,  de quelques 

haloformes en solution dans le CCI, et dans le CS, 

I. Ross~, A. LEVY ET C. HAEUSLER' 
Laborafoire d'blfrnrouge, Chinlie Physique, Equipe de Reclzerche Associie nrr C.N.R.S., Fnculfk des Sciences de Pnris, 

Brjtimenf 350 - (91) Orsny (France) 

R e p  le 12 decembre 1967 

Nous nous sommes proposes de montrer que, dans le cas oh le rapport Av/2y est inftrieur ou Cgal a 
1/20 (Av, largeur de la fonction d'appareil; 2y, largeur a mi-hauteur de la bande) on peut obtenir directe- 
ment A (intensite integrte) sans effectuer de correction, et que dans ces conditions, le spectre obtenu 
reprtsente sensiblement la forme exacte de la bande. Nous avons determine a partir d'un seul spectre 
les grandeurs A, 2y et v,,, des bandes v, des haloformes CHCI,, CHBr, et CHI, en solution dans le 
CCI, et dans le CS2. Les rtsultats des mesures d'intensite sont en accord satisfaisant avec ceux obtenus 
par les niethodes habituelles. 

Canadian Journal of Chemistry, 46, 2103 (1965) 

I. Introduction 

Les mesures de nombre d'onde v,,, des 
bandes en solution sont nombreuses; la situation 
est differente en ce qui concerne les mesures de 
largeur et la determination de la forme des 
bandes. 

Diverses mCthodes de mesure des intensites 
ont rCcemment CtC dCcrites (1). I1 faut noter de 
suite que la mCthode tres utilisee de Wilson et 
Wells (2) repose sur l'extrapolation h Cpaisseur 
nulle, ce qui entraine des erreurs expkrimentales 
importantes. Mais les risultats obtenus par dif- 
fCrents auteurs sur la meme bande et par la meme 
mCthode different bien plus que par l'erreur ex- 
pCrimentale normalement admise et qui est de 
l'ordre de 5 %. I1 pourrait donc etre utile de dis- 
Doser de17Ctude d'une bande standard afin de con- 
naitre les Ccarts entre les valeurs de A obtenues 
dans des laboratoires differents. Nous envisageons 
donc 1'Ctude d'une bande Ctalon d'intensitk, pro- 
posCe par Shimozawa et Wilson (3) dans la 
rCgion spectrale de 3 p; et nous nous proposons 
comme application de mesurer Cgalement A et 
2y dans le cas des haloformes dissous. 

Soit I,(v) lYintensitC lumineuse vraie transmise 
par l'Cchantillon, 1'intensitC transmise apparente 
Itl(v) est differente de I,, du fait des dkformations 
qu'introduit le spectromttre. 

La loi de Beer-Lambert (valable dans un 
domaine de concentration oh les interactions 
eiltre molCcules de solutC sont suffisamment 
faibles pour pouvoir etre nCgligCes) s'Ccrit 

It(v) = Io(v)  exp [--a(v)cll 

'Adresse actuelle: Faculte des Sciences de Rennes. 

et I'intensitC intCgrCe A est definie par la re- 
lation : 

I1 s'agit donc d7Cvaluer A partir des gran- 
deurs accessibles A I'expCrience, soit IO1(v) et 
Itf(v). 

v, et v2 dCsignent les nombres d'onde qui 
delimitent 1'Ctendue de la bande. L'expression 
prCcCdente suppose en particulier que la dif- 
fusion de la lumiere soit negligeable, ce qui n'est 
pas toujours le cas. 

De plus, le bruit de fond dans le spectre 
emp&che des mesures suffisamment Ctendues 
dans les ailes de la bande, de sorte qu'une cor- 
rection d'ailes s'impose le plus souvent. 

11. Rappel thkorique 

Le spectromttre fournit une distribution ap- 
prochCe I,'(v) donnCe par la relation 

oh 2Av est la largeur totale de la foilction 
D(v - vi), dite fonction d'appareil, souvent sy- 
mCtrique par rapport avi. 

L'expCrience nous permet donc d'atteindre 
une valeur de la transmission apparente, 
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et l'on se propose d'tvaluer numtriquement 

l'inttgrale J:bl(v)dv en re fixant certains para- 

mittres. 
Les mtthodes de mesures les plus souvent 

utilisees a l'heure actuelle sont les suivantes: 

( A )  Mbtlzocie de mesure directe de Rarnsay ( 4 )  
Cette mtthode suppose que a(v) est une fonc- 

tioil de Lorentz (la hauteur au maximum de la 
courbe correspondante est a/y2 et la largeur a 
mi-hauteur 2y). 

Les phtnomknes de diffraction et d'aberration 
Ctant nkgligts, la fonction d'appareil est reprt- 
sentte par une fonction triangle de base tgale A 
2Av (5,6) .  

r\' a alors t t t  tvalute par inttgration numt- 
rique pour diverses valeurs de a, y et Av. 

Les rapports 

ont ensuite t t t  tvaluks comme fonctions de 
Ln [IO1/It'] et de Av/2y1. 

On peut alors tcrire A sous la forme 

avec K =  rr'. K pouvant alors Etre tabu16 en 
fonction de Ln [IO1/It'] et deAvl2y'. 

Le calcul de A est complttt par l'tvaluation 
de la contribution des ailes. 

Notons enfin que Kostkowski et Bass (7) ont 
tvalut numtriquement l'inttgrale vf(vi) pour 
une fonction d'appareil de Gauss et pour un 
coefficient d'absorption dtfini soit par la loi de 
Lorentz (effet de collision) soit par celle de 
Gauss (effet Doppler). 

(B )  MPthocie de Wilson et Wells ( 2 )  
Cette mtthode est baste sur l'utilisation de la 

grandeur 

13' = A'cl 
r v i + A v  

v 2  j J D ( v  - vi)I~(v)dv 

= S., iLn 
"<-A v 

J v i i A v  D(v  - v,) I t  (v)dv 
v i - A v  

Si Io(v) reste constant dans l'intervalle spectral 
2Av et si a(v) est sensiblement constant dans 

l'intervalle allant de (vi - Av) A (vi + Av), on 
montre (8) que 

d'oh la mtthode de mesure. 
On trace la courbe B' en fonction des valeurs 

du produit cl, la pente de cette courbe est tgale 
a A. En fait, il rtsulte de l'exptrience qu'il faut 
utiliser la pente au voisinage de l'origine, car 
c'est seulement pour de faibles absorptions que 
a(v) est sensiblement constant dans l'intervalle 
spectral 2Av. 

Une variante consiste tracer la courbe A' 
= B'lcl en fonction du produit cl; I'ordonnte 
A l'origine represente une bonne valeur de A. 

Signalons enfin la mise au point rCcente d'une 
mtthode de dtconvolution (9); mais une telle 
mtthode nkcessite de connaitre avec suffisam- 
ment de precision la fonction d'appareil. 

Les mtthodes sont donc dans l'ensemble d'un 
maniement long et dtlicat, soit qu'elles ntces- 
sitent l'etude de plusieurs spectres, soit qu'elles 
conduisent A des calculs laborieux. 

III. MCthode utilisCe dans le prCsent travail 

Nous nous proposons d'ttudier le cas d'une 
bande d'absorption symttrique ou non, explorte 
par une fonction d'appareil symttrique, quasi 
triangulaire. On montre que si le rapport Av/2y1 
< 1/20, une seule mesure d'intensitt fournit une 
valeur de A,ol,,,io, (et ceci sans effectuer de cor- 
rections) en excellent accord avec celles obtenues 
par les mtthodes d'extrapolation. 

L'inttrtt d'une bonne mtthode pour l'ob- 
tention des valeurs des grandeurs telles que A, 
2y et v,,, reside dans le fait que les thtories 
relatives aux effets de solvant, en particulier 
celle de Buckingham (lo), reliant les grandeurs 
Agaz et Aso,ution, Vsqz et Vso~u t ion  n'ont encore Pu 
Etre vtrifites exptr~mentalement de faqon suffi- 
samment svstkmatiaue. 

Dans le travail prtsent, nous appliquons la 
mtthode directe aux bandes paralleles CH de 
CHCI,, CHBr, et CHI, dans le tttrachlorure de 
carbone et sulfure de carbone. 

IV. Conditions expkrimentales 
(a) Nous disposions d'un spectrometre de type Pfund 

a rtseau echelette de 240 traitslmm fonctionnant dans le 
premier ordre, la largeur utile du reseau Ctant de 102. mm. 
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Le pouvoir de resolution theorique est voisin de 25.000. 
Le detecteur est une cellule photoresistante au sulfure de 
plornb refroidie a la carboglace. 

(b) L'an~plificateur est lineaire a la precision de nos 
observations pres, ainsi que l'ensemble de la chaine 
amplification-detection. 

(c) L'etalonnage du domaine spectral en nornbre d'on- 
de se fait par la n1Cthode de Poggendorff. Nous avons 
utilise les raies de rotation du gaz chlorhydrique cornrne 
reperes de nornbre d'onde. La dispersion est lineai~e dans 
le domaine spectral delimit6 par vl et v2 (de 60 a 80 
crn- I ) .  

(d) Nous avons enregistre la raie d'ernission de l'iso- 
tope lg8Hg a 1.53 p dans le deuxierne ordre. La source 
utilisee est un tube sans electrodes contenant 1 mg de 
rnercure et de l'argon sous une pression de 3 mn1 de 
rnercure. La source est alirnentee par un gCne~.ateur haute 
frequence. Elle es: maintenue a basse temperature par un 
courant d'air cornprime, refroidi par un melange re- 
frigerant acetone-carboglace. 

FIG. 1. Raie d'emission du rnercure 198. 

La raie reproduite (Fig. 1) reprksente selon toute 
vraisernblance la fonction d'appareil approxirnativernent 
dans le domaine d'utilisation du spectrographe de 3 p 
a 4 p. La fonction d'appareil apparait cornrne Ctant sen- 
siblernent une fonction triangle (la largeur & mi-hauteur 
Av est de 0.5 crn-I a 3000 crn-I). En effet, nous avons 
prCf6rC nous placer dans des conditions oB le rapport 
signal/bruit soit aussi bon que possible. Nous avons donc 
CtC arnenes a utiliser des ouvertures de fentes relative- 
rnent impostantes. 

(e)  Les cuves circulaires utilisees d'epaisseur 1 crn et 
5 mrn sont rnunies de faces en F2Ca  et les concentrations 
de solutions CtudiCes ont etC de l'ordre de a 
rnole/crn3. Dans ces conditions le pourcentage d'absorp- 

IE MESURE D'INTENSITE INTEGREE 2105 

tion a toujours ete rnaintenu une valeur inferieure a 
50% (11, 12). I1 est courarnment adrnis en effet que les 
rnesures pour avoir une precision suffisante doivent se 
faire aux rnoyennes absorptions. 

De  plus, dans ce dornaine de concentration, on peut 
adrnettre que les interactions solut6-solute sont prati- 
quernent nulles et la loi de Beer-Larnbert peut &tre 
appliquee de f a ~ o n  valable. 

Nous nous sommes proposCs en premier lieu 
de vtrifier la validit6 de notre mCthode de mesure 
directe. Pour cela, nous avons effectue des me- 
sures prkliminaires relatives B une bande par- 
faitement symitrique d'une part, et d'une bande 
nettement dissymitrique d'autre part. La bande 
symCtrique est celle dQe au vibrateur CH du 
trichlortthylene, bande situCe a 3084.6 cm-' 
lorsqu'on opire en solution dans le CCI,. RC- 
cemment Shimozawa et Wilson (3) en ont dC- 
termink I'intensitC intCgrCe, par deux mCthodes 
diffirentes en vue de la proposer comme ttalon. 
Les valeurs de A ainsi obtenues s'ecartent de 
4%, alors que I'imprCcision des mesures est 
estimCe par les auteurs Cgale A 5%, ils trouvent 
A = 1.723 x 106 cm mole-' par la mtthode de 
Ramsay. Nous avons mesurC A directement et la 
valeur obtenue est de 1.781 x lo6 cm mole-' 
sans effectuer de corrections, car si nous avions 
opCrC par la mCthode de Ramsay, la correction 
dQe B la largeur finie de la fente aurait etC nulle. 
L'accord est excellent, puisque ces deux dt- 
terminations different de moins de 4%. Nous 
avons Cgalement mesurC A pour la bande v, 
tris dissymktrique (l'absorption est plus pro- 
noncte du cBtt des frCquences Clevtes) de CHI, 
dans le CS, en fonction du produit cl, qui varie 
entre 2 et 6 x mole cm-'. Cette bande est 
situte B 2999.0 cm- l. 

FIG. 2. Bande vl de CHI3 en solution dans le tetra- 
chlorure de carbone; courbe A' = f(c1). 
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TABLEAU I 
-- 

Nos valeurs, 
Nos valeurs, Autres valeurs, 2y  (cm-') A (cm mole-') Autres valeurs, 

Couple v (ci~1-')(i0.2) v (cm- ') (;0.2) (is%) A (cm mole- l )  

CHCI3-CSz 3007.1 
CHBr3-CCI4 3029.8 3030 (13) 
CHBr3-CS, 3018.2 
CHIS-CCI4 301 1 .4  301 1 (13) 
CHIs-CS2 2999 .O 

Pour le chloroforme pur: 2y = 12.5 cm-'. Pour le bromoro~ 

Si l'on porte la quantite A' en fonction du 
produit cl, on peut constater que les diffirents 
points reprCseiltatifs se ripartissent autour d'une 
droite horizontale. La valeur moyenne de A' 
est ainsi immidiatement obtenue (Fig. 2). 

On voit que pour la plupart des points ob- 
tenus, I'Ccart a la valeur moyenne est infkrieur a 
3 %, et pour deux points seulement il atteint 
peine 6 %. 

On peut donc dire que dans les conditions 
exPCrimelltales qui ont CtC rCalisCes, une seule 
mesure permettrait pratiquement d'atteindre la 
valeur de A sans qu'aucune correction soit nC- 
cessaire, ceci quelle que soit la forme de la bande 
Ctudite. En fait, il sera toujours plus indiquC 
d'effectuer un petit nombre de mesures a des 
Cpaisseurs diffirentes et d'en prendre la valeur 
moyenne. 

Ayant ainsi CprouvC la mCthode de mesure, 
nous avons procCdC l'tvaluation de A, de 
vso,ution, et de 2y pour CHCl,, CHBr, et CHI, 
dans les deux solvants non polaires citCs prC- 
cCdemment. Certaines valeursbe A obtenues Dar 
des mCthodes d'extrapolation ont CtC signalkes 
rCcemment (13, 14). Ces resultats sont rassemblCs 
dans le Tableau I. 

Nous remarquons que CS, perturbe de f a ~ o n  
systCmatique la molCcule de solute davantage 
que ne le fait CCl,, en effet v,,, < v,,,, pour les 
trois haloformes. La largeur 2y des bandes v, 
est toujours plus grande en solution CC1, qu'en 
solution CS,. Dans la mesure oh l'on admet '. 
(13) que 1'Clargissement des bandes en solution 
est dO au mouvement brownien (collision suivie 
d'une rotation) le coefficient a(v) = f(v) est une 
fonction de Lorentz. Le temps de relaxation, 
c'est-a-dire le temps pendant lequel la molkcule 
maintient une orientation donnCe, est alors Cgal a 

- 

14.6 5 . 6 0 2 ~  lo5 6.030 x lo5 (13) 
6.300 > lo5 (14) 

10.6 4.868 x 10' 5.96 x 105 (14) 
14.4 1.341x10G l1.447r1OG(13) 
10.4 1 . 2 9 0 ~  loG 
16.5 1 . 9 6 4 ~  10' 1 ..910> loG ((13) 
10.9 1.818 x loG 

'me pur: 2y = 11.9 cm-'. 

Ceci implique que T,,,, < T ~ ~ ~ ,  donc que les 
molCcules de solutt peuvent effectuer un  mouve- 
ment de rotation plus facilement en solution CCI, 
qu'en solution CS,. Le phCnomene est liC a la 
forme de la molCcule du solvant; la molCcule de 
CCl, est de symCtrie sphCrique, tandis que la molt- 
cule de CS,, lineaire, pourrait offi-ir davantage de 
resistance au mouvemeilt de rotation. 

Les mesures de largeurs de raies relatives au 
chloroforme et au bromoforme pur montrent 
que la rotation est plus aisCe dans CHC1, que 
dans CHBr,, car 2y , ,,,, est Cgal a 12.5 cm- ' 
et2yc ,,,,, vaut 11.9cm-'. 

Signalons enfin que la thCorie de Rakov (15) 
a CtC appliquie avec succks a la vibration (v, 
+ v,) de CCl, dans CS, et pur (16) et pour les 
vibratioils v,, v2 et v, de CS, dans CC1, et pur 
(17). 

En ce qui concerne la valeur de A,  il y a pour 
les trois haloformes en solution une faible aug- 
mentation lorsqu'on passe de CS, a CC1,. Nous 
reviendrons dans un travail ultkrieur sur cette 
question. 

VI. Conclusion 

L'utilisation d'un spectromMre rCsolutif nous 
a permis d'enregistrer sensiblement le profil vrai 
de bandes d'absorption infrarouge relatives A 
la phase liquide. 

A partir d'un seul spectre nous obtenons rapi- 
dement de bonnes valeurs des grandeurs A,  
2y et vso,ution donnant des renseignements in- 
tCressants sur les forces intermolCculaires en 
milieu dense. 
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Radiolysis of methylcyclopentane. 11. Effects of benzene and 
1,3-cyclohexadiene in the liquid phase 

E. DIANE STOVER' AND GORDON R. FREEMAN 
Chett~istry Departmetzt, University of Alberta, Ednlotzton, Alberta 

Received January 29, 1968 

The inhibiting effects of benzene and of 1,3-cyclohexadiene (CHD) on the formation of hydrogen 
during the radiolysis of methylcyclopentane (MCP) have been analyzed according to thenonhomogeneous 
kinetics of charge scavenging. The results are consistent with the following suggestions: CHD is an 
efficient scavenger of electrons; benzene is not an efficient scavenger of electrons but it may scavenge 
positive ions. These reactions offer alternatives to the hydrogen atom scavenging mechanism that has 
often been postulated in the past. They can decrease the hydrogen yield from MCP by 2 .0g units (based 
upon the energy absorbed only in MCP). In addition to the above scavenging mechanisms, which occur 
at relatively low solute concentrations (- 1 mole %), benzene and CHD can each take part in a less 
efficient hydrogen inhibition reaction that can decrease g(H2) by another 1.6 units. This confirms the 
earlier suggestion (J. Chem. Phys. 33, 71 (1960)) that two different, inhibitable hydrogen forming 
processes occur during the radiolysis of saturated hydrocarbons. 

The yields of other products are also reported. 

Canadian Journal of Chemistry, 46, 2109 (1968) 

Introduction 

Earlier studies of the effects of unsaturated 
hydrocarbons on the radiolysis of saturated 
hydrocarbons involved the use of homogeneous 
kinetics. It was concluded from such studies that 
in the radiolysis of saturated hydrocarbons there 
were two major reactive species that form hydro- 
gen from the saturated hydrocarbons and that 
react at different rates with unsaturated hydro- 
carbons to inhibit hydrogen formation (see, for 
example, ref. I). The recent development of a 
nonhomogeneous kinetics model of charge 
scavenging (2) makes it necessary to reconsider 
the effects of unsaturated hydrocarbons and to 
check the conclusion about two kinetically dis- 
tinguishable, inhibitable hydrogen forming reac- 
tions. (To simplify the presentation, aromatics 
are included in the classification of unsaturated 
hydrocarbons.) 

The present article reports and analyzes the 
effects of benzene and of 1,3-cyclohexadiene 
(CHD) on the y-radiolysis of methylcyclopen- 
tane (MCP). Benzene was chosen as an additive 
because it has been used so often in the past, 
and CHD was chosen because it is a more 
efficient inhibitor of radiolysis reactions than is 
benzene (3). 

'Holder of NRCC Studentships, 1963-1966. 

Experimental 
Phillips Pure Grade MCP was purified as described 

elsewhere (4). The purified material contained < 0.001 
mole % olefin, < 0.1 % n-hexane, and < 0.1 % cyclo- 
hexane. 

Aldrich Chemical Co. CHD was distilled at atmospheric 
pressule and purified by gas chromatography. The im- 
purities remaining in it were 0.36 mole % cyclohexene, 
0.55 % benzene, and a trace of 1,4-cyclohexadiene. 

Phillips Research Grade benzene was distilled before 
use, the center fraction being retained. 

The samples (2 ml volume) were prepared by standard 
techniques and were sealed under vacuum in Pyrex cells 
(4 ml volunle). They were irradiated in a Gamn~acell-220 
(Atomic Energy of Canada Ltd.) at 25'. The dose given 
the samples was 1.9 x loZo eV/g and the dose rate was 
4.6 x 101%V/g h. 

The products volatile at - 196", namely hydrogen and 
methane, were separated from the sample by vacuum 
distillation. They were then measured in a Toepler- 
McLeod apparatus and analyzed by gas chromatography. 
Liquid products were also measured by gas chromatog- 
raphy. The gas chrornatograpll was calibrated with 
standard samples containing known radiolysis products. 

Results 

Hydrogen and Methane 
Benzene and CHD each inhibited the forma- 

tion of hydrogen and methane from MCP (Fig. 
1). At low concentrations CHD was a more 
efficient inhibitor than was benzene. 

Liquid Products fiom MCP 
The yields of 1-methylcyclopentene (I-MC) 
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and 3-methylcyclopentene (3-MC) were decreased 
by either CHD or benzene, although CHD was 
the moreefficient inhibitor (Fig. 2A). The products 
referred to as 1-MC and 3-MC were probably 
mixtures of (1-MC and methylenecyclopentane) 
and (3-MC and 4-MC), respectively. It was found 
in an earlier study that the analogous gas chro- 
matographic peaks in the methylcyclohexane 
system represented the corresponding sums of 
products (5). The 1-MC and 3-MC could not be 
measured in the higher solute concentration 
solutions, due to overlap of the product and 
solute gas chromatographic peaks. 

I I I I 1 
8 12 16 20 

MOLE % ADDITIVE 

MOLE % ADDITIVE 

FIG. 1. Yields of hydrogen and methane as functions 
of additive concentration. A, hydrogen; B, methane; 
0, 1,3-cyclohexadiene added; @, benzene added. 

The product identified as hexene was measured 
with two different chromatographic columns. 
The two sets of measured yields differed by less 
than 5 % and the averages are shown in Fig. 2B. 
Hexene formation was greatly inhibited by both 
CHD and benzene. 

The MCP "dimer" yield was also measured 
on two different chromatographic columns. One 

MOLE % ADDITIVE 

FIG. 2. Yields of C6 olefins as functions of additive 
concentration. A: circles, 1-MC; triangles, 3-MC. B: 
hexene. Open points, CHD added; Hled points, benzene 
added. 

columil resolved only bimethylcyclopentyl 
(BMCP) in the presence of the solutes. The other 
column resolved several minor MCP dimers, in 
addition to BMCP; the yields were summed to 
give the total MCP dimer yield. The addition of 
CHD rapidly decreased the yield of MCP dimers 
to a limiting value of 0.16 G units (Fig. 3A). 
Benzene also inhibits dimer formation (Fig. 3B), 
but less readily than does CHD. 

Liquid Products from the Solutes 
Dimers of CHD were formed during the radiol- 

ysis of the MCP-CHD solutions. The variation of 
the total yield of these dimers with CHD con- 
centration is shown in Fig. 4A. The yield goes 
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6 

0 0 4 

2 

0 

MOLE % CHD 
0 20 40 60 80 100 

MOLE % CHD 

MOLE % BENZENE 
FIG. 3. Yields of bimethylcyclopentyl (A)  and total 

MCP "dimer" ( 0 )  as functions of additive concentration. 
A, C H D  added; B, benzene added. 

through a maximum value of about 6.5 G units 
at  about 10 mole % CHD. 

The rate of disappearance of CHD could be 
measured in the solutions of up to about 3 %  
concentration. The rate increased rapidly with 
increasing CHD concentration, reaching a value 
of G(- CHD) = 38 at 3.3 mole % CHD. 

In the MCP-benzene solutions, four minor 
products were found in the region of the C,, 
product peaks on the gas chromatogram. Only 
one of the minor products, namely biphenyl, 
was identified, but the others are also assumed 
to be C12 hydrocarbons. Their yields are very 
low and are shown in Fig. 4B. The products 
D, and D2 are presumably cross products 
between MCP and benzene, such as phenyl- 
methylcyclopenta~le and methylcyclopentylcy- 
clohexadie~~e (by analogy with the cyclopentane- 
benzene system (6)). 

"0  20 40 60 80 100 
MOLE % BENZENE 

FIG. 4. Yields of liquid products from additives. A, 
dimer from CHD. B, dimers from benzene: 0 ,  D l ;  a, 
D2; A, biphenyl; 0, D3. 

Discussion 
I .  Hydrogen 

For the kinetic analysis, the hydrogen yields 
will be expressed in g units, based upon the 
energy absorbed in MCP and corrected for 
hydrogen formed by direct radiolysis of the 
solute. 
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where G(H2) is the observed hydrogen yield from 
the solution (based upon the total energy 
absorbed by the solution), G(H,), is the yield 
of hydrogen from pure solute (0.23 for CHD 
and 0.035 for benzene), and E, and E,,, are the 
electron fractions of solute and of MCP, respec- 
tively, in the solution. 

Furthermore, 

[ii] &(Hz) = G(H2)o - g(H?), 

where G(H2), is the yield from pure MCP. 
(a) MCP-CHD Solutions 
CHD has been shown to capture electrons in 

methyltetrahydrofuran (MTHF) solvent during 
radiolysis at - 196 " (7). Nonconjugated diole- 
fins apparently do not capture electrons in 
MTHF at -196" (7). In view of the recent 
evidence that even a mono-olefin (propylene) 
might be able to associate with solvated electrons 
in liquid cyclohexane (8), it would be useful to 
see whether the present inhibition of hydrogen 
by CHD fits the electron scavenging model. 

The model is described in detail (2) and sum- 
marized (4) elsewhere. Only three relevant equa- 
tions will be given here: 

where Ag1(H2) is the decrease in hydrogen 
yield caused by electron scavenging, N(y) is the 
relative number of ion pairs that have an initial 
separation distance y between the positive ion 
and the "thermalized" electron, cD- is the total 
probability of scavenging a thermalized electron 
that is initially separated by a distance y from 
its parent ion, $ J i  is the fraction of electrons 
which escape gem~nate neutralization, and 4- 
is the probability that a thermalized electron is 
scavenged before it undergoes geminate neutrali- 
zation. In eq. [v], N, is the mole fraction of 
solute in the solution and f-, p-, and v are 
parameters, of which only P -  is taken to be 
freely adjustable. 

For the known electron scavengers N,O and 
SF, in MCP, it has been found that P-  = 
5 x 1014 V/cm2 and Agl(H,),,, = 2.0 (4). If 
CHD is an electron scavenger, Agl(H,),,, for 
ion scavenging in MCP-CHD solutions should 

also be equal to  2.0 and P- should be close to  
5 x 1014 V/cm2. The N(y) vs. y distribution 
was obtained as described elsewhere (2), the 
values of y in MCP being 1.28 times greater 
than those in water at 25". The calculated values 
of Agf(H,) for electron scavenging, using the 
above-mentioned quantities, are represented by 
the dashed curve in Fig. 5. Although agreement 
between calculation and experiment is satisfac- 
tory at low CHD concentrations, it is clear that 
another process contributes to the inhibition of 
hydrogen formation at high concentrations. The 
maximum decrease in hydrogen yield caused by 
CHD is actually 3.5 units (Fig. 5), of which the 
second process contributes 1.5 units. 

log Ns 

FIG. 5. Dependence of hydrogen yield on CHD con- 
centration. (- -), calculated ion scavenging curve; (- .), 
calculated H atom scavenging or energy transfer curve; 
(-), sun1 of the two calculated curves; 0, experimental 
points. Ns is the mole fraction of CHD. Ag(Hz) is the 
decrease in Hz yield, corrected for H z  from CHD radiol- 
ysis, and is based on the energy absorbed by MCP only. 

Two additional possible inhibition processes 
are hydrogen atom scavenging and energy trans- 
fer, both of which may be treated by homogeneous 
kinetics. The scavenging of positive ions would 
obey nonhomogeneous kinetics and any such 
reaction would not increase Ag(H2) beyond that 
caused by electron scavenging. 

In the hydrogen atom mechanism, the relevant 
reactions would be 

[ I ]  H + MCP -- Hz + C5H11 

[2 I H + CHD -> CsHg 

and the decrease in the hydrogen yield, AgU(H2), 
would be given by 

j kl[RICP] \ - I  
[vi]  Ag" (H 2) = G" (H ) \ 1 + K,~c~D] f , 
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where G"(H) is the yield of hydrogen atoms 
from reactions other than ion neutralization in 
pure MCP. The dot-dashed line in Fig. 5 was 
calculated from eq. [vi], using G"(H) = 1.5 
and k,/k, = 7. The sum of the two calculated 
lines is represented by the full line in Fig. 5, and 
it passes satisfactorily through the experimental 
points. 

In the energy transfer mechanism the relevant 
reactions would be 

13 1 MCP* -> Hz $ products 

14 1 MCP* $ CHD -. MCP $ CHD* 

The decrease in the hydrogen yield caused by 
reaction [4] would be 

where G(MCP*) is the yield of MCP* in the 
radiolysis of pure MCP. The same dot-dashed 
line in Fig. 5 can be calculated from eq. [vii] 
by using G(MCP*) = 1.7 and k3/k4 = 1.4 
mole/l. Thus the energy transfer mechanism also 
fits the results. 

Unfortunatelv there is no reliable inde~endent 

scavenging mechanism, Ag1(H2),,, = 2.0 and 
p +  z 5 x 1013 V/cm2 should be used. The 
dashed line in Fig. 6 was obtained by using 
Agl(H,),,, = 2.0 and P+ = 6 x 1013 V/cm2. 

As in the CHD solutions, an additional 
mechanism must be applied to explain the con- 
tinuing decrease in hydrogen yield caused by the 
higher concentrations of benzene (Ag"(H,),,, 
= 3.7 - 2.0 = 1.7, see Fig. 6). The dot-dashed 
line in Fig. 6 can be calculated from eq. [vi] 
using G"(H) = 1.7 and k,/lc, = 3, or from eq. 
[vii] using G(MCP*) = 2.3 and k3/k4 = 4 
molell. 

log N s  

source of infor&ation about the value of k,/k, FIG. 6.  Dependence of hydrogen ~ i e l d  on benzene 
concentration. (- -), calculated ion scavenging curve; (- .), 

Or Ic31k4 that a be made calculated H atom scavenging or energy transfer curve; 
between the atom scavenging and energy transfer (-), sum of the two calculated curves; 0, experimental 
mechanisms. A value of k,/k, = 7 seems improb- points. Ns is the mole fraction of benzene. MHz) is 

the decrease in Hz yield, corrected for HZ from benzene 
ably low for thermal hydrogen atoms, but the radiolysis, and is based on the energy absorbed by MCP 
unsatisfactory state of information from tradi- only. 
tional free radical studies is indicated by the 
uncertain methods that were used to estimate 
hydrogen atom reaction rate parameters in a 
recent review (ref. 9, Table 2). Furthermore, the 
hydrogen atoms that take part in reactions [ l ]  
and [2] might be epithermal. 

(b) MCP-Benzene Solutions 
The values of Ag(H,) at low benzene con- 

centrations could not be fit by using the previously 
mentioned values of the electron scavenging 
parameters in eq. [iiil-[v], so benzene is not an 
efficient scavenger of solvated electrons in MCP. 
For positive ion scavenging, the value of 
Agf(H,),,, should be the same as that for elec- 
tron scavenging, but the value of P+ for an 
efficient positive ion scavenger should be an 
order of magnitude smaller than that of P- for 
an efficient electron scavenger (4). Hence, to 
test the present results against a positive ion 

The sum (Agf(H,) + AgU(H,)) is represented 
by the full line in Fig. 6, and it passes satis- 
factorily through the experimental points. 

(c) Summary 
It is not possible to explain the hydrogen 

results from either the CHD or the benzene 
solutions by any single inhibition mechanism 
that has been proposed, whether it involves 
homogeneous or nonhomogeneous kinetics. It 
has previously been suggested that the effects of 
low concentrations of unsaturated compounds 
in alkanes are consistent with a hydrogen atom 
scavenging mechanism (10). The present work 
demonstrates that charge scavenging mechanisms 
are also consistent with the results at low solute 
concentration. 

The occurrence of an additional inhibition 
mechanism at high solute concentrations, that 
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was proposed earlier (I), but which has usually 
been neglected (e.g. ref. lo), is confirmed by the 
present work. 

It  should be noted that some hydrogen was 
unscavengeable even at the highest scavenger 
concentrations. In the MCP-CHD solutions the 
unscavengeable hydrogen amounted to 0.7 g 
units and in the MCP-benzene solutions it was 
0.5 units. This unscavengeable hydrogen has 
many possible sources and speculation on the 
subject is too uncertain to be offered here. 

2. Other Products from M C P  
As with hydrogen, approximately half of the 

methane, 1-MC, 3-MC, and hexene have pre- 
cursors (ions and free radicals) that are readily 
scaveiigeable. As a rule of thumb, the readily 
scavengeable yield of a product from a pure 
compound may be taken as the decrease in 
yield caused by the addition of -- 3 mole % of 
an efficient inhibitor to the compound (see Figs. 
1-3). 

Eighty-four percent of the dimer from MCP 
is readily scavengeable (Fig. 3A), and the remain- 
ing 16 % is presumably formed in spur reactions. 
The same fraction of the dimer formed in the 
y-radiolysis of liquid cyclohexane was readily 
scavengeable (I I). 

3. Liquid Productsfiom the Solutes 
The CHD dimer reached a maximum yield 

of 6.5 G units at  about 10 mole % CHD, from 
which it decreased to a constant value of 3.3 
units above 70 mole % CHD (Fig. 4A). Similar 
behavior was observed in the cyclohexene-CHD 
system (3) and the dimerization reaction is cur- 

rently being studied in other solvents.' The 
general shape of the curve in Fig. 4A indicates 
reactivity transfer from MCP to CHD. 

The value G(-CHD) = 38 at 3.3 mole % 
C H D  indicates that an appreciable amount of 
polymerization occurs in the system. If only 
trimers and higher molecular weight products are 
considered as polymers, then at 3.3 mole % 
CHD, G(CHD + polyn~er) z 30. 

In contrast to the C H D  system, the yields of 
dimers that involved the benzene solute were 
very small (Fig. 4B). 
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Preparation and reactions of slnllfoxides and phosphine oxides containing 
silicon and germanium 

A. G. BROOK and D. G. ANDERSON 
De~~flrliiteirt of Clleiiiistty, Uilil:ersi/y of' Toronto, Toroilto, Oirtn~.io 

Received December 12. 1967 

The preparation of several sulfoxides containing silicon o r  gerll~anium is reported. The thermal 
rearrangenlent of the silicon-containing sulfoxides has been observed but neither germanium-containing 
sulfoxides nor silicon-containing phosphine oxides were found to rearrange thermally at a detectable rate. 

Canadian Journal of Cl~cmistry, 46, 21 15 (1968) 

Recently the first example of a thermal re- 
arrangement of a p-functional organosilane, the 
isomerizatioil of a p-ketosilane to its isomeric 
siloxyalkene, was reported (1). 

Related rearrangements with other similarly 
substituted compounds appeared to be a pos- 
sibility. In order to test this hypothesis members 
of several previously unreported classes of com- 
pounds were prepared: silylmethyl sulfoxides, 

0 

group of the rearrangement product, the sil 
oxymethyl sulfide. 

The polar character of the silylmethyl sulf- 
oxides together with their tendency to rear- 
range thermally (vide infra) prevented prepar- 
ation of pure samples. The sulfoxides could 
not be isolated in good yield from the mag- 
nesium halides present in a nonaqueous workup, 
and it was exceedingly difficult to free the sulf- 
oxides from traces of water introduced bv 

t aqueous workup. This water led to  hydrolysis of R3SiCH2SR'; g e r m ~ l m e t h ~ '  sulfoxides* R3Ge- the sulfoxide, yielding hexaalkyldisiloxanes and 0 + methvl arvl sulfoxides. 
d - 

CH,SR'; and silylmethylphosphine oxides, R3Si- 
0 
t 

CH2PRt2. Of these, only the silylmethyl sulfox- 
ides were found to rearrange, yielding siloxy- 
methyl sulfides. 

The silylmethyl sulfoxides were prepared in 
high yield by the reaction of methyl arylsulfinate 
esters with the Grignard reagents prepared from 
halomethyltrialkylsilanes. 

0 
T 

R3SiCH2MgX + ArS02Me -> R3SiCH,SAr 

i- MeOMgX 

1, R = Me, Ar = Ph 

2, R = Et, Ar = p-MeC6H,- 

As outlined below, there was difficulty in ob- 
taining pure sulfoxides and their structures were 
assigned primarily on the basis of spectroscopic 
data. The methylene group adjacent to the asym- 
metric sulfoxide group appeared as an AB 
system in the n.m.r. spectrum, and strong ab- 
sorption characteristic of sulfoxides occurred at  
9.67 p in the infrared spectrum. A minor peak in 
the n.m.r. spectra of silylmethyl sulfoxides at 
6 = 5 p.p.m. was assigned to the methylene 

Very careful drying of the crude silylmethyl 
sulfoxide prior to distillation, using desiccant 
grade silica gel, gave much lower yields of hy- 
drolysis products and much higher yields of re- 
arrangement products. The fact that the silyl- 
methyl sulfoxides are readily cleaved by water 
is consistent with the generally observed ten- 
dency of p-functional silanes to undergo silicon- 
carbon bond cleavage: the closely related silyl- 
methyl sulfones also readily undergo cleavage 
(2). 

In the hope of being able to avoid aqueous 
workups with the attendant problems, attempts 
were made to prepare trimethylsilylmethyl 
phenyl sulfoxides from trimethylsilylmethyl- 
lithium and benzene sulfinyl chloride, but only 
uncharacterized gum, and chloromethyltrime- 
thylsilane, the product of halogen-metal ex- 
change, were isolated. 

Two additional routes for the preparation of 
silylmethyl sulfoxides were investigated. The 
oxidation of silylmethyl sulfides with a variety of 
standard oxidizing agents showed some evidence 
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of the formation of sulfoxides based on the infra- 0 - 
I +  A 

0 
red spectra, but upon workup only starting R3Si-CHI-S-R' -* R3Si ' 'sR' 
materials and silanols or disiloxanes were iso- 
lated. The second route investigated was the 
reaction between a halosilane and sodium 

I r k I  5 

methylsulfinyl carbanion in dimethyl sulfoxide 4 
(3). 

+SR' 

0 0 R3SiOCH2SR' + [R3sio k2 ] 
t t 

R3SiCI + Na+CH,--S-R' 4 R3SiCH2SR1 + NaCl 7 
6 

The only characterizable products isolated from 
this very complex reaction were disiloxanes or 
silanols. These products probably arose from the 
reaction of the chlorosilane with dimethyl sulf- 
oxide, since it has been shown that hexaphenyl- 
disiloxane is the major product found when 
triphenylchlorosilane is dissolved in dimethyl 
sulfoxide (4). 

The silylmethyl sulfoxides 1 and 2 could be 
converted essentially quantitatively into the iso- 
meric siloxymethyl sulfides 3 and 4. 

l , R  = Me,Rf = Ph 3, R = Me, R' = Ph 

2, R = Et, R' = p-MeC6H4 4, R = Et, R' = p-MeC6H4 

That the rearrangement products were sil- 
oxymethyl sulfides was verified by the alterna- 
tive synthesis shown below: 

PhSH + n-BuLi - PhSLi + 12-BuH 

cH20:g; J \Me3sicl 

Me-SiCl 

The product, trimethylsiloxymethyl phenyl 
sulfide, 3, had the same spectral and physical 
properties as the product obtained from the re- 
arrangement of 1. Trimethylsilyl phenyl sulfide 
was a major by-product. 

Triethylsilyl p-tolyl sulfoxide was also shown 
to undergo an analogous rearrangement yielding 
4. Hexaethyldisiloxane and methyl p-tolyl sulf- 
oxide were also isolated from the rearrangement. 

The thermal rearrangement of trialkylsilyl- 
methyl aryl sulfoxides may be represented me- 
chanistically as follows : 

The first step, attack on silicon by oxygen, is 
common to several previously studied rearrange- 
ments of oxygen-containing organosilicon com- 
pounds, such as the silylcarbinol to silyl ether 
rearrangement (5, 6) and the P-ketosilane to 
siloxyalkene rearrangement (1). The formation 
of the strong silicon-oxygen bond would appear 
to provide a powerful driving force for these 
rearrangements. The intermediate formed in this 
process, 5, a sulfur ylid, is related to that pro- 
posed by Parham et al. (7, 8) or Oae et al. (9) 
for the Pummerer reaction and it  may reasonably 
be expected to similarly dissociate into an ion 
pair, 6, which recombines giving the observed 
product, 7, the siloxymethyl sulfide. An attempt 
to study the rearrangement kinetically failed 
since the impure silylmethyl sulfoxide gave un- 
reproducible and uncharacterized results so that 
the order of the reaction could not be established. 

Trimethylgermylmethyl phenyl sulfoxide, 8, 
which was synthesized in a similar way to its 
silicon analog, 1, was prepared in order to com- 
pare the rates of rearrangement of related silyl- 
methyl and germylmethyl sulfoxides. Many re- 
actions which involve nucleophilic attack on 
metalloid atoms proceed much more slowly, if 
at all, when germanium is substituted for silicon 
in the molecule (1,lO-14). The germyl sulfoxide, 
8, was unchanged after heating for 6 days at 60 
"C, whereas 1 was totally decomposed after 1 h 
at 60 "C. However, the germylmethyl sulfoxide 
underwent hydrolysis to hexamethyldigermox- 
ane and methyl phenyl sulfoxide at 60 "C over 
50 days, in the presence of about 1 mole equiva- 
lent of water. 

In view of the ready rearrangement of silyl- 
methyl sulfoxides to siloxymethyl sulfides, a re- 
action which essentially results in the reduction 
of a sulfoxide to a sulfide, it appeared of interest 
to investigate whether silylmethylphosphine 
oxides would undergo a similar rearrangement. 
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It  was hoped that such a rearrangement would 
provide a simple, clean, and stereospecific path- 
way for the reduction of phosphine oxides to 
carbon-functional phosphines. The stereospecific 
reduction of phosphine oxides to phosphines 
using trichlorosilane has been reported by 
Horner and Balzer (15). 

Trimethylsilylmethyldiphenylphosphine oxide, 
9, prepared by metalation of diphenylmethyl- 
phosphine oxide, followed by coupling with 
trimethylchlorosilane, did not rearrange when 
heated at 180' for 21 h, but because of traces of 
water in the samples used, some cleavage of the 
silicon-carbon bond occurred, presumably by a 
reaction analogous to those observed with other 
p-functional silanes, e.g. the sulfones (2), sulf- 
oxides, and ketones (16). Diphenylmethylphos- 
phine oxide, 10, hexamethyldisiloxane, and re- 
covered starting material were identified by their 
n.m.r. spectra as components of the reaction 
product. That 9 was, however, essentially un- 
changed was shown by its recovery in 57 % yield 
along with 10 in 37% yield when a sample to 
which water had been added purposely was 
heated to 180" for 21 h. 

Experimental 
General Methods 

The infrared spectra reported were recorded using a 
Perkin-Elmer model 257 or model 237B instrument. The 
n.m.r. spectra of the compounds were recorded on a 
Varian model A60 or A100 instrument. The data re- 
ported for the AB systems observed in the sulfoxides are 
the calculated chemical shifts of the two protons, which 
were obtained from the relationship Av = (Q2 - J2)*, 
where J is the coupling constant, Q is the distance in Hz 
between the first and third peaks of the AB system, and 
Av is the difference in chemical shift between the two 
protons. A Varian Aerograph 202-1B dual column in- 
strunlent was used for the purification of some of the 
compounds by gas-liquid chromatography. All melting 
points are uncorrected. 

TrirnethylsilylmetIzyl PIze~zyl Sulfoxide, 1 
A solution of 14.0 g (0.09 mole) of methyl benzene- 

sulfinate (17) in 25 ml of tetrahydrofuran was added to 
72 ml of a stirred solution of trimethylsilylmethylmag- 
nesium bromide (18) (0.1 mole) in dry ether at 0 "C. 
After stirring at 0 "C for 2 h, the reaction mixture was 
hydrolyzed with dilute aqueous hydrochloric acid and 
the aqueous layer was extracted with ether. After very 
careful drying of the ethereal extracts with sodium sulfate 
(anhyd.), and removal of the ether by evaporation at 
room temperature irz vacuo, 17.5 g (90 %) of trimethyl- 
silylmethyl phenyl sulfoxide was obtained. This product 
was shown by n.m.r. to be ca. 90% pure, the main im- 
purity being a small amount of rearrangement product 2. 

The material was further dried by dissolving it in dry 
ether and passing it through a short column (1" x 2") 
containing desiccant grade silica gel. After removal of the 
ether, 12.5 g of reasonably dry 1 was isolated, but since 
it could not be freed of the rearrangement product an 
analytical sample could not be obtained. N.m.r. (CCI,): 
6 0.14 (s, 9H, Me&), 2.28 and 2.36 (AB, 2H, J = 13.5 
Hz, CH2SO), and 7.2-7.8 p.p.m. (ni, 5H, C6H5); infrared 
(neat): 9.67 (S -> O), 8.0, and 11.75 k (Si-Me). 

Thermal Rearrangement of 1 
A 10.5 g sample of the above material was placed in a 

small scale fractional distillation apparatus and heated 
in a nitrogen atmosphere at 60 "C for 1 h at atnlospheric 
pressure. The reaction mixture was then distilled in 
vaclro to give 8.25 g (79%) of trin~ethylsiloxymethyl 
phenyl sulfide, 3, 0.4 g (10%) of hexamethyldisiloxane, 
collected in a trap cooled with dry icelacetone, and un- 
distillable gum. The crude 3 was shown by n.m.r. to 
contain about 10% methyl phenyl sulfoxide. Redistilla- 
tion of the crude sulfide at 67" (0.55 mm) gave pure 
material. nDZ3 1.5242; n.m.r. (CC1,) 6 0.11 (s, 9H, 
Me&), 5.07 (s, 2H, SCH20), and 7.05-7.6 p.p.m. (m, 
SH, C6H5); infrared (neat): 9.3 (C-0-Si), 8.0, and 
11.7 p (Si-Me). 

Anal. Calcd. for C10H160SSi: C, 56.56; H, 7.60; S, 
15.1; mol. wt., 212.4. Found: C, 56.80; H, 7.63; S, 15.4; 
mol. wt. (osmometer), 21 1.5. 

The Preparation of 3 from Tlziopl~enol, For~naldelzyde, and 
Trimetkylchlorosilane 

n-Butyllithium (0.1 mole) in 65 ml of hexane was added 
to a solution of 11.0 g (0.101 mole) of thiophenol in 100 
ml of dry ether. Formaldehyde gas was bubbled through 
the solution until the reaction was complete ( I?  h). Tri- 
methylchlorosilane (11 g, 0.101 mole) was added to the 
above solution at On, and the mixture was stirred at room 
temperature for 1 h. After filtration of the precipitated 
lithium chloride, distillation of the filtrate gave 11 g 
(60 %) of trimethylsilyl phenyl sulfide (b.p. 37" (0.75 mm), 
lit. (19) 72" (8 mm)) and 4.9 g (23 %) of 3, which was 
identical with the material obtained from the rearrange- 
ment of 1. 

Triethylsilylmethylp-Tolyl Srilfoxide, 2 
Using similar techniques to those used in the prepara- 

tion of 1, the reaction of triethylsilylmethylmagnesium 
chloride with methyl p-toluenesulfinate gave an 80% 
yield of 2, again slightly contaminated with rearrange- 
ment product so that a pure sample for analysis could 
not be obtained. N.m.r. (CC1,) 6 0.33-1.22 (m, 15H, 
Et3Si), 2.23 and 2.38 (AB, 2H, J = 13.5 Hz, CH2SO), 2.34 
(s, 3H, p-MeC6H4), 7.22, and 7.46 (AA'BB' analyzed as 
AB, 4H, J = 8.5 Hz, p-MeC6H4); infrared (neat): 9.68 
(S + O), 8.05, and 11.60 p (Si-Et). 

The Rearrangement of 2 
Using similar techniques as were applied to the thermo- 

lysis of trimethylsilylmethyl phenyl sulfoxide, the thermo- 
lysis of 2 gave triethylsiloxymethyl p-tolyl sulfide 4 
(50 %), hexaethyldisiloxane (12 %), methyl p-tolyl sulf- 
oxide (12%), and undistillable gums. The yields of 
hexaethyldisiloxane (6 0.3-1.2 p.p.m., Et,Si) and methyl 
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p-tolyl sulfoxide (6 2.28 p.p.m., p-MeC6H,) were esti- 
mated from the n.m.r. spectrum of the fraction contain- 
ing both materials. Gas-liquid chron~atography of a 
small amount of the impure 4 using a 20' x 318" alumin- 
ium column packed with 20% SE 30 (silicone gum rub- 
ber) on Chromosorb W (60-80 mesh) at 265", flow rate 
150 ml/min with helium as carrier gas, gave a sample 
which after distillation gave 4: b.p. 120" (0.01 mm) 
(Kugelrohr); nDz3 1.5280; n.m.r. (CCI,) 6 0.3-1.3 (m, 
15H, Et3Si); 2.28 (s, 3H,p-MeC6H4), 5.01 (s, 2H, SCH20), 
7.02, and 7.30 p.p.m. (AA'BB' analyzed as AB, 4H, 
J = 8.5 Hz, p-MeC6H4); infrared (neat): 8.0 and 11.7 
(Si-Et), and 9.3 p (C-0-Si). 

Anal. Calcd. for CI4Hz4OSSi: C, 62.63; H, 9.01. 
Found: C, 62.72; H, 8.96. 

Trir~tethylgermylmethyl Phenyl Sulfoxide, 8 
Using techniques similar to those used in the prepara- 

tion of 1, the reaction of trimethylgermylmethylmagne- 
sium chloride (20, 21) with methyl benzenesulfinate gave 
a 78 % yield of 8. Distillation of this material gave pure 
trimethylgermylmethyl phenyl sulfoxide: b.p. 120" (0.01 
mm) (Kugelrohr); nDZ2 1.5528; n.m.r. (neat)6 0.27 (s, 9H, 
Me3Ge), 2.48 and 2.56 (AB, 2H, J = 12.5 Hz, CHzSO), 
7.34-7.84 p.p.m. (m, 5H, C6H,); infrared (neat): 9.67 
(S + O), 8.07, and 12.00 p (Ge-Me). 

Anal. Calcd. for Cl,Hl6GeOS: C, 46.76; H, 6.28. 
Found: C, 46.85; H, 6.33. 

Trimethylsilylrnethyldiphenylphosphine Oxide, 9 
n-Butyllithium (0.06 mole) in hexane (35 ml) was added 

to a solution of 9.3 g (0.043 mole) of diphenylmethyl- 
phosphine oxide, 10, in 50 ml of tetrahydrofuran at 10" 
(22). The mixture was left at 10' for 10 min before 6.5 g 
(0.06 mole) of trimethylchlorosilane in hexane (10 ml) 
was added dropwise. The resulting solution was stirred 
at room temperature for 4 h. Workup gave 10 g of crude 
product. Chromatography of this material on silica gel 
gave 6.5 g (53%) of trimethylsilylmethyldiphenylphos- 
phine oxide, m.p. 118-119" after recrystallizations from 
1 :1 cyclohexane and rt-hexane: n.m.r. (acetone-d6) 
6 0.02 (s, 9H, Me3Si), 2.01 (d, 2H, J = 15 Hz, CHZP), 
and 7.3-8.2 p.p.m. (m, 10H, (C6HS)2P); infrared (Nujol 
mull): 6.98 (P-C6H5), 8.51 (P=O), 8.02, and 11.80 
p (Si-Me). 

Anal. Calcd. for C16H,,0PSi: C, 66.64; H, 7.34. 
Found: C, 66.53; H, 7.42. 

Also recovered was 2.8 g (30%) of diphenylmethyl- 
phosphine oxide, m.p. 108-111°, identified by a mixed 
melting point. 

The Attempted Tltermolysis of Trirn?thylsilylmethyldi- 
phenylphosphine Oxide, 9 

A 0.2 g sample of 9 was heated at 180" for 21 h. The 
n.m.r. spectrum of the product showed only starting 
material (76 %), diphenylmethylphosphine oxide (24 %), 
and hexamethyldisiloxane (20%). A further experiment 
was carried out by heating 9 (1.25 g) (0.00435 mole) 
containing water (ca. 0.05 g) in a sealed tube at 180" for 

21 h. The mixture was estimated to contain 60% of 9 
and 40% of dipl~enylmethylphosphine oxide, 10. Chro- 
matography of this sample gave 0.38 g (377;) of 10, m.p. 
110-1 12" (mixed melting point undepressed), and 0.71 g 
(57%) of 9, m.p. 118-119" (mixed melting point un- 
depressed). The n.m.r. and infrared spectra of both of 
these samples were identical with the respective spectra of 
authentic samples. 
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A number of bis(sily1)- and bis(germy1)-ketones have been prepared by the oxidation of the correspond- 
ing carbinol or by the hydrolysis of the dithiane precursor. The ketones are all highly colored and their 
spectral properties are consistent with inductive interaction of both metalloid atoms with the carbonyl 
group. The reactions of bis(tripheny1germyl)ketone under various conditions have been studied and the 
results obtained are consistent with the intermediacy of triphenylgermyl radicals. 

Canadian Journal of Chemistry, 46, 2119 (1968) 

Research (1-6) in these laboratories over a 
number of years has resulted in the preparation 
of a large number of acylsilanes and acylger- 
manes.' The most striking features of these 
compounds are their remarkable spectral prop- 
erties, both in the infrared and ultraviolet 
regions. Thus thecarbonyl n -t z* transitions of 
the acyl-silanes and -germanes show a marked 
bathochromic shift compared with those of their 
carbon counterparts, and the infrared carbonyl 
stretching wavelength in the metalloidal com- 
pounds is also significantly longer than in the 
analogous carbon compounds. In addition it has 
recently been shown (7, 8) that acylsilanes un- 
dergo unusual photochemical transformations. 

In view of the above results, it appeared of 
interest to synthesize compounds where the 
carbonyl group was flanked by two metalloid 
atoms, in order to gain further insight into the 
effect of adjacent metalloid atoms on the chemical 
and spectral properties of the carbonyl group. A 
preliminary account of the preparation and 
spectral properties of bis(triphenylsilyl)ketone, 1, 
and its germanium analog 2, has appeared (9) 
and in the present communication we wish to  
give full details of this work, together with an 
account of the synthesis and spectral properties 
of additional ketones, and a study of the chemi- 
cal reactions of bis(triphenylgermyl)ketone, 2. 

'We now favor usage of the term acylsilane instead of 
the formerly used a-silyl ketone to describe compounds 
with the structure Si-CO-. 

Preparation of Bis(metalloidal)ketones 
Bis(triphenylgermyl)ketone, 2, was pre- 

pared by the route shown in Fig. 1:Addition of 

1 HCOOEt 

---  
DMSO I 

Ph3GeCOGePh3 - DCC Ph3GeCHGePh3 

ethyl formate to the germyllithium reagent gave 
apart from the desired carbinol, 3, some formate 
ester, 4, which presumably arose by ester inter- 
change. Reduction of this mixture with lithium 

aluminium hydride gave pure carbinol in 68 % 
yield. This could be oxidized to the ketone 2 in 
yields of up to 70 %, using the dimethyl sulfoxide 
- dicyclohexylcarbodiimide - pyridinium trifluo- 
roacetate reagent (10). The ketone is an orange- 
red solid, m.p. 152", which is extremely light 
sensitive, especially in solution. 
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A similar procedure was used to synthesize 
bis(triphenylsilyl)ketone, 1. 

OCHO 
Li HCOOEt I 

Ph3SiCL - Ph3SiLi --- Ph3SiCHSiPh3 

oxidation 
Ph3SiCOSiPh3 7 Ph3SiAHSiPh3 

In this case, the preparation of the intermediate 
carbinol, 6, from triphenylsilyllithium and ethyl 
formate was complicated by the formation of 
substantial quantities of triphenylsilyltriphenyl- 
siloxymethane, 7, which is the expected product 
of the well-studied "silylcarbinol to silyl ether" 
rearrangement (1 1, 12). 

No carbinol at all could be isolated, but the 
formate ester, 5, formed in low yield, could be 
reduced by lithium aluminium hydride or methyl 
Grignard reagent to the carbinol6. 

It was further found that the yield of formate 
ester depended upon the method used to 
prepare the silyllithium reagent. When it was 
formed by cleavage of hexaphenyldisilane, no 
formate ester was obtained and the major 

product was the silyl ether, 7. Only when the 
silyllithium was prepared by treatment of 
triphenylchlorosilane with excess lithium was 
some formate ester, 5, isolated. Although the 
reason for this difference is not fully understood 
at present, it seems possible that when the 
silyllithium reagent was prepared from triphenyl- 
chlorosilane, the lithium chloride formed cata- 
lyzed the ester interchange of the intermediate 
alkoxide ion with the ethyl formate, thereby 
diminishing the isomerization of the anion to 
the silyl ether, 7. 

HCOOEt 
Ph3SiCI + Li -> Ph.%SiLi + LiCl - 

0- OCHO 
I I 

P ~ ~ S ~ C H S ~ P ~ ~  + HCOOEt - P ~ , S ~ C H S ~ P ~ ,  + E1G- 

Kollonitsch (13) has shown that the related 
reaction of organocadmium reagents with acyl 
halides is greatly influenced by the presence or 
absence of metal halides. 

The carbinol, 6, could be successfully oxidized 
to the ketone, 1, by two alternative methods. 
Oxidation using chromium trioxide - sulfuric 
acid gave a 36% yield of 1, while the dimethyl 
sulfoxide - dicyclohexylcarbodiimide - pyridin- 
ium trifluoroacetate method gave the ketone in 
26% yield. Both these methods have previously 
been used successfully for the preparation of 
acylsilanes (5). A third method, using N-bromo- 
succinimide, gave halosilanes as the major 
products. The ketone, 1, is a pinkish red solid, 
m.p. 155-158", which, like its germanium 
counterpart, is extremely light sensitive. 

The above route was also used to prepare 
bis(diphenylmethylsilyl)ketone, Ph,MeSiCOSi- 
MePh,, 8. A sample of pure ketone could not be 
obtained in this case, oxidation of the carbinol 
giving pink solutions which decolorized on 
attempted workup. However, the presence of the 
ketone was clearly indicated by the ultraviolet 
spectrum of the solution, which showed the 
characteristic absorption bands exhibited by 
bis(metalloida1)ketones. 

A further route to bis(metalloida1)ketones from 
the hydrolysis of 2,2-dimetalloidal-l,3-dithianes 
was explored, since the general method had been 
found useful for the synthesis of acyl-silanes and 
-germanes (6, 14). 

ZProfessor E. J. Corey, private communication, has 
indicated that he too obtained unstable pink solutions 
on hydrolysis of this dithiane. 
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BROOK ET AL.: BIS(METALLO1DAL)KETONES 

TABLE I 
Spectral properties of the bis(rnetalloidal)ketones 

Ketone hmax ( E )  rut Solvent 

Me3SiCOSiMe3 472, 505, 537 CsH6-Me2CO-H20 
Ph3SiCOSiMe3 480, 517, 550 CsHIz 
Ph,SiCOSiPh, 518(47), 548(63) Cs Hs 

524(30), 554(47) CCI, 
517(41), 545(64) EtOH 

Ph,MeSiCOSiMePh, 524. 554 Heotane 

With the exception of 2,2-bis(triphenylsily1)- 
1,3-dithiane, 9a, each of the disubstituted 
dithianes hydrolyzed in a benzene-acetone- 
water solvent mixture containing mercuric 
chloride and cadmium carbonate to give pink 
solutions containing bis(metalloidal)ketones, as 
shown by their characteristic ultraviolet absorp- 
tion spectra. However, as with the bis(sily1)ke- 
tone, 8, these solutions decolorized on attempted 
workup, rendering impossible the investigation 
of properties other than their electronic spectra. 

Other brief investigations of possible routes to 
bis(metalloidal)ketones were made. The hydrol- 
ysis of benzylic gem-dihalides has been found 
(1-3) to be a convenient route to benzoylsilanes. 
Therefore the route shown in Fig. 2 appeared to 
be a possible approach to bis(triphenylsily1)- 
ketone, 1. 

I SO2CIZ 

BzzOz 
hydrolysis 

Ph3SiCOSiPh3 4 Ph3SiCC12SiPh3 

1 *g+ 12 

Bis(triphenylsilyl)methane, 11, was prepared 
in 50% yield by the mixed Wurtz reaction. 
Although it was inert to bromination using 
N-bromosuccinimide, it could be chlorinated 
using sulfuryl chloride and benzoyl peroxide to 
give bis(triphenylsilyl)dichloromethane, 12. How- 
ever the gem-dihalide could not be hydrolyzed 
using silver nitrate, even when heated under 

reflux in a benzene-ethanol mixture for 2 days. 
This behavior obviously parallels the inertness 
of the corresponding dithiane, 9a, to hydrolysis. 
The reaction of triphenylsilyllithium with car- 
bony1 compounds as a route to bis(sily1)ketones 
was also unsuccessful. Addition of the silyllith- 
ium reagent to phosgene gave an immediate 
precipitate of hexaphenyldisilane, Ph,SiSiPh,, 
but no bis(sily1)ketone could be detected. The 
similar formation of hexaphenyldigermane, 
Ph,GeGePh,, from the reaction of triphenyll 
germyllithium with phosgene has been reported 
(15). 

Another possible route to 1 investigated was 
the reaction of triphenylsilyllithium with methyl 
triphenylsilanecarboxylate, 13. 

Treatment of the ester with triphe~~ylsilyllithium 
gave triphenylmethoxysilane as the major prod- 
uct, presumably from the attack on the ester 
by methoxide ions formed in the reaction (16). 

Spectral Properties 
Table I lists the positions of the 11 -> n* transi- 

tions observed for the bis(metalloida1)ketones. 
All compounds absorb far into the visible, and 

all the visible transitions were strongly banded, 
as has been observed previously with acylmetal- 
loid compounds (4,6). The extinction coefficients 
reported cannot be considered to be very accurate 
because of the demonstrable instability of the 
solutions, especially in light, but in all cases the 
band intensities are progressively larger, the 
longer the wavelength. The benzenoid bands in 
the 250-270 mp region were also studied in the 
case of bis(triphenylsily1)ketone and its germa- 
nium analog. The former exhibited maxima at 
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255,262, 267, and 273 mp in cyclohexane, while 
the latter had bands at 248, 254, 260, 265, and 
271 mp in the same solvent. However, it is not 
certain whether these bands are characteristic of 
the metalloidal ketones or of their oxidation 
products which show identical fine structure, 
since it is likely that the extremely dilute solutions 
required for the ultraviolet measurements are 
readily photolyzed. There is no such doubt, 
however, about the identity of the bands in the 
n -> n* region, since the more concentrated 
solutions used are visibly pink throughout the 
measurements, and some ketone is recoverable 
from them. 

The only infrared spectra of bis(metalloida1)- 
ketones which have been obtained are those of 
bis(triphenylsily1)ketone and bis(tripheny1ger- 
my1)ketone. The former showed carbonyl stretch- 
ing absorption at 6.42 p (1558 cm-') in KBr or 
6.44 p (1 553 cm- l )  in ethylene dichloride and the 
intensity of the band was low. The latter com- 
pound absorbed with medium intensity at 
6.19 p (1619 cm-l) in either KBr or carbon 
tetrachloride. 

From the above data it is evident that these 
ketones display remarkable spectral properties 
when compared with analogous carbon com- 
pounds; for example hexamethylacetone, Me3- 
CCOCMe,, has I,,, 296 mp, with a carbonyl 
infrared band at 5.91 p. The figures in Table I 
show that when a second silicon or germanium 
atom is attached to the carbonyl group of an 
acylmetalloid, this causes a similar lowering of 
the n +n* transition energy to that caused by 
the introduction of the first metalloid atom. A 
similar result is found in the carbonyl infrared 
position. The unusually long wavelength infrared 
absorption for the bis(sily1)ketone relative to 
the bis(germy1)ketone would seem to be explain- 
able, at least in part, as due to steric hindrance 
between the two triphenylsilyl groups, as appears 
obvious from consideration of a Fischer- 
Hirschfelder-Taylor model. Similar shifts to 
longer wavelength have also been observed (17) 
for such strained ketones as hexamethylacetone 
and triptyl t-butyl ketone. Additional evidence of 
steric interaction is found in the low intensity of 
the carbonyl absorption in this bis(silyl)ke~one 
(18) 

Reactions of Bis (metalloidal) ketones 
These ketones appear to react normally with 

metallic reagents, since bis(triphenylgermy1)- 

ketone, 2, was reduced to its carbinol precursor, 
bis(triphenylgermyl)methanol, in 71 % yield by 
lithium aluminium hydride, and bis(tripheny1- 
silyl)ketone, 1, reacted with methyl Grignard 
reagent to give 1,l-bis(triphenylsilyl)ethanol, 14, 
in 82 % yield. 

OH 
MeMgI 

Ph3SiCOSiPh3 - 
I 

+ Ph3SiySiPh3 

Both bis(metalloidal)ketones are rapidly decol- 
orized, and evolve carbon monoxide, at their 
melting points, the major products formed 
in air being the disilane (or digermane) and the 
disiloxane (or digermoxane). The results are 
consistent with a radical pathway: 

The disiloxane (or digermoxane) can be explained 
as arising from the reaction of the Ph3M' radical 
either with atmospheric oxygen, or with unre- 
acted ketone. Eaborn et al. (19) have shown that 
the trimethylsilyl radical, Me3Si', in addition to 
forming disilane, abstracts oxygen atoms readily 
from oxygen-containing species : with the ketones 
acetophenone or benzophenone, hexamethyl- 
disiloxane was the major product. 

The photolysis of bis(triphenylgermyl)ketone, 
2, under various conditions has been studied. 
When 2 was photolyzed under nitrogen in 
benzene or methanol, decarbonylatioil occurred, 
forming hexapheilyldigermane in high yield. The 
reaction presumably proceeds via a Norrish 
type I cleavage (20). 

.- - 
Ph3GeCOGePh3 - Ph,GeCO' + Ph,Ge' 

PhH or MeOH 

PhSGe' + Ph,GeCOGePh, + Ph3GeGePh3 + Ph3GeCO' 

Further evidence in favor of a radical pathway 
was found when 2 was photolyzed under nitro- 
gen in chloroform. The major product in this 
case was found to be triphenylchlorogermane, 
Ph3GeC1. This result can be rationalized in terms 
of the abstraction of C1' radicals from the sol- 
vent by the triphenylgermyl radical. 
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BROOK ET AL.: BIS(ME 

Similar behavior has been reported for triethyl- 
germyl radicals generated from bis(triethy1- 
germy1)mercury (21, 22). 

When the photolysis of bis(triphenylgermy1)- 
ketone was carried out in the presence of oxygen 
in carbon tetrachloride a different process 
evidently occurred, since the major products 
were the known triphenylgermyl triphenyl- 
germanecarboxylate, Ph3GeCOOGePh3, and 
triphenylchlorogermane, Ph3GeC1. With benzene 
as solvent, the photolysis gave the ester and 
hexaphenyldigermane, Ph3GeGePh3. It is clear 
that again triphenylgermyl radicals are formed, 
but in what way they combine with other species 
and oxygen to yield the ester is not yet known. 

Experimental 
Preparation of I,]-Bis(tripheny1germyl)methanol 

To a solution of 12.0 g (0.0396 mole) of triphenylger- 
mane in 150 ml of anhydrous T H F  a t  -23' was added 
24.8 ml (0.0396 mole) of 11-butyllithium solution. The 
resulting green solution was stirred for a further 30 min 
at  -23". A solution of 1.47 g (0.0198 mole) of freshly 
distilled ethyl formate in 100 ml of T H F  was added 
dropwise, the green color of the germyllithium reagent 
being absent at the end of the addition. The resu!ting 
colorless solution was stirred for a further 5 min, hydro- 
lyzed with 5 % hydrochloric acid, and extracted with ether. 
The organic layer was dried over anhydrous magnesium 
sulfate, filtered, and solvent removed under reduced 
pressure. An infrared spectrum of the solid obtained 
showed the presence of bands for both -OH at 2.80 p 
and -0CHO at 5.81 p. The crude product, dissolved in 
anhydrous THF, was added to a suspension of 1.0 g 
(0.0264 mole) of lithium aluminium hydride in 150 ml of 
anhydrous ether. After the mixture had been stirred for 
60 min at  room temperature, normal acid workup, 
followed by recrystallization from a 9:l ethano1:benzene 
mixture, gave 8.48 g (68%) of 1,l-bis(triphenylgermy1) 
methanol, m.p. 138-139". 

Anal. Calcd. for C37H32Ge20: C, 69.66; H, 5.05. 
Found: C, 69.47; H, 5.18. 

Infrared spectrum: h,,, (CCI,), 2.80(w), 3.26(m), 
3.27(m), 6.73(m), 7.00(s), 9.15(s), 9.70(m), 10.00(m), 
14.35(s), 14.85(m) p. 

N.m.r. spectrum: 6 (CCl,), 7.08 to 7.43 (30H, com- 
plex), 5.29 ( lH,  singlet), 1.28 ( lH,  singlet, removed by the 
addition of D 2 0 )  p.p.ni. 

Preparatiori of Bis(triphenylgermy1)ketone 
To a solution of 2.7 g (0.00426 mole) of 1,l-bis- 

(tripheny1germyl)methanol in 25 ml of anhydrous ether 
was added successively 2.07 g (0.01 mole) of dicyclohexyl- 
carbodiimide and 0.99 g (0.00514 mole) of pyridinium 
trifluoroacetate. On the addition of 1.2 nil (0.0169 mole) 
of dimethyl sulfoxide, the mixture turned a n  orange-pink 
color. After stirring the mixture for 14 h in the dark the 
supernatant red liquor was drawn off by means of a 
syringe, and the solvent was removed under reduced 
pressure. The resulting red solid was recrystallized from a 

4:l methano1:benzene mixture to give 2.08 g (77%) of  
crude ketone, m.p. 135-141". Several recrystallizations 
gave the analytical sample, m.p. 152-154", in 37 % yield. 

Anal. Calcd, for C37H30Ge20:  C, 69.88; H, 4.75. 
Found: C, 70.18; H, 4.95. 

Infrared spectrum: h,,, (KBr pellet) 3.25(ni), 6.19(m) 
(carbonyl absorption; the same value was found in 
carbon tetrachloride), 6.75(m), 7.00(s), 9.20(s), 10.02(m), 
12.60(m), 13.66(s), 14.30(s), 14.80(m) p. 

Ultraviolet spectrum: (a) n -> n* region: h,,, (C,H,), 
455(18), 485(43), 515(66) my; (C6HI2) 451, 483, 513 mp. 
The solution used was visibly pink, both before and 
after taking the spectrum. A spectrum taken on the same 
solution after 2 h was identical with the above, with the 
exception that the intensities of the 3 bands had fallen to 
11, 24, and 36 respectively. (b) n ?- n* region: h,,, 
(C6H,2), 248(1590), 254(1952), 260(2290), 265(2180), 
and 271(1590) mp. Evaporation of this solution, after 
being allowed to stand for 30 min, gave a white solid, 
whose infrared spectrum indicated the presence of 
t r iphenylgermyl  t r iphenylgermanecarboxylate ,  
Ph3GeCOOGePh3, as shown by infrared bands a t  
6.04 and 8.60 p. A cyclohexane solution of this solid 
gave a n  ultraviolet spectrum identical with the above. A 
cyclohexane solution of authentic Ph3GeCOOGePh3 (23) 
also gave ultraviolet bands identical with the above in 
this region. 

Tripheizylsilyllithi~rm with Formate Esters 
( A )  A solution containing 2.3 g (0.032 mole) of ethyl 

formate in 25 ml of tetrahydrofuran was rapidly added to 
125 ml (0.062 mole) of 0.5 M triphenylsilyllithium pre- 
pared by the cleavage of hexaphenyldisilane with lithium 
in tetrahydrofuran. After stirring for 3 h, normal acid 
workup gave 2.1 g (13%) of hexaphenyldisilane, m.p. 
36O0, and a yellow oil. Chromatography of the oil on 
silica gel eluted with benzene gave 2.5 g (15%) of tri- 
phenylsilane, m.p. 4341°,  9.9 g (58%) of triphenylsil- 
oxytriphenylsilylmethane (24), m.p. 129-13O0, and 0.3 g 
(2%) of triphenylsilanol, 11i.p. 148-151". 

(B) A solution of 24 ml(0.4 mole) of methyl formate in 
50 ml of tetrahydrofuran was rapidly added to the 
triphenylsilyllithium prepared from 29.6 g (0.1 mole) of 
triphenylchlorosilane and 2.8 g (0.4 g atom) of lithium in 
250 ml of tetrahydrofuran. After stirring for 20 min, 
normal acid workup gave 0.3 g (1 %) of hexaphenyl- 
disilane, m.p. 356-36O0, and a yellow oil. Chromatography 
of the oil on silica gel eluted with benzene gave 6.4 g (22 %) 
of bis(triphenylsily1)methyl formate, m.p. 187-189". 
Recrystallization from benzene raised the melting point 
to  189-191". 

Anal. Calcd. for C38H3202Si2: C, 79.1; H,  5.59; 
Si, 9.74. Found: C, 79.2; H, 5.66; Si, 9.86. 

Infrared spectrum: h,,, (CCl,), 3.24(m), 3.26(ni), 
3.40(w), 5.80(s), 6.72(w), 7.00(s), 8.68(s, broad), 9.00(s), 
14.35(s, broad) p. 

N.m.r. spectrum: 6 (CCI,), 7.58 ( lH ,  singlet), 6.97 to  
7.42 (30H, complex), 6.65 ( lH,  singlet) p.p.m. 

In  addition 8.2 g (30%) of triphenylsiloxytriphenyl- 
silylmethane, m.p. 129-13l0, and 11.3 g (41 %) of tri- 
phenylsilanol, m.p. 150-152", were obtained. 

Several additional reactions were run involving the 
addition of ethyl forillate to triphenylsilyllitllium prepared 
from hexaphenyldisilane, and in no instance was any 
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evidence of the formation of bis(triphenylsilyl)methyl 
formate found. 

I, I-Bis (triphe~zylsilyl) methanol 
A solution of 0.4 g (0.7 mniole) of bis(tripheny1- 

si1yl)methyl formate in 10 ml of ether was added to 20 ml 
(10 mmoles) of 0.5 M methylmagnesium iodide in ether. 
After stirring for 1 h, normal acid workup, followed by 
recrystallization of the product from methanol, gave 
0.34 g (69%) of 1,l-bis(triphenylsilyl)methanol, m.p. 
154-156". 

Anal. Calcd. for C37H320Si2: C, 80.98; H, 5.88. 
Found: C, 80.88; H, 5.97. 

Infrared spectrum: h,,, (CCI,), 2.80(m), 3.24(m), 
3.26(m), 3.32(w), 6.73(w), 7.00(s), 8.40(m), 9.00(s), 
14.35(s, broad) p. 

N.m.r. spectrum: 6 (CCl3, 6.89 to 7.80 (30H, com- 
plex), 4.90 (lH, doublet, J = 4 c.p.s., becomes a singlet 
on addition of D20) ,  1.07 (lH, doublet, J = 4 c.p.s., 
removed on addition of D 2 0 )  p.p.m. 

A similar reduction was effected using excess lithium 
aluminium hydride in ether although in one run, carried 
out on a large scale, complete rearrangement of the 
carbinol to the silyl ether occurred. 

Bis(triphenylsily1) ketone 
( A )  A solution of 0.055 g (0.1 mmole) of I,]-bis(tri- 

phenylsilyl)methanol in 10 ml of ether was stirred for 
45 min with 0.5 ml (0.25 mmole) of 0.5 M chromium 
trioxide in 0.1 M sulfuric acid. The reaction mixture 
was then added to water and extracted with ether. The 
pink ether layer was dried with sodium sulfate and then 
concentrated under reduced pressure. Chromatography 
of the resulting oil on silica gel gave 0.019 g (35%) of 
triphenylsilanol, m.p. 149-15O0, 0.012 g (20%) of tri- 
phenylsilylcarboxylic acid, m.p. 177-179", and a pink 
solid. Following recrystallization from a 1 :4 benzene:pen- 
tane mixture, 0.020 g (36%) of bis(triphenylsilyl)ketone, 
n1.p. 155-158", was obtained. 

Anal. Calcd. for C3,H3,0Si2: C, 81.3; H, 5.53; mol. 
wt., 546.1836. Found: C, 80.3; H, 5.52; mol. wt., 540 
(osmometry), 546.1838 (mass ~pectrometry).~ 

Infrared spectrum: h,,, (KBr), 3.25(m), 3.26(m), 
3.30(w), 6.28(w), 6.42(m) (carbonyl absorption, found at 
6.44 p in 1,2-dichloroethane), 6.72(m), 6.99(s), 9.00(s), 
10.00(m), 13.58(s), 14.05(s), 14.30(s) p. 

Ultraviolet spectrum: (a) n -> x* region: A,,, (PhH), 
518(47), 548(63) mp. (CCI,), 524(30), 554(47) mp. (95% 
EtOH), 517(41), 545(64) mp. All solutions were visibly 
pink, both before and after taking the spectra. In the case 
of the benzene solution, evaporation of the solvent, fol- 
lowed by addition of methanol, gave recovered ketone, 
m.p. 156". (b) x+ x* region: A freshly made cyclohexane 
solution showed a broad band with indistinct shoulders 
at 250 and 266 mp. When a spectrum was retaken on the 
same solution after 2 h the broad band had been replaced 
by a series of distinct shoulders, h,,, 255, 262, 267, 273 
nip. Evaporation of the solution gave a white solid, whose 
infrared spectrum indicated the presence of triphenylsilyl 
triphenylsilanecarboxylate (23) by the presence of bands 
at 5.96 and 8.80 p. When redissolved in cyclohexane this 

3Analysis of this compound has proved difficult, 
presumably because of its instability. 

gave an ultraviolet spectrum identical with the above in 
this region. 

(B) To a solution of 0.197 g (0.000358 mole) of 1,l-bis- 
(tripheny1silyl)methanol in 2.0 ml of anhydrous ether 
was added successively 0.172 g (0.000864 mole) of 
dicyclohexylcarbodiimide and 0.082 g (0.000425 mole) of 
pyridinium trifluoroacetate. On the addition of 0.1 ml 
(0.00142 mole) of dimethyl sulfoxide the mixture turned 
pink. After stirring the mixture for 12 h, the supernatant 
liquor was drawn off by means of a syringe, and solvent 
was removed under reduced pressure. The orange-red 
solid obtained was recrystallized from a 1 :4 benzene:pen- 
tane mixture to give 19 mg (10 %)of hexaphenyldisiloxane, 
m.p. 232-234". The addition of methanol to the orange- 
red filtrate caused the precipitation of pink needles. These 
were filtered off to give 50.8 mg (26%) of bis(tripheny1- 
silyl)ketone, m.p. 155-159". 

(C)  To a solution of 0.055 g (0.1 mmole) of 1,l-bis(tri- 
phenylsilyl)methanol and 0.05 ml (0.005 mniole) of a 
0.01 M carbon tetrachloride solution of benzoyl peroxide 
in 5 ml of carbon tetrachloride 0.040 g (0.22 mmole) of 
N-bromosuccinimide was added and the resultant mixture 
was slowly warmed. At 65" a faint yellow color developed 
in the solution, but it was immediately replaced by an 
intense pink color. The reaction mixture was immediately 
cooled in an ice bath and then filtered to remove the 
succinimide. Chromatography of the filtrate on silica gel 
gave 0.004 g (7%) of bis(triphenylsilyl)ketone, n1.p. 
153-154". 

In a second reaction where the filtrate was not chromato- 
graphed it decolorized within 20 min. Addition of pentane 
gave0.042 g of what appeared to be a mixture of triphenyl- 
chlorosilane and triphenylbromosilane, m.p. 100-105", 
mixture melting point with triphenylchlorosilane 99-103". 

Treatment of the mixture with excess lithium aluminium 
hydride in ether followed by normal workup gave 0.031 g 
(60%) of triphenylsilane, m.p. 41-44". 

Preparation of Bis(diphenylmethylsily1) ketone 
Under the same conditions as those used with triphenyl- 

silyllithium, addition of methyl formate to a solution of 
diphenylmethylsilyllithium, prepared from diphenyl- 
methylchlorosilane and lithium metal, gave on chroma- 
tography 19% of I,]-bis(diphenylmethylsilyl)methyl for- 
mate, m.p. 105-107". 

Anal. Calcd. for C2,H2,02Si2: C, 74.3; H, 6.23. 
Found: C, 74.6; H, 6.16. 

Infrared spectrum: h,,, (CCI,), 3.25(m), 3.28(m), 
3.33(w), 3.38(w), 3.43(w), 5.85(s), 7.00(s), 8.00(s, broad), 
8.62(s, broad), 9.00(s, broad), 14.30(s) p. 

N.m.r. spectrum: 67.67 (lH, singlet), 7.59 to 7.12 (20H, 
complex), 6.05 (lH, singlet), 0.29 (6H, singlet) p.p.m. 
(external TMS). 

This was reduced by methylmagnesium iodide to 1,l- 
bis(diphenylmethylsilyl)methanol, m.p. 60-63", in 74 % 
yield. 

Anal. Calcd. for Cz7H2,0Si2: C, 76.4; H, 6.64. Found: 
C, 76.3; H, 6.65. 

Infrared spectrum: h,,, (CCI,), 2.80(m), 3.24(m), 
3.26(m), 6.99(s), 7.95(m, broad), 8.20(m), 8.98(s, broad), 
14.11(s) p. 

N.m.r. spectrum: 7.68 to 7.12 (20H, con~plex), 4.24 
(lH, singlet), 0.87 (IH, singlet, removed on addition of 
D20) ,  0.20 (6H, singlet) p.p.m. 
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BROOK ET AL.: BIS(METALL0IDAL)KETONES 2125 

Attempts to oxidize the carbinol under a variety of con- carbinol, as shown by absorption in the infrared region at 
ditions gave pink solutions, h,,, (heptane) 524, 554 mp. 2.70 and 2.80 p. However, these products could not be 
The solutions decolorized during workup, and no  mean- separated either by chromatography or by crystallization. 
ingful infrared spectra were obtained. 

Hydrolysis of 2,2-Bis(trimethylsi1yl)-1,3-dithiar~e 
The Dithiar~e Route to Bis(nzetalloidal)ketol~es A mixture of 1.32 g (0.005 mole) of 2,2-bis(trimethy1- 

Since the majority of the dithianes and their hydrolyses ~il~l)-1,3-dithiane (141, 6.75 g (0.025 mole) of mercuric 
have been reported elsewhere (6), they will not be further chloride, and 1.72 g(0.01 mole) of cadmium carbonate, in 
considered here. Only those reactions previously unre- 80 ml of a 3:l acetone:benzene solution containing 5 % 
ported will be described. water, was stirred in the dark at room temperature for 5 h, 

the mixture gradually becoming pink. Some of the liquid 
Preparatiot1of2-Trimetl1ylsilyl-2-tripI1en~lsil~l-I,3-dithiane was removed, filtered, and its ultraviolet spectrum was 

To  a solution of 7.58 g (0.02 mole) of 2-triphenylsilyl- taken, using benzene in the reference cell. The rest of the 
1,3-dithiane in 125 ml of anhydrousTHF, cooled to -23", mixture was filtered and the solvent was removed under 
was added 17.3 ml (0.02 mole) of 11-butyllithium. The reduced pressure to  leave a pink-orange solid. This was 
resulting solution was stirred for 3 h at -23". The temper- extracted with anhydrous ether and filtered to  give a 
ature was raised to  0' and a solution of 2.18 g (0.02 mole) pink filtrate, considerably lighter in color than the 
of trimethylchlorosilane in 100 ml of anhydrous T H F  was original solution. An attempt was made to trap the 
added dropwise. The resulting mixture was stirred at 0" remaining bis(sily1)ketone by reduction. Excess lithium 
for 2, h, then at room temperature for 20 h, after which it aluminium hydride was added to the ether filtrate and the 
was hydrolyzed with 5 % hydrochloric acid and extracted mixture was allowed to  stand for 1 h. The addition of 5 % 
with ether. The organic layer was dried over anhydrous hydrochloric acid and extraction with ether left a 
magnesium sulfate, filtered, and the solvent was removed colorless organic layer. This was dried over anhydrous 
under reduced pressure. The resulting oil was recrystal- magnesium sulfate, filtered, and the solvent removed 
lized from benzene by the addition of methanol to give under reduced pressure to give 0.42 g of colorless liquid, 
2.8 g (31 %) of 2-trimethyl~il~l-2-triphenylsilyl-l,3-di- identified as starting dithiane (32% recovery) on the 
thiane, m.p. 148". basis of its identical infrared spectrum and refractive 

Infrared spectrum: h,,, (CCl,), 3.24(m), 3.26(m), index. 
3.38(m), 3.41(n1), 3.43(m), 6.78(m), 7.00(s), 8.05(m), Ultraviolet spectrum: I,,, (PhH/Me2CO/H20), 472, 
8.40(m), 9.10(s), 10.98(m), 11.25(m), 14.40(s, broad), 505, 537 mp. 
14.80(s) p. 

N.m.r. spectrum: 6 (CDC13, CH2C12 as internal 
reference at 5.30 p.p.m.), 7.22 to 8.16 (15H, 2 complex 
peaks), 2.30 to  2.60 (4H, con~plex), 1.50 to 2.00 (2H, 
complex), 0 (9H, singlet) p.p.m. 

Anal. Calcd. for C25H30S2SiZ: C, 66.61; H, 6.71. 
Found: C,  66.65; H ,  6.83. 

Hydrolysis of 2-Trirnethylsilyl-2- tripl1et1ylsilyl-I,3-dithiane 
A mixture of 0.50 g (0.0011 mole) of 2-trimethylsilyl- 

2-triphenylsilyl-1,3-dithiane, 1.36 g (0.005 mole) of 
mercuric chloride, and 0.34 g (0.002 mole) of c a d n ~ i u n ~  
carbonate in 40 ml of 3 :1 acetone:benzene containing 5 % 
water was heated under reflux for 8 h. Some of the 
mixture was taken, and the solvent was removed under 
reduced pressure. The solid obtained was extracted with 
cyclohexane, filtered, and the ultraviolet spectrum of the 
pink filtrate was determined. An attempt was made to  
trap the bis(si1yl)ketone by reduction of the remainder of 
the mixture after it had been shaken with anhydrous 
magnesium sulfate, filtered, and the filtrate evaporated 
under reduced pressure. The product was dissolved in 
anhydrous ether and 0.25 g (0.0066 mole) of lithium 
aluminium hydride was added. The mixture was allowed 
to stand for 60 min when it was hydrolyzed with 5 % 
hydrochloric acid and extracted with ether. The organic 
layer was dried over anhydrous magnesium sulfate, 
filtered, and the solvent was removed under reduced 
pressure. The solid obtained was chromatographed on 
silica gel. Elution with carbon tetrachloride gave 0.12 g 
(24%) of starting dithiane, m.p. 148". The mixed melting 
point with an authentic sample was not depressed. 

Elution with benzene gave 100 mg of a mixture of 
a silanol and what was presumed to be the desired 

Bis(triphenylsi1yl)methane 
A solution of 2.0 g (6.5 mmoles) of triphenylsilyl- 

chloromethane and 2.0 g (6.8 mmoles) of triphenylchloro- 
silane in 15 ml of toluene was added over 90 min to 0.3 g 
(13 mmoles) of sodium in 5 ml of refluxing toluene. After 
heating under reflux for 2 h the purple precipitate which 
had formed was filtered off and added slowlv to ethanol 
to yield 0.49 g (28 %) of hexaphenyldisilane, m.p. 360". 
The toluene filtrate was concentrated under reduced 
pressure and chromatographed on silica gel which was 
eluted with benzene to  obtain 1.8 g (52%) of bis(tripheny1- 
silyl)methane, m.p. 138-142". Recrystallization from 
heptane sharpened the m.p. to 141-142'. 

Anal. Calcd. for C3,H32Si2: C, 83.41; H, 6.06; Si, 
10.53. Found: C, 82.64; H, 5.88; Si, 10.49. 

Bis(tripl~enj~lsilyl)dicl~loroi~~ethane 
A solution of 0.6 g (1.1 mmoles) of bis(tripheny1- 

silyl)methane and 0.2 ml(2.5 mmoles) of sulfuryl chloride 
in 5 ml of benzene was heated under reflux for 6 h with 
five small additions of benzoyl peroxide. As the reaction 
proceeded, crystals formed in the solution. Recrystalliza- 
tion from benzene gave 0.6 g (88%) of bis(tripheny1- 
silyl)dichloromethane, m.p. 255-257". 

Anal. Calcd. for C37H30C12SiZ: C, 73.78; H, 5.03. 
Found: C, 74.02; H, 5.30. 

Bis(tripher~ylsilyl)dichlorot~ietI~a~~e with Siluer Nitrate 
A solution of 0.1 g (0.16 mmole) of bis(tripheny1- 

silyl)dichloromethane and 5 ml (0.5 mmole) of 0.1 M 
silver nitrate in 90% ethanol in 100 ml of benzene and 
30 ml of ethanol was refluxed for 48 h. The reaction 
mixture was extracted with water, dried with sodium 
sulfate, and concentrated under reduced pressure to 
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yield 0.09 g (90%) of recovered bis(triphenylsily1)di- 0-Si system. The solid was dissolved in boiling carbon 
chloromethane, m.p. 253-256". tetrachloride, from which a small amount of hexa- 

phenyldisilane, m.p. 350°, precipitated on cooling. 
Tripher~ylsilyllithi~~m with Phosgene Addition of pentane to the filtrate precipitated crystals of 

Solutions of 0.58 g (5.8 mmoles) of phosgene in 30 ml hexaphenyldisiloxane, m.p. 23C-233". The mixed melting 
of tetrahydrofuran and 32 ml (11.7 mmoles) of 0.37 M point with an authentic sample was not depressed. 
triphenylsilyllithium in tetrahydrofuran were run slowly 
and simultaneously down a long tubular stirrer into 100 The Pyrolysis of ~ i s ( t r i p h e r ~ ~ l g e r r ~ ~ ~ l ) k e t o t ~ e  
ml of tetrahydrofuran cooled in a dry ice - acetone mix- A glass tube containing 20 mg of the pink ketone was 
ture. ~ ~ l l ~ ~ i ~ ~  normal acid workup, 1.9 g (62%) of heated in an oil bath at 200" for 3 h. The orange-red 
hexaphenyldisilane, m.p. 36&363O, was obtained. In ad- solid melted and bubbles of gas were evolved from the 
dition 0.26 g (8%) of triphenylsilane, m.p. 47", 0.11 g liquid famed. The gas evolved blackened a piece of 
(3 %) of tetraphenylsilane, m.p. 224-2260, and 0.45 g filter paper, moistened with acidified palladium dichloride 
(14%) of triphenylsilanol, m.p. 149-1520, were obtained solution, which was positioned in the mouth of the tube. 
by chromatography on silica gel eluted with benzene. An infrared spectrum (KBr pellet) was run on the solid 

after cooling and showed the presence of Ge-Ph 
Triphenylsilyllithium with Methyl absorptions at 7.0 and 9.15 p, together with a broad band 

Triphenylsilanecarboxylate at 11.8 p, characteristic of the Ge-0-Ge system. Thin 
A solution of 2.0 g (6.3 nlmoles) of methyl t r i ~ h e n ~ l -  layer chromatography of the residue, with carbon tetra- 

silanecarboxylate in 20 ml of tetrahydrofuran was cooled chloride as the developing solvent, gave 2 spots, which 
to 0 "C and 7.1 ml (3.1 mmoles) of a 0.44 M triphenyl- were shown to be hexaphenyldigermane and hexa- 
silyllithium solution in tetrahydrofuran was added over phenyldigermoxane by comparison with the distances 
90 min. The mixture was allowed to warm to  room moved by authentic samples of these two substances on 
temperature and stirred for 11 h. Following normal acid the same plate. 
workup, 0.36 g (12%) of hexaphenyldisilane, m.P. A similar experiment was performed with the pyrolysis 
360-362", was filtered off. The following products were being carried out iil vacuo. Hexaphenyldigermane and 
obtained by chromatography on silica gel eluted wit11 hexaphenyldigernloxane were similarly shown to be 
benzene: 1.1 g (60%) of methoxytriphenylsilane, m.p. present. 
52-55", b.p. 168-172" (0.6 mm); 0.53 g (30 %)of triphenyl- 
silanol, m.p. 150-152"; and 0.93 g of but-3-eno1, b.p. The Photolysis of Bis(triphenylgermnyl)ketone in Dry 
128-130" (760 mm), m.p. of 3,5-dinitrobenzoate CC-6l0, Ber~zerle under N2 
lit. (25) m.p. 59". A pink solution of 99 mg (0.000157 mole) of bis(tri- 

phenylgermy1)ketone in 15 ml of dry benzene was 
The Lithi~~rt~ Alumii~ium Hydride ~ed~rctior<of stirred under nitrogen. Irradiation using a General 

Bis(tripherzylgermy1) ketor~e Electric "PAR-38" spot lamp caused the solution to  
To 7 mg (0.000185 mole) of lithium alunlinium decolorize within 15 min. The solvent was removed under 

hydride dissolved in 20 ml of anhydrous ether was added reduced pressure to give 97 mg (102 %) of hexaphenyl- 
95 mg (0.000150 mole) of bis(triphenylgermy1)ketone and digermane, m.p. 338". A mixed melting point with an 
the mixture was stirred together in the dark for 30 min. authentic sample was not depressed. Thin layer chroma- 
Following normal acid workup, recrystallization from a tography on the product showed only one compound 
9:l ethano1:benzene mixture gave 68 nlg (71 %) of present, which travelled the same distance as an authentic 
l,l-bis(triphenylgermyl)methanol, m.?. 138-140". The sample of hexaphenyldigermane. 
mixed melting point with an authentic sample was not 
depressed. The Photolysis of Bis(triphe~~ylgerm~~l)ketone in Dry 

Meti~atzol under Nz 
1,l-Bis(tripher~ylsil~d) ethat~ol A suspension of 99.6 mg (0.000158 mole) of fine 

To a solution of 17 mg (0.031 mmole) of bis(tripheny1- orange-pink crystals of bis(triphenylgermy1)ketone in 
sily1)ketone in 5 ml of ether was added 10 ml(O.l mole) of 20 ml of dry methanol was stirred under nitrogen. 
0.01 M methylmagnesium iodide in ether and the mixture Irradiation using a General Electric "PAR-38" spot 
was stirred for 2 h. Following normal acid workup, lamp for 45 min caused the removal of the pink color and 
chromatography of the resultant oil on silica gel eluted the gradual deposition of a thick white precipitate. This 
with benzene gave 14 mg (82%) of 1,l-bis(triphenylsily1)- was filtered off, washed with methanol, and dried in oacuo 
ethanol (26), m.p. 215". A mixed melting point with an to give 70 mg (74%) of hexaphenyldigermane, m.p. 
authentic sample was not depressed. 343-345". The mixed melting point with an authentic 

sample was not depressed. The filtrate was taken and 
Tile Pyrolysis of Bis(triphen~ylsilyl)ketor~e solvent was removed under reduced pressure to give 

A glass tube containing 20 mg of the pink ketone was 11.8 mg of an oil whose infrared spectrum showed the 
heated in an oil bath at 200" for 3 h. The pink solid presence of a strong G ~ O H  band at 2.72 p. 
melted and bubbles of gas were evolved from the liquid 
formed. The gas evolved blackened a piece of filter paper, The Pl~otolysis of Bis(triphenylgertt~yl)keto~~e in Dry 
moistened with acidified palladium dichloride solution, Chlorofornl under N2 
which was positioned in the mouth of the tube. An A pink solution of 91 mg (0.000145 mole) of bis(tri- 
infrared spectrum was run on the solid after cooling and phenylgermy1)ketone in 15 ml of dry chloroform was 
showed Si-Ph absorptions at 7.0 and 8.95 p, together stirred under nitrogen. Irradiation using a Genera1 
with a broad band at 9.35 p, characteristic of the Si- Electric "PAR-38" spot lamp for 2 min caused the 
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disappearance of the pink color. The irradiation was 
continued for a further 5 min when the solvent was 
removed to give 83 mg of a white solid. Chromatography 
on acid-washed alumina gave, on elution with carbon 
tetrachloride, 63 mg (64%) of triphenylchlorogermane, 
n1.p. 112-115". The mixed melting point with an authentic 
sample was not depressed. 

The Photolysis of Bis(triplzet~ylgertnyl)ketot~e in Carbon 
Tetrac/zloride in Air 

A pink solution of 103 mg (0.000162 mole) of bis(tri- 
phenylgermy1)ketone in 20 ml of carbon tetrachloride 
was allowed to stand in light. After 5 min the solution had 
decolorized. The solvent was removed under reduced 
pressure to give an oil which solidified on standing. 
Chromatography on a silica gel column on elution with 
5050 benzene:carbon tetrachloride gave 28 mg (25%) of 
triphenylchlorogermane, m.p. 112-115". The mixed 
melting point with an authentic sample was not depressed. 
The column was rapidly flushed with ether to give 20 mg 
(19%) of triphenylgermyl triphenylgermanecarboxylaie, 
n1.p. 162-164", which had absorptions in the infrared 
region at 6.04 p and 8.60 p. The mixed melting point with 
an authentic sample was not depressed. 

T l ~ e  Pl~otolysis of Bis(trip/~enylgertnj~l)ketot~e in Dry 
Benzene in Air 

A pink solution of 95 mg (0.000150 mole) of bis(tri- 
phenylgermy1)ketone in 20 ml of dry benzene was 
irradiated with a General Electric "PAR-38" spot lamp 
for 5 min, after which time it had decolorized. The 
solvent was removed under reduced pressure to give a 
white solid, which was chromatographed on a silica gel 
column. Elution with 50:50 benzene:carbon tetrachloride 
gave 13 mg (15%) of hexaphenyldigermane, n1.p. 354". 
The mixed melting point with an authentic sample was 
not depressed. The column was rapidly flushed with ether 
to give 34 mg of a mixture of what was presumed to be 
triphenylgermanol and triphenylgermyl triphenylger- 
manecarboxylate, as indicated by bands in the infrared 
spectrum at 2.72, 6.04, and 8.60 p. This behavior was 
found in several runs. When the column was eluted 
slowly, separation of the ester from the hexaphenyldiger- 
mane was achieved but the ester fraction contained some 
germanol. Rapid elution gave no germanol but poor 
separation of the ester from the hexapl~enyldigermane. 
When a pure sample of triphenylgermyl triphenylger- 
manecarboxylate was slowly chromatographed on a 
silica gel column, triphenylgermanol, as shown by its 
infrared band at 2.72 p, was eluted in the later fractions. 
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Group vibrations and the vibrational analysis of molecules containing methylene 
groups. Part I. The basic equations and the application of the method to methylene 

dichloride and cyclopropanel 

J. M. FREEMAN AND T. HENSHALL 
Utliversity of Salford, Salforci 5, Etlglrrtzd 

Received November 1 ,  1967 

The vibrations of the methylene group first considered by King have been reexamined; and the group 
factorization procedure previously applied to n~olecules containing methyl groups has now been extended 
to ~nolecules containing methylene groups. The vibrational analysis of such n~olecules can be simplified by 
factoring from the secular determinant those frequencies that are characteristic of the syn~n~etric and 
antisymmetric CH2 stretching, and the H^CH angle bending modes. Corrections are then applied to the G 
and F matrices to account for the interactions with the molecular framework of the CH2 'rocking', and 
A 

XCX angle deformation modes. where the atoms X may form part of a ring system. 

Canadian Journal of Chemistry, 46, 2129 (1368) 

King and Crawford (1) have applied the con- 
cept of group vibrations to simplify the vibra- 
tional analysis of molecules containing methyl 
groups. They have developed a method whereby 
the frequencies characteristic of the methyl 
group are factored from the vibrational prob- 
lem, leaving only those atomic displacements to 
be considered that involve the direct interaction 
of the methyl group and the framework to which 
it is attached, and of the framework itself. 

King (2) has also considered the similar 
problem of the vibrations of the methylene 
group, but the results are rather inconclusive. It 
was therefore considered to be desirable to re- 
examine the problem in the hope that the method 
may be of value in our studies of ring systems 
containing methylene groups. 

In this paper, we present the basic equations in 
the same notation as that used previously (1, 3), 
together with the results obtained by the appli- 
cation of the method to methylene dichloride 
and to cyclopropane. 

To establish the nature of the methylene group 
vibrations, a 'standard molecule' CH,X, was 
first considered, in which the X atoms were 
assigned masses of lo6 a.m.u. The basis set of 
internal displacement coordinates from which 
symmetry coordinates were constructed in sym- 
metry point group C,,  is shown in Fig. 1. 

In his choice of symmetry coordinates, King 
(2) preferred to retain the redundancy condition 

'All correspondence should be addressed to: Dr. T. 
Henshall, Department of Chemistry and Applied Chem- 
istry, The University of Salford, Salford 5, England. 

in the A ,  species which arises from the angles 
at the carbon atom and to remove it from the 
secular determinant (ref. 2, eq. [35]). In this 
study, it was considered to be desirable to re- 
move this difficulty at the outset by constructing 
a redundant coordinate, and thereby creating a 
corresponding row of zeros in the G matrix. 

The first calculations were made with the sym- 
metry coordinates of Table I and the force field 
of Tables 11 and 111. The normal coordinate 
matrices obtained, taken with experimental evi- 
dence, indicated that v, and v, in the A, spe- 
cies, and v6 in the B, species, could be regarded 
as group frequencies. Symmetry species A, and 
B, contained no group frequencies within the 
scope and requirements of the method (2), and 
so were not considered further. 
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TABLE I 
First trial symmetry coordinates 

A, species 
S, = ($ + O -I- a1 + a,  + U S  + a4)/ J6 Redundant coordinate 
Si = (dl + dz)/ J 2  Group coordinate 
S z  = (2$ + 2 0  - - a,  - a3 - a4)/J12 Group coordinate 
s3 = (R1 + Rz)l J 2  s4 = (0 - I$)/ ,I2 

A, species 
S5 = (a1 - a2 - a3 + u4)/2 

B, species 
s, = (dl - &)I J 2  
S7 = (a, - u2 +- a,  - a4)/2 

Group coordinate 

B, species 
s8 = (R1 - Rz)l J 2  
Sg = (ul + a2 - u3 - a4)/2 

TABLE I1 
The valence force fielde 

dl (1, (IO$ deal (loa2 doa3 dou4 R1 R,  RO 

*do, R a r e  C-H and C-X equilibrium bond l e n ~ t h s  respectively. 

TABLE 111 TABLE IV 
Force constantse 

-- 

Standard Methylene 
molecule dichloride 

Frequencies for the standard methylene molecule and for 
methylene dichloride 

- 

Methylene dichloride (cm-I) 

Approxilnate soh.  
Standard mole- Complete 

cule (cm-') soh .  1st set 2nd set 

*K,. F,. K,, F ,  are in mdyn A-': H,, Hd. H 8 ,  F,, F,, 
are in mdyn A  ad-^; F,,. f,,= are in mdyn rad-1. 

Using the force constants for the 'standard 
molecule' in ref. 2, the frequencies in column 1 
of Table IV were obtained. Then, following the 
procedure described in refs. 1 and 3, a set of 
approximate equations was constructed to cal- 
culate the group frequencies of methylene di- 

A, soecies 

B,  species 
vs 3050 3076 3076 3076 
~7 874 818 818 818 

chloride. These are given in Table IV, column 3, 
and compared with the values obtained by a 
complete analysis of the molecule using the data 
of Decius (4). The agreement is seen to  be satis- 
factory. 

However, when the A* matrices required for 
the group factorization procedure were con- 
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strutted, that for the A, species was found to TABLE VII 

carry large off-diagonal elements (Table V). The corrections m f f  to the force field for the framework 
This was considered to be a potential source of vibrations 

difficulty in applying the method to larger mole- 
cules (ref. 2, D. 851, and is reflected here in the @ f f  (A ' )  Ss s4 ' 

. A  ,, 

poor agreement for v,. 

TABLE V 

The A:'; matrix for the transformation D = A* S in the 
Al species. (First set of symmetry coordinates.) 

A,,* S I  SZ S3 SJ 

D I -0.9986 0.0016 0.0501 -0.0175 
Dz 0.0221 0.7245 0.1848 -0.6635 
D3 -0.0029 -0.6029 -0.2965 -0.7408 
D4 0.0481 -0.3340 0.9355 -0.1029 

It was therefore decided to construct new 
symmetry coordinates for S ,  and S ,  to approxi- 
mate more closely to normal modes in an effort 
to overcome this difficulty. The new coordinates, 
S,' and S,' given below, were constructed on 
the basis of the L- ' matrix of the A, species of 
methylene dichloride and the requirements of 
orthogonality (cf. ref. 5). 

Using this new set, and the same force field as 
before, the transformation matrix A" in D = A" 
S for the A ,  species now assumes the forin of 
Table VI. 

TABLE VI 
The A:'; matrix in the Al species. (Second set of symmetry 

coordinates.) 

A :I: 
.4 1 S1 S3 ' S3 s, ' 

S3, 0.0843 (mdyn A-') 0.0418 (mdyn rad-') 
S, 0.0418 0.0262 (mdyn A rad-Z) 

@ r r  (B,)  
- 

S7 

s7 0.0026 (mdyn 
rad-') 

The effective mass tensor, (M- I),,', whose 
elements are the effective inverse masses in 
(a.m.u.)- ' of the carbon atoms of the methylene 
group required for the reduced kinetic matrix 
G,-,-', is calculated to be: 

Hence the inverse carbon masses in (a.m.u.)-I 
associated with the methylene group to be used 
in constructiilg G//' are ~ L , . ~ '  = p, = 0.08326, 
pcy' = 0.07097, pcz+ = 0.07438, and no correc- 
tion is therefore necessary to the inverse carbon 
mass for motion in the x-direction in Fig. 1. 

The EX 'scissors' mode, S,', and the 
'rocking' mode, S,, describe displacements of 
both the methylene carbon and hydrogen atoms. 
The effective inverse mass matrix (M- ')+ there- 
fore contains cross-terms involving carbon and 
hydrogen atoms. The elements (G'),, of the 
reduced kinetic matrix with i = 4' and 7 there- 
fore require effective hydrogen masses; and the 
procedure for their calculation follows the 
description of ref. 1, p. 437, leading to the values: 

The matrix H = GF was then calculated; the + 
submatrix fig/ was found to be null as required 
by the method, whilst H,, was lower triangular 
with the group frequency parameters, h,, along 0.0093 0.0932 + ------ - 
the diagonal. d' R d  PA- 

The corrections, @//, to the force field for the + 
framework vibrations are given in Table VII. (Gi)7,7 = 3 + % 2 R -  + 3 -- + - pcz , 
The entries. unlike those based on the first sym- 

(X i d ) 2  + 
metry cooidinates of Table I, are relati;ely 

where 
- - 0.4958 - 0.002s (i id) 

small. 2d2 - d' d + - .  
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For the off-diagonal elements involving the coordinate S j ,  and for which ( G + ) i j  = Bi (M- ') 
interactions S i  (i = 4', 7 )  with any framework +Bj*, the required row vectors are: 

On this basis, it is to be noted that when the 
terms 

($ - i) and (& + $) 
arise in the G matrix elements for the interac- 
tions between methylene group and framework 
vibrations, they are to be replaced respectively by 

0 0141 0 3404 ( - - -  and (- + i) . 
Solution of the reduced secular equation ( G + F t  
- h El = 0 gave the values of v,, v,, and v ,  for 
the framework vibration frequencies of methy- 
lene dichloride listed in Table IV, in excellent 
agreement with those obtained by the complete 
solution. 

The following approximate equations apply to 
the group frequencies of molecules containing 
methylene groups. 

Species A 

X i  = 1.0469AF11 + 0.0202AF2,2~ + 5.2103 

X P  = 2.1959AF2t2t + 0.2042AFp3 
+ 0.6002AF2,41 

+ O.O41OAF4,4< + 1.2322 
Species B1 

(AFij  = Fij - FijO,  etc., where FijO refers to the 
standard methylene molecule, and hi = 4n2c2 
vZi) .  In these equations, the relevant symmetry 

force constants for molecules containing methy- 
lene groups are : 

The symmetry force constants for the standard 
methylene molecule are (2) : 

These equations give the values for the group 
frequencies of methylene dichloride that are 
entered in the last column of Table 1V; and 
again the agreement with the values obtained by 
a complete solution is extremely good. 

Although the bond angles subtended at the 
carbon atoms in methylene dichloride and cyclo- 
propane are very different, the results of pre- 
liminary calculations on the effect of changes in 
the @H angle on those frequencies of the 
methylene group that are involved in the frame- 
work vibrations indicated that the group fre- 
quency procedure might be profitably applied 
to the cyclopropane molecule. 
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TABLE VIII 
Methylene group frequencies in cyclopropane 

Approximate 
Species description 

A1 ' Sym. CH stretch 
CH, deformation 

A2" CH stretch 

E ' CH stretch 
CH, deformation 

E" CH stretch 

Observed Calculated frequencies (cm-') 
frequencies, o 

(cm - ') Approximate Exact 

3301 3339 3311 
1479 1462 1477 

3194 3167 3194 

3196 3203 3198 
1478 1475 1477 

3221 3192 3232 

A normal coordinate analysis of cyclopropane 
has been reported (6). These authors tabulated 
the G matrices and calculated symmetry force 
constants, but do not give any frequencies 
obtained from them. Using their G and F 
matrices on an English-Electric KDF-9 com- 
puter gave the results of Table IX; the agree- 
ment with the observed frequencies after cor- 
rections for anharmonicity is good. 

TABLE IX 
Skeletal frequencies for the cyclopropane n~olecule* 

Calculated frequencies 
(cm - ' ) 

stretching, methylene 'wag' and 'twisting' vibra- 
tions in the cyclopropane molecule involve 
movements of the carbon atoms having com- 
ponents in both the x and y directions (Fig. 2), a 
more sophisticated method of introducing pCx 
and pCy into the reduced G matrix than that 
described previously (1, 3) was required. To 
this end, local cartesian axes were constructed 
on each carbon atom in the same positions as 
those in the "standard molecule". The inverse 
masses relative to these local axes are known. 
The inverse mass tensor, M,- ', for each methy- 
lene group in the non-local coordinate system 
(i.e. the reference system for the whole molecule) 
was then obtained from the transformation 

Approxi- Exact 
Approximate mate calcula- 
dcscription o (cm-') calculation tion 

A, ' svrnrnetric 
C-c stretch 

11 88 1203 (1 294) 11 85 

'rocking' 867 874 866 

E' ring deforrna- 
tion 1051 1051 (960) 1050-i 

E' CH2 'wagging' 884 868 884 

E" CHZ 
'twisting' 1212 1232 

EM CH2 'rocking' 750 753 

*Figures in parentheses correspond to the point-mass model. 
?The potential energy distribution reverses this assignment due to 

Cyvin (6), see text. 

The group frequencies for cyclopropane cal- 
culated on the basis of eq. [ l ]  are compared with 
those from a complete solution in Table VIII. 
The framework vibrations were treated by the 
factorization method with the results of Table 
IX. which also lists the results of a com~lete  cal- 
culation and the observed values corrected for 
anharmonicity. However, because the ring 

where R is the rotation operator which brings 
the local axes for a particular methylene group 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2134 CANADIAN JOURNAL OF 

into coincidence with the directioils of the axes 
of the molecular framework. Each carbon atom 
therefore has its own inverse mass tensor, and 
this will generally carry non-zero off-diagonal 
elements. The computer program for the calcula- 
tion of G matrices described in ref. 7 has been 
modified to perform the required rotations on 
the inverse mass tensor and to calculate the 
reduced G matrix from the equation 

where n refers to a particular atom of the N 
present in the molecule, and M,,-' is the 3 x 3 
inverse mass tensor for the atom n. 

The corrections to the B matrix elements that 
are necessary in the consideration of the interac- 
tions between group and skeletal vibrational 
modes have also been introduced into the pro- 
gram in a general form. The reduced hydrogen 
masses were subsequently introduced after in- 
spection of the B matrices obtained from the 
computer. This overcame the need to use 
different hydrogen masses for different sym- 
metry coordinates. 

The L matrices calculated by the approxima- 
tion method showed close agreement with those 
obtained from the complete calculation. How- 
ever, it is interesting to note that a calculation of 
the potential energy distribution for the E' 
species indicates that the absorption at 1050 

CHEMISTRY. VOL. 46, 1968 

cm- ' is due almost entirely (> 99 %) to the 
"wagging" vibration, and that at 884 cm-' 
arises almost entirely from an antisymmetric ring 
deformation vibration. This is quite contrary 
to Cyvin's assignment (6). The "rocking" and 
"twisting" frequencies in the E" species show an 
almost equal extent of mixing so that no assign- 
ment can be made with certainty. 

Considering that no attempt has been made 
to account for the effect of changes in the 
molecular geometry on the reduced masses, the 
results are sufficiently encouraging for us to pro- 
ceed with the application of the methods to  
larger ring systems containing methylene groups. 
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Group vibrations and the vibrational analysis of molecules containing methylene 
groups. Part 11. Ethylene oxide, d4-ethylene oxide, and ethylene sulfide 

J. M. FREEMAN AND T. HENSHALL' 
Departtnetit of Clzemistry nnrl Applied Clzet~~istry, Utiiversity of Salford, Salforrl 5, Etiglat~i 

Received January 19, 1968 

Vibrational analyses, based on the group frequency factorization procedure of King and Crawford, 
are reported for ethylene oxide, [I4-ethylene oxide, and ethylene sulfide in an attempt to decide between 
two possible vibrational assignments for these n~olecules. 

The results, whilst not providing an unequivocal decision between the assignments, nevertheless 
do suggest that the higher frequencies in the A2 and B2 species may be preferentially assigned to the nleth- 
ylene rocking modes. 

Canadian Journal of Chemistry, 46, 2135 (1968) 

The infrared and Raman spectra of ethylene 
oxide have been extensively investigated, the 
most recent study being that reported by Potts 
(I), whose results have been used in this work 
and whose paper should be consulted for 
earlier references. 

The calculations on d4-ethylene oxide are 
based on the assignments by Lord and Nolin 
(2); those on ethylene sulfide use the most 
recent study by Guthrie (3). 

These molecules belong to the symmetry 
point group C,,, and the structure of the 
representation of the vibration frequencies 
other than the characteristic frequencies of the 
methylene group is : 

There appears to be little doubt about the 
assignments in the A ,  and B, species, but those 
of the A, and B, modes are still controversial. 
Earlier workers, including Thompson and Cave 
(15), assigned the higher frequencies in these 
modes to the methylene rocking vibrations and 
the lower frequencies to the methylene twisting 
vibrations (Table IV, assignment I). These 
assignments have since been reversed on the 
basis of considerations involving group frequen- 
cies (Table IV, assignment 11). A complication 
arises in that the A, fundamentals are inactive 
in the infrared and are difficult to observe in 
the Raman spectra. The band at 1300 cm-' in 
ethylene oxide has been estimated by Potts 
(1) from thermodynamic data, whilst for 

ethylene sulfide, the band at 660 cm-I observed 
in the Raman spectrum by Thompson and Cave 
(15) and assigned by them to an A, species has 
since been reassigned by Guthrie (3) to an 
asymmetric ring deformation inode of species 
B,. There are therefore no frequencies available 
for the A, vibrational species of this compound. 

It is because of the uncertainty in the vibra- 
tional assignments for these molecules that 
we decided to calculate a force field and poten- 
tial energy distribution for the two assignments 
indicated in Table IV. In our iterative calcula- 
tions (4) on ethylene oxide and ethylene sulfide, 
the frequencies of the A, species were included 
for the former, but given zero weight for the 
latter. No  iterations were performed on d4- 
ethvlene oxide. 

T o  simplify the calculations, King and Craw- 
ford's (5) group frequency factorization pro- 
cedure was used to factor from the secular 
equations those frequencies characteristic of 
the methylene and deutero-methylene group 
vibrations. However, it has been shown (6) 
that whilst the factorization of the CD, group 
frequencies gives good results for the CD,Cl, 
molecule, application of the method to d6- 
cyclopropane is unsatisfactory and indicates that 
the method will be without success for such 
small ring systems as those under consideration 
having vibrational species which involve a 
CD, deformation and a 'ring breathing' mode. 
This is due mainly to the large correction, 
Q f f ,  to the force constant for the 'ring breathing' 
mode, and to the high degree of mixing involved 
in the A, species of d,-cyclopropane between the 

'All correspondence should be addressed to: Dr. T. 
Henshall, Department of Chemistry and Applied 'ring breathing' and CD, deformational modes. 
Chemistry, University of Salford, Salford 5, England. The results for &-ethylene oxide are therefore 
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confined to the A,, B,, and B, vibrational 
species. 

The information necessary to construct the 
Gff+ matrices for the B,, A,, and B, species for 
d,-ethylene oxide is 

for the methylene rocking mode in the B, 
species (S,) the correction to the F matrix is 

for G,,,", p,+/2d2 = 0.2482/d2 - 0.0028 
J3((1/R) + (1/3d))/d; and wherever the 
quantity ((l/R) + (1/3d)) occurs in an off- 
diagonal element of Gff+ involving the coordi- 
nate S,, it is to be replaced by ((l/R) + (0.96361 
3d)). The reduced Gf + matrices were calculated 
using a computer program based on that 
described in ref. 7. 

The symmetry coordinates were similar to 
those described for cyclopropane by Cyvjn (8) 
and are presented in Table I. The relevant 
internal coordinates are given in Fig. 1. 

'-'2 u4 

FIG. 1. The internal displacement coordinates (X  = 
0, S). 

Force field calculations on ethylene oxide 
have been reported by Gunthard, Messikommer, 
and Kohler (9), based only on the A, and B, 
species and a simple valence force field, and by 
Stone (lo), using a more elaborate force field 
with interaction constants. The most recent 
calculations by Venkateswarlu and Thyagarajan 
(1 1) on ethylene oxide, d,-ethylene oxide, and 
ethylene sulfide are suspect on two counts: 

CHEMISTRY. VOL. 46, 1968 

TABLE I 
Symmetry coordinates 

Approxin~ate 
Vibrational description 

species Symn~etry coordinate of mode - 
A1 S1 =(d+R1 + R 2 ) /  J3  Ring 'breathing' 

S2 = (Yo1 - Y o 2 ) /  J 2  Methylene 'wag' 
S3 = (20- R l  - R2)/2. Symmetric ring 

deformation 
B1 S,= (9,' + Y , ' ) / J 2  Methylene 'wag' 

s , = ( R l - - R z ) l  J 2  Asymmetric ring 
deformation 

A2 S.5 = ( 9 ~ ~  + YT')/&! Methylene 'twist' 
S 7 = ( Y R 1  - Y R Z ) /  J 2  Methylene 'rock' 

BZ S g  = (YT1 - Y T 2 ) /  J 2  Methylene 'twist' 
So = ( Y R 1  + Y n Z ) I  J 2  Methylene 'rock' 

one, their choice of symmetry coordinates, in 
which they have overlooked the linear depen- 
dence of the C-C stretching coordinate on the 
change in the ring angles; and the other, the 
large differences reported between the force 
constants of ethylene oxide and its deutero- 
analogue. 

TABLE I1 
Group coordinates 

-- 
~p 

- 
YT' = 6 ( 0 1 '  - 02'  - 0 3 '  + mai)  

Yof = 3(a1' + a?' - 03' - 0.;') 

YJci = Q(ali - 13,' + a3' - wqi )  
( i  = 1,2) 

Two definitions of force field have been used 
in the present work. One involved the use of 
valence force  constant^,^ with due allowance 
for some degree of correlation between the four 
symmetry species in respect of the force constants 
governing methylene 'rocking', 'twisting', and 
'wagging' modes; the other involved the group 
coordinates (12) defined in Table 11, and in this 
case the A, and B, modes are isolated from the 
others. 

I t  was found to be convenient in our calcula- 
tions to apply the corrections, Qff, to the 
valence force field in a slightly different, yet 
entirely equivalent, way to that used in ref. 13. 
The corrections for the CH2 group: (I) to 
Ha, Ha', fa, are given by @ff(7,7)/2 = 0.0013 
and (2) to fR, fR1, fd, fRd by Qf ( ~ 1 2  = 0.042. 
No correction is required for fa'. The force 

'Taken from Snyder and Zerbi (14) and the force 
field for the standard molecule CH'X, (13). 
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TABLE I11 
Force fields a 

% 
Ethylene oxide Ethylene sulfide 

- -- - I 
Force constants Interacting coordinates Assign. I and I1 Assign. I Assign. I1 Assign. I and 11  Assign. I Assign. 11 F 

R1,R2 mdyn A-' 
d, d 
Ri,Rz ,, 
R,d 
wIf,wl' mdyn rad-2 
~ 3 ~ ~ 0 4 ~  3 ,  

~ 1 ~ , 0 2 ~  ,, 
wI1,w3' ,, 
R1,w3l mdyn rad-' 
d,wtf mdyn rad-' 
~ ~ ' , o ~ ~  mdyn A-2 

0.308 
0.216 

Assumed 0 

0.701 1.513 
Assumed 0 0.241 

f rock  Y R 1 , Y R 1  mdyn rad-2 0.421 0.333 < 
f i o C l .  YR',YR' Assumed 0 ? B 

0.620 0.782 5Fl 
f;w~st YT ' ,YT '  N 

3 f ' lw1 . t  YT ' ,YT '  Assumed 0 ? 
f w a g  Ywl,Ywl 1.128 0.781 

8 
2: 

f ' w a g  Yw',Yw2 -0.003 0.029 
fd,wng d ,Ywl  mdyn r a i l '  0.432 -0.392 

F 
R1,YW1 mdyn rad-I -0.624 0.014 N fR,wnp 

NOTES: (I) Constants common to both force fields. (2) Constants peculiar to the valence force field. (3) Constants peculiar to group force field. 
5 
S 
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TABLE 1V n g 
Calculated and observed frequencies and potential energy distribution (p.e.d.) 

-- t5 
Ethylene oxide d,-Ethylene oxide Ethylene sulfide 

Frequency 2 
Species (cm- ') Obsd. Calcd. P.e.d. Obsd. Calcd. P.e.d. Obsd. Calcd. P.e.d. 

A 1 V I  1270 1269 1 . OOS1 1013 - - 1112 1120 0.53s1+0.33s3 2 
VZ 1130 1128 0.79Sz+0.21S3 970 - - 1025 1024 0.24S1+0. 77S2 $ 
V3 877 873 0.21Szf0.79Ss 755 - 625 635 0.23S1+0.68S3 - 

BI V4 1151 1152 0. 99s' 952 944 0.69s' 1051 1067 0.92s' % 
V 5 890 906 0.99s~ 809 823 0.69SZ 660 635 0.92SZ O 

Az V6 807 799 0.975'1 581 569 0.96s' ? 788t(819*) 0.81s' 
(1) V7 1300 1293 0.97s~ 1083 1034 0.96Sz ? 12167(1082*) 0.81Sz 

B2 VS 821 826 0. 96s' 577 601 o.92S1 824 815t(824*) I . 00s' 
I 
i: 

Vg 1142 1151 0. 96S2 896 876 0.92S2 943 9357(943*) 1 . OOS, 
- - 

2 
Az V6 1300 1302 0.98s' 1083 965 0.92s' ? j 

(11) V7 807 802 0.98Sz 58 1 621 0.92S2 ? - - C 

Bz v8 1142 1142 0.96s' 896 867 0.91s' 943 943 0.93s' p 
821 819 577 600 0.91Sz 824 8 24 v a 0.9682 0.9382 ,A 

NOTE: I, I1 refer to  the two assignments. 
'Value from group force field. 
?Value from valence force field. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FREEMAN A N D  HENSHALL: GROUP VIBRATIONS AND VIBRATIONAL ANALYSIS. PART I1 2139 

constants f,, f f Ira,, were constrained at zero 
unless, by so doing, it was found to be impossible 
to reach good agreement with the observed 
frequencies. 

The values of the force constants obtained 
from these calculations are presented in Table 
111, from which it is apparent that assignment I 
requires smaller values of interaction force 
constants between the methylene twisting and 
rocking modes. Since they necessarily involve 
both methylene groups, such interaction would 
be expected to be small. This result, taken with 
the impossibility in finding valence force 
constants which will simultaneously satisfy the 
symmetry force constants of both the A,, B, 
vibrations from assignment I1 and the A ,  B ,  
vibrations on assignment I (the assignments lead 
to identical results in the A, ,  B ,  species), lends 
support to the correctness of assignment I. 

The frequencies and potential energy distribu- 
tions calculated from the two assignments. are 
presented in Table IV. No calculated frequencies 
are given for the A, species of ethylene sulfide on 
the basis of assignment I1 because of the 
uncertainty in the force constants for this mode 
as obtained by simple transfer from the B,  
species. This would have assumed that the group 
constailts, f',,i,, and f',,,,, were zero, which is 
far from true in ethylene oxide for which more 
data is available. 

The frequencies of d,-ethylene oxide were 
not used in the iterative calculations of force 
constants; hence the frequencies calculated for 
this molecule can be used to assess the accuracy 
of the force field. Although it must be borne in 
mind that King and Crawford's method may 
carry quite different errors for the two isotopic 
species, nonetheless the frequencies calculated for 
d4-ethylene oxide using the force field of ethylene 

oxide based on assignment I are considerably 
more accurate than that based on assignment 11, 
again supporting the former. 

Although the calculations do not decide 
unequivocally between the two possibilities, 
they do indicate which of the two is preferable; 
and, perhaps equally important, they emphasize 
the caution that vibrational assignments using 
group frequency arguments should be supported 
by vibrational analyses whenever possible. 

Acknowledgments 

The authors wish to thank the Council of the 
University of Salford for the award of a 
Demonstratorship to J. M. F., and the staff of the 
Computations Laboratory for help with the 
calculations. 

1. W. J. Pons. Spectrochim. Acta, 21, 511 (1965). 
2. R. C. LORD and B. NOLIN. J. Chem. Phys. 24, 656 

(1956). 
3. G. B. GUTHRIE, Jr., D. W. SCOTT, and G. WADDING- 

TON. J. Am. Chem. Soc. 74, 2795 (1952). 
4. J. M. FREEMAN and T. HENSHALL. J. Mol. Spectry. 

25. 101 (19681. 
- 7  - - -  \ - ~  ~, 

5. W. T. KING and B. L. CRAWFORD, Jr. J. Mo1. 
Spectry. 5, 421 (1960). 

6. J. M. FREEMAN and T. HENSHALL. Unpublished 
results. 

7. J. H. CARTER, J. M. FREEMAN, and T. HENSHALL. 
Spectrochin~. Acta, 23A, 1463 (1967). 

8. S. J. CYVIN. Spectrochim. Acta, 16, 1022 (1960). 
9. H. H. GUNTHARD, B. MESSIKOMMER, and M. KOHLER. 

Helv. Chim. Acta, 33, 1809 (1950). 
10. S. A. STONE. J. Chem. Phys. 22, 925 (1954). 
11. K. VENKATESWARLU and G. THYAGARAJAN. Proc. 

Indian Acad. Sci. Sect. A, 62, 159 (1965). 
12. H. TAKAHASHI, T. SHIMANOUCHI, K. FUKUSHIMA, and 

T. MIYAZAWA. J. Mol. Spectry. 13, 43 (1964). 
13. J. M. FREEMAN and T. HENSHALL. Can. J. Chem. 

This issue. - - - - -  - - - ~  - .  

14. R. G. SNYDER and G. ZERBI. Spectrochim. Acta, 
23A, 391 (1967). 

15. H. W. THOMPSON and W. T. CAVE. Trans. Faraday 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Ion-molecule reactions in formic-d acid and methyl formate1 

HOWARD PRITCHARD, J. C. J. THYNNE,~  AND A. G. HARRISON 
Departti~ent of Cliemistry, University of Torotzto, Toronto 5, Otztario 

Received January 2, 1968 

The following ion-molecules reactions have been found to occur in DCOOH for ions produced by 
bombardment with electrons of 10-15 eV energy (all rate constants in cm3 molecule-l units). 

[a]  DC02H+ + DC0,H + DCO,HD+ + C0,H k = 1.0 x lo-, 

[b] DCO,H+ + DCOZH -. DCO,H,+ + DCO, k = 0.5, x lo-' 

In methyl formate the following reactions have been identified and rate constants measured for ions 
formed by bombardment with electrons of 10-15 eV energy. 

[ f ] HC02CH3+ + HC02CH3 -. HC02CH3HC + ? k = 1.57 X lo-' 

[ g ]  CH30H+ + HC02CH3 + HC02CH3HC + ? k = 2.5, X lo-' 

[h]  CH20HC + HC02CH3 + HC02CH3HC + CHzO k = 2.0 X lo-' 

Experiments using DCOzCH3 show that reaction [ f ] involves transfer of the methyl hydrogen at a 
rate 1.5 times that of the formyl hydrogen while reaction [ g ]  involves transfer from only the methyl 
position of CH30H+. The rate constants for all reactions are considerably higher than predicted on 
the basis of ion - induced dipole interactions only but are in good agreement with values calculated 
by including ion-dipole interactions. 

Canadian Journal of Chemistry, 46, 2141 (1968) 

I Introduction 

Although Munson (1) has shown recently that 
the gaseous ion-molecule reactions of oxygen- 
ated molecules lead predominately to solvated 
protons, little information is available on the 
details of the reactions occurring and their rates. 
Indeed, with the exception of the extensive (2-5) 

! studies of methyl alcohol and some partial 
I studies (5, 6) of dimethyl ether no exhaustive 

examination of the rates of ion-molecule reac- 
tions in oxygenated molecules has been under- 

1 taken. The present work reports a detailed study 
of the ionic reactions in formic-d acid, methyl 
formate, and methyl formate-d. The use of 
isotopic labelling has permitted evaluatioil of the 
relative importance of reactions involving hy- 
drogens in the different functional positions of 
the molecule and/or ion. 

'This work was supported in part by the Defence 
Research Board of Canada, Grant No. 9530-58, and in 
part by the National Research Council of Canada. 

,Permanent address: Department of Chemistry, Uni- 
versity of Edinburgh, Edinburgh, Scotland. 

Experimental 
Preliminary studies were carried out using the modified 

MS-2 instrument (7) to elucidate the reactions occurring. 
The pressure studies and the ratio plot studies reported 
below were carried out using the medium pressure 
instrument recently described (5). The pertinent operating 
conditions were a source temperature of approximately 
100 "C, a primary ion travel distance of 0.54 cm, and a 
constant repeller field corresponding to 2.4 eV ion exit 
energy. The electron beam was pulsed and primary ion 
residence times were measured by the deflection technique 
previously described (5). The source pressures were mea- 
sured directly with an MKS Baratron micromanometer. 

The methyl formate used was a commercial sample of 
high purity while the methyl formate-d and formic-d acid 
were obtained from Merck, Sharp and Dohme of 
Canada. Low energy analysis showed the isotopic purity 
of the methyl formate-d to be -- 99.5 %and that of the 
formic-dacid to be -- 98 %. 

Results and Discussion 

Formic-d Acid f DCOOH) 
Figure 1 sho i s  a typicai pressure plot obtained 

for formic-d acid at 12 eV nominal electron 
energy and 2.4 eV ion exit energy. At the 
reduced electron energy only the DCO+, D C 0 2 + ,  
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b I I I 

2 4 6 8 10 12 
PRESSURE ( p )  

FIG. 1. Fractional ion intensities versus pressure, 
DCOOH. 

and C02Hf  ions are significant fragment ions.3 
All fragment ions in addition to the parent ion 
are reactive, the only detectable products being 
DCO2HZf and DC02HDf.  These results are in 
agreement with Munson (I) who reported that in 
HC0,H all ions reacted to give the protonated 
species. The rate constants for the individual 
reactions [ I ]  to [4] were obtained from the 
slopes of the appropriate log I/C versus [MI 
plots, where I/C is the normalized ion current 
(fraction of total ionization) and [MI is the 
molecular concentration (molecules ~ m - ~ )  in the 
ion source. The rate constants (units: cm3 
molecule-' s-') are the average of four separate 
determinations. 

/DC02HD+ + COOH 
[I] DC02H+ + DCOZH 

LDCO,H,+ + DCO, 

IC ,,,,, = 1.5, + 0.1 x 10-9 

[2] DCOZ+ + DCOzH -> DCO,HD+ + COz 
IC = 1.7, + 0.1 x 10-9 

[3] C02H+ + DCOzH -+ DC02Hz+ + COz 
k = 1.9, + 0.1 x lo-' 

3The appearance potentials of the DCOz+ and C02H+ 
ions were found to  be 12.4 + 0.1 and 12.8 k 0.1 eV, 
respectively, leading to  AHr(DC02+) = 143 kcal/n~ole 
and AHr(COZH+) = 153 kcal/mole. 

Reaction [l ] may lead to either the DC02H2+ 
or DC02HDf ions. To establish the relative 
importance of the two reactions we need note 
that reactions [2] to [4] involve no ambiguity in 
the products, since each can lead only to a 
specific product. The contribution of each of 
these reactions was subtracted from the overall 
yield of the DC02HDf and DC02Hzf  ions. 
The resultant yields are plotted in Fig. 2 as a 
function of the DCO,Hf reacted. Each plot is 
linear in the initial region, the slope giving the 
fractional yield of the secondary ion from reac- 
tion [I]. Four determinations gave the average 
yields 63 1 1 % DCO2HZf and 37 + 1 % 
DC02HDf ,  indicating a preference for transfer 
of the hydroxyl hydrogen over the formyl hy- 
drogen. It is also noted both from Fig. 1 and Fig. 
2 that at higher conversions the yield of DC02- 
HDf decreases while that of DCO2HZf in- 
creases. This is presumably due to the rapid 
proton transfer reaction 

[5] DCOzHD+ + DCOZH + DCOOD f DC02H2+. 

The net effect of this reaction is to convert the 
DCO2HDf ion to the DCO2HZf ion. (The 
equivalent reaction [5] involving D f  transfer 
leads to the same ionic species as the reactant and 
is therefore not detectable.) A similar reaction is 
considered (4) to be responsible for the decrease 
in the yield of CD30HDf in CD30H at high 
pressures. 

Methyl Formate and Methyl Formate-d 
Figure 3 shows a typical pressure plot obtained 

at 2.4 eV ion exit energy and 10 eV nominal 

A I ~ ~ ~ t ~ +  1 %  TOTAL IONIZATION ) 

FIG. 2. Yield of DC02HD+ and DCO2H2+ as a 
function of DCOOH+ reacted. 
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PRlTCHARD ET AL.: ION-MOLECULE REACTIO) 

electron energy for the methyl formate system. 
The molecule ion, HC02CH3', and the frag- 
ment ion CH30H' intensities decrease rapidly 
with pressures while that for the CH20Hi  ion 
shows initially a slight increase followed by a 
decrease, indicating that an ion of mle 31 is 
formed in the initial reactions in minor yield. 
The major product is the protonated species 
HC02CH3Hi with CH30H2' being formed to 
a minor extent and reacting further. The reaction 
forming CH30H,+ was not positively identified 
but presumably involves hydrogen abstraction 
from the neutral molecule by CH30H'. From 
the semi-logarithmic plots the following rate 
constants for disappearance of the primary ions 
were determined, each value being the average of 
three determinations. 

[8] CH20H+ + HCOZCH, -> HCOzCH,H+ + CH20 
k = 2.0 & 0.2 x lo-' cm3 molecule-' s-' 

PRESSURE ( p )  

FIG. 3. Fractional ion intensities versus pressure, 
HCO,CH,. 

IS IN FORMIC-d ACID AND METHYL FORMATE 2143 

PRESSURE ( p )  

FIG. 4. Fractional ion intensities versus pressure, 
DCOzCH3. 

Due to the formation of CH20H' to a minor 
extent the initial regions of the semi-log plot were 
not linear and the rate constant was calculated 
from the linear region at higher pressures. The 
protonated species reacts further to form the 
disolvated proton (HC02CH3),H' (see Fig. 3) 
and it was confirmed that the fractional abun- 
dance of this ion depended on the third power of 
the source pressure, as expected since the product 
requires collisional stabilization. 

Reaction [6] may involve transfer of either the 
methyl hydrogen or the formyl hydrogen (either 
as a proton or neutral species) while reaction [7] 
may involve transfer (as a proton) of either the 
hydroxyl or methyl hydrogen. By analogy with 
the reaction of CH20H' with methanol (3) one 
would expect reaction [8] to involve transfer of 
only the hydrogen (i.e. proton) bound to oxygen. 
To determine the relative importance of the 
reactions involving transfer of the differing 
hydrogens the ion-molecule reactions were stud- 
ied in DC02CH3. Figure 4 shows a typical plot 
of the ionic intensities (% total ionization) as a 
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function of pressure for the ions present at of reactants to products occurs. It can be shown 
approximately 10 eV nominal electron energy. that for the two concurrent reactions [9] and [lo] 
At this electron energy the only significant the product ion intensity is given by 
primary ions are DC02CH3+, CH30Df ,  and 

I;@[Ml $8 - CH,ODi. As expected both the DC02CH3H+ [12] IDco2cH3H+ = - (e- 
and DC02CH3Di ions (and similar disolvated k 9 1) 

ions) are found as products, while the CH3OHZf ! klo, ( e - k ~ ~ [ ~ ~ ~  G ~ O  - 
ions of the unlabelled system appears as both X I D C O ? C H ~ +  

k1o 1 )  I C H ~ O D + ?  

CH30DHi and CH30D2i. There is definite where I,+ is the measured current for ionic 
evidence for formation of an ion at mle in 

species Xi, kg, and k,,, are the rate constants for minor yield and at m/e 32 since the of reactions [go] and (loo] respectively, and kg and 
the CH20Di curve is in the k,, are the total disappearance rate constants for region. The overall rate constants for disappear- DC02CH3+ and CH30D+ respectively, where 

of the primary ions were found to be as r9 and t,, are the ion source residence times for follows (average of three runs). the two ions and [MI is the concentration of 
[9] DC02CH3+ + DC02CH3 -> products 

k = 1.6, 0.1 x lo-' cm3 molecule-' s-' 

[lo] CH30D+ + DC02CH3 -t products 
k = 2.4, f 0.1 X cm3 molecule-' s-' 

[ l l ]  CH20D+ + DC02CH3 -t products 

k = 1.9 + 0.2 x lo-' cm3 molecule-' s-' 

As for the similar ion in HC02CH3 the logarith- 
mic plot for CH20Di  was not linear in the initial 
regions and the rate constant was evaluated from 
the linear portion at higher pressures. The total 
disappearance rate constants are in good agree- 
ment with those found for the similar reactions 
in the undeuterated system. 

It was not possible with the present instrumen- 
tation to work under conditions where only the 
DC0,CH3+ ion was present as a primary ion. 
Consequently the relative contributions of D 
versus H transfer in reactions [9] and [lo] were 
determined from ratio plots at constant pressure. 
It has been observed (3) that the CD20Hi  ion 
reacts with CD30H to transfer only H f .  A 
similar specificity would be expected in the 
present case and would result in reaction [ l l ]  
producing only DC02CH3D + as a product. Con- 
sequently we may conclude that DC02CH3H+ 
is produced in significant amounts only by the 
following reactions. 

For the higher pressures used in the medium 
pressure instrument the usual ratio plot equations 
(8) must be modified since significant conversion 

neutral species. ~ ~ u i t i o n  [12] may be divided by 
either IDc-2c,3+ or I,,,,,+ to give two compli- 
mentary ratio plot eqs. [13] and [I41 similar to 
those derived for the case of low conversion. 

I D C O ? C H ~ +  kl0n Elo[Ll l  G L O  - X -- 
I C H ~ O D +  + a, "- 1 > 

Equations [13] and [14] predict straight lines 
when the appropriate ion current ratios are 
plotted, the slope of one plot being equal to the 
intercept of the other. Typical results are shown 
in Fig. 5 for a constant ion source concentration 
[MI = 7.0, x 1013 molecules ~ m - ~ .  The primary 
ion current ratios were varied by changing the 
electron energy in the range 10 to 15 V nominal. 
Satisfactory straight lines are obtained, the 
slopes and intercepts of the complementary plots 
being in good agreement. Sincek,, k,,, t , ,  t,,, and 
[MI are all known, k,,andk,,, may be evaluated. 
Three separate determinations led to kg, = 0.84 
t- 0.06 x cm3 molecule-' s-' and Ic,,, = 
2.4, 0.1 x cm3 molecule-' s-'. Since 
k,,, is, within experimental error, equal to the 
total rate constant for disappearance of CH3- 
ODi, Ic,,, one must conclude that reaction [I01 
involves transfer of Hi  only, i.e. the rate of the 
competing reaction [lob] is negligibly small. 
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+ - 

- 

Slope = 0.28, 
- 

Intercept -0-68, 

- 

1-3 1.5 1.7 1.9 2.1 2.3 2.5 

IDCO,CH:/ ICH,OD+ 

FIG. 5. Ratio plot for formation of DC02CH3H+. 

cepts of the complementary plots being in good 
agreement. The average of three separate runs 
gave k,, = 1.8, + 0.1 x lop9  cm3 molecule-' 
s-' and k,, = 0.56 & 0.06 x cm3 mole- 
cule-' s-'. The value of k,, determined from the 
ratio plot is in good agreement with the value 
of 1.9 + 0.2 x lop9  cm3 molecule- s-I deter- 
mined from the pressure plots. The sum k,, + k,, 
= 1.4 -t 0.12 x cm3 molecule-I s-' is in 
reasonable agreement with k,(total) = 1.6, + 
0.1 x lo-, cm3 molecule-' s-' determined from 
the pressure plots. 

In  summary the ratio plots show tha t  
CH30D+ transfers exclusively an H +  to the 
formate while the reaction of DCOOCH3+ with 
DCOOCH, involves both H transfer and D 
transfer in the ratio 1.5:l. The results for 
reaction [lo] are in contrast to the methanol 
self-reaction where transfer of both the methyl 
and hydroxyl hydrogen occur; however, the 
self-reaction may involve both atom abstraction 
and hydron transfer reactions, whereas in the 
present case the reaction of CH30D+ involves 
hydron transfer only. The results obtained indi- 
cate that the ion transfer and hydrogen transfer 

Consequently we may assume that only the 
two reactions [9b] and [I I ]  contribute signifi- 
cantly to formation of DC02CH3D+. 

[9b] DC02CH3+ + DC02CH3 8 o 
-t DC02CH3D+ + CO2CH3 7 08 

[I1 ] CH20D+ + DCOOCH3 Slope -0.52, 
+DC02CH3D+ +- CH20 8 o,7b/ , 

I 1 Intercept =O.19, 
The ratio plot equations for these two concurrent ,J8 
reactions (assuming reaction of CH20D+ leads 
only to DC02CH3D+) may be written as O6 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

follows. ICH,OD+ / IDCO,CH: 

IDCO?CHD+ = & (e-itrM~ 19 - [l5] - I I I I I I 
I D C O ? C H ~ +  k g  I )  074 - - 

+ (e-ill[h.rl 111 - ICH?OD+ +O 
0 

?DcolcH3+ 2 0.72- - 
V 

H 

[le] IDCO?CH~D+ - - & (e-X9[h.11 IS - 
1) 

- 
IcH?~D+ k g  Slope =0.20, 

ID c O?CHs+ + (e-k~l!Ml t11 - Intercept.O.5 lo  - X -- 
I~H~oD+ 

- 
A typical plot of the data obtained at a constant 

060 076 0-84 092 1.00 1-00 
molecular concentration of 7.38 x 1013 mole- 

IDCQCH: / ICH,OD+ cules cm-3 is shown in Fig. 6. Satisfactary 
straight lines are obtained, the slopes and inter- FIG. 6. Ratio plot for forniation of DC02CH3D+. 
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TABLE I 
Comparison of experimental and calculated rate constants (2.4 eV ion exit energy) 

k(ca1cd.) 
( X  lo9 cm3 molecule-' s-') 

k(expt.) Ion - induced Ion - dipole 
Reaction ( X  lo9 cm3 molecule-' s-I) d i ~ o l e  included 

DCOS+ + D C O ~ H  1.75 
C02H+ $. DCOZH 1.93 
DCO + + DC02H 1.3, 
HCOZCH, + + HCOZCH, 1.57 
CH30H+ + HCOZCH, 2.54 
CH20H+ + HCOZCH, 2.0 

reactions involving methanol will show consider- 
able difference in the selectivity of the hydrogens 
involved. The reaction involving the parent ion 
in the methyl formate-d clearly can occur by both 
the ion transfer and atom transfer mechanism, 
with the result that no information can be 
obtained as to the specificity in the separate 
types of reactions. 

Comparison with Theory 

Table I compares the experimental rate 
constants for the formic-d acid and methyl 
formate systems with rate constants calculated 
from the simple collision theory considering ion- 
induced dipole interactions only (9) and includ- 
ing ion-dipole interactions (5). The experimental 
rate constants are approximately a factor of two 
greater than those calculated on the basis of the 
induced dipole interaction only, indicating that 
ion - permanent dipole interactions are impor- 
tant. Indeed the rate constants calculated from 
the simple theory including dipole terms are in 
good agreement with the experimental at least in 

this energy range. However, as pointed out 
previously (5) such agreement does not extend to 
thermal ion energies. 
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Nuclear magnetic resonance studies of ketone.BF, complexes. I. Exchange 
reactions in methylene chloride solution 

R. J. GILLESPIE AND J. S. HARTMAN' 
Departrnerlt of Chemistry, McMaster University, Hninilton, Ot~tnrio 

Received December 12, 1967 

'H and 19F n.m.r. studies of BF3 adducts of  some simple methyl ketones in methylene chloride solu- 
tion have led to the following conclusions. (1) Only 1 :1 adducts are formed which are not appreciably 
dissociated. (2) The down-field shifts of the proton resonances caused by complexation with BF, are 
essentially independent of the ketone and depend only on the distance of the proton from the carbonyl 
group. (3) BF, exchange is rapid on the n.m.r. time scale at room temperature, but the exchange process 
can be slowed sufficiently by lowering the temperature that separate signals due to free and complexed 
species can be observed. (4) Collapse of the '"B-"B isotope shift with increasing temperature showed 
that a second chemical exchange process, which exchanges fluorine among boron atoms, occurs in 
addition to the process of rapid breaking and re-forming of donor-acceptor bonds. A possible 
mechanism for this fluorine scrambling reaction is discussed. 

Canadian Journal of Chemistry, 46, 2147 (1968) 

Introduction 

High-resolution nuclear magnetic resonance 
spectroscopy is a convenient and versatile 
technique for the study of donor-acceptor com- 
plexes of boron trifluoride in solution. Com- 
plexation shifts, resulting from changes in 
screening of 'H, lgF, or "B nuclei, provide a 
measure of changes in electronic structure on 
complex formation. Changes in charge density 
should be greatest at the site of the donor- 
acceptor bond but can be significant at other 
sites in the complex due to inductive and meso- 
meric effects. Thus proton complexation shifts 
in a saturated Lewis base normally attenuate 
rapidly with increasing distance from the donor 
site (1, 2), but are still observable even for pro- 
tons which are several bonds removed. Com- 
plexation shifts have been used as a measure of 
relative strengths of the donor-acceptor inter- 
action in series of donor and acceptor molecules 
(3-8). In a number of cases room temperature 
spectra of mixtures of oxygen donors and BF,, 
in which [base] ) [BF,], have only a single set 
of peaks rather than separate sets arising from 
free and complexed base, indicating rapid 
breaking and re-forming of donor-acceptor 
bonds (1,2,6, 8-10). Similar exchange averaging 
has been observed in room temperature 19F 
spectra of solutions in which [base] ( [BF,] (1 1) 
and of solutions containing more than one 
species of base (12, 13). In some cases the 

'Present address: Physical Chemistry Laboratory, 
South Parks Road, Oxford, England. 

separate sets of peaks have been observed at 
low temperatures and the relative areas of the 
peaks then allow a direct determination of the 
relative amounts of species in solution, and hence 
of the equilibrium distribution of Lewis acid 
among donors (12, 13). Even when separate re- 
sonances arising from the different species are 
not visible as a result of rapid exchange, it may 
be possible to obtain equilibrium constants from 
chemical shift data (1, 6, 13). In several cases 
kinetic studies have been carried out in the tem- 
perature range in which signal shapes are de- 
pendent on donor-acceptor bond lifetimes, and 
activation energies for BF, rearrangement cal- 
culated (2, 9, l l, 13). Such studies by Rutenberg 
and co-workers (13) have shown that different 
mechanisms of exchange predominate in mix- 
tures of different relative proportions of ethers 
and BF,. 

trans cis 

The first reported n.m.r. investigation of a 
complex between a ketone and a boron trihalide 
was an attempt by Lappert (14) to observe 
separate methyl resonances of the acetone.BF, 
complex due to methyl groups cis and trans to 
BF,, as in 1. He was unable to observe separate 
signals even at -60" and postulated a rapid 
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exchange of BF, to account for this. An attempt 
to study ketone.BF, complexes by n.m.r. was 
abandoned because of difficulties in obtaining 
pure adducts (1). Gates and Mooney (15) in- 
vestigated the small coupling between a-  and a'- 
protons across the carbonyl group in methyl 
ethyl ketone and reported that this coupling in- 
creases by a factor of three when the ketone is 
complexed with BF,. This increase was attri- 
buted to an increased contribution from meso- 
meric structures such as 26. Gates, McLauchlan, 
and Mooney (7) have claimed that the relative 
acid strengths of the boron trihalides towards 
complexation with benzophenone correspond to 
the relative magnitudes of the "B complexation 
shifts of the trihalides. Taft and co-workers (16) 
have recently utilized 19F n.m.r. to study com- 
plexation of p-fluoro-m'- and p'-substituted 
benzophenones with the boron trihalides. The 
chemical shift of the p-fluorine atom was used 
to measure n-charge density at the carbonyl car- 
bon; in some cases the complexation shifts were 
used to successfully predict enthalpies of com- 
plexation. 

Kaplan and Weisleder have reported the pro- 
ton spectra of adducts of a-chloropinacolone (3) 
and a-bromopinacolone with the boron tri- 
halides (17). The 1 :1 BF, adduct, which gave a 
simple proton spectrum in which the ketone 
resonances were shifted to low field, was postu- 
lated to be a normal donor-acceptor complex. 
The adducts with BCl, and BBr,, however, gave 
an AB coupling pattern for the methylene reson- 
ance. This requires the presence of an asymmetric 
center in the molecule, which can only be ex- 
plained readily if the adducts have the structure 
4. Collapse of the AB pattern at higher tempera- 
tures was interpreted in terms of reversible 
addition of boron trihalide across the double 
bond. 

BXz 
/ 
0 

The low-temperature 'H and 19F spectra of 
acetone.BF, have been reported in connection 
with our recent study of H,O.BF, in which 
acetone was used as the solvent (18). The 19F 
spectrum of acetone.BF, was found to be split 

by a l0B-"B isotope shift of 0.066 p.p.m.; this 
splitting was clearly visible as there were no 
interfering splittings due to coupling with pro- 
tons or boron. In that study we observed that 
BF, causes decomposition of acetone at room 
temperature, and hence the work was carried 
out entirely at low temperatures. Solutions of 
simple ketones and BF, in methylene chloride 
have been found to be much more stable and 
show little decomposition even over extended 
periods of time at room temperature. The sta- 
bility of the complexes in this solvent facilitated 
the present n.m.r. study of the complexes and 
their exchange reactions. 

Results and Discussion 
BF, Exchange: Breaking and Re-forming of 

Donor-Acceptor Bonds 
Proton Spectra 
Room temperature proton spectra of methy- 

lene chloride solutions of simple ketones and 
BF,, in various molar ratios, contain a single 
set of resonances corresponding to the spectrum 
of the ketone. The chemical shifts of the ketone 
peaks with respect to internal tetramethylsilane 
(TMS) vary linearly with the ratio [BF,]/ 
[ketone] as the relative proportion of BF, is 
increased up to the ratio 1 :1, as is shown in Fig. 
1 for the four ketones studied. Since separate 
resonances were not observed for free and com- 
plexed ketone in mixtures in which [ketone] 
) [BF,], in spite of the considerable chemical 
shift differences between these species, it is evi- 
dent that a rapid exchange of BF, occurs among 
donor molecules. The absence of further changes 
in chemical shifts as BF, is added beyond 1 :1 
proportions indicates that the additional BF, 
does not complex; in accord with previous 
studies it appears that only 1 :I complexes are 
formed between ketones and BF,. The linearity 
of the plots, with a sharp break corresponding 
to 1:l proportions, shows that there can be no 
more than a small degree of dissociation of the 
complex. For methyl isopropyl ketone and pina- 
colone the break in the plot appears to occur 
when somewhat more BF, than ketone is pres- 
ent. This may arise from nonideal behavior of 
the vapor of these ketones, leading to conden- 
sation into the n.m.r. sample tubes of greater 
amounts than those recorded. 

Table I shows that the low-field complexation 
shift is almost three times as large for a- as for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GILLESPIE AND HARTMAN: N.M.R. STUDIES OF KETONEBE, COMPLEXES. I 2149 

FIG. 1. Variation of ketone 'H chemical shifts with the BFJketone ratio: (a) acetone, (b) methyl ethyl ketone, 
(c) methyl isopropyl ketone, (d) pinacolone. (a) P-Methyl, (0) a-methyl, (0) a-methylene and a-methine. 

P-protons, and is essentially independent of the 
ketone. This is consistent with the shift being due 
simply to a decrease in electron density at the 
protons arising from inductive withdrawal of 
electrons into the carbonyl group by the boron 
trifluoride. The coupling constant within the 
ethyl and isopropyl groups, J,,, is practically 
unaffected by complexation. This contrasts with 
the behavior of the small coupling between a- 
and a'-protons across the carbonyl carbon which 
in methyl ethyl ketone increases by a factor of 
three on complex formation with BF, (15). The 
0.59 p.p.m. complexation shift of acetone, which 
was found to be essentially independent of tem- 

perature, does not agree with the value of 0.32 
p.p.m. at -70" previously reported by Lappert 
(14) for a solution in the same solvent. However, 
the complexation shifts obtained for methyl 
ethyl ketone agree with the values obtained by 
Gates and Mooney (1 5). 

Only a single set of ketone resonances could 
be observed at -50" in any of the samples 
studied. At -90", however, each sample which 
contained fewer moles of BF, than of ketone 
yielded a spectrum containing one set of peaks 
with chemical shifts corresponding to those of 
the free ketone and a second set with chemical 
shifts corresponding to those of the 1 :1 complex 
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TABLE I 
Proton shifts to low field, and changes in Jnp, on con~plexation of ketones with BF, 

Proton complexation shifts (p.p.m.) J L p  (Hz) 

a-CH, a-CH, u-CN b-CH, Free Conlplexed 

Acetone 0.59 - - - - - 
Methyl ethyl ketone 0.60 0.60 0.21 7 .0  6 . 6  
Methyl isopropyl ketone 0.61 - 0.54 0.21 7.0 7.1 
Pinacolone 0.61 - - 0.21 - - 

(Fig. 2). The relative areas of the two sets of 
peaks varied in the expected manner, the "free 
ketone" set decreasing in size as the relative 
concentration of BF, increased towards 1 : 1 pro- 
portions. Integration of the peak areas obtained 
from acetone and methyl ethyl ketone solutions 
having a BF,/ketone ratio of 0.5 showed that the 
areas of corresponding "free" and "complexed" 
peaks were equal, within experimental error. 

A FREE 

FIG. 2. Proton spectra of a methylene chloride solu- 
tion of methyl isopropyl ketone and BF,, in the molar 
ratio 2:l:  (A) room temperature; (B) -90'. 

No peaks due to free ketone were observed a t  
-90" for samples in which [ketone] 5 [BF,]. 
These results confirm that dissociation O F  the 1 : 1 
con~plexes is negligible. 

At  temperatures above -90°, samples in 
which [ketone] ) [BF,] yielded spectra in which 
the separate peaks due to free and complexed 
ketone were partially collapsed due to ino- 
derately rapid chemical exchange. Similar 
samples containing different ketones gave very 
similar coalescence temperatures. Since the mag- 
nitudes of the complexation shifts are also 
similar (Table I), it seems that the rate of BF, 
exchange is similar for all the ketones studied. 

The changes in signal shape with temperature 
were utilized over almost the entire range of 
signal shapes in a kinetic study O F  BF, exchange 
in a solution of acetone and BF, of relative pro- 
portions 2:  1 (0.30 Mand0.15 M). A least squares 
calculation of the activation energy gave a value 
of 1 1.1 kcal/mole, but the error in this value may 
be as large as 3 kcal/mole; the Arrhenius plot 
(Fig. 3) does not give a good straight line. A 
broadening of all the peaks arising from protons 
in a-positions in the ketone.BF, complexes was 
observed a t  -90"; this contributes to the un- 
certainty in the value of the Arrhenius activation 
energy for the acetone-BF, sample. In  samples 
in which [ketone] = [BF,] the broadening was 
visible a t  temperatures up to -40°, but in no 
case could it be observed a t  room temperature. 
I t  might arise from a small coupling of the a- 
protons to boron or to fluorine, the effects of 
which would disappear as exchange of BF, be- 
comes rapid. Alternatively the broadening could 
result from cis-trans isomerism about the double 
bond of the complexed carbonyl group. Cis- 
trans interconversion is likely to be slow on the 
n.m.r. time scale a t  low temperatures, as it is in 
the closely analogous protonated ketones (19). I n  
protonated acetone separate cis and trans methyl 
peaks are not observed even in the slow-exchange 
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\ t I I I I I I 

4.2 4.4 4.6 4.8 5.0 5.2 

10" T ( O K )  

FIG. 3.  Arrhenius plot for BF, exchange among 
donor sites in a solution of acetone (0.30 M )  and BF, 
(0.15 M )  in methylene chloride. Methods of calculation: 
(0) froni width at half-height of the coalesced single 
peak, assuming infinite T,; (a) from separation of peak 
maxima below the coalescence temperature, assuming 
infinite T,; (a) from width at half-height in the slow- 
exchange limit of a peak which is not seriously broadened 
by effects other than chemical exchange. 

limit, but instead a con~plex multiplet is ob- 
served for the methyl resonance; this is because 
the methyl chemical shifts are quite similar, and 
the spectrum is complicated by long-range 
proton-proton coupling between the methyl 
groups, and by coupling of one of the methyl 
groups with the OH proton. The broad methyl 
resonance of acetone.BF,, and the similarly 
broadened a-proton resonances of the other 
ketone.BF, complexes, are likely due to similar 
effects. Since broadening is also found in the 
spectrum of pinacolone.BF,, in which a,al-  
coupling is not possible and the isomer with 
BF, cis to the a-methyl group is probably 
strongly preferred, it would appear that coupling 
to boron or to fluorine contributes to the ob- 
served broadening of the a-proton resonances in 
the ketone.BF, complexes. 

Fluorine Spectra 
Samples in which [ketone] ) [BF,] gave a 

single major 1 9 ~  peak a t  about 148 p.p.m. to 
high field of trichlorofluoromethane. Below 
about -20" the peak was split by an isotope 

shift of 0.066 p.p.m. The absence of additional 
splittings arising from boron-fluorine coupling 
call be attributed to rapid quadrupole relaxation 
of boron, as has been proposed previously for 
other con~plexes of BF, with oxygen donors 
(1 1, 18). The sharpness of the main peak a t  
tenlperat~ires between -20" and -90" provides 
evidence that essentially all the BF, is com- 
plexed, since in this temperature range it was 
found that free BF,, if present, exchanges with 
the 1 :1 complex rapidly enough to cause con- 
siderable peak broadening. 

The 19F chemical shifts of the BF, complexes 
of the four ketones appear t o  be almost identical; 
the variations of up to 1 p.p.m. which were 
observed in different samples did not appear to 
depend on the ketone used. Further evidence of 
very similar chemical shifts was provided by a 
sol~ition of BF, with both acetone and pinaco- 
lone, such that [acetone] : [pinacolone] : [BF,] = 

1 :1.08:1.82. This gave only a single 19F re- 
sonance, split by the usual isotope shift, at -80" 
despite the presence of sufficient BF, to coinplex 
with most of both ketones. Since the proton 
spectrum at  the same temperature showed 
separate peaks due to  the free and complexed 
ketones, indicating that BF, exchange is slow, 
the single 19F peak is apparently due to very 
similar 'OF chemical shifts of the two con~plexes 
rather than to  exchange averaging. The near 
identity of the 19F chemical shifts is a further 
indication that the number of P-methyl groups 
in this series of methyl ketones has very little 
effect on the donor-acceptor bond. 

Solutions in which [ketone] ( [BF,] gave a 
single 19F peak a t  room temperature. At -90" 
two peaks, still slightly broadened by exchange, 
could be detected at about 124 and 148 p.p.m. 
The high-field peak can with confidence be 
assigned to the I :I complex, since its chemical 
shift agrees closely with that of the single peak 
obtained in the presence of excess ketone. The 
low-field peak must then be assigned to free BF,; 
its chemical shift is in agreement with that of a 
solution of BF, in methylene chloride when no 
ketone is present (122.2 p.p.m. a t  -90"). In  
confirmation of this assignment a n  increase in 
the relative proportion of BF, caused an in- 
crease in the relative size of the low-field peak. 
Similar 19F complexation shifts of BF, have 
been observed previously (1 1). 

A kinetic study based on changes in 19F 
signal shape was carried out on a sample of 
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FIG. 4. Arrhenius plot for BF3 exchange between 
1 :1 complex and free BF3 in a solution of pinacolone 
(0.9 M) and BF3 (1.8 M) in methylene chloride. Method 
of calculation: see legend to Fig. 3. 

pinacolone (0.9 M )  and excess BF, in which the 
peaks arising from free BF, and from the 1 :1 
complex were approximately the same size. The 
Arrhenius plot of the results gave a good straight 
line, corresponding to an activation energy of 
12.1 5 1.0 kcal/mole (Fig. 4). The substitution 
of pinacolone for acetone and the increase in 
reagent concentrations in the 19F kinetic study 
limit the value of a comparison with the pre- 
viously described 'H kinetic study. However, it 
is of interest that similar activation energies for 
exchange are obtained in the presence of excess 
ketone and of excess BF,. This result contrasts 
with results of Rutenberg and co-workers (13) 
which indicate that exchange in ether.BF, com- 
plexes becomes much faster, and the activation 
energy much less, in the presence of excessBF,. A 
mechanism involving participation of the second 
of the oxygen donor's two lone pairs in the 
transition state might be involved in the espe- 
cially rapid exchange of excess BF, with the 
ether complexes: 

This mechanism, which might provide a tran- 
sition state of lower energy, would become 
important only in the presence of excess BF,, 
and might allow exchange to occur more readily 
than either of the two competing mechanisms 
postulated by Rutenberg and co-workers to 
occur in the presence of excess ether. The lower 
Lewis basicity of ketones with respect to ethers 
(20) suggests that the second lone pair of the 
carbonyl oxygen may be too unreactive towards 
a second molecule of BF, to allow even tran- 
sitory formation of the 1 :2 complex required 
in the above mechanism. Alternatively the dif- 
ferences in behavior found in the two studies may 
be related to the presence of methylene chloride 
as solvent in the present work. Rutenberg and 
co-workers did not use a solvent for their 
mixtures. 

Exchange of Fluorine mnong Boron Atoms 
Euidence for Fluorine Scrambling 
A 1°B-"B isotope shift of 0.066 p.p.m., as 

has been previously observed for the acetone.BF, 
complex i n  excess acetone (181, was observed in 
low-temperature 19F spectra of methylene chlo- 
ride solutions in which [ketone] 2 [BF, I. How- 
ever, the isotope splitting collapsed above -20" 
and in no case could it be observed at room 
temperature although it reappeared on cooling 
to -20". The room temperature 19F spectra of 
all solutions studied consisted of a single rather 
broadened peak, having widths at half-height of 
2-8 Hz in different samples. The degree of 
broadening did not appear to be dependent on 
the ketone used, on the concentration, or on the 
ketone-BF, ratio, provided [ketone] 2 [BF, I. 
Spectra obtained at high temperatures consisted 
of a single peak, sufficiently sharp at 80" in all 
cases that an isotope shift of 0.066 p.p.m., if 
present, would have been clearly visible. It can 
be concluded that a rapid chemical exchange 
process occurs which averages the environments 
of the fluorine atoms. This implies a rapid 
scrambling of fluorine atoms among different 
boron atoms, and thus that a second exchange 
process occurs in these solutions in addition to  
the previously discussed process of breaking and 
re-forming of ketone donor-acceptor bonds, 
which causes the temperature dependence of the 
proton spectra of the same solutions at much 
lower temperatures. 

Figure 5 shows the collapse of the isotope 
shift in a solution of pinacolone (1.3 M )  and 
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absorption is not readily seen, even under con- 
ditions of slow exchange. Thl: presence of a 
second species was confirmed, in all samples 
studied, by the detection at low temperatures 
and high radio-frequency power levels of a very 
small peak to high field of the ketone.BF, peak. 
The samples in which this peak was larger were 
those which showed the greater degree of 
broadening of the ketone.BF, resonance near 
room temperature. At about -20" the small 
peak broadened to such an extent that it could 

-.I + 3.7 HZ not be observed above the base line; it did not 
reappear at higher temperatures. This behavior 
is in accord with a rapid chemical exchange of 
the fluorines of this species with those of the 
ketone.BF, complex. In the few samples in which 
this peak was of a sufficient size to allow its area 
relative to that of the main peak to be deter- 
mined, it was found that the coalescence pattern 
agreed quite well with that calculated for 
chemical exchange collapse. 

It is evident that a fluorine-containing im- 
purity is present, sometimes in very small 

FIG. 5. Collapse of the isotope shift in a mcthylrne 
chloride solution of pinacolone (1.3 M), and BF3 (1.15 
M), of isotope ratio 'OB:' 'B = 52:48. 

BF, (1.15 M) containing isotopically substituted 
boron of approximately 52 % ' O B  and 48 % "B. 
The spectra of the isotopically substituted sample 
show the coalescence of the peaks more clearly 
than spectra of natural abundance samples. It 
is evident from the spectrum at 54" that the 
isotope splitting is indeed absent at high tem- 
peratures. In this sample, unlike several others, 
there is little excess broadening of the signal in 
the coalescence region and the spectrum closely 
approximates the series of signal shapes ex- 
pected for the collapse of two chemically shifted 
peaks. 

The excess broadening found in the l g F  
spectra of many samples in the temperature 
range of isotope shift coalescence is most easily 
explained by chemical exchange between the 
main ketone.BF, species and a second species 
which gives rise to a chemically shifted reso- 
nance. It has been pointed out (21) that the 
presence of a second species undergoing chemical 
exchange with the main species may cause a 
marked broadening of the resonance of the main 
species even if the second species is present in 
such small amount that its own resonance 

amount, in the samples studied. Since the small 
peal< collapses in the same temperature range as 
the ketone.BF, isotope shift, it appears that a 
fairly general fluorine scrambling reaction occurs 
in solution. In a few samples in which the addi- 
tional peak was especially large it was possible to 
detect a skewed quartet fine structure very similar 
to that of Fig. l c  of ref. 18. I11 that paper it was 
shown that the peak with this fine structure 
arises from H,O.BF,. The presence of differing 
amounts of moisture in different samples can 
explain the variable size of the peak. The assign- 
ment of the peak was confirmed by the proton 
spectrum at -44" of one of the samples, which 
gave a small 1 :3 :3 :1 quartet of splittings 2.78 
+ 0.1 Hz and chemical shift 12.06, in good - 
agreement with the values previously reported 
for H20.BF3 (18). The presence of H,O.BF, in 
these solutions, prepared under "anhydrous" 
conditions on a high-vacuum system using dried 
reagents, emphasizes the difficulty in obtaining 
truly anhydrous conditions. The very small 
amounts of water present in these solutions can 
be detected as H20.BF3 by 19F n.m.r. because 
of the strong preference of BF, to complex with 
water rather than with ketones (18). 

The collapse of the ketone.BF, and H20.BF3 
19F peaks affects the spectra in a much higher 
temperature range than the collapse of ' H peaks 
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FIG. 6. Variation of the relative 19F chemical shift of (methyl isopropyl ketone).BF3 and H20.BF3 with tenipera- 
ture in methylene chloride solutions. 

arising from free and complexed ketone, ob- 
served in the same samples and discussed pre- 
viously. Since the frequency separations of the 
collapsing peaks differ by a factor of less than 
three in the two cases ('H, 36 Hz; "F, 80-100 
Hz), processes occurring at similar rates would 
give rise to 'H and "F coalescence temperatures 
differing by not much more than 10". In order to 
account for the observed difference in co- 
alescence temperatures of about 70°, it must be 
assumed that BF, exchange among ketone 
donor sites is a much faster process than the 
exchange of fluorine between ketone.BF, and 
H20.BF3. Thus at least two distinct chemical 
exchange processes occur in solution. 

Since the isotope shift collapse occurs in a 
temperature range similar to that of the collapse 
of the ketone.BF, and H20.BF3 lgF  peaks, the 
same exchange process may be responsible for 
both effects on the l gF  spectra. Fluorine scram- 
bling in the ketone.BF, complexes does not 
appear to require the presence of H20.BF3, since 
the collapse of the isotope shift occurs at about 
the same temperature regardless of the amount 
of H,O.BF, in solution. It seems likely, instead, 
that a general rearrangement of fluorine among 
boron atoms occurs. The collapse of the 
H,O.BF, peak could thus be caused by the 
fluorine scrambling process, rather than by BF, 

exchange. This would be in accord with a much 
greater donor-acceptor bond strength in H,O.- 
BF, than in ketone.BF,. 

Kinetic Stlidies o f  Fl~iorine Scruinbling 
In a sample of methyl isopropyl ketone (0.7 M) 

and BF, (0.3 M), which gave an exceptionally 
large H,O.BF, peak consisting of 17 f 4 %  of 
the total fluorine-on-boron peak area, approxi- 
mate rates of fluorine exchange between the 
ketone.BF, and H,O.BF, species were deter- 
mined by comparison of observed and calculated 
spectra. The calculatioils were complicated by 
the variation of the relative chemical shift of the 
peaks with temperature as shown in Fig. 6. A 
very similar temperature dependence of the re- 
lative shift between ketone.BF, and H20.BF3 
was found in all the methylene chloride solutioils 
studied. Relative chemical shifts in the CO- 

alescence region, required for the rate calcula- 
tions, were obtained by extrapolation from Fig. 
6. The Arrhenius plot of the kinetic data is 
shown in Fig. 7. The activation energy for the 
exchange process was found to be 15.6 kcall 
mole; an error of 1 2  kcal/mole seems likely as 
a result of the approximations involved. Com- 
parison with the data for BF, exchange among 
different ketone donor sites in a solution of 
acetone.BF, and excess acetone shows that the 
rate of the reaction exchanging fluorine between 
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60 30 0 ("CI 

FIG. 7. Arrhenius plot for fluorine exchange between 
(methyl isopropyl ketone).BF, (0.25 M) and Hz0.BF3 
(0.05 M) in methylene chloride: (a) T, = mean lifetime 
onH20.BF3;  (0) T, = mean lifetime on (methyl iso- 
propyl ketonc).BF3; (m) T~ ,= mean lifetime of fluorine 
on '"B or l l B  in the isotopically substituted sample of 
Fig. 5. 

ketone.BF, and Hz0.BF3 is less at a given tem- 
perature by a factor of about 1600, in spite of 
the similar conceiltrations of the exchanging 
species. 

The spectra of Fig. 5, which illustrate the 
collapse of the isotope shift in a solution of 
pinacolone and BF,, are negligibly affected by 
broadening due to collapse of the ketone.BF, 
resonance with the Hz0.BF3 resonance, since 
very little Hz0.BF3 is present in this solution. 
Thus the signal shapes obtained should approx- 
imate to those expected for the chemical ex- 
change collapse of two peaks of equal areas and 
of relative chemical shift 3.7 Hz. The calculated 
lifetime of a fluorine atom attached to either 
1°B or l lB at the coalescence temperature, 
assuming infinite T2 and equal populations of 

~ U D I E S  OF KETONE.BF, COMPLEXES. I 2155 

F-on-1°B and F-on-I1B, is shown in Fig. 7; the 
point falls between the two parallel lines ob- 
tained for fluorine exchange between (methyl 
isopropyl ketone).BF, and Hz0.BF3, a t  about 
the position through which the single line of the 
Arrhenius plot would pass if the concentration 
of (methyl isopropyl ketone).BF3 were equal to 
that of Hz0.BF3. Thus the average lifetime of 
fluorine on a boron nucleus at this temperature 
in the isotopically substituted sample is quite 
similar to the average lifetime of fluorine ex- 
change between ketone.BF, and Hz0.BF3 at the 
same temperature. Since different concentrations 
and different ketones are involved in the two 
samples compared, an exact fit to the Arrhenius 
plot is not expected; however, the good quali- 
tative agreement found supports our suggestion 
that the mechanism of fluorine exchange could 
be the same in both cases. 

Possible Meclzanisms for Fl~roritze Scrambling 
The above evidence establishes the existence 

of a fluorine scrambling reaction in methylene 
chloride solution. This may be analogous to the 
reported scrambling of halogen atoms of tetra- 
haloborate anions in methylene chloride solu- 
tion (22) and to a similar scrambling of fluorine 
atoms in the tetrafluoroborate anion in aceto- 
nitrile solution observed in this laboratory (23). 

A rapid equilibration of the simple ketone.BF, 
complex with the ionic form (R,CO),BFZf .- 
BF,- (5) would cause fluorine scrambling. This 
reaction might occur through a preliminary dis- 
sociation of a molecule of complex to give free 
BF,, as in the following reaction scheme. 

[2] RZC0.BF3 G RzCO + BF3 

F F F  
\ /  \ /  

RZC0.BF3 $ BF3 G F-B R-F 
/ 

RZCO 
\ 

F 
6 

G RZCO.BFz+ + BF4- 

RzCO.BFZ+ + RzCO G (R2CO)zBF2+ 

Such a scheme seems especially likely since the 
proposed intermediate fluorine-bridged species 
6 is an analogue of the BzF,- ion for which there 
is good evidence (24). Moreover the reaction 

could also contribute to the fluorine exchange. 
Mixed species (donor)(donor')BFzf .BF,-, very 
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similar to 5, should also be capable of existence 
so that the above mechanism would allow a 
general scrambling of fluorine among all BF, 
complexes. This would explain the collapse of 
the H,O.BF, peak. The presence of a small 
amount (e.g. ( 1 %) of the ionic species would 
probably not be detected by n.m.r., even in the 
slow-exchange limit. Structures analogous to 5 
have been proposed previously. Greenwood and 
Wade (25) have proposed, on the basis of elec- 
trical conductivity measurements, that the fused 
complexes pyridine.BC1, and piperidine.BC1, 
are dissociated to the extent of about 1 % to 
yield (d0nor),BC1,~.BCl,-. The structure 7 has 
been proposed by Wiberg and Buchler (26) on 
the basis of n.m.r. studies for the adduct of BF, 
with tetrakis(dimethy1amino)ethylene. 

Ludman and Waddington have reported that 
tetrafluoroborate ion precipitates as the potas- 
sium salt when potassium methoxide is reacted 
with an excess of BF, in methanol (27); this illus- 
trates the lability of ligand groups about boron. 
We have previously proposed a mechanism some- 
what analogous to [2]for the exchange of fluorine 
among boron atoms in solutions of silver tetra- 
fluoroborate (23). 

Complexes of other Lewis acid fluorides ap- 
parently undergo similar reactions ; n.m.r. studies 
have shown that solutions of niobium pentafluor- 
ide in dimethylformamide (28), ethanol (29), and 
dimethylsulfoxide (30) contain the NbF,- ion 
rather than the simple donor-acceptor complex. 
It is of interest that Tebbe and Muetterties 
(31) have reported fluorine exchange between 
phosphorus atoms in acetonitrile solutions of 
CH,CN.PF,; at about 80" the 19F doublet 
arising from P-F coupling collapses to a single 
broad peak. This exchange process may be 
analogous to that which collapses the l0B-"B 
isotope shift in the 19F spectra of ketone.BF, 
solutions. Tebbe and Muetterties have attributed 

the exchange to the presence of a trace of PF,- 
rather than to autoionization. since addition of 
PF6- greatly increases the exchange rate. In any 
case dissociation of CH,CN.PF, would prob- 
ably give rise to a series of reactions analogous 
to [2], as we have suggested previously (23). 

Experimental 
Materials 

Reagent grade acetone, methyl ethyl ketone, methyl 
isopropyl ketone, and pinacolone were dried over calcium 
chloride and magnesium sulfate and fractionated; the 
fractions of boiling ranges 55.9-56.2", 78.8-79.l0, 92.0- 
92.S0, and 104.5-105.5", respectively, were used. The 
amounts required for the n.m.r. samples were allowed to 
stand over Linde 4A molecular sieves immediately prior 
to use. Methylene chloride (Fisher spectranalysed) and 
practical grade tetran~etliylsilane were allowed to stand 
over Linde 4A molecular sieves, and trichlorofluoron~e- 
thane (Matheson) was allowed to stand at 0' over phos- 
phorus pentoxide, before use. The purification of natural 
abundance boron trifluoride, and the preparation of 
isotopically substituted boron trifluoride, were carried out 
as described previously (18). 

Preparaf ion of Saniples 
The samples were prepared by standard high-vacuum 

techniques. Known amounts of BF3 and ketone were 
condensed from a calibrated volume directly into 5 mm 
0.d. pyrex sample tubes into which suitable amounts of 
solvent had previously been distilled. Small amounts of 
tetramethylsilane and trichlorofluoromethane were added 
in the same fashion. In the case of the less volatile ketones 
pinacolone and methyl isopropyl ketone some error in 
calculation of the amounts added was introduced by the 
nonideality of the vapors. The samples were sealed off 
under vacuum with the contents at liquid nitrogen tem- 
perature and allowed to warm slowly to room tempera- 
ture. Approximate volumes of the solutions were deter- 
mined by measuring the height of liquid in the sample 
tube and comparing this with the height of a known 
volume of liquid which had been added to the tube prior 
to the preparation of the sample. Since the number of 
moles of solute had been determined by condensation 
from a calibrated volume, it was possible to calculate 
approximate solution concentrations in ~noles per liter. 

N.M.R. Spectra 
Spectra were obtained on a Varian Associates HR-60 

n.nl.r. spectrometer operating at 60 MHz for protons 
and 56.4 MHz for fluorine-19. The spectra were cali- 
brated by the audio sideband method using a Muirhead- 
Wigan D-890-A decade oscillator. Proton chemical shifts 
( 6 )  are given in p.p.m. to low field of internal tetramethyl- 
silane; '?F chemical shifts are given in p.p.m. to high 
field of internal trichlorofluoromethane. 

A Varian V-4340 variable-temperature n.m.r. probe 
was used to adjust the spinning sample tube to the re- 
quired temperature. Low temperatures were obtained by 
passing cold air from a liquid air boiler into the Dewar- 
jacketed assembly; high temperatures were obtained by 
passing heated air. The sample temperature was moni- 
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tored by a copper-constantan thermocouple placed in- 
side the jacket and attached to a Leeds and Northrup 
temperature potentiometer. Corrections for the difference 
between the monitored temperature and the true sample 
temperature were determined by placing a second thermo- 
couple directly in a sample tube containing a suitable 
solvent. 

Calculcztions 
An IBM 7040 computer was used for the calculation of 

exchange rates and Arrhenius activation energies. In 
cases involving coalescence of two peaks of equal areas, 
approximate methods of calculation based on equations 
given by Pople, Schneider, and Bernstein (32) were used; 
these made use of three different spectral parameters, as 
indicated in the legend to Fig. 3. Exchange rates were 
determined from the coalescence of two peaks of unequal 
areas by calculating theoretical spectra from eq. [lo-231 
to  [lo-251 of ref. 32 and matching calculated and ex- 
perimental widths at half-height of the larger peak. 
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Crystal structures of RuSe,, OsSe,, PtAs,, and a-NiAs, 
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The atom positions in Ruse,, OsSe,, PtAs,, and a-NiAs, have been determined from X-ray powder 
diffraction data. In the pyrite-type compounds (Pa3), the metal atoms are in 4(a), the face-centered 
positions, and the nonmetal atoms in 8(c), with x = 0.381 + 3 (Ruse2, a = 5.935 A); x = 0.382 f 4 
(OsSe,, a = 5.946 A); and x = 0.385 + 4 (PtAs,, a = 5.967 A). 

In orthorhombic cr-NiAs, (Pbca, a = 5.770, b = 5.838, c = 11.419 A), the atom positions are 

As,, in 8(c): x = 0.123, y = 0.447, z = 0.182 (+5).  

As in the marcasite and pyrite structures, the nonmetal atoms in cr-NiAs2 are paired, and the metal atoms 
have six nearest nonmetal neighbors at the corners of a distorted octahedron. Between metal atom layers 
these octahedra are coordinated alternately by corner sharing only, as in the pyrite lattice, and by a 
combination of corner and edge sharing, as in the marcasite lattice. The mean Ni-As distance is 2.38 A, 
with minimum and maximum distances of 2.25 and 2.46 A. The As-As distance is 2.46 A, and the 
shortest Ni-Ni distance is 3.72 A. 
Canadian Journal o f  Chemistry, 46, 2159 (1968) 

Introduction 

The great majority of the MY, and MZ, 
compounds formed by the Group VIII transition 
metals (M) and the chalcogens (Y) and the 
pnigogens (Z) crystallize in pyrite-, marcasite-, 
CoSb,-, or Cd1,-type structures. The most com- 
mon of these is the pyrite lattice (1, 2). The 
atomic positional parameters of the nonmetal 
atom in several of these pyrites have been 
reported recently by Sutarno et al. ( 3 )  and 
Furuseth et al. (4); nevertheless a remarkable 
number of these compounds have yet to be 
examined in detail. 

Three of these pyrite-type compounds (Ruse,, 
OsSe,, PtAs,) were prepared recently in our 
laboratory by J. J. Murray for thermodynamic 
studies (5). These specimens have been used to 
obtain the X-ray diffraction intensity data 
required in the calculation of atom positions. 
Although the atom positions in PtAs, have been 
reported (4), it was included to check our proce- 
dures. 

The low temperature modification of nickel 
diarsenide, a-NiAs,, is one of the MZ, com- 
pounds which does not crystallize in one of the 
four common structure types. Bennett and 
Heyding prepared this compound synthetically 
and confirmed the similarity in lattice dimensions 

'Present address: Division of Applied Chemistry, 
National Research Council of Canada, Ottawa, Canada. 

to the mineral pararammelsbergite (6). Studies on 
single crystals of the mineral have shown it to be 
orthorhombic Pbca (7). Bennett's specimen of 
a-NiAs, has been used to obtain Debye- 
Scherrer patterns for a detailed crystallographic 
study. 

Experimental 
The preparation of the specimens has been reported in 

detail by Murray and Heyding (5) and Bennett and 
Heyding (6) and need not be repeated here. 

Debye-Scherrer photographs were obtained in I 1.46 cm 
cameras with nickel-filtered copper radiation. The relative 
intensities of the diffraction lines were obtained by 
microphotometer recordings, using an intensity (film 
density) wedse as a standard. The wedge was prepared 
using the same film, radiation. and development tech- 
niques used in obtaining the diffraction patterns. Multiple 
film techniques were employed to check the intensities of 
very strong reflections. 

The relative intensities were corrected for absorption 
as well as Lorentz and polarization effects (8). The 
corrected relative intensities were used in fill1 matrix 
least squares refinement programs specifically written for 
the two types of structure involved (9). Thomas-Fermi- 
Dirac atomic scattering factors were taken from the 
International Tables (10). Only one temperature factor 
was employed for each structure. Atomic form factors 
were not corrected for anomalous dispersion. The simple 
weighting scheme of one for all observed reflections and 
zero for unobserved reflections was used. Overlapping 
reflections were included in the refinement, the observed 
quantity being divided among the possible reflections in 
proportions equal in ratio to the corresponding calculated 
quantities. The refinement adjusted all positional param- 
cters, the scaling factor, and the temperature parameter. 
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TABLE I 
Nonmetal coordinates and interatomic distances in Ruse2, 0sSe2, and PtAs2. (Pn3, FeS2) 

Metal/nonmetal Nonmetal/nonnietal 
Con~pound n (A)  x R1 distance ( A )  distance ( A )  

',Reliability factor, Z(IF0 - IFcl)/ZIFol. 
-Murray (5 ) .  
3Furuseth (4). 
AUncertainty, 2.50. 

The IBM 360 computer in the Computing Centre at  
Queen's University was used in these calculations. 

Initial values of the temperature parameter B and the 
scaling factor k used in refining the PtAs2 data were 
estimated using Wilson's method (11). Sin~ilar values of 
B and Ic were used for the other structures, since these 
parameters were readily adjusted by the program over a 
large range of values, and only very approximate initial 
values were required. 

For the pyrite-type structures, the initial value of x ,  the 
nonmetal parameter, was taken as 0.380. This value is 
sin~ply the average of all known positional parameters in 
MY, and MZ, pyrite structures. The intensities of 31 
reflections were used in the pyrite programs. 

We have assumed that a-NiAs2 and the mineral 
pararan~melsbergite are isostructural. Only four 1 : 2 
compounds, T i 0 2  (12), TeOz (13), AuSn2 (14), and 
a-NiAs2 are known to crystallize in this space group. The 
Au/Sn and Ni/As atomic radius ratios are very similar. 
Accordingly, Schubert's values (14) for the atom positions 
in AuSn2 were assumed for a-NiAs2, and structure 
factor maps prepared. Corrections based on these maps 
led to the initial parameters used in the refinement 
program: Ni, x,y,z: 0.010, 0.820, 0.110; As,, xl,yl,zl: 
0.845, 0.200, 0.082; Asll, x2,y2,z2: 0.130, 0.450, 0.190. 
The intensities of 39 reflections (8 < 40") were used in 
the program. 

Results and Discussion 

The results of the refinement program for the 
pyrite-type compounds are given in Table I. The 
reliability factor, R, quoted in this table is given 
by C(I Fol - IFcI)/ F, 1 .  Uncertainties in the 
fractional coordinates were estimated by Luz- 
zati's method (15). A table of observed and 
calculated intensities for the various  lanes in all 
three compounds has been submiited to the 
Depository of Unpublished Data., Agreement of 
the crystallographic data for PtAs, with those 
published by Furuseth (4) is within experimental 
error (Table I). 

Knop and hiscolleagues have already discussed 
the sensitivity of interchalcogen distances in the 
pyrite lattice to the value of the positional param- 
eter for these atoms (3). Indeed, as far as the 
Se-Se distances in these compounds are con- 
cerned, the calculations leave us with values 
which are scarcely more reliable than those we 
might have estimated on the basis of an average 
positional parameter of 0.380. The inter-selenium 
distance is slightly greater than that observed in 
l~exagonal selenium (2.32 A), and, within un- 
certainty, equal to the distance of 2.50 f 10 A 
observed in the marcasite lattice of FeSe, (16). 
The nonmetal interatomic distances in RuY2 and 
OsY, pyrites are: for sulfides, 2.19 3; for 
selenides, 2.44 f 8 ; and for tellurides, 2.8 1 f 4 A. 

Again using the values recorded by Sutarno, 
Knop, and Reid for the disulfides and ditellurides 
of ruthenium and osmium, and the mean values 
for the chalcogen radii implied in the non- 
metallic interatomic distances, the radii of ruth- 
enium and osmium are found to be identical 
regardless of the chalcogen forming the com- 
pound. The metal atom radii are 1.26 k 2 A in 
the disulfides and ditellurides and 1.26 + 4 A in 
the diselenides. 

TABLE I1 
Crystal structure data for a-NiAs2 

Space group: orthorhombic D2,,15 - Pbcn (NO. 61) 
Unit cell dimensions: n 5.770+ 1 .A 

b 5.838+1 
c 11 .419 f l  
V 384.622 .A3 

Cell content: M = 8, Z = 24 
Densities: D, = 7 .20 f  1, D,, = 7.25+_ 7 g ~ m - ~  
Atom positions: all atoms in general positions, 8(c): 

f ( n , ~ , z ) ~ ;  (4 f x, f -Y, - 4 ;  
( E X ,  1- ty ,  3-z); (3-x, -y, 4-kz) 

'Photocopies may be obtained upon request to:  The n Y z 
Depository of Unpublished Data, National Science Ni 0.020 0.823 0 .13525 

Library, National Research Council of Canada, Ottawa, As, 0.865 0.194 0.069+5 

Canada. Asll 0.123 0.447 0.182+5 
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A B 
FIG. 1. Projections of atom positions in a-NiAsz along the c axis. The black circles represent Ni, the white circles 

As. The white circles containing a black dot lie below the plane of the nickel atoms. In A, the Ni atoms shown are at 
z = -0.135; in B, at s = -0.365; the origin is at the center of the unit cell. The lower octahedra in A are identical 
with the upper (open) octahedra in B. Shared octahedral edges in B are indicated by broken lines. 

TABLE I11 tures pairs of nonmetal atoms can be recognized, 
Nearest neighbor interatomic distances in a-NiAs2 as well as more-or-less distorted octahedra of 

nonmetal atoms about each metal atom. The 
Distance important difference in the two structures is that 

Atom Neighbor (A, +O.lO)l -- in the pyrite structure each octahedron shares 
Ni 2 As, 2.46 corilers only with 12 other octahedra, while in 

1 AsI 2.42 the marcasite structure both corners and edges 
1 As11 2.36 
1 As11 2.34 are shared with 10 octahedra. 
1 As11 2.25 Projections along the c axis of two double sets 
1 Ni 3.72 of Ni planes in the a-NiAs, structure are shown 

As1 2 Ni 2.46 
1 Ni 2.42 in Fig. 1. The nickel atoms form planar nets 
1 As11 2.46 which are neither square nor face centered; 

As11 1 Ni 2.36 
1 Ni 2.34 nevertheless the similarity to the metal atom nets 
1 Ni 2.25 in the pyrite and marcasite structures is obvious. 
1 As, 2.46 The existence of pairs of arsenic atoms is also 

'Uncertainty, 2.50. clear in both projections. The octahedra are dis- 
torted in that the body diagonals do not pass 

The crystallographic data for a-NiAs, are through the metal atom site and are not mutually 
given in Table 11. The calculated interatomic perpendicular. The magnitude of the distortion 
distances are given in Table 111, while the values is indicated in the table of interatomic distances 
of the observed and calculated intensities and (Table 111). 
structure factors for all possible reflections up to In Fig. lA, the solid octahedra in the bottom 
40" 0 are summarized in Table IV. layer surround Ni atoms which lie in a plane 

The pyrite structure contains a metal sub- perpendicular to the c axis and 4.17 A (z = 
lattice which consists of sets of face-centered -0.365) below the origin (center of unit cell). 
square planar nets parallel to the (100) planes The open octahedra in the top layer show the 
and separated from one another by ao/2. Similar pseudo-face-centered square net of nickel atoms 
nets exist in the marcasite lattice parallel to the parallel to the bottom net and 1.54 A (z = 
(101) plane, but are face-centered rectangular -0.135) below the origin. The arsenic atoms 
rather than face-centered square. In both struc- between these two nets are shared by three 
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TABLE I V  

Observed and calculated Debye-Scherrer intensities and structure factors for a-NiAs2. ( R  = 0.057) (Threshold to: 
photometrically observed intensities, 3) 

-. - -- -. -- --- -. ~ ~pp~ 

-- 

hkl 1obsd fob** Ico lc*  Fobs* F c a l c d  
. . -- 
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octahedra; i.e. the octahedra share corners only 
between these two planes of nickel atoms. The 
coordination of the octahedra between these 
planes and the relative positions of the nickel and 
arsenic atoms are almost identical with the 
coordination and relative positions of metal and 
nonmetal atoms between anv two metal atom 
face-centered square nets in the pyrite structure. 

In Fig. 1 B, the open octahedra in the top layer 
correspond to the solid octahedra in Fig. 1A. 
This plane of Ni atoms is 4.17 A below the 
origin, while the bottom plane represented by the 
solid octahedra in Fig. 1B is 7.25 below the 
origin. Between these nets each arsenic atom is 
again shared by three octahedra, but each octa- 
liedron shares oiie edge with another. The co- 
ordination of the octahedra between these planes 
corresponds to the coordination of octahedra 
betweeii any two metal atom face-centered 
rectangular nets parallel to the (101) plane in the 
marcasite structure. 

Viewed in this way, the structure of a-NiAs, 
can be described as a coinbination of the pyrite 
aiid marcasite structures. Nickel atoms, in dis- 
torted face-centered rectangular iiets perpendic- 
ular to the c axis, are surrounded by six arsenic 
atoms at the corners of distorted octahedra. The 
coordiilation of the octahedra between the metal 
atom planes is alternately pyrite type (p) and 
marcasite type (m). The separation betweeii p- 
coordinated iiets is 2.63 A, and betweeii m- 
coordinated nets is 3 . 0 8 a .  The  ini it cell c 
dimension spans the stacking sequence m/p/in/p/ 
m. Each octahedron is coordinated to 10 other 
octahedra by corner sharing, aiid to oiie other 
octahedron by edge sharing. 

The atoms forming arsenic pairs in the crystal 
are 2.46 A apart. This distance is roughly the 
mean of As-As separations in marcasite-type 
diarsenides (P-NiAs,, 2.55 A ;  FeAs,, 2.47 A) 
and pyrite-type diarsenides (PtAs,, 2.38 A;  
PdAs,, 2.43 A). The nickel-arsenic distalices 
show a variation (2.25-2.46 A) not encountered 
in pyrites and marcasites, although the mean 
metal/nonmetal distance (2.38 A) is, within error, 
equal to the nickel arsenic distance in P-NiAs, 
(2.36 A). The molar volume of a-NiAs, is ca. 
1.5 "/, less than that of P-NiAs,. 

Each metal atom in a-NiAs2 has one metal 
nearest neighbor at  3.72 A across the shared 
edge of two arsenic octahedra. This distance is 
somewhat greater than the intermetallic distance 
in P-NiAs,, in which each nickel atom has two 

nearest neighbors at 3.54 A, also across shared 
edges of arsenic octahedra. The distance is too 
large to suggest that pairs of metal atoms exist 
(as, for example, i11 the CoSb, lattice) or that 
metal-metal bonds may exist. In  spite of the 
distortions in the arsenic octahedra, we regard 
the a-NiAsz structure as more closely related to 
the pyrite structure than the 'anomalous' marca- 
site structure (1 7) exhibited by P-NiAs, and 
NiSb,. 

Very recently Munson reported the synthesis of 
a cubic pyrite-type modification of NiAs, at 
1400 "C and 60 kbar which, quenched to normal 
conditious of temperature and pressure, lias a 
cell dimension of 5.77 A (18). 
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Reactions of organotin compounds. IX. The reactions of tin hydrides with 
perfluorovinyl germanium and tin compounds 

M. AKHTAR AND H. C. CLARK 
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The formation of addition products (CH3)3MCFHCFZSn(CH3)3 and (CH3)3MCF[Sn(CH3)3]CF2H 
where M = Ge or Sn has been observed in reactions involving the ultraviolet irradiation of (CH,),- 
MCF=CFZ with trimethyltin hydride. The former type of addition product is more stable than the latter, 
and the stability of both types decreases in the order M = Si, Ge, or Sn. Evidence is presented that 
decomposition occurs in all cases by a a-fluorine elimination with the formation of fluorovinyl derivatives 
of M and trimethyltin fluoride. Similar reactions occur between (CH3)3GeCF=CFZ and dimethyltin 
dihydride and between (CH3),Ge(CF=CF,), and dimethyltin dillydride or trimethyltin hydride. The 
evidence indicates that a free radical process is involved. Spectroscopic data are presented for new 
organogermanium compounds. 

Canadian Journal of Chemistry, 46, 2165 (1968) 

Introduction 
We have previously described some reactions 

of organotin hydrides with fluoro-olefins (1-3) 
and have presented evidence in favor of a free 
radical mechanism, with the formation of 
radicals from the tin hydrides being probably 
the rate-determining step. Such evidence for the 
free radical nature of these and other reactions 
of organotin hydrides arises from observations 
of the accelerating effect of catalysts (4), free 
radical sources (4) (e.g. azobisisobutyronitrile), 
and ultraviolet irradiation (1-3, 5, 6), and the 
retardation caused by efficient scavengers (e.g. 
galvinoxyl (4, 5)). We have also described the 
reactions of trimethyltin hydride and dimethyltin 
dihydride (5) with (CH,),SiCF=CF, and 
(CH,),Si(CF=CF,),, where conclusive evidence 
for a free radical mechanism was obtained again 
by the use of such a scavenger and initiators. The 
course of such reactions can be influenced, 
firstly by the organic group on tin, e.g. in R,,Sn 
where R can be an alkyl or an aryl group (7), 
and secondly by the inductive effects of R,M on 
the vinylic -C==C bond, caused by the nature 
of M and by the dn-pn interactions in the 
R,M-C--C group (8, 9). The present investiga- 
tion describes the reactions of organotin hydrides 
with perfluorovinyl germanium and tin com- 
pounds. The variation in the nature of the re- 
action and in the stability of the reaction prod- 
ucts, in going from silicon to germanium to tin 
perfluorovinyl groups, is also discussed. 

Discussion 
Trimethyltin hydride reacted with (CH,),Si- 

CF-CF, in the presence of free radical sources 

(5) to form two addition products, (CH,),Si- 
CFHCF,Sn(CH,), and (CH,),SiCF [Sn(CH,),]- 
CF,H. These deposit trimethyltin fluoride at 
room temperature by P-fluorine elimination to 
give (CH,),SiCH=CF, and cis-(CH,),SiCF= 
CFH respectively. However, under thermal 
conditions, fluorovinyl-silicon compounds con- 
taining -CH=CF,, cis-CF=CFH, trans-CF= 
CFH, and -C,H,F groups were obtained, with 
the -CH=CF, and cis-CF-CFH derivatives 
being the major reaction products. We have now 
found that trimethyltin hydride does not react 
with (CH,),GeCF=CF, at room temperature, 
even over long periods, but at 55" reaction 
occurs readily with the deposition of trimethyltin 
fluoride and formation of fluorovinyl gennanes, 
notably (CH,),GeCF=CFH (cis), (CH,),Ge- 
CH=CF,, (CH,),GeC,H,F, and (CH,),Ge- 
CF=CFH (trans), these being listed in the order 
of decreasing yield. When the hydride and 
(CH,),GeCF=CF, were irradiated at rooin 
temperature, a high yield of a mixture containing 
the two addition products (CH,),GeCFHCF,- 
Sn(CH,), and (CH,),GeCF [Sn(CH,),]CF,H 
was obtained. This mixture is unstable at room 
temperature and eliminates trimethyltin fluoride 
with the preferential formation of (CH,),Ge- 
CF=CFH (cis) and with the more rapid dis- 
appearance of (CH,),GeCF[Sn(CH,),]CF,H. 
A sample of the mixture of addition products 
containing (CH,),GeCF[Sn(CH,),]CF,H and 
(CH,),GeCFHCF,Sn(CH,), in the ratio 2:5 is 
completely decomposed at 55" after 24 h to give 
(CH,),GeCF=CFH (cis) and (CH,),GeCH= 
CF, in the ratio of 1 :2, with the simultaneous 
formation of trimethyltin fluoride. This confirms 
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the formation of (CH,),GeCF=CFH (cis) from 
(CH,),GeCF[Sn(CH,),]CF,H, and of (CH,),- 
GeCH=CF, from (CH,),GeCFHCF,Sn(CH,), 
by p-fluorine elimination. The facile nature 
of this type of elimination can be readily 
ascertained by the use of molecular models, 
from which it can be seen that the p-orbitals of 
the p-fluorine are directed more towards the 
tin than are the p-orbitals of the a-fluorine, and 
that the Sn-Fp distance is the smaller. The 
alternative process would be an a-elimination 
followed by a fluoride ion migration (lo), 
which seems less likely froin energetic grounds 
alone. 

The reaction of trimethyltin hydride with 
(CH,),SiCF=CF, (5) was shown to proceed by 
a free radical mechanism under ultraviolet 
irradiation as well as in the presence of free 
radical sources, e.g, azobisisobutyronitrile. The 
reaction was completely inhibited by the free 
radical inhibitor "galvinoxyl". In the present 
case, the addition of trimethyltin hydride to 
(CH3),GeCF=CF2 apparently occurred at 55" 
in the presence of azobisisobutyronitrile, but 
the thermal instability of the addition products 
at 55" probably explains why only (CH,),- 
GeCF=CFH (cis), (CH,),GeCH-=CF,, and 
(CH,),GeC,H,F were obtained. It certainly 
seems reasonable to assume that here, and in 
the reactions under ultraviolet irradiation, a free 
radical process is again involved. 

Trimethyltin hydride and (CH,),Ge(CF= 
CF,), do not react at room temperature, and 
at 55" only a limited reaction takes place. How- 
ever, the reaction does take place easily under 
ultraviolet irradiation at room temperature, with 
the formation of an involatile addition product 
which was identified spectroscopically as a 
mixture of the addition products 1,2 ,  and 3. 

The mixture was unstable at room temperature, 
slowly eliminating trimethyltin fluoride accom- 
panied by the formation of -CF=CFH (cis) 
and -CH=CF, groups, thus again supporting a 
p-fluorine elimination process. It was not possible 
to separate individual compounds from the 
mixture chromatographically because of their 
instability. 

In the reactions of trimethyltin hydride (1 1) 
with (CH,),SnCF=CF,, the main reaction 
product was always (CH,),SnCF=CFH (cis), 
and the possibility of addition followed immedi- 
ately by trimethyltin fluoride elimination was 

suggested. These reactions have now been 
repeated and in the reaction of trimethyltin 
hydride with an excess of (CH3),SnCF=CF2 in 
cyclohexane, under ultraviolet irradiation at 25', 
the formation of addition products [(CH,),Sn],- 
CFCF,H and (CH,),SnCFHCF,Sn(CH,), has 
been established. The addition products could 
not be isolated because of their instability. At 
room temperature they quickly eliminate tri- 
methyltin fluoride with the formation of (CH,),- 
SnCF=CFH (cis), this again being consistent 
with a p-fluorine elimination, whereby both the 
products [(CH,),S~I]~CFCF,H and (CH,),Sn- 
CFHCF,Sn(CH,), can give (CH,),SnCF= 
CFH (cis). The reason that these addition 
products were not observed previously (11) is 
apparently due to the long irradiating period of 
18 h then involved, in contrast to only 1 h in 
the present study. In the former case, decom- 
position had obviously occurred by the end of 
the irradiation period. 

It is interesting to note the difference in the 
stability of the addition products of triinethyltin 
hydride with (CH,),SiCF=CF, ( 5 ) ,  (CH,),Ge- 
CF=CF,, and (CH,),SnCF=CF,. The addition 
products with (CH,),SiCF=CF, are the most 
stable, although (CH,),SiCF[Sn(CH,),]CF,H 
decomposes more easily than its isomer (CH,),- 
SiCFHCF,Sn(CH,),. This mixture can be 
handled for short periods under vacuum without 
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decomposition and can even be prepared at 55" though under thermal conditions, for the ger- 
using azobisisobutyronitrile, while the analogous manium series: 
addition products with (cH,),G~cF=?F, 
start decomposing at room temperature after a 
short time and decompose even while handling 
under vacuum and cannot be prepared under 
thermal conditions, even in the presence of 
azobisisobutyronitrile. Here again (CH,),Ge- 
CF[Sn(CH3),]CF2H decomposes more quickly 
than (CH,),GeCFHCF,Sn(CH,),. The greater 
steric requirements for the inolecules (CH,),Si- 
CF[Sn(CH,),]CF,H and (CH,),GeCF[Sn- 
(CH3),]CF2H, where the two heavy groups are 
attached to one carbon atom, may be responsible 
for their comparative instability. The addition 
products of trimethyltin hydride with (CH,),- 
SnCF=CF, are the least stable; they cannot even 
be separated from the other reaction products 
and decompose quickly at room temperature. 
The differences in the metal-carbon bond 
energies for group IV elements (12), which are 
in the order Si-C > Ge-C > Sn-C, and the 
variations of the dz-pz interactions within the 
R,M-C=C group, where M varies from Si, 
Ge to Sn, could be responsible for the above- 
mentioned order of stabilities of addition 
products. 

Under thertnul conditions trimethyltin hydride 
(5, 11) does not add to (CH,),MCF=CF, 
compounds, where M is Si, Ge, and Sn. How- 
ever, reactions (9) of the type 

heat 
C 6 H 5 S n H  -r- (C,H,),MCH= CHZ- 

C 6 H 5 M C H Z C H Z S n ( C 6 H 5 ) ,  

are known, although (C,H,),MCH,CH,Sn- 
(C,H,), and [(C,H,),Sn],CHCH, have not 
been differentiated. This may be due to the 
difference in stabilities of the vinyl M-C=C 
bond compared with the perfluorovinyl M- 
C=C bond (8) and also due to the greater 
stabilizing effects of C6H5 groups compared 
with CH, groups (7). The formation of (CH,),- 
SnCF=CFH (trans) and (CH3),SnC2H2F has 
been suggested (1 1) as due to secondary reactions 
of the type 

U.V. 
(CH,) ,SnCF=CFH (cis) C (CH&SnH - 

( C H 3 ) 3 S n C 2 H 2 F  i- (CH3)3SnCF= C F H  (trarzs) 
+ (CH3),SnF.  

This type of reaction has now also been observed, 

55' 
( C H 3 ) 3 G e C F = C F H  (cis) 4- (CH,),SnH - 

(CH3) ,SnCZH2F C (CH3)3SnF 
+ (CH&SnCF= C F H  (trrrrls). 

The behavior of dimethyltin dihydride with 
(CH,),GeCF=CF, and also with (CH,),Ge- 
(CF=CF,), has also been investigated. In each 
case little reaction occurred at room temper- 
ature, but by heating at 55' and also under ultra- 
violet irradiation considerable reaction took 
place with the formation of fluorovinyl germanes 
having cis and trans -CF=CFH, -CH=CF,, 
and -C2H2F groups, and the formation of 
dimethyltin difluoride. In view of the greater 
reactivity of dimethyltin dihydride compared 
with trimethyltin hydride, and also of their 
probable str~ictures, it is not too s~irprising that 
the addition products were not isolated. 

We have described in detail the characteriza- 
tion of the fluorovinyl compounds of tin (1 1) and 
silicon (5) by spectroscopic methods, based oil 
their characteristic infrared and n.m.r. features. 
The trimethyl- and dimethyl-fluorovinyl ger- 
manes are completely analogous to the fluoro- 
vinyltin and fluorovinylsilicon colnpounds de- 
scribed previously (1 1, 5) and it is only necessary 
to list the data in Tables I and 11. The cl~aracter- 
ization of the addition products of trimethyltin 
hydride with (CH3),GeCF=CF2 and (CH,),- 
SnCF=CF, is based on their n.m.r. spectra, 
which are completely analogous to those of the 
addition products of trimethyltin hydride with 
(CH,),SiCF=CF, (5). The general pattern of 
the proton spectrum of these addition products 
is given in Fig. 1. The complete spectroscopic 
data is given in Tables 111, IV, and V. The proton 
spectrum clearly shows that each addition prod- 
uct gives a complex pattern of 8 lines in addition 
to signals from the methyl protons. The two sets 
of 8 lines can be attributed to the two ethane 
protons of AC"F,C~FHB and ABCBFC"~,H 
molecules, where the non-equivalence of the 
two a-fluorine atoms arises from the fact that 
there are three different substituents on the 
P-carbon atom. Hence the proton spectrum for 
each proton is of the ABX pattern, where the 
signal of the ethane proton is split successively 
three times into doublets by coupling with the 
three non-equivalent fluorine nuclei. The values 
of the coupling constants obtained are consistent 
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TABLE I 
Proton n.m.r. assignments for perfluorovinyl and fluorovinyl germanes" 

(CH3I3Ge H 
\ / 

C=C 

F / \F 
(cis) 

(CH3I3Ge F 
\ / 

C=C 

F \H 
(trarzs) 

(CH3),Ge F 
\ / 

C=C 

H \F 

6CH3 6H vinyl JL z J2 3 Ji 3 

-0.51 -6.1 
quartet 76 - 23 

-0.38 -7.5 74 
quartet 

-0.45 -3.72 - 
quartet 

-6.5 OIb) 
quartet 

Not dis- -4.8 (Ha) 78 
tinguished quartet 

(CH3I2Ge bC=c<r) -0.45 - - 

-0.42 -6.12 75 
quartet 

(cis) 

-0.28 -7.42 73 15 - 
quartet 

(trans) 

(CH312Ge 

= c 2  - 0.30 quartet -3.82 - 7 42 

*Chemical shifts are in p.p.m. with respect to external CHCI,. Coupling constants!are!in c.p.s. 
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TABLE II 
Characteristic C=C stretching and C-F frequencies observed in trimethyl 
and-dimethyl perfluorovinyl and fluorovinyl germanes (gas phase, KBr windows) 

C=C region C-F region 
Compound ( k  2 cm-') (t 2 cm-') 

(CH3)3GeCF=CF2 1730 vs 1290 vs, 1255 m, 1135 vs, 1025 vs 
(CH,),GeCF=CFH 1700 vs 1280m,1250 m, 1110 vs, 1080 m, 930 w 

(cis) 
(CH3),GeCF=CFH 1725s 1270 w, 1250 s, 1070 s, 1025 w 

(trans) 
(CH3)3GeCH=CF2 1665 s 1245ni,1120vs, 10706,s, 1020w 
(CH3)3GeC2H2F 1625 s 1245m,1180m, 1120w, 1060vs, 

975 m. 925 w 

(cis) 
(CHq)2Ge(CF=CFH)2 1722 s 1250 w, 1050 s, 920 w . . . - 

(trans) 
(CH&Ge(CH=CF2)? 1665 s 1250 ni, 1130 vs, 1085 s, 1070 s, 930 vw 
(CH3)2Ge(C2H2F)2 1628 s 1255m,1170s, 1080m, 1OOOm,940w 

with those observed for -CF,H group (1  3) and 
also for the -CFHCF, groups respectively. 
The spectra of closely related compounds have 
been discussed in considerable detail (14, IS), 
hence a full analysis of the proton and 19F 
spectrum is not given here. The 19F spectrum of 
the addition products of trimethyltin hydride 
with (CH,),GeCF=CF, is quite analogous to 
those of the addition products with (CH,),Si- 
CF=CF, (j), coilsisting of 24 lines for each 
molecule. From closely coincident values of 
H-F coupling constants the proton and 19F 
spectra were matched. The normal first-order 
analysis then gave the values shown in Table 111. 

FIG. 1. General pattern of the proton spectra of the 
addition products of (CH,),SnH with (CH3)3MCF=CF2 
compounds. 

The involatile liquid obtained from the ultra- 
violet irradiation of trimethyltin hydride and 
(CH,),Ge(CF=CF,), was shown from spectro- 

scopic evidence to be a mixture containing three 
molecules : (1) (CH,),Ge [CFHCF,Sn(CH,),],, 
(2) (CH,),Ge [CF(Sn(CH,),)CF,H :I [CFHCF,- 
Sn(CH,),I, and (3) (CH3)2Ge[CF(Sn(CH3)3)- 
CF,H],. The numerical data is given in Tables 
IV and VI. The proton n.m.r. spectrum, although 
complex, was completely consistent with the 
data already given for other addition products. 
The spectrum of -CF(Sn(CH,),)CF,H groups 
in molecules (2) and (3) and that of -CFHCF,- 
Sn(CH,), groups in molecules (1) and (2), 
though closely spaced, did not overlap. The 
possible assignments are given in Table VI. 

Experimental 
All general techniques have been described previously 

(5). Trimethyltin hydride and dimethyltin dihydride were 
prepared by the procedure of Finholt et 01. (16) using 
rz-butyl ether as solvent. Trimethyl(perfluorovinyl)ger- 
mane and dimethylbis(perfluorovinyl)germane were pre- 
pared (17) by the reaction of trimethylgermanium bro- 
mide and dimethylgermanium dichloride respectively with 
perfluorovinylmagnesium bromide in anhydrous tetra- 
hydrofuran. Most of the tetrahydrofuran was separated 
by fractional distillation, and final purification was 
achieved by gas chromatography on a silicone QF-1 
column a t  150". Thus trimethyl(perfluorovinyl)gerniane 
was obtained in 36% yield and dimethylbis(perfluoro- 
viny1)germane in 33% yield. The spectroscopic data is 
given in Tables I and 11. Trimethyl(perfluorovinyl)tin 
was prepared by the method described by Beveridge 
et 01. (I 1). 

In  all of the reactions described below, the reaction 
mixture was worked up as follows. The reaction tube was 
opened to  the vacuum system and all volatile components 
were separated by conventional trap-to-trap fractionation. 
Further purification was achieved by gas chromatography 
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TABLE I11 
Nuclear magnetic resonance data* for the addition products of (CH3)&H with 

(CH3),GeCF=CF2 in cyclohexane 

F1 Fz F1 Fz 

- - 

'H spectrum 19F spectrum 'H spectrum "F spectrum 

*Chemical shifts (p.p.m.) are relative to internal cyclolienane and internal CClpF for 'H and '9F spectrunl respec- 
tively. Coupling constants rn c.p.s. 

TABLE 1V 

Infrared spectra of the addition products as liquid films 
- 

(CHASnH + (CHd3SnH -t 
(CH3)3tieCF=CF2 (CH3)2tie(CF=CF2)2 Assignment 

508 (m) 
530 (s) 
562 (w) 
600 (s) 
71 5 (sh, w) 
770 (b, s) 
825 Is) 

510 (s) 
530 (vs) ) Sn-C stretch 

570 (mj ~ e - c  asym. 
605 (ni) > stretch 
730 (vs) j CH3-Sn and 
770 (vs. b) I CH,-Ge 
825 is. shj t rock 

945 (s) 
985 (s) 

1030 (s) 
1060 (rn) 

1190 (w) 
1215 (w) 
1240 (m) 

1260 (w) 
1300 (vw) 
1330 (w) 
1355 (w) 
1390 (vw) 
1410 (m) 

1030 (Sj 
1060 (s) ] 
I l l 0  (sh, s) 
1130(vs) 1 
1190(mj 
1210 (sh, w) 
1240 (ni) 

1305 (w) 
1335 (rn) 
1355 (m) 
1385 (w) 
1410 (m) 

C-F stretch 

Sym. CH3-Ge 
deforniation 

Asyni. CH3-Ge 
deformation 

C-H stretch 29 10 (m) 
2990 (s) 

2910 (s) 
2990 (s) 
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AKHTAR AND CLARK: REACTIONS OF ORGANOTIN COMPOUNDS. IX 

TABLE V 
lH n.m.r. data* for the addition products of (CH3) 3SnH with trimethyl perfluorovinyl compounds 

of group IV elements 

F,  F, 1 1  

TABLE VI 
Proton n.m.r. data* for the addition products of (CH3),SnH with (CH3)2Ge(CF=CFZ)2 in cyclohexane 

Sn(CH3), Ha Fl FZ F1 F2 
I 

C 
I  

C-F3 
I  I 

C-C-SII(CH~)~ 
I  I 

, C - S n ( C H 3 ) ,  
/ I  I  / I  I  I 

/ F l  FZ / Hb F3 F3 
(CH3I2Ge (CH3),Ge (CH3),Ge 

\ Fl F2 \ Hb F3 \ F1 F2 
I  

C-F3 
\ I  I  

C-C-Sn(CH3), 
\ I  c- I 

C-F3 
I I  I  I  I 

F1 Fz 
\ 

Sn(CH3), Ha s~(cH,), Ha 

J119sn-CH, 57 56 55 
J117Sn-CH 55 55 54 
J H - F ~  10 10 12 
JH - F~ 62 63 62 
JH - F~ 56 58 60 

'Chemical shifts (p.p.m.) are relative to internal cyclohexane. Coupling constants in c.p.s. 

J 1 1 9 ~ n - ~ ~ 3  57 56 55 
J117sn-c~, 55 55 54 
JH-F, 44 45 47 
JH - F~ 3 7 40 45 
JH - F, 10 8 6 

and each fraction was identified from its infrared spec- 
trum, and for pure compounds ultimately by their n.m.r 
spectra. Any involatile material remaining in the reaction 
tube was examined spectroscopically. 

'Chemical shifts (p.p.m.) are relative to external CHCl, for silicon compounds, while those for germanium and tin compounds are relative to 
'nternal cyclohexane. Coupling constants in c.p.s. 

Reactions of Tritnethyl(perfluoroui~~yl)ger~?za~ze with 
Orgonotin Hydrides 

(a) Trimethyltin hydride (0.225 g, 1.36 mn~oles) and 
(CH3),GeCF=CF2 (0.27 g, 1.36 mmoles) were allowed 
to react at 25" for 10 days. There was no visible reaction 
and vacuum fractionation gave the starting materials 
quantitatively. 

(b) Trimethyltin hydride (0.33 g, 2 mmoles) and 
(CH3),GeCF=CF2 (0.395 g, 2 mrnoles) were heated at 
55" for 30 h. A white solid was deposited, which was 
identified spectroscopically as trimethyltin fluoride 
(0.145 g, ca. 40% yield). Examination of the infrared 
spectrum of the gas phase mixture showed the presence of 
both reactants and at least four reaction products. The 
proton n.m.r. spectrum (Table I) of this mixture was 
recorded and from its integration the following percentage 
of each component in the total reaction mixture was 
obtained : cis-CFH=CFGe(CH,), (45 %), trans-CFH= 
CFGe(CH,), (6 %), CFZ=CHGe(CH3), (40 %), and 
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(CH3),GeC2H2F (9%). Gas chromatography on a 
silicone QF-I column at 150' gave pure products which 
were identified by their characteristic infrared spectra 
(Table 11). 

(c) Trimethyltin hydride (0.45 g, 2.7 mmoles) and 
(CH3),GeCF=CF2 (0.54 g, 2.7 mmoles) were exposed to 
ultraviolet irradiation (silica tube) at 25" for 8 h. A trace 
of trimethyltin fluoride, identified spectroscopically, was 
deposited, as well as a sniall amount of metallic tin. 
Vacuum fractionation gave, a t  -78', a small amount of 
(CH,),GeCF=CFH (cis) and trimethyltin hydride and a 
high yield (0.72 g, 73%) of a slightly volatile liquid at 
-23". This was identified unambiguously, from infrared 
and n.m.r. studies (Tables 111, IV), as a mixture of two 
addition products (CH3)3GeCF[Sn(CH3)3]CF2H and 
(CH3),CeCFHCF,Sn(CH3), in the ratio 2:5. 

This mixture of addition products is unstable at room 
temperature. A small amount was sealed into a 5 mrn 
pyrex tube with 1 ml of cyclohexane and left at room 
temperature for 24 h. Then its proton n.m.r. spectrum was 
recorded in the same glass tube. This showed a very small 
amount of (CH3)3GeCF[Sn(CH,)3]CF2H still to be 
present along with a considerable amount of (CH3),- 
GeCF=CFH (cis) and some (CH,),SnF. The original 
amount of (CH3),GeCFHCF2Sn(CH3), remained un- 
changed. A similar sample of the addition products was 
left at 55" for 2 h. Its proton n.m.r. spectrum showed the 
complete disappearance of (CH3),GeCF[Sn(CH3),]- 
CF2H with the formation of (CH3),GeCF=CFH (cis) 
and elimination of (CH,),SnF. But this time a small 
amount of (CH3)3GeCH=CF2 also appeared with a 
decrease in the amount of (CH3),GeCFHCF2Sn(CH3),. 
Another sample of the addition products (CH,),- 
GeCF[Sn(CH3),1CF2H and (CH,),GeCFHCF,Sn- 
(CH,), in the ratio 2:5 was sealed into a glass tube with 
1.5 nil of cyclohexane and left at 55' for 24 h. A consider- 
able amount of (CH3),SnF was deposited in the tube. The 
volatiles were transferred to a 5 mm glass tube under 
vacuum, and the proton n.m.r. spectrum showed (CH,),- 
GeCF-CFH (cis) and (CH3),GeCH=CF2 in the ratio 
of 1 :2. Molecular weight (in benzene osmonietrically) 
was 365. Further characterization was obtained by alka- 
line hydrolysis of the products. A sample (0.3063 g, 
0.844mniole) was hydrolyzed with 20% potassium 
hydroxide alcoholic solution. The only volatile product 
was trifluoroethylene (0.068 g, 0.84 mmole) characterized 
spectroscopically (1 8). 

In the following experiments (d-g), the products were 
separated by trap-to-trap distillation and identified by 
their infrared and proton n.m.r. spectra as in (b) above. 

(d) Trimethyltin hydride (0.45 g, 2.7 mmoles) and 
(CH,),GeCF=CF, (0.54 g, 2.7 rnmoles) were sealed with 
50 mg of azobisisobutyronitrile and allowed to react at 
55" for 8 11. Examination of the reaction mixture gave a 
small amount of a noncondensable gas, presumably a 
mixture of hydrogen and nitrogen, along with (CH,),- 
GeCF=CFH (cis) as the main product, and (CH3),- 
GeCH=CF, and (CH3)3GeC2H2F in about equal 
amounts, these being identified by their characteristic 
C=C stretching frequencies at 1700, 1665, and 1625 cm-' 
respectively. A mixture of trimethyltin fluoride, metallic 
tin, and azobisisobutyronitrile remained in the reaction 
tube. 

(e) Trimethyltin hydride (0.112 g, 0.68 nimole) and 

(CH,),GeCF=CFH (cis) (0.123 g, 0.68 mmole) were 
allowed to react at 55' for 10 h. Vacuum fractionation of 
the volatile products gave (CH3),GeC2H2F as the main 
reaction product with a characteristic C=C stretching 
frequency at 1665 cm-'. Another band was observed a t  
1725 cm-' (C=C stretch) characteristic of (CH,),- 
GeCF=CFH (irarcs). Trimethyltin fluoride remained in 
the reaction tube and was identified spectroscopically. 
(f') Dimethyltin dihydride (0.204 g, 1.36 mnioles) and 

(CH3),GeCF=CF2 (0.27 g, 1.36 mmoles) were allowed to 
react at room temperature for 10 days. The infrared 
spectrum of the volatile products showed a strong band 
at 1625 cm-' (C=C stretch), characteristic of (CH3),- 
GeC2H,F, and two other medium bands at 1700 and 
1665 cm-', characteristic of ( G C  stretch) (CH,),- 
GeCF=CFH (cis) and (CH3)3GeCH=CF, respectively. 
However, the amounts were so small that the proton 
n.m.r. spectrum showed only (CH3),SnH2 and (CH3),- 
GeCF=CF2. From the reaction tube a small amount 
(0.008 g) of (CH3)2SnF2 was recovered, from which it 
could be calculated that the reaction was about 3% 
complete. 

(g) Dimethyltin dihydride (0.204 g, 1.36 mmoles) and 
(CH,),GeCF=CF, (0.27 g, 1.36 mmoles) were irradiated 
at 25" for 6 h, leading to the extensive formation of a 
white solid. A mixture of methane and hydrogen present 
in the reaction tube was pumped off. The infrared spec- 
trum (gas phase) of the volatiles showed the presence of 
(CH,),GeCF=CFH (cis), (CH3),GeCH=CF2, (CH3)3- 
GeC2H2F, and (CH,),GeCF=CFH (irons), based on  
the observed C=C stretching frequencies and listed in the 
order of decreasing concentration. From the reaction 
tube, dimethyltin difluoride (0.125 g) was recovered, 
corresponding to 50 % complete reaction. 

Reaciiorrs of Dirt1ethylbis(pery7~iorooit1~J)gertnane with 
Orgnt~otitz Hydrides 

(a) Trimethyltin hydride (0.33 g, 2 mmoles) and 
(CH3)2Ge(CF=CF2)2 (0.264 g, 1 mmole) were allowed 
to react at 25' for 10 days. There was no visible reaction 
and vacuum fractionation led to complete recovery of the 
reactants. 

(b) Trimethyltin hydride (1.29 g, 7.8 mmoles) and 
(CH3)2Ge(CF=CF2), (0.875 g, 3.3 mmoles) were allowed 
to react at 55' for 20 h. A considerable amount of white 
solid was deposited and a trace of a noncondensable gas 
was pumped off. Infrared and 'H n.m.r. spectra of the 
volatiles showed the presence of -CF=CFH (cis), 
-CH=CF2, -C2H2F, and -CF=CFH (trans) groups, 
with characteristic infrared C=C stretching frequencies 
at 1700, 1665, 1628, and 1722 cm-' respectively, these 
groups being listed in the order of decreasing amounts. 
Complete spectroscopic data are listed in Tables I and 11. 
From the residue in the reaction tube 0.9023 g of (CH3)3- 
SnF was extracted, corresponding to 63 % reaction. 

(c) Trimethyltin hydride (0.898 g, 5.4 mmoles) and 
(CH,)2Ge(CF=CF2), (0.719 g, 2.72 mmoles) were 
irradiated (silica tube) at 25" for 5 h, at the end of which 
time a very small amount of metallic tin and a white solid 
had deposited. Other than a small amount of a non- 
condensable gas, the only volatile product was a negligible 
amount of trimethyltin hydride. There remained in the 
reaction tube an involatiie liquid, which was washed out 
with cyclohexane and examined spectroscopically after 
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removal of the solvent. The infrared and proton spectra 
(Tables I11 and VI) showed the material to be a mixture 
of three addition products of (CH3),SnH and (CH3)2- 
Ge(CF=CF2)2, listed in Table VI; these could not be 
separated chromatographically due to instability. On 
standing at 25' decomposition occurred slowly with the 
deposition of (CH3),SnF and formation of -CF=CFH 
(cis) and -CH=CF? groups with characteristic C=C 
stretching frequencies at 1700 and 1665 cni -' respectively. 

(d) Dimethyltin dihydride (0.29 g, 2 mmoles) and 
(CH,)IGe(CF=CF2)2 (0.53 g, 2 n~moles) were allowed 
to react at room temperature for 10 days. A white-to- 
yellow solid appeared in the reaction tube. The infrared 
spectrum (gas phase) of the volatile reaction products 
showed the presence of -CF=CFH, -CH=CF,, and 
-C2H2F groups, in addition to considerable amounts 
of the starting materials. The residue (0.003 g) in the 
reaction tube was washed out, examined, and found to be 
mainly dimethyltin difluoride with a little metallic tin. 

(e) Dimethyltin dihydride (0.76 g, 5 nimoles) and 
(CH,),Ge(CF=CF,), (1.32 g, 5 m~noles) were allowed to 
react at 55' for 8 h. A considerable amount of white-to- 
black solid was deposited. Noncondensable gas, a mixture 
of hydrogen and mctliane, was pumped off. Thc 'H 
n.1n.r. spectrum of the total volatile products (Table I) 
confirmed the presence of four reaction products, in 
addition to some unidentified peaks. these being listed - .  
with the percentage of each con~ponent in tll; total 
reaction mixture, as determined by integration of the 
'H n.m.r. spectrum. The products were (CH,),Ge- 
(CF=CFH), (cis) (33.3 %), (CH3)2Ge(CH=CF,)2 
(41.7 %), (CH,),Ge(CF=CFH), (tmns) (13.8 %), and 
(CH3),Ge(CZH2F)2 (1 1.1 %). Gas chromatography on a 
silicone QF-1 colun~n at 150' gave pure products, in 
addition to unreacted (CH3)3SnH, and (CH3),Ge- 
(CF=CF2)?, which were identified by their characteristic 
infrared and proton n.m.r. spectra (Tablcs I and 11). 
From the reaction tube 0.552 g of (CH3)2SnF2 with some 
metallic tin was recovered. 

(f) Dimethyltin dihydride (0.29 g, 2 mmoles) and 
(CH3)2Ge(CF=CF2), (0.53 g, 2 mmoles) were irradiated 
at 25" for 1 11. A white solid was deposited and the non- 
condensable gas was pumped off. The infrared spectrum 
(gas phase) of the volatile products confirmed the presence 
of (CH,),Ge- derivatives containing -CF=CFH, 
-CH=CF2, and -C2H,F groups, based on their C=C 
stretching frequencies (Table II), but the amounts were 
so small that the proton n.m.r. spectrum showed only 
(CH,)2SnH2 and (CH3),Ge(CF=CFZ). From the 
reaction tube 0.061 g of dimethyltin difluoride containing 
a trace of metallic tin was recovered. 

Reactions of Tri~?zetlzyl(perfl~~orovinyl) tin with Tritnet/lj>ltin 
Hydride 

(a) Trimethyltin hydride (0.45 g, 2.8 mmoles) and 
(CH,),SnCF=CF, (0.682 g, 2.8 n~moles) were irradiated 
at 25" for 1 h. A considerable amount of white solid 
was deposited. A negligible amount of noncondensable 
gas was pumped off. The infrared spectrum of the volatile 
reaction products confirmed (11) the presence of (CH,),- 
SnCF=CFH (cis) and (CH,),SnCF=CFH (trans), in 
addition to some unreacted (CH,),SnCF=CF,. This 
mixture was sealed in a 5 mm glass tube and its 'H n.nl.1. 
spectrum was recorded. This again confirmed the presence 

of (CH3)3SnCF=CFH (cis) and (CH,),SnCF=CFH 
(trans), from the available spectroscopic data (1 1). The 
amounts of the reaction products in the total reaction 
mixture were determined by integration of the 'H n.m.r. 
spectrum, which gave (CH3),SnCF=CFH (cis) (78 %) 
and (CH,),SnCF=CFH (trans) (18%). Trimethyltin 
fluoride (0.406 g) was recovered from the reaction tube, 
corresponding to 80 % complete reaction. 

(6) Trimethyltin hydride (0.22 g, 1.4 mnloles) and 
(CH3),SnCF=CF2 (0.682 g, 2.8 mn~oles) and 1 nil of 
cyclohexane were irradiated at 25' into a 5 lnm pyrex 
glass tube. After 1 11, a considerable amount of white 
solid [(CH,),SnF] was visible in the reaction tube. 
In~n~ediately the 'H n.1n.r. spectrum of the reaction 
mixture was recorded in the same 5 mln reaction tube, 
and this confirmed the presence of the addition products 
[(CH3)3Sn]2CFCFZH and (CH,),SnCFHCF2Sn(CH3),, 
spectroscopic data being given in Table V. Fro111 the 
integration of the proton n.nl.r. spectrum the ratio of 
[(CH3),Sn],CFCF2H to (CH3),SnCFHCF2Sn(CH3), 
was 1:l.  The tube containing the reaction mixture was 
left at room temperature for 6 h, after which time exten- 
sive eli~nination of (CH,),SnF had taken place. The 
proton n.m.r. spectrunl of the reaction products in the 
same reaction tube confirmed the presence of only one 
reaction product, i.e. (CH3)3SnCF=CFH (cis). 
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NOTES 

Group vibrations and the vibrational analysis of molecules containing the CD, group' 

J. M. FREEMAN AND T. HENSHALL 
Ut~icersity of Safird, Safird 5, Et~glnnd 

Received November 15. 1967 

The procedure introduced by King and Crawford for the simplification of the molecular vibrational 
problem by factorization from the secular determinant of characteristic group frequencies, and applied 
by them to the CD, group, has been reexamined and programmed in English-Electric KDF-9 Algol. 
A few small corrections have been made to their results, and equations are given for the calculation of 
CD, group frequencies in molecules bearing such groups. 

The group factorization procedure has also been applied to the calculation of the skeletal frequencies 
of aaa-d3-dimethyl sulfide and d,-dimethyl selenide. 

Canadian Journal o f  Chemistry, 46, 2175 (1968) 

King and Crawford (1) have shown how the 
concept of group vibrations (i.e. vibrations 
associated with certain molecular functional 
groups whose frequencies are relatively insensi- 
tive to their molecular environments) can lead to  
a simplification of the vibrational problem. In 
this method, the order of the secular determinant 
is reduced by factoring from it those frequencies 
that are characteristic of the group under 
consideration. 

After correcting small arithmetical errors in 
King and Crawford's paper, we successfully 
applied the method to dimethyl sulfoxide (2); 
dimethyl sulfone (3); dimethyl sulfide, selenide, 
and telluride (4). 

We have now programmed King and Craw- 
ford's procedure in English-Electric KDF-9 
Algol, have applied it first to  a reexamination of 
the vibrations of the CD, group, and quote the 
following slight amendments to  the results 
quoted for this group by King and Crawford (5), 
whose paper should be consulted for details of 
the method. 

Whilst, as King and Crawford assert, no cor- 
rection to  p, is required for the symmetric CD, 
deformation, they omit a small, though necessary, 
correction to the corresponding row of the B 
matrix when calculating off-diagonal elements of 
the reduced kinetic Go+ matrix for the frame- 
work modes, viz. 

'All correspondence should be addressed to: Dr. T. 
Henshall, Department of Chemistry and Applied Chem- 
istry, The University of Salford, Salford 5, England. 

Thus whenever an entry -4 J3 uC=+/3 appears 
in an off-diagonal element of the G//+ matrix 
associated with the coordinate SZ,  it is to  be 
replaced by this corrected value b. 

The corresponding corrections for the E 
species of vibration are 

(a = r/R, the ratio of C D  to  C R  bond lengths; 
b' = 3J6 (a + 4 + g) pc-+; g = 0.258). 

Hence whenever a term (a + 3) occurs in an 
off-diagonal element of GJJ+ associated with 
symmetry coordinate S,, it must be replaced by 
(a + ?j + g);  and the diagonal element G6,+ 
assumes the form 

+ 3 2  G6+ = pD+ + :(a + Q)'P~,  + pa PR, 

with p,' = 0.41 18 + (0.0480 - 0.1506pR)a + 
0.0273 a2pR. This is a more complete form than 
that quoted by King and Crawford (5). 

The corrections, a//, to  the force constant 
matrices, F//, for the framework modes to give 
the matrix, I$/+, for the reduced vibrational 
problem of any CD,R molecule [R = a single 
atom or an atomic grouping] are: 
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Species A 
5.2 s 5  

DJJ (mdyn A-I):  
S, 0.002 0.008 
S, 0.008 0.030 

Species E 
S 6  

DJ, (mdyn A-1) 
S6 0.042 

These corrections are in reasonable agreement 
with the values quoted in ref. 5, except for the 
change of sign of DJf (,, in the A species. 

The reduced secular determinant IGJJf q f f  - 
hEJ, 1 = 0 was first solved for the CD,Cl 
molecule using the force constants for methyl 
chloride given in ref. 2. The results are presented 
in Table I. 

TABLE I 

CD3C1 skeletal frequencies 

CD,Cl v,DDrox(c~-')  ~,,,,~(cm-') 

The values of the force constants in mdyn 
A-1 used in calculations on the 'standard 
molecule' CD,R (R = lo6 a.m.u.) were 

F,, = 4.95, F2, = 0.495, F3, = 4.95, 

F4, = 0.44, F6,j = 0.64, 

and the approximate equations for the group 
frequencies for the CD, group were calculated to 
be 

X1 = 2.6244 + 0.5224AF11 + 0.0453AF22 
+ 0.0064AFEj; 

2,: = 3.0462 + 0.6059AF33 + 0.062AF44 
+ 0.0310AF66; 

X 4  = 0.6358 + 1.35'75AF44 + 0.0548AF66. 

TABLE I1 
CD,Cl group frequencies 

CD3C1 ~aupror(~rn-') v ~ ~ ~ ~ ~ ( c ~ ~ ~ - ~ )  

TABLE I11 
d6-Dirnethylselenide group and skeletal frequencies 

4-Dirnethylselenide (C,,): skeletal frequencies 
- 

Species v,,,,(crn-') ~ , ~ , , , ~ ( c n ~ - ~ )  Assignnlent (7) 

AI 983 986 CD3 sym. 
defor~nation 

744 718 CD, 'rock' 
548 549 C-X sym. stretch 
201 207 CXC bend 

Bi 968 952 CD, syn~. 
deformation 

658 63 1 CD, 'rock' 
563 562 CX antisyrn. stretch 

A, 684 666 CD, 'rock' 
B, 692 674 CD; 'rock' 

Group Frequencies 
(average values) 

CD sym. stretch 2098 2140 
CD antisym. stretch 223 1 2256 
CD, antisym. deformation 1026 1048 

dimethyl selenide for which the spectra have 
been reported in refs. 6 and 7 respectively. 

The symmetry coordinates for (CD,),Se are 
the same as those already used for (CH3)2Se in 
ref. 4, except that the symmetrical CD, defor- 
mation frequencies are now included in both the 
A, and B, vibration species under C,,, viz. 

1 
SA1 (CD3 defn.) = ---- (a1 + a? + a:< + a 4  

dl 2 

f aj f - 61 - 62 - 63 - 64 - 6 5  - 66) 
and 

(hi = 4n2c2v2 ; AFij = Fij - F~;, where Fijo 1 
refers to the standard molecule and Fij to the s"' (CD3 defn.) = 2/12 - (a1 f a? + cua - a 4  . -  
corresponding force constant in a molecule 
carrying a CD, group). 

- - - 61 - 62 - 63 f 64 + 65 f 66) . 
Application of these equations to the CD, acra-d3-Dimethyl sulfide, however, has the lower 

group vibrations in CD3C1 gave the results of symmetry of point group C,. The following sym- 
Table 11. metry coordinates were constructed from the 

The group factorization procedure was then internal displacement coordinates described in 
applied to aaa-d,-dimethyl sulfide and d,- ref. 4. 
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NOTES 

TABLE IV 
aaa-d3-Dimethylsulfide group and skeletal frequencies 

aaa-d3-Dimethylsulfide (C,): skeletal frequencies 
- 

V o b a d  (cm-9 v c a t c d  (cm- ') P.E.D. 

Species A' 1013 997 o.47s1 + o.50s4 
961 933 0.44S1 + 0.44Ss 
740 768 0.49S5 -t 0.36S6 + 0. l lS3 
705 695 0.53S6 t- 0.37S5 
656 654 0.83S3 + 0.1SS 
- 268 0.96S2 

Species A" - 946 
725.5 735 

Group frequencies 

CD3 group CH3 group 
- 

v c , l c r l  (an- ' )  V o b r d  (cm-') V c a l c d  ( c ~ I - l )  v o b s r l  (cm-l) 

CD sym. stretch 2096 2128 CH sym. stretch 2916 2917 
CD antisym. stretch 2220 223 1 CH antisym. stretch 2981 29'70 
CD3 deformation 1026 1045 CH3 sym. stretch 1331 1322 

CH3 antisym. deformation 1428 1433 

TABLE V* 

d6-Dimethylselenide 

*The force fieldused in these calculations: Units: stretching force constants in rndyn A - I ,  bending force constants in rndyn Arad-',stretch- 
bend interaction force constants in rndyn rad-'. 

Symmetry coordinate Approximate description 

Species A' 
Sl = (2h4 - h5 - S6)/6 CH3 'rock' 

s2 = a C^XC deformation 
S3 = (dl 4- d2)/2 CX sym. stretch 
SJ = (al + a 2  + a 3  - 

61 - 62 - 63)/6 CD3 deformation 
S 5  = (dl - dz)/2 CX antisym. stretch 
S6 = (26, - 62 - 6,)/6 CD3 'rock' 

Species A" 
S7 = (h2 - S3 + S5 - i6)/2 Admixture of CH3 and 
SR = (6* - 6? - Ei5 + CDs rocking modes 

The Go+ matrices for these molecules were 
calculated using a computer program based on 
that described in ref. 8. The F + matrices in 
Table V followed easily from those quoted in ref. 
4 by applying the corrections quoted above. 

The calculated frequencies for both the group 
and skeletal modes of d,-dimethyl selenide are 
presented in Table 111 ; those for aaa-d,-dimethyl 
sulfide in Table IV, which also includes the 
potential energy distributions calculated accord- 
ing to eq. [16.4] of ref. 9, since there is some 
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measure of doubt concerning the vibrational 
assignments for the A' modes in this case. 

The potential energy distribution makes 
meaningless the assignment of the two highest 
frequencies and also suggests that the assign- 
ments in ref. 6 of the bands at 740 cm-' and 705 
cm-' to the CD, rocking mode (S,) and CX 
antisymmetric stretching mode (S,) are over- 
simplified. 
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Introduction 

In a recent paper Reuben and Fiat (1) reported 
on the proton chemical shifts in aqueous solu- 
tions of a number of rare-earth ions in the 
presence of different amounts of added acetate 
ions. They concluded that the observed shifts 
could be successfully interpreted, with the ex- 
ception of the Gd(II1) ion, as resulting from 
pseudo-contact interaction. They also concluded, 
on the basis of the observed acetate protons 
shifts, that the acetate ion ". . . is bound in the 
first coordination sphere of the rare-earth ions 
definitely forming an "inner sphere" complex", 
and that the probable coordination number with 
respect to the acetate ion was 3 to 1 in the 
acetate-rare-earth ion complex. 

It occurred to the author that a simple way 
of testing the suggestions of Reuben and Fiat 
regarding the complex-forming propensities of 
the acetate ions with the rare-earth ions in 
aqueous solutions would be to determine the 
spin-lattice relaxation time, T I ,  of the water 

protons as a function of the acetate ion con- 
centration in dilute aqueous rare-earth ion solu- 
tions. Since the most pronounced chemical 
shift observed by Reuben and Fiat occurred in 
Dy(II1) solutions, it was decided to determine 
the spin-lattice relaxation time for solutions of 
this ion. In addition, for the purpose of com- 
parison, the spin-lattice relaxation times for 
Cu(N0 ,)2 solution were also determined. 

Experimental 
The longitudinal spin-lattice relaxation times, T,, were 

determined on a PS-60A NMR Specialties pulsed NMR 
spectrometer, equipped with a variable temperature 
probe, at 15 MHz using the now well-established "null 
technique", i.e. 180"-90" pulse sequence (2). The solu- 
tions were prepared from distilled water, of conductance 
water quality, K = 1.0 x mhos, and Fisher Certi- 
fied Reagent C U ( N O ~ ) ~ ,  NaCI, NH4CI, CH3COONa, 
and CH3COONH4, respectively. The DyCI, was ob- 
tained from the Lindsay Chemical Co. The concentration 
of all solutions was established by ion-exchange tech- 
niques, i.e. exchanging of cation by protons and sub- 
sequent titration with standard NaOH. A total of 10 
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measure of doubt concerning the vibrational 
assignments for the A' modes in this case. 

The potential energy distribution makes 
meaningless the assignment of the two highest 
frequencies and also suggests that the assign- 
ments in ref. 6 of the bands at 740 cm-' and 705 
cm-' to the CD, rocking mode (S,) and CX 
antisymmetric stretching mode (S,) are over- 
simplified. 
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were determined. The experimental results suggest that the coordination number with respect to the 
acetate ion appears to  be 3 and 2 for the Dy(II1) and Cu(I1) ion respectively. 
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Introduction 

In a recent paper Reuben and Fiat (1) reported 
on the proton chemical shifts in aqueous solu- 
tions of a number of rare-earth ions in the 
presence of different amounts of added acetate 
ions. They concluded that the observed shifts 
could be successfully interpreted, with the ex- 
ception of the Gd(II1) ion, as resulting from 
pseudo-contact interaction. They also concluded, 
on the basis of the observed acetate protons 
shifts, that the acetate ion ". . . is bound in the 
first coordination sphere of the rare-earth ions 
definitely forming an "inner sphere" complex", 
and that the probable coordination number with 
respect to the acetate ion was 3 to 1 in the 
acetate-rare-earth ion complex. 

It occurred to the author that a simple way 
of testing the suggestions of Reuben and Fiat 
regarding the complex-forming propensities of 
the acetate ions with the rare-earth ions in 
aqueous solutions would be to determine the 
spin-lattice relaxation time, T I ,  of the water 

protons as a function of the acetate ion con- 
centration in dilute aqueous rare-earth ion solu- 
tions. Since the most pronounced chemical 
shift observed by Reuben and Fiat occurred in 
Dy(II1) solutions, it was decided to determine 
the spin-lattice relaxation time for solutions of 
this ion. In addition, for the purpose of com- 
parison, the spin-lattice relaxation times for 
Cu(N0 ,)2 solution were also determined. 

Experimental 
The longitudinal spin-lattice relaxation times, T,, were 

determined on a PS-60A NMR Specialties pulsed NMR 
spectrometer, equipped with a variable temperature 
probe, at 15 MHz using the now well-established "null 
technique", i.e. 180"-90" pulse sequence (2). The solu- 
tions were prepared from distilled water, of conductance 
water quality, K = 1.0 x mhos, and Fisher Certi- 
fied Reagent C U ( N O ~ ) ~ ,  NaCI, NH4CI, CH3COONa, 
and CH3COONH4, respectively. The DyCI, was ob- 
tained from the Lindsay Chemical Co. The concentration 
of all solutions was established by ion-exchange tech- 
niques, i.e. exchanging of cation by protons and sub- 
sequent titration with standard NaOH. A total of 10 
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different solutions for each paramagnetic ion were 
investigated. The concentration of paramagnetic ion was 
identical in each sample and was 1.8 x lo-' M in DyCI, 
and 2.8 :; lo-' M in Cu(N03)2 respectively. The con- 
centration of the acetate ion and other salts was varied 
from 0 to 1.0 M. The solutions were prepared from 
stock solutions by dilution with distilled water. The 
overall volun~e of the solution was 1.00 1111. All measure- 
ments were carried out at 25.0 + 0.2 "C on non-degassed 
samples. 

Results and Discussion 

The experimental results are summarized in 
Fig. I and Fig. 2 respectively. From the figures 
it is apparent that addition of acetate ions, in 
the form of sodium or ammonium acetate, in- 
creases the spin-lattice relaxation time, TI, of the 
water protons in the dysprosium and copper ion 
solution, whereas the addition of sodium 
chloride or ammonium nitrate has no effect on 

FIG. 1. TI- '  (in s-I)  of the water protons as a 
function of the ratio, R, of anion to  dysprosium ion 
concentration (in moles per liter). (8) Sodium acetate; 
(m)  solution containing sodium or ammonium acetate 
acidified with strong HCI; (@) solutions containing 
sodium chloride; ( 0 )  ammonium acetate; ( x )  acidified 
solutions after being neutralized with concentrated 
NH,OH; ( A )  solutions containing ammonium nitrate. 
TI for pure water 2.9 s. 

FIG. 2. TI- '  (in s-') of the water protons as a 
function of the ratio, R, of anion to copper ion concen- 
tration (in moles per liter). (8) Sodium acetate; ( m) solu- 
tions containing sodium or ammonium acetate acidified 
with strong HCI; (@) solutions containing sodium 
chloride; ( 0 )  ammonium acetate; ( x )  acidified solutions 
after being neutralized with concentrated NH,OH; 
( A )  solutions containing ammonium nitrate. 

the relaxation time. It is also apparent from the 
figures that the decrease in T, - I ,  a quantity pro- 
portional to z, the residence time of the protons 
in a particular magnetic environment, is at first 
directly proportional to the ratio of acetate to 
paramagnetic ions concentration, R. Moreover 
the form of the curve changes for R > 2 for 
copper ion solutions and R > 3 for dysprosium 
ion solutions. One may interpret the different 
behavior of TI - '  in the two different regions, 
viz. in region 0 < R < 2, and R > 2 for copper 
ion solutions, and 0 < R < 3, and R > 3 for 
dysprosium ion solutions, in terms of two dif- 
ferent kinetic processes. In region I, 0 < R < 2 
or 0 < R < 3 for Cu(I1) or Dy(II1) respectively, 
the magnitude of T, is determined by the com- 
petition between the water molecules and acetate 
ions for the sites in the first coordination sphere 
of the paramagnetic ions. Such a process would 
lead to a linear dependence of z for the water 
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protons, since the number of acetate ions in the 
coordination sphere of the paramagnetic ion 
would be directly proportional to the number of 
acetate ions added to the solution. After satura- 
tion of the first coordination sphere of the para- 
magnetic ion by acetate ions, 2 per Cu(I1) ion 
and 3 per Dy(II1) ion, the magnitude of T I  will 
depend on the exchange of acetate ions in the 
cobrdination sphere of the paramagnetic ion 
and acetate ions and water molecules in the bulk 
of the solution respectively. On the basis of this 
ex~lanation and the observed results one would 
coiclude that the coordination number of the 
acetate ions in the coordination sphere of the 
Cu(I1) ion and Dy(1II) ion is 2 and 3 respectively. 
Both n~~mbers  are quite reasonable in the light 
of the known structures of other complexes for 
the two ions. The coordination number 3 for the 
Dy(II1) ions is in agreement with the conclusions 
of Reuben and Fiat (1). 

The formation of the complex between the 
acetate ion and paramagnetic ion was further 
confirmed by the addition of strong HC1, -- 12 
M, to each of the solutions. After the addition 
of 0.03 ml of 12 M HC1, the relaxation time, T,,  
of each solution became equal, within experi- 
mental error, to the value of T ,  in the absence 
of acetate ions. Addition of the same amount of 
HCl to pure water or a solution containing 
paramagnetic ions only had no effect on the value 
of T I  of either system. On the other hand, careful 
neutralization of the acidified solution with 
strong NH40H restored the original value of T I  
for each solution, and again had no effect on the 
T I  of pure water or blank solutions containing 
paramagnetic ions only. The addition of HCl 
and subsequent neutralization with NH40H was 
accomplished with the aid of an Agla micro- 
meter syringe capable of an accuracy of Jr5 

ZHEMISTRY. VOL. 46, 1968 

x lo-' ml (3). The use of the precision syringe 
was necessary for two reasons: (a) to avoid 
excessive dilution of sample which is reflected in 
an increase in T I ,  and (6) to avoid excess addition 
of base. Excess base precipitated the metal hy- 
droxide, especially in the case of DyCl,, which 
vastly increased the T I  of the solution. The 
effects of the addition of strong acid and sub- 
sequent addition of strong base to the solutions 
on the T ,  of the latter is in complete agreement 
with the results discussed above. The addition of 
HC1 strips the paramagnetic ion of all acetate 
ions by forming the much more stable acetic 
acid molecule. This in turn opens the sites in 
the coordination sphere of the paramagnetic ion 
to occupancy by water molecules, which in turn 
leads to a restoration of the original value of T I ,  
i.e. identical with that of the blank solution. 
Neutralization of the acid by NH40H removes 
the protons from the acetate ions, and these in 
turn displace the water molecules in the co- 
ordination sphere of the paramagnetic ion, which 
leads to a restoration of the T I  value which now 
is identical with the value measured before the 
addition of strong acid. 
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NOTES 2181 

Dielectric studies. Part XIX. Molecular relaxation of some rigid molecules 
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AND 

S. WALKER' 
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Received November 27, 1967 

The dielectric absorption at five n~icrowave frequencies of solutions of seven rigid polar molecules in 
nonpolar solvents has been examined as also has cyclohexanone. Furan, pyridine, and thiophene have 
their dipole moments along the major axis and their dielectric absorption should be characterized by a 
single relaxation time. Unlike the n~onohalobenzenes, camphor, pentamethylene sulfide, tetrahydro- 
pyran, and s-trioxan, however, furan, pyridine, and thiophene have non-zero distribution coefficients at 
25 "C, whereas for pyridine at 50 "C and cyclohexanone at 25 "C the value is zero. The non-zero distribu- 
tion coefficients are to be related to either weak solute-solute or solute-solvent interactions, resulting in 
the polar molecule experiencing a variety of local environn~ents. The observed relaxation times of furan, 
pyridine, and thiophene are comparable with those of other rigid molecules of similar shape and size. For 
such cases, even though the distribution parameters are not zero, it is not feasible to analyze the dielectric 
data into contributions from more than one relaxation process. 
Canadian Journal of Chemistry, 46, 2181 (1968) 

Dielectric absorption measurements of pyri- 
dine in cyclohexane at 2 5  "C gave a Cole-Cole 
plot (2) with a significant distribution parameter. 
For pyridine and the monohalobenzenes the 
dipole moment lies along the major axis of a 
rigid molecule and, further, the pyridine mole- 
cule is not too dissimilar in shape and size from, 
for example, fluorobenzene. However, all four 
monohalobenzenes in inert solvents a t  1 5 - 5 0  "C 
have distribution coefficients of zero (I), which 
is in harmony with the Perrin theory (3), since 
for such molecules only one relaxation time is to 
be expected even though relaxation may occur 
about two axes. Thus the non-zero distribution 
parameter of pyridine seemed worth more 
detailed examination, especially since the distri- 
bution parameter (a) is of importance in the 
study of systems with more than one relaxation 
time. 

Experimental Methods 
The apparatus and techniques employed have been 

described previously (4, 5) and the errors discussed (6). 
The dielectric constant (E') and loss factor ( E " )  were 
determined by a bridge method (4). The frequencies em- 
ployed were 70.00, 34.86, 23.98, 16.20, and 9.313 GHz. 
The static dielectric constant ( E ~ )  was measured with a 
heterodyne beat apparatus at 2 MHz. 

The compounds used were available commercially. 
Cyclohexanone, furan, pyridine, pentamethylene sulfide, 

'Correspondence to: Dr. S. Walker, Chemistry Depart- 
ment, Lakehead University, Port Arthur, Ontario, 
Canada. 

tetrahydropyran, and thiophene were treated with a 
suitable drying agent followed by fractional distillation 
employing a 30 theoretical plate spinning band column. 
A small center fraction was collected and the purity 
checked by gas-liquid chromatography. 

Camphor was purified by sublimation and s-trioxan 
was recrystallized fron~p-xylene. 

Experimental Results 

The majority of the experimental points lay 
to the low frequency side of E",,, on the Cole- 
Cole arcs and the dielectric constant at very high 
frequency (E,) was obtained by graphical extra- 
polation. The E' and E" data are presented in 
Table 1 and the static and high frequency dielec- 
tric constant, E ,  and E, respectively, and the 
observed relaxation time (T,) are given in Table 
I1 together with the distribution parameter as 
evaluated from the Cole-Cole graphical method. 
The accuracy of a is dependent on the distribu- 
tion of points on the Cole-Cole plot and for 
pyridine in cyclohexane the value is repeatable 
to about 0.02. 

The dipole moments of thiophene in carbon 
tetrachloride and p-xylene and of furan in cyclo- 
hexane were obtained from the equation 

in which c is the concentration in mole/cc and T 
the absolute temperature. For the other solutions 
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TABLE I 
Dielectric constant and loss data for the polar solutes in nonpolar solvents at various 

microwave frequencies 

Frequency 
Solute Solvent t ("c) @CIS) E' E" 

Pyridine 
wz = 0.01998 

Pyridine 
IVZ = 0.01790 

Cyclohexane 25 

Cyclohexane 25 

50 

50 

25 

25 

Carbon tetrachloride 25 

p-Xylene 25 

Carbon tetrachloride 25 

25 

25 

Pyridine 
I V ~  = 0.02093 

Cyclohexane 

Cyclohexane 

Benzene 

Pyridine 
I V ~  = 0.02014 

Pyridine 
IVZ = 0.01962 

Pyridine 
w 2  = 0.01989 

Pyridine 
HIZ = 0.01180 

Thiophene 
wz = 0.48826 

Thiophene 
IV, = 0.421 1 
d = 1.1334 

Cyclohexane 

Cyclohexane 

Cyclohexane 

Cyclohexane 

Furan 
IV, = 0.52997 
d = 0.8385 

Pentamethylene 
sulfide 

wz = 0.05255 

Tetrahydropyran 
wz = 0.04823 
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NOTES 

TABLE I (Concluded) 

Solute 
Frequency 

Solvent t PC) (Gels) E' E" 

s-Trioxan Cyclohexane 25 70.00 2.063 0.0433 
toz = 0.02297 34.86 2.095 0.0406 

23.98 2.103 0.037, 
16.20 2.117 0.024, 

Camphor 
IVZ = 0.02136 

Cyclohexanone 
I V ~  = 0.01241 

Cyclohexane 

Cyclohexane 

(more dilute) -2, and E, were taken to equal the 
static dielectric constant of the solvent. 

Discussion 
The dipole moments obtained agree fairly well 

with literature values (8) in Table 11; this sup- 
ports the E ,  values and the validity of the Cole- 
Cole plots. 

The Cole-Cole plots of Holland and Smyth 
(9) for pyridine in n-heptane had distribution 
parameters of 0.05, 0.04, and 0.06 at 1, 20, and 
40 "C respectively. In contrast Miller and Smyth 
(10) reported zero distribution parameters for 
solutions of pyridine in benzene at 20, 40, and 
60 "C. Their results for benzene conflict with 
those in Table 11, and the divergence may be 
attributed to their lack of data at  high frequency, 
such as 70 GHz, since the flattening of the Cole- 
Cole plot is difficult to detect from lower fre- 
quency data, as is apparent also from our early 
measurements on pyridine (4) for which only 
three wavebands were employed with a defici- 
ency of points on the high frequency side of the 
Cole-Cole plot. Similarly, the significant dis- 
tribution parameters for furan and thiophene 
(Table 11) are to be contrasted with values 
indistinguishable from zero, which have been 
reported for these two molecules in cyclohexane 
solution at 20 "C (1 1). These discrepancies may 
also be attributed to insufficient high frequency 
data, however; Garg and Smyth (12) using a 
2 mm apparatus confirmed a zero distribution 
parameter for thiophene, as the pure liquid at 
20 and 40 "C, and their results may be significant 
in the interpretation of the results presented in 
Table I1 (see later). 

The Cole-Cole plots of pentamethylene sul- 
fide, tetrahydropyran, and s-trioxan in cyclo- 
hexane at 25 "C showed zero distribution 
parameters and their relaxation times (Table 11) 
may be ascribed to molecular relaxation. On 
comparison of their values with those of furan, 
pyridine, and thiophene it follows for the latter 
group of molecules that the 7, values are of the 
order for molecular reorientation. Furthermore, 
the shortening of the relaxation time along the 
series pyridine, thiophene, and furail is consistent 
with the decrease in molecular size. Thus the 
non-zero distribution parameters reported in 
Table I1 are ~robablv  due to a distribution of 
relaxation times about a mean value rather than 
contributions from, for example, two discrete 
processes. 

The lengthening of the pyridine relaxation 
time, in passing from cyclohexane to p-xylene to 
carbon tetrachloride solution, can probably be 
accounted for by solute-solvent interaction (13, 
14). Crossley (15) found such interaction for 
isoquinoline and phthalazine with p-xylene, 
manifested by longer relaxation times in this 
solvent than in cyclohexane, whereas for quino- 
line and acridine. where the nitrogen atom is 
shielded from theZapproach of the [electrons of 
p-xylene, it was not possible to detect any inter- 
action. Furthermore. all these aromatic amines 
showed non-zero distribution parameters in 
cyclohexane at 25 "C but had zero values at  
50 "C, which is comparable with the behavior of 
pyridine. With camphor in cyclohexane at 25 "C 
cl = 0 and the adequacy of the Cole-Cole con- 
cept is demonstrated for this system in which no 
significant interaction would be expected. Thus 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2184 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I1 
Static dielectric constant, dielectric constant at very high frequency, observed relaxation time, distribution coefficient, 

and dipole moment (in debyes) data for solutions of weight fraction FV,. The relaxation times (in seconds) have been 
multiplied by loLZ 

.- 

Solute Solvent 

Pyridine Cyclohexane 

Benzene 
p-Xylene 
Carbon tetrachlo- 

ride 
Thiophene p-Xylene 

Carbon tetrachlo- 
ride 

Furan Cyclohexane 
Pentamethvlene sulfide Cvclohexane 
~ e t r a h y d r d ~ y r a n  cyclohexane 
s-Trioxan Cyclohexane 

Camphor Cyclohexane 
Cyclohexanone Cyclohexane 

the available evidence indicates that tlie non- 
zero distribution parameters a t  25 "C probably 
result from solute-solute and/or solute-solvent 
interactions giving rise to a variety of local envi- 
ronments and a range of free-energy barriers 
opposing reorientation. 

The relaxation time of thiopheiie in p-xyleiie 
(2.8 x 10-l2  s) is significantly longer than in 
cyclohexane (2.1 x 10- I 2  s (1 I)), and its appa- 
rent dipole moment i11 carbon tetrachloride is 
greater. Tlius tlie molecular interaction of tlie 
solute with the solvent seems more appreciable 
in tlie last solvent. Relatively high concentra- 
tions were employed for furaii and thiophene 
in order to obtain accurate loss factors. Such 
concentrations may result i11 weak molecular 
interaction between the solute molecules and 
lead to the solute inolecules experiencing a 
variety of local eiiviroiimeiits which would 
account for the non-zero distribution parani- 
eters. In tlie pure liquid, owing to local struc- 
ture, a more homogeneous environment could 
exist which would account for the zero distribu- 
tion parameter for liquid thiophene a t  20 and 
40 "C (12). 

I11 general, for systems which have a lion-zero 
distribution parameter, analysis of the dielectric 
data into two (or more) contributing relaxation 
times is only justified if the observed relaxation 
time differs significantly from that of a rigid 
molecule of similar shape and size i11 a similar 

environment. In view of this coiiclusioii, we 
became concerned as to wliether an analysis on  
cyclopentanone in cyclohexane (w, = 0.0144) 
was justifiable (16). This solute exhibited a defi- 
nite distribution parameter value a t  25, 40, and 
60 "C (unlike pyridiiie in cyclohexane) which 
seemed a point against the non-zero rx of 
cyclopeiitanoiie being related to weak molecular 
interaction. However, to test wliether the a 
values resulted from molecular association, 
cyclohexanone was also examined in cyclohexane 
a t  a similar concentration (IV, = 0.01241). A11 
a = 0 resulted and the relevant data are given 
in Tables I and 11. Thus it seems unlikely that 
the non-zero a for cyclopentaiione is to be 
ascribed to weak associatioil owing to tlie 
presence of the highly polar keto-group 
bringing about dipole-dipole association. This 
is also borne out by the cainpllor in cyclohexane 
result where rx = 0 also. Further, when the E', 

E" , plot (17) is made for the cyclopentanoiie a t  
25 "C tlie initial slope yields a lower value for tlie 
relaxation time of 6.1 x 10- l 2  s which is longer 
than that of 5.0 x lo- ' ,  s for the molecular 
relaxation of the larger molecule cyclol~exanone. 
Further such a plot yields only a lower limit for 
that relaxation time (17). Tlius there is some 
justification for analyzing the dielectric data for 
cyclopentanone into coiitributions from two (or 
more) relaxation times (16) in which the non- 
molecular process has the longer value. I t  is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



also interesting to note that thiacyclopentane in 

NOTES 21 85 

cyclohexane (w, = 0.0561) had a no;-zero a at 
5, 25, and 50 "C (16), whereas pentamethylene 
sulfide in the same solvent at  25 "C and a similar 
concentration (w, = 0.05255) has a - 0. If 
there is a relaxation process in addition to tliat 
of molecular relaxation, it would seem, in view 
of the present work, that its origin is to be sought 
in an intramolecular (16) rather than an inter- 
molecular process for such saturated five-mem- 
bered ring systems. 
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COMMUNICATIONS 

Strongly hindered rotation in a,a,2,6-tetrachlorotoluene. Stereospecific five-bond 
coupling. Hyperconjugative contributions to long-range sidechain-ring proton 

coupling constants 

T. SCHAEFER, R. SCHWENK, AND C. J. MACDONALD 
Chemisfry Depnrtmerlf, Ut~iuersify of Mn171fob0, Wi~lnipeg, ~Manitobn 

AND 

W. F. REYNOLDS 
Chetnistrv Department, University of T o r o ~ ~ t o ,  T o r o ~ ~ t o ,  Otltnrio 

Received April 8, 1968 

At - 40 "C the C-H bond of the dichloromethyl group of cc,u,2,6-tetrachlorotoluene lles in the plane 
of the rlng. The proton resonance spectrum demonstrates a stereospecific five-bond coupling between 
the C-H proton and the rlng proton in the meta position. The coupling to  the para proton is essentially 
zero as expected from a hyperconjugatlve mechanis~ll. The free energy of activation of rotation of the 
d~chloromethyl group 1s about 15 kcal/mole at 25 "C. 
CanadIan Journal o f  Chem~stry,  46, 2187 (1968) 

At -40 "C the proton magnetic resonance 
(60 Mc/s) of a,a,2,6-tetrachlorotoluene in tolu- 
ene-d, consists of an ABC spectrum (o, > o, 
> o,) for the ring protons and a doublet ( J  = 
0.5 c/s) for the dichloromethyl proton. The peaks 
of the ring proton resonating at  lowest field are 
split by 0.5 c/s. The spectrum is consistent with a 
locked conformation 1 resulting in a stereo- 

specific five-bond coupling JAD r J , , , ~ , ~ ~ ~ ~ ~  = 
0.5 CIS. The dichloromethyl proton resonance 
occurs at  -7.5 p.p.m. to low field of internal 
tetramethylsilane. The low shielding may be 
attributed to conformation 1. The C-H bond 
lies in the plane of the ring and is deshielded 
strongly by the magnetic anisotropy of the ring 
as well as by the interaction with the ortho 
chlorine atom. The steric interaction between 
the chlorine atoms on the sidechain and the 
ortho chlorine atom deshields HA relative to  H B  
in 1. 

At  30 "C in benzene-d6 the meta ring proton 
peaks (HA and HB) are stroilgly broadened as 
the dichloromethyl group begins to rotate a t  a 
rate comparable to the reciprocal of the shift 
between H A  and HB, effectively interchanging 
the ap and pa spin states of the meta protons. 
The resonance of the dichloromethyl proton is a 
triplet ( J  = 0.25 c/s) arising from an averaged 
coupling, (0.5 f 0.0)/2 CIS, to H A  and H,. At  
80 "C the ring protons yield an A2B spectrum 
due to rapid rotation of the dichloromethyl 
group. 

No coupling between the para (H,) and 
dichloromethyl proton is evident between -40 
and 80 "C. Thus the two para proton peaks 
corresponding to aa and p p  spin states of the 
meta protons have a line width of 0.1 c/s at  
30 "C and hence J , ~ , ~ ~ ~ "  < 0.05 CIS. The hyper- 
conjugative mechanism1 of the long-range methyl 
proton - ring proton coupling has a cos2 8 de- 
pendence, where 8 is the dihedral angle between 
the C-H bond in the dichloromethyl group 
and the pZ orbital on the bonded ring carbon. 
Hence if the sidechain C-H bond flips between 
the two equivalent planar conformations repre- 
sented by 1 and the time taken for the flip is 

'See ref. 1 for a collection of the pertinent literature 
citations. 
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short coinpared with its mean lifetime in the 
planar site (as is assumed in the treatments of 
rate-dependent nuclear magnetic resonance spec- 
tra), the essentially zero magnitude of JpH3CHC12 
is expected.2 

The stereospecific coupling to the meta pro- 
tons, following the so-called zig-zag rule (5), 
implies a substantial o contribution to J , , , ~ , ' ~ ~ .  
Spin polarization via a o-n mechanism (6) 
would here appear to be less important. The 
five-bond stereospecific couplings involving alde- 
hydic (7), hydroxyl (8), and amino protons (9) 
in aromatic systems may thus not depend 
primarily on the nature or the hybridization 
state of the sidechain atoms.3 

From the rate of collapse with increase in 
temperature of the ABC to-an A,B spectrum, as 
well as from the change in the five-bond cou- 
pling above, a free energy of activation of 15 + 1 
kcal/mole at 25 "C can be estimated. This large 
value may result from a cooperative combination 
of steric hindrance between the sidechain and 
ring chlorine atoms and of hydrogen bonding4 

ZJpH,CH3 in a number of substituted toluenes is in- 
dependent of substituent and solvent (2) and of opposite 
sign (3) but within 10% of the magnitude of JpZ'vH 
= 0.66 i 0.04 c/s in benzene (4). The two chloro sub- 
stituents on the methyl group are here assumed not to 
substantially affect hyperconjugation, which depends 
more on the symmetry of the system than on the polarity 
of the C-H bond. 

3J ( 13 C-H) = 179 c/s in the dichlorometl~yl group (10). 
This value can be adequately explained on the basis of 
the polarity of the C-H bond, without the need of a 
substantial rehybridization of the sp3 hybridized carbon 
atom (1 1). 

JIn 1 the distance between the proton of the dichloro- 
methyl group and the ortho chlorine is about 0.5 A less 
than the sum of the van der Waals radii of chlorine and 

between the polar C-H bond and the ortho 
chlorine atom; hyperconjugation between the 
sidechain chlorine atoms and the n system may 
also contribute to the barrier (12). 

The separation of o and n contributions to the 
long-range coupling in systems of this kind and 
the elucidation of the origin of the high barrier 
to rotation about an essentially single C-C 
bond (the barrier in toluene itself is 0.014 kcal/ 
mole (13)) in this and related molec~~les is now 
under extensive investigation. 
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Chemical and biological properties of some oxindolidyl-3-methinesl 
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Several I-rnethyloxindolidyl-3-niethines have been synthesized, either by condensation of l-methyl- 
oxindole with an aldehyde, or by a Wittig reaction of a chloromethylene compound with a I-methyl- 
isatin. Whenexamined in the mass spectrometer theexpected ion reactions were observed and, in addition, 
a reaction involving expulsion of the carbonyl group of the oxindole moiety and rearrangement of the 
residual fragment, to give a 1-methylbenzo[b]azepinium ion was observed. The anions of the oxindo- . 
lidyluracilmethines 4 and 5, (R = Me, R '  = OH) had an absorption band near 380 mb but the corre- 
sponding neutral molecules absorbed at 325-350 mp. The 5-nitrofuran derivatives 3 were the only com- 
pounds that inhibited the growth of Bacillrrs srrbtilis. 

Canadian Journal of  Chemistry. 46, 2189 (1968) 

It has been shown (1) that isosporidesmin-B 
(7) inhibits the growth of Bacillussubtilis at lower 
concentrations than sporidesmin-B 6 ;  this result 
is in accord with reports (2) of changes in activity 
following the conversion of certain indole alka- 
loids to their oxindole analogues. As isosporides- 
min-B is readily converted (3) to the oxindolidyl- 
methine 8 which has some structural resemblance 
to the antibacterial agent, 3, (R = H) (4) it was 
of interest to find whether antibacterial proper- 
ties were confined to 5-nitrofuran derivatives, or 
whether such properties resided in oxindolidyl- 
methines gei~erally. A further objective of the 
present work was to examine the spectroscopic 
and mass spectroscopic properties of some model 
oxindolidylrnethines because some of the pro- 
perties of the degradation product 8 were un- 
expected (3). 
.- ... - 

'Issued as NRCC No. 10072. 

The model oxindoles (1-5) were synthesized 
by three methods. Excellent yields were obtained 
using Hull's method (4), the rnethine often 
crystallizing directly from the reaction mixture. 
Some of the compounds were obtained by a 
Wittig reaction of a 1-methylisatin with a tri- 
phenylphosphonium chloride. In compounds like 
2 geometrical isomers were obtained but one of 
the isomers (5) was isolated in yields too low to 
permit characterization. Geometrical isomers 
were not obtained when the product had an acidic 
proton capable of tautomerism. Presumably 
such products were complex mixtures of tau- 
tomers. When oxindole was methylated oily 
products  were obtained from which only 
1-methyloxindole was isolated after chromatog- 
raphy. Hirst and his co-workers (6),  in the case 
of isatin, similarly observed only N-methylation. 
However, methylation and ethylation of the 
oxindole, 3, (R = H) gave two isomeric products 
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in each case. One of each pair was neutral and 
was therefore assigned the N-alkyl structure, 3, 
(R = Me, Et) whilst the other one of each pair 
was basic and is regarded as the 0-alkyl derivative. 
The OEt derivative of 3 was unstable and satis- 
factory analytical data for this material have 
not been obtained. 

The compounds thus prepared were stable 
high-melting solids, the uracil derivatives, 5, 
(R = Me, R' = OH; R = C[2H3], R' = SH) 
were unchanged when heated in air to 350 "C. 
The compounds having analogous chromophoric 
groups to the degradation product 8 (i.e. 2, 4, 
and 5) similarly had an absorption band between 
320-350 mp which was also shifted bathochromi- 
cally in alkaline solution in the case of the uracil 
derivatives 4 and 5 (R = Me, R' =OH). Such 
shifts are unusual in heterocyclic compounds 
where (e.g. in the case of 5, R = C[2H3], 
R' = SH) a hypsochromic shift is observed when 
the spectrum of the neutral molecule is compared 
with that of its anion. There are many other 

examples of such hypsochromic shifts in simple 
pyrimidines, (7) pyridines (8), and quinolines (9). 
A possible way of explaining these results is to 
assume that in the anions of the uracil derivatives 
4 and 5 (R = Me, R' = OH), and the anion of 
8, the charge is located on the oxindole carbonyl 
oxygen atom. Such a structure in classical terms 
requires the pyrimidine moiety of4 to be stabilized 
in the ketonic form and the pyrazine moiety of 8 
in the quinonoid form and hence to absorb at  
lower frequencies. In support of this assumption 
the mercaptan derivative 5, (R = CC2H3], 
R' =SH) where the charge on the anion is un- 
likely to be located on the oxindole carbonyl 
oxygen atom because of the greater acidity of the 
mercaptan group behaves analogously to all 
other mercaptopyrirnidines (7). It is also note- 
worthy that the bathochromic shift observed in 
the case of the uracil, 5 (R = Me, R' = OH) 
where the charge cannot be located formally on 
the oxygen atom of the oxindole carbonyl group, 
is smaller (353-385 mp). 
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The main reactions in the mass spectrometer 
of 1-methyloxindole are shown in Schemes 1 
and 2. Metastable peaks show that the ion at 
m/e 118 is formed by two different processes. 
These involve direct loss of -CHO from the 
molecular ion, in one case and successive loss of 
H -  and CO in the other. Study of the spectrum 
of 1-methyloxindole indicated that in the forma- 
tion of the ion at m/e 118 by the latter two-step 

'Figures in brackets are shifts observed in the mass 
spectrum of the N-CZH3 analogue. 

3Figures in brackets are shifts observed in the mass 
spectrum of the N-CZH3 and N-'H analogues. 

pathway one of the hydrogen atoms of the N- 
Me group was lost. The ion at  m/e 118 further 
fragments by the loss of HCN to produce the 
C7H7+ ion at m/e 91. 

The spectra of the oxindoles 1-5 differed from 
that of 1-methyloxindole because the molecular 
ion was by far the most abundant ion in the 
spectrum; in some cases the doubly charged 
molecular ion was the next most abundant species. 
The relative abundances of the M - X - 28+ 
ions are given in Table I. The ion reactions 
substantiated by the occurrence of metastable 
ions are as follows. 
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1 (R = CH3) 

1 (R = C['H3]) 

2 

3 (R = CH3) 

4 

5 (R = CH3, R' = OH) 

241.5 
5 (R = C['H3], R '  = SH) 288 --f 259 

TABLE I - 29' ion is of low abundance which may be 
The relative abundances of the associated with substitution on all carbon atoms 

M - X - 28+ions 
-- in the pyrimidine ring. -- -- 

Compound 
Only the 5-nitrofuryl derivatives were biologi- 

Abundance* cally active and alkylation of the oxindole resulted 
1 14 in little change in activity (1 1). 
2 27 
3 60 
5 (R = CH3;  R' = OH) 23 
5 (R = C['H3], R' = SH) 16 
4 3 

*Molecular ion = 100. 

In these reactions the figures above the arrows 
refer to  m/e values of the metastable peaks 
associated with the indicated reactions. In three 
cases (1 ; 5, R = Me, R'  = O H ;  R = C[2H3], 
R '  = SH) the molecular formulas of the prod- 
uct ions were established by precise mass 
measurement. Scheme 3 shows proposed for- 
mulations of the two main reactions of the 
molecular ion of the compound 1, (R = Me), 
the most abundant involving ring closure to 
form a stable M - 1 + ion. These reactions are 
modified by the introduction of substituents and 
ions of the type 10, 11, and 12 may be formed 
from the molecular ions of 2, 3 ,4 ,  and 5. In the 
spectrum of 3  the formation of the M - 46' 
ion may involve the loss of .NO2 followed by 
hydrogen transfer in the furanyl ring which would 
permit ring-closure involving the oxindole oxygen 
atom. In the spectra of compounds of the type 
5 ions are found which represent the fragment- 
ing and product species of the reaction M - 29' 
+ M - 29 - 71', a reaction typical of 2,4- 
dihydroxypyrimidines (10). Similarly in the deu- 
teriated thio compound 5, (R = c[~H,], R '  = 
SH) ions are observed at M - 29' and M - 
29 - 87'. This may be evidence in favor of the 
formula 12. In the mass spectrum of 4  the M 

Experimental 
Infrared (i.r.) spectra were determined using a Perkin- 

Elmer 237 instrument and ultraviolet (u.v.) spectra 
were taken on  a Beckmann DK-2 spectrophotometer. 
Nuclear magnetic resonance (n.m.r.) spectra were ob- 
tained with Varian A60A instruments; cheniical shifts 
are quoted in p.p.m. downfield from the signal of tetra- 
methylsilane which was always used as an  internal stan- 
dard. Mass spectra were measured on an Atlas CH4  
spectrometer and also o n  a Consolidated Electrodynanlics 
Corporation llOB instrument using electrical detection. 
Precise masses were obtained on  the latter instrument 
by reference to fragments of known mass in the spectrum 
of perfluorokerosene. The mass spectra are presented as  
follows: tnle value of the ion, followed in brackets by 
(a) thenumber ofhydrogen atoms exchanged by deuterium 
in the inlet system ( I  2), (b) the relative abundance of the 
ion; the most intense ion in the mass spectrum was 
assigned an arbitrary value 100, and (c) the theoreticat 
value for the mass of the ion which agrees best with the 
experimentally determinedvalue,(usually within 10 p.p.m.) 
together with the required elemental composition of that 
ion. In general the accuracy of these measurements was 
within 5 p.p.m. All samples for mass spectrometry were 
inserted directly into the source of the instrument. 
Alumina was obtained from Merck (West Germany) and 
was Brockniann grade 11. Silica gel was 100-200 mesh and 
was obtained from Mallinckrodt. 

I - Metl~yloxit~dole 
Oxindole (Aldrich, 5 g), tetrahydrofuran (100 ml) 

and potassiuni r-butoxide (prepared by lyophilizing a 
solution of potassiuni in I-butanol, 4.2 g) were shaken 
together at  20 "C until most of the butoxide had dis- 
solved. Methyl iodide (5.4 g) was added and the exother- 
mic reaction was shaken at  20 "C for 18 h. The niixture 
wasfiltered, thefiltrateevaporated, and the residuedistrib- 
uted between ice-cold sodiunl hydroxide solution (2%, 
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100 ml) and benzene (50 ml). The benzene soluble prod- 
ucts were adsorbed from light petroleum (b.p. 40-60 "C) 
on alumina (50 g). 1-Methyloxindole (2.2 g, m.p. 86- 
87 "C) was eluted with benzene. 

Mass Spectrum: m/e 147 (89), 132 (9), 118 (loo), 104 (5), 
91 (18), 78 (14.5). 

v,,, (CS,) 3440, 3150 1725, (KBr) 1705, 1605, 1260, 
1125, 1075, 910,745 cm-'. 

T (C[2H]C13), 6.68 (intensity 2) and 6.89 (intensity 3) 
p.p.m. 

The 1-[ZH3]methyl derivative was prepared as described 
above on the same scale using [2H3]niethyl iodide 
(isotopic purity > 99 % by mass spectroscopic analysis, 
obtained from Merck, Sharp & Dohme, Canada). The 
oxindole had the following properties: m.p. 88-89 "C. 

Mass spectrum: ln/e 150 (90), 132 (25), 121 (loo), 104 
(16), 94 (12), 93 (16), 92 (17), 78 (40). 

v,,, (KBr) 1695, 1610, 1330, 1250, 1205, 1100, 1005, 
840, 750 cm-I. 

T (C[ZH]C13) 2.5-3.3 (conlplex multiplet intensity 4) 
and 6.48 (intensity 2) p.p.m. 

1 -Met/ryloxindolidene-3-(itzdolyl-3') -nlethine 
I-Methyloxindole (150 mg), indole-3-aldehyde (Aldrich, 

150 mg), acetic acid (40 ml), and acetic anhydride (10 ml) 
were heated together under reflux for 3 h and then 
allowed to stand at 20 OC for 18 h. The solution was 
concentrated, diluted with water (100 ml), and neutralized 
with sodium bicarbonate. The precipitate was adsorbed 
from benzene on silica gel; a red band which eluted with 
ether-benzene (1 :99) was discarded and a bright yellow 
band which eluted with ether-benzene (1 :9) was collected. 
The indole separated from ethanol as yellow prisms, 
n1.p. 274 "C. 

Anal. Calcd. for C1 8H14NZO: C, 78.9; H, 5.1 ; N, 10.2. 
Found: C, 79.3; H, 5.3; N, 10.0. 

Mass spectra: m/e 274 (dl, loo), 273 (dl, 27), 258 (do, 5), 
245 (dl, 14), 231 (dl, 4), 217 (dl, 6), 204 (dl, 4), 189 (2), 
176 (2), 158 (3), 147 (6), 137 (14), 130 (7), 128 (3), 122 (6), 
118 (7), 117 (7), 115(5), 102 (9), 91,89 (6), 44 (52), 28 (100). 

h,,, (MeOH) 262, 274 (shoulder), 395 mp (log E 4.22, 
4.16, 4.54). 

v,,, (KBr) 1670, 1620, 1610, 1510, 1495, 1475, 1420, 
1395, 1350, 1270, 1255, 1235, 1210, 1130, 1090, 1030, 
930, 925, 790, 745, 735, 710 cm-'. 

1-[ZH3]Met/~yloxindolidene-3-(indolyl-3')-methine 
3-Formylindole (60 mg), l-[2H3]methyloxindole (60 

mg), acetic acid (4 ml), and acetic anhydride (50 nlg) 
were heated under reflux for 18 h. The mixture was 
diluted with a saturated solution of sodium hydrogen 
carbonate and the neutral mixture extracted ( x 4 )  with 
benzene. The dried (NaZS04) extract was concentrated 
(20 ml), adsorbed on silica gel (20 g, 1 cm diameter), and 
the column developed with ether-benzene (1 :50,400 ml). 
The l-[2H3]methyl derivative was eluted with ether- 
benzene (1:9) and separated from ethanol as orange 
prisms, m.p. 271-273 "C. 

Mass spectrum: m/e 277.1293 (100, C18Hll[ZH3]N20 
requires 277.1295); 276 (20), 261 (4), 259 (4), 249.1334 
(5, C17H9[2H,]N2 requires 249.1331); 248.1262 (7, 
C17H10[2H3]Nz requires 248.1268); 231 (5), 219 (3), 204 
(5), 191 (I), 176 (2), 161 (2), 150 (4), 138.5 (IS), 130 (21), 
125, 124, 123, 120, 102 (6). 

v,,, (KBr) 1675, 1610, 1490, 1470, 1400, 1365, 1250, 
1205, 1135, 1120, 1000, 780, 745, 710 cm-'. 

2,4-Di/zydroxy-5-for~nyl-6-methylpyrimidi1~e 
Potassium hydroxide (5.6 g), water (50 ml) and 6- 

methyluracil (12.6 g) at 70 'C were diluted with ethanol 
(40 ml) and then treated with chloroform (18 g) and a 
solution of potassium hydroxide (28 g) in water (30 ml), 
as described by Hull (13). The solution was heated under 
reflux for 50 min, chloroform (25 ml) was added, and the 
reaction mixture was boiled until it was concentrated 
to a syrup. This was left standing overnight, and then 
water (150 ml). was added and the stirred solution'was .' 

neutralized (pH 6) with concentrated hydrochloric acid. 
A yellow prec-ipitate (7.8 g) slowly separated over the next 
4 days. The alde/zyde separated from water-ethanol (1 :4) 
as needles. 

Anal. Calcd. for C6H5N,03K, 0.25H20: C, 36.6; 
H,2.8;N, 14.25;0,26.5.Found:C,36.6;H,3.2;N, 14.0; 
0 ,  26.0. 

h,,, (H,O) 237, 296 mp (log E 3.50, 4.04); h,,, (0.27 
N HCl)  232, 283 m p  (log E 4.01, 4.07). 

v,,, (KBr) 1725, 1700, 1575, 1525, 1115, 775, 700 
cm-I. 

l-Met/zyloxindolidene-3-(2',4'-dihydroxy-6'-n~ethyl- 
primidinyl-5')methitle (4) 

1-Methyloxindole (0.3 g), the above 5-formyluracil 
(0.3 g), acetic acid (20 ml), and acetic anhydride (1 ml) 
were heated together under reflux for 18 h. The solution 
was evaporated, the residue treated with water (30 ml), 
and the mixture continuously extractedwith ethyl acetate 
for 24 h.The extract was cooled, the precipitate collected, 
and the oxindole (0.13 g) recrystallized from acetic acid. 

Anal. Calcd. for CI5Hl3N3O3, CH3COZH: C, 59.6; 
H, 5.0; N, 12.3. Found: C, 60.2; H, 5.45; N, 12.8. 

Mass spectra: n ~ / e  283.0965 (dz, 100, C15H13N303 
requires283.0957); 266.0909 (d,, 38, C1,HIzN3O2 requires 
266.0930); 254 (dz, 3), 239 (dl, 8), 223 (d2,3), 212 (dl, 17), 
195 (dl, 16), 183 (dl, 8.5), 171 (dl, 12), 142 (dl, 8), 115 
(13), 101 (3), 42 (17), 28 (100). 

h,,, (MeOH) 251, 273, 328 mp (log E 4.59, 4.07, 4.21); 
h ,,,, (0.25 N NaOH) 257, 288, 375 mp (log E 4.34, 4.05, 
4.29). 

v,,, (KBr) 1726, 1700, 1660, 1615, 1475, 780, 765 
cn1-1. 

l-Methyloxi~~dolidene-3-(2',4'-dihydroxypyrin1idinyl-6') - 
methine 

6-Formyl-2,4-dihydroxypyrimidine (0.3g) [h,,, (H20)  
260 mp (log E 3.92); h,,, (0.01 N NaOH) 286, 335 mp 
(log E 3.79, 2.68); v,,, (KBr) 3230, 2930, 2850, 1712, 
1675, 1115, 1095, 1065, 1040, 1010, 830 cnl-'; (14)], 
1-methyloxindole (0.3 g), acetic acid (20 ml), and acetic 
anhydride (1 ml) were heated together under reflux for 
24 h. The reaction mixture was cooled and the beautiful 
scarlet needles collected. The oxindole, (0.4 g) separated 
from acetic acid. 

Anal. Calcd. for C14HllN303, 0.5CH3CO2H: C, 
60.5; H, 4.35; N, 14.1; 0 ,  21.4. Found: C, 61.0; H, 4.35; 
N, 14.5; 0 ,  20.2. 

Mass Spectra: m/e 269 (d,, loo), 252.0777 (d,, 10.5, 
C14HloN30Z requires 252.0772); 241.0859 (d2, 8, 
C13HllN302 requires 241.0851); 240.0771 (d1(2,, 15, 
Cl,HloN302 requires 240.0772) ; 225 (dl, lo), 213 (dz, 3). 
198 (dl, 39), 185 (dl, 3), 171 (6), 169 (dl, 6), 158 (19), 
143 (5), 130 (10.5), 128 (6), 115 (8), 99 (5), 89 (5), 77 
(8), 28 (34). 
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h ,,,, (EtOH) 216, 271, 335 mp (log E 4.40, 4.12, 4.06). 
v,,, (KBr) 1699, 1635, 1601, 809, 764, 702 cm-l. 
T (C[2H]Cla) 6.09 (intensity 6) and 6.47 (intensity 3). 

h,,, [635 pg in HOAc (1 ml) diluted to 25 ml with 
MeOH, and further dilutions with MeOH] 263, 270, 
353 rnp (log E 4.56, 4.58, 4.45); I,,, (1 ml of the above 
solution diluted to 2 ml with 2 N NaOH) 385 mp (log 
E 3.48). - -, 

v,,, (KBr) 1725, 1675, 1610, 1480, 1390, 1105, 790, 
750, 660 cm-'. 

I-[ZH3]Mefl~lox~rzdolidene-3-(4'-lzydroxy-2'-mercapfo- 
pyritnidi~~yl-6') -mneflritre 

6-Formyl-4-hydroxy-2-mercaptopyrimidine (14)(50mg) 
and l-[2H3]rnethyloxindole (50 mg) were heated under 
reflux with acetic acid (3 rn1)andacetic anhydride (0.1 ml). 
After 7 h the red crystals that had separated werecollected 
and recrystallized from formamide, 45 mg, m.p. r 350 "C. 
The I-[ZH31nzefiryloxirzdolylpyri~nidirre separated from 
boiling formamide as orange-red needles. 

Anal. Calcd. for C14H8[2H3]N302S: C, 58.5; H, 4.9; 
0, 11.1. Found: C, 58.7; H, 4.0; 0 ,  13.4. 

Mass Spectrum: mle (290), 288 (loo), 277 (12), 260.0797 
(10, c ~ ~ H ~ [ ~ H ~ ] N ~ ~ S  requires 260.0795); 259.0733 (16, 
CI3H7 [2H31N30S requires 259.0733); 245 (lo), 244 (15.5), 
227 (35), 202 (15), 201 (15), 188 (13), 174 (lo), 172 (8), 
161 (54), 150 (25), 149 (30), 133, 132, 130, 129, 128, 
127, 121, 120, 119, 118, 117, 116, 115, 114, 113, 102 
(lo), 93 (10). 

h,,, (1.089 mg in formamide (1 ml) diluted with 
methanol) 277, 339 mp (log E 4.49, 4.24); h ,,,, (0.1 N 
NaOH) 260, 305 mp (log E 4.21,4.01). 

v ,,,, (KBr) 1660, 1590, 1470, 1395, 1190,890,780,745, 
700 cm-l. 

Z-Chloro-6,7-dirnef hoxy-I -n1efl1yloxi11dolidet1e-3-(pl1e11~l) - 
methirre (2) 

Benzyl chloride (2 g), triphenylphosphine (2.62 g), and 
benzene (20 ml) were refluxed together for 18 h. The 
product (0.2 g, m.p. 313-316 "C) in methanol (10 ml) 
was added to a solution (0.54 N, 2.5 ml) of sodium 
methoxidc in methanol. The solution was stirred for 
30 min at 20 "C, then treated with a solution of 5-chloro- 
6,7-dimethoxy-1-methylisatin (15) (0.1 g) in methanol 
(10 ml). This was heated under reflux for 30 min and 
evaporated. The benzene soluble products were adsorbed 
from benzene on silica gel (20 g, 1 X 12 cm) and the 
yellow benzene eluate (95 rng, m.p. 147-160 "C) collected. 
The chloro~~~~efkoxyoxirrdole (2) separated from ethanol 
as yellow needles m.p. 179 OC (subliming above 150 "C). 

Anal. Calcd. for C I ~ H ~ ~ C I N O ~ :  C, 65.7; H, 4.85; 
N, 4.3. Found: C, 65.8; H, 4.85; 1\7, 4.2. 

Mass Spectra: rn/e 331, 329 (d,); 316, 314; 288, 286; 
273, 271. 

Meflzyylolion of Oxir~dolidetre-3-(5'-rrifrofuryl-2')- 
meflzine (3) 

Oxindolidene-3-(5'-nitrofuryl-2')-methine (4) (1.2 g), 
potassium I-butoxide (3 g) and tetrahydrofuran (100 ml) 
were shaken together 0.5 h when a black solution was 
obtained. Methyl iodide (20 ml) was added and the mix- 
ture shaken at room tempcrature for 18 h. The mixture 
was filtered, the filtrate was evaporated, and the benzene 
soluble products were adsorbed on silica gel (50 g, 25 x 3 
cm). 2-Mefhoxy-3H-irrdolidene-3- (5'-rzifrofuryl-2') -mefir- 

ine, eluted with benzene, separated as crimson plates m.p. 
230-231 "C, from ethanol. 

Anal. Calcd. for C14H10N204: N, 10.35. Found: N, 
10.2. 

h,,, (EtOH) 261, 315, 397 mp (log E 4.41, 4.06, 4.28); 
hmax (0.1 N ethanolic HCI) 264, 382 mp (log E 4.25, 4.40). 

v,,; (KBr) 1685, 1600, 1560, 1505, 890, 709 cm-l. 
Further elution of the silica gel column with benzene- 
ether (4 :1) gave I-rne1iryloxindolide1ze-3-(5'-nilrofuryl-2')- 
rrzefiitzeaas dark red prisms m.p. 215-21 6 "C, from ethanol. 
Found: N, 10.1. 

Mass spectra: m / e  270 (do lQO), 240 (2), 224 (19), 
196 (60), 184 (7), 170 (4), 167 (ll) ,  158 (2), 153 (5), 
139 (6), 130 ( I ) ,  127 (51, 115 (5), 101 (2), 89 (2), 28 (2). 

h,,, (EtOH or 0.1 N ethanolic HCI) 260, 310, 386 mp 
(log E 4.46, 4.01, 4.19). 

v,,, (KBr) 1705, 1595, 1505, 745, 739, 729,679 cm-I. 

I-Efhyloxindolidene-3-(5'-nifrofiryl-2') -~ne!Rine 
This compound was prepared as described above for 

the 1-methyl derivative. The oxindole was eluted with 
benzene-ether (19:l) from silica gel and separated from 
ethanol as needles m.p. 210 "C. 

Anal. Calcd. for CI5H12N2O4: C, 63.4; H, 4.25; 
N, 9.85. Found: C, 63.4; H, 4.2; N, 9.9. 

h,,, (EtOH or 0.1 N ethanolic HCI) 260, 310, 386 mp 
(log E 4.47, 3.99, 4.15). 

v,,, (KBr) 1710, 1605, 1515, 750, 730, 680 crn-'. 
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Proton chemical shifts of polyhalobenzenes in cyclohexane and carbon tetrachloride. 
An additivity scheme based on pairwise parameters 
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An additivity scheme which takes into account the interactions between ortho substituents is applied 
to 39 proton shifts in 22 tri-, tetra-, and pentasubstitutcd halobenzenes as 3 mole % solutions in cyclo- 
hexane and carbon tetrachloride. The shift of any proton can be written as the sum of two parameters 
D(X,Y)  and one parameter d,. D(X ,Y )  refers to a pair of substituents placed ortho ( X )  and meta ( Y )  
to the proton and d, refers to a substituent placed para to the proton. The mean deviation between 
observed and calculated shifts is found to be 0.010 p.p.m. for the cyclohexane solutions and 0.012 p.p.m. 
for the carbon tetrachloride solutions. The scheme also works reasonably well for mono and dihalo- 
benzenes. The parameter D ( X , Y )  - D ( H , Y )  is a measure of the stcric interaction between the X and Y 
substituents. It is also suggested that the steric environment of a proton is important in determining 
the shift in carbon tetrachloride solution. 

Canadian Journal  o f  Chemistry, 46, 2195 (1968) 

Introduction 

The ultimate goal of the study of the chemical 
shifts of aromatic protons is their prediction by 
molecular quantum mechanics. There is little 
evidence that this goal will soon be reached. 
Some progress has been made in correlating the 
proton shifts in substituted benzenes with 
electron densities at the bonded carbon atoms 
(1-3) or with Hammett substituent constants 
(4, 5). But there are also contributions2 to the 
shifts arising from substituent magnetic aniso- 
tropy, local van der Waals interactions, field 
effectsintroduced by substituent dipole moments, 
and from rather subtle ortho effects (7, 8). 
Substituent-induced changes in ring currents 
also contribute (9). Their disentanglement is 
difficult and perhaps impossible (6). 

Under these circumstances empirical schemes, 
based on additivity relationships, for the pre- 
diction and correlation of proton shifts still have 
their place, particularly when their accuracy is 
considerably better than the correlations referred 
to above. Perhaps one of the first additivity 
schemes was that of Diehl (5) who evaluated 
characteristic ortho, meta, and para constants for 
eleven substituents in meta and para disubsti- 
tuted benzenes. These constants failed to predict 
the shifts in ortho disubstituted benzenes. Smith 
(10) extended the measurements to 50 more 

substituents and van Meurs (1 I) gave a scheme 
for alkyl substituted benzenes. Brey and Lawson 
(12), using a procedure similar to that of Diehl, 
were unable to find an additivity scheme in 
polysubstituted benzenes; especially when halo- 
gens were present. The Diehl procedure was 
refined by Martin and Dailey (13). They were 
able to predict the chemical shift to within 0.02 
p.p.m. in para disubstituted benzenes b y -  the 
formula "proton shift ortho to R," = d,(R,) 
+ y (R,) dm (R,). Here do and d,,, are ortho and 
meta substituent constants and y is a measure of 
the susceptibility of the position ortho to R, to 
a perturbation by the substituent para to R, ;  y 
decreases as do increases. A precision of about 
0.1 p.p.m. was found in predicting shifts addi- 
tively in meta disubstituted benzenes but devia- 
tions as large as 0.5 p.p.m. occurred for protons 
next to the substituents in ortho disubstituted 
benzenes. 

In more highly substituted benzenes there 
must be at least one pair of substituents situated 
ortho to one another (except of course for 
1,3,5-trisubstituted benzenes). Therefore large 
deviations of observed shifts from those calcu- 
lated by existing additivity schemes are to be 
expected. In this paper we propose a somewhat 
different scheme which is applicable to proton 
shifts in a variety of polyhalo-substituted ben- 
zenes. The polyhalobenzenes were chosen be- 
cause many of the mono- and dihalobenzenes 

'Holder of an NRCC Bursary, 1966-1967. 
'See ref. (6)  for a discussion of the various factors have been studied and because the 

contributing to the shifts. deviations from additivity appear to be largest 
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'We are grateful to Dr.  J. Cavanaugh for a listing of 
this program and to Dr. H. M. Hutton for the adaptation 
to an IBM System 360165. 

for halogen substituents (12, 14). The shifts 
relative to benzene of 39 protons in 22 tri-, 
tetra-, and penta-substituted halobenzenes are 
reported for 3 mole % solutions in cyclohexane 
and carbon tetrachloride. 

Experimental 
The chemicals were of commercial origin and were 

used without further purification. Spurious peaks were 
found in two cases but were easily identified. Samples 
were prepared as 3 mole % solutions in carbon tetra- 
chloride or cyclohexane. If the solubility was less than 
3 mole %the saturated solution was used. Concentration 
studies on benzene and 1,3,5-tribromobenzene showed 
that from 3 mole % downward, there is a relative shift 
of less than 0.005 p.p.m. The solutions were degassed by 
the freeze - pump - thaw technique. 

Spectral measurements were done on a DA-60-1 
spectrometer using internal tetramethylsilane (TMS) as a 
reference. Line positions were found by reading the sweep 
oscillator frequencies or periods at appropriate intervals. 
The sample temperature was 28.5 "C as determined by an  
ethylene glycol sample (Varian Associates). Peak posi- 
tions were found with a typical r.m.s. error of k0.03 c.p.s. 

Results and Discussion 

Spectral Analysis 
Many of the proton resonance spectra were 

analyzed by standard methods (15). The ABC 
spectra were solved by a computer program3 
based on the algebraic method of Castellano and 
Waugh (16). Subspectral methods (17) were 
found useful and some deceptively simple spectra 
were also found (18). The resultant chemical 
shifts relative to benzene are thought to  be 
accurate to  0.005 p.p.m. and are given in Table I. 
Some of the coupling constants have already 
been reported in another connection (19) and 
the remainder will be published in a study of 
benzene solvent effects on these compounds (20). 

A Pairwise Additivity Scheme for Polyhalo- 
benzenes 

As discussed above, the substituent constants 
derived by Martin and Dailey (13) are not in 
general expected to give a good prediction of the 
observed proton shifts for the compounds in 
Table I. In fact, a comparison between the 39 
observed shifts in cyclohexane and those calcu- 
lated using do, dm, and dp  (1 3) yielded an average 
deviation of 0.184 p.p.m. or  16 % of the observed 

range of 1.175 p.p.m. The maximum deviation 
was 0.507 p.p.m. for symtetrabromobenzene. 
Such large deviations are probably caused by a 
steric interaction between the ortho substituents 
(see below). 

The interaction can be accommodated in a n  
empirical scheme by assigning a parameter 
D(X, - Y,) r D(X,Y) to  a pair of substituents 
placed ortho (X) and meta (Y) t o  the proton 
whose chemical shift is required. It is then 
assumed that the shift of any proton can be 
found as the sum of two parameters D and one 
para parameter dp. This assumption is con- 
sistent with the fact that in a 1,2-disubstituted 
benzene the ortho interaction is not such as t o  
interfere with the additive effect at  protons 4 
and 5 (3,8). It  is also consistent with the evidence 
(6) that in a 1-X-2-Y-benzene the shift of 
proton-4 is linearly related to the shift of 
proton-3 in the 1-Y-benzene. 

The D and dp parameters should be strictly 
applicable to compounds in which only pairs of 
substituents are placed ortho to each other.Thus, 
1,2,3- or 1,2,3,4- or 1,2,3,4,5-substituted ben- 
zenes would fall outside the validity of the 
present scheme. However, we find that 1,2,3- 
and some 1,2,3,4-substituted benzenes can be 
accommodated within the present scheme (see 
further discussion below). 

The D and dp values were derived from the 
data in Table I, excluding any 1,2,3,4- or penta- 
substituted compounds (the latter can be used to 
test the validity of the scheme when applied to 
such a substitution pattern). Table I1 gives the 
D and dp  values found for the two  solvent^.^ It 
was possible to evaluate 17 of the 25 possible D 
values involved in such a scheme for the 
halogens. 

Cyclohexane Solutions 
The parameters in Table I1 reproduce the 35 

observed shifts in Table I (compounds 1 - 19) 
with a mean deviation of 0.010 p.p.m. or 0.9% 
of the observed range of 1.175 p.p.m. (This 
represents a considerable improvement over 
existing additivity schemes.) However, there are 
nine deviations of 0.02 p.p.m. or greater and two 
of these are greater than 0.03 p.p.m. 

These parameters were also used to  calculate 

4Simultaneo~~s equations in D, d,, and the observed 
shifts were solved for D and r i ;  minimizing the disagree- 
ment among overdetermined sets of equations. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RICHARDSON A N D  SCHAEFER: PROTON CHEMICAL SHIFTS OF POLYHALOBENZENES 2197 

TABLE 1 

Proton chemical shifts* in some polyhalosubstituted benzenes in cyclohexane and carbon tetrachloride 
-- - - . -. -. 

Shift (p.p.m. relative to 3 M % benzene) 

Cyclohexane (3 M %) Carbon tetrachloride (3 M %) 

Proton Calculated Observed Calculated Observed 

20 1,2,3,4-tetrachlorobenzene 
21 pentafluorobenzene 
22 pentachlorobenzene 

*There is an  uncertainty of up  t o  0.005 p.p.rn. in the observed shifts. 

the nine shifts in the para disubstituted benzenes 
measured by Martin and Dailey at infinite dilu- 
tion in cyclohexane (13). The mean deviation of 
the observed from the calculated values was 
0.006 p.p.m. If the eleven shifts involving meta 
and ortho disubstituted benzenes (13) are in- 
cluded the mean deviation rises to 0.02 p.p.m. 
or about 1.5 % of the observed range of 1.361. 

Read and Goldstein (21) have recently mea- 
sured the proton shifts in the four monohalo- 
benzenes as 10 mole % solutions in tetra- 
methylsilane. The mean deviation of our calcu- 
lated from their observed values is 0.018 p.p.m. 

In this comparison as with those involving the 
data of Spiesecke and Schneider (4) (mean 
deviation of 0.03 p.p.m.) and the data of Martin 
and Dailey, the error attributable to the use of 
different solvents, concentrations and internal 
references is not known. 

Consideration of compounds 20-22 in Table I 
indicates that for the two penta and the 1,2,3,4- 
tetrachloro compound the scheme is much less 
accurate. The mean deviation for these three 
compounds is 0.055 p.p.m., i.e., greater than five 
times the average deviation for the other com- 
pounds in Table I. The deviation gets larger in 
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TABLE 11 

Derived ortho-meta constants, D(X ,Y ) ,  and 
para constants, 4, for halogen substituents in 

polysubstituted benzenes 
- - - -- -- -- 
D(X ,Y )  or rl, Carbon 

(p.p.m.) Cyclohexane tetrachloride 

magnitude as the degree of substitution and the 
size of the substituents increase (but four fluoro 
substituents next to each other appear not to 
show an anomalous low-field shift). It may be 
predicted, therefore, that most 1,2,3,4- or 
1,2,3,4,5-substituted halobenzenes will display 
anomalous low-field shifts within the present 
scheme. 

Carbon Tetrachloride Solutions 
The mean deviation of the observed from the 

calculated shifts for the first 19 compounds (36 
values) is 0.012 p.p.m. or 1 .l % of the observed 
range. Ten deviations are greater than 0.02 
p.p.m. and three of these are greater than 0.03 
p.p.m. For compounds 20-22 only one value 
(pentachlorobenzene) displays an excess low- 
field shift equal to about five times the mean 
deviation. In this connection it may be relevant 
to note that all the shifts in carbon tetrachloride 
lie to low-field of those in cyclohexane, that the 
excess low-field shifts vary between 0.00 and 0.12 
p.p.m. and that the'size of the excess shift 
depends on the size of the substituents ortho to 
the proton.5 Carbon tetrachloride and, for that 

5Reaction field models (22) do not appear to be 
applicable. Thus, the maximum shift of -0.12 p.p.m. for 
a proton placed between two fluorine atoms is of oppo- 
site sign to that predicted by the reaction field theory (22). 
See ref. (23) for further examples of the inadequacy of 
reaction field theory. 

matter, chloroform are perhaps to be avoided as 
solvent whenever p~ss ib l e .~  

Smith, Cole, and Roark (6, 8) have measured 
a number of ortho dihalobenzenes in dilute 
carbon tetrachloride solution. The 14 shift com- 
parisons with our parameters give a mean 
deviation of 0.022 p.p.m. but there are three 
values near 0.05 p.p.m. The twelve proton shifts 
in the monohalobenzenes in 10 w/w % concen- 
tration in carbon tetrachloride (25) yield a mean 
deviation of 0.019 p.p.m. from our calculated 
values (using -7.253 p.p.m. as the shift of 
benzene). Again, concentration effects may be 
significant in both of these comparisons. 

The D(X, Y )  Parameters 
It is clear that D(X,Y) - D(H,Y), keeping X 

constant, is a measure of the effect of the 
interaction between X and Y on the proton shift 
ortho to X. A plot of D(X,Y) - D(H,Y) where 
X = Br; Y = H,F,Cl,Br,I, vs. the van der 
Waals radius of Y is fairly smooth and shows an  
algebraic decrease of D(X,Y) - D(H,Y) as the 
size of Y increases. The ortho interaction 
between X and Y is therefore indicated to be 
steric in origin. Increased perturbation due to 
crowding of the ortho C-H bond is expected to 
lead to an increased low-field shift, as observed. 
(The D(Br,Y) values do not vary regularly with 
the van der Waals radius of Y because the meta 
shift due to Y increases algebraically in going 
from F to I and partly cancels the algebraic 
decrease in D(Br,Y), naively expected on steric 
grounds). 
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Steroids and related products. XXVIII.' Cardiotonic steroids. 111.' The synthesis 
of 3p-kydroxy steroids of the AIB-cis .series3 

R. BOUCHARD AND CH. R. ENGEL 
Departtnent of Cl~etnistry, Laval Utliversity, Quebec, Quebec 

Received November 30, 1967 

In the course of thc synthesis of 3~-hydroxy-21,21-dimethoxy-5~-pregnan-20-one (S), a method was 
developed for the preferential reduction of steroid 3-ketones of the AIB-cis series to the axial 313-alcohols, 
the stereochemistry in positions-3 and -5 of which corresponds to that of the truly active steroid cardio- 
tonics. This method, which seenis thc bcst available to date, consists of a Meerwein-Ponndorf reduction 
carried out over a very short reaction period. 
Canadian Journal of Chemistry, 46, 2201 (1968) 

It  is well known that the highly active steroid 
cardiotonics show a cis fusion of rings A and B 
and that their 3-hydroxy substituent has a P- 
configuration which presents itself in the 
thermodynamically unfavorable axial conforma- 
tion (1-3).4 Because of this situation, the syn- 
thesis of such products presents certain difficul- 
ties, since for the majority of suitable starting 
materials, the 3-hydroxy function is equatorial, 
and since the chemical reduction and the catalytic 
reduction in neutral and alkaline media of 
suitable 3-ketones lead predominantly to  
equatorial alcohols (cf., inter alia, refs. 4, 5). 

It  is true that Butenandt and Miiller (6) have . , 
reported the catalytic reduction of 5P-pregnane- 
3,20-dione in ether - acetic acid, in very good 
yield, to the axial 3P-alcohol (cf. also 4a) but, as 
already reported (7), in our hands, even in acidic 
media, such catalytic reductions gave rise 
predominantly to the equatorial 3a-alcohols. We 
also have already reported (7) that the use of 
aged Raney nickel (8) for the reduction of 
3-ketones of the AIB-cis series to axial alcohols 

'For paper XXVII of this series, see Ch. R. Engel 
and M. N. Roy Chowdhury. Tetrahedron Letters, 2107 
(1968). 

'For the preceding paper in this series, see G. Bach, 
J. Capitaine, and Ch. R. Engel, Can. J. Chem. 46, 733 
(1968). 

3Abbreviated from part of the D.Sc. Thesis of R .  
Bouchard, to be presented to the School of Graduate 
Studies, Laval University. The synthetic work described 
in this paper was first presented as part of an invited lec- 
ture on the synthesis of cardiotonics at the Steroid 
Symposium of the VIth Pan-American Congress of 
Pharmacy and Biochemistry, Mexico City, December 
1963. The general method for the synthesis of 3P-hydroxy 
steroids of the AIB-cis series was reported in a communi- 
cation to the 49th Annual Conference of the Chemical 
Institute of Canada, Saskatoon, June 1966. 

40nly a selection of references is given. 

(compare also ref. 9) may be regarded as an 
improvement over catalytic reduction, but that it 
still does not represent a satisfactory solution to 
the problem. 

We have now found that the best results for 
the production of 3P-hydroxy steroids of the 
AIB-cis series could be obtained by subjecting a 
3-ketone to a Meerwein-Ponndorf reduction. The 
characteristic feature of the procedure consists of 
the limitation of the reaction time. This approach 
had seemed logical since the accepted mech- 
anisms for the Meerwein-Ponndorf reduction 
(10-1 5) would be consistent with the assumption 
that an axial hydroxy derivative would be 
formed, if the reaction were to take place under 
kinetic control (compare refs. 11-13, 16), but 
that equilibration to the equatorial alcohol could 
and did occur under the actual reaction condi- 
tions. 

We elaborated the procedure in the course of 
the synthesis of a steroid glyoxal derivative, 3P- 
hydroxy-2 1,21-dimethoxy-5P-pregnan-20-one(8), 
which we used in connection with synthetic work 
in the field of butadienolides. 

In a first series of experiments we had syn- 
thesized this product from Reichstein's Com- 
pound S (I)? This readily available starting 
material6 (18-21)~ was transformed in the usual 
fashion (23, 24) to its bismethylenedioxy deriva- 
tive 2 which was then reduced in high yield, with 

'The synthesis of this product from another starting 
matcrial, by an entirely different route, was reported by 
Ruzicka et al. (17). 

6We express very sincere thanks to Dr. E. B. Hershberg 
froin the Scherinn Corp., Bloomfield. New Jersey, for 
kindly providing with-this product. . 

'Only a small selection of references is given. Compare 
also with ref. 22. 
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4 6, R = H  
5a, R = HCO +/;I:=H 6a37\ 

CH20Rr 
I j!H(OCH,)z CH20R' 

3 t +- 
RO' 

H H RO. Ro'. 

7, R = R ' = H  8, R = H  9, R = H  10, R = R' - H  
70, R = H, R' = Ac 80, R = HCO 90, R = Ts 100, R = H, R '  = Ac 
76, R = R' = Ac 106, R - R'  -- Ac 

palladium on calcium carbonate in the presence 
of potassium hydroxide, to the 5P-pregnanone 3. 
This ketone was now reduced with lithium 
aluminium hydride, predominantly (in 88 % 
yield) to the eq~iatorial alcohol 6,  the axial 
alcohol 5 representing a minor side product. The 
equatorial alcohol 6 was converted via its 
tosylate 6a and the formate 5a to  the axial 
alcohol 5. In  this sequence of reactions, some 
starting material, the tosylate 6a, was recovered 
and some 2,3-unsaturated material (4), arising 
from an elimination reaction, was isolated (in 
22% yield). Even when taking into account the 
recovery of starting material the yield of the 
desired axial alcohol 5 amounted only to  47 %. 

For the completion of the synthesis the di- 
hydroxyacetone side chain was liberated in the 
usual fashion (23, 24) by treatment with acetic 
acid andthe resulting triol 7 was acetylated to  the 

hydroxy diacetate 7b. This product was now 
subjected to  the Mattox rearrangement (25) with 
methanolic hydrogen chloride which gave in 
60 % yield the desired glyoxal derivative 8.  

In a modified pathway, the equatorial 3a- 
hydroxy derivative 6 was transformed via the 
triol 10 to the hydroxy diacetate lob and thence, 
by rearrangement with hydrochloric acid, to  the 
3e-hydroxy glyoxal derivative 9. This product 
was then converted through its tosylate 9a and 
the formate 8a to the 3P-hydroxy derivative 8. 
Again, the yield of the inversion of the equatorial 
to  the axial alcohol was, for practical purposes, 
not satisfactory (24% from alcohol 9). 

Independently, Harnik (9) had isomerized in 
a similar fashion alcohol 1Oa to alcohols 7 and 
7a, using the same method ; also in this case, the 
yield of the inversion reaction had not been 
satisfactory. 
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TABLE I 
Relationship between the reaction time and the yields of the axial and equatorial alcohols 5 and 6 

in the Meerwein-Ponndorf reduction of ketone 3 
-- .- - 

Yield of 
Yield of recovered 

Starting Yield of equatorial starting 
Reaction material axial alcohol 5 alcohol 6 material 3 Yield of 

time 3 reduction 
(min) (g) (s) (%I (g) (%I (s) (%I ( %) 

~ ~ ~ ~ .p-.p.--.p. ~~~ ~ . 

*The figures in parcnthcses correspond to the yicldsof thc alcohols whc 

These not very encouraging results of a 
relatively lengthy and cumbersome procedure 
prompted us to  investigate, as intimated, the 
Meerwein-Ponndorf reduction ofketone 3 and we 
were able to show that, according to our expec- 
tations, the yield of the axial alcohol increased 
with the diminution of the reaction period. 
Table 1 gives the relation between reaction 
time and the yields of the epimeric alcohols 5 
and 6 .  The reaction was carried out with sec- 
butyl alcohol and aluminium t-butylate in 
absolute benzene a t  reflux temperature. 

The first observation of interest was that the 
Meerwein-Ponndorf reduction was practically 
complete in 15 min, a fact which becomes signifi- 
cant if one considers that usually Meerwein- 
Ponndorf reductions are carried out over pro- 
longed periods. Furthermore, we could establish 
that the yield of the thermodynamically un- 
favored axial alcohol could indeed be raised to  
approximately 60% by reducing the reaction 
time to 15 min. In the previous paper in this 
series on cardiotonic steroids (7), we have shown 
that this method proved superior to any other 
known method for the preparation of an axial 
3a-hydroxy steroid of the AIB-cis series from the 
corresponding 3-keto d e r i v a t i ~ e . ~  

n the rccovcry ofstarting material is t;~kcn into account. 

17,20;20,21-Bis~~1etI1yIe11edioxy-4-p,e~1e1-.-011e (2) 
Following the procedure of Beyler et nl. (23, cf. also 24), 

980 mg of Reichstein's Con~pound S (17cr,21-dihydroxy-4- 
pregnen-3,20-dione) (1) was transformed with 16 ml of a 
37% aqueous formaldehyde solution and 16 rnl of con- 
centrated hydrochloric acid, at room temperature in 54 rnl 
of dichloroniethane, to its bisrnetliylenedioxy derivative 2. 
The crude reaction product (1.404 g) gave, by chronia- 
tography on aluminium oxide, 920 mg (83.6% yield) of 
pure 17,20;20,21-bis1nethylenedioxy-4-pregnen-3-one (2), 
m.p. 254-255'. A sample was recrystallized three times 
from dichloromethane-cther for analysis; shiny prisms, 
n1.p. 254-255", [aIDz5 -7.8" ( c ,  1.000 in CHC13); 
h,,,,(EtOH) 235 mp (log E 4.27); v,,,,(KBr) 1683 cm-' 
(ketone), 1625 cm-I (double bond), 1100 cm-I (ether 
bonds). 

Anal. Calcd. for CZ3H3,05: C, 71.1 1; H, 8.30. Found: 
C, 71.05; H, 8.48. 

~ 7 , 2 0 ; 2 0 , 2 / - B i . ~ t n e 1 / ~ ) ~ ~ ~ 1 1 e r / i o , ~ } ~ - 5 - p e t 1 1 1 - - o t 1 e  (3) 
T o  a solution of 4.98 g of the abovc-described bis- 

methylenedioxy derivative 2 of Reichstein's Conipound S, 
n1.p. 254-255', in 250 t i l l  of 95% ethanol. there were 
added 600 nig of potassium hydroxide in 50 nil of 95% 
ethanol and 1 g of a 4 %  palladiuni on calci~~ni carbonate 
catalyst. The niixture was hydrogenated at room tenipera- 
ture. Aftcr 3 h, 270 ml of hydrogen had been taken up. 
The niixture was filtered through sodium sulfate and the 
filtrate was reduced to 200 ml and poured into 500 ml of 
cold watcr. The precipitate was extracted with ether, the 
ethereal solution was washed with water, dried over 
sodium sulfate, and the solvent was removed. The 

'It is evident that this method is particularly attractive 
if the equatorial alcohol formed along with the axial 
alcohol is reoxided in a simple and rapid manner, for 
instance with Jones' reagent (26), to the ketone which is 
then subjected to another Meerwein-Ponndorf reduction, 
carried out over a very short period (cf. ref. 7). Such a 
recyclization is, of course, not practical in the case of the 
inversion sequence involving the tosylate, since the 
reaction product contains, apart from the desired alcohol 
and starting material, a dehydrated product, and since, 
furthermore, the procedure would be lengthy. 

"The nielting points were taken in evacuated capillaries 
and the temperatures were corrected. If not otherwise 
stated, non-alkaline aluminium oxide Woelni, activity 111, 
and Davison's silica gel No. 923 were used for chroma- 
tography. The infrared spectra were recorded on a 
Beckman IR-4 spectrophotonieter and the ultraviolet 
spectra on a Becknian DK-IA spectrophotonieter. The 
microanalyses were perfornied by Mr. A. Bernhardt, 
Miilheini (Ruhr), Germany, and Dr. C. Daesslk, Mont- 
real. to whom we express our sincere appreciation. 
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crystalline residue (5.283 g) was recrystallized from 
ether-hexane to give 3.446 g of 17,20;20,2 l-bismethylene- 
dioxy-50-pregnan-3-one (3), n1.p. 180-181". The residue 
of the mother liquors (1.9 g) was chromatographed on 
60g  of aluminium oxide. Elutions with petroleum 
ether - benzene (4:l and 1 :I) afforded another 1.15 g of 
the pure 513-pregnane derivative 3, n1.p. 180-181" (total 
yield, 92%). A sample was recrystallized three times from 
ether-hexane for analysis; colorless needles, m.p. 180.5- 
181.5"; [aIDZ5 -69" (c, 1.000 in CHCl,): v,,,(KBr) 1718 
cm- ' (ketone), I100 cm- ' (ether bonds). 

Anal. Calcd. for C~3H3605: C, 70.74; H, 8.78. Found: 
C, 70.68; H, 8.71. 

313- Hydroxy- 17,20;20,21- bist~1etlryle~~ediox~~-5~-~~regnat1e 
(5) and 3a-Hydroxy-17,20;20,2I-bis1~1etI1~~letredioxy- 
5!3-pregnatre (6) by Litlrirrttl Alrrrrritti~rtt~ Hyhide 
Red~rctiorl of 17,20;20,21-Bisr~l1ylrr1edioxy-5[3- 
nun-3-one (3) 

To a slurry of 2.2 g of lithium aluminium hydride in 
30 ml of absolute tetrahydrofuran were added, over a 
period of 50 min, dropwise and with stirring, 2 g of the 
above-described bisrnethylenedioxy derivative 3 of 17a,21- 
dihydroxy-5p-pregnane-3,20-dione, m.p. 180-18Io, in 100 
rnl of absolute tetrahydrofuran. The mixture was refluxed 
for 1 h, with stirring, and was then left at room tempera- 
ture for 16 11. Subsequently, there were added, at O0, 10 n ~ l  
of ethyl acetate and a small quantity of ice, followed by 
25 ml of an aqueous ammonium chloride solution. The 
mixture was poured into 1.5 1 of cold water, and the preci- 
pitate was extracted with ether. The ethereal layer was 
washed with a saturated ammonium chloride solution and 
with water and was dried over sodium sulfate. The 
evaporation of the solvent gave 2.04 g of white needles, 
melting between 160 and 170". The product was chroma- 
tographed on 60g of aluminium oxide. Elutions with 
petroleunl ether - benzene (I :I) gave 150 mg (7.5 %) of 
3P-lrj~droxy- 17,20;20,21 -bist?~e/l~ylenedioxy- 5P-pregnat~e 
( 5 ) ,  m.p. 151-158". A sample was recrystallized three 
times from ether-hexane for analysis; colorless needles, 
m.p. 157.5-158.5"; [aIDZS -99.5" (c, 1.000 in CHCIj); 
v,,,(KBr) 3490 cm-'  (small band, hydrogen-bonded 
hydroxyl, absent in the 3a-isomer), 3250 cm-I (hydroxyl), 
1100 cm- ' (ether bonds). 

Anal. Calcd. for C,,H,,O,: C, 70.37; H, 9.24. Found: 
C, 70.32; H, 9.49. 

Elutions in the above-described chromatogram with 
petroleum ether - benzene (1 :4) gave I .757 g (87.8 %) of 
3a-l~ydroxy-17,20;20,21 -bisme/lryyler~edioxy-5p -pregtlane 
(6a), n1.p. 177-178". A sample was recrystallized three 
times from ether-hexane for analysis; colorless needles, 
m.p. 180.5'; [aIDZ5 -80' (c, 1.000 in CHCI3); v,,,(KBr) 
3225 cm-' (sharp hydroxyl band), 1310 cm-I (character- 
istic band of the 3a-hydroxy isomer, absent in the 313-hy- 
droxy isomer), 11 10 cm- (ether bonds). 

Anal. Calcd. for Cz3H,,0, : C, 70.37 ; H, 9.24. Found: 
C, 70.37; H, 9.35. 

3a-Tosyloxy- 17,20;20,21- bistr1e/l1yle11edioxy-5~-pregt1atre 
(60) 

Following the experimental procedure of Fukushima 
and D a u n ~  (26), 11.3 g of the bisrnethylenedioxy deriva- 
tive 6 of 3a,17a,21-trihydroxy-SP-pregnan-20-one, m.p. 
177-178", was transformed with 11.3 g of p-toluenesul- 

fonyl chloride in 125 ml of pyridine into its tosylate 6a. 
There was obtained 15.5 g (98% yield) of crystalline 
product, m.p. 140-144". A sample was recrystallized three 
times from acetone-hexane for analysis; colorless needles, 
m.p. 151-152"; [aIDz5 -39' (c, 1.000 in CHC13); 
h,,,(EtOH) 225 n ~ p  (log E 4.04); v,,,(KBr) 1600, 1185, 
and 1175 cnl- (tosylate), 1100 cm- '  (ether bonds). 

Anal. Calcd. for C30H4,07S: C, 65.91 ; H, 7.74; S, 5.86. 
Found: C, 65.96; H, 7.50; S, 5.73. 

313 - Hyrt,.ox)~- 17,20;20,2 1 - bistt1etl1ylet1edio.~y-5[1 -pregtIatle 
(5)at1d17,20;20,21-Bis111et11yler1edioxy-5[1-pregn-2-et1e 
(4) fiottr 3a-T0~~~/o~~~-l7,20;20,2l-hi.~t11ef/1ylet1edi0.~~- 
513-pregtmt~e (60) 

A solution of 15.5 g of crude tosylate 6a, m.p. 140-144", 
in 130 mI of unpurified N,N-dimethylformamide was 
heated to 80-82" for 72 h, cooled, and poured into ice- 
water. The precipitate was extracted with ether, the ether- 
eal layer was washed with water and was dried over 
sodium sulfate. The solvent was removed and the oily 
residue, containing crude 313-forttroxy-17,20;20,21-bis- 
rnetirylet1ediox~~-5~-pregt1atre (5a), was treated for 4 h at 
room temperature with 1.5 1 of a 5% methanolic potas- 
sium hydroxide solution. The solution was reduced it1 
cacuo and then extracted with ether. The ethereal layer 
was washed with water, dried over sodiuni sulfate, and 
taken to dryness. The residue (I 1.1 g )  crystallized from 
hexane. The product was chromatographed on 340 g of 
a lun~iniun~ oxide. Elutions with petroleun~ ether - ben- 
zene (9:l) gave 2.3 g (21.7 %) of 17,20;20,21-bistr~etlrylene- 
dio,~y-y-JP-prepr1-2-etle ( 4 ) ,  m.p. 117-123". A sample was 
recrystallized three times from methanol for analysis: 
colorless prisms, n1.p. 129-130"; v.,,,(KBr) 3025 cm-' 
(double bond), 1100 cm- ' (BMD-protection). 

Anal. Calcd. for C23H3404: C, 73.76; H, 9.15. Found: 
C, 73.98; H, 9.07. 

Elutions in the above-described chromatogram with 
petroleum ether - benzene (1 :I) gave 3.3 g (25 %) of 
starting material, /osylale 60, n1.p. 149-151". Elutions 
with petroleum ether - benzene (1:4) and with pure 
benzene gave 4.1 g (36.8 % yield) of 3~-l1ydro.~y-17,20:20, 
21-bis~ne/lry/et1er/joxy-5~-preg11a11e(5), n1.p. 154-1 55". The 
identity of the product with an authentic sample (compare 
above) was established by the comparison of the infrared 
spectra and by the determination of a mixture melting 
point. Considering the recovery of starting material, the 
yield of the 30-hydroxy derivative 5 amounted to 47 %, 
that of thc dehydrated product 4 to 27.5%. 

I - ,  

Following the experimental procedure of the Merck 
group (23, 24), 486 n ~ g  of 3(3-hydroxy-17,20:20,21-bis- 
methylenedioxy-513-pregnane (5), m.p. 154-15S0, was 
hydrolyzed under nitrogen with 40 ml of acetic acid and 
40 ml of water at  90" for 8 h. After having been left for 
another 16 h at room temperature, the mixture was 
neutralized with 35 g of sodium hydroxide in 75 ml of 
water and wasworked up in the usual fashion. There were 
obtained 435 mg of colorless small crystals, m.p. 230-232" 
(yield 98.5%). A sample was recrystallized three times 
from acetone for analysis; m.p. 240-243"; +53" (c, 
1.000 in ethanol) [Lit. n1.p. 224-226" (28), 232-234" (9); 
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BOUCHARD AND ENGEL: STEROIDS 

[a], (ethanol) +54" (28), $50" (911; v,,,(KBr) 3450 and 
3390 cm- ' (hydroxyls), 1715 cnl- (20-ketone). 

Anal. Calcd. for C21H3404: C, 71.94; H, 9.87. Found: 
C, 71.82; H, 9.69. 

Diacetate 76 
The diacetate was prepared in the usual way from 53 mg 

of the diol 7 with 0.5 ml of acetic anhydride in 1 ml of 
pyridine. The reaction product (65 mg), m.p. 143-14S0, 
was recrystallized twice from ethyl acetate - ether for 
analysis; m.p. 152-154"; [aIDZ5 +50.3" (c, 1.000 in 
CHCI,) [Lit. m.p. 149-151" (29); 154-157" (30); 152-154" 
(9); [a], (ethanol) -1-51" (9, 30); [a], (dioxane) +49" 
(29)]; v,,,(KBr) 3475 cm- ' (17a-hydroxyl), 1745 and 
1722 cm- ' (21-acetoxy-20-keto doublet) (the peak at  1745 
cm-'  is enlarged by the 3-acetate band), 1250 cm-'  
(acetates). 

Anal. Calcd. for C25H3806: C, 69.09; H, 8.82. Found: 
C, 69.23; H, 8.93. 

3a,21-Diacetoxy-17a-Irydroxy-5~-preg1ra1r-2O-one (lob) 
A quantity of 180 mg of 3a-hydroxy-17,20;20,21-bis- 

niethylenedioxy-5p-pregnane (6) was hydrolyzed as 
described for the 3p-hydroxy derivative 5, to 160 mg of 
3a,17a,21-trilrydroxy-5~-preg1ia1r-20-ore (lo),  m.p. 222- 
230"; v,,,(KBr) 3450 cm-' (large hydroxyl band), 1720 
cni-I (20-ketone). This product was acetylated without 
further purification with 1 ml of acetic anhydride in 2 ml 
of pyridine. The reaction product (200 mg), representing 
3a,21-diacetoxy-17a-hydroxy-5~-preg1~a1-20-one (lob), 
melted at  186-192". A sample was recrystallized three 
times from ether-hexane for analysis; colorless pellets, 
m.p. 199-201"; [aIu2' +83"(c, 1.000 in ethanol) [Lit. m.p. 
201-206" (28); 205" (Kofler block) (30); [a], (ethanol) 
-177" (28), +8S0 (30)l; v,,,(KBr) 3450 cm-' (sharp 17a- 
hydroxyl band), 1740 and 1732cm-' (21-acetoxy-20- 
ketone doublet and 3-acetate), 1265 and 1245 cm-' 
(acetates). 

Anal. Calcd. for C25H3806:  C, 69.09; H, 8.82. Found: 
C, 69.09; H, 8.72. 

3~-Hydroxy-21,21-rlirnerhoxy-5~-pregnan-20-one(8) 
(a) Frotn 3~,21-Diaceroxy-17a-Irydroxy-5~-pregtran-20- 

one (76) 
Following the procedure of Mattox (25), 700 mg of the 

3p,21-diacetate 76 was treated with 40 ml of a dry 0.5 N 
methanolic hydrogen chloride solution and with 20 ml of 
chloroform at room temperature. After 3 h, the steroid 
was dissolved and the solution was allowed to stand for 
48 h at 25". After addition of 2.2 g of sodium acetate in 
10 ml of water, the mixture was concentrated in uacrio and 
water was added. The precipitate was extracted with 
ether, the ethereal layer was washed with water, saturated 
sodium bicarbonate solution, and water, and was dried 
over sodium sulfate. The solvent was evaporated and the 
residue (660 mg of a yellow oil) was chromatographed on 
25 g of aluminium oxide. Elutions with petroleum ether - 
benzene (1 :4) gave 360 mg (59% yield) of the glyoxal 
derivative 8, m.p. 102-104". A sample was recrystallized 
once from ether-hexane for analysis; long needles, m.p. 
104-106"; [alUz6 +143" (c, 1.000 in CHCI,) [Lit. (17): 
m.p. 126-129" (recrystallization from ligroin, followed by 
sublimation); [a], (CHCI,) +132"( + lo0)]; v,,,(KBr) 
3340 cm- ' (3p-hydroxyl), 1725 cm- ' (20-ketone), 1090 
cm-' (ketal). 

AND RELATED PRODUCTS. XXVIII 2205 

Anal. Calcd. for CZ3H3804: C, 72.98; H, 10.12. Found: 
C, 73.20; H, 10.18. 

(b) From 3a,21-Diacetoxy-17a-hydroxy-5~-pregnan-20- 
one (lob) 

As described for the 3p-acetoxy epimer 76, 7.8 g of 
3a,21-diacetoxy-17a-hydroxy-5~-pregnan-20-one (lob) 
m.p. 199-201°, was transformed in 220 ml of chloroform 
with 460 ml of a dry 0.5 N methanolic hydrogen chloride 
solution to 7.27 g of a product representing the crude 
glyoxal derivative 9. Chromatography on 250 g of 
aluminium oxide gave 5.8 g (85.2% yield) of crystalline 
3a-lzydroxy-21,2I-dimetlroxy-5~-preg1ratz-2O-otze (9 ) ,  m.p. 
114-1 17", eluted with petroleum ether - benzene (4:l and 
1 :I). Recrystallization from ether-hexane raised the 
melting point to 121.5-122.5"; [a],25 +130° (c, 1.000 in 
CHCI,); v,,,(KBr) 3390 cm-' (strong band, 3a-hy- 
droxyl), 1735 cm- ' (20-ketone), 1100, 1085, 1035 cm- ' 
(ether bands). The product was transformed without 
further purification into the tosylate 9a, as described in 
the following paragraph. 

A quantity of 7.5 g of the 3a-hydroxy-21,21-dimethoxy- 
pregnanone 9, m.p. 120-122", was converted, as above, 
with a solution of 7.5 g of p-toluenesulfonyl chloride in 
120 ml of pyridine to crude rosylare 9a. This product (8.8 
g), which showed the ultraviolet (31) and infrared absorp- 
tions typical of a tosylate, was dissolved in 300 ml of 
N,N-dimethylformamide. The solution was heated for 
72 h at 82" and was then poured into ice-water. The usual 
work-up gave a crude product, consisting mainly of 
fortnate 8a, which was dissolved in 300ml of a 5 %  
methanolic potassium hydroxide solution. The mixture 
was kept for 4 h at room temperature and was worked up 
in the usual fashion (see above). Chromatography of the 
crude reaction product (5 g) on 150 g of aluminium oxide 
gave 1.6 g (21 %) of pure 3p-hydroxy-21,21-dinietltoxy-5p- 
pregnan-20-one(8), eluted with petroleum ether - benzene 
(1 :1) and melting at 103-105". The product proved to be 
identical with the product obtained by Mattox rearrange- 
ment of 3~,21-diacetoxy-17a-hydroxy-5~-pregnan-20-0ne 
(76) (see above), as established by the determination of a 
mixture melting point and the comparison of the infrared 
spectra. 

Meerwein-Potztzdorf Redricriotrs of 17,20;20,21-Bismethyl- 
enedioxy-513-pregtzatz-3-one (3) 

The various Meerwein-Ponndorf reductions summar- 
ized in Table I were carried out under identical conditions 
with the exception of a variation of the reaction period 
and the quantities of materials used.1° Our experimental 
procedure was adopted from that described by Miescher 
and Fischer (32). We report here, as an  example, the re- 
duction carried out over a period of 2 h. 

T o  a solution of 1 g of 17,20;20,21-bismethylenedioxy- 
5p-pregnan-3-one (3), m.p. 180-181°, in 5 ml of absolute 
benzene, 25 ml of sec-butyl alcohol and 1 g of aluminium 
t-butoxide were added. The mixture was refluxed for 2 h, 
diluted with 2 ml of benzene, and then poured into ice- 
water. The precipitate was extracted with a 1 :3 mixture of 
dichloromethane and ether, the organic layer was washed 
with a saturated cold ammonium chloride solution and 

'OWhile the quantities varied, the proportions of 
reagents and solvent remained identical. 
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with water, and was dried over sodium sulfate. Evapora- 
tion of the solvent gave 1.116 g of an oil which crystallized 
upon trituration with ether. This product was chroma- 
tographed on 35 g of aluminium oxide. Elutions with 
petroleum ether -benzene (4:l) gave 432 mg (43 %) of 
3B-lzydroxy- 17,20;20,21- bismethylenedioxy-511 -pregnane 
(5), m.p. 15C152". Elutions with petroleum ether- 
benzene (1:l and 1 :4) gave 560 mg (56% yield) of 
3a - hydroxy - 17,20;20,21- his??1ethylenedio.~y-5~ -pregnane 
(6), m.p. 175-177". 

The identity of the products with authentic san~ples (see 
above) was established by the determination of mixture 
melting points and the comparison of the infrared 
spectra. 

As apparent from Table I, in the case of the experiment 
carried out over a reaction period of 8 min, 7.2% of 
starting material, 17,20;20,21-bisrnethylenedioxy-5P-preg- 
?1an-3-one (3), m.p. 180-18l0, eluted from the chroma- 
togram with petroleum ether - benzene (9 :I), was isolated 
in addition to the isomeric alcohols 5 and 6. 
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Studies on the azidolysis of 6arylidene and 4-alkylidene y4)-oxazolones. 
Part II 

WILLIAM IBRAHIM AWAD AND AMEEN FAROUK MOHAMED FAHMY 
Facrrlty of Science, Ain S / ~ a t ~ u  Ut~iversity, Abbassia, Cairo, Egypt, Utziterl Arab Reprrblic 

Received August 9,  1967 

4-Alkylidene-S(4)-oxazolones (1) react with sodium azide in acetic acid in 5 min, or with hydrazoic 
acid in benzene to give the diazide 2. Thelatter gives by thermolysis theoxadiazine (4, which forms on 
hydrolysis the diamide (5). The corresponding monoazides (3) react with sodium azide - acetic acid 
mixture to give the corresponding diazides. 

4-Arylidene-S(4)-oxazolones (8) react under the same conditions to give a-[tetrazolyl-(I)]-acrylic acid 
derivatives (9). 

The work of Deorha and Gupta (6) is reinvestigated. The constitution of the products is discussed 
chemically and spectroscopically. 
Canadian Journal o f  Chemistry, 46, 2207 (1968) 

In a previous publication (1) it was stated that 
4-arylidene-5(4)-oxazolones react with sodium 
azide in acetic acid to give a-[tetrazolyl-(l)]- 
acrylic acid derivatives, while in the case of 4- 
alkylidene-5(4)-oxazolone, a neutral compound 
was obtained, benzamide (5a). A mechanism was 
proposed for the formation of the latter com- 
pound. 

In this study we attempted to discern the 
possible intermediates involved in both reactions. 

When 4-isopropylidene-2-phenyl-5(4)-oxazol- 
one (la) is allowed to react with sodium azide 
and acetic acid for 3 h, 5a is obtained (1) 
together with a small quantity of 6a; while 
permitting short reaction time (5 min) an azido 
compound (2a) (vN, = 2125 cm-I), m.p. 146 "C 
is obtained. Analytical data prove that the above 
azido compound is a diazide. Isopropylidene 
hippuric azide (3a) is known (2) (m.p. 92 "C) to 
be obtained via the hydrazide -sodium nitrite 
route. In addition to the azidolysis of the oxa- 
zolone ring, the azido group adds to the double 
bond of a,P-unsaturated carbon atoms. This is 
also known to be true of acrylates (3). It is also 
known that the exo-double bond of 4-isopropyl- 
idene-2-phenyl-5(4)-oxazolone adds ammonia 
or mercaptans (4). Thermolysis of both azides 2a 
and 3a gives the same product, 3,4-dihydro-4- 
isopropylidene-6-phenyl-2-0x0- 1,3,5-oxadiazine 
(4a), m.p. 186 "C via the Curtius rearrangement 
and cyclization. Hydrolysis of the latter by water 
or dilute acetic acid gives N-isobutyroyl benz- 

amide (5a). The monoazide (3a) gives the diazide 
(2a) when treated with sodium azide and acetic 
acid mixture. 

The diazide (2a), when treated with aqueous 
sodium azide in acetic acid at (100 "C), gives 
mainly 5a and some 6a. Similarly the oxadiazine 
(4a) gives mainly 5a and a little 6a. 

The only difference between the monoazide 
and the diazide is their behavior on pyrolysis. 
The monoazide gives the oxadiazine (4a) whereas 
the diazide gives 5-phenyltetrazole (6a). 

A mixture of hydrazoic acid and 4-isopropyl- 
idene-2-pl1enyl-5(4)-oxazolone (la) in benzene 
solution at room temperature precipitated the 
diazide (2a) after one week, and the solution 
proved to contain 5-phenyltetrazole (6a). When 
(4a) is refluxed with glacial acetic acid the 
oxazolone (la) is formed. 

Similarly, when 2-p-chlorophenyl-4-isopropyl- 
idene-5(4)-oxazolone (lb) and 2-anisyl-4-iso- 
propylidene-5(4)-oxazolone (lc) were treated 
with sodium azide and acetic acid and were 
allowed to stand for a long time, a mixture of 
N-isobutyroyl-p-chlorobenzamide (5b) and 5-p- 
chlorophenyltetrazole (6b); N-isobutyroylanis- 
amide (5c) and 5-anisyltetrazole (6c), respec- 
tively were obtained together. 4-Cyclohexyl- 
idene-2-phenyl-5(4)-oxazolone (Id) behaves sim- 
ilarly (see Scheme 1). 

2-Aryl-4-fluorenylidene (7a and b) failed to 
react with hydrazoic acid. This may be attributed 
to their insolubility in the reaction medium. 
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glacial acetic X = C C = O  

acid A. d ------1 
Ar acetic acid 

1 (~rnin) I 1 H N ~  in 
X=C-C=O benzene 

I 

I 
NHCOAr 'C=N I 

3 Ar 

I boiling benzene 1 
H 

pyrolysis 

6; Ar, a = C6H5 
b= C6H4cl(~-)  
C= C ~ H ~ O C H ~ ( ~ - )  

I mild hydrolysis 

H-X-C-NHC-Ar 
II II 
0 0 

5 

sponding tetrazolyl acrylic acid derivatives (9). 

2-Aryl-4-arylidene-5(4)-oxazolones (8a-d), a; Ar = C6H4Cl(p-); Ar', C6H,0CH3(p-) 
when treated with sodium azide in acetic acid or b; Ar = C6H40CH3(p-); Ar:, C6H5 

c ;  Ar = CH2O2C6H3--; Ar , C6H5 
hydrazoic acid in benzene, gave only the corre- d; Ar = C6H5.CH=CH-; Ar', C6H5 
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We have prepared the corresponding hydra- 
zides (10) from which the corresponding azides 
(11) were obtained by treatment with sodium 
nitrite and hydrochloric acid. These azides do 
not react with sodium azide and acetic acid 
mixture and no diazide could be isolated. When 
these azides (11) are heated in benzene, oxa- 
diazines of type 12 are obtained. 

I 1 

NHCOPh NHCOPh 

The analytical data of these compounds do not 
assist in distinguishing between the tetrazolyl 
acid and the azide structure; however, the region 
of the vN, in the infrared (i.r.) spectra of these 
compounds is devoid of any absorption. This 
excludes the azide structure for these compounds. 

The tetrazolyl acid structure of 141 and 15 is 
further confirmed by the ultraviolet (u.v.) 
spectra which shows for 14 A,,, 235 mp; E,,, 

11 760, h,,, 229 mp; E,,, 16 120 and for 15 h,,, 
237 mp; E,,, 17 280, A,,, 237 mp; E,,, 37 800. 
Similar absorption was recorded in our previous 
work (1). 

It may be noted that, in contrast to acrylates, 
cinnamic acid and cinnamate do not react with 
hydrazoic acid (3). It is also known that oxa- 
diazines give by alkaline hydrolysis the corre- 
sponding phenylacetic acid (5). 

From our investigation it is clear that 4- 
arylidene oxazolonesd~er from the 4-alkylidene 
derivatives towards hydrazoic acid. However, 
Deorha and Gupta (6) reportedly obtained from 
sodium azide - acetic acid mixture using 2- 
phenyl-4-(3'-methylbenzfurfury1idene)-5(4)-oxa- 
zolone (13), the corresponding azide which they 
failed to identify. They heated these products and 
obtained the corresponding oxadiazine (21). 

In contrary, it was found in the present 
investigation that 4-furfurylidene-2-phenyl-5(4)- 
oxazolone and 2-phenyl-4-(3'-methylbenzf~1r- 
fury1idene)-5(4)-oxazolone (13) gave, with sodi- 
um azide - acetic acid mixture, only the tetra- 
zolyl acids (14) and (15), regardless of whether 
the reaction was carried out in the cold for a 
prolonged time (6), or as described here. 

The corresponding hydrazides (16 and 17) and 
azides (18 and 19) were prepared, which, by 
heating gave the corresponding oxadiazine (20 
and 21). These oxadiazines do not show vNH. 

It seems that the reaction of alkylidene oxa- 
zolones with hydrazoic acid or sodium azide - 
acetic acid mixture starts by 1,4-addition of 
hydrazoic acid to the a,P-unsaturated system. 

For arylidene oxazolones, the fractional positive 
charge on C-4 is dissipated on the aromatic ring. 

This may be the reason for the fact that alkyl- 
idene oxazolones behave differently from aryl- 
idene oxazolones towards hydrazoic acid. 

The U.V. spectra of 4-alkylidene hippuric 
hydrazides show one band (225-258 mp) depend- 
ing upon the nature of the benzamido group; 
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TABLE I 
Alkylidene and arylidene hippuric hydrazides 

- 

Infrared 
Melting c % H % N %  Ultraviolet 

yield* point VNH VC=O 
Compound % "C Formula Calculated Found Calculated Found Calculated Found A,.. mp smax cm-I om-' 

*The time of reaction was in all cases 1 h. 

& 

TABLE I1 t; 2 
Alkylidene and arylidene oxadiazine 

- 
;d" 
5 

lnfraredf < 0 
c% H %  N % Ultraviolet ------------ !- 

Reaction Yield Melting vC-0 P 

Compound time* % point (OC) Formula Calculated Found Calculated Found Calculated Found A,,, mp E X  VNH 6-lactone (14) -: 
w 

40(13)$ 237 17762 3325 1750 OI 
m 

46 ISmin 55 165 CI,HI,NZO~CI 57.48 57.08 4.43 4.03 11.17 10.04 237 15368 3225 1775 
4c$ 15 min 66 180 CI,H,,NZO~ 63.40 63.17 5.73 6.05 11.38 11.64 256 18816 3300 1750 
4d $ 15 rnin 55 162-164 Cl,Hl,N,Oz 70.29 70.69 6.29 6.66 10.93 10.63 223-230 16400 3300 1750 

120 30 min 54 171 C I ~ H I ~ N Z O S  69.37 65.15 4.80 5.67 9.52 8.72 226230,276286, 31600,25520 3300 1760 
289 2640 

12b I h 64 over C17HlzNz0., 66.23 66.06 3.92 4.62 9.09 8.68 227.5,268, 13440,11760 3300 1750 
360 274-282 12432 

12c 1 h 65 235-237 ClsHl,N,Oz 74.47 75.02 4.86 5.14 9.65 9.26 227.5,284-298 19760, I8620 3325 1760 
20 30 rnin 66 165-166 C14HLON 66.13 66.86 3.96 4.46 11.02 10.86 239.5,278 15960,21000 - 1800 
21(12) 224-231,317.5 13200,18040 - 1790 

*The reported time and yields are for the experiments using the corresponding rnonoazide. 
t l n  crn-I 
$Using th)e corresponding diazide (20, c, and d )  the corresponding oxadiazine (40, c, and d )  was obtained after 1 h in the yields 39, 38, and 25 % respectively. 
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TABLE 111 
Alkyl idene  and a ry l i dene  h ippu r i c  m o n o a z i d e s  P 

Infrared 
Melting 2N available Ultraviolet 

1 
-------------- P 

yield* point vNH vN3 V C - =  6 
Compound % OC Formula Calculated Found h,,, mp Emas cm-1 cm-' cm-1 

342) 236,243,297,310 
F 

19440,19880,23976,24300 3125 2125 1675, X 
1625 

36 48 86-87 (decamp.) C12Hl4N402C1 10.05 2 9.86 225,236,242,248,302.5,310 11524,13400,16080.16616, 3250 2125 1690, .. 
23852,24254 1630 

3c 47 84-85 (decamp.) Cl3HL4N4O3 10.21 9.99 256,320 28880,29260 3300 2125 1690, 3 
3d 48 72 (decamp.) Cl~H16N402 9.86 9.82 226,241,296,310 12480,11440,3120,2600 3300 

110 62 107-1 10 (decamp.) C17H14N403 8.69 8.65 226-232,246,260,300-310,384 13080,13360,12426,13516, 3450 
393,397 19184,17876,17440 

l l b  67 74 (decamp.) C17H12N404 8.28 8.37 264,392 12792,20336 3250 

l l c  57 116-1 17 (decamp.) ClsH1,N,02 8.80 8.76 240.5,274,383 5400,5130,15930 3300 

18 62 110 (decamp.) ClIHIDNI03 9.92 9.80 262,385,399 9996,18156, 16932 3250 

19 57 94 (decamp.) C19H14N403 8.20 7.90 355,405.425 20680,23760,24200 3325 

'The time of reaction in all cases was 30 min. 
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C$CH=C-CON3 I 

NHCOPh 

18 

f7J~~~~ O CH=C-CONHNH2 
I 

NHCOPh 

\ ~ ~ ~ ~ ~ C - C O N ~  I 

NHCOPh 

19 

however, the 4-arylidene analogues show two 
bands at (225-258 mp) and (300-335 mp) (see 
Table I). The oxadiazines behave similarly (see 
Table 11). The known value of the azido (7) (285 
mp) is shifted to longer wavelength in the case of 
compounds under investigation (see Table 111). 
Similar observations have been reported (7). 

The electronic spectra of the alkylidene azides 
are similar with the expected bathochromic shift 
according to the substituent. The diazides show 
identical spectra. 

All the azides and diazides show in the i.r. 
spectra the characteristic stretching frequency of 
the azido group (8) (see Table 111). 

Addendum 
The azides and diazides are difficult to analyze 

by the normal procedure since they are easily 
decomposed. We have devised a micro method 
by which they can be analyzed by heating in 
dilute acetic acid and collecting the nitrogen 
evolved on a micro scale. For monoazides, 
N,/mole is obtained while for diazides, in addi- 
tion to the evolved nitrogen, hydrazoic acid was 
obtained. This required us to use a potassium 
permanganate or ceric sulfate trap to oxidize the 
liberated hydrazoic acid and 5N/mole were 
obtained, in this case. This work has been pub- 
lished elsewhere (9). 

Experimental 
Melting points are not corrected. Analyses were carried 

out by National Research Center, Microanalytical Unit, 
Doki, Cairo and by Alfred Bernhard, Max Planck 
Institute, Mulheim, Germany. Infrared spectra were 
measured on a Perkin-Elmer Infracord model 137 spec- 
trophotometer using KBr wafer technique. Ultraviolet 
spectra were measured on a Perkin-Elmer Spectracord 
model 4000A spectrophotometer using ethyl alcohol 
solutions. 

Preparation of Sonze New 5(4)-Oxazolones 
2-Anisy/-4-~4uoreny/ide11e-5(4)-oxazolone (7b) 
A mixture (10 g) anisuric acid, fluorenone (9 g), fused 

sodium acetate (8 g), and acetic anhydride (30 ml) was 
heated on a hot plate until all the solid liquefied, then 
heating was continued on a boiling water-bath for 1 h 
after which the mixture was cooled and filtered. The 
yellow crystalline precipitate (yield 47%) was crystallized 
from glacial acetic acid, m.p. 226227 "C. 

Anal. Calcd. for CZ3Hl5NO3: C, 78.18; H, 4.25; N, 
3.97. Found: C, 77.60; H,  4.44; N, 4.01. 
2-A~~isyl-4-(p-chlorobenzylide~1e)-5(4)-oxazolone (%) 
A mixture of anisuric acid (10 g),p-chlorobenzaldehyde 

(7.3 g), sodium acetate (8 g), and acetic anhydride (30 ml) 
was heated on a hot plate until all the solid liquefied, then 
heating was continued on a boiling water-bath for I h 
after which the mixture was cooled and filtered. The 
yellow crystalline precipitate (yield 53 %) was crystallized 
from ethyl acetate, m.p. 211 "C. 

Anal. Calcd. for C17HlzN03C1: C, 64.96; H, 3.82; N, 
4.45. Found: C, 64.85; H,  3.87; N, 4.76. 

2-Anisyl-4-isopropylirlene-5 (4) -oxazo/one (Ic) 
A mixture of anisuric acid (10 g), acetone (170 ml), 

acetic anhydride (16 ml), and sodium bicarbonate (4.6 g) 
was refluxed for 6 h after which the mixture was allowed 
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to cool. The mixture was filtered and poured on crushed 
ice (500 g) and diluted with ice-cold water to 1.5 I. The 
precipitated solid (yield, 54%) was removed by filtration 
and recrystallized from light petroleum ether, m.p. 108 "C. 

Anal. Calcd. for CI3Hl3NO3: C, 67.52; H, 5.67; N, 
6.06. Found: C, 67.33; H, 5.56; N, 5.45. 

Action of Aqrreo~~s Sodium Azide Solution and 
Acetic Acid on 

(a) 4-Isopropylidene-2-phenyl-5 (4) -oxazolor~e (la) 
A mixture of sodium azide (1 g in the least amount of 

water) and l a  (1 g in the least amount of glacial acetic 
acid) was heated on a water-bath for 5 min. The mixture 
was then poured on crushed ice, to give 2a, m.p. 145- 
146 "C (decomp.); (yield, 69%). It decomposed upon 
crystallization from most common solvents (e.g. ethyl 
acetate, alcohol, benzene). 

Anal. Calcd. for C12H13N702(5N): N, 24.46. Found: 
N, 24.70. 

When this reaction was carried out for 3 h and the 
reaction mixture poured on crushed ice, the product was 
removed by filtration digested in sodium bicarbonate 
solution, and again removed by filtration. The insoluble 
part proved to beSa(yie1d 83 %)(I), m.p. 154 "C. The above 
filtrates were mixed together and concentrated to a small 
v o l u m e ( ~ 2  ml), acidified with HCI, filtered while hot, and 
allowed to cool. After scratching, the crystalline product 
was removed by filtration and proved to be 6a by melting 
point and mixture melting point (lo), yield 5 %. 

(b) 2-p-C/1loropher1yl-4-isopropylide11e-5(4)-oxazolone 
fib) 

The reaction was carried out as above and after 15 min 
the starting material was recovered unchanged (m.p. and 
mixture m.p.). When the reaction was carried out for 3 h 
and the reaction mixture poured on crushed ice, the 
product was removed by filtration, digested in sodium 
bicarbonate solution, and again removed by filtration. 
The insoluble part proved to be 56 (I), m.p. 134 "C, yield 
83 %.The filtrate was acidified with cold dilute HC1 and 
the precipitated product was removed by filtration and 
recrystallized from light petroleum (b.p. 100-120 'C) as 
colorless needles, m.p. 253 "C, yield 16%. The latter 
proved to be 5-p-chlorophenyltetrazole (66) identified by 
melting point and mixture melting point experiment with 
an authentic sample (10). 

(c) 2-Anisyl-4-isopropylidene-5 (4) -0xazo1one (Ic) 
The reaction was carried out as in (a). After 10 min 2c 

was obtained and removed by filtration, m.p. 134 "C 
(decomp.); yield 58 %. It decomposes upon crystallization 
from most common solvents (e.g. ethyl acetate, alcohol). 

Anal. Calcd. for C13H15N703(5N): N, 22.09. Found: 
N, 22.00. 

When the reaction was carried out for I h and the 
reaction mixture poured on crushed ice, the product was 
removed by filtration, digested in sodium bicarbonate 
solution, and again removed by filtration. The insoluble 
part (5c) was crystallized from light petroleum (b.p. 60- 
80 "C) as colorless needles, m.p. 121 "C, yield 31 %. 

Anal. Calcd. for C12H15N03: C, 65.15; H, 7.78; N, 
6.33. Found: C, 65.79; H,  7.35; N, 6.51. 

The filtrate was acidified with cold dilute HCI and the 
precipitated product (6c) was removed by filtration and 

recrystallized from ethyl acetate as colorless needles, m.p. 
233 "C. yield 52%. 

~ n a l . ~ a l c d . f &  C8H8N,0: C, 54.54; H, 4.54; N, 31.75. 
Found: C, 54.71; H, 4.87; N, 31.75. 

(d) 4-Cyclohexylidene-2-phenyl-5 (4) -0xazo1one (Id) 
The reaction was carried out as in (a). After 10 min (24 

yield, 73 % was obtained, m.p. 126127 "C (decomp.). It 
decomposes upon crystallization from most common 
solvents. 

Anal. Calcd. for C15H17N702(5N): N, 21.43. Found: 
N, 21.25. 

The reaction was carried out for 1 h and the reaction 
mixture poured on crushed ice. The product was removed 
by filtration, digested in sodium bicarbonate solution, and 
again removed by filtration. The insoluble part, yield, 
73 % m.p. 157 "C, was previously identified as (5d) (1). 
The filtrate was acidified with cold dilute HC1 and the 
precipitated product was removed by filtration and 
recrystallized from ethyl acetate as colorless needles, m.p. 
212-213 "C, yield, 24%. The latter proved to be 5-phenyl- 
tetrazole (6a) identified by melting point and mixture 
melting point experiment with authentic sample (10). 

Anal. Calcd. for C7H6N4: C, 57.60; H, 4.11 ; N, 37.75. 
Found: C, 58.1 ; H, 4.64; N, 37.32. 

(e) 4-Fluorenylidene-2-phenyl-5(4)-oxazolone (7a) 
The reaction was carried out as in (a). After 15 min or 

3 h the starting material was recovered unchanged (m.p. 
and mixture m.p.). Similarly 2-anisyl-4-fluorenylidene- 
5(4)-oxazolone (76) was recovered unchanged. 

(f) 2-Anisyl-4 (p-chlorobenzy1idene)-5 (4) -0xazo1one 
(8a) 

The reaction was carried out as in (a). After 15 min the 
starting material was recovered unchanged (m.p. and 
mixture m.p.). The reaction was carried out for 1 h and 
the reaction mixture poured on crushed ice. The product 
was removed by filtration and digested in sodium 
bicarbonate. The unchanged oxazolone was extracted 
with ether and aqueous layer was acidified with cold 
dilute HCI. The precipitated product (9a) was removed 
by filtration and recrystallized from ethyl acetate as 
colorless crystals, m.p. 185 "C, yield 90%. 

Anal. Calcd. for C17H,,N403CI: C, 57.17; H, 3.64; N, 
15.86. Found: C, 57.08; H, 3.89; N, 15.91. 

Similarly 4-anisylidene-2-phenyl-5(4)-oxazolone (Sb), 2- 
phenyl-4-piperonylidene-5(4)-oxazolone (Sc), and 4- 
cinnamylidene-2-phenyl-5(4)-oxazolone (8d) were re- 
covered unchanged, after 15 min. 
(g) 4-F~rrfrrrylidene-2-phenyl-5 (4)-oxazolone 
The reaction was carried out as in (a). After 15 min the 

starting material was recovered unchanged (as shown by 
m.p. and mixture m.p.). When the reaction was carried 
out as in (a) for 1 h, the precipitated product (14) was 
removed by filtration and recrystallized from ethyl acetate 
as greenish-yellow crystals, m.p. 184185 "C (decomp.), 
yield 85 %. 

Anal. Calcd. for CI4 HION403: C, 59.57; H,  3.57; N, 
19.85. Found: C, 59.64; H, 3.64; N, 19.74. 

(h)  2-Phenyl-4-(3'-methy1benzfurfurylidene)-(4)- 
oxazolor~e (13) 

The reaction was carried out as in (a), after 15 min the 
starting material was recovered unchanged (as shown by 
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TABLE IV 
Action of hydrazoic acid solution in benzene on 4-alkylidene and arylidene oxazolones 

-- .- -- 

Solvent Melting 
Reaction of point Yield 

Oxazolone Product time crystallization "C % Reference 

4-Furfury- 
lidene-5- 
phenyl-5(4)- 
oxazolone 

Isopropylidene hippuric diazide 
(20) 

5-Phenyltetrazol* (6a) 
5-p-Chlorophenyltetrazol (66) 
Isopropylidene anisuric diazide 

(2c) 
5-Anisyltetrazol* (6c) 
Cyclohexylidene hippuric diazide 

(26) 
5-~hen~ltetrazol* (6a) 
a-[Tetrazolyl(l)]-5-anisyl-p- 

chlorocinnamic acid (9a) 
a-[Tetrazolyl(l)]-5-phenyl-p- 

methoxycinnamic acid (96) 
a- [Tetrazolyl(l)]-5-phenyl-3,4- 

methylenedioxycinnamic acid 
(9c) 

a-[Tetrazolyl(l)]-5-phenylbenzy- 
lidenecrotonic acid (9d) 

a-[Tetrazolyl(l)]-5-phenyl- 
furfurylacrylic acid (14) 

1 week 

3 weeks 
3 weeks 
1 week 

3 weeks 
1 week 

3 weeks 
3 days 

3 days 

3 days 

3 days 

3 days 

'The reaction was completed using the mother liquors. 
tLight petroleum ether (b.p. 100-120 OC). 
%Ethyl acetate. 
§Ethyl acetate - light petroleum ether (b.p. 40-GO0C). 

m.p. and mixture m.p.). When the reaction was carried petroleum (b.p. 40-60 "C), m.p. 194 "C (decomp.), yield 
out as in ( g )  for 1 h, the precipitated product was removed 40%. I t  was identical with the product obtained by heat- 
by filtration and recrystallized from ethyl acetate - light ing a mixture of an aqueous sodium azide, acetic acid, 
petroleum (b.p. 40-60 "C) as colorless crystals of 15, m.D. and 13 for 1 h (n1.p. and mixture m.p.). . - 
194 "C (decamp.), yield 71 %. Actiorz of Hydrazoic Acid Solution (11) in Benzene on 4- 

Anal. Calcd. for CI9Hl4N4O3: C, 65.89; H, 4.07; N, Alkylidene and 4-Aryliderze Oxazolones: 
16.10. Found: C, 65.14; H,  4.34; N, 15.27. Gerzeral Procedlrre 
Actiorz of Aqueous Sodiunz Azide Solution and 

Acetic Acid on 
(a) 4-F11rjirrylidene-2-phenyl-5 (4) -0xazo1one 
To a suspension of 4-furfurylidene-2-phenyl-5(4)- 

oxazolone (0.15 mole) in distilled acetic acid (75 ml) was 
added sodium azide (0.15 mole in least amount of water). 
The mixture was vigorously stirred at room temperature 
till the color of the oxazolone became very faint. The 
solid product was removed by filtration, digested in 
sodium bicarbonate solution, and removed by filtration. 
The insoluble part proved to  be unchanged (as shown by 
m.p. and mixture m.p.). The filtrate was acidified with 
cold dilute HC1 and the urecipitated uroduct was removed 
by filtration and recrys~allized from-ethyl acetate to give 
greenish-yellow crystals, m.p. 184-185 "C (decomp.), yield 
50 %. 

It proved to be identical (as shown by m.p. and 
mixture m.p.). with 14 obtained via action of sodium 
azide and acetic acid for 1 h on the title compound. 

(6) 2-Phertyl-4(3'-nzethyl6enzfurfuryliderze)-5(4)- 
oxazolorle 13 

The reaction was carried out as above, the precipitated 
product (15) was crystallized from ethyl acetate - light 

A mixture of hydrazoic acid solution in benzene (20 ml) 
and oxazolone (1 g in  20 ml dry benzene) was left at  room 
temperature for the times specified in Table 1 and the 
resulting products were crystallized from suitable solvents 
(see Table IV). 
Actiorz of Hydrazine Hydrate orz Oxazolorzes: 

Gerteral Procedlrre 
Hydrazine hydrate (100%) (4 ml) was added dropwise 

with occasional shaking to  a suspen;ion of the oxazolone 
(3 g) in methanol. After the addition had been completed, 
the reaction mixture wasleft for 1 11, whereby acrystalline 
precipitate was formed. It was removed by filtration and 
crystallized from a suitable solvent (see Table I). 

Action of Aqueous Sodium Nitrite arzd Hydrochloric Acid 
on Alkyliderze and Arylidene Hippuric Hydrazides: 
General Procedlrre 

A solution of sodium nitrite (I g in least amount of ice- 
cold water) was added dropwise with shaking to  an ice- 
cold solution or the hydrazide (2 g in least amount 
N-hydrochloric acid) so that the temperature did not rise 
above 5 "C. After the addition was completed, the reaction 
mixture was left at room temperature for 30 min, the 
product was then removed by filtration, dried, and its 
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TABLE V 
Action of glacial acetic acid on 1,3,5-oxadiazines 

Solvent Melting 
of point Yield 

Oxadiazine Oxazolone crystallization "C % Reference . - 

4a 4-Isopropylidene-2-phenyl (la) -* 96 43 13 
46 2-p-Chlorophenyl-4-isopropylidene (16) -t 170-172 53 1 
4c 2-Anisyl-4-iso-propylidene (lc) -t 108 71 Inter alia 
4d 4-Cyclohexylidene-2-phenyl (Id) -1 136 31 15 

12a 4-Anisylidene-2-phenyl (86) -5 160 42 16 
126 2-Phenvl-4~i~eronvlidene (812) -6 197 39 17 

*Ethyl alcohol - water. 
tLight petroleum ether (100-120 OC). 
$Ethyl ncetatc. 
$Ethyl acetate - light petroleum ether (100-120 "C). 
IlGlacial acetic acid. 

m.p. was recorded. It decomposed upon crystallization 
from most common solvents (e.g. ethyl alcohol, ethyl 
acetate, benzene). (See Table 111.) 

Thertnolysis of Alkylidene and Arylidene Hippuric Azides 
itz Berzzene: General Procedure 

A suspension of the azide (mono- or diazides) in dry 
benzene (25 ml) was refluxed for 15 min on a boiling 
water-bath and cooled. The oxadiazine was removed by 
filtration and recrystallized from benzene (see Table 11). 

Action of Boiling Water orz 
(a) 4-Isopropylidetre-6-pbenyl-2-oxo-I,3,5-oxadiazitre 

( 4 4  
A suspension of 4a (1 g in 25 ml water) was refluxed for 

2 h and was cooled andfiltered; 5a was obtained in color- 
less needles (yield, 34%) from absolute ethanol, m.p. 154 
"C, undepressed on admixture with an authentic sample 
(1). 

(6) 6-p-C/1loropherryl4-isopropylidene-2-oxo-l,3,5- 
oxadiazine (46) 

The reaction was carried out as above, 56 was obtained 
(yield, 55 %), m.p. 132-134 "C, undepressed on admixture 
with an authentic sample (1). 

(c) 6-Anisyl-4-isopropylirletre-2-oxo-l,3,5-oxadiazitre 
f 4c) 

The reaction was carried out as in (a). N-Isobutyroyl- 
anisamide was obtained, m.p. 121 "C, yield 66%. It 
proved to be identical with the product obtained by the 
action of sodium azide and acetic acid for 1 h on 2- 
anisyl-4-isopropylidene-5(4)-oxazolone. 

(d) 4-Cyclokexyliderre-6-pI1etryl-2-oxo-l,3,5-oxadiazirze 
( 4d) 

The reaction was carried out as in (a). N-Hexahydro- 
benzoylbenzamide was obtained, m.p. 157 "C, yield 44 %. 
It proved to be identical with the product obtained by the 
action of sodium azide and acetic acid for 1 h on 4- 
cyclohexylidene-2-phenyl-5(4)-oxazolone (1). 

Actiorr of Glacial Acetic Acid on I,3,5-Oxadiazirles 
When a solution of the oxadiazine (1 g) in glacial 

acetic acid (25 ml) was refluxed for 30 min and the 
mixture cooled; the corresponding oxazolone was ob- 

tained and was identified by m.p. and mixture m.p. (see 
Table V). 

Actiotz of Aqrreous Sodiunr Azide atrd Acetic Acid on 
(a) Isopropylidene Hippuric Azide (3a) 
A mixture of sodium azide (1 g in least amount of 

water) and 3a (1 g in 14 ml dilute acetic acid) was left at 
room temperature for 4 h. The precipitated product (2a) 
was removed by filtration and dried, m.p. 145-146 "C 
(decomp.), yield 85 %. It proved to be identical with the 
product obtained by the action of hydrazoic acid in 
benzene on la. Comparison was made by m.p., mixture 
m.p., and infrared spectrum. 

(6) Isopropylidet~e Anisuric Azide (3c) 
The reaction was carried out as in (a), 2c was obtained, 

m.p. 134" C (decomp.), yield 60%. It proved to be 
identical with the product obtained by action of hydrazoic 
acid in benzene on lc. Comparison was made by melting 
point, mixture melting point, and infrared spectrum. 

(c) Cyclohexylidene Hippuric Azide (3d) 
The reaction was carried out as in (a), 2d was obtained 

(yield 69%), m.p. 126127 "C (decomp.). It proved to be 
identical (by melting point and mixture melting point) 
with the product obtained by action of hydrazoic acid in 
benzene on 4-cyclohexylidene-2-phenyl-5(4)-oxazolone 
(Id). Similarly the reaction was carried out on 11a and 3- 
methylbenzfurfurylidene azide 19 and the reactants were 
recovered (identification was made by m.p. and mixture 
m.p.). 

Actiotz of Aqueous Sodirrnl Azide and Acetic Acid orr 
(a) Isopropylider~e Hippuric Diazide (2a) or 3,4- 

Di/rydro-6-p/rerryl-4-isopropylidetre-2-0~0-1,3,5- 
oxadiazine (4a) 

A mixture of sodium azide (1 g in least amount of 
water) and 2a or 4a (1 g in 20 ml dilute acetic acid) was 
heated on a boiling water bath for 1 h. The reaction 
mixture was cooled and the product was removed by 
filtration. It was recrystallized from absolute ethanol as 
colorless needles, m.p. 154 "C (1); yield 90% in the case of 
2a and 75 % in the case of 4a. The product proved to be 
N-iso-butyroylbenzamide (Sa). Identification was made by 
m.p. and mixture m.p. The filtrate was concentrated to a 
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small volume (-2 ml), acidified with HCI, filtered while 
hot, and allowed to cool. The crystalline product was re- 
moved by filtration,m.p. 213 "C; yields, 5 % in the case of 
2a and 10% in the case of 4a. It proved to  be 5-phenyl- 
tetrazole (6a). Identification was made by m.p. and mix- 
ture m.p. 

(b) Isopropylidene Ar~isuric Diazide (2c) or 3,4- 
Dihydro-6-anisyl-4-isopropylidene-2-0x0- ,3,5- 
oxadiazine (4c) 

The reaction was carried out as in (a), the insoluble 
part, m.p. 121 "C, yields 57 % in the case of 2c and 70% 
in the case of 4c. It proved to be N-isobutyroylanisamide 
( 5 ) .  Identification was made by m.p. and mixture m.p. 

The filtrate was concentrated, was cooled, and the 
precipitate was removed by filtration. It was crystallized 
from ethylacetate as colorless needles; m.p., 233 "C 
(decomp.) (10); yields, 41 % in the case of 2c and 20 % in 
the case of 4c. It proved to be 5-anisyltetrazole (6c). 
Identification was made by m.p. and mixture m.p. 

(c) Cyclohexylidene Hippuric Diazide (Zd) or 3,4- 
Dihydro-6-pherryl-4-cyclolrexyliderze-2-0~0-1,3,5- 
oxadiazirie 

The reaction was carried out as in (a), the insoluble 
part, m.p. 157 "C, yields 42 % in the case of 2d and 70 % in 
the case of4d. It proved to be N-hexahydrobenzoylbenz- 
amide (5d). Identification was made by m.p. and mixture 
m.p. 

The filtrate gave 6a; m.p., 212-213 "C (decomp.) (10); 
yields, 66% in the case of 2d and 20% in the case of 4d. 
It was identified as 5-phenyltetrazole by m.p. and mix- 
ture m.p. 

Pyrolysis of Monoazides and Diazides 
(a) Alkyliderre and Aryliderze Hipprrric Azide 
Isopropylidene hippuric azide 3a (1 g) was heated at its 

melting point under vacuum (10 mm) for a few minutes 
till it solidified, 4a was obtained, m.p. 174 "C (decomp.), 
yield 50%. It proved to be identical with 4-isopropylidene- 
6-phenyl-2-0x0-l,3,5-oxadiazine (4a) obtained by thermol- 
ysis of 3a (13) (m.p. and mixture m.p.). Similarly iso- 
propylidene-p-chlorohippuric azide (36) gave 46, m.p. 
165" (decomp.), yield 55 % (decomposition time 30 min), 
isopropylidene anisuric azide (3c) gave 4c, m.p. 180°, 
yield 55 %, cyclohexylidene hippuric azide; (3d) gave 4d, 
m.p. 162-164", yield 55 %, anisylidene hippuric azide l l a  
gave 12a, m.p. 171°, yield 43 %, and furfurylidene hippuric 

CHEMISTRY. VOL. 46, 1968 

azide (18) gave 20, m.p. 166", yield 44%. 
(b) Alkyliderze Hipprrric Diazides 
The reaction was carried out as above using 2a to  give 

6a, m.p. 211-213" (decomp.), yield 48%. The latter 
proved to be 5-phenyltetrazole by melting point and 
mixture melting point with an authentic specimen (10). 
Similarly isopropylidene anisuric diazide 2c gave 5- 
anisyltetrazole 6c, m.p. 233" (lo), yield 54%, and cyclo- 
hexylidene hippuric diazide (2d) gave 5-phenyltetrazole, 
m.p. 21 1-213 "C, yield 67 %. 
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Thermal rearrangement of methyl cis-2-alkylcyclopropanecarboxylatesl 

DONALD E. MCGREER AND NORMAN W. K. CHIU 
Departnzent of C/~emistry, University of Britislz Columbia, Vancouver, British Colunlbia 

Received January 17, 1968 

Seven alkyl substituted methyl cyclopropanecarboxylates with an alkyl group cis to the ester group 
have been found to ring open to the isomeric y,b-unsaturated ester through a 1,5-hydrogen shift upon 
heating to 259.4 "C in a sealed tube. Methyl cyclopropanecarboxylates which do not have a cis 2-alkyl 
group are unaffected when heated for longer periods at this or higher temperatures and thus a simple 
method for determining geometrical isomers in this series is now available. The reactions are first-order, 
with AH.1 between 25 and 38 kcal/mole and AS7 between -8 and -37 e.u. This and other information 
fully supports a cyclic hydrogen transfer mechanism. 
Canadian Journal of Chemistry, 46, 2217 (1968) 

In an earlier communication (1) we described 
a thermal rearrangement of methyl cis-2- 
alkylcyclopropanecarboxylates2 which did not 
take place for the isomeric trans esters. A 
number OF other systems which are directly 
related to the ester rearrangement can be 
represented by the reaction 1 -> 4. Anhydrides 
(2), ketones (3-6), aldehydes (7), vinyl cyclopro- 
panes (8), N-acylaziridines (9), and possibly 
phenylcyclopropanes (10) are known to react 
in this manner. The most extensive mechanistic 
study to date has been on a series of ketones (4) 
and From this work enolene intermediates (3) 
are strongly indicated. Kinetic studies on the 
vinylcyclopropanes (8) and ketones (4) show 
good first-order plots and suggest a highly 
organized intermediate (large negative entropy) 
compatible with the description shown in 2. 
The fact that hydrogen migration occurs only 
when the carbonyl or vinyl group is cis to an 
alkyl group on the vicinal ring carbon has been 
noted in several studies (3-8). 

In the present study we have determined the 

ITaken in part from the P1i.D. Thesis of N. W. K. 
Chiu, September, 1967. 

'Throughout this paper cis will refer to the structure 
having the alkyl group on C-2 cis to the carboniethoxy 
group. 

kinetics for the rearrangement of several alkyl 
substituted methyl cyclopropanecarboxylates. 
From the data presented we are able to standard- 
ize the conditions of the reaction so that cis 
and trans stereochemical evaluations can be 
made with only one isomer at hand and we have 
been able to verify the mechanism proposed 
earlier. 

The compounds studied and the products 
isolated From the rearrangement are shown in 
Table I. Most of the starting materials were 
available From earlier work in this laboratory 
and the others were prepared by standard 
methods as described in the Experimental. 
The products were all isolated in a pure state by 
vapor-phase chromatography and identified as 
described in the Experimental. These reactions 
yielded y,F-unsaturated esters free of any by- 
products and as such are an excellent synthetic 
method. In the case where the alkyl group vic- 
inal to the ester is an ethyl group two products 
were formed (cis- and trans- y,F-unsaturated es- 
ters) depending on which of the hydrogens 
migrates. These could be readily distinguished 
due to the fact that the trans isomer gave the 
characteristic infrared band a t  970 cm-I for the 
trans vicit7al hydrogens on a carbon double 
bond. 
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TABLE I 
Parameters for the thermal rearrangement of a number of methyl cyclopropanecarboxylates" 

tllzb (259.4') AH? AS? 
Methyl 1-cyclopropanecarboxylates R1 RZ R3 R4 Methyl Cpentenoate (18) (h) (kcal/mole) (e.u.) 

CH3 H CH3 H 2,4-Dimethyl (12) 
CH3 H H CH3 Methyl cis- and trans-2-methyl- 

4-hexenoate (13 and 14) 
H H CH3 H 4-Methyl (15) 
CH3 H H H 2-Methyl (16) 
H CH3 H H 3-Methyl (17) 
H H H H  
CH3 CH3 H H 

(18) 
2,3-Dimethyl (19) 

T h e  structural configuration can be represented by: 

H*c";R4 

-t R4CH=CR3CHR2CHR1C02CH3. 
R" ,, COzCH, 

R" 
*Maximum error is estimated to be + 5 % for k corresponding to t-2 kcallmole for AH7 and t-4 e.u. for AS?. 
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Mechanism 
First-order plots of the kinetics, determined on 

samples in sealed tubes where each point is a 
different sample and where the composition of 
the reaction mixture was determined by vapor- 
phase chromatography, gave good straight lines 
as illustrated in Fig. 1. The low degree of scatter 
of the points and the fact that the plots pass 
through the origin fully support the first-order 
kinetics observed and exclude a free radical 
chain process. 

The half-lives at 259.4 "C, the heat of activa- 
tion, and the entropy of activation were calcu- 
lated and are listed in Table I. 

As a further test of the mechanism the trans 
isomers corresponding to structures 6, 8, 9, and 
10 and the isomeric nitriles cis- and trans-1,2- 
dimethyl-1-cyanocyclopropane were heated for 
prolonged periods at 258 "C or higher and in all 
cases no evidence for rearrangement could be 
found. 

The values of A H t  and AS?  are in line with the 
thermodynamic parameters reported for cis-2- 
methyl-1-vinylcyclopropane (8, E, = 31 kcal/ 
mole and A S ?  = - 11.6 e.u.) and 1-acetyl-2,2- 
dimethylcyclopropane (4, A H t  = 30 kcal/mole, 
A S 7  = -10 e.u.). The large negative entropy 
of activation in all examples fully supports an 
ordered transition state as illustrated by structure 
2. The high stability of the trans isomers of 
6, 8, 9, and 10 and of the nitriles also supports 
this transition state, for in these compounds the 
multiple bonds are no longer in the proximity of 
the alkyl group from which a hydrogen must 
migrate. Clearly this proximity is a necessary 
requirement. 

It is therefore possible to discuss the reaction 
in light of this mechanism. The 2-ethyl derivative 
(6) gave two y,&derivatives. Examination of 
Dreiding models of the transition states expected 
for migration of each of the methylene hydrogens 
shows that one (the one that would give the cis 
double bond in the product) has a major steric 
interaction between the methyl of the ethyl 
group and the ring carbons. This or an equiva- 
lent steric factor is not present for the transition 
state that leads to the trans product. The ratio of 
trans:cis in the product of 4.7 : 1 can therefore be 
rationalized. 

We can now compare the rate of formation of 
the trans product ( t , , ,  at 259.4 "C is 15.3 h) 
from 6 with that for the formation of 16 from 8 

with corrections for the statistically faster rate 
due to the three available hydrogens (t,,, at 
259.4 "C is 48.9 h per hydrogen). A faster rate of 
reaction is obtained for migration of a secondary 
hydrogen over that of a primary hydrogen as 
would be expected if bond breaking of the 
C-H bond were important in the transition state 
as proposed by Frey (8) and illustrated by 
intermediate 2. 

The alkyl substituted cyclopropanecarboxy- 
lates studied give a 20-fold variation in rate at 
259.4 "C. Factors which influence this variation 
may be steric or electronic. It is significant that 
in the series 10,9, 8, 6, and 5 increasing substitu- 
tion on C-l and C-2 increases the rate. Substi- 
tution on C-l to C-2 would be expected to 
weaken that bond and thus the breaking of the 
C-l and C-2 bond must also be an important 
feature of the transition state as indicated by 
structure 2. 

The presence of a substituent on C-3 as in 11 
where it is cis to the methyl at C-l clearly 
creates a steric factor in the transition state which 
is unfavorable. This would suggest that for the 
transition state from 11 the cis methyls are 
closer to being fully eclipsed, than in 11, contri- 
buting to a slower rate and larger negative 
entropy. As a corollary we might therefore 
suggest, that for cyclopropanes in general, the 
presence of bulky groups can cause the structure 
to twist away from a fully eclipsed conformation. 

Finally it should be noted that when the 
unsaturated group in 1 is a ketone the reaction 
is faster (compare I-acetyl-2,2-dimethylcyclopro- 
pane with i l l ,  of 4.8 h at 152 "C (4) with 
compound 7). This order suggests ionic char- 
acter in the reaction, related to the greater 
nucleophilic nature of a ketone oxygen than the 
oxygen of an ester carbonyl. The facile rearrange- 
ment of methyl 2,2-dimethyl-1-cyanocyclopro- 
panecarboxylate (I) and 2-methyl-] ,1-diacetyl- 
cyclopropane (5) may also reflect easier bond 
breaking of the C-l to C-2 bond in an ionic 
sense which fits an alternating pattern of 
- ,+ ,- ,+,- ,+ for the 6 atoms in the transition 
state, beginning at the oxygen. 

Conclusions 
In conclusion we can state that the cyclic 

unimolecular mechanism is fully supported for 
the series of cis-2-alkyl-1-cyclopropanecarboxy- 
lates described herein. The lack of reaction for 
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FIG. 1. First-order rate plots for the thermal isomerization of 5. 
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the corresponding trans isomers under more (0.25 mole) of  acetone hydrazone were added over a 
vigorous reaction conditions clearly makes this 10 min period. The mixture was stirred at -25 "C for 1 h 

and then slowly warmed to room temperature. The for determining the residual solids were filtered off and the filtrate evaporated 
chemistry directly when only a single isomer is at  and distilled to give 15 g of the pyrazoline, b.p. 55-56 "C 
hand. Indeed we have based the structural at 0.1 mm. 
assignments for 6 ( l l ) ,  8 (I), and 11 (14) and Anal. Calcd. for C8H1402N: C, 56.47; H, 8.23; N, 

their trans isomers on this reaction. Similarly 16.47. Found: C, 56.30; H, 8.13; N, 16.35. 
The n.ni.r. spectrum confirmed the structure showing 

cis-1~2-dimethy1-1-acety1cyc10propane has been peaks at r 6.27 (ester niethyl), r 8.03 and r 8.79 (doublets 
distinguished from the trans isomer (6). with J,,, = 13.1 HZ for the AB svsteni of the hydrogens 

The most useful method to date for determin- on C - 6 ' a n d  r 8.46, r 8.60, and r 8.64 (rin$ methyls 
ing geometry of cyclopropane derivatives has 
been based on the cyclic anhydride formation 
possible only from a cis-1,2-dicarboxylic acid 
(15). This reaction has been applied in some 
extensive studies recently (16). Cyclopropane- 
carboxylic acids with a hydrogen on the a-carbon 
can be equilibrated in base or thionyl chloride to 
give the more stable configuration (17, 18). 
Steric factors also influence the rate of hydro- 
lysis of cyclopropanecarboxylate esters and this 
has been used to distinguish 8 from its trans 
isomer (19). The use of nuclear magnetic 
resonance (n.m.r.) is promising as the coupling 
constants for vicinal ring hydrogens are greater 
for the cis orientation (8-1 1 Hz) than for the trans 
(5-8 Hz) (see refs. 20-22 for further discussion). 
Although n.m.r. has been used (14, 17) success- 
fully it is frequently limited by the complexity of 
the spectra which often have overlapping signals. 
We anticipate therefore that our new method of 
assigning stereochemical configuration will be 
most useful. 

Experimental 
Boiling points recorded are not corrected and were 

determined by the micro-inverted capillary method. 
Infrared spectra were recorded on a Perkin-Elmer model 
21DB spectrophotometer and were calibrated using the 
1603 cm-'  band of a polyethylene film. The nuclear 
magnetic resonance (n.ni.r.) spectra were determined 
on 20% by volume solutions in carbon tetrachloride 
using a Varian A-60 and/or a Varian HA-100 spectro- 
meter. All samples were separated by a Varian aerograph 
model A-90-P chromatograph and integrations of the 
peak areas were achieved using a disk integrator fitted to a 
Honeywell electronic 15 recorder. 

Compounds prepared or identified elsewhere are 
described in the references cited in Table I. The following 
procedures were used to prepare the remaining cyclopro- 
panes. 

Methyl 1,2,2-Tri1net/1yl-l-cyclopropar1ecarboxylate (5) 
The 3,5,5-trimethyl-3-carbomethoxy-I-pyrazoline used 

to prepare 5 was obtained from the reaction of 2-diazo- 
propane (23) with methyl methacrylate. A mixture of 
58 g (0.25 mole) of silver oxide, 25 g (0.25 mole) of methyl 
methacrylate, and 300 ml of anhydrous ether was cooled 
to -60 "C. While the reaction medium was stirred 18 g 

on C-3 and C-5). Pyrolysis of 12.5 g of 3,5,5-trimethyl-3- 
carboniethoxy-1-pyrazoline at 90-100 "C gave 9.5 g of 
product which when analyzed by v.p.c. using a dinonyl 
phthalate column at 158 "C gave two products: 

(i) Methyl 1,2,2-trimethyl-1-cyclopropanecarboxylate 
(S), 85%, b.p. 148.5 "C, nDZ5 1.4280 with n.m.r. (20% in 
benzene) peaks at r 6.57 (ester methyl), r 8.74, r 8.87, 
and r 9.01 (ring niethyls) and r 8.58 and r 9.74 (doublets 
with J,,, = 4.6 Hz for the AB system of the hydrogens on 
C-3). 

Anal. Calcd. for C8H1402: C, 67.57; H, 9.93. Found: 
C, 67.69; H, 9.88. 

(ii) Methyl trans-2,4-dimethyl-2-pentenoate, 15 %, b. p. 
164.5 "C, nDZ5 1.4366 (lit. (24), b . p  49-50 OC at 10 mm, 
nDZ0 1.4383). The trans geometry is based on coniparison 
with the cis isomer available by an independant synthesis 
(25). 

Anal. Calcd. for C8Hl,02: C, 67.57; H, 9.93. Found: 
C, 67.85; H, 9.71. 

Met/zyl2,2-Din~et/~yl-l-cyclopropnr2ecarboxylnte (7) 
The 5,5-dimethyl-3-carbometlioxy-1- and 2-pyrazoline 

used to prepare 7 were obtained from the reaction of 
2-diazopropane with methyl acrylate. The crude pyrazo- 
line which was clearly a mixture of the 1-  and 2-pyrazo- 
lines as indicated by n.ni.r. was not further purified but 
was pyrolyzed directly to give a pyrolysis ni~xture which 
was separated on a dinonyl plithalate colunin at 165 "C 
to give two coniponents. 

Methyl 2,2-dimethyl-1-cyclopropanecarboxylate (7), 
26%, was the major compound in the more volatile 
component. However niethyl cis-4-methyl-2-pentenoate, 
4%, was also present and could not be removed. This 
component however did not interfere with the identifica- 
tion of 7 nor the kinetics on 7. 

Anal. Calcd. for the mixture C7H1202: C, 65.49; H, 
9.45. Found: C, 65.37; H, 9.62. 

The n.m.r. spectrum of 7 showed peaks at r 6.37 
(ester methyl), r 8.81, and r 8.86 (ring methyls), r 8.50, 
r 9.21, and about r 8.95 (ring hydrogens on C-1, C-2 cis, 
and C-2 trnrls showing J,,,, = 4.0 Hz, J,,, = 8.1 Hz, and 
J,,, = 5.1 Hz) in accord with that of the corresponding 
acid (22). 

Methyl traru-4-methyl-2-pentenoate, 70%, b.p. 150 "C, 
nDZ2 1.4298 had the expected n.m.r. spectrum (25) in 
addition to the infrared band at 990 cm-' characteristic 
of a tram H-C=C-H unit. 

Anal. Calcd. for C7H1202 : C, 65.49; H, 9.45. Found: 
C, 65.39; H, 9.44. 

cis- and trar1s-1,2-Dir~~er/1~~l-l-cya1~oc~~clopropa11e 
Addition of a solution of diazoethane in ether to 

methacrylonitrile gave on evaporation of the solvent a 
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mixture of cis- and trans-3,5-dimethyl-3-cyano-1-pyrazo- 
line. Pyrolysis of 10 g of this pyrazoline mixture at 100 "C 
gave a product which showed three components when 
analyzed on a dinonyl phthalate column at 145 "C. The 
components were assigned structures by comparison of 
the physical data with those found for the corresponding 
esters isolated from an analogous reaction (14). 
trans-1,2-Dimethyl-1-cyanocyclopropane, 53 %, b.p. 

137.5 "C, nDz6 1.4179 showed no n.m.r. signals below 
7 8.65. 

Anal. Calcd. for C6HgN: C, 75.74; H, 9.54; N, 14.72. 
Found: C, 75.82; H,  9.67; N, 14.92. 

cis- 1,2-Dimethyl-1 -cyanocyclopropane, 44 %, b.p. 
149 "C, nDZ6 1.4238 showed no n.m.r. signals below 7 8.50. 

Anal. Calcd. for C6H,N: C, 75.74; H, 9.54; N, 14.72. 
Found: C, 75.72; H,  9.80; N, 14.82. 

y,6-Unsaturated Esters 
Samples of the cyclopropane esters 5 to 11 were heated 

at 280 "C until n.m.r. or v.p.c. showed rearrangement to 
be nearly complete. Separation by v.p.c. from any remain- 
ing starting material gave the pure y,6-unsaturated ester. 

Methyl 2,4-dimethyl-4-pentenoate (12), b.p. 155 "C, 
tlDZ4 1.4228 (lit. (26), b . p  51 OC at 12 mm, nDZO 1.4270) 
from 5 was separated on a didecyl phthalate column at 
150 "C to give a relative retention time of 1.13 with 
respect to 5. 

Anal. Calcd. for CsH140Z: C, 67.57; H, 9.93. Found: 
C, 67.42; H,  10.14. 

The n.m.r. spectrum was consistent with this assign- 
ment showing peaks at  7 5.31 (terminal olefinic hydro- 
gens), 7 6.41 (ester methyl), 7 7.2C8.10 (multiplet for 
hydrogens on C-2 and C-3), 7 8.31 (methyl on C-4), 
7 8.91 (doublet for the methyl on C-2 with J = 6.5 Hz). 

Methyl cis-2-methyl-4-hexenoate (13), b.p. 164.5 "C, 
nDZ6 1.4261, 17.5 % from 6 was separated on a diethylene 
glycol succinate column at 153 "C and gave a relative 
retention time of 1.41 with respect to the trans isomer (14). 

Anal. Calcd. for CaHl4OZ: C, 67.57; H, 9.93. ~ o u n d :  C, 
67.33: H. 9.97. 

 he n.h.r. spectrum showed peaks at 7 4.25 to 7 4.95 
(multiplet for the olefinic hydrogens), 7 6.40 (ester 
methyl), 7 7.35 to 7 8.05 (multiplet for the hydrogens on 
C-2 and C-3), 7 8.39 (doublet for the hydrogens on C-6 
with J = 5.7 Hz) and 7 8.88 (doublet for the methyl on 
C-2 with J = 6.3 Hz). 

Methyl tratrs-2-methyl-4-hexenoate (14), b.p. 161 "C, 
nDZ6 1.4225, 82.5% from 6, was distinguished from the 
cis isomer 13 by the presence in its infrared spectrum of a 
band at 973 cm-I characteristic of tratls vicinal disub- 
stituted olefins. 

Anal. Calcd. for CaHl4Oz : C, 67.57; H ,  9.93. Found: C, 
67.36; H, 10.00. 

The n.m.r. spectrum showed peaks at  7 4.50 to 7 5.00 
(multiplet for the olefinic hydrogens), 7 6.41 (ester methyl), 
r 7.50 to 7 8.10 (multiplets for the hydrogens on C-2 
and C-3), 7 8.36 (doublets for the hydrogens on C-6 with 
J = 4.7 Hz) and 7 8.96 (doublet for the methyl on C-2 
with J = 6.5 Hz). 

The final ratio of trans:cis of 4.7:l corresponded well 
with the ratio observed after partial reaction during 
kinetic runs where values of 4.5, 5.0,5.2,4.8,4.0, and 5.3 
were observed. Heating of 13 and 14 at  296 "C for 20 h 
gave only about 5 %  conversion of each isomer into the 

other. It is interesting to note that this cis + trans 
isomerization is not accompanied by any double bond 
migration (25). 

Methyl 4-methyl-4-pentenoate (15), b.p. 149 "C, 
tlDZ3 1.4230 was prepared from 7. This experiment was 
complicated by the fact that 7 contained 15 % of methyl 
cis 4-methyl-2-pentenoate which under the reaction 
conditions isomerized to methyl 4-methyl-3-pentenoate 
(25). On a dinonyl phthalate column at 155 "C the 
starting material 7, the product 15 and the 3-pentenoate 
had retention times of 14.7, 18.9, and 23.3 respectively. 

Anal. Calcd. for 15, C7H,,0Z: C, 65.49; H, 9.45. 
Found: C, 65.67; H, 9.53. 

The n.m.r. spectrum of 15 showed peaks at 7 5.20 
(broad singlet for the terminal olelinic hydrogens), 
7 6.35 (ester methyl), 7 7.64 (singlet for the hydrogens on 
C-2 and C-3), and 7 8.25 (broad singlet for the methyl o n  
C-4). 

Methyl 2-methyl-4-pentenoate (16), b.p. 137.5 "C, 
nDZZ 1.4156 from 8 was isolated using a dinonyl phthalate 
column at 140 "C. 

Anal. Calcd, for C7Hl,02: C, 65.49; H, 9.45. Found: 
C, 65.68; H, 9.57. 

The n.m.r. spectrum showed peaks at 7 4.15, to 7 4.85 
(multiplet for the C-4 oiefinic hydrogen), 7 5.05 and 
7 5.26 (broadened multiplets for the terminal olefinic 
hydrogens), 7 6.49 (ester methyl), r 7.35 to 7 8.10 (multi- 
plet for the hydrogens on C-2 and C-3), and 7 8.97 
(doublet for the methyl on C-2 with J = 6.5 Hz). 

Methyl 3-methyl-4-pentenoate (17), b.p. 137.5 "C, 
tzDz4 1.4152 from 9 was isolated using a dinonyl phthalate 
column at 150 "C. 

Anal. Calcd. for C7HlZOz: C, 65.49; H, 9.45. Found: 
C, 65.58; H, 9.45. 

The n.m.r. spectrum showed peaks at  7 4.22, 7 4.95, 
and 7 5.18 (broad multiplets for the olefinic hydrogens), 
7 6.41 (ester methyl), 7 7.35 (multiplet for the hydrogen on 
C-3), 7 7.76 and 7 7.76 (overlapping doublets for the 
nonequivalent methylene at C-2 with J = 8.6 and 5.8 
Hz respectively), and 7 8.97 (doublet for the methyl on 
C-3 with J = 5.3 Hz). 

Methyl 4-pentenoate (la), b.p. 125.5 "C, nDZZ 1.4148 
was obtained from a mixture of 10 and its trans isomer, 
determined by the OCH, peak of the n.m.r. at 100 MHz 
to be in the proportions 28:72 respectively (the OCH, of 
the cis ester appears at lower field). Attempts to separate 
these isomers have been unsuccessful except on capillary 
columns. The methyl 4-pentenoate was separated from 
the methyl trans-2-methylcyclopropanecarboxylate on a 
Ucon polar column at 92 'C and had a relative retention 
time of 0.85 and gave the following analysis. 

Anal. Calcd. for C6HlOOz: C, 63.11; H, 8.84. Found: 
C, 62.90; H, 8.81. 

The n.m.r. spectrum showed peaks at  7 4.09, 7 4.84, 
and 7 5.08 (multiplets for the olefinic hydrogens), r 6.45 
(ester methyl) and 7 7.62 and 7 7.67 (singlets for the 
hydrogens on C-2 and C-3). 

Methyl 2,3-dimethyl-4-pentenoate (19), b.p. 151.5 "C, 
nDz3 1.4212 was obtained by heating a mixture of methyl 
cis,trans-1,2,3-trimethylcyclopropanecarboxylate and its 
isomer with the methyls all .cis (14). Separation on a 
didecyl phthalate column at 168 "C gave pure 19 with 
a relative retention time of 0.93 with respect to the 
unchanged isomer with all methyls cis. 
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Anal. Calcd. for C8H1402: C, 67.57; H, 9.93. Found: The first-order rate constant at various temperatures used 
C, 67.71; H, 9.91. for calculation of Am and AS? are listed in Table 11. 

The n.m.r. spectrum of 19 showed peaks at r 4.31, The major factor contributing to errors is believed to 
r 4.92 and r 5.14 (multiplets for the olefinic hydrogens), be in the control of the temperature which with a k0.5 " 
r 6.38 (ester methyl), r 7.64 (multiplets for the hydrogens range can amount to as much as + 5 % error in the rates. 
on C-2 and C-3), r 8.94 and r 9.01 (doublets for the The low degree of scatter in the plots suggests that 
methyls on C-2 and C-3 with J = 6.7 and 6.6 Hz respec- other errors are minimal. 
tively). 
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Thermal rearrangement of a,P- to P,r-unsaturated esters. Evidence for a 
l,%hydrogen transfer mechanism' 

DONALD E. MCGREER AND NORMAN W. K. CHIU 
Depurttnent of Chemistry, University of British Columbia, Vancouver, British Colicmbiu 

Received January 17, 1968 

Methyl cis-4-methyl-2-pentenoate (1) has been found to rearrange at 252 "C by a simple first-order 
and presumably unimolecular mechanism to  methyl 4-methyl-3-pentenoate (3) with a rate constant k of 
4.28 x s-'. The heat of activation AH?, was determined to be 37.5 + 2 kcal/mole and the entropy 
of activation, AS?, was determined to be -8.2 + 4 e.u. These activation parameters and the steric 
requirements of the reaction support a mechanism involving a cyclic 1,5-transfer of hydrogen. Studies 
on the isomerization of methyl cis-2-pentenoate, methyl cis-2,4-dimethyl-2-pentenoate, and methyl 
cis-2-methyl-2-pentenoate to the corresponding 3-pentenoates suggest that the 1,Shydrogen transfer 
mechanism could well be general for the equilibration of a#- and p,y-unsaturated esters. 

An isopropyl group cis to a methyl or a carbomethoxy group on a double bond is shown by nuclear 
magnetic resonance to prefer a conformation with the methyls of the isopropyl group held away from 
the methyl or carbomethoxy group. A cis hydrogen does not restrict the conformation of the isopropyl 
group. 

Canadian Journal o f  Chemistry, 46, 2225 (1968) 

The equilibrium and kinetics of cis-trans a,P-Unsaturated esters when heated to about 
olefin interconversions in the gas phase and in 300 "C equilibrate to give cis and trans a,P- 
solution have received much attention in recent isomers and P,y-isomers (8). Possible reaction 
years (1). Equilibrium is normally established in paths can be represented by reactions 1,2, and 3. 
the presence of a catalyst and under such Although reactions 2 and 3 might be catalyzed 
conditions positional isomers, where possible, 
are also formed (2, 3). This feature of catalyzed cis L Y , ~  A trans a , ~  
equilibrations has been exploited by many % 
workers to evaluate steric factors and the 
conjugative effects due to alkyl, carbalkoxy, and 
related groups on olefin stability (3-5). In many 
cases, however, the positional isomerization is 
an interfering side reaction. This is particularly 
so in kinetic studies on cis-trans interconversions 
which are expected to be unimolecular (6, 7). 
The positional isomerization reaction is usually 
catalyzed on the wall or by free radicals, acids, 
or bases. 

reactions, we have found little evidence for 
decomposition or catalytic effects below 300 "C. 
On the other hand the positional isomerism 
might well be expected to occur by a unimolec- 
ular 1,5-transfer of hydrogen as illustrated by 
reaction 4. This would be possible for the cis 

a,p-isomer (reaction 2) but not for the trans must be cis, suggesting a 1,5-hydrogen transfer 
a,p-isomer (reaction 3). Analogous reactions in mechanism (9). Similarly cis-2-methylvinylcyclo- 
the literature support 4 as a possible reaction 
path. Stereochemical evidence has been presented \c/" q ! 2  CH 
for the reversible isomerization of 1,3-dienes that ,c- ;i \c $- 

>=c ' \c-c// requires that an alkyl group and a vinyl group \ / \  

'Taken in part from the Ph.D. Thesis of N. W. K. Chiu, propane ring opens by a 1,5-transfer of hydrogen 
September, 1967. while the trans isomer does not (10). The reaction 
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FIG. 1. First-order rate plots for the thermal isomerization of 1. 
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McGREER AND CHIU: THERMAL REARRANGEMENT OF u,P- TO P,y-UNSATURATED ESTERS 2227 

of methyl cis-2-alkylcyclopropanecarboxylates is reaction 4 for the positional isomerization of 
now known to follow a similar path (1 1). unsaturated esters. 

To our knowledge the 1,5-transfer of hydrogen 
as illustrated by reaction 4 has not been demon- 
strated for esters or ketones although the related 
photochemical reaction has been observed (12, 
13). The reason for this is that it is difficult to 
isolate reaction 2 from reaction 1. We have now 
studied some systems that verify the existence of 

Results 

Methyl 4-Methyl-2- and 3-pentenoates 
Methyl cis- and trans-4-methyl-2-pentenoate 

(1 and 2) were prepared in 46% yield by a 
modified Wjttig procedure using trimethyl phos- 
phonoacetate and isobutyraldehyde which gave 
1 and 2 in the ratio of 31 :69. The P,y-isomer, 
methyl 4-methyl-3-pentenoate (3) was prepared 
by heating 1 at 297 "C for 3 h and thereby 
converting it to a mixture of 1, 2, and 3 con- 
taining over 97 % of 3. 

Equilibration studies were carried out on 1, 2, 
and 3 by heating small samples sealed at atmos- 
pheric pressure in 4 mm O.D. pyrex tubes. The 
results are listed in Table I. Equilibrium was 
reached from 1 and 2 and at 297 "C the equilib- 

rium ratio was found to be 2: 18 :80 for 1, 2, and 
3 respectively. 

TABLE I 
Thermal rearrangement of methvl 
4Gethyl-2- and 3-pentenoates (1, 

2, and 3) at 297 "C 

Products 
Initial Time 
ole& (h) 1 2 3  

'Temperature 259 OC. 

Two features of the preequilibrium analyses 
are of note. 1 and 3 rapidly reach equilibrium 
while 2 isomerizes slowly when it is heated and 
builds up slowly when 1 or 3 is heated. Clearly 
for this system k, and k-, are fast compared to 
k1 and k-, or k, and k-,. Prolonged heating of 
this system gave little decomposition and good 
recovery of the isomeric components. This 
encouraged us to follow reaction 2 kinetically. 

Samples sealed at atmospheric pressure were 
heated at 240.4, 252.0, and 259.4 "C and were 
removed as required for analysis by vapor-phase 
chromatography. The reaction 1 -> 3 was treated 
as an irreversible reaction in which the side 
reactions due to 1 -> 2 and 3 +- 2 are assumed 
negligible. The resulting data when plotted 
according to first-order kinetics gave good 
straight lines (Fig. 1) to over 70% reaction. The 
rate constants found were 1.86 x s - l  at 
240.4 "C, 4.28 x s-' at 252.0 "C, and 7.06 
x s-' at 259.4 "C. Inclusion of the back 
reaction 3 + 1 in the calculation of k, at 259.4 "C 
raised k, to 7.22 x s-l. The maximum 
error in k, is expected to be in the control of the 
temperature which was to +0.5 "C leading to a 
maximum error of 5 % for k,. The heat of acti- 
vation, AH?, obtained from a three point 
straight line plot was 37.5 + 2 kcal/mole and the 
entropy of activation, AS?, was found to be 
-8.2 + 4 e.u. 
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2228 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

In the reaction 1 -+ 3 reaction 2 is essentially TABLE I1 

complete before reaction 1 and 3 become Thermal rearrangement of methyl 
important. Reaction 2 is first order and presum- 2- and 3-pentenoates (4, 5, and 6) 

at 259 "C 
ably unimolecular. The absence of decomposi- -- 

tion and the absence of induction even in the Products 
presence of oxygen sealed in with the air are Initial Time 

olefin (h) consistent with a unimolecular process. The fact 4 5 6 
-- 

that k ,  >> k ,  supports the postulate that 1 -+ 3 4 5 86 2 12 
occurs by a 1,5-transfer of hydrogen as illus- 4 22 46 6 48 

4 45 17 11 72 
trated in reaction 4. This is also supported by the 4 6 1 14 12 74 
activation parameters which are quite similar in 4 84 10 18 73 
magnitude to those found in the analogous 1,5- 4 106 9 20 71 

4 135 9 25 66 
transfer of hydrogen in methyl cis-2-alkylcyclo- 4 180 8 30 62 
propanecarboxylates ( I  1). I t  is not clear from 4 328 6 42 52 
these results whether k ,  is particularly small, 5 17 1 90 9 

5 26 2 81 17 
however comparison with further results below 5 64 4 61 35 
suggests that it is. 5 328 6 42 52 

6 17 9 12 79 
Methyl 2- and 3-Pentenoates 6 26 9 16 75 

6 41 8 27 65 
Methyl cis-2-pentenoate (4) and methyl trans- 6 64 8 31 61 

2-pentenoate (5) were isolated from the product 6 328 6 42 52 -- 
from pyrolysis of 5-methyl-3-carbomethoxy-1- 
pyrazoline as reported earlier (8). Methyl trans- trans-cis isomerization (19% reacted in 26 h a t  
3-pentenoate (6) was isolated from equilibrium 259.4 "C). At the same time the conversion of 4 
mixtures of 4,5,  and 6 obtained by heating 4 a t  to 6 (14% reacted in 5 h at 259.4 "C) is slower 
270 "C for 50 h. than the conversion of 1 to 3 (73 % reacted in 5 h 

Equilibration studies were carried out on 4, 5, a t  259.4 "C). This latter fact follows in line with 
and 6 and these results are presented in Table 11. the observation that a secondary hydrogen is 
Equilibrium was reached from 4, 5, and 6 and more readily transferred to  the ester carbonyl 

than is a primary hydrogen in the 1,5-hydrogen 
C02CHI  +C02CH3 

'73/ transfer ring opening of methyl cis-2-alkylcyclo- 
f l C O & H 3  propanecarboxylates (11). In this case the 

4 5 6 tertiary hydrogen of 1 is more readily transferred 
than the secondary hydrogen of 4. 

at 259 "C the equilibrium ratio was found to  be 
6:42:52 for 4, 5, and 6 respectively. Although a Methyl 2,4-Dimethyl-2- a11d3-pentenoates 

cis fj,y-unsaturated ester is possible here it was Methyl cis- and trans-254-dimethyl-2-penteno- 

not detected. ate (7 and 8) were prepared in 83 % yield by the 

It is not possible to separate reaction 2 from procedure used to prepare and 2 except that an 

reactions 1 and 3 in this case as they have similar c l - ~ h o s ~ h o ~ o ~ r ~ ~ i o ~ a t e  was used. 234- 

rates. I t  is apparent however that k ,  > k ,  since dimethyl-3-pentenoate (9) was prepared heat- 

4 and 6 reach equilibrium with each other earlier ing 7 for 5 days a t  281 "C. The resulting mixture 
than 5 reaches equilibrium with either 4 or 6. contained Over 90% 9- 
~ - , i ~  permits 6 to reach a maximum when 4 is Examination of the equilibrium data in Table 

used as the starting material which then falls off I11 shows that both reactions 1 and 2 are slower 

as 5 increases. This is illustrated graphically in 
Fig. 2. On the other h'and isomer 5 reacts slowly 
enough that it gives directly a near equilibrium 
mixture of 4 and 6. These results are compatible 9 
with 5-giving 4 in a slow step followed by con- 
version to 6 in a fast step. than experienced in the series 1, 2, and 3. Above 

Compared with the reaction of 2 (8 % reacted 300 "C decomposition and polymerization be- 
in 24 h a t  297.4 "C), 5 more readily undergoes comes extensive. T o  obtain equilibrium values it 
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t (h) 
FIG. 2. Isomsrization of methyl cis-2-pentenoate (4). 

TABLE I11 

Thermal rearrangement of methyl 2,4- 
dimethyl-2- and 3-pentenoates (7, 8, 

and 9) at 297 "C 

Products 
Initial Time 
olefin (h) 7 8 9 

7 151 
7:8 (70:30) 360 
7:8 (60:40) 360 
ref. (14) 

8 83 
8 151 
8 174 
9* 36 
9* 155 
9 83 
9 151 

28 2 70 
17 2 81 
10 4 86 
9 7 84 
8 33 59 
7 39 54 
7 38 55 
3 75 22 
3 70 27 
4 68 28 
2 - 98 
6 - 94 
7 - 93 
8 trace 92 

was necessary to observe the trends for mixtures 
containing varying amounts of the trans isomer 
8. The equilibrium was found to be near a ratio 
of 7 :39 :54 for 7, 8, and 9 respectively. Kinstle 
(14) has obtained a similar value of 6:38:56 by 
equilibrating this system in ethylene glycol in the 
presence of sodium glycolate at 195 "C for 87 h. 
During the base-catalyzed equilibration by 
Kinstle a fourth isomer 2,4-dimethyl-4-penteno- 
ate which is a y,S-unsaturated ester builds up to 
17 % of the total product. No evidence for such 
an isomer was found in our work. 

Since k, << k, it was again possible to deter- 
mine k, from the first-order plot of the dis- 
appearance of 7 and k, was found to be 0.91 x 

s-' at  272.2 "C, 1.27 x s-' at 
283.7 "C and 2.98 x lop5  s-' at 297.4 "C. These 
constants however did not yield a linear acti- 
vation energy plot and calculations based on 
pairs of points gives AH? anywhere from 16 to 
38 kcal/mole. Possibly side reactions are inter- 
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fering at the high temperatures required making 
the data less reliable, however this is not appar- 
ent in the rate plots. 

Qualitatively, however, it is interesting to note 
the effect of additional substitution 011 the a -  
carbon. The value of k, for the reaction of 1 
when extrapolated to 272.2 "C is 16.5 x lo-' 
s-' corresponding to an 18-fold increase when 
compared with the k, value of 0.91 x l o p 5  s-' 
for the reaction of 7. This fact may reflect a 
steric hindrance in the reaction of 7 due to  the 
a-methyl which would affect the ease with which 
the methoxyl of the ester might assume planarity 
with the double bond as required by reaction 4. 

Methyl 2-Methyl-2- and 3-pentenoates 
Methyl cis- and tra1zs-2-methyl-2-pente1loate 

(10 and 11) and methyl trans-2-methyl-3-pen- 
tenoate (12) have also been studied qualitatively. 

the corresponding values of 6.9 and 7.3 Hz found 
in cis- and trans-crotonate respectively (16). If 
however Y is CH, (8) or CO,CH, (1 and 7) then 
the coupling constants are 9.6, 9.2, and 9.6 Hz 
respectively. These values clearly reflect a con- 
formational preference by the isopropyl group 
towards the form with the coupled hydrogens 
trans and indicate some steric interaction be- 
tween the methyls of the isopropyl group and Y. 
This steric interaction however is expected to be 
small and to  have little influence on the ground 
state energy of systems where i t  exists. Evalu- 
ation of the steric factor due an isopropyl group 
cis to a methyl compared with a methyl cis to a 
methyl showed little difference between these 
groups (17). 

The effect of the conformational preference of 
an isopropyl group is also noticeable from the 
chemical shift of the methine hydrogen which 
for 1 is 1.19 T to lower field than in 2 and for 7 
is 0.61 T to lower field than 8. The corresponding 
shift in methyl cis- and trans-crotonates is 0.26 AT 
(16). This difference is undoubtedly due to the 
closer net distance between the methine hydrogen - - 

Equilibrium could not be reached satisfactorily and the carbonyl group in 1 and 7, than the net 

a t  297 "C but the equilibrium ratio approached distance between the hydrogens on the methyl 

the value of 15:55:30 for 10,11, and 12. The rate and the carbonyl in cis-crotonate. A steric inter- 

constants k ,  and k, at  297.4 "C are sufficiently action between the a-methyl and the carbo- 

close to each other that conversion of 10 to 12 methoxy group has been suggested above, for 

followed with time gives a maximum value for kinetic reasons, in discussing the reaction 7 -z 9 

12 of 42 % only slightly above the equilibrium and may also be the factor contributing towards 

value. This implies a reduction in k, due to the the difference between the values of 1.19 AT and 

methyl on the a-carbon similar to that noted 0.61 AT found for these related systems. 

above for the reaction of 7. 

Nuclear Magnetic Resonance Results 
The n.m.r. spectra of all new compoutlds are 

recorded in the Experimental. The data provide 
an extension to some data originally assembled 
by Jackman and Wiley (1 5) which form the bases 
of much useful stereochemical work. Of partic- 
ular interest in the present series of compounds 
is the magnitude of the vicinal coupling constant 
between the methine hydrogen of a P-isopropyl 
group and the P-hydrogen illustrated in structure 
13. When Y is hydrogen (2) this coupling is 6.5 
Hz which is a normal value when compared with 

Conclusions 
Equilibrium 

Many studies have attempted to correlate 
olefin stability with conjugative or steric factors 
(3-5, 18, 19). Our data cannot add much to the 
previous arguments. Some comments, however, 
are in order. In all such discussions the amount 
of cis a,P-unsaturated isomer is assumed negli- 
gible. The present data and the data from earlier 
work on esters (8) show however that the cis 
isomer can be an important member of the 
equilibrium mixture and this is particularly so 
when there is an a-methyl group. The series 
provided by compounds 7, 8, and 9 is of partic- 
ular interest for between each, with three similar 
groups attached to  the carbons of the double 
bond, we might expect to find negligible free 
energy differences due to steric factors. The 
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predominance of the P,y-isomer 9 at equilibrium 
suggests that conjugation with a carbomethoxy 
group need not be considered more important 
for stabilization than conjugation with an alkyl 
group by the double bond. There is also no 
apparent reason why the cis:trans ratio of the 
a,P-unsaturated esters should not be 1 :1 rather 
than 1:5.5. This problem is discussed further 
elsewhere (20). 

Kinetics 
The kinetic results have provided evidence 

that formation of a P,y-isomer from a cis a,P- 
isomer is a unimolecular process and is favored 
over the direct conversion of a trans a,p-isomer 
into a P,y-isomer. This process is undoubtedly a 
cyclic 1,5-transfer of hydrogen and is faster 
when the hydrogen to be transferred is tertiary 
than when it is secondary. The case where the 
hydrogen to be transferred is primary (methyl 
crotonate) has been studied in the gas phase (21) 
but it was not possible from that study to isolate 
reaction 2 and the mechanism for the formation 
of methyl vinylacetate was left in doubt. Two 
facts suggest to us that reaction 4 is general for 
esters and ketones. The first is the ease by which 
equilibrium is achieved between a,P- and P,y- 
unsaturated systems. At the same time positional 
isomerism further along the chain appears to 
require a catalyst. For example the ethyl esters 
corresponding to 7, 8, and 9 on treatment with 
sodium glycolate in ethylene glycol yield up to 
17% of a y,S-isomer (14). We have also found 
that heating y,S-isomers does not lead to posi- 
tional isomers (1 1). We therefore conclude, that 
although reaction 4 has been proven in a limited 
number of cases, that it may in fact be the general 
mode of thermal isomerization for these systems. 

I 

I Experimental 
The techniques used for compound isolation and 

identification as well as the method for carrying out 
kinetics and equilibrium measurements are described in 
the accompanying paper (1 1). Preparation and properties 
of new compounds are given below. 

Methyl cis- and trans-4-Methyl-2-pet~tenoate (1  and 2) 
Trimethyl phosphonoacetate-A mixture of 77 g (0.5 

mole) of methyl bromoacetate and 87 g (0.7 mole) of 
trimethyl phosphite was heated in a 500 ml two-necked, - round-bottom flask equipped with a thermometer and a 
condenser which was connected to a dry-ice acetone trap. 
As the temperature was increased above 80 "C methyl 
bromide began to distill from the reaction and ceased 
when the reaction temperature reached 160 "C after 2 h. 

Distillation of the resulting solution gave 73 g (80%) of 
trimethyl phosphonoacetate, b.p. 85-86 "C at 0.08 mm. 

Anal. Calcd. for C5Hl105P: C, 32.97; H, 6.09. Found: 
C, 32.63; H, 6.37. 

To a suspension of 14.4 g (0.3 mole) of sodium hydride 
(49 % dispersion in oil) in 300 ml of glyme (distilled from 
sodium hydride) was added with stirring at 15-20 "C 
54.6 g (0.3 mole) of trimethyl phosphonoacetate. After 
addition was complete it was stirred at 15 "C for 1 h, then 
warmed to 35 "C for 5 min and cooled to 15 'C. To the 
stirred solution was added 22 g (0.3 mole) of isobutyr- 
aldehyde over a 15 min interval. After 20 min stirring at 
room temperature 200 g of ice was added and the solution 
was extracted with ether. The ether extracts were washed 
with water and dried over anhydrous sodium sulfate. The 
crude product 17.6 g (46%) isolated from the ether was 
shown to contain 1 and 2 in the ratio of 31 :69. Fractional 
distillation through a spinning band column gave 5.2 g, 
b.p. 138-140 "C and 9.2 g, b.p. 148-150 "C. Methyl cis-4- 
methyl-2-pentenoate (I), b.p. 140 'C, nDZ2 1.4225, showed 
infrared bands at 1723, 1650, and 1417 cm-'. The 
nuclear magnetic resonance (n.m.r.) spectrum had peaks 
at r 4.03 (two doublets with J,,, = 11.4 Hz and J l S 2  = 9.2 
Hz for the hydrogen on the 0-carbon), r 4.43 (doublet 
with J = 11.4 Hz for the hydrogen on the a-carbon), r 
6.36 (ester methyl), r 6.35 (multiplet for the methine 
hydrogen), and .r 8.99 (doublet with J = 6.6 Hz for the 
terminal methyls). 

Anal. Calcd. for C7HlzOz: C, 65.59; H, 9.44. Found: 
C, 65.60; H, 9.56. 

Methyl tratzs-4-methyl-2-pentenoate (2), b.p. 150 "C, 
nDZZ 1.4298, showed infrared bands at 1723, 1657, and 
990 cm-'. The n.m.r. spectrum had peaks at r 3.14 (two 
doublets with J,,,,, = 15.8 Hz and J1,2 = 6.5 Hz for the 
hydrogen on the 0-carbon) r 4.32 (two doublets with 
J, ,,,!, = 15.8 Hz and Jl,, = 1.4 Hz), r 6.34 (ester methyl), 
7 7.54 (multiplet for the methine hydrogen), and r 8.91 
(doublet with J = 6.7 Hz for the terminal methyls). 

Metlgvl4-Methyl-3-petzterzoate (3) 
A sample of 1 ml of methyl cis-4-methyl-2-pentenoate 

(1) was heated for 3 h in a sealed tube at 294 "C to give a 
mixture containing over 97% of 3 (analyzed by vapor- 
phase chromatography (v.p.c.) using a dinonyl phthalate 
column at 160 "C). A purified sample of 3, b.p. i53.5 "C, 
nDzz 1.4298 (lit (22), b.p. 145-148 "C at 640 mm, noz5 
1.4302) showed n.m.r. peaks at r 4.75 (multiplet for the 
vinyl hydrogen), r 7.08 (doublet with J = 7.2 Hz for the 
C-2 methylene hydrogens), r 6.40 (ester methyl), .r 8.26 
and 8.37 (for the C-4 methyls). 

Anal. Calcd. for C7HI2O2: C. 65.59; H, 9.44. Found: 
C, 65.49; H, 9.55. 

Methyl cis- and trans-2,4-Dimethyl-2-perttenoate (7and 8)  
The procedure used to make 1 and 2 was followed 

except that triethylphosphite was reacted with methyl a-  
bromopropionate to give the Wittig reagent methyl C- 
methyl-P-diethyl-a-phosphonopropionate, b.p. 62-65 "C 
at 0.15 mm which was reacted with isobutyraldehyde. 
The conditions of the reaction gave trans esterification 
and thus yielded both ethyl and methyl ester products. 
The combined ester product was hydrolyzed with 30% 
potassium hydroxide solution and the acidified solution 
was extracted with ether. The dried ether solution was 
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treated with diazomethane to give on evaporation a good 
yield of a mixture of 7 and 8 in the ratio of 71 :29. 

Methyl cis-2,4-dimethyl-2-pentenoate(7), b.p. 149.5 "C, 
nDzs 1.4308 (lit. (23), b.p. 58-59 "Cat 23 mm, nDzO 1.4328) 
had n.m.r. peaks at r 4.38 (two quartets with JlSz = 9.6 
Hz and J1,, = 1.4 Hz for the hydrogen on the (3-carbon), 
7 6.32 (ester methyl), r 6.75 (multiplet for the methine 
hydrogen), r 8.18 (doublet with J = 1.4 Hz for the 
methyl on the a-carbon), and r 9.04 (doublet with J = 6.7 
Hz for the terminal methyls). 

Anal. Calcd. for C~H140:  C, 67.57; H, 9.93. Found: 
C, 67.38; H, 10.00. 

Methyl trans-2,4-dimethyl-2-pentenoate (a), b.p. 165 "C 
nDzs 1.4365 (lit. (23), b.p. 49-50 "Cat 10 mm, nDZ0 1.4383) 
had n.m.r. peaks at r 3.51 (two quartets with J1.z = 9.6 
Hz and J1,, = 1.4 Hz for the hydrogen on the 0-carbon), 
r 6.33 (ester methyl), r 7.36 (multiplet for the methine 
hydrogen), .r 8.20 (doublet with J = 1.4 Hz for the methyl 
on the a-carbon), and .r 8.98 (doublet with J = 6.7 Hz 
for the terminal methyls). 

Anal. Calcd. for CBH140: C, 67.47; H, 9.93. Found: 
C, 67.85; H, 9.71. 

Methyl 2,4- Dimethyl-3-pentenoate (9) 
A sample of 2 ml of methyl cis-2,4-dimethyl-2-penteno- 

ate (7) was heated for 5 days in a sealed tube at 281 "C to 
give a mixture containing over 90% of 9 (analyzed by 
v.p.c. using a dinonyl phthalate column at 160 "C). A 
purified sample of 9, b.p. 159.5 "C, nDz7 1.4280, showed 
n.m.r. peaks at r 4.89 (multiplet for the vinyl hydrogen), 
r 6.38 (ester methyl), r 6.76 (multiplet for the C-2 
methine hydrogen), .r 8.28 and 8.34 (doublets with J = 1.4 
Hz for the terminal methyls) and .r 8.48 (doublet with 
J = 7.1 Hz for the methyl on C-2). 

Anal. Calcd. for CBH140: C, 67.57; H, 9.93. Found: 
C, 67.74; H, 9.92. 

Methyl trans-2-Methyl-3-pentenoate (12) 
A sample of 1 ml of methyl cis-2-methyl-2-pentenoate 

(10) (8) was heated in a sealed tube for 85 h at 294 "C and 
yielded a mixture of 9, 10, and 12 in the ratio of 18:40:42 
(analyzed on a dinonylphthalate column at 152 OC). 
Methyl trarzs-2-methyl-3-pentenoate (12), b.p. 140 "C, 
nDz3 1.4217, (lit. (8), b.p. 139 "C, nDz3 1.4229) had n.m.r. 
peaks at r 4.51 (multiplet for the vinyl hydrogens), .r 6.39 
(ester methyl), r 7.00 (multiplet for the hydrogen on C-2), 
r 8.31 (doublet with J = 6.5 Hz for the terminal methyl), 
and r 8.98 (doublet with J = 7.1 Hz for the methyl on 
C-2). 

Anal. Calcd. for C7HlZOZ: C, 65.59; H, 9.44. Found: 
C, 65.77; H, 9.68. 
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Reaction of chloral with naphthalene, and the synthesis of 
a-methoxynaphthylacetic acids from naphthyl(trichloromethyl)carbinols 

WILKINS REEVE, JOHN C. HOFFSOMMER, AND PATRICK F. ALUOTTO 
Department of Chemistry, University of Maryland, College Park, Maryland 

Received November 20, 1967 

From the Friedel-Crafts reaction of chloral and naphthalene, others have reported the isolation of 
only 2-naphthyl(trichloromethyl)carbinol. Our reexamination of this reaction has shown that a mixture 
of 1- and 2-naphthyl(trichloromethyl)carbinols is obtained and that 80 to 90% of the product consists 
of the 1-naphthyl(trichloromethyl)carbinol. The I- and 2-naphthyl(trichloromethyl)carbinols, their 
acetates, and their methyl ethers differ in their nuclear magnetic resonance (n.m.r.) spectra in that the 
signal of the a-hydrogen of the side chain of the I-naphthyl isomer always occurs 0.8 p.p.m. downfield 
compared to the signal of the a-hydrogen of the corresponding 2-naphthyl isomer. This is because the a- 
hydrogens in the I-naphthyl series of these compounds are in the region between the 1- and 8-posi- 
tions of the naphthalene ring and subject to the ring currents of both benzenoid rings. 

The mixture of crude naphthyl(trichloromethyl)carbinols was converted to the mixture of a-methoxy- 
naphthylacetic acids, and these were separated. A small amount of a,a'-dimethoxy-l,5-naphthalene- 
diacetic acid was also obtained, demonstrating that a certain amount of 1,5-substitution occurred in the 
Friedel-Crafts reaction of naphthalene and chloral. 

Canadian Journal of Chemistry, 46, 2233 (1968) 

The study of the reaction of chloral with 
naphthalene is of some interest because substi- 
tution might occur in either the 1- or 2-positions. 
For instance, acetyl chloride in a Friedel-Crafts 
reaction with naphthalene gives predominantly 
the 1-isomer when carbon disulfide is the solvent; 
but with nitrobenzene as the solvent the 2-isomer 
is formed preferentially, presumably because the 
solvent forms a larger complex with the oxo- 
carbonium ion and steric considerations strongly 
favor attack of this larger complex on the more 
open 2-position (for a review, consult ref. 1). 
Since the chloral molecule is certainly larger than 
the acetyl group, one might expect that substi- 
tution in the 2-position would be favored. 

In the aluminium chloride catalyzed reaction 
of naphthalene with chloral, the amount of 
aluminium chloride employed is a critical factor 
in determining the nature of the products formed. 
Under optimum conditions, a mixture of the 
1- and 2-naphthyl(trichloromethyl)carbinols is 
formed. With more aluminium chloride, or under 
more severe reaction conditions, the reaction 
proceeds beyond the carbinol stage to form a 
mixture of trichlorodinaphthylethanes and de- 
hydrohalogenated products; with less aluminium 
chloride, the reaction is incomplete. The first 
studies on the reaction of naphthalene with 
chloral were carried out with excessive amounts 
of aluminium chloride and none of the naphthyl- 
(trichloromethyl)carbinols were obtained (2). 
More recently, two groups have studied this 

reaction and worked out the conditions for 
obtaining the naphthyl(trichloromethyl)carbinols 
in 24 to 28% yields and they reported the iso- 
lations of only the 2-naphthyl isomer (3-5). This 
was contrary to the results we were obtaining at 
about the same time which showed the reaction 
product to be a mixture of the 1-naphthyl and 
2-naphthyl isomers with the 2-naphthyl(tri- 
chloromethyl)carbino1 the minor component. 

Our work had involved the reaction of naph- 
thalene with chloral and aluminium chloride, 
with nitrobenzene or carbon disulfide as solvents, 
and the conversion of the naphthyl(trich1oro- 
methy1)carbinols to the corresponding mixture 
of a-methoxy-1- and Znaphthylacetic acids. 
These could be separated semiquantitatively and 
formed the basis for our conclusion that the 
reaction occurred predominantly at the l-posi- 
tion of naphthalene. We have now repeated 
our work and the work of the French workers, 
analyzed the carbinol mixture obtained under 
their and our experimental conditions by nuclear 
magnetic resonance (n.m.r.) spectra, and shown 
conclusively that under all reaction conditions, 
the major product is the 1-naphthyl(trich1oro- 
methy1)carbinol. Our results are summarized in 
Table I. 

It is apparent that under all conditions, the 
substitution occurs between 80 and 90% in the 
1-position, and that the choice of solvent does 
play a real but minor role within this range. 

The n.m.r. spectra are of unusual interest 
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TABLE I 
Friedel-Crafts reaction of chloral with naphthalene to form 1- and 2-CIoH,-CHOH-CCI, 

- 

Carbinol mixture 

Naphthalene Chloral AICI, Reaction Yield Ratio 1-12- Method 
(mole) (mole) (mole) Solvent temperature (%) substitution of analysis 

0 .2 0.4 0.06 Nitrobenzene 0" 61 7 to 1 * 
0.2 0 .4  0.06 Nitrobenzene 0" 61 6 t o 1  
0.2 0.4 0.06 Carbon disulfide 0" 56 9 to 1 : 
0.2 0.4 0.04$ Cyclohexane 0" 391 4 t o 1  t 

"By conversion to a mixture of a-methoxy(1- and 2-naphthy1)acetic acids, and by separation of these. 
?By nuclear magnetic resonance. 
$Reaction conditions followed Broquet-Borgel (5) including the use of freshly sublimed aluminium chloride. 

because of certain consistent and pronounced 
differences in the spectra of the 1- and 2-substi- 
tuted naphthalene compounds. Considering first 
the naphthyl(trichloromethyl)carbinols, the side 
chain a-hydrogen for the 1-substituted naphtha- 
lene (1) is found to be shifted almost 0.8 p.p.m. 
downfield relative to the a-hydrogen in the 2- 
substituted naphthalene (2). The same downfield 
shift is observed with the acetates and also the 

I methyl ethers of the two carbinols; in each of 

1 these cases the a-hydrogen signal occurs slightly 

I over 0.8 p.p.m. downfield in the 1-substituted 
naphthalene relative to the 2-substituted naph- 
thalene. This also occurs in the isomeric cr- 
methoxynaphthylacetic acids to the extent of 
0.4 p.p.m. This consistent behavior can be 
explained by placing the hydrogen attached to 
the side chain a-carbon of the 1-substituted 
naphthalenes in the region between the 1- and 
8-positions of the naphthalene ring where the 
ring currents from both rings have a maximum 
effect and cause the larger downfield shift. A 
study of models shows that the 1-substituted 
naphthalenes must have this conformation since 
the larger groups are excluded from this position 
by steric considerations. 

CC'3 

The isomeric methylnaphthalenes exhibit a 
similar pattern of chemical shifts (6), but the 
differences in the chemical shifts of the two 
methyl groups is less than one quarter of that 
observed with the carbinols and their derivatives. 

With the 1- and 2-naphthyl(trichloromethy1)- 
carbinols showing such different chemical shifts 
for the side chain hydrogen, mixtures of the 
isomeric carbinols could be unambiguously and 
accurately analyzed by comparing areas under 
these two peaks. 

Our study of the naphthalene-chloral Friedel- 
Crafts reaction was originally undertaken in the 
expectation of forming the 2-naphthyl(trich1oro- 
methy1)carbinol and converting this to a- 
methoxy-2-naphthylacetic acid by reaction with 
methanolic potassium hydroxide (7). This meth- 
oxy acid might serve as a source of additional 
2-naphthyl compounds difficult to obtain by 
other methods. The sodium hydrogen di-(a- 
methoxy-2-naphthylacetate) is the least soluble 
of the known sodium acid salts of the a-methoxy 
acids (8) and was being studied as a reagent for 
sodium. While the composition of the mixture of 
isomeric carbinols was not as expected, the 
positive achievements of this part of the work 
were the elucidation of the reaction conditions so 
that the mixture of carbinols could be obtained 
in 61 % yield, the conversion of the mixture of 
carbinols to the corresponding mixture of the 
isomeric a-methoxynaphthylacetic acids, and the 
semiquantitative separation of these isomeric 
acids. 

The optimum conditions for the reaction of 
naphthalene with chloral involved treating a 
nitrobenzene solution of 1 mole of naphthalene 
and 2 mole of chloral with 0.3 mole of aluminium 
chloride at 0 OC. The conversion of the carbinol 
mixture to the mixture of isomeric a-methoxv- 
naphthylacetic acids was accomplished by the 
usual procedure involving treatment with meth- 
anolic potassium hydroxide at 50 OC (7) (Reac- 
tion ~Eheme 1). Their separation was accom- 
plished semiquantitatively by taking advantage 
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REEVE ET AL.: REACTION AND SYNTHESIS 

KOH -OCH3 
k CloH7-CH-COO- 

OH 
I 

0CH3 

of the fact that the a-methoxy-2-naphthylacetic 
acid forms a norinal sodium salt insoluble in 2.3 
N sodium hydroxide solution; under the same 
conditions, the isomeric 1-naphthyl salt remains 
in solution. The compositions of the carbinol 
mixtures determined by this two-step chemical 
method are in agreement with the later n.m.r. 
analyses. 

Although the a-methoxy-2-naphthylacetic acid 
forms an insoluble sodium acid salt and the pure 
1-naphthyl isomer does not (8), this difference 
could not be used in their separation. When both 
acids were present, they coprecipitated as a non- 
stoichiometric sodium acid salt mixture from 
which acetone would extract the 1-naphthyl 
isomer only incompletely. Repeated reprecipi- 
tation of the sodium acid salt mixture only 
partially eliminated the 1-naphthyl isomer. 

Since the sulfonation of naphthalene is a 
reversible reaction, and some Friedel-Crafts 
reactions are reversible, attempts were also made 
to convert the 1-naphthyl(trichloromethy1)car- 
bin01 into its 2-naphthyl isomer by heating at  
200 "C for 2 h both with and without hydrogen 
chloride being present. No  isomerization was 
detected. Likewise, no isomerization was detect- 
ed on stirring a carbon disulfide solution of the 2- 
naphthyl(trichloromethyl)carbinol (0.0036 mole) 
with aluminium chloride (0.001 mole) for 24 h 
a t  25 "C. 

From a large scale run with 5 moles of 
naphthalene, 15 g of a crude high-melting acid 
crystallized from a benzene extract of the mixture 
of isomeric acids, and from this by repeated 
recrystallization from several solvents, 1.5 g of 
pure a,al-dimethoxy-1,5-naphthalenediacetic 
acid was obtained. The structure was assigned on 
the basis of analytical data, the infrared spec- 
trum which agrees with that of disubstituted 
naphthalenes having a symmetrical structure 
with three adjacent unsubstituted positions in 
each ring (9), and the n.m.r. spectrum which 
clearly showed both side chain a-hydrogens to 
be equivalent in that they give only a single 
signal at 6 5.57. For comparison purposes, the 
a-hydrogen of a-methoxy-1-naphthylacetic acid 
gives a signal at  6 5.5 and the corresponding 

signal for the a-methoxy-2-naphthylacetic acid 
occurs at  6 5.05. It clearly follows from this and 
from the infrared spectra that the disubstituted 
acid must have the naphthalene ring symmetri- 
cally substituted in the a-positions, and must 
therefore be either 1.5 or 1.8. The latter can be 
eliminated because 1,8 substitution does not 
occur with 1-substituted naphthalenes; also, two 
side chain a-hydrogens could not both fit into the 
same region between the 1- and 8-positions 
and the n.m.r. signals observed would be there- 
fore either a singlet or a doublet upfield from the 
characteristic 6 5.5 position. 

Tetralin has been reported to condense with 
chloral exclusively in the 2-position (3, 5) and 
our work confirms this. Treatment of the 5,6,7,8- 
tetrahydro-2- naphthyl(trichloromethyl)carbinol 
with methanolic potassium hydroxide yielded the 
oily a-methoxy- l,2,3,4-tetrahydronaphthalene-6- 
acetic acid which formed an insoluble sodium 
acid salt. Attempts to dehydrogenate the carbinol 
and also the sodium salt of the methoxy acid to 
the naphthalene analogues were unsuccessful. 

Experimental 
All melting points are corrected. Nuclear magnetic 

resonance (n.m.r.) spectra were recorded with a Varian 
A-60A. Analyses were performed by Mrs. Kathryn G. 
Baylouny, Mrs. Jane R.  Ratka, and Dr. Franz J. Kasler. 

I-Naphthyl(tricl~lor.orr~etl~yl)carbir~ol 
T o  an ether-benzene solution of 1-naphthylmagnesium 

bromide, prepared from 100 g (0.48 mole) of l-bromo- 
naphthalene and 1 2 g  of magnesium, were added 73 g 
(0.48 mole) of anhydrous chloral over a 3 h period. The 
reaction mixture was maintained at ice-bath temperature 
during the addition and then stirred at room temperature 
for 4 h before working up in the usual way. There was 
obtained 77 g (58 % of theory) of the crude carbinol as a 
yellow-orange oil, b.p. 170-190 "C at 6 mm. It was 
purified by conversion to the acetate. 

The acetate was prepared by refluxing 10 g of the crude 
carbinol with 75 ml of acetic anhydride for 3 h, after 
which the reaction mixture was poured into 400 ml of an 
ice and water mixture and stirred vigorously for 30 min. 
The oily layer was separated and allowed to  dry; it then 
solidified. Recrystallization from ethanol-water gave 8 g 
of white crystalline 1-r~apl~rl~yl(tricl~lor.ornetl~yl)r~letkyl 
acetate, n1.p. 82-83 "C. The infrared (i.r.) spectrum (KBr 
pellet) showed absorption bands at  3045, 2980, 1730, 
1360, 1190, 1025, 920, 875, 770, 725, 665, 625, and 605 
cm-I. Signals in the n.m.r. spectrum (in CCI,) appeared 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2236 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

at 6 8.5 to  7.1, multiplet (7 ring protons); 7.28, singlet 
(-CH(0Ac)-); 2.13, singlet (3 protons, -CH3). 

Anal. Calcd. for CI4HIIO2CI3: C, 52.93; H, 3.49; Cl, 
33.49. Found : C, 53.09; H, 3.40; C1, 33.20. 

The acetate was hydrolyzed by refluxing for 8 h a 
solution of 3 g of the acetate in 10 ml of ethanol, 15 ml of 
water, and 10 ml of concentrated hydrochloric acid. After 
separating and drying the yellow-brown oil in a vacuum 
oven, it slowly solidified; 2 g were obtained. Recrystalliz- 
ation from cyclohexane gave white I-naphtl~y/(trichloro- 
methyl)carbit~ol, m.p. 59 OC in agreement with the litera- 
ture value (4, 5). The infrared spectrum of the oil showed 
absorption bands at 3525 (shoulder), 3340, 3055, 2920, 
2845,1600,1510,1395,1350,1260,1230,1205,1165,1075, 
1015,975,870,820,790,770,730,660,635, and 600 cnl-'. 
Signals in the n.m.r. spectrum (in CCI,) appeared at 6 8.2 
t o  7.1, multiplet (7 ring protons) ;  5.97, singlet 
(-CHOH-); 3.42, broad singlet (-CHOH-). 

The carbinol was converted to  its methyl ether by 
treating 5 g of the crude product dissolved in 25 ml of 
methyl iodide with 5 g of silver oxide (for preparation, 
see ref. 10) at 0 "C for 20 11. The oily product solidified; 
recrystallization from aqueous ethanol gave 3 g of rnetl~yl 
I-~~aphtl~y/(trichlorotnet/~yl)tnet~l ether melting at  76 "C. 
The infrared spectrum (KBr pellet) showed absorption 
bands at  3060, 2990, 2910, 2820, 1590, 1510, 1440, 1225, 
1190, 1160, 1100, 1010, 875, 800, 775, 730, 675, 640, 615, 
and 550 cm-'. Signals in the n.m.r. spectrum (con~pound 
dissolved in CCI,) appeared at 6 8.33 to  7.27, multiplet (7 
ring protons); 5.52, singlet (-CH=); 3.40, singlet (3 
protons of -OCH3). 

Anal. Calcd. for Cl3HllOCI3: C, 53.91; H, 3.83; Cl, 
36.72. Found: C, 53.70; H, 3.70; CI, 36.60. 

2-Naphtl1yI(trichlorotnetl1yl)carbit1ol 
This was prepared in the same way as the above 

carbinol. From 45 g of 2-bro~nonaphthalene, there was 
obtained 22 g (37% of theory) of the oily carbinol, b.p. 
180-190 "C at 2 mm. This solidified and was recrystallized 
from petroleum ether giving 14 g of the pure carbinol, 
m.p. 101-102 "C in agreement with the literature value 
(4, 5). The infrared spectrum (KBr pellet) showed absorp- 
tion bands at 3470 (broad), 1590, 1355, 1290, 1230, 1160, 
1120, 1070, 990, 950, 905, 880, 860, 810 to  840, 745, 720, 
660, 615, 565, 515, and 475 cm-'. Signals in the n.m.r. 
spectrum (in CCI,) appeared at  6 8.0 to 7.3, multiplet (7 
ring protons); 5.2, doublet ( J  = 4 c.p.s.) (-CHOH-); 
and 3.37, doublet ( J  = 4 c.p.s.) (-CHOH-). 

The acetate was prepared by refluxing 4 g of the 
carbinol with 40 ml of acetic anhydride for 12 h. On 
pouring into ice-water, 5.5 g of the solid acetate was 
obtained. The 2-11aphtl1yl(trichloromethyl)tnetl1yl acetate 
melted at 110-112 OC after recrystallization from aqueous 
ethanol. The infrared spectrum (KBr pellet) showed 
absorption bands at 3050, 2940, 1750, 1370, 1210, 1170, 
1125, 1060, 930, 905, 865, 840, 820, 790, 740, and 675 
cm-'. Signals in the n.m.r. spectrum (in CCI,) appeared 
at 6 8.2 to 7.3, multiplet (7 ring protons); 6.43, singlet (1 
proton of -CHOAc); 2.18, singlet (3 protons of -CH- 
(OCOCH3)-). 

Anal. Calcd. for Cl4Hl1O2CI3: C, 52.93; H, 3.49; C1, 
33.49. Found: C, 52.75; H, 3.62; C1, 33.30. 

The methyl ether was prepared from the carbinol by 
methylation with excess methyl iodide and silver oxide as 
in the previous case. The tnetl~yl 2-t1apl1tl1y/(tricl1loro- 

tnethy1)methyl ether melted at 49-50 OC after crystalliz- 
ation from ethanol. The infrared spectrum (KBr pellet) 
showed absorption bands at 1600,1450,1330,1265,1190, 
1100, 1000, 905, 880, 865, 840, 810, 750, 725, 670, 625, 
570, 510, and 475 cm-'. Signals in the n.m.r. spectrum 
(in CCI,) appeared at 6 7.9 to  7.2, multiplet (7 ring 
protons); 4.70, singlet (1 proton of -CH(OCH,)-); 
3.43, singlet (3 protons of -CH(OCH3)-). 

Anal. Calcd. for C13H110C13: C, 53.91; H, 3.83; CI, 
36.72. Found: C, 54.20; H, 3.97; C1, 36.43. 

Mixtlrre of I-  ar~d 2-Naphtl1yl(trichlorometl1yl)carbinols 
To a solution of 25.6 g (0.20 mole) of naphthalene and 

60 g (0.40 mole) of anhydrous chloral in 50 ml of nitro- 
benzene, there was added with stirring over a 3 h period a 
solution of 7.8 g (0.06 mole) of aluminium chloride in 50 
ml of nitrobenzene. The temperature was maintained near 
0 "C by means of an ice-bath. After standing overnight, 
the reaction mixture was washed three times with 6 N 
hydrochloric acid to  remove the aluminium chloride, then 
twice with 5 %  sodium carbonate solution to remove 
chloral polymers, and finally with water. The nitrobenz- 
ene was removed by distillation under reduced pressure. 
Five g of calcium carbonate were added to  the residue 
to  lessen decomposition, and the residue was rapidly 
distilled at 1 to 2 mm. The carbinol mixture distilled a t  
150-180 "C/2 mm as a pale-yellow, viscous oil weighing 
34 g (61 % yield). The literature b.p. is 180 "C at 1.5 mm 
(5). The areas of the peaks in the n.m.r. spectrum at 6 
5.97 (I-naphthyl isomer) and 5.2 (2-naphthyl isomer) 
were in the ratio of 85 to 14. This indicates the mixture 
contained the I-naphthylcarbinol and the 2-naphthyl- 
carbinol in the ratio of 6 : l .  Another large peak at 6 
6.45 showed the presence of an. unidentified impurity. 
Since thecarbinol mixture wasconverted into the isomeric 
cc-methoxynaphtl~ylacetic acids (see below) in 76 % yield, 
the amount of impurities was probably under 20 %. 

The experiments with carbon disulfide as a solvent 
were carried out in an analogous manner except that the 
aluminium chloride was added portionwise as a solid 
since it is insoluble in the solvent. 

The experiments with cyclohexane followed the 
published experimental procedures (5). To a solution of 
26 g (0.20 mole) of naphthalene and 60 g (0.40 mole) of 
anhydrous chloral in 150 ml of cyclohexane, there was 
added with stirring over a 3 11 period, 5 g (0.04 mole) of 
freshly sublimed aluminium chloride. The temperature 
was maintained at 0 OC throughout the entire addition 
period. After the addition, the mixture was allowed to 
warm up to room temperature and stirring was continued 
for 8 h before decon~posing the reaction mixture with 
cold 6 N hydrochloric acid. There was obtained 22 g 
(39 %yield) of the mixture of carbinols as a yellow viscous 
oil distilling at 170 "C at 1 mm. The areas of the singlet 
peaks at 6 5.97 and 5.2 of the 1- and 2-naphthylcarbinols, 
measured as before, were in the ratio of 43 : 11, indicat- 
ing these isomers to be present in the reaction mixture in 
the ratio of 4 : 1. 

a-Metlroxyt~apl~hylacetic Acids 
To 27 g (0.1 mole) of the mixture of carbinols, prepared 

using nitrobenzene as the solvent, dissolved in 100 ml of 
methanol was added with stirring over a 3 h period 22.5 g 
(0.4 mole) of potassium hydroxide dissolved in 100 ml of 
methanol. The temperature was maintained between 45 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



REEVE ET AL.: REACI rION AND SYNTHESIS 2237 

and 50 "C during the addition, and then allowed to  cool 
slowly to  room temperature while stirring was continued. 
The reaction mixture was allowed to stand overnight and 
then diluted with an  equal volume of water. I t  was filtered 
t o  remove potassium chloride and some neutral material, 
and the filtrate was clarified by two treatments with 
activated carbon. The clear filtrate was then acidified 
with hydrochloric acid to  a pH of 3.3, and enough sodium 
chloride added to  half saturate the water present. After 
stirring and then standing overnight, 21 g of a light- 
brownish solid were filtered off. Acidification and evapor- 
ation of the filtrate yielded only a trace of acidic material. 
The precipitate was triturated with three 50 ml portions 
of acetone and filtered. Upon evaporation of the acetone, 
8 g of crude a-methoxy-1-naphthylacetic acid, m.p. 1 3 C  
145 "C, were collected. The white, insoluble material from 
the acetone trituration weighed 9 g and consisted of a 
mixture of the sodium acid salts of the a-methoxy-1- and 
2-naphthylacetic acids. 

After further working up as described in the following 
sections, a total of 14.2 g (66% yield) of cc-methoxy-l- 
naphthylacetic acid, and 2.2 g (10% yield) of cc-methoxy- 
2- naphthylacetic acid was obtained. This approximates a 
7:l ratio of the two acids. 

Separation of a-Methoxy-I- and 2-naphthylacetic Acids 
The 9 g mixture of sodium acid salts obtained above 

was dissolved in 36 ml of 20% potassium hydroxide 
solution. It was warmed on the steam bath to  effect 
solution and then filtered to  remove traces of alkali- 
insoluble material. Enough water was added to  the 
filtrate to  make the concentration of the solution exactly 
5.0% with respect t o  the mixture of 1-naphthyl and 2- 
naphthyl salts. Exactly 10.0 Nsodium hydroxide was then 
added with stirring to  precipitate the sodium cc-methoxy- 
2-naphthylacetate. For each ml of the 5 % solution, 0.30 
ml of the sodium hydroxide solution was used. (An excess 
causes the isomeric 1-naphthyl sodium salt to precipitate.) 
After the addition, the solution was allowed to  stand for 
10 min, and the insoluble sodium salt was then filtered off 
on a large Buchner funnel. The salt was washed with 
acetone, stirred with more acetone in a beaker, and 
filtered to  yield 5 g of the crude sodium salt of cc-methoxy- 
2-naphthylacetic acid. 

The filtrate from the sodium salt precipitation was 
cooled in an  ice-bath and acidified with 6 N hydrochloric 
acid to  yield the crude cc-methoxy-1-naphthylacetic acid. 

a-Metlioxy-2-naplithylacetic Acid 
The above crude sodium salt was dissolved in 225 ml of 

hot water, the solution filtered and then cooled to  0 "C. 
The solution was poured into an  excess of cold 6 N 
hydrochloric acid, seeded, and allowed to  stand two days 
at  0 "C. The crystals (3 g) were filtered off, air-dried, and 
recrystallized from benzene. The yield was 2.2 g melting 
at 97-98 "C in agreement with the literature value of 99" 
(8). Signals in the n.m.r. spectrum (in DCCl,) appeared 
at  6 9.37, singlet (1 proton of -COOH); 7.93 to  7.17, 
multiplet (7 protons of ring); 4.9, singlet (1 proton of 
-CH(OCH,)-); 3.42, singlet (3 protons of -OCH,). 
In  dimethyl sulfoxide, the last two signals were shifted 
slightly to  6 5.05 and 3.46 respectively. 

Anal. Calcd. for Cl3Hl2O3: C, 72.20; H, 5.59; 
-OCH3, 14.34. Found: C, 71.95; H, 5.80; -OCH3, 
14.18. 

a-Methoxy-1-naphthylacetic Acid 
The crude acid was obtained from the acetone extrac- 

tion of the sodium acid salt precipitate and also by 
acidifying the filtrate after precipitating the sodium a- 
methoxy-2-naphthylacetate as described above. It was 
purified by recrystallization from benzene. A preliminary 
trituration with a small amount of cold ethyl acetate was 
necessary to  remove colored material when undistilled 
carbinol was used in the reaction with the methanolic 
potassium hydroxide. The acid melted at 148-149 "C in 
agreement with the literature value (8). Signals in the 
n.m.r. spectrum (in DCC1,) appeared at 6 10.43, singlet 
(1 proton of -COOH); 8.4 to  7.1, multiplet (7 protons of 
ring); 5.35, singlet (1 proton of -CH(OCH,)-); 3.4, 
singlet (3 protons of -OCH,). In  dimethyl sulfoxide, the 
last two signals were shifted slightly to  6 5.50 and 6 3.47. 

Anal. Calcd. for C13H1203: C, 72.20; H, 5.59; 
-OCH,, 14.34. Found: C, 72.17; H, 5.54; -OCH3, 
14.30. 

cc,ccl-Dimethoxynaphthalene-1,5-diacetic Acid 
A condensation of chloral and naphthalene was carried 

out in a manner similar t o  the one described above using 
nitrobenzene as solvent, but scaled up 25-fold. During 
the workup, the nitrobenzene was distilled at  16 to  20 mm 
until the temperature of the liquid reached 180 "C, and 
the residual crude carbinol was used in the undistilled 
form. After reaction with methanolic potassium hydrox- 
ide, the aqueous alkaline solution was clarified by several 
treatments with activated carbon, acidified, and the oily 
acids which separated were extracted with benzene. From 
this benzene extract cc,ccf-dimethoxynaphthalene-1,5- 
diacetic acid crystallized on washing the extract with 
water. The crude acid (15 g) was crystallized from 
acetone-water, ethyl acetate, and finally benzene. The 1.5 
g of acid obtained melted at  233-234 "C. The infrared 
spectrum (Nujol mull) showed absorption bands at  2900, 
1725, 1670, 1450, 1165, 11 10, 794, 781, and 763 cm-'. 
Assignment of the 1,5 structure was based on the peaks a t  
781 and 763 cm-I (9) and on the n.m.r. spectrum. 
Signals in the n.m.r. spectrum (in DMSO-d6) appeared a t  
6 8.6 to  8.2, multiplet (2 ring protons); 7.8 to  7.5, multi- 
plet (4 ring protons); 5.55, singlet (2 protons, -CH- 
(OCH3)-); and 3.5, singlet (6 protons, -CH(OCH3)-). 

Anal. Calcd. for Cl6HI6O6 (neutralization equivalent 
152): C, 63.15; H, 5.30;-OCH,, 20.40. Found (neutraliz- 
ation equivalent, 154): C, 63.22; H, 5.62; -0CH3, 19.95. 

cc-Methoxy-1,2,3,4-tetraliydrot~aphthalene-6-acetic Acid 
The preparation of the carbinol from chloral and 

tetralin using carbon disulfide as the solvent was analog- 
ous to  the procedure given above for naphthalene. The 
5,6,7,8 - tetrahydro - 2- naphthyl( trichlorometlgvl) carbinol 
distilled at 188-190 "C/2 mm and was obtained in 51 % 
yield. 

Reaction of the carbinol with methanolic potassium 
hydroxide was carried out in the same way as described 
for the naphthyl(trichloromethyl)carbinols. The methoxy 
acid was isolated as sodium hydrogen di(cc-metlioxy-1,2,3,- 
4-tetrahydronaphthalene-6-acetate). After washing with 
water and acetone, the material had a neutralization 
equivalent of 460; the theoretical value is 462. The free 
acid was an oil. Signals in the n.m.r. spectrum (free acid in 
DCC1,) appeared at  6 10.4, singlet (-COOH); 7.3 to  6.9, 
four peaks (3 protons of aromatic ring); 4.7, singlet (1 
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proton of -CH(OCH,)-); 3.38, singlet (3 protons of 4. R. QUELET, C. BORGEL, and R. DURAND. Compt. 
-OCH,); 2.73, multiplet (4 protons of carbons 1 and 4); Rend. 240, 1900 (1955). 
and 1.75, rnultiplet (4 protons of C-2 and C-3). 5. C. BROQUET-BORGEL. Ann. Chirn. Paris, 3, 204 

(1958) Anal. Calcd. for C13H1603: C, 70.88, H, 7.31. Found: 6, p. DU;AND, J. PARELLO, and N. P. Buu-HoI. Bull. 
C, 70.82; H, 7.36. Soc. Chim. France. 2438 (1963). F. F. YEW. R. J. 

KURLAND, and B.'J. MAIR. ~ h a l .  Chem. 36, 843 
(1964). 
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Reaction of anhydro sugars with sodium cobalt tetracarbonyl and carbon monoxide 

ALEX ROSENTHAL AND J. N. C. WHYTE 
Departmeizr of Cllenzistry, Uiziuersify of Brilislz Columbia, Varzcortuer 8, British Colutnbia 

Received December 12, 1967 

5,6-Anhydro-1,2-0-isopropylidene-a-~-glucofuranose reacts with sodium cobalt tetracarbonyl and 
carbon monoxide in methanol to afford methyl 6-deoxy-l,2-O-isopropylidene-a-~.pI1tco-heptofuranouro- 
nate (3) in 82% yield. Treatment of tri-0-acetyl-1,2-anhydro-D-glucopyranose with sodium cobalt 
tetracarbonyl in ether gives 3,4,6-tri-0-acetyl-~-glucal. The 2,3-anhydro sugars are resistant to cleavage 
by cobalt tetracarbonyl anion in ether or in methanol. Sugar acetates are de-0-acetylated by treatment 
with sodium cobalt tetracarbonyl in ether-methanol. 

Canadian Journal of Chemistry, 46, 2239 (1968) 

This investigation was undertaken in an at- 
tempt to provide a new route to the synthesis of 
branched-chain sugars. Previous workers (1, 2) 
have shown that cobalt tetracarbonyl anion in 
methanol reacts with epoxides at elevated 
temperatures and at high pressure of carbon 
monoxide to afford esters of P-hydroxyacids. Part 
of the epoxide was found to rearrange to a 
ketone. 

RCH-CH2 + CO + CH30H 

'0' 
NaCo(CO),, 
A RC-CH2C02CH3 

I 
0 
H 

When 5,6-anhydro-l,2-0-isopropylidene-a-D- 
glucofuranose (1) was allowed to react with 

sodium cobalt tetracarbonyl in ether and 10 atm 
of carbon monoxide at 25" for 2 days, and the 
resulting complex was cleaved in sitzi with iodine 
in methanol, a mixture of 6-deoxy-l,2-0-isopro- 
pylidene-a-D-xylo-hexofuranose-5-ulose (2) and 
methyl 6-deoxy- 1 ,2-0-isopropylidene-a-D-gluco- 
heptofuranouronate (3) was formed. This mix- 
ture was readily separated by column chroma- 
tography on silica gel using chloroform: acetone 
(95 :5) as developer. 

Compound 2, isolated in 8 % yield, showed a 
strong peak at 1720 cm-I in its infrared spectrum 
indicating the presence of a carbonyl group, while 
its nuclear magnetic resonance (n.m.r.) spectrum 
exhibited a sharp singlet (3 hydrogens) at z 7.75 
attributed to an isolated methyl group. Its mass 
spectrum gave a molecular weight of 202 and 
microanalysis agreed with the formula CgH,,O,. 

AcO- 
1 LiAlH4 

3 -------+ 
2 Ac20 - 

pyridine 
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TABLE I 
Proton chemical shifts and coupling constants for furanose ring hydrogens 

First-order proton chemical shifts (in T values) 

Compound 1H 2H 3H 4H 5H 61H 62H 71,2H 

4 4.12 5.53 4.71 5.62 4.65 7.13 7.42 
5 3.98 5.33 4.42 5.29 4.24 6.9 7.13 
6 4.11 5.57 4.71 5.75 4.85 7.8 8.1 5.89 
7* 4.06 5.49 4.64 5.59 4.81 5.51 5.94 

Proton coupling constants (Hz) 

Compound J1.2 J2.3 J3.4 J4.5 J5.6 J5.6. J6..6. 

The melting point, but not the optical rotation, 
agreed with the literature values (3). On the 
basis of the above evidence, especially the n.m.r., 
it is certain that compound 2 is 6-deoxy-1,2-0- 
isopropylidene-a-D-xylo-hexofuranose-5-ulose. 
Undoubtedly, 2 arose from the rearrangement of 
the anhydro ring to a ketose. Its presence was not 
surprising since it had been reported previously 
(2,4) that aliphatic epoxides rearranged to 
ketones when treated with cobalt carbonyl 
anion. 

Compound 3, isolated in 82% yield, was 
characterized as its acetyl(4) and p-nitrobenzoyl 
(5) derivatives, respectively. When compound 3 
was reduced with lithium aluminium hydride in 
tetrahydrofuran, followed by acetylation, com- 
pound 6 was obtained which was identical (by 
n.m.r.) to that obtained by the sodium boro- 
hydride reduction (followed by acetylation) of 
6-deoxy- 1 ,2-0-isopropylidene-a-D-gluco-hepto- 
dialdo-l,4-furanose-3,7-pyranose (5). 

As shown in Table I, the chemical shifts and 
coupling constants of the furanose ring hydro- 
gens of compounds 4 and 6 are in excellent 
agreement with the corresponding values quoted 
for the known 3,4,6-tri-0-acetyl-1,2-0-isopropyl- 
idene-a-D-glucofuranose (6) showing that com- 
pounds 4 and 6 had retained the furanose ring. 
Nuclear magnetic resonance spectroscopy of the 
p-nitrobenzoate (5) clearly demonstrated the 
presence of two methylenic hydrogens at o 6.9- 
7.13 and three methyl ester hydrogens (singlet) 
at o 6.36. Therefore, compound 3 is undoubtedly 
methyl 6-deoxy-1,2-0-isopropylidene-a-D-gluco- 
heptofuranouronate. 

When methyl 5-0-acetyl-2,3-anhydro-P-D-ri- 
bofuranoside was allowed to react with sodium 
cobalt tetracarbonyl in ether and 10 atm of 
carbon monoxide for 24 h at 25" no reaction 
occurred. Raising the temperature of the reaction 
mixture to 50" led to no scission of the epoxide 
ring. Surprisingly, when methanol was added to 
the reactants and the reaction mixture heated at 
100" for 6 h, then complete de-0-acetylation 
occurred with the exclusive formation of methyl 
2,3-anhydro-P-D-ribofuranoside. If deacetylation 
is due to the formation of sodium methoxide 
from the catalyst and methanol, then some 
scission of the epoxide should have occurred. 
Under the same conditions, a-D-glucopyranose 
pentaacetate was also deacetylated. 

An equally surprising result was obtained 
when 3,4,6-tri-0-acetyl-1,2-anhydro-D-glucopy- 
ranose (Brigl's anhydride) was allowed to react 
with sodium cobalt tetracarbonyl in ether and 
carbon monoxide at room temperature. Deoxy- 
genation of the anhydride occurred to give pre- 
dominately 3,4,6-tri-0-acetyl-D-glucal. 

The epoxide ring of methyl 2,3-anhydro-4,6-0- 
benzylidene-a-D-allopyranoside was not opened 
when the substrate was treated with sodium 
cobalt tetracarbonyl in ether and carbon mon- 
oxide at room temperature. At 80°, however, in 
the presence of methanol, part of the substrate 
rearranged to a ketose and part underwent 
methanolysis (as shown by n.m.r. spectroscopy). 
Since no insertion of carbon monoxide occurred, 
as indicated by mass spectral studies, further 
work on the complex mixture of products was 
abandoned. 
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ROSENTHAL AND WHYTE: REACTION OF ANHYDRO SUGARS 224 1 

Experimental 
General Procedures 

The reactions were performed in an Aminco Autoclave 
(having a glass liner) of 200 ml internal capacity. The 
autoclave was fitted with an injector septum from an 
Aerograph vapor-phase chromatography (v.p.c.) instru- 
ment. After the autoclave was sealed, it was removed from 
a nitrogen-filled dry box, flushed three times with 9 atm 
of Matheson C.P. carbon monoxide (gas passed through a 
gas purifier), and finally pressurized with 1 atm of carbon 
monoxide. Ether solutions of sodium cobalt tetra- 
carbonyl(7, 8) were prepared by treating an ether solution 
of preformed dicobalt octacarbonyl (Alfa Inorganics Inc.) 
with sodium amalgam and the resultant solution was in- 
jected into the autoclave through the inlet system by 
means of a Hamilton syringe. The autoclave was then 
pressurized with the required amount of carbon mon- 
oxide. 

Thin-layer chromatography (t.1.c.) and column chroma- 
tography were performed with silica gel G (E. Merck 
A. G. Darmstadt (Germany)) with the following solvents: 
a, chloroform:acetone (955 vlv); b, chloroform; c, 
petroleum ether (3C60" b.p.):ethyl ether (4:l); d, 
butanone - water azeotrope. 

Rotations were performed at room temperature, melt- 
ing points were determined on a Leitz hot-stage micro- 
scope, and nuclear ;magnetic resonance (n.m.r.) spectra 
were obtained on deuterio-chloroform solutions with 
tetramethylsilane as the internal standard (set at 7 10) 
using a Jeolco 60, a Varian A-60, or Varian HA 100 
spectrometers. Mass spectroscopy was obtained with an 
A.E.I. M.S.9 spectrometer. Elemental analyses were 
performed by the Micro-analytical Laboratory, Univer- 
sity of British Columbia. 

Reaction of 5,6-Anhydro-1,2-0-isopropylidene-a-D-gluco- 
furanosel with Sodium Cobalt Tetracarbonyl and 
Carbon Monoxide to Yield 6-Deoxy-1,2-0-isopro- 
pylidene - a - D - xylo - hexofuranose - 5 - ulose (2) and 
Methyl 6- Deoxy- 1,2- 0- isopropylidene-a- D-gluco- 
heptofuranourorzate (3) 

An amount of 500 mg of 5,6-anhydro-1,2-0-isopro- 
pylidene-a-D-glucofuranose (9, 10) in 20 ml of anhydrous 
ether was allowed to react with an ether solution of 
sodium cobalt tetracarbonyl (7, 8) (50 ml of about 0.2 M )  
and 10 atm of carbon monoxide at 25' for 48 h (with 
rocking until gas absorption had ceased). The gas was 
then vented until the residual gas pressure was about 
1 atm and the autoclave then cooled to -5'. A solution of 
0.5 M iodine in anhydrous methanol (30 ml) was then 
injected and the vessel rocked for a further 12 h at room 
temperature. After the solvent was removed by distillation 
under reduced pressure at room temperature, the residue 
was extracted with chloroform. The combined extracts 
were washed successively with aqueous sodium thio- 
sulfate, aqueous sodium bicarbonate, then dried over 
anhydrous sodium sulfate, and evaporated to dryness. 
The residue was again extracted with ether and the 
solvent evaporated to yield 550 mg of a syrup, which by 
t.1.c. (solvent a) was shown to consist of two components 
having an Rf of 0.24 and 0.14 respectively. Column 
chromatography of the residue on silica gel G (50 g), 

'This compound was prepared by Mr. Gordon Kan. 

using solvent a as developer, gave compound 2 (0.04 g) 
and compound 3 (0.450 g, 82% yield). 

Compound 2 was crystallized from benzene - petroleum 
ether, m.p. 99-100°, [aIDz2 -47" (c, 1 in chloroform) (lit. 
(3) m.p. 99-lWO, [aIDl8 -107" (chloroform)). Nuclear 
magnetic resonance (CDCI,): 4.0 (doublet equal to lH), 
5.4-5.6 (multiplet equal to 3H), 6.45 (1H or OH), 7.78 
(singlet equal to 3H), 8.52, and 8.70 (two singlets each 
equal to 3H). Infrared: sharp peak at 1720 cm-l. 

Anal. Calcd. for C9H1405 (mol. wt., 202): C, 53.50; H, 
6.94. Found (mol. wt., 202 (m/e 187, loss of CH,)): C, 
53.28; H, 6.93. 

It was converted into a phenyl hydrazone derivative in 
the usual way. 6-Deoxy-l,2-0-isopropylidene-a-D-xylo- 
hexofuranose-5-ulose phenylhydrazone was crystallized 
from chloroform - light petroleum ether, m.p. 200-204", 
[a]D22 -12" (c, 0.5 in chloroform). 

Anal. Calcd. for C15H2,04N2: C, 61.60; H, 6.85. 
Found: C, 61.54; H, 6.78. 

Compound 3 was obtained as a syrup, [C(]DZ2 -5' (c, 
3.5 in chloroform). 

Anal. Calcd. for C11H1807: C, 50.40; H, 6.87. Found: 
C, 50.59; H, 6.90. 

Compound 3 was acetylated in the usual way using 
acetic anhydride and pyridine to yield a syrup, +8O 
(c, 1.9 in chloroform), Rf 0.73. 

Anal. Calcd. for C'5H2209 (mol. wt., 346): C, 52.00; H, 
6.36. Found (mol. wt., m/e 331 (loss of CH,)): C, 52.24; 
H, 6.52. 

Preparation of Methyl 6-Deoxy-1,2-0-isopropylidene-33- 
di-O-p-?titrobenzoy[-a-~-gl~ico-heptofuranouronate (5) 

Compound 3 (0.05 g) was allowed to react with p- 
nitrobenzoyl chloride (0.40 g) in 10 ml pyridine for 18 h 
at 0". The reaction mixture was poured into ice water and 
the solution extracted with chloroform. The chloroform 
extracts were washed successively with cold dilute hydro- 
chloric acid and saturated aqueous sodium bicarbonate, 
dried over sodium sulfate, and evaporated under reduced 
pressure. Preparative t.1.c. purification on silica gel using 
solvent b gave a crystalline product, R, 0.8, which was 
recrystallized from ether - light petroleum ether, m.p. 68", 
[aIDz2 - 11 l o  (c, 1 in chloroform). 

Anal. Calcd. for C25H24013N2: C, 53.50; H, 4.28. 
Found: C, 53.38; H, 4.50. 

Reaction of Tri-0-acetyl-1,2-anhydro-D-glucopyranose with 
Sodium Cobalt Tetracarbonyl and Carbon Monoxide 

To the autoclave, containing 500 mg of the anhydride 
(1 1) and 20 ml of carbon monoxide-saturated ether, was 
injected 50 ml of approximately 0.2 M sodium cobalt 
tetracarbonyl in ether. The vessel was pressurized with 
1Oatm of carbon monoxide and rocked at 24' until 
absorption of gas had ceased (about 24 h), then cooled to 
-5", and 20 ml 0.5 N iodine in anhydrous methanol 
solution was added followed by 6 h of further shaking. 
The resultant solution was evaporated and the residue 
extracted with ether, filtered, and evaporated to yield a 
syrup, 280 mg, which on t.1.c. indicated a major com- 
ponent, Rf 0.80 in solvent a, and several minor compo- 
nents, The infrared (i.r.) and n.m.r. spectra were identical 
to those given by tri-0-acetyl-D-glucal. The syrup was ap- 
plied to a column of silica (30 g) and eluted with solvent 
a. The eluate was fractionally collected and examined by 
chromatography, the like fractions being bulked. The 
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fraction, R, 0.80 in solvent a, was recrystallized several 
times from cther -petroleum ether to give 80 mg of a 
solid, m.p. and mixture m.p. 54.5-55" which was chroma- 
tographically indistinguishable from 3,4,6-tri-O-acetyl-~- 
glucal. 

Reaction of Metlryl5-O-Acetyl-2,3-a~~l~ydro-~-~-ribofi~ra~~- 
oside wit11 Sodiurtl Cobalt Tetracarbonyl and Carbon 
Morioxide 

To the autoclave, containing 1 g of the sugar (10, 12) 
and 30 ml of carbon monoxide-saturated ether, was in- 
jected lOOml of approximately 0.3 M sodium cobalt 
tetracarbonyl in ether, then 10 atm of carbon monoxide. 
The vessel was rocked for 24 h at 24" but no absorption of 
gas was noted. The gas was released from the autoclave 
until 30 p.s.i. pressure was reached and, cmploying a long 
needle syringe, a portion of tlie reaction mixture, 1 nil, was 
removed and examined by t.1.c. in solvents a, b, and c 
using the starting material as standard. The product of 
the reaction was found to be chromatographically 
identical to the starting material. The autoclave was 
repressurized to 10 atm and heated at 50" for 5 h. 
Chromatographic examination of a 1 ml portion of the 
reaction mixture indicated that no reaction had occurred. 
Anhydrous methanol, 20 ml, was injected into the 
reaction mixture and the autoclave pressurized to 10 atm 
and heated at 60" for 5 h, then using the long needle 
syringe a 1 ml sample of the reaction mixture was removed 
from the autoclave and chromatographed by t.1.c. The 
examination indicated that the products of the reaction 
were a small yield of a compound, R, 0.35 in solvent a, 
together with the major component, starting material, R, 
0.72 in solvent a. Conversion of the latter to the former 
was accomplished by reheating the pressurized, 10 atm, 
autoclave at  100" for 6 h. A solution of 0.5 N iodine in 
anhydrous methanol, 30m1, was added to the reaction 
mixture and after rocking the vessel for a further 6 11 at 24" 
the reaction solution was removed and evaporated to a 
residue which was extracted with ethyl ether, filtered, and 
evaporated to a syrup, 700 mg, R, 0.35 in solvent a, 
[aIDz2 = -106" (c, 1 in water), which was chroniato- 
graphically identical with and had identical i.r. and n.m.r. 
spectra to those of authentic methyl 2,3-anhydro-8-D- 
ribofuranoside. 

Anal. Calcd. for C6HI004: C, 49.3; H, 6.85. Found: C, 
48.9; H, 6.53. 

Reaction of Methyl 2,3-ArzIly&o-4,6-0-benzylidene-a-D- 
allopyrar~oside wit11 Sodiztnl Cobalt Tetracarbo~lyl and 
Carbon Monoxide 

To the autoclave, containing 2.5 g sugar (10, 13) and 
20 ml carbon monoxide saturated ether, was injected 
lOOml of approximately 0.5 M sodium cobalt tetra- 
carbonyl in ether, followed by 10 atm of carbon mon- 
oxide. The vessel was rocked for 4 days and the contents 
inspected by removing a 1 ml portion with the use of a 
long needle syringe. A t.1.c. in solvents a, b, and c indi- 
cated that no reaction had occurred, since the product was 
chromatographically indistinguishable from the starting 
material together with the fact that the san~ple freed from 
catalyst crystallized and gave a m.p. and mixture n1.p. 
identical with the starting material (199"). The autoclave 
was repressurized to 10 atm and heated at 80" for 6 h. 

Thin-layer chromatography inspection of the reaction 
mixture indicated a number of products had been 
formed. Iodine, 10 ml (0.5 N solution in anhydrous 
methanol), was injected into the reaction mixture, the 
vessel shaken for 24 h, and the products isolated and 
evaporated to a residue which was dissolved in chloro- 
form and applied to a column of silica gel, 100 g, which 
was eluted with solvent a. The eluate was fractionated and, 
the bulked sugar-containing fractions, 950 mg, gave an i.r. 
spectrum showing hydroxy and strong carbonyl peaks 
and an n.m.r. spectrum indicating niethoxyl peaks in the 
s 6-7 region. The product after colunln chromatography 
was identical chroniatographically on t.1.c. to the reaction 
mixture removed from the bomb prior to the addition of 
iodine. The mass spectrum of the product mixture 
showed that no carbomethoxy group had been added to 
the starting material. 

Reaction of a - ~ - G l l l c o p y r a ~ ~ ~ e  Petltaacetate with Sodiunz 
Cobalt Tetracarboryl and Carborz Monoxide at 24' in 
Different Solvents 

The pentaacetate, 200 mg, was added to 20 ml an- 
hydrous dioxane and another portion, 200 mg, was added 
to 20 ml anhydrous methanol. To both these solutions 
was added under carbon monoxide 25 ml of approxi- 
mately 0.5 M sodium cobalt tetracarbonyl in ether. The 
resultant mixtures were shaken for 24 h at 24' and then 
carbon dioxide was bubbled through tlie solutions which 
were evaporated to dryness. The residues thus isolated 
were examined by chromatography in solvent d. The 
pentaacetate which was allowed to react in dioxane and 
ether was unchanged, but the sample of pentaacetate in 
methanol and ether was shown to have undergone 
deacetylation as most of the rcaction product had a 
chromatographic mobility identical to glucose in solvent d 
and no pentaacetate was found. 
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Reaction of halogenated carbohydrates with sodium cobalt tetracarbonyl and carbon 
monoxide. A new novel synthesis of unsaturated sugars 

ALEX ROSENTHAL AND J. N. C. WHYTE 
Departtnent of Chetnistry, University of British Columbia, Vancouver 8, British Colunzbia 

Received December 18, 1967 

Methyl tri-O-acetyl-2-deoxy-2-iodo-[3-~-glucopyranoside reacted at room temperature with sodium 
cobalt tetracarbonyl and carbon monoxide in ether to give in high yield methyl 4,6-di-0-acetyl-2,3- 
dideoxy-13-D-erythro-hex-2-enoside (5). Under the same reaction conditions the corresponding 2-iodo-a-D- 
mannopyranoside failed to react, but at 100°it was smoothly converted into the anomeric a-D-erythro-hex- 
2-enoside (7). When methanol was used in place of ether no appreciable ester formation took place but 
elimination of iodine and an acetoxy group occurred, accompanied by complete deacetylation of the 
remaining ester groups. 

Canadian Journal of Chemistry, 46, 2245 (1968) 

This investigation was undertaken to find a 
new route for preparing branched-chain sugars. 
Renewed interest in the chemistry of these un- 
usual sugars has arisen partly because of their 
presence in some recently discovered antibiotics 
(1-3). 

The great difficulty in introducing branched- 
chains into carbohydrates by classical chemical 
reactions led us to explore the possibility of 
using transition metal catalysts for inserting 
carbon monoxide into the carbon chain. One 
attractive route is based on the finding (4) that 
cobalt tetracarbonyl anion can displace active 
halogen from an alkyl halide to yield an unstable 
alkylcobalt tetracarbonyl (1). Under an atmo- 
sphere of carbon monoxide, the latter undergoes 
carbonyl insertion (5, 6) to afford an acylcobalt 
tetracarbonyl (2) as shown in eq. [2]. The addi- 

[ I ]  RX + N ~ C O ( C O ) ~  --t RCO(CO)~ + NaX 

tion of triphenylphosphine (7) to (2) results in the 
displacement of a carbonyl ligand by triphenyl- 
phosphine to yield a stable acylcobalt tricarbonyl 
triphenylphosphine complex (3). Cleavage of the 

latter is readily effected by treatment with sodium 
methoxide to yield an ester. Alternatively, the 
alkyl halide has been allowed to react with 
carbon monoxide and sodium cobalt tetra- 
carbonyl in methanol (addition of a tertiary 

amine facilitates the reaction) under elevated 
temperature and pressure to yield the ester 
directly (8), as shown in eq. [5]. 

In the carbohydrate field it has been shown 
that tetra-0-acetyl-cl-D-glucopyranosyl bromide 
readily reacted with sodium cobalt tetracarbonyl 
and carbon monoxide in ether at room tempera- 
ture to afford alkyl and acylcobalt derivatives of 
carbohydrates which could be readily isolated as 
their triphenylphosphine complexes (9). It there- 
fore seemed feasible to allow the readily available 
2-halogenated carbohydrates to react under 
similar conditions to afford sugars containing a 
branched-chain on C-2 as shown in structure 9. 

When methyl 3,4,6-tri- O-acetyl-2-deoxy-2- 
iodo-P-D-glucopyranoside (4) was allowed to 
react with sodium cobalt tetracarbonyl and 
carbon monoxide in ether at room temperature, 
both halogen and the acetoxy group on the 
adjoining carbon were readily removed to afford 
in almost quantitative yield an unsaturated 
sugar, namely, methyl 4,6-di-0-acetyl-2,3-di- 
deoxy-P-D-erythro-hex-2-enoside (5). Although 
the latter has not been previously isolated in the 
pure state, a mixture of it and its cl anomer (7) 
has been synthesized by treatment of 3,4,6-tri-0- 
acetyl-D-glucal with methanol at elevated tem- 
perature (10). Repeated attempts in our labora- 
tory to separate the cl and p anomeric mixture 
by vapor-phase chromatography (v.p.c.) or thin- 
layer chromatography (t.1.c.) have failed. Direct 
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CH3 CO 

Ac NaCo(CO)4 ' 
Ether 

CO 

Ac C H ~  - NaC0(C0)4 ACO <acH3 
Ether 

comparison by nuclear magnetic resonance 
(n.m.r.) of 5 with the a and p mixture con- 
clusively showed that 5 was identical to the P 
anomer obtained from 3,4,6-tri-0-acetyl-D-glu- 
cal. Similar treatment of methyl 3,4,6-tri-0- 
acetyl-2-deoxy-2-iodo-a-D-mannopyranoside (6) 
with sodium cobalt tetracarbonyl and carbon 
monoxide in ether at room temperature (even for 
8 days) gave only unreacted starting material. 
However, when 6 was allowed to react at 100" 
for 8 h, then it was converted in high yield into 
the pure unsaturated sugar (7). Again, direct 
comparison (by n.m.r.) of 7 with the a and P 
anomeric mixture showed conclusively its iden- 
tity. Both of the unsaturated sugars (5 and 7) had 
the same v.p.c. retention time. Mass spectrom- 
etry of 5 and 7 showed that both the allylic 
hydrogen and methoxyl group on C-1 were 
removed to afford ions of m/e 243 and 213. In 
the n.m.r. spectrum of 5 the vinyl protons 
occurred as a multiplet at z 4.04, whereas those 
of 7 resonated at z 4.10. The methoxyl protons 
also differed in their resonances by 1.5 Hz. 

When the unsaturated carbohydrates (5 and 7) 
were de-0-acetylated with sodium methoxide in 
methanol the resulting unsaturated sugars were 
unstable at room temperature. However, de- 

acetylation of 5 with barium methoxide in the 
cold, followed by immediate benzoylation with 
p-nitrobenzoyl chloride and pyridine at O", gave a 
stable crystalline bis-p-nitrobenzoate derivative. 
Attempts to prepare a similar derivative of 7 
were unsuccessful. 

Attempts to isolate the expected cobalt 
derivative of 4 as the triphenylphosphine com- 
plex were unsuccessful. Injection of methanol 
and iodine during the course of the reaction 
failed to lead to the production of the anticipated 
branched-chain ester. 

Direct treatment of methyl tri-O-acetyl-2- 
deoxy-2-iodo-a-D-mannopyranoside with sodium 
cobalt tetracarbonyl and carbon monoxide in 
methanol at 60" gave predominately the de- 
acetylated elimination product (8) and what was 
presumed to be (on the basis of n.m.r. evidence 
only), in less than 3 % yield, the branched-chain 
ester (9) (both isolated as the acetates). It is 
possible that, in the presence of methanol, the 
sodium cobalt tetracarbonyl dissociates to yield 
sodium methoxide and the latter leads to de- 
acetylation of the substrate. 

When methyl tri-O-acetyl-2-bromo-2-deoxy-P- 
D-gluco- (and 2-bromo-a-D-manno-) pyranoside 
were allowed to react with sodium cobalt tetra- 
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carbonyl and carbon monoxide in ether at 100" 
for 8 h, no reaction occurred. 

Although methyl tri-0-acetyl-2-deoxy-2-iodo- 
P-D-glucopyranoside failed to undergo a car- 
bony1 insertion reaction, it is interesting to con- 
sider the possible mechanism of formation of the 
unsaturated compound because such a con- 
sideration might help give a better insight into 
carbonyl insertion reactions. In this connection, 
it is interesting to consider the carbonyl insertion 
products obtained by the treatment of ethyl a- 
bromopropionate with potassium cobalt tetra- 
carbonyl and carbon monoxide at 0°, followed 
by cleavage of the products with iodine and 
ethanol (1 1). Orchin (12), in his discussion of the 
probable mechanism to account for the forma- 
tion of a mixture of esters, has suggested two 
possibilities. In the first suggestion, one can 
consider the displacement of bromine by cobalt 
tetracarbonyl anion to give an alkylcobalt tetra- 
carbonyl (see eq. [6]), followed by an elimination 
(see eq. [7]), and readdition of HCo(CO), (see 
eq. [8]) to give a mixture of alkylcobalt tetra- 
carbonyls. Cleavage of these with ethanol and 
iodine might be expected to afford the isolable 
mixture of esters (see eq. [9]). An alternative 

19 I I k O H  
Mixture of Esters 

mechanism also considered (12) was the possi- 
bility of an initial dehydrohalogenation of the 
ester to acrylate, followed by subsequent addi- 
tion of HCo(CO), (see eq. ['lo]). The second 

mechanism (prior elimination) in all probability 
could not apply to the 2-iodo compound (4) 
because there exists no secondary hydrogen in a 
trans position to the iodine. If the first suggestion 
applies, then the resulting sugar cobalt tetra- 
carbonyl might be expected to have the D-manno- 

configuration (10). A trans elimination of 
HCo(CO), from 10, as envisaged by Orchin (12) 
would not give the 2,3-ene (5). Although the 

evidence thus far adduced rules out the mecha- 
nisms suggested by Orchin, it merely shows that 
no single mechanism applies for the elimination 
of iodine and acetate which are either cis or trans 
oriented. To the best knowledge of the authors 
this is the first recorded instance of such an 
elimination, although elimination of iodine and a 
tosyl group from adjacent carbons to form a 
2,3-ene is well known (1 3). 

Experimental 
General Considerations 

The reactions were performed in an Aminco autoclave 
fitted with an injector septum. Ether solutions of sodium 
cobalt tetracarbonyl(l4, 15) were prepared by treating an 
ether solution of dicobalt octacarbonyl (Alfa Inorganics, 
Inc., Beverley, Massachusetts) with sodium amalgam. 
Nuclear magnetic resonance spectra were performed on a 
100-MHz HA spectrometer, using tetrarnethylsilane as 
the internal standard set at T = 10. Mass spectra were 
measured with an A.E.I. M.S.9 spectrometer. Vapor- 
phase chromatography (v.p.c.) was performed on a Var- 
ian Aerograph model 1525 instrument operated at 215' 
using 5 % butanediol succinate or 10% SE 52 on Chrom- 
osorb W. 

Reaction of Methyl 3,4,6-Tri-0-acetyl-2-deoxy-2-iodo-P-D- 
glucopyranoside with Sodium Cobalt Tetracarbony1 to 
Yield Methyl 4,6-Di-0-acetyl-2,3-dideoxy-P-D-ery- 
thro-hex-2-enoside (5 )  

Procedure A 
A solution of methyl 3,4,6-tri-0-acetyl-2-deoxy-2-iodo- 

a-D-glucopyranoside (16) (1 g) dissolved in 30ml of 
anhydrous ether was placed in a glass liner contained in a 
shaking autoclave of 200 ml internal capacity. The auto- 
clave was then sealed with the pressure head which was 
fitted with an injector septum (from an Aerograph v.p.c. 
instrument) and a gauge. After the autoclave was flushed 
three times with 100 p.s.i. of anhydrous carbon monoxide 
it was pressurized with 1 atm of carbon monoxide. An 
ether solution of sodium cobalt tetracarbonyl (100 ml of 
0.25 M) was then injected through the septum with a 
syringe. After the autoclave was again flushed with carbon 
monoxide, it was filled with 150 p s i .  of carbon monoxide 
and then rocked at 60' for about 2 h. The contents of the 
liner were placed in a beaker and allowed to stand in a 
hood until the ether had evaporated. The resultant residue 
was extracted with 100 ml of ether and on evaporation 
this extract gave 490 mg of syrup which was distilled, b.p. 
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78-85"/0.04 mm. The product was homogeneous by thin- 
layer chromatography (t.1.c.) and by v.p.c., and absorbed 
1.05 moles hydrogen per mole sugar: [aIDzo + 142" (c, 3.0 
in benzene); nDZ3 1.4617. 

Anal. Calcd. for CllH1606 (mol. wt., 244): C, 54.1 ; H, 
6.56. Found m/e 243 (loss of H) and 213 (loss of 0CH3): 
C, 53.8; H, 6.80. 

Nuclear magnetic resonance (deuteriochloroform): 
multiplet at r4.04 equal to 2 vinyl protons; singlet at 
r 6.54 equal to 3 methoxyl protons; singlet at r 7.90 equal 
to 6 acetyl H ;  in deuteriobenzene the acetyl protons 
appeared at r 8.30 and 8.36. 

Preparation of methyl 2,3-dideoxy-4,6-di-0-p-nitro- 
benzoyl-P-D-erythro-hex-2-enoside-Methyl 4,6-di-0-ace- 
tyl-2,3-dideoxy-[l-D-erythro-hex-2-enoside was first de-0- 
acetylated with barium methoxide in methanol at 0" (17). 
The residual syrup, which was unstable at room tempera- 
ture, was immediately converted into a p-nitrobenzoate 
derivative by treatment with p-nitrobenzoyl chloride and 
pyridine at 0" for 1 day. The product was worked up in 
the usual way and recrystallized from methanol, m.p. 
130-132". A trace of a contaminant was present (t.1.c.) 
which could not be removed. 

Anal. Calcd. for C21H18010N2: mol. wt. 458. Found: 
m/e 457 (loss of H) and m/e 427 (loss of OCH,). 

Procedure B 
To the autoclave, filled with 1.5 sugar and 20 ml carbon 

monoxide-saturatedether, were injected 100 ml of approxi- 
mately 0.25 M sodium cobalt tetracarbonyl in ether. The 
vessel was pressurized with 10 atm of carbon monoxide 
and heated, with rocking, at 60" for 2 h. After the vessel 
was cooled, 3 g of triphenylphosphine in 15 ml ether were 
injected into the vessel. The contents of the autoclave 
were filtered in an atmosphere of nitrogen. The residue 
was extracted with water, the extracts filtered, and on 
evaporation a red, velvety material remained which was 
quite deliquescent. This residue gave positive tests for 
cobalt, sodium, iodine, and acetate ions. To the filtrate 
20ml of methyl iodide were added and the mixture allowed 
to stand at 0" for 10 h. The mixture was filtered under 
nitrogen, the filtrate evaporated to a syrup which was 
extracted with boiling petroleum ether (30-60" b.p.), and, 
on cooling the extracts, a crystalline solid, m.p. 156", was 
obtained which was shown by n.m.r. and mass spectros- 
copy to be triphenylphosphine oxide. The crystals were 
removed by filtration and the resultant solution evapor- 
ated to afford 700 mg of a syrup which was identical to 
methyl 4,6-di-0-acetyl-2,3-dideoxy-~-~-eryt~zro-hex-2-en- 
oside obtained from the previous reaction. 

Procedure C 
The halogenated sugar (1 g) was allowed to react with 

sodium cobalt tetracarbonyl inether and 10 atm of carbon 
monoxide for 3 days at 24". After the autoclave was 
cooled to -3", 20ml of 0.5 N iodine in anhydrous 
methanol solution was added, and the reactants were 
shaken for a further 12 h at room temperature. The con- 
tents of the autoclave were removed and allowed to stand 
in an open beaker until all ether and methanol had eva- 
porated. The resultant residue was extracted with ether 
and on evaporation of the ether gave 490 mg of syrup 
(homogeneous by t.1.c.) which was identical to that 
obtained in the previous two procedures. 

Reaction of Methyl 3,4,6-Tri-O-acetyl-2-deoxy-2-iodo-a-~- 
mannopyranoside (6) with Sodium Cobalt Tetracar- 
bony1 and Carbon Monoxide to Yield Methyl 4,6-Di- 
0-acetyl-2,3-dideoxy-a-D-erythro-hex-2-eoide (7) 

Procedure A 
Methyl 3,4,6-tri-0-acetyl-2-deoxy-2-iodo-a-~-manno- 

pyranoside (16) (0.5 g) was allowed to react with 50 ml of 
an ether solution of 0.25 M sodium cobalt tetracarbonyl 
and 10 atm of C.P. carbon monoxide at 100" for 6 h. 
Work-up of the product, as described previously in 
Experimental Procedure A, afforded 200 mg of a syrup, 
[aIDZ1 +126" (c, 1.2 in benzene), nDZ3 1.4580. 

Anal. Calcd. for C1,Hl6o6: C ,  54.1 ; H, 6.56. Found: C, 
53.9, H, 6.50. 

Nuclear magnetic resonance: singlet with shoulders at 
r 4.10 equal to 2 vinyl protons; singlet at r 6.55 equal to 
3 methoxyl protons; singlet at r 7.88 equal to 6 acetyl H. 

Procedure B 
When the same sugar (6) was allowed to react with 

sodium cobalt tetracarbonyl in ether and carbon mon- 
oxide at 25" for 8 days no reaction occurred. 

Procedure C 
Treatment of sugar (6) with sodium cobalt tetra- 

carbonyl in methanol and carbon monoxide at 60° for 2 h 
yielded methyl 2,3-dideoxy-a-D-erythro-hex-2-enoside 
which was too unstable to be characterized. It was 
immediately acetylated using acetic anhydride and 
pyridine to yield methyl 4,6-di-0-acetyl-2,3-dideoxy-a-D- 
erythro-hex-2-enoside. Nuclear magnetic resonance of the 
latter compound revealed the presence of an additional 
singlet at r 6.25 which might be due to the presence of a 
trace (less than 3 %) of a compound containing a carbo- 
methoxy group. 

Treatment of methyl 3,4,6-tri-0-acetyl-2-bromo-2- 
deoxy-P-D-gluco- (and a-D-nzar~no-) pyranoside with 
sodiurn cobalt tetracarbonyl and carbon monoxide- 
Under similar conditions to those described in I-A (except 
at a temperature of 100" for 8 h), both methyl 3,4,6-tri-0- 
acetyl-2-bromo-2-deoxy-P-D-gluco- (and a-D-manno-) 
pyranoside (16) underwent no appreciable reaction. 

Preparation of Methyl 4,6-Di-0-acetyl-2,3-dideoxy-a,P-D- 
erythro-hex-2-enoside 

3,4,6-Tri-0-acetyl-D-glucal (2 g) (18) was allowed to 
react with methanol in a rocking autoclave (previously 
flushed with nitrogen) at 180" for 4 h. After the methanol 
and acetic acid were removed from the unsaturated 
sugars by evaporation under reduced pressure, the 
residual syrup was distilled; yield 1.4 g, b.p. 80-83" (0.04 
mm), [aID2l $136" (c, 1.2 in benzene), nDZ3 1.4565. 
Attempts to separate the mixture of unsaturated sugars by 
v.p.c. were unsuccessful. Nuclear magnetic resonance: 
vinyl protons at r 4.04 and 74.10 (ratio of P:a anomer 
5:9). 
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Reaction of %,2,3-thiadiazoles with base. PI. Thioneesters from thioketene 
intermediates 

R. RAAP 
R & L Molecr~lar Research, Ltd., 8045 Argyll Road, Edtnonton, Alberta 

Received March 26, 1968 

Alkynethiolates, generated from 1,2,3-thiadiazoles by a strong base, react with alcohols and alkan- 
ethiols to give thioneesters and dithioesters respectively. In this manner were prepared: dimethyl mono- 
thionemalonate, (methoxythiocarbonyl)acetamide, methyl phenylthioneacetate, and ethyl phenyldithio- 
acetate. 2,w-Diphenyl-l,4-dithiafulvene results from the reaction between lithium 2-phenylethynethiolate 
and water. 

Canadian Journal of Chemistry, 46, 2251 (1968) 

In a previous publication (1) we reported on ketene 4. I t  thus seemed possible to obtain some 
the cleavage of 1,2,3-thiadiazoles (1) by strong additional insight into the behavior of thio- 
base to give alkynethiolates (2), which could ketenesl by either decomposing 1,2,3-thiadia- 
subsequently be alkylated or acylated to 1-alky- zoles in protic solvents, such as alcohols or 
nyl thioethers (3). An alkynethiolate 2 can pos- alkanethiols, or by addition of these substances 
sibly abstract a proton from protic substances to an alkynethiolate solution. 
to give an alkynethiol or its tautomer, the thio- When methyl 1,2,3-thiadiazole-6carboxylate 

a R' = CH30ZC; Z = 0 ;  R"' = CH3 
b R' = HzNCO ; Z = 0 ;  R"' = CH3 
C R ' = C 6 H 5  ; Z = O ;  R U ' = C H 3  
d R' = C6Hs ; Z = S ; R"' = CzH5 

'Reactions described in the literature which are be- 
lieved to involve thioketenes as intermediates include 
the thermal decomposition of diphenyldithioacetic acid 
(2), I-alkynyl thioethers (3,4) and 1,3-dithietanes (5). 
Thioketene, a very unstable substance polymerizing at 
temperatures above -SO0, was prepared by Howard (4) 
by pyrolysis of t-butylthioethyne. A stable thioketene, 
bis(trifluoromethyl)thioketene, was recently reported by 
Raasch (6). Arens and co-workers obtained dithioesters 
in 30-50% yield by adding alkanethiols to ethereal solu- 
tions of lithium alkynethiolates (7);. they also studied the 
reactions of alkynethiolates generated in the presence of 
proton donors from acetylthioalkynes by the action of 
nucleophiles (8,9). 

was added to a threefold excess of methanolic 
sodium methoxide at Oo, a rapid gas evolution 
took place and dimethyl monothionemalonate2 

ZA brief resume of reactions leading to thioneesters has 
been given by Renson and Bidaine (10). Since then, a 
superior method, involving the reaction of iminoester 
hydrochlorides with HZS in pyridine, has been described 
by Schmidt, Heymann, and Kabitzke (11). By employing 
this latter procedure Scheithauer and Mayer (12) and, 
independently, Barnikow and Strickmann (13) have 
recently prepared some dialkyl monothionemalonates. 
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(5a) was isolated from the reaction mixture in 
71 % yield. This product was identical with that 
synthesized from the iminoester hydrochloride 
6 according to recently described procedures 
(1 1-13). 

Equally rapid was the reaction of meth- 
anolic sodium methoxide with 1,2,3-thiadiazole- 
4-carboxamide to give (methoxythiocarbony1)- 
acetamide (5b, 59 %). 4-Phenyl-l,2,3-thiadiazole 
did not react with sodium methoxide in the cold, 
but when the methanolic solution was heated 
under reflux, the gas evolution ceased within 
1 h and methyl phenylthioneacetate (5c) was 
obtained (69%). When prior to work-up the 
latter reaction mixture was treated with dimethyl 
sulfate, P-methoxy-P-methylthiostyrene (7) was 
the only product isolated (62 %). Apparently the 
reaction medium is sufficiently basic for the 
product to be present as the anion, which pre- 
ferentially alkylates on the sulfur. 

Next, lithium 2-phenylethynethiolate in tetra- 
hydrofuran was treated with some protic sub- 
stances. When water was carefully added at 
- 60" a quantitative amount of 2,w-diphenyl- 1 ,- 
4-dithiafulvene (8) was formed. The addition 
of ethanethiol at -60" resulted in a mixture of 
dithiafulvene 8 (45%) and ethyl phenyldithio- 
acetate (5d, 50%).3 When the lithium 2-phenyl- 
ethynethiolate solution was added dropwise to 
methanol at 0°, a mixture of methyl phenyl- 
thioneacetate (5c, 18 %) and 8 (48 %) was ob- 
tained. A surprising 82% yield of the dithiaful- 
vene was isolated when the 2-phenylethynylthio- 
late solution was added to refluxing methanol. 
The predominant formation of 8 in these reac- 
tions can be explained by a rapid reaction of 
phenylthioketene with lithium 2-phenylethynyl- 
thiolate. Kirmse and Horner (14) obtained 
2,o-diphenyl-l,4-dithiafulvene by photochem- 
ical decomposition of 4-phenyl-l,2,3-thiadiazole 
in benzene, a reaction which is also believed to 
involve phenylthioketene as an intermediate. 

3The yield of the latter product could be increased to 
61 % by inverse addition. 

Experimental 
All melting points and boiling points are uncorrected. 

Nuclear magnetic resonance (n.m.r.) spectra were mea- 
sured using a Varian Associates model A-60 spectrom- 
eter, with tetramethylsilane as a reference. Micro- 
analyses were performed by Dr. G. Weiler and Dr. F. B. 
Strauss, Microanalytical Laboratory, Oxford, England. 

Dimethyl Motrothionemalonate(5a) 
Methyl 1,2,3-thiadiazole-4-carboxylate (200 g, 1.39 

mole) (1, 15) was added in portions to a stirred solution of 
sodium methoxide (from 96 g, 4.17 g-atom, of sodium) in 
2 1 of methanol, cooled in an ice-salt bath. Immediately 
a vigorous gas evolution took place. The addition was 
completed in approximately 30 min, during which time 
the temperature of the reaction mixture was maintained 
at 0-15". The ice bath was removed and the reaction 
mixture was left at ambient temperature for 15 min 
whereafter the methanol was removed under reduced pres- 
sure. To the residue were added 2.5 1 of ice-water. The 
resultant solution was washed with ether then acidified 
with 6 N hydrochloric acid and extracted with three 500 
ml portions of ether. The combined extracts were dried, 
the ether removed and the residue distilled it2 vacuo to 
give 146 g (71 %) of a yellow-colored liquid, b.p. 59-60" 
(2.5 mm). The n.m.r. spectrum (CC14) contained methyl 
singlets at  T 5.89 and 6.29 and a methylene singlet a t  
T 6.25. 

Anal. Calcd. for C,H,03S: C, 40.52; H, 5.44; S, 21.64. 
Found: C, 40.71 ; H, 5.44; S, 21.35. 

The same product was also prepared in 72% overall 
yield from methyl cyanoacetate by the procedure given 
by Barnikow and Strickmann (13) for diethyl monothio- 
nemalonate. The material, b.p. 55-56" (2.0 mm), was 
shown to be identical with the above prepared product by 
comparison of the infrared and n.m.r. spectra. 

(Metl~o.uythiocarbotzyl)acetat~1ide(5b) 
1,2,3-Thiadiazole-4-carboxanlide, (25.8 g, 0.20 mole) 

(15) was added in portions to a stirred ice-cooled solution 
of sodium methoxide (from 13.8 g, 0.60 g-atom, of 
sodium) in 200 ml of methanol, at  such a rate that the 
temperature of the reaction mixture did not exceed 15". 
When the addition was completed the reaction mixture 
was kept at  room temperature for 15 min whereafter the 
solvent was removed under reduced pressure. The residue 
was dissolved in 150 ml of ice-water and the resultant 
solution was carefully acidified, under cooling, with con- 
centrated hydrochloric acid. The product was immedi- 
ately extracted with six 75 ml portions of ethyl acetate. 
The combined extracts were dried and passed through a 
short silica gel column. The eluate was concentrated to 
a volume of 50 ml, treated with 25 ml of warm tz-hexane 
and cooled. The yellow needles, n1.p. 62-65", were col- 
lected by filtration and amounted to 15.6 g (59%). An 
analytical sample, m.p. 68-69", was obtained by two 
recrystallizations from ethyl acetate - n-hexane. 

Anal. Calcd. for C4H7N02S: C, 36.08; H, 5.30; N, 
10.52; S, 24.07. Found: C, 36.19; H,  5.23; N, 10.24; S, 
23.80. 

Methyl Phenyltliioneacetate(5c) 
T o  a solution of sodium methoxide (from 13.8 g, 0.60 

g-atom, of sodium) in 300 ml of methanol was added 
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RAAP: REACTION OF 1,2,3-THIADIAZOLES WITH BASE 2253 

4-phenyl-l,2,3-thiadiazole (32.4 g, 0.20 mole) (16). The vior of the product suggests that in the reaction both iso- 
reaction mixture was heated under reflux for' 1 h where- meric forms of the dithiafulvene 8 are produced and that 
after the methanol was removed under reduced pressure. one of these forms isomerizes to the more stable form at 
The residue was poured into 200 ml of ice-water and the approximately 130"; 
product was extracted with four 75 ml portions of ether. (6 )  WithMethano[ 
The combined ether extracts were dried followed by  he lithium thiolate solution was placed in a dropping 
removal of the ether and vacuum distillation of the resi- funnel and added dropwise in 10 min to 50 ml of metha- 
due to give 22.9 g (69 %) of pale-yellow liquid, b.p. 70-71" nol at 0". The methanol was removed, the residue added 
(0.8 mm); reported (17) b.p. 145-149" (83 mm). to 200 ml of ice-water and this solution extracted with 

Anal. Cklcd. for C~HIOOS:  C, 65.05; H, 6.07; S, 19.29. five 60 ml portions of ether. The combined ether extracts 
Found: C, 65.10;H, 6.18;S, 19.45. were dried and the ether removed, leaving a mixture of 

The infrared and n.m.r. spectra were superimposable methyl phet~yltlzioneacetate (1.5 g, 18%; b.p. 78-79" 
with the corresponding spectra of an authentic sample (1.5 mm)) and 2,w-diphenyl-l,4-dithiafulvene (3.2 g, 
prepared from benzyl cyanide by the method of Schmidt, 48 %) which could be separated by treatment with n- 
Heymann, and Kabitzke (1 1). hexane in which the dithiafulvene was not soluble. When 

13-Methoxy-13-metlrylthiostyrene (7) the 2-phenylethynylthiolate solution was added to re- 
fluxing methanol an 82% yield of the dithiafulvene was 

A mixture of 4-phenyl-1,2,3-thiadiazole (8.1 g, 0.050 isolated and only a trace of methyl phenylthioneacetate mole) sodium methoxide (from 3.44 g, 0.150 g-atom, of was formed. sodium) and 90 ml of methanol was heated under reflux 
for 45 min. The reaction mixture was cooled to room (c) With Et12at2ethio1 
temperature and dimethyl sulfate (12.6 g, 0.10 mole) was TO the lithium 2-phenylethynylthiolate solution, at 
.added in one portion. After the mixture had been worked -GO", was added a solution of ethanethiol (8.4 g, 0.13 
up in the usual manner there was obtained 5.6 g (62 %) of mole) in 30 ml of tetrahydrofuran, in one t or ti on. t he 

b.p. 81-82" (0.2 mm). l-he n.m.r. spectrum reaction mixture was worked up in the usual manner to 
(CCI,) contained a multiplet at T 2.4 - 2.9 (phenyl) and give 3.0 g (45%) of 2,w-diphenyl-1,4-dithiafulvene, m.p. 
singlets at T 4.14 (olefinic H), 6.27 (OCH,) and 7.76 193-195", and 4.9 g (50%) of etlryl phenyldithioacetate 
(SCH,) with an integrated area ratio of 5:1:3:3 respec- ( 5 4  an orange-colored liquid with b . ~ .  100-101" (0.6 
tively. mm); reported (18) b.p. 140-144" (45 mm). 
Anal.Cal~d.forC~~H,~OS:C,66.6~;~,6.71;~, 17.78. Anal. Calcd. for CloHlzSz: C, 6 1 . 1 8 ; ~ ,  6.16; S, 32.67. 

Found: C, 66.72; H, 6.67; S, 17.95. Found: C,61.51;H,6.21;S,32.49. 
When the thiolate solution was added drovwise in 15 

Reactions of Lithium 2-Plrenylethyt~etlriolate with Water, 
Methanol, and Ethanetlriol 

A 1.6 M solution of n-butyllithium in n-hexane (34 ml, 
0.055 mole of butyllithium) was added to a stirred sus- 
pension of 4-phenyl-1,2,3-thiadiazole (8.1 g, 0.050 mole) 
in 75 ml of anhydrous tetrahydrofuran, cooled in dry 
ice - acetone, at such a rate that the temperature did not 
exceed -60". The addition was carried out in a nitrogen 
atmosphere. When the addition was completed the reac- 
tion mixture was stirred at -60" an additional 10 min. 
The following reactions were carried out with the thus 
prepared lithium 2-phenylethynethiolate solutions: 

(a) With Water 
Water (50 ml) was carefully added at -60" to the thio- 

late solution. The temperature of the mixture was 
allowed to rise to 10' and the two layers were separated. 
The organic solution was dried and the solvent removed, 
leaving 6.7 g (103%) of a yellow-colored solid. Upon 
heating, the solid partly melted at approximately 130" 
then solidified again completely and melted to a red- 
colored liquid at 185-190". A 3.0 g sample was recrystal- 
lized from toluene (40 ml) to give 1.5 g of pure 2,w-di- 
plrerryl-1,4-dithiafulvelre (8) as a yellow solid, m.p. 198- 
199", identical in all respects (infrared spectra super- 
imposable, mixture melting point undepressed) with an 
authentic sample, m.p. 197-19S0, prepared by photolysis 
of 4-phenyl-1,2,3-thiadiazole (14). The solid residue 
obtained from the filtrate was heated in vacuo at 140- 
145" for 15 min (no significant change in the infrared 
spectrum was observed by this treatment) and then 
recrystallized from toluene (40 ml) to give an additional 
0.9 g of the pure dithiafulvene, m.p. 198-199". The beha- 

min to the ethanethiol solution, at -20 to -30", a 61 % 
yield of ethyl phenyldithioacetate was obtained whereas 
only a 15 % yield of the di thiafulvene was isolated. 
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Some syntheses with dimethyl monothionemalonate 

R. RAAP 
R & L Molec~rlar Research, Ltd., 8045 Argyll Road, Edmonton, Alberta 

Received March 26, 1968 

Reactions are described in which the S-alkylation products of dimethyl n~onothionemalonate and 
the reaction products with amino compounds have been employed to prepare compounds such as 
3-hydroxythiophenes, 1-tetrazolylacetates, 1,3,4-oxadiazolylacetates, and methyl 3,3-di-N-rnorpholino- 
acrylate. 

Canadian Journal of Chemistry, 46, 2255 (1968) 

The syntheses of various dialkyl monothione- TABLE I 

malonates from cyanoacetii esters via the 
iminoester hydrochlorides were reported in 
recent publications by Scheithauer and Mayer 
(1) and Barnikow and Strickmann (2, 3). Apart 
from undergoing Michael additions and Knoeve- 
nagel condensations (1) these compounds reacted 
with amino compounds to give structures such 
as A2-imidazolinyl- and A2-oxazolinylacetic 
esters and 3-alkoxypyrazol-5-ones (3). In a pre- 
vious publication we reported on the synthesis of 
dimethyl monothionemalonate (1) from methyl 
1,2,3-thiadiazole-4-carboxylate (4). We had simi- 
larly explored some of the synthetic possibilities 
of this compound and the results described in 
the present paper further emphasize the value of 
monothionemalonates for organic syntheses 
(Scheme I). 

The sodio derivative of 1 reacted with alkyl 
halides to give the S-alkylated products 2a-d in 
60-80% yield. Compounds 2b-d readily under- 
went a Dieckmann cyclization to the 3-hydroxy- 
thiophenes 3 upon treatment with base. Even the 
hydrolysis of 2b and 2c with methanolic sodium 
hydroxide at room temperature gave rise to both 
the expected acid (2, R = CH2C02H) and the 
cyclization products 3a and 3b. This cyclization 
is mechanistically related to the preparation of 
3-hydroxythiophenes from thioglycolic ester and 
P-keto esters or acetylene carboxylic esters in the 
presence of base (5). Compounds 3a and 36 were 
quantitatively converted to the 3,5-dimethoxy- 
thiophenes 4 upon reaction with diazomethane. 
Compound 3c on the other hand reacted with 
diazomethane to give predominantly 5-methoxy- 
2-methoxybenzylidene-4-thiolen-3-one (5)', a 

'The structural assignment is primarily based on the 
infrared and nuclear magnetic resonance spectra. The 
minor reaction product contains a strong carbonyl band 
in the infrared spectrum at 1650cm-'; the major product 
does not absorb in the 1600-1800 cm-' region. 

Yield and boiling point data for the reaction* of 
thione esters with amino compounds 

- 

Compoundt 
Yield Boiling point, "C 

R R' % (mm Hg) 

CH302C C2H5 77 62-63 (0.7) 
CH3OZC CH30 75 43-45 (0.5) 
CH3OzC (CH3)zN 87 82-84 (12) 
CH302C C6Hs 76 92-93 (0.4) 
CsHs (CHsLN 86 67-68 (0.5) 
CsHs C ~ H S  41 115-116 (0.4) 

S NR' 
I I  I I  

*R-CH~-COCH~ f R'-NHz -> R-CHz-COCHs. 

NR' 
II 

?The compound R-CH2-COCH3. 

readily crystallizable white solid, m.p. 85-87". 
A small amount (approximately 15 % yield) of 
4c was also formed and could be separated from 
5 by elution chromatography on silica gel. 

When N,N-dimethylhydrazine was added to 
dimethyl monothionemalonate at room tem- 
perature an instantaneous reaction took place, 
with evolution of H2S. Distillation of the reac- 
tion mixture afforded pure methyl (methoxy- 
N,N-dimethylcarbhydrazino) a c e t a t e  
(6, R = (CH,),N-) in 87 % yield. This reaction 
appears to be an example of a general reaction 
between thionemalonates and amino compounds 
(Table I; cf. reference 3) and even a relatively 
unreactive amino compound such as aniline 
reacted smoothly. The same reaction could be 
applied to methyl phenylthioneacetate, although 
this compound reacted more slowly. A direct 
application of this reaction consisted of the 
addition of acetylhydrazine to a solution of 1 in 
dimethylformamide and heating the resulting 
mixture at 100" for 4 h without isolating the 
intermediate 7. Methyl 5-methyl-l,3,4-oxadia- 
zolylacetate (8, R = CH,) was readily isolated 
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RAAP: SYNTHESES WITH DIMETHYL MONOTHIONEMALONATE 

by distillation in 64% yield and was identical spectrophotometer. Microanalyses were performed by 

with a sample prepared by dehydration of the Dr. G. Weiler and Dr. F. B. Strauss, Microanalytical 
Laboratory, Oxford, England. monohydrazide 9, according to the procedure of 

Quelet and Milcent (6). Methyl 5-phenyl-1,3,4- 
oxadiazolylacetate (8, R = C,H,) was similarly 

I prepared from 1 and benzoylhydrazine.' 

I When the iminoesters 6 were treated with 
sodium azide in glacial acetic acid, according to 

1 conditions described by Hagedorn and Winkel- 

i mann (7), the 1-substituted 5-tetrazolylacetic 

i esters 10 were obtained in fair yields. 
Dimethyl monothionemalonate reacted readily 

with the secondary amines diethylamine and 
morpholine to give almost quantitative yields of 
the thioamides 11 which could subsequently be 
S-alkylated to compounds 12. Ethyl 3-hydroxy- 
5-N-morpholinothiophene-2-carboxylate 
(13) was prepared from 12c by a Dieckmann 

1 cyclization with sodium hydride in tetrahydro- 
furan. This product could be methylated to 

I compound 14 upon treatment with diazo- 
I methane. When 12b was heated with morpho- 

I 
line, methanethiol evolved and methyl 3,3-di-N- 
morpholinoacrylate (15), m.p. 11 5-1 16", was 

I 

I isolated in 77 % yield. 
Upon reaction of 1 with diazomethane in a 

methanol-ether mixture methyl 5-(1,2,3-thiadia- 
zoly1)acetate (16; 74 %) was obtained. Methanol 

i clear!y acts as a catalyst in this reaction as in the 
absence of methanol 16 was not isolated and 

I the product mixture decomposed vigorously 
upon distillation (cf. references 1, 8, 9). 

I 

1 Experimental 
All melting points and boiling points are uncorrected. 

The infrared spectra were recorded on a Perkin-Elmer 
model 137 "Infracord" spectrophotometer. Nuclear 
magnetic resonance (n.m.r.) spectra were measured using 
a Varian Associates model A-60 spectrometer, with 
tetramethylsilane as a reference. Ultraviolet spectra were 
obtained using a Perkin-Elmer model 202 recording 

'Methyl 1,3,4-oxadiazolylacetate (8, R = H) was 
formed in very low yield from 1 and formylhydrazine. 
However, attempts to isolate this compound by either 
chromatography on silica gel or distillation resulted 
almost invariably in complete decomposition. 

Methyl 3-Methoxy-3-methylthioacrylate (2a) 
Sodium (1.38 g, 0.060 g-atom) was allowed to react 

with 60 ml of methanol. To the sodium methoxide 
solution were successively added, at Oo, dimethyl mono- 
thionemalonate (7.4 g, 0.050 mole) and methyl iodide 
(9.9 g, 0.070 mole). The solvent was removed, the residue 
diluted with 50 ml of water and extracted with ether. 
Drying and removal of the ether, followed by recrystal- 
lization of the residue from n-hexane yielded 6.0 g (75 %) 
of white crystals, m.p. 52-54". The n.m.r. spectrum 
(CDCI,) contained methyl singlets at r 6.17, 6.33, and 
7.71 and a singlet for the olefmic proton at r 4.79. An 
analytical sample, m.p. 62-63", was obtained by two 
additional recrystallizations from n-hexane. 

Anal. Calcd. for C1,H1,O3S: C, 44.42; H, 6.22; S, 
19.76. Found: C, 44.71; H, 6.35; S, 19.80. 

An n.m.r. spectrum revealed that the crude material 
(2 g) that was recovered when the solvent was removed 
from the filtrate, existed almost exclusively of the same 
acrylic ester, indicating that the isomeric dimethyl 
methylmonothionemalonate was either not formed at all 
or only in trace amounts. 

Merl~yl 3-Carbomethoxymet/iylthio-3-merhoxyacrylate 
(26) 

Dimethyl monothionemalonate (7.4 g, 0.050 mole) was 
added dropwise in 15 min to a stirred suspension of 
sodium hydride (1.25 g, 0.052 mole) in 75 ml of anhydrous 
tetrahydrofuran, cooled in ice. When the addition was 
completed the mixture was stirred for an additional 15 
min followed by the addition of methyl chloroacetate 
(6.0 g, 0.055 mole) in one portion. The reaction mixture 
was heated under reflux for 1 h, then poured into 100 ml 
of ice-water and extracted with two 100 ml portions of 
ethyl acetate. The residue obtained after drying and 
removal of the ethyl acetate was recrystallized from a 
mixture of benzene (20 ml) and n-hexane (40 ml) to give 
6.7 g (61 %) of white crystals, m.p. 73-74". The n.m.r. 
spectrum (CDCI,) contained sharp singlets at r 4.78, 
6.22, 6.30, 6.33, and 6.43 with an integrated area ratio of 
1 :3:3:3:2 respectively. 

Anal. Calcd. for C8HlZ05S: C, 43.62; H, 5.49; S, 
14.56. Found: C, 43.51; H, 5.71; S, 14.71. 

When the material was treated with a slight excess of 
3 N methanolic sodium hydroxide at room temperature 
for 10 min there was obtained, after work-up, a mixture 
of methyl 3-carboxymethylthio-3-methoxyacrylate (53 %, 
m.p. 111-112") and methyl 3-hydroxy-5-methoxythio- 
phene-2-carboxylate (3a) (18 %, m.p. 71-73'). The former 
product crystallized readily from ethyl acetate whereas 
the thiophene compound was obtained by cooling a 
concentrated methanolic solution of the residue. 
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Anal. Calcd. for C7Hlo05S (nlol. wt., 206): C, 40.77; The product could also be obtained, in 80% yield, when 
H, 4.89; S, 15.55. Found (neutralization equivalent, 197): the cyclization was carried out in methanol with a slight 
C, 41.21; H, 5.17; S, 15.72. excess of sodium methoxide (1 h at 25"). 

Methyl 3-Carbethoxyn~etlrylthio-3-methoxyacrylate (2c) 
This compound, m.p. 88-90' (ethyl acetate - 11-hexane), 

was prepared in 79% yield from sodium dimethyl mono- 
thionemalonate and ethyl bromoacetate by the preceding 
procedure. Treatment of this product with a slight excess 
of 2 N ethanolic sodium hydroxide yielded a mixture of 
methyl 3-carboxyn~ethylthio-3-methoxyacrylate (32%) 
and ethyl 3-hydroxy-5-methoxythiophene-2-carboxylate 
(36; 48 %), m.p. 28-31'. 

Methyl 3-Methoxy-3-(phertacylthio)acrylate (2d) 
A solution of sodium dimethyl monothionemalonate in 

tetrahydrofuran was prepared from dimethyl mono- 
thionemalonate (7.4 g, 0.050 mole) as described above. 
To this solution, cooled in ice, was added a solution 
of 2-bromoacetophenone (11.0 g, 0.055 mole) in 25 ml 
of tetrahydrofuran, in one portion. The reaction mix- 
ture was stirred at room temperature for 30 min, then 
concentrated and diluted with 150 ml of water. The 
product precipitated and was taken up in ethyl ace- 
tate (200 ml). The ethyl acetate solution was dried and 
concentrated to a volume of 50 ml. To the hot ethyl 
acetate solution was added 50 ml of boiling n-hexane and 
the mixture was allowed to cool. There was obtained 
10.0 g (75%) of white needles, m.p. 94-96". The n.m.r. 
spectrum (CDCl,) showed absorption at T 2.2-2.9 
(phenyl H's), r 4.96 (singlet; olefinic H), r 5.90 (singlet; 
CH2), and T 6.47 (overlapping methoxy groups) with an 
integrated area ratio of 5:1:2:6 respectively. 

Anal. Calcd. for C13H1404S: C, 58.63; H, 5.30; S, 
12.04. Found: C, 58.64; H, 5.24; S, 12.20. 

Metllyl 3-Hydroxy-5-methoxythiopherre-2-carboxylate 
(30) 

Methyl 3-carbomethoxymethylthio-3-methoxyacrylate 
(6.6 g, 0.030 mole) was added to a stirred suspension of 
sodium hydride (0.96 g, 0.040 mole) in 75 ml of  anhydrous 
tetrahydrofuran, cooled in ice. The reaction mixture was 
allowed to warm up slowly. At approximately 10" an 
exothermic reaction started which necessitated occasional 
cooling. When the reaction subdued, the reaction mixture 
was stirred at room temperature for an additional 30 min 
and was then diluted with 150 ml of ice-water. The mix- 
ture was washed with ether and then acidified with dilute 
sulfuric acid. The product was extracted with two 75 ml 
portions of ether. The combined ether extracts were dried 
and the ether removed, leaving 5.1 g (90%) of white solid 
residue m.p. 67-71". The melting point could be raised to 
72-73" by recrystallization from methanol; h,,,(MeOH) 
287 mp (log E 4.17). The infrared spectrum (Nujol mull) 
contained sharp bands at 1650 and 1565 cm-' ascribed 
to the carboxyl group and the thiophene ring respectively. 
The n.m.r. spectrum (CDCI,) contained singlets at T 0.15, 
4.12, 6.13, and 6.21 with an integrated area ratio of 
1:1:3:3 respectively. A methanol solution of the com- 
pound obtained an intense purple color upon addition of 
ferric chloride. 

Anal. Calcd. for C7H804S (mol. wt., 188): C, 44.67; 
H, 4.29; S, 17.04. Found (mol. wt., 183, osmometric): 
C, 44.15; H, 4.27; S, 16.91. 

Ethyl 3-Hydroxy-5-metlroxythiophene-2-car.boxyae (36) 
This product, m.p. 32-33' (after recrystallization from 

methanol), was prepared in 86% yield from methyl 
3-carbethoxymethylthio-3-methoxyacrylate (7.0 g, 0.030 
mole) in the same manner as described above. The n.m.r. 
spectrum (CCI,) showed absorption at T 0.12 (broad 
singlet), 4.19 (singlet), 5.76 (quartet), 6.15 (singlet), and 
8.68 (triplet) with an integrated area ratio of 1 :1:2:3 :3 
respectively. 

Anal. Calcd. for CsHlo04S: C, 47.51; H, 4.99. 
Found: C, 47.57; H, 4.96. 

2-Ber1zoyl-3-lgvdroxy-5-~netI1o~~ytlriop/1er1e (3c) 
To a slightly warm solution of methyl 3-methoxy-3- 

(phenacy1thio)acrylate (9.0 g, 0.034 mole) in 75 ml of 
methanol were added 13 ml of a 3 N methanolic sodium 
hydroxide solution. The mixture was left at room 
temperature for 5 min, then the methanol was removed, 
followed by the addition of ether (100 ml) to the residue. 
The pale-yellow colored sodium salt (8.7 g, 100%) was 
collected by filtration. Part of this salt (5.1 g, 0.020 mole) 
was dissolved in 50 ml of water and acidified with dilute 
sulfuric acid. The product was extracted with two 50 ml 
portions of ethyl acetate. The combined extracts were 
dried and the solvent removed to give 3.8 g (81 %) of 
yellow crystalline residue, m.p. 55-59". The product 
could be recrystallized from methanol (20 ml) to give 
3.5 g of yellow needles, m.p. 58-60"; h,,,(MeOH) 339 m p  
(log E 4.16). The infrared spectrum (Nujol mull) did not 
show any carbonyl absorption in the 1600-1800 cm-' 
region. The n.m.r. spectrum (CC14) contained a broad 
singlet at T 0.1, conlplex absorption at T 2.2-2.9 and 
singlets at T 4.23 and 6.20 with an integrated area ratio of 
1:5:1:3 respectively. A methanolic solution of the com- 
pound obtained an intense green color upon addition of 
ferric chloride. 

Anal. Calcd. for ClZH1003S (inol. wt., 234): C, 61.50; 
H, 4.30; S, 13.68. Found (nlol. wt., 232, osmometric): 
C, 61.44; H, 4.50; S, 13.85. 

The product could also be prepared with sodium 
hydride in tetrahydrofuran in the manner described 
above (63 % yield). 

Methyl 3,5-Dirnethoxythiopherre-2-cmboxylate (4a) 
To a solution of methyl 3-hydroxy-5-methoxythio- 

phene-2-carboxylate (2.1 g, 0.01 1 mole) in 25 ml of ether 
was added an  excess of an ethereal solution of diazo- 
methane. The reaction mixture was left at room tempera- 
ture for 2 h whereafter the ether and excess diazomethane 
were removed to give 2.3 g (100%) of white solid residue, 
m.p. 61-65". Recrystallization from benzene - n-hexane 
(1 :2) raised the melting point to 67-68"; h,,,(MeOH) 
291 mp (log E 4.18). The infrared spectrum (Nujol mull) 
contained sharp bands at 1670 and 1550 cm-'. The n.m.r. 
spectrum (CC1,) contained sharp singlets at r 3.92, 6.07, 
and 6.22 with an integrated area ratio of 1 :6:3 respec- 
tively. 

Anal. Calcd. for C8Hl0O4S (mol. wt., 202): C, 47.51; 
H, 4.99; S, 15.86. Found (nlol. wt., 202, osmometric): 
C, 47.10; H, 4.75; S, 16.23. 
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Ethyl 3,5-Dimethox~~tRiop/1erte-2-carboxylate (46) mole) in 50 ml of methanol at  0-10'. Removal of the 
This compound, m.p. 42-45", was prepared in the same solvent and fractional distillation of the residue yielded 

manner as the methyl ester. 12.2 g (77 %) of a colorless liquid, b.p. 62-63" (0.7 mm). 
Anal. Calcd. for C9H1204S: C, 49.98; H, 5.60; S, The infrared spectrum (neat liquid) of a center distillation 

14.83. Found: C, 50.03; H, 5.55; S, 14.92. cut contained a weak band at  3250 cm-' and strong bands 

Reaction of 2-Be12zoy~~3-hydroxy -~-me t~y t~ iop / l e l l e  at 17409 1650, and 1605 suggesting the presence of 

with Diazon~et/~ane both the tautomeric imino and enamine forms. The n.m.r. 

A solution of 2~benzoy]~3-hydroxy-5~methoxythio~ Spectrum also pointed to a mixture of these tautomers. 

phene (4.0 g, 0.017 mole) in 75 ml of ether was treated Anal. Calcd+ for C7H13N03: 52.81; H, 8.04; N, 
with an  excess of an ethereal solution of diazomethane. 8.80. Found: Cj 52.54; H7 8.00; N, 8S3. 

The reaction mixture was left at room temperature for 
2 h. The residue obtained after removal of the ether was 
recrystallized from a benzene - 11-hexane (1 :2) mixture to 
give 2.6 g (62 %) of 5-methoxy-2-methoxybenzylidene-4- 
thiolen-3-one (5) as white needles, m.p. 85-87"; 
h,,,(MeOH) 334 mp  (log E 4.19). The infrared spectrum 
(Nujol mull) contained bands at  1590 and 1540 cm-', 
but no carbonyl absorption in the 1600-1800 cm-' 
region. The n.m.r. spectrum (CDCI,) showed a complex 
band at 7 2.2-2.8 and singlets at  7 3.97, 6.13, and 6.33, 
with an  integrated area ratio of 5:1:3:3 respectively. The 
same product was -obtained (in low yield) from the 
reaction of the sodium salt of the starting material with 
methyl iodide. 

Anal. Calcd. for C13H1203S (mol. wt., 248): C, 62.88; 
H, 4.87; S, 12.91. Found (mol. wt., 247, osmometric): 
C, 63.04; H. 4.77; S, 12.70. 

The filtrate was concentrated to dryness to give 1.5 g 
of yellow oil, approximately a 1 :1 mixture of the above 
isolated product and a product believed to be 2-benzoyl- 
3,5-dimethoxythiophene (4c). The mixture could be 
separated by elution chronlatography on silica gel, most 
of the former product being eluted with ether, the latter 
with ethyl acetate. The ethyl acetate fraction was again 
chromatographed, and in this manner 0.3 g of 2-benzoyl- 
3,5-dimethoxythiophene was obtained as a viscous oil 
with a purity of approximately 90%; h,,,(MeOH) 339 
(log E 4.14). The infrared spectrum of the neat liquid 
contained strong bands at 1650, 1585, and 1550 cm-', 
ascribed to the carbonyl group and the phenyl and 
thiophene ring respectively. The n.nl.r. spectrum (CDC1,) 
showed singlets at  7 2.54, 4.54, 6.08, and 6.47 with an 
integrated area ratio of 5:1:3:3 respectively. 

Methyl (Methoxy-N,N-dimetlzy1carblzydrazino)acetate 
(6, R = (CH,);N) 

N.N-Dimethvlhvdrazine 13.0 rr. 0.050 mole) was added 
carefully to dimethyl mondthionemalonate (7.4 g, 0.050 
mole), resulting in-an immediate reaction. The mixture 
was left at  room temperature for 30 min, then distilled 
in vacuo to give 7.6 g (87%) of colorless liquid, b.p. 
82-84" (12 mm). The n.m.r. spectrum (CCI4) contained 
sham sindets at  7 6.32. 6.36. 6.59. and 7.69 with a n  

Methyl (Methoxy-0-~r~etlylcarboxi~~zi~~o)acetate 
(6, R = 0CH3)  

Methoxyamine hydrochloride (8.4 g, 0.10 mole) was 
added to 50 ml of a cold 2 Nmethanolic sodium hydroxide 
solution. The sodium chloride was filtered off and the 
filtrate added dropwise in 15 min to a stirred solution of 
dimethyl monothionemalonate (14.8 g, 0.10 mole) in 50 
ml of methanol, cooled in ice. When the addition was 
completed the mixture was kept at  0" for a n  additional 
1 h. Most of the methanol was removed under reduced 
pressure and 150 ml of ice-water was added to the 
residue. The product was extracted with three 75 ml 
portions of ether. The combined ether extracts were dried, 
the ether removed and the residue distilled in vacuo to 
give 12.0 g (75 %) of colorless liquid, b.p. 43-45" (0.5 rnm). 
The infrared spectrum of the neat liquid contained 
strong bands at 1740 and 1640 cm-'. 

Anal. Calcd. for CSHIIN04 :  C, 44.71; H, 6.88; N, 
8.69. Found: C,44.84;H,6.64;N,  8.42. 

Methyl (Methoxy-N-pherzylcar6inzi1zo) acetate - .  

i6, R = C, H,)  
Aniline (4.7 E. 0.050 mole) was added to  dimethvl 

\ -, 

n~onothionemalonate (7.4 g ,  0.050 mole). The evolution . -. 
of hydrogen sulfide became apparent immediately. The 
mixture was left at  room temperature overnight, then 
distilled it1 vacrto to give 7.8 g (76%) of a yellow-colored 
liquid, b.p. 92-93" (0.4 mm). The infrared spectrum of 
the neat liquid showed strong absorption at  1740 and 
1675 cm-'. 

Anal. Calcd. for Cl lHL3N03:  C, 63.75; H,  6.32; N, 
6.76; Found: C, 63.79; H,  6.42; N, 7.01. 

a-(Methoxy-N-phenylcarbimi~zo) toluene 
A mixture of aniline (4.7 g, 0.050 mole) and methyl 

phenylthioneacetate (8.4 g, 0.050 mole) (4) was heated at  
35-45" for 40 h, whereafter the mixture was fractionally 
distilled in vacrto to give 4.6 g (41 %) of product, b.p. 
115-116" (0.4 mm). The infrared spectrum of the neat 
liquid contained a strong band at  1660 cm-'. 

Anal. Calcd. for Cl5H1,NO: C, 79.94; H,  6.71; N, 
6.22. Found: C, 79.76; H,  6.55; N, 6.35. 

integratedarea ratio of 3':3:2:6respectively. The infrared 
spectrum of the neat liquid shows strong bands at 1725 a-(Methox~-N,N-dimeth~fcarbh~drazilzoJtoluene 

and 1635 cm-'. N,N-Dimethylhydrazine (3.0 g, 0.050 mole) was added 

Anal. Calcd. for C,H,4N20,: C, 48.26; H, 8,10; to methyl ~hen~l th ioneaceta te  (8.4 g, 0.050 mole) (4). 

16.09. Found: C, 48.48; H, 8.34; N, 16.49. The reaction mixture was left at  room temperature for 2 h 
and was then distilled in uacuo to give 8.3 g (8673 of 

Methyl (Methoxy-N-etlgv1carbimino)acetate colorless product, b.p. 67-68" (0.5-mm).  he‘ infrared 
(6, R = CzHs) spectrum of the neat liquid contained a strong band at  

A solution of ethylamine (4.5 g, 0.10 mole) in 30 ml of 1630 cm-'. 
methanol was added dropwise in 15 min to a stirred Anal. Calcd. for CllH16N20: C, 68.70; H, 8.39; N, 
solution of dimethyl monothionemalonate (14.8 g, 0.10 14.57. Found: C, 68.79; H,  8.07; N, 14.27. 
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Methyl 5-Methyl-1,3,4-oxadiazolylacetate (8, R = CH3) 
A mixture of dimethyl monothionemalonate (8.9 g, 

0.060 mole), acetylhydrazine (4.8 g, 0.065 mole) and 
dimethylformamide (40 ml) was slowly heated to 100" in 
an oil bath. The reaction mixture was kept at this 
temperature for 5 h. The initial dark color disappeared 
after approximately 2 h. The solvent was removed under 
reduced pressure and the residue distilled in vacuo to give 
6.0 g (64%) of pale-yellow product, b.p. 112-114" (1.5 
mm), m.p. 12-16", The n.m.r. spectrum (CDCI,) con- 
sisted of singlets at r 6.04, 6.23, and 7.46 with an inte- 
grated area ratio of 2:3:3 respectively. The n.m.r. and 
infrared spectra were superimposable with the corre- 
sponding spectra of an authentic sample, prepared by the 
procedure of Quelet and Milcent for the ethyl ester (6). 

5-Methyl-I,3,4-oxadiazolylacetic Acid 
To a solution of 5-methyl-l,3,4-oxadiazolylacetate 

(8.0 g, 0.051 mole) in 50 ml of methanol were added 20 ml 
of a 3 N methanolic sodium hydroxide solution. The 
reaction mixture was left at room temperature for 30 min, 
then the methanol was removed and the residue dissolved 
in 25 ml of water. The aqueous solution was washed with 
ether, then cooled and acidified with 12 ml of 6 N 
hydrochloric acid. The product (water-soluble) was 
extracted with eight 40 ml portions of ethyl acetate. The 
combined ethyl acetate extracts were dried and concen- 
trated to  a volume of 25 ml, followed by addition of 
25 ml of n-hexane, and cooling. There was obtained 5.6 g 
(77 %) of white solid, decarboxylating sharply at 84-85"; 
neutralization equivalent, 143 (calculated 142). 

The analyses were obtained on the amide, m.p. 
112-113". 

Anal. Calcd. for C5H,N30z: C, 42.55; H, 5.00; N, 
29.78. Found: C, 42.46; H, 5.14; N, 29.47. 

5-Phenyl-1,3,4-oxadiazolylacetic Acid 
The methyl ester was obtained from benzoylhydrazine 

(6.8 g, 0.050 mole) and dimethyl monothioneacetate 
(7.4 g, 0.050 mole) by the preceding procedure. The ester 
was, without purification, hydrolyzed (in 33 % overall 
yield) to the acid, m.p. 95-96" (decomp.); neutralization 
equivalent, 199 (calculated 204). The analysis was per- 
formed on the amide which was obtained as follows: 
the crude ester obtained in the above experiment was 
treated with 45 m16 M methanolic ammonia. The mixture 
was left at room temperature overnight, cooled, and 
filtered to give 4.0 g (40%) of white platelets, m.p. 
216-218" (after recrystallization from dioxane). 

Anal. Calcd. for Cl,H,N3O2: C, 59.10; H, 4.47; N, 
20.68. Found: C, 58.89; H, 4.68; N, 20.29. 

1,3,4-Oxudiazolylacetic Acid 
The methyl ester was formed in low yield from formyl- 

hydrazine and dimethyl monothioneacetate. The isola- 
tion, however, presented difficulties as in most runs the 
product completely polymerized both by distillation in 
vacuo (0.5 mm Hg) and by chromatography on silica gel. 
In a few instances the material was isolated by distillation 
in 10-20% yield; b.p. 100-105° (1.5 mm). The n.m.r. 
spectrum (CDCI,) consisted of singlets at r 1.44, 5.93, 
and 6.22 with an integrated area ratio of 1:2:3 respec- 
tively. The ester could be hydrolyzed in the same manner 
as described for the 5-methyl derivative to give an 
unstable solid, decarboxylating at 78-83"; neutralization 
equivalent, 128.5 (calculated 128). 

Methyl I-N,N-Dimethylatnirzo-5-tetrazolylacetate (IOU) 
and I-N,N-Dimetlgvlamino-5-tetrazolylacetic Acid 

A mixture of methyl (methoxy-N,N-dimethylcarb- 
hydrazino)acetate (5.5 g, 0.032 mole), sodium azide (9.7 g, 
0.15 mole), and glacial acetic acid (75 ml) was heated at 
60" for 18 h. The reaction mixture was poured into 150 ml 
of ice-water and the product extracted with ethyl acetate 
(4 times with 75 ml). The ethyl acetate extract was dried, 
the solvent removed, and the residue distilled in vaclro to 
give 3.0 g (51 %) of product, b.p. 120-125" at 0.5 mm. 
The elemental analyses were performed on the acid 
which could be obtained from the ester by hydrolysis 
with methanolic sodium hydroxide followed by acidifica- 
tion and recrystallization from ethyl acetate - 12-hexane, 
m.p. 115-117" (decomp.). 

Anal. Calcd. for C5H9N5OZ (mol. wt., 171): C, 35.08; 
H, 5.30; N, 40.92. Found (neutralization equivalent, 170): 
C, 35.29; H, 5.38; N, 41.16. 

I-Phenyl-5-tetrazolylacetic Acid 
A mixture of methyl (methoxy-N-pheny1carbimino)- 

acetate (5.0 g, 0.024 mole), sodium azide (7.8 g, 0.12 
mole), and glacial acetic acid (60 ml) was heated at 40' for 
48 h and then poured into 150 ml of ice-water. The ester 
(5.0 g) was extracted with ether and, without purification, 
hydrolyzed with 3 N methanolic sodium hydroxide a t  
room temperature (1 h). The acid could be recrystallized 
from ethyl acetate; yield, 1.3 g (26%); m.p. 134-135' 
(decomp.). 

Anal. Calcd. for C9H8N402 (mol. wt., 204): C, 52.94; 
H, 3.95; N, 27.44. Found (neutralization equivalent, 198): 
C, 52.38; H, 3.98; N, 27.82. 

Methyl (N,N-Dietlgvlamir~othiocarbonyl)acetate 
(11, R = CzH5) 

Diethylamine (16.0 g, 0.22 mole) was added in one 
portion to dimethyl monothionemalonate (29.6 g, 0.20 
mole) at O". The mixture was allowed to come to room 
temperature in 1 h and distilled i r~ vaclto to give 32.0 g 
(85%) of a pale-yellow liquid, b.p. 106-108" (0.3 mm). 
The n.m.r. spectrum (CDCI,) contained singlets at r 6.04 
and 6.25, a quartet at r 6.38, and a triplet at r 8.69 with 
an integrated area ratio of 2:3:4:6 respectively. 

Anal. Calcd. for C8HISNo2S: C, 50.76; H, 7.99; N, 
7.40; S, 16.94. Found: C, 50.80; H,7.88;N, 7.50; S, 17.10. 

Metlgvl (N-Morpholirzothiocarbonyl)acetate 
(11, Rz = O(CHzCHz)z) 

Morpholine (8.7 g, 0.10 mole) was added in one portion 
to dimethyl rnonothionemalonate (14.8 g, 0.10 mole) at 0". 
An immediate reaction took place and the temperature 
rose to approximately 40". To  the mixture, which 
solidified, were added 150 ml of ether and, after cooling, 
the white crystalline product was collected by filtration; 
yield, 17.5 g (86%); m.p. 99-101". 

Anal. Calcd. for C8H13N03S: C, 47.26; H, 6.44; N, 
6.89;S, 15.77.Found:C,47.49;H,6.13;N, 6.69;S, 15.95. 

Methyl (3-N,N-Dietl1yylatrzir1o-3-methylrhio)acrylute (120) 
A solution of inethyl (N,N-diethylaminothiocarbonyl)- 

acetate (7.9 g, 0.042 mole) in 20 ml of anhydrous tetra- 
hydrofuran was added dropwise with stirring to an ice- 
cooled suspension of sodium hydride (1.06 g, 0.044 mole) 
in 35 ml of tetrahydrofuran, followed by the addition of 
methyl iodide (6.4 g, 0.045 mole) in one portion. The 
mixture was allowed to come to room temperature. The 
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solvent was removed and ethyl acetate and water were 
added to the residue. The ethyl acetate layer was dried, 
followed by removal of the solvent and distillation of the 
residue in vacuo to give 7.2 g (85%) of almost colorless 
liquid, b.p. 83-84" at 0.3 mm. The n.m.r. spectrum 
(CDC13) contained singlets at r 5.08, 6.36, and 7.58, a 
methylene quartet at r 6.53 and a methyl triplet at 7 8.85 
with an integrated area ratio of 1 :3:3:4:6 respectively. 

Anal. Calcd. for C9H17N02S: C, 53.17; H, 8.43; N, 
6.89; S, 15.77. Found:C, 53.09; H, 8.34; N, 7.00; S, 16.02. 

Methyl (3-Methylthio-3-N-morpholino)acrylate (12b) 
This product was prepared from methyl (N-morpho- 

linothiocarbony1)acetate (18.7 g, 0.092 mole), sodium 
hydride (2.2 g, 0.092 mole), and methyl iodide (14.2 g, 
0.10 mole) by the above outlined procedure; yield, 18.7 g 
(94%); b.p. 108-110" at 0.2 mm. 

Anal. Calcd. for C9H15N03S: C, 49.74; H, 6.96; N, 
6.45;S,14.75.Found:C,50.11;H,7.19;N,6.66;S,14.42. 

Ethyl 3-Hydroxy-5-N-1norpholi11othiophene-2-carboxylate 
(131 

  ethyl (N-morpholinothiocarbonyl)acetate (10.2 g, 
0.050 mole) was added in portions with stirring to an ice- 
cooled suspension of sodium hydride (1.2 g, 0.050 mole) 
in 75 ml of tetrahydrofuran, followed by the addition of 
ethyl bromoacetate (8.4 g, 0.050 mole). The reaction 
mixture was left at ambient temperature for 45 min, then 
the usual procedure was employed to give 13.0 g of crude 
methyl 3-carbethoxymethylthio-3-N-morpholinoacrylate 
(12~) as an oil. A solution of this material in 25 ml of 
tetrahydrofuran was added in one portion to a stirred 
suspension of sodium hydride (1.1 g, 0.046 mole) in 75 ml 
of tetrahydrofuran. The temperature of the mixture was 
allowed to rise. A vigorous reaction, which necessitated 
cooling, started at approximately 15'. When the gas 
evolution ceased most of the solvent was removed and the 
residue dissolved in 200 ml of water. The aqueous solu- 
tion was washed with ether, then acidified with hydro- 
chloric acid. The white solid precipitate was taken up in 
ether and the aaueous laver extracted with an additional 
100 ml of ether. ̂ The combined ether solutions were dried, 
concentrated, and cooled to give 7.8 g (61 %) of white 
solid, m.p. 115-116" (after recrystallization from ethyl 
acetate). The infrared spectrum (Nujol mull) contained 
bands at 1620 and 1570 cm-' ascribed to the carboxyl 
group and the thiophene ring respectively. The n.m.r. 
spectrum (CDCI,) contained a broad singlet at r 1.1, a 
sharp singlet at r 4.29, a methylene quartet at r 5.72, 
complex absorption at r 6.1-6.3 and T 6.7-6.9 and a 
methyl triplet at r 8.68 with an integrated area ratio of 
1 :1:2:4:4:3 respectively. 

Anal. Calcd. for CllH15N04S: C, 51.35; H, 5.88; 
N, 5.45; S, 12.46. Found: C, 51.08; H, 6.00; N, 5.44; S, 
12.52. 

Ethyl 3-Metl1oxy-5-N-morplzolinothiopl1e1~e-2-carboxylate 
(14) 

Ethyl 3-hydroxy-5-N-morpholinothiophene-2-carbox- 
ylate (1.1 g, 0.0043 mole) was treated with an excess of an 
ethereal diazomethane solution for 5 h at room tem- 
perature. The product was filtered off as a white solid 
after the solution had been concentrated and cooled; 
yield, 1.05 g (91 %); m.p. 116118". The melting point 

could be raised to 119-120' by recrystallization from 
ethyl acetate. The infrared spectrum (Nujol mull) con- 
tained sharp bands at 1675 and 1545 cm-'. 

Anal. Calcd. for C12H17N04S: C, 53.11; H, 6.32; N, 
5.16;S,11.82.Found:C,52.86;H,6.44;N,4.98;S,12.05. 

Methyl 3,3-Di-N-morpholinoacrylate (15) 
A mixture of methyl (3-methylthio-3-N-morpho1ino)- 

acrylate (17.5 g, 0.081 mole) and morpholine (7.0 g, 0.081 
mole) was heated at 120' for 8 h. After cooling, ether 
(200 ml) was added and the white solid was filtered off; 
yield, 18.8 g (77 %); m.p. 115-1 16" (after recrystallization 
from ethyl acetate). The infrared spectrum (Nujol mull) 
contained a sharp carbonyl band at 1665 cm-'. The 
n.m.r. spectrum (CDC13) consisted of sharp singlets at 
r 5.89 and 6.35 and broad absorption at 7 6.1-6.4 and 
r 6.66.9 with an integrated area ratio of approximately 
1:3:8:8. 

Anal. Calcd. for C12H2,N204: C, 56.23; H, 7.87; N, 
10.93. Found: C, 56.42; H, 7.69; N, 11.21. 

Methyl 5-(1,2,3-T1ziadiazolyl)acetate 
A solution of dimethyl monothionemalonate (14. 8 g, 

0.10 mole) in 150 ml of methanol was added to 340 ml 
of a 0.38 M ethereal diazomethane (0.13 mole) solution. 
The reaction mixture was left in the dark for 18 h. 
Removal of the solvent and distillation of the residue in 
vaclio yielded 11.8 g (74%) of a yellow liquid boiling at 
101-105" (0.8 mm). The n.m.r. spectrum (CDCl,) con- 
tained singlets at r 1.48, 5.84, and 6.22 with an integrated 
area ratio of 1 :2:3 res~ectivelv. 

5-(1,2,3-Thiadiazoly1)acetic Acid 
This acid was obtained in 60% yield as white platelets, 

m.p. 179-180" (decomp.), by treatment of the methyl 
ester with methanolic sodium hydroxide at room tem- 
perature, followed by acidification of the salt. The product 
could be recrystallized from ethyl acetate. 

Anal. Calcd. for C4H4N2O2S (mol. wt., 144): C, 33.31; 
H, 2.80; N, 19.43; S, 22.24. Found (neutralization 
equivalent, 140): C, 33.85; H, 3.32; N, 19.60; S, 21.85. 
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Synthesis and chemistry of l-mekhy8-3-imino-4-hydro~y-4-pheny1~6~~hBoro-l~2~3,4- 

C. PODESVA, K. VAGI, AND C. SOLOMON 
Delnlar Chenlicnls Limited, LaSnlle, Quebec 

Received February 21, 1968 

Reaction between 2-(N-methyl)dichloroacetamido-5-chlorobenzoplenone and aqueous ammonia 
yields l-methyl-3-amino-3,4-dihydroxy-4-phenyl-6-chloro-1,2,3,4-tetral~ydroquinoline-2-one which dehy- 
drates readily to give the title compound. Structural proof of this substance is reported and several of 
its transformation products are described. 

Canadian Journal of Chemistry, 46, 2263 (1968) 

When a solution of 2-(N-methyl)-dichloro- 
acetamido-5-chlorobenzophenone in dimethyl- 
formamide was allowed to stand overnight at 
room temperature in presence of concentrated 
aqueous ammonia, a crystalline precipitate 
formed which analyzed for C16H1,C1 N20, and 
whose infrared spectra in Nujol exhibited peaks 
at 3430, 3360, 3280, 3185, 1660, and 1585 cm-'. 
When stored at room temperature, this product 
lost after some time one molecule of water giving 
another crystalline substance, whose infrared 
spectra in Nujol contained a sharp peak at 3215 
with an inflection at 3 150, a strong peak at 1685, 
and a peak of medium intensity at 1670 cm- ' 
together with aromatic absorption at 1600 and 
1580 cm-l. This transformation was practically 
immediate when the first reaction product was 
heated in an inert solvent or even in suspension. 
On reduction with sodium borohydride the 
second product added one molecule of hydrogen 
while losing another molecule of water. The in- 
frared spectra in Nujol of this last compound 
(3460, 3305, 1645, 1605, and 1595 cm-I) sug- 
gested that a structure of aminoquinolone 3 
should be considered. We have therefore under- 
taken an unambiguous synthesis of 3 in the 
following way : 2-(N-methyl)-chloroacetamido-5- 
chlorobenzophenone was allowed to react with 
sodium nitrite whereby nitroquinolone 4 was 
readily formed by spontaneous cyclization. 
Reduction of the nitro product with zinc in 
hydrochloric acid yielded the aminoquinolone 3, 
which was found to be identical with the product 
obtained from the sodium borohydride reduction 
by comparing the physical properties and infra- 
red spectra. On this basis the precursor of 3 has 
to be formulated as ketimine 2 and structure 1 
has to be accepted for the precursor of 2. The 

above mentioned infrared spectra are also in ex- 
cellent agreement with both structures as are the 
reactions and transformations described below. 

Acetylation of the ketimine 2 afforded two 
distinct products depending on the conditions 
used. When it was carried out at room tempera- 
ture using acetic anhydride in pyridine, an O- 
acetate 5 (v,,, (KBr) 3205 (sharp), 1730, 1670, 
1630, and 1580 cm-') was formed. Mild alkaline 
hydrolysis of the latter recovered the starting 
ketimine 2, thus excluding any possibility of a 
rearrangement whereas controlled acid hydro- 
lysis yielded the acetylated ketol 6 (v,,, (KBr) 
1750 (inflection), 1740, 1680, and 1590 cm- '), 
which in turn yielded the known ketol 7 (1) on 
heating with aqueous inorganic bases. When, 
however, the ketimine 2 was acetylated in 
boiling acetic anhydride in presence of anhydrous 
sodium acetate, the N-acetate 8 (v,,, (KBr) 3320, 
1705, 1650, and 1600 cm- ') was the reaction 
product. Its structure was established as follows: 
sodium borohydride reduction yielded the 
alcohol 9 (v,,, (KBr) 3340,3 160, 1680, 1630, and 
1595 cm-l) which in turn could be acetylated to 
give the N,O-diacetate 10 (v,,, (KBr) 3375, 1740, 
1690, 1660, and 1595 cm-l) thus proving the 
presence of a ketone conjugated with an aro- 
matic ring in compound 8. Furthermore, when 
the ultraviolet spectra of 8 were compared with 
those of the recently reported l-methyl-3- 
acetoxy- 3 - phenyl- 6- chloro - 1,2,3,4- tetrahydro- 
quinoline-2,4-dione (I), they were found to be 
superimposable exhibiting maxima at 239 mp 
with a shoulder at 260 mp. When 8 was refluxed 
overnight in aqueous-alcoholic hydrochloric 
acid, the a-aminoketone 11 was isolated as the 
reaction product (v,,, (KBr) 3365, 3285, 1700, 
1665,1655 (inflection), and 1600 cm-I). 
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1 R1 = NH2, R2 = OH, R3 = OH, R4 = ph 2 R = OH, x = NH 
9 Ri = NHAc, R2 = Ph, R3 = H, R~ = OH 5 R = OAC, X = NH 

10 Ri = NHAc, R2 = Ph, R3 = H, R~ = 6 R = OAc, X = o 
12 Ri = OH, R2 = OH, R3 = OH, R~ = ph 15 R = OH, xL= N-OH 

CH3 0 0 
I II II 

N-C-C-OR a 
CI C=O 

Mechanistically, the migration of the phenyl 
group during treatment of 2 with acetic anhy- 
dride is readily conceivable and can be repre- 
sented as follows. 

On contact with dilute acids 2 was trans- 
formed into the triol 12 (v,,, (KBr) 3440, 3415, 
3365, 3305, 1670, and 1590cm-I) which in 
contrast to 1 was stable when heated in solvents 
and did not show any tendency to  lose water on 
storage. Its reactions were typical for an a- 
hydroxy ketone. I t  was readily oxidized by 
periodic acid to the keto acid 13 (v,,, 1740, 1670, 
1620, and 1590 cm-I) which on treatment with 
ethanolic HC1 yielded the keto ester 14 (v,,, 

7 R = O H  
8 R = NHAc 

11 R = NH2 

(KBr) 1730, 1680, 1670, 1595, and 1585 cm-I). 
We have also obtained the same ester by a direct 
condensation of 2-methylamino-5-chlorobenzo- 
phenone with ethyloxalylchloride whereby the 
structures of 12, 13, and 14 are rigorously 
established. 

When the triol 12 was allowed to react with 
ammonia in methanolic solution containing 
catalytic amount of triethylamine, it afforded a 
mixture of the ketimine 2 and of the recently 
reported 1-methyl-3-hydroxy-3-phenyl-4-imino- 
6-chloro-l,2,3,4-tetrahydroquinoline-2-one (I), 
which clearly was formed by a ketol rearrange- 
ment of 12 preceding the reaction with am- 
monia. On acetylation of 12 the above mentioned 
ester 6 was obtained. I t  is noteworthy that in 
contrast to  12 this ester showed no tendency to  
exist as a geminal diol. A mixture of oxime 15  
(v,,, (KBr) 3500 (sharp), 3090, 1640, 1590, and 
1570cm-I) and its dehydration product 16 
(v,,, (KBr) 3160, 1645, 1615 (short), and 1560 
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cm-l) was isolated from the reaction mixture 
resulting from the condensation of the imine 2 
with hydroxylamine. The same oxime 15 
resulted also from a reaction between the triol 12 
and hydroxylamine and it could be easily de- 
hydrated to the nitroso product 16. Attempted 
reduction of this last com~ound with zinc in 
hydrochloric acid yielded only trace quantities of 
the expected aminoquinolone 3 and most of the 
starting material was reccvered unchanged. 
Aqueous inorganic bases transformed on heating 
both the imine 2 and the triol 12 into the 
recently reported 1-methyl-3-hydroxy-3-phenyl- 
6-chloro- l,2,3,4-tetrahydroquinoline-2,4-dione 
(7) thus confirming the correctness of the mecha- 
nism postulated for the formation of this com- 
pound (1). (The first step in this mechanism is 
also applicable for the explanation of the forma- 
tion of the aminoalcohol l.) 

An interesting rearrangement took place when 
the imine 2 was heated in anhvdrous methanol in 
presence of a catalytic amount of trimethylben- 
zylammonium hydroxide (Triton B). The crystal- 
line reaction product was shown by elemental 
analysis to beisomeric with the starting material 
but it lacked its basic character. Its infrared 
spectra in KBr exhibited maxima at 3165, 1680, 
1665 (the last two peaks of equal intensity), and 
at 1610 cm-l. On the basis of these data as well 
as on the basis of mechanistic considerations, 
structure 17 was tentatively assigned to this 
substance. This structure was ~ r o v e n  to be 
correct by an independent synthesis consisting of 
(a) condensation of N-methyl-5-chloroanthranilic 
acid with D,L-phthalimidophenylacetyl chloride, 
(b) removing the phthaloyl group by means of 
hydrazine hydrate, (c) esterification of the 

carboxyl, and ( d )  cyclization of the resulting 
amino ester by refluxing in anhydrous methanol 
in presence of triethylamine. 

The following mechanism accounts fully for 
the transformation of 2 into 17. 

As the first intermediate postulated in the 
above mechanism is identical with the amino- 
ketone 11, we subjected this last compound to 
the same treatment as the imine 2, whereby a fair 
yield of the cyclic diamide 17 was obtained. 

When 2 - (N- methyl) - dichloroacetarnido - 5 - 
chlorobenzophenone was kept overnight in 
ethanol-dimethylformamide solution saturated 
with ammonia gas, a neutral crystalline sub- 
stance was isolated whose elemental analysis cor- 
responded to a formula of C1,H12ClN0,. The 
product was isolated in two crystalline modifica- 
tions, one melting at 177-178", the other at 212", 
both having the same infrared spectra in chloro- 
form solution (v,,, 3430, 1700, 1675, and 1600 
cm-I). The nuclear magnetic resonance (n.m.r.) 
spectrum in deuteriochloroform with tetra- 
methylsilane as internal reference standard ex- 
hibited two N-methyl peaks at z 6.42 and 6.89 and 
two one proton singlets at z 4.00 and 5.22 plus a 
multiplet (16 protons) in the aromatic region 
with the strongest peak appearing at T 2.80. Both 
spectra suggested that the product in question 
must be a dimer, which was confirmed by 
molecular weight determination. As the most 
obvious structure satisfying the elemental analy- 
sis, infrared, and n.m.r. spectra would correspond 
to formula 18, we reasoned that it should be 
possible to prepare this compound by dehydra- 
tion of the triol 12. Refluxing of the latter in 
benzene solution with azeotropic removal of 
water yielded indeed the expected product thus 
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confirming the correctness of structure 18. Sub- 
sequently we were able to obtain the same dimer 
by treatment of the ketimine 2 with glacial acctic 
acid. The chemical reactions of the dimer 18 
resembled those of the trio1 12. 

It is interesting to speculate about the stereo- 
chemistry of the dimer 18. The four asymmetric 
centers present in the molecule would suggest 
eight possible stereoisomers due to the fact that 
identical substituents are present on both sides of 
the dioxane ring. Closer examination of the 
models, however, reveals that this is not the case. 
The quinolone moiety has to be flat due to the 
presence of the amide grouping and therefore one 
substituent on C-3 has to be in the same plane as 
one of the substituents on C-4, the same require- 
ment being valid for the second pair of substit- 
uents. From that follows further, (and the study 
of models confirms it) that in a strain free 
molecule the dioxane moiety has to be in a boat 
conformation, with the oxygen atoms as flag- 
poles. Now, if the above reasoning is accepted, 
one is still left with three possible stereomers in 
which the quinolone moieties would be endo- 
endo, exo-exo, or endo-exo with respect to the 
dioxane ring. The fact, however, that the infrared 
spectra of this product cxhibit two distinct amide 
absorptions and that in the n.m.r. spectra the 
chemical shift is different for the two hydroxyl 
protons as well as for the two N-methyls strongly 
suggests that these protons are situated in a 
different environment and therefore the endo- 
exo form would appear to be the most likely one. 
However, as the models built for this structure 
reveal a considerable degree of steric inter- 
ference and as at the same time it is not possible 
to bring a chemical proof for the proposed con- 
formation, the above suggestion based on 
spectral evidence has to be treated with extreme 
caution. 

Experimental 
The infrared spectra were taken on Perkin-Elmer 237 

and 237B instruments. The ultraviolet spectra were 
obtained with a Unicam SP 800 apparatus. The nuclear 
magnetic resonance (n.m.r.) spectra were recorded on 
Varian model HR-60 spectrometer. The melting points 
were determined in capillaries on a Mel-Temp apparatus 
and are uncorrected. Microanalyses were performed by 
Organic Microanalysis, Dr. C. Daessl6, Montreal. 

l-Met/zyl-3-arr1i1zo-3,4-di/zyr(uoxy-4-p/zerzyl-6-chloro- 
I,2,3,4-tctraIzydroq~tirroli11e-2-011e ( I )  

To a solution of 2-(N-methyl)-dichloroacetamido-5- 
chlorobenzophenone (1) (17 g, 0.478 mole) in dirnethyl- 
formamide (120 ml) was added concentrated aqueous 
ammonia (80 ml) and the mixture stirred at room temper- 
ature overnight. The crystalline precipitate was collected 
by filtration (10 g, 65.9%), washed with water, then with 
acetone and dried for analysis at room temperature in 
high vacuum; m.p. 171-174". 

Anal. Calcd. for C,,H,5C1Nz03: C, 60.28; H, 4.74; C1, 
11.12; N, 8.79. Found: C, 60.53; H, 4.92; C1, 11.39; N, 
8.89. 

1-1Met/~y/-3-irr1i1zo-4-hydroxy-4-pherzy1-6-c/zloro-1,2,3,4- 
tatralzycIruq1ti110lir1e-2-011e ( 2 )  

When 1 was kept in an oven at about 80" for approxi- 
mately 2 h, a quantitative yield of 2 was obtained. Thc 
analytical sample was purified by crystallization from 
dimethylformarnide-ether mixture, m.p. 182-183". 

Anal. Calcd. for C,6H,3CINz0,: C, 63.90; H, 4.35; C1, 
11.79; N, 9.32. Found: C, 63.86; H, 4.35; C1, 11.44; N, 
9.42. 

The same product was obtained when 1 was heated in 
acetone suspension or when stored for several weeks at 
room temperature. 

I-Metl1yyl-3-r1itro-4-p/1enyl-6-c/1luro-2(ne (4) 
To a solution of 2-(N-methyl)-chloroacetamido-5- 

chlorobcnzophenone (2) (6.448, 0.02 mole) in ethanol 
(50 ml) was added a solution of NaNO, (1.52g, 0.022 
mole) in water (15 ml) and the mixture was refluxed over- 
night. After cooling to room temperature the crystalline 
precipitate was collected by filtration (3 g, 47.7%) and 
recrystallized from ethyl acetate, m.p. 208-210". 

Anal. Calcd, for C16H11CINZ03: C, 61.06; H, 3.52; C1, 
11.27; N, 8.90. Found: C, 61.02; H, 3.54; C1, 11.23; N, 
9.06. 

I-Metl1yl-3-an1ir1o-4-pI1e11y/-6-chloro-2(IH)-q~i110lor1e (3) 
(a) To a solution of 2 (2 g, 0.00665 mole) in a mixture of 

methanol (100 ml) and dimethylforrnamide (20 ml) was 
added a solution of NaBH4 (0.2 g, 0.00528 mole) in water 
(5 ml) and the mixture was left standing at room tempera- 
ture overnight. After further dilution with water the 
crystalline precipitate was collected by filtration (1.22 g, 
64.5%) and recrystallized from methanol, m.p. 134-136'. 

Anal. Calcd. for C16H13ClNZO: C ,  67.49; H, 4.60; C1, 
12.45; N, 9.84. Found: C, 67.32; H, 4.92; C1, 12.50; N, 
9.48. 

(6) To asuspension of 4 (2 g, 0.00635 mole) in a mixture 
of ethanol (100 ml) and water (50 ml) was added zinc dust 
(2 g) and the pH was adjusted to about 3.0 by means of 
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5 % HCI. After stirring at room temperature for 90 min 
the unchanged starting material (1 g) was filtered off, the 
filtrate was basified with aqueous sodium hydroxide, and 
the crystalline precipitate was collected by filtration (0.5 
g, 27.7%). It was recrystallized from methanol to  a n1.p. 
of 134-135". This product was found to be identical with 
the one obtained by the process (a) by mixture m.p. deter- 
mination and by comparison of infrared spectra. 

l-Metl1yl-3-itnino-4-pl1et1yl-4-acetoxy-6-~/1loro-l,2,3,4- 
tetrahydroqirit~oline-2-one (5 )  

A solution of 2 (2.5 g, 0.0083 mole) in dry pyridine (25 
ml) containing acetic anhydride (3 ml) was left standing at 
room temperature overnight. After removal of the solvent 
in vacuo the residue was treated with ether and then col- 
lected by filtration (2 g, 70.1 %). The product was purified 
by crystallization from benzene, m.p. 224-226'. 

Anal. Calcd. for ClaH15C1N20,: C, 63.07; H, 4.41; C1, 
10.34; N, 8.18. Found: C, 63.42; H, 4.40; C1, 10.21; N, 
7.97. 

A solution of this product in methanolic ammonia con- 
taining catalytic amount of sodium methoxide after 
standing at  room temperature overnight yielded the 
starting 2, identified by a mixture n1.p. determination and 
comparison of infrared spectra. 

l-Methyl-4-acetoxy-4-p/1enyl-6-cl1loro-1,2,3,4-tetrahy- 
droq1rinolit1e-2,3-dione (6) 

Into a solution of 5 (1.5 g, 0.0044 mole) in chloroform 
(15 ml) containing water (1 ml) HCI gas was introduced 
at room temperature. The organic phase was separated 
from the aqueous phase, the solvent distilled off it1 vacuo, 
and the residue was crystallized from ether, then from 
ethyl acetate. The yield was 1.35 g (90%), m.p. 210-212". 

Anal. Calcd. for CIaH14CIN04: C, 62.88; H, 4.10; C1, 
10.32; N, 4.08. Found: C, 63.20; H, 4.34; Cl, 10.49; N, 
4.12. 

I l-Metlgvl-3,3,4-tril~ydroxy-4-phenyl-6-cl/oro-l,2,3,4- 
1 tetrnhydroquinolit~c-2-one (12) 
i A suspension of 2 (3 g, 0.00997 mole) in water (30 ml) 
! acidified with glacial acetic acid (2 ml) was refluxed for 
I 30 min. After cooling to room temperature the crystalline 

. . . . . . . . . . . I 
substance was collected by filtration and washed with 

. . . .  . . . . . . , . . . I 
. . . . . . . . . . , , I 

water. The yield was 3 g (94.1 %), m.p. 131-133 "C and 
. ,  . . I the product was analyzed without further purification. 

Anal. Calcd. for C16H14C1N04: C, 60.10; H, 4.41; C1, 
. . .  . I 

. . . I 
11.09; N, 4.38. Found: C, 60.04; H, 4.54; C1, 11.11; N ,  

I 4.49. 
I When this product (2 g, 0.00625 mole) was allowed to 
I 
1 stand at room temperature overnight in a mixture of 

pyridine (10 ml) and acetic anhydride (3 ml), 1.8 g 
I (83.7%) of 6, m.p. 210-212' was obtained after the work- 

up of the reaction mixture and purification by recrystalliz- 
ation from ethyl acetate. Its identity was established by 
m.p. and mixture m.p. as well as by conlparison of the 
infrared spectra. 

l-Metl1yl-3-l1y~iroxy-3-pher2yl-6-chloro-l,2,3,4-tetra/1ydro- 
quinolitre-2,4-diotre (7) 

A solution of 12 (0.15 g, 0.0005 mole) in methanol 
(5 ml) was basified with 35% aqueous NaOH and left 
standing for some time at  room temperature. After dilu- 
tion with water the reaction product was extracted into 
chloroform, the solvent distilled off b vaclco, and the 

residue recrystallized from ether. The yield was 0.1 g 
(71 %), m.p. 170-172", undepressed on admixture of an 
authentic sample (I).. The infrared spectra of the two 
samples were superimposable. The same product was 
obtained when 5 was refluxed for 15 min in aqueous 
methanol in presence of some KOH (28 % yield), when 6 
was allowed to  stand at  room temperature for two days in 
aqueous-ethanolic solution containing solne NaOH (50 % 
yield) and when 2 was heated for 90 min in cellosolve- 
water mixture in presence of sodium acetate (45 % yield). 

I-Methyl-3-acetntnido-3-phenyl-6- clrloro-1,2,3,4-tetra- 
I1yr/roqrrit1olit1e-2,4-diot1e (8 )  

A solution of 2 (15 g, 0.05 mole) in acetic anhydride 
(100 n11) containing some anhydrous sodiunl acetate was 
heated under reflux for 1 h. After cooling to  room 
temperature the unreacted anhydride was decomposed by 
a careful addition of methanol, the reaction mixture was 
then further diluted with water and extracted with 
chloroforn~. Removal of the solvent it1 vnclro and treat- 
ment of the residue with methanol yielded 9 g (52.6%) of 
crystalline material, which was recrystallized from 
methanol - ethyl acetate mixture, m.p. 231-232". 

Anal. Calcd. for ClaHl5C1NZO3: C, 63.07; H, 4.41 ; Cl, 
10.34; N, 8.18. Found: C, 63.41; H, 4.59; Cl, 10.49; N, 
7.98. 

l-Methyl-3-acetan1ido-3-p/1et1yl-4-hydroxy-6-cl1loro- 
1,2,3,4-tetral1ydroquinoline-2-or1e (9)  

To a solution of 8 (3 g, 0.0087 mole) in methanol (100 
ml) a solution of NaBH, (0.2 g, 0.00528 mole) in water 
(5 ml) was added and the mixture allowed to  stand at  
room temperature for 3 h. After dilution with water the 
crystalline precipitate was collected by filtration and re- 
crystallized from i s o ~ r o ~ a n o l .  The yield was 2.8 F, (93 X), - - - . .. . 

n ~ : ~ .  191-193". 
Anal. Calcd. for ClgH1 ,C1NZO3: C, 62.70; H, 4.97; C1, 

10.28; N, 8.13. Found: C, 62.64; H, 4.93; Cl, 10.47; N, 

l - M e t l 1 y l - 3 - a c e ~ a t t 1 i d o - 3 - p I 1 e t 1 y l - 4 - a ~ r o -  
1,2,3,4-tetral1ydroquit1~!it1e-Z-ote (10) 

-4 solution of 9 (2 g, 0.0058 mole) in acetic anhydride 
(10 ml) containing some anhydrous sodium acetate was 
heated under reflux for 1 h. After cooling to  room temper- 
ature some methanol was added, the reaction mixture was 
then diluted with water and the crystalline precipitate 
collected by filtration (1.5 g, 67%). The analytical sample 
had a m.p. of 247-248" after recrystallization from 
isopropanol. 

Anal. Calcd. for CzoH19C1N204: C, 62.10; H, 4.95; C1, 
9.17;N,7.24.Found:C,61.96;H,5.04;C1,8.91;N,6.99. 

l-Methyl-3-atr~it1o-3-pl1etzyl-6-chloro-1,2,3,4-tetra/1ydro- 
quinolit2e-2,4-diot1e (11) 

A solution of 8 (2.5 g, 0.0073 mole) in ethanol (100 ml) 
containing 17% aqueous HC1 (50 ml) was refluxed over- 
night. After cooling to room temperature the reaction 
mixture was diluted with water, basified to pH 8.0-9.0 
with aqueous NaOH, and extracted with chlorofornl. The 
solvent was distilled off it1 vaclro and the residue re- 
crystallized from ether, then from benzene. The yield was 
1 g (45.6%), 111.p. 154-156'. 

Anal. Calcd. for C,6Hl,ClN20,: C, 63.90; H, 4.35; C1, 
11.79; N, 9.32. Found: C, 64.13; H, 4.35; C1, 11.55; N, 
9.07. 
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2-(N-Methyl)-oxalyla1~1ido-5-c11lorobe1izoplienone (13) 
To a solution of 12 (1 g, 0.0031 mole) in ethanol (50 ml) 

a solution of periodic acid (0.76 g, 0.0033 mole) in water 
(5 ml) was added and the mixture allowed to stand for 2 h 
at room temperature. After dilution with water the reac- 
tion mixture was extracted with chloroform in order to 
remove the unchanged starting material (0.25 g). The 
aqueous layer was allowed to stand overnight at room 
temperature, whereby the reaction product separated in a 
crystalline form. It was collected by filtration (0.35 g, 
35.3 %) and recrystallized from ethyl acetate - hexane 
mixture, m.p. 122-124". 

Anal. Calcd. for CI6HI2C1NO4: C, 60.48; H, 3.80; Cl, 
11.16; N, 4.41. Found: C, 60.67; H, 3.59; C1, 11.43; N, 
4.64. 

2-(N-Methyl)-ethyloxalylamido-5-chlorobe~zzo- 
phenone (14) 

A solution of 13 (5 g, 0.0157 mole) in absolute ethanol 
(25 ml) was saturated with HC1 gas and left standing 
overnight at room temperature. The reaction mixture was 
concentrated to a small volume, some ether was added 
and the crystalline precipitate collected by filtration (2.1 g, 
38.6%). It was purified by recrystallization from meth- 
anol-water mixture, m.p. 80-81". 

Anal. Calcd. for C1RH16C1N04: C, 62.52; H, 4.66; C1, 
10.26;N,4.05.Found: C,62.80; H,4.70;Cl, 10.61; N, 
4.11. 

The same product was obtained in the following way: 
a solution of 2-methylamino-5-chlorobenzophenone (7.4 
g, 0.03 mole) in dry chloroform (100 ml) was refluxed for 
3 h in presence of ethyloxalyl chloride (4.1 g, 0.03 mole) 
(3). After removal of the solvent irz vacrto the residue was 
crystallized first from ether-hexane, then from methanol- 
water mixture. The yield was 7 g (67.5%), m.p. 8@81°, 
unchanged on admixture of the product from the first 
experiment. Also the infrared spectra of both samples 
were superimposable. 

Reaction of 12 with Anlrnonia 
A solution of 12 (1 g, 0.00312 mole) in anhydrous 

methanol (40 ml) containing a few drops of triethvlamine 
was saturated with NH3 i s  and lefcstanding at room 
temperature for 3 days. l-Methyl-3-hydroxy-3-phenyl-4- 
imino - 6 -chloro - 1,2,3,4 - te t rahydroquinol ie-one (1) 
(identified by m.p., mixture m.p. with the authentic 
sample, and comparison of infrared spectra) was removed 
by filtration (0.15 g, 16%), the mother liquors were con- 
centrated to a small volume, whereby 0.5 g (51.1 %) of 2 
identified by comparison with the authentic sample in the 
above described way separated. 

l-Methyl-3-isonitroso-4-hydroxy-4-phenyl-6-chloro- 
1,2,3,4-tetrahydroquinoline-2-one (15) 

A solution of 12 (2 g, 0.0063 mole), hydroxylamine 
hydrochloride (0.5 g, 0.0072mole) and triethylamine 
(0.73 g, 0.0072 mole) in benzene (30 ml) was heated under 
reflux for 20 h, using water trap. After cooling to room 
temperature the triethylamine hydrochloride was removed 
by filtration, the filtrate evaporated to dryness in vacrro 
and the residue crystallized by treatment with ethyl 
acetate, then recrystallized from dimethylformamide- 
water mixture. The yield was 0.7 g, (35 %), m.p. 195-197". 

Anal. Calcd. for C,,HI3C1NzO3: C, 60.68; H, 4.14; C1, 

11.19; N, 8.85. Found: C, 61.03; H, 4.18; CI, 11.42; N, 
8.80. 

l-Metl~f-3-nit~oso-4-pfze1zyf-6-c/2loro-2(1H)-quino- 
lotre (Id) 

A solution of 2 (4 g, 0.0133 mole), hydroxylamine 
hydrochloride (1 g, 0.0144 mole), and triethylamine (2.9 g, 
0.028 mole) in a mixture of benzene (50 ml) and dimethyl- 
formamide (10 ml) was heated under reflux for 20 h. 
After cooling to room temperature the precipitated 
triethylamine hydrochloride was removed by filtration 
and the filtrate evaporated to dryness in vacuo. Treatment 
of the residue with ethyl acetate yielded 0.3 g (7.7 %) of 16, 
which was recrystallized for analysis from benzene, m.p. 
225-227". 

Anal. Calcd. for C,6H,,C1N20,: C, 64.33; H, 3.71; C1, 
11.87; N, 9.38. Found: C, 64.58; H, 3.74; Cl, 12.06; N, 
9.19. 

The filtrate deposited on standing 2.2 g (52.4 %) of the 
oxime 15, identified by con~parison with the authentic 
sample in the usual way. 

When a solution of 15 (1 g, 0.0031 mole) in dry toluene 
(25 ml) was refluxed for 1 h in presence of a small amount 
of PCl,, a crystalline precipitate of 16 separated on 
cooling of the reaction mixture (0.5 g, 53.2%). 

Reduction of 16 
To a suspension of 16 (0.15 g, 0.0005 mole) and zinc 

dust (0.15 g) in a mixture ofethanol (10 ml) and dimethyl- 
formamide (10 m1) 5 % aqueous HC1 was added dropwise 
until the pH of 3.0 was reached. After stirring at room 
temperature for 2 h the insolubles were removed by 
filtration, the filtrate was basified with aqueous NaOH, 
diluted with water, and extracfed with chloroform. 
Evaporation of the chloroform in uacrro and dilution of 
the remaining dimethylformamide with water caused 
precipitation of a small amount of crystalline material, 
which was identified as 3 by m.p. and mixture m.p. 
determination and by comparison of the infrared spectra. 

l-Methyl-3-phenyl-7-chforo-3~4-dihydro-2H-l,4-benzo- 
diazepine-2,5(1H)-diorze (17) 

A solution of 2 (10 g, 0.033 mole) in a mixture of di- 
methylformamide (60 ml) and anhydrous methanol (120 
ml) was refluxed for 3 h, in presence of 40 % methanolic 
solution of Triton B (1 ml). After cooling to room 
temperature the reaction mixture was diluted with water 
and extracted with chloroform. Removal of the solvent in 
vacrro left a residue which crystallized on treatment with 
ether. It was collected by filtration and recrystallized from 
methanol. The yield was 5.1 g (51 %), m.p. 234-235". 

Anal. Calcd, for C16H13C1Nz02: C, 63.90; H, 4.35; 
C1, 11.79; N, 9.32. Found: C, 63.73; H, 4.48; C1, 11.82; 
N, 9.56. 

The same product was obtained in 18 % yield when a 
solution of 11 (0.55 g) in anhydrous methanol containing 
a few drops of a 40 % methanolic solution of Triton B was 
refluxed for 3 h. It was isolated in the usual way and its 
identity was established by m.p. and mixture m.p. deter- 
mination and by comparison of the infrared spectra. 

Synthesis of 17frorn N-Methyl-5-chloroanthranilic Acid 
A solution of N-methyl-5-chloroanthranilic acid (1,4) 

(3.1 g, 0.016 mole) and D,L-phthalimidophenylacetyl 
chloride (5) (5 g, 0.016 mole) in dry chloroform (70 ml) 
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was heated under reflux for overnight. The solvent was 
distilled off in vacuo, the residue dissolved in methanol 
(80 ml), and refluxed in presence of decolorizing carbon. 
The solution was filtered, the methanol was distilled off in 
vacuo, and the residue was crystallized from ethyl acetate. 
The yield of crystalline 2-(N-methyl)-phthalimidophenyl- 
acetamido-5-chlorobenzoic acid was 2.8 g (7773, m.p. 
235-236". 

Anal. Calcd. for C24H17C1N205: C, 64.23; H, 3.82; C1, 
7.90;N, 6.24.Found:C, 64.09;H,4.09; C1,8.01;N, 6.33. 

The solution of the above product (2.64 g, 0.0058 mole) 
in ethanol (26 ml) containing hydrazine hydrate (0.6 g, 
0.012mole) was heated under reflux for 2+ h. After 
cooling in an ice bath the precipitate was collected on a 
Buchner filter funnel and put aside. The filtrate was evap- 
orated to dryness, the crystalline residue was combined 
with thesolid separated previously and suspended into 5 % 
aqueous HC1 (80 ml). After stirring at room temperature 
for 15 min the insolubles were removed by filtration and 
the filtrate was extracted with n-butanol. Removal of the 
solvent irz vacuo left a residue which solidified on addition 
of ether (1.3 g). As we were unable to prepare an analy- 
tically pure sample of that product we proceeded with the 
preparation of the methyl ester: the above product (0.7 g, 
0.0022 mole) was dissolved in anhydrous methanol (25 ml) 
and the solution saturated with HCI gas. After standing 
overnight at room temperature the methanol was distilled 
off in vacuo and the crystalline 2-(N-methyl)-phenylgly- 
cylamido-5-chlorobenzoic acid methyl ester hydrochloride 
was recrystallized from methanol -ethyl acetate mixture. 
The yield was 0.4 g (57.1 %), m.p. 209-21 lo. 

Anal. Calcd. for Cl7Hl8CI2N2O3: C, 55.30; H, 4.91; 
C1, 19.21; N, 7.59. Found: C, 54.92; H, 4.83; C1, 19.28; 
N. 7.73. 

A solution of the above product (0.3 g, 0.00081 mole) 
in anhydrous methanol (5 ml) containing triethylamine 
(0.13 ml, 0.00094 mole) was refluxed for 23 h. After 
cooling to room temperature the reaction mixture was 
diluted with water, extracted with chloroform, the solvent 
removed in vacuo, and the residue was treated with ether. 
The crystalline product was separated and recrystallized 
from methanol. It was found to be identical with 17 by 
m.p. and mixture m.p, determination and by comparison 
of the infrared spectra. 

Dimer 18 
A solution of 2-(N-methyl)-dichloroacetamido-5-chloro- 

benzophenone (10 g, 0.028 mole) in dimethylformamide 
(70 ml) was added to 95% ethanol (140 ml) previously 
saturated with NH3 gas. After standing overnight at room 

temperature the solvent mixture was removed by distilla- 
tion in vacuo and the semicrystalline residue was tri- 
turated with ether. The crystalline precipitate was col- 
lected on a Buchner filter funnel, suspended in ethyl 
acetate, the ammonium chloride was removed by 
filtration, and the filtrate was diluted with tz-hexane. The 
crystalline precipitate (2.6 g, 30.7%) was collected by 
filtration and recrystallized from ethyl acetate - hexane 
mixture, m.p. 177-1780. Sometimes another crystalline 
modification m.D. 212" was obtained. The infrared s~ec t ra  
in chloroform solution of both polymorphs were super- 
imposable. 

Anal. Calcd. for C32H24C12N206 (mol. wt., 603.44): C, 
63.70: H, 4.01: C1, 11.74: N, 4.64. Found (mol. wt., 
632.9kast): C, 63.3'2; H, 4:12; CI, 11.79; N, 5.01. 

The same product was obtained in the following way: 
a solution of 12 (2.5 g, 0.0782 mole) in benzene (40 ml) 
was refluxed overnight with azeotropic removal of water. 
On concentration the solution deposited a crystalline 
product, which was identified as 18 by m.p. and mixture 
m.p. determination and by comparison of the infrared 
spectra (1.1 g, 46.5%). 

Finally, when a suspension of 2 (2.5 g, 0.0083 mole) in 
glacial acetic acid (10 ml) was stirred at room temperature 
for 4 11, the work-up of the reaction mixture yielded 1.9 g 
(76%) of 18, characterized by determination of m.p., 
mixture m.p., and by comparison of infrared spectra. 
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Anomalous reaction products from the alkylation of the disodinm addnct of 
benzophenone anil 

JAMES G. SMITH 
Department of Ctzenzistry, University of Waterloo, Waterloo, Ontario 

Received February 26, 1968 

Treatment of the disodium adduct of benzophenone anil with isopropyl bromide produced substantial 
amounts of a by-product as well as the previously reported product, 2-methyl-N,l,l-triphenylpropyl- 
anline. This by-product is shown to be N(o-isopropylbenzhydryl)aniline, formed by alkylation of the 
adduct on the aromatic ring. 

The structural proof relies both upon the synthesis of the unknown amine and upon the oxidation of the 
unknown anline to  o-isopropylbenzophenone. 

Canadian Journal o f  Chemistry, 46, 2271 (1968) 

We have recently reported (1) that treatment 
of the sodium adduct of beilzophenone anil with 
alkyl halides effected alkylation of the adduct at 
the benzylic carbon atom. We have now found 
that during this reaction substantial amounts of 
alkylation occur on the aromatic ring attached 
to the benzylic carbon. 

In the particular example chosen for study, the 
reaction of isopropyl bromide with the disodium 
adduct of benzophenone anil, the two products 
are 2-methyl-N, 1,l-triphenylpropylamine (I) and 
N(o-isopropylbenzhydry1)aniline (2). 

Results 

From the crude reaction mixture, the "nor- 
mal" C-alkylated product (1) was isolated by 
crystallization. The remainder of the material, 
which contained large amounts of the second 
amine (2), was purified by column chroma- 
tography. An examination of the nuclear mag- 
netic resonance (n.m.r.) spectrum showed the 
presence of a benzylic proton and an isopropyl 
group. On the basis of the splitting of the iso- 
propyl group (a double doublet), the structure 
(2) was assigned to this amine. 

Its identity was established both by degrada- 
tive and by synthetic means. Oxidation of the 
amine (2) with dichromate (2) produced o-iso- 
propylbenzophenone, isolated and identified by 
its 2,4-dinitrophenylhydrazone derivative. Syn- 
thesis of the amine (2) was accomplished 
according to Scheme 1. o-Isopropylbenzoic acid 

(4, obtained by hydrogeilolysis of ol,ol-dimethyl- 
phthalide (3), was converted, by treatment of its 
acid chloride with phenylcadmium chloride, to 
o-isopropylbenzophenone (5). After converting 
this ketone to its anil (Q, the latter was reduced 
by lithium aluminium hydride to N(o-isopropyl- 
benzhydry1)aniline (2). 

The synthesized amine had the same n.m.r. 
spectrum as the unknown amine, and the 
benzamides of the known and unltnown amine 
were identical. 

Discussion 

The formation of ring alkylated products from 
benzyl-type organometallic reagents appears to 
be a general phenomenon. Such products have 
been observed with benzylmagnesium chloride 
(3, 4) and have recently been reported for the 
benzophenone sodium ketyl (5). The factors 
controlling the extent of ring substitution are not 
fully established but a solvent effect has been 
noted both for the benzyl Grignard and for the 
benzophenone ketyl. A concentration effect has 
also been reported (3) and our preliminary 
results indicate that the halide involved may also 
be a contributing factor. Further studies are 
planned with the system described here. 

Experimental 
Melting points are uncorrected and werc determined in 

an open capillary using a Mel-Temp melting point appa- 
ratus. Infrared (i.r.) spectra were recorded on a Beckmann 
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IR-10 spectrophotometer using carbon tetrachloride 
solutions. Nuclear magnetic resonance (n.m.r.) spectra 
were recorded on a Jeol C-60 spectrometer using deuter- 
ated chloroform solutions with tetramethylsilane (TMS) 
as an internal standard. Chemical shifts are reported in 
p.p.m. downfield from TMS. Thin-layer chromatography 
(t.1.c.) was carried out with Eastman Chromagram 6060 
(silica gel) sheets using a 1 % solution of p-nitrobenzene- 
diazonium tetrafluoroborate as a detecting spray. Micro- 
analyses are by Mr. A. B. Gygli, Toronto. 

The benzophenone anil and its disodium adduct were 
prepared as described previously (1). 

Reaction ~vitlr Isopropyl Bromide 
The adduct prepared from 5.7 g (0.022 moles) of benzo- 

phenone anil, 2.0 g (0.089 g-atoms) of sodium, and 100 ml 
of dry tetrahydrofuran was drained from the excess 
sodium, into a nitrogen filled flask and cooled in dry ice. 
The mixture was stirred and treated with 4.1 g (0.033 
moles) of isopropyl bromide. After stirring for 1 h at dry 
ice temperatures, the mixture was allowed to warm to 
room temperature overnight. 

The final bright orange reaction mixture was treated 
with 25 ml of water and 50 ml of ether. After washing the 
ether layer three times with water, the ether solution was 
dried over magnesium sulfate, filtered, and evaporated. 
The residue, 7.5 g of a yellow partially crystalline oil, was 
dissolved in 25 ml of warm methanol and cooled to 5 "C. 
The 2-methyl-N,1,1-triphenylpropyla~nine (1) which 
crystallized amounted to 2.57 g (38% yield), m.p. 104- 
110 O C .  - -  -. 

The filtrate was concentrated to a gum and placed on a 
column of 100 g of Woelm grade I1 basic alumina and 
eluted with hexane containing 10% benzene. The frac- 
tions collected were examined by t.1.c. using 10:2:5 
benzene - tetrahydrofuran - 98 % formic acid as a 
developing solvent. The fractions first collected were 
found to contain an unknown amine (Rf 0.77), some 2- 
methyl-N,1,1-triphenylpropylamine (R, 0.54), and small 
amounts of N-benzhydryl aniline (R, 0.68). Later frac- 
tions showed increasing amounts of the last compound. 

Examination by n.m.r. of the best sample of the un- 
known amine showed the presence of a benzylic proton at 

5.82, an NH at 4.0 and the methyl protons of the iso- 
propyl group appeared as a double doublet at 1.0, 1.12, 
1.17, and 1.28. The structure N(o-isopropylbenzhydryl)- 
aniline was assigned to this compound, total weight 4.00 g 
(60% crude yield). 

A 1.56 g sample of the amine was converted to its 
benzamide derivative by refluxing with 30 ml of pyridine 
and 1.5 ml of benzoyl chloride. The crude product, 2.28 g 
was purified by recrystallizing from 50 ml of 1 :1 cyclo- 
hexane-hexane and treatment with charcoal giving 1.44 g, 
m.p. 152.5-154 "C. 

Anal. Calcd. for C,,H2,NO: C, 85.90; H, 6.71; N, 
3.45. Found: C, 86.07; H, 6.89; N, 3.50. 

Oxidatioiz of U~rkno~vn Amine 
The procedure follows that described by Neumann and 

Gould (2). Under the conditions described here, N- 
benzhydryl aniline was converted to benzophenone in 
57% yield (isolated as the 2,4-dinitrophenylhydrazone). 

A 0.54 g sample of the unknown amine was stirred 
with 3.0 ml of 2 M sulfuric acid and 6.0 ml of a 1 M solu- 
tion of chromium trioxide in 1.5 M sulfuric acid, and 
warmed on a hot plate for 15 min at 60-70 "C. Oxidation 
occurred with formation of a black precipitate. 

After standing overnight, the mixture was diluted with 
water, extracted with ether, and the ether layer washed 
with water, dilute sodium hydroxide, and again with 
water. After drying over magnesium sulfate and evapo- 
rating, the residue was boiled with a solution of 0.40 g of 
2,4-dinitrophenylhydrazine in 10 ml of methanol and 
3 ml of concentrated hydrochloric acid for 2 h. After 
cooling, the brownish-red solid was removed by filtration 
and dried, 0.40 g (56% yield), m.p. 162-185 "C. Re- 
crystallization from glacial acetic acid raised the melting 
point to 200-206 "C but subsequent recrystallizations 
effected no further improvement. 

The 2,4-dinitrophenylhydrazone was dissolved in 
benzene, placed on a column of 50 g of alumina and 
eluted with benzene containing 20% chloroform. The 
material which eluted was recrystallized from glacial 
acetic acid giving 0.14 g, m.p. 207-209.5 "C and mixture 
m.p. with authentic 2,4-dinitrophenylhydrazone of o-iso- 
propylbenzophenone was 207-210 "C. 
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SMITH: ANOMALOUS REACTION PRODUCTS 2273 

a,a-Ditnet/zy2ylphthalide (3) 
This was prepared by adding phthalic anhydride in 

tetrahydrofuran to an excess of methylmagnesium iodide 
in ether. Essentially this is the procedure of Bauer (7) 
except for the use of tetrahydrofuran as a solvent for 
phthalic anhydride. This modification eliminates the 
inconveniently large volumes of ether which would be 
necessary to dissolve the anhydride. 

The phthalide was obtained in 77% yield, n1.p. 69- 
70 "C after one recrystallization from cyclohexane (2 
mild. 
o-Isopropylber~zoic Acid (4) 

The Raney nickel catalyst, freshly prepared from 32 g of 
alloy, was added to a solution prepared from 19.44 g 
(0.12 mole) of a,a-dimethylphthalide dissolved in a hot 
solution of 9.60 g (0.24 moles) of sodium hydroxide in 
125 ml of water. 

The mixture was shaken on a Parr hydrogenator 
initially pressurized to 50 p.s.i.g. for 8 h a t  50-60 "C. 
After cooling, the reaction mixture was filtered, acidified 
with concentrated hydrochloric acid, and extracted twice 
with ether. The ether extract was washed once with water 
and extracted four times with lOOml portions of 5 %  
sodium carbonate solution. 

Acidification of the sodium carbonate extract precipi- 
tated the o-isopropylbenzoic acid as an oil which rapidly 
crystallized, 12.62 g (64 %yield), m.p. 54-58 "C (reported 
m.p. (8) 61-62 "C). This material was used without further 
purification. 

The carbonate insoluble material, recovered by evapo- 
ration of the ether, proved to be a low melting solid, 5.70 g 
(29% yield), n1.p. 3 5 4 8  "C. Repeated recrystallization 
from 50% methanol-water gave material of m.p. 61- 
62.5 OC. 

Anal. Calcd. for C10H1602: C, 71.38; H, 9.59. Found: 
C, 71.62; H, 9.69. 

The n.m.r. spectrum showed only aliphatic protons in 
the region 1-3 p.p.m. The methyl protons appeared as 
two doublets, one centered at 1.25, the other at 1.34. The 
i.r. spectrum showed a carbonyl absorption at 1790 cm-'. 
As a possible structure, the lactone of 2-isopropyl-X- 
hydroxycyclohexanecarboxylic acid is suggested. 

o-Isopropylbet~zoyl Cllloride 
The o-isopropylbenzoic acid was converted to its acid 

chloride by refluxing with excess thioryl chloride and 
distilling the reaction product, b.p. 57-59 "C at 0.4 mm. 

A sample of the acid chloride was converted to its 
anilide, m.p. 137-139 "C (reported (9) m.p. 137 "C). 

o-lsopropylber~zop/~etzo~~e (5) 
Phenylmagnesium bromide was prepared from 12.6 g 

(0.080 moles) of bromobenzene and 1.94 g (0.08 g-atoms) 
of nlagnesiunl in 90 ml of ether. The ether was then 
distilled and 70 ml of dry benzene followed by 7.3 g (0.04 
mole) of anhydrous cadmium chloride were added. The 
mixture was stirred and refluxed for I h and then the 
solvent again distilled until the vapor temperature 
reached 75 "C. 

After cooling, a solution of 9.7 g (0.053 moles) of o- 
isopropylbenzoyl chloride in 50 ml of benzene was added 
with stirring, and the mixture was refluxed for 2 h. The 
reaction illixture was poured onto a mixture of ice and 
15 ml of concentrated hydrochloric acid, the benzene 

phase separated and the aqueous phase extracted once 
with 25 ml of ether. The combined benzene and ether 
phases were washed with water and evaporated. The 
residue was refluxed with 50 ml of 5 % sodium hydroxide 
solution for 3 h, cooled, and extracted twice with ether. 
The ether extracts were combined, washed twice with 
water, dried, and evaporated. Distillation of the residue 
afforded 8.06 g (68 % yield) of o-isopropylbenzophenone, 
b.p. 106-111 "C at 0.5 mm, rtDZ5 1.5735. 

The 2,4-dinitrophenylhydrazone was prepared and 
found as reported (6), to have a broad melting range, 
139-185 "C. Recrystallization from glacial acetic acid 
afforded a bright orange-red derivative, m.p. 207.5-209 OC 
(reported (6) m.p. 204-206.8). 

o-Isopropylbenzophenone Atlil (6) 
The procedure of Reddelien (10) was followed. A 

mixture of 47 g (0.5 mole) of aniline, 1.0 g of aniline-zinc 
chloride salt, and 10.97 g (0.049 mole) of o-isopropyl- 
benzophenone were refluxed for 3 h and then approxi- 
mately 25 ml of aniline was permitted to distil. The 
residue was cooled and treated with 25 ml of chlorofornl. 
The aniline - zinc chloride salt was removed by filtration 
and the filtrate concentrated and distilled under vacuum 
to give 5.20 g consisting largely of unreacted ketone, b.p. 
110-145 "Cat  0.4 mm.,and 6.81 g of the anil(42% yield), 
b.p. 150-160 "C at 0.4 mm. The crude anil was dissolved 
in 50 ml of 90% isopropanol- 10% water, cooled, and 
seeded. The anil which crystallized out amounted to 
6.11 g, m.p. 87.5-89.5 "C. 

Anal. Calcd. for CZ2Hz1N: C, 88.23; H, 7.07; N, 4.68. 
Found: C, 88.04; H, 7.28; N, 4.74. 

The i.r. spectrum showed the absence of any character- 
istic functional groups except a weak band at 1620 cm-' 
due to the C=N group. The n.m.r. spectrum showed the 
aromatic protons in a broad band from 6.1 to 7.9 (14.0 
H), the CH of isopropyl group, a multiplet centered at 
2.77 (0.8 H)  and the methyl protons as two doublets 
centered at 0.86 and 0.97 (6.0 H). 

N(o-lsopropylbet~zhpiryl)ar~iliue (2) 
o-Isopropylbenzophenone anil (6.00 g, 0.02 mole) was 

dissolved in 50 ml of ether and added to a suspension of 
1.5 g (0.04 mole) of lithium aluminium hydride in 50 ml 
of ether. The mixture was stirred and refluxed for l+ h. 
A deep red color developed. Excess hydride was destroyed 
by the addition of ethyl acetate, and the final reaction 
product was poured onto ice and 16 ml of concentrated 
hydrochloric acid. The ether phase was separated, washed 
three times with water, dried, and evaporated. The residue 
was distilled under vacuum in a Kontes - Bantam - Ware 
distillation apparatus giving 5.29 g (88% yield) of a very 
viscous yellow oil, b.p. 160-168 "C at 0.25 mm. 

Anal. Calcd. for CZ2HZ3N: C, 87.64; H, 7.69; N, 4.65. 
Found: C, 87.48; H, 7.66; N, 4.52. 

The i.r. spectrum showed an  N H  band at 3420 cm-' 
and the n.m.r. spectrum showed the aromatic H in a 
complex band 6.2-7.5 (14.0 H), the benzylic proton a 
singlet at 5.81 (1.1 H), the N H  singlet at 4.02 (1.0 H), the 
CH of isopropyl a multiplet centered at 3.26 (1.1 H),and 
the methyl protons as two doublets centered at 1.08 and 
1.23 (5.8 H), J = 6.6. 

A sample was converted to its benzainide by refluxing 
in pyridine with benzoyl chloride. The benzamide after 
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recrvstallization from 1:l hexane-cvclohexane and treat- 1. J. G. SMITH and C. D. VEACH. Can. J. Chem. 44, 
me& with charcoal had a m.p. 15c156 "C and mixture 
m.p. with the benzamide of the unknown amine of 153- 
155 "C. Infrared spectra of the known and unknown 
benzamides were identical. The n.m.r. spectrum showed 
the benzylic proton at 7.65 (1.1 H), the aromatic protons 
in a complex band 6.5-7.5 (19.0 H), the tertiary proton of 
the isopropyl group as a multiplet centered at 3.39 (0.75 
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Stereospecificity of the Curtins rearrangement1 

MARTIN B. HOCKING 
Exploratory Research Laboratory, Dokv Cl~emical of Canada, Liinited, Sarilia, Oirtario 

Received December 12, 1967 

Jones and Mason claimed a number of years ago (1) that rearrangement of cis-olefinic acyl azides gave 
trans-olefinic isocyanates. However, several other workers have found that rearrangement of an acyl 
azide group attached to an optically active carbon gives configurationally identical products, a discovery 
which apparently conflicts with Jones and Mason's findings. We have reexamined the rearrangement of 
cis-crotonyl azide with stringent checks at each reaction step and found perfect retention of geometry In 
the product. Details of this finding are discussed. 

Canadian Journal of Chemistry, 46, 2275 (1968) 

Introduction 

The Curtius rearrangement of an acyl azide to 
an isocyanate with loss of nitrogen has, with 
saturated aliphatic acyl azides, no special stereo- 
chemical involvement. However, with the re- 
arrangement of unsymmetrical olefinic acyl 
azides, two possible courses are open. A number 
of years ago, Jones and Mason (1) reported that 
the rearrangement of cis olefinic acyl azides, at 
least for cis-cinnamyl (3b, R = C6H,) and cis- 
crotonyl (3b, R = CH,) azides, gave trans- 
olefinic isocyanates (4a), the same as those 
obtained from trans-olefinic acyl azides. This 
finding has been mentioned with reservations by 
review authors (2). 

While trying to prepare cis-crotonyl chloride 
from cis-crotonic acid by the method of Jones 
and Mason (1, 3) we obtained largely the trans 
isomer (4). This experimental result has made us 
question their finding. 

There are examples in the literature of 
optically active azido acyl compounds which 
have been rearranged to optically active iso- 
cyanate~ (5) (probably with retention of con- 
figuration (6)), of cis and trans cyclic 1,2-diacyl 
azides rearranged with retention of geometry 
(7), of retention of endo or exo configuration on 
rearrangement of the corresponding 2-azidoacyl 
norbornanes (8), and an example of an analogous 
cyclic 1,3-diacylazide rearrangement which was 
not stereospecific (9). Consequently, we felt that 
the question of the stereospecificity of the re- 
arrangement of olefinic acyl azides had not as yet 
been adequately answered and for us, use of the 
crotonyl azide as the starting point was the 

R C 
/OH 

\ / Xo c=c 
H C=O H \H 

\OH 16 
l a  

-1 -1 
R R 

/cl 
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H H 
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\ / \o 
\c=c/ 0 

H 
/ \c/ H /"="\ H 
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\ / \ /N 

/"="\ /"="\ 
H N H H 

\c 
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H 0 
\ II 

R 
\ /H 

R, ,N-C-NH2 

C=C 

H 
/ 

H /c=c\H 
/N-?-NH2 

H 0 

Reaction Scheme 1 
obvious choice. R = C6H, for cinnamic acid sequences. 

R = CH3 for crotonic acid sequences. 
'Contribution No. 157 from the Exploratory Research 

Laboratory. 
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TABLE I 

Nuclear magnetic resonance data for crotonyl azides and propenyl isocyanates* 

O v e r l a ~ ~ i n e  
Double doublets quartetl;aii Quartet pairs 

CH3- -CH= =CH-X 

Compoundt Shift Coupling Shift Coupling Shift Coupling 
-- 

cis-Crotonyl 2.85 JOb=7.35 6.50 Jbo= 7.3 5.75 J,,= 1.8 
azide J,,=1.8 J, ,=ll  .O Jcb=ll .O 

trans-Crotonyl 1.91 Jab=6.7 7.10 Jb.= 6.8 5.83 J,,= 1.6 
azide J,,=1.6 Jb,=15.0 Jzb=15.0 

cis-Propenyl 1.68 JOb=6.8 5.23 Jb,=6.8$ 5.89 J,,= 1.7 
isocyanate J,,=1.7 Jbc= 7.21 Jcb= 7.2 

trans-Propenyl 1.64 Jab=6.2 5.50 Jb,:= 6.2 5.69 J,.= 1 .2  
isocyanate J.,=1.2 Jh,=12.6 J,,=12.6 -- -" 

'In the formula CH,-CH=CH-X; CH3-,-CH=, and =CH-X are represented by a, b, and crespectively. 
?The solvent used was deuteriochloroform. 
$Resultant, a broad quintet. 

Experimental 
Trans-crotonyl chloride, containing about 2 %  of the 

cis isomer, was purchased from - ~ a s t m a n  organic 
Chemicals. The unambiguous ~ r e ~ a r a t i o n  of cis-crotonvl 
chloride has been described previously (4). Melting 
and boiling points are not corrected. Infrared (i.r.) 
spectra were obtained on a Perkin-Elmer model 337 
grating spectrophotometer using thin films between rock 
salt plates. 

Azide Preparations and Decornpositiorrs 
trans-Crotorzyl Azide 
trans-Crotonyl chloride (104 g, 1 mole) was added to a 

well-stirred slurry of dry, finely-ground sodium azide 
(130 g, 2 moles) in dry ether (400 ml). Stirring, with 
protection from atmospheric moisture, was continued for 
64 11 while thermostatting in a water bath at 25 "C. The 
sodium chloride and unreacted sodium azide were then 
filtered off, and the ether was removed from the filtrate by 
raising the bath temperature to 30 OC and applying 
aspirator vacuum. The residual yellow oil (95.5 g) con- 
tained a substantial amount of the azide (i.r. maximunl at 
2148 cm-') and a lesser amount of the isocyanate (i.r. 
maximum at 2265 cm-') in addition to some (about 30%) 
unreacted acid chloride. 

Azide preparations which were carried out in an 
aqueous medium were very much quicker and gave better 
yields. trans-Crotonyl chloride (52 g, 0.5 mole) in acetone 
(25 ml) was added dropwise over 15 min to a well-stirred 
solution of sodium azide (37 g, 0.5 mole) in water (100 
ml) at room temperature. After the first 2 min of addition 
the remainder of the reaction was carried out with cooling 
in an ice-water bath, and stirring was continued for a 
further 5 min after completion of the addition. The 
organic phase was separated and dried (MgS04) yielding 
47 g (85% yield) of pale-yellow oil. By nuclear magnetic 
resonance (n.m.r.) and i.r. this was found to be essentially 
trans-crotonyl azide free of isocyanate or acid chloride, 
and containing only a trace of acetone The azide effer- 
vesced very slowly at room temperature. 

trans-Propenyl Isocyanate 
Azide prepared in ether could not be separated from 

isocyanate by cold (25 "C bath) distillation so the crude 
mixture obtained from the azide preparation was de- 
composed without isolation. The mixture (92 g) diluted 
with dry m-xylene (125 ml), was heated under a reflux 
condenser on a boiling water bath for 1 h when decompo- 
sition was complete (no azide band in i.r.). This solution 
was distilled through a 30 cm high Widmer column to 
recover the isocyanate which was collected in two frac- 
tions: 11 4 g (b.p. 80-84 "C) and 12.0 g (b.p. 84-101 "C); 
followed by 30 n ( b . ~ .  101-130 "C: most at 126 OC) of - .  - 
recovered ;rarrs-crotonyl chloride. Redistillation of'the 
first two fractions through the same column gave 10.1 g 
of trclns-propenyl isocyanate (b.p. 78-82 "C, n.m.r. in 
Table I) containing a trace of cis, and 10.8 g of slightly 
less pure material. They were colorless, highly lachryma- 
tory mobile oils. The yield based on crotonyl chloride 
consumed was 35 %. 

When purer azide (prepared by aqueous method) was 
decomposed as described above better yields of isocyanate 
were expected. However, while isocyanate was being 
distilled over, white solids (probably polymeric) formed in 
the still pot and only 10 g of monomeric isocyanate could 
be recovered from 45-50 g of azide, the same overall 
yield as previously. 

tra~rs-Propenyl Urea 
Dry ammonia gas was played onto the surface of a 

stirred, ice-cold solution of trans-propenyl isocyanate 
(1.2 g) in dry ether (25 ml) until precipitation ceased. The 
white solid (1.2 g) was removed by filtration and dried, 
m.p. 106-1 11 OC. Two recrystallizations of this precipitate 
from ethyl acetate - chloroform (1 :7 by volume) with a 
minimum of heating (very susceptible to polymerization) 
sharpened but simultaneously lowered the melting point 
to 99-101 "C (lit. (1) m.p. 122 "C), after final drying at 
0.01 mm pressure for 8 h. 

Anal. Calcd. for C4H8N,0: C, 48.0; H, 8.1 ; N, 28.0. 
Found: C,47.4,47.2; H, 8.2, 8.1; N,27.3, 27.4. 

cis-Crotonyl Azide 
cis-Crotonyl chloride (51 g, 0.49 mole) was added to a 

well-stirred slurry of dry finely-ground sodium azide 
(52 g, 0.80 mole) in dry ether (250 ml) kept in a thermo- 
stat bath at +9 OC. After stirring for 24 h an aliquot was 
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HOCKING: STEREOSPECIFICITY OF THE CURTIUS REARRANGEMENT 

TABLE II 
Nuclear magnetic resonance data for propenyl ureas* 

trans-Propenyl urea cis-Propenyl urea 

Assignment? Shift Multiplicity Coupling Shift Multiplicity Coupling 

CH3- 1.58 Double Jab= 6.8 
doublet J,,= 1.6 

-CH= 4.80 Overlapping Jbo= 6.8 
quartet pair Jb,= 14.4 

=CH- 6.43 Three multi- complex 
plet groups 

-NH- 8.12 Broad Jde=10.5 
doublet 

-NH, 3.57 Singlet 

1.53 Double Jab= 7.1 
doublet J,,= 1.6 

4.57 Overlapping J,,= 7.1 
quartet pair Jb,= 9.0 

6.44 Two multi- complex 
plet groups 

7.95 Broad Jd==ll.l 
doublet 

3.64 Singlet 

*The solvent used was dimethylsulfoxide-d6 
+In the formula CH3-CH=CH-NH-CO-NH2; CH3-,-CH=, =CH-,-NH-, and -NH2 are represented 

by a, b, c, d, and e respectively. 

withdrawn, the ether was evaporated. The residual oil 
contained only a very slight trace of azide and no iso- 
cyanate (by i.r.). The bath temperature was raised to 
31 "C and stirring continued for a further 14 h when 
another aliquot was checked and found to be as before. 
The temperature was then raised to 42 "C and stirring 
continued for 24 h more with no progress evident. The 
sodium azide was then filtered off and 35 g of cis-crotonyl 
chloride (now containing about 5 % trans) were recovered 
by distillation at 20 mm. Attempted preparation of cis 
azide at 65 "C in diethyl triethylene glycol was as 
unpromising as the diethyl ether reaction. 

Aqueous preparations were successful. 97 % cis- 
Crotonyl chloride (52 g, 0.5 mole) in acetone (25 ml) at 
0 "C was added over 15 min to a vigorously stirred 
solution of sodium azide (39g, 0.6 mole) in water (105 ml) 
kept at $4 to $7 "C in an ice-salt bath. Preparations 
where the reaction temperature was allowed to run as 
high as 15-20 "C gave significantly lower retention of cis 
geometry. Stirring was continued for 5 min after com- 
pletion of the addition, and then the organic layer was 
separated, washed with ice-water (120 ml), and dried 
(MgSO,) yielding 48 g of colorless oil. Infrared analysis 
indicated this material was predominantly azide though 
traces of isocyanate, the cis acid, and acetone were 
present. Nuclear magnetic resonance integrals established 
that 85 % of the azide present was cis. After 17 h at 25 "C, 
8 % of a sample of azide had decomposed to isocyanate, 
but another sample kept one week at -24 "C showed no 
decomposition. A wash of 23.5 g of the crude azide with 
weak brine (2 x 100 ml) at -5 'C and two dryings 
(Na,S04) reduced the quantity of recovered azide to 
10.2 g and simultaneously eliminated the acetone and the 
cis acid that were present. 

cis-Propenyl Isocyanate 
Preliminary preparations showed that decomposition 

of cis-crotonyl azide at temperatures above 45-50 "C gave 
some concomitant isomerization of cis-isocyanate to the 
trans configuration. Also, it was found that temperatures 
below 40 "C were low enough to prevent significant 
decomposition of trans-crotonyl azide. Apart from 
preparative reactions three decompositions carried out in 

a thermostat bath at 33(+0.1) "C and protected from 
atmospheric moisture, were carefully followed by n.m.r., 
after a rough preliminary run in ether. Three grams of 
about 85% cis-crotonyl azide were placed in each of 
three test tubes. To one was added ether (12 ml), another 
deuteriochlorofornl (12 ml), and a third was left without 
solvent. All three were placed in the thermostat and 
aliquots were withdrawn at intervals and analyzed by 
n.m.r.; the presence of ether did not interfere. The results 
of these runs are summarized in Table IV and Fig. 2. 

cis-Propenyl Urea 
The remainder of the cis-crotonyl azide decomposition 

in deuteriochloroform was diluted with ether (25 ml) and 
treated with ammonia in the same way as the corre- 
sponding trans isomer to yield 1.2 g of cream-colored 
crystals, m.p. 100-108 'C. One recrystallization brought 
the m.p. to 111-114 "C, mixture m.p. with once recrystal- 
lized trans 94-98 "C. After two recrystallizations the m.p. 
was 117-1 18 "C and the mixture m.p. with twice recrystal- 
lized trans 92-1 11 "C. Nuclear magnetic resonance also 
confirmed its dissimilarity from the tram isomer (see 
Table 11). 

Anal. Calcd. for C4H,N20: C, 48.0; H, 8.1; N, 28.0. 
Found: C, 46.7, 47.1; H, 8.2, 8.2; N, 27.5, 27.8. 

N~tclear Magnetic Resonarrce Analyses 
The n.m.r. data reported were obtained using a Varian 

A60 instrument fitted with a phase detector integrator, 
and a Hewlett-Packard wide range oscillator (model 
200CD) for sweep width calibration. Monitoring the 
oscillator was an electronic counter of the same make 
(model 5212A). All spectra were run at room temperature 
and shifts are reported in p.p.m. from internal tetramethyl 
silane corrected for sweep width variations. Coupling 
constants were measured on appropriate portions of 
spectra expanded to 50 cycles sweep width, and are re- 
ported in c.p.s. Integrals were all consistent with the 
assignments indicated. 

(a) Curtilts Rearrangements 
Determination of the proportions of cis- and trarzs- 

crotonyl azides and cis- and trans-propenyl isocyanates 
was accomplished by integration of the respective methyl 
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TABLE 111 

Nuclear magnetic resonance data for methyl propenyl ureas* 

N-Methyl-N'-tmns- N,N-Dimethyl-N1-trarrs- 
propenyl urea (R = H) propenyl urea (R = CH3) 

Assignmentt Shift Multiplicity Coupling Shift Multiplicity Coupling 

CH3- 1.57 Double Jzb= 6.7 I .58 Double Jab= 6.8 
doublet J,,= 1.7 doublet J,,= 1.6 

-CH= 4.80 Overlapping Jb,= 6.7 5.03 Overlapping Jba= 6.8 
quartet pair Jbc= 14.1 quartet pair Joe= 14.0 

=CH- 6.48 Three multi- Complex 6.57 Complex, ranging 
plet groups over 27 c.p.s. 

-NH- 8.08 Broad J,,=lO.O 8.25 Broad Jr,= 10.5 
doublet doublet 

-N(CH3) 2.59 Two over- Ambiguous 2.82 Singlet 
lapping 
doubletsf 

R 5.93 Eight Signal 
probable too weak 

*The solvent used wasdimethylsulfoxide-d6. 
?In the formula CH3-CH=CH-NH-CO-N(CH3R; CH3-, -CH=, =CH-, -NH-, -N(CH 3). and R 

are represented by a, b, c, d, c ,  and frespectively. 
%Three peaks vis~ble, ratio 1 :2:1, spacing2.7 and2.1 cycles. 

resonances (see Table I). Isocyanate methyl identity was 
double checked by adding small portions of the geo- 
metrically opposite analogous isocyanate. The methyl 
integrals on spectra expanded to 50 or 100 cycles sweep 
width were then totalled, and the proportion of each 
compound found by dividing its integral by the total. 

(b) Preparation of Model Conlporrrrds 
The N-H, and NH2 assignments in the n.m.r. spectra 

obtained for cis- and trarrs-propenyl ureas were not 
completely ~lnequivocal but the n.m.r. spectra of a 
number of new propenyl ureas of greater substitution 
eliminated any doubt. Description of the preparations of 
these model compounds follows and the n.nl.r. data 
obtained for them in din~ethylsulfoxide-d6 are given in 
Table 111. 
N,N-Dinretlryl-N'-trnrrs-properly1 urea-An ice-cold 

solution of dimethylamine (2.5 ml) in dry ether (8 ml) was 
added with stirring and protection from atmospheric 
moisture to a solution of trans-propenyl isocyanate (1.6 g) 
in ether (25ml). The white precipitate formed was 
filtered off, washed with a small portion of chilled ether, 
and dried yielding 1.8 g white crystals m.p. 142-149 "C. 
Recrystallization, once from ethyl acetate and once from 
acetone yielded 0.3 g of feathery plates m.p. 144-148 "C. 

Anal. Calcd. for C6H12N20: C, 56.2; H, 9.4; N, 21.9. 
Found: C, 56.3; H, 9.9; N, 21.9, 21.7. 
N-Methyl-N'-trarrs-properly1 urea-Using the method 

of the preceding preparation on trans-propenyl isocyanate 
(0.6 g) and adding gaseous methylamine above the solu- 
tion yielded a precipitate which went back into solution 

N,N- Ditnetllyl- N'-cis-propenyl urea-Dimethylamine 
(4.5 ml) in ether (10 ml) was added in the same way as the 
analogous trans derivative, to cis-propenyl isocyanate 
obtained from the decomposition of 2.9 g of cis-crotonyl 
azide. The first crop of crystals (0.4 g) was rapidly made 
useless by deliquescense, but a second crop, (0.4 g) 
obtained by cooling the mother liquor to -22 "C, 
melted at 60-65 "C (sealed tube) and this was used for 
analysis. 

Anal. Calcd. for C6H12N20: C, 56.2; H, 9.4; N, 21.9. 
Found: C, 56.5, 56.1; H, 9.7, 10.0; N, 22.0, 21.8. 

(c) Stridy of D 2 0  Exclrarrge with tlre Propenyl Ureas 
The D 2 0  exchange experiments were carried out with 

cis- and trarrs-propenyl ureas with the same effects being 
observed with each. Initially spectra were run in dimethyl- 
sulfoxide-d6 alone. Then gradually increasing amounts of 
D 2 0  were added to the DMSO solution with new spectra 
run each time. The changes observed.for cis-propenyl urea 
are described and discussed later with our conclusions. 

Results and Discussion 

The sequence of reactions starting with trans- 
crotonic acid through to trans-propenyl iso- 
cyanate was carried out straightforwardly by us 
according to the methods of Jones and Mason 
(1, 3) and each stage was carefully followed by 
nuclear magnetic resonance (n.m.r.) and infrared 

on addition of further methylamine. Leaving the solution (i.r.) spectroscopy. 
overnight with protection from atmospheric moisture In this the strongest n.m.r. signal in the 
yielded 0.49 g of rosettes of crystals m.P. 112-123 "C spectra of all four compounds primarily involved which were used as such. 

~ ~ ~ 1 .  Calcd. for C,Hl,N20: C, 52.6; H, 8.8; N, 24.5. in this series, the cis- and trans-crotonyl azides 
Found: C, 52.6, 52.6; H, 9.0, 9.3; N, 24.5, 24.4. and cis- and trans-propenyl isocyanates, was that 
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HOCKING: STEREOSPECIFICITY O F  THE CURTIUS REARRANGEMENT 2279 

of the methyl group of the four compounds. 
Very conveniently for the purposes of this work 
nearly all of the double doublets representing the 
methyls of these four compounds were suffi- 
ciently well separated from each other to be used 
for the analysis of mixtures (Fig. 1 and Table I). 
While there was an overlap of one of the peaks in 
the cis-propenyl isocyanate methyl pattern with 
one for the methyl of trans-propenyl isocyanate, 
it was possible to use satisfactorily the remaining 
three unencumbered bands of each of the two 
compounds. This permitted easy direct deter- 
mination of the proportions of each of the 
components present in aliquots removed from 
the main reaction solution, with minimal distur- 
bance of conditions (for cis determinations the 
n.m.r. probe was at the same temperature as that 
of the thermostat being used for the decompo- 
sitions). 

With the cis-crotonic acid sequence it had 
already been discovered (4) that the preparation 
of acid chloride according to the method of 
Jones and Mason (1, 3) resulted in a significant 
proportion of trans-crotonyl chloride. That this 
source of loss of geometry was at least partly 
responsible for the latter authors' conclusions 
about the stereochemistry of the azide rearrange- 
ment was evident from the next step, conversion 
to the acyl azide. It had already been ascertained 
by us that treatment of trans-crotonyl chloride in 
ether with finely ground sodium azide was 
sufficient to obtain the azide, conditions which 
the earlier workers (3) had not only found 
adequate for the preparation of trans-crotonyl 
azide, but had also found sufficient with cis- 
crotonyl chloride. We could not react the cis acid 
chloride with sodium azide in ether even at 
temperatures 15 "C higher than the earlier work 
or, to a significant extent, in diethyl triethylene 
glycol at 65 "C. 

Hence, it is felt that this lack of reactivity of 
unequivocal cis-crotonyl chloride with sodium 
azide under these conditions is an additional 
indication that a significant loss of geometry had 
already been incurred by Jones and Mason in 
their preparation of cis acid chloride. Therefore, 
it is postulated that the azide obtained by them 
was almost certainly largely the trans isomer. 

Possibly the much greater solubility of a 
tetralkyl ammonium azide (10) in ether would 
have given improved results with the cis acid 
chloride but since aqueous preparation of the 

TABLE IV 

Deconlposition of cis-crotonyl azide at 33 "C 

Mole percent of total 

cis trarzs 
Time cis trans Iso- Iso- 

Solvent (h) Azide Azide cyanate cyanate 

Deuterio- 
chloroform 0 84.4 15.6 0 0 

4 62.8 15.6 21.6 0 
21 20.2 15.4 64.4 Trace 

None 0 84.4 15.6 0 0 
6 69.2 16.0* 14.8 0 

25 39.0 16.5* 43.0 1.5 
54 15.3 18.2* 63.1 3.4 

Ether 0 84.4 15.6 0 0 
6 71.7 17.2* 11.1 0 

25 50.3 18.1* 31.5 Trace 
71 21.9t 25. l t  52.0.t Trace 

'These give some ind~cation of the extent of loss of the other three 
components in the run by volatilization or  hydrolysis. 

tThe  nuclear magnetic resonance samples were very dilute, conse- 
quently the integrals are not very accurate. 

tMost ofthe ether wascarefully boiled off the aliquots before nuclear 
magnetic resonance analy7;s. 

cis azide led to good yields of material with good 
retention of {:edmetry these less accessible azides 
were not corsidered further. Both stereochemical 
and yield objectives were improved by carrying 
out the aqueous reaction with strong cooling; 
chloride hydrolysis, isomerization, and decompo- 
sition to the isocyanate were all reduced to 
negligible levels. cis-Crotonyl azide of 85-90% 
correct geometry in 80% or better yields could 
regularly be obtained by this method. 

Important to  side-step ambiguity in the final 
rearrangement step of the sequence was the 
significantly lower decomposition temperature 
of cis-crotonyl azide over the trans isomer. The 
temperature that was necessary to stop the 
decomposition of the cis isomer was -20 "C 
whereas. with the trans isomer. 0 "C was sufficient 
and even at room temperature its rate of decom- 
position was negligible. In this work decomposi- 
tions were carried out at 33 "C since at this tem- 
perature the cis azide rearranged at an easily mea- 
surable rate and the trans azide was still more or 
less stable. Table IV summarizes these results. 
The rate of appearance of cis-propenyl isocyanate 
was found to be the same as the rate of loss of 
cis-crotonyl azide, within experimental error. In 
spite of precautions against the intrusion of 
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AZIDES ISOCYANATES 
f 

A 
\- 

2 .O P.F!M. (6) 1.7 
FIG. 1.  The nuclear magnetic resonance spectra of the decon~position of cis-crotonyl azide at 33 "C in CDCI,. 
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HOCKING: STEREOSPECIFICITY OF THE CURTIUS REARRANGEMENT 2281 

TIME (h)  

FIG. 2. The decomposition of cis-crotonyl azide at 33 "C: 0, Ether; A, Ether (rough); 0, neat; @, CDC13. 

atmospheric moisture some could have entered 
when aliquots for analysis were being withdrawn. 
Hydrolysis of a small portion of the isocyanate 
to amine with this moisture is probably the ex- 
planation for the gradual apparent rise in the pro- 
portion of the trans azide reported for some of 
the runs. However, these results show quite con- 
clusively that the rearrangement of cis-olefinic 
acyl azides is stereospecific, at  least for cis-cro- 
tony1 azide. 

The effect of solvent on the decomposition of 

cis-crotonyl azide was tested while azide was 
still available. I t  was thought quite possible that 
the stereospecificity of the rearrangement might 
be affected, but no significant effect on the rate 
was expected (2). Referring to Table IV, again, 
one can see no noticeable effect of solvent 
polarity or lack of solvent altogether on stereo- 
specificity, but even our crude (kinetically 
speaking) runs show quite a noticeable enhance- 
ment of rate in going from a decomposition run 
in ether, to a run without solvent, to a run in 
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deuteriochloroform (see Fig. 2). This is a some- 
what surprising result since the Curtius re- 
arrangement is thought to proceed via a uni- 
molecular path (2, 5) but perhaps an azide half- 
life difference of a factor of 3.7 between the 
slowest and the fastest reactions is not considered 
large. 

We have no explanation for one apparent 
anomaly. As traditional confirmation of our 
n.m.r. findings, conversion with ammonia of 
portions of the two isomeric isocyanates to the 
corresponding cis- and trails-propenyl ureas was 
undertaken. Jones and Mason (I) had found a 
value of 122 "C for the melting point of trans- 
propenyl urea. Through a number of prepar- 
ations and recrystallizations we could not dupli- 
cate this melting point, even though reasonable 
analyses were obtained. Perhaps of more impor- 
tance though, at any stage of the crystallization 
of either isomeric urea, significant mixture melt- 
ing point depressions were consistently observed. 
Also, n.m.r. spectra of the two compounds 
showed the expected differences (Table 11). 

Two methods were used to confirm the n.m.r. 
spectral assignments of the cis- and trans- 
propenyl ureas. The first was by checking the 
n.m.r. spectra of the urea when one or both of 
the NH, hydrogens were replaced by methyls; 
this confirmed all the N-H assignments (Table 
111). The second was addition of D,O to a hexa- 
deuteriodimethylsulfoxide solution of trans- 
propenyl urea to see if sufficient exchange of the 
single N-H hydrogen with deuterium could be 
induced to eliminate the assigned allylic hydro- 
gen coupling with it. About 30% D,O in the 

solution brought about the collapse of the allylic 
hydrogen multiplet from at least 14 visible peaks 
(theoretical = 16) to the 8 seen for allylic hydro- 
gen in spectra of the isocyanates, and a simul- 
taneous loss of the propenyl N-H resonance. 
This result must be ascribed to elimination of the 
allylic hydrogen N-H coupling by exchange 
of the N--H with deuterium, serving as confir- 
mation for the assignment of the single N-H 
doublet. 
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Synthesis of methyl 2,3-anahydro-4-deoxy-6-O-methyl-u-~~-Eyxo-hexspyranoside~ 

F. SWEET AND R. K. BROWN 
Departn~er~t of Chenzistry, University of Alberta, Edmorzton, Alberta 

Received February 15, 1968 

Bromomethoxylation of 2-methoxymethyl-3,4-dihydro-2H-pyran, 1, at -55" gave in 87% yield a 9:l 
mixture of 3cr-bromo-2(3-methoxy-6cr-methoxymetl1yltetrahydropyran (2) and 3(3-bromo-2cr-methoxy- 
6cr-~nethoxymethyltetral~ydropyran (3) respectively. Of the mixture of 2 and 3, in refluxing methanol 
containing sodium methoxide, 2 is dehydrohaiogenated much more readily than is 3, giving a product 
that contains at least 95% of the trar~s-2-methoxy-6-methoxymethyl-5,6-dihydro-2H-pyran, 4. The 
identity and configuration of 4 was established by its hydrogenation to the known trans-2-methoxy-6- 
methoxymethyltetrahydropyran, 5. m-Chloroperoxybenzoic acid slowly and selectively converts 4, in 
80% yield, to a mixture of methyl 2,3-anhydro-4-deoxy-6-O-methyl-cr-~~-lyxo-hexopyranoside (6) 
(> 95 %) and methyl 2,3-anhydro-4-deoxy-6-O-n~ethyl-cr-~~-ribo-hexopyranoside, (7) (< 5 %). 

A rationalization is given for the selectivity observed. 

Canadian Journal of Chemistry, 46, 2283 (1968) 

Introduction 

A recent report froin this laboratory (1) has 
described the synthesis of methyl 4-deoxy-3-0- 
methyl-ap-DL-tlzreo-pentopyranoside by a series 
of stereoselective reactions starting with 3,4- 
dihydro-2H-pyran. The present work describes 
the application of a similar rationale to the 
preparation of methyl 2,3-anhydro-4-deoxy-6-0- 
methyl-a-DL-lyxo-hexopyranoside (methyl 2,3- 
anhydro-4-deoxy-6- 0-methyl-a-DL-manno- 
pyranoside) from 2-methoxymethyl-3,4-dihydro- 
2H-pyran. 

Results and Discussion 

The sequence of reactions for this synthesis is 
shown in Scheme 1. 

When bromine was added to a cold (-50 to 
-55") solution of 2-methoxymethyl-3,4-dihydro- 
2H-pyran (1) in a mixture of methanol and 
liquid ammonia, an oil was obtained in 87% 
yield (by distillation) which according to gas- 
liquid chromatography (g.1.c.) and nuclear 
magnetic resonance (n.m.r.) analysis consisted of 
only two isomeric products in the ratio 9:l. 
These were assigned the structures 3a-bromo- 
2P-methoxy-6a-methoxymethyltetrahydropyran 
(2) and 3P-bromo-2a-methoxy-6a-methoxy- 
methyltetrahydropyran (3) respectively, for the 
following reasons. The elemental analysis of the 
oil was correct for the structures 2 and 3. 
Previous work involving bromomethoxylation 

'From the thesis of F. Sweet to be presented to the 
Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, as part of the requirements for the 
degree of Doctor of Philosophy. 

of 3,4-dihydro-2H-pyran under similar condi- 
tions (2) gave a very high proportion of the 
isomer 3-bromo-2-methoxytetrahydropyran in 
which the Br and OCH, substituents are trans 
(trans:cis = 99:l). Bromomethoxylation of 3,4- 
dihydro-2H-pyran with Br,, CH,OH, and 
Ag,CO, at 0" has been shown to provide a 9:l 
mixture of trans- and cis-3-bromo-2-methoxy- 
tetrahydropyran (3). Accordingly, because of the 
greater selectivity in producing the trans isomer 
under our conditions (2), a trans relation of Br 
and CH,O was assigned for both 2 and 3. 

The n.m.r. spectrum of the mixture of 2 and 3 
in CDC1, showed two sets of signals in the 
anomeric proton region, one at T 5.28 (an 
envelope, w/2 = 3Hz) and the other at T 5.71 
(doublet, J = 9.2 Hz) with the integrated areas 
in the ratio of 9 :l. The higher field signal, with 
the larger coupling, was assigned to the minor 
isomer (3) in which the C-2 and C-3 protons are 
trans diaxial (4). The signal at T 5.28 was due to 
the C-2 proton in 2. In both isomers, 2 and 3, it 
is assumed that the most favorable confor- 
mation is that in which the C-6 CH30CH2- 
group is equatorial, thus avoiding strong 1,3- 
diaxial interaction involving this group in the 
alternate chair form. 

The 9:l mixture of 2 and 3, when heated with 
sodium methoxide in refluxing methanol, gave in 
70% yield an olefinic product which g.1.c. 
indicated to be composed of only one product. 
However the n.m.r. spectrum (Fig. 1) did show 
the presence of an impurity (< 5 %) as indicated 
by the small signal at T 5.46 which could be due 
to the anomeric proton of the cis isomer. The 
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I rn-CIC6H4C03H, 
(80%) ether, 38". 7days 

main product was assigned the structure trans-2- 
methoxy-6-methoxymethyl-5,6-dihydro-2H- 
pyran (4) on the basis of the following experi- 
ment. Catalytic hydrogenation (Pd-C) of 4, 
under alkaline conditions to avoid isomerization, 
gave a nearly quantitative yield of trans-2- 
methoxy-6-methoxymethyltetrahydropyran (5) 
identical in all respects (infrared, n.m.r., g.1.c.) 
with an authentic sample (5). No evidence for the 
presence of the cis isomer or any other compound 
was found in either the g.1.c. or the n.m.r. spec- 
trum of 5. Since no rearrangement of the sub- 
stituents is expected to occur during the conver- 
sion of 4 to 5 under the conditions of hydrogen- 
ation, it follows that 4 must be the trans isomer. 

Treatment of an ether solution of 4, at 38", 
with m-chloroperoxybenzoic acid for 7 days gave 
an 80 % yield of epoxidized product which both 
g.1.c. and n.m.r. showed to be composed of two 
substances in the ratio of > 95: < 5. These have 
been assigned the structures 6 and 7 respectively 
because of the following information. Elemental 
analysis agreed with that expected for the 
mixture of structures 6 and 7. The n.m.r. (Fig. 2, 

cf. Fig. 2 in ref. 7) of this mixture clearly supports 
the assignment of structure 6 as indicated. The 
signal for H-l2 is a singlet at z 5.18 and that for 
H-2 is a doublet at z 7.10 ( J  = 4.0 Hz). It has 
been shown (6) that epoxides of the general 
structure of 6, wherein the C-2, C-3 epoxy group 
and the C-1 methoxy substituent are trans to 
each other, exhibit a "singlet" (Jl ,, N 0) for H-1 
while the cis isomer shows a distinct doublet for 
H-1 with a coupling Jl ,, = 2.5-4.5 Hz. A recent 
report from this laboratory (7) has corroborated 
this finding and in addition has shown that for 
the trans isomer, the signal for H-2 appears as a 
distinct doublet at z 7.0-7.1, well up-field from 
the more complicated signal for H-3. The "sin- 
glet" for H-1 and the doublet for H-2 (at z 7.0) 
are thus quite characteristic of a trans con- 
figuration. Hence the major isomeric epoxide is 
considered to have the structure shown by 6 

'In structures 1-5 the accepted tetrahydrofuran 
numbering system has been used. For structures 6 and 7, 
the numbering system is that used for carbohydrates, 
since these two structures are now being considered as 
such. 
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0 

O C H ~  + 5 5% isomeric 

H - l trans 

-4- 

I I 

FIG. 1. The 60 MHz nuclear magnetic resonance spectrum of trat1s-2-methoxy-6-methoxymethyl-5,6-dihydro- 
2H-pyran in CDCI, solution. 

FIG. 2. The 100 MHz nuclear magnetic resonance spectrum of trans methyl 2,3-anhydro-4-deoxy-6-0-methyl-a- 
DL-lyxo-hexopyranoside (with some cis) in CDC1, solution. 
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(methyl 2,3-anhydro-4-deoxy-6-0-methyl-a-DL- 
lyxo-hexopyranoside), while the minor isomer is 
assigned structure 7 (methyl 2,3-anhydro-4- 
deoxy-6-0-methyl-a-DL-ribo-he~opyranoside).~ 

Three aspects of the stereochemical sequence 
of this synthesis require some comment. 

(i) The Bromomethoxylation of 1 
A report from this laboratory (8) has explained 

the preponderance of the dibromo isomer, 3P,4a- 
dibromo-2P-methoxytetrahydropyran, obtained 
from bromination of 2-methoxy-5,6-dihydro- 
2H-pyran as due to considerable initial complex 
formation of bromine with the oxygen atom of 
the C-2 methoxy group. In this way a Br@ could 
be readily transferred to the double bond on the 
same side as  is occupied by the C-2 methoxy 
substituent (Scheme 2). The C-3, C-4 epibromon- 
ium moiety is then attacked by BrQ with 
preferred epi ring breaking at the C-Br bond 
remote from the anomeric center (C-2). The 
same rationale can be applied to the bromo- 
methoxylation of 2-methoxymethyl-3,4-dihydro- 
2H-pyran. The results indicate that bromine 
attack of the double bond takes place preferen- 
tially on the same side of the ring as is occupied 
by the methoxymethyl group. Models show that 

3That the assignment of the signals in the anomeric 
proton region (z 5.0-5.2) to the cis and trans isomers 7 
and 6, is correct is supported by the findings (7) that for 
the isomeric 1-alkoxy-2,3-epoxytetrahydropyrans the 
anomeric proton signal for the cis isomer is a doublet and 
is found invariably at slightly lower field than is the signal 
(singlet) for the anomeric proton of the trans isomer. The 
small signal at -T 5.2-5.3 (Fig. 2) may be due to an 
impurity (isomeric) which could arise from a small 
amount of epoxide obtained from contaminating 4,5 
olefins (8) since the position of the signal is at somewhat 
higher field than is expected for a substance arising from 
epoxidation of a contaminant such as cis-4. 

mH Br OCH j 

(75%) 

/ the Br@-0, complex with the methoxymethyl 

group can assume a position directly over and 
very near to the double bond when the methoxy- 
methyl group is in the quasi-axial position. This 
is an ideal arrangement to permit intramolecular 
transfer of the ~ r @  species from oxygen to the n 
bond. In this way the C-2, C-3 epibromonium 
ion is formed predominantly cis to the C-6 
methoxymethyl substituent. Subsequent attack 
by methanol would then be at C-2 to yield 3a- 
bromo-2P-methoxy - 6a - methoxymethyltetra- 
hydropyran. That Br-C, rather than Br-C, 
bond breaking should be preferred nearly com- 
pletely is understandable since the ring oxygen 
electron pair would stabilize the positive charge 
on C-2 made by incipient Br-C, bond breaking 
very much more than a similar charge on C-3. 

(ii) Selective Dehydrohalogenation of the 9:l 
Mixture of 2 and 3 

Since only trans-2-methoxy-6-methoxymethyl- 
tetrahydropyran was obtained in apparently 
quantitative yield from the catalytic reduction of 
the product obtained from the sodium methoxide 
dehydrohalogenation of the 9 :1 mixture of 2 and 
3, it is clear that under the reaction conditions 
(sodium methoxide in refluxing methanol) the 
major isomer, 2, was dehydrohalogenated with 
high selectivity. The trans diaxial orientation of 
the H and Br moieties required for facile base 
catalyzed dehydrohalogenation (9), is present in 
the preferred conformation of 2 but absent in the 
preferred conformation of 3, hence would explain 
the selectivity observed. 
(iii) Selective Epoxidation of 4 

The preferential epoxidation of 4 to 6 rather 
than to 7 is interesting. Of the two important 
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conformations (A and B) shown below, A should 
be preferred not only because of the quasi- 

equatorial arrangement of the CH,-0-CH, - 
group but also because of the quasi-axial position 
of the C-2 methoxyl substituent, an arrangement 
stabilized by the anomeric efSect (10). It has been 
shown that both alkyl and alkoxy substituents in 
the cyclohexene ring (1 1, 12) sterically hinder the 
approach of the peroxy acid to the double bond 
on that side occupied by the substituent. A 
similar steric effect has been observed in epoxi- 
dation of 2-alkoxy-5,6-dihydro-2H-pyrans (2). 
In the present work, the preponderance (> 95 %) 
of the isomer 6 in which the epoxy group is trans 
to the methoxy substituent clearly shows that 
either (a) the chief reacting species is conformer 
A in which the quasi-axial C-2 methoxy group 
blocks approach to the double bond or (b) that 
a group situated a to the double bond (at C-2) 
is sterically more effective than is a group situ- 
ated p to the double bond (at C-6). A combina- 
tion of both factors may be involved. That P- 
situated groups do exert steric hindrance to 
epoxidation of double bonds is known (12). 

Experimental 
All melting points and boiling points are uncorrected. 
The elemental analyses were performed by Mrs. 

Darlene Mahlow of the Microanalytical Laboratory, 
Department of Chemistry, University of Alberta. 

The nuclear magnetic resonance (n.m.r.) spectra were 
obtained with Varian Associates A60 and HRlOO 
spectrometers by Mr. R. N. Swindlehurst and Mr. Glen 
Bigam, Department of Chemistry, University of Alberta, 
Edmonton. 

Gas-liquid chromatography analyses were made with 
an F and M model 700 Chromatograph using a column 
(118 in. x 12 ft) of 20% butanediol succinate on Gas- 
Chrom P(60-80 mesh)at a helium flow rate of 40 rnl/min. 

Solvents were usually removed in a rotary evaporator 
under vacuum unless otherwise stated. 

3 - B r o m o - 2 - m e t h o x y - 6 - ~ n e t l ~ o x y m e t l g v l n  
(2  and 3 )  

To a stirred, cold (-60") mixture of 52 g (0.41 mole) of 
2-methoxymethyl-3,4-dihydro-2H-pyran (13) in 500 ml of 
dry methyl alcohol and 50ml of anhydrous liquid 
ammonia, were added 65.6 g (0.41 mole) of bromine in 
100 ml of methylene chloride. The bromine wits added 
dropwise, over a period of 1 h, at a rate which maintained 
the reaction temperature in the range -55 to -50" (dry 
ice - acetone bath). The cooling bath was then removed 
and the solution was stirred overnight and was allowed to 
come to room temperature. Removal of the bulk of the 
solvent left a mixture of ammonium bromide and pale- 
yellow oil. This was extracted with ether. The residual 
solid was taken up in water and this aqueous solution 
extracted with ether. The combined ether extracts were 
washed with 50 ml of saturated aqueous sodium carbon- 
ate solution, then with 50 ml of water. If the water wash 
was acidic (pH paper) the aqueous sodium carbonate 
wash was repeated. The ether solution was dried 
(Na2S04), was filtered, and was freed from solvent. The 
oily residue was distilled and gave 85.3 g (87 %) of color- 
less liquid boiling at 70" at 0.6 mm; nDZ5, 1.4745. 

Anal. Calcd. for CsHl5BrO3: C, 40.18; H, 6.28; Br, 
33.42. Found: C, 40.32; H, 6.38; Br, 33.40. 

The n.m.r. spectrum in CDC13 referred to tetramethyl- 
silane showed the presence of two isomers (2 and 3) in the 
ratio of 9:l (see Results and Discussion). Gas-liquid 
chromatography (column temperature, 195") showed only 
two slightly overlapping peaks in the area ratio of 9:l. 
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trans-2-Met/ioxy-6-methoxyme~vl-5,6-dihydro-2H-pyra1~ 
( 4)  

A quantity (47.8 g, 0.2 mole) of 3-bromo-2-methoxy-6- 
methoxymethyltetrahydropyran (2 and 3) was added 
slowly, via an addition funnel, to a stirred mixture of 
32.4 g (0.6 mole) of sodium methoxide in 250 ml of methyl 
alcohol. During the addition, the temperature of the 
reaction mixture rose to the boiling point of the methanol, 
and a precipitate of sodium bromide appeared. After the 
addition was completed, the mixture was heated under 
reflux for 24 h. The volume of the solution was then 
reduced to 100 ml by fractional distillation. The cooled 
residue was diluted with 200 ml of ether and shaken to 
promote further precipitation of sodium bromide. The 
organic layer was decanted and sufficient water was added 
to the solid residue to effect its solution. This aqueous 
material was extracted with ether (2 x 501111). The 
combined ether solutions were washed with water (3 x 
25 mi), were dried (Na2S0,), were filtered and were freed 
from solvent by distillation through a fractionating 
column. The residue was distilled at reduced pressure and 
gave 22.3 g (70%) of colorless liquid; b.p., 84" at 20 mm, 
nDZ5, 1.4466. 

Anal. Calcd. for C8HI4o3:  C, 60.74; H, 8.92. Found: 
C, 60.77; H, 8.68. 

The g.1.c. showed only one peak. The n.m.r. spectrum 
(Fig. 1) in CDCls showed two signals in the anomeric 
proton region-r 5.20 (broad singlet w/2 = 5 Hz) and r 
5.46 (narrow multiplet) in the ratio, respectively, of 
>95:<5. The remainder of the spectrum agreed with the 
structure (4). 

tra1~s-2-Methoxy-6-metlroxy1~1etI1yltetral1ydropyra11 ( 5 )  
A solution of 2.0 g (0.013 mole) of 2-methoxy-6- 

methoxymethyl-5,6-dihydro-2H-pyran (4) in 75 ml of 
methyl alcohol containing 1 g of sodium methoxide (to 
prevent acid-catalyzed isomerization) and 100 mg of 5 % 
palladium-on-charcoal (Coleman, Matheson, and Bell), 
all contained in a 500 ml heavy wall hydrogenation bottle, 
was shaken for 24 h under 60 p.s.i. of hydrogen. The 
mixture was then filtered and the filtrate freed from 
solvent (at 45'). The residue was shaken with 100 ml of 
ether and the liquid filtered. The solvent was removed 
from the filtrate by fractional distillation and the residual 
oil distilled in a semimicro distillation apparatus under 
reduced pressure; yield, 1.85 g (92%) of 5; b.p., 108" at 
75 mm; rzDZ4, 1.4312; lit. b .p  of a 7:3 trar~slcis mixture, 
110" at 75 mm, noZ5, 1.4320 (5). 

The g.1.c. showed the presence of only one product. 
(The cis and trans disubstituted tetrahydropyrans are 
usually well separated by g.1.c. on the columns employed, 
in contrast to the corresponding dihydropyrans which 
show two poorly resolved peaks.) 

The n.m.r. spectrum in CDCI, was identical to that 
obtained from an authentic specimen of 5 (5) (anomeric 
proton, broad singlet at r 5.27, w/2 = 5 Hz) and showed 
no evidence of the presence of the cis isomer whose 
anomeric proton signal is found at r 5.65 (multiplet) (5). 

Epoxidation of 4 
To a 250 ml, 3-neck round bottom flask, equipped with 

a magnetic stirrer and a condenser fitted with a drying 
tube, containing a solution of 4 g (0.025 mole) of trans-2- 
methoxy-6-methoxymethyl-5,6-dihydro-2H-pyran in 50 
ml of dry ether, were added 6.6 g of 80% (-0.03 mole) 
m-chloroperoxybenzoic acid. The solution was stirred for 
several days at -38' (heated by the stirring motor). After 
4 days, a white precipitate of m-chlorobenzoic acid 
appeared and accumulated. After a total of 7 days of 
reaction under these conditions, the mixture was cooled 
and filtered under gentle suction. The solid was washed 
with cold ether (2 x 25 ml) and the combined ether 
filtrate and washings were washed with saturated aqueous 
sodium carbonate solution (2 X 25 ml) then with 25 ml 
of water. The combined water washings in turn were 
extracted with ether (2 x 20 ml). The combined extracts 
and solutions were dried (Na2S04), were filtered and were 
freed from solvent by fractional distillation in a spinning 
band column. The residual oil was distilled under re- 
duced pressure; yield, 3.5 g (80%) of pure epoxide; b.p., 
64-66" at 0.5 mm; 78-80" at 2.5 mm; rzDZ5, 1.4495. 

Anal. Calcd. for C8H1404: C, 55.16; H, 8.10. Found: 
C, 54.93; H, 7.80. 

Gas-liquid chromatography showed a large peak with 
a very small shoulder. 

The 100 MHz n.m.r. spectrum in CDC13 is shown in 
Fig. 2 and supports the structure 6 contaminated by a 
small amount of 7 (5  5 %) (see Results and Discussion). 
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Synthesis of 1,6-anhydro-4-deoxy- P-DL-xylo-hexopyranosel 

F. SWEET AND R. K. BROWN 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received February 29, 1968 

6,s-Dioxabicyclo [3.2.1 ]octane (2), obtained from acid-catalyzed cyclization of the NaBH, reduction 
product of acrolein dimer, has been converted to 4-bromo-6,8-dioxabicyclo[3~2~l]octane 3. Epoxida- 
tion of the base-catalyzed dehydrohalogenated product of 3, 6,8-dioxabicyclo[3~2~l]oct-3-ene (4), gave 
stereoselectively 1,6:2,3-dianhydro-4-deoxy-B-DL-ribo-hexopyranose (5) contaminated with < 5 % of 
the isomeric 1,6:2,3-dianhydro-4-deoxy-B-DL-lyxo-hexopyranose (6). Conlpound 5, with the contamina- 
ting 6, subjected to treatment with aqueous KOH, gave 1,6-anhydro-4-deoxy-13-DL-xylo-hexopyranose 
(7) whose di-p-nitrobenzoate (8) gave a 100 MHz nuclear magnetic resonance (n.m.r.) spectrum super- 
imposable on that obtained from an authentic sample of 1,6-anhydro-4-deoxy-B-D-xylo-hexopyranose 
di-p-nitrobenzoate. 

A first order analysis of the n.m.r. spectrum of 5 showed that the anomeric proton was coupled to  all 
other protons except H-4 exo. Long range coupling over five bonds, as well as over four bonds, is 
observed. Couplings between H-1 and H-6 or H-5 illustrate that such effects can be obtained when an 

H 0 H oxygen atom replaces carbon as in the structural feature \C/ \C/ . 
Canadian Journal of Chemistry, 46, 2289 (1968) 

Introduction 

Recently, by a series of stereoselective reac- 
tions involving bromomethoxylation, dehydro- 
bromination, epoxidation of the resulting olefin, 
and then epoxide ring cleavage, we have con- 
verted 3,4-dihydro-2H-pyran to methyl 4-deoxy- 
3-0-methyl-a,P-DL-threo-pentopyranoside (I), 
and 2-methoxymethyl-3,4-dihydro-2H-pyran to 
methyl 2,3-anhydro-4-deoxy-6-0-methyl-a-DL- 
lyxo-hexopyranoside (2). The present paper de- 
scribes the preparation of 1,6-anhydro-4-deoxy- 
P-DL-xylo-hexopyranose from acrolein dimer, 
by application of the rationale previously em- 
ployed (1, 2). 

Results and Discussion 

The sequence of reactions for this synthesis is 
shown in Chart 1. 

Acrolein dimer2 (3,4-dihydro-2H-pyran-2-car- 
boxaldehyde) was reduced by sodium borohydride 
(3) to 2-hydroxymethyl-3,4-dihydro-2H-pyran3 

'Taken from the thesis of F. Sweet, submitted to the 
Faculty of Graduate Studies, University of Alberta, 
Edmonton, Alberta, as part of the requirements for the 
degree of Doctor of Philosophy. 

'Acrolein dimer was kindly donated by Dr. G. H. 
Segall and the Canadian Industries Limited, Montreal, 
Quebec. 

3At the beginning of this work, the 2-hydroxymethyl-3, 
4-dihydro-2H-pyran had been obtained as a gift from 
J. A. Craig and Shell of Canada Ltd., Winnipeg, Mani- 
toba. Later it became available commercially from Kand 
K Laboratories, Plainview, New York and Hollywood, 
California. During the latter portions of this work it 
could no longer be obtained commercially, hence had to 
be made by reduction of acrolein dimer. 

(3,4-dihydro-2H-pyran-2-methanol), 1. When 
this alcohol was heated in refluxing benzene 
containing a catalytic amount of p-toluenesul- 
fonic acid, the previously reported (4, 5) com- 
pound, 6,8-dioxabicyclo [3 -2.1 ]octane, 2, was 
formed in 40-65 % yield. 

Bromination of acyclic acetals is known to 
occur on the carbon atom a to the functional 
group (6). Accordingly, 2 was brominated simi- 
larly to give a distillable liquid whose elemental 
analysis agreed with that expected for the struc- 
ture 4-bromo-6,8-dioxabicyclo [3 ~ 2 . 1  ]octane, 3. 
The product showed only one (symmetrical) peak 
on the gas-liquid chromatogram (g.l.c.), indica- 
tive of the presence of only one compound. The 
same g.1.c. column of butanediol succinate on 
Gas-Chrom P had readily separated the cis and 
trans isomers of 2-alkoxy-3-bromotetrahydropy- 
ran. The nuclear magnetic resonance (n.m.r.) 
spectrum (Fig. 1) also agreed with the structure 
3 and with the presence of one isomer, since only 
one signal (a singlet at T 4.6) was found in the 
anomeric proton region. The orientation of the 
bromine substituent is not certain, but it is 
believed to occupy a position on C-4 which is 
cis to the C-5, C-7 anhydro ring.4 

Dehydrohalogenation of 3 with hot alcoholic 
potassium hydroxide was sluggish and gave in 
24 h only a 30% conversion to the olefin, 6,8- 
dioxabicyclo [3.2- 1 Ioct-3-ene, 4, along with 

,The evidence for this, and a discussion of the interest- 
ing a-bromination of acetals will appear in a later 
communication from this laboratory. 
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FIG. 1. The 60 MHz n.m.r. spectrum of 4-bromo-6,8-dioxabicyclo[3~2~l]octane, 3, in CDCl,, referred to  
tetramethylsilane. 

FIG. 2. The 60 MHz n.m.r. spectrum of 6,8-dioxabicyclo[3~2~l]oct-3-ene, 4, in CDC13, referred to tetra- 
methylsilane. 

much (50%) unchanged 3. The g.1.c. analysis ( N 10 days) to give an 80 % yield of an epoxide, 
showed the presence of only one compound (one 5, contaminated with < 5 % of an impurity. This 
symmetrical peak). The elemental analysis, as impurity is believed to be the isomeric epoxide, 
well as the infrared and n.m.r. spectrum (Fig. 2) 6, on the basis of the elemental analysis which 
supported the structure. agreed well with 5 (or 6), and because previous 

The reaction of the bicyclo olefin, 4, with m- work (7, 8) has shown that, while epoxidation of 
chloroperoxybenzoic acid proceeded very slowly the double bond in a cycloolefin occurs preferably 
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SWEET AND BROWN: 1,6-ANHYDRO-4-DEOXY-P-~L-XYLO-HEXOPYRANOSE 229 1 

7 8 
(Ar =p-02NCsH4-) 

trans to the alkyl or alkoxy substituent on the 
carbon adjacent to the double bond, some cis 
epoxidation also occurs. The n.m.r. (Fig. 3) of 5, 
completely supports the structure assigned, as 
well as the presence of contaminating 6 indi- 
cated by the low intensity doublet at z 4.25 
(J,,, = 3.3 Hz) close to the high intensity singlet 
at z 4.36 for the anomeric proton of 5. The n.m.r. 
spectrum of 5 and the assignment of signals by 
decoupling is discussed more fully in the Experi- 
mental section since it provides a good example 
of a carbohydrate whose proton signals are 
nearly all well separated and in which the ano- 
meric proton is coupled to all other protons in 
the molecule except H-4 exo. In addition, long 
range coupling is found to occur over five bonds 
(H-1 to H-4 endo), and over four bonds when an 
oxygen atom replaces carbon as in the structural 

0 H feature H\C/ \C/ (H-1 to H-5 and H-1 

to H-6). 
Cerng et al. (9, 10) had converted 1,6:2,3- 

dianhydro-4-deoxy - P-D-ribo-hexopyranose ex- 
clusively to 1,6-anhydro-4-deoxy-P-D-xylo-hexo- 

pyranose, and 1,6 :2,3-dianhydro-4-deoxy-P-D- 
lyxo-hexopyranose to a mixture5 of 1,6-anhydro- 
4-deoxy-P-D-xylo-hexopyranose and 1,6-anhy- 
dro-4-deoxy-P-D-arabino-hexopyranose by heat- 
ing the dianhydro compounds in boiling 5% 
aqueous potassium hydroxide solution. When 
the same procedure was employed with our 
compound 5, there was obtained in 70% yield 
a substance believed to be 1,6-anhydro-4-deoxy- 
P-DL-xylo-hexopyranose, 7, apparently uncon- 
taminated by another isomer. This was a solid, 
melting at 155-156". The compound 1,6-anhy- 
Cro-4-deoxy-P-D-xylo-hexopyranose obtained by 
Cerny melted at 155-157" (9). The apparent 
agreement between these melting points, how- 
ever, must be treated with caution since it is not 
possible to state a priori whether the DL mixture 
is a racemic compound or a racemic mixture and 
thus what the melting point will be relative to 
that of the D or L isomer. The di-p-nitrobenzoate 
(8) melted at 198" while the melting point of 

5Unfortunately, no indication was given concerning 
the relative amounts of these two isomers. 
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FIG. 3. The 100 MHz n.m.r. spectrum of 1,6:2,3-dianhydro-4-deoxy-P-DL-ribo-hexopyanoe, 5, in CDCI,, 
referred to tetramethylsilane (expanded and offset). 

1 ,6-anhydro-4-deoxy-P-D-xylo-hexopyranose di- 
p-nitrobenzoate was 218" (9). 

Both the elemental analyses and the n.m.r. 
spectrum (Fig. 4 and Fig. 5) fully agreed with the 
structures assigned to 7 and 8. However, con- 
vincing evidence was obtained from the fact that 
the 100 MHz n.m.r. spectrum of an authentic 
sample of the di-p-nitrobenzoate of 1,6-anhydro- 
4-deoxy-P-D-xylo-hexopyranose6 (9) is complete- 
ly superimposable on the 100 MHz spectrum of 
the di-p-nitrobenzoate of 1,6-anhydro-4-deoxy- 
P-DL-xylo-hexopyranose, 8. The 100 MHz spec- 
trum of 1,6-anhydro-4-deoxy-P-D-arabino-hexo- 
pyranose di-p-nitrobenzoate is quite different 
from that of the P-D-xylo isomer. 

Experimental 
All melting points and boiling points are uncorrected. 
Elemental analyses were performed by Mrs. Darlene 

Mahlow of the Microchemical Laboratory, Department 
of Chen~istry,. University of Alberta, Edmonton. 

Nuclear magnetic resonance (n.m.r.) spectra were 
obtained with Varian Associates 60 MHz and 100 MHz 
spectrometers, by Mr. R'. N. Swindlehurst and Mr. G.  
Bigam, Department of Chemistry, University of Alberta, 
Edmonton, Alberta. 

6We are deeply indebted to Dr. M. Cern); for providing 
us with authentic samples of the di-p-nitrobenzoates of 
1,6-anhydro-4-deoxy-kylo-hexopyranose and 1,6-an- 
hydro-4-deoxy-P-D-arabino-hexopyranose. 

Gas-liquid chromatographic (g.1.c.) analyses were made 
with an F and M model 700 chromatograph equipped 
with a column (118 in. X 12 ft) containing 20% butanediol 
succinate on Gas-Chrom P (6CL80 mesh) at a helium 
Row rate of 40 mllmin. 

Solvents were usually removed in a rotary evaporator 
under vacuum unless otherwise stated. 
2-Hydroxymethyl-3,4-dihydro-2H-pyran (I) was pre- 

pared by a modification of the published procedure (3). 
To a stirred, cold (5") soluti6n of 33.6 g (0.3 mole) of 
3,4-dihydro-2H-pyran-2-carboxaldehyde (see footnote 2) 
in 300 ml of methanol was added, in small portions of 
--I g, a total of 8.3 g (0.3 mole) of sodium borohydride. 
After each addition, the temperature rose -lo0, but 
was allowed to return to 5" before a subsequent 1 g 
portion of reducing agent was added. Following complete 
addition of the hydride, the reaction mixture was stirred 
overnight while it came to room temperature. The sol- 
vent was removed and then 30 ml of water were added 
to the residual syrup. The methylene chloride extract 
(2 x 200 ml) of this mixture was dried (Na,SO,), filter- 
ed, and freed from solvent. The oily residue was distilled 
under reduced pressure and gave 31.4 g (92%) of pure 1 ; 
b.p., 102' at 45 mm; 12DZ5, 1.4772; lit. b.p., 10CL103° at 
47 nun; 1zDZ5, 1.4764 (3). 

6,8-Dioxabicyclo[3.2. Iloctane, 2 
To a stirred solution of 500 mg of p-toluenesulfonic 

acid in 500 ml of dry benzene was slowly added 68 g 
(0.6 mole) of 2-hydroxymethyl-3,4-dihydro-2H-pyran (1). 
After the initial heat of reaction had subsided the mixture 
was heated under reflux for 2 h, then cooled to room 
temperature. A slight excess of sodium methoxide (2 g) 
was added to neutralize the acid and the reaction mixture 
was then stirred for 30 min. The solvent was removed 
by fractional distillation and the residue was distilled 
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SWEET AND BROWN : I ,6-ANHYDRO-4-DEOXY-p-DL-XYLO-HEXOPYRANOSE 

FIG. 4. The 100 MHz n.m.r. spectrum of 1,G-anhydro-4-deoxy-p-DL-xylo-hexopyranos 7, in D,O referred to  
tetramethylsilane. 

FIG. 5. The 100 MHz n.m.r. spectrum of 1,G-anhydro-4-deoxy-[3-~~-xy/o-hexopyranose di-p-nitrobenzoate, 8, 
in CDCI3 referred to tetramethylsilane. The impurity (imp.)'ls CHC13. 
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under reduced pressure in an apparatus equipped with an 
air condenser and a receiver immersed in a dry ice- 
acetone bath. A heat lamp or hot air stream was neces- 
sary to avoid solidification of the product in the air 
condenser; yield, 4665%;  b.p., 65" at 30 mm; m.p., 
47-49"; lit. b.p., 64-66" at 38 mm; m.p., 46-48' (5); b.p., 
68-70" at 39 mm; m.p., 50" (4). 

4-Brorno-6,8-dioxabicyclo[3~2~ lloctane (3) 
A modificationof the procedure used for acyclic acetals 

(6) was employed. 
To a well-stirred mixture of 100 g (0.87 mole) of 2 in 

1 1 of anhydrous carbon tetrachloride (dried over calcium 
chloride) containing 300 g of powdered, anhydrous sodium 
carbonate, was added dropwise a solution of 139 g 
(0.87 mole) of bromine in 200 ml of dry carbon tetra- 
chloride. Consumption of the bromine occurred rapidly, 
though still under control, when the reaction mixture was 
kept at 3540' with a cold water bath. During the 
bromine addition, a vigorous evolution of carbon dioxide 
took place. After the addition was completed, the solu- 
tion was stirred for 0.5 h and then atered under vacuum. 
The solid was washed with methylene chloride (2 x 100 
ml). Thecombined washings and filtrate were washed with 
300 ml of saturated aqueous sodium carbonate solution, 
then with 200 ml of water. The combined washings were 
extracted in turn with 100 ml of methylene chloride. The 
combined organic layers were dried (MgS04), filtered, 
and freed from solvent at 45". The residual, light-amber 
oil was distilled under reduced pressure providing 115 g 
(73 %) of pure colorless oil, b.p., 90" at 4.5 mm, 68" at 
1 mm; nDZ7, 1.5176. 

Anal. Calcd. for C6H902Br: C, 37.33; H, 4.69; Br, 
41.39. Found: C, 37.53; H, 4.60; Br, 41.02. 

Gas-liquid chromatography (column temperature, 
190") showed w ly  one symmetrical peak. 

The 60 MHz n.m.r. spectrum (Fig. I) shows only one 
peak (singlet T 4.60, w/2 = 3.5 Hz) in the anomeric 
proton region (H-5) indicating the presence of only one 
isomer. The tentative assignments for H-1, H-4, and H-7 
were made on the basis of the first order analysis of the 
structure of 5 and the similarity of features in 5 and 3. 

6,s-Dioxabicyclo[3 .2.l]oct-3-ene (4) 
A stirred mixture of 70 g (0.36 mole) of 4-bromo-6,8- 

dioxabicyclo[3.2. I ]octane (3) and 120 g of potassium 
hydroxide in 600 ml of 95% ethanol was heated under 
reflux for 24 h. The volume of the inixture was then 
reduced to one-half by fractional distillation of the solvent 
through a 30 cm Vigreux column. T I I ~  cooled mixture 
was filtered under vacuum and the solid washed with 
ether (2 x 100 ml). The combined filtrate and washings 
were washed with water (2 x 50 ml), were dried (Na2S04) 
and were then filtered and freed from solvent by fractional 
distillation. The residual oil was distilled under reduced 
pressure and gave 12 g (30%) of pure 4 along with 35 g 
(50 %) of unreacted 3; yield, based on 3 consumed, 60 %; 
b.p., 54' at 9 mm, 84" at 50 mm; nDZ5, 1.4772. 

Anal. Calcd. for C6HsOz: C, 64.27; H, 7.19. Found: 
C, 64.07; H, 7.46. 

Gas-liquid chromatography (column at 150') showed 
only one peak which was quite symmetrical. 

The 60 MHz n.m.r. spectrum in CDCI, (Fig. 2) 
clearly supported the assigned structure. The signal 

assignments are shown in Fig. 2 and are based in part 
on the results of the first order analysis of the n.m.r. of 
5 which is structurally similar to 4. 

The infrared spectrum (neat) shows weak absorption 
at 1630 cm-' indicative of C=C. 

1,6:2,3-Dianhydro-4-deoxy-P-DL-ribo-hexopyranose (5)  
A quantity (14.2 g, 0.066 mole) of 80% m-chloro- 

peroxybenzoic acid was added to a solution of 7.4 g 
(0.065 mole) of 6,8-dioxabicyclo[3~2~l]oct-3-ene (4) in 
150 ml of anhydrous ether. The solution was stirred and 
kept at 35-38" (reflux condenser) by the heat of the 
magnetic stirrer motor for 4.5 days when a colorless 
precipitate began to appear. After a total of 10 days under 
these conditions, when precipitation of the solid had 
apparently ceased, the mixture was diluted with 100 ml 
of ether (the precipitate dissolved) and then washed with 
saturated aqueous sodium carbonate solution (2 x 50 
ml), then with 50 ml of water. The combined aqueous 
washings were retained. The ether layer was dried 
(NaZSO4), was filtered, and was freed from solvent by 
fractional distillation, giving 1.5 g of colorless oil. The 
combined aqueous washings (above) were continuously 
extracted with chloroform (250 ml) for 48 h. The chloro- 
form extract was dried (NaZSO4), was filtered, and was 
freed from solvent by fractional distillation. The oil 
remaining (5.8 g) was found to be identical (by g.1.c.) 
with that obtained from the ether solution. The g.1.c. 
showed the presence of two components by two, slightly 
overlapping peaks in the ratio of > 95: < 5. The com- 
bined oils were distilled under vacuum giving 6.05 g 
(80%) of a colorless oil which solidified spontaneously 
in the receiver; b.p., 62" at 0.8 mm; m.p., 24-26"; 
nDZ5, 1.4809. 

Anal. Calcd. for C6HsOz: C, 56.25; H, 6.29. Found: 
C, 56.38; H, 6.60. 

The g.1.c. as well as the n.m.r. spectrum showed that 
this material was still composed of two substances in the 
proportion of > 95: < 5 (no doubt 5 and 6 respectively). 
This material (5) is readily soluble in water, chloroform, 
ether or alcohol. 

The n.m.r. spectrum (Fig. 3) agrees well with the 
structure. Its first order analysis is described at the end 
of the Experimental section. 

1,6-An11ydro-4-deoxy-~-~~-xylo-hexopyranose (7) 
1,6:2,3-Dianhydro-4-deoxy-13-~~-ribo-hexopyranose (5) 

(1.20 g, 0.0093 mole) was heated for 24 h in a refluxing 
solution (50 ml) of 5% aqueous potassium hydroxide. 
To the cooled reaction mixture was added a solution of 
2.5 ml of concentrated hydrochloric acid in 10 ml of 
water. The resulting solution, which was slightly alkaline 
(pH -9), was extracted with 150 ml of chloroform 
continuously for 48 h. The chloroform extract was dried 
(Na2S04), was filtered, and was freed from solvent at 45". 
The syrupy residue was dissolved in a minimum quantity 
of ethyl acetate (-15 ml) and the solution heated to 
boiling and then filtered while still hot. The filtrate was 
diluted with 30 ml of Skellysolve B and reduced in 
volun~e, by distillation, to -15 ml. This addition of 
Skellysolve B and subsequent reduction in volume was 
repeated twice in order to remove the ethyl acetate. 
Finally, the 15 ml residue now diluted with 25 ml of 
Skellysolve B, was heated just to boiling, then allowed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SWEET AND BROWN: 1.6-ANHYDRO-4-DEOXY-D-DL-XYLO-HEXOPYRANOSE 

TABLE I 

Observed chemical shifts of protons in 5 referred to tetramethylsilane (T units)* 

H-4 H-4 H-6 H-6 
H-1 H-2 H-3 exo endo H-5 exo endo 

4.36s 7.03d 6.83111 7.57q 8.33q 5.56111 6.08m 6.25111 

A B System A B System 

'Obtained in CDC13 at 100 MHz. 

to stand overnight and come to room temperature. The 
hygroscopic crystals were collected by filtration and then 
dried at room temperature overnight under vacuum 
(0.5 mm) over anhydrous calcium sulfate. The weight 
was 0.60 g. When the filtrate was concentrated to  half 
its volume and then cooled to room temperature an  
additional 0.35 g was obtained; total yield, 70%; m.p., 
155-156"; lit. m.p. of the D enantiomer, 155-157" (9). 

Anal. Calcd. for CsH1 0 0 4 :  C, 49.31 ; N, 6.70. Found: 
C, 48.90; H, 6.90. 

The n.m.r. spectrum (Fig. 4) in D 2 0  supports the 
structure of 7. Signal assignments are made on the basis 
of the first order analysis of the n.ni.r. spectrum of 5 and 
decoupling experiments. 

1,6-At~/iyd1'0-4-deoxy-~-~~-xylo-hexopyranose 
di-p-Nitrobenzoate, 8 

To a solution of 300 mg of 7 in 5 ml of pyridine was 
added 1.12 g ofp-nitrobenzoyl chloride. The mixture was 
heated, (with frequent shaking) just to  boiling and then 
poured onto 25 g of crushed ice. When the ice had all 
melted, the solid was separated by filtration under vacuum 
and washed with 5 %  aqueous sodium carbonate solu- 
tion, then with water. The crude product was added to 
15 ml of boiling methanol, the solution heated to boiling 
and sufficient ethyl acetate added dropwise to  effect 
solution. The solution was cooled slightly and decolorized 
with charcoal. The filtrate, on cooling, deposited pale- 
yellow needles. Two recrystallizations from the same 
solvent mixture, followed by drying under vacuum, gave 
800 mg of pure 8; m.p., 196-198"; lit. m.p. for the D 
enantiomer, 218-219" (9). 

Anal. Calcd. for CZOH16010NZ: C, 54.06; H,  3.63; 
N, 6.31. Found: C, 54.05; H,  3.87; N, 6.21. 

The 100 MHz spectrum in CDC13 (Fig. 5) supports 
the structure proposed (8). The assignment of proton 
signals was made on the basis of the first order analysis 
of 5 and decoupling experiments. 

The 100 MHz spectrum of an authentic sample of 
1,6-anhydro-4-deoxy-P-D-xylo-hexopyranose di-p-nitro- 
benzoate was completely superimposable on that obtained 
from 8. 

First Order Atralysis of the Nuclear Magtzetic Resonance 
Spectr~crn of 5 

The presence of the small amount of isomeric con- 
taminant, 6, offered no complication in the first order 
analysis of the spectrum of 5 (Fig. 3). That the intense 
singlet at T 4.36 is due to  the anon~eric proton of 5, 
while the low intensity doublet at T 4.25 is due to the 
anomeric proton of 6 ,  is in accordance with the finding 
that when H-2 of the epoxy ring of 1-alkoxy-2,3-epoxy- 

tetrahydropyrans7 is trans to H-I, the anomeric (H-I) 
signal is a singlet with H-I, H-2 coupling -0, while if 
H-1 and H-2 are cis. the coupling J , , ,  = 2.5-4.5 Hz - - 
(11, 12), 

The obvious signal assignment is that of the "singlet" 
at T 4.36 for the anomeric proton H-I. The two quartets 
at  high field centered at  T 7.57 and T 8.33 can be assigned 
reasonably to the two protons on C-4. Using the C-1 and 
C-4 protons as reference points, signal assignments 
(Table I) can be made by decoupling experiments. These 
are described below. 

Irradiation of H-1 gave a small but definite collapse 
of the multiplets at T 7.03 and T 6.83, tentatively identify- 
ing these as due to H-2 and H-3. On the basis of previous 
work (12), the higher field signal is due to H-2. Irradia- 
tion at  T 7.03 (H-2) gave some sharpening of the H-1 
signal at  T 4.36. A collapse of a small coupling occurred 
at  the low field C-4 proton quartet (T 7.57);but there was 
no effect on the high field C-4 proton quartet (T 8.33). 
On the other hand, irradiation at  T 6.83 (tentatively 
assigned to H-3), changed the high field quartet (H-4, 
T 8.33) to a doublet of 15.8 Hz, but left the low field H-4 
quartet intact. This information clearly shows that the 
H-3 signal is the multiplet at  T 6.83 since we would 
expect strong coupling between H-3 and H-4 (endo). 
Thus the signal at  T 7.03 is due to  H-2. 

A tentative assignment of the two high field quartets 
to the two protons on C-4 can now be made by using the 
Karplus relation between the size of the dihedral angle 
and the magnitude of the coupling (13). From the rigid 
structure of 5, it is seen that the H-3, H-4 exo dihedral 
angle is very nearly 9 0 "  while that for H-3, H-4 endo 
is nearly 30". Thus a larger coupling is expected for H-3, 
H-4 endo than for H-3, H-4 exo. On this basis, in keeping 
with the above information, the high-field quartet at  
T 8.33 is assigned to H-4 endo and therefore that at  T 

7.57 is due to H-4 exo. 
Irradiation at  T 7.57 (H-4 exo) causes a pronounced 

change of the multiplet a t  T 5.56, identifying this as due 
to H-5. As well, small couplings disappear in the T 6.08 
region, but little if any change occurs at  T 6.25. Since one 
expects a long range coupling between protons which 

H C H  
\ / \ /  

have the C C configuration (14), the clearly no- 
ticeable small change at  T 6.08 indicates that this 

7Here we are numbering the tetrahydropyran ring so  
that the carbon atom adjacent to the ring oxygen and 
attached to the alkoxy group is number 1, in accordance 
with the practice for the pyranosides. This is done as a 
matter of convenience. 
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FIG. 6. The partial 100 MHz spectrum of 1,6-anhydro-4-deoxy-!3-DL-xylo-hexopyranoe 5, in CDCI, referred to  
tetramethylsilane. 

FIG. 7. The partial 100 MHz spectrum of 1,6-anhydro-4-deoxy-!3-DL-xylo-hexopyranoe 5, in CDCI, referred to  
tetramethylsilane. 
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FIG. 8. The partial 100 MHz spectrum of 1,6-anhydro-4-deoxy-13-DL-xylo-hexopyranose, 5, in CDCl, referred to 
tetramethylsilane. 

TABLE I1 

Observed coupling constants (Hz)  of protons in 5 

H-4 H-4 H-6 H-6 
H-1 H-2 H-3 exo endo H-5 ex0 etrdo 

exo 

multiplet is due to H-6 exo, leaving the r 6.25 region 
for H-6 endo. Some observable change also occurred at 
r 6.83 (H-3). 

Irradiation at r 5.56 (H-5) caused a collapse of the 
quartet at r 7.57 (H-4 exo) to a doublet, but relatively 
little change at r 8.33 (H-4 ettdo). The former confirms 
the assignment of the multiplet at r 5.56 to H-5. The 
larger coupling of H-5 to H-4 exo, but apparently little 
coupling of H-5 to H-4 ettdo agrees with the prediction 
from the Karplus relation (13), since the dihedral angle 
for H-5, H-4 exo -40" while that for H-5, H-4 ettdo 
-80 ". 

Irradiation of the region r 6.15 (H-6 exo) gave collapse 
of the small couplings at r 7.57 (H-4 exo). This corrobo- 
rates the view that the signal at r 6.08 is due to H-6 exo. 

To determine the degree of coupling between the 
protons, 100 cycle sweeps were made of portions of the 
spectrum while suitably chosen protons were irradiated. 

In this manner it was possible to obtain coupling con- 
stants for nearly all of the protons. These are shown in 
Table 11. The expanded signals and the first order 
couplings are shown in Figs. &8. 

The data in Table I1 show that H-1 is coupled to all 
other protons with the exception of H-4 exo. The H-4 
ettdo and H-6 ettdo protons are at slightly higher field, 
and thus subjected to more shielding, than are H-4 exo 
and H-6 exo. The expected long range coupling between 

H C H  
\ / \ /  

protons which have the C C structure is clearly dis- 
cernible, but in addition, such long range coupling is 
found when oxygen replaces one of the carbon atoms (15) 

H O H  
\ / \ /  

in this structural feature i.e. C C . An example of un- 
usual long range coupling over 5 bonds (15) is shown in 
the coupling between H-1 and H-4 endo. 
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Galactomannans of Tvichospovon fevmentans and other yeasts; proton magnetic - 
resonance and chemical studies1 

P. A. J. GORIN AND J. F. T. SPENCER 
National Research Cour~cil of Canada, Prairie Regional Laboratory, Saskatoon, Saskatc/ze~varl 

Received February 15, 1968 

A survey of the alkali soluble polysaccharides of yeast cells shows that galactomannans are formed by 
certain species of the genera Trichospororz, Schizosaccharomyces, and Nadsonia. Different species of 
Trichospororz form galactomannans, pentosylmannans, and a mannan. The galactomannans are dis- 
tinguishable from those of Schizosaccharon~yces by the H-1 region of their proton magnetic resonance 
spectra (recorded at 70" in D20 using an HA-100 Varian spectrometer), but the spectra of Trichospororz 
hellenicrrm and Nadsorzia fulvescer~s galactomannans are virtually indistinguishable. 

The proton magnetic resonance spectrum of the Trichosporor~ ferrner~tans galactomannan contains fewer 
signals than those of other Trichosporori galactomannans. The polymer consists predominantly of a 
main-chain containing a high proportion of (1 -> 6)-mannopyranosyl units substituted in their 2-positions 
by 0-a-D-galactopyranosyl-(1 -> 2)-0-a-D-mannopyranosyl side-chains (1). 
Canadian Journal of Chemistry, 46, 2299 (1968) 

- k l + 6 ) - o - ~ a n p -  

1 

1. 
The classification of yeasts is based partly on 

morphological characteristics, which are used 
largely to distinguish genera, and partly on 
biochemical behavior which serve to distin- 
guish species. Yeast taxonomists have relied 
heavily on the ability of yeasts to utilize different 
sugars, to a lesser extent on the ability to utilize 
different forms of inorganic and organic nitrogen 
and occasionally on the property of some yeasts 
to synthesize a particular compound, such as 
starch or carotenoid pigments, for the differ- 
entiation of yeast species. Knowledge of the 
structures of the extracellular or intracellular 
polysaccharides of yeasts is sometimes useful 
in classification and identification of the parent 
organisms. For example, yeasts of the genus 
Rhodotorula form P-D-linked mannans (1) which 
distinguish them from Cryptococcus spp., which 
form starch and a heteropolysaccharide con- 
taining xylose, mannose, and glucuronic acid 
(2-7). Previously the two genera were dis- 
tinguished by the ability of Rhodotorula to form 
red, pink, orange, or yellow carotenoid pigments, 

but this criterion has been considered inadequate 
by Phaff and Spencer (8). The polysaccharide- 
chemotaxonomic technique has necessitated the 
reclassification of Rhodotorula peneaus (9), 
Rhodotorula infirmo-miniata, and Rhodotorula 
macerans2 as Cryptococcus. This reclassification 
is in agreement with the ability of Cryptococcus 
spp. to utilize inositol as a sole carbon source 
and the inability of Rhodotorula to do so (8). 
Lipomyces lipoferus may readily be distinguished 
from Lipomyces starkeyi by the sugars formed on 
hydrolysis of their extracellular polysaccharides 
(10). 

The yeasts of the genus Trichosporon lend 
themselves particularly well to the polysaccha- 
ride-chemotaxonomic approach. Trichosporon 
cutaneum is known to form extracellular starch 
( l l ) ,  a glucan, and a pentosylmannan with an 
a-D-(1 + 3)-linked mannopyranosyl main-chain 
and D-mannopyranosyl, D-xylopyranosyl, and 
4-0-a-L-arabinopyranosyl-D-xylopyranosyl side- 
chains (12). In the present investigation, the 
cells of T.  cutaneum and eight other Trichosporon 
spp. were extracted with hot aqueous alkali to 
give, from each organism, a glucan and a 
mannose-containing polysaccharide. The latter 
was purified through its insoluble copper com- 
plex formed with Fehling solution. Each re- 
generated polysaccharide appeared to be homo- 
geneous on ultracentrifugation and on electro- 
phoresis in aqueous sodium tetraborate. The 

'P. A. J. Gorin and J. F. T. Spencer. Unpublished 
results. 'Issued as NRCC No. 10101. 
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FIG. 1. The proton magnetic resonance spectra of some fungal galactomannans. Source of galactomannan: 
1, Trichosporon fertrlentarls; 2, Trichosporotz helletlicum; 3, Trichosporon petlicillatum; 4, Nadsonia elotzgata; 5, 
Nadsonia fulvescens; 6,  Scliizosaccharotnyces t~znlidevoratis, Schizosaccharottlyces octosporus, Scirizosaccknromyces 
pombe, Schizosaccharot~zyces versatilis; 7, Schizosaccharotnyces spp. measured at 25"; 8, Trichophytot~ ferrugineum 
galactomannan 14; 9, Trichop/ryton ferrugitreunz galactomannan I14. 

sugars formed on hydrolysis of each polysac- 
charide showed that Trichosporon yeasts can be 
sub-classified into three groups (Table I). 
Whereas galactomannans occur as cell com- 
ponents of Triclzosporon fermentans, T. helleni- 
cum, and T. penicillatum, pentosylmannans are 
formed by T. cutaneum, T. inkin, T. pullulans, 
T. undulatum, and T. sericeum. T. aculeatum 
cells, on the other hand, contain a mannan. 

The galactomannans3 from T. fermentans, 
T. hellenicum, and T. penicillatum are dis- 
tinguishable by their proton magnetic resonance 
(p.m.r.) spectra in deuterium oxide (Fig. 1). The 
H-1 protons give complex signals in the z 4.0 
to T 5.0 region and these are generally better 
defined and are further removed from the DOH 
signal on warming the solution to 70". Proton 
magnetic resonance spectral examination of this 
'fingerprint region' shows that Trichosporon 
galactomannans differ markedly in structure 
from galactomannans of four yeasts of Schizo- 

saccharomyces and Nadsonia genera and galacto- 
mannans I and I1 of the fungus Trichophyto~z 
ferr~i~ineunz.~ However, the complex spectrum 
of the Trichosporon lzellenicum polymer is 
identical to  that of the galactomannan of 
Nadsonia fulvescens, one of two Nadsonia 
species examined. The probable structural 
similarity of the cell-wall components suggests 
at least an evolutionary relationship between the 
two yeasts. 

The choice of a representative galactomannan, 
on which to carry out structural studies, was 
made by comparing the H-1 region of the various 
p.m.r. spectra. The chemical shifts of the H-1 
proton signals should depend largely on (a) 
the structure of the parent anhydrohexose unit, 
(b) the position(s) substituted in the unit, (c) 
the structure of the substituent unit, (d )  the 
structure of the aglycone unit, and (e) the posi- 
t ion(~)  substituted in the aglycone unit. The 
T. fermentans polymer was investigated since 

3Proton magnetic resonance spectra of the pentosyl- 4C. T. Bishop. Unpublished results. See C. T. Bishop, 
mannans could not be measured since the solutions were M. B. Perry, and F. Blank. Can. J. Chem. 44,2291 (1966), 
very viscous at working concentrations. and preceding references. 
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GORIN AND SPENCER: GALACTOMANNANS OF TRICHOSPORON FERMENTANS 2301 

it appeared to have the simplest structure, having 
a minimum of three signals. 

Acid hydrolysis of the galactomannan gave 
mannose and galactose in 13 :7 ratio, as estimated 
by gas-liquid chromatography (g.1.c.) of the 
derived alditol hexaacetates. The galactomannan 
was methylated by the Haworth method and 
then by the Purdie procedure. Formolysis of the 
methylated polysaccharide gave a mixture which 
was fractionated by cellulose column chroma- 
tography. 2,3,4,6-Tetra-0-methyl-D-galactose 
was isolated and characterized as its N-phenyl- 
galactosylamine derivative, and 3,4,6-tri-0- 
methyl-D-mannose and 3,4-di-0-methyl-D-man- 
nose were also identified and each component 
estimated gravimetrically. Seven percent of 
2,3,4-tri-0-methylmannose was also detected 
in the tri-0-methyl fraction by g.1.c. of derived 
trimethylsilylated methyl mannosides (13). The 
molar proportion of the methyl sugars obtained 
from the galactomannan, 2,3,4,6-tetra-0-methyl- 
galactose, 2,3,4,6-tetra-0-mannose, 3,4,6- and 
2,3,4-tri-0-methylmannose, and 3,4-di-0-methyl- 
mannose, based on the gravimetric analysis and 
g.1.c. of the derived methyl glycosides was 
10.0:0.6:9.7:0.8:8.5 (average values). The strong 
positive specific rotation of the polysaccharide, + 11 5",  indicated predominant a-D-linkages. 

The galactomannan consumed 1.30 moles of 
sodium periodate with formation of 0.33 mole 
of formic acid per mole of anhydroaldose unit. 
On a larger scale, oxidized polysaccharide was 
reduced with sodium borohydride to a poly- 
alcohol. In agreement with the methylation data, 
hydrolysis of the polyalcohol gave only glycerol. 

The galactomannan was partly acetolyzed and 
the resulting acetates were deacetylated. The 
mixture was fractionated by cellulose column 
chromatography to give a trisaccharide in 25 % 
yield and smaller amounts of disaccharides and 
mannose. The amorphous trisaccharide fraction, 
which gave mannose and a smaller amount of 
galactose on hydrolysis was reduced with sodium 
borohydride and the resulting alditol gave known 
2-0-a-D-mannopyranosyl-D-mannitol on partial 
hydrolysis. Bromine oxidation of the trisac- 
charide gave an aldonic acid, which was oxidized 
as its sodium salt with 3 M proportions of lead 
tetraacetate. The tartronic acid semialdehyde 
derivative thus formed was partly hydrolyzed to 
a disaccharide (14), which gave mannose and 
galactose on hydrolysis. Since the disaccharide 

was inert to lead tetraacetate and the reduced 
disaccharide gave galactose and hexitol on hydrol- 
ysis, a 2-0-D-galactopyranosyl-D-mannose struc- 
ture was indicated (15). The configuration of the 
disaccharide is a ,  since the molecular rotation of 
the disaccharide alditol, $28 00O0, is closer to 
the value of +38 040" for methyl-a-D-galacto- 
pyranoside than + 140°, quoted for the @-isomer 
(16). A methylation-fragmentation experiment 
was carried out on the trisaccharide and 2,3,4,6- 
tetra-0-methyl-D-galactose and 3,4,6-tri-0- 
methyl-D-mannose were formed in a ratio of 
1 :2.1, according to g.1.c. of the derived methyl 
glycosides and their trimethylsilyl ethers. The 
trisaccharide therefore has an 0-a-D-galacto- 
pyranosyl-(1 -+ 2)-0-a-D-mannopyranosyl-  
(1 -+ 2)-0-a-D-mannose structure arising from 
preferential splitting of the (1 -+ 6)-mannosidic 
linkages. 

Partial hydrolysis of the galactomannan re- 
moved most of the galactosyl units and a smaller 
proportion of the mannosyl units to yield a 
polysaccharide with a specific rotation of +92". 
It consumed 1.55 moles of sodium periodate 
with formation of 0.59 mole of acid per mole of 
anhydrohexose unit. A methylation-fragrnenta- 
tion analysis was carried out on the degraded 
polysaccharide and methyl glycosides of the 
2,3,4,6-tetra-0-methyl derivatives of mannose 
and galactose, 2,3,4- and 3,4,6-tri-0-methyl- 
mannose and 3,4-di-0-methylmannose were 
detected by g.l.c:in a molar ratio of 10:2.4:3.8: 
4.3 : 13.0. The branched structure of the de- 
graded polysaccharide, the methylation-frag- 
mentation data on the galactomannan, the 
isolation of the galactosylmannobiose via aceto- 
lysis, and the p.m.r. spectrum of the galacto- 
mannan are consistent with a higher proportion 
of structure 1. 

Experimental 
The proton magnetic resonance spectra of the poly- 

saccharides were obtained from 20% solutions in D 2 0  
at 70" using an HA-100 Varian spectron~eter. The 
chemical shifts are based on an external tetramethylsilane 
standard. 

Cultures were obtained from the National Collection of 
Yeast Cultures, Brewing Industry Research Foundation, 
Nutfield, Surrey (NCYC), the Centraalbureau voor 
Schirnrnelcultures, Delft, The Netherlands (CBS), from 
Dr. Lidia do Carrno-Sousa of the Gulbenkian Institute 
of Science, Oerias, Portugal (IGC) and from the culture 
collection of the Prairie Regional Laboratory (PRL). 

Paper chromatography was carried out using ?z- 

butanol - ethanol - water (40:11:19 v/v/v) (solvent a) 
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TABLE I 
Polysaccharide cell-wall components of yeasts of the genera Trichosporon, Schizosaccharomyces, and 

Nadsonia 

Yeast 

Dry weight 
of cells Yield of 

Yield 
(based on cells) 

from 3 1 extracted 'and components 
of medium polysaccharides* of purified 

(g) (based on cells) polysaccharides 

T. irzkirz IGC 3727 
T. sericeunl CBS 2545 
T. rrridulaturn CBS 2546 
T. cutarzerrnz PRL. RS1 
T. p ~ r [ [ r t l a r l ~  NCY c 477 
T. fert~zentans PRL 2263 
T. hellenicum CBS 4099 
T. oenicillatunz IGC 3716 
T. bcu[eatunz IGC 3551 
S.  malideuorar~s NCYC 683 
S. octosporrrs PRL F2 
S.pombe PRL Y30 
S. uersatilis CBS 103 
N.jir1uescerzs CBS 2596 
N. elongata CBS 2593 

4%;  Man, Xyl 
< 1 %;t Man, Xyl 
< I Y:t Man. Xvl 

,--., - 

5 2: Man, Xyl, tr. 
6 %; Man, Gal 
6 %; Man, Gal 
4 %; Man, Gal 
7 'A: Man 
2 i Man, Gal 
1 %; Man, Gal 
2 %; Man, Gal 
2 'X : Man. Gal 
3 "j,:  an: Gal 
1 %:i  an; Gal 

:a 
Fuc, Gal 

'Hydrolysis of these crude polysaccharides gives the same sugars as obtained from purified polysaccharides plus glucose. 
tThe copper complex of the xylomannan is relatively water soluble, resultingin low yield. 

and ethyl acetate - acetic acid - water (9:2:2 v/v/v) 
(solvent 6). 

Cultural Methods for Productiorz o f  Yeast CeNs 
The yeasts were grown in a medium containing yeast- 

nitrogen base (Difco), glucose (573, casamino acids 
(0.25%), and a vitamin mixture (0.2 m1/100 ml) (17), 
either in 5 1 New Brunswick stirred fermentors containing 
3 1 medium or in 2 1 Erlenmeyer flasks containing 500 ml 
medium. The flasks were incubated on a rotary shaker, 
eccentricity 1 in., at 230 r.p.m. for 3 or 4 days, the 
fermentors were operated at 400 r.p.m. air flow 1 l/min/ 
fermentor, for 3 days. The temperature of incubation was 
25". Inoculum for the fermentor, 100 ml/fermentor, was 
grown in 500 ml Erlenmeyer flasks containing 100 ml 
medium, incubated at 22' on a rotary shaker for 2 or 
3 days. The 2 1 flasks were inoculated directly from the 
slants. 

The cells were recovered by centrifugation and washed 
twice with distilled water. The dry weight of the cells was 
obtained either by freeze-drying or by weighing the wet 
cells and drying a small aliquot of cells. 

Isolatiorz ofPolysaccharidesfiotn Cells 
Yeast cells were suspended in 2% aqueous potassium 

hydroxide (200 ml) and extracted for 2 h at 100". The 
solutions were neutralized with acetic acid centrifuged 
at 9000 r.p.m. and the supernatants evaporated to 50 ml. 
Methanol (200 ml) was added and the precipitates were 
centrifuged off, resuspended in methanol, isolated by 
filtration and dried. The yields of crude polysaccharides 
are given in Table I. 

The polysaccharides were dissolved in water (50 ml) by 
heating at 100' for 2 h. The insoluble material was 
removed either by filtration or centrifugation and Feh- 
ling solution (50 ml) was added. The solution was 
stored overnight in a refrigerator and the insoluble copper 

complexes were filtered off, washed with 2% aqueous 
potassium hydroxide and then methanol. Remaining 
alkali was removed from the complex by trituration with 
methanol and refiltration. The copper complexes were 
decom~osed bv shaking in water with Amberlite IR120 
and after 1 h t6e resin was filtered off. The solutions were 
evaporated to approximately 10 ml and methanol (100 ml) 
added followed by 3 drops of concentrated hydrochloric 
acid. The precipitates were centrifuged off, washed with 
methanol, and isolated by filtration. 

The polysaccharides were hydrolyzed at 100' in N 
sulfuric acid for 18 h, the solutions neutralized (BaC03), 
filtered, and evaporated to syrups. They were analyzed 
by paper chromatography by running for 2 days with 
solvent a and using p-anisidine hydrochloride as spray 
reagent. 

The p.m.r. spectra of the polymers were obtained using 
an HA-100 Varian spectrometer, from 20% solutions in 
D 2 0  at 70" with -tetramethylsilane a s  t h e  external 
standard. The H-1 'fingerprint regions' are recorded in 
Fig. 1. 

Sedimentation coefficients of the polymer were 
measured at concentrations of 0.15% to 0.6% in 0.5% 
aqueous sodium chloride at 59 000 r.p.m. and electro- 
phoretic mobilities as 0.5% solutions in 0.05 M sodium 
tetraborate. 

Hydrolysis Products and Periodate Oxidation Clzaracter- 
istics of Trichospororz fertnentans Galactor?~anrzarr 

The T. fermentans galactomannan had [a],  +11S0 
(c, 0.9 HzO). Its hydrolysis products were reduced with 
sodium borohydride and the resulting polyols were 
analyzed as their acetates by g.1.c. on 2% LAC-1-R-296 
on Chromosorb W in an 8 ft x in. outside diameter 
copper tube at 218' with helium (40 p.s.i.) as carrier gas. 
The unit was of conventional design with thermal con- 
ductivity detectors. The peak ratio of the galactitol and 
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GORIN AND SPENCER: GALACTOMANN ANS OF TRICHOSPORON FERMENTANS 2303 

mannitol acetates (retention times 17.6 min and 20 min 
respectively) were 35:65 based on an equal detector 
response. 

Oxidation of the galactomannan with sodium periodate 
resulted in the consumption of 1.27 and 1.30 moles of 
oxidant per mole of anhydroaldose unit with the forma- 
tion of 0.32 and 0.33 mole of acid after 16 h and 40 h, 
respectively. The oxidized polysaccharide was isolated by 
dialysis, reduced with sodium borohydride and the 
resulting polyalcohol hydrolyzed with acid to glycerol 
(paper chromatography in solvent a). 

Metlgvlatiorr of T. fern~etltarrs Galactornatrnatr and Ar~alysis 
of Fragments from MethylatedPolysaccharide 

The galactomannan was methylated by the Haworth 
procedure (18) and the partially methylated product was 
further methylated for 1 week by the method used by 
Purdie and Irvine (19). The product was isolated in 80% 
yield and had -OCH3 44.1 %. 

The methylated galactomannan (0.85 g) was hydrolyzed 
overnight in 90% formic acid (20 ml at 100"). The 
hydrolyzate was evaporated to a syrup and formate 
esters were decomposed by heating in water. A small 
portion of the product was converted to mixed methyl 
glycosides with methanolic hydrogen chloride and 
examined by g.1.c. using 2 % neopentylglycol succinate on 
Chromosorb W in an 8 ft x 2 in. outside diameter 
copper tube at 134" with helium (40 p.s.i.) as the carrier 
gas. The methyl glycosides of 2,3,4,6-tetra-0-methyl- 
galactose (32%), 2,3,4,6-tetra-0-methylmannose (273, 
2,3,4- and 3,4,6-tri-0-methylmannose (34 %), and 3,4-di- 
0-methylmannose (32%) were detected on a molar basis. 
The percentage composition is corrected on the basis of 
detector responses arising from an equimolar mixture of 
the above methyl glycoside fractions. These are 0.98, 1.0, 
0.86,0.90, and 0.72 respectively. 

The 0-methylaldose mixture was fractionated on a 
cellulose column. Benzene - ethanol - water (1000:50:1 
v/v/v) eluted 2,3,4,6-tetra-0-methyl-D-galactose (183 mg) 
characterized as its N-phenylgalactosylamine derivative 
with m.p. and mixture m.p. 194-195" and [a], -134" 
(c, 0.6 pyridine) (20). 

Benzene - ethanol - water (500:50:1 v/v/v) eluted a 
mixture of 3,4,6- and 2,3,4-tri-0-rnethyl-D-mannose 
(179 mg). Gas-liquid chromatography of the TMS 
derivatives of derived methyl glycosides at 110" (13) 
showed a ratio of 12:l (each derivative gave a similar 
detector response). 3,4,6-Tri-0-methyl-D-mannose was 
crystallized from ether and had m.p. and mixture m.p. 
103-105" and [a], +36" (c, 0.9 MeOH) (21). 3,4-Di-0- 
methyl-D-mannose (120 mg) was eluted and on crystalliza- 
tion from EtOAc had m.p. and mixture m.p. 107-108" and 
[a], +35" (c, 1.1 MeOH) (22,23). 

Partial Hydrolysis of T. fermenfans Galactornannan 
Galactomannan (8.0 g) was partially hydrolyzed in 

0.33 N sulfuric acid (200 ml) at 100' for 6 h.The solution 
was neutralized (BaC03), filtered, and chromatographed 
on a charcoal column. Monosaccharides were eluted 
with water and higher molecular weight material removed 
with 30% aqueous ethanol. The polysaccharide com- 
ponent (2.5 g) was precipitated from aqueous solution 
with excess ethanol. It gave mainly mannose on acid 
hydrolysis and had [a], +92" (c, 0.9 H20). 

Oxidation of the degraded polymer with sodium perio- 
date resulted in consumption of 1.36,1.55, and 1.59 moles/ 
mole of oxidant per anhydrohexose unit with formation 
of 0.51, 0.59, 0.62 mole of acid after 20, 44, and 68 h, 
respectively. 

Methylation of the degraded polymer via the route 
described earlier in the section gave a product that did 
not exhibit infrared hydroxyl absorption at 3600-3640 
cm-l when examined as a 0.8 % chloroform solution in a 
5 mm cell. The methylated polymer was converted to a 
methyl glycosidic mixture which was examined by g.1.c. 
in the free form and as their TMS derivatives. The methyl 
glycosides of 2,3,4,6-tetra-0-methylmannose (10 pts), 
2,3,4,6-tetra-0-methylgalactose (2.4 pts), 2,3,4-tri-0- 
methylmannose (3.8 pts), 3,4,6-tri-0-methylmannose 
(4.3 pts), and 3,4-di-0-methylmannose (13.0 pts) were 
detected. 

Partial Acetolysis of Galactomannan 
The galactomannan (8.0 g) was shaken for 5 days in 

acetic anhydride (50 ml) - acetic acid (50 ml) containing 
sulfuric acid (5 ml). The resulting solution was poured 
into excess aqueous sodium bicarbonate and after 3 h 
the acetates were extracted with chloroform, which was 
evaporated to dryness. The product was deacetylated in 
chloroform-methanol (100 ml:100 ml) containing a 
catalytic amount of 0.1 N methanolic sodium methoxide. 
Examination of a paper chromatogram (solvent b; spray 
p-anisidine hydrochloride) showed that two oligo- 
saccharides running at 1.34 and 0.79 times the rate of 
lactose (RLne() were present in addition to mannose. 
The mixture was fractionated on a cellulose column using 
acetone-water (6:l v/v) as eluent and a disaccharide 
mixture (RLaC, 1.34; 0.32 g) was obtained which gave 
mannose and a smaller amount of galactose on hydrolysis 
(N H2S04 at 100" for 18 h). Elution with acetone-water 
(4:l v/v) gave a trisaccharide (2.04 g) with RLaCL 0.79. 

Characterization of Trisaccharide frorn Galactottiat~r~an 
The trisaccharide had [a], +11O0 (c, 1.0 H20), gave 

mannose and a smaller amount of galactose on hydrolysis 
and consumed 0.01, 0.05, and 0.14 molelmole of lead 
tetraacetate after 2, 5, and 15 min (15) respectively. The 
derived alditol obtained by sodium borohydride reduction 
had [a], +77" (c, 1.7 H20), gave galactose and mannose 
on hydrolysis and consumed 5.78 and 5.86 moles/mole 
of sodium periodate with formation of 2.46 and 2.60 
moles/mole of acid after 16 and 40 h, respectively. The 
alditol (0.32 g) was partly hydrolyzed in 0.33 N sulfuric 
acid (10 ml) at 100' for 6 h and the resulting mixture 
fractionated on a cellulose column using acetone-water 
(6:l v/v) as eluent. 2-0-a-D-Mannopyranosyl-D-mannitol 
(83 mg) was isolated, recrystallized twice from EtOH- 
MeOH, and had m.p. and mixture m.p. 135-136" and [aID 
+42" (c, 1.0 H20) (24). 

The trisaccharide (0.32 g) was dissolved in water 
(20 ml), containing bromine (1 ml). After 3 days excess 
bromine was removed by evaporation, the solution 
neutralized (Ag2C03), filtered, treated with Amberlite 
IR120, and evaporated to a small volume. Conversion to 
the sodium salt of the aldonic acid was effected by 
addition of sodium hydroxide (0.10 g) and heating at 
100" for 1 h. The volume of water was adjusted to 5 ml, 
acetic acid (200 ml) added, followed by lead tetraacetate 
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(2.7 M equivalents). After 18 h the solution was 
evaporated toa  residue which was treated with an aqueous 
suspension of Amberlite IR120. The resin was removed by 
filtration and the solution (50 ml) adjusted to pH 2 with 
dilute sulfuric acid. The solution was heated at 100" for 
1 h, neutralized (BaC03), filtered, and evaporated. The 
hydrolyzate gave a yellow spot on a paper chromatogram 
with the p-anisidine hydrochloride spray with R,,,, 1.75 
in solvent a and R,,,, 1.55 in solvent b. Fractionation of 
the product on a cellulose column (eluent: acetone- 
water 6:l v/v) gave syrupy 2-0-a-D-galactopyranosyl-D- 
mannose (69 mg) with [a], +84" (c, 0.9 HZO). It gave 
galactose and mannose on hydrolysis and was not 
appreciably oxidized by lead tetraacetate. The derived 
alditol, obtained by sodium borohydride reduction, had 
[a], +81° (c, 0.9 HZO) and gave galactose and a hexitol 
on hydrolysis. 

Methylation of the trisaccharide by the methods de- 
scribed previously gave a product, which did not show 
infrared hydroxyl absorption. Formolysis followed by 
glycosidation with methanolic hydrogen chloride provided 
fragments which corresponded on g.1.c. to the methyl 
glycosides of 2,3,4,6-tetra-0-methylgalactose and 3,4-tri- 
0-methylmannose in a ratio of 1:2.1. Methyl 2,3-tri-0 
methylmannoside was not detectable as its TMS ether. 

T h e  au thors  t h a n k  Mr. M. Mazurek f o r  
preparat ion of proton magnet ic  resonance 
spectra. T h a n k s  a r e  a lso d u e  to Mr. R. J. M a g u s  
a n d  Mr. N. Gardner f o r  technical assistance and 
to Mr. W. C. Haid for infrared determinations. 
T h e  illustrations were kindly d r a w n  by Mr. E. 
Knapp and Mr. A. Lutzko. 
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Proton magnetic resonance spectra of Trichosporon aculeatum mannan and its 
borate complex and their relationship to chemical structure1 

P. A. J. GORIN, M. MAZUREK, AND J. F. T. SPENCER 
National Research Coiincil of Canada, Prairie Regional Laboratory, Saskatoon, Saskatchewan 

Received February 15, 1968 

Methylation-fragmentation and periodate oxidation studies show that the mannan of Tricirosporon 
aculeatum is branched with 2-0- and 6-0-monosubstituted units and 2,6-di-0-substituted D-manno- 
pyranosyl units. It contains up to five consecutive a-D-(1 -> 2)-linkages. The proton magnetic resonance 
spectrum of the mannan (recorded in D z O  at 70" using aVarian HA-100 spectrometer) indicates structural 
differences from other yeast mannans. It contains four distinct H-1 signals, but more than four H-1 
environments are present since addition of sodium tetraborate shifts two signals downfield so that six 
signals are observed (Fig. 1). Two of the four signals in the mannan spectrum at T 4.40, and T 4.20 can be 
assigned to chemical structures. The former signal arises from nonreducing end units attached to  the 
2-positions of adjacent mannopyranose units and from 2,6-di-0-substituted units and the latter from 
2-0-substituted mannopyranose units. These assignments are based on the above chemical evidence, 
comparison with H-1 chemical shifts of known compounds, and the magnitudes of the H-1 shifts on 
borate addition. Downfield shifts of H-1 proton signals on borate addition to known mannopyranosides 
vary from a maximum with compounds that can form 2,3-borate complexes to  virtually none with 2-0- 
substituted derivatives. The magnitude of the downfield shifts observed with a-D-linked mannopyranose 
derivatives is greater than that of their B-linked counterparts. 

Canadian Journal of  Chemistry, 46, 2305 (1968) 

R. G L U T I N I S  a -  D-(1-32)- T. C U L E A T U M  
L I N K E D  MANNAN MANNAN 

MANNOTETRAOSE - 

FIG. 1. Effect of sodium tetraborate on H-1 signals of mannopyranose derivatives. 

Cells of yeasts of the genus Trichosporon con- 
tain either galactomannan, pentosylmannan, or a 
mannan depending upon the individual species. 
Structural studies on representatives of two of 
the polysaccharide types, the pentosylmannan 
of Trichosporon cutaneum (1) and the galacto- 
mannan of Trichosporon fermentans (2), have 
previously been described. Attention has now 

'Issued as NRCC No. 10102. 

been given to the mannan of Trichosporon 
aculeatum and some of its structural features 
and proton magnetic resonance (p.m.r.) proper- 
ties have been related. 

The mannan was isolated from the alkali 
extractable cell-wall polysaccharides, which also 
contain glucan, via the insoluble copper complex 
formed with Fehling solution. The p.m.r. spec- 
trum of a 20% solution in deuterium oxide 
at 70" (2) contained four signals in the H-1 
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TABLE I 
Properties of a-(1 -> 2)-linked D-mannopyranosyl oligosaccharides 

-- 

Acetone :water 
a-D-(1 -> 2)-Linked v/v ratio used 

oligosaccharide in cellulose 
and yield R,,c, chromatography 

Mannotriose (5 %) 0.80 5:l 
Mannotetraose (14 %) 0.42 4:l 
Mamopentaose (8 %) 0.22 7 :2 
Mamohexaose (6 %) 0.14 3:l 

Ratio of proton 
Ratio of derived magnetic resonance 

Specific methyl 2,3,4,6- signals at 
rotation tetra-0- and 3,4,6- 

(1 % in H,O) tri-0-methylmannosides .r 4.10 .r 4.40 T 4.18 

+ 52" 1 :1.9 0 .9  1 1 .1  
+53" 1:3.0 1.0 1 2.0 
+58" 1:3.6 0 . 9  1 3.15 + 54" 1 :4.6 1 .2  1 4.1 

'fingerprint region', representing a minimum of 
four different H-1 environments. (The clarity 
of the spectrum was only slightly improved at 
110" with sodium acetate or n-octadecanol as 
standard.) The spectrum is clearly distinguishable 
from those of the mannans of the yeasts Sac- 
charomyces cerevisiae (3-5), Saccharomyces 
rouxii (6, 7), Hansenula spp. (8-13), several 
Candida spp. (14-17), and Rhodotorula spp. (18) 
on which structural data are available. It also 
differs from the spectra of approximately 200 
other yeast mannans, on which structural studies 
have not been carried out. A number of examples 
of p.m.r. spectra of yeast mannans are presented 
in Fig. 2. Although the spectra of some mannans 
arising from the same genus are similar, most 
of them are sufficiently different that they can be 
used as a means of distinguishing between and 
identifying the parent yeasts (2). This investiga- 
tion is being continued and full reports on it 
will appear elsewhere. 

The mannan of T. aculeatum appeared to be 
homogeneous on ultracentrifugation and on 
electrophoresis in borate buffer. It gave only 
D-mannose on hydrolysis and the specific 
rotation of the polysaccharide, +5g0, indicated 
predominant a-D-glycosidic linkages. A methyla- 
tion-fragmentation analysis gave 2,3,4,6-tetra- 
0-, 3,4,6-tri-0-, and 3,4-di-0-methyl-D-mannose, 
which were isolated by cellulose column chroma- 
tography and characterized. Gas-liquid chroma- 
tography (g.1.c.) of the derived methyl glycosides 
and their trimethylsilyl (TMS) ethers (5) 
indicated the presence of 2,3,4-tri-0-methyl- 
mannose. A molar ratio of 10:7:32:7 of 2,3,4,6- 
tetra-0-, 2,3,4-, 3,4,6-tri-0-, and 3,4-di-0- 
methylmannose was calculated on the basis of 
cellulose column chromatography and gravi- 
metric analysis of the various fractions and by 
g.1.c. comparison of the TMS ethers of the 

methyl glycosides of the two tri-o-methyl- 
mannose fragments. In reasonable agreement 
with these data, the mannan consumed 1.37 
moles of periodate with formation of 0.34 mole 
of acid per anhydromannose unit. (Calculated 
1.32 mole/mole NaIO,, 0.30mole/moleHCO,H.) 
The oxidized mannan was reduced with sodium 
borohydride on a preparative scale, the resulting 

FIG. 2. Proton magnetic resonance spectra of some 
yeast mannans. Source of mannan: 1, Sacclraromyces 
cerevisiae; 2, Sacchnrornyces rorixii PRL 411-64; 3, 
Saccharomyces aestliarii PRL Y117; 4, Candida albicarls 
serotype B ;  5, Candida albicat~s serotype A;  6, Candida 
u t i k  NRRL Y900; 7, Har~setlula capsulara NRRL 
Y 1842; 8, Hansetziaspora vineae JPV 72; 9, Trichosporotz 
aculeatum IGC 3551 (acid degraded mannan); 10, 
Hanserz~la holstii NRRL Y2155; 11, Endomycopsis 
selenospora CBS 2562; 12, Kloeckera africana CBS 277. 
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GORIN ET AL.: PROTON MAGNETIC RESONANCE SPECTRA 

TABLE I1 
Composition of acid degraded mannans of Trichospororz aculeatutrz and Saccharomyces cereuisiae 

Yield (%) of Percentage of linkage types in mannans 
Degradation degraded 

time mannan End unit 6-0- 2-0- 3-0- 2,6-Di-0- 

T.  aculeatum mannan 
Oh - 
6 h  82 

1 8 h  61 

S. cereuisiae mannan 

polyalcohol was hydrolyzed, and glycerol was 
detected on a paper chromatogram as the only 
product. 

Partial acetolysis of the mannan split (1 -> 6)- 
linkages preferentially (5, 6) giving acetates of 
linear a-D-(1 + 2)-linked mannose oligosac- 
charides of up to 6 units in length. The oligo- 
saccharides, following deacetylation, were iso- 
lated by cellulose column chromatography and 
with the exception of mannobiose which was 
converted to crystalline 2-0-a-D-mannopyrano- 
syl-D-mannitol, they were analyzed by the 
methylation-fragmentation technique. In each 
analysis 2,3,4,6-tetra-0- and 3,4,6-tri-0-methyl- 
mannose were characterized and compared 
quantitatively by g.1.c. of derived free and 
trimethylsilylated methylmannosides. The spe- 
cific rotations of the oligosaccharides were 
consistent with a-D-linkages. The chain lengths 
of the oligosaccharides were confirmed by 
quantitative p.m.r. spectroscopy, by comparison 
of the H-1 proton signals of reducing end, the 
nonreducing end, and the internal units which 
are at z 4.10 ( J =  1.2 c.p.s.), T 4.40 ( J =  2.0 c.p.s.) 
and z 4.18, respectively2 (Table I). The H-1 
signals of both end units are split, except in the 
penta- and hexasaccharide spectra, which exhibit 
splitting only on heating the solution to 70". 
By analogy with the spectra of the oligosac- 
charides the major signal (45 %) at T 4.20 in the 
mannan spectrum (Fig. 1) should arise from the 
H-1 protons of the predominant internal 
a-(1 +- 2)-linked D-mannopyranosyl units. 

'Reaction of the reducing end-unit with methoxyamine 
at a slightly alkaline pH (A. S. Perlin. Unpublished 
results.) resulted in disappearance of the signal at lowest 
field. 

To ascertain whether the (1 +-2)-linked 
chains are present in the main chains and/or 
side chains of the mannan an attempt was 
made to cleave the (1 +-2)-linkages preferentially 
under the hydrolytic conditions used by Peat 
and co-workers in their study on the structure 
of the cell-wall mannan of Saccharomyces 
cerevisiae (3). However, partial hydrolysis of the 
mannan of T. aculeatum did not give oligo- 
saccharides, instead the residual degraded 
mannans were isolated at intervals by ethanol 
precipitation and some of their structural 
features determined. The p.m.r. spectrum of a 
mannan obtained after degradation for 18 h 
did not differ markedly from that of unclegraded 
mannan, except that the minor signal at highest 
field had disappeared and the proportion of the 
H-1 protons of (1 + 2)-linked mannopyranosyl 
units had decreased. Methylation-fragmentation 
analysis of the degraded mannans gave 2,3,4,6- 
tetra-0-, 2,3,4-tri-0-, 3,4,6-tri-0-, and 3,4-di-0- 
methylmannoses, which were identified and 
quantitatively measured by g.1.c. The relative 
proportions of each linkage type are given in 
Table 11. Although these figures indicate some 
preferential cleavage of (1 + 2)-linkages in the 
side chains, the residual mannans were still 
highly branched and a well-defined structure 
could not be assigned to the main chain. 
Similarly, application of the hydrolytic technique 
to baker's yeast mannan, which is reported to 
contain a (1 +- 6)-linked main-chain and (1 +- 2)- 
and (1 -> 3)-linkages in the side chains (3-5), re- 
sulted in formation of a branched-chain mannan 
(see Table 11). 

It has been found that H-1 p.m.r. signals of 
mannopyranoside derivatives at 70" in D 2 0  are 
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TABLE I11 
H-1 Proton signals in mannose derivatives; chemical shifts and downfield shifts on borate 

addition 

Downfield 
shift on 

Chemical borate 
Location of H-1 proton shift, z addition, c.p.s. 

Methyl a-D-mannopyranoside 
Methyl 4,6-0-ethylidene a-D-mannopyranoside 
a-D-(1 + 3)-Linked mannopyranosyl units in linear 

polymer 
Nonreducing end of 6-0-a-D-mannopyranosyl-D- 

mannose 
Units of 3-0-a-D-mannopyranosyl-D-mannose 

Nonreducing end of a-(1 + 2)-linked-D-mannopyranosyl 
oligosaccharides 

Internal units of above 
2,6-Di-0-Substituted D-mannopyranose units in mannans 

from S. cerevisiae, S. rouxii, and T. aculeatum 

Methyl 13-D-mannopyranoside 
13-(1 -> 3)-Linked units in Rhodotorulagbtinis mannan 
13-(1 -> 4)-Linked units in above 

shifted downfield on addition of excess Na,B,- 
O,.lOD,O. Various derivatives were tested, 
analogous to structures that may be present in 
yeast mannans. For example, the split H-1 
signal of methyl a-D-mannopyranoside was, on 
borate addition, converted to a relatively broad 
singlet at 14 c.p.s. lower field. Similarly the H-1 
doublet of methyl 4,6-0-ethylidene-a-D-manno- 
pyranoside was shifted downfield by 11 c.p.s. 
Addition of borate to a linear polysaccharide 
containing a-(1 -t 3)-D-mannopyranose units 
(obtained by successive Smith degradations of 
Candida bogoriensis heteropolysaccharide3) re- 
sulted in a downfield shift of 5 c.p.s. of the H-1 
signal. A downfield shift of 10 c.p.s. was observed 
in the H-1 signal of the non reducing end of an 
a-D-(1 -t 2)-linked mannotetraose, but the H-1 
signals of the internal (1 -t 2)-linked units were 
virtually unaffected on borate addition (Fig. 1). 

In the P-D-mannopyranoside series borate 
addition causes smaller downfield shifts of H-1 
signals than with comparable a-linked deriva- 
tives. For example, a shift of 6 c.p.s. occurs with 
methyl P-D-mannopyranoside without loss of 
splitting. Addition of borate to the Rhodotorula 
glutinis mannan, which gives two H-1 signals 
arising from alternate P-D-(1 -f 3)-linked and P- 

3P. A. J. Gorin and J. F. T. Spencer. Unpublished 
results. 

D-(1 -+ 4)-linked D-mannopyranosyl units, re- 
sulted in downfield shifts of 4 c.p.s. and 7c.p.s., 
of the signals at T 4.58 and 4.69 respectively 
(Fig. 1). 

From the foregoing results it appears that the 
size of the downfield shift can be correlated with 
structure. The greatest shifts occur with manno- 
sides that can form 2,3-borate complexes and a 
smaller shift occurs with a derivative which has 
a free C-2 hydroxyl group. Little shift of H-1 
occurs on addition of borate to a 2-0-substituted 
mannopyranoside derivative. These generaliza- 
tions have now been applied to the mannan from 
T. aculeatum. 

Although the mannan spectrum contains four 
major H-1 signals, more than four H-1 protons 
with different environments (2) are present 
since six signals were detected after borate 
addition (Fig. 1). The spectrum of the borate 
complex was less well defined, but several 
features could still be observed. The major H-1 
signal at T 4.20 assigned to (1 -t 2)-linked units 
was shifted downfield only 2 c.p.s. On the other 
hand, the two middle signals, previously at T 4.40 
and T 4.54, were shifted downfield by 8 c.p.s. 
and 9 c.p.s., respectively. These signals presum- 
ably arise from 2,3-borate-complexed units and 
correspond to nonreducing end-units or possibly 
6-0-linked mannopyranosyl units. The former 
structure could well give rise to the signal at 
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z 4.40 since its chemical shift is closest to that 
(z 4.40) of H-1 of the nonreducing end of the 
a-D-(1 +2)-linked mannotetraose. Another com- 
ponent of the z 4.40 signal in the T.  aculeatum 
mannan spectrum appeared to be shifted down- 
field only a few cycles on borate addition. This 
signal likely arises from H-1 of 2,6-di-0-sub- 
stituted units and is probably analogous to 
components of the signals at z 4.38 in the p.m.r. 
spectra of Saccharomyces cerevisiae and Sac- 
charomyces rouxii mannans (Fig. 2). 

Assignment of part of the z 4.40 signal to H-1 
of nonreducing end units in the Trichosporon 
mannan is important since it means that the 
end unit is 2-0-linked to the adjacent unit. If 
it were 6-0-linked, it would give a signal at 
z 4.57, similar to the chemical shift of H-1 of the 
nonreducing end-unit of 6-0-a-D-mannopyrano- 
syl-D-mannose. The mannan signal at z 4.54 
could perhaps arise from the protons of end 
units 6-0-linked to the adjacent unit. 

The chemical shifts of various H-1 protons in 
known structures and their downfield shifts on 
borate addition are summarized in Table 111. 

Experimental 
The proton magnetic resonance (p.m.r.) spectra of the 

mannans were obtained from 20% solutions in D 2 0  at 
70" using an HA-100 Varian spectrometer. The chemical 
shifts are based on an external tetramethylsilane standard. 

Purification of Manrzans and Determination of Proton 
Magnetic Resonance Spectra of Free and Borate- 
complexed Mannose Derivatives 

Cultural conditions for production of yeast cells and 
the method of isolation of purified component mannans 
via their copper complexes has been described previously 
(2). 

A lower concentration was used in determining the 
p.m.r. spectra of borate-complexed mannans or mannose 
derivatives. Fifteen percent of Na2B40,. 10D20 was dis- 
solved in a 7 %  carbohydrate solution in DZO by heat- 
ing to 100" with agitation. At higher concentrations of 
mannan the solutions often became extremely viscous. 

Pl~ysical Properties of Trichosporon acrtleatu~n Mannan 
The Trichosporon aculeatum mannan was isolated from 

cells (2). It had [a], +59" (0.9, HzO). The polymer 
appeared to be homogeneous giving single peaks on 
ultracentrifugation (59 000 r.p.m.) as 0.15% to 0.6% 
solutions in 0.5 % aqueous sodium chloride and on mov- 
ing boundary electrophoresis as a 0.5% solution in 
0.05 M aqueous sodium tetraborate. The p.m.r. spectra 
of the mannan contained signals at T 4.20 (45 %), T 4.40 
(26%), r 4.54 (16%), and r 4.62 (13%). The borate 
complex gave six signals at r 4.18, r 4.31, r 4.35, r 4.43, 
r 4.51, and r 4.58 (Fig. 1). 

Hydrolysis, Periodate Oxidation Characteristics, and 
Methylation-Fragmentation Analysis of T. aculeatum 
Mannan 

The mannan was hydrolyzed (N HzS04 at 100" for 
18 h) and the product examined by paper chromatog- 
raphy (solvent: n-butanol -ethanol-water 40:11:19v/v/v; 
spray: p-anisidine hydrochloride). Mannose was the 
only product and it crystallized from ethanol as the 
D-form with m.p. and mixed m.p. 133" and [aID 
+30° + 14O(c, 1.0H2O). 

The mannan consumed 1.28, 1.37, and 1.37 moles of 
sodium periodate per mole of anhydromannose unit with 
concomitant formation of 0.30, 0.34, and 0.34 mole of 
acid after 19,43, and 67 h, respectively. Only glycerol was 
detected (paper chromatogram) on hydrolysis of the 
polyalcohol formed by sodium borohydride reduction 
of the periodate-oxidized mannan. 

The mannan was partially methylated by the Haworth 
procedure (19) and the product was further methylated 
by the Purdie method (20). The methylated mannan was 
obtained in 78 %yield and had -OCH3 43.8 %. 

The methylated mannan (1.00 g) was hydrolyzed for 
18 h at 100" in 90% formic acid (20 ml) and the solution 
evaporated to a syrup. Formate esters were destroyed by 
repeatedly heating in water and then evaporating the 
solution. One-third of the hydrolyzate was fractionated 
on a cellulose column. Benzene - ethanol - water 
(1000:50:1 v/v/v) eluted 2,3,4,6-tetra-0-methyl-D-man- 
nose (55 mg), followed by a mixture of 2,3,4- and 3,4,6- 
tri-0-methyl-D-mannose (177 mg). The latter component 
crystallized from ether and had m.p. and mixed m.p. 
104-105" and [aID +36" (c, 1.0 MeOH) (21). Benzene - 
ethanol- water (500:50:1 v/v/v) eluted 3,4-di-0-methyl-D- 
mannose (58 mg), which crystallized from EtOAc and had 
m.p. and mixed m.p. 106-108" and [aID +34" (c, 1.0 
MeOH) (22,23). 

A small portion of the hydrolyzate of the methylated 
mannan was converted to a methyl glycosidic mixture 
and examined by g.1.c. An 8 ft x 114 in. outside diameter 
copper tube was used with 2% neopentylglycol succinate 
on Chromosorb W at 142", with helium (40 p.s.i.) as 
carrier gas. The methyl glycosides of 2,3,4,6-tetra-0- 
methylmannose (1 part), a mixture of 2,3,4-, and 3,4,6- 
tri-0-methylmannose (3.90 parts) and 3,4-di-0-methyl- 
mannose (0.70 part) were detected (5). The ratio is 
corrected on the basis of detector responses arising from 
an equimolar mixture of the methylmannoside fractions. 
These are 1.0,0.86,0.90, and 0.72, respectively. The tri-0- 
methyl fraction obtained by cellulose column chromatog- 
raphy was converted to the trimethylsilyl methyl manno- 
sides (5). Gas-liquid chromatographic examination at 
110" showed that the derivatives of 2,3,4- and 3,4,6-tri-0- 
methylmannoses were present in a ratio of 1 :4.8. 

Acetolysis of T. aculeatltm Mannan 
The mannan (2.8 g) was shaken in acetic acid (17.5 ml) 

and acetic anhydride (17.5 ml) containing sulfuric acid 
(1.75 ml) for 5 days. The reaction mixture was added to 
excess ice-cold aqueous sodium bicarbonate and the 
acetates were extracted with chloroform which was 
evaporated. The mixture (5.14 g) was deacetylated with 
methanolic sodium methoxide in chloroform-methanol. 
The solution was neutralized, the solvent evaporated to a 
crust, and salts were removed by addition of an aqueous 
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suspension of mixed-bed resins. Examination of the 
product on a paper chromatogram (solvent: ethyl 
acetate - acetic acid - water 2:l:l v/v/v); spray: p-anisi- 
dine hydrochloride) showed spots with rates relative to 
lactose (R ,,,,) of 1.31,0.80,0.42,0.22, and 0.14 in addition 
to mannose. 

The mixture was fractionated on a cellulose column. 
The chromatographic eluants, yields of each oligo- 
saccharide, their specific rotations and the ratios of H-1 
p.m.r. signals at .r 4.10, .r 4.40, and .r 4.18 are presented in 
Table I. Attempts to crystallize the oligosaccharides, the 
polyols obtained by sodium borohydride reduction or the 
acetates of these materials, were unsuccessful. The disac- 
charide fraction was reduced with sodium borohydride to 
2-0-a-D-mannopyranosyl-D-mannitol with m.p. and 
mixed m.p. 135-136' (from EtOH-MeOH) and [a], 
+41° (c, 1.0 H20) (6). The remaining oligosaccharides 
were each methylated by the methods described earlier 
in the section. The methylated oligosaccharides did not 
absorb at 360k3640 cm- in the infrared when examined 
as 0.8% carbon tetrachloride solutions in a 5 mm cell. 
Formolysis of the methylated oligosaccharides gave 
tri-0- and tetra-0-methylmannoses which were detected 
on paper chromatograms. Gas-liquid chromatography of 
the derived methyl glycosides and their TMS ethers 
showed that methyl 3,4,6-tri-0- and methyl 2,3,4,6- 
tetra-0-methylmannosides were formed. The ratios of 
each fragment (estimated by g.1.c. of the methyl glyco- 
sides) are presented in Table I. 

Partial Hydrolysis of Mannans from T. aculeaturn and 
Saccharomyces cerevisiae 

Ten percent solutions of mannans of T. aculeatrtm and 
Saccharornyces cerevisiae in 0.33 N sulfuric acid were 
heated at 100' and aliquots were added at intervals to a 
16-fold excess of ethanol. The precipitates which formed 
were centrifuged off, washed three times with ethanol, and 
dried. The yields of isolated degraded mannans are given 
in Table 11. The p.m.r. spectrum of T. aculeatuni manna ,  
degraded for 18 h, is shown in Fig. 2 as spectrum 9. 
The degraded mannans were analyzed by the methylation- 
fragmentation technique using methods described in an 
earlier publication (2). The linkage types present in the 
mannans were determined qualitatively and quantita- 
tively (see Table 11). 
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NOTES 

Isolation of two arabinobioses from Acacia nilotica gum 

R. C. CHALK,' J. F. STODDART, W. A. SZAREK, AND J. K. N. JONES 
Departn~etzt of Ctleinistry, Queen's University, Kingston, Otztario 

Received February 2, 1968 

A new, crystalline arabinobiose, 2-0-p-L-arabinofuranosyl-L-arabinose has been isolated from A. 
nilotica gum. Another arabinobiose, 3-0-!3-L-arabinopyranosyl-L-arabinose, found previously in other 
Acacia gums, was also present. 

Canadian Journal of Chemistry, 46, 231 1 (1968) 

Previous investigations (1) on the structural 
features of Acacia nilotica gum have shown it to 
contain galactose, arabinose, rhamnose, and 
four aldobiouronic acids, 6-0-(P-D-glucopyrano- 
syluronic acid)-D-galactose, 6-0-(4-0-methyl-P- 
D-glucopyranosyluronic acid)-D-galactose, 4-0- 
(a  - D -glucopyranosyluronic acid)- D -galactose, 
and 4-0-(4-0-methyl-a-D-glucopyranosyluronic 
acid)-D-galactose. More recently, a structural 
investigation of Acacia arabica gum (2) led to the 
isolation and characterization of 3,5-di-0- 
methyl-L-arabinose from the 0-methyl derivative 
of the gum. There is similar evidence for the 
existence of 2-0-substituted L-arabinofuranose 
residues in the arabinose-containing side chains 
of other Acacia gums (3, 4), mesquite gum (5), 
lemon gum (6), and of Agave arlzericana gum (7) 
as well as in the arabinogalactan from gum 
tragacanth (8). We report now the isolation and 
characterization from A.  nilotica gum of a new 
crystalline arabinobiose, 2-0-P-L-arabinofurano- 
syl-L-arabinose, in addition to 3-0-P-L-arabino- 
pyranosyl-L-arabinose, which has been charac- 
terized from other Acacia gums (2, 9). 

The purified sample of A.  nilotica gum, which 
was treated with 1,1,2-trichloro-l,2,2-trifluoro- 
ethane (Genetron) (10) to remove most of the 
proteinaceous material, gave one peak on free- 
boundary electrophoresis in borate and veronal 
buffers. Autohydrolysis of the acid form of the 
gum resulted in the release of rhamnose, arabin- 
ose, a trace of galactose, and the two arabino- 
bioses mentioned above. The first was character- 
ized as the crystalline hemihydrate of 2-0-P-L- 
arabinofuranosyl-L-arabinose. The facile acid 

hydrolysis of the disaccharide indicated the 
presence of a furanosyl linkage, and a negative 
colorimetric test with triphenyltetrazolium chlor- 
ide reagent (11) suggested that the reducing 
arabinose residue was 2-0-substituted. These 
indications were confirmed by the isolation and 
characterization of 3,4- and 3,5-di- as well as 
2,3,5-tri-0-methyl-L-arabinose from the hydro- 
lyzate of the methylated disaccharide. In  accor- 
dance with the structure proposed for the derived 
glycitol, periodate oxidation yielded 0.94 mole/ 
mole of formic acid and 0.97 mole/mole of 
formaldehyde, and consumed 3.06 mole/mole of 
periodate. The values for the specific optical 
rotations of the disaccharide (+ 148") and of the 
reduced disaccharide (+69") suggest that the 
configuration of the 1+2-linkage is P. Further 
evidence for this assignment follows from the 
fact that the synthetically prepared a isomer has 
[a], -8.5". Although an attempted conden- 
sation of 2,3,5-tri-0-benzoyl-a-L-arabinofurano- 
syl bromide (12) with 1 ,3,5-tri-0-benzoyl-P-L- 
arabinofuranose (12) was unsuccessful, the 
former compound did condense with benzyl 
3,4-0-isopropylidene-P-L-arabinopyranoside (1 3) 
in anhydrous benzene in the presence of silver 
oxide, iodine, and a drying agent to give benzyl 
2-0-(2,3,5-tri-0-benzoyl-a-L-arabinofuranosy1)- 
3,4-0-isopropylidene- P-L-arabinopyranoside, 
which was characterized as a crystalline com- 
pound after chromatography on silica gel. Some 
cleavage of the isopropylidene group occurred 
during fractionation on silica to give a 
syrupy product, benzyl2-0-(2,3,5-tri-0-benzoyl- 
a-L-arabinofuranosy1)- P-L-arabinopyranoside, 
which was de-0-benzoylated to crystalline 

'Present address: Organic Chemistry Laboratory, 
Pioneering Research Division, U.S. Army Natick Lab- 'R. C. Chalk, D. H. Ball, and L. Long, Jr. Unpublished 
oratories, Natick, Massachusetts 01762. results. 
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benzyl 2-0-a-L-arabinofuranosyl-P-L-arabino- 
pyranoside. Catalytic de-0-benzylation of the 
glycoside yielded 2-0-a-L-arabinofuranosyl-L- 
arabinose. 

The second arabinobiose from A. nilotica gum 
was characterized as the crystalline phenyl- 
osazone of 3-0-P-L-arabinopyranosyl-L-arabin- 
ose (14). Since both arabinobioses were released 
under mild conditions of acid hydrolysis, the 
reducing arabinose residue in each case was 
probably originally present in the furanose form 
in the polysaccharide. 

Experimental 
Melting points are uncorrected and were determined 

with a Fisher-Johns apparatus. Optical rotations were 
measured in water at  21 + 2 OC unless otherwise stated. 
Paper chromatography was carried out on Whatman No. 
1 paper using the following solvent systems (v/v): 
(a) ethyl acetate - acetic acid - formic acid - water 
(18:3:1:4); (b) butan-1-01 -ethanol - water (4:1:5, upper 
layer). Sugars were detected with either p-anisidine 
hydrochloride (15) or alkaline silver nitrate (16). RG 
values of 0-methyl sugars refer to  distances moved rela- 
tive to  that of 2,3,4,6-tetra-0-methyl-D-glucose. Gas- 
liquid partition chromatography (g.1.c.) ( F  and M 
chromatograph, type 402) of mixtures of inethyl glyco- 
sides of 0-methyl sugars (17) was carried out at  nitrogen 
flow rates of ca. 100 ml/min on a column of 15% by 
weight of butan-1,4-diol succinate polyester on 60-80 
mesh acid washed Chromosorb W (110 x 0.4 a n )  at  
175 "C. Retention times, T, are quoted relative to  methyl 
2,3,4,6-tetra-0-methyl-[3-D-glucopyranoside as standard. 
Thin-layer chromatography (t..l.c.) was carried out on 
glass microplates (40 x 90 mm) coated with silica gel 
(Camag). 

P~trification of A. niloticn Gum 
Five separate nodules of A. nilotica gum were purified 

by dissolving in water, filtering, precipitating with acidi- 
fied ethanol, washing with ethanol and ether, and drying. 
Since all samples had similar values for their specific 
optical rotations, they were combined by redissolving and 
reprecipitating to  give a product (228 g), [a], +98" (c, 
1.0) (Found: N, 0.69%). Free-boundary electrophoresis 
on a Tiselius apparatus (Perkin-Elmer model 38-A) in a 
borate buffer at  pH 9.2 and in a veronal buffer at pH 10.0 
showed the presence of a fast moving major component 
and a slow moving minor component. A sample (4 g) of 
the polysaccharide was dissolved in water (20 ml) and 
homogenized for 10 min with 1,1,2-trichloro-1,2,2-tri- 
fluoroethane (Genetron) (10). After centrifugation, the 
mixture was separated into a lower layer of Genetron, a 
middle gelatinous layer composed mainly of denatured 
protein, and a n  upper aqueous layer containing protein- 
depleted polysaccharide (3.2g), [a], + 86' (c, 1 .O) (Found: 
ash (sulfated), 2.9 %; equivalent weight, 2037; OCH,, 1.7; 
N, 0.13%). Free-boundary electrophoresis showed the 
presence of the fast moving component only. The 
remainder of the polysaccharide sample was treated with 
Genetron as described above. 

Autohydrolysis of A. nilotica Gum 
A sample (50g) of the free acid form of the gum was 

dissolved in water (835 ml) and heated for 57 h under 
reflux. The extent of hydrolysis was followed by paper 
chromatography and by the change in specific optical 
rotation which was as follows: [a], +83" (I h); +84" 
(2.5 h); +84" (5 h); +87" (11 h); +87" (22 h); +82" 
(31 h); +75" (46 h); +75" (57 h), constant value. The 
cooled solution was filtered and concentrated to  a syrup,' 
a portion (ca. 12 g)of which was fractionated on a Dowex 
50W (Li + form) column (1 8) using water as eluent to  give 
four fractions. The first fraction contained mainly de- 
graded polysaccharide and the other three fractions, a 
mixture of oligo- and monosaccharides. The third 
fraction (2.6 g) was rechromatographed on a cellulose 
column using initially butan-1-01 half-saturated with 
water, then butan-1-01 saturated with water, and then 
finally butan-1-01 - ethanol -water (40:11:19) as eluents 
to  give four new fractions. 

Fraction 1 was rhamnose monohydrate (10 mg), m.p. 
and mixture n1.p. with an  authentic sample 93 "C. 

Fraction 2 was L-arabinose (1 10 mg), m.p. and mixture 
m.p. with an  authentic sample 157 "C, [a], +96" (c, 1.0). 
A crystalline benzoylhydrazone was prepared, m.p. 
196 "C. 

Fraction 3 (357 mg) was recrystallized twice from 
butan-1-01 - methanol t o  give a crystalline arabinobiose 
(130 mg), m.p. 103 "C, [a], + 148" (c, 1.0). 

Anal. Calcd. for CloH1801,.+ H,O: C, 41.2; H, 6.5. 
Found: C, 41.4; H, 6.3. 

Hydrolysis with 0.01 N sulfuric acid at  100 OC for 3 h 
gave only arabinose, and addition of triphenyltetrazolium 
chloride reagent (11) to  an  aqueous solution of the 
disaccharide failed t o  give the red color given by arabinose 
itself. N o  red color was produced by 2-0-methyl-L- 
arabinose. A portion (137 nlg) of the syrupy disaccharide 
was methylated with methyl iodide and silver oxide in 
N,N-dimethyl formamide (19) t o  give a product (140 mg), 
[a], + 114' (c, 1.0 in chloroform). 

Anal. Calcd. for C16H3009: OCHs, 50.8. Found: 
OCH,, 49.9. 

The methylated product was heated at  100 "C with 60% 
formic acid for 12 h and then with N sulfuric acid for 
1 h. Paper chromatographic examination of the hydroly- 
zate in solvents (a) and (b) showed the presence of three 
components, which were separated on a small cellulose 
column with light petroleum - butan-1-01 (7:3, saturated 
with water) as eluent (light petroleum, b.p. 100-120 'C). 
Fraction (i) (23 mg) had [a], -32" (c, 1.0) and the same 
paper chromatographic mobility [RG 1.00 in solvent (a) 
and 0.98 in solvent (b)] as an  authentic sample of 2,3,5- 
tri-0-methyl-L-arabinose. It was characterized by con- 
version into 2,3,5-tri-0-methyl-L-arabonamide, m.p. 134- 
135 "C, not depressed on admixture with an authentic 
specimen. Fraction (ii) (10 mg) had [a], -2" (c, 1.0), 
gave a positive test with the triphenyltetrazolium chloride 
reagent, and had the same paper chromatographic 
mobility [RG 0.87 in solvent (a) and 0.81 in solvent (b)] as 
3,5-di-0-methyl-L-arabinose. Conversion of a small 
portion to  the methyl glycosides followed by g.1.c. exam- 
ination confirmed the presence of 3,5-di-0-methyl-L- 
arabinose (T, 1.07, 2.46). Fraction (iii) (8 mg) had [a], 
$98" (c, 1.0), gave a positive test with the triphenyl- 
tetrazolium chloride reagent, and had the same paper 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



chromatographic mobility [RG 0.68 in solvent (a) and 
0.54 in solvent (b)] as 3,4-di-0-methyl-L-arabinose. Con- 
version of a small portion to  the methyl glycoside(s) 
followed by g.1.c. examination confirmed the presence of 
3,4-di-0-methyl-L-arabinose (T, 1.96). The crystalline 
disaccharide (25 mg) was reduced with sodium boro- 
hydride and isolated in the usual way to  give a syrupy 
product (24 mg), [a],  +69" (c, I .7). The consumption of 
periodate during oxidation of this reduced disaccharide, 
determined spectrophotometrically by the method of 
Aspinall and Ferrier (20), was 3.06 mole/mole. The 
amounts of formic acid (21) and formaldehyde (22) 
released during periodate oxidation were 0.94 and 0.97 
mole/mole, respectively. 

Fraction 4 (1.3 g) had [a],  +210° (c, 1.0) and the same 
paper chromatographic mobility as an authentic sample 
of 3-0-P-L-arabinopyranosyl-L-arabinose. It was charac- 
terized as its crystalline phenylosazone, m.p. 233 "C, not 
depressed on admixture with an authentic specimen (23). 

Sytttltesis of 2-0-a-L-Arabitrofurattosyl-L-arabittose 
Methyl 2,3,5-tri-0-benzoyl-a-L-arabinofuranoside (30 

g) was converted (12) into 2,3,5-tri-0-benzoyl-a-L- 
arabinofuranosyl bromide (11.8 g), m.p. 103 OC, [a],  
-81" (c, 1.0 in chloroform) by treatment with hydrogen 
bromide in glacial acetic acid. Benzyl 3,4-0-isopropy- 
lidene-P-L-arabinopyranoside (13) (1.5 g) was dissolved 
in anhydrous benzene (20ml), silver oxide (4 g) and 
Drierite were added, and the mixture was shaken at  room 
temperature. After 1 h, iodine (780 mg) and a solution of 
2,3,5-tri-0-benzoyl-a-L-arabinofuranosyl bromide (2.78 
g) were added. After shaking for 3 days, the reaction 
mixture was filtered and the filtrate concentrated to  a 
syrup (3.76 g). Thin-layer chromatographic examination 
of the syrupy mixture with benzene-ethanol (97:3) as 
solvent showed the presence of four main spots, two of 
which corresponded to  the starting materials. Fraction- 
ation of this mixture on a column of silica gel (350 g) with 
benzene -ethyl acetate (I :1) as eluent yielded the follow- 
ing: (i) Benzyl 2-0-(2,3,5-tri-0-benzoyl-a-L-arabino- 
furanosy1)-3,4-0-isopropylidene- P-L-arabinopyranoside 
(305 mg), m.p. 95-97 'C after recrystallization from 
ether - petroleum ether (b.p. 60-80 "C), [a],  -128" (c, 0.5 
in chloroform). 

Anal. Calcd. for C41H4,012: C, 67.9; H, 5.5. Found: 
C, 68.0; H, 5.3. 

De-0-benzoylation followed by hydrolysis with 50% 
aqueous acetic acid for 3 h at 100 OC gave only arabinose. 
(ii) 1,3,5-Tri-0-benzoyl-P-L-arabinofuranose (12). (iii) 
2,3,5-Tri-0-benzoyl-a-L-arabinofuranosyl bromide. (iv) 
Benzyl 3,4-0-isopropylidene-a-L-arabinopyranoside. (v) 
Benzyl 2-0-(2,3,5-tri-0-benzoyl-a-~-arabinofuranosyl)-~- 
L-arabinopyranoside (800mg). This product did not 
crystallize, but was homogeneous on t.1.c. De-O-benzoyl- 
ation gave benzyl 2-0-a-L-arabinofuranosyl-P-L-arabino- 
pyranoside (175 n ~ g )  which on recrystallization from 
ethyl acetate had m.p. 144-145 "C, [a] ,  +91° (c, 1.0). 

Anal. Calcd. for Cl7HZ4o9 (mol. wt., 372): C, 54.8; H,  
6.5.Found(mol. wt., 370):C, 54.5;H,6.3.  

Hydrolysis gave only arabinose. After 30 h, the con- 
sumption of periodate was constant at 2.03 mole/mole 
C17H2409. The benzyl glycoside (40 mg) was hydrogen- 

ated in ethanol (5 ml) at  room temperature for 36 h over 
10% palladium on carbon (20mg). The syrupy de-0- 
benzylated product (27 mg) had [a],  -8.5" (c, 1.4), and 
paper chromatographic examination in solvent (a) 
showed it to  have the same mobility as the P isomer. The 
disaccharide was not detected on paper chromatograms 
on spraying them with 2,5-diphenyl-3-(4-styrylpheny1)- 
tetrazolium chloride solution (24) under conditions in 
which arabinose was clearly distinguishable. 
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Rearrangement studies with 14C. XXXII. Solvent effects in the solvolyses of 
2-phenyl-I-14C-ethyl tosy la te  and 2-phenyl-I-14C-ethylmercuric perch lora te  

C. C. LEE AND R. J. TEWARI 
Departtnet~t of Clzernistry and Clzenzical Engineering, University of Saskatcl~ewan, Saskatoon, Saslcatclzewan 

Received February 19, 1968 

The extents of isotope position rearrangement accompanying the solvolyses of 2-phenyl-l-i4C-ethyl 
bromide (I-Br), 2-phenyl-l-'4C-ethyl tosylate (I-OTs), and 2-phenyl-l-'4C-ethylmercuric perchlorate 
(I-HgC104), in three aqueous dioxane solvent pairs with different ionizing power Y were determined. 
No rearrangement was found for I-Br. For I-OTs and I-HgClO, the results are considered together 
with similar data previously obtained from ethanolysis, acetolysis, and formolysis. Linear correlations 
between log % rearrangement and Y are found for the solvolyses in ethanol and the aqueous dioxane 
solvent pairs. The mechanistic implications of these observations are discussed. 

Canadian Journal of Chemistry, 46, 2314 (1968) 

The isotope position rearrangements accom- 
panying solvolyses of 2-phenyl-1-14C-ethyl tosyl- 
ate (I-OTs) and of 2-phenyl-l-14C-ethylmercuric 
perchlorate (I-HgCIO,) in ethanol, acetic acid, 
and formic acid have been reported (1, 2). The 
solvents employed differed in both ionizing power 
and nucleophilic character. It is known that the 
Grunwald-Winstein mY correlation of solvolysis 
rates with "ionizing power" Y gave best fitting 
linear plots for solvent pairs of similar nucleo- 
philiccharacter (3,4). In order to assess the effects 
of changes in ionizing power on the extent of 
isotopic rearrangements, solvolytic studies were 
carried out on I-OTs, I-HgClO,, and 2-phenyl- 
1-14C-ethyl bromide (I-Br) in three dioxane- 
water solvent pairs with different Y values. 

The 2-phenylethanol obtained from solvolyses 

of I-OTs, I-HgClO,, or I-Br in aqueous dioxane 
was oxidized to benzoic acid. The 14c-activity 
in the benzoic acid measured the extent of re- 
arrangement of the 14C-label from C-1 to C-2. 
The solvolysis of I-Br in 30-70 % dioxane gave a 
product which showed an essentially negligible 
amount of 14C-position rearrangement of less 
than 0.2 % in all cases. Apparently under these 
conditions, the reaction of I-Br likely has taken 
place by direct displacement. The results from 
the experiments with I-OTs and I-HgC10, are 
summarized in Table I. It is seen from Table I 
that for a given set of experimental conditions, 
the solvolysis of I-HgC10, gave more rearrange- 
ment than the solvolysis of I-OTs. As concluded 
earlier (2), in the heterolysis of the carbon- 
mercury bond of the 2-phenylethylmercuric ion, 

TABLE I 

Data from solvolyses of 2-phenyl-l-'4C-ethyl tosylate (I-OTs) and 2-phenyl-l-'4C-ethylmercuric perchlorate 
(I-HgClO,) in aqueous dioxane 

Specific activity Rearrangement 
(c.p.m./mmole)$ ( %) 

Compound Solvent Compound 
solvolyzed (% dioxane*) assayed? Run 1 Run 2 Run 1 Run 2 

PhCH2CHzOTs 
PhCOOH 
PhCOOH 
P~COOH 
PhCHzCHzHgOAc 
PhCOOH 
PhCH2CH2HgOAc 
PhCOOH 
PhCOOH 

*X% dioxane means X volumes of dioxane plus 100 - X volumes of water at room temperature beforernixing. 
tExcept in thesolvolysis of I-HgCI04 in 75% dioxane, the same batch of PhCH,'4CHZOTs or PhCH, L4CH,HgOAc was used in all experi- 

ments. In a number of runs, samples of the solvolysis product, 2-phenylethanol, wereconverted to the ~henylurethan and found to have essentially 
the same specificactivities as thecorresponding starting materials. 

$Measured by a liquid scintillation counter. 
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NOTES 2315 

TABLE I1 
Averaged 14C-rearrangements observed in solvolyses of 
I-OTs and I-HgC104 in solvents of different ionizing 

power Y 

Rearrangement ( %) 

Solvent Y* I-OTs I-HgClO, 

CZHSOH -2.03 0.37 6.8% 
CHsCOOH -1.64 5.57 44.1% 
HCOOH 2.05 44.87 45. 0% 
90% HCOOH 2.22 40.57 - 
75 % Dioxane -0.400 - 14.6 
70 % Dioxane 0.01 3 .O - 
50 % Dioxane 1.36 7.0 32.0 
30 % Dioxane 2.46 20.9 39.9 

'From ref. 5. 
tFrom Ref. I .  
SFrom Ref. 2. 
§Interpolated value, calculated from equation given in ref. 5. 

metallic mercury is apparently a better leaving 
group than the tosylate ion in the solvolysis of 
2-phenylethyl tosylate. 

Collected in Table I1 are the mean values of 
known isotope position rearrangements observed 
in the various solvolytic studies on I-OTs and 
I-HgClO,. The values of ionizing power Y for 
the solvents employed (5) are also included in 
Table 11. When log % rearrangement is plotted 
against Y for I-OTs or I-HgCIO,, the data 
from solvolyses in ethanol and aqueous dioxane 
fit fairly well into a straight line, while the results 
for acetolysis and formolysis fall well outside of 
this linear plot. The slopes of these lines, to be 
designated m,, would measure the sensitivity of 
isotope position rearrangements to changes in Y 
in ethanol and the aqueous dioxane solvent 
systems. The values of m, are 0.40 and 0.17, 
respectively, for I-OTs and I-HgCIO,. 

The linear correlation observed between log % 
rearrangement andY for ethanol and aqueous di- 
oxane is somewhat analogous to the Grunwald- 
Winstein mY correlation for solvolysis rates. 
The present findings, however, relate strictly not 
the reaction rates, but the amount of rearranged 
products formed, with changes in Y in ethanol 
and the aqueous dioxane solvent systems. The 
correlation can hold only up to the theoretical 
maximum rearrangement of 50%, whether the 
rearrangement is assumed to result from reaction 
proceeding through the ethylenephenonium ion 
or a pair of rapidly equilibrating 2-phenylethyl 
cations. The similarity between the presently 
observed relationship and the Grunwald-Win- 
stein correlation of solvolysis rates suggest that 

the isotope position rearrangements observed in 
solvolyses of 2-phenyl-l-14C-ethyl derivatives 
likely arose from kinetically controlled processes 
and is unlikely to have included, for example, 
any changes in the products resulting from such 
effects as the subsequent heating of the reaction 
mixture. 

From the discussion of Streitwieser on sol- 
volytic reactions (3) and from the work of 
Fainberg and Winstein (4), it is not surprising to 
note that the data from the acidic solvents, acetic 
acid and formic acid, do not fit into the same 
correlation line with those from ethanol and 
aqueous dioxane. Possibly, another straight line 
correlation might be obtained if results were 
available from studies with varying amounts of 
acetic acid and formic acid as a solvent pair with 
different Y values (4). 

In solvolyses involving the 2-phenyl-l-l4C- 
ethyl system, as far as product formation is 
concerned the net results may be considered as 
arising from a unimolecular process with rate 
constant kA via the ethylenephenonium ion, or 
its equivalent of a pair of rapidly equilibrating 
2-phenylethyl cations, which would give rise to 
50 % 14C-rearrangement, and a direct displace- 
ment process with specific rate constant k, which 
would give a product without rearrangement 
(1, 6). When the contribution from the kA 
component is high, much of the reaction would 
lead to products accompanied by rearrangement 
and the overall extent of rearrangement would 
be relatively insensitive to changes in Y. This is 
the case for acetolysis and formolysis of I- 
HgClO,. For the solvolyses of I-HgCIO, in the 
more nucleophilic ethanol and aqueous dioxane, 
k, plays a more important role and the kA 
component is found to show more variations as 
the ionizing power is changed (m, = 0.17). In 
the solvolyses of I-OTs, the relative contribution 
of kA is less than in the solvolyses of I-HgClO,, 
as indicated by the greater extents of rearrange- 
ment in the latter system. The value of m, for 
I-OTs is 0.40, greater than the corresponding 
m, of 0.17 for I-HgClO,. Apparently, when the 
kA contribution is relatively low, an increase in 
Y would exert a relatively larger effect on the 
overall % rearrangement. Thus the rearrange- 
ment accompanying solvolyses of I-OTs in 
ethanol and aqueous dioxane is more sensitive 
to changes in Y than the solvolyses of I-HgCI04 
in these solvents. 
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Experimental Acknowledgment 
Preparations of the compounds solvolyzed were carried 

out as previously described for I-OTs (I), I-HgOAc (2), 
and I-Br (7). 

The solvolyses were effected by placing 12.5 mmole of 
I-Br, I-OTs, or I-HgOAc plus an equimolar quantity 
of HC10, in 50 ml of the appropriate aqueous dioxane 
solvent-pair and then subjecting the solution to heating 
under reflux for 2 h in the reactions with I-OTs or 
I-HgC104 and for 12 h in the case of I-Br. The resulting 
reaction mixture was poured into ice-water, made alka- 
line by the addition of solid K 2 C 0 3  and then repeatedly 
extracted withether. After drying over anhydrous MgS04, 
the ether was removed and the 2-phenyleihanol recovered 
by distillation under reduced pressure, b.p. 100" at 
10 mm, phenylurethan, map. 79-80" (lit. (8), m.p. 79-80"). 
The yield of alcohol obtained from the various runs 
ranged between 40 and 65 %. 

Degradation of the 2-phenylethanol to benzoic acid 
was effected by oxidation in alkaline KMnO, (8). 

The financial support given by the National 
Research Council of Canada is gratefully 
acknowledged. 
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Decomposition of a phosphosyl azide adduct of nosbosny%ene 

R. S. MCDANIEL AND A. C. OEHLSCHLAGER' 
Department of Ctiemistry, Simon Fraser Utiiuersity, Burtzaby 2, British Columbia 

Received March 4, 1968 

The thermal decomposition of the diethyl phosphoryl azide adduct of norbornylene has been shown 
to proceed directly to the phosphoryl amidate, 5a. The aziridine 4a has been shown to be stable under 
the reaction conditions. Contrary to an earlier report, the product of the photolytic decomposition of 
the diethyl phosphoryl azide - norbornylene adduct is aziridine 4a. 
Canadian Journal oFChemistry, 46, 2316 (1968) 

Organic azides P react readily with bicyclo- 
C2.2- llheptene 2 via 1,3-dipolar cycloadditions 
(see refs. 1 and 2). The initial products of these 
reactions are usually 1,2,3-A2-triazolines 3;  
however, in cases where the reacting azide pos- 
sesses a strong electron-withdrawing group the 
products of the thermal decomposition of the 
initially formed triazolines are isolated (3). The 
thermally induced decomposition of triazoline 
adducts of bicyclo[2.2. llheptene gives predom- 
inantly aziridine 4 and imine 5 products (4). A 
few triazoline adducts have yielded, in addition, 
minor amounts of Wagner-Meerwein rear- 
ranged products (46). 

A survey of the literature reveals that the 
electron-withdrawing ability of the N-1 substit- 
uent also influences the proportion of aziridine 
product formed during the thermal decomposi- 
tion. The data in Table I indicate that, in 
general, the stronger the electron-withdrawing 

'To whom inquiries should be addressed. 

ability of this group, the higher the proportion of 
aziridine product formed. The most apparent 
exception to this trend is the diethyl phospho- 
nate substituent which is reported (46) to give 
only the phosphorylated amidate 5a. A possible 
explanation for this observation is that the de- 
composition of the phosphorylated triazoline 3a 
leads initially to aziridine 4a which isomerizes 
under the reaction conditions to give the observed 
product. We have checked this possibility by 
independent synthesis of the phosphorylated 
aziridine 4a by two routes. Reaction of diethyl 
phosphorochloridate with the known (3c) aziri- 
dine (4b) gave the desired product. The phos- 
phorylated aziridine 4a was also produced in 
high yield by the photolysis (5) of the correspond- 
ing triazoline 3a.' The phosphorylated aziridine 

ZK. D. Berlin and L. A. Wilson (5) previously en- 
countered tars upon the exposure of 3a to ultraviolet 
light. The present photolysis appears to parallel Scheiner's 
(4c) results in similar systems, (R = p-Br-C6H4) in 
that the aziridine was produced cleanly. 
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Experimental Acknowledgment 
Preparations of the compounds solvolyzed were carried 

out as previously described for I-OTs (I), I-HgOAc (2), 
and I-Br (7). 

The solvolyses were effected by placing 12.5 mmole of 
I-Br, I-OTs, or I-HgOAc plus an equimolar quantity 
of HC10, in 50 ml of the appropriate aqueous dioxane 
solvent-pair and then subjecting the solution to heating 
under reflux for 2 h in the reactions with I-OTs or 
I-HgC104 and for 12 h in the case of I-Br. The resulting 
reaction mixture was poured into ice-water, made alka- 
line by the addition of solid K 2 C 0 3  and then repeatedly 
extracted withether. After drying over anhydrous MgS04, 
the ether was removed and the 2-phenyleihanol recovered 
by distillation under reduced pressure, b.p. 100" at 
10 mm, phenylurethan, map. 79-80" (lit. (8), m.p. 79-80"). 
The yield of alcohol obtained from the various runs 
ranged between 40 and 65 %. 

Degradation of the 2-phenylethanol to benzoic acid 
was effected by oxidation in alkaline KMnO, (8). 

The financial support given by the National 
Research Council of Canada is gratefully 
acknowledged. 
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Decomposition of a phosphosyl azide adduct of nosbosny%ene 

R. S. MCDANIEL AND A. C. OEHLSCHLAGER' 
Department of Ctiemistry, Simon Fraser Utiiuersity, Burtzaby 2, British Columbia 
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The thermal decomposition of the diethyl phosphoryl azide adduct of norbornylene has been shown 
to proceed directly to the phosphoryl amidate, 5a. The aziridine 4a has been shown to be stable under 
the reaction conditions. Contrary to an earlier report, the product of the photolytic decomposition of 
the diethyl phosphoryl azide - norbornylene adduct is aziridine 4a. 
Canadian Journal oFChemistry, 46, 2316 (1968) 

Organic azides P react readily with bicyclo- 
C2.2- llheptene 2 via 1,3-dipolar cycloadditions 
(see refs. 1 and 2). The initial products of these 
reactions are usually 1,2,3-A2-triazolines 3;  
however, in cases where the reacting azide pos- 
sesses a strong electron-withdrawing group the 
products of the thermal decomposition of the 
initially formed triazolines are isolated (3). The 
thermally induced decomposition of triazoline 
adducts of bicyclo[2.2. llheptene gives predom- 
inantly aziridine 4 and imine 5 products (4). A 
few triazoline adducts have yielded, in addition, 
minor amounts of Wagner-Meerwein rear- 
ranged products (46). 

A survey of the literature reveals that the 
electron-withdrawing ability of the N-1 substit- 
uent also influences the proportion of aziridine 
product formed during the thermal decomposi- 
tion. The data in Table I indicate that, in 
general, the stronger the electron-withdrawing 

'To whom inquiries should be addressed. 

ability of this group, the higher the proportion of 
aziridine product formed. The most apparent 
exception to this trend is the diethyl phospho- 
nate substituent which is reported (46) to give 
only the phosphorylated amidate 5a. A possible 
explanation for this observation is that the de- 
composition of the phosphorylated triazoline 3a 
leads initially to aziridine 4a which isomerizes 
under the reaction conditions to give the observed 
product. We have checked this possibility by 
independent synthesis of the phosphorylated 
aziridine 4a by two routes. Reaction of diethyl 
phosphorochloridate with the known (3c) aziri- 
dine (4b) gave the desired product. The phos- 
phorylated aziridine 4a was also produced in 
high yield by the photolysis (5) of the correspond- 
ing triazoline 3a.' The phosphorylated aziridine 

ZK. D. Berlin and L. A. Wilson (5) previously en- 
countered tars upon the exposure of 3a to ultraviolet 
light. The present photolysis appears to parallel Scheiner's 
(4c) results in similar systems, (R = p-Br-C6H4) in 
that the aziridine was produced cleanly. 
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NOTES 

TABLE I 

Products of decomposition of azide norbornylene adducts 

N-1 Substituent Triazoline decomposition Yield of products ( %) 

(R) temperature ("C) Aziridine Imine Reference 

C ~ H S  160 60 20 4a 
p-Br-C6 H4 171 53 20 4c 

0 
I 

(CZHSO)ZP- 108 Trace* 95 4d 
0 
II 

CH3OC- 71 40 55 4b 
0 
I I 

CsHSC- 40 t 4a 
N=C- t 3 3b 
p-CH3C6H4S02 t 88 6-9 4a 
C ~ H S S O Z  t 79 Some 3c 
~ , ~ , ~ ( N O Z ) ~ C ~ H Z  t $ 3e 

*See Experimental. 
tThe decomposition occurred spontaneously at room temperature. 
$Only the aziridine was isolated and no imine was detected. 

is stable in benzene solution at temperatures amidate 5a is not derived from rearrangement 
above 200 "C (sealed tube) for two days. These of initially formed phosphorylated aziridine 
conditions are much more drastic than those 7a. The decomposition of a phosphoryl azide 
necessary for the thermal decomposition of the adduct of norbornylene can be represented as 
phosphorylated triazoline. Thus the phosphoryl follows. 

Experimental 
Carbon, hydrogen, and nitrogen analyses were per- 

formed by Alfred Bernhardt, Microanalytical Laboratory, 
Mulheim, West Germany. Infrared (i.r.) spectra were 
obtained with a Unicam SP-200 or a Beckman IR-12 
spectrophotometer. Deuteriochloroform was used as the 
solvent and line positions are reported as 6 units using 
tetramethylsilane as an internal standard (6 = 0). Boil- 
ing points are uncorrected. 

Synthesis of 3-Diethyl Phosphoryl-3-azatricyclo- 
(3.2.1.02s4)-octane 4a 

A solution of 0.5 g of 4b, prepared as previously 
described (3c) in 5 ml of triethylamine, was treated 
with 0.5 ml of diethyl phosphorochloridate. The solution 
was refluxed for 20 min after which time water and ether 
were added. The ether layer was separated, dried 
(MgSO,), and evaporated to give 0.74 g of oil. The ether 
extract was chromatographed on 15 g of silica gel. 
Elution with ether gave 0.632 g (56 %) of 4a; b.p. 110 "C 

(0.1 mm); i.r. (film) 1260 (P = O), 1160, and 1050 cm-I 
(P-0-C); n.m.r. 6 4.02 (m, 4, 0-CH-CH,), 2.52 
(d, 2H, J = 11.3, N-C-HI3, 2.15 (m, 2, bridgehead), 
1.50 (d, IH, J = 9.7, syn C-8), 1.14 (6, O--CHz-CH3), 
1.03 m, 4, C-6, C-7) and 0.47 (d, lH, J = 9.7, anti C-8). 

Anal. Calcd. for Cl1H2,NPO3: C, 53.83; H, 8.22; 
N, 5.71. Found: C, 53.76; H, 8.08; N, 5.92. 

Photolysis of the Phosphorylated Triazoline 3a 
A solution of 1 g of triazoline, 3a in 200 ml of dry ether 

was pliotolyzed under nitrogen for 2 h with a 250 W 
Hanovia medium pressure mercury lamp (quartz vessel). 
Analysis of the reaction mixture obtained after evapora- 
tion of the ether, revealed that the conversion of triazo- 
line to aziridine 4a occurred in high yield ( > 90%). The 
aziridine was identified by comparison of its i.r. and 
nuclear magnetic resonance (n.m.r.) spectra with the 
sample prepared as described above. 

3This coupling is that expected for P-N-C-H 
coupling for a phosphorylated aziridine (6). 
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Detectior~ o/' Azirirlirre 4a irr tlre Pyrolysis hlivtlcre 1. R.  HUISGEN, R. GRASHEY, and J. SAVER. III T h e  
of the Triazolirre 30 chemistry of  al kenes. Chapt .  I I .  Edited by S. Pataai. 

A solution of  1.0 g of  tlie phosphoryl triazoline ( 4 4  Interscience Publishers, Inc.? New YOrk. 1964. 
30 in xylene was hcated a t  reflux for 7 11. Tlic reaction 2' A.  S' and J .  E' J. Chenl. (B) 

819 (1966). mixturc remaining aftcr ~.ciiioval of tlie xylcne was ana- 3, (n) A.  C, OEHLSCHLAGER and L. H. ZALKOW. J .  
lyzed by thin-layer c l i romatogra~~ly .  Two ConlPoncnts o ~ g .  Chem. 30, 4205 (1965); (6) A.  G .  A N A S ~ ~ S S I ~ U ,  
were detected, one of which was identical to tllc phos- H .  E. SIMMONS, and F. D. MARSH. J. AIII. Chem. Soc. 
plioryl amidate 50, and the otlics to thc aziridine 40. 87, 2296 (1965); (c) L. H.  ZALKOW, A. C. OEHL- 

SC~ILAGER, G .  A. CABAT, and R.  L. HALE. Chem. and 
Atterrrpteil P~~ro/)~.ri.s of tire P/ro.~plrory/oter! Azirirlirre 40 Ind, London, 1556 (1964); ((1) L, H ,  zALKoW a n d  

A solution (15 w/w) of tlie aziridinc4a in benzene was A.  C.  OEHLSCHLAGER. J. 01.g. Clicm. 28, 3303 (1963); 
heated in a sealcd n.m.r. tube for two days a t  tcnipera- (e) A. S. BAILEY and  J. E. WF~ITE.  Chcm. a n d  Ind. 
turcs betwcen 200 and 220 "C. Tlic samplc was periodi- London, 1628 (1965). 
cally cooled to room tcmpcsaturc and thc n.m.r. spectra 4. (0) R .  HulsGEN, L. M o ~ ~ r u s ,  G .  MUELLT-R, H.  STANGL, 
of recorded, N~ i n  i n t e n s i t y  or G .  SZEIMES, and J. M. VERNON. Chc111. Bcr. 98, 3992 
chemical shift of thc protons was noted during this timc. (b) C. OEHLSCHLAGE1'~ P. TILLMAN, and L. 

M. ZALKOW. Chc~i i .  Cornmun. 596 (1965); (c) P. 
SCHEINER. J. Org. Cliem. 30, 7 (1965); ((1) K .  D. 

Acknowledgments BERLIN, L. A. WILSON, and L. M. RAFF. Tetrahedron, 
23, 965 (1  967). 

We wish to thank tlie Simon Fraser University 5. K. D. BERLIN and L. A.  WILSON. Cliem. Cornmun. 
Research Fund and the National Research 280, 

6. F. A. L. ANET, R.  D. TREPKA, and D. J. CRAM. J. 
Council of Canada for generous financial sup- A,,,, Chem, sot. 89, 357 (1967). 
port. We also wish to thank Dr. K. D. Berlin of 
Oklahoma State University, Stillwater, Okla- 
homa, for several discussions. 

Synthesis of oxytocin using the solid phase technique 

D. A. J. IVES 
C o r ~ r ~ a ~ ~ g h t  Medical Resenrcll Laboratories, Urriuersity of Toronto, Toror~to, O~itario 

Received February 2, 1968 

This comln~lnication rcports the synthesis of oxytocin using tlic Merrifield solid phase technique. F o r  
the synthesis, both the o-nitrophenyl sulfenyl and I-butyloxycasbonyl blocking groups were used for  
masking tlic amino function. Tlic oxytocin precursor obtaincd gave tlie saliic yield of Iiormone when sub- 
jected to the usual p roccd~~ses  a s  that obtaincd from a nonapeptide synthesized by conventional methods. 
Canadian Journal of Chemistry, 46, 2318 (1968) 

The solid phase method of peptide synthesis 
was first introduced by Merrifield (1) and has 
been successf~~lly used to obtain a number of 
biologically active peptides (e.g. 2, 3) of varying 
size, the most interesting being tlie synthesis of 
the A & B chains of insulin (4). So far the syn- 
theses of the horn~oiial peptide oxytocin has not 
been reported and this com~n~~nicat ioi i  describes 
the solid phase synthesis of the protected nona- 
peptide Z-(S-Bzl)-Cys-Tyr(Bz1)-Ile-Gln-Asn-(S- 
Bzl)-Cys-Pro-Leu-GIyNH,, a precursor to oxy- 
tociii. 

Because of their relative ease of preparation, it 
was decided to use the o-nitrophenyl sulfenyl 
(NPS) derivatives of the amino acids rather than 
the t-butyloxycarbonyl (t-BOC) compounds. The 

NPS derivatives were made according to Zervas 
et al. (5) and stored as their dicyclohexylamine 
(DCHA) salts because oftheinstability of the free 
compounds. The melting point found for NPS-L- 
proline DCHA salt was 176-178 "C, rather than 
the 151-1 54 "C reported by Zervas; however, 
tlie rotation of [or], = -43 was identical with 
the value found by the previous workers. 

The normal method of coupling the amino 
acids to the peptide chain in the solid phase 
method is by the use of dicyclohexylcarbodii- 
mide; however, this reagent cannot be used with 
glutamine or asparagine derivatives because of 
excess side reactions. Thus the NPS derivatives 
of these two amino acids were converted to  their 
p-nitrophenyl esters by a modification of the 
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This comln~lnication rcports the synthesis of oxytocin using tlic Merrifield solid phase technique. F o r  
the synthesis, both the o-nitrophenyl sulfenyl and I-butyloxycasbonyl blocking groups were used for  
masking tlic amino function. Tlic oxytocin precursor obtaincd gave tlie saliic yield of Iiormone when sub- 
jected to the usual p roccd~~ses  a s  that obtaincd from a nonapeptide synthesized by conventional methods. 
Canadian Journal of Chemistry, 46, 2318 (1968) 

The solid phase method of peptide synthesis 
was first introduced by Merrifield (1) and has 
been successf~~lly used to obtain a number of 
biologically active peptides (e.g. 2, 3) of varying 
size, the most interesting being tlie synthesis of 
the A & B chains of insulin (4). So far the syn- 
theses of the horn~oiial peptide oxytocin has not 
been reported and this com~n~~nicat ioi i  describes 
the solid phase synthesis of the protected nona- 
peptide Z-(S-Bzl)-Cys-Tyr(Bz1)-Ile-Gln-Asn-(S- 
Bzl)-Cys-Pro-Leu-GIyNH,, a precursor to oxy- 
tociii. 

Because of their relative ease of preparation, it 
was decided to use the o-nitrophenyl sulfenyl 
(NPS) derivatives of the amino acids rather than 
the t-butyloxycarbonyl (t-BOC) compounds. The 

NPS derivatives were made according to Zervas 
et al. (5) and stored as their dicyclohexylamine 
(DCHA) salts because oftheinstability of the free 
compounds. The melting point found for NPS-L- 
proline DCHA salt was 176-178 "C, rather than 
the 151-1 54 "C reported by Zervas; however, 
tlie rotation of [or], = -43 was identical with 
the value found by the previous workers. 

The normal method of coupling the amino 
acids to the peptide chain in the solid phase 
method is by the use of dicyclohexylcarbodii- 
mide; however, this reagent cannot be used with 
glutamine or asparagine derivatives because of 
excess side reactions. Thus the NPS derivatives 
of these two amino acids were converted to  their 
p-nitrophenyl esters by a modification of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 2319 

method of Elliot & Russel (6) and the resulting 
active esters used in the synthesis. The glutamine 
derivative could not be obtained crystalline and 
was used as an oil. 

The methodology used in the solid phase 
synthesis of the nonapeptide was essentially that 

I of Merrifield in the synthesis of bradykinyl- 
bradykinin (7), except that the active ester 

I couplings were performed in dimethylforma- 
I mide rather than chloroform and were run over- 
I night. To increase stability, the N-terminal 

cysteine was added as its N-carbobenzoxy 
I 

(N-CBZ) derivative rather than the N-NPS com- 
pound. The protected nonapeptide was removed 
from the resin by ammonolysis in dimethylforma- 
midelmethanol overnight, the solution precipi- 
tated with ethyl acetate and the precipitate 
washed free of contaminants. When the resulting 
material was treated with sodium in liquid am- 
monia, the ammonia removed under vacuum, 
and the product oxidized by passing air through 
a solution at pH 7 (8), the final solution gave an 
oxytocic activity comparable to that obtained 
from protected nonapeptide synthesized by the 
active ester technique (9). 

The crude oxytocin obtained from freeze- 
drying the oxidized solution had an activity of 
approximately 100 u/mg and, when purified by 
gel filtration on G.25 followed by partition 
chromatography also on G.25 (lo), a material 
with a potency of 508 u/mg could be obtained. 
Synthetic oxytocin by other methods has been 
found to have a potency in the range of 510-520 

I ulmg. 

Using essentially the same technique, the 
same protected nonapeptide was obtained using 
the t-BOC derivatives rather than the NPS 
materials. Again the N-terminal cysteine was 
added as the N-CBZ derivative. On reduction 
and oxidation as before, an equally active solu- 
tion was obtained. 

Experimental 
0-Nitrosulfenyl Amino Acids 

The amino acid (0.02 mole) was dissolved in 2 N so- 
dium hydroxide (10 ml) and dioxane (25 ml). NPS-Chlor- 
ide (1 1) (4.2 g) and 2 N sodium hydroxide (1 1 ml) were 
added slowly over 15 min. The solution was stirred for a 
further 5 min, then diluted with water (200 ml) and fil- 
tered. The filtrate was acidified to pH 3.54.0 with 4 N 
HCI. At this point, the asparagine and glutamine deriva- 
tives were removed by filtration, washed, and dried. For 
the remaining derivatives, the acid mixture was extracted 

with ethyl acetate (120 ml); then, the organic layer was 
washed, dried, and evaporated to approximately 40 ml. 
Dicyclohexylamine (4 ml) was added and the solutions 
left in the refrigerator for a few hours. The melting points 
and rotations after filtering and recrystallization were the 
same as those recorded by Zervas, apart from NPS pro- 
line DCHA salt with m.p. = 176178 "C rather than 
151-154 "C. 

NPS-Asparagine p-Nitrophenyl Ester 
NPS-Asparagine (16.2 g) and p-nitrophenol (8.3 g) 

were dissolved in DMF (44 ml) and the solution cooled 
in ice. A solution of dicyclohexylcarbodiimide (12.9 g) in 
tetrahydrofuran (78 ml) was added slowly over a period 
of 1 h to thecooled solution with stirring. After the addi- 
tion, the mixture was stirred for a further hour at 0 "C, 
then filtered and the precipitate was washed with a little 
tetrahydrofuran. The combined filtrates were reduced in 
volume, under vacuum, to approximately 80 ml and 
cooled in ice. Water (16 ml) was added and the mixture 
was stirred for 10 min in ice, then filtered. Water (80 ml) 
was added to the filtrate and the mixture left in the refrig- 
erator overnight. The resulting precipitate was removed 
by filtration and recrystallized from methanol (approxi- 
mately 500 ml) to give a light-yellow crystalline solid m.p. 
152-154 "C, [ah = -1 16, (c = 1.8 dimethylformamide); 
yield = 7.2 g. 

NPS-Glutamine was treated similarly but would only 
give an oil. 

Solidphase Synthesis 
NPS-Glycine was attached to the chlormethylated 

resin (I) as detailed by Merrifield. Analysis indicated that 
the resin had 0.71 mmole of glycine/g of resin. The amino 
acids were introduced onto the peptide-resin using the 
following schedule. 

The peptide-resin was washed with chloroform, then 
shaken 10 min with a mixture of approximately 4 NHC1 
in dioxane (to remove the NPS group), then washed three 
times each with chloroform, dimethylformamide, ethanol, 
and chloroform. The resin was then treated with 10% 
triethylamine in chloroform to convert the peptide to the 
free base and washed three times with chloroform. The 
procedure thus far was the same whichever method was 
used to effect the peptide bond. Using dicyclohexylcar- 
bodiimide, the resin was equilibrated with a chloroform 
solution (3 mole excess) of the NPS-amino acid for 10 
min, then a solution of dicyclohexylcarbodiimide (equi- 
molar to the NPS-derivative) was added to the mixture 
and was shaken for 2 h. The resin was then washed with 
chloroform, dimethylformamide, ethanol, and chloro- 
form and was ready for the next cycle. For the active 
esters the resin was washed three times with dimethyl- 
formamide and then a dimethylformamide solution of the 
active ester (3 mole excess) was added and the mixture 
was shaken overnight. It was then washed with dimethyl- 
formamide, ethanol, and chloroform and was ready for 
the next cycle. 

Ren~oual of Nonapeptide fr'om Resin 
After the addition of the N-terminal Z-(S-Bz1)-cys- 

teine, the resin (5 g) was shaken overnight with a mixture 
of dimethylformamide (20 ml) and methanol saturated 
with ammonia at 10 "C (20 ml). The mixture was filtered 
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and the resin was washed three times with dimethylforma- 
mide (20 ml). The combined filtrates were reduced under 
vacuum to approximately 50 ml and then ethyl acetate 
(400 ml) was added. The solution was left in the refrigera- 
tor for a few hours, then it was centrifuged. The resulting 
precipitate was washed with ethyl acetate and methanol 
(centrifuging after each wash) and finally it was suspended 
in ether (100 ml) and filtered. The precipitate was dried 
to give the protected nonapeptide (1.8 g) with m.p. = 
234-238 "C [a], = -45 (c = 2, dimethylformamide). 

Purificatiotr of Oxytocirz 
The nonapeptide (0.5 g) was subjected to reduction 

with sodium and liquid ammonia, followed by oxidation 
at p H  7 (9) and the solution was freeze-dried. The pro- 
duct (0.6 g) was dissolved in 0.2 N acetic acid (10 ml) and 
was filtered through a Sephadex G.25 column, equilibra- 
ted with 0.2 N acetic acid and, using the same solvent as 
eluent, 5 ml fractions were collected and 0.1 ml samples 
used for the Folin-Lowry test. One major and several 
minor peptide peaks were observed. The contents of the 
tubes making up the fractions containing the major peak 
were lyophilized to give 0.4 g of white powder. 

A Sephadex G.25 colun~n was equilibrated with the 
aqueous phase of a mixture of 3.5 % acetic acid (con- 
taining 1.5 % pyridine): 1-butanol : benzene (2:l:l) and 
then the organic phase was run through. A solution of 
the partially purified oxytocin (100 mg) in the aqueous 
phase (2 ml) was added to the column, and then eluted 
with the organic phase. The fractions containing the 
major peptide peak (as determined by the Folin-Lowry 
reaction) were combined, diluted with twice their volun~e 
of water, and evaporated to a small volun~e. The solution 
was then freeze-dried to give a white powder (20 mg) 
having an activity of 508 ulmg. 

Tosoni for his interest and encouragement, and 
the Quality Control Department of the Con- 
naught Laboratories for the biological assays. 

Note added in proof-The author notes that 
M. Manning of McGill University has indepen- 
dently achieved the synthesis of oxytocin using 
the solid phase technique and has published the 
results in J. Am. Chem. Soc. 90, 1348 (1968). 
(See also Takashima, du Vigneaud and Merri- 
field, J. Am. Chem. Soc. 90, 1323 (1968) for the 
synthesis of deamino oxytocin.) 
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The tetralone 2a has been obtained in 45 % overall conversion from the dione 3 by the sequence 3 4 4a 
+ 4b -> 5b -> 5a -> 2a. 

Canadian Journal of Chemistry, 46, 2320 (1968) 

The title compound (2a) has been reported (1) 
as a liquid obtained in low yields by prolonged 
reflux of the en01 ketone (1) in xylene. We have 
obtained it as a crystalline solid, m.p. 4748.5 "C 
by the following method, which has been 
studied previously by Newman and Mekler (2). 
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NOTES 

The above authors obtained the acetate 
ester (5c) from the dione (3) by a sequence of 
steps involving cleavage of 3 t.o the acid (4a), 
esterification, en01 acetylation of 4b, bromination 
and dehydrobromination. We have obtained 
the desired acid (5a) by saponification of the 
ester (5c) but the overall yields were unsatis- 
factory. We find now that the ester (4b) can be 
catalytically dehydrogenated to the phenolic 
ester (5b) directly and then saponified to give 
50% overall yield of 5a based on 3.  Several re- 
agents were tried to effect the cyclization of the 
acid (5a), and polyphosphoric acid proved singu- 
larly effective giving 85-90% yield of the-tetra- 
lone (2a) which had the expected spectral absorp- 
tions. The structure of 2a was also confirmed by 
a Wolff-Kishner reduction to the known 4- 
methyl-ar-1-tetra101 (3). This gave excellent 
yields. 

Experimental 
y-(3-Keto-6-mett1yl-l-cyclohexen-I-yl)butyric Acid (4a) 

The following procedure for cleavage of the dione (3) 
to the acid (4a) proved superior to the one described in 
the literature (2). 

The dione (3) (40 g) (4) was mixed with a saturated 
solution of barium hydroxide (1500 ml) in an  atmosphere 
of nitrogen, the mixture was kept overnight and then 
extracted with ether to remove any unreacted dione. The 
aqueous solution was acidified and extracted with ether. 
After usual work-up, an oil was obtained which soon 
solidified. It was triturated with ether and collected; 
yield, 4 M 1  g; m.p. 78-79 "C. (ether - petroleum ether). 

The crude acid was converted to the methyl ester (4a) 
as described in ref. 2. 

Methyl-y-(2-t~1etlgvI-5-hjdroxyphenyl) brityrate (5b) 
The ester (4a) (15g) was heated at 286300 "C with 

a 10% Pd/C catalyst (lg) for l h .  After usual work-up, 
11 g (94%) of the phenolic ester (5b) was obtained; m.p. 
8 6 8 1  "C (petroleum ether) and undepressed by a sam- 
ple prepared according to Newman and Mekler (2). 
Below 280 "C, the above dehydrogenation was incom- 
plete and gave a mixture 4a and 56. 

y-(2-Methyl-5-hydroxypheny1)butyric Acid (5a) 
The ester (56) (30g) was saponified with 5% aqueous 

sodium hydroxide and after usual work-up yielded 22 g 
(50% yield based on the dione 3) of crude acid (5a), m.p. 
90-93 "C. The analytical sample prepared by four 
crystallizations from ether -petroleum ether had m.p. 
99-100 "C. h,,, (CHC1,) 2.75 and 5.85 p;  h ,,,, (EtOH) 
279 mp  (log E 3.4). 

Anal. Calcd. for ClIH1403: C, 68.0; H, 7.2. Found: C, 
67.9; H, 7.4. 

The same acid could be obtained by saponification of 
the ester (5c) (2) but only in 30% yield based on the dione 
(3). 

y-(2-Mettgvl-5-aceroxyphenyl)b1ityric Acid (5d) 
This was obtained in 60% yield by treatment of 5a  

with acetic anhydride and p-toluenesulfonic acid; m.p. 
6661.5  "C (petroleum ether); X,,, (EtOH) 216, 266, and 
273 mp  (log E 3.66, 2.70, 2.70); h,,, (CHCl,) 5.71 and 
5.85 p nuclear magnetic resonance (CC1,): r -1.67 (s, 
-COOH), r 7.73 and 7.8 (s, ar-CH, and -OCOCH,) 
r 2.92-3.33 (m, 3 aromatic protons) r 7.37 to 7.63 (t, 
Ar-CHZ). 

Anal. Calcd. for C13H1604: C, 66.1 ; H, 6.8. Found: C, 
66.3; H,  6.9 

The acetoxy acid (5d) furnished a liquid acid chloride 
which was characterized as the amide m.p. 117-1 18 "C 
(ethylacetate). h,,, (KBr) 2.975, 3.125, 6.025, and 6 .25~ .  

Anal. Calcd. for CIIHl,O,N: C, 68.4; H, 7.8. Found: 
C, 68.3; H,  8.0. 

5-Metl1y1-8-hydroxy-l-tetralot1e (2a) 
A mixture of phosphorus pentoxide (30 g) and phos- 

phoric acid (30 ml) was heated on a steam bath for 2 h. 
The acid (5a) (8 g) was added and the resulting mixture 
was heated for an additional 1 h and poured onto crushed 
ice. The yellow product was collected, dried, and crystal- 
lized from petroleum ether after treatment with decoloriz- 
ing charcoal. This method yielded 6.2 g (86%) of the 
tetralone 2a as pale-yellow needles; m.p. 4 5 4 7  "C. An 
analytically pure sample prepared by three more crystal- 
lizations had m.p. 4748.5  "C; A,,, (CHCI,) 6.15 (hydro- 
gen bonded G O )  and 6 . 2 5 ~  (aromatic) and no ab- 
sorption for -OH due to hydrogen bonding. h,,, 
(EtOH) 262, 345 mp (log E 4.0, 3.5) [cf.: with absorptions 
of 8-hydroxy-1-tetralone (5)] nuclear magnetic resonance 
(CDCI,): r - 2.4 (s, -OH), r 2.70 and 3.25 (d, 2 adja- 
cent aromatic protons), 7 7.1-7.5 (m, 2 benzylic protons 
and 2 protons a to carbonyl) r 7.8 (s, Ar-CH3) and 
r 7.92 (m, 2 protons to carbonyl). 

Anal. Calcd. for CIIHIZOZ: C, 75.0; H, 6.9. Found: C, 
74.9; H,  7.2 

The 2,4-dinitrophenylhydrazone had m.p. 285-286 "C 
(EtOAC-CHCI3). 
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Anal. Calcd. for Cl,H1,N405: C, 57.3; H, 4.5. Found: and Industrial Research, New Delhi for financial 
C, 57.0; H, 4.2. support. J. P. John and P. S. Venkataramani 

The tetralone (2a) furnished 5-methyl-8-acetoxy-l- 
tetralone (2b) on treatment with acetic anhydride and p- thank the University Grants New 
toluenesulfonic acid; m.p. 121.4-122.4 "C (benzene- Delhi for the award of fellowships. 
petroleum ether); h,,, (CHCI,) 5.70 (-OAC), 5.975 
(ketone C==O), 6.3 (aromatic), and 6.85 p. 1. M. S. NEWMAN and A. B. MEKLER. J. Am. Chem. 

Anal. Calcd. for C13H1403 : C ,  71.5; H, 6.5. Found: sot. 82, 4039 (1960). 
C. 71.8; H, 6.7. 2. M. S. NEWMAN and A. B. MEKLER. J. Org. Chem. 26, 

Acknowledgments 336 (1961). 
3. R. B. WOODWARD and T. SINGH. J. Am. Chem. Soc. 

72, 500 (1950). 
The authors wish thank R. Balasubra- 4. M. S. NEWMAN and S. RAMACHANDRAN. Org. Syn- 

manian for analysis and infrared spectra and theses, 41, 38 (1961). 
Dr. T. R. Govindachari for providing the 5. F. A. HOCHSTEIN, C. R. STEPHENS, L. H. CANOVER, 

P. R. REGNA, R. PASTERNACK, P. N. GORDON, F. J. 
magnetic spectra. K. PILGRIM, K. J. BRUNINGS, and R. B. WOODWARD, J. 

Natarajan is grateful to the Council of Scientific Am. Chem. Soc. 75. 5455 (1953). 

Oxidative fragmentation of 3-pyrazolidinones to olefins 

R. H. KENT AND J.-P. ANSELME' 
Department of Chemistry, University of Massachusetts, Boston, Massachusetts 02116 

Received January 22, 1968 

The oxidation of 5-aryl-3-pyrazolidinones with mercuric oxide to the corresponding olefins is re- 
ported. Diethyl azodicarboxylate also converts 4,5-diphenyl-3-pyrazolidinone to trans-stilbene. The 
fragmentation of the intermediate cyclic a-carbonyl azo compounds is suggested to account for the 
observed products. 

Canadian Journal of Chemistry, 46, 2322 (1968) 

The chemistry of I-pyrazolines has been the 
subject of increased investigation over the last 
few years (1). As part of our own interest in this 
general area, we have examined the oxidation of 
3-pyrazolidinones (1) and we should like to 
report briefly our initial results. 

When 5-phenyl-3-pyrazolidinone (1, Ar = 
C,H,, R = H) was oxidized with yellow mer- 
curic oxide, the grayish color of mercury was 
observed along with vigorous evolution of gas. 
After removal of mercury and evaporation ofthe 
solvent, a thick greenish oil, having the odor of 
styrene, was obtained. Bromination of this oil 
gave a 42% yield of styrene dibromide, m.p. 
71-73 "C. The oxidation of 4,5-diaryl-3-pyra- 
zolidinones (1, R = Ar) gave the corresponding 
trans-stilbenes (3, R = Ar) in fair to good yields 
(see Table I). No attempts were made to obtain 
the highest possible yields. 

In a recent review (2), Fahr and Lind have 
emphasized the extreme instability of cyclic cl- 

'To whom all correspondence should be addressed. 

carbonyl azo compounds. We believe that the 
initial step in our reaction is the oxidation of the 
3-pyrazolidinones (1) to the corresponding cl- 

carbonyl azo compounds (2). These highly re- 
active intermediates then undergo fragrnenta- 
tion (3) with the loss of carbon monoxide and 
nitrogen to give the olefins.' The formation of 
metallic mercury and a positive carbon mon- 
oxide test from the evolved gases, lend support 
to this view. 

A related fragmentation has been previously 
observed by Rosenblum and his students (4). 
They reported the formation of trans-stilbene and 
tolan, from the oxidation of 5,6-diphenyltetra- 
hydrooxadiazinone (4) and 5,6-diphenyl-1,2- 
dihydrooxadiazinone (5) with lead tetraacetate. 

Presumably, similar azo compounds were 
formed and underwent fragmentation with loss 
of carbon dioxide and nitrogen. Although the 

ZApproximately nine months after our initial discovery 
of the oxidation of 3-pyrazolidinones with mercuric 
oxide, the lead tetraacetate oxidation of 4,Sdiphenyl- 
3-pyrazolidinone to tratzs-stilbene was reported (12). 
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general area, we have examined the oxidation of 
3-pyrazolidinones (1) and we should like to 
report briefly our initial results. 

When 5-phenyl-3-pyrazolidinone (1, Ar = 
C,H,, R = H) was oxidized with yellow mer- 
curic oxide, the grayish color of mercury was 
observed along with vigorous evolution of gas. 
After removal of mercury and evaporation ofthe 
solvent, a thick greenish oil, having the odor of 
styrene, was obtained. Bromination of this oil 
gave a 42% yield of styrene dibromide, m.p. 
71-73 "C. The oxidation of 4,5-diaryl-3-pyra- 
zolidinones (1, R = Ar) gave the corresponding 
trans-stilbenes (3, R = Ar) in fair to good yields 
(see Table I). No attempts were made to obtain 
the highest possible yields. 

In a recent review (2), Fahr and Lind have 
emphasized the extreme instability of cyclic cl- 

'To whom all correspondence should be addressed. 

carbonyl azo compounds. We believe that the 
initial step in our reaction is the oxidation of the 
3-pyrazolidinones (1) to the corresponding cl- 

carbonyl azo compounds (2). These highly re- 
active intermediates then undergo fragrnenta- 
tion (3) with the loss of carbon monoxide and 
nitrogen to give the olefins.' The formation of 
metallic mercury and a positive carbon mon- 
oxide test from the evolved gases, lend support 
to this view. 

A related fragmentation has been previously 
observed by Rosenblum and his students (4). 
They reported the formation of trans-stilbene and 
tolan, from the oxidation of 5,6-diphenyltetra- 
hydrooxadiazinone (4) and 5,6-diphenyl-1,2- 
dihydrooxadiazinone (5) with lead tetraacetate. 

Presumably, similar azo compounds were 
formed and underwent fragmentation with loss 
of carbon dioxide and nitrogen. Although the 

ZApproximately nine months after our initial discovery 
of the oxidation of 3-pyrazolidinones with mercuric 
oxide, the lead tetraacetate oxidation of 4,Sdiphenyl- 
3-pyrazolidinone to tratzs-stilbene was reported (12). 
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NOTES 

R 

+ H.0 -+ [ A r ~ o ]  -+ ArCH=CHR + N2 + co 
N-N N=N 
H H 

1 2 3 

I 

Ph 
\ /H 

could be detected. The relative inertness of 6 PhIOyO Pb(0Ac)d 
I C=C and 7 to loss of nitrogen and carbon monoxide 

Ph #'NH 
I H ' 'Ph may be due to their increased resonance stabili- 

zation when compared to 8 and 2. Obviously, 1 4 the saturated a-carbonyl azo compounds of type 
I 2 are not capable of such resonance stabilization. 

I Ph , yo Pb(0Ac)r 
On the other hand, Breslow and Mohacsi (7) 

II,NH 
t. ph-C=c-~h have shown that the sulfonyl group acts as an 

i Ph 
H insulating group which may explain the facile 

I 
5 loss of nitrogen and sulfur dioxide (8) from the 

1 
I 

sulfone analogue 8 to give benzyne. 
unstable cl-carbonyl azo compounds 6 and 7 One remarkable feature of our reaction is 

I have been trapped as Diels-Alder adducts with the fact that the corresponding 2-pyrazolin-5- 
i dienes, (5, 6)  neither benzyne (5) nor tolan3 ones (9) were not the major products. In the 

cases of 6 and 7 such an alternate path was not 
available. Evidently, the elimination of nitrogen 
and carbon monoxide to give aryl conjugated 
olefins is more rapid than the tautomerization to 
the 2-pyrazolin-5-ones. We found that, with 
mercuric oxide, 3-phenyl-2-pyrazolin-5-one re- 
acted rapidly to give a white, highly insoluble 
solid, m.p. > 300 "C. This compound is possibly 
the mercury derivative of the pyrazolinone (9). 
None of the starting 3-pyrazolidinones was re- 
covered in these oxidations. Tautomerization of 

'L. A. Carpino. Private communication. 

2 to the 2-pyrazolinones (9), followed by reaction 
with mercuric oxide to give the mercury adducts, 
may account for the balance of unrecovered 
starting material. Owing to the insolubility of 
these mercury derivatives, this point could not be 
ascertained. These reactions may be rationalized 
as shown in the following scheme. 

Diethyl azodicarboxylate also oxidized 4,5- 
diphenyl-3-pyrazolidinone (1, Ar = R = Ph) to 
trans-stilbene over a period of three days in 
refluxing benzene. 

Experimental 
All the 3-pyrazolidinones reported were prepared by 

heating for 6 h to reflux the appropriate methyl cima- 
mates with an excess of hydrazine hydrate in dioxane. 
The properties of new compounds prepared in this series 
will be described at a later date. 
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0 
1 1  H 2 N N A  lnsoluble white 

ArCCHC02Et - solid, m.p. > 300 "C 
I N-N 
R H (Ar=Ph, R=H) 

TABLE I 
Oxidation of aryl-3-pyrazolidinones to olefins 

3-Pyrazolidinone (1) % yield of 3 Melting point (OC) 

Ar = C6H5, R = H 42* 71-73? 
Ar = C6H5, R = C6H5 73 122-124 
Ar = p-ClC6H4, R = p-CH,0C6H4$ 48 (41) 173-175.5 (177.5-179.5)s 
Ar = p-CIC6H4, R = C6Hs - 

79 124-12611 

*Based o n  the weight of  the dibromide; a pinch of  hydroquinone was added. 
tDibromide. 
:Numbers In parenthesis refer t o  yield and melting point of product of  second run. 
Reference 10. 
IReference 1 I .  P 

Oxidation Procedrrre 
Fifty mmole of the 3-pyrazolidinones in 100 ml of 

methylene chloride containing anhydrous sodium sulfate 
were heated under reflux with 50 mmole of yellow mer- 
curic oxide until the orange color had changed to a dark 
gray color. The mixture was then filtered through a pad 
of diatomaceous earth and the filtrate evaporated under 
vacuum. The residue was crystallized from ethanol to 
give the products indicated in Table I. 
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NOTES 

22-Dihydrostigmasterol from Saussuvea lappa Clarke 

TIKAM C. JAIN AND CALVIN M. BANKS' 
Department of Chetnistry, University of Victoria, Victoria, British Colurnbia 

Received January 31, 1968 

The identity of a natural product, erroneously reported as a diterpene alcohol from Saussurea lappa 
Clarke, has been established as 22-dihydrostigmasterol. 

Canadian Journal of  Chemistry, 46. 2325 (1968) 

Paul and his co-workers (1) had reported the 
isolation of a diterpene alcohol, C,,H,,O, m.p. 
135-136 "C, [ct], - 40.55", from hexane extract 
of the roots of Saussurea lappa Clarke. As 
a part of our projected program on diter- 
p e n o i d ~ , ~  we were interested in elucidating the 
structure of this diterpene alcohol. By essentially 
following the reported procedure, we isolated 
the same alcohol, m.p. 137.5-138 "C, [a], - 
34.34". The nuclear magnetic resonance (n.m.r.) 
spectrum of this alcohol described in sequel, at 
first sight, indicated that it was characteristic of 
a steroid rather than a diterpenoid skeleton. This 
led us to reexamine its elementary composition 
prior to elucidation of its structure. High resolu- 
tion mass measurement on the parent alcohol 
as well as on its several derivatives (see Table I) 
clearly established its molecular formula as 
C29H500. 

Sterol 1 contains one double bond as it 
absorbs one mole of hydrogen during catalytic 
hydrogenation. It gives positive coloration with 
tetranitromethane and Liebermann-Burchard 
reaction. The trisubstituted nature of the olefinic 
linkage was revealed by a pair of bands at 797 
and 834 cm-' in its infrared (i.r.) spectrum, 
further supported by its ultraviolet (u.v.) spec- 
trum (A,,, 200.4 mp, E 5930, &,,, 1986, &,,, 552, 
and E,,, 135) typical of As-steroids (2). The 
broad signal due to olefiniz--z 4.56 had 
disappeared in the n.m.r. spectrum of dihydro 
compound 4. The i.r. spectrum of 1 exhibited 
absorption bands at 3440 and 1053 cm-' due to 
the hydroxyl group, confirmed by an acetate 2 
(i.r. spectrum: 1727, 1255, and 1039 cm-l) and 
a benzoate 3 (i.r. spectrum: 1712, 1276, 1256, 
and 11 12 cm-I). The n.m.r. spectrum of 1 shows 
an 18-proton multiplet ranging from z 9.02 to 

'Recipient of a University of Victoria Bursary, 
1967-1968. 

'R. J. Striha and T. C .  Jain. Unpublished results. 

9.30 which accounts for six methyl groups. The 
hydroxyl proton resonates as a sharp singlet at 
z 8.46 which is removed by exchange with D,O. 

The mass spectrum of the parent alcohol 1 
was very informative. The principal peak in the 
mass range 205-245 corresponded to mle 213 
(C,, = 0.84%) which led to the formulation of 
C,,H,, side chain at C-17 in D ring (3). This 
also eliminated the possibility of an unsaturation 
in the side chain. The presence of an intense peak 
at mle 119 (C,, = 0.98 %) suggested it to be 
A5-3P-sterol (4). In addition, fragments charac- 
teristic of stigmastane ske1eto.n (5, 6) were 
observed at mle 273 (M - side chain), 255 
(M - side chain - H,O), 231 [M - side chain 
- 42 (ring D fragment)], and 213 (231 - H,O). 
These fragments shifted by two units in the mass 
spectrum of dihydro compound 4. I t  is worth 
mentioning that the molecular ion peaks for 
acetate 2 and benzoate 3 constitute only 4.4% 
and 0.8% respectively of the base peak at m/e 
396, even when using direct inlet system. All 

these chemical and spectroscopic properties can 
be accounted for if the parent alcohol has struc- 
ture 1, which then should be identical with 
22-dihydrostigmasterol. This was confirmed by 
comparing its i.r., n.m.r., and mass spectra 
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TABLE I 

Exact masses and composition of ions 

mle 

Observed Calculated Com~osition 

Sterol 1 
Acetate 2 
Benzoate 3 

(M - C,H,COOH) 
Dihydro compound 4 416.4018 416.4018 CzgH,zO 

with the corresponding spectra of 22-dihydro- (0.98), 231 (0.21, M - side chain - 42 [ring D frag- 

stigmasterol and they were identical in all ment]), 213 (0.84, 231 - HzO)~ 255 (1.26, M - side 
chain - HzO), 273 (0.33, M - side chain), 381 (0.84, respects. Besides this, Rf values of 1, 2, 3, and 4 - CH3 - H,o), 396 (4.30, M - H,o), 399 (0.42, 

in several thin-layer chromatographic systems M - CH,), and 414 (1.90, M+). 
(silica gel, silica gel - AgNO, and alumina) were Anal. Calcd.' for Cz9Hso0.  1/2HzO: C, 82.24; H, 
comparable with those of corresponding authen- 12.13. C* 81.99; H, 12.06- 

tic specimens. 

Experimental 
Melting points were determined on a Kofler hot-stage 

microscope and are uncorrected. Infrared (i.r.) spectra 
were recorded in KBr pellets on a Perkin-Elmer model 
337 grating spectrophotometer calibrated with poly- 
styrene film; ultraviolet (u.v.) spectrum was measured in 
cyclohexane on a Unicam model SP-700 spectrophotom- 
eter. Nuclear magnetic resonance (n.m.r.) spectra were 
obtained in CDCI, with Varian A-60 spectrometer using 
TMS as an internal standard. Unless otherwise stated, 
specific rotations were determined in chloroform on a 
Perkin-Elmer model 141 polarimeter. The mass spectra 
were obtained with an AEI-MS9 mass spectrometer, 
using direct insertion technique. The ionizing energy was 
maintained at 70 eV. 

Sterol 1 
This was isolated from the hexane extract of the roots 

of Sausszrrea lappa Clarke following essentially the pro- 
cedure described in the literature (1); overall yield, 0.4% 
based on crude extract. Crystallization from ether- 
ethanol afforded sterol 1 as colorless plates, m.p. 137.5- 
138 "C, [aID3l - 34.34O (c, 1.03); dark-yellow colora- 
tion with tetranitromethane; Liebermann-Burchard 
reaction (7) positive; U.V. spectrum: h,., 200.4 mp, 
E 5930, EZ'O 1986, E~~~ 552, and E~~~ 135; i.r. spectrum: 
v,,, 3440, 1053 cm-I (equatorial hydroxyl group (8)), 
1665, 834, and 797 cm-I (trisubstituted olefinic linkage); 
n.m.r. spectrum: T 9.02-9.30 (multiplet, 18H, 6x-CH3), 
T 8.46 (sharp singlet, -OH, disappeared after exchange 

I 

Acetate 2 
A solution of compound 1 (20.5 mg) dissolved in 

anhydrous pyridine (5 ml) was treated with acetic 
anhydride (0.5 ml) and was allowed to stand overnight at 
room temperature. The mixture was then decomposed 
with water and the solvent was removed in vacuo and 
dried over Na2S04. The crystalline material, obtained 
after removal of solvent, was chromatographed on neutral 
alumina (500 mg). Elution with petroleum ether gave 
acetate 2, crystallized from ether-ethanol as white 
rectangular plates, m.p. 127-129 "C, [a]do -39.90" 
(c, 1.06); i.r. spectrum: v,,, 1727 cm-' (aliphatic ester 
carbonyl), 1255, and 1039 cm-I ( G O - C  stretching of 
ester). The i.r. spectrum was superimposable with that 
of authentic specimen. Mass spectrum: mle (%Z4,): 255 
(1.95, M - CH3COOH - side chain), 381 (1.04, M - 
CH3COOH - CH3), 396 (7.58, base peak, M - CH3- 
COOH), 456 (0.30, M+). 

Benzoate 3 
Sterol 1 (20 mg), dissolved in dry pyridine (5 ml), was 

treated with freshly distilled benzoyl chloride (0.25 ml) 
and the mixture was stirred magnetically overnight. It  
was worked up in the same manner as described above for 
acetate. Crystallization of the product from ethanol-ether 
furnished shining flakes of benzoate, m.p. 144-146 OC; 
i.r. spectrum: v,,, 1712 cm-I (aromatic ester carbonyl), 
1276, 1256, and 1112 cm-I (C-0-C stretching of 
ester). It was superimposable with the i.r. spectrum of 
authentic specimen. Mass spectrum: mle (%ZlSs): 255 
(4.49, M - C6H,COOH - side chain), 381 (2.78, 
M - C6HsCOOH - CH3), ,396 (23.90, base peak, 
M - C6HsCOOH), and 518 (0.19, M+). 

with D20), T 4.56 (broad multiplet, lH ,  >C==C-H); 
mass spectrum3: nt/e (%Z40)4: 43 (4.79, base peak), 119 Dihydro 

Sterol 1 (50 m d  was added to a   re reduced PtOz 
catalyst (25'mg) & glacial acetic acid (100 ml).  he 

3For the sake of brevity, peaks relevant to structural solution was stirred magnetically at room temperature 
assignment are described. Complete mass spectra will be whereupon it absorbed one mole equivalent of hydrogen 
presented in the M.Sc. Thesis of C. M. Banks, Univers- -- 
ity of Victoria. 

4The symbol Z4, denotes the percentage of total sCrystals with fHzO have been observed by various 
ionization over the range mle 40 to M+. investigators (9, 10). 
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NOTES 2327 

in 12 h. The reaction mixture was worked up in the a direct comparison with our sample was not 
manner give a (46 mg). This was possible. We thank Professor Bhattacharyya for 

chromatographed on neutral alumina (2.0 g). Elution 
with Detroleum ether gave a trace of oilv material and this 
further elution with ether --benzene (1 :1) 
afforded dihydro compound 4, which crystallized from 
ether-ethanol as plates, m.p. 139-140 "C, [aID3l +20.70° 
(c, 0.57); no coloration with tetranitromethane; i.r. 
spectrum: v,,, 3406, 1043 cm-' (equatorial hydroxyl), no 

I band in 79C840 cm-' region. It was identical with the 
infrared spectrum of authentic sample. The n.m.r. spec- 

I trum had T 9.03-9.33 (multiplet, 18H, 6x-CH,), 
T 8.52 (sharp singlet, -OH), and no signal in olefinic 
region. Mass spectrum (%Ed,): 233 (3.69, M - side 

I chain - 42 (ring D fragment)), 215 (3.33, 233 - H20), 
257 (0.32, M - side chain - H20), 275 (0.12, M - 
side chain), 383 (0.58, M - CH, - H,O), 398 (0.18, 

I M - H20), 401 (1.42, M - CH,), and 416 (5.08, M + ,  
I base peak). 
I 
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COMMUNICATIONS 

Electron spin resonance study of the interaction of tert-butyl 
hydroperoxide with zinc oxide 

MAURICE CODELL and HENRY GISSER 
Pitmatz-Duntz Research Laboratories, Frankford Arsenal, Philadelpl~ia, Pentzsylvaiiia 

AND 

R. D. IYENGAR 
Center for Surface arid Coatiizgs Research, Lehigh University, Bethlehettz, Peiznsylvania 

Received May 7, 1968 

The complexity of the electron spin resonance signal, appearing at g = 1.96 on ZnO vacuum outgassed 
at higher temperatures, has been examined by adsorption of tertiary butyl hydroperoxide (TBHP). Two 
individual signals with g values 1.961 and 1.965 observed following TBHP adsorption have been attri- 
buted to Zn+ ions and oxygen vacancies with trapped electrons. 
Canndian Journal o f  Chemistry, 46, 2329 (1968) 

The complexity of the electron spin resonance 
signal which appears in the vicinity of g = 1.96 
in samples of zinc oxide vacuum outgassed at 
high temperatures was first noted by Schneider 
and Raiiber (1). Kasai (2) suggested that the 
complexity results from the presence of two 
signals caused by anionic vacancies (trapped 
electrons) and halogen ions present in sub- 
stitutional positions. Subsequent investigations 
have emphasized only the effects of adsorbed 
oxygen on the electron spin resonance spectrum 
of zinc oxide, with little or no attention given to 
factors contributing to the complexity of the 
signal at g = 1.96. 

In an attempt to understand the mechanism 
of hydroperoxide participation in the catalysis 
of oxidation of organic lubricants, the electron 
spin resonance spectra of tert-butyl hydro- 
peroxide (TBHP) adsorbed on ZnO have been 
investigated. Surprising and interesting obser- 
vations have been made which lead to a better 
understanding of the nature of the complex 
signal occurring at g = 1.96. 

Zinc oxide which is vacuum outgassed for 2 h 
at temperatures above 375" gives primarily a 
signal a tg  = 1.96 (peak to peak width = 7.6 G). 
Adsorption of TBHP not only produces an over- 
all decrease in signal intensity but also ienders 
possible the observation of two signals with g 
values of 1.965 and 1.961, in place of the some- 
what broad signal at g = 1.96 (Fig. 1). The 

FIG. 1. Electron spin resonance (X-band) spectra of 
zinc oxide outgassed for 2 h at (a) 375" and (6) 400". 
(a') and (b') are spectra after the addition of TBHP. 
Diphenylpicrylhydrazyl (upper spectra) is used as a 
standard forg value. The field increases from left to right. 

spectrum shows no hyperfine structure attri- 
butable to free radicals resulting from the de- 
composition of TBHP. Power variation studies 
as well as observations on intensity changes on 
subsequent oxygen and vacuum treatment show 
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2330 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

that the two signals are independent of each 
other and cannot result from a single species. 
Further, neither of the signals exhibits saturation 
in the power range 2 to 25 mW and hence the 
possibility of either signal being caused by 
chloride ions present as impurity in interstitial 
positions in ZnO (2) can be eliminated. 

FIG. 2. Electron spin resonance (X-band) spectrum 
of zinc oxide outgassed at 500" and treated with methane 
containing 2 % oxygen. 

The addition of hydrocarbons containing 2 % 
oxygen to zinc oxide, which has been vacuum 
outgassed at 500°, leads to an immediate for- 
mation of the same two signals observed on 
treatment with TBHP (Fig. 2). The use of a pure 
hydrocarbon does not produce the two signals. 
On the other hand, the addition of oxygen to 
zinc oxide outgassed at 500" leads to the for- 
mation of an 0,- triplet with g values of 2.002, 
2.008, and 2.047. The signals at g = 1.96 are not 
observed immediately. If the sample is allowed 
to stand for more than 24 h, the intensity of the 
0,- signal is observed to diminish with the 
simultaneous appearance of two signals (Fig. 3), 
with g values comparable to those obtained 
following treatment with TBHP. 

The delay observed in the formation of the 
two signals in experiments with oxygen (instead 
of TBHP or hydrocarbons containing oxygen) 
indicates a different mechanism for the formation 
of the species responsible for the signals. If the 
observed decrease in the intensity of the 0,- 
signal is due to desorption of oxygen, then the 
resulting enhancement in electron concentration 
at the surface provides a clue for the identity of 
the signals observed at g = 1.965 and 1.961. I t  
is likely that these signals are caused by electrons 

FIG. 3. Electron spin resonance (X-band) spectra of 
zinc oxide vacuum outgassed for 2 h at 500": (a) 100 mm 
of oxygen added and re-outgassed 10 min at 25"; (b) after 
standing for 70 h following treatment (a). 

trapped either at the Zn++ ions or at oxide ion 
vacancies. 

Our experiments also suggest that the signals 
at g = 1.965 and 1.961 preexist within the broad 
signal at g = 1.96 (in vacuum-outgassed ZnO), 
and become observable due to decrease in signal 
widths and relative differences in their ability to  
interact with some oxygen species provided by 
the adsorbing TBHP or hydrocarbon-oxygen 
mixtures. The absence of 0,- ions during ad- 
sorption of TBHP would mean that the oxygen 
species involved in this interaction is 0-. In 
fact, the formation of hydroperoxide in hydro- 
carbon-oxygen mixtures and the decomposition 
of hydroperoxide to yield 0- ions have been 
reported (3). 

Further, according to Thomas (4) most of the 
interstitial zinc in ZnO should be removed by 
oxygen treatment at 500" for a few minutes. It 
is observed in our experiments that heating in 
oxygen at 500" for 2 h eliminates the signal at 
g = 1.965 completely, while the signal at g = 
1.961 is partially affected. On this basis the signal 
at g = 1.965 can be assigned to interstitial Zn+ 
ions and the signal at g = 1.961 to oxide ion 
vacancies. 

It appears, therefore, that the complexity of 
the signal observed at g = 1.96 in vacuum- 
outgassed high purity ZnO is caused by the 
presence of two signals corresponding to g = 
1.965 and g = 1.961. The close proximity of the 
two signals in addition to a broadening asso- 
ciated with the signals especially at the higher 
outgassing temperature is responsible for the 
apparently one signal observed. The small 
fluctuations in g values observed for the signal 
appearing at g = 1.96 in vacuum-outgassed ZnO 
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Details of this investigation will be published 
elsewhere. 1. J. SCHNEIDER and A. R A ~ ~ B E R .  Z. Naturforsch. 16a, 
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Partial molal volumes of tetraalkylammoninm chlorides in ethanol-water mixtures 
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The partial molal volumes of four tetraalkylammonium chlorides, Me4NC1, Et4NCl, Pr4NCI, and 
Bu4NC1, in a series of ethanol-water mixtures have been determined. The experimental results are 
discussed in terms of the varying size and surface charge of the ions and the structure of the binary solvent 
mixtures. The results indicate that at 0.1 mole fraction ethanol the maximum structuredness of water 
causes a minimum in the partial molal volumes, while at 0.3 mole fraction the solvent structure is 
such that the free volume is a minimum but the effect of surface charge on the salts is a maximum. 

Canadian Journal of Chemistry, 46, 2333 (1968) 

Introduction Experimental 
Eastman reagent grade quaternary ammonium salts 

In Frank and Evans proposed that were purified by recrystallization and dried in vacuo as 
tetraalkylammonium ions should promote water described by Conwav et a / .  (11). Magnesium-dried 
structure as the hvdro~hobic nature of the ions ethanol and-double-distilled water. mixtures were pre- . A 

increases with the size. Since then, numerous 
studies have shown that the idea was essentially 
correct. For example conductivity (2), osmotic 
and activity coefficients (3), viscosity (4), enthalpy 
and entropy of dilution ( 9 ,  infrared spectra (6), 
molal heat capacity (7), partial molal volume 
and compressibility (8), and heats of mixing (9) 
of aqueous solutions of tetraalkylammonium 
salts have been reported. The results of these 
studies provide evidence that tetrapropyl and 
tetrabutylammonium ions are indeed strong hy- 
drophobic structure makers while tetramethyl- 
ammonium ion is a weak structure breaker, and 
tetraethylammonium ion falls on the border 
line of the two opposing effects. No systematic 
work of a similar nature has been done in 
aqueous solvent mixtures (10). In this paper we 
report a study of partial molal volumes of four 
tetraalkylammonium chlorides in a series of 
ethanol-water mixtures at 50.25". Our interest 
was to obtain more information about the 
structural changes accompanying the addition 
of ethanol to liquid water, using the hydrophobic 
and electrostrictive effects of these salts as an 
experimental probe. 

pared by weight. 
Salt solutions were made up in calibrated 100 ml 

volumetric flasks and for each salt concentration three 
replicate density measurements were made using 25 ml 
Weld-type pycnometers. Pycnometers were thermostated 
at 50.250 k 0.002 "C and weighed after 19 h standing at 
room temperature. This standardization of procedure 
improved reproducibility. Average reproducibility of 
density was 0.00003 and in no case was it greater than 
+ 0.00005. - 

Apparent molal volumes 4 were calculated using the 
equation 

[ll  
Mz 1000 (d - do) + = - - -  
do do C ' 

where M2 is the molecular weight of the salt, C is the 
concentration in moles per liter, and d and do are the 
density of solution and solvent respectively. 4 values were 
determined for each salt in each solvent composition 
over a concentration range of ap~roximately 0.02 M to 
0.60 M. Partial molal volumes V o  were then obtained 
from 4 and its concentration dependence using the 
relation 

[2 I + = Po + sclt2, 
where S is the limiting slope. The precision of apparent 
molal volumes, 64, was k0.1 ml/mo!e at C = 0.04 M 
using the equation of Redlich and Bigeleisen (12). 
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FIG. 1. The limiting law plots for Me4NC1 in various ethanol-water mixtures at 50.25" (m.f. = mole fraction 
ethanol). 

where 6d and 6C are the uncertainties in density and to note that the transition is sharper and a t  
concentration. All the density and apparent molal vol- lower concentration for the mixed solvents 
ume data1 obtained in this work has been filed with 
The Depository of Unpublished Data, National Science than for water. It has been suggested (21) that 
Library, National Research Council of Canada, Ottawa. the positive concentration dependence of the 

apparent molal volume is primarily due to the 
Results and Discussion salting out effect of ionic electrostriction. 

Concentration Dependence of Apparent Molal 
Volumes 

Illustrative examples of the plots of apparent 
molal volumes, I$, against the square root of the 
salt concentration are shown for Me4NCl in 
various solvents in Fig. 1. These plots show a 
sharp transition region at approximately C1I2 
= 0.35 connecting two straight-line sections of 
different slope S.  The same type of transition 
has been observed in the region of 1 N concentra- 
tion of alkali metal chlorides in water and has 
been discussed by Vaslow (20). This author 
suggested that the observed transition may be due 
to a change from dilute to concentrated solution 
types of solvent reorganization. It is of interest 

'Photocopies of this data may be obtained free of 
charge, upon request, from: Depository of Unpublished 
Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada. 

However, the experimental slopes as drawn 
contain contributions from other important 
effects such as ion-ion interactions and changes 
in hydrophobic structural effects on the solvent 
as the solute concentration varies. As Vaslow 
(20) has noted a detailed explanation of this 
change in slope of the I$ versus C1I2 plot must 
await further study of the problem. It  is, however, 
perhaps worth noting that the low concentration 
region slopes in mixed solvents are considerably 
greater than for water and that the slope has a 
maximum positive value for Me4NCl at 0.3 mole 
fraction ethanol in the ethanol-water binary 
solvent mixture. This observation of a maximum 
in the solvent composition dependence of the 
slope S further suggests that at least some of the 
contributing factors that determine the S value, 
probably electrostriction and structural effects, 
have an extremum in their influence at this 
solvent composition. 
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Ionic Partial Molal Volumes FIG. 2. Partial molal volumes of tetraalkylammonium 
The additivity of individual ionic partial chlorides as a function of the molecular weight of cation 

in various ethanol-water mixtures at 50.25". molal volumes has been the subject of many 

TABLE I 
Partial molal volumes of various salts at 50.25 "C % 

(ml/rnole) - 
Solvent V 0  (ml mole-') 

(mole fraction 0.3 0.2 
m.f. m.f. 

EtOH) Me4NCI Et4NC1 Pr4NC1 Bu4NCl 1 J 

0.00 108.1 170.0 237.2 301.0 
0.10 98.1 156.0 219.0 286.8 
0.20 85.7 153.7 218.3 286.4 2 0 0  300- 
0.30 80.7 152.0 219.5 288.5 
0.40 88.7 152.8 214.7 277.7 

2 0 0  

The data presented in Table I1 also show that 
in water the S value decreases as the size of the loo 200- 

tetraalkylammonium ion increases. For Me,NCl, 
it is close to the theoretical value of 2.333 at 50" L O O  

for 1 :1 electrolytes (22); for the other three salts, 
S values are negative as has been shown by 
other workers (23). - 

The partial molal volumes, VsO (Table I), 
obtained from extrapolation to zero concentra- O 

tion of the low concentration linear portion of 
the 4 versus C1J2 plots are considered to be o 
accurate to k0.5 ml mole-'. 

(Bu) rn f. EtOH 
b 

0.3 

- 0 2  

0.0 
0 .1  
0.4 

- 

- 

:,, 

,' , ,.;,',. ,,, 
,, ,, ,,,, , ,' 
,',' ,' 
,',, ,' , , 
+ I I I I I I I 

8 0 160 2 4 0  
MOL. WT. OF CATION 

and ~lueckauf  (16). Although our measurement 
FIG. 3. Ionic partial molal volumes of chloride ion was done at 50.25'7 the temperature dependence as a function of solvent composition (mole fraction 

of the TC',,-O value seems to be small enough so ethanol) at 50.25". 

recent investigations (1 1, 15, 16) in view of the 
importance of the individual ionic contribution 
in understanding ion-solvent interactions. The 
individual ionic partial volume seems to differ z- according to the method used for its determina- 
tion. For example, VC,-O values in water range 

- 
from 18.0 to 37.0 ml/mole, as shown in Table 111. 7 3  
Conway and co-workers (11) in their recent g 2 0  - 
report proposed a new method of obtaining 
ionic partial molal volumes for tetraalkylam- = 
monium salts with a common anion in water. 
In this method, anionic partial molal volumes 
are obtained by extrapolation of VR4,,0 values 
to zero cation weight in a linear plot of VR4,,0 

versus molecular weight of the cations, R4Nf .  
The method was applied to the present system of 
salts, in mixed solvents, as shown in Fig. 2. - 1 0  - 
The - linearity is good for all solvent systems. The 
VC,-O values obtained from intercepts of these 

I I I I plots are illustrated in Fig. 3. The only literature - 
value available is for water at 25" (Table 111). 0.1 0.2 0.3 0.4 
Our value agrees well with those of Mukerjee (15) '~CE~OH 
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that the difference in vC1-O is well within the TABLE I1 

experimental accuracy ( 1  3). Limiting slope, S, for various salts at 50.25 "C 

Figure 3 shows a deep minimum in K1-O at -- 

0.3 mole fraction ethanol, and v C , - O  values for ( m ~ ~ l ~ ' i o n  
s (ml mole- 'c-  ' I 2  ) 

0.2 and 0.3 mole fractions are negative. Since E~OH)  Me4NCI E ~ ~ N C I  P ~ ~ N C I  B~,NCI 
chloride ion has a high charge to surface ratio, 
the minimum at 0.3 mole fraction is probably due 0.00 2.3 -2.0 -4.6 -5.3 

0.10 16.7 23.0 36.7 36.7 
to the maximum in electrostriction effect, which 0.20 52.7 19.0 45.0 51.0 
agrees with the conclusion derived from the max- 
imum value of the limiting slope at the same 
composition. 

The ionic partial molal volumes of the cations 
were determined by subtracting the Vc,-O value 
from the partial molal volumes of salt VR,NclO. 

[41 
0  - 0  - 0  

V R r N f  = l r R 4 N c I  - VCI- 

XE~OH 
FIG. 4. Ionic partial molal volumes of the tetra- 

alkylammonium cations as a function of solvent composi- 
tion (mole fraction ethanol) at 50.25". 

TABLE 111 

Comparison of the ionic partial molal volume of 
chloride, Vcl-O (ml/mole), in water at 25O 

determined by various workers 
- - 

Author VCI-O Reference 

Present work 
Fajans and Johnson 
Padova 
Mukerjee 
Glueckauf 
Conway et al. 
Zana and Yeager 
Stokes and Robinson 
Bernal and Fowler 

*At 50.25O. 

The individual ionic partial molal volumes of 
the cations obtained in this manner are plotted 
against solvent composition in Fig. 4. All the 
cations show a minimum at 0.1 mole fraction 
and a maximum at 0.3 mole fraction. The marked 
similarity between the curves in Fig. 4 for the 
four tetraalkylammonium ions suggests that the 
same effects are operating, although to varying 
degrees, in all cases. The observed enhancement 
of the extremum effect as the alkyl function is 
varied from methyl to IZ-butyl supports the claim 
that the common effects are those of hydrophobic 
interaction and size. It is interesting to note that 
even the smallest and least hydrophobic of the 
cations, Me,Nf, shows the double extremum 
characteristic of predominant hydrophobic and 
size effects. 

When the combined effects of cation and an- 
ion are considered, however, the partial molal 
volume picture changes considerably. The elec- 
trostriction effect of the chloride anion, which 
manifests itself as a minimum at 0.3 mole 
fraction ethanol (see Fig. 3), is then in competi- 
tion with the hydrophobic and size effect of the 
ammonium cation, which is characterized by a 
maximum at the same solvent composition. The 
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balance between these two competing effects is 
illustrated in Fig. 5, where the partial molal 
volumes of the salt species are plotted against 
solvent composition. The maximum at 0.3 mole 
fraction observed for the Me,N+ ion has now 
become a minimum, indicating that the electro- 
striction effect of the chloride ion more than 
compensates for the small hydrophobic and size 
effect of the tetramethylammonium cation. As 
the cation effects become larger the chloride ion 
electrostriction is exactly compensated in tetra- 
ethylammonium and is outweighed by the 
hydrophobic and size effects in tetrapropyl- and 
tetrabutyl-ammonium salts. 

Structure of the Binary Solvent 
The behavior of the partial molal volume of 

quaternary ammonium salts and their component 
ions as a function of solvent composition can be 
used as a probe to investigate the varying 
structure of the binary solvent system. Three 
characteristic features may be identified: 

I. A minimum in partial molal volume of the 

FIG. 5. Partial molal volumes of tetraalkylam- 
monium chlorides as a function of solvent composition 
(mole fraction ethanol) at 50.25". 

ammonium cations (Fig. 4) and of the larger 
salts at or near 0.1 mole fraction ethanol. 

11. A maximum in partial molal volume of 
ammonium cations (Fig. 4) and of the larger 
salts at or near 0.3 mole fraction ethanol. 

111. A minimum in partial molal volume of the 
chloride anion at or near 0.3 mole fraction 
ethanol. 

These three observations may be explained on 
the basis of variation of the structure of the 
binary solvent with composition. 

I. The 0.1 mole fraction minimum. The 
characteristic extremum behavior of many of the 
physicochemical properties of alcohol-water 
mixtures near the pure water end of the composi- 
tion range has been well documented (24). 
It is now generally accepted that this behavior is 
a reflection of structure promotion in the water 
by initial addition of the cosolvent, probably as a 
result of hydrophobic interactions between the 
cosolvent and the water. The enhanced structure 
has been described as "ice-berg'' (25) implying an 
open lattice work having the structural order of 
ice itself but differing from the "soft ice" (25) 
character of water around a small, fully charged 
ion exerting electrostriction effects on the 
solvent medium. At the binary solvent composi- 
tion where "ice-berg" structure promotion is a 
maximum (circa 0.1 mole fraction in ethanol- 
water), there will be a maximum of preformed 
"holes" into which the third component solute 
molecule (alkylammonium) may fit without the 
prerequisite of hole formation prior to dis- 
solution. Accordingly the partial molal volume 
of the solute species will be a minimum at this 
solvent composition. This phenomenon is 
clearly demonstrated in Fig. 4 and to a lesser 
extent in Fig. 5 where the additional complica- 
tion of the competing effect of the chloride ion 
(see 111 which follows) tends to reduce this effect. 

11. The 0.3 mole fraction maximum. As the 
proportion of nonaqueous cosolvent in the mix- 
ture increases the simple bulk effect of the CO- 

solvent will begin to break down the charac- 
teristic water structure. At 0.3 mole fraction 
alcohol the competition between pure water and 
pure cosolvent structure results in the mixture 
having essentially a close-packed structure with 
consequent minimum free volume. Franks (26) 
has pointed out that the first derivative of the 
viscosity - solvent composition curve for ethanol 
water shows a maximum at 0.1 and a minimum 
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at 0.3 mole fraction corresponding to maximum 
and minimum structure. Franks further notes 
that the first derivative behavior, i.e. dqldc 
versus c, may be more revealing as far as 
structure is concerned than the simple plot of 
q versus c which shows a single maximum at 
0.2 mole fraction. At 0.3 mole fraction, therefore, 
there are no preformed holes in the binary solvent 
and dissolutioil of the third component solute 
requires maximum expansion of the solvent to 
accommodate the solute. A maximum in 
partial molal volume of the quaternary ammo- 
nium salts should therefore be observed. The 
plots in Fig. 4 demonstrate such behavior and, 
in addition, show that the height of the partial 
volume maximum is strictly size dependent, as 
would be expected if the dissolution mechanism 
involved simple expansion of the solvent to  
accommodate the solute. 

111. The 0.3 mole fraction minimum. The 
partial molal volume of the chloride ion passes 
through a minimum at 0.3 mole fraction and, 
furthermore, is distinctly negative at this compo- 
sition. Clearly electrostriction by the small, 
fully charged chloride ion is a maximum at 0.3 
mole fraction. While it was suggested that at this 
composition the solvent was closest to close 
packed, it is clearly not strictly close packed, and 
under the influence of the strong charge field of 
the chloride ion, solvent molecules can be 
electrostricted to form solvation shells, previously 
described as "soft ice" to distinguish such struc- 
tural ordering from that characteristic of 
hydrophobic interaction at 0.1 mole fraction. 
Such electrostriction contraction of the solvent 
leads to the minimum in partial molal volume of 
the chloride ion at 0.3 mole fraction. The observa- 
tion of maximum electrostriction (minimum 
volume) at this composition results from the 
fact that here the electrostriction or "soft ice" 
promoting effect of the ion is no'longer in 
competition with the hydrophobic "ice-berg'' 
promoting effect of the alcohol cosolvent. 
Indeed at 0.3 mole fraction the binary solvent 
system is as unstructured as it can be and the 
solvent molecules are relatively most available 
for electrostriction around the ion. While it can 
be considered nothing more than an indication, 
it should also be noted (Fig. 3) that the partial 
molal volume of the chloride ion only begins to 
decrease rapidly (onset of dominant electro- 

striction) beyond 0.1 mole fraction ethanol 
after the hydrophobic structure making of the 
cosolvent has passed its maximum and the 
electrostriction effect of the ion is essentially 
without competition. 
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Methods of preparation of sulfanes 

E. MULLER AND J. B. HYNE 
Fundamental Sulphur Research Group, Alberta Sulphur Research Ltd., and Department of Chemistry, 

The University of Calgary, Calgary, Alberta 

Received July 26, 1967 

Sulfane crude oils obtained by acidification of aqueous sodium polysulfide solutions vary little in com- 
position with varying sulfur content of the solution. Evidence presented suggests that the distribution of 
the sulfanes in such crude oils reflects the equilibrated distribution of the various polysulfide anions in the 
aqueous solution before acidification. The sulfane distribution in mixtures obtained by reaction of liquid 
H2S with Br2, SCI2, and S2C12 respectively varies over a wide range, depending on the molar ratio of the 
reactants. Liquid H2S reacts with Br2 or SCIZ to yield essentially the same products. These reactions, 
however, differ in the nature of their intermediates. By using a large excess of liquid H2S, HzS3 was di- 
rectly synthesized in over 90% purity. Liquid HZS reacts with S2C12 to yield HzS4 in over 90% purity. 
Gaseous HCI catalyzes the reaction of HZS with the chlorosulfanes and a mechanism is suggested involv- 
ing HCl as a proton transfer agent in the formation of the reactive intermediates. 
Canadian Journal of Chemistry, 46, 2341 (1968) 

Introduction Experimental 

Hydrogen polysulfides have been synthesized 
by a variety of methods each of them-yielding a 
mixture of sulfanes rather than a single species. 
The preparation of sulfane crude oils from 
aqueous sodium polysulfide solutions has been 
reported previously (14) .  Butler and Maass 
reported the isolation of H2S2 and H2S3 in good 
yield from crude oils, suggesting the existence of 
substantial amounts of these sulfanes in the 
parent crude oil. Feher, however, reported that 
crude oils from aqueous polysulfide solutions 
did not contain H2S2 and H2S3, but did contain 
H,S, and the higher sulfanes. He further pointed 
out that the average sulfur chain length of the 
crude oil decreased with decreasing average 
sulfur chain length of the sodium polysulfide 
solutions. Though contradictory, these observa- 
tions indicate that the synthesis of a crude oil 
containing only one or two major sulfane species 
may be accomplished under suitable conditions. 

In addition, differing results have been re- 
ported for the reaction of liquid H2S with halo- 
gens and chlorosulfanes (5-7). While Feher 
and Kruse found H2S3 and H2S, to be tfie main 
components of the reaction of liquid H2S with 
halogens (6), Schmidt reported the formation of 
considerable amounts of H2S2 and H2S3 (7). 
Bromine was reported to react less vigorously 
than chlorine, although yielding the same reac- 
tion products. In order to gain a deeper under- 
standing of these reactions we investigated them 
in greater detail, particularly with respect to the 
direct synthesis of single sulfane species. 

Materials 
HZS: Matheson of Canada Ltd., used without further 

purification. 
Bromine: Analytical reagent grade, the British Drug 

Houses Ltd., used without further purification. 
Chlorosulfanes: SCIZ and S2C12, Hooker Electro 

Chemical Co., distilled before use, b.p. (SC12) = 59- 
60 "C, b.p. (SZCIZ) = 24-25 OC at 10 mm. 

Synthesis 
Sodium Polysulfdes 
Two molar aqueous NaZSx solutions with x = 2 to 

4.7 (saturation) were prepared by dissolving the required 
amount of elemental sulfur in a 2 M aqueous NaZS solu- 
tion by stirring and gentle heating. 

Suljane Mixtures ("Crude Oils") 
The various 2 M aqueous polysulfide solutions were 

acidified with a 10-fold excess of 6 M HC1 by slowly 
adding the polysulfide solution to the hydrochloric acid 
and cooling the reaction mixture to 0 "C. The separated 
crude oil was dissolved immediately in CC14 or CSZ. 

Sodium polysulfide solutions with an average sulfur 
content of x = 2 gave a very poor percent yield of total 
hydrogen polysulfides based on conversion of sodium 
polysulfides, the main product upon acidification being 
H2S. An increase of the sulfur content up to x = 4.7 
(saturation) increased the overall yield of hydrogen poly- 
sulfides. A similar dependence of the yield on the.average 
sulfur chain length of the sodium polysulfide solution 
was observed by Feher and Laue (3). 

HZS3 and H2S4 
Gaseous HZS was liquified and simultaneously satu- 

rated with HC1 under anhydrous conditions. 0.01 mole 
of one of BrZ, SCl2, and SZCIZ respectively were dissolved 
in CC1, or CSZ and slowly added to the liquified H2S 
while stirring. The reaction mixture was kept at -70 "C 
for 1 to 2 h before the excess of HIS was allowed to 
evaporate slowly. The remaining sulfane solution was 
then brought to a standard concentration of 2 moles 
H2Sx per 1000 ml solvent, assuming a 100% yield. The 
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molar ratio of H2S to the added reactants was varied from 2. Hydrogen Polysuljides by the Reaction of 
30:1 to 660:l. Liquid H,S with Br, 

The reaction of SC12 and S2CI2 with a 440 molar excess 
of liquid H2S yielded 86 % and 94 % sulfanes, respectively. Under of moisture an excess 
Under the same conditions bromine was converted into of liquid H2.S reacted with bromine at -70 "C 
72 % sulfanes. to yield a sulfane mixture according to 

Results [2] xH2S + (x - 1)Brz -t H2Sx + 2(x - 1)HBr 

I .  Hydrogen Polysuljides from Sodium 
Polysurjides 

Sodium polysulfides were converted upon 
acidification with hydrochloric acid into hydro- 
gen polysulfides according to 

The n.m.r. analysis showed that the reaction 
products were a mixture of sulfane homologues. 
A small variation of sulfane distribution within 
a crude oil as a function of the sulfur content of 
the starting.materia1 was observed but may not 
be significant in view of the experimental uncer- 
tainties in the n.m.r. analytical method (Fig. 1). 
The points shown in Fig. 1 are considered to be 
accurate to within + 5  % of the value shown. 
H2S4 was the predominant single species regard- 
less of the initial sulfur content of the sodium 
polysulfide solution. H,S, and H,S, were pres- 
ent in considerable amounts, whereas H,S, was 
present only in traces. By increasing the sulfur 
content of the starting material the relative pro- 
portion of the combined higher sulfanes (x 2 6) 
was increased at the expense of the lower sul- 
fanes. 

CRUDE OILS FROM 

I 
2 3 4 5 26 

SULFUR CHAIN LENGTH X 

FIG. 1. The distribution of sulfanes in crude oils from 
acidification of polysulfide solutions with varying sulfur 
content. Note: Mole %yields shown are relative to other 
sulfanes and are not absolute yields based on % conver- 
sion of the sodium polysulfides. 

x = 2 to 6 and higher. 
The composition of the sulfane mixture was 

found to be largely dependent on the molar ratio 
of H,S to Br,. H2S3 was the main component 
(Fig. 2). An increase of the molar ratio of H,S: 
Br, increased the relative occurrence of H2S3 
and decreased the occurrence of the higher sul- 
fanes accordingly. The formation of small 
amounts of H2S, is favored by an increase of 
the H,S:Br, ratio. When pure bromine rather 
than a bromine-CS, mixture is allowed to react 
with the liquid H,S, the sulfane distribution 
changed considerably in favor of H2S4 and the 
higher sulfanes. 

3. Hydrogen Polysuljides by the Reaction of 
Liquid H,S with SCI, and S, C1, 

Under careful exclusion of moisture an excess 
of liquid H,S was allowed to react with SCl, 
and S,C12 dissolved in CCl, or CS,. Neither 
SCl, nor S,C1, reacted with H,S at -70 "C 
before the greater part of the H,S had evapo- 

MOLAR RATIO H,S: Br2 

A 4 4 0 :  1 in CC14 

22 : I no solvent 

2 3 4 5 
SULFUR CHAIN LENGTH X 

FIG. 2. The distribution of sulfanes from H2S plus 
Br2 as a function of the molar ratio of the reactants. 
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MULLER AND HYNE: METHODS 

rated. Then a violent reaction took place yielding 
HCl and polymeric sulfur according to 

y = 1, 2; S, = polymeric sulfur. 
It appeared that the developing HCl auto- 

catalyzed the reaction such that the reaction 
went out of control. As this reaction took place 
when only little H2S was left, the conditions for 
the formation of sulfanes were unfavorable. To 
avoid the initial delay of the reaction, advantage 
was taken of the catalytic effect of HCl by satu- 
rating the liquid H2S with HCl previous to the 
addition of the chlorosulfanes. H2S saturated 
with HCl reacted immediately with the chloro- 
sulfanes to yield a mixture of hydrogen polysul- 
fides according to 

y = 1, 2; x = 2 to 6 and higher. 
The composition of the mixture was found to 

be dependent on the nature of the chlorosulfane 
and the molar ratio H2S:chlorosulfane. H2S 
and SC1, yielded a sulfane mixture with H2S3 
being the main component (Fig. 3). An increase 
of the H2S:SC12 ratio increased the relative 
occurrence of H2S3 in the sulfane mixture and 
decreased the yield of the higher sulfanes accor- 
dingly. Since the proton n.m.r. signal of H2S4 

MOLAR RATIO H,S :SCI2 

A 660 : l in CC14 
0 2 5 0  : 1 in CCl4 

XI : I in CS2 

2 3 4 5 )6 
SULFUR CHAIN LENGTH X 

FIG. 3. The distribution of sulfanes from H2S plus 
SClz as a function of the molar ratio of the reactants. 

OF PREPARATION OF SULFANES 2343 

I I 

- 90 MOLAR RATIO HES: 

A 440 : l  in CCI4 

- 70 

0-7 
IN - 5 0  

3 
0 - 
2 

- 3 0  

-10 

2 3 4 5 >6 
SULFUR CHAIN LENGTH X 

FIG. 4. The distribution of sulfanes from H2S plus 
S2C12 as a function of the molar ratio of the reactants. 

overlaps the broad base of the H2S3 signal the 
relative occurrence of H2S4 when present in 
small amounts can only be estimated. H2S2 is 
present only in trace amounts. 

S2C12 reacted with H2S to yield a sulfane 
mixture with H2S, being the main component 
(Fig. 4). Increase of the H2S:S2C12 ratio in- 
creased the relative occurrence of H2S4, as was 
observed in the case of H2S3 production from 
H2S and SCl,. The distribution of the higher 
sulfanes next to the main sulfane, however, is 
somewhat different. While the relative occur- 
rence of H2S, is low and is affected only very 
slightly by a change of the molar ratio of the 
reactants, the relative occurrence of sulfanes 
with a sulfur chain length of 6 or greater in- 
creased with decreasing H2S:S2C12 ratio in a 
more pronounced manner than was observed in 
the case of H2S plus SCl, (Figs. 3 and 4). The 
proton signal for H2S, (x 2 6) from H2S and 
S2C12 was also found to be narrower than that 
for H2S, (x 2 6) from H2S and SCl,, suggesting 
a narrower composition range for the higher 
sulfanes from S2C12 compared with SCl,. 

Discussion 

In the investigation of the qualitative and 
quantitative composition of a sulfane mixture, 
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n.m.r. has been found to be very useful (4, 8). 
All sulfanes up to a sulfur chain length of 5 are 
characterized by a single resolvable proton 
signal for the terminal hydrogens; the position 
of this signal was found to be dependent on the 
sulfur chain length of the sulfanes. For H2S6 
and the higher sulfanes a broad n.m.r. signal 
was found, thus limiting the qualitative n.m.r. 
analysis to the lower members of the sulfanes 
with a sulfur chain length of 1 to 5. 

When aqueous sodium polysulfide solutions 
of a given average sulfur chain length are con- 
verted to hydrogen polysulfides by reaction [I], 
the question arises as to whether the sulfane 
distribution in the crude oils reflects the poly- 
sulfide anion distribution in the aqueous solution 
or whether the observed sulfane distribution is a 
consequence of an equilibration among the sul- 
fanes after formation. 

Feher attributed the absence of H2S2 and 
H2S3 in the crude oils to secondary dispropor- 
tionation reactions according to 

151 HzS4 -> HzS + 3s 

2HzSz -+ HzS + HzS, 

2HzS3 -+ HzS + HZSS 

In the present work, however, it was found that 
all crude oils did contain considerable amounts 
of His3 and H2S4 (Fig. 1). I t  was further ob- 
served that both pure H2S3 and H2S4 are rela- 
tively stable for several hours at room tempera- 
ture, indicating that the observed H2S3/H2S4 
ratios in mixtures are not necessarily the equili- 
brated values. Sulfanes, therefore, do not equi- 
librate after their formation at a rate fast enough 
to invalidate the n.m.r. analytical technique. 

We, therefore, conclude that the distribution 
of the sulfanes in crude oils shows the distribu- 
tion of the various polysulfide anions in the 
aqueous solution prior to acidification, pro- 
vided that the n.m.r. analysis is made immedi- 
ately after the preparation of the crude oils. By 
converting the equilibrated polysulfide anions 
[6] into the corresponding hydrogen polysul- 
fides according to [7] the equilibrium [6] can be 
made evident in a "quasi-frozen" state by taking 
the n.m.r. spectrum of the hydrogen polysulfides. 

Feher attributed his observations that the 
average sulfur chain length of the crude oils was 
higher than the average sulfur chain length of 
the parent polysulfide solution to secondary 
reactions of the type [ 5 ] .  As S2- ions upon aci- 
dification will be converted into H2S which will 
escape out of the hydrogen polysulfide mixture, 
the apparent higher average sulfur chain length 
of the hydrogen polysulfide mixture with respect 
to the parent polysulfide solution may well be 
explained. 

The observed increase in yield of hydrogen 
polysulfides with increasing sulfur content of the 
sodium polysulfide solution may be due to the 
fact that an increase of the sulfur content of the 
polysulfide solutions will decrease the s2- ion 
concentration by removing the S2- ions out of 
equilibrium [6] by 

18 I SZ- + xs -> Sx+12- ,  

thus reducing the formation of H2S. As H2S4 
was found to be the main component of the sul- 
fane mixture, it is suggested that the tetrasulfide 
anion is the most stable polysulfide anion in the 
aqueous solution under the prevailing con- 
ditions. This agrees with the findings of Pearson 
and Robinson, who found the stability of sodium 
tetrasulfides to be significant (9). 

The first step of the reaction of excess liquid 
H2S with the halogen most likely will be the 
formation of a reactive monohalogenated inter- 
mediate according to [9], as was suggested by 
Schmidt (7). The reactive intermediate will 
subsequently react with H2S to form H2S, by 
[lo]. An increase of the molar ratio of H2S:Br2 
is expected to enhance the reaction of HSBr 
with H2S and consequently to yield H2S, in 
increasing amounts. However, H2S2 was found 
only in relatively small amounts (Fig. 2), where- 
as H2S3 was found to be the main component. 
This would suggest that H,S, is far more reac- 
tive than H2S and is competing favorably with 
H2S for HSBr according to [I I]. The formation 
of H2S3 as main component and the fact that 
sulfanes higher than H2S3 were found in decreas- 
ing amounts with increasing sulfur chain length 
suggest that sulfanes higher than H,S, are rela- 
tively stable with respect to the reaction with 

161 sX2- e Sx-yZ- + ST- H S B ~  as shown in [f2]. 

x = 2  to 6 and higher; y =  1 to x -  1. 19 I H2S + Br, -+ HSBr 4- HBr 

[71 Sxz- + 2H+ -> H2Sx [lo] HSBr + HIS -+ H2S2 + HBr 
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fast 
[I 1 ] HSBr + HZSZ + HZS3 + HBr 

[12] HSBr + HZS, -+ HZSx+l + HBr, x = 3 , 4 , 5 ,  . . .  
[13] Br, + HZSx -> HSxBr + HBr 

[I41 HS,Br + H,S -> H,S,, , + HBr 

Alternatively, H2S3 may have been formed via 
SBr, as one of the reactive intermediates accor- 
ding to 

fast 
[ Is ]  HSBr + Br, -+ SBrz + HBr 

[I61 SBr, + H2S -> HSSBr + HBr 

[171 HSSBr + HZS + H2S3 + HBr 

A clear differentiation between the two possible 
reaction pathways cannot be made at present. 
The observed small increase of the H2S2 yield 
with the increase of the H,S:Br, ratio (see Fig. 
2), however, supports the view of the interme- 
diate formation of H,S, rather than of SBr,. 

The observed increase of the yield of sulfanes 
higher than H2S3 when pure bromine is added 
rather than a solution of bromine is probably 
due to a slower distribution of the added bro- 
mine and the primarily formed reactive inter- 
mediates and reaction products in the liquid 
H,S. Br,, HSBr, and its reaction products might 
become locally concentrated, thus enhancing 
the formation of higher polysulfides by reactions 
[12], [13], and [14]. If a solution of Br, is added, 
a faster distribution in the liquid hydrogen sul- 
fide will occur and consequently reactions 
leading to higher polysulfides will be suppressed. 
The effect of bromine dilution on the compo- 
sition of the products levelled off quickly. A 
dilution of bromine to less than 2 moles Br, per 
1000 ml solvent had no further noticeable effect 
on the composition of the products. 

The first step of the reaction of H,S with 
SCl, is likely to be the formation of an S-S 
bond yielding a reactive intermediate according 
to equation [18] which subsequently will react 
by equation [19] to yield essentially the same 
reaction products as the reaction of liquid H,S 
with bromine. The reactions differ, however, in 
the nature of their intermediates. Accordingly, 
no H2S2 is expected from the reaction of liquid 
H2S with SC1,. The trace amounts of H2S2 
actually found are probably due to the formation 
of chlorine (eq. [20]) and subsequent reaction 
with H2S. Sulfanes higher than H2S3 can be 
formed by the further reaction of lower sulfanes 

with HSSCl according to eq. [21]. 

[I81 HSH + ClSCl + HSSCl + HC1 

[I91 HSSCl + HSH + HZS3 + HCl 

P O I  2SCIz * S,Clz + Clz 

[21 1 HSSCl + HZS, + H2SXiz + HCI 

x =  2,3,4,5, .  . .  
The mechanism of the observed catalytic 

effect of HC1 is not fully understood. HC1 may 
participate in the formation of a six-membered 
transition state to act as a proton transfer agent 
in the formation of HSSCl from H,S and the 
chlorosulfane. 

C1 C1 C1 C1 

The reaction of liquid H2S with S,Cl, most 
likely proceeds via a similar monohalogenated 
intermediate formed by reaction [22], which then 
subsequently reacts with H i s  to form H2S4 
by reaction [23]. The formation of sulfanes with 
a sulfur chain length of 6 and greater was sup- 
pressed by an increase of the H2S:S2C12 ratio 
(Fig. 4). Sulfanes higher than H2S4, therefore, 
are most likely formed by secondary reactions 
of the primary H2S4 with the reactive interme- 
diate according to [24]. 

[221 HSH + ClSSCl + HSSSCl + HCI 

[231 HSH + ClSSSH -* HZS4 + HCI 

[241 HzS4 + ClSSSH + H2S7 + HCI 

According to this reaction sequence, H2S4 is 
expected to be the main component in the reac- 
tion mixture and H2S7 is expected to be the 
main component of the sulfanes with a sulfur 
chain length of 6 or greater. As mentioned pre- 
viously, H2S4 indeed was found to be the main 
sulfane. Unfortunately, the n.m.r. analysis does 
not resolve signals of sulfanes with a sulfur chain 
length of 6 or greater. The proton signal of these 
sulfanes, however, is much narrower than that 
observed for the higher sulfanes prepared by 
other methods and could well indicate a pre- 
dominance of H2S7. 

1. I. BLOCH and F. HOHN. Ber. Deut. Chem. Ges. 41, 
1961 (1908). 

2. K. H. BUTLER and 0. MAAS. J. Am. Chern. Soc. 52, 
2184 (1930). 
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Complexes of alkyl and aryl cyanides. Part VI.' The vibrational spectra of 
MX, .2RCN, where M = Pd or Pt, X = Cl or Br, and R = Me or Ph, 

and the assignment of the metal-nitrogen stretching frequency 

R. A. WALTON 
Departmerzt of Chemistry, Unrioersity of Reading, Whiteknights Park, Reading, Berkshire, England 

Received January 25, 1968 

A careful examination of the Raman and infrared spectra of the crystalline planar complexes cis- 
and trans-MX2.2RCN, where M = Pd or Pt, X = C1 or Br, and R = Me or Ph, reveals intense absorp- 
tion bands in the 125-80 cm-' region which can be assigned to modes involving stretching of the 
metal-nitrogen bonds. Alternative assignments for v(M-N) are also discussed. These results are com- 
pared with those for other metal halide - RCN systems. The complexes tranls-PtBr2.2RCN are described 
for the first time. 
Canadian Journal of Chemistry, 46, 2347 (1968) 

Introduction 

In a previous paper (Part I11 in this series) (2) 
it was concluded from far-infrared spectral 
measurements (500-200 cm-') that v(M-N) 
occurs below 200 cm-l in methyl and phenyl 
cyanide complexes of palladium(II), platinum(II), 
and rhodium(II1). Previously, v(Zn-N) had been 
assigned (3) to a band at 174 cm-' in the spec- 
trum of ZnC12.2MeCN. Since this time, various 
workers have reported metal-nitrogen stretching 
frequencies in a variety of alkyl and aryl cyanide 
complexes viz. N 300 cm-' in MX,.NC.CH2- 
CONH,, where M = Ti or Sn (4); N 175 cm-' 
in silver(1)-succinonitrile complexes (5); 550-500 
cm-' in M(CO),(MeCN),, where M = Cr, Mo, 
or W (6); 250-195 cm-' in SnC14.2RCN, 
where R = Me, CH2=CH--, or Ph (7). The 
most convincing results to date are those of 
Farona and Grasselli (7), who assigned two 
v(Sn-N) modes in the infrared spectra of 
cis-SnC14.2RCN, consistent with the cis-stereo- 
chemistry. The above assignments have been 
based exclusively upon infrared spectral measure- 
ments. Unfortunately these are rarely unam- 
biguous and in the assignment of metal-ligand 
stretching vibrations (other than metal-halogen) 
a certain amount of "band picking" is usually 
necessary. It should also be borne in mind that 
v(M-L) may be masked by the intense bands 
due to v(M-X), and that the former could in 
some instances be confused with bands arising 
from overtone and combination vibrations. 

In the present paper detailed Raman and 
infrared spectral studies on several complexes of 

'Part V, ref. 1. 

the type MX2.2RCN are reported, and these 
results, taken in conjunction with earlier work 
(2, 8), are compared with the results and inter- 
pretations of others (3-7) on the assignment of 
v(M-N) in related systems. Complexes of the 
palladium(I1) and platinum(I1) halides have 
been used as model compounds in this and other 
spectral investigations (2, 8) because of the 
wealth of data already reported in the literature 
on the M-X stretching and bending modes of 
complexes of the type MX2.2L (8-15). This 
should aid the assignment of the spectra of 
MX2.2RCN. 

Results and Discussion 

A. Coordinated Ligand Spectra (4000-500 cm- ') 
The infrared spectra of trans-PdC12.2PhCN 

and cis-PtX2.2PhCN have been reported pre- 
viously (8). Trans-PtBr2.2PhCN which is repor- 
ted here for the first time has an infrared spec- 
trum (see Experimental) very similar to that of 
trans-PdC12.2PhCN, with v(C=N) at 2280 cm-' 
and strong absorptions at 757 and 683 cm-', 
associated with the out-of-plane C-H deforma- 
tion vibrations of the phenyl groups. 

Of the methyl cyanide complexes, only 
trans-PtBr2.2MeCN does not appear to have 
been isolated previously (16-18). A comparison 
of the hexachlorobutadiene mull spectra of 
trans- and cis-MX2.2MeCN (Fig. 1) suggests 
that the regions 3100-2800 and 1500-1 300 cm- ' 
may be used to establish the stereochemistry of a 
planar complex of the type MX2.2MeCN. 

B. Far-Infrared and Raman Spectra of 
MX2.2MeCN 

The spectral data for the methyl cyanide 
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FIG. 1. Hexachlorobutadiene mull spectra o f  trans- 
and cis-MX7.2MeCN: (a) rrans-PdC1,.2MeCN and 
t r a n s - ~ t ~ r ~ . 2 ~ e ~ ~  (b) ~ ~ X - P ~ C ~ ~ . ~ M < C N  and cis- 
PtBrz.2MeCN. 

complexes are shown in Table I. The fluorescence 
of PdC12.2MeCN prevented the measurement 
of its Raman spectrum. For trans-PdC12.2MeCN, 
cis-PtC12.2MeCN, and trans-PtBr2.2MeCN 
v(M-X) are immediately obvious from a 
comparison with other work (8-15), and confirm 
the stereochemistry of these species. Thus, 
trans-PtBr2.2MeCN should have two v(M-X) 
modes, one of which is Raman active (A,, 
symmetry) and the other infrared active (B,,  
symmetry) as a consequence of the mutual- 
exclusion principle. Cis-PtC12.2MeCN, on the 
other hand, has two v(M-X) modes (symmetry 
A, + B,) which are both infrared and Raman 

active. One unusual feature of the spectra of 
cis-PtC12.2MeCN is the splitting (N 10 cm-') of 
the highest v(Pt-C1) frequency. This may be a 
solid-state effect or, alternatively, arise from the 
presence of an overtone (2 x 170?) or combina- 
tion band with enhanced intensity, possibly by 
Fermi resonance. 

The infrared spectrum of cis-PtBr2.2MeCN 
has two intense bands at 246 and 220 cm-', 
which could be assigned to v(Pt-Br). However, 
the Raman spectrum of this complex reveals a 
strong band at 245 cm-' and weaker bands a t  
258 and 212 cm-', which suggests that the band 
at -215 cm-' is not v(Pt-Br), since the A,  
metal-halogen stretching mode is invariably a t  
a lower frequency than B, and more intense 
than the latter in the Raman spectrum. The band 
at - 215 cm-' may correspond to that at 226 
cm-' in the infrared spectrum of cis-PtC12.2Me- 
CN. 

Rather more difficulty is encountered in the 
unambiguous assignment of the metal-halogen 
bending modes; in these particular complexes 
these modes will not exclusively involve the 
metal-halogen bonds. However, trans-PdC12.2- 
MeCN and cis-PtC12.2MeCN have bands in the 
180-160 cm-' region (Table I) which are 
assigned to modes involving bending of the 
MC12 groups. 

This then leaves the problem of the metal- 
nitrogen stretching vibrations which will be 
discussed in terms of three spectral regions. 

(a) 500-300 cm- ' 
The group of bands which are observed around 

400 cm-' in these and other complexes of 
alkyl and aryl cyanides (19-22) are assigned to 
G(C-GN) of the coordinated RCN molecules. 
Since their frequencies do not appear to be 
dependent upon the stereochemistry or oxidation 
state of the central metal atom, it seems unlikely 
that this group of bands also contains absorp- 
tions due to v(M-N). 

The complexes cis- and trans-PtBr2.2MeCN 
show medium-weak absorptions at -320 
and N 350 cm-l, respectively, which do not 
apparently appear in the spectra of cis-PtC12.- 
2MeCN, although they could be obscured by 
v(Pt-Cl). The weakness of these bands (see 
Table I and Figs. 2 and 3) and the failure for 
more than one band to be observed (symmetry 
requires two v(M-N) modes for cis-PtBr2.2Me- 
CN) suggest that they are not associated with the 
metal-nitrogen stretching vibrations. 
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TABLE I 

Vibrational spectra and assignments for MXZ.2MeCN* 
- 

Cis-PtClz.2MeCN Trans-PtBrz.2MeCN Cis-PtBrz.2MeCN 
Trans-PdCIz.2MeCN, 

infrared Infrared Raman Infrared Raman Infrared Raman Assignment 

449 m 4 3 2 ~  4 4 4 ~  436 m-w 420 m-w 434 m-w 439 m 
413 m 417w 422w 388 m 404 m-w 406 m 6 ( C - S N )  

406 w 409 w 
389 s 

160 m 175m 177m 
160 m-s 

125 m-s 12011-s 124vs 117 m-s 116 s 1 17 vs v(M-N) ? 
100 m-s 107 m-s 95m-s 104sh 

253 m 264 w 282 m-s 350 w 315 m-s 322 m-w 
240 m 251 m-w 251 m-w 279 vw 

-105 m,br 226 m 232 wt  134 sh -140 w,br 220 m-s 212 w Unassigned 
-72 m-w 201 w 102 sh 194 m-w 

90 m-s 83 m-s 78 m 
73 w 58 m 
68 m 

'Except for a band at 380 cm-1, which is infrared and Ramanactive, methyl cyanide is transparent below 400 cm-I. 
tspurious absorption. 

FIG. 2. Raman spectra of crystalline (a) trans- 
PtBrz.2MeCN and (b) cis-PtClZ.2MeCN. 

FIG. 3. Far-infrared spectra of (a) cis-PtClz.2MeCN 
' and (b) cis-PtBrz.2MeCN. 

(6) 300-200 cm-' 
As was remarked in a previous paper (2), 

the infrared spectra of MX2.2RCN in this 
region shows, in addition to v(M-X), several 
absorptions which cannot on symmetry grounds 
be assigned to v(M-N). Complimentary Raman 
data in the present investigation would seem to 

confirm this. Thus cis-PtC12.2MeCN has infra- 
red-active absorptions at 264,25 1, and 226 cm- ' 
which are absent in the Raman spectrum of this 
crystalline complex. Therefore, unless v(Pt-N) 
are unusually weak in the Raman spectra, they 
do not appear to occur in this spectral region. 

(c) Below 200 cm- ' 
As can be seen from Figs. 2 and 3 and Table I, 

the spectra in this region are dominated by 
intense absorptions between 125 and 80 cm-'. 
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TABLE 11 
Vibrational spectra and assignments for MX2.2PhCN 

Trans-PdCI2.2PhCN Cis-PtCI2.2PhCN Trans-PtBr2.2PhCN 
Cis-PtBr2.2PhCN, 

Infrared Raman Infrared Rarnan Infrared Raman infrared Assignment 

420 rn-w 4 1 5 ~  422w 
393 w 392 w 402 w 406 w 

395 w 

368 s 355 s 369 rn 243 s 
306 s 344 s 340 s 

104 rn-s 109 sh 
92 vs [ 104 rn 

100 rn-w 

312 m 306 s 310 w 
287 rn-s 270 w 275 w 
250 w 255 w 234 rn 

209 w 202 sh 
160 s -160 w,br 183 rn 

165s 163s 
130 m -130 w 151 w 
72 w -78 sh 135 rn-w 138 rn 
56 m 128 rn? -125 sh 

-72 rn 
-62 m 

-. 

'Spurious absorption. 
tAlternatively assigned to G(PtBr2). 

The bands at - 170 cm-' in the chloro com- 
plexes are assigned to S(C1-M-CI), while the 
weak absorptions between 200 and 150 cm-' in 
all the complexes are of unknown origin. 

One problem of making spectral assignments 
below 150 cm-' is the likely occurrence of 
absorption bands due to "lattice modes". These 
might not only obscure v(M-L) but in some 
instances be incorrectly assigned to the latter. 
For PtBr2.2MeCN, S(Br-Pt-Br) should also 
be observed below 150 cm-', but since the 
corresponding absorption bands in the chloride 
complexes are only medium-weak in intensity, 
they are most likely obscured, at least in the 
cis-isomer (see Table I), by the very intense 
band between 120-80 cm-'. 

The intensity of the 120-80 cm-' bands and 
their presence in both the Raman and infrared 
spectra of the chloride and bromide complexes 
would be consistent with their assignment as 
v(M--N). 

C. Far-Infrared and Raman Spectra of 
MX,  .2PhCN 

For these complexes, the increased complexity 
of the ligand spectra (23) makes spectral 
assignments more difficult. As before (see B) the 
bands due to S(C-CGN), v(M-X), and 
S(C1-M-Cl) are readily assigned (Table 11). 

176 w 293 w 
134 w -228 sh?* 

-70 sh -188 rn-w,br 
-137 w Unassigned 

121 w? 
113 rn-w 

-93 w? 

During attempts to re-prepare samples of 
cis-PtBr2.2PhCN, it was found that the reaction 
products had infrared spectra (500-200 cm-') 
different from that of the sample originally 
believed to be the cis-isomer (2, 8). Five samples 
were prepared by the same procedure and had 
identical spectra (Table 11). During a further 
preparation, the trans-isomer was isolated, 
but attempts to repeat this preparation were not 
successful; the exact conditions under which the 
trans-isomer crystallizes in preference to the 
cis are as yet unknown. The trans-isomer does 
not appear to have been isolated before. The 
Raman spectrum of the "cisw-isomer (2, 8), 
which had an intense band at 206 cm-', similar 
to that observed in the trans-isomer (Table 11) 
and assigned to vSyn,(Pt-Br), indicates that the 
original sample (8) was a mixture of isomers. 
Attempts to obtain the Raman spectrum of the 
authentic cis-isomer were frustrated by the 
fluorescence of the sample. In view of the 
complexity of the infrared and Raman spectra 
of cis-PtC12.2PhCN and cis-PtBr2.2PhCN, de- 
tailed assignments will not be attempted. 
Indeed, the Raman spectrum of cis-PtC1,.2PhCN 
was not accessible below - 120 cm-' and the 
infrared spectra of the cis-isomers (200-33 cm-') 
were poorly defined, compared with those of the 
trans-isomers. 
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1 I I I I I I 

310 230 150 70 
- I  

c r n  

bands at 350(s), 340(s), and 300(sh) cm-' 
assignable to v(Rh-C1) of the trans-isomer. In 
the present work, this complex (two separate 
preparations) was found to have a strong 
absorption at 350 cm-', with the possibility of 
an ill-defined shoulder at - 355 cm-l, and a 
broad weak band at 300 cm-l. The previous 
assignment (20) is therefore revised, and the 
complex assigned a cis-stereochemistry. 
G(C-GN) is observed at the unusually high 
frequency of 454 cm-l, with a weak absorption 
at 427 cm-'. 

The complex trans-PdC12.2EtCN, prepared by 
the direct reaction of palladium(I1) chloride with 
ethyl cyanide, has infrared absorption bands at 
395(s) and 351(s) cm- ', assigned to G(C-GN) 
and v(Pd-C1) respectively; a band at 314(m-s) 
cm-' is the only other prominent absorption 
between 500 and 200 cm-'. 

E. General Discussion 
It is clear from the above results that the 

125-80 cm-' spectral region is the only one in 
which absorption bands could be assigned to 
vibrational modes involving the stretching of the 
metal-nitrogen bonds of o-bonded RCN mole- 
cules. Even so, these assignments cannot be 
regarded as unambiguous, even for the relatively 

FIG. 4. Raman spectra of crystalline (a) trans- simple planar M X , . ~ M ~ C N  molecules. However, 
PdC12.2PhCN and (b) tratzs-PtBr,.ZPhCN. the present work does raise some doubt regard- 

ing the assignments of v(M-N) in other systems 

The Raman spectra of trans-PdC12.2PhCN 
and trans-PtBr2.2PhCN (Table I1 and Fig. 4) 
are each dominated by two intense absorptions. 
The higher frequency one is assigned to v,,,- 
(M-X) and that at - 90 cm-' to v(M-N), 
being similar in position to that tentatively 
assigned to this mode in trans-PtBr2.2MeCN. 
The band at 104 cm-' in the infrared spectrum 
of trans-PdCI2.2PhCN could be due to  vantisym- 
(Pd-N). The corresponding infrared spectrum 
of trans-PtBr2.2PhCN could not be measured 
owing to lack of sufficient sample. 

The Raman spectrum of phenyl cyanide (23) 
has its lowest energy band at 172 cm-', so the 
bands at - 100 cm-' in the spectra of trans- 
MX2.2PhCN cannot be assigned to ligand modes. 

- u 

(3-7), since these were drily based upon infrared 
measurements. 

Although MX2.2MeCN show several bands 
in the 300-200 cm-I region, these are not 
assignable to  v(M-X) or  v(M-N) but may be 
due to overtone or combination vibrations. 
Bending modes of the MX2N2 skeleton should 
also occur in the region below 200 cm-l, and 
this might therefore further complicate the 
assignment of v(M-N). I t  is also interesting 
to note that although detailed infrared and 
Raman measurements have been made on 
TiX4.2MeCN (24), where X = C1 or Br, the 
assignment of v(Ti-N) remains in doubt. 

At first sight we might have anticipated 
v(M-N) at - 500 cm-' in these complexes, 
by comvarison with the much studied metal- 

D. Other Alkyl Cyanide Complexes ammine- complexes (10, 12, 13), since mass 
The complexes RhCI3.3MeCN and RhC13.3- effects alone are unlikely to cause such a 

EtCN (20) were re-prepared and their infrared drastic drop in metal-nitrogen stretching fre- 
spectra (500-200 cm-') remeasured. The former quencies (compare v(Pt-N) in methylamine 
complex was previously reported (20) to  have complexes of platinum(I1) with those of the 
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related ammonium complexes (25)). If the 
intense bands in the 125-80 cm-I region are 
correctly assigned to v(M-N), then they are at 
an unusually low frequency, compared to other 
platinum(I1) and palladium(I1)-ligand stretching 
frequencies (10-15, 25). This may be a reflection 
on the existence of rather long weak metal- 
nitrogen bonds in these complexes. Crystallo- 
graphic data for several of these systems would 
seem to be desirable. 

Experimental 
C i s - P t X Z . 2 R C N ,  t r a n s - P d C l Z . 2 R C N ,  a n d  

RhC13.3EtCN were prepared as described previously 
(2, 8, 20). RhC13.3MeCN was isolated by a slight modi- 
fication of the original procedure (20); the preparation 
was carried out in the presence of ethyl orthoformate, 
to ensure anhydrous reaction conditions. 

Anal. Found: C, 21.0; H, 2.9; N, 12.5. C6H9N3C13Rh 
requires C, 21.7; H, 2.7; N, 12.6. 

During the preparation of cis-PtBrZ.2PhCN (8), 
in one instance the trans-isomer crystallized from the 
solution. The exact conditions under which the trans- 
isomer is formed in preference to the cis- could not be 
ascertained since attempts to repeat the preparation of the 
trans-isomer were unsuccessful. 

Anal. Found: C, 29.8; H, 1.8; N, 4.8. Cl4HIONZBr2Pt 
requires C, 30.0; H, 1.8; N, 5.0. 

Infrared absorption bands (230e1500 and 1300-400 
cm- ') of the trans-isomer are as follows: 2280 s ;  1598 s ;  
1292m-w; 1198s; 1172s; 1093 w; 1067 w; 1021 w; 
998 m ;  968 vw; 929 m; 843 vw; 757 vs; 683 vs; 625 vw; 
555 sh; 550 vs; 537 s. 

Trans-PtBrZ.2MeCN was prepared by exactly the same 
procedure used previously (8) to obtain the cis-isomer. 
In one instance a mixture of isomers was obtained 
(far-infrared spectra) but the pure cis-isomer (8) could not 
be re-prepared. 

Anal. Found: C, 10.95; H, 1.45; N, 6.4. C4H6N2Br2Pt 
requires C, 11.0; H, 1.4; N, 6.4. 

Principal infrared absorption bands (Nujol mull) were 
observed at 2320(m); 2305(sh); - 1400(m,br); 1358(s); 
1020(s); 960(w) crn- '. 

Trans-PdClZ.2EtCN was prepared by refluxing a 
suspension of palladium(I1) chloride in ethyl cyanide and 
evaporating the resulting yellow solution to dryness 
(v(C=N) 2320(s) cm- I). 

Anal. Found: C, 24.5; H, 3.5; N, 9.6. C6H1~N2ClZPd 
requires C, 25.1; H, 3.5; N, 9.75. 

The complexes cis-PtClZ.2MeCN, cis-PtC12.2PhCN, 
and cis-PtBrz.2PhCN were slightly soluble in acetone in 
which they formed nonconducting solutions. 

Physical Measurements 
Infrared spectra were recorded as Nujol mulls on 

GrubbParsons DM4 (50C200 cm-') and Beckrnan 
I R l l  (25e33 cm-') spectrophotometers. The Rarnan 
spectra of the crystalline complexes were obtained 

using a Cary 81 spectrometer with He-Ne laser excitation; 
the instrument used has been described in detail elsewhere 
(26). Measurements were restricted to the solid state 
because the complexes were insufficiently soluble in 
suitable solvents. 
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Bhotolysis of ketene. I 
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Ketene has been photolyzed at  3660 and 3130 A both alone and in the presence of the inert gases CqF8 
and SF,. The quantum yield of carbon monoxide has been determined a t  both wavelengths as  a function 
of pressure and temperature. At 3660 A the quantum yield decreases with increasing pressure but in- 
creases with increasing temperature. At 3130 A the quantum yield with ketene alone remains 2.0 at both 
37 and 100 "C at  pressures up to 250 mm. At higher pressures of ketene or with added inert gas the quan- 
tum yield decreases with increasing pressure. The results are interpreted in terms of a mechanism in which 
intersystem crossing from the excited singlet state to the triplet state occurs at  both wavelengths, and col- 
lisional deactivation of the excited singlet state by ketene is single stage at  3660 A but multistage at  3130 A. 
Canadian Journal of  Chemistry, 46, 2353 (1968) 

Introduction 
The photolysis of ketene appears to provide 

data that can be used to test the predictions of 
unimolecular reaction theories regarding the 
dependence of the rate of decomposition of a 
molecule on its total energy. Previous work on 
the photolysis has shown that the carbon mon- 
oxide quantum yield at 3660, 3340, and 3130 A 
is pressure dependent (1-3). If a simple mech- 
anism is assumed in which decomposition of the 
excited singlet state competes with collisional 
deactivation, estimates can be made of the values 
of the decomposition rate constant at different 
wavelengths and temperatures and hence at 
different total energies of the excited singlet 
state molecule. Several comparisons of theory 
with experiment have been made on the basis 
of this assumption (3-5). 

However, evidence has been mounting that 
triplet methylene as well as singlet methylene is 
formed during the photolysis at all wavelengths, 
the proportion increasing as the wavelength is 
lengthened (6-12). This has necessitated postu- 
lating the formation of triplet ketene as the pre- 
cursor of triplet methylene and thrown doubts 
on the validity of the simple mechanism upon 
which the comparisons of reaction rate theory 
with experiment have been based. Several new 
mechanisms for the photolysis have recently been 
proposed (12-14). 

In the present work more extensive data on 
the pressure dependence of the carbon mon- 
oxide quantum yield at 3660 and 3130 A have 
been obtained. Inert gases have been used, in 
addition to ketene itself, as quenching agents, 
and the photolysis has been carried out over a 

wider temperature range than that covered in 
previous work. The objects have been, firstly, 
to provide a larger body of data on which to 
base conclusions regarding the probable mech- 
anism of the photolysis and, secondly, to obtain 
information on energy transfer, by ascertaining 
whether, as in the case of hexafluoroacetone 
(15), there is any evidence that deactivation is a 
two- or multi-stage process at the shorter wave- 
lengths. 

Experimental 
Ketene was prepared by the method of Jenkins (16). 

The vapor of acetic anhydride was passed through a n  
evacuated tube maintained at  500 "C. Acetic acid and 
unreacted anhydride were condensed by two dry ice 
traps and the ketene collected in a third trap immersed in 
liquid nitrogen. Any more volatile gases were removed 
continuously by a diffusion pump. The ketene was fur- 
ther purified by several trap to  trap distillations. It was 
stored in a reservoir at  -196 "C. Prior to each run the 
small quantity of ketene required was thoroughly out- 
gassed by further trap to trap distillations. 

OctaAuorocyclobutane and sulfur hexafluoride were 
both Matheson products stated to be 99.99% and 98 % 
pure respectively. Noncondensables were removed at  
-196 "C and before each run the quantity of gas to  be 
used was thoroughly outgassed by trap to trap distillation. 

British Drug Houses diethyl ketone was fractionally 
distilled. A constant boiling middle third (b.p. 102.5" 
uncorrected; lit. b.p. 102.7" (17)) was thoroughly out- 
gassed in the vacuum line and stored in a reservoir at  
- 196 "C. 

A cylindrical quartz reaction cell of length 20 cm and 
internal diameter 3 cm was used. It was enclosed in an  
electrically heated aluminium block whose temperature 
could be controlled to  within f 0 . 5  "C. For  the work at  
3660 A, the light source was a Philips 125-watt black 
glass mercury vapor lamp. For the 3130 A runs, a Hano- 
via 220-watt medium pressure arc was employed. In both 
cases a fairly parallel and uniform light beam, filling the 
cell, was achieved by the use of a quartz lens and a stop. 
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I KJ 
MOLES/ LITER X l o 3  

FIG. 1. Optical density versus ketene concentration at 3130 and 3660 A and various temperatures. 

To isolate 3660 A, two Chance-Pilkington glass filters, 
OX1 and OVl, each 2 mm in thickness, were placed be- 
tween the lens and the cell. Their combined transmission 
extends from 3400 8, to 4200 A with a maximum at 3750 
A. The 3130 A filter combination was that recommended 
by Hunt and Davies (IS), except that the strength of the 
potassium chromate solution was halved. Light intensi- 
ties were monitored by means of a photocell, mounted 
behind the reaction cell, in combination with a microam- 
meter. 

In the runs with added inert gas, appropriate quantities 
of ketene and the gas were introduced in turn into the 
reaction cell. The two were then mixed by opening the 
cell to an adjoining 250 ml volume and lowering and 
raising the mercury in this a number of times. At the end 
of each run, all products other than carbon monoxide 
were retained by two traps, the first at - 196 'C and the 
second at -210 "C. The carbon monoxide was collected 
and measured with a McLeod-Toepler gauge (1). Con- 
versions were kept below 2 %  in all cases. 

The absolute magnitudes of the quantum yields at 
3660 A were based on the work of Taylor and Porter (3) 
at this wavelength. Using a ferrioxalate actinometer, they 
obtained a value of 4.029 x l o u 5  mole 1-' for the in- 
verse slope of the plot of twice the reciprocal of the carbon 
monoxide quantum yield versus ketene concentration at 
23 "C. Strachan and Noyes, Jr. (1) found that the inverse 
slopes of such plots increase with temperature with an 
activation energy of 4500 cal mole-'. Utilizing this 
finding, the inverse slope of the same plot at 37 "C was 

estimated to have the value 5.656 x mole I-' .  The 
assignment of this value to the experimentally determined 
inverse slope at 37 "C enabled relative quantum yields to 
be converted into absolute ones. At 3130 A diethyl ketone, 
which at this wavelength and 100 "C has a carbon mon- 
oxide quantum yield of unity (19), was used as an internal 
actinometer. 

Results 

Plots of optical density versus ketene concen- 
tration are shown in Fig. 1.' Beer's law is 
obeyed within experimental error for each tem- 
perature at both wavelengths. The extinction 
coefficients found are, at 3660 A, 2.91, 4.33, 
5.95, and 7.49 molq-' 1 cm-' at 37, 150, 225, and 
300 "C respectively, and, at 3130 A, 10.7 and 
11.9 mole-' 1 cm-'at 37 and 100"Crespective1y. 

Figures 2, 3, and 4 show the variation in the 
quantum yield of carbon monoxide at 3660 A 
with increasing pressure of ketene or inert gas.' 

'Tables of the data from which these plots were made 
have been placed in the Depository of Unpublished Data. 
Photocopies may be obtained free of charge, upon re- 
quest, from: Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa; Canada. 
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FIG. 2. Twice the reciprocal of the carbon monoxide quantum yield versus concentration at 3660 8, and 37 "C. For 
clarity the ordinate origin has been displaced upwards by 100 units for the C4Fs points and downwards by 100 units for 
the SF, points. 

FIG. 3. Twice the reciprocal of the carbon monoxide quantum yield versus concentration at 3660 8, and 150 "C. 
For clarity the ordinate origin has been displaced upwards by 10 units for the C4Fs points and downwards by 10 units 
for the SF6 points. 

In the runs with C4F8 and SF, a constant pres- 
sure of 50 mm of ketene was used at all four 
temperatures. It can be seen that at each tem- 
perature reasonable linearity is obtained when 
twice the reciprocal of the quantum yield of 
carbon monoxide is plotted against concentra- 
tion of ketene or inert gas. The slopes of the lines 
in Figs. 2, 3, and 4, calculated by the method of 
least squares, are shown in Table I along with 
the intercepts of the plots for ketene alone. 

Figures 5 and 6 show the results at 3130 A.' 
With ketene on its own the quantum yield of 

TABLE I 

Slopes and intercepts of 2/+',, vs. concentration at 
3660 8, 

carbon monoxide remains 2, within experimen- 
tal error, at both 37 and 100 "C at pressures up 
to 250 mm. At higher pressures it starts to fall. 
At 37 "C the addition of C4F8 or SF, to 50 mm 
of ketene brings about an immediate decrease in 
the carbon monoxide quantum yield. In con- 
trast at 100 "C, at least 100 mm of inert gas have 
to be added before a significant decrease occurs. 
At both temperatures the decrease continues up 
to the highest pressures of inert gas used. The 
values of the slopes of the lines in Figs. 5 and 6, 
calculated by the method of least squares from 
the C4F8 and SF, points combined, are 19.6 and 
18.2 mole-' 1 at 37 and 100 "C respectively. 

Discussion 
Slopes (nlole-' 1) 

Temp. Intercept, The results are best explained in terms of the 
(OC) Ketene C4Fs SF6 ketene reactions and transitions shown in Fig. 7. Spec- 

37 17 680 23 330 17 940 
troscopic evidence and theoretical calculations 

150 3 050 2 810 2 588 20.0 4.6 place the triplet state and the first excited singlet 
225 1 131 530 - 3.3 state of ketene 61 and 74 kcal mole-', respec- 
300 966 158 - 0.8 tively, above the ground state (20). 
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FIG. 
300 "C. 

FIG. 

4. Twice the reciprocal of the carbon monoxide quantum yield versus concentration at 3660 A and 225 and 
The vertical broken line denotes the concentration of ketene used in the runs with C4Fs. 
5. Twice the reciprocal of the carbon monoxide quantum yield versus concentration at  3130 A and 37 "C. The 

broken vertical line denotes the concentration of ketene used in the runs with C4F8 and SFs. 
FIG. 6 .  Twice the reciprocal of the carbon monoxide quantum yield versus concentration at  3130A and 100 "C. The 

broken vertical line denotes the concentration of ketene used in the runs with C4F8 and SF,. 

0 2 0  8 0  100 fKO]+;;] 
MOLES I L I T E R  X 10 

FIG. 7. Energy diagram of theelectronic states of ketene. 
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3660 A 
On the above basis, absorption at 3660 A 

results in the formation of excited singlet state 
molecules with -- 4 kcal mole-' of vibrational 
energy. These may then undergo the three alter- 
native processes [2], [3], and [4]. Reaction [2] 
is decomposition into singlet methylene ('cH,) 
and carbon monoxide. There is evidence that 
some singlet methylenes are formed at 3660 A, 
although estimates of the percentage of the total 
methylenes which are singlet at this wavelength 
vary (7,8, 10,12). 

Step [3] is intersystem crossing to the triplet 
state. Other workers (8, 10) support the view 
that this is an intramolecular process and is not 
collision induced. The triplet state formed by 
[3] is assumed to live long enough to reach ther- 
mal equilibrium. It then either decomposes into 
triplet methylene (3CH2) and carbon monoxide 
[5], or undergoes intersystem crossing to the 
ground state [6]. The fate of both singlet and 
triplet methylene is assumed to be reaction with 
ketene to form ethylene and carbon monoxide. 

Competing with [2] and [3] is collisional 
deactivation [4]. Since the average vibrational 
energy transferred per collision to polyatomic 
deactivators in other systems has been found to 
be of the order of 10 kcal mole-' (21), it is prob- 
able that a single collision with either ketene or 
one of the two gases added is sufficient to deacti- 
vate the excited singlet state molecule to its 
lowest vibrational level. Figures 2 and 3 confirm 
the findings of previous workers (1, 3) that, in 
contrast to the behavior of hexafluoroacetone 
(22), there is no tendency for the carbon mon- 
oxide quantum yield I$,, to reach a limiting 
value at high concentrations. It appears that, 
from the lowest vibrational level of the excited 
singlet state, internal conversion to the ground 
state [7] is considerably faster than either decom- 
position or intersystem crossing, and takes place 
to the exclusion of both. A fast internal con- 
version process [7] would also explain why no 
fluorescence from ketene has ever been observed, 
despite several attempts to find it (see ref. 23). 

The above processes may be written 

11 1 K + hv (3660 A) -t 'K, 

12 1 'K, -t 'CH, + CO 

+ K o r M  
13 1 'K, -> 3K, ---------+ 3K0 

1 4 ~ 1  'K +I( - '  > K o + K  

where K represents a ground state molecule of 
ketene, M a molecule of added gas, 'K,, a mole- 
cule of ketene in the inth vibrational level of the 
excited singlet state, and 3K, a molecule of 
ketene in the nth vibrational level of the triplet 
state. 

Application of the usual steady-state assump- 
tion leads to 

where A = k2 + k3k5/(k5+k,). Figures 2, 3, 
and 4 show how, at all temperatures, in agree- 
ment with this expression, 2/4,, increases 
linearly with ketene concentration [K] in the 
absence of added gas, and linearly with inert 
gas concentration [MI at constant concentration 
of ketene. In addition, at each of the two lower 
temperatures, the slopes for the three different 
gases (Table I) are all of similar magnitude, a 
result which would be expected if [4a] and [4b] 
occur on every collision. 

Appreciable thermal polymerization of ketene 
occurs at the higher temperatures. In conse- 
quence, the experimental results at 225 and 
300 "C (Fig. 4) are less reliable than those at 37 
and 150 "C. However, the differences between 
the slopes for ketene and those for C4F8 (Fig. 
4 and Table I) appear too large to be accounted 
for by experimental error. As the temperature 
is raised, C4F8 seems to remove energy from the 
excited singlet state increasingly less efficiently 
than ketene. One possible explanation is that 
some of the collisions at the higher temperatures 
result in energy transfer to, rather than from, 
the excited singlet state (24). If, because of the 
greater number of its vibrational modes, the 
average energy transferred from C4F8 were 
larger than from ketene, a fraction of the excited 
singlet state molecules could, on collision, be 
acquiring sufficient energy from C4F8 to decom- 
pose, but insufficient to do so from ketene. In 
this way C4F8 would become less effective at 
lowering the carbon monoxide quantum yield 
than ketene, as observed. 
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On the basis of [I]-[9], the fraction of methy- 
lenes formed which are singlet is ci = k2/A and 
should therefore be independent of pressure. 
Other workers (8, 12), while disagreeing on the 
exact value of ci at this wavelength, agree that it 
shows little variation with pressure. The slopes 
listed in Table I decrease with increasing tem- 
perature. Assuming k,, and k,, do not vary 
greatly with temperature, A must increase with 
temperature. Hence ci would be expected to 
decrease if k, is fairly constant. This could 
saccount for the much lower value of ci found 
by DeGraff and Kistiakowsky (10) at 50 "C as 
compared with the values reported by others 
(8, 12) working at 24 and 27 "C. 

Without a knowledge of ci, it is impossible to 
assign values to all the individual rate constants. 
But some assignments can be made and con- 
clusions drawn. Assuming a collision diameter 
for ketene of 4.0 A and that [4a] occurs on every 
collision, the value of k,, is calculated to be 
9.61 x 10' JT mole-' 1 s-'. Multiplication of 
k,, by the ketene intercepts divided by the ketene 
slopes in Table I gives k ,  + k, whose value at 
37 "C is therefore 1.92 x 10' s-'. The value 
increases slightly with temperature. The absence 
of fluorescence and the lack of evidence for 
decomposition or intersystem crossing from the 
lowest vibrational level of the excited singlet 
state suggest that k, has a value greater than 
lo9 s-'. An activation energy for [5] is required 
in order to explain the decrease in the slopes 
of 2/+,, vs. [K] or [MI with temperature (Table 
I). If ci is zero, this activation energy must be 
around 3500 cal mole-' (14). If u is not zero, 
the value will be greater. 

3130 A 
Absorption at 3130 A leads to the formation 

of excited singlet state molecules with - 17 kcal 
mole-' of vibrational energy (Fig. 7). The con- 
stancy and value (2.0) of the carbon monoxide 
quantum yield at low ketene pressures and its 
steady decrease at pressures greater than 250 
mm (Fig. 5) are in reasonable agreement with 
previous work where either filter solutions have 
also been used (25, 2), or a monochromator has 
been employed (lo), to  isolate the 3130 A region. 
But Taylor and Porter (3), using an interference 
filter, found considerably lower quantum yields. 
The disagreement between their results and those 

of all other workers makes it probable that their 
interference filter was not isolating 3130 A 
efficiently and was transmitting some light of 
longer wavelength. Support for this explanation 
is to be found in the curvature which these 
authors observed in their Beer's law plot. 

A carbon monoxide quantum yield of 2.0 im- 
plies that every molecule which absorbs a quan- 
tum ultimately decomposes. But from the evi- 
dence of other work (8-1 l )  not all the methylenes 
formed at this wavelength are singlet. Thus inter- 
system crossing [3a] followed by decomposition 
from a high vibrational level of the triplet state 
must be competing with direct decomposition 
Pal.  

The most probable explanation of the depar- 
ture from linearity of the 2/4co vs. [K] plot (Fig. 
5) is that collisional deactivation is multistage 
(4), and that the excited singlet state molecule 
does not lose the whole of its 17 kcal mole-' of 
vibrational energy on its first collision with 
ketene. It still retains sufficient vibrational energy 
to decompose ([2b]) or undergo intersystem 
crossing to the triplet state ([3b]) from which it  
then decomposes. Only after one or more 
additional collisions does the excited singlet 
state lose all its excess vibrational energy. The 
data are not sufficiently accurate to allow any 
of the methods for determining the number of 
deactivation stages (15) to be applied. But cal- 
culations show that a two stage process with 
k,, + k,, equal to (k,, + k3,)/4 will adequately 
account for the data. 

The linearity of the 2/+,, vs. [MI plot (Fig. 5) 
implies that deactivation by C4F8 and SF6 is 
still single stage and that most of the 17 kcal 
mole-' of vibrational energy of the excited sing- 
let state is lost as a result of a single collision 
with either of these two gases. This is not unex- 
pected in view of the larger number of vibra- 
tional modes of these gases in comparison with 
ketene, and in the light of the observations of 
other workers on the amounts of energy trans- 
ferred per collision during the deactivation of 
vibrationally excited molecules (21). 

At 100 "C the difference between the deacti- 
vation behavior of the two gases and that of 
ketene is less pronounced than at 37 "C (Fig. 6) .  
It seems probable that at the higher temperature 
deactivation by the two gases is becoming mul- 
tistage. This might be because, as the tempera- 
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ture is raised, more vibrational modes of C4F8 
and SF, become active and as a result less vibra- 
tional energy can be absorbed on collision. 

The processes occurring at 37 "C may be 
written 

[ la]  K + hv(3130A)  + 'K, 

[2a I 'K, -> 'CH2 + co 
P a l  'K, + 3K, + 3CH2 + co 
[4a I +'K, + K 

+ 'KO + K 

[4b I { 'K, + M 'KO + M 
'K, + M +'KO + M 

[%I 'K, + 'CH2 + CO 

[3bl 'K, + 3K, -t 3CH2 + CO. 

Singlet and triplet methylene are again assumed 
to react by [8] and [9] to form ethylene and car- 
bon monoxide. Application of the steady-state 
assumption leads to 

and a =  kz, + kea[KIk20/B 
k2a + ksa + kea[Kl(k2b + k3b)/B ' 

where B = kze + k3b f kra[K] + k,ib[M]. 

These expressions are cumbersome but simplify 
in limiting cases. When [M]=O and [K] is small 
such that k4,[K] << (k,, + k,,), B - (k,, + 
k,,) and 2/4,, remains constant and equal to 
unity; when [K] is large such that B - k4,[K], 
2/4,, becomes equal to (k,, + k,, + k4, [KI)/ 
(k,, + k,, + k,, + k,,) and hence increases 
linearly with [K]. When [MI # 0 and [K] is small 
and constant, 2/4,, = 1 + k4, [M]/(k2, + k3,) 
and hence increases linearly with [MI. Thus the 
mechanism satisfactorily accounts for the experi- 
mental behavior shown in Fig. 5. The experimen- 
tal slope, 19.6 mole-' 1, of the plot of 2/4c0 vs. 
[MI may be equated with k4,/(k2, + k,,). As- 
suming k4,/k4, = 1.32, this being the ratio of 
the C4F8 and ketene slopes of the corresponding 
plots at 3660 A and 37 "C (Table I), k,, + k,, is 
calculated to have the value 1.14 X 10'' s-'. 
Extrapolation of the linear portion of the plot 
of 2/4,, vs. [K] back to [K]=O leads to a value 
of - 0.8 for (k2, + k3,)l(k2, + k3. + k2b + 
k,,). Hence k,, + k,, must be approximately 
% of k2a + k3a. 

When [MI is large or zero and [K] is small, 
a = k,,/(k,, + k,,). When [M]=O and [K] is 
large, a = (kz, + kzb)l(kz, + kzb + k3, + k3,) 
which, since k,, and k,, are considerably smaller 
than k,, and k,, respectively, will not differ 
greatly from k,,/(k,, + k,,). Thus no significant 
variation of a with pressure would be expected. 
While different authors (8-11) report values 
ranging from 0.59 to 0.86 for a at this wave- 
length, all are agreed that a varies little with 
pressure. 

At 100 "C, if a two-stage deactivation pro- 
cess is included for the inert gases as well as for 
ketene, the expressions for 2/+,, and a become 
even more cumbersome and will not be given 
here. But the plot of 2/4,, vs. [M:] is again ex- 
pected to become linear at high [MI, as observed 
(Fig. 6), with a slope close to k4,/(k2, + k,,). 
The fact that the slope is similar in magnitude 
to the slope of the same plot at 37 "C (Fig. 5) 
indicates that k,, + k,, does not vary greatly 
with temperature. This is to be expected. As the 
temperature is raised, excitation to the excited 
singlet state will take place from a higher vibra- 
tional level of the ground state. But the resulting 
increase in the vibrational energy of the excited 
singlet state will be very slight in comparison 
with its total vibrational energy, and hence only 
a marginal change in k,, + k,, will occur. 

The separation of the decomposition and 
intersystem crossing rate constants and a knowl- 
edge of their variation with the total vibrational 
energy of the excited singlet state must await 
agreement on the values of a at different wave- 
lengths and temperatures. 
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Infrared and electronic spectral studies of 2-thiazollidinethiolne complexes of 
Co(1I) halides 

P. P. SINGH' AND R. RIVEST 
Dipartement de C/limie, Unioersite' de Montrial, Montrtal, Qutbec 

Received January 24, 1968 

Cobalt(I1) halide complexes [CoX2.2L] (X = C1, Br, I and L = 2-thiazolidinethione) and [CoL,] 
(C10,)2 have been prepared. The infrared spectral study suggests that the probable site of bonding in the 
ligand is nitrogen. The results of electronic spectral study and magnetic susceptibility measurements 
indicate that the complexes are tetrahedral in structure. The various ligand field parameters Dq, B', and 
B show about 80% covalency in the complexes and suggest a weak ligand field. 

Des complexes d'halogenures de cobalt(I1) [CoX2.2L] (X = C1, Br ou I et L = 2-thiazolidinethione) et  
[ C O L ~ ] ( C I O ~ ) ~  ont ete prepares. L'Ctude des spectres infrarouges semble indiquer que I'azote sert de 
s ~ t e  pour la liaison du ligand au metal. Les rbsultats de 1'Ctude des spectres electroniques et des rnesures 
de susceptibilite magnetique suggerent que les complexes sont de structure tCtraCdrique. Les differents 
parametres du champ du ligand Dq, B' et indiquent un haut degrC de covalence (environ 80%) et un 
champ du ligand faible. 

Canadian Journal o f  Chcrnislry, 46, 2361 (1968) 

Introduction 

Recently Madan et al. (1-3) studied the com- 
plexes of metal halides with a number of thio- 
amides and concluded on the basis of infrared 
spectral evidence that the site of bonding is 
probably sulfur. The complexes of thiazolidine- 
thione (L), which has an additional sulfur as a 
site of coordination besides the thioamide group 

S 
I I 

-C-NH, has not been reported. 

C H  2-CH 2 

8 A H  

'C/ 

Cobalt(I1) halide and perchlorate complexes 
with this ligand were therefore prepared to 
investigate the possible site of bonding in the 
ligand and to derive various ligand field param- 
eters Dq, B', and P from which the halides and 
the ligand could be placed in the spectrochemical 
and the nephelauxetic series. 

In order to study the nature of the complexes, 
magnetic susceptibility and conductivity mea- 
surements were also made. 

Experiment in1 
Materials and Mnnipulntior~s 

All the solvents were of reagent grade and were purified 

'Present addrcss: M. L. K. College, Balrampur, 
(Gonda) U.P., India. 

before use. Reagent grade cobalt halides and perchlorate 
(Alfa Inorganics) were used without further purification. 
2-thiazolidinethione "L" (Eastman Organic Chemicals) 
was used after recrystallization from benzene. Reactions, 
where essential, were carried out in a dry box flushed with 
nitrogen. 

Infrared Spectra 
The spectra of the complexes and the ligand were 

recorded on a Perkin-Elmer model-621 recording spectro- 
photometer using sodium chloride optics. For the far in- 
frared region, cesium iodide optics were used. 

Visible and Nenr hlfrared Absorptiorl Spectra 
The spectra of the complexes in the 35CL2250 mu 

region were obtained on a Beckman model DK-I record- 
ing spectrophotometer using nitromethane as solvent in 
cells of 1 cm light path. The spectra in the solid phase 
were obtained in Nujol mulls by the technique described 
by Lee et a/. (4) and are given in Fig. 1. 

Magnetic Susceptibility Measurements 
The measurements were made by the Gouy method 

using mercury(I1) tetrathiocyanato-cobalt(l1) as standard. 
The diamagnetic corrections were estimated by the 
method outlined by Figgis and Lewis (5). 

Electrol~~tic Conductance Measurenlents 
The measurements were made with a Radiometer 

direct-reading conductivity meter type CDM 2d No. 
47501 and the Radiometer conductivity cell type CDC 
114. 

Prepara t iotz of the Conlplexes 
The complexes (CoX2.2L) [X = C1, Br, I and L = 2- 

thiazolidinethione] were prepared by refluxing the an- 
hydrous cobalt halides and the ligand in 1 :2 molar ratio 
in chloroforn~ for 48 11. After filtering the solution, the 
residue obtained in each case was washed with the solvent 
and dried in vacuum. Co~llplexes were recrystallized 
from 1-butanol. 
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C] * 

TABLE I 
2 
F 
2 

Analytical results 

Cobalt (%) Halogen (%) Carbon (%) Hydrogen (%I B Sulfur (%) 2 
Melting 

Complexes Color point ("C) Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. F 
g 

CoC12.2L Dark C] 

blue 142 16.04 15.61 19.30 18.92 19.56 19.82 2.71 2.78 34.78 34.52 
CoBr2.2L Bluish Z 

green 175 12.93 12.32 15.54 15.06 15.75 15.96 2.18 2.14 28.00 27.55 9 
CoI, .2L Lieht m - 

green. 164 10.71 10.05 46.09 46.49 13.06 13.25 1.81 2 .34 23.23 23.01 3 
[ C O L ~ ~ . ( C ~ O ~ ) Z  Dark 4 

green 192 8.04 8..25 9.67 10.15 19.62 19.66 2.72 2.95 34.87 34.63 8 
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SINGH AND RIVEST: INFRARED AN 

f'\ 

FIG. 1. Electronic spectra of the complexes in Nujol. 

The  perchlorate complex [ C O L , I . ( C I O ~ ) ~  was 
similarly prepared, but the  starting material  was 
Co(C104)2.6H20 and the perchlorate and ligand molar 
ratio was 1 :4. The complex was recrystallized from 
nitromethane. 

Atlalysis of the Complexes 
Complexes were analyzed for carbon, hydrogen, sulfur, 

and halogen by Organic Microanalysis, Montreal, and 
cobalt was determined gravimetrically as sulfate using 
1-nitroso-2-naphtol as precipitant. The results obtained 
are given in Table I. 

Selection of Barlds atzd Calculatiotu 
In the visible and the near infrared region there appears 

either a broad band or many peaks for v2 and v3 bands, 
causing considerable difficulty in selecting a single value 
for these energies. As outlined by Cotton et al. (6) we 
have based our method of finding the single values for 
these bands upon the center of gravity of the total 
intensity with an accuracy of t 2 0 0  cm-I. 

The various ligand field parameters Dq, B', and 
have been calculated from v2 and v3 values using the 
matrix of Tanabe and Sugano (7). 

Results and Discussion 

Electronic Spectrul Study 
The spectral data and the values chosen for 

the energies of v, and v,, along with the values 

ID ELECTRONIC SPECTRAL STUDIES 2363 

of parameters Dq, B', and P derived from them, 
are presented in Table I1 and Table 111, respec- 
tively. Though there is no significant difference 
between the spectra of the complexes in solution 
and those in solid phase, to avoid any effect of 
solvolysis, spectra in Nujol have been preferred 
for selecting v2 and v, bands. The spectra in 
solution have been used to evaluate the molar 
extinction coefficient (E max) of the complexes 
in the visible region. The spectra of the com- 
plexes in solution in the near infrared region 
gave scattered peaks which were not found suit- 
able for determination of E max. The complex 
CoL4(C104), changed its color from green to 
brown in solution, hence its spectrum in solution 
was not recorded. 

The various ligand field parameters (Table 
111), magnetic susceptibility data (Table IV), 
molar extinction coefficient (Table 11), and the 
color of the complexes indicate that these are 
tetrahedral in configuration (1, 8). The lower 
value of the E max value for the complex 
CoC12.2L is possibly due to the presence of a 
fraction of Co(I1) in an octahedral environment. 

The Dq values (Table 111) for the complexes 
suggest the order C1- > Br- > I-  for the 
halides in the spectrochemical series. This order 
is consistent with the previous observations from 
relative values of magnetic moments (9, 10) and 
the generally accepted sequence of ligands in the 
spectrochemical series (11). In order to find out 
the position of the ligand "L" in the spectro- 
chemical series, the Dq values of the complexes 
were compared with the Dq values of known 
tetrahedral halide complexes of Co(I1). Table V, 
which lists the Dq and B' values of the complexes, 
suggests the following order for the ligand in 
the spectrochemical series. 

E-Thiocaprolactam > thiazolidinethione 
> triphenylphosphine oxide > triphenylarsine 

oxide > dimethylacetamide 

A reference to Table 111 shows that the B' 
values for all the complexes studied by US are of 
the order of 7 6 4 6 %  of thc free ion value 
(971 cm-I) (7), which suggests that there is 
considerable orbital overlap. The nephelauxetic 
parameter p shows a decrease in the order C1- 
> Br- > I-. The lowest value of P for iodide 
suggests that it has the highest covalency. The 
nephelauxetic sequence is in the expected order 
(13, 14). Similarly the ligand 'L' can also be 
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TABLE I1 

Electronic spectral data 
-- -. -- 

V3 E vz 

Complexes Medium mp cm-' (I mole-' cm-') mu cm-' 

CoC12.2L Nitromethane 580 
612 
635 

Nujol mull 589 
660 

CoBrz.2L Nitromethane 594 
626 
650 

Nujol mull 610 

C012.2L Nitromethane 626 
657 

Nujol mull 

[COI~] . (C~O, )~  Nujol mull 642 

TABLE I11 
Selected bands, assignments, and spectral parameters 

Assignments 

4A2g -> 4T15 (F) 4Azg -> ~ T I F  (P) Dq B ' 
State (cm- ') (cm - ') 

a 
Complexes vz (cm- ) V 3  (cm- ) (obsd.) 

CoC1, .2L Nuiol mull 6700 16 800 364 838 .86 . -  - -  

~ o ~ r i . 2 ~  ~ u j o l  mull 
C012.2L Nujol mull 
[ C O L ~ ] ( C I O ~ ) ~  Nujol mull 

placed in the nephelauxetic series in order of 
their decreasing B' values. Thiazolidinethione 
> dimethylacetamide > triphenylphosphine 
oxide > triphenylarsine oxide > E-thiocapro- 
lactam. It is interesting to note that E-thiocapro- 
lactam is placed first in the spectrochemical 
series and last in the nephelauxetic series. 
This is quite possible because the former is a 
measure of the electrical field produced by the 
ligand while the latter is a measure of the orbital 
overlap or of covalency. Jorgensen and Schaffer 
(14, 15) have also given a different sequence for 
a set of ligands in the spectrochemical and the 
nephelauxetic series. 

The spectrochemical series and the magnetic 
moments (9, 10) require the p eff. to increase in 
the order C1 > Br > I, and our observation has 
a similar relation. 

The molar conductance data for the halide 
complexes as presented in Table IV suggest 
that these complexes are not ionized in solution 
and are true molecular addition compounds, 
whereas the perchlorate complex has a very 
high conductance value suggestive of a 1:2 elec- 
trolyte (1). 

I n f i a ~ z d  Spectral Study 
The spectra of the ligand in solid and in 

solution phase (Table VI) show a marked dif- 
ference in the positions of N-H and C=S 
stretching frequencies, clearly indicating inter- 
molecular hydrogen bonding between hydrogen 
of the NH and sulfur of the C k S ,  whereas the 

Magnetic and Conductance Study 
The magnetic susceptibility data (Table IV) 

of the con~plexes fall within the normal range 
for tetrahedral complexes of divalent cobalt (6). 
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TABLE IV 
Magnetic susceptibility and molar conductance E 

-- 2 
V) 

Molar conductance in nitromethane at 25 "C 4 

Magnetic susceptibility at 295 O K  

Molar conductance 
~ r n  x Corr. x p eff. (B.M) Concentration (M) (cm2 mhos/mole) 

3 
Ionic nature 

k 
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TABLE V 

D, and B' values of the cotnplexes 

Triphenyl- Dirnethyl- 
E-Thiocaprolactam Thiazolidinethione Triphenylarsine phosphine acetamide 

(1) (L) oxide (12) oxide (6) (13) 

sharp peak of NH in the spectra of the complexes 
indicates that no hydrogen bonding is present 
in the complexes (3). To avoid the effect of 
hydrogen bonding we have compared the spectra 
of the complexes in Nujol with the spectrum of 
the ligand in dilute solution. Comparison of the 
spectrum of the ligand with that of the complexes 
(Table VI) shows a negative shift of the order of 
200 cm-' in NH stretching frequency, clearly 
suggesting coordination through the nitrogen. 
The negative shift in NH stretching frequency 
may also be due to hydrogen bonding between 
the hydrogen of the NH and halogen of the 
metal halide (16, 17). If the shift is due to 
hydrogen bonding its magnitude should differ 
considerably from chloride to iodide and should 
become negligible for the perchlorate complex 
(18). Since we do not observe considerable 
change in the magnitude of the shifts in various 
halide and perchlorate complexes we believe 
that the shift is not due to hydrogen bonding 
but is due to coordinatioil through the nitrogen. 

Since coordination through the nitrogen will 
have some effect upon the C=S stretching 
frequency, it is essential to examine the changes 
in this band also. Unfortunately there has been 
great indefiniteness with regard to the assign- 
ment of the C=S stretching frequency in nitro- 
gen-containing compounds and the assignments 
in these compounds vary in the wide range of 
850-1510 cm-' (19). Elmore (20) has show11 that 
the band which is generally assigned to C=S 
stretching vibration results from the coupling 
of the C-N and C=S stretching vibrations. 
The band at 1490 cm-' in thiazolidinethione 
has been assigned to thioamide I (19); and there 
is ample evidence (21) that the thioamide I band 
shows positive shift when coordination takes 
place through nitrogen. We observe a positive 
shift in the thioamide I band on complex for- 
mation, which supports our postulate of linkage 

through the nitrogen of NH. Besides this, the 
band at 1295 cm-' assigned to v(C=S) + (NCS) 
shows a positive shift, which strongly indicates 
that sulfur of C=S is not involved in coordina- 
tion. On the other hand this is indirectly sugges- 
tive of coordination through nitrogen. 

The bands at 697 and 652 cm-' assigned to 
symmetrical and antisymmetrical C-S stretching 
frequencies show a positive shift on coordina- 
tion. This observation coupled with a marked 
negative shift in N-H stretching frequency 
completely rules out any possibility of coordina- 
tion through the sulfur of the ring. Though the 
final confirmation for the site of bonding will 
have to await a complete single crystal X-ray 
analysis, on the basis of our infrared evidence 
we can reasonably suggest that the probable site 
of bonding in the ligand is nitrogen. 

To have further confirmation of our assump- 
tion of coordination through the nitrogen and 
have direct evidence for the Co-N bond, we 
recorded the spectrum in the far infrared region 
also. Though the assignment for Co-N stretch- 
ing frequency is still a subject of discussion (22), 
the majority of the workers have given the 
assignment in the region 308-328 cm-' (22). 
In all the spectra of our complexes a band 
appears in the range 341-325 cm-' (Table VI) 
for which there is no ligand band. The band in 
this range can reasonably be assigned to CO-N 
stretching mode. 

Various authors (23, 24) have deduced the 
relative bond order in a number of complexes 
using the magnitude of shift of the stretching 
frequency of the coordinating group, and have 
related it with the metal-ligand vibration. 
Table VII gives such a relation for our halide 
complexes, suggesting the following bond order 
of the halide complexes: CI > S r  > I. 

Madan and Goldstein (1) have concluded that 
in the E-thiocaprolactam complexes of cobalt(I1) 
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TABLE V11 

Bathochromic effects of v(N-H) and the values of 
v(M-N) 

Position of Av(N-H) v(M-N) 
Complexes v(N-H) (cni- ') (cni- ') (cm- ') 

halide the site of coordinatioil in the ligand is 

CHEMISTRY. VOL. 46, 1968 
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to Co-Cl and Co-Br stretching frequencies, Inc., New York. 1963. p. 143. 

26. D. M. ADAMS and J. B. CORNELL. J.  Cheni. SOC. 
respectively. The Co-I band is not observed in A, 884 (1967). 
our spectrum and will probably appear below 27. J. BRADBURY, K. P. FOREST, R. H. NUTTAL, and 
250 cm-l. Our assignments for coba]t-halogen D. W. A. SHARP. Spectrochini. ~ c t a ,  2 3 ~ ,  2704 

(1967). 
frequencies are in good agreement with the 28. G. A. RODLEY and P. W. SMITH. J. Cheni. Soc. 
recent observations of Adams and Cornell (26) A, 1580 (1967). 
and of Bradbury et al. (27). 29. R.  K .  GOSAVI, U. AGARWALA, and C. N. R. RAO. 

J. Ani. Chem. Soc. 89, 235 (1967). 
30. I. SUZUKI. Bull. Cheni. Soc. Japan, 35, 1456 (1962). 
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Dielectric studies. Part XX. Molecular relaxation of some heterocyclic amines in 
dilute solution 

J. CROSSLEY 
The University of Astot1 it1 Birtnitghanl, Et~glatzrl 

AND 

S. WALKER' 
Chemistry Departnretrt, Lakehead University, Port Artlrrir, Otrtario 

Received February 1, 1968 

Dielectric constant and loss data have been obtained at  microwave frequencies for acridine, 4-methyl- 
pyridine, phthalazine, quinoline, and isoquinoline in both cyclohexane and p-xylene solution. The data 
have been used to calculate relaxation times and apparent dipole nlonlents. For phthalazine, quinoline, 
and isoquinoline in cyclohexane at 50 "C the distribution coefficient is zero and their relaxation times 
are very similar. Although the axes about which these three ~llolecules may relax lead to different 
volumes being swept out, no variation in relaxation behavior has been detected, and each system can be 
characterized by one relaxation time. The relaxation times for all the heterocyclic molecules except 
quinoline and acridine in p-xylene are appreciably longer than in cyclohexane. Relaxation time values 
appear a sensitive means of detecting the weak molecular interaction between the amine and thep-xylene. 
The difference in behavior between the qilinoline and acridine as opposed to isoquinoline could be 
attributed to a more appreciable steric effect in the former two, hindering the approach of the n-electrons 
of the p-xylene molecules to the hybridized lone pair on the nitrogen atom. No interaction is, in fact, 
detectable in the case of quinoline and acridine. The importance of allowing for weak intermolecular 
forces, even in dilute solution, when relaxation values are being anticipated, is emphasized. 

Canadian Journal of Chemistry, 46, 2369 (1968) 

In dilute solution, where the internal field and 
viscosity effects are comparatively small, any 
relationship between the molecular relaxation 
time and the direction of the molecular dipole 
within the molecule may be examined for rigid 
molecules of the same shape and size, such as 
phthalazine, quinoline, and isoquinoline. 

The relaxation times of quinoline as the pure 
liquid at  40 "C and in naphthalene solution at  
85 "C have been found to be 29.7 and 9.5 x 
10-l2 s respectively (1). For isoquinoline, a 
molecule of identical shape and size, in the same 
conditions, values of 44.6 and 12.5 x 10-l2 s 
were obtained (2). The difference in values 
between quinoline and isoquinoline was attrib- 
uted to -additional mol~cular reorientation 
around the axis in the carbon-carbon bond held 
in coinmon by the two rings of isoquinoline, a 
motion not feasible for quinoline. However, 
measurements of these two molecules in cyclo- 
hexane (3) and Nujol solutions (4) at  20 "C show 
them to have very similar relaxation times of 

10 and -46 x 10-l2 s respectively in the two 
solvents. Thus, this set of results appeared op- 

posed to those for pure quinoline and isoquino- 
line and further studv of the influence of the 
direction of the dipole on the molecular relax- 
ation time seemed appropriate in a molecule of 
similar shape and size. 

Experimental Methods 
The apparatus and procedure for determining the 

dielectric constant and loss have been described prev- 
iously (5, 6). 

Colnn~ercially available 4-methylpyridine, quinoline, 
and isoquinoline were dried over potassiunl hydroxide 
prior to distillation from a colunln of 35 theoretical 
plates. Acridine and phthalazine were recrystallized from 
a p-xylene-cyclohexane mixture and dried in a vacuum 
oven over phosphorous pentoxide. 

Experimental Results 
The mean relaxation time (z,), high frequency 

dielectric constant (E,), and distribution co- 
efficient (a)  were obtained from the measured 
static dielectric constant (E,), dielectric constant 
(E'), and dielectric loss (E") by the procedure 
previously described (7, 8), and the dipole 
moment estimated from the Debye equation as 
applied to dilute solutions (8). 
- - 

'Correspondence to: Dr.  S .  Walker, Chemistry The dielectric constant and loss data are 
Department, Lakehead University, Port Arthur, Ontario. presented in Table I. The mean relaxation times, 
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TABLE I 

Dielectric constant and loss data for some rigid molecules in cyclohexane and p-xylene solution at specified weight fractions and temperatures 

Solute 

Quinoline 

Quinoline 

Quinoline 

Isoquinoline 

Isoquinoline 

Isoquinoline 

Isoquinoline 

Solvent 
Freq. 

t ("0 (GHz) E' 

Cyclohexane 

p-Xylene 

p-Xylene 

Cyclohexane 

Cyclohexane 

p-Xylene 

p-Xylene 

Solute Solvent 

Phthalazine Cyclohexane 

Phthalazine p-Xylene 

Phthalazine p-Xylene 

Acridine Cyclohexane 

Acridine p-Xylene 

Acridine p-Xylene 

4-Methyl- Cyclohexane 
pyridine 

4-Methyl- p-Xylene 
pyridine 

Freq. 
(GHz) 

35.09 
23.98 
16.20 
9.313 

70.00 
34.86 
23.98 
16.20 
9.313 

35.09 
23.98 
16.20 
9.313 

35.09 
23.98 
16.20 
9.313 

34.86 
23.98 
16.20 
9.313 

70.00 
35.09 
23.98 
16.20 
9.313 

70.00 
35.09 
23.98 
16.20 
9.313 

70.00 
35.09 
23.98 
16.20 
9.313 
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CROSSLEY AND WALKER: DIELECTRIC STUDIES. PART XX 2371 

TABLE I1 

Dipole moment (in debyes), dielectric constant at high frequency (E,), static dielectric constant ( E ~ ) ,  
distribution parameter (a), mean relaxation time (T,), and weight fraction (wZ) in cyclohexane and 

p-xylene solutions at t OC. The relaxation times (in seconds) have been multiplied by 10" 

Solute Solvent W Z  t ("c) E o E m  To a C1 

Quinoline 
Quinoline 
Quinoline 
Isoquinoline 
Isoquinoline 
Isoquinoline 
Isoquinoline 
Phthalazine 
Phthalazine 

Cyclohexane 0.03866 
p-Xylene 0.03780 
p-Xylene 0.03780 
Cyclohexane 0.03582 
Cyclohexane 0.03328 
p-Xylene 0.03647 
p-Xylene 0.03088 
Cyclohexane 
D-Xvlene 0.01 301 

~hthalazine > -~$ lene  0.01301 50 2.452 2.24, 12.9 0.06 
Acridine Cyclohexane 0.02608 50 2.033 1.991 15.1 0.02 
Acridine p-Xylene 0.05807 25 2.456 2.309 21.9 0.00 
Acridine D-Xvlene 0.04802 50 2.351 2.25, 14.7 0.00 - 
4-Methyl- 

pyridine Cyclohexane 0.02380 50 2.107 1.9S4 5.2 0.00 
4-Methyl- 

pyridine p-Xylene 0.02310 25 2.446 2.2S3 9.8 0.03 

*Owing to the insolubility of phthalazine in cyclohexane a saturated solution of unknown weight fraction was used. 

apparent dipole moments, distribution co- 
efficients, and the static and high frequency 
dielectric constants are shown in Table 11. 

similar, then this order may be accounted for in 
terms of the phthalazine having two nitrogens 
which can act as donors, while the quinoline is 
sterically hindered from interacting with presum- 
ably the x-electrons of the p-xylene. 

Sharpe and Walker (9) have shown that the 
difference in dipole moment of pyridine in 
cyclohexane and carbon tetrachloride can be 
attributed to a weak form of donor-acceptor 
interaction which was confirmed by thermo- 
chemical measurements (lo), whereas the steri- 
cally hindered nitrogen atom in 2,6-diphenyl- 
pyridine shows no evidence of such interactions. 
Recent dielectric absorption studies (11) have 
shown the relaxation time of pyridine in cyclo- 
hexane and p-xylene at  25 "C to be 3.1 and 4.3 
x 10-l2 s respectively. Rampolla and Smyth 
(12) in a study of several methylquinolines in the 
pure liquid state observed somewhat shorter 
critical wavelengths for 2- and 8-methylquinoline 
and attributed these anomalies to "the partial 
shielding of the nitrogen atom by the methyl 
group with its attendant reduction of inter- 
molecular attractions". 

Additional support for the conclusions relating 
to steric effects is given by the results for acridine 
and 4-methylpyridine (Table 11). The latter 
molecule, in which the nitrogen atom is un- 
shielded, has relaxation times in cyclohexane and 

Discussion 

The relaxation times of quinoline and iso- 
quinoline in p-xylene at 25 "C are 10.4 and 15.4 
x 10-l2 s, whereas in the relatively inert solvent 
cyclohexane at 20 "C they are lo-" s and 10.5 
x 10-12s respectively (3). Since the macro- 
scopic viscosity of p-xylene is less than that of 
cyclohexane (e.g. at 25 "C these are 0.898 cP and 
0.605 cP respectively), then such behavior sug- 
gests that the appreciable lengthening of the 
relaxation time in p-xylene at  25 "C may be 
attributed to the isoquinoline interacting more 
appreciably with thep-xylene than the quinoline. 
The results at 50 "C (Table 11) in these two sol- 
vents bear this out. 

The behavior of phthalazine bears out the 
concept of molecular interaction of the aromatic 
amine with the p-xylene, since its relaxation time 
in cyclohexalle at 50 "Cis virtually identical with 
that of quinoline, whereas its values in p-xylene 
at both 25 and 50 "C differ significantly from 
those of quinoline and isoquinoline under identi- 
cal conditions. Evidently the extent of inter- 
action with p-xylene at 25 "C is 

phthalazine > isoquinoline > quinoline, p-xylene solutions at 25 'C of 7.2 and 9.8 x 
10-l2 s respectively. Conversely, in acridine, the 

and since the basicities of these solutes are very relaxation time is virtually the same in both 
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solvents at 50 "C, the nitrogen atom being 
effectively shielded by the two adjacent hydrogen 
atoms, and this is to be contrasted with the 
behavior of phthalazine under these conditions. 

The evidence indicates that both isoquinoline 
and phthalazine are capable of acting as donors 
in donor-acceptor interactions while no such 
interaction is detectable for quinoline from 
relaxation time values. It thus becomes under- 
standable why the relaxation times of quinoline 
and isoquinoline differ when naphthalene is the 
solvent, since only the isoquinoline would be 
expected to interact with the x-electrons of the 
naphthalene. 

The difference in relaxation time of pure 
liquid quinoline and isoquinoline cannot be 
accounted for solely in terms of macroscopic 
viscosity (e.g. at 30 "C their viscosities are 2.97 
and 3.34 cP respectively). Another factor which 
could lead to a longer observed relaxation time 
for the isoquinoline is that its dipole moment is 
about 0.4 D greater and this would result in a 
stronger internal field effect which could be 
pronounced in the closely packed pure liquid but 
might have a negligible influence on the relax- 
ation time in dilute solution. 

TABLE 111 
Volumes (V,, Vy ,  Vz)  swept out in molecular 
reorientation around the molecular axes (X, 
Y, 2) and molecular volumes ( V ) ,  obtained 
from measurements using Courtauld models* 

Since they have only one common axis of rota- 
tion one possibility is that both predominantly 
reorientate about the common Z-axis which 
involves the smallest volume swept out and 
presumably the least energy barrier. If, however, 
relaxation occurred about their two possible 
axes, on the assumption that the frictional co- 
efficients are the same about the different axes, it 
follows from Table I11 that the relaxation time of 
phthalazine should be longer than that of quino- 
line. This, however, is not detectable in cyclo- 
hexane at 50 "C. Further the distribution co- 
efficients for phthalazine, quinoline, and iso- 
quinoline in cyclohexane at 50 "C are all zero, 
indicating that only one relaxation process is 
detectable. 

In conclusion, a study of the relaxation times 
of phthalazine, quinoline, and isoquinoline, 
when the molecular interaction is minimized, 
indicates there is hardly any variation of relax- 
ation time by varying the direction of the molec- 
ular dipole in these three molecules of almost 
identical size and shape. It would perhaps be 
unwise to draw any definite conclusions as to 
whether the reorientation is solely about the Z- 
axis, since the value of the frictional coefficient 
may vary for relaxation about each axis and 
might lead fortuitously to similar relaxation time 
values for these three molecules. Clearly, further 
work is required on groups of molecules, each 
group containing molecules of similar shape and 
si-ze and differing from the other groups by 
having different axial ratios. 

Quinoline 355 - 217 116 
Isoquinoline 355 447 217 116 1. R. S. HOLLAND and C. P. SMYTH. J. Phys. Chem. 
Phthalazine - 413 201 111 59, 1088 (1955). 

2 .  R. C. MILLER and C. P. SMYTH. J. Am. Chem. Soc. 
'The volumes are expressed as A'. 79, 308 (1957). 

3. F. HUFNAGEL and H. KILP. Z. Naturforsch. 18a, 
A comparison of the volumes swept out by 

reorientation about different axes for quinoline, 
isoquinoline, and phthalazine is given in Table 
111. The volume swept out has been evaluated for 
a cylinder of length equal to the length of the 
longest axis of rotation and diameter equal to 
the length of the longest axis perpendicular to it. 
For all the molecules the Z-axis was taken to be 
that perpendicular to the  lane of the rings. and 

769 (1963). 
4. E. N. DICARLO and C. P. SMYTH. -J .  Phys. Chem. 

66, 1105 (1962). 
5. W. F. HASSELL, M. D. MAGEE, S. W. TUCKER, and 

S. WALKER. Tetrahedron, 20, 2137 (1964). 
6 .  D. B. FARMER and S. WALKER. Tetrahedron, 22, 

111 (1965). 
7 .  J .  CROSSLEY, W. F. HASSELL, and S. WALKER. J. 

Chem. Phys. 48, 1261 (1968). 
8. J .  CROSSLEY and S. WALKER. J. Cheln.'Phys. 45, 

4733 (1966). 
9. A. N. SHARPE and S. WALKER. J. Chem. Soc. 157 " / 

(1962). for acridine, phthalazin;, quinoline, and iso- K. W. MoRcoM and ,,. N. TRAvERs T~~~~ Fara- 
cjuin'oline the short and long axes in the plane of day SOC. 62, 2063 (1966). 
the ring were designated as Y and X respectively. 1 1. J. CROSSLEY, W. F. HASSELL, and S. WALKER. Can. 

J. Chem. 46, 2181 (1968). Quinoline and phthalazine have identical 12, R. W. RAMPOLLA and C. p. sMYTH. J. Am. Chem. 
relaxation times in cyclohexane solution at 50 "C. SOC. 80, 1057 (1958). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Proton magnetic resonance spectra of vinylmetallic compounds. Part I. 
Tetravinyl and triphenylvinyl derivatives of Group IVB elements 

SEAN CAWLEY' AND STEVEN S. DANYLUK~ 
Departtilent of  C l ~ e t ~ i s t r y ,  Utziversity of  Tororlto, Toronto, Otltario 

Received January 25, 1968 

A study has been made of the proton magnetic resonance spectra for all of the Group IVB derivatives 
of the series MVi, and 43MVi (4  = phenyl group and Vi = vinyl group). The spectra were measured at 
60 MHz as accurately as possible and the assignment of transitions was checked with a variety of supple- 
mental aids including double irradiation, nlultiple quantum transitions, and medium effects. Final, 
accurate spectral parameters were derived using both iterative and exact comp~~tational methods for 
solution of the three-spin problem. Excellent agreement was obtained between the sets of parameters 
determined by the two methods. 

The clien~ical shifts for both series of compounds display a nunlber of characteristic trends of which 
the most notable is a displacenlent of the vinyl proton signals to  low field with increasing atomic number 
of the M atom. In each series the largest shift change is noted in going from the carbon to the silicon 
dcrivative. These deshicldings have been attributed to the enhanced possibility of d,-p, interaction 
between the central M atoll1 and the vinyl group in higher nlenlbers of the series. Marked changes are 
also noted for the internal shifts of the vinyl protons down both series of compounds. It is concluded that 
these changes are principally due to the effects of the M-C bond diamagnetic anisotropy. The trends in 
internal shifts can be satisfactorily reproduced by the dipole approxin~ation using AX values of 4, 6, 
8, 12, and 18 x cnl3 mole-' for the C, Si, Ge, Sn, and Pb-carbon bonds respectively. 

The signals for the vinyl protons of the &MVi series are all located to low field relative to the MVi, 
series. This deshielding is satisfactorily accounted for by the effects of the phenyl ring diamagnetic 
anisotropy in the former series. 

A linear correlation is observed between the sums of the coupling constants and the electronegativities, 
Em, of the central M atom for both series of compounds. However, the XJvalues for the &MVi series are 
all slightly lower than the corresponding s u n ~ s  for the MVi4 series, indicating that the electronegativity of 
the phenyl group is somewhat larger than for the vinyl group. 

A significant solvent and concentration dependence is only noted for compounds belonging to the 
&MVi series. For examplc, the tratis proton of +3GeVi shifts up-field by 4 Hz while the cis proton is dis- 
placed down-field by 4 Hz as the concentration of 4,GeVi is increased to 50 mole % in carbon tetra- 
chloride. These changes have been interpreted on the basis of a solute-solute interaction scheme of the 
type proposed previously for phenyl proton shifts. 
Canadian Journal of Chemistry, 46, 2373 (1968) 

Introduction 

The usefulness of chemical shifts and coupling 
constants in providing an insight into electron 
distribution and bonding characteristics in 
molecules is well established (1, 2). With the 
advent of sophisticated computer techniqu'es 
and more stable spectrometer systems, more 
precise determinations of these parameters are 
possible. Nevertheless, relatively few attempts 
have been made to carry out such studies for 
closely related series of compounds under 
conditions where intermolecular solvent and 
solute effects are minimized. Accordingly, as 
part of a continuing n.m.r. study of vinylmetallic 
compounds we have measured and accurately 

'Present address: Department of Applied Mathematics, 
Queen's University, Belfast. 

'Present address: Department of Biological and 
Medical Research, Argonne National Laboratory, 
Argonne, Illinois. 

analyzed the high-resolution proton resonance 
spectra for the series of compounds3 X,,MVi,-,, 
where M represents the Group IVB elements 
from carbon to lead and X represents a wide 
range of substituent groups (+, CH,, C1, etc.). 
Of particular interest were the effects of (i) the 
central metal atom and (ii) the nature and loca- 
tion of the substituent group upon the chemical 
shifts and coupling constants of the vinyl 
protons. 

In this commu~~ication (Part I) the results are 
presented for the MVi, and +,MVi series of 
compounds. Although the spectra for some of 
these compounds have been reported previously 
by other workers (3-8) the derived parameters 
are open to question in several cases. For 
example, the genz and cis proton couplings 
reported at 40 MHz for SnVi, by Moore and 

3Abbreviations used: Vi = vinyl group; 4 = phenyl 
group. 
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Happe (6) are roughly 40% higher and 20% 
lower respectively than the corresponding 
coupling constants reported by Briigel and 
co-workers (3). Considerable difficulties have . , 
also been encountered in obtaining an unam- 
biguous analysis of the SiVi, spectrum (3-5). 
The problem in the latter case has been largely 
resolved by determining the proton couplings 
from the I3C satellite spectra (5). We have 
re-investigated the spectra for these compounds 
with emphasis on obtaining unambiguous 
assignments and an increased accuracy of the 
parameters. In order to achieve unique assign- 
ments, use was made of a variety of supple- 
mentary aids including solvent and concentration 
effects, double irradiation (9, lo), and multiple 
quantum transitions (1 1, 12). The final param- 
eters were calculated by the iterative method of 
Swalen and.  Reilly (13) and by the "exact" 
method of Castellano and Waugh (14). In all 
cases agreement between the final parameters 
obtained by the two computational procedures 
was well w i t h  experimental error. 

Experimental 
Materials 

All of the tetravinyl compounds were obtained from 
comn~ercial sources and were used without further 
purification. Impurities were estimated to be less than 1 %, 
based upon the n.rn.r. spectra for concentrated solutions. 
The triphenylvinyl derivatives of C, Si, and Ge were 
kindly supplied by Prof. A. G. Brook. Triphenylvinyl 
stannane was obtained fro111 Metallomer Labs. Triphenyl- 
vinylplumbane was prepared according to procedures 
described in the literature (15). The melting point and 
i.r. spectrum for the purified compound agreed with the 
literature values (15). Conlmercially available spectro- 
scopic grade solvents were used after further drying 
over calcium sulfate. The solutions were contained in 
precision bore 5 mm spinning tubes with a drop of 
tetramethylsilane (TMS) added to serve as internal 
reference. 

N.M.R. Spectra 
The spectra of the MVi, series were recorded on a 

Varian A60 spectrometer at ambient temperatures, 
25 + 2 "C Line positions were determined by super- 
position of TMS side bands, generated with a Krohn- 
Hite 440A audio oscillator. This procedure was further 
checked by bracketting the signals with TMS side bands 
and interpolating the line positions. A Hewlett-Packard 
5245 L counter was used to monitor the audio-side-band 
frequencies. The final line positions, representing an 
average of four forward and reverse scans of the spectrum, 
are precise to better than k0.03 Hz. 

The spectra of the $3MVi con~pounds were recorded 
with a Varian D P  60 spectrometer at a probe temperature 
of  23 k 1 "C. Calibration of the spectra was carried out 

in the same manner as for the MVi, spectra and the line 
frequencies are precise to k0.03 Hz. 

Analysis 
In certain cases the iterative method of solving the 

Hamiltonian matrix for a three-spin system can lead to an 
incorrect set of n.m.r. parameters (14). The "exact" 
algebraic method of Castellano and Waugh (14) purports 
to remove any possible ambiguities by solving the three- 
spin problem without the use of an iteration a t  any stage 
of the calculation. However, the latter method generally 
yields more than one solution equally consistent with the 
observed transition frequencies and within experimental 
error of the measured intensities. Thus, without careful 
scrutiny both methods can yield ambiguous results. The 
problem is particularly acute in tightly coupled ABC 
systems where the assignment of transition frequencies 
to an energy level scheme is not straightforward. A 
striking example of such a system is the spectrum of 
SiVi,. Despite a number of attempts (3-5) to determine a 
correct set of parameters by iterative and exact methods 
(4) at two different frequencies (40 and 60 MHz) the 
parameters were still in question until accurate values of 
the coupling constants were obtained from the I3C satel- 
lite spectra (5). 

Similar problems in assignment arose in the present 
work in the case of the GeVi, spectrum (and also for 
SiVi, which was further re-investigated in order to test 
the procedure used in this work). To resolve any arnbi- 
guities, an extensive study was made of the eflects of 
solvent (concentration), spin-tickling (lo), saturation, and 
double-quantum transitions (11, 12) upon the spectrum. 
After unequivocal assignrncnt of the transitions, the 
chemical.shifts andcoupling constants were then calculated 
by both the iteration and "exact" methods. The NMREN 
I1 and NMRIT programs of Swalen and Reilly (1 3) were 
used in the iteration method, while a sub-routine 
QORTIC, based upon the exact   net hod and coded in 
Fortran for an IBM 7094 computer, was incorporated 
into a modified NMREN I1 program to calculate the 
parameters by the exact rne t l~od .~  

Results 
Tetravinyl Series 

The protons of both series of compounds 
have been labelled as follows. 

The spectrum for SiVi,, a t  low concentration in 
CCl, (5 mole %), was essentially the same 

,In theexact method of Castellano and Waugh (14) the 
fourth degree polynonlial was solved analytically by the 
Ferrari method. In QORTIC, however, the polynomial is 
solved by two independent iteration methods. The first 
method finds all the zeros while the second finds only the 
real zeros of the quartic. Both methods gave identical 
real solutions of the quartic. 
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TABLE I 

Chemical shifts and coupling constants for the tetravinyl series obtained by the iterative and exact methods 
-- 

Chemical shifts* Coupling constantst Average errors 

Compound 6, 6 n 6 c J A B  JAC Jnc C J 6 J 

CVi4 (19) 300.3 306.0 349.0 2 .0  18.5 8.75 29.25 - - 
SiVi, Iteration 346.160 363.436 367.067 3.622 20.397 14.670 38.689 0.01 0.025 

Quartic -12.686 4.500 8.185 3.601 20.402 14.685 38.688 0.01 0.025 
GeVi4 Iteration 340.988 361.766 372.721 3.084 20.066 13.446 36.596 0.02 0.047 

Quartic --17.504 3.290 14.214 3.068 20.072 13.456 36.596 0.02 0.047 
SnVL Iteration 345.144 372.568 383.307 3.147 20.686 13.778 37.611 0.03 0.053 

Quartic -21.862 5.569 16.292 
PbVi, Iteration 344.965 383.529 419.096 

Quartic -37.565 0.999 36.566 
-- 

*Chemical shifts are in hertz; for the iteration method the shifts are rf 
center of gravity. 

tCoupl in~cons tan t s  are in hertz. 

(apart from minor differences in intensities) as 
I 

the spectra reported by previous workers (4, 5). 
Assignment of the lines was based upon the 
effects of concentration and radio-frequency 
(r.f.) power level upon the signals. An increase in 
concentration of the solute from 5 mole % to 
100 mole % resulted in an up-field shift of 
approximately 1 Hz for the set of signals assigned 
to the B proton. This change was accompanied 
by a down-field shift of the same amount for the 
combination line at the center of the spectrum. 
No shift changes were noted for the other 
 signal^.^ The combination transitions were then 
determined from the saturation behavior of the 
spectrum. It was observed that the three combina- 
tion lines are readily detected under conditions 
which saturate the normal transitions, i.e. at r.f. 
power levels of 0.1 to 1.0 mG on the A-60. 
Identification of the combination transitions 
permitted a tentative assignment of the remain- 
ing transitions. A spin-tickling experiment, 
carried out on the spectrum at 100 MHz by 
Dr. R. Freeman, confirmed the assignment and 
also indicated that the couplings were all of the 
same sign (assumed positive). A summary of 
the chemical shifts and coupling constants 
calculated by the iterative and exact (quartic) 
methods is given in Table I. Also included are 
the calculated errors for these parameters. 
Convergence in the iterative method was found 
to be dependent upon the trial values used for the 
starting parameters. No satisfactory convergence 
was obtained if the trial values differed markedly 
(> 1 Hz) from the correct values. The final 
-- 

'Similar concentration effects were observed in 
acetonitrile and acetone. 

:lative t o  internal TMS, while for the quartic they are relative t o  the 

parameters listed in Table I were obtained 
using the coupling constants reported for tri- 
methylvinylsilane (10) as the starting parameters. 
The "exact" method was somewhat unsatis- 
factory since no real zeroes were obtained for the 
polynomial in the defined range. The difficulty 
presumably arises because of the small shift 
difference between the B and C protons (-3.6 
Hz at 60 MHz) and is similar in nature to that 
encountered by Cavanaugh (16) for other 
three-spin systems. A plot of the polynomial 
showed that the function approached but did 
not cross the X axis. A real solution was there- 
fore approximated by extrapolation of the 
function minimum to the X axis. The resultant 
parameters are listed in Table I. 

The spectrum of neat GeVi,, illustrated in 
Fig. IA, is less tightly coupled than SiVi,. An 
assignment of the transitions was carried out 
following the procedures used for SiVi,. As in 
the latter case only the B proton transitions 
were found to be solvent and concentration 
dependent. The assignment was further checked 
by studying the double-quantum spectrum. 
Such measurements are of considerable useful- 
ness in analysis and in sign determination of 
moderately coupled spectra (1 1, 12, 17, 18). In 
the present system satisfactory agreement was 
observed between the observed and calculated 
double-quantum transitions, Table I1 thus 
confirming the assignment and also indicating 
that the signs of the couplings were all the same 
(+ve). A summary of chemical shifts and 
coupling constants calculated by iterative and 
exact methods is given in Table I. Satisfactory 
solutions were obtained in both cases. 
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G ~ ( C H Z C H ~ ) ~  

(NEAT) 

hertz 

FIG. 1. 60 MHz spectrum of neat GeVi,; shifts are 
in hertz to low field relative to internal TMS. 

TABLE It  

Calculated and exper~mental multiple 
quantum transitions for the GeV14 

spectrum 
-- - --- -. - -- -- - 

Transition* Calculated Observed.[ 

*The eight energy levels are  lilbelled according t o  the schemc in the 
diagram. 

tln hcrtz;correct i 1.0 Hz. 
t l lncertaln because of  superimposed single quantum transitions. 

The spectra of SnVi, and PbVi, in CCI, 
(- 5 mole %) were both less tightly coilpled 
than for other members of this series and unam- 
biguous analyses were obtained more readily. 
The parameters for both compounds are listed 
in Table I. The parameters listed for CVi, are 
those reported at 60 MHz by Berger and co- 
workers (19). 

Triphenyl Vinyl Series 
The vinyl proton spectra for compounds in 

this series were all close to first order at low 
concentration in CCl,. The spectrum for 
4,GeVi is typical of the series and is illustrated 
in Fig. 2. Assignment of the signals was relatively 
straightforward for all of the compounds, and 
the parameters derived by iterative and exact 
methods are listed in Table 111. For 4,PbVi the 
quartet at lowest field was obscured by the ring 
proton signals and the chemical shift of tlie 
proton was therefore taken as the mid-point of 
the corresponding 207Pb satellite spectrum. The 
limits of errors for the parameters of the tri- 
phenyl vinyl series are somewhat larger than for 
the tetravinyl series because the line positions 
meas~~red with the DP-60 spectrometer were 
slightly less accurate. 

A marked solvent and concentration depen- 
dence was noted for the two p protons in all of 
the compounds. In contrast, little medium 
effect was noted for the a proton. Figure 3 
illustrates the concentration dependence for 
4,GeVi in CCI,. Proton A, located cis to the 
germyl group, is observed to shift dowz$eld 
by approximately 4 Hz, while proton B (trans to 
41,Ge) shifts 4 Hz ~y~-$eld when the concentra- 
tion is increased froill 6 mole "/, to 50 mole % 
(saturation). Proton C (gem to 4,Ge) shows only 
a slight, - 0.2 Hz, shift over tlie same concen- 
tration range. 

Discussion 
Comparison with Earlier Parameters 

A summary of the most recent MVi, param- 
eters reported in the literature is given for 
comparative purposes in Table 1V. A close 
inter-comparison of the chemical shifts is not 
feasible because the spectra were not all lneasured 
under the same solvent and concentration 
conditions. Although the medium effects are 
generally quite small they are significant 
enough in the case of SiVi, to affect the analysis. 
The excellent agreement of the coupling constants 
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TABLE 111 

Chemical sh~f ts  and coupling constants for the triphenylvinyl series obtained by 
iterative and exact (quartic) methods 

-- 

Chen~ical shifts' Coupling constants't Average crrors 

@,CVi Iteration 292.233 321.968 409.984 1.156 16.993 10.436 28.585 0.16 0.3L 
Ouartic -49.137 -19.461 68.597 1.159 17.003 10.423 28.585 - - 

r 2 
. - 

~ u a r t i c  2 8 . 1 7 6  3.365 24.812 3.580 20 212 14 583 38.375 - - 
4,GeVi Iteration 342.909 374.157 398.403 2.459 19.990 13.776 36 225 0.10 0.42 

Quartic -29.067 2.313 26.754 2.342 19.745 13.749 35.836 - - 
b,SnVi Iteration 353.965 385.273 404.455 3.105 20 536 13.520 37.161 0 10 0.20 , - 

Quartic -27.283 4.118 23.710 3.048 20.561 13.551 37.160 - - 
6,PbVi Iteration1 354.99 392.76 436.62 1.866 19.824 11.952 33.438 

*Shifls are  given in hertz relative to TMS for  the iteration method, and to thecenter  o f  gravity [or the quartic method. 
t coup l ing  constants are  in hertz. 
ZOnly eight lines weredeteetablefor the vinyl protons. 

I I I I I 
-450 -425 -400 - 375 -350 

hertz 

FIG. 2. 60 MHz spectrum of 4,GeVi; 12 mole % in CCI,; shifts are in hertz to low field relative to internal TMS. 

derived for SiVi, by the iterative and exact 
methods with the values reported by Hobgood, 
Mayo, and Goldstein ( 5 ) ,  using the I3c method, 
confirms that the set is correct. The possible 
reasons for earlier ambiguities have been com- 
mented upon in a preceding section. Such 
ambiguities can be minimized by appropriate 
supplementary measurements, i.e. 13C satellite 
spectra, "tickling" experiments, and judicious 
use of solvent effects. 

The coupling constants for GeVi, are in 
close agreement with the values reported for 
Ge2Vi6 (20). However, the shifts for the GeVi, 
protons are all slightly lower (3-7 Hz) than the 
corresponding shifts for Ge2Vi6. The origin 
of this effect is not clear although it is possible 
that the deshieldings arise from anisotropy 
effects involving the vinyl groups. Both sets of 
parameters reported earlier (3, 6) for SnVi, 

a t  40 MHz differ significantly from the present 
values. These discrepancies are probably the 
result of a combinatioll of factors including 
larger errors and different computational pro- 
cedures used in the earlier work. In view of the 
excellent agreement between the iterative and 
exact solutions the parameters reported in this 
work are considered to be more satisfactory. 

The only parameters reported previously for 
the $,MVi series were those for the silyl com- 
pound at  40 MHz (7, 8). Although the errors 
were larger than in the present case the agreement 
between the different sets of coupling constants is 
quite satisfactory. 

Cliet~ ical Sllifts 
M Vi, Series 
A schematic illustration of the chemical shifts 

for the complete series of compounds is given 
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TABLE IV 

Summary of coupling constants* for MVi, con~pounds reported in the literature 

Compound Solvent JAB JAc J B  c C J Ref. 
- -- 

SiVi., Neat 2.70 20.47 15.33 38.5 4 
Neat 4.38 19.95 14.17 38.5 4 

CsHlz 3.63 20.36 14.63 38.69 5 
C6HIz 3.68 20.4 14.6 38.6 3 

Neat.f 3.68 20.29 14.55 38.51 Present 
SnVi, Neat 3 . 7  13.2 20.3 37.2 6 

Neat 2 .6  16.1 20.7 39.4 3 
PbVi, Neat 2 .0  12.1 19.6 33.7 3 

*Coupling constants aregiven in hertz. 
?From 100 MHz spectrum run  by Dr. R. Freemi 

r I I I I I silicon derivative and the largest low-field shift 
(relative to ethylene) occurs for the PbVi, 
protons. (2) In each case the shieldings vary in 
the order gem < trans < cis: in contrast with 
the order generally observed in other vinyl 
compounds, i.e. gem c cis < trans ( 1 ,  2). (3)  
A surprising constancy in shielding is noted for 
the cis proton over the entire series. The gern and 
trarzs protons, on the other hand, are progres- 
sively deshielded down the series with the 
largest change observed for the gem proton. 

FIG. 3. Concentration dependence of the chemical 
shifts of 43GeVi in CCl., at room temperature; shifts are 
in hertz to low field relative to internal TMS. 

in Fig. 4. Several points of interest can be noted : 
( I )  The centers of gravity of the spectra for all 
of the compounds, from SiVi, to PbVi,, are 
shifted to low field relative to  the carbon 
analogue and to other ethylene derivatives 
(1, 2). The incremental changes are most 
pronounced in going from the carbon to the 

FIG. 4. Schematic illustration of the shift trends for 
the vinyl protons of the MVi4 series; c.g. denotes the 
center of gravity of the spectrum. 

Since the tetravinyls are nonpolar and show a 
minimal solvent and concentration dependence, 
it can be concluded that the observed shift 
changes are intramolecular in origin. A number 
of con~prehensive reviews (1,2,21,22) have been 
given of shift contributions from such sources. 
In the present compounds the most likely 
possibilities are (i) inductive effects due to  the 

'The designations are given relative to the substituent 
(M). 
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M atom, (ii) resonance interaction between the 
n electron system of the vinyl group and appro- 
priate orbitals of the M atom (e.g. d,-p, inter- 
action), and (iii) diamagnetic anisotropy of the 
bonds, in particular the M-C bond. 

It is convenient to consider first the trend in 
the center of gravity of the spectra (in terms of 
(i)-(iii)). Inductive effects, arising primarily from 
electronegativity differences of substituent groups 
and operating via the o electron system, are 
known to exert an appreciable influence upon 
proton shifts (2, 3, 24, 25). For example, low- 
field shifts amounting to 1.4 p.p.m. per unit 
increase in electronegativity are noted (25) for 
the methyl protons in a series of methyl halides. 
However, inductive effects drop off very rapidly 
with the number of intervening bonds and shift 
changes for P protons are approximately 1/10 
those of cl protons in saturated compounds 
(1-3). On this basis little shift change would be 
expected for the cis and trans protons of the 
tetravinyls while the gem proton could show a 
shielding of up to 50 Hz in PbVi, relative to 
CVi,. The observed changes are in the wrong 
direction, however, and it can be concluded that 
some factor other than (i) is responsible. 

A number of attempts have been made 
recently to rationalize the deshieldings of vinyl 
protons in ally1 and aryl silanes, germanes, and 
stannanes in terms of a resonance interaction 
between d, orbitals of the M atom and the 
p, orbitals of the vinyl group (7, 8, 20, 26-28). 
The deshieldings, i.e. shift of the center of 
gravity, relative to alkenes, are presumed to 
result from a back donation of p, electrons on the 
trigonal C atom to suitable low-lying d, orbitals 
on the M atom. This back donation is assumed 
to be strong enough to overcome any inductive 
effects acting in the opposite direction. The 
effect of any d,-p, interaction should decrease 
with the number of intervening bonds and should 
increase with a greater availability of d orbitals 
on the M atom (i.e. at higher atomic  number^).^ 
Both of these trends are noted in the MVi, series 
and it is tempting to conclude that the shifts of 
the centers of gravity are primarily due to 
d,-p, interaction. Such a conclusion is tentative, 
however, and further confirmatory spectro- 

'It is also likely that the trans proton would be more 
influenced by the resonance interaction than the cis 
proton. 

scopic studies are essential. In this connection, 
it can be noted that Si d orbital interaction with 
the n electron system of benzene rings has been 
definitively established in a recent ultraviolet 
(u.v.) study (29). More recent U.V. measurements 
suggest that a similar conjugation is also 
possible for phenyl derivatives of other Group 
IV elements (30). 

Although d,p, interaction would account for 
the low-field shifts relative to alkenes, it is more 
difficult to attribute the trends in the internal 
cis, trans, and gem shift changes in the series 
solelv to such an interaction. A more likelv 
source of the changes is the diamagnetic aniso- 
tropy of the M(sp3)-C(sp2) The 
effect of bond anisotropies upon the shift can 
be estimated from the dipole approximation (31) 

where AX is the difference between the longitu- 
dinal X, and transverse xT susceptibilities and O 
is the angle between the dipole axis and the radius 
vector R joining the dipole and the given proton. 
It should be noted that shifts calculated using the 
dipole approximation may have a considerable 
error when R is less than 3 A, as in the case 
of the gem proton. Nevertheless, eq. [ l ]  should 
provide a qualitative test of the influence of 
bond anisotropy upon the shifts. In the present 
compounds the M-C bond susceptibilities are 
not known and the shift trends were therefore 
estimated by using trial values of AX and 
assuming that the shift difference, 6,-6,, is due 
mainly to the diamagnetic anisotropy of the 
nearest1' M-C bond. The AX value which gave 
the best fit of 6,-6,, using reasonable R and O 
values, was then used to calculate 6,. Vinyl bond 
angles were assumed to be the same as those 
reported for vinylsilane (32) while bond distances 
were obtained from the literature (33). The bond 
dipole origin was taken as the mid-point of the 
M-C bond in each case. Little variation was 

8A rough estimate of shift changes due to the C=C 
bond anisotropy (assuming free rotation) indicates that 
these will be quite small, i.e. -5 to 5 Hz, because of 
averaging between shielding and deshielding regions of 
the double bond and will decrease down the series. 

91n view of the tetrahedral symmetry of the central M 
atom no anisotropic magnetic effects would be expected 
from this source. 

'OIt can be shown, on the basis of the dipole approxi- 
mation, that contributions from the other M-C bonds 
(3) total up to less than 5 Hz for the B protons. 
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noted for the calculated shifts with small 
changes in the bond distances (0.10 A) and 
dipole origin. A schematic illustration of the 
calculated shift trends is given in Fig. 5 along 
with the final AX values. Several points can be 
noted: (1) Reasonable agreement between the 
calculated and observed trends is only obtained 
for the case where X, > x,. This order is 
consistent with (22, 34, 35) theoretical and 
experimental results for other bonds (22, 36). 
(2) AX increases by threefold in going from Si 
to Pb. Although no experimental measurements 
are available for comparison, it is interesting 
to note that the atom susceptibilities for Si, Ge, 
and Sn increase in the order 20.7, 31.5, and 
49.2 c.g.s. units respectively (37). Also, the value 
of 6 x cm3 mole-' for Ax(Si-C) is very 
close to the value of the total molar suscepti- 
bility for the Si-C bond reported by Pacault 
(38). (3) The calculated cl proton shifts lie to 
lower field than the P protons, in agreement with 
the observed trend. However, the calculated shift 
difference 6,-6, is appreciably greater down the 
entire series. This result is probably due to a 
progressive breakdown of the dipole approxima- 
tion at small R values (i.e. for the gem proton).l 
It has been shown theoretically that the dipole 
model (eq. [I]) will lead to excessive low-field 
shifts at low R values (39). (4) The calculated cis 
proton shift is effectively constant in the series. 
The constancy is expected on the dipole model 
since O is close to 54.5" for the cis proton. (5) A 
linear correlation is noted between the final 
Ax(M-C) values and the atomic number 
of the M atom. Similar correlations with atomic 
number have previously been reported for the 
atomic susceptibilities of Si, Ge, and Sn (37) and 
also for the bond susceptibilities, AX, of C-X 
bonds, where X represents halogen atoms (38). 
The linearity is consistent with theoretical 
predictions for related systems. According to the 
theory of Van Vleck (40) the diamagnetic 
susceptibility of an atom is directly proportional 
to the effective atomic number of the atom. This 
relationship has been confirmed experimentally 
for a number of systems including the series of 
Group IVB atoms (37). For molecules the 
situation is considerably more complicated and 
the total molar diamagnetic susceptibility is 

"The discrepancy is even greater when one considers 
that the observed 6 ,  - 6 c  value includes a possible 
deshielding contribution from d.-p, interaction. 

generally considered to be made up of contri- 
butions from inner electrons, lone-pair electrons 
of outer shells, and bonding electrons in each 
bond (38). Of these the last contribution is by far 
the most important. Calculations by Pacault 
and co-workers (38) indicate that bonding 
electrons contribute up to 80-90% of the total 
susceptibility ; moreover, this colitribution in- 
creases with the atomic number of the bonding 
atoms. It is therefore reasonable to expect that 
the principal components of the bond suscepti- 
bilities will change in a similar manner and hence 
a linear variation of AX versus Z should result. 
The excellent linearity in Fig. 6 provides a 
confirmation of the assumption that the internal 
shift changes are primarily due to the aniso- 
tropy of the M-C bond. 

It is interesting to note that extrapolation of the 
line in Fig. 6 to Z = 6 yields a value of AX = 
4.0 x cm3 mole-' for the C-C bond, in 
excellent agreement with the value deduced by 

I I I 1 I I I I 
- 4 0  -20 0 20 40  60 80 100 

hertz 

FIG. 5. Shift trends for the MVi, series calculated 
using the dipole approximation. 

FIG. 6.  Plot of the atomic number of the M atom 
versus the diamagnetic bond susceptibilities used in 
calculating the shift trends in Fig. 5. 
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Davies (36) from a consideration of various 
ex~erimental and theoretical results. However. 
in view of the assumptions involved in the present 
work and the difficulties encountered in relating 
shifts to bond anisotropies, the agreement is 
probably fortuitous. 

4,MVi Series 
Figure 7 illustrates scheinatically the proton 

shifts for the complete series. ~ o m p a r i s o ~  of the 
shifts in Figs. 4 and 7 shows a number of - 
similarities and differences in trends for the two 
series. In both series the shieldings increase in the 
order S,,,, < 6,,,ns < S,,; also, the centers of 
gravity of the spectra for the 4,MVi compounds 
shift to low field with increasing Z as in the first 
series. Again, the largest change is noted in 
going from the carbon to the silicon derivative. 
It is interesting to note that the 6-M trend for 
the rrans proton of the 4,MVi series (Fig. 7) is 
almost exactly superimposable upon the cor- 
responding curve for the MVi, series." A 
similar correlation is also observed for the 
trends in the centers of gravity for the two series. 

FIG. 7. Schematic illustration of the shift trends of the 
vinyl protons of the +,MVi series. 

TABLE V 

Comparison of vinyl proton shifts 
in MVi, and 4,MVi 

A&," AFc" 

*A6,, = S,\(+,MVi) - S,\(MVi,). 
AS. = S"(6,MVi) - S,,(MVi,). 
AS$ = S,(+,MV,i) - Sc(MViJ). 

Shift d~fferences are  In hertz. 

21 Hz larger in 4,SiVi than in SiVi,. The 
deshieldings for individual pairs of compounds 
vary in the order ASc > AS, > AS, in all 
cases,', Table V. Both ASc and AS, decrease in 
magnitude down the series while AS, increases; 
the largest change is noted for AS,. Of additional 
interest is the surprising constancy in the shift 
of the centers of gravity for the spectra down the 
series, relative to the corresponding tetravinyl 
derivatives. 

The most reasonable explanation of the main 
differences between the two series is the effect of 
the phenyl ring anisotropy upon the 4,MVi 
shifts. A detailed quantitative calculation of the 
shielding changes is not feasible because of the 
complexity of the systems. However, a considera- 
tion of the angles subtended by the lines joining 
the vinyl protons with the centers of the phenyl 
rings, along with the corresponding distances for 
a variety of representative configurations, shows 
qualitatively that all of the protons, except the 
cis proton of @,CVi, are predominantly located 
(on the average) in the deshielding regions15 of 
the neighboring phenyl rings.16 Furthermore, the 
largest deshieldings are expected for the gem 
and trans protons, in that order. The cis proton, 
in contrast, initially lies in a shielding region for 

The chief differences between the two series are 
14AF = G(+JsMVi) - F(MVi,). the lower for of the '5Angles and distances were approxinlated with the 

protons of the 4,MVi series, except for the aid of Fisher-Taylor-Hirschfelder models and ring 
cis proton of $,CVi, and the progressively anisotropy effects were estimated from the shielding 

values reported by Johnson and Bovey (41). 
larger internal shift &A - s B  and I6Free rotation of  the vinyl and phenyl groups about 
6, - &,,I3 with decreasing Z. Thus (6, - 6,) the C-M bonds is assumed for each compound. Recent 
and (6, - 6,) are almost the same in pbvi, microwave and infrared measurements (32, 42) indicate 

that the vinyl group is freely rotating in H3SiVi (32) and 
and 43PbVi, but are approximately 4 Hz and that the energy barriers to  rotation about the M-C bon! 
-- in MEt, compounds (42) are less than 1 kcal mole- . 

Free rotation is also indicated by the approximately 
I2Aoart from the overall down-field shifts of the constant additive ohenvl ring contribution to the shift ~ - 

$ 3 ~ ~ 1  protons. of the gem proton 'in thk series +,,SiVi,-, with increasing 
',Relative to the corresponding MVi, compounds. 11 (7, 43). 
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the carbon derivative, but then as the bond 
distances increase down the series the influence of 
the phenyl rings becomes increasingly one of 
deshielding. The ring deshielding effect upon the 
gem and trans protons is expected to decrease 
with increasing Z because of the accompanying 
increase in A. The largest overall change should 
occur for the gem proton as observed, i.e. 6 6 ,  
changes by 43.5 Hz while A6, changes by 6.7 Hz 
from +,CVi to +,PbVi. The neighbor-ring 
anisotropy also accounts satisfactorily for the 
changes in internal shift down the series. It is 
apparent that the internal shift differences in 
the +,MVi series will approximate those in the 
MVi, series as the bond distances increase 
(i.e. Z increase). Finally, it can be noted that a 
plot of 6 6 ,  versus R - ~  (M-C vinyl) gives a 
satisfactory straight line. Since the average 
distance from proton C to the phenyl ring dipole 
is proportional to the M-C bond length, the 
linear relationship provides an additional con- 
firmation that the observed deshieldings are 
largely due to the phenyl ring anisotropy. 

In an earlier n.m.r. study of the series 
+,SiVi,-, at 40 MHz Hobgood and Goldstein 
(7) observed that introduction of a phenyl group 
led to a significant deshielding of the gem (a) 
vinyl proton but had little effect upon the P 
protons. The shift changes reported by these 
authors, A6, = +1.2 Hz, 8 6 ,  = -9.1 Hz, and 
A6, = -31.5 Hz, are in reasonable agreement 
with the present results, Table V. Based on the 
constancy of the shift changes for the vinyl 
protons with increase in n from one member of 
the phenylvinyl silane series to the next, Hobgood 
and Goldstein suggest that the deshielding effects 
are mainly due to the phenyl ring anisotropy. 
The present results indicate that similar trends 
will be observed in all of the phenylvinyl Group 
IVB derivatives. 

Although the deshieldings relative to the MVi, 
series are satisfactorily accounted for by the 
phenyl ring anisotropy, it is highly unlikely that 
the down-field shift in the centers of gravity 
with increasing Z is due to the same source. In 
view of the similarity of the trends in the two 
series, in particular the large change from the 
carbon to the silicon derivative, it is more 
reasonable to attribute the changes within the 
series to a d,-p, interaction analogous to that 
suggested for the MVi, series. The similarity of 
the trends for the individual cis, trans, and getn 

FIG. 8. Plot of the coupling constants (sum) for the 
MVi, series versus the electronegativity of the M atom. 

protons with increasing Z in both series also 
indicates that the adjacent M-C bond aniso- 
tropy is operative in the $,MVi series. 

Coupling Constants 
The coupling constants for all of the com- 

pounds vary in the same order, i.e. J ,,,,, > J,, 
> J,,,,,, as observed for most vinyl compounds 
(1, 2). In addition the relative signs of the three 
couplings (all positive) conform to the trend gen- 
erally noted for vinyl derivatives having a sub- 
stituent group with an electronegativity less than 
-- 3.0. 

A plot of the sum of the coupling constants 
versus the electronegativity17 of the M atom 
(EM) yields straight lines18 for both series of 
compounds, Figs. 8 and 9. Linear correlations 
have previously been reported for a wide 
variety of vinyl compounds over a broad range 
of substituent electronegativities (4446). The 
present results indicate that a similar trend holds 
for a series of vinyl derivatives of elements 
belonging to the same group in the periodic 
table. 

The electronegativities of Group IVB atoms 
have been the subject of some controversy 
recently. On the basis of an extensive analysis of a 
wide range of chemical and spectroscopic data 

17The electronegativity values reported by Allred (47) 
have been used in the plot. 

lSStraight lines are also obtained for plots of the 
individual couplings versus elecironegativity. 
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E M  

FIG. 9. Plot of the coupling constants (sun]) for the 
$sMVi series versus the electronegativity of the M atom. 

for a series of Group IVB derivatives Allred and 
Rochow (48) concluded that the electronegati- 
vities for the Group IVB atoms varied in the 
order Ec > E p b  > E,, > Esn > Esi. This differs 
from earlier conclusions (49) which favored the 
order EC > Esi > E,, 1: Esn 1: Epb. Assuming 
that the linear trends of coupling constant 
versus EN are general for vinyl derivatives, then 
the present coupling constant data provide 
additional confirmation of the electronegativity 
scheme proposed by Allred and Rochow (48). 

A comparison of the plots in Figs. 8 and 9 
shows that the curve for the 4,MVi series lies 
slightly below that of the MVi, series. Although 
the differences in C J values are small and range 
from 0.65 Hz to 0.30 Hz from C to Pb, the trend 
is outside the limits of errors. The smaller C J 
for the phenyl derivatives suggests that EN of 
the M atom is increased upon phenyl substitu- 
tion, i.e. the 4,M group is more electronegative 
than the Vi,M group. This is in agreement with 
the order suggested by Webster (26) on the basis 
of chemical shift measurements of R,SiH 
compounds. 

Mediuin Effects 
The lack of any significant solvent or concen- 

tration effect for the MVi, series is not unex- 
pected. In contrast, the 4,MVi compounds show 
a significant concentration dependence but 
little solvent effect. The concentration dependence 
is undoubtedly related to the presence of the 
anisotropic phenyl rings. Striking concentration 
effects have previously been noted for the ring 
proton spectra of 4,SiVi and 4,GeVi (50). It 
was found that an increase in solute concentra- 

tion led to a down-field shift of the ortho 
protons and an up-field shift of the meta and 
para protons. These changes were interpreted on 
the basis of a solute-solute interaction model in 
which the up-field shifts result because of the 
greater probability of out-of-plane (shielding) 
contacts for meta and para protons with 
neighboring solute rings than for ortho protons. 
In the latter case steric hindrance favors in-plane 
contacts with neighboring solute rings, thereby 
leading to a down-field shift. A similar interaction 
model can account for the shift changes of the 
vinyl protons. The tl.ans proton, which is the 
most exposed of the three protons to external 
contact, would be expected to shift up-field 
with increasing solute concentration because of 
the higher of out-of-plane contacts 
with the rings of other solute molecules. The cis 
proton, in contrast, is in a more protected region 
of the molecule, and the most favored contacts 
with phenyl rings of other molecules are those 
which are in-plane. Little contact of the gem 
proton with solute and/or solvent molecules is 
possible. Thus the solute interaction model 
predicts up-field shifts for the t r ans  protons and 
down-field shifts of the cis protons in agreement 
with the observed results. 
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Constraints on the determination of stability constants for metal complexes. HI. 
The iron(HI1) phenolates 

W. A. E. MCBRYDE 
Departrrzer~t of Cl~ernistry, University of Waterloo, Waterloo, Orztario 

Received May 30, 1967 

Stability constants have been measured spectrophoton~etrically for the 1 :1 co~nplexes of iron(1II) with 
phenol and five derivatives in background solutions having two different con~positions, 0.027 M NaC10, 
and 0.5 M KNO,. Conditional acidity constants for these phenols in the second of these media were also 
determined. The experin~ental results were treated in two different ways to obtain values of the equilib- 
riunl constants and the molar extinction coefficients of the complexes. It is apparent that the equilibrium 
in these cases must be studied under conditions, such as low pH and low concentration of iron, which 
militate against good precision in the results. 
C a n a d ~ a n  Joi~rnal of Chemistry, 46, 2385 (1968) 

Introduction designed to secure values of both E and K. This is 

The following investigation arose out of an 
attempt to measure the first-stage stability 
constant for the complex formed by the reaction 
of iron(II1) with phenol sulfo~lic acid. Because 
of the nature of our findings with this ligand, we 
were led to extend our investigation to a series of 
iron(II1)-phenol complexes previously studied 
by Milburn (1). 

A problem with these phenol complexes is that 
under conditions appropriate for their study by 
spectrophotometric methods they behave as 
weak complexes. The essential reaction is 

[I 1 Fe i- HL P FeL -I- H 

(charges having been omitted for the sake of 
simplicity and generality). The equilibrium 
constant is approximated by a concentration 
quotient which we call K. and which in this study 
is of the form 

[FeL] H PI [Fe][HL] - K '  

in which [I denotes molar concentrations and 
H = antilog (-pH). 

In general K is rather small, and since measure- 
ments must be made in moderately acidic 
solutions to minimize hydrolysis of iron(III), the 
degree of conversion to FeL is low. For all 
phenolic ligands FeL has an absorption band in 
the visible spectral region so that, in principle, 
the position of equilibrium should be capable of 
measurement if the optical density and pH of the 
solutions containing iron(II1) and phenol are 
known. In practice, however, E, the molar 
extinction coefficient of FeL, is not directly 
obtainable, so that the experiments must be 

by no means a new problem, and a number of 
methods have been described for arranging data 
from experimental measurements in such a way 
as to extract values of E and K when dealing with 
the formation of weak complexes (2-6). 

These methods share the common feature that 
a linear relationship is sought among the experi- 
mental quantities, from which E and K may be 
extracted by measuring slope and intercept when 
the data are suitably plotted. As will be subse- 
quently shown, in the iron(II1) phenolates E and K 

are related approximately inversely (EK - con- 
stant), so that an uncertainty in the estimate of 
one df these is matched in the opposite direction 
by an uncertainty in the other. 

When this work began the principal spectro- 
photometric study of the iron(II1) phenolates 
was that of Milburn (1). This has subsequently 
been extended (7), and other measurements have 
been reported by Ernst and Herring (8). We 
encountered difficulties with the method of 
treatment of experimental results described by 
Milburn (1, 7), which are discussed in some 
detail later in this paper. Accordingly we resorted 
to other ways of extracting E and K from our 
experimental results, and in particular sought a 
method that freed the determination of one of 
these from the other. 

Determination of E and K 

The methods to be described were adapted 
from procedures developed for other systems by 
making appropriate allowance for the ionization 
of the phenolic ligand and for hydrolysis of the 
metal ion. Two independent applications of the 
data were possible. 
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I (a). Measltrelnent of K (9) 
Suppose that two solutions, 1 and 2, are 

prepared having the same pH  and CFc, but 
differing in C,. Also, suppose that in both 
solutions C, >> CF,. The concentration of com- 
plex [FeL] = DIE may be represented by x. The 
following relationships apply, 

where K, is a first stage hydrolysis constant for 
the metal ion. 

Equation [4] gives an estimate of K indepen- 
dent of E .  If several such solutions are prepared 
and their optical densities measured, the results 
may be combined in pairs according to eq. [3], 
and the data from rz solutions can, in principle, 
generate &rz (n - 1) values of K from eq. [4]. In 
practice x, is defined in eq. [3] by the difference 
of two like magnitudes, and it was considered 
justifiable to retain only those values that could 
be defined with reasonable certainty ; thus values 
of x, in which the uncertainties in the experi- 
mental quantities generated an uncertainty of 
20% (relative) or greater were discarded. 'This 
reduced the number of useful estimates of K, but 
in practice 25 to 35 separate evaluations of K 

were obtained from 9 or 10 samples. 

I (b) . Measii~enzent of E 

Equation [2] may be adapted to 

For a low degree of conversion to complex 
this becomes 

[5n] DH( l  + K,,/I~)/CI.'cCL el;. 

It  was observed for solutions containing fixed 
CL and C,,, but differing in H, that the expression 
on the left-hand side of eq. [5a] was reasonably 
constant. About I 0  values of EK were obtained in 
this way and averaged. Given a value of K from 
the application of eq. [4] it was possible to esti- 
mate E. This could be applied in the left-hand 
side of eq. [5] to derive an improved value of EK, 
and the whole cycle repeated until constant 
values of E were obtained. Different combin- 
ations of C, and C,, could be taken to obtain 
independent evaluations of EK. 

2. Slope-Intercept Metlzod (4) 
For solutions in which CL >> CFc, eq. [5] may 

be modified and rearranged to 

For solutions with fixed CFc and H the  expression 
on the left side is a linear function of D. A plot 
of this against D will have slope = -K and 
intercept = C F C & ~ ,  from which E can be derived. 
A straight line was fitted through the experi- 
mental points by a computer-based least squares 
program. 

I11 practice, however, this method failed in a 
few cases to give a well-defined straight line. 
These instances were always linked to sets of 
solutions in which the ratio CL/CFc was not 
maintained very high. 

Experimental 
All of the con~pounds examined as ligands were 

purchased from the British Drug Houses, Ltd., with the 
exception of phenol which was purchased from Mallinck- 
rodt Chemical Works. Phenol and p-cresol were purified 
by vacuum distillation and the purity of the latter checked 
by a refractive index measurement. p-Nitrophenol was 
recrystallized from chloroform. Each plienol was assayed 
for purity by titration of a weighed portion with standard 
alkali, the end-point of the titration being determined by 
pH meter. Phenol was also assayed by the bronlate 
method as a check on rhc acidity titration. The two 
phenols not specially purified proved to be 98-100% pure. 
Thc molarity of solutions of the phenols were corrected 
in accordance with the purity found for each compound. 

All other chemicals used were reagent grade and 
solutions of these were prepared when possible by direct 
weighing. All solutions were prepared with distilled 
deionized water. 

Stock solutions of ferric pcrchlorate in dilute perchloric 
acid and of ferric nitrate in dilute nitric acid were 
standardized gravirnetrically. The stock solution of 
sodium perchlorate was standardized by passing mea- 
sured volumes through a cation exchanger previously 
loaded with acid and titrating the liberated acid. The acid 
concentration of the stock iron solutions was obtained in 
this way also. 

All pH measurements were made with a Radiometer 
model pH M 4b meter with glass and calomel electrodes, 
calibrated by two buffers of N.B.S. specifications. 
Adjustment of the pH of samples was made by the 
addition of measu~ed volumes of standard acid, and the 
background electrolyte was adjusted accordingly to  
maintain constant ionic strength. No buffers were used to  
maintain constant p H  during the determination of K. 

Optical densities were measured with a Beckman model 
DU spectrophoton~eter after selecting the wavelength of 
maximum absorption from spectra recorded by a Cary 
model 14 spectrophotorneter. Milburn (1) had reported 
fading in samples of iron(II1) phenolate or cresolate. We 
also observed this with p-cresol and with some phenol 
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TABLE I 

Conditional acidity constants for phenols (25 "C) 

Bordwell and Cooper 
Our results, 0.5 M KNO3 (p < 0.02 M )  

Phenol Ka PK= Ka PK= 

solutions; in these cases optical densities were measured 
with the Cary instrument set at fixed wavelength, and 
plots of absorbance vs. time were extrapolated back to  
zero time. Absorbance n~easuren~ents appeared to  be 
unaffected by snlall variations in temperature, and so for 
many of the solutions no special precautions for tempera- 
ture control were taken, since the laboratory temperature 
remained fairly constant around 23 "C. Recently Milburn 
has studied the temperature dependence of the iron(II1)- 
phenol reaction (7), and in view of his findings a second 
series of measurements were made with solutions prepared 
and absorbances measured at 25.0 "C (or 20.0 "C in a few 
cases). The solutions were made LIP from previously 
thermostatted reagents, and the spectrophotometer pro- 
vided with thermospacers through which water was 
circulated. 

Measurements of K by nlethod l(a) were carried out in 
backgrounds of essentially constant ionic strength, one 
series maintained at 0.5 M with potassi~lln nitrate, the 
other maintained at 0.027 M with sodium perchlorate (for 
comparison with the work of Milburn (1)). For  method 
1(b) the same backgrounds were en~ployed, but the 
solutions were adjustcd with acid over a range of pII. 

Acidity and Hydrolysis Constants 

To correct values of K to values of K, the 
formation constant of FeL, required dividing 
values of the former by the acidity constant of 
the phenol in question. For values of K applying 
to 0.027 M NaClO, background, we used values 
of K, obtained by Bordwell and Cooper (10). 
These are based on pH measurements during 
titration of phenol solutions by alkali without 
control of the ionic strength, but apply to an 
ionic strength of about 0.01. For want of data 
appropriate to 0.5 M KNO, background we 
determined conditional aciditv constants in this 
medium. These are mixed [~rbnsted)  acidity 
constants in the sense that they are of the form 

the relationship [HL] = C, - [HI, and for this 
an empirical relationship between H and [HI 
was measured in each salt background. Our 
results, together with those of Bordwell and 
Cooper for comparison, are given in Table I. 

In applying eq. [4] to  [6], values of the first- 
stage hydrolysis constants of Fe(II1) appropriate 
to  the background solution must be inserted. 
For the concentrations of iron in the solutions 
taken it is probably sufficient to limit consider- 
ation to one step of hydrolysis. The "choice" of 
hydrolysis constant used, however, makes an 
appreciable difference in the values of K obtained. 
To keep our values in 0.027 M NaClO, as 
compatible as possible with those of Milburn (1) 
we used his value for K,,, except that we adjusted 
it by our observed ratio H/[H] to be consistent 
with our other data. For solutions 0.5 M in 
KNO, we took the value of K,  from Taube and 
Wilson ( l l ) ,  but again adjusted from a concen- 
tration quotient to  a "mixed" quotient in the 
same way. 

Hydrolysis constants are appreciably tempera- 
ture dependent, and to allow for a number of 
measurements of K made at about 23 "C and at 
20 "C we attempted to  estimate values for Kh 
appropriate to  this temperature by assuming 
that the same temperature coefficient (d log Kh/ 
dT) applied to  the constants chose11 above as 
that observed by Turner and Miles (12) between 
15 and 35 "C at an ionic strength of 0.01. The 
values resulting from these adjustments are given 
in Table 11. 

Results and Discussion 

H[L]/[HL]. However, to  obtain these from the By method l(a) four sets of solutions, each 
results of pH titrations it was necessary to use differing in CL but with constant C,, and pH 
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TABLE I1 

Summary of hydrolysis constants, Fe3 + (perchlorate background)* 
-- 

Turner and Miles Milburn and Vosburgh Taube and Wilson 
(p = 0.01) (p = 0.027) (p = 0.5) 

Temperature 
("(2) x 103 Kh x lo3 KHX103 KhX103 K" x lo3 K~ x lo3 

*K, = concentration quotient; Kh = mixed (Bronsted) quotient. 

TABLE I11 

Stability constant for iron(II1)-phenolate (medium 0.027 M Clod-;  temperature for 1 4 ,  
25 "C; for 5-7, 20 "C; Kh used = 2.98 x (25 "C), 2.31 x (20 "C); K, used = 

1.42 x 10-lo) 

Number u x loz EU (final) E K x 

(i) 14.39k0.38 
(ii) 14.77k0.31 
(iii) 14.37 + 0.58 
ii) '  i4.4oEo.47 
(ii) 14.78k0.31 
(iii) 14.4050.59 
(i) 14.88k0.63 
(ii) 15.24k0.47 

- 
(ii) 15.32+0.50 1110 
(iii) 15.47k1.06 1121 

Mean25"C 1 . 1 8 k 0 . 1 8  1284k162 8.31k1.24 
5 0.902k0.13 (iv) 15.53k0.21 1722 
6 1.00 k0 .09  (iv) 15.72+0.19 1572 
7 1.06 k0.12 (iv) 15.84k0.19 1491 

Mean 20 "C -~ -- 

Solutions 

I4 (b)  (i) 
(ii) 
(iii) 

5-7(b) (iv) 

within each set, led to four independent estimates reaction of iron(II1) with phenol and four substi- 
of K for iron(II1)-phenolate at 25 "C and three tuted phenols at about 23 "C and in two media 
estimates at 20 "C. These were all in a back- of different ionic strength are given in Table IV. 
ground made 0.027 M in ionic strength by the Experimental data for the same solutions may be 
addition of sodium perchlorate. The values are treated by method 2 and representative results 
recorded in Table 111. Estimates of K for the are shown in Table IV as well. A representative 
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McBRYDE: CONSTRAINTS ON THE DETERMINATION O F  STABILITY CONSTANTS. I1 

TABLE I V  
Stability constants Fe(I1I) phenolates (- 23 "C) (first group 0.5 M KNO, background; second 

group 0.027 M NaC104 background) 

Method l(a) and l(6) Method 2 

Phenol K x 10' &I K x K x 10' E$ K x 

4.32z0.72 777i769 0.39 7.40 507 0.67 
p-S0,H 1.57k0.22 1033(av.) 5 .7  1.47 94 1 5.3 

1.45k0.21 1480(av.) 5.3 1.34 1396 4.9  
1.61 k0 .10  1160 (av.) 5.8 1.43 1146 5.2 

'Wavelcn~ths: p-CH,, h .,,. 550 mp; -H, h,,, 550 mv; p-Br, h,,. 560 mv; I I I -NO~,  h,,. 520 mv; p-NOz, h,,, 520 mv: 
p-S03H, h470, h ,,,, 530, h 580. 

set of experimental numbers is given in Table V; 
complete sets of observations have been placed 
in the Depository of Unpublished Data.' 

By method l(b) three sets of solutions, differ- 
ing in pH but with constant CFe and CL within 
each set, led to three independent first estimates 
of E K  at 25 "C and a single estimate at 20 "C for 
the iron(II1)-phenol reaction in 0.027 M NaC10,. 
These preliminary estimates of E K  were refined as 
described previously to produce the values of E K  

and E given in Table 111. Similar estimates of E K  

TABLE V 
Representative data for calculation of K 
(Fe(C104), = 2.66 x lo-,  M; C104- = 
2.7 x lo-' M; phenol = (2.875 to 28.75) 

* I  cm cells, 1 min after mixing. These led to 27 
usable values of K. K = 1.34 (2 0.08) x 

'Photocopies of this material may be obtained free of 
charge, upon request, from: Depository of Unpublished 
Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada. 

and E were made with phenol and four substi- 
tuted phenols at about 23 "C and in two media of 
differing ionic strength and are given in Table 
IV. A representative set of experimental numbers 
is given in Table VI. 

The values of K, the first-stage formation con- 
stant, shown in Tables I11 and IV are obtained 
from the relationship K = K / K = .  Values of log 
K in the two media for which they apply are 
shown in Table VII together with comparable 
values obtained by Milburn (I). Of the latter, 
those in 0.027 M NaC10, background differ 
from the values in the original paper by about 
0.24 log units, the anlount of his correction for 
zero ionic strength. 

TABLE VI 

Representative data for calculation of EK 
(Fe(CI04), 4.078 x lo-, M ;  perchlorate 
2.7 x lo-' M ;  phenol 1.457 x lo-' M )  

pH D (550 mp)* EK 

*1 cm cells, 1 min after mixine. These led to E 
= 1159 after 5 approximations. 
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TABLE VII 
Formation constants for iron(II1) phenolates (log K, (-- 23 "C)) 

This study* 
Milburn (l), 

Phenol 0.5 M KNO, 0.027 M NaC10, 0.027 M NaC10, 
- 

D-CH7 8.33 (8.43) 8.73 (8.69) 8.96 

Values in parentheses determined by our 

We have endeavored to convey the precision 
of our results by adding values for the mean 
deviation within a set of measurements. The 
deviations illustrate the difficulty, mentioned at 
the beginning of this paper, of precisely evalu- 
ating K. Some of the constraints in this case call 
now be discussed in the light of the experimental 
results. The data of Table V show a degree of 
conversion in reaction [I ] between 8 and 27 % ; 
this is the consequence of having to work at low 
pH to suppress hydrolysis of the iron(1II) ion. 
But in order to simplify the evaluation of the 
extent of the latter it was necessary to work with 
small values of C,,, and this in turn imposed a 
limit on the optical density attainable. (We 
frequently had to use long-path optical cells.) At 
higher pH and higher iron(I1I) concentration, 
hydrolysis leads to other products beyond first 
stage. 

We noted in all cases that the estimate of EK, 
even by eq. [5a], tended to be more reproducible 
than estimates of K by eqs. [3] and [4]. The nature 
of eq. [3] is such that very small uncertainties in 
D lead to much amplified uncertainties in the 
estimate of x,, and hence of K. What is not clear 
is why the uncertainties in K at 25 "C within a 
set (shown best in Table 111) are smaller than the 
discrepancies among the values of K between 
sets. 

I t  may appear that our method (I) for 
extracting K from the experimental results is 
incapable of yielding precise results. However, 
many observations on the system in question 
have convinced us that this method yields more 
satisfactory values for this equilibrium constant 
than methods, such as our method (2), based on 
evaluating slopes and intercepts. I t  is easy for a 
single experimental point to introduce a bias in 
the position of a straight line sought in such 

method 2. 

cases. In this connection a few observations 
concerning Milburn's method (1, 7) for extract- 
ing values for E and K seem indicated. 

The slope and intercept are sought from a plot 
of 1/D (reciprocal of optical density) vs. [HI for 
solutions containing known concentrations of 
iron and phenol (with the latter in great excess) 
at various values of [HI. Milburn defined K and 
E in this case by the following relationships: 

intercept/slope - K,, [7] K = - -  
CL 

[S] E =  
1 --- 

CFe(intercept - I<,, X slope) ' 

In applying these equations to our data we 
found poor agreement among results derived 
from different sets of solutions containing the 
same ligand. The magnitudes of the measured 
quantities and the nature of the above equation 
are such that significant variations in K and E are 
introduced by small uncertainties in the mea- 
sured slopes and intercepts. Thus, while a l % 
uncertainty in slope will produce a 1 % un- 
certainty in K in the application of eq. [6] to 
plotted data, the same uncertainty in slope may 
lead to greater uncertainties in K by the applica- 
tion of eq. [7]. This is because the ratio slope/ 
intercept is about the same magnitude as K,, and 
for this reason also the estimate of E by eq. [8] is 
subject to uncertainties greater than those in the 
observed slopes and intercepts. 

To illustrate this point we show values for K 

and E (Table VIII) obtained graphically by theuse 
of eqs. [7] and [8] with the data for solutions 
I-4(b) recorded in Table 111. 

Note that the products of the corresponding 
values of E and K obtained by the use of eqs. [7] 
and [8] are reasonably constant in spite of a 
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McBRYDE: CONSTRAINTS ON THE DETERMINATION OF STABILITY CONSTANTS. I1 2391 

TABLE VIII 

Values of K and E obtained from eqs. [7] and [8] 

First 
approxi- 

Temperature mation K x lo3, E, 
("C) to EK. 15~1.1 171* 181* EK 

*Final values, allowing for hydrolysis and phenolysis. 
tCf. final values in Table 111. 

good deal of variation among the replicate 
measurements of each. The value of K from eq. 
[7] is a pure concentration quotient and must 
be multiplied by our observed ratio H/[H] = 

0.78 to be compared with values in Table 111. It 
is clear that Milburn's procedure and ours give 
values of the product EK that are consistent and 
in reasonable agreement, but that there is un- 
satisfactory agreement between values of K 

obtained by the two methods of treating the 
data. The effect of a 1 % change in the value 
assigned to the slope of the plot of 1/D vs. [HI 
was to change the value of K by 9.8 %, 7.6 %, and 
3.1 % for solutions i, ii, and iii respectively, and 
this evidence bears out our previous comment on 
the use of eq. [7]. 

There was one other aspect of the use of 
Milburn's procedure that caused us some con- 
cern. In this, values of [HI were taken to be the 
stoichiometric concentratioil of acid in the 
solution augmented by the hydrogen-ion con- 
centration derived from hydrolysis and phenol- 
ysis. This leads to an iterative approach to esti- 
mating K and E, input to which includes the 
previous trial value of K and the previous esti- 
mate of [HI]. Throughout our work we have used 
a pH meter, calibrated by solutions of known 
hydrogen-ion concentration and equivalent ionic 
strength, as a hydrogen-ion concentration probe. 
We must acknowledge that values of [HI in our 
solutions based on values of H determined by a 
pH meter did not agree particularly well with 
values of [H:] derived in the manner described by 
Milburn and outlined above. It is obviously a 
question of preference which method of esti- 
mating [HI is used in this procedure, but if the 
methods are not concordant neither will be the 
ultimate values of K. 

The effect of change in medium on log K is 
seen in Table VII to lower values in 0.5 M KNO, 

by about 0.3 log unit. Since a change of anion 
and of ionic strength are involved, the shift in 
log K cannot be simply interpreted. Unexpec- 
tedly, the values of E in 0.5 M KNO, are about 
two thirds of the corresponding values in 0.027 
M NaC10,. We presume this is indicative of 
some interaction with the medium, but again it 
is impossible to distinguish among two variables. 

The value of K appears to be lower at lower 
temperature (see Table 111). However, the 
precision of the measurements in this study does 
not invite comparison with Milburn's study of 
the temperature dependence of the equilibrium 
in this reaction. 

There have been many published efforts to 
relate formation constants of metal complexes to 
properties such as the acid dissociation constant 
or Hammett o-function of the ligand acid. Ernst 
and Herring (8) and Jabalpurwala and Milburn 
(13) have each published plots of log K for a 
substantial number of mono-substituted phenol 
complexes of iron(II1) vs. pK? for the correspond- 
ing phenol. These are of the form log K = apK, 
+ b. In Table IX we give a comparison of our 
results with those of previous workers in the 
form of values of a and b when the experimental 
results are fitted by a least-squares treatment to 
this linear equation. The significance to be 
attached to these attempted correlations is by 
no means clear. It is widely held that values of a 
less than unity are symptomatic of n-bonding 
between metal and ligand. However, the iron- 
(111) ion is not usually regarded as a n-donor, so 
that this interpretation may not be appropriate 
in this case. It is also known that the phenols 
sometimes fail to give normal correlations with 
Hammett o-functions (14). 

In this particular set of complexes log K = 
pK,, -k log K, so that unit slope in the plot of log 
K vs. pK, may be interpreted as evidence that 
log K is independent of pKn. But a slope of less 
than unity must mean that log K becomes more 
negative the greater is pKT (implying that the 
weaker the acidic properties of the particular 
phenol thesmaller is K). Since K is the equilibrium 
constant for eq. [I  1, which depicts the competi- 
tion between iron(II1) ions and hydrogen ions for 
the phenolate ion, it is really in the plot of log K 

vs. pICa that we should look for trends suggestive 
of structural factors affecting the position of this 
competitive equilibrium. When such plots are 
drawn for the data given or cited in this paper it 
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TABLE IX 
Parameters in equation log K = apK, + b 

Mean deviation 
Source and medium a b in log K 

This paper, 0 .5  M NO3- 0.862 -0.425 0.147 
This paper, 0.027 M C104- 0.868 -0.304 0.120 
Milburn, 0.027 M CI04- 0.998 -1.544 0.216 
Jabalpurwala and Milburn, 0 .1  M C104- 1.012 -1.256 0.077 
Ernst and Herring, 0.05 M CI04- 0.752 1.174 0.320 

is found that our results as well as those of Ernst 
and Herring show a general trend toward lower 
values of log K with increasing pK,, whereas 
those of Milburn do not support such a trend. 
However, the precision with which values of K 

can be determined, to judge from the author's 
experience, does not appear to be great enough 
to permit interpretive conclusions to be drawn. 
In our own studies and those of Milburn the 
behavior of phenol, and perhaps of p-cresol, is 
sufficiently different from that of the phenols 
bearing electronegative substituents so as to 
make comparisons inappropriate, and certainly 
it is clear that phenol itself cannot be used as a 
standard for comparisons of log K (14). 

Acknowledgments 

The author gratefully acknowledges the tech- 
nical assistance of Miss Janet Rohr, and a 
research grant from the National Research 
Council of Canada. 

1. R. M. MILBURN. J. Am. Chem. Soc. 77, 2064 
(1 955). 

2. E. RABINOWITCH and W. H. STOCKMAYER. J. Am. 
Chem. Soc. 64, 335 (1942). 

3. H. S. FRANK and R. L. OSWALT. J. Am. Chem. Soc. 
69, 1321 (1947). 

4. H. A. BENESI and J. H. HILDEBRAND. J. Am. 
Chem. Soc. 71. 2703 (1949). 

5. M. W. LISTER and D.'E. R~VINGTON. Can. J. Chem. 
33, 1572 (1955). 

6. N. J. ROSE and R. S. DRACO. J. Am. Chem. Soc. 
81, 6138 (1959). 

7. R. M. MILBURN. J. Am. Cheni. Soc. 89, 54 (1967). 
8. Z. L. ERNST and F. G. HERRING. Trans. Faraday 

SOC. 61. 454 (1965). \ - .  - ~ ,  
9. S. M. EDMONDS and N. BIRNBAUM. J. Am. Chem. 

SOC. 63, 1471 (1941). 
10. F. G. BORDWELL and G. D. COOPER. J. Am. Cheni. 

SOC. 74. 1058 (1952). 
11. A. S. ~ 1 ~ s o ~ ' a n d ' ~ .  TAUBE. J. Am. Chem. Soc. .... 

74, 3509 (1952). 
12. R. C. TURNER and K. E. MILES. Can. J. Chem. 35, 

1002 (1957). 
13. K. E. JABALPURWALA and R.  M. MILBURN. J. Am. 

Chem. Soc. 88. 3224 (1966). 
14. J. J. R. F. DA ~1LvA'and J. G. CALADO. J. Inorg. 

Nucl. Chem. 28, 125 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Molecular force field for bromine pentafluoride 
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An attempt has been made to study the influence of lone pair electrons on the potential constants of 
BrF, with a modified Urey-Bradley force field. It is found that the lone pair - bond pair repulsion is 
greater than the bond pair - bond pair repulsion. It is also concluded from a study of other molecules con- 
taining halogen atoms that the ratio of lone pair - bond pair interaction to bond pair - bond pair 
interaction is very nearly 1.23. 
Canadian Jou rna l  o f  Chemistry, 46, 2393 (1968) 

Introduction 

Recently Begun et al. (1) re-investigated the 
infrared and the Raman spectra of bromine 
pentafluoride and some other molecules having 
similar structure. They have confirmed the 
vibrational assignments of the fundamental 
frequencies made by previous workers with 
minor modifications. They have also reported 
the result of normal coordinate analysis of 
this molecule, assuming a square pyramidal 
structure with all FBrF angles equal to 90". 
Earlier, Stephenson and Jones (2) made a 
similar analysis of this molecule on the following 
assumptions : (i) the bromine atom is located at the 
center of mass of the molecule and (ii) the five 
interbond distances are equal to the sum of the 
single covalent bond radii as given by Pauling (3). 
Later Khanna (4) made a similar attempt with 
two models, one with the interbond angles 
suggested by Lord et al. (5) and the other with 
that of Pauling (3). He showed that the set of 
parameters suggested by the former is preferable. 

In AX, type molecules the central atom A has 
six electron pairs in the valence shell with one 
unshared pair. Infrared and Raman spectra 
strongly suggest a C4, symmetry for this type of 
molecule. According to Pauling (3) the square 
pyramidal structure can be derived from an 
octahedral structure. This is easily explained, 
assuming that the central atom uses a set of 
sp3d2 octahedral hybrid orbitals with one 
containing an unshared pair. In such a case it is 
assumed that the bond angles are less than 90" 
from the fact that lone pair - bond pair repulsion 
exceeds bond pair - bond pair repulsion. X-ray 
diffraction data reported by Burbank and 
Bensey (6) supports this point of view. Hence it 
seems to be reasonable to assume that the 
deviation of bond angles from 90" is due to the 

influence of the unpaired electron. If this is 
accepted then one should expect that this un- 
paired electron will have its own influence on 
molecular force constants. Previous work (7-12) 
for molecules having unpaired electrons gave 
more consistent and chemically meaningful 
force constants, and many ambiguities in the 
explanation of the results of normal coordinate 
analysis of these molecules vanished. As such 
it is thought worthwhile to extend this modified 
approach to the BrF, molecule. 

Procedure 
Bromine pentafluoride has a square pyramidal 

structure and it belongs to the point group C,,. 

FIG. 1. Internal coordinates for BrF,. 
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The lone pair electron occupies a position on the S ,  = A, 
symmetry axis as shown in Fig. 1. The inter- 
nuclear distances (d, R, and a) and the interbond Sg = $hTl(Aai + Aa2 + Aa3 + Aa4) 

angles (a, P, and y) used for the construction of - $ N z ( A r l +  Ar? + A r ,  + A741 
F and G matrices are as defined in Fig. 1 .  SG = ( 1 / 4 1 2 )  (Aa i  + Aaz + Aa:j + Aa.1 

In terms of the internal coordinates defined 
in Fig. 1 the expression for the potential energy + A y l i -  AYZ + A Y ~  + A74 
based on the Urey-Bradley model was written in + Abl+  Abz + A ~ x  + Ap,) 
the usual way (12) and the following expressions B, species 
for the valence force constants were obtained. 

S7 = + (Ad1 - Adz + Ada - Ad.,) 
[ll f ,  = KL + 4 ( t e u 2 ~ e , '  + s ~ ~ ~ F ~ , )  

Sa = $(A71 - AYZ + A Y ~  - A741 
fiL = Kd + 2( t v !12~uu '  + s,,~F,,) 

Ss = ( l / d S ) ( A y l  - A Y ~  + A Y ~  - A74 + (tUz2FUz' + s ~ ~ ~ F ~ ~ )  + Abi - Ab? + AD3 - Ab4) + ( L ~ ~ ~ F ~ ~ ~  + s u e 2 ~ ! 1 e )  
B ,  Species 

f~ = K R  + 4(t2,2~z, '  + S z u 2 ~ z u )  
Slo = $(Aa l  - Aas + Aa3 - Aa.,) 

f a  = H, - Se,SueFe,' + te,t,eFou E Species 
f a  = Ha - S v U 2 ~ u u '  + tu:FVu [2]  S l l = $ ( A d l + A d z - A d 3 - A d , )  

fY = HY - Sz,S,zFz,,' + tzut,zFz,, S I Z  = (1 / d 2 )  ( ~ a i  - Aaa) 
f a d  = sU!/2FvB - t vU2~uu '  

5'13 = $(A71 + A72 - A73 - AT,) 
f n d  = SEUSUeFuo - teutlleFev' 

5'14 = $ ( A ~ I  + Ap? - Ab3 - Ab4) 
f ~ d  = S Z Y S U Z F V ~  - ~ z y t l l Z F ~ z '  S16 = $ ( A d ,  - Ad, - Ad3 + Ad,$) 
frla = ttl!lS!I!,Fuo1 + t!/!/S!luFu!/ 

S1G = ( 1 / d 2 )  (- ~ a z  + am.$) 
f(1-t = tyzSzvFuz' + t z~ ,SuzFu2 

S17 = $(A71 - A72 - A73 + A7.d 
fnr tzuSuZFve1 + LuzSz!/Fzu 

S I ~  = $(AD1 - AD z - Apa + A/34), 
f l ~ ~  = tueSe!IFuo' + te!/S!/eFuo 

where N1 = C /  ( 1  + c ~ ) " ~ ,  
fop  = te!/~gE~ou' + fyeSevFeU, 

N z  = 1 / ( 1  + c~)"', 
where S i j  = ( r i  - r ,  cos a i j ) / q i j  

and C = (cos a / 2 )  / ('1ll2 cos 7 ) .  
and t t j  = r j  sin a i j / q r j .  

Here the coordinates S, and S, are not ortho- 
Y stands for F atoms other than the axial F atom gonal with coordinate S6. Coordinates s,, s,, is by z. Here the subscripts and Sg are kept redundant ill accordallce with 
refer to pairs of The qs represent the the following assumptions : (i) the total change in 
non-bonded distances ; the symbols K, H,  and the angles in a is equal to zero, and (ii) the 
F have their usual meaning. The constants F' are total change in the angles around a point is 
set equal to -0.1 times the corresponding F equal to zero. 
values, assuming that the energies associated with The above set of symmetry coordinates gives 
the qs are proportional to q-' (13). a non-orthogonal U matrix. The unsyminetrized 

The following set of synlmetry coordinates was matrix is constructed by stalldard methods. 
then defined. Then the matrices are symmetrized by the 
A, Species following transformations. 

SI .  = $(Ad1 + Ad? + Ad3 + Ad,) F = (Up ' )  YU-' 
Sr = A R  9 = UGU' 

S3 = i N z ( A a ,  + Aa2 + Aa3 + Aa,) Some of the 9 elements are infinite, owing to 
+ + N 1 ( h y l  + ~ 7 %  + hya + A?,) the presence of the atom (electron) of negligible 
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PILLAI AND PILLAI: MOLECULAR FORCE FIELD FOR BROMINE PENTAFLUORIDE 2395 

mass. The rows and columns containing these where U is the matrix of transformation from 
elements are now dropped from 9 and the real internal coordinates (excluding the lone 
residue 9' is taken with a modified F0 to give for pair) to the symmetry coordinates. 
each symmetry block a reduced secular equation The modified F elements thus obtained are 
(14). 

The F matrix is modified to F0 by the method [7] i d  ==I" -x- f d a 2  f d a 3  2fs 
suggested by Pariseau et al. (7) and the elements 
are given below. 

f R  = fn  
A ,  Species 

I .fY I 
1161 

- 1 ~ I I I L  ' fa8 I?da - 
4 + --- 

For the convenience of calculation the F0 f a  

matrix obtained above is modified to a new F [17] PRY = 0. 
matrix through the transformztion The force constants in eqs. [8]-[17] were 

F = U'F'U, adjusted in the usual way using the molecular 

2Nz N1 B f fd l z  . fna 
i d .  = fd. - , + - where 1M = f ( t a  + - f l l y  - ~ f d s  A A f a  

4Bfda . f a a  & I f d n  ' fa0 

+T f. fdY = f d 7  - 2 
f a  

1 
P = 7 ( ~ S y a  + N I X  + ~ 2 f a )  iny = f ~ v  

A 
Then the problem is treated as a simple 

4 B 2 f u 2 a  U.B.F.F. calculation with the following modified 
A 2  f n  U.B.F.C. 

A = N12 + NZ2 

B = N l  + N2 181 E d  = Kd + (tUe2Fu,' + s,,~F,,) 
fd/12 f2 

and Fij = Fji (this is applicable to the following 
f a  2fa 

matrices also). [9] K R  = K R  

B,  Species f n a V b  [ lo] Ha = Ha - - + - 
141 

.fd - 2fdd f d y  - f d  

fY + f a  

f a  4 

fn02 f a  [ l l ]  Hy = Hy - - + - 
f a  2 

B, Species [I21 flu,= Fu, 

I51 Ifa I [I31 Fvz = Fuz 
E Species and with the additional non-Urey-Bradley 

fa  0 

cross terms 

[I41 
- f d a 2  = -- 

f a  
- 

~151 FdR = o 
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TABLE I 
Molecular parameters and vibrational frequencies of BrF, 

-- 

Molecular parameters Ref. Frequency (cm- ') Ref. 

Br-Y distance 

Br-Z distance 

Y-Br-Y angle 89" 48' * B1 535 
281 

Y-Br-Z angle 86" 30' 6 B2 312 

644 
Y-Br--e angle 93" 30' * E 414 

237 

"These angles were calculated from the geometry of  the molecule using the Y-Br-Z angle. 

TABLE I1 
Force constants of BrFS 

- 
F0 matrix elements Modified U.B.F.F. 

in symmetry constant in internal Modified U.B.F.F. 
coordinates coordinates constants 

*The F0 matrix elements containing only stretching constants are in mdyn A ,  those con- 
taining only angle-angle constants are in mdyn A/radz, and those containing bond-angle 
interaction a re  in mdyn Alrad. 

tThis number of significant figures is retained to  secure internal consistency in the calcu- 
lations and to  obtain the best agreement with the observed wavenumbers. 

parameters and frequencies given in Table I 
and with the assumption that the lone pair 
electrons are located at a point 0.54 A, which is 
the average radii of the outer electronic orbits of 
M and N shells, from the nucleus. 

The set of force constants which gave the best 
reproduction of frequencies was obtained. 

The results thus obtained are shown in detail 
in Table 11. 

The calculated frequencies are in agreement 
with the observed frequencies within + 0.1 %. 
Hence they are not reproduced here. 

Discussion 
The main results obtained in the present 

investigation are presented in Table 11. Quanti- 
tative comparison of these results with those of 
previous authors (2, 4) is not possible due to 
several reasons. The presence of an unpaired 
electron is taken into account only in the present 
work. As indicated in the introductory part of 
this report, the parameters used and the assump- 
tions made by previous investigators were not 
identical. In addition to the small differences in 
line positions the assignment made by Begun 
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PILLAI AND PILLAI: MOLECULAR FORCE 

et al. (1) is slightly different from that reported 
by Stephenson and Jones (2). The assignment 
given by Begun et al. (1) is more acceptable from 
more than one point of view and as such the 
same is used in the present work. As is to be 
expected, the results obtained are comparable to 
those reported by these authors, even though 
they used the G.V.F.F. method. A slightly 
higher ratio K,/K, obtained here is probably due 
to the fact that the unpaired electrons influence 
only BrF, bonds and not BrF, bonds. Additional 
significant results obtained in our calculation 
are the relative values of the repulsive force 
constants between bond pair - bond pair and 
lone pair - bond pair. These values are in 
conformity with the electron pair repulsion 
theory of Gillespie and Nyholm (16). Moreover 
it is also found that the lone pair - bond pair 
repulsion bears very nearly the same constant 
ratio, viz. 1.23, to the bond pair - bond pair 
re~julsion, as is concluded from our previous 
results (12) (PF, = 1.242, PCI, = 1.237, PBr, 
= 1.146, AsF, = 1.23 1, and AsCI, = 1.277). 
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Partially miscible liquid systems: The density, change of volume on mixing, 
vapor pressure, surface tension, and viscosity in the system: aniline-hexane 

Departmerlt of C/zerr~istry, Ur~iuersity of Manitoba, Winnipeg, Mar~itoba 

Received December 12, 1967 

The following properties have been investigated experimentally: density, change of volunle o n  
mixing, vapor pressure, surface tension, and viscosity, at  temperatures above and below the critical 
solution temperature. The question at issue is: How does the chemical potential, or any property 
dependent on chemical potential, change, at constant temperature, over a range of composition, just 
above the critical solution temperature? In the present case, the vapor pressure and surface tension, 
properties directly dependent on chemical potential, are constant within the range of experimental 
accuracy (which, however, may not be sufficient) over a range of concentration. The viscosity is compli- 
cated by the occurrence of anon~alous viscosity. The change of volun~e on mixing is negative, and this is 
usually associated with compound formation. In ail other systems investigated by us, except the system 
triethylamine-water, AV is positive. We have shown elsewhere, however, that a very stable chemical 
compound is formed between water and triethylamine. 

Canadian Journal of Chemistry, 46, 2399 (1968) 

Subsequent to the classical work of the last 
century, interest in the subject of critical 
phenomena waned to zero, and the subject was 
relegated to the textbooks, where it unfortu- 
nately still remains in this form. The observation 
of Maass and his co-workers (1) that differences 
of density may exist at  different heights in a 
vertical tube containing a fluid above its critical 

can be represented as straight line functions of 
(T, - T ) ' / ~  or (T, - T) to some other fractional 
power. This means that the nose of the curve 
representing, say, congruent concentration is 
necessarily very flat and the question reduces to 
whether or not the curve is flatter than the cubic 
relation requires. In  recent work on the tri- 
ethylamine-water system Kohler and Rice (10) 

temperature, created a renewal of interest in the have controlled the temperature to 0.001". 
subject. These differences are now attributed to Above this temperature, the system is hetero- 
the effect of gravitational potential on a fluid geneous, below it homogeneous. This, however, 
which is highly compressible in its critical state 
(2) 

Theories of the critical state by Mayer and 
Harrison (3) and by Rice (4), according to which 
the upper boundary of the heterogeneous region 
for L & V or L, & L, critical phenomena is, 
or may be, a horizontal straight line, appeared 
between 1938 and 1949. 

In the last 20 years the problem has been 
subjected to quantum statistical treatment (5). 
Recent work of Dunlap and Furrow (6) and by 
Myers, Smith, Katz, and Scott (7) deals with 
volume of mixing and enthalpy of mixing as a 
function of composition and with the effect of 

does not necessarily prove that the nose of the 
curve is a horizontal straight line. Recent work 
by Campbell and Kartzmark (8) might be taken 
to demonstrate that some systems yield two 
straight lines intersecting at  the critical solution 
temperature, while others, which also present 
two straight lines, show a gap at the critical 
solution temperature, when the two congruent 
concentrations are plotted against (T, - T ) ' / ~ .  
On this basis, the systems showing a gap on the 
(T, - T ) ' / ~  plot should represent those systems 
having a horizontal nose on the usual coinposi- 
tion versus temperature plot. We are doubtful, 
however, whether this conclusion is justified. 

pressure on the critical solution temperature. Avoiding then the question of whether or not 
The question of the horizontality of the upper the nose of the curve is truly horizontal, we 

boundary is somewhat academic. Beyond ques- thought it of interest to investigate the shape of 
tion, the two-liquid boundaries are frequently the curves of chemical potential versus composi- 
very flat at  the apex (8). Recently, it has been tion, slightly above the critical temperature. 
recognized (9) that many properties of the two- Since the nose of the composition curve is 
liquid system (e.g. congruent concentrations) sometimes very flat, the question arises of how 
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flat is the chemical potential curve just above the 
critical solution temperature. 

We chose as a system suitable for this work 
the aniline-n-hexane system, since it is possible 
that here the nose of the curve is really horizontal. 
The most obvious property related to chemical 
potential is vapor pressure. I t  would have been 
desirable to obtain the partial pressures of both 
components, from total pressure and vapor 
composition. For the latter purpose we intended 
to use the air-saturation method but we soon 
found that the partial pressure of aniline is so 
low and therefore the content of aniline in the 
vapor so small, that the error of determination 
is very great. We confined ourselves therefore to 
the determination of total vapor pressure and 
this is, of course, also a measure of chemical 
potential. Because of the occurrence of anoma- 
lous viscosity on the curves of viscosity versus 
composition, at temperatures just above the 
critical solution temperature, we also investigated 
the viscosity isotherms. We also investigated 
surface tension, for the obvious reason that the 
so-called critical temperature is determined as the 
temperature of disappearance of the meniscus, 
that is, the temperature at which the interfacial 
tension becomes zero. We also determined the 
change of volume on mixing, in the homogeneous 
region. For such nonideal systems, AV would be 
expected to be large and positive. 

Experimental and Results 
Materials 

Certified (ACS) aniline was distilled over zinc 
dust to reduce any oxidized impurity. The 
normal boiling point was found to be 184.1" and 
the refractive index n,25' = 1.5837. Spectro- 
analyzed n-hexane was used without further 
purification (normal b.p. = 68.60°, n,250 = 
1.3754). 

Density 
Density measurements were made on a given 

solution by the dilatometer method, at different 
temperatures. Solutions were made up by 
weighing and not subsequently analyzed. It was 
therefore necessary to prevent completely evap- 
oration during filling of the dilatometer. 
Moreover, when working at temperatures just 
above the critical solution temperature (c.s.t.) 
(66.5" to 68.0") with solutions of the gap 
connposition, very slight cooling would produce 

heterogeneity. For both these reasons an 
apparatus was devised, consisting of filling 
apparatus and dilatometer, which was com- 
pletely immersed in the thermostat. The solu- 
tion was then forced over from storage flask to 
dilatometer. The weight of solution in the 
dilatometer was obtained at the end of the 
experiment. The dilatometer was calibrated with 
mercury for each temperature. We estimate the 
precision of our density measurements to be 
+2 x 10-4. - 

Results 
Density as a function of composition, at con- 

stant temperature, was found to be expressed by 
the quadratic equation d = a + bm + cm2, 
where d = density of solution at t o  and a = den- 
sity of hexane at t";  b and c are constants and m 
the mole % aniline. The equation represents the 
experimental densities to an accuracy of + 1 to 
+ 3 x Table I gives the densities of hexane 
a i d  the values of b and c as functions of tern- 
perature. 

TABLE I 
Density of hexane and values of b and c in the equation 

d = a + b m + c m 2  

a  (density of 
Temperature hexane in g ml-') b x lo3 c x lo5 

These densities were used in surface tension 
and viscosity measurements. They can also be 
used to calculate molar volumes and change of 
volume on mixing but, while they give the alge- 
braic sign of AV, they are not sufficiently accu- 
rate to give the numerical values of AV with any 
certainty. Indeed, no density figures are suffi- 
ciently accurate for this purpose. It is necessary 
to determine this quantity directly and this we 
did using the apparatus of Brown and Smith (11). 

Determination of Change of Volume on Mixing 
Campbell and Chatterjee (12) had previously 

modified the Brown and Smith apparatus. The 
accuracy of the method is approximately f 0.003 
cclmole. The mercury was highly purified and 
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CAMPBELL ET AL.: PARTIALLY MISCIBLE LIQUID SYSTEMS 2401 

the hexane was kept on the side remote from 
the stopcock to prevent its attacking the stop- 
cock lubricant 

Results 
Table I1 gives a summary of extreme values 

for temperatures of 25, 60, and 65". The work 
could not be carried beyond 65" because of bub- 
ble formation which seemed to be induced by 
the presence of the mercury plug. Figure 1 is a 
plot of the data versus mole fraction hexane. 

TABLE I1 
Range of A V values 

Range of 
Temperature Range of A V  concentration 

P-3 (cc/mole) (wt. % hexane) 

necessary to analyze the solution after the deter- 
mination of vapor pressure: this was done by 
density determination at 25". The liquid volume 
was so large (50 ml) that the composition was 
essentially unaffected by the formation of the 
equilibrium vapor. Solutions within the miscibil- 
ity gap were rendered homogeneous, before 
analysis, by addition of weighed amounts of one 
of the components. The vapor pressure of each 
solution was determined at temperatures of 55, 
60, 62, 64, 65, 65.5, 66.0, 66.5, 67.0, 67.5, and 
68.6". 

Results 
Table I11 gives total vapor pressure as a func- 

tion of composition and temperature. 
The isothermals are plotted in Fig. 2, the out- 

line of the miscibility gap being shown dotted. 
The data of each isopleth were plotted in the 
form log,,P vs. 1/T. Two distinct curves were 
obtained, one for the temperature range lying 
within the miscibility gap and the other for the 

0 200 

0 1 0 0 -  

o m  

o VE at 25'C 
0 VE O f  €n°C 

ye at S 0 C  

Yo 
-0400- 7 

Y - 0 s w -  

-0 603- 

-0700- 

-OEM 

L I 

I 
I 
I 

o m  010 220 0;0 d70 280 dm 

Mole Ftoct~on Hexone 
I 

FIG. 1. Excess volume of mixing for system aniline- I 
I 

hexane. 

Vapor Pressure 
Total vapor pressures were measured by 

means of a mercury manometer and cathetom- 
eter, reading to 0.05 mm: solutions were stirred , 
magnetically. The whole assembly was immersed 
in a thermostat, controlled to +O.OlO. Correc- 
tion for surface tension (which was extremely Weight % Hexone 

small) was applied to the narrower limb and the 
mercury column was reduced to 0 "C. As the FIG. 2. Vapor pressure isotherms: A = 67.5 "C, 

B = 67.0°C, C = 66.5 "C, D = 66.0°C, E = 65.5 "C, degassing procedure was prolonged, it gave rise = 65.0 oC, = 64.0 oC, = 62.0 oC, I = 60.0 oC, 
to changes in composition and this made it J = 55.0 OC, K = 25.0 OC. 
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TABLE I11 
Vapor pressures of system: aniline-hexane i? 

I, 25" isotherm z 
P 
d 

Mole % hexane 0.0 1.1 4.3 6.4 8.6 10.7 90.7 92.6 94.4 98.1 100 
Wt. % hexane 0.0 1.0 4.0 6.0 8.0 10.0 90.0 92.0 94.0 98.0 100 
PressureinmmHg 0.4 23.1 81.3 109.5 129.7 146.3 146.2 146.4 146.5 148.0 151.0 

11, other temperatures $ 
0 

Mole % hexane 5.4% 8.6% 17.3% 32.5% 41.9% 47.9% 52.0% 58.9% 63.7% 67.0% 89.9% 'Il 

t ("c) Wt.%hexane 0.0% 5.0% 8.0% 16.2% 30.8% 40.0% 46.0% 50.1% 57.0% 61.9% 65.3% 89.2% 100% 8 
55.0 4.8 273.3 327.7 445.4 445.6 445.6 445.1 445.1 445.8 446.3 446.1 459.3 503.6 5 
60.0 6.2 303.4 361.7 517.2 522.3 522.6 521.6 522.3 523.0 524.9 523.4 541.1 584.8 7 
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CAMPBELL ET AL.: PARTIAL1 

FIG. 3. Log P vs. I/T. 

range outside the gap, as shown in Fig. 3 for the 
mixture containing 47.9 mole % hexane. The 
difference in slope is real: for a given isopleth 
lying within the gap the compositions of the 
congruent layers change with temperature and 
therefore the vapor pressure varies with tempera- 
ture in a manner different from the homogeneous 
region where the composition of the condensed 
phase is constant. For mixtures of compositions 
lying within the gap the temperature range of 
homogeneity is quite small. 

Surface Tension 
The stalagmometer method was used (13) for 

the 25" isotherm but the method was unsuitable 
for higher temperatures, because a single deter- 
mination required 45 min and considerable 
evaporation from the drop of the more volatile 
constituent occurred in that time. For higher 
temperatures, we used the capillary rise method, 
as modified by Sugden (14). Sugden's modifica- 
tion uses two capillary tubes. The difference in 
height in the two tubes can be measured very 
accurately (f 0.01 mm) with a travelling rhicro- 
scope, and this method does not require the level 
of the bulk surface to be known: both capillaries 
are simultaneously in the field of vision. The 
system was completely closed to prevent evapo- 
ration. To prevent the formation of heteroge- 
neity during filling, both cell and filler flasks 
were completely immersed in the thermostat. 
The method was checked with highly purified 
benzene, at 25". Our figure of 28.17 dyn/cm 

>Y MISCIBLE LIQUID SYSTEMS 2403 

compares with the literature figure of 28.28 
dyn/cm (1 5). 

Results 
Measurements were made at various concen- 

trations at the temperatures 25", 55", and 60" to 
68" at 1" intervals. The experimental data are 
given in Table IV. The 25" and 66" isotherms are 
reproduced in Fig. 4. Figure 5 shows the 66" and 
68" isotherms on an enlarged scale. I t  is of in- 
terest that these isotherms cross at about 40% 
hexane. The scale of plotting would imply that 
our results are accurate to L-0.01 dyn but we 
make no such claim; nevertheless this crossover 
is real. For instance, a solution containing 54.09 
wt. % hexane has apparent surface tensions of 
16.00, 16.07, 16.20, and 16.35 a t  temperatures of 
65, 66, 67, and 68". This corresponds to differ- 
ences in height, measured in the same apparatus 
with the same solution, of 3.003, 3.013, 3.040, 
and 3.072 cm. Such differences could be read 
with an accuracy of f 0.001 cm. Hence there is 
no doubt that, for this solution, the surface 

WI. % Haxane 

FIG. 4. Surface tension vs. composition. 

FIG. 5. Surface tension vs. composition. 
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TABLE IV 
Surface tension (dyn cm-') versus composition (wt. % hexane) at various temperatures 

Surface tension at temperatures of: 
wt. % 
hexane 55 "C 60 "C 61 "C 62 "C 63 "C 64 "C 65 "C 66 "C 67 "C 68 "C 

25" isotherm 

Wt. % hexane 0 1.00 2.99 3.77 5.05 5.12 5.81 
Surface tension 42.89 39.57 35.90 31.47 28.66 28.49 27.12 

Wt. % hexane 5.97 7.44 93.03 95.06 96.02 97.94 100 
Surfacetension 26.54 24.58 18.41 18.32 18.19 18.20 18.13 

tension increases with rising temperature. fpre- 
sumably for a few degrees only). 

The following derived quantities were plotted: / 
o-a-O-C- 

molecular surface energy, Fig. 6; surface heat 2 40 

(H,  = y - T(dy/dT)), Fig. 7; and excess hexane E 
in surface layer (Gibbs adsorption isotherm), Te 

Fig. 8. 

Viscosity 
The viscometer was of the type designed by 

Cannon and Fenske (16) modified for filling 
110 60 

with a volatile mixture near its boiling point. 
Mole ./a Hexone 

Filling flask and viscometer were completely FIG. 7. Surface heat vs. composition. 

FIG. 6. Molecular surface energy vs. composition. FIG. 8. Gibbs adsorption isotherm. 
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closed to prevent change of composition from 
evaporation. As we worked very close to the 
c.s.t. it was necessary that at no stage of the 
operation should the temperature be allowed to 
fall, because should separation into two layers 
occur, gravitation would separate the two layers 
and the viscosity determination would become ; 4 meaningless. The viscometer was calibrated 
with carbon dioxide free water: run times were 
reproducible to +0.1%. Details of design and 1 

manipulation may be found in ref. 22. The over- 
all accuracy of a determination was about 
+ 1.0%. 

Results 01- - - =  
Viscosities were measured at 25, 55, 60, 61, 62, I 

63, 64, 65, 65.7, 65.8, 65.9, 66.0, 67.0, 68.0". Iso- " " " " * ' " 
"a. .' ",.om 

therms are plotted in Fig. 9 for temperatures of 
55,66,67, and 68". FIG. 9. Viscosity isotherms. 

Discussion 

Except for solutions rich in hexane, at 25", the 
change in volume on mixing is negative. This is 
unusual in a partially miscible system where 
positive deviations from Raoult's law are ob- 
served and where the heat of mixing is positive. 
(Work in progress in this laboratory shows a 
maximum value of AHmi, = + 700 cal/mole.) 
Both AV and AH were shown to be negative in 
the system triethylamine-water, but this could be 
readily explained as due to the formation of a 
compound (17). No evidence of compound 
formation has been found between aniline and 
hexane but there is evidence of association in 
aniline due to hydrogen bonding (1 8). The theory 
of Prigogine and Mathot (19), for association in 
an inert solvent, predicts positive and negative 
values of AV. 

For those compositions and temperatures 
lying within the heterogeneous region, the vapor 
pressures are of necessity constant, at constant 
temperature. Our figures at 55" show a mean 
deviation of f 0.3 mm for mixtures lying within 
the gap. Above 65.5" (the c.s.t.), the isotherms 
appear to be horizontal over the critical region, 
within the experimental error of 1 mm. No mat- 
ter how accurate the measurements, the state- 
ment canalways be made that, though apparently 
horizontal, there is actually a slope less than the 
experimental error. 

As would be expected, if the isothermal vapor 
pressures are plotted against mole fraction 
hexane, marked positive deviation from Raoult's 

law is observed. Such behavior is common to 
systems which form two liquid layers. 

We use the term terminal vapor pressure to 
describe the vapor pressure of asolution which 
is on the point of becoming heterogeneous (at 
constant temperature) or, in other words, the 
vapor pressure of either of the congruent solu- 
tions. If these figures are plotted in the form of 
(T, - T)'I3 versus terminal vapor pressure, a 
straight line is not obtained. On the other hand, 
if congruent concentrations are plotted against 
(T, - T) ' /~  two straight lines are obtained (8). 

If surface tension is plotted against weight % 
hexane, using a scale of 0.5 dyn as unit, the 
graph appears completely horizontal between 
40 and 70% hexane (Fig. 4). If, however, 0.1 
dyn is used as the unit, the graph appears to go 
through a minimum, between 40 and 50% hex- 
ane, the minimum lying about 0.2 dyn below the 
values for 40 and 70% (Fig. 5). We are not pre- 
pared to say that this minimum is real, because 
though the sensitivjty of determination for any 
mixture is greater than this, errors may arise for 
different mixtures. It mav well be that the surface 
tension graph presents a true horizontal or that 
the slope is so slight that it cannot be detected 
with certainty by any experimental method. Rice 
(4) points out the very small temperature coeffi- 
cient of interfacial tension and the same may 
well be true of surface tension. Measurements 
could not be made above 68", because hexane 
boils at this temperature, nor below 66" (within 
the heterogeneous region), because of the lia- 
bility of the solution to become heterogeneous. 
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Addition of hexane up to 30 % hexane causes 
a rapid decrease in the surface tension of aniline, 
while addition of aniline to hexane in the range 
0 to 40% aniline produces only a slight increase 
in the surface tension of hexane. Keyes and 
Hildebrand previously observed this (20). Simi- 
lar behavior is observed with the viscosity. It 
seems obvious that the aniline molecules have a 
large mutual attraction and this pushes the 
hexane molecules to the surface. In other words. 
the aniline molecules resist dispersion by the 
hexane until a relatively large amount of hexane 
has been added. 

In the region between 40 and 100% hexane, 
the surface tension increases with falling tem- 
perature: this is normal behavior. Between 4 and 
40 %, however, the surface tension decreases 
with falling temperature. The decrease is only 
slight but there is no doubt of the reality of the 
phenomenon. On the other hand, the tempera- 
ture dependence of the surface tension of aniline 
is normal, i.e. it decreases with rising tempera- 
ture. It follows therefore that the composition 
isotherms of surface tension must cross twice, 
since the surface tension of pure hexane is also 
normal with respect to temperature. 

Figure 6 is the plot of molecular surface 
energy ( ~ ( M l d ) ~ ' ~ )  versus mole % hexane. The 
curve exhibits a pronounced minimum and a 
~ronounced maximum. The minimum no doubt 
corresponds to the formation of an outer layer 
consisting almost entirely of hexane molecules. 
Further addition of hexane causes aniline mole- 
cules to appear in the surface layer, with conse- 
quent rise in the molecular surface energy. 
Finally, with large addition of hexane, the 
molecular surface energy drops to the low value 
of pure hexane. If this explanation is correct, 
however, it is difficult to see why the surface 
tension does not show a similar behavior. If 
there is a maximum in surface tension it is a very 
slight one. Molecular surface energy involves the 
molar volume, however, and this is much larger 
for hexane than for aniline. The m.s.e. isotherms 
also cross in the same manner as the surface ten- 
sion isotherms. 

Figure 7 shows the behavior of the surface 
heat, H, = y - T(dy/dT), as a function of molar 
composition. If dy/dT is constant, as we assume 
it to be over the small range of temperature un- 
der consideration, then H, is also constant: this 
is not obvious but the derivation of the expres- 
sion shows it to be true. A minimum is observed 

at 30.5 mole % hexane. The surface heat then 
rises to a constant value of 4.89 cal/cm2, at 71.8 
mole % hexane. 

The Gibbs adsorption isotherm was used to 
calculate the excess concentration of hexane in 
the surface layer of an aniline-rich solution, at 
25". The results are represented in Fig. 8 in 
which r is plotted against mole % hexane. The 
excess concentration of hexane in the surface 
layer increases with addition of hexane until a 
value of 5.43 mole % hexane is reached. At this 
point, a constant value of 4.46 x 10-l1 mole/ 
cm2 is maintained up to the heterogeneous 
region of the coexistence curve. This constant 
value means that the surface layer has become 
saturated with hexane. On the high hexane side, 
the excess concentration of hexane in the sur- 
face layer remains constant at 18.36 x lo-'' 
mole/cm2, throughout the composition range, 
from pure hexane to the heterogeneous region. 

Several relations have been suggested con- 
necting surface tension of a liquid in air with 
its viscosity. We used the relation of Pelovsky 
(21), according to which the plot of logy ver- 
sus 1/11 should give a straight line. This plot of 
our results (Fig. 10) for pure aniline, pure hex- 
ane, and two solutions, does indeed give straight 
lines, on the scale used by Pelovsky, but if a 
finer scale is used the curves are seen not to be 
straight lines. 

The viscosity of aniline falls rapidly with 
addition of hexane, at constant temperature, 
while the viscosity of hexane increases only 
slightly on addition of aniline. The same be- 
havior was observed with surface tension and 
the explanation may be the same in both cases, 
viz. formation of a surface layer of almost pure 
hexane. Outside of the region of anomalous vis- 
cosity, there is neither maximum nor minimum 
on the viscosity isotherms. 

The activation energies of viscous"flow, ob- 
tained from the plots of log 11 versus 1/T are 
given in Table V. 

The phenomenon of anon~alously high vis- 
cosity was observed over a temperature range 
of 2.4" above the critical solution temperature 
and over the concentration range of 37 to 58.5 
mole % hexane. Isotherms near the critical 
solution temperature show a greater relative 
increase in viscosity than isotherms farther 
removed. This range of concentration is about 
the same as that found by Campbell and Kartz- 
mark (8) for the critical region. 
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Oligomeric stannoxanes 

SHMUEL MIGDAL, DAVID GERTNER, AND ALBERT ZILKHA 
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The controlled basic hydrolysis of tetrabutyl-l,3-dichlorodistannoxane under interfacial conditions was 
found to lead to a,o-dichlorooligostannoxanes, C1(SnBu20),,SnBu2C1, n being controlled by the molar 
ratio of base to distannoxane. These oligostannoxanes were identical with those prepared by other meth- 
ods. They were used in the preparation of oligostannoxane dicarboxylates and organotin polyesters, 
having stannoxane recurring.units in their backbone, by reaction with the sodium salts of mono- or di- 
carboxylic acids under interfacial conditions. 
Canadian Journal  of  Chemistry, 46. 2409 (1968) 

Polymeric dibutyltin oxide is the last product 
in the exhaustive hydrolysis of dibutyltin dichlo- 
ride under basic conditions, which was assumed 
to proceed as follows (1-4). 
BuzSnC12 -> ClSnBuzOSnBu2Cl -> 

1 
C1SnBuzOSnBu20H -> Bu,SnO 

2 

Tetrabutyl-1,3-dichlorodistannoxane (1) is a 
known intermediate which may be hydrolyzed 
under controlled conditions to a product which 
has been given the structure (2) (1, 2). Other 
intermediates were not isolated. 

In the present work we have investigated the 
structure of the products formed under con- 
trolled basic hydrolysis of tetrabutyl-1,3-dichlo- 
rodistannoxane (1). It seemed that oligostan- 
noxanes of the type C1(SnBu20),,SnBu2C1 may 
be formed, and since recently such compounds 
were prepared (5-7), it would be possible to  
elucidate the structure of intermediate products 
formed. 

The co~ltrolled basic hydrolysis of 1 was car- 
ried out under interfacial conditions. Aqueous 
alkali was reacted with the organotin compound 
dissolved in methylene chloride, and the hydrol- 
ysis product was recovered on evaporation of 
the organic solvent. Different molar ratios of 
alkali to 1 were used. In all cases the amount 
of chloride ion liberated into the aqueous phase 
equalled the amount of alkali added. Assuming 
that oligostannoxanes were formed, the reac- 
tions carried out may be formulated as follows. 

The structure of the compounds formed was 
elucidated as follows: The analytical data were in 
accordance with the formation of dichlorooligo- 
stannoxanes. The infrared spectra showed the 
presence of Sn-0-Sn bonds. The compounds 
were crystalline, and their melting points were 
the same as thcse obtained by other methods, 
e.g. 

BuzSnClz + izBu2Sn0 + CI(SnBu20),SnBu2CI 
(refs. 5, 7) 

2HCI + (11 + l)BuZSnO + 

CI(SnBuZO),,SnBu2CI + H 2 0  (ref. 6 ) ,  

and were not depressed by authentic samples of 
dichlorooligostannoxanes prepared according to 
these methods. 

To prove further the structure of the dichloro- 
oligostannoxanes obtained by the controlled 
hydrolysis, ester derivatives with carboxylic 
acids were prepared (Table I) utilizing the inter- 
facial method developed by us previously for the 
preparation of organotin esters and polyesters 
(8, 9). The dichlorooligostannoxanes containing 
reactive Sn-Cl bonds were dissolved in dichlo- 
romethane or petroleum ether and reacted with 
an aqueous solution of the sodium salt of a car- 
boxylic acid such as acetic acid orp-nitrobenzoic 
acid. The reaction proceeds as follows. 

[I1 3CISnBu20SnBuzCI -i- 2NaOH -> The ester derivatives were crystalline and were 
~ C I ( S ~ B U ~ O ) ~ S ~ B U ~ C I  + 2NaCI + H 2 0  identified by analysis, infrared spectrum (absorp- 

[21 2CISnBuzOSnBuzCI -1- 2NaOH -> tion for Sn-0-Sn at 610-680 cm-' and for 
CI(SnBuzO),SnBu2C1 + 2NaCI + H 2 0  carboxylate at 1590-1620 cm-l), melting point, 
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TABLE I 
Oligomeric stannoxanes R(SnBuZO),,SnBuZRa 

Melting Carbon (%) Hydrogen ( %) Nitrogen (%) Titration equiv 
Yield point 0 

R II ( %) (" c )  Calcd. Found Calcd. Found Calcd. Found Calcd. Found pZ 
- b 

I?I-NOZC,~H~COO- 2 67 83 42.9 43.2 5.8 5.7 2.6 2.9 531 540 U 
p-NOZC6H4COO- 3 98 83' 42.1 42.3 6.1 6.3 2.1 2.4 656 662d ? 

70 83 42.1 41.8 6.1 6.4 2.1 2.3 656 655 2 p-N02C6H4COO-b 
I ~ - N ~ ~ C ~ H ~ C ~ ~ -  3 99 78 2.1 2.4 656 645 3 
CH3COO- 3 57 1 19-1 22' 39.3 38.9 7.1 6.9 549 550 c 

7.0 549 555 
P 

CH3COO-b 76 119-122" 39.3 38.9 7.1 z 
CHClZC00- 3 64 131.' 34.9 34.7 6.0 5.7 618 630' b 

r 
HOOCC s CCOO- 3 89 250 39.8 39.8 6.1 5.9 

562 550' 
0 

-00C(CH2)4C00- 3 96 158-168" 40.6 40.5 7.1 6.9 +n 
-00C(CH2)4C00-b 79 158-168"" 40.6 40.0 7.1 7.3 562 540 0 

-OOC(CHZ)zCOO- 3 85 205-220' 39.4 38.8 6.9 6.7 548 570' 
548 548' 

% 
-00C(CH2)2C00-b 97 203-215' 39.4 39.6 6.9 6.9 f 
p-00CC6H4C00- 3 84 > 300 42.0 41.1 6.6 7.1 572 570' G 
p-00CC6H4C00-b 94 > 300 42.0 41.7 6.6 6.5 2 
-0OCC = CCOO- 3 25 145-150 39.6 39.7 6.5 6.9 546 555' 5 
-0OC(CHz)4COO- 5 74 160-170 40.0 39.9 7.2 7.3 < 

0 
.Carboxylic acid was dissolved or suspended in water (5 ml) and neutralized with I N sodium hydroxide. An equivalent amount of a,o-dichlorooligostannoxane in dichloromethane was r 

added (50 ml) and the reaction mixture was stirred at room temperature for several hours. The oligomer was obtained by evaporation of the organic solvent and was recrystallized from g 
toluene-heptane or heptane. In the case of dicarboxylic acids, polymers, -[00CR'COO(SnBu20),.SnBu21,, were formed. 

bThe oligomers werc prepared under the above interfacial conditions using intermediate 2 obtalned according to the l~terature (2). The analytical data are to be compared with the respective 
compounds having n=3. 01 

CLit (6) 83". 
m 

1Mdlec;lar weight determined by v.p.0. in chloroform at 37O, 1340 (calcd. 1312). 
'Lit. (2), 12Z0 after recrystallization from benzene. 
,Lit (6) 131'. 
g~hiorink,  calcd: 11.5, found: 11.6. Molecular weight (V.P.O. in benzene at  20" 1190 (calcd. 1238)). 
hLit. (6) 158-168'. 
iMolec;lar weight of half of a recurring unit. 
jMolecular weight of some soluble samples by v.p.0. in chloroform: 3160; 2700. 
'Lit. (6). 210-225". 
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MlGDAL ET AL.: OLIGOMERIC STANNOXANES 241 1 

and mixed melting point with authentic samples 
prepared by other methods, e.g. 

2p-NOzC6H4COOH + (t2 + 1)Bu2Sn0 -> 

p-N02C6H4COO(SnBu20).SnBuZOOCC6H4NOZ-p 
-1 HzO (ref. 6) 

p-NOzC6H4COO(SnBuz0),SnBuZ00CC6H4N02-p + 
Bu2Sn0 -> p-N02C6H4COO(SnBu20),,+1SnBuZ 

00CC6HaNOZ-p (ref. 5) 

The molecular weight (m.w.) of some of the 
soluble oligostannoxane dicarboxylates, as deter- 
mined by vapor-pressure osmometry, was as 
calculated. 

The fact that the compounds obtained by 
hydrolysis were bif~mctional a,o-dichlorooligo- 
stannoxanes was also proved by the formation 
of polyorganotin esters as follows. 

[5] tzC1(SnBu20),,,SnBu2C1 -i- 
interfacial 

rrNa00CR'COONa 
conditions 

-[(SnBu20),,,SnB~~z00CR'COO]-,, + 2trNaC1 

These polymers had the same melting point 
range, infrared (i.r.) spectra, and solubility as 
those prepared either from authentic dichloro- 
oligostannoxanes by the same reaction, or by 
the reaction of dicarboxylic acids with dibutyltin 
oxide at appropriate molar ratios. 

It may be noted that although short dichloro- 
oligostannoxailes may be uniquely formed in 
the controlled basic hydrolysis under interfacial 
conditions, it is very probable that mixtures of 
oligomers are obtained at further stages of 
hydrolysis. 

The dichlorooligostannoxanes were converted 
to polymeric dibutyltin oxide on addition of an 
equivalent amount or excess of alkali. The 
amount of dibutyltiu oxide isolated was com- 
patible with the structure of the oligomers, e.g. 

The oligonleric stannoxane dicarboxylates 
were converted to dibutyltin dicarboxylates by 
reaction with a free carboxylic acid under azeo- 
tropic conditions in toluene, e.g. 

In view of the fact that it was possible to 
obtain a,o-dichlorooligostannoxanes by the in- 

terfacial method using appropriate molar ratios 
of alkali to dichlorodistannoxa~~es, we investi- 
gated the controlled hydrolysis in the presence 
of tertiary amines. It was found that on react- 
ing tetrabutyl-1,3-dichlorodistannoxane with an 
equivalent of pyridine or triethylamine under 
interfacial conditions, the same a,o-dichloro- 
oligostannoxanes were formed. On using excess 
of triethylamine, exhaustive hydrolysis to di- 
butyltin oxide occurred. Previously the hydrol- 
ysis of dialkyltin dihalides by excess (4 equiv) 
of triethylamine in ethanol, or of tetralkyl di- 
chloro distannoxanes by excess pyridine in meth- 
anol, was reported (1, 2) to lead to compounds 
which weregiven the structure XR,SnOSnR,OH. 
This shows that the medium of the hydrolysis 
is important and that in alcoholic solvents using 
tertiary amines the hydrolysis stops at an inter- 
mediate stage, not as in an aqueous medium. 

The compounds given the structure XR,- 
SnOSuR,OH were reported to have a wide 
range of melting points even after several re- 
crystallizations; the melting point of the respec- 
tive n-butyl derivative was 109-1 2 1 ". The prop- 
erties and the i.r. spectra of those compounds 
were identical (1) with the compounds reported 
as H(R,SnO),OH.R,SnX, by Harada (lo), 
which were prepared by refluxing R2SnX2 and 
polymeric R,SnO in 1 :3 molar ratio in a wet 
organic solvent. The molecular weights of these 
compounds as determined by thermistor vapor- 
pressure osmometry were double those given 
from the simple formula R,Sn,X(OH)O and 
this was attributed to dimerization (2). Dimeri- 
zation of these distannoxanes was thought to 
result by the pairing of two Sn-0-Sn bonds 
to form a four-membered ring, in which two 
kinds of tin atoms, tetra- and ~enta-coordinated, 
are involved (1). 

Rz RZ 
I I 

These compounds were reported to be unex- 
pectedly stable towards condensation or reaction 
with carbon dioxide in which the Sn-OH might 
have been involved (1). This stability was as- 
sumed to be due to an additional weak intra- 
molecular coordination from the hydroxyl 
oxygen to the four-coordinated tin atom in the 
dimeric distannoxane. 
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The most important evidence given in favor of 
the structure XR2SnOSnR20H was the absorp- 
tions in the infrared at 3420 (CS, solution) - 
3660 cm-' attributed to the hydroxyl group 
attached to the tin atom (l ,2).  

It seems that the i.r. absorptions in this region 
are not reliable enough to prove the presence of 
Sn-OH bonds. Thus it was shown by Davies 
et al. (2) that the initial product of hydrolysis 
of Bu,SnCl, (obtained by adding water to a 
methanolic solution of the dichloride), which 
was claimed (11) to be Bu2SnC1(OH), based on 
the i.r. absorption a t  3509 cm-' which was taken 
as indicating an OH group, was actually tetra- 
butyl-1,3-dichlorodistannoxane. Published spec- 
tra of various organotin compounds (12, 13) 
show absorptions in this region, although they 
have no OH groups attached to the tin atom. 
Recent studies of the i.r. absorption for Sn-OH 
bonds have proved (13-14) that these bonds have 
a characteristic absorption a t  890-9 10 cm- l. 

In view of the results of our work and the 
above discussion and the fact that it is very 
difficult to isolate compounds having Sn-OH 
bonds, due to their great tendency to lose water 
and pass to the oxide or to absorb CO, (14-16), 
we wanted to look again into the structure of 
intermediate 2 and we repeated its synthesis as 
described (2). The compound melted at 102", 
and was found to be identical as regards melting 
point, mixed melting point, i.r, spectrum, and 
formation of ester and polyester derivatives 
(Table I) with the compound obtained by the 
controlled basic hydrolysis under interfacial 
conditions. The i.r. spectrum did not show an 
absorption at 890-910 cm-' for the Sn-OH 
bond. The stability of the intermediate 2 to car- 
bon dioxide, and its molecular weight as re- 
ported, are in conformation with the 1,7-dichlo- 
rooctabutyltetrastannoxane structure. 

It may be mentioned that in the hydrolysis of 
di-a-phenoxy phenyltin dichloride, a compound 
having the structure ( O - P ~ O C ~ H , ) ~ S ~ ~ ( O H ) ~ ~ ,  
was isolated in which the presence of the Sn- 
OH groups was demonstrated chemically (17). 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. 
The titration equivalent of the derivatives of the oligo- 

stannoxanes was determined by suspending the compound 
in alcohol (1 ml) and titrating with 0.1 N aqueous sodium 
hydroxide, using an "Agla" micrometer syringe in the 
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presence of thymol blue as indicator. The titration was 
carried out until the blue color of the indicator persisted 
for more than 5 min. By this method the Sn-X bonds 
but not the Sn -0 bonds were titrated. 

A typical procedure for the preparation of the oligo- 
mers or polymers is given below. 

Hexabutyl-1,5-dichlorotrista1~11o.~a1~e 
To a solution of tetrabutyl-1,3-dichlorodistannoxane 

(1.66 g, 3 mmoles) in dichloromethane (50 ml), aqueous 
0.1 N sodium hydroxide (20 ml, 2 mmoles) was added 
at room temperature and the mixture was stirred for 4 h. 
The dichloromethane layer was separated, dried over 
sodium sulfate, and evaporated, yielding the tristan- 
noxane (1.4 g, 88 %), m.p. 97" after recrystallization from 
heptane (lit. (5), 97", lit. (7), 89-90"). The aqueous layer 
contained 1.92 mmoles chloride ions. 

Anal. Calcd. for C24H54C1202Sn3: C, 35.9; H, 6.7; 
C1, 8.9; titration equiv, 401; m.w., 801. Found: C, 36.0; 
H, 6.9; C1, 9.0; titration equiv, 398; m.w., 900 (v.p.0. 
in benzene at 20'). 

Octabutyl-l,7-dichlorotetrastannoxarle 
This was obtained as before by reacting tetrabutyl-1,3- 

dichlorodistannoxane (20 mmoles) with 0.1 N sodium 
hydroxide (20 mmoles); yield 98%, m.p. 102" after recrys- 
tallization from heptane (lit. (5, 6) 102", lit. (7), 94-95"). 

Anal. Calcd. for C3,H7,C1203Sn4: C, 36.4; H, 6.9; 
C1, 6.8; titration equiv, 525; m.w., 1050. Found: C, 36.2; 
H, 7.2; C1, 6.9; titration equiv, 522; m.w., 1140 (v.p.0. in 
benzene at 20"). 

This oligomer was also obtained in almost quantitative 
yield by reaction of the distannoxane (3.1 mmoles) in 
dichloromethane (50 ml) with aqueous pyridine (5 ml, 
3.1 mmoles), m.p. and mixed m.p. 102" (heptane). 

Preparatiotz of the Intermediate 2(2) 
Dibutyltin dichloride (25.3 g, 8.32 mmoles) in ethanol 

(125 ml) was added slowly to a solution of triethylamine 
(33.6 g, 33.28 mmoles) in ethanol (125 ml). The mixture 
was stirred for 1 h, water (5 ml) was added, and the precip- 
itate was filtered off, dissolved in hot acetone (100 ml), 
and reprecipitated by the addition of water (200 ml); 
yield 14.7 g (69%), m.p. 102" (lit. (I), 109-12l0), mixed 
m.p. with octabutyl-1,7-dichlorotetrastannoxane 102". 

Anal. Calcd. for C3,H7,CI2O3Sn4: C, 36.4; H, 6.9; 
C1,6.8.Found:C,36.3;H,7.0;CI,6.5. 

Dodecabu tyl-1,ll-dichlorohexastanr2oxane 
This was obtained as before by reacting the distan- 

noxane (1.5 mmoles) with 0.1 N sodium hydroxide (2 
mmoles); yield 78%, m.p. 110" after recrystallization 
from heptane (lit. (7), 100-102"). 

Anal. Calcd. for C48H108C1205Sn6: C, 37.2; H, 7.0; 
C1, 4.6; titration equiv, 774. Found: C, 37.4; H, 7.1; C1, 
4.5; titration equiv, 755. 

Hexabutyl-1 ,5-di-p-nitrobe~~zoylox~~istat~t~oxat~e 
A suspension ofp-nitrobenzoic acid (0.9 g, 5.3 mmoles) 

in water (10 ml) was neutralized with sodium hydroxide 
(1 N) to phenolphthalein. Hexabutyl-1,5-dichlorotri- 
stannoxane(2g, 2.49 mmolesj in dicl~loromethane (50 1n1) 
was added and the mixture stirred at 0" for several hours. 
The organic layer was separated, washed with water, 
dried (Na2S04), and evaporated. The solid residue was 
recrystallized from toluene-heptane, m.p. 85" (lit. (51, 
85"; yield 2.4 g (91 %)). 
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Anal. Calcd. for C38H6ZNZ010Sn3: C, 42.9; H, 5.8; 
N, 2.6; titration equiv, 531. Found: C, 43.3; H, 6.0; N, 
2.6; titration equiv, 540. 

Poly(/lexabutyl adipoyloxy)tris~a~~noxatze -[OOC 
(CHZ)4C00(SnB~iz0)2St~B~r2]-n 

A suspension of adipic acid (0.364 g, 2.49 mmoles) in 
water (10 ml) was neutralized with sodium hydroxide 
(1 N). Hexabutyl-1,5-dichlorotristannoxane (2 g, 2.49 
mmoles) in dichloromethane (50 ml) was added and the 
mixture stirred at 0" for 6 h. The precipitated polymer 
was filtered and washed with water, acetone, and dichlo- 
romethane; yield 1.5 g (69%), m.p. 170-180". 

Anal. Calcd. for (C30H6Z06Sn3)n: C, 41.1; H, 7.1; 
titration equiv, 437. Found: C, 40.9; H, 7.2; titration 
equiv, 437. 

The titration equiv in this case gives half of the molecu- 
lar weight of the recurring unit. 

Reaction of p-Nitrobenzoic Acid with Octabutyl-1,Pdi- 
p-ni~robenzoyloxytetrastannoxane 

Octabutyl-1,7-di-p-nitrobenzoyloxytetrastannoxane 
(1.248 g, 0.95 mmoles) was dissolved in toluene (80 ml), 
p-nitrobenzoic acid (0.96 g, 5.75 mmoles) was added, and 
the mixture was refluxed for 9 h under azeotropic distil- 
lation. The toluene solution was concentrated, heptane 
was added, and the precipitated di-p-nitrobenzoyloxy 
dibutyltin (2.14 g, 3.79 mmoles) was collected; m.p. 
218" (lit. (8), 218"), which was not depressed by an authen- 
tic sample. 
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Kinetics of the thermal reactions of ethylene. Part I 

M. L. BOYD,' T-M. Wu, AND M. H. BACK 
Chemistry Department, University of Ottawa, Ottawa, Canada 

Received November 21, 1967 

The pyrolysis of ethylene has been studied in the temperature range 50G600 "C and the pressure 
range 15-60 cm. The main products were ethane, propylene, butene, butadiene, and a polymer of 
molecular weight corresponding to C, or higher. Small amounts of methane, butane, unsaturated C5, 
unsaturated C6, and benzene were also measured. Of the main products, propylene, butene, and buta- 
diene showed an induction period, as long as several minutes at  the lowest temperature. The order with 
respect to ethylene of ethane, propylene, and butene was close to two and the activation energy of the 
rates was approxin~ately 40 kcal/~nole. The results have been interpreted in terms of a free radical chain 
polymerization. It is suggested that the polymer formed is unstable and decomposes to yield the products 
for which an induction period was observed. 

Canadian Journal of Chemistry, 46, 2415 (1968) 

Introduction 

The reactions occurring during the pyrolysis 
of olefins are much lesswell understood than 
those involved in the decomposition of the 
paraffins. The kinetics of the olefin systems have 
been found to be complex and few entirely 
satisfactory mechanisms have been suggested (I). 
The simplest olefin, ethylene, has received less 
attention than the higher members and, as is 
often the case with the first member of a series, 
provides some unique mechanistic problems. 

One of these is the initiation process. Because 
the bonds are all very strong, bond rupture may 
be a relatively slow process and initiation may 
occur by the formation of the triplet state, the 
interaction of two molecules to form two radicals 
or one diradical, or the simple condensation of 
double bonds to form high molecular weight 
products. Another problem is the importance of 
free radicals in the mechanism. Although free 
radical reactions frequently are important in 
thermal decompositions, olefins may also under- 
go molecular reactions, and the relative impor- 
tance of the two may not always be simply 
determined. 

These questions were not entirely resolved by 
previous studies of the pyrolysis of ethylene in 
the temperature range 500-600 "C (2-5), al- 
though the results were, in general, consistent. 
The main products were propylene and butene 
with considerable amounts of higher olefins, 
including benzene and toluene. The disappear- 
ance of ethylene was a second order process with 

'Mines Branch, Department of Energy, Mines and 
Resources, Ottawa, Canada. 

an activation energy of about 40 kcal/mole. 
There was some uncertainty regarding the dis- 
tinction between primary and secondary pro- 
ducts partly because of the detection of a small 
induction period. The approach of the present 
study therefore, using improved analytical tech- 
niques, was the measurement of the initial rates 
of formation of all the important products in 
order to distinguish primary from secondary and 
thus establish a better basis for a discussion of 
the mechanism. 

The decomposition of ethylene in a shock tube 
at temperatures of 1500-2000 OK has been rather 
thoroughly studied (6-8) and the kinetics are also 
complex in this region. The products formed are 
almost entirely acetylene and hydrogen with 
none of the higher olefins, except butadiene, 
which are observed at lower temperatures. The 
order and activation energy of the reaction are 
also in marked coiltrast to those observed in the 
region 500-600 "C and a different set of reactions 
is undoubtedly involved (9). 

Experimental 
Apparatus 

The pyrolysis was studied in a conventional static 
system. The course of the reaction was followed by two 
methods. In the principal series of experiments, product 
analyses were made at various time intervals. In a second 
series, the reaction was followed by measuring the pres- 
sure changes in the system with a fused quartz spiral 
pressure gauge. 

The reaction vessel was a quartz cylinder of 266.4 ml 
capacity fabricated from 40 mni 0.d. quartz tubing, about 
200 mm in length and having a surface/volume (S/V)ratio 
of 1.0 cln-'. The vessel was enclosed in an  electrically 
heated steel cylinder, 2 in. thick, whose temperature was 
controlled to within + 1 "C with a Thernloelectric 
thermoregulator. A second quartz vessel, of 157.5 ml 
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capacity, packed with tubes and having a S / V  ratio of 
8.5 cm-' was also used. 

Reagents 
Phillips research grade ethylene labelled 99.98 % pure 

was used in all experiments. The ethane impurity was 
consistently 0.005%. Since the lowest conversions were 
between 0.05 and 0.1 %, no correction was made. N o  
higher molecular weight impurities were detected by the 
gas chronlatographic techniques described later. At the 
time the storage flask was filled, the ethylene was degassed 
at -196 "C. 

Procedure 
Before each experiment, the apparatus was evacuated 

to a pressure of at most 5 x nlm. Ethylene was 
admitted to the reaction vessel from a section of the 
apparatus which consisted of a 1 I flask with an inner cold 
finger, a manometer, and a trap leading to the vacuum 
line. Immediately prior to each experiment the ethylene 
was condensed in the cold finger and then slowly distilled 
with continuous pumping into the trap maintained at 
-196 "C. Evacuation was continued for 15 nlin. This 
procedure was followed in an attempt to ensure the 
absence of oxygen in the reactant. The 1 1 flask with the 
inner cold finger also served as a mixing flask for experi- 
ments in which gases were added to ethylene before 
pyrolysis. 

The analytical portion of the system consisted of a 
LeRoy still, a conventional trap, two removable sample 
containers, a mercury diffusion pump, a spiral trap filled 
with copper turnings, a Toepler pump, and a gas burette. 
Sealed to the burette was a palladium thimble maintaincd 
at 280 "C. At the conclusion of each experiment the 
reactant and condensable products were collected in the 
LeRoy still maintained at -196 OC, and the noncondens- 
ables collected and measured in the gas burette. The trap 
filled with copper turnings maintained at -196 'C 
prevented ethylene from being collected in the gas 
burette. The noncbndensable gases were found, on the 
basis of their mass spectrum, to consist of only hydrogen 
and methane. The methane was taken to be the amount 
of noncondensable gas remaining after the removal of 
hydrogen through the palladiun~ thimble. The hydrogen 
yield was obtained by subtracting the methane from the 
total noncondensable gas. 

In the majority of experiments'the contents of the Le- 
Roy still were analyzed directly on the gas chromato- 
graph. When the initial concentration of ethylene was 
greater than 45 cm, the contents of the LeRoy still were 
separated into two or three fractions by raising the 
temperature to - 170 "C. Each fraction was then analyzed 
separately. This was found necessary in order to reduce 
the ethylene-ethane ratio and thus facilitate the analysis 
of ethane. 

The analyses were made with an F & M model 720 
dual-column, temperature-progran~med gas chromato- 
graph, equipped with a thermal conductivity detector. All 
analyses were made with a colunln (32 in. x $in.) packed 
half its length with silica gel and half with alumina 
(60-80 mesh), the sample passing first through the silica 
gel. Three hundred and thirty-six seconds after the sample 
entered the gas chron~atograph the temperature program- 
mer was turned on and the column temperature was 

increased linearly at the rate of 4 "C/min up to a maximum 
of 300 "C. By this technique, it was found possible to 
analyze all the condensable products up to and including 
c7. 

The condensable products were identified by the mass 
spectrum of the individual chromatographic peaks, 
conlparison of retention times with authenticsamples, and 
in some cases analysis on a second colun~n. The following 
products were identified and measured: ethane, propane, 
propylene, n-butane, butene (> 80% butene 1, the re- 
mainder almost equally divided between cis- and trntu- 
butene-2), butadiene, unsaturated C5, unsaturated C,, 
benzene, and toluene. All calibrations were made with 
pure substances and were reproducible to within 5 %. For 
all product analyses except ethane duplicate reaction 
mixtures agreed to within 10%. In the case of ethane, the 
scatter was 2 to 3 times greater. This lower accuracy was 
probably due to the short retention time in the gas 
chromatographic analysis. 

Pressure changes were measured with a Texas Instru- 
ment Company fused quartz pressure gauge, model 141, 
sealed directly to the reaction vessel. One digit on the 
counter was equal to 0.025 mnl. Conversions from 
degrees rotation to mm were made using the calibration 
table provided with the instrument. During these experi- 
ments, temperature readings were made simultaneously 
with pressure readings and the pressure measurements 
were corrected for temperature fluctuations. The gauge 
was operated so that balance was obtained within a few 
seconds after the reaction had started. 

A few experiments were made at 503 'C with a 50:50 
mixture of C,H, and C,D,. Mass spectrometric analyses 
were made of the ethylene, ethane, and butene resulting 
from the pyrolysis of this mixture. 

Results 

Product yields were measured as a fuilction of 
time at  four temperatures in the range 500- 
600 "C and a t  four or five pressures in the range 
15-60 cm. Those products whose yield-time 
curves showed a well-defined linear portion were 
ethane, propylene, butene, butadiene, and bu- 
tane. Of these all except ethane and possibly 
butane showed an induction period. At the 
lowest temperature studied, 503 "C, this differ- 
ence in initial behavior was most pronounced 
and is illustrated in Figs. 1-3 for the three main 
productg, ethane, propylene, and butene. The 
induction periods decreased with increasing tem- 
perature and increasing pressure, as illustrated 
in Figs. 2 and 4. There seems little doubt that 
this difference in initial behavior was real. At 
503 and 541 "C, several analyses of the reaction 
products obtained a t  reaction times shorter than 
the observed induction period revealed no pro- 
pylene, butene, or butadiene, but no such 
analysis failed to  reveal ethane. Although from 
Fig. 6 it appears that butane has a finite initial 
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E T H A N E  

T l M E  (s) 

FIG. 1. Yield of ethane as a function of time. 

rate the quantities measured were so small that 
the evidence is not conclusive. 

At all temperatures the ethane yield increased 
very rapidly beyond the initial linear portion. At 
higher temperatures and pressures, this rapid 
secondary rise obscured the true initial rate. 
Yields of butane showed a similar behavior. The 
yield of propylene increased linearly at all 
temperatures while the yields of butene and 
butadiene levelled off after the initial linear rise 
and approached a maximum at the higher tem- 
peratures. Rates obtained from the initial linear 
portion of the yield-time curves for these pro- 
ducts are summarized in Table I. The orders of 
these rates with respect to ethylene and the 
activation energies of the rates are given in 
Table 11. These values have been obtained by 
least squares analysis of the data. The error 
limits quoted therefore merely represent the 
standard deviation and do not assess the reli- 
ability of the values. The temperature depen- 
dence of the initial rates, measured at an initial 
ethylene pressure of 30 cm, is illustrated in Fig. 7. 

The order plots for butene gave some indica- 
tion of curvature and if interpreted as such, the 
order would be close to two above 30 cm, but 
decreasing at lower pressures. Similarly, the 

l o  PROPY'IENE 5 0 3  O C 

T l M E  ( s )  

FIG. 2. Yield of propylene as a function of time. 

Arrhenius plots for propylene and butene might 
be interpreted as indicating a decreasing activa- 
tion energy with decreasing temperature. Because 
of the uncertainty of the data, however, we have 
treated all these curves by least squares analysis. 

A second group of products were those whose 
rates increased continuously from a vanishingly 
small amount. These were methane, hydrogen, 
propane, unsaturated C,, unsaturated C,, ben- 
zene, and toluene. A typical yield-time plot of 
methane is shown in Fig. 8. Methane was by far 
the most important product in this group. Most. 
of the others appeared only after relatively long 
reaction times and did not constitute an ap- 
preciable fraction of the total products. 

Acetylene was not detected among the pro- 
ducts. Careful checks of the lower limit of 
detection of acetylene were made by analyzing 
mixtures of large amounts of ethylene with small 
amounts of acetylene. It was estimated that 
0.075 pmole of acetylene could be detected, 
corresponding to a yield of 2.8 x pmolelcc. 
Its rate of formation was therefore negligible 
compared with the other products. Cyclobutane 
and allene were also shown to be absent. 
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TABLE I 
Initial rates of product formation (moles cc-I s-I x 10") c? 

C3Hp GH.8 CdHp + tl 
Temperature induct~on induction induction 7 

c'c) P O C ~ H ~  (cm) R O C ~ H ~  R°C3H6 period (s) R 0 ~ 4 ~ ~ ~  R O C ~ H ~  period (s) R0c4H6 period@) 2: 
%! 

503 + 2 15.2 0.23 1.58 1100 0.64 1450 Not detected 2 
22.7 0.74 3.52 410 1.33 600 
30.2 1.80 6.35 270 1.42 490 2 
46.7 4.00 15.20 120 0.16 2.90 210 $ 
60.3 6.16 34.60 70 0.44 8.70 150 8 
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TABLE I1 
Summary of orders (with respect to ethylene) and activation energies for the initial rates 

Order with respect to C,H, 
Temperature E 

Product range (OC) (kcal/mole) 503 "C 541 "C 563 "C 600 "C 

Ethane 503-600 41.6k4.1 2 . 4 k  .1 2 . 4 k .  1  2 . 4 k  .1 2 .2k  .1 
Propylene 503-600 29.4k2.1 2 . 2 k  .07 2 .1k .02  1 . 9 k  .06 1 .9+  .04 

- 
~ 

n-Butane 541-600 70 - 2 .1k  .05 - 2 . 4 k  .1 
Butene 503-600 35 .4k2 .5  1 . 7 k . 2  - 1.6+ .25 1.8* .08 
Butadiene 541-600 77 None 1 .4+  .07 - 1 . 3 k  .06 

detectable 

T I M E  ( s )  

FIG. 3. Yield of butene as a function of time. 

Pressure Measurements 
The absence of an induction period in the 

production of ethane and the presence of an 
appreciable one for butadiene indicated an 
anomalously high hydrogen content for the 
products measured in the early stages of the 
pyrolysis. This suggested that an unsaturated 
product was formed which was not detected in 
the analysis. To test this possibility, the reaction 
was followed by the measurement of the pressure 
change under the same conditions for which 
product analyses had been made. Pressure-time 
curves were determined at 503, 541, 563, and 
600 "C. A typical curve is shown in Fig. 9. 
Duplicate or triplicate experiments were made 
for each set of initial conditions and in most 
cases the pressure-time curves were superim- 
posable upon one another. The initial pressure 
was obtained by extrapolation of the pressure- 
time curve to zero time. Also shown is the AP 
curve calculated from the product analyses. 
These AP values were normalized to the Po 
obtained by the extrapolation. This adjustment 

T I M E  (sJ 

FIG. 4. Yield of ethane, propylene, and butene as a 
function of time. 

was necessary because the gauge was not cali- 
brated in an absolute sense, that is, with respect 
to Po.  From graphs such as Fig. 9, 'difference' 
pressure curves were obtained by subtracting the 
experimeiltal pressure curve from the calculated 
curve. These difference curves were calculated 
from data obtained at 503, 541, and 600 "C and 
over the pressure range 15-60 cm. 

In general, the experimental pressure-time 
curves were characterized by a rapid initial 
decrease in pressure, followed by a period where 
the rate of change was comparatively small, 
which in turn was followed by a linear portion 
where the pressure decreased more rapidly. The 
lag in the pressure curves corresponded approxi- 
mately to the induction period observed for 
propylene, butene, and butadieile formation. 
Blank experiments with air were performed to 
ensure that this initial r a ~ i d  decrease was not the 
result of non-equilibration of the temperature. 
No such rapid initial change of the pressure was 
observed with air; only a slow fluctuatioil which 
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45 crn 

7 

TIME ( 5 )  

FIG. 5. Yield of butadiene as a function of time. 

correlated with the fluctuation of the tempera- 
ture of the furnace about its equilibrium position 
was noted. Since the initial pressure decrease 
was very rapid and the uncertainties in Po large, 
it is possible that the initial rate of pressure 
decrease may have been considerably under- 
estimated. This is suggested by the low value 
obtained for the order (- 1.0) for these initial 
rates and the correspondingly low activation 
energy (30-12 kcal/mole over the range 600- 
500 "C). Even so, except for experiments at the 
highest initial pressure, the initial rate of pressure 
decrease was always much in excess of (about 
5-20 times) the initial rate of ethane formation. 
There seems no doubt that considerably more 
ethylene is consumed than the analyzed products 
would indicate. 

The second portion of the pressure-time curve 
was linear for a considerable period and the rate 
was found to be second order with respect to 
ethylene and to correspond to an activation 
energy of 36 kcal/mole. These values agree with 
those previously reported from pressure mea- 
surements (I), which suggests that it is this 
secondary drop in pressure which has been 
measured previously. The data obtained from 
the pressure measurements are given in Table 
111. The difference between the pressure calcu- 
lated from the products measured and that 
observed from the gauge is given in units of 
mole cc-l. This represents the decrease in the 
concentration of ethylene resulting from the 

1 BUTANE 541 "C - 

T l M E  ( s )  

FIG. 6.  Yield of butane as a function of time. 

formation of polymer, assuming that the number 
of moles of polymer is small compared with the 
number of moles of ethylene consumed. 

In brief, the comparison of experimental 
pressure-time curves with those calculated from 
the products analyzed suggested the formation 
of two products not detected by the analysis. 
These will subsequently be referred to as poly- 
mers, probably having molecular weights corres- 
ponding to C, or higher, since the analytical 
procedure should have detected lighter products. 
The first relates to the formation of ethane, 
since no induction period was observed, while 
the second parallels the behavior of the other 
major products, showing an induction period of 
comparable size. 

Deuterated Ethylene Experiments 
The experiments with mixtures of C2H4 and 

C2D4 were undertaken to test the hypothesis 
that some form of C4H, might be an inter- 
mediate in the course of the reaction. Analysis 
of the butene showed that the D and H atoms 
were thoroughly mixed and there was no evi- 
dence for the preponderance of C4H4D4. There- 
fore, if C4H, is an intermediate it is not sub- 
sequently stabilized as butene-1. Analysis of the 
unreacted ethylene showed only a very small 
amount of mixing and no large amount of 
C2H2D2. It was considered that had cyclo- 
butane been an intermediate some mixing of the 
unchanged ethylene into C2H2D2 would have 
occurred and this possibility may therefore be 
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BOYD ET AL.: KINETICS OF THERMAL REACTIONS OF ETHYLENE. PART I 

TABLE 111 
Rates of formation of polymer II 

Order with 
Temperature Pressure dldt [Pculcd  - lpob~d\ l  respect to E 

("(3 (cm) (mole cc-l s - x 10 ) ethylene (kcal/rnole) 

r METHANE 541 ' C  ib" '" 

FIG. 7. Arrhenius plot of the rates of formation of TIME ( s )  

the three main products measured at an initial ethylene FIG. 8. Yield of methane as a function of time. pressure of 30 cm. 

rejected. The product ethane showed a variety of 
D and H contents and this observation helped 
to rule out the possibility of a bimolecular 
reaction of ethylene to  give ethane and acetylene, 
which is discussed in a later section. In brief, the 
mixing of the H and D atoms observed in the 
products is consistent with a free radical mech- 
anism. 

Surface Eflects 
Pressure-time curves were determined at 

541 "C and 15,23, 30, and 45 cm pressure using 
the reaction vessel of S/V ratio 8.5 cm-l. These 
curves were practically superimposable upon the 
corresponding ones obtained with the unpacked 

vessel. Ethane, propylene, and butene production 
were determined using both the packed and un- 
packed vessels at 530 and 584 "C in the range 
15-60 cm pressure. The changes in rate observed 
were very small, the largest being for ethane 
where the error is greater than in the other cases. 
It may be concluded that the surface effects are 
not very important and, if any exist, ethane is 
the most likely product to be so affected. 

Discussion 

The main features of the reaction which a 
mechanism must account for may be summarized 
as follows : 
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we suggest may be briefly described as follows: 
a free radical chain polymerization, initiated by 
the interaction of two ethylene molecules to form 
a vinyl and an ethyl radical, yields as products 
ethane and a polymer, called polymer I. Polymer 
I is a relatively unstable product and itself 
decomposes to yield propylene, butene, buta- 
diene, and a second polymer, called polymer 11. 
The time taken for polymer I to reach a steady 
state concentration is the induction period ob- 
served for these products. Since the steady state 
concentration is reached at very low conversions 
of ethylene, the yields of these products are 
observed to increase linearly with time over a 
fairly wide interval. 

The Free Radical Chain Polymerization 
The following reactions represent a simplified 

version of the polymerization process : 
[1 I CzH4 + CzH4 -+ CzH3 + CzHs 

I I I I I I I I P a l  CzHs + CzH4 4 CZHG + C2H3 
0 100 200 300 400 500 600 700 800 

T I M E  ( 5 )  [2b 1 -> C4Hg 

FIG. 9. Comparison between the pressure calculated 
from the products analyzed and that measured by the 
gauge as a function of time. Initial pressure of ethylene 
30 cm. (@) Calculated; (0) measured. 

(1) The two main products, ethane and a 
polymer, and the minor product butane do not 
show an induction period. 

(2) The products whose yield rises linearly 
with time after an induction period are propyl- 
ene, butene, butadiene, and a second polymer, 
probably different from the first polymer. 

(3) The rate of all other products increased 
continuously with time from a vanishingly small 
amount. 

(4) The rate of production of the main pro- 
ducts is approximately second order with respect 
io ethylene, with the exception of butadiene 
which is about 1.3. 

( 5 )  The activation energy for the formation 
of ethane, propylene, and butene, about 40 kcall 
mole, is much lower than that observed for the 
rate of product formation from the decomposi- 
tion of most siinple hydrocarbons. 

The last two points suggest that the main 
chain-propagating step is not the dissociation of 
a radiciil. In particular, failure to find acetylene 
in the products is direct evidence that dissocia- 
tion of the vit~yl radical is not important under 
the present conditions. The nlechanism which 

There are several conditions necessary in order 
that this type of polymerization take place. 
Addition of the radicals, vinyl, butyl, and higher, 
to ethylene must be much faster than abstraction. 
Thus the higher molecular weight products 
build up and the lower products formed by 
abstraction are produced in amounts too small 
to be observed. The fact that ethane is a major 
product of this reaction indicates that the ethyl 
radical must be one of the chain-carrying radi- 
cals. The chain transfer steps [5] and [7] allow 
ethyl radicals, but no other alkyl radicals, to be 
regenerated. This chain transfer process must 
also be rather inefficient since unsaturated pro- 
ducts of low molecular weight were not observed 
during the induction period. 

For purposes of applying the steady-state 
treatment the combination of ethyl radicals was 
chosen as the chain termination step. Whether 
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in fact termination occurs by combination of is not sufficiently precise to make an accurate 
ethyl or vinyl radicals does not affect the con- assessment of this factor. 
clusions. The following expressions were ob- This mechanism predicts that the rate of 
tained : ethane formation should be exactly second order 

rate of formation of ethane 

= k ~ , ( k i / k t ) ' / ~ [ ~ z ~ 4 ] ~  
rate of formation of polymer I 

= (kz, + kzb) ( k i / k t ) 1 / 2 [ ~ z ~ ~ ] 2 .  

The rate constant k,, was calculated at  four 
temperatures and several pressures using the 
following values : 

14.83 -64000/RT kl = 10 e cc mole-' s-' (ref. 10) 

kt = 10'3.361 cc mole-' s-' (ref. 11). 

with respect to ethylene. ~ l t h o u ~ h  the observed 
order was greater than two, we feel this is 
probably not significant in view of the difficulties 
involved in the measurement of the initial rates 
of ethane. The rate of formation of polymer, 
which was measured by the initial rate of 
pressure decrease, must have the same kinetic 
parameters as the rate of formation of ethane. 
The difficulties involved in the measurement of 
this initial rate have already been discussed and 
the results do not, we feel, provide a reliable test 
of the mechanism. 

The following expression was obtained : The Decomposition of Polymer I 
k o  = 1011.5~l.0 - 1 3 0 0 0 ~ 3 0 0 0 / R T  

.a e Since the present results give no information 
about the structure or molecular weight of 

The uncertainties arise mainly because the rate polymer I, a detailed description of its mode of 
of formation of ethane was not exactly second decomposition is not possible. A general mech- 
order, as required by the mechanism. Never- anism may nevertheless be formulated: 
theless, this is a reasonable value for a hydrogen 
abstraction reaction. The underlying assumption 
in this treatment is that the propagation steps 
[2a] and [2b] are rate controlling. If in fact 
reactions [5] and [7] are slower than reaction 
[2] then termination will occur by combination 
of higher molecular weight radicals. The activa- 
tion energy of the slow step must, however, not 
exceed about 13 kcal/mole. Such a low value 
probably excludes a radical decomposition re- 
action as an important propagation step. 

The fate of the butyl radical as described by 
the mechanism is the formation of butane by 
abstraction or addition to ethylene to begin the 
formation of polymer. The kinetic parameters 
measured for butane, however, suggest that it is 
not formed mainly by the abstraction reaction 
[6b]. The activation energy for butane, about 
70 kcal/mole, suggests that it may be a measure 
of the termination step, which would thus be the 
combination of ethyl radicals. We have therefore 
neglected reaction [6b] in obtaining the expres- 
sion for the rate of formation of the polymer. 
The dissociation reaction of butyl radicals, which 
is the reverse of [2b], has.also been neglected. It  
is very likely that this occurs to some extent, and 
if so, may reduce k,, in the expression for the 
rate of formation of polymer by some factor. 
The information on the rate constants involved 

18 I polymer I -> propylene + polymer II 

19 1 polymer I -> butene + polymer I1 

[lo] polymer I -t R, + R2 

1111 Ri + CzH4 + R3 

1121 R1 + butadiene + R4. 

Free radicals may or may not be involved in the 
formation of butene and propylene and the one- 
step reaction is written for simplicity. Results 
obtained from the pyrolysis of mixtures of 
ethane and ethylene, which are discussed in Part 
11, suggest that radicals are involved in the 
formation of butadiene and that the butadiene 
is probably formed by decomposition of the 
radical rather than by abstraction. 

When the rate of decomposition of polymer I 
becomes equal to its rate of formation its steady 
state concentration is achieved and the rate of 
formation of propylene, butene, and butadiene 
may be expressed as follows : 
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This type of mechanism predicts that the rates of 
formation of propylene and butene will be 
second order (or equal to that of ethane) and 
that of butadiene will be between one and two, 
depending on the relative importance of k,, and 
k11[C2H4]. This condition is adequate for 
propylene and butadiene but the order of the 
rate of formation of butene was significantly less 
than two. I t  is probable that a radical mechanism 
of the type proposed for butadiene may account 
for some of the butene formed and act to lower 
the order for butene. 

The ratio butene/propylene, which equals 
kg/k8, was approximately 0.3 and was unchanged 
within the experimental error over the tempera- 
ture range studied. Since reaction [lo] does not 
contribute greatly to the sum of reactions [8], 
[9], and [lo], the difference in the activation 
energy for the formation of butene and propylene 
from that for ethane should be accounted for by 
the temperature coefficient of (k,, + k,,)/k,,. 
The differences are 6.2 and 12.2 kcal/mole res- 
pectively, which is roughly what might be ex- 
pected. The fact that the activation energies for 
propylene and butene are not the same again 
points out that other processes are making some 
contribution. 

The ratio of the rates of (propylene + butene 
+ butadiene) to that of ethane should, according 
to the mechanism, equal k,,/(k,, + k,, [C2H4]). 
Again this ratio showed very little dependence 
on temperature and it may be concluded that the 
process giving rise to the high activation energy 
for formation of butadiene is reaction [lo], the 
dissociation of the polymer into radicals. 

The rate of formation of polymer I may be 
expressed by the equation 

where [I] = concentration of polymer I and k, 
and k, are the composite rate constants for 
decomposition and formation of the polymer 
respectively. Solution of this equation yields the 
following expression for [I], 

k [I] = " [ c Z H ~ ] ~ [ ~  - <'""'I. 
k d  

The induction period may be defined as the time 
required to reach a concentration of I approach- 
ing as close as required to that of the steady state 
value, so that the fraction e-kdt takes an arbitrary 

value, for example 0.01. From the equation 
above, this time is independent of the ethylene 
concentration and will therefore be a constant 
for any particular temperature. The induction 
period was not, however, independent of the 
ethylene concentration but decreased as the con- 
centration of ethylene increased. This may be 
accounted for if the decomposition of the poly- 
mer is a bimolecular process involving a molecule 
of ethylene and not a unimolecular process as 
written in reactions [8]-[lo]. The equation for 
the concentration of polymer I as a function of 
time then becomes 

k 
[I] = [CzH4] [l - e-" "[zH4' '1, 

k d  

The time required to achieve a certain value for 
the fraction e-"[czH41t will thus be inversely 
proportional to the concentration of ethylene. 
This proportionality was observed within the 
rather wide errors involved in estimating the 
induction period. It is therefore concluded that 
dissociation of the polymer involves a bi- 
molecular interaction with a molecule of ethyl- 
ene. Inclusion of this process leaves unchanged 
the expressions for the rates of formation of 
butene and propylene. 

In presenting this general mechanism for the 
reaction we have not dealt with the many 
possible reactions which were considered and 
finally rejected. One such reaction which deserves 
mention is the bimolecular interaction of two 
ethylene molecules to give ethane and acetylene: 

If the acetylene reacted rapidly with ethylene to  
yield a polymer, then ethane and polymer would 
still be primary products. Since acetylene was 
not observed in the products it was necessary t o  
suggest that its rate of disappearance was 
sufficiently fast that its steady state concentration 
was kept below the minimum amount detectable. 
Experiments in which small amounts of acetylene 
were added showed that acetylene was consumed 
but that the rate of consumption was too slow by 
almost a factor of 10 to meet the requirements. 
The induction period also was hardly reduced, 
although the amounts added should have been 
sufficient to remove it altogether, if in fact 
acetylene were the precursor of the polymer I. 
Taking into account also the results of the 
experiments with mixtures of C2H4 and C2D4, 
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this reaction was therefore rejected in favor of 
the free radical mechanism. 

Secondary Products 
Most of the secondary products are present in 

such small quantities that their mechanism of 
formation is not very important in the initial 
stages of the reaction. Methane, however, is a 
fairly important product, especially at high 
temperatures. Because its yield rises from zero 
time, rather than from the end of the induction 
period, it is probably secondary with respect 
either to ethane or to the polymer I. The uni- 
molecular dissociation of ethane is too slow by a 
factor of about lo4 to yield the amounts of 
methane found (12) and it must therefore be 
formed by the dissociation of polymer I, prob- 
ably through the intermediate formation of a 
methyl radical. 

Comparison with Previous Results 
The difference between the present mechanism 

and those previously reported can for the most 
part be attributed to the smaller conversions at 
which rates were measured in the present work. 
Silcocks (3), for example, suggested that a species 
of formula C4H,, which he tentatively identified 
as butene-1, was an intermediate in the forma- 
tion of methane, propylene, and a polymer. This 
idea was based on measurements of the yields of 
these products at 600 "C, where the yield of 
butene-1 rapidly reached a maximum while those 
of the other products continued to increase with 
the course of the reaction. The present results 
also show that the yield of butene-1 does tend to 
a maximum at 600 "C but it cannot, however, be 
an intermediate in the formation of the other 
products. Similarly Tanieski (5) suggested that 
ethane was a secondary product from the de- 
composition of the polymer, but again the 
results of the present study, which were obtained 
at conversions lower than his, show that this 
cannot be the case. 

One of the important questions concerning 
the mechanism was whether a free radical chain 
was involved. Although we have suggested that 
the reaction is initiated by a free radical chain 
polymerization, the evidence for the presence of 
free radicals is indirect, except for the results 
from the experiments with mixtures of C2H4 and 
C2D4. Previous studies of the effect of additions 
of nitric oxide were somewhat ambiguous but 
could be interpreted to indicate the presence of 

.L REACTIONS OF ETHYLENE. PART I 2425 

free radicals. The effect of nitric oxide on the 
thermal reactions of olefins has not been studied 
in detail (13) and the interpretation of a few 
experiments without complete analysis may not 
be straightforward. Dahlgreen and Douglas (4) 
found that addition of H2S increased the yield of 
ethane and reduced the yield of propylene, while 
the addition of oxygen increased the yield of 
both of these. These results are consistent with 
the proposed free radical polymerization. 

Dahlgreen and Douglas proposed a diradical 
intermediate C4H,* and suggested that ethane 
and butadiene might be formed by the reaction 
of this diradical with ethylene. The present 
results show that this cannot be the case since the 
rates of formation of ethane and butadiene have 
quite different characteristics. In fact the di- 
radical hypothesis, while attractive in some 
respects, was rejected because it does not account 
for the production of ethane and also would not 
be expected to give the induction period ob- 
served. 

After this paper was submitted, a paper on the 
pyrolysis of ethylene was published by Halstead 
and Quinn (14). There are important differences 
in the two sets of results which lead to differences 
in the mechanism proposed. We believe the 
differences are largely due to the different range 
of pressures in which the reaction was studied. 
In order to clarify the situation the present 
authors are extending their measurements to 
cover the pressure range studied by Halstead 
and Quinn. These results will form the basis of a 
further discussion on the relation of the two 
mechanisms to the particular conditions of 
temperature and pressure. 
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Introduction 

The results of the study of the pyrolysis of 
ethylene reported in Part I (1) were interpreted 
in terms of a free radical chain polymerization. 

Kinetics of the thermal reactions of ethylene. Part 11. Ethylene-ethane 
mixtures 

M. L. BOYD' AND M. H. BACK 
Chemistry Department, University of Ottawa, Ottawa, Canada 

Received November 21, 1967 

Mixtures of ethane and ethylene have been pyrolyzed in the temperature range 563-600 "C and at 
pressures from 30-60 cm. The products were similar to those obtained from the pyrolysis of ethylene by 
itself, described in Part I, with a marked increase in the yields of the saturated products. The initial 
rates of product formation and the dependence of these rates on the concentration of ethane suggest that 
the initiation step is the same as that proposed in the pyrolysis of ethylene alone, viz. 

2CzH4 -t CzH, + CzHs 
and that the reaction 

C2H4 + CzH6 -> 2CzHs 
is not an important source of radicals. A simplified mechanism is outlined to account for the main 
effects of ethane on the free radical chain polymerization. 

Canadian Journal of  Chemistry, 46, 2427 (1968) 

The initiation step postulated was the bimolecu- 
lar reaction of two ethylene molecules to form a 
vinyl and an ethyl radical. It  seemed of interest 
to look for the occurrence of an analogous 
reaction between ethane and ethylene, and for 
this purpose the pyrolysis of mixtures of ethane 
and ethylene was studied in the temperature 
range 563 to 600 "C. 

The pyrolysis of mixtures of ethane and 
ethylene at 600 "C has been studied by Silcocks 
(2). In several respects, such as the products 
formed and their relative importance, the present 
results are in agreement with the earlier work. 

In the present work the rates of formation of 
the products were measured at an earlier stage of 
the reaction and this has allowed a clearer 
definition of the induction period and the changes 
observed in it on addition of ethane. Differences 
in interpretation can for the most part be attrib- 
uted to this distinction. 

Experimental 
The apparatus, procedure, and analytical methods 

were identical with those described in Part I. The ethane 
and ethylene used were Phillips Research Grade, degassed 
at -196 "C. The trap-to-trap distillation in vaciro prior 
to each experiment, as described previously, was also 

'Mines Branch, Department of Energy, Mines and 
Resources, Ottawa, Canada. 

made here. The reaction vessel used in all erperiments was 
the quartz cylinder of 266.4 ml capacity with a surface/ 
volun~e ratio of 1.0cm-'. Homogeneous gaseous mix- 
tures of ethane and ethylene were obtained by condensing 
both gases in the central cold finger of the 1 l flask 
described in Part I. On warming, convection currents 
were generated and complete mixing occurred in a short 
time. 

Results 

Mixtures containing 15 cm ethylene and vary- 
ing amounts of ethane (1545 cm) were pyrolyzed 
at 563, 584, and 600 "C. Yields of the following 
~roducts  were measured as a function of time: 
n-butane, methane, hydrogen, propylene, butene, 
butadiene, propane, and benzene. Figures 1-5 
show representative yield-time plots for the 
main products, from which initial rates were 
obtained. Figure 6 shows the initial rates of the 
main products as a function of ethane pressure. 
The &der of these rates with respect to ethane 
was determined by least squares analysis of log 
rate against log pressure curves. These orders 
are given in Table I. 

In brief, the main effects of the addition of 
ethane upon the pyrolysis of ethylene may be 
summarized as follows: (1) The yields of n- 
butane, methane, and hydrogen, each consider- 
ably increased, were linear with time in the initial 
stages. The rates of each were first order with 
respect to ethane. (2) The initial rates of propyl- 
ene and butene were scarcely affected, but the 
induction periods observed in both cases were 
markedly reduced, usually to the point when 
their existence was doubtful. (3) The initial rate 
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45cm C2H6 

BUTANE 
600°  c 

/'O' 30cm C2Hs 

TIME ( 5 1  

FIG. 1. Yield of butane as a function of time. 

of formation of butadiene was inversely pro- 
portional to the concentration of ethane. 

The yield plots for butane and methane sug- 
gested a small induction period, but since it was 
less than 20 s its existence is questionable. The 
rate of production of propylene as a function of 
temperature is shown in Fig. 7 along with the 
rates obtained in the absence of ethane. A 
similar plot was obtained for the rate of forma- 
tion of butene. Ethane clearly has a negligible 
effect on the rates of production of propylene 
and butene. 

Secondary Products 
The shape of the yield-time plots for propane 

and benzene were unchanged upon addition of 
ethane and in both cases the yields were not 
appreciably altered. The propane yield increased 

eo- 

METHANE 

16 

0 

W 

I I I I I I I 

0 103 200 300 400 503 600 7 0 0  

T I M E  ( 5 1  

FIG. 2. Yield of methane as a function of time. 

from zero time whereas benzene appeared to rise 
from the end of the induction period. 

Discussion 
The Initiation Step 

One of the objects in the study of the mixtures 
of ethane and ethylene was a search for the 
occurrence of the bimolecular initiation step 

1 C2H4 + C2H6 -f C2H5 + C2H5 

analogous to that suggested in the pyrolysis of 
ethylene alone, 

12 I C2H4 + C2H4 -t CzH3 + CzH5. 

A third reaction which it is necessary to consider 
is the dissociation of ethane. 

[3 1 C2H, -t 2 CH,. 

TABLE I 
Activation energies and order with respect to ethane of the initial rates 

Temperature 
(" c )  Butane Methane Hydrogen Propylene Butene Butadiene 

-. -- 

Activation 
energy 
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P R O P Y L E N E  

6 0 0 D c  

0 

A C2 ti4 only 
v 

I B U T E N E  

T l M E  ( 5 1  

T l M E  ( 5 1  

FIG. 3. Yield of propylene as a function of time: 
(0) 15 cm C2HG; (A) 30 crn C2HG; (0) 45 crn C2HG. 

A summary of the relevant rate parameters is 
given in Table 11. The frequency factors and rate 
constants for reactions [ I ]  and [2] have been 
calculated on the assumption that the rate 
constant for the reverse disproportionation of 
radicals is in both cases equal t o  3 x 1012 cc 
mole-' s- '  at  298 OK (3). For comparison, the 
general expressions for the rate constants have 
been obtained using data at  298 OK (4). The rate 
constant for reaction [3] has been discussed by 
Lin and Laidler (5). We use the following 
average value suggested by them, 

k ,  - ' IOIG e-88000/RT -1 
,j - 3.d  S .  

The last co lun~n  of Table I1 lists the rates for the 
three reactions for equal pressures of ethane and 
ethylene. Reactions [ I ]  and [3] would therefore 
be expected to be the main initiation processes. 
Nevertheless the evidence from the measurement 
of the initial rates of formation of the main 
products is against the occurrence of these steps. 

Initiation by reaction [ I  ] and termination by 
mutual combination of radicals would give a 
radical concentration proportional to [C2H4]'/2 
[C2H6]1/2. Initiation by reaction [3] and termina- 
tion by mutual combination of radicals would 
give a radical concentration proportional to  

only 

FIG. 4. Yield of butene as a function of time: (A) 15 
crn C2HG; (0) 30 crn C2HG; (0) 45 cm C2H6. 

[C2H6]'/2. If the products were then formed 
through a series of radical addition and abstrac- 
tion reactions similar t o  those outlined in Part I, 
the order with respect to  ethane of the rates of 
formation of these products should be either 0.5 
or  1.5. None of the rates measured showed this 
dependence. The orders with respect to  ethane 
of the rates of methane and butane were very 
close t o  one and were constant over the range of 
pressure and temperature studied. The rates of 
formation of propylene and butene were essen- 
tially independent of ethane concentration. 

Since the activation energy for reaction [3] is 
22 kcal/mole greater than that for reaction [2], 
initiation by reaction [3] should raise the activa- 
tion energy for the rates of formation of the 
products by about 1 I kcal/mole, assuming the 
activation energy for the propagation steps 
remains the same. This was not observed for any 
of the products. The activation energy for butene 
and propylene was unchanged while that for 
butane decreased by about 20 kcal/mole. We 
conclude, therefore, that in the mixtures of 
ethane and ethylene, ethane is not i~lvolved in 
the initiation process. 

The question remains of why reaction [2] 
appears to be the predominant initiation reac- 
tion. The lneasurenlents and the data pertaining 
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TABLE II 
Thermodynamic data and reaction rate parameters 5 s 

Rate at z 
857 "K $ 

log A K(857 OK) (CZH4 = 15 cm) 
S0(298 OK)* AHr(298 OK) AH(298 OK) AS(298 OK)* (cc mole-' s-' (cc mole-' s-' (mole cc-' s-' 

(cal/deg mole) Ref. (kcal/mole) Ref. Reaction (kcal/mole) (cal/deg mole) or s-') or S - ' )  x 10lz) n 

CzH4 52.45 4 12.5 4 1 59.7 11.28 14.95 0.51 4.03 
I 

CzHs 54.85 4 -20.2 4 2 64.0 10.69 14.82 0.030 0.237 2 
CzHs 59.29 7 26 6 3 16.505 1.08 x 3.03 

56.3 8 63 6 
: 

CzH3 < 
'Standard state: 1 atm of ideal gas. p 

e m 
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Y I I I 
0 100 200 300 

T I M E  ( s )  

FIG. 5. Yield of butadiene as a function of time. 

to reactions [ l ]  and [3] are the most reliable and 
the simplest explanation lies in the possibility of 
errors in the thermodynamic data used to 
calculate k,.  The most uncertain quantities are 
those of the vinyl radical. An error of 5 kcal/mole 
in the heat of formation of the vinyl radical 
would raise k ,  to the same value as k ,  at 857 OK. 
This would, however, require a C-H bond 
dissociation energy in ethylene 5 kcal/mole lower 
than the current value of 103 kcal/mole (9, 10). 
Less uncertainty is probably involved in the 
entropy of the vinyl radical but a combination 
of errors in both quantities might change k ,  
considerably. Another uncertainty is the reverse 
radical disproportion rate constants. k - ,  could 
be greater than k - ,  by a factor of about 5 or 10 
(11, 12). It thus appears probable that k ,  has 
been underestimated. 

P R E S S U R E  OF E T H A N E  cm 

FIG. 6. Rate of product formation as a function of 
ethane pressure. Left-hand scale applies to all products 
except methane. Right-hand scale applies to methane. 

by abstraction from ethane which may now 
compete successfully with addition to ethylene. 
It is suggested, in fact, that the four main 
products, butane, methane, butene, and propy- 
lene, arise during the polymerization by abstrac- 
tion of hydrogen from ethane by the correspond- 
ing radical. In the case of the unsaturated 
radicals, C,H, and C,H,, this abstraction pro- 
cess must be faster than the addition to ethylene, 
since the rate of formation of butene and 
propylene is essentially independent of ethane 
concentration. The rates of formation of butene 
and propylene will then be practically unchanged 
from the rates observed in pure ethylene. In the 
latter system the rates of formation of butene 
and propylene were essentially the rate of 
propagation of the free radical polymerization, 

The Mechanism 
The proposed mechanism may be briefly 

summarized in general terms. The presence of 
a ethane provides a more readily abstractable 0 ,,,, ,,,, ,,,, ,,,, ,,,, ,,,, ,,,, ,,,, 

hydrogen atom than is available from ethylene. IOOO/ T (OK-[)  

The polymer will tend to be more saturated and 
FIG. 7. Arrhenius plot of the rate of propylene probably of a shorter length. More may formation. Pressure of ethylene = 15 cm. Pressure of 

be diverted into lower molecular weight products ethane: (0) 0 cm; (G) 15 cm; (v) 30 cm; (0) 45 cm. 
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since after the induction period the rate of [lo1 C4H9 -i- C2H4 -> R 

decomposition of the polymer was equal to its ~ 1 1 1  C4H9 -I- C2H, -> C4Hlo + C2H5 
rate of formation. In the mixtures of ethane and 
ethylene the radical abstraction reaction will be [I2] R->CH, + R 

comparable to the rate of propagation of the [I31 CH, -t C2H4 -> C3H7 
free radical polymerization. However, since the [141 CH, -t C2H6 -. CH, + C2H5 
abstraction occurs during the polymerization 
process no induction period will be observed. [I51 R 4- CzH6 -> RH + C2H5 

In the case of methane and butane it must be [I61 R + C2H4 -> R' -t C2H5 
assumed that the abstraction from ethane by the 

[t 1 2CzHs -> C4H10 saturated radical is slow compared with the 
addition to ethylene in order to give the first Making the assumptions already discussed, the 
order dependence on ethane. The n-butyl radical radical concentrations may be expressed as 
is probably formed largely by addition of ethyl follows, 
radicals to ethylene, since the activation energy 
for butane formation is close to that for butene [C2H" ( k 2 / k t ) 1 ~ 2 [ ~ z ~ 4 ~  
and propylene. The methyl radical, on the other k  7 
hand, probably arises from decomposition of [ G H a l  = - [ C z H j ]  
radicals formed during the polymerization, since k  4 

the activation energy for methane formation is k,[C2H3IIC2H41 
large. The rate of methane formation is greatly = k g [ C ? H ~ l  
increased in the mixtures and it may be that the 
saturated polymer radical tends to lose a methyl k  6 

[C4Hgl = - [ C ~ H S ]  
group more readily than the unsaturated polymer kio  
formed in pure ethylene. Since the rates of 
methane and propylene are not equal, decom- k i 2 k s [ C z H ~ ]  

position of the n-butyl radical is not an important [ C H 3 1  = ki3(k i i [C2H61 + k i r [ C ~ H , l  + k12) ' 
source of methyl radicals. and the steady state expressions for the rates of 

The characteristics of the rate of formation of formation of products are then given as 
butadiene were rather different from the other 
products and it is suggested that the mechanism R,,,, = k 7 ( k 2 / k t ) 1 / 2 [ ~ 2 ~ 4 1 2  
for formation of butadiene in the mixtures is the 

kiik6 same as in pure ethylene. The negative order Rc,,l, = - ( K ~ / K , ) " ~ [ C ~ H ~ ] [ C ~ H ~ ]  
with respect to ethane is accounted for by kg 
reaction of its precursor radical with ethane to ki4ki2kj 
form products other than butadiene. RCH, = ( k z / k t ) 1 / 2 [ C 2 ~ 4 1 [ C 2 ~ 6 1 .  

A summary of the most probable reactions is 
presented as a guide but is not intended to be The activation energy for butene will thus be 
comprehensive. For simplicity the termination close to that observed in pure ethylene. The 
step is again taken as the of ethyl activation energy for butane will be similar to 
radicals. The general term R denotes any radical that for butene while the activation energy for 
higher than C, and R' represents an unsaturated methane may be much larger because of reaction 
polymer molecule. [12], the decomposition of the polymer radical. 

[2 I 
The weaknesses of the assumptions necessary 

C2H4 + C2H4 -> CzH3 -1 CZHS to account for the orders of the rates with respect 
[4 1 C2H, + C2H4 -> C4H7 to  ethane are apparent. The results, however, are 
[5 I C2H3 + C2H6 -+ CzH4 + C2H5 not easy to tie together in a consistent mecha- 

[6 I CzHs + CzH4 + C4H9 nism. The disappearance or the induction period 
is the fact which suggests the products are 

17 I C2H5 + C2H4 + CZH, + C2H3 formed during the free radical polymerization. 
I C4H7 4- C2H4 -> R Otherwise a change in the induction period must 

[9 1 C4H7 + C2H, -> C4H, + C2H5 arise by a change in lc,, the conlposite rate 
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constant for decomposition of the polymer, or Acknowledgments 
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Although it was suggested in Part I that de- 
composition of the polymer did involve reaction 
with ethylene, reaction with ethane is much less 
likely. An increase in lc,, due possibly to the 
larger degree of saturation of the polymer 
formed in the presence of ethane, is an alternative 
explanation. This in fact may be a more reason- 
able mechanism for the formation of propylene, 
since the induction period for this product did 
not disappear entirely as it did for butene. There 
is, however, a further difficulty in suggesting a 
change in lc,. The rates of butene and propylene 
were essentially unchanged in the mixtures, but a 
decrease in k, would lower the steady state 
concentration of polymer I and hence lower the 
rate of formation of product which arises from 
its decomposition. 
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Reactions of triplet methylene radicals with alkanes1 

D. F. RING, AND B. S. RABINOVITCH 
Department of Cl~emistry, University of Washington, Seattle, Washington, 98105 

Received December 21, 1967 

Studies have been made of the products resulting from reaction between triplet methylene and several 
alkanes, propane, ti-butane, and isobutane. Triplet methylene was produced by photolysis of diazo- 
methane in the presence of a large excess of inert nitrogen gas. Complicating side reactions involving 
diazomethane were encountered. 

Observation of higher products allowed the determination of the relative rates of 1°:2":3" H 
abstraction from C-H bonds; these are - 1:14:150. The rate of addition of 3CHt to the C=C bond 
in ethylene appears to proceed - 3.5 times faster than H abstraction from a 3 C-H bond. The 
possible occurrence of insertion by into C-H bonds is discussed and relative rates of insertion 
for 1°:2":3" bonds are deduced to be - 1 :2:7. Comparisons of the relative rates of inserti0n:abstraction 
are also given. Studies with propane-d, indicated an isotope effect for abstraction of H:D from the l o  
position of - 3.9; insertion by 3CHz into the same position showed an isotope effect of -- 2. 

Canadian Journal of Chemistry, 46, 2435 (1968) 

Introduction 
Methylene chemical activation systems have 

been used for the quantitative study of the 
collisional deactivation and unimolecular reac- 
tions of vibrationally excited molecules (I). In 
this and other connections it is of importance to 
clarify the chemical characteristics of methylene 
sy~ tems .~  It has been the hallmark of such 
systems that new data has frequently occasioned 
reinterpretation of the old. An ever-increasing 
list of properties has been assigned to methylene. 
Singlet methylene ('CH,) appears to insert nearly 
statistically into C-H bonds (2), and possibly 
into C-0 bonds (3), and to add stereospecifi- 
cally to C==C bonds (la, 4). It has also been 
suggested that in some systems 'CH, may ab- 
stract H from a C-H bond (5).  Triplet methy- 
lene ( 3 C ~ , )  is now known to abstract H from 
C-H bonds (2c, 2d, 6), may insert into these 
(7), and also adds non-stereospecifically to 
C==C bonds (la, 4b, 8). The present study was 

'This work was supported by the Office of Naval 
Research. Abstracted in part from the Ph.D. Thesis of 
David F. Ring. 

'Present address: Division of Applied Chemistry, 
National Research Council of Canada, Ottawa,-Canada. 

3Carr reported that insertion by 'CH, (ketene source) 
was non-statistical and that CH, inserted into 1°:2':3' 
CH bonds of isopentane at -- 1 :1.3 :1.5 (radicals were 
removed by 0,);  for 3CHz abstraction he listed - 
1 :1.5:9. Herzog and Carr found no difference between 
relative rates of insertion by 'CH, from DM and from 
ketene, though T H ,  from DM appeared to be less 
discriminatory. However, Halberstadt and McNesby 
reported nearly indiscriminate insertion by 'CH2 when 
NO was employed to scavenge radicals. In ref. 2c, it is 
pointed out that a correction to singlet insertion due to 
triplet abstraction in a propane system gave back nearly 
statistical ratios. 

undertaken in order to elucidate the interactions 
between 3CH2 and the various C-H bonds in 
alkanes and to conduct a gas phase investiga- 
tion of these interactions in a chemical environ- 
ment in which the C==C competition is absent. 

The mechanism for the production of singlet 
and triplet methylene on photolysis of diazome- 
thane and ketene is still open to speculation 
(9, 10). The mechanisms of photolysis are of no 
concern for the systems which are studied here 
in the presence of a large excess of inert gas. No 
matter which state of methylene is preferentially 
formed on photolysis, the inert gas brings about 
collisional deactivation to the triplet ground 
state (1 I). 

Since this work was completed, Ho and Noyes 
(12) have published results on the reaction of 
methylene with propane in systems that were 
preponderantly triplet in n a t ~ r e . ~  

Experimental 
Materials 

Propane and isobutane were Matheson instrument 
grade; n-butane was Matheson C.P. grade. These gases 
were further purified by gas chromatography so that 
no reaction products were present. 

Ethylene (Phillips research grade) was used without 
further purification. 

Diazomethane (DM) was prepared by the reaction 
between N-nitrosomethylurea and 12 M KOH and was 
purified by trap-to-trap distillation (-78 "C to -196 "C); 

4An example of variation of 3CH2 concentration, 
either with change in photolyzing wavelength or with 
addition of a photosensitizing agent, for systems in 
which the production of T H ,  is important, has been 
studied by Ho and Noyes. We appreciate the favor of a 
preprint of this work. 
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TABLE I1 

Relative variation of major and minor products for propane + 3CHz with change in 
experimental conditions 

iB iB iB iB iB iB iB 
- - - - - - 

Systema V B1 3MB1 14P P1 2MB2 4MP1 

7 0.21 0.10 3.44 1.44 0.38 1.46 0.73 
10 0.14 0.04 1.53 0.52 0.38 0.49 1.66 

DMB DMB DMB DMB DMB DMB DMB - - - - - - 
Systema V B1 3MB1 14P P1 2MB2 4MP1 

.For the same experiment(s) as listed inTable I. See Table I for experimental conditions. 
bNo 2MB2 was observed. 

the diazomethane was stored in a dibutylphthalate 
matrix at -196 "C. Upon warming of the dibutylphthal- 
ate-diazomethane solution, the initial gas fractions were 
discarded in order to eliminate low boiling impurities 
(ethane or ethylene). At no time was the diazomethane 
exposed to light. Ketene (K) was prepared by the de- 
composition of acetone on a hot wire; it was purified by 
trap-to-trap distillation and by gas chromatography oq a 
Fluoropak column at -78 "C and stored at -196 "C. 

Nitrogen (Airco purified N2) was employed as the 
inert gas in these systems. It was passed through a 
copper-packed tube at 400 and then through two liquid 
nitrogen traps to remove oxygen and other impurities. 

Apparatus and Procedure 
A standard greaseless gas-handling system was em- 

ployed. The diazomethane was measured out in a well- 
seasoned (with diazomethane) standard volume which 
was kept isolated from the rest of the system. 

A diazomethane-seasoned 1 1 pyrex bulb was used as 
the reactor for all experiments; it was pumped to < 
mm prior to loading with reactants. Several ratios of 
reactants were used; N,:alkane ranged between the 
extremes 728:l to 2000:l while alkane:DM (or K) varied 
from 6:l to 110:l. Systematic variation of the product 
yields with pressure was not a primary concern of this 

study, but the reaction pressures ranged in any case from 
a minimum of 1.6 atm to a maximum of 4.0 atm. In 
several experiments carbon monoxide and/or oxygen 
was added to the reaction mixture; the C0:alkane ratio 
employed was 10:l while 02:alkane was varied from 
4:l to 8:l .  The light source for photolysis of DM was a 
GE AH-6 high pressure mercury arc. Two light filters 
(Dow-Corning No. 5543 and No. 3389) housed in a 
Pyrex water-cooled jacket were used; the wavelength 
issuing from this combination was centered at 4358 A. 
Ketene was photolyzed by means of the unfiltered 
radiation from the AH-6. Photolysis times for DM or K 
runs were usually 1 to 3 h. 

Analysis 
Reaction products were usually divided and analyzed 

by gas chromatography on two instruments; one em- 
ployed a standard thermistor detector, the other a flame 
detector. Several chromatographic columns were utilized. 
They were a 300 ft squalane capillary; a 35 ft 40% 
mineral oil on Chromosorb-P column; a 20 ft AgN03 - 
ethylene glycol on firebrick column in series with a 10 
ft 40 % mineral oil on Chromosorb-P column; and an 8 ft 
15 % hexamethylphosphoramide on Chromosorb-P col- 
umn. These columns resolved all compounds of interest. 
Most products were identified with authentic samples. 
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Results 
Nitrogen Dilution 

Earlier results have shown that generation of 
CH, in a gas mixture in which the ratio N, :cis- 
butene was > 1200:l effectively produced a 
100% 3CH2 reaction system. In the present 
alkane systems a lower dilution of substrate, 
N, :alkane = 750:l, was found adequate because 
the insertion of 'CH, into C-H bonds is ap- 
proximately 8 times slower than addition to the 
C=C. Experiments in which the dilution was 
increased to 1500:l resulted in no significant 
change in the product ratios. 

Propane 
The following principal products which were 

formed in the propane-3CH2 reaction system 
are most directly linked to the initial products of 
reaction: ethane, isobutane (iB), n-butane (nB), 
isopentane (iP), n-pentane (nP), 2,3-dimethyl- 
butane (DMB), 2-methylpentane (2MP), and 
n-hexane (nH); the latter compound was only 
produced in small amount. The experhental 
conditions and various product ratios are shown 
in Tables I and 11.' 

Additional secondary or minor compoSinds 
observed were ethylene, cyclopropane (V), 
butene-1 (Bl), 3-methylbutene-1 (3MB1), 1,4- 
pentadiene (14P), pentene-1 (Pl), 2-methylbu- 
tene-2 (2MB2), 4-methylpentene-l(4MP1), and 4- 
methyl-trans-pentene-2 (4MP2). The identity of 
the latter two compounds is still open to ques- 
tion. All of these products were reduced drasti- 
cally in amount relative to the "principal" c,, 
C5, and C6 alkane products upon increase of the 
propane/DM ratio by a factor of 10. However, 
not all of them decreased by the same factor; 
the following is the sequence for relative de- 
crease in yield: 14P > 2MB2 > P1 E B1 > 
V > 4MB1 2 3MB1. The first two compounds 
in this series decreased by a factor of about 20, 
the next three by about 8, and the last two by a 
factor of around 2; we will return to this matter 
in the Discussion. The relative change in ethane 
and ethylene yields'was not determined. How- 
ever, in early experiments ethylene was found 
to be more than 5 times as abundant as ethane 
and nearly 3 times as abundant as isobutane. 

The relative amounts of some of the minor 
products with respect to the principal alkane 

5The ratios in this table are derived from experimentally 
observed product amounts. These represent original 
data, before correction as described in the text. 

products are given in Table I1 for all the experi- 
mental conditions. 

Seven other compounds were observed in this 
system. Four of these were trace components; 
two (cis-pentene-2 and hexene-1) were very 
minor (nearly as abundant as nP); the seventh 
compound, an unidentified C,, or C, compound, 
was 3 times as abundant as nP. These compounds 
also decreased in relative abundance upon in- 
crease of the ratio propane/DM: four trace 
compounds were completely eliminated, the two 
minor products decreased by a factor of 1615,  
and the seventh unidentified compound fell in 
relative amount by more than a factor of 100. 
It is evident that the formation of many secon- 
dary products depends intimately on the pro- 
portions of DM present and that side reactions 
which increase the complexity of the system 
may be greatly reduced by high ratios of pro- 
pane/DM. 

n-Butane 
The reaction between n-butane and 3CH2 

produced as the primary products, ethane, iP, 
nP, 3-methylpentane (3MP), nH, 3,4-dimethyl- 
hexane (DMH), 3-methylheptane (3MH), and 
n-octane (the latter compound was produced in 
very small amounts). Tables I11 and IV5 exhibit 
ratios of products and list the experimental con- 
ditions under which they were obtained. 

Secondary and (usually) minor compounds 
observed were ethylene, propane, propylene, 
d, B1, cis-butene-2 (CB2), trans-butene-2 (TB2), 
14P, PI,  and. 1,5-hexadiene (1 5H). The result of 
the increase of the n-butanelDM ratio upon the 
minor compounds relative to the main alkane 
products is shown in Table 1v5. The relative 
amount of decrease among these products is 
C,H, (by a factor of 6) > C3H, > V > B1 
> C3H, > C,H, > CB2 > TB2 (virtually 
unchanged). Ten other compounds were also 
observed at low ratios (7 : 1) of n-butanelDM ; 
upon increase of this ratio to at least 30:l the 
yield of eight of these (one of them was n- 
heptane), as well as the yield of 14P, P1, and 15H, 
decreased to nearly zero while one of the com- 
pounds (2-methylbutene-2) fell by a factor of - 5 
and the other (3-methylhexane) decreased by 
about 213. 

Isobutane 
The principal products from the reaction be- 

tween isobutane and 3CH2 were ethane, neo- 
pentane (neP), iP, 2,2-dimethylbutane (22DMB), 
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RING AND RABINOVITCH: REACTIONS OF TRIPLET METHYLENE RADICALS WITH ALKANES 2439 

2-methylpentane (2MP), 2,2,3,3-tetramethylbu- 
tane (TMB), 2,2,4-trimethylpentane (TMP), and 
2,5-dimethylhexane. The latter compound was 
present in very small amount. Experimental 
conditions and ratios of these products are given 
in Tables V and VI.5 n-Butane could not be 
determined in the presence of swamping amounts 
of isobutane. 

Several additional products were formed. They 
were ethylene, propane, propylene, B1, isobu- 
tene (iBene), 14P, and P1. Table V15 gives 
various ratios of these products. Nearly 20 
additional compounds (ranging from C5 to C,) 
were found at minimum ratio of isobutane/DM ; 
of these only five persisted upon increase of the 
ratio by a factor of 6; of the remaining five, 
three (2 unidentified and 2-methylhexane) had 
fallen to about 1/20 of their previous level of 
abundance, one (3,3-dimethylbutene-1) fell by a 
factor of -- 5, and one (2,2-dimethylpentane) 
decreased to 113 of its previous level. 

The complexity of these systems in the pres- 
ence of high levels of DM is thus reemphasized. 

Discussion 
Reaction Sclzeme 

The photolysis of diazomethane in the pres- 
ence of excess nitrogen may be written as (1 1) : 

excess N 2  
[I] DM + hv - 3CHz + N 2 .  

Primary reaction of 3 C ~ 2  with an alkane may 
be represented by 

[1 1 3CH2 + RH-> .CH3 + . R  
(primary H abstraction) 

+ .CH3 f .R' 
(secondary or tert~ary H abstraction) 

+ RCH3* 
(primary insertion) 

-> RfCH3* 
(secondary or tertiary insertion). 

The excited, (*), species in [3] and [4] are as- 
sumed to be collisionally stabilized at these 
reaction pressures, which were at least 1.6 atm. 
Subsequent combination reactions of the initial 
radical species are 

[71 . R  + R' + RR' 

[9 1 .CH3 + . R  + RCH, 

[lo] .CH3 + .R'  + R'CH,. 

Ethyl radicals are formed in these systems; they 
undergo the following combinations. 

I 2C2H5. -> n-C4HI, 

[I21 .CH3 + C2H5. + C3H8 

[I31 C2H5.  + . R  + RCZH5 

[I41 C2HS + .R'  -> R1C2H5 

Disproportionation can occur among the radical 
species, 

where 0 and 0' may or may not be the same 
olefin. For example, for . R  = n-butyl, 0' could 
be either butene-1 or butene-2. 

~ 1 7 1  'CH3 + CzH5. +CH4 + C2H4 

[18aI C2H5. + .R  -> C2H6 + 0 

[lab1 + CzH4 + RH 

[19al CzHS. + 'R'  -+ C2H6 + 0' 

[lgbl -> CzH4 + RH 

[20 1 2CzH5. + CzH4 + CZH6 

[21. 1 2 . R + R H  + O  

[221 2.R' + RH + 0' 

[23al . R  + .R' + RH + 0' 

12361 + O + R H  

Insertion Reactions 
Reactions [3] and [4] account for a common 

feature which was observed in all systems: with 
a substrate of carbon number n, more of the 
next higher C,+, alkane products were found 
than could be accounted for by conventional 
radical processes. The major alkane products for 
each system may be grouped into three classes, 
Cn+ ,, C,,+ ,, and C,,,. For example, in the pro- 
pane system these were n-butane and isobutane 
(C,, + ,), n-pentane and isopentane (C,, + ,), and 
2,3-dimethylbutane, 2 methylpentane, and n- 
hexane (C,,,). A comparison in each alkane 
system of the ratio of the total amount of radi- 
cals formed, ( R1)/(. R) (based on reactions 
[5]-[7], [13], [14], disproportionation being 
taken into account) revealed reasonable agree- 
ment between the ratios from classes C,,,, and 
C,,,. However, the C,,, class indicated a dif- 
ferent (smaller) ( . Rf)/( - R) ratio. There appeared 
to exist an additional source of the C,,+, products 
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TABLE 111 
Experimental conditions and major product ratios for n-butane + 3CHz 

nB N2 w4 Press. Temp. Radi- - - iP 3MP D M H  DMH 3MH - - - - iP nP iP nP 9 - - - -  
System D M  nB nB nB (atm) (OC) ation nP nH 3MH 3MP nH D M H  3MH 3MP 2 u 

13' 7.1 837 0.0 0 .0  1.6 23 43588, 2.89 7.89 3.68 1.00 2.13 8.38 10.6 8.38 22.6 5 
14 3 1 800 0.0 0.0 2.0 23 43588, 3.76 9.65 3.22 2.06 6.16 4.80 4.11 9.89 25.3 
15 50 800 0.0 0.0 2.0 23 4358 8, 3.44 14.50 3.31 2.76 12.1 3.74 3.56 10.3 43.1 2 
16 62 800 0 .0  0.0 2.0 23 43588, 2.81 9.43 3.12 3.87 11.7 3.90 4.32 15.1 50.5 
17 94 800 0.0 0.0 3.0 23 4358 8, 3.00 5.83 3.59 7.18 11.6 3.32 3.66 23.8 42.4 
18 110 800 0.0 0.0 3.5 23 43588, 3.67 11.70 3.74 4.22 13.2 3.66 3.74 15.4 49.4 $ 
19 50 800 0.0 0.0 2.9 0 Unfil- 3.81 11.53 2.75 2.19 9.18 7.01 5.06 15.4 

tered 46.4 

20 50 800 0.0 0.0 2.8 -20 Unfil- 4.34 19.35 4.41 2.56 11.2 8.27 8.42 21.2 94.4 " 
tered 3 

21 6.2 855 0.123 0.0 1.6 23 43588, 2.63 7.64 3.21 0.47 1.11 11.1 13.6 5.22 15.1 
22 6.7 800 0.20 0.0 1.6 23 43588, 2.39 9.46 4.70 0.37 0.74 20.8 41.2 7.70 30.5 3 
~3~ 3 1 800 0.0 4.14 3.0 23 4358 8, 0.89C (1.34)d C 
~4~ 27 1200 0.0 9.9 2.5 -20 Unfil- 0 . 8 9 ~  (1.33)d 

j 

tered 
25' 31 800 0.0 4.0 3.0 23 4358 8, 0. 83C (1.25)d 

S 
.P 

26 60, 1000 0.0 0.0 1.8 23 Unfil- 3.04 e 
TS\ 

tered - 
w 

'Ratios are averages of seven experiments performed under very similar conditions. rn m 
'An average of two experiments; no products above C5 were formed in the presence of Oz. 
CNO products above Cs were formed in the presence of 02. 
T h e  parenthetic number is the ratio of reaction per bond for the formation of the C.+l compounds. 
Carbon monoxide wasalso present in this experiment; CO/nB was 9.5. 
JAn average of two experiments in which ketene, not DM, was used as the methylene precursor. Complete product analysis was not obtained. C
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RING AND RABINOVITCH: REACTIONS OF TRIPLET METHYLENE RADICALS WITH ALKANES 244 1 

TABLE IV 
Relative variation of major and minor products 

for n-butane + 3CH2 with change in 
experimental conditions 

CzH4 C3Hs TB2 
- - - 

System CzHs C3H8 CB2 

iP iP i P' iP iP 
- - - - - 

System C2H6 C3H8 TB2 V B 1 

3MP 3MP 3MP 3MP 3MP 
- - - - - 

System C2H6 C3Hs TBZ V B 1 

DMH DMH DMH DMH DMH 
- - - - -  

System C2H6 C3Hs TB2 V B1 

"These data  concern the same experiments as in  Table 111. 
bAn averaze of system 14 through 18 in Table 111. The average of 

n-butanelDM is - 7011. 
CAn averase of system 21 and 22 in Table 111. C2H+ C ~ H G .  C 3 H ~ ,  

C3H8, TB2, or CB2 were not analyzed for in these experiments. 

(especially of the least branched one); these were 
11-butane, n-pentane, and isopentane in the pro- 
pane, n-butane, and isobutane systems, respec- 
tively. For several reasons (see Results and discus- 
sion below) the percent of 'CH, in each reaction 
system was very low and should not have been 
a significant source of these excess C,,, , prod- 
ucts. It  is postulated that 3CH2 can insert into 
C-H bonds (or in any case that some processes 
occur which do not involve conventional long- 
lived radical intermediates). The quantitative 
treatment of the data on which this conclusion 
was based is described below but first we note 
that insertion by 3CH2 into C-H bonds is not 
eliminated in oxygen experiments (Tables I, 111, 
and V) in which C,,,, products were still formed 
although all C,,, and C,,, products of conven- 
tional long-lived radical intermediates were 
eliminated. Furthermore, the ratio of these 
C,,,, products does not lend support to a statis- 
tical process such as insertion by 'CH,; the 

secondary and tertiary positions are favored but 
not to so great an extent as abstraction. At -20 " 
and 23 ", the average ratios of reactivity on a per 
bond basis were closely similar and were, for 
n-butane, 2 "11 " = 1.33, and for isobutane, 
3 "11 " = 4.4. These ratios, however, differ 
somewhat from the normal relative rates of 
insertion in the absence of 0, (given below), so 
that some complication exists which weakens, 
but by no means vitiates, our deductions. 
Relative to the normal yield, the yield of C,,,, 
products in the presence of oxygen were reduced, 
although more for the more-branched products 
(10-20% of normal yield) than for the less- 
branched product (30-60% of normal yield). 
Unfortunately, independent information on the 
extent to which oxygen might reduce the amount 
of products is not available. 

Calculations 
The data were treated as follows. The C2, 

product, R,', which was formed from 2 .R '  
was combined with an appropriate rate constant 
(k,) to determine a number proportional to the 
steady-state concentration .RSs1 in the system. 
The RR' product was then used with .RSs1 and 
an assumed value of k7  to determine the relative 
steady-state concentration of .Rss. This ratio 
was in reasonable agreement with that deter- 
mined independently from the ratio of the C,,,, 
products. The principal sources of methyl radi- 
cals were reactions [ l ]  and [2]. It follows that 
the .CH3,,, . Rss, and RSs1 radical concentra- 
tions in the reaction system are interrelated. A 
reasonable estimate of the relative steady-state 
concentration of .CH3 is given by the sum, 
OR,,' + .Rss; this estimate will be supported 
below. The amounts of the C,,,, products 
formed by reactions [9] and [lo] were calculated 
with use of the values of .Rss, ( .R '  + . R),,, 
and k,, and of .RSsr, ( - R '  + .R),,, and kt,. 
The excess amount of C,,,, is attributed to 
3CH2 insertion. 

The relative rate of apparent insertion to 
abstraction at a particular reaction site was 
readily calculated from the total amount of 
.R '  (or of .R) produced in the system to the 
appropriate net insertion product. In the pro- 
pane system the experimentally observed n- 
butane was corrected for an amount which 
arose via ethyl combination (reaction [l  1 1). 
The relative amount of ethyl radical was deter- 
mined from the amounts of C,,,, products in 
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TABLE V 
Experimental conditions and major product ratios for isobutane + "CHZ 

c? 
iB - -- N Z  C s  2 Press. Temp. Radi- - - - -  - - -  neP 22DMB TMB TMB TMB neP iP  neP 

System D M  iB iB iB (atm) (OC) ation iP 2MP T M P  22DMB 2MP TMB T M P  22DMB 2MP 

270 7.4 774 0.0 0.0 1.7 23 4358 A 1.69 5.16 4.50 1.59 1.82 6.02 16.0 9.57 29.1 
28" 5.6 1560 0.0 0.0 2.0 23 4358A 2.09 6.96 4.72 0.96 1.44 8.06 19.4 7.74 27.9 8 
29' 48 800 0.0 0.0 2.0 23 4358A 2.52 9.90 5.38 3.86 7.53 4.50 7.59 17.4 57.2 
30' 101 800 0.0 0.0 3.5 23 4358A 2.46 7.71 5.15 5.29 8.12 4.00 7.86 21.2 63.8 
316 50 800 0.0 0.0 2.9 0 Unfil- 2.74 8.22 7.22 4.02 4.80 6.20 16.1 24.9 77.5 $ 

tered 0 
32 50 800 0.0 0.0 2.8 -20 Unfil- 4.70 12.10 8.05 5.94 8.92 8.73 14.9 51.6 133.2 

tered 0 
33b 7 .0  762 0.14 0.0 1.6 23 4358A 1.40 7.26 3.41 0.86 1.50 7.91 22.3 6.80 33.4 ?i 
34b 31 800 0.0 4.0 3.0 23 4358 A 0.48C (4.33)' 
35C 3 1 933 0.0 8.8 2.3 -20 Unfil- 0 . 4 9 ~  (4.45)c 

5 
tered 

36d 3 1 800 0.0 4.0 3.0 23 4358A 0.53. (4.79)' 
3 
5 

37 6.01 1000 0.0 0.0 1.8 23 Unfil- 2.188.51 4.11 9.45 22.1 3.98 7.48 37.6 165.3 < 
tered p 

38 7.0 762 0.0 7.180 1.6 23 4358A 1.89 7.15 4.15 1.68 2.89 6.39 14.1 10.7 40.8 
0, 

"An average of three experiments. - 
bAn average of two experiments. w 
<No products above Cs  were formed in the presence of Oz. 0, m 

dCarbon monoxide was also present in this experiment; COliB was lo. 
=The parenthetic expression is the ratio of reaction per bond for the formation of the C.+, compounds. 
JKetene was used as the precursor for methylene. An average of two experiments. 
9This number is the ratio of CO/iB. C
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TABLE VI 
Relative variation of major alkane and minor products for isobutane + 3CHZ with change in 

experimental conditions 

37 0.021 0.18 1 . 04d 0.015d c 

38 0.05 0.39 3.97 c c 

TBM TBM TBM TBM TBM 
- - - - - 

Systemu CzHs C3Hs V B1 iBene 

27 0.08 0.62 3.90 0.08 0. 18b 

These  data are from the same experiments as in Table V. 
blsobutene was not observed in all of the experiments; this number is not averaged on the same number of runs as the 

other ratios. 
T h e  compound in the denom~naror w3s not measured. 
dThe denom~nator was observed In only one of the experiments, thus the ratlo is not an average. 

TABLE VII 

Relative rate constants and disproportionation:combination ratios employed in the calculations 

kdlk, 

Quantitv Set la Set 2b Quantitv Pro~ane" n-Butaned Isobutanee 

'These relative rateconstants are from ref. 20. 
These  are thestatistical relativeconstants mentioned in Calcularions. 
Ckd/k, for the propane calculations in Tables VIlI and IX from ref. 2c. 
dkd/k, for the n-butane calculation in Tables X and XI from ref. 2c. 
'kd/k, for theisobutane calculations in Tables XI1 and XIII.They are best estimates from data in the literature. 
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TABLE VIII 
Results of calculations for propane +- 3CHZu 

-- 
MethylC iB,,," n x  -- 2°~nsg  Zoabs -- 1",,,J 

Systemb Ethyl .R'/ .RL' iB,,, nB,ot l 0 l n r  1 Oabr 2'abr 1 'a bs 

oCalculations employ rateconstants from set 1 and kdlk,  (propane) in Table VII. 
bThese numbers correspond to  those in Tables I and 11. 
cMethyl is from .R'  + .R as indicated by the C2. compounds; ethyl is an average of  ethyl from each o f  the two C,,, compounds. 
d .R '  and .R are both deduced from the CZn compounds. 
'iBi,, means isobutane formed by insertion. iB means experimental isobutane. 
JnB,,, means 11-butene formed by insertion: nB=cx,pn means experimental ,I-butane. 
Plnsertion into secondary C-H per insertion into primary C-H. 
"Abstraction from secondary C-H per abstraction from primary C-H. 
'Total insertion into secondary C-H relative to total abstraction from secondary C-H. 
JTotal insertion into primary C-H relative to  total abstraction from primary C-H. 

combination with -RSs1 and k,,, or with .Rss 
and k,,. Disproportionation corrections were 
made to C,,,, C,,,,, and to calculated C,,,,, and 
from these quantities the ratio of (total .R f ) :  
(total .R)  was obtained; this ratio, when 
combined with the number ratio of primary: 
secondary (or tertiary) C-H bonds gave the 
relative rate of abstraction (per bond) of H by 
,CH,. The calculational detail is illustrated in 
the Appendix at the request of a referee. 

Four sets of rate constants were employed in 
the above calculations, of which the two most 
disparate and complete sets of calculations are 
those presented here. The first set wqs reported 
earlier by Whitten and Rabinovitch (2c) for 
the propane-methylene system, and was ex- 
tended to the tz-butane and isobutane calcula- 
tions with similar reactions receiving the 
appropriate rate constants. A second non- 
selective set of constants was used in which the 
relative magnitudes of the rate constants for 
radical combination reactions were simply set 
equal to 1 or 2, depending on the symmetry 
number for the reaction. A list of both the rate 
constants and the disproportionation to combi- 
nation ratios employed in the calculations is 
given in Table VII. A summary of the calcula- 
tional results is presented for the first set of rate 
constants in Tables VIII, X, and XII, and in 
Tables IX, XI, and XI11 for the second set. In 
these tables the columns labelled C l t +  , (ins)/ 

C , l + , ~ , o t ,  indicate the fraction of the experimen- 

tal yield of C,, , ,  product which was formed by 
other than radical processes. All ratios for the 
least-branched C,,,, product, and virtually all 
studies for the most-branched product under 
conditions of high RH/DM, and all studies at 
lower temperatures or with isotopic substitution 
wherein radical processes were inhibited gave 
positive indications of substantial amounts of 
C,,,, product in excess of estimated radical- 
related sources. The wide range of relative rate 
constants for the two sets appears to rule out 
any dependence of this conclusion upon fortui- 
tous selection of the constants. 

Only the ratios determined at  large values of 
RH/DM are considered reliable and free of 
chemical complications. 

Additional Reactions 
Two reactions with DM which could cause 

complications for the proposed interpretation 
of experimental data were not included in the 
reaction scheme. The first reaction involves 
other sources of methyl, notably 

A consequence of reaction [24] would be that 
. CH,,, > ( . R' + . R),, and its estimation would 
be very difficult. However, it appears that 
reaction [24] is only significant when a relatively 
high proportion of DM is present; an increase 
in RH/DM in each alkane system was accom- 
panied by a two- to three-fold decrease of the 
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TABLE IX 
Results of calculations for propane $ 3CHza 

Methylc iBlnse a' - 2°,,sq - 2°absB & 1 OlnsJ' 

Systenl" 
- 

Ethyl .R'/.Rd iB,,, nBlo, loins l"nbs Z0abr Onbs 

- 
oCalculat~ons employ rateconstants from set 2 and  ka/k (propane) In  Table VII. 
bThese numbers refer to the 5ame experiments as In  ~ a b y e s  J and  11. 
CMethyl 1s from .R' and  .R a9 lndlcated by the CZn compounds. ethyl IS a n  average ofethyl from each of the two Cn+2 compounds. 
"R' and  .Rare both deduced from the C,, compounds. 
elsobutane formed by lnsertlon relat~ve to total ekperlmentdl   so butane. 
IN-Butane formed by lnsert~on relat~ve to total expertmental 11-butane. 
qlnsertlon lnto  secondary C-H per ~nsert lon lnto  primary C-H. 
hAbstractlon from secondary C-H per abstractlon from prlmary C-H. 
'Total lnsertlon Into secondary C-H relat~ve to total abstract~on from secondary C-H. 
JTotal ~ n s e r t ~ o n  Into prlmary C-H relattve to total abstractlon from primary C-H. 

C,,, :C2,, ratios which presumably resulted from 
a decrease in .CH,,, concentration relative to 
both . R,,' and . R,,. Convincing evidence that no 
extra source of . CH, arose at low DM proportions 
is demonstrated by a comparison of the .CH, 
steady-state proportions calculated as the sum of 
( - R '  + .R),, with that calculated from the 
ethane product. At low RH/DM ratios, the 
sum (.R' + .R),, was -- 0.6 of the .CH,,, 
estimate based on ethane by taking the over- 
estimate that all ethane arose by methyl re- 
combination. When the DM proportion was 
decreased, (. R' + R),, rose to 1.1 and 0.9 of 
the .CH,,, in the 12-butane and isobutane sys- 
tems, respectively (measurement of ethane was 
not accurate in the propane system). Similarly, 
the propane product, which was assumed to 
result from recombination of methyl and ethyl, 
gave like agreement. This supports the assump- 
tion that .CH,,, - ( .R '  + .R),,, at least at  
higher ratios of RH/DM. 

A second set of possible complicating reac- 
tions could be higher analogs of the methyl 
reaction. 

such as 

[261 CH3CHz + DM i CH3CH2CHc + N 2  

RCHZ -k DM -> RCH,CH2. + N,, etc. 

These reactions are followed by combination 
and disproportionation of all such radical 
species. Some of the major and minor products 
reported could arise from these chain-lengthen- 
ing processes; however, many other products, 
both alkenes and alkanes, should also arise 
(uniquely) from such a mechanism and, indeed, 
at low values of RH/DM many of these products 
were observed. The propane system is not a good 
diagnostic one since no zrnique alkanes (below 
C6) could arise in this manner; the unique 
alkenes Bl, P1, 3MB1, and 4MP1 did appear, 
but Bl and PI are ubiquitous species and not 
good indicators. In the n-butane and isobutane 
systems, the presence of (unique) 3-methylhexane 
and n-heptane product in the former study and 
2-methylhexane and 2,2-dimethylpentane in the 
latter appear to establish that chain lengthening 
does occur. Indeed, upon increase of RH/DM, 
these products which were diagnostic of chain 
lengthening decreased drastically (by a factor of 
-- 5) in all systems (see Results). In general, the 
amounts of ordinary products altered with 
decrease of DM proportion in the manner 
expected for inhibition of reactions [24]-[28] 
(for propane compare systems 1 and 2, Table I ;  
for n-butane systems 13 through 18, Table 111; 
and for isobutane systems 28, 3 1, and 32, Table 
V). 
1,1,1,3,3,3-Propane-d, 

The results for deuterated propane warrant 
specific mention. Comparison with the light 
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TABLE X 
Results of calculations for n-butane + 3CH2a 

Methylc nP1,,/ 201.58 20nbrh 2 3  10lnsJ 
Systemb Ethyl .R'/.Rd iplot nPtol 1°lnr 1°nbs 2 " , b ~  l o a m  

OCalculations employ rate constants from set I and k, /k,  (n-butane) in Table VII. 
"These numbers refer to the same experiments as in Tables I11 and IV. 
<Methyl is from .R' 4- .R as derived from the C]. compounds: ethyl is an average of ethyl from the two C,, , , compounds. 
dThe ratio ofsec-butylln-butyl. 
'Isopentane from insertion relative to total experimental isopentane. 
Jn-Pentane from insertion relative t o  total experimental n-pentane. 
#Insertion into secondary C H  per insertion into primary C H .  
"Abstraction from secondary C H  per abstraction from primary C-H. 
'Total insertion into secondary C H  relative t o  total abstraction from secondary C H .  
q o t a l  insertion into primary C-H relative t o  total abstraction from primary C H .  
LA negative quantity signified incompatible data. 

system (systems 2 and 3 in Table I) reveals that 
products derived from .R' increased in relation 
to those from .R. It  is reasonable that 3CH, 
abstracts deuterium less readily than hydrogen. 
Also, steady-state concentrations of ethyl radi- 
cals increased relative to .RSsf and .Rss, as 
might be expected from the decreased total 
reaction probability between 3CH, and propane- 
d,. Systems 2 and 3 in Table I reveal further 
support for the occurrence of 3CH, insertion: 
whereas on going to propane-d,, the C , + l  

ratio iB/nB increased by only 20%, that for 
C,,, and C,, products, iP/nP, and DMB/2MP, 
increased by much larger factors (3.4 and 4.4 
respectively) due to the changed steady-state 
concentration ratio of . R,,' and Rss. 

Production of C,,, and C,,, alkenes relative 
to the most-branched, major alkane products 
was nearly unchanged (systems 2 and 3 in 
Table 11). Since many of these alkenes were 
produced uniquely by processes like [27] and 
[28], it is apparent that chain lengthening is as 
unimportant for this deuterated substrate as for 
the light substrate, at high ratios of RH/DM. 

Decrease in Temperature 
This experimental change (systems 2, 4, and 

5 in Table I, systems 15, 19, and 20 in Table 111, 
and systems 29,3 1, and 32 in Table V) enhanced 
the yield of the .R' products relative to those 
from .R, due to enhanced abstraction at the 
secondary (or tertiary) position compared with 

that at the primary. The experimental product 
ratios further show that the proportion of C,,, 
products which is due to other than radical 
recombination reactions (Tables VIII-XIII, 
columns C,, , ( ins ) /Cn+ (tot)) increases at lower 
temperatures and is the preponderant part of 
these products. 

Addition of Ethylene 
Studies were made in the presence of ethylene 

in order to obtain a measure of the rates of 
3CH, reaction with alkane relative to double 
bond addition. Comparison of systems 1, 6 ,  7, 
and 8 in Table 1, of systems 13, 21, and 22 in 
Table 111, and of systems 27 and 33 in Table V 
reveals a clear-cut increase in .CH,CH,,, rela- 
tive to .CH3,,, while both increased relative to 
.Rss' and . Rss. This could be due to the reaction 
sequence recently proposed by Cvetanovib (13) : 

In some experiments at low RH/DM, the pro- 
portion of 1,Shexadiene product, which was 
ordinarly half the amount of 3MP in the n- 
butane system, and was nearly 9/10 of 22DMB 
in the isobutane system, rose to - 1.5 of these 
products upon introduction of ethylene. This 
supports the occurrence of [29]-[32]. 
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TABLE XI 
Results of calculations for n-butane + 3CHza  

Methylc & 2"1,,~ 2 2  2",,,L 
Systemb Ethyl .R'/.Rd iplol nPtot loins 1 "a,, 2"ab~ 1°abs 

- 

"Calculations employ rate constants from set 2 and kdk. (n-butane) in Table V11. 
These  numbers refer to the same experiments as in Tables 111 and 1V. 
CMethyl is derived from the C2,, compounds, and ethyl is an average ofethyl from each Cnr product. 
dThe ratin nf ~ ~ r - h ~ ~ t ~ I I ~ z - h n t Y 1  - . . - . - . . - - . - - - - - . , . , . . - - . , . . 
elsopentane from insertion relative to total experimental isopentane. 
In-Pentane from insertion relative to total experimental n-pentane. 
glnsertion into secondary C - H  per insertion into primary C - H .  
hAbstraction from secondary C-H per abstract~on from primary C - H .  
'Total insertion into secondary C - H  relative to total abstraction from secondary C - H .  
sTotal insertion into primary C - H  relative to total abstraction from primary C - H .  

In an early propane study the temperature mated uncertainties) are !:13.7 f 2.0:148 & 20. 
was lowered in an ethylene reaction system. These results compare favorably to those re- 
The effect upon the product ratios may be seen ported by Whitten and Rabinovitch (2c) for 
by comparing systems 7, 9, and 10 in Table I. 1 ":2 " abstraction by 'CH, of 1 :9, and by Ho 
Unfortunately, the experiments were performed and Noyes (12) of 1 :14. At the lower temper- 
at low values of RH/DM, and the side reactions atures, the relative rates of abstraction are 
render detailed interpretation difficult. slightly altered: propane, 1 : 18.4, 19.1 ; n-butane, 

Addition of CO 
Carbon monoxide is known to selectively 

remove 'CH, from methylene reaction systems 
(14). Thus addition of sevenfold amounts of 
CO relative to substrate should alter the experi- 
mental product ratios if both spin states of 
methylene were present as reactive species. The 
results with CO showed scarcely any change in 
product proportions so that 'CH, must have 
been present only in very minor amounts. 
(Compare systems 27 and 38 in Tables V and VI 
and XI1 and XIII.) 

Various Rate Relations 
On the basis of the data in Tables VIII-XI11 

some rate ratios were calculated for systems 
having high values of RH/DM. Two values are 
presented for each ratio corresponding, respec- 
tively, to the two sets of rate constants. All values 
in this section are on a "per bond" basis. At 
room temperature the relative rates of abstrac- 
tion of 1 ":2 " hydrogen by 'CH2 are, propane, 
1 :14.7, 15,6; n-butane, 1 :11.9, 12.6; and for 
1 ":3 " hydrogen in isobutane, 1 :148, 148. For 
1 " :2 " :3 " abstraction the averages (with esti- 

1 :12.8, 13.6; isobutane 1 :210, 210. These values 
correspond to averages of 1 : 16 f 3 :210 f 40. 
For the propane-d, system, the abstraction 
ratios were 1 ",:2 ", equal to 1 :58.6,60.4, which 
indicates an (average) isotope effect for abstrac- 
tion of primary D of 3.9. 

The relative rates of H abstraction to addition 
to the double bond by 3CH2 were (for 1 ":2" 
(or 3 "):C=C), : propane, 1 :10.4, 12.1 :354, 452; 
n-butane, 1 : 13.9,14.5:381,489; isobutane, 1 : 113, 
116:324, 406. Averages of the rates of 'CH, 
reaction for 1 " : 2  ":3 ":C==C are 1 :12.7 f 
2:114 f 18:401.7 

'In order to determine the amount of reaction between 
3CH2 and C 2 H ,  it was necessary to correct the amount 
of cyclopropane observed for deconlposition [cf. the 
data of ref. 151. The data for n-butane indicated that 
cyclopropane should be corrected by a factor of 1.61, 
while data from the isobutane system suggested that 
"no" correction was required. The product proportions 
observed for T H 2  with pure C z H 4  at 1.5-2.2 atm were 
cyc1opropane:propylene = 2.2:l at 23 "C. 

'Disagreement between these relative rates of abstrac- 
tion and those obtained in the previous room tempera- 
ture system is not large and is rather encouraging when 
one considers that the addition of ethylene introduces 
many other reaction species. 
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TABLE XI1 

Results of calculations for isobutane + 3CHZo 
- -- 

Methylc 
-- nePjnse iPjnSf - 30absh I",,h 

Systemb Ethyl .R'/.R" nePlol iPtol lo,,, loabS 3onbr l"nbr 

'Calculations employ rateconstants from set 1 and /+/kc (isobutane) in Table VII. 
*These numbers refer to the same experiments as in Tables V and VI. 
CMethyl is from the Cz, compounds, and etliyl is an  average ofethyl  from each C,+, product. 
'The ratio of I-butyl/isobutyl. 
cNeopentanc from insertion relative to total experimental neopentane. 
fIsopentane from insertion relative to total experimental Isopenlane. 
glnsertion into tertiary C-H per insertion into primary C-H. 
hAbstraction from tertiary C-H per abstraction from primary C-H. 
'Total insertion i n to  tertiary C-M relative to total ahslraction from tertiary C-H. 
JTotnl insertion into primary C-H relative to total nbstrnction from primary C-H. 
'A negative quantity signified incompatible data. 

Relative rates of insertion, at  room temper- 
ature, by 3CH2 for 1 ":2 " (or 3 ") bonds were: 
propane, 1 :0.74, 2.7; n-butane, 1 :1.9, 2.9; iso- 
butane, 1 :4.0, 10.4. An average of these values 
is 1 :2.1 F 1.1 :7.2 ) 3.8.8 At low temperature 
the corresponding iquantities were: propane, 
1 :4.6,5.5; n-butane, 1 :4.5, 5.2; isobutane, 1 :19.4, 
25.9, for an average of 1:5.0 +_ 0.6:22.6 2.7. 
The deuterated propane system indicated rela- 
tive insertion by 3CH2 for 1 ":2 " to be 1 :2.08, 
3.69; this indicates an isotope effect of -- 2.1. 

A comparison of the rate of insertion relative 
to  abstraction by 3CH2 (given as 1 OinS:1 ":,,,, 
2 0i,,:2 O,bs) at  room temperature can also be 
made: propane, 1.06, 1.82:l and 0.06, 0.31 : l ;  
11-butane, 0.41, 0.95: 1 and 0.08, 0.22:l ; isobu- 
tane, 1.31, 1.98: 1 and 0.03, 0.17: 1. These ratios 
increase upon decrease in temperature: propane, 
2.38, 3.49:l and 0.60, 1.01:l; n-butane, 1.12, 
1.95:l and 0.38, 0.74:l; isobutane, 2.72, 3.81:l 
and 0.25, 0.45:l. Uncertainties in correct rate 
constants introduce considerable uncertainty 
into these values. 

An isotope effect is again observed in the 
propane-d, system for 1 Oins:l O a b s  and 2 ins0 : 
2 On,,; the values of these ratios were 6.34, 
8.59:l and 0.22, 0.53 :1 which correspond to 
composite primary isotope effect at  the primary 

'Data from O 2  experiments in Tables 11, 111, and V 
indicate relative rates of insertion for 1°:2":3" C-H 
bonds of 1 :1.33 :4. These values may reflect the presence 
of small amounts of 'CHZ. 

position of 5.98, 4.72 and to  a secondary isotope 
effect at the secondary position (non-deuterated) 
of 3.67, 1.71. 

Finally, we have not proposed a transition 
state or  structure for the insertion process. 
Insofar as a repulsive triplet state may first be 
formed, then dissociation to  methyl + R (or R') 
radicals corresponds to overall abstraction of 
H by 3CH2, while spin inversion, whatever its 
mechanism, and at whatever stage it occurs, leads 
to  insertion products. 

Appendix 

The calculational technique may be illustrated 
for the propane system for which 

~sopropyl,, = (DM ~ ~ ~ ~ ~ / k ~ ) ~ / ~ ~  

n-propyl,, = 2311 P,,,,/k~(isopropy1,,), 

and metl~yl,, -- isopropyl,, + n-propyl,,. 

The amount of iso- and n-butane formed by 
radical combination is found by 

iB,,,, = k~~(methyl , , )  (isopropyl,,) 

and nB,,,, = kg(?z-propyl,,) (nlethyl,,), 

from which the amounts of iso- and n-butane 
formed by insertion may be found, 

iBins = (iBexpt - i B m ) ;  
nB lns = (nBes,,, - nBnb, + kll(ethylnV)') 
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TABLE XI11 
Results from calculations for isobutane + 3CH2" 

Methylc nePlnse y'& 3Dln,i loins' 
Systemb Ethyl .R'/.Rd nePtot iptot loins loabs 3",bS 1 Ovbr 

33 1.84 7 . 3 1  0.71 0 .94  9.48 113. 0 . 40  4 .72  
37 25.8 7 .28  0 .41  0 .78  10 .4  109. 0 . 13  1.51 
38 5.37 9 . 8 2  0 .38  0 . 8 4  7 . 6 4  119. 0 .15  2.28 

nCalculat~ons were performed w ~ t h  rate constants from set 2 and kdlk,     so butane) In Table VII. 
bThese numbers refer to the same cxperlments as in Tables V and VI. 
'Methyl iscalculated from the C2,, compounds; ethyl is an average ofethyl from each C.+2 product. 
*The ratlo of I-butyl/~sobutyl. 
=Neopentane from lnsertlon relatlve to total experimental neopentane. 
Jlsopentane from ~nsertion relatlve to total experimental isopentane. 
'Insertion Into tert~ary C-H per lnsertlon Into primary C-H. 
hAbstract~on from tert~ary C-Hper abstract~on fromprimary C-H. 
'Total insertion lnto tertiary C-H relat~ve to total abstraction from tertiary C-H. 
JTotal Insertion lnto primary C-H relatlve to total abstract~on from prlmary C-H. 

where 

ethyl,, = (ethyl,, + ethyl l , ) /2 ,  

and e t h y l  ,, = i P , , , t /k~~(isopropylss) .  

The relative amount of abstraction f r o m  
pr imary  and secondary posi t ions  m a y  be cal- 
culated after correcting f o r  disproport ionat ion:  

nBcorr = 1.05(nBab8)  ; 

iBeorr = l . 20( iBabs ) ;  

nPcorr  = 1.14(nP,,,,); 

i PC,,, = l .40( iPcxDt)  ; 

nHcorr = 1.14(nHe,,,); 

DMBCorr = 1.64(DMBexDt)  ; 

2M PC,,, = 1 .40(2M PC,,,) ; 
thus, 

( to ta l  s e c o n d a r y  a b s t r a c t i o n )  
( to ta l  p r i m a r y  a b s t r a c t i o n )  
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prim. ins.  - 
- nBln3 

pr im.  abs. ( to ta l  pr im.  abs . )  
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NOTES 

Radical displacement reactions: The vapor phase reaction of methyl radicals with 
allyl formate 

G. GREIG 
Chemistry Department, University of Alberta, Edmonton, Alberta 

AND 

J. C. J. THYNNE 
Department of Chemistry, The University, Edinburgh 

Received November 7, 1967 

Trideuteromethyl radicals have been reacted in the vapor phase with allyl formate and the principal 
reaction over the temperature range 100-250 "C has been shown to be the displacement reaction 

Hydrogen atoms generated by this decomposition also react readily to produce propylene by the 
reaction 

H + HCOOCH2-CH=CHz + H + COz + CH2=CHCH3. 
Canadian Journal of Chemistry, 46,2451 (1968) 

Allyl radicals play important roles in the 
decomposition of many olefins and cyclic alkyl 
radicals and at temperatures below about 300 "C 
they have been shown to react predominantly by 
combination, either with themselves or with 
other free radicals present in the reacting system. 
The production of allyl radicals is somewhat 
difficult since the usual free radical sources such 
as the photolysis of aldehydes, ketones, and 
azocompounds (1) are not practicable either 
because of the low yield of radicals (e.g. 3- 
butenal) (2) or because of the unavailability of 
the starting product (e.g. azopropene). 

Thynne (3, 4) has shown that the methyl- 
radical-sensitized decomposition of alkyl for- 
mates is a useful source of alkyl radicals, the 
reaction sequence being predominantly the ab- 
straction of the formyl hydrogen atom by the 
methyl radical yielding an alkoxycarbonyl radical 
which then decarboxylates quantitatively to form 
carbon dioxide and an alkyl radical, i.e. 

CH3 + HCOOR + CH4 + COOR 

COOR + CO2 + R. 

Allyl formate might so be used to produce 
thermalized allyl radicals. However, James and 
Troughton (5) have shown that allyl compounds 
react readily with ethyl radicals in the vapor 

phase by addition to the double bond followed 
by dismutation of a proportion of the adduct 
radicals, e.g. 

They have suggested that the temperature at 
which this dismutation occurs is governed by 
the nature of the substituent X and increases as 
the enthalpy of the dismutation reaction in- 
creases, e.g. where X = OH, the reaction occurs 
at temperatures above 140 "C, whereas for 
X = COOH,, it occurs at 35 "C. In the case 
where X = HCO,, i.e. allyl formate, it might 
be expected to occur with similar ease to the 
acetate. Consequently, we have studied the re- 
actions of trideuteromethyl radicals, generated 
by the photolysis of acetone-d6 at wavelengths 
> 3000 A (where the formate is transparent), 
with allyl formate over the temperature range 
101-252 "C. 

Experimental 
Materials 

Acetone-d, was obtained from Merck, Sharp and 
Dohme. It was dried, distilled, and stored in a blackened 
bulb at liquid nitrogen temperature. Its isotopic purity 
was reported as being 99 %. 
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TABLE I 
Ethane-d6 (E), pr~pylene (P), butene-1 (B), and 1,5-hexadiene (H) formation in the reaction of methyl radicals with 

allyl formate* 

1.75 
1.77 
1.75 
3.92 
6.36 
6.35 
9.78 

11.3 
10.8 
N.A. 
13.50 

* A  = concentration of acetone, lo6 mole ~ m - ~ .  
F = concentration of allyl formate, 106 mole crn-3, E, P, B, and H in 10" mole cm-3 s-l. 
X = RC~E~~D,/R~~~C~D~(F). 
Y = CJH~D~/(C,D,)~I~(C~HIO)~'~. 
7N.A. = not analyzed. 

Ally1 formate (Koch-Light) was dried and distilled 
several times, narrow boiling ranges being retained each 
time. It was further purified by preparative gas chroma- 
tography. 

Procedure 
The selective photolysis of acetone at h > 3000 A was 

used as the methyl radical source. A Mazda 250 watt 
ME/D lamp in conjunction with a Chance-Pilkington 
filter OXlA was used. Blank runs with the formate 
present showed no photodecomposition of the formate 
to occur throughout the temperature range. 

The experiments were performed in the vapor phase 
in a quartz cylindrical cell, volume 159 cm3. Mixtures of 
the acetone and formate were made up in a 1 1 bulb 
before being expanded into the reaction cell. The cell was 
housed in a heavy aluminium block furnace, fitted with 
quartz side-windows. The temperature of the furnace was 
controlled to better than k0.2 "C by a Fielden-Bikini 
relay. The reaction cell was fitted with a short side-arm 
and connected to the usual type ofhigh vacuum apparatus, 
containing cold traps and a gas burette. After reaction 
the contents of the reaction cell were expanded into the 
analytical train and the fraction noncondensable in liquid 
nitrogen collected and measured in the gas burette. It 
was then analyzed using an AEI Ltd. MS 10 mass spectro- 
meter and was shown to contain hydrogen, carbon 
monoxide, trideuteromethane, and tetradeuteromethane. 
In a typical analysis at 202 "C the proportions of these 
components were 20.3, 64.4, 13.1, and 2.1 % respectively. 

The condensable fraction was analyzed gas chromato- 
graphically using a hydrogen flame detector and a mixed 
column of diethyl adipate and dinonyl phthalate on celite. 
The C6 product was analyzed on a 9 ft dinonyl phtha- 
late column maintained at 45 "C. A typical analysis 
at 252 "C of the reaction products (expressed in terms of 
rates of formation of product x 1012 m ~ l e c m - ~  s-') was 
hydrogen (4.g3), trideuteromethane (2.30), tetradeutero- 
methane (0.60), carbon monoxide (1 1.6), ethane-d6 (4.30), 
propylene (80.4), butene-1(13.5), and l,5-hexadiene (2.g3). 
In addition small amounts of propane, allene, and isobu- 
tane were observed. 

Results and Discussion 

When acetone-d6 is photolyzed alone CD, and 
CD3H are formed, the latter being formed be- 
cause of the isotopic impurity of the ketone. 
Their formation may be described in terms of the 
following reactions. 

Some of the trideuteromethane can arise by 
reaction [3']; we were not able to estimate the 
individual contributions of reactions [3'] and [3], 
though since reaction [3'] involves abstraction of 
deuterium atom and consequently will have a 
larger activation energy than reaction [3'], then 
it is likely that the major contribution to trideu- 
teromethane formation will involve reaction [3]. 

When acetone-d6 is selectively photolyzed in 
the presence of allyl formate the noncondensable 
products comprise H,, CD,, and CD3H, the 
latter being formed in larger amounts than indi- 
cated by reaction [3]. The 'extra' amount CD3H 
formed where measured was consistent with the 
reactions : 
[5] CD3 + HCOOCHzCH=CHz -+ 

CD3H + COOCH2CH=CHz 

if it is assumed that reaction [5] has a rate similar 
to that reported for other formates (3). 
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NOTES 2453 

The observation that methane-d3 is formed to The hydrogen atom formed in this decom- 
only a limited extent suggests that few allyl position may react with the formate by hydrogen 
radicals are produced by reactions [5] and [6] atom abstraction to produce molecular hydrogen 
and hence the considerable yields of propylene (reaction [13]). 
and butene-1 (see Table I) cannot be completely 

[131 + HCOOCH2CH=CHz + 

explained by such reactions as [7] and [8]. 
Hz + COz + CHZ=CHCHz 

It is possible that the small yield of allene may 
be explained by the disproportionation of allyl 
and allyl and allyl and methyl radicals, since 
values of 0.023 and 0.07 may be predicted for 
k, /k ,  and lc,,/k,, respectively from the equation 

l~g(kdis/kcomb) = 0.131(Sodis - ~ ~ ~ ~ ~ b )  - 5.47 
suggested by Holroyd and Klein (6). 

Also if allyl radicals are generated in apprecia- 
ble yields, then since methyl radicals are also 
present in the reacting system, auto- and cross- 
combination of these radicals will lead to the 
formation of ethane, butene, and hexadiene in 
such proportions that the following relation 
should hold over the whole temperature range, 

since Kerr and Trotman-Dickenson (7) have 
shown this relation to hold for many alkyl 
radicals. In the final column of Table I we have 
tabulated this ratio and clearly it is considerably 
higher than 2 under our experimental conditions. 
We consider that this result implies that the 
butene and the hexadiene are formed by other 
reactions, and that these products, together with 
propylene, are formed by a mechanism not 
involving allyl radicals. The reaction sequence 
we propose begins with the addition of a methyl 
radical to allyl formate (reaction [12a]). 

[12a] CD3 + HCOOCHzCH=CHz -> 
(HCOOCHZCHCHzCD3), 

followed by a decomposition of the adduct 
radical (reaction [12b]) 

[126] (HCOOCH2CHCHzCD3) + 

H + C02 + CHz=CHCHzCD3. 

Since, however, the hydrogen yield is much less 
than that of butene (typically 10-30%), this is 
clearly not the major fate of the hydrogen atoms. 
We consider this to be their reaction by addition 
to the formate, reaction [14a], followed by de- 
composition of the adduct radical, reaction [14b], 
yielding propylene and a further HCO, radical 
or hydrogen atom. This continues the chain 
process, which is, however, of fairly short length 
since there are several convenient chain termina- 
tion steps and also probably not all of the adduct 
radicals decompose. Among the minor reaction 
products are propane and isobutane, which are 
probably formed by a series of reactions, the 
first of which is the addition of a hydrogen atom 
to propylene, since the latter is a major reaction 
product. 

The possibility exists that not all of the 
propylene is formed by the reaction involving 
hydrogen atom addition to the formate, but 
that some may be formed by the non-terminal 
addition of the methyl radical to the formate, 
reaction [l Sa], followed by decomposition of 
the adduct radical to yield propylene. Since we 
used trideuteromethyl radicals, such a series of 
reactions would yield propylene-d3. Mass spec- 
trometric analysis of the propylene formed 
showed it to contain no deuterium and we there- 
fore conclude that methyl radicals play no part 
in the production of propylene, and that reaction 
[14] is the precursor to propylene formation. 

1,5-Hexadiene formation is mainly attributed 
to allyl radicals reacting with the formate by 
addition and subsequent decomposition of the 
adduct radical, i.e. 
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Allen and Pitts (8) studied the reactions of 
methyl radicals with crotonaldehyde and have 
concluded that the following reaction is impor- 
tant in butene-2 formation. 

[17a] CH3 + HCOCH=CHCH3 -> 
(HCOCH(CH3)CHCH3) 

[17b] (HCOCH(CH3)CHCH3) + 

HCO + CH3CH=CHCH3 

Assuming that this reaction is solely respon- 
sible for the butene-2, they calculated the ratio 
Rc,H,/~112czH6(aldehyde) = kl,/k4''2, and de- 
duced values of 7.5 (kcal mole-') and 11.8 
(mole-' cm3 s-') as the Arrhenius parameters 
for reaction [17]. 

In column 9, Table I, we have calculated the 
corresponding ratio C4~5D3/~'12cz,6(formate) 
for the reaction of methyl radicals with ally1 
formate. This is equivalent to assuming that 
reaction [12] is the sole source of butene-1. As 
can be seen from Table I, the ratio k12/k4112 
increases steadily up to about 200 "C and then 
decreases. An Arrhenius plot of our data shows 
appreciable curvature, particularly above 150 "C, 
and Arrhenius parameters may not be derived. 
This curvature may reflect the increasing com- 
petition of reactions [5] and [12], since a falloff 
in the ratio C,H5D3/R'12czD6(formate) with in- 
creasing temperature is to be expected if reaction 

[5] becomes increasingly important with respect 
to reaction [12]. This might also reflect the 
decrease in the cross-combination ratio at 252 "C, 
since more ally1 radicals will be generated as a 
result of reactions [5] and [6]. 

The principal reactions of the trideutero- 
methyl radicals generated by the photolysis of 
acetone-d6 are [2], [3], [4], [5], and [12]. The 
following material balance relationship might 
therefore be expected to hold. 

The data reported above for 252 "C indicate 
that this equation is obeyed within experimental 
error and lend support to the validity of our 
general scheme. 
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In the temperature range 402425 "C, propylene oxide in a toluene medium decomposes to form 
propionaldehyde (60-70%), acetone (14 %), and free radicals (25 %). The ratio of products is invarient 
with temperature, suggesting a common precursor to all three products. Propionaldehyde further 
decomposes into free radicals. The first order rate expression for propylene oxide disappearance is 
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The thermal decomposition of propylene and Meissner (1). The inhibited reaction (several 
oxide has previously been studied in the gas mm of NO) was first order in propylene oxide. 
phase at moderate (20-600 mm) pressures in the Measurements were made of the pressure in- 
temperature range 445499 "C by Thompson crease, and these were related to the oxide 
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creasing temperature is to be expected if reaction 

[5] becomes increasingly important with respect 
to reaction [12]. This might also reflect the 
decrease in the cross-combination ratio at 252 "C, 
since more ally1 radicals will be generated as a 
result of reactions [5] and [6]. 

The principal reactions of the trideutero- 
methyl radicals generated by the photolysis of 
acetone-d6 are [2], [3], [4], [5], and [12]. The 
following material balance relationship might 
therefore be expected to hold. 

The data reported above for 252 "C indicate 
that this equation is obeyed within experimental 
error and lend support to the validity of our 
general scheme. 
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NOTES 2455 

disappearance. Products included ethylene, car- 
bon monoxide, propionaldehyde; both isomeriz- 
ation and free radical formation were postulated. 

We have reexamined the thermal decompo- 
sition of propylene oxide in the temperature 
range 402459 "C using as a radical scavenger 
(inhibitor) a large excess (100/1) of toluene. This 
served the additional purpose of acting as an 
inert carrier for both the initial propylene oxide 
and the liquid products. 

Pyrolyses were made in small stainless steel 
pressure vessels (7.35 ml) equipped with two 
capillary tubes leading to removable valves. 
Liquid was added to the vessel prior to installing 
the valves, and air was removed by evacuation 
while the solution was chilled to  -78 "C. 
Decomposition took place when the vessels were 
immersed in a 6 1 salt bath maintained at  high 
temperature to k0.3 "C. The cooled liquid was 
removed from the reaction vessels and analyzed 
by gas-liquid chromatography on a column 
suitable for quantitative separation of propylene 
oxide, propionaldehyde, toluene, and acetone. 
This last product had not been observed pre- 
viously. 

As the pyrolyses temperatures were above the 
critical temperatures of both reactants and 
products, the original liquid in the vessel 
expanded to fill the volume uniformly. The 
estimated gross pressure was 4000-5000 p.s.i. 

In the range 402459 "C, propylene oxide 
disappeared in a first order reaction (at least 

TIME. MINUTES 

FIG. 2. Arrhenius plot of first order rate constants 
for propylene oxide decomposition: (A) data of Thomp- 
son and Meissner, (B) present data. 

TABLE I 
First order rate constants for 

propylene oxide decomposition 

80 % of its loss). The acetone formed decomposed 
slowly and its initial rate of formation was 
obtained with good accuracy. Propionaldehyde 
decomposed rather rapidly and, in fact, reached 
a maximum concentration when some 50-60% 
of the propylene oxide had disappeared (cf. ref. 
1). Its initial rate of formation was not easy to 
establish with desirable accuracy. A typical plot 
of product formation versus time is shown in 
Fig. 1. 

First order rate constants for the measured 
disappearance of propylene oxide were deter- 
mined at six temperatures (Table I). An Arrhen- 
ius plot (Fig. 2) gave the rate expression 

FIG. 1. Propylene oxide decomposition at 428 "C: ~ h ,  fraction decomposing into acetone was (A) loss of propylene oxide, (B) formation of propion- 
aldehyde, (C) formation of acetone. constant over the whole temperature range 
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(0.14 + 0.02). The fraction decomposing to 
propionaldehyde could not be determined with 
as great precision, but was 0.60 t 0.10 with no 
significant variation over the temperature range 
studied. The balance of the propylene oxide lost 
(about 25%) was assumed to have decomposed 
into free radicals. 

As all three modes of decomposition occur 
with the same relative probability, regardless of 
temperature, it appears that the rate-governing 
step is a unimolecular rearrangement of propy- 
lene oxide into some intermediate form, which in 
turn decomposes by three different routes. 

Our rate data do not agree with those of 
Thompson (1) (Fig. 2), although he, too, found 
no change in mechanism over the range studied. 
One suggestion to account for the higher acti- 
vation energy is that at higher temperature the 
propionaldehyde decomposed to a greater extent 
in Thompson's case, giving more gas, and hence 
an apparent increase in decomposition. In the 

earlier work the loss in propylene oxide was 
calculated from the assumed stoichiometry of 
the reaction, whereas in the present work the 
propylene oxide concentration was measured 
directly. Rearrangement into acetone and propi- 
onaldehyde involves no change in pressure; the 
increase in pressure observed by Thompson 
arose from reactions subsequent to the break- 
down of propylene oxide and propionaldehyde 
into free radicals. 

As propionaldehyde decomposes homoge- 
neously with an activation energy of 50.3 kcal(2), 
the behavior of the concentration-time curve for 
its production is readily explained. Acetone, on 
the other hand, requires 68 kcal activation 
energy for thermal decomposition (3) and would 
not decompose significantly under the conditions 
of our experiments. 

1. H. W. THOMPSON and M. MEISSNER. Trans. Faraday 
SOC. 34. 1222 (1938). 

2. A. F. BOYER and M. NICLAUSE. Compt. Rend. 233, 
687 (1951). 

3.  E. W. R. STEACIE. Atomic and free radical reactions. 
Vol. 1. Reinhold Publishing Corp., New York. 1954. 
p. 220. 

Dktermination de la temphature theta pour le systltme polym6thacrylate de 
m6thyle - tktrachlorure de carbone 

NGA Ho-DUC ET HUBERT DAOUST 
De'pnrtement de Chit?lie, Utliversife' de Montre'al, Montre'al, Qutbec 

R e ~ u  le 21 juillet 1967 

La temperature theta pour le systkme polymCthacrylate de m6thyle - tetrachlorure de carbone a etC 
determinee par la diffusion de la lumiere et par la viscosimetrie. On a obtenu 43.5 + 1 "C par la premiere 
methode et 48 + 1 "C par la deuxieme mithode. 

The theta temperature for the conventional polyniethylmethacrylate - carbon tetrachloride system has 
been determined by light scattering and by viscometry. It is found to be 43.5 + I "C by the first method 
and 48 + 1 "C by the second. 

Canadian Journal of Chemistry, 46, 2456 (1968) 

Introduction intramoltculaire ci ,. Cette relation s'tcrit 

La viscosimCtrie offre une mtthode simple [ I ]  [q] = KM112ciq3, 
pour la dttermination de la temptrature theta 
pour un systtme polymtre-solvant. La thtorie K = M ktant la masse mOlaire 
de Fox et Flory (I) permet de relier la viscositt %~ol~m;re ,  @, une constante universelle et 
intrinstque d'un polymtre dans un solvant RO2, la distance quadratique moyenne entre les 
donnt et le coefficient d'expansion lintaire bouts de la chaine dans un solvant theta. Alors 
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une sCrie de mesures de viscositCs intrinsbques de 
plusieurs fractions d'un polymbre dans un sol- 
vant a diffkrentes tempkratures nous permettent 
de tracer les graphiques de la quantite [q] /M112 
en fonction de la tempkrature. Ces graphiques se 
croisent i temperature th2ta car alors a, est 
Cgal B I'unitC. 

La determination de la tempkrature theta 
peut aussi se faire par 1'Ctude de la variation du 
second coefficient du viriel A,, en fonction de 
la tempkrature, et B la tempkrature theta, A, 
s'annule. Cette Ctude peut se faire par la mesure 
de la lumibre diffusCe par une solution diluCe 
de polymbre. Les grandeurs qu'on mesure 
habituellement en diffusion de la lumibre sont 
les intensites des rayons lumineux Cmergents 
et 1'Cquation de la variation de I'intensitC diffusee 
en fonction de la concentration est donnCe 
Par (2)  

oh k est une constante pour un systbme donnC 
dans la mesure o~ l'incrkment de l'indice de 
refraction est indkpendant du poids moltculaire 
du solutC, ce qui est gCnCralement le cas. Elle 
est dkfinie par 

o i ~  no est l'indice de rkfraction du solvant, dnldc, 
l'incrtment d'indice de rtfraction dfi B la prC- 
sence du solutC, No, le nombre d'Avogadro et h, 
la longueur d'onde de la lumibre incidente. Les 
quantitts Ro et Roo sont les rapports de 
Rayleigh de la solution et du solvant mesurCs 
sous un angle d'observation 0; c est la concen- 
tration en g/ml. I1 s'agit donc de mesurer I'in- 
tensitk de la lumibre diffusCe par des solutions 
de diffkrentes concentrations et celi, a diffkrentes 
tempkratures. 

Partie experimentale 
Les fractions de masses molaires moyennes viscosime- 

triques (mu) egales a 3.91 x lo5, 6.75 x lo5 et 1.34 x 
lo6 ont CtC obtenues a partir d'un Cchantillon prCparC 
selon la methode suggCrCe par Fox et coll. (3). Le frac- 
tionnement a CtC fait dans l'acktone par addition d'hep- 
tane; 12 fractions ont Cte obtenues a partir d'une solution 
de 100 g depolymere dans 5 1 d'acitone. 

Les masses rnolaires des fractions obtenues ont etC 
dCterminCes par viscosimCtrie en utilisant le benzene 
conime solvant 2 30" (4). 

Les viscositts intrinseqoes des differentes fractions en 
solution dans le tetrachlorure de carbone ont CtC dCter- 
minCes a 35,45,50 et 55 "C. 

Les rnesures d'intensites de la lumiere diffusdc par rap- 
port au toluene utilisC comme standard de rbference ont 
etC effectuees a des temperatures allant de 30 55 "C B 
I'aide d'un photo-gonio-diffusiometre Sofica. Le liquide 
utilise dans la cuve de l'appareil Ctait du xylene. Le 
dCpoussiCrage du solvant et des solutions-meres prC- 
parees par gravirnktrie a t te realist par filtration a tra- 
vers un filtre de verre fritte de porosite ultra fine. Le 
dispositif de filtrage a dija Cti dCcrit ailleurs (5). Les 
dilutions furent prkparees par gravimetrie Cgalement. 
Ces opCrations se sont passees a llintCrieur d'une boite a 
gants niaintenue B 40 "C. Tous les solvants utilises dans 
ce travail ttaient de qualitt reactif analytique. 

Rhsultats et discussion 

La Fig. 1 reprksente les diagrammes de Zimm, 
pour un angle de 90°, obtenus B partir de 1'Cq. 
[ 2 ]  pour les trois fractions CtudiCes. Les rap- 
ports de Rayleigh sont exprimCs en termes d'in- 
tensites relatives I et I, de la lumibre diffusCe par 
la solution et le solvant respectivement, en unites 
arbitraires. La Fig. 2 reprCsente la variation de 
la pente des droites de la Fig. 1 en fonction de la 
tempkrature. 

Bien que les droites de la Fig. 2 ne se croisent 
pas au point d'ordonnCe zCro, les rCsultats nous 

FIG. 1. Diagrammes de Zimrn pour 0 = 90°, ii 

diffkrentes tempCratures pour chacune des fractions. 
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8.0 I I - 
M " 

V = 3.91 X 10' 

A .  6.75x 10' 

o =  1.34 X lo6 

- 

. 
0 - 
x .... 
3 
2 
\ 6.0 - - 
r - - 

5.0 - 
30 35 40 45 5 0  55 

t O,C 

FIG. 2. Variation de la pente des diagrarnrnes de 
Zirnrn en fonction de la ternpirature. 

3.0 3.1 3.2 
permettent de dkterminer sans ambiguitk que la I O ~ I T O K  

tempkrature theta se situ.e aux environs de 43.5 
FIG. 3. Virification de la valeur du point par f 1 "C. viscositi. 

La Fig.. 3 reprksente la variation de [q]/MlJ2 
en fonction de la tempkrature pour les trois Fox et coll. (3) car la pente du graphique de 
fractions. Les rksultats indiquent que la tern- c/(I - I,) vs. c est bien nulle dans ce cas. Par 
pkrature th2ta se trouve aux environs de 48 f ailleurs, la constante structurale ( m ~ ) 1 / 2  
1 "C. La diffkrence entre les deux valeurs rap- telle que calculke A partir de la valeur moyenne 
portkes dans ce . prksent travail pour la tern- trouvke pour K, soit 6-32 10-4, et en utilisant 
pkrature theta peut venir de l'httkrogknkitk des 2-87 1021 pour la de Q A la temperature 
fractions utiliskes mais dans les deux cas, elle theta, est de 610 10-11 en c.g.s., une 
est beaucoup plus klevke que celle donnke Par valeur qui se compare trbs bien avec celles rap- 
Fox (6) soit 27 "C. La diffkrence dans la t a d -  po r t&~  par Kurata et Stockmayer (8). La littkra- 
citk des ichantillons de ~ o l ~ m k t h a c r ~ l a t e  de ture rapporte des valeurs de K allant de 4.8 x 
mkthyle utilists dans les deux'travaux ne saurait 10-4 A 7 10-4 (6, 8, 9); le polym~thacrylate 
expliquer la divergence des rksultats. Ordinaire- de mkthyle est un des polymgres pour lesquels 
ment la diffkrence dans les tempkratures theta leS de la constante K s'~talent sur une 
entre un kchantillon de polymgre atactique et gamme aussi &tendue. 
des ses isombres isotactique et syndiotactique 
n'est que quelques degrks (7). Une autre expli- Remerciements 
cation pourrait se trouver dans une diffkrence 
du degrk de ramification ou de reticulation des NOUS remercions le Conseil National de 
deux skries d7kchantillons de polymgres. cepen- Recherche pour son aide financigre au cours de 
dant, une ktude de la diffusion de la lumigre par ce travail. Mme Ho-Duc le remercie kgalement 
la fraction de masse molaire 6-75 105 en pour les bourses d'ktudes qui lui ont it6 
solution dans l'heptanone-4 A 34 "C, la tern- Octroykes. 
pkrature theta pour ce systbme (6), indique que 
notre polymbre posdde une structure qui se I. P. J. FLORY. Principles of polyn~er chemistry. Cor- 

nell Univ. Press, Ithaca, N.Y. 1953. 
compare bien A celle du polymbre prkpark par 2. B. H. ZIMM. J. Chern. Phys. 16, 1093 (1948). 
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SCHUELE. Polymer, 3,71 (1 962). characterization. Interscience Publishers, Inc., New 

4. E. COHN-GINSBERG, T. G. FOX et H. F. MASON. Poly- York. 1964. Chap. I. 
mer, 3,97 (1962). 8. M. KURATA et W. H. STOCKMAYER. Fortschr. Hoch- 

5. J. DURANCEAU. These de Doctorat. UniversitC de polymer Forsch. 3,196 (1963). 
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S. H. NG, G. P. SEMELUK, AND I. UNGER 
C/zemistry Department, University of New Brunswick, Frederictotl, New Brunswick 

Received January 22, 1968 

A study has been made of the effect of increasing chloroform pressure on benzene and biacetyl 
emission under various conditions. No quenching of benzene fluorescence by chloroform is observed 
when excitation is by 2570 A radiation, whether or not biacetyl is present. On the other hand, quenching 
of the sensitized biacetyl phosphorescence is pronounced. However, it is demonstrated that chloroform 
does not quench biacetyl phosphorescence when excitation occurs at 3660 A, from which it can be 
concluded that chloroform preferentially accepts energy from the benzene triplet rather than the excited 
singlet. Therefore it is probably the triplet which is responsible for the benzene-photosensitized decompo- 
sition of chloroform previously reported. 

Canadian Journal of Chemistry, 46, 2459 (1968) 

Introduction benzene. Van Dusen and Hamill (12) examined 

The increasing popularity of organic sensi- 
tizers as initiators of a large variety of photo- 
chemical reactions in both gas and liquid phases 
(1-3) is related to the many advantages these 
have over the traditional inorganic sensitizers. 
The more important among these are no doubt 
due to the greater range of energies and states 
available in regions of interest to chemists. Thus, 
it is often possible to excite an acceptor molecule 
selectively to a triplet state and then study the 
resulting chemistry (3-5). This is particularly 
useful for molecules such as ketones and alde- 
hydes where more than one primary mode of 
decomposition is observed on direct excitation 
(6, 7). Recently Lee and co-workers (8, 9) have 
used benzene sensitization as a diagnostic tool in 
mechanism studies. 

In the case of chlorine-containing acceptor 
molecules mercury sensitization cannot be used 
because of a chemical reaction between excited 
mercury and the chloride (10). Relatively few 
studies of organic-sensitized decomposition of 
such chlorides have been reported. Oster and 
Kallmann (11) used benzene to sensitize the 
decomposition of CCl, in sglution, attributing 
the sensitization to the "first excited state" of 

'This note is Part I1 of "Spectrofluorometric Studies". 

the benzene-sensitized decomposition of several 
alkyl halides in solution and suggested the 
possibility of triplet benzene sensitization. It has 
been shown that the direct photolysis of CHCl, 
vapor at 1849 A leads to a carbon-chlorine bond 
cleavage, whereas the benzene-sensitized decom- 
position at 2537 A results in a carbon-hydrogen 
bond break (13, 14). In the first of these reports 
(13) we commented on the unexpected result that 
the sensitized process which involved an energy 
input much lower than the direct photolysis 
nevertheless broke the stronger of the two bonds 
in chloroform, while the direct photolysis in- 
volved the weaker bond. We interpreted this to 
mean that these dissociations took place in 
different excited electronic states of the chloro- 
form, and speculated that while the photolysis 
involved an n,, -t o*,-,, transition, the sensi- 
tized reaction involved a oC, -+ o*,-, tran- 
sition with spin inversion in which the required 
energy was transferred from the benzene triplet 
in a manner analogous to the mercury-photo- 
sensitized decomposition of hydrocarbons. The 
mechanism of this decomposition was fully 
discussed in the second report (14). It was not 
possible, however, to present any evidence in 
support of our speculation. We report here some 
spectrofluorometric results which strongly sug- 
gest that the benzene triplet is the energy donor. 
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sensitized decomposition of hydrocarbons. The 
mechanism of this decomposition was fully 
discussed in the second report (14). It was not 
possible, however, to present any evidence in 
support of our speculation. We report here some 
spectrofluorometric results which strongly sug- 
gest that the benzene triplet is the energy donor. 
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Experimental 
Materials 

Hartmann-Ledden "Fluorometric Grade" benzene 
was shown by vapor phase chromatography to have a 
negligible impurity content, and was therefore used 
without further treatment. Chloroform was purified 
according to the method already described (14). Biacetyl 
from the Aldrich Chemical Company was stored in a 
blackened bulb and used without purification. 

Apparatrrs and Procedure 
All emission measurements were made with a modified 

Aminco-Bowman spectrophotofluororneter (s.p.f.). The 
techniques and most of the other experimental details 
were as described previously (15). The s.p.f. cell, a quartz 
cuvette-type, 1 cm x 1 crn x 4.6 cm, was attached to a 
mercury- and grease-free handling system equipped with 
Hoke packless diaphragm metal valves. In the present 
investigation mixing was effected with an  all-glass circu- 
lating pump constructed at the National Research Council 
of Canada laboratories in Ottawa. Adequate mixing was 
indicated by constant absorption and emission. 

With the excitation monochromator set for 2540 A, 
and using a 200 watt xenon-mercury compact arc source, 
the exciting light was analyzed with the help of a Jarrel 
Ash 112 m grating monochromator and a Hilger-Watts 
Schwartz vacuum thermopile. Because of reversal at 
2537 A, the exciting light was asymmetrically distributed 
about the maximum at 2570A, and extended from 
2548 A to 2580A. With this monochromator setting 
benzene absorbs entirely in the region where constant 
triplet and singlet yields are observed (16). We may 
therefore consider the present study and the previous one 
(14) to have been carried out at  essentially the same 
excitation wavelength. 

Results and Discussion 

Three types of experiments were performed: 
(1) An investigation of the effect of chloroform 

pressure on the fluorescent yield of 22.0 Torr 
benzene excited by 2570 A radiation. The yields 
are based on the value given by Noyes et al. (17), 
and are listed in Table I. 

(2) An investigation of the effect of chloroform 
pressure on the emission yield of 20.3 Torr 
of biacetyl excited by 3660 A radiation. The rela- 
tive phosphorescent yields are summarized in 
Table 11. 

(3) An investigation of the effect of chloroform 
pressure on the benzene (22 Torr) sensitized 
emission yield of biacetyl (0.17 Torr) excited by 
2570 A. The yield, which is based on the values 
given by Noyes and Harter (16), is depicted in 
Fig. la .  These particular benzene and biacetyl 
partial pressures were chosen in order to obtain 
the maximuin sensitized emission yield of bi- 
acetyl (I 8), and to use it as reference point. The 
yield of benzene fluorescence as a f~lnction of 

TABLE I 
Dependence of benzene fluorescent yield on 
chloroform pressure (excitation wavelength 

2570 A;  benzene pressure 22 Torr) 

CHCI, pressure Fluorescent 
(Torr) yield, @, 

Mean value 0.183 k0.007 

*Reference value (17). 

TABLE 11 

Dependence of biacetyl emission yield 
on chloroform pressure (excitation 
wavelength 3660 A ;  biacetyl pressure 

20.3 Torr) 

CHC1, pressure Yield relative to 
(Torr) pure biacetyl 

chloroform partial pressure was monitored 
simultaneously. This yield, uncorrected for bi- 
acetyl absorption and sensitized decomposition, 
is show11 in Fig. Ib. 

Table I illustrates the significant fact that 
chloroform does not quench benzene fluores- 
cence, which indicates that it is not the excited 
benzene singlet which is responsible for the 
photosensitized decompositioil of chloroform. 

Froin the results given in Table I1 it can be 
concluded that chloroform does not quench 
biacetyl phosphorescence (a result which is not 
surprising since it is unlikely that chloroform 
would have an energy state close to the first 
triplet of biacetyl). We may conclude also that 
no chemical reaction takes place between excited 
biacetyl and ground state chloroform. 

Figure 1 illustrates the contrasting situation 
which occurs in a system containing all three 
compounds when it absorbs 2570 A radiation: 
sensitized biacetyl emission is quenched by 
chloroform, but the benzene fluorescence is little 
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OL l b  10 30 40 0 QO 0 8 0 '  
CHCI, PRESSURE (Torr) 

FIG. 1. Variation of emission yields with chloroform 
pressure: biacetyl pressure = 0.17 Torr, benzene pressure 
= 22 Torr. (a) Sensitized biacetyl emisslon yield (a),), 
normalized to benzene triplet yield (16) at zero chloroform 
pressure. ( 6 )  Benzene fluorescent yield (@). The line is the 
best-fit straight line resulting from a least squares treat- 
ment. 

affected. Since chloroform does not directly 
quench the biacetyl triplet emission (Table 11), it 
must be quenching that species (benzene triplet) 
which is exciting the biacetyl triplet. This means 
that chloroform more readily accepts energy 
from the benzene triplet than from the benzene 
singlet, and it is therefore likely that it is the 
triplet which is responsible for the sensitized 
decomposition of chloroform previously re- 
ported. 

In terms of the mechanism previously dis- 
cussed (14), the reaction 
[261 3B,1 + CHCl3 -> B + .CC13 + H 

applies, rather than 

[26al 'BI + CHC~B -> B + .cc13 + H. 
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NOTE ADDED IN PROOF: Dr. 0. P. Strausz has 
commented on the apparent inability of chloro- 
form to completely quench the sensitized 
emission (Fig. la). He suggests that this may 
be interpreted to mean that chloroform is not 
able to accept energy from triplet benzene which 
has been vibratioilally deactivated below some 
definite fairly high energy level, and is additional 
evidence for reaction [26]. 
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Reactions of thiyl radicals. V. The gas phase photolysis of methyl disulfide and ethyl 
disulfide mixtures in the presence of ethylene1 

P. M. RAO AND A. R. KNIGHT 
Department of Cfzemistry atzd Chemical Engineeritlg, Utliuersity of Saskatche~~~air, Saskatoon, Saskatchewan 

Received November 27, 1967 

The gas phase photolysis of methyl disulfide and ethyl disulfide and their mixtures, in the presence 
and absence of ethylene, has been studied at 25 "C and 4 =.2300-2800 A. The,pure substrates give 
predominantly the corresponding thiol, whereas co-photolys~s y~elds methyl ethyl d~sulfide in appreciably 
larger yields. 

When ethylene is added, the substrates individually show a reduction in RSH rate and the formation 
of relatively small amounts of sulfides. In  their co-photolysis, added CzH4 does not appreciably alter 
the rate of methyl ethyl disulfide formation, indicating a low efficiency of  RS scavenging by the olefin 
in this system. 

Isopropanol and 2,3-dimethyl butane do not increase the thiol yield from the pure substrates. 

Canadian Journal of Chemistry, 46, 2462 (1968) 

It has been established previously that in both 
the vapor (1) and liquid (2) phase, thiyl radicals, 
whose principal fate is recombination, are 
formed in the photolysis of methyl disulfide. 
Co-photolysis of liquid methyl disulfide and 
ethyl disulfide yields CH3SSC2H5 predominantly 
via the chain step 

I R'S + RSSR -> R'SSR $ RS, 

which leads to a photochemical equilibrium. 
Reactions yielding products other than disulfides 
are negligible. The attack of methylthiyl radicals 
in the gas (3, 4) and liquid (5, 6) phase on ole- 
fink double bonds involves the reversible for- 
mation of a thiaalkyl radical. With disulfides as 
substrates the absence of a labile hydrogen 
prevents chain propagation, and product yields 
should indicate the effectiveness of attack on the 
olefin as an alternative to RS recombination. 

We report here the results of a further investi- 
gation of disulfide photolyses to determine if a 
photochemical equilibrium characterizes the 
system in the gas phase, and to examine the 
effects of added olefin and two addends poten- 
tially providing a site for H-atom abstraction. 

In the first series of  experiment^,^ 3 Torr each 
of CH3SSCH3 and C,H5SSC2H5 were photo- 
lyzed. Product yields are given in Fig. 1. As 
observed in the liquid phase (2) the yield of 
methyl ethyl disulfide is appreciable even after 

relatively short exposure times. In the gas phase, 
however, CH3SH and C,H5SH are also formed, 
and this decomposition mode becomes increas- 
ingly important. 

When methyl disulfide is photolyzed with 
added ethylene, the yield of methanethiol, the 
major product of pure substrate decomposition, 
decreases with increasing P(C2H,). A new 
product, methyl ethyl sulfide, in yields directly 
proportional to olefin pressure, is also formed. 

'From the thesis to be submitted by P. M. Rao in 
0 4 8 12 16 20 

partial fulfilment of the requirements of the Ph.D. Degree, 
Universitv of Saskatchewan. Saskatoon. Part IV. R. P. 

EXPOSURE T IME , hours 
Steer and-A. R. Knight, J. phys. Chem., in press. 

' 
FIG. 1. Yield of CH3SSC2H, (a), CH,SH (01, and 

'The apparatus and general procedures have been C2H,SH (0) as a function of exposure time for the pho- 
described previously (1). tolysis of 3 Torr each of CH,SSCH3 and CZH,SSC2H,. 
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NOTES 2463 

The results are given in Fig. 2. Figure 3 shows 
the results of a similar series of experiments with 
ethyl disulfide, at the maximum practical work- 
ing pressure at room temperature of 3 Torr. In 
contrast to methyl disulfide, the yield of the 
sulfide from C,H5SSC2H5, formed in small 
quantities from the pure substrate, does not 
increase as rapidly with olefin pressure. 

The rates of product formation when 3 Torr 
each of methyl disulfide and ethyl disulfide are 
photolyzed in the presence of C2H4 are shown in 
Fig. 4. When allowance is made for the different 
disulfide pressures employed, comparison of 
Figs. 2 and 3 with Fig. 4 shows that the decom- 
position of each substrate leading to RSH 
production, or reaction with ethylene, is virtually 
independent of the presence of the other. 
Unsymmetrical disulfide formation, however, 
dominates the photolysis both in the presence 
and absence of ethylene. The slight decrease in its 
yield at higher pressures is within experimental 
error. 

Finally, the systems methyl disulfide - isopro- 
pan01 and ethyl disulfide - 2,3-dimethyl butane 
were examined and the rate of mercaptan forma- 
tion followed as a function of addend pressure. 
In both cases the rate decreases as the addend 
pressure is raised in the same manner as pre- 
viously observed for other addends (1). Thus, 
even in the presence of a species possessing a 
relatively labile hydrogen, the recombination 
mode evidently remains the principal fate of 
thiyl radicals. 

PC2~4 r 

FIG. 2. Rate of formation of CH3SH (0) and 
CH3SCZHS (@) from the photolysis of 6 Torr of methyl 
disulfide for an exposure time of 30 min as a function of 
ethylene pressure. 

'~2~4 ' Torr 

FIG. 3. Rate of formation of CzHsSH (0) and 
CzHSSCzHS (8) from the photolysis of 3 Torr of ethyl 
disulfide for an exposure time of 30 min as a function of 
ethylene pressure. 

FIG. 4. Rate of formation of CH3SSCZH5 (Q), 
CH3SCzH5 (O), CH3SH .(a), CzHsSH (@), and 
CZHSSCZHS (8) as a funct~on of pressure of ethylene 
from the photolysis of 3 Torr each of methyl disulfide and 
ethyl disulfide for an exposure time of 30 min. 

On the basis of the mechanism previously 
suggested for the liquid phase system (2), the 
production of methyl ethyl disulfide from mix- 
tures of CH3SSCH3 and C2H5SSC2H5 should 
be through the sequence 

[5 1 CH3SSCZH5 + hv -> CH3S i CZHSS 
and reaction [I]. I t  is apparent from Fig. 1, 
however, that a photochemical equilibrium is 
not attained in the gas phase because thiyl 
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radicals are being removed in mercaptan- 
forming reactions. These results constitute further 
evidence for the role of an excited species not 
completely deactivated in the gas phase as the 
precursor of RSH. 

The fact that with added C2H4 the yields of 
sulfides are small and that mercaptan formation 
persists is consistent with a minor contribution 
from RSC2H, formation via a chain mechanism 
through consumption of product mercaptan. 
RSH formation accounts for only a small fraction 
of total thiyl radical yield and the failure of the 
sulfide yields to exceed that of mercaptan also 
indicates a low net efficiency for RS scavenging. 
The predominant fate of the thiaalkyl radical 
formed is thus regeneration of RS and C2H4. 

k6 
[6 I RS + CzH4 + RSC2H4 

k-6 

[7] RSCzH4 + RSSR -> RSC2H5 + CH2R"SSR 

In the CH3SH-2-butene liquid phase system, 
the rate constant ratio analogous to k6 /k - ,  is 
80 (6). If RSC2H4 were to lead to product 
formation, it must be removed efficiently from 
the equilibirum represented by [6], since other- 
wise reactions [6] and [7] could not compete 
effectively with rapid RS recombination. 

RSC2H4 radicals could also participate in 
radical-radical reactions, but if these were 
important there should be at least some produc- 
tion of methyl vinyl sulfide, or ethyl vinyl 
sulfide, via disproportionation. Neither of these 
products is formed in detectable quantities. 

The data in Figs. 2,3, and 4 show that ethylene 

reduces mercaptan yields in the same manner as 
the "inert" addends studied previously, and as 
isopropanol and 2,3-dimethyl butane in this 
work. The rate of formation of the sulfides, 
however, increases linearly with P(C2H4), indi- 
cating that their formation is not directly related 
to the decrease in the yield of mercaptan. The 
pressure dependence of the mercaptan yield is 
evidence against a direct radical-radical dispro- 
portionation, but is consistent with the formation 
of this product through decomposition of 
CH3SSCH3 (4). The role of disproportionation 
through a relatively long-lived excited molecule 
is currently being further studied in an investiga- 
tion of CH,SCH3, where the relative importance 
of CH3S recombination is more easily deter- 
mined, since this process results in a measureable 
product rather than substrate reformation. 
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Thermal analysis of germanium(I1) sulfide 

L. ROSS AND M. BOURGON 
Department of Ctieniistry, Universite' de Montre'al, Montre'al, Que'bec 

Received November 24, 1967 

Germanium(I1) sulfide has been studied by the technique of differential thermal analysis. The results 
show that the reported Ge-S phase diagram may be in error: no evidence has been found for a solid- 
state transition at 590 "C and GeS appears to undergo peritectic disproportionation at approximately 
650 "C. 

Canadian Journal of Chemistry, 46, 2464 (1968) 

Pashinkin et al. (1) investigated the Ge-S GeS and GeS2, which -melt congruently at 
system over the whole composition range. The 665 "C and 840 "Crespectively. 
main features of the reported phase diagram are: The existence of a Ge-GeS eutectic at 650 "C 

The existence of two sulfides of germanium, (48 at. % S). 
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radicals are being removed in mercaptan- 
forming reactions. These results constitute further 
evidence for the role of an excited species not 
completely deactivated in the gas phase as the 
precursor of RSH. 

The fact that with added C2H4 the yields of 
sulfides are small and that mercaptan formation 
persists is consistent with a minor contribution 
from RSC2H, formation via a chain mechanism 
through consumption of product mercaptan. 
RSH formation accounts for only a small fraction 
of total thiyl radical yield and the failure of the 
sulfide yields to exceed that of mercaptan also 
indicates a low net efficiency for RS scavenging. 
The predominant fate of the thiaalkyl radical 
formed is thus regeneration of RS and C2H4. 

k6 
[6 I RS + CzH4 + RSC2H4 

k-6 

[7] RSCzH4 + RSSR -> RSC2H5 + CH2R"SSR 

In the CH3SH-2-butene liquid phase system, 
the rate constant ratio analogous to k6 /k - ,  is 
80 (6). If RSC2H4 were to lead to product 
formation, it must be removed efficiently from 
the equilibirum represented by [6], since other- 
wise reactions [6] and [7] could not compete 
effectively with rapid RS recombination. 

RSC2H4 radicals could also participate in 
radical-radical reactions, but if these were 
important there should be at least some produc- 
tion of methyl vinyl sulfide, or ethyl vinyl 
sulfide, via disproportionation. Neither of these 
products is formed in detectable quantities. 

The data in Figs. 2,3, and 4 show that ethylene 

reduces mercaptan yields in the same manner as 
the "inert" addends studied previously, and as 
isopropanol and 2,3-dimethyl butane in this 
work. The rate of formation of the sulfides, 
however, increases linearly with P(C2H4), indi- 
cating that their formation is not directly related 
to the decrease in the yield of mercaptan. The 
pressure dependence of the mercaptan yield is 
evidence against a direct radical-radical dispro- 
portionation, but is consistent with the formation 
of this product through decomposition of 
CH3SSCH3 (4). The role of disproportionation 
through a relatively long-lived excited molecule 
is currently being further studied in an investiga- 
tion of CH,SCH3, where the relative importance 
of CH3S recombination is more easily deter- 
mined, since this process results in a measureable 
product rather than substrate reformation. 
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Germanium(I1) sulfide has been studied by the technique of differential thermal analysis. The results 
show that the reported Ge-S phase diagram may be in error: no evidence has been found for a solid- 
state transition at 590 "C and GeS appears to undergo peritectic disproportionation at approximately 
650 "C. 

Canadian Journal of Chemistry, 46, 2464 (1968) 

Pashinkin et al. (1) investigated the Ge-S GeS and GeS2, which -melt congruently at 
system over the whole composition range. The 665 "C and 840 "Crespectively. 
main features of the reported phase diagram are: The existence of a Ge-GeS eutectic at 650 "C 

The existence of two sulfides of germanium, (48 at. % S). 
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The existence of a GeS-GeS, eutectic at 
approximately 610 "C (60 at. % S). 

The existence of a transition point at 590 "C. 
By analogy with tin sulfide (2) and selenide (3, 4) 
the above authors assume this transition to be a 
second order transformation. 

Several observations made in our laboratory 
could not be reconciled with the reported thermal 
properties of GeS, and it was found necessary 
to study this compound further by the technique 
of differential thermal analysis. 

Experimental 
Germanilm~ Sulfide 

The germanium sulfide used in this work was prepared 
by direct synthesis from pure germanium and sublimed 
sulfur in evacuated quartz or Pyrex vials. The germanium 
was obtained in powder form by hydrogen reduction of 
high purity GeO,. In order to determine the reaction 
temperature, germanium and sulfur were introduced into 
an evacuated vial with a reentrant thermocouple well. On 
slow heating, a large exothermal effect was observed at 
350 "C. It is thus quite unnecessary to react the elements 
at temperatures as high as 1000 "C as has been done by 
other investigators (5). Consequently, the general tech- 
nique of preparation adopted was to react the elements 
at 350 "C for 3 11, in the presence of a small excess of 
germanium (approximately 3 %), and to bake the product 
at 500 "C for 24 h to insure completeness of reaction. 
The product was then cooled to room temperature in the 
furnace. 

The sulfide was purified by successive sublimations 
under vacuum mm Hg). It was often observed that, 
after a first sublimation to eliminate the excess germanium 
and a small amount of GeS, formed during reaction, 
further sublimations yielded a residue of germanium and 
GeS, (yellow). if carried out at temperatures above 
400°C. If, on the other hand, the sublimations are 
carried out slowly at temperatures between 375400 "C, 
no residue is left and no GeS, can be detected visually in 
the sublimate. For this reason, all the GeS used in this 
work was sublimed at a temperature lower than 400 "C. 
The product so obtained is beautifully crystallized and 
possesses a strong metallic sheen. 

Chemical analyses on the sublimed sulfide to determine 
possible deviations from stoichiometric proportions were 
not performed, since previous work (6)  had shown that 
the deviations, if any, are within the experimental errors 
of the analytical methods. 

A mass spectrographic analysis performed on the sub- 
limed sulfide at 350 "C (the upper temperature limit of the 
instrument) showed the presence of GeS molecules only 
in the vapor. Since the GeS used in this work was sub- 
limed at temperatures close to the above temperature, it 
can be concluded that the composition is very near to 
stoichiometric proportions. 

The spacings of the lattice planes calculated from the 
X-ray diagram of the sublimed sulfide are identical with 
those reported in the literature (1, 7, 8). No lines corre- 
sponding to Ge could be detected. 

It should be mentioned at this point that the presence 

of GeSz can often be observed visually in quenched GeS 
samples although no lines corresponding to this phase 
can be detected on the X-ray diagram. It was verified that 
pure GeS, crystals obtained by sublimation, when 
powdered for Guinier sample mounting, do not give an  
X-ray diagram. Debye-Scherrer photographs can be 
obtained, however, by careful mounting of clusters of 
crystals on a capillary. Since all the GeS samples used in 
this work were powdered for X-ray work, the absence of 
GeS, lines is not an indication that GeS, is not present. 

Differential Thernzal Analysis 
(a)  Instrumentation 
The d.t.a. instrument used in this work (semi-micro 

head) is the one designed by Mazieres and is described 
fully elsewhere (9). The main feature of the instrument 
is that the platinum sample and reference cups constitute 
the junctions of the differential thermocouple, thus in- 
creasing sensitivity and resolving power. The maximum 
sample size permissible is 6 p1. 

The d.t.a. instrument is coupled to a two-pen spot- 
follower recorder ("Graphispot", Sefram, Paris). The 
temperature signal is fed directly to a galvanometer-spot- 
follower system incorporated in the recorder while the 
differential temperature signal is fed to an external 
galvanometer ("Verispot", Sefram, Paris), with 62.5 pV 
full-scale sensitivity, which is read by a second spot- 
following device also incorporated in the recorder. 

(b) Preparation of Samples 
Because of the corrosive nature and high vapor 

pressure of germanium sulfide, it is essential that the 
samples be enclosed. The powdered samples (400 mesh) 
were introduced into small vials made from fused silica 
tubing (2mm 0.d.) and compacted by mechanical 
vibration: the vials were then sealed after evacuation 

mm Hg). For reasons that will become clear later 
the samples must not melt during the sealing operation. 
To insure this, the vials were soaked in liquid nitrogen 
prior to sealing with a small hydrogen flame. Samples 
which have undergone fusion show a characteristic peak 
at 590 "C on a d.t.a. heating curve: this fact was used for 
controlling the sealing operation. 

In order to determine the loss of sensitivity on enclosing 
the samples, the a-P quartz transition temperature was 
determined with both open and enclosed samples. The 
sample ina platinumcrucible gave a 12 pV peakat 573 "C; 
the enclosed sample, smaller in size, gave a 6 pV peak at 
the same temperature. 

( c )  Reportirzg of Darn 
All d.t.a. traces reported in this work were obtained 

during heating cycles from undiluted samples (2-3 mg) at 
a heating rate of 4-5 "C/min unless otherwise stated. 
Small GeS samples are subject to severe supercooling; 
for this reason not much information on equilibrium 
freezing temperatures can be obtained from cooling 
curves. Platinel thermocouples were used. Reported 
temperatures are those of the maximum of the peaks 
since they proved to be the most reproducible. The 
ordinate scale gives the values of ATIT, as recommended 
by the Committee on Standardization of the International 
Conference on Thermal Analysis (I.C.T.A.) (10). 

CalcinedA1,03 or PbS was used asa reference material: 
no essential difference between the two sets of results was 
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noted. The calibration curves of the thermocouples 
provided by the manufacturer of the d.t.a. instrument 
were used as such. We believe that the temperatures 
reported are precise to f 2 "C. 

X-ray diagrams were taken with a Philips instrument 
(Cu Ku radiation, Ni filter) using a Guinier camera; 
exposure time was 4 h. 

Results 

Differential thermal analysis traces were 
obtained from both annealed and unannealed 
samples. 

Annealed Samples (Fig. 1) 
Trace "a" 
This is the actual trace of a sample annealed 

at 500 "C: the endothermal peak at 667 "C 
corresponds to melting of the sample. The 
sample was annealed for a period of 3 days in 
the d.t.a. instrument. At the end of this period 
the thermogram was traced starting from the 
annealing temperature. Similar traces were ob- 
tained for samples annealed at 525,550,575,625, 
and 640 "C: these traces are identical with the 
ones obtained from unannealed sublimed 
samples. Samples annealed at these temperatures 
and cooled to 500 "C again gave the same trace 
on heating. No thermal effects other than freez- 
ing were observed on cooling curves. 

I 
550 750 850 

T." C 

FIG. 1. Differential thermal analysis traces (heating) 
of GeS: (a) sample annealed at 500 "C, (b) sample 
annealed at 652 "C: the thermogram was traced from 
room temperature then interrupted at 652 "C for anneal- 
ing, (c) sample annealed at 652 "C, cooled, and reheated. 

Several samples were annealed at different 
temperatures for 7 days and quenched in liquid 
nitrogen; X-ray diagrams of the quenched 
samples were taken. The diagrams of the samples 
annealed at temperatures below 640 "C were 
identical and showed the same lines as the 
diagram of the freshly sublimed sample. 

Trace "b" 
Samples annealed at 652 "C for a few hours 

show a different behavior. On heating from the 
annealing temperature trace "b" is obtained due 
to crossing of the liquidus; as can be seen, the 
area of the peak is smaller. Samples cooled from 
652 "C show a relatively large exothermal peak 
at approximately 630 "C; the shape of the peak 
clearly shows the occurrence of supercooling. 
X-ray diagrams of samples quenched from 
652 "C show the presence of germanium lines in 
addition to the GeS lines. 

Trace "c" 
Samples annealed at 652 "C when cooled give 

trace "c" on reheating. As can be observed, a 
second endothermal peak appears at approxi- 
mately 590 "C. 

FIG. 2. Differential thermal analysis traces (heating) 
of a GeS sample heated at different temperatures above 
the melting point. 
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Unannealed Samples 
In Fig. 2 are shown d.t.a. traces obtained from 

a sample heated successively at different tempera- 
tures above the melting point. Other samples, 
from different batches and different sublimations, 
gave essentially the same results. The sample was 
heated at different temperatures above the melt- 
ing point (T  max.), cooled to a temperature 
between 400 and 500 "C, and reheated in order 
to trace the thermogram. The temperatures indi- 
cated on the traces below Tmax. are the tempera- 
tures at which the sample solidified. Trace "d" 
corresponds to the fresh sample. 

Discussion 

The presence of Ge and GeS, in residues of 
samples sublimed above 400 "C is an indication 
that the reaction 

GeS (s) + xGe (s) + Gel -,S (s) 

takes place in the solid, where the phase Ge, -,S 
can be considered as a solid solution of GeS, in 
GeS. Since the X-ray diagrams of samples 
annealed at temperatures below 640 "C and 
quenched show no germanium lines, it can be 
concluded that, under equilibrium conditions, 
the change in the stoichiometry of GeS as a 
function of temperature is light. It is probable, 
as in the case of SnS ( l l ) ,  that the existence 
region of GeS lies entirely on the sulfur-excess 
side. 

The thermal accident which was observed by 
Pashinkin et al. (1) at 590 "Con the thermograms 
of all samples with 55 at. % S or less never 
appears on the d.t.a. traces of freshly sublimed 
samples or of sublimed samples annealed at 
temperatures below 640 "C. This is a clear indi- 
cation that this thermal accident does not 
correspond to a solid-state transition. 

The peak at 590 "C appears consistently on 
d.t.a. traces of all samples which were previously 
melted and cooled (see Fig. 1, trace "c", and 
Fig. 2). This peak can be made to disappear by 
annealing the samples for a few hours at 620 "C 
or a few days at 500-550 "C; the d.t.a. traces of 
these annealed samples are then quite similar to 
the traces of the freshly sublimed samples. This 
indicates that the peak at 590 "C occurs because 
of non-equilibrium conditions. The temperature 

can be observed in samples cooled or quenched 
from the liquid state, indicating that in the liquid 
state, germanium(I1) suifide disproportionates 
partially according to: 

2GeS (I) + Ge (solution) + GeS2 (solution). 

It is therefore highly probable that the peak at 
590 "C is due to melting of the GeS-GeS, 
eutectic. I t  is significant that the amount of Ge 
in samples quenched from above the liquidus 
(as judged from the intensity of the X-ray lines) 
increases as the maximum temperature to which 
the samples are taken increases; this increase in 
the germanium content runs parallel to the in- 
crease in the area of the peak at 590 "C (see 
Fig. 2). 

The thermograms of sublimed samples an- 
nealed at 652 "C, i.e. just above the temperature 
of the reported Ge-GeS eutectic, show an 
endothermal effect on heating (Fig. 1, trace "by') 
and a rather large exothermal effect on cooling 
from the annealing temperature : this is indicative 
of a two-phase region which, however, can 
hardly be due to the existence of a Ge-GeS 
eutectic, since there is no evidence for the 
presence of reasonable amounts of free ger- 
manium in samples annealed just below 650 "C. 
Furthermore, samples quenched from 652 "C 
contain free germanium and the thermogram 
obtained on heating the quenched sample (trace 
"c", Fig. 1) shows the presence of the peak at 
590 "C. These facts are easily explained if GeS 
melts incongruently at 650 "C because of the 
peritectic disproportionation 

GeS (s) -> xGe (s) + Gel-,S (I), 

where the phase Gel-,S can be considered as a 
liquid solution of GeSz in GeS. This peritectic 
reaction is quite slow since it cannot be observed 
on fresh samples at the normal heating rates of 
the d.t.a. instrument. However, the doublc peak 
which appears on some of the thermograms of 
Fig. 2 can be interpreted as being due to the 
crossing of the peritectic and liquidus lines: it 
can be observed that the double peak appears 
only when the peak at 590 "C is important. 

Although the evidence for incongruent melting 
presented above is somewhat indirect, we believe 
that it is of sufficient strength to justify re- 
examination of the Ge-S phase diagram. 

at which this peak appears is quite close to the The boiling Point of GeS 
reported temperature of the GeS-GeS, eutectic Boiling of GeS or, rather, boiling of a liquid 
(1). Furthermore, the presence of GeS, and Ge solution of composition GeS, at atmospheric 
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pressure, under a helium atmosphere, was ob- Ecole Polytechnique for assistance in the deter- 
served visually and the boiling point was re- mination of the X-ray diagrams. 
corded as a plateau at 750 OC' A d.t'a' trace was 

1. A. S. pas~INKrN and Lru CHUN-HUA. Dokl. 
obtained from a sample of the distillate; it N ~ ~ ~ S S S R ,  151, 1335 (1963). 
showed two small peaks at  590 OC and 645 OC 2. R. L. ORR and A. V. CHRISTENSEN. J. Phys. Chem. 

62, 124 (1958). and a large One at 676 OC' further 3. V. V. ZHDANOVA. Fiz. Tverd. Tela, 3, 1619 (1961). 
work was performed on the composition of the 4. s. A. DEMBOVSKII, B. N. EGOROV, A. S. PASHINKIN, 
vapor, this variety of peaks is an indication that and Yu. A. POLYAKOV. RUSS. J. Inorg. Chem. 

English Transl. 8, 530 (1963). the Over GeS at high temperature contains 5. T. YABUMOTO. J. Phys. Soc. Japan, 13,559 (1958). 
a good amount of GeS,. 6. M. D'AMBOISE, G. HANDFLELD, and M. BOURGON. 

Can. J. Chem. 44, 853 (1966). 
7. E. SHIMASAKI and T. WADA. Bull. Chem. Soc. 
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COMMUNICATIONS 

Protonation of conjugated carbonyl groups in sulfuric acid solution. I. Adaptation 
of the amide acidity function HA for protonation of the carbonyl group 

in non-Hammett bases 

R. I. ZALEWSKI' AND G. E. DUNN 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received May 10, 1968 

The protonation of a number of aromatic and a#-unsaturated aliphatic aldehydes, ketones, and 
carb~xylic~acids in sulfuric acid has been found to obey the HA acidity function, rather than Ho. 
Canadian Journal of Chemistry, 46,2469 (1968) 

In 1964 Yates, Stevens, and Katritzky (1) 
reported a new acidity function, HA, for sulfuric 
acid solutions. This function was defined in the 
same way as the Hammett Ho function, but was 
based upon primary amides as indicators. Later 
they proved its validity for other amides (2). 
Earlier measurements of the basicity of amides 
indicated that most of them do not follow (3) the 
conventional acidity function Ho proposed by 
Hammett (4); these compounds are called "non- 
Hammett" bases. The class "non-Hammett" 
bases included as well typical organic compounds 
in which the carbonyl group is conjugated to an 
aromatic ring: aromatic acids, aldehydes (5), and 
ketones (6), or to an olefinic bond: a,p-un- 
saturated acids (7) and a,  P-unsaturated ketones 
(8). 

The protonation of these classes of organic 
compounds has been intensively investigated in 
recent years, mostly by spectrophotometric 
methods. From spectral data it  is generally pos- 
sible to determine pK values in two ways: 

(I) a plot of absorptivity against Ho gives a 
titration curve (at the inflection point Ho = pK); 

(2) by calculating 

[BI EBH + - E 

[BH'] - E - E, 

and computing pKBH+ from the equation 

'University of Manitoba Postdoctorate Fellow, 1967- 
1968. 

Necessary conditions for the base to be a Ham- 
mett base are that pK values computed from this 
equation be independent of acidity and that 
log ([B]/[BHf]) vs. Ho give a straight line with 
unit slope. One of us (R. I. 2.) was interested in 
protonation of a ,  P-unsaturated ketones (steroids) 
(8) and concluded that those substances do not 
follow the Ho function. We have now measured 
the protonation of simple a ,  P-unsaturated 
ketones. They do not follow the Ho function, but 
obey very well the new HA function (9). For this 
reason it was very interesting to reinvestigate the 
protonation of other non-Hammett bases and 
use the HA function for calculating pK. 

In Table I we present absorption characteristics 
of the bases and their conjugate acids as well as 
pKBH+ values and slopes of the plots log ([El/ 
[BHf]) vs. HA. The slopes were calculated using 
the Stewart-Granger procedure (10). These data 
indicate that all reported bases fit the HA function 
in their ionization. In Table I we also present 
pKBH+ data and 4 calculated by the Bunnett and 
Olsen procedure (1 I). These pKBH+ values are 
smaller by about 0.3 unit and the coefficient 4 
takes values near 0.5. These same differences in 
pKBH+ and similar mean values of 4 were 
reported by Bunnett and Olsen for amides. 

Generally, in all the substances investigated, 
the carbonyl group was conjugated to a double 
bond or to an aromatic ring, and the carbon atom 
of the carbonyl group was bound to another 
substituent: OH, CH,, CH,, Ar, H. The sub- 
stituents affected the strength of the base, but had 
no influence on the slope of log ([B]/[BHf]) VS. 

HA. From other sources we know that the 
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TABLE I 
Absorption characteristics and pKBH+ values of the bases 

Bunnett-Olsen 
procedure 

-PKBH+ Slope PKBH+ 41 EB - Base k B ~ +  EBH+ 

Aromatic 
Benzaldehyde 
p-Methylbenzaldehyde 
Benzoic acid 
Anthranilic acid 
Acetop henone 
Benzophenone 
4-Methylacetophenone 

Aliphatic 
Crotonic aldehyde 
Acrylic acid 
Crotonic acid 
3-Methyl-3-penten-2-one 

Alicyclic 
2-Cyclohexen-1-one 271 
I-Methvl-A1~9-octalone 297 

protonation of a carbonyl group holding similar 
substituents, but unconjugated, obeys the H, 
function (12) very well. From our investigation 
we conclude that the HA function describes the 
protonation of a, P-unsaturated carbonyl groups 
in typical organic  compound^.^ The separate 
classes of bases are under further examination. 

3. A. R. KATRITZKY. Tetrahedron, 19, 465 (1963). 
C. D. JOHNSON, A. R. KATRITZKY, and N. SHAKIR. 
J. Chem. Soc. 1235 (1967). 

4. L. P. HAMMETT. Chem. Rev. 16, 67 (1935). 
5. K. YATES and H. WAI. Can. J. Chem. 43, 2131 

(1 965). 
6. L: A.'.FLEXER, L. P. HAMMETT, and A. DINGWAJL. 

J. Am. Chem. Soc. 57, 2103 (1935). 
7. T. SORENSEN. Can. J. Chem. 42, 724 (1964). 
8. R. I. ZALEWSKI. Ph.D. Thesis. Universitv of Poz- 

nah, Poznah, Poland. 1967. 
9. R. I. ZALEWSKI and G. E. DLJNN. Abstract of papers 

51st Canadian Chemical Conference, Vancouver, 
B.C., June 3-5, 1968. 

10. R. STEWART and M. GRANGER. Can. J. Chem. 39, 
2508 (1961). 

11. J. F. BUNNETT and F. P. OLSEN. Can. J. Chem. 44, 
1899 (1966). 

12. S. HOSHINO, H. HOSOYA, and S. NAGAKURA. Can. 
J. Chem. 44, 1961 (1966). H. J. CAMPBELL and J. T. 
EDWARD. Can. J. Chem. 38, 2109 (1960). 

1. K. YATES, J. B. STEVENS, and A. R. KATRITZKY. Can. 
J. Chem. 42, 1957 (1964). 

2. K. YATES and J. B. STEVENS. Can. J. Chem. 43, 
529 (1965). 

2Dr. T. Sorensen informs us that by the nuclear mag- 
netic resonance technique he has found the protonation 
of a variety of a,b-unsaturated acids, aldehydes, and 
ketones to fit the HA function. His pKBH+ values agree 
with ours in the few cases where the same compounds 
were investigated. 
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COMMUNICATIONS 

Lapachol 

GEORGE R. PETTIT AND LEONARD E. HOUGHTON 
Department of Chemistry, Arizona State University, Tempe, Arizona 85281 

Received May 21, 1968 

A practical total synthesis of hydroxyhydrolapachol and lapachol has been summarized. 

Canadian Journal of Chemistry, 46, 2471 (1968) 

In a remarkable series of investigations (e.g. 
ref. I), Hooker succeeded in completing the 
structural assignment for lapachol (I), a yellow 
pigment isolated from Bethabarra and Surinam 
greenheart woods.' The Fieser synthesis (3a) of 
lapachol in 1927 helped confirm the structural 
assignment. The early approach employed as 
terminal step (5 % yield) alkylation of 2-hydroxy- 
1,4-naphthaquinone silver salt2 with 2-methyl-4- 
bromo-2-butene. Currently lapachol and certain 
related quinones are of interest in antimalarial 
and cancer chemotherapeutic programs (4a). We 
now wish to report a new synthetic route to 
lapachol which potentially allows large scale 
preparation and also readily provides the well- 
characterized derivative hydroxyhydrolapachol 
(2) 

Reaction between 2-hydroxy-l,4-naphthaqui- 
none3 and the half-peracid from succinic an- 
hydride, in acetic acid, followed by esterification 
(of acid 3a) afforded (35 % overall) the previously 
reported ethyl ester 3b (5). Zinc dust reduction 
(2 h) of quinone 3b in acetic anhydride contain- 
ing 10 % triethylamine gave (78 %) triacetate 4 
as colorless prisms, m.p. 112-1 13' ( m e t h a n ~ l ) . ~  
Treating (22 h) a benzene solution of ester 4 
with methylmagnesium iodide in diethyl ether 
and subsequent reprecipitation (using 1 N 
hydrochloric acid) of product from 2 % sodium 
bicarbonate solution provided an orange oil 
which crystallized from benzene as brilliant- 
yellow prisms (2). Hydroxyhydrolapachol (2) 
melted a t  125-125.5" (ref. 1 reports m.p. 125'), 
63 % yield. Applying the zinc - acetic anhydride 
step (cf. 4) to quinone 2 led to triacetate 5 (color- 
less needles from diethyl ether, m.p. 151-152', 
87 % yield).5 Heating (40 min) tertiary alcohol 5 
(1.6 g) in refluxing xylene (30 ml) with iodine 
(0.12 g) yielded (1.0 g, 66%) colorless olefin 6, 
m.p. 122-123" (methanol). Stirring (30 min) tri- 
acetate 6 with 1 N sodium hydroxide in dioxane 
easily provided lapachol, yellow plates (83 % 
yield) from ethanol-water, m.p. 135-137". An 
authentic specimen6 had the same melting point 

3The quinone was obtained by t-butoxide-catalyzed 
oxidation of a-tetralone (4b) and commercially (Aldrich 
Chemical). 

4Satisfactory spectral (ultraviolet, infrared, and pro- 
ton magnetic resonance) data and elemental analyses 
were recorded for each new substance. 

'Protracted attempts, using a variety of methods, to 
directly dehydrate hydroxyhydrolapachol to lapachol 
(2 -+ 1) proved impractical. The major product (cf. ref. 
1) in each case was p-lapachone (i). 

5 6 

'At the time lapachol was also known to occur in a 
number of South American trees such as the Argentine 
lapacho. Subsequently, the yellow quinone has been found 
in a variety of trees from other locations (2). 

'The yield was later improved using the potassium 
salt (3b). A more recent synthetic approach to lapachol i 
involved condensing (in ca. 3% yield) leucoisonaph- 
thazarin with isoprene as final step (3c). 6We are indebted to Dr. Robert Engle for this sample. 
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and also exhibited identical thin layer chromato- 
graphic and il~frared spectral values. 
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Vibrational absorption of the trapped diazomethyl radical 

J. F. OGILVIE 
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Despite much effort (1; 2; 3 and references 
therein) devoted to the study of the photolysis 
products of diazomethane in noble gas matrices 
at cryogenic temperatures, no conclusive absorp- 
tion spectrum of the methylene radical has yet 
been obtained. However, a new vibrational 
spectrum has been recorded following photolysis, 
using radiation from an unfiltered low-pressure 
mercury lamp, of diazomethane isolated in 
several matrices at 4 OK. Conventional apparatus 
and procedures were employed in these experi- 
ments, as previously described (4, 5). The new 
absorption lines (with absorbance) are listed in 
Table I. These lines can be distinguished from 
other, minor absorptions also appearing after 
photolysis, both because the former appear, and 
increase in intensity, only during resonance- 
lamp irradiation, and because only they decrease 
in intensity during subsequent irradiation of the 
sample in argon with an unfiltered high-pressure 
mercury lamp. When a mixture of deuterium- 
substituted diazomethanes (H,CIUN, D,CNN, 
and HDCNN) is used at a matrix ratio of argon 
to total diazomethane of 250, at 4 OK, only two 
sets of absorptions with intensity behavior as 
above, labeled A and B in Fig. 1, appear after 
resonance-lamp photolysis. The principal A line, 

at 861 cm-', coincides with the experimental 
bending vibration of the methylene radical, 
861 f 7 cm-', deduced as follows from the 
vibronic data of Herzberg (6, 7): v2' = 71383 
cm-' (1400.9 A) - 70696 cm-' (1414.5 A) = 

686 cm-'; v,' - v," = 70522 cm-' (1418.0 A) 
- 70696 cm- ' = - 175 cm- ' ; therefore v2" = 

861 cm-' (only frequency differences have mean- 
ing in this calculation). Bending frequencies of 
HCD and CD, are calculated (8) to be 763 and 
654 cm-' respectively. Therefore, the A and B 
lines cannot be assigned to methylene radicals. 
The A lines are observed in other experiments 
when pure H,CNN is used, whereas only the B 
lines are present when almost pure D,CNN is in 
the matrix. Thus the carrier of these absorption 
lines contains only one hydrogen atom. In 
diazomethyl lithium, Li + HCNN- , the CH 
stretching frequency is 321 5 cm- ', and a skeletal 
stretching frequency is 1898 cm-' (9). The 
bending frequency of HCN is 712 cm-', which 
changes to 569 cm-' in DCN. On the basis of 
conditions of formation and resemblance of 
vibration frequencies with those of similar mole- 
cules, these lines may be assigned to the diazo- 
methyl radical, A = HCNN and B = DCNN. 

The mechanism of formation is believed to be 
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and also exhibited identical thin layer chromato- 
graphic and il~frared spectral values. 
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Despite much effort (1; 2; 3 and references 
therein) devoted to the study of the photolysis 
products of diazomethane in noble gas matrices 
at cryogenic temperatures, no conclusive absorp- 
tion spectrum of the methylene radical has yet 
been obtained. However, a new vibrational 
spectrum has been recorded following photolysis, 
using radiation from an unfiltered low-pressure 
mercury lamp, of diazomethane isolated in 
several matrices at 4 OK. Conventional apparatus 
and procedures were employed in these experi- 
ments, as previously described (4, 5). The new 
absorption lines (with absorbance) are listed in 
Table I. These lines can be distinguished from 
other, minor absorptions also appearing after 
photolysis, both because the former appear, and 
increase in intensity, only during resonance- 
lamp irradiation, and because only they decrease 
in intensity during subsequent irradiation of the 
sample in argon with an unfiltered high-pressure 
mercury lamp. When a mixture of deuterium- 
substituted diazomethanes (H,CIUN, D,CNN, 
and HDCNN) is used at a matrix ratio of argon 
to total diazomethane of 250, at 4 OK, only two 
sets of absorptions with intensity behavior as 
above, labeled A and B in Fig. 1, appear after 
resonance-lamp photolysis. The principal A line, 

at 861 cm-', coincides with the experimental 
bending vibration of the methylene radical, 
861 f 7 cm-', deduced as follows from the 
vibronic data of Herzberg (6, 7): v2' = 71383 
cm-' (1400.9 A) - 70696 cm-' (1414.5 A) = 

686 cm-'; v,' - v," = 70522 cm-' (1418.0 A) 
- 70696 cm- ' = - 175 cm- ' ; therefore v2" = 

861 cm-' (only frequency differences have mean- 
ing in this calculation). Bending frequencies of 
HCD and CD, are calculated (8) to be 763 and 
654 cm-' respectively. Therefore, the A and B 
lines cannot be assigned to methylene radicals. 
The A lines are observed in other experiments 
when pure H,CNN is used, whereas only the B 
lines are present when almost pure D,CNN is in 
the matrix. Thus the carrier of these absorption 
lines contains only one hydrogen atom. In 
diazomethyl lithium, Li + HCNN- , the CH 
stretching frequency is 321 5 cm- ', and a skeletal 
stretching frequency is 1898 cm-' (9). The 
bending frequency of HCN is 712 cm-', which 
changes to 569 cm-' in DCN. On the basis of 
conditions of formation and resemblance of 
vibration frequencies with those of similar mole- 
cules, these lines may be assigned to the diazo- 
methyl radical, A = HCNN and B = DCNN. 

The mechanism of formation is believed to be 
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WAVENUMBER (cm") 

FIG. 1 .  Vibrational absorption of isotopic diazomethanes and products in argon (a) before and (6) after irradiation 
with a low-pressuremercury lamp. 

TABLE I 
Observed absorptions (cm-') for HCNN and DCNN in various matrices 

HCNN HCNN HCNN DCNN 
(Ar) (Kr) (N2) (Ar) 

861 (0.28) 860 (0.15) 863 (0.035)* 725 (0.125) 
863 (0.13) 866 (0.04) 871 (0.025)* 

*Interference by other bands makes these absorbances uncertain; otherwise absorbance accuracy is + .01; wavenumber accuracy, f 2 cm-1. 

photodissociation from diazomethane of a hydro- the latter absorbing too weakly in the infrared to 
gen atom, which, unlike the methylene radical, be directly detected : 
can escape from the site of production within the HCNN + hv + CH + N,. 
matrixlattice: 

In a recent investigation (10) of the extreme 
HZCNN $ hv -> H + HCNN. ultraviolet vhotol~sis of methane in nitrogen 

The photodecomposition of the diazomethyl matrices, thkre have been reported several (un- 
radical during exposure to the high-pressure assigned among many others) vibrational absorp- 
mercury lamp can proceedlvia dissociation to tions of very similar wavenumbers to those in 
molecular nitrogen and the methylidene radical, Table I. The methyl radical was detected (10) 
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and resulted from photoejection of a hydrogen experiments were performed in the Department of 
atom from methane : Physical Chemistry, University of Cambridge. 

Diazomethane was also detected and was formed 
from reaction of methylene (produced according 
to the reaction well established from gaseous 
phase experiments ( I  I )  : 

with the available nitrogen (12): 

The diazomethane was then subject to secondary 
photolysis, as in the present experiments, to 
produce a hydrogen atom and what is now 
identified as the diazomethyl radical. 

Further results of studies of the diazomethane 
system will be reported soon. The original 
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Infrared spectra of 2-pyridone-I= 0 and 2-pyridone-ls 0' 
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A comparison of the infrared spectra of natural 2-pyridone with that of the oxygen-18 labelled 
conlpound indicated modest shifts not only for the CO stretching mode (8.3-17.8 cnl-I) for the various 
species in solution, but also for ring modes (0-13 cm-') indicating a considerable mixing of the vibrations. 
The infrared spectrum of 2-pyridone at high concentrations revealed a new absorption band in chloroform 
solutions at 1685.0 and 1667.2 cm-' for the unlabelled and labelled compound, respectively. In addition, 
absorption at 1614.9 cm-' in the spectrum of 2-pyridone-180 in chloroform was found to be concentra- 
tion dependent. 
Canadian Journal of Chemistry, 46, 2475 (1968) 

Introduction 
In the vapor state 2-pyridone has been shown 

to consist of a mixture of tautomers (1). How- 
ever, in the solid state and in solution, 2-pyridone 
exists prcdominantly as the lactam (1, 2) rather 
than as 2-pyridinol (4).3 

Although the predominant tautomeric form of 
2-pyridone has been established, there remains 
to be settled the question concerning the electron 
distribution about the heteroatoms since a 
zwitterionic form, 2, would gain aromatic 
stabilization. This project addresses itself to the 
problem of assessing the relative contributions of 
1 and 2 to the structure of the molecule. 

Previously, the main evidence cited in favor of 
the simple lactam formulation of 2-pyridone has 

'This work was supported, in part, by funds from the 
Research Board of the Graduate College at the University 
of Illinois, at the Medical Center. 

'Present address: Sinclair Oil Co., Harvey, Illinois. 
Taken in part from the M.Sc. thesis of G. H. Keller, 
University of Illinois at the Medical Center, Chicago, 
Illinois, June 1967. 

3Some substituted Zpyridones have been found to be 
tautomeric mixtures (see refs. 2 and 3). 

been the assignment of a band in the infrared (i.r.) 
spectrum near 1650 cm-I to a carbonyl stretch- 
ing mode (5). This assignment has been ques- 
tioned (6) on the basis that this band could be a 
high frequency ring mode shifted to a higher than 
usual frequency due to the dipolar nature of the 
molecule (7). For example, 2-methoxypyridiniuin 
hexachloroantimonate, 3, which does not possess 
a carbonyl function and is related electronically 
to  2 has a strong ring mode absorption at 1638 
cm-I (7). Moreover, a comparison of integrated 
absorption intensities for CO stretching modes in 
different types of molecules and 2-pyridone 
indicates a very high polarity in the CO bond of 
2-pyridone and its intensity compared well with 
that found in sydnones (8, 9). These authors (8) 
concluded that 2-pyridone is best considered as 
an aromatic compo~und "in the same way as done 
for tropones, sydnones, and diphenylcyclo- 
propenone." 

More recently, it has been pointed out (3) that 
a pure C-0 stretching mode of 2 should absorb 
with a frequency no higher than 1380 cm-l. An 
appreciable contribution from this form to the 
str~icture would dictate a lower frequency 
absorption for the carbonyl than that assigned. 

In order to establish without ambiguity the 
vibrational modes which involve the oxygen 
atom, 2-pyridone-'s0 was prepared and the 
isotopic shifts in the i.r. spectrum determined. 
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TABLE I1 Results 

The infrared absorption bands found for 2- 
pyridone-160 and 2-pyridone-180 in chloroform 
solution (0.527 M) are listed in Table I. In 
addition, the bands in the region between 
1300-1700 cm-' for the two isotopic species in 
carbon tetrachloride (0.026 M) are listed in 
Table 11. 

TABLE I 

Vibration frequencies (cm-') and isotopic shifts 
in chloroform solution* 

Band 2-Pyridone-160 2-Pyridone-180 Isotopic shift.) 

In studying the effect of concentration changes 
on the spectrum between 1300 and 1700 cm-', a 
previously unreported band was detected at 
1685.0 cm-' in the spectrum of 2-pyridone-'60 
in chloroform. Figure 1 shows the change in 
relative intensity of this band, along with those 
observed for the bands at 1674.5 and 1657.5 
cm-I as a function of concentration. In dilute 
chloroform solution a pair of bands is observed 
at 1674.5 and 1657.5 cm-' with an indistinct 
shoulder on the higher frequency band. As the 
concentration is increased, the 1674.5 cm-' band 

Vibration frequencies (cm-') and isotopic shifts 
in carbon tetrachloride solution* 

Band 2-Pyridone-160 2-Pyridone-"0 Isotopic shift j 

12 1682.8 1666.7 16.1 
13 1660.1 1650.0 10.1 
14 1619.4 1617.0 2.4 

'Band frequencies accurate to 0 . 3  cm-'. 
tv(I6O) - v(lBO). 

becomes less intense relative to the band at 
1657.5 cm-' and the high frequency shoulder. 
At yet higher concentration, the shoulder is 
resolved as a separate peak at 1685.0 cm- '. 

The limited solubility of 2-pyridone in carbon 
tetrachloride prevented the observation of this 
new high-frequency absorption band and only a 
pair of bands at 1682.8 and 1660.1 cm- is found 
in this region. 

In the same spectral region, the 2-pyridone- 
180 spectrum in chloroform exhibited exactly 
analogous behavior as shown in Fig. 2. The 
bands corresponding to 1674.5 and 1657.5 now 
appear at 1661.8 and 1649.2 cm-I with the 
new high-frequency absorption developing near 
1667.2 cm-' in more concentrated solutions. 

In addition to the frequency shifts for the 
bands just discussed in the oxygen labelled com- 
pound, an 180 isotopic shift and concentration 
dependence is found for the shoulder at 1615.0 
cm-' in the spectrum of 2-pyridone-'60. 2- 
Pyridone-180 exhibits a band at 1614.9 cm-' 
corresponding to the one a t  1618.0 cm-' in the 
normal spectrum as well as a band at 1603.1 
which corresponds to the shoulder at 16 15.0 
cm-' in the spectrum of the 160 compo~~nd.  
Moreover, it is evident from Fig. 2, that these 
bands alter their relative intensities with concen- 
tration changes. No similar behavior could be 
noted in the spectrum of 2-pyridone-160, since 
only a single absorption band representing close 
to coincident absorptions (a shoulder 3 cm-' 
from peak maximum) can be seen. 

The assignments for the bands numbered 1 
through 10 in Table I for 2-pyridone-160 in 
solution have been made by Shindo (10) and by 
Bellamy and Rogasch (11). Assignments for 
bands numbered 12 through 25 have been given 
by both Katritzky and Jones (12) and more 
recently by Spinner and White (3). However, the 
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0.0527 M 0.0211 M - 
0.0527M 

0 .0737M 

1649.2 

FIG. 2. Concentration dependence in the infrared 
spectrum of 2-pyridone-180 in chloroform solution 
(cm-I). 

labelling observed for bands 11, 12, and 13 are 
17.8, 12.7, and 8.3 cm-', respectively in chloro- 
form solution (Table I). In  the more dilute carbon 
tetrachloride solution only bands corresponding 
to 12 and 13 are found (Table 11) and these 
shift 16.1 and 10.1 cm-', respectively, with the 
inclusion of the heavier oxygen isotope. The 
magnitude of these shifts, although less than 
those previously reported for isotopic shifts of 
carbonyl absorptions (17-22), and far below the 
calculated value for a pure CO stretching mode 
(-30 cm-'), indicate that the oxygen atom is 
indeed involved in these vibrations and the 

FIG. 1. Concentration dependence in the infrared lactam description for the molecule (1) is better 
spectrum of 2-pyridone-160 in chloroform solution than the dipolar one (2). 
(cn1-I). The concentration de~endence found for the 

two assignments are not in complete agreement. 
The far infrared spectrum of 2-pyridone-160 has 
been reported previously (13) but no vibrational 
assignments have been made. 

The band numbered 11 has not been reported 
previously for 2-pyridone-160 in solution al- 
though a shoulder in the solid state spectrum at  
1680 cm-' has been reported (14). 

three bands in the 1640-1690 cm-' portion of 
the infrared spectrum can be attributed to an 
equilibrium existing between different hydrogen 
bonded species. The frequencies assigned to 
these species in the spectrum of 2-pyridone-160 
are 1674.5 cm-' for the monomer, 1657.5 cm-' 
for the dilner and the weak 1685.0 cm-' again to 
the dilner or possibly a polymer species. 

At low concentrations. the monomer and 
cyclic dimer are favored to exist predominantly 

Discussion and relatively little of the species causing the 
1300-1 700 cm- ' Region shoulder at 1685 cm-' is present. As the concen- 

The shifts to lower frequency with oxygen-18 tration of 2-pyridone is increased, less monomer 
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is present and a relative increase in the 1685 
cm-' band is observed. 

No polymeric species has ever been postulated 
for 2-pyridone in solution; however, evidence 
has been reported from X-ray studies for a 
polymer in the solid state (15). The solid state 
spectrum does contain an absorption near 1680 
cm-' (14) which suggests, but by no means 
proves, that a polymer species could be the cause 
of the 1685 cm-' absorption reported here at 
high concentrations in solution. The molecular 
weight measurements reported on 2-pyridone 
(16) in benzene and dioxane solutions were 
made at concentrations too low to reveal polymer 
formation. 

The differences in isotopic shift for the CO 
absorptioils of the monomer and dimer species 
are in the same direction as reported for the 
benzoic acid system (17). 

Moreover, the isotopic shift is larger in 
carbon tetrachloride than in chloroform and 
follows the same trend reported in the literature 
for carbonyl compounds (17, 18). Five of the six 
remaining absorptions (bands 14 to 19) in the 
mid-frequency region (1300-1700 cm-') have 
been assigned to ring mode vibrations by 
Katritzky and Jones (12); however, more 
recently, Spinner and White (3) have reassigned 
several of these absorptions. From an investiga- 
tion of substituted 2-pyridones (3), it was 
reported that considerable coupling of vibrations 
takes place and, in the solid state, the four vibra- 
tions at (1649,1641), 1607, 1577, and 1540 cm-' 
are intermixed. The isotopic shifts do indeed 
indicate considerable coupling with the CO 
group since larger shifts than expected for ring 
modes are observed. 

The absorption at 1607 cm-' was reported to 
be principally an NH in-plane bending mode (3) 
and would correspond to the 1615 cm- ' absorp- 
tion in chloroform solution reported here and 
shows the expected large 12 cm-I isotopic shift 
due to CO intermixing. 

In addition, a second fundamental occurs in 
the same region (1618.0 cm-I) and from the 
concentration dependence observed for the 
corresponding bands in the 2-pyi-idone-'80 
spectrum (Fig. 2), it appears that the amount of 
mixing of these two modes in the labelled com- 
pound changes with the degree of association. 
No concentration dependence for these bands 
was found in the 2-pyridone-160 spectrum. 

In carbon tetrachloride, where solubility 
limited the investigation to only very dilute 
solution, only one band at 1619.4 cm-I is found, 
and only a modest frequency shift (2.4 cm-l) is 
observed. The large 8.3 cm- shift for the 1442.3 
cm-' band indicates that this ring mode is 
strongly coupled to the CO group in addition to 
those at 1542.0 and 1615.0 cm-'. The other 
modes at 1618.0, 1471.7, and 1378.3 cm-I 
produce much smaller shifts and, therefore, do 
not involve extensive oxygen movement. 

2000-4000 cnz - ' Region 
Table I lists only ten peaks found in this region 

along with their ''0 isotopic shifts, although 
broad absorption occurs over a much wider 
frequency range. The free NH and CH stretching 
is assigned to the 3402 and 2996 cm- ' absorp- 
tions, respectively, and shows no isotope effect, 
as expected. In addition, the NH stretching 
frequency (associated) is at 2828 cm-' and 
verifies the reported value of 2825 cm-I in 
carbon tetrachloride solution deduced from 
deuterium labelling (1 1). Oxygen-18 labelling did 
not affect this absorption. The other bands in 
this region show varying shifts as expected since 
they arise from a Fermi interaction of the NH 
stretching mode with overtones and combinatio~~ 
bands which would be affected by ''0 labelling. 

1300400 cnz-' Region 
The spectrum of 2-pyridone-160 has been 

assigned by Katritzky (12) between 1300 and 800 
cm-' and the region between 650 and 300 cm-' 
has been reported by Sternglanz et al. (13) but 
was not assigned. A band reported at 1254 cm-' 
was not observed since the solvent, chloroform, 
absorbs in this region. Spinner (3) questions the 
assignment of the 850 cm-' band as a CH out- 
of-plane bending on the basis of Raman results 
and attributes the absorption to a ring stretching 
mode. 

Of the six bands found between 400-800 cm-l, 
three show relatively large shifts for the ''0- 
labelled compound (Table I). The four strongest 
absorptions in this region are at 618, 565, 516, 
and 496 cm-' with the 565 and 496 cm-' bands 
shifting 10 and 13 cin-' to lower frequency in the 
'0-labelled compound. 

Experimental 
Infinred Spectra 

The infrared (i.r.) spectra were obtained on a Perkin- 
Elmer model 337 grating spectrophotolneter using 
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KELLER ET AL.: I1 

abscissa expansion with an auxiliary Sargent SR strip 
chart recorder. The scanning speed was 72 min for the 
region 4000-1200cm-' and 72 min for the region 
1300-400 cm-' with a recorder chart speed of 3 in. per 
min. The slit program was normal. 

The absorption band frequencies were determined 
from a calibration curve constructed from the spectrum 
of indene containing 4.0 weight percent each of camphor 
and cyclohexanone (23). Three calibration curves were 
constructed for the regions 4000 to 1700 cm-', 1700 to 
1300 cnl-', and 1300 to 400 cm-'. Repeated scans of the 
sample were taken (minimum of four) in each region with 
at least one scan having a superposition of the spectrum 
of the reference mixture as a further check on the cali- 
brating procedure. The accuracies for the band positions 
in each region were t_ 2, + 0.3, and + 1.5 cm-I respec- 
tively. 

All solvents were spectroscopic quality and used with- 
out further purification. The solutions were made by 
weighing the samples and pipetting in the solvent. The 
infrared cells used were a carefully matched pair with po- 
tassium bromide windows and a path length of 0.103 mm. 

2-Pyridone-''0 
The synthesis was adapted for the one described by 

Bradlow and Vanderwerf (24) for the acid-catalyzed 
hydrolysis of 2-fluoropyridine. A fine stream of hydrogen 
chloride gas (dried over PZ05)  was led through H Z L 8 0  
(1 ml, 97.18% labelled, purchased from Yeda Research 
and Development Co., Ltd., Weizman Institute of Science, 
Rehovoth, Israel) for 1 h and the concentration of the 
acid was determined to be about 6 N (several runs on 
water under identical conditions were titrated, and the 
solution was found to be about 6 N). Freshly distilled 2- 
fluoropyridine (1 10 mg, purchased from Aldrich Chemical 
Co.) was dissolved in the isotopically labelled HCI solu- 
tion and the solution heated under reflux (protected by 
freshly prepared CaCIZ drying tube) in an oil bath at 
110 "C for 24 h. The cold solution was withdrawn by 
means of a capillary pipette and quickly dropped onto 
anhydrous potassium carbonate (800 mg). The mixture 
was shaken with chloroform (50 ml), filtered, and the 
solid residue washed with small quantities of chloroform 
(an additional 200 ml). Evaporation of the chloroform 
filtrate furnished a solid which was recrystallized from hot 
cyclohexane to yield 2-pyridone-180 (93.2 mg, 86 %), m.p. 
102-103 "C; lit. (24), m.p. 101-102 "C. It was shown to be 

~ F R A R E D  SPECTRA 2479 

91.7 % labelled by 180 from a detailed analysis of the rn/e 
95, 97 peaks in the mass spectrum obtained using a 
Hitachi - Perkin-Elmer model RMU-6D instrument. 
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Synthesis of 2-amino-2-deoxy-D-talose and 2-amino-2-deoxy-~-ga~actose~ 

M. B. PERRY AND ANN C. WEBB 
Division of Biosciences, National Research Cou~~cil  of Canada, Ottawa, Car~ada 

Received March 8, 1968 

Treatment of D-Iyxose with nitromethane in the presence of sodium methoxide gave l-deoxy-l-nitro- 
D-galactitol which, after conversion to 2,3,4,5,6-penta-O-acetyl-l-deoxy-l-nitro-~-galactitol, reacted with 
saturated methanolic ammonia solution to yield 2-acetamido-l,2-dideoxy-1-nitro-D-talitol and 2- 
acetamido-l,2-dideoxy-1-nitro-D-galactitol. 2-Acetamido-l,2-dideoxy-1-nitro-D-talitol and 2-acetamido- 
1,2-dideoxy-1-nitro-D-galactitol were converted by a modified Nef reaction to 2-acetamido-2-deoxy-D- 
talose and 2-acetamido-2-deoxy-D-galactose which on hydrolysis with hydrochloric acid afforded 2- 
amino-2-deoxy-D-talose hydrochloride and 2-amino-2-deoxy-D-galactose hydrochloride. The pro- 
perties and derivatives of the aminoglycoses are described. 

Canadian Journal of Chemistry, 46, 2481 (1968) 

The increasing importance of aminoglycoses 
as components of biological systems and the 
frequent occurrence of new compounds in 
microbial products have, in connection with the 
work of this laboratory, made it desirable to  

, have available many aminoglycoses and their 
derivatives for use as reference standards and as 
biological substrates. We have prepared six 2- 

I amino-2-deoxy-D-aldohexoses from D-ribose, D- 
xylose, and D-lyxose by treatment of the aldo- 
pentoses with nitromethane to yield l-deoxy-l- 
nitrohexitols (1). This was followed by treatment 

I of the derived penta-0-acetyl-1-deoxy-1-nitro- 
hexitols or corresponding 3,4,5,6-tetraacetoxy-1- 

I nitro-1-hexenes with ammonia to yield epimeric 
pairs of 2-acetamido-l,2-dideoxy- 1-nitrohexitols 
which were converted to 2-acetamido-2-deoxy- 
hexoses via the Nef (2) reaction. The method has 

I been previously applied to two aldopentoses; 2- 
amino-2-deoxyglucose and 2-amino-2-deoxy- 
mannose were obtained from arabinose (3-6) 

I and 2-amino-2-deoxy-D-gulose was obtained 
from D-xylose (7). This paper records the suc- 
cessful application of the synthetic method to 
D-lyxose to prepare 2-amino-2-deoxy-D-talose 
and 2-amino-2-deoxy-D-galactose. 

2-Amino-2-deoxy-D-galactose may be ob- 
tained from chondroitin sulfate (8-11). It may 

I be synthesized from D-lyxose by reduction of 
2-amino-2-deoxy-D-galactononitrile prepared by 
the addition of hydrogen cyanide to l-amino-l- 
deoxy-D-lyxose (D-lyxosylamine) (12), and by a 
method involving addition of ammonia to  2,3: 
1 ,6-dianhydro-P-D-talopyranose (13). 2-Amino- 

'Issued as NRCC No. 10134. 

2-deoxy-D-talose has been synthesized from D- 

lyxose by the action of aniline (14), or 9-amino- 
fluorene (15) and hydrogen cyanide, followed 
by reduction of the product having the D-talo 
configuration, and from 2-acetamido-4,6-0- 
benzylidene-2-deoxy-a-D-idopyranoside by Wal- 
den inversion of its 3-0-(methylsulfonyl) deriva- 
tive and subsequent hydrolysis (16). Recently, 
Lemieux and coworkers (17, 18) have synthe- 
sized 2-amino-2-deoxy-D-galactose and 2-amino- 
2-deoxy-D-talose from tri-0-acetyl-D-galactal by 
reactions involving the addition of nitrosyl 
chloride, followed by conversion of the adduct 
to the acetylated 2-oximinohexose and reduction 
of the oxime to amine. 

In the present work D-lyxose was condensed 
with nitromethane in the presence of sodium 
methoxide and the resulting precipitated sodium 
salts of I-deoxy-1-nitro-D-galactitol (96 %) and 
1-deoxy-1-nitro-D-talitol (4%) were deionized 
with hydrogen form ion-exchange resin to 
remove sodium, and the product afforded 
pure 1-deoxy-1-nitro-D-galactitol. The l-deoxy-l- 
nitro-D-galactitol gave only D-galactose with 
sulfuric acid (2). The optical rotary dispersion 
(0.r.d.) curve for the 1-deoxy-1-nitro-D-galactitol 
showed a positive Cotton effect centered at 310 
mp in agreement with the rules proposed by 
Satoh, Kiyomoto, and Okuda (19, 20) for C- 
nitro glycitols which stated that derivatives hav- 
ing groups at C-2 in the S-configuration show 
positive Cotton effects in the 310 mp region. 

The 2,3,4,5-penta-0-acetyl-1-deoxy-1-nitro-D- 
galactitol obtained on acetylation of the 1- 
deoxy-1-nitro-D-galactitol with saturated metha- 
nolic ammonia (6) afforded a mixture of 
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2-acetamido- l,2-dideoxy- l -nitro-D-talitol and 2- 
acetamido- 1,2-dideoxy-1 -nitro-D-galactitol which 
were separated in pure form by fractional crystal- 
lization from ethanol solution. The 0.r.d. 
curves for the compounds showed a positive 
Cotton effect for the 2-acetamido-l,2-dideoxy-1- 
nitro-D-galactitol and a negative Cotton effect 
for the 2-acetamido- 1 ,2-dideoxy-1-nitro-D-tali- 
to], both centered about 310  mi^, in agreement 
with the proposed rules of Satoh et al. (19, 20). 

The 2-acetamido- 1,2-dideoxy- 1 -nitrohexitols 
were treated separately with barium hydroxide 
solution and on treatment with 5 N sulfuric acid 
(6 )  gave the corresponding derivatives 2-aceta- 
mido-2-deoxy-D-talose and 2-acetamido-2-deoxy- 
D-galactose. Under the mild conditions used to 
effect the Nef reaction (2) it was observed that 
the D-talose derivative was hydrolyzed in part 
to the free aminoglycose and the product was 
therefore treated with aqueous acetic anhydride 
in the presence of basic ion-exchange resin to 
reconvert it to the N-acetyl derivative. 

The 2-acetamido-2-deoxy-D-talose and 2- 
acetamido-2-deoxy-D-galactose obtained in the 
above synthesis had chemical and physical 
properties identical with those of authentic 
glycoses. The 2-acetamido-2-deoxyglycoses were 
each hydrolyzed with hot dilute hydrochloric 
acid to yield 2-amino-2-deoxy-D-talose hydro- 
chloride and 2-amino-2-deoxy-D-galactose hy- 
drochloride. Reduction of the 2-acetamido-2- 
deoxyglycoses with aqueous sodium borohy- 
dride afforded crystalline 2-acetamido-2-deoxy- 
D-talitol and 2-acetamido-2-deoxy-D-galactitol 
in good yield, and the glycitols appear to be 
convenient derivatives for the characterization 
of the aminoglycoses. 

The synthesis of the aminoglycoses from 
2,3,4,5,6-penta-0-acetyl-1 -deoxy-1-nitro-D-galac- 
titol as described above, but without the 
isolation of intermediates, afforded a mixture 
of the 2-acetamido-2-deoxyglycoses which were 
separated by cellulose columll chromatography 
to yield pure 2-acetamido-2-deoxy-D-talose and 
2-acetamido-2-deoxy-D-galactose in 41 % and 
28 % yield respectively from D-lyxose. The pre- 
parative method provides a convenient three- 
step procedure for the synthesis of 2-acetamido- 
2-deoxy-D-talose and 2-acetamido-2-deoxy-D- 
galactose in good yield and provides a method 
for the synthesis of the l-14c aminoglycoses by 
condensation of D-lyxose with 14CH,N0,. 

Experimental 
Paper chromatography was performed by the descend- 

ing method (21) on Whatman No. 1 filter paper using 
pyridine -ethyl acetate - water (2:5:5 v/v, top layer) as 
the mobile phase. Glycose derivatives werc detected with 
either 1 % silver nitrate in acetone, followed by 2 %  
sodium hydroxide in ethanol (22), or by 2% p-anisidine 
hydrochloride in butan-1-01 (23). The rates of Inovenlent 
of the glycoses on the paper chromatogranis are quoted 
relative to  D-galactose (RG,,). 

Gas-liquid partition chromatography was carried out 
at 200 "C using a Hewlett-Packard model 402 chromato- 
graph with a hydrogen flame detector and fitted with 
glass U tubes (4 ft x 6 mm x 3 mm internal diameter) 
packed with 10% neopentylglycol sebacate polyester o n  
80-100 mesh acid-washed Chromosorb W. Retention 
times of the compounds are quoted relative to 2-acet- 
amido-2 - deoxy - l,3,4,5,6- penta- 0- (trimethy1silyl)-D- 
glucitol (TGN) (24). 

Melting points were determined on a Fisher-Johns 
apparatus and are corrected. Solutions were concentrated 
under reduced pressure, below 40 "C. 

Optical rotations were determined at 20 OC using a 
Perkin-Elmer 141 polarimeter. Optical rotary dispersion 
(0.r.d.) measurements were made using a JASCO model 
ORD/UV-5 automatically rccording spectropolarimeter. 

2-Amin0-2-deoxy-~-ta/ose ar7d2-Amir20-2-deoxy-~- 
galacruse 

1-Deoxy-1-nitro-D-ga/actito/ 
To a suspension of D-lyxose (10 g) in absolute niethanol 

(50 ml) and nitromethane (50 ml), contained in a 500 ml 
flask, was added a solution of sodium (2.2 g) in absolute 
methanol (75 ml), and the mixture was shaken at room 
temperature for 24 h. Following the addition of ether 
(60 ml), the precipitated product was collected by 
filtration, washed with cold methanol, ether, and light 
petroleum (b.p. 30-60 "C) and dried under vacuum. The 
product was dissolved in cold water (200 ml) and passed 
down a column of Rexyn 101 (H+) ion-exchange resin 
(200 ml) and the eluate and water washings were con- 
centrated to a syrup. This was dissolved in hot methanol 
(50 ml) and on keeping at 5 "C successive crops of 
crystalline I-deoxy-1-nitro-D-galactitol (12.2 g), m.p. 
141 "C were collected. After three recrystallizations from 
methanol pure 1-deoxy-1-nitro-D-galactitol had m.p. 
143 OC; [a], f1.7 (c, 0.8 in water); 0.r.d. (c, 0.3 in 
water) [+1342-344 + 833 

Anal. Calcd. for C6H1,07N: C, 34.13; H, 6.21; N, 
6.63. Found: C, 33.9; H, 5.94; N, 6.6. 

A portion of the 1-deoxy-1-nitro-D-galactitol (0.2 g) 
was dissolved in 2 N sodium hydroxide (2 ml) and the 
solution was added dropwise to 6 N sulfuric acid (2.5 ml) 
at  0 OC. After 2 h at  room temperature the mixture was 
diluted with water (10 ml) and neutralized (BaCO,). The 
filtered solution was passed down Rexyn 101 (H+)  

[alM ZThe molecular rotation [+] is defined by [+] = -- 100 
= -  Mar'c where a, is the reading of the rotation in 

cl 
degrees, M is the molecular weight, c is the concentration 
in g per 100 ml of solution, 1 is the path length in dm, 
and Sc is the scale setting. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PERRY AND WEBB: SYNTHESIS OF 2-AM1 [NO-2-DEOXY-D-TALOSE AND -GALACTOSE 2483 

(4 ml) and Rexyn RG6 (OH-) (4 ml) ion-exchange 
resins and the eluate and washings were concentrated to a 
syrup (150 mg). Paper chromatographic examination of 
the product showed a single spot corresponding to 
galactose and from ethanol solution crystalline D- 

galactose (90 mg) having m.p. and mixture m.p. 170 "C 
and [a], +80 " (c, 0.5 in water) was obtained. 
2,3,4,5,6-Penta-O-acetyl-I-deoxy-l-nitro-~-ga~actito~ 
I-Deoxy-1-nitro-D-galactitol (10 g) in acetic anhydride 

(90 ml) was treated with two drops of concentrated 
sulfuric acid and the mixture was heated for 40 min on a 
boiling water bath. The cooled reaction mixture was 
poured into an ice and water mixture (500 ml), and the 
product was extracted with chloroform in the usual way. 
After removal of the solvent the residual syrup was 
dissolved in hot methanol (50nd) and on cooling 
crystalline 2,3,4,5,6-penta-0-acetyl-1-deoxy-1-nitro-D-ga- 
lactitol (15.8 g) having m.p. 130 "C was obtained. After 
three recrystallizations from methanol the product had 
m.p. 130 "C and [a], +6" (c, 1.5 in chloroform). 

Anal. Calcd. for C I ~ H ~ ~ O I ~ N :  C, 45.62; H, 5.50; N, 
3.32. Found:C,45.43;H, 5.3;N, 3.3. 
2-Acetat71ido-l,2-dideoxy-I-nitro-~-talifol and 2-Acet- 
anlido-l,2-din'eoxy-I-nitro-D-galactitol 

2,3,4,5,6-Penta-0-acetyl-l-deoxy-l-nitro-~-galactitol 
(12 g) dissolved in absolute methanol (140 ml), was 
cooled to 0 "C, and anhydrous ammonia gas was passed 
into the solution for 1 h. The saturated solution was then 
allowed to stand for 18 h at room temperature. The 
reaction mixture was concentrated to a syrup which was 
triturated with hot chloroforn~ (3 x 100 nll) to  remove 
acetamide. The light-brown syrup remaining was dis- 
solved in hot ethanol, treated with charcoal, filtered, 
and after concentration to about 60 ml, was kept at  
5 "C. Successive crops of 2-acetamido-1,2-dideoxy-1- 
nitro-D-talitol (3.9 g) were first obtained. After two re- 
crystallizations from ethanol these gave a product 
(3.2g), m.p. 158 "C; [a], $20"  (c, 1.8 in water); 0.r.d. 
(c, 0.3 in water) [@]344-348 -288 '. 

Anal. Calcd. for CsHlGO7NZ: C, 38.10, 6.39; N, 11.11. 
Found:C,38.3;H,6.5;N,11.1. 

Following the removal of the 2-acetamido-1,2-dideoxy- 
1-nitro-D-talitol, concentration of the mother liquors and 
cooling to  2 "C yielded 2-acetanlido-l,2-dideoxy-1-nitro- 
D-galactitol (2.0g), which after two recrystallizations 
from ethanol gave the pure compound (1.7 g), n1.p. 
168 "C; [a], -25.7" (c, 1 in water); 0.r.d. (c, 0.3 in 
water) [@1348-350 +277 '. 

Anal. Calcd. for C8Hl6O7NZ: C, 38.10; H, 6.39; N, 
11.11.Found:C,37.6;H,6.5;N, 11.0. 

2-Acetami(~o-2-deoxy-~-ta~ose 
2-Acetamido-1 ,2-dideoxy-1-nitro-D-talitol (3 g) was dis- 

solved in a solution of Ba(OH), . 8 H 2 0  (3.7 g) in water 
(60 ml) and the solution was added dropwise to a cooled, 
stirred solution of concentrated sulfi~ric acid (3.4 ml) in 
water (35 ml). The mixture was stirred for 4 h at  20 "C 
and was then left at 24 "C for 18 h. The reaction mixture 
was neutralized with barium carbonate, the filtered 
solution was concentrated to about 50 ml, and following 
the addition of Dowex-1 (COB') ion-exchange resin 
(30 ml), methanol (10 ml), and acetic anhydride (0.4 ml), 
the mixture was shaken for 20 min. The filtered solution, 
after passage down colun~ns of Rexyn 101 (H+)  (10 ml) 

and Rexyn RG6 (OH-) (10 ml) ion-exchange resins, was 
concentrated to a syrup (2.1 g) which on paper chroinato- 
graphic analysis, showed a single spot (RGUl 1.92), having 
the same mobility as authentic 2-acetamido-2-deoxy-D- 
talose. The syrup, which could not be induced to crystal- 
lize had, [a], -8.8 " (c, 2 in water) (lit. [a], -11 " (16)). 

Anal. Calcd. for C8H,,0GN: C, 43.44; H, 6.82; N, 
6.33. Found:C,43.22;H, 6.9;N, 6.3. 

The fully trimethylsilylated (24) 2-acetamido-2-deoxy- 
D-talose on gas-liquid partition chromatography showed 
three peaks having T ~ N  0.85,1.04, and 1.66. 

2-Amit~o-2-deoxy-~-t~~ose Hydrochloride 
2-Acetamido-2-deoxy-D-talose (0.5 g) in 2 N hydro- 

chloric acid (15 ml) was heated on a boiling water bath 
for 2 h and then concentrated to dryness. The residue 
was co-distilled with ethanol and benzene to remove the 
last trace of water and acetic acid, and on keeping the 
product moistened with a little ethanol, it gave crystalline 
2-amino-2-deoxy-D-talose hydrochloride (0.37 g) which 
had m.p. 150 OC (decomposed) and [a], -6 " (c, 1.5 in 
water). 

Anal. Calcd. for CGH1405 NCI; C, 33.26; H, 6.84; 
Cl, 16.44. Found: C, 33.0;H, 6.8; Cl, 16.5. 

Paper chromatographic analysis of the 2-amino-2- 
deoxy-D-talose hydrochloride revealed a single spot 
having RG,, 0.56. 

2-Acetamido-2-deoxy-D-falit01 
2-Acetamido-2-deoxy-D-talose (0.2 g) in water (5 ml) 

was reduced by the addition of sodium borohydride 
(80 mg), and after 2 h at room temperature, the excess 
borohydride was destroyed by the addition of acetic acid. 
The reaction mixture was passed down a column of 
Rexyn 101 ( H + )  ion-exchange resin (5 ml) and the 
concentrated eluate and washings were repeatedly evapo- 
rated with absolute methanol to remove boric acid. The 
final residue was taken up in hot methanol (2-3 ml) and 
filtered. On cooling the nlethanol solution, crystalline 
2-acetamido-2-deoxy-D-talito1 (0.17 g) was obtained, 
which after two recrystallizations from methanol had 
n1.p. 153 "Cand [a], $33 " (c, 0.8 in water). 

Anal. Calcd. for C8HI7OON: C, 43.05; H,  7.68; N, 
6.27.Found: C,42.9;H,7.8; N, 6.2. 

On paper chromatographic analysis the 2-acetamido-2- 
deoxy-D-talitol gave a single spot having R,,, 1.30. 

2-Acetamiflo-2-deoxy-~-gn~actose 
2-Acetamido-1,2-dideoxy-1-nitro-D-galactto (1.7 g) 

was converted to 2-acetanlido-2-deoxy-D-galactose (1.2 g) 
using the conditions described above for the conversion 
of 2-acetan1ido-1,2-dideoxy-l-nitro-~-talitol to 2-acet- 
amido-2-deoxy-D-talose. The 2-acetamido-2-deoxy-D-ga- 
lactose, obtained crystalline from ethanol-water mixture, 
gave a single spot on paper chromatograms with RGal 
1.43 and had m.p. and mixture m.p. 110 "C and [a], 
i-84 " (c, 2 in water). The trimethylsilylated (24) deriva- 
tive on gas-liquid partition chromatography gave a single 
peak (TGN 1.72) having the same retention time as an  
authentic sample of trimethylsilyl 2-acetamido-2-deoxy- 
3,4,5-tri-O-(trimetl1ylsilyl)-a-~-galactopyranoside. 

2-At~zino-2-deo.uy-~-ga/actose Hydrochloride 
2-Acetamido-2-deoxy-D-galactose (0.3 g) after hydrol- 

ysis with 2 N hydrochloric acid for 2 h at 100 "C, afforded 
crystalline 2-amino-2-deoxy-D-galactose hydrochloride 
(0.21 g), having [a], +124O -> +94O (c, 1.2 in water). 
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Anal. Calcd. for C6H140SNC1: C, 33.26; H, 6.84; C1, 
16.44. Found: C, 33.1; H, 6.7; C1, 16.4. 

On paper chroniatography the 2-amino-2-deoxy-D- 
galactose hydrochloride gave a single spot having R G n l  

0.43. 
2-Acetnmido-2-deoxy-~-gnInctito~ 
2-Acetamido-2-deoxy-D-galactose (0.2 g) on borohy- 

dride reduction gave 2-acetamido-2-deoxy-D-galactitol 
(0.17 g), having m.p. and mixture 1n.p. 174 "C and [a], 
-44 (c, 0.5 in water) (25). On paper cliromatograpliy 
the derivative gave a single spot having RGal 1.96. 

Anal. Calcd. for C8Hl7o6N: C, 43.05; H, 7.68; N, 
6.27. Found: C,43.0; H, 7.6; N, 6.15. 

Direct Synthesis of 2-Acetnmido-2-deoxy-D-tnlose nnd 
2-Acetanzido-2-deoxy-~-~al~ose  

2,3,4,5,6-Penta-0-acetyl-1 -deoxy-1 -nitro-D-galactitol 
(10 g) was treated with methanolic ammonia as described 
above and the product was treated with sulfuric acid to 
convert the mixed resulting 2-acetanlido-1,2-dideoxy-1- 
nitrohexitols to the corresponding 2-acetamido-2-deoxy- 
D-hexoses. These were separated on a cellulose colunln 
(4.5 x 40 cm) using butan-1-01 half-saturated with water 
as the mobile phase (26) and yielded cl~romatographically 
pure 2-acetamido-2-deoxy-D-galactose (1.9 g) and 2- 
acetarnido-2-deoxy-D-talose (2.9 g). 
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Synthesis and nuclear magnetic resonance spectra of some partially acylated 

A. P. TULLOCH AND A. HILL' 
Prairie Regiotlal Laboratory, National Research Coltt~cil of Canada, Saskntootl, Saskatcl~e~vat~ 

Received February 19, 1968 

The synthesis of ten new partially acylated derivatives of methyl 0-D-glucopyranoside, all with an acyl 
group at C-6, is described. The nuclear magnetic resonance spectra of these conlpounds, and of a number 
of related derivatives, have been measured using pyridine, acetone-rlG, and deuteriochlorofor~l~ as sol- 
vents. When OH-4 is acylated, the H-6 signals are at higher field (by 0.1-0.3 p.p.m.) than when OH-4 js 
not acylated, but this effect is not observed when OH-3 is acylated. When a trin~ethylsilyl ether group is 
introduced at C-4 the difference between the chemical shifts of the H-6 protons (FA-GB) increases 
markedly. Estimation of JBx and JAx (where B is the H-6 proton at higher field and X is H-5), from spec- 
tra obtained using acetone-dG and pyridine as solvents, shows that JBx < JA,  when there is an acyl group 
at C-4 but JBx > J,,, when there is no acyl group at C-4. 

Canadian Journal of  Chemistry, 46, 2485 (1968) 

During an investigation of the structure of a 6-position of methyl 2,3,4,6-tetra-0-trimethyl- 
partially acylated sophoroside (I), we wished to silyl-a-D-glucopyranoside is selectively removed, 
determine the positions of acyl groups by nuclear the product acetylated, and the remaining tri- 
magnetic resonance (n.m.r.) spectroscopy. We, methylsilyl groups taken off. When this method 
therefore, decided to examine the n.m.r. spectra was used with P-methyl glucoside, 6-acetate (3) 
of some methyl P-D-glucopyranoside diesters 
which would serve as simple model compounds. 
When we realized that useful correlations be- 
tween the n.m.r. spectra and the structure of 
partially acylated glucosides existed, we ex- 
tended the investigation to a number of related 
derivatives. 

No partially acylated glucosides had been 
studied in this way though n.m.r. spectra of 
methyl 2,3,4,6-tetra-0-acetyl-P-D-glucopyrano- 
side (9) (2), of P-glucose pentaacetate (3, 4), of 
1,3,4,6- and 2,3,4,6-tetra-0-acetyl-P-D-glucopy- 
ranose (5, 6) had been discussed previously. 

Synthesis of Partly Acylated Methyl 
P-D-Glucopyranosides 

All four methyl P-D-glucopyranoside triace- 
tates have been synthesized, but only the 3,4,6- 
triacetate (6) (7) was used in the present work. 
I t  appears that diacetates other than the 2,3- 
diacetate, and monoacetates other than the 6- 
acetate (3) (8), have not been prepared before. 

The 6-acetate (3) was first prepared by Froh- 
wein (8), by partial hydrolysis of the tetraacetate, 
but the yield was very low. We therefore ex- 
amined the method used by Hurst and McInnes 
(9) to  synthesize methyl 6-0-acetyl-a-D-glucopy- 
ranoside, in which a trimethylsilyl group at the 

'Issued as NRCC No. 10133. 
2NRCC Postdoctorate Fellow, 1965-1967. 

. . 

and 6-stearate (4) were readily prepared. 
Methyl 4,6-di-0-acetyl-P-D-glucopyranoside 

(8) was prepared by hydrogenolysis of the 4,6- 
diacetate (7), which had been obtained by acety- 
lation of methyl 2,3-di-0-benzyl-P-D-glucopy- 
ranoside. In addition to the 6-stearate (4), above, 
we also prepared the 6-acetate-4-stearate (14) 
to  compare the effects of the long chain stearoyl 
group with those of the short chain acetyl group. 
Methyl 6-0-acetyl-2,3-di-0-benzyl-P-D-glucopy- 
ranoside (12) was prepared using the trirnethyl- 
silyl ether derivative (10) as intermediate. 
Treatment of 12 with stearoyl chloride and 
hydrogenolysis of the benzyl groups yielded 
methyl 6-0-acetyl-4-0-stearoyl-P-D-glucopy- 
ranoside (14); acetylation gave methyl 2,3,6-tri- 
0-acetyl-4-0-stearoyl-P-D-glucopyranoside (15). 

To compare the effect of an acetate group at 
C-3 with that of an acetate at  C-4 the 3,6-di- 
acetate (18) was prepared. Partial acetylation of 
methyl 4,6-0-benzylidene-P-D-glucopyranoside 
(cf. ref. 10) with one mole of acetic anhydride 
in pyridine, gave a mixture of products which 
were separated by column chromatography into 
3-acetate (22 %), 2-acetate (34 %), and 2,3-diace- 
tate (15 %). A number of other conditions were 
tried, including the use of acetyl chloride, but all 
resulted in lower yields of 3-acetate. Methyl 
3-0-acetyl-P-D-glucopyranoside (16) was ob- 
tained by removing the benzylidene group with 
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TABLE I 
Chemical shifts (in p.p.m.) of acetoxy, H-6, and H-1 protons of a-methyl glucoside derivatives in pyridine, 

acetone-d6, and deuteriochloroforn~ 

Acetoxy H-6 H- 1 k? 
-- - 2 

Deu terio- Deuterio- Deuterio- 
Colllpound Pyridine Acetone-d6 chlorofornl Pyridine Acetone-d6 chloroform Pyridine Acetone-ds chloroform $ 

6-0-Acetyl (3) 1.95 2.03 - 4.79 4.30 - 4.57 4.22 - 5 
- - - 4.73 4.29 4.36 4.53 4.18 4.19 

C 
6-0-Stearoyl (4) 
4,6-Di-0-acetyl (8) 2.00, 1.99, 2.07, 4.41 4.10 4.20 4.58 4.24 4.20 ? 

2.01 2.03 2.10 F 
3-6-Di-0-acetyl (18) I .94, 2.02, 2.10, 4.70 4.30 4.37 4.57 4.28 4.25 .n o 

1.96 2.04 2.16 
6-0-Acetyl-4-0-stearoyl (14) 2.01 1.97 2.06 4.45 4.06 4.14 4.59 4.21 4.20 n 
3,4,6-Tri-0-acetyl (6) 1.97, 1.96(2),* 2.04, 4.40 4.16 4.20 4.60 4.36 4.31 E 

2.01 (2)* 1.98 2.07, K 
2.09 t; 

2,3,6-Tri-0-acetyl-4-0-stearoyl (15) 2.00(2)*, 1.92,1.96, 1.97, 4.42 4.15 4.18 4.75 4.60 4.42 2 
2.02 2.00 2.02. 5 

'Denotes number of coincident signals. C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TULLOCH AND HILL: SYNTHESIS AND NUCLEAR MAGNETIC RESONANCE SPECTRA 2487 

PhCHzO 0 C H 3  0 C H 3  AcO 
PhCH20 HO 

7 8 9 

+ + 
H O  0 C H 3  Ac 0 ..0CH3 

AcO 

13 14 15 

CH20Ac 

AcO OCH3 AcO 0 C H 3  
HO T O  

AcO -4- 

50% acetic acid. Application of the method of 
Hurst and McInnes (9) to 16 led to the synthesis 
of the 3,6-diacetate (18). The yield was very low, 
apparently because the presence of the acetate 
group increased the rate of hydrolysis of the 
secondary trimethylsilyl groups. The positions 
of the acyl groups in the new compounds were 
confirmed by spin decoupling experiments. 

Nuclear Magnetic Resonance Spectra 
Spectra of all the compounds were recorded 

using pyridine as solvent, and also, when they 
were sufficiently soluble, using acetone-& and 
deuteriochloroform as solvents. We have been 

concerned with the chemical shifts of the signals 
due to H-6, H-1 and the acetoxy groups because 
they can be related to the structure of the com- 
pounds under investigation. For the present 
purpose it was satisfactory to take the center of 
the H-6 multiplet as the chemical shift of the H-6 
protons, except in the case of the trimethylsilyl 
ether derivatives discussed below. 

The chemical shifts of the acetoxy, H-6, and 
H-1 protons of some P-methyl glucoside deriva- 
tives are shown in Table I;  those assigned to H-6 
will be considered first. The spectra of 3, 4, and 
18, compounds, in which OH-4 is not acylated, 
have H-6 signals at lower field than the spectra 
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of 8, 14, and the fully acetylated compounds. TABLE I1 

The difference in chemical shift of H-6 using Chemical shifts (in p.p.m.) of H-6 protons of IJ-D-~ILICO- 

pyridine is at least 0.3 p.p.m. and using the other pyranoses in pyridine, acetone-&, and 
de~~teriochloroform 

two solvents is 0.1-0.2 p.p.m. The spectra of ___ 
3, 18, and 8, shown in Fig. 1, illustrate this H-6 
observation. 

FIG. 1. Nuclear n~agnctic resonance spectra of: (n) 
lnetliyl 6-0-acetyl-IJ-D-gl~~copyranoside (3); (b) methyl 
3,6-di-0-acctyl-B-D-glucopyranoside (18); (c) methyl 
4,6-di-0-acetyl-0-D-glucopyranoside (8); in pyridine, 
(3.5-5.8 j>.p.ni. region). 

The differences in chemical shift are probably 
the result of interaction between the solvent and 
OH-4. Pyridine, which could form a hydrogen 
bond with OH-4, has the greatest effect on the 
spectra. The deshielding of neighboring protons 
resulting from complex formatioil between a 
hydroxyl group and pyridine has already been 
noted (1 1). 

Acylation of a hydroxyl group might be ex- 
pected to have a small deshielding effect on the 
protons y to the OH group (see effect of acylation 
of OH-3 on H-1 in Table I). However, any such 
deshieldiog effect resulting from acylation of 
OH-4 is apparently more than counteracted by 
the prevention of interaction between OH-4 and 
the solvent. 

Deuterio- 
Compound Pyridine Acetone-r/, chloroform 

- -~ 

1,2,3,6-Tetra-0- 
acetyl 4.63 4.28 4.36 

1,2,4,6-Tetra-0- 
acetyl 4.37 4.12 4.18 

1,2,3,4,6-Penta- 
0-acetyl 

-- 
4.39 4 .14 

-- 
4.09 

This effect may be peculiar to  H-6 in the glu- 
copyranose ring. However, in the spectrum of 
methyl 4-hydroxystearate the chemical shift of 
the methylene protons ci to the carboxyl group, 
which are y to the OH group, is 2.33 p.p.m. (1 I), 
but in the spectrum of methyl 4-acetoxystearate 
the ci methylene signal appears at 2.22 p.p.m. 
(spectra were taken in carbon tetrachloride). 

Table I also shows that the H-1 signal is dis- 
placed to lower field when 3 or 4 acyl groups are 
present. The effect is most noticeable in acetone- 
d, and least noticeable in pyridine. A similar 
deshielding of H-5 was also observed (using 
acetone-&); the signal appears at  about 3.4-3.5 
p.p.m. in the spectrum of 3, but at 3.75-3.90 
p.p.m. in the spectra of compounds in which 
OH-4 is acylated. 

Signals due to the acetoxy groups of P-methyl- 
glucoside tetraacetate (9), using dimethyl form- 
amide as solvent, were discussed by Barker et al. 
(2) who concluded that the signal at highest 
field was that of acetate at C-2. This assignment 
is probably true for spectra using acetone-& and 
deuteriochloroform since the signal at 1.95-1.97 
p.p.m. in the fully acylated compounds is absent 
from the spectra of those which lack an acetate 
at C-2. The spectra of the fully acylated com- 
pounds (using deuteriochloroform as solvent), 
except that of 5, show an acetoxyl signal at  rela- 
tively low field (2.07-2.09 p.p.m.) which is appar- 
ently due to acetate at C-6. 

The spectra of P-glucopyranose pentaacetate 
and of two P-glucopyranose tetraacetates were 
also examined and the chemical shifts of the H-6 
signals are listed in Table 11. Here also the ab- 
sence of an acyl group at C-4 results in the ap- 
pearance of H-6 at appreciably lower field. 

The spectra of some partially acylated deriva- 
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TULLOCH AND HILL: SYNTHESIS AND N I  JCLEAR MAGNETIC RESONANCE SPECTRA 2489 

tives containing benzyl and trimethylsilyl groups 
were then investigated, with the results shown in 
Table 111. Again H-6 is at lower field when 
OH-4 is not acylated, but H-1 is not affected by 
acylation of OH-4 when there are benzyl ether 
groups at C-2 and C-3. The spectra of com- 
pounds with a trimethylsilyl group at C-4, 2 and 
11, show an H-6 signal at higher field than do the 
spectra of the parent compounds, but the dis- 
placement is smaller than that shown by spectra 
of compounds with an acyl group at C-4. How- 
ever, when the spectra are examined carefully 
(see Table 1V below) the H-6 signal is seen to be 
more spread out and sometimes (particularly 
using acetone-&) only the high field H-6 proton 
has been shielded. Thus if the center of the H-6 
multiplet is taken as the chemical shift of H-6, 
only a small displacement seems to have oc- 
curred. 

The H-6 portion of the spectra of a represen- 
tative selection of con~pounds (using acetone-d,) 
was next examined in detail. H-6 can be con- 
sidered as the AB portion of an ABX system 
(4, 9), where B is the H-6 proton at higher field 
and X is H-5 and, by the method of Bernstein 
et al. (12), the n.m.r. parameters in Table IV can 
be determined. In every case JAB is about 12 
c.p.s. In the spectra of the four acetylated deri- 
vatives 6A-6B is 13.5-16.6 c.p.s., but is much 
larger in the spectra of the trimethylsilyl ethers 
11 and 2. When 6A-6B becomes larger com- 
pared to J,, the appearance of the spectrum 
changes and the intensities of the outer pairs 
increase. 

Also J,, < J,, when OH-4 is acetylated, but 
when OH-4 is free, or combined as a trimethyl- 
silyl ether, J,, > J,,. Bernstein et al. (12) 
showed that when JAx + Jnx is positive and the 
splitting of the two highfield B pairs is larger 
than that of the two lowfield A pairs, Jnx > JAx. 
Therefore, it can be seen by simple inspection of 
the spectra whether J,, > JAx. The spectra of 
all the compounds were then examined and in 
those of compounds with an OH or trimethyl- 
silyl group at C-4, in pyridine solution, JBx > 
JAx;  this was also true in acetone-d, solution 
though the spectrum of 12 was insufficiently 
resolved for measurement of the splitting of the 
H-6 pairs. In deuteriochloroform solution, 
J,, > J,, in the spectra of the two trimethyl- 
silyl ether derivatives 2 and 11; the spectra of 4 
and 18 were not well enough resolved; however, 

in those of 12 and of P-glucose 1,2,3,6-tetraace- 
tate Jnx < J,,. 111 the spectra of all the other 
coinpounds Jux < JAx no matter which solveilt 
was used. 

The observations made here have already 
been useful in locating acyl groups in naturally 
occurring sophorosides (1, 13). Nuclear mag- 
netic resonance spectral measurement of partly 
acylated glucose derivatives before and after 
conversion to trimethylsilyl ethers should help 
to locate free hydroxyl groups. Such measure- 
ments could be usef~~l  in studies of partial esteri- 
fication of glucosides, and in investigations of 
migrations of acyl groups. 

Experimental 
Nuclear magnetic resonance (n.m.r.) spectra were 

measured at 32 "C using a Varian HA-100 spectrometer. 
Chemical shifts are in parts per million (p.p.111.) fro111 
tetramethylsilane (internal standard). Silicic acid (Bio- 
Sil A fro111 Bio-Rad Laboratories, Richmond, California) 
was used for column chromatography. Specific rotations 
in chloroform solution were measured at 25 "C in a 1 dm 
cell using a Perkin-Elmer model 141 polarimeter. 

Methyl 6-0-Acefyl-13-D-gllrcopymoside (3) 
Mcthyl B-D-glucopyranoside (9.6 g) was converted to 

the tetra-0-trimethylsilyl ether (21 g) by the method 
used with the a anomer (9). The ether was taken up in 
nlethanol (100 1111) and cooled to 0 "C; a solution of 
potassium carbonate (0.055 g) in methanol (12 n ~ l )  was 
added and the mixture kept at 0 'C for 45 min. Acetic 
acid (0.06 g) was then added and the solution poured into 
water; the product was extracted with light petroleum 
and the extract dried over sodium sulfate. Solvent was 
removed and the residue was clystallized from acctone 
containing 5 %  watcr (50 ml) at -40 "C and then from 
hexane at -30 "C to give methyl 2,3,4-tri-0-trimethyl- 
silyl-p-D-glucopyranoside (I), (7.3 g), m.p. 72 "C and 
[a], -8.6" (c, 0.5 in chloroform). 

Anal. Calcd. for C1BH3806Si3: C, 46.83; H, 9.27 
Found: C, 47.20; H, 9.28. 

Acetylation of 1 (6.7 g) with acetic anhydride and pyri- 
dine gave 2, (b.p. 105 "C/0.1 mm), [ale -3.4" (c, 1.5 in 
chloroform). 

Anal. Calcd. for C18H4007Si3: C, 47.75; H, 8.91. 
Found: C, 47.56; H, 8.77. 

Compound 2 was then refluxed for 4 11 in methanol- 
water 4:l (50 ml), the reagents removed, and the residual 
gum taken up in ethanol (15 ml) to give 3 (3 g), 1n.p. 
132-134 "C, (lit. (8) gives n1.p. 129 "C). 

Metliyl 6-O-Stenroy/-~-~-g/rrcopyra1losi~/e ( 4 )  
Compound 1 (3.1 g) was dissolved in a mixture of 

methylene chloride (10 ml) and pyridine (3 ml) and a 
solution of stearoyl chloride (2.4 g) in methylene chloride 
added. After 18 11 methylene chloride (15 ml) was added, 
the solution washed with water and dried over sodium 
sulfate. Solvent was removed and the trimethylsilyl 
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i 
TABLE 111 9 tl 

Chemical shifts (in p.p.m.) of acetoxy, H-6, and H-1 protons of some acylated J3-methyl glucoside derivatives g containing benzyl and trimethylsilyl groups in pyridine, acetone-d6, and deuteriochloroform 
8 
c 

Acetoxy H-6 H- 1 
- $ 

Deuterio- Deuterio- Deuterio- ? 
Con~pound Pyridine Acetone-d6 chloroform Pyridine Acetone-d, chloroform Pyridine Acetone-d6 chloroform 

6-0-Acetyl-2,3-di-0-benzyl (12) 1.93 
6-0-AcetyI-2,3-di-O-benzyl-4-O-trimethyl- 

silyl (11) 2.04 
6-0-Acetyl-2,3-di-O-benzyl-4-O-stearoyl 

(13) 2.00 
4,6-Di-0-acetyl-2,3-di-0-benzyl (7) 1.97 

2.02 
6-0-Acetvl-2.3.4-tri-0-trimethvlsilvl (2) 2.02 
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Anal. ~ a l c d .  for ClsHzZO8: C, 59.01; H, 6.05. Found: 
C, 58.96: H, 5.95. 

~ e t h i l  2-0-acetyl-4,6-0-benzylidene-~-~-g1ucopy- 
ranoside had m.p. 174-177 "C and [a], -74.4" (c, 
1.7 in chloroform). Nuclear magnetic resonance (CDC13): 
H-2 at 4.88 p.p.m. (quartet) and H-1 at 4.35 p.p.m. 

Anal. Calcd. for C16H~007:  C, 59.25; H, 6.22. Found: 
C,59.31;H, 6.19. 

Methyl 3-0-acety1-4,6-O-benzylidene-~-~-gl~1~0py- 
ranoside had m.p. 162-163 "C and [a], -55.2" (c, 2.1 in 
chloroforn~). Nuclear magnetic resonance (CDC13): 
H-3 at 5.22 p.p.nl. (triplet), H-1 at 4.34 p.p.m. 

Anal. Calcd. for C16HZ007: C ,  59.25; H, 6.22. Found: 
C, 59.11;H,6.15. 

Metllyl 2,3,6-Tri-O-ncetyl-4-O-sfenroy/-~-~-g/~rcop}~r~a110- 
side (15) 

Compound (15), obtained by acetylation of 14, was 
crystallized from acetone and had m.p. 60-62 "C and 
[a], - 14.7" (c, 1.1 in chloroforn~). 

Anal. Calcd. for C31H54010: C, 63.45; H, 9.28. Found: 
C, 63.45; H, 9.17. 

Pnrtinl Acetylrt ion of Methyl 4,6-0-Benzyliiletle-@-D- 
gl~rcopyrar~oside 

Fractions obtained during partial acetylation experi- 
ments wetc analyzed by thin-layer chromatography (t.1.c.) 
on silica gel in ether; the products had the following Rr 
values: 2,3-diacetate, 0.7; 2-acetate, 0.53; 3-acctatc, 0.34; 
starting material, 0.16. 

A mixture of methyl 4,6-0-benzylidene-0-D-glucopy- 
ranoside (25 g), pyridine (100 ml), and acetic anhydride 
(9.1 g) was kept at 25 "C for 6 days when the reagents 
were removed at 20 "C and 0.2 mm. The gummy product 
was heated with hexane (25 rill) and chlorofor~n (25 n ~ l )  
and filtered from starting material (7.6 g); on standing 
1.3 g of ?-acetate crystall~zed from the filtrate. The re- 
maining solution was then applied to a silicic acid colun~n 
(200 g) and eluted with hexane-chloi.oform (1 :I); 2,3- 
diacetate (0.95 g) was eluted first, followed by a mixture 
of diacetate and '-acetate (2.7 g), then pure 2-acetate 
(0.54 g), then fractions with increasing proportions of 
3-acetate (4.9 g). Elution with chlorofornl gave fairly 
pure 3-acetate (1.5 g) and finally unacetylated material 
(1.6 g). The 2-acetate was much less soluble in hexane- 
chloroform (1 :I) than the 3-acetate or the diacetate, but 
was much more soluble in ethanol than these two conl- 
pounds. By crystallization of the above fractions from 
the appropriate solvents, all three products were al- 
most completely scparatcd. The yields and percentage 
yields, based on unrecovered starting material, were as 
follows: 2,3-diacetate, 2.8 g, 15%; 2-acetate, 5.4 g, 34%; 
3-acetate, 3.5 g, 22%. 

Methyl 2,3-di-0-acetyl-4,6-0-benzylidene-p-D-gluco- 
pyranoside had m.p. 177-178 "C and [a], -87.7" (c, 
1.6 in cl~loroform). Nuclear magnetic resonance (CDCI3): 
H-2 at 4.98 p.p.m. (quartet), H-3 at 5.31 p.p.nl. (triplet), 
H-1 at 4.51 p.p.111. 

M e t l ~ l  3-0-Acetyl-a-D-glucopyranoside (16) 
Methyl 3-0-acetyl-4,6-0-benzylidene-b-D-glucopyran- 

oside (2.53 g) was refluxed for 10 min with 50% acetic 
acid (100 ml), the solvent taken off at 80 "C/0.2 mm, and 
the residue crystallized from acetone giving 16 (1.43 g). 
The m.p. was 137-139 "C and [a], -9.8" (c, 3.8 in 

CHEMISTRY. VOL. 46, 1968 

acetone). Nuclear magnetic resonance (acetone-d6): H-3 
at 4.92 p.p.m., irradiation at 3.30 p.p.m. (H-2) reduced 
the spacing and intensity of both H-3 and H-1 (4.26 
p.p.m.) and irradiation of H-1 changed H-2 to a doublet. 

Anal. Calcd. for C9Hl6O7: C. 45.76; H, 6.83. Found: 
C, 45,78; H, 6.80. 

fifetl~yl 3,6-Di-0-acefyl-0-D-g/ucopymoside (18) 
Compound 16 (2 g) was converted to inethyl 3-0- 

acetyl-2,4,6-tri-O-trimetl1ylsily~-~-~-glucopyranoside (17) 
as before. The crude product was distilled giving pure 17 
(2.4 g), with b.p. 108-111 "C/0.1 mm and [a], -1.0" (c, 
1.0 in chloroform). 

Anal. Calcd. for C18H,,07Si3: C, 47.75; H, 8.91. 
Found: C, 47.76; H, 8.80. 

Con~pound (17) (1.94 g), in mcthanol (5 ml), was 
treated with a solution of potassi~~m carbonate (0.012 g) 
in methanol (60 ml) and the mixture kept at 0 'C for 1 h. 
After removal of the solvent the residue was extracted 
with hexane giving a gun1 (0.28 g), which was acetylated 
and then refluxed with methanol (20 ml) and water (7 ml) 
for 4 h. The solvents were removed leaving a viscous 
syrup (0.24 g), which combined with material from pre- 
vious preparations (total 0.31 g), was chromatographed 
on silicic acid and eluted with chloroforn~ containing 5% 
methanol. After elution of by-products, apparently 
containing more than one acetate group, 18 (0.12 g) was 
obtained. It was crystallized from methylene chloride 
and had n1.p. 45-47 "C, but appeared to retain traces of 
solvent very tenaciously; [a],  -17.2" (c, 1.8 in chloro- 
form). 

Anal. Calcd. for CIlHl8O8: C, 47.48; H, 6.52. Found: 
C, 46.85; H, 6.35. 

Nuclear inagnetic resonance (acetone-cf): H-3 at 4.94 
p.p.nl., irradiation of H-2 (3.32 p.p.m.) reduced the in- 
tensity and spacing of both H-1 and H-3; in CDC1,: 
H-3 at 4.92 p.p.111.; in pyridine: H-3 at 5.64 p.p.nl. 

Previously described methods were used to prepare 
methyl 3,4,6-tri-0-acetyl-P-~~glucopyranoside (6) (7), 
1,2,3,6-tetra-0-acetyl-a-D-glucopyranose (15) and 1,2,4, 
6-tetra-0-acetyl-8-D-glucopyranosc (16). 
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Isolation and characterization of 4-chloro-3,4';3',4"-tercoumarin 

ALLAN R. KNIGHT AND JOHN S. MCINTYRE 
Exploratory Researc11 Laboratory, Dow Clremiccrl uf Catrada, Lit71ited,' Sortricr, Otztario 

Received February 19, 1968 

The products from the reaction of  4-hydroxycoumarin with phosphorous oxychloride are the re- 
ported 4-cl~lorocoumarin and an additional compound of high molecular weight. This latter compound 
was characterized by substitution, degradation, and deuteration reactions as 4-chloro-3,4';3',4"-ter- 
coumarin, a trimer corresponding to condensations between three coumarin molecules. 

Canadian Journal of  Chemistry, 46, 2495 (1968) 

Introduction 
The preparation of 4-chlorocoumarin deriva- 

tives from their 4-hydroxycoumarin analogues 
through neat reaction with phosphorous oxy- 
chloridc with moderate yields has been reported 
by several authors (1-5). Following the method 
of Spalding et al. (1) we have obtained 4-chloro- 
coumarin in 49 % yield along with a large amouilt 
of a highly insoluble, high-melting orange by- 
product. Ziegler and Maier (5) reported a similar 
by-product resulting from the reaction of 6,8- 
dimethyl-4-hydroxycoumarin with phosphorous 
oxychloride. On the basis of analytical data he 
assigned the structure to the trimer resulting 
from a double intermolecular condensation at 
the 3- and 4-positions. 

This report describes substitution, degrada- 
tion, and deuteration reactions of the by-product 
from the chlorination of 4-hydroxycoumarin. 
These reactions show the by-product to be 4- 
chloro-3,4';3',4"-tercoumarin (la), the unsub- 
stituted analogue of the compound described by 
Ziegler and Maier (5). Also a number of 4- 
substituted coumarins and 3-(4-coumarinyl) cou- 
marins have been prepared to confirm the pro- 
posed structures, shown in Scheme 1. 

Results and Discussion 
The orange by-product (la) obtained in the 

preparation of 4-chlorocoumarin (3) from 4- 
hydroxycoumarin and phosphorous oxychloride 
was analyzed for a molecular formula C2,H1 ,- 
CIO,. Mass spectroscopy showed a molecular 
weight of 468 which was consistent with the 
elemental analysis. These results suggest that the 
compound is composed of three coumarin 
molecules and one atom of chlorine. 

The infrared (i.r.) spectra of la,  4-chlorocou- 

'Contribution No. 161. 

marin (3), and 4-chloro-3-(4-coumarinyl)cou- 
marin (7) are quite similar in the carbonyl 
regions (Table I), suggesting that there is a 
correspondence between the structure of (la) 
and those of the characterized monomer (3) and 
dimer (7). The mass spectral fragmentation pat- 
terns also show definite similarities. 

Furthermore the i.r. spectra of the 4-piperidyl 
derivatives of 3 and 7 are also similar to  that of 
the piperidyl derivative of l a  (Table 1). The 
nuclear magnetic resonance (n.m.r.) spectral 
data (Table 11) show that in the derivativcs of 
the dimer and la ,  the 3-proton occurs in the 
aromatic region, whereas in the monomer the 
3-proton is at 347 c.p.s.; integration confirms 
the assigned structures. The mass spectral 
fragmentation pattern is also consistent with the 
proposed structure lb. 
Attempted chlorination of l a  in acetic acid 

yields 4-chloro-3-(4-coumariny1)coumarin (7) 
and some oily residues which were not charac- 
terized. Thus at least two of the coumarin 
molecules are intact and joined by a 3,4-carbon- 
to-carbon linkage. 

Reaction of l a  with aniline did not yield 4- 
anilino-3,4';3',4"-tercoumarin contrary to the 
piperidine reaction. Temperatures were = 150 "C 
and 65 "C respectively. Instead 4-anilinocou- 
marin (4) and 4-anilino-3-(4-coumariny1)cou- 
marin (8) were obtained. The n.m.r. spectra of 
these two compounds in hexamethylphosphor- 
amide show the protons in 3-positions to have 
a shift difference of 31 c.p.s. (Fig. 1). Integration 
of these peaks presents a very facile method of 
determining their respective molar concentra- 
tions, which were found to be approximately 
50:50 for the above reaction. 

It was also shown that reaction of 4-chloro-3- 
(4-coumariny1)coumarin with aniline under rigor- 
ous conditions (i.e. 160 "C for 24 h) yields only 
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Phenol 

l a :  R =  C1 

4 and 8 
16: R = Piperidyl 

4-anilino-3-(4-coumariny1)coumarin; no 4-ani- 
linocoumarin could be detected by n.m.r. Thus 
4-anilinocoumarin must result directly from the 
fragmentation of the by-product, and these 
results suggest that the chlorine atom is original- 
ly in the 4-position of a coumarin molecule. 
This is also conclusive evidence that l a  is 
composed of three intact coumarin molecules 
and further supports the conclusion that two 
coumarins are bonded by a 3,4-carbon-to- 
carbon linkage. 

This cleavage of the by-product on reaction 
with chlorine and aniline is in agreement with the 
fragmentation pattern. The mass spectrum of the 
by-product shows an mle of 289 corresponding 
to cleavage of a 4-chlorocoumarin fragment. 

This type of fragmentation does not occur in 
4-chloro-3-(4-coumariny1)coumarin. 

4-Cl~lorocoumarin-3-4 was prepared with 
95 % deuteration (6). Attempted chlorination of 
the by-product la-dl from this preparation 
yielded 4-chloro-3-(4-coumarinyl-3-d,)coumarin. 
The product experienced no m.p. depression with 
4-chloro-3-(4-coumarinyl)coumarin, but the 
n.m.r. spectrum showed the absence of the peak 
at 418 c.p.s., indicating deuteration at the 3- 
position. Reaction of the deuterated dimer with 
aniline yields the deuterated 4-anilino-3-(4- 
coumarinyl-3-d,)coumarin which was verified 
by the absence of the 3-proton at 360 c.p.s. 
This indicates that the deuterium of the dimer 
does not exchange with aniline, as does the 
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KNIGHT AND McINTYRE: ISOLATION AND CHARACTERIZATION 

TABLE I 

Infrared spectral data 

Compound Characteristic absorptions* (cni-l) 

*The spectra were recorded on a Perkin-Elmer 221 spectrometer with Nujol-fluorolube mulls (sh, shoulder; w, weak). 

TABLE I1 
Nuclear magnetic resonance data 

-- 
-- 

Compound Solvent Peak position, splitting pattern, and area* 

4-Piperidylcournarin CDC13 (102-1 18)b6 (1 88-204)b4 347~1 439-74m4 
4-Piperidyl-3-(4-coumarinyl)coumarin CDCI, (92-108)b6 (21&233)b4 439-95ni9 (sharp at 464) 
4-Piperidyl-3,4';3',4"-tercoumarin CDCI, (1 12-130)b6 (230-245)b2 425-95m13 

(249-265)b2 
4-Chlorocoumarin CDCl 392~1 430-77m4 
4-Anilinocouniarin HMPA? 329~1 428-79ni8 (sharp at 446) 

521dl, 615bl 
4-Acetoxy-3-(4-couniarinyl)coumarin CDC13 1 3 4 ~ 3  386sl 430-75m8 
4-Anilino-3-(4-coumarinyl)coumarin HMPA? 360sl 408~5, 418-483ni7 

528d1, 628bl 
4-Chloro-3-(4-couniarinyl)coumarin HMPAt 418sl 439-93ni8 

*Shifts are in c.p.s. do~vnlield from internal tetramethylsilane; b, broad, d, doublet; m, multiplet; s, singlet. Relative areas are shown after 
the peak designations. Spectra were recorded at  room temperature on a Varian A-60 spectrometer. 

tHexamethylphosphoramide. 

deuterium in 4-chlorocoumarin-3-dl on reaction 
with aniline (6). 

Reaction of the deuterated by-product (la) 
with aniline yielded a mixture of 4-anilinocou- 
marin and 4-anilino-3-(4-coumarinyl-3-4) con- 
marin. Deuteration in the dimer was shown by 
the absence of the singlet at 360 c.p.s. while the 
singlet of the monomer remained at 329 c.p.s. 
A comparison of the integral of this singlet with 
that of the anilino aromatic protons of the 
dimer indicated a 53:47 mole ratio of monomer 
to dimer respectively. This firmly establishes 
that the deuterium is located on the 3-position of 
coumarin and that the original by-product (la) 
must have a 3-proton. 

The evidence presented above indicates that 
the by-product l a  has : (a) 3 coumarin molecules, 
(b) 2 coumarin molecules joined in the 3,4- 

position, (c) a hydrogen atom in a 3-position, (d) 
chlorine in a 4-position. We conclude from 
these experimental results that compound l a  is 
4-chloro-3,4';3',4"-tercoumarin. 

Experimental 
Melting points were determined with a Mel-Temp 

block and are uncorrected. The nuclear magnetic reso- 
nance (n.m.r.) spectra were recorded on a Varian A-60 
spectrometer; shifts are reported in c.p.s. downfield 
from internal tetramethylsilane. The mass spectral data 
were obtained by Nier peak matching method (CEC 
21-llOB spectrometer). The microanalysis was performed 
by A. B. Gygli, Toronto. 

Reaction of 4-Hydroxycoumarirl with Phosphorolrs 
Oxychloride 

The method of Spalding et al. (1) was followed. 
4-Hydroxycoumarin (50 g) and 75 ml of POCI, were 
refluxed for 1 h, cooled, and slowly diluted with water. 
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FIG. 1. Nuclear magnetic resonance spectra of (a) 4-anilinocoumarin and (b) 4-anilino-3-(4-coumarinyl)coumarin. 
The spectra were recorded in hexan~ethylphosphoramide; shifts are in c.p.s, downfield from internal tetramethyl- 
silane. 

The mixture was extracted with chloroform and filtered. 
The chloroform layer yielded 26.3 g, 49% of 4-chloro- 
coumarin (3), m.p. 93-94 "C, from 11-heptane, lit. 89- 
91 OC (1). 

The precipitate from the above filtration was washed 
with methanol and dried to yield 20.1 g. After crystalliza- 
tion, once from a large volume of acetic acid and once 
from nitrobenzene, the melting point was 324-327 "C. 
This product has been identified as 4-chloro-3,4'; 3',4"- 
tercoumarin. 

Anal. Calcd. for CZ,H13CI06 (mol. wt., 468.5): C, 
69.16; H, 2.78; CI, 7.58. Found (mass spectrum, parent 
ions: 468, 470): C, 69.37; H, 2.76; C1,7.54. 

4-Cl1Iorocorrtt1aritz-3-ri, 
The preparation of this conipound has been described 

previously (6). 

3-(4-Coumari11yl)-4-hydroxycoi11narit1 (6) and4-Acetoxy- 
3-(4-cournari~yl) cournarit~ 

These con~pounds were prepared by the method of 
Junek and Ziegler (7); their melting points are 298-300 "C 
and 220-222 "C respectively. 

4-Cl1loro-3-(4-co~r1t1arit~l)co~rtt1ari11 (7) 
A mixture of 8.0 g of 3-(4-coun1arinyl)-4-hydroxy- 

coumarin, 20 ml of POCI, and 1 drop of pyridine was 
refluxed for 1 h, diluted with methanol and water, and 
extracted with chloroform. Concentration of the chloro- 
form layer, followed by boiling with benzene and a hot 
filtration, yielded 6.6 g, of 4-chloro-3-(4-coumariny1)- 
coumarin, n1.p. 274-276 "C. 

Anal. Calcd. for C18H9C104: C, 66.56; H, 2.77; CI, 
10.94. Found: C, 66.41 ; H, 2.80; CI, 10.52. 

4-Piperidylco~rt~~nrit~ (5) 
A mixture of 2.0 g of 4-chlorocoun~arin, 10 ml of 

piperidine and 16 ml of methanol was boiled for 10 min 

and then added to 50 g of ice. Filtration and crystalliza- 
tion of the precipitate from methanol yielded 1.4 g of 
4-piperidylcoumarin, n1.p. 104-107.5 "C, lit. 105.5-106 
"C (3). 

Anal. Calcd. for C14H15N02: C, 73.36; H, 6.55; N, 
6.11.Found:C,73.19;H,6.59;N, 6.27. 

4-Piperidylco1rtt1arin-3-~ 
The preparation of this conlpound has been described 

previously (6). 

3-(4-Co111nnri11yl)-4-piperid~~lco111t1a,.i,1 (9)  
This compound was prepared as 4-piperidylcoumarin, 

n1.p. 259-261.5 "C. 
Anal. Calcd. for CZ3HI9NO4: C ,  74.00; H, 5.09; N, 

3 75. Found: C, 74.08; H, 5.08;N, 3.86. 

4-piper idyl-3,4' ;3',4"-tercoumarin (lb) 
This compound was prepared as 4-piperidylcoumarin, 

n1.p. 261-263 "C. 
knal. Calcd. for C32Hr,N06: C, 74.27; H, 4.45; N, 

2.71. Found: C,74.21; H,4.19; N,2.83. 

4-A)~i/i11ocortma,imi (4 )  
4-Chlorocoumal.in (8.5 g) and 15 ml of aniline were 

heated for 111 at 150 "C. Cooling and dilution with 
methanol yielded 9.8 g of 4-anilinocoumarin, m.p. 267- 
269 "C from nitrobenzene, (lit. 268-269 "C (3)). 

Anal. Calcd. for Cl,H11N02: C, 75.95; H, 4.64; N, 
5.91. Found: C, 75.77; H,4.65; N, 5.63. 

4-Anili110-3-(4-cou111arit1yl)cor1rnnrit1 (8)  
1.0 g of 4-chloro-3-(4-coumariny 1)coumarin and 5 ml 

of aniline were heated at 160 "C for 2 h. Cooling and 
dilution with methanol yielded 0.96 g of 4-anilino-3-(4- 
coumarinyl)coun~arin, m.p. 287-291 "C, from nitro- 
benzene. 

Anal. Calcd. for CZ4Hl5NO4: C ,  75.59; H, 3.94; N, 
3.67.Found: C,75.95; H,4.06;N, 3.89. 
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An n.m.r. investigation of both this sample and the n.m.r. spectrum in hexamethylpl~osphoramide showed 
residues showed no peak corresponding to 4-anilino- the absence of the peak at 360 c.p.s. indicating deutera- 
cournarin. tion. 

Reaction of4-Cl1loro-3,4';3',4"-tercoun1arin ~vitlz Aniline 
4-Chloro-3,4';3',4"-tercoumarin (3.0 g) and 10 ml of 

aniline were heated at 160 "C for 1+ h. The reaction 
mixture was cooled, diluted with methanol, boiled for a 
few minutes, and then evaporated on a steam bath. The 
residue was washed with methanol and filtered to  yield 
2.67 g (70%) of a mixture consisting of 46 % 4-anilino-3- 
(4-cournarinyl)coumarin and 54 % 4-anilinocoumarin. 
The percentage composition was determined from the 
n.rn.r. spectrum obtained in hexamethylphosphoramide. 

Chlorinotior~ of 4-Cl1loro-3,4';3',4"-tercoumnrir2 
Chlorine was passed through a mixture of 1.5 g of 

4-chloro-3,4';3',4"-tercoumarin in 10 ml acetic acid until 
the orange color of the starting material disappeared. 
Evaporation of the solution, followed by a methanol 
wash yielded 0.9 g of 4-chloro-3-(4-coumarinyl)coumarin. 
The n.rn.r. and i.r. spectra were identical to  those of the 
above preparation. Evaporation of the methanol yielded 
only a tarry unidentified material. 

Clrlorir~atior~ of 4-Cl1loro-3,4';3',4"-tercow~1arin 
Prepared fro111 4-Hyrlroxyco~rrnarin-3,4-d2 

Following the above chlorination procedure, the com- 
pound obtained had a m.p. 272-275 "C, mixture m.p. 
with 4-chloro-3-(4-coumarinyl)coumarin 272-275 "C. The 
i.r. spectrum differs from that of 4-chloro-3-(4-cou- 
mariny1)coumarin in the region below 1400 cm-'. The 
n.m.r. spectrum in hexarnethylphosphoramide showed 
the absence of the peak at 418 c.p.s., indicating deutera- 
tion in the 3-position of a coumarin molecule. 

4-Ar1ilir1o-3-(4-co1rrnarir1yl-3-d~)coumarir~ 
4-Anilino-3-(4-coumarinyl-3-d,)coumarin was prepared 

from 4-chloro-3-(4-coumarinyl-3-d,)coumarin as de- 
scribed for the nondeuterated compound. The mixture 
melting point showed no depression, but the i.r. spectrum 
showed differences in the region below 1400 cm-'. The 

Reoctior~ of Arlilir~e 1vitl14-Cl1loro-3,4';3',4"-terrorrn1arin-- 
dl Obtair~edfrorn 4-Hydroxycoltr11arir2-3,4-rl, 

Reaction conditions were identical with those for the 
nondeuterated 4-chloro-3,4';3',4"-tercoumarin. A mix- 
ture of 4-anilinocoumarin and 4-anilino-3-(4-coumarinyl- 
3-d,)coumarin containing 53 and 47 mole % respectively 
was obtained. The absence of a peak at 360 c.p.s. indi- 
cates deuteration of the latter compound. Relative con- 
centrations were determined from the areas of the 
aromatic peak for 4-anilino-3-(4-coumarinyl-3-d,)cou- 
marin occurring at  408 c.p.s. and that at  329 c.p.s. 
corresponding t o  the 3-proton of 4-anilinocournarin. 
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Mass spectra and proton magnetic resonance spectra of some 
tetrahydroprotoberberine alkaloids 

C.-Y. CHEN AND D. B. MACLEAN 
Departnient of Chenristry, McMaster University, Hamiltoil, Ontario 

Received February 23, 1968 

The mass spectra and the proton magnetic resonance spectra of tetrahydroprotoberberine alkaloids, 
oxygenated at the 9- and 10-positions, show marked differences from the spectra of those oxygenated at 
the 10- and 11-positions. These differences may be useful in structural studies on new members of this 
group of alkaloids. 

Canadian Journal o r  Chemistry, 46, 2501 (1968) 

The tetrahydroprotoberberines are a group of 
alkaloids biogenetically related to benzyliso- 
quinolines and occur in a wide variety of 
botanical families. The basic skeleton (1) can be 
identified (1) by its characteristic ultraviolet 
(u.v.) spectrum ; however, no information regard- 
ing the oxygenation pattern of the alkaloids in 
question can be secured by this method. Recently, 
in the course of structural studies (2) on two 
tetrahydroprotoberberine alkaloids, substituted 

at 1-, 2-, lo-, and 11-positions, namely, case- 
amine and caseadine, we examined the mass 
spectra and the proton magnetic resonance 
@.m.r.) spectra of ten tetrahydroprotoberberine 
alkaloids. Our results show that there is a 
systematic way to characterize this group of 
alkaloids which should be useful to others 
engaged in structural studies on the tetrahydro- 
protoberberines. 

Mass Spectra of Tetrahydroprotoberberine 
Alkaloids 

The main fragment ions observed in the mass 
spectra of tetrahydroprotoberberines are given in 
Fig. 1. The formation of ions b, c, and d has 
been discussed by Ohashi et al. (3). Ion c is 
derived by a retro Diels-Alder opening of ring C 
and ion d by loss of R, or R, from ion c. Loss of 
a single hydrogen from the neutral nitrogen- 
containing fragment formed in retro Diels-Alder 

fragmentation results in ion b. Ions of type n 
were of negligible intensity in the spectra of the 
alkaloids examined by Ohashi et al., but have 
been detected in the mass spectra of other 
alkaloids in this family (4, 5). The formation of 
ions of type a requires the transfer of a hydrogen 
from either of rings C or D to ring B. The 
origin of the hydrogen in this transfer process 
has not been investigated. 

R 2 0  

3 (d) 

R 4 0  
OR3 

FIG. 1. Main fragment ions of tetrahydroprotoberber- 
ine alkaloids. 

The mass spectra of the ten tetrahydroproto- 
berberine alkaloids which we have examined are 
found in Figs. 2 and 3 and the pertinent data 
derived from them are summarized in Table I. 
With the exclusion of stylopine, the alkaloids 
may be divided into three groups; (i) those with a 
hydroxyl group in ring D, dl-scoulerine, capaur- 
imine, and caseamine, (ii) those with 9,lO- 
dimethoxy substitution, dl-canadine, dl-tetra- 
hydropalmatine, capaurine, and, (iii) those with 
10,ll-dimethoxy substitution, caseadine, case- 
adine-0-methyl ether and norcoralydine. 
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323 ( M*) 

174 lb) 

r 

FIG. 2. The mass spectra of protoberberine alkaloids. 

I1 

164 (c )  

The alkaloids of group (i) are characterized by 
the presence of a base peak corresponding to ion 
a in their mass spectra. Moreover, the 9-hy- 
droxy-10-methoxy compounds may be differenti- 
ated from 9-methoxy-10-hydroxy compounds. 
Those with the former substitution pattern pre- 
ferentially expel a methyl group from ion c yield- 
ing an ion at mle 135 whereas the latter, 

-I- CH30 
149(d) 

Q> 
LT 

0CH3 
0CH3 

I I I  I I 

exemplified by tetrahydrothalifendine (4), ap- 
parently lose a hydrogen atom giving rise to an 
ion at m/e 149. It seems unlikely, however, that 
one could differentiate between a 10-hydroxy-1 l- 
methoxy compound and a lO-methoxy-11- 
hydroxy compound because ion c from the two 
systems is equivalent. 

In the tetrahydroprotoberberines of group (ii) 

I I 
I I I \ 

178(0) 0 
cx% 

dl- TETRAHYDROPALMATINE 
355 IM*) 

190 (b) 

208(0) I \ CAPAURlMlNE 

dl- SCOULERINE 
327 (M*) 

I 

OH 150(c) 
0CH3 

135(d) 

I 

II I I  I 

3 5 7 ( ~ + )  

1 b I , ,  i d  Ic1 1, 

I I I ,  
I I \ \  dl-CANADINE 

164(c) - '":;;; 

I ~ O  I& I ~ O  160 I ~ O  o 220 
I t I I 

280 3b0 320 340 360 380 

m/e 

I 

1 1  11 

149(d) 

1 1  I 4 I I_ 
339 (M') 

174 (b) 

I I 

C - - 
cn 
c 
Q> 

11 

C 
c - - I/ 
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164 (c)  
149(d) 

CAPAURINE 

3 7 1 ( M * )  

0 C H 3  

0 C H 3  206(bl 

r i l l 1  8 1 1 ,  I I I  

CASEADINE 

NORCORALYDINE 

100 120 140 160 180 200 220 280 300 320 340 360 380 

m/e  - 

Q) 164ic) , - a) cH30"B CASEADINE 0 - M E  ETHER 

FIG. 3. The mass spectra of protoberberine alkaloids. 

cr 
OCHQ 

0 C H 3  
149(d) 

I 
I 

t 

the molecular ion and ion d are more intense 
relative to the base peak of the spectrum than 
they are in group (iii). Thus, molecular ion peaks 
are of the order of 60 % of the base peak in group 
(ii) vs. 30 % for group (iii), while the ions of type 
d are in excess of 70 % in the former vs. 10 % in 
the latter. The differences in intensities of these 
two ions relative to the base peak allow the two 
groups to be differentiated from one another by 

355(Mi) 

190(b) 
, \ ,  I f 

mass spectrometry. The differences in intensities 
of ion d between the two groups may be rational- 
ized in the following manner. Loss of a methyl 
radical from 2 would yield 3, whereas loss of a 
methyl radical from 4 would result in 5 or 6. In  5 
and 6, the charge is concentrated on oxygen 
where it is more easily tolerated. Ion 5 may be 
more favorable than 6 since in scoulerine, 
capaurimine, and tetrahydrothalifendine (4) the 
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TABLE I 
Fragment ions and their intensities in the mass spectra of ten tetrahydroprotoberberine alkaloids 

-- -- 
Ion intensities 

Alkaloid Substitution pattern Mf (a) (6)  (c) (4 

&-Stylopine 2,3 and 9,10 = -O\ 323(28) - 174(12) 148(100) - 
-o/ 

d-Scoulerine 2,9 = OH, 3,10 = OCH3 327(70) 178(100) 176(28) 150(58) 135(26) 

dl-Canadine 2'3 = -0>,10 = 0CH3 339(68) 176(6) 174(26) 164(100) 149(72) 
-0 

dl-Tetrahydropalmatine 2,3,9,10 = OCH, 3.55(69) 192(10) 190(30) 164(100) 149(76) 
Capaurimine 1,9 = OH, 2,3,10 = 0CH3 357(54) 208(100) 206(33) 150(28) 149(22) 

13.5(44) 
Capaurine 1 = OH, 2,3,9,10 = OCH3 371(78) 208(18) 206(46) 164(100) 149(92) 
Caseamine 1 + 2 = 10 + 11 = OH + OCH3 327(37) 178(100) 176(15) 150(69) 135(16) 
Caseadine 1 = OH, 2,10,11 = OCH3 341(30) 178(2) 176(10) 164(100) 149(8) 
Caseadine 0-Me ether" 1,2,10,11 = OCH3 355(30) - 190(6) 164(100) 149(9) 
Norcoralydine 2,3,10,11 = OCH, 355(28) - 190(12) 164(100) 149(8) 

*The complete spectrum of this alkaloid is also given in ref. 2. 

methyl group or the hydrogen, as the case may 
be, attached to C-10 is preferentially lost. 

Proton Magnetic Reso~tance Spectra of Tetra- 
hydropro toberberine Allcaloids 

During the course of this study we recorded 
the p.m.r. spectra of the alkaloids listed in 
Table I except for d-scoulerine and caseamine. 
We found that the oxygenation pattern of ring D 
may be deduced from an examination of the 
protons at C-8. These protons are separated 
from the rest of the alicyclic protons by the nitro- 
gen atom and give a simple pattern. In the case of 
9,lO-substitution an AB quartet, or half the AB 
quartet when the high field half is obscured by 
the methoxyl signals, was invariably observed 

(T, ~ 5 . 6 5 ;  T, ~ 6 . 3 5 ;  JAB=16Hz). A similar 
pattern has been reported in the p.m.r. spectrum 
of tetrahydrojatrorrhizine (5). In alkaloids with 
10,ll-substitution the C-8 protons appear to be a 
broad singlet (T ~ 5 . 9 5 )  partially underlying the 
0-methyl signals. Typical spectra of the two 
classes of compounds are found in Fig. 4 where 
the spectra of dl-stylopine, dl-canadine, and 
norcoralydine are given. The spectrum of case- 
adine has been reported previously (2). 

The tetrahydroprotoberberine alkaloids may 
be expected (2) to have the conformation shown 
in 7 or its mirror image, regardless of the substi- 

tution pattern of rings A and D. Since a broad 
singlet is observed for the protons at  C-8 in the 
spectrum of those alkaloids which are unsub- 
stituted at C-9, the axial and the equatorial 
protons at C-8 seemingly have the same chemicaI 
shift. The introduction of an oxygen substituent 
at C-9, however, apparently causes a downfield 
shift of the equatorial proton and an upfield 
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"";b:> 
d l -  STYLOPINE 

NORCORALYDINE 

2 .O 3 .O 4 .O 5.0 6 .O 7 .O 8.0 9.0 10.0 

FIG. 4. The p.n~.r. spectra of (a) dl-stylopine, (b) cll-canadine, and (c) norcoralydine. 
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shift of the axial proton at C-8 and an AB 
quartet is observed. Thus, the p.m.r. spectrum of 
a tetrahydroprotoberberine provides another 
criterion for the establishment of the substitution 
pattern in ring D. The p.m.r. spectra should 
prove particularly valuable in the study of 
alkaloids with a methylenedioxy function in ring 
D where an assignment based on mass spectrom- 
etry alone does not appear to be possible. 

Experimental 
Mass spectra were recorded on a Hitachi Perkin-Elmer 

RMU-6A instrument operating at an ionizing potential of 
80 eV and an ionizing current of approxin~ately 50 PA. 
Samples were introduced either through an all-glass inlet 
system maintained at 200 "C or through a vacuum-lock 
system. Both methods of introduction gave the same re- 
sults. Spectra are plotted in terms of relative abundance, 
with the most intense peak (base peak) being taken as 
100 %. Only peaks equal to or greater than 2 % of the base 
peak are recorded. 

The p.1n.r. spectra were recorded on a Varian A-60 
spectrometer operating at 60 MHz. Deuteriochloroform 

CIIEMISTRY. VOI.. 46, 1968 

was the solvent used in this study; the concentration of 
the alkaloid solutions was ca. 25 mg/ml. 
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Cleavage of carbon-silicon bonds by lithium aluminium hydride in tetrahydrofuran 
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It was shown that many silicon-carbon bonds were readily broken by lithium aluminium hydride in 
refluxing tetrahydrofuran. The rate of cleavage was dependent upon the nature of the leaving group and of 
the other groups present on the silicon. Carbon-tin bonds were cleaved more readily than carbon-silicon 
bonds while carbon-germanium bonds were not cleaved. 

Canadian Journal of Chemistry, 46, 2507 (1968) 

In 1957 Kaesz and Stone (1) observed some triphenylsilane, (4), by sodium hydride in cyclo- 
carbon-silicon bond cleavage during the reduc- hexane at 200 "C and 100-200 atm of hydrogen. 
tion of di- and trichloromethyltrichlorosilane. We wish to report the facile cleavage of silicon- 

LiAlH, carbon bonds by lithium aluminium hydride in 
Cl2CHSiCI3 - Cl2CHSiH3 + SiH, refluxing THF. 

More recently Gilman and Atwell observed the 
cleavage of carbon-silicon bonds in 1, l,2-tri- 
phenyl-1-silacyclobutane (2), (I), and in 2:3- 
benzo-1,l-diphenyl-1-silacyclobut-2-ene (3), (2), 
by lithium aluminium hydride in ether. 

Gilman and Atwell also noted (2) that when the 
cleavage of 1 was done with lithium aluminium 
hydride in refluxing THF, the yield of 3 was 
reduced to 41 %, due to unspecified secondary 
cleavage reactions. However, since no cleavage of 
l,l,2-triphenyl-1-silacyclopentane was observed 
with lithium aluminium hydride in refluxing 
THF, they concluded that the cleavage of 1 was 
associated with the strain of a four-member ring 
(2). 

Riihlmann and Heine (4) have reported the 
cleavage of carbon-silicon bonds in benzyl- 

Results and Discussion 

During a routine reduction of (-)-methyl-1- 
naphthylphenyl-(-)-menthoxysilane, (5), with 
lithium aluminium hydride, refluxing THF was 
substituted for the mixture of ethyl ether and 
n-butyl ether usually employed (5). The product 
obtained was not (+)-methyl-1-naphthylphenyl- 
silane (6), but a virtually quantitative yield of 
naphthalene. 

When racemic silane, (f )-6, was refluxed for 
18 h with lithium aluminium hydride in THF in a 
system connected via the water condenser to a 
-80 "C trap, methylsilane was isolated in the 
trap. The volatile material in the pot was shown 
to contain in addition to THF, only phenyl- 
methylsilane. When the nonvolatile pot residue 

(a) LiAIH4, Et20 

E i P h 2  (b) ~ ~ 0 '  
k Ph(CH2)3SiHPh2 

Ph 
92% 3 

1 

1 (a) LiAlH4, THF, A ~3 + rnCH3 
(b) H~O' \ 

\ \ 

Si 
SiPhzH 

Ph2 26 % 
12% 
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(a) NaH, 200 "C, Hz Ph,Si + Ph3SiH + Ph2SiHZ 
Ph3SiCH2Ph > 

100-200 atrn + C6H5CH3 + CGHG + resins 
(b) H30' 

4 

(a) LiAIH4 
(-1 (l-Clo~7)~~~~h~i-(-)-menthoxy 

I THF. 69 "C 

was treated with ethyl acetate followed by water, during the cleavage of (&I-methyl-1-naphthyl- 
naphthalene (98 %), and benzene (57 %) were phenylmethoxysilane, when deuterium oxide was 
obtained. used during the workup. The mass spectrum of 

The failure to isolate benzene and naphthalene the naphthalene obtained indicated that it was 
among the initially volatile material at the end of primarily CIoH,D. 
the reaction, indicates that they were present as The above results are summarized below. 
organometallic derivatives. This was confirmed 

Similarly when benzyltriphenylsilane, 4, was 
treated with lithium aluminium hydride in re- 
fluxing THF, the benzyl group was readily 
cleaved to give triphenylsilane. 

(a) LiAlH,, THF, A 
Ph3SiCH2Ph t Ph3SiH 

4 
(6) &of 

However, benzyltrimethylsilane was 95% re- 
covered after refluxing for 18 h with lithium 
aluminium hydride in THF, and only a trace of 
trimethylsilane was isolated in the cold trap. No 
cleavage of naphthyltrimethylsilane was detected 
under similar conditions. 

The benzyl group was rapidly cleaved from 
benzyltriphenyltin by lithium aluminium hydride 

- 

in THF, at room temperature. Work-up gave 
tetraphenyltin, and an infusable mixture of tin 
oxides. Hexaphenylditin has been reported to give 
similar results when treated with lithium alumin- 
ium hydride under more vigorous conditions (6). 

Benzyltriphenylgermane was not cleaved by 
lithium aluminium hydride in refluxing THF. 

The facile cleavage of the triphenyl derivatives 
compared to the trimethyl compounds, the ease of 
cleavage PhCH, > 1-Np > Ph and the observed 
order of cleavage Sn > Si >> Ge suggest that the 
reaction probably involves nucleophilic attack of 
the hydride on the metal (7, 8). 

A more detailed study of the mechanism is at 
present underway. Preliminary results indicate 
that the cleavage occurs with racemization. 
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(a) LiAIH4 

THF, A 
(b)  H,O+ 

P 
CH3-Si-CH2Ph - CH3-Si-H 

Q 
(-) 

b 
(k) 

The reaction offers some possible synthetic 
advantages in the cleavage of silicon-carbon 
bonds in compounds having reactive functional 
groups such as silicon hydrogen bonds. A possible 
disadvantage to the cleavage reaction is the 
possibility of recombination between the more 
reactive organometallic derivatives and the silicon 
hydrides formed. Thus, in the work of Gilman 
and Atwell (2) the failure to observe cleavage in 
the case of 1,1,2-triphenyl-1-silacyclopentane 
probably was due to the position of equilibrium 
in the reaction shown below, lying far to the left. 

Finally, if such cleavage reactions are to be 
avoided during lithium aluminium hydride reduc- 
tion of organosilicon compounds, THF, and 
presumably other polar ethers should be avoided 
as solvents. 

Experimental 
General 

All reactions were carried out under an atmosphere of 
dry nitrogen. The T H F  used was freshly distilled from 
lithium aluminium hydride, and the rz-butyl ether was 
distilled from calcium hydride before use. Lithium 
aluminium hydride from both Metal Hydrides Inc. and 
from Research Organic/Inorganic Chemical Co., was 
used. All melting points are uncorrected. Mass spectra, 
nuclear magnetic resonance (n.m.r.), and infrared(i.r.) data 
were determined on Metropolitan-Vickers MS-9, Varian 
Assoc~ates A-60, and Perkin-Elmer 421 spectron~eters 
respectively. The n.m.r. spectra were calibrated against 
external TMS. 

Racenzic Metl~yl-I-rzaphtlzyIpIzenylsilane 
(f )-6, (+) -6 ,  and (-)-6 were readily prepared by 

lithium alu~llinium hydride reduction of (+)-methyl-1- 
naphthylphenylmethoxysilane and of the separated (-)- 
menthoxy diasteriomers respectively, following the pro- 
cedures of Sommer and co-workers (5). 

Reactiorz of (-)-Methyl-I-rzaphtI~yIphenyl-(-)-menth- 
oxysila~ze with Lithium Alunzirzium Hydride irz 
Tetrahydrofurarl 

A mixture of 80 g (0.20 mole) of (-)-methyl-1-naph- 
thylphenyl-(-)-menthoxysilane and 13 g (0.34 mole) of 
lithium aluminium hydride in 300 rnl of T H F  was refluxed 
at 69 "C for 18 h. Following acid work-up, the resultant 

syrup was dissolved in ethanol and 24.5 g (97%) of naph- 
thalene crystallized out. The naphthalene was identical in 
all respects to an authentic sample. 

Reactiorl of (+)-Metl~l-I-naplzt/zyIpIzerzylsilarze with 
Lithiurn Alun1irziun1 Hydride in Tetrahydrofurarz 

A mixture of 9.8 g (0.04 mole) of (k)-methyl-1-naph- 
thylphenylsilane and 2.6 g (0.067 mole) of lithium 
aluminium hydride was refluxed for 18 h in 60 ml of THF, 
in a reaction vessel connected via a reflux condenser to a 
-80 "C cold trap. 

A mass spectrum of the volatile material in the cold trap 
was identical to that reported for methylsilane (9). An 
n.m.r. spectrum (CCI,) of the liquid in the cold trap was 
the same as that from a mixture of T H F  and methylsilane 
(10) and an i.r. spectrum showed a strong absorption at 
2170 cm-I from theSi-H of themethylsilane. 

The volatile material was removed from the reaction 
mixture under reduced pressure. A gas-liquid chroma- 
togram (g.1.c.) of the distillate showed only peaks for T H F  
and for phenylmethylsilane, identified by con~parison of 
g.1.c. retention time, n.m.r., and i.r. spectra with results 
from an authentic sample. 

Finally the non-volatile residue was worked up with 
ethyl acetate followed by dilute acid. A g.1.c. of the 
resultant organic material showed benzene and naphtha- 
lene in a relative ratio of 0.58:l. Finally, 4.9 g (98 %) of 
naphthalene was isolated when the other volatile materials 
were removed. 

Reactiorz of (+)-Meth~ll-I-naplztlzyIpher~lmethoxysilar~e 
with Lithiurn Aluminium Hydride in Tetralzydrofurarz 

When (+)-methyl-1-naphthylphenylmethoxysilane and 
an excess of lithium aluminium hydride in THF were 
refluxed for 18 h and then worked up with ethyl acetate, 
followed by de~~terium oxide, the major product obtained 
was [ZHI1-naphthalene (73 %)identified by its mass spec- 
trum. The 27% of undeuterated naphthalene probably 
arose from either moisture in the ethyl acetate or proton 
abstraction from the acetate by some of the strong bases 
present. 

Reaction of Tripke~~ylbenzylsilarle with Lithiun~ A l ~ ~ m i ~ l l ~ n z  
Hydride in Tetrahydrofirran 

A mixture of 3.5 g (0.01 mole) of triphenylbenzylsilane 
and 0.57 g (0.015 mole) of lithium aluminium hydride in 
50 ml T H F  was refluxed for 7 11 and then worked up as 
above. Recrystallization of the product from ethanol- 
water gave 1.6 g (62%) of triphenylsilane, identical in all 
respects to an authentic sample. An n.rn.r. spectrum of the 
oil obtained by evaporating the mother liquor showed, in 
addition to a multiplet at T 2.5 p.p.m., a singlet at T 4.54 
p.p.m. from the Si-H of triphenylsilane, and a weak 
singlet at T 5.14 p.p.m., probably from the Si-H of 
diphenylsiiane. 

Attenzpted Reactiorz of  I-Trin~etl~lsilylnaphthalene with 
Lithium Al~uninizun Hydride in Tetrahydrofuran 

A mixture of 8.0 g (0.04 mole) of l-tri-methylsilylnaph- 
thalene and 2.6 g (0.068 mole) of lithium alumini~lm 
hydride in 60 ml of T H F  was refluxed for 18 h. 

Following the usual work-up n.m.r. examination of the 
reaction product showed it to be l-trimethylsilylnaph- 
thalene. The absence of naphthalene was confirmed by 
g.1.c. 
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Reaction of Trimethylber~zylsilane vvitk Lithiutn Alurnitzium 
Hydride in Tetrahydrofuran 

A mixture of 2.0 g (0.012 mole) of trimethylbenzylsilane 
and 0.73 g (0.019 mole) of lithium aluminium hydride in 
12 ml of THF was refluxed for 18 h in a reaction vessel, 
connected via the condenser to a -80 "C cold trap. 

A mass spectrum of the material in the cold trap was 
identical to that of trimethylsilane (9). However, work-up 
as above gave 1.9 g (95 %) of recovered trimethylbenzyl- 
silane. 

Reaction of Triphenylbenzylgermane with Lithiurn Alumin- 
ium Hydride in Tetrahydrofuran 

A mixture of 0.2 g (0.00052 mole) of triphenylbenzyl- 
germane and 0.12 g (0.0031 mole) of lithium aluminium 
hydride in 5 ml of THF was refluxed for 4.5 h. Following 
the usual work-up, recrystallization from ethanol gave 
0.2 g (100 %) of recovered triphenylbenzylgermane. 

Reaction of Triphenylbenzyltin with Lithium Aluminium 
Hydride in Tetrahydrofi~ran 

A mixture of 0.75 g (0.0017 mole) of triphenylbenzyltin 
and 0.09 g (0.0024 mole) of lithium aluminium hydride in 
THF was stirred at room temperature for 24 h. An excess 
of ethyl acetate was added and the mixture was then 
stirred for 6 h before the addition of dilute hydrochloric 
acid and ethyl ether. Filtration gave 0.25 g of an infusable 
white solid (Found: C, 28.1; H, 2.03) from which a small 
amount of tetraphenyltin, m.p. 226-227 "C, distilled, when 
the solid was heated to 320-330 "C. An additional 0.1 g of 
tetraphenyltin was obtained by crystallization of the ether 
soluble material. 

Reaction of (-)-Methyl-I-rzaphtl~yylphenylbetzzylsilane 
with Lithiutn Aluminium Hydride in Tetrahydrofuran 

A solution of 0.30 g (0.0009 mole) of (-)-methyl-1- 
naphthylphenylbenzylsilane (ll), [aIDz5 = -6.45' (0.027 
g/ml, cyclohexane) and 0.052 g (0.0013 mole) of lithium 
aluminium hydride in 4 ml of THF, was refluxed for 9.5 h. 
Work-up with ethyl acetate, followed by dilute hydro- 
chloric acid and ethyl ether, gave 0.22 g of an oil, [alDz5 
= -4.7" (0.15 g/ml, cyclohexane). An n.m.r. spectrum of 

CHEMISTRY. VOL. 46, 1968 

the oil indicated that it contained approximately 45 % of 
methyl-1-naphthylphenylbenzylsilane, 45 % of methyl-l- 
naphthylphenylsilane, and 10% of benzylmethylphenyl- 
silane.' Chromatography of 0.15 g of the oil on 100 g of 
silica, eluted with cyclohexane-benzene, gave approxi- 
mately 54 mg (36 %) of ( k  )-methyl-1-naphthylphenyl- 
silane, 6 mg (4%) of (k)-benzylmethylphenylsilane. and 
89 mg (60%) of recovered (-)-methyl-1-naphthylphenyl- 
benzylsilane [a]Dz5 = -5.1" (0.027 g / d ,  cyclohexane). 
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Reactions of nitro sugars. IX. The synthesis of branched-chain dinitro sugars 
by Michael addition1 , 2  

HANS H. BAER AND K. S. ONG 
Department of C/temistr.y, University of Ottatw, Ottarva, Canada 

Received March 5, 1968 

The reaction of methyl 2-0-acetyl-4,6-O-benzylidene-3-deoxy-3-nitro-~-~-glucopyranoside (1) or  of 
methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-~ro-hex-2-enopyranoside (2) with nitroalkanes led 
to branched-chain dinitro sugar derivatives, namely methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-2- 
nitroalkyl-0-D-glucopyranosides (3). The nitroalkanes employed included nitromethane, nitroethane, 1- 
and 2-nitropropane, and methyl nitroacetate. The three first-mentioned nitroalkanes were added in sim- 
ilar fashion to methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-~-~-threo-hex-2-enopyranoside (5) to give 
methyl 4,6-0-benzylidene-2,3-dideoxy-3-nitro-2-nitroalky--~-galactopyranosides (6). Analogous reac- 
tions of 1 and 5 with diethyl malonate produced the corresponding branched-chain glycosides 7 and 8. 
The reactions appear to be highly stereoselective as far as the configurations at C-2 and C-3 in the prod- 
ucts are concerned. However, there is evidence for the formation of side-chain epimers in three cases 
where the nitroalkyl side chain possesses an asynlmetric carbon. 

Canadian Journal of Chemistry, 46, 2511 (1968) 

Many straight-chain amino sugars, a few 
diamino sugars, and several nitrogen-free, bran- 
ched-chain sugars are known to occur as con- 
stituents of a large variety of antibiotics (3). 
Nitrogenous sugars with a branched chain had 
not been encountered in nature until very recently 
when methyl garosaminide, a fragment from gen- 
tamicin C, was reported to be a 3-methylamino- 
3-deoxy-4-C-methylpentopyranoside (4). Prior 
to this discovery a few 3-amino-3-deoxy-3-C- 
methylhexoses (5,6) and analogous pentoses (7) 
have been synthesized by cyclizations of sugar 
dialdehydes with nitroethane and subsequent 
reduction, but no branched-chain diamino 
sugars have thus far been described. The synthesis 
of such compounds would appear to command 
interest in view of structural relationships to 
known fungal and bacterial metabolites and in 
anticipation of their eventual detection among 
natural products. The present paper reports the 
synthesis of a number of branched-chain dinitro 
sugar derivatives. Although their reduction to the 
diamino stage has not yet been performed, this 
will doubtless be feasible by methods well tested 
in amino sugar chemistry in the recent past. 

The work grew out of previous studies on 
nucleophilic additions and elimination-additions 

'For paper VII in this series, see ref. 1, and for paper 
VIII, see ref. 2. 

ZThis work is taken from a Ph.D. thesis to be sub- 
mitted to the University of Ottawa by K. S .  0. It was 
reported in part at the 4th International Conference on  
Carbohydrates, Kingston, Ontario, July 1967. 

in suitable nitro sugar derivatives. It  had been 
found (8-10) that methyl 4,6-0-benzylidene-2,3- 
dideoxy -3 -nitro -J3 -D -erythro-hex -2 -enopyrano- 
side (2), which may be employed as such or 
generated in situ by dehydroacetylation of methyl 
2 - 0  -acetyl-4,6-0 -benzylidene-3 -deoxy -3 -nitro - 
J3-D-glucopyranoside (I), readily adds alcohols, 
ammonia, or amines to give 2-substituted 3- 
deoxy-3-nitro glucose  derivative^.^ In continua- 
tion, we have now applied to carbohydrates the 
Michael synthesis of a,y-dinitroalkanes (11, 12). 
Reactions between 1 and various nitroalkanes 
in the presence of stoichiometric amounts of 
triethylamine proceeded smoothly at room tem- 
perature within 16 h and gave crystalline methyl 
4,6 -0 -benzylidene -2,3 -dideoxy -3 -nitro -2 -(a - 
nitroalky1)-J3-D-glucopyranosides (3a-3d). The 
yields were 60-85 % with primary nitroalkanes 
and 45 % with2-nitropropane. 

When crystalline nitroolefin 2 instead of the 
0-acetate 1 was used as the starting compound, 
the amine-catalyzed addition of nitroethane took 
place quantitatively within 30 min. However, 1 
offers the practical advantage of being prepared 
more conveniently than 2. 

A variant in procedure was employed for the 
preparation of the 2-methoxycarbonylnitro- 
methyl derivative 3e. This compound was ob- 
tained from 2 and methyl nitroacetate by refluxing 

3A modification of the reaction, in which the non- 
acetylated, parent compound of 1 is used, has also been 
elaborated (8). 
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0-CHz O-CH2 

ph)(,, 
RR'CHNO. Ph :(FoYMe + ph{FO~Me 

0 Et3N 

NO2 RCNOz OAc 
R' 

1 2 3 

the reactants in benzene solution in the presence 
of a trace of potassium hydr~xide .~  

Application of the dinitro sugar synthesis to 
the D-galacto series met with inital difficulties. 
When methyl 2-0-acetyl-4,6-0-benzylidene-3- 
deoxy-3-nitro-P-D-galactopyranoside (4) was used, 
the reactions were attended with decomposition; 
liberation of benzaldehyde was noticed and no 
identifiable dinitro sugars could be isolated. 
Acetal bonds that are located vicinal to a primary 
or secondary nitro group are known to be rather 
easily broken by base-catalyzed elimination, and 
such cleavage together with certain ensuing pro- 
cesses (13-15) may interfere with the desired re- 
action path. While under the conditions of the 
present investigation the benzylidene group in 1 
was stable enough, at least to an extent allowing 
the preparation of the products (3) in good yields, 
the same blocking group evidently was too labile 
in 4. This difference in degree of stability between 
an equatorial and an axial acetal linkage acti- 
vated by a neighboring nitro group is noteworthy 
and should be borne in mind in future planning 
of similar synthetic projects. 

Although the 2-0-acetate (4) failed to give the 
desired dinitro glycosides, it was found that the 
nitroolefin, methyl 4,6-0-benzylidene-2,3-dide- 
oxy-3-nitro-P-D-threo-hex-2-enopyranoside (5), 
readily added the primary nitroalkanes, namely 
nitromethane, nitroethane, and 1-nitr~propane.~ 
Also performed in the presence of triethylamine 
at room temperature, these Michael reactions 

4We are obliged to Mr. Frank Kienzle for contributing 
this experiment. The technique was similar to  that used 
in the addition to  2 of isopropyl lactate (9). The con- 
figuration of 3e has not been determined; its formulation 
as a gluco compound, resting upon analogy (9) and 
specific rotation, should be regarded as tentative. 

5Addition of methyl nitroacetate was not attempted in 
this series. 

7, -CH(C02CZH5)2 instead of -CRR1 NOz 

required only 1 h and furnished crystalline methyl 
4,6 -0 -benzylidene -2,3 -dideoxy -3 -nitro -2 -(E- 
nitroalky1)-P-D-galactopyranosides (6a-6c) in 
60-85 % yields. Side reactions obviously were not 
very serious under these conditions. By contrast, 
the secondary addend 2-nitropropane gave only 
small amounts of impure product, and prolonga- 
tion of the reaction time or increase in the amount 
of catalyst caused extensive debenzylidenation. 

As an adjunct to these studies we synthesized 
in like manner methyl 4,6-0-benzylidene-2,3- 
dideoxy -2- [bis(ethoxycarbonyl)methyl] -3 -nitro- 
P-D-glucopyranoside (7) and -galactopyranoside 
(8) from 1 and 5, respectively, and diethyl 
malonate. 

In the infrared (i.r.) spectra, the asymmetric 
nitro stretching modes of all the dinitro glycosides 
appeared as double peaks. The mononitro diesters 
7 and 8 exhibited single nitro and double ester 
carbonyl bands, and the reverse was true for the 
dinitro monoester 3e (Table I). The structures of 
the new compounds were confirmed by nuclear 
magnetic resonance (n.m.r.) spectroscopy. Table 
I1 shows the substituent resonances. In all cases 
theintegration of the substituent and ring proton 
signals agreed with the molecular formulas. 

Since the reactions described started from or 
proceeded via 2,3-unsaturated hexopyranosides 
and hence involved the generation of asymmetric 
centers at C-2 and C-3 in the products, it was 
necessary to ascertain the configurations at these 
carbons, even though it could be presumed on 
the basis of previous experiences with similar 
nucleophilic additions (8-10) that diequatorial 
substituent orientation is favored. Proof of con- 
figuration was provided for all compounds ex- 
cept 3e by the nature of the n.m.r. signal given by 
H-3, the proton on the ring carbon bearing a nitro 
group (see Table 111). This signal appeared near 
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I I 
OAc 

TABLE I 
Characteristic infrared frequencies in Nujol (cm-') 

Asymmetric 
Compound nitro CO OH 

'Single compound, m.p. 169-170'. 
.tMixture, m.p. 134-135". 
:After debenzylidenation; see Experimental, 

T 4.9. downfield from all other resonances ex- 
cepting thosedue to the benzylidene group, and it 
was well separated from the signals adjoining up- 
field, or at least sufficiently so for its character to 
be clearly re~ognizable.~ Compounds 3a-3d and 
7 gave symmetrical triplets or quartets showing 
large spacings of 9-11.8 c.p.s., which required 
H-3 to be axially oriented and coupled vicinally 
with two axial protons at C-2 and C-4. Thus the 
gluco configuration was established for that series. 
Compounds 6a-6c and 8, on the other hand, gave 
quartets with one small (4 c.p.s.) and one large 
(12 c.p.s.) splitting. Since H-4 was known to be 
equatorial in this series, J,,, necessarily had to be 
small (regardless of the disposition of H-3), and 
the large splitting had therefore to be attributed 
to the coupling of H-3 with H-2. The large split- 
ting indicated diaxial arrangement of these pro- 
tons and hence proved the galacto configuration. 

a similar series of 3-deoxy-3-nitro glycosides, H-3 
has also been found to resonate at lower field than the 
other ring protons (8). Only in 3e was the signal crowded 
together with others so that it was difficult to analyze. 

R C H N O ~  

6 

a , R = H  
b, R = CHs 
C, R = C2H5 

8, -CH(C02C2H5)2 instead of -CHRN02 

Finally, another point of stereochemistry 
should be considered. Five of the ten new com- 
pounds, namely 3b, 3c, 3e, 6b, and 6c, possess an 
asymmetric carbon atom in their side chains and 
on account of this should be capable of existing 
in pairs of diastereoisomers. There is in fact evi- 
dence for the occurrence of such side-chain epimers 
in at least some of the cases. 

The crystalline product ([a], -60 to -63') 
obtained by the reaction of nitroethane with 1 (or 
2) was revealed by spectroscopy and thin-layer 
chromatography (t.1.c.) to be free of starting 
material, but it melted over a wide range above 
130". Fractional crystallization afforded 3b ([a], 
-74', m.p. 169-170") that appeared homo- 
geneous on t.l.c., and in addition gave a frac- 
tion of crystals ([a], -57", m.p. 135-136") 
which on t.1.c. produced a double spot represent- 
ing an epimer (3bt, major component) accom- 
panied by residual 3b. A complete separation of 
the epimers was not accomplished. Nevertheless, 
it could be demonstrated that both components 
of the mixed crystals possessed the same structure 
and thegltrco configuration. The i.r. spectra of the 
mixture and pure 3b were very similar. Their 
n.m.r. spectra were identical as far as the benzyl- 
idene and methoxy resonances and the total pro- 
ton intensity were concerned. However, in the 
region around ~ 5 ,  wherepure3b exhibited a single 
quartet due to H-3, the epimeric mixture gave 
two partially overlapping quartets (T 4.9 and 
T 5.1) with a combined intensity corresponding to 
one proton. The quartet at T 4.9, which was 
attributed to H-3 of the epimer 3b', showed the 
same large splittings (10 and 11.8 c.p.s.) as that at  
higher field which came from H-3 in 3b. There- 
fore, both components belonged to the gluco 
series. The small but significant chemical shift dif- 
ference for H-3 must be caused by the config- 
urational inequality of the nearby nitroethyl 
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TABLE I1 
Chemical shifts (T values) and relative intensities of substituent signals (number of protons 

in parentheses), in deuteriochloroform, unless otherwise indicated 

Compound Phenvl PIz-CH = 0, 0-CH, C-CH, 

*In dimethyl sulfoxide-d,. 
tDoublet with spacing 7 c.p.s. 
$Triplet with spacins 7 c.p.s. 
$Intensity not determined because of overlap with other signal. 
I(Epi,mer, m.p. 222-223'. 
TEp~mer, m.p. 196-197'. 

groups. The methyl portions of these groups, in 
turn, had unequal chemical shifts indicative of 
environmental differences. Thus, pure 3b gave 
a sharp doublet at z 8.44, whereas in the epimeric 
mixture this doublet was superimposed by a 
second doublet centered atz 8.32.7 

The addition of nitroethane to 5 gave a crystal- 
line material ([a], +8") shown by t.1.c. to con- 
tain two major components. These proved 
separable by fractional crystallization and they 
both possessed the composition of 6b. The less 
soluble, more slowly moviilg compound (6b, 

nitropropyl group (Table 11) was accompanied 
by a weak satellite triplet 0.03 p.p.m. upfield, 
which presumably was due to the presence of 
some epimer. In the region of the H-3 resonance 
was observed only one quartet, with spacings of 
4and 12c.p.s. 

TABLE 111 

Chemical shifts (7 values) and splittings (in c.p.s.) of 
the H-3 signals, in deuteriochloroforrn solution, un- 

less otherwise indicated 

Co~npound Chemical shift Splittings 
m.p. 222-2230, [a], $2.30) and the more sdlu- 
ble, faster moving compound (6b1, n1.p. 196- 
197", [a], 4-23") exhibited the same general 
features in their i.r. and n.m.r. spectra. In par- 
ticular, the resonance of H-3 indicated for both 
products the galacto configuration as outlined 
above, and they must therefore represent a pair 
of side-chain epimers. 

The crude product 6c (m.p. 170-174", [a], 
4-20') obtained from 1-nitropropane and 5 also 
gave two spots on t.1.c. The slower one was of 
relatively weak intensity, and it persisted when 
the product was recrystallized to constancy of the 
physical data (m.p. 181°, [a], +23"). Nuclear 
magnetic resonance spectra of the crude and re- 
crystallized substances were virtually identical. 
The triplet assignable to the methyl portion of the 

66" 4.6 ca. 4; 11 
66' 4.8 3.7, 11 .5  
6c 4.95 4.0, 12.0 
7 4.9 ca. 9, 10 
8 4.85 4.0, 12.0 

*In dimethyl sulfoxide-d,. 

No evidence for side-chain epimerism has as 
yet presented itself in connection with 3c and 3e. 
The subject is being examined further, and studies 
to determine the branch configurations are con- 
templated. 

Experimental 
Melting points were determined in capillaries in an  

electrically heated aluminium block equipped with a 
calibrated thermometer. Thin-layer chromatography 
(t.1.c.) was performed on silica gel G;  7.5 cm plates 

7Since the chemical shift difference fortuitously was 
of nearly the same magnitude as the coupling constant 
(7 c.p.s.), the two doublets combined to give the ap- 
pearance of a triplet with three-proton intensity. 
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(microscope slides) were adequate except for discerning 
the epimers 3b which required 20 cm plates. The solvent 
systems employed for irrigation were butanone- n- 
heptane, 1 :2.5 (solvent a); butanone - n-heptane, 1 :I 
(solvent b), and ethyl acetate-petroleum ether (b.p. 
30-60°), 1:l (solvent c). The spots were made visible 
by spraying with ceric sulfate - sulfuric acid. Optical 
rotations were measured at about 23" in a Perkin-Elmer 
automatic polarimeter, model 141. Infrared (i.r.) spectra 
were recorded on a Beckman IR-8 instrument. The nu- 
clear magnetic resonance (n.m.r.) spectra were obtained 
from a Varian HA-60 spectrometer and were internally 
standardized with tetramethylsilane. 

Reactions of Nitroalkanes with Metlzyl2-0-Acetyl-4,6-0- 
benzylidene-3-deoxy-3-nitro-0-D-glucopyraoide ( I )  

Compound 1 (16) was dissolved in an excess of the 
nitroalkane, triethylamine was added, and the reaction 
mixtures were allowed to stand at room temperature. 
The amounts of reactants used are specified below. The 
progress of the reactions was monitored by t.1.c. with 
solvent a. The formation of products (3a-3d) migrating 
faster than 1 was noticeable at an early stage, and com- 
plete or almost complete disappearance of 1 was observed 
within 16h. Toluene (10ml)was then added, and the mix- 
tures were evaporated to dryness at 35' in vacuo. This 
operation was repeated twice and, if the residue was 
markedly yellowish, a treatment with decolorizing char- 
coal was included. Finally the solid residues were evapo- 
rated with ethanol and recrystallized from ethyl acetate - 
petroleum ether unless indicated otherwise. The materials 
obtained in the first recrystallization are referred to as 
the "crude products" in the following sections. 

MetliyI 4,6-0-Bet1zyIidene-2,3-dideoxy-3-11itro-2-11itro- 
met/zyl- 0-D-glucopyrnnoside (3a) 

Compound 1 (450 mg), nitromethane (15 rnl), and tri- 
ethylamine (0.18 ml) gave 372 mg of crude product, m.p. 
160-169". Two further recrystallizations from the same 
solvents gave 302 mg (67%) of 3a as fine colorless 
needles, m.p. 168-17O0, [ a ] ~  -74.6" (c, 1.0 in chloro- 
form). 

Anal. Calcd. for Cl5Hl8N2O8 (354.3): C, 50.85; H, 
5.12;N,7.91.Found: C, 50.79;H, 5.21;N, 8.11. 

Methyl 4,6-0-Benzylidetze-2,3-dideoxy-3-~zitro-2- 
(I-nitroetlly1)- 13-D-glucopyranoside (36) 

Compound 1 (300 mg), nitroethane (5 ml), and tri- 
ethylamine (0.12 ml) produced a reaction residue that 
exhibited two ill-separated spots on a t.1.c. plate. The 
first recrystallization gave two fractions of crude products 
(154 and 110 mg, a total of 84.5 %), the second fraction 
being obtained by concentration of the mother liquor and 
addition of more petroleum ether. The first fraction, in 
which the faster moving component was enriched, melted 
over the range 155-164' and showed [a]D -67.2" 
(c, 1 in chloroform). Two recrystallizations from chlo- 
roform-pentane removed the slow-moving component 
from this material and gave one epimer (36) in nearly 
pure state, m.p. 169-17O0, [aID -71.2". In a repeat ex- 
periment, several recrystallizations from ethyl acetate 
petroleum ether gave a product of m.p. 170-170.5" and 
[a]D -73.7" (c, 1 .O in chloroform). 

Anal. Calcd. for CleHzoNz08 (368.4): C, 52.17; H, 
5.47;N, 7.61.Found: C, 52.24;H,5.66;N, 7.56. 

The above-mentioned, second fraction (110 mg) chro- 

matographically showed a preponderance of the slow- 
moving component, and it melted in the range of 130- 
140" and had [a]D -59.2" (in chloroform). After a 
recrystallization from chloroform-pentane the melting 
point was reasonably sharp (133-134') but t.1.c. still 
revealed two components (3b and3b1). 

A number of attempts were made to achieve a com- 
plete separation of the epimers present in crystal fractions 
from similar experiments. One batch, for instance, was 
dissolved in chloroform, and pentane was added in an 
amount insufficient to cause immediate crystallization. 
In the course of 2 days the solution, which was stored at 
room temperature, deposited stout prisms and small 
aggregated crystals. By careful decantation and flotation 
with carbon tetrachloride it was possible to separate 
mechanically parts of the two kinds of crystals. The small 
crystals (m.p. 168-169") gave a single, fast-moving spot; 
the stout prisms (m.p. 135-136", [aID -57.4" in chloro- 
form) showed both spots, with the slower one pre- 
ponderating. A further recrystallization of these prisms 
from the same solvents did not change the chromato- 
graphic picture and resulted in m.p. 133-134", [a]D 
-59.0" (c, 0.7 in chloroform). The material represented 
a mixture of 36 and 36'. 

The i.r. spectra (Nujol) of the high-melting (A) and 
low-melting (B) products were very similar in their gross 
patterns but differed as follows (wavenumbers in cm-'). 
A: 1565 weaker than 1552; 1395, sharp, medium strong; 
1080, strong; 770-750, three bands, medium strong. B: 
1563 stronger than 1550; 1377, with shoulder at 1387, 
strong, superimposed on Nujol peak; 1100, strong; 1003, 
medium strong (absent in A); 750, one sharp band. Both 
A and B had prominent peaks near 970 and 700 and very 
similar groups of peaks in the 1350-1130 cm-' region. 

Nitroolefin 2 (16) (100 mg), nitroethane (2 ml), and 
triethylamine (0.04 ml) were allowed to interact at room 
temperature for 30 min. Work-up with toluene and 
ethanol gave a white, crystalline material (123 mg, 98 %) 
whose i.r. spectrum appeared as a superposition of the 
spectra of A and B. The rotation in chloroform was 
[aID -60.3"(-62.0°in a repeat experiment that hadgiven 
a 95 %yield), and the n.m.r. spectrum indicated a mixture 
of about equal amounts of epimers 36 and 3b'. Re- 
crystallization from chloroform-pentane gave crystals 
(36) melting at 169' --74.4", c, 1.4 in chloroform), 
and from the mother liquor were obtained mixed crystals 
that melted at 131-133'. 

Metl1yl4,6-0-Benzylidene-2,3-dideoxy-3-nitro-2-(1- 
nifropropyI)-13-D-glucopyranoside (3c) 

Compound 1 (100 mg), 1-nitropropane (5 rnl), and 
triethylamine (0.04 ml) gave 75 mg of crude product, m.p. 
165-178". Only one spot appeared on t.1.c. plates. 
One additional recrystallization furnished felt-like needles 
(65 mg, 60%) of m.p. 184" and [ a ] ~  -67.0" (c, 1.3 
in chloroform). 

Anal. Calcd. for C17H22N208 (382.4): C, 53.40; H, 
5.80; N,7.33.Found: C, 53.34;H, 5.83; N,7.46. 

Methyl 4,6-0-Benzylidene-2,3-dideoxy-3-nitro-2-(l-me- 
thyl-1-nitroethyl)-13-D-glucopyranode (3d) 

Compound 1 (200 mg), 2-nitropropane (10 ml), and 
triethylamine (0.2 ml, 2.5 molar equivalents) gave 118 
mg of crude product, m.p. 170-188°. Two recrystal- 
lizations furnished 92 mg (45 %) of pure 3d, m.p. 187.5- 
189.5", [aID -92.7' (c, 1.0 in chloroform). 
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Anal. Calcd. for C17H,2N208 (382.4): C, 53.40; H, 
5.80; N, 7.33. Found: C, 53.55; H, 5.76; N, 7.44. 

Metlzyl 4,6-0-Berzzylidene-2,3-dideoxy-2-metl~oxycar- 
6onylnitrometlzyl-3-nitro-P-~-glucopy1moside (3e) 

A solutionof 650 mg of methyl 4,6-0-benzylidene-2,3- 
dideoxy-3-nitro-P-D-erytrro-hex-2-enopyranoside (2) (16) 
in 150ml of dry benzene containing 300 mg of methyl 
nitroacetate (17) was heated under reflux in the presence 
of a small chip of potassium hydroxide. The reaction was 
complete after 2 11 as indicated by t.1.c. with solvent c .  
In this system, 2 gave a fast-moving and 3e a slow-moving 
spot. The cooled solution was filtered and stirred for 10 
min with 3 ml of cation exchange resin, Rexyn RG 
50 (H+), together with a small amount of activated 
charcoal. The colorless atrate therefrom was evaporated 
to give a syrup that began to crystallize on scratching. 
The product was triturated with a small amount of a 
mixture (1 :2) of ethyl acetate and petroleum ether, kept 
in the refrigerator for a day, collected by filtration, and 
washed with an ice-cold mixture of the same solvents. 
The yield was 750mg (86%) of 3e, m.p. 106-107° 
(unchanged upon recrystallization); [a], -56.0' (c, 
1.0 in chloroform). 

Anal. Calcd. for C17HZONPO10 (386.4): C ,  49.80; 
H,5.17;N,7.26.Found:C,49.91;H,5.21;N,7.15. 

A sample of 3e (190 mg) was debenzylidenated by 
heating it for 30 min on the steam bath, in 20 ml of 75 % 
acetic acid. The yellowish solution was evaporated with 
several additions of water and then of ethanol. A white 
solid was obtained which was recrystallized from 50% 
aqueous ethanol to give 76 mg (47.5%) of methyl 
2,3 -dideoxy-2- rnetl~oxycarbonylnitrornethyl -3-nitro-p-D- 
glrrcopyranoside as needles, m.p. 155O, [a], -53.0" 
(c, 0.6 in ethanol). 

Anal. Calcd. for C10H16NZ010 (324.3): C, 37.28; 
H, 4.97; N, 8.64. Found: C, 37.36; H, 5.04; N, 8.40. 

Reactiorz of Nitroalkanes lvitlz Methyl 4,6-0-Benzylidene- 
2,3-dideoxy-3-nitro-p-o-t hreo-hex-2-enopyranoside 
( 5 )  

~oiuiions of compound 5 (18) and triethylamine in an 
excess of the nitroalkane were allowed to stand at room 
temperature. The amounts of reactants used are specified 
below. The products (6adc) began to form within a few 
minutes, and the reactions were complete after I h as 
indicated by t.1.c. with solvent 6. (Since 6a and 66 are 
sparingly soluble, trailing occurs on the plates unless 
smaller than usual amounts are applied.) The mixtures 
were then evaporated with additions of toluene (3 x 10 
ml) and ethanol, to give nearly colorless to lightly-yellow 
residues. 

Methyl 4,6-0-BenzyIidene-2,3-dideoxy-3-nitro-2-nitro- 
methyl-13-D-galactopyranoside (6a) 

The crude product obtained from 5 (300 mg), nitro- 
methane (10 ml) and triethylamine (0.12 ml) was dis- 
solved in about 50 ml of ethyl acetate. The solution was 
decolorized with activated charcoal, filtered, and evap- 
orated to a small volume. A colorless, crystalline 
product (256 mg, m.p. 210-221" with decomposition) 
separated and was collected after cooling (4") for a few 
hours. Recrystallization from butanone - petroleum 
ether gave 243 mg (68 %) of 6a as needles showing m.p. 

227" (darkening from 210") and [a], +8.6" (c, 0.6 in 
butanone). 

Anal. Calcd. for C I ~ H ~ S N Z ~ ~  (354.3): C, 50.85; H, 
5.12; N, 7.91. Found: C,50.74;H, 5.06; N, 8.06. 

Metl1yl~4,6-O-Berzzylidene-2,3-dideoxy-3-r1itro-2- 
(I-nitroethyl)-P-D-gnlactopyrar~osides (66 and 66') 

The reaction mixture obtained from 5 (200 mg), 
nitroethane (2.5 ml), and triethylamine (0.08 ml) was 
evaporated with toluene (3 x 10ml) and then with 
butanone to give a colorless crystalline residue decom- 
posing at 175-185"; [a], +8.3" (c, 1 in butanone). 
Thin-layer chromatography showed two well-separated 
spots of comparable strength representing the epimers 66 
and 66'; traces of unidentified products were seen in 
addition. The material was triturated thoroughly with 
ethyl acetate, chilled, filtered, and washed with cold ethyl 
acetate containing a small amount of pentane. The a t e r  
residue (73 mg) as well as a crop of crystals (83 mg) 
deposited in the filtrate upon addition of pentane to 
incipient cloudiness consisted largely of the slow-moving 
epimer 66; m.p. 221' and 220-221°, with decomposi- 
tion. A pure product giving the slow spot only was 
obtained by recrystallization from a rather large amount 
of boiling ethyl acetate. The fine needles melted at  
222-223" (decomp.) and had [a], 1-2.3" (c, 1.2 in 
butanone). 

Anal. Calcd. for C16HzoNzOs (368.4): C, 52.17; H, 
5.47; N, 7.61.Found: C, 52.29; H, 5.65; N,7.43. 

The mother liquors obtained above were allowed to 
evaporate in the air and gave crystalline residues en- 
riched in the fast-moving epimer 66'. The residues were 
dissolved in cold butanone or chloroform, whereby small 
quantities of sparingly soluble material (slow-moving 
epimer) could be removed by filtration. Crystallization 
was then induced by careful addition of pentane or 
petroleum ether, and the fast-moving epimer (66') sep- 
arated as beautiful prisms, m.p. 196-197' (decomp.), 
[aID $23.2' (c, 0.8 in butanone). Occasionally another 
recrystallization was necessary to attain these constants. 

Anal. Calcd. for C16HzoNzOs (368.4): C, 52.17; H, 
5.47;N,7.61.Found: C, 52.30;H, 5.60;N,7.55. 

The i.r. spectra of the two epinlers were rather similar 
but could be distinguished by the nitro group frequencies 
(Table I) and by differences in position and intensity of 
several bands in the fingerprint region. 
Metlzyl4,6-O-Berzzylide:1e-2,3-dideoxy-3-r1itro-2-(I-11i- 

tropropy1)-13-D-galactopyranoside (6c) 
Compound 5 (200 mg), 1-nitropropane (4 i111), and 

triethylamine (0.08 ml) gave a slightly-yellowish crude 
product which was decolorized in toluene solution with 
activated charcoal. The material recovered (323 mg, 89 %) 
showed m.p. 170-174' and [a], +20.1° (in butanone), 
and t.1.c. revealed the presence of a main product ac- 
companied by a slightly slower by-product. Recrystal- 
lization from ethyl acetate - petroleum ether gave 200 
mg (77%) of product, m.p. 175-177'. After two further 
recrystallizations from chloroform-pentane the fine 
needles had m.p. 181" and [a], +23.0° (c, 1.0 in bu- 
tanone), and these data remained unchanged although 
t.1.c. indicated that the by-product was still present. 

Anal. Calcd. for C17H,zN208 (382.4): C, 53.40; H, 
5.80;N,7.33.Found:C,53.65;H, 5.90;N,7.45. 
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Reactions with Dietlzyl Malonnte 1. H. H. BAER, F. KIENZLE, and F. RAJABALEE. Can. 
Methyl 4,6-O-Beiz~ylidene-2,3-dideoxy-2-[bis(ethoxy- J. Chem. 46,80 (1968). 
carbof1yl)]n1et~gvl-3-f?itro-~-~-g~ucopyraf?oside (7) 2. H. H. BAER and F. KIENzLE. J. Org. Chem. 33j 

1823 (1968) A solution of 1 (200 mg) in diethy1 malonate (3 ml) and 3. J. D. DUT;HER. A ~ ~ ~ ~ .  Carbohydrate Chem. triethylamine (4 ml) was stirrcd for 16 h at room tem- 259 (1963). 
perature.The mixture was poured into ice-water (400 ml). 4. D. J. COOPER and M. D. y u ~ ~ s .  them. commun. 
After stirring for 30 min a white solid was isolated and 821 (1967). 
washed very thoroughly, first with water and then with 5. S. W. GUNNER, W. G. OVEREND, and N. R. WILLIAMS. 
petroleum ether. The product, needles of m.p. 109- Chem. and Ind. London, 1523 (1964). 
I l l o ,  was dried in a vacuum desiccator. The yield was 6. H. H. BAER and G. V. b o .  Ann. 686, 210 (1965). 
213 mg (83 %), [a], -71.5" (c, 0.9 in chloroform). 7. K. S. ONG. P11.D. Thesis. University of Ottawa. 

1968. Anal. Calcd. for C Z I H Z ~ N O I O  (453.5): C, 55.62; H, 8. H, H. BAER, T. NEILSON, and W. RANK. Can. J. 6.00;N,3.09.Found:C,55.79;H,6.17;N, 3.25. Chem. 45,991 (1967). 
Methyl 4,6-O-Bei~zylide~~e-2,3-dideoxy-2-[bis(etIoxy- 9. H. H. BAER and F. KIENZLE. J. Org. Chem. 32, 3169 

carborzyl)]metlzyyl-3-izitro-~-~-galactopyranoside (8)  (1967). 
A solution of 5 (250 rng) in diethy1 malonate (2 ml) 10. BAER and T. NElLsoN. J. Org. Chem. 32,1068 

(1967). and triethylamine (4 ml) was stirred at room temperature ll .  E. D. BERGMAN, D. GINSBURG, and R. PapPo. Org. for 12 h, during which time partial crystallization occur- Reactions, 179 (1959). 
red. The mixture was worked UP as described for 7 and 12. H. FEUER and R. MILLER. J. Org. Chem. 26, 1348 
yielded 240 mg (62%) of needles exhibiting m.p. 164- (1961). 
166" and [a], +7.S0 (c, 0.9 in chloroform). 13. H. 0. L. FISCHER and H. H. BAER. Ann. 619, 53 

Anal. Calcd. for C21HZ7NOI0 (453.5): C, 55.62; H,  (1958). 
6.00;N,3.09.Found: C,55.67;H,6.13;N, 3.22. 14. H. H. BAER and W. RANK. Can. J. Chem. 43,3330 

(1965). 
15. H. H. BAER and F. KIENZLE. Ann. 695, 192 (1966). 
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Synthesis of substituted quinazolone hydrazides: the relationship between 
chemical structure and monoamine oxidase inhibitory activity1 

Departmerzt of Pl~armacology and Therapeutics, King George's Medical College, 
Lucknow Uriiversify, Lllcknow 3, India 

Received September 19, 1967 

Several substituted quinazolone hydrazides were synthesized to investigate their ability to inhibit rat 
liver mitochondrial monoamine oxidase. The monoarnine oxidase activity was measured manometrically 
as oxygen uptake during oxidative deamination of tyramine. All quinazolone hydrazides, except 
2-methyl-3-(3'-benzhydrazide)-4-quinazolone and 2-methyl-6,8-diiodo-3-(4'-phenylacetylhydrazide)-4- 
quinazolone, inhibited monoamine oxidase activity when used at a final concentration of 3 x 10-41M. 
Substitution at position-6 or positions-6 and -8 of the quinazolone nucleus increased enzyme inhibitory 
power of quinazolone hydrazides. Monosubstituted quinazolone hydrazides exhibited maximum in- 
hibitory effects while disubstitution resulted in a decrease in their ability to inhibit monoamine oxidase. 
Canadian Journal of Chemistry, 46, 2519 (19683 

Our continuing interest in incorporating a 
quinazolone nucleus, capable of exhibiting anti- 
convulsant (1) and hypnotic (2) properties, has 
led to  the synthesis of substituted 2-methyl- 
3-(4'-benzhydrazide)-4-quinazolones as mono- 
amine oxidase inhibitors (3). Monoamine oxi- 
dase [monoamine : 0, oxidoreductase (dearninat- 
ing) E.C.1.4.3.4.1, an enzyme localized chiefly 
in the mitochondria1 fractions of cells of many 
tissues and species and responsible for oxidative 
deamination of compounds having a terminal 
amino group including 5-hydroxytryptamine 
(serotonin), epinephrine, and norepinephrine, 
has been suggested to  be of biological importance 
in the activity of the central nervous system 
(4,5). Inhibitors of this enzyme have been shown 
t o  possess pronounced anticonvulsant properties 
(6). The discovery of iproniazid, I-isonicotinyl- 
2-isopropyl hydrazine, a potent inhibitor of 
monoarnine oxidase (7), and subsequent cor- 
relation of monoamine oxidase inhibition with 
antidepressant effects have resulted in the syn- 
thesis of a variety of compounds possessing 
monoamine oxidase inhibitory properties. The 
possibility of high n-electron density present in 
heterocyclic systems (8) responsible for enzyme 
inhibition led us to  synthesize 2-methyl-3-(3'- 
benzhydrazide)-4-quinazolones and 2-methyl-3- 

'This investigation was supported by a research grant 
from the Council of Scientific and Industrial Research, 
New Delhi, hdia. A preliminary report of this work was 
presented at the Fall Meeting of the American Society for 
Pharmacology and Experimental Therapeutics held at 
Washington, D.C. in August 1967. 

%enior Research Fellow of the Council of Scientific 
and Industrial Research, New Delhi, India. 

(4'-phenylacety1hydrazide)-4-quinazolones in an 
attempt to obtain compounds affecting the 
activity of the central nervous system. Further- 
more, Nakamura et al. (9) while considering 
activity relationship of phenylacetylhydrazides 
found that N-benzyl-N'-phenylacetylhydrazide 
was the most effective inhibitor of rat liver 
monoamine oxidase in both in vitro and in viuo 
experiments. In the present study several sub- 
stituted quinazolone hydrazides have been syn- 
thesized and tested for their ability to inhibit 
rat liver mitochondrial monoamine oxidase. 
Structure activity relationships have been in- 
vestigated briefly. 

The various quinazolone hydrazides have been 
synthesized according to Scheme 1. 

Experimental 
Synthesis of Anthranilic Acids ( I )  

The following substituted anthranilic acids used in the 
present study were synthesized according to the methods 
reported in the literature: 5-chloroanthranilic acid (lo), 
5-bromoanthranilic acid (ll),  5-iodoanthranilic acid (12), 
3,5-dichloroanthranilic acid (lo), 3,5-dibromoanthranilic 
acid (11), and 3,5-diiodoanthranilic acid (13). 

Synthesis of Acetanthratrils (2)  
A mixture of appropriate anthranilic acid (1 mole) and 

acetic anhydride (2 moles) was refluxed for 1 h for the 
synthesis of acetanthranils. After the excess of acetic 
anhydride was distilled off, the acetanthranils separated 
out as solid masses and were used without further purifi- 
cation. The acetanthranils used in the present study have 
been reported earlier (3, 14). 

Synthesis of Qninazolorzes (3) 
The quinazolones were synthesized by heating equi- 

molar proportions of the appropriate acetanthranils and 
m-arninoethyl benzoate or p-aminophenylethyl acetate 
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X and X' = H, C1, Br, or I 
R = 3'-COOC2H5 or 

4'-CH2COOCzH5 
R' = 3'-CONHNH, or 

Scheme I 

TABLE I 
Substituted 2-methyl-3-(3'-ethyl benzoate)-4-quinazolones* 

Melting Nitrogen (%) 
point? % 

X X ' "C yield Formula Calculated Found 

H H 125 55 C 1 s H i ~ N 2 0 3  9.1 9 . 3  
CI H 140 45 C I S H I K ~ N ~ O ~  8.1 7 .9  
Br H 21 8 80 C18Hl5BrN203 7.3 7.3 
I H 195 65 C I S H L ~ I N Z O ~  6.5 6.6 
C1 CI 188-190 40 C ~ S H I ~ C ~ Z N ~ O ~  7.4 7.4 
Br Br 145-147 42 C L S H ~ ~ B ~ Z N Z O ~  6.1 6.2 
I I 225 34 C I S H ~ ~ I Z N Z O ~  5.0 5.3 

*Compounds of structure 

Y' . . 
'IMelting points were taken in open capillary tubes and are graphically corrected. 

as reported earlier (15). The various 2-methyl-3-(3'-ethyl- 
benzoate)-4-quinazolones and 2-methyl-3-(4'-phenylethyl 
acetate)-4-quinazolones reported in Table I and Table III 
respectively were characterized by their sharp melting 
points and emperical compositions. 

2-MetIrj~/-6-c/z/om-3-(3'-et/ty/ betzzoate)-4-quinazolorze 
A mixture of 6-chloroacetanthranil (1.95 g) and 

nz-aminoethyl benzoate (1.65 g) was heated on the free 
flame for 10 min. On cooling the mixture 2-methyl-6- 
chloro-3-(3'-ethyl benzoate)-4-quinazolone separated out 
as a jelly-like mass. Recrystallization from ethanol 
yielded 1.54 g (45%) of the desired quinazolone melting 
at 140 "C. 

Anal. Calcd. for ClsH1,C1N2O3: N, 8.1. Found: 
N, 7.9. 

2-Methyl-6,S-dibro1tzo-3-(4'-pl~e1zyletI1yl acefate)-Cquin- 
azolo~ze 

On heating a mixture of 6,8-dibromoacetanthranil 

(3.18 g) and p-aminophenylethyl acetate (1.79 g)  on a 
low free flame yielded 2.4g (50%) of 2-methyl-6,8- 
dibromo-3-(4'-phenylethyl acetate)-4-quinazolone. On 
recr~stallization from ethanol the auinazolone melted at 
1701172 "C. 

Anal. Calcd. for ClPHlGBr2NZO3: N, 5.8. Found: 
N, 5.9. 

S~~rrthesis of Quirrazolone Hydrazides ( 4 )  
The method of Buu-Hoi et a[. (16) was used for the 

synthesis of substituted quinazolone hydrazides. A mix- 
ture of 1 mole of the appropriate quinazolone (3) was re- 
fluxed with 2 moles of hydrazine hydrate (99-100%) in 
absolute ethanol for 6-8 h. On distilling ethanol the 
quinazolone hydrazides separated out as solid masses. 
The physical constants of 2-methyl-3-(3'-benzhydrazide)- 
4-quinazolones and 2-methyl-3-(4'-phenylacetyl hydra- 
zide)-4-quinazolones are recorded in Table I1 and Table 
IV respectively. 
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PARMAR AND ARORA: SYNTHESIS OF SUBSTITUTED QUINAZOLONE HYDRAZIDES 

TABLE I1 

Substituted 2-methyl-3-(3'-benzhydrazide)-4-quinazolones* 

Melting Nitrogen (%) 
point7 % 

X X ' "C yield Formula Calculated Found 

?Melting points were taken in open capillary tubes and are graphically corrected. 

TABLE I11 
Substituted 2-methyl-3-(4'-phenylethyl acetate)-4-quinazolones* 

-- 

Melting Nitrogen (%) 
pointt % 

X X ' "C yield Formula Calculated Found 

*Compounds of structure 

X' 
tMelting points were taken in open capillary tubes and are graphically corrected. 

2-Metltyl-6,8-dichloro-3-(3'-benzltydrazide)-4-qrrir~azolo1ze 
A mixture of 2-methyl-6,s-dichloro-3-(3'-ethylben- 

zoate)-4-quinazolone (3.77 g) and 8 ml of hydrazine 
hydrate was refluxed in 50 ml of absolute ethanol for 8 h. 
After distilling off the ethanol 1.27 g (35%) of '-methyl- 
6,s-dichloro-3-(3'-benzhydrazide)-4-quinazolone sepa- 
rated out as a solid mass. On recrystallization from 
ethanol the quinazolone melted at 229-230 "C. 

Anal. Calcd. for ClGH12C12N402: N, 15.4. Found: 
N, 15.6. 

2-Methyl-6-brorno-3-(4'-phenylncetylhydrazide)-4-qairt- 
azolorle 

On refluxing a mixture of 2-methyl-6-bromo-3-(4'- 
I phenylethyl acetate)-4-quinazolone (4.01 g) and 10 ml of 

hydrazine hydrate in 50 ml of absolute ethanol for 10 h 
and distilling off ethanol yielded 2.7 g (70%) of 2-methyl- 
6-bromo-3-(4'-phenylacetylhydrazide)-4-quinazolone as 
a solid mass. The quinazolone on recrystallization from 
ethanol melted at 188 "C. 

Anal. Calcd. for C17H15BrN402: N, 14.5. Found: 
N, 14.7. 

Isolntio~~ of Rat Liver Mitochondria 
Adult rats weighing 150-200g, kept on ad libit~rrn 

diet, were used in all experiments. Rat livers isolated 
from decapitated animals were immediately homo- 
genized in ice-cold 0.25 M sucrose with the help of a 
Potter-Elvehjem homogenizer. Rat liver mitochondria 
were isolated by differential centrifugation of 10% (w/v) 
liver homogenate by the method of Hogeboom et al. 
(17) as modified by Hawkins (18). These particles were 
washed three times with cold 0.25 M sucrose (19) and 
suspended in the same concentration of sucrose so that 
1 ml of the suspension was equivalent to 1 g of the fresh 
liver weight. 

Determination of Monoambze Oxidase Activity 
Standard Warburg manometric procedure was used 

for determination of rat liver mitochondria1 monoamine 
oxidase activity. The rate of the oxygen uptake during 
oxidative deamination of tyramine, as the substrate, was 
taken as a measure of the enzyme activity (20). Rat liver 
mitochondria in 0.3 ml of sucrose suspension were in- 
cubated in 66 mM phosphate buffer, pH 7.4, at 37 OC in 
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TABLE IV 
Substituted 2-methyl-3-(4'-phenylacety1hydrazide)-4-quinazolones* 

-- - - 
Melting Nitrogen (%) 
poinu % 

X X ' "C y~eld Formula Calculated Found 

H H 98-100 60 Ci 7H16N402 18.2 18.3 
C1 H 165-168 55 Ci-iH15C1N402 16.4 16.6 
Br H 188 70 C17H1 5BrN402 14.5 14.7 
I H 175 65 Ci7H1sIN402 12.9 12.7 
C1 C1 194-195 50 C,7H,,C1,N,O2 14.8 14.5 
Br Br 208-209 55 Ct7Hi4Br2N402 12.0 12.0 
I I 168-170 45 CI ,H,,I,N402 10.0 9.8 

'Compounds of structure X ~ ~ ~ ~ H ~ C O N H N H ~  , 

X' 
?Melting points were taken in open capillary tubes and are graphically corrected. 

a total volume of 3 ml using tyramine at a final con- perccntage of their enzyme inhibitory activities. 
centration of 10 mM. ,411 the experiments were conducted These quinazolone hydrazides, however, exhibit- 
in Warburg vessels using oxygen as the gas phase. The 
various quinazolone hydrazides were added to the main ed lower inhibitory effects when compared to 
vessel, containing mitochondrial suspension, from a side i~roniazid, ~heni~raz ine ,  and tran~lc~promine, 
arm 10min prior to the addition of tyramine from the thc well known monoamine oxidase inhibitors 
second side arm. The mixture was incubated for an ad- (19). The most active quinazolone hydrazide, 
ditional hour and readings of the oxygen uptake were re- 2-methyl-6-iodo-3-(4~ -phenylacetylhydrazide)-4- 
corded at 10 lnin intervals. 

quinazolone, was found to be approxilnately 

Results and Discussion 

The ability of various 2-methyl-3-(3'-benzhy- 
drazide) - 4 - quinazolones and 2-methyl - 3 - (4'- 
phenylacety1hydrazide)-4-quinazolones to  in- 
hibit rat liver mitochondria1 monoamine oxidase 
was investigated and the results are shown in 
Table V. In thc present study the oxygen uptake, 
measured as an index of monoamine oxidase 
activity during oxidative deamination of tyra- 
mine, has been reported to reveal true enzyme 
activity in washed rat liver mitochondrial prep- 
arations (19, 21). The use of cyanide and semi- 
carbazide suggested earlier for manometric 
measurements of the oxygen uptake for enzyme 
activity (20) was not necessary in the present 
experiments. The sensitization of monoamine 
oxidase by cyanide (22) while determining the 
inhibitory effects of newer quinazolone hydra- 
zides was thus avoided in the present investiga- 
tion. As is evident from Table V all quinazolone 
hydrazides, except 2-methyl- 3 -(3'-benzhydra- 
zide)-4-quinazolone and 2-methyl-6,8-diiodo-3- 
(4'-phenylaccty1hydrazide)-4-quinazolone, in- 
hibited monoamine oxidase activity. All quina- 
zolone hydrazides were used at a final concen- 
tration of 3 x 10-4M to determine the relative 

10 times less active than iproniazid, ~ ~ r o n i a z i d  
has been reported to produce 81.9 % inhibition 
when used at a final concentration of 3 x M 
under similar experimental conditions (19). 

Thc degree of enzyme inhibition was found 
to  be significantly enhanced by the introduction 
of a substituent at position-6 of the quinazolone 
nucleus where relative electronegativity of the 
6-substituents presumably appears to  be a factor 
responsible for the inhibitory power of these 
quinazolone hydrazides (Table V). In both series 
of compounds 6-iodo substituted quinazolone 
hydrazides i.e. 2-methy1-6-iodo-3-(3'-benzhydra- 
zide)-4-quinazolone and 2-methyl-6-iodo-3-(4'- 
pheny1acetylhydrazide)-4-quinazolone, exhibit- 
ed maximum inhibitory effects. Amongst these 
hydrazides greater inhibition of monoamine 
oxidase was observedwith 2-methyl-3-(4'-phenyl- 
acety1hydrazide)-4-quinazolones. In a similar 
study replacement of the amine group with the 
hydrazide moiety has been shown by Biel et al. 
(23) to result in the retention of the activity and 
an increase in their monoamine oxidase in- 
hibitory properties. The inability of 2-methyl-3- 
(3' - benzhydrazide) - 4 - quinazolone to inhibit 
monoamine oxidase activity reflects its similarity 
to isoniazid (isonicotinic acid hydrazide) which 
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PARMAR AND ARORA: SYNTHESIS O F  SUBSTITUTED QUINAZOLONE HYDRAZIDES 2523 

TABLE V 
Monoamine oxidase inhibitory activity* of substituted quinazolone hydrazidest 

Monoamine oxidase 
inhibition O/, 

H H 3'-CONHNH2 Nil 

*The vessel contents and the assay procedure are as described in the Experimental section. The 
percentage inhibition was calculated from the dccreasc in the oxygen uptake during 1 h. Washed 
mitochondria equivalent to 300 mg wet tissue we~ght were used in each Warburg vessel. The oxygen 
uptakein control experiments wlthout qulnazolone hydraz~des ranged between 10.2-12.8 )rmoles/h. 
The quinazolone hydrazides were used at a final concentratton of 3 x M. Each experiment 
was done in duplicate and the mean values for !he oxygen uptake were recorded. The figurcs in 
parentheses ate averases of three separate experiments. 

0 
11 2' 3' 

tcompounds of structure 
CH3 

X 
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has also been reported to  be devoid of enzyme 
inhibitory activity (24). These results provide 
further evidence towards the involvement of 
primary and secondary sites on the enzyme 
molecule which are essentially involved in the for- 
mation of an enzyme-substrate or enzyme-inhi- 
bitor complex. The greater inhibition observed 
with 6-substituted derivatives could presumably 
account for the attachment of the inhibitor to  
the secondary site in addition to the essential 
primary one by the hydrazide group. The pri- 
mary site is essentially involved through the 
amine moiety for the formation of the enzyme- 
substrate complex (19). Thus greater inactivation 
of the enzyme activity could be achieved by the 
attachment of the inhibitor to  two or more 
sites on the enzyme molecule (19, 21). The 
greater affinity of the iodo-substituted benzyl- 
amines as the substrates for monoamine oxidase 
(25) could in some way bear relationship to- 
wards greater enzyme inhibition observed with 
2 -methyl-6 -iodo -3 -(3'-benzhydrazide) -4-quina- 
zolone and 2-methyl-6-iodo-3-(4'-phenylacetyl- 
hydrazide)-4-quinazolone. As is evident from 
Table V introduction of an additional substi- 
tuent at position-8 of the quinazolone nucleus 
resulted in significant decrease in the enzyme 
inhibitory activity as compared to the mono- 
substituted quinazolone hydrazides. At present 
it is difficult t o  provide any suitable explanation 
for lower inhibitory effects of such 2,3,6,8- 
tetrasubstituted quinazolone hydrazides, which, 
however, exhibited slightly higher inhibitory 
activity as compared to 2,3-disubstituted quina- 
zolone hydrazides. The competition between 
substituents at positions-6 and -8 of the quina- 
zolone nucleus for the secondary site on the 
enzyme molecule could presumably account for 
lower inhibition observed with such 2,3,6,8- 
tetrasubstituted quinazolone hydrazides. Our 
further studies dealing with the synthesis of 
other related structures carrying different sub- 
stituents and determination of their nature of 
enzyme inhibition using purified soluble enzyme 
preparations may prove of significant value to- 
wards elucidation of the chemical requirements 
of the active centers of monoamine oxidase. 

their advice and encouragement. Grateful ac- 
knowledgment is made to Drs. M. L. Dhar and 
Nitya Anand of Central Drug Research In- 
stitute, Lucknow for providing microanalysis 
facilities and to the Riker Laboratories, North- 
ridge, California for the supply of research 
chemicals. 
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Isolation, structure, and synthesis of a stilbene glucoside from the bark of 
Picea glazcca (Moench) Voss. 
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The fractionation of phlobaphenes from white spruce bark by column chron~atography gave the non- 
crystalline stilbene glucoside tratzs 3,4'5-trihydroxy-3'-methoxystilbene-3-O--~-glucopyranoside (1). 
Purification was achieved through deacetylation of its hexaacetate (2). Compound 1 was cleaved with emul- 
sin or dilute acid to the aglycone 4, and D-glucose. The acetate, benzoate, and dihydro-derivatives of 1, 
and the acetate, benzoate, methyl ether, and dihydro-derivatives of 4 were prepared. Oxidation of the 
benzoate derivative of 1 with chromic acid gave dibenzoyl-a-resorcylic acid. Similar oxidation of 2 gave 
acetylvanillic acid together wit11 an uncharacterized acid which was hydrolyzed to D-glucose and a-resor- 
cylic acid. The structure of 1 was therefore as shown, and its derivative 2 was synthesized. Vanillin was 
condensed with 3,5-dihydroxyphenylacetic acid and the product was decarboxylated and deacetylated. 
This compound was condensed with tetra-0-acetyl-a-D-glucopyranosyl bromide to yield amixture of prod- 
ucts which, after acetylation, were separated, using preparative thin-layer chromatography, to give the 
desired 2. 
Canadian Journal of Chemistry, 46, 2525 (1968) 

Introduction 

At present, bark is a major waste product in 
the pulp and paper industry. Not only does it 
possess little commercial value, but it also pro- 
vides a difficult disposal problem. One object of 
this research is to discover whether materials of 
potential value are present in the bark in suffi- 
cient amounts to justify their extraction on a 
large scale. 

In particular, stilbene derivatives have been 
found in the bark of Picea species (1). One of 
these was piceatannol (2, 3) in P. excelsa. This 
research describes the isolation, characteriza- 
tion, and synthesis of a stilbene glucoside which 
was not derived from piceatannol. Subsequent 
to part of this work, this product was isolated 
by Manson (4). 

Discussion of Results 

Hanvood (5) undertook an extraction, on a 
pilot-plant scale, of a large quantity of white 

'Present address: Central Research Laboratory, Cana- 
dian Industries Ltd.,McMasterville, Quebec. 

'Present address: Department of Theology, Univer- 
sity of Windsor, Windsor, Ontario. 

3Deceased. 
4Present address: Department of Chemistry, Simon 

Fraser University, Burnaby, British Columbia. 
5To whom correspondence should be addressed. 

spruce bark. By using various solvents and pre- 
cipitants he separated the methanol-soluble 
extractives into fractions, one of which was 
material insoluble in water, ether, and ligroin, 
comprising 1.5% of the original bark. After 
considerable effort, it was shown that 16% of 
this material (0.24 % of the bark) was compound 
1. The best method of isolation was by Mag- 
nesol column chromatography using acetone 
as the eluant. The removal of the last traces of 
phlobaphenes was extraordinarily difficult, and 
since 1 was not obtained crystalline, it was con- 
verted to the crystalline acetate derivative 2, and 
this in turn was deacetylated. Both 1 and 2 were 
acid and base labile. The best method of cleaving 
1 to the aglycone 4 was by heating with dilute 
oxalic acid, and the best method of deacetylating 
2 was a modified barium methylate-catalyzed 
methanolysis. 

The structure 1 for the product isolated from 

1 R = R" = H, R' = P-D-glucopyranosyl 
2 R = COCH,, R' = P-D-glucopyranosyl 

tetraacetate. R" = H 
3 R = R' = COCH,, R" = COOH 
4 R = R ' = R 1 ' = H  
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the bark was supported by analytical data for it, 
and its acetyl derivative 2. Similarly, the agly- 
cone 4 and its triacetate, tribenzoate, and tri-0- 
methyl ether were analytically defensible. The 
ultraviolet (u.v.) spectra of these products were 
very similar to those from trails stilbenes (6). 
Compounds 1 and 4 each consumed a mole 
equivalent of hydrogen to yield the expected 
products, and the dihydro-derivative of 4 had 
the expected U.V. spectrum. Treatment of 1 with 
emulsin yielded D-glucose and 4, indicating the 
P-glucoside configuration. Oxidation of the ben- 
zoate of 1 as well as 2 with chromic acid gave 
the appropriate derivatives of a-resorcylic and 
vanillic acids. Finally, the oxidation of 2 gave an 
acid which in turn could be cleaved to a-resor- 
cylic acid and D-glucose. This placed the carbo- 
hydrate on the resorcinol moiety rather than 
the guaiacol moiety of 1, which was therefore 
trans3,4',5-trihydroxy-3'-methoxystilbene-3-0-P- 
D-glucopyranoside. 

Unfortunately, the structural diagram given 
for the present stilbene glucoside (1) in the pre- 
vious publication (4) is incorrect and shows 
rhapontin. The two compounds are not iden- 
tical, as can be seen by comparison of physical 
constants found here and given by Kawamura 
for rhapontin (7). In particular, 2 melted at 162- 
163 "C and rhapontin hexaacetate melted at 
135-136 "C. 

The synthesis of 2 was similar to the synthesis 
of 3,3',4',5-tetrahydroxystilbene by Cunning- 
ham, Haslam, and Haworth (2). 3,5-Dihydroxy- 
phenylacetic acid was condensed with vanillin 
under Perkin reaction conditions to give 3 which 
was deacetylated and decarboxylated to the 
aglycone 4. This latter reaction gave low yields, 
probably because of concurrent demethylation. 
The isolation of the product was facilitated by 
the use of polyamide columns (8) rather than 
silica gel. The aglycone (4) was condensed with 
tetra-0-acetyl-a-D-glucopyranosyl bromide in a 
Koenigs-Knorr reaction. The reaction was 
monitored by thin-layer chromatography (t.1.c.) 
and the desired product, from reaction of the 
glucosyl moiety with the resorcinol ring, was 
identified and separated by preparative t.l.c., 
from the other major product which resulted 
from similar substitution on the guaiacol ring. It 
was easy to differentiate the former from the 
latter because, for mono-substitution, there 
was much more of the former produced. The 

desired product was then acetlyated to give 2, 
mixture m.p. undepressed, and with U.V. and 
infrared spectra, together with t.1.c. behavior, all 
identical with the original 2. 

Experimental 
Melting points are uncorrected. Elemental analyses in 

the synthetic work only, were performed by Clark Micro- 
analytical Laboratory, Urbana, Illinois. Paper chromatog- 
raphy was performed on Whatman NO. 1 paper using 
the organic phase of butanol - acetic acid - water (4:1:5) 
as a developing solvent. 

Isolation of tf~e Stilbene Glucoside (1) 
The phlobaphene obtained from Harwood (5) was dried 

in a vacuum desiccator over phosphorus pentoxide for 
several days, and then extracted exhaustively with ether. 
One hundred grams of the product were extracted with 
acetone. The extract was not concentrated, but was ap- 
plied as obtained to a short column (95 x 70 mm), con- 
sisting of a sintered glass funnel of Magnesol and operated 
under suction. Elution with 4500 ml of acetone required 
approximately 1 h. The acetone extracts yielded 15.6 g of 
slightly colored material which showed as 1 on a paper 
chromatogram. 

Reactions of the Stilbene Glucoside(I) 
Stilbene glucoside (1) was a yellow-white amorphous 

powder. It produced a characteristic fluorescent spot on 
a paper chromatogram, R, 0.40; [crIDz1 -54.1' (c, 2 in 
acetone). Found: OCH,, 7.33, 7.34. Ultraviolet (u.v.) 
spectrum (methanol): h,,, 325, shoulder at 300 mp (log 
& 4.22 and 4.06). 

Compound 1 (1.0 g) in pyridine (10 ml) was reacted 
with acetic anhydride (4 rnl) for three days at room tem- 
perature. The reactants were poured into water to yield 
(crystallized from hot methanol) compound 2, 1.35 g of 
white needles, m.p. 162-163 OC, [aIDZ0 -22.6' (c, 2 in 
acetone). Ultraviolet spectrum (methanol): h,,, 300 and 
315 mp (log & of both 4.37). 

Anal. Calcd. for C20H1508 (COCH3)o(OCH3), (mol. 
wt., 672): C, 58.9; H, 5.36; OCH,, 4.61; acetyl, 38.4. 
Found (mol. wt., 635,654; Rast): C, 58.8, 59.1; H, 5.50, 
5.54; OCH,, 4.54, 4.60; acetyl, 38.1, 39.4. 

Hydrogenation of 2 was carried out in acetic acid (3 ml) 
with palladium-charcoal in the Siggia (9) apparatus. 
Duplicate estimations showed the uptake of 1.08 and 0.97 
moles of hydrogen per mole of 2. The product was re- 
crystallized from ethanol. The white needles, 0.105 g had 
m.p. 94-95.5 "C. 

Anal. Calcd. for C2OHl7O8 (CH3C0)6(0CH3): acetyl, 
38.3; OCH,, 4.60. Found: acetyl, 37.9, 37.5; OCH,, 4.3, 
4.5. 

Compound 1 was methylated repeatedly with ethereal 
diazomethane. The product had R, 0.66. Attempts to 
crystallize the product were not successful. 

Hydrolyses 
A sample of 2 (0.9 g) dissolved in anhydrous methanol 

(50 ml) was added to barium methylate in methanol (10 
ml of 0.69 N). A yellow precipitate formed immediately. 
The reaction mixture was kept at about 5 "C with occas- 
ional shaking for 5 h. The precipitate was separated from 
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the supernatant liquid by filtration, and was washed with 
anhydrous methanol. The precipitate was then added to 
a mixture of dry ice and water, and the barium carbonate 
formed was separated by filtration. The filtrate was evapo- 
rated under reduced pressure to dryness, and a n  acetone 
extract of the dry residue (made at room temperature) 
was again evaporated to dryness. The residue was taken 
up in 11-br~tanol and the product recovered in the usual 
way. The material was nearly white in color. Chromato- 
graphic analysis showed the presence of 1 with very little 
impurity; yield, 0.40 g. Found: acetyl, 0.7,0.9. The prod- 
uct (34 mg) has re-acetylated. This product had m.p. 
162-163 'C and a mixture m.p. with 2 was not depressed. 

Compound 1 (2.0 g) was added to oxalic acid solution 
(100 ml of 1 %) and the mixture was warmed. After 1 h 
the material was still not completely dissolved. After a 
further hour of heating on the steam cone, a chromato- 
gram showed two spots of RI 0.47 and 0.78. The hydroly- 
sate was extracted overnight with chloroform, and chro- 
matography of the chloroform extract showed the spot, 
Rp 0.79, of 4 while that of the aqueous residue retained a 
strong spot for con~pound 1 plus a faint spot for the 
aglycone. A brown solid which had again formed in the 
still for the chloroforn~ was recovered and dried. This 
process was repeated five more times, the length of the 
heating period being increased gradually. A total of 0.563 
g of crude aglycone (4) was obtained. The above proce- 
dure was repeated four times until 2.65 g of crude 4 had 
been accumulated. 

The aqueous residue was treated with a slight excess of 
calcium hydroxide, and the calcium oxalate which precip- 
itated was removed by filtration. The excess calcium 
hydroxide was removed by shaking the filtrate with IR 
120. The filtrate was clarified and then it was mixed with 
phenylhydrazine hydrochloride and sodium acetate, in 
excess, and heated on a water bath. Yellow crystals of 
glucosazone were separated, m.p. 204-205 OC (decom- 
posed). The product (0.2 g) was mixed with water (18 ml), 
sulfuric acid (1 ml of 0.5 N), copper sulfate pentahydrate 
(0.6 g), and isopropanol (12 ml). The solution was heated 
under reflux for 1 h, then it was concentrated to about 5 
ml with the formation of brown-colored crystals. These 
were recrystallized from water to give white needles, m.p. 
195-196 "C, mixture m.p. with the osatriazole (1 1) pre- 
pared from D-glucose showed no depression. 

Emulsin (25 mg) was dissolved in distilled water (50 
ml) containing compound 1 (300 mg). After the reaction 
mixture had been left at room temperature for 22 h, a 
determination of copper reducing power, carried out 
according to the Somogyi method (10) on a 0.5 ml aliquot, 
was equivalent to 1.07 mg of D-glucose. After 45 h this 
value had increased to 1.22 mg. Since the theoretical 
amount of D-glucose present on complete hydrolysis 
would be 1.28 mg for a 0.5 ml aliquot (assuming a mole- 
cular weight of 420 for 1) the hydrolysis was considered 
to be complete. Chromatographic analysis of the hydroly- 
sate showed that an appreciable amount of compound 1 
(R, 0.40) was still present. In  addition, a new spot (Rf 
0.79) was observed which produced the same fluorescence 
as compound 1. The reaction mixture was therefore ex- 
tracted continuously for several hours with chloroform, 
during which time material crystallized out on the flask 
at the surface of the chloroform. The addition of petro- 
leum ether until the chloroform solution became slightly 

turbid, caused material (4) to separate in the form of 
flaky brown crystals, 150 mg. 

Renctiorls of the Aglycorze (4) 
Purification was by recrystallization from ethyl acetate- 

petroleum ether. The recrystallized aglycone was in the 
form of near-white clusters, optically inactive, m.p. 182- 
183 "C. Ultraviolet spectrum (methanol): h,,, 325 and 
shoulder at 300 mp (log E 4.37 and 4.27). 

Anal. Calcd. for Cl4HI1O3(OCH3), (mol. wt., 258): C,  
69.7; H, 5.46; OCH,, 12.0. Found (mol. wt., 251 ; Rast): 
C, 69.7,69.7; H ,  5.62, 5.65; OCH,, 11.9, 12.0. 

The aglycone in ethanol was hydrogenated with pal- 
ladium-charcoal catalyst in the apparatus described by 
Siggia (9). Hydrogen consumed was equivalent to 0.93 
and 0.95 moles per mole of aglycone. The reaction mix- 
tures from these hydrogenations were filtered to remove 
the catalyst, and the filtrates from two runs, containing 
originally 72 mg of aglycone, were combined. After 
evaporation of the solvent, the residue was crystallized 
from benzene to yield white needles, m.p. 152-153.5 "C. 
Ultraviolet spectrum (methanol): A,,, 280 mp (log E 3.64). 

Anal. Calcd. for C14H10(OH)3(OCH3): C, 69.2; H, 
6.20; OCH,, 11.9. Found: C, 69.5, 69.2; H, 6.25, 6.47; 
OCH,, 11.8, 11.7. 

The aglycone (0.1 g) was dissolved in pyridine (3 ml) - 
acetic anhydride (2 ml) and the reaction mixture was left 
at room temperature overnight. The reaction mixture 
was worked up as usual and the product was recrystal- 
lized from ethanol-water to yield the triacetate of 4 as 
coarse needles, m.p. 103-1 04 "C. Ultraviolet spectrum 
(methanol): h,,, 315 with shoulder at 300 rnp (log E 4.35 
and 4.34). 

Anal. Calcd. for C14H803(CZH30)3(OCH3): 0CH3, 
8.08; acetyl, 33.6. Found: OCH,, 7.96, 7.91; acetyl, 33.1, 
34.0. 

The aglycone (0.1 g) was dissolved in anhydrous pyri- 
dine (2 ml) and benzoyl chloride (0.5 ml). The reaction 
mixture was warmed over a low flame for 1 min, and then 
poured into cold water (20 ml). The product, the triben- 
zoate of 4, was worked up as above and was recrystallized 
from a chloroform~thanol mixture to needles, yield 0.16 
g, m.p. 108.5-1 10 "C. 

Anal. Calcd. for C,4H803(CGH5C0)3(OCH3): C, 75.8; 
H,4.59;OCH3,5.44.Found:C,75.4,75.3;H,5.02,4.95; 
OCH,, 5.40,5.62. 

Dimethyl sulfate (2 ml) was added to a solution of the 
aglycone (0.2 g) in ethanol (2 ml). A solution of sodium 
hydroxide (40%) was added, in drops, until the reaction 
mixture was alkaline. The mixture was cooled and it was 
diluted with water, whereupon a golden-yellow oil sepa- 
rated, and after several days the tri-0-methyl ether of 4 
crystallized as pale-yellow clusters of needles, yield 0.10 g, 
m.p. 66.5-68 "C. Ultraviolet spectrum (methanol): X,,. 
320 and shoulder at 305 m p  (log E 4.31 and 4.28). 

Anal. Calcd. for C14H8(OCH3)4: C, 72.0; H, 6.66; 
OCH,, 41.3. Found: C, 72.1, 72.1; H, 6.73, 6.80; 0CH3,  
40.3,40.6. 

Oxidations 
The aglycone benzoate (1.1 g) was dissolved in acetic 

acid (50 ml) and maintained at 60-70 "C. Chromium 
trioxide (1.8 g) dissolved in acetic acid (60 ml) was slowly 
added to the solution over a period of 1 h. After the reac- 
tion was complete, a small volume of methanol was 
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added. The reaction mixture was evaporated almost to 
dryness under reduced pressure, then mixed with water 
(100 ml) and extracted four times with ether in a separa- 
tory funnel. The ether solution was washed twice with 
hydrochloric acid (5 %), then twice with water, and finally 
it was dried over anhydrous sodium sulfate. Evaporation 
of the ether left crude, yellow crystals, which were re- 
crystallized from acetic acid to yellow-white crystals, 
yield 0.185 g, m.p. 224-232 "C. a-Resorcylic acid was 
synthesized (12) and benzoylated. The product had m.p. 
231-233 "C, mixture m.p. undepressed with the above. 
Their X-ray powder diffraction spectra were identical. 

Compound 2 (2.65 g) was dissolved in acetic acid (100 
ml) and the solution was heated in a water bath to  about 
63-64 "C. Chromium trioxide (3.0 g) dissolved in acetic 
acid (200 ml) was added with stirring over a period of 1 h. 
The mixture was worked up as described above to yield 
the ether extract which was extracted with 6 %  aqueous 
sodium bicarbonate solution. The bicarbonate extract 
was acidified to liberate organic acids and then re-extrac- 
ted withether; this ether extract wasdried over anhydrous 
sodium sulfate. After beingfiltered, the ether extract was 
evaporated to dryness and the resultant oil kept in uncuo 
for three days, until partial crystallization occurred, and 
the uncrystallized portion was removed by washing 
quickly with ethanol (15 ml) and filtering. The product 
was recrystallized from ethanol to yield yellow-white 
crystals, 0.43 g, m.p. 189-191 "C. The product (0.43 g) 
was dissolved in water (10 ml) containing sodium hydrox- 
ide (250 mg). After standing at room temperature for 2 11, 
the solution was neutralized with sulfuric acid (10 ml of 
5 %) and it was heated under reflux for 2 h. The mixture 
was then cooled to room temperature, saturated with 
sodium chloride, and extracted with ether. The ether ex- 
tract was dried and evaporated to  yield 0.10 g of crude 
product, m.p. 221-229 OC. When recrystallized from 
acetic acid, the product had m.p. 237-239 "C, and showed 
no depression in m.p. when admixed with synthetic a- 
resorcylic acid. The aqueous layer was deionized and 
examined by paper chromatography. Only one spot with 
the characteristic color reactions and Rf value of D-glu- 
cose was found. 

The ethanol reserved from the uncrystallized portion of 
the original product yielded an oil on evaporation. This 
oil partially dissolved in hot water, leaving a dark-brown 
gum which was removed on the filter. The filtrate de- 
posited a fluffy white solid (100 mg) which after three 
recrystallizations from ethanol had m.p. 138-143 "C 
(acetylvanillic acid melted at 145-147 "C). The water- 
insoluble gum was dissolved in ethanol (10 ml) and water 
(5 ml) and barium hydroxide octahydrate (2 g) was added. 
The mixture was allowed to stand at room temperature 
overnight. The brown precipitate which formed was re- 
moved on a filter and was dissolved in dilute hydrochloric 
acid. The acidified solution was filtered and extracted 
with ether. When dried and evaporated, the ether extract 
yielded 0.10 g of product, m.p. 198.5-203 "C, raised to 
206-208 O C  by recrystallization from water, mixture m.p. 
with vanillic acid 207-209 "C. A sample of this product 
was acetylated. The acetate had m.p. 147-149 "C, mix- 
ture m.p. with acetylvanillic acid undepressed. The X- 
ray patterns of vanillic acid and the isolated acid, m.p. 
206-208 "C, were taken and proved to  be identical. 

3,4',5-Trincetoxy-3'-methoxystilbene-n- ncid(3) 
Sodium 3,5-dihydroxyphenylacetate (5.9 g), vanillin 

(4.2 g) and acetic anhydride were heated in a sealed tube 
for 8 h at about 175 "C. The mixture was cooled and 
poured into ice water (500 g). The viscous brown oil which 
separated was washed with water and then dissolved in 
ethyl acetate (200 ml). Acidification of the sodium bicar- 
bonate extract of the ethyl acetate yielded 0.5 g of the 
product, m.p. 220-221 O C ,  recrystallized from methanol. 
Ultraviolet spectrum (ethanol): h,,, 283 and 310 nlk (log 
E 4.38 and 4.18). Infrared (i.r.1 spectrum (KBr): v,,, 1770. . . -  . . . . . .. . . . 
1680,1615 cm-l. 

Anal. Calcd. for C22H2009: C, 61.7; H, 4.71. Found: 
C, 61.5; H, 4.82. 

3,4',5-Trihydroxy-3'-methoxystilbene (4)  
The stilbene-a-carboxylic acid (3.9 g), copper powder 

(4 g) and freshly distilled quinoline (40 ml) were heated 
to about 185 OC under a nitrogen atmosphere for 3 11. 
Ethyl acetate (150 ml) was added to the cooled mixture 
and after filtration the resulting solution was washed 
several times with dilute hydrochloric acid. The solvent 
was evaporated ill uacuo and the residue was treated with 
0.2 N sodium hydroxide (100 ml) at about 95 "C in a 
nitrogen atmosphere for 2 h. The solution was cooled and 
extracted once with ether (25 ml) which was discarded. 
The aqueous solution was acidified with dilute sulfuric 
acid and extracted with ethyl acetate. Evaporation of the 
ethyl acetate left a dark-brown oil (192 mg) which was 
dissolved in methanol (2 ml) and placed on a column 
(1 x 30 cm) packed with polyamide powder (Brinkman 
Instruments). The column was eluted with methanol- 
water (1:l) to yield finally the product, 30 mg, 1n.p. 
199 "C crystallized from methanol, which gave a n  oranze 
color with diazotized sulfanilic acid when applied to a 
thin-layer chromatography plate. Ultraviolet spectrum 
(ethanol): h,,, 285 and 324 mp (log E 4.45 and 4.54). In- 
frared spectrum (KBr): v,,, 3300 and 1645 cm-'. Con- 
tinued elution of the column gave a small amount of a 
second stilbene (ultraviolet fluorescent) which, however, 
gave a yellow color with the diazotized sulfanilic acid 
reagent. The orange color from the desired product was 
attributed to the guaiacyl nucleus, whereas the yellow 
color from the second product was attributed to a cate- 
chol nucleus produced from the former by demethylation. 

The triacetate of this stilbene was prepared by taking 
the decarboxylation mixture, before it was treated with 
base, and adding pyridine (5 ml) and acetic anhydride 
(5 ml); the reactionmixture was kept at room temperature 
for one day and then worked up in the usual manner. The 
product was purified on thick-layer plates of silica gel 
using methylene dichloride as the developing solvent, 
followed by extraction of the product from the silica gel 
and recrystallization from methanol, m.p. 105-106 "C. 
Ultraviolet spectrum (ethanol): h,,, 303 and 316 my 
(shoulder at 332 mp), (log E of both 4.44). Infrared spec- 
trum (KBr): v,,,, 1760 cm-'. 

Anal. Calcd. for CZlHZ0o7: C, 65.6; H, 5.24. Found: 
C, 65.5; H, 5.42. 

3,4',5-Tri~rydroxy-3'-methoxystilbene-3-O-~-~-gl1~co- 
pyranoside Hexancetrrte 
The stilbene 4 (29 mg), silver oxide (32 mg), and drierite 

(50 mg) in anhydrous chloroform (5 ml) was treated with 
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tetra-0-acetyl-a-D-glucopyranosyl bromide (21 mg) in 
anhydrous chloroform (5 ml) for two days at room tem- 
perature. Thin-layer chromatographic (t.1.c.) examination 
of the reaction mixture, on silica gel G, using the devel- 
oping solvent benzene - ether - ethanol (16:4 :I), showed 
the major product of the reaction (substitution of one of 
the resorcinol ring hydroxyls) had R, 0.21, and the minor 
product (substitution of the guaiacol ring hydroxyl) had 
Rf 0.13. The major product was separated on a thick 
layer of silica gel using the above solvent and, after ex- 
traction of the product from the silica gel, the product 
was treated with pyridine (0.5 ml) and acetic anhydride 
(0.3 ml). The reaction mixture stood at room temperature 
overnight and was worked up by removing the volatile 
reagents it1 vacrro. The product was recrystallized from 
methanol to m.p. 164-165 "C, undepressed on mixing 
with the natural samplc. Siinilarly, the U.V. and i.r. spec- 
tra and t.1.c. behavior of both samples were identical. 
Ultraviolet spectrum (ethanol): h,,, 301 and 319 mp 
(shoulder at 332 mp) (log E 4.63 and 4.65). Infrared 
spectrum (KBr): v,,, 1740 and 1760 cm-'. 

Anal. Calcd. for C3,H3,Ol,: C, 58.9; H, 5.40. Found: 
C, 58.9; H, 5.33. 
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Additivity of substituent eEects on the proton-proton coupling constants in 
substituted benzenes. Investigation of some trisubstituted benzenes 

T. SCHAEFER, G. KOTOWYCZ~, H. M. HUTTON', AND J. W. S. LEE3 
Chemistry Department, University of Manitoba, Witzrzipeg, Manitoba 

Received March 7. 1968 

An additivity scheme based on the changes in ortho, meta, and para proton coupling constants of 
benzene induced by a single substituent is applied to a number of trisubstituted benzenes. Ortho coupling 
constants are well reproduced (root mean square deviations = 0.05 c.p.s.) by the scheme but for meta and 
para couplings saturation effects are indicated. For the latter two couplings there are two substituents 
ortho to one of the protons involved. Measurements indicate that a temperature range of 100 "C has a 
negligible effect on the couplings but that polar solvents are to be avoided in obtaining data for the 
testing of additivity schemes. 

Canadian Journal of Chemistry, 46, 2531 (1968) 

Introduction 

The additivity of substituent effects on the 
proton coupling constants in some mono- and 
disubstituted benzene derivatives has recently 
been demonstrated (1). In connection with 
chemical shift studies (2, 3) we have recently 
determined accurate proton coupling constants 
for numerous polysubstituted benzenes. The 
coupling constant data for 14 of these compounds 
appeared particularly relevant to a test of 
additivitv effects in trisubstituted benzenes. These 
data are used in such a test in the work reported 
here. 

Experimental 
Measurements were made on samples of colnmercial 

origin as 3 moIe % solutions in carbon tetrachloride or 
5 mole % solutions in carbon disulfide. Internal tetra- 
methylsilane served as a reference in determining peak 
positions by period averaging techniques on a DA-60-1 
spectrometer operated in the frequency-sweep mode. 
Three-spin systems were analyzed using a computer pro- 
gram4 based on the algebraic approach of Castellano and 
Waugh (4). The coupling constants so derived are assumed 
to be accurate to at least 0.03 c.p.s. and are given in 
Table 11. The methyl protons were decoupled in the tolu- 
ene derivatives to facilitate accurate peak position 
measurements. 

Discussion 

A stringent test of an additivity scheme is 
devised as follows. In Table I, the differences AJ 
between the coupling constants in the mono- 
substituted benzenes (10 w/w % solutions in 

'Holder of anNRCC Studentship, 1966-1967. 
=Permanent address, Brandon University, Brandon, 

Manitoba. 
3Summer student, 1967. 
4Adapted to an IBM 360165 from a Fortran 11 listing by 

J. R. Cavanaugh. 

carbon tetrachloride (5, 6)) and benzene (7) are 
given. For the 1-X-2-Y-4-Z-benzenes (formula 11) 

in Table 11, the predicted coupling constants can 
then be written with reference to the mono- 
substituted benzenes (Formula I) : 

TI, = J3, = AJ3,' + A J ~ ~ ~  + AJZGZ + J,,,~ 

Jp = J,, = AJ36X + AJ3GY + AJ3,' + JpB 

where JOB, J,,,~, J~~ are the unperturbed couplings 
in benzene. In Table 11, the predicted and ob- 
served couplings are presented. It should be noted 
that the AJ values for CH, are derived from our 
data. 

Ortho Coupling Constants, J,, 
The agreement (root mean square (r.m.s.) 

deviation = 0.05, c.p.s.) between the predicted 
and observed coupling constants is striking, con- 
sidering that the errors in the predicted coupling 
constants should be cumulative. This suggests 
either that a cancellation of errors occurs in the 
sums taken in the equations above or that the 
original data on the monosubstituted benzenes is 
even more accurate than suggested (5, 6). From 
the values of AJ,, in Table I, it is also clear that in 
the trisubstituted benzenes the distant atom (Y) 
has little effect on Jo = J,,. On the other hand, 
the negative sign of AJ,, tends to confirm an 
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TABLE I 
Effect of substituents on the proton coupling constants in inonosubstituted benzenes 

X" AJz3tf:  A J34 AJ24 AJZG AJ35 AJ3, 

'Numbering begins with the substituent. 
?Defined as J ,  - J ,  where J ,  are the couplings (20.04 c.p.s.) in benzene: Jo = 7.54, J,, = 1.37, J, 

= 0.69 c.p.s. (ref. 7). 
;In ?.p,s. with a probable error of more than 0.05 c.p.s., derived from monosubstituted benzenes in - -. 

LC14 ( 5 ,  b). 
§Derived from data on trisubstituted benzenes in Table I1 and probably have an error of at  least 

? 0.05 C.P.S. 

TABLE II 
Predicted and observed coupling constants in c.p.s. in some trisubstituted* benzenest 

-- 

Jo = J56 JIn = J35  J~ = J36 - 
Coln~ound X Y Z Predicted Observedi Predicted Observedt Predicted Observedf 

I 
Br 
C1 
F 
Br 
Br 
C1 
C1 
NO2 
NO, 

*Of formula I-X-2-Y-4-2-benzcnc. 
tCompounds 1 to 7 measured as 3 mole % or less in carbon tetrachloride. Compounds 8 to 14 were measured as 5 mole % or less in carbon 

disulfide. 
$Assumed accurate to f 0.03 c.p.s. 

alternating effect (8) of the electronegativity of X 
on coupling constants. 

Meta Coupling Constants, J,, 
The r.m.s. deviation of predicted from ob- 

served values is 0.09, c.p.s., the largest deviations 
occurring in compounds 1 to 7. If AJ,, for CH, is 
set equal to zero the predicted values are fairly 
consistently low by about 0.15 c.p.s. Since the 
substituent effects appear to be short-range they 
presumably involve the o electrons (I). It  is also 
reasonable to suppose that the o system becomes 
less susceptible to perturbation with increasing 
substitution. On this assumption the deviation 
above is of the wrong sign unless the magnitude of 
AJ,, (negative sign) is decreased by 50 % or more 

in the trisubstituted benzenes. Such a decrease 
appears plausible because C-3 in these com- 
pounds (formula 11) is perturbed by two ortho 
substituents (such is not the case for the ortho 
coupling constants). However, the deviation is 
small and its confirmation must await further 
work. 

Para Coupling Constants, J,, 
For compounds 1 to 7 in Table I, it is obvious 

that the predicted value of J, is much too small. 
Because AJ,, is negative this discrepancy can be 
rationalized in a way similar to that for J,,, above. 
Carbon-3 is again subjected to a perturbation by 
two ortho substituents and it is very definitely 
indicated here that Z saturates C-3, making 
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it much less susceptible to a perturbation by Y the other AJ values for CH, in Table I are of 
(formula 11). This conclusion is borne out by com- doubtf~ll accuracy. 
pounds 8 to 14 where no AJ,, term has been 
applied for the methyl group. The agreement 
between predicted and observed values is now 
very good. 

Saturated Effects in 1,3,5-Trisubstituted Benzenes 
If the saturation effects are real, then a test for 

AJ,, can be made with 1,3,5-trisubstituted ben- 
zenes because there are two AJ,, terms in the 
expression for J,. Our measurements on l-bromo- 
3,5-dichloro- and I-iodo-3,5-difluorobenzenes 
give three predicted J, values which are up to 
0.13 c.p.s. less than the observed values. How- 
ever, this is too small a value to confirm the 
saturation phenomenon. 

Saturation Effects in Tetrasubstituted Benzenes 
Some years ago, we measured some meta 

coupling constants from 13C sidebands in tetra- 
substituted benzenes (9); while these measure- 
ments were only accurate to 0.1 c.p.s. and were 
done in various solvents they may give an indica- 
tion of saturation effects. Thus, for 2,4,6-tri-X- 
phenols where X = Br, C1, NO, we find, respec- 
tively -0.3 5 0.2, -0.4 + 0.2, -0.5 + 0.2 for 
predicted minus observed values. For 2,6- 
dibromo-4-nitrophenol the discrepancy rises to  
- 1.0 -t 0.2 c.p.s. While these results do indicate 
appreciable saturation effects, the fact that 
hydrogen bonding between the hydroxyl group 
and its ortho neighbors is highly probable un- 
fortunately introduces another possible perturba- 
tion on the AJ values which should not be 
neglected. In fact, ring proton coupling constant 
data may well be used in the future to study inter- 
actions between substituents (1). 

A J  Values Derivable Jidonz Polysubstitz~ted 
Benzenes 

If strict additivity is operative, irrespective of 
the degree of substitution, then AJ values can be 
derived very easily from highly substituted 
benzenes. This would be a very useful approach. 
For example, the determination of coupling 
parameters in toluene is a formidable problem 
even for the powerf~ll analytical techniques used 
by Goldstein and co-workers (10). It was therefore 
hoped that the A J  values for CH, deduced from 
our compounds would serve as excellent starting 
parameters for such an analysis. This is probably 
so for AJ,, but because of the saturation problem 

Solvent and Temperature Effects on J 
Work on p-nitroanisole (I I) indicates a 0.1 

c.p.s. dependence of J,, + J, on solvent. This is 
large enough to suggest the use of inert solvents 
whenever possible in the study of additivity 
schemes. A similar change in J, and J, for com- 
pound 12 in Table I1 is found in going from CS, 
to acetone. Our extensive study (3) of 3,5- 
dichlorosalicylaldehyde a t  various concentrations 
(1 to 10 mole %) in various solvents (100% 
acetone to 100% CS, mixtures, 100 % C6F, to 
100 % CS, mixtures, CCl,, C6H12, C6D6, CDCl,, 
CH2Cl,, CH,CN, (CH,),SO) over a range of 
temperatures (-7 to 120 "C) shows a range for J, 
offrom2.49 -t 0.03 c.p.s.inCC14t02.65 + 0.03 
c.p.s. in (CH,),SO. The high values are found in 
the polar solvents and if they are excluded a 
constant, temperature-independent value is ob- 
tained. Thus, for a saturated (less than 5 mole %) 
solution in CCI, we find J, = 2.49 + 0.03 from 
14 to 114°C. 

Conclusions 

The additivity of substituent effects in mono- 
and disubstituted benzenes is still valid in 1,2,4- 
trisubstituted benzenes but small saturation 
effects are indicated when a proton has two ortho 
substituents. Small solvent effects are noticeable 
in polar solvents and these are comparable in 
magnitude to the suggested saturation  effect^.^ 
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PhotochemicaI synthesis, 22.l On photochemical cycloaddition: 
Cyclopentenone 

P. DE MAYO, J-P. PETE: AND M. TCHIR 
Departnrerzt of Clzerrristry, University of Western Ontario, London, Ontario 

Received April 30, 1968 

Cyclopentenone has been added photochemically to a wide variety of olefins and the quantum 
efficiency determined. Mechanistic studies indicate a rapid reaction involving a triplet state by a process 
which is not stereospecific, but which does not allow complete equilibration. Evidence is provided 
which suggests that cyclopentenone reacts photochemically from two triplet states, but that only the 
higher leads to cycloaddition. 

Canadian Journal of Chemistry, 46, 2535 (1968) 

Recent years have seen the development of 
the use of cyclenone photocycloaddition to ole- 
fins and related substances as a synthetic tool. 
This process has been used for both the genera- 
tion of cyclobutanes as such (1-3) or for their 
subsequent modification (4-8). A desire to extend 
the application of this useful device prompted us 
to undertake a study of the cycloaddition process 
in more detail, and part of that study is reported 
here. 

For practical purposes a knowledge of the 
probable effects of substitution on both the 
cyclenone and the substrate is desired, not only 
as regards the orientation and stereochemistry of 
addition, but also as regards the rate of addition. 
The latter would be important in syntheses where 
more than one olefin linkage was available for 
attack. A knowledge of external effects such as 
solvent, concentration, or temperature is also 
necessary. At the present time the literature 
offers little guidance, and the present and later 
studies will be an attempt to provide the data for 
meaningful prediction. 

An important preliminary survey of the photo- 
cycloaddition reactions of cyclohexenone has 
been reported (9). This work will be referred to 
in the Discussion section, but there is reason to 
believe that the photochemical properties of 
cyclopentenone (with which the present report 
is exclusively concerned) differ in some important 
respects from those of cyclohexenone. Our own 
studies with cyclohexenone will be reported later. 

'For Part 21, see J. L. Charlton and P. de Mayo. Can. 
J. Chem. 46, 1041 (1968). 

'On leave from the C.N.R.S. and recipient of a 
N.A.T.O. Fellowship. Present address: Laboratoire de 
Chimie Organique, Facult6 des Sciences, 1 rue Grandville, 
54-Nancy, France. 

Whilstprimarily concerned here with the mech- 
anism of photocycloaddition to olefins, the photo- 
dimerization of cyclopentenone (10-12), under 
some conditions a completing process (13), is 
obviously of relevance and our observations in 
this regard, though presently limited, are here 
r e ~ o r d e d . ~  

Experimental 
Materials 

Cyclopeiztenone (Aldrich) was distilled under reduced 
pressure (nitrogen) and was greater than 99.9% pure by 
gas-liquid chromatography (g.1.c.). Cyclohexene (Phillips 
pure grade) was shaken with acidic ferrous sulfate, dried, 
distilled, refluxed with and distilled from maleic anhy- 
dride, and redistilled from sodium wire(nitrogen).It was 
passed through a column of alumina (layers of Woelm 
acid, base, and neutral) into the reaction vessel (nitrogen). 
Cyclopentene (Aldrich) was treated in a similar manner. 
Cyclooctene (Aldrich) was purified through the silver 
nitrate complex (14). cis-3-Hexene was prepared by the 
hydroboration of 3-hexyne (15). The product contained 
3 % of the trans isomer. Tetrametlzyletlzylene, cis-diclxloro- 
ethylene, trans-dic/~loroethyletze, trans-3-hexene, isoprope- 
11y1 acetate, piperylerze (mixed isomers), and trans-pipery- 
lene (Aldrich) were all purified by distillation and passage 
through alumina. No isomerization induced by the alu- 
mina was detected. Ketetze dimethylacetal was prepared 
by the method of Corey and co-workers (9). 

Isopropanol (Fisher reagent grade) and t-butai~ol were 
distilled from calcium hydride. Benzene (Phillips research 
grade) was used without further purification as were 
cyclohexane, n-pentane (Fisher spectranalyzed grade), 
acetic acid (Analar), and dierlzyl ether (Malinckrodt 
analytical reagent). Acetonitrile was distilled from phos- 
phorus pentoxide and calcium carbonate. 

The calibrating compounds in g.1.c. analysis, naphtha- 
lene, 2-metlgvlnaphthalene, and acenaphtherze (Eastman) 
were crystallized from ethanol-water (twice) and sub- 
limed. 

Sensitizers: Acetophenone was fractionally distilled, 

3A review covering cyclenone additions has appeared 
very recently (50). 
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belzzophe~zor~e and p-bromoacetophenot~e were recrystal- 
lized from cyclohexane. 4-methylacetopheno~ze (Aldrich) 
was freed from contaminants by preparative g.1.c. and 
then distilled. Pyrerze and triphenyletze were chromato- 
graphed on alumina and recrystallized. The purity of the 
sensitizers was checked by g.1.c. and by emission spectra. 

General Procedure 
Preparative 
In general the ketone (0.3-1.0 M )  was irradiated using 

the olefin as solvent. Either an immersion apparatus 
(volume 200 ml) or smaller tubes strapped to the side of 
the well were used. The light source was a Hanovia 450 
W medium pressure mercury arc with a cylindrical 
Pyrex filter. The products were isolated by fractional 
distillation and purified by g.1.c. (5 % carbowax 20 M on 
Chromosorb P 5 ft x 4 in.). All adducts showed carbonyl 
stretch at 1727-1735 cm-I (CCI,) and had nuclear 
magnetic resonance (n.m.r.) spectra (Varian A-60, CCl, 
solvcnt) compatible with their gross structures. The 
olefinic derivatives, where formed, had a carbonyl 
stretch at 1745-1750 cm-l, and gave clear evidence of 
olefinic protons in their nm1.r. spectra. 

Quantrtrn Yielrls 
Purified adducts were calibrated against one of the 

standards by g.1.c. using a 5 % carbowax 20 M phase on 
Diatoport S. Temperature: 85-160". The light sourcc 
was an Osram 200 W super-pressure arc, the filter solu- 
tions being those of Kasha (16). The 334 mp band was 
also isolated with a Bausch and Lomb monochromator 
(1200 grooves per rnrn). The optical bench was as 
previously described (17j and transmittance-reflectance 
ratios were determined at each wavelength. The freeze- 
thaw method of degassing was used to a ~'esidual pressure 
of less than 5 x lo-, mm. After irradiation the calibrat- 
ing compound was added and the amount of adduct 
determined. Irradiations were carried to about 3 % con- 
version. Actinometry was by the ferrioxalate method (18). 

Quantltrn Yield of Disappearance of Cyclopentenone 
Irradiations in cyclopentene and cyclohexene were at 

334 mp (filter system). Naphthalene was used as the cali- 
brating substance. 

Quenching of Cyc/oaddition to Cyclohexerze 
(a) Piperylene-Irradiation a t  313 rnp 
A 0.05 M solution of cyclopentenone in benzene 

containing 1.5 M cyclohexene was used with added 
piperylene (0.24.8 M). The results are given in Table 11. 

(b) Acenaphthene-Irradiation in a merry-go-round 
with Pyrex filter and an additional filter of acenaph- 
thene in cyclohexane (15 g/l) using a 450 W medium 
pressure arc. A 0.15 M solution of cyclopentenone in 
benzene or cyclohexane was used. 

Intersystenz Crossing EJficiency of Cyclopenterzone 
The ketone (0.3 M) in benzene containing varying 

amounts of trans-piperylene (contains 0.24% cis-pipery- 
lene) was irradiated at 313 mp on an optical bench. The 
amount of cis-piperylene formed was determined using a 
25 ft column of 25 % PP'-oxydipropionitrile on Diatoport 
S at 25". It was assumed that the cis and trans isomers 
had the same response on the hydrogen flame detector. 
Conversion was kept below 4%. The quantum yield was 
calculated by the method of Hammond and co-workers 
(19). The results are given in Table V. Controls for 
adventitious isomerization were performed. 

Dirnerizufion of Cyclohexene and Cyclopenterre 
These could not be determined on the optical bench 

for lack of a suitable light source. The solution to be 
irradiated (5 % benzene: 5 ml) in an 8 mrn quartz tube 
was degassed by freeze-thaw cycles. The filter (a saturated 
solution of a 1:6 weight ratio of CoS04+7H20 and 
NiS04.6H20 in water) was placed in the well of a 
Hanovia reactor and the sample tube immersed under 
c6nditions such that its position was exactly reproducible. 
The well was cooled with circulating water. Independent 
controls with a thermopile indicated that the lamps 
(Rayonet RPR-100 photochemical reactor low pressure 
mercury lamps) had a steady output and that the warm- 
up time was less than 2 s. The cycloalkene solutions were 
irradiated for 60 min. The flux was determined using a 
similar tube containing ferrioxalate. The yield of dimer 
was determined by g.1.c. on a carbowax column. An 
authentic specimen of cyclohexene dimer was prepared 
by similar irradiation and isolation by g.1.c. A specimen 
of cyclopentene dimer was prepared by the method of 
Korte and Scharf (20). 

In the case of cyclohexene the quantum yield of dimeri- 
zation was 3.4 x that of cyclopentene was 1.1 
x lo-=. Using a value for the yield of benzene triplets 
of 24X4 (21) the quantum yield of dimerization becomes 
0.14 and 0.046 respectively. 

Isornerization of trans-3-Hexene 
A solution of cyclopentenone (0.1 M )  and trans-3- 

hexene (0.93 M )  in n-pentane was dcgasscd and irradiated 
at 313 mp. The yield of cis-3-hexene was determined by 
g.1.c. using an 8 ft column of 25% phenylacetonitrile 
saturated with silver nitrate on Chromosorb W. The 
conversion was less than 0.25 %. It was assumed that the 
cis isomer had the same detector response as the tram. 
The quantum yield was 0.033. Acetophenone under the 
same conditions gave the cis olefin with a quantum yield 
of 0.12. 

Sensitization Experiments 
The cyclopentenone was ca. 0.1 M or 0.3 M. Enough 

sensitizer was added to absorb greater than 80% of 
the light. Cyclohexene was used as the solvent. Irradia- 
tions were conducted at 313 mp. Control experiments 
established that cyclopentenone absorption followed 
Beer's Law. The results are indicated in Table VI. 

Cj~clopenter~otze-Isopropnnol Irradiation 
Irradiation of cyclopentenone in isopropanol gave 

dimer or the tertiary alcohol (2) first described (24,25) by 
Pfau depending on concentration. With the ketone at 
concentrations below 0.01 M the alcohol was formed and 
identified by comparison with an authentic specimen 
prepared by the method of Pfau. The n.m.r. spectrum 
showed bands 6: 1.2 (s, 6H), 2.1 p.p.m. (m, 7H), and 2.4 
p.p.m. (s, 1H) in accordance with the suggested structure. 
The peak at 2.4 p.p.m. disappeared on exchange with 
DzO. 

The quantum yield of disappearance of cyclopentenone 
was determined at a dilution (0.012 M )  such that no 
dimer was formed. The irradiation was conducted a t  
313 mp in a 5 cm path cell. A conversion of ca. 30 % was 
observed. The disappearance of the cyclopentenone was 
measured, after dilution, spectrophotometrically at 217 

,The quantum yield of benzene triplets in solution is 
in some doubt. In the gas phase a yield of 65 % seems well 
established (22,23). 
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mp. The results are indicated in Table VIII together with 
the effect of addition of 0.011 and 0.046 M cyclohexene. 
In another experiment it was observed that in a 1:l 
mixture of isopropanol-cyclohexene no tertiary alcohol 
was formed. 

Quencl~it~g of Benzophe~zone Pl~otored~rction in 
Isopropanol 

Solutions of benzophenone (0.045 M)  in isopropanol, 
containing the appropriate concentration of cyclopen- 
tenone (0.002 to 0.02 M)  were degassed by nitrogen 
purge. The samples were irradiated on a merry-go- 
round using a 450 W mercury lamp and filters consisting 
of Pyrex and 2,7-dimethyl-3,6-diazacyclohepta-l,6-diene 
iodide (4 mg per 100 cm3 of water, I crn path) (16). Upon 
completion of irradiation (10-15 % conversion of ben- 
zophenone) the solution was transferred to a volumetric 
flask, diluted with ethanol, and the absorbance measured 
at 253 mp (h,,,, of benzophenone in ethanol). The values 
are given in Table VII and the Stern-Volmer plot in 
Fig. 4. (least squares plot). 

TABLE I 
Quantum yields of cycloaddition of 

cyclopentenone to olefines 
-- 

Wave- 
length @* 

Substance (mp) cDa diss 

Cyclohexene 

Cyclopentene 334 0.32 .39 
Cyclooctene 3 34 0.26 
trans-Dichloroethylene 313 0.17 
cis-Dichloroethylene 313 0.24 
cis-3-Hexene 334 0.31 
trans-3-Hexene 3 34 0.22 
Tetramethylethylene 3 34 0.12" 
Isopropenylacetate 334 0.16 
1,l-Dimethoxyethylene 313 0. 34d 
- 

 olef fin as solvent. 
bQuantum yield of disappearance of cyclopentenone determined by 

gas-liquid chromatography. These values may be subject to a larger 
error (k.05) than the quantum yields of cycloaddition (+ .02). 

CPlus 25 % olefinlc products: see text. 
d2.37 M in cyclohexane. 

Results and Discussion 
The photocycloaddition of cyclopentenone to 

cyclopentene was first reported by Eaton (13).5 
In Table I are recorded the quantum yields of 
cycloaddition of cyclopentenone to a number of 
olefins using the olefin as solvent. These values 
are not stXctly comparable with each other 
(except for isomers) since the molar concentra- 
tions of the various substances are slightly dif- 
ferent in the neat liquids. However, as will be 
shown below, the values obtained in neat hydro- 
carbon do not differ much from the value ob- 
tained (in two cases) by extrapolation to infinite 

5The first photocycloaddition of a cyclenone to an 
ole6nic linkage was that of Ciamician and Silber who 
reported the intramolecular formation of carvone cam- 
phor from carvone (26, see also 27). 

concentration, and so are a tolerable measure of 
overall reactivity. 

Since it was not possible, for various reasons 
connected with absorptivity, to irradiate always 
at the same wavelength it was first demonstrated 
that the quantum yield of cycloaddition was 
independent of wavelength over the range used. 
In the case of cyclohexene identity of (I) was found 
at 313, 334, and 366 mp. 

Whilst the range of activity is not wide perhaps 
one or two points emerge. In the two pairs of 
isomers available it appears that the cis isomer is 
more reactive than the trans. This may be due, 
conceivably, to the fact that in alignment for 
cycloaddition the trans isomer must have one 
group directly over the face of the cyclopentenone 
molecule. I t  would also seem that the attack on 
the double bond is electrophilic since the ketene 
acetal is more reactive than isopropenyl acetate 
and the dichloroethylenes are less reactive than 
the hexenes. Tetramethylethylene, which on this 
basis might be expected to be the most reactive 
of the aliphatic olefins is the least reactive. Con- 
ceivably the factors which render the trans iso- 
mers of the disubstituted alkenes less reactive 
than the cis may be operative here a fortiori. 
Even if the olefinic addition products observed 
in this case-which had spectroscopic properties 
suggesting they were of the same type found by 
Corey and his collaborators (9) in the addition 
of cyclohexenone to isobutylene-are included 
the quantum yield remains very low. 

Constraint of a disubstituted alkene into the 
form of a ring does not have a unique effect. 
Cyclooctene is less reactive than the hexene, 
cyclopentene is comparable, and cyclohexene is 
the most reactive substrate yet encountered. 

Although it may be true that some more 
general principle might be deduced from these 
results we rather doubt that, in fact, these figures 
are to be simply interpreted. The reasons for this 
will emerge in subsequent discussion. The results 
may, nonetheless, serve as a practical guide. 

The products of the cycloaddition were, of 
course, the normal cyclobutane derivatives. 
Whilst, as was reported by Eaton, addition to 
cyclopentene gives a single isomer (1) this is not 
the case with the other substrates. 

For these substances the products consist of a 
mixture of the configurational isomers. With the 
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TABLE I1 
Composition of adducts obtained by cycloaddition 

Number of 
Substance productsa Ratiosb 

cis-2-Butene 4 1.0/2.71/2.57/0.14 
tra~rs-2-Butene 4 1.0/1.18/2.50/0.07 
cis-Dichloroethylene 3 1.0/0.19/0.36 
trans-Dichloroethylene 3 1.0/1.0/3.5 
trans-3-Hexene 5' 1.0/2.32/0.06 
cis-3-Hexene 5' 1.0/3.57/0.05 
Cyclohexene 4d 1.0/6.1/1.5 
Cyclooctene 4 1.0/0.69/1.14/0.22 
Cyclopentene 1 
Isopropenylacetate 3 Poorly separated 
1,l-Dimethoxyethylenee 2' 2.6511.0 

~ - 

aAs indicated by the number of resolvable peaks, hence a minimum number. 
='Assuming the same response on gas-liquid chromatography for each isomer. 
T h e  central peak was composed of three isomers. 
dThe central peak was composed of two isomers. 
e2.37 M olefin in cvclohexane. 
!This adduct has-been previously reported (9) as being homogeneous. How- 

ever even the crystalline adduct gave two peaks, the ratio of which changed on 
repeated crystallization of the mixture. We thank Mr. A. A. Nicholson for this 
experiment. 

acetal and acetate positional isomers were also 
possible. The formation of trans-fused ring sys- 
tems involving, for instance, four-membered to 
six-(1, 28, 29) and even five-membered (30) rings 
now has precedent. From the point of view of 
synthetic utility as well as for possible mechanis- 
tic significance it was in principle desirable to 
know the stereochemical results in the ~resent  

L 

instances. However the problem of separating and 
identifying the constituent isomers was too mas- 
sive a task. As a compromise the proportions of 
the unidentified isomers in the mixture were 
determined and serve to indicate the degree 
of complexity of the mixture. These results are 
presented in Table 11. It can be seen that, as was 
reported for the comparable cyclohexenone ad- 
dition. the reaction is not stereos~ecific. On the 
other 'hand the addition of cyciohexenone to 
cis- and trans-2-butene was reported (9) to give 
almost identical mixtures. Ins~ection of Table I1 

planation involving prior isoinerization of the 
hexenes and dichloroethylenes was excluded by 
appropriate controls. These results render un- 
likely the operation of a single, singlet mechanism 
for the photocycloaddition. However, the contri- 
bution of a singlet pathway, as has been suggested 
in photocycloadditions involving maleic ester 
(28), cannot, at this point be excluded. 

TABLE 111 
Quantum yield variation with cyclopentenone 

and 3-hexene concentration 

[Alkene] [Cyclopentenone] Q, 

8 M (neat) . 3  .22 

shows that whilst this may be approximately, and The possibility that the quantum yield of 
true of the two pairs Of cycloaddition might depend on the concentration alkenes it is most certainly not true of the dichlo- of the cyclopentenone itself or on the nature of 

rOeth~lenes. This serves the fact the solvent was investigated. As may be seen 
that as suggested previously for CYC'O- from Table 111 the quantum yield of cycloaddi- hexenone (9) a two-step process is involved, the tion to 3-hexene was unaffected by the concentra- second step is extremel~ rapid and ~ r o ~ e e d s  at a tion of cyc.opentenone as indeed, on any simple rate approaching bond rotation.6 A trivial ex- mechanism, might have been expected, Presum- 

6Recent results by Chapman and his colleagues (private ably at high enough concentration dimerization 
communication) indicate that in the case of cyclohexe- would become a competitive process, such also nones different stereochemical results are associated with 
different excited species of the same cyclenone. We thank appears to be the case when the concentration of 
Professor Chapman cordially for informing us of these alkene is very low (cf. cyclohexene in Table IV). 
new results. See 0. L. Chapman, T. H. Koch, F. Klein, 
P. J. Nelson, and E. L. Brown. J. Am. Chern. Soc. 90, The appears, for the part be 
1657 (1968). unimportant as far as overall quantum yield is 
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TABLE IV 
Quantum yield variation with solvent and alkene concentration 

Product 
Solvent [Cyclopentenone] [Cyclohexene] ratios an 

Cyclohexane 0.23 
Cyclohexane 0.023 
Cyclohexane 0.018 
Cyclohexane 0.019 
Acetonitrile 0.17 
tert-butanol 0.15 
tert-butanol 0.019 
Acetic acid 0.11 
Acetic acid 0.017 
Diethyl ether 0.17 
Diethyl ether 0.025 
Benzene 0 .6  

'Reproducibility + 0.02. 
bThe quantum yield of dimerization is approximately 0.10 under these dilution conditions. 

concerned. The values for diethyl ether are 
slightly lower than those in cyclohexane, and the 
variation is beyond the limits of experimental 
reproducibility. However, the sole serious deviant 
is benzene. No compelling rationalization for the 
effect of this solvent is forthcoming as yet. It was 
thought that complexation might be involved but 
results to be detailed below involving quenching 
with acenapthene both in cyclohexane and ben- 
zene render such an interpretation more compli- 
cated. As a whole it would appear, however, that 
for synthetic purposes, at least with nonpolar 
substrates, the choice of solvent is not important. 

The composition of the mixture obtained is 
also largely unaffected by the solvent. The varia- 
tions are small though real and are to be con- 
trasted with the important variations observed 
in the dimerization of cyclopentenone (11, 12) 
and of isophorone (31). It may be that the effect 
of solvent in the former case is to be interpreted 
in terms of an interaction between the dipoles of 
the substrate and the excited addend (32). This 
interpretation has been used with success by 
Schenck and his collaborators (33, 34). We have 
used published values (1 l,12) to obtain the results 
in Fig. 1. Considering the high concentrations of 
cyclopentenone, which must necessarily affect the 
solvent dipole value, the agreement is probably 
as good as can be expected (see also 50). This being 
the case the subtler stereochemical variation with 
cyclohexeile is not surprising. With more polar 
substrates changes should be expected and the 
matter is under investigation. 

The partial lack of stereospecificity in the ad- 
duct formation, suggesting as it does a two-step 
process, led us to consider the intervention of a 

triplet in the photoaddition.7 Similar consider- 
ations, together with the lack of fluorescence and 
an expected, rapid intersystem crossing led Corey 
and his collaborators (9) to favor such a species. 

TABLE V 

Intersystem crossing efficiency 
of cyclopentenone 

[trans-Piperylene] @lC 

Neat -1.1 
4 . 3  0.94 

A technique which has found favor for measur- 
ing, chemically, the yield of triplets is that used 
by Lamola and Hammond (19). This involves 
measuring the extent of isomerization of trans- 
to cis-piperylene. The results are shown in Table 
V. After the completion of these experiments 
Ruhlen and Leermakers (12) reported a triplet 
yield of 0.39 at 0.10 M piperylene and 0.66 a t  
0.20 M piperylene values which are in accord with 
our own. It will be noted that a quantum yield of 
triplets close to unity8 is found in neat piperylene. 

71t is generally assumed that cycloaddition involving 
a triplet must proceed in two steps. If, however, in the 
case of a cyclenone addition, the triplet saturated car- 
bony1 (which would result from a one-step addition) 
could be simultaneously demoted as formed, or if it 
should be energetically feasible in a particular instance to  
generate the saturated carbonyl triplet as an  intermediate, 
then one-step cycloaddition may perhaps occur. 

8The use of high concentrations of piperylene render 
the higher values of dubious significance. I t  is clear, 
however, that some process of decay other than dimeriza- 
tion is available to  the cyclopentenone which is rapid since 
it competes well with energy transfer. 
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(syn 1 log - 
(anti 1 

FIG. 1. Variation in dimer ratio wit11 solvent: @ J. L. Ruhlen and P. A. Leermakers (see ref. 12); 0 P. E. Eaton 
and W. S. Hurt (see ref. 11). 
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0.5 - 

0.4-  

0.3- 

0.2- 

0.1 - 
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These results, then, were in accord with the k2 
intervention of a triplet species. That the triplet 3 C 6  C 
species was concerned, indirectly if not directly, 
in the cycloaddition process was shown by a k3 
series of quenching experiments. I C k  C 

If the formation of adduct, in the presence of k4 
a quencher, may be represented by the following 3 C + Q  A C + ~ Q  
equations, 

h" k 5 

C-'C 3C + A-CA 

. 
'\, \'. . 

\ 

benzenea., '., 0 ; -butan01 . . 
' . 

. 
ethyl acetate 0 

. 
f -propano1 \'*, 

*. '\.\ . 
\ '. 

ethanol '\,\methanol 
'\ '. 
0 '., 

I I I I I I I 1 I I I I f 

C = cyclopentenone, Q = Quencher, A = 
alkene, CA = adduct then the effect of added 
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DE MAY0 ET AL.: PHOTOCHEMICAL CYCLOADDITION: CYCLOPENTENONE 

FIG. 2. Quenching of cyclopentenone~yclohexene addition. 0 Quencher: acenaphthene, solvent: cyclohexane. 
Cyclohexene: 2.2 M. A Quencher: acenaphthene, solvent: benzene. Cyclohexene: 2.2 M. Quencher: piperylene, 
solvent : benzene. Cyclohexene: 1.5 M. 0 Quencher : piperylene, solvent : cyclohexene. 

quencher is given by the usual Stern-Volmer piperylene in benzene solution through 4.3 x lo8 
expression, (piperylene in neat cyclohexene), 3.5 x lo8 

(acenaphthene in cyclohexane) to 2.3 x lo8 M -  ' 
s-' (acenaphthene in benzene solution). Values 
for k, may also be derived and, under the above 

where aiC is the intersystem crossing efficiency. Set of conditions, are determined as 9.0 x lo8, 
In Fig. 2 are shown the plots for the quenching of 46 X lo8, 9.3 x lo8, and 9.0 x lo8 s-'. Evi- 
cycloaddition to cyclohexene by acenaphthene dently in neat cyclohexene the situation is more 
(ET 59 kcal/mole) (35) in cyclohexene and benzene complex, and further evidence that this is the 

k4 case is presented below that in cyclohexene some 
as solvents. The slopes = 

[k, + I C , L ~ I  are additional mode of decay appears to be operative. 
As has been pointed out the yield of triplets, 

very similar but not identical. plots are given determined by 'counting' is about unity and this 
also for piperylene in benzene solvent and pipery- appears to be general for most if not all ketonic 
lene in neat cyclohexene. With the assumption substances.9 However, the quantum yield of 
that quenching is diffusion controlled (1 x 1 0 l 0  
M-1 s- l  gThe yield of aromatic ketone triplets has long been ) k5, the rate 'Onstant for addition can recognized to be close to unity. That for acetone, perhaps 
be derived. It varies from 5 x lo8 M- '  S-' for a typical aliphatic ketone, is also close to this value (36). 
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cycloaddition in neat cyclohexene is only 0.48. 
Leaving aside, for the moment, the question of 
the high rate of decay (Ic,) the question arose as 
to whether any other process in addition to 
cycloaddition and decay might be consuming the 
generated triplets. 

The simplest way to measure overall chemical 
transformations is to measure the disappearance 
of the starting material. Since conversion should 
be carried to only a small percentage the problem 
is the difficult one of measuring a small difference 
in two large values. The quantum yields of disap- 
pearance of cyclopentenone in cyclohexene and 
cyclopentene shown in Table I are therefore 
subject to a larger error than the other quantum 
yields. However, it is clear that additional, un- 
identified, and nonreversible, chemical processes 
do not account for more than about 8% of the 
triplets. lo 

Another conceivable process by which energy 
could be lost could be by transfer to the alkene 
or cycloalkene. Although easier to measure on an 
alkene we first attempted for the sake of consis- 
tency to ascertain if the process was occurring 
with the cycloalkenes just mentioned. 

If energy transfer to cyclohexene or cyclopen- 
tene occurred there could be a number of chemical 
consequences amongst which should be dimeriza- 
tion. The dimerization of cyclopentene by triplet 
transfer from acetone has, for instance, already 
been recorded (20). However, because of the 
complexity of the product mixture with this ke- 
tonic sensitizer we chose benzene as a sensitizer, 
recognizing that benzene is not chemically inert 
with resDect to olefins. It  was found that with an 
assumed benzene triplet yield of unity cyclo- 
hexene dimerized with a quantum yield of 3.4 
x lo-', cyclopentene being a little lower at 1.1 
x lo-'. The actual quantum yield of intersystem 
crossing of benzene is not, apparently, unambig- 
uously established in the liquid phase, but using 
the triplet yield determined by Lamola (21) we 
obtained 0.14 and 0.046 respectively as the quan- 
tum yields of dimerization of cyclohexene and 
cyclopentene. 

Cyclohexene dimer could not be detected in the 
cyclopentenone cycloaddition and so, since an 
amount derived from a quantum yield of 
it is estimated, could have been detected, the con- 
sumption of cyclohexene triplets in dimerization 

1°Hallllnond and collaborators, in their study of the 
dimerization of cyclohexenone also observed a chemical 
side reaction of about the same order of magnitude (37). 

must have been less than 0.007. Dimer could be 
detected (@ = 7 x in the cyclopentene 
irradiation placing a maximum value on the 
triplet transfer from cyclopentenone to cyclopen- 
tene at 0.02. 

Because of the uncertainties in the above deter- 
mination, triplet transfer to 3-hexene was also 
investigated. Previous workers have shown (38) 
that acetophenone sensitizes the isomerization of 
2-butene in benzene solution. Kearns has found 
(39) that in solution, trans-2-pentene is isomerized 
(@,,, = 0.45) when sensitized by acetone. We 
have found that 3-hexene is very slowly isomeri- 
zed in the cyclopentenone irradiation1' (0 = 
0.033), and assuming Kearns' value for 2-pentene 
as a guide, a yield of 3-hexene triplets of about 6% 
is obtained. The yield with acetophenone was 
about four times greater. 

The sum of all extraneous routes for energy loss 
is, therefore, insufficient to account for the dif- 
ference between the observed quantum yield of 
addition of cyclopentenone to cyclohexene and 
cyclopentene and unity, and so must be attri- 
buted to non-radiative decay. Yet, as has already 
been indicated, this process appears to have a rate 
constant (k,) of the order of 10' s-I which 
appears very fast indeed for a decay from a triplet 
to the ground state. From the Stern-Volmer 
expression (I), in the absence of quencher, varia- 
tion of the reciprocal concentration of alkene, 
A, should give a linear plot against 110. As may 
be seen in Fig. 3 this is so for 3-hexene and for 
cyclohexene. Extrapolation to infinite concentra- 
tion should give 1 /@,,, the quantum yield of 
triplets. Clearly the values obtained are different 
from each other, and different from the value of 
unity obtained by piperylene quenching where the 
competing processes include dimerization. The 
simple picture given by the set of equations 
presented is therefore not valid. The aberrant 
value of "k,,,,,~' found by quenchingwith pipery- 
lene in neat cyclohexene reaffirms this view. The 
values of k, found cannot have, therefore, the 
simple interpretation originally placed on them. 
Since the additional decay process is operative 
in alkene of infinite concentration one possible 
interpretation is complexation, followed by both 
cycloaddition and radiationless decay from the 
same complex. In the case of neat cyclohexene, 
these could be processes proceeding at about 

'lconversion was kept low so that sensitization by the 
higher energy addition products was not an important 
factor. 
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DE MAY0 ET AL.: PHOTOCI-1EMICAL CYCLOADDlTION: CYCLOPENTENONE 

FIG. 3. Variation in quantum efficiency with olefin concentration: @ tmtu-3-hexene (A point was also obtained 
at 0.071 M, '/a = 10.5). cyclohexene. 

equal rates. The fact that the quantum yield of 
cycloaddition is significantly different only in 
benzene solvent may be suggestive here. Con- 
ceivably the benzene could compete with the 
cyclohexene for complexation with the excited 
cyclopentenone. 

An alternative hypothesis is that at some stage 
in the cycloadditioil process reversal is possible, 
but with thegeneration of ground state molecules. 
Under these circumstailces cycloaddition and 
isomerization would have the same quenching 
constant. The point up to which reversal is pos- 
sible might have to be early on the reaction co- 
ordinate since by this reversible addition very 
little, if any, isomerization of 3-hexene occurs. 

It appeared in view of the above observations 
that whatever the details of cycloaddition might 
be, the reactive intermediate involved was a 
triplet. Similar conclusions were reached about 
the same time with regards the dimerization of 
cyclopentenone by Eaton and Hurt (1 1) and by 
Ruhlen and Leermakers (12). The former based 
their conclusions partly on a piperylene quench- 
ing experiment similar to that described herein 
for cycloaddition, and partly on a sensitization 
experiment using xanthone. 

We have shown in our preliminary communica- 
tion (40) that sensitizers having triplet above 
about 73 kcal/mole will sensitize cycloaddition, 
the highest quantum yield being 0.22 found with 
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TABLE VI 
Sensitization of photocycloaddition 

Sensitizer ET (kcal/rnole) [Sens.] [Cyclopentenone] 

Cyclopropylphenyl ketone 74.2 .54 
Acetophenone 73.7 .9  

.9 1 ,076 
4-Methyl acetophenone 72.6 . 8  . 3  .18 

. 7  .1  12 
4-Bromo acetophenone 71.7 .9  . 3  0 
Benzophenone 69.2 .09 .02 -0.01 
Triphenylene 67.2 .011 .019 .10 
Acenaphthene 58 .03 .086 .21 
Pyrene 48.7 .013 ,078 .08 

cyclopropylphenylketone (1 M) the cyclopente- 
none concentration being 0.3 M. The results are 
given in TableVI. No cycloaddition was observed 
with sensitizers having triplets energies of 71.2 
kcal/mole or less. As noted (40) certain non-ke- 
tonic sensitizers, triphenylene and acenaphthene, 
with low triplet energies were able to induce cy- 
cloaddition, but emission studies revealed that 
singlet energy transfer was involved. Thus, in an 
E.P.A. glass at 77 O K ,  0.1 M cyclopentenone 
quenched acenaphthene fluorescence by about 
90%. Under these conditions triplet energy from 
the cyclopentenone was returned to the acenaph- 
thene since the acenaphthene phosphorescence 
increased threefold." 

It might have been a presumption that sensi- 
tizers below 7 1.2 kcallmole, e.g. benzophenone, 
which were incapable of inducing cycloaddition, 
could not transfer energy to cyclopentenone at 
all. However, Pfau has recorded (24, 25) that the 
irradiation of cyclopentenone in isopropanol with 
benzophenone as sensitizer gives an adduct (2). 

This could have been formed by reduction of the 
benzophenone triplet by the isopropanol and 
subseauent addition of the acetone ketvl radical 
to cyllopentenone. Whatever the sibsequent 
radical processes might be, the benzophenone 
would, nonetheless, be consumed in the genera- 
tion of (2). An alternative process could involve 
energy transfer from the benzophenone to the 

12The dimerization of cyclohexenone, reported to be 
sensitized by naphthalene (37) may also perhaps bc an  
instance of singlet energy transfer. 

cvclooentenone which would itself then abstract 
the h;drogen atom from the isopropanol. In this 
sequence the benzophenone would not be con- 
sumed. A method was available to distinguish - 
between these processes.13 

The reduction of benzophenone by isopro- 
pan01 is a well-studied triplet process (41-45) 
which can be quenched at a diffusion controlled 
rate by substances having triplet energies 3 kcall 
mole lower, say, than benzophenone (69 kcall 
mole). We have found that benzophenone reduc- 
tion is quenched also by the addition of cyclo- 
pentenone (Table VIJ). A linear Stern-Volmer 
plot was obtained over a range of 0.002-0.02 M 
cyclopentenone. The slope (Fig. 4) was 67 M - ' .  
Using the values of hydrogen abstraction by 
benzophenone from isopropanol of 1.3 x lo6 
M-I s - '  and a decay rate 1.5 x lo7 s-I (43-45) 

TABLE VII 
Quenching of benzophenone reduction 

-. - 

Absorbancea (I,o/@ [Cyclopentenone] 

978" - Non-irradiated 

- 

03 mlsample diluted to 2501111 and measured in 0.1 cm cell. 
bRun I. 
<Run 11. 
*This point not included in slope. The curve begins t o  

flatten at sreater than 0.03 M cyclopentenone. 

13Although benzpinacol was a product isolated in the 
experiments of Pfau this does not enable a conclusion 
to be drawn since the concentration of cyclopentenone 
could fall low enough so as to be incapable of quenching 
all the benzophenone triplets. 
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DE MAY0 ET AL.: PHOTOCHEMICAL CYCLOADDITION: CYCLOPENTENONE 

FIG. 4. Quenching of benzophenone photoreduction by cyclopentenone. 

for the benzophenone triplets the quenching rate 
constant may be calculated as 2.1 x 10' M-I  

s-I. The diff~~sion coiltrolled rate is given as 3.7 
x 10' M-I s-' (30 "C) and so clearly benzophe- 
none energy is being transferred to cyclopente- 
none at close to the maximum rate.14 Yet in 
the presence of cyclohexene no adduct formation 
takes place, despite the energy transfer. And, in 
contrast, direct irradiation of cyclopentenone in 
isopropanol leads to diiner formation and not 
the formation of (2). The conclusion seems un- 
avoidable that two triplets of cyclopentenone 
exist which have different chemical reactivities, 

'"Since adduct is formed the concentration of cyclo- 
pentenone must decrease slowly. Over the range given 
the plot is linear but may represent, nonetheless, a lower 
limit for rate of energy transfer. 

and that cycloaddition is derived from reaction of 
the upper triplet. If, as reported by Ruhlen and 
Leermakers (12) benzophenone does not sensitize 
the dimerization of cyclopentenone, then TI,  the 
lower triplet, is inactive in this cycloaddition 
process also. 

The energy level of T, is not known with 
accuracy. A figure of near 74 kcal/mole seems 
reasonable and it is interesting that in a con- 
strained cyclopentenone Herz has very recently 
reported emission with an 0-0 band estimated 
to be in the region indicated (46). Obviously it 
would be important to relate chemical properties 
with energy levels in a cyclopentenone which 
emits. 

The position of the lower energy triplet is not 
known with certainty. Presumably it must be 66 
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kcal or less because of the rate of energy transfer. appear to require a singlet-triplet splitting of 
By the photostationary state technique using more than 12 kcal/mole for this state. 
piperylene Ruhlen and Leermakers (12) find a - 
value of 61 kcal/mole for an unspecified triplet, 1. E. J. COREY, R. B. MITRA, and H. UDA. J. Anl. 

Chem. Soc. 86,485 (1964). but it is uncertain what this result signifies since 2. J. D, WHITE and D. N. GVPTA. J, Am. Chem. 
two triplets could conceivably be involved. Al- SOC. 88. 5364 (1966). 
though-cyclopentenone the phospho- 
rescence of naphthalene this could be due to 
singlet quenching in agglomerates. At the mo- 
ment no exact answer is available. 

Reactions of excited molecules in higher and 
lower states of the same manifold in solution have 
not been observed until very recently. Kearns has 
reported reaction from a higher singlet of oxygen 
(47) and Liu from a T, state of anthracene (48).15 

Since activation of cyclopentenone to the TI  
state leads, in isopropanol solution, to the alcohol 
(2)  the question arises as to whether this same 
reaction, indicative of the state, could be in- 
duced by direct irradiation if other chemical 
pathways for energetic degradation of T, were 
removed. This was attempted. Using cyclopente- 
none in dilute solution (< 0.02 M )  so as to slow 
down the competing dimerization process the 
alcohol (2) was indeed formed. At 0.012 M 
(Table VIII) the quantum yield of disappearance 
of cyclopentenone16 was 1.9. Addition of small 
amounts of cyclohexene quenched the reaction by 
giving rise to the cyclohexene adducts. The figure 
of 1.9 may indicate the incursion of a radical chain 
process. However, these experiments do appear 
to  indicate that crossing from T, to T I  will 
occur if the faster cycloadditive processes are 
suppressed. 

TABLE VIII 

Disappearance of cyclopentenone in isopropanol 
-- 

[Cyclopentenone] [Cyclohexene] @disappearance 

No evidence is available as to the nature of T, 
and TI.  If they are both spectroscopic species then 
the chemical properties of TI  i.e. hydrogen ab- 
straction, seem more in accord with those general- 
ly attributed to an (n, n*) state. This would 

l5See also N. C. Yang (49) for what may be a pertinent 
analogy in the photochemistry of 9-anthraldehyde, and 
also footnote 6.- 

lGThe quantum yield of formation of (2) could not be 
measured because of instabilitv on n.1.c. aovaratus. The 
only other product observed has a trace bj cyclopenta- 
none. 
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Rearrangement of penicillins to anhydropenicillinsl 

SAUL WOLFE,' J. C .  GODFREY, C. T. HOLDREGE, AND Y. G. PERRON~ 
Orgarlic Research Diuisior~, Bristol Laboratories Diuisiotl of Bristol-Myers Comparzy, Syrncrtse I ,  New York 

Received October 25, 1967 

Anhydropenicillins are derived from penicillins by the removal of a molecule of water from the nucleus 
with concomitant rearrangement of the thiazolidine ring to  an a,P-unsaturated-y-thiolactone. Conditions 
are described for the preparation of the acid chlorides of penicillins; these compounds rearrange to  
anhydropenicillins upon treatment with a tertiary amine. Other less effective ways of performing the 
rearrangement are also given. The anhydropenicillins show infrared absorption at 5.5, 5.9, 6.0, and 
6.1 p, ultraviolet absorption near 270 mp (E = 12 OW), and they possess extraordinary chemical stability. 
Possible reasons for these properties are discussed. 

Canadian Journal of Chern~stry, 46, 2549 (1968) 

The great variety of the rearrangements that group of the labile p-lactam (for examples see 
have been reported for penicillins (1) is a feature ref. 1). These products include the penicillenic 
of the chemistry of these compounds which acids (2), the penillic acids (3), the penillonic acids 
continues to fascinate organic chemists. Until (4), and azlactones (5). 
recently, however, all of the known rearrangement The discovery of the important therapeutic 
products were the result of thermal or acid- properties associated with N-acyl derivatives (6) 
catalyzed intramolecular attack on the carbonyl of 7-aminocephalosporanic acid (7) (2, 3) has led 

COOH R COOH 

1 2 3 4 

R C O N H ~ ~ : P :  
COOH CH20Ac 0 

us as well as others to study the possibility of 
effecting a rearrangement of the thiazolidine por- 
tion of penicillin without loss of the p-lactam. 
One objective of this work is the partial synthesis 
of a cephalosporin (6)4 from a penicillin. Especi- 

'Presented at the XIXth International Congress of 
Pure and Applied Chemistry, London, 1963, and as a 
preliminary communication in J. Am. Chem. Soc. 85, 643 
(1963). See also S. Wolfe, U.S. Patent No. 3,311,638 
(1967). 

2Department of Chemistry, Queen's University, 
Kingston, Ontario. Correspondence concerning this 
paper should be addressed to this author. 

3Bristol Laboratories of Canada, Ltd., Candiac, 
Quebec. 

+The total synthesis of the cephalosporins has been 
reported by R. B. Woodward, K. Heusler, J. Gosteli, 
P. Naegeli, W. Oppolzer, R. Rarnage, S. Ranganathan, 
and H. Vorbriiggen, J. Am. Chern. Soc. 88, 852 (1966). 

ally valuable for such a transformation would be 
a compound such as 8 where a hydrogen on one 
of the methyl groups of penicillin has been 
replaced by a potential leaving group such as 
tosyl, halogen, or N,'. We expect that such a 
compound might be induced to rearrange to a 
cephalosporin derivative by a route such as that 
shown in Chart 1 .5 

.'$.-c H 29 
R C 0 N H a f C H 3  -+ 

0 H C02R 0 
COOR 

Chart 1 

5A scheme analogous to this has been achieved in a 
model system (4). 
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The synthetic problem associated with the 
introduction of a substituent onto an unactivated 
methyl group has received much attention in 
recent years, especially in connection with sub- 
stitution at C-18 and C-19 of the steroid nucleus. 
Success has usually been achieved by the use of 
reactions in which a substituent is transferred to 
methyl from a reactive center generated within the 
same molecule (5,6). 

When penicillin is viewed in three dimensions, 
it can be seen (9 (7)) that the carboxyl group, the 
sulfur atom, and the amide hydrogen of the side 
chain are potential sites from which attack on a 
methyl group might be initiated. Conversion of 
the carboxyl group into radical (anodic oxidation) 
or cationic (lead tetraacetate) forms does not, 
however, lead to intramolecular reactions. In- 
stead, decarboxylation is the major process 
observed (8). Treatment of the N-chloro deriva- 
tive of penicillin G methyl ester with triethylamine 
led to loss of the sulfur and formation of the 
oxazoline 10 (9). Morin and co-workers (10) have 

been successful in using the sulfur atom to 
initiate attack on a methyl group. Heating the 
methyl ester of penicillin V sulfoxide to reflux in 
acetic anhydride gave 11 and 12 in 40% and 20% 
yields, respectively (cf. ref. 1 I). 

In this article we report a different kind of 
rearrangement of the thiazolidine ring from that 
proposed in Chart 1. Though the reaction does 
not involve the methyl groups directly, as a 
consequence of the rearrangement it appears 
possible to introduce substituents onto these 
groups and thus arrive at 8 in an indirect manner. 
The rearrangement was discovered in the course 
of experiments with penicillin acid chlorides. 

Before it was shown (12, 13) that the cephalo- 
sporin nucleus contains a 6-membered ring, 
Abraham and Newton had suggested (14) that 
these compounds contained a penicillin nucleus 
with an additional acetoxy group cx to the carboxyl 
function. Though this seemed incompatible with 
the ultraviolet (LI.~.) spectrum of cephalosporins 
(A,,, -260 mp), we thought that access to such 
a compound inight be had by Baeyer-Villiger 
oxidation of a ketene dimer potentially available 
from a penicillin acid chloride by treatment with 
a tertiary ainine (e.g. 13 + 15). 

The preparation of analytically pure acid 
chlorides of penicillins was claimed by Villax in a 
British patent in 1956 (15). Because of the insta- 
bility of penicillins in acid media (see above; 
also ref. 16), penicillin acid chlorides would not 
be expected to be particularly stable and our own 
work did not afford analytically pure compounds. 
However, by careful control of the stoichioinetry 
(Chart 2) it is possible, using thionyl chloride, t o  
observe conversion in solution of a penicillin to a 
penicillin acid chloride. 

A RCOOH + SOC12 -+ RCOCl + SO, + HC1 

B RCOOM + SOC1, + RCOCl + SO, + MC1 

C RCOOH .H,O + SOC1, +RCOCl+ 
2 SO, + 3 HCl 

Chart 2. Stoichiometry of the conversion of acids to 
acid chlorides. A, Carboxylic acid to acid chloride; B, 
alkali metal salt to acid chloride; C ,  carboxylic a c ~ d  
hydrate to acid chloride. 

Stoichiometric reaction of tl~ionyl chloride 
with a carboxylic acid (A of Chart 2) leads to an 
acid chloride together with SO, and HC1. These 
would cause rapid destruction of a penicillin if 
permitted to remain in the reaction mixture. 
Therefore, at least 2 mole-equivalents of pyridine 
are added per mole of carboxylic acid. Most 
penicillins are available in the form of the sodium 
or potassium salts. As shown in B, at least 1 
mole-equivalent of pyridine is then necessary. 
Occasionally a penicillin acid is obtained as a 
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\ ~ 2 $ - , ~  <RC03H p " 7 l  -N N- 

o S o 
15 14 

crystalline hydrate. As shown in C, this requires penicillin acid chloride reaction mixtures. Tri- 
the use of 2 mole-equivalents of thionyl chloride ethylamine is a stronger base than pyridine and 
and at least 5 mole-equivalents of pyridine. Using when this was added gradually at - 20" to a 
the quantities indicated by the appropriate penicillin acid chloride reaction mixture6 de- 
equation of Chart 2, penicillins can be smoothly hydrohalogenation of the acid chloride did not 
converted to their acid chlorides at -20" in occur until more than n mole-equivalents of 
CH2C12, and the progress of the reactions triethylamine had been added, where n was the 
followed by infrared spectroscopy. number of mole-equivalents of pyridine used 

The carbonyl region of the potassium salt of a in the preparation of the a~idchloride.~ 
penicillin shows absorption at 5.6 p (p-lactam), When 2 mole-equivalents of triethylamiile 
6.0 p (amide I), and 6.2 p(C0,-). The addition of were gradually added to an a-phenoxyethyl- 
thionyl chloride (1 mole-equivalent) to a suspen- penicillin acid chloride reaction mixture prepared 
sion of a potassium salt (1 mole-equivalent) in by method B, a new spectrum appeared which 
methylene chloride containing pyridine (1 mole- now showed strong absorption at 5.5, 5.9, and 
equivalent) leads to immediate dissolution of the 6.0 p and medium absorption at  6.1 p. The 
penicillin and the bright-yellow solution then appearance of the spectrum indicated that treat- 
shows absorption at 5.6, 5.8, and 6.0 p. After 3 h ment of the acid chloride with triethylamine 
at -20 "C the infrared (i.r.) spectrum shows under these conditions had not caused loss of the 
absorption at 5.5 p (COCI), 5.6 p, and 6.0 p. p-lactam. Evaporation of the reaction mixture 
These spectral changes are consistent with the and trituration of the residue with ethanol then 
reaction sequence, gave a crystalline compound, m.p. 150-152", 

SOClz/pyr PYr 
whose i.r. spectrum (in methylene chloride) 

PenCOOK Pen-COOSOC1 showed the same group of peaks in the carbonyl 
fast slow region as the reaction mixture and no peaks 

Pen-COC1 + pyr .SO, characteristic of either a ketene or the expected 
ketene dimer. The compound had ail apparent 

Anhydride forlrlation (17) was not observed molecular weight in a Signer determination of 
10% as 1 mole-equivalent of th ion~l  chloride was 369 and analysis indicated the molecular formula 
used per mole of penicillin. C, ,HI ,N20,S. Since a-phenoxyethylpenicillin 

For the isolation of a penicillin acid chloride, is c H N 0 s the new compoun~ was derived 17 20 2 5 3  salts were precipitated by addition of diethyl from the penicillin by loss of water and it was 
ether; after filtration and evaporation of the designatedan~zydro-a-phenoxyetlzylpenicillin. 
solvent in vacuo below 30°, the residue was Anhydro-a-phenoxyethylpeni~illin was neutral 
triturated with benzene, filtered again, and the and had no antibacterial activity. The compound 
benzene solution was lyophilized. A sample of 
a-phenoxyethylpenicillin acid chloride prepared 
in this way gave a chlorine analysis of 7.5%; the 61solation of the acid chlorides and then treatment with 

theoretical value was 9.3%. triethylamineled to the formation of tars. 
'This is a consequence, of course, of the fact that 

Addition of excess pyridine had no effect on triethylamine is a stronger base than pyridine. 
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had ultraviolet absorption at 269 my  (E,,, 

(CHC1,) = 12 000) and this, together with the 
i.r. absorption at 5.9 and 6.1 p, suggested the 
presence of an a, P-unsaturated carboilyl system. 
The i.r. absorptions at 5.5 and 6.0 y were 
assigned to the P-lactam and the amide. The 
spectrum also showed N-H absorption at 3.0 
and 6.6 p. The nuclear magnetic resonance 
(n.m.r.) spectrum showed all 18 protons clearly, 
and comparison with the n.m.r. spectrum of 
a-phenoxyethylpenicillin revealed that the proton 
cr to the carboxyl group had been lost in the forma- 
tion of the anhydropenicillin; in addition, the 
absorption of the methyl groups of the nucleus 
had shifted from z 8.50 and 8.58 to 7 7.83 and 
7.92. All of, these data are consistent with the 
structure 16 for anhydro-a-phenoxyethylpenicil- 
lin and, in agreement with this structure, acetone 
was obtained in 44% yield upon ozonolysis of the 
compound. No acetone was obtained upon 
ozonolysis of the parent penicillin. 

Because anhydropenicillins are useful inter- 
mediates for further work, a study was made ofthe 
scope of the rearrangement. It was shown that, 
provided the conditions described above were 
rigorously followed, the rearrangement is a 
general one for penicillins. However, the isolation 
of an anhydropenicillin had to be performed with 
care. Most anhydropenicillins were only slightly 
soluble in ethyl ether, ethanol, and isopropanol 

and these were excellent solvents for either 
precipitation or recrystallization of anhydro- 
penicillins after removal of pyridine, triethyl- 
amine, and the various salts. The methylene 
chloride reaction mixtures were shaken with 
dilute HCI, water, 10% sodium bicarbonate 
solution, and then with water again. Evaporation 
of the dried methylene chloride solutions and 
treatment of the residue with one of the above 
solvents gave crystallinc anhydropenicillins. 

The isolated yields of anhydropenicillins were 
not high (ca. 20-30%). In some cases this could 
be attributed to the occurrence of further re- 
actions during the isolation procedure. Thus, as 
noted above, the i.r. spectrum of pure anhydro- 
a-phenoxyethylpenicillin in methylene chloride 
was identical in the carbonyl region with the 
spectrum of the reaction mixture. Nevertheless, 
a second crystalline compound was also obtained 
when the products were isolated.' In addition, 
the isolation of 17, the anhydro derivative of 
6-N-tritylaminopenicillanic acid had to be per- 
formed without water treatment. Shaking the 
methylene chloride reaction mixture with water 
caused disappearance of the anhydropenicillin 
and formation of a new P-lactam-containing 
compound (18). 

It is suggested that the formation of an an- 
hydropenicillin proceeds by opening of the 
thiazolidine ring (18 -+ 19; X = C1)' followed 
by recyclization at the acyl carbon (19 -+ 20). 

The ring-opening depicted in 18 -t 19 is an were subjected to base treatment with the results 
example of a reverse Michael reaction. It was summarized in Table I. These results show that 
thought that this step would be facilitated by the carbonic and sulfonic anhydrides are not as 
use of other carboxy derivatives in which the - __ 
hydrogen cr to  the carboxyl group is activated 

sTl~is colnpound is dimcric (see Experimental). towards abstraction as a proton. To test this, a gSee, for example, N. J. Leonard and R. Y .  ~ i ~ ~ ,  
number of penicillin esters and mixed anhydrides J. Org. Chem. 32,677 (1967). 
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WOLFE ET AL.: REARRANGEMENT O F  PENICILLINS TO ANHYDROPENICILLINS 

TABLE I 

The base-catalyzed rearrangement of carboxy activated penicillins to anhydropenicillins* 

% yield 
of 

RI R 2 Conditions anhydropenicillin 

C6H50CHCONH C1 a? 22 
I 

CH3 
C6H50CHCONH OTs a 12 

I 

I 
CH3 

CH,0CMe2CONH 0COC2H5 bf Not determined 
C ~ H ~ ( C O ) Z N  CI a 28 
C,H,(CO)2N OCH3 c § 0 
C,HL(CO),N OCH? d ll 0 - .. ,- 

*The reaction, 

R'=2co, 0 + R'pqO o r N  
tTriethylamine inmethylenechloride. 
:Sodium rnethoxide inrnethylenechloride. 
$Sodium hydridein tetrahydrofuran. 
!1Potassiurn r-butoxidein tetrahydrofuran - I-butanol. 

effective substrates for the rearrangement as the 
acid chlorides when the base is a tertiary amine, 
and that methyl esters are less reactive, even 
towards strong base.'' 

"'Transformations analogous to the anhydropenicillin 
rearrangement havc been noted previously. Lur'e and 
Gatsenko (19) converted the acid 21 into the thiazolinone 
22 by treatrncnt with acetic anhydride, an experiment 
which was confirmcd by Sicher and co-workcrs (20). 

The action of SOCI, or PCI, on the acid 23 produces 
the thiazolinone 24 and (apparently) the acid cl~loride 
25 (21). 

CH3Sf-TPh PCls or 
___t 

N 'I,,,,,, SOC12 
COOH 

We turn now to a consideration of some 
physical and chemical properties of anhydro- 
penicillins. The most noteworthy feature of the 
compounds is their chemical stability. Though 
the i.r. spectra seem to indicate that both carbonyl 
groups of the bicyclic system are under consider- 
able strain, the anhydropenicillins are extra- 
ordinarily stable. They are recovered unchanged 
after prolonged refluxing in alcohol, aqueous 
dioxane, toluene, xylene, or after being melted. 

Several groups of workers have sought relation- 
ships between the carbonyl stretching band of the 
P-lactam and the antibacterial activity of a 
penicillin (7, 22, 23). Most penicillins show i.r. 
absorption near 5.62 p; monocyclic P-lactams 
and desthiopenicillins (26) absorb in the region 

5.69-5.78 p, while fused thiazolidine p-lactams 
y ~h absorb at  5.65 p (24). The penicillins are con- 

H siderably less stable to hydrolysis than any of the 
H 

Ph simpler P-lactam-containing compounds (22). 
COCl 

24 Excluding the cephalosporins from this discus- 
25 sion, ofthose compounds containing the p-lactam 
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ring, the penicillins are characterized by the 
highest antibacterial activity, the lowest wave- 
length carbonyl stretching band, and the highest 
rate of hydrolysis. It was suggested some years 
ago (25) that the latter two properties are a 
reflection of the extent of delocalization of charge 
in the cyclic amide (e.g. 27); increased participa- 
tion by 27b would be associated with an i.r. 

shift to higher wavelengths, greater stability to 
hydrolysis (25), and with decreased basicity of the 
nitrogen atom (26). 

Were the anhydropenicillins to display proper- 
ties consistent with those just discussed, the fact 
that their i.r. absorption occurs at 5.5 would 
lead to the predictions that the anhydropenicillins 
should be labile and biologically active. Neither of 
these predictions is correct." Consequently, 
though the position of the p-lactam band in the 
infrared indicates a high degree of true carbonyl 
character (i.e. 27a), there must be an additional 
factor which counterbalances this during the 
hydrolysis. 

It is known that the hydrolysis of amides (29) 
and lactams (30) involves the formation of tetra- 
hedral intermediates which then partition them- 
selves between reactants and products. In a 
study of the concurrent alkaline hydrolysis and 
isotopic oxygen exchange of a series i f  p-sub- 
stituted acetanilides Bender and Thomas (31) 
found that electron-releasing substituents cause 
an increase in Ic,/lc,, the ratio of the rate constants 
for hydrolysis and exchange, 

0 H 0 - 
II I k~ I k3 

R-C-N-R' & R-C-NH-R' + products 
k2 I 

OH 

i.e., that stabilization of an anionic leaving group 
is not a principal factor in the breakdown of the 
tetrahedral intermediate. They interpreted their 
results to mean that a dipolar ion, e.g. 28, is 
formed whose decomposition is rate limiting and 
whose concentration is increased as the basicity 
of the nitrogen atom of the anilide increases. 

The same explanation, rather than a more 
qualitative "relief of steric strain" argument 
accounts nicely for the relationship already noted 
between the ease of hydrolysis of a p-lactam and 
the C==O stretching band in the i.r. spectrum. 
Suppression of resonance in the p-lactam ought 
to be associated with an increase in the basicity 
of the nitrogen atom and concomitant increase 
during hydrolysis of the concentration of a dipolar 
ion such as 29. In terms of this explanation it is 

29 

evident that the nitrogen atom of an anhydro- 
penicillin is less basic than anticipated. The most 
reasonable explanation of this and of the i.r. 
absorption at 5.5 p is that the electron pair on 
the nitrogen atom is delocalized in the ground 
state1' into the adjacent a,P-unsaturated system; 
I.e., 

"Obviously it would be naive to consider that the 1 2 ~  similar proposal was made by Abraham and 
stability of the p-lactam is the only factor affecting the Newton (12) for the excited .rtate of Cephalosporin C in 
antibacterial activity of a penicillin derivative. Structure- order to account for the U.V. absorption a t  260 n ~ p .  
activity studies (1, 7,27), as well as studies of the mode of Mo, recent work (32, 33) indicates that this is only 
action of penicillin (28) indicate that the carboxyl group partly correct, the sulfur atonl also participating in the 
is essential for activity. The absence of a carboxyl group chromophore of Cephalosporin C. 
in the anhydropenicillins is, therefore, consistent with 
their lack of activity. 
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WOLFE ET AL.: REARRANGEMENT OF PENICILLINS TO ANNYDROPENICILLINS 2555 

That the electron pair on the nitrogen atom is - 34 mp. This is a reasonable value (ref. 40, 
also delocalized in the excited state can be seen pp. 109,243). Whether there is a second maximuin 
from the following argument. The 16-alkylidene- near 270 mp  associated with the sulfur atom (41) 
dehydroisoandrosterones 30a and 30b show u.v. cannot be stated at the present time. 

30 (a, R = H ;  b, R = CH3) 

absorption at 228 mp and 250 mp, respectively 
(34, 35). The replacement of the carbon a to 
carbonyl by oxygen leads to a decrease in both 
the wavelength and the intensity of the absorp- 
tion. The unsaturated y-lactone 31 showed only 
end absorption (E 2400 at 230 mp) (36). The un- 
saturated y-lactone system of lactucin (32) was 
found to absorb at 208 mp (E 8600) (37). Replace- 

ment of the ring oxygen of an unsaturated 
y-lactone by sulfur causes a small bathochromic 
shift. The thiolactone 33 absorbs at 220 mp (38, 
39) and the butenolide 34 has A,,, 214 mp  (40). 

The introduction of substituents onto 33 results 
in a bathochromic shift of the low wavelength 
maximum (41) but there is also a substituent 
independent maximum at 265 mp. The nature of 
this latter absorption has not been explained, but 
by analogy with the work already quoted (32,33) 
this may be associated with an interaction between 
sulfur and the double bond. 

Experimental 
Melting points were taken on a Fisher-Johns block and 

are uncorrected. Infrared (i.r.) spectra were obtained on 
a Baird spectrometer, U.V. spectra on a Beckmann DK-2 
instrument, and nuclear magnetic resonance (n.m.r.) 
spectra on' a Varian A60 spectrometer in CDC~, with 
tetramethylsilane as an internal standard. Microanalyses 
are by R. M. Downing and his staff at Bristol Labor- 
atories, Syracuse, New York. All solvents and chemicals 
were reagent grade except for the penicillins. Penicillin G 
and a-phen~xyethylpenicillin'~ were the con~mercially 
available materials; other penicillins were synthesized 
from 6-aminopenicillanic acid as described below. Thionyl 
chloride was purified by simple distillation; material 
purified by distillation from quinoline and then from 
linseed oil (42) did not seem more effective. 

a-Pheno.~yett~yrylperzicilli~z Acid Chloride 
(a) Potassium u-phenoxyethylpenicillin (12.1 g, 0.03 

mole) was suspended in methylene chloride (100 ml), 
pyridine (2.4 ml, 0.03 mole) was added, and the mixture 
was cooled to -20" (internal temperature). A solution of 
thionyl chloride (3.6 g, 0.03 mole) in methylene chloride 
(50 ml) was then added in a steady stream. The internal 
temperature rose to -10" and the penicillin dissolved to 
produce a clear colorless solution. With continued 
external cooling the internal temperature was lowered to 
-20" and after 5 min the reaction mixture had begun to 
turn yellow. The temperature was maintained at -20" 
and stirring was continued for 34 h by which time a deep 
yellowish-orange suspension was present. When an 
aliquot was removed for i.r. analysis and allowed to warm 
to room temperature a clear orange solution was obtained. 
This solution showed h,,, 5.5, 5.6 (sh), and 6.0 y. The 
reaction mixture was then diluted with 300 ml of dry 
ether to precipitate salts, the cooling bath was removed, 
and when the internal temperature had reached lo0, 
the mixture was filtered and the filtrate was evaporated 
to dryness to  produce 6.1 g (53 %) of a yellow fluff. The 
i.r. spectrum of this fluff showed weak absorption at 5.8 p, 
indicating that some hydrolysis had occurred during the 
work-up. 

Anal. Calcd. for Cl7Hl9N204C1S: C ,  53.4; H, 4.97. 
Found: C, 54.6; H, 5.46. 

(b) The experiment was repeated as described in (a) 
and the substance remaining after evaporation of the 
ether was dissolved in benzene, the solution was filtered 
to remove some insoluble material, and the filtrate was 

If the p-lactam nitrogen does not participate then frozen and stored in a deep freeze for three days. The 

in the c~ romop~ore ,  the u,v. maximLlm of an benzene was then removed by lyophilization to give a 
pale-yellow solid. The i.r. spectrum of this solid showed 

anhydropenicillin should be hm,,(CHCl3)5.5,5.6(sh), 5.8(w), 6.0 P. 
Anal. Calcd. for C17H19NZ04C1S: C1, 9.3. Found: 208 (A,,, 32) + 22 (A,,, 30b - L a x  30a) + p, 7.5. - -, . . - . 

6 (A,,, 33 - A,,, 34) = 236 mp 
13The trademark of Bristol Laboratories for u-phenoxy- 

The bathochromic effect of nitrogen is thus ethylpenicillinisSyncillin. 
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The purpose of this experiment was to demonstrate 
that, after its preparation and isolation, the acid chloride 
could be stored in a convenient form until needed. 

Atlhydro-a-pheno.~yefI~y~et~icillitz 
( a )  Via the Acid Chloride 
R I I ~ ~  I-Potassium u-phenoxyethylpenicillin (365 g, 

0.91 niole) was suspended in methylene chloride (3 1) 
containing pyridine (79 g, 1 mole). The mixture was 
stirred, cooled to -20°, and thionyl chloride (119 g, 
1 mole) in methylene chloride (600 ml) was then added as 
rapidly as possible. The reaction mixture was stirred for 
3 h at -20" and was then treated during 111 with a 
solution of triethylamine (184 g, 1.82 moles) in methylene 
chloride (500 ml). Ten minutes after the addition was com- 
plete the i.r. spectrum of an aliquot showed h,,, 5.5, 
5.9,6.0, and 6.1 p. The reaction mixture was then warmed 
to room temperature and the solvent was removed under 
reduced pressure. The black gum which remained solidi- 
fied upon trituration with ethanol (2500 nil). Filtration, 
concentration of the filtrate to 1500 nil and then storage 
at 0" produced a crystalline conlpound which was col- 
lected and recrystallized thrice fi-om acetone-water to 
give 20.0 g, n1.p. 150-151". The insoluble material from 
the ethanol trituration was extracted with acetone 
(2000 nil); this extract was concentrated to 500 ml and 
then diluted with 3000 ml of water. The precipitated solid 
was collected and washed with water. After drying 
it! uacuo over phosphorous pentoxide, the solid weighed 
56.0 g and melted at  142-145". Three recrystallizations 
from acetone-water gave a tan solid; this was suspended 
in cold ethanol and thc suspension filtered to produce 
45.5 g of a white solid, m.p. 150-150.5". The total yield 
of pure material was thus 65.6 g (21 %). 

Anal. Calcd. for C1,H,8NZ04S (mol. wt., 346): C,59.0; 
H, 5.21; N, 8.10.Found(mol. wt., 369, Signer): C, 59.16; 
H, 5.25; N, 8.31. 

Rut1 2-Potassium cr-phenoxyethylpenicillin (100 g, 
0.25 mole) and triethvlamine hydrochloride (35.0 a. 
0.25niole)kere suspended in methyiene chloride (1000 mi) 
and the mixture was stirred at 25' for 1 h to effect the 
conversion of the potassium salt to the triethylamine salt. 
The mixture was then cooled to -30' and pyridine (20 
nil, 0.25 mole) was added followed with rapid stirring, by 
thionyl chloride (24.5 ml, 0.30 mole). The temperature 
was maintained a t  -25" to -30" for 1 h and the bright- 
orange suspension was then treated with 70.0 nil (0.50 
niole) of t~ietliylamine. After 10 min the mixture was 
warmed rapidly to room temperature and glacial acetic 
acid (30ml,0.5 mole) wasadded. Thesolution was washed 
with water, dried over anhydrous sodium sulfate, diluted 
with ether (4000 ml) and, after treatment with activated 
carbon, evaporated to  dryness. The gum thus obtained 
was dissolved in hot absolute ethanol (100 ml). Cooling 
of this solution produced 20.4 g of yellow crystals. 
Recrystallization from boiling ethanol containing acti- 
vated carbon gave 18.8 g (22%) of anhydro-u-phenoxy- 
ethylpenicillin, m.p. 148-150". 

(b )  Via the Metlrat~esnlfonic At~lzydride 
Potassium a-phenoxyethylpenicillin (40.2 g, 0.10 mole) 

was suspended in methylene chloride (600 ml) and this 
suspension was treated during a 30 min period with a 
solution of methanesulfonyl chloride (11.5 g, 0.10 niole) 
in methylene chloride (50 ml). The reaction mixture was 

refluxed overnight and then cooled to Oo and treated 
dropwise over a 45 min period with a solution of triethyl- 
amine (10.1 g, 0.10 niole) in niethylene chloride (50 ml). 
After continued stirring at 0' for 1 h and then at 30" for 
2 h, water (200 ml) was added and the methylene chloride 
layer was separated, dried over anhydrous sodiuni sulfate, 
and then diluted with dry ether (3000 rnl). After treatment 
with activated carbon the solution was concentrated and 
the residual oil was dissolved in absolute ethanol. After 
48 h at  O", the crystalline anhydro-u-phenoxyetl~yl- 
penicillin, m.p. 148-15O0, was collected. It weighed 2.0 g 
(6 %). 

( c )  Via the Etl1oxycnrbot1ic Anhydride 
Potassium a-phenoxyethylpenicillin (40.3 g, 0.10 mole) 

was suspended in mcthylene chloride (400 ml) and 13.8 g 
(0.10 niole) of triethylamine hydrochloride were added. 
The mixture was stirred for 1 h a t  26", then cooled to -3", 
and ethyl chloroformate (9.52 ml, 0.10 mole) was added 
dropwise over a 5 min period. Stirring was continued, 
and after 15 niin, the addition of triethylamine (14.1 ml, 
0.10 mole) in methylene chloride (50 ml) was coninienced. 
The addition required 1 h, the temperature being main- 
tained at -3". After an additional 2 h glacial acetic acid 
(11.4 ml, 0.20 mole) in methylene chloride (50 ml) was 
added dropwise. The temperature of the reaction mixture 
was then raised to 27" and maintained there for 35 min. 
Water (200 nil) was then added and the organic phase 
was separated, dried over anhydrous sodiuni sulfate, and 
evaporated under reduced pressure at  41" to a n  orange- 
brown gum. Crystallization from absolute ethanol 
afforded 1.77 g of anhydro-u-phenoxyethylpenicillin 
(5 %), n1.p. 146-148". Found: C, 58.65; H ,  5.47. 

( d )  Via the p-Tol~ret~eslrlfortic Anl~yhide 
Potassium u-phenoxyethylpenicillin (40.3 g, 0.10 mole) 

andp-toluenesulfonyl chloride (19.19 g, 0.10 mole) were 
stirred in methylene chloride (550 ml) for 16 h at  30-31". 
Precipitation of potassium chloride during this period 
indicated that the mixed anhydride had formed. A solu- 
tion of triethylamine (14.1 ml, 0.10 niole) in methylene 
chloride (50 mi) was then added during 20 min. The 
temperature rose to 34' and the colorless solution turned 
greenish-black. Stirring was continued for 7 h at 30" and 
the mixture was then washed with water (200 ml). The 
organic layer was dried over anhydrous sodium sulfate 
and evaporated to dryness at 40'. The residue was tritur- 
ated with ethanol (100 ml) and the mixture was thcn kept 
at  5" for 24 h. There was then obtained by filtration 4.10 g 
(12%) of anhydro-a-phenoxyethylpenicillin, n1.p. 140- 
144". 

At~l~yc/ropenicillin G 
Potassium penicillin G (potassium benzylpenicillin) 

(37.2 g, 0.1 mole) was suspendcd in methylene chloride 
(250 ml) containing pyridine (8.9 ml, 0.1 mole). The 
mixture &as cooled to -20" and thionyl chloride (8 ml, 
13.3 g, 0.11 mole) was added over a 2 niin period. 
Stirring was continued for 3 11 at -20'. The temperature 
was then lowered to -30" and triethylamine (34 ml, 
24.5 g, 0.25 mole) was added during 15 min. The tempera- 
ture was allowed to rise to -20" during the next 30 min 
and was kept at -20' for 1.5 h and then allowed to rise 
to 0' during the next hour. Watcr (250 ml) was then added 
and the organic phase was separated, dried over an- 
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hydrous sodium sulfate, and evaporated to dryness. The 
black sticky mass thus obtained was dissolved in ethanol 
(200 rill) and this solution was kept overnight at 0". The 
crystalline material which was deposited during this 
period was collected and recrystallized from aqueous 
acetone to yield 2.42 g (8%) of anhydropenicillin G, n1.p. 
156-158" (decomp.); A,,, (KBr): 5.5,5.9,6.0,6.1 p. 

Anal. Calcd. for Cl6Hl6NZO3S: C, 60.74; N, 5.02; 
N,8.86.Found:C,60.82;H,5.17;N,8.85. 

Ar1hydro-6-N-p/~tl1nloylntninopet1icillin 
The follow~ng procedure for the preparation of 6-N- 

phthaloylaminopenicillanic acid is adapted from one 
described by Nefkens and co-workers (43). 

6-Aminopenicillanic acid (38.6 g, 0.18 mole) was dis- 
solved in an aqueous solution (270 ml) containing sod~um 
carbonate (19.1 g, 0.18 mole), and finely powdered 
N-carbethoxyphthal~n~~de (43) (44.4 g, 0.20 mole) was 
added In one portlon, The mlxture was stirred vigorously 
at room temperature for 3.5 h and was then extracted 
twice w ~ t h  100 rill portlons of methylene chloride. The 
conlb~ned methylene chloride extracts were dried over 
anhydrous sodium sulfate and the solvent removed to 
give 17.7 g of unreacted N-carbethoxyphthalimide. The 
aqueous phase was diluted w ~ t h  acetone (80 ml) and was 
acid~fied to pH 3 with 2 N hydrochloric ac~d .  The product 
crystallized immediately and was collected and washed 
with water. Concentration of the mother liquor produced 
a second crop of material which was also collected. The 
two crops (26.4 g) were combined and recrystallized from 
aqueous acetone to give 22.3 g of 6-N-phthaloylamino- 
penicillanic acid, m.p. 178-180" (decornp.). Based on the 
unreacted N-carbethoxyphthalirnide the yield was 54%. 

Anal. Calcd. for C16H14N205S: C, 55.49; H, 4.05. 
Found: C, 55.37; H, 4.15. 

( a )  I/in the Acid Chloride 
6-N-Phthaloylan~inopenicillanic acid (20.0 g, 58 

nimoles) and pyridine (10.17 ml, 0.12 mole) were dis- 
solved in nlethylene chloride (230 rnl). The solution was 
cooled to -20' and a solution of thionyl chloride (4.51 
rill, 7.49 g, 63 mmoles) in methylene chloride (35 ml) was 
added as rapidly as possible. The reaction mixture was 
stirred at -15' to -20" for 3 11 and was then treated 
during 0.5 h with a solution of triethylamine (24.3 ml, 
17.5 g, 0.17 mole) in methylene chloride (70 ml). The 
temperature was brought to 20' and the reaction mixture 
was washed successively with 5 % hydrochloric acid, 5 % 
sodium bicarbonate and water, and then dried over 
anhydrous magnesiuni sulfate. Evaporation of the methyl- 
ene chloride gave 16.05 g of a neutral residue. Two 
recrystallizations from 90% acetone gave 5.35 g (28 %) of 
anhydro-6-N-phthaloylan~inopenicillin, m.p. 236-237". 

Anal. Calcd. for Cl6HI2NZO4S: C, 58.53; H, 3.66. 
Found: C, 58.84; H, 3.87. 

At~lzydro-a-n~etl~oxyisobutyrylpenicillir~ 
A solution of a-methoxyisobutyric acid (11.8 g, 0.1 

nlole) in a mixture of acetone (20 ml) and dioxane (80 ml) 
was treated successively at -5' with triethylamine (15 ml, 
10.8 g, 0.11 mole) and then isobutyl chloroformate 
(13.6 g, 0.1 mole) in dioxane (15 nll). To  the mixed an- 
hydride were added rapidly a solution of 6-amino- 
penicillanic acid (21.6 g, 0.1 mole) in water (100 ml) and 
triethylanline (15 ml, 0.1 1 mole), the temperature being 

maintained below 10". The clear solution was stirred at 
10" for 0.5 h, at 20" for 2 h, and was then diluted with 
250 ml of water and extracted with ether, the ether extract 
being discarded. The aqueous layer was covered with 
fresh ether (300 ml), cooled, and acidified to pH 2 with 
sulfuric acid. The ether layer was separated, washed with 
cold water, dried over anhydrous sodium sulfate, and 
treated with 50 ml of a 40% solution of potassium 2- 
ethylhexanoate in n-butanol. The potassium 6-a-methoxy- 
isobutyrylpenicillin was collected, triturated with ether 
and then dried itz vacrro over phosphorous pentoxide. 
The yield was 24.5 g (70%), m.p. 234-236" (decomp.). 

Anal. Calcd. for C13HZoN20,SK: C, 43.92; H, 5.67. 
Found: C, 43.85; H, 5.76. 

The penicillin (6.33 g, 0.018 mole) was dissolved in 
methylene chloride (80 ml) containing triethylamine 
(2.67 ml, 0.019 mole) and the solution was cooled to 0". 
Then ethyl chloroformate (1.90 ml, 0.02 mole) in methyl- 
ene chloride (20 ml) was added dropwise during 5 min 
to form the mixed anhydride. Stirring was continued for 
15 min at 0" and then powdered freshly prepared sodium 
methoxide (2.2 g, 0.04 mole) was added all at once. 
Stirring was continued for 24 h at which time ice-cold 
pH 6 phosphate buffer (100 ml) was added. The layers 
were separated and the aqueous layer extracted with 50 
ml of methylcne chloride. The combined organic extract, 
after drying over anhydrous sodium sulfate, was evapor- 
ated to give a yellow gum. This gum could not be crystal- 
lized but the presence of anhydropenicillin was evident 
from the U.V. absorption at 269 m p  and i.r. absorption at 
5.5,5.9, and 6.1 p. 

6-(2-Hydrosy-I-t1npl1tI1alnt11ir1o)pet1ici1ln1ic Acid 
To a suspension of 6-an~inopenicillanic acid (4.32 g, 

0.02 mole) in methanol (100 ml) was added 2-hydroxy-l- 
naphthaldehyde (44) (3.44 g, 0.02 mole). The mixture was 
stirred overnight, by which time dissolution of the 
6-an~inopenicillanic acid was complete, and the solvent 
was then removed under rcduced pressure. Trituration 
with ether afforded the Schiff base as yellow crystals, 
1n.p. 174-176"(decomp.); the yield was 6.6 g (90%). 

Anal. Calcd. for Cl,H18N20,S: C, 61.60; H, 4.89. 
Found: C, 61.40; H, 4.95. 

At~lzyrlro Deriunrive of 6-(2-Hydroxy-l-t2a[~I1rI20Intt1ino)- 
petzicillnt~ic Acicl 

The Schiff base (18.5 g, 0.05 mole) was suspended in 
methylene chloride (200 rnl) containing pyridinc (8.8 nil, 
0.106 mole) and triethylamine (7 ml, 0.05 nlole). The 
resulting solution was cooled to -20" and thionyl 
chloride (3.9 ml, 0.054 nlole) was added as rapidly as 
possible. The reaction mixture was stirred for 3 h a t  
-15 to -20" and was then treated during 4 h with tri- 
ethylanline (14 ml, 0.1 nlolc) in methylene chloride 
(30 1111). Evaporation then afforded a crystalline solid 
which was isolated by trituration with ethanol and was 
recrystallized from aqueous acetone. The yield was 4.2 g 
(24 %); n1.p. 219-221" (decomp.). 

Anal. Calcd. for Cl9Hl6NZO3S: C, 64.77; H, 4.54. 
Found: C, 64.47; H, 4.71. 

Because the conlpound is a white solid and shows no 
i.r. absorption near 3 p it is considered to have the 
cyclic structure 35. 
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Isolation of Anlgvdro-a-pIzenoxyetIzylpe~zicillitt " Dimer" 
Run I 
Potassium a-phenoxyethylpenicillin (12.1 g, 0.03 mole) 

was converted to the acid chloride in the usual manner 
(vide supra) in methylene chloride (150 ml) and excess 
triethylamine was then added. When the i.r. spectrum 
of the reaction mixture showed conversion to the anhy- 
dropenicillin to be complete the mixture was warmed 
to room temperature, diluted with ether (800 ml), and filt- 
ered. The filtrate was evaporated to dryness, the residue 
triturated with tetrahydrofuran (50 ml), filtered, and re- 
evaporated to give 8.2 g of a brown solid (A) which 
smelled of pyridine. 

One gram of A was dissolved in isopropyl alcohol 
(40 ml) and the solution was trcated with decolorizing 
charcoal and then concentrated to 20 1-111. Cooling to 
-10" produced a solid (B) which was collected. The 
filtrate from B upon dilution with water (75 ml) gave 0.2 g 
of a substance C. Heating B to reflux with isopropyl 
alcohol (40 ml) afforded an additional 0.29 g of (insoluble) 
C; identity of the two fractions was established by i.r. 
(vide infra). 

One-half gram of A was dissolved in absolute ethanol 
(5 ml) and the solution was cooled to -10' to give 
anhydro-a-phenoxyethylpenicillin. This was collected 
and the filtrate was diluted with water (25 ml) to precipi- 
tate solid C (identified by its i.r. spectrum). 

Run 2 
Eighty grams of crude anhydro-cr-phenoxyethylpeni- 

cillin prepared by the method of run 2 (vide supra) 
were recrystallized from boiling ethanol (2500 ml) and, 
after the purified anhydropenicillin was collected, the 
mother liquor was concentrated to 1000 ml and stored at 
0" for two weeks. Six grams of substance C were then 
obtained by filtration. 

A saturated solution of C (0.1 g) in methylene chloride 
(25 ml) was poured through a column of alumina (Woelm, 
activity III). Evaporation of the eluate and recrystalliza- 
tion from methylene chloride gave pale-yellow needles, 
m.p. 262-264". The i.r. spectrum of this compound 
showsh,,,,,(KBr) 3.12, 3.27, 5.53,5.93, 5.98, 6.03, 6.06, 
6.10,6.27,6.60,6.68 p. 

Anal. Calcd. for C3,H3,N40,S (mol. wt., 616.68): 
C, 62.32; H, 5.23; N, 9.09; S, 5.19. Found (m/e,14 616): 
C, 62.55, 62.20; H, 5.66, 5.48; N,  8.56, 8.84, 8.75; S, 
4.98,5.16. 

Ozonolysis of Anhydro-a-phenoxyetfzylpenicillin 
A solution of anhydro~-pl~enoxykthylpenicillin (99 mg, 

0.29 rnrnoles) in methvlene chloride (10 ml) was cooled to 
0" and treatid for 20 min at a rate of 0.02ft3/min with a 
stream of dry air containing ozone, generated at 90 V in 

a Welsbach ozonator. The reaction mixture, which con- 
tained a heavy precipitate, was rinsed into a distillation 
flask with water (12 ml), and zinc dust (100 mg) was 
added. All but 1 ml of the methylene chloride was 
removed by careful distillation and this distillate was 
discarded. Then the remainder of the methylene chloride 
and ca. 2 ml of water were distilled out and this second 
distillate was treated with 2.4 ml of a 2,4-dinitrophenyl- 
hydrazine reagent prepared in the usual manner (45). 
The mixture was warmed to distil out the remaining 
methylene chloride and then cooled in ice. A crystalline 
precipitate, 35 mg, m.p. 116-12O0, was then obtained. 
Recrystallization from aqueous ethanol gave 30 mg 
(44%) of acetone 2,4-dinitrophenylhydrazone, m.p. 
123.0-124.O0, identified by comparison with an authent~c 
specimen. 
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C-Aroylations of imides and N-aroylations of P-keto amides 
with aromatic esters by means of sodium hydride to 

form B-keto imidesl 
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Departrnetzt of Cllemistry, Virginia Polytechnic Irlstitr~te, Blacksburg, VirgD~ia 24061 

AND 
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Received March 15, 1968 

Aroylations a t  the methyl groups of N-acetylbenzamide and p-benzoylaminoacetophenone, and at a 
inethylene position of succinimide with appropriate aromatic esters were effected by means of sodium 
hydride in refluxing monoglyme. Benzoylation at the amide group of a-benzoylacetamide and salicyl- 
amide were accomplished similarly. The yields of 13-keto imides from these C- and N-aroylations by 
sodium hydride, with which intermediate dianions were evidently not formed, were generally much better 
than those obtained through dianions produced by means of an  alkali amide in liquid ammonia. The 
synthetic utility of the sodium hydridemethod is discussed. 
Canadian Journal of Chemistry, 46. 2561 (1968) 

N-Acetylbenzamide (1) has previously (1) been of potassium amide in liquid ammonia to form 
benzoylated at its methyl group with methyl P-keto imide 2; dianions 1" and 2" were inter- 
benzoate by means of two molecular equivalents mediates (Scheme 1). Similarly, vinylogous imide 

2 KNHz 
C6H5CONHCOCH3 F  c ~ H ~ c o ~ o ~ H ~  

liquid NH3 
1 1" 

SCHEME 1 

3 has been benzoylated at its methyl group to form which is three times that (28 %) obtained with 
4 (2) and imide 5 at a methylene group to  give 6 (3) potassium amide. 
through corresponding dianions. 

Imides 1,3, and 5 have now been benzoylated in C6H5COOCH, F 2 " + 2  acid 

better yields by means of sodium hydride in NaH, monoglyrne 
refluxing monoglyme, as summarized in Table I. 
For example, the yield of P-keto imide 2 from Whereas in the alkali amide method the imide 
imide 1 with sodium hydride, eq. [I], was 85 %, is first converted to the dianion (see Scheme I), in 

the sodium hydride method a mixture ofthe imide 
'This work was supported at "irginia polytechnic and ester is added to the reagent. When imide 1 

Institute by the Petroleum Research Fund of the American was first treated with sodium hydride and methyl 
Chemical Society, Grant No. 3446, and by the United benzoate then added, the yield of 2 was oll]y fair States Public Health Service, Grant No. GM-14340 from 
the National Institute of General Medical Sciences. At (36%) and much benzamide was obtained; the 
Duke University, the work was supported by the National latter product arose through cleavage of imide 1 
Science Foundation. 

'Inquiries regarding this paper should be addressed to by sodium hydride (see 
J. F. Wolfe, Virginia Polytechnic Institute. Similarly, imide 1 was aroylated with methyl 
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TABLE I In contrast to sodium hydride, sodium amide 
Yields of benzoylation products of imides by the sodium was observed to effect the N-benzoylation of 

hydride and alkali amide methods P-keto amide 8 through its dianion 8" in only 14 % 
Yield (%) yield, and none of the N-benzoyl derivative of 9 

Benzoylation was obtained with sodium amide through dianion 
Irnide product NaH method MNH, method 9". That dianions 8" and 9" were formed initiallv 

was indicated by lack of stilbene formation on 
treatment with benzyl chloride (see Experi- 
mental). 

- 

anisate, methyl p-chlorobenzoate, and ethyl 
nicotinate to form the new P-keto imides 7a-c in 
yields of 79,93, and 78 %, respectively. Structural 
assignments for these products were supported by 
analyses and absorption spectra (see Experi- 
mental). 

C6H,CONHCOCH2COAr 
7a, Ar = C6H40CH3-p 
7b ,  Ar = CsH4C1-p 
7c, Ar = 3-Pyridyl 

Next, P-keto amide 8 was beuzoylated by the 
sodium hydride method to form the N-benzoyl 
derivative 2 in 91 %yield, eq. [2]. This N-benzoyl- 
ation represents an alternate route for the 
preparation of 2, the other route involving C- 
benzoylation of imide 1, see eq. [I]. 

C6H5COOCH3 
[21 C6H5COCH2CONH2 F 2 

NaH method 
8 

Similarly, salicylamide (9), which may be 
regarded as an enolized P-keto amide, was 
benzoylated by the sodium hydride method to 
give the N-benzoyl derivative 10 in 90 %yield. 

Finally, attempts were made to effect benzoyla- 
tions at the methyl group of P-keto imide 11 and 
the phenolic imide 12 by the sodium hydride 

method. However, instead of C-benzoylation, 
cleavage of the respective acetyl groups occurred 
to form the P-keto amides 8 and 9 (or their 
anions), which underwent N-benzoylation to give 
the P-keto imides 2 and 10, respectively. 

Discussion 

These results show that sodium hydride in 
refluxing monoglyme is preferable to an alkali 
amide in liquid ammonia for C-aroylations of 
imides 1,3, and 5 and especially, for N-aroylation 
of P-keto amides 8 and 9. Presumably the sodium 
hydride method could be extended, not only to 
other aromatic esters, but also to other imides and 
P-keto amides, thereby leading to the syntheses of 
many new products. In certain cases, the same 
product may be prepared by either C-aroylation 
of an imide or N-aroylation of a P-keto amide as 
illustrated above for 2 by eqs. [I] and [2], 
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WOLFE ET AL.: C-AROYLATIONS AND N-AROYLATIONS 

RrCOOCH3 RCOOCH 
RCONHCOCH3 t RCONHCOCH~COR' R1COCH2CONH2 

NaH NaH 
13 

respectively. These complementary courses of 
reaction may be generalized by Scheme 2 in 
which R and R' are appropriate aroyl groups of 
sym~netrical or unsymmetrical P-keto imides of 
type 13. 

Interestingly, as in previously reported aroyla- 
tions of P-diketones (4) by means of sodium 
hydride, the present aroylations of imides and 
P-keto amides by this reagent evidently do not 
involve the intermediate formation of dianions, 
for example I", which is the reactive intermediate 
in an aroylation by an alkali amide (see Scheme 1). 
Instead, only the imide monoanion such as 1' (see 
Scheme 3), seems to be formed, at least until the 
ester is added. This was indicated by evolution of 
only about one molecular equivalent of hydrogen 
on addition of imide 1 or 5 to five molecular 
equivalents of sodium hydride in refluxing 
monoglyme (see Table 11); yet the expected three 
molecular equivalents of hydrogen were evolved 
on addition of a mixture of the imide and methyl 
benzoate to the reagent in accordance with 
Scheme 3 (see Table 111). Although somewhat 
more than one equivalent of hydrogen was 
evolved with imide 3 alone (see Table 11), only the 
anticipated three equivalents of hydrogen were 
formed with a mixture of 3 and ester (see 
Table 111). 

NaH 
1 ----t C ~ H ~ C O N C O C H ~  + Hz 

(excess) 
1' 

NaH C6H5COOCH3 I 
NaH 

Hz + 2 C ~ H ~ C O N C O C H ~ C O C ~ H ~  .+ Hr 

Although a total of only three molecular equiv- 
alents of hydrogen were evolved when a mixture 
of P-keto amide 8 or 9 and methyl benzoate was 
added to the sodium hydride reagent (see Table 
111), prolonged treatment of 8 and 9 alone with 
excess reagent produced considerably more than 
one molecular equivalent of hydrogen (see Table 
11); this indicated that 8 and 9 were slowly con- 
verted to dianions 8" and 9", respectively. How- 
ever, formation of these dianions appears to be 
much too slow to account for the rate at which the 

benzoylations were realized in the presence of 
methyl benzoate (see Table 111). Therefore di- 
anions 8" and 9" seem not to be the reactive 
intermediates in these aroylations. 

Several possible mechanisms for the related 
aroylations of P-diketones have previously been 
considered (4), and analogous mechanisms might 
also be possible for the present aroylations of 
imides and P-keto amides. 

Experimental 
Melting points were taken on a Thomas-Hoover melt- 

ing point apparatus in open capillary tubes and are 
corrected. Analyses were performed by Galbraith Labora- 
tories, Knoxville, Tennessee. Infrared (i.r.) spectra were 
taken on a Beckman 1R-5A spectrophotorneter using the 
potassium bromide pellet method. Nuclear magnetic 
resonance (n.m.r.) spectra were obtained on a Varian 
Associates A-60 spectrometer using deuteriodirnethyl 
sulfoxide as solvent and tetramethylsilane as external 
standard. Chemical shifts are measured to the center of a 
singlet or multiplet. Thin-layer chromatograms (t.1.c.) 
were carried out with an Eastman Chromagram apparatus 
using Chromagram Sheets Type 1301R (silica gel) with 
fluorescent indicator and toluene-ethanol (3:l) as the 
developing solvent. Spots were detected with ultraviolet 
light. Monoglyme was distilled from sodium ribbon 
immediately before use. Sodium hydride was used as 
obtained from Metal Hydrides, Inc., Beverly, Massachu- 
setts. Unless otherwise specified, chemicals were commer- 
cial reagent grade, and were used without further 
purification. All hydrogen evolution values are corrected 
for temperature, pressure, and water vapor pressure. 

Bet~zoylations oj'lrnides 
In Table 111 are presented hydrogen evolution data 

accompanying these reactions. Additional details are given 
below. 

(a )  0 f Imi& I 
This reaction, as well as each of the subsequently 

described aroylations, was carried out in a 1 1 three-necked 
flask equipped with a heating mantle, a pressure-equalizing 
addition funnel, and a high-efficiency reflux condenser, 
which was connected through a cold trap (Dry Ice- 
Acetone) to a Precision Scientific Co. wet-test meter filled 
with water. The center neck of the flask was tightly 
stoppered and the reaction mixture was stirred mag- 
netically. The flask was charged with 250 ml of monoglyme 
and 0.25 mole of sodium hydlide as an approximately 50 % 
dispersion in mineral oil. A solution of 8.15 g (0.05 mole) 
of 1 (5) and 10.89 g (0.08 mole) of methyl benzoate in 
100 ml of dry monoglyme was placed in the addition 
funnel. The system was then flushed with dry nitrogen and 
closed to the atmosphere. The sodium hydride - mono- 
glyme slurry was brought to reflux, and when thermal 
equilibrium had been established, an  initial reading was 
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TABLE I1 

Evolution of hydrogen from imides and 8-kcto amides with sodium hydride 

H, from addition of active hydrogen compound 

Imide or Calculated for 1 mole Found %of  Reaction 
8-keto amide equivalent (ml) (mi) theory period (h) 

*Hydrogen evolution did not increase significantly with longer rcxct'on periods. 
t l n  this c~periment0.0?5 molc of 8 to 0.125 mole of sodium hydride uns used; In 211 other expcri- 

lncrtts 0.05 niole of nctlvc hydrogen compound to 0.25 mole of sodium hytlride was cmploycd. 

TABLE LIZ 

Evolution of hydrogen when a mixture of an imide or 8-keto amide 
and methyl benzoate was added to excess sodium hydride 

H, from addition of active hydrogen compound and ester 

Imide or Calculated for 3 mole Found %of Reaction 
8-keto amide equivalent (ml) (ml) theory period (h)* 

'Hydropen evolution did not increase significar 

taken 011 the test meter. The solution of imide and ester 
was added over a period of 25 min, the resulting reaction 
mixture was allowed to reflux until hydrogen evolution 
had ceased, and a final reading was taken on the test meter 
(see Table 111). Most of the monoglyme was removed 
under reduced pressure and the remaining pasty residue 
was cooled to 0 "C in an ice-water bath. The residue was 
then treated with 150 ml of ether Followed, after a few 
minutes, by 20 ml of cold water; initially, the water was 
added dropwiss until the excess sodium hydride had been 
destroved. The solid which se~arated between the lavers 

~ t l y  with longer reaction periods. 

was cd~~ected by filtration, treated with excess cold 6 N 
HCI, washed with 5% sodium bicarbonate solution, and 
recrystallized from 95% ethanol to afford 11.33 g (85%) 
of N,a-dibenzoylecetan~ide (2), m.p. 170-171 "C. A mix- 
t u ~ e  melting point determination with an authentic sample 
of 2(l)showed no depression; the i.r. spectra of the two 
samplcs were identical. 

In one experiment, inlide 1 (0.025 mole) was added to 
0.125 mole of sodium hydride in 3 50 ml of monoglyme and 
the reaction mixture was allowed to reflux for 2 h during 
which time one molecular equivalent of hydrogen was 
evolved. Methyl benzoate (0.04 mole) was then added and 
refluxing was continued for 5 h ;  slightly less than two 
additional equivalents of hydrogen were evolved during 
this period. The reaction mixture was processed in the 
usual manner to afford 2.46 g (36%) of p-keto inlide 2. 
Thin-layer chromatography (t.1.c.) of the residues obtained 
by concentration of both the ethereal and aqueous layers 
revealed that they consisted primarily of benzamide. 

In another experiment, ilnide 1 (0.025 mole) was treated 

with 0.125 mole of sodium hydride in refluxing mono- 
glyme for 6 h but methyl benzoate was excluded. The 
reaction mixture was processed as usual to afford a crude 
semisolid which consisted predominately of benzamide as 
shown by t.1.c. In  order to establish that 1 was not hydro- 
lyzed to benzamide during the basic work-up of the 
reaction, a 1 g sample of 1 was treated with 100 n ~ l  of 5% 
aqueous sodium hydroxide solution for 30 min. The basic 
solution was acidified with cold 12 N hydrochloric acid 
and extracted with ether. Theextracts were dried (Na,S04) 
and concentrated to afford 0.8 e; (80 %) of recovered 1. - , . ". 

( b )  Of Zn~ide 3 
A mixture of 11.96 g (0.05 mole) of 3 (2) and 10.89 g 

(0.08 mole) of methyl benzoate in 100 ml of monoglyme, 
was added to 0.25 mole of sodium hydride in 250 ml of 
refluxing monoglyme. The reaction mixture was heated at  
reflux for 23 h. The solvent was removed under reduced 
pressure and the residue was treated as described above to 
yield 17.39 g of crude product. This was further purified 
through its copper chelate (2) to give 15.14 g (88%) of 4, 
m.p, 183-185 "C, (lit. (2) n1.p. 184.5-186 "C), mixturem.~.  
183-185 "C. 

(c) Of Irrlicie 5 
A solution of 5 (4.95 g, 0.05 mole) and methyl benzoate 

(10.89 g, 0.08 mole) was treated with 0.50 Inole of sodium 
hydride in refluxing monoglyme for 44 h. The reaction 
mixture was processcd in the usual manner to afford, after 
one crystallization of the crude product from absolute 
ethanol, 5.71 g (56%) of pure 6, m.p. 138-140 "C, (lit. (3) 
n1.p. 137.5-138 "C), mixture m.p. 138-140 "C. The i.r. 
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spectrum of this compound was identical with that of an 
authentic sample of 6 prepared by the potassium amide 
method (3). 

Aroylntions o/ Irnide 1 with other Aroinatic Esters 
The genera! procedure for these aroylations was essen- 

tially the same as for the benzoylations described above. In 
all cases a mixture of 0.05 mole of 1, 0.08 mole of the 
appropriate ester, and 0.25 mole of sodium hydride was 
refluxed in 350ml of monoglyme, and the resulting 
mixture was processed in the usual manner. Additional 
details are given below. 

(a )  Wit11 Metl~yl  Anisate 
The reaction mixture was refluxed for 9 h. The crude 

product was recrystallized from absolute ethanol to 
afford 11.2 g (79 %) of N-benzoj~l-a-(p-n1ethoxyberzzoy1)- 
acetarnirle (7a), m.p. 177-178 "C; n.m.r. peaks at 6 7.7 
(m, 9, aromatic), at 4.56 (s, 2, COCH2CO), and at 3.82 
p.p.m. (s, 3, CH,O); and i.r. absorption at 3400 (NH) and 
1690 cnl-' ( G O ) .  

Anal. Calcd. for CI7Hl5NO4: C, 68.67; H, 5.08; N, 
4.71.Found: C,68.44;H, 5.12; N,4.85. 

(b )  With Metl~ylp-Cl~lorobenzoate 
The crude produce obtained after 6.5 h of refluxing was 

recrystallized fromabsoluteethanol to give 14.0 g (93 %)of 
N-benzoyl-a-(p-cl~Io~obenzo~~l)acefa~~~ide (7b), m.p. 168- 
169 "C; n.1n.r. peaks at 6 7.85 (m, 9, aromatic), and at 
4.60 p.p.m. (s, 2, COCH2CO); and i.r. absorption at 3400 
(NH)and 1695 cm-' (CEO). 

Anal. Calcd. for C1,H12CIN03: C, 63.69; H, 4.01; Cl, 
11.75; N, 4.64. Found: C, 63.49; H, 3.87; CI, 11.93; N; 
4.52. 

( c )  Wit11 Ethyl Nicotb~ate 
The reaction mixture was allowed to reflux for 6 11. The 

monoglyme was removed and the residue was treated with 
ether and water. The solid which separated between the 
layers wascollected byfiltration and dissolved in 3001nl of 
cold 3 N hydrochloric acid.Theacidic solution was neutral- 
ized with solid sodiu~n bicarbonate. The crude yellow 
solid which precipitated from the neutral solution was 
recrystallized from tetrahydrofuran to afford 10.47 (78 %) 
of IV-benzoyl-a-r~icotirtoylacetamide (7c), m.p. 166-167 "C; 
n.m.r. peaks at 6 7.80 (m, 9, aromatic) and at 5.76 p.p.m. 
(s, 2, COCH,CO); and i.r. peaks at 3400 (NH) and at 
1600 cm-' (C=O). 

Anal. Calcd. for CISHI2N2O3: C, 67.16; H, 4.51; N, 
10.44.Found:C,67.45;H,4.67;N, 10.26. 

Benzoylr~tior~s of 0-Keto An~ides 8 mrcl 9 by Mearls of 
Sodilrrn Hyrlride 

Hydrogen evolution data for these reactions are 
presented in Table III. 

(a )  Of 0-Krto Arnirk. 8 
A mixture 018.15 g (0.05 mole) of 8 (6) and 0.08 mole of 

methyl benzoate was treated with 0.25 mole of sodium 
hydride in 350 n ~ l  of refluxing monoglyme for 1 h.  The reac- 
tion mixture was processed as described above for the 
aroylations of imides to afford 12.5 g (91 %) of the N- 
benzoyl dcrivative 2, which was identical in all respects 
with the product obtained from the benzoylation of imide 
1. 

( b )  Of Arilide 9 
Treatment of 6.86 g (0.05 mo!e) of 9 with 0.08 mole of 

methyl benzoate and 0.25 mole of sodium hydride in 350 

ml of refluxing monoglyme for 4 h produced 13.50 g (90 %) 
of N-benzoylsalicylamide (lo), m.p. 203-204 "C (lit. (7) 
m.p. 201 "C). The infrared spectrum of 10 was identical 
with that of an authenticsample. 

Results of Arnides 8 arzrl9 with Sodurn Arnide 
To 0.10 mole of sodium amide prepared from 0.10 g- 

atom of sodium in 500 ml of commercial anhydrous liquid 
ammonia (8) was added 0.05 mole of 8. The resulting sus- 
pension was allowed to stir for 30 min then 0.05 mole of 
methyl benzoate in 100 ml of anhydrous ether was added 
and stirring was continued for 1.5 h. The ammonia was 
evaporated (steam bath) as an equal volume of ether was 
added. The ethereal suspension was added to 300 ml of 
cold 3 N hydrochloric acid to precipitate 1.84 g (14%) of 
theN-benzoyl derivative2. 

In  a second experiment 0.025 mole of 8 was treated with 
0.063 mole of sodium amide in liquid ammonia followed 
after 45 min by 0.05 mole of benzyl chloride3 in 50 ml of 
anhydrous ether. After 3 h the reaction mixture was 
processed as described above. The ethereal layer was dried 
(Na,S04) and concentrated to afford a crude solid which 
was shown by t.1.c. to consist primarily of unchanged8. 

Treatment of a 0.05 molesampleof 9 with sodium amide 
(0.10 mole) in liquid ammonia followed by addition of 
methyl benzoate produced none of the desired N-benzoyl 
derivative 10. Similarly, treatment of 9 with sodium amide 
and benzyl chloride gave a nearly quantitative recovery of 
starting material; no stilbene was detected. 

At tempted Benzoylatior~s of Irnides 11 anrl12 
( a )  Of Irnide 11 
To a suspension of 0.25 mole of sodium hydride in 250 

ml of refluxing monoglyme was added a solution of 10.25 g 
(0.05 mole) of 11 (10) and 10.89 g (0.08 mole) of methyl 
benzoate in 350 ml of monoglyme. The reaction mixture 
was allowed to reflux for 18 h before being processed in 
the normal fashion. The solid residue which separated 
between the layers was collected by filtration, treated with 
hydrochloric acid, washed with sodium bicarbonate solu- 
tion, and recrystallized from absolute ethanol to afford 
12.7 g (95%) of 2, m.p. 170-171 "C, mixture m,p. 170- 
171 "C. The i.r. spectrum of this material was identical 
with that of a sample of 2 prepared as described above. 

( b )  Of Imirlc 12 
A mixture of 8.96 g (0.05 mole) of 12, 0.08 mole of 

methyl benzoate, and 0.25 mole of sodium hydride in 
250 ml of monoglyme was refluxed for 8 h. The reaction 
was processed in the manner described in section (n)above 
to afford, after one recrystallization of the crude product 
from 95 %ethanol. 8.53 g (71 %) of N-benzoylsalicylamide 
10, n1.p. 201-202 "C, mixturem.~. 201-202 "C. 

Meas~r~.ements of Euohrtior~ of Hydroger~ f,.orn Irf~irles ar~rl 
Keto Amides with Sodi~rn~ Hydride 

In order to determine the extent of ionization of these 
active hydrogen compounds by sodium hydride, a 0.025- 
0.05 mole sample of the appropriate imide or amide in 

3Addition of the benzyl chloride was not acconlpanied 
by the transient purple color associated with stilbene 
formation and no stilbene was isolated. Thus, the two 
n~olecular equivalents of sodium amide were apparently 
consunled in the twofold ionization of 8 to form 8". See 
ref. 9. 
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100 ml of monoglyme, contained in the addition funnel of 
the apparatus described above, was added over a 15 min 
period to 0.125-0.25 mole of sodium hydride in refluxing 
monoglyme. The resultingmixture was allowed to reflux as 
periodic readings were taken on the test meter. When 
hydrogen evolution was essentially complete, the reaction 
time and total volume of hydrogen were noted. These 
values are presented inTable 11. 
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IntramoBecular hydrogen bonding in cycloalkane-1,Zdiol monoacetatesl 
ROBERT W. WRIGHT~ and R. H. MARCHESSAULT 

Cell~rlose Research Institute and Clzenzistry Department, State University of New York College of Forestry, 
Syracuse, New York 

Received February 13, 1968 

Intran~olecular hydrogen bonding in cyclopentane- and cyclohexane-1,2-diol monoacetates was 
studied by high resolution infrared spectroscopy in the 3p region. Intramolecular hydrogen bonding 
was exhibited by all compounds and the data are interpreted in terms of preferred conformations, 
assuming the acetate group to be exclusively in the "planar trans" form. 
trarzs-Cyclopentane-1,2-diol monoacetate exhibited two hydroxyl absorption bands. One band was 

assigned to free hydroxyl stretching and the other to hydrogen bonding with the carbonyl oxygen so 
that an equilibrium between two ring conformations must be assumed to exist in solution. With cis- 
cyclopentane-l,2-diol monoacetate only a strong high frequency band was observed, and this was 
attributed to hydrogen bonding to the alkoxyl oxygen. 

trans- and cis-cyclohexane-l,2-diol monoacetate both exhibited two hydroxyl absorption bands. 
With the former, the hydroxyl group was assumed to be exclusively in an equatorial position to permit 
hydrogen bonding to both the alkoxyl and carbonyl oxygens. Similarly, in the latter, the high frequency 
band was attributed to hydrogen bonding to  the alkoxyl oxygen atom while the low frequency band 
was assigned to hydrogen bonding to the carbonyl oxygen. 
Canadian Journal of Chemistry. 46, 2567 (1968) 

Introduction molecular hydrogen bonding in the cycloalkane- 

Kuhn (1) and Cole and Jefferies (2) demon- 1,2-dio1s in this study. 
strated the use of infrared spectroscopy as a tool Since the in rates Of for 
for the conformational analysis of cycloalkane- Of the cycloalkanols are 
1,2-diols. With these compounds, there exists the (factors Of to 5, (4), bonding 
possibility for intramolecular hydrogen bond effects can be important. Depending On the 

formation between the hydroxyl functions with reaction mechanism, the hydrogen bond may 

one of the oxygens acting as the donor and the enhance Or c o m ~ l e t e l ~  reverse (5-7) the "nor- 
other as the acceptor for the hydrogen atom. mal" behavior, based the rules 
when two absorption bands appear in fie of conformational analysis (8). The present 
hydroxyl stretching region, an equilibrium be- study deals with a situation which is of common 

tween 'free and intramolecular hydrogen-bonded OccLLrrence in polysaccharides, steroids, and 

conformers is postulated. The higher frequency Other products, i.e., a free h ~ d r o x ~ l  in 

band always corresponds to the stretching mode close proximity to an esterified One. This situa- 

of a free hydroxyl. The presence of only a single tion allows two hydrogen bond acceptor sites: 
band indicates a conformation, as occurs with at the alkoxyl and at the carbon~l oxygens. 

trans-cyclopentane-l,2-diol, in which hydrogen Henbest and Love11 (5) showed that in cis- 

bonding is not possible. This approach has been cycloalkane-1,3-diol monoacetates, intramolec- 
fruitful in studying conformational equilibria ular hydrogen bonding Only the 
for compounds where oxygen occurs in the ring, alkoxyl Oxygen atom. This type Of bonding 
e.g., dioxane or pyran type molecules (3). For caused a decrease in the infrared alkoxyl and an 

monohydroxy] derivatives, the appearance of increase in the carbon~l 

absorption bands for both free and hydrogen- Bruice and Fife (9) the 
bonded hydroxyl groups was interpreted in terms infrared of the c~c10~entane-1,2-dio1 

of an equilibrium between two conformers. monoacetates. The spectra were interpreted as 

Figure 1 summarizes the generally accepted indicating a hydrogen bond to the alkox~l oxy- 

interpretation of the observed free and intram gen atom in the cis isomer and to the carbon~l 
oxygen atom in the trans isomer. Again these 
assignments were inferred from the known geo- 

'Presented at 147th National American Chemical metries of the molecules and from the observed 
Society Meeting, Philadelphia, Pennsylvania, 1964. 

'Present address: Owens-Illinois Technical Center, shifts in the absorption bands for the two types 
Toledo, Ohio. of carbon-oxygen bonds in the acetate ester. 
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FIG. 1. Conformations of some cycloalkane-1,2-diols: 1, trans-cyclohexane-l,2-diol; 2, cis-cyclohexane-I,?-diol; 
3, tra~zs-cyclopentane-1,2-diol; 4, cis-cyclopentane-1,2-diol. 
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TABLE I -I 

Cycloalkane diols and acetate derivatives 4 
- u 

Lj 

Compound 

% c  % H  % Acetyl b 
& 

Refractive index* Melting point* P 
("C) 

n 
Calcd. Found Calcd. Found Calcd. Found at 19.8 "C References g 

cis-Cyclopentane-1,2-diol 
monoacetate 58.30 56.80 8.35 8.34 29.86 29.56 1.4592(1.4576?) - 
trans-Cyclopentane-1.2-diol 58.78 58.93 9.87 9.81 - - - 53-54 (50 :53.7) 

cis-~;clohexane-l:2-diol 
monoacetate 60.73 60.66 8.92 8.89 27.21 
tra1zs-Cyclol1exane-1,2-diol 62.04 61 .74 10.41 10.20 - 
trans-Cyclohexane-l,2-diol 
monoacetate 60.73 60.56 8.92 8.78 27.21 
trarzs-Cyclohexane-1,2-diol 
diacetate 59.98 59.49 8.05 7.83 43.00 

*Literature values are in parentheses. 
?Reference 17. 
tReference 20. 
§Reference 25. 
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FIG. 2. The infrared spectrum of trans-cyclopentane-l,2-diol monoacetate. 

Experimental 

Co~npounds 
The cycloalkane-1,2-diols were prepared by methods 

reported in the literature: cis-cyclopentane-l,2-diol was 
obtained by the procedure of Wiberg and Saegebarth (10) 
and the trans isomer by that of Owen and Smith (11). 
cis-Cyclohexane-1,2-diol was synthesized by the silver 
acetate, iodine, water method (12) and trans-cyclohexane- 
1,2-diol via the epoxidation of cyclohexane (13). The 
compounds were purified either by repeated distillation 
or recrystallization, and their purity was checked by 

analysis for carbon and hydrogen as well as analysis for 
the a-glycol grouping by periodate oxidation (14). 

Each of the monoacetates of the above compounds was 
purified by vapor-phase chromatography using an Aero- 
graph Autoprep model A700. A 20 ft column packed 
with 30% SE-30 silicone rubber on Chromosorb P was 
used. The cis-cyclopentane-l,2-diol monoacetate is an  
intermediate in the preparation of cis-cyclopentane-1,2- 
diol(l0). A similar procedure was used for preparing the 
cis-cyclohexane-l,2-diol monoacetate (12). tra~w-Cyclo- 
pentane-1,2-diol monoacetate was prepared by sulfuric 
acid catalyzed partial acetylation of the parent diol with 
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WRIGHT AND MARCHESSAULT: INTRAMOLECULAR HYDROGEN BONDING 

TABLE I1 
Hydroxyl group infrared absorption frequency as a measure of hydrogen bonding in cycloalkane- 

1.2-diols and cycloalkane-1,2-diol n~onoacetates 

Parent ldiol Monoacetate" Bonding in 
Conlpound cm- cm- ' monoacetate Extent 

3622 (s) Free 
3557 (v,s.) Carbonyl Major 
3610 (s) Alkoxyl Major 

3627 (s) Alkoxyl Major 
3540 (b,s.) Carbonyl 
3610 (s) Alkoxyl Major 
3539 (w) Carbonyl 

*s: strong; b:  broad; w :  \vsak; v:  very. 

acetic anhydride in glacial acetic acid. The crude product 
was extracted with ether and purified as mentioned 
above. The trans-cyclohexane-l,2-diol monoacetate was 
prepared by reacting cyclohexene oxide (15) with glacial 
acetic acid using the procedure of Owen and Smith (11). 
trans-Cyclohexane-l,2-diol diacetate was isolated during 
purification of the corresponding monoacetate. Each of 
the purified acetates was a clear viscous oil. Table I lists 
the analytical data and some physical constants for the 
parent compounds and the derived acetates. 

Soluer~ts andSolritions 
Spectrograde carbon tetrachloride was distilled over 

PZO, and stored over PZO, until used. Reagent grade 
1,2,4-trichlorobenzene was used for calibration. 

The compounds studied were weighed into dry, 
stoppered volumetric flasks. After weighing, the com- 
pounds were stored for several days in a desiccator over 
PZOS The solutions were prepared at room temperature 
in a dry-box equipped with a vacuum exhaust to allow 
rapid exchange of the nitrogen atmosphere. In order to 
avoid intermolecular association, all solutions were made 
up to 0.007 M or less. Spectra were always rerun on 
subsequent dilutions to insure that the relative intensities 
of the absorption bands were concentration independent. 

Infrared Spectroscopy 
All spectra were recorded on a Baird Associates 

double-beam spectrophotonleter equipped with either a 
lithium fluoride or sodium chloride prism. The former 
prism was used for measurements in the 311 region while 
the latter was used for exploratory purposes and to 
measure carbonyl frequencies in the 6p region. The 
carbonyl overtones in the region of interest were assigned 
from spectra of dilute solutions of the diacetates. 

The spectra were recorded using 1.7 cm cells (not 
carefully matched) with sodium chloride windows. Filling 
and cleaning of the cells was percormed in a dry-box. All 
measurements were conducted at room temperature 
(23 "C). 

For the 611 region, polystyrene was used as a calibra- 
tion standard. Initially, 1.2,4-trichlorobenzene (2.1-2.5~) 
and polystyrene (3.2-3.5~) were used to calibrate the 
3p region. The calibration gave, within experimental 
error, the same frequencies for the cyclohexane-1,Zdiols 
as reported by Kuhn (1). All frequencies reported for the 
monoacetates were, therefore, referred to their parent 
diols as standards. The frequencies could be measured in 

this way to + 3 cm-' although absolute frequencies 
were accurate only to 10 cm-'. 

Results 

The relevant high resolution spectra for the 
31.1 region are reproduced in Figs. 2-5. Hydroxyl 
stretching bands are present in all the spectra 
indicating the presence of either free hydroxyl or 
hydrogen bonding to the alkoxyl oxygen and/or 
carbonyl oxygen. The assignments of the various 
bands, which are summarized in Table 11, were 
made by comparing the observed OH stretching 
frequencies with the characteristic free and intra- 
molecularly bonded stretching frequencies for 
the parent cycloalkane diols. The latter are listed 
in the second column of Table I1 and correspond 
to the values reported by Kuhn (1). 

It is clear that all three of the possible hy- 
droxyl types were observed. In trans-cyclopen- 
tane-1,2-diol monoacetate where bonding to the 
alkoxyl oxygen is sterically impossible, both free 
and carbonyl-bonded hydroxyl are present. This 
suggests that at room temperature an equilib- 
rium exists between conformers exhibiting the 
two forms. Similar co~~clusions can be reached 
upon examination of the spectra for the other 
compounds. In all cases, the hydrogen bond to 
the carbonyl oxygen, on the basis of intensity, 
yields the strongest (largest Av), but not the 
preponderant hydrogen bond. This clearly in- 
dicates a preference for hydrogen bonds yielding 
five-membered rather than seven-membered 
rings as recently illustrated for a series of model 
acyclic compounds (20). The absorption bands 
assigned to the hydrogen bond involving a 
carbonyl oxygen were also broader than those 
bands associated with either a free or an alkoxyl 
oxygen hydrogen bond. This undoubtedly is a 
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FIG. 3. The infrared spectra of: (a) cis-cyclopentane-l,2-diol monoacetate; (6)  the same compound mixed with 
parent diol. 
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(e,e> (a ,a> 
FIG. 4. The infrared spectrum of trar~s-cyclohexane-l,2-diol monoacetate. 

reflection of greater numbers of steric arrange- 
ments possible in the former due to  the nature of 
the acetoxy group. 

Another general feature of the data for mono- 
acetates, summarized in Table 11, is the much 
smaller frequency shift compared to the parent 
diols for the intramolecular hydrogen bond in- 
volving the alkoxyl oxygen. This, of course, 
denotes a weaker hydrogen bond in the mono- 
acetate. The effect can be accounted for by 
invoking the influence of the carbonyl group 
on the electron density at the alkoxyl oxygen. 

In the trans-cyclohexane-l,2-diol system, the 
frequency of the carbonyl stretching mode for 

the monoacetate was compared to that of the 
diacetate. For the latter, a value of 1750 cm-I 
was recorded while the monoacetate absorbed 
at 1730 cm-l. This indicates hydrogen bonding 
to the carbonyl oxygen. 

Discussion 

In the case of the trans-cyclopentane-1,2-diol 
monoacetate there may be a conformation 
factor favoring the appearance of free hydroxyl. 
Rather than simply representing rotational iso- 
mers involving the ring-appended acetyl and 
hydroxyl groups, the two 0-H bonds (Fig. 2) 
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Ie,a 1  (a ,e1 
FIG. 5. The infrared spectrum of cis-cyclohexane-l,2-diol monoacetate. 

may each be associated with a distinct ring form. 
Assuming that the resonance stabilized "planar 
trans" arrangement of the ester group prevails, 
two distinct half-chair conformers (Fig. 2) are 
visualized wherein the two C-0 bonds occupy 
diequatorial and diaxial positions, respectively. 
Examination of molecular models shows that 
the former clearly allows hydrogen bonding 
while the latter does not. The same conclusion 
can be reached by considering hydrogen-bonding 
distances in the envelope forms of the cyclopen- 
tane ring. 

By contrast with the trans isomer, the spectrum 
(Fig. 3)for cis-cyclopentane-l,2-diol monoacetate 
shows only a single hydrogen-bonded OH fre- 
quency and no free hydroxyl. The weak band at 
3473 cm-' is assigned to a carbonyl overtone. 
Bruice and Fife (9) reported a high frequency 
band at 3618 cm-I (within experimental error, 
this is equivalent to the 3610 cmbl band in this 
study) and a very weak low frequency absorption 
at 3542 cm-l. They assigned these bands to free 
and to alkoxyl oxygen-bonded hydroxyls, respec- 
tively. Although we did not observe the low 
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frequency band, we prefer to interpret the data cyclohexane-1,2-diol monoacetate provides a 
reported by these workers in terms of two hy- more complex system since both of the ring 
drogen bonds. This is in accord with conforma- forms shown are expected to be present. Four 
tional considerations similar to the above which hydrogen bonds are possible: two for each of the 
always lead to molecular forms with an axial- alkoxyl and the carbonyl oxygens. In the spec- 
equatorial relation between substituents, ie., trum shown in Fig. 5, only two hydrogen-bonded 
dihedral angles in the range of 60 "C. In such OH frequencies were observed. As indicated, the 
cases, the hydrogen bonding pattern cannot be band at 3610 cm-' is attributed to hydrogen 
related to conformer equilibria. bonding with the alkoxyl oxygen, and the 3539 

Some support is given to our interpretation cm-' absorption to hydrogen bonds involving 
by the spectrum of a dilute carbon tetrachloride the carbonyl oxygen. From these data, it is 
solution containing both the parent diol and not possible to arrive at any conclusions con- 
cis-cyclopentane-l,2-diol monoacetate (Fig. 3b). cerning the conformations responsible for the 
The three distinct bands corresponding to the bands observed. Until appropriate model sys- 
two diol frequencies (free and intramolecularly tems which permit isolation of the separate 
hydrogen bonded) and the monoacetate fre- conformers have been examined, the foregoing 
quency are clearly distinguishable. The observed is offered as a possible interpretation. 
shift in the cis monoacetate hydroxyl frequency 
might also be attributed to the inductive effect 1. L. p. KUHN. J. Am. Chem. Sot. 76, 4323 (1954); 

74 2492 (1952). of the acetate group, but this is not 2. A.'R, H. COLE and P. R. JEFFERIES. J. Chem. Sot. 
considered likely since a shift of this magnitude 4391 (1956). 
(23 cm-l) was not observed for the trans mono- 3. s. A. BARKER, J. S. BMMACOMBE, A. B. FOSTER, 

D. H. WIFFEN, and G. ZWEIFEL. Tetrahedron, 7, 10 acetate. On this basis, the above interpretation (]g59). 
of the data in terms of two hydrogen bonds is 4. E. L. ELIEL. Stereochemistry of carbon compounds. 
preferred. McGraw-Hill Book Co., Inc., New York. 1962. pp. 

235-236. 
trans-Cyclohexane-1,2-diol monoacetate can 5. H. B. HENBEST and B. J. LOVELL. J. ~ ~ ~ e i n .  SOC. 

assume the two forms shown in Fig. 4. The 1965 (1957). 
6. S. M. KUPCHAN, W. S. JOHNSON, and S. RAJAGOPA- axial-axial conformation seems to be an unlikely 

LAN. Tetrahedron, 7, 47 (1959). 
one both from an energetic point of view and on 7. K. w. BUCK, A. B. FOSTER, A. R. PERRY, and J. M. 

WEBBER. J. Chem. Soc. 4171 (1963). the basis of experimental evidence for the diol. 
8. D. H. R. and R ,  C. COOKSON. Rev. Furthermore, molecular models indicate that the =ondon, 10,44 (1956). 

maximum hydrogen bonding distance is exceed- 9. T. C. BRUICE and T. H. FIFE. J. Am. Chenl. Soc. 
84, 1973 (1962). ed in this conformer for both the carbon~l and 10. K. B. W I B E R ~  and K. A. S A ~ ~ ~ ~ ~ ~ ~ ~ .  J. Am. 

alkoxyl oxygen. The apparent absence of free Chem. SOC. 79, 6256 (1957). 
hydroxyl in the spectrum of this compound 11. L. N. OWEN and P. N. SMITH. J. Chem. SOC. 4026 

(1952). implies that the diequatorial conformer is ex- 12. F. V. BRUTCHER, JR.  and G. III. J. Org. 
elusively present. An explanation for the un- Chem. 23, 618 (1958). 
usually small frequency shift in the 3627 cm-l 13. A. ROEBUCK and H. ADKINS. Organic syntheses. 

Coll. Vol. 111. John Wiley and Sons, Inc., New York. band assigned to the intramolecular hydrogen 1955. p. 217. 
bond to alkoxyl oxygen was suggested above. 14. ROBERT W. WRIGHT. Ph.D. Thesis, State Univer- 
The relatively broad band centered at 3540 cm-I sity of New York, College of Forestry, Syracuse, 

New York. 1964. 
is referred to hydrogen bonding with the car- 15. A. E. Osterberg. Organic syntheses. coil. VOI. I. 
bony1 oxygen. However, the possibility that the John Wiley and Sons, Inc., New York. 1946. p. 185. 

3627 cm-l band may be related to the free OH 16. P. E. VERKADE, J. COOPS, JR., C. J. MAAN, and A. 
VEKADE-SANDBERGEN. Ann. Chem. 467,217 (1928). 

stretching mode of the axial-axial conformer 17. s. WINSTEIN, H. V. HESS, and R. E. BUCKLES. J. 
cannot be completely dismissed. Although less ~i;",~2;~0c~~,"6$9~~,"22~76 M9 (1923). 
favored sterically, it has been suggested (4) that 19: s.'wmsTEIN and  R. g. BUCKLES.' J. Anl. Chem. 
dipole-dipole interaction is more favorable in Soc. 64, 2780 (1942). 
this conformer. 20. A.B.FosTER, A. H. HAINES, and M. STACEY. Tetra- 

hedron, 16, 177 (1961). 
By contrast with the previous compound, cis- 
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The chemical shifts of ring protons in substituted anilines, N-methylanilines, some heterocyclic 
amines, and their derived acetamides and 4'-bromobenzamides are reported. The magnitude of the 
downfield shift accompanying acylation is related to the preferred configuration of the amide. 
Canadian Journal of Chemistry, 46, 2577 (1968) 

Introduction 
In connection with another project (1) we have 

commented on the relation between the down- 
field shifts of ring protons accompanying acetyla- 
tion of anilines and the substitution pattern in the 
aromatic ring. The present work represents a 
systematic extension of these observations and 
rationalization of the principal effects observed. 

Experimental 
(a)  Preparation of Conpounds 

The majority of the compounds used in this investiga- 
tion were available from commercial sources and were 
purified, when necessary, in the usual manner. Others 
were prepared by methods described in the literature, and 
had the reported physical constants. Their proton mag- 
netic resonance (p.m.r.) spectra were in accord with their 
structures. New compounds, and those previously pre- 
pared whose constants differed significantly from the 
literature values, are listed in Table I. 

(6) Recording of Spectra 
All spectra were determined on Varian A-60 spectrom- 

eters, the sweep widths of which were checked with 
standard solutions. The data are for very dilute (approxi- 
mately 2%) solutions in CCI4 (or CDC1, for solubility 
reasons, where indicated), but concentration effects in the 
range 2-10% appeared to be negligible. Further, in spite 
of examples of solvent association involving CDC1, (2), 
no significant solvent effects could be noted in cases 
where measurements in both solvents were performed. 

(c)  Interpretation of Spectra 
The spectra obtained under the conditions described 

above varied greatly in their complexity, but most of the 
pertinent resonances could be located without difficulty 
and were assigned as shown in Table 11, principally on 

the basis of the general rule that J,,,,, >> J ,,,, > J ,.,.. 
Many spectra could not be completely analyzed, because 
often only the principal lines were discernible in the 
dilute solutions used. For this reason the data in Table I1 
are reported in Hz at 60 MHz, rather than in parts per 
million (p.p.m.), in accordance with the accepted con- 
vention (3). 

Discussion 
Since Table I1 is so large as to obscure signif- 

icant trends in the data presented, it is convenient 
to proceed to analysis through a number of 
abstractions. Our major interest lay in the changes 
in aromatic proton resonances which arose from 
acylation of the amino group. Changes of this 
type have also been described by Carter (4a) and 
by Siddall and Stewart (4b) in papers published 
after the completion of this work, and we have 
already alluded to them in our preliminary publi- 
cation (1). Other authors have approached the 
analysis of such systems in their own ways, (e.g. 
by comparing acetanilides with the corresponding 
toluenes (9, and by comparison of ortho- and 
para-substituted anilides (6)), and have arrived at 
similar conclusions. 

Effects of N-Acylation on the Spectra of 
Aromatic Ainines 

(a) Configuration about the CO-N Bond 
As the following arguments will be concerned 

with the long range shielding effects of the amide 
side chain, it is important to establish the stereo- 
chemistry of the amide group. In the first in- 
stance, the N-acyl derivatives have been treated 
as if the configuration about the nitrogen atom 
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TABLE I 
Derivatives of 4-bromobenzanilide 

Analytical data (%) Melting point ("C) 

Substituents C H N Observed Literature Reference 

4'-Me 239 223 67 
233 68 

4'-C1 221 217.5 68 
2',5'-diMe Calculated 59.2 4.6 4.6 166 

Found 59.2 4.6 4.8 
2',5'-diC1 Calculated 45.3 2.3 4.1 140 

Found 45.0 2.6 4.2 
2',5'-diMe0 Calculated 53.6 4.2 4.2 93 

Found 53.6 4.4 4 .3  
2'-Me-N-Mc Calculated 59.2 4.6 4.6 72 

Found 59.6 4.8 - 
4'-Me-N-Me Calculated 59.2 4.6 4.6 119 

Found - - 4.1 
2',4'-diMe-N-Me Calculated 60.4 5.1 4.4 86 

Found 60.1 5 .0  - 
2',5'-diMe-N-Me Calculated 60.4 5 .1  4 .4  96 

Found 60.4 5.2 - 
4'-C1-N-Me Calculated 51.8 3.4 4.3 8 1 

Found 52.0 3.5 - 
2',5'-diC1-N-Me Calculated 46.8 2.8 3.9 105 

Found 46.8 3.0 - 
2',5'-diMeO-N-Me Calculated 54.9 4.6 4.0 113 

Fol~nd 55.1 4.8 3.7 

were planar. In general, of course, this configura- 
tion will be pyramidal (7-10) although the devia- 
tion from planarity is minimized when the 
electron density on nitrogen is reduced by electron 
withdrawing substituents (10-15). 

X-Ray crystallographicstudies (16) have shown 
that, in crystalline acetanilide, the carbonyl group 
is oriented toward the aromatic ring as in struc- 
ture (1). The infrared spectra of a number of N- 
aryl acetamides, however, indicate the existence 
of up to 10% of another form (assigned the trans 
configuration (2)) in carbon tetrachloride solu- 
tions (17). In solutions of certain N-alkyl acetani- 
lides, other workers have reported mixtures of the 
two forms (1 8,19) although these are not generally 
observed (4, 20). In the present work cis-trans 
mixtures were observed for 2'-nitro-N-methyl- 
acetanilide and for two 2',6'-disubstituted acet- 
anilides. 

It was observed that the relevant portions of 
the infrared (i.r.) and proton magnetic resonance 
(p.m.r.) spectra of p-acetotoluidide and p-pivalo- 
toluidide were identical, each corresponding to a 
single cis or trans isomer. Since a trans-pivaloyl 
derivative (2, R = CMe,) would be strongly 
destabilized by steric interactions, it follows that 
both compounds exist totally in the cis form (1) 

in deuteriochloroform solution. This is in accord 
with the proposals of other authors based on 
p.m.r. spectroscopy that N-monosubstituted 
amides in which the acyl group is larger than 
formyl exist solely (4, 21), or t o  a very large 
extent (22), in the cis conformation (1) in solution. 
Measurements of dipole moments have also been 
construed as support for the predominance of cis 
amides (23). 

(b) AcyIation Sllijts and Hydrogen Bonding 
In this section attention is focussed on the 

changes in the aromatic proton resonances which 
result when a primary aromatic amine is acylated, 
i.e. the "acylation shift". Either acetylation or 
4-bromobenzoylation of a primary amino group 
causes pronounced downfield shifts of the ortho 
proton resonances. For acetylation (for which a 
better array of results is available), these fall in 
two ranges, viz. 45-63 Hz and 91-132 Hz, and it 
is apparent that the larger shifts are associated 
with the presence of a certain type of ortho 
substituent which can hydrogen bond with the 
amide proton. 

Thus the larger shifts may be rationalized as 
the result of long range deshielding by the amide 
carbonyl group (24, 25), which is cis to, and 
approxinlately coplanar with, the aromatic ring, 
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a configuratioil (3) in which the carbonyl group 
would exert its maximum deshielding effect (26'). 
Independent evidence for this hypothesis is pro- 
vided by the chemical shifts of the amide N-H 
protons (where the relevant resonances could be 
located) which are significantly downfield in cases 
where hydrogen bonding is postulated. The 
solvent effects described in the accompanying 
paper (28) and independent observations from 
the laboratory of the Polaroid Corporation (6) 
also support this proposal. Further, the con- 
version of an N-methylaniline to its amide is 
never associated with the larger acylation shifts 
of the ortho protons (cf. Table 11). 

Pertinent information may also be obtained 
from the acylation shifts ofmeta andpara protons. 
Para proton resonances are shifted downfield by 
18-32 Hz, due largely to the reduction of shield- 
ing at this position when the nitrogen lone pair of 
electrons is deployed in resonance with the amide 
carbonyl. The smaller shifts of meta protons may 
be correlated with the preferred configuration (3) 
because H-5' appears to be more affected than 
H-3' when hydrogen bonding substituent is 
present at C-2', e.g. the 2,4-dichloroaniline case 
(13 vs. 9 Hz). Those meta protons which are 
adjacent to a 2'-nitro group suffer only very small 
acylation shifts, perhaps due to some unexpected 
changes in the shielding effects of the highly 
anisotropic nitro group (29-31). 

The data in Table I1 also indicate an approxi- 
mate correspondence between the known hydro- 
gen bonding ability of the ortho substituents (32) 
and the acylation shifts for the 6'-protons (cf. 
Br, 91; C1, 102; OR, 106-107; NOZ, 114-132; 
COOMe, 124-126 Hz, at 60 MHz). 

(c) Coi$guration about the Ar-N Bond in 
Acetanilides 

Anisotropic and electronic changes are ex- 
pected to be the major contributors to the ob- 
served acylation shifts of the aromatic protons. 
It is most informative to attempt a separation of 
these contributions since by so doing the con- 
formations of the acetanilides about the Ar-N 
bond may be brought under further scrutiny. 

Because of their distance from the amide 
group, we may assume that anisotropic effects on 
the para protons will be negligible. If we then 
arbitrarily equate the electronic contributions to 
the ortho andpara acylation shifts (i.e. 18-32 Hz) 
the difference between the two total shifts is the 
anisotropic contribution to the ortho shift. This 
residual shift amounts to rounhlv 30 Hz in the 

u .  

absence of intramolecular hydrogen bonding2 
and 100 Hz in the presence of a strong hydrogen 
bond. The geometries of the hydrogen bond and 
the amide group require the carbonyl group to be 
almost in the ring plane when hydrogen bonding 
operates. In the non-hydrogen-bonded cases, if 
the same geometry applies, we would expect the 
anisotropic contribution to ortho acylation shifts 
to be just half that of the hydrogen-bonded cases, 
(since the carbonyl now has two possible coplanar 
orientations) i.e. about 50 Hz. The discrepancy 
between the observed 30 Hz and even such a 
crudely calculated 50 Hz is sufficiently large to 
warrant the proposal that the amide and ring 
  lanes of acetanilides are not coincident in the 
absence of a strong intramolecular hydrogen 
bond. With the amide group slightly inclined to 
the plane of the ring, the carbonyl group exerts 
less than its maximum deshielding on the ortho 
protons (24, 25). Similar behavior has been de- 
scribed for the related thioacetanilides (33). , , 

Strong support for this proposal comes from 
the X-ray crystallographic structure determina- 
tion of acetanilide (16). and from d i~o le  moment 

\ 1 ,  

studies for solutions of several anilides in benzene 
and in dioxan (34). In both studies angles of 
approximately 38" between the planes containing 
the amide group and the aromatic ring were 
p ropo~ed .~  For N-acetyl indoline, where co- 
planarity is ensured by the carbons of the indoline 
ring rather than a hydrogen bond, the acylation 
shift ofH-7is 106 Hz(35). 

(d) Ring Proton Shifts Accompanying the 
Acetylation of N-Methylanilines 

The effects of acetylation on the shifts of ortho 
and para protons are comparable (approximately 
35 Hz), suggesting that anisotropic effects of the 
amide group do not play an important role. The 

'Rationalization of our results in terms of a recently 
proposed (G. J. Karabatsos, G. C. Somichsen, N. Hsi, 
and D. J. Fenoglio. J. Am. Chem. Soc. 89, 5067 (1967).) 2Carter (4), employing a different rationale, has 
model for the anisotropy of the carbonyl group is theorized that this difference should be about 0.3 p.p.m., 
possible with slight extension of the deshielding cone. For i.e. 18 Hz. 
a comment on deshielding by the amide group as a whole, "he X-ray result, however, (4) has recently been 
however, see reference (46). recalculated as 17" 42'. 



TABLE I1 
Proton magnetic resonance data for aromatic and heterocyclic amines and their N-acyl derivatives 

Proton resonances*t 
Substituent 

Structure R N-H H-2 H-3 H 4  H-5 H-6 COMe N-Me Other 

N M ~ A C  
NHCOAr 

NMeCOAr 

NH2 
NHAc 
NHMe 
NMeAc 
NMeCOAr 

- .  - .  

N 400(?) N 
(multiplet 429-443) 
(multiplet 428439) 

NH2 
NHAc 
NHMe 

QMe 

NMe Ac 

Me \ NHCOAr 

NMeCOAr 

409 383 - 
423(14) 411(28) - 
418(9) 389(6) - 

(multiplet 415435) 
427(18) 415(32) - 

(multiplet 413420) 

408 - 407 
420(12) - 416(9) 
41 6(8) - 419(12) 

(multiplet 42W25) 
416(0) - 416(-3) 

NH2 
NHAc 
NHMe 
NMeAc 

Me NMeCOAr 

NH2 
NHAc 
NHMe 
NMeAc 

C1 
NHCOPh 
NHCOAr 
NMeCOAr 

NHz 
NH Ac 

bC1 NHMe 
NMeAc 

CI \ NHCOPh 
NHCOAr 
NMeCOAr 

396 428 - 428 
449(53) 437(9) - 437 
389(-7) 427(-1) - 427 
428(39) 445(18) - 445 
448(52) 434(6) - 

- 434 
452(56) 436(8) 436 
41 8(29) 435(8) - 43 5 
- 430 398 - 
- 437(7) 420(22) - 
-. 427(-3) 397(-1) - 
- (multiplet 435445) 
- 442(12) 424(26) - 
- 443(13) 426(28) - 
- (multiplet 430440) 
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TABLE I1 (coi~titzued) 

Proton resonances*? 
Substituent 

Structure R N-H H-2 H-3 H-4 H-5 H-6 COMe N-Me Other 

NHAC N - 493(3) 434(22) 459(15) 529(126) 138 
NHMe 470 - 492(2) 409(-3) 450(6) 397(-6) - 

- 
183 

NMeAc 479(- 14) (unresolved multiplet) 134 113 205 191 

NHz 358 - 479 - 43 1 403 - - 135 
NHAc N - 478(-1) - 446(15) 517(114) 136 - 136 

b C O O M e  NH, 375 - 472 396 436 399 - - 231 
NHAc N - 481(9) 423(27) 452(16) 523(124) 133 - 235 

~ C O O M ~  NH, 342 - 470 - 434 396 - - 232 
NHAc N - 479(9) - 449(15) 522(126) 133 - 236 

C1 

NHz 209 41 7 396 417 - - - - 129 
NHAc N - 425(8) 425(29) 425(8) - 133 - 135 
NHMe 181 - 417(0) 417(21) 417(0) - - 165 137 
NMeAc - - 429(12) 429(12) 429(12) - 103 188 133 

N H ~ C  N - 437(10) 426(34) 426(10) - 130 - 
- 

134 
NHMe 221 - - 167 138 429(2) 403(9) 41 9(3) 
NMeAc - - 435(6) 435(32) 435(16) - 106 189 137 

NHz 235 483 41 9 41 9 477 - - - 
NHAc 591 526(43) - 488(69) 436(17) 497(20) 131 - 



TABLE I1 (concluded) 

Proton resonances*? 
Substituent 

Structure R N-H H-2 H-3 H 4  H-5 H-6 COMe N-Me Other 

230 - - 430 (complex multiplet) 156 
N - - 515(85) (complex multiplet) 134 - 160 

N - 371 (complex multiplet)$ 
N - 414(43) (complex multip1et)f 

N (complex multiplet) 41 5 - 3980 
NHAc N (complex multiplet) 487(72) - 439(41) 

NH2 'b NHAc 
N (complex multiplet) - - 407 0 
N (complex multiplet) - - 465(58) 

256 - 403 436 436 - 
- NHAc 486 - 521(118) (multiplet 43748) 135 

NH2 240 - - - 
- - 

423 
NHAc 471 - 545(122) 

252 - - - 388(-35) 
504 - - - 558(135) 

-. - 
N ~ A C  510 - - - 

NHMe - - - 
582(136) 

283 418(-28) 
S NHCOPh 576 - - - 563(117) 

*The centers of appropriate multiplets are reported in Hz at 60 MHz. Figures in parenthesis are acylation shifts for amides, and shif& with respect to primary 
nmines in the cases of secondary amines. fp eny;;,N1' in the table denotes a resonance which was not assigned due to excessive broadening or overlapping (Ar = p-bromophenyl). 

w re,- *-- .-.. 
IM. Martin-Smith. S. T. Reid, and S. Sternhell. Un~ublished data. 
ISee ref. (1). ' 
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shifts would be expected to depend on the con- 
formation about the Ar-N bond in a complex 
manner, but they are consistent with the amide 
carbonyl spending most of its time out of the ring 
plane. The configuration about the CO-N bond 
is discussed in a later section. 

Heterocyclic Amines and their N-Acetyl 
Derivatives 

The effects discussed above are also discen~ible 
in the spectra of compounds where the ring is 
heterocyclic. However, certain additional phe- 
nomena may also be observed. Entries 22 and 28 
in Table I1 (3-aminopyridine, 5-aminobenzothio- 
phene) show that the chemical shifts of the two 
ortho protons may not change by the same 
amount upon acetylation of the amino group. Of 
the carbocyclic examples studied, only 4-methyl- 
3-nitroaniline is suitable for the observation of 
this dissymmetry (from the point of view of 
orientation and polarity of substituents) and, 
indeed, the two ortho protons show unequal 
acylation shifts (48 and 57 Hz). This effect is 
general in polyn~~clear and heterocyclic systems 
(36), e.g. aminobenzophenailthrenes (37), and 
probably arises from preferential orientation of 
the polar amide group with respect to other polar 
groups in the molecule or an unequal trans- 
mission of electronic effects (e.g. dui to partial 
bond fixation). Rotation about the Ar-N bond 
must be rapid enough, however, that the average 
chemical shifts are observed. 

This effect is seen more drainatically in the 
behavior of 2-aminopyridines and pyrazines.4 
Acetylation of the amino group produces a large 
downfield shift of the 3-proton, similar in size to 
those associated with intramolecular hydrogen 
bonding of the amide proton. While weak hydro- 
gen bonding between an amino proton and a 
heterocyclic nitrogen has been suggested on the 
basis of infrared spectroscopy (39), it secms more 
likely in this case that observed conformational 
preferences are due to dipole-dipole stabiliza- 
tion5 of e.g. (4) with respect to (5). In dimethyl 
sulfoxide solutions, where the intramolecular 
hydrogen bond would ilot be expected to persist 
(41) the shielding is still large (42) as would be 
predicted by the dipole-dipole model. 

4Similar results (38) have been reported for 3-amino- 
2,6-naphthyridines. 

5For a review of dipolar interactions in alicyclic com- 
pounds see ref. 40. 

Hydrogen bonding between the amide hydro- 
gen and the adjacent carbonyl or thiocarbonyl 
group probably plays an important part in the 
behavior of the amino-coumarin, dithiolone, and 
dithiolethione systems. 

Chenzical Shifrs of other Protons 
( a )  Secondary versus Primary Amines 
The electronic effects of N-methylation are 

expected to be slight (43) for the chemical shifts of 
ring protons in aniline and N-methylaniline are 
very similar (40). They are very different, how- 
ever, in N,N-dimethylaniline (27). Where the 
s-trans configuration e.g. (6) is stabilized by 
intramolecular hydrogen bonding (29,30,44) the 
spectra of the secondary amines were examined 
for evidence of deshielding of H-6 due to the 
proximity of the methyl group (45-58). In fact 
small upfield shifts of this proton are observcd 
and these probably arise from enhanced electron 
donation by the methylamino group as compared 
to the amino group (43). Pursuing this matter a 
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little further, the N-methyl derivative (6) was 
compared with its N-butyl analogue (7) where the 
extra bulk of the alkyl substituent brings it much 
closer to H-6 and is clearly responsible for the 
extra deshielding (17 Hz) of this proton. 

The effect of N-inethylation in inhibiting reso- 
nance between the nitrogen atom and the aro- 
matic ring may be seen in the 2,6-disubstituted 
cases. Relative to that of 2,6-dimethylaniline, the 
resonance position of the 4-proton of N,2,6- 
trimethylaniline is moved downfield by 21 Hz. 
The shift may be ascribed to steric inhibition of 
resonance with consequent reduction in the con- 
tributioils of structures like (8) to resonance. 
Steric inhibition of resonance in N,N,2,6-tetra- 
methylanilines has been studied by means of 
ultraviolet spectroscopy (59), basicity measure- 
ments (60), and, most recently, by 19F magnetic 
resonance (61). N-Methylation of 2-chloro-6- 
methylaniline produces a smaller downfield shift 
of the 4-proton (9 Hz), possibly because the 
formation of an intramolecular hydrogen bond 
to the chlorine atom acts to preserve planarity 
(62). 

(b) N-MetlzylProton Resotzances 
The proton resonances arising from the N- 

inethyl protons are shifted downfield when the 
nitrogen is acylated, the extent of the shift being 
dependent inter alia upon the presence or other- 
wise of an ortho substituent on the aromatic ring. 
The shifts are 25-28 Hz for acetylation of un- 
hindered amines, and 15-23 Hz when one or 
more ortho substituents are present. The ranges 
for p-bron~obenzoylation are respectively 3 9 4 1  
and 28-33 Hz. These differences are consistent 
with the idea that there is substantial deviation 
from planarity in the N-methyl anilides. Ortho 
substitution dictates greater twisting about the 
Ar-N bond to relieve steric interactions and the 
N-methyl protons will thus suffer increased 
shielding by the ortho substituted benzene ring, 
thus lessening the acylation shift. 

(c) Clzetnical Shifts of Acetyl Methyl Protons 
The arguments already advanced concerning 

the conformations of N-methyl anilides are also 
useful in rationalizing the chemical shifts of the 
acetyl methyl protons. The angle between the 
amide and ring planes is expected to increase 
along the series acetanilide, N-methylacetanilide, 
ortho substituted N-methyl acetanilide. As it does 
so we might expect that the acetyl methyl protons 
would pass from a region (close to the plane of 

the aromatic ring) where they suffer a net de- 
shielding, to one (above the ring plane) where a 
shielding effect might operate. Although the 
actual chemical shifts are influenced to some 
extent by the ring substituents, they do fall in the 
anticipated order: 124143 Hz, 113-123 Hz, and 
104-125 Hz for the three structural types. The 
latter two ranges provide independent evidence 
that the presence of an ortho substituent in an N- 
methylacetanilide requires an increased angle 
between the amide and ring planes, a finding 
which is difficult to reconcile with the proposal 
(19) that these planes are orthogonal in N- 
methylacetanilide i t ~ e l f . ~  

The sensitivity of the acetyl methyl protons to 
the bulk of the aromatic moiety requires that the 
N-methylacetanilides exist in a trans configura- 
tion about the CO-N bond (9) in order that the 
methyl group and the aromatic ring be proximate. 
The choice of type (9) over (10) is in accord with 
other findings for N-methylacetanilides (4a, 19, 
63a,b). 

In the case of the 2',6'-disubstituted anilides, 
both cis and trans configurations are present in 
solution. The major isomer, for which the aro- 
matic resonances are easily discerned, is reported 
in Table I1 (entries 19 and 20). The minor isomer, 
representing 20% of the molecules in solution, 
showed methyl proton resonances which closely 
resembled those of its N-methyl analogue (with 
the exception of the N-methyl protons, of course) 
thus fixing its configuration as a trans one (9). 
The nlajor isomer, therefore, possesses the cis 
configuration (10) in which the acetyl methyl 
protons are little affected by the (now distant) 
benzene ring. The dominance of cis forms for 
secondary amides and tratzs forms for tertiary 
amides has also been remarked by Carter (4a) 
and by Weil et al. (636). 

(cl) Proton Resonaizces from the p- Bromo- 
benzoyl Moiety 

In the N-p-bromobenzoyl derivatives of the 
primary amines the protons of the p-bromo- 
benzoyl moiety give rise to the familiar sym- 
metrical pattern with four prominent lines, char- 
acteristic of a para disubstituted benzene. In the 
N-methyl analogues, however, these resonances 
have collapsed to a single, although sometimes 
slightly broadened, line which appears at higher 

60ne  possible point of reconciliation is the different 
solvents used. Namely, deuteriocl~loroform vs. pyridine 
(19). 
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field than the original multiplet. Presumably, in 
the N-methyl amides, the carbonyl group is 
twisted out of thep-bromophenyl ring plane with 
a consequent reduction in its electron withdraw- 
ing and anisotropic effects on the chemical shifts 
of the ring protons. Similar changes have been 
reported for other systems in which an aromatic 
ring is bonded to a trigonally hybridized carbon 
(64-66). 
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In acetanilides bearing nitro, halogen, alkoxyl, or carboxyl substituents in the ortko position, the 
intramolecular hydrogen bond is disrupted by polar solvents and the acetamido group adopts a position 
out of the plane of the aromatic ring. These changes are studied by means of changes in the deshielding 
effect of the amide carbonyl group on the remaining ortho proton. 
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Introduction 

The conformations of ring-substituted acet- 
anilides in de~iteriochloroform solutions have 
been explored in some detail (1) by ineails of 
proton magnetic resonance (p.m.r.) spectros- 
copy and this paper reports the changes which 
occur when certain of these are dissolved in 
more polar solvents. Since this paper forms part 
of a loosely connected series it is advantageous 
to briefly review our earlier proposals before 
proceeding to a discussion of the present results. 

It has been proposed that, in acetanilides 
bearing 2'-substituents which may hydrogen 
bond with the amide proton, the amide carbonyl 
group is constrained to lie approximately in the 
plane of the aromatic ring from whence it 
exerts its maximum deshielding influence on the 
6'-proton (1). That the carbonyl is, in fact, 
oriented towards the ring as shown in structure 1 
is attested by infrared (2) and X-ray crystallo- 
graphic measurements (3), by electric dispersion 
studies (4), and by p.m.r. spectroscopy (1). In 
the case of some similarly substituted formani- 
lides (5) the chemical shift of the formyl proton 
in the trans isomer (2) was used to calculate the 
angle between the amide- and ring-planes, and it 
was observed that this angle increased with in- 
creasing solvent polarity. 

1 2 

This device was not available to the study of 
acetanilides so the "acylation shift" technique 
was again employed to study the solvent effects. 
In  this method the effect of the amide carbonyl 
on the chemical shifts of the aromatic protons, 

and hence the extent of coplanarity, is gauged by 
comparing the spectra of aromatic amines and 
their N-acetyl derivatives. The observed down- 
field shifts of the aromatic protons upon acyla- 
tion of the amine include contributions from 
electronic and anisotropic effects but these may 
be separated. Anisotropic effects on protons 
meta and para to the amido function are ex- 
pected to be small by comparison with those at 
the ortlzo position, the difference being a measure 
of the anisotropic effect, from which the con- 
formation may be deduced. 

In this work attention is focussed on the 
acylation shifts for the 6'-protons of 2'-sub- 
stituted acetanilides. A number of solveilts were 
employed with several representative amine- 
amide pairs, and the behavior of a wider range of 
compounds in a single solvent, dimethyl sulf- 
oxide, was studied. 

Experimental 
The con~pounds employed are all well known aromatic 

anlines and their N-acetyl derivatives. Proton magnetic 
resonance (p.m.r.) spectra were recorded on a Varian 
A-60 spectromctcr for dilute solutions (approximately 
7 %  w/v) at  approximately 30 "C. Twofold dilution of 
selected solutions produced no significant changes in the 
p.iI1.r. spectra, and saturated solutions of some of the 
nitroamines having concentrations below 7 % were used 
where necessary. Spectra were interpreted by first order 
analysis only, i.e. AB pattern treated as AX, the errors 
introduced being negligible compared to  the effects under 
study. 2'-Carbomethoxyl-4'-nitroacetanilide in dimethyl 
sulfoxide solution showed a complex multiplet of width 
approximately 10 Hz for the aromatic proton signals, and 
the protons involved werc simply assigned a chemical 
shift corresponding to the position of the center of 
gravity of the multiplet. 

Discussion 

(a )  Influence of Solvent Polarity 
The data of Table I reveal the effects of 

changing solvent polarity on the deshielding 
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TABLE I 
Acylation shifts for substituted acetanilides 

Acylation shifts of aromatic protons* 

2',4'-Dinitro 2',5'-Dichloro 2',5'-Dimethoxy 
acetanilide acetanilide acetanilide -- 

Solvent H-3 H-5 H-6 H-3 H-4 H-6 H-3 H-4 H-6 

ac1, 0 13 132 7 22 102 6 18 106 
MeCOOEt 3 21 110 15 30 94 11 24 108 
MeO(CHZ)20Me 1 21 109 15 3 1 90 12 25 109 
MeNOz 3 19 109 12 27 85 10 23 95 
MeCN 2 18 105 14 84 11 24 98 

29 87 Me2CO 1 20 98 15 32 12 35 104 
( C H J J 0 2  3 22 93 17 33 77 13 27 93 
MeOH -5 19 85 18 35 66 12 24 78 
CH2CHzCHzCONMe -5 25 58 21 39 72 15 89 
MeCONMe, - 5 26 56 20 39 70 15 29 
(CHz),SO -6 22 56 21 41 69 16 3 1 91 

29 96 

Me2S0 -7 21 54 21 41 65 16 32 86 

*Change in chemical shift of the cited proton upon acetylation of the amine (Hz at 60 MHz). 

effect exerted by the amide carbonyl on the aro- 
matic protons. Since there is little electronic 
interaction between the aromatic ring and the 
acetamide moiety in acetanilide (6) the solvent 
effect is chiefly noticed at the 6'-positions of the 
three anilides, and arises therefore chiefly from 
anisotropy changes. For each anilide, the acy- 
lation shift of H-6' is least in those solvents 
which are best able to hydrogen bond with the 
amide proton, and thus disrupt the intra- 
molecular hydrogen bond which constrains the 
molecule to planarity in less polar solvents. Thus, 
with increasing solvent polarity, the amide group 
spends less time in or near to the plane of the 
benzene ring and deshielding of the 6'-proton is 
consequently reduced. The acylation shifts of 
other aromatic ring protons are, however, in- 
creased in the more polar solvents, an obser- 
vation not easily explained by the present model. 
Such changes may also be operative a t  the ortho 
positions where their effect might remain un- 
discerned because of numerically much larger 
changes in the opposite sense. These solvent 
effects may be tentatively identified as being of 
the more general type previously reported (7) 
rather than those highly specific ones under dis- 
cussion here. When a 2-nitroaniline is acetylated 
the nitro group appears to be slightly rotated 
from the ring plane even in relatively nonpolar 
solvents (I), thus minimizing the acylation shift 
at H-3' due to a compensating reduction of de- 

shielding by the nitro group (8). In polar sol- 
vents this rotation of the nitro group is en- 
hanced to the point where acetylation produces 
not a downfield but an upjield shift in resonance 
position of H-3'. 

The solvent order is roughly that of dipole 
moments rather than of solvent basicity (9). It is 
interesting to note that the sulfoxide is much 
more effective in hydrogen bonding than is the 
analogous sulfone (lo), and that no special role 
may be attributed to methanol, the only protic 
solvent employed. 

(b)  Comparison of Ortho Substituents 
The proton magnetic resonance (p.m.r.) spec- 

tra of a number of amine-amide pairs in di- 
methyl sulfoxide, a highly polar solvent, are 
presented in Table 11. It is instructive to compare 
acylation shifts for H-6' in the various struc- 
tural types, both in deuteriochloroform (1) and 
dimethyl sulfoxide: (Table 111, Hz at 60 MHz). 

While the substituent order in dimethyl sulf- 
oxide solutions closely resembles that in deu- 
teriochloroform, the differences are quite im- 
portant. The carboxyl group, excluded from the 
deuteriochloroform work for solubility reasons, 
is seen to resemble the carbomethoxyl group as 
expected. The figures reflect the hydrogen bond- 
ing ability of the 2' substituent under conditions 
of adverse competition with molecules of solvent, 
and may be rationalized in the following way. 
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RAE: SOLVENT EFFECTS ON CONFORMATIONS 2591 

TABLE I1 
Proton magnetic resonance spectra of anilines and acetanilides in dimethyl sulfoxide 

Chemical shifts of aromatic protons" 

Compound R R ' H-3 H-4 H-5 H-6 

NO2 NH2 517 480 418 
NO2 NHAc 510(-7)t - 501(21) 472(54) 
Me NH, 457 - 426 408 
Me N H ~ C  458(1) - 444(18) 444(36) 
COOH NHz 506 - 464 41 5 
COOH NHAc 497(-9) - 485(21) 465(50) 

4'-C1 N H ~ C  450(22) - 435(18) 460(60) 
5-C1 NH2 423 3 84 - 402 
5 '-C1 NHAc 443(20) 424(40) - 467(65) 

- NHz 422 - 407 394 
- NHAc 441(19) - 421(14) 440(46) 

Me NH2 393 356 - 3 69 
Me NHAc 409(16) 388(32) - 455(86) 
Et NH2 392 354 - 

- 
368 

Et NHAc 407(15) 386(32) 453(85) 

H NH2 469 395 438 409 
H NHAc 483(14) 431(36) 459(21) 513(104) 
C1 NH2 45 1 427 40 1 
C1 NHAc 465(14) - 448(21) 502(101) 
NO2 NH2 515 - 470 397 
NO2 NHAc 514(-1) - 496(26) 51 6(119) 

H NH2 457 385 429 382 
H NHAc 468(11) 422(37) 449(20) 489(88) 
c1 NU- A 5 0  - 429 401 
-1  
L I  
NO, NH, 507' - 475 403 

506(103) 

- NHz 403 - 403 382 
- NHAc 417(14) - 417(14) 441(59) 

- NHMe 522 - 489 420 
- NMeAc 507(- 15) - 501(12) 457(37) 

I 
NO2 

*Hz from tetramethylsilane at 60 MHz. 
?Figures in parenthesis are acylation shifts. 
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TABLE I11 
Acylation shifts for H-6' in deuteriochloroform and dimethyl sulfoxide 

-- 

2'-Substituent -Br -CI -OR -NO2 -COOMe -COOH 

CDC13 91 102 106-107 114-132 124-126 - 
DMSO 46 60-65 85-86 36-54 85-103 101-119 

The nitro, carboxyl, and carbomethoxyl groups exposed to similar steric hindrance, is far less 
participate in the intramolecular hydrogen bond- 
ing to yield a six-membered ring as opposed to 
the five-membered ring formed when the hydro- 

easily rotated from the plane than is the nitro 
group. Thus, an ortho methyl substituent pro- 
duces a 34" twist of the nitro group in ortho- 
nitrotoluene (12), but virtually none of the 
carboxyl group in ortho-toluic acid (13). A 
particularly informative case is ortho-nitroben- 

gen bond involves an atom attached directly to 
the ring. The extra degree of freedom involved, 
i.e. rotation about the bond linking the 2'- 
substituent and the aromatic ring, should render 
the intramolecular hydrogen bond much more 
vulnerable to the ravages of solvent molecules, 

zoic acid (14), in which the nitro group is 
twisted 54" from the plane of the benzene ring 
while the carboxyl group is twisted only 22", in 

and this appears to be the reason for the sharp 
change in the configuration-stabilizing properties 
of the nitro group. The carbomethoxyl group, 

order to minimize the conflict between them. 
The final two entries in Table I1 are included 

to demonstrate that, in the absence of a hydro- 
however, is much less affected and this suggests 
that in deuteriochloroform both nitro and car- 
bomethoxyl substituents exert the maximum 

gen bonding interaction between the amide 
group and the 2' substituent, acylation shifts are 
essentially independent of the solvent. The acy- 
lation shifts presented differ by only a few Hz 
from those derived from deuteriochloroform 
solutions (1). 

possible effect, i.e. in maintaining the amide 
carbonyl as nearly as possible in the ring plane. 
In dimethyl sulfoxide solutions the inherently 
greater hydrogen bonding ability of the carbo- 
methoxyl group is evident from the manner in 
which it maintains its position as a powerfill 
stabilizer of configuration 1, while the nitro 
group is one of the poorest. 

Semiquantitative calculations on the system 
3-4 have indicated that the enthalpy of formation 
of a hydrogen bond from an amino proton is 
0.9 kcal/mole greater to COOEt than to NO, 
(1 1). Apart from this evidence of different hy- 

1. R. F. C. BROWN, I. D. RAE, L. RADOM, and S. 
STERNHELL. Can. J. Chem., this issue and references 
cited therein. 

2. R. A. RUSSELL and H. W. THOMPSON. Spectrochim. 
Acta. 8. 138 (1956). 

3. C. J.'BKowN'  and'^. E. C. CORBRIDGE. Acta Cryst. 
7. 71 1 (1954). - 7 . - -  \ - -  - 

4. M. J. ARONEY, R. J. W. LE FBVRE, and A. N. SINGH. 
J. Chem. Soc. B, 1183 (1966). 

5. I. D. RAE. Can. J. Chem. 44, 1334 (1966). 
6. H. BABA and S. SUZUKI. J. Chem. Phvs. 32. 1706 

(1960). 
7. J. W. EMSLEY, J. FEENEY, and L. H. SUTCLIPFE. 

High resolution nuclear magnetic resonance spectros- 
copy. Vol. 2. The Pergamon Press, Ltd., Oxford. 
1966. 

8. I. YAMAGUCHI. Mol. Phys. 6, 105 (1963). 
9. C. REICHARDT. Angew. Chem. Intern. Ed. Engl. 4, 

29 (1965). 
10. D. BARNARD, J. M. FABIAN, and H. P. KOCH. J. 

CIiem. Soc. 2442 (1949). 
11. V. C. FARMER, R. L. HARDIE, and R. H. THOMSON. 

In Hydrogen bonding. Edited by D. Hadzi. The 
Pergamon Press, Ltd., London. 1959. p. 475. 

12. B. M. WEPSTER. In Progress in stereochemistry. 
Vol. 2. Academic Press, Inc., New York. 1958. pp. 
99-156. 

13. C. KATAYAMA, A. FURUSAKI, and I. NITTA. Bull. 
Chem. Soc. Japan, 40,1293 (1967). 

14. M. KURAHASHI, M. FUKUYO, and A. SHIMADA. Bull. 
Chem. Soc. Japan, 40,1296 (1967). 

drogen bonding abilities, there also exists defi- 
nite evidence that the carboxyl group, when 
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Selective deshielding of aromatic protons in some ortho-substituted 
acetanilides 

JAMES R. BARTELS-KEITH AND RONALD F. W. CIECIUCH 
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Certain ortho-substituted acetanilides exhibit proton magnetic resonance signals at unusually low 
field for the anlido proton and the aromatic proton adjacent to  the acetamido group. This effect, explicable 
in terms of intramolecular hydrogen-bonding, has been observed for nitro, carbonyl, sulfamoyl, and 
sulfonyl substituents. Solvent effects are discussed. 

Canadian Journal of Chemistry, 46, 2593 (1968) 

Introduction 
We have examined the 60 MHz proton 

magnetic resonance (p.m.r.) spectra of a number 
of nitroacetanilides and find that certain 
o-nitroacetanilides exhibit signals at unusually 
low field for the aromatic proton adjacent to the 
acetamido group and for the amido proton 
itself. This effect we ascribe to intramolecular 
hydrogen-bonding between the amido group and 
a nitro-oxygen, already demonstrated by infrared 
(i.r.) (I) and ultraviolet (u.v.) (2) spectral 
studies, and recently reported for 2,4-dinitro- 
acetanilide (3). Such hydrogen-bonding would 
be expected to favor the conformation (I), in 
which the N-H and C--0 groups have the 
trans configuration which has been deduced for 
acetanilide in solution from dipole moment 
(4-7), i.r. (5, 8), and p.m.r. (9, 10) studies. In this 
configuration, the 6-H proton might be expected 
to experience a strong deshielding effect owing to 
the proximity and orientation of the carbonyl 

group (1 I). Further discussion of the anisotropic 
effects of the carbonyl group has appeared 
recently (12). 

We now find that similar effects occur with 
acetanilides containing ortho-substituents other 
than nitro, such as acyl, carbethoxy, sulfamoyl, 
and sulfonyl groups. Parallel studies on the 
p.m.r. spectra of substituted anilides have 
recently been reported by several other groups 
(13-1 6) whose findings and conclusions corrobo- 
rate our own. Of particular interest is the observa- 
tion (13, 14, 17, 18), that acetanilides bearing 
ortho halogen or methoxy substituents also 
exhibit a well-marked ortho effect which may be 
attributed to intramolecular hydrogen-bonding. 

Results and Discussion 
Results obtained for some nitroacetanilides 

are summarized in Table I. The splitting patterns 
in the p.m.r. spectra of compounds ( lb ) ,  (lc), and 
(Id) (19) permit unambiguous assignment of the 

TABLE I 
Proton magnetic resonance spectra of nitroacetanilides (chemical shifts in z values) 

Aromatic protons 

Compound Solvent Temperature 2 3 4 5 6 NH Other protons 

'Values refer to chloroform-d solutions. 
:Insu~cient  solubility In chloroform-d. 
$Complex multiplets. 
$Values refer to acetonitrile-d, solutions. 
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la ,  R1 = H ;  RZ = H 2 3a, R = H 
lb ,  R' = CH3; RZ = H 36, R = 0CH3 
l c ,  R' = OCH,;RZ=H 
Id, R' = H; R2 = 0CH3 

aromatic proton signals on the basis of the 
general rule that J,,,,, >> J ,,,,, > J,,,,. Analysis 
of the p.m.r. spectrum of o-nitroacetanilide 
(la) itself was facilitated by the observation of 
weak coupling ( J  - 0.5 Hz) between the 5-H 
and NH protons. The existence and nature of 
this type of long range coupling has been well 
established by Karabatsos and Vane (20). Spec- 
tra were determined in both chloroform-d at 30" 
and in acetonitrile-d3 at 70°, the anilides (2), 
(3a), and (3b) being inadequately soluble in the 
former solvent. 

The occurrence of intramolecular hydrogen- 
bonding in ortho-nitroacetanilides is codrmed 
by the p.m.r. spectra of compounds (la-d), 
which show broad NH resonances at consistently 
lower field by more than 1 p.p.m. than do 
meta- (2) and para-nitroacetanilides (3a,b). 
Changing the solvent from chloroform-d at 30" 
to acetonitrile-d3 at 70" results in a pronounced 
upfield shift of the NH by 0.30-0.75 p.p.m. 
This effect may be attributed to a partial 
breakdown of the intramolecular hydrogen bond 
by the more polar solvent. Even in the latter, 
however, intramolecular hydrogen-bonding still 
occurs, as indicated by comparison with 
m-nitroacetanilide (2), p-nitroacetanilide (3a), 
and 3-methoxy-4-nitroacetanilide (3b), all of 
which show NH resonances at z 1.1-1.5, a 
range consistent with the absence of intra- 
molecular hydrogen-bonding. 

The 6-H resonance also occurs at unusually 
low field for the ortho-nitroacetanilides (la-d), in 
contrast to compounds (2), (3a), and (3b) which 
show aromatic proton resonances in positions 
that would be expected in the absence of intra- 
molecular hydrogen-bonding. While the 3- 
protons in (la) and (3a), both being meta to the 
acetamido group and ortho to the nitro group, 

differ by less than 0.1 p.p.m., the 6-H protons, 
both being ortho to the acetamido group and 
meta to the nitro group, differ by 0.65 p.p.m. 
For comparison, the o-proton in acetanilide 
itself is at z 2.51 (chloroform-d) (10) and the 
m-proton in nitrobenzene at z 2.52, compared to 
the z value 1.23 for (la). That the ortho effect 
in compounds (la-6) is indeed due to intra- 
molecular hydrogen-bonding is confirmed by 
the marked solvent sensitivity (0.1-0.42 p.p.m.) 
of the 6-H resonance, in contrast to the other 
aromatic proton resonances, which undergo only 
small shifts (< 0.15 p.p.m.) upon change of 
solvent. This solvent effect may be attributed, 
again, to a partial breakdown of the intra- 
molecular hydrogen bond in the more polar sol- 
vent. The resulting reduction in population of 
molecules having the trans conformation (see 1) 
should diminish the net deshielding effect of the 
carbonyl group on the 6-H. 

Comparison of the four anilides (la-d) further 
reveals variations in solvent sensitivity of 
the 6-H and N-H protons. In o-nitroacetanilide 
(la), itself, the upfield shifts upon change of 
solvent from chloroform-d at 30" to acetonitrile- 
d3 at 70" are 0.28 p.p.m. for the 6-proton and 
0.47 p.p.m. for the NH proton. For 5-methoxy- 
2-nitroacetanilide (Id), the upfield shifts are 
smaller, 0.10 and 0.30 p.p.m. respectively, 
while for 4-methoxy-2-nitroacetanilide (lc), 
they are much greater, 0.42 and 0.74 p.p.m. 
respectively. If we assume that the magnitudes 
of these upfield shifts are determined by the 
ease with which the intramolecular hydrogen 
bond can be broken, we may rank these com- 
pounds according to the strength of the hydrogen 
bond. We then find that the strength of intra- 
molecular hydrogen-bonding decreases in the 
order 5-methoxy-2-nitroacetanilide (ld) > 0- 
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BARTELS-KEITH AND CIECIUCH: SELECTIVE DESHIELDING OF AROMATIC PROTONS 2595 

TABLE I1 
Proton magnetic resonance spectra of acetanilides with carbonyl-containing substituents (in T values) 

p~ 

Aromatic protons 

Compound Solvent Temperature 2 3 4 5 6 N H  Other protons* 

*Values refer to chloroform-d solutions, except for (Sb), which was run in acetonitrile-d, only. 
tlnsufficient solubility in chloroform-(1. 
$Complex multiplets, overlapped by benzoyl proton resonances. 

nitroacetanilide (la) > 4-methyl-2-nitroacetani- 
lide (lb) > 4-methoxy-2-nitroacetanilide (lc). 
We suggest that in (Id), the methoxy group, 
being para to the nitro group, results in greater 
electron density on the nitro-oxygen atoms than 
in o-nitroacetanilide (la) itself, and so in a 
stronger hydrogen bond than in (la). In  (lc), 
and to a lesser extent in (lb), the substituent has 
the opposite effect, since it is para to the aceta- 
mido group and so should increase the electron 
density in the vicinity of the amido proton, 
thus resulting in a weaker hydrogen bond in 
(lc) and (lb) than in (la). The absolute position 
of the N H  resonance itself is also well correlated 
with the suggested degree of intramolecular 
hydrogen-bonding, since the NH z values 
increase in the order (Id) < (la) < (lb) < (lc). 
The absolute position of the 6-H resonance, 
however, bears no simple relation to the strength 
of intramolecular hydrogen bonding, since it is 
determined in part by other factors such as the 
inductive and mesomeric effects of the ring 
substituents. 

Our results for acetanilides with carbethoxy 
and keto substituents are summarized in Table 
11. The aromatic proton signals of o-acetamido- 
acetophenone (4b) (21) were unambiguously 
assigned on the basis of the splitting patterns. 
In particular, the meta coupling constants 
J, ,, and J,,, differed appreciably (J, ,, = 1.8 Hz, 
J,,,  = 1.4 Hz) and the 5-H-NH coupling 

(J  = 0.6 Hz) was resolved (20). The latter 
coupling was too weak to be resolved in the 
spectrum of ethyl o-acetamidobenzoate (4a) (22), 
but the aromatic proton spectra of the two 
compounds were so similar in other respects that 
the assignments for (4a), and, from similar con- 
siderations (4c) (23), may be considered unambig- 
uous. Further support for these assignments is 
afforded by the position of the 3-H resonance, 
which is almost the same for both ortho- [(4a) 
and (4b)l and para- [@a) (24) and (5b) (21)] sub- 
stituted materials, and is typical of a proton 
ortho to a carbonyl group. 

Although the 3-protons in (4a), @a), (4b), and 
(5b) differ by less than 0.1 p.p.m. in the same 
solvent, the 6-protons in (4a) and (4b) are 
greater than 0.8 p.p.m. downfield of the 6-H 
protons in (5a) and (5b), which resonate at the 
expected position. The positions of the N-H as 
well as these 6-H resonances suggest that the 
anilides (4a, b, and c) exhibit intrainolecular 
hydrogen bonding at least as strong as do the 
o-nitroacetanilides, although effects due to the 
differing anisotropies of the carbonyl and 
nitro groups cannot be excluded. 

The position of the N H  resonances for ethyl 
o-acetamidobenzoate (4a) and o-acetamidoaceto- 
phenone (4b) indicate that intramolecular hydro- 
gen bonding is stronger in the latter than in the 
former. This conclusion is further borne out 
by a study of solvent effects. A change of solvent 
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CH3 

from chloroform-d to acetonitrile-d3 results in an 
upfield shift of 0.27 p.p.m. for (4a), but of only 
0.14 p.p.m. for (4b), reflecting the greater 
resistance of the hydrogen bond in (4b) to 
breakdown by the more polar solvent. The 
intramolecular hydrogen bond should also be 
partially broken on raising the temperature. 
Measurements in acetonitrile-d3 at 30" and at 70" 
show the expected further upfield shift of the 
NH resonance, but again, the upfield shift is less 
for (4b) (0.23 p.p.m.) than for (4a) (0.30 p.p.m.). 
The para-substituted analogues (5a) and (5b) 
show somewhat similar but smaller temperature 
shifts (0.1 9 and 0.13 p.p.m. respectively), but for 
(5a) the NH resonance is insensitive to  the 
change of solvent. 

Turning to the 6-H resonance, we find that 
this resonance occurs in almost the same 
position in (4a) (z 1.31) and (4b) (7 1.25). This 
suggests that in the ester (4a), intramolecular 
hydrogen-bonding is already strong enough to 
fix the acetamido group, so that the 6-proton 
feels the maximum deshielding effect of the 
acetamido-carbonyl group. Any further increase 
in the strength of the hydrogen bond (as in 4b) 
should then have little effect on the position of 
the 6-H resonance. In line with this reasoning, 
we find relatively small solvent and temperature 

effects for the 6-H resonance in both (4a) and 
(4b). 

Still stronger hydrogen bonds, indicated by the 
lower field positions for the NH resonances, are 
found for 5-acetamido-l,4-naphthoquinone (6) 
(25) and, more particularly, for 1,4-bisacetami- 
doanthraquinone (7) (26). In both compounds 
the quinone carbonyl is ideally and rigidly 
placed for strong intramolecular hydrogen 
bonding, but in the anthraquinone derivative (7) 
an additional factor is the mesomeric interaction 
between benzenoid and quinonoid rings. This 
interaction, to which compound (7) owes its 
red color, undoubtedly contributes to the 
exceptionally strong hydrogen bonding in this 
compound. The 6-H in (6) and the 2-H and 3-H 
in (7) are more deshielded than the corresponding 
protons in any other compounds we have exam- 
ined, although the deshielding no doubt 
includes the direct influence of the carbonyl 
groups. The aromatic proton spectrum (6-, 7-, 
and 8-H) of (6) was analyzed as an ABX system, 
and that of (7) by comparison with theoretical 
AA'BB' spectra (27). In both compounds, 
the aromatic protons other than those adjacent 
to acetamido groups give signals close to the 
expected positions, confirming the spectral 
assignments. C
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TABLE 111 

Proton magnetic resonance spectra of acetanilides with sulfur-containing substituents (in r values) 
-- 

-- 

Aromatic protons 

Compound Solvent Temperature 2 3 4 5 6 NH Other protons* 
- 

8 CDC13 30" 2.06 2.74 2 3 4  1.51 0.47 6.93(S02CH3) 
CD3CN 30" 2.07 2.70 2.31 1.57 0.62 7.77(COCH3) 
CD3CN 70" - 2.07 2.71 2.32 1.58 0.64 

9 CDCI, 30" 2.71 - 2.87 1.68 0.76 6.1510CH2) 

*Values rekr  to chloroform-d solutions. 
?Each line of the expected doublet appears as a triplet with a separation of 1.8 Hz. 

We have also examined a few acetanilides 
in which the hydrogen-bonding entity is a 
sulfonyl group. Our results (see Table 111) show 
that intramolecular hydrogen-bonding is rela- 
tively weak in both the sulfone (8) (28) and the 
sulfonamide (9). The further splitting of the 6-H 
doublet observed for (9) in acetonitrile-d, at 
30°, and the equally unexpected crossover of the 
2-H and 6-H resonances of (10) on changing from 
cl~loroform-rl to acetonitrile-d, as solvent, have 
no ready explanation at present. It is possible 
that somewhat stronger intramolecular hydrogen- 
bonding occurs in 2-(N,lV-diethylsulfamoy1)- 
4-nitroacetanilide ( l l ) ,  as measured by the 
positions of the 6-H and NH resonances, 
although in the absence of suitable analogues we 
cannot evaluate the general inductive effect of 
the nitro and sulfamoyl groups. Spectral 
assignments in this series were unequivocal, with 
the reservation that for the sulfone (8), the 6-H 
proton had to be assigned on the basis of a 
comparison of solvent shifts. Temperature shifts 
in this series were relatively small. 

Most of the compounds used in this study 
were either commercial materials, appropriately 
purified, or known compounds prepared by 
routes described in the literature (see references). 
2-(N, N-Dimethylsulfamoy1)-4- methoxyacetani- 
lide (9) was prepared by addition of the diazo- 
nium salt of 5-methoxy-2-nitroaniline (12) (19) 
to a solution of sulfur dioxide in acetic acid 
in the presence of hydrochloric acid and 
cuprous chloride (29); the resulting sulfonyl 

chloride (13) was converted into the N,N- 
dimethylsulfonamide (14), which on hydrogena- 
tion to the aniline (15) followed by acetylation 
gave (9). 3-(N,N-Diethylsulfamoy1)-4-methoxy- 
acetanilide (10) was prepared by chlorosulfona- 
tion of aceto-p-anisidide (16), followed by treat- 
ment of the resulting sulfonyl chloride (17) with 
diethylamine. The structure (10) of the product 
was confirmed by comparison of the p.m.r. and 
infrared spectra with those of the anilide (9), 
whose synthesis was unequivocal. 2-(N,N- 
Diethylsulfamoy1)-6nitroacetanilide (11) was 
synthesized from sodium 2-amino-5-nitroben- 
zenesulfonate (181. which on treatment with , ,, 
phosphorus pentachloride gave the sulfoilyl 
chloride (19). The latter, on treatment with 
diethylamine, gave (20), which on acetylation 
with acetic anhydride in the presence of zinc 
chloride gave (11). 

Experimental 
Proton magnetic resonance (p.m.r.) spectra were 

determined on a Varian Associates A-60 spectrometer 
for 10% w/v solutions. Tetramethylsilane was used as an 
internal standard. Infrared spectra were recorded on a 
Perkin-Elmer model 421 spectrophotometer, using KBr 
disks. Ultraviolet spectra were determined on a Cary 
model 11 spectrophotometer. Microanalyses were 
performed by Galbraith Laboratories, Knoxville, 
Tennessee, and by Werby Laboratories, Boston, Massa- 
chusetts. 

5-Merhoxy-2-nirroberlzene S u s n y !  CI2loride (13) 
A suspension of 2-nitro-5-methoxy aniline (19) 

(16.82 g;  0.1 mole) in concentrated hydrochloric acid 
(175 ml) was diazotized at 0' by dropwise addition of a 
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P S O ~ N ( C H ~ ) ~  + ($---SO,(CH,)~ 

OCH, OCH, 

9 15 

solution of sodium nitrite (7.00 g; 0.1 mole) in water 
(25 ml). After diazotization was complete (1 h), the 
mixture was stirred for a further 0.25 h, after which the 
excess of nitrous acid was destroyed by addition of 
sulfamic acid. The filtered solution was added in one 
portion to a solution obtained by saturating glacial 
acetic acid (210 ml) with sulfur dioxide at lo0, adding 
cupric chloride dihydrate (2.90 g;  0.017 mole), and 
finally warming to 15". After the initial vigorous efferves- 
cence had subsided, the mixture was kept at 20" until 
evolution of nitrogen had almost ceased (20 min), and 
then warmed to 25" for 10 min to con~plete the reaction. 
Ice (1 kg) was then added and after 1.5 h the crystalline 
product was collected and washed with water. The dried 
product (10.63 g) after recrystallization from benzene- 
hexane gave pure 5-methoxy-2-nitrobenzenesulfonyl 
chloride, m.p.64.5-65.5", (7.87 g; 52%); v,,, 1533 and 
1351 (-NO,), and 1378,1371, and 1173 cm-l (-S0,Cl); 
~(cDC13) 2.01 (d, J = 9.0 HZ, 3-H), 2.30 (d, J,,, = 3.0 
Hz, 6-H), 2.71 (q, 4-H), and 6.00 (s, 3, OCH,). 

Anal. Calcd. for C,H,ClNO,S (251.65): C, 33.43; 
H, 2.40; C1,14.09; N,5.58; 0 ,  31.81; S, 12.75. Found: C, 
33.30; H, 2.43; C1, 14.20; N, 5.68; 0 ,  31.64; S, 12.80. 

N,N-Dimetl~yl-5-methoxy-2-nitrobenzene~~~Ifo~zamide (14) 
5-Methoxy-2-nitrobenzenesulfonyl chloride was pre- 

pared as described above from 2-nitro-5-methoxy aniline 

(16.82 g), and the crude, wet product taken up in tetra- 
hydrofuran (60 ml). The resulting solution was added 
with stirring to aqueous dimethylamine (200 n11; 25 %; ca. 
1 mole) at 0-5' during 0.5 h. The mixture was then 
allowed to warm slowly to room temperature, and 
stirring was continued overnight. The oil which appeared 
crystallized on addition of ice. The product was collected, 
washed with water, and dried, giving a yellow solid, m.p. 
122-126" (18.74 g). After two recrystallizations from 
ethyl acetate, N,N-dimethyl-5-methoxy-2-nitrobenzene- 
sulfonamide was obtained as pale-yellow rods, m.p. 
127-128" (13.63 g; 52%); v,,,, 1527 and 1351 (-NO,), 
and 1321 and 1147 cm-'; ?(CDCI,) 2.29 (d, J3,4 = 9.0 
HZ, 3-H), 2.51 (d, J,,, = 2.8 HZ, 6-H), 2.89 (q, 4-H), 
6.07 (s, 3, OCH,), and 7.07 (s, 6, NCH,). 

Anal. Calcd. for C9HIZNZO5S (260.27):C, 41.54; H, 
4.65; N, 10.77; S, 12.30. Found: C, 41.57; H, 4.71; N, 
10.90; S, 12.35. 

2-(N,N-Dit71et~1ylsu[farnoyl) -4-metl~oxyatzilh~e 
Hydrochloride (15) 

N,N-Dimethyl-5-methoxy-2-nitrobenzenesulfonamide 
(13.01 g; 0.05 mole), dissolved in ethanol (I50 ml), was 
hydrogenated at 40 Ib/in.' over palladiun~ on barium 
sulfate catalyst (5 %). Hydrogenation was con~plete after 
0.5 h. Removal of the catalyst and evaporation of the 
filtrate gave a purplish oil (11.50 g) which was dissolved 
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in dry ether. The ethereal solution on saturation with dry Anal. Calcd. for C13H20Nz04S (300.38): C, 52.01; H, 
hydrogen chloride at 0" gave pinkish-white needles of 6.71; N, 9.33; S, 10.67. Found: C, 52.49; H, 6.75; N, 
2-(N,N-dimethylsulfarnoy1)-4-methoxyanili hydrochlo- 9.34; S, 10.60. 
ride, m.p. 164-168" (12.15 g; 91 %); v,,, 1343, 1155 cm-' 
(-soz-); T[(CD3)2SO] 1.40 (s, 3, NH,+), 2.75 (6-131, 2-An1ino-5-nitrobe11zenesurfot~~l Chloride (19) 
2.78 (5-H), and 2.96 (3-H) of ABX spectrum, A mixture of sodium 2-amino-5-nitrobenzenesulfonate 

J,,, = 3.0 Hz, J3,6 N 0.5 HZ, J , , ~  = 9.0 HZ), 6.23 (s, 3, monohydrate (67.0 g; 0.271 mole) and phosphorus 

0CH3), and 7.30 (s, 6, NCH,). pentachloride (75.0 g; 0.360 mole) was kept for 0.5 h with 
~ ~ ~ 1 .  calcd. for C ~ H , , C ~ N ~ O ~ S  (266.69): C, 40.53; intermittent stirring, the exothermic reaction being 

H, 5.67; N, 10.51 ; S, 12.02. ~~~~d : C, 40.82; H, 5.80; cont~olled by external cooling with water. The resulting 

N, 10.91 ; S 12.24. mixture was heated on the steam bath for 4 h with 
mechanical stirring, then cooled, and finally added to 

2-(N,N-Dir??efl~y~sl1rfan1o~l)-4-1?1ethoxyacetanilide1oxacetaniide (9) ice-water (1.2 1). After 3 h, crystallization of the gummy 
A solution of 2-(N,N-dimethylsulfamoy1)-4-methoxy- precipitate was complete and collection, washing with 

aniline hydrochloride (1.0 g; 0.0038 mole) in water water and drying furnished 2-amino-5-nitrobenzene~~l- 
(20 ml) was adjusted to pH 12 with 50% aqueous sodium fonyl chloride as a pinkish-brown solid, m.p. 128-1370 
hydroxide and cooled in ice, whereupon the oil initially (22.1 g; 35%); v,,, 3470, 3350 and 1635 (NH,), and 
formed crystallized. The solid, washed with water, was 1360 and 1160 cm-' (-SOz-). 
added damp to a mixture of acetic anhydride (4 ml) and The product was used directly for the next step without 
acetic acid (3 rnl). The mixture was stirred under reflux further purification. 
for 0.75 h and then poured into water, and the resulting 
solution made alkaline (pH 11) with 10% aqueous sodium 2-(N>N-Diet11~1su!fat?zo~U-4-nitroanil  (20) 
hydroxide. The crude anilide then precipitated; isolation A ~u~pens ion  of 2-amin0-5-nitr0benzenesu1fonyl chlo- 
gave material, m.p. 82-83" (0.48 3. After two recrystal- ride (20.6 g; 0.087 mole) in dry ether (200 ml) was 
lizations from ethyl acetate - hexane 2-(N,N-dimethyl- stirred while diethylamine (35.5 g; 0.49 mole) was added 
sulfamoyl)-4-methoxyacetanilide was obtained as prisms, dropwise with external cooling (cold water) to moderate 

98.5-99.5" (0.31 g); h,,, (E~OH) 250 (E 11 000) and the reaction. The mixture was stirred for 5.5 h, and then 
303 mp (E 3900); v,,, 3375 WH), 1699 (amide I), 1517 kept overnight at 0'. The solid which appeared was 
(amide 11), and 1329 and 1148 cm-' (-SO2-). collected and washed with ether. The filtrate and washings 

Anal. Calcd. for c ~ ~ H ~ ~ N ~ o ~ s  (272.33): C, 48.52; when concentrated to small bulk afforded an orange 

H, 5.92; N, 10.29; S, 11.75. ~ ~ ~ ~ d :  C, 48.46; H, 5.80; solid which when washed sparingly with ether and with 

N, 10.27; S, 11.71. hexane gave 2-(N,N-diethylsulfamoy1)-4-nitroaniline as a 
yellow solid, m.p. 165-166" (1.9 g). The ether-insoluble 

5-Acetarnido-2-rnethoxybenzenesurfo~~yI Chloride (17) residue on digestion with successive portions of cold 
Chlorosulfonic acid (140 ml) was cooled to 10' and ethyl acetate until the digests were colorless, followed by 

stirred while aceto-p-anisidide (54 g; 0.33 mole) was evaporation of the combined digests, gave further mate- 
added slowly so that the temperature of the mixture was rial, m.p. 161-163" (15.1 g). The combined yield of crude 
maintained at 15-20". The mixture was warmed with product was 72%. Recrystallization from methanol 
stirring for 1 h, a little below 60", and finally cooled and furnished pale-yellow rectangular tablets, m.p. 168-169"; 
cautiously poured into ice and water. The solid was v,,, 3460, 3355, and 1628 (-NHz), and 1326 and 1140 
collected and washed with water, giving 60 g (70%) of cm-' (-SOz-); T[(CD,)~SO] 1.70 (d, J,., = 2.7 Hz, 
crude 5-acetamido-2-methoxybenzenesulfonyl chloride. 3-H), 1.93 (q, J,,, = 8.5 Hz, 5-H), 3.07 (d, 6-H), 3.8 
A portion when recrystallized from benzene had m.p. (broad resonance, 2, NH2), 6.72 (q, 4, JHH = 7.0 HZ, 
143-145"; h,,, (dioxan) 328 mp (E 3540); v,,, 3285 and N.CHz.CH3), and 8.95 (t, 6, JHH = 7.0 Hz, N.CHz.CH3). 
3250 (NH), 1653 (amide I), 1534 (amide II), and 1358 Anal. Calcd. for CloHIsNa04S (273.32): C, 43.98; 
and 1174 cm-' (-SO,-); T[(CD~)~SO]-0.02 (s, NH), H, 5.50; N, 15.37; S, 11.73. Found: C, 44.23; H, 5.62; 
2.01 (d, J4 ,6=2 .5  HZ, 6-H), 2.27 (q, J 3 , 4 = 9 . 0 H ~ ,  N,15.42;S,11.38. 
4-H), 2.98 (d, 3-H), 6.23 (s, 3, OCH,), and 7.98 (s, 3, 
CO.CH3). 2-(N,N-DiethylsuIfa~?~oyl) -4-nitroacetanilide (11) 

A few crystals of anhydrous zinc chloride were added 
3-(N,N- Dietl~ylsulfamoyl) -4-rr~ethoxyacetat~ilide (10) to a suspension of 2-(N,N-diethylsulfamoy1)-4-nitroaniline 

Crude 5-acetamido-2-methoxybenzenesulfonyl chloride (8.2 g; 0.030 mole) in acetic anhydride (60 ml) and the 
(60.0 g; 0.23 mole) was suspended in 10% aqueous mixture stirred at 70" for 15 min and then at 50-55" for 
sodium hydroxide (300 ml) and diethylamine (50.0 g; 1.25 h. After removal of acetic anhydride under reduced 
0.68 mole) added. The mixture was stirred for 3 h, after pressure (2 mm), the residue was rubbed with water 
which further diethylamine (25.0g; 0.34 mole) was added. and the solid collected. The product, m.p. 120-121.5" 
After a further 3 h, additional diethylamine (25.0 g ;  (9.0 g), was recrystallized from the minimum volume of 
0.34 mole) was added and stirring continued overnight. ethyl acetate, giving 2-(N,N-diethylsulfamoy1)-4-nitroace- 
The resulting solid when collected, washed with water, tanilide as pale-yellow needles, m.p. 121.5-122", (7.4 g; 
and dried, afforded 3-(N,N-diethylsulfamoy1)-4-methoxy- 78%); h,,, (MeOCH2CH20H) 313 mp (E 13 200); 
acetanilide, m.p. 176-178" (40.3 g; 59%). A portion on v,,, 3330 (NH), 1710 (amide I), 1515 (amide I1 and 
recrystallization from 95% ethanol gave prisms, m.p. -NOz), and 1340 and 1140 crn-' (-SOz-). 
178-179"; h,,, (EtOH) 250 (E 16400) and 304 mp Anal. Calcd. for C12H17N305S (315.36): C, 45.71; 
(E 3340); vma. 3280 (NH), 1680(amide I), 1539 (amideII), H ,  5.44; N, 13.33; S, 10.15. Found: C, 45.99; H, 5.48; 
and 1310 and 1136 cm-' (-SOz-). N, 13.25; S, 10.19. 
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Investigations on steroids. XXXIX. 14,P9-Dihydroxy-14P-progesterone and 
related compounds1 9 2  

VIRENDRA N. GUPTA~ AND MAXIMILIAN EHRENSTEIN~ 
Division of Steroid Research, The John Herr M~tsser Department of Research Merlicble, 

University of Per~ns)dvania, Philarlefphia, Pennsy/vania 19104 

Received January 9, 1968 

Strophanthidol (1) was converted into 3~,19,21-triacetoxy-5,14-dihydroxy-5B,1-pregnan-O-one (7) 
which by treatment with methylmagnesium bromide gave a mixture of the two C-20 epimers of 
3p,5,14,19,20,21-hexahydroxy-bisnor-513-choane (8). Oxidation of 8 with sodium periodate yielded 
the amorphous 3~,5,14,19-tetrahydroxy-5~,14~-pregnan-20-0ne (9) which was characterized as the 
crystalline 3,19-diacetate (10). Selective oxidation of 9 with N-bromoacetamide, followed by dehydration 
of the reaction product I1 gave 14,19-dihydroxy-14p-progesterone (12) which was characterized as the 
19-monoacetate (13). 

Compound 12 was found to be devoid of progestational and antiprogestational activity. 

Canadian Journal of Chemirtry, 46, 2601 (1968) 

A number of years ago, the conversion of 
strophanthidol (1) to 14,19-dihydroxy-l4P-cor- 
texone by way of 38,5,14,19,21-pentahydroxy- 
5P,14P-pregnan-20-one (6) was described by this 
laboratory (1). As a continuation of this work, it 
appeared desirable to  prepare 14,19-dihydroxy- 
14P-progesterone (12). 

The reaction of a ketol ester with methylmag- 
nesium bromide, followed by oxidation of the 
resulting product with sodium bismuthate (2) or 
sodium periodate (3) has been reported as a useful 
method for the conversion of a ketol side chain to  
the corresponding methyl ketone. Hence, 3P,19, 
21-triacetoxy-5,14-dihydroxy-5~,14~-pregnan- 
20-one (7) (1) was considered a suitable starting 
material for the synthetic work in mind. Treat- 
ment of 7 with tenfold the required amount of 
methylmagnesium bromide gave a small amount 
of crystalline material (m.p. 275-276 "C), repre- 
senting one of the two C-20 epimers of 3P,5,14,19,- 

'This investigation was supported in whole by Public 
Health Service Research Grants (CY757-C7, CY757-C8, 
CA00757-10, and CA 00757-11) from the National 
Cancer Institute of the National Institutes of Health. 

2cf. Preliminary notice: V. N. Gupta and M. Ehren- 
stein. New steroid hormone analogues of the 140,19- 
dihydroxy series. Abstracts of papers presented at the 
Second International Congress on Hormonal Steroids. 
Milan. May 23-28, 1966. Excerpta medica. International 
Congress Series. No. 111. p. 126 (Abstract No. 194). 

3Holder of a Postdoctoral Fellowship at the University 
of Pennsylvania, 1961-1965. Dr. Gupta came from the 
Department of Pharmacology, All India Institute of 
Medical Sciences, New Delhi, India. He was the recipient 
of a Fulbright Travel Only Grant. Present affiliation: 
International Cellulose Research Ltd., Hawkesbury, 
Ontario. 

4To whom inquiries concerning this paper should be 
directed. 

20,21 -hexahydroxy-bisnor-5P, 14P-cholane (8). 
The major part of the reaction product, consisting 
essentially of a mixture of the two C-20 epimers of 
8, did not crystallize. This amorphous mixture of 
the C-20 epimers of 8 served as starting material 
for the subsequent chemical reactions. Treatment 
of the amorphous 8 with sodium periodate gave 
ketonic material which did not crystallize after 
chromatographic purification. It was identified as 
3P,5,14,19-tetrahydroxy-5P, 14P-pregnan-20-one 
(9) by preparation of the crystalline diacetate, viz. 
3P,19-diacetoxy-5,14-dihydroxy-5P,14P-p~- 
20-one (10). Oxidation of the purified amorphous 
9 with N-bromoacetamide gave the crude 5,14,19- 
trihydroxy-5P,14P-pregnane-3,20-dione (11) 
in amorphous form which was subjected as such 
to treatment with Girard's reagent T. After 
chromatographic purification, 14,19-dihydroxy- 
14P-progesterone (12) was isolated in a crystalline 
form. In subsequent experiments it was shown 
that the crystalline triacetate 7 can be converted 
into crystalline 12 without purification of the 
amorphous intermediates 8,9, and 11. Coinpoulld 
12 was converted into the crystalline 19-mono- 
acetate ,  viz. 19-acetoxy-14-hydroxy-14P- 
progesterone (13). As expected, 13 showed the 
typical hypsochromic shift of the ultraviolet 
absorption maximum associated with the acetyla- 
tion of 19-hydroxyl groups in A4-3-keto steroids.' 

In view of the successful application of a 
specific sequence of reactions in our studies of the 
17a-strophanthidol series (4), analogous experi- 
ments were applied to strophanthidol with good 

'Literature, cf. ref. 1 .  p. 512. 
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results. For the sake of convenience the findings 
are included in this publication. By treatment 
with N-bromoacetamide, strophanthidol(1) was 
selectively oxidized to 3-oxo-5P, 14,19-trihydroxy- 
A20(22)-5p, 14P-cardenolide (3). The reaction of 3 
with Girard's reagent T in the usual fashion 
yielded 3-oxo-14,19-dihydro~y-A~~~~(~~)-14~- 
cardadienolide (19-dihydroanhydrostrophan- 
thidone) (4) which was characterized as the 
19-monoacetate, viz. 3-oxo-14-hydroxy-19- 
a~etoxy-A~~~~(~~)-14P-cardadienolide (19- 
dihydroanhydrostrophanthidone 19-mono- 
acetate) (5). Both, 4 (5-7) and 5 (6, 8) were 
previously prepared by other methods. The 
characteristics of the compounds obtained in this 
laboratory are in agreement with the earlier 
findings. 

Biological Activity 

Bioassays for progestational and antiprogesta- 
tional activity were conducted by Dr. Roy Hertz, 
Chief of the Reproduction Research Branch, 
National Institute of Child Health and H~lman 
Development. 14,19-Dihydroxy-14P-proges- 
terone (12) was tested in each of three Clauberg 
rabbits at a total dose per rabbit of 5.0 mg. No 
evidence of progestational activity was apparent 
at  this dose whereas control animals showed 
maximum effects with a total dose of 0.5 mg of 
progesterone. - In another series, each of 3 

Clauberg rabbits previously conditioned with 
estrogen were given either 0.5 mg of progesterone 
alone or 0.5 mg of progesterone plus 35.0 mg of 
12. All animals exhibited maximum progesta- 
tional effect. Hence no antiprogestational activity 
was apparent. 

Experimental 
The melting points were determined with a Fisher- 

Johns melting point apparatus and are uncorrected. The 
true melting points are approximately 4" lower than those 
recorded. 

The ultraviolet (u.v.) spectra were determined in 95 % 
ethanol with a Beckman model DU spectrophotometer or 
a Cary model 14 recording spectrophotometer. The infra- 
red (i.r.) spectra were measured in potassiu~n bromide 
disks on the Perkin-Elmer 421 spectrophotorneter. 

The microanalyses were performed by Mr. Ernst 
Thommen, Bettingen bei Basel, Switzerland or by thc 
Mikrolaboratorium (Director, W. Manser), Laboratoriurn 
fiir Ornanische Chemie, Eidgenossische Technische 
~ochschule, Ziirich, ~witzerlaid. Thanks are due to 
Professor V. Prelog for this courtesy. 

In optical rotation determinations, no correction for 
crystal solvent has been made. Unless otherwise stated, 
the sample was dissolved in chloroforn~ to make 2 ml of 
solution and the rotation was determined in a 2-dm 
semimicro tube. 

3-0xo-5,14,19-trihydro~y-A~~~~~~-5~,I4~-~arder1olide (3) 
and 3-0xo-14,19-di/zydro~y-A~~~~~~~~-I4~-cflrdfldie~- 
olide (19-di/1ydroan/1ydrostrop/1atztI1idone) (4) from 
Strophantl~idol ( I )  

A mixture containing 800 mg of strophanthidol (I), 
50 rnl of 70% aqueous I-butyl alcohol and 600rng of 



GUPTA AND EHRENSTEIN: INVESi rIGATIONS ON STEROIDS. XXXIX 2603 

N-bromoacetamide (96% purity by titration) was kept at 
room temperature for 20 h. It was then decolorized by 
adding aqueous sodium thiosulfate and diluted with 
200 ml of water. After saturating with sodium chloride 
and extracting with chloroform-methanol (4:1), 0.8 g of 
an amorphous residue resulted representing crude 3 
which was used for the next step without purification. 
Hence, it was dissolved in 50 rnl of absolute ethanol and, 
after the addition of 1.5 g of Girard's reagent T and 2 ml 
of glacial acetic acid, the mixture was refluxed for 1 h. 
After diluting it with a solution of 2 g of sodium carbonate 
in 200 ml of water, it was extracted with five portions of 
50 ml of chloroform, yielding 227 mg of non-ketonic 
material. The aqueous solution was then acidified with 
concentrated hydrochloric acid to pH 2 and left at room 
temperature for 90 min. After saturating the mixture with 
sodium chloride, it was extracted with six portions of 
50 ml of chloroform. On drying over sodium sulfate and 
distilling the solvent, 543 mg of ketonic material resulted. 
Three recrystallizations from acetonehexane gave 285 mg 
of 4, m.p. 246248 OC. Legal test positive. Thin-layer 
chromatography (t.1.c.) on Silica Gel (solvent: lower 
phase of chloroform -methanol - water - acetic acid, 
80:20:10:0.5 ; reagent: p-toluenesulfonic acid) revealed 
the presence of a small amount of a faster moving 
impurity, which was removed by further recrystallization 
yielding pure 4, m.p. 246248 "C; [a]DZ3 +90°, MDZ3 
+348" (17.0mg in 2ml of methanol, a +1.53"); 
h,,,(alcohol) 221 mp, E 19 500." (Lit. (5) m.p. 232-240 "C. 
[aIDz5 +83" (methanol); h,,,(alcohol) 219 mp, E 17 400. 
Lit. (6) m.p. 247-251 "C; [aIDz5 +91° (methanol); 
h,,.(MeOH) 219 mp, E 22 000. Lit. (7) m.p. 240-245 "C; 
[aIDZ0 +90° (methanol).) v,,,(KBr) 3495 (free OH), 
3420 (broad, bonded OH), 3020 (unsaturated C-H), 
1770 and 1730 (CO of lactone ring), 1640 (C-3 CO), 1610 
(shoulder, C==C), 1065, and 1015 (C-0 of C-OH) cm-'. 

Anal. dalcd. for C23H3oo5: C, 71.48; H, 7.82. Found: 
C, 71.07,771.45;8 H, 7.88,7 7.45.' 

3-Oxo-14-hydroxy-19-acetoxy-A4~20~22~-14~-cardadiet~ol- 
ide (19-dil~ydroanhydrostrophanthidone 19-monoace- 
tare) (5) frotn 3-0.uo-14,19-dihydroxy-A4~z0~22~-14~- 
cardadienolide (19-dil~ydroanhydrostrophanthidone) 
(4)  

A mixture of 100 mg of 4, m.p. 246-248 "C, 5 ml of 
pyridine, and 2 ml of acetic anhydride was kept at room 
temperature for 18 h. It was evaporated to dryness in 
vacuo and the residue was dissolved in ethyl acetate. The 
solution was washed to neutrality and evaporated to 
dryness yielding 106 mg of material which on crystalliza- 
tion from acetone-hexane gave 57 mg of 5 as long needles, 
m.p. 185-187 "C; [ o 1 ] ~ ~ ~  +103.9O, M D ~ ~  +44S0 (13.95 mg 
in 2 ml of methanol, a +1.4S0); h,.,(alcohol) 226 mp, 

"If the U.V. absorption curves of 3-0x0-14,19-dihydroxy- 
A4~20(22)-14~-cardadienolide (19-dihydroanhydrostro- 
phanthidone) (4) and strophanthidol (1) are plotted at the 
respective wavelengths, and the E values of the latter 
(1) (h,,,(alcohol) 217 mp, E 15 400) are deducted from 
those of the former (4), a curve results typical of a simple 
a,&unsaturated ketone: h,,,(alcohol) 244 mp, E 15 700 
(cf. ref. 9). 

7Microanalysis by E. Thommen. 
8Microanalysis performed at Eidgenossische Tech- 

nische Hochscl~ule, Ziirich. 

E 20 500.9 (Lit. (6) m.p. 186-187"; [aID +lOlo (methanol). 
Lit. (8) m.p. 185-187 "C. [aID +100.9" (dioxane); 
h,,,(MeOH) 226 mp, E 22 300); v,,,(KBr) 3500 (free OH), 
3410 (bonded OH), 3020 (unsaturated C-H), 1772 (CO 
of lactone ring), 1655 (C-3 CO), 1610 (C==C), 1242 
(C-0 of C-OAc), 1030 and 1018 (C-0 of C-OAc and 
C-OH) cm-'. 

Anal. Calcd. for CZ5H3206: C, 70.07; H, 7.53. Found? 
C, 69.67; H, 7.24. 

3~,5,14,19,20,21-Hexahydroxy-bisnor-5~,14~-~/1olane (8)  
frotn 3~,19,21-Triacetoxy-5,I4-dihydroxy-5~,14~- 
pregnan-20-one (7) 

Methyl bromide was passed through a suspension of 
900 mg of magnesium1° in 20 ml of ether until the metal 
was completely dissolved. After stirring the mixture for 
30 min to remove the excess methyl bromide, a solution 
of 200 mg of pooled 7, melting points 197-199 "C and 
200-201 "C, in 30 ml of tetrahydrofuran was added to the 
Grignard reagent at room temperature. The water in the 
condenser was stopped and the temperature raised to 
59-61 "C so that all the ether distilled off. The reaction 
mixture was then kept at this temperature for 6 h. After 
standing at room temperature overnight, it was decom- 
posed with cold saturated aqueous ammonium chloride. 
After saturating with sodium chloride, the product was 
extracted with five 50 ml portions of ethyl acetate. The 
extract was washed with saturated aqueous sodium 
chloride and, after drying over sodium sulfate, evapora- 
tion of the solvent yielded 180 mg of material. Treatment 
with 5 ml of warm acetone furnished 52 mg of a crystal- 
line product, m.p. 230-240 "C. 

In five experiments carried out under the conditions 
stated above, a total of 2.125 g of pure 7 gave in part 
crystalline material which on recrystallization from 
acetone yielded 195 mg of prisms of constant n1.p. 275- 
276 "C representing one of the two C-20 epimers of 8; 
[aIDz4 +56.S0, MDZ4 +22S0 (16.9 mg in 2 ml of 95% 
ethanol, a + 0.96"); v,,,(KBr) 3350 (broad, bonded OH), 
1455 (angular and/or C-20 CH3), 1145 (shoulder), 1132 
and 1120 (shoulder) (triplet of C-0 of C-OH), 1045 
and 1015 (C-0 of C-OH). 

Anal. Calcd. for C2ZH3806: C, 66.30; H, 9.61. Found? 
C, 66.49; H, 9.78. 

The non-crystalline material resulting from these five 
experiments (1.6 g) was chromatographed over 50 g of 
Florisil. Elution with 100 ml portions of chloroform and 
chloroform-acetone, 19:1, 9 :I, 4:l (1 3 fractions) yielded 
498 mg of material (a). Subsequent elution with chloro- 
form-acetone, 1 :I and acetone (6 fractions) gave 883 mg 
of product (b). Finally, elution with acetone-methanol, 
9:l (6 fractions) furnished 156 mg of material (c). All 
these products were amorphous. The product (6) was 
successfully used for further conversions (vide infva) 

=On deducting at the respective wavelengths the E 
values of strophanthidol monoacetate (2) (8) (I,,, 
(alcohol) 218 mp, E 15 500) from those of 3-oxo-14- 
hydroxy-19-acetoxy-A4~20~22~-14~-cardadienolide (5), a 
curve results typical of a simple a,P-unsaturated ketone: 
h,,,(alcohol) 240 mp, E I5 300. The hypsochromic shift 
of the maximum caused by the 19-acetoxy group is in 
accordance with  expectation^.^ 

loFisher magnesium metal turnings for Grignard 
reaction. 
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indicating that it consisted largely of a mixture of the two 
C-20epimers of 8. 

3~,5,14,19-Tetrahydroxy-5!3,l4!3-preg1ian-2O-one (9) and 
3~,19-Diacetoxy-5,14-dil~ydrox~~-5~,14~-pre~na1z-20- 
one (10) fr.0112 30,5,14,19,20,21-Hexahydroxy-bisnor- 
50,14b-cholarze (8)  

Original procedure: To 883 mg of chromatographically 
purified amorphous 8, (cf. preceding experiment; product 
(b)) dissolved in 60 ml of methanol, was added a solution 
of 1.5 g of sodium periodate in 40 ml of water. The mix- 
ture was allowed to stand at room temperature for 18 h 
and, after the addition of 110 ml of water and 15 ml of 
10% hydrochloric acid, it was saturated with sodium 
chloride and extracted with five 50 ml portions of ethyl 
acetate. The extract was washed with two 30 ml portions 
of 1 N sodium carbonate. The carbonate phase was 
saturated with sodium chloride and re-extracted with 
four 25 ml portions of ethyl acetate. From the carbonate 
phase resulted, after acidification and work-up, 201 mg 
of acidic material. The latter on treatment with acetone- 
hexane yielded a crystalline product, m.p. 215-217 "C, 
which showed no depression of the melting point on 
admixture with an authentic sample of 30,5,14,19- 
tetrahydroxy-5!3,140-etianic acid (10). From the ethyl 
acetate extracts 611 mg of neutral material resulted which 
was chromatographed over 20 g of Florisil. Elution with 
chloroform-acetone, 9:1, 4:1, 1 :1, and acetone yielded 
13 amorphous fractions (total 457 mg) which could not 
be crystallized. Subsequent experiments showed that this 
combined amorphous material consisted essentially of 
3!3,5,14,19-tetrahydroxy-5~,14~-pregnan-2O-one (9). 

A solution of 50 mg of the preceding product in I ml 
of pyridine and 0.5 ml of acetic anhydride was kept at 
room temperature for 20 11. Subsequently 20 ml of water 
and 1 ml of concentrated hydrochloric acid were added 
and, after 1 h standing, the mixture was extracted with 
four 20n1l portions of ethyl acetate, yielding 59 mg of 
crystalline material which was purified by chromatog- 
raphy over 2 g of alumina. Elution (15 fractions) with 
benzene and benzene-ether, 19:1, 9:1, 4:1, 1 :I gave a 
total of 40 mg of a product which on crystallization 
furnished 30.3 mg of 30.19-diacetoxy-5,14-dihydroxy- 
50,14P-pregnan-20-one (lo), m.p. 190-192 "C. The melt- 
ing point of the analytical sample (C-H determination) 
was 192-193 "C. 

Repeat procedure: The crude product (98 mg) resulting 
from subjecting 7 (n1.p. 197-199 "C; 120 mg) to the 
Grignard reaction under the stated conditions (vide 
supra) was oxidized with sodium periodate without first 
separating the crystalline 8. This yielded 11 mg of acidic 
and 73 mg of neutral material. Treatment of the latter 
with 150 mg of Girard's reagent T gave 49 mg of ketonic 
material which was chromatographed over 4 g of 
Florisil. Elution with chloroform-acetone, 4:1, 1 :1 gave 
8 amorphous fractions which were combined (39 mg) (9). 
Subsequent acetylation yielded 37 mg of crude acetate 
which was chromatographed over 4 g of alumina (acti- 
vity 11; elution with benzene, benzene-ether combina- 
tions, ether, chloroform, and acetone). The eluate 
obtained with chloroform gave 27 mg of material which 
on treatment with acetone-hexane yielded 21 mg of 10, 
m.p. 191-192 "C. Recrystallization furnished 18 mg of an 
analytical sample (optical rotation, i.r. curve), m.p. 193- 

194 "C. The mixture n1.p. with the earlier analytical 
sample (vide snpra) was undepressed; [aIDz4 +85.7", 
MDZ4 +386' (14.0 mg, a +1.20°); v,,,(KBr) 3575 (free 
OH), 3420 (bonded OH), 1731 (shoulder, CO of acetyl), 
1728 (CO of Ac), 1688 (C-20 CO), 1450 (angular or C-21 
CH,), 1236 and 1227 (C-0 of C-OAc), 1100 (C-0 of 
C-OH), 1038 and 1017 (C-0 of C-OAc) cm-'. 

Anal. Calcd. for C25H3807 : C, 66.64; H, 8.50. Found:' 
C, 66.44; H, 8.51. 

5,14,19-Tri/iydroxy-5~,I4~-pregnane-3,2O-dione (11) and 
14,19-Di/1ydroxy-14~-progestero1ze (14,19-diltydro.~y- 
A4-14p-pregnene-3,20-dione) (12) from 3!3,5,14,19- 
Tetrahydroxy-5~,l4~-pregnan-2O-one (9) 

Chromatographically purified amorphous 9, as des- 
cribed in the original procedure of the preceding experi- 
ment, served as starting material. To 408 mg of 9 in 
20 ml of 70% aqueous t-butyl alcohol 360 mg of N- 
bromoacetamide (slightly more than 2 equivalents; 
97.35 % purity by titration) were added. After 18 h stand- 
ing at room temperature the mixture was decolorized by 
the addition of aqueous sodium thiosulfate and was then 
diluted with 50 ml of water. After saturating with sodium 
chloride, extraction with eight 50 ml portions of ethyl 
acetate yielded 420 mg of crude amorphous 11 which was 
used for the next stage without purification. 

The crude 11 (420 mg) was dissolved in 25 ml of 
absolute ethanol and, after the addition of 650mg of 
Girard's reagent T and 1 ml of glacial acetic acid, the 
mixture was refluxed for 1 h. After cooling, a solution of 
400 mg of sodium carbonate in 120ml of water was 
added. Subsequent extraction with ethyl acetate yielded 
12 mg of non-ketonic material. The aqueous phase was 
then acidified to pH 2 with 1 N hydrochloric acid. and 
after standing for 90 min and subsequent saturating with 
sodium chloride, it was extracted with six portions of 
50 n ~ l  of ethyl acetate furnishing 412 mg of crude 12. This 
was chromatographed over 10 g of Florisil(l8 x 62 mm). 
Elution was performed with 20 ml portions of: (a) 
chloroform (3 fractions, 7.1 mg); (b) chloroform-acetone, 
19 :1, 9 :1 (6 fractions, 180.3 mg); (c) chloroform-acetone, 
4:1, 1:l (5 fractions, 134.3 mg); and (d) acetone (3 frac- 
tions, 21.6mg). The product resulting from (b) was 
crystalline. Repeated recrystallization from acetone- 
hexane gave 71 mg of colorless plates, m.p. 213-215 "C. 
From the mother liquors an additional 19.3 mg of crystals, 
m.p. 213-215 'C, was obtained after re-chromatography. 
The final mother liquors were combined with the product 
resulting from (c). Re-chromatography of this material 
provided an additional crop of 40.4 mg of crystals, m.p. 
211-213 "C. Hence the total yield of purified crystalline 
material resulting from this reaction was 130.7 mg. For 
analytical purposes it was subjected to further repeated 
recrystallization from acetone furnishing 40 mg of color- 
less plates, m.p. 215-216 'C; [aIDZ4 -~121.2', MDZ4 
+41g0 (10.4 mg, a +1.26"). h ,,,, (alcohol) 242 mp, 
E 16 100; v,,,(KBr) 3415 (broad, bonded OH), 3030 
(unsaturated C-H), 1687 (C-20 CO), 1665 (C-3 CO), 
1638 (C==C), 1360 (CH, of COCH,), 1025 (C-0 of 
C-OH) cm-'. 

Anal. Calcd. for CZIHJ004: C, 72.80; H, 8.73. Found:' 
C, 72.70; H, 8.79. 

In an abbreviated process, crystalline 14,19-dihydroxy- 
140-progesterone (12) was prepared from the crystalline 
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3~,19,21-triacetoxy-5,14-dihydroxy-5~,14~-pregnan-20- tion from ether-hexane furnished 2.6 mg of 13 as prisms, 
one (7) without purification of the intermediates. The m.p. 119-121 OC; h,,,(alcohol) 239 mp, E 14 300. 
experimental conditions of each step were analogous to v,,,(KBr) 3400 (broad, bonded OH), 1735 (CO of 
those stated in the individual experiments (vide supra) and -OAc), 1684 (C-20 CO), 1662 (C-3 CO), 161 1 (C==C), 
the respectwe crude reaction products were used directly 1360 (CH, of -COCH3 and/or -OAc), 1223 (C-0 of 
for the subsequent procedure. Hence, 875 mg of pure C-OAc), 1030 (C-0 of C-OAc or C-OH) cm-'. 
crystalline 7 were subjected to the Grignard reaction. By 
oxidizing the resulting crude amorphous carbinol 8 
(647 mg) with sodium periodate, 59 mg of acidic and Acknowledgment 
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As continuation of our early research on the synthesis of steroid hormone analogues of the 14P,17a- 
pregnane series (1-5,7), the conversion of 17a-strophanthidol (5) into 14,19-dihydroxy-148,17a-cortexone 
(19) has been achieved.-In basic investigations the 3,19-diacetate (6), the 3-monoacetate (7), and the 
19-monoacetate (8) of 5 were studied. Using independent routes 5 and 8 were converted into 3-0x0- 
14,19-dihydro~y-A~~~~(~~)-14P,17a-~ardadienolide (ll).-In preparing 19,5 was first subjected to ozono- 
lysis yielding 3~,5,14,19,21-pentahydroxy-5~,14~,17a-pregnan-20-one (13) which was characterized as 
the 3,19,21-triacetate (14). Selective oxidation of 13 with N-brornoacetamide gave 5,14,19,21-tetrahy- 
droxy-5~,14P,l7a-pregnane-3,20-dione (18) which by treatment with Girard's reagent T underwent 
dehydration yielding 19.-In degradation studies, oxidation of 13 with sodium periodate gave 3!3,5,14,- 
19-tetrahydroxy-5~,14~,17a-etianic acid (15) which was characterized as the methyl ester (16) and the 
corresponding 3,19-diacetate (17). In a similar fashion, oxidation of 19 with sodium periodate gave 
3-0x0-14,19-dihydroxy-A'-14P,17a-etienic acid (21) which was characterized as the methyl ester (22).- 
Regarding conlpounds 13 and 14 there are discrepancies with findings reported in the literature earlier. 
A discussion of this matter is included in this paper. 
14,19-Dihydroxy-14P,17a-cortexone (19) appears to exhibit sodium excreting activity in the adrenal- 

ectonlized rat. 
Canadian Journal o f  Chemistry, 46, 2607 (1968) 

The transformation of the cardiac aglycone 
strophanthidin (1) into the biologically highly 
active 19-nor- 14P, 17a-progesterone and into 
19-nor-14P,17a-cortexone by this laboratory 
(1-5) has stimulated the development of ana- 
logues of steroid hormones with unnatural 
configurations (cf. 6).5 In another pertinent 
publication (7) we reported the synthesis of 19- 
hydroxy-14P,17a-progesterone and of 19-hy- 
droxy-14P,17a-cortexone. More recently we 
described hormone analogues of the 14,19- 
dihydroxy type, viz. 14,19-dihydroxy-14p-cor- 
texone (8) and 14,19-dihydroxy- 14P-progesterone 
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list~ng of the literature pertaining to this field. 

(9). As an extension of this work, i t  appeared 
desirable to  synthesize the corresponding com- 
pounds of the 14P,17a-series, such as 14,19- 
dihydroxy-14P,17a-progesterone and 14,19-di- 
hydsoxy- 14P, 17a-cortexone (19). 

Suitable starting materials appeared to be 
17a-strophanthidin (2) and 17a-strophanthidol 
(5). Both 2 (10-13) and 5 (13), have been men- 
tioiled in the literature as products based on the 
enzymatic rearrangement of cymarin to 17a-cy- 
marin. A chemical method for the rearrangement 
of 17P-cardenolides to the 17a-epimers was first 
described by Reichstein et al. (14, 15). It co~lsists 
of heating the 17P-cardenolide in a solution of 
dimethylformamide in the presence of sodium 
p-toluenesulfonate and anhydrous sodium ace- 
tate. This method has recently been used for the 
epilnerization of strophanthidin (1) to  17a- 
strophanthidin (2) (16). In our laboratory this 
procedure, slightly modified, permitted a facile 
conversion of 1 to  2, as well as the conversion of 
strophant;l;Jo1(4) to 17a-strophanthidol(5). The 
latter (5) was also prepared by reducing 2, either 
with aluminium amalgam, or with sodium boro- 
hydride. For  preparative purposes it is more con- 
venient to epimerize 4 which is easily accessible 
by reduction of 1 (17). It appeared indicated 
to  characterize the 17a-compounds 2 and 5 by 
the preparation of a number of derivatives in 
which the cardenolide group is still intact. 
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4 5 6 8 
(amorphous) (amorphous) 

1.25 molc A c 2 0  

12 
(crude) 

Acetylation of 5 with an excess of acetic an- 
hydride yielded the amorphous 17a-strophan- 
thidol 3,19-diacetate (6). Treatment of 6 with 
potassium bicarbonate in aqueous methanol 
furnished two different monoacetates in addition 
to  the completely deacetylated 5. One of these 
partial deacetylation products was crystalline, 
whereas the other one was amorphous. The 
crystalline product was recognized to be 1701- 
strophanthidol 3-monoacetate (7), because it  
could also be obtained by an unambiguous 
sequence of chemical reactions. Thus, the acety- 
lation of 2 furnished the crystalline l7a-strophan- 
thidin 3-acetate (3) which, by reduction with 
aluminium amalgam, yielded a compound which 
was identical with the crystalline partial deacety- 
lation product of 6, viz. 7. The treatment of 5 
with 1.25 moles of acetic anhydride gave, in 
addition to  small amounts of unchanged 5 and 
the diacetate 6, an amorpl~ous product which was 
identical with the amorphous substance obtained 
by the partial deacetylation of 6. There was no 
evidence of the formation of the crystalliile 
substance 7 in this reaction. The amorphous 
compound accessible either by deacetylating 6 or 
by partially acetylating 5 was recognized to be 
17a-strophanthidol 19-monoacetate (8) by the 
following sequence of chemical reactions. In 
analogy with experiments conducted in the 17P- 

10 
(amorphous)  

series (9) 5 was selectively oxidized with N- 
bromoacetamide. This furnished 3-0x0-5,14,19- 
trihydroxy-~~~(~~)-5P,14P, 17a-cardenolide(l2)in 
amorphous form. Treatment of 12 with Girard's 
reagent T yielded a crystalline a,P-unsaturated 
ketone, viz. 3-0~0-14,19-dihydroxy-A~,~~(~~)-14~, 
1 7a-cardadienolide (11). This compound 11 
could also be obtained by first oxidizing the 
amorphous 8 with chromic acid. This gave the 
crystalline 3-0x0-5,14-dihydroxy-19-acetoxy- 
~~~(~~)-5~,14~,17a-cardenolide (9) which, on 
treatment with Girard's reagent T, underwent 
dehydration furnishing the amorphous 3-0x0-14- 
hydroxy-19-acetoxy-~4~20(22)-14~, 17a-carda- 
dienolide (10). Saponification of 10 gave the 
crystalline compound 11 which was identical with 
the product prepared from 5 by way of 12 (vide 
supra). Acetylation of a sample of 11, obtained 
from 12, gave an amorphous product which was 
identical with compound 10 prepared from 8 by 
way of the crystalline 9. 

In the preparation of 14,19-dihydroxy-14P, 17a- 
cortexone (19), 5 was first subjected to ozonolysis 
which furnished, after reductive cleavage of the 
ozonide and hydrolysis of the 21-glycolate, the 
crystal l ine 3p,5,14,19,21-pentahydroxy - 
5P,14P,17a-pregnan-20-one (13). Acetylation of 
13 gave the amorphous 3P,19,21-triacetoxy- 
5,14-dihydroxy -5P, 14P, 17a-pregnan-20-one 
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5 13 18 19 

J 1 
(crude) 

CH20.Ac 
I / ! CH20.Ac I 

CO COOH COOH 

14 15 21 20 

J (amorphous) 

(14).'" Selective oxidation of the ketol 13 with 
N-bromoacetamide gave the crude 5,14,19,21- 
te t rahydroxy-5P,  14P, 17a-pregnane-3,20- 
dione (18) which was subjected to treatment with 
Girard's reagent T without previous purification. 
This yielded the crystalline 14,19-dihydroxy- 
14P,17a-cortexone (19). Acetylation of 19 fur- 
nished 14,19-dihydroxy-14P,17a-cortexone 19,21- 
diacetate (20) in amorphous form. 

For further characterization, the ketols 13 and 
19 were subjected to degradation studies. Oxida- 
tion of 13 with sodium periodate in aqueous 
methanol yielded predominantly an acid which 
was found to be identical with 3P,5,14,19- 
tetrahydroxy-5P,14P, 17a-etianic acid (15) pre- 
pared previously (18) by a different approach. A 
small amount of neutral material was recognized 
as methyl 3p,5,14,19-tetrahydroxy-5P,14P,17a- 
etianate (16) which could also be obtained by 
treating 15 with diazomethane. The identity with 
an authentic sample (18) was firmly established. 
By acetylating 16, methyl 38,19-diacetoxy-5,14- 
dihydroxy-5P,14P,17a-etianate (17) resulted, 
which likewise proved identical with a product 

5"Note added in proof: Meanwhile, Dr. Martin Matner 
in this laboratory has obtained the triacetate 14 in a 
crystalline form; n1.p. 131-133". The infrared spectrum 
is similar to that of the amorphous product. Details will 
be published later. 

which had been prepared earlier (19) from an 
authentic sample (IS) of 16. The oxidation of 
14,19-dihydroxy-14P,17a-cortexone (19) with 
sodium periodate gave 3-0x0-14,19-dihydroxy- 
A4-14P,l7a-etienic acid (21) which, by treatment 
with diazomethane, was converted into the 
methyl ester, viz. methyl 3-0x0-14,19-dihydroxy- 
A4-14P,l7a-etienate (22). 

Discussion of Previous Work 

In an earlier publication from this laboratory 
(19) dealing with the ozonization product of 
strophanthidol diacetate and its saponiiication, a 
number of by-products were described. To one of 
these compounds, (m.p. 243.5-244.5 "C), we 
assigned the structure of 3P,5,14,19,21-penta- 
hydroxy-5P,14P,17a-pregnan-20-one, to another, 
(m.p. 220-222.5 "C ; 221.5-223.5 "C), the struc- 
ture of the corresponding 3,19,21-triacetate, viz. 
30,19,21-triacetoxy-5,14,dihydroxy-5P, 14P,l7a- 
pregnan-20-one. Hence these compounds should 
have proven identical with the products 13 and 14 
ofthe present paper. 

A careful reexamination of the old reference 
samples and comparison with the products 
described in the present paper, unexpectedly, did 
not establish identity. The melting points of the 
"old pentol-20-one" (m.p. 243.5-244.5 "C) and 
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the corresponding product 13 from this work 
(m.p. 255-257 "C) were different and the mixture 
melting point was depressed (230-242 "C). Sur- 
prisingly, the sample of the "old pentol-20-one" 
did not show carbonyl absorption in the infrared 
spectrum and gave a negative reaction with blue 
tetrazolium. In a like fashion, the "old 3,19,21- 
triacetate" (m.p. 220-222.5 "C; 221.5-223.5 "C) 
proved to  be different from the corresponding 
product 14 which was obtained in aniorphous 
form.'" Several analytical samples of the "old 
3,19,21-triacetate," meltingpointsas quoted, gave 
essentially identical infrared spectra which, how- 
ever, were different from that of product 14 of 
the present paper. Furthermore, all of the samples 
(altogether four) of the "old 3,19,21-triacetate" 
gave a negative reaction with blue tetrazolium, 
whereas product 14 of the present paper gave a 
positive reaction almost instantaneously. This 
shows that, despite the evidence presented a t  that 
time (including elemental analysis), the "old 
pentol-20-one" and the "old 3,19,21-triacetate" 
cannot possess the structures now assigned to  13 
and 14 respectively. 

The evidence in the earlier paper (1 9) support- 
ing the structure of the "old pentol-20-one" 
included oxidation studies with periodic acid 
which supposedly led to 3P,5,14,19-tetrahydroxy- 
5P,14P,17a-etianic acid (15) which was claimed 
to be identical with authentic material (18) on the 
basis of the mixture melting point. Furthermore, 
i t  was claimed that both, the isolated acid (19) and 
the authenticacid (IS), could beconvertedinto the 
same ethyl ester (mixture m.p.). In  view of the 
preceding findings the reference samples of the 
ethyl ester were also reexamined. Thin-layer 
chro~natography demonstrated that the material 
prepared from the isolated acid represented a 
mixture, whereas the ethyl ester prepared from 
the authentic acid (18) was uniform. The infrared 
spectra of the two samples were not identical. 

Due t o  the lack of sufficient material, i t  is not 
possible a t  this time to  elucidate the actual 
structures of the two compounds reported earlier 
(1 9). 

Biological Activity 
Bioassays for mineralocorticoid activity were 

carried out a t  the Endocrine Laboratories in 
Madison, Wisconsin, under the direction of Dr. 
Elva G. Shipley. The authors are indebted to  
Dr. Ralph I. Dorfman, Director of the Institute 
of Hormone Biology, Syntex Research Center, 

Palo Alto, California, for having arranged these 
assays and for the interpretation of the observed 
results. 

14,19-Dihydroxy-14P, 17a-cortexone (19) ap- 
pears to  exhibit sodium excreting activity in the 
adrenalectomized rat, but under the conditions 
employed, it did not antagonize the sodium 
retaining activity of cortexone (Table I). This 
response will be further investigated. 

Experimental 
The melting points were determined with a Fisher- 

Johns melting point apparatus and are uncorrected. The 
true melting points are approxiniately 4 OC lower than 
those recorded. 

The ultraviolet (u.v.) spectra were determined in 95 % 
ethanol with a Beckman model D U  spectrophotometer or  
a Cary model 14 recording spectrophotometer. The 
infrared (i.r.) spectra were measured in potassiulii 
bromide disks on the Perkin-Elmer 421 spectrophoto- 
meter. 

The microanalyses were performed by Mr. Ernst 
Thonimen, Bettingen bei Basel, Switzerland or by the 
Mikrolaboratorium (Director, W. Manser), Labora- 
torium fur Organische Cheniie, Eidgenossische Tech- 
nische Hochschule, Zurich, Switzerland. Thanks are due 
to Professor V. Prelog for this courtesy. 

In  optical rotation determinations no correction for 
crystal solvent has been made. Unless otherwise stated, 
the sample was dissolved in chloroform to make 2 nil of 
solution and the optical rotation was determined in a 
2-dni semimicro tube. 

17a-Strophnr~thidirz (2) from Strophar~tlrirlirr ( I )  
A mixture consisting of 10 g of strophanthidin (I), 

300 nil of dimethyl formamide, 5 g of anhydrous sodium 
acetate, and 5 g of sodium p-toluenesulfonate was heated 
at 120 "C under a stream of nitrogen for 23 h.  Aftcr 
removing the solvent in vacuo the residue was suspended 
in 500 ml of water and extracted with two 200 nil and 
four 100 ml portions of ethyl acetate - methanol (9:l). 
The organic solution was washed with saturated aqueous 
sodium chloride and dried over sodium sulfate. Removal 
of  the solvent gave a sticky residue from which yellow 
crystals, n1.p. 242-249 "C, were obtained. Two recrystal- 
lizations from methanol gave 1.8 g of 17a-strophanthidin 
(2) as slightly pinkish needles, n1.p. 252-254 "C. Legal 
test was positive; [a],23 $32", MDZ3 f 129' (17.5 mg in 
2 ml of chloroform containing 4 drops of 95% ethanol, 
a $0.56"). [Lit. (13) m.p. 250-254 'C, [a], -137.1" 
(MeOH); lit. (16)m.p. 253-255 "C, [a], -k38" (MeOH)]; 
h,,,(alcoliol) 219 mp, E 15 900; 295 mp, E 43. v,,,(KBr) 
3550 (sharp, free OH), 3300 (very broad, bonded OH), 
2760 (C-H stretch of CHO), 1785 and 1745 (CO of  
lactone ring), 1707 (CO of CHO), 1618 (C=C), 1035 
(C-0 of C-OH) cm- '. 

Anal. Calcd. for Cz3H3,06: C, 68.29; H, 7.97. Found:" 
C, 68.12; H, 8.05. 

6Tlie microanalysis was performed at Eidgenossische 
Technische Hochschule, Ziirich, Switzerland. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUPTA AND EHRENSTEIN: INVESTIGATIONS ON STEROIDS. XL 261 1 

TABLE I 
The influence of 14,19-dihydroxy-14(3,17a-cortexone (19) on the sodium and potassium excretion in the male 

adrenalectoniized rat* 
-- -- 

Mean body Na excretion$ K excretion4 Change in 
Dose weightt (g) (mg) (nlg) Na excretion 

Compound(s) administered (~18) (range) (range) (range) ( %) 

- - 144 1.17 2.31 - 
(142-145) (0 53-1 .70) (1.32-3.21) 

Cortexone 1 . 5  150 1.10 4.16 -6 
(142-155) (0.53-1.49) (1.9-5.0) 

6 150 0.20 3 64 - 83 
(142-1 54) (0.12-0.42) (2.26-5.58) 

14,19-Dihydroxy-14p,17a-cortexone 1 1 44 1.52 2.54 4- 30 
(138-157) (0.70-2.50) (1.56-4.06) 

25 144 1 .57 2 .0  + 34 
(137-148) (1.13-2.57) (1.15-2.13) 

100 144 2.31 3.31 + 97 
(141-152) (1.16-3.34) (2.404.50) 

Cortexone 6 148 0.16 3.15 - 86 
14,19-Dihydroxy-14p,17a-cortexone 100 (143-155) (0.09-0.24) (2.4G4.50) 

*Adrenalectomy was performed 48 h before the assay, an.d the urethras were ligated at the fourth hour. Urine was collected for 2 h from the 
fourth to slxth hour after treatment by subcutaneous ~nject~on. 

1Fite rats were used per group. 
:Urinary Na and K were determined by flame photometry. 

I7a-Strophatltlridit~ 3-Acetate (3) fro111 17a-Strophatrrhiclitr 
(2) 

A solution of 500 mg of 2 in 10 ml of pyridine and 
10 ml of acetic anhydride was kept at room temperature 
for 64 h. After the addition of 100 ml of water and acidi- 
fication with hydrochloric acid, the mixture was extracted 
with ethyl acetate and the extracts were worked up as 
usual, yielding 568 mg of a crude product which on two 
crystallizations from acetone-hexane gave 265 mg of pure 
3, 111.P. 178-180 "C; [aIDz5 +43.e,  MDz5 +194O (17.5 
nig, a j0.76"); h,,,(alcohol) 218 mp, E 15 700. v,,,(KBr) 
3560 (free OH), 3460 (very broad, bonded OH), 2750 
(C-H stretch of CHO), 1775 and 1735 (CO of lactone 
ring, CO of -OAc), 1715 (CO of CHO), 1615 (C=C), 
1230 (C-0 of C-OAc), 1030 and 1010 (C-0 of 
C-OH and C-OAc) cm-'. 

Anal. Calcd. for CzSH3407: C, 67.25; H, 7.87. F ~ u n d : ~  
C, 66.86; H, 8.15. 

Rerl~rrriotr of I7a-Stiophatrrlrirli,1 3-Acetate (3) to 17a- 
Stiopl1anthirlol3-Monoacerate (7) 

Aluniinium amalgam was prepared from 200 mg of 
aluminium foil as described previ~usly .~ After adding a 
solution of 200 nig of 3, m.p. 178-180 "C, in 10 ml of 
95% ethanol, the mixture was kept at room temperature 
overnight. After filtering and repeatedly extracting the 
aluminium hydroxide with boiling ethanol, the combined 
filtrates wcre evaporated to dryness irz uacuo, yielding 
199 mg of material. Two recrystallizations from acetone- 
liexane gave 119 mg of 7 as shining prisms, m.p. 231- 
233 'C; [aID2' +51.8", MDZ5 +2320 (19.1 nig, a +0.99"). 

7For method cf. ref. 17. 

h,,,(alcohol) 218.5 mp, E 15 300. v,,,(KBr) 3560 (sharp, 
free OH), 3380 (very broad, bonded OH), 1800 and 1720 
(CO of lactone ring), 1680 (CO of acetate), 1615 (C==C), 
1290 (C-0 of C-OAc), 1030 (C-0 of C-OH and 
C-OAc) cm- '. 

Anal. Calcd. for Cz5H3G07:  C, 66.94; H, 8.09. F ~ u n d : ~  
C, 66.89; H, 8.25. 

I7a-Stroplmt1thido1(5) 
( A )  By Epin~erizatiotl of Stropl1crnthidol(4) 
A mixture containing 39.5 g of strophanthidol (4), 

m.p. 142-144 "C, 1200 ml of dimethyl formamide, 20 g of 
anhydrous s o d i u ~ i ~  acetate, and 20 g of sodiump-toluene- 
sulfonate was heated at 120 "C for 24 h under a stream of 
nitrogen and the solvent was then removed in uacuo. 
After the addition of 2 1 of water and saturation with 
sodium chloride a resulting white precipitate was re- 
moved by filtration and the filtrate was extracted with 
six 300ml portions of chloroform-methanol (4:l). The 
extracts were washed with saturated aqueous sodium 
chloride and dried over sodium sulfate. Removal of the 
solvent yielded a residue which was combined with the 
precipitate. Three crystallizations from methanol gave 
9.88 g of 5, n1.p. 255-257 "C. The remaining material, 
approximately 29 g, was treated with 900 n1l of dimethyl 
formaniide, 15 g of anhydrous sodium acetate and 15 g 
of sodium p-toluenesulfonate and the reaction product 
was worked up as described above. This yielded 5.77 g of 
additional crystalline 5, n1.p. 255-257 "C. The renewed 
treatment ofthenon-crystalline material gave in analogous 
fashion 3.51 g: of crvstalline 5.111.~. 255-257 "C. The total 
yield of pure% was: 19.16 g (48.5%). In one of the repeat 
experiments the total yield of5, m.p. 257-259 "C, obtained 
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from 20 g of 4 was 14.24 g (71.3 %). [a]D22 +33.g0, 
MDZ2 +137' (19.8 mg in 2 ml of methanol, a +0.67"); 
[fit. (13) m.p. 260-262 "C, [U]D +41.3" (MeOH)]. 
h,,,(alcohol) 220 mp, E 15 000; v ,,,, (KBr) 3460 (OH), 
3400 (OH), 1795 and 1730 (CO of lactone ring), 1620 
(C==C), 1028 (C-0 of C-OH) cm- I. 

Anal. Calcd. for C23H3.$06: C, 67.95; H, 8.43. Found? 
C, 68.10; H, 8.78. 

(B) By Reclricfion of l7a-Stropharrtkidir~ (2) 
(a) Wit11 nl1in7iniilm an1a1gnm'-To 1.7 g of aluminium 

foil which had been converted into amalgam was added 
a solution of 1.7 g of 17a-strophanthidin (2) in 100 ml of 
95 % ethanol. After standing at room temperature over- 
night, 2 ml of water were added and a few hours later 
the mixture was worked up as usual. This yielded by 
direct crystallization 643 mg of pure 17a-strophanthidol 
(5), m.p. 256-258 'C, which was identical with an au- 
thentic sample (vide supra; mixture m.p., paper chroma- 
togram). By further concentrating the ethanolic mother 
liquor, an additional 274 rng of 5, m.p. 256-258 "C, 
resulted. The filtrate was then evaporated to dryness 
and the residue was recrystallized from acetone, furnishing 
211 mg of 5, m.p. 255-257 OC. The total yield of pure 5 
was 1.13 g. 

(6) With sodium borol/ydrideS-To 250 mg of 17a- 
strophanthidin (2) dissolved in 15 ml of 80% aqueous 
dioxane was added a solution of 90mg of sodium 
borohydride in 9 ml of 80% aqueous dioxane, over 
a period of 1 h. After stirring the mixture at room 
temperature for 6 h, it was acidified with sulfuric acid 
(Congo Red), diluted with lOOml of water and, after 
saturating with sodium chloride, extracted with five 50 ml 
portions of chloroform-methanol (4:l). The extracts 
yielded an oily product which was dissolved in 15 ml of 
methanol and, after the addition of 1.25 g of D-mannitol 
and 15 ml of 0.1 N sulfuric acid, the mixture was refluxed 
for 30 min. It was then diluted with 100 ml of water and 
extracted with five 50 ml portions of chloroform. After 
drying and evaporating the solvent, the extracts yielded 
212 mg of a residue which on two crystallizations from 
acetone gave 148.4 mg of 17a-strophanthidol (5), m.p. 
254-256 "C, which was identical with an authentic 
sample (mixture rn.p., paper chromatogranl). 

17a-Stropkar1tl1idol3,19-Diacetate (6) from 17a- 
Stroplra~ztkidol (5) 

A solution consisting of 1 g of 5, lOml of pyridine, and 
10 ml of acetic anhydride was kept at room temperature 
for 3 days. The mixture was worked up as usual yielding 
1.4 g of a foam (not dry!) which resisted attempts at 
crystallization and, therefore, was chromatographed over 
50 g of alumina (activity 11). Elution with benzene and 
benzenexhloroform yielded practically no material. 
Six portions of 100 ml of chloroform eluted: (1) 562.0 mg, 
(2) 499.6 mg, (3) 159.5 mg, (4) 31.0 mg, (5) 8.4 rng, and 
(6) 4.0mg of amorphous product. Subsequent elution 
with chloroform-methanol gave 79.0mg of material. 
Paper chromatography (system: chloroform-benzene 
(1 :1) - formamide; reagent: alkaline 3,5-dinitrobenzoic 
acid) indicated that fractions (I), (2), (3), and (4) were 
uniform. They represented the pure diacetate 6 and were 

'For method cf. ref. 20. 

combined (total yield: approximately 1.2 g). This 
amorpl~ous product resisted all attempts at crystallization; 
v,,,(KBr) 3500 (very broad, bonded OH), 1775 (CO of 
lactone ring), 1735 (CO of lactone ring and acetate), 
1620 (C==C), 1320 (CH3 of OAC), 1230 (C-0 of 
C-OAc), 1030 (C-0 of C-OH and C-OAc) cm-l. 

Partial Deacetylation of 17a-Strophanthidol3,19-Diacetate 
(6): 17a-Strophar1thidol3-Morroacetate (7) arrd 17a- 
Strophar1thidol19-Mor~oacetate ( 8 )  

T o  690.8 mg of chromatographically purified amor- 
phous 6 (vide slrpra) dissolved in 50 ml of methanol was 
added a solution of 700 mg of potassium bicarbonate in 
25 ml of water. After standing at room temperature for 
16 h, the mixture was diluted with 250 ml of water and 
saturated with sodium chloride. Extraction with six 80 ml 
portions of chloroform-methanol (4:l) and working up 
as usual gave a residue which was chromatographed over 
100 g of alumina (activity I ;  40 x 105 mrn). Elution was 
performed with 100 ml portions of solvent. Chloroforn~ 
(fractions 1-3) yielded no material. Chloroform- 
methanol, 199:l (fractions 4-5) gave 249.0 mg of amor- 
phous product (a). Further elution with chloroform- 
methanol, 199:l (fractions 7-11) yielded 105.5mg of 
crystalline material (b). Chloroform-methanol, 99:l 
(fractions 12-13) and 49:l (fractions 14-17) eluted a total 
of 218.2mg of amorphous product (c). Practically 
nothing was obtained with chloroform-methanol, 19:l 
(fractions 18-20). Chloroform-methanol, 9:1, 4:1, 1 :1 
(fractions 21-23) gave a total of 92mg of crystalline 
material (d). The products (a), (b), (c), and (d) were 
examined by paper chromatography (system: benzene- 
chloroform (1 :I) - formamide; reagent: alkaline 3,5-di- 
nitrobenzoic acid). The product (a) was uniform; the Rf 
value was identical with that of the starting nlaterial 6 .  
The more polar crystalline material (6) was likewise 
uniform; two recrystallizations from acetone-hexane 
gave 88.1 mg of shining plates, m.p. 230-232 "C. This was 
identified as 17a-strophanthidol 3-monoacetate (7) by 
comparison with an authentic sample (vide s~rpra) 
(mixture m.p.; identical Rf value). The amorphous 
product (c) was recognized to be 17a-strophanthidol 
19-monoacetate (8) by comparison with an authentic 
sample (vide irtfra) (identical i.r. spectrum; same Rf value 
in t.1.c.). The crystalline material (d), on two recrystalliza- 
tions from acetone-hexane, gave 62 rng of colorless 
needles, m.p. 254-257 "C, and there was no depression of 
the m.p. upon admixture with an authentic sample of 
17a-strophanthidol (5). 

Partial Acetylatiorr of 17a-Strophantkidol (5) : 17a- 
Stropl~antkidol19-Monoacetate (8)  

To a solution of 2 g of 5 in 10 ml of pyridine was added 
0.6 ml of acetic anhydride (1.25 moles) and the ~nixture 
was kept at room temperature for 16 h. It was then 
diluted with lOOml of water, acidified with lOml of 
concentrated hydrochloric acid and, after standing 30 min, 
extracted successively with five 40 ml portions of ether 
and of chloroform. The aqueous phase was then saturated 
with sodium chloride and extracted with five portions of 
40 ml of chloroform-methanol (4:l). All these extracts 
represented mixtures as established by paper chromatog- 
raphy. They were combined and the reaction product was 
chromatographed over 150g of alumina (activity I ;  
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40 X 150 mm). Elution was performed with 100 ml 
portions of solvent. Methylene chloride - methanol, 
49:l (fractions 1-2) eluted 0.2 g of amorphous product 
(a). Methylene chloride - methanol, 49:l (fractions 3-7), 
19:l (fractions 8-9), 9 : l  (fraction 10) gave a total of 1.9 g 
of amorphous material (b). Methylene chloride - meth- 
anol, 9:1 (fraction 1 I), 4:1 (fractions 12-13), 1 :l (fractions 
14-15) yielded 0.2 g of crystalline product (c). Examina- 
tion of the individual fractions by paper chromatography 
(system: benzene-chloroform (I :I) - formamide; re- 
agent: alkaline 3,5-dinitrobenzoic acid) showed that (a) 
represented 17a-strophanthidol 3,19-diacetate (6) (com- 
parison with authentic sample; vide supra). There was no 
evidence of the presence of 17a-strophanthidol 3-mono- 
acetate (7). The uniform material (b) was recognized as 
17a-strophanthidol 19-monoacetate (8) (cf. the subse- 
quent reactions). v,,,,(KBr) 3420 (very broad, bonded 
OH), 1775 (CO of lactone ring), 1732 (CO of lactone ring 
and OAc), 1617 ( k c ) ,  1240 (C-0 of C-OAc), 1030 
(C-0 of C-OAc and C-OH) cm-'. The crystalline 
compound (c) was identified as 17a-strophanthidol (5). 

3-0xo-5,14-di/iydroxy-19-aceioxy-AZ0~ZZ~-5[3,I4~PI7a- 
cardenolide (9)  fro111 17a-Sirophanihidol 
19-Morloncetaie (8 )  

To 1 g of cliromatographically purified 8, as prepared 
by partial acetylation of 5 (cf. the preceding experiment), 
dissolved in 10 ml of pyridine was added a solution of 1 g 
of cliromium trioxide in 10 ml of pyridine. The mixture 
was stirred for 4 h at  room temperature and was then 
allowed to stand for 16 h. Subsequently it was diluted 
with a solution of 3 g of sodium sulfite in 50 ml of water 
and 90 niin later the mixture was extracted with two 75 ml 
and four 50 ml portions of chloroform. The extracts were 
repeatedly washed with dilute hydrochloric acid and 
water. After drying, evaporation of the solvent yielded 
824 mg of a material which, by two crystallizations from 
acetone-hexane, furnished 531 mg of 9 as needles and 
prisms, constant m.p. 212-214 "C; uniform in t.1.c. 
(solvent: chloroform-methanol, 4 : l ;  reagent: p-toluene- 
sulfonic acid); [a]DZ3 +30.6', MDZ3 +137' (14.05 mg in 
2 nil of cliloroform containing 3 drops of methanol, 
a $0.43"); h,,,(alcohol) 219 mp, E 15 300; v,,,(KBr) 
3570 and 3500 (free and bonded OH), 3110 (unsaturated 
C-H stretch), 1790 (shoulder), and 1740 (CO of lactone 
ring and of OAc), 1705 (C-3 CO), 1615 ( k c ) ,  triplet 
consisting of 1290, 1250, and shoulder at  1225 (C-0 of 
C-OAc), 1035 (C-0 of C-OH and C-OAc) cm-l.  

Anal. Calcd. for C Z ~ H ~ ~ ~ ~ :  C, 67.24; H, 7.68. Found: 
C, 67.14,9 67.09;'j H,  7.71,9 7.39.'j 

3-Oxo-14-l~ydroxy-19-acetoxy-A4~Z0~ZZ~-14[3,1 7a-carda- 
rlierlolide (10) and 3-0xo-14,19-dil1ydroxy-A~~~~'~~'- 
14p,17a-cardadierlolide (11) frorn 3-0xo-5,14-dil1y- 
rl,.o,~~-19-aceioxy-A~~~~~~-5[3,14~,17a-cardenolide (9) 

A solution of 0.45 g of 9, m.p. 212-214 "C, in 15 ml of 
glacial acetic acid was refluxed for 30 min, cooled, and 
diluted with I00 ml of water. The aqueous solution was 
neutralized with sodium bicarbonate and extracted with 
six ~orr ions  of 50 ml of chloroform. The extracts were 
washed with water, dried over sodium sulfate, and the 
solvent was distilled to yield 0.4 g of a foam. Attempts at  

gMicroanalysis performed by E. Thommen. 

crystallization failed. This product represented practically 
pure 10. The t.1.c. and the i.r. spectra were identical with 
those obtained with an authentic sample (vide itzJra). 
Saponification of 10 was first attempted with aqueous 
methanolic potassiu~n bicarbonate, at  room temperature, 
but was found to proceed to an insignificant extent. 
Hence, 200mg of 10 (preceding sample) dissolved in 
10 ml of  methanol was mixed with a solution of 200 mg of 
sodium carbonate in 5 ml of water. The mixture was kept 
at  room temperature for 16 h and was then diluted with 
100 ml of water, acidified with dilute hydrochloric acid, 
saturated with sodium chloride, and extracted with five 
50 ml portions of chloroform to give 121 mg of reaction 
product which was chromatographed over 6 g of alumina 
(activity 11; 10 x 70 mm). Elution was performed with 
20ml portions of solvent. Chloroform-methanol, 99:l 
(6 fractions) eluted 50 mg of product (a). Chloroform- 
methanol, 19:1, 9:l (6 fractions) gave 25 mg of material 
(b). On paper chromatography the product (a) showed a 
single spot with the same mobility as that of 11. The 
material (b) gave several spots indicating the presence of 
a mixture. The product (a), on two crystallizations from 
acetone-hexane gave 32 mg of prisms, m.p. 258-260 OC 
which proved identical with authentic 11 (vide infra) 
(mixture m.p.; paper chromatogram). 

3-0xo-5,14,19-tri/1ydmy-A~~~~~~-5~,14~,17a-carde1zolide 
(12) and 3-0xo-14,19-dil1ydro~y-A~~~~(~~)-I4[3,I7a- 
cardadierlolide (11) fronz l7a-Strophanihidol(5) 

A mixture containing 1 g of pure 5, 50 ml of 70% 
aqueous t-butylalcohol, and 750nlg of N-bromoacetamide 
was kept at  room temperature for 20 h. I t  was then 
decolorized by adding aqueous sodium thiosulfate and 
diluted with 200ml of water. Subsequently it was 
saturated with sodium chloride and extracted with six 
80 ml portions of chloroform-methanol (4:l) yielding 
I g of crude amorphous 12 which resisted attempts a t  
crystallization. It was used for the next step without 
purification. Hence, the crude 12 was dissolved in 80 ml 
of absolute ethanol and, after the addition of 2 g of 
Girard's reagent T and 3 ml of glacial acetic acid, the 
mixture was refluxed for 1 h. After cooling, a solution of 
3 g of sodium carbonate in 320 ml of water was added. 
Subsequent extraction with four 50 ml portions of chloro- 
form yielded 6 mg of non-ketonic material. The aqueous 
phase was then acidified with concentrated hydrochloric 
acid to pH 2 and, after standing for 90 min and subsequent 
saturating with sodium chloride, it was extracted with 
six portions of 50 ml of chloroform to give the ketonic 
material which on two crystallizations from methanol 
yielded 520 mg of pure 11, m.p. 258-260 "C. The mixture 
m.p. with 5, (m.p. 256258 "C), was depressed (215- 
235 "C). Renewed recrystallization of 11 gave the 
analytical sample, m.p. 259-261 "C. I t  gave only one spot 
in a paper chromatogram (system: ch1oroforn1-forma- 
mide; reagent: alkaline m-dinitrobenzene.l0 [a]D2' 
-k102.4", MDZZ $396' (21.1 mg in 2 ml of methanol, 

1°In this paper chromatogram (16 h) the relative 
mobility of 11 and 17a-strophanthidol (5) was 1:0.75. 
Approximately the same ratio (1 :0.7) was found to exist 
with the corresponding compounds of the l7g-series. 
Individually, the 170-compounds moved slightly faster 
than the 17a-epimers. 
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a +2.16"). h,,,(alcohol) 223 nlp, E 20 800;" v,,,(KBr) in 30 ml of water was added and the mixture was refluxed 
3560 (free OH), 3340 (bonded OH), 3020 (unsaturated under an atmosphere of nitrogen for 45 min. It was then 
C-H stretch), 1805 and 1720 (CO of lactone ring), 1655 diluted with 250 ml of water, saturated with sodium 
(C-3 CO), 1615 (C==C), 1035 (C-0 of C-OH) cm-'. chloride, and extracted with chloroform-methanol (9:l). 

Anal. Calcd. for CZ3H300g:  C, 71.48; H, 7.82. Found:' The extracts yielded in the usual fashion a residue which 
C. 71.72: H. 7.99. upon crystallization from methanol-ther gave 787 mg of 

3-Oxo-l4-lz~~dro~y-l9-acetox~-A~~~~~'~-14~,I7a-carda- 
dietzolide (10) fiotn 3-0x0-14,19-dilzydroxy- 
A4920(z2)-J4p, J7a-mdadienolide (11) 

A mixture of 100 mg of 11, m.p. 258-260 "C, 4 rnl of 
pyridine, and 2 ml of acetic anhydride was allowed to 
stand at room temperature for 20 h. It was evaporated 
to dryness in vacuo and the residue was worked up as 
usual yielding 105.3 mg of material which did not 
crystallize. It was chromatographed over 5 g of alumina 
(activity 11; 10 x 52 mm). Elution with benzene, benzene- 
ether combinations, ether, and ether-chloroform combi- 
nations furnished only traces of material. Elution with 
chloroform gave a total of 96 mg of 10 which resisted 
attempts at crystallization. It was uniform in paper 
chromatogram and t.1.c.; v,,,(KBr) 3450 (very broad, 
bonded OH), 3085 (unsaturated C-H stretch), 1775 
(CO of lactone ring), 1730 (CO of lactone ring and of 
acetate), 1650 (C-3 CO), 1615 (C==C), 1230 and 1030 
(C-0 of C-OAc) cm-'. 

3~,5,14,19,2l-Pe~ztahydroxy-5~,14~,17a-pregnm1-20-one 
(13) from 17a-Strophatzthidol(5) 

A total of 3 g of 5, m.p. 253-256 "C, was dissolved in a 
mixture of 75 ml of methanol and 225 ml of ethyl acetate. 
This solution was cooled in dry ice - acetone and oxygen 
containing approximately 3 %  ozone was passed in for 
20 min. The lilac colored, clear solution was allowed to 
remain in the cold bath for 10 min. After this time the 
color had practically disappeared and the ozonization 
was resumed for a further 15 min. The mixture was then 
kept in the cold for 1 h (retention of lilac color) and, after 
removing the excess ozone by passing oxygen through, 
the solvent was evaporated in vacuo at room temperature 
leaving an amorphous powder. To  a solution of this 
residue in 60 ml of glacial acetic acid 6 g of zinc dust were 
gradually added with simultaneous stirring and, after 
slightly warming the mixture for 90 min, the potassium 
iodide - starch reaction was negative. The precipitate was 
removed by filtration and washed with acetic acid. The 
filtrate was evaporated to  dryness in vacuo and the result- 
ing residue was extracted repeatedly with ample amounts 
of chloroform yielding, after removal of the solvent, 
1.45 g of material. By dissolving the precipitate (vide 
supra) in dilute hydrochloric acid and extracting with 
cl~loroform, 0.25 g of additional material resulted, in- 
creasing the total yield of the crude 21-glycolate of 13 to 
1.69 g. 

To the preceding crude glycolate (1.69 g), dissolved in 
100 ml of ethanol, a solution of 1.7 g of sodium carbonate 

"If the U.V. absorption curves of the 3-0x0-14,19- 
dihydroxy-A4~20~22~-14~,17a-cardadienolide (11) and 17a- 
strophanthidol (5) are plotted, and at the respective 
wavelengths, the E values of the latter (5) are deducted 
from those of the former (l l) ,  a curve results, typical of a 
simple a,p-unsaturated ketone: h,,,(alcohol) 244 mp, 
E 14 800 (cf. ref. 21). 

p;isms, m.p. 252-254 "C, representing pure 13. 
Repeat experiments were carried out under similar 

conditions in such a fashion that, after the ozonization 
of two 3 g lots of starting material ( 9 ,  the solutions were 
combined and worked up together. In two of these later 
experiments, 6 g of starting material (5) yielded 3.62 g 
(m.p. 250-252 "C) and 2.81 g (m.p. 254-256 "C) of 13 
respectively. Repeated recrystallization from methanol 
gave the analytical sample, m.p. 255-257 "C. The mixture 
m.p. with the starting material (5) was depressed. The 
product gave only one spot on paper chromatography 
(system: chloroform-formamide; reagent: alkaline blue 
tetrazolium) as well as t.1.c. (solvent: chloroform- 
methanol, 4 : l ;  reagent: p-toluenesulfonic acid); the 
mobility was slower than that of 5 ;  -35.2', 
MDZ3 -135' (12.35 mg in 2 ml of methanol, a -0.44"); 
v,,,(KBr) 3470 (free OH), 3320 (very broad, bonded 
OH), 1692 (C-20 CO), 1045 and 1010 (C-0 of C-OH) 
cm- '. 

Anal. Calcd. for CZlH3406: C, 65.94; H, 8.96. Found: 
C,65.83,965.57;6H,9.02,99.14.' 

3~,19,2I-Triaceto.~y-5,I4-dilgvdroxy-5~,l4~,17a-pre~tra1~- 
20-one (14) fro~tl 3~,5,14,19,21-Pentn/?y~Iroxj~- 
5p,l4P, 17a-pregtzarr-20-one (13) 

Several attempts to obtain the triacetate 11 in a 
crystalline form failed, even after chroinatography over 
alumina. A uniform amorphous samplegn was prepared 
as follows. A solution of 15 mg of the free ketol 13, m.p. 
256-258 "C, in 2 ml of pyridine and 1 ml of acetic 
anhydride was kept at room temperature for 40 h. The 
excess acetic anhydride was destroyed by the addition of 
25 ml of water and subsequent standing at room tempera- 
ture. After acidifying the mixture with 2 ml of concen- 
trated hydrochloric acid and extracting with ethyl acetate, 
the extracts were worked up as usual yielding 15 mg of 
the amorphous triacetate 14. The product gave only one 
spot in t.1.c. (several concentrations; solvent: chloroform- 
methanol, 4:1 and chloroform-isopropanol, 4:l respec- 
tively; reagent: p-toluenesulfonic acid). With blue tetra- 
zoliuin the substance gave a pronounced blue color 
almost instantaneously. v,,,,(KBr) 3540 (broad, bonded 
OH), 1720 (with shoulders towards higher frequency, 
CO), 1235 (C-0 of C-OAC), 1055 (C-0 of C-OH), 
1030 (C-0 of C-OAc) cm-'. 

5,14,19,21-Tetralyrlvoxy-5~,14p, 17a-pregna1re-3,20-rliotze 
(18) and J4,J9-Dil~ydroxy-l4~,17c~-cortesot~e 
(14,I9,21-Tril1ydroxy-A~-14~,17a-~re~netze-3,20- 
dione) (19) frotn 3~,5,14,19,2I-Penta/~j~drox.1~- 
5~,14~,17a-pregnan-2O-one (13) 

A mixture consisting of 440 mg of 13, m.p. 256-258 "C, 
25 rnl of 70% aqueous t-butyl alcohol, and 340 n ~ g  of 
N-bromoacetamide (Freshly purified (22); m.p. 100- 
108 "C; purity 97%) was kept at rooin temperature for 
20 h. I t  was subsequently decolorized by the addition of 
aqueous sodium thiosulfate. After saturating with sodiunz 
chloride, extraction with five 50 rnl portions of chloro- 
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Metl~yl3~,19-Dirrcetoxy-5,14-clihyclroxy-5(3,14~,17a- 
etiarzate (17) fror~z Metl1yl3~,5,14,19-Tetral1,~dro.~y- 
Sp,14~,17a-etin1zate (16) 

A solution of 6.4 mg of 16, n1.p. 223-225 "C, in 1 ml 
of pyridine and 0.5 ml of acetic anhydride was kept at 
room temperature for 18 h. After the addition of 20 ml 
of water and 30 min standing, the mixture was worked 
up as usual yielding the crude product which was not 
quite uniform (t.1.c.). It was reacetylated with 0.5 ml of 
acetic anhydride in 1 ml of pyridine (20 11). The resulting 
product which gave only one spot on t.1.c. was chromato- 
graphed over 2 g of alumina (activity 11). Elution with 
benzene-chloroform, 4 :1 and 1 :1, gave from ether- 
hexane 5.7 mg of needles; softening and resolidification 
at 73-75 "C, m.p. 184-185 "C. The m.p. of a sample which 
had been prepared previously (19) from authentic material 
(18), and which softened and resolidified at 74-76 "C, was 
175-181 "C; mixture m.p.: softening and resolidification 
at 73-76 "C, m.p. 181-184 "C. The identity was also 
confirmed by t.1.c. and comparison of the i.r. absorption 
spectra, v.,,,(KBr) 3575 and 3540 (OH), 1725 (CO of 
-OAc), 1707 ((2-20 CO), 1435 (CH3 of -COOCH3), 
1287, 1769 and 1237 (CO of C-OAc), 1170 (CO of 
-COOCH3); 1035 and 1020 (C-0 of C-OAc), 1000 
(C-0 of C-OH) cm- '. 
3-0x0-14,19-dihydroxy-A4-14p,I7a-efienic Acid (21) frorn 

14,19-Dihydr0.u~-14(3,17a-cortexone (19) 
To 69.2 mg of 19, m.p. 204-207 "C, dissolved in 7 ml of 

methanol was added a solution of 125 mg of sodium 
metaperiodate in 2 ml of water. On standing at room 
temperature, white crystals began to separate within 1 h. 
After a total period of 23 h the reaction mixture was 
diluted with 50 ml of water, acidified with a few drops of 
hydrochloric acid, and saturated with sodium chloride. 
Extraction with chloroform furnished, after drying over 
sodium sulfate and evaporation of the solvent, 40.3 mg 
of product. Two crystallizations from acetone-hexane 
gave 25.4 mg of 21 as fine needles, m.p. 246-248 "C; 
[aIDZ5 +79.3", MDZ5 f276' (11.1 mg in 2 ml of chloro- 
form containing 5 drops of 95% ethanol, a $0.88"); 
h,,,(alcohol) 244 mu, E 14 700; v,,,(KBr) 3440 (bonded 
OH), 3260 (OH), 3090 and 3020 (unsaturated C-H 
stretch), 1720 (CO of -COOH), 1635 (C-3 CO), 1610 
(shoulder, C=C), 1020 (C-0 of C-OH) cm-l. 

Anal. Calcd. for CZoH2s05: C, 68.94; 13.8.10. F ~ u n d : ~  
C, 68.43; H, 8.41. 

Metlryl-3-oso-14,19-dil~~~rlroxy-A4-14(3,l7a-etienate (22) 
fiorn 3-Oxo-14,19-dil1ycir.oxy-A~-I7(3,I7a-etienic 
Acid (21) 

To a solution of 29.8 mg of 21, m.p. 245-248 "C, in 
5 ml of ethanol was added ethereal diazomethane until a 
pale-yellow color persisted. After 30 min standing the 
solvents were evaporated Qz vacuo leaving 34.5 mg of a 
residue. Two crystallizations from acetone-hexane gave 
16.1 mg of 22 as prisms, m.p. 211-213 "C; +68.8", 

MDZ5 +24g0 (7.7 mg, a 0.53"); h,,,(alcohol) 243 mu, 
E 14 500; v,,,(KBr) 3470 and 3385 (bonded OH), 3020 
(shoulder, unsaturated C-H stretch), 1725 (CO of 
COOCH,), 1635 (C-3 CO), 1615 (shoulder, C=C), 1360 
(CH3 of -COOCH3), 1165 (C-0 of -COOCH,), 1040 
(C-0 of C-OH) cm-I. > -  - - - r - - -  

Anal. Calcd. for CZ1H3005: C, 69.59; H, 8.34. F ~ u n d : ~  
C, 70.12; H, 8.80. 

We should like to thank Dr. David Y. 
Cooper, 111, Harrison Department of General 
Surgical Research, for the determination of some 
of the ultraviolet spectra and Miss Maria Stoj- 
kewycz, Department of Obstetrics and Gyne- 
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spectra. 
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NOTES 

Tetrahydropyranyl protecting group. I. Tetrahydropyran-2-yl isocyanate 

D. E. HORNING AND J. M. MUCHOWSKI 
Bristol Laboratories of Canada, Candiac, Quebec 

Received April 10, 1968 

I t  is shown that monoalkyl and unsymmetrical dialkyl ureas, and alkyl carbamates, are preparable 
via a two-step sequence involving tetrahydropyran-2-yl isocyanate, and a primary or secondary amine, 
or an alcohol, respectively. 
Canadian Journal of Chemistry, 46, 2617 (1968) 

The synthesis of monoalkyl and/or unsym- 
metrical dialkyl ureas is usually accomplished1 
by the alkylamination of isocyanic acid, the 
amination of alkyl isocyanates and carbamyl 
chlorides, and by amine exchange with urea. 
Each method has specific advantages, but none 
is generally applicable. 

The decomposition of nitrourea (into nitramide 
and isocyanic acid) in the presence of a suitable 
amine is reported (3) to be an excellent route to 
both mono and unsymmetrical dialkyl ureas, but 
this attractive method has not enjoyed widespread 
application. 

In connection with another problem, we 
required a method whereby medium quantities of 
high molecular weight ureas (of the type dis- 
cussed above) could be obtained routinely and 
efficiently. The solution, in our estimation, was 
esselltially one of equipping isocyanic acid with a 
"handle" whose removal could be easily accom- 
plished subsequent to urea formation. The results 
presented below show that the tetrahydropyranyl 
group adequately fulfilled the stipulated require- 
ments. 

Tetrahydropyran-2-yl isocyanate, which has 
recently been-described in the patent literature 
(see Experimental), is a stable liquid conveniently 
prepared in the laboratory from 2-chlorotetra- 
hydropyran and silver cyanate. It reacted with 
primary and secondary amines to give excellent 
yields of 1-alkyl-3-tetrahydropyran-2-yl and 1,l- 
dialkyl-3-tetrahydropyran-2-yl ureas (see Table 
I). Their structures were substantiated by a 
nitrogen analysis, by infrared absorptions at 

'For brief compilations of the methods used to syn- 
thesize these compounds see refs. 1 and 2, and the papers 
cited therein. 

3435 f 20, 3355 $25, 1665 + 15, and 1550 + 15 
cm-' for the 1,3-disubstituted mernbeq2 and at 
3468, 1652, and 1514 cm-' for the trisubstituted 
compound, and lastly, and most significantly, by 
the conversion to the known ureas (Table 11) in 
satisfactory overall yield. 

The removal of the tetrahydropyranyl group 
was effected with 1% hydrochloric acid (ca. 
0.1 N) in refluxing 10% aqueous methanol (1 h).3 
For preparative purposes, the high yields obtained 
in the initial condensation, make the purification 
of the intermediate unnecessary; it is sufficient to 
evaporate the solvent in vacuo, and then to pro- 
ceed directly with the cleavage of the tetrahy- 
dropyranyl group. 

Tetrahydropyranyl isocyanate can also be used 
to synthesize alkyl carbamates, as is exemplified 
by the preparation of benzyl carbamate in 82% 
overall yield from the corresponding alcohol. 

2A series of eight 1,3-disubstituted ureas had strong 
absorption bands which occurred within the four specified 
regions. An absorption at 1670 cm-' has been tentatively 
assigned to the carbonyl stretching frequency of ureas (4). 

3These conditions are somewhat more vigorous than 
necessary since 1-benzyl-3-tetrahydropyran-2-yl urea was 
completely converted to benzyl urea in 2.5 h at room 
temperature, or in less than 5 min at reflux temperature. 
(The progress of the reaction was followed by thin-layer 
chromatography on alun~ina.) 

The protected urea was recovered unchanged after 1 h 
at  reflux temperature in benzene-containing acetic acid 
and a trace ofp-toluenesulfonic acid. 
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TABLE I 
1-Substituted-3-tetrahydropyran-2-yl ureas" 

-- -- - 

% N  
Melting point Crystallizationf 

R R 1 Yield (%)f ("C)? Calculated Found solvent 

11-Butyl H 86 79-8 1 13.99 13.88 A 
11-Propyl 11-propyl 100s 60-64 11.38s 11.56 A 
Benzyl H 95 11 8-1 20 11.96 12.08 B 
Phenyl H 93 181.5-183)) 12.72 12.81 
- C -- - 

*The prcparduon sequence can bc represenled as: 

+ Q N c o  -- m l N c o w Q  

?The y~e lds  and melting points refer t o  once crystallized prodncts. Unless otherwise stated, the analytical specimens had  
t h e  tlhttlrlte<I rneltinc noint~ .  .................. ...." ....... 

:A, cyclohexane - petroleum ether (b.p. 35-60'); 8. benzene-cyclohexane; C,  benzene. 
8100% YLeld o f  the cyclohexane solvate, C12H1-LN202:1/6 C G H I Z .  The presence of cyclohexane was corroborated bv  

astrongly r~ng inspenkof  the correct intensity a t  b 1.40 in the n.nl.r.spectrurn. Noo the r  solvent absorptions weredetectable. 
IlThe analytical specimen had m.p. 185-186". 

TABLE I1 

- . -- - -- 
~ . - 

Melting point ("C1.t 
Crystallization 

R R I Yield (%)-i' Observed Reported solvent - 
11-Butyl H 461 5 97-98 9611 Benzene 
ti-Propyl 11-propyl 745:i 133-1359;** 1 3 6  *:# Ether 
Benzyl H 72 S 147-149 15Wi Ethyl acetate 
Phenyl H 76 147-148 14711 Water 

*The preparation sequence may be represented as:  

tThc  yicl.lc . in1 melting po.nts rc'ic'r to oncccr),t.tlli~cd p ~ o d ~ . c t s .  T l ~ c  ) Lids arc b.ised on thes ta r t in~drn i i~c .  
:~ I1c rcnrn rn  ~togr .~pl l)  o n  rilic:~  el .In11 cr)st.tlli~.~tion. 
BWitl!ot t isol>t:o~i o i t h e  inrerme.l ;~tc  t:trCtl;ydropyr.~n).I urc.i. 
]]See ref. 3. 
'!Isolated as  the picrate. 
* * M e l t i n  point o f t h e  picrate. 

Experimentill 
The melti~lg points were determined in a Gallenkamp 

melting point apparatus and arc not corrected. The 
infrared (i.r.) spectra were measured in chloroform on a 
Perkin-Elmer 237-B grating spectrophotometer. The 
nuclear 111agnetic resonance (n.m.r.) spectrun~ was 
determined in deuteriochloroforn~ at 60 Mc.p.s. on a 
Varian A-60A spectrometer, with tetramethylsilane as an 
internal standard. 

Tetrn/1ydrollyrm-2-yl Isocyarlnte 
A 1 1,3-necked flask, equipped with a calcium chloride 

tube, a thern~on~eter, and a gas inlet tube, was charged 
with 8001111 of anhydrous benzene, and 35.0g (0.29 
mole) of 2-chlorotetrahydropyran (6). The magnetically 
stirred solution was cooled to OD, and while the apparatus 
was flushed with purified dry nitrogen, 58.0 g (0.386 
mole) of silver cyanate (7) was added all at once; a 6' 
temperature rise occurred. The cooling bath was removed 
and the mixtirre was stirred at room temperature for 2 11 
with protection from light. The solids were removed by 
filtration through Celite, the filter cake was washed with 
dry benzene, and the filtrate was flash distilled irz vnclto 

(ca. 15 nlm) below 30". The oil which remained was 
fractionally distilled in vnclto, and the fraction, 23.2 g, 
b.p. 61-62"/16 mm, rrDzo = 1.4519, was collected. The 
flash distillate from above was evaporated in vacrro at 20° 
to give 2.1 g of an oily residue, which on fractionation 
it1 uncllo gave an additional 1.15 g of the isocyanate. The 
combined yield was 24.35 g(66.5 %). 

Tetrahydropyranyl isocyanate had a strong i.r. 
absorption (liquid film) at 2257 cm-'. The n.m.r. 
spectr~un consisted of a singlet with fine structure at 
6 5.07, a complex ~nultiplet between 6 3.50 and 4.15, and 
a broad singlet at 6 1.68, with an integral ratio of 1:2:6 
respectively. 

This isocyanate has recently been prepared from iso- 
cyanic acid and tetrahydropyran (8), and from 2-chloro- 
tetrahydropyran and alkali metal cyanates in mixed 
solvent systems (9). It is reported to have b.p. 51-52"/7 
mm (8), and 47-48"/11 mm, and noZ0 = 1.4500 (9). 

Prepmariorz of Urens 
(a) 1-Substituted-3-tetrnI1~~dropyrat1-2-yl Ureas 
A solution of 1.27 g (10 mmoles) of tetrahydropyran-2- 

yl isocyanate in 30 ml of anhydrous benzene containing 
10 mmoles of the amine, was heated at reflux temperature 
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for 2 11. If tlie urea did not crystallize on cooling, the 
solvent \vas removed in vacuo, and the solid residue was 
crystallized from the solvent system indicated in Table I. 

Alternatively, the crude residue could be used directly 
in tlie next step as described below. 

(6 )  1-Srrbstitrrted (Ireas 
The urea, in a solution made up of 1 part of 10% 

hydrochloric acid and 9 parts of methanol (10 ml/mmole), 
was heated at  reflux temperature for 1 h on a steam bath. 
Most of tlie solvent was removed ir~ vaclro, the residue was 
diluted with water, and the urea was extracted into ethyl 
acetate. The dried (sodium sulfate) extract was evaporated 
irr vaclro, and the residue was crystallized frbm the 
appropriate solvent (Table 11), or it was taken up in ether 
and added to an excess of picric acid in the same solvent. 

Berrzyl Crrrbarrrate 
T o  a solution of the isocyanate (1.907 g, 15 mmoles) in 

45 ml of dry benzene, was added 1.58 ml (1.65 g, 15.3 
n~nioles) of benzyl alcohol and 1 ml ofanhydrous pyridine. 
After 24 h at reflux teliiperature (when 5 wt % of sodium 
hydride was utilized as a catalyst, the reaction was com- 
plete in 4 li), the solvent was removed irr vacuo, the solid 
residue was taken up in hot cyclohexane (10 ml) diluted 
with 10 nil of petroleum ether (b.p. 30-65"), seeded, and 
left to cool. A beautifully crystalline solid, 3.19 g, m.p. 
82-83" was obtained. Evaporation of the mother liquor 
and crystallization of the residue as above, gave an addi- 
tional 0.06 g of the product, m.p. 81-82.5". The conibined 
yield was 3.25 g or 92.2% based on the isocyanate. For 
analysis, the solid was twice crystallized TI-om the above 
solvent system, and then dried irz vacrro over phosphorous 

pentoxide at room temperature for 15 h. The melting 
point was not raised. 

Anal. Calcd. for C13H,,N03: N, 5.95. Found: N, 
6.07. 

The tetrahydropyranyl group was removed in the 
same manner as described in the urea section. The yield 
of benzyl carbamate obtained upon crystallization of the 
crude product from 1:l benzene-cyclohexane, was 89 % 
or 82% based on the starting isocyanate. The product 
had m.p. 85-88", undepressed on admixture with an  
authentic specimen of benzyl carbamate. 
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Oligomerization of isoprene 
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The oligonie~.ization of isoprene with lithium naphthalene and the dinierization or isoprene with 
alltali dispersion are described. Isoprene dinier, prepared by the action of lithium naphthalene, is a 
mixture of 2,6-dimethyl-2,6-octadiene and 2,7-din1ethyl-2,6-0ctadiene, but the trimer, tetramer, and 
hexamer are a mixture of 3,4-adducts of isoprene to the above mentioned isoprcne dimer. The authors 
have found that alkali dispersion in the presence of a Lewis base is able to dimerize isoprene. 

Cnnndinn Journal  o f  Chemistry, 46, 2619 (1968) 

It is well known that alkali naphthalene and 
alkali dispersion are effective for the natural 
polymerization of conjugated dienes. The studies 
on the mb-ostructure of polyisoprene and 
polybutadiene have been investigated by many 
workers (I). These studies have not, however, 
confirmed the production of oligomers of iso- 
prene, such as monoterpene and sesquiterpene. 
The natural oligomerization of a-methylstyrene 
to  the tetramer has recently been studied (2), 
but the oligomerizatio~l of isoprene has not been 
reported. It inay be suspected that an oligomer of 

isoprene may be prepared from the monomer 
in the presence of excess lithium naphthalene. 
The authors prepared various isoprene oligomers 
by the action of lithium naphthalene and alkali 
dispersion in tetrahydrofuran solution. 

Anionic oligomerization of isoprene, involving 
lithium naphthalene and proceeding in a tetra- 
hydrofuran solution in the usual fashion (3), 
affords isoprene oligomers, and tlie typical 
results are presented in Table I. From these 
results, it can be said that the use of 1 mole of 
isoprene per mole of lithium gives mainly the 
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for 2 11. If tlie urea did not crystallize on cooling, the 
solvent \vas removed in vacuo, and the solid residue was 
crystallized from the solvent system indicated in Table I. 

Alternatively, the crude residue could be used directly 
in tlie next step as described below. 

(6 )  1-Srrbstitrrted (Ireas 
The urea, in a solution made up of 1 part of 10% 

hydrochloric acid and 9 parts of methanol (10 ml/mmole), 
was heated at  reflux temperature for 1 h on a steam bath. 
Most of tlie solvent was removed ir~ vaclro, the residue was 
diluted with water, and the urea was extracted into ethyl 
acetate. The dried (sodium sulfate) extract was evaporated 
irr vaclro, and the residue was crystallized frbm the 
appropriate solvent (Table 11), or it was taken up in ether 
and added to an excess of picric acid in the same solvent. 

Berrzyl Crrrbarrrate 
T o  a solution of the isocyanate (1.907 g, 15 mmoles) in 

45 ml of dry benzene, was added 1.58 ml (1.65 g, 15.3 
n~nioles) of benzyl alcohol and 1 ml ofanhydrous pyridine. 
After 24 h at reflux teliiperature (when 5 wt % of sodium 
hydride was utilized as a catalyst, the reaction was com- 
plete in 4 li), the solvent was removed irr vacuo, the solid 
residue was taken up in hot cyclohexane (10 ml) diluted 
with 10 nil of petroleum ether (b.p. 30-65"), seeded, and 
left to cool. A beautifully crystalline solid, 3.19 g, m.p. 
82-83" was obtained. Evaporation of the mother liquor 
and crystallization of the residue as above, gave an addi- 
tional 0.06 g of the product, m.p. 81-82.5". The conibined 
yield was 3.25 g or 92.2% based on the isocyanate. For 
analysis, the solid was twice crystallized TI-om the above 
solvent system, and then dried irz vacrro over phosphorous 

pentoxide at room temperature for 15 h. The melting 
point was not raised. 

Anal. Calcd. for C13H,,N03: N, 5.95. Found: N, 
6.07. 

The tetrahydropyranyl group was removed in the 
same manner as described in the urea section. The yield 
of benzyl carbamate obtained upon crystallization of the 
crude product from 1:l benzene-cyclohexane, was 89 % 
or 82% based on the starting isocyanate. The product 
had m.p. 85-88", undepressed on admixture with an  
authentic specimen of benzyl carbamate. 
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The oligonie~.ization of isoprene with lithium naphthalene and the dinierization or isoprene with 
alltali dispersion are described. Isoprene dinier, prepared by the action of lithium naphthalene, is a 
mixture of 2,6-dimethyl-2,6-octadiene and 2,7-din1ethyl-2,6-0ctadiene, but the trimer, tetramer, and 
hexamer are a mixture of 3,4-adducts of isoprene to the above mentioned isoprcne dimer. The authors 
have found that alkali dispersion in the presence of a Lewis base is able to dimerize isoprene. 

Cnnndinn Journal  o f  Chemistry, 46, 2619 (1968) 

It is well known that alkali naphthalene and 
alkali dispersion are effective for the natural 
polymerization of conjugated dienes. The studies 
on the mb-ostructure of polyisoprene and 
polybutadiene have been investigated by many 
workers (I). These studies have not, however, 
confirmed the production of oligomers of iso- 
prene, such as monoterpene and sesquiterpene. 
The natural oligomerization of a-methylstyrene 
to  the tetramer has recently been studied (2), 
but the oligomerizatio~l of isoprene has not been 
reported. It inay be suspected that an oligomer of 

isoprene may be prepared from the monomer 
in the presence of excess lithium naphthalene. 
The authors prepared various isoprene oligomers 
by the action of lithium naphthalene and alkali 
dispersion in tetrahydrofuran solution. 

Anionic oligomerization of isoprene, involving 
lithium naphthalene and proceeding in a tetra- 
hydrofuran solution in the usual fashion (3), 
affords isoprene oligomers, and tlie typical 
results are presented in Table I. From these 
results, it can be said that the use of 1 mole of 
isoprene per mole of lithium gives mainly the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2620 CANADIAN JOURNAL OF  CHEMISTRY. VOL. 46, 1968 

TABLE I 
Oligomerization of isoprene with lithium naphthalene 

-- - 

Reaction conditions (molar ratio) Products (yield, %) 

High 
Lithium Isoprene Naphthalene Dimer Trimer Tetramer oligomer* Residue 

- - -- A- -- 

1 1 0 .5  40 5 20 10 
1 1 .5  0 .5  7 35 7 24 16 
I 2 .0  0.5 2 5 40 30 20 
I 3 .0  0 .5  0 0 2 65 25 

* I t  was distilled with molecular distillation, b.p. 100-210 'C at lo-' Torr. 

TABLE I1 
Nuclear magnetic resonance spectra of the saturated isoprene oligomers 

-- 

Proton numbers (6, ~ .p .m. )  

Hydrocarbon CH3- -CH,- -CH- Total 
I 

-- 

Saturated trimer 17(0.85) l l ( 1 . 2 )  4(1.6) 32 
Standard sesquiterpene* 15(0.85) 14(1.2) 3 (1 .6) 32 
All 3,4-adduct (trimer)f 21 6 5 32 

Saturated tetrarner 22 (0.9) 15 (1.25) 5 (1.6) 42 
Standard diterpenet lS(0.9) 20(1.25) 4(1.6)  42 
All 3,4-adduct (tetramer)f 27 8 7 42 

Saturated hexamer 36 (0.85) 26 (1 .6-1.2) 62 
Standard squalane 24 (0.8) 38 (1.6-1.2) 62 
All 3,4-adduct (hcxarner)$ 39 23 62 

*2,6.10-Trimethyldodecane. 
t2,h.IO,14-TelramethylIiexadccane 
iThese were calculated data. 

dimer; the use of 1.5 moles of isoprene gives the 
trimer; the use of 2.0 moles of isoprene gives the 
tetramer; and the use of 3.0 moles of isoprene 
gives the hexamer, in fairly good yields, but a high 
oligomer was produced simultaneously in all 
cases. 

The isoprene dimer was a mixture of 2,6- 
dimethyl-2,6-octadiene, head-to-tail structure 
(50 %) and 2,7-dimethyl-2,6-octadiene, tail-to- 
tail structure (50 %) (3). The other oligomers were 
a mixture of many isomers, which we have not 
been able to separate. The oligomers were 
hydrogenated completely and the existence of one 
double bond per one unit of isoprene was 
confirmed. In the saturated isoprene trimer, a 
small amount of a linear sesquiterpene, with 
head-to-tail structure, was confirmed by compari- 
son with an authentic sample using gas-liquid 
chromatography. 

Nuclear magnetic resonance (n.m.r.) spectral 
data of these saturated isoprene oligomers are 
shown in Table 11. Proton numbers of methyl 
groups of saturated isoprene oligomers are 

larger than those of methyl groups of corre- 
sponding linear terpenic hydrocarbons. For ex- 
ample the proton number of methyl groups of 
the hexamer is 36, but that of squalane, a 
1,4-adduct, is 24. It may be considered that 
isoprene oligomers have a high 3,4-adduct 
content and a low 1,4-adduct content. The 
structural assignment was further supported by 
the following spectral evidence of the original 
isoprene oligomers. Infrared absorption spectra 
of the unsaturated oligomers did not show the 
absorptions of a vinyl type double bond, but 
showed the strong absorption band of a terminal 
methylene group due to the presence of an 
isopropenyl group at 890 cm-'. The ratios of the 
proton numbers of the terminal methylene double 
bond and the trisubstituted double bond are 
calculated from the n.m.r. spectra of oligomers, 
and typical results are shown in Table 111. Num- 
bers of the protons of the terminal nlethylene 
double bond due to the presence of an isopropenyl 
group, gradually increase in the order of trimer, 
tetramer, and hexamer. On the basis of the above 
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mentioned results, it appears that the isoprene 
oligomers such as trimer, tetramer, and hexamer, 
are a mixture of 3,4-adducts of isoprene and 
linear isoprene dimers. 

TABLE 111 

Nuclear magnetic resonance spectra of olefin 
protons of the isoprene oligomers 

Ratio of proton numbers 

I I 
-C=CH2 -C=CH- 

Hydrocarbon (6, p.p.m.) (6, p.p.m.) 

Trimer 1 (4.7) 1 (5.15) 
Tetramer 3 (4.7) 2 (5.1) 
Hexamer 2 (4.7) 1 (5.05) 

Similar results were also observed during the 
oligomerization of butadiene. Although butadiene 
dimer was a mixture of 2,6-octadiene and 1,6- 
octadiene, as reported previously (4), the 
butadiene trimer was a mixture of various 
isomers, which were not separated. The saturated 
hydrocarbon from the butadiene trimer mixture 
contained dodecane (48 %), and 3-methylunde- 
cane (52 %), which were produced by 1,2-addition 
of butadiene to a linear dimer. 

The polymerization of isoprene by means of 
metallic alkali dispersion produces a polyisoprene 
comparable to natural rubber, but the produc- 
tion of an isoprene dimer has not been confirmed. 
We have found that alkali dispersion in the 
presence of a Lewis base will catalyze the 
dimerization of isoprene. Dimerization with 
lithium dispersion gave a mixture of 2,6-dimethyl- 
2,6-octadiene (50 %) and 2,7-dimethyl-2,6-octa- 
diene (50%) in 20-30% yield, whereas sodium 
dispersion yielded a mixture of 2,3,5-trimethyl- 
1,5-heptadiene (30 %), 2,3,6-trimethyl-1,5-hepta- 
diene (10 %), 2,7-dimethyl-1,6-octadiene (40 %), 
and 2,6-dimethyl-1,6-octadiene (20 %), in 20- 
25 % yield. The effect of Lewis base on the yield 
of isoprene dimer was also determined. From the 
results in Table IV, it is clear that the use of 
0.1 mole of t-butylamine per mole of isoprene 
gave the best results. 

Experimental 
All the experiments were carried out in a dry apparatus 

under nitrogen, and all the reagents were purified 
thoroughly. 

Zsopretle Dimer 
This was prepared as reported previously (3). 

Isoprer~e Trirner 
To a lithiurn naphthalene complex which had been 

prepared from 0.5 mole of naphthalene and 1.0 mole of 
lithium turnings, 1.5 moles of isoprene were added 
gradually. The reaction mixture was treated in the usual 
fashion (3) to give a mixture of isoprene trimer in yield 
of 3540%,  b.p. 70-75 "C at 3 Torr, infrared (i.r.): 

I I 
886 cm- ' (-C=CH2), 835 cm- ' (-CH=C-); nuclear 

I 
magnetic resonance(n.m.r.)(6,p.p.m.): 1.65 (cH,--c=), 

I I I 
2.05 (-CH,-c=), 5.15 (-CH=C-), 4.7 (-c=cH~). 

Anal. Calcd. for C15HZ6: C, 87.32; H, 12.70. Found: 
C, 87.29; H, 12.67. 

Isoprene trimer mixture (6.02 g) was hydrogenated over 
palladium on carbon in a methanol solution at 80 "C 
under an initial hydrogen pressure of 30 kg/cm2; 1670 
ml (standard temperature and pressure) of hydrogen 
(calcd. for CI5Hz6, 1950 ml) were absorbed to give a 
saturated isoprene trimer mixture, b.p. 110 'C at 20 
Torr, i.r.: 1380 and 1390 cm-' (doublet). It was identified 
as a mixture of 2,6,1O-trimethyldodecane (15%) (a 
linear sesquiterpene) and unidentified saturated trimer 
(85 %) by gas-liquid chromatography (g.1.c.). The gas 
chromatogram with a 45 m x 0.5 mm+ capillary column 
of SE-30 at a temperature of 90 "C, using helium as the 
carrier gas (1.0 kg/cm2), showed ten peaks. 

Isoprene Tetramer 
From one mole of lithium, 0.5 mole of naphthalene, 

and 2.0 moles of isoprene, a mixture of tetramers was 
obtained in 40% yield, b.p. 125-130 OC at 3 Torr, i.r.: 

I 1 

I 
4.7 (-C=CH2). 

Anal. Calcd. for CZoH,,: C, 87.50; H, 12.48. Found: 
C, 87.40; H, 12.43. 

Isoprene tetrarner mixture (5.0 g) was hydrogenated in 
the same way as the isoprene trimer and 1310 ml 
(standard temperature and pressure) of hydrogen (calcd. 
for CZOH34, 1640 ml) were absorbed to give a saturated 
isoprene tetramer mixture, b.p. 100-104 OC at 3 Torr, 
i.r.: 1385cm-', 1375 cm-' (doublet,gem-dimethylgroup). 
Gas chromatographic analysis showed a trace of the 
linear diterpene, 2,6,10,14-tetramethylhexadecane. 

Isoprene Hexanler. 
From one mole of lithium, 0.5 mole of naphthalene, 

and 3.0 moles of isoprene, a mixture of isoprene oligomers 
was obtained in yield of 90%. After low boiling fractions 
were removed by vacuum distillation, the residue was 
distilled with a centrifugal molecular distillation still to 
give a mixture of isoprene oligomers in yield of 65 %. It  
had the followirlg properties: b.p. 80-100 "C at 5 >: 

I 
Torr, i.r.: 895cm-' (CH2=C-), 835 cm-' (-CH=L), 

I I 
n.m.r.: 1.6 (CH,--C=), 2.0 (-CHI-C=), 4.7 

I 1 
(-&=cH~), 5.05 (-CH=C-), molecular weight, 
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TABLE 1V 

Dimerization of isoprene with alkali dispersion* 
-- 

Alkali 
dispersion Lewis base (mole) 

None 
t-Butylamine (0.01) 
Triethylamine (0.01) 
Ethylene diamine (0.01) 
N,N-Dimethylbenzylamine 

(0.01) 
Nicotine (0.01) 
11-Toluidine (0.01) 
u-Naphthylamine (0.01) 
Phenothiazine (0.0 1) 

None 
t-Butylamine (0.001) 
t-Butylarnine (0.01) 
t-Butylamine (0.05) 
t-Butylamine (0.1) 

Yield of 
isoprene dimer (%) 
- 

3 
25 

Gas chromatographic 
analysis of the dimer (%) 

l t  21 35 

*Reaction conditions: tetrahydrofuran (100 ml), alkali dispersion (0.1 mole), isoprene (0.1 mole), rcaction temperature 
(30 "C), reaction time (3 11). The gas chromatography column was of Polyphenylethcr (10%) on Celite 545 (7 m) at  a 
tcmperature of 90 'C with heliilm as the carrier gas (40 mllmin). 

tl is a mixture of 2,3,5-trimethyl-1,s-hcpladiene and 2,3,6-trimethyl-l,5-heptadiene. 
$2 is a mixture oi2,7-dimethyl-1.6-octadiene and 2,6-dimethyl-1.6-octadiene. 
$3 is a n~ixture of 2.7-dimethyl-2,6-octadiene and 2.6-dimethyl-2.6-octadiene. 

405-407 (calcd. for C30H50: 410). It did not contain 
squalene which has a terpenic structure. 

Anal. Calcd. for CnoH5,: C, 87.73; H,  12.27. Found: 
C, 87.81; H, 12.12. 

Crude isoprene hexamer (6.52 g) was hydrogenated in 
the same way as the isoprene trimer and 1820 ml of 
hydrogen (standard temperature and pressure) (calcd. for 
C3,H5,, 2064 nil) were absorbed to give a saturated 
oligomer. It was distilled with a centrifugal molecular 
still to give a saturated isoprene hexamer mixture, b.p. 
82-100 "C at 5 x Torr. 

Oli.~po,/~eri:atiou of Blltndier~e wit11 Litl~illlr~ Naphtlzalerte 
To a niixture of 27 g of naphthalene and 150 ml of 

tetrahydrofuran, 7.0 g (1.0 mole) of liietallic lithium 
turnings were added. After 3 11, 81 g (1.5 moles) of buta- 
diene were passed through gradually for 2 11, and treated 
in the usual way to give 15 g (b.p. 55-70 "Cat 18 Torr) of a 
crude butadiene trimer and 24 g of a crude butadiene 
tetramer. The fractional redistillation of the trimer gave 
the trimer mixture, b.p. 64-66 "Cat 20Torr, i.r.: 960cm-' 
(trarrs-type double bond), 770 cni-' (cis-type double 
bond), 910 and 980 cni-' (a vinyl-type double bond). 

Upon the hydrogenation of 2.3 g of butadiene trimer 
in methanol using a Pd-C catalyst, 720 ml of hydrogen 
(theoretical for ClzH2,, 927 ml) were absorbed to give a 
mixture of n-dodecane (48%) and 3-n~ethylundecane 
(52%). They were shown to be identical with authentic 
samples by gas chromatographic analysis, using a 4 m 
colun~n of Polyphenylether (10%) on Chromosorb W 
(60-80 mesh) at a temperature of 127 "C, with helium as 
the carrier gas (40 ml/min). 

Di~rierizntiol~ of Isoprene >1:it11 Sorlilotz Dispersiorz 
Sodium dispersion 2.3 g (0.1 mole) was suspended in 

purified tetrahydrofi~ran at room temperature under a dry 
nitrogen atmosphere. After addition of 0.73 g (0.01 mole) 

of t-butylamine, 7 g (0.1 mole) of isoprene was gradually 
added to the solution. The reaction mixture was treated in 
the usual manner and gave 2 g of an oily product, b.p. 
50-60 "C at 25 Torr. The results of g.1.c. analysis of the 
oil are shown in Table IV. Fractional distillation of the 
oil (15 g) with spinning band column gave 2 g of hydro- 
carbon 1 (a mixture of 2,3,5-trinlethyl-l,5-heptadiene and 
2,3,6-tri111ethyl-1,5-11eptadiene), and 3 g of hydrocarbon 
2 (a nlixture of 2,6-dimethyl-1,6-octadiene and 2,7- 
di1ilethyl-l,6-octadiene). The hydrocarbon 1 had the 
following properties: b.p. 52 'C at 24 Torr, rrDZ7 1.4425; 
i.r.: 892 cni-I (a terminal niethylene double bond) and 
832 cm-I (a trisubstituted double bond): n.m.1.: 0.95 

2H), 4.7 (CHZ=C-, about 2H), and 5.1 (-CH-C-, 
about 1H). The hydrocarbon 2 had the following 
properties: b.p. 65 'C at 24 Torr, 1 1 , ~ ~  1.4455, i.r.: 
890 cni-' (a tern~inal methylene group) and 837 cm-' (a 

I 
trisubstituted double bond), n.m.r.: 1.65 (CH3-C=), 

I I 
2.05 (-CH2-C=), 4.75 (-C=CH2), and 5.2 

I 
(-c H=C-). 

The isoprene dimer  mixture 1 (0.7206 g) was hy- 
drogenated over Pd-C in a methanol solution at room 
temperature; 202 ml (standard te~uperature and pressure) 
of hydrogen (calcd. for CIoH18, 234 ml) were absorbed to 
give a saturated hydrocarbon mixture. It  was shown by 
g.1.c. to be a ~llixture of 2,3,5-trin~ethylheptane (about 
70%) and 2,3,6-trin~ethyllieptane (about 30%). 

The quantitative hydrogenation of the isoprene dimer 
mixture 2 also required two molar equivalents of hydro- 
gen. The hydrogenated product was shown by g.1.c. to be 
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a mixture of 2,6-dimethyloctane (50%) and 2,7-dimethyl- 
octane (50%). A 9 m column of Polyphenylether (10%) 
on Diasolid L at a temperature of 75 OC with helium as 
the carrier gas (40 ml/min) was used. 

Diii~erizotioii of Isopreire with Lithi~iiiz Dispersioii 
From 0.1 mole of lithium dispersion, 0.01 mole of r- 

butylamine and 0.1 mole of isoprene, 2.5 g of isoprene 
dimer nlixture were obtained. It was shown by g.1.c. to 
be a mixture of 2,6-dimethyl-2,6-octadiene and 2,7- 
dimethyl-2,6-octadiene. 

Ii2f,.ored iibsorption Spectra 
These were measured on a Koken IRS spectropho- 

tometer, using liquid films. 

N~iclear Magiletic Resoirairce Spectra 
These were determined on a Japan Electron Optics Lab. 

instrument (60 Mc.p.s.) with carbon tetrachloride solu- 
tions and with tetrahetl~~lsilane as an internal standard. 

The authors thank Dr. Sanae Tanaka of 
Mitsubishi Petrochemical Co., Ltd., for providing 
materials and for measurements of the nuclear 
magnetic resonance spectra. 
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Optimum temperatures in pyrolysis gas chromatography 
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Received December 29, 1967 

Pyrograms were recorded for a variety of con~pounds pyrolyzed in the gas phase in a quartz tube. 
The lowest temperature at which the major pyrolytic products are first formed and the lowest temperatures 
causing complete pyrolysis were determined and found to difier by about 80-120 "C. The temperatures 
of complete pyrolysis at the described experimental conditions are 600-650 "C for the most stable 
conlpounds. At temperatures above 700 "C the con~pounds were degraded primarily to methane, ethane, 
ethylene, or carbon. 

Canadian Journ:rl of Chemistry, 46, 2623 (1968) 

The temperature of pyrolysis in gas phase 
pyrolysis gas chromatography (p.g.c.) is of 
primary importailce in obtaining a pyrogram 
that is characteristic of a reactant. A temperature 
causing complete pyrolysis is desirable, if the 
structurally significant products are not also 
destroyed. The reactant peak in a pyrogram 
would be of some value for identification, but 
the retention tune of a reactant would usually 
be prohibitively longer than retention times for 
the lower nlolecular weight products. Tempera- 
tures and products of pyrolysis of a number of 
compounds are determined here. Comparisons 
are made of the results of p.g.c. obtained over a 
range of temperatures. 

Results 

The apparatus was previously described (1). 
Briefly, samples were passed through a gas 

'Present address: Department of Chemistry, Knox 
College, Galesburg, Illinois. 

chromatographic column at 75 "C (to remove 
air) and then into a heated 3 mm internal diameter 
4.7 ml quartz spiral to bring about pyrolysis. 
The pyrolysis mixture was then sent to a Porapak 
Q column that was held at 100 "C Tor 10 min, 
and then programmed to about 210 "C during a 
period of 30 min. The helium flow through the 
pyrolysis tube was 8 mljmin. The sample residence 
time in the pyrolysis tube was calculated as 
described elsewhere (1) and found to be 15 s. 
Calculations with Rummen's (3) equations indi- 
cates that the heat transfer in the pyrolyzer was 
such that the sample was raised to wall temper- 
ature in about 6 s. 

The products accounting for the major peaks 
(areas greater than 1 % of the total area of  all 
peaks in the pyrograms) were identified from 
retention times and mass spectra (Table I). 
Though methane, ethylene, and ethane are 
usually omitted, they are produced by nearly 
all compounds and only in exceptional cases are 
they important for identification. For example, 
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a mixture of 2,6-dimethyloctane (50%) and 2,7-dimethyl- 
octane (50%). A 9 m column of Polyphenylether (10%) 
on Diasolid L at a temperature of 75 OC with helium as 
the carrier gas (40 ml/min) was used. 

Diii~erizotioii of Isopreire with Lithi~iiiz Dispersioii 
From 0.1 mole of lithium dispersion, 0.01 mole of r- 

butylamine and 0.1 mole of isoprene, 2.5 g of isoprene 
dimer nlixture were obtained. It was shown by g.1.c. to 
be a mixture of 2,6-dimethyl-2,6-octadiene and 2,7- 
dimethyl-2,6-octadiene. 

Ii2f,.ored iibsorption Spectra 
These were measured on a Koken IRS spectropho- 

tometer, using liquid films. 

N~iclear Magiletic Resoirairce Spectra 
These were determined on a Japan Electron Optics Lab. 

instrument (60 Mc.p.s.) with carbon tetrachloride solu- 
tions and with tetrahetl~~lsilane as an internal standard. 

The authors thank Dr. Sanae Tanaka of 
Mitsubishi Petrochemical Co., Ltd., for providing 
materials and for measurements of the nuclear 
magnetic resonance spectra. 
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Pyrograms were recorded for a variety of con~pounds pyrolyzed in the gas phase in a quartz tube. 
The lowest temperature at which the major pyrolytic products are first formed and the lowest temperatures 
causing complete pyrolysis were determined and found to difier by about 80-120 "C. The temperatures 
of complete pyrolysis at the described experimental conditions are 600-650 "C for the most stable 
conlpounds. At temperatures above 700 "C the con~pounds were degraded primarily to methane, ethane, 
ethylene, or carbon. 

Canadian Journ:rl of Chemistry, 46, 2623 (1968) 

The temperature of pyrolysis in gas phase 
pyrolysis gas chromatography (p.g.c.) is of 
primary importailce in obtaining a pyrogram 
that is characteristic of a reactant. A temperature 
causing complete pyrolysis is desirable, if the 
structurally significant products are not also 
destroyed. The reactant peak in a pyrogram 
would be of some value for identification, but 
the retention tune of a reactant would usually 
be prohibitively longer than retention times for 
the lower nlolecular weight products. Tempera- 
tures and products of pyrolysis of a number of 
compounds are determined here. Comparisons 
are made of the results of p.g.c. obtained over a 
range of temperatures. 

Results 

The apparatus was previously described (1). 
Briefly, samples were passed through a gas 

'Present address: Department of Chemistry, Knox 
College, Galesburg, Illinois. 

chromatographic column at 75 "C (to remove 
air) and then into a heated 3 mm internal diameter 
4.7 ml quartz spiral to bring about pyrolysis. 
The pyrolysis mixture was then sent to a Porapak 
Q column that was held at 100 "C Tor 10 min, 
and then programmed to about 210 "C during a 
period of 30 min. The helium flow through the 
pyrolysis tube was 8 mljmin. The sample residence 
time in the pyrolysis tube was calculated as 
described elsewhere (1) and found to be 15 s. 
Calculations with Rummen's (3) equations indi- 
cates that the heat transfer in the pyrolyzer was 
such that the sample was raised to wall temper- 
ature in about 6 s. 

The products accounting for the major peaks 
(areas greater than 1 % of the total area of  all 
peaks in the pyrograms) were identified from 
retention times and mass spectra (Table I). 
Though methane, ethylene, and ethane are 
usually omitted, they are produced by nearly 
all compounds and only in exceptional cases are 
they important for identification. For example, 
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TABLE I 
Temperature ranges and products of pyrolysis for several substances 

Pyrolysis 
temperature 

Substance pyrolyzed range ("C)* Major pyrolysis products 

CHaCOZH 
CH,=CHCHO 
CH3CH=CHCH3 
(cis and trans) 

'The temperature range includes the Iorvest temperature at  which products are detectable (corresponding to about 1 % 
decomposition) and the temperature a t  which there is virtually complete pyrolysis (99% reacted). 

the ethylene peak would be important to the 
detection of ethyl acetate pyrolyzed at 500 "C, 
but of lesser significance when found in the high- 
temperature pyrogram of n-butyl formate. Minor 
products, usually one to three in number, were 
not identsed. Carbon is also often a product 
and becomes visible when it accumulates through 
extended use of a pyrolysis tube. 

In Table I the lower temperature listed is that 
at which the major products were first detectable, 
where pyrolysis was about 1 %. The upper 
temperature is that at which there was virtually 
complete pyrolysis and is the temperature at 
which the reactant peak area was about 1 % of 
the total area for all peaks. The lower and upper 
limits are valid to about the nearest 10 "C. Note 

ethane, or propylene when pyrolyzed at 700 "C. 
In addition, water, carbon dioxide, or carbon 
monoxide accompanied the hydrocarbon prod- 
ucts from the oxygen-containing reactants py- 
rolyzed at 700 "C. For example, isobutyl ace- 
tate was converted to acetic acid and isobutene 
between 430 and 600 "C. Pyrolysis at 700 "C 
yielded methane, carbon dioxide, ethylene, 
ethane, and propylene. Acetic acid was then 
absent from the pyrogram, and the area of the 
isobutene peak was only one quarter of the 
area of the same peak formed at 600 "C. 

Propioilaldehyde and methyl ethyl ketone are a 
pair of compounds that yield the same major 
products on pyrolysis. Tertiary and isobutyl 
acetates are a similar pair. Identification of such 
materials can be achieved in several wavs. such that the upper temperature limits are lower than 

the temperature required for pyrolysis in stainless 
steel tubes (2). This lower temperature may be i11 

< ,  

as by measuring relative peak areas or by con- 
sidering the retention characteristics of the 

part due to different residence times and in part 
because of the use of quartz rather than stainless 
steel (1). It  should be noted further that major 
products listed in Table I were still present a t  
temperatures up to 600 "C. 

The relative amounts of methane, ethane, and 

reactants with either a pre-pyrolysis or post- 
pyrolysis gas chromatographic column. When a 
chromatographic column is followed with a 
pyrolysis unit, which in turn is connected to a 
second column, a nonreactive internal standard 
such as benzene can aid in the interpretation of 

ethylene were slightly greater when pyrolysis 
occurred at the higher temperature, but became 
significantly greater only above 600 "C. Each of 

retention information. For example, if a mixture 
of tertiary and isobutyl acetates is injected into a 
column, the isobutyl acetate will reach the 

the reactants was degraded to methane, ethylene, pyrolyzer first, and consequently the isobutene 
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resulting from the isobutyl acetate will slightly 
precede the isobutene from the t-butyl acetate. 
If benzene is also injected into the mixture, the 
difference in time of appearance of the two 
isobutene peaks can be easily fixed with reference 
to the benzene peak. 

Discussion 

The pyrolysis of a compound in p.g.c. is more 
extensive than the 1 to 5 % decomposition occur- 
ring in many mechanistic studies of pyrolysis 
(e.g. ref. 4) but the products observed have not 
differed. Slight pyrolysis of propionaldehyde (4) 
and isobutane (5)  yields the products observed in 
p.g.c. (1) (Table I). Pyrolytic conversions of 
ethers to olefins, alcohols, aldehydes, and 
ketones (6) of esters to olefins and acids, and 
isopropyl alcohol to acetone and propylene, are 
well known organic reactions that occur under a 
variety of conditions used for synthesis and 
identification. The chain rearrangements accom- 
panying pyrolysis with a catalyst evidently do not 
occur in non-catalytic homogeneous pyrolysis for 
p.g.c. The products (pyrogram) for the com- 
pounds in Table I are, therefore, characteristic. 
For example: t-butyl acetate and sec-butyl acetate 
yield products (pyrograms) that permit an 
unequivocal distinction between the two com- 

pounds. Generally therefore the structures of the 
products are related to those of the reactants. 

The temperatures (Table I) of pyrolysis in p.g.c. 
have been found to be comparable to those that 
are effective in other experimental conditions. 
Ritchie (7) found that simple carboxylic acid 
esters pyrolyze at 400-500 "C; ethers (6) have 
been pyrolyzed at 500-600 "C and propionalde- 
hyde (4) at 400-600 "C. 
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phosphine a disubstituted derivative is also found. In addition to analytical values and infrared spectro- 
scopic data, both I9F and 31P nuclear magnetic resonance spectra support the proposed structures. 

Canadian Journal of Chemistry, 46, 2625 (1968) 

Introduction 
The reaction of 1,2-dichlorohexafluorocyclo- 

pentene with various nucleophiles has been 
studied extensively. With amines (1) and alcohols 
(2) the products are either C-1 monosubstituted 
or C-1,3,3 trisubstituted depending on the 
amount of reactant and the reactivity of the 
nucleophile. A new reaction path was observed 
with phosphites, phosphonites, and phosphinite 

esters with displacement of both chlorine atoms 
to give exclusively tetraalkylperfluoro-l-cyclo- 
alken-1,2,-ylenediphosphonates (3). 

The explanation why the monosubstituted 
derivative was not formed with these phosphorus 
compounds was rationalized by a reversal of the 
polarization of the double bond. Therefore, C-2 
becomes partially positive and subsequently 
becomes susceptible to nucleophilic attack. This 
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resulting from the isobutyl acetate will slightly 
precede the isobutene from the t-butyl acetate. 
If benzene is also injected into the mixture, the 
difference in time of appearance of the two 
isobutene peaks can be easily fixed with reference 
to the benzene peak. 

Discussion 

The pyrolysis of a compound in p.g.c. is more 
extensive than the 1 to 5 % decomposition occur- 
ring in many mechanistic studies of pyrolysis 
(e.g. ref. 4) but the products observed have not 
differed. Slight pyrolysis of propionaldehyde (4) 
and isobutane (5)  yields the products observed in 
p.g.c. (1) (Table I). Pyrolytic conversions of 
ethers to olefins, alcohols, aldehydes, and 
ketones (6) of esters to olefins and acids, and 
isopropyl alcohol to acetone and propylene, are 
well known organic reactions that occur under a 
variety of conditions used for synthesis and 
identification. The chain rearrangements accom- 
panying pyrolysis with a catalyst evidently do not 
occur in non-catalytic homogeneous pyrolysis for 
p.g.c. The products (pyrogram) for the com- 
pounds in Table I are, therefore, characteristic. 
For example: t-butyl acetate and sec-butyl acetate 
yield products (pyrograms) that permit an 
unequivocal distinction between the two com- 

pounds. Generally therefore the structures of the 
products are related to those of the reactants. 

The temperatures (Table I) of pyrolysis in p.g.c. 
have been found to be comparable to those that 
are effective in other experimental conditions. 
Ritchie (7) found that simple carboxylic acid 
esters pyrolyze at 400-500 "C; ethers (6) have 
been pyrolyzed at 500-600 "C and propionalde- 
hyde (4) at 400-600 "C. 
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Introduction 
The reaction of 1,2-dichlorohexafluorocyclo- 

pentene with various nucleophiles has been 
studied extensively. With amines (1) and alcohols 
(2) the products are either C-1 monosubstituted 
or C-1,3,3 trisubstituted depending on the 
amount of reactant and the reactivity of the 
nucleophile. A new reaction path was observed 
with phosphites, phosphonites, and phosphinite 

esters with displacement of both chlorine atoms 
to give exclusively tetraalkylperfluoro-l-cyclo- 
alken-1,2,-ylenediphosphonates (3). 

The explanation why the monosubstituted 
derivative was not formed with these phosphorus 
compounds was rationalized by a reversal of the 
polarization of the double bond. Therefore, C-2 
becomes partially positive and subsequently 
becomes susceptible to nucleophilic attack. This 
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same type of conjugative ability has been postu- 
lated in an earlier paper involving a carbox- 
amide group (4). 

A more recent paper illustrates the subtleties 
found in reactions of this type. With perfluoro- 
cyclobutene, diphenylphosphine gives the di- 
substituted derivative, while with 1 ,Zdichloro- 
tetrafluorocyclobutene only hydrogen chloride, 
trifluorodiphenylphosphorane, and diphenyl- 
phosphinic fluoride are found (5). It  has been 
sllown previously that cyclic perfluoroolefins 
behave differently than the corresponding 1,2- 
dichloro derivatives with various nucleophiles 
(6) nevertheless the monosubstituted derivative 
should be the first step anticipated with either 
olefin. 

Results 

In view of the 1,2-dichlorotetrafluorocyclo- 
butene system the work done on 1,2-dichloro- 
hexafluorocyclopentene is presented to show the 
intricacies involved in which so much depends 
on the substrate studied as well as on the reac- 
tion medium. The secondary phosphines dicyclo- 
hexylphosphine and diphenylphosphine react 
smoothly with 1,2-dichlorohexafluorocyclopen- 
tene to give the monoderivative in good yields. 
Only in the case of dicyclohexylphosphine was 
there obtained a disubstituted derivative in 
approximately 8.3%. This result can be ex- 
plained by the wide difference in pK, values 
found for these secondary phosphines (7). Di- 
cyclohexylphosphine is a much stronger base 
than diphenylphosphine and since basicity is 
related to nucleophilicity this finding is not too 
surprising. 

Another interesting aspect of this work ill- 
volved the isolation of minute ainoLlnts of di- 
cyclohexyl and diphenyl phosphinic acids, re- 
spectively, from oxidation of the starting phos- 
phines. In contrast, the products, which are also 
phosphines, do not undergo any observable 
oxidations to the corresponding oxides under 
these reaction conditions. This is undoubtedly 
due to the decrease in basicities caused by the 
inductive effect of the perhalocyclopentene 
moiety. Thus these results with secondary phos- 
phines are consistent with Frank's study (3) 
which indicate that the monosubstituted de- 
rivatives are the first formed products. When the 
monosubstituted products are pentavalent phos- 
phonate materials, they can cause further reac- 
tion at C-2. When the initial products are 
trivalent phosphorus materials, which are reluc- 
tant to oxidize, further reaction is not encouraged 
by any electronic factors. If disubstituted mate- 
rials are formed as with dicyclohexylphosphine 
the cause is probably due to the increased 
basicity of the phosphorus nucleophile, although 
ring size may also be significant.' 

Physical Data 
Nuclear. Magnetic Resonance 
The 19F, 31P, and 'H nuclear magnetic 

resonance spectra were instrumental in elucidat- 
ing the structures. The "F spectrum of 1 sliows 
three multiplets a t  106.54, 116.24, and 132.84 
indicating the non-equivalency of the three pair. 
The 31P spectrum shows one broad peak at 
+ 19.1 p.p.m. This is essentially the right sign 
and magnitude expected for a phosphine (8). If 
the product were a phosphine oxide a negative 

'Experiments are in progress dealing with 1,2-dichloro- 
tetrafluorocyclobutenc which indicate tliat the nucleo- 
phile, reaction medium, and ring size of the substrate are 
important parameters in reactions of this type. 
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value would be anticipated. The 'H spectrum 
shows a broad aliphatic absorption between 2.5 
and 1.0 8. When benzotrifluoride was added to 
calculate the F:H ratio, a value of 6:22 was 
obtained. The 19F spectrum of 2 shows two 
multiplets at 108.14 and 134.64 in the ratio of 
2:l. The 31P spectrum shows a broad singlet at 
+ 17.0 p.p.m. The 'H spectrum shows broad 
aliphatic absorption similar to 1 between 2.1 
and 81.16. The integrated F:H ratio is 6:44. 

For structure 3 the 31P spectrum shows only 
one peak at + 19.6 p.p.m., which is characteristic 
of a phosphine. The 'H spectrum shows only 
aromatic absorption. The l g F  spectrum shows 3 
clusters of peaks of equal intensities at 105.3, 
115.4, and 131.94. The fact that the lgF spectrum 
shows three different absorptions, points out the 
fact that the molecule is not symmetrical. When 
allyltrifluoroacetate was added to calculate the 
F :H ratio, a value of 6: 10 was obtained. 
Infrared 
The final trisubstituted phosphine products 

are void of any absorption around 2440- 
2275 cm-' which is the characteristic frequency 

recorded with a Varian HR-60, 'H  reported as 6 values 
using tetramethylsilane as internal standard, 19F reported 
as + values using trichlorofluoromethane as an external 
standard, and 31P reported in p.p.m. using triethyl- 
phosphate as an  external standard. For determining the 
H:F ratios benzotrifluoride was used for 1 and 2, while 
allytrifluoroacetate was used for 3. 

Preparatiorz of 1, (2-Chloro-3,3,4,4,5,5-hexafl11oro-l-c~~c/0- 
pentall-I-y1)dicyclohexylphosphirle and 2, (3,3,4,4,5,5- 
Hexafluorocyc~oper~t-I -en-I,Z-ylenej bis(dicyc10- 
hex~+'plphosphine) 

Dicyclohexylphosphine (18.6 g) and 1,2-dichlorohexa- 
fluorocyclopentene (24.5 g) were added to 100ml of 
dimethyl formamide. The solution was stirred at room 
temperature for 15 h then refluxed for 5 h. The contents 
were then poured into 400 ml of water and the viscous 
organic layer isolated by decanting the water. The organic 
material was dried in a vacuum oven at 70 "C. Approxi- 
mately 35.5 g of crude product was obtained. Acetone 
was added to this semi-solid and caused 2.5 g (8.3% 
yield) of a yellow solid to  precipitate. This was identified 
as 2, m.p. 194-194.5 "C. 

Anal. Calcd. for 2, C29H44FsP: C, 61.26; H, 7.62; P, 
10.91.Found:C, 60.94;H,7.59;P, 10.90. 

Removal of the acetone gave a liquid which was 
distilled at 114-116 OC/0.3 mm. This was identified as 1. 

Anal. Calcd. for 1, C,7H,2CIF,P: C, 50.18; H, 5.41; 
Cl, 8.73; P, 7.62. Found: C, 49.74; H, 5.17; CI, 8.55; 
P. 7.62. 

of a '-* stretch (92)' *Ithough not P;.eparatiorl of 3, (2-Chloro-3,3~,4,5,5-~1exa~11oro-I-c~~~~- because of interference due to C-F bands, the pe,ltall-l~yl)rliphenylphospl~ille 
lack of a broad intense absorption at 1300- Diphenylphosphine (18 g) and 1,2-dichlorohexafluoro- 
1140 cm-' seems to indicate the absence of a cyclopentene (24.5 g) were added to 100 ml of dimethyl 
P=O stretch. In case of the phenyl derivative 3 formamide and stirred for 15 h at  75 "C. The solution 

the P-4 moiety gives rise to peaks at 1425, 130, was then poured into 400 ml of water and extracted with 
ethyl ether. After removal of ethyl ether the crude viscous 

and 995 cm-'. Four sharp medium large oil, approximately 31.0 g (78.6% yield), was distilled at 
bands are observed at 1280-1 120 cln-l, which 148-149 "C/2 mm. The product 3 had a meltinn ~ o i n t  of 
can be attributed to CF, absorption. Finally it 
was observed that in the mono-substituted de- 
rivatives 1 and 3, a strong sharp peak was found 
at 876 cm-l, but in the 1,2-disubstituted deriva- 
tive 2, no discernible peak was observed. As 
more of these types of compounds are synthe- 
sized, it will be interesting to see if this absorp- 
tion can be used as a diagnostic test to differen- 
tiate between mono and disubstituted derivatives. 

Experimental 
Diphenylphosphine was prepared according to the 

method described by Horner and Hoffmann (10). All 
other reagents were purchased from commercial sources. 
Analytical results were obtained by our own micro- 
analytical laboratory. Infrared spectra were run as 
mineral oil mulls on a Perkin-Elmer model 317 spectro- 
photometer. Nuclear magnetic resonance spectra were 

'All references for the infrared spectra were taken 
from this source. 

- & 

49-50 "C. 
Anal. Calcd. for 3, CI7H,,CIF6P: C, 51.71; H, 2.53; 

CI, 8.99; P, 7.88. Found: C, 52.05; H, 2.98; CI, 9.15; 
P, 7.47. 
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An extracellular lipid produced by the yeast NRRL Y-6954 was shown to be free 3-D-hydroxypalmitic 
acid. The structure of the hydroxy acid was established by the mass spectrum of ~ t s  methyl ester and a 
direct comparison with an authentic sample of methyl 3-D-hydroxypalmitate. 
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The formation of extracellular lipids of yeasts 
has recently been reviewed by Stodola et al. (1). 

In continuing work in this area, we found that 
free 3-D-hydroxypalmitic acid (1) is excreted by 
an unidentified yeast. In 1964, Tulloch and 
Spencer (2), and van Ammers et al. (3) reported 
that this acid was a component of glycolipids 
produced by Rhodotorula species. 

Acid 1 was produced in a yield of 1.76 g/l by 
growing the yeast for 4.5 days at 25 "C in shaken 
flasks on a medium containing 5% malt extract 
and 2 %  Cerelose.' The crude acid (m.p. 70- 
80 "C), obtained by extraction of the culture 
liquor with ether, was shown by thin-layer 
chromatography to consist largely of one 
component. 

Crystallization from hexane gave pure acid 1 
(m.p. 79.5-80.5 "C) of formula C,,H,,O,, the 
infrared (i.r.) spectrum of which showed hy- 
droxyl absorption (3565 cm-I (w)) and carbonyl 
absorptioll (1710 cm-' (s)) in 1 % chloroform. 
Methyl (2) and p-bromophenacyl (3) esters gave 
analytical values in accord with the C1,H3,0, 
formula. 

The mass spectrum of methyl ester 2 was 
directly comparable with the mass spectrum of 
methyl 3-DL-hydroxyoctadecanoate observed by 
Ryhage and Stenhagen (4). The position of the 
hydroxyl group on the carbon chain is indicated 
by a peak at mass 103; the highest in the 

'Mention of firm names or trade products does not 
constitute endorsement by the United States Department 
of Agriculture over other firms or products not mentioned. 

spectrum, this peak is due to the fragment 
0 
I I 

CH,OCCH,CHOH obtained from cleavage of 
the 3,4 carbon-carbon bond. The following com- 
parisons were also found: peaks at 194, 236 
[M - 32 - 18(CH,OH,H,O)], and 268 [M 
- 18(H20)] for methyl ester 2, are 28 mass 
numbers less than peaks 222, 264 [M - 32 
- 18(CH30H,H,0)], and 296 [M - 18(H20)] 
found by Ryhage and Stenhagen for methyl 
3-DL-hydroxyoctadecanoate. 

The mass spectrum of 2 and its direct com- 
parison (i.r. and m.p.) with methyl 3-D-hydroxy- 
palmitate, kindly supplied by Dr. A. P. Tulloch, 
established the structure of 1. 

Experimental 
Melting points were determined with a Fisher-Johns 

apparatus and are not corrected. The infrared spectra 
were recorded on  a Perkin-Elmcr (model 137), and a 
Beckman (model IR8) infrared spectrophotometer. The 
mass spectrum was recorded on  a Nuclide instrument 
(model 12-90 G). 

Production of Crude Acid ( I )  
The stock culture of the yeast (NRRL Y-6954 in the 

ARS Culture Collection here) was maintained at 25 OC 
on Y M  agar slants (1 % glucose, 0.5% peptone, 0.3% 
ycast extract, 0.3% malt extract, and 2 %  agar). A 
sterilized liquid medium (200 ml), consisting of 2% 
Cerelose and 5 %  malt extract contained in 500-ml 
Erlenmeyer flasks, was inoculated by loop with cells from 
1-day-old YM slant cultures. The flasks were kept on a 
Gump shaker at  25 "C. 

At intervals the contents of five flasks were extracted 
with ether. The yields of crude acid were: 2.5 days, 212 
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The formation of extracellular lipids of yeasts 
has recently been reviewed by Stodola et al. (1). 

In continuing work in this area, we found that 
free 3-D-hydroxypalmitic acid (1) is excreted by 
an unidentified yeast. In 1964, Tulloch and 
Spencer (2), and van Ammers et al. (3) reported 
that this acid was a component of glycolipids 
produced by Rhodotorula species. 

Acid 1 was produced in a yield of 1.76 g/l by 
growing the yeast for 4.5 days at 25 "C in shaken 
flasks on a medium containing 5% malt extract 
and 2 %  Cerelose.' The crude acid (m.p. 70- 
80 "C), obtained by extraction of the culture 
liquor with ether, was shown by thin-layer 
chromatography to consist largely of one 
component. 

Crystallization from hexane gave pure acid 1 
(m.p. 79.5-80.5 "C) of formula C,,H,,O,, the 
infrared (i.r.) spectrum of which showed hy- 
droxyl absorption (3565 cm-I (w)) and carbonyl 
absorptioll (1710 cm-' (s)) in 1 % chloroform. 
Methyl (2) and p-bromophenacyl (3) esters gave 
analytical values in accord with the C1,H3,0, 
formula. 

The mass spectrum of methyl ester 2 was 
directly comparable with the mass spectrum of 
methyl 3-DL-hydroxyoctadecanoate observed by 
Ryhage and Stenhagen (4). The position of the 
hydroxyl group on the carbon chain is indicated 
by a peak at mass 103; the highest in the 

'Mention of firm names or trade products does not 
constitute endorsement by the United States Department 
of Agriculture over other firms or products not mentioned. 

spectrum, this peak is due to the fragment 
0 
I I 

CH,OCCH,CHOH obtained from cleavage of 
the 3,4 carbon-carbon bond. The following com- 
parisons were also found: peaks at 194, 236 
[M - 32 - 18(CH,OH,H,O)], and 268 [M 
- 18(H20)] for methyl ester 2, are 28 mass 
numbers less than peaks 222, 264 [M - 32 
- 18(CH30H,H,0)], and 296 [M - 18(H20)] 
found by Ryhage and Stenhagen for methyl 
3-DL-hydroxyoctadecanoate. 

The mass spectrum of 2 and its direct com- 
parison (i.r. and m.p.) with methyl 3-D-hydroxy- 
palmitate, kindly supplied by Dr. A. P. Tulloch, 
established the structure of 1. 

Experimental 
Melting points were determined with a Fisher-Johns 

apparatus and are not corrected. The infrared spectra 
were recorded on  a Perkin-Elmcr (model 137), and a 
Beckman (model IR8) infrared spectrophotometer. The 
mass spectrum was recorded on  a Nuclide instrument 
(model 12-90 G). 

Production of Crude Acid ( I )  
The stock culture of the yeast (NRRL Y-6954 in the 

ARS Culture Collection here) was maintained at 25 OC 
on Y M  agar slants (1 % glucose, 0.5% peptone, 0.3% 
ycast extract, 0.3% malt extract, and 2 %  agar). A 
sterilized liquid medium (200 ml), consisting of 2% 
Cerelose and 5 %  malt extract contained in 500-ml 
Erlenmeyer flasks, was inoculated by loop with cells from 
1-day-old YM slant cultures. The flasks were kept on a 
Gump shaker at  25 "C. 

At intervals the contents of five flasks were extracted 
with ether. The yields of crude acid were: 2.5 days, 212 
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mg; 3.5 days, 326 mg; 4.5 days, 353 mg; 5.5 days, 331 
mg; 6.5 days, 312 mg. The maximum at 4.5 days corre- 
sponded to a yield of 1.76 g/l. 

3-D-Hydroxypalmitic Acid ( I )  
Crude acid (4.00g, m.p. 70-80 "C) was crystallized 

from hexane (3.55 g, m.p. 78.8-79.8 "C). A small amount 
of yellow impurity (1 %) was removed by charcoal. A 
second crystallization (200 mg) gave pure acid 1 (180 mg, 
1n.p. 79.5-80.5 OC). [u]DZ4 - 13.6' (c, 1.3, CHC13); lit. 
(2), m.p. 78-79 "C, [uIDz5 -12.9' (c, 1.3, CHC13). 

Anal. Calcd. for C16H3ZOs: C, 70.54; H, 11.84. Found: 
C, 70.5; H, 11.9. 

Metllyl 3-D-Hydroxypalmitate (2 )  
Acid 1 (200 mg) was methylated with diazomethane. 

Crude ester (210 mg, m.p. 46.549 "C) was crystallized 
from hexane (160 nlg, m.p. 4949.8 "C) in fine needles. 
Infrared spectra of films deposited on KRS-5 plates 
showed hydroxyl absorption at 3390 cm-' and 3300 cm-' 
and carbonyl absorption at 1740 cm-' and 1695 cm-'. 

Anal. Calcd. for C17H3403: C, 71.28; H, 11.96. 
Found: C, 70.9; H, 12.0. 

p-Brotnophenacyl 3-D-Hydroxypalmitate (3) 
Acid 1 (100 mg) was converted to the p-bromophenacyl 

derivative in acetone (15 min at 70 "C) according to the 
DICE procedure (5). The crude product (167 mg, m.p. 
108-109 "C) on crystallization from 95% ethanol pave 
152 mg of p-bromophenacyl ester (1 11-1 11.5 "C). 

Anal. Calcd. for CZ4HZ7O4Br: C, 61.40; H, 7.94. 
Found: C, 61.5; H, 8.0. 

1. F. H. STODOLA, M. H. DEINEMA, and J. F. T. SPENCER. 
Bacteriol. Rev. 31, 194 (1967). 

2. A. P. TULLOCH and J. F. T. SPENCER. Can. J. C11em. 
42, 830 (1964). 
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and M. H. ROOGEN. Rec. Trav. Chim. 83,708 (1964). 
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Imidazo(1,2-a)indole and s-triazolo(2,3-a)indole derivatives 
by intramolecular cyclization of 1-(0-acetylphenyl)azolesl 
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9-Hydroxy-9-methyl derivatives of the ring systems named in the title are formed along with the 
expected 1-(0-acetylpheny1)azoles in the Ullmann condensations of o-bromoacetophenone with imidazole 
and with 1,2,4-triazole. The structures of these conlpounds follow from their characteristic proton 
magnetic resonance spectra. 

Canadian Journal o f  Chemistry, 46, 2629 (1968) 

Common electrophilic substitution reactions 
with imidazole give 4(5)-substitution (I), al- 
though diazo coupling in alkaline media occurs 
at the 2-position (2). Reports of initial iodination 
at the 2-position are incorrect (3). These obser- 
vations may be rationalized by assuming that 
4(5)-substitution involves reaction of the conju- 
gate acid, while 2-substitution involves the 
neutral molecule or the anion of imidazole (4). 
N-vinylimidazole undergoes 2-hydroxymethyl- 
ation when heated with formaldehyde (5), and 

'Abstracted in part from the Ph.D. Thesis of M.A.K., 
University of Tasmania, November 1967. 

'Present address: Organic Chemistry Laboratory, 
Saint Francis Xavier University, Antigonish, Nova 
Scotia. 

3Enquiries should be addressed to these authors. 

other N-substituted imidazoles undergo conden- 
sation with aldehydes to yield 2-(N-imidazoly1)- 
carbinols, while 4-alkylimidazoles give 4-alkyl-5- 
hydroxymethyl derivatives with formaldehyde 
(6). 

In contrast, there is but one report classifiable 
as an electrophilic substitution in 1,2,4-triazoles; 
4-phenyl-1,2,4-triazole is reported to undergo 
benzoylation in the 3-position by heating with 
benzoyl chloride (7). 1,2,3-Triazoles have been 
brominated (8) and nitrated (9) successfully. 

This note reports some examples of intra- 
molecular electrophilic substitution in imidazole 
and 1,2,4-triazole derivatives, leading to deriv- 
atives, of the imidazo(l,2-a)indole and s-triazolo- 
(2,3-a)indole ring systems. 
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mg; 6.5 days, 312 mg. The maximum at 4.5 days corre- 
sponded to a yield of 1.76 g/l. 

3-D-Hydroxypalmitic Acid ( I )  
Crude acid (4.00g, m.p. 70-80 "C) was crystallized 

from hexane (3.55 g, m.p. 78.8-79.8 "C). A small amount 
of yellow impurity (1 %) was removed by charcoal. A 
second crystallization (200 mg) gave pure acid 1 (180 mg, 
1n.p. 79.5-80.5 OC). [u]DZ4 - 13.6' (c, 1.3, CHC13); lit. 
(2), m.p. 78-79 "C, [uIDz5 -12.9' (c, 1.3, CHC13). 

Anal. Calcd. for C16H3ZOs: C, 70.54; H, 11.84. Found: 
C, 70.5; H, 11.9. 

Metllyl 3-D-Hydroxypalmitate (2 )  
Acid 1 (200 mg) was methylated with diazomethane. 

Crude ester (210 mg, m.p. 46.549 "C) was crystallized 
from hexane (160 nlg, m.p. 4949.8 "C) in fine needles. 
Infrared spectra of films deposited on KRS-5 plates 
showed hydroxyl absorption at 3390 cm-' and 3300 cm-' 
and carbonyl absorption at 1740 cm-' and 1695 cm-'. 

Anal. Calcd. for C17H3403: C, 71.28; H, 11.96. 
Found: C, 70.9; H, 12.0. 

p-Brotnophenacyl 3-D-Hydroxypalmitate (3) 
Acid 1 (100 mg) was converted to the p-bromophenacyl 

derivative in acetone (15 min at 70 "C) according to the 
DICE procedure (5). The crude product (167 mg, m.p. 
108-109 "C) on crystallization from 95% ethanol pave 
152 mg of p-bromophenacyl ester (1 11-1 11.5 "C). 

Anal. Calcd. for CZ4HZ7O4Br: C, 61.40; H, 7.94. 
Found: C, 61.5; H, 8.0. 
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9-Hydroxy-9-methyl derivatives of the ring systems named in the title are formed along with the 
expected 1-(0-acetylpheny1)azoles in the Ullmann condensations of o-bromoacetophenone with imidazole 
and with 1,2,4-triazole. The structures of these conlpounds follow from their characteristic proton 
magnetic resonance spectra. 
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Common electrophilic substitution reactions 
with imidazole give 4(5)-substitution (I), al- 
though diazo coupling in alkaline media occurs 
at the 2-position (2). Reports of initial iodination 
at the 2-position are incorrect (3). These obser- 
vations may be rationalized by assuming that 
4(5)-substitution involves reaction of the conju- 
gate acid, while 2-substitution involves the 
neutral molecule or the anion of imidazole (4). 
N-vinylimidazole undergoes 2-hydroxymethyl- 
ation when heated with formaldehyde (5), and 
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other N-substituted imidazoles undergo conden- 
sation with aldehydes to yield 2-(N-imidazoly1)- 
carbinols, while 4-alkylimidazoles give 4-alkyl-5- 
hydroxymethyl derivatives with formaldehyde 
(6). 

In contrast, there is but one report classifiable 
as an electrophilic substitution in 1,2,4-triazoles; 
4-phenyl-1,2,4-triazole is reported to undergo 
benzoylation in the 3-position by heating with 
benzoyl chloride (7). 1,2,3-Triazoles have been 
brominated (8) and nitrated (9) successfully. 

This note reports some examples of intra- 
molecular electrophilic substitution in imidazole 
and 1,2,4-triazole derivatives, leading to deriv- 
atives, of the imidazo(l,2-a)indole and s-triazolo- 
(2,3-a)indole ring systems. 
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In connection with a program of synthesis of 
N-arylazoles (lo), we prepared a series of 
1-(0-acety1phenyl)diazoles and triazoles by the 
Ullmann condensation of the appropriate hetero- 
aromatic compound with o-bromoacetophenone 
in pyridine solvent in the presence of copper(I1) 
oxide and sodium carbonate. When using 
imidazole and l,2,4-triazole, we isolated com- 
pounds isomeric with the expected products in 
addition to the azolylacetophenones 1 and 2, and 
we have assigned structures 3 (9-hydroxy-9- 
methyl 9H-imidazo(l,2-a)indole(ll)) and 4 (9- 
l~ydroxy-9-methyl-9H-s-triazolo(2,3-a)indole) to 
these compounds. 

These products are formed by heating 1 and 2 
under the conditions used for the Ullmann 
condensations, and the yield ratios 3: l  and 4:2 

F 8.30) is absent; and (c) the p.m.r. spectrum of 
compound 4 in hexadeuterjodimethyl sulfoxide 
showed a 3-proton signal at F 1.68 (C-methyl) 
(cf. 1-(0-acetylphenyl)l,2,4-triazole, acetyl pro- 
tons at F 2.20), a broad 1-proton signal at F 6.33 
(tertiary hydroxyl), a 4-proton multiplet between 
435 and 462 Hz (protons 5,6,7,  and 8 in 4), and 
a 1-proton signal at F 8.17 (proton 2 of 4). Since 
the triazole ring proton signals in 1-(0-acetyl- 
phenyl)l,2,4-triazole fall at F 8.20 (the 3-proton) 
and 6 9.00 (the 5-proton) (p.m.r. studies of 
various 1-aryldiazoles and -triazoles (12) confirm 
these assignments), it is evident that cyclization 
has occurred so as to occ~~py the position of the 
5-proton of 2. 

Shirley and Alley (13) have obtained 4- 
oxoimidazo(l,2-a)indoline by dimetalation of 

increase with increasing reaction times in the 1-phenylimidazole followed by carbonation, so 
Ullmann reactions. The reactions almost cer- these cyclizations are not without precedent. 
tainly involve intramolecular electrophilic sub- However, these are the first examples of cycliz- 
stitution, as shown for the conversion of 1 to 3. 
The structures 3 and 4 are established by the 
following evidence: (a) the compounds are 
isomeric with the expected products 1 and 2, yet 
lack any carbonyl stretching peak in the infrared 
spectrum, and show strong hydroxyl absorption 
between 3070-3160 cm-'; (b) the proton mag- 
netic resonance (p.m.r.) spectrum of the com- 
pound 3 in hexadeuteriodimethyl sulfoxide 
showed a 3-proton signal at F 1.62 (C-methyl) 
(1-o-acetylphenylimidazole (1) showed the acetyl 
proton signal at F 2.05), a broad 1-proton signal 
at F 6.03 (the tertiary hydroxyl), and a 6-proton 
multiplet between 440 and 465 Hz (the 2-, 3-, 5- , 
6-, 7-,  and 8-protons). The low field signal 
characteristic of the 2-proton in an imidazole 
(cf. the 2-proton signal in 1-phenylimidazole, at 

ation on to a carbon atom of a "x-electron- 
excessive" (14) heteroaromatic compound, and 
the first known examples of direct electrophilic 
substitution at the 5-position of 1,2,4-triazoles. 
Although we do not plan further work in this 
area, it seems likely that investigation of the 
thermal stability of 1-o-acetylphenylderjvatives 
of other heteroaromatic compounds would be 
fruitful, and synthesis of fluorenol derivatives by 
cyclization of appropriately substituted 2-acetyl- 
biphenyls seems promising. 

Experimental 
General 

Analyses are by the Australian Microanalytical 
Service, Division of Organic Chemistry, Commonwealth 
Scientific and Industrial Research Organization and 
University of Melbourne, Parkville; Victoria, Australia. 
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Melting points were observed using a Gallenkamp 
apparatus and are uncorrected; boiling points are also 
uncorrected. Infrared (i.r.) spectra were recorded for the 
600-3500 cm-I region using a Perkin-Elmer 221 spectro- 
photometer. Solids were examined as mulls, and liquids as 
thin films. Proton magnetic resonance (p.m.r.) spectra 
were recorded using a Varian A-60A spectrometer fitted 
with a Varian V6058A Spin Decoupler, operating in the 
phase-lock mode. Signals are expressed in p.p.m. from 
tetramethylsilane, present as internal reference (for 
con~pletely analyzed signals), or in Hertz (for multiplets 
which were not amenable to  analysis). Hexadeuterio- 
dimethyl sulfoxide was supplied by Merck, Sharp and 
Dohme of Canada. 

U l l r n a ~ ~ ~ ~  Condensations between Ztnirlazole and 
o-Bromo~cefop/~enor~e 

(a) A mixture of imidazole (1.7 g), o-bromoaceto- 
phenone (5 g), copper(I1) oxide (0.25 g), and anhydrous 
potassium carbonate (5 g) in pyridine (10 ml) was heated 
under reflux for 48 h. The reaction mixture was cooled 
and filtered and the residue was extracted with chloro- 
form. Solvents were removed from the combined filtrate 
and extract, and the residue thus obtained was dissolved 
in ethanol, treated twice with charcoal, and the ethanol 
was renloved. Crystallization of the residue from aqueous 
ethanol yielded 9-hydroxy-9-methyl 9H-imidazo(l,2-a)in- 
dole, 3.2 g, (65 %) n1.p. 182-183". 

Anal. Calcd. for CIIHIONZO: C, 71.0; H, 5.4; N, 15.1; 
0, 8.6. Found: C, 70.4; H, 5.5; N, 14.8; 0 ,  9.0. 

(6) Reaction (a) was repeated using a heating time of 
7 h. The residue from the chloroform extract of the 
reaction mixture was chromatographed over alumina 
(Type H, Light & Co.) with benzene as eluting solvent. A 
snlall quantity of unreacted o-bromoacetophenone was 
recovered, and the eluting liquid was changed to 1 :1 
chloroforn~-benzene (v/v). Rcmoval of solvent from the 
various fractions yielded 1.6g(33%)of I-(0-acetylpheny1)- 
imidazole as a sy~.upy liquid, showing vco 1690 cnl-'. 
Found: C,70.5; H, 5.8; N, 13.7.1-(0-Acetylphenyl)in~ida- 
zole formed a picrate, m.p. 185-186" (from ethanol). 

Anal. Calcd. for C17H:3NSOS: C, 49.2; H, 3.1; N, 
16.9. Found: C, 49.1; H, 3.3; N, 16.6. 

Further development of the chromatography colunln 
with chlorofolm and evaporation of the eluate yielded 
2.2 g (4773, of 9-hydroxy-9-methyl 9H-imidazo(l,7-a)in- 
dole, 1n.p. 182-183", identical in all respects with the 
product obtained in (a). 

Tl~err,lal Cyclization of I-(0-Acefy~kenyl)i tr~idazole 
1-(0-Acetylphenyl)imidazole was heated for 24 h in the 

presence of anhydrous potassium carbonate and copper- 
(11) oxide in pyridine as in procedure (a). On working up 
the reaction mixture as in (b) above, a virtually quanti- 
tative yield of 9-hydroxy-9-methyl-9H-imidazo(l,2-a)in- 
dole, m.p. 182-183", was obtained, identical with the 
product obtained in (a). 

Ulltr~an~z Co~~cle~~satiorz Between 1,2,4-Triazole and 
o-Bro,noace tophenone 

Condensation between 1,2,4-triazole (1.73 g) and o-bro- 
nloacetophenone (5 g) was carried out by heating undzr 
rcflux for 48 11 using the general conditions described 

for imidazole and 0-bromoacetophenone. The reaction 
mixture was cooled and filtered, and the residue was 
extracted with chloroform. Solvents were removed from 
the combined extract and filtrate and the residue thus 
obtained was chromatographed on alumina. Elution with 
benzene afforded a trace of unreacted o-bromoaceto- 
phenone, and elution with 1 :4 chloroform-benzene (v/\), 
yielded 1-(0-acetylphenyl)l,2,4-triazo!e, 1.69 g (37 %) 
m.p. 84-86", vc0 1690 cm-I. An analytical sample, m.p. 
87-88", was obtained by crystallization from ch1oroforn1- 
petroleum (b.p. 40-60"). 

Anal. Calcd. for C10H9N30: C, 64.2; H, 4.8; N, 22.5. 
Found: C, 64.4; H, 4.8; N, 22.5. I-(0-Acetylpheny1)1,2,4- 
triazole formed a picrate, m.p. 121-122" (from ethanol). 

Anal. Calcd. for C ~ ~ H ~ Z N ~ O S :  C, 46.2; H, 2.9; N, 20.2. 
Found: C, 46.5; H. 3.2; N, 19.9. 

Further elution with I :I chloroform-benzene yielded a 
solid, m.p. 148-15l0, after ren~oval of the eluting liquids. 
This material was crystallized from chloroform-petro- 
leum (b.p. 4&60°), giving 9-hydroxy-9-methyl-9fZ-~- 
triazolo(2,3-a)indole, 1.07 g, (23 %) n1.p. 158-1 59". 
Found: C, 63.8; H,4.9; N, 22.7. 
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Hydroboration of cyclic allenes with disiamylborane 

D. S. SETHI, G. C .  JOSHI, AND D. DEVAPRABHAKARA 
Depnrtnzent of Clzemistry, Zndiatt Ztutitute of Tecl~nology, Kntpnr, India 

Received March 5, 1968 

It has been shown that 1,2-cyclononadiene and 1,2-cyclotridecadiene undergo 78 and 100% hydro- 
boration respectively, with disiamylborane. 1,2-Cyclononadiene gave products which represented 83 % 
attack of boron at the central carbon atoll1 and 17 % attack at the terminal carbon atom. I,?-Cyclotri- 
decadiene gave 62 % central carbon attack and 38 % terminal carbon attack. The reactivity and selectivity 
may be explained mainly in terms of steric effects on a four-centered transition state. 
Canadian Journal of Chemistry, 46, 2632 (1968 

It has been shown that the monohydrobor- 
ation of 1,2-cyclononadiene (1) with diborane 
results in the attack of diborane, primarily at the 
central carbon atom of the allenic linkage (1). 
The object of the present study was to examine 
the possibility of stereoselective addition of 
boron to the allenic linkage with disiamylborane 
(2), which might have revealed some useful and 
interesting synthetic routes. In particular we 
were interested to study the effect of the ring size 
on the reactivity and selectivity in the direction 
of addition. Since the monohydroboration of 
allenes might proceed through monoalkyl-, 
dialkyl-, and trialkylborane stages, the percen- 
tage of electrophilic attacks of diborane on the 
central and terminal carbon atoms of the allenic 
linkage, will be governed by the cumulative 
steric effect due to ring size of the allene and the 
intermediate organoboranes. The percentage 
electrophilic attacks of disiamylborane are 
controlled only by the steric effect of ring size of 
the allene. Accordingly, we undertook the 
hydroboration of 1,2-cyclononadiene (1) and 
1,2-cyclotridecadiene (2) with disiamylborane 
which is known to provide greater steric control 
over diborane (2). 

Results and Discussion 
Disiamylborane was prepared by hydrobor- 

ation of 2-methyl-2-butene at -5 to -10 "C 
under a static pressure of nitrogen (3). A solution 
of the appropriate allene in diglyme was added 
within 3 min to the above solution. This reaction 
mixture was left for approximately 3 h to attain 
room temperature. After stirring for 6 h at room 
temperature, the mixture was then hydrolyzed 
until hydrogen was no longer evolved. The 
product was oxidized with alkaline hydrogen 

peroxide in the usual manner. The percentage 
conversion of the allene to products was deter- 
mined by gas chromatography (4). The results are 
summarized in Scheme 1. 

The percentage electrophilic attack of boron 
on the central and terminal carbon atoms of the 
allenic linkage, as calculated from the percentage 
yield of the products and also the percentage 
conversion of the allenes to products, is shown in 
Table I. 

These results suggest that the observed differ- 
ence in the reactivity and selectivity, in the 
direction of addition of disiamylborane with 
1 ,2-cyclononadiene (1) and 1,2-cyclotridecadiene 
(2), could be dictated solely by difference in 
steric requirements of the allenes in the Brown's 
well known postulated transition state for 
hydroboration (2). The electronic effect seems to 
be of secondary importance here, since it has 
been shown that monohydroboration of 1,2- 
cyclononadiene (1) with diborane, followed by 
oxidation, gives mainly cyclonona~lone (5) (I), 
while dihydroboration of propadiene yields 
predominantly 1,3-propanediol (5). The for- 
mation of a small quantity of cyclic molloolefins 
(11, 12) is in complete agreement with our 
previous investigation (6), in which we have 
shown that cyclic allylic organoborane inter- 
mediates undergo slow hydrolytic cleavage at the 
boron-carbon bond under the experimental 
conditions employed. The formation of 0111~ 

a iene cis-cyclononene (11) from 1,2-cyclonoi1 d' 
(I), and a mixture of cis- and trans-cyclotridecelle 
(12 and 13) containing a major qualltity of trans 
isomer (13) from 1,2-cyclotridecadiene (2), may 
be attributed to the thermodynamic stabilities of 
these cyclic monoolefins (11 and 13) in 9- and 
13-membered rings (7). 
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NOTES 

TABLE I 
Percentage electrophilic attack of boron on  central and terminal carbon 

atoms of the allenic linkage 

% electrophilic 
attack of boron 

Central Terminal 
Allene C atom Catom % conversion 

Experimental 
Boiling points are uncorrected. Melting points were 

performed in open capillaries and are uncorrected. All 
infrared (i.r.) spectra were recorded on a Perkin-Elmer 
Infracord model 137B, as films between salt plates. Gas- 
liquid chromatographic (g.1.c.) analyses were made with 
an Acrograph model 90P instrument using 6 ft by 4 in. 
columns. Nuclear magnetic resonance (n.m.r.) spectra 
were taken on a Varian HR-100 instrument with tetra- 
methylsilane as the internal standard.The following liquid 
phases were employed (percentages by weight on 60180 
mesh cl~romosorb W): 15 % carbowax 20M-silver nitrate; 
15 % ucon and 15 % carbowax 20M. Samples were collect- 
ed by g.1.c. for i.r. analysis. Microanalyses were carried 

out by Mr. A. H .  Siddiqui of the Department of Chem- 
istry, Indian Institute of Technology, Kanpur, India. 

Materials 
Diglyme(Ansu1 Co.)was first kept over calcium hydride 

and then distilled from lithium aluminium hydride under 
reduced pressure. Boron trifluoride ethyl etherate (East- 
man) was treated with a small quantity of ethyl ether (to 
ensure an excess of this component) and distilled under 
reduced pressure with a few pieces of calcium hydride. 
Sodium borohydride from Metal Hydrides Inc. (98%) 
was used without purification. 2-Methyl-2-butene 
(Aldrich Co.) was used for the preparation of disiamyl- 
borane. 

1,2-Cyclononadiene and 1,2-cyclotridecadiene were 
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prepared from 9,9-dibroniobicyclo[6. l .O]nonane and 
13,13-dibromobicyclo [10.1 .O]tridecane respectively ac- 
cording to the procedure of Moore and Ward (8). Their 
properties corresponded well with those reported (8, 9). 

H~vr/robora/iot~ of I,2-Cyclor~ormdiene 
Pulverized sodium borohydride (3.2 g, 0.08 mole in 50 

ml dry diglyme) and 2-methyl-2-butene (15.4 g, 0.22 
mole) were placed in a 250 ml three-necked flask fitted 
with a condenser, an equilibrating dropping funnel, a 
thermometer, and an inlet and an outlet for nitrogen. 
Hydroboration was accon~plished by adding boron tri- 
fluoride ctherate (15.8g, 0.1 1 mole) in diglyn~e (20ml).The 
mixture was well-stirred and kept at 0 to -5 "C over 
a period of 0.5 h. The apparatus was flushed with nitro- 
gen and static nitrogen pressure was maintained through- 
out the reaction. After allowing the mixture to stand at  
0 "C for 1 h, 1,2-cyclononadiene (12.2 g, 0.10 mole) was 
added in 3 min. The mixture was left for approximately 
3 h to attain room temperature. The mixture was then 
oxidized by adding 3 N sodium hydroxide solution, 
followed by 30% hydrogen peroxide. The products 
formed were extracted with ether. After drying over 
anhydrous lnagnesiunl sulfate, the samples were analyzed 
by g.1.c. The percentage conversion of l,2-cyclononadiene 
to  products as determined by g.1.c. was 78%. 

Fractionation of the reaction mixture afforded cis- 
cyclononene (0.25g, 2.6%), b.p. 60-62 "C at 16 mni, 
1 1 , ~ ~  1.4748 (lit. (lo), b.p. 85-86 "C at 45 nini, 11D2' 

1.4745); cyclononanone (5 g, 45.973, b.p. 90-91 "C at 
10 mnl, nD2' 1.4720 (lit. (111, b.p. 94-95 "C at 13 mm, 
I I , , ~ O  1.4729); and 3-hydroxycyclononene (0.75 g, 6.9%,), 
b.p. 94-96 "C at 3 mm, nD" 1.4980 (lit. (12), b.p. 100 "C 
at 3.5 mm, nD3' 1.4965). The identity of the individual 
products was estabiished by comparing the g.1.c. retention 
times and i.r. spectra with the authentic samples. 

The semicarbazone derivative of 5 had a m.p. and 
mixture m.p. of 184-185 "C. The m.p. and mixture m.p. 
of the u-nitrobenzoate derivative of 9 was found to 
be 112-i 14 "C. 

Anal. Calcd. for C:,H,,: C. 87.09: H. 12.90. Found: * - "  , , , 

C, 86.94; H ,  12.78. 
Anal. Calcd. for C10N19N30:  C, 60.91; H,  9.64; N, 

21.32. Found:C,  60.65;H, 9.71;N, 21.44. 
Anal. Calcd. for C,  bF114N04 : C, 66.43 ; H, 6.54; N, 

4.84. Found: C, 66.61; H, 6.44; N, 4.94. 

Hj~rlroboration of l,2-Cyclotrir/ecn~/ier1e 
The procedure described for 1,2-cyclononadiene was 

followed without any change. From I,bcyclotridccadiene 
(8.9 g, 0.05 mole), 2-methyl-2-butene (7.7 g, 0.11 mole), 
sodiu111 borohydride (1.6 g, 0.04 mole), and boron 
trifluoride etherate (7.9 g, 0.055 mole), there was obtained 
a mixture of cis- and trat~s-cyclotridecene (0.8 g, 8.9%), 
b.p. 106-114 "C at 3 mm; cyclotridecanone (5.8 g, 
59.2%). b.p. 116-119 "C at 3 mni, ~z~~~ 1.4828 (lit. (13), 
b.p. 78-83 "C at 0.4 mm, nDZ0 1.4822); and 3-hydroxy- 
cyclotridecene (2.8 g, 28.6%), b.p. 124-130 "C at 3 mm. 

The percentage conversion of 1,2-cyclotridecadiene to 
products as established by g.1.c. was 100%. The cis- 
cyclotridecene (20 %) and trans-cyclotridzcene (80 %) 
were separated by g.1.c. and were identified by a coni- 
parison of their chromatographic retention times and i.r. 
spectra with those of authentic samples. The ketone was 
identified by g.1.c. and i.r. using an authentic sample for 
comparison, and also through its 2.4-dinitrophenyl- 
hydrazone derivative m.p. and mixture 1n.p. 114-115 "C 
(lit. (14), m.p. 113.5-114.5 "C). The g.1.c. analysis of the 
alcohol indicated 8% contamination of the ketone. Its 
3,5-dinitrobenzoate derivative melted at 102-103 "C. The 
i.r. spectrum of the alcohol showed 0-H band at 2.94 1 
and C=C band at  6.021, and the main signals in n.m.r. 
spectra were ar J = 4.62 (niultiplet, 2) and J = 5.52 
(multiplet, 1). 

Anal. Calcd. for C13H24: C, 86.67: H, 13.33. Foi~nd:  C. -. - .  . . . 

86.72; H,  11.14. 
Anal. Calcd. for C19H2SN,04: C, 60.64; H; 7.44; N, 

14.89. Found: C, 60.80; H, 7.60; N, 14.91. 
Anal. Calcd. for CZOH2GN206:  C, 61.54; H: 6.67: N, 

7.18. Found: C, 61.46; H ,  6.71; N, 7.03. 
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Structure of hetisinone 

R. T. APLIN,' M. H. BENN, S. W. PELLETIER,~ J.  SOLO,^ S. A. TELANG AND H. WRIGHT~ 
Depnrt/ne/~l of Chen~istry, The U/~iuer.sity, Cn/gnr:v, Alberta 

Received March 26, 1968 
The tentative structure proposed previously for a dehydrohetisine isolated from Delplzini~rm cnrdi/mle 

Hook. has been confirn~ed. This alkaloid is identical with hetisinone, first obtained as a transfornlation 
product of hetisine, and subseq~~ently isolated from D. detzirdntitm. 
Canadian Journal of Chemistry, 46, 2635 (1968) 

Some years ago it was reported (1) that 
acetylation of the trihydroxy diterpenoid alka- 
loid hetisine (1, R=H) (2) gave a diacetate, 
which upon oxidation and saponification yielded 
a dehydrohetisine, named hetisinone. It was 
deduced that the keto function was located in 
ring A, hetisinone may therefore be formulated 
as 2. 

More recently (3), an alkaloid was isolated 
from Delplliniutn cardinale Hook. which also 
proved to be a dehydrohetisine and which was 
tentatively assigned the same structure as 
hetisinone, mainly on the basis of the failure to 
observe the "anomalous" ultraviolet and infra- 
red spectral features that would have been 
anticipated, had the alkaloid possessed either of 
the alternative structures (3) or (4).4 

We have now compared the semisynthetic and 

lDyson Perrins Laboratory, South Parks Road, Oxford, 
England. 

2Departn1ent of Chemistry, University of Georgia, 
Athens, Georgia, U.S.A. 

3School of Pharmacy, State University of New York at 
Buffalo, Buffalo, New York, U.S.A. 

4Subseauentlv hetis~none was isolated from D.  
detlrrdatum (ref.4, footnote 76) .  

HO, 

natural products and find them to be indeed 
identical;' we retain the name hetisinone for the 
alkaloid. 

We can also now report new evidence which 
confirms the structure 2 for hetisinone. 

Dehydration of hetisine diacetate with phos- 
phorus oxychloride and pyridine, followed by 
saponification, gave a crystalline mixture of 
olefins, m.p. 225-227", in excellent yield. 
Analysis of the proton magnetic resonance 
(p.m.r.) spectrum of the olefin obtained in 
highest purity revealed signals due to two vinylic 
protons at T 4.39 (doublet, J = 4 c.p.s.) and 
T 4.55 (multiplet), in addition to those of the 
exocyclic methylene function, T 5.1 1 and T 5.30. 
Moreover the signal for the quaternary methyl 
group was shifted, from T 9.08 in hetisine, to 
T 8.94. 

Of the various dehydration products that may 
be envisaged only those represented by structures 
5 or 6 accommodate these observations. Hence 

5The infrared spectra (KRr) of the two alkaloids were 
superiniposable, and the mixture m.p. was undepressed. 
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lletisine diacetate is 1 (R = Ac), and hetisinone firm7 that hetisinone is correctly represented as 2, 
is 2. not 3 or 4. 

Further, hetisinone is stable to bases, behavior 
that is consistent with structure 2, but much less 
likely for either of the alternative P-ketoalcohols 
(3) or (4). When heated in deuterium oxide - 
methanol-0-d, containing sodium deuteroxide 
(5), at 80°, for 4 h, followed by reexchanging OD 
for OH, hetisinone gave a mixture of deuterated 
hetisinones which contained, by mass spectro- 
scopic ana lys i~ ,~  14 % d- , 53 % 4- , 24 % d3- , 
and 6 %  d,-species. These results also con- 

6Thesc figures are corrected for M + 1 contributions. 
A similar distribution of deuterated species was obtained 
in a second cxperiment which was allowed to run for 48 h. 

1. S. W. PELLETIER. Tetrahedron, 14,76 (1961). 
2. M. PRZYBYLSKA. Can. J. Chem. 40, 566 (1962); Acta 

Cryst. 16, 871 (1962). 
3. M. H. BENN. Can. J. Chem. 44, 1 (1966). 
4. S. W. PELLETIER, L. H. KIETH, and P. C. PARTHASA- 

RATHY. J. Am. Chem. Soc. 89,4146 (1967). 
5. D. H. WILLIAMS, J. M. WILSON, H. BUDZIKEWICZ, and 

C. DJERASSI. J. Am. Chem. Soc. 85,2091 (1963). 

7Under the conditions used to effect the exchange, only 
2 should incorporate up to 4 atoms of deuterium. The 
behavior of 3 and 4 is more hypothetical, direct exclxingc 
should result in the incorporation of only 1 atom of 
deuterium in 3 and no atoms of deuterium in 4. However 
higher figures might result if retro-aldol ring-opening 
followed by exchange, and subsequent aldol recyclization 
were to occur. 
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The gold/selenium system and some gold seleno-tellurides 

G. E. CRANTON' AND R. D. HEYDING 
Department of Cl~ernistry, Queerr's University, Kirlgstot~, Ontario 

Received February 13, 1968 

The phase relationships in the gold/selenium system have been examined using X-ray powder dif- 
fraction techniques and differential thermal analysis. Only one stable phase, u-AuSe, is formed. A nleta- 
stable modification of this com~ound ,  D-AuSe. is also formed bv reaction of the elements. Both forms are . . 
monoclinic: 

u-AuSe: space group C2, Crn, or C2ltt1; a = 12.21 2 2, 6 = 3.693 k 4, c = 8.434 + 6 A, P = 103.20 + 3"; cell content, 8(AuSe). 
P-AuSe: primitive monoclinic (space groups P2, or P2,/n1 are likely); a = 6.27 + 1, b = 3.668 + 

4, c = 8.35 + 1 A, /? = 105.95 + 13"; cellcontent, 4(AuSe). 
Both modifications decompose peritectoidally at ca. 400 "C. Gold and selenium form a lnonotectic 

at 754 "C at a composition just above 50 at. % selenium; some evidence was obtained for the presence 
of two liquid phases above the monotectic. 

Telluriuln doesnot substitutein the AuSe lattice to  a detectable extent. However, a ternary phase which 
includesthecomposition Au,SeTeis formed. Au2SeTe is primitive orthorhombic with a = 8.924 + 6 ,  
b = 7.56 + 1, c = 5.741 + 8 A. The cell contains 4 forn~ula units. Selenium will substitute for at least 
15 at. % of the tellurium atoms in the monoclinic AuTe, calaverite lattice at ca. 400 "C. 
Canadian Journal of Chen~istry, 40, 2637 (1968) 

Introduction 

While the phase relationships in the gold/ 
tellurium system are well established (I), no 
systematic studies of the gold/selenium or gold/ 
sulfur systems at temperatures below 1000 "C 
have been reported. Mellor (2) and Sneed et al. 
(3) report the precipitation of Au2Se and Au2Se, 
when hydrogen selenide is passed through po- 
tassium aurous or auric salt solutions. Frie- 
drich (4) and Ptlabon (5) attempted to add 
selenium to molten gold, but no compounds 
were observed. Recently, Vogel and Gerhardt 
deternlined the phase relationships in the gold/ 
s u l f ~ ~ r  and gold/selenium systems above 1000 "C 
(6). 

We have examined alloys containing 20-100 
at. % selenium from room temperature to ca. 
900 "C via differential thermal analysis (d.t.a.), 
room and high temperature X-ray powder dif- 
fraction patterns, and, to a limited extent, micro- 

'Present address: Department of Chemistry, York 
University, Toronto 12, Ontario. 

scopy. A reduced phase diagram has been ob- 
tained, and crystal symmetries and cell dimen- 
sions of the intermediate phases have been 
determined. 

Experimental 
Samples were prepared by reaction of gold (A. D. 

MacKay, 59) and selenium and/or tellurium (Asarco, 69) 
in sealed, evacuated Vycor tubes. Following the initial 
reaction, samples were annealed a t  24C800 "C for 
various periods of time with intermittent quenching and 
grinding. Quenching was acco~nplished either in air or in 
ice/water mixtures. Some samples were cooled in the 
annealing furnace. 

One gram samples for d.t.a. were sealed ill uacuo in 
Vycor tubes with reentrant thermocouple wells. Nickel 
sponge was used as the standard. Manually controlled 
heating rates were ca. 3 deg min-', and free cooling rates 
were ca. 5 deg min-'. The apparatus was calibrated with 
respect to  temperature at the melting points of high 
purity elements. 

Powder diffraction patterns at room temperature were 
obtained in 11.46 cm Debye-Scherrer cameras. High 
temperature patterns were obtained in a 19 cm Unicam 
camera. The camera was calibrated with respect to tem- 
perature using gold and silver specimens. Guinier- 
de Wolff focusing camera patterns of the intermediate 
phases were obtained. Nickel-filtered copper radiation 
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(IKmt =, 1.54050 A) was used throughout. Densities were 
determ~ned by a helium displacement method (7). 

Several samples were annealed above 760 "C in 
evacuated quartz tubes in which the void volume was 
reduced with close-fitting quartz rods. Fragments of the 
product recovered on rapid quenching were polished for 
microscopic examination. 

Results and Discussion 
The AulSe Phase Diagram 

Two intermediate phases, both with 1 :1 stoi- 
chiometry, were observed in the room tem- 
perature diffraction patterns of quenched speci- 
mens. The relative proportions of the two phases 
were not primarily a function of composition 
but did depend on the thermal history of the 
specimen during the initial reaction period. For 
example, the a-phase was the predominant pro- 
duct obtained when Au/Se mixtures were placed 
in a furnace at room temperature and heated 
slowly to 340 "C, while the P-phase predomina- 
ted when elemental mixtures in the same atomic 
ratios were placed in a furnace preheated to 
340 "C. Although the relative proportions of the 
two phases depended on the procedure and the 
reaction temperature, the results of the initial 
reaction were not entirely predictable. In general, 
lower temperatures favored the formation of the 
a-phase. In any group of samples of identical 
thermal histories, the P-phase appeared to be 
favored in gold-rich mixtures, and the a-phase 
in selenium-rich mixtures. 

Once the original mixture had been allowed 
to react to form the intermediate phases, an- 
nealing for any length of time at temperatures 
below 370 "C had no effect on the relative pro- 
portions of the phases already present. Above 
370 "C, however, the P-phase transformed slowly 
to the a-phase. In specimens containing less than 
46 at. % Se or more than 60 at. % Se, this trans- 
formation was essentially complete after an- 
nealing at 370 "C for 1 month with weekly 
quenching and grinding. In samples containing 
40 to 60 at. % Se the transformation was more 
sluggish. One specimen, of 1:l stoichiometry, 
transformed to essentially pure a-phase only 
after 3 months annealing at 370-383 "C, al- 
though traces of the strongest reflections of the 
P-phase could still be detected in grossly over- 
exposed diffraction patterns. In none of these 
studies was there any indication that this trans- 
formation is reversible. 

:HEMISTRY. VOL. 46, 1968 

Both phases were found to decompose on 
annealing above 385 "C to gold and a liquid 
phase. 

Several specimens containing a range of pro- 
portions of a-AuSe and P-AuSe were examined 
in the high temperature diffraction camera from 
room temperature to ca. 450 "C. The decom- 
position of the intermediate phases with the 
formation of gold and a liquid occurred at 400- 
420 "C in the camera, i.e. 10-30" above the de- 
composition temperature observed in annealing 
studies. At 20" below the decomposition temper- 
ature, the slow transformation of P-AuSe to a- 
AuSe was observed; at still lower temperatures 
no change in the diffraction pattern with time 
could be detected. 

The results of the annealing and high tem- 
perature diffraction studies can be rationalized 
by assuming that P-AuSe is a metastable modi- 
fication which may form at any temperature at 
which the reaction between the elements occurs at 
an observable rate. Depending on the initial 
reaction conditions, either modificatioil call be 
formed in excess. The instability of p-AuSe re- 
lative to a-AuSe is apparent only at temperatures 
just below the decomposition point. 

Metastable phases are well known in the gold/ 
tellurium system. While only one compound, 
AuTe,, corresponding to the mineral calaverite, 
appears in the equilibrium phase diagram, 
minerals of composition AuTe, (kre~lnerite) and 
Au2Te3 (montbrayite) are known (1, 8, 9). Luo 
and Clement (10) have prepared metastable 
cubic gold tellurides by rapid quenchii~g tech- 
niques, and Howie and Veale (1 1) have synthe- 
sized a cubic gold telluride by precipitation from 
solution. Howie and Veale have suggested that 
Au2Te3 is an ordered modification of the cubic 
phase. There is no similarity in the powder 
patterns of a- and P-AuSe to suggest such an 
order-disorder relationship between the gold 
selenides. 

The reduced phase diagram is shown in Fig. 1. 
The points indicate temperatures at which heat 
effects were observed during thermal analysis. 
All transformations observed during heating 
cycles were endothermic, and during cooling 
cycles all were exothermic. The peritectoid de- 
composition of AuSe (the d.t.a. points are for 
samples containing both a- and P-AuSe) oc- 
curred over a broad temperature range (20- 
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CRANTON AND HEYDING: GOLDlSELENIUM SYSTEM 2639 

: t  Au + Liquid 

FIG. 1. Reduced phase diagram for the Au/Se 
system to 900 "C. Open circles, d.t.a. signal on heating 
cycle; closed circles, cooling cycle. Cooling cycle signals 
at 754 "C omitted for clarity. The dashed line indicates 
uncertainty. 

300- 

200- 

40 "C) in these experiments. Points are shown in 
the diagram for the beginning and the midpoint 
of the broad, shallow d.t.a. peaks. 

The decomposition temperature is shown as 
400 "C.  old-;ich specimens decomposed during 
d.t.a. at 385-390 "C, and selenium-rich at 410- 
450 "C, regard.less of the initial proportions of 
ct- and P-AuSe in the samples. This difference 
is attributed to the nature of the thermal anal- 
ysis, since no evidence was found for a range of 
stoichiometry in either modification of AuSe. 
During d.t.a. the decomposition reaction was 
irreversible. 

The monotectic reaction at 754 "C was ob- 
served during heating and cooling cycles. The 
signals corresponding to the liquidus/solidus 
transformation in specimens containing less than 
50 at. % Se were observed on cooling cycles 
only. The small signal above the monotectic 
observed in specimens containing more than 50 
at. % Se was obtained on heating cycles only. 
Examination of polished sections of specimens 
quenched from this region of the system support 
the supposition that a narrow two-liquid-phase 
region exists. Two phase liquid regions in this 
composition range appear to be a feature of 
nearly all Group IB/VIA binary systems. 

One sample containing more than 85 at. % 
Se was examined by d.t.a. This sample, con- 
taining 98.3 % Se, showed only the melting of Se 
at 220 "C and a base-line drift above 620 "C. 

20 30 40 50 60 70 80 90 

ATOMIC PERCENT S E L E N I U M  

AY + Au5c 
1 AuSe + Liquid 

220- 

X-ray Dzjfi-action Studies 
The lattice parameters of gold in alloys con- 

taining 3 3 4 4  at. % Se are recorded in Table I. 
Apparently selenium does not dissolve in gold 
to an appreciable extent below 800 "C. The 
solubility limit at 1020 "C is 12.05 at. % Se (6). 

The symmetry and unit cell dimensions of both 
ct- and 0-AuSe were determined from focusing 
camera data. The cell dimensions and densities 
are recorded in Table 11. Indexed focusing 
camera patterns with microphotometer intensity 
data have been submitted to the Depository of 
Unpublished Data.2 

I 

TABLE I 
Lattice dimensions of gold in the presence of seleniuln 
-- -- 

Temperature of Composition Lattice 
quench ("C) (at. % Se) dimension (A) 

Au5e + S e  
I I I 

'See ref. 8. 

Both modifications are monoclinic. In the 
pattern of ct-AuSe the sum of 11 and k is even for 
all observed reflections, indicating an end- 
centered lattice. The presence of (h01) reflections 
with 1 odd excludes space groups Cc and C2/c. 
The remaining possibilities are C2, Cnz, or C2/m. 
For the primitive lattice of P-AuSe, ollly the 
space groups PC, P2/c, and P2Jc can be ex- 
cluded. Of the three (OkO) reflections within the 
range of the focusing camera, only the (020) is 
observed, and it overlaps the (301) reflection. 
Nevertheless, the absence of the (010) reflection 
may indicate that the space groups P2, and 
P2Jm are to be preferred. 

The unit cells of the two modifications are 
related superficially in that a, - 2ap, b, N bp, 
c, - cp, and p, N pp. The molar volumes of the 
a- and p-forms are 46.3 and 46.2 A3 respectively. 
However, there is so little similarity in the dif- 
fraction patterns that an order-disorder re- 
lationship is very improbable. It is more likely 
that the two crystals contain the same structural 
units arranged in slightly different manners. 

ZPhotocopies may be obtained free of charge upon 
request to: The Depository of Unpublished Data,.Na- 
tional Science Library, National Research Councll of 
Canada, Ottawa, Canada. 
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2640 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I1 

Crystallographic data for a- and p-AuSe, AuZSeTe, and AuSe,Te,-, 

Cell dimensions (A) 

Phase Syn~n~etry  n b c Dx D,,, M 

a-AuSe Monoclinic C2, Cln, 12.21 k 2 3 .693k4  8 .434k6 9.91 10.0 8 
or C2/rn (B=103.20?3") 

p-AuSe Monoclinic (P2,  or 6.27+ 1 3.668?4 8.35?1 9.91 10.3 4 
P2 /NI) (?) ((3=105.95k13") 

Au,SeTe Orthorhombic 8 .924k6  7.56?1 5 .741k8 10.3 10.3 4 
(~rimitive) 

These structures are not isomorphous with ternal standard. If there is any variation of the 
any 1 : 1 compounds reported in the literature. A monoclinic P-angle from 90" with composition, 
search for phases of slightly different atomic it is within 10.5". The melting points of 
ratios which might be related to the gold sele- AuSe,,,Te,,,, ALIS~,,,T~,,,, and AuSe,,,Te,~., 
nides by filling of vacancies was not successful. are 450, 440, and 434 "C respectively. AuTe, 
It is not surprising that gold selenide does not melts at 464 "C (1). 
form structures in keeping with general patterns 
in transition metal chalicides. Gold ditelluride Ackno.vvledg;ments 
forms structures unknown in any other binary 
system. In fact, the generalization to be made is 
that copper family chalicides and dichalicides 
form unique atomic arrangements to such an 
extent that the appearance of a common struc- 
ture (e.g, the Cl8 structure for CuSe, (12)) is 
exceptional. 

Szlbstitution of Se by Te in AuSe, and 
Te by Se in AuTe, 

Tellurium will not replace selenium in either 
AuSelattice to any significant extent. In attempt- 
ing to effect this substitution, a new phase was 
obtained in a series of AuTe,Se, -, samples. The 
range of stability of this phase was not deter- 
mined, but at the composition Au,SeTe the 
lattice is primitive orthorhoinbic with the cell 
dimensions recorded in Table 11. Focusing 
camera powder diffraction data have been sub- 
mitted to the Depository of Uilpublished Data., 
Au,SeTe melts at 471 "C. 

In a series of AuSe,Te,-, samples annealed 
and quenched from 400-425 "C, substitution of 
Se for Te in the monoclinic (pseudo-ortl~orhom- 
bic) calaverite lattice was observed for 0 < x 
< 0.30. In the interval 0.30 I x _< 0.35 a - 
second phase appeared. The lattice parameters of 
the substituted calaverite structures given in 
Table I1 were obtained from relatively poor 
Debye-Scherrer patterns using As,O, as an in- 

- 
We are indebted to Dr. L. D. Calvert of the 

National Research Council of Canada for the 
focusing camera patterns used in this study. 
Awards of Province of Ontario Graduate 
Fellowships and of Studentships by the National 
Research Council of Canada to G. E. Cranton 
are gratefully acknowledged. This study was 
supported bioperating graits from the ~a t io i l a l  
Research Council of Canada. 
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Dktermination des constantes de force et des amplitudes moyennes de 
vibration du sous-sulfure de carbone, C3S2 

Laboratoire dYItfiaror/ge, Clzin~ie Pl~ysiqne, Fac~ltd des Sciences de Paris, (91) Orsay, Fratzce 

R e ~ u  le 5 fkvrier 1968 

La thCorie gCnCralisCe des carres rnoyens des amplitudes de vibration a Ctt appliquke a la molkule de 
C3Sz qui possede une structure liniaire et symetrique. Les valeurs nu~neriques des constantes de force et 
des carrCs moyens des amplitudes paralleles et perpendiculaires, a 298 OK, pour toutes les paires d'atomes 
directement lies ou non ont CtC calculCes par les mCthodes de Cyvin et de Morino-Hirota. Les constantes 
des effets de contraction ont CtC dtterrnintes au rnoyen des carrts rnoyens des amplitudes perpendiculaires. 

The theory of the generalized mean amplitudes of vibration has been applied to the C3SZ molecule, 
which possesses a linear symmetrical structure. The numerical values of the force constants and the 
mean square parallel and perpendicular amplitudes at 298 "K of all bonded and non-bonded pairs of 
atoms are calculated from spectroscopic vibrational frequencies by the Cyvin and Morino-Hirota 
methods, utilizing the symmetry coordinates. The "shrinkage" effect constants are also evaluated by 
means of the perpendicular mean square amplitudes. 

Canadian Journal of Chemistry, 46, 2641 (1968) 

Introduction 

Le sous-sulfure de carbone appartient B une 
strie de moltcules dont l'ttude par les mtthodes 
physiques a souvent rtvtlt des anomalies de 
structure. I1 a t t t  observk rkcemment que les 
spectres d'absorption iilfrarouge de C302 (1, 2) 
et de C3S2 (3, 4), obtenus sous une resolution 
moyenne, sont caracttrists par la coexistence de 
deux types de bandes dont les unes prtsentent une 
structure fine caracttristique, cependant que les 
autres posddent des formes extr6mement com- 
plexes. Le phtnoinkne est lit a l'existence de 
nombreuses vibrations de basse tnergie (2). Dans 
un cas comme dans l'autre, la frtquence fonda- 
mentale v, Ctant trks basse, les iliveaux nv, sont 
suffisamment peuplks pour &tre associts a tous 
les niveaux vibrationnels permis par la symttrie 
moltculaire D,,,. Des bandes de combinaison et 
de diffkrence dues au couplage entre les vibrations 
nv, et les vibrations actives en Raman apparais- 
sent alors dans les domaines spectraux corre- 
spondant B ces dernikres. Ces bandes prtsentent 
une structure fine. Par contre, les bandes issues 
des transitions normalement permises en absorp- 
tion infrarouge qui sont perturbkes par la 
prtsence de nombreuses bandes chaudes mon- 
trent en gtntral une grande complexitt. 

D'autre part, les ttudes de la diffraction 
tlectronique des moltcules telles que l'allkne, le 
butatrikne, le diadtylkne et le sous-oxyde de 

I carbone font apparaitre des effets de contraction 

qui sont interprttts en faisant intervenir les 
phtnomknes des vibrations moltculaires (5).  

De tels rtsultats suggkrent naturellement 
l'application de la thtorie gtntraliste des ampli- 
tudes moyennes de vibration a C3S2. Aussi, les 
carrts moyens des amplitudes parallkles et 
perpendiculaires, ainsi que les constantes des 
effets de contraction ont-ils t t t  calcults pour 
cette moltcule B partir des frtquences fondamen- 
tales de vibration, la temptrature de 298 OK. De 
plus, la matrice des carrts moyens des amplitudes 
a t t t  utiliste pour dtterminer les constantes de 
force. 

Le modkle moltculaire considtrt appartient au 
groupe de symttrie Dm,. La Fig. 1 illustre 
l'orientation des axes de coordonntes cartt- 
siennes, le systkme de coordonnkes internes, 
ainsi que le numtrotage des atomes. R et I' 

reprtsentent les variations des longueurs des 
liaisons S-C et C-C le long de l'axeprincipal Z. 
f i  et q dtfinissent les dtformations angulaires des 
liaisons S-C-C et C-C-C dans les plans 
YZ et ZX. 

Ainsi dtfinie, la moltcule posskde sept modes 
de vibrations distinctes classtes suivant les types 
de symttrie: 

Les carrts moyens des amplitudes de vibration 
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BI 'I 82 
FIG. 1. CoordonnCes cartksiennes de dkplacement, coordinnCes internes et numCrotage des atomes dans la 111016- 

cule de C3Sz. 

s'expriment en fonction des coordonnCes cart6 
siennes de dkplacement pour chaque paire 
d'atomes i-j. L'Cquation matricielle 

PI c = A S  
oh A = p B " B ~ - l ~ ,  

qui relie les coordonnCes cartksiennes c aux 
coordonnCes symktriques S, permet de calculer 
les carrCs moyens des amplitudes, soit a partir des 
ClCments Cij d'une matrice C selon lYCquation de 
Cyvin (6), soit par la mCthode de Morino et 
Hirota (7). (Les differents symboles ont leur 
signification habituelle dans les notations de 
Wilson.) Les matrices correspondantes ont CtC 
dCterminCes comme dans le cas de la molCcule 
analogue de C302  dCcrite ailleurs (2). 

Les ClCments des matrices des carrCs moyens 
des amplitudes C et des constantes de force Fon t  
CtC calculCs par la mCthode proposCe par Cyvin 
(8) a partir des equations ~Cculaires: 

PI I C G - ~  - A E ~  = o 
PI ICF - AAEl = 0, 

TABLEAU I 
FrCquences fondamentales et constantes de force de la 

molkule de C3Sz 

FrCquences 
observkes Type de Valeurs des constantes 

(cm - I) sym6trie de force (mdynlii) 

o ? ~  Ak = (8nfcv,) - cOth (2) TABLEAU 11 
ElCments des matrices C et L de la molkule 

de C3Sz 

(hA), = $hcvk coth r%) . Valeurs des ClCments Valeurs des C16ments 
&I (Az) L f j  (u.m.a.)-I'Z 

Dans le cas des vibrations d'blongation, les 
carrCs moyens des amplitudes paralleles dCfinis Cll 0.001437 Ll l  0.3249 

ClZ -0.0006035 LIZ 0.0949 
Par Czz 0.0010377 Lzl -0.2786 

oi j  = ( ( A z ) ~ ~ ~ }  C33 0.0015015 Lzz 0.0759 
C34 -0.0004775 L33 0.2165 

s'expriment simplement en fonction des ClCments c~~ 0.0020827 L34 0.2602 C 0.0160073 L43 -0.4920 
Cij. On obtient alors: CS6 0.057785 L~~ 0.0885 

C67 -0.015147 L 5  0.6017 
OR = HCll -k C33) C77 0.023225 LS6 0.6707 

L67 0.2239 
or = HZ22 -k C44) L7,j -0.7502 

o ~ + r =  OR -k or -k 0 1 2  -k 0 3 4  
L77 0.02843 
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DIALLO: DETERMINATION DES CONSTANTES DE FORCE 

TABLEAU 111 
CarrCs moyens des amplitudes et constantes des effets de contraction dans la n~olecule de C3S2 

CarrCs moyens Camis moyens Constantes des 
Distance des amplitudes des amplitudes effets de 

Liaison (A) paralleles (A2) perpendiculaires (A2) contraction (A) 

Les carrts moyens des amplitudes perpen- Comme les constantes vibrationnelles donntes 
diculaires dtfinis par au Tableau I11 peuvent tgalement &tre obtenues 

par les mtthodes modernes de diffraction tlec- 
rij = ((Ax)ij2> = ((Ay)ij2> tronique, les valeurs ainsi obtenues seront 

ont ett obtenus en utilisant la mtthode de 
Morino et Hirota (7). 

Enfin, les constantes des effets de contraction 
ou effets de Bastiansen et Morino (5) ont Ctt 
calcultes B partir des carrCs moyens des ampli- 
tudes ~er~endiculaires de vibration et des dis- * L 

tances interatomiques selon le proctdC de Mori- 
no et collaborateurs (9). 

Les distances interatomiques dans la position 
de l'tquilibre de la molCcule, obtenues par 
spectromttrie infrarouge et vCrifiCes empirique- 
ment a partir de moltcules analogues sont (4), 
C-S = 1.56 A et C-C = 1.28 A. 

Les valeurs des frCquences fondamentales 
utilistes dans les calculs sont celles mesurtes par 
Smith et Leroi (3) et par l'auteur (4). Elles sont 
indiqutes dans le Tableau I, ainsi que les valeurs 
des constantes de force. 

Le Tableau I1 donne les tlCments des matrices 
C et L. 

Ellfin les valeurs des carrts moyens des 
amplitudes et des constantes des effets de con- 
traction sont grouptes dam le Tableau 111. 

certainement utiles pour l'interprttation des 
mesures de la diffraction. C3S2 en effet, comme 
C302,  reprtsente une moltcule dans laquelle il 
semble difficile de distinguer entre la configura- 
tion lintaire et la forme coudte par cette seule 
mtthode physique. 
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Nuclear magnetic resonance spectra of oriented 4-spin systems with 
C 2 "  symmetry (AA'BB'). The spectrum of thiophene 

P. DIEHL, C. L. KHETRAPAL,' AND U. LIENHARD 
Department of Pl~ysics, University of Bnsel, Bnsel, S~vitzerlanrl 

Received March 5, 1968 

The general Hamiltonian for the nuclear magnetic resonance (n.1n.r.) spectra of oriented 4-spin 
systems with C2,  synlmetry of the type (AA'BB') is reported. The system can be discussed analytically, 
if only the direct coupling between the various nuclei is considered. The expressions for transition 
frequencies and intensities for such a case are given. 

The proton spectrum of thiophene in the nematic phase of p,pf-di-11-hexyloxyazoxybenzene has been 
analyzed. The ratios of the various interproton distances are determined. 
Canadian Journal of Chemistry, 46, 2645 (1968) 

Introduction unique solution can always be found from the 

Nuclear magnetic resonance (n.m.r.) spectra of approximate geometry of the 

oriented 4-spin systems with threefold or greater Experimental axis of symmetry and D,, symmetry have been 
The proton spectrum of a 23 mole % solution of com- 

discussed b~ authors The 'pectra of mercially thiophene was studied at  80 "C in the 
the cases with C7," symmetry do not seem to have nematic phase of p,p'-di-n-hexyloxyazoxybenzene. The 
been studied so far. Such systems have four spectrum was recorded with a Varian spectrometer 
direct couplings (D values; Dij = S. . -(-  hy2/ '< 
4n2ri?), where Sij is the degree of orientation 
along the axis joining the two protons i and j 
separated by the distance rij) and only two of 
them suffice to  describe the orientation of the 
molecule. The remaining two direct couplings can 
be used to study the geometry. 

The present paper deals with the general 
method of analysis of such spectra. The spectrum 
of thiophene (the structure and various notations 
are given in Fig. 1) has been analyzed and the 
geometry of the molecule discussed. 

The Hamiltonian 

The Hamiltonian of the system is given in 
Table I. Trailsition frequencies and intensities for 
a special case when the chemical shift (6) between 
the two groups of protons as well as all the 
indirect coupling constants (J) are zero are given 
in Table 11. 

Table I1 indicates that the direct coupling DA 
(Fig. 1) can be interchanged with D, and D with 
D' without affecting the line positions. Conse- 
quently there are four possible solutions of the 
problem for a given set of signs of the D values 
from line positions only. If intensity is also con- 
sidered, D and D' may still be exchanged. A 

'Postdoctoral Fellow: on leave from Tata Institute of 
Fundamental Research, Bombay-5 (India). 

(HR 60) equipped with the Varian variable temperature 
assembly. Several traces were taken and the statistical 
error in the measurement of line position was less than 
+ 1 Hz for each line. The average line width was 8 Hz. 

Results and Discussion 
Analysis of the Spectrunz 

The spectrum of thiophene is shown in Fig. 
1. Analysis of the spectrum was first carried 
out without introducing 6 and J and using the 
expressions given in Table 11. Later on, known 
J values (6) and approximate 6 values were 
introduced in the calculations and refined D 
values were obtained with an IBM 1620 computer 
using a modified version of Frequint IV. D and 6 
values were then continually changed and the 
spectrum calculated until a good fit with the 
observed spectrum was obtained. Calculations 
were carried out with direct and indirect couplings 
having the same as well as opposite signs. A good 
fit with the observed spectrum could not be 
obtained when D and J values were of the same 
sign. Since the indirect coupling constants in 
thiophene are known to be positive (6), the sign of 
the direct couplings must be negative. This 
indicates that the molecule orients preferentially 
with its plane along the direction of the magnetic 
field. 

The D values reported in Table I11 were found 
to give a good fit with the spectrum. The root- 
mean-square deviation between the observed and 
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FIG. 1. Observed (A)  and calculated (B) n.nl.r. spectra of thiophene in p,p'-di-n-hexyloxyazoxybenzene: tem- 
perature 80 "C. Solute concentration 23 mole %. 

TABLE I 
Hamiltonian matrix for oriented 4-spin system with C2,  symmetry. w3 = w4 = 

0; w, = w5 = -6. ($)K has been subtracted from all the diagonal elements* 

No. Diagonal elements Off-diagonal elements 

* K =  J A  + Jn. M =  JA - JD.  N = J +  J'. L =  J - J ' .  JA = J34.  Jn = J25. J =  JZ3 = JA5.J'  
= Jza = J35. Q = D+ + D D ;  DA = D34. R = DA - D D ;  D D  = D l , .  S = D + D';  D = D,,  = 
045.  T = D - D ' ;  D = DzA = 035.  

the calculated line positions was 0.7 Hz. The metry, the first being the molecular plane and the 
calculated spectrum is also shown in Fig. 1. second perpendicular to it passing through the 

heteroatom. Therefore, only two orientation 
Structure of Thiophene parameters (S1  and S2 in Fig. 1) suffice to describe 

The thiophene molecule is known to be planar the orientation of the molecule (7). In addition, 
with C 2 ,  symmetry. I t  has two planes of sym- there are three independent interproton distances. 
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TABLE 11 
Transition frequencies and intensities for oriented 4-spin system with CZv symmetry, 
without chemical shift and indirect couplings. Only lines with non-zero intensity are 

included. The table gives only half the spectrum. The other half is synlmetrical* 

No. Transition Frequency Intensity 

- 

*RI = [(9/4)(D~ - DB)2 + (D + D')21*. 
Rz = [(9/4)(Dn + Dn)' + 3(D + D')' + 6(D - D')' - ~ ( D A  + Dn) . (D + D')]+. 
R, = [(1/4)(D~ - Dd2 + (D - D')']*. 
Q' = (D + ,D' ) / [ (~ /? ) (DA,~  Dn) + R11. 
The expresslous for Intenslt~es 11, 12, 13, and 14 are too tedious to be given. However, they fulfill the 

relations: GII, = 12/14 = [(I - Q')/(l + Q')I2. 

However, there are four direct couplings. The 
relations between the ratios of the various inter- 
proton distances in this molecule with the direct 
couplings are given by eqs. [ I ]  to [3]. 

PI  (rBIrA) = (DAIDB)l j3 

[2] D(r./rA)j - D'{(D~/D~) ' /~  + (r/rA)2)j/2 
= - D ~ ( D ~ / D ~ ) ' / ~  

[3] ( ~ . ' / r ~ ) ~  = ( D ~ / D ~ ) ' ' ~  f (r/rA)2 

Equations [I] to [3] indicate that the ratios 
(rB/r,), (rlr,), and (rl/rA) in the thiophene mole- 
cule can be determined unambiguously indepen- 
dent of the orientation. The values obtained are 
reproduced in Table 111. 

The structure of thiophene has been studied 
earlier from electron diffraction (8) and micro- 
wave spectroscopy (9). The microwave data are 

TABLE I11 
The direct couplings, the ratios of various inter- 
proton distances, and the orientation parameters in 
thiophene (Fig. 1) (JA = 3.3 Hz, JB = 2.8 HZ, J 

= 4.7 Hz, J' = 1.0 Hz, 6 = 10 Hz) 

Parameter Microwave data Present work 

much more accurate. The ratios rB/rA, r/rA, and 
rf/rA calculated from the nlicrowave data are also 
included in Table 111 for comparison. The table 
indicates that whereas r/rA and rl/rA obtained by 
n.m.r. and the microwave techniques are equal 
within the limits of experimental accuracy, rB/r, 
obtained by the present method is larger (1.5 f 
0.6 %) than that obtained from the microwave 
data. Small differences between the geometry 
obtained from microwave data and the one from 
n.m.r. in nematic phases have been pointed out 
earlier also (1, 10) They may be ca;sed by the 
influence of vibrational motions (10) or there may 
be some difference between the molecular 
geometry in the gas phase and the nematic 
medium (10). 

The orientation parameters S, and S2 are 
related to the interproton distances in thiophene 
and to the various direct couplings by eqs. [4] 
and [5] respectively. 

- 4n2 
3 

St = by' D A ~ A  

It is obvious that S, and S2 can be determined 
only if one of the proton-proton distances in 
thiophene is known. In order to obtain one inter- 
proton distance, the proton skeleton in thiophene 
obtained from the present data was compared 
with that obtained from the microwave data. The 
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rA value which gave minimum root-mean-square 1. G. ENGLERT et al. Z. Naturforsch. 23a, 152 (1968). 
2. C S. YANNONI et al. J. Am. Chem. Soc. 89, 2833 deviation for the four interproton distances (1967). 

obtained from the n.m.r. and microwave data 3. H. SPIESECKE and J. B. JOURDAN. Angew. Chem. 79, 
475 (1967). was selected for the calculation of S1 and S2. 

4. A. SAupE. Mol. Cryst. 527 (1966). 
This corresponds to TA = 2.627 A. The S1 and S2 5. P. DIEHL and C. L. KHETRAPAL. Mol. Phys. 14, 327 
values thus obtained are also included in Table (1968). 
111. 6. R. FREEMAN and N. S. BHACCA. J. Chem. Phys. 38, 
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Studies on hydrogen-oxygen systems in the electrical discharge. 11. The reactions 
of hydrogen atoms with liquid ozone1 

KAZIMIERA HERMAN AND PAUL A. GIGUERE 
Diparfetnent de Cl~itnie, Uniuersiti Laual, Q~rCbec, Quibec 

Received February 9, 1968 

We have reinvestigated in detail the infrared spectra between 4000 and 600 cnl-' of the solid products 
formed by reacting liquid ozone at - 190 OC with a stream of hydrogen gas dissociated in an  electrodeless 
discharge. Extreme care was exercised to get "clean" spectra, free from any contaminants. All the spectra 
thus obtained showed very clearly the characteristic absorption bands of HZOZ at 2840 and 1430 cnl-', 
and the much weaker one at 880 cnl-' ; with deuterium atoms the former bands were shifted to 2100 and 
1080 cm-' respectively. Thus previous contentions that hydrogen peroxide is not one of the primary prod- 
ucts of that reaction are disproved. The other infrared bands of H z 0 2  were not conspicuous, due either 
to their diffuse nature in the vitreous spectra or to extensive overlapping by the strong absorption of 
H,O, the other major component. Warming the material up to -110 "C caused some devitrification, but 
no significant change in the spectra. No new bands which could be assigned unambiguously to the hypo- 
thetical n~olecule HZ04 were observed. 

-. - 

On a repris en detail l'ttude des spectres infrarouges du solide obtenu en faisant rtagir un film d'ozone 
liquide condense a -190 "C avec un courant d'hydrogine atomique produit dans la dkcharge Clectrique. 
Les plus grandes precautions ttaient de rigueur pour Climiner toutes contaminations susceptibles de faus- 
ser les rtsultats. Tous les spectres ainsi obtenus montraient tris nettement les bandes d'absorption carac- 
tiristiques de H,O, B 2840 et 1430 cm-' ainsi que celle, beaucoup plus faible, a 880 cm-'; avec le 
deuterium atomique les deux premieres se trouvait en dtcaltes 2 2100 et 1080 cm-'. Ce resultat contredit 
les alltgations anterieures a l'effet qu'il n'y a pas de peroxyde d'hydrogine dans les produits primaires de 

I cette rtaction. Les autres bandes infrarouges de H,O, n'etaient pas tr is  tvidentes, soit cause de leur con- 

I 
tour diffus dans les spectres vitreux, soit a cause du chevauchement des fortes bandes de l'eau, l'autre 
constituant majeur. En laissant rechauffer le solide jusque vers -110 "C il commenqait & se devitrifier, 
mais son spectre d'absorption ne changeait pas. Par ailleurs on n'a pas observe de nouvelles bandcs 
pouvant Etre attributes avec certitude a Line molCcule hypothttique conlme H204.  
Canadian Journal of Chemistry, 46, 2649 (1968) 

Introduction 

In the long controversy (cf. ref. 2 for a review) 
surroullding the hypothetical polyoxides of 
hydrogen H 2 0 3  and H,O,, the main evidence 
advanced so far has been of an indirect nature; 
namely, the observatioil that some oxygen is 
evolved upon warming the condensate from dis- 
sociated water vapor and other related hydrogen- 
oxygen systems. More particularly, in the case 
of the liquid ozoile - atomic hydrogen reaction it 
has been claimed repeatedly (3-5) that the inolar 
ratio of evolved oxygen to residual hydrogen 
peroxide is coilstant and equal to unity. How- 
ever, this claim is not at all supported by the 
actual data which show that the ratio does vary 
within wide limits with the slightest experimental 
changes, and even within a given set of experi- 
mental conditions (6). We have suggested else- 
where (7) a more likely source for the evolved 
oxygen in the decomposition of some of the 
ordinary hydrogen peroxide, which is un- 
doubtedly present among the primary reaction 

'For Part I, see ref. 1. 

products at liquid nitrogen temperature. Effec- 
tively, the infrared spectra have coilfirmed that 
presence in the case-of dissociated water (8, 9) 
and hydrogen peroxide vapor (9), and in the 
reaction of solid ozone with hydrogeil atoms 
(10). However, it has been objected (1 1) that in 
the latter system the situation is different from 
that in liquid ozone where some diffusion of the 
primary species produced is possible. Although 
not too convincing, this argument has prompted 
us to reinvestigate again that same system very 
carefully by means of infrared spectroscopy, the 
most suitable technique for this problem. 

Experimental 
An apparatus was built (Fig. 1) somewhat along the 

lines of that used before in this laboratory for studying 
ammonium ozonide (12). This time, however, the ozone 
was produced from commercial oxygen gas (Linde, USP 
grade, 99.5%) in a silent discharge type of ozonizer @re- 
cision Glass Co.), featuring a dry ice cooled discharge 
tube at  atmospheric pressure for higher yields (about 10 % 
by weight). The discharged stream was led into a trap, A, 
filled with granular silica gel. When cooled in a dry ice - 
acetone bath this trap condenses the ozone quantitatively. 
This technique (13) offered many advantages. First, it 
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FIG. 1. Diagram of the apparatus for studying the reaction products from liquid ozone and hydrogen atoms. 

allowed preparation of a very pure ozone by removal, 
through pumping down to about Torr, of all the 
nitrogen oxides as well as molecular oxygen. Removing 
the latter made the handling of ozone much safer. Fur- 
thermore, the ozone stored in this absorbed form showed 
very little decomposition. When needed some of the 
ozone was distilled slowly, under its own vapor pressure, 
into the infrared absorption cell. There it formed liquid 
films of about 20 p thickness upon the liquid nitrogen 
cooled NaCl support plate. The temperature of the latter, 
as measured with a copper-constantan tl~ermocouple, 
never rose above -185 "C during a reaction. 

The hydrogen gas, 99.95 % pure (Matheson, research 
grade), was circulated through a "Deoxo" catalyst, B, 
followed by a liquid nitrogen trap, C, to reduce the re- 
sidual oxygen to less than 1 p.p.m. It was then stored in 
a 2 1 Pyrex flask, D, from which it could be withdrawn at 
a metered rate (20 ml/min) through a calibrated needle 
valve, E. The deuterium gas, 99.5% pure (Matheson C.P. 
grade), was similarly handled. For the dissociation a 
n~icrowave discharge was used (Raytheon MD-7 "Micro- 
therm") with an output of 80 W at 2450 Mc. The cavity, 
F, was of the tunable variety (Evenson, type 5 (14), 
Ophtos Instrument Co.). It was located on the inlet tube 
(8 mm diameter Pyrex) of the infrared cell, G, irnmedi- 
ately ahead of the sample holder plate to minimize any 
contamination from the stopcock grease. Tlle grease 
(also used on all the stopcocks and ground joints) was of 
the fluorocarbon type (Kel-F, No 90). Once initiated by 
means of a Tesla coil the microwave discharge in hydro- 
gen was very stable, provided the pressure remained in 
the neighborhood of 0.5 Torr. This could be monitored 
continuously with an electrical manometer, J (General 

Electric molecular vacuum gage), protected by a liquid 
nitrogen trap, K. 

The infrared absorption cell was similar to that de- 
scribed before (12), except that in order to facilitate the 
preparation of a thin film of liquid ozone on the cold 
NaCl plate, the copper block holding the latter was set at 
45" off the axis of the coolant well, and the whole cell was 
tilted also at 45" from the vertical. All the spectra were 
recorded with a Perkin-Elmer double-beam infrared 
spectrometer, model 621. 

Discussion of Results 

Before presenting the experimental results it 
is appropriate to record here various observa- 
tions of major significance in understanding 
them. First is the all-important requirement of 
securing "clean" spectra, that is, free of all pos- 
sible contaminants. The combination of a vio- 
lent tool, such as the electrical discharge, with 
an extremely sensitive analytical device, like 
modern infrared spectrometers, is bound to 
give rise to all sorts of spurious clues, as we have 
experienced before (1 5). 

Sources of Contamination 
Among the more common sources of con- 

tamination are the nitrogen oxides originating 
either in the mailufacture of ozone or from 
minute leaks in the vacuum system. The pub- 
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FIG. 2. Infrared spectra of the trapped products from various hydrogen-oxygen systems: A. Liquid ozone with 
hydrogen atoms. Also shown for a thicker sample, before (solid line) and after (broken line) melting and freezing again. 
B. Liquid ozone with hydrogen and deuterium atoms. C. Heavy water vapor and ordinary hydrogen, both in the elec- 
trical discharge. 

lished infrared spectra of condensed ozone are 
a case in point. Besides the 8 absorption bands 
found in the solid at 4 OK in the range 700 to 350 
cm-' (16), and of which only 3 are fairly strong 
at 704, 1050, and 21 10 cm-', some 16 addi- 
tional bands have been detected by the same 
authors after a trace of air had entered the dis- 
charge apparatus. Another group of workers 
has published on three occasions (5, 17, 18) 
three almost entirely different infrared spectra 
of liquid ozone showing up to 20 bands. Some of 
these, admittedly, belong to the various nitrogen 
oxides. None of these were present in our spectra 
of liquid ozone. There was no interference either 
from some spurious bands which we have ob- 
served occasionally (19) at 3380 and 1090 cm-I 
when a stream of electrically dissociated hydro- 
gen is brought in contact with a cold rock-salt 

plate. Possibly these arise from some siloxane 
compound due to corrosion of the glass walls of 
the discharge tube by atomic hydrogen. They 
were generally too weak to be noticeable in our 
spectra, since the reaction time was rather short, 
10 or 15 min at the most. 

Stopcock grease is another source of con- 
tamination, following either from reaction with 
hydrogen atoms (20) or from oxidation by 
gaseous ozone. Even with a fluorcarbon grease 
the strong fundamental band of solid CO, at 
2344 cm-' was usually noticeable in our spectra. 
Reaction of the liquid ozone with the salt plate 
is also a cause of contamination. Attempts to 
replace NaCl plates by some other material more 
transparent in the far infrared were unsuccess- 
ful. Both AgCl and CsI reacted immediately, the 
latter turning dark purple, then milky white after 
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bombardment with dissociated hydrogen. Hardly 
any trace of the H 2 0 2  bands was found in that 
case. 

Upon reacting with hydrogen atoms the 
liquid ozone became covered quickly with a 
clear pellicle which grew in thickness as the 
reaction advanced. Because of this the reaction 
was never quite complete, as witnessed by faint 
streaks of blue color and the persistence of the 
strongest infrared band of ozone at 1030 cm-I. 

The "Clean" Spectra 
Examination of a typical infrared spectrum 

of the reaction products (Fig. 2A) shows the 
three strong absorption regions of ice centered 
at 800, 1650, and 3250 cm-I. Also quite con- 
spicuous are the two characteristic bands of 
hydrogen peroxide at about 2840 cm-I (on the 
low-frequency side of the broad 0-H stretching 
bands) and near 1400 cm-I. These are respec- 
tively the first overtone and the fundamental OH 
bending bands of the H,O, n~olecule (21). The 
first overtone is the most reliable index of that 
molecule as it always shows the same general con- 
tour and frequency in all condensed mixtures of 
hydrogen peroxide and water, whether vitreous 
or crystalline (22). In contrast, the corresponding 
fundamentals were always merged into a single 
broad band in the vitreous condensates. Only 
after melting and freezing again were the two 
components v, and v6 resolved at 1450 and 1385 
cm-l, as illustrated in Fig. 2A for a thick sam- 
ple. Comparisoll with the spectra of various 
frozen mixtures recorded before in this labora- 
tory (21) points out to a mole fraction of 
hydrogen peroxide of 0.2 to 0.3 in our reaction 
products. 

Lastly, the 0-0 stretching mode, which is 
almost inactive in infrared due to the symmetry 
of the molecule, was barely noticeable as a weak 
shoulder at 880 cm-' on the high-frequency 
slope of the strong libration bands of ice. In the 
deuterated systems it stood out more clearly, 
albeit still rather weak. All the other bands of 
D 2 0  and D 2 0 2  showed the expected shifts, 
by a factor of about 0.75 towards the lower fre- 
quencies, save for a small band at 760 cm-' 
reported before in the spectra of solid D 2 0 2  (23), 
and for which there is no obvious equivalent in 
H202.  In another set of experiments, where an 
equimolar mixture of Hz  and D, was used in the 
discharge, the spectra of the products (Fig. 2B) 
showed all the bands of the isotopic molecules 

H20 ,  H20,, D20 ,  and D202 ,  the last two being 
noticeably less abundant for uncertain reasons. 
As for the hybrid species HDO and HD02 ,  
extensive overlapping of their spectra by those 
of the parent molecules precludes definite con- 
clusions about their relative concentrations, 
although from the weakness of the band at 880 
cm-I it is certain that very little HDO, was 
present. A similar situation was observed in the 
trapped products from a discharge through a 
mixture of D 2 0  and H, (Fig. 2C) which yielded 
sizable quantities of H 2 0  and H202.  

Upon warming up to about - 110 "C the 
glassy condensate turned opaque white due to 
incipient devitrification. However, this was not 
accompanied by any significant change in the 
spectra besides a drop in intensity of the sharp 
band, at 1030 cm-I, of residual 0, because of 
partial sublimation. It seems likely that the 
phase change, which must be very slow at  that 
temperature, was not completed in the time 
allowed (about 1 h). 

Conclusions 

The present results prove unquestionably that 
hydrogen peroxide is one of the main primary 
products in the reduction of liquid ozone by 
hydrogen atoms. Previous claims to the con- 
trary do not survive close examination. For 
instance, the Russian authors (5, 18) have re- 
ported infrared spectra which show quite plainly 
(besides many spurious features) the strong 
absorption bands of H 2 0 2  near 1400 cnl-I and 
2800 cm-l. They assign the first band to trapped 
HO, radicals. This is u~ltenable since it is well 
known that the maximum concelltrations of free 
radicals which may be trapped, even at liquid 
helium temperature and in an inert matrix, never 
exceed a few times 0.1 % (24). Besides, the 1450 
cm-' band in the Russian spectra (5) persists 
even up to -80 "C, at which temperature, of 
course, all free radicals would have recombined. 
They then assign the 2800 cm-I band, one of the 
strongest in their spectra (17, Fig. 2), to  the resid- 
ual ozone in their sample. The only difficulty 
here is that the 2800 cm-I band of solid ozone 
(16) is a ternary combination, about 10 times 
weaker than the fundamental a t  1050 cm-'. Yet 
the latter shows only medium intensity in their 
tracings. 

As for the American authors (6), it is uufortu- 
nate that they did not publish their actual spectra 
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Absolute rate constants for hydrocarbon oxidation. XI. The reactions of tertiary 
peroxy radicals1s2 

J. A. HOWARD AND K. U. INGOLD 
Division of Applied Chemistry, National Research Council of Canada, Otta~va, Canada 

Received February 1, 1968 

Rate constants have been measured for the chain-terminating self-reactions of six tertiary peroxy 
or t-butylperoxy to - 6 x lo4 M-I s-I radicals. The rate constants vary from - 1 x lo3 M-' s-' f 

for 1,l-diphenylethylperoxy radicals. It is suggested that the variation in the rate constants may be 
related to differences in the stability of the alkoxy radical products of tetroxide decon~position. 

Rate constants for hydrogen atom abstraction from aralkanes by tertiary peroxy radicals do not seem 
to be significantly affected by the structure of the attacking radical. 

In solution the triphenylmethylperoxy radical probably exists in equilibrium with the triphenylmethyl 
radical and oxygen. Chain termination in oxidations involving the triphenylmethylperoxy radical as the 
chain carrier occurs by the reaction of this radical with a triphenylmethyl radical. 

Canadian Journal  of Chemistry, 46, 2655 (1968) 

Introduction 

The oxidation of cumene in the absence and 
presence of cumene hydroperoxide and the in- 
duced decomposition of t-butyl hydroperoxide 
and cumene hydroperoxide have shown that 
many interactions of tertiary peroxy radicals are 
non-terminating (2-8). The self-reaction of ter- 
tiary peroxy radicals can be represented by 

ROO' + ROO' F? ROOOOR -t 

where ROO' and RO' represent tertiary peroxy 
and alkoxy radicals, respectively. The alkoxy 
radical can undergo P scission and the resulting 
alkyl radical will add oxygen to give what will 
generally be a primary or secondary peroxy 
radical. For example, the alkoxy radical from 
sec-butylbenzene will yield the ethylperoxy 
radical: 

A 2-phenylbutyl-2-peroxy radical will react faster 
with an ethylperoxy radical than with another 
2-phenylbutyl-2-peroxy radical. The measured 

termination rate constant, 2lc,, for the oxidation 
of sec-butylbenzene contains a contribution from 
the direct terminating interaction of two 2- 
phenylbutyl-2-peroxy radicals (rate constant 
2k,(,,) and a contribution from terminating 
reactions of the ethylperoxy radical. The relative 
importance of the two processes will be very 
dependent on the experimental conditions (6-8). 
For most tertiary hydrocarbons, chain termina- 
tion probably occurs in a generally similar 
fashion. 

We have determined 2kt(,, for cumene by 
oxidizing the hydrocarbon with sufficient cumene 
hydroperoxide to eliminate any termination re- 
action involving the methylperoxy radical (7). 
The present work extends these measurements of 
the rate constants for direct termination to a 
wider selection of tertiary peroxy radicals. The 
rate constants for hydrogen atom abstraction 
from a number of aralkanes (15) have also been 
measured in order to determine whether the 
nature of R in a tertiary peroxy radical has any 
effect on the reactivity of the radical. 

Experimental 
The rate constants for the oxidation of hydrocarbons 

in the presence of hydroperoxides were determined from 
the photochemically initiated reactions3 using the rotating 
sector method. The background thermal rate of oxidation 
was always less than 10% of the photo-rate. Oxidation 
rates of the cc,al-azo-bis-isobutyronitrile (ALBN) ther- 
maily initiated reactions generally gave values of k,/(2k,)* 
which agreed with the values found from photo-initiation. 

'Issued as NRCC No. 10131. 
2For Part X see ref. 1. 

3cc,cc'-A~~-bi~-cyclohexylnitrile (ACHN) was used as 
the photoinitiator. 
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TABLE I 
Induced decomposition of tertiary hydroperoxides at 30" 

Concentration R, x lo7  
Hydroperoxide (M)  ( M  s-') (d[021/dt)/Ri" 

- - - 

t-Butyl 2.2 0.14-2.9 4 .0  
Cumene 0.5-1.6 0.14-2.5 3.4 
1,l-Diphenylethyl 0.22 0.14 1 .4  
Triphenylmethyl 0.11 5.6 0 .5  
2-Phenylbutyl-2 0.1-1.5 0.4-5.0 -0.5 
1,1,3,3-Tetramethylbutyl 0.5-1.6 0.2-4.0 -0.6 

*Corrected for nitropen evolved and oxygen absorbed by the initiator. 

All the hydrocarbons were oxidized with sufficient 
hydroperoxide to ensure that only peroxy radicals from 
the hydroperoxide propagated and terminated the chain 
reactions. In order to obtain k,/(2k,)+ the measured rates 
of oxidation were corrected for: (i) nitrogen evolved by 
the initiator, (ii) oxygen absorbed by the initiating 
radicals, (iii) oxygen evolved in the self-reactions of 
peroxy radicals, and (iv) oxygen absorbed by the alkyl 
radicals formed by scission of the alkoxy radicals 
produced in the non-terminating reactions of the tertiary 
peroxy radicals. 

Oxygen is evolved in fairly large quantities in the 
radical-chain-induced decomposition of t-butyl hydro- 
peroxide (4, 9) and cumene hydroperoxide (10). The 
number of oxygen molecules evolved per chain initiated 
at 30" for these two hydroperoxides and for the four other 
hydroperoxides studied in this work are listed in Table I.4 
Increased P scission must lead to decreased oxygen 
evolution and the differences in these numbers should 
reflect differences in the stabilities of the alkoxy radicals. 
The stability appears to increase in the order 1,1,3,3- 
tetran~ethylbutyl - 2-phenylbutyl-2 < 1,l-diphenylethyl 
< cumyl < t - b ~ t y l . ~  This order of stability is consistent 
with previous work on alkoxy radicals (11,12). 

The background thermal rate increased during photo- 
oxidations in the presence of t-butyl hydroperoxide. The 
value of 2k,(*, for t-butylperoxy is therefore less accurate 
than for the other tertiary peroxy radicals. 

The rates of chain initiation were determined by the 
induction period method using 2,6-di-t-butyl-4-methoxy- 
phenol as the inhibitor. At the end of the induction period 
the oxidation rate was the same as in the absence of the 
inhibitor. Rates of chain initiation and values of k,/(2k,)* 
were, therefore, frequently determined in the same 
experiment. 

Materials 
1,1,3,3-Tetramethylbutyl hydroperoxide (Lucidol) was 

purified via its sodium salt. 2-Phenylbutyl-2-hydroper- 
oxide was prepared by the emulsion oxidation of sec- 
butylbenzene and was purified via its sodium salt (13). 
Triphenylmethyl hydroperoxide and 1,l-diphenylethyl 
hydroperoxide were prepared from the corresponding 

alcohols by the acid-catalyzed reaction with hydrogen 
peroxide. The purification of t-butyl hydroperoxide and 
cumene hydroperoxide, and of the hydrocarbons and 
initiators, have been described previously (14). The purity 
of the hydroperoxides was, of course, checked by con- 
ventional methods. However, these are not suficiently 
sensitive to detect trace impurities and, as a result, we 
have previously incorrectly reported that culnene hydro- 
peroxide slightly reduces the rate of oxidation of cumene 
(14, Part VI). For  the present work we checlced hydro- 
peroxide purity by the procedure developed by Thomas 
(6) in which purification is repeated until the rate of 
oxidation of cumene containing the hydroperoxide 
reaches a constant value (under standard conditions). 

Results 

(i)  Tlze Oxidcltio~z of sec-B~ctylDe~zzene (lll(1 
I,]-Diplzenjlletha~ze 

The rate constants for the oxidation of sec- 
butylbenzene and 1,l-diphenylethane at 30" are 
given in Tables I1 and 111. Addition of the ap- 
propriate hydroperoxide to its parent hydro- 
carbon increases the rate of oxidation in both 
cases and the limiting rates are both about 60% 
higher than the rates in the absence of hydro- 
peroxide. The addition of cuinene hydroperoxide 
to cumene also increases the rate by about 60% 
under similar conditions (5-7, 14). In this last 
case. the increase in rate is due to a decrease in the 
rate of chain termination, as originally suggested 
by Traylor (5) and subsequently collfirrned by our 
own direct measureinents (7, 14). The data in 
Tables 11 and 111 show that a similar explanation 
applies to the rate enhancement produced in sec- 
butylbenzene and 1,l-diphenylethane by the ad- 
dition of their respective hydroperoxides. That is, 
the termination rate constants are decreased by 
the addition of hydroperoxide because the more 

~ - 

4The hydroperoxide concentrations were the same in rapid termination process via alkoxy radical P 
these experiments as in the oxidation experiments. scission is suppressed (cf. refs. 5-8, 14). The 

'The triphenylmetlloxy radical has not been placed in direct termination rate constants were measured 
this list because it is unlikely that this radical is formed in 
sidficant quantities from the hydroperoxide under at the limiting oxidation rates both in the parent 
conditions of these experiments (see below). hydrocarbon and in cumene. 
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TABLE 11 
The oxidation of sec-butylbenzene 

Hydrocarbon Hydroperoxide R, s lo7 Chain kp / (2k , ) f  x lo3 k 2k,  x 
[MI [MI ( M  s-') length ( M - +  s- :) (M- l ; - l )  (M-I s - I )  

30" 
s-BuPh [6.4] None 0.15 9 0.18 0.075 17.6 
s-BuPh [6.4] None 0.38 6 0.18 0.077 19.0 
s-BuPh [6.4]* None 0.18 9 0.18 - - 

s-BuPh [6.3] s-BuPh [0.12] 1.9 5 0.30 0.06 3.5 
S-BuPh [4.9] s-BuPh [1.47] 5.4 2 0.25 0.05 3.5 
J-BuPh [5.8]* s-BuPh [ O .  51 0.18 13 0.29 - - 
J-BuPh [4 .9]  i-PrPh [1.6] 2.5 6 0.94 0.07 0 .6  
i-PrPh [7 .O] s-BuPh [O. 121 1.9 14 0.88 0.14 2.6 
i-PrPh [6.6 ] s-BuPh [O .5]  3.1 10 0.87 0.16 3.3 
i-PrPh [6.6].1 i-PrPh (0.51 0.1-2.0 24-40 2.0 0.18 0.6 

56" 
s-BuPh [6 .4]  None 0.61 16 0.60 0.45 5.8 
s-BuPh [6.4]* None 0.52 14 0.48 - - 
s-BuPh [6.2] s-BuPh [0.24] 3.4 11 1 .O 0.25 6.3 
s-BuPh [6.2]* s-BuPh [0.24] 0.52 25 0.94 - - 

s-BuPh [5.9]" s-BuPh [O. 51 0.52 20 0.93 - - 

*Thermally ~ n ~ t i a t e d  oxidations. 
;R~.sult from ref. 7. 

TABLE 111 

The oxidation of 1,l-diphenylethane at 30' 

Hydrocarbon Hydroperox~de R, x lo7 Chain /cP/(2k$+x lo3 2k,  x lo-" 
[MI [MI ( M I - ' )  length ( M -  s-+) (M>'s-l) (M-I  s - l )  

Ph,Et 15.41A None 0.5-1 .7 14-21 1.2 0.44 13.5 

*As a resillt of further work the rate constants have been increased slightly from the values given previously (14). 
tThermally Initiated oxidation. 
:Result from ref. 7. 

The results for the 2-phenylbutyl-2-peroxy 
radical at 30 and 56" give 2/ct = 2 x 10' exp 
(-9000/RT) M- I  s-I = 1.8 x 10' M-I  s-I at 
30°, and 2kt(,, = 3 x 10' exp (- 5600/RT) M- I  
s- ' = 3.0 x 10" M -  s-' at 30". These activation 
energies are of comparable magnitude to those 
obtained for chain termination in the oxidation 
of cumene (7, 8, 15) and for the self-reaction of 
other tertiary peroxy radicals (15, 16). The higher 
activation energy of the overall termination pro- 
cess compared with the direct process probably 
reflects the greater rate of alkoxy radical P scission 
at higher temperatures and the greater ease of 
diffusioil of the two alkoxy radicals out from 

2.5 x 10' exp(-5500/RT) M- I  s-I = 2.9 x 10' 
M - I  s-I at 30" (15). For t-butylperoxy and 
cumylperoxy radicals the combination of the 
alkoxy radicals in the cage (the direct reaction) 
occurs at about 118 to 1/10 of the rate of the 
overall self-reaction (9, 10 and Table I). Our 
present determination of 2kt(,, suggests that a 
similar value exists for this ratio for 2-phenyl- 
butyl-2-peroxy radicals, i.e. 2/ct(,,/2k ,,,,,. - 0.1 
at 30". 

(ii) The t-Butylperoxy and 1,1,3,3-Tetran7etlzyI- 
butylperoxy Radicals 

The rate constants for direct termination and 
the cage in which they are formed. for hydrogen atom abstraction from cumene by 

The rate constant for the overall self-reaction t-butylperoxy and 1,1,3,3-tetramethylbutylper- 
of 2-phenylbutyl-2-peroxy radicals has been esti- oxy radicals are given in Table IV. The data were 
mated by electron spin resonance (e.s.r.) to be obtained by oxidizing cumene with the two 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2658 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE IV  

The oxidation of cumene with t-butyl hydroperoxide and 1,1,3,3-tetrametl~ylbutyl hydroperoxide at 30" 

Cumene Hydroperoxide R, x lo7 Chain kp/(2k,)+x lo3 k 2kt x 
(M) [MI (M s-') length M s )  (M-I's-~) (M-I s-l) 

hydroperoxides. The direct termination constants 
are both in excellent agreement with the values 
obtained by following the decay of the peroxy 
radicals produced by photolysis of solutions of 
the hydroperoxides in the cavity of an e.s.r. 
spectrometer (15), viz. 1.3 x lo3 M-' s-I for 
t-butylperoxy radicals in benzene and 1.5 x 
lo4 M- '  S-I  for tetramethylbutylperoxy radicals 
in methanol (15). The direct termination constant 
for t-butylperoxy radicals is also in excellent 
agreement with the value obtained by Hendry 
from the oxidation of cumene and t-butyl hydro- 
peroxide (9 ,  viz. 2 x 7 x 10' = 1.4 x lo3 M - '  
s-' a t  35" (8). 

effect of triphenylmethane is greater a t  90" than 
at 60" (18). I t  was suggested that the triphenyl- 
methyl radical had a low reactivity towards 
oxygen but a high reactivity towards peroxy 
radicals so that the triphenylmethyl radical tended 
to persist in the oxidation system until it reacted 
with a peroxy radical (and thus terminated a 
chain) (1 8). More recently, Janzen and co-workers 
(19, 20) have shown that the reaction of the 
triphenylmethyl radical with oxygen, in a solid 
crystal lattice permeable to oxygen, is reversible, 

PhjC' + 0 2  + Ph3COO' 

(AH = - 9 + 1 kcal/mole). 

(iii) The Triplzenyl~netlzyylperoxy Radical The forward reaction is very fast but the decom- 
The rates of oxidation of cumene (17, 18) and position of the peroxy radical requires an activa- 

cyclohexene (18) are reduced by the addition of tion energy of about 10 kcal/mole. 
polyarylmethanes such as triphenylmethane. The Our results on the oxidatio~l of cumene, 
retarded rates are decreased by a decrease in the tetralin, and 9,lO-dihydroanthracene with tri- 
oxygen pressure (18). Furthermore, the retarding phenylmethyl hydroperoxide suggest that the 

TABLE V 

The oxidation of cumene, tetralin, and 9,lO-dihydroanthracene with triphenylmethyl hydroperoxide at 30" 

Hydrocarbon [Ph,COOH] [02]* R, x lo7 d[021/dt x lo6 Q x lo3 2/c, X ~ ~ O - ~  
[MI [MI (mm) ( M  s-') ( M  s-') (sf) (M- s-l) 

Cumene [7.01 
Tetralin [1.661 
Tetralin 11 .661 
Tetralin i7.051 
Tetralin e7.21- 
Tetralin 17.21 
~e t ra l in  [7.2j 0.07 90 4.9 2.6 10 
Tetralin [7.2] 0.07 90 4.9 2.4 9.7 
Dihydroanthracene [O. 21 0.025 660 3 .4  5.5 8 . 4  
Dihydroanthracene [O. 21 0.07 680 0.8 1.7 5.1 
Dihydroanthracene [O .2] 0.07 680 2.6 4.0 6.8 
Dihydroanthracene [O. 21 0.07 660 0.8 2.0 6.1 
Dihydroanthracene [O. 21 0.07 660 2.6 4.6 7.9 
Dihydroanthracene [O. 21 0.07 570 0.8 2.2 7.1 
Dihydroanthracene [O. 21 0.07 300 0.8 1.6 7.1 
Dihydroanthracene [O. 21 0.07 210 2.6 1 .9  5.7 
Dihydroanthracene [0.2] 0.07 150 0.8 1.05 6.7 
Dihydroanthracene [O. 21 0.11 660 5.6 5.0 5.9 
Dihydroanthracene [l .O] 0.07 660 2.6 24.5 8 .4  

*The oxygen pressure in solution in molejl was taken to be 10-5 x pressure [05] in mm (cf. ref. 21), e.g. 680 mm [021 - 6.8 x 10-3 M 
n solution. 
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TABLE VI 
Rate constants (in M-l s-') for hydrogen atom abstraction from aralkanes by tertiary peroxy radicals at 30" 

Aralkane 2k,,d, x lo4 

Ethyl- 
Peroxy radical Toluene benzene Cumene Tetralin Styrene Measured Calculated* 

t-Butyl 0.05 0.20 0.22 2.0 1.05 0.13 0.078 
Cumylt 0.03 0.18 0.18 1.65 2.1 0.60 0.55 
1,1,3,3-Tetramethylbutyl 0.04 0.32 0.14 2 .0  - 1 .O 1.5 
2-Phenylbutyl-2 0.05 0.22 0.15 1.3 - 3.0 3.9 
1,l-Diphenylethyl - - 0.18 - 1.7 6.3 5.6 
Average 0.04 0.23 0.17 1.7 1.6 

'Calculated from the measured rates of oxidation of cumene assuming that k, = 0.17 M-1 s-1 in all cases. 
?Data from ref. 7. 

triphenylmethyl radical - oxygen reaction is re- 
versible in solution. The experimental data given 
in Table V can be most readily explained by the 
following reaction scheme6. 

[1 1 I2 -> ROO' (Rate R,) 

[2] ROO' + Ph3COOH + ROOH + Ph3COO' 

0 2  

[3] Ph3COO' + RH -t Ph3COOH + ROO' 

141 Ph3C' + 0, F? Ph3COO' 

[5] Ph3C + Ph3COO' -t non-radical products. 

Hence, 

The quantity 

, -, 

should be a constant independent of the nature 
of the hydrocarbon and independent of the 
hydrocarbon, hydroperoxide, and oxygen con- 
centrations. In evaluating Q, the rate constants 
k, for tetralin and 9,lO-dihydroanthracene were 
assumed to be the same as for the attack of 
cumylperoxy radicals on these two substrates, 
viz. 1.65 M-'  s-I and 70 M- I  s-I at 30" (14). 
This assumption is justified by the fact that all 
tertiary peroxy radicals appear to have very 

, similar reactivities in abstraction (see below). 

6The yield of 0.5 moles of 0, evolved per chain 
initiated in the induced decomposition of triphenyl- 
methyl hydroperoxide (Table I) is readily accounted for 
by reactions [1], [2], [4], and [5] of this scheme. 

The values of Q given in Table V are reasonably 
constant for 9,lO-dihydroanthracene, but with 
tetralin Q does appear to increase slightly as the 
oxygen pressure decreases. The average value of 
Q is 7.3 x lo-, sf and hence Q2 = K4/2/c5 
= 53.3 x s. The termination constant in 
these systems (2k5) was determined by rotating 
sector measurements (Table V). The average 
value was 1.5 x lo8 M - I  s- I. Therefore, K4 
= 53.3 x x 1.5 x lo8 = 8 x lo3 M - I  , or, 
if the equilibrium constant is calculated in terms 
of the oxygen pressure (in atmospheres) above 
the liquid phase, then K4 = 8 x lo3 x 7.6 x 

= 60 atm-' at 30". This value is in satis- 
factory agreement with the estimate of Janzen et 
al. (20) of approximately 25 atm-' for this 
equilibrium constant in a crystal lattice at 27". 

Discussion 
We have previously suggested that primary and 

secondary peroxy radicals are about 3-5 times as 
reactive in hydrogen atom abstraction as tertiary 
peroxy radicals (7, 14,22). The lower reactivity of 
the tertiary radicals was attributed to a steric 
effect. The possibility existed that tertiary peroxy 
radicals, ROO', would show a decreasing reactiv- 
ity as the size of the group R increased. Rate 
constants for addition to styrene and for abstrac- 
tion from four re~resentative aralkanes bv some 
tertiary peroxy radicals were determined by 
oxidizing the hydrocarbons with tertiary hydro- 
~eroxides. The results are summarized in Table 
VI. The variations in the measured propagation 
rate constants7 show no systematic change with 

'Hendry (8) gives values of 0.10 and 0.20 M - l s - l  for 
abstraction from cumene by t-butylperoxy and cumyl- 
peroxy radicals respectively at 35 OC. 
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increasing size of the attacking radical and may 
only represent random experimental errors. The 
reactivity of tertiary alkyl and aralkyl peroxy 
radicals does not seem to be significantly affected 
by the structure of the radical. Presumably the 
steric environment varies less between the differ- 
ent tertiary peroxy radicals than between tertiary 
and secondary peroxy radicals. 

In the presence of triphenylmethyl hydro- 
peroxide, chain termination in the oxidation of 
tetralin and 9,10-dihydroanthracene occurs pre- 
dominantly by the reaction 

[5] Ph,COOd + Ph3C' -f non-radical products 

(see Results section). The rate constant for this 
reaction is - 1.5 x 10' M- I  s-l. The equilib- 
rium constant for the process 

[4 I Ph3C' + O2 F'c Ph3COO' 

is - 8 x lo3 M- l ,  giving a ratio of [Ph3C00']/ 
[Ph3C'] = 60 at 760 mm 0,. For reaction [5] 
to predominate over the "normal" termination 
process, reaction [6], k6 must be < 1.5 x 1os/60, 
i.e. 1c6 < 2.5 x lo6 M-I  s-l .  

[6] Ph3COO' + Ph3COO' -> non-radical products 

Rate constants for direct termination by the 
self-reactions of tertiary peroxy radicals are 
summarized in Table VI. These rate constants 
increase by a factor of 50-70 between the t- 
butylperoxy and the 1,1-diphenylethylperoxy 
radicals. The measured rate constants presumably 
represent the product of the tetroxide equilibrium 
constant K, the rate constant for its decav to 

with changes in K or 2kt, since it seems unlikely 
that the ratio of radical combination in the cage 
to radical diffusion from the cage can differ 
greatly from one pair of alkoxy radicals to 
another.' In theory, at least, it is possible to 
separate 2k,(,, into its component parts (15, 16). 
We hope eventually to correlate variations in the 
tetroxide equilibrium constant and stability with 
respect to its irreversible decomposition with the 
structure of the tertiary alkyl group. 
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Absolute rate constants for hydrocarbon oxidation. XII. Rate constants for 
secondary peroxy radical~l ,~ 

J. A. HOWARD AND K. U. INGOLD 
Division of Applied Ctzemistry, National Research Conncil of Catmda, Ottawa, Catmrla 

Received February 1, 1968 

Rate constants have been measured for hydrogen abstraction from four aralkanes and addition to  
two aralkenes by five secondary and one primary peroxy radical. These rate constants appear to show a 
slight dependence on the structure of the attacking peroxy radicals which may be due to the inductive 
effects of the substituents on the radical. The secondary and primary peroxy radicals are generally about 
2 4  times more reactive than tertiary peroxy radicals in abstraction and 4-8 times more reactive in 
addition. The lower reactivity of tertiary peroxy radicals is probably due to steric factors. 

Canadian Journal of Chemistry, 46, 2661 (1968) 

Introduction 

When hydroperoxides are added to oxidizing 
hydrocarbons in sufficient concentrations, the 
peroxy radicals involved in chain propagation 
and termination are derived entirely from the 
hydroperoxide (1-8). We have utilized this fact 
to measure propagation rate constants (both 
hydrogen abstraction and peroxy radical addi- 
tion) for cumylperoxy radicals (4, 5) and for a 
number of other tertiary peroxy radicals (7). We 
have also measured the rate constants for the self- 
chain-terminating reaction of some tertiary per- 
oxy radicals (5, 7). In the present paper this 
hydrocarbon-hydroperoxide oxidation proce- 
dure has been used to obtain propagation and 
termination rate constants for a number of 
secondary peroxy radicals and for the primary 
rz-butylperoxy radical. 

Experimental 
Procedure 

The measurement of rates of oxidation, absolute rate 
constants, and rates of initiation has been described in 
previous papers in this series (4-7). All the rate constants 
were measured at 30". 

Materials 
Tetralin hydroperoxide and 9,10-dihydroanthracyl-9- 

hydroperoxide were prepared by oxidation of the appro- 
priate hydrocarbon and purified by crystallization (9, 10). 
n-Butyl hydroperoxide and sec-butyl hydroperoxide were 
prepared from the respective alkyl methane sulfonates 
(1 1). Diphenylmethyl hydroperoxide was prepared from 
benzhydrol(12). We are indebted to Dr. R. C. Williamson 
Jr. for a generous gift of cyclohexyl hydroperoxide. 

'Issued as NRCC No. 10132. 
2For part XI see preceding paper. 

Results 

Tetralin Hydroperoxide 
This compound has no significant influence on 

the propagation and termination rate constants 
for the oxidation of tetralin (see Table I). Results 
for the oxidation of six other hydrocarbons in the 
presence of tetralin hydroperoxide are also given 
in Table I. The cross propagation constants (i.e., 
attack by a-tetralylperoxy radicals on the sub- 
strate) have been calculated from the measured 
values of 1c,/(2kt)* taking 21ct = 7.6 x lo6 M - I  

s-I (4). Tetralin hydroperoxide oxidizes at about 
half the rate of the parent hydrocarbon. 

Dipherzyln~etl~yl Hydroperoxide 
The results obtained with this hydroperoxide 

are given in Table 11. The average termination 
constant for oxidations involving diphenyl- 
methylperoxy radicals is 2.8 + 1.0 x lo7 M-' 
s-l. The value obtained with neat diphenyl- 
methane (13) is excluded from the average 
because the photo-initiated oxidation of diphenyl- 
methane is strongly autocatalytic3 and the rate of 
oxidation is quite low (13). Both of these factors 
make an accurate determination of the absolute 
rate constants rather difficult. Since diphenyl- 
methyl hydroperoxide does not affect the initial 
value of 1cp/(21c,)~ for diphenylmethane (see 
Table 11), the autocatalysis is not due to the 

3The thermally initiated oxidation at 30' is not auto- 
catalytic. This reaction was initiated with 1.0 x M 
di-t-butylperoxyoxalate, a concentration which gave the 
same rate of initiation as the photo-reaction. Benzo- 
phenone is a photo-initiator for the oxidation of both 
diphenylmethane and tetralin. It is probably responsible 
for the autocatalysis of the photo-initiated oxidation of 
diphenylmethane. 
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TABLE I 
Rate constants (in M-I  s-l) for hydrocarbon oxidations in the presence of tetralin hydroperoxide 

Hydrocarbon Hydroperoxide R, x lo7* 
( M  s-l)  

Chain k"i(;o";)* 2kl lo-6 
[MI [MI length k ~ ?  

Tetralinf [I .7-7.31 - 1-2 8-32 2.3 7.6 6.3 
Tetralin [I .7] 0.11 2.3 8 2.3 7.2 6.3 
Tetralin 11.61 0.1 0.088 44 2.4 - 6.6 
Toluene [8.7] 0.43 0.25 4 0.04 - 0.1 
Ethylbenzene [8.0] 0.11 2.0 3 0.18 - 0.5 
Cumene [7.01 0.11 2.4 2 0.18 - 0.5 
Cumene [6.7] 0.43 1-5 2-5 0.20 - 0.55 
Styrene [O. 71 0.12 2.3 4.5 3.1 - 8.5 
Styrene [O. 71 0.47 1.4 6 3.2 - 8.8 
a-Methylstyrene [1.7] 0.27 3.9 15 5.7 - 

- 
16 

Dihydroanthracene [O. 11 0.32 3.1 15 85 240 

'Reactions photochemically initiated unless otherwise noted. 
tcalculated using 2kt = 7.6 x lo6 M-I s-I. 
$From ref. 4. 
$Thermally initiated. 

TABLE 11 
Rate constants (in M-' s-') for hydrocarbon oxidations in the presence of diphenylmethyl hydroperoxide 

Hydrocarbon Hydroperoxide R, x lo7* Chain kP/(2k,)* 
IMI [MI ( M  s-l) length x lo3 2k1 x lo-7 k,.? - - 

Diphenylrnethanef,§ [6.0] 
Diphenylrnethane [6 .O] 
Ethylbenzene [8.0] 
Cumene 16.71 
Tetralins [7.2] 
Styrene [2.0] 
a-Methylstyrenel,? [1.8] 
Dihvdroanthracenell 10.21 

*Photochemically initiated. 
tCalculated using 2k, -- 2.8 x 107 M-'SF'. 
$From ref. 13. 
Autocatalytic. WA utoretarding. 

TReduction of pressure from 660 to 88 mm had no effect on the rate of oxidation. 

accumulation of hydroperoxide. The revised 
termination rate constant is more consistent with 
the values found for other secondary benzylic 
peroxy radicals (14) and has been used to calcu- 
late all the cross propagation rate constants. 

9,l0-Dihydroanthracyl-9-hydroperoxide 
The propagation and termination constants 

for the oxidation of 9,lO-dihydroanthracene at 
30" were originally reported as kp = 176, 2k, 
= 9.2 x lo6 M - l s - l  (14). Values about twice 
as large have since been obtained in a further 
series of experiments at various hydrocarbon 
concentrations and rates of initiation. All the 
propagation constants given in Table I11 have 
been calculated using the revised value of 2kt 
= 2.0 ) 0.4 x lo7 M - l s - '  . The hydroperoxide 
itself oxidizes at a relatively high rate (kp/(2k,)+ 
= 21 x M-*sPf)  and this limits the de- 
termination of cross propagation constants to 

those hydrocarbons which are themselves fairly 
readily oxidized. Oxidation of the hydroperoxide 
at 30" gave about 5% hydrogen peroxide and 5% 
anthracene, based on the absorbed oxygen. The 
concentration of these two products increased 
fairly rapidly on storage of the oxidized hydro- 
peroxide at - 10 "C, which suggests that the 
expected 9,lO-dihydroanthracyl-9,lO-dihydroper- 
oxide is quite unstable. The oxidation of 9,lO- 
dihydroanthracene at 30" gave the mono-hydro- 
peroxide as the sole primary product. 

12- Butyl Hydroperoxide, sec- Butyl Hydroperoxide, 
and Cyclolzexyl Hydroperoxide 

The results obtained with these three hydro- 
peroxides are given in Tables IV, V, and VI. The 
average termination constants (which have been 
reported previously (6)) are: n-butyl 2kt = 4.3 
+ 2.4 x lo7; sec-butyl 2kt = 1.5 0.2 x lo6;  
a~dcyclohexy12kt = 2.0 + 0.9 x lo6 M-' s-l. 
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TABLE I11 
Rate constants (in M-' s-') for hydrocarbon oxidations in the presence of 9,lO-dihydroanthracyl-9-hydroperoxide 

Hydrocarbon Hydroperoxide R, x lo7* h i  kPp$)' 
[MI [MI (Ms-') length 2k, x lo-' k,? 

Dihydroanthracene [O. 1-0.21 - 0.1-2.5 16-136 79 2.0 350 
Dihydroanthracene [O. 11 0.1 2.9 13 70 - 310 
Ethylbenzene [8.0]$ 0.1 2.1 5 0.13 2.0 0.6 
Tetralin [3.3] 0.1 2.2 10 1.5 4.4 6.5 
Styrene [0.7] 0.1 2.2 7 4.8 - 21 
a-Methylstyrene [l .7] 0.1 2.9 24 7.5 - 33 

'Photochemically initiated. 
tcalculated using 2k, = 2.0 x 107 M-' s-I. 
SThe rate of oxidation increased from an initial value of 8.3 x 10-7 M s-I to a value of 9.5 x 10-7 M s-l after the absorption of 5.7 x 10-3 

M 02. 

TABLE I V  
Rate constants (in M-' s-') for hydrocarbon oxidations in the presence of n-butyl hydroperoxide 

Hydrocarbon Hydroperoxide R, x lo7* Chain k,(2k,)* 
IM1 [Ml (M s-') length x lo4 2k, x lo-7 k,S - - . . 

Toluene 19.3 1 0.24 
~th~lben;ene- [8.0] 
Cumene [7.1] 
Tetralin [7.2] 
Styrene [3.4] 0.31 
a-Methylstyrene [I .8] 0.12 
a-Methylstyrene [I .  81 0.24 
Dihydroanthracene [O. 21 0.4 

*Pliotochemically 
tcalculated using 

initiated. 
an  average 2k, = 4.3 X 10' M-Is-'. 

These values are smaller than the values found for 
peroxy radicals of generally similar structure but 
in which the peroxy group is adjacent to a 7c- 
electron system (14). McCarthy and MacLachlan 
(15) have previously obtained 2kt = 2.8 x lo6 
M-'  s-' for cyclohexylperoxy radicals by the 
pulse radiolysis of aerated cyclohexane. 

Inhibition Experimelzts 
The propagation rate constant for the direct 

oxidation of styrene, k?, is 41 M-I  s-' (14). 
This value is significantly larger than the values 
found for the addition to styrene of the secondary 
peroxy radicals used in this work, i.e. kpRS - 6.0-21 M-'  s-'. Similarly, the propagation 
rate constant obtained by the direct oxidation of 
cr-methylstyrene is 10 M-' s-' (14), which is 
comparable to the values found for attack on 
this substrate by some of the secondary peroxy 
radicals rather than by the tertiary cumylperoxy 
radical for which kp is only 3.9 M -  ' s- ' (5). 
The propagation constants for the self-oxidation 
of j3-methylstyrene and for its attack by cumyl- 
peroxy radicals exhibit a similar anomaly (5). 

In an attempt to confirm some of these 
differences in rate constants we carried out some 

experiments in which the oxidation of styrene 
was inhibited with 2,6-di-t-butyl-4-methylphenol 
(BMP). The rate constant ratio kpSS/kin,,S = 5.25 
x where kinhS is the rate constant for 
hydrogen abstraction from BMP by the styryl- 
peroxy radical. Inhibition experiments on styrene 
containing tetralin hydroperoxide (0.23 M)  gave 
kpTS/kinhT = 1.3 x Inhibition of tetralin 
gave kpTT/kinhT = 0.8 x a value which 
was not affected by the addition of tetralin 
hydroperoxide. Hence, (k?/kinhS) x (kinhT/kpTT) 
M (5.2510.8) = 6.6. The ratio of the directly 
measured propagation constants k?/kpTT = 

T 4116.4 = 6.4, which implies that kin: M kinh . 
Therefore, (k?/kin:) x (kinhT/kpTS) M (kpSS/kpTS) 
M (5.2511.3) M 4, in good agreement with the 
ratio obtained from the absolute rate measure- 
ments, i.e., kPSS/kpTS = 4118.8 = 4.7. The ratio 
kpTT/kpTS = 6.418.8 = 0.73 is in reasonable agree- 
ment with the value of 0.43 at 60" found by 
Mayo et al. (16). 

Discussion 

The addition of the hydroperoxides of tetralin, 
diphenylmethane, and 9,lO-dihydroanthracene 
to their parent hydrocarbons has little or no 
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TABLE V 

Rate constants (in M-' s-') for hydrocarbon oxidations in the presence of sec-butyl hydropcroxide 

Hydrocarbon Hydroperoxide R, x 10'" Chain kD/(2/c,)+ 
[MI [MI ( M  s-') length x lo4 2k, x k,t 

Toluene [9.1] 
Ethylbenzene [8.0] 
Curnene 17.1 ] 
Tetralin [7.3] 
Tetralin [7.2] 
Tetralin [7.2] 
Styrene [3.4] 
Styrene [3.2] 
a-Methylstyrene [ I .  81 
Dihydroanthracene [O. 11 
Dihydroanthracene [O. 21 

*Photochemically initiated. 
tCalculated usins an  average 2k, = 1.5 x 106 M-1 s-1. 

TABLE VI 

Rate constants (in M-I  s-l) for hydrocarbon oxidations in the presencc of cyclohcxyl hydroperoxide 

Hydrocarbon Hydroperoxide R, x 10'" Chain kP/(2k,)f 
[MI [MI ( M  s -I) length :i lo3 2k, x k,f 

Ethvlbenzene 18.01 
~thylbenzene [7.9j 
Tetralin [7.2] 
Styrene [3.4] 
a-Methylstyrene [ I .  81 
Dihydroanthracene [0.2] 
Dihydroanthracene [0.2] 
Dihydroanthracene [0.2] 

*Photochemically initiated. 
tCalculated using 2k, = 2.0 

effect on the rate constants for chain terinination 
(see Tables I, 11, and 111). This contrasts with the 
results obtained with tertiary hydroperoxides and 
their parent hydrocarbons (7) and implies that 
essentially all self-reactions of secondary peroxy 
radicals are chain terminating (cf. 6). 

The cross propagation rate constants obtained 
in this work are summarized in Table VII. The 
general si~nilarity in the rate constants found for 
the attack of secondary peroxy radicals on any 
particular hydrocarbon is reassuring evidence for 
the validity of the present experimental approach. 
The differences in propagation rate constants may 
perhaps be within the overall limits of experi- 
mental error, since it is difficult to measure 
termination rate constants to better than a factor 
of two by the rotating sector method. In certain 
cases, it is possible that insufficient hydroperoxide 
was employed to completely suppress all termina- 
tions (particularly cross terminations) involving 
the peroxy radical from the hydrocarbon. How- 
ever, some of the major discrepancies in 12, values 
could not be resolved even by careful repetition of 

the experiments. While it is always a serious 
mistake to try to deduce more from experimental 
data than is warranted by the experimeiltal 
accuracy, the propagation constants in Table VII 
do appear to increase along the series, set-butyl - cyclohexyl < tetralyl < diphenylmethyl 
< dihydroanthracyl. This suggests that phenyl 
groups on the a-carbon atom increase the re- 
activity of the peroxy radical. The effect of the 
phenyl groups could perhaps be attributed to 
their electron-withdrawing inductive effect (-I 
effect) which will increase the electrophilicity of 
the peroxy radical. Propagation reactions involv- 
ing either attack of a peroxy radical on a saturated 
carbon-hydrogen bond or addition to a con- 
jugated olefin are known to involve polar effects 
ofthe following type (5,17-21). 

k, 6 -  6+ 
R O O  + R H  -> [ROO : II .R] -> ROOH + R e  

k,, 6 -  6 - i  
R O O  + CH2=CHR -> [ROO : C H 2 1 C H R ]  

-> ROOCH~CHR 

A decrease in the electron density at the terminal 
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TABLE VII 
Rate constants (in M-' s-') for the reactions of some peroxy radicals with some hydrocarbons 

Peroxy Radical 
Average 

Hydrocarbon TI-Butyl sec-Butyl Cyclohexyl Tetralyl Diphenylmethyl Dihydroanthracyl tertiary" 

Toluene 0.1 0.1 - 0.1 - - 0.04 
Ethylbenzene 0.S5 0.5 0.5 0.5 0.8 0.6 0.23 
Cumene 0.45 0.4 - 0.5 0.5 - 0.17 
Tetralin 6.4 4 .2  4.5 6.3  6.6 6.5  1.7 
Styrene 14 6.3 6.8 8.8 16 2 1 1.6 
a-Methylstyrene 25 12 14 16 25 3 3 3 .91 
Dihydroanthracene 310 140 --16Ox 240 250 3 30 70f 

*From preceding paper 
?Values for the cumylperoxy radical (5 ) .  
:Obtained by extrapolation of data in Table V1. 

oxygen of the peroxy radical in its ground state radicals, then considerably larger effects should 
should facilitate the formation of dipolar struc- arise in the oxidation of ethers, esters, ketones, 
tures of this type and should therefore increase and alcohols. 
the reactivity of the peroxy radical. The effect of 
a-phenyl groups on the reactivity of tertiary 
peroxy radicals is small (7), possibly because the 
accelerating - Ieffect is countered by an opposing 
steric effect. 

The importance of polar effects on peroxy 
radical selectivity and relative reactivity has 
recently been stressed by Mayo et nl. (16). More 
directly, we have previously shown that the rate 
constant for hydrogen atom abstraction from 
2,6-di-t-butyl-4-metl~ylpl~e1~ol (where the transi- 
tion state involves a similar separation of 
charge (20, 22)) by ring-substituted polystyryl- 

The propagation rate constants for the iz- 

butylperoxy radical are larger than the values 
found for sec-butylperoxy and cyclohexylperoxy 
but are, nevertheless, within the overall range of 
values found for the various secondary peroxy 
radicals. 

Our previously determined average cross prop- 
agation rate constants for tertiary peroxy radicals 
(5, 7) are given in Table VII for comparison with 
the values found for secondary peroxy radicals. 
The secondary (and primary) peroxy radicals are 
generally about 2-4 times more reactive than 
tertiary peroxy radicals in abstraction and 4-8 

peroxy radicals increases as the substituents times more reactive in addition. The lower reac- 
become more electron attracting (21)" The prop- tivity of the tertiary peroxy radicals is presumably 
agation constants for the oxidation of the styrenes due to steric factors. However, an explanation for 
contaii~ii~gelectron-witl~drawingsubstituents(21) the difference in the relative reactivities for 
could also be interpreted in terms of a greater abstraction and addition, assuming this difference 
reactivity for their peroxy radicals compared with is real, is not readily apparent. 
the unsubstituted polystyrylperoxy radical. The 
propagation rate constants obtained by the direct 
oxidation of styrene, a-methylstyrene and P- 
inethylstyrene (14) are appreciably larger than 
would be expected on the basis of the values 
obtained with non-polymeric peroxy radicals 
(see Results section and also ref. 5). Possibly the 
poly(peroxystyry1)peroxy radical (ROOCH,C- 
(H,Ph)OO') has an enhanced reactivity compared 
with most other secondary peroxy radicals be- 
cause of the -I effect of the oxygen on the P 
carbon. If polar factors do, in fact, have a real 
influence on the absolute reactivities of peroxy 

The results of the present work suggest that the 
absolute reactivities of peroxy radicals may be 
influenced both by polar and by steric effects. 
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Extended Hiickel molecular orbital calculations on some titanium-oxygen 
systems1 

Yu-PING HSIA 
Departtnetzt of Clrenzistry, Utziuersity of Bridgeport, Bridgeport, Cottttecticrrt 

Received January 24, 1968 

Extended Huckel molecular orbital calculations have been performed on localized TiOs8- units 
with the precise geometry of such a unit in solid rutile, anatase, and brookite TiO, and tetragonal 
BaTi03. The relative values of one-electron energy levels in these conlpounds are obtained in terms of a 
"self-consistent" charge and population calculation. Examination of the resulting energy levels and 
charge distributions has led to reasonable explanations of previously unexplained data on (1) the 
visible and near-ultraviolet absorption spectra of these compounds, (2) the low energy X-ray absorption 
edges of rutile, anatase, and brookite TiO,, and (3) the pressure dependence of the absorption edges of 
rutile TiO, and tetragonal BaTiO,. 
Canadian Journal of Chemistry, 46, 2667 (1968) 

Introduction 

The extended Hiickel molecular orbital (m.0.) 
theory applied to transition metal compounds 
has been carried out for various ions and 
compounds (1-12). Although the initial results 
are encouraging, it is clear that there is a need 
for a standard and consistent method of choosing 
the parameters in the calculation which can be 
transferred from one transition metal compound 
to another. It also seems desirable to explore 
whether this method can explain other phenom- 
ena besides the normal absorption spectra. 
Since the structures and optical data of rutile, 
anatase, and brookite TiO, and BaTiO, are 
available (13-26), it is of interest to examine 
these compounds by performing molecular 
orbital calculations on hypothetical localized 
Ti068- units with the exact geometries of the 
units in the parent compounds. 

Procedure 

An extended Hiickel m.0. computer program 
written in Fortran IV language has been used in 
carrying out the "self-consistent" charge and 
population calculation. The output of this 
program gives the molecular orbital energy values 
as well as the total gross electron population in 
the atomic orbitals. The method of obtaining the 
total gross electron population and the gross 
charge is similar to Mulliken's method of electron 
population analysis (27). In  the calculation, we 
consider only the 2s and 2p atomic orbitals of 

lPartially taken from the Ph.D. Thesis of Yu-ping 
Hsia, Illinois Institute of Technology. 

each of the oxygen atoms and only the 3d, 4s, 
and 4p atomic orbitals of the titanium atom in 
constructing the molecular orbitals. Therefore, 
a total of 33 orbitals are involved in bonding. 
In the case of the compounds discussed here, 
48 electrons are used in bonding. The ground 
state is constructed by placing these electrons 
in the lowest-lying molecular orbitals. The 
analytic 2s and 2p oxygen self-consistent field 
radial functions used in our calculatiolls are 
those given by Ballhausen and Gray (2). The 
titanium 3d, 4s, and 4p atomic wave functions 
used are those published by Richardson aild 
co-workers (28, 29). The needed diatomic 
overlap integrals between the various atomic 
orbitals at various distances are calculated 
through two overlap integral evaluation pro- 
grams written in the symbolic programming 
language IT for the univac 1105 electronic 
digital computer. 

The diagonal effective Hamiltonian matrix 
elements for the titanium orbitals are approxi- 
mated as the negative of the valence state 
ionization energies (v.s.i.e.) of the titanium ion 
of appropriate charge. Curves of v.s.i.e. as a 
function of charge on Ti for various electronic 
configurations can be drawn from the data in 
Moore's (30) table of atomic spectra. The 
valence state ionization energy values for 
fractional charges are obtained by interpolation 
of these v.s.i.e. vs. degree of ionization curves. 
Thus if a charge and electronic population are 
assumed the corresponding v.s.i.e. values can be 
calculated. The use of the v.s.i.e.'s for fractional 
charges on oxygen gives unreasonable values for 
the m.0. energy levels, similar to the results of 
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Tyree and co-workers (4) for fluoride complexes. 
Thus, the diagonal effective Hamiltonian matrix 
elements for the oxygen orbitals are estimated 
simply as the negative of the valence state 
ionization energies of neutral oxygen atom. 

The off-diagonal terms are approximated in a 
manner similar to  that used by Wolfsberg and 
Helmholz (1) : 

1J 

Hit + H,, H . . = I(, 
2 Sij- 

The values of K, employed in this calculation 
are chosen so that the calculated first charge 
transfer energy for rutile TiO, will exactly fit 
the experimental data. The final determined 
values of K, are K, = 1.59, K, = 1.79, KL-, 
= 1.69, where K,, K,, and KL-, are related to 
the off-diagonal terms of sigma titanium- 
oxygen overlaps, pi titanium-oxygen overlaps, 
and oxygen-oxygen overlaps respectively. These 
values can be compared with K = 1.75 recom- 
mended by Hoffnlann (31) for hydrocarbons, 
K = 1.80 used by Cotton and Harris (1 1) for 
copper(I1) and nickel(I1) complexes, and K, 
= 1.6 and K, = 1.87, which Wolfsberg and 
Helmholz used in making calculations of the 
energy levels of homonuclear diatomic mole- 
cules of first and second row elements. 

Rr! / 3b lu ,  4b2u, 4 ~ 3 ~  

q,, .3b2,,, 3'3, 
G r o u p  , 

I z' Lh2p"03g 

Results and Discussion 

In the con~pound we studied, the coordination 
number of the titanium ion is six. However, 
their symmetries are not octahedral; rather, they 
depart from a perfectly octahedral system to a 
greater or lesser extent. We will construct the 
m.0. energy level diagram of the rutile TiO, 
system which has a relatively higher symmetry 
in the compounds we studied. The unit cell of 
crystalline rutile TiO, is tetragonal, and the 
TiO, unit in this compound belongs to the D,, 
point group. The method of collstructing 
molecular orbital energy level diagrams has been 
illustrated by various authors (32, 33). We will 
not give the detailed procedure here but will 
show the orbital transformation scheme of 
D,, symmetry in Table I and the molecular 
orbital energy diagram of this symmetry in 
Fig. 1. In Fig. 1, the molecular orbitals are 
connected t o  the atomic orbitals from which they 
are mainly derived. However, it should not be 
forgotten that unconnected atomic orbitals with 
the same symmetries as molecular orbitals also 

FIG. 1. Molecular orbital energy lcvel diagram for 
D z ~  complexes. 

contribute some portions in forming the inolec- 
ular orbitals. The brackets in the diagrams 
enclose 1n.o. levels of comparable energies 
derived essentially from the same atomic 
orbitals. By means of these brackets, we are 
able to  divide the 33 m.0. levels into five groups, 
as shown in the figures for later discussions. 
There is a consistent ordering of the groups in 
the coinpounds we studied; however, permuta- 
tions of m.0. levels occur within some groups. 

Placing the 48 electrons in the lowest-lying 
orbitals in the D,, symmetry compounds, 
we obtain the ground state 

(group 1)12(group 2)18(group 3)18 
with symmetry A,. 

The first allowed charge transfer corresponds to 
the excitation of a group 3 1n.o. level electron 
to  the lowest 1n.o. level in group 4, provided 
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HSIA: EXTENDED HUCKEL MOLECULAR ORBlTAL CALCULATIONS 2669 

TABLE I 
Orbital scheme in D2, symmetry 

- 

Representation Ti orbitals Ligand orbitals (0) Ligand orbitals (x) 

bl" 

that it is an allowable electronic transition. 
According to Laporte's rule, only transitions 
between A, and states of u symmetry in D,,, 
will be allowed. I t  should be noted that the 9 
m.0. levels in group 3, and the 3 lower levels in 
group 4, are very close. Therefore, a total of 27 
possible transitions should be considered. We 
found that there are 13 allowed transitions and 
14 forbidden transitions. Because of the proxim- 
ity of the energy levels in group 3 and the 
difficulty of identifying the exact symmetry for 
the molecular orbitals, owing to the considerably 
low symmetries of the compouilds studied, we 
assumed that the difference between the highest 
energy level in group 3 and the lowest energy 
level in group 4 is the first charge transfer 
transition in our calculations. 

Table I1 lists the final values of the coulomb 
integrals, Hii,  used for the Ti orbitals and the 
final self-consistent electron populations and 
gross charges on Ti for rutile, anatase, brookite, 
and tetragonal BaTiO,. The final energy levels 
of the 33 inolecular orbitals at the self-consistent 
charge and electron population for these 
compouilds are shown graphically in Fig. 2. 
Table 111 shows the calculated first charge 
transfer energy and the correspoilding observed 
energy for these compounds. AS we mentioned 
before, the K, parameters are so chosen that the 
calculated energy for rutile is exactly fitted to 
the experimental data. The calculated result for 

FIG. 2. Energy level diagrams for rutile, anatase, 
brookite, and tetragonal barium titanate. 
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TABLE I1 

The final coulomb integrals, the self-consistent electron populations, and charges 
on Ti for rutile, anatase, brookite, and tetragonal barium titanate 

Tetragonal 
Rutile Anatase Brookite BaTiOB 

Coulomb integrals 3d -102.40 -102.50 -102.40 -102.20 
for Ti (1000 cm- ') 4s -93.90 -94.30 -94.00 -93.80 

4~ -63.00 -63.30 -63.00 -62.80 
Electron populations 3d 3.0547 3.0423 3.0475 3.0432 

on Ti 4s 0.0651 0.0562 0.0613 0.0748 
4~ 0.1071 0.1234 0.1208 0.1296 

Final charges on Ti 0.7731 0.7781 0.7704 0.7524 
Coulo~nb integrals 2s -260.00 

for oxygens ~ P C  -120.00 
(1000 cm-') 2p, -110.00 

K, used 

anatase is somewhat smaller than the observed levels on the Ti4+ ions. Our results show that 
one, but is in agreement with the experimental 
data that the observed energy for anatase is 
larger than that for rutile. The result for brookite 
does not follow the experimental trend. However, 
there is a possibility that 3.26 eV is not the exact 
first charge transfer energy for brookite since the 
compound studied was admittedly not pure (20). 
The result for tetragonal BaTiO, shows excellent 
agreement between the observed and calculated 
value as shown in Table 111. 

After relating the calculated m.0. energy 
levels to the experimental data from reflectance 
or transmission spectra of the compounds, it 
may be worthwhile to compare and discuss other 

all m.0. levels in group 3 are mainly derived 
from oxygen 2p orbitals, and all the empty m.0. 
levels in group 4 are mainly from titanium 3d 
orbitals; therefore, our assumption that the 
absorption refers to the transition of an electron 
from a group 3 m.0. level to a group 4 m.0. level 
agrees completely with what they proposed. 

Kahn, Frederikse, and Becker (34) have 
shown that the overall widths of the valence and 
conduction band of rutile TiO, are each of the 
order of 4 eV, where the valence band is the band 
derived from oxygen 2p orbitals and the conduc- 
tion band is considered as that from the titanium 
3d orbitals. Our group 2 and group 3 m.0. levels 

data and aspects with our extended Hiickel m.0. are mainly from oxygen 2p orbitals and group 
calculations. 4 m.0. levels are mainly from titanium 3d 

Companion and Wyatt (20) proposed that the orbitals; we can relate the former levels to  the 
absorptions beginning at  3.00, 3.23, and valence band and the latter levels to the conduc- 
3.26 eV for rutile, anatase, and brookite tion band. The overall widths of these bands 
respectively correspond to electron transfer for rutile, anatase, brookite, and tetragonal 
excitations from the 0'- 2p levels to empty BaTiO, are calculated and given in Table IV. 

TABLE I11 
The calculated and observed first charge transfer energy for rutile, 

anatase, brookite, and tetragonal barium titanate 

Calculated energy Observed energy 

Compound 1OOOcm-' eV 1000 cm- ' eV Reference 

Rutile 
Anatase 
Brookite . . 

Tetragonal 
barium titanate 25.43 3.15 25.43 3.15 (22, 23) 
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TABLE IV splitting of the K 4 p  absorption for first row 
I The calculated valence band and conduction band of tiansit& elements can be recated to the splitting 

rutile, anatase, brookite, and tetragonal barium titanate of the degeneracy of the 4p energy levels in the 

Valance b a n d  Conduction bandb ion by the crystal field. They were able to make a 
prediction of the splittings, on the basis of 

Compound 1000 cm-' eV 1000 cm-I eV 

Rutile 25.01 3.10 40.68 5.04 
Anatase 26.87 3.33 34.71 4 .30 
Brookite 25.57 3.17 37.04 4.59 
Tetragonal 

barium titanate 22.42 2.78 33.58 4 .16 

OThe valence band refers to  the difference between the hishest m.o. 
level in group 3 and  the lowest m.o. level in group 2. 

bThe conduction band refers to  the difference between the highest 
and the lowest m.0. level in group 4. 

I t  can be seen from Table IV that our calculated 
values of valence and conduction bands for 
rutile TiO, are close to what Kahn, Frederikse, 
and Becker suggested. 

The X-ray K absorption spectra of rutile, 
anatase, and brookite have been reported by 
Vainshtein and co-workers (2626). The two 
lower energy peaks (between 15-19 eV) with 
separation about 3 4  eV may be due to the 
internal transitions of K electrons to the 
empty 3d levels of ~i~~ in the compounds. 
This separation can be related to the difference 
between octahedral t,, and e, orbital on Ti4+. 
I t  is assumed that further splittings due to the 
distortion of the octahedron were not observed. 
This argument may be supported by the work 
done by Hanson and Knight (35), who have 
demonstrated the presence of a weak absorption 
near the onset of the K edge in several transition 
metal oxides with incomplete d levels and identi- 
fied those as K -t 3d transitions. In the group 
4 m.0. energy levels of our calculated results, 
the differences between the lower three m.0. 
levels (related to t,, orbitals) and the upper 
two m.0. levels (related to e, orbitals) are 
34 930 cm-' (4.33 eV), 32 860 cm-' (4.07 eV), 
and 31 970 cm-' (3.96 eV) for rutile, anatase, 
and brookite respectively. These results can 
certainly support the above argument concerning 
the two lower energy peaks in Vainshtein's 
X-ray data. Also, in Vainshtein's X-ray spectra 
there was a 15-17 eV separation between the 
two higher energy peaks in rutile, anatase, and 
brookite. These two higher energy peaks were 
usually suggested as K 4 p  transitions (20). 
This may not be a good assumption as we will 
see in the following discussions. 

Cotton and Ballhausen (36) have shown 
theoretically by means of an ionic model that the 

symmetry, that for &,, symmetry, the p orbitals 
should split into only two levels and for C,, 
symmetry, they should split into three levels. In 
the C,, symmetry, Cotton and Ballhausen were 
able to show that two of the three levels were 
accidentally degenerate in the crystal field ap- 
proximation. However, in the case of the D,,, 
symmetry, they predicted that the p orbitals 
will split into three levels without any chance 
of accidental degeneracy. They further estimated 
that the magnitude of the splitting of the 4p 
orbitals should be around 7 eV. In their experi- 
mental data (37), X-ray K absorption edges in 
some cupric complexes were observed. I t  
appeared that the separations between two peaks 
of 5-7 eV, averaging - 5.5 eV, were observed 
and were in agreement with the prediction of 
the splitting of the 4p levels in the D,, field. 
According to the prediction, the splitting of the 
p level into three components in the Cu(I1) 
DL-prolinate dihydrate should, in principle, 
occur; however, the p level did not split experi- 
mentally. They explained that fact by adopting 
the argument of the spectrochemical series of 
Fajans and Tsuchida (for example see ref. 38) 
that because of the relatively poor resolution of 
X-ray work, the splitting large enough to be 
clearly discernible will only occur when the 
atoms on different axes are different. As we 
mentioned before, rutile TiO, has a symmetry of 
D,,,, while anatase and brookite have even 
lower symmetry. According to the prediction by 
Cotton and Ballhausen, the p orbitals in these 
dioxides should split into three levels, which may 
or may not be seen from the X-ray absorption 
spectra. Since in the three dioxides the atoms on 
different axes are the same (namely, all are 
oxygens), the splitting of p orbitals may not be 
observed. If it was observed at  all, as a rule, 
splitting of 4 p orbitals and hence of the l s 4 p  
absorption band into three instead of two com- 
ponents should be observed in most cases, and 
the splitting values should not be as big as 15-17 
eV, as shown in Vainshtein's spectra. In our 
calculations, we tried to adjust all possible 
parameters (Kx,  Hi,, and Hjj) in reasonable 
ranges and could not make any two of the 
three p levels degenerate in rutile and brookite. 
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TABLE V 
The final coulon~b integrals, the self-consistent electron populations, and charges on Ti for pressure 

dependent calculations of rutile 

R" PR (0.96)" PR (0.94)' PR (0.92)" 

Coulomb integrals 3d -102.40 -102.30 -102.20 - 102.10 
for Ti (1000 cm-') 4s -93.90 -93.90 -93.90 -93.90 

4~ -63.00 -63.00 -63.10 -63.10 
Electron populations 3d 3.0547 3.0613 

on Ti 4s 0.0651 0.0583 
4~ 0.1071 0.0979 

Final charges on Ti 0.7731 0.7825 0.7857 0.7879 
Coulomb integrals 2s 

for oxygens 2p0 
(1000 cm- ') 3% 

@Normal rutile calculalion. 
bDistance between Ti and O5 and Ti and OG in rutile = 0.96 x distance between Ti and O5 and Ti and OG in normal rutile. 
=Distance between Ti and O5 and Ti and Oe in rutile = 0.94 x distance between Ti and O5 and Ti and OG in normal rulile. 
dDistance between Ti and O5 and Ti and Oe in rutile = 0.92 x distance between Ti and O5 and Ti and OG in normal rutile. 

Furthermore, from our final results, the splitting 
of 4p orbitals can be calculated through analysis 
of group 5 m.0. levels as 46 930 cm- ' (5.82 eV), 
16890 cm-' (2.10 eV), and 45120 cm-I 
(5.59 eV) for rutile, anatase, and brookite 
respectively. Both in rutile and brookite, the 
calculated values are in good agreement with the 
prediction given by Cotton and Ballhausen. 
Based on the above discussions, we doubt the 
idea that the two higher energy peaks in the X-ray 
spectra of titanium oxides and other compounds 
are both due to K 4 p  transitions. Since it has 
been discussed (36) that for an isolated first 
transition series metal ion, the K absorption 
edge would have a first maxiinurn corresponding 
to the I s 4 p  transition, which is then followed 
by a series of maxima corresponding to 1s-np 
(n = 5, 6) transitions, we can probably assign 
the two higher energy peaks in Vainshtein's 
X-ray data as K-5p transitions. 

The pressure dependence of the absorption 
edges of tetragonal barium titailate and rutile 
TiO, has been shown by Suchan, Belchan, and 
Drickamer (39). There is a red shift of absorption 
edge in BaTiO, and a blue shift of that in rutile 
TiO, as the pressure is increased. The authors 
did not give a very clear explanation of why these 
shifts occurred. They only suggested that the fact 
that the average Ti-0 bond length is 0.05A 
greater in BaTiO, than in rutile TiO, was 
responsible for the difference in shifting. How- 
ever, no quantitative explanation was given. 

We carried out extended Hiickel m.0. calcula- 
tions on this subject by assuming that the applied 
pressure is perpendicular to the Z axis of the 
compound and thus the changes in metal-ligand 
distance for ligands 5 and 6 (on Z axis) are much 
greater than those for ligands 1, 2, 3, and 4. In  
the calculations, the assumptions for Hi,, Hjj, 
Hij, and K, are the same as those used for 
calculatioils on normal rutile, anatase, brookite, 
and tetragonal barium titanate. The metal- 
ligand distances for ligands 1, 2, 3, and 4 are 
kept unchanged while those for ligands 5 and 6 
are varied by factors of 0.96, 0.94, and 0.92 for 
the original compounds in order to  examine 
the pressure effect on the energies. Tables V and 
VI list the final values of the coulomb integrals 
Hi,, the final self-consistent electron populations, 
and gross charges on Ti for such calculations. 
All the first charge transfer energies are calcu- 
lated and are given in Table VII. Results con- 
cerning the calculations on normal rutile and 
tetragonal barium titanate are also included in  
the above tables for comparison. I t  is obvious 
from Table VII that the calculated first charge 
transfer energy undergoes a blue shift in rutile 
and a red shift in tetragonal barium titanate as 
ligands 5 and 6 are pressed further. This is in 
agreement with the observed results by Drick- 
amer and co-workers. It can be seen from Tables 
V-VI that in both rutile and tetragonal barium 
titanate the electron population in 4s and 4p 
orbitals decreases, while the electroil population 
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TABLE VI 

The final coulomb integrals, the self-consistent electron populations, and charges on Ti for pressure 
dependent calculations of tetragonal barium titanate 

BA" PBA (0.96)b PBA (0.94)' PBA (0.92)" 

Coulomb Integrals 3d -102.20 -102.10 -102.00 -101.90 
for Ti (1000 cm-') 4s -93.80 -93.60 -93.60 -93.50 

4~ -62.80 -62.70 -62.70 -62.60 
Electron populations 3d 3.0432 3.0557 3.0604 3.0668 

on Ti 4s 0.0748 0.0674 0.0645 0.0614 
4~ 0.1296 0.1188 0.1143 0.1082 

Final charges on Ti 0.7524 0.7581 0.7608 0.7636 
Coulomb integrals 2s - 260.00 

for oxygens 2p0 -120.00 
(1000 cm-') 2pn -110.00 

KX KO 1.59 
Kn 1.79 
KL-L 1.69 

aNormal barium titanate calculation. 
bDistance between Ti and 0 and Ti and O6 in BaTiO, = 0.96 x distance between Ti and 0, and Ti and O6 in nornial BaTiOl. 
CDistance between Ti and 0: and Ti and O6 in BaTiO, = 0.94 x distance between Ti and 0, and Ti and O6 in normal BaTiO,. 
"Distance between Ti and 0, and Ti and Os in BaTiOp = 0.92 X distance betweenTi and Os and Ti and O6 in normal BaTiO,. 

in 3d orbitals and the total gross charge on Ti 
increase as the pressure is increased. In the case 
of rutile, the calculation shows that the highest 
m.0. energy level of group 3 (largely 2p, 
character) remains unchanged while the lowest 
m.0. energy level of group 4 (largely 3d,, and 
3dx, character) shifts toward less negative value 
as the pressure increases. Thus AE (first charge 
transfer energy), which is the difference between 
these two levels, increases. On the other hand, 
both the highest m.0. energy level of group 3 
(largely 2p, and 2p, character) and the lowest 
m.0. energy level of group 4 (largely 3d, 
character) in tetragonal BaTiO, shift toward 
less negative values, with the former shifting 
more rapidly than the latter. Therefore, AE 
decreases as the pressure increases. It seems that 
the above explanations based on our extended 
Hiickel m.0. calculations offer a plausible reason 
for the experimental data. 

TABLE VII 

The first charge transfer energies of pressure dependent 
calculations on rutile and tetragonal barium 

titanate 

A E A E 
Rutile (in 1000 cm- ') BaTiO, (in 1000 cm- ') 

R 24.24 BA 25.43 
PR (0.96) 25.45 PBA (0.96) 25.15 
PR (0.94) 25.50 PBA (0.94) 24.98 
PR (0.92) 25.56 PBA (0.92) 24.82 

Blue shift Red shift 
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An empirical periodic correlation of J,,,-, for the methyl group 

C. P. YUE 
Departn~et~t of Cllertlistry, Ut~iuersity of British Colrrnlbin, Vancouver 8 ,  British Colun~bia 

Received March 5 ,  1968 

The carbon-13-proton coupling constant J1",_,, for the methyl group is found to correlate linearly 
with the product Ex x yx-, ,  where Ex is the electronegativity of the substituent X and y x - ,  is the 
X-C bond distance. Unknown values of J13,-,, for the methyl group are predicted from the linear 
co~relation. It  is concluded that the "size effect" and the "polarization effect" are important in deter- 
nlinlng J1"-, , .  

Canadian Journal of Chemistry, 46, 2675 (1968) 

Considerable work has been done on the 
interpretation and correlation of carbon-13- 
proton coupling constants J l s c -H .  It is generally 
accepted that the s character in the C-H bond 
is the predominant factor (1-5). Factors other 
than the s character which have also been 
studied by various authors include: charge 
polarization (6) ,  variations in the C-H bond 
distance (2, 7), and the electronegativity of sub- 
stituents (4, 5, 8-11). More recently, Douglas 
(10) obtained separate straight lines for each 
atomic period when J13C-H for monosubstituted 
methanes was plotted against Pauling's electro- 
negativity. The present work is an attempt to 
obtain a inore general correlation for J 1 P C P H  for 
the methyl group which will fit all the experi- 

mental data and predict unknown J l s C - ,  values. 
Literature values for the carbon-13-proton 

coupling constant J I I C - H ,  X-C bond distance 
yx-, in A, Pauling's electronegativity Ex, and 
atomic number Z, of X for (CH,),X compounds 
are shown in Table I. Calculated values of 
various parameters defined by different authors 
are also shown in Table I. According to Juan 
and Gutowsky (5), aH2 is the s character of the 
carbon hybrid orbital for the C-H bond, ax2 
is the s character for the C-X bond, and Ax 
is a measure of the affinity of X for s character. 
The parameter D is the deviation parameter 
defined by Reeves (12) and A(X) is the linear 
parameter of Douglas (13). A comparison of 
the calculated values of Ax, D, and A(X) shows 

TABLE I 

J L 3 C - M  coupling constants and related parameters* for (CH3),X compounds 
- 

MezCd 126 (ref. 16) 
MezHg 130 (ref. 4) 
Me6Alz 11 3 (ref. 4) 
Me2Ga 122 (ref. 4) 
~ e ; ~ n  

Me4S1 
Me4Ge 
Me4% 
Me4Pb 
Me,N 
MezO 
Me,S 
MezSe 
MezTe 
MeF 
MeCl 
MeBr 
Me1 

*For definitions of these parameters, see text. 
?Me stands for methyl. 
$Values for bond distance are taken from ref. 14. Values in parentheses are estimated from covalent radii; sce Pauling (15). 
s'Pauling's electronegativity. 
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TABLE I1 
Predicted J13C-M coupling constants and related parameters* for some (CH3),X compounds 

- - 

*For definition of these parameters, see text and Table I. 
~ J I ~ c - ~  experimental value for CHsMgBr 107.7 (f I) ,  see Fraenkel, Adams, and Williams (20). 

- 
result J1ICWH increases as the size of X increases. Acknowledgments 
On the other hand, if the increase in the electro- 
negativity of X is more rapid, the "polarization The author is grateful to Dr. D. P. Chong for 

effect" which is in opposite direction to the helpful discussion and for reading the manu- 

"size effect" will be dominant. For a substituent script and to the referees for their valuable 

X whose electronegativity is larger than H will comments. 

that they are essentially the same measure of 
the change in J13c-H for (CH3),X compounds 
considered as monosubstituted methanes. 150 

A careful study of Table I reveals that the 
changes in JI3,-, for (CH,),X compounds can 
be correlated to both the electronegativity Ex 140 
of the substituent X and the X-C bond dis- f 
tance yX-,. Within a group, the relative changes 3 
in the size of X are more rapid than the relative 3 
changes in the electronegativity Ex; the reverse 130 

is true for elements within an atomic period. 
;v 

The "size effect" of the substituents on 
has been discussed by Muller and Pritchard (2); 
they attributed this to a demand for carbon p 120 

character by the substituent X due to its more 
diffuse electron cloud and more effective over- 
lap, the s character in the X-C bond is thus 110 

cause nonequivaleit hybhds of carbon orbitals 
1. N. MULLER and D. E. PRITCHARD. J. Chem. Phys. (5 ) ,  the s character in the C-H bond will then 31, 768 (1959). 

be greater than the s character in the X-C bond 2. N. MULLER and D. E. PRITCHARD. J. Chem. Phys. 

- 

- 

- 

- 

I 

and thus increase J ~ ~ ~ - ~ .  31, 1471 (1959). 
3. J. N. SHOOLERY. J. Chem. Phys. 31, 1427 (1959). 

A plot J 1 3 ~ - ~  against Yx-c is 4. N. MULLER. J. Chem. Phys. 36, 359 (1962). 
in Fig. 1 ; a reasonably good straight line is 5. C. S. JUAN and H. S. GUTOWSKY. J. Chem. Phys. 
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in Table I1 together with other parameters. It  is so,. 89,6775 (1967). 
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reduced and is less than the s character in the 2 3 4 5 6 

C-H bond. The shift of electron density from ~,xr~- , (A)  - 
the substituent X to the carbon nucleus is also nc. 1. correlation between ~ 1 3 ~ - ~  and E~ x yx-c. 
much easier for elements of larger size and as a 
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A calorimetric study of periodate species in aqueous solution1 

E. E. MERCER AND D. T. FARRAR' 
Depar/r?~en/ of' Cllet?zistry, U~~ivers i /y  of'Solltl7 Car01ir1n, Columbia, Son//z Car.olirm 29208 

Received January 18, 1968 

Heats of several reactions involving sodium periodate, NaIO,(c), have been measured in an isothermal 
jacketed calorimeter. The apparent acid ionization constant of periodic acid was redetermined at an 
ionic strength of 0.13. From these data the following values for heats of formation at 25.00' have been 
calculated: NaI04(c), -105.15 + 0.30; 104-(aq), -38.8 k0.4; H,I06(aq), -188.9 + 1.0; H,IO,-(ad, 
-186.3 & 1.0 kcal/mole. 
Canadian Journal of Chemistry, 46, 2679 (1968) 

The use of sodium periodate, NaIO,, as a 
calorimetric oxidizing agent is being investigated 
in this laboratory. This substance offers many 
advantages since it is a powerful oxidizing agent 
which reacts rapidly and smoothly; the solid 
salt is readily available in high purity and it is 
readily soluble in acidic and neutral solutions. 

To date only a moderate amount of work has 
been performed on the thermodynamics of perio- 
date species. Until recently the heat of formation 
of periodic acid, H5106, was based on the work 
of Thomsen (I), which gives AH,' = -183.0 
kcal/mole for H5106(aq) and AH,' = -184.4 
kcal/mole for H5106(c). In a recent paper Stern 
and Jasnosz (2) reported the heat of solution 
and reduction of periodic acid and calculated 
-186.5 kcal/mole for AH,' of H5106(c). 

Enthalpy data on periodates rests largely on 
solubility studies of slightly soluble salts, such 
as KIO, (3). This data was later interpreted by 
Crouthamel et al. (4) in the light of the hydroly- 
sis reactions which periodate undergoes in solu- 
tion. The value of AH,' for NaIO,(c) was 
calculated by Kaputsinsky and Yatsimirsky (5) 
from the heats of formation of Na+(aq), 
10,-(aq), and their experimentally measured 
heat of solution. This gives a value of -104.0 
kcal/mole for the standard heat of formation of 
NaIO,(c). Since the value of the standard heat of 
formation of 10,-(aq) is quite uncertain on the 
basis of previous work, we have made calori- 
metric measurements to establish an accurate 
value for the heat formation of NaIO,(c). In 
addition, we have been able to determine the 
heats of formation of several aqueous periodate 
species from the heats of solution of NaIO,(c) 

'This work was supported by the U.S. Atomic Energy 
Commission under contract number AT-(40-1)3542. 

'NDEA Fellow, 1964-1967. 

in acidic medium. To interpret the calorimetric 
results adequately, it was necessary to repeat 
the equilibrium constant determination made by 
Crouthamel et al. (4) at a higher ionic strength 
than they used. 

Experimental 
Tlze Cnlorinzeter 

This was similar in design to calorin~eter "D" reported 
by Sunner and Wadso (6). The principal features are 
shown in cross scction in Fig. 1. The reaction vessel 
(L) has a volume of 46 nil and was made from 20 mil 
tantalum by Fansteel Metallurgical Corporation. This is 
supported by a thin-walled Pyrex tube (D) inside the 
brass jacket (G). A three blade platinum stirrer (J) also 
serves as a holder for the sample ampule (K). The two 
cylindrical wells (E) hold a heater, for electrical calibra- 
tion, and a Veco 32All thermistor respectively. Both 

FIG. 1. Cross-sectional diagram of the calorimeter: 
A, leads to heater and thermistor; B, pyroceranl electrical 
connection; C, O-ring seal; D, glass support tube; E, 
heater and thermistor wells; F, breaking pin; G, brass 
submarine; H, stirring shaft; I, to vacuum line; J,  
platinum stirring blades; K, ampule; L, tantalum reaction 
vessel. 
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wells were filled with oil as a heat exchange medium, 
prior to sealing with epoxy glue. The lower portion of the 
stirring shaft is made of Teflon and is attached to steel 
shaft. In operation the outer jacket is evacuated to 
i Torr with a mercury diffusion pump, and a stir- 
ring speed of 800 r.p.m. is used within the reaction vessel. 
The calorimeter assembly was immersed in a constant 
temperature bath, adjusted so the equilibrium tenlpera- 
ture of the calorimeter was near 25.00". 

In a calorimetric run the sample was introduced by 
lowering the stirring shaft, breaking the ampule on pin 
(F). A sharp point of platinum was attached to the end 
of the stirring shaft to simultaneously break the upper 
end of the ampule. The ampules were blown into a mold 
from 3 mm glass tubing in a manner identical with that 
used by Sunner and Wadso (6). Several empty sample 
ampules were broken under the conditions used in the 
experiments. The heat effect averaged zero and never 
exceeded 3 x 10-3 calories. 

The thermistor used to sense the temperature changes 
in the reaction vessel is one arm of a Wheatstone bridge. 
The bridge imbalance is amplified with a Hewlett-Packard 
model 425A d.c. amplifier, the output of which is recorded 
on a 10 n1V Honeywell Electronik 16 recorder. Calibra- 
tion of the thermistor was accomplished by determining 
its resistance at more than 30 points, between 22.00 
and 28.00 "C. These points were fitted by conlputer to 
the equation 

where Ro and To were the experimentally determined 
values at 25.00". Using this equation the temperature 
may be found from the thermistor resistance to t0.01" 
and small temperature differences to better than k 1 
x 

The energy equivalent was determined electrically for 
each calorimetric run by passing current from a model 
IV Sargent coulometric current source through the calori- 
meter heater. The potential drop across the heater was 
determined using a Calibrations Standards Corporation 
model DC-200 AR precision d.c. voltmeter. Electrical 
calibrations were performed after the chemical reaction 
had taken place. The sample ampule was broken to  
initiate reaction when the temperature of the calorimeter 
was 25.00 + 0.03", and the maximum temperature change 
was 0.30". The assigned reaction temperature under these 
conditions is the initial temperature of the reaction (7). 
Performance checks on the calorimeter showed a thermal 
leak nlodulus of 4.5 x deg deg-l min-l. The calori- 
meter reached thermal equilibrium in less than 1 min 
after an electrical heating. The thermal lag observed for 
a fast chemical reaction was of still shorter duration. 

Clretnicnls 
Tris(hydroxymethyl)aminon~ethane (THAM) was ob- 

tained from Eastman Organic Chemicals with a purity 
of 99.94 %. Before use, it was dried in vacuum overnight 
at 80". 

The sodium periodate was Baker and Adamson 
reagent grade. It was washed with dilute nitric acid and 
dried for 2 11 at 105'. Titration with sodium thiosulfate 
of iodine liberated in the reduction of the sodium 
periodate gave an assay of 100.04 %. 

Reagent grade hydriodic acid was distilled to remove 

the hypophosphorous acid used as a preservative. The 
diluted acid was standardized by titration against THAM. 

All other chemicals used were reagent grade and were 
used without further purification. 

Results 

The entire calorimetric system was checked 
using the heat of reaction of THAM with 0.1 
M HCl (8, 9) .  Gunn reported a heat of reaction 
of -7107.1 f 1.0 cal/mole for a THAM con- 
centration of 6 g/l. In a private communication, 
Gunn suggested that a value of -71 14 cal/mole 
indicated by further work was a more accurate 
value. Three runs made with our calorimeter 
gave values of -7113, -7116, and -7124 
cal/rnole, for an average of -7118 cal/mole. 
This agreement is well within the estimated 
experimental error which we anticipated for 
our system. 

Calorimetric Measurements 
It was necessary to determine several heats of 

reaction involving sodium periodate and the 
products of these reactions. The heat of reaction 
of NaIO,(c) with 0.536 M HI is summarized 
in Table I. Under these conditions the perio- 
date is reduced completely to triiodide ion. 
The experimentally measured heats of solution 
of NaI(c) and I,(c) in the same medium are 
given in Tables I1 and 111. These three heats, 

TABLE I 

The heat of reaction of NaIO,(c) with 0.536 M H I  
at 25.00" 

Sample weight Heat evolved 
(mg) (call -AH, (kcal/mole) 

29.085 17.825 131.06 

i 7 . 0 ~ 8  130.39 
17.387 130.49 
17.822 130.68 

Av. 130.73 k 0.25 

TABLE I1 

The heat of solution of NaI(c) in 0.536 M HI 
at 25.00" 

Sample weight Heat evolved 
(mg) (call -AH, (kcal/mole) 

0.527 1.66 
Av. 1.67k0.01 
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along with standard heats of formation available a marked coilcentration dependence. This is due 
in the literature, are suficient to determine the to the hydration and hydrolysis reactions which 
standard heat of formation of NaIO,(c). take place in solution. 

TABLE I11 
Detertnitzatiotz of the Acid Ionizatiotz Constant 

The heat of solution of I,(c) in 0.536 M HI of H51°6 

at 25.00" The nature of periodate in acid to neutral 
solution has been studied by Crouthamel et al. 

Sample weight Heat absorbed (4) by both spectrophotometric and potentio- 
(mg) (call AH, (kcal/mole) metric methods. They were able to interpret their 

132.8 0.559 1 ,070 results in terms of the three equilibria: 
-. - 

131.3 0.545 1.054 
134.0 0.567 1.076 
132.7 0.573 1.096 

Av. 1.074+0.012 

TABLE IV 

The heat of solution of NaI04(c) in 0.100 M NaCIO, 
at 25.00" 

Sample weight Heat absorbed 
(mg) (call AH (kcal/mole) 

Av. 8.73 ? 0.03 

In order to determine the heats of formation 
of the many aqueous periodate species from 
the heat of formation of NaIO,(c), the heat of 
solution of sodium periodate was measured in 
0.100 M NaC10, solution and 0.100 M HClO, 
solution. These heats are summarized in Tables 
IV and V. As expected, the heat of solution of 
sodium periodate in the acidic solution showed 

P I  H5106(aq) F?. H+(aq) + H4106-(aq) 

[3] H4106-(aq) F?. I04-(aq) + 2H20 

[4] H4106-(aq) F?. H+(aq) + H,I06- '(aq). 

They found for reaction [2], K, = 5.1 x lo-", 
AH, - 0 kcal/mole; for reaction [3], K, = 40, 
AH, = 10.9 kcal/mole; for reaction [4], K, 
= 2.0 x lo-', AH, - 0 kcal/mole. All of these 
equilibrium constants were measured in solu- 
tions which were very dilute. The authors noted 
that there were rather large activity coefficient 
changes with ionic strength. Since all of our 
heats of solution were made at approximately 
p = 0.13, it was necessary to determine the 
apparent equilibrium constants under these 
conditions. Potentiometric and spectrophoto- 
metric measurements were made at 25", identi- 
cal with those made earlier (4, lo), except that 
sufficient sodium perchlorate was added to 
maintain an ionic strength of 0.13. It was as- 
sumed that the equilibrium constant for the 
dehydration, K,, would be insensitive to changes 
in ionic strength. The results of these measure- 
ments are summarized in Table VI. 

TABLE V 
The heat of solution of NaI04(c) in 0.100 M HC10, at 25.00" 

Concentration of Heat AHo,, - A H f  
NaI04 x 10' absorbed (cal) (kcal/mole) (kcal/mole) 

13.12 
13.17 

Av. 13.18?0 
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TABLE VI 

The first acid ionization constant for e5106 at an ionic 
strength of 0.13 at 25 

Concentration of 
Method periodate (M) K, x lo4 

Spectrophotometric 1.74 x 10.1 
Spectrophotometric 3.48 x 9.4 
Potentiometric 3.01 x ~ O - ~  10.3 

Av. 9 .9  

Thermodynamic Calculations and Discussion 
The Heat of Fornzatioiz of Na104(c) 

When sodium periodate dissolves in hydriodic 
acid the iodine(VI1) is quantitatively reduced to 
iodine(0). This may be expressed in the equation 
[5] NaI04(c) + [aHI, bH20] 

= [Nal, 4IZ, (a - 8)HI, (b + 4)HzO], 

where brackets indicate the solution. Also, 

[6] Nal(c) + [41,, (a - @HI, (b + 4)H20] 
= [NaI, 4IZ, (a - 8)HI, (b + 4)HzO] 

[71 Iz(c) + 4[(a - 8)HI, (b + 4)HzOl 
= $[47,, (a - 8)HI, (b + 4)H20]. 

The heats of reactions [5]-[7] are given in 
Tables I, 11, and I11 respectively. In our experi- 
ments, typical values used were a = 1770, bla 
= 103. Additional heats needed to complete the 
cycle for calculation of the heat of formation 
of NaI04(c) are: 

These heats were found or calculated from 
standard reference sources (1 1). Reaction [8] is 
the apparent heat of formation of water in HI 
solution and does not differ significantly from 
that of the pure liquid, -68.315 kcal/mole. The 
apparent heat of formation of HI, reaction [9], 
was calculated to be - 12.94 kcal/mole; AH,, 
is -68.77 kcal/mole. The standard heat of 
formation of NaI04(c) is AHf0(NaI04(c)) = 
-AHj + AHG + 4AH7 + 4AH8 - 8AH9 
+ AH,, = - 105.15 i 0.30 kcal/mole. The un- 
certainty cited here and for other derived 
results are based upon the standard deviations 
of the individual numbers. In some cases it was 
necessary to estimate the uncertainty of num- 
bers taken from standard sources. Generally 
the most pessimistic estimate was used. 

CHEMISTRY. VOL. 46, 1968 

The Heats of Forn~ation of Aqueous Periodate 
Species 

From the heats of formation of Na+(aq) and 
NaIO,(c), taken with the heat of solution of 
sodium periodate in sodium perchlorate solution, 
the heat of formation of 10,-(aq) may be calcu- 
lated. In unbuffered near-neutral solution, the 
only important periodate species present are 
10,- and H410G-. From K, above, approxi- 
mately 2.4% of the periodate ion is hydrated. 
Correcting the heat of solution given in Table IV 
for hydration, and using AH, = 10.9 kcal/mole 
(4), we find AH,, = 9.00 kcal/mole for the re- 
action: 

[I1 1 NaI04(c) = Nac(aq) -t 10,-(aq). 

The heat of formation of 10,- in solution of 
p = 0.13 is then found to be -38.8 + 0.4 kcall 
mole. While this heat of formation was not 
obtained under conditions approaching infinite 
dilution, it is expected to be within 0.2 kcal of 
the standard heat of formation. 

It is considerably more difficult to interpret the 
heats of solution of NaI04(c) in 0.100 M HClO,. 
From examination of the equilibrium constants 
for reactions [2] and [3], there are significant 
concentrations of H510G, H41o6-, and 10,- 
present in all solutions. The observed heat of 
solution in acid can be expressed as 

where AHobs are the heats of solution measured 
in kcal/mole, f4 = fraction of periodate present 
as H410G-, f j  = fraction of periodate present 
as H5106, and the subscripts on each AH refer 
to the respective equations. 

The concentrations of the several ions appear- 
ing in eqs. [2] and [3] were expressed in terms 
off,, f,, C,,,,, = the formal concentration of 
perchloric acid, and C,,,,, = the formal con- 
centration of sodium periodate. The equilibrium 
constant expression for eq. [3] was solved for 
f4 in terms off,, which upon substitution in 
[12] gives 

[I31 AH' = Qlf5, 

where AH' = -AH, - K3AH3/(K3 + 1) and 
Q = AHobs + AH,/(K, + 1) - AH, ,. When the 
same substitution for f4 is made in the equilib- 
rium constant expression for reaction [2], a 
quadratic equation in f5 is obtained: 
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MERCER AND FARRAR: CALORIME7 

Elimiilatioil of f 5  from [13] and [I41 and re- 
arranging gives 

where a = (CHclo4 + C,,,,, + K2K3 + K2)- 
Q / ~ H C I O ,  and b = CN~IO, Q2/C~c,04. AH' Was 
calculated from each experimental heat of solu- 
tion and these values are given in Table V. 
The average value for this quantity is -13.18 
kcal/mole with an average deviation of k0.04. 
A graphical comparison of the calculated and 
observed heats of solution is shown in Fig. 2. 
We have reinterpreted the data of Stern and 
Jasilosz (2) and find that the AH' calculated is in 
complete agreement with our data. However, 
because of the very high concentrations which 
were used in that study, the uncertainty in AH' 
is somewhat greater. 

TABLE VII 
The heats of formation of 

periodates at 25" 

Substance AH? (kcal/mole) 

rRIC STUDY OF PERIODATE SPECIES 2683 

FIG. 2. Heat of solution of NaI04(c) in 0.100 M 
HC104 at 25.00" as a function of periodate concentra- 
tion. The line was calculated using the average value of 
AH' (see text), and the points represent the experimental 
data. 

along with the other heats of formation calcu- 
lated from our data. 

From these data and Crouthamel's (4) value 
for AH,, we find the heat of ionization of H510, 
is + 2.55 kcal/mole. While our estimated uncer- 
tainty of this heat is Ifi0.7 kcal/mole, this seems 
to be quite a large heat of ionization. The plot 
of log K2 vs. 1/T given by Crouthamel et al. 
(4) did exhibit considerable curvature at low 
temperatures so that this heat of ionization 
would not be inconsistent with their data. It  is 
also possible that the heat of dehydration is 
somewhat more positive than that reported by 
previous investigators (4, 12). Kren et al. (13) 
have recently made an n.m.r. study of the 
dehydration equilibrium and found a consider- 
ably more positive heat for this reaction. It  
would appear that further investigation of the 
enthalpy of the dehydration reaction is neces- 
sary before conclusions can be drawn. 

From the heats of solution presented, we have 
calculated the heats of formation of several 
periodate species. These are given in Table VII 
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Studies on complex compounds. V. Coordination compounds of mercury and 
biologically active amines' 

Department of Pharmacology and Therapelltics, King George's Medical College, Luckrlobv U~zi~iersiry, Llickrto~v, 
and Departrnenf of Clzentistry, Lucknow University, Llickrzorv, India 

Received August 8, 1967 

Five mercury complexes were synthesized by condensation of mercuric chloride with different bio- 
logically active amines. In the present study D-amphetamine, L-amphetamine, DL-amphetamine, methyl- 
amphetamine, ephedrine, and tyramine were used where a stereoisomeric effect was observed during the 
formation of the mercury complexes. The complex compound synthesized from DL-amphetamine was 
found to be a mixture of the mercury complexes of D-amphetamine and L-amphetamine, and the differ- 
ence in their solubilities was utilized for their separation. The estimation of the carbon, hydrogen, and 
nitrogen content, the determination of the amount of chlorine and mercury, and measurements of the 
infrared absorption spectra at 700-3500 cm-' indicated the ratio of 2:l for anline to mercury in these 
coordination compounds. Further characterization of these mercury complexes was done by ultraviolet 
absorption spectra and conductance measurements. 

Canadian Journal o f  Chemistry, 46, 2685 (1968) 

Interference with cellular metabolism by in- 
hibition of certain enzyme systems has been 
shown to be the property of various organo- 
mercury compounds (1). Mercury has also been 
reported to combine with ligands of physio- 
logical importance such as phosphoryl, carboxyl, 
amido, and amino groups. The present study 
describes the synthesis of mercury complexes of 
biologically active amines with a view to studying 
the relative coordinating abilities of nitrogen and 
oxygen and to investigate their effects on certain 
enzyme systems for obtaining a better knowledge 
of their physiological significance (2). The in- 
volvement of a stereoisomeric effect was ob- 
served during the formation of such mercury 
complexes with isomeric amphetamines. 

Experimental 
Materials 

Most of the amines and mercuric chloride (B.D.H.) 
used in the present study were of analytical grade and 
were available commercially. Stereoisomeric arnpheta- 
mines (D-amphetamine and L-amphetamine), DL-amphet- 
amine, and methylamphetamine were used as bases 
after separation from their respective sulfates by treating 
with an equivalent amount of dilute sodium hydroxide 
solution and subsequent extraction with ether. Tyramine 
base was separated from its hydrochloride with a dilute 
solution of liquor ammonia while ephedrine, as a base, 
was used without further purification. The purity of the 
amines was checked by their boiling or melting points. 
Absolute ethanol, ether dried over sodium wire, and 

'This investigation was supported by a research grant 
from the Indian Council of Medical Research, New Delhi. 

=Inquiries should be addressed to Professor S. S. 
Parmar. 

purified anhydrous nitrobenzene (3) were used throughout 
these experiments. 

Arzalyses 
The mercury content of the complexes was estimated 

volumetrically (4) and gravimetrically (5). The chlorine 
content was determined gravimetrically as AgC1. The 
carbon, hydrogen, and nitrogen contents of these com- 
plexes were determined by well-known combustion 
methods. 

Preparations 
Mercury complexes were prepared by lllixing 2.2 moles 

of the appropriate amine with 1 mole of mercuric chloride 
in absolute ethanol as described earlier (4). The analyses 
and melting points are summarized in Table I. 

Results 

Properties of Mercury Coordinatio~z Con~po~~nds  
All com~lexes are white in color except the 

tyramine-mercury complex which is of slightly 
brownish color. Complexes of D-amphetamine, 
DL-amphetamine, and methylamphetamine were 
obtained as fine powders while those synthesized 
from L-amphetamine, tyramine, and ephedrine 
were crystalline in nature. Complexes synthe- 
sized from D-amphetamine, DL-amphetamine, 
ephedrine, and tyramine are insoluble in water 
while complexes of L-amphetamine and methyl- 
amphetamine are sparingly soluble in boiling 
water. All complexes are soluble in acetone 
except those synthesized from ephedrine and 
tyramine. Mercury complexes of L-amphetamine 
and methylamphetamine are soluble in solvents 
like cyclohexane, cyclohexanol, dioxane, and 
nitrobenzene. All complexes undergo decom- 
position on boiling with dilute sodium hydroxide 
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MISRA ET AL.: STUDIES ON COMPLEX COMPOUNDS. V 2687 

solution, as is indicated by the appearance of a TABLE I1 

characteristic smell of the original amine. These Conductivity of mercury complexes 
mercury complexes, though soluble in dilute - 

nitric acid, are oxidized with concentrated nitric Molar 
Solvent conductance 

acid (4) where a definite change in the color of Complex used (mho) 
the compounds is observed. The mercury com- 
plex obtained from DL-amphetamine could be D$!~$$$~~&~t- Nitrobenzene 0.95 
separated into complexes of D-amphetamine and Dichloro-bi(~-amphet- 
L-amphetamine by taking advantage of their arnine)mercury(II) Ethanol 0.75 

Dichloro-bi(~~-amphet- solubility differences. The ethanol soluble por- arnine)mercury(II)* Nitrobenzene 0.58 
tion contained the complex of L-amphetamine. Dichloro-bi(methy1amphet- 
On isolation these complexes were found to be , , ;~3, '~[~~!~~!L,-  Ethanol 1.05 
identical with those synthesized from either D- mercury(II) Nitrobenzene 0.35 
amphetamine or L-amphetamine. Such a possi- Dichloro-bi(tyramine)- 

bility was further confirmed by determining the Nitrobenzene 0.45 
specific rotation of the ethanol soluble compound an~~,";~s,~o~;~;~,"~;~~;a~f~;;~~",$&j~m~hctamine)mercur~Or) 
obtained from the mixture of D-amphetamine 
and L-amphetamine complex. This complex Elmer UV-VIS spectrophotometer. Such studies 
showed a laevorotatory nature [a]  = -20. with complexes of D-amphetamine, DL-amphet- 

amine, and tyramine could not be undertaken 
Conductivity Measurements due to the lack of proper solvent. No definite 

The conductance measurements were made peaks could be observed with complexes ob- 
with a Mullard conductivity bridge El3001 tained from ~ - ~ ~ ~ h ~ t a ~ i ~ ~  and methylamphet- 
at 20" with a having a ,mine. The characteristic wavelengths and the 
constant of 1.05. All complexes were used at a log of their extinction for the 
final concentration 1 pmole and were taken ephedrine-mercury complex were found to be 
in nitrobenzene, except the complexes of L- 215 mp and 4-71 and 265 mp and 3.48 for the 
amphetamine and methylamphetamine where first and second maxima respectively, as corn- 
ethanol was used as a solvent. The results of the pared with the absorption peak at 205 mp for 
conductance measurements are given in Table 11. the first maxima and 258 mp for the second 

maxima observed with ephedrine. 
Absorption Spectra 

The ultraviolet absorption spectra of com- I~frared Spectra 
plexes synthesized from L-amphetamine, methyl- The infrared spectra were obtained with a 
amphetamine, and ephedrine were carried out in Perkin-Elmer Infra-cord spectrophotometer 
ethanol with a Beckman G-2400 spectropho- model 137 equipped with NaCl optics. The 
tometer in the range of 200 mp-300 mp. These spectra of those complexes examined in KBr 
results were checked with a Hitachi Perkin- films in the range 700 to 3500 cm-I have been 

TABLE 111 
Frequency (crn-I) assignments for D-amphetamine, L-amphetamine, and their 

mercury complexes 

D-Amphetamine L-Amphetamine 

Assignment 
Hg Hg 

Ligand complex Ligand complex 

N H  Asymmetric stretching 3338 b 3178 sh 3325 s 3151 s 
N H  Symmetric stretching 3231 sh 3124 s 3231 sh 3151 s 
NH2 Degenerate deformation - 1603sh 1599b 1585s 

1599b 1611s - - 
NH, Svm~netric deformation 1468 rn 1491 m 1468 rn 1491 m - .  

1451 s i452 s 1451 s 1468 s 
NH, Rocking 742 s 746 s 742 s 748 s 

 ABBREVIATION^: b = broad; m = medium; s = sharp; sh = shoulder. 
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TABLE I V  
Frequency (cm-l) assignments for methyl amphetamine, ephedrine, tyramine, and their nlercury colnplexes 

Methylamphetamine Ephedrine Tyramine 

Hg Hg 
Ligand complex Ligand complex 

Hg 
Ligand coni~lex 

N H  Asymmetric stretching 3283 w 3178 s - 3145 b 3270w 3124m 
N H  Svmmetric stretching - - - 3205 w - - 
NH2 begenerate deformation 1497 m 1596 m 1138 m 1596 b 1514 s 1611 sh 

1456 m 1491 s 1491 s 1483 s 1462m 1600s 
NH2 Symmetric deformation 1379 s 1341 s 1391 w 1387 w 1392s 1370 w 

1341 m 1333 m 1379 m 1316 w 1263w 1243s 
NH, Rocking 742 b 752 s - 751 s 781 n~ 787 w 

ABnnEvrATlONs: b = broad; rn = medium; s = sharp; sh = shoulder; w = weak. 

compared with their corresponding ligands. 
These results are recorded in Tables I11 and IV. 
For detailed investigation, the spectra of the 
complexes of ephedrine and tyramine were mea- 
sured with a Perkin-Elmer 337 grating infrared 
spectrophotometer in KBr and N~ijol mull phase. 

Discussion 

The ratio of the ligand with HgCl,, found to 
be 2:l in these complexes (Table I), indicates 
that these complexes exist as 

Conductance measurements have indicated the 
nonelectrolytic nature (6) of all the coordination 
compounds which presumably exist as mono- 

mers. At present, the probability for the existence 
of a polymeric structure due to halogen bridging 
(7, 8) cannot be ruled out. Furthermore, the low 
affinity of mercuric ion for oxygen as compared 
with its affinity for nitrogen, could account for 
the coordination through nitrogen preferentially 
over oxygen (9). The presence of the OH group 
in tyramine and ephedrine could render oxygen 
available to take part in the formation of the 
complex compound. However, the positive shift 
in the OH stretching vibration observed in the 
infrared spectrum of the ephedrine complex has 
indicated that coordination does not occur 
through the oxygen. The frequency assignments 
for OH stretching and NH asymmetric stretch- 
ing vibrations could not be clearly established in 
the infrared spectrum of ephedrine. On the other 
hand, the OH stretching vibration was found to 
occur at  3373 cm-' (Fig. 1) with dichloro- 

W A V E L E N G T H  (MICRONS) 
FIG. 1. Infrared spectra of dichloro-bi(epl~edrine)n~ercury(II) in KBr (solid line), ephedrine in CHC13 (broken line). 
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MISRA ET AL.: STUDIES ON COMPLEX COMPOUNDS. V 2689 

4 0 0 0  3 0 0 0  2 0 0 0  1500 C M-I 1000 9 0 0  BOO 7 0 0  

100 I I I 1 c L I I  I I I I I I I I l , ~ l t ~ t ~ ~ > ~ l ~ l t ! ~ ~ ! l l .  a 1 2  0 

FIG. 7. Infrared spectra of dichloro-bi(tyramine)mercury(II) in KBr (solid line), tyramine in Nujol (broken line). 

bi(ephedrine)mercury(II). The possibility of co- 
valent bonding by replacement of hydrogen 
from the OH group is ruled out due to the in- 
ability of the alcoholic group to undergo ioniza- 
tion (10). Such a change in the spectrum was not 
observed with the tyramine-mercury complex 
(Fig. 2). The interaction of the free phenolic 
group with KBr during grinding (11) could 
presumably account for such a difference, since 
a negative shift was actually observed in the 
OH stretching vibration. Further support for 
such an explanation was provided by the positive 
shift in the OH stretching vibrations observed 
during measurement of the infrared spectra of 

the complex in Nujol mull phase. The OH- 
stretching vibration at 3309 cm-' observed with 
tyramine was found to be at 3385 cm-' for 
dichloro-bi(tyramine)mercury(II). The infrared 
spectra of the complexes obtained from D- 
amphetamine (Fig. 3), L-amphetamine (Fig. 4), 
methylamphetamine (Fig. 5), ephedrine (Fig. l), 
and tyramine (Fig. 2) have indicated a negative 
shift in the NH stretching vibration and in the 
NH, degenerate deformation by comparison 
with their ligands (Tables I11 and IV). Donation 
of a pair of electrons from the primary and 
secondary amino groups to the metal ion may 
possibly account for such a negative shift. The 

4 0 0 0  3 0 0 0  2 0 0 0  1 5 0 0  C M-I 1000 9 0 0  8 0 0  7 0 0  
l l l l l . l i l l l t l l l l l . . #  I 1  I ,  I 1  I ,  I I I 1  I 

0 C, I I I I I I I 1 I 1 I I 
3 4 5 6 7 8 9 I0 11 12 13 14 15 

WAVE LENGTH (MICRONS) 

FIG. 3. Infrared spectra of dichloro-bi(~-amphetamine)mercury(II) in KBr (solid line), D-amphetamine (broken 
line). 
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FIG. 4. Infrared spectra of dichloro-bi (L-aniphetan~ine)mercury(II) in KBr (solid line), L-aniphetaniine (broken 
line). 

observed shifts in NH, sylninetric deformation 
and NH, rocking vibration (12, 13) have pro- 
vided further support for such an explanation. 
The ability of D-amphetamine and L-amphet- 
amine to form different complexes points to- 
wards the existence of stereoisomeric effects 
during complex formation. Solubility differences 
have been utilized for separation of the com- 
plexes of stereoisomeric amphetamines from di- 
chloro-bi(~~-amphetamine)mercury(II). At pre- 
sent the possibility of the formation of a mixed 
complex presumably through the following re- 

versible equilibrium cannot be ruled out. The 
reaction thus could possibly be driven to the 
right in a solvent in which one of the compounds 
is insoluble. 

However, further experimental evidence will be 
required to elucidate such a mechanism where 
liberation of the ligands from the mixed complex 
is necessary before the formation of the com- 
plexes of D- and L-amphetamine separately. 

WAVELENGTH (MICRONS) 

FIG. 5. Infrared spectra of dichloro-bi(niethylamphetamine)mercury0I) in KJ3r (solid line), metliylamplletaniine 
in D r  (broken line). 
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Primary process(es) in the mercury-photosensitized decomposition of 
dimethyl ether at 2537 

R. PAYETTE, M. BERTRAND, AND Y. ROUSSEAU 
Dipartemetzt de Chitnie, Utziuersitk de Montre'al, Motztre'al, Qrlkbec 

Received December 29, 1967 

The mercury-photosensitized decomposition of dimethyl ether has been studied at room temperature 
and at pressures ranging from 10 to 200 Torr. 

The formation of an excited dimethyl ether @ME) molecule has been verified by following the rates of 
formation of methane, ethane, and carbon monoxide with various ether Dressures. 

The study of the variation of the quantum yield of molecular hydr6gen formation with absorbed 
light intensity at high ether pressures has shown that the primary process involves the dissociation of 
ether molecules into hydrogen atoms and methoxy methyl radicals: 

The results presented in this paper indicate that the excited DME molecule can originate in a radical 
recombination between hydrogen atoms and nlethoxy methyl radicals. 

Canadian Journal of Cherniztry, 46, 2693 (1968) 

Introduction 

The mercury-photosensitized decomposition 
of dimethyl ether1*' (DME) at 2537 A has been 
studied by Marcus, Darwent, and Steacie (I), 
who found that at 25 OC and for pressures be- 
tween 28 and 500 Torr, the products consisted 
almost entirely of hydrogen and 1,2-dimethoxy- 
ethane. According to these workers the primary 
process was the dissociation of the ether mole- 
cules into hydrogen atoms and methoxy methyl 
radicals. Using a light intensity of 4.5 x 
einstein min-' (measured from the rate of 
hydrolysis of a 0.5 N solution of monochlorace- 
tic acid as actinometer) a quantum yield of 0.8 
was found for the hydrogen formation. No 
evidence was found for the occurrence of 
excited molecules or for the scission of the 
C-0 bond. 

Pottie, Harrison, and Lossing (2) have studied 
the same reaction using a fast flow system 
coupled to a mass spectrometer. With the system 
at 55 "C, they allowed a few microns of ether 
to be carried through a strongly illuminated 
tubular reactor by a stream of helium at a pres- 
sure of 8 Torr. Their results indicated two 
primary modes of dissociation of DME. These 
are (i) cleavage of C-H bonds and (ii) cleavage 
of C-0 bonds. The probability of the occur- 
rence of these two reactions is similar. The 

'Paper presented at the "34e Congrts de I'ACFAS", 
Qyebec, Nov. 4-6, 1966. Cf. Ann. I'ACFAS. 33,56 (1967). 

-Paper presented at the 50th CIC Conference, Toronto, 
June 4-7, 1967. 

nonoccurrence of the mode of dissociation in- 
volving a C-0 split in the 28 to 500 Torr 
region was interpreted by Lossing et al. (2) in 
terms of an excited ether molecule which could 
be completely deactivated at these pressures and 
hence not be able to dissociate. 

Loucks and Laidler (3a) have recently pre- 
sented a mechanism for the mercury-photo- 
sensitized decomposition of DME at tempera- 
tures from 200 to 300 OC and over a pressure 
range of 3 to 600 Torr. Under these conditions, 
the products found were CO, Hz,  C2H6, CH,, 
CH30C2H,, and CH30CH2CH20CH3. These 
authors stated that the primary process in- 
volves a C-H bond split, but they found no 
evidence for a primary C-0 bond split. 

The intention of this study was to investigate 
the possible occurrence of an excited DME 
molecule and to elucidate the primary process(es) 
in the mercury-photosensitized decomposition 
of DME. From a consideration of the quenching 
cross-section values of the molecules indicated 
in Table I, a qualitative attempt can be made to 
predict the primary quenching interaction be- 
tween a Hg 6(3P,) atom and a DME molecule. 
As the ratio of quenching cross section of DME 
to ethane is greater than 60, a preferential 
attack center is indicated in the DME. This leads 
us to believe that a Hg 6(3P,) atom wilI attack 
the non-bonding electrons of the oxygen atom 
in DME. Moreover, Rousseau, Strausz, and 
Gunning (4) have already pointed out the electro- 
philic character of the Hg 6(3P1) atom. 
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Knight and Gunning (5) studied the mercury- 
photosensitized decomposition of methanol a t  
2537 A. Methanol has a quenching cross- 
section value similar to  that of DME. Their 
results indicated a primary quenching process 
which involved the rupture of the 0-H bond 
and which had a quantum yield of approximately 
unity. Thus, a priori, if the center of attack for 
a Hg 6(3P1) atom is the non-bonding electrons 
of oxygen in DME, one can visualize a primary 
split at the C-0 bond in DME. 

Experimental 
Materials 

Dimethyl ether from Air Products and Chemicals Inc. 
was used without further purification except trap to trap 
distillations at -131 "C. Its purity was verified by mass 
spectrometry. 

Apparatus arrrl Procedure 
The reaction was studied at  room temperature in a 

static system. The diameter of the cylindrical quartz cell 
was 4.5 cm and its length 9.5 cm. The light source was 
a commercial mercury low pressure resonance lamp 
(Hanovia, SC 2537). In order to eliminate the 1849 A 
wavelength, the cell was separated from the lamp by a 
distance of 11 cm in air.When the light intensity in the 
center of the lamp was required, a vycor cell 2 cm in 
diameter and 22 cm long was used. 

The reaction products were analyzed using a Hitachi 
RMU-6D mass spectrometer. 

Light intensities were measured by the nitrous oxide - 
12-butane actinometer (8); the pressure of the mixture was 
200 Torr in all cases. 

Results and Discussion 

The products measured following the mercury- 
photosensitized decomposition of DME at 
room temperature and at pressures between 10 
and 200 Torr are H,, CO, CH,, C2H6, and 
CH30CH2CH20CH3. Since the object of this 
study was to elucidate the primary process(es) 
involved in the decomposition of DME, all 
the products which may be formed as a result 
of secondary reactions have not been measured. 

If an excited DME molecule is produced in 
the system, the two following modes of deactiva- 
tion may be anticipated: 

In [I] the excited DME molecule is deactivated 
by collision at high pressure, but in [2] its 
excess energy is involved in the rupture of the 
weakest bond. The latter process will predomi- 

nate at low pressures but the two modes of 
deactivation will be in competition over a con- 
siderable pressure range. 

TABLE I 
Quenching cross-section data for Hg 6(3P,) atoms 

Substrate oQZ (AZ) Reference 

CH;-0-CH~ 7 (7j* 
(CH3-0-CH3) 3.3 Present study? 
(CH,-O-CHz)z 12.5 Present study? 

* O Q ~  valoe from physical dala. 
t o Q 2  value from chemical data. 

Methane and ethane, which are decomposi- 
tion products, probably arise from abstraction 
and recombination reactions: 

Carbon monoxide may arise from the mercury- 
photosensitized decomposition of formaldehyde 
as this reaction has a large relative cross section 
(9) : 

Hence, a study of the variation of the rates of 
formation of CH,, CO, and C2H6 with varia- 
tion in the DME pressure will enable the pro- 
duction of excited DME molecules to be verified. 

Using two different light intensities, 12.8 and 
57.4 peinstein min-', DME was irradiated a t  
room temperature and pressures between 10 and 
200 Torr. The results are reported in Table 11. 
This table shows a decrease in the ratios CH,/ 
H,, CO/H2, and C2H6/H2 as the ether pressure 
in the system is increased. At a pressure of 10 
Torr, appreciable quantities of CH,, CO, and 
C2H6 are produced especially at a light intensity 
of 57.4 peinstein min-l. At 200 Torr theseprod- 
uct yields are negligible compared with that of 
hydrogen. These results indicate that excited 
DME molecules are produced in the system and 
it is of interest to  establish the origin of these 
excited molecules. 

Lossing et al. (2) did not exclude the formation 
of excited DME molecules in the primary process 
and this reaction may be included as one of the 
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TABLE I1 
Pressure effect on the mercury-photosensitized decon~position of 

dimethyl ether at 2537 A 

Pc11~0c11~ 
(Torr) (CH4/Hz).102 (CO/H2). 10' (C2H6/H2).1O2 

A. For 12.8 peinstein min-' 
11 6.50 7.5 2.9 
22 2.25 3.5 0.2 
44 1.11 1.9 - 

I00 0.38 0.88 - 
200 0.25 0.40 - 

B. For 57.4 peinstein niin-' 
10 29.7 32.7 5.8 
25 9.4 10.1 2.1 
50 3.8 4.4 I .O 

I00 2.6 2.8 0.5 
200 1.1 1.3 - 

three primary processes that may occur. These determining the probability of the primary 
reactions are quenching reaction which involves dissociation 

of the C-H bond. As the formation of products 
[6] Hg 6(3P1) + CH3OCH3 -> H + CHzOCH3 [9] are proportional to Ia2 (I, refers to absorbed 

+ Hg 6('So) light intensity) and molecular hydrogen forma- 
[7] Hg 6(3P1) + CH30CH3 -> CH3 + OCH3 tion is proportional to Ia, a decrease in the 

+ Hg absorbed light intensity will indicate that the 

However, [8] is not the only process in which 
excited DME molecules can be produced. They 
may also originate from any of the following 
recombinations : 

In order to elucidate the primary quenching 
process(es), experiments have been carried out 
to determine the relative probability of reaction 
[GI. 

Steacie et al. (1) have suggested that molecular 
hydrogen can arise by hydrogen abstraction from 
the substrate: 

[I?] H + CH30CH3 -> Hz + CH20CH3. 

However, we have already seen that [9] will also 
remove hydrogen atoms from the system and 
form excited DME molecules. 

As reaction 1121 represents the only way in 
which hydrogen atoms are removed in a radical- 
molecule reaction, the variation in the quantum 
yield of hydrogen with the change in intensity 
of the absorbed light will provide a means of 

reaction leading to molecular hydrogen is favored. 
DME, at a pressure of 200 Torr, has been 

irradiated at various light intensities in order to 
determine whether the quantum yield of hydro- 
gen reaches a constant value, which is less than 
unity, as the value of I,, is gradually decreased. 
The results are shown in Table I11 and in Fig. 1. 
The value of the quantum yield reported by 
Steacie et al. (I), who used a different method 
of actinometry, is included in Fig. 1 and it is 
found to lie on the curve drawn through the 
values shown in Table 111. 

As the value of the quantum yield of hydrogen 
is not less than unity at low light intensities, it is 
probable that the only primary process is dis- 
sociation into hydrogen atoms and methoxy 
methyl radicals. Hence the interaction between 
an excited Hg atom, Hg 6(3P,), and a DME 
molecule leads exclusively to a C-H bond split. 
If this occurs, excited ether molecules will prob- 
ably arise from a radical recombination. As 
reactions [lo] and [ I l l  are not considered to 
occur to any significant extent, the excited inole- 
cule will not be produced from the interactions 
of methyl and methoxy radicals. Reaction [9] 
represents the only method of producing excited 
DME molecules. These excited molecules will 
most probably be in a vibrationally excited state 
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TABLE I11 

Light intensity effect on the mercury-photosensitized decomposition 
of dirnethyl ether at 2537 A* 

1, Irradiation @ Product 
Product (veinstein min-l) time (min) (mole einstein-') 

*PC ,,3, ,,,, = 200 Torr. 

FIG. I. Hydrogen quanturn yield versus absorbed 
light intensity (0 represents the value found by Steacie 
et 01.). 

as a low-lying excited electronic state is absent 
in simple aliphatic ethers. 

In addition to H,, CO, CH,, and C,H, we 
have identified 1,2-dimethoxyethane in the prod- 
ucts resulting from the mercury-photosensitized 
decomposition of DME. This heavy liquid arises 
from a radical recombinatioil reaction, but the 
products resulting from the disproportioilation 
of methoxy methyl radicals, i.e. ethylene oxide 
or 1,4-dioxane, have not been observed. 

[13] 2CH30CHZ -> CH2-CH2 + CH30CH3 or 

\o/ 
[14] H + CH3OCH2 + CHz-CHz + Hz 

\ / 
0 

The results in Table I11 indicate that reactions 
[13] and/or [14] are not important under the 
experimental conditions. The quantum yield for 
the formation of 1,2-dimethoxyethane is very 
close to that of hydrogen and also approaches 
unity as the light intensity is decreased (1.2 
x einstein min-I). 

This result eliminates the possibility of uni- 
molecular decomposition of methoxy methyl 
radical into methyl radical and formaldehyde. 
This observation is not unexpected from a con- 
sideration of the activation energy of 24.8 kcal 
reported by Loucks and Laidler (3b) for this 
reaction. 

Takezaki, Mori, and Kawasaki (10) have 
recently reported on the mercury-photosensitized 
decomposition of DME at a pressure of 100 
Torr and at a temperature of 25 "C. These 
studies were carried out in the presence and 
absence of nitrous oxide. With pure ether, 1,2- 
dimethoxyethane and trimeric products were 
detected and the hydrogen yield was found to be 
twice that of the condensable products. A pos- 
sible explanatioil of these results may be that a 
large light intensity causes photolysis of the 
products. 

We have measured the quenching cross section 
of DME by a chemical method using nitrous 
oxide and taking 3.6 for iz-butane quenching 
cross section as reference. The values fouild were 
3.3 for DME and 12.5 for 1,2-dimethoxyethaile. 
The large quenching cross section of 1,2-dime- 
thoxyetl~ane may lead to the 1,2-dimethoxy- 
ethane preferentially quenching the Hg 6(3P,) 
atoms at high light intensities: 

[15] Hg 6(3P,) + CH30CH,CHzOCH3 
+ CH30CH2CHOCH3 + H + Hg 6('So) 

This may account for the large yield of hydrogen 
compared with that of dimeric and triineric 
products. 

In some aspects the mercury-photosensitized 
decomposition of DME resembles that of al- 
kanes; however, since DME has a much larger 
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quenching cross section than ethane, the C-H 
bond must be strongly activated by the presence 
of an oxygen atom. 

The present work is further supported by the 
work of Filseth3 on the mercury-photosensitized 
decomposition of methyl ethyl ether at 52 "C. 
Filseth proposed a primary decomposition pat- 
tern similar to that proposed here for DME in 
which excited methyl ethyl ether molecules also 
originate from radical recombination reactions. 
As for the possible disproportionation of ethoxy 
methyl radicals, Filseth has also failed to observe 
propylene and/or trimethylene oxides among 
reaction products in his system. 

Conclusion 

The present work is an attempt to clarify 
certain anomalies present in the literature con- 
cerning the apparent contradiction between the 
results of Steacie and of Lossing. In fact, they 
do not contradict each other but are both valid 
depending upon the experimental conditions 
involved. 

The present study has shown that the choice 
of experimental conditions is very important in 
the determination of the primary processes 

3Paper presented at the International Conference of 
Photochemistry. Miinchen. September 6-9, 1967. 

occurring in a reaction sequence. In particular, 
the use of a low light intensity has been found 
to be essential in eliminating radical-radical 
reactions and photolysis of the products. 

This study, using a wide pressure and light 
intensity range, has found evidence for excited 
DME molecules and a process of their formation 
has been proposed. 
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Some reactions of pentafluorothiophenol. Preparation of some 
pentafluoro-phenylthio metal derivatives 

M. E. PEACH 
Department of Cl~emistry, Acadia University, Wolfoille, Nova Scoria 

Received March 7 ,  1968 

The new con~pounds M(SC6F5), where M = Cs, TI, Cu, Au, and Ph3Pb; M(SC6F5),, where M = Pb, 
Cd, Hg, Ni, and Pt; M(SC6F&, where M = As or Bi; and Sn(SC6F5),, have been prepared from 
pentafluorothiophenol and metal ions in aqueous solution. Zn(SC6F,)2 has been prepared from zinc 
oxide and pentafluorothiophenol in methanol. The co~npounds have been characterized, and their 
infrared spectra and 'H and 19F nuclear magnetic resonance spectra examined. 

Some of the reducing properties of pentafluorothiophenol and its polymerization have been studied. 
Canadian Journal of Chernislry, 46, 2699 (1968) 

The reactions, if any, of an aqueous suspension 
of pentafluorothiophenol with various metal ions 
can be divided into three categories, (1) formation 
of pentafluoro-phenylthio metal derivatives, (2) 
reduction forming bis(pentafluor0-phenyl) disul- 
fide, and (3) polymerization forming perfluoro- 
poly(pheny1ene sulfide); one specific reaction or a 
combination may be observed with a particular 
metal ion. This paper describes the reactions of 
pentafluorothiophenol with aqueous solutions 
containing the ions, or compounds, Cs', Pb2+, 
Cu2+, Cd2+, A13+, TI+, Hg2+, HgZ2+, As203, 
A s O ~ ~ - ,  Sb3+, Bi3+, Sn4', Sn2+, Fe3+, Fez+, 
Cr3+, Ni2+, Co2+, AuC14-, PtC16'-, Mn2+, 
Zn2+,  UOZ2+, V02+ ,  Bu4N+, Ph3PbC1, Phz- 
PbCl,, Te03'-, NH40H, and the reactions of a 
inethanolic or ethanolic solution of pentafluoro- 
thiophenol with the oxides ZnO, SnO,, SnO, 
GeO,, TiO,, PbO,, and MnO,. 

The preparation of certain metallic mercaptides 
from the corresponding thiol (or sodium mercap- 
tide) and an aqueous solution of the metal ion is 
well known. The mercaptides of Tl(I), Fe(II), 
Ni(II), Co(II), Zn, Cd, Hg(II), Sn(IV), and Bi(II1) 
were first prepared by Claeson (1); it is probable 
that the only well-characterized mercaptides 
were Tl(I), Zn, Cd, Hg(II), and Bi(II1). Some 
metal derivatives of pentafluorothiophenol are 
known ; transition metal derivatives and complex 
ions have been precipitated from aqueous solu- 
tion, i.e. M(SC6F5),2-, where M = Co(II), 
Pd(II), Pt(II), Zn, Cd, Hg(I1) (3); M(SC6F5), -, 
where M = Cu(I), Ag(I), Au(1) (3) ; Ag(SC6F5) 
(3); Pd(SC6F5), (3); and K(SC6F5). I .5H20 
(4). The compound Cu(SC6F5) has been pre- 
pared from cuprous oxide and pentafluorothio- 
phenol in ethanol ; no details of its physical prop- 
erties are given, although it has been utilized to 

prepare bis(pentafluoropheny1) sulfide by its reac- 
tion with bromopentafluorobenzene in dimethyl 
formamide (5). Very recently the compounds 
Ni(SC6F5),, Pd(SC6F5),, and Pt(SC6F5), have 
been prepared from the metal acetate and penta- 
fluorothiophenol in acetone-water (Ni) and ben- 
zene (Pd, Pt) solutions; the triphenylphosphine 
adducts and the complex ions Pd(SC6F5)42- 
and Pt(SC6F5)42- have also been prepared (6). 

The pentafluoro-phenylthio derivatives of Cs, 
Pb(II), Cd, Hg(II), Bi(III), As(III), and Tl(1) 
have been prepared in aqueous solutions from the 
corresponding metal ion and a suspension of 
pentafluorothiophenol: the ions Cu2', PtC16'-, 
and AuC1,- were reduced by pentafluorothio- 
phenol forming Cu(I), Pt(II), and Au(I), penta- 
fluoro-phenylthio derivatives respectively. The 
following type of reaction is typical for these ions 
with thiols (2): 

2Cu2+ + 4C6F5SH + 2CuSC6F5 i- 

C6F5SSC6F5 + 2Ht .  

No reaction was observed with the metal ions 
Co2+, Cr3+, Sn2+, Fez+, A13', Mn2+,  V 0 2 + ,  
or UOZ2+, and pentafluorothiophenol. Mer- 
curous nitrate reacted with pentafluorothiophe- 
no1 to form mercury and bis(pentafluor0-phenyl- 
thio) mercury. This reaction must be due to the 
insolubility of bis(pentafluor0-phenylthio) mer- 
cury forcing the equilibrium HgZ2+ e Hg + 
Hg2+ over to the right. Attempts to prepare 
C1HgSC6F5 and 03NHgSC6F5 by the reaction 
of 1 mole of pentafluorothiophenol and 1 mole of 
mercuric chloride or nitrate resulted in the pre- 
cipitation of bis(pentafluor0-phenylthio) mer- 
cury. The compound ClHgSCF,, which is ob- 
tained by mixing mercuric chloride and bis- 
(trifluoromethylthio) mercury in ether, can be 
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converted to O,NHgSCF, in aqueous solution 
by treatment with silver nitrate (7). 

It is doubtful whether Claeson succeeded in 
preparing pure Sn(SEt), (1); the product has 
been claimed to be C1,SnSEt (8). Good yields of 
stannic mercaptides are reported from the reac- 
tion of stannic chloride in benzene with sodium 
mercaptide either as a suspension or in an 
alcoholic solution (8-ll), but the products are 
reported as unstable in moist air (9). Stannic mer- 
captides can be prepared in alcoholic solution by 
the reaction of a thiol and stannous chloride in 
air (lo), a disulfide and metallic tin with hydro- 
chloric acid (lo), or in benzene solutionby thedis- 
placement of alkoxy groups of tetraalkoxy tin by 
alkylthio groups from a thiol (1 1): these latter 
authors claim that stannic mercaptides are hydro- 
lytically stable. Water is not the ideal solvent for 
the preparation of stannic mercaptides: stannic 
chloride is only soluble in acidic solution and the 
presence of an excess acid decomposes stannic 
mercaptide. Sn(SC6F,), could be obtained by 
vacuum sublimation of the crude product ob- 
tained in aqueous solution from the reaction of 
stannic chloride and pentafluorothiophenol. 

The mercaptides of cobalt(I1) (1, 12), iron(I1) 
(13), and nickel(I1) (1, 14, 15) can be prepared in 
basic, usually ammoniacal, solution. Ferrous mer- 
captide can be formed in ammoniacal ethanol- 
water by the reaction of a thiol with ferrous ions, 
the excess thiol present reducing any ferric ion 
to ferrous ion (13); the mercaptide is easily 
oxidized. An acidic solution of ferric chloride 
was reduced by an excess of pentafluorothio- 
phenol to the ferrous state, but this did not form 
bis(pentafluor0-phenylthio) iron with the excess 
pe~ltafluorothiophenol present. The reaction of a 
thiol with an ammoniacal ethanol solution of 
nickel or cobalt chloride forms nickel mercap- 
tides and cobaltous (nitrogen atmosphere) or 
cobaltic (air atmosphere) mercaptides (16). 
Using a somewhat similar procedure nickel 
chloride formed a red-brown compound with 
pentafluorothiophenol, analysis of which showed 
it to contain impurities, and the infrared (i.r.) 
spectrum indicated the presence of polymeric 
species. With cobaltous chloride two distinct 
products were formed, a dark-green impure 
pentafluoro-phenylthio derivative of cobalt and 
a white polymeric compound of approximate 
composition C,,F,,S,H. If the addition of the 
ethanol were omitted and the solution refluxed 

immediately after the addition of the penta- 
fluorothiophenol, to expel the excess ammonia, 
almost pure bis(pentafluor0-phenylthio) nickel 
precipitated in high yield as a black product; 
this was ground up with Nujol to give a deep-red 
mull. A similar experiment with cobaltous chlo- 
ride gave less than a 10% yield of an impure pen- 
tafluoro-phenylthio derivative of cobalt. The 
necessity of using an alkaline solution for the 
preparation of nickel, cobalt, and iron mercap- 
tides makes the aqueous method unsuitable for 
the preparation of derivatives of pentafluorothio- 
phenol due to its ready polymerization in alkaline 
solution. The preparation from metal carbonyls 
or related compounds and thiols or disulfides 
appears to be more satisfactory. A red nickel 
compound [Ni(SC6F5),],, has been prepared 
from nickel tetracarbonyl and pentafluorothio- 
phenol (3); the compounds [C6F5SFe(CO),],, 
C6F5SFe(C0),(n-C5H5), 
[C6F5SRh(C0)212, and [C6F5SRh(C2H4)212 
have very recently been prepared from penta- 
fluorothiophenol or bis(pentafluor0-phenyl) di- 
sulfide and Fe,(CO),,, [K-C,H,F~(CO),]~, 
[x-C5H5I2Ni, [ClRh(CO),],, and [C1Rh(C2- 
H,),], respectively (17). Hexameric nickel mer- 
captides can be prepared from nickel chloride 
and bis(alky1thio)dimethyl tin; somewhat lower 
yields of the hexamer were obtained from the 
action of the disulfide on nickel tetracarbonyl 
(18). An interesting preparation of nickel mer- 
captides from nickel and the corresponding 
disulfide has been developed, which is claimed to 
yield hexameric nickel mercaptides (19). 

If an ammoniacal solution of zinc sulfate and 
ammonium chloride is treated with pentafluoro- 
thiophenol, a basiczinc mercaptide that appeared 
to contain little polymeric derivative of penta- 
fluorothiophenol was formed. Zinc mercaptide 
has been prepared from an ammoniacal solution 
of zinc sulfate and the corresponding thiol (16). 

A methanolic suspension of zinc oxide reacted 
quantitatively with pentafluorothiopl~enol to 
give the methanol soluble Zn(SC6F5),. In a 
similar experiment with magnesium oxide a 
product containing very little magnesium was 
isolated. When pentafluorothiophenol was mixed 
with a saturated aqueous solution of calcium 
oxide a basic pentafluoro-phenylthio derivative 
of uncertain composition was obtained. Evapora- 
tion of the water from an aqueous stoichiometric 
mixture of cesium carbonate and pentafluoro- 
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thiophenol, which slowly dissolved, enabled 
Cs(SC6F5) to be isolated. No reaction was ob- 
served with suspensions of.the less basic oxides, 
titanic, germanic, stannic, or stannous, and 
pentafluorothiophenol in methanol; the expected 
products would probably be soluble in methanol. 
Pentafluorothiophenol must therefore be weakly 
acidic. A solution of pentafluorothiophenol in 
methanol reacted with plumbic oxide to form 
bis(pentafluoro-phenylthio) lead and bis(pen- 
tafluoro-phenyl) disulfide. 

PbO2 + 4CGFSSH -> Pb(SC6F5)2 + CGF5SSC6F5 

This reaction may proceed via the intermediate 
formation of tetra(pentafluor0-phenylthio) lead. 
A similar reaction has been observed to occur 
between plumbic oxide and thiophenol in chloro- 
form; lead tetraacetate and iodine pentoxide, 
but not chromium trioxide, also oxidized thio- 
phenol (20). 

Pentafluoro-phenylthio derivatives of triphenyl 
lead and diphenyl lead were prepared in aqueous 
solution from the corresponding chloride, penta- 
fluorothiophenol, and sufficient sodium hy- 
droxide to neutralize the hydrogen chloride 
formed. (Pentafluoro-pheny1thio)triphenyl tin 
was prepared analogously (21) ; all these reactions 
probably proceed via the hydroxide. The organo- 
tin derivatives n-Bu3Sn(SC6F5) and n-Bu2Sn- 
(SC6F5), have been prepared from the corre- 
sponding organotin oxide and pentafluorothio- 
phenol (21). Bis(pentafluoro-pheny1thio)diphenyl 
lead decomposed at room temperature according 
to the equation 
3Ph,Pb(SCGF5), -> 2Ph3PbSC6F5 + 

Pb(SC6F5), + C,F5SSC,Fs. 

A similar decomposition has been observed for 
bis(pheny1thio)diphenyl lead (22). 

Pentafluorothiophenol is readily oxidized, as 
are most thiols (2), to bis(pentafluor0-pheny1)- 
disulfide; bromine has been used as an oxidant 
(4). Reduction of the ions Cu2+, AuC14-, and 
PtClb2- and the compounds PbO, and H,TeO, 
has resulted in the formation of pentafluoro- 
phenylthio derivatives of Cu(I), Au(I), Pt(II), 
Pb(II), and metallic tellurium respectively. These 
reactions may depend on the stability of the mer- 
captides so formed; no plumbic mercaptides 
have been reported (23). In an oxygen-free system 
the reduction of ferric ion to ferrous ion and no 
reaction of uranyl or chromic ions were observed. 
Qualitative tests showed that the vanadate, 

tungstate, and molybdate ions were reduced by 
pentafluorothiopheno1 in aqueous solution. Pen- 
tafluorothiophenol can be classified as a weak 
reducing agent. The oxidizing properties of bis- 
(pentafluoro-phenyl) disulfide have not been 
studied, although various phosphorus com- 
pounds such as triphenyl phosphine can be 
oxidized by disulfides (24). 

In alkaline solution some polymerization of 
pentafluorothiophenol was observed forming 
perfluoropoly(pheny1ene sulfide), which can also 
be prepared by the reaction of sodium hydrogen 
sulfide with hexafluorobenzene in pyridine or by 
decomposition of pentafluoro-phenylthio potas- 
sium at 300" (4). The mechanism postulated is the 
nucleophilic attack by the pentafluorothiopheno- 
late ion on other C6F5 nuclei, probably in the or- 
tho and meta positions (4). Any alkaline medium 
will be favorable for this type of reaction, causing 
ionization of pentafluorothiophenol. Polymeriza- 
tion was observed to varying extents in ammoni- 
acal solutions. Tetra-n-butyl ammonium bromide 
in aqueous solution reacted with pentafluoro- 
thiophenol to give a polymeric compound: the 
mechanism of this reaction is obscure but the 
tetra-n-butylammonium ion may decompose 
forming tri-ti-butylamine, which would be basic, 
and n-butyl bromide. Manganese dioxide reacted 
with an ethanolic solution of pentafluorothio- 
phenol in stoichiometric ratio Mn02  :C,F,SH of 
1 :4 to form perfluoropoly (phenylene sulfide); 
under similar conditions no reaction occurred 
between manganese dioxide and thiophenol. 
Mn(SC,F,), must be formed initially, and then 
this decomposes to C6F,SSC6F5 and Mn- 
(SC,F,),; if the latter is ionic, the C6F5SL ion 
can react with the C6F5SSC6F5 forming C6F5- 
SC,F4SSC,F4SC,F5 and manganous fluoride. 
The manganous fluoride would be solvolyzed 
forming ethyl fluoride, which is readily soluble 
in ethanol, and manganous oxide. 

Iodine in carbon tetrachloride solution is 
known to react quantitatively with various or- 
ganotin sulfur compounds (R3SnSRf) forming 
the organotin iodide and the corresponding 
disulfide (21). Extension of this reaction showed 
that it could be used titrimetrically to estimate 
some pentafluoro-phenylthio derivatives. 

This reaction produced a brown color characteris- 
tic of a sulfenyl iodide, which disappeared fairly 
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slowly. The limiting factor in the titrimetric 
method is the color of the ~ roduc t  and whether 
it is possible to detect the color change produced 
on addition of a slight excess of iodine, although 
the metal iodide could be isolated in most cases, 
see Table I. 

TABLE I 

Titration of compounds with iodine in CCI, 

Metal iodide 
Amount taken Iodine used recovered 

Compound (mmoles) (mmoles) (mmoles) 

The infrared (i.r.) -spectra of the compounds 
prepared have been examined in the range 
400G670 or 250 cm-'. The observed bands can 
be assigned to the C6F5- group and the C-S 
and M-S frequencies. The spectra agree well 
with the data published for the C6F5- group 
(25) and the C6F5S- group (3, 21). The C-S 
stretching frequency has been assigned as 860 
cm-' (3), but this is rather high (21) and is ob- 
served in both covalent and ionic, e.g. cesium 
derivatives, pentafluoro-phenylthio derivatives. 
In the polymeric species there were two very 
strong well-defined peaks at approximately 
975 and 952 cm-', whereas in the simple penta- 
fluoro-phenylthio derivatives there is only a very 
strong peak at about 970 cm-'; these peaks are 
within the region where the C-F frequencies 
would be expected. The metal-sulfur stretching 
frequencies would be expected to lie below or 
about 300 cm-'. In the ring compounds [R,- 
MS],, M = Ge, Sn, or Pb, the M-S frequencies 
are found to lie between 370-290 cm-' (Sn) and 
336-290 cm-' (Pb) (only recorded to 250 cm-') 
(26). The compounds Cu(SC6F5), Au(SC6F5), 
Ni(SC6F5),, and Pt(SC6F,), are insoluble in 
common organic solvents, see Table 111, and can 
be considered as polymeric species containing 
linkages of the types 

Nickel and palladium mercaptides are in general 
polymeric, although hexameric nickel mercap- 
tides are known (1 8). In the compound (Me2S),- 

Pt,Cl,, which has a sulfur-bridged structure, and 
a similar compound (Me,S),Pd,Br,, which has 
a bromine-bridged structure and terminal Me2- 
S-Pd bonds, the bridged sulfur metal bond is 
stronger than the terminal bond, hence an i.r. 
band at 420 cm-' is assigned as the Pt-S-Pt 
frequency (27), whereas in the compounds 
PtHal,(SMe,), the Pt-S frequencies are assigned 
asv,, ,,,,,, i,345cm-' andv,,, ,,,,, i, 312crn-'(28). 
In various thiocyanate complexes, M(SCN),", 
it is found that the M-S stretching fre- 
quency falls between the M-C1 and M-Br 
frequencies, and the tentatively assigned frequen- 
cies are Pd-S, 289 m; Pt-S, 280 m;  Au-S, 
301 m;  and Hg-S, 210 w cm-' (29). Com- 
parison of the spectra of the pentafluoro-phenyl- 
thio compounds with that of bis(pentafluor0- 
phenyl) disulfide in the region 500-250 cm-' 
reveals that the bands which may be associated 
with the M-S modes, but cannot be ascribed 
with any degree of certainty due to the differing 
literature values, are: T1, 270 w; Pb, 361 w, 
285 sh, 259 s; Zn, 396 m, 370 vw, 327 m, 305 w, 
284 s ;  Cd, 286 s; Hg, 346 s ;  Cu, 368 w, 326 m, 
282 w; Au, 331 s, 285 m;  Pt, 331 s, 270 w; Bi, 
300 m, 269 s; Ph,Pb, 282 w cm-'. 

The proton magnetic resonance (p.m.r.) of the 
(pentafluoro-pheny1thio)triphenyl lead in acetone 
solution is a multiplet, the envelope of which 
occurs from -7.87 to -7.38 p.p.m. relative to 
tetramethylsilane as an internal standard. De- 
tails of the 19F chemical shifts and some coupling 
constants are shown'in Table 11. The chemical 
shifts are of the same magnitude as those reported 
previously for the C6F5S- group (17, 21). The 
resonances of the ortho and meta fluorine are 
complex multiplets of doublets and triplets res- 
pectively. The para fluorine appears as a triplet, 
each of which is split into a triplet. 

Experimental 
All reagents were available commercially. Micro- 

analyses were performed by Mikroanalytisches Labora- 
torium Beller, GGttingen, Western Germany. Infrared 
spectra were recorded in the 4000-700 cm-I region on a 
Perkin Elmer 21 with rocksalt optics, as mulls with Nujol 
or Fluorolube and in the 800-250 cm-I range on a 
grating Perkin Elmer 221 as potassium bromide discs. 
Nuclear magnetic resonance spectra were recorded on a 
Varian A 60. 

The new compounds prepared are shown in Table I11 
together with some physical properties and analyses. 

Method A 
A slight excess, maximum 5%, of pentafluorothio- 

phenol was added to approximately 3 mmoles of metal 
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TABLE I1 

cchemical shifts in acetone solution relative to CFC1, as internal standard (p.p.111.) and 
coupling constants (c.p.s.) 

Compound S(ortho) S(para) G(meta) Jpar.-nlcta Jpuru-orttl~ 

Zn(SC6F5), 133.5 164.1 166.4 20.3 2.8 
Cd(SCsF5)z 133.0 161.4 164.5 19.8 4 .0  
Hg(SC6Fs)z 132.9 160.8 165.3 20.0 1 . 2  
Pb(SCsF4z 133.3 163.0 165.4 21.3 - 
Ph3Pb(SC6F5) 132.3 162.3 166.1 20.3 - 
Bi(SC6F5)3 130.3 158.2 165.2 20.0 - 
(CsFsS)z 134.1 151.3 162.9 19.8 4 . 0  

ion in 25 ml water or dilute acid. The ~nixture was stirred 
magnetically until a solid formed and no more penta- 
fluorothiophenol appeared to be present. The product was 
filtered off, washed, and dried. Any bis(pentafluor0- 
phenyl) disulfide formed was removed by washing with 
methanol or ether and isolated after removal of the sol- 
vent; its identity was confirmed by its m.p., lit. 51" (4). 
For the copper, gold, and platinum reactions the starting 
materials were CuS0,.5H20, HAuCl4.3HZO, and 
H2PtCl6.6Hz0 respectively; otherwise slrnple salts with 
the metal ion in the same oxidation state as the product 
were employed. 

No visible reaction was observed with cobaltous 
chlor~de, chromic chloride, stannous chloride, aluminium 
chloride, ferrous chloride, manganous nitrate, vanadous 
sulfate, or uranyl nitrate. Using mercurous nitrate, 
mercury and bis(pentafluoro-phenylthio) mercury were 
formed which were separated by dissolving the bis(penta- 
fluoro-phenylthio) mercury in methanol from which it 
could be obtained on removal of the solvent. When 1 mole 
of pentafluorothiophenol and 1 mole of mercuric 
chloride or nitrate were allowed to react, a 96% yield of 
Hg(SC,F,), was obtained; the identity of Hg(SC6F5)2 
was checked by its melting point. 

An acidic solution of potassium tellurate (0.97 mmoles) 
was reduced to black metallic Te (0.86 matoms), and the 
pentafluorothiophenol oxidized to bis(pentafluoro-phenyl) 
disulfide (1.52 mmoles, 1n.p. 50°, lit. 51' (4)); a transient 
yellow compound was formed initially. 

Using antimony trichloride, an impure antimony 
con~pound, shown to contain the C,F5S- group from 
its i.r. spectrum, was obtained. This compound decom- 
posed to C6F5SSC6F5, m.p. 50°, on vacuum sublimation 
at 250" leaving a grey residue, n1.p. > 350'. 

With stannic chloride dissolved in dilute HCI an 
impure tetra(pentaRuoro-phenylthio) tin was obtained 
which was purified by vacuum sublimation. If 4.25 
~ ~ ~ r n o l e s  of stannic chloride were dissolved in concentrated 
HCI, diluted, and treated with 17.0 mmoles of penta- 
fluoro-thiophenol, a non-crystalline yellow precipitate 
formed from which 0.83 mmoles of C6F5SSC6F5, m.p. 
50°, could be extracted with ether, leaving 2.32 mmoles of 
stannic sulfide. 

Anal. Calcd. for SnS2: Sn, 64.9. Found: Sn, 65.3. 
When pentafluorothiophenol was treated with tetra-n- 

butyl ammonium bromide a perfluoropoly(pheny1ene 
sulfide) precipitated from the solution, see Table IV. 

Pentafluorothiophenol(7.86 mmoles) was added to 165 
ml of a saturated aqueous solution of calcium oxide (3.54 
mmoles). The product isolated after removal of the water 

was a basic pentafluoro-phenylthio derivative of calcium 
of nonstoichiometric composition. 

Pentafluorothiophenol (2.36 mmoles) was added to 25 
ml of an aqueous solution of cesium carbonate (1.18 
mmoles) and dissolved slowly; evaporation of the water 
yielded pentafluoro-phenylthio cesium, see Table 111. 

Method B 
Nickel chloride (3.68 mrnoles) was dissolved in 20 rnl 

water, and 20 ml concentrated ammonia and pentafluoro- 
thiophenol (7.86 mmoles) were added. A slight white 
precipitate formed, but the solution was immediately 
refluxed; the white precipitate dissolved and a black 
precipitate formed, which was filtered off, washed, and 
dried. 

Impure Zn (SC6F5), could be prepared similarly from 
zinc sulfate. The product probably contained some basic 
zinc compound: the i.r. spectrum showed little polymeric 
~naterial to be present. 

Similar treatment of 2.10 mrnoles of manganous 
chloride resulted in the formation of 175.7 mg of a brown 
product (2.23 mmoles of manganic oxide). 

Using a method somewhat similar to that of Bradley 
and March (16), ammonia was added to a solution of 
approximately 2.0 mmoles of nickel chloride in 20 ml 
water until the ammine formed, then 4.7 mmoles of 
pentafluorothiophenol and 100 ml ethanol were added. 
The ethanol was slowly fractionated off leaving a dark- 
red precipitate and a green solution. The solid was 
filtered off, washed, and dried, giving 1.27 mmoles of 
impure Ni(SC6F5)2 (65% yield). The i.r. spectrum 
showed the presence of polymeric (C6F4S)" groups. 

When 1.92 mrnoles of cobaltous chloride were similarly 
treated, two products, a white perfluoropoly(pheny1ene 
sulfide), of approximate formula CZ4Fl,S4H, containing 
four C6F5 nuclei (397 mg), see Table IV, and 597 mg of a 
dark-green impure pentafluoro-phenylthio cobalt, m.p. 
> 350°, were obtained. 

Met/zod C 
Approximately 4 mmoles of zinc oxide were stirred 

magnetically with a methanol solution of a slight stoichio- 
metric excess of pentafluoro-thiophenol until the oxide 
had dissolved. The methanol-water was fractionated off, 
and the product washed and dried. 

The reaction of 1.17 rnmoles of plumbic oxide and 4.73 
mmoles of pentafluorothiophenol resulted in the for- 
mation of yellow bis(pentafluor0-phenylthio) lead (1.05 
mmoles) and 0.45 mmoles of bis(pentafluor0-phenyl) 
disulfide, which were isolated and separated after removal 
of the methanol by fractionation. 
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TABLE I11 rl 
b 

Products and-analyses 

F 
Found (%) Calculated (%) 2 

Melting point LI 

("c) H F S C H F 
0 

Product Color Method C S Solubility* Yield (%) 
-9 

TI(SC6Fs) Pale yellow 300 (decomp.) 
Pb(SC6Fs)z Yellow 25 6 
s ~ ( s c ~ F ~ ) ~  Yellow 144 

White > 350 
White 
White 
White 
Yellow 
Gold 
Deep red 
Yellow 
White 
Yellow 
Yellow 

> 350 
280 (decomp.) 
246 
340 (decomp.) 

> 350 
77 

290 (decomp.) 
93 

*Solubilities: 1 = methanol, 2 = acctone, 3 = ethyl ether, 4 = chloroform, 5 = benzene. 

1;2,3,5 83 
1,2 85 
Nil 86 
Nil 95 
Nil 99 
Nil 42 
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PEACH: SOME REACTIONS OF PENTAFLUOROTHIOPHENOL 

TABLE I V  
Analysis of perfluoropoly(phenylene sulfide) and related compounds 

Analysis 

Melting point Molecular 
Origin ("0 C H N weight* 

NH4OH + CGF5SH 182 39.0 0 . 0  0 .0  - 
n-Bu4NBr + C6F5SH 335 (decomp.) 39.7 0 .6  0 .2  - 
CoZ+ f CGFSSH 147 38.4 0 .0  - 749 
M n 0 2  + CsFsSH 147 38.6 0 . 2  - 747 

'Determined by Rast's method in camphor. 

No reaction was observed between germanic, titanic, 
stannic, or stannous oxides and pentafluorothiophenol, or 
between chromic oxide and thiophenol. 

Method D 
Triphenyllead chloride (1.8 mmoles) in 30 ml ethanol 

was treated with 5.5 mmoles of pentafluorotl~iophenol 
and sufficient 0.1 N aqueous caustic soda added to 
neutralize the hydrogen chloride formed; a white precipi- 
tate which formed irmllediately was filtered off after 
stirring magnetically for 16 h. (Pentafluoro-phenylthi0)- 
triphenyl tin has been prepared similarly (21). 

The reaction of diphenyllead dichloride (1.86 mmoles) 
and 3.93 mmoles of pentafluorotl~iophenol was studied 
similarly; a pale-yellow suspension and a bright-yellow 
solid melting near room temperature formed. The pale- 
yellow suspension was impure Ph3Pb(SC6F5), m.p. 83", 
1.39 mmoles; the yellow material was separated by 
vacuumsublin~ation yielding0.33 mmoles of C6F5SSCGF5, 
m.p. 47", as the sublimate and 0.69 rnnloles of Pb(SC6F5)2, 
m.p. 252", as yellow residue. 

of pentafluorothio-phenol reacted to form a brown 
precipitate of vanadium trisulfide (0.29 mmoles) and 
bis(pentafluoro-phenyl) sulfide (0.43 mmoles), m.p. 80°, 
lit. 84-85" ( 9 ,  which could be isolated by washing the 
precipitate with ethanol, equivalent to the decomposition 

Experiments with ammonium molybdate and sodium 
tungstate showed that reduction, as observed by the color 
changes green-blue (Mo) and blue (W in acidic solution), 
occurred with pentafluorothiophenol, although nleaning- 
ful interpretation of the results was not possible. 

The reaction of manganese dioxide and pentafluoro- 
thiophenol in ethanol was studied in a flask sealed under 
vacuum. When the ratio MnOl:C6F5SH was 1 :4 a slow 
reaction occurred resulting in the formation of perfluoro- 
poly(pheny1ene sulfide), see Table IV, and a brocvn solid, 
m.p. z 350°, presumably rnanganic oxide formed from 
oxidation of manganous oxide. When the ratio MnO,: 
CGF5SH was 1:2 all the manganese dioxide did not 
dissolve in 2 weeks. No reaction was observed with 

Mefholl E n~ancanese dioxide and thioohenol. 
When the products may be easily oxidized, approxi- 

mately 2 lnmoles of oxidant, the requisite amount of 
pentafluorothiophenol in 25 ml water or dilute acid, were 
sealed in a flask under vacuum. The flask was shaken 
mechanically for about a week and opened in a nitrogen 
atmosphere glove box; any unreacted pentafluorothio- 
phenol was removed using a separating funnel and any 
solid by filtration, and the solution allowed to drip into an 
excess of ferric ammonium sulfate. The amount of ferric 
ion reduced was estimated volumetrically using potassium 
permanganate. A blank using pentafluorothiophenol 
alone showed that it formed an approximately 0.1 M 
solution in water; the subsequent results had to be 
corrected by this factor. No reduction or mercaptide 
formation was observed with ferrous sulfate, uranyl 
nitrate, or chromic chloride. Ferric chloride (1.87 mmoles) 
was reduced quantitatively to the ferrous state. Experi- 
ments with arsenic(V) were tricky due to the formation 
of somewhat soluble As(SC6FS),, which is very difficult to 
separate from CsF5SSCGF5; the experiments showed 
that As(V) was reduced to As(III), but it is impossible to 
say whether the reduction was quantitative. 

Ammonium vanadate (1.06 mmoles) and 5.34 mmoles 

Reacfiot2s with Iodine 
The procedure for the reaction of pentafluoro-phenyl- 

thio derivatives with iodine in carbon tetrachloride was 
similar to that described for the fracture of Sn-S bonds, 
except that the insoluble pentafluorophenylthio deriv- 
atives were stirred magnetically during the course of the 
slow titration (21). The results are shown in Table I. 

Itfiared Data 
The infrared absorption peaks in the region 4000 to 

250 cm-' are as follows; * indicates peaks recorded only 
in the 4000-700 cm-' region: 

T1(SCGF5): 1609 m, 1506 vs, 1472 vs, 1125 m, 1078 s, 
992 m, 967 vs, 856 vs, 718 m, 712 111, 620 m, 582 rn, 510 m, 
444 m, 392 m, 312 w, 270 w, 254 w, 250 w. 

Pb(SCGF5)Z: 1634 w, 1628 w, 1513 s, 1483 sh, 1477 vs, 
1340 m, 1130 w, 1086 rn, 1077 m, 1010 rn, 973 s, 963 vs, 
865 s, 858 s, 718 m, 714 m, 628 s, 623 s, 586 w, 513 w, 
489 w, 445 w, 394 w, 361 w, 319 sh, 311 m, 285 m, 269 sh, 
259 s. 

Sn(SC6F5)4*: 1626 m, 1523 sh, 1508 vs, 1480 vs, 1400 
w, 1346 w, 1293 w, 1286 vw, 1144 w, 1088 vs, 1016 m, 
974 vs, 859 vs, 718 w. 
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Z ~ I ( S C ~ F ~ ) ~ :  1634 111, 1626 n1, 1538 m, 1508 s, 1490 sh, 
1478 vs, 1344 m, 1293 m, 1285 m, 1145 m, 1094 s, 1080 vs, 
1014 s, 970 vs, 855 vs, 721 111,712 sh, 629 m, 513 w, 445 w, 
399 sh, 396 w, 327 w, 305 m, 284 w, 270 w, 262 w. 

Cd(SCGF5)2 : 1632 m, 1621 m, 1508 vs, 1480 vs, 1340 m, 
1305 w, 1290w,1134 m,1090s,1084s, 1020m,976 vs, 
859 vs, 719 m, 711 vw, 693 vw, 631 s, 512 m, 496 vw, 
489 vw, 393 m, 320 m, 286 m, 258 m. 

Hg(SC6F5)2: 1634 m, 1626 m, 1539 sh, 1510 vs, 
1480 vs, 1400 m, 1354 m, 1338 m, 1293 w, 1284 w, 1140 m, 
1104 sh, 1091 s, 1031 m, 1019 m, 974 vs, 860 vs, 722 m, 
720 sh, 712 w, 636 m, 591 w, 442 w, 403 w, 395 w, 386 111, 
346 m, 312 m, 256 w, 250 w. 

Cs(SCGFs)* : 161 5 m, 1570 w, 1500 vs, 1473 vs, 1367 m, 
1340 w, 1322 w, 1263 w, 1236 w, 1113 w, 1068 s, 1007 m, 
976 sh, 955 vs, 863 vs, 825 w, 719 w, 705 vw. 

Cu(SC6F5): 1630 m, 1623 m, 1526 sh, 1514 S, 1490 VS, 
1482 s, 1475 s, 1445 sh, 1341 m, 1143 m, 1097 s, 1088 s, 
1010 m, 977 vs, 972 vs, 860 sh, 855 vs, 718 m, 713 sh, 
627 s, 511 w, 442 w, 368 w, 326 w, 310 m, 282 w, 258 w. 

Au(SCGF5): 1623 m, 1506 vs, 1478 vs, 1395 w, 1336 w, 
1288 w, 1143 m, 1084 s, 978 vs, 845 vs, 718 m, 634 m, 
405 w, 381 w, 358 w, 331 m, 312 m, 285 vw, 265 m. 

Ni(SC6F,),": 1625 m, 1511 s, 1482 vs, 1390 w, 1292 w, 
1143 m, 1087 s, 979 s, 852 s, 718 m. 

Pt(SCGF5),: 1632 w, 1626 w, 1511 vs, 1484 vs, 1340 m, 
1293 w, 1145 w, 1087 s, 981 s, 849 s, 722 m, 650 w, 632 m, 
512 w, 491 w, 401 w, 331 rn, 312 w, 270 w, 265 w. 

AS(SC~F,)~*: 1632 m, 1625 sh, 1539 m, 1522 sh, 
1507 vs, 1485 vs, 1399 m, 1353 m, 1290 m, 1286 m, 1142 m, 
1088 s, 1017 111, 975 vs, 856 vs, 720 m. 

Bi(SC6F5)3 : 1622 m, 1505 vs, 1472 vs, 1379 m, 1339 rn, 
1285 w, 1140 m, 1130 w, 1096 sh, 1079 s, 1025 sh, 1010 m, 
968 vs, 855 vs, 720 sh, 718 m, 627 m, 587 w, 513 w, 442 w, 
395 w, 385 w, 378 m, 311 s, 300 sh, 269 w. 

Ph,Pb(SC6F5): 3026 m, 1630 w, 1619 w, 1561 m, 
1505 s, 1485 sh, 1478 s, 1474 s, 1426 s, 1395 m, 1326 m, 
1079 s, 1055 m, 1026 w, 1013 m, 993 s, 972 vs, 857 s, 
734 vs, 730 vs, 722 s, 715 sh, 695 s, 449 m, 441 m, 282 w, 
256 w. 

C6F5SSC6F5: 1633 m, 1511 vs, 1489 vs, 1398 m, 1283 
m, 1271 w, 1250w, 1146w, lIOOsh, 1089vs, 1022n1, 
973 vs, 856 vs, 724 m, 728 m, 639 m, 588 w, 488 w, 443 w, 
418 w, 398m,380m, 319s, 311 s, 256w, 249w. 

Perfluoropoly(phenylene sulfide)', from Bu4NBr -I- 
C6F5SH: 1635 w, 1618 w, 1510s, 1490sh, 1474 s, 1253 m, 
1245 m, 1092 s, 975 s, 955 vs, 859 m, 808 s, 718 m. 
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Phase equilibria in the system: silver tetrafluoroborate - 1-pentene1 

H. W. QUINN AND R. L. VANGILDER 
Exploratory Resecrrch Laboratory, Dow Clzetnical of Canacla, Ltd., Sart~ia, 011tario 

Received February 19, 1968 
A determination has been made of the phase diagram within the region 0.40 to 0.85 mole fraction of 

I-pentene. Complexes with 1 :2 and 1 :3 stoichiometry melting congruently at 43.3 and -30.3 "C respec- 
tively have been observed. Evidence was also obtained for the existence of a 1 :I complex stable only in the 
solid state below about - 10 "C. 
Canadian Journal  of Chemistry, 46, 2707 (1968) 

Introduction 

Only limited phase equilibrium data have been 
reported for the interaction of unsaturated hy- 
drocarbons with Ag(1). In studies of the solubil- 
ity of silver perchlorate in benzene and in 
toluene, Hill (1, 2) noted the presence of the 
corresponding I :I complexes. 

Our earlier investigations (3, 4) of the com- 
plexing of rnoiloolefins with silver tetrafluorobo- 
rate have indicated that the most stable complex 
with many of these has a silver ion:olefin 
stoichiometry of 1 :2. Some olefins form a much 
less stable 1 :3 complex and ethylene alone also 
forms 1 :I and 2:3 complexes stable at ambient 
temperature. 

The object of the present study was to estab- 
lish with a greater degree of certainty the stoi- 
chiometry of the AgBF, complexes formed by 
a simple monoolefin. The choice of 1-pentene 
was based on its fairly high volatility, which 
facilitated transfer from one part of the ap- 
paratus to  another, and on the prior knowledge2 
that it formed a complex with a moderately low 
melting point. The latter characteristic was 
desirable since elevated temperatures tend to 
produce some breakdown in the silver salt. The 
phase diagram has been developed by the 
conve~ltional use of cooling curves and by 
differential scanning calorimetry. Some of the 
observed heat effects have bee11 correlated with 
crystallographic phase changes indicated by the 
Debye-Scherrer patterns obtained over a range 
of temperature for certain compositions. 

Experimental 
Anhydrous silver tetrafluoroborate was prepared as 

previously described (5). 
Phlllips Research Grade I-pentene of 99.99% purlty 

was employed. Prior to use it was dried by passage in 

'Contrib~~tion No. 160. 
ZDetermined in this laboratory. 

the vapor phase through phosphorus pentoxide and 
freeze-outgassed at  liquid nitrogen temperature. 

Detertt~inatiotz of Coolitlg C ~ ~ r v e s  
The complex was prepared in a closed system by con- 

tact of AgBF, with liquid olefin in a vacuum-jacketed 
freezing-point cell equipped with an axially mounted 
thermowell. Stirring was accon~plished with an  axially 
mounted metal spiral covered with Teflon fluorocarbon 
operated by a solenoid at  about 90 oscillations per 
minute. 

The composition of the system was changed by con- 
densing a weighed quantity of olefin into the freezing- 
point cell immersed in a liquid nitrogen trap. 

The temperature of the system was measured with a 
copper-constantan thern~ocouple previously calibrated 
to 20.1 "C with a platinum resistance thermometer. 
The reference junction was kept at  0 "C in an ice bath. 

A continuous plot of thermal electronlotive force 
(e.m.f.) vs. time was made by a n~illivolt recorder 
(Philips PR2216A121). Each cooling curve was recorded 
on the 1 mV range by applying an opposing e.m.f. of 
appropriate value from a Leeds and Northrup K-3 
potentiometer. 

For that portion of the cooling curve above 0 "C, a 
cooling rate of about 0.5 "C/min was used. However, for 
lower temperatures, the cooling rate was about 1.8 "C/min. 
All systems were cooled from $60 to -78 "C. 

Differetlthl Scanning Calorit7zetry 
Using a Perkin-Elmer DSC-I differential scanning 

calorimeter, an  estimation was made of the heat effects 
in the system upon heating from -43 to +50 "C. 
Conlpositions in the range from 0.43 to 0.67 mole 
fraction of olefin were investigated. The differential 
scanning calorimeter was calibrated using the melting 
points of water and benzophenone (melting points 
determined with a platinum resistance thermometer) 
for the lower and upper temperature ranges respectively. 
Endotherm temperatures were designated by the inter- 
section of the peak slope with the base line. 

X-ray Diffractiotl 
Debye-Scherrer powder patterns were obtained on sev- 

eral samples containing up to about 67 mole % olefin. 
The samples were loaded into a covered wedge holder 
or a capillary and exposed to X-irradiation while the dif- 
fracted radiation was recorded on photographic film 
in a Debye-Scherrer camera. The sample temperature, 
over the range 25 to -40 "C, was regulated by means of 
an M R C  cryocollimator and the exposure time at each 
temperature was 3 h. 
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MOLE P E R C E N T  O L E F I N  

FIG. 1. Phase diagram for the system AgBF4-I-pentene in the region 0.40 to 0.85 mole fraction of I-pentene. 

Results 
Data from Cooling Curves 

The phase diagram (Fig. 1) for AgBF,-1- 
pentene shows the existence of compounds hav- 
ing congruent melting points of 43.3 and -30.3 
"C at 0.67 and 0.75 mole fraction of olefin 
respectively. 

Above 0.82 mole fraction of olefin a decrease 
in the depression of the freezing point was 
detected. In the same composition range two 
liquid phases were observed. Over the composi- 
tion range 0.78 to  0.73 mole fraction of olefin 
the cooling curves showed an inflection point 
at  about -39 "C. 

All compositions below about 0.63 mole 
fraction of 1-pentene were found to freeze at 
about 12 "C. At these compositions an undissolv- 
ed solid remained above 12 "C (persisting above 
60 "C), the quantity of which increased with 
decreasing 1-pentene concentration. For the 
compositions in the range from less than 0.50 
to  greater than 0.67 mole fraction of olefin a 

plateau in the cooling curve was observed a t  
6.5 "C. Another break in the cooling curve was 
observed at about -13 "C for all compositions 
below 0.67 mole fraction of olefin. 
D~fferential Scaltning Caloritnetry 

Differential scanning calorimetry of systems 
with compositions below 0.67 mole fraction of 
olefin showed, upon heating, endother~ns A, 
B, and C at $7, -8, and -32 "C respectively. 
The magnitude of endotherm A increased with 
increasing 1-pentene concentration to a value 
of about 150 cal/mole of olefin at about 0.67 
mole fraction of olefin, while endotherm B in- 
creased with decreasing olefin concentration to  
a maximum value of similar magnitude at about 
0.50 mole fraction of olefin. Although endotherm 
C was observed to be markedly smaller in 
magnitude than endotherm B, B and C demon- 
strated a similar dependence upon system com- 
position since neither endotherm appeared at 
the 1 :2 stoichiometry. 

Since the thermal effects within the composi- 
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tion range from 0.43 to greater than 0.67 mole 
fraction of olefin have been assessed by two 
independent studies, the endotherms A and B 
are believed to correspond to the breaks in the 
cooling curves at  6.5 and -13 "C respectively. 
The temperature discrepancy between -8 and 
- 13 "C can be rationalized by the endotherms 
having been obtained upon heating the system 
while the break in the cooling curve at -13 "C 
was observed with a rather rapid rate of cooling. 

X-ray DgfSractiotz 
The Debye-Scherrer pattern for a sample of 

composition corresponding to the stoichiometric 
1 :2 complex showed one crystalline phase (a) 
at 25 and 10 "C with a second (P) appearing at 
0 "C. No additional phases appeared upon cool- 
ing to -40 "C. 

Upon cooling samples containing less than 
about 67 mole % olefin, phase a alone was 
observed at  25 (provided that the system had 
crystallized) and 10 "C; phase P also was ob- 
served at  0 "C. Although at  -20 "C, still only 
a and p were present, a t  -40 "C, a new phase 
y was observed. In some of these samples lines 
attributable to uncomplexed AgBF, also ap- 
peared. 

Discussion 
The evidence for a congruently melting com- 

pound at 0.67 mole fraction of 1-pentene con- 
firms the existence of the 1 :2 complex. I t  will be 
observed that the curvature of the liquidus 
curve is fairly sharp, indicating that the com- 
plex is not dissociated to a significant extent 
a t  its melting point (6). 

There is a eutectic point a t  12 "C and at 0.63 
mole fraction of olefin. While it  is obvious that 
one of the components of the eutectic composi- 
tion is the 1 :2 complex, it is only assumed that 
the other is AgBF,. The presence of X-ray 
diffraction lines attributable to  AgBF, in 
samples containing less than 0.63 mole fraction 
of olefin constitutes the basis for this assumption. 
The presence of undissolved solid even at  60 "C 
in systems containing only slightly less than 
0.63 mole fraction of olefin suggests a very steep 
liquidus curve in this part of the AgBF, region. 

The evidence for a congruently melting com- 
pound at  0.75 mole fraction of olefin establishes 
the existence of a 1 :3 complex. The lower slope 
in the liquidus curve for the 1 :3 than that for the 
1 :2 complex indicates greater dissociation of the 
former at  its melting point. 1-Pentene behaves 

then quite analogously to propylene, 1-butene, 
and cis-2-butene in that i t  forms complexes of 
1 :2 and 1 :3 Ag+-olefin stoichiometry (3). 

The flattening of the liquidus curve above 0.82 
mole fraction of 1-pentene can be attributed to 
the separation of the liquid system into an 
olefin-rich and a complex-rich phase. 

Although not observed experimentally, a 
eutectic point is believed to exist at about -34 
"C and at approximately 0.73 mole fraction of 
olefin, considered to  be a reasonable point of 
intersection of the liquidus curves for the 1 :2 
and 1 :3 complexes. The thermal effect at -39 "C 
for compositions in the range from 0.73 to 0.78 
mole fraction of olefin can perhaps be interpreted 
as a phase change in the solid 1 :3 complex. 

The fact that the thermal effect a t  6.5 "C 
extends over the composition range from less 
than 0.50 to greater than 0.67 mole fraction of 
olefin suggests that it involves only the solid 1 :2 
complex. The observation from differential 
scanning calorimetry that the heat effect at +7 
"C increases with increasing olefin concentra- 
tion substantiates this suggestion. The conver- 
sion of phase a to  phase P between 10 and 0 "C 
indicates that the thermal effect a t  6.5 "C results 
from the crystallographic phase change. The 
fact that this thermal effect is observed for 
compositions below 0.50 mole fraction of olefin 
suggests that a t  6.5 "C a 1 :1 complex does not 
exist. This conclusion supports the earlier as- 
sumption that the undissolved solid at  tern- 
peratures above the eutectic temperature is un- 
complexed AgBF,. 

The observation that the thermal effect a t  
-8 "C tends to a maximum at  0.50 mole fraction 
of 1-pentene and to approach a zero value at 
0.67 mole fraction of olefin suggests the forma- 
tion of a l :I complex at  that temperature. If 
this is indeed the case it must result from the 
interaction of solid AgBF4.2 1-pentene and un- 
complexed solid AgBF,. We have observed also 
that uncomplexed solid AgBF, added to the 1 :2 
complex results in the same heat effect a t  -8 "C. 

This solid-solid reaction would be expected 
to  be rather slow, perhaps diffusion-controlled, 
and would result in the rather broad endotherms 
observed. Since no crystallographic phase change 
is observed in this temperature region, it is 
possible that the p-lattice of the 1 :2 complex is 
retained. The thermal effect may be attributable 
largely to the difference in the energy of the 
coordinate bond in the two complexes. 
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The eildotherm C at -32 "C and the ap- land, Michigan, for determination of the Debye- 
pearance of the new crystallographic phase y may Scherrer patterns. 
result from the rearrangement at lower tempera- 
ture of the 1 :2 p-lattice to produce the more 1. A. E. HILL. J. Am. Chem. Soc. 44, 1163 (1922). 

stable 1 :I lattice. 2. A. E. HLLL and F. W. MILLER. J. Am. Chem. SOC. 
47, 2702 (1925). 

3. H. W. QUINN and D. N. GLEW. Can. J. Chem. 
40, 1103 (1962). 

Acknowledgments 4. H. W. QUINN, J. S. MCINTYRE, and D. J. PETERSON. 
Can. J. Chem. 43, 2896 (1965). 

The authors are indebted to D. R. Petersell 5. H. W. QUINN. Can. J. Chem. 45, 1329 (1967). 

and L. R. ~ ~ h b ~ ~ ~ ,  Chemical physics Research 6.  A. FINDLAY, A. N. CAMPBELL, and N. 0. SM~TH. 
The phase rule. 9th ed. Dover Publications, New 

Laboratory, The Dow Chemical Company, Mid- York. 1951. p. 146. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Effect of counter-ion in the anionic polymerization of styrene in cyclohexanel 

J. E. L. ROOVERS AND S. BYWATER 
Applied Clzetnistry Dioisiotz, Natiotml Research Coiozcil of Catla&, Ottaivn, Cntmda 

Received March 21, 1968 

The propagation reaction in the anionic polymerization of styrene has been studied in cyclohexane 
with the counter-ions: K, Rb, and Cs. Some association of the ion-pairs was found with K. Absolute 
propagation rate constants were determined in the three cases. Some experiments were carried out in 
benzene-cyclohexane mixtures to check that the results were consistent with those previously observed 
in benzene. 

Csnadian Journal of Chemistry, 46, 2711 (1966) 

Introduction chronlatographic analysis showcd that in this way less 
than 0.2% benzene was left in the polymerization 

The anionic polymerization of polystyryl medium. - .  

alkali salts in benzene was found to involve Polystyryl- and poly-a-~nethylstyryl potassium are 
ion-pairs which may be associated into inactive co~npletely soluble in cyclohexane at 40 "C. However, the 

dimers (1). T . , ~  absolute rate constants for the solubilit~ of p o l y s t ~ r ~ l  rubidium and polystyryl cesium is 
limited to active center concentrations of about 7 x 

propagation reaction of ~ o l ~ s t ~ r ~ l  ~otassi~lnl ,  and 1.5 x mole/l respectively. The insoluble 
rubidium. and cesium in benzene were reported. material. when "killed" is easilv dissolved in cvclo- 
The order of reactivity was found to decrease 
from potassium to cesium. Although benzene is 
not capable of the strong solvating effects known 
to occur with ethers in these systems, it is recog- 
nized to interact weakly with polar species. In 
order to assess the importance of such effects, the 
previously reported work has been repeated in 
cyclohexane, where they would be expected to be 
negligible. 

Experimental 
The purification and storage of monomers and solvents 

have been described previously (1, 2). Potassium was 
obtained from Fisher Scientific Co. and rubidium and 
cesium were prepared In situ by reacting the respective 
chlorides (Spex Industries Inc.) with calciun~. All manipu- 
lations are carried out in sealed high vacuum systems 
utilizing fragile bulbs and break-seals for mixing reactants. 
Glassware was pretreated with butyl-lithium solutions 
and rinsed with solvent distilled from the solutions (1, 2). 

Because sufficiently high concentrations of active 
centers (-O metal@) could not be obtained on 
reacting snlall amounts of either styrene or a-methyl- 
styrene with a metal film in cyclohexane, polystyrene 
living polymers were prepared In benzene. Benzene was 
then replaced by cyclohexane. In order to do this, two 
extra side arms were attached to the apparatus described 
previously (1). One side arm was provided with a 100 ml 
flask, the other through a break-seal with an ampul of 
cyclohexane. The benzene solution of iiving polystyrene 
(Rb, Cs) or poly-a-methylstyrene (1) (K) was filtered and 
transferred to the 100 ml flask. The solution was frozen 
and freeze dried; benzene was condensed into the flask 
containing the metal film and scaled off. The resulting dry 
living polymer was then dissolved in cyclohexane. Gas 

'Issued as NRCC No. 10139. 

hexane. T h e  polymer in cyclohexme at 40" is close to  
the solubility limit, especially for polyn~ers of high molec- 
ular weight. Addition of polar groups must decrease 
the solubility further. Even when working below the 
above concentration limits, if the ~nolecular weight 
became too high (repeated additions of monomer), some- 
times at high conversions precipitation was visible and 
indicated by an apparent slowing of the rate. 

In  order to make measurements in benzene-cyclo- 
hexane mixtures (50150 vol.), living polymers were pre- 
pared in the same way as above, with the 100 ml flask 
being replaced by a graduated flask. The benzene solution 
of living polymer was adjusted to  the required volume by 
removing the excess benzene and adding cyclohexane. 
The exact composition of the solvent was determined gas 
chromatographically and it did not vary by more than 3 % 
for the various experiments. Active center concentrations 
were determined by their ultraviolet (~1.v.) absorption 
using either a Bausch and Lomb 505 or a Cary 14 
recording spectrophotometer. The near U.V. spectra 
(h,,,: 330 + 3 mp) of the polystyryl salts in cyclohexane 
are noticeably narrower than in benzene. Especially in 
the case of polystyryl cesium, the shoulder at 370 m p  
disappears in transferring the living polymer from ben- 
zcne to cyclohexane. 

The extinction coefficients were determined by measur- 
ing the decrease in optical density caused by the addition 
of a known amount of t-butanol, or by termination with 
an excess of the alcohol, followed by repeated extraction 
of thc alkali-metal salts into water and subsequent 
analysis by X-ray fluorescence. Values found in cyclo- 
hexane were (M-'  cm-I): 1.32 x 10" (K, 330 mk~), 
1.25 x lo4 (Cs, 334 mp). In  benzene, they were: 
1.27 x 10" (Rb, 332 mp), 1.16 x lo4 (Cs, 334 mp). The 
latter value is lower than that previously reported (I) and 
is the result of several determinations by both methods. 
The lower value can be correlated with the increased 
broadness of the absorption band in benzene. 

The propagation reaction was measured by following 
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the decrease of absorption caused by styrene at 291.5 n ~ p .  
Rates were measured at  40" in cyclohexane and at  20" for 
benzene-cyclohexane mixtures. 

Results 
A.  Cyclohexane 

As was observed previously in benzene (l), the 
log-log plot of propagation rate for polystyryl 
potassi~im against total polystyryl potassium 
concentration exhibits some curvature, although 
this is appreciably less than in benzene at  the low- 
er temperature. The order in polystyryl potas- 
sium, which at  low concentration (between 2 
and 5 x lop5  M )  is virtually first order, de- 
creases at higher concentrations because of the 
presence of both monomeric and dimeric (inac- 
tive) ion-pairs in equilibrium (1). Using k ,  = 30 
M - ' s- ' and a dissociation constant (KD) for 
the dimer-monomer equilibrium of 3 x M,  
a calculated curve is obtained which best fits the 
experimental results (Fig. 1). 

Log,, [ A C T I V E  CENTERS ] 

FIG. 1. Variation of propagation rate with concen- 
tration of active centers in cyclohexane at  40". Experi- 
mental points are: (+) polystyryl potassium, (0) 
polystyryl rubidium, (0) polystyryl cesium. The line for 
potassium is that calculated for K, = 3 x k,  
= 30. 

The propagation rate of polystyryl rubidium 
and cesium can only be studied at  quite low 
concentrations of active centers for reasons 
given above. Within the range studied, the rate 
appears to be directly proportional to the con- 
centration. Presumably, as in benzene, aggrega- 
tion is less important for these species. The 
absolute rate constants for the addition of styrene 
to the rubidium and cesium salts are 22.5 M -  ' s- ' 
and 19 M- ' s-I respectively. 

B. Meas~a.etnents itz a Mixture of Benzene - 
Cyclohexane 

Since the experimental difficulties are great in 
working in cyclohexane, it seemed advisable to 
check that the results were consistent with those 
obtained previously in benzene. For this purpose, 
a few reactions were carried out in 50150 (vol.) 
benzene-cyclohexane at 20". For potassium, the 
results again indicate a varying order with respect 
to the alkali-metal concentration, and a propaga- 
tion constant for the ion-pair of 27 M - '  s-I. 
KD was within the limits of accuracy equal to 
that in benzene at the same temperature. Two 
experiments were carried out with both rubidium 
and cesium as counter-ion, from which I<, was 
evaluated to be 15 and 12 M - '  s-' respectively. 
The experiments with rubidium were repeated in 
benzene at 20°, as the previously obtained rate 
constailt depended on two points alone. The 
average of five points gave a rate constant of 
22 M- '  s-', slightly higher than that obtained 
earlier. 

Discussion 

Only one previous report has been made of 
rate constants in cyclohexane. Dainton et al. (3) 
reported afirst order rate constant of 7.7 MM1 s- ' 
for polystyryl potassium at 30". Our results, over 
a wider range of concentrations, indicate that 
some association occurs in the concentration 
range they used (2-7 x M), but that the 
apparent rate constant would only be about 35% 
too low. To obtain results consistent with the 
present work, a higher activation energy than is 
normally found in these systems would be re- 
quired. There remains a possibility that at 30" the 
polystyryl potassium was not entirely in solution. 

A comparison of the results in cyclohexane, 
benzene, and their mixtures is of interest in 
order to assess any specific effects of benzene. 
There amears to be little or no effect on the . L 

dimerization equilibrium for the potassium salt. 
The value of KD at 40" extrapolated from previous 
data at 20" and 30" should be about 2 x l op3  in 
benzene. This is close to the observed value in 
cyclohexane at 40" (3 x lop3). The difference is 
probably within the combined errors involved in 
the three determinations, and in any case is in 
the opposite direction to that expected from 
specific solvation of the ion-pair by benzene. 

The rate constants for the propagation reaction 
show some changes between benzene and cyclo- 
hexane (Table I). The effect is smallest for cesium 
and largest for potassiunl. That the differences in 
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TABLE I 
Rate constants (M-I s-I) for the propagation 

reaction of polystyryl K, Rb, Cs 

Benzene 20" 38 22 13 
50150 (benzene/cyclo- 

hexane) 20" 27 15 12 
Cyclohexane 40" 30 22.5 19 
Benzene 40"* 83 48., 29 

*Extrapolated from results at  lower temperature using observed 
activationenergies. 

rate are real is confirmed by the figures for the 
benzene-cyclohexane mixture. The faster rate in 
benzene may be, in part, due to the small differ- 
ence in its dielectric constant (cyclohexane 2.01, 
benzene 2.27). This may well be the only effect for 
cesium, which shows only a small increase in 
rate between cyclohexane and tetrahydrofuran. 
For potassium, however, the difference in rate is 
rather large and the possibility of some stabilizing 
interaction with benzene in the transition state 
cannot be excluded. 

Despite the progressive difference in rates 
between the two solvents, the overall order in 
reactivity is still K > Rb > Cs both in benzene 
and cyclohexane. This is opposite to the order 
observed by Szwarc et al. (4) in dioxane but more 
similar to that reported by Daintoil et al. (3) in 
the same solve~lt (K z Rb > Cs). In all cases the 
differences in rate for the three counter-ions are 
not large, perhaps as a result of larger opposing 
effects. There is no compelling reason to expect 
that the reactivity order will be the same in two 
solvents of roughly the same dielectric constant 

but of widely differing basicity. That the lithium 
ion-pairs are almost as extensively solvated by 
dioxane as by tetrahydrofuran has been shown by 
Alexander and Bywater (5). This specific solva- 
tion will decrease as the counter-ion becomes 
larger (6) and must influence the propagation 
rates in ethers. Other factors of importance in 
determining relative rates could be: (i) differing 
amounts of steric interference to  the incoming 
monomer with different counter-ions, (ii) differing 
coulombic energies of charge separation (4), and 
(iii) different extents of polarization of the 
monomer molecule by the counter-ions. 

I t  was not possible to measure an activation 
energy for any of the reactions because the air 
bath on the spectrophotometer cannot be used at 
temperatures much above 40°, and lower tem- 
peratures are excluded by solubility considera- 
tions. The values must be close to those obtained 
in benzene (7.2-7.4 kcal/mole) because reasonable 
agreement is obtained for estimated rate con- 
stants at 20" in cyclohexane using E = 7.3, or by 
linear extrapolation of the results in benzene 
and the 50150 mixture. 
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Solubility in the potassium stannate - potassium hydroxide - water 
system at 0 to 95.0 "C 

P. ROSENBLUM' 
M&T Prorlrrcts of Cnmda Litniterl, Hatniltolz, Ontnrio 

Received February 21, 1968 

Solubilities and phase relations have been determined in the K2Sn(OH),-KOH-H20 system between 
0 and 95.0 "C. The isotherms consist of only one major solubility branch, that of K2Sn(OH),, while the 
solubility branch of KOH is indistinguishable, since the isothermal invariant point is extremely close to  
the solubility of potassium hydroxide. Solid phases have been determined by Schreinemakers' method 
and checked with the polarizing microscope. 
Canadian Journal of Chemistry, 46, 2715 (1968) 

Introduction 

Information on the K2Sn(OH),-KOH- 
K2C03-H20 system, and most of its ternary 
subsystems, except KOH-K2C03-H20 (I ) ,  is 
lacking in the literature. Lowenheim (2) has 
done some preliminary studies of the system, 
and sol~tbility curves for the K,Sn(OH),-KOH- 
H 2 0  system between 10 and 1 10 "C are given by 
Lowenhei~n (2), but no phase studies have been 
carried out. 

of solution from each bottle was observed as crystal- 
lization took place under the microscope. 

The Sn was determined by the standard iodate method 
and the K O H  by titration with hydrochloric acid to  the 
phenolphthalein end-point, after the prior precipitation 
of stannate and carbonate with barium chloride. Total 
alkali (KOH, K2C0,,  and K2Sn(OH)6) in the solutions 
was found by titration with the same hydrochloric acid 
solution to  the screened methyl-orange end-point, while 
the carbonate was calculated by difference. The free 
alkali in the wet solids was obtained by difference between 
the total alkali and the alkali equivalent of the Sn. 

This report is the first part of a study of 
the K,Sn(OH),-KOH-K2C03-H20 quaternary 
system and presents data on the solubility rela- 
tions in the K,Sn(OH),-H20 ternary system 
between 0 and 95.0 "C. 

Experimental 
The method consisted of charging stainless steel 

bottles with a solution of one of the solutes and an  excess 
of the second solute and then rotatlng these in a thermo- 
stat at the required temperature for 24 h. The saturated 
solution was sampled with a special weight-pipette and 
the wet residue by a steel-gauze spoon, and then the 
san~ples were analyzed. 

The thermostat used in these studies was a well- 
lagged stainless steel tank, the temperature being main- 
tained to within 0.05 "C by means of a Sargent Thermoni- K3n(oH)6 20  LO 6 0 8 0 KOti 

tor model S thermistor-type temperature regulator. The WEIGHT 5% 
jacketted weight-pipettes were equipped with teflon or FIG. 1. The K2Sn(OH)6-KOH-H20 system at 
teflon-clad glass plugs, and the solution sample was 25.0 "c: 0, solution composition; @, wet residue compo- 
drawn through a sintered-glass filter. Each concentration sition. 
was done in duplicate. The potassium hydrox~de used 
was "Baker ~na iyzed"  reagent pellets, and-the potassium the investigation the wet residue from stannate was used as obtained from the plant. The solubility bottles was subjected to examination with a KzSn(OH)6 batch used for this work analyzed as follows polarizing nlicroscope~ l-he solid pllases present were 
(dry weight basis): % Sn = 39.28 (i.e. 98.95% K2Sn- identified by graphical plotting of tie-llncs according to  
(OH)G); % KOH = 1.23. Samples the wet residue Schreinemakers' method and checked by microscopic were exanlined with a polarizing microscope, and a drop examination. Since isothermal invariant oolnt is 

very close t o  the solubility of potassium hydrdxide o n  
'Present address: 86 Brighton Avenue, Downsview, the phase diagram (Fig. I), it was not possible to  use the 

Ontario. intersection of tie-lines to locate the composition of the 
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TABLE I 
The ternary system K2Sn(OH)6-KOH-H20 at 0 "C 

Saturated solution Wet residue 

KzSn(OH)6 KOH Density K2Sn(OH)~ KOH 
Point (wt. %) (wt. %) (g/fil) (wt. %) (wt. %) Solid phase 

TABLE I1 
The ternary system K,Sn(OH)6-KOH-H20 at 25.0 "C 

Saturated solution Wet residue 

KZSn(OH)6 KOH Density KzSn(OH)6 KOH Solid 
Point (wt. %) (wt. %) (g/ml) (wt. %) (wt. %) phase 
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ROSENBLUM: SOLUBlLITY IN THE K2Sn(OH)6-KOH-H20 SYSTEM 

TABLE 111 
The ternary systeni K2Sn(OH)6-KOH-H,0 at 40.0 "C 

-- -- 

Saturated solution Wet residue 

K ~ s n ( 0 H ) ~  KOH Density K2Sn(OH)6 KOH Solid 
Point (wt. %) (wt. %) (g/nll) (wt. %) (wt. %) phase 

1 51.46 0.28 1 ,608 95.16 0 K,S?{OH), 
2 49.23 1.22 1.588 90.23 0.12 

TABLE IV 
The ternary systeni K2Sn(OH)6-KOH-H20 at 60.0 "C 

-- 

Saturated solution Wet residue 

K2Sn(OH)6 KOH Density K2Sn(OH), KOH 
Point (wt. %) (wt. %) (g/lnl) (wt. %) (wt. %) Solid phase 
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TABLE V 

The ternary system K2Sn(OH),-KOH-H20 at 95.0 "C 

Saturated solution Wet residue 
-- 
KzSn(OH16 KOH Density KzSn(OH)6 KOH 

Point (wt. %) (wt. %) (dm11 (wt. %) (wt. %) Solid phase 

saturating solid when potassium hydroxide was in excess. 
No attempt was made to determine the composition of 
the solid, but the formula used was that given by Seidell 
(1) and by Cohen-Adad and Michaud (3), namely 
KOH.2H20 at 0 and 25.0 "C and KOH.H20 at 40.0 "C 
and above. 

The crystals of potassium stannate found in the wet 
residue from the solubility bottles form mainly large 
granules of spherical shape at low and medium potassium 
hydroxide concentrations and are, therefore, not useful 
for the study of crystal form. At higher potassium 
hydroxide concentrations the stannate also appears as 
hexagonal platelets, the amount appearing as platelets 
increasing at the expense of the spheres as the potassiun~ 
hydroxide concentration is increased. At very high 
potassium hydroxide concentrations, the wet residue is a 
mush consisting of platelets and only a few spheres. 

Examination of stannate crystallizing from droplets on 
a lnicroscope slide proved interesting and enabled a 
correlation of the various observations in the literature 

raised. Another source of error was the presence, at all 
times, of some carbonate in the solutions, but the 
amount of carbonate was never greater than 1 %. 

Results and Discussion 

The results are given in Tables I to V. The 
phase diagram (Fig. 1) in which are plotted the 
data at 25.0 "C is typical for all other tempera- 
tures studied. 

It can be seen from the data and from Fig. 1 
that the solubility isotherm for the K,Sn(OH),- 
KOH-H20 system from 0 to 95.0 "C consists 
of only one saturation curve, that of K,Sn(OH),, 
and in this respect is similar to the solubility 
isotherm for the analogous sodium system. The 
solubilitv branch for ~otassium hvdroxide is 

on the different crystal habits of K2Sn(OH),. one point and is vi;tually indisfinguishable 
Equilibration experiments were conducted at all the from the composition of the eutectic solution. temperatures studied. A 24 h rotation period gave a 

solubility which was within 1 % of the maximum value The ternary system K2Sn(OH)~-KOH-H20, 
(obtained after 4 days at 0 OC, 3 days at 25 "C). This therefore, belongs to the simple eutectic type 
rotation period was used for all subsequent experiments, exhibited by such systems as NaCl-NaOH-H,O 
since it was considered to be sufficiently within the (41, K,SO,-K-JH-H,O (51, and KBH,-KOH- 
accuracy of the experimental measurements. 

The major sources of error arose from non-equilibrium H2° (6). The of K2Sn(0H)6 decreases 
conditions with a 24 h rotation period (1 % below rapidly with an increase in the KOH concentra- 
maximum at 25.0°C and 0.6% below maximum at tion. This is similar to the behavior in the 
40.0 "C) and from the sampling procedure. In the Na,Sn(OH),-NaOH-H,O system, but the latter 
latter case, crystallization around thc sintered-glass 
filter or at the surface of the saturated solution in the decrease is less. The solubility of K,Sn(OH), 
solubility bottle could cause a decrease in solubility, this the with temper- 
error tending to increase as the bath temperature was ature j11 contrast with the solubility of Na,Sn- 
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(OH), which decreases with an increase in tem- 
perature, except at high alkali concentrations. 

For the most part, the Schreinemakers' lines 
intersect at the K2Sn(OH), vertex of the phase 
diagram and give a clear-cut indication of the 
compouiid in equilibrium with the saturated 
solution. These lines give no evidence for the 
existence of a compound analogous to the one 
reported by Urazov, Lipshits, and Lovchikov (7) 
as existing at 75.0 "C in the Na2Sn(OH),- 
NaOH-H20 system, namely Na, [Sn(OH),]H,O, 
or, more probably, Na,Sn(OH),.NaOH.H,O. 
There is also no evidence at  0 "C of the field of 
existence of any hydrated form of K2Sn(OH),, 
although Zocher (8) was able to prepare both 
K,Su(OH),.H,O and K2Sn(OH),.2H20 at low 
tenlperatures. 

Droplets of the saturated solutions were 
examined under the polarizing inicroscope as 
crystallization took place. The K,Sn(OH),, 
crystallizing from saturated solutions in which 
the KOH concentration was low, formed 
colorless, oblique, rhombic prisms with sym- 
metrical extinction (9). These crystals belong to 
the trigonal class and have the axial ratio 
a:c = 1 : 1.9588 (10). As the KOH concentration 
increased, the acute lateral edges of the rhombo- 
hedra became truncated and loss of the two 
opposite corners (normal to the crystallographc 
c-axis) took place, i.e. the (0001) and (000i) 
faces appeared. On still further increase in the 
ICOH concentration, these faces became more 
pronoimced, causing the crystals to grow lying 

on these faces, rather than on the rhomb faces. 
The crystals were then oriented with the c-axis, 
or optic axis, parallel to the axis of the micro- 
scope, and the uniaxial interference figure was 
readily observed. Birefringence was positive. As 
the KOH concentration increased still further, 
the (0001) and (0001) faces grew very large, 
and six-sided basal pinacoid plates resulted. At 
extremely high KOH levels only these plates 
were present. The foregoing explains the 
varying observations in the literature on the 
crystal habit of potassium stannate (rhombo- 
hedron vs. platelet). 

1. A. SEIDELL. Solubilities of inorganic and metal 
organic compounds. 3rd ed. Vol. I. D. Van Nostrand 
Co., Inc., New York. 1940. 
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o. 350. 

3. R. COHEN-ADAD and M. MICHAUD. Compt. Rend. 
242, 2569 (1956). 

4. F. A. FREETH. Phil. Trans. Roy. Soc. London, Ser. 
A, 223, 35 (1922). 

5. V. B. TULINOVA, A. A. STATSENKO, and V. E. 
PLYUSHCHEV. RUSS. J. Inorg. Chen~. English Transl. 
5. 1224 (1960). 
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Inorg. Chem. English Transl. 8, 337 (1963). 
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Thermal decomposition of di-tevt-butyl peroxide at high pressure 

D. H. SHAW AND H. 0 .  PRITCHARD 
Centre for Researclr it2 E,xper.imerltal Space Science, York University, Toronto, Ontario 

Received February 26, 1968 

The thermal decomposition of di-tert-butyl peroxide has been studied in the presence of carbon 
dioxide at  total pressures from 0.05 to  15 at111 and temperatures from 90-130 "C. The first-order rate 
.constant for the decomposition is independent of total pressure in this range, with Arrhenius param- 
eters E = 37.8 f 0.3 kcal/mole and log A (s-') = 15.8 + 0.2. A reevaluation of previous data 
on this reaction leads us to recommend E = 37.78k0.06 kcal/mole and log A (s-') = 15.80 F 0.03 
over the temperature range 90-350 "C; extension of this range to higher temperatures using a shock 
tube would be worthwhile. 
Canadian Journal of Chemistry, 46, 2721 (1968) 

It has been postulated by Birss (1) and by 
Bose and Hinshelwood (2) that in the thermal 
decomposition of di-tert-butyl peroxide (DTBP), 
a second channel exists between reactants and 
products which they called induced decomposi- 
tion. The evidence upon which these arguments 
are based is in our view not very strong, and we 
believe that the postulate is unnecessary. It was 
found that the rate of decomposition at 160 "C 
increased with pressure between 50 and 600 mm. 
However, since the explosion limit of the per- 
oxide decomposition is estimated (3) to be 
around 600 mm at 150 "C, the probable cause 
of the rise in rate with pressure becomes appar- 
ent. It was also found that added gases, namely 
SF,, CF,, CO,, CCl,, SiF,, and N,O caused 
an acceleration of the reaction, whereas acetone, 
17-hexane, and N2 were without effect. I t  was 
recognized later by Archer and Hinshelwood 
(4) that in the case of CCI,, the acceleration may 
have been partly a chemical effect involving 
chloriile atoms. More recently, Flowers, Batt, 
and Bellson (5) showed that the peroxide de- 
composition was strongly catalyzed by HC1 by 
a mechanism involving chlorine atoms, and fur- 
ther evidence for the existence of chlorine atoms 
in the peroxide/CCl, reaction is available (6). 
Also, Batt and Cruickshank (7) have shown 
that CH,F is formed in the peroxide/SF, de- 
composition. We suggest that all these observed 
acceleratioils in the presence of CF,, SiF,, CO,, 
and N,O are due either to chemical reaction of 
some kind or to the presence of trace quantities 
of chlorinated impurities; it is reasonable to 
suppose that the N,, acetone, and hexane used 
in the above experiments were free from chlori- 
nated impurities. Our own experiments described 
below show that carefully purified CO, has no 
effect on the rate of peroxide decomposition up 

to a pressure of 15 atm, and we believe that the 
idea of induced decom~osition should not be 
included in the current theoretical description 
of unimolecular reactions. 

Materials and Experimental Technique 
Commercial di-tert-butyl peroxide contains about 

0.2% of minor impurities including 0.04% acetone (8); 
these were removed by preparative scale gas chromatog- 
raphy. Carbon dioxide was made from commercial 
dry-ice: the gas was condensed onto phosphorus pent- 
oxide it1 vacuo, degassed, and then sublimed into a 
storage vessel; mass-spectrometer analysis failed to reveal 
any impurity. 

Each experiment was carried out in a stainless steel 
pressure vessel equipped with a needle-valve; 10 cc and 
75 cc vessels were used. Known amounts of peroxide 
and carbon dioxide (sufficient to  give final pressures of 
30-300 mm and 0-15 atm respectively) were condensed 
into the vessel from the vacuum system using liquid 
nitrogen, and the valve was then closed off. The reaction 
was started by placing the vessel in an oil bath held in 
the temperature range 90-130 "C and terminated after 
about 3 % reaction by removing it and cooling in water. 
This temperature range was chosen for a number of 
reasons: (i) it is well removed from the explosion limit, 
and complications due to self-heating (3) will be absent; 
(ii) it takes 6 min for the temperature inside the pressure 
vessel to  become equal to that outside, but since reaction 
t i~nes at these temperatures range from 3 days to  1 11, 
the correction is negligible; and (iii) side reactions, par- 
ticularly the attack of methyl radicals on the peroxide, 
are unimportant at  these temperatures (8-10). (One 
minor problem was the long-term stability of commer- 
cial thermostats: over a period of 3 days, several small 
excursions (k0.1  "C) in the bath temperature occurred; 
since the rate constant for this reaction varies by about 
14% per "C, reactions were always carried out in pairs, 
with a pressurized and an unpressurized vessel strapped 
together in the bath.) 

At small percentage conversions, the rate of formation 
of acetone can be used as  a measure of the rate of 
decomposition of the peroxide (3, 11). Thus, since it was 
not in general possible to transfer the whole contents of 
the reaction vessel to the vapor phase chromatographic 
(v.p.c.) inlet, the reaction mixture was first trapped out 
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TABLE I 

Summary of published work on the thermal decomposition of di-ter?-butyl peroxide 

Figure 1 Temperature Number E 
label range ('C) Method* of points (kcal/mole) Log A (s-') ReFerence - 

12 
15 
3 

16 
17 
9 

11 
This work 

16 
18 
19 
20 
- 
- 

*S static system F flow system. P k based on pressure rise. A k based on chemical analysis M methyl radical balance at  end of run; 
Ac, dcetone formation'at end of r u i ;  fie, peroxide depletion, mohitdred continuously; U, undiluted; N: diluted with nitrogen; T, diluted wit11 
toluene; K, diluted with acetone o r  diethylketone; C, diluted with carbon dioxide; H, diluted with helium. 

"IThese are composite points : the total number of determinations is not given. 

in the vacuum system. The ethane and carbon dioxide 
were ren~oved by carefully controlled distillation at 
-135 "C, after which the residue of acetone and peroxide 
was transferred to the v.p.c. inlet for analysis: the 
columns used were packed with 7 % Apiezon L and 3 % 
Carbowax 1500 on  80-100 mesh Chromosorb W. Cal- 
culation of the rate constant was based on the acetone/ 
peroxide ratio in the final products, assuming first-order 
kinetics for the reaction 

DTBP -> 2CH3COCH3 f 2CH3 ; 

apart from ethane >> rnetl~ane > ethylene no other sig- 
nificant products were found, in agreement with earlier 
studies (3, 6, 8, 11). 

Results and Discussion 

The factor which limited the pressure range 
of these experiments was our ability to  separate 
quantitatively a mixture containing about lop6 
mole of acetone in a large excess of CO,; after 
careful calibrations, we found that 0.1 mole of 
CO, was about the upper limit using LeRoy 
stills. We found that within our experimental 
accuracy (f 2 "/, in the absence of CO,, 5 5 % in 
the presence of 10-15 atm CO,) there was no 
detectable difference in the rate constant be- 
tween the pressurized and the unpressurized 
runs. Nor was there anv detectabIe difference 
when the pressure vessel was packed with steel 
b a l k  In  addition we coilstructed pyrex vessels 
the same s h a ~ e  as the steel ones. and either 
unpacked, or packed with glass beads, the de- 
composition rate was the same as in the steel 
vessels. Thus the homogeileity of the reaction 
(12, 13) seems to  be amply confirmed. 

A least-squares treatment of 56 experimeiltsl 
carried out under all conditions gives an Ar- 
rhenius plot with E = 37.82 k 0.32 kcal/mole 
and log A (s-l) = 15.82 + 0.18, in the tem- 
perature range 90-130 "C. This reaction has 
becn studied previously by a number of workers, 
both in static and in flow systems, and on the 
whole, the agreement is excellent, eve11 though 
some rate constants have been based on the 
total pressure change, the CH, radical balance, 
the rate of formation of acetone, or the rate of 
depletion of peroxide. In all this earlier work, 
which is collected together in Fig. 1, the total 
pressure was in the range 5-500 mm. We have 
summarized the data in Table I and have, where 
possible, recalculated the least-squares lines2 

'A list of these rate constants, together with all others 
used in Table I ,  can be obtained, free of charge, upon 
request from: The Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada. 

'The normal least-squares treatment assumes that the 
temperature is precisely known and that all the uncer- 
tainty exists in the rate-constant measurement. In our 
work, the uncertainty in k due to small fluctuations in 
temperature is of a similar order of magnitude to the 
normal analytical uncertainties. We have consequently 
used the method of York (14) in reducing our own data. 
In fact, it makes little difference to the derived Arrlienius 
parameters, but we believe it is a logically superior pro- 
cedure and one which should be adopted through the 
whole of kinetics in future. All the data in Table I have 
been recalculated in this way with (for want of a better 
criterion) the assumption that the errors in temperature 
and rate constant are 10 .1  "C and k 5 %  respectively. 
When data at higher temperatures become available, a 
careful reassessment of the likely errors In temperature 
for each determination should be made. 
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SHAW AND PRITCHARD: THERMAL DECOMPOSITION OF DI-TERT-BUTYL PEROXIDE 2723 

3 

FIG. 1. Arrhenius plot of all published data on the thermal deconlposition of di-ter-t-butyl peroxide. The labels 
on the individual determinations refer to entries in Table I. See inset for more details in the range 125-160 "C. 
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from the original data. There is a spread in 
activation energy from 33 to 41 kcal/mole 
among the individual determinations, but a 
least-squares treatment of all 272 points gives 
E = 37.90 + 0.14 kcal/mole and log A (s-') 
= 15.81 + 0.07. It can be seen from Fig. 1 
that with the exception of three sets of data 
(9, 16, 17) the remainder are remarkably con- 
fluent, and a least-squares treatment of the 
reduced set of 177 points gives E = 37.78 $. 
0.06 kcal/mole and. log A (s-') = 15.80 + 0.03; 
we recommend these as selected values for the 
Arrhenius parameters of this reaction in the 
temperature range 90-350 OC. 

It would appear that (with the exception of 
the three cases noted) the variation in activation 
energy from investigation to investigation is due 
to small systematic errors occurring within each 
set of experiments, since taking a l l  the data 
together, we get a remarkably good Arrhenius 
plot. There seems no longer any doubt (21) 
that the frequency factor of this reaction in its 
high pressure region is abnormally high. Fur- 
thermore, the Arrhenius plot appears to be linear 
over almost a factor of two in the temperature 
range (363-623 OK) and about nine orders of 
magnitude in Ic, although one cannot at this 
stage rule out the possibility that it is beginning 
to curve downwards at the highest temperatures. 
The linearity of Arrhenius plots is important 
theoretically, and this reaction seems to be a 
good test case, both because of its freedom from 
side reactions and because of its abnormal A- 
factor. There is little hope of extending the 
temperature range downward because the rate 
constant rapidly becomes too low, but there is 
scope for work at significantly higher tempera- 

tures in shock waves. However. there would be 
no point in undertaking such an experiment un- 
less both the measurement of the temperature 
and the rate constant are of a very high pre- 
cision. 
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Electronic absorption spectra and photodecomposition of some substituted 
ferrocenes' 

A. M. TARR' AND D. M. WILES 
Diuisiorz of Applied Clwnistry, National Research Council of Canada, Otra~va, Carlnda 

Received February 7, 1968 

The photostabilities of various ferrocene derivatives in solution have been studied as a function of 
solvent and, to a lesser extent, of incident wavelength. Some substituted ferrocenes, like ferrocene 
itself, did not decompose in methanol solution on exposure to near-ultraviolet light or sunlight; the 
remainder decomposed rapidly. Solutions of some derivatives in a number of other solvents also proved 
susceptible to photolysis. Qualitative evidence suggests that solute-solvent interaction leads to photo- 
chemically unstable species. Ferric ions do not appear to be formed in significant quantities during the 
degradative processes. 

Of the substituted ferrocenes investigated in this work, p-acetophenylferrocene appears to have 
considerable merit as a relatively stable and therefore protective light absorber. None of the derivatives, 
however, is as stable as ferrocene, which is prohibitively volatile for most practical applications. 

Canadian Journal of Chemistry, 46, 2725 (1968) 

Introduction 

Many papers have been published in recent 
years on the chemistry of ferrocene and its deriva- 
tives. This reflects not only the growing interest 
in organometallic compouilds in general, but also 
the fact that ferrocene is susceptible to electro- 
philic substitution so that a multitude of ferro- 
cene derivatives may be synthesized. The versatil- 
ity of ferrocene as a reagent and its amber color 
suggest that it should be possible to synthesize 
ferrocene derivatives which would be suitable as 
protective absorbers of light in the near-ultra- 
violet region. 

Benzoylferrocene and some hydroxy- and 
methoxy-benzoylferrocenes (as 1 to 5% additives) 
have been shown to be efficient inhibitors of 
degradation, by sunlight, of certain polymer 
films (1). Brief reference has been made (2) to the 
photodecomposition of ferrocenes in hydroxylic 
solvents, but no data on these systems are avail- 
able. Although considerable information has 
been reported on the physical and chemical prop- 
erties of metallocenes, very little has appeared 
on the photostability of these substances. 

In the present work, the ultraviolet (u.v.) 
absorption spectra and stability of some sub- 
stituted ferrocenes have been investigated in 
various organic solvents, especially oxygen-con- 
taining molecules. This represents part of a study 
to determine the efficiency of ferrocene deriv- 
atives in retarding the photochemical depoly- 
merization of fiber-forming macromolecules. 

'Issued as NRCC No. 10135. 
2National Research Council of Canada Postdoctorate 

Fellow 1966-1967. 

Experimental 
Materials 

Ferrocene (Matheson) was filtered and recrystallized 
from benzene solution and finally sublimed, m.p. 174". 
The following ferrocene derivatives were prepared; the 
method of purification and melting point observed, using 
a Mettler FPl  apparatus, are given. Phenylferrocene (3), 
recrystallized (hexane) and vacuum sublimed, 112". 
Benzylferrocene (2), recrystallized (ethanol-water) and 
vacuum sublimed, 76". 1,l'-Dibenzylferrocene (2), 
recrystallized (ethanol-water), 103.5". Hydroxymethyl- 
ferrocene (4), recrystallized (water), 79". Acetylferrocene 
( 9 ,  recrystallized (hexane) and vacuum sublimed, 85". 
1 , l  '-Diacetylferrocene ( 9 ,  recrystallized (hexane) and 
vacuum sublimed, 127". Benzoylferrocene (2), recrystal- 
lized (benzenelhexane) and vacuum sublimed, 109". 
1,l'-Dibenzoylferrocene (2), recrystallized (hexane), 105". 
(2-Benzoylvinyl)ferrocene (6, 7), recrystallized (ethanol, 
then hexane), 136". p -  and m-Acetophenylferrocenes (8), 
chromatographed on silica gel, recrystallized (hexane), 
175" and 74". Diferrocenylethane (9), chromatographed 
on alumina, recrystallized (hexane), 196". 

Three hitherto unreported compounds were prepared 
as follows. 

(2-p-Bronzoberzzoyluinyl) ferrocetle-The nlethod for (2- 
benzoylvinyl)ferrocene (6) was modified by replacing 3.5 g 
acetophenone by 3.8 g p-bromoacetophenone. The mix- 
ture was stirred at  room tenlperature for 1 h, the precipi- 
tate (3.5 g) was separated, washed with cold ethanol, and 
recrystallized. first from ethanol, then fro111 hexane, n1.p. . - 
165'. 

Anal. Calcd. for ClgHI5BrOFe (m.w., 395): C, 57.72; 
H, 3.80.Found:C,58.23; H,3.69. 

A second modification of the method, replacing 3.5 g 
acetophenone by 2.45 g 2-octanone, gave I-ferrocenyl-1- 
tronen-3-one. The mixture was stirred at  room temperature 
for 1 h, half the solvent was evaporated, and the red 
crystals which formed (3.9 g, wet) were recrystallized, 
first from ethanol, then from hexane, m.p. 80". 

Anal. Calcd. for C19H2,0Fe (m.w., 324): C, 70.69; H,  
7.37: Found: C, 70.40; H, 7.41. 

N-p-biphenyl ferrocer~alrlirr~ine was prepared (cf. ref. 7) 
by mixing concentrated solutions (in ethanol) of ferrocene- 
carboxaldehyde and 4-aminobiphenyl, and allowing to  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE I 
Photodeco~nposition of DBZF in organic solvents (irradiated in Pyrex) 

Dielectric 
Solvent constant Solution Precipitate Comments 

Decalin 
Isooctane 

Methanol 
l-Propanol 
Ethylene glycol 
Ethyl acetate 
Diethyl ether 
Acetone 
Dioxane 

THF 
Acetonitrile 
Dimethyl phthalate 

Easy None; stable solution 
Slow None; stable solution 

Easy Dark brown Solution 
Easy Red-brown finally 
Slow Dark-brown becomes 
Rapid Red-brown colorless 
Rapid 

1 
Rusty appearance 

Rapid Rusty appearance 
Rapid Sticky, red-brown 

Easy Powdery, dark brown 
Rapid Dark brown 

Rapid 
None; small color change only 

Easy 

None; solution becomes deep 
purple or purple-brown 

Rapid 

precipitate in 4 days 

3 weeks 
7 days 
3 days 

18 h 
4 days (solution colorless in 

10 days) 
6 weeks 
3 months 

Dark amber (18 11) -> pale yellow (6 weeks) 
Dark amber (2 days) 
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TARR AND WILES: ELECTRONIC ABSORPTl ON SPECTRA AND PHOTODECOMPOSITION 2727 

stand overnight at 0". The crystalline precipitate was sepa- 
rated and recrystallized from hexane, n1.p. 137-138". 

Anal. Calcd. for CZ3HI9NFe (~I.w., 365): C, 75.63; H,  
5.25; N, 3.84. Found: C, 75.19; H, 5.39; N, 4.02. 

Procedrrre 
Ultraviolet-visible spectra of solutions, covering a 300 

nip interval in the range 200-540 mB, were measured 
using 1 cm quartz cells and a Bausch and Lomb 505 
spectrophotometer. Solvent compensation in the refer- 
ence beam was en~ployed. All solvents were of reagent 
grade with the following exceptions: isooctane and CC1, 
were 'spectra' grade; decalin was fractionated to give 
97% cis isomer; tetrahydrofuran (THF) was dried using 
CaHZ ; dirnethyl sulfoxide (DMSO) was vacuum distilled; 
acetonitrile, dimethyl phthalate, and N,N-dimethyl 
formarnide (DMF) were practical grade. 

Results 

Photolysis of Ferrocenes 
At the outset of this investigation we were 

interested in the mechanisms responsible for the 
effectiveness of ferrocenes as degradation pre- 
ventives for polymers (1). Work in this laboratory 
(10) has shown that ferrocenes are similarly effec- 
tive in protecting cotton cellulose. Therefore it is 
of interest to establish, if possible, the conditions 
under which ferrocene and some of its derivatives 
can harmlessly dissipate absorbed energy of the 
magnitude associated with near-ultraviolet radia- 
tion. 

The stability of excited ferrocene is well illus- 
trated by the very low G values reported for its 
radiolysis (1 1). However, it can be photolyzed 
in alkyl halide solutions (12) because of a charge- 
transfer reaction, e.g., in CCl, (Fc = ferrocenyl), 

I1 v 
FcH f CCI, + FcH' + .CC13 -1- C1-. 

The cyclopentadienyl radical has been detected 
in the flash photolysis of ferrocene (13). We have 
photolyzed in an evacuated system (a) dry fer- 
rocene and (b and c) solutions of ferrocene in 
clecalin (97% cis) or 1-propanol, using light from 
a high-pressure Hg arc (200 W) and a filter cutoff 
at 230 mp. Exposures were 15 h. No changes were 
detected in the u.v. spectrum of the ferrocene or 
in the isomer ratio of the decalin, nor were any 
volatile products found by mass spectrometry. 
Under these conditions a solution of ferrocene 
in CCl, was extensively decomposed. The photol- 
ysis of benzoylferrocene (BZF), as the pure solid 
or dissolved in decalin, also gave negative results. 
When 1,l '-dibenzoylferrocene (DBZF) was pho- 
tolyzed alone for 40 h, the 470 and 354 m p  

peaks in its u.v. spectrum were shifted by 1-2 
m p  towards the blue, and a trace of benzene 
was detected mass spectrometrically in the vola- 
tile products. (An attempted vacuum sublimation 
of BDZF appeared to yield the monobenzoyl 
derivative slowly at 120°.) Although emission 
(480-685 mp) has been reported (14) from ferro- 
cene excited in its 324 m p  band, we were unable 
to detect any emission from ferrocene or BZF, 
either solid or dissolved in 5 : 1 isopentane-methyl- 
cyclohexane glass at 77 This is in agreement 
with the work of Smith (15). 

Plzotostability of Sol~ltioizs of BZF  and DBZF 
DBZF solutions in decalin or isooctane are 

unaffected by prolonged exposure to light. How- 
ever, lop4  M solutions of DBZF in methanol, 
made up for the measurement of its U.V. spectrum, 
decomposed in Pyrex on exposure to sunlight. 
They became cloudy in 24 h;  after 2 weeks they 
were colorless, and a dark-brown precipitate 
had formed, presumably containing inorganic 
iron. This precipitate, after being dried at 100°, 
contained (A) C, 56.53; H, 4.24; Fe, 15.5; on the 
basis of one Fe atom, this corresponds to C,,H,,- 
OjFe (DBZF is C2,H,,02Fe). Analysis also 
indicated 1 1.1% benzoyl and 4.9% methoxy con- 
tent, which for a pure compound would require a 
molecular weight of at least 945 or 630, respec- 
tively. Two decomposition products were detec- 
ted in the liquid phase by gas-liquid chromatog- 
raphy, the second of which was identified as 
methyl benzoate by comparison with an authentic 
sample. The more volatile component might 
have been an acetal. Infrared examination of the 
products was inconclusive. 

The decomposition of BZF and DBZF in 
methanol is a photochemical reaction, since solu- 
tions kept in the dark are stable for long periods. 
The ease of solubility and the photodecomposi- 
tion of DBZF were tested in 17 solvents, which 
are divided into 4 groups depending on their 
behavior (see Table I). An interesting feature is 
that whereas ferrocene is stable in methanol but 
photolyzes in CCl,, DBZF decomposes much 
more rapidly in methanol. This reaction is 
stimulated by absorption in either the 470 or the 
354 mp band, as shown by photolyses using 

3We are indebted to Dr. F. R. Lipsett of the Radio and 
Electrical Engineering Division, National Research 
Council of Canada, for tllese results. 
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selective filters (Corning Nos. 3-73 and 7-51 re- 
spectively). Two authors have reported (2, 16) 
that photodecomposition of BZF in 2-propanol 
is very slow, and we have confirmed this. On the 
other hand, reaction is fairly rapid in 1-propanol. 
The first sign of decomposition is the gradual 
filling of the trough at 314 mp  in the u.v. spectrum 
(isooctane); this effect is rapid enough to make 
calculations of the extinction coefficient from 
spectra of DBZF in methanol somewhat inaccu- 
rate. As decomposition proceeds, a Tyndall cone 
appears under suitable illumination, all troughs 
and peaks disappear from the spectrum, and 
finally the precipitate settles out. 

The development of absorption in the 300- 
350 mp  region was used to estimate the relative 
rates of decomposition of BZF and DBZF in a 
slow-reacting solvent, dimethyl phthalate, when 
photolyzed at 296-302 mp  (Bausch and Lomb 
monochomator). The difference between the 
spectra of irradiated and unirradiated solutions 
was a featureless absorption beginning about 
500 mp  and increasing in intensity towards 
shorter wavelengths. Intensities measured at 330 
mp  after various photolysis times indicated that 
DBZF reacted approximately 4 times faster than 
BZF, assuming that the reaction is the same for 
both compounds. 

A solution of DBZF in carefully degassed 
methanol, after 3 11 photolysis in Pyrex under 
vacuum, took on a color very similar to Fe2+ 
ions in water, and a grey-green precipitate formed. 
When air was admitted to the system weak posi- 
tive tests for FeZf were obtained with o-phenan- 
throline and K,Fe(CN),, and the usual brown 
'decomposition' color rapidly developed. It ap- 
pears that a slow initial reaction between DBZF 
and solvent is followed by oxidation under 
atmospheric conditions. Similar green intermedi- 
ates were found in degassed glycol solutions but 
not in acetone. 

An electron spin resonance spectrum of 
ferric chloride in acetone has been reported 
(17) and we looked for a similar signal from a 
solution of DBZF in LiC1-saturated acetone. The 
unirradiated solution had a sharp signal (AH 
= 50 G, g = 2.0115) which was replaced after 
irradiation by a very broad signal (AH - 1200 
G) upon which a stronger signal (AH - 300 G) 
developed asymmetrically as irradiation pro- 
gressed. Ferric chloride ( g  = 2.016, AH = 55 G 
(1 7)), does not appear to be present. 

It is obvious that the nature of the solvent 
profoundly affects the photostability of solutions 
of ferrocenes. An attempt was made, therefore, 
to detect some evidence of solute-solvent inter- 
action in systems where this might be most easily 
observed. Infrared spectra of DBZF and diacetyl- 
ferrocene (DAF) in CCl, containing 0.1-5.0% 
methanol by volume showed no significant shifts 
in the 1650, 1290 (DBZF), and 1685, 1280 cm-I 
(DAF) absorptions, but considerable broadening 
was noticeable, indicating some interaction be- 
tween the keto group and methanol (Table 11). 
Because of its infrared opacity, methanol could 
not be used in higher concentrations. 

It has been observed (10) that some ferrocene 
derivatives reduce the rate of actinic degradation 
of cellulose fibres on which they are adsorbed. 
The hydroxylic nature of cellulose prompted us 
to test the effect of dissolved sugars on the stabil- 
ity of DBZF solutions. In dry THF, DBZF is 
stable after a small initial color change. However, 
in THF saturated with dextrose (whose solubility 
is very small) most of the DBZF was decoillposed 
by 2 days' exposure to sunlight. A further experi- 
ment of this kind involved dihydroxyacetone 
(DHA), which is also an effective chelating agent 
for ~e~~ ions (18). Solutions in methanol and 
acetone, containing 2 moles DHA per mole 
DBZF, decomposed much faster than solutioils 
containing DBZF alone. After photolysis, spec- 
tral analysis for iron showed that about 10% 
remained in solution, confirming that Fe3 + is not 
a product of the decomposition of DBZF and 
showing that DHA is very effective in promoting 
this decomposition. DBZF was also readily 
photolyzed in 1:l methanol:water, the decom- 
position taking place at a rate similar to the 
methanol solution containing 2: 1 DHA :DBZF. 

Ultraviolet Spectra ancl Stability of other 
Substituted Ferrocenes 

Wavelengths and lnolar extinction coefficients 
(E) for the U.V. spectra of various substituted 
ferrocenes are listed in Table 111. All spectra were 
taken in isooctane solution; six spectra were also 
recorded in methanol solution to illustrate the 
solvent shifts. All previously reported spectra of 
these compounds were measured in 95% ethanol; 
agreement with our data for methanol solution is 
generally good. Compounds 1 to 6, 14, and 15 
(Table 111) were not significantly affected by pro- 
longed exposure to daylight in methanol; the 
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TABLE I1 

Infrared evidence for solute-solvent interaction 

DBZF D A F  

Width at Width at 
Frequency half-height Frequency half-height 

Solvent (cm-') (cm - ') (cm - ') (CIII- ') 

CCI4 1288 12 1279 13 
CCI4/5 % MeOH 1289 16 1278 29 
CC14 1652 15 1683 12 
CC14/5 % MeOH 1648 27 1683 30 

remainder faded and gave precipitates similarly 
to DBZF. 

Table I11 illustrates the small effect on the 
ferrocene spectrum caused by hydrocarbon and 
hydroxymethyl substituents compared with the 
effect of a ketonic substituent, which batho- 
chromically shifts the lowest-energy U.V. transi- 
tion of ferrocene (440 my 65 kcal) by 6-46 
my (in isooctane). This shift is approximately 
doubled in the five examples taken in methanol. 
The maximum E for this band, which is increased 
by a factor of 3-25 by the presence of a carbonyl 
group, increases further (about 50%) in methanol. 
Carbonyl substituents cause a less predictable 
shift of the 326 my ferrocene band, which is the 
important one in a useful U.V. light absorber. It is 
possible that C==O absorptions are interfering 
here. The band intensity increases by 20-50 
times (isooctane), and by a further 10-20% in 
methanol solution. The higher-energy transitions, 
although relatively intense, are not well identi- 
fied, and of little importance, being outside the 
wavelength range of sunlight in most cases. 

The requirements for an ultraviolet-light ab- 
sorber to protect cellulose or other polymeric 
materials are: (i) high E below, say, 400 my; (ii) 
low volatility; and (iii) good photochemical 
stability, especially in the presence of hydroxyl 
groups. In Table 111, compounds 14 and 15, 
p- and m-acetophenylferrocenes, are the only 
compounds to satisfy these criteria, and the 
spectrum of the para-compound is more suitable 
than the meta-compound. Its chief drawback at 
present is an inefficient method of preparation. 

Discussion 
The experiments on the photodecomposition 

of substituted ferrocenes (of which DBZF is a 
good example) in various solvents illustrate three 
facts. Firstly, decomposition of DBZF is initiated 

by both the 470 and 354 my bands of the spec- 
trum. This is reasonable since the 440 my and 326 
my bands of ferrocene have both been attributed 
to metal-ring charge transfer (19) and it appears 
that the shifted transitions in DBZF are of the 
same type. Secondly, a carbonyl group conju- 
gated with the ferrocene ring increases the in- 
tensity of these transitions, but also introduces 
instability into the molecule, except when sepa- 
rated from the ring by a phenylene group. This 
may indicate that interaction between the car- 
bony1 oxygen and the iron atom, which is possible 
in all cases except compounds 14 and 15 (Table 
111), may be involved in the breakdown mecha- 
nism. Finally, and least simply rationalized, al- 
most any oxygen- or nitrogen-containing solvent 
leads to decomposition of DBZF, which in most 
cases gives ultimately a clear or pale-yellow solu- 
tion over a fine or gelatinous precipitate of var- 
ious brown shades. Three 'powerful' polar sol- 
vents (pyridine, DMF, and DMSO) developed a 
very deep purple-brown solution but gave no pre- 
cipitate. No systematic correlation is apparent 
between the behavior of DBZF and the dielectric 
constant of the solvent. Since rapid decomposi- 
tion occurs in 1 : 1 methanol :water, the presence of 
water in the solvent may be important. It is note- 
worthy that hydrocarbons, CCl,, CS,, and di- 
methyl phthalate, all poor solventsfor water, have 
the least effect on DBZF. The remaining solvents 
all have a capacity for dissolving water. The slow 
reaction in CC1, and CS, may be due to polariz- 
ability effects or to solvent photolysis. However, 
in view of the low reactivity of DBZF in 2-pro- 
panol, reaction could be caused by impurity in 
some cases; dioxane is an unexpectedly" reac- 
tive" solvent and is well known to be difficult to 
purify. 

Since the only products identified from the 
DBZFImethanol photolysis are methyl benzoate 
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TABLE I11 
Ultraviolet spectra of substituted ferrocenes* 

(low-energy -> high-energy transitions + ) 

Compound hn,m hma, (~,, ,a~) h,,,, (crnnx) h,,,, (E,,,,,) 

Ferrocene (= FcH) 
Phenyl- 
Phenvl- (in MeOH) 26 

3 
4 
5 
6 
7a 
;b t 
9n 
9b 
9ct 
10 
I l a  
l l b  

~ c e t ~ l - -  
Acetyl- (in MeOH) 
Diacetyl 
Benzoyl- 
Benzoyl- (in THF) 
Benzoyl- (in MeOH) 
~ibenioyl-  
FcCH=CH.CO$ 
FcCH=CH.CO$ (in MeOH) 

F ~ c H = c H . c o - ~ I ~ ~  

F~CH=CH.CO-w (in 

MeOHl 

FC-(@~OCH~ (in MeOH) 

*Taken in isooctane against isooctarle unless specinsd otherwise; sh = shoulder. 
?See ref. 3 Tor spectrum In EtOH. 
$See rer. 17 for spectrum in EtOH. 
$The preparation and spectrum oI' this compound habe not been reported previously. 
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and an intractable iron-containing solid (possibly 
ferrous benzoate), any mechanism is necessarily 
highly speculative. Ferrocene undergoes various 
electron or proton transfer reactions, the products 
of the former being relatively unstable compared 
with the latter: ferricenium CloHloFe' breaks 
down on reaction with a free radical, e.g. ben- 
zoate (20), while the C,oH,oFe- ion gives iron 
and cyclopentadiene (21). I t  has been stated (22) 

that intermolecular H bonding between alcohols 
and ferrocelle involves the ring rather than the 
iron atom, but in acyl ferrocenes the carbonyl 
group is available for H bonding. If, as seems 
reasonable, the lower-energy transitions in DBZF 
involve metal + ring charge transfer (possibly 
with carbonyl excitation), the charge-transfer 
reaction, analogous to the ferrocene-CC1, case 
(12), could occur. 

Reaction between the radical and the benzoyl- 
ferricenium ion could then lead to breakdown of 
the molecule. 
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On pseudo-rotation in (AsCH,), and (AsCF,), 
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Two internal rearrangement processes can be deduced from the temperature dependences of the l H  and 
19F nuclear magnetic resonance (n.m.r.) spectra of the asymmetric puckered five-membered ring com- 
pounds (ASCH,)~, (AsCF,),, and (PCF,),. The first is a fast "butterfly" motion of the ring puckering 
which yields a time-averaged plane of symmetry perpendicular to the ring through the puckered atom. 
This motion could not be stopped in any of the three compounds by cooling, even to -130 OC in the 
case of (ASCF,)~. The second is a slow pseudo-rotation, or a rotation of the perpendicular symmetry 
plane around the ring yielding a time-averaged fivefold rotation axis. There is a choice between two 
mechanisms for this second rearrangement, either a "clickstop" process in which the puckering pro- 
gresses around the ring by one position at  a time, or a "pancake" process in which the puckering drops 
randomly into any one of the five ring positions from a planar transition state. This choice can be 
resolved for this cyclic permutation process by appeal to the n.m.r. lineshapes. The present data for 
(AsCH,), favor the "clickstop" mechanism in spite of a competing intermolecular process at  elevated 
temperatures with other components in the system which are in equilibrium with the ring compound. 

Canadian Journal o f  Chemistry, 46, 2733 (1968) 

Introduction 

Pseudo-rotation in five-membered puckered 
ring compounds has been discussed theoretically 
by several authors (I, 2) with particular reference 
to cyclopentane. Subsequently the far-infrared 
absorption spectrum of tetrahydrofuran was in- 
terpreted (3) in terms of this motion, and very 
recently the ring puckering modes in 2,Sdihydro- 
furan have been investigated (4) by the same 
technique. We recently reported (5) a nuclear 
magnetic resonance (11.m.r.) study of the asym- 
metric puckered ring compound (PCF,), and 
ascribed the temperature dependence of the "F 
spectrum to pseudo-rotation within the ring. 
However, in that molecule, the details of the 
process occurring are obscured in the n.m.r. data 
by severe 3 ' ~ - ' 9 ~  scalar spin coupling. We point 
out here that these details can be plucked from the 
related isostructural (6-8) arsenic compounds by 
taking advantage of the fast quadrupolar relaxa- 
tion of the spin-312 75As nucleus under the 
fluctuating field gradients caused by thermal 
motion in the liquid. Thus, "isotopic" substitu- 
tion of ,'P by quadrupolar 75As affords auto- 
matic, inexpensive heteronuclear decoupling. 

which could not be reduced by further fractionation. 
Samples gradually precipitated a red solid on standing 
for about a week at  room temperature or 0 "C (1, 8, 9). 
This transformation is rapidly reversible above 180 "C, 
and the clear yellow oil could always be regenerated by 
immersion of the sample tube in an  oil bath at  190 "C  
for a few minutes. Unsuccessful attempts to fractionate 
the material by vapor phase chromatography (v.p.c.) 
using an  SE30 silicone oil column at 165 and 185 "C 
gave a low intensity hump followed by severe tailing 
lasting upwards of an  hour. On the basis of these experi- 
ences and the n.m.r. data obtained, we now believe that 
the lines to high field of the dominant triplet are due to  
species derived from, and in equilibrium with, the 
parent ring compound (AsCH,),, and thus can never be 
removed from the spectrum. 

Arser~oper~uoromethane (AsCF,) , 
A mixture of (CF3As), was prepared by mercury de- 

halogenation of CF3AsIZ (10, also L. K. Peterson, un- 
published work). The volatile components ( x  = 4, 5) 
were treated with (CF,)2AsC1 to remove mercury, the 
(CF3),As2 so formed and the excess (CF3)ZAsC1 being 
readily separated from mercuric chloride and the less 
volatile cyclic polyarsines. The latter were sealed under 
vacuum in a 9 in. U tube (9 mm tubing) which, with 
the exception of the tip of one limb, was maintained a t  
4-5 "C above ambient temperature for several days. Large 
colorless crystals of more volatile tetramer (m.p. 98.5", 
lit. (10) 98.2") condensed on the walls of the cold limb, 
which was sealed off from the system. The less volatile 
dense1 lisuid remaining at the bottom of the tube was 
almost p"re pentamer (1 1) (I 1 % tetramer present, from 

Experimental n.m.r. integration). 

Arseriornethar~e (AsCH,), Results 
The yellow oil was prepared (9) by the reduction of (a) (AsCH3), 

sodium methyl arsenate with hypophosphorous acid. The ~ h ,  temperature dependence of the 60 M H ~  
oil was washed with dilute NaOH and then water and 
purified by fractionation at 110 "C under high vacuum. proton 'pectrum of neat is shown in 
In  additlon to the main 2:2:1 triplet in the n.m.r. spec- Fig. 1. The predominant signal is a 2:2:1 triplet 
trum, weak bands were also observed to high field with 
a total relative intensity at  42 "C of approximately 7%, Liquid (AsCF,), floats pyrex glass. 
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TABLE I 
Temperature dependence of 60 MHz 'H spectrum of neat ( A S C H ~ ) ~  

Chemical shift relative to line (Hz) Full width at half height (Hz) 

T ("C) 6, 6, 86 SE 6< 6, A Ap A.t A< 

Coalescence 

2.65 
2.85 -4.0 

(lines E & 5) 
2.90 

L L- --- 
192 Coalescence 2.90 
196 3.30 
202 4.30 
Solution in CDC13 
42 -1.85 0.70 5 .1  6.3 10.1 0.40 0.50 0.40 

NOTE: J~~c-,,(oL) = J13~-,,(!3) = 135.0 Hz: J~~c-H(Y) = 134.8 Hz. There is a barely detectable relative isotope shift of about -0.1 
Hz for protons bound to the '"-methyl group giving rise to  spectral line y, compared with the 13C side bands from lines a and p. 

approximately 2.3 p.p.m. downfield from external 
tetramethylsilane (TMS) and spanning oilly 2 Hz 

Jk k70c or 0.033 p.p.m. The lines are viscosity broadened 
at 42 "C with a full width at half height of 1.2 
Hz, but sharpen to a width of 0.65 Hz on heating 

42°C above 100 "C. The line width contribution in 

!l A excess of the homogeneity width (n)-'R,": = 0.3 
Hz of our Varian A56160 spectrometer is ascribed 
to residual 75As-'H coupling in the limit of 

I U 1 1 9 0 c A  182°C rapid 75As quadrupolar relaxation (i.e. R,(~'As) 
= l/T1 >> 2nJ Asp,). At 160 "C the lines of the 
triplet begin to broaden again and coalescence is 
reached at 183 "C. Above 183 "C the merged line 
first sharpens and then begins to broaden once 
more.The resonance lines of the minor constituent 

138°C 1880C to high field also broaden between 160 and 190 "C 
and have coalesced under the main peak at 
192 "C. A 1 :3 solution of (AsCH,), in CDCI, 
showed no change in the spectrum on cooling to 
- 55 "C. 

The maill features of the spectra are given in 
Table I. The entries represent averages of several 
spectra obtained from various runs on different 
samples. Temperature calibration was made by 
ethylene glycol resonance separation, and the 
figures are believed to be reliable to within 3 "C. 

174°C 202°C The mass spectrum of (AsCH,), obtained on a 

FIc. Temperature dependence of 60 MHz IH Hitachi Perkin-Elmer RMU-6E instrument oper- 
spectrum of neat vacuum-fractionated arsenornethane. ating at an inlet temperature of 200 "C and an 
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ionizing beam energy of 80 eV shows a rich 
fragmentation pattern consisting of long pro- 
gressions with A(m/e) = 15. The parent ion at 
mass 450 is weakly visible, and there is some 
evidence for a polymeric ion at mass 525. The 
largest ionic species of high intensity falls at mass 
270 [(AsCH,),' ?] and, thereafter, at 255, 225, 
165, 163, 150, 105, 103, 90, 89, 88, and finally 75. 

(b)  (AsCF,), 
The 56.4 MHz "F spectrum of neat (AsCF,), 

at  42 "C is shown in Fig. 2 and is also seen to be 
a 2 :2 : 1 triplet (lines a, p, and y) with lines p some 
2.10 kHz (38.3 p.p.m.) to high field of external 
CFC1,. The total range of the 19F shifts in this 
molecule is 175 Hz. or 2 orders of magnitude 
larger than the proton shifts in the methyl 
analog. Some residual coupling on the two more 
intense peaks is visible with a magnitude of 
approximately 1.5 Hz and is presumably due to 
long range F-F interactions; this splitting ap- 
pears to be temperature dependent. Owing to 
severe bumping and rapid refluxing of this material 
within the sample tube, we were unable to obtain 
spectra above 160 "C, and to that limit the main 
features of the spectrum are maintained. The 
triplet structure of the resonance is also visible 
down to -55 "C where viscosity broadening of 
the neat liquid causes a full width at half maxi- 
mum of 25 Hz. 

FIG. 2. 56.4 MHz 'T spectrum of (AsCF,), liquid 
a t  42 "C. (AsCF,), is present as impurity. 

Slow passage spectra of (AsCF,), in solution 
in CFCl, could be obtained down to -100 "C, 
where the simple triplet structure of the spectrum 
is still visible. By immersing the sample in liquid 
nitrogen and allowing it to warm back to -100 
"C in the probe, fast passage spectra could be 
obtained down to the melting point of the solu- 
tion, estimated to be about -130 "C. The spectra 
here reproduce the triplet structure observed at 
higher temperatures. The n.m.r. data for (As- 
CF,), is assembled in Table 11. The temperatures 
quoted are nominal, but are probably good to 
within 5 "C. 

TABLE I1 
Temperature dependence of 56.4 MHz 19F 

spectrum of (AsCF,), 

Chemical shift relative to line 
B (Hz) 

(a) Neat (AsCF,), 
+I60 -146 +19 

130 -145 20 +238 
100 - 145 24 240 
42 -146 28 23 6 

0 - 147 3 3 236 
- 30 - 148 36 234 
- 50 - 147 37 234 
- 55 - 146 3 8 23 1 

(b) (AsCF,), in CFC1, 
+ 42 - 142 30 

The (AsCF,), present as an impurity yields a 
single sharp Rne for its 19F resonance, indicating 
at least time-average symmetry for the four CF, 
groups and thus a cyclic structure. It probably 
has strict D,, symmetry, analogous to (PCF,), 
(6). 

Discussion 

I .  Low Tenzpernture Process 
If the structure of these molecules in solution 

is similar to that found by X-ray scattering in the 
solid for (PCF,), (7) and (AsCH,), (8), then there 
is no element of symmetry at all and each sub- 
stituent group should have its own unique chemi- 
cal shift. The n.m.r. pattern should be five lines of 
equal intensity and varying shifts. The 2:2:1 
pattern in (AsCH,),, taken alone, could be 
reconciled as accidental degeneracy of the shift 
of two pairs of methyl groups, in view of the very 
small total chemical shift. However, the reap- 
pearance of this pattern in (AsCF,),, where the 
relative chemical shifts are much larger, makes 
this explanation unlikely. In (PCF,), both the 
19F spectrum and the spectrum below 150 "C 
were found (5) to be broad bands of relative 
intensity 2:3, the breadth being caused by com- 
plex 31~-19F couplings. I t  seems very likely 
that this coupling in (PCF,), obscures the resolu- 
tion of both nuclear resonances into the simple 
2:2:1 structure we now observe for the analo- 
gous arsenic compounds. 

The implication of this "oversimplified" 
spectrum then common to all three five-membered 
rings is that each ring has an effective plane of 
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symmetry in the liquid phase. We propose that 
the mechanism by which these rings generate a 
time-average symmetry plane from the instaneous 
structure which is locked by crystal forces in the 
solid is a "butterfly wag" of the ring puckering 
atom through the approximate plane defined by 
the other four ring atoms, and a simultaneous 
inversion at  the puckering atom. 

Structure 3 is the equivalent to structure 1, as 
may be seen by a twofold rotation of 3 about an 
axis perpendicular to the 1-5 bond in the plane 
defined by ring atoms l , 2 , 4 ,  5; however, in 3 the 
role of atoms 1, 5 and 2 , 4  are interchanged with 
respect to that in 1. The complete process is 
equivalent to holding the puckering atom and its 
substituent fixed and inverting each substituent 
a t  ring atoms 1, 2, 4, and 5. The effective sym- 
metry plane is more evident in the latter descrip- 
tion. 

This process must be fast, since the expected 
quintet of lines does not separate in any of the 
compounds down to -55 "C and, in particular, 
in (AsCF,), even on cooling to - 130 "C. For 
this molecule we can estimate a minimum pucker- 
ing inversion frequency of 315 s-' at  143 "K by 
assuming a value of 50 Hz  for the chemical shift 
difference between F nuclei on positions 1 and 5 
or positions 2 and 4 in the locked configuration 
1. If the As inversion process is via quantum- 
mechanical tunneling through the potential bar- 
rier in the Wentzel-Krainers-Brillouin (W.K.B.) 
sense2 then this observed lower limit represents 
an ensemble average of inversion frequencies 
over the appropriate occupied levels of the 
normal vibrational modes of the arsenic ring. On 
the other hand, if the inversion process takes 
place by thermal excitation over the potential 
barrier with a transition state represented by 
some structure such as 2, then the observed lower 
limit for the inversion frequency implies an upper 
limit for AG* of 6.5 kcal mole-'. 

Dennison and Uhlenbeck (14) have derived an 

'For discussions of tunneling phenomena, see Townes 
and Schawlow (12) and Hertzberg (13). 

expression, based on the W.K.B. method3, for 
tunneling through a potential barrier under the 
approximation that the variable for the tunneling 
motion is predominantly a single normal vibra- 
tional mode. They find that the tunneling fre- 
quency v is given by 

[ l I  v = (vo/n) exp I, 

where v, is the vibrational frequency of the 
active mode and 

with p the reduced mass for the vibrational co- 
ordinate, V(S) the potential energy, E the total 
energy, S the normal coordinate for the vibration 
or tunneling motion, So that S for which V(S) 
= E with respect to the maximum of the barrier. 

Thus, the tunneling frequency varies in an 
approximately inverse exponential fashion with 
the weighted area cut off the potential hill by the 
vibrational eigenvalue, and increases rapidly with 
the quantum number of the active vibration. 

Now in general a process will occur by that 
route which maximizes its frequency. We believe 
that the present data allow us to choose between 
the tunneling and the transition state mechanisms 
in favor of the transition state route. 

(1) The tunneling frequency of inversion for 
ASH, has been estimated from eqs. [I] and [2] 
by Costain and Sutherland (16) and by Berry (17) 
using various forms for the potential energy 
ful~ct io~l  V(S), and these estimates are slower 
than our lower bound for the frequency in 
(AsCF,), by 9 and 4 orders of magnitude 
respectively. Moreover, the tunneling frequency 
in (ASCF,)~ is expected to be even slower than 
than that in ASH, because: 

(a) the reduced mass p is much larger, 
(b) the As-C bond length (1.95 A) and As-As 

bond length (2.43 A) here are each much larger 
than the As-H bond length (1.52 A), implyillg 

3For a discussion of the W.K.B. method, see Messiah 
(1 5). 
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a "wider" potential barrier against tunneling, 
i.e. larger So, and 

(c) the relevant ring distorting vibration in 
(AsCF,), is expected to be much lower than the 
active v, vibration in ASH, (974 cm-I), so that 
in eq. [l] vo(AsCF3), < vo(AsH3). 

(2) The possibility of d, bonding in the five- 
membered As ring favors a flat transition state 
such as 2, lowering the height of the potential 
barrier V(S = 0) and thus increasing the prob- 
ability of thermal promotion over the barrier. 
This effect works against the cumulative effects 
la-lc above with respect to tunneling, but cannot 
counteract the dominating reduction in tunneling 
frequency caused by l a  and 16. 

The overall low temperature process in these 
five-membered rings can then be described as an 
entropy-increasing one utilizing the ring flexibi- 
lity. In this respect it is similar to the chair-chair 
process well known in cyclohexanes and related 
heterocyclic molecules. The As inversion at the 
puckering center is incidental to the ring process, 
and probably results from second order effects 
such as steric repulsion in the ring flip reaction 
coordinate. Tunneling inversion of the ring atoms 
is too slow to be observable; if each ring atom 
could invert randomly and rapidly by tunneling, 
the rings would probably be pseudo-flat and the 
observed 2:2:1 pattern would collapse to a single 
line. In this respect the temperature dependence 
of the 19F spectrum of hypothetical (AsF), would 
be interesting. 

As an aside, we point out that the above analy- 
sis of inversion by tunneling vs. transition state is 
in principle applicable also to nitrogen in the 
chair-chair process of N-heterocyclic com- 
pounds. Berry's (17) estimate of the tunneling 
frequency in the ground vibrational state of NF, 
yields a value of 0.03 s-I, and for reasons similar 
to those above, this value is probably larger than 
the N-tunneling frequency in N-heterocyclics. 
Then the pure tunnel process would be too slow 
to be observable by n.m.r. methods. Consistent 
with this, most organic chemists (18, 19) regard 
observed N-inversion in ring compounds as 
taking place at the transition state of the ring 
process. However, at least for perfluoropiperidine 
(20) the N-inversion is rapid down to - 115 "C 
and is apparently independent of the ring process, 
indicative of tunnel inversion. The ring puckering 
flip motion has recently been observed through 
the microwave spectra of the four-membered 

heterocycles trimethylene oxide (21) and trime- 
thylene sulfide (22), where the motion is fast 
(8.23 GHz for the latter in its ground vibrational 
state) and occurs by tunneling. 

Finally, there is no evidence4 in the X-ray data 
of Burns and Waser (8) on (AsCH,), in the solid 
for the ring puckering flip motion inferred here 
in the liquid. From their structural data, such a 
motion involves a translation of the puckering 
As atom by 2.5 A through the average plane 
defined by the other four ring atoms, and a 
similar motion of the CH, substituent center by 
0.92 A. Therefore, ring puckering inversion would 
not be expected in the solid state. 

2. Higlz Temperature Process 
The spectra of both (PCF,), and (AsCH,), 

collapse at elevated temperatures, although in 
neither case could the process be followed to 
sufficiently high temperatures on our equipment 
to reach the fast exchange limits, where presum- 
ably the spectra are single sharp lines. The ob- 
served collapse is completely reversible with 
temperature. The "F spectrum of (AsCF,), 
showed no significant broadening to 160 "C; if 
(AsCF,), has a process analogous to the other 
two compounds, then it must occur at somewhat 
higher temperatures. 

For (PCF,), we ascribed (5) this high tempera- 
ture process to intramolecular pseudo-rotation of 
the ring puckering around the ring. However, 
other possible mechanisms were also considered, 
among which were intermolecular CF, exchange 
and ring opening. The pentamer is known to 
pyrolyze slowly to the more stable tetramer (23) 
and the mechanism could conceivably involve 
intermolecular CF, exchange. This process was 
ruled out in our consideration of the (PCF,),/ 
(PCF,), spectra because the 19F spectrum of the 
tetramer component remained sharp to 200 "C, 
whereas CF, exchange would be indiscriminate 
and involve both the pentamer and tetramer 
species. Ring opening of the pentamer at elevated 
temperatures would lead presumably to pyrolytic 
polymerization (which requires some 48 h at  
250 "C to be detectable in the bulk (23)) and thus 
could not account for the reversible changes 
observed in the spectra a t  200 "C. No spurious 
bands were detected at  any temperature in the 
19F spectra of these P ring compounds. 

4F. Einstein. Private communication. 
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With (AsCH,),, on the other hand, the ap- 
pearance of weak lines of constant intensity ratio 
to high field of the main pattern over the tempera- 
ture range from 25 to 160 "C in the neat liquid, 
and the slow but reversible deposition of a red 
solid on standing, point to an equilibrium process 
which is describable as a ring opening (8). 

rapid slow 
( A s C H ~ ) ~  F==+ (AsCH~),, F==+ (AsCH,), 

A B C 
ring, yellow oil, open chain, polymer, 
stable > 100 "C (yellow ?) red-brown 

solid, 
stable < 100 "C 

Burns and Waser (8) find a direct solid-solid 
transformation A -, C which is rapid (time scale 
of hours) a t  4 "C. We infer the presence of the 
intermediate B from the constancy of the pattern 
of the weak lines, and from the fact that these 
lines appear in the spectrum of a freshly distilled 
sample showing no trace of red solid. Vapor den- 
sity measurements of Waser and Schomaker (1) 
a t  high temperatures and low pressures give evi- 
dence for a range of association from 5 to  3. 

Our mass spectral date is relevant here, but 
unfortunately inco~~c l~~s ive .  We find no evidence 
in the splitting pattern of arsenomethane in the 
vapor for any polymeric ions larger than [As,- 
(CH,),]', but this may merely reflect the very 
low vapor pressure of the parent polymers. Ionic 
species with 4 or 5 As atoms d o  not make a signi- 
ficant contribution to  the mass spectrum, which 
consists predominantly of fragments with 1, 2, 
or 3 As atoms. But the existence of a strong peak 
corresponding to the vapor ion (AsCH,),' can- 
not per se be taken to imply the existence of the 
simple trimer in the bulk liquid. 

If B results from a simple ring opening of A, 
then it must be either a biradical or a zwitterion. 
The 'H resonance of a biradical would probably 
not be detectable because of severe intramolecular 
I S  interaction, and moreover, the solvent 
(AsCH,), peaks would be broadened by a similar 
intermolecular interaction. Both these inferences 
are contrary to our observations. Thus the inter- 
esting possibility exists that B is a zwitterion on 
an open chain of As atoms. This state of affairs is 
then consistent with the previous observation (1) 
that the overall transformation A -, C in the 
liquid is catalyzed by solid C and is surface depen- 
dent and with our observation of tenacious stick- 
ing to  a v.p.c. column. The n.m.r. spectrum of the 
high field lines assigned to  species B shows that 

B is not simple. In particular it cannot be just a 
single simple chain with 1 methyl group per 
arsenic atom. We are unable to rationalize that 
part of the B spectrum which is visible, or even 
to decide whether the spectrum represents a 
distribution of chain lengths or a single entity of 
complex structure. 

On heating above 155 "C, the weak bands as- 
signed to species B broaden and finally merge a t  
192 "C with the strong resonance triplet due to 
ring compound A. This is presumably due to the 
fast intermolecular equilibrium A e B. As far as 
we can tell, this is not a catalyzed process, since 
the line widths of B and the coalescence tempera- 
ture are both independent of the purity and 
history of the sample. 

In spite of this intermolecular equilibrium, we 
nevertheless believe that the line shapes observed 
for the strong A triplet over the temperature 
range 170-190 "C are governed primarily by 
another, purely intramolecular process analogous 
to that observed in (PCF,),, i.e. pseudo-rotation 
of the ring puckering. Possibly the two processes 
are fundamentally linked in this As ring; when 
the five-membered ring gains enough flexibility to 
surmount the barrier to pseudo-rotation by 
thermal excitation of the ring torsional modes, 
there is almost enough torsional energy to tear 
apart the weak As-As bonds. Put another way, 
very few pseudo-rotations take place in a given 
molecule before bond scission occurs. The evi- 
dence that the visible collapse of the A triplet is 
due to an intramolecular rather than an inter- 
molecular process follows. 

( I )  Lilze Willtlzs 
For  intermolecular exchange between pre- 

dominant species A, equilibrium fractional pop- 
ulation p,, and low abundance species B, of 
population p,, the site lifetimes T, and T,, and 
hence the n.m.r. line widths AvA and AvB below 
coalescence, are related by 

By peak areas we find this ratio to  be about 
14: 1, whereas at the A triplet coalescence tem- 
perature (183 "C) the relevant line width ratio is 
approximately 2:l. Moreover, above the A trip- 
let coalescence (183 -, 192 "C) the line nar- 
rows slightly with increasing temperature, but 
broadens again on further heating to 202 "C. This 
behavior is indicative of a double exchange pro- 
cess if the mixture remains diamagnetic. 
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(2) Electron Dlflraction Data 
Waser and Schomaker (1) find evidence in the 

electron diffraction by the vapor at 200 "C that 
the non-bonded As atoms in the ring change their 
relative distances by an intramolecular process, 
accounting for a broad peak in the radial distribu- 
tion function centered at 3.44 A. The fast intra- 
molecular butterfly wag motion discussed above 
cannot change the cross-ring As-As distance, 
whereas such an observation is consistent with 
pseudo-rotation. 

(3) Nonrntzclom Memory 
The most compelling evidence that the ob- 

served process is intramolecular in nature comes 
from a detailed consideration of the line shapes 
of the A triplet under the exchange process, as 
discussed in the next section, which shows that if 
the process is pseudo-rotation, then the ring 
puckering advances by a "clickstop" process by 
only one position around the ring. This built-in 
memory argues strongly against an intermolecu- 
lar mechanism which we expect to be random. 
But a completely specific intermolecular mech- 
anism wherein the ring opens to a chain which 
recloses to form the ring in the identical con- 
figuration would yield an opening out of the 
distinct chemical shifts in the fast exchange limit. 
The spectrum is observed to collapse. 

3. Mechatzist~z of  Pseudo-Rotation in (AsCH,), 
Unlike most exchange processes, a cyclic intra- 

molecular motion such as pseudo-rotation allows 
a choice to be made among the various possible 
mechanisms from a detailed fit of the observed 
lineshap with those calculated from the different 
possibilities. We take the A triplet collapse of 
(AsCH,), to be due to intramolecular pseudo- 
rotation and assign for example the 2 :2 : 1 pattern 
of the low temperature spectrum with the protons 
of the 1,5-methyl groups at  low field, those of the 
2,4-methyl groups to the central peak, and those 
of the 3-methyl group at the puckering center to 
the high field line. Two limiting mechanisms 
were considered: a "clickstop" one where the 
puckering advances by just one position around 
the ring, and a "pancake" one where the primary 
step is a thermal excitation to a flat long-lived 
transition state from which the puckering drops 
randomly into any one of the five available sites. 
With respect to a frequency reference frame 
rotating at the time-average degenerate Larmor 
frequency of the central line (so that o2 = o4 
= O),  and in the basis of the total proton magneti- 
zations of the methyl substituents, the Anderson- 
Weiss A matrices5 for the two cases are as 
follows : 

[4] A,,icas,op = i o ,  - R, - k k/2 : 0 0 

k/2 -R2 - IC 142 0 0 

0 k/2 io,  - R, - IC 1~12 0 

0 0 Ic/2 -R4 - IC k/2 

k/2 0 0 l ~ i 2  i w , - R j - I C  

iw, - R, - 0.8k 0.2k 0.2k 0.2k 

/'I2 1 
0.2k 

0.2k - R 2  - 0.81~ 0.2k 0.2k 0.2k 

0.2k 0.21~ iw, - R,  - 0.81~ 0.2k 0.2k 

0.2k 0.2k 0.2k -R4 - 0.8k 0.21~ 

0.2k 0.2k 0.21~ 0.2k io,  - R, - 0.8h 

o,, o,, o (rad s-') are the relative chemical These matrices represent ensemble averages for 
shifts from the origin, Ri (= 1 ITzi) are the appar- the time dependence of the site magnetizations. 
ent transverse relaxation rates, including inhomo- Thus a particular molecule will transfer 3-methyl 
geneity contribution R*, and lc (s-') is the first magnetization either to site 2 or to site 4 under 
order rate constant for the transfer of inagnetiza- 
tion out of a particular site under the exchange SFO,. a Of the general properties of the A 
process. matrix, see Abraga~n (24) or Gutowsky (25). 
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clickstop pseudo-rotation, but the average mag- 
netization is sprayed equally to both sites by the 
exchange. 

The absorption response I(o) of the system to 
irradiation at an arbitrary frequency o is then 
given by 

[6l I(o) cc -Re[l .B-' .M(O)], 
where B = A - oU, U being the unit matrix; 
1 is the row vector of units; M(0)  is a column 
vector whose components are proportional to 
the thermal equilibrium values of the site magne- 
tizations. In our basis, M(0)  is the column 
vector of units. 

A Fortran IV computer program was written 
to invert the complex 5 x 5 B matrix and plot 
the scaled function I(o) point by point as a func- 
tion of o for values of the spectral parameters 

CLICKSTOP PANCAKE 

k Ass.1 A55 .2  

FIG. 3. Comparison of computed spectra for intra- 
molecular exchange between lines a, P, and y of the 
(AsCH,), triplet. Assignment 1 is a = 1,5-methyls, 
P = 2,4, y = 3 and assignment 2 is a = 2,4, 0 = 1,5, 
y = 3. The random pancake mechanism is independent 
of assignment. The input parameters are o, = -2n 
x 1.05 s-', oo = 0, o - +2n x 0.80 s-', R, = RP 
= 1.32 s-', R., = 1.04 's-'. (See footnote 6 In text.) 

obtained from low temperature (i.e. non-ex- 
changing) spectra6 and for various values of the 
exchange parameter k. Eleven minutes of IBM 
system 360140 computer time were required to  
calculate and output nine different k-value spectra 
each of 120 o points corresponding to a single 
assignment and a single exchange mechanism. 
The computed spectra for the two possible as- 
signments which maintain the mirror plane due to 
puckering inversion and for the two limiting 
mechanisms are presented in Fig. 3. We point out 
that the random mechanism yields a line shape 
independent of assignment. For the assignment 
most likely on chemical grounds (line a from 
1,5-methyl groups, line P from 2,4-methyl groups) 
the difference in the computed line shapes for the 
two mechanisms are not dramatic, owing to the 
smallness of the chemical shift, but comparison 
with the observed spectra in Fig. 1 nevertheless 
favors the clickstop or nonrandom mechanism, 
mainly with respect to the rapid merging of the 
high field line y with the central line p, and the 
development of a rather well-defined doublet. 
The absence of this doublet for the second as- 
signment (line a from methyl groups 2,4 and p 
from 1, 5) in either mechanism argues against this 
unlikely possibility. 

Owing to the very limited temperature range 
over which the spectrum broadens and collapses, 
no serious attempt was made to obtain experi- 
mental k's versus temperature, and thus the 
enthalpy of activation. However, the clickstop 
mechanism yields lc = 7.0 s- '  at 456 OK from 
the observed spectra. Assuming then that the 
intramolecular pseudo-rotation proceeds by ther- 
mal activation through a transition state atop 
the potential barrier, the Eyring rate equation 

61n practice, a satisfactory fit could not be acheived 
by this procedure, since the experimental line shapes of 
the individual members of the triplet are apparently not 
the Lorentzians implied by the use of the phenomeno- 
logical R's in eqs. [4] and [5]. The observed line shapes 
are squarer than Lorentzlan, and we suppose this to be 
due to unresolved Jf,-c-a.-as-c-H coupling, although such 
an effect could conceivably arise from As-H coup- 
ling if such coupling were small and not in the limit 
of rapid 7sAs-quadrupolar collapse. We thus attempted 
to fit the reference low temperature spectrum by a sum 
of Lorentzians to achieve a resoluliot~ in the computed 
spectrum comparable to that observed. Empirically we 
find that R,, ,,,,, ,,,, z +R,,,,,, as obtained from the half 
line wldth. 
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(where k is the rate constant for the process, K is 
the Boltzmann constant, K is the transmission 
coefficient, assumed unity, and the other symbols 
have their usual meaning) yields AG* = 25.3 
kcal mole-' for clickstop pseudo-rotation in 
(AsCH,),. This compares with an estimated 
value (5) of 23.5 kcal mole-' for the similar 
process in (PCF,),. It is not possible to say from 
the present data whether the process occurs in 
(AsCF,),. If it does, then AG* is certainly greater 
than 21.5 kcal mole-'. 

FIG. 4. Schenlatic diagram of free energy surface 
for internal ring ~iiodes in (ASCH,)~ and (PCF,),. The 
phase angle of the ring puckering is taken as the cy- 
lindrical polar angle coordinate, and the surface is 
symmetric in the puckering coordinate p about p, 
where the ring is planar. Free pseudo-rotation can only 
occur above the saddle points in the annulus, here about 
25 kcal above the minima. 

larity in the values may be more than accidental, 
in that the pseudo-rotation takes place through a 
torsional mode of the ring which involves a 
rotation about several of the As-As bonds in 
(AsCH,),. Thus the barriers we measure are 
understandable qualitatively in terms of d, bond- 
ing between some of the ring atoms, but the 
detailed problem of the existence of delocalized 
n bonds in a puckered ring is a much more com- 
plex matter. The average As-As bond distance 
in (AsCH,), from the X-ray data of the solid (8) 
is 2.428 A, close to twice the covalent radius 
(2.42 A) assigned to As by Pauling (26). This 
would appear to rule out a bond order of more 
than unity, but may simply imply the existence 
of multiple bonding in the model compounds 
(gaseous As, and crystalline arsenic) chosen to 
evaluate the radius. 

Figure 4 is a sketch, not to scale, of the free 
energy surface for the two internal ring modes of 
puckering inversion of the C, form and pseudo- 
rotation in (AsCH,), and (PCF,), and possibly 
also in (AsCF,) ,. 

Conclusion 

The puckered five-membered rings of (AsCH,), 
and (AsCF,), have an effective plane of symmetry 
in the liquid phase below 160 "C on a time scale 
of the order of lo-' s. This symmetry is attributed 
to a concerted butterfly wag of the ring puckering 
through the ring plane and simultaneous inver- 
sion at the puckering atom. Apparently the As 
atom inverts through a planar transition state 
rather than by quantum-mechanical tunneling. 
The collapse of the proton resonance spectrum 
of (AsCH,), above 170 "C is ascribed to intra- 
molecular pseudo-rotation of the ring puckering 
with a AG* of 25.3 kcal mole-' and at still higher 
temperatures to an interlnolecular equilibrium 
caused by ring opening. The mechanism of the 
pseudo-rotation seems to be a clickstop jump of 
the ring puckering from one position to the next 
rather than a random process. 

We may wonder at the magnitude of this barrier Acknowledgments 

to ring rippling in these five-membered rings. We wish to thank H. P. K. Lee for the original 
Indeed, the values we find for this group of com- preparation of arsenomethane. We are grateful 
pounds are comparable to the barriers to hindered to Professor B. 0. West for communicating his 
rotation about partial double bonds (24 kcal own results on the proton spectrum of (AsCH,), 
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The electrochemistry and the kinetics of the formation of rutheninm(I1) 
nitrogen complexes 

I. J. ITZKOVITCH AND JOHN A. PAGE 
Laslr Miller Clletnical Laboratories, Ut~i~ersity of Torotito, Torot~to 5, Orztario 

Received March 5, 1968 

Electrolysis at  a mercury cathode controlled at -0.50 V (vs. standard calon~el electrode s.c.e.) in a 
H2S04-K2S04 electrolyte with pH of 2.6 and saturated with Ar gas has been used to prepare RuH- 
(NH3),X. The reaction of this species with N2 in the aqueous base electrolyte at 26 "C has been studied 
and found to follow the equations: 

In base electrolyte saturated with N2 at  1 atm (CN2 z 6 x M )  the value of the apparent first 
order constant, Ic',, is 4.4 x 10- s-' and the value of Ic, is 4.2 x lo- '  1 mole-' s-' 

The electrochemistry of the various ruthenium species was also investigated in the H2S04-K2S04 
electrolyte. At the dropping mercury electrode, Run[ (NH3),C1 gave a well-defined one electron reduc- 
tion wave with Ell, = -0.27 V; Ru" (NH3),X gave a well-defined one electron oxidation wave with 

= -0.25 V. The nitrogen con~plexes gave oxidation waves at a rotating platinum microelectrode, 
the monomer with El l=  = +0.72 V and the dimer wit11 El,, = 3-0.78 V. 

Canad~an Journal of Chemistry, 46, 2743 (1968) 

Introduction 
The spontaneous reaction of N, with RuH- 

(NH3),X in aqueous solution has been reported 
by Harrison and Taube (1) and by these authors 
with Weissberger (2). The products were the 
mononuclear Ru(NH3),NZ2+ first isolated by 
Allen and Senoff (3), and a binuclear (Ru- 
(NH,),),N,~+ that was characterized by Job's 
method, elementary analysis, and infrared 
spectra. 

In this previous work the Rui1(NH3),X was 
prepared from the RLI"' complex by the reduc- 
ing action of excess Zn in an H2S04  electrolyte. 
In this paper, starting with Rul'(NH,),X pre- 
pared by controlled potential electrolysis, we 
report on the electrochemistry and on the 
kinetics of the formation of both the mono- and 
bi-nuclear nitrogen complexes. 

Experimental 
Pure Ru(NH3),CI.CI2 was first prepared and pure 

Ru(NH3),N2.Cl2 was plepared from this material using 
sodium azide according to the procedures of Allen et al. 
(4). The purity of the products was established by infrared 
spectra, by the coulometric results on the reduction of 
dissolved Ru(NH3),C1.CI2, and by agreement of the 
extinction coefficient for the dissolved Ru(NH3),N2.C12 
with published values. 

The studies were carried out in a base electrolyte 
0.099 M in K2SO4 and 0.01 M in H2SO4; the measured 
pH of the electrolyte was 2.6 at 25 "C. Oxygen was re- 
moved and excluded from the electrolyte wit11 either 
nitrogen (N,) or argon (Ar) gases. The nitrogen gas 

(Linde, less than 10 p.p.m. oxygen) was purified by 
passage over hot (500 "C) copper turnings; the argon 
gas (Matheson, high purity) was used directly. The gases 
were then saturated with water vapor before use. 

Polarograms were recorded on a Sargent model XV 
instrument using a conventional H-cell with a saturated 
calomel reference electrode and either a dropping ~uercury 
or a rotating platinum microelectrode. The solutions for 
polarography were maintained at 25.0 "C; the mercury 
electrode had a flow rate, m, equal to 1.514 mg Hg s-'. 
The electrolyses were carried out in a H-type double 
diaphragm cell using the control apparatus and current 
integrator as p~eviously described (5). The working elec- 
trode was a mercury pool (56 cm2) and the volun~e of the 
solution electrolyzed was always 180 ml. A Metrohn~ 
EA402A saturated calomel electrode was used as refe- 
rence. All potentials ( V )  reported are in volts relative to a 
saturated potassiuln chloride calon~el electrode. 

The kinetic studies were carried out in the electrolysis 
cell; the temperature was maintained at 26f 1 "C in 
these runs. Spectra were recorded on a Bausch and Lomb 
Spectronic 505 using a flow system connected to the 
electrolysis cell and matched 0.1 cm and 1.0 cm quartz 
cells. The flow system was essentially glass but utilized a 
peristaltic pump with neoprene tubing. The extinction 
coefficients used are given in Table I. 

TABLE I 

Extinction coefficients: K,S04-H2S04 electrolyte 
-- 

222 n ~ p  262 mp  

*Controlled potential reduction of R U ( N H ~ ) ~ C I . C I ~ .  
.tPure R u ( N H , ) ~ N ~ . C I ~ .  
gPure ( R U ( N H , ) ~ ) ~ N , . ( B F ~ )  synthesized by Frank Botteley. 
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TABLE I1 
Electrochemical behavior: K2S04-H2S04 electrolyte 

El 12 id 

RLI" (NH&N2 $0.72 V Anodic wave 
r.p.e.* 

(Ru" (NH3)5)?N2 $0.78 V Anodic wave 
r.p.e.* 

*r.p.e. = rotating platinum electrode. 

Electrochemistry 

Typical electrochemical behavior of the 
ruthenium species is summarized in Table 11. 

The Ru(NH,),Cl.Cl, in the base electrolyte 
was found to give a well-defined reduction 
wave at the dropping mercury electrode (d.m.e.) 
in the presence of 0.004% Triton X-100 as a 
lnaximum suppressor. For the system in Table 
11, a plot of log i/(id - i) against Ed.,.,. was 
linear with a slope of 1/(65 mV) indicating some 
degree of irreversibility. The polarographic 
behavior was independent of whether Ar or N, 
gas was used to displace dissolved oxygen from 
the electrolyte. 

Controlled potential mercury cathode elec- 
trolysis of solutions of Ru(NH,),Cl.Cl, in the 
base electrolyte (Ar gas) were found to proceed 
sinoothly at -0.50 V to a negligible residual 
current. Plots of log i against time were linear 
indicating a diff~~sion-controlled process; the 
slope was - lI(2.5 x lo3 s), corresponding to a 
half-life of 750 s. 

The electrolyses proceeded smoothly to a 
negligible residual current (< 100 PA), and the 
quantity of electricity when corrected for back- 
ground effects always corresponded closely to a 1 
faraday per mole reduction (n = 1.02 + 0.02 on 
3 reductions). Spectra were recorded at  intervals 
during these electrolyses; it was observed that 
concurrent with the formation of the first ap- 
preciable amount of RuH(NH3),X, the spec- 
trum showed a rapid shift in the wavelength of 
maximum absorption from 326 to 310 my. The 
new spectrum was characteristic of that of Ru- 
(NH,) j(HS0,)2+ (6) and indicates a ruthenium- 
(11)-catalyzed substitution in the ruthenium(II1) 
complex; as the electrolysis proceeded from this 
point an isobestic point was obtained at  268 mp 

suggesting a clean reduction to a single RuI1- 
(NH,),X species. Polarography of the reduced 
solutions (Ar gas) gave a well-defined oxidation 
wave at the dropping mercury electrode in the 
presence of 0.004% Triton X-100. For the 
system in Table 11, a plot of log (id - i)/i 
against Ed.,.,. was linear with a slope of 1/(74 
mV) . 

The polarography of the nitrogen complexes 
was also investigated using solutions of RuI1- 
(NH,),N, and (Ru1'(NH3),),N2 obtained in  
the kinetic runs subsequently described. Both of 
these species were found to give oxidation 
waves at a rotating platinum microelectrode 
(Ar gas). The species were difficult to oxidize; 
the half-wave potential of the monomer was 
1.0 V positive to that of the Run(NH3),X, and 
the dimer was even more difficult to oxidize. 

Kinetics 
The formation of the nitrogen complexes was 

considered to take place according to  the equa- 
tions 

G = I'", . C,, . CNZ - kd .C,, . Chl, 
d t  

so that for a solution saturated with nitrogen 
gas at 1 atin: 

Here A is RuH(NH3),X, M is the monomer 
Ru"(NH,),N,, and D is the dimer (RuI1- 
(NH3)5)2N2. 
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0 500 
T l M E  ( M I N  ) 

FIG. In. Formation of RU(NH,),N,~+: (0) CoA = 
FIG. lb.  Rate of forn~ation of Ru(NH,),Nz2+, C in 

- 5.0' 1 

0 5 0 0 

T I M E  ( M I N  ) 

In each case, the solutions of known initial 
concentration, CO,, were prepared by controlled 
potential electrolysis (-0.50 V) of weighed 
amounts of Ru(NH3),C1.CI2 dissolved in the 
known volume of the base electrolyte (Ar gas). 
The electrolysis was continued till a negligible 
residual current was obtained (< 100 PA). The 
nitrogen reactions were then initiated either by 
switching the gas stream from Ar to N, (I, 11) 
or by adding a weighed amount of Ru(NH,),- 
N2.C12 (111). All these reactions were carried 
out in the electrolysis cell and the electrodes 
were not removed nor the circuit interrupted. 
Thus the mercury cathode (-0.50 V) was always 
in contact with the ruthenium solution, but in 
every case the residual current remained neg- 
ligible (and cathodic) throughout. Three types of 
kinetic runs were carried out: 

I. Runs at relatively low initial concentrations 
of A to evaluate k ' ,  (Fig. la). The concentration 
of M was simply calculated from the absorbance 
at 222 mp and plots of log (CO, - CM) against 
time gave a value of 4.4 x s-' for k' ,  
(Fig. Ib), corresponding to a half-life of 255 
min in the N, saturated solution. 

The plots show positive deviations at long 
times from the expected linear relation; this is 
due to the formation of significant amounts of D. 

11. Runs at relatively high initial concentra- 

1.45 x M ;  (A) CoA = 0.75 x M ;  I = 1 .O cm. 
moles 1- . 

tions of A to evaluate lc = k,/kl, (Fig. 20). 
Combination of eqs. [3] and [4] yields 

and integration gives 

so that CD is a function of CM, independent of 
CO, and time of reaction. In these runs, the 
concentrations of M and D at different times 
were calculated from the simultaneous relations: 

Kinetic runs were carried out at three different 
initial concentrations of A, and curves calculated 
for three different values of lc are supelimposed 
on the experimentally found concentration 
ratios (Fig. 2b). A value of lc equal to 1.0 x lo3 1 
mole-' gives a good fit to the experimental 
ratios. 

111. One run was carried out to evaluate Ic, 
directly (Fig. 3a). Reaction [2] was studied in the 
absence of reaction [ I  ] in a solution saturated 
with Ar gas and with CO, equal to CO,. The 
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I . 5 r  

T l M E  I Y I N  I 

FIG. 20. Formation of Ru(NH3),N2> and ( R U ( N H ~ ) ~ ) ~ N ~ ' + :  (0) CO,, = 2.90 x M ;  (A) CoA = 1.95 
x l o d 3  M;(?)) COA = 1.33 x M ; I =  0.1 cm. 

FIG. 26. Flt of experimental results to assigned It (k = k,/lcl,), C in moles 1-I x lo3. 

0.5 - 0 

m 

u 

0.5 

30 3 b 

0  1 0 0  2 0 0  0  1 0 0  2 0 0  

T l M E  I h l l N 1  T l M E  I M I N  1 

FIG. 30. Decomposition of Ru(NH3),NZ2+: CoA = C O ~  = 1.04 x M; I = 0.1 cm. 
FIG. 36. Rate of formation of ( R U ( N H ~ ) ~ ) ~ N , ~ + ,  C in moles I - '  X lo3. 

concentrations of M and D were determined as 
in 11. A plot of 

[k - 2 4  
against time gave a value of 4.2 x lo-' 1 mole-' 
s-I for kd (Fig. 3b). 

The ratio of kd/k', calculated from the kinetic 
runs in I and I11 is 9.5 x 10'; this is in good 
agreement with the results of 11. 

Discussion 

The solubility of N, in water at 25 "C is 
given as 6.2 x M (7). A second order rate 
constant for the reaction of RuI1(NH3) ,X with 
N, can be calculated from this value (It, = 

7.1 x lo-' 1 mole-' s-') and is not much 
different from the rate constant obtained for the 
reaction of RuH(NH,),X with R U ( N H ~ ) , N ~ ~ +  
(Itd = 4.2 x 1 mole-' s-I); thus coordi- 
nated N, is about as reactive as dissolved N,. 

I t  was also noted that the reactions that 
produce the nitrogen complexes proceed to a 
position of equilibrium. The reactions can be 
reversed by passing Ar gas through a solution 
of the complexes but it was observed that the 
rate of decomposition was very slow compared 
with the rate of formation. Attempts were made 
to evaluate the magnitude of the equilibrium 
constants, but these were unsuccessful because 
the analytical data was not exact enough to 
calculate the small equilibrium concentration of 
RuH(NH3) ,X by difference. 
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ITZKOVITCH AND PAGE: ELECTROCHEMISTRY AND KINETICS OF FORMATION 2747 

The remarkable stability of the nitrogen 
complexes to  oxidation is indicated by the very 
positive half-wave potentials observed; pre- 
sumably this stability is associated with n bond- 
ing between the ruthenium(I1) and the nitrogen 
ligand (4, 8). 
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NOTES 

Electron spin resonance study of y-irradiated tetraethylammonium iodide 

L. FABES' AND J. K. S. WAN 
Departmer~f of Cl~emisfry, Queetz's Ut~iversi/y, Kingston, Otitario 

Received March 21, 1968 

y-Irradiation of polycrystalline tetraethylammonium iodide at 77 "K leads to the breaking of a C-C 
bond and the primary radicals CH, and (c,H,),&cH, were detected by electron spin resonance. The 

methyl radicals were found to disappear readily at 120 OK. In the range of 263-273 "K a secondary 
+ .  + 

reaction between (C,H,),NCH, and the parent ion (C2H,),N was observed; the resulting secondary 

radical (c,H,),~cHcH, was found to be stable up to 373 OK. 

Canadian Journal o f  Chemistry, 46, 2749 (1968) 

Introduction Results and Discussion 

It has recently been shown that radical NH,+ The white powdered tetraethylainmonium io- 
trapped at low temperature in y-irradiated dide turned green upon irradiation at 77 O K .  The 
NH,PF, can undergo secondary reaction form- color changed to yellow when the sample was 
ing N,H,+ when warmed up to higher tempera- 
tures (1). Similarly, (cH,),N+ trapped in ir- 
radiated (CH,),NPF, produces N,(cH,),+ (2). 
In a detailed study of irradiated tetramethylam- 
monium halides, Tench (3, 4) found that CH,, 
(cH,),~cH,, and (cH,),N+ were formed at 
77 O K ,  the last radical being stable up to 100 "C. 
The formation of (CH,),NCH, was, however, 
attributed to secondary reactions involving posi- 
tive holes (C1 or Br atoms) with the parent tetra- 
inethylammonium ions. Thus, the primary effect 
of the y-radiation on the parent cation appears to 
be the breaking of an N-C bond. In another 
brief report, Burrell (5) showed that y-irradiation 
of powdered tetrabutylammonium halides pro- 
duces (C,H~),NCH~CH~CHCH, and suggested 
the C-H split. However, since Burrell's results 
were based on room temperature electron spin 
resonance (e.s.r.) observations only, it is not 
certain whether the reported radical is formed 

warmed up  to room temperature. This presum- 
ably is due to formation of I,. It has now been 
established that y-irradiation of solid ammonium 
halides leads to formation of V, centers which are 
trapped and detected at low temperatures (6). 
Although the expected V, center, I,-, was not 
observed in the present study using only poly- 
crystalline samples, its presence cannot be ex- 
cluded. Similarly, the absence of e.s.r. signals 
from I atoms mav be due to matrix interaction. 
which broadens the signals beyond detection. 

The e.s.r. spectrum of (C2H,),NI irradiated 
and observed at 77 "K is shown in Fig. 1A. When 
the sample was warmed for a short period in the 
range of 77 to 120 OK, the spectrum changed to 
that as shown in Fig. 2A. Thus, it is assumed that 
the spectrum in ~ i g .  1A consists of more than 
one type of radicals. In attempting to identify 
the species responsible for such spectrum, several 
possible at 77 OK were considered: 

[ I ]  (C2H5),Nf M-> ( C ~ H  j ) 3 ~ +  i- d z H j  

at low temperature. 
The present investigation on tetraalkylam- [21 

monium halides was ucdertaken to establish the --> (c,H,),~cH~ + CH, 
primary radiolytic processes and the reactivity of 
the radicals in the solid lattice at various tem- Reaction [l] involving an N-C split is analogous 
peratures. The results obtained with tetraethyl- to that of the tetramethylammollium halides (3, 
ammonium iodide will be reported here. 4). Reaction [2] with a C-H bond split would be 

similar to the process suggested by Burrell (5). 
'Holder of an Ontario Graduate Fellowship 1967-68. Reaction [3], however, has not been postulated. 
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FIG. 1. The e.s.r. spectra at 77 "K of Et4NI irradiated 
at 77 OK: (A) experimental spectrum, (B) calculated 

spectrum based on a 3 to 1 mixture of (c,H,),I%H, and 
CH;. 

Since the experimental spectrum in Fig. 1A 
consists of an even number of lines, the presence 
of (c,H,),N+ is considered unlikely. While 
spectral parameters for CH, are readily available 
(7), hyperfine splitting constants for the other 
nitrogen-containing radicals were taken from 
analysis of the experimental spectra and were 
used in computation of theoretical spectra. Their 
values are listed in Table I. Figure 1B gives the 
calculated spectrum of a 3 to 1 mixture of 
(c,H,),NcH, and CH, ; Fig. 2B is the calculated 
spectrum of the single species (c,H,),NcH,; 
Fig. 3B represents the theoretical spectrum of 
(C,H,)~NCHCH,. 

By comparing Fig. 1A with IB, it is concluded 
that the major process at 77 "K is reaction [3] 
involving a C-C bond split. This agrees with the 

mass spectrometric studies of amines which show 
the fission of the cl,P C-C bond as the major 
process upon electron impact (8). Further con- 
firmation of this process was provided by similar 
low temperature e.s.r. studiesof irradiated tetra- 
n-propylammonium and tetra-n-butylammonium 
iodides (9). Thus, it must be concluded that the 
role of hyperconjugation, as suggested by Burrell 
( 5 ) ,  plays a very minor part in the primary radio- 
lytic process. 

When the irradiated sample was warmed to 
120 OK, the spectrum rapidly changed to that 
shown in Fig. 2A. This change is due to disap- 
pearance of CH,, leaving behind the radicals 
(c,H,),NcH,, which are stable to 120 OK. The 
apparently high reactivity of CH, at low tem- 
peratures probably accounts for its low ratio 
observed in the experimental spectrum in Fig. 
1A; particularly some of the CH, will certainly 
disappear during the transfer of the irradiated 
sample to the cavity. Because of the apparent 
absence of other new radicals formed, it is sug- 

FREO. 
9340Mc 

I 

3250 3300 3350 3400 
FIELD IN GAUSS 

FIG. 2. The e.s.r. spectra at 120 OK of Et4NI irradi- 
ated at 77 O K :  (A) experimental spectrum, (B) calculated 

spectrunl of (c,H,),~cH,. 
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NOTES 

TABLE I 

Spectral parameters for radicals in con~puted spectra 
- 

( C ~ H , ) ~ ~ ~ C H ~  ( c ~ H ~ ) ~ I % H c H ~  C H ~  

g-factor 2.0035+0.0002 2.0040+0.0002 2.0035t0.0002 
Isotropic couplings 

QN (G) 23.1F0.5 
an (G) 33 .6k0 .5  

Maximum-slope 
half-width (G) 8.2 

3250 3300 3350 3400 
FIELD IN GAUSS 

FIG. 3. The e.s.r. spectra at 373 "K of Et,NI irradi- 
ated at 77 "K: (A) experimental spectrum, (B) calculated 

spectrum of ( C ~ H ~ ) ~ ~ C H C H , .  

gested that CH, disappeared mostly via self- 
combination or via combination with positive 
holes (I atoms). 

When the temperature of the irradiated sample 
was raised from 120 to 300 "K, the spectrum in 
Fig. 2A changed gradually to the one shown in 
Fig. 3A. This is interpreted as due to the secon- 
dary reaction 

The resulting radical (c,H,),~cHcH, was ob- 
served in Fig. 3A and its theoretical spectrum is 
given in Fig. 3B. This secondary radical was found 
to be stable up to 373 "K. The exclusive abstrac- 
tion of H atom at the a-carbon in reaction [4] 
can be explained by the weakness of the cl C-H 
bonds. Abstraction of H atoms from the parent 
ions by positive holes (I atoms) is considered less 
effective (4). A sample of tetraethylammonium 
iodide was also irradiated at room temperature 
and examined at room temperature by e.s.r. 
The spectrum observed was identical with that in 
Fig. 3A. 

In view of the controversial question on 
whether a neutral quaternary ammonium radical 
can exist (10, 1 l), it is perhaps interesting to point 
out that one of the possible resonance structures 
of the radical (c,H,),&cH, is a neutral am- . + 
monium configuration (C2H5),NCH2. However, 
in this case there is little doubt that the configura- 
tion of a carbonium cation will be much less stable 
than the ammonium cation. Furthermore, the 
analysis of the e.s.r. spectrum at 77 "K indicated 
that the configuration of (c,H,),N&H, con- 
tributes little to the resonance. 

Experimental 
Tetraethylammonium iodide (Baker Co.) was recrystal- 

lized three times from alcohol. The recrystallized con]- 
pound was checked by nuclear nlagnetic resonance. The 
powdered sanlples were placed in quartz tubes sealed off 
after evacuation to Torr. Samples were irradiated a t  
77 "K in a 19 500 curies source of 1.3 MeV 60Co y-rays. 
The dose rate was approxin~ately 2 Mradslh and the total 
dose was I to 3 Mrads. Electron spin resonance spectra 
were obtained with a Varian V4502 spectronleter and 
auxiliary equipment. A Hewlett Packard frequency meter 
was used to measure the nlicrowave frequency and frenly 
salt was elnployed for field calibration. 
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Hydrogen atom abstraction from substituted toluenes by tert-butoxy radical1 
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The relative rates of abstraction of benzylic hydrogen from substituted toluenes by tert-butoxy 
radicals generated from tert-butyl hypochlorite have been reexamined. Abstraction frornpam-methylani- 
sole was shown to occur at the ether methyl as well as at the benzylic methyl group. For this reason the 
con~pound was excluded from an analysis of the polar effect. A slightly better Ha~nmett correlation was 
obtained using sigtlla rather than sigma-phrs values. 
Canadian Journal of Chemistry, 46, 2752 (1968) 

A recent report by Kennedy and Ingold (1) 
states that a Hammett po relationship affords a 
better correlation with ot constants than with o 
constants for hydrogen abstraction by tert- 
butoxy radicals from substituted toluenes. This 
result differs from earlier observations (2, 3). 
Because of the interpretive signiEcance (1, 3) of 
these results we have reexamined the correlation. 

Experimental 
Materials 

Reagent grade comn~ercial toluene and carbon tetra- 
chloride were distilled from phosphorus pentoxide and 
benzene was distilled from sodium as constant-boiling 
heart cuts. 

p-Fluorotoluene and p-methylanisole were obtained 
from Eastman; anisole was obtained from Matheson, 
Coleman and Bell. These materials were used as sup- 
plied, thcir purity being checked by gas-liquid chrornatog- 
raphy. 

p-Phenoxytoluene was prepared by the method of 
Russell and Willianlson (4), b.p. 150" (14 nun), lit. (4) 
b.p. 110-112" (2mm). 

tert-Butyl hypochlorite was prcpared as previously 
described (3) with b.p. 79.0-80.0°, lit. (3) b.p. 78.5-80.0". 

'This investigation was supported in part by a grant 
under the Undergraduate Research Participation Program 
of the National Scicnce Foundation. 

Ctz/ori~~atiotc Procedure 
Relative reactivities were determined by competitive 

experiments using solutions of ca. 0.5 M in each of two 
hydrocarbons, ca. 0.1 M in hypochlorite, and containing 
appropriate internal standards, e.g. chlorobenzene. After 
placing the solution in a 40.0" oil bath and degassing 
for 15 min with bubbling nitrogen, it was irradiated with 
a 275 W sunlamp, placed externally, until all hypochlorite 
was consumed as shown by the KI test. Gas chron~ato- 
graphic analysis of the hydrocarbons was carried out on 
silicone grease and on Apiezon columns. Relative re- 
activity values were obtained as previously described (3). 
The results are reported in Table I. 

Results and Discussion 
The relative reactivities for the reaction of 

tert-butoxy radicals with substituted toluenes 
at 40" obtained by Kennedy and Ingold (I), 
Walling and Jacknow (2), and Gilliom and 
Ward (3) are compared with the values obtained 
in this work in Table 11. Agreement is good 
between the sets of data except for p-phenoxy- 
toluene. The different reactivities obtained for 
this compound may be due to the different 
analytical procedures employed. Kennedy and 
Ingold (1) compared p-phenoxytoluene with 
diphenylmethane by measuring hydrocarbon 
consumption. Gillionl and Ward (3) compared 
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The relative rates of abstraction of benzylic hydrogen from substituted toluenes by tert-butoxy 
radicals generated from tert-butyl hypochlorite have been reexamined. Abstraction frornpam-methylani- 
sole was shown to occur at the ether methyl as well as at the benzylic methyl group. For this reason the 
con~pound was excluded from an analysis of the polar effect. A slightly better Ha~nmett correlation was 
obtained using sigtlla rather than sigma-phrs values. 
Canadian Journal of Chemistry, 46, 2752 (1968) 

A recent report by Kennedy and Ingold (1) 
states that a Hammett po relationship affords a 
better correlation with ot constants than with o 
constants for hydrogen abstraction by tert- 
butoxy radicals from substituted toluenes. This 
result differs from earlier observations (2, 3). 
Because of the interpretive signiEcance (1, 3) of 
these results we have reexamined the correlation. 

Experimental 
Materials 

Reagent grade comn~ercial toluene and carbon tetra- 
chloride were distilled from phosphorus pentoxide and 
benzene was distilled from sodium as constant-boiling 
heart cuts. 

p-Fluorotoluene and p-methylanisole were obtained 
from Eastman; anisole was obtained from Matheson, 
Coleman and Bell. These materials were used as sup- 
plied, thcir purity being checked by gas-liquid chrornatog- 
raphy. 

p-Phenoxytoluene was prepared by the method of 
Russell and Willianlson (4), b.p. 150" (14 nun), lit. (4) 
b.p. 110-112" (2mm). 

tert-Butyl hypochlorite was prcpared as previously 
described (3) with b.p. 79.0-80.0°, lit. (3) b.p. 78.5-80.0". 

'This investigation was supported in part by a grant 
under the Undergraduate Research Participation Program 
of the National Scicnce Foundation. 

Ctz/ori~~atiotc Procedure 
Relative reactivities were determined by competitive 

experiments using solutions of ca. 0.5 M in each of two 
hydrocarbons, ca. 0.1 M in hypochlorite, and containing 
appropriate internal standards, e.g. chlorobenzene. After 
placing the solution in a 40.0" oil bath and degassing 
for 15 min with bubbling nitrogen, it was irradiated with 
a 275 W sunlamp, placed externally, until all hypochlorite 
was consumed as shown by the KI test. Gas chron~ato- 
graphic analysis of the hydrocarbons was carried out on 
silicone grease and on Apiezon columns. Relative re- 
activity values were obtained as previously described (3). 
The results are reported in Table I. 

Results and Discussion 
The relative reactivities for the reaction of 

tert-butoxy radicals with substituted toluenes 
at 40" obtained by Kennedy and Ingold (I), 
Walling and Jacknow (2), and Gilliom and 
Ward (3) are compared with the values obtained 
in this work in Table 11. Agreement is good 
between the sets of data except for p-phenoxy- 
toluene. The different reactivities obtained for 
this compound may be due to the different 
analytical procedures employed. Kennedy and 
Ingold (1) compared p-phenoxytoluene with 
diphenylmethane by measuring hydrocarbon 
consumption. Gillionl and Ward (3) compared 
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NOTES 

TABLE I 
Relative reactivities of hydrocarbons toward t-bulyl hypochlorite at 40 OC 

Hydrocarbon Solvent No. of expts. /c/k,* 

Toluene 
p-Phenoxytoluene 

p-Fluorotoluene 
p-Methylanisole 
Anisole 

- 
CsHs 
CCI j 
CsHs 
CsHs 
CsHs 
CCI, 

1.0 (assumed) 
1.43t.18 
1.38+-.I9 
0.99k .03 
3.4k .4 
1.04k. 10 (l.Ol).[ 
1.14+.11 

*Experimental error represents average deviation of the number of experiments shown. Each 
experiment represents a t  least triplicate analysis. 

.tSee ref. 5. 

p-phenoxytoluene with cyclohexane by selective 
solvolysis of the benzyl chloride and coinparison 
of this with total chloride. Chlorination of either 
ring of the p-phenyltoluene would give an 
apparently high reactivity by the method of 
Kennedy and Ingold (2) and an apparently low 
value by the solvolytic technique. Both of these 
approaches involve two determinations, that of 
p-phenoxytoluene with a second compound and 
that of toluene with the same second compound. 
In both cases, values obtained for the relative 
reactivity of the second compound with toluene 
differ from previously reported values (1, 3). To 
eliminate this uncertainty we have determined 
the relative reactivity by direct comparison of 
12-phenoxytoluene with toluene. Also we have 
used the hydrocarbon consumption technique. 

From Tables I and I1 it can be seen that values 
obtained in this work agree with the original 
value reported by Gilliom and Ward (3). 
Although this agreement suggests that ring 

substitution of the p-phenoxytoluene is not 
important, we tested this conclusion by treating 
diphenyl ether with tert-butyl hypochlorite 
under the same conditioils used to determine 
relative reactivities. That no diphenyl ether was 
consumed was shown by comparing the gas 
chromatographic peak with a chlorobenzene 
standard before and after reaction with toluene. 
Because of the agreement obtained between 
solvolytic and hydrocarbon consumptioil tech- 
niques and, more important, because of the 
direct comparison of p-phenoxytoluene with 
toluene now available, the lower value seems 
preferable (cf. Table 11). 

The value for p-methylanisole obtained in this 
work agrees with that of Kennedy and Ingold (1) 
and appears to support the o+ coriielation 
reported by those workers. This agreement must 
be fortuitous, however, as anisole itself disap- 
pears at nearly the same rate as toluene (Table I), 
suggesting abstraction of hydrogen from the 

TABLE 11 

Relative reactivities of substituted toluenes toward t-butyl hypochlorite 
at 40 "C 

-- 
Substituent This work Ref. 1 Ref. 2 Ref. 3 
- - - -  

/I-CH30 3.4* 
l>-C6H50 1.43 
p-CH3.1 - 
I~ I -CH~P  - 
HI 1.00 
P-F 0.99 
p-C1 - 
m-CI - 
p-BI - 
y-CN - 
>12-N02 - 
p-NO2 - 
Solvent CsHs 

- 
Reactants 

*See text for sisnificance. 
tExperimenta1 result divided by statistical factor of 2. 
$Assumed. 
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ether methyl and/or ring substitution under the 
reaction conditions. When the product mixture 
from a toluene-anisole chlorination is treated 
with ethanolic KOH at rooin temperature, one 
of the product peaks is completely converted to a 
new gas chromatographic peak of longer 
retention time, while a peak with the same 
retention time as benzyl chloride is converted to 
a material of the same retention time as benzyl 
ethyl ether at  a much slower rate. Treatment of 
the product mixture with aqueous silver nitrate 
results in rapid loss of the same peak as above 
and the formation of material of the same 
retention time as phenol and the formation of 
material of the same retention time as formalde- 
hyde. These qualitative results are consistent 
with the presence of chloromethyl phenyl ether 
in the product mixture (cf. ref. 5). In addition, a 
trace of material with the same retention time as 
a mixture of chloroanisoles was noted. These 
results strongly suggest that related reactions also 
occur with p-methylanisole. That this is so was 
demonstrated by mixing a product mixture with 
alcoholic KOH. Within 10 min after mixing, one 
product gas chromatographic peak had been 
destroyed and a new peak had appeared. A 
second peak was also destroyed with concomi- 
tant formatioil of another at  a rate slower than 
the first. It is clear that p-methoxytoluene is 
destroyed by processes competitive with benzylic 
hydrogen abstraction. 

Using the value obtained in this work for 
p-phenoxytoluene and the previously unknowil 
value for p-fluorotoluene (Table I), along with 
the values reported previously by one of us 
(3), the following correlations2 were obtained: 

log k /k ,  = - 0 . 7 6 ~  - .00; s, 0.045; r ,  0.983; 

log k/ko = -0.60o' - .06; S, 0.073; r, 0.954. 

Including the values for nz- and p-nitrotoluene 
(1) does not significantly affect the conclusion 
that o-substituent constants give a somewhat 
better correlation than O +  values. The correla- 
tions including the nitro results are: 

log lc/lco = -0.760 - .OO; s, 0.040; r ,  0.991 ; 

log lc/lc0 = -0.640+ - .07; S, 0.065; r ,  0.974. 

1. B. R. KENNEDY and K. U. INGOLD. Can. J. Chen~. 
44, 2381 (1966). 

2. C. WALLING and B. B. JACKNOW. J. Am. Clle111. SOC. 
82, 6113 (1960). 
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2Tl~c values of o+ al-e from ref. 6 with the exception of 
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Reductions with sulfurated borohydrides. I. Preparation of sulfurated borohydrides 

J. M. LALANCETTE, A. FR~CHE, AND R. MONTEUX 
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The reaction of borohydrides with elements tion of sulf~ir with sodium and potassiuln boro- 
of Group VIA has received very little attention. hydrides (1). This reaction calls for direct com- 
Except for the reactions with oxygen, the only bination of elemental sulfilr with the hydride, at 
report on the subject describes the combina- a temperature between 160 and 300°, and gives 
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ether methyl and/or ring substitution under the 
reaction conditions. When the product mixture 
from a toluene-anisole chlorination is treated 
with ethanolic KOH at rooin temperature, one 
of the product peaks is completely converted to a 
new gas chromatographic peak of longer 
retention time, while a peak with the same 
retention time as benzyl chloride is converted to 
a material of the same retention time as benzyl 
ethyl ether at  a much slower rate. Treatment of 
the product mixture with aqueous silver nitrate 
results in rapid loss of the same peak as above 
and the formation of material of the same 
retention time as phenol and the formation of 
material of the same retention time as formalde- 
hyde. These qualitative results are consistent 
with the presence of chloromethyl phenyl ether 
in the product mixture (cf. ref. 5). In addition, a 
trace of material with the same retention time as 
a mixture of chloroanisoles was noted. These 
results strongly suggest that related reactions also 
occur with p-methylanisole. That this is so was 
demonstrated by mixing a product mixture with 
alcoholic KOH. Within 10 min after mixing, one 
product gas chromatographic peak had been 
destroyed and a new peak had appeared. A 
second peak was also destroyed with concomi- 
tant formatioil of another at  a rate slower than 
the first. It is clear that p-methoxytoluene is 
destroyed by processes competitive with benzylic 
hydrogen abstraction. 

Using the value obtained in this work for 
p-phenoxytoluene and the previously unknowil 
value for p-fluorotoluene (Table I), along with 
the values reported previously by one of us 
(3), the following correlations2 were obtained: 

log k /k ,  = - 0 . 7 6 ~  - .00; s, 0.045; r ,  0.983; 

log k/ko = -0.60o' - .06; S, 0.073; r, 0.954. 

Including the values for nz- and p-nitrotoluene 
(1) does not significantly affect the conclusion 
that o-substituent constants give a somewhat 
better correlation than O +  values. The correla- 
tions including the nitro results are: 

log lc/lco = -0.760 - .OO; s, 0.040; r ,  0.991 ; 

log lc/lc0 = -0.640+ - .07; S, 0.065; r ,  0.974. 
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7 

by dotting the amount (molar) of hydrogen 

the corresponding thioperborate; it is accom- 
panied by the evolution of all the hydrogen on 5 
the starting borohydride, see eq. [I.]. LT 1 .0 -  

LT 

[I 1 MBH, + 3S -> MBS, + 2H2 a 
_I 
0 

M = Na, K. - I 
We have found that borohydrides react with 0.6 

sulfur and lower elements of Group VIA under % 
much milder conditions in the presence of many 5 
organic solvents. The reactions take place readily ," 
at room temperature, with hydrogen evolution, 0.2 

and stop before the thioperborate stage to give 
a thioborohydride retaining half of its hydrogens. 

" - - FIG. I .  Evolution of hydrogen from NaBH, in the 
e'oived per of present against the presence of sulfur: influence of S/NaBH+ ratio on Hz/ 
number of moles of sulfur available in the reac- NaBH4 ratio. 

- 

- 

- 

- 

- I- 

tion mixture. It can be seen from Fig. 1 that 
the amount of hydrogen evolved, for 1 mole of 
hydride, remains constant at  IH, when at least 
3 moles of sulfur (318 S,) are available in the 
reaction mixture. The amount of hydrogen 
remaining on the sulfurated hydride (2H) has 
been determined by hydrolysis and by pyrolysis. 
Both methods indicated that 1 mole of hydrogen 
remains on the hydride after the reaction with 
sulfur. The analysis has been con~pleted by 
flame determination of boron and sodium. All 
these analyses are in accordance with the for~iiu- 
lation NaBH2S3 for the sulfurated hydride. The 
formation of this product would then be des- 
cribed by eq. [2] and its hydrolysis by eq. [3]. 

In the case of NaBH,, the amount of sulfur I 2 3 4 5 

combined with the hydride has been estimated S/Na BH, (MOLAR RATIO) 

solvent 
[2] NaBH4 -1- 3S -- NaBH2S3 -1- H2 

2.5" 

The reaction appears to be general with the 
lower elements of Group VIA. The hydrogen 
evolution is brisk with sulfur (cooling may be 
required), rapid with selenium, and slow with 
tellurium. 

The infrared spectrum of NaBH,S3 shows the 
typical absorption of the B-S bond around 
930 cm-I (2) and confirms that no borohydride 
remains in the product of the reaction; a trace 
of absorption remains in the 2300 cm-' region, 
where NaBH, absorbs very strongly. There is 
no indication of S-H absorption. 

The nuclear magnetic resonance measure- 
ments proved to be very difficult because of 

solubility problems. The only solvent in which 
it has been possible to dissolve NaBH,S3 is 
hexamethylphosphoric triamide. In that solvent, 
the quadruplet of NaBH, was absent and a new 
triplet (at 11.33 T) appeared. There was no 
indication of S-H protons. As hydrogen re- 
mains on the com~ouild and there are no SH 
groups, hydrogen must be located on the boron, 
altllough the reason why a triplet is observed is 
not evident. 

From these analyses, it can be seen that the 
structure of the sulfurated hydride must in- 
clude B-S and B-H bonds. The composition 
of the sulfurated hydride is given as "S,". This 
value must be taken as an average and the exist- 
ence of larger or smaller "S" fragments can- 
not be excluded. It was not possible to settle 
this point by mass spectrometry. 

The role of the solvent is difficult to appreciate 
fully in the present state of the problem, al- 
though the capacity for dissolviilg both sulfilr 
and borohydride seems to be important. We 
have noted that ethers, especially those which 
are strong donors, were very effective in pro- 
moting the reaction. An evaluation of the effect 
of common solvents on the reaction of sulfur 
with sodium borohydride is presented in Table I. 
It can be seen that tetrahydrofuran, diglyme, 
and hexamethylphosphoric triamide (three do- 
nors) are the most appropriate solvents for the 
reaction. 

The study has been made mainly with sodium 
borohydride as substrate. However, hydroge~l 
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TABLE I 

Effects of solvent in the preparation of sulfurated 
borohydrides 

Solvents T* Hydrogen evolution 

Ethyl ether (3) 
Isopropyl ether 

Tetrahydrofuran 
Diglyme 
Hexamethylphosphoric 

triamide, 
Dioxan 
Diethylamine 
Triethylamine 
Carbon disulfide 
~imethylsulfoxide, 

alcohols, ketones 
Hydrocarbons 

(benzene, pet, ether) 

- None 
- Very slow, 

incomplete 
15 nlin Fast 
2 min Very fast 

2 min Very fast 
10 h Very sluggish 

- Incomplete, 
act as inhibitors 

- React with 
the solvent - None 

*Time required for the evolution of 90% of the expected amount of 
hydrogen, according to eq. [2]. 

30 min. The solvent was then evaporated at room 
temperature, under vacuum, and the residual lump 
washed three times (vigorous shaking) with anhydrous 
petroleum ether. A white or slightly yellow solid was 
then obtained if adequate precautions were taken to 
exclude moisture and oxygen from the product. The 
sulfurated hydride was stable in a nitrogen atmosphere 
for several weeks, although a light-yellow coating ap- 
peared gradually on the lumps. The solid was insoluble or 
only very slightly soluble in common organic solvents 
with which it did not react except with hexamethylphos- 
phoric triarnide in which it was quite soluble. Infrared 
(Nujol) of NaBH2S3: bands were observed at 1055 cm-I 
(medium), 935 crn-' (strong), and 895 cm-' (weak). A 
very weak band was observed at 2300 cm-', and no band 
at 1120 cm-l. Infrared (Nujol) of NaBH,: bands were 
observed at 2300 cm-' (very strong) and 1120 cm-' (very 
strong). Analyses for sodium and boron were made by 
flame analysis with a Beckman D U  photometer. Stan- 
dards were prepared with sodium borate for Na and B 
analysis. 

Anal. Calcd. for NaBH2S3: Na, 17.4; B, 8.2. Found: 
Na, 16.7; B, 7.75. 

Nuclear magnetic resonance measurements: NaBH4 evolution lneasuremellts and reduction tests 
in dimethoxyethane (internal TMS): 8,37 9.72 

have shown that a similar reaction was obtained 11.07 12.42 7. N ~ H ,  in hexamethylphosphoric 
with lithium, potassium, and tetraethylammo- triamide (internal TMS): 8.30 T: 9.66 T: 11.00 r: 12.37 T. 

n iu~n bo ro l~~d~ ides .  NaBH2S3 in hexamethylphosphoric kiamide '(internal 
The sulfurated borohydrides can be obtained TMS): 11.22 11.33 r ;  11.48 

as white or slightly yellow solids. They are 
reasonably stable at room temperature, if kept 
in a dry nitrogen atmosphere, but decompose 
rapidly in the presence of oxygen or atmos- 
pheric moisture. Precautions similar to those 
required for the manipulation of LiAlH, must 
be followed to avoid decomposition or hydroly- 
sis, and then results are very reproducible. The 
sulfuration procedure is extremely simple and 
fast. It  is best to prepare the sulfurated hydride 
immediately before use. 

We have noted that the sulfi~rated borohy- 
drides are strong reducers toward organic sub- 
strates. This will be reported in detail in later 
papers. 

Experimental 
Infrared (i.r.) measurements were made with a Perkin- 

Elmer, model 137 spectrometer and nuclear magnetic 
resonance (n.m.r.) spectra were determined with a Varian 
A-60 instrument. 

(I) Preparatio~~ of Sulf~lrated Sodium Borohydride 
A mixture of 7.56 g (0.20 mole) of sodium borohydride 

and 19.20 g (0.60 mole) of sulfur was treated with 50 ml 
of anhydrous tetrahydrofuran (THF), with stirring in a 
500 ml flask bearing a condenser. The gas evolution was 
brisk and the reaction exothermic; cooling with a water 
bath was used to control the reflux. After the initial 
reaction had subsided, stirring at 25' was continued for 

(2 )  Deter~ninatio~~ of the A~?zonrzt of Sulfirr. I~zcorporated 
or1 Sodirrrn Borohydride 

Mixtures of sodium borohydride and sulfur were pre- 
pared with an S/NaBH, ratio varying between 0.3 and 5. 
The weight of the lnixture was kept constant to within 
2 %  (2.00 g sample) and treated with 10 ml of anhydrous 
THF,  at 25", with good stirring. Each experiment was 
carried out under similar conditions and the hydrogen 
cvolvcd was measured with a "Wet Test" meter. Volumes 
were corrected. The gas collected was hydrogen con- 
taining only traces (less than 1 %) of H,S, as shown by 
washing with a 10% solution of lead acetate. The results 
are reported in Fig. 1. 

Similar experiments using a 311 ratio for S/NaBH4 
were made to compare the speed of reaction with various 
solvents (Table I), and the reaction of lithium, potassium, 
and tctraethylarnmonium borohydride. 

(3)  Pyrolysis of NaBH2Sa 
The pyrolysis was made in an apparatus consisting of 

a 1 1 flask bearing a barometer and a side arm in which a 
sample could be placed. The systcm was flushed with 
nitrogen, the sample was introduced, and the whole 
system evacuated. The side arm was then heated (300- 
400") until no more evolution of gas was indicated by 
the barometer. After cooling, the pressure was noted and 
the amount of gas evolved determined, the volume of 
the system being 1215 cm3. In a typical experiment, 
a 2.00 g sample gave 11.8 mm of volatile material (a 
mixture of Hz, 27%, and HZS, 73%) and 2.4 mm of 
higher sulfanes that condensed in the flask as an oily 
yellow liquid. 

Anal. Calcd. for NaBH2S3: H, 1.52. Found: H, 1.40. 
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(4) Hydrolysis of NaBHzS3 
A mixture of 3.21 g (0.10 mole) of sulfur and 1.13 g 

of NaBH, (0.030 mole) was treated with 100 ml of 
hexamethylphosphoric triamide under conditions similar 
to those used in preparation (1). The reaction was very 
rapid and 685 ml of H, (corrected) was evolved (101 % 
of IH,). After standing overnight, the solution was 
treated by 200 ml (excess) of water, and 1350 ml of H, 
(corrected) was evolved (100% of ZH,). 

The residue left after hydrolysis was a yellow viscous 
product containing sodium, and extraction by water 
yielded boric acid. 

We thank the National Research Council of 
Canada and the Defense Research Board of 
Canada (grant no. 9530-30) for financial assis- 
tance. 
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The oxidation of potassium octacyanomolybdate(IV) in 0.4 M sulfuric acid solutions (oxygenated) 
has been studied; G[Mo(CN),~-] was found to be 2.7, which is close to the G(0H) value of 2.9. 

Canadian Jourllal o f  Chemistry, 46, 2757 (1968) 

The oxidation of acidified solutions of potas- 
sium ferrocyanide by gamma radiation has been 
studied by Hughes and Wills (1). Similar work 
on octacyanomolybdate(IV) has not been done. 
We prepared K,Mo(CN),.2H20 by the method 
of Furman and Miller cited in ref. 2 and irradi- 
ated its aqueous oxygenated solutions (1.0-5.0) 
x M, after acidification with 0.4 M sulfuric 
acid, with gamma radiation from a 1000 curie 

60Co source (Gamma-220 cell, Atomic Energy 
of Canada Limited). The dose rate was 7 x 1016 
eV/min/ml, as determined by a Fricke dosimeter. 
Temperature of irradiation was 30 "C and the 
time of irradiation varied from 30 to 300 min. 
The yield of octacyanomolybdate(V) was deter- 
mined colorimetrically, using a Beckman differ- 
ential spectrophotometer (model DK-2) at h = 
380 mp ( E  = 1200)(3). At this wavelength 
absorption by octacyanomolybdate(1V) was 
negligible. In view of the photosensitive nature 
of octacyanomolybdates(IV and V), all oper- 
ations were done in the dark. 

The production of Mo(CN),~- was found to 
be linear with dose (Fig. 1) and independent of 
Mo(CN),~- concentratioil in the range (1.0-5.0) 
x 10-3 M. 

Gamma radiation is known to decompose 
water giving H, OH, H,, and H202.  The hydro- 
gen atom is also known to react with dissolved 
oxygen to produce the HO, radical. Hence the 
following reactions could occur in the radiolysis 
of oxygenated and acidified solutions of octa- 
cyanomoly bdate(1V). 

Mo(CN)S4- + OH -> MO(CN),~- + OH- 
Dose ( 1018e~ per rnl ) Mo(CN),"- + HO, -> Mo(CN),~- f H 0 2 -  

FIG. 1. Oxidation of MO(CN)~,- ion. Mo(CN)s4- + Hz02 -> M O ( C N ) ~ ~ -  + OH ; OH- 

The vertical scale in Fig. 1 is in error and should be multiplied by a factor of 2, 
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According to Hughes and Wills (I), the oxi- 
dation of F~(cN) ,~ -  by H,02 produced by the 
radiolysis of water is a slow thermal reaction. 
We made a separate study of the oxidation of 
Mo(CN),~- by H202 in amounts likely to be 
present in our radiolytic experiments and we also 
found that oxidation was slow and negligible. 
Hughes and Wills thought that the radical HO, 
played no part in the oxidation of ferrocyanide. 
On the other hand, it was destroyed by dimeri- 
zation to give H202.  Since the Mo(CN),~- has 
a higher oxidation potential then Fe(CN)64-, it 
would be even more unlikely that HO, should 
oxidize Mo(CN),~-. 

The only species which could bring about rapid 
oxidation of Mo(CN),~- is thus the radical OH. 
In agreement with this we obtained G[Mo- 
(CN),3-] = 2.70, which is close to the accepted 
value of G(0H) = 2.9 in acidic medium (4). The 
octacyanomolybdate(IV) ion in acidic medium 
thus acts as a scavenger for the OH radical. 

The author's thanks are due to Dr. H. B. 
Mathur and Dr. M. P. Reddy of the National 
Chemical Laboratory, India, for making the 
gamma cell available to him; to Mr. H. M. 
Saxena for help in the preparation of K,Mo- 
(CN),.2H20; and to Professor R. P. Mitra, Head 
of the Department of Chemistry, University of 
Delhi, for helpful discussiolls and encourage- 
ment. 
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\,I Erratum: Densities and magnetic susceptibilities of thallium amalgams 

W. T. FOLEY, REBECCA FAI-YING CHIU, AND JOHN R. DELOREY 
Depnrtt71etzt of Clremistry, St. Frnrrcis Xnfiier Utzicersity, Atltigonislr, Arocn Scoria 

Received May 16, 1968 

(Ref.: Can. J. Chem. 46, 1197 (1968)) 

Canadian Journal of Chemistry, 46, 2758 (1968) 

In the discussion of the magnetic susceptibil- that at -79 "C the magnetic susceptibility of 
ity of the 31.53 wt. % thallium amalgam at a the alloy of 31.53 wt. % thallium is really the 
temperature of -79 "C, the claim was made magnetic susceptibility of a mixture of beta- 
that the alpha phase remained as an unstable thallium and an alloy of 30.7 wt. % thallium. 
phase. A better interpretation of this datum is 
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COMMUNICATIONS 

Cyanide ion complexes of some aromatic nitro compounds 

E. BUNCEL, A. R. NORRIS, AND W. PROUDLOCK 
Departrller~t of Cl~einisfry, Queen's Ur~icersity, Kirigston, 011tario 

Received June 19, 1968 

The results are presented of spectral studies which characterize the complexes formed in deutcro- 
chlorofornl solution between cyanide ion and 1,3,5-trinitrobenzene, 2,4,6-trinitrotoluene, and 2,4,6-tri- 
nitrobenzaldehyde. 

Canadian Journal of Chemistry, 46. 2759 (1968) 

The species formed in the interactioi~s of 
aromatic nitro compounds with anionic and 
neutral bases have been under study since 1902 
(1) but it is only in the last several years that 
definitive evidence on their structures has be- 
come available, chiefly through 'H nuclear 
magnetic resonance (n.m.r.) studies (2-4). 

The n.m.r. work has confirmed Meisenhei- 
mer's ( I )  formulation of the structure of the 
stable adduct formed from 2,4,6-trinitroanisole 
and methoxide ion as a o-complex (I), but has 
also revealed that a metastable complex is first 
formed by addition of methoxide ion at C-3 (4). 
The structures of amine and acetonate adducts 
of various nitro compounds have similarly been 
elucidated (5,6). 

II 
H-C CN 

Ha CN Ha 
NO2 NO2 

In contrast, corresponding clarification with 
cyanide ion has not yet been obtained, even 
though the structures of cyanide ion complexes 
of aromatic nitro compounds have long been 
speculated upon (7). The visible spectrum of the 
1,3,5-trinitrobei~zene -cyanide ion system show- 

ed changes with time but the initial spectrum was 
ascribed (8-10) to the o-complex (2). Recently 
such spectral changes were interpreted in terms 
of both charge-transfer and o-complex forma- 
tion (1 l). A red cornplex formed from 1,3-dini- 
trobenzene and cyanide ion in dimethylform- 
amide was formulated as a o-complex on the 
basis of its electronic and infrared spectra but no 
detectable i1.m.r. spectrum could be observed 
(1 1). 

We report here results of n.m.r. studies which 
establish the structure of the complex formed 
between cyanide ion and 1,3,5-trinitrobenzene. 
We also present the first evidence of o-complex 
formation by 2,4,6-trinitrotoluene and 2,4,6- 
trinitrobenzaldehyde with cyanide ion. Unex- 
pectedly, the structures of these cyanide ion 
complexes are not equivalent. 

The resonance absorption of 1,3,5-trinitro- 
benzeile in deuterochlorofornl at - 30" (singlet 
at 9.40 p.p.m. downfield relative to tetramethyl- 
silane as external standard) undergoes charac- 
teristic changes on the addition of cyanide ion 
(introduced as the de~~terochloroform soluble 
tetraphenylarsonium salt). Thus a deuterochlo- 
roform solution of 1,3,5-trinitrobenzene (0.6 
il4) and cyanide ion (0.4 M) shows, in addition 
to the parent trinitrobenzene peak now shifted 
to 9.36 p.p.m. and the multiplet in the 7.80 p.p.m. 
region due to the tetraphenylarsoniurn group, 
two new resonances at 8.42 and 5.48 p.p.m. 
(singlets, relative areas 2:l). The appearance of 
these absorptions is consistent with the forma- 
tion of o-complex 2. The absorption at 8.42 
p.p.m. is assigned to the H, hydrogens, upfield 
relative to the parent trinitrobenzene hydrogens 
as a result of increased shielding in the complex, 
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while the absorption at 5.48 p.p.m. is assigned 
to the HI, hydrogen. The observed chemical 
shifts are similar to those reported for o-com- 
plexes of 1,3,5-trinitrobenzene with methoxide, 
ethoxide, and acetonate ions (4-6). Since both 
free and complexed trinitrobenzene are observed 
at the molar concentration of reagents employed, 
it follows that exchange of cyanide ion between 
the two species is a relatively slow process. The 
n.m.r. spectral pattern does not change appre- 
ciably over the range - 30 to + 30 "C. The 
visible spectrum of an n.m.r. sample diluted with 
methylene chloride (absorption maxima at 442 
and 558 mp) is characteristic of the o-complex of 
1,3,5-trinitrobenzene with cyanide ion (lo, 12). 

The interaction of cyanide ion with 2,4,6-tri- 
nitrotoluene in deuterochloroform has been 
examined similarly. At - 30 "C, 2,4,6-trinitro- 
toluene shows resonance absorptions at 9.04 
and 2.82 p.p.m. 0 1 1  the addition of cyanide ion 
new absorptions characteristic of complex for- 
mation are observed at 8.65, 5.76, and 2.74 
p.p.m. (singlets, relative areas 1 :1:3) in addition 
to those of uncomplexed 2,4,6-trinitrotoluene 
(singlets at 9.00 and 2.77 p.p.m.). The structure 
of the complex consisteilt with these absorp- 
tions is 3. The spectrum due to the complex is 
unchanged after several hours at - 30 "C but at 
room temperature complete decay of the coin- 
plex occurs within several hours. The final 
product of the interaction has not yet been iden- 
tified. The possibility that other interactions 
such as electron transfer (13) and proton trans- 
fer (14, 15) may occur has been noted. 

In contrast, cyanide ion interacts with 2,4,6- 
trinitrobenzaldehyde by addition at C-1 to form 
the o-complex 4. The n.m.r. spectrum (in CDC1, 
at -30") of the complex is characterized by two 
singlet absorptions, the aldehydic hydrogen at 
10.14 p.p.m. and a signal at 8.55 p.p.m. due to 
the equivalent aromatic hydrogens (relative 

areas 1 :2). Uncomplexed 2,4,6-trinitrobenzal- 
dehyde shows absorptions at 10.73 and 9.37 
p.p.m. (singlets, relative areas 1:2) in this 
medium. The complex appears to be stable for 
several hours at - 30 "C. 

The factors which determine the site of nucleo- 
philic attaclc in various nitro compou~lds are not 
at present clearly understood and neither is the 
possibility of interco~~version anlong such com- 
plexes. Structural and medium effects relating to 
these questions are under study. 
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Configuration of the ring nitrogen in N-oxides and the conformation of tropanes.' 
Part XVIII 

I Canadian Journal of Chemistry, 46, 2761 (1968) 
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Cl~ernistry Departmer~t, Lava1 Ur~iversity, Q~rebec 10, Quebec 

Received January 3, 1968 

The configurations of ring nitrogen in the amine oxides of tropine, oscine, atropine, and scopolamine 
have been investigated by nuclear magnetic resonance (n.m.r.) spectroscopy. Oxygen function($ at 
C-6!3 (and 7!3) were found to deshield the low-field, equatorial N-methyl signal. Analysis of the n.m.r. 
spectra of epoxides of some tropane bases, in particular the coupling constants, clearly indicates pre- 
ponderance of the (slightly distorted) chair conformation even in the tropanes with a bulky group in the  
3a (endo) position. The protons on the epoxide carbons are magnetically non-equivalent in scopolamine 
(5b) and its N-oxide while appearing as a singlet in the alkamine, i.e. scopine (5a). 

Configlaat ion of N-Oxides 
In previous papers the determination of the 

configurations of quaternary salts of the 
tropane alkaloids by both chemical and physical 
methods (1-4) was described. 

Quaternizations with the carbethoxymethyl 
group of 3a,6P-tropandiol and of 3a,6a-oxido- 
7P-hydroxytropane (1) and furthermore, N- 
ethylation of tropine (3) took a preferred equa- 
torial course while in simple piperidines both 
equatorial and axial attack occurred, with axial 
predominating (5, 6). It  was deemed therefore of 
interest to study the stereochemistry of amine 
oxides formed from some tropane bases. 

A single N-oxide formation in scopolamine, 
atropine, and tropine each (type 1 or 2) has been 
described (7). Scopolamine N-oxide had been 
reported (8) to undergo a transannular reaction 
on the action of hydrogen bromide to give 
scopinium bromide (3) which was, in turn, 
reduced to pseudoscopine (4). Since 3 cannot be 
formed from the N-oxide lb, but only from 
structure 2b, this conversion may be considered 
(9, 10) as chemical evidence for the axial 
configuration of scopolamine amine oxide. 
Unfortunately, however, this experiment could 

'For Part XVII, see G. Fodor and F. Soti. J. Chem. 
SOC. 6830 (1965). 

not be repeated so far (11, 12). Although the 
melting points of a sample of pseudoscopine, 
prepared by reduction of scopinone (13) and 
that of its picrate coincided with those reported 
for 4 previously (8) a real indentification by 
mixture melting points, infrared, and nuclear 
magnetic resonance (n.m.r.) is still lacking. 

The n.m.r. spectra of scopolamine, atropine, 
tropine, and oscine N-oxides were studied in 
order to determine their configurations. In the 
amine oxide hydrobromides methyl and hydroxy 
groups are attached to nitrogen in sterically non- 
equivalent positions. However, the large solvent 
dependence of the hydroxyl does not permit 
any configurational conclusions. The alternate 
possibility is the assignment of the configuration 
of the methyl by comparison based on empirical 
rules. Since chemical shifts in the piperidine 
series can be correlated with those of cyclohex- 
ane derivatives for reasons of geometry, recent 
n.m.r. data (5, 14-17) are also relevant to the 
configurations of the N-methyl group in the 
tropanes. They all show appreciable differences 
(4-16 c.p.s.) between equatorial and axial N- 
methyl signals in the methiodides, the equatorial 
one being more deshielded. 

Scopolamine N-oxide has the N-methyl signal 
at 199 c.p.s. while the lower field, equatorial 
signal of (-)scopolamine methiodide (6b) is at 
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R ,  = H (a)  
= COCH(CHzOH)C6HS (b) 
= COCH(CH3)C6HS (c)  

198 c.p.s. Similarly, in atropine N-oxide (7b) the 
N-methyl group resonates very close to the same 
frequency (190 c.p.s.) as the low-field one (191.5 
c.p.s.) in atropine methiodide (9b). The same 
applies to the position of these signals in tropine 
N-oxide (7a) and tropine methiodide (9a) and 
also to oscine N-oxide and oscine methiodide 
(8a) and (8b) (Table I). 

Nevertheless, an argument can be raised that 
the magnetic environment of the methyls on 
nitrogen in the arnine oxide (2b) and in the 
methiodide (6b) may not be comparable, owing 
to the difference in polarity between methyl and 
semipolar oxygen. However, the position of the 
N-methyl signal of scopolamine N-oxide is 
shifted barely by 1.5 c.p.s. in its hydrobromide 
thus indicating that the charge on nitrogen is not 
a factor in deshielding the N-methyl group in the 
N-oxide. 

Careful inspection of the chemical shifts for 

N-methyl group in variety of tropanes reveals 
further interesting correlations (see Table I). 

First, presence of an epoxide function at  
carbons 6P and 7P in scopolamine (5b) results 
in deshielding by 15 c.p.s. of the methyl signal of 
atropine (lob), and by 14 c.p.s. when comparing 
scopine (5a) with tropine (10a). Substitution of a 
hydrogen in tropine at C-6P by hydroxyl simi- 
larly shifts the same signal by 8 c.p.s. downfield in 
l l a .  The chair form of the piperidine ring in 
tropanes and the high population of the N- 
methyl equatorial conformation have been 
ascertained by n.m.r. and X-ray data (3-4, 21) 
for the tertiary bases, so this paramagnetic shift 
can possibly be formulated a s  some effect of the 
neighboring oxygen on the N-methyl in equa- 
torial position. Considering now the quaternary 
i.e. N,N-dimethyl tropanium salts, substitution 
by the epoxy group results in a downfield shift of 
the lower-field methyl signal by 13 c.p.s. from 
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MANDAVA AND FODOR: CONFIGURATION OF THE RING NITROGEN 

TABLE I 
Comparison of N-methyl signals in N-oxides, methiodides, and bases in DMSO-rl, 

N-Methyl resonance (c.p.s.) 

Compound 

7b Atropine N-oxide 
26 6(3,7!3-Epoxyatropine 

(scopolamine) N-oxide 
7a  Tropine N-oxide 
8n 78-Hydroxy-3a,6a-oxidotropane 

(oscine) N-oxide 
9b Atropine rnethiodide 
6b 6!3,7!3-Epoxyatropine 

(scopolamine) methiodide 
9a Tropine methiodide 
6a 6!3,7(3-Epoxytropine (scopine) 

methiodide 
l l b  6p-Hydroxytropine methiodide 
86 7p-Hydroxy-3a,6a-oxidotropane 

(oscine) methiodide 
10a Tropine 

5a 6(3,7(3-Epoxytropine (scopine) 
l l a  6p-Hydroxytropine 
lob Atropine 
5b 6!3,7!3-Epoxyatropine 

(scopolamine) 

Equatorial A&cq 

190 
9 

Axial 

tropine methiodide (9a) to scopine methiodide 
(7a) and by 7.5 c.p.s. between the methiodides of 
atropine (9b) and scopolamine (56). The de- 
shielding by epoxides of hydrogen close in space 
was extensively studied by Tori et al. (18) in 
bicycloalkanes. It is noteworthy to add that the 
higher field methyl signal remained completely 
unaffected in the epoxy compounds as compared 
with the references (see Table I), which again is 
consistent with its axial position. 

It should be pointed out that the exchange of 
a proton by a hydroxyl at C-6P of tropine 
methiodide (9a + l lb )  is marked by a downfield 
shift of 9.5 c.p.s. for the equatorial while by only 
2 c.p.s. for the axial N-methyl signals. Similar 
deshielding by an adjacent hydroxyl group on 
the methyl protons was observed by Eliel et al. 
(19), in methyl cyclohexanols, and also reviewed 
by Williams et al. (20) for C-18 methyls in 
steroids. 

The deshielding of the N-methyl signal in 
scopolamine N-oxide (2b) amounts to 9 c.p.s. 
versus atropine amine oxide (7b). Similarly, 
oscine N-oxide (8a) (obtained on alkaline 
hydrolysis of scopolamine N-oxide (26)) has a 
methyl signal shifted downfield by 8 c.p.s. when 
compared with tropine N-oxide (7a). 

All these data clearly demonstrate the same 

tendency in anisotropic shift and are considered 
as complementary evidence for the equatorial 
position of the N-methyl group in these amine 
 oxide^.^ Similar correlations could be detected 
when comparing the positions of N-methyl 
signals in quaternary piperidinium and pyrro- 
lidinium salts with and without a neighboring 
hydroxyl function. 

Conformatiorz of the Piperidine Ring in Tropane 
Bases 

In case of 3P-cyano tropane, dipole moment 
measurements by Bishop et al. (4) showed the 
value calculated for the chair form unequivocally. 
The n.m.r. spectra of the same compound 
showed a coupling constant, J = 9 c.p.s. for the 
axial proton at C-3 with those at C-2 and C-4, 
leading to  the identical conformational con- 
clusions as the p values. However, dipole mo- 
ment data obtained with the 3a-form were 
inconsistent with either classical conformer. The 
n.m.r. spectrum of 3a-cyano tropane has C-3 
proton coupled ( J  = 5 c.p.s.) with a rather 
complex broad proton signal comprising the 
C-2, C-4, C-6, and C-7 protons. In the present 

ZThe final test to this configuration will be  given by 
the X-ray study of scopolamine N-oxide hydrobromide, 
already in progress. 
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work, it has been shown that scopolamine, 
scopine, and their N-oxides gave a simplified 
pattern due to replacement of the 6P- and 7P- 
proto~ls (22) by oxygen and, in consequence, to 
the downfield shift (23) of the a-protons3 on 
these carbons. Thus protons C-2 and C-4 could 
now be identified, making the determination of 
conformations more conclusive. 

The n.m.r. spectrum of scopine (5u) has been 
analyzed in detail in chloroform-d and benzene 
solutions. The epoxide protons gave rise to a 
singlet at 6 3.6. The C-1 and C-5 protons gave a 
pseudoquartet ( J  = 2 c.p.s., base-width 17 c.p.s.) 
at 6 3.5. The hydroxyl proton appeared as a 
singlet in benzene at 6 3.37 while in chloroform-d 
it  coincided with the epoxide proton singlet and 
the N-methyl protons at 6 2.49. 

The C-3 proton appeared as a pseudo-triplet at 
6 3.9 p.p.m. (apparent J = 5.2 c.p.s. ; base-width 
17 c.p.s.; half-width 10 c.p.s.). This was analyzed 
as the X part of two ABX systems with spacing 
between the terminal lines equal to 2(JAx + JBx) 
neglecting the long-range and virtual couplings. 
Compariso~l with the previously reported results 
(24) on the similarly situated protons in tropine 
(10a) strongly supports our contention that the 
C-3 proton in scopine has an equatorial orienta- 
tion. 

The C-2 and C-4 methylene protons (6 1.2- 
2.33) have been analyzed as the AB part of 
ABXY spectrum (23, 25, 26) assuming Jxy = 0. 
Using double resonance technique, the AB 
portion was simplified to 8 line-pattern as in AB 
part of ABX type (23, 27) by irradiating the C-3 
or the C-1 and C-5 proton pair. Using the 
procedure of Pople et al. (28, 29) -JAB 14.2 
c.p.s. and 6,, 39 c.p.s. were calculated. 

The broad multiplets for C-3, and C-1 and C-5 
protons were simplified to doublets upon satu- 
ration of the upfield signals and the coupling 
constants JAx 4.1, JBx 1.1, JAY 4.0, and JBy 2.0 
c.p.s. were extracted. 

In the n.m.r. spectrum of scopolamine the five 
aromatic protons of the tropic acid residue 

appeared at 6 7.3. The methylene and methine 
protons within the same acyl group resonated as  
a multiplet (6 3.524.32). The C-3 proton gave a 
pseudotriplet ( J  = 5 c.p.s. ; base-width 16.4 
c.p.s.; half-width 10 c.p.s.) at 6 4.98 while the 
C-1 and C-5 protons exhibited a sextet at 6 3.98. 
The singlet due to the N-methyl group appeared 
at 6 2.4. 

Analysis of the AB part (C-2 and C-4 protons 
at 6 1.1-2.3 p.p.m.) of ABXY system gives JAB 
14.4 c.P.s., 6AB 30.8 c.P.s., JAx 4.8; JBx 0.4, JAY 
4.0, JBy 1.2 C.P.S. 

I t  is now established by spin-decoupling 
experiments and the calculated parameters that  
the six-membered ring in the tropane skeleton is 
in the chair form with some distortion. The JAB 
value deviates to the extent of 10-12% from 
those of the ideal chair conformer of cyclohexane 
(JAB = 12.2 c.p.s.) (27). The coupling constants 
JAx and JAY of 4-5 c.p.s. and JBx and JBy of 
0.4-2.0 c.p.s. correspond to the dihedral angles 
of ca. 40" and 80", respectively. This either means 
that the conformation is a distorted chair or that  
the Karplus curve (30) has to  be considerably 
modified for piperidine. The former seems to be 
more reasonable in view of the recent X-ray 
crystallographic and n.m.r. study on pseudo- 
tropine (21) which indicated the deformed chair 
for piperidine ring. The deformation can be 
attributed to the ethylene bridge at C-1 and C-5 
and to the steric hindrance of the atoms of this 
bridge with the C-3 atom. 

The epoxide ring protons4 in scopolamine 
appear quite unexpectedly as a pair of AB 
doublets (6 2.84, 3.37; JAB 2.9 c.p.s.) due t o  
magnetic non-equivalence. The same was ob- 
served with the epoxide ring hydrogens in scopol- 
amine N-oxide (6 3.45, 3.75; JAB 3.2 c.p.s.) and 
scopolamine hydrobromide (6 3.22, 3.83; JAB 
3.5 c.p.s.), and by Johns and Lamberton (32) for 
acetyl scopolamine and a-methyl phenyl acetyl 
scopine (5c) while no such doublet was found for 
anhydro scopolamine. Scopine was not available 
to these authors. They attributed magnetic non- 
equivalence of the C-6 and C-7 protons of the 
tropic acid esters (i) to the presence of a n  
asymmetric center and (ii) an  attached group of 
sufficient magnetic anisotropy to produce ob- 
servable shielding. It has also been pointed out  

4For a table on n.m.r. data of epoxides and a compila- 
3Concerning the a,p-convention, see ref. 22. tion of references, see ref. 31. 
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(32) that the magnitude of diamagnetic shifts Oscitze N-Oxide 
indicates inequalities in conformer populations This Was prepared by hydrolysis of 2.5 2 scopolamine 

N-oxide hydrobromide with a solution of 5 g barium orientations with the phe1'y1 ring 'lose hydroxide in 125 ml water for 35 min at 20". The solution 
to the C-6 and C-7 protons. Our results which was then adjusted to pH 2 by cold 12% sulfuric acid and 
include the n.m.r. spectrum of scopine further the suspension was extracted with ether. Evaporation of 
support the above of the magnetic the ether extracts followed by recrystallization from 

non-equivalence of the epoxide ring protons in ether - petroleumether afforded fine needlesof tropic acid, 
yield 1 g, m.p. 129-130". 

scopolamine. The aqueous suspension was treated with barium 
There is no visible coupling between the C-6 chloride and centrifuged. Evaporation of the solution 

and C-5 ~ ro tons  or between the C-7 and C-1 in under vacuum at 30" gave a solid which on extraction 
the tropaie derivatives that contain the epoxide with methanol yielded oscine N-oxide hydrochloride. 

Recrystallization from DMSO and ether allowed further ring at C-6 and C-7 and in part, is in 'Om- purification. The free amine oxide was obtained when the 
plete agreement wit11 the lack observable hydrochloride was stirred with silver oxide in methanol 
coupling between similarly situated vicinal for 2 h at 20' followed by filtration and evaporation of the 
protons in the spectra of bicycloalkane epoxides solvent in ~acuo,  m . ~ .  220-222". 

(18). . . 

Scopine (5a), scopolamine (5b), and the N- 
oxide (26) all showed an equatorial proton at C-3 
of the tropane skeleton. The J values agree with 
those we have obtained with other tropanes 
having bulky axial groups at C-3. Consequently, 
present investigations are in harmony with the 
concept of the distorted chair form resulting 
from the repulsion between the bulky C-3 group 
and C-6 and C-7 protons. 

Experimental 
The nuclear magnetic resonance (n.m.r.) spectra were 

measured on a Varian A-60 spectrometer equipped with a 
Varian model V-6058 A spin decoupler. The internal 
reference standard was TMS except in D 2 0  where the 
previously calibrated methyl signal of sodium p-toluene- 
sulfonate or acetone was taken as standard. The accuracy 
of f. 0.05 c.p.s. and f 0.2 c.p.s. was obtained for coupling 
constants and line positions, respectively. 

Scopolamir~e N-Oxide 
This was prepared from scopolamine N-oxide hydro- 

bromide by treatment with an aqueous solution of 
potassium carbonate followed by continuous extraction 
with methylene chloride. This was purified by recrystal- 
lization from methanol-acetone, m.p. 132-134'. 

Atropine N-Oxide 
This was prepared from 1.5 g of atropine base in 250 

ml ether and 50 ml of 5.7% ethereal solution of mono- 
perphthalic acid. The hydrogen phthalate of the amine 
oxide separated after 10 h and was washed with ether. 
This showed one N-methyl signal in the n.m.r. spectrum. 
Liberation by aqueous potassium bicarbonate and 
extraction of the residue with ethanol, after evaporation 
of water, afforded thc N-oxide (0.8 g), n1.p. 130-131" 
(reported (7) 1n.p. 127-128"). 

Tropitle N-Oxide 
This was prepared according to Polonovski (7), and 

had m.p. 162". 
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Reactions of ozonides. VI. Conditions for by-product ester production in the 
oxidative ozonolysis of oleic acid 

D. G.  M. DIAPER 
Department of Chemistry, Royal Military College of Canada, Kit~gstorz, Ontario 

AND 

Laboratoire de Chimie des Corps Gras, Dipartement de Chimie Organique et Laboratoire National 
des Mati.Gres Grasses (ITERG), Faculti des Sciences, Marseille, France 

Received August 29, 1966I 

Addition of water to various solvents used for oxidative ozonolysis of oleic acid increases acid product 
yield and diminishes ester by-product yield but the effect is non-stoichiometric. Hydrolysis of peran- 
hydride intermediates and chain-termination mechanisms are possible explanations. Octyl nonanoate is 
identified as a by-product of nonanal autoxidation; its yield is diminished by adding water or ethanol. 
Reduced platinum oxide catalyzes oleic acid and 5-decene ozonide autoxidation but platinum on charcoal 
is without significant effect. 

Canadian Journal of Chemistry, 46, 2767 (1968) 

Relatively little attention has been paid to the 
oxidation of ozonides. The majority of the work 
on their decomposition recorded in the literature 
has been reductive, leading either to aldehydes 
and ketones (I), or to alcohols (2, 3), or the 
products of condensation and reduction such as 
amines (4, 5). Among former studies of oxidative 
decomposition, that of Rieche et al. (6, 7) was 
the earliest serious attempt to explore the reac- 
tion variables. Formation of esters as by-products 
from long-chain ozonides was reported by Diill 
(8) and discussed in detail by Pasero et al. 
(9-12). 

The techniques of oxidation of ozonization 
products hitherto reported include use of 
alkaline hydrogen peroxide emulsion (13) and 
performic acid (14-16), as well as thermal 
autoxidation and peroxide oxidation of prefor- 
med ozonide (9). There would appear to be some 
practical advantages in the first as a preparative 
technique, although the possibility of chemical 
reaction bv the emulsifier obfuscates mechanism 
discussions. Moreover the reported yields were 
not as good as those found after performic 
acid oxidation although the systems are not 
strictly comparable. Thermal autoxidation is 
effective, but ester by-product formation is a 
serious disadvantage. Large-scale preparation 
of a,w-aliphatic dicarboxylic acids by ozonolysis 
has recently become industrially important. 
Azelaic acid for synthetic fiber production has 

I 

I 'Revision received April 9, 1968. 

been prepared from oleic acid for some years 
(17) and there is some indication (18) of awaken- 
ing interest in production of brassylic acid from 
erucic acid in a similar manner for a similar 
purpose. 

Reaction by-products are here undesirable, 
not only because of the economics of production, 
but also because mechanical properties of 
fibers are severely affected by relatively small 
amounts of impurities having only a slightly 
shorter chain-length. 

Formation of ester by-products is the major 
drawback of ozonization product oxidation for 
acid preparation or analytical work. Esters begin 
to form right at the start of oleic acid ozonization 
(11) and occur both in non-aqueous solvent 
systems and in aqueous and polar media 
(13, 14). Free alcohols corresponding to the 
esters are not found. The following mechanism 
of ester formation (9, 19) has been advanced. 

2 RCOBH + (RC0)zOz + Hz02 

(RC0)zOz + COz + RCOOR 

These products are therefore attributed to the 
decomposition of peracids formed in aldehyde 
oxidation. Procedures for acid preparation from 
ozonolysis products should therefore be studied 
in the light of aldehyde autoxidation mechanisms, 
since the presence of carbonyl compounds during 
ozonization (20) and among the products of 
thermal decomposition of ozonides (21) is well 
known. 
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TABLE I 

Nonanal autoxidation 

Relative yields from g.1.c. peak areas (%) 

Time n-Octyl 
Exoeriment Substrate (h) Nonanal Nonanoic acid nonanoate 

- 

1 Nonanal 1 37.1 60.7 2 .2  
alone 3 11.1 84.2 4.7 

24 0 95.5 4.5 
2 Nonanal 1 21.3 74.8 3.9 

pretreated 3 8 .3  86.5 5 .2  
with 1 % O3 24 0 94.8 5 .2  

3 Asf2) with 1 38.2 58.7 3.1 

4 As(2) with 1 41.4 56.8 
6 .5% H z 0  3 12.2 86.1 

24 0 97.8 
5 As(2) with 1 53.2 45.7 

0 .5% EtOH 3 12.7 85.1 
24 0 97.8 

6 As(2) with 1 56.3 42.7 
7 .3% EtOH 3 16.6 81.6 

24 0 97.7 

We have studied the octyl nonanoate yield in 
the autoxidation of nonanal, one of the ozoniza- 
tion products from oleic acid, alone and in the 
presence of ethanol and water. We have also 
investigated oxidatioil catalysis by reduced 
platinum oxide. This catalyst was used success- 
fully by Heyns for sugars (22) and by Sneeden 
and Turner for steroids (23). Acid and ester 
yields from isolated 5-decene ozonide and from 
oxidation of oleic acid mixed ozonization 
products have also been determined. 

Experimental 
Materials 

Ozonized air was produced from a Welsbach Trailigaz 
apparatus at a flow rate of 125 l/h of dry air using 14 000 
V at 50 w. Nonanal was fractionally distilled and stored 
under nitrogen. It was found to be 99.5 %pure (gas-liquid 
chromatography (g.l.c.), retention time 4.3 min) and to 
have no impurities of retention time between 4.3 and 
25 min on a neopentyl glycol sebacate column eluted 
with helium at 160 "C at 80 ml/min. 

Two samples of oleic acid were used. Sample A, 99 % 
pure (Nutritional Biochemicals) was converted to its 
methyl ester and analyzed by g.1.c. in a Varian Aerograph 
1200 instrument having a 250 ft capillary Golay column 
coated with neopentyl glycol sebacate. Stearate and 
palmitate impurities were detected in 0.2 and 0.4% 
concentrations respectively. Sample B, m.p. 13.6" from 
olive oil, was examined spectroscopically and by g.1.c. 
and found to have negligible amounts of polyunsaturated 
acids, position and trans isomers (9). They were stored 
in the refrigerator under CO,. 

A reference sample of octyl nonanoate was prepared 
from 1-octanol and the acid chloride. A sample from 
nonanal oxidation was collected by preparative g.1.c. 
and its retention time and infrared (i.r.) spectrum were 
identical with those of the authentic sample. After 
saponification, the acid in ether was converted by 
diazomethane to the methyl ester which gave a single 
g.1.c. peak identified as methyl nonanoate. LiAlH4 
reduction gave a mixture of alcohols which were treated 
with trifluoroacetic anhydride. Peaks of approxin~ately 
equal size were found in the g.1.c. trace identified by co- 
chron~atography with authentic 1-octanol and 1-nonanol 
trifluoroacetates. 

Attempts were made to isolate preparative quantities 
of the monomeric ozonides of oleic acid and of methyl 
elaidate by column chromatography on silica gel but 
pure fractions were obtained in  in~practicably small 
quantity. 5-Decene ozonide was obtained pure in 1-1.5 g 
quantities by this method. The i.r. spectrum had a 
strong peak at 9 . 1 ~  and the product was free from 
carbonyl and hydroxyl impurities. It was stable in the 
refrigerator for several weeks. The nuclear magnetic 
resonance (n.m.r.) peaks were found at 0.95 p.p.m. 
(CH3) and 5.00 p.p.m. (CH) besides the broad CH, 
multiplet. A sample was reduced by LiA1H4 and tri- 
fluoroacetylated; its g.1.c. showed a single peak, 1-pentanol 
trifluoroacetate. 

Nonanal Autoxidation 
Samples of 2-5 g of nonanal were placed in a small 

ground joint flask that had been carefully cleaned to avoid 
heavy metal ion contamination. The flask was furnished 
with a reflux condenser and a fused-in sintered glass gas 
inlet through which dry oxygen was passed at 15 ml/min 
while the apparatus was immersed in a boiling water bath. 
Samples were treated with ethereal ethanol-free diazo- 
methane and analyzed by g.1.c. a s  described below. 
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TABLE I1 
Acid and ester production from oleic acid ozonide autoxidation. Effect of water in various solvents 

Water Molar equivalent 
concentration oleic acid* or Ester found Acid found 

Number Solvent (~01. %) 5-decene ozonide (molar equivalent) (molar equivalent) 

101 Chlorofornl 0 
I 02 Chloroform 50 
104 Dioxan 0 
103 Dioxan 50 
105 Acetone 0 
107 Acetone 0.5 
108 Acetone 5 
106 Acetone 10 
109 Ethanol 0 
11 1 Ethanol 0.5 
110 Ethanol 20 - - -  -- - - 

112 Ethanol 40 
119 Dimethyl formamide 0 
120 Dimethyl formamide 2 
121 Dimethvl formamide 10 
122 ~i t romethane 0 
125 Nitromethane 0 
126 Nitromethane 0.4 
13-3 Nitromethane 1 
127 Nitromethane 2 
124 Nitromethane 20 
128 Acetic acid 0 
129 Acetic acid 7 
130 Acetic acid 30 
151 Acetone 0 
152 Acetone 0 .5  
153 Acetone 0 .5  
154 Acetone 5 
155 Acetone 0 
156 Acetone 0 
157 Chloroform 
158 Acetone 
159 Chloroform 

'Sample B in runs 101-130. sample A in runs 151-154, 5-decene ozonide In runs 155-159. 
tSapon~ficat~on solu~ion too dark for end point determination. 

Immediately before experiments 2-6 (Table I) oxygen 
containing ozone was passed at 0.520 mmole of ozone per 
min until 0.01 mole of O3 per mole of aldehyde had been 
introduced. Water and ethanol were used in experiments 
3-6 in the weight percentages indicated in Table I. 

A Burrell K D  gas chlomatograph with a 20 ft neopentyl 
glycol sebacate column was used for g.1.c. At 160" with 
helium at 75 ml/min, retention times for authentic samples 
of nonanal, methyl nonanoate, and ethyl 10-undecenoate 
were respect~vely 4.8, 7.2, and 24.8 min. 1-Octanol gave a 
tailed peak at 6.3 min and was not detected in significant 
amounts In the analyses. At 245" at this flow rate retention 
times for nonanal, methyl nonanoate, and ethyl 10-unde- 
cenoate were 2.1, 2.5, and 4.1 rnin, respectively, with 
8.4 min for dimethyl sebacate and 11.6 rnin for n-octyl 
nonanoate. In analyses of autoxidized nonanal, minor 
peaks due to unidentified compounds were also observed 
at 2.6, 3.5, 4.6, 5.0, 5.2, and 10.6 min. In the 160" trace 
at 80 mllmin methyl heptanoate, methyl octanoate, and 

I methyl nonanoate had retention times 4.6, 5.2, and 
I 7.8 min respectively. Each analysis showed peaks 
I attributable to methyl heptanoate and methyl octanoate 
, having areas approximately 7-9% of the methyl nonan- 

oate peak. Free nonanoic acid gave a tailed peak at 8.6 
I 

rnin at 245"; samples showing this were given a second 
treatment with diazomethane. 

Internal standards were used for determination of the 
concentrations of nonanal, methyl nonanoate, and 
n-octyl nonanoate in the samples. Dimethyl sebacate and 
ethyl 10-undecenoate were selected because they were 
available pure, had suitable retention times, and gave 
peaks in a region of the analytical trace in which product 
peaks did not occur. n-Octyl nonanoate concentrations 
were determined by comparison of peak areas with 
dimethyl sebacate peak areas at 245", and nonanal and 
methyl nonanoate concentrations were similarly deter- 
mined relative to ethyl 10-undecenoate at 160'. Calibra- 
tion curves were made for mixtures of known concentra- 
tions of these authentic substances. The reference 
standard solution contained 3.376 g of ethyl 10-undece- 
noate and 0.802 g of dimethyl sebacate in 12.938 g of 
solution in hexane. In a typical analysis, a weighed 
aliquot of ethereal solution was mixed with a known 
weight of this standard solution, transfers being made by 
hypodermic needle through serum caps. From the trace at 
160", peak areas of nonanal, methyl nonanoate, and ethyl 
10-undecenoate were compared with calibration curves 
to give the concentrations of the first two substances. 
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TABLE I11 
Catalytic oxidation of oleic acid ozonization products at room temperature 

Titration values 

Volume of Acid Ester 
Substrate OZ uptake oxygen absorbed (molar (molar 

Solvent* (mmo1es)t timet (h) (% of theory) equivalent) equivalent) 

Acetic acid 
Methyl acetate 
Dioxan 
Ethanol 
Ethanol 
Acetone 
Acetone (10 ml) 

and water (1 ml) 
Acetone (10 ml) 

and water (4 ml) 
Acetone 
Acetone 
Ethanol 
Acetic acid 

4.68 (B) 
5.70 (B) 
4.07 (B) 

2.95 (B) 

2.92 (B) 
2.56 (A) 
2.19 (D) 
3.14 (D) 
4.19 (D) 

'Each sample contained approximately 50 mg of PtOz in 10-15 ml of solvent. 
tOleic acid samples indicated (A) or @). (D) designates chromatographed 5-decene ozonide. 
$Approximate time for O2 uptake to reach half the final value. 

The early peaks were too narrow for reliable measure- 
ment at 245' but the 11-octyl nonanoate concentration 
was similarly determined by comparing the peak area 
with that due to the known concentration of dimethyl 
sebacate. Figures in Table I were obtained by adding 
the number of millimoles of nonanal and methyl nonan- 
oate to twice the number of millimoles of n-octyl non- 
anoate and expressing each as a percentage of the total. 
They are not percentage yields. Each figure was the mean 
of results from three injections of the same solution. 

Neutral water was added as necessary to dissolve pre- 
cipitated KC1 and the analysis was performed in a stream 
of COz-free air. Before titration, the flask was cooled to 
avoid fading of the phenolphthalein color. Results are 
given in Table 11. 

The samples containing the larger quantities of water 
were ozonized at room temperature rather than -10" 
because of the freezing problem. Similar experiments in 
tetrahydrofuran and dioxan gave apparent ester yields 
in the range 8.047.2%, but these were not considered 
reliable measurements of ester content since these 
solvents are attacked by ozone and oxygen, giving 
aldehydes and other products. 

A chromatographically pure sample of 3.57 g o f  
1-octene ozonide (36) and water (1.0 g) was slowly heated 
to 100" while oxygen passed at 15 ml/min. After 10 h at  
100" with OZ passing the product was rinsed out with 
ether and dried. Heptoic acid (2.75 g, 95 %) was isolated 
by distillation and found by titration of a weighed sample 
to be 94.3% pure. This was used to make the amide 
(m.p. 92-94") identical with an authentic sample. The 
acid was free from aldehyde and peroxide. 

Ester Titration Strrdy 
The ozonization vessel was a 50 ml pear-shaped flask 

with two standard taper necks. One carried a reflux air 
condenser or water condenser and the other a gas 
inlet reaching to the bottom. Oleic acid (0.5-1.0 g, 
Sample B crystallized, distilled, and stored at 0" under 
COz) was accurately weighed into the flask and the 
solvent was introduced. Ozonized air was passed while 
the condenser and solution were cooled at -20" or a t  
slightly higher temperatures if the solutions froze. 
Completion was assured by observation of the liberation 
of iodine in a uotassium iodide trap by the gas effluent. 
and also by timing. After solvent remoLal under suction; 
a reflux air condenser was attached and oxygen was 
passed while the flask was immersed in a bath at 95'. 
When volatile solvents were used, the distillation step 
before heating was omitted. Effluent gas was bubbled 
t hrough a trap containing ethanol. Autoxidation times 
were 15-20 h. 

After autoxidation, the contents of the trap were placed 
in the flask with the sample and 10 ml of ethanol were 
used to rinse the condenser tube and inlet into the flask. 
After boiling under reflux for a few minutes to ensure that 
all entrained material was returned to the flask, titration 
of acidity was performed using standard ethanolic N 
potassium hydroxide. The saponification equivalent was 
determined using Nethanolic alkali in excess (from a 5 rnl 
pipette) and back-titration with 0.5 N ethanolic HCI. 

Catalytic Oxidatiorz (Table 111) 
The sample was contained in an outside taper conical 

flask with a side arm, and was stirred magnetically. The 
apparatus was attached to a gas measuring tube with taps 
to control the addition of oxygen and hydrogen. The 
catalyst was first hydrogenated (in the case of PtOz) and 
the flask was then evacuated before filling with oxygen. 
For catalytic oxidation, the oxygen was purified by passage 
through chromic acid, sulfuric acid, soda lime, and silica 
gel. An explosion occurred when a volatile solvent was 
employed and the evacuation step was neglected. After 
gas uptake was completed, the solution was centrifuged 
to remove catalyst, evaporated under reduced pressure 
and the acid and saponification equivalents of the residual 
solid were determined in the usual manner. 

Samples of 5-decene ozonide and oleic acid ozonization 
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mixture were stirred in the apparatus with oxygen but in 
the absence of catalyst. No significant uptake occurred 
in acetone. After 2 days the 5-decene sample was analyzed 
by thin-layer chromatography (t.1.c.) and found to be 
unchanged. 

Platinum catalyst on charcoal was also en~ployed by 
introducing it into the ozonization flask and passing at 
will oxygen or ozonized oxygen into the mixture. The 
catalyst was prepared by the method of Heyns and 
Paulsen (22). 

Ide~zrifcatiotz of Ozotzization Products from Oleic Acid 
The saponification solutions from oleic acid ozoniza- 

tion product autoxidation were treated as follows. 
The solution was diluted with water, acidified, and 

non-stoichiometric. Ethanol and acetic acid 
obviously interfered with titration results, the 
former by esterification and the latter by 
incomplete solvent removal. Nitromethane, 
dimethyl formamide, and dioxane or their oxida- 
tion products also interfered with titration 
figures and it was only in chloroform and acetone 
that reasonable results could be obtained. Ester 
yields from 5-decene ozonide were less than those 
from oleic acid mixed ozonization products, but 
were also diminished in the presence of water. 

Reduced ~ la t inum oxide was found to be a 
extracted with ether. After solvent removal, methanolic catalyst for oxidation of isolated ozonide and of 
boron trifluoride was used to convert acidic products mixed ozonization products at room 
to methyl esters. Two major and two minor products 
were found in the mixture, corresponding to methy] The platinum-charcoal Preparation of Heyns and 
azelate. methvl  ela are on ate. octanol. and methvl 8- Paulsen (221 was found to have no discernible 
hydroxioctanoate. ~heieproducts were'identified bjg.1.c. catalytic 'capability. Ester by-products of the 
retention times and co-chromatography with authentic catalytic reaction were detected in quantities 
samples on a polyester column (9). Further information on 
the identity of the products was obtained from the reduc- with those in the uncatalyzed 

j tion from the mixed acids. After lithium alu- autoxidation. 
i minium hydride reduction, the mixed alcohols, isolated 
i 
; in ether. were trifluoroacetylated and analyzed by g.1.c. Discussion 

as described above. The chromatograms of the products YieldS of ester by-products of oleic acid showed peaks due to the trifluoroacetates of 1-octanol, 
I 1-nonanol, nonane-1,9-diol, and octane-1,8-diol, checked 0~0nide autoxidation have been reported to be 
; with authentic samples. about 30 % within wide variations of conditions 

Preparative Catalytic Oxidatiotl 
5-Decene ozonide (3.2 g) in ethyl acetate (25 ml) and 

water (0.2 ml) was shaken with reduced PtOz (about 
50 mg) in a Burgess-Parr apparatus containing oxygen at 
50 p.s.i. for 24 h. The solution was aldehyde-free (Schiff 
test) and gave a negative peroxide reaction. Valeric acid 
(3.1 g, 87 %) isolated by distillation was found to be 92% 
pure by titration with alkali. Its methyl ester g.1.c. tracc 
showed a methyl butanoate peak whose area was less 
than 1 % of that of the methyl pentanoate. 

Results 
n-Octyl nonanoate was obtained as a by- 

product of nonanal oxidation in yields of about 
1-5 %, the lower figure occurring in the presence 
of water or ethanol. During autoxidation at 100' 
chain degradation to heptanoic and octanoic 
acids occurred to about the same extent (7-9 %), 
suggesting simultaneous a- and P-oxidation. 

Little quantitative information can be derived 
from acid and ester titration values when mixed 
ozonization products were oxidized, but there 
was a noticeable trend to increased yields of 
acid and diminished yields of ester in polar 
solvents and in the presence of water. The 
theoretical yield of acid is 2 equivalents per mole 
from 5-decene and 3 from oleic acid. The ester 
by-products from oleic acid have 1 equivalent of 
acid per mole of ester (9). The water effect was 

(9, 10) including change of the terminal func- 
tional group. In reacting solvents (14) ester by- 
product yields were lower, and yields of the 
expected acid products, nonanoic acid, and aze- 
laic acid, were near-quantitative. Performic acid 
oxidation of 1-alkylcycloalkene ozonization pro- 
ducts (15, 24), emulsion ozonizatioll (13) of 
alkenes in aqueous hydrogen peroxide, and low- 
temperature ozonization (25) gave smaller yields 
of esters. We found that catalyzed room-temper- 
ature autoxidation of isolated ozonide o r  mixed 
ozonization products gave somewhat lower ester 
yields. We also found that addition of water or 
ethanol to the system partly suppresses the ester- 
forming degradation, both in aldehyde autoxida- 
tion and in ozonization product autoxidation. 

Comparison of yields of esters and acids from 
oleic acid can be calculated from the "acid" and 
"saponification" titration figures of Tables I1 and 
111. Each original molecule of oleic acid may give 
3 equivalents of acid if it is totally oxidized to 
pelargonic and azelaic acids, or it will give 1 
equivalent of acid and 1 equivalent of ester if it 
reacts entirely by the alternative route. Thermal 
autoxidation of ozonized oleic acid in  chloro- 
form, dioxan, and acetone in the absence of 
water thus gave 33.4%, 17.1 %, and 24.0% 
"ester route" decomposition. For 5-decene 
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ozonide autoxidation (2 moles of acid or 1 of 
ester per mole) the figures were a little lower, 
12.4% in acetone and 13.8% in chloroform. 
Catalytic oxidation figures were lower in methyl 
acetate (8.9%) and about the same in acetone 
(25.8 %). The high figure in dioxane (28.7%) is 
attributed to solvent attack. Again 5-decene 
ozonide gave a lower "ester route" figure (6.5 %). 
The lower yields from nonanal autoxidation are 
not strictly comparable with these results because 
the experiments were performed under reflux 
rather than in an apparatus which permitted 
volatile by-product removal to a trap (9). More- 
over gas flow rate and dispersion are doubtless 
factors in determining the effective concentration 
of volatile components. In both types of experi- 
ment, water addition and polarity of the residual 
solvent significantly affected ester yield, but both 
ratios and overall yields were widely variable and 
quantitative correlation was not established. 

It is accepted that aldehyde autoxidation 
(which is very sensitive to catalysis by ozone 
(26)) proceeds by a chain mechanism at rates 
comparable to those observed (27-32) through 
the peracid radical as follows. 

RCO' + 0 2  -t RC03' 

RCO,' + RCHO -t RC0,H + RCO' 

Aroylperoxy radicals from aromatic aldehydes 
(33-35) can abstract protons from solvents and 
can also decompose by a chain mechanism giving 
esters (19). Water or ethanol may intervene by 
terminating the radical chains which without in- 
hibitors may involve up to 200 000 cycles 
(26, 32). If diacylperoxide decarboxylation is the 
ester-producing step, water can intervene by 
diminishing diacylperoxide concentration. 

Among other products of ozonolysis which 
have been found to give acid products by decom- 
position are the 1-hydroxy-hydroperoxides (37) 
and the dihydroxyperoxides of Rieche et al. 
(7). Hydroperoxy-ozonides (38) contain more 
than enough oxygen and polymeric peroxides 
(39) approximately the stoichiometrically correct 
amount for decomposition to acids; their de- 
composition has not yet been studied in detail. 

Chain degradation during oxidation occurs 
not only by the ester-forming side reaction and 
the familiar P-oxidation, but also by a-oxidation 
as already reported (40). Catalytic oxidation 
of ozonization products over Adams catalyst 

appears to offer some advantage if chain deg- 
radation is to be minimized. 
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Carbon tetrachloride as solvent in proton magnetic resonance. Importance of size 
and charge effects of proximate s~ibstituents 

T. SCHAEFER, B. RICHARDSON, AND R. SCHWENK 
Chenlistry Department, University of Manitoba, Wintripeg, Matritoba 

Received April 10, 1968 

A model (not a theory), based on steric and charge removal characteristics of the substituents, is 
used to rationalize the low-field shifts caused by carbon tetrachloride (compared to cyclohexane) in the 
proton resonance spectra of 22 polyhalosubstituted benzenes. The low-field shifts are as large as 0.16 
p.p.m. and these are found for protons situated between two ortho fluorine substituents. Larger halogens 
present a steric hindrance to the approach of the polarizable C-C1 bonds of the solvent and lead to 
smaller shifts. The charge removed from the region of the C-H bonds by the substituents is estimated 
by means of a function of the bond dipole divided by the bond length. A shape effect, arising when two 
hydrogens are ortho to each other, also appears to be present if there are bulky distant groups. 
Canadian Journal of Chemistry, 46, 2775 (1968) 

Introduction methylsilane) is not so shielded. The net result is 

Carbon tetrachloride is commonly used as a 
solvent in proton magnetic resonance spectros- 
copy because it contains no protons, has a low 
dielectric constant, and because it dissolves 
sufficient amounts of a wide variety of organic 
compounds. It is a more versatile solvent than 
cyclohexane or tetramethylsilane. But this means 
that carbon tetrachloride interacts rather more 
strongly with a wide variety of molecules than do 
the latter two solvents and therefore a significant 
solvent effect (1, 2) on the proton shifts is prob- 
able. Furthermore, carbon tetrachloride is often 
used as a reference solvent in studying, for 
example, the large proton shifts induced by 
benzene (2, 3). Benzene solvent shifts1 are then 
defined as 'shift in benzene minus shift in carbon 
tetrachloride', and have important applications 
in structure and conformation determination (2, 
4). Now, it is here suggested that 0.1 p.p.m. or 
more of these benzene solvent shifts may arise 
from the use of carbon tetrachloride as the 
reference solvent and that conclusions based on 
small benzene solvent shifts may be of doubtful 
validity .' 

Recently Williams, Ronayne, and Wilson (5) 
have demonstrated a steric effect in carbon tetra- 
chloride (and other) solvent shifts. This arises 
because a solute C-H bond may be shielded by 
bulky groups from collisions with the solvent 
molecules while the internal reference (tetra- 

'Sonletinles called ASIS values (2), an abbreviation for 
'aromatic solvent induced shifts'. 

2This statement applies even more strongly to the use 
of deuterated chloroform as a reference solvent. 

an apparent upfield shift of the C-H proton. 
The observed shifts in this paper are intended to 
demonstrate that, in addition to causing a steric 
effect, the substituent may change the charge 
distribution near the C-H bond and hence may 
alter the time-averaged distribution of the carbon 
tetrachloride molecules near the C-H bond. 

The consequence is a second contribution to 
the observed shift and is here called the charge 
effect. 

Experimental 
The proton resonance spectra were measured and 

calibrated by period averaging techniques on  a DA-601 
spectrometer operated in the frequency-sweep mode. 
The compounds were prepared as degassed, 3 mole % or 
less (saturated) solutions in carbon tetrachloride and 
cyclohexane, using internal tetramethylsilane as a ref- 
erence. 

Spectra were treated as A, A2, AB2, ABX, ABC, ABXR 
or other cases, as the situation warranted. Second or 
higher order 3-spin spectra were analyzed o n  an IBM 
360165 computer using a program written by J. Cavanaugh 
in Fortran I1 and adapted to this computer by H. M. 
Hutton. 

Results and Discussion 
In Table I the solvent shifts A (shift in cyclo- 

hexane minus the shift in carbon tetrachloride) 
are given for 22 polyhalobenzenes.3 In many 
cases the A values are probably accurate to better 
than 0.005 p.p.m. but in some cases the error may 
be as large as 0.01 ~ . p . r n . ~  

3There is a low-field shift in carbon tetrachloride in 
every case. 

4The detailed shifts and coupling constants in cyclo- 
hexane, carbon tetrachloride, and benzene solutions will 
be reported in connection with studies of additivity 
effects of substituents. 
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TABLE I 1.56, and 1.40D for C-F, C-Cl, C-Br, and 
Proton solvent shifts, A,* induced by carbon tetrachloride C-I respectively (6) (iii) the reaction field model 

in some polyhalosubstituted benzenes? based on the dipolar effect predicts lrpfeld shifts 

Proton 
in carbon tetrachloride for, say, the 3-protons in 

Compound A(p'p'm') the 1,2,4-trisubstituted benzenes (iu) even the 
1, Benzene - 

- 
0.041 quadrupolar reaction field model (1) predicts 

2, Penta F 
3, 1,2,4,5-Tetra F H3.6 : much smaller low-field shifts than observed for 
4, 1,3,4,5-Tetra F H2.6 0.137 the 1,2,4,5-tetrasubstituted benzenes. However, 
5, 1,2,3,4-Tetra F E5.6 

- 
0.141 there may be relatively small reaction field shifts 

6, Penta Cl 
7, 1,2,4,5-Tetra CI H3.6 which are mentioned again below. 
8, 1,2,3,4-Tetra CI H5.6 0.121 
9, 1,2,4,5-Tetra By H3.6 0.073 Steric EfSects 

lo, 1,4-Di Br-2,5-dl F H3.6 0.120 The presence of steric effects is demonstrated 
11, 2,4,6-Tri-Br-1-1 H3.s 0.069 
12, 1,3,5-Tri CI Hz,4,6 0.076 in Fig. 1 where the A values of the 2-protons in 
13, 1,3,5-Tri Br H2.4.6 0.064 1-X-3,4-dichlorobenzenes plot smoothly versus 
14, 1-Br-3,5-di C1 HZ 0.071 the van der waals radius of X. A similar curve, 

H4.6 0.085 
15, I-I-3,5-di F HZ 0,061 but displaying considerable curvature, is ob- 

H4.6 0.120 tained for the 6-protons (not plotted). The plot 
16, 1,2,3-Tri CI H4.6 

H 5 

0.1°3 of A values of the 5-protons in Fig. 1 (dashed line) 0.134 
17, 1,3,4-Tri Br HZ 0.063 indicates a steric effect depending mainly on the 

H 5 0.104 ortho substituent (the charge effect discussed 
H 6 

18, 1,3-Di-Br-4-F Hz : below may counteract the steric effect of the 
H , 0.143 more distant neighbors). 
H i  0.097 A steric effectalone cannot explain the A value 

19, 1,4-Di-Cl-3-Br Hz 
H5 : of 0.042 p.p.m. for benzene itself. The C-Cl 
H6 0.117 bond is four times as polarizable as a C-H 

20, 1,3,4-Tri CI HZ 
H 5 

0.087 bond (7). Each collision of a carbon tetrachloride 0.114 
H6 0,120 molecule with a C-H bond in the benzene 

21, 1-I-3,4-di CI H z 0.059 molecule is more effective (than a cyclohexane 
H 5 

H 6 : collision) in disrupting the diamagnetic circula- 
22, 1-~r-3,4-di-Cl Hz 0.073 tion of the C-H bond electrons and leads to  less 

H 5 0.115 screening in carbon tetrachloride than in cyclo- 
H6 

23, 1-F-3,4-di-C1 H z : hexane s ~ l u t i o n . ~  However, the presence of in- 
HS 0.11 6 ternal reference molecules should cancel these 
H 6 O.I3l effects (although packing arrangements can con- 

'Defined as the shift in 3 mole % cyclohexane solutions minus the 
shift in 3 mole %carbon tetraehloride so!utions, both shifts in p.p.m. 
being to  low-field of internal tetramethyls~lane. The shifts are negative 
2nd therefore A is nnsitive. . - .. ..-~~ ~. 

tThe solvent shifts are assumed to  have contributions from the 
charge effect the steric effect and the shape effect. The major contri- 
bution is that of the charge effect as discussed in the text. Additive 
steric contributions are applicable only when the proton is situated 
betwcen two halogens and are 

I = 0.038, Br = 0.025, C1 = 0.015, F = 0.000 p.p.m. 
Shape effects are not defined quantitatively but can amount to  as much 
as 0.03 p.p.m. depend~ng on the substitution pattern. 

Reaction Field EfSects 
These cannot account for the major part of the 

observed shifts because (i) the dielectric constants 
of carbon tetrachloride and cyclohexane differ by 
only 0.2 units5 (ii) the group dipoles are 1.48,1.58, 

5The 10% increase in the reaction field effect in going 
from cyclohexane to carbon tetrachloride causes a low- 
field shift of about 0.01 p.p.m. We find that chloroform, 
with a dielectric constant of 4.8, gives A values only a 
fraction larger than carbon tetrachloride. 

ceivably be present). 
Alternatively, there is evidence for weak com- 

plex formation between benzene and carbon 
tetrachloride (9). The observed A value can then 
be attributed t o  the complex. 

Charge EfSect 
There is another approach to the A value of 

benzene solute molecules which encompasses also 

6We are specializing the usual dispersion model, in 
which the total polarizability of the molecule is con- 
sidered, to one in which the bond polarizabilities are 
emphasized. The calculation of cohesive energies of a 
liquid may well be given by the former procedure (8). 
However, the mean square electric fields at a particular 
C-H bond due to a colliding solvent molecule depend 
on r-'. These fields cause the deshielding and hence the 
nearest C-C1 bond is most effective. It may be noted 
that the polarizabilities of cyclohexane and carbon tetra- 
chloride (and the boiling points) are  very similar. 
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SCHAEFER ET AL.: SIZE AND CHARGE EFFECTS IN PROXIMATE SUBSTITUENTS 

FIG. 1. The solvent shift A, in p.p.m., of protons-2 and -5 is plotted versus the van der waals' radius, R, of the 
substituent, X in I-X-3,4-dichlorobenzenes. A = shift in a 3 mole % cyclohexane solution minus the shift in a 3 mole 
% carbon tetrachloride solution. A positive A value means a low-field shift in carbon tetrachloride relative to 
cyclohexane. 

the other A values in Table I. The carbon tetra- 
chloride molecules may be thought of as regions 
of relatively high electron density. It follows that 
they will tend to concentrate near regions of 
relatively low electron d e n ~ i t y . ~  In benzene the 
C-H bonds contain trigonally hybridized carbon 
atoms and consequently a lower electron density 
near the proton than the C-H bonds in tetra- 
methylsilane. The A value of benzene protons can 
thus arise because the highly polarizable C-C1 
bonds are found more often near, and collide 
more often with, the C-H bonds in benzene 
than with the C-H bonds in tetramethylsilane. 

A charge effect of this nature must be super- 
imposed on the steric effect in substituted ben- 

I 
I zenes. There is no certain way of determining 

'Such appears to be the situation in benzene solutions, 
i as suggested by one of us long ago (10). 

exactly how much the charge distribution in the 
immediate vicinity of the C-H bond is altered 
by a sub~t i tuen t .~  A semiquantitative approach is 
devised as follows. A measure of the amount of 
charge removed from the ring region by a 
substituent X, is taken to be ulr (1 I). Here tl is the 
dipole moment of the C-X bond and r is the 
C-X bond length.' The ortlzo substituent is 

8Hiickel molecular orbital calculations are probably 
too crude for polyhalobenzenes. There is the further 
difficulty that three halogens have d orbitals available for 
conjugation and that only the n system is considered. 
Fluorine is a n donor and a strong o acceptor. What 
matters, it seems, is its net electron withdrawal (n or o) 
from the ring. A very strong n donor may overshadow 
any cr withdrawal and lead to A values lower than for the 
benzene protons (see later sections of the discussion). 

9We use u/r values of 1.14, 0.93, 0.84, and 0.68 e.s.u. 
units for F, C1, Br, and I, respectively. These are  obtained 
from the dipole moments (12) of, and bond lengths (13) 
in, the phenyl halides. 
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0,16- 

0.14 - 

0.1 2 - 

0.10 - 

0.08 - 

0,06 - 

E 
(1 

L 
-1.0 0.0 1.0 2.0 3.0 

u/r +0.56 yr r e.s.u. 

FIG. 2. The A values (defined in the text and in the caption of Fig. 1) of protons situated between two identical 
halogen substituents are plotted versus the function of u/r (defined in the text). The numbering of the points refers to  
Table I. 

naturally most effective at removing charge from 
the region near the C-H bond. In this paper the 
expression C, u/r + 0.5 C,,, u/r is used as an ap- 
proximation to  the change in charge distribution 
induced by the substituent.1° 

In Fig. 2, A values from Table I are plotted 
versus the u/r function for some protons situated 
between two identical halogens. A straight line 
through the points for benzene and those for two 
ortho fluorine substituents suggests negligible 
steric hindrance by fluorine (van der waals' radii 
a r eH  = 1.2Aand F = 1.35k(15); thevander 
Waals' radius of the flat benzene ring is 1.70 A 
suggesting that the substituent must have a radius 

1°The sums are over ortko (0) and meta (m) substi- 
tuents. Benzene solvent shifts for the present and related 
series of compounds are as large as 1.2 p.p.m. and a very 
similar formula can correlate about 60 A values with a 
precision approaching 0.02 p.p.m. (14). 

of this value before steric effects become ap- 
preciable). The straight line through points 7, 12, 
and 20 for two ortllo chlorine substituents (van 
der waals' radius of C1 = 1.80 A) suggests the 
modification of charge effects by steric hindrance. 
Points 9 and 18, referring to  two ortho bromine 
substituents, indicate even greater steric hin- 
drance by bromine (less convincing A values for 
bromine can be found in Table I). 

Methyl groups are net electron donors (whether 
by an inductive or hyperconjugative mechanism) 
and hence their u/r value is negative (-0.29). I n  
Fig. 2 the A value of mesitylene is also given and 
suggests that electron donors do indeed cause 
negative A values.ll 

"This conclusion is confirmed by our benzene solvent 
effect studies (14). Negative A values for benzene a s  
solvent have been observed previously in the presence 
of strong electron donors (16). 
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FIG. 3. The A values (defined in the text and in the caption of Fig. 1) of protons situated between, for the most 
part, unlike halogen substituents are plotted versus the function of nlr. (defined in the text). The numbering refers to 
the formulae drawn in the figure and the A values have been corrected for steric effects as discussed in the  text. The 

, solid line is the top line from Fig. 2. 

, Assume that the lines in Fig. 2 establish the 
combiiled steric and charge effects of the sub- 
stituent. Then the A values in Table I for unlike 
ortho substituents must lie on the top line of 
Fig. 2 after corrections are made for steric effects. 
Steric effects equalling 0.015 p.p.m. for one 
chlorine and 0.025 p.p.m. for one bromine are 
taken from Fig. 2. Thus, the steric correction for 
a proton situated between chlorine and bromine 
is O.Glii) p.p.m. 

In Fig. 3 the top line of Fig. 2 is redrawn. 
I Points 1 to 7 are the corrected A values of the 
' 

protons situated between F, Br; Br, Br; Br, C1; 
and F, C1 (the Br, Br points are those not used in 

I Fig. 2). Within experimental error they fall on the 
1 reference line. Points 8 and 9 represent protons 

situated between C1, I ;  and I, F. A steric correction 
of 0.038 p.p.m. was applied for I. No shifts of 

protons situated between two iodines are avail- 
able in Table I. Hence point 9 is consistent with 
point 8 or vice versa. The three steric corrections : 
I = 0.038, Br = 0.025, C1 = 0.015 p.p.m. plot 
precisely linearly against the van der waals' radii. 

Shape EfSect 
Consider the A values in Table I of those 

protons with only one ortho halogen substituent. 
They are plotted (circles) in Fig. 4 without apply- 
ing a steric correction. Many of the points show a 
significant positive deviation from the reference 
line implying not only the absence of a steric 
correction under such conditions, but also the 
presence of a shape effect in which bulky distant 
substituents force the carbon tetrachloride mol- 
ecules towards the unsubstituted region of the 
benzene ring. For example, the largest positive 
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FIG. 4. The Avalues (defined in the text and in the caption of Fig. 1) of protons having only one ortlro substituent 
are plotted versus the function of u/r (defined in the text). The open circles refer to protons-5 and -6 of the tri- or tetra- 
substituted compounds. The crosses refer to symmetrically p-disubstituted benzenes. 

deviation is found for a proton next to a (small) 
fluorine while there are two distant (large) 
bromine atoms placed meta to the proton. 

On the other hand, the positive deviation for 
proton 6 in 1,3,4-trichlorobenzene is 0.030 p.p.m. 
but is only 0.027 p.p.m. for the analogous bromo- 
benzene. These deviations are equal within ex- 
perimental error although that of the bromo 
compound is expected to be a little larger. The 
deviations for proton-5 in these two compounds 
are zero within experimental error and are 
expected to be smaller than those for proton 6 
because proton-6 is more remote from the third 
substituent. 

To test the idea of a shape effect we plot 
(crosses) the A values of some symmetrically 
p-disubstituted benzenes in Fig. 4 (3 mole % 
solutions: OCH, = 0.008, Cl = 0.080, Br = 

0.080, I = 0.070, F = 0.089 p.p.m.).12 The me- 
thoxy group is a strong n: donor and we have 
taken u/r = 0.89 units (using the =C-0 bond 
length). The oxygen atom is not appreciably 
larger than fluorine and the methyl group is 
probably too distant to present appreciable steric 
hindrance. All of the points show a small negative 
deviation from the reference line. This result is 
taken to mean that steric corrections are indeed 
almost negligible in the presence of only one 
ortho substituent.' 

ZUnfortunately, the low solubility ofp-dinitrobenzene 
in cyclohexane prevents the measurement of its A value. 

13There is the difficulty that fluorine also shows a 
negative deviation. Notice also that the rneta methoxy 
group has been ignored in arriving a t  the abscissa in Fig. 4. 
This procedure is perhaps justified because a mesomeric 
donor is not expected to substantially affect the charge 
distribution at the meta position. 
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Some support for a shape factor comes from workable model with predictive powers and is to 
the A value of proton 5 in 1,2,3-trichlorobenzene be tested by further work. 
(Table I). This A value of 0.134 p.p.m., however, 
may have a significant contribution (perhaps as Acknowledgment 
large as 0.02p.p.m.) from the reaction field 
because here all three C-Cl dipoles contribute a We are grateful to the National Research 
deshielding reaction field shift (in contrast to any Canada for 
of the other polyhalobenzenes in Table I). 
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Analysis of the proton and fluorine magnetic resonance spectra of 
P,3,5-trifluorobenzene dissolved in a nematic liquid crystal 

C. T. YIM' AND D. F. R. GILSON 
Departnzetzt of Clzenzistry, McGill University, Montreal, Quebec 

Received April 22, 1968 

The proton and fluorine magnetic resonance spectra of 1,3,5-trifluorobenzene oriented in a nematic 
liquid crystal have been analyzed. The proton and fluorine chemical shift anisotropies are -2.98 p.p.n~. 
and 104 p.p.m, respectively. The absolute signs of the indirect spin-spin coupling constants are: J,,,,, 
JFF, and JHF (ortlzo) all positive, and JAF (para) negative. 
Canadian Journal of Chemistry, 46, 2783 (1968) 

Introduction 

The analysis of nuclear magnetic resonance 
spectra of molecules dissolved in nematic liquid 
crystals affords a method of determining the 
anisotropies of chemical shifts and the signs of 
the indirect spin-spin coupling constants (1, 2). 

I Snyder has concluded that the diamagnetic 
I shielding of fluorine nuclei in hexafluorobenzene 

and monofluorobenzene is greatest when the 
applied magnetic field is perpendicular to the 
molecular plane and least when parallel to the 
plane and perpendicular to the carbon fluorine 
bond (3, 4). Molecular beam magnetic resonance 
experiments led to the opposite conclusion, that 
maximum shielding occurs when the applied field 
is directed along the C-F bond (5). The aniso- 

I tropy of the fluorine chemical shift has also been 
1 determined in 1,2,4-trifluorobenzene from the 
, field dependence of the second moment of the 

resonance line of a polycrystalline sample (6). No 
I other studies of fluorine substituted benzenes 
I appear to have been reported. We have analyzed 
I the anisotropic spectrum of 1,3,5-trifluoroben- 

zene oriented in a nematic liquid crystal. The high 
symmetry of this molecule simplifies the analysis 
and the direction of the shift of the proton 
resonance on changing from the nematic to 
isotropic phase indicates the direction of molec- 
ular alignment (7, 8). The spectrum of a solution 
of 1,3,5-trifluorobenzene in carbon disulfide has 
been previously analyzed by Jones, Hirst, and 
Bernstein (9). 

Experimental 
I A sample of 1,3,5-trifluorobenzene (99.9%) was 
I obtained from the Pierce Chemical Company and used 

/ 'Holder of University Graduate Fellowship, 1967- 
; 1968. 

without further purification. A mixed liquid crystal was 
used consisting of p-p' di n-butoxy- (3.573, p-p' di 
n-pentoxy- (34.8 %), and p-p' di rz-hexoxyazoxybenzene, 
(61.7 %). Proton and fluorine magnetic resonance spectra 
were recorded at 56.4 MHz, using a Varian DP60 nuclear 
magnetic resonance spectrometer, on a 30 mole % 
solution of 1,3,5-trifluorobenzene containing a small 
amount of tetramethylsilane. A field modulation tech- 
nique was employed for baseline stabilization and  calibra- 
tion of the spectra (8, 10, 11). The modulation amplitude 
and phase were adjusted to minimize the first sideband, 
and the two second sidebands used for calibration. The 
appearance of the spectra of nlolecules dissolved in 
nematic liquid crystals is extremely sensitive to  tempera- 
ture gradients across the sample (7, 8, 12). Therefore, the 
sample was equilibrated in a thermostat at the desired 
temperature before transferring to the probe, and the 
sample position and the flow rate of heating gas adjusted 
to give minimum line width across the spectrum. Spectra 
were measured at  62 "C. Line widths were about 5 Hz at  
the center and increased to about 15 Hz at the extrema 
of the spectra. 

Results 

The observed spectra are reproduced in Fig. 1 ; 
since the spectra are symmetric about the center 
only one-half is shown in each case. The center of 
the proton spectrum in the nematic phase was 
6.24 p.p.m. to low field from internal TMS. The 
center of the fluorine spectrum was 18.38 p.p.m. 
to high field from external trifluoroacetic acid. 
In the isotropic phase at 102 "C the shifts were 
- 6.53 p.p.m. and +28.58 p.p.m. respectively. 

Theoretical spectra were computed using the 
program given by Wiberg (13) but rewritten to 
include the direct dipole coupling constailts Dij. 
Since the proton resonance position shifts to 
lower field in the isotropic relative to the nematic 
phase, the solute molecules are aligned with their 
molecular planes parallel to the applied field and 
therefore the sign of the only motional constant 
required, C,=, -r,, is negative. For the first trial 
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FIG. 1. Proton and fluorine magnetic resonance spectra of 1,3,5-trifluorobenzene dissolved in a nematic liquid 
crystal. The spectra are symmetric about the center and only one-half is shown. 

calculation only the direct dipole coupling con- 
stants were included, with values based on a 
structure with D,, symmetry and bond distances 
C-C = 1.39 A, C-H = 1.08 A, and C-F = 
1.31 A. The theoretical spectra obtained were in 
approximate agreement with experiment except 
for a scale factor. Examination of the theoretical 
line positions and the values of D i j  showed that 
lines J(H), Q(H), T(H), and L(F), S(F), and U(F) 
correspond to transitions of the a ,  subspectra of 
the isotropic case analyzed by Jones et al. (9), 
with the addition of the direct dipole coupling. 
Similarly lines M(H) and O(F) are the transitions 
between the A ,  symmetry levels, plus dipolar 
coupling. 
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TABLE I 
Experimental and calculated line positions, in Hz from center of resonance, at  56.4 MHz 

Proton spectrum* Fluorine spectrumi 

Experimental Calculated Calculated Experimental Calculated Calculated 
Line frequency frequency intensity frequency frequency intensity 

*Spectrum center: -352.1 + 1.0 internal TMS. 
?Spectrum center: + 1036.4f 3.0 external CF3COOH. 

For the second stage of spectrum calculation, 
the most reasonable fit to the positions of these 
eight lines was obtained with the inclusion of the 
indirect spin-spin coupling constants, J i j ,  and 
variation of the magnitude of the motional con- 
stant. Closest agreement was found with JHH, 
JFF,  and JFF (ortho) all positive, and JLF (para) 
negative. Changes in the magnitudes of the in- 
direct coupling constants from the values given 
by Jones et al. did not improve the agreement. 

The final refinement of the theoretical spectrum 
included the pseudo-dipole coupling constants, 
DFfeudO, and variation of the direct dipole coupling 
to give the best overall fit to both spectra. The 

experimental (mean of five spectra) and calculated 
line positions are compared in Table I. The root 
mean square derivation of all observed lines from 
their calculated frequencies was 1.2 Hz. Final 
parameters are listed in Table 11. 

Discussion 

For a molecule for which only one motional 
constant is required the chemical shift in the 
nematic phase is given by 

- . - - - - - where the z-axis is the molecular three-fold axis. 
'I'ABLE 11 The first term in equation [I.] is given by the 
n I npscudo chemical shift in the isotropic phase, thus the 
Uij "Ij "iJ 

anisotro~ies of the chemical shift can be obtained: 
F-F -152.0 5.8 1 . O  
H-H -224.3 2.3 "0 Aon = (ozz - $(ox, + oyy)) 
H-F ortho -948.1 9.0 - 

H-F para -119.6 -1.7 -1 .O = -2.98 & 0.3 p.p.m. 
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The anisotropy of the proton chemical shift is 
surprisingly similar to  that of benzene itself, 
-2.88 p.p.m. (8). A value closer to that of 
1,3,5-trichlorobenzene, -4.90 p.p.m. (7), might 
be expected due to the presence of the ortho 
halogen substituents in each case. However, too 
much significance should not be attached to these 
values at the present time since the effects of 
changes in solvent anisotropic susceptibility with 
change of phase (14,15) have been neglected. The 
anisotropy of the fluorine chemical shift is to be 
compared with the anisotropy in hexafluoro- 
benzene + 154 p.p.m. (3). In the isotropic phase 
the fluorine resonance of 1,3,5-trifluorobenzene 
is 56 p.p.m. to low field from hexafluorobenzene 
(16). When this result is combined with the 
anisotropic data, then 

Ao,,(C6F6 - C6H3F3) = 90 p.p.m. 

Af(o,, $ oyY)(C6F6 - C6H3F3) = 39 p.p.m. 

The ortlzo fluorine substituents affect the 
shielding in hexafluorobenzene perpendicular t o  
the molecular plane to a greater extent than the 
shielding parallel to the plane. 

The optimized dipole coupling constants can 
be used to  recalculate the relative distances be- 
tween hydrogen and fluorine nuclei. Snyder 
observed that, for hexafluorobenzene, the ratios 
of the Dij values obtained did not correspond to 
the values calculated from ideal geometry (3). 
The discrepancies were attributed to  the aniso- 
tropy of the indirect spin-spin coupling constants 
and the averaging over the internal motions of the 
molecule (12). The introduction of the pseudo- 
dipole coupling constants is intended to accouilt 
for these effects. For protons the anisotropy of 
the coupling constants will be small and it is 
tempting to set the pseudo-dipole coupling equal 
to zero. However, the amplitudes of vibration 
will be larger for the lighter nucleus and therefore 
the pseudo-dipole coupling constants have been 
included in the analysis of 1,3,5-trifluorobenzene. 
Since only relative distances can be obtained, it 
is necessary to assume a given value for one of the 
internuclear distances in the molecule. In the 
present analysis a value of 1.390 A was assumed 

for the carbon-carbon bond length, and 1.080 A 
for the carbon-hydrogen bond length, which led 
to a carbon-fluorine bond length of 1.296 A. 
This distance is consistent with the electron 
diffraction data on metadifluorobenzene and  
paradifluorobenzene (17), but is shorter than the 
value of 1.33 A obtained from the microwave 
spectrum of monofluorobenzene (18). 
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Note Added in Proof 
A referee has informed us that J. Nehring and  

A. Saupe have examined the spectrum of 1,3,5- 
trifluorobenzene in a nematic liquid crystal. 
Their results are quoted as a privatecommunica- 
tion, Laszlo, ref. 19 and are in agreement with 
the present study. 
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Effect of solvent and anion upon the proton magnetic resonance spectrum of the 
1-methylpyridinium ion 
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The proton magnetic resonance spectra of 1-methylpyridinium bromide and iodide have been measured 
over a range of concentrations in different solvents. It is found that, with the exception of acetonitrile 
solutions, the infinite dilution chemical shifts are related to solvent dielectric constant. Extrapolated 
shifts for a nonpolar medium agree with previously calculated chemical shifts for the pyridinium ion. 
Proton cliemical shifts in concentrated solutions are affected by cation-anion interactions. These inter- 
actions are interpreted in terms of ion pair formation. 
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Introduction 

The method of estimating n electron densities 
in aromatic molecules and ions from proton 
chemical shift measurements has been widely 
applied (1-14). It was originally assumed that 
there was a linear relationship between excess n 
electron density at a carbon atom and the 
chemical shift of the adjacent proton relative to 
internal benzene (1). More recent papers usually 
include consideration of effect of polar groups, 
anisotropic magnetic susceptibility, etc. (1 5). 

Problems are found when this method is used 
to estimate n electron densities in heteroaromatic 
cations. It has been concluded that proton chem- 
ical shifts for the pyridinium ion are partly 
determined by the effect of the counter ion and 
by the effect of the electric field of the N-H+ 
group (9, 16). Similarly cation-anion and cation- 
solvent interactions have a significant effect upon 
proton chemical shifts in 1,4-diethylpyridinium 
halides (17). 

On the other hand, it has been claimed that 
proton chemical shifts for the pyridinium ion in 
several solvents (18) and for the l-methylpyri- 
dinium ion in water (19) are directly related to n 
electron densities estimated from simple Hiickel 
Molecular Orbital Calculations. This would sug- 
gest that the effect of the counter ion and the 
effect of the electric field of the N-H+ group 
are unimportant. 

This paper reports the results of the investi- 
gation of the effect of solvent and concentration 
upon the ring and I-methyl protons of I-methyl- 
pyridinium bromide and iodide. The primary 
purpose of this investigation was to obtain an 
estimate of the infinite dilution proton chemical 
shifts in a nonpolar medium for comparison 

with theoretical calculations of the proton chem- 
ical shifts for the pyridinium ion (16). At the 
same time. information was obtained about the 
nature of cation-anion and cation-solvent inter- 
actions in this system. The 1-methylpyridinium 
ion was chosen since it was felt that interaction 
with anions should be less than in the case of 
pyridinium ion. 

Experimental 
I-Methylpyridinium iodide was prepared by the 

method of Prescott (20), and had m.p. 116.5-117.5 "C. 
Anal. Calcd. for C6H81N: C, 32.6; H, 3.62; I, 57.4; 

N,6.33.Found:C,32.6;H, 3.76;1,57.6;N,6.32. 
2-Methylpyridinium bromide was prepared by the 

method of Prescott (20). After drying under vacuum at 
110" in a drying pistol for two days, the compound 
melted at 153-155 "C. It was hygroscopic and exposure to 
the atmosphere was kept at a minimum. 

Anal. Calcd. for C6H8BrN: C, 41.4; H: 4.63; Br, 
45.9; N, 8.04. Found: C, 41.0; H, 5.29; N, 7.82; Br, 45.8. 

Acetone, acetonitrile, and dimethyl sulfoxide were 
Fisher Certified Reagents. They were freshly distilled 
over Linde 5A molecular sieve before use. The salts 
were readily soluble except in acetone. I-Methylpyridin- 
ium bromide was not sufficiently soluble in acetone to 
allow accurate spectral measurements. 

Proton magnetic resonance spectra were recorded on an 
HA-100 spectrometer operating in the frequency sweep 
mode. The probe temperature was 27.5 + 1 "C. The 
spectrometer was locked on to the solvent peak. Methyl 
proton peaks in aqueous solutions were measured in 
D20 with the spectrometer locked on to internal t-butyl 
alcohol. Each solution contained 0.1-0.2 volume % 
benzene as an internal reference. Peak positions were 
calibrated by measuring differences of sweep and manual 
oscillator frequencies. Each peak position was deter- 
mined from an average of four measurements. 

The spectrum of the most dilute solution of l-methyl- 
pyridinium iodide in acetone was accumulated on a C- 
1024 time-averaging computer. Fifty sweeps were accu- - - 

mulated. 
Spectral peaks were usually too broad to allow for 
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TABLE I 3.201 I 1 I I I I 1 

Infinite dilution chemical shifts (in p.p.m. from internal 
benzene) for 1-methylpyridinium bromide and iodide in 

300 

I-CH, 

different solvents " " -- ,. - ., " 

Dimethyl Aceto- 
Proton Water sulfoxide nitrile Acetone 6 

m 

complete analysis. Chemical shifts were estimated from u 
the centers of gravity of spectral multiplets. Estimated 5 
maximum error in chemical shift measurements is 0.02 5 
p.p.m. Repeated peak measurements were always con- -I 60- 2,6-H 
sistent to well within this limit. n 3 

-!.801 I 1 1 I 1 I I 
Results 0 0 0 5  0-10 0-15 0-20 0.25 0-30 0-35 

MOLARITY 

Infinite proton shift meam FIG. 2. Plot Of proton chemical shifts for l-metllyl- 
surements relative to internal benzene are given Pyridiniunl bromide and iodide vs. concentration in 
in Table I. Plots of proton chemical shifts versus dimethyl sulfoxide. 

concentration are in Figs. 1-4. 

3 - 2 0 ~  

-1.60 I I 1 1 1 I 
0 0.2 0 4  0.6 0.8 I .O 

MOLARITY 

FIG. 1. Plot of proton chemical shifts for 1-methyl- 
pyridinium bromide and iodide vs. concentration in water. 

Discussion 

(a )  Effect of Solvent 
The solvents chosen were those for which 

charge transfer complex formation between 
iodide and 1-methylpyridinium ions should be 
minimized (21). I t  is believed that the chemical 
shift values reported in Table I are true infinite 
dilution values. Previous investigations of closely 
related systems provide considerable support 
for this assumption. The association constant 
for 1-methylpyridinium iodide ion pair forma- 
tion in water is 2.3 (22). This would imply 
approximately 95 % ion pair dissociation at the 
minimum concentration used in this investi- 
gation. Kosower (21) also found that 1-alkyl,4- 
carbomethoxypyridinium iodide ion pairs were 
largely dissociated in acetone, acetonitrile, and  
dimethyl sulfoxide at the minimum concentra- 
tions used in this investigation; but that ion pair 
formation was essentially complete in chloro- 
form at concentrations as low as lo-' M. Chuck 
and Randall (17) found that  the "infinite di- 
lution" chemical shifts for the 1-methylene and 
2,6 protons of 1,4-diethylpyridiniuin halides in 
chloroform were anion dependent. In our sys- 
tem identical dilution shifts were obtained for 
both salts i n  water, dimethyl sulfoxide, and  
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acetonitrile. This strongly suggests that our re- 
sults represent true infinite dilution shifts while 
those of Chuck and Randall obtained in chloro- 
form do not. This would agree with the pre- 
viously quoted results of Kosower in similar 
systems. 

With the exception of acetonitrile solutions, 
the infinite dilution chemical shifts in the dif- 
ferent solvents appeared to be related to the 
observed order of solubility. (The approximate 
solubilities for 1-methylpyridinium iodide in 
water, dimethyl sulfoxide, acetonitrile, and ace- 
tone are respectively 27 M, 6 M, 1 M, and 0.05 
M.) 

Infinite dilution chemical shifts should then 
also be related to physical measurements of the 
solvating ability of the solvent. Although the use 
of dielectric constant as a measure of solvating 
power has been criticized (21), it has been 
recently claimed that solvation energies of polar 

0 0.08 0.16 0.24 0.32 0.40 

MOLARITY 

FIG. 3. Plot of proton chemical shifts for l-methyl- 
pyridinium bromide and iodide vs. concentration in 
acetonitrile. 

2.801 • I 
I-CH, 

-2.001 0.005 1 0 010 1 0.015 1 0.020 1 0.025 1 0.030 I I 
MOLARITY 

FIG. 4. Plot of proton chemical shifts for l-methyl- 
pyridinium bromide and iodide vs. concentration in 
acetone. 

solutes in polar solvents are quantitatively re- 
lated to dielectric constant (23). Consequently, 
plots of infinite dilution chemical shifts versus 
various functions of solvent dielectric constant 
were prepared. Best straight lines were obtained 
for the empirical correlation factor &' I2  (24). 
This plot is shown in Fig. 5. It is not claimed 
that the extrapolated shifts represent accurate 
infinite dilution shifts in a nonpolar, non- 
interacting medium. However, they probably do 
represent approximate values of these desired 
quantities. 

It is believed that the most probable mode of 
solvent-cation interaction is direct solvation of 
the positive charge center. This would decrease 
the effect of the positive charge and consequently 
cause high field shifts relative to the infinite ., 
dilution chemical shifts in nonpolar solvents. 

An alternate explanation would involve hydro- 
gen bonding between solvent and solute C-H 
protons (25). This explanation has been rejected 
since it implies that the ordering of hydrogen 
bond strengths is acetone > dimethyl sulfoxide 
>water. This is in disagreement with previously 
reported measurements of relative hydrogen 
bonding strengths for these solvents (26,27). 
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FIG. 5. Plot of infinite dilution proton chemical 
shifts in different solvent vs. (dielectric for the 
solvent at  27.5 "C. 

We have been unable to find any physical 
measure of the solvating power of acetonitrile 
which would account for the apparently ano- 
malous chemical shifts in this solvent. It is 
possible that the apparent high field shift is due 
at least partly to the anisotropic diamagnetic 
susceptibility of this solvent. 

(b) Cation-Anion Interactions 
The identical dilution curves for l-methyl- 

pyridinium bromide and iodide in water are 
difficult to rationalize. The slopes of the dilution 
curves for the different protons are quite similar. 
Consequently, i t  was originally believed that the 
dilution effect might involve the reference rather 
than the solute. However, this must be rejected 
for two reasons. Firstly, the chemical shift dif- 
ference between the solvent and reference is 
essentially constant. Secondly, the changes in 
chemical shift for the different ring protons upon 
dilution are slightly but significantly different. 
For example, the dilution shifts for l-methyl- 
pyridinium iodide in water over a concentration 

range from 2.4 to 0.1 M are +0.21 p.p.m. for 
2,6 protons, +0.19 p.p.m. for 3,5 protons and 
$0.17 p.p.m. for the 4 protons. 

From the above evidence, it must be con- 
cluded that the dilution curves are due to cation- 
anion interactions. In contrast with interactions 
in other solvents, these interactions appear to be 
relatively non-specific in nature since the effect 
is the same for both anions and appears to affect 
all ring positions to an almost equal extent. 

The interaction could be due to solvent- 
separated ion pairs or to highly solvated intimate 
ion pairs. The former suggestion would appear 
to account for more satisfactorily the non- 
specific nature of the interaction. However, the 
latter suggestion would appear to be more con- 
sistent with the fact that 1-methylpyridinium 
iodide forms a charge transfer complex. I t  has 
been claimed that this charge transfer complex is 
electrostatically equivalent to an intimate ion 
pair and that the ion pair is strongly solvated in 
water (21). I t  is difficult to distinguish between 
these possibilities by nuclear magnetic resonance 
(n.m.r.) spectroscopic measurements. 

There is evidence for a specific interaction 
between the anion and the positive charge center 
of the 1-methylpyridinium ion in the other sol- 
vents. The slopes of the dilution curves are 
steepest for the I-methyl and 2,6 protons and 
the slopes for these protons are anion-dependent 
in dimethyl sulfoxide and acetonitrile. This is 
most probably due to the formation of intimate 
ion pairs with minimum solvation. The dilution 
curves suggest that the anion is located almost 
directly above the nitrogen atom of the l-methyl- 
pyridinium ion in the ion pair. The fact that the 
interaction is less for the iodide ion is probably 
due to the tendency of iodide ions to form com- 
plexes with dimethyl sulfoxide, acetonitrile, and 
acetone (28). 

(c)  Conzparison with Theoretical Calculations of 
Proton Chemical S l ~ i f s  for the Pyrirlinium 
Ion 

Estimated infinite dilution shifts in a non- 
polar medium are given in Table 11. Although 
these extrapolated chemical shifts are pre- 
sumably only approximately correct, they are in 
reasonable agreement with previously calculated 
proton chemical shifts for the pyridinium ion in 
the absence of ion pairing (16). Best agreement 
is obtained with model 4(b) (see Table 11) which 
uses scaled-down n electron densities obtained 
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TABLE 11 3. I. C. SMITH and W. G. SCHNEIDER. Can. J. Chem. 
Extrapolated infinite dilution chemical shifts (in p.p.m. 39,1158 (1961). 
from internal benzene) for the 1-methylpyridinium ion in $ l ~ ~ ~ ~ N  and E' L' MAcKoR' Phys' 
a nonpolar medium compared with previously calculated 5. J. C. sHUG and J. C. D ~ ~ ~ .  J. them. Pllys. 37, chemical shifts for the pyridinium ion 2618 (1962). 

6. A. ZWEIG: J. E. LEHNSEN, J. E. LANCASTER, and 
Ao M. T. NEGLIA. J. Am. Chem. Soc. 85, 3940 (1963). 

for 1-methyl- Ao* calculated 7. T. SCHAEFER and W. G. SCHNEIDER. Can. J. Chem. , Proton pyridinium ion for pyridinium ion 41,966 (1963). 
8. M. P. SCHWEIZER, S. I. CHAN, G. K. HELMKAMP, and 

1 -CH +2.4 - P. 0. P. Ts'o. J. Am. Chem. Soc. 86,696 (1964). 
I 2,6-H -2.28 -2.33 9. V. M. S. GIL and J. N. MURRELL. Trans. Faraday 

3,5-H -1.20 -1.19 SOC. 60,248 (1964). 
4-H -1.60 -1.37 10. S. FORSEN, B. AKERMARK, and T. ALM. Acta Chem. 

*Taken from ref. 16, model 4(b) 
Scand. 18,2313 (1964). 

11. W. W. PAUDLER and H. L. BLEWITT. Tetrahedron, 
21,353 (1965). 

12. A. H. GAWER and B. P. DAILEY. J. Chem. Phys. 42, from a V.E.S.C.F. calculation (29) and allows 2658(1965). 
for the electric field effect of the N-H+ bond. 13. L. M. JACKMAN, Q. N. PORTER, and G. R. UNDER- 

WOOD. Australian J. Chem. 18,1221 (1965). Since the ratios of ring 14. W. W. PAUDLER and J. E. KIJDER. J. Heterocyclic shifts are not too different from those for the Chem. 3,33 (1966). 
pyridinium ion, the possibility that these chem- 15. P. J. BLACK, R. D. BROWN, and M. L. HEFFERNAN. 

Australian J. Chem. 20, 1305 (1967). ical shifts are determined 16. G. KoTOWYCZ, T. SCmEFER, and E. BOCK. Can. J. 
densities (as estimated by simple Hiickel Mole- Chem. 42,2541 (1964). 
cular Orbital Calculations (18)) cannot be ex- 17. R. J. CHUCK and E. W. RANDALL. Spectrochim. 

Acta, 22,221 (1966). cluded. However, evidence from other hetero- 18. B. M. LYNCH and H. J. M. Dou. Tetrahedron 
aromatic systems suggests that better agreement Letters, 2627 (1966). 
is obtained between theoretical and calculated 19. ~;:61~~;b~ and E. W. RANDALL. J. Chem Sot. 

Proton chemical shifts when effects other than 20. A. B. PWCOTT. J. Am. Chem. SOC. 18, 91 (1896). 
r electron density effects are considered (9, 12, 21. E. M. Kosowm. J. Am. Chem. Soc. 80,3253 (1958). 

15). 22. E. M. KOSOWER and J. C. BURBACH. J. Am. Chem. 
SOC. 78,5838 (1956). 
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Model reactions for a synthesis of streptamine based on the 
I diamination of nitrocyclitol acetates1 

Departtnent of Ct~emistry, University of Ottawa, Ottawa, Canada 
Received April 25, 1968 

Treatment of trans,trans-2-nitro-1,3-cyclohexanediol diacetate with ammonia followed by acetylation 
gives trans,trans-1,3-diacetamido-2-nitrocyclohexane (4). Catalytic hydrogenation of 4 and subsequent 
acetylation lead to trans,trans-2,6-diacetan~idocyclohexylamine (5) and trans,trans-1,2,3-triacetamido- 
cyclohexane (6), respectively. Permanganate oxidation of 4 affords cis-2,6-diacetamidocyclohexanone 
(7; 2,4-dinitrophenylhydrazone, 8). Sodium borohydride reduction of 7 produces trans,trans-2,6-di- 
acetan~idocyclohexano1(9; 0-acetate, 10). 
Canadian Journal o f  Chemistry, 46, 2793 (1968) 

In continuation of our studies on aminations elimination of acetic acid followed bv addition of 
of nitro sugars (1,2) it was decided to examine the 
possibility of introducing, in one operation, two 
amino groups in the positions P and P' to the 
nitro function. Sugars and polyols that contain 
the structural moiety -CHNH2-CHN02- 
CHNH2- should be useful precursors for the 
preparation of vicinal triamino compounds, di- 
amino ketones, diamino alcohols, and related 
derivatives, and it is suggested that efforts at 
synthesis along these lines will benefit particularly 
the field of carbohydrate antibiotics. The present 
paper reports a series of model reactions carried 
out on 1,2,3-trisubstituted cyclohexanes. 

The point of departure was trans,trans-2-nitro- 
1,3-cyclohexanediol (1) which was prepared by 
cyclization of glutaric dialdehyde with nitro- 
methane (3). Acetylation of the diol 1, previously 
performed in 75 %yield with acetic anhydride and 
sulfuric acid (3), was carried out with boron 
trifluoride as a catalyst. This catalyst has proved 
very effective in nitro sugar acetylations (4) and 
the diacetate 2 was thus conveniently obtained in 
95 % yield. 

When a tetrahvdrofuran solution of 2 was 
agitated with aqueous ammonia at 40" for 8 h, 
both acetoxy functions were replaced by amino 
groups. Conversions of aliphatic P-acetoxynitro 

ammonia to the intermediate nitroalkene; in the 
special case of 2 this sequence takes place twice. 

The free nitrodiamine 3 proved rather unstable 
and difficult to purify. However, N-acetylation of 
the reaction product gave stable trans,trans-1,3- 
diacetamido-2-nitrocyclohexane (4) in a yield of 
70.5 % (based on 2). Platinum-catalyzed hydro- 
genation of 4 in acetic acid solution readily 
furnished trat~s,trans-2,6-diacetamidocyclohexyl- 
amine (5), and the latter was acetylated to  trans, 
trans - 1,2,3 - triacetamidocyclohexane (6). The 
structures of 5 and 6 were confirmed, and the 
configuration was proved, by the nuclear mag- 
netic resonance (n.m.r.) parameters listed in 
Table I. In particular, 5 exhibited a clear, one- 
proton triplet assignable to H-2, and its spacing 
of 10.5 c.p.s. indicated that the hydrogens at 
C-1, C-2, and C-3 must all possess axial (and the 
substituents therefore equatorial) orientation. 
Moreover, the methyl resonances of the acet- 
amido groups in 5, as well as in 6, appeared as a 
single, sharp peak. Since the signals of axial and 
equatorial acetamido substituents in the cyclo- 
hexane series are known (1 2-19) to differ markedly 
in their chemical shifts, the observed magnetic 
equalities implied identical disposition of the 
substituents, a fact which is in accordance only 

compounds into vicinal nitroamines have been with the trans,trans configuration. Although no 
achieved before (1, 2, 5-1 I), but the present spectrum was obtained of 4 because of its poor 
example appears to be the first one involving a solubility, the configuration proved in 5 and 6 
diamination of a P,P'-diacetoxynitro compound. can safely be extended t o  it, as catalytic hydro- 
The general process is explained (7) as a P- genation of nitro compounds in an acidic medium 

generally proceeds with retention (20). 
'Presented before the 4th International Conference on - It has -not been investigated whether small 

Carbohydrate Chemistry at Kingston, Ontario, July, 1967, 
and abstracted from the M.Sc. thesis of M. C. T. Wang, of One Or both of the possible 
University of Ottawa, 1968. isomers of 3 arise in the reaction of 2 with 
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TABLE I 
60-Mcycles nuclear magnetic resonance parameters* 

Compound Solvent H-1, H-3 H-2 0-Ac N-Ac (CH2)3 

5 D2O 6.38(2,m) 7.53(l,t)t 
6 CDC13$ 

D2O 6.24(3,m) 
7 CDCI , J: 

*Chemical shifts o f  compounds measured in deuteriochloroform or methanol are given vs. internal tetramethyl- 
silane = 10 T, those o f  compounds measured in deuterium oxide are given vs. the DOH signal which was assigned 
a value o f  5.20 T. Number o f  protons by integration and character o f  signal are given in parentheses; s ,  sharp singlet; 
t, sharp triplet: m, broad multiplet. 

tsplitting. 10.5 c.p.s. 
Spoor solubility o f  compound prevented evaluation o f  peaks other than the acetamido signal. 
§Signals overlapped by solvcnt bands. 

ammonia. At any rate the trans,trans product 
predominates strongly, which is in line with 
numerous observations recorded (1,2,21,22) for 
nucleophilic elimination-additions of a similar 
nature. Furthermore, in a recent communication 
Lichtenthaler and associates (23) reported that 
cyclization of glutaric dialdehyde with nitro- 
methane in the presence of four moles of benzyl- 
amine gives, in 60 % yield, trans,trans-l,3-bis- 
benzylamino - 2 - nitrocy~lohexane,~ and they 
stated (though without specifying the conditions) 
that the same compound is formed with ease 
when the diol 1 is treated with benzylamine. 

The next aim was to convert the nitro derivative 
4 into cis-2,6-diacetamidocyclohexanone (7). 
Since the Nef reaction, which is widely used for 
the conversion of secondary nitro groups into 
keto groups has been known to fail or give poor 

2The authors (23) also obtained 6 from this compound 
by catalytic reduction and debenzylation followed by 
acetylation. 

results with sterically hindered nitro compounds 
(24), oxidative denitration with permanganate 
(25) was employed. The ketone 7 was obtained 
in yields of 62-70 %. The structure of this product 
was confirmed by its infrared data, by the lack of 
high-intensity ultraviolet absorption near 250 m p  
in alkaline solution indicating absence of a 
nitronate grouping, and by the preparation of a 
2,4-dinitrophenylhydrazone (8). The n.m.r. spec- 
trum of 7 in deuteriochloroform exhibited one 
sharp singlet (6H) for the two acetamido groups. 
The signal occurred at 7.95 z, which might be 
taken to indicate a syn-diaxial orientation (19). 
Such conformation, though unfavorable on steric 
grounds, could be stabilized by mutual hydrogen 
bonding of the acetamido groups. On the other 
hand, the substituents of 7 could well occupy the 
equatorial position notwithstanding the low z- 
value, for the latter might be due to a deshielding 
effect exerted by the adjacent ring carbonyl 
group. Hasegawa and Sable (19) explained thus 
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the occurrence of a low-field, "axial" acetoxy 
signal in scyllo-inosose pentaacetate, a compound 
that contains no axial substituents. 

Borohydride reduction of the ketone 7 fur- 
nished in 65 % yield crystalline trans,trans-2,6- 
diacetamidocyclohexanol (9), from which the 
0-acetate 10 was prepared with acetyl chloride. 
The trans,trans configuration followed from the 
n.m.r. spectrum of 10 which exhibited a singlet 
(3H) at 8.03 z and a singlet (6H) at 8.1 1 z. The 
former was attributed to an equatorial acetoxy 
group and the latter, to two equatorial acetamido 
groups in accordance with abundant chemical 
shift data found in the literature (12-19) on 
substituted cycl~hexanes.~ It must be said that 
the spectrum of 10 was taken in methanol 
solution because of insufficient solubility in 
chloroform, the solvent to which most recorded 
data refer. However, Hasegawa and Sable (19) 
compared chemical shifts in numerous acetylated 
cyclitols including aminocyclitols, in pure chloro- 
form and chloroform-methanol mixtures, and 
their study revealed only small solvent effects 
which caused no ambiguity in assignments. 
Similarly, we have found the acetoxy signal of 2 
in methanol to be at 7.98 z, i.e. at virtually the 
value (7.99 z) recorded (3) for a chloroform 
s o l ~ t i o n . ~  

5, R = NH, 7 
6,  R = NHAc 
9, R = OH 

10, R = OAc 

The reactions 2 -> 3 -> 4 -+ 7 -> 9 constitute 
a model sequence for a synthesis of streptamine 
(all trans-2,6-diamino- l,3,4,5-cyclohexanetetrol). 
As a first step in utilizing this scheme for such a 
synthesis, penta-0-acetyl-deoxynitro-scyllo-ino- 
sit01 was subjected to diamination followed by 
N-acetylation and 1,3-diacetamido-2-deoxy-2- 
nitro-scyllo-inositol was obtained in a yield of 

76%. The crystalline product decomposed at 
295-299", showed infrared bands in Nujol at 
3420, 3300, 3280, and 3120 cm-' (OH and NH) 
as well as at 1640 (amide I) and 1560 cm-' 
(amide I1 and NO,), and it gave an n.m.r. signal 
for its acetamido protons at 8.05 z (in methanol).j 
Treatment with ammonia of tetra-0-acetyl-1,4- 
dideoxy-l,4-dinitro-neo-inositol led to aromati- 
zation giving 2,5-dinitroaniline.' 

Experimental 
Infrared (i.r.) spectra were recorded on a Beckman 

IR-8 instrument and were obtained from Nujol mulls. 
Only the most characteristic frequencies are listed 
(v,,, in cnl-I). Melting points were taken in a n  electric 
aluminium block apparatus equipped with a calibrated 
thermometer. All evaporations were carried out 61 vaclro 
at 35" (bath temperature). 

1r-aru, l ra t~s-2-NiIro-1 ,3-c~~c/ohexa~/  Dinrelate (2) 
Boron trifluoride etherate was added dropwisc with 

swirling to a suspension of the diol 1 (10 g) in acetic 
anhydride (25 ml). When several drops of the catalyst 
had been added the diol dissolved with evolution of heat. 
The solution was kept at ambient temperature for 15 min 
and was then poured with chilling into an excess of 
methanol. Evaporation, with two portions of fresh 
methanol being eventually added, gave a light-colored 
crystalline residue which was recrystallized from ethanol- 
water to yield 14.5 g (95 %) of colorless needles, n1.p. 
89-92" (90-91.5" after another recrystallization). Lit. (3), 
m.p. 89-90". Infrared data: 1750cn1-' ( G O ) ;  1575, 
1385 cm-' (NO,); 1240,1040 cm-' (C-0-C). 

1rans,frans-1,3-Diacetamid0-2-nifrocydoflexae ( 4 )  
A mixture of concentrated aqueous ammonia (50 ml) 

and tetrahydrofuran (50 ml) containing the di-0-acetate 
2 (5 g) was vigorously stirred for 8 h at 40". The two 
phases were then separated, and the aqueous layer was 
extracted four times with 50 ml portions of tetrahydro- 
furan. The combined organic layer and extracts were 
evaporated to give a pale-yellow syrup.6 The syrup was 
dissolved in methanol (25 ml) and acetylated with acetic 
anhydride (10 ml) which was added with initial ice cooling 
and then allowed to react overnight at room temperature. 
A first crop of 4 (3.22 g, m.p. 283-284" with decomposi- 
tion) crystallized directly froin the reaction mixture. A 
second crop (0.28 g, m.p. 279-280" with decomposition) 
was obtained from the filtrate by evaporation with 
several successive additions of methanol followed by 
trituration of the residue with water. The total yield of 4 
was 70.5%. Recrystallization from ethanol-water gave 
fine needles of m.p. 285-286" (with gradual darkening 

3Abnormal chen~ical shifts that may render con- 
figurational assignments unreliable have been observed 
in sugar derivatives (26) and nucleosides (27) containing 
magnetically anisotropic groupings. (See also the dis- 
cussion of 7, above.) No such complicating factors are 
present in 10. 

4Larger solvent effects have been noted in dimethyl 
sulfoxide (17) and in acetone and benzene (28). 

5Details to be published elsewhere. 
61n early experiments we tried to isolate a crystalline 

reaction product from this syrup. Treatment with cold 
water gave in a yield of 38-44% a solid showing a~nine 
and nitro bands and lacking carbonyl absorption in the 
infrared. It was presumably the d ~ a n ~ ~ n e  3, but attempts 
at purification were unsatisfactory and the substance 
darkened in the course of a day. 
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from 267"). Infrared data: 3300 cm-I (NH); 1560, 
1370 cm-' (NO,); 1660,1560,1315 cm-' (amide). 

Anal. Calcd. for CloHl,N30, (mol. wt., 243.3): C, 
49.37; H, 7.04; N, 17.27. Found: C, 49.61; H, 7.22; 
N, 17.03. 

trans,trar1s-2,6-Diacetan1idocyclohexylan1i1e (5 )  
The nitro compound 4 (1.22 g) in a mixture of acetic 

acid (75 ml) and water (30 ml) was shaken under hydro- 
gen at ordinary pressure and temperature in the presence 
of platinum catalyst (0.7 g of PtO,, prehydrogenated). 
The hydrogen uptake (410 ml) was complete after 20 h. 
Removal of the catalyst and solvent gave a crystalline 
residue that was recrystallized from ethanol -ethyl 
acetate. The yield was 653 mg (61.2 %) of white needles 
which after a further recrystallization from ethanol - 
water melted at 263-265" (with gradual darkening from 
230"). Infrared data: 3370 cm-I (NH,); 3300 cm-' 
(NH); 1640, 1560, 1315 cm-' (amide); 1140 cm-' 
(C-N). 

Anal. Calcd. for ClOHl9N3O2 (mol. wt., 213.3): C, 
56.30; H,  8.98; N, 19.67. Found: C, 56.14; H, 9.03; 
N, 19.88. 

The mother liquor from which the above 653 mg of 5 
had crystallized was evaporated to  dryness and the 
residue was acetylated in a manner similar to that 
described in the next paragraph. From the yield of 
triacetamido con~pound (412 mg) thus obtained it was 
calculated that at least another 344 mg of 5 had been 
present. Hence 93.5 % of the hydrogenation product was 
accounted for. 

trn11s,trnrrs-I,2,3-Triaceta1~1idocyclohexa1e (6) 
The total of crude amine 5 that had been obtained in a 

hydrogenation of 4 (1.22 g) was dissolved in methanol 
(20 ml) and acetic anhydride (7 ml) was added. The 
mixture, which immediately deposited a white precipitate, 
was stirred for 1 11 at 25" and was then evaporated several 
times with additions of ethanol. The tri-N-acetyl deriva- 
tive 6 (1.13 g, 86.5 %) crystallized thereafter from a small 
amount of ethanol. It was recrystallized from ethanol- 
water to give pure 6 which sublimed above 300" but 
neither melted nor decomposed below 360" (sealed 
capillary). Infrared data: 3300 cm-' (NH); 1645, 1550, 
1315 cnl-' (amide). 

Anal. Calcd. for Cl2HZ1N3O3 (mol. wt., 255.3): C, 
56.45; H, 8.29; N, 16.46. Found: C, 56.36; H, 8.15; 
N, 16.27. 

cis-2,6-Dincetan~idocyclohexanorre (7) 
Compound 4 (243 n~g)  was finely powdered and 

dissolved by prolonged stirring in 0.1 N aqueous potas- 
sium hydroxide solution (170 ml). To the solution was 
added 2 M magnesium sulfate (24 ml) and then water 
to a final volume of 500 ml. The mixture (which was 
turbid due to precipitated magnesium hydroxide) was 
cooled in an ice-water bath, and potassium perman- 
ganate (136 mg) in water (9 ml) was slowly added with 
magnetic stirring over a period of 34 h. Stirring was 
thereafter continued for 30min at 0-5" and 1 h at 25". 
The inorganic precipitate was removed by filtration 
through a layer of Celite, and the filtrate was acidified to 
pH 3 with N hydrochloric acid and evaporated to dryness 
with several additions of ethanol. The dry residue was 
extracted with ten 50 ml portions of boiling chloroform 

:HEMISTRY. VOL. 46, 1968 

from which upon cooling a few milligrams of unreacted 
4 crystallized out. Evaporation of the chloroform gave 
crude 7 which was recrystallized from ethanol - petro- 
leum ether (30-60") to give 144 mg (70%) of colorless 
needles decomposing at 215-225" (with partial sublima- 
tion at about 180"). Infrared data: 3280 cm-' (NH); 
1730 cm-' (C==O); 1645, 1565, 1320 cm-' (amide), 
(shoulders at 1674 and 1600 cm-I). 

Anal. Calcd. for CloH16N203 (mol. wt., 212.3): C, 
56.59; H, 7.60; N, 13.20. Found: C, 56.49; H,  7.49; 
N, 13.34. 

cis-2,6-Diaceta1nidocyclohexa11011e-2,4-di11itropl1e11yl- 
hydrazone ( 8 )  

To a solution of the ketone 7 (28mg) in ethanol 
(1.5 ml) was added a solution of 2,4-dinitrophenyl- 
hydrazine (50 mg) in hot ethanol (2 ml) containing 
concentrated hydrochloric acid (0.1 ml). The reaction 
mixture was boiled for 4 min and then cooled with ice. 
The hydrazone 8 separated as yellow crystals that were 
washed with cold ethanol (36 mg, 69.5%). Their melting 
point of 267-269" was raised to 269-270" by recrystalliza- 
tion from ethanol. Infrared data: 3320,3250 cm-' (NH); 
1675, 1540cm-' (amide); 1515, 1500cn1-' (NOz); 
1630, 1615 cm-' (phenyl). 

Anal. Calcd. for C16HzoN6O6 (nlol. wt., 392.4): C, 
48.98; H, 5.14; N, 21.43. Found: C, 48.88; H,  5.14; 
N, 21.31. 

tra11s,tra11s-2,6-Dincetan1idocyclohexa11ol(9) 
The ketone 7 (119 mg) was dissolved in hot water 

(2.5 ml). To the cooled solution was added sodium 
borohydride (15 mg) in water (1 ml). The reaction 
mixture was allowed to stand at room temperature for 
90 min and was then diluted with water and deionized 
with a cation exchange resin, Rexyn 101(H+). The  
filtrate was evaporated and the boric acid was removed 
by several evaporations with methanol. The residue was 
crystallized from ethanol - ethyl acetate to give 78 m g  
(65 %) of 9 as fine needles that decomposed around 260". 
Upon recrystallization from ethanol 9 showed m.p. 
286.5-288" with decon~position; it partially sublimed 
near 210". Infrared data: 3380, 3140, 3090cm-I (OH 
and NH); 1630, 1550,1320 cnl-' (amide). 

Anal. Calcd. for C l o H l ~ N 2 0 3  (mol. wt., 214.3): C, 
56.04; H, 8.47. Found: C, 55.97; H, 8.37. 

trnr1s,tra11s-2,6-Diaceta~i1idocyclohexa11ol Acetnte (10) 
The compound 9 (50 mg) was dissolved in hot glacial 

acetic acid (0.5 ml), and acetyl chloride (0.3 ml) was 
added dropwise after the solution had been cooled to  
room temperature. The reaction mixture, which separated 
into two phases, was magnetically stirred for 20 min a t  
45" whereby a clear solution resulted. The solution was 
evaporated to dryness with repeated additions of meth- 
anol and finally of ethanol. The crystalline residue was 
recrystallized from ethanol -petroleum ether (30-60") t o  
give 52 mg (86.5 %) of 10 as needles which sintered and  
decomposed in the range 250-265". Another recrystalliza- 
tion (from ethanol) gave a product that incurred partial 
sublimation a t  250" and sintered from 280". Infrared 
data: 3300 cm-' (NH); 1730 cm-' ( G O ) ;  1650, 1560, 
1315 cm-' (amide); 1245,1050 cm-' (C-0-C). 

Anal. Calcd. for C12HZON204 (mol. wt., 256.3): C, 
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56.24; H, 7.87; N, 10.93. Found: C, 56.03; H, 8.04; 12. F. W. LICHTENTHALER. Ber. 96,2047 (1963). 
N, 11.08. 13. F. A. L. ANET, R. A. B. BANNARD, and L. D. HALL. 

Acetylation of 9 with acetic anhydride and boron Can. J. Chern. 413 2331 

trifluoride etherate (4) gave an identical product. 14. M. NAKAJIMA, A. HASEGAWA, and F. W. LICHTEN- 
THALER. Ann. 680,21 (1964). 

15. M. NAKAJIMA. A. HASEGAWA. and T. KUROKAWA. 
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Synthesis of 6-0-a- and P-D-xylopyranosyl-D-mannopyranose. (Glycosidation of u- 
and P-D-xylopyranosyl chloride 2,3,4-tri(~hlorosulfate))'~~ 

H. J. JENNINGS 
Dicisio~~ of Biosciences, National Research Council of Canada, Ottawa, Car~ada 

Received April 1, 1968 

Crystalline p-D-xylopyranosyl chloride 2,3,4-tri(chlorosu1fate) has been prepared by the reaction of 
sulfuryl chloride with D-xylose. Anomerization of !3-~-~yl0pyran0~yl chloride 2,3,4-tri(chlorosu1fate) 
yielded crystalline a-D-xylopyranosyl chloride 2,3,4-tri(ch1orosulfate). Both a- and !3-D-xylopyranosyl 
chlorides gave high yields of their inversion products on methyl glycosidation (Konigs-Knorr conditions) 
demonstrating the non-participating properties of the chlorosulfate group. Using modified Konigs-Knorr 
conditions a-D-xylopyranosyl chloride 2,3,4-tri(chlorosu1fate) was condensed with 1,2,3,4-tetra-0-acetyl- 
P-D-mannopyranose to  give predominantly 6-0-a-D-xylopyranosyl-D-mannopyranose. A similar 
condensation using a-D-xylopyranosyl chloride 2,3,4-tri(chlorosu1fate) did not yield the analogous 
6-0-p-D-xylopyranosyl-D-mannopyranose, therefore, for comparative purposes it was synthesized by the 
method of Bredereck and co-workers (1). 
Canadian Journal of Chemistry, 46, 2799 (1968) 

Introduction chloride on reducing sugars (8) has indicated 

Methylation studies on the extracellular 
polysaccharide of Cryptococcus Iaurentii (NRRL 
Y-1401) have indicated the presence of a 
(1,6)-linked D-xylose-D-mannose unit (2). Partial 
hydrolysis of the polysaccharide has failed 
to yield this (1,6)-linked disaccharide and there- 
fore the configuration of its linkage is not known. 
In order to detect this (1,6)-linked disaccharide 
by chromatographic means and to determine the 
configuratioi of its linkage, both the a- and 
P-D-(1 ,6)-linked disaccharides were synthesized 
and their chromatographic properties were 
studied. 

The chemical synthesis of both a- and P-1,2- 
cis glycosides from a- and P-1,2-trans acetoha- 
lides, using Konigs-Knorr conditions has proved 
difficult due to the participation of the 2-acyloxy 
group (3, 4). One approach to this problem has 
been to utilize modified halogenoses, which have 
easily removable non-participating groups on 
position C-2 of the halogenose (5-7). These 
methods have met with some success but they 
usually require multi-step procedures for the 
synthesis of the halogenose. In order to find a 
more general approach to the problem it was 
necessary to synthesize a halogenose analogous 
to the acetohalides, having a 1 ,2-trans configura- 
tion; and for simplicity, easily removable non- 
participating groups on all the ring hydroxyls. 
Preliminary work on the reaction of sulfuryl 

'Issued as NRCC No. 10155. 
'For preliminary communication see ref. 12. 

the possible utility of this-approach as the reac- 
tion produced 1-chlorides containing both chloro- 
sulfate and chlorodeoxy groups. However, it has 
been demonstrated that chloro-substitution can 
be inhibited by low temperature isolation of the 
intermediate chlorosulfate esters (9). The ease 
of removal of the chlorosulfate ester group (10) 
and some evidence in support of its non-partici- 
pating properties (1 1) have also been reported. 

Discussion 

Low temperature isolation of the products of 
the reaction of D-xylose with sulfuryl chloride 
yielded a crystalline compound, the elemental 
analysis of which was consistent with structure 1. 
Isolation of the products of this reaction at 
room temperature has yielded 4-chloro-4-deoxy- 
L-arabinopyranosyl chloride 2,3-di(chlorosu1fate) 
(8). The yield of 1 was improved over that 
reported in an earlier communication (12) by 
allowing the reaction mixture to warm up to 
- 10 "C and then maintaining it between - 10 
and 0 "C for 30 min before isolation of the 
product. Previously the product had been 
isolated as soon as the reaction mixture had 
warmed up to -20 "C. This increased yield 
could probably be attributed to the fact that 
chloro-substitution of an intermediate l-chloro- 
sulfate ester takes place at this stage of the 
reaction. Methanolysis of 1 using silver carbonate 
gave a crystalline methyl glycoside, still contain- 
ing three chlorosulfate groups. That  this 
glycoside was a methyl a-D-pyranoside was 
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confirmed by dechlorosulfation and subsequent 
acetylation of it, to give crystalline methyl 
2,3,4-tri-0-acetyl-a-D-xylopyranoside (13) which 
on deacetylation gave methyl a-D-xylopyranoside 
(14). The specific rotation (-91") of 1 was 
consistent with its P-D-configuration13 and this 
was further substantiated by the anomerization 
of 1 which gave an isomeric crystalline compound 
designated as the a-D-chlor~anomer,~ an assign- 
ment consistent with its high positive specific 
rotation (+ 101.5 "). Methanolysis of the a-D- 
chloroanomer using silver carbonate yielded 
crystalline methyl P-D-xylopyranoside 2,3,4- 
tri(chlorosu1fate); the synthesis of an authentic 
sample of this is reported in this paper. 

The methanolysis products of both 1 and its 
a-D-anomer once again confirm the non- 
participating properties of the chlorosulfate 
group as the 1,2-trans-chloride (1) gave 92% of 
the inversion product (methyl a-D-glycoside) 
whereas the 1,2-cis-chloride (a-D-anomer of 1) 
gave only 75 % of the inversion product (methyl 
P-D-glycoside). If participation had occurred, 
then one would have expected a preponderance 
of inverted product from the 1,2-cis-chloride. 
The reason for the higher degree of retention 
(25%) in the case of the 1,2-cis-chloride is not 
readily apparent. One other factor emerging 
from these methanolysis reactions is that the 
rate of methanolysis of the a-D-chloroanomer 
was appreciably slower than that of the P-D- 
chloroanomer and this proved a dominant factor 
when both were applied to disaccharide syn- 
theses. 

When 1 was condensed with 2 under normal 
Konigs-Knorr conditions the reaction was very 
slow; however, the introduction of a catalytic 
quantity of silver perchlorate (5) to the reaction 
mixture enabled the condensation to occur at a 
much faster rate. The condensation yielded a 
syrupy mixture which on analysis by thin-layer 
chromatography (t.1.c.) was found to contain 3, 
together with excess 1 and a small quantity of 
unreacted 2. Dechlorosulfation of the mixture 
and its subsequent dissolution in water enabled 
the unreacted tetraacetate (2) to  be removed by 
chloroform extraction. Continuous chloroform 
extraction of the aqueous solution then yielded 
the disaccharide tetraacetate (4) leaving dechloro- 

3These assignments have since been confirmed by 
proton magnetic resonance data, and will be communi- 
cated at a later date. 

sulfated 1 and any of its artefacts in the aqueous 
solution. The specific rotation ($14 ") of 
chromatographically pure (t.1.c.) 4 indicated that 
it had an a-D-glycosidic link, but deacetylation 
and subsequent reduction of a small amount of 4 
showed that the reduction product was in fact a 
mixture of 6-0-a- and P - ~ - ~ y l ~ p y r a l l ~ ~ y l - ~ -  
mannitol in the ratio of 19:l respectively, 
(determined by gas-liquid chromatography 
(g.1.c.)). Deacetylation of 4 using sodium 
methoxide yielded a methanol insoluble complex 
and a further yield of this complex was obtained 
by the addition of more sodium methoxide t o  
the product of the deionized mother liquors. 
Deionization of the combined sodium complexes 
gave chromatographically pure 5 in an overall 
yield of 42%, based on 2. The fact that the 
sodium complex yielded pure 5 despite the 
evidence that 4 was in fact a mixture of a-D- and 
p-D-anomers can best be explained by the 
relative insolubility of the sodium complex of 5 
compared to that of 6, and the relatively small 
quantity (5 %) of 6 in the mixture. 

Because of the unreactive nature of the 
a-D-chloride even in the presence of silver 
perchlorate, the P-D-linked disaccharide (6) 
was synthesized by the condensation of tri-0- 
acetyl-a-D-xylopyranosyl bromide with 1,2,3,4- 
tetra-0-acetyl-6-0-trityl-a-D-mannopyranose in  
nitromethane solution using silver perchlorate 
(1). The resultant disaccharide heptaacetate could 
not be obtained crystalline from the mixture of 
syrupy reaction products (t.l.c.), therefore it was 
isolated by the application of the mixture to  a 
silica gel column. Deacetylation of the resultant 
syrupy heptaacetate gave crystalline 6 obtained 
as its methanol adduct (elemental analysis and 
p.m.r.) in a yield of 40%. Small amounts of 5 
and another unidentified disaccharide were de- 
tected by paper chromatographic analysis of the 
deacetylated heptaacetate. 

The structural proof of 5 and 6 was obtained 
in the following manner. The acid hydrolysis 
of both 5 and 6 yielded xylose and mannose and 
the acid hydrolysis of their reduced products 
gave xylose as the only detectable reducing sugar. 
Methylation of 5 and 6 and subsequent hydroly- 
sis of their methylated products yielded in both 
cases, equal amounts of crystalline 2,3,4-tri-0- 
methyl-D-xylopyranose and syrupy 2,3,4-tri-0- 
methyl-D-mannopyranose. Thus the D-xylose 
residue of both 5 and 6 was linked glycosidically 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JENNINGS: SYNTHESIS OF 6-0-a- AND P-D-XYLOPYRANOSYL-D-MANNOPYRANOSE 2801 

NaOMe 

,O-CH2 

R=SOzCl 

X=  OAc 

to the 6-position of the D-mannose residue. The 
syrupy tri-0-methyl mannopyranose derivative 
was identified as 2,3,4-tri-0-methyl-D-mannopy- 
ranose by comparison of the retention volumes of 
its methyl glycoside (15) and its trimethyl- 
silylated methyl glycoside (16) with those of an 
authentic sample (g.1.c.). 

Both 5 and 6 were shown to be anomerically 
pure as both were clearly resolved by paper 
chromatography and by g.1.c. analysis of the 
trimethylsilyl ethers of their reduced products. 
The specific rotations of 5 and 6 ( t 95 .7  " and 
- 23.8 ") and of the octaacetates of their reduced 
products (+ 73 " and - 9 ") indicated that they 
were a-D- and j3-D-anomers, respectively. Further 
evidence was obtained by p.m.r. spectroscopy 
(Table I). The spectrum of 6 showed three 
doublets at T 4.94, T 5.21, and T 5.63 and in the 
intensity ratio of 2 : 1 :3 respectively. The 
doublets at T 4.94 and T 5.21 had small coupling 

constants and were assigned to the Hu and HP 
anomeric protons (16, 17) of the D-mannose 
residue. This was confirmed when the spectrum 
of a-D-mannose gave almost identical doublets 
in the same intensity ratio (Table I). The ratio 
of Ha and HP (2:l) corresponds roughly to the 
equilibrium ratio of D-mannose (18) and the 
rapid anomerization of a-D-mannose was prob- 
ably due to the presence of acetonitrile (internal 
reference). The doublet at T 5.63 with a J , , ,  
coupling of 7.0 c.p.s. was assigned to the glyco- 
sidic proton of the D-xylose residue and the 
large coupling constant is consistent with an 
axial-axial arrangement (19) of protons on C-1 
and C-2 of the D-xylose moiety (C-1 confor- 
mation) of the j3-linked disaccharide (6). The 
spectrum of 5 gave only two signals in the 
region of the anomenc protons, a doublet at 
T 4.93 and a narrow multiplet at T 5.20 (intensity 
ratio 1 :2 respectively). This reversal of the 
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JENNINGS: SYNTHESIS OF 6-0-a- AND P-D. 

mixture again filtered to remove silver salts. The chloro- 
form solution was then concentrated to a syrup (1.8 g, 
91 %) which crystallized. Recrystallization from meth- 
anol-water gave colorless crystals (1.0 g, 51 %), m.p. 96 "C 
and [a], + 78.5" (c, 1.25 in chloroform). 

Anal. Calcd. for C6H9C13S3011: C, 15.70; H, 1.96; 
Cl, 23.15; S, 20.90. Found: C, 15.91; H ,  1.89; CI, 23.25; 
S, 20.63. 

The crystals above (lg) were dechlorosulfated with 
sodium iodide in aqueous acetone solution in the 
presence of barium carbonate (9). The filtrate was 
concentrated to dryness, and the residue was acetylated 
using pyridine and acetic anhydride. The ionic material 
was removed by partitioning the acetylation mixture 
between chloroform and water. The chloroform solution 
on concentration yielded a crystalline mass which when 
recrystallized from ethanol gave large crystals (0.5g, 63 %), 
m.p. 84 "C and [a],, +120.l0 (chloroform) for methyl 
2,3,4-tri-0-acetyl-a-D-xylopyranoside. Deacetylation (23) 
of the above triacetate yielded crystalline methyl a-D- 
xylopyranoside (14) as confirmed by m.p. 90 "C and 
the undepressed mixture m.p. with the authentic com- 
pound. 

The mother liquors from the recrystallization of the 
tri(chlorosu1fate) derivative above were concentrated to a 
syrup (0.75 g). A small amount of the syrup (25 mg) was 
dissolved in aqueous methanol, and sodium methoxide 
solution was added until the solution remained slightly 
alkaline (pH 8). The solution was concentrated to  dryness 
and the residue was trimethylsilylated (24). Injection onto 
column (a) at  135 "C gave two peaks with identical 
retention volumes to those of the trimethylsilyl deriva- 
tives of methyl a- and 0-D-xylopyranosides. The ratio 
of a-D- to 0-D-anomer as represented by the peak areas 
was 5:l. 

a-D-Xylopyranosyl Chloride 2,3,4-Tri(chlorosulfa~e) 
Crystalline 1 (2 g) was refluxed for 15 min with 

aluminium chloride (0.14 g) in absolute chloroform 
solution. The reaction mixture was partitioned by the 
addition of water and the resultant chloroform layer was 
washed with saturated sodium bicarbonate solution and 
water. The final chloroform solution was dried (anhydrous 
sodium sulfate), clarified with charcoal, filtered, and 
concentrated to a syrup. The syrup slowly crystallized 
and recrystallization from chloroform - light petroleum 
(b.p. 3C60 "C) gave crystals (0.75 g, 37.5 %), m.p. 98 "C 
and [a], + 101.5" (c, 1.42 in chloroform). 

Anal. Calcd. for C5H6Cl4S3O1,,: C, 12.95; H,  1.30; C1, 
30.55; S, 20.70. Found: C, 12.90; H, 1.20; C1, 30.15; S, 
20.32. 

This anomerization also yielded other products which 
will be reported in a future publication. 

Methyl 13-D-Xylopyratzoside 2,3,4-Tri(ch1orosrilfate) 
The methyl glycosidation of the above chloride (lg) 

was achieved by the same procedure used for the methyl 
glycosidation of its B-D-chloroanomer (I), except that the 
reaction mixture was shaken for 4 days.' The product 

'When the products of this reaction were isolated 
after 1 day, the major product was crystalline starting 
material (a-D-xylopyranosyl chloride 2,3,4-tri(ch1orosul- 
fate)). 

was a syrup (0.5 g) which slowly crystallized. Recrystal- 
lization ( x 3) from chloroform - light petroleunl (b.p. 
3&60 "C)gave crystals(0.05 g, 5 %), m.p. 111-1 12 "C and 
[a], - 33.3' (c, 1.52 in chloroform). 

Anal. Calcd. for CSH9C13S3011: C, 15.68; H ,  1.97; 
CI, 23.15; S, 20.92. Found: C, 15.90; H, 2.04; C1, 23.46; 
S, 20.62. 

This compound had an identical melting point and 
specific rotation to the authentic crystalline tri(ch1oro- 
sulfate), prepared by treating methyl 13-D-xylopyranoside 
with sulfuryl chloride by the same procedure a s  was used 
in the synthesis of 1. The mixture melting point of the 
authentic and derived compounds was also undepressed. 

The mother liquors of the crystalline inethyl glycosida- 
tion product were concentrated to a syrup (0.4 g) and the 
ratio of methyl a-D- to methyl B-D-anoniers (1 :3 respec- 
tively) was determined by g.1.c. on coluinn (a), the 
method previously used in the methyl glycosidation of 1. 

6-0-a-~-Xy~opyrat losy~-l ,2,3,4- letra-0-acel)~~-~-~- 
trzatztzopyrnnose (4) 

Crystalline 1,2,3,4-tetra-0-acetyl-b-mannopyranose 
(2) (25) (4.8 g, 0.014 mole) was dissolved in  absolute 
chloroform and the solution was shaken in an aluminium 
foil covered flask for 1 h with silver carbonate (16 g), 
silver perchlorate (26) (0.5 g, 0.0024 mole), drierite (log) 
and glass beads. Crystalline 1 (11 g, 0.024 mole) was then 
added to the mixture and the shaking of the flask was 
continued. The reaction was monitored by t.1.c. in 
solvent (iii) and after 16 h 6  the reaction was almost 
complete a s  indicated by the disappearance of the spot 
corresponding to 2. Excess compound 1 had R2  = 2.4 
(where 2 had R2 = 1.0) and compound 3 (not isolated) 
had R2  = 1.9. The reaction mixture was then filtered and 
the filtrate was concentrated to a syrup. 

The syrupy mixture above was dissolved i n  aqueous 
methanol and dechlorosulfated with sodium iodide in the 
presence of excess barium carbonate (9). The mixture was 
filtered and the filtrate was concentrated to small volume. 
After the addition of water, the aqueous solution was 
extracted once with chloroform to remove excess 2, 
and then it was continuously extracted with chloroform 
for 8 h. Concentration of the chloroform solution gave 
impure 4 as  a glass (3.8 g, 55 %) which had [a], + 14" 
(c, 1.0 in chloroform). 

Anal. Calcd. for C19H28014: C, 47.50; H, 5.8. Found: 
C, 46.40; H ,  5.6. 

Thin-layer chromatography in solvent (iu) indicated one 
major component with a negligible quantity of an  
impurity which co-chromatographed with 2. A small 
quantity of 4 (10 mg) was catalytically deacetylated using 
sodium methoxide and the deacetylated residue was 
reduced with sodium borohydride. The reduced product 
was trimethylsilylated (24) and injection onto column (b) 
a t  203 "C gave two peaks which had identical retention 
volumes to  the trimethylsilyl derivatives of the  reduced 
derivatives of 5 and its B-D-anomer (6). Their relative 
retention times were 1.0:0.85 respectively and the 
amount of 6 present in the mixture, as calculated from the 
peak areas was 5 %. 

6The reaction proceeded a t  a much slower rate when 
the silver perchlorate was omitted. 
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6-O-a-~-Xy~opyra1zosy~-~-rnan1zopyranose (5) 
The syrup above (3.8 g) was catalytically deacetylated 

using 0.44 M sodium methoxide in methanol (80 ml). 
The solution on standing for 16 h at 0 "C, produced a 
methanol insoluble sodium complex, which was filtered 
and washed with methanol. The sodium complex (1.7 g) 
had m.p. 120-122 "C (decomp.). 

Anal. Calcd. for CIlH2,Ol0Na: C, 37.15; H, 6.23. 
Found: C, 36.51; H, 6.23. 

Paper chromatographic analysis of the complex in 
solvent (a) indicated one component at R, 1.62 which 
co-chromatographed with pure 5. The mother liquors 
and methanol washings from above were deionized and 
concentrated to a syrup. The syrup was further treated 
with 0.044 M, sodium methoxide solution (40 ml) and a 
further quantity of the chromatographically pure 
sodium complex (0.4 g) was obtained. The mother 

Bishop and co-workers (29). The syrupy mixture was 
shown to contain two reducing components which were 
separated and isolated by preparative t.1.c. using solvent 
(iii) also as described by Bishop and co-workers (29). 

The faster moving component (0.07 g) crystallized 
spontaneously, and recrystallization from light petroleum 
(b.p. 30-60 "C) gave large colorless crystals, m.p. 88 "C, 
undepressed on admixture with an authentic sample of 
2,3,4-tri-0-methyl-D-xylopyranose (30). 

The slower component was a syrup (0.07 g) which had 
[a], + 1" (c, 1.5 in water). It was chromatographically 
indistinguishable from an authentic sample of 2,3,4-tri-0- 
methyl-D-mannose when the derived and authentic methyl 
ethers were methanolyzed (15) and injected onto column 
(6) at 155 "C and when the trimethylsilyl esters (16) of the 
methanolysis products were injected onto column (6) a t  
170 "C. 

liquors this last treatment were paper 6 ~ ~ ~ l j ~ ~ ~ ~ y ~ o p y r a r ~ 0 s y ~ - ~ ~ t I I a 1 1 1 2 0 p y r a t ~ o s e  (6) 
chromatography to contain 5 (Rm 1.62), the 13-D-anomer A, attempt to synthesize the above p-linked disac- 
of (6)  (Rm and a trace of mannose (Rm 2.62). charide from a-D-xylopyranosyl chloride 2,3,4-tri(chlor0- 
Compound 5 was still the major component of the mixture sulfate) and 2, by the same procedure used in the synthesis 
by visual estimation. of 5 was abandoned due to the extremely slow rate of 

The combined sodium complexes (2 g) above were  reaction^  hi^ was again determined by monitoring the 
dissolved in aqueous methanol and deionized. Concentra- reaction mixture on t.l.c. as before. Even after 8 days the 
tion of the eluate gave a syrup which crystallized when spot representing 2 was still very strong and the spot 
dissolved in an ethanol-methanol solution. However, the having a similar mobility to was very faint. Therefore, 
melting point of the crystals could not be determined due the method of ~ ~ ~ d ~ ~ ~ ~ k  and co-workers (1) was utilized 
to their nature. Therefore the in this synthesis, using tetra-O-acetyl-a-D-xylopyranosyl 

solution was concentrated a bromide (6.8 g) and syrupy 1,2,3,4-tetra-O-acety]-6-0- 
glassy syrup g, 42% based On 2, + 95.70 trityl-a-~-mannopyranose (25) (11.8 g) with silver 
(c, 1.44 in water). perchlorate (6.2 g) in nitromethane solution. The 

Anal. for C11H20010: C, 42.31; Hy 6.46. reaction produced a syrup (39 g) which on dissolution in 
Found: C, 42.48; H,  6.65. ethanol yielded crystalline triphenyl carbinol (melting 

Paper chronlatographic analysis of the syrup indicated point and mixture melting point 165-166 00. N~ further 
One at Rm in "Ivent (a). The p.m.r. crystallization could be induced. Thin-layer chromatog- 
spectrum of 5 showed two doublets (anomeric signals) raphy in solvent (iii) indicated the presence of one major 
at  7 4.93 and 7 5.20 (Table 1). The signals were in the colnponent preceded by three minor components and 
ratio of 1 :2 respectively. Acid hydrolysis of 5 gave followed by two other minor components. ~h~ syrup was 
mannose and xylose as determined by paper chromatog- chromatographed on silica gel (Mallinckrodt, 100 mesh) 
raphy in solvents (a) and (6). whence elution of the faster moving components was 
6-0-a-D-Xylopyranosyl-D-mannitol achieved using solvent (i). The slower moving major 

crystalline 5 (0.25 g) was reduced with sodium component was eluted with solvent (ii) and concentration 
borohydride in aqueous solution and the solution was of the eluate gave a chromatographically pure colorless 
deionized and concentrated to a non-reducing syrup SYrUP (7.5 g, 65%) of [a], + 14" (c, 2.01 in chloroform). 
(0.25 g). A small amount of the reduced product was The syrup was deacetylated using sodium methoxide 
trimethylsilylated (24) and injection onto column (6) at (0.044 M) and the solution on standing for 16 h at 0 "C 
203 oc gave one homogeneous peak of retention time yielded a precipitate which was found to be methanol 
11 min. hydrolysis of the syrup gave xylose as the soluble. Therefore the whole solution was deionized and 
only detectable reducing sugar (paper chromatography in concentrated to a syrup (3.5 g, 91 %). Paper chromato- 
solvents (a) and (b)). m e  reduced product gave a syrupy graphic analysis of the syrup in solvent (a) indicated three 
octaacetate which had [a], + 73" (c, 1.28 in chloroform). components at Rm 1.04, Rm 1.35 (6, main component), and 

Anal. Calcd. for c ~ ~ ~ ~ ~ H ~ ~ :  C, 49.73; H, 5.88. R,, 1.62 (co-chromatographed with 5). The syrup 
Found: C, 48.75; H, 5.46. crystallized on standing and the crude crystalline product 

was recrystallized from ethanol-methanol to  give 
Metlzylation of 5 and the Isolario~~ of Characterization of colorless needles (2.7 g, 40% based on the 6-trityl 

the S~~bseqrrent Hydrolysis Products derivative) of m.p. 125-127" and [a], - 30" (5 min) 
Crystalline 5 (0.2 g) was methylated by the Haworth -+ -23.8" (equilibrium) (c, 1.35 in water). 

procedure (27) and continuously extracted with chloro- Anal. Calcd. for CllH20010.CH30H: C, 41.86; 
form. Concentration of the chloroform solution gave a H, 7.03. Found: C, 41.69; H, 6.86. 
syrup which was further methylated by the method of The crystals gave the same analysis even after they were 
Purdie and Irvine (28) to yield a fully methylated syrupy desiccated under vacuum for 4 h a t  100 "C. The p.m.r. 
product (0.2 g). The syrup was then hydrolyzed and the spectrum of the crystals showed a singlet at T 6.76 (OMe) 
syrupy mixture of products was isolated by the method of and doublets (anomeric signals) a t  T 5.63, T 5.21, and r 
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4.94 (see Table I). The signals were in the intensity ratio 7. P. W. AUSTIN, F. E. HARDY, J. G. BUCHANAN, and 
of 9:3:1:2. When the spectrum of methanol was obtained J. BADDILEY. J. Chem. Soc. 1419 (1965). 
in deuterium oxide with acetonitrile as internal reference, H- J. JENNINGs and J. K- N. Can. J. Chem. 

40, 1408 (1962). it also showed a singlet at 7 6.76. Paper chromatographic 9. H. J,  JENNINGs and J. K. N. JONES. Can. J. Chem. analysis of the crystals in solvent (a) indicated one 43, 2372 (1965). 
component at R, 1.35. 10. H. J. JENNINGS and J. K .  N. JONES. Can. J. Chem. 

The crystals gave a crystalline phenylosazone derivative 41, 1151 (1963). 
which when recrystallized from ethanol-water gave 11. B. COXON, H. J. JENNINGS, and K. A. MCLAUGHLAN. 
yellow needles, m.p. 212-214 "C and [aID - 104" (c,  1.67 Tetrahedron, 23, 2395 (1967). 
in pyridine). Helferich reports (20) m.p. 220 "C and 12. H- J. JENNINGS. Chem. COmmun. 722 (1967). 
[g], - 109.7" (pyridine) for the phenylosazone derivative 13. R. L. K. A. KIMMELLt and D. F. DuRso. 

of 6-0-b-D-xylopyranosyl-D-glucose (primeverose). J. Am. Chem. Soc. 73, 3530 (1951). 
14. C. S. HUDSON. J. Am. Chem. Soc. 47, 265 (1925). 

Acid hydrolysis of the above crystalline disaccharide 15, y. C. L~~ and C. E. BALLOU. J. ~ i ~ l .  chenl. 239, 
(6) gave mannose and xylose as determined by paper 1316 (1964). 
chromatography in solvents (a) and (b). Methylation of 6 16. Y. C. LEE and C. E. BALLOU. Biochenlistry, 4, 257 
(0.2 g) and the isolation and characterization of the (1 965). 
subsequent hydrolysis products was carried out by the 17. J. M. VAN DER VEEN. J. Org. 28, 564 (1963). 
same procedures as used with 5. Both 2,3,4-tri-O-methyl- 18. F. J. BATES. Polarimetry, saccharimetr~, and the 

~ - ~ ~ l ~ ~ ~ ~ a ~ o ~ e a ~ d  2,3,4-tri-O-methyl-~-mannopyranose "gars. Nat. B1lr' Std. (U'S')y Washingt0n. 1942. 

were obtained in almost identical yields. 
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Synthesis of steroidal pyrimidine N-oxides' 

J. ROMO, L. RODR~GUEZ-HAHN, AND M. JIMBNEZ 
Institrrto de Qrrir~iica de la Uniuersidad Nncior~al Aritdnomn de Mexico, Mexico 20, D. F., Mexico 

Received March 18 ,  1968 

Several steroidal pyrimidine N-oxides were synthesized by treatment of different N-acyl derivatives 
of steroidal b-amino-a,b-unsaturated ketones with hydroxylamine. This procedure has been applied to 
obtain steroidal pyrimidine N-oxides with the heterocyclic ring condensed with rings A and B of the 
steroidal moiety. Some chemical and spectral properties of these derivatives are discussed. 

Canad.an Journal  o f  Cherniifry, 46, 2807 (1968) 

Recently, steroidal pyrimidines with the hetero- 
cyclic ring fused to the positions 2,3 or 16,17 
have been reported by Ruggieri et al. (1, 2). 
The synthesis of pyrimidine N-oxides by cycliza- 
tion of the adequate amidoximes has also been 
described (3). 

We now wish to describe a procedure for the 
synthesis of steroidal (3,2-d) and (17,16-d) pyri- 
midine N-oxides of the androstane and estrane 
series and of the pyrimidines derived from them. 

Treatment of 16-acetyl- 17-aminoandrosta- 
5,16-dien-3 P-01, diacetate ( l b )  (4) with hydroxyl- 

I amine hydrochloride and pyridine in methanol 
1 solution afforded in good yield the (17,16-d) 

i pyrimidine N-oxide 2b. It analyzed for C2,H3,- 
1 0,N2.  In the infrared (i.r.) spectrum 2b did not 
j show hydroxyl bands. A carbonyl band at 1740 
, cm-' corresponds to the 3-acetoxy group. The 

ultraviolet (u.v.) spectrum of 2b exhibited four 
I maxima at 207, 217,263, and 306 mp (E, 19 500, 
, 21 900, 10 200, and 5500, respectively). The 

maxima at 217 and at 306 mp are probably at- 
tributable to the N-oxide function since they 
disappear when the spectrum of 2b is deter- 
mined in a strong acid medium (5). The nuclear 
magnetic resonance (n.m.r.) spectrum2 of 2b 
showed two singlets at 6 2.70 and 6 2.47 corre- 
sponding to two aromatic methyl groups. A 
singlet at 6 2.02 is ascribed to the acetate. The 
position of the pyrimidine N-oxide function as 
shown in formula 2b results from the cyclization 

I of the intermediary oxirne. 
Alkaline hydrolysis of 2b gave the free alcohol 

2a. The i.r. spectrum of 2a showed a hydroxyl 
I 
-- 

'Contribution No. 265 from the Instituto de Quimica 
1 de la Universidad Nacional Aut6noma de Mexico. 
I 'The n.m.r. spectra were determined by Mr. Eduardo 
I Diaz on a Varian A-60A spectrometer in deuterio- ' chloroform solution using TMS as the internal reference. 

The chemical shifts are reported in p.p m. as 6 values. 

band at 3630 cm-' and did not exhibit carbonyl 
bands. Two aromatic methyl groups are re- 
sponsible for two singlets at 6 2.71 and F 2.48 in 
the n.m.r. spectrum of 2a. 

Acetylation of 2a wit11 acetic anhydride- 
pyridine did not form 2b. Instead the diacetate 
3d (C, ,H3 ,04N2) was obtained. This reaction 
is known to occur in heterocyclic rings bearing an 
N-oxide function. It has been previously re- 
ported in N-oxides of pyrimidine and purine 
(6-8). The U.V. spectrum of the diacetate 3d 
(I.,,, 207, 217, and 257 mp; E, 7900, 6900, and 
5300, respectively) suggested that the pyrimidine 
N-oxide has been transformed into a pyrimidine 
(9). This was confirmed by the presence of two 
strong bands in the i.r. spectrum of 3d at 1590 
and 1570 cm-' which are characteristic of a 
pyrimidine ring (8, 9). The i.r. spectrum of 3d 
also showed a strong carbonyl band at 1735 
cm-' with a shoulder at 1745 cm-', assigned to 
two acetoxy groups. One of them substituted 
at C-3, and the other one formed in the acetyla- 
tion and attached to the pyrimidine moiety. 
The singlet corresponding to one of the aromatic 
methyl groups observed at 6 2.70 in the n.m.r. 
spectra of 2a and 2b is absent in the n.m.r. 
spectrum of the diacetate 3d. The singlets at 
6 2.48 a t  6 2.21 and at 6 2.07 in the n.m.r. 
spectrum of 3d are assigned to an aromatic 
methyl group and to two acetoxy groups. A 
sharp singlet (2 H) at F 5.28 is ascribed to the 
methylene group bearing the acetoxy function 
formed in the acetylation. The alternative 
structure 4 was rejected since the singlet at 
6 2.70 present in the n.m.r. spectra of 2 a  and 2b 
correspoilds to the methyl group attached to the 
carbon between the nitrogen atoms of the pyri- 
midine ring, and this is the signal which is 
absent in the n.m.r. spectrum of the diacetate 
3d. 
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Treatment of the pyrimidine N-oxide 2b with 
acetic anhydride yielded two products. One of 
them was identified as the diacetate 3d already 
described. The second product (C2,H3,03N2) 
possesses structure 3c since it showed a hydroxyl 
band at 3450 cm-' in the i.r. spectrum and on 
acetylation produced the diacetate 3d. 

Reduction of the pyrimidine N-oxide (2b) with 
zinc in acetic acid yielded the pyrimidine 3b 
(C2,H3,0,N,) (h,,, 207, 215, and 260 mp; E ,  

7900, 7200, and 7100, respectively). Its i.r. spec- 
trum showed the pyrimidine bands at 1595 and 
1570 cm-I (8, 9). Alkaline hydrolysis of 36 
afforded the alcohol 3a. 

Pyrimidine N-oxides of this series with differ- 
ent substituents can be prepared by treatment of 
the appropriate acyl derivative of l a  with hy- 
droxylamine. When the dipropionyl derivative 
l c  was treated with hydroxylamine hydrochloride 
and pyridine, the pyrimidine N-oxide 2c was 
obtained. In the n.m.r. spectrum the latter 
showed two quadruplets centered at 6 3.13 
and at 6 2.32 attributed to the methylene of the 
ethyl group substituted in the pyrimidine ring 
and to the methylene of the propionyl ester, 
respectively. The singlet at 6 2.50 is assigned to 
the methyl group attached to the aromatic ring. 
The primary methyl groups are responsible for 
triplets centered at 6 1.36 and 6 1.15. 

Treatment of the pyrimidine N-oxide 2c with 
acetic anhydride gave the acetoxy derivative 3f. 
Its i.r. spectrum had a broad carbonyl band at 
1735 cm-' (ester groups). The n.m.r. spectrum 
of 3f indicated that the acetoxy group is linked to 
the methylene of the ethyl group substituted in 
the pyrimidine ring. It showed a singlet at 6 2.46 
corresponding to the aromatic methyl group. A 
quadruplet (1 H, J = 6.5 c.p.s.) at 6 5.89, a 
doublet (3 H, J = 6.5 c.p.s.) at 6 1.63, and a 
singlet at 6 2.18 (3 H) were attributed to the 
acetoxyethyl side chain. 

Zinc reduction of the pyrimidine N-oxide 2c 
afforded the pyrimidine 3e. 

Acetylation of 16-acetyl-17-benzoylaminoan- 
drosta-5,16-dien-3P-o1 (If), previously described 
(4) afforded the acetate le.  Prolonged treatment 
of l e  with hydroxylamine hydrochloride and 
pyridine afforded in low yield the pyrimidine 
N-oxide 2h. 

The urethane If prepared by treatment of l a  
with ethyl chloroformate gave the hydroxy- 
pyrimidine N-oxide 2e by reaction with hydroxyl- 

amine. The n.m.r. spectrum of 2e showed a 
complex signal at 6 7.17 which disappeared 011 

equilibration with deuterium oxide. A singlet a t  
6 2.48 was assigned to the aromatic methyl 
group. 

Saponification of the hydroxypyrimidine N- 
oxide 2e yielded the free alcohol 2j: It gave a 
positive ferric chloride test. Treatment of 2e 
with acetic anhydride and pyridine afforded two 
products 2g and 212 in which the N-oxide function 
is still present. The diacetate 2h had i.r. bands at 
1810 cm-' (acetyl group substituted in the 
pyrimidine ring) and at 1735 cm-' (C-3 acetyl 
group). 

The monoacetate 2g only had a carbonyl i.r. 
band at 1730 cm-I corresponding to the C-3 
acetate. Treatment of 2g with acetic anhydride 
formed the acetate 212. 

Reduction of the pyrimidine N-oxide gave 
the hydroxypyrimidine 3g.3 Its i.r. spectrum 
showed only the C-3 acetyl band at 1730 cm-l.  
In the n.m.r. spectrum of 3g the aromatic 
methyl group is responsible for a singlet a t  6 
2.35 showing a displacement to higher field due 
to the reduction of the N-oxide function. I t  
gave a negative ferric chloride test. 

Acetylation of 3g with acetic anhydride and 
pyridine gave 3h. It had an i.r. band at 1775 
cm-' corresponding to the acetoxy group sub- 
stituted in the heterocyclic ring. 

The facility and good yield with which the 
pyrimidine N-oxides described above are ob- 
tained, prompted us to investigate the possibility 
of obtaining pyrimidine N-oxides in which the 
N-oxide function is near the C-18 angular methyl 
group. 

Treatment of the formyl derivatives 5a (1 1) 
and 9a (12) with ammonium hydroxide gave the 
corresponding ketoamines 5b and 9b. They gave 
positive ferric chloride tests. Both products were 
acetylated to the acetylamino derivatives 5c 
and 9c. 

Treatment with hydroxylamine hydrochloride 
and pyridine of the P-amido-a,P-unsaturated 
ketones described above afforded the corre- 
sponding pyrimidine N-oxides directly; cycliza- 
tion occurs very rapidly and the intermediary 
oximes could not be isolated. A similar treat- 

3Hydroxypyrirnidines have been prepared by condensa- 
tion of malonic ester derivatives with substituted ureas, 
see ref. 10. 
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1 a , R = R ' = H  2 a, R = H, R' = CH, 3 a,R = H ,  R' = CH3 
b , R =  R'= Ac b, R = Ac, R' = CH, b, R = Ac, R' = CH, 
C, R = R' = Et-CkO C, R = Et-GO, R' = Et C, R = Ac, R' = CHZOH 
d, R = H, R' = Bz d, R = Ac, R' = C6H, d. R = Ac. R' = CH~OAC 
e ,  R = Ac, R' = Bz e ,  R = Et-0-C = 0, R' = OH el R = ~t-C=O, R'= C2H, 
f, R = R' = Et-0-GO f, R = H ,  R' = OH f, R = Et-GO, R' = CH-CH3 

g, R = Ac, R' = OH g, R = Ac, R' = OH 1 
/z, R = Ac, R' = AcO h, R = Ac, R' = AcO OAc 

4 5 a,R = H,Rf  = OH 6 a, b  
b, R = H ,  R' = NH2 
c, R = Ac, R' = NHAc 

P 2 O A C  

AcO AcO CH30 

ment of the amidoketones 5c and 9c gave the 
oximes 6a and 10a, respectively. 

The oxime 6a was heated with y-collidine in 
order to force the formation of the pyrimidine 
N-oxide; however, the product isolated was an 
isomer of 6a. 

Exposure of the isomer 66 to acids caused 
ring closure. The resulting pyrimidine N-oxide 7 
showed the following singlets in the n.m.r. 
spectrum: at 6 8.00 (1 H, aromatic proton), at 
6 2.75, and at 6 2.05 (aromatic methyl group and 
C-3 acetyl group, respectively). 

We were not able to produce ring closure by 
exposure of the oxime 6a to acids. Apparently 
the y-collidine treatment of the oxime 6a affected 
the C-16 side chain, forming an isomer more 
prone to undergo cyclization. 

Treatment of the pyrimidine N-oxide 7 with 
acetic anhydride resulted in formation of the 
pyrimidine derivative 8. 

9 n , R =  OH 
b, R = NH2 
c, R = NHAc 

Treatment of the oxime 10a with y-collidine 
gave the isomer lob. Ring closure of the latter 
was produced on exposure to acids. The i1.m.r. 
spectrum of the resulting pyrimidine N-oxide 11 
exhibited singlets at 6 8.00 (1 H) and a t  6 2.72 
(3 H) corresponding to the hydrogen and methyl 
group substituted in the heterocyclic ring. 

Alkaline hydrolysis of the non-crystalline 
acetoxy derivative 12a obtained by acetic anhy- 
dride treatment of 11 gave the pyrimidine 12b. 

A pyrimidine N-oxide (3,2-d) was prepared by 
a similar procedure. The 2-aminomethylene 
derivative 13b was obtained by treatment of 2- 
formyl-5a-androstan 17P-o1,3-one (13, 14) with 
ammonium hydroxide. Treatment with hydrox- 
ylamine of the acetamido derivative 13c pre- 
pared by acetylation of the amine 13b gave the 
oxime 14. When this oxime was heated with 
y-collidine the pyrimidine N-oxide 15 was 
obtained. In the n.m.r. spectrum it showed a 
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K-cH& AcNH-c: J::P 
0 - 

I 
OH 

13.-a, R = H, R' = OH 14 
b, R = H ,  R' = NHZ 
c, R = Ac, R' = NHAc 

singlet at 6 7.90 attributed to the pyrimidine aro- 
matic proton. A triplet centered at 6 4.65 cor- 
responded to the hydrogen substituted at C-17. 
Two singlets at 6 2.7 and 6 2.03 are assigned to  
the pyrimidine methyl group and the acetyl 
group, respectively. Treatment of the pyrimidine 
N-oxide 15 with acetic anhydride yielded two 
products a and b (16). The i.r. spectra of both 
products had carbonyl bands at 1735 cm-' 
(double strength, acetyl groups). The n.m.r. 
spectra of both derivatives (16) had the same 
signals with very similar chemical shifts as 
described above for the pyrimidine N-oxide 15. 
The presence of a singlet at 6 2.68 correspond- 
ing to the pyrimidine methyl group in a and b 
indicates that the latter remained untouched and 
that the newly formed acetoxy group is substi- 
tuted at C-4 in the steroid nucleus. comparison 
of the n.m.r. spectra of the products a and b 
indicates that these derivatives (16) differ in 
stereochemistry at C-4. The pyrimidine 16a 
exhibited in the n.m.r. spectrum a singlet at 6 
2.19 assigned to the C-4 acetyl methyl group. 
The chemical shift and the coupling constant of 

OAc 

a doublet ( J  = 10 c.p.s.) at 6 5.70, attributed t o  
the C-4 proton, corresponds to an axial sub- 
stituent, therefore the C-4 acetoxy group must be 
equatorial. The n.m.r. spectrum of 166 showed a 
singlet at 6 2.10 ascribed to  the C-4 acetoxy 
group. The C-4 equatorial hydrogen is respon- 
sible for a doublet ( J  = 4 c.p.s.) at 6 6.05 (C-4 
axial acetoxy group). 

The pyrimidine N-oxides 7, 11, and 15 showed 
maxima at 220 and at 265 my, in the U.V. spec- 
trum. When the latter was determined in strong 
acid medium the maximum at 220 mp decreased 
in intensity. 

Experimental 
Melting points are uncorrected; the analyses were 

performed by Dr.  F. Pascher, Bonn, Germany. Infrared 
(i.r.) spectra and rotations were run in chloroform unless 
otherwise stated. Ultraviolet (u.v.) spectra were run in 
95 % ethanol. The chromatograms were run using alumina 
Alcoa F-20. 

Di~netlzylpyritnidine N-Oxide 26 
A solution of l b  (5 g) in methanol (75 ml) and pyridine 

(7 ml) was treated with hydroxylarnine hydrochloride (5 g) 
and heated under reflux for 1 h. It was then concentrated 
to  a small volume and diluted with water. The precipitate 
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formed was collected and washed with water. Crystalliza- Crystallization from ethyl acetate afforded 3c (150 mg) 
tion from ethyl acetate - ether yielded the pyrimidine 2b as needles, m.p. 245-248"; [a], -56" (dioxane); h,,,, 
(4 g) as brilliant plates, m.p. 250-252". Further crystalli- 207, 217 (shoulder), and 258 mp; E, 8400, 7100, 5600; i.r. 
zations from ethyl acetate - ether raised the m.p. to 2 5 6  bands at 3450 cm- ' (hydroxyl group), at 1740 cm-I 
258"; negative ferric chloride test; [u]D -53'; h,,,, 207, (acetyl group), and at 1595 and 1570 cm-' (pyrimidine 
217, 263, 306 mp; E, 19 500, 21 900, 10200, and 500; ring). 
h,,, (pH 3)4 207,266 mp; E, 19 300, 20 200; i.r. bands at Anal. Calcd. for CZ5H3403NZ: C, 73.14; H, 8.35; 0 ,  
1740 cm-' (acetyl group), at 1630 cm-' (C=C double 11.69; N, 6.82. Found: C, 72.97; H, 8.30; 0 ,  11.83; N, 
bonds), and at 1550 cm-' (C=N double bonds). 6.78. 

Anal. Calcd. for CZ5H3403NZ : C, 73.14; H, 8.35 ; 0, Acetylation of the derivative 3c with acetic anhydride- 
11.69; N, 6.82. Found: C, 73.45; H, 8.47; 0 ,  11.75; N, pyridine afforded the diacetate 3 4  m.p. 142-146". 
6.68. 

Zinc Red~rctio~r of the Pyrimiditze N-Oxide(2b) 
Alkaline f I~~ho ly s i s  of the Ditnet1:ylpyrin:irlir:e A solution of the pyrimidine oxide 2b (5 g) in acetic 

N-Oxide 2b acid (50 ml) was treated with zinc dust (10 g), heated 
A solution of 26 (3.2 g) in m~thanol  (50 ml) was mixed under reflux for 1 h, filtered, evaporated to a small volume 

with ~otassium hydroxide (3 g) in water (6 ml), heated in U ~ C L ~ O ,  and diluted with water. The precipitate was 
under reflux for 1 h, concentrated to a  mall volume, extracted with ethyl acetate, the organic solution washed 
poured in water, and the precipitate collected. Crystalliza- with aqueous sodium bicarbonate, dried with anhydrous 
tion from methanol-acetone yielded 2a (2.6 g), m.P. 275- sodium sulfate, concentrated, and cooled. The crystalline 
278". Further crystallizations from methanol-acetone precipitate of 3b was collected and washed with ether, 
raised the m.p. to 279-28l0, [a], -41"; h,,~, 205, 216, yield 1.3 g, m.p. 236238". Further crystallizations from 
262, and 304 mp; E, 20000, 21 100, 10500, 6100; i.r. ethyl acetate raised the m.p. to 239-241"; [a], -53"; 
bands at 3640 cm-' (hydroxyl group), at 1625 cm-' h,,,, 207,215 (shoulder), and 260 rnp; E, 7900,7200,7100; 
(C=C double bonds), and at 1550 cm-' (C=N double i.r. bands at 1730 cm-' (acetyl group). and a t  1595 and . - - . . .  i bonds). 1570 cm- (pyrimidine ring). 

I Anal. Calcd. for C Z ~ H ~ Z O Z N Z :  C. 74.96; H, 8.75; 0 ,  Anal. Calcd. for C25H3402N2: C, 76.10; H, 8.69; 0 ,  
8.68; N, 7.60. Found: C, 74.92; H, 8.88; 0 ,  8.91;N, 7.67. 8.11; N, 7.10. Found: C, 76.30; H, 8.77; 0 ,  8.20; N, 7.09. 
Treatrnerzt of the Dinletlrylpyrimiditre N-Oxide 2a wit11 

Acetic Anhydride atrdPyridine 
A solution of 2a (100 mg) in acetic anhydride (5 ml) 

and pyridine (5 ml) was heated on the steam bath for 1 h 
and then poured into water. The precipitate formed was 
extracted with ethyl acetate. The organic extract was 
washed with dilute hydrochloric acid, aqueous sodium 
bicarbonate, dried on anhydrous sodium sulfate, and 
evaporated. The solid residue (60 mg) was crystallized 
from acetone-hexane. This yielded 3d as needles, m.p. 
144-147"; [a], -57"; h,,,, 207, 217 (shoulder), and 257 
mp; E, 7900, 6900, 5300; i.r. bands at 1735 cm-' with a 
shoulder at 1745 cm-I (acetyl groups), and at 1590 and 
1570 cm- ' (pyrimidine ring). 

Anal. Calcd. for C,7H,,0,Nz: C, 71.65; H, 8.02; 0 ,  
14.14; N, 6.19. Found: C, 71.94; H, 8.03; 0 ,  13.63; N, 
6.45. 

Treattner~t of the Dirnetl~ylpyrirnidine N-Oxide 2b with 
Acet ic Anhydride 

A solution of 2b (750 mg) in acetic anhydride (5 ml) 
was heated on the steam bath for 1 h, poured in water, 
and the precipitate extracted with ethyl acetate. The or- 
ganic extract was washed with aqueous sodium bicar- 
bonate, evaporated to  dryness, and the gummy residue 
chromatographed on alumina. The crystalline fractions, 
eluted with benzene-hexane 1:1, were combined and 
recrystallized from acetone-hexane. This yielded the 
diacetate 3d (175 mg), m.p. 142-146", which was identi- 
fied by the standard methods with the product obtained 
in the above acetylation with acetic anhydride and pyri- 
dine. 

Alkaline Hydrolysis of tlre Dimethylpyritnidirze 36 
A solution of 3b (500 mg) in methanol (20 mg) was 

mixed with potassium hydroxide (500 mg) in water (2 ml), 
heated under reflux for 1 h ,  concentrated, poured in 
water, and the precipitate collected and washed with 
water. Crystallization from methanol -ethyl acetate 
yielded 3a (410 mg) as prisms, m.p. 243-245". Further 
crystallizations from the same solvents raised the m.p. 
to 248-250"; [a], -47" (dioxane); h,,,, 208,215 (shoul- 
der), and 259 mp; E, 7900, 7700, 7000; h,,, ( p H  3) 208, 
267 mp; E, 9400,7200; i.r. bands at 3610 cm-' (hydroxyl 
group), and at 1590 and 1570 cm-' (pyrimidine ring). 

Anal. Calcd. for Cz3H320Nz: C, 78.36; H ,  9.15; 0 ,  
4.54; N, 7.95. Found: C, 78.15; H, 9.12; 0,4.74; N, 8.03. 

Acetylation of 3a with acetic anhydride - pyridine on 
the steam bath for 1 h afforded the acetate 36. 

16-Acetyl-17-amitroandrosta-5-16-dien-3~-ol 
Dipropionafe ( I c )  

The amino derivative l a  (4) (1 g), in pyridine (5 ml) 
and propionic anhydride (5 ml), was heated on the steam 
bath for 1 h, poured in water, and the precipitate collected 
and washed with water. Crystallization from methanol 
yielded l c  (1.165 g) as brilliant plates, m.p. 181-183"; 
[a], -204"; h ,,,, 207 and 313 mp; E, 10 000, 14  300; i.r. 
bands at 1740 cm-' (ester group), 1640 cm-' (hydrogen 
bonded, a$-unsaturated ketone), and at 1580 cm-I 
(C=C double bonds). 

Anal. Calcd. for C27H3904N: C, 73.43; H, 8.90; 0 ,  
14.49; N, 3.17. Found: C, 73.20; H, 8.84; 0, 14.68; N, 
3.25. 

The crystalline fractions eluted with benzene and in- ~ethy/ethylpyritflidifle N-Oxide 2c 
creasing proportions of ethyl acetate were combined. A solution of the dipropionate l c  (900 mg) in methanol -- 

4The ethanol solution was acidified with hydrochloric (25 ml) and pyridine (3 ml) was treated with hydroxyl- 
acid to pH 3 and the spectrum determined immediately. amine hydrochloride (1 g), heated under reflux for 1 h, 
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concentrated, poured in water, and the precipitate col- 
lected and washed with water. Crystallization from ethyl 
acetate yielded 2c (670 mg) as small needles, m.p. 183- 
185". Further crystallizations from the same solvents 
raised the m.p. to 193-195"; [a], -52"; h,,,, 207, 218, 
265, and 306 mp; E, 19 300, 21 900, 10 200, 5900; h,,, 
(pH 3) 207, 268 mp; E, 18 600, 9800; i.r. bands at 1740 
cm-' (ester group), at 1620 (C=C double bonds), and at 
1535 cm-I (C=N double bonds). 

Anal. Calcd. for CZ7H38O3N2: C, 73.94; H, 8.73; 0 ,  
10.94; N, 6.39. Found: C, 74.09; H, 8.69; 0 ,  11.18; N, 
6.27. 

Treattnet~t of the Methyletl~ylpyritnidine N-Oxide 2c with 
Zinc Dust 

A solution of the pyrimidine N-oxide 2c (500 mg) in 
acetic acid (5 ml) was treated with zinc dust (1 g) and the 
method used was the same as that described for the 
preparation of 3b. Chromatography of the crude product 
on alumina yielded the methylethylpyrimidine 3e (360 
mg), m.p. 154156" (needles from hexane-pentane) ; 
[a], -59"; h,,,, 207, 214 (shoulder), and 259 mp; E ,  
9000, 8500, 6600; i.r. bands at 1730 cm-' (ester group), 
and at 1585 and 1560 cm-' (pyrimidine ring). 

Anal. Calcd. for CZ7H32O2NZ: C, 76.73; H, 9.06; 0 ,  
7.57; N, 6.63. Found: C, 77.20; H, 9.16; 0,7.31; N, 6.77. 

Treattnetlt of the Metlzyletlrylpyrimidit~e N-Oxide 2c with 
Acetic Anhydride 

A solution of 2c (500 mg) in acetic anhydride (5 ml) 
was treated as described before. The crude product was 
purified by chromatography on alumina. Crystallization 
from hexane-pentane furnished 3f as needles, (310 mg), 
m.p. 183-185"; [a], -8"; h,,,,, 206, 217 (shoulder), and 
257 mp; E,  8300, 7000, 6900; i.r. bands at  1735 cnl-' 
with a shoulder at 1745 cm-' (ester groups), and at 1590 
and 1570 cm-' (pyrimidine ring). 

Anal. Calcd. for C29H4004N2: C, 72.47; H, 8.39; 0 ,  
13.32; N, 5.83. Found: C, 72.60; H,  8.67; 0 ,  12.69; N, 
5.90. 

16-Acetyl-l7-benzoylamit1oanrlvos~-5,16-diet1-3~-01 
Acetate(1e) 

Acetylation of Id (4) (1.25 g) with acetic anhydride - 
pyridine on the steam bath for 1 h yielded the acetate l e  
(600 mg) as pale-yellow prisms, m.p. 196-198"; [aID 
-68"; h ,.,, 205, 241, and 331 mp; E, 16 100, 12900, 
12 500; i.r. bands a t  1730 crn-' (ester group), at 1700 
cnl-' (benzamide group), 1630 cm-' (hydrogen bonded, 
a,a-unsaturated ketone), and 1610 and 1580 cm-' 
(C=C double bonds). 

Anal. Calcd. for C30H3704N: C, 75.76; H, 7.84; 0 ,  
13.46; N, 2.95. Found: C, 75.29; H,  7.98; 0 ,  14.14; N, 
2.81. 

Methylphenylpyritnidine N-Oxide 2d 
A solution of l e  (600 mg) in methanol (25 ml) and 

pyridine (1 ml) was treated with hydroxylamine hydro- 
chloride (600 mg), heated under reflux for 15 h, concen- 
trated, diluted with water, and the precipitate collected 
and washed with water. The crude product was chroma- 
tographed on alumina. Crystallization from ethyl 
acetate - ether yielded 2e (100 mg) as pale-yellow needles, 
rn.p. 240-242"; [a], -27"; X ,,,, 206,250, and 286 mp; E ,  
21 500, 26 200, 900; i.r. bands at  1740 cm-' (acetyl 

group), at  1680 and 1630 cm-' (C=C double bonds), 
and a t  1580 cm-' (C=N double bonds). 

Anal. Calcd. for C30H3603N2: C, 76.24; H, 7.68; 0, 
10.16; N, 5.93. Found: C, 76.27; H,  7.77; 0, 10.25; N, 
5.76. 

Urethatze I f  
Ethyl chloroformate (5 ml) was added slowly to a 

cooled solution of the amine l a  (900 mg) in pyridine (10 
ml). After the addition was complete the reaction mixture 
was left at room temperaturefor2h, heated onasteam bath 
for 30 min, and poured into water. The solid product ob- 
tained was collected, washed with water, and crystallized 
from chloroform-methanol. This yielded l f  (1.040 g), 
m.p. 188-190". Further crystallizations from the same 
pair of solvents gave an analytical sample, m.p. 193-195"; 
[a], -135"; h,,,, 306 mp; E, 23 500; i.r. bands at  1740 
cm-' (ester group), at  1630 cm-I (hydrogen bonded a$- 
unsaturated ketone), and at  1575 cm-' (C=C double 
bond). 

Anal. Calcd. for C27H3906N: C,  68.47; H, 8.30; 0, 
20.27; N, 2.96. Found: C, 68.70; H, 8.24; 0, 20.08; N, 
2.86. 

Hydrosypyritniditze N-Oxide 2e 
A solution of 1 f (1 g) in methanol (25 1111) and pyridine 

(5 ml) was treated with hydroxylamine hydrochloride 
(1.3 g) and heated under refiux for 1 h. The solution was 
concentrated, diluted with water, and  the solid precipitate 
collected and washed with water. Crystallization from 
chloroform-methanol gave small needles (810 mg), n1.p. 
284-285"; positive ferric chloride test (red color); I.,,,, 
209, 222, 318 mp;  E ,  12 600, 10 500, 7000; h ,,,,, (pH 3) 
210, 334 mp; E, 12 800, 8200; i.r. bands at 1745 cm-' 
(ester group), 1650, 1620, and 1575 cn1-'. 

Anal. Calcd. for C25H3405N2 : C,  67.85; H, 7.75 ; 0, 
18.08; N, 6.33. Found: C, 67.69; H, 7.64; 0, 17.90; N, 
6.16. 

Saponification of the Hydrosypyritniditze N-Oxide 2e 
A solution of 2e (800 mg) in methanol (50 ml) was 

mixed with potassiun~ hydroxide (1 g) in water (2 ml) 
and heated under reflux for 1 h. T h e  solution was con- 
centrated, diluted with water, and acidified with diluted 
hydrochloric acid. The precipitate was collected and  
washed with water. Crystallization from methanokther  
gave 2f  (530 rng), m.p. 278-280"; positive ferric chloride 
test (red color); [a], -59" (ethanol); h,,,,, 222, 316 rnp; 
E, 9550, 6300; i.r. bands (Nujol) a t  3200 cm-' (hydroxyl 
group), at 1650, 1625. and 1545 cm-' .  

Anal. Calcd. for C22H3003N2: C,  71.32; H, 8.16; 0, 
12.96; N, 7.56. Found: C, 71.18; H,  8.11; 0, 13.26; N, 
7.33. 

Acetylation of the Hydroxypyrimidine N-Oxide 2f 
A solution of 2f  (500 mg) in pyridiie (5 ml) and acetic 

anhydride (5 rnl) was heated on t h e  steam bath for 1 h ,  
poured into water, and the solid precipitate collected and  
washed with water. Fractional crystallization from chlo- 
roform-hexane gave the diacetate 211 (300 mg), m.p. 
230-232"; [a], -81 "; h,,,, 316 m p ;  E, 6300; i.r. bands a t  
1810 cm-' (acetyl group substituted in the pyrimidine 
N-oxide ring); a t  1735 cm-' (C-3 acetate), at 1685, 1650, 
and 1550cm-'. 

Anal. Calcd. for C26H3405N2: C, 68.70; H, 7.54; 0, 
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17.60; N, 6.16. Found: C, 68.91; H,  7.46; 0, 17.41; N, 
6.19. 

From the niotlier liquors of the diacetate 2h crystal- 
lized the nlonoacetate 2g (50 mg). The analytical sample 
had m.p. 247-250" (needles from chloroform-hexane); 
? .,,,, 222, 317 nip;&, 11 000,7400; i.r. bandsat1730cm-' 
(acetate), 1650, 1615, and 1575 cm-'. 

Anal. Calcd. for CZ4H3204NZ: C, 69.88; H,  7.82; 0 ,  
15.51; N, 6.79. Found: C, 69.64; H,  8.06; 0 ,  15.74; N, 
6.85. 

Treatment of 2g (250 mg) with acetic anhydride under 
reflux for 15 min, gave 211 (200 mg). 

Zirlc Reduction ofthe Hydroxypyrimidine N-Oxide 2h 
A solution of 2h (200 mg) in acetic acid (3 ml) was 

heated on the steam bath with zinc dust (500 mg) for 1 h. 
The mixture was treated as previously described. The 
resulting product (3g) (150 mg) had m.p. 315-317" 
(decomposed) (needles from chloroform-methanol); 
negative ferric chloride test; [a], -80'; h,,,, 308 mp;  E, 
4600; i.r. bands at 1730 cm-' (C-3 acetate), 1660, 1645, 
and 1570 cm- '. 

Anal. Calcd. for CZ4H3,O3NZ: C, 72.69; H, 8.13; 0 ,  
12.11; N ,  7.07. Found: C, 72.40; H, 8.19; 0 ,  12.37; N,  
7.21. 

Acetylation of 3g (50 nlg) with acetic anhydride - pyri- 
dine gave 311. The analytical sample (needles from ethyl 
acetate) had m.p. 308" (decomposed); i.r. bands at  1775 
cm-' (acetate substituted in the pyrimidine ring), 1730 
cm-' (C-3 acetate), and 1650, 1595, 1570 (pyrimidine 
ring). 

Anal. Calcd. for CZ6H3404NZ: C, 71.20; H, 7.82; 0 ,  
14.59; N, 6.39. Found: C, 71.03; H, 7.61; 0 ,  14.66; N, 
6.28. 

16-A111i1io1~~etl~~~le1~e-5-a11drost-5-e1-3-ol-l7-o11e (56) 
A solution of 16-formyl-androst-5-en-3~-ol-l7-one 

(5a) (11) (4.83 g) in ethanol (25 ml) and concentrated 
ammonium hydroxide (25 ml) was heated under reflux 
for 1 h. After 15 min a precipitate began to  form. The 
mixture was diluted with water, filtered, and the pre- 
cipitate washed with water and crystallized from me- 
thanol. This yielded the arnine 56, m.p. 269-273". Further 
crystallizations from ethanol raised the m.p. to 276278"; 
positive ferric chloride test (dark green color); [a], -96" 
(ethanol), h,,,, 302 mp; E ,  18 000; i.r. bands (Nujol) at 
3300 cm-' (broad, hydroxyl and amino groups), a t  1655 
cm-' (hydrogen bonded a,P-unsaturated ketone), and at  
1575 cnl-I (C = C double bond). 

Anal. Calcd. for C Z O H Z ~ O Z N :  C, 76.15; H, 9.27; 0 ,  
10.14; N, 4.44. Found: C, 76.07; H,  9.19; 0 ,  10.39; N, 
4.24. 

16-Acetyla1~1i1ron1etl1yle,re-ar2duost-5-e~7-o1~e-3~-ol 
Acetate (5c) 

The enamine 5b (1.2 g) dissolved in acetic anhydride 
(5 ml) and pyridine (5 ml) was heated on the steam bath 
for 3 h, poured into water, and the precipitate collected 
and washed with water. Crystallization from chloroform- 
ether yielded the acetylaminoketone 5c (630mg), m.p. 
236238". Further crystallizations from the same pair 
of solvents raised the m.p. to  247", [a], -101"; h,,,, 
290 mp; E ,  22 900; i.r. bands at 1725 cm-' (acetyl groups), 
at 1645 cm- ' (hydrogen bonded a$-unsaturated ketone). 

Anal. Calcd. for CZ4H3304N: C, 72.25; H,  8.33; 0 ,  

16.02; N,  3.51. Found: C, 72.22; H, 8.16; 0 ,  16.10; N, 
3.49. 

The oxime (6a) had m.p. 184-185"; (needles from 
methanol-ether) [a], -113"; h,,,, 280 mp; E, 17 400; 
i.r. bands at  3450 and 3580 cm-' (hydroxyl group), at 
1725 and 1700 cm-' (acetyl groups), and at  1650 and 
1625 cm-'. 

Anal. Calcd. for CZ4H3404NZ: C, 69.53; H,  8.27; 
0 ,  15.44; N, 6.76. Found: C, 69.45; H,  8.18; 0 ,  15.46; 
N. 6.67. 

Treat~nent ofrke Oxitne 6a with y-Colliciine 
The oxime 6a (200 mg) in y-collidine (4 ml) was heated 

under reflux for 15 min. Ethyl acetate was added, and 
the organic solution was washed with dilute hydrochloric 
acid and water, dried, and evaporated. Crystallization of 
the residue from methanol-ther yielded the oxime 6b 
(85 mg), m.p. 255-256"; [a], -153" (dioxane); i.r. bands 
(Nujol) at  3250 cm-' (hydroxyl group), at 1735 cm-' 
(acetyl group), and at 1655 cm-I (broad), 1600 cm-I. 

Anal. Calcd. for Cz4H3404Nz: C, 69.53; H, 8.27; 0 ,  
15.44; N, 6.76. Found: C, 69.79; H, 8.33; 0, 15.46; N, 
6.73. 

Treatment oftlie Oxinze 6b with Tr~fl~roroacetic Acid 
A solution of the oxime 66 (350 mg) in trifluoroacetic 

acid (2 ml) was left at room temperature for 15 min, 
diluted with water, and the precipitate extracted with 
chloroform. The organic layer was washed with water, 
dried, and evaporated. Crystallization of the residue 
from chloroform-ether gave the pyrimidine N-oxide 7 
(200 mg) as small leaflets, m.p. 230-232"; h,,, 223, 265 
mp; E ,  23 400, 7760; h,., (pH 3) 223,265 mp; E, 10 200, 
7700; i.r. bands at  1730cm-' (acetyl group), and at 1575 
cnl - ' (pyrimidine nucleus). 

Anal. Calcd. for CZ4H3203NZ: C, 72.69; H, 8.13; 0 ,  
12.11; N, 7.07. Found: C, 72.47; H,  8.00; 0 ,  12.11; N, 
7 ns . 

A solution of 6b (230 mg) in acetic acid (5 ml) was 
treated with concentrated hydrochloric acid (0.5 1111) at 
room temperature for 15 min. Crystallization from 
chloroform-ether yielded 7 (90 mg), m.p. 234-236" 
(decomposed). 

Treatment ofthe Pyrimidine N-Oxide 7 with Acetic 
Anliydride 

A solution of 7 (200 mg) in  acetic anhydride (2 ml) was 
heated on the steam bath for 30 min, diluted with water, 
and the precipitate extracted with chloroform. The or- 
ganic solution was washed with aqueous sodium bicar- 
bonate, water, dried, and evaporated. The crude solid 
product obtained was dissolved in benzene and passed 
through alumina (2 g). Crystallization from ether- 
hexane yielded 8 (lOOmg), m.p. 122-124"; [cc], -47"; 
h ,,,, 220, 260 mp; E ,  11 000, 5750; i.r. bands at 1745 and 
1735 cm- ' (acetyl groups), and at 1590 and 1560 cm- ' 
(pyrimidine nucleus). 

Anal. Calcd. for CZ6H3404NZ: C, 71.20; H, 7.82; 0 ,  
14.59; N, 6.39. Found: C, 71.45; H, 7.91; 0 ,  14.37; N,  
6.44. 

16-Aminotnethylene-esfrone Methyl Ether 9b 
A solution of 16-formyl-estrone methyl ether 9a (12) 

(4.64 g) in ethanol (25 ml) and concentrated ammonium 
hydroxide (15 ml) was heated under reflux for 1 h, diluted 
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with water, and the precipitate collected and washed with 
water. Crystallization of the amine 96 from methanol- 
ether afforded pale-yellow prisms (3.42 g), m.p. 217- 
219"; positive ferric chloride test (dark-green color); 
[a], +log0; h,,,, 301 mp; E, 20 000; i.r. bands (Nujol) 
at 3470 and 3360 cm-' (hydroxy and amine groups), at 
1680 cm-' (hydrogen bonded u,P-unsaturated ketone), 
at 1660 cm- ' (C = C double bonds), and at 1600 cm- ' 
(aromatic ring). 

Anal. Calcd. for C20H2502N: C, 77.13; H, 8.09; 0, 
10.28; N, 4.50. Found: C, 76.84; H, 7.99; 0 ,  10.51; N, 
4.52. 

16-Acetylatninometlgvle~~e-estrone Metl7yl Ether 9c 
The amine 96 was acetylated as described for previous 

cases. Crystallization from methanol+ther yielded 9c 
(760 mg), m.p. 205-206". The analytical sample had m.p. 
211-213" (needles from methanol - isopropyl ether); 
[ale +102"; h,,,, 288 mp; E,  24 000; i.r. bands at 3450 
cm-' (NH group), at  1715 cm-' (acetyl group), and at 
1640 cm- ' (hydrogen bonded, a$-unsaturated ketone). 

Anal. Calcd. for C22H2703N: C, 74.75; H, 7.70; 0, 
13.58; N, 3.96. Found: C, 75.07; H, 7.79; 0, 13.71; N, 
4.05. 

The oxime 10a had m.p. 227-228" (needles from metha- 
nol); [a], +76"; h,,,, 282; E, 21 400; i.r. bands (Nujol) at 
3300 cm-' (hydroxyl group), at 1690 cm-'(acetylgroup), 
at 1650, and 1615cm-'. 

Anal. Calcd. for Cz2H28OsNz: C, 71.71; H, 7.66; 0 ,  
13.03; N, 7.60. Found: C, 71.87; H, 7.56; 0 ,  13.12; N, 
7.55. 

Treatment of the Oxime 1Oa with y-CoNidine 
A solution of the oxime 10a (1.15 mg) was treated with 

y-collidine as described previously for 6a. Crystallization 
from methanokther yielded the oxime 106, m.p. 248' 
(decomposed) (small needles from methanol-ether; [aID 
+4" (dioxane); h,,,, 288 mp; E, 17 800; i.r. bands (KBr) 
at 3300 cm-' (hydroxyl group), at 1650 and 1610 cm-'. 

Anal. Calcd. for C22H2803N2: C, 71.71; H, 7.66; 0 ,  
13.03; N, 7.60. Found: C ,  71.75; H, 7.77; 0 ,  13.29; N, 
7.57. 

Treatrnerlt of the Oxime 106 with Trifioroacetic Acid 
A solution of the oxime 106 (650 mg) in trifluoroacetic 

acid (2 ml) was treated as described previously for 66. 
Crystallization from chloroform-acetone yielded the 
pyrimidine N-oxide 11 (530 mg), m.p. 235-237"; [alD 
+54"; h ,.,, 224, 268 mp; E, 31 630, 8100; h,,, (pH 3) 
224, 264 mp: E, 23 200, 7900; i.r. bands at 1600 cm-' 
(aromatic C=C double bonds) and at 1570 cm-' (pyri- 
midine nucleus). 

Anal. Calcd. for C 2 2 H 2 5 0 2 N ~ :  C, 75.40; H, 7.48; 0 ,  
9.13; N, 7.99. Found: C, 75.51; H, 7.47; 0 ,  9.19; N, 
8.13. 

Treatment of an acetic acid solution of 106 (200 mg) 
with hydrochloric acid afforded 11 (60 mg), m.p. 233- 
235". 

Treat~nent of the Pyrimidine N-Oxide 11 wit11 Acetic 
Anhydride 

The N-oxide (200 mg) was treated with acetic anhy- 
dride as described above for a similar case. The gummy 
product did not crystallize even after chromatography on 
alumina. It  was dissolved in methanol (25 ml), mixed 

with a solution of potassiun~ bicarbonate (250 mg) in 
water (5 ml), heated under reflux for 1 h, concentrated, 
diluted with water, and the precipitate collected and 
washed with water. Crystallization from acetone-ether 
yielded plates (80 mg), m.p. 172-175"; i.r. bands at 3450 
cm-' (hydroxyl group), and at 1590, 1575, 1545 cm-' 
(pyrimidine nucleus). 

Anal. Calcd. for C22H2602N~:  C, 75.40; H, 7.48; 0, 
9.13; N, 7.99. Found: C, 75.62; H,  7.64; 0 ,  9.36; N, 
8.13. 

Atnir~olcetone 136 
Treatment of 13a (13) (9 g) with ammonium hydroxide 

yielded 136 (5.4 g), m.p. 240-242"; positive ferric chloride 
test (purple color); [aID +48" (ethanol); h,,,, 316 nip; E, 

I5 850; i.r. bands (Nujol) at 3300 cm-' (hydroxyl group) 
and at 1660 cm-' (hydrogen bonded a,B-unsaturated 
ketone). 

Anal. Calcd. for C20H3102N: C, 75.67; H, 9.84; 0, 
10.08; N, 4.41. Found: C, 75.55; H ,  9 77; 0 ,  10.13; N, 
4.54. 

Acetylatnitloketone 13c 
Acetylation of 136 with acetic anhydride - pyridine 

gave 13c. It had m.p. 156158" (prisms from ethyl ace- 
tate- isopropyl ether); [uID +81°; h,,.., 300 mp; E, 

15 850; i.r. bands at 1725 cm-' (double strength, acetyl 
groups); at 1660 cm-' (hydrogen bonded u,B-unsaturated 
ketone), and at 1590 cm-' (C=C double bond). 

Anal. Calcd. for C24H3,04N: C,  71.79; H, 8.79; 0, 
15.94; N, 3.49. Found: C, 71.87; H ,  8.88; 0 ,  16.04; N, 
3.61. 

The oxime 14 had m.p. 191-192' (prisms from chloro- 
form-hexane) [aID +56"; h,,,, 290 mp; E ,  11 750; i.r. 
bands at 1720 cm-' (acetyl group), at 1680, 1650, and 
1560cm-'. 

Anal. Calcd. for C Z ~ H ~ ~ O ~ N Z :  C, 69.20; H, 8.71; 0, 
15.36; N, 6.73. Found: C, 69.07; H, 8.82; 0 ,  15.37; N, 
6.81. 

Treatment of the Oxin~e 14 with y-Collidine 
A solution of the oxime 14 (500 mg) in y-collidine (5 

ml) was heated under reflux for 3 h. The method was then 
as described previously. The crude material obtained was 
chromatographed on alumina (10 g). Elution with ben- 
zene and with benzene - ethyl acetate (9:l) gave the 
pyrimidine N-oxide 15 (200 mg), m.p. 165-170' (prisms 
from ether-hexane). Further crystallizations from the 
same pair of solvents raised the n1.p. to 187-188"; [a], 
+46"; h ,,., 220, 264, 298 mp; E, 23 400, 7400, 3300; 
h,,, (pH 3) 220, 265 mp; E, 20 500, 7300; i.r. bands a t  
1735 cm-' (acetyl group) and at 1590 and 1560 cm-' 
(pyrimidine nucleus). 

Anal. Calcd. for C24H3403N2: C,  72.33; H, 8.60; 0, 
12.04; N, 7.03. Found: C, 72.07; H, 8.59; 0 ,  12.18; N, 
7.20. 

The mother liquors of the amine 136 were subjected to  
the same process as that followed in the preparation of 
the crystalline amine. A yield of 1.5 g of the pyrimidine 
N-oxide 15, m.p. 184-187" was obtained in this way. 

Treatmet~t of the Pyrimidine N-Oxide 15 with Acetic 
Anhydride 

The N-oxide 15 (400 mg) in acetic anhydride (5 ml) 
was heated under reflux for 30 min. The solution was 
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, Syntheses of a-agarofuran and isodihydroagarofuran 

A. ASS EL IN,^ M. MONGRAIN, AND P. DESLONGCHAMPS 
Department of Chemistry, University of SIzerbrooke, SIzerbrooke, Quebec 

Received June 13, 1968 

A new synthesis of a-agarofuran (1) has been realized in four steps from ketol 3 and a stereospecific 
synthesis of isodihydroagarofuran (dihydro-a-agarofuran) has been achieved in four steps. 

Canadian Journal of  Chemistry, 46, 2817 (1968) 

Bhattacharyya and co-workers (I) isolated 
dihydroagarofuran, a-, and P-agarofuran from 
agarwood oil. Their proposed stereo-structures 
with a 7-a-isopropyl configuration for the agaro- 
furans has been corrected to  a 7-P-isopropyl 
configuration. This correction was achieved by 
Barrett and Biichi (2) who showed that (-)epi- 
a-cyperone (2) can be used for the synthesis of 

I a-agarofuran (1). Recently, a new synthesis of 
a-agarofuran (1) has been reported by Marshall 
and Pike (3) starting also with (-)epi-a-cyperone 

j (2). Furthermore, a total synthesis of norketo- 
' agarofuran (4) has been communicated by 

Heathcock and Kelly (5). 
1 These recent reports (3, 5) prompt us t o  dis- 
I close a very simple four-step synthesis of a-  
/ agarofuran (1) starting with ketol 3 (6), which is 
I the precursor of (-)epi-a-cyperone (2). We wish 

also to  describe a stereospecific synthesis of iso- 1 dihydroagarofuran (9), an epimer of natural 
I dihydroagarofuran (11). Thus, the complete 

stereo-structure of natural dihydroagarofuran is 
, also clarified. 

Oxymercuration of crystalline ketol 3 (7) gave 
, a 75 % yield of ket+diol4. This ket+diol 4 has 

been previously reported in 40 % yield, using the 
same general procedure (3). By refluxing com- 
pound 4 with sodium methoxide in methanol for 
four days and then utilizing chromatography, 
an 81 % yield of the crystalline enone-alcohol 5 
was obtained. 

Reduction of compound 5 with lithium 
, aluminium tri-t-butoxy hydride in ether yielded 
, quantitatively the crystalline diols mixture 6.  A 

similar diols mixture, presumably in a different 
I ratio, has been prepared by Marshall and Pike 

1 (3) using a different method. According t o  the 
, reduction of similar compounds with the same 
I reducing agent (8), the major compound in the 

i 
j 'Holder of an NRCC Studentship, 1966-1968. 

diols mixture 6 should possess the OH grouping 
in the a-quasi-equatorial orientation. 

Treatment of the diols mixture 6 in benzene 
with a small amount of p-toluenesulfouic acid at 
room temperature for 1 h gave quantitatively a- 
agarofuran (1,80 % yield) and the new crystalline 
diene-alcohol 7 (20% yield) which were easily 
separated by chromatography.* The identity of 
compound 1 was established by comparisoll of its 
infrared and nuclear magnetic resonance spectra 
with the published spectra of a-agarofuran (1). 
The structure of the diene-alcohol7 was assigned 
on the basis of its spectral properties. 

Since the diene-alcohol 7 is a minor product, 
this work constitutes the shortest and the most 
efficient synthesis of a-agarofuran (1). 

Treatment of the enone-alcohol 5 with ben- 
zene andp-toluenesulfonic acid at room tempera- 
ture for 24 h and chromatography, gave the 
starting material 5 in 70% yield and the new 
crystalline keto-oxide 8 in 30 % yield. This keto- 
oxide 8 was also isolated in a low yield (6%) 
during the basic dehydration of keto-diol 4 
leading to the enone-alcohol 5. Thus, the secon- 
dary methyl group in compound 8 is clearly 
equatorial. 

Reduction of keto-oxide 8 with the tosyl- 
hydrazide - sodium borohydride method (9) 
gave the crystalline isodihydroagarofuran 9 as 
the only isolable product. Thus, this work 
constitutes a four-step stereospecific synthesis of 
isodihydroagarofuran 9. 

Natural dihydroagarofuran, although being an 
oil, has been claimed to be isolated in the pure 
form and its published spectra (1) are different 

2Work is now directed toward the purification of both 
epimeric alcohols from the diols mixture (6). This is done 
in an effort to find out if there is a stereospecific con- 
version of the major epimeric alcohol (a-quasi-equatorial 
isomer) to a-agarofuran (1) and the other into diene- 
alcohol 7. 
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than those of compound 9. It  has also been s~ectro~llotometer and infrared (i.r.1 spectra (v,,,) 

reported (1) that catalytic reduction of P-agaro- were recorded on Perkin-Elmer Infracord, model 137 
spectrophotometer. Nuclear magnetic resonance spectra furan (lo) gave a to (n.n~.r., T values) were taken o n  a Varian A60 spec- 

dih~droagarofuran while catalytic reduction of trometer with tetramethylsilane a s  an internal standard. 
a-agarofuran yielded a different oily dihydro Thin-layer chromatograms (t.1.c.) were developed with 
derivative. iodine. Anhydrous magnesium sulfate was used as the  

we have the catalytic reduction with drying agent in working up reactions. Fisher Florisil 
100-200 mesh was used for preparing all column synthetic a-agarofuran (1) and have obtained a chromatograms. 

crystalline dihydro compound which was found The ketol3 was prepared according to the method of 
to  be identical to  compound 9, obtained from Howe and McQuillin (6) using (+)-dihydrocarvone. 
keto-oxide 8. 

Thus, it is clear that natural dihydroagaro- 
furan (dihydro-P-agarofuran) possesses structure 
11 with the secondary methyl group in the a-axial 
configuration while dihydro-a-agarofuran (iso- 
dihydroagarofuran) has structure 9 with the 
methyl group in the P-equatorial orientation. 

Experimental 
Melting points are not corrected. Ultraviolet (u.v.) 

spectra (h,,,) were measured on a Cary model 14 

Keto-Diol ( 4 )  
Ketol 3 (11.8 g, 0.05 mole) was added to a well-stirred 

suspension of tetrahydrofuran (100 ml), water (100 ml), 
and mercuric acetate (32 g, 0.1 mole) cooled with a n  ice- 
bath. After 5 min, aqueous sodium hydroxide (3 M, 100 
ml) was added, followed by a solution of sodium boro- 
hydride(0.5 M, 82 ml) in aqueous sodium hydroxide (3 M). 
Acetone (15 ml) was added and the  mixture was filtered 
through Celite. After saturation with sodium chloride, 
the reaction mixture was thoroughly extracted with ethyl 
acetate. Evaporation of the dried extract yielded a white 
crystalline solid (11 g) which was crystallized with ethyl 
acetate (9.3 g, m.p. 190-193 "C). Further recrystallization 
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ASSELIN ET AL : SYNTHESES OF U-AGAROFURAN AND ISODIHYDROAGAROFURAN 2819 

gave an analytically pure sample, m.p. 195-197 "C (lit. 
m.p. 195-196 "C (3)). Infrared: v,,, (CHCI,) 3600, 3400, 
and 1700 cm-'; n.m.r.: r (acetone-d,) 8.77 (3H, singlet), 
8.92 (6H, singlet), and 9.03 (3H, doublet, J = 6.5 c.p.s.). 

Er~or~e-Alcohol (5) 
Keto-diol 4 (5.0 g, 19.7 mniole) was dissolved in 

methanol (60 1111) containing sodium methoxide (2.5 g). 
The mixture was refluxed for 4 days. Water (500 ml) was 
added and the mixture was extracted with ether. The dried 
organic phase was evaporated to dryness. Tlie resulting 
product (4.7 g) was purified by colun~n chromatography. 
The fractions were analyzed by t.1.c. (silica gel, ether- 
benzene (1 :I)). 

Elution witli petroleum ether (b.p. 3C60 "C) gave a 
trace of material. Elution with benzene gave a mixture of 
conipounds 5 and 8 (700 mg, R, value: 0.7 and 0.9). 
Elution with ether-benzene (5 %) gave pure enone- 
alcohol 5 (3.4 g). The mixture (700 mg) was again sub- 
mitted to colunin chromatography yielding keto-oxide 8 
(303 nig) and enone-alcohol 5 (340 mg). 

Enone-alcohol 5 was recrvstallized with ether-~entane 
to give the analytical sample, m.p. 56-56.5 "C. Infrared: 
v,,, (CHCI,) 3500, 3400, 1650, and 1620 cm-'; u.v.: 
?,,,, (EtOH) 254 m ( E  14 800); n.m.r.: r (CDCl,) 8.18 
(3H, singlet), 8.78 (6H, singlet), and 8.81 (3H, singlet). 

Anal. Calcd. for C15Hz402: C, 76.23; H, 10.23. 
Found: C, 76.58; H, 10.46. 

Keto-oxide 8 was recrystallized with ether-pentane to 
give the analytical sample, m.p. 124 "C. Infrared: v,,, 
(CHCI,) 1715 cm-' ; n.m.r.: r (CDCI,) 7.39 (lH, quadru- 
plet. J = 6.5 c.p.s.), 8.70 (3H, singlet), 8.75 (3H, singlet), 
8.85 (3H, singlet), and 8.90 (3H, doublet, J = 6.5 c.p.s.). 

Anal. Calcd. for C15H2402: C, 76.23; H, 10.23. 
Found: C, 76.02; H, 10.02. 

I Diols Mixtrlre (6) 
An ethereal solution (10 ml) of enone-alcohol 5 (90 

n ~ g ,  0.38 mmole) was slowly added to lithium aluminium 
1 tri-t-butoxy hydride (460 mg, 4 mmole) in ether (20 nil) at 

0 "C. After stirring at room temperature for 4 h, the excess 
hydride was destroyed by the addition of brine and the 
organic phase was separated. Evaporation of the dried 
organic solution yielded a crystalline mixture (90 mg), 
n1.p. 70-103 "C. Infrared: v,,,, (CHCI,) 3700 and 3500 
cm-', no carbonyl absorption. 

Agarofirrarz (I) a r ~ d  Dierre-Alcohol (7) 
Tlie diols mixture 6 (25 mg, 0.105 mniole) was dissolved 

in benzene (10 ml) and treated withp-toluenesulfonic acid 
(6 mg) at room temperature for 1 h. Brine was added and 
the mixture extracted with ether. The dried organic phase 
was evaporated to dryness yielding a mixture of two 
compounds. This mixture was separated by column 
chromatography using pentane and ether-pentane 
mixtures. The fractions were analyzed by t.1.c. (alumina, 
ether-pentane (10%)). Tlie first material obtained (21 
n ~ g ,  80% yield, R, value: 0.8) had i.r. and n.ni.r. spectra 

) identical witli the published spectra (1) of a-agarofuran 
I derived from agarwood oil. 
1 The second fraction (5 mg, 20% yield, R, value: 0.2) 
I was crystalline and structure 7 was assigned on the basis 
, of its spectral properties. This compound was recrystal- 

lized from ether-pentane but was not sent for niicro- 

analysis because of its slow decomposition a t  room 
temperature, m.p. 67.5-68 "C. Infrared: v,,, (CHCI,) 
3600, 3400 cm-' ; u.v.: h,,, (EtOH) 233,241, and  248 mfi 
(E 18 000,20 000, and 12 800); n.m.r.: r(CDC13)4.40(2H, 
multiplet), 8.12 (3H, -quadruplet, J = 1 c.p.s.), 8.79 
(6H, singlet), and 9.05 (3H, singlet). 

Keto-Oxide (8) 
Enone-alcohol 5 (75 mg, 0.31 mmole) was dissolved in 

benzene (20 ml) containing p-toluenesulfonic acid (32 
mg). After 24 h at room temperature, the reaction mixture 
was mixed with brine and extracted with ether. The dried 
organic phase was evaporated to dryness yielding a niix- 
ture of compound 5 and keto-oxide 8 which were 
separated by column chromatography using ether- 
hexane as eluent. The fractions were analyzed by t.1.c. 
(alumina, ether-hexane (1 :I)). 

The first compound was obtained crystalline (19 mg, 
R, value: 0.3) and was identical with keto-oxide 8 
obtained during the basic dehydration of keto-diol4. 

The second product (51 nig, R, value: 0.7) was identi- 
fied as the starting enone-alcohol 5. 

Isodil~yd~'oagarofi~~'nrz (9) 
(a) From Keto-Oxide (8) 
Keto-oxide 8 (80 mg, 0.34 mmole) was dissolved in 

methanol (5 ml) containing p-toluenesulfonyl hydrazine 
(100 mg, 0.56 mmole), and the mixture was refluxed for 
30 niin. The mixture was cooled at room temperature, 
sodium borohydride (100 mg, 2.6 mmole) was added, and 
the mixture was refluxed for 1 h. Brine was added and the 
mixture was extracted with ether. The dried organic 
phase was evaporated to dryness and the product ob- 
tained was purified by column chromatography. Elution 
with pentane gave crystalline isodihydroagarofuran 9 (20 
mg). A t.1.c. analysis was performed (alumina. Dentane. 
 value: 0.6).   he analytical sample was predared b; 
sublimation, m.p. 35.5 "C. Nuclear magnetic resonance: 
r (CDCI,) 8.61 (3H, singlet), 8.82 (3H, singlet), 9.00 (3H, 
singlet), and 9.1 1 (3H, doublet, J = 6 c.p.s.). 

Anal. Calcd. for Cl5HZ6O: C, 81.02; H, 11.79. Found: 
C, 81.02; H, 11.96. 

(b) From a-Agarofurarz (I) 
a-Agarofwan 1 (200 mg, 0.91 mniole) was hydrogen- 

ated in acetic acid (5 nil) with prereduced platinum oxide 
(10 mg) for 1.5 h. The catalyst was removed by filtration 
and the filtrate evaporated to dryness. The resulting 
product was purified by column chromatography. 
Elution with pentane yielded a crystalline material (110 
mg) which had physical and spectral properties identical 
with those of isodihydroagarofuran 9 (obtained from 
procedure a). 
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A(',,) interaction and conformational energy of axial-axial 
1,3-dimethyl interaction 

Y. L. CHOW, C .  J. C O L ~ N ,  AND J. N. S. TAM 
Department of Ci~etnistry, Simon Fraser University, B~irnaby 2, Britisiz Colutnbia 

Received March 22, 1968 

type strain was demonstrated directly from the nuclear magnetic resonance studies of the  
acyl and nitroso derivatives of 2-methylpiperidine (2 series) and 2,6-cis-dimethylpiperidine (1 series). 
In these two series, the bulky 2-methyl groups are forced to assume the axial conformation due to  a 
severe A('s3) interaction in the equatorial conformation. The free energy of activation (AG*) for the in- 
ternal rotation around the N-C and N-N bonds in la- lg  was determined. The comparison of these 
AG* values with those of the corresponding derivatives of dimethylamine indicates the decreases are in 
the range of 3.64.7 kcal/rnole which is in fair agreement with the conformational energy of 1,3-diaxial 
CH3/CH3 interaction. An argument was presented to show that this interaction energy corresponds to  
the decrease of AG* in l a - l g .  

C a n a d ~ a n  Journal o f  Chemistry, 46, 2821 (1968) 

The stereochemical coilsequence of reactions parently represent quantitatively the extent of 
of 2-alkylcyclohexane derivatives (A S B) has the delocalization energy and also qualitatively 
led Johnson to conclude that there is a severe the extent of the planar configuration a t  N=C 
non-bonded interaction between the group X 0 
(or X') and an equatorial alkyl group (1). This and N=N bonds in 1 and 2 (where -C / /  
interaction was termed A(''3) strain (1) and the \D 

energy was approximated with 1,3-diaxial CH3/ 
CH, interaction (3.7 kcal/mole). During our 
studies on the photochemical behavior of nitro- 
samines we became aware of some unusual re- 
activities (2) and nuclear magnetic resonance 
(n.m.r.) characteristics of N-nitroso-cis-2,6-di- 
methylpiperidine (lg, N-NO for NCOR) that 
might be related to A('.,) strain. The n.m.r. 
study on the conformational aspects of the acyi 
derivatives of cis-2,6-dimethylpiperidine (1 series) 
and of 2-methylpiperidine (2 series) was under- 
taken. The purpose of this communication is to 
demonstrate directly the presence of the A(133) 
interaction by n.m.r. spectroscopy in systems 1 
and 2 and further to provide a method of esti- 
mating the conformational energy of 1,3- 
diaxial CH,/CH, interaction in 1. 

The presence of the partial double bond 
.o 

characters in amide \ and nitrosamine (,Nt.C\ 
0 
.;i systems due to an extensive delocali- 

(N=N ) 
zation of the lone pair electrons of nitrogen 
with the hetero n electron system has been 
well documented by n.m.r. spectroscopy (3, 4). 
The rotational barriers due to the partial double 
bond character (15-21 kcal/mole for amide and 
23.3 kcal/mole for dimethyl nitrosamine) ap- 

n 

is either acyl or nitroso group). The structure of 
these acyl derivatives, if the A('v3) interaction is 
ignored for a moment, must be represented by 
the nearly trigonal configuration at N as in 1 
and 1'. With a planar or a near planar struc- 
ture at the N=C bond, it is expected, and can 
be shown by Dreiding Models, that A('z3) in- 
teraction between 0 (and/or R) and a-equato- 
rial CH, is severe in 1' and that 1 is the pre- 
dominant conformation. Since the delocalization 
energy (15 N 23 kcal/mole) is several times 
higher than the 1,3-diaxial CH,/CH, interac- 
tion, the amount of conformer 1' will be negli- 
gibly small. 

In Table I the n.m.r. chemical shifts of 
a-protons and a-methyl groups for the amide 
derivatives of 2,6-cis-dimethylpiperidine and 2- 
methylpiperidine at temperatures high enough 
to ensure rapid rotation about N=C bond are 
tabulated. Comparisons of the chemical shifts 
of the a-protons for la-1 f with the correspond- 
ing data of N-benzoyl-4-t-butylpiperidine (3) 
(5) leaves no doubt that the a-protons are 
equatorially oriented. The coupling pattern of 
the a-protons is also in good agreement with 
the equatorial orientation and very different 
from the corresponding protons (axial) of cis- 
2,6-dimethylpiperidine. I t  is pertinent to add 
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7.22 slightly relieved. With respect to l g  (6) an ana- 
5.73 H& logous situation has been observed by us as well 

as by others (7). On the same ground, 2a-2c 
/N 

C6H=,C0 also possess a-axial methyl conformatio~ls as 

3 
shown by n.m.r. data. 

TABLE I 
Xqx' Chemical shift data* 

~- HFs Temper- X ' I ature 
Con~pound O=C-R ("C) a-Hi a-CH3t 

X 
CH 0 7  
COCH 
COCH,C6H5 
COC6H5 
S02CH3 
S02CsH4CH3 
NO 

COCH, 

COC6H5 

COCH,C6H, 

*All spectra are taken in 10-20% (w/y) CCll solution with TMS 
as the internal standard and the chernlcal shifts are expressed in 
7-values. 

CH3 CH3 ?All a-H in the 1 series show broad quartet and all a-CHs show 
doublets(J I 7 c.p.s.) at the temperature indicated. In the 2 series, 

1" H. shows a broad doublet, He, a broad quartet, and H, a broad 
unsymmetr~cal trlplet. 

:The two a-equatorial protons are accidentally isochronous. 

Accepting that the compounds of the 1 series 
are forced to  assume a conformation having a 
severe 1,3-diaxial CH3/CH3 interaction (3.7 
kcal/mole) (8), such a driving force must be pro- 

2 7 vided by the conjugation energy of NCO o r  
NNO systems. Conversely, any loss in the energy 
barrier of the internal rotation in la-lg series 
can be accounted for by the energy expended to  
force the conformation 1 (or 1,3-diaxial CH3/ 
CH, conformation of this system). Thus by 
comparison of the energy barriers of the internal 
rotation in 1 series with that of the appropriate 

4 
derivatives, it is possible to determine the con- 

1 (R = CH3) 
5 (R = H) 6 

formational energy of 1,3-diaxial CH,/CH, 
interaction in these compounds. A justification 

that the boat conformation 1" may contribute of this calculation may be sought from con- 
to a sizable extent to these amides since the P- sideration of the transition from 1 to 4 where 
and y-protons in la-lf exhibit time averaged R 
narrow bands around .r 8.6 with band widths the planar structure of NEC<bis broken and 
ranging between 8-15 c.p.s. In the conformation 
I", the "bowsprit-flagpole" interaction is absent the n-bond of C==O is orthogonal to 11-elec- 
and the CH3/CH3 1,3-diaxial interaction in 1 is trons. Since the potential energy of the tran- 
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CHOW ET AL.: A's3 INTERACTION AND CONFORMATIONAL ENERGY 

FIG. 1. Potential energy as a Function of conformation. 

sition state must be AG* above the ground state 
and 5-10 kcal above the activation energy of the 
heterocyclic ring inversion (ca. 10 kcal/mole, 
AG*i), the inversion to CH,/CH, diequatorial 
can occur freely and contemporaneously. The 
same can be said about the model compound, 
N-acylpiperidine, 5 s 6. Assuming that both 6 
and 4 orient themselves to avoid any possible 
non-bonded interaction, their potential energy 
is about the same. Since the transition states of 
both resemble 4 and 6, it follows that the tran- 
sition state energy surfaces of 4 and 6 are at 
nearly the same level. The difference of the 
energy barriers for 1 and 5 (AG*a - AG*) there- 
fore, is expected to represent the 1,3-diaxial 
interaction1 (see Fig. 1). 

The energy barriers (AG*) for the internal 
rotation at the corresponding coalescence tem- 
perature for la-lg, are determined with respect 
to a-H and a-CH, groups (8) and are tabulated 
in Table 11. It is seen that the coalescence of the 
a-CH, signals generally occurs at a lower tem- 
perature than that of the a-H signals due to the 

smaller chemical shift difference. The AG* values 
calculated independently from both approaches 
are in good agreement. The AG* for the internal 
rotation of the corresponding derivative from 
dimethylamine (3, 4) is given in column 7 and 
the energy differences over that of the cyclo 
derivatives (AG*a - AG*) are given in column 8. 
Implicit in this calculation is the assumption 
that the entropies of activation (AS*) are small 
or comparable in both systems. The figures 
(3.64.7 kcal/mole) are in fair agreement with 
1,3-diaxial CH3/CH3 interaction energy of cis- 
1,3-dimethylcyclohexane (5.5 kcal/mole) (9) and 
represents the interaction energy for the same 
system in these  compound^.^ The energy range is 
probably more accurately represented by l a  and 
l g  since complications from the interaction of 
the acyl side chain in the rigid system are at the 
minima in these two cases. 

Furthermore, two pertinent conclusions can be 
derived from the data given in Table 11. The 
rates of the internal rotation in these amides are 
retarded in going from carbon tetrachloride to 

'If AG* approaches the energy barrier of the ring in- 'It follows that the A('v3) conformational energy 
version (AG*,) then the argument presented above is not between 0 (and/or R) and an  equatorial 2-methyl group 
justified. This may explain the low value of AG*a - AG* in 1 and 2 series is greater than 4.7 kcal/mole but less 
for ld .  than 12.5 kcal/mole. 
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TABLE I1 

Free energy of activationt 

Compound O=C-R Solvent Tc Av AG* AGa* I( AG*a- AG* 

l a  CHO CC14 308 7(CH3) 16.4 21.0  4 .6  
325 33.5(H) 16.3 4.7 

MeOH 3 10 5.7(CH3) 16.6 
l b  COCH, CC14 267 lO(CH3) 13.8 17.4 3 . 6  

274 29(H) 13.7 3.7 
MeOH 282 7(CH3) 15.0 

l c  COCH2CsH5 CCI4 265 4(CH3) 14.3 
285 40(H) 14.1 

CDC13 271 2: ~(cH,) 14.8 
298 45W) 14.9 

MeOH 280 3(CH3) 15.3 
I d  COC6H5 ccI.+S (g) 40(H) (12.1) 15.3 

MeOH 10.8(CH3) 12.5 
(3.2) 

l g  NO DCBg 373 17.2(CH3) 19.4 23.3 3.9 
jAv is the maximum chemical shift difference of -CH3 (or H) in c.p.s. AGO* is the AG* o f  the internal rotalion o f  the corresponding deriva- 

tives of dimethylamine. 
*Due to  the solubility problem Tc is probably too high and Av may not have reached the maximum and thus AG* should be regarded as 

being too high. 
$DCB = o-dichlorobenzene. 
/ / ~ h e s e  data are quoted from refs. 3 and 4. 

methanol solution due to hydrogen bonding and 
a polar medium effect (10). Both of these effects 
naturally induce more electron delocalization 
and cause a higher energy barrier as demon- 
strated. The energy barrier on the other hand 
decreases as the electron withdrawing capacity 

of the substituent groups ( - g R )  decreases. 
'0 

This trend is to be expected on thebasis of the 
same argument. 

Finally in the light of the above informa- 
tion we should like to correct the structure of 
a-piperidinocyclohexanone oxime, obtained pre- 
viously from the photoaddition of N-nitroso- 
piperidine to cyclohexene, as having anti-con- 
figuration (7) instead of syn-configuration (1 1). 
The assignment of syn-configuration was based 
on a probable hydrogen bonding between OH 
and amine-N centers. Such intramolecular hy- 
drogen bonding appears to be nil from the di- 
lution study with infrared spectroscopy. In this 
case a driving force from A('v3) interaction 
should be the dominant factor leading to the 
more stable anti-configuration as shown in 7. 
The reported n.m.r. parameters fit perfectly with 
the coilformation 7; the broad doublet at z 7.00 
corresponds to H, and the signal at z 8.10 to 
Ha (12). The assignment of z 7.26 signal to Ha' 
has been proved (1 I). 

Experimental 
N~lclenr Magnetic Resonance Spectra 

The nuclear magnetic resonance (n.m.r.) spectra were 
taken in the range of 10% (w/v) solution containing 1 % 
of tetramethylsilane with a Varian A56160 spectrometer 
equipped with a variable temperature probe. Duplicate 
measurements were made with a sweep width of 250 c.p.s. 
at various temperatures. The mass spectra were taken 
with a Perkin-Elmer-Hitachi mass spectrometer. 

Synthesis of the Cotnpoutzds 
The compounds were prepared by standard procedures 

of nitrosation and acylation as described elsewhere. T h e  
redistilled 2,6-dimethylpiperidine (Aldrich Chemical Co.) 
was found to b e  sufficiently pure cis-isomer (> 95 %) for  
the preparations. Each compound possessed the pertinent 
infrared and n.m.r. spectra and the correct mass peaks 
(M+)  in the mass spectrum. The  physical constants of 
these compounds are: la ,  b.p. 211-212" C at 760 m m ;  
lb,  b.p. 113-114 "C at 10 mm; l c ,  m.p. 94-96 "C; l d ,  
m.p. 106108 "C, (lit. 111 "C) (13); If, m.p. 79-80 "C; 
20, b.p. 111-112 "C at 10 mm; 2b, m.p. 42-43 "C, (lit. 
4 4 4 5  "C) (13); 2c, b.p. 98 "C a t  1 mm; l e  was distilled 
three times in a small scale apparatus at  bath tempera- 
tures 110-120 "C at  10 mm. Preparation of lg and 2d 
has already been described (2). 
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Nuclear magnetic resonance studies on the configurations and conformations 
of heterocyclic nitrosamines l 

Y .  L. CHOW AND C. J. C O L ~ N  
Departtnent of Cl~ernistry, Sirnorz Fraser Utzioersity, Burnnby 2, Britislr Colrrnrbia 

Received May 16, 1968 

The nuclear magnetic resonance spectra of various heterocyclic nitrosamines were studied in solution. 
A qualitative view of the long-range diamagnetic effects of a nitrosamino group is advanced and cor- 
related with thechemical shifts of u-equatorial protons and the methyl group in those nitrosamines possess- 
ing a preferred conformation or a rigid system. The use of this correlation to decide the configuration and  
conformation of heterocyclic nitrosamines is discussed. A large chemical shift difference (ca. 3 p.p.rn.) 
between a cisu-axial and a ciscr-equatorial proton was noted. 

Canadian Journal of  Chemistry, 46, 2827 (1968) 

Introduction 

Recently we have reported unusual photo- 
chemical reactions of N-nitrosodialkylamines 
(1). In the course of our investigation, it was felt 
desirable to know the shape of a nitrosamino 
group in the ground state. This knowledge is no 
doubt an important factor in considering the 
mechanisms of the photochemical reactions. As 
a contribution to this end, a nuclear magnetic res- 
onance (n.m.r.) study of heterocyclic nitros- 
amines is reported in this paper. A relevant 
n.m.r. study of nitrosamines has been reported 
recently (2). 

The most unusual characteristic of a nitros- 
amino group is its electronic configuration in 
which the polar resonance form contributes ex- 
tensively to the resonance hybrid. A quantum 
mechanical calculation (self-consistent field 
method) on the energy levels and the orbital 
coefficients reveals that the polar resonance form 
(2) can contribute up to 49 % to the ground state 
of a nitrosamine and about the same extent to the 
excited state (3). The extensive resonance inter- .. , 
action between n-electrons of the amino nitrogen 
and n electrons of the nitroso group necessitate 
the representation of a nitrosamine (e.g. N- 
nitrosopiperidine) by a more realistic structure 
such as 3. In this configuration the amine nitro- 
gen is nearly trigonally hybridized to resemble 
a carbonyl carbon (or a carbonium ion center); 
e.g., the angles of C,NN and NNO are approxi- 
mately 120". The following observations in the 
literature are consistent with this structural prop- 
osition: (i) the dipole moment, as determined on 

'A part of the results has appeared as the preliminary 
communication; Y. L. Chow. Angew. Chem. 51 (1967). 

N-nitrosodimethylamine, shows a large value (3) 
of 3.98 D.U.; (ii) the partially localized negative 
charge at the nitroso oxygen makes a nitrosamine 
a good Lewis base; the pKB in cyclohexane has 
been determined (4) to be ca. -3; (iii) on the 
same ground a cationic species (such as a car- 
bonium ion or its progenitor) reacts at the oxygen 
center (5, 6) and presumably a proton2 also 
reacts at this site (4); (iv) the nature of partial 
double bond character at the N-N bond is 
well verified by n.m.r. spectroscopic studies (of 
N-nitrosodimethylamine) in which the free acti- 
vation energy (AG*) of the restricted rotation 
around N-N bond has been shown to  be 23.3 
kcal/mole (at 183') in the liquid phase (7, 8) and 
2 1.1 kcal/mole in vapor phase (9) ; (v) the geom- 
etry of the polar form is well supported by the 
stereospecific collision complex formation be- 
tween a nitrosamine and benzene (10, l l ) ;  and 
(vi) certain nitrosamines possess high enough 
activation energy barriers that the geometrical 
isomers are separable by low temperature opera- 
tion (12). 

The n.m.r. studies in acyclic series have shown 
the anisotropic effects of a nitrosamino group to 
impart remarkable long-range shielding effects 
on the magnetic environment of the nearby 
hydrogen nuclei (1 1, 13). In view of the slow 
rotation about the N-1V bond, the long-range 
shielding effects of a nitrosamino group should 
render an excellent tool to look into the confor- 
mational problem of the vicinal hydrogen nuclei 
by n.m.r. studies. Although accurate knowledge 
of the anisotropy of a nitrosamino group is not 

ZIn ref. 4 the reaction of a nitrosamine with a n  acid has 
been proposed to be "hydrogen bonded complexation" 
rather than an outright protonation. 
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TABLE I 
The chemical shifts (7 values) of conformationally mobile nitrosamines 

N-Nitroso- Solvent cis-CH, trans-CH, A s  t 
dibutylamine 4 CCI, 6.45 5.91 0.54 

CsHs 6.73 (0.28)* 6.30 (0.39) 0.43 
piperidine 5 CC14 6.32 5.84 0.48 

CsHs 6.57 (0.25) 6.23 (0.39) 0.34 
DzO 6.15 5.82 0.33 

morpholine 6 cc14 6.30 5.78 0.52 
CsHs 6.55 (0.25) 6.27 (0.49) 0.28 
DzO 6.03 5.68 0.35 

3-azabicyclononane 7 CDCI, 6.04 5.51 0.53 
pyrrolidine 8 CCl4 6.61 5.80 0.81 

Cs Hs 6.80 (0.19) 6.13 (0.33) 0.67 
DzO 6.54 5.87 0.67 
CDCI, 6.52 5.76 0.76 

2-azaspiro[4,5]decane CCIJ 6.42 - - 
9 
1,2,3,4-tetrahydraiso- 

quinoline 10a CC1, 5.33 5.58 - 
CsHs 5.43 (0.10) 6.00 (0.42) - 

lob CC14 6.29 4.69 - 
CsHs 6.50 (0.21) 5.03 (0.34) - 

*The figures in the parentheses represent the upfield shifts (in p.p.m.1 of the a-rnethylene groups in benzene 
with respect to the chemical shifts in carbon tetrachloride. 
TAG = Gcis - Strans. 

available, an approximation has been proposed 
and has been applied successfully in correlations 
of the chemical shifts of protons in the vicinity 
and their conformations in acyclic nitrosamines 
(1 1, 13). Such approximated anisotropic effects 
can be observed directly, in theory, in hetero- 
cyclic systems where the conformation stability 
is well understood and in particular where the 
system is frozen or preferentially favors one 
form. 

Results 

Due to the unsymmetrical configuration along 
the axis of the NXN partial double bond, the 
a-protons flanking the nitrosamino group in 
acyclic systems are situated in different magnetic 
environments and give rise to two signals with 
different chemical shifts at temperatures lower 
than ca. 180" (7, 1 1, 13). The signal at higher field 
has been assigned to the cis a-protons3 based on  
the correlation of preferential orientation of the 
oxygen atom about the N x N  bond with respect 

to the steric hindrance at a-carbon atoins in  a 
series ofacyclic nitrosamines (1 1,13). 

The 60 Mc.p.s. n.m.r. spectra of various 
heterocyclic nitrosainines in solution were taken 
with tetramethylsilane as the internal standard 
and the chemical shifts of a-protons were esti- 
mated to within + 0.5 Hz and were expressed in  
z values. These nitrosamines, listed in Table I, all 
possess identical configurational isomers except 
10. They are conformationally mobile and possess 
no preference for one conformation or the other; 
i.e., rapid interchange between the identical con- 
formers. For comparison, the spectral param- 
eters of N-nitrosodibutylamine (4) are also in- 
cluded. Those nitrosamines possessing either a 
locked conformation or a preferential confor- 
mation are grouped in Table 11. The A6 represents 
the chemical shift difference between the cor- 
responding cis and trans a-protons - 6frll,,S) 
and Av represents the chemical shift difference 
between a-axial and a-equatorial protons that 
are attached on  the same carbon atom either o n  

3The term configuration shall be used to denote the cis side or on trans side (6"- - 6--\. 
\ U* - s q , -  syn-anti geometrical isomerism at N=N in order to 1, ~ ~ b l ~  I, all nitrosamines except ~ - ~ i ~ ~ ~ ~ ~ -  avoid confusion with ring conformation of heterocycles. 

The term cis-trans is reserved to denote the ~ro tons  on the 1,2,3,4-tetrahydr~i~oquin~line (10) exhibit two 
same or opposite side of the oxygen atom. 1lis understood signals for the time iveraged >iss and trans a- 
that rotation around the N-N bond is slower than the 
n.m.1. time scale; this causes the con- protons; the One at a higher is assigned to 
figuration (7). the cis protons and that at a lower field to the 
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CHOW AND COLON: NUCLEAR MAGNETIC RESONANCE STUDIES 

TABLE I1 
The chemical shifts (T values) of nitrosamines of substituted piperidines 

cis-H trans-H A&* 

N-Nitroso- Solvent ax eq Avt ax eq A ax eq Other 

4-methylpiperidine 11 CC14 7.50 5.15 2.35 6.35 5.38 0.97 1.15 -0.23 9.183 
C6H6 7.83 5.18 2.65 6.80 5.57 1.23 1.03 -0.39 9.28:t 
CHClB 7.42 5.05 2.37 6.33 5.28 1.05 1.09 -0.23 9.003 
C6HIZ 7.61 5.16 2.45 6.46 5.37 1.09 1.15 -0.21 9.041 

4-benzylpiperidine 12 CC14 7.62 5.17 2.45 6.47 5.38 1.09 1.19 -0.21 7.525 
C6H6 8.05 5.18 2.87 7.02 5.62 1.40 1.03 -0.44 7.835 

4-t-butylpiperidine 13 CC1, 7.67 5.05 2.62 6.45 5.27 1.18 1.22 -0.22 9.1711 
C6H6 8.18 4.99 3.19 7.09 5.52 1.57 1.09 -0.53 9.4211 

3-methylpiperidine 14a CC14 7.61 5.45 2.16 6.31 5.45 0.86 - - 
- 

8.987 
C6H6 8.04 5.43 2.61 6.82 5.72 1.10 - 9.347 
CCl4 7.28 5.45 1.83 6.63 5.45 1.18 - 9.1011 

14b C6H6 7.75 5.43 2.32 7.14 5.72 1.42 - - 
- 

9.407[ 
trans-decahydro- CC14 7.63 4.90 2.73 6.68 - - - - 

quinoline 15 C6H6 7.67 4.85 2.84 7.25 - - - - 

*AS(Scis - Slruns) represents the chemical shift difference between the axial (or the equatorial) protons on the cis side and those on the 
trans side. 

tAv (6 axial - 6 equatorial) represents the chemical shift difference between the axial and the equatorial protons attached to the same u- 
carbon either on cis or lrans sides. 

:T values for the 4-methyl group, doublet J = 7 Hz. 
ST values for the benzylic methylene group, doublet J = 7 Hz. 
/ I T  values for the 4-1-butyl group, singlet. 
TT values for the 3-methyl group, doublet J = 6 Hz. 

trans protons in accordance with the proposed 
assignment in acyclic systems (11, 13). Nitros- 
amine 10 shows a pair of syn (10a) and anti (lob) 
configurational isomers in a ratio of 2.5:l in 
benzene solution at the probe temperature (Fig. 
1) due to the unsymmetrical nature of the parent 
amine. The pair of singlets for benzylic protons 
and the triplet ( J  = 6 Hz for 10a and J = 6.5 
Hz for lob) for non-benzylic a-protons appar- 
ently indicate that each isomer represents rapidly 
equilibrating conformers. From the integration 
curve the triplet at z 6.50 and the singlet at z 5.03 
possess equal weight and are assigned to cis and 
trans a-protons of the anti isomer lob. The re- 
maining set of signals (z 5.43 and 6.00) must, 
therefore, belong to that of the syn isomer 10a. 
The calculation of A6 must be made with respect 
to the benzylic (or non-benzylic) a-protons of 
two configurational isomers 10a and lob. For 
10 in benzene solution, A6 for the benzylic pro- 
tons is (5.43-5.03) 0.4 p.p.m. and A6 for the non- 
benzylic protons (6.50-6.00) 0.5 p.p.m. Those 
resonated at the higher field were again assigned 
to the cis a-protons. The ratio of 10b/10a isomers 
varies very little in benzene and CCl, and varies 
from 1 :2.4 to 1 :1.5 when the temperature is 
raised from 35 to 70". 

The Csubstituted nitrosopiperidines 11, 12, 
and 13 all show, in each spectrum, four one- 

FIG. I. The 60 Mc.p.s. nuclear magnetic resonance 
spectrum of 10 in benzene solution. 

proton signals in the z 5-8 region corresponding 
to  two u-axial and two u-equatorial protons. The 
two signals in the lower fields (z 5.0 region) are 
partially superimposed in CCl, or CHC1, solu- 
tion and are assigned to two a-equatorial protons 
since both signals are split to broad doublets. 
The other two signals a t  the higher fields (z 6.5 
and 7.5 regions) are assigned to two a-axial pro- 
tons in accordance with large triplet splitting 
( J  = 10 - 12 HZ); each of the triplets is further 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2 L.4 
Irradiation at H; 

Irradiation at Ha 

CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

FIG. 2. The 100 Mc.p.s. nuclear magnetic resonance spectrum of 12 in benzene solution and the decoupling of the  
a-protons. 

coupled to  a proton with J = 2 - 3 c.p.s. By 
double resonance experiments4 with 12 at 100 
Mc.p.s. (Fig. 2) it is shown that the z 5.38 doublet 
is coupled to the z 6.47 triplet (J,,,,, = 13.5 Hz) 
and that the z 5.17 doublet is coupled to the z 
7.62 triplet (Jg,,,, = 13 Hz). The assignment of 
cis and trans orientation for these protons will be 
discussed in the sequel. 

The much overlapped signals in the 60 Mcycle 
spectrum of N-nitroso-3-methylpiperidine (14) 
can be well separated in benzene at 100 Mc.p.s. 
(Fig. 3) to show that the nitrosamine is a 1 :1 
mixture of syn (14a) and anti(14b) configurational 
isomers. Although the signals due to cl-equatorial 
protons are still partially superimposed to two 
sets of doublets, four signals (of equal weight) 
corresponding to four axial protons are well de- 

4This and other decoupling experiments were per- 
formed through the generous assistance of Dr. D. M. 
McGreer of the University of British Columbia and Drs. 
W. A. Ayer and D. Darwish of the University of Alberta, 
Edmonton. 

fined both in the chemical shifts and the splitting 
pattern. The assignment is shown in Fig. 3 and 
will be discussed below. 

FIG. 3. The 100 Mc.p.s. nuclear magnetic resonance 
spectrum of 14 in benzene solution. 
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CHOW AND COLON: NUCLEAR MAGNETIC RESONANCE STUDIES 

11; R = CH, 
12; R = CH2C6H5 
13; R = 1-Bu 

Finally the i1.m.r. of the conformationally 
rigid N-nitrosodecahydroquinoline (15) exhibits 
only one isomer, to which the most stable anti 
configuration is assigned. The one-proton dou- 
blet, each peak of which is split further to  a 
multiplet, at  the lowest field (z 4.90, J = 13 Hz) 
is readily recognized as the only a-equatorial 
proton. Double resonance experiments prove that 
this proton is coupled to the multiplet at  z 7.63 
but not with the multiplet at z 6.68. 

Discussion 

The wide scattering (over 3 p.p.m.) of a- 
proton signals in the n.m.r. spectra of l l ,  12, 
and 13 indicates a propensity of anisotropic 
effect on the differently oriented vicinal protons. 
In order to  understand the n.m.r. of hetero- 
cyclic nitrosamines it is, therefore, very im- 
portant to consider not only the configuration 
at the nitrosamino group but also the ring con- 
formation. In view of the extensive delocalizatio~l 
of the N-nitrosamine group as mentioned before, 
the barrier to the nitrogen inversion must be 
insignificant (< 1 kcal/mole) (14) in comparison 
to the piperidine ring inversion (ca. 10 kcall 
mole). The same argument also implies that the 
geometry at the nitrosamine group is expected 
to resemble cyclohexanone oxime as shown in 3, 
i.e., a trigonal hybridization at the amino nitro- 
gen and a dihedral angle between CNN and 
CCHeq of ca. 1.5". Thus bearing in mind that the 
barrier to restricted rotation about the partial 
N E N  double bond is of the order of 23 kcall 
mole (7, 9), the cis and trarzs methylene groups 
should give two time averaged signals at appro- 
priate temperatures as shown in Table I. 

Having defined the geometry of the njtros- 
amino group it is now possible to consider the 

anisotropic effect of the group. Using the em- 
pirical results of diamagnetic anisotropies of 
carbon-carbon single and double bonds (1.5), 
the previously proposed long-range shielding 
effects of a nitrosamino group (1 1) can be elab- 
orated further and represented qualitatively by 
Fig. 4. The shielding cones derived from the 
Ca-N single bond and the N X N Z O  partial 
double bond are regarded as being fused to- 
gether to  form a semicircular shielding zone 
curved toward the cis side as shown in Fig. 4. 
The shielding zone is extended above and below 
and also perpendicular to  the Ca-N=NxO 
plane. This would result in a greater shielding 
environment on the cis side than on the trans 
side; however, the deshielding zone on the 
Ca -NZNxO plane would probably extend 
nearly equally in magnitude to both sides. 

With the conformation and the anisotro~ic 
effect of a nitrosamino group so defined, i t  is 
expected that 4-substituted N-nitroso piperidines 
(11, 12, and 13) should give rise to four signals 
corresponding to the four a-protons in different 
magnetic environments because of the preferred 

FIG. 4. The long-range diamagnetic effects of a nitros- 
a m n o  group. 
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conformation defined by the 4-substituents. The 
a-equatorial protons are held nearly coplanar 
with the Ca-N=N=O plane, and therefore, 
resonate at approximately the same and at 
lower fields in the z 5 region (Table I1 and Fig. 
2). Both a-axial protons orient themselves nearly 
perpendicular to the Ca-N1-rN-O plane and 
into the shielding zone and therefore reso- 
nate a t  higher fields; the cis a-proton, being 
oriented inside the semicircular shielding zone, 
appears at a far higher field (z 7.5-8.0 region). 
All the protons show the coupling pattern ex- 
pected for an a-axial (doublets of triplets) and 
for an a-equatorial (multiplet of doublets) pro- 
tons. The decoupling experiments have shown 
that the outer pair of signals represents the 
protons attached to the same a-carbon atom 
(and therefore the cis equatorial and cis axial 
protons). It follows that the inner pair must re- 
present the trans-equatorial and trans-axial pro- 
tons (Fig. 2). This argument is clearly illustrated 
by the general tendency of the positive A6 for 
axial and the negative A6 for equatorial protons 
as shown in Table 11. The correctness of this 
cis-trans assignment is further supported by the 
preferential upfield shifts of trans protons in 
benzene solutions since benzene is known to 
shield preferentially the axial proton from the 
trans-side (10). Further support of this cis-trans 
assignment of the corresponding a-proton sig- 
nals can be obtained from a consideration of 
15. The rigid framework of trans-decahydro- 
quinoline makes the corresponding syrz con- 
figuration of 15 inconceivable due to a severe 
A". 3, interaction (16, 17). The only possible 
isomer, for the sole nitrosation product ob- 
tained, must possess anti configuration (15) 
which in turn, requires that the signals at z 7.63 
and 4.90 be assigned to the cis-axial and the 
cis-equatorial protons respectively since they are 
geminally coupled to each other (J = 13 Hz). 
The assignments indicated in Table I1 are con- 
sistent with each other and thus provide further 
support to the qualitative approach on the long- 
range diamagnetic effects of a nitrosamino group 
as proposed in Fig. 4. 

For the freely mobile N-nitrosopiperidine (5) 
system, i.e., in the absence of the 4-substituent 
in 11, 12, and 13, the axial and equatorial pro- 
tons are rapidly interchanging and the time 
averaged signals for the a-protons should be the 
weighted mean of two chemical shifts. Taking 

the chemical shifts of 13 as the "pure" axial and 
equatorial parameters, the calculated chemical 
shifts for cis and trans methylene groups of 5 
turns out to be z 6.32 and 5.86, in excellent agree- 
ment with the observed values. This agreement 
renders support to the recently published re- 
ports that the signal at the higher field corre- 
sponds to the cis-methylene group and that at the 
lower field t o  trans-methylene (11, 13). This 
generalization was originally derived from steric 
hindrance considerations and the validity of the 
argument can also be seen from parameters of 
8 and 9. The only isomer of 9 should possess the 
configuration shown and the triplet of the cis- 
methylene group (z 6.42) should resonate at the 
region corresponding to the cis-methylene pro- 
tons of8 (z 6.61). 

N-Nitroso-3-methylpiperidine (14) gives rise to  
a pair of syn (14a) and anti (146) isomers of 
approximately equal energy, each of which 
should have the preferred conformation as 
shown. These rotational isomers can be de- 
tected at the n.m.r. time scale a t  probe tempera- 
ture but cannot be isolated without resorting t o  
an operation a t  very low temperature (12). The 
four well-separated signals corresponding to the 
a-axial protons are readily assigned on the basis 
of their splitting pattern (Fig. 3) and on the same 
argument applied in the case of 4-substituted 
nitrosopiperidines. The fact that four a-equatorial 
protons superimpose into two sets of signals, 
possibly one set for two cis protons and the 
other for the two trans protons, appears to  
indicate that the long-range shielding effect is 
more sensitively related to a subtle change in 
axial orientation. The calculation of A6 of 14 is 
necessarily carried out with respect to the cor- 
responding protons in two coniigurational iso- 
mers by analogy to that of 10. For 14 in benzene, 
A6,, are 7,-z, (0.9 p.p.m.) and z,-z, (0.93) 
and A6,, are ~ ~ - 7 ~  and z,-z, (-0.29). The 
reasonable agreement shown between these AF 
values and those shown in Table I1 apparently 
indicates that there is no appreciable deviation 
from the expected conformation in the syn and 
anti isomers of 10 and 14. 

The knowledge gained so far has led to the 
discovery of the unusual diaxial orientation of 
the 2,6-dimethyl group in N-nitroso-cis-2,6-di- 
methylpiperidine (17) as also has been found by 
others (2). Similarly, the complex n.m.r. spec- 
trum of N-nitroso-2-methylpiperidine has been 
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studied by us as well as by these authors (2). 
Although we are able to confirm that this nitros- 
amine contains syiz and anti isomers and that 
the syiz isomer has the 2-methyl group axially 
oriented, we are not able to assign unambiguously 
the chemical shifts of the protons in the anti 

I 

isomer even with the extensive aid of decoupling 
experiments at 100 Mcycles. Although the dis- 
cussion so far has been based on the chair con- 
formation, one should expect a certain degree of 
distortion from the perfect shape especially in the 
forced conformations. Unfortunately the present 
qualitative approach is not quite refined enough 
to detect the subtle distortion by the correlation 
shown; nor has a quantitative approach by 
others been successful (2). 

Finally the stereospecific manner of the aniso- 
tropic effect of a nitrosamino group is even 
better illustrated by the unusually large chemical 
shift difference between the axial and equatorial 
protons (Av 2 -- 3 p.p.m.) of the cis-methylene 
groups. In contrast the same chemical shift dif- 
ference for the trans side amounts only 1 N 1.4 
p.p.m. To our knowledge, a chemical shift dif- 
ference of 3.19 p.p.m. between two protons 
attached to the same carbon atom in 13 is one of 
the largest ever recorded in the literature. In  this 
connection it should be mentioned that in a con- 
formation of piperidine derivatives where the 
a-axial protons are anti-coplanar to the lone pair 
electron of nitrogen atom, the chemical shift 
difference between the a-axial and the a-equa- 
torial protons can be as much as ca. 0.9 p.p.m. 
and at the same time the Bohlman band (2700- 
2800 cm- in the infrared region) can be observed 
(18, 19). This effect is not operating in the present 
cases since all nitrosamines do not show, in 
contrast to  their parent amines, the Bohlman 
bands. The lack of Bohlman bands coincidently 
lends support to the contention that the lone 
pair electrons of the amine nitrogen are ex- 
tensively delocalized with the nitroso group and 
that this nitrogen does not have a pyramidal 
configuration. 

Experimental 
The n.m.r. spectra were obtained using a Varian 

Associates A-56/60 spectrometer with variable tempera- 
ture probe and a HA-100 spectrometer with spin decou- 
pling facilities. The infrared spectra were recorded on a 
Unicam SP200. All melting points were uncorrected. 

The nitrosamines were prepared by nitrosation of the 
respective amines as described previously (1,20). Physical 
constants of the new nitrosamines are; 9, m.p. 45-46", 12, 
m.p. 54-57". 
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Synthesis of phenolic esters with potential long-lasting insect-repellent properties 

RONALD P. QUINTANA, LORRIN R. GARSON, AND ANDREW LASSLO 
Department of ~ e d i c i n a l ~ ~ h e m i s t r y ,  College of Pharmacy, University of Tennessee Medical Units, 

Memphis, Tennessee 38103 
Received January 31, 1968 

The synthesis of undecanoic acid esters of resorcinol, 4-chlororesorcinol, hexachlorophene, o-chloro- 
phenol, and p-chlorophenol is described. The compounds were designed to provide, potentially, perdur- 
able insect-repellent activity. When the synthesis of esters of resorcinol and 4-chlororesorcinol was 
attempted with undecanoic acid, under acid catalysis, principally ketones and ketoesters were isolated. 
The originally sought esters were obtained, however, by the reaction of the phenols with undecanoyl 
chloride in the presence of pyridine. The infrared, nuclear magnetic resonance, and mass spectra of the 
compounds are discussed. 
Canadian Journal of Chemistry 46, 2835 (1968) 

In previous communications (1,2), we reported dermal tissue, in designing these molecules, we 
on the design and synthesis of novel grisan and 
coumaran-3-one derivatives anticipated to exert 
insect-repellency following systemic administra- 
tion. Since our efforts are directed toward the 
development of prophylactic agents effective 
against pathogenic (or physical) impairments 
inflicted through the skin, the effect of some of 
these compounds upon monomolecular films of 
representative dermal constituents has also been 
evaluated (2-4). 

In this paper, we describe the preparation of 
agents (1-9) designed to provide long-lasting 
insect-repellent efficacy by means of the gradual 
release of an active component, undecanoic acid 
(5a), from a precursor-type molecule anchored 
to the epidermal surface; the release being 
effected by moisture, pH, esterases or other 
enzymes, and bacterial flora on and in the 
epidermal structure. In the course of the syn- 
thetic work two compounds (10 and 11) were 
obtained which, not being esters, cannot release 
undecanoic acid. They constitute excellent con- 
trol entities (pseudo precursor-type molecules), 
however, for our evaluation of relative intrinsic 
repellencies and of relative dermophilic charac- 
teristics; in fact, they are better suited for the 
task than the ones originally designed for this 
purpose (1,3,4, and 5). 

The specific choice of hexachlorophene, re- 
sorcinol, and of the latter's chloro derivative, as 

chose this moiety because it also possesses strong 
insect-repellent activity of its own (56). Even 
though the primary anchoring function (i.e., 
phenolic hydroxyl group) is absent in compounds 
1, 3, 4, and 5, we sought to determine their 
behavior relative to the corresponding derivatives 
in which the primary anchoring function was 
present. While it is our endeavor to develop 
agents most effective in terms of the projected 
target compounds, concurrently, we are most 
interested in the relative potency of our synthetic 
entities - with respect to each other - in terms 
of gradual changes in the chemical structure. 

The phenolic esters of undecanoic acid were 
prepared by reacting undecanoyl chloride with 
the appropriate phenol in pyridine (12) (method 
a). When the phenol and acid chloride were 
reacted in 1 :1 mole ratio, both mono- and diesters 
were obtained. Some of the phenolic esters were 
obtained also by the direct esterification method 
described by Aelony (13) (method 6). It is interest- 
ing to note that in the reaction of hexachloro- 
phene with undecanoic acid, no diester was 
isolated when the reactants were employed in a 
1 :I mole ratio. The latter was obtained in 85% 
yield, however, when a 1 :5 mole ratio was used. 
Hexachlorophene diundecanoate was also pre- 
pared by reacting undecanoyl chloride with 
hexachlorophene in pyridine (method a). 

When resorcinol and 4-chlororesorcinol were 
anchoring components, has been prompted by reacted with undecanoic acid, under the acid- 
hexachlorophene's firmly established dermal af- catalyzed conditions described by Aelony (13), 
finity (6-10) and resorcinol's reported affinity for ketonic materials were obtained (8, 10, and 9,11, 
proteins (1 1). While in compounds 7, 9, and 11, respectively). Aelony reported the synthesis of 
the principal function of 4-chlororesorcinol is to resorcinol monolaurate (m.p. 82-83", recrystal- 
provide means for anchoring the molecules to lized from alcohol), but his compound has a very 
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different melting point from that of the resorcinol 
monolaurate (m.p. 49.5-50°, recrystallized from 
hexane) recently obtained by Van Duuren et al. 
using an acid chloride/pyridine procedure (14). 
In view of our findings reported in this paper, the 
resorcinol derivative isolated by Aelony is very 
probably the ketone 4-lauroylresorcinol. 

In the preparation of ketones from acyl 
chlorides (or acid anhydrides) and aromatic 
components, sulfuric, perchloric, phosphoric, 
and other acids have been used as catalysts (15a). 
Acylation of aromatic compounds has been 
reported with carboxylic acids using alumi- 
nium chloride. In acylating phenols, anhydrous 
zinc chloride, boron trifluoride, and polyphos- 
phoric acid have been substituted for aluminium 
chloride (15b). In fact, Snyder and Elston (16) 
as well as Smith and Thomson (17) have re- 
ported the synthesis of several ketoresorcinols 
from the respective carboxylic acids and resor- 
cinol, using polyphosphoric acid both as a 
catalyst and solvent. Our observation, however, 
that dilute sulfuric acid (0.025 M in xylene) 
catalyzes the formation of ketoresorcinols has 
not been reported before. 

The structures of our derivatives obtained from 
resorcinol and 4-chlororesorcinol were assigned, 
primarily, on the basis of their nuclear magnetic 
resonance (n.m.r.) (Table I), infrared (i.r.) (Fig. 
l), and mass spectra. 

It is significant (Table I) that the chemical 
shifts (6) for the phenolic protons of resorcinol 
monoundecanoate (6) and 4-chlororesorcinol 1- 
~~ndecanoate (7) are somewhat similar (6.13 and 
5.60 p.p.m., respectively).' As expected, the 6- 
value for the phenolic proton of 7 is lower than 
that of 6, which is consistent with the shielding 
effect of the ortho-chlorine atom. Nuclear mag- 
netic resonance spectra of progressively less con- 
centrated solutions of 6 and 7 showed a marked 
decreasing 6-value for the phenolic proton of 6, 
whereas the latter compound, in which the 
phenolic proton is intramolecularly hydrogen 
bonded to the chlorine atom, demonstrated no 
change upon dilution. These dilution effects are 
consistent with the assignment of structures 6 and 
7 as well as with the n.m.r. studies of Huggins 
et al. (IS), and those of Allan and Reeves (19), 
on halophenols. 

'The assignment of the 6.13 p.p.m. peak to the phenolic 
proton of 6 was further confirmed by the disappearance 
of this peak in the spectrum upon the addition of DzO. 

That the assignment of structure 7 is correct is 
further supported by the conversion of 7 to its 
3,5-dinitrobenzoate derivative (12) under stan- 
dard conditions (20). Furthermore, compound 7 
gives a positive Liebermann test (21) demonstrat- 
ing that the position para t o  the free phenolic 
group must be unsubstituted ; therefore, 4-chloro- 
resorcinol3-undecanoate would be an unreason- 
able alternate structure. 

The n.m.r. spectra (Table I) of 4-undecanoyl- 
resorcinol (10) and 4-chloro-6-undecanoylresor- 
cinol (11) differ markedly from those of com- 
pouilds 6 and 7. Both co~npounds 10 and 11 
exhibit chemical shifts (12.93 and 12.67 p.p.m., 
respectively) which are attributed to strong intra- 
molecular hydrogen-bonded phenolic protons 
(A') .  The assignment of these bands to the 
phenolic protons ortho to the ketonic moieties is 
consistent with the 1l.m.r. data of Van Duuren 
and his colleagues (14) for o-nitro phenolic 
compounds in which similar hydrogen bonding 
occurs. The literature provides ample evidence 
(15c, 22) that acid-catalyzed acylations of this 
nature, as well as others, occur exclusively in 
the indicated position. Compound 7 is the only 
non-keto ester we obtained in the acid-catalvzed 
reaction; one may rationalize that formation of 
the 1-undecanoate sterically prohibits acylation 
in the 6-~osition. 

The presence of additional pheilolic protons in 
compounds 10 and 11 was confirmed by the 
disappearance of bands at 7.00 ~ . p . m . ~  and 
6.06-p.~.m., respectively, upon the addition of 
D 2 0 ; 3  the change in integration of the samples 
treated with D,O also confirms the presence of 
the phenolic protons. The n.m.r. -spectra of 
progressively less concentrated solutions of 10 
show no change in 6-value for the peak a t  
12.93 p.p.m., confirming the assignment. How- 
ever, when less concentrated solutions of 11 were 
examined, neither of the well-defined bands a t  
12.67 and 6.06 p.p.m. changed, thus proving that 
only intramolecular hydrogen bondingoccurs. 

Additional evidence for the correct assignment 

,The peak a t  7.00 p.p.m. is combined with the aromatic 
protons in the spectrum of 10. Therefore, the expected 
change in chemical shift for the intermolecularly hydro- 
gen-bonded proton ( A )  of 10 could not be observed. The  
assignment of  7.00 p.p.m. for the phenolic proton was 
based upon the results of integration prior and subsequent 
to D,O addition. 

3The earlier cited phenolic proton bands at 12.93 and  
12.67 p.p.m. also disappeared upon the addition of DzO. 
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TABLE I 
Nuclear magnetic resonance parameters for resorcinol monoundecanoate (6), 4-chloro- 

I resorcinol 1-undecanoate (7), 4-undecanoylresorcinol (lo), and 4-chloro-6-undecanoyl- 
resorcinol (11)* 

I 

Con~pound Number of 
numbert 63 Bands protons Assignments 

6 6.23-7.42 Complex 4 B 
6.13 Broad singlet 1 A 
2.42, 2.53, 2.65 Triplet 2 C 
1.28 Singlet 1) 16 D 
0.78-0.95 Distorted triplet 3 E 

7 6.47-7.83 Complex 3 B 
5.60 Broad singlet 1 A 
2.40, 2.52, 2.63 Triplet 2 C 
1.28 Singlet 1 1  16 D 
0.80-0.95 Distorted triplet 3 E 

10 12.93 Singlet 
6.13-7.80 Complex 
2.75. 2.86, 3.00 Triplet 
1.27. singlet / I  16 D 
0.80-0.95 Distorted triplet 3 E 

Broad singlet 
Singlet 
Singlet 

6.06 Broad singlet 1 A 
2.75. 2.87. 2.98 Triplet 2 C 
1.27. singlet 11 16 D 
0.80-0.95 Distorted triplet 3 E 

I 'Structures of compounds are: 

0 
II 

CH,(CH,)&HEO 
E D  C  

E D C  

B A A  B A A  
6 , R = H  10, R = H 
7, R = C1 11, R = CI 

iThe  spectra were obrained on  10.&10.90/ solutions of the compounds in CDC13, at room tcrnperature. 
tChernical shift (p.p.m.) relative to terramgthylsilane (6 = 0.00). 
SAssi~nments refer to the corre~ponding designations in the structures. 
IlThe singlet has a broad base. 

I of structures for 10 and 11 is provided by the fact 
that 10 gave a bis(3,5-dinitrobenzoate) derivative 
(13), and that 11 yielded a 2,4-dinitrophenyl- 
hydrazone (14). Compound 11 failed to give a 
positive Liebermann test (21) which indicates that 
the positions para to the phenolic groups are 
substituted, and therefore, the compound 4- 
chloro-2-undecanoylresorcinol could not be con- 
sidered an alternate possibility. 

The assignment of structures for compounds 

I 
6 ,  7, 10, and 11 is also consistent with their i.r. 

I spectra. The spectral characteristics in the 2000- ' 4000 cm-' range, for these compounds are illus- 
trated in Figs. la, lb, le, and id, respectively. In 

1 Fig. la,  the absorption band at 3600 cm-I is 
I associated with the free (non-hydrogen bonded) 
I 0-H stretching of the phenolic function of 6 ;  

i 

the band at 3440 cm-' is attributed to the 0-H 
stretching of intermolecularly associated species 
(23a, 24). As anticipated, upon dilution, the 
band at 3600 cm-' increased in intensity where- 
as the peak at 3440 cm-' decreased. The spec- 
trum (Fig. 1 b) for 4-chlororesorcinol 1 -unde- 
canoate (7) indicates a different mode of hy- 
drogen bonding than that for 6 (Fig. la). The 
sharp peak at 3540 cm-I is due to 0-H stretch- 
ing of the intramolecularly hydrogen-bonded 
species 15 (23b,24). The intensity of the band 
did not change upon dilution of its solutions. 
The shoulder-band at 3410 cm-' may be due to 
0-H stretching of the dimeric species 16, or to 
some other intermolecular association. The latter 
is consistent with the decrease in intensity ob- 
served for this band upon dilution. 
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The spectrum (Fig. lc) for 4-undecanoyl- 
resorcinol (10) indicates three distinct 0-H 
stretching modes. The sharp band at 3600 cm-' 
is associated with the free (non-hydrogen bonded) 
0-H stretching of the 1-hydroxyl function of 10. 
The moderately broad band at 3380 cm-' is 
attributed to the 0-H stretching of inter- 
molecularly associated species involving the 1- 
hydroxyl moiety. The broad absorption at 2500- 
3300 cm-I reflects the strong intramolecular 
association caused by hydrogen bonding between 
the 3-hydroxyl group and the carbonyl function 
(23c, 24). Upon dilution of solutions of 10, the 
free 0-H stretching band (3600 cm-l) increased 
in intensity, the band attributed to intermolecu- 
lar bonding (3380 cm-I) decreased, and the 
peaks associated with intramolecular associa- 
tion (2500-3300 cm- ') remained constant. 

In the spectrum of 4-chloro-6-undecanoyl- 
resorcinol (11) (Fig. Id), the sharp peak at 
3530 cm-' is attributed to the 0-H stretching 
of the relatively weak intramolecular hydrogen 
bond between the 3-hydroxyl function and the 
adjacent chloro substituent; the broad band 
(2500-3300 cm-') reflects, as it does in 10, the 
intramolecular association of the hydroxyl group 
ortho to the carbonyl function. As expected, 
dilution of solutions of 11 did not cause a change 
in the intensities of any of the absorption bands. 

Comparison of Figs. l a  and l c  with lb and I d  
shows that in the former pair, the peaks associ- 
ated with free (non-hydrogen bonded) 0-H 
stretching are 60-70 cm-' higher than the bands 
associated with the 0-H stretching of the latter 
pair in which a chlorine is ortho to  the hydroxyl 
function. This observation is consistent with the 
published reports of Brown and his colleagues 
(25), and Ingold and Taylor (26). 

It is interesting to note the effects of hydrogen 
bonding upon the carbonyl absorption frequen- 
cies of some of these compounds. Resorcinol 
monoundecanoate (6) shows an absorption band 
for the ester at 1742 cm-' as compared to that of 
resorcinol diundecanoate at 1764 cm-', substan- 

tiatingour contention of intermolec~~lar 11ydroge11 
bonding to the carbonyl group in 6. A comparison 
of hexachlorophene monoundecanoate (2) and 
hexachlorophene diundecanoate (1) shows a 
similar pattern (1767 and 1783 cm-I, respec- 
tively). While in the instance of 6 we refer t o  
intermolecular association, i t  should be pointed 
out that, in the case of 2, any hydrogen bonding 
would have to  be intramolecular; the influence of 
the ortlzo-chloro substituent would be expected 
to be the same here as in 7. 

While 10% chloroform solutions of 4-unde- 
canoylresorcinol 1-undecanoate (8)"nd 4-chlo- 
ro-6-undecanoylresorcinol3-undecanoate (9) did 
not show any identifiable 0-H stretching peaks, 
0.060 M solutions of the compounds in carbon 
tetrachloride exhibited weak, broad absorption 
bands (2500-3450 cm-I). These observations are 
consistent with the i.r. data obtained for 4-unde- 
canoylresorcinol(10) and 4-chloro-6-ul~decanoyl- 
resorcinol (11). The lack of the customarily 
typical 0-H stretching frequencies, as observed 

in the spectra of 8 and 9, has been reported in 
the literature (23c). For example, in P-diketones 
(enolic) and phenols, in which carbonyl or nitro 
groups were substituted ortho to the hydroxyl 
function, the 0-H absorption bands occur 

41n the instance of compounds 8 and 10 we refer to the 
acyl radical in position-4, while in the case of compounds 
9 and 11 we refer to it in position-6; it is apparent that 
the acyl substituent is located in the  same position in both 
sets of compounds, the difference in numbering being 
due to the chloro substituent i n9  and 11. 
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near 2700 cm-I (27). Indeed, ortho-hydroxy- 
acetophenone exhibits broad, weak 0-H ab- 
sorption bands at 2900-3500 cm-' (28). 

Independently, overwhelming evidence points 
to the indicated structures for 8 and 9. The mass- 
spectral analyses yield the calculated molecular 
weights of 446 and 480, respectively, and the 
isotope distributions about the molecular ions, 
and the fragmentation patterns, are in agreement 
for these structures. The elemental analvses co- 
incide precisely with the theoretical values, and 
the ultraviolet (u.v.) and n.m.r. spectra are 
consistent with the respective configurations; in 
the n.m.r. spectra we actually observe a single 
phenolic proton adjacent to the carbonyl function 
(12.67 p.p.m.),' while in the U.V. spectra the 
absorption characteristics reflect the anticipated 
chromophore. 

Experimental 
Melting points are corrected; they were determined 

with a Biichi melting point apparatus. Ultraviolet (u.v.) 
and infrared (i.r.) spectra were obtained with the Perkin- 
Elmer model 202 and 137B spectrophoton~eters, respec- 
tively. Nuclear magnetic resonance (n.m.r.) spectra were 
obtained using a Varian A-60A spectrometer. Mass- 
spectral analyses were carried out by the Morgan- 
Schaffer Corporation of Montreal, Canada, employing a 
Hitachi Perkin-Elmer RMU-6D mass spectrometer. 
Conlbustion analyses were performed by Drs. G. Weiler 
and F. B. Strauss of Oxford, England. 

Hexacl~loroplrene Diurldecanoate (I) 
Employing the method of Migrdichian (12) (method a), 

undecanoyl chloride (60.6 g, 0.296 mole) was added 
dropwise to a warm solution of hexachlorophene (50.0 g, 
0.123 mole) in 300 ml of pyridine. After stirring at room 
temperature (16 h), it was added slowly to 2.5 1 of cold 
6 N sulfuric acid. This mixture was extracted with 
benzene, and the benzene solution was dried over 
anhydrous magnesium sulfate. The oily product which 
remained, after removal of the solvent by distillation, 
was crystallized from isopropyl alcohol and recrystallized 
from ethanol, yielding 69 g (75.5%) of pure 1, m.p. 
49.5-50.6", h,,, (cyclohexane), 210 and 321 mp  (shoulder); 
( E  11 500 and 4030). v,,,  chloroform), 1783 cm-' . . . . . . . . 
(ester C=O). 

Anal. Calcd. for C35H46C1604: C, 56.54; H, 6.24; 
C1,28.61. Found: C, 56.48; H, 6.29; C1,28.31. 

Hexachforophene Monormdecarroate (2) 
This compound was prepared following the conditions 

described by Aelony (13) (method b). A reaction mixture 
consisting of 46.0 g (0.247 mole) of undecanoic acid, 
100 g (0.246 mole) of hexachlorophene, 0.5 g of con- 

5The assignment of the 12.67 p.p.m. peaks to  the 
phenolic protons of compounds 8 and 9 was further 
confirmed by the disappearance of these peaks in the 
spectra upon the addition of D 2 0 .  

centrated sulfuric acid, and 200 m l  of xylene was refluxed 
(24 h) until the theoretical amount of water which re- 
sulted from esterification had been collected in a Dean- 
Stark trap (4.4 ml). The reaction mixture was washed 
with water (100 ml), dried over anhydrous magnesium 
sulfate, treated with Norit F.Q.P., and filtered through a 
bed of Celite. The solvent was removed by distillation 
under reduced pressure. The residual liquid product 
afforded 42.1 g (29.8 %) of 2 following recrystallizations 
from hexane, aqueous ethanol, and ligroine, m.p. 
87.6-88.4", h,,, (ethanol), 209, 233 mp (shoulder), 292 
and 301 m p  (E 65 000, 17 500, 3670, and 3630), v,,, 
(chloroform), 3530 (0-H stretching), and 1767 cm-' 
(ester C=O). 

Anal. Calcd. for CZ4HZ6C1603: C, 50.11; H, 4.56; C1, 
36.98. Found: C, 50.02; H,  4.44; C1,37.10. 

o-Chforophenyf Undecanoate (3) 
This compound was prepared by method b using 

undecanoic acid (46.5 g, 0.250 mole), o-chlorophenol 
(32.1 g, 0.250 mole), and 0.5 g of  concentrated sulfuric 
acid. The xylene solution was washed with water, dried 
over anhydrous magnesium sulfate, and the solvent was 
removed by distillation under reduced pressure. The 
residual oily liquid was distilled through a 16 cm Vigreaux 
column, affording 43.9 g (59.2%) of 3, b.p. 139-140" 
(0.12 mm), nD2 1.4876, h,,, (ethanol), 206 (shoulder), 
and 220mp (E 8010 and 11 600), v,,, (chloroform), 
1759 cm-' (ester C=O). 

Anal. Calcd. for C17H25C102: C, 68.78; H, 8.49; C1: 
11.94.Found: C, 68.73;H, 8.51; C1,11.81. 

p-Cf~forophenyf Undecanoate (4) 
This compound was prepared by method b using 

undecanoic acid (46.5 g, 0.250 mole), p-chlorophenol 
(32.1 g, 0.250 mole), and 0.5 g of  concentrated sulfuric 
acid. The product was purified by distillation, b.p. 
143-145" (0.13 mm), and solidified upon standing, yield. 
ing 43.2 g (58.2%) of 4, m.p. 38.1-39.3'; h,,, (ethanol): 
209 mp (E 25 loo), v,,,, (chloroform), 1765 cm-', (estel 
C=O). 

Anal. Calcd. for C17H,,CI02: C, 68.78; H, 8.49; C1, 
11.94. Found: C, 68.80; H, 8.70; C1,12.08. 

Resorcirlol Diundecanoate (5) a n d  Resorcirlof 
Mor~oundecanoate (6)  

Employing method a, a mixture of 53.8 g (0.489 mole) 
of resorcinol in 200 ml of dry pyridine and 100 g (0.488 
mole) of undecanoyl chloride yielded a solid when the 
reaction mixture was poured into cold 6 N sulfuric acid 
The latter was dissolved in ether and extracted with cold 
0.5 N NaOH. The  ether phase was dried over anhydrous 
magnesium sulfate, and upon evaporation of the ether 
in vacuo, a solid residue was obtained. This material was 
recrystallized four times from 95% ethanol, affording 
56.5 g (51.8%) of resorcinol diundecanoate (5), m.p 
41.3-42.0"; h,,, (ethanol), 204 mp (E 10 300), v,,! 
(chloroform), 1764 cm-' (ester C=O). 

Anal. Calcd. for C28H4604: C, 75.29; H,  10.38. 
Found: C, 75.30; H,  10.50. 

The basic aqueous extracts were carefully acidified witt 
cold 6 N sulfuric acid, and the oily liquid which separatec 
was dissolved in ether and dried. Following evaporatior 
of the solvent in vacuo, the product was recrystallizec 
five times from hexane, yielding 14.7 g (10.8%) ol 
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resorcinol monoundecanoate (6), m.p. 50.3-51.9"; h,,, 
(ethanol), 204, 220 (shoulder), and 273 mp (E 15 300, 
8900, and 10 200), v,,, (chloroform), 3610, 3440 (0-H 
stretching), 1742 cm-I (ester C=O). 

Anal. Calcd. for C17HZ603: C, 73.34; H, 9.41. Found: 
C, 72.99; H, 9.45. 

4-Chlororesorcinol I-Undecanoate (7), 4-Chloro-6-~inde- 
canoylresorcinol3-Undecanoate (9) ,  and 4-Cliloro-6- 
ut~decanoylresorcinol (11) 

Employing method b, a mixture of 46.6 g (0.250 mole) 
of undecanoic acid, 36.2 g (0.250 mole) of 4-chloro- 
resorcinol, and 0.5 g of concentrated sulfuric acid, in 
135 ml of xylene, was reacted to yield 88 g of crude 
product. When the latter was dissolved in hot ethanol, 
and water was added, 1.42 g (2.4 %) of crude 4-chloro-6- 
undecanoylresorcinol 3-undecanoate (9) was obtained. 
Recrystallization from ethanol yielded 0.72 g (1.2%) of 
pure 9, m.p. 58.2-59.3"; h,,, (ethanol), 219, 256, and 
333 mp (E 26 200, 9570, and 4670), v,,, (chloroform), 
1764 (ester C=O), and 1639 cm-' (ketone C=O). 

Anal. Calcd. for CZ8H45C104: C ,  69.90; H, 9.43; C1, 
7.37. Found: C, 69.86; H, 9.53; Cl, 7.46. 

The solvent from the aqueous ethanol solution which 
yielded 9 was removed by distillation under reduced 
pressure. Fractional crystallization of the residual oily 
product from hexane gave two fractions. The less soluble 
fraction (4.7 g, 673, after recrystallization from hexane, 
yielded 3.6 g (4.6%) of pure 4-chloro-6-~rt1decanoyl- 
resorcinol (ll) ,  m.p. 98.048.5"; h,,, (ethanol), 214 
(shoulder), 220, 234, 277, and 337 mp (E 18 100, 19 600, 
10 700, 10 800, and 9620), v,,, (chloroform), 3500 
(0-H stretching), and 1639 cm-' (ketone C=O), 
negative Liebermann test. 

Anal. Calcd. for C17H25C103: C, 65.27; H, 8.06; C1, 
11.33. Found: C, 65.27; H, 7.92; C1,11.65. 

Compound 11 afforded a 2,4-dinitrophenylhydrazone 
derivative (14) under standard conditions (29). The 
derivative was recrystallized four times from 95% 
ethanol, m.p. 167.5-168.1". 

Anal. Calcd. for C23HZ9C1N406: C, 56.04; H, 5.93; 
Cl, 7.19; N, 11.37. Found: C, 56.17; H, 6.10; C1, 7.06; 
N, 11.59. 

The more soluble fraction (24.3 g, 31.1 %), after re- 
crystallization from hexane, yielded 17.5 g (22.4%) of 
pure 4-chlororesorcinol I-undeca71oate (7), m.p. 50.8- 
52.6"; h,,, (ethanol), 207, 218 (shoulder), 279, and 
338 mp (E 13 500, 9000, 3540, and 1270), v,,, (chloro- 
form), 3500 (0-H stretching), 1757 cm-' (ester C=O), 
positive Liebermann test. 

Anal. Calcd. for C,,H2,C10,: C, 65.27; H, 8.06; C1, 
11.33.Found:C,65.21;H,8.18;Cl, 11.09. 

Upon treatment of 7 with 3,5-dinitrobenzoyl chloride 
under standard conditions (20), the 3,5-dinitrobeirzoate 
derivative (12) was obtained. It was recrystallized five 
times from 95% ethanol, m.p. 87.4-88.7"; v,,, (chloro- 
form), 1760 cm-' (ester C==O). 

Anal. Calcd. for C24H27C1N208: C, 56.86; H,  5.37; 
C1, 6.99; N, 5.53. Found: C, 56.89; H, 5.37; C1, 7.14; 
N, 5.35. 

4- Undecanoylresorcinol I- Undecanoate (8)  and 4- Unde- 
canoylresorcinol(10) 

Employing method b, 50.0 g (0.268 mo1e)of undecanoic 
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acid and 29.8 g (0.271 mole) of resorcinol yielded a crude 
product (76.2 g) which was dissolved in 95% ethanol. 
Upon cooling 4-undecanoylresorcinol I-undecanoate (8) 
separated (2.3 g, 3.8%). Recrystallization from 95 % 
ethanol yielded 1.09 g (1.8%), m.p. 55.2-55.7"; h,,, 
(ethanol), 214, 258, and 322 mp (E 22 000, 13 300, and 
5110), v,,, (chloroform), 1767 (ester G O ) ,  1642 cm-' 
(ketone C=O). 

Anal. Calcd. for CZ8H4604: C, 75.29; H, 10.38. 
Found: C, 75.20; H, 10.45. 

Addition of water to the mother liquor yielded 22.7 g 
(30.4%) of 4-undecanoylresorcinol(10). After recrystalliza- 
tion from ethanol, 13.0g (17.4%) was obtained, m.p. 
78.3-79.4"; h,,, (ethanol), 211, 230, 279, and 317mp 
(E 16 600, 8480, 14 140, and 7800), v,,, (chloroform), 
3546,3230 (0-H stretching), 1634 cm-' (ketone C=O). 

Anal. Calcd. for C17H2603 : C, 73.34; H,  9.41. Found: 
C, 73.39; H, 9.36. 

Compound 10 afforded a bis(3,5-dinitroberrzoate) 
derivative (13) upon treatment with 3,s-dinitrobenzoyl 
chloride under standard conditions (20). The product 
was recrystallized six times from ethyl acetate, m.p. 
94.8-96.5"; v,,, (chloroform), 1764 (ester C=O), and 
1692 cm-' (ketone C=O). 

Anal. Calcd. for C31H30N4013: C, 55.86; H, 4.54; 
N, 8.40. Found: C, 55.96; H, 4.79; N, 8.50. 
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Transannular reactions in the dibenzo [a,d]cycloheptene series. 11. Preparation 
I 

of 10,ll-dihydro-10,5-(epoxymethano)-5H-dibenzo [a,d] cyclohepten-13-one 
and derivatives 

T. A. DOESON, M. A. DAVIS, A.-M. HARTUNG, AND J. M. MANSON 
Ayerst Research Laboratories, Monfrenl, Qlrebec 

Received September 7, 1967 

The reaction of electrophlllc reagents with the 5-substituted 5H-dibenzo[a,d]cycloheptene derivatives 
(13~1-e) and with their 10,ll-dihydro analogues (19a-6) occurs with transannular participation of the 
5-substituent to yield derivatives of 10,11-dihydro-10,5-(epoxymethano)-5H-dibenzo[a,d]cycloheptene. 
The epin~eric 10,1l-dihydro-l0-hydroxy-5H-dibenzo[a,d]cycloheptene-5-~arboxamides (22, 23) are de- 
scribed. The syn-hydroxy isoiner 22 is readily transformed to the lactone 16c under neutral conditions 
whereas the anti isomer 23 requires acid catalysis for this conversion. Treatment of anti-11-bromo-l0,ll- 
d1hydro-10,5-(epoxymethano)-5H-dibenzo[a,d]cyclohepten-13-one (166) with ammonia or  primary 
aliphat~c anlines gives the epoxyainides 21a-d which can react with secondary aliphatic amines to give 
the anti-11 -dialkylamino- 10,l l  -dihydro- 10,5-(epoxymethano)-5H-dibenzo[a,d]cyclol1epten-l3-ones 
(250-(1). The epimeric syn-11-dialkylamino compounds 240-e are obtained from the interaction of 166 
wlth secondary aliphatic amines. The nuclear magnetic resonance spectra of the products are tabulated. 

Canad~an Journal of'chemistry, 46, 2843 (1968) 

I 

The dibenzo[a,d]cycloheptene ring system 
; serves as a coilvenient template for the study of 

transannular reactions. Thus, 5-hydroxy-5H- 
dibenzo [a,d]cycloheptene-l0,ll-dione (1) exists, 

i in part, as the hemiketal 2 and derivatives of 
I both forms have been prepared (1). Similar 

1 behavior is exhibited by both cis- and trans- 
10,ll-dihydroxy- 10,ll-dihydro-5H-dibenzo- 
[a,d]cyclohepten-5-ones which, in alkaline media, 
exist and react as the hemiketals 3a and 3b 
respectively (2). These early observations have ' recently found practical utility in the prepara- 
tion of a number of pharmacologically active 

1 dibenzo[a,d]cycloheptene derivatives, 4 (3). A 
number of more complex examples have been 
reported. Thus, treatment of the acid chloride 5 
with I-methylpiperazine gave, as a minor by- 
product, the chloroketone 6 (4). The diazoketone 
7 has been converted into 2,3:7,8-dibenzotri- 
cyclo[3~3~1~04~6]nona-2,7-dien-9-one, 8, furnish- 
ing an example of transannular attack by an 
a-ketocarbene intermediate (5). Base-promoted 
cyclization of 9a and 9b gave 10a and lob 
respectively (6). Treating the bromoacid 11 with 
silver nitrate caused concommitant skeletal 
rearrangement and formation of the lactone 12 

! (7). Transannular reactions in related tricyclic 
i systems, in some cases leading to scission of the 
! central ring, have been reported to occur with 
I derivatives of dibenzo [a,e]cyclooctane (8a), di- 

1 benzo [b,e]thiocin (8b), and dibenz [b, f lazepin 
(8c). It has recently been observed that 10,l l-di- 

hydro-5H-dibenzo [a,d]cycloheptene- 5 - carbox- 
arnide is metabolized in animals and man to 10- 
hydroxy and I0,I 1-dihydroxy analogues which 
are readily transformed to derivatives of 10,ll- 
dihydro- l0,5-(epoxymethano)-5H- dibenzo [a,d]- 
cyclohepten-13-one (9). This observation prompt- 
ed us to  investigate further the transannular reac- 
tions of 5-substituted dibenzo[a,d]cycloheptene 
derivatives. 

Hydroxylation of 5H-dibenzo[a,d]cyclohep- 
tene-5-carboxamide (13a) with silver acetate and 
iodine according to the method of Woodward 
and Brutcher (10a) gave syn-11-acetoxy-l0,ll- 
dihydro-l0,5-(epoxymethano)-5H-dibenzo [a,d]- 
cyclohepten-13-one (14a) (for numbering, see 
Fig. 1). Saponification of this compound gave 
the syn-hydroxylactone 14b which was recon- 
verted to  14a with pyridine and acetic anhydride. 
The syn orientation of the 1 1-substituent in 14a, 
and therefore in 14b, was assigned from its mode 
of introduction which has repeatedly been shown 
to result in cis hydroxylation (10). The syn- 
hydroxylactone 14b was oxidized with chromium 
trioxide - sulfuric acid t o  the ketolactone 14c 
which regenerated 14b upon catalytic hydrogena- 
tion. 

A minor by-product from the silver acetate - 
iodine oxidation of 13a was l0,ll-diacetoxy- 
l0,ll-dihydro-5H-dibenzo [a,d]cycloheptene- 
5-carboxamide (15) of uncertain geometry. Traces 
of anthracene derivatives were also formed but 
these could not be fully characterized. 
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Attempted trans-hydroxylation of the same 
amide 13a with silver acetate and iodine under 
the anhydrous conditions of the Prtvost 
reaction (10c,ll) gave only trace amounts of 
lactonic products. Successful trans hydroxylation 
of 13a was achieved with 3-chloroperbenzoic 
acid to give the anti-1 1-hydroxylactone 16a. 
This compound was oxidized with chromium 
trioxide- sulfuric acid to the ketolactone 14c 
thereby demonstrating the epimeric relationship 
of 14b and 16a. 

A number of reaction pathways are possible 
for the genesis of the syn-acetoxylactone 14a as 
shown on p. 2847. The route 13a -t A -t B -> 14a 
is the normal pathway of the Woodward 
hydroxylation reaction (10) followed by a n  
'OH-6' (12) anchimerically-assisted hydrolysis 
of the amide group. The hydroxyl-assisted 
hydrolysis of amides is well known (13) and 
inspection of a Drieding molecular model of B 
shows the hydroxyl and amide functions to be 
in close proximity. The alternative pathway 
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anti 

FIG. 1. The 10,ll-dihydro-l0,5-(epoxymethano)-5H- 
dibenzo[a,d]cycloheptene ring system. 

13a + A  + C + 14a is followed in the conversion 
of halogen-containing amides to lactones (14). 

The anti-1 1-hydroxylactone 16a is probably 
derived from the transient anti-l0,lI-epoxide Dl 
via the iminolactone intermediate E as shown 
onp. 2847. An alternate pathway, involving trans- 
hydration of D and subsequent 'OH-6' cycliza- 
tion of the resulting glycol was rendered un- 
likely by the observation that the syn-l0,ll- 
epoxyamide 21b (see later) was unaffected 
by a mixture of 3-chloroperbenzoic and 3- 
chlorobenzoic acids in chloroform. 

Addition of bromine to a solution of the amide 
13a in chloroform gave rapidly, and in almost 
quantitative yield, the anti-1 l-bromo-iminolac- 
tone hydrobromide 17. The structure of this 
compound is supported by its nuclear magnetic 
resonance (n.m.r.) spectrum which is consistent 
with a trans arrangement of the protons at C-10 
and C-11, and by its very ready hydrolysis to the 
anti-1 1-bromolactone 16b. The same bromo- 
lactone was also obtained, in poor yield, from 
the interaction of the syn-1 1-hydroxylactone 14b 
and phosphorus tribromide and pyridine, and 
from displacement of the tosyl derivative of 
14b with calcium bromide. 

The geometry of 17 indicates that its formation 
from the amide 13a must involve the carbox- 
amide function in either a concerted addition 
process or in an intramolecular displacement 
(17,18) of a bromonium ion. The intermediacy 
of a trans-l0,ll-dibromide would, obviously, 
lead to  an isomeric syn-11-bromo-iminolactone 
hydrobromide. 

'In contrast, epoxidation of 5H-dibenzo[a,d]cyclo- 
hepten-5-01 has been reported to give the corresponding 
syn-epoxide (15). Allylic hydroxyl groups are, however, 
known to promote the formation of cis-epoxyalcohols 
(16). 

The propensity for transannular reaction was 
not confined to the amide 13a. Thus, addition of 
bromine to the diethylamide 13d and subsequent 
hydrolysis of the crude product gave the bromo- 
lactone 16b. Treatment of both the unsaturated 
acid 13b and its methyl ester 13c with bromine 
also gave the bromolactone. The participation 
of carboxyl and carboalkoxy groups in halogen 
and pseudohalogen additions is well known 
(18,19). 

Addition of bromine to the unsaturated 
alcohol 13e involved participation of the 
hydroxyl function since the anti-1 1-bromoether 
18 was produced. Bromine addition to a,a- 
dimethylallyl alcohol is known to proceed in a 
similar fashion (20). 

Transannular reactions also occurred when 
10,ll-dihydro-5H-dibenzo [a,d]cycloheptene de- 
rivatives were used as substrates. Thus, irradia- 
tion and subsequent hydrolysis of a solution of 
the amide 19a and bromine in chloroform gave 
the unsubstituted lactone 16c. Treatment of the 
5-hydroxyester 19b with either bromine or 
N-bromosuccinimide gave the 5-hydroxylactone 
20. 

The anti-11-bromolactone 16b coiltains a 
potential bromohydrin system and, with this 
feature in view, its reactions with basic reagents 
were investigated. Treatment of 16b with 
aqueous sodium hydroxide solution gave the 
epoxyacid 21a whereas treatment of 166 with 
either liquid ammonia or warm ammonium 
hydroxide gave the syn-l0,ll-epoxyarnide 21b. 
The analogous amides 21c and 21d respectively 
were obtained when methylamine and t-butyl- 
amine were employed in place of ammonia. 
These products undoubtedly arose by a common 
mechanism involving attack at the carbonyl 
group of 16b by the basic reagent, and their 
formation supports the geometry assigned to this 
compound. Both 21a and 21b reacted rapidly 
with hydrogen bromide to give 16b and  with 
hydrogen chloride to give the anti-1 l-chlorolac- 
tone 16d. The anti-11-methoxylactone 16e was 
prepared by the acid-catalyzed reaction of 
methanol with both 21a and 21b. 

Hydration of the epoxyamide 21b with dilute 
sulfuric acid in either dioxane or dimethyl 
sulfoxide gave an approximately equimolar 
mixture of the epimeric hydroxylactones 14b 
and 16a. The non-stereospecificity of the 
hydration performed in dirnethyl sulfoxide is in 
contrast to  the acid-catalyzed stereospecific 
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hydration of both cis and trans stilbene oxides in compound readily evolved ammonia in both the 
this solvent (21). A similar hydration of the solid state and in solution t o  give the unsubsti- 
epoxyacid gave the anti-hydroxylactone as the tuted lactone 16c undoubtedly via an intra- 
predominant product. molecular attack of the hydroxyl group upon the 

Hydrogenation of the epoxyamide 21b gave amide function (13). It is noteworthy that the 
the unstable syn-11-hydroxyamide 22. This unsubstituted amide 19a is relatively resistant to  
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hydrolysis (22). The epimeric anti-1 l-hydroxy- 
amide 23 was prepared in poor yield by hydro- 
boration of the unsaturated amide 13a. In 
contrast to 22, the anti-hydroxy epimer 23 was 
stable up to a temperature of 140". Treatment of 
23 with dilute mineral acid gave, however, the 
unsubstituted lactone 16c accompanied by a 
small amount of the unsaturated acid 13b. This 
cyclization inay proceed via epimerization at 
either C-5 or C-10 to give 22 or it could proceed 
via a transient iminolactone. 

In contrast to the behavior of the anti-ll- 
broinolactone 16b with primary aliphatic amines, 
the reactions of the same substrate with second- 
ary aliphatic amines did not involve the lactone 
ring. The products obtained were the syn-ll- 
dialkylalninolactones 24. The geometry of these 
products, which was inferred from their n.m.r. 
spectra (see Table I), is that expected to arise 
from direct displacement of the bromine atom 

of 16b by the secondary amine. To  confirm 
further the structure of 24a-e the epoxyacid 21a 
and the syn-epoxyamide 21b were treated with 
several secondary amines. No reaction occurred 
at rooin temperature, even in the presence of 
mineral acid (23), but a t  elevated temperatures, 
the anti-1 1-dialkylaminolactones 25a-d were 
formed, as evidenced by the n.m.r. spectra of 
the products (see Table I). 

Aniline, in its reaction with the bromolactone 
166, behaved as a secondary amine rather than 
as a prjinary amine since the product was the 
syn-11-anilinolactone 24f. The structure of this 
compound was demonstrated by its ready acid- 
catalyzed rearrangement to the syn-1 1 -hydroxy- 
lactam 26a which is only possible with a syn- 
arrangement of aniliilo and lactone groups. 
Oxidatioil of 26a with chromium trioxide - 
sulfuric acid furnished the ketone 26b which 
regenerated only the parent hydroxy coinpound 
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TABLE I 
Proton assignments in the 11-substituted-lO,l l-dihydro-l0,5-(epoxymethano)-5H-dibenzo[a,d]cyclohepten-l3-one system 

Chemical shift*, T 

11-Substituent No. syn-11-H anti-11-H 10-H 5-H Other J10.11 C.P.S. 

4.00 4.18 5.03 7.92 (Acetate) 
5.21 4.30 5.11 

4.16 5.07 

7.89 (~cetit;) 
5.76 (Hydroxy) 
7.18 (Methyl) 
6.30.7.17 [Methvlend 

iyn-11-~ipeiidino 24c 6.03 4.11 5.37 7.21 8.47 (~ethjrlenej 1.8 
syn-11-(N'-Methylpiperazino) 24d 6.08 4.22 5.45 7.80 (Methylene and methyl) 1 .8 
syn-1 1-(N'-Phenylpiperazino) 24e 5.92 4.11 5.35 6.90 (Methylene) 1.8 < 

24f 6.18 (NH) 
0 

syn-11-Anilino 5.02 4.23 5.27 2.0 L- 
anti-1 1-Morpholino 25a 5.50 4.33 5.37 6.44,7.58 (Methylene) 5.0 e 

25b 5.58 4.40 5.43 7.65,8.67 (Methylene) 4.9 
m 

anti-1 1-Piperidino 
5.47 4.37 5.39 5.0 anti-1 1-(N'-Methylpiperazino) 25c 7.76 (Methylene and methyl) w 01 

anti-1 1-(N'-Phenylpiperazino) 25rl 5.42 4.34 5.37 6.87 (Methylene) 5.0 m 

anti-1 1-Anilino 25e 4.73 4.39 5.38 6.60 (NH) 4.8 

'Spectra were determined usinpa Varian A-6OA instrument.All spectra were obtained in deuteriochloroiorm solution unlessotherwise noted.Al1 compounds showed aromaticabsorption at 2.5-3.0. 
tspectrurn determined in dimethyl sulfoxide solution. 
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26a upon catalytic hydrogenation. The anti-ll- 
anilinolactone 25e, isomeric with 24f and 
obtained by the interaction of the syn-epoxy- 
amide 216 and aniline, was not rearranged by 
treatment with either aqueous acid or alkali. 

Empirical confirmation of the geometry of 
many of the compounds described herein has 
been obtained from their n.m.r. spectra (Table I). 
Compounds assigned the syn-configuration show 
J,,,, ,I .8-2.6 c.p.s. whereas the compounds 
assigned the anti-configuration show J, ,,, , 
4.1-5.2 c.p.s. These coupling constants are 
similar t o  those reported for dibenzobicy- 
clo [3.2.l]octadienes (24). 

Experimental 
syrz-ll-Acetoxy-l0,11-dihydro-IO,5-(epoxymet/1ano) -5H- 

dibenzo[a,d]cyclohepten-13-one (14a) 
To a well-stirred solution of the amide 13a (22) (50.0 g, 

0.2 mole) in acetic acid (1 1) was added silver acetate 
(82.0 g, 0.05 mole) and then iodine (56.0 g, 0.22 mole) 
which was added portionwise, and then water (10 ml). 
The mixture was heated on the steam bath for 3 h and 
then solid sodium chloride was added. The mixture was 
cooled, filtered, and the filtrate was evaporated to dryness 
in vacuo. The residue was triturated with water and the 
solids were then dissolved in chloroform. This solution 
was washed with water, dried, and evaporated and the 
residue was crystallized from ethanol to give the product 
(30.2 g), m.p. 145-146"; vm,,(CHC13) 1757 (lactone) and 
1740 cm- (acetate). 

Anal. Calcd. for C18H1404: C, 73.46; H, 4.80. Found: 
C, 73.65; H, 4.87. 

From a sparingly soluble fraction of the above crude 
product there was obtained 1.6 g of l0,ll-diacetoxy- 
10,ll- dihydro- SH-dibenzo[a,d]cycloheptene- 5-carbox- 
amide (15), m.p. 229-230" (from ethanol or chloroform); 
v,.,(Nujol) 1770, 1750 (acetate), 1692, 1665, and 1635 
cm-I (amide); v,,,(CHC13) 3480, 3370 (NH), 1760 
(ester), and 1675 cm-I (amide). 

Anal. Calcd. for CzoH19N05: C, 67.98; H, 5.43; N, 
3.96. Found: C, 67.85; H, 5.55; N,4.08. 

Chromatography of the above crude product on silica 
gel gave an anthracene derivative, k,,,,,(EtOH) 263, 354, 
378mp (E 165 700,4670,ll 550), which gave inconsistent 
analytical data. 

syn-ll-Hydroxy-l0,11-dilrydro-10,5-(epoxymethnno) -5H- 
diberzzo[a,d]cyclohepten-13-one (146) 

A solution of 14a (30.2 g) in methanol (600 ml) and 
water (300 ml) was treated with 50% sodium hydroxide 
solution (30 ml) and kept overnight. The methanol was 
removed irz vacuo, water (200 ml) was added, and the 
filtered solution was acidified. The product (23.8 g), m.p. 
156-157" tenaciously retained solvent of crystallization 
when recrystallized from ethanol or ethyl acetate -hexane. 
Purification was effected by dissolution in aqueous alkali 
or ammonium hydroxide followed by partial evaporation 
and acidification to give material of the above m.p. 
v,,,(Nujol) 3440 (OH) and 1725 cm-I (lactone). 

Anal. Calcd. for C16H1203: C, 75.18; H, 4.80. Found: 
C, 76.00; H ,  4.93. 

Acetylation of the hydroxylactone by acetic anhydride 
and pyridine gave 14a, m.p. 143-144". 

The syn-11-p-toluenesulfonyl derivative was prepared 
from 146 and p-toluenesulfonyl chloride in pyridine at 
25"; m.p. 139-140" (decomp.). 

Anal. Calcd. for CZ3Hl8O5S: C, 67.97; H, 4.46; S, 
7.88. Found: C, 68.06; H, 4.54; S, 7.90. 

10,5-(Epoxymet/1ano)-5H-dibe11zo[a,d]cyclo11epte1ze- 
11,13-(10H)-dione (14c) 

Jones' reagent (25) (74 ml) was added dropwise and 
with stirring to an ice-cold solution of a mixture of the 
syn- and anti-hydroxylactones 146 and 16a (61.0 g, 0.24 
mole) in acetone (900ml). The brown suspension so 
obtained was filtered and the filtrate was chilled, diluted 
with water (900ml), and the precipitated product was 
recrystallized from aqueous acetone to give 48.5 g (79%), 
m.p. 166-1 67"; vm,,(CHC13) 1758 (lactone) and 1685 cm-I 
(ketone); h,,,(EtOH) 262mp (E 8550). 

Anal. Calcd. for C16H1003: C, 76.79; H, 4.03. Found: 
C, 76.91 ; H, 4.09. 

Hydrogenation of the ketolactone (250 mg) in dioxane 
(15 rnl) with 10 % palladium on charcoal at 25' and 1 atm 
gave chiefly the syn-hydroxylactone 146, m.p. 155-156" 
and a little of the unsubstituted lactone 16c, m.p. 168-170" 
(from ethanol). The latter product predominated when 
the reduction was carried out in methanol at 50'. 

anti-1 I-Hydroxy-l0,II-dihydro-10,5- (epoxymethano) - 
5H-dibenzo[a,d]cyclohepten-13-one (Ida) 

Method (a) 
A solution of the epoxyamide 216 (47.7 g) in dioxane 

(500 ml) and I N  H2S04 (650 ml) was kept a t  room tem- 
perature for 2 h. The bulk of the dioxane was removed 
in vaclro and the residue was extracted with dichloro- 
methane. This solution was extracted with water, then 
dried and evaporated. Crystallization of the residual oil 
from ethyl acetate - hexane gave a mixture (38.0 g) of the 
syn and anti hydroxylactones, m.p. 130-172". Recrystal- 
lization afforded the pure anti isomer 16a (13.1 g), m.p. 
187-188"; v,,,(Nujol) 3420 (OH), 1730 cm- (lactone). 

Anal. Calcd. for C16H1203: C, 76.18; H, 4.80. Found: 
C, 76.13; H,  4.71. 

The syn isomer 146 was obtained in solvated form from 
the above mother liquors by recrystallization from 
ethanol; desolvation as described above gave 8.0 g, m.p. 
155-1 56". 

The anti-11-acetyl derivative 16f, prepared from 160 
and acetic anhydride - pyridine, had m.p. 201-202" (from 
ethanol). 

Anal. Calcd. for C18H1404: C, 73.46; H, 4.08. Found: 
C, 73.57; H ,  5.01. 

The anti-11-p-toluenesulfonyl derivative had n1.p. 140- 
141" (decomp.). 

Anal. Calcd. for CZ,H1805S: C, 67.97; H, 4.46; S, 
7.88. Found: C, 68.25; H, 4.65; S, 7.81. 

Method (6) 
A solution of the epoxyacid 21a (5.6 g) in dioxane 

(175 ml) and 1N sulfuric acid (80 ml) was kept overnight 
at room temperature. It was processed as described above 
except that the crude product was extracted with dilute 
sodium bicarbonate solution. Recrystallization from 
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ethanol-hexane afforded 2.4g of the anti-hydroxylactone, 
n1.p. 188-189'; no significant amounts of the syn isomer 
were observed. 

Method (c) 
A solution of the amide 13a (10.0 g, 0.04 mole) and 

85% 3-chloroperbenzoic acid (8.8 g, 0.04 mole) in 
dichloromethane (550 ml) was kept at room temperature 
until no more of the amide was consumed (14 days). A 
100 ml aliquot was extracted with sodium bisulfite solu- 
tion followed by sodium bicarbonate and then water. 
Evaporation of the solvent and recrystallization from 
dichloromethane-hexane gave unchanged amide, m.p. 
208-210" (1.5 g). Chromatography of the mother liquors 
on silica gel from 75% chloroform-benzene afforded 
crude 16a as an oil (177 mg); recrystallization from ethyl 
acetate - pentane gave a sample m.p. 187-189". 

Treatment of another 100 ml aliquot withan additional 
1.8 g of the peracid caused consumption of the remaining 
amide but gave no increase in yield of the hydroxylactone. 

anti-1 I-Brotno-10, I I -dih.v(i1.0-10,5-(epo~~yn1etIza1~0)-5H-di- 
be~zzo~a,d]cyclohepte11-13-in1i,l~ Hydrobromide (17) 

A solution of bromine (16.0 g, 0.1 mole) in chloroform 
(50 ml) was added dropwise during 20 ~ n i n  to a stirred 
suspension of the amide 130 (23.5 g, 0.1 mole) in chloro- 
form (50 ml). A red solution was obtained which soon 
deposited the product as pale-yellow crystals (36.0 g), 
m.p. 215-220" (decomp.); v,,,(Nujol) 1675 (C=N) and 
1105 cm-' (ether). 

Anal. Calcd. for CL6HL3BrNO: Br, 40.46. Found: Br, 
42.73. 

The n.m.r. spectrum of this compound in dimethyl 
sulfoxide showed an eight-proton multiplet at 2.6 
(aromatic), two one-proton doublets at 3.88 and 4.13 

Br H 
I I 

respectively (Ar-C-C-Ar, Jlo,Ll 5.0 c.p.s.), a one- 
I I 

/ 
proton singlet at 5.04 (Ar-C-Ar), and a broad two- 

\ 
H 

proton singlet at 6.08 (0-C=NH.HBr). 

anti-1 I-Bronzo-l0,I I-diIzydro-10,5-(epoxymetl10rio)-5H- 
dibenzo[a,d]cyclohepte~z-13-one (16b) 

Method (a) 
A mixture of 17 (300 g) and ethanol (1 I) containing 

water (50 ml) was heated on a steam bath for 6 h. The 
solvent was removed in vacuo and the residue was thor- 
oughly washed with hot water. The residue was crystallized 
from ethanol to give the product (210 g), m.p. 160-161"; 
v,,,(CHCI3) 1765 cm-' (lactone). 

Anal. Calcd. for C I G H I I B ~ O ~ :  C, 60.96; H, 3.72; Br, 
25.35. Found: C, 60.85; H, 3.96; Br, 25.43. 

Method (b) 
A solution of bromine (160 mg) in chloroform (3.0 ml) 

was added to a stirred suspension of 5H-dibenzo[a,d]- 
cycloheptene-5-carboxylic acid (13b) (23) (236 mg) in 
chloroform (10 ml). The mixture was kept at room tem- 
perature for 2 h and then evaporated to dryness. The 

residue was crystallized from ethanol to give 160 (220 
nlg) identified by m.p. and mixture n1.p. 

Method (c) 
The acid 13b was esterified with methanol saturated 

with hydrogen chloride. The ester 13c was purified from 
methanol as needles, m.p. 110-11 1". 

Anal. Calcd. for CL7HL402 : C, 81.58; H, 5.64. Found : 
C, 81.30; H, 5.43. 

The acid 13b used in the above method has replaced 
by 13c (248 mg). The same product was obtained, 
identified by m.p. and ~nixture 1n.p. 

Method (d) 
The diethylamide 13d was prepared from the corre- 

sponding acid chloride (22) and diethylamine in the usual 
manner. It was crystallized from chlorofom~-hexane, 
m.p. 141-144". 

Anal. Calcd. for CZoHz1NO: C, 82.44; H, 7.26; N, 
4.81.Found:C,82.20; H,6.99;N,4.93. 

This product (1.45 g) was dissolved in chloroforn~ 
(8.0 ml) and a solution of bromine (0.8 g) in chloroform 
(5.0 ml) was then added to it. The mixture was kept a t  
room temperature overnight and then evaporated to 
dryness. The residue was repeatedly crystallized from 
ethanol to give 166 (1.0 g) identified by m.p. and mixture 
m.p. 

Method (e) 
A solution of the epoxyacid 21a (1.6 g) in chlorof~rm 

(20 ml) was saturated with dry hydrogen bromide. The 
solution was kept at room temperature overnight, evapo- 
rated to dryness and the residue was crystallized from 
ethanol to give 160 (800 mg) identified by 111.p. and 
mixture m.p. 

Method (f) 
The epoxyacid in the foregoing method was replaced 

by the epoxyamide 21b (1.0 g). The salne product was 
obtained. 

Met11od (g) 
A solution of the syn-hydroxylactone 14b (1.0 g, 0.004 

mole) and pyridine (0.2 ml) in dry dioxane (5 ml) was 
treated with phosphorus tribromide (0.5 ml) and kept 
overnight. Water was added and the dioxane was removed 
in uacao. The product was extracted into benzene and the 
solution was washed with dilute sodium bicarbonate 
solution and then evaporated. Recrystallization of the 
residue from ethanol-hexane gave the bro~nolactone 
(150 mg), m.p. 1 50-15l0, undepressed on admixture with 
an authentic specimen. 

Method (11 )  
A solution of thep-toluenesulfonate ester of 140 (0.5 g ,  

0.001 mole) in dry dioxane (20 ml) was added to dry 
calcium bromide (0.25 g, 0.001 mole) in ethanol (2 ml). 
The mixture was heated under reflux for 18 h and pro- 
cessed as in method p. Recrystallization fro111 chloroform- 
hexane gave 16b (78 mg), m.p. 153-155". 

arzti-ll-Bronzo-l0,Il-dihydro-10,5-(epo,~y1~zetl1nr~o) -5H- 
dibetzzo[a,d]cyclohepiene (18) 

A solution of 5H-dibenzo [a,d]cycloheptene-5-~nethanol 
(13e) (2.0 g, 0.01 mole; prepared from 13c and LiAlH+) 
and triethylamine (1.0 g, 0.01 mole) in carbon tetra- 
chloride (75 ml) was treated with a 10% w/v solution of 
bromine in the same solvent (20 ml, 0.01 mole). It was 
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stirred at room temperature for 3 h, then filtered and 
evaporated. Recrystallization of the residue from ethanol 
and then from carbon tetrachloride afforded 18 (0.4 g), 
m.p. 165-166"; vm,,(CHC13) 1080 cm-' (ether). 

Anal. Calcd. for C16H13BrO: C, 63.80; H, 4.35; Br, 
26.53. Found: C, 64.09; H, 4.70; Br, 26.72. 

Attempted displacement of the halogen atom by heating 
the bromo ether with dimethylamine was unsuccessful. 

10,ll-Dil1ydro-l0,5-(epolcyrnet/1ano) -5H-diberlzo[a,d]- 
cyclohepten-13-one (16c) 

Method (a) 
The epoxyan~ide 21b (10 g) was hydrogenated as 

described above. The filtered solution was heated under 
reflux until ammonia evolution had ceased (6 h) and then 
concentrated whereupon the product crystallized as 
prisms (8.0 g), n1.p. 169-170.5". 

Anal. Calcd. for C16H1202: C, 81.34; H, 5.12. Found: 
C, 81.27; H, 5.26. 

Method (b) 
The bromolactone 166 (4.9 g) in ethanol (550 ml) was 

hydrogenated with palladium-charcoal catalyst until 
hydrogen uptake ceased. Removal of the catalyst and 
evaporation of the filtrate gave an 011 which was chro- 
matographed upon silica gel. Evaporation of the chloro- 
form eluates and crystallizat~on of the residue gave the 
product (1.9 g) identified by m.p. and mixture n1.p. 

Method (c) 
A mixture of the anti-hvdroxvamide 23 (200 n ~ s )  and 

1 N HC1 was heated undeireflux for 1 h.   he solidswere 
collected and partitioned between chloroforn~ and 2 N 
Na2C03. Evaporation of the organic phase and crystal- 
lization of the residue gave the product (170 mg) identi- 
fied by m.p. and mixture m.p. 

The aqueous layer was acidified and the precipitate was 
crystallized from methanol to give 5H-dibenzo[a,d]cyclo- 
lieptene-5-carboxylic acid (10 mg), m.p. 241-242" (lit. 
(22) n1.p. 241-242"). 

Method (d) 
A solution of bromine (8.0 g, 0.05 mole) and the amide 

19a (22) (1 1.85 g, 0.95 mole) in chloroform (100 ml) was 
maintained at 45-50" and irradiated with a photoflood 
lamp for 8 h. The solvent was removed in vacuo and the 
residue was dissolved in a mixture of methanol (200 ml) 
and water (10 ml). The solution was heated under reflux 
for 2 h, evaporated to dryness and the residue was 
crystallized from methanol to give the title product (3.2 g), 
identified by m.p. and mixturem.~. 

Met/1y/5-/1ydroxy-l0,1 l-di/1ydro-5H-dibe11zo[a,d]cyclo- 
hepter~e-5-carboxy/ate (196) 

Method (a) 
A solution of methyl 10,ll-dihydro-5H-dibenzo [a,d]- 

cycloheptene-5-carboxylate (26) (3.0 g, 0.01 mole) in ether 
(50 ml) was added to a suspension of sodium amide (from 

I 0.3 g, 0.01 g-atom of sodium) in liquid ammonia (125 ml). 
, A stream of dry air was passed through the mixture for 

5 h and the ammonia was allowed to evaporate overnight. 
Water was added and the ether layer was separated, 

I washed with sodium bicarbonate solution, dried, and 
concentrated. Recrystallization of the residue from carbon 
tetrachloride - hexane gave 2.0 g (63 % yield) of the 
hydroxy ester, m.p. 134-135' (lit. (27) m.p. 139-140"). 

Method (b) 
Following a general procedure (28), a solution of 

10,ll-dihydro-5H-dibenzo[a,d]cyclohepten-5-one (41.6 g, 
0.2 mole) in 1,2-dimethoxyethane (150 ml) was added to 
sodium (1 1.6 g, 0.5 g-atom) suspended in the same solvent 
(70 ml). The mixture was stirred at room temperature for 
4 h and then treated with dimethyl carbonate (20.0 g, 
0.2 mole) dissolved in ether (150 ml). An additional 
300 ml of ether was added and next morning the excess 
of sodium was destroyed by the cautious addition of 
water. Separation and evaporation of the organic phase 
gave 25 g (47 %) of 196, n1.p. 135-1 37" after crystallization 
from carbon tetrachloride - hexane. 

5-Hydroxy-1 0,ll-dihydro-l0,5- (epoxy/rrethar~o) -5H- 
dibenro[a,d]cyclohepte~~-13-one (20) 

A mixture of the ester 196 (20.0 g, 0.075 mole), 
N-bromosuccinimide (14.2 g, 0.08 mole) and a little 
benzoyl peroxide in carbon tetrachloride (450 ml) was 
stirred under a heat lamp for 25 min and then heated 
under reflux for 1.5 h. It was kept overnight, filtered, and 
evaporated. Chromatography of the residue on silica 
with 25 % ch1oroforn1-benzene gave the hydroxylactone 
(4.4 g, 23 %), m.p. 130-131" (from carbon tetrachloride - 
hexane); vm,,(CHC13) 3530 (OH), 1740 cnl-' (lactone). 
The compound existed in a second crystalline form, n1.p. 
113-114"; the solution spectra were identical. 

Anal. Calcd. for C l6HI203:  C, 76.18; H,4.80. Found: 
C, 76.18; H, 4.80. 

The early fractions from the chromatography gave a 
yellow solid, m.p. 165-169" (77 mg). Recrystallization 
from ether-hexane gave a sample which was not analyti- 
cally pure but whose spectral properties agreed with 
the proposed structure of 10-bromometl~yl-9-anthroic 
acid methyl ester; v,,,(CHC13) 1725 cm-' (ester); 
h,,,,(EtOH) 255, 357, 375, and 398mp ( E  127 000; 6580; 
9700 and 19 050); n~olecular weight by mass spectrom- 
etry: 328 (79Br), 330 (81Br) (in correct ratio for 1Br); 
calculated n~olecular weight, 329. 

10,11-Dihydro-l0,11-epox~~-5H-dibei1zo[a,d~cyc/o- 
heptene-5-carboxylic Acid (210) 

To a stirred s~lspension of the bromolactone 16b 
(19.7 g) in water (100 ml) at 90" was added 2.5 N NaOH 
solution in one portion. The mixture was kept at 90" 
during 35 min, rapidly cooled to O0, and then acidified 
with 2 N HCI. The precipitate was thoroughly washed 
with water, dried, and then crystallized from ethyl acetate 
to give the product (11.6 g), m.p. 161-163' (decamp.). 

Anal. Calcd. for C16H1203: C, 76.18; H, 4.80. Found: 
C, 76.33 ; H, 4.88. 

Treating this product with ethereal diazomethane gave 
methyl-l0,1l-dihydro-l0,1l-epoxy-5H-dibenzo [n,d]cyclo- 
heptene-5-carboxylate, purified from methanol a s  needles, 
m.p. 179-181.5". 

Anal. Calcd. for C17H1403: C, 76.67; H, 5.30. Found: 
C, 76.60; H,  5.08. 

10,11-Dihydro-syr1-10,11-epoxy-5H-diber1ro[a,c/]c~~c/o- 
heptene-5-carboxan7ide (21b) 

Very finely-powdered bromolactone 166 (1 50 g) was 
added in small portions to  stirred liquid ammonia 
(750 ml). The suspension was kept for 8 h and then the 
ammonia was allowed to evaporate. The residue was 
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thoroughly washed with hot water and the remaining 
solid was crystallized from ethanol to give the product 
(110 g), m.p. (after drying at 140") 191-193". 

Anal. Calcd. for C16H13N02: C, 76.47; H, 5.22; N, 
5.57. Found: C, 76.76; H, 5.27; N, 5.31. 

N-Met/1yl-lO,II-dihydro-sytz-lO,ll-epoxy-5H-dibenzo- 
[a,d]cycloheptene-5-carboxat~~ide (21c) 

A mixture of the bromolactone 16b (20 g) and methyl- 
amine (50 g) was stirred under reflux for 12 h. The excess 
methylamine was evaporated and the solids were washed 
with water. The residue was crystallized from ethanol to 
give the product as needles (12.0 g), m.p. 192-194." 

Anal. Calcd. for C17H15N02: C, 76.96; H, 5.45; N, 
5.09. Found: C, 76.84; H, 5.45; N, 5.09. 

N-tert-Br1tyl-lO,ll-dihydro-3-syn-l0,11-epoxy-5H- 
dibenzo[a,d]cycloheptet~e-5-carboxamide (21d) 

A mixture of the bromolactone 166 (2.0g) and 
t-butylamine (20 ml) was heated under reflux for 6 days. 
The mixture was evaporated to dryness and the solids 
were washed with water. The residue was crystallized 
from benzene-hexane to give needles (1.1 g), m.p. 
172-176"; vm,,(CHC13) 3440 (NH), 1668 cm-I (C=O). 

Anal. Calcd. for CZOHZIN02: C, 78.17; H, 6.88; N, 
4.55. Found: C, 77.89; H, 6.88; N,4.84. 

anti-11-Ct~loro-l0,ll -dihydro-10,5-(epoxymethano)- 
5H-dibenzo[a,d]cyclohepten-13-one (16d) 

A suspension of the epoxyacid 21a (1.0 g) in chloro- 
form (20 ml) was saturated with dry hydrogen chloride. 
Evaporation of the solution and crystallization of the 
residue from ethyl acetate gave the product (809 mg), 
m.p. 172-173". 

Anal. Calcd. for C16H11C102: C ,  71.00; H, 4.07; C1, 
13.10.Found: C,70.87;H,4.06;Cl, 13.12. 

10,1l-Di/zydro-10,5-(epoxymethano)-anti-ll-tnetkoxy- 
5H-dibet1zo[a,d]cyclohepten-13-one (16e) 

A solution of the epoxyacid 21a (1.0 g) in anhydrous 
methanol (25 ml) containing 3 drops of sulfuric acid was 
heated under reflux for 10 h. The solvent was removed 
in uacuo and the residue was partitioned between chloro- 
form and water. Evaporation of the dried chloroform 
phase and crystallization of the residue gave the product 
(600 mg), m.p. 191-193". 

Anal. Calcd. for Cl7H14O2: C, 76.67; H, 5.3. Found: 
C, 76.76; H, 5.08. 

10,Il-Dihydro-syn-ll-hydroxy-5H-dibenzo[a,d]c~~clo- 
heptene-5-carboxamide (22) 

The epoxyamide 21b (500 mg) in dry methanol (30 ml) 
was hydrogenated at atmospheric pressure with palla- 
dium on charcoal catalyst until hydrogen uptake ceased 
(20 min). The filtered solution was evaporated to dryness 
in vacrro at room temperature. The residue was crystal- 
lized from cold dioxan-hexane to give the product 
(320 mg), m.p. 163-165' (decomp.). 

Anal. Calcd. for Cl6Hl5NO2: C, 75.87; H, 5.97; N, 
5.53. Found: C, 75.78; H, 5.85; N, 5.53. 

This material rapidly decomposed at room temperature 
with formation of 16c. 

l0,11-Di/rydro-anti-Il-hydr.oxy-5H-dibenzo[a,d]cyclo- 
heptene-5-carboxamide (23) 

A solution of the amide 13a (22) (5.0 g) in dry tetra- 

hydrofuran (200 ml) was added dropwise to a stirred 
0.83 M solution of diborane in tetrahydrofuran (80 ml). 
The mixture was kept at room temperature for 20 h and 
then cautiously diluted with water. Sodium hydroxide 
(80 ml, 3 N) and hydrogen peroxide (20 ml, 30%) were 
then added and the mixture was kept at 50" for 1 h. The 
mixture was saturated with potassium carbonate and the 
organic layer was collected and evaporated. Repeated 
crystallization of the residue from ethyl acetate and then 
from ethanol gave the product (1.3 g), m.p. 183-185". 

Anal. Calcd. for Cl6Hl5NO2: C,  75.87; H, 5.97; N, 
5.53. Found: C, 75.86; H, 5.91; N, 5.68. 

syn-1 I-Dialkylamino Derivatives of 10,ll-Dihydro-10,5- 
(epoxytnethatro) -5H-dibenzo[a,d]cyclohepten-13-one 
(24) 

General Procedure 
The bromolactone 166 (0.1 mole) was added portion- 

wise to the appropriate anhydrous secondary amine 
(0.3 mole). The mixture was stirred overnight, diluted 
with water, and the crude product which separated was 
recrystallized. 
10,ll-Dihydro-syn-11-dimethylamino-10,5-(epoxy- 

methano)-5H-dibenzo[a,d]cyclohepten-13-one (Ma) crys- 
tallized from isopropanol as needles, m.p. 152-1 54", 
yield 22.0 g. 

Anal. Calcd. for Cl8Hl7NO2: C, 77.39; H, 6.13; N, 
5.01. Found: C, 77.64; H, 6.04; N, 5.03. 

10,ll-Dihydro-10,5-(epoxymethano)-sytz-1 l-morpho- 
lino-5H-dibenzo [a,d]cycloheptene-13-one (246) crystal- 
lized from isopropanol as needles, m.p. 239-242", yield 
23.0 g. 

Anal. Calcd. for CZOH19N03: C ,  74.74; H, 5.96; N, 
4.36. Found: C, 74.78; H, 6.09; N, 4.08. 

10,ll-Dihydro-10,5-(epoxymethano)-syt~-l l -piperi- 
dino-5H-dibenzo [a,d]cyclohepten-13-one (24c) crystal- 
lized from isopropanol as needles, m.p. 204-207", yield 
19.5 g. 

Anal. Calcd. for CZ1HZlNO~: C,  78.97; H, 6.63; N, 
4.39. Found:C, 79.21;H,6.75;N, 4.17. 

10,ll-Dihydro-l0,5-(epoxymethano)-syn-11-(N'- 
methylpiperazine)-5H-dibenzo[a,d]cyclohepten-l3-one 
(24d) crystallized from isopropanol as needles, m.p. 
178-18l0, yield 22.0 g. 

Anal. Calcd. for CZIHZ2NZO2: C, 75.42; H, 6.63; N, 
8.38. Found: C, 75.70; H, 6.73;N, 8.09. 
10,ll-Dihydro-10,5-(epoxymethano)-syn-1 1-(Nf- 

pheny1piperazino)-5 H-dibenzo[a,d]cyclohepten-13-one 
(Me) crystallized from methanol as needles, m.p. 199- 
202", yield 25.0 g. 

Anal. Calcd. for C26H24N~02:  C, 78.76; H, 6.10; N, 
7.07. Found: C, 78.65; H, 5.99; N, 7.95. 

syn-11-Anilino-l0,Il-dihydro-lO,5- (epoxymethano) - 
5H-dibenzo[a,d]cyclohepten-13-one (24f) 

A mixture of the bromolactone 166 (100g) aniline 
(140 g) and water (500 ml) was heated in a rocking auto- 
clave at 130" for 8 h. The reaction mixture was extracted 
with chloroform and the organic phase was extracted with 
2 N HCl and then washed with water. Evaporation of the 
chloroform phase and crystallization of the residue from 
chloroform-isopropanol gave the product as needles 
(50 g), m.p. 203-205"; vm,,(CHCI3) 3420 (NH) and 
1752 cm-I (lactone). 
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Anal. Calcd. for CZZHl7NO2 : C, 80.71 ; H, 5.23; N, 
4.28.Found:C,80.45;H,5.31;N,4.02. 

arzti-11-Dinlkylamirzo Derivatives of l0,ll-Dihydro- 
10,5-(epoxymethano)-5H-dibenzo[a,d]cyclohepten- 
13-one (25) 

Gerzeral Procedure 
A mixture of either the epoxyacid 21a (0.01 mole) or the 

epoxyamide 21b (0.01 mole), the appropriate secondary 
amine (0.03 mole), and either xylene or toluene (20 ml) 
was heated under reflux for 5-10 h. The cooled solution 
was diluted with ether and the precipitate was crystallized. 

10,ll-Dihydro-10,5-(epoxymethano)-anti-1 l-morpho- 
lino-5H-dibenzo[a,d]cyclohepten-13-one (25a) crystal- 
lized from methanol as needles, m.p. 171-175", yield 

and then ethanol (2.0ml) was added. The solvent was 
evaporated at room temperature and the residue was 
partitioned between water and chloroform. The organic 
phase was washed, dried, and evaporated and the residue 
was crystallized from ethanol to give needles (4.2 g), m.p. 
180-182". 

Anal. Calcd. for C 2 2 H ~ S N 0 2 :  C, 81.21; H, 4.65; N, 
4.31. Found: C, 80.91; H, 4.56; N, 4.10. 

Hydrogenation of this ketone (500mg) in methanol 
(20 ml) with palladium on charcoal gave the original 
hydroxylactam 26a. 
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Anal. Calcd. for CZOHZ1NOZ: C, 78.97; H, 6.63; N, Schaffer Corporation, Montreal .  

4.39. Found: C, 78.72; H, 6.60; N, 4.35. 
10,ll-Dihydro-10,5-(epoxymethano)-anti-11-(N'- 

methy1piperazino)-5H-dibenzo [a,d]cyclohepten-13-one 
(25c) crystallized from isopropanol as needles, m.p. 
188-19O0, yield 2.4 g. 

Anal. Calcd. for CZlHZ2NZO2: C, 75.42; H, 6.63; N, 
8.38. Found: C, 75.11; H, 6.89; N, 8.32. 
10,1l-Dihydro-10,5-(epoxymethano)-a~1ti-ll-(N'- 

phenylpiperazino)-5H-dibenzo[a,d]cyclohepten-13-one 
(25d) crystallized from isopropanol as needles, m.p. 181- 
183", yield 2.8 g. 

Anal. Calcd. for C26HZ4N~02: C, 78.76; H, 6.10; N, 
7.07. Found: C, 78.79; H, 5.86; N, 6.92. 

anti-ll-Ar~ilirzo-10,1I-dihydro-10,5-(epoxymethar~o) -5H- 
dibenzo[a,d]cyclohepten-13-one (25e) 

A mixture of the epoxyamide 21b (5.0 g) and aniline 
(20 ml) was heated under reflux for 20 h. The reaction 
mixture was partitioned between 1 N HCl and chloro- 
form. Evaporation of the chloroform phase and crystal- 
lization of the residue from isopropanol gave the product 
as needles (4.8 g), m.p. 177-179"; vm,,(CHC13) 1750 cm-'. 

Anal. Calcd. for CZ2Hl7NO2: C, 80.71; H, 5.23; N, 
4.28. Found: C, 80.85; H, 5.50; N, 4.55. 

10,Il-Dil~ydro-syn-lI-lzydroxy-lO,5-(iminomethano)-12- 
pherlyl-5H-dibenzo[a,d]cyclohepien-13-one (26a) 

A suspension of the syn-anilinolactone 24f (10.0 g) in 
ethanol (150 ml) containing 2 N H2S04 (10 ml) was 
heated under reflux for 6 h. Concentration of the resulting 
solution gave the product as needles (8.0 g), m.p. 2 6 6  
267"; v,,,(Nujol) 1650 cm-' (C==O). 

Anal. Calcd. for CZZH17N02: C, 80.71; H, 5.23; N, 
4.28. Found: C, 80.41; H, 5.33; N, 4.38. 

The epimeric anilinolactone 25e was recovered un- 
changed after similar treatment. 

10,5-(1minonzethano)-12-phenyl-5H-dibenzo[a,d]cyclo- 
heptene-11,13-(10H)-dione (26b) 

Jones' reagent was added dropwise to acold suspension 
of 26a (5.0 g) in acetone (50ml) until a slight excess of 
oxidant was present. The mixture was stirred for 30 min 
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NOTES 

Nuclear magnetic resonance and mass spectral properties of 5-aryltetrazoles 

ROBERT R. FRASER AND K. E. HAQUE 
Departmerzt of Chemistry, University of Otta~va, Ottawa, Canada 

Received May 2, 1968 

The nuclear magnetic resonance and mass spectral behavior of 5-phenyltetrazole, 5-p-nitrophenyl- 
tetrazole and the 1-methyl and 2-methyl derivatives of each have been determined. Characteristic 
differences between the spectra of the 1-methyl and 2-methyl isomers have been noted and found to  
be useful for the purpose of structural assignments. The synthesis of 1- and 2-methyl-5-phenyltetrazole 
containing 47.5 "/, of ISN in the I- and 4-positions of the tetrazole ring aided interpretation of the mass 
spectra and also allowed measurement of a geminal and a vicinal 15N-H coupling constant. 

Canadian Journal of Chemistry, 46, 2855 (1968) 

In connection with another problem we have 
prepared 5-phenyltetrazole, 1, 5-p-nitrophenyl- 
tetrazole, 2, and the two isomeric N-methyl 
derivatives of each compound, 3-6 (see Table I 
for the numbering of the compounds). The 
tetrazoles were prepared by addition of azide ion 
to the appropriate nitrile (1). Methylation of each 
tetrazole with methyl iodide (2) gave a mixture of 
the 1- and Zmethyl derivatives. Since both 
1-methyl-5-phenyltetrazole and l-methyl-5-p- 
nitrophenyltetrazole had been previously syn- 
thesized by the unambiguous method of von 
Braun and Rudolph (3), no further proof of 
structure is required for the methylation products. 
In this paper we wish to report the nuclear 
magnetic resonance (n.m.r.) and mass spectral 
properties of compounds 1-6. Characteristic 
differences between the two isomeric methyl 
derivatives of 1 and 2 are believed to be sufficient 
to allow reliable structural assignments to be 
made to other alkylation products of 5-aryl- 
tetrazoles. 

Nuclear Magnetic Resonance Spectra 
Although the n.m.r. spectra of some tetrazole 

derivatives have been reported (4, 5) no aryl- 
tetrazoles have been previously investigated. The 
chemical shifts of the protons in the n.m.r. spectra 
of the six aryltetrazoles are reported in Table I. 
It can be seen that the benzene protons ortho to 
the tetrazole ring of 1 and 3 are deshielded by 0.6 
to 0.7 p.p.m. relative to the meta andpara protons. 
It can also be seen that this deshielding effect 
disappears entirely in 4 which possesses a methyl 
group in the 1-position of the tetrazole ring. This 

deshielding effect has been noted previously in 
many heterocyclic biaryls, specifically in aryl- 
pyrazoles (6, 7), 3-phenylpyridazines (8), 2,2'- 
bipyridyl (9), and in arylpyridines, aryltriazines, 
and aryltetrazines (10). Here too, it has been 
found that the deshielding diminishes markedly 
or disappears whenever a substituent is intro- 
duced into an ortl~o position of the heterocyclic 
ring (6-8). 

The data for the para-nitro derivatives, 2, 5, 
and 6, shows the same deshielding effect but to a 
lesser degree due to the additional effect of the 
nitro substituent. In nitrobenzene the nitro group 
deshields the protons ortho to it by 0.95 p.p.m. 
and the protons meta to it  by 0.21 p.p.m. (1 1). If 
we add the effect of the nitro group to that of the 
tetrazole substituents in 1 ,3 ,  and 4, the predicted 
shifts for 2, 5, and 6 are in qualitative agreement 
with the observed values but in error by between 
t-0.15 and -0.20 p.p.m. (the predicted shifts 
are given in parentheses in Table I). 

It is both interesting and instructive t o  con- 
sider the reasons for the deshielding effect on the 
ortl~o protons. All investigators agree that it can 
only occur if coplanarity of the two aromatic 
ringsis sterically allowed. Most authorsattributed 
it  to the anisotropy of the heterocyclic ring (6-8). 
Castellano and co-workers have presented argu- 
ments that the effect is a composite of a t  least 
three factors (9a, 10). Their calculation of the 
effects of ring anisotropy, nitrogen anisotropy, 
and a Van der Waal's interaction with the 
nitrogen's lone pair as a function of the deviation 
from coplanarity accounts very well for the 
observed deshielding, but ring anisotropy alone 
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TABLE I 
Chemical shifts of the aryltetrazoles* 

Compound 6H,t 6H, (and H,) 6CH3 Solvent 

N-N 
6 NQ*~-~ 

*All chemical shifts represent the center of gravity of the multiplet and are expressed in units of p.p.m. from internal tetra- 
methylsilane. 

THO refers to  the proton ortho to  the tetrazole substituent. 
$Assignments for this A,B, pattern were made on the assumption that substitution of a nitro group into 4 will affect H,,, 

(to the tetrazole) more than H (to the tetrazole). 
$Figures in parentheses reprgsent shifts predicted on the basis of additivity of nitro and tetrazole substituent effects. 

accounts for less than half of the total effect. 
Spotswood and Tanzer, however, present con- 
vincing evidence that the Van der Waal's term is 
negligible (96). Experimental support for the 
contention that anisotropy alone cannot account 
for a deshielding of 0.6-0.7 p.p.m. is provided by 
the work of Mayo and Goldstein (12) who find 
the deshielding of the ortho protons in biphenyl 
to be only 0.24 p.p.m.l 

We wish to propose, on the basis of the data in 
Table I that an additional factor contributes to  
the observed shifts. It can be seen that a change in 
the position of the methyl group from position-2 
to -1 of the tetrazole ring causes a downfield 

shift in H,,, as well as an upfield shift in H, 
(compare 4 with 3, and 6 with 5). Furthermore 
the downfield shift is greater for 5 + 6 (0.35 
p.p.m.) than for 3 + 4 (0.23 p.p.m.). We attribute 
the downfield shifts to a n  electron-donating 
resonance effect of the tetrazole ring in 3 and 5 
that is not possible or at least greatly diminished 
in 4 and 6 .  This effect would be expected to be 
greater in 5 than in 3 since the nitro group can 
interact directly with the electron-donating 
tetrazole ring. Loss of this interaction will there- 
fore cause a larger downfield shift for 5 + 6 than 
for 3 + 4. There is an observable manifestation 
of this effect on the ortho protons too. Their 
upfield shift is seen to be smaller for 5 + 6 

'It should be noted that the barriers to rotation in (0.16 p.p.m.) than for 3 -> 4 (0.49 p.p.m.). The  
most of the biaryls under consideration have not been lack of additivity in accurately predicting the 
studied. Variations in conformational populations will shifts of 2,5, and 6 is consistent our proposal 
exist and it must be assumed that they are not large 
enough to affect the qualitative arguments presented in a direct between the 
this paper. nitro and tetrazole substituents, for Diehl has 
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NOTES 

TABLE I1 
Mass spectral data for the methylated tetrazoles 3 and 4* 

m/e 3 3-15N 4 4-15N 

*Mass spectral data of 3, 4, and the same compounds labelled 
with 47.5% "N in each of the 1- and 4-positions of the tetrazole ring. 
The ion abundances are given relative to  the base peak of 100 for 
3 and 4. For the '5N labelled compounds the parent peak fn!c 161 is 
assigned the same relative abundance as in the unlabelled compound. 

shown (13) that additive behavior occurs only in 
the absence of such interactions. 

Finally we wish to report the observation of 
J l s N - c H ,  = 1.85 c.p.s. in the 15N labelled 
1-methyl-5-phenyltetrazole and J 1 5 N - N -  C H 3  = 
1.7 c.p.s. in the 5N labelled 2-methyl-5-phenyl- 
tetrazole. These values appear to be similar to 
previously recorded three-bond and four-bond 
5N-H coupling constants (14). 

Mass Spectra 

I 
The mass spectral data for the methylated 

, tetrazoles are presented in Tables I1 and 111. In 
addition, the spectra of isotopically labelled 3 and 
4 containing 47.5 % 5N in each of the 1- and 4- 
positions of the tetrazole ring were measured and 
are included in Table 11. Certain striking differ- 
ences can be noted between the fragmentation 
patterns of the 2-methyl and 1-methyl isomers. 
Since we wish to emphasize this aspect, we have 
summarized only the main routes of fragrnenta- 
tion which have been substantiated by either or 

TABLE III 
Mass spectral data for the methylated 

tetrazoles 5 and 6* 

tn/e 5 6 

*Ion abundances are given relative to 
the base peak of 100. 

both metastable peaks and a comparison of 
versus 14N patterns. We have avoided 

1 5 ~  

the 
assignment of definite structures to the inter- 
mediate ions since it is not possible in most cases 
to determine whether they have open o r  cyclic 
structures. The fragmentation patterns are de- 
picted in Scheme 1. The pattern for 2-inethyl-5- 
phenyltetrazole (path A) involves loss of nitrogen 
from the weak molecular ion 160 to give the base 
peak 132 which loses a hydrogen atom forming 
131 which in turn loses HCN to form 104. 

The exact same sequence is followed by 5, the 
p-nitro analogue (i.e. 160 + 45 -> 104 + 45, or 
205 + 149) which also has a base peak at P-28 
or 177. From here on the breakdown of 149 
differs in that NO, is the next fragment lost. 

In contrast, both 1-methyl isomers 4 and 6 give 
more complex spectra involving as the major 
breakdown pattern a loss of CH,N, (or N3) then 
N, (or CH,N) producing 90 and 135 respectively. 
Isomers 4 and 6 also exhibit a relatively minor 
breakdown by the path A outlined above. The 
spectrum of 6 is complicated by loss of NO, from 
163 and NO from 177 as indicated in Scheme 1. 
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Cotnp0111zd 3 - Fragmentation Path A. 

- HCN 
C6H5+ C,H,N+ 

[57.0] 
77 104 

1 
Minor amount 
follows Path A 

Path A - H' - HCN -NO, 

Fragmentation patterns for the mass spectral behavior of compounds 3-6. The numbers in brackets represent 
the positions of metastable peaks. 

In both of the 1 -methyl isomers the base peak is 43 Hitachi - Perkin - Elmer RMU-6D instrument. All 

and the molecular ion is more intense than in the samples were introduced by the instrument's gas inlet 
system. An ionizing voltage of 50 eV was used. The 2-meth~1 These differences boiling and melting points reported herein are uncor- 

certainly provide a reliable method of structural rected. Microanalysis was performed by A. Bernhardt, 
determination of any new N-alkyl-5-aryltetra- Mulheim, Germany. 
zoles. 

In conclusion it can be stated that both n.m.r. 
and mass spectral analysis provide a means of 
distinguishing between 1- and 2-alkyl-5-aryl- 
tetrazoles. In most cases it should be possible to  
make a reliable structural assignment even if only 
one isomer is at  hand. 

Experimental 
All n.m.r. spectra were recorded on a Varian DA-60 

spectrometer. All mass spectra were obtained using a n  

5-Phenyltetrazole 
The procedure of Finnegan, Henry, and Lofquist (1) 

was used to prepare 5-phenyltetrazole in 90% yield, m.p. 
214-215"; lit. m.p. 213-215" (1). 

5-p-Nitrophenyltetrazole 
This compound was prepared by the same procedure in 

96 % yield. The product melted over the range 220-222"; 
lit. m.p. 218-219" (15). 

Methylation of 5-Phenyltetrazole 
Methylation of 5-phenyltetrazole (25 g) by the method 

of Henry (2) gave a mixture of products. Crystallization 
of the crude products from ether-benzene (10:l) gave 
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4.3 g(16%) of I-methyl-5-phenyltetrazole,m.p. 101-103"; 1. W. G. FINNEGAN, R. A. HENRY, and R. LOFTQUIST. 
1 lit. m.p. 101-102" (2). Evaporation of the filtrate and J. Am. Chem. Sot. 80, 3908 (1958). 

recrystallization of the residue from warm petroleum 2. R. A. J. Chem. Sot. 731 4470 (lg51)- 
ether (b.p. 30-60') gave 15.0 g (55%) of 2-methyl-5- 3' ~ 6 ~ ~ ~ ~ ~ N  and W' RuDoLpu. Ber. 74, 

I phenyltetrazole, m.p. 50-51"; lit. m.p. 50-51" (2). 
I 

4. H. G. MARKGRAF, W. T. BUCHMANN, and D. P. 
Methylatiot~ of 5-p-Nitrophenyltetrazole HOLLIS. J. Org. Chem. 30, 3472 (1965). 5. G. B. BARLIN and T. J. BATTERHAM. J. Chem. Soc. Methylation of 7.2 g of 5-p-nitrophenyltetrazole by the B, 516 (1967). 
procedure of Henry (2) gave a crude mixture which was 6. B. M. LYNCH and Y. Y. HUNG. Can. J. Chem. 42, 
separated into ether-soluble and ether-insoluble fractions. 1605 (1964). 
Recrystallization of the ether-soluble fraction from 85 % 7. L. G. TENSMEYER and C. AINSWORTH. J. Org. 
isopropyl alcohol gave 0.42 g (6%) of I-methyl-5-p- Chem. 31, 1878 (1966). 
nitrophenyltetrazole, m.p. 121-123"; lit. m.p. 123-126" 8. 1. CROSSLAND. Acts (3em. Stand. 20, 258 (1966). 
(16). 9. (a) S. CASTELLANO, H. GUNTHER, and S. EBERSOLE. 

Recrystallization of the ether-insoluble fraction from J' Phys' 69J 4166 (b) T. M. SpOTswOOD and C I. TANZER. Australian J. Chem. 20, 1227 85 % isopropyl alcohol gave 6.5 g (88 %) of 2-methyl-5-p- (1967): 
nitrophenyltetrazole, m.p. 171-172". 10. H. GUNTHER and S. CASTELLANO. Ber. Bunsenges. 

Anal. Calcd. for CsH7N502: C, 46.93; H, 3.44; N, Physik. Chem. 70, 913 (1966). 
34.12. Found: C, 47.23; H, 3.74; N, 34.30. 11. H. SPIESECKE and W. G. SCHNEIDER. J. Chem. 

Phys. 35, 731 (1961). 
Preparatiotz of '5N-Labelled Tetrazoles 12. R. E. MAYO and J. H. GOLDSTEIN. Mol. Phys. 10, 

The procedure of Roberts and co-workers (17) was 301 (1966). 
used to prepare benzonitrile-"N from benzoyl chloride 13. P. DIEHL. Helv. Chim. Acta, 44, 829 (1961). 
and NH,Cl-"N (Merck, Sharp and Dohme of Canada, 14. G. BINSCH, J. B. LAMBERT, B. W. ROBERTS, and J. D. 

1 95 %-15N). The benzonitrile-"N was then converted into ROBERTS. J. Am. Chem. Soc. 86, 5564 (1964). 
the methylated tetrazoles by the same procedures used 15. R. M. and J. M. McMANus. J. Or& Chem. 

1 above. 24, 1044 (1959). 16. E. K. HARVILL, R. M. HERBST, C. W. ROBERTS, and 
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Synthesis of 2-amino-2-deoxy-D-allose, 2-amino-2-deoxy-D-altrose, and 
2-deoxy-D-ribo-hexose from 3,4,5,6-tetraacetoxy-D-vibo-1-nitro-1-hexene1 

M. B. PERRY AND JANA FURDOVA: 
Division of Bioscietzces, National Research Cowzcil of Canada, Ottawa, Catrada 

Received April 11, 1968 

3,4,5,6-Tetraacetoxy-D-ribo-I-nitro-I-hex with methanolic ammonia afforded a mixture of 2- 
acetamido-1,2-dideoxy-1-nitro-D-allitol and 2-acetamido-l,2-dideoxy-I-nitro-D-altritol, which were 
converted via the Nef reaction to 2-acetamido-2-deoxy-D-allose and 2-acetamido-2-deoxy-D-altrose. 
2-Amino-2-deoxy-D-allose hydrochloride and 2-amino-2-deoxy-D-altrose hydrochloride were obtained 
from the 2-acetamido-2-deoxy-glycoses. 

Reduction of 3,4,5,6-tetraacetoxy-D-ribo-1-nitro-I-hexene afforded 3,4,5,6-tetra-0-acetyl-1,Zdideoxy- 
1-nitro-D-ribo-hexitol which was converted via the Nef reaction to 2-deoxy-D-ribo-hexose. 

Canadian Journal of Chemistry, 46,2859 (1968) 

2-Amino-2-deoxy-D-allose and 2-amino-2- amido-1,2-dideoxy-I-nitroglycitols which may 
deoxy-D-altrose were prepared in 34 % and 28 % be converted via a modified (2) Nef (3) reac- 
yield respectively from 3,4,5,6-tetraacetoxy-D- tion to the corresponding 2-acetamido-2-deoxy- 
ribo-I-nitro-I-hexene (I) by the general procedure glycoses (4-7). 
in which polyacetoxy-I-nitro-I-alkenes are treat- 2-Amino-2-deoxy-D-allose and 2-amino-2- 
ed with ammonia to yield epimeric 2-acet- deoxy-D-altrose have previously been synthe- 

-- sized from D-ribose in 7 % and 28 % yield 
'Issued as NRCC No. 10180. respectively by the addition of hydrogen cyanide 
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Synthesis of 2-amino-2-deoxy-D-allose, 2-amino-2-deoxy-D-altrose, and 
2-deoxy-D-ribo-hexose from 3,4,5,6-tetraacetoxy-D-vibo-1-nitro-1-hexene1 

M. B. PERRY AND JANA FURDOVA: 
Division of Bioscietzces, National Research Cowzcil of Canada, Ottawa, Catrada 

Received April 11, 1968 

3,4,5,6-Tetraacetoxy-D-ribo-I-nitro-I-hex with methanolic ammonia afforded a mixture of 2- 
acetamido-1,2-dideoxy-1-nitro-D-allitol and 2-acetamido-l,2-dideoxy-I-nitro-D-altritol, which were 
converted via the Nef reaction to 2-acetamido-2-deoxy-D-allose and 2-acetamido-2-deoxy-D-altrose. 
2-Amino-2-deoxy-D-allose hydrochloride and 2-amino-2-deoxy-D-altrose hydrochloride were obtained 
from the 2-acetamido-2-deoxy-glycoses. 

Reduction of 3,4,5,6-tetraacetoxy-D-ribo-1-nitro-I-hexene afforded 3,4,5,6-tetra-0-acetyl-1,Zdideoxy- 
1-nitro-D-ribo-hexitol which was converted via the Nef reaction to 2-deoxy-D-ribo-hexose. 

Canadian Journal of Chemistry, 46,2859 (1968) 

2-Amino-2-deoxy-D-allose and 2-amino-2- amido-1,2-dideoxy-I-nitroglycitols which may 
deoxy-D-altrose were prepared in 34 % and 28 % be converted via a modified (2) Nef (3) reac- 
yield respectively from 3,4,5,6-tetraacetoxy-D- tion to the corresponding 2-acetamido-2-deoxy- 
ribo-I-nitro-I-hexene (I) by the general procedure glycoses (4-7). 
in which polyacetoxy-I-nitro-I-alkenes are treat- 2-Amino-2-deoxy-D-allose and 2-amino-2- 
ed with ammonia to yield epimeric 2-acet- deoxy-D-altrose have previously been synthe- 

-- sized from D-ribose in 7 % and 28 % yield 
'Issued as NRCC No. 10180. respectively by the addition of hydrogen cyanide 
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to a substituted D-ribosylamine, followed by 
hemihydrogenation and subsequent hydrolysis 
of the a-amino nitriles (8). 2-Amino-2-deoxy-D- 
allose has been synthesized from methyl 2- 
acetamido-4,6-0-benzylidene-2-deoxy-a-D- 
glucopyranoside by an inversion at C-3 of its 
3-0-methylsulfonyl derivative (9, lo), from 
the oxazoline derived from 2-benzamido-2- 
deoxy-5,6-0-isopropylidene-D-glucofuranose 
(1 l), and by intramolecular rearrangement of 
D-ribo-hexulosylamine (12). 
3,4,5,6-Tetraacetoxy-D-ribo- 1 -nitro- 1 -hexene 

with saturated methanolic ammonia solution 
gave a mixture of 2-acetamido- l,2-dideoxy- 1 - 
nitro-D-allitol and 2-acetamido- 1,2-dideoxy- 1 - 
nitro-D-altritol which could not be separated by 
fractional crystallization. The mixed 2-acet- 
amido-1,2-dideoxy- 1-nitroglycitols on treatment 
with dilute sulfuric acid afforded a mixture of 
2-acetamido-2-deoxy-D-allose and 2-acetamido- 
2-deoxy-D-altrose, contaminated with a small 
quantity of the corresponding aminoglycoses. 
The product after treatment with aqueous 
acetic anhydride, was shown by paper chromato- 
graphy, to contain only the 2-acetamido-2- 
deoxyglycoses and pure crystalline 2-acetamido- 
2-deoxv-D-allose was obtained from ethanol 
solution of the reaction mixture. The residue 
remaining after the removal of the z-acetamido- 
2-deoxy-D-allose was fractionated by cellulose 
column chromatography to yield chromatog- 
raphically pure 2-acetamido-2-deoxy-D-allose 
and 2-acetamido-2-deoxy-D-altrose. The two 
2-acetamido-2-deoxyglycoses, on hydrolysis with 
hot dilute hydrochloric acid, afforded chromatog- 
raphically pure 2-amino-2-deoxy-D-allose hy- 
drochloride and 2-amino-2-deoxy-D-altrose hy- 
drochloride. The acetamidoglycoses and amino- 
glycoses had chemical and physical properties 
in close agreement with those previously 
recorded for these compounds. This preparative 
procedure gives a simple and direct route to 
the aminoglycoses and should be of practical 
value. 

2-Deoxy-D-ribo-hexose was prepared in 88 % 
yield from 3,4,5,6-tetraacetoxy-D-ribo-1-nitro- 
I-hexene by reduction with hydrogen to give 
3,4,5,6-tetra-0-acetyl-l,2-dideoxy- 1-nitro-D- 
ribo-hexitol which underwent the Nef reaction 
to yield 2-deoxy-D-ribo-hexose. 2-Deoxy-D-ribo- 
hexose has been prepared from methyl 2,3- 
anhydro-4,6-0-benzylidene-a-D-allopyranoside 

(13, 14) which with sodium thiomethoxide gave 
methyl 4,6-0-benzylidene-2-S-methyl-2-thio-a- 
D-altroside which on hydrogenation afforded 
methyl 2-deoxy-a-D-ribo-hexopyranoside. It is 
of interest that 2-deoxy-D-ribo-hexose shows 
inhibition of glycolysis of human leucocytes, 
human leukemic cells, and a number of animal 
tumors (15). 

The method described in this note for the 
synthesis of 2-deoxy-D-ribo-hexose provides a 
practical route to the glycose. The physical and  
chemical properties of the 2-deoxy-D-ribo- 
hexose agree with those recorded by other 
workers and its identification was further 
established by its reduction with sodium 
borohydride to the known crystalline 2-deoxy-D- 
ribo-hexitol. 

Experimental 
Paper chromatography was performed by the descend- 

ing method (16) on Whatman No. 1 filter paper using 
pyridine - ethyi acetate - water (2:5:5 v/v, top layer). The 
glycoses were detected with (a) 2 %  silver nitrate in 
acetone followed by 2% sodium hydroxide in ethanol 
(17), (6) 2%~-anisidine hydrochloride in ethanol (18), or 
(c) 0.02 M aqueous sodium metaperiodate followed by 
ethylene glycol - acetone - sulfuric acid (50:50:0.3 v/v) 
and 6 %  aqueous sodium 2-thiobarbiturate (19). The 
rates of movement of the glycoses on the chromato- 
grams are quoted relative to Dlgalactose (R,,,). 

Gas-liquid partitian chromatography was carried out 
using a Hewlett-Packard model 402 chro~natograph 
with a hydrogen flame detector and fitted with glass U 
tubes (4 ft x 6 mm x 3 nlm internal diameter) packed 
with 10% neopentylglycol sebacate polyester on 8C100 
mesh acid washed Chromosorb W, maintained at 210'. 
Dry helium was used as the carrier gas and retention 
times of the compounds are quoted relative to 2- 
acetamido-2-deoxy-l,3,4,5,6-penta-0-(trin1etl~ylsilyl)-~- 
glucitol ( T G N ) .  

Melting points were determined on a Fisher-Johns 
apparatus and are corrected. Solutions were concentrated 
under reduced pressure below 40". Optical rotations were 
determined at 20' using a Perkin-Elmer 141 polarimeter. 

2-Amino-2-deoxy-D-allose and 2-Arnir10-2-deoxy-~-nftrose 
A solution of 3,4,5,6-tetraacetoxy-D-ribo-1-nitro-1- 

hexene (18.5 g) in absolute methanol (1 60 ml) cooled to Oo 
was saturated with dry ammonia gas (about 1 h) and the 
mixture was then allowed to stand at room temperature 
for 18 h. The reaction mixture was concentrated to a 
syrup which was triturated with warm chloroform 
solution (3 x 100 ml) to remove acetamide. The residual 
syrup (12 g) was then dissolved in a solution of Ba(OH),- 
.8H20 (14.6 g) in water (220 ml) and this solution was 
added dropwise with vigorous stirring to a cold mixture of 
sulfuric acid (12.5 ml) and water (100 ml). After stirring at  
10" for 2 h the mixture was left at 20" for 18 h. The 
solution was neutralized with barium carbonate and the 
filtered solution after concentration to about 100 ml was 
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, treated with Dowex-I(C0,') ion-exchange resin (30 ml), The trimethylsilylated crystalline 2-acetamido-2-deoxy- 
I methanol (15 ml), and acetic anhydride (0.5 ml); the D-allose on gas chromatography gave a single peak 
I mixture was then shaken at room temperature for 30 min. (TGN 1.32) and the trimethylsilylated glycose equilibrate 
I The filtered solution was concentrated to a syrup (10 g) in water showed four peaks having TGN 0.92(9.5 %), 1.32 

and paper chromatographic examination of the product (54%), 1.38 (30x1, and 1.64 (7%). 
showed two spots ha&; RGa1 1.58 and 1.84 in the visual 
ratio of 2:1, which corresponded in rates of nlovement 
with authentic 2-acetamido-2-deoxy-D-allose and 2- 
acetanlido-2-deoxy-D-altrose respectively. 

The syrup was dissolved in hot ethanol (50 ml) and, on 
cooling to 5", crystalline 2-acetamido-2-deoxy-D-allose 
(3.08 g) was obtained and the concentrated mother 
liquor, which failed to  yield further crystalline material, 
was shown by paper chromatography to contain 2- 
acetamido-2-deoxyallose and 2-acetamido-2-deoxyaltrose. 
This mixture was fractionated on a cellulose column 
(4.5 x 70 cm) using butan-1-01 half-saturated with water 
as the mobile phase. 2-Acetamido-2-deoxy-D-altrose 
(3.5 g) was eluted first and was followed by the 2- 
acetamido-2-deoxy-D-allose (1.1 g). 

2-Acetnrirido-2-deoxy-D-ahrose 
The product obtained from the cellulose column gave 

crystalline 2-acetamido-2-deoxy-D-altrose from its solu- 
tion in ethanol and after one recrystallization from ethanol 
the glycose (3 g) showed a single spot on paper chromato- 
grams (R,,, 1.84) and had m.p. 99-100° and [a], -2.4" 
-> +5" (c, 1 in water) (lit. m.p. 95-97" and [alD -2.7" 
-> +4.g0(8)). 

Anal. Calcd. for C8H1506N: C, 43.43; H, 6.84; N, 
6.33. Found: C,43.4; H,  6.9; N, 6.3. 

The fully trirnethylsilylated crystalline 2-acetamido-2- 
deoxy-D-altrose on gas-liquid partition chromatography 
gave a single peak having TGN 0.76 and the glycose after 
equilibration in water gave trimethylsilylated derivatives 
having TGN 0.76 (34 %), 1.30 (25 %), and 1.44 (41 %). 

2-Amirio-2-deoxy-D-nllose Hydrochloride 
2-Acetamido-2-deoxy-~-allose (0.3 g) was hydrolyzed 

with 2 N hydrochloric acid in the way described for the 
preparation of 2-amino-2-deoxy-D-altrose hydrochloride 
to yield 2-amino-2-deoxy-D-allose hydrochloride (0.25 g) 
as an amorphous powder. This gave a single spot on 
paper chromatography (R,,I 0.39) and had [a], $16.6" 
(c, 0.5 in water) (lit. [aID + 17" (8), +29" (9), + 17" (11)). 

2- Deoxy-D-ribo-llexose 
3,4,5,6-Tetraacetoxy-D-ribo-1-nitro-1-hex (10 g) in 

ethanol (400 ml), was shaken with hydrogen a t  room 
temperature and pressure in the presence of palladium 
black (0.6 g). One mole equivalent of hydrogen was 
absorbed in 20 min, and the rate of reduction then 
became very slow. At this point the mixture was filtered 
and the filtrate was concentrated to a syrup (9.9 g). The 
3,4,5,6-tetra-0-acetyl-1 ,2-dideoxy-1-nitro-D-ribo-hexi to1 
which could not be induced to  crystallize had [a], -7.2" 
(c, 7 in chloroform). 

Anal. Calcd. for C14H21010N: C, 46.28; H, 5.83; N, 
3.86. Found: C, 46.37; H, 5.9; N, 3.8. 

3,4,5,6-Tetra-0-acetyl-1 ,2-dideoxy-1-nitro-D-ribo- 
hexitol (9 g) was dissolved at  40" in N sodium hydroxide 
solution (135 ml) and the mixture, after being kept at  20° 
for 1 h , was added dropwise to  a cooled, stirred solution 
of concentrated sulfuric acid (18.9 ml) in water (27 ml). 
The reaction mixture was adjusted in the cold t o  pH 5.5 
by the addition of saturated barium hydroxide solution 
and then finally neutralized by the addition of barium 
carbonate. After centrifugation and atration the solution 
was treated with acetic acid (1 ml) and then passed d o i n  

2-Alr1irto-2-deosy-~-a~lrose Hydrochloride columns of Rexyn 101(H+) (150 ml) and Rexyn 
2-Acetamido-2-deox~-~-altrose (0.3 g) in 2 N hydro- RG6(0H-)  (30 ml) ion-exchange resins, and the eluate 

chloric acid (10 ml) was heated on a boiling water bath and washing were concentrated to a syrup (4.3 g). ~h~ 
I for 2 h and after treatment with charcoal, the filtered syrup was dissolved in hot ethanol and on cooling the 

solution was a syrup. This was then solution 2-deoxy-~-ribo-hexose (4.0 g) having 
co-distilled with ethanol and benzene to  yield an  amor- m.p. 1380 was obtained which after three recrystalliza- 
~ h o u s  product (0.26 g) was dried under vacuum tions from ethanol had m,p. 138-139' (lit. m.p. 135-1360 
over phosphorus pentoxide. The 2-amino-2-deoxy-D- (20)) and [all, +50" -> +55.2" (c, 0.5 in water) (lit. 
altrose hydrochloride, which gave a single spot on paper [a10 + 58" (20)). ch romatogra~h~ ,  (RG,, 0.47) had [UID - 17.3" (c, 2.2 in Anal. calcd. for c ~ H , ~ o ~ :  C, 43.90; H, 7.37. ~ ~ ~ ~ d :  
water ) (lit. [aID -14" (8)). C. 43.8: H. 7.4. 

2-Acetnrrzido-2-deoxy-D-allose 
The 2-acetamido-2-deoxy-D-allose fraction obtained 

from the cellulose column gave crystalline 2-acetamido-2- 
deoxy-D-allose (0.9 g) from ethanol and had m.p. 200' 

, undepressed on admixture with the 2-acetamido-2- 
deoxy-D-allose obtained before preparative chromatog- I raphy, and the two fractions were combined (4.4 g). Two ' recrystallizations from ethanol afforded pure 2-acetamido- 
2-deoxy-D-allose (3.8 g) which gave a single spot (RGal 1 1.58) on paper chromatography and had m.p. 207' 

I (lit. m.p. 197" (8), 201-203" (9). 207-208" (11)) and [a], 
-88" -> -55" (c, 0.2 in water) (lit. [a], -53" (8), 
- 48" (9), - 47" (1 1)). 

1 Anal. Calcd. for C8Hl,06N: C ,  43.43; H,  6.84; N, 
I 6.33. Found: C, 43.2; H, 6.9; N, 6.3. 

' on  paper chromatography the 2-deoxy-D-ribo-hexose 
had R,,, 3.02 and gave a characteristic red spot with the 
periodate-thiobarbiturate spray reagents (19). 

2-Deoxy-D-ribo-liexirol 
2-Deoxy-D-ribo-hexose (120 mg) in water (5 ml) was 

reduced by the addition of sodium borohydride (50 mg) 
and after 2 h the excess borohydride was destroyed by 
acidification with acetic acid. The  reaction mixture was 
passed down a column of Rexyn 101(H+) ion-exchange 
resin (10 ml) and the eluate and washings after concentra- 
tion to dryness were distilled with absolute methanol 
(5 x 20 ml) to  remove boric acid and the residue was 
dissolved in hot ethanol (ca. 2 ml). Crystalline 2-deoxy-D- 
ribo-hexitol (95 mg) was obtained from the cooled 
ethanol solution and after two further recrystallizations 
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from ethanol it had m.p. 90" and [ah - 19" (c, 0.8 in 7.  J. C. SOWDEN and M. L. OFTEDAHL. J. Org. Chem. 
methanol) (lit. m.p. 90-91" and [a], -19" (c, 2 in 26, 2153 (1961). 
methanol) (20)). 8. R. KUHN and H. FISCHER. Ann. 617, 88 (1958). 

9. R. W. JEANLOZ. J. Am. Chem. Soc. 79,2591 (1957). Anal. Calcd. for C s H ~ 0 5 :  C, 43.37; H, 8.49. Found: 10. R . ~ .  J ~ ~ ~ ~ ~ ~ .  ~ ~ ~ h ~ d ~ i ~  carbohydratechemistry. 
C, 43.4; H, 8.5. Vol. 1. Academic Press, New York. 1962. D. 213. 

11. R. GIGG and C. D. WARREN. J. Chem. SOC. 1351 

Acknowledgment 

We thank Mr. A. E. Castagne for the micro- 
analyses. 

1. J. C. SOWDEN and H. 0. L. FISCHER. J. Am. Chem. 
SOC. 69. 1048 (1947). -. -. -~ 

2. C. SATAH  and^. KIYOMOTO. Chem. Pharm. Bull. 
(Tokyo), 12, 615 (1964). 

3. J. U. NEF. Ann. 280, 263 (1894). 
4. A. N. O'NEILL. Can. J. Chem. 37, 1747 (1959). 
5. J. C. SOWDEN and M. L. OFTEDAHL. J. Am.  hem. 

SOC. 82, 2303 (1960). 
6. S. D. GERO and J. DEFAYE. Compt. Rend. Acad. 

Sci. (Paris). 261, 1555 (1965). 

- - - -  

(1965). 
K. HEYNS, H. PAULSEN, R. EICHSTEDT, and M. 
ROLLE. Chem. Ber. 90, 2039 (1957). 
R. W. JEANLOZ, D. A. PRINS, and T. REICHSTEIN. 
Experientia, 1, 336 (1945). 
R. W. JEANLOZ, D. A. PRINS, and T. REICHSTEIN. 
Helv. Chim. Acta, 29, 371 (1946). 
J. LASZLO, B. LANDAU, K. WIGHT, and D. BURK. 
J .  Natl. Cancer Inst. 21, 475 (1958). 
S. M .  PARTRIDGE. Biochem. J. 42, 238 (1948). 
W. E. TREVELYAN, D. P. PROCTER, and J. S. HARRISON. 
Nature, 166, 444 (1950). 
L. HOUGH, J. K. N. JONES, and W. H. WADMAN. J. 
Chem. Soc. 1702 (1950). 
L. WARREN. Nature, 186, 237 (1960). 
M. GUT and D. A. PRINS. Helv. Chin>. Acta, 30, 
1223 (1947). 

Mass-spectral rearrangements of acyloxysilanes and -germanes 

A. G. BROOK, A. G. HARRISON, AND PETER F. JONES' 
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Received March 19, 1968 

The mass spectra of some acyloxytriphenylmethanes, -silanes, and -germanes have been studied. 
The latter two classes show unusual fragmentation-rearrangement processes. 

Canadian Journal of Chemistry, 46, 2862 (1968) 

During the course of some investigations into 
the Baeyer-Villiger oxidation of acylsilanes it 
became necessary to obtain the mass spectrum of 
benzoyloxytriphenylsilane (triphenylsilyl benz- 
oate), la .  The major ion (nzle 303), formed by loss 

0 R (a) R = H 

P h 3 S i - O - ; e  - (b) (c)  R R = = p-I-Bu m-C1 

of a phenyl group from the parent ion (mle 380), 
further lost carbon dioxide to give the Ph3Si@ ion 
(mle 259) as confirmed by a metastable peak a t  
mle 221.4 for the transition 303 -+ 259. 

Since this behavior differs markedly from that 
normally found for esters (I) we have extended 

'Dow-Corning Fellow in Chemistry, 1967-1968. 

our investigation to the substituted benzoyloxy 
compounds l b  and lc, in order to identify the 
phenyl group initially lost. Neither compound 
showed a peak for loss of substituted-phenyl, the 
base peak for both being the (M -77) ion which 
subsequently lost CO,. A metastable peak was 
observed for the loss of CO, in Ic. Thus the 
fragmentation path must involve loss of a phenyl 
group from silicon followed by migration of an  
aryl group to  the positive silicon center, accom- 
panied by loss of carbon dioxide. 

For all these compounds the peak intensities 
for both the molecule-ions (<3%) and for 

0 

ph3si (<5%) were low. Major peaks for the 
compounds are shown in Table I. A similar re- 
arrangement has been reported (2) for trimethyl- 
silyl esters. 

Migration to silicon is not limited to aryl 
groups as is shown by the mass spectrum of the 
acetoxy compound 2a for which the following 
pathway is the major process, (M - 77) being the 
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Mass-spectral rearrangements of acyloxysilanes and -germanes 

A. G. BROOK, A. G. HARRISON, AND PETER F. JONES' 
Department of Ct~etnistry, University of Toronto, Toronto 5, Ontario 

Received March 19, 1968 

The mass spectra of some acyloxytriphenylmethanes, -silanes, and -germanes have been studied. 
The latter two classes show unusual fragmentation-rearrangement processes. 

Canadian Journal of Chemistry, 46, 2862 (1968) 

During the course of some investigations into 
the Baeyer-Villiger oxidation of acylsilanes it 
became necessary to obtain the mass spectrum of 
benzoyloxytriphenylsilane (triphenylsilyl benz- 
oate), la .  The major ion (nzle 303), formed by loss 

0 R (a) R = H 

P h 3 S i - O - ; e  - (b) (c)  R R = = p-I-Bu m-C1 

of a phenyl group from the parent ion (mle 380), 
further lost carbon dioxide to give the Ph3Si@ ion 
(mle 259) as confirmed by a metastable peak a t  
mle 221.4 for the transition 303 -+ 259. 

Since this behavior differs markedly from that 
normally found for esters (I) we have extended 

'Dow-Corning Fellow in Chemistry, 1967-1968. 

our investigation to the substituted benzoyloxy 
compounds l b  and lc, in order to identify the 
phenyl group initially lost. Neither compound 
showed a peak for loss of substituted-phenyl, the 
base peak for both being the (M -77) ion which 
subsequently lost CO,. A metastable peak was 
observed for the loss of CO, in Ic. Thus the 
fragmentation path must involve loss of a phenyl 
group from silicon followed by migration of an  
aryl group to  the positive silicon center, accom- 
panied by loss of carbon dioxide. 

For all these compounds the peak intensities 
for both the molecule-ions (<3%) and for 

0 

ph3si (<5%) were low. Major peaks for the 
compounds are shown in Table I. A similar re- 
arrangement has been reported (2) for trimethyl- 
silyl esters. 

Migration to silicon is not limited to aryl 
groups as is shown by the mass spectrum of the 
acetoxy compound 2a for which the following 
pathway is the major process, (M - 77) being the 
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NOTES 

TABLE I conjugation with the ester carbonyl group (3). 
Relative peak intensities based on the most abundant ion Table 11 gives details of important ions. 

(taken as 100%) 

TABLE I1 
Relative peak intensities based on the most abundant ion 

(taken as 100%) 
Ester M - 77 

l a  100 10.0 6 b 
l b  100 

Ester M - 77 Ph,SiR M - 44 Ph3Si 
11.8 

l c  100 10.2 2a 100 8.35 - 2.60 
26 30.0 - 7.74 

- 
100 

2c 0.81 3.36 100 
major ion. However, phenyl substitution in the - 

0 (a) R = CH3 
II 

Ph3SiOCR (b) R = CHzPh 
2 (c) R = CHPh2 

acetoxy group markedly reduces the extent of the 
above process, the (M - 77) ions amounting to 
30% and 0.8 1% respectively of the base peak in 2b 
and 2c, while in neither case is loss of CO, from 
the (M - 77) ion observed. Direct loss of CO, 
from the molecular ion is observed in both the 
latter compounds, confirmed by a metastable ion 
at mle 311 in the case of 2b for the transition 
Ph3SiOCOCH2Ph (394) -> Ph3SiCH2Ph (350). 
Both compounds have Ph3SiQ as the base peak, 
which may arise from the (M - 44) fragment, 
rather than directly from the parent ion, although 
no metastable peaks could be observed to support 
either pathway. Benzhydryltriphenylsilane, 
Ph3SiCHPh2, similarly shows Ph3Si0 as the 
major ion.' Although loss of CO, from the parent 
ion is not limited to acyloxysilanes, the process 
has been reported to be most common in those 
esters in which an unsaturated system is in 

'A. G. Brook and J. M. Duff. Unpublished studies. 

In order to determine whether the rearrange- 
ment found in acyloxysilanes is unique t o  silicon, 
or general for the Ph3MOCOR system, we have 
examined the analogous benzoyloxygermanes in 
addition to  checking the behavior of the corre- 
sponding carbon compounds. Neither of the two 
representative carbon esters 3a or 3b showed any 
evidence for loss of phenyl nor did 3a show the 

m 
P~,CCH, peak expected from the rearrange- 
ment. As shown in Table 111 Ph3C00 is the base 
peak in both cases, with large intensities being 
observed for the Ph3CQ ion. 

0 
11 (a) R = CH3 

Ph3COCR 
3 (b) R = Ph 

TABLE 111 
Relative peak intensities based on the most abundant ion 

(taken as 100%) 

6 8 Q 
Ester Ph3C0 Ph3C RCO 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE IV 
Relative peak intensities based on the most abundant ion (taken as 100%) 

Ester M - 77 ph2EeR ph3ce @ ~h,g+R/(M-77) - 

Unlike the carbon esters, benzoyloxygermanes 
undergo the same rearrangement as their silicon 
analogues. Each of the benzoates 4a-4d shows 

n (a) R = H 

4 (d) R = CH3 

successive loss of 77 and 44 mass units. In each 
case a metastable ion was obtained for the loss 
of CO,. 

In contrast to the triphenylsilyl compounds the 
triphenylgermyl compounds also show large 
peaks for the Ph,GeB ion presumably formed by 
direct fissioil of the molecule-ion. Table IV lists 
the important ions. As in the benzoyloxytri- 
methylsilailes (2),  aryl group migration is retarded 
by electron-withdrawing substituents, as shown 

by the smaller PhzGe 

found for the p-Br or p-NO, compounds. 
Thus both the triphenylsilyl and triphenyl 

germyl compounds show unusual fragmentation- 
rearrangement processes which are unknown in 
carbon chemistry. Further studies on this and 
other organometallic systems are in progress. 

Experimental 
Mass spectra were run on an AEI MS-902 mass 

spectron~eter at 70 V electron energy and a source 
temperature of ca. 150 "C. Samples were introduced 
through the direct probe system. All intensities for silicon- 
containing ions refer to the "Si isotope (92.3% abun- 
dance), while those containing germanium refer to the 
74Ge isotope (36.6% abundance). C1- and Br-containing 
ions refer respectively to 35C1 and 79Br. 
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NOTES 

Temperature dependence of chemical shifts of protons in hydrogen bonds. 
Experimental evidence on an intramolecular hydrogen bond 

T. SCHAEFER AND G. KOTOWYCZ' 
Clremistry Deportment, U~ziversity of Manitoba, Winnipeg, Morzitoba 

Received April 8, 1968 

A temperature dependence of the chemical shift of the hydroxyl proton in the strong intramolecular 
hydrogen bond in 3,5-dichlorosalicylaldehyde is observed in carbon tetrachloride and benzene-& 
solutions. Its magnitude of 0.25 to 0.30 x p.p.rn. per "C over a range of 100 "C is in agreement 
with the model described by Muller and Reiter (1). 

Canadian Journal of Chemistry, 46, 2865 (1968) 

Calculations by Muller and Reiter (1) predict a 
tem~erature de~endence of the chemical shift of 
a proton in a hydrogen bond. The variation in 
shift arises from the anharmonicity of the low- 
frequency stretching vibration of X-H . . . Y. 
As the temperature increases the H . . . Y distance 
increases due to increased populations of the 
excited vibrational levels. Therefore the electric 
field exerted by Y at H decreases, leading to an 
upfield shift of from 0.2 to 0.8 x p.p.m. per 
OC (1-4). 

  he temperature dependent shifts are observed 
and calculated to be linear to within about 0.04 
p.p.m. over a 100 "C range. The predicted 
tem~erature de~endence decreases as the dis- 
sociation energy of the hydrogen bond increases. 
Intermolecular hydrogen bonds commonly have 
heats of formation of about 6 kcal/mole (5). 

The intramolecular hydrogen bond in 3,5-di- 
chlorosalicylaldehyde is very stable. The free 
energy of activation for proton exchange in 
carboil tetrachloride solution is greater than 22 
kcal/mole and lies between 19 and 20 kcal/mole 
at various concentrations in benzene (6).2 The 
mean lifetime before exchange of the hydroxyl 
protons is at least 0.2 s at 100 "C in carbon 
tetrachloride; the lowest value is 0.02 s at 100 "C 
in a 10 mole % benzene solution. These lifetimes 

'Present address: Lawrence Radiation Laboratory, 
Berkeley, California. 

'The free energy of activation was obtained by applying 
the method of Takeda and Stejskal (7) to  the relative 
heights of the 4- and 6-proton resonance peaks. Proton 4 
is coupled to  the hydroxyl proton by 0.55 k0.03 c.p.s. 
and this coupling shows an apparent decrease as  the 
temperature increases. The mean lifetime before exchange 
is concentration dependent in benzene solution, implying 
a n  intermolecular proton exchange mechanism. A bi- 
molecular rate constant of 16.8 4.8 (r.m.s.) liters mole-' 
s-I  is found at  80 OC. Entropies of activation are - 18 
k 6  e.u. and heats of activation are 12 +2 kcal/mole 
at  80 "C. 

must be a t  least an order of magnitude greater 
(probably much more) than those of typical 
strong intermolecular hydrogen bonds. The 
observed temperature dependence of the hydroxyl 
Droton shift in carbon tetrachloride and benzene 
is therefore assumed to  be due mainly to the 
mechanism elaborated by Muller and Reiter (I), 
modified by possible solvent effects (8). The 
observed temperature dependence is also expected 
to lie near the lower limit of 0.2 x lo-' p.p.m. 
per "C calculated by Muller and Reiter (1). 

In Fig. 1, the proton resonance spectrum of 
3,5-dichlorosalicylaldehyde displays the stereo- 
specific coupling (0.6 c.p.s.) between proton 4 and 

OH CHO 

CI  

FIG. 1 .  The proton resonance spectrum of a degassed, 
5 mole % solution of 3,5-dichlorosalicylaldehyde in 
benzene-d, at  30 "C. The shifts are in p.p.m. t o  low-field 
of internal tetramethylsilane. J,,,,,,H*H = 2.54 k 0.03 
c.p.s., J(0H-H,) = 0.56 + 0.02 c.p.s. (HB = proton 
4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

FIG. 2. The hydroxyl proton shift in p.p.m. to low-field of internal tetramethylsilane is plotted versus temperature 
in degrees centigrade for 3,5-dichlorosalicylaldehyde in carbon tetrachloride and benzene-d6 solutions. The low- 
temperature points for the carbon tetrachloride solution are considered to b e  less reliable than the  high-temperature 
points because the saturated solution, prepared at 26 "C and separated from the solid by decanting, may have changed 
a little in concentration at the low temperatures. 

the hydroxyl proton (9, 10). In Tables I, 11, and 
I11 the hydroxyl proton shift in various solvents 
at 30 "C and at various concentrations in 
benzene-d6 is given. The temperature dependence 
of the hydroxyl proton shift in benzene-& and 
carbon tetrachloride is also shown. In Fig. 2, the 
hydroxyl proton shift is plotted as a function of 
temperature over a range of 100 "C. The plots are 
linear to within experimental error.3 

The temperature dependence of the shift in 
carbon tetrachloride is 0.27 x p.p.m. per 
"C. In contrast, it is 0.015 x l op2  p.p.m. per "C 
for the aldehyde proton and is 0.028 x lop2  
p.p.m. per "C for proton 4 (6). At 114 "C, the 
collapse of the spill multiplet is not yet complete. 
-- 

3There may be a 1-2 "C disagreement in the tempera- 
ture at high and low temperatures because two different 
calibration procedures were used-see Experimental. 

These results are taken as a confirmation of the 
model of Muller and Reiter (1). Association 
shifts must indeed be corrected for an intrinsic 
temperature dependence of the proton shielding 
in the hydrogen bond and the correction will 
increase as the strength of the bond decreases. 

It may be noted that the solvent effect on the 
hydroxyl proton shift is much smaller than on  
the other protons in 3,5-dichlorosalicylaldehyde 
(6).4 The largest solvent shift is observed in 
benzene solution and amounts to 0.15 p.p.m. (at 
2.5 mole % a t  30 "C). It is a low-jeM shift as 
predicted by the association model of Connolly 
and McCrindle (1 1, 12), confirming the presence 

4Thus, in acetone the hydroxyl proton resonance shifts 
to low-field (relative to its position in cyclohexane) by 
0.08 p.p.m. but the aldehyde proton undergoes a low- 
field shift of 0.32 p.p.m. This is a typical comparison (6) .  
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NOTES 2867 

TABLE I TABLE I1 

Temperature and concentration dependence of the Temperature dependence of the hydroxyl proton 
hydroxyl proton chemical shift of chemical shift of 3,s-dichlorosalicylaldehyde 

3,s-dichlorosalicylaldehyde 

Concentration in Temperature Shift 
Concentration in Temperature? Shift$ carbon tetrachloride PC)* (P.P.~.)? 

benzene-d6* - ("C) (P .P .~ . )  
Saturated, 1 5  mole % 13.7 11.284 

I 9.3 11.505 30.0 11.249 
30.0 11.436 82.5 11 .lo3 

2.5 8.5 11.495 89.0 11.084 
30.0 11.427 97.8 11.057 
74.3 11.251 106.8 11.027 
83.3 11.214 114.0 11.005 
95.0 11.171 'Relative accuracy estimated at 0.5 "C; absolute accuracy at 1-2OC. 
104.8 11 122 tIn p.p.m. t o  low-field of  internal TMS with a precision of  0.005 
116.0 11 : 071 P.P.m. or better in most instances. 

5 17.8 11.448 
29.0 11.413 carbon tetrachloride solution yields 0.26 x 
58.0 11.305 p.p.m. per "C as the corrected value. A somewhat 
68.6 11 262 
76.8 11 :227 larger value in benzene for the intrinsic tempera- 
81.5 11.208 ture dependence of the hydrogen bond proton 
88.0 ll.186 shift6 is conceivable because benzene affects the 
96.5 1 1  149 
106.3 11: 106 rate of proton exchange (6), suggesting a more 
111.7 11.083 strongly interacting solvent cage than in carbon 

10 9.3 11.467 tetrachloride solution. Drago (13) has shown that 
30.0 11.389 benzene is not an inert solvent when used as a 
45.0 
56.3 :f medium for the study of heats of formation of 
64.8 11.260 donor-acceptor complexes. A 10 % change in 
84.7 
94.7 

11.1g4 anharmonicity and/or bond length of the hydro- 
- l 1  gen bond due to change in solvent character 

'In mole %. 
?Relative accuracy estimated at 0.5 "C; absolute accuracy at 1-2 OC. from relatively inert to moderately interacting is 
$In p.p.m. to low-field o f  internal TMS with a precision o f  0.005 possible. p.p.m. or better in most instances. 

A referee has emphasized that the model of 
of hydrogen bonding to the carbonyl group and Mullerand Reiterassumes alow-frequency, asYm- 
not to the chlorine atom.5 Now, the ratio of the metric, stretching vibration of the X-H . . . Y 
,-hange in shift with temperature to the associa- bond. The question arises whether this holds for a 
tion shift at  30 "C (relative to cyclohexane solu- strong intramolecular hydrogel1 bond, where X 
tion) is 0.35 + 0.02 for each of the other protons and Y are connected by a chain of bonds. Far- 
in 5 mole % benzene-& (6). Hence 0.15 x 0.35 = infrared work (14) shows that the stretching 
0.05 p.p.m. is a reasonable correction to apply frequencies of the intramolecular hydrogen bonds 
(for association changes) to the observed tern- in O-chlorophenol and O - i ~ i t r ~ p h e i ~ ~ l  are 84 cm-' 
perature dependence ofthe hydroxyl proton shift. and 95 cm-', respectively- These frequencies are 
Therefore temperature dependence of the a little lower than those of the intermolecular 
hydrogen bonded proton in benzene solution is hydrogen bondsin, say, m-chloro~henol. Further- 
about 0.31 x lop2  p.p.m. per "C. A similar more they are asymmetric. The available evidence 
correction for the temperature dependence in therefore is consistent with the model, even 

-- though there is no far-infrared data on 3,5- 
5The aldehyde proton resonance line-width did not dichlOrOsalic~laldeh~de. 

change at any temperature, confirming the absence of a - 
tautomeric proton transfer to the carbonyl oxygen. The 
line-width of the resonance of proton 6 remained constant 6The upfield hydroxyl proton shift of 0.024 p.p.m. at 
to within 0.02 c.p.s., showing at  most a decrease with 30 "C in going from 5 to 10 mole % in benzene is taken 
increase in temperature. This strongly indicates the as a change in solvent effect and not due to a dimer- 
absence of hydrogen bonding to chlorine. In  the presence monomer equilibrium. A 40-fold increase in concentration 
of such bonding the stereospecific coupling between from 0.25 t o  10 mole % changed the C=O stretching 
proton 6 and the hydroxyl proton should have caused at frequency by less than 1 cm-'  from its value of 1671 
least some broadening of the resonance peaks of proton 6. cm- '. 
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TABLE I11 

Solvent dependence of the hydroxyl proton chemical 
shift of 3,5-dichlorosalicylaldehyde* 

Concentration Shift 
Solvent (mole %) (p.p.m.1.t 

Cyclohexane <2.5f  11.283 
Benzene 5 .0  11.410 
Perfluorobenzene < s f  11.264 
Carbondisulfide < 5f 11.234 
Chloroform-dl 5 . 0  11.333 
Methylene chloride 5 .O 11.336 
Acetone 5 .0  11.363 
Acetonitrile < 5f 11.271 

'Temperature: 30 'C. 
?In p.p.m. to low-field of internal TMS with a precision of 0.005 

p.p.m. or better in most instances. 
paturated solutions. 

Experimental 
3,5-Dichlorosalicylaldehyde from Aldrich Chemical 

Company was used as received and recrystallized from 
carbon tetrachloride, acetone, and ether. Carbon tetra- 
chloride was redistilled and passed through Linde 
molecular sieve (4A). Acetone was refluxed with potas- 
sium permanganate, distilled, dried over calcium chloride, 
and redistilled. It was kept over alumina. Solutions in 
acetone were prepared on a vacuum line, in a dry box, o r  
in air, with or without internal tetramethylsilane. The 
proton chemical shift did not differ by more than 0.01 
p.p.m. in any of the solutions though in one, with which 
the least precaution had been taken, there was a coupling 
observable between the hydroxyl and the ring proton. 
Because of the small effects these precautions had on the 
measured hydroxyl proton shift, less stringent precautions 
were taken with the other solutions. They were all 
degassed. 

The ring proton assignments were confirmed by use of 
mixed solvents of acetonexarbon disulfide and perfluoro- 
benzene - carbon disulfide. This was necessary because 
the ring proton shifts interchange in some solvents. 

Measurements were made on a DA-60-1 Varian 
spectrometer using the frequency sweep mode and cali- 

brations were done by period counting, using tetra- 
methylsilane as the internal reference. The shift positions 
are thought to  be accurate to 0.005 p.p.m. in most 
instances. Sample temperatures were calibrated using the 
Varian methanol and ethylene glycol samples. The former 
were used at  low and the latter at  high temperatures. 
Although the absolute temperatures may be in error by 
2 "C the relative temperatures appear to be accurate t o  
0.5 "C. 

Infrared spectra were obtained on a Perkin-Elmer 337 
grating spectrophotometer. A 0.025 mm cell was used 
and indene line positions served t o  calibrate the carboxyl 
stretching frequencies. 
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Synthesis of branched-chain sugars by the Wittig reaction 

ALEX ROSENTHAL AND P. CATSOULACOS 
Department of Chemistry, University of British Cohtnzbia, Vancouver, British Cohunbia 

Received March 25, 1968 

The Wittig reaction has been extended to yield a 2,3-dideoxy branched-chain sugar from 2-deoxy-3- 
ketose 3. Improvements in the procedures for the preparation of ketose (3) are also described. 
Canadian Journal of Chemistry, 46, 2868 (1968) 

Renewed interest in the chemistry of the reagents or diazomethane with ketoses (3, 4), 
branched-chain sugars has arisen partly because or the scission of carbohydrate epoxides with 
of their presence in some recently discovered organometallic reagents (5). In addition, the 
antibiotics (1-3). Most synthetic work in this epoxides have been cleaved with diethyl malonate 
field has involved the condensation of Grignard carbanion (6). Application of the 0x0 reaction t o  
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TABLE I11 

Solvent dependence of the hydroxyl proton chemical 
shift of 3,5-dichlorosalicylaldehyde* 

Concentration Shift 
Solvent (mole %) (p.p.m.1.t 

Cyclohexane <2.5f  11.283 
Benzene 5 .0  11.410 
Perfluorobenzene < s f  11.264 
Carbondisulfide < 5f 11.234 
Chloroform-dl 5 . 0  11.333 
Methylene chloride 5 .O 11.336 
Acetone 5 .0  11.363 
Acetonitrile < 5f 11.271 

'Temperature: 30 'C. 
?In p.p.m. to low-field of internal TMS with a precision of 0.005 

p.p.m. or better in most instances. 
paturated solutions. 

Experimental 
3,5-Dichlorosalicylaldehyde from Aldrich Chemical 

Company was used as received and recrystallized from 
carbon tetrachloride, acetone, and ether. Carbon tetra- 
chloride was redistilled and passed through Linde 
molecular sieve (4A). Acetone was refluxed with potas- 
sium permanganate, distilled, dried over calcium chloride, 
and redistilled. It was kept over alumina. Solutions in 
acetone were prepared on a vacuum line, in a dry box, o r  
in air, with or without internal tetramethylsilane. The 
proton chemical shift did not differ by more than 0.01 
p.p.m. in any of the solutions though in one, with which 
the least precaution had been taken, there was a coupling 
observable between the hydroxyl and the ring proton. 
Because of the small effects these precautions had on the 
measured hydroxyl proton shift, less stringent precautions 
were taken with the other solutions. They were all 
degassed. 

The ring proton assignments were confirmed by use of 
mixed solvents of acetonexarbon disulfide and perfluoro- 
benzene - carbon disulfide. This was necessary because 
the ring proton shifts interchange in some solvents. 

Measurements were made on a DA-60-1 Varian 
spectrometer using the frequency sweep mode and cali- 

brations were done by period counting, using tetra- 
methylsilane as the internal reference. The shift positions 
are thought to  be accurate to 0.005 p.p.m. in most 
instances. Sample temperatures were calibrated using the 
Varian methanol and ethylene glycol samples. The former 
were used at  low and the latter at  high temperatures. 
Although the absolute temperatures may be in error by 
2 "C the relative temperatures appear to be accurate t o  
0.5 "C. 

Infrared spectra were obtained on a Perkin-Elmer 337 
grating spectrophotometer. A 0.025 mm cell was used 
and indene line positions served t o  calibrate the carboxyl 
stretching frequencies. 
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Synthesis of branched-chain sugars by the Wittig reaction 

ALEX ROSENTHAL AND P. CATSOULACOS 
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The Wittig reaction has been extended to yield a 2,3-dideoxy branched-chain sugar from 2-deoxy-3- 
ketose 3. Improvements in the procedures for the preparation of ketose (3) are also described. 
Canadian Journal of Chemistry, 46, 2868 (1968) 

Renewed interest in the chemistry of the reagents or diazomethane with ketoses (3, 4), 
branched-chain sugars has arisen partly because or the scission of carbohydrate epoxides with 
of their presence in some recently discovered organometallic reagents (5). In addition, the 
antibiotics (1-3). Most synthetic work in this epoxides have been cleaved with diethyl malonate 
field has involved the condensation of Grignard carbanion (6). Application of the 0x0 reaction t o  
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NOTES 

FIG. 1. Partial 100 Mc.p.s. proton magnetic resonance spectrum of methyl 4,6-0-benzylidene-3-C-(carbomethoxy- I methylene)-2,3-dideo~y-o!-~-erytI1r0-he~opyran0~ide in CDCI as solvent. ~ 
I unsaturated carbohydrates has given branched- 

chain carbohydrates (7). Condensation of Wittig 
1 reagents with ketoses has also afforded novel 

branched-chain sugars (8). 
The extension of the Wittig reaction to a 

2-deoxy-3-ketose (3) to yield a 2,3-dideoxy 
branched-chain sugar is the subject of this 
paper. The work described herein is also 
concerned with improvements in the procedures 
for the preparation of the ketose (3). 

Reduction of methyl 2,3-anhydro-4,6-0-ben- 
zylidene-a-D-allopyranoside (1) with lithium alu- 
minium hydride in tetrahydrofuran gave an 88 % 
yield of methyl 4,6-0-benzylidene-2-deoxy-a-D- 

I ribo-hexopyranoside (2). Subsequent oxidation 
i of 2 with anhydrous methyl sulfoxide and 
I acetic anhydride afforded methyl 4,6-0-benzyl- ' idene-2-deoxy-a-D-erythro-hexopyranosid-3- 
1 ulose (3) in 90% yield. The ketose (3) has been ' prepared previously in lower yields from 2 using 
I chromium trioxide (9) and ruthenium tetroxide 
1 (10) as oxidants. 

Reaction of methyl 4,6-0-benzylidene-2- 
deoxy-a-D-erythro-hexopyranosid-3-ulose(3) with 
phosphonoacetic acid trimethyl ester and potas- 
sium t-butoxide in anhydrous N,N-dimethyl 
formamide at  room temperature for 20 h 
according to a procedure previously described 
(8, 11) resulted in a product (4) readily isolated 
in 76 % yield. This product was a virtually pure 
substance as evidenced by thin-layer chroma- 
tography (t.1.c.) and by its proton magnetic 
resonance (p.m.r.) spectrum. This result was 
unexpected because Rosenthal and Nguyen 
(8) have found the condensation of phosphono- 
acetic acid trimethyl ester to 1,2:5,6-di-0- 
isopropylidene-a-D-ribo-hexofuranos-3-ulose to 
give both the cis and trans unsaturated branched- 
chain sugars. 

The structure of the unsaturated sugar 4 was 
deduced from its p.m.r. spectrum (shown in 
Fig. 1). The H-1 signal at  T 5.13, which a t  normal 
sweep appears as a doublet, was resolved into a 
quartet at double sweep width. Irradiation of this 
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( C H ~ O ) ~ & H ~ C O O C H ~ ~  
1-BuOK C6H5-CH-0 

DMF ' CH B C H 3  

signal caused the two multiplets centered at 
T 7.7 to collapse to two doublets having J = 14 
Hz. Therefore, this high field group of signals is 
due to one H-2 proton which is coupled with the 
other H-2 proton and with the H-1 proton. 
Because there are eight peaks in the signal of 
the first H-2, it was assumed that this proton was 
coupled also with the H-3' proton in allylic 
position. Confirmation of this long-range cou- 
pling was provided by irradiation of the triplet 
(on magnified sweep this triplet was resolved into 
two doublets) at T 3.9 which also led to a collapse 
of the eight lines at T 7.7 to two doublets with the 
characteristic large geminal coupling(J = 14 Hz), 
and, in addition, resulted in an alteration of the 
multiplets of peaks centered at T 6.2. Therefore, 
the unsymmetrical triplet at T 3.9 must be due 
to H-3', and part of the signals at T 6.2 must 
arise from the other H-2 proton (believed to 
be H-2e). Support for the latter assignment can 
be adduced from the p.m.r. spectrum of methyl 
4,6-0-benzylidene-2,3-dideoxy-3-oximino-a-D- 
erythro-hexopyranoside and its analysis as 
reported by Baer and Kienzle (12). These 
authors also found a large downfield shift of 
H-2e with respect to H-2a. The large downfield 
shift of H-2e of 4 is attributed to the strong 
deshielding effect of the carbomethoxymethylene 

group on C-3. Therefore, compound 4 is 
probably trans methyl 4,6-0-benzylidene-3-C- 
(carbomethoxymethylene)-2,3-dideoxy-WD- 
erythro-hexopyranoside. 

Hydrogenation of the unsaturated product (4) 
using palladium on charcoal as catalyst gave the 
reduced (and debenzylidated) product (5) which 
could not be crystallized. Because of over- 
lapping of the H-2, H-3, and H-3' signals, (in the 
T 7.0 to 8.3 region), the signals of the methine 
hydrogen (H-3) could not be used to deduce the 
structure of compound 5. Furthermore, there 
was also overlapping of the H-4 and H-5 peaks. 
As a consequence, compound 5 was converted 
into its p-chlorobenzoate ester derivative (6). 
I t  is known that benzoate ester groups markedly 
shift the signals of secondary hydrogens down- 
field, often below the signal of the anomeric 
hydrogen (13). The p.m.r. spectrum of the 
benzoate derivative (6), shown in Fig. 2, is 
readily analyzed and can be used to deduce the 
structure of the branched-chain sugar (6). As 
expected, there is a quartet a t  T 4.7 downfield 
from the H-1 signal (at T 5.25). Irradiation of the 
multiplet of peaks at T 7.3 resulted in the collapse 
of the quartet a t  T 4.7 to a doublet. Because high 
field signals are generally attributed to hydrogen 
atoms attached to carbon atoms which have no 
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NOTES 

I FIG. 2. The 100 Mc.p.s. proton magnetic resonance spectrum of methyl 3-C-(carbomethoxymethyl)-4,6-di-0-p- 
I chlorobenzoyl-2,3-dideoxy-a-~-ribo-l~exopyranoside in CDC13 as solvent. 

1 oxygen atoms attached to them (13), it can be 

1 assumed that some of the peaks at  T 7.3 are due to 

I H-3 and therefore the quartet a t  T 4.7 is due to 
I H-4. As shown in Fig. 2, the two coupling 

1 constants of the H-4 proton are 8.5 and 4.3 Hz. 
1 The larger of these must arise from the coupling 

I of the H-4 and H-5 protons because both of these 
1 are in axial orientations. Therefore, the smaller ' coupling constant (J = 4.3 Hz) must be attributed 

to coupling between H-4 (in axial orientation) 
and H-3 which must be in an  equatorial orienta- 
tion. From this assignment it follows that the 
branched-chain group on C-3 must be in an axial 
orientation, and, therefore, compound 6 is 
undoubtedly methyl 3-C-(carbomethoxymethy1)- 
4,6-di-0-p-chlorobenzoyl-2,3-dideoxy-WD- 
ribo-hexopyranoside. 

(23-24"). The melting points were determined on a 
microstage and are uncorrected. The microanalyses were 
carried out by the University of British Columbia 
Microanalytical Laboratory. 

Metlzyl 4 , 6 - O - B e t z z y l i d e t 1 e - 2 - d e o , ~ y - a - ~ - r i b o - ~ 1 0 -  
side (2) 

Compound 2 was prepared using a modification of the 
procedure of Prins (14). To a solution of 2.5 g of  methyl 
2,3-anhydro-4,6-0-benzylidene-a-D-allopyranosde in 70 
ml of anhydrous tetrahydrofuran were added 2 g of 
lithium aluminium hydride (in 5 portions) over a period of 
ten min. After the reaction mixture was refluxed for 5 h, 
the excess of lithium alun~iniunl hydride was deconlposed 
by dropwise addition of water. The solids were removed 
by filtration and washed with 200 ml of chloroform. 
The combined filtrate was washed twice with water 
(100 ml), dried with magnesium sulfate, and evaporated 
under reduced pressure to give a solid, yield 2.25 g (88 %), 
which on recrystallization from ethyl acetate gave pure 
2; m.p. 125-127" (lit. (14), m.p. 118-120"). 

Experimental erythro-/1exopyrat1osid-3-~1lose (3) 
8 To  a solution of methyl 4,6-0-benzylidene-2-deoxy-a- 

All spectra were measured with a Varian Associates D-ribo-hexopyranoside (1.85 g) in anhydrous methyl 
100 MHz H A  spectrometer with deuteriochloroform as a sulfoxide (50 ml) was added anhydrous acetic anhydride 

I solvent and tetramethylsilane as the internal standard set (20 ml) and the resulting solution was kept a t  -room 
a t  z = 10. Thin-layer chromatography was performed on temperature for 60 h. This solution was then mixed 

I silica gel G plates using benzene-methanol (97 :3) as with a saturated aqueous solution of sodium bicarbonate. 
I developer. The optical rotations were measured in 1 dm The precipitate which formed was removed by filtration, 

tubes at  the D-line of sodium and room temperature washed well with water, and air-dried, yield 1.65 g (90%). 
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The product was recrystallized from ethyl acetate, n1.p. 
174-176" (lit. (lo), m.p. 176-178"). The phenylhydrazone 
derivative of 3 was prepared in the usual way, m.p. 
177-178" (lit. (lo), m.p. 176-177"). 

Application of Wittig Reaction to 3 to Yield trans-Methyl 
4,6-0-Benzylidene-3-C-(carbotnethoxymethylene) - 
2,3-dideoxy-a-D-erythro-hexopyranoside (4)  

An ice-cold solution of phosphonoacetic acid trimethyl 
ester (1.2 ml) and potassium t-butoxide (0.30 g) in 
anhydrous N,N-dimethyl formamide (2 ml) was added to 
a magnetically stirred solution (kept at 0") of methyl 
4,6-0-benzylidene-2-deoxy-a-~-erytlzro-hexopyranosid- 
3-ulose (0.5 g) in 6 ml of anhydrous N,N-dimethyl forma- 
mide. The mixture was stirred at room temperature for 
20 h and was then poured into ice-water.  he precipitate 
was removed by filtration, washed with water, and air- 
dried, yield 0.45 g, m.p. 124-126". One recrystallization 
of the solid from ethyl acetate - light petroleum ether 
(b.p. 30-60") afforded 0.38 g of product 4 (76%), m.p. 
128-129"; [a]DZZ +213' (c, 2 in chloroform). Infrared 
spectrum: v,,, (Nujol) 1720 cm-' (ester -0) and 
1660 (C=C). The proton magnetic resonance (p.m.r.) 
spectrum of 4 is shown in Fig. 1. 

Anal. Calcd. for C1,HZ006: C, 63.75; H, 6.25. Found: 
C, 63.79; H, 6.09. 

Methyl 3-C-(Carbornet12oxya~et/2yl)-2,3-dideoxy- 
a-D-ribo-hexopyrarloside (5) and ils p-Cl~lorobenzoate 
Derivative (6) 

Compound 4 (0.20 g) dissolved in ethanol (40 ml), 
was allowed to react with hydrogen at room temperature 
and 1 atm pressure using 10% palladium on charcoal 
(0.3 g) as catalyst until the gas pressure remained constant. 
Work-up of the product (5) in the usual way gave an oil, 
yield 0.145 g (99%); [a]DZ2 +130° (c, 3 in ethanol). 
Infrared spectrum: v,,, 3350 cm-' (OH), 1720 (C=O). 
Nuclear magnetic resonance spectrum: overlapping 
multiplets at 7 7-8.4 equal to 5 hydrogens; multiplets 
centered at 7 7.32, 7.53, and 8.18, due to H-3, H-3l, 
and H-2; triplet at 7 5.35 attributed to  H-1; and two 
singlets, each equal to 3 H's at 7 6.35 and 6.70. 

An amount of 0.035 g of compound 5 was allowed to 
react with p-chlorobenzoyl chloride (0.2 g) dissolved in 
pyridine (2 ml) at room temperature for 20 h followed by 
heating at about 80" for 1 h. The reaction mixture was 
poured into ice-water, extracted several times with 
chloroform, and the combined chloroform extracts 
washed with sodium bicarbonate and water, and then 
dried over magnesium sulfate. After the solvent was 

removed by evaporation under reduced pressure, the 
solid residue was recrystallized several times from ethanol 
(several recrystallizations or a chromatographic separa- 
tion were necessary to remove the p-chlorobenzoic acid 
anhydride which accompanies the ester derivative), 
m.p. 104-105", [aIDz2 +65" (c, 1 in chlorofornl). The 
p.m.r. spectrum of 6 is shown in Fig. 2. 

Anal. Calcd. for CZ4Hz4O8C1,: C, 56.36; H, 4.69. 
Found: C, 56.35; H, 4.70. 
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COMMUNICATIONS 

The structures of three alkaloids from Fumavia oficinalis L. 
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Structures are proposed for three alkaloids isolated from Fu~naria oficinalis L. The three alkaloids, 
with a common ring system, are structurally related to the known ochotensimine. 

Canadian Journal of Chemistry, 46, 2873 (1968) 

In 1938 Manske (I) reported the isolation of 
alkaloid, F-37 (I), from F. oficinalis. More 
recently two related alkaloids, 2 and 3, have been 
isolated by Manske (2) from the same source. 
Compound 2, a lower homologue of 1, is con- 
verted to 1 with diazomethane. The first clue that 
3 has a ring system similar to 1 and 2 came from 
an examination of the mass spectra of 1 ,2 ,  and 4 
(the product obtained by reduction of 3 with 
lithium aluminium hydride). The fragmentation 
of the three compounds was similar, showing the 
shifts expected because of the nature of their 
substituents. Evidence is presented that the 
alkaloids have structure A. 

4 5 

d H ,  ,/= 
' 0  

A 

1 1C21H23NOj; 'R1 + R2 = H + OH; 
R, = R, = CH, ; m.p. 177"; 
[a],  = - 3 1" (c = 0.97 in CHCI,). 

'The names fumaricine and fumariline are suggested for 
1 and 3, respectively. 

ZThe molecular formulas of the three natural com- 
pounds were assigned on the basis of elemental analysis 
and high resolution mass spectrometry; in the case of 4 
the assignment is based on mass spectrometry alone. 

2 C20H21N05; R1 + R, = H + OH;  
R, + R4 = H + CH,; m.p. 157". 

3 CzoH1,NO5; R1 + R, = 0 ;  R, + R 4  = 
CH,; m.p. 138"; [a], = + 138" (c = 1.05 
in CHCI,). 

4 C20H,,N0,; R1 + R, = H + O H ;  
R, + R, = CH,; m.p. 161-166" (d). 

Because of the paucity of the natural bases and 
their sensitivity to simple chemical reagents our 
structural assignment is based primarily on 
physical evidence. The physical properties of 3 
are: h,,,(EtOH) 203, 237, 263,294, and 355 mp 
(logs 4.60, 4.31, 4.05, 3.66, and 3.51) and 
vn,,,(CHC1,) 1709 cm-' ; of 1 : h ,,,, (EtOH) 207, 
235, and 288 mp (logs 4.74, 3.94, and 3.74), and 
vma,(CS2) 3560 cm-l (unchanged upon dilution). 
It  is noteworthy that the ultraviolet (u.v.) spec- 
trum of 4 was virtually superimposable on that of 
1 and that its infrared spectrum showed a similar 
absorption in the hydroxyl region. The change in 
U.V. absorption in the transformation, 3 -t 4, is 
indicative of the reduction of a conjugated 
carbonyl group. 

The proton magnetic resonance spectrum 
(p.m.r.) of 3 shown in Fig. la, revealed the 
presence of: (i) four aromatic protons, two ortho 
to each other (S,,, 7.07, S,,, 6.86; JAB = 8.0 Hz) 
and two para to each other (S,,,, 6.54, S,,,, 6.16; 
JA,,t E 0 Hz); (ii) two sets of methylenedioxy 
protons centered at 6 = 6.12 and 6 = 5.80; (iii) 
six aliphatic protons in the region 6 3.60-2.60 two 
of which are present in a benzylic AB quartet 
(SHA,,, 3.50, SHB,, = 3.32; JA,,,,, = 18.0 HZ) 
while the other four are not readily analyzable; 
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3 2 

FIG. 1. The 100 MHz proton magnetic resonance spectrum of (a) 3 and (b) 5. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COMMUNICATIONS 2875 

and finally ( i v )  a singlet (3H) at 6 = 2.36 attri- 
I buted to an > N-CH, group. 

In the p.m.r. spectrum of 4 the hydrogen 
geminal to  the hydroxyl group was uncoupled to 
neighboring aliphatic protons, an observation 
compatible with the fact that 3 would not ex- 
change hydrogen for deuterium under the usual 
conditions of exchange of enolizable hydrogens 
(3). Thus it seems that the carbonyl of 3 is 
flanked on one side by a phenyl group and on the 
other by a quaternary center. These data suggest 
that 3 may have the gross structure A. 

In order to substantiate gross structure A and 
to establish the orientation of the methylene- 
dioxy groups in 3 a detailed comparison of the 
p.m.r. spectrum of 3 with the synthetic compound 
5 (Fig. lb) of established structure (4) was under- 
taken. Cursory examination of the spectra of 3 
and 5 reveals a remarkable similarity particularly 
in the region of the aliphatic protons (6 2.6-3.6). 
In the aromatic region, too, the two spectra 
exhibit a common pattern and differ appreciably 
only in the chemical shift of the low field protons I of the AB quartet. 

I These observations imply that 3 and 5 have 
I a common ring system but may differ in substitu- 
I tion pattern as well as in the nature of their 

substituents. Moreover, the product of hydride 
reduction of 5, an isomer of 1, has a mass 
spectrum virtually identical with the natural base 
1, lending further support to  the assumption of a 
common ring system in 1, 2, 3, and 5. 

By locating the methylenedioxy group of 3 at 
C-12 and C-13 instead of at C-10 and C-1 1 as in 5, 
the properties of 3 are explicable. HA in 5 is ortho 
to  the carbonyl group whereas in 3 it is para. The 
chemical shift difference of HA between 3 and 5 
is expected of aromatic protons ortho and para 
to a carbonyl group (5), respectively. In each case 
HB is meta to the carbonyl and absorbs at 
approximately the same region. HA and HB are 
long-range coupled to the AB quartet centered 
near 3.40 in 3 and 5 and in each the coupling is 

stronger to  HB. (See Fig. l a  and lb.) HB is ortho 
to the methylene group in 3 and para in 5 
whereas HA is meta in both. The coupling of the 
methylene to HB in 3 ( J  = 1.2 Hz) is stronger 
than with HB in 5 ( J  < 1.0 Hz). This difference 
is in the order expected for ortho and para 
benzylic coupling (6). HA* in 3 and 5 is broader 
than HBr, because of o-benzylic coupling to one 
or both of the protons at C-5 and is, therefore, 
assigned to C-4. The assignment of the same 
substitution pattern to 1 as to 3 rests on  a study 
of nuclear Overhauser effects discussed in an 
accompanying communication (7). These alka- 
loids have the same basic skeleton as ochotensi- 
mine (8). Whether they are precursors or oxidatioil 
products of the latter skeleton is an interesting 
biogenetic puzzle. 
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The nuclear Overhauser effect has been used to confirm the structures proposed for two alkaloids 
isolated from Alniarin officinalis L. 
Canadian Journal of Chemistry, 46, 2876 (1968) 

The alkaloids 2a and 2b, isolated from C-13 is affected by saturation a t  C-12 but not by 
F. oficinalis by Manske (1,2) have been assigned the distant C-9 protons. The aromatic proton a t  
(3) a carbon skeleton similar to that of the C-1 shows a 25% N.O.E. on saturation of the 
alkaloid ochotensimine (4). By application of the protons at C-9. This shows the spatial proximity 
nuclear Overhauser effect (N.O.E.) (5) we have of H-1 and C-9 HA, and is accounted for by the 
confirmed the structural assignment for 2a and conformation shownin 1. 
2b. 

The nuclear Overhauser effects shown by the 
protons present in the related synthetic ketone 1 
(6) were first examined. The proton magnetic 
resonance (p.m.r.) spectrum of 1 has signals for 
the protons on C-1, C-4, C-9, and C-13 as well- 
resolved lines, sufficiently separated from other 
transitions to be accurately integrated. Table I 
records the area increases of these signals when 
the transitions of neighboring protons were 
saturated and the internuclear distances between 
the observed and irradiated protons, calculated 
on the assumption that the ketone 1 possesses the 
same conformation as ochotensimine. 

An N.O.E. is observed for H-4 on irradiation 
of the C-5 protons. The C-5 protons cannot be 
independently saturated (7) but their chemical 
shifts can be unequivocally assigned. The occur- 
rence of a 21% N.O.E. between H-4 and the 
methoxyl group at 3.82p.p.m. defines the 
chemical shift of the C-3 methoxyl. In a similar 
fashion the C-2 methoxyl group at 3.57 p.p.m. 
gives rise to a 28% N.O.E. for the aromatic 
proton H-1. The area increase recorded is greater 
than expected because of partial saturation of 
C-9 HA. Thus the N.O.E. method is valuable in 
locating the position of methoxyl groups in 
aromatic rings. The N-methyl group in 1 can 
reside in a pseudo-equatorial or pseudo-axial 
conformation, placing the methyl group 2.5 A 
and 2.3 A, respectively, away from C-9 HB. A 
15% N.O.E. is observed. The aromatic proton a t  

2 a , R 1  + R2 = O;R3 + R4 = CH2 
b, RI  = H ;  R 2  = OH; R3 = R4 = CH3 

Since the N.O.E. data correlate with the struc- 
ture of ketone 1, the N.O.E. data obtained for the 
new alkaloids 2a and 2b can be interpreted. The 
structure of 2a has been deduced from mass 
spectral and p.m.r. chemical shift data in a n  
accompanying communication (3). The N.O.E. 
data (Table 11) show similar values for 1 and 2a 
with one outstanding exception. There is a 19% 
N.O.E. for the C-10 proton when the C-9 protons 
are saturated which unequivocally places the 
methylenedioxy function in 2a a t  the 12,13- 
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TABLE I 

Nuclear Overhauser effects in 1 

Observed Irradiated % area Internuclear 
Droton S* (D.D.~I.) ~ r o t o n s  6 (p.p.m.) increase distance (AH 

Tetramethylsilane as internal standard. 
?As measured from a Dreiding Molecular Model. 

TABLE I1 
Nuclear Overhauser effects in 2a and 26 

6 (p.p.m.1 
Observed 

~ r o t o n  2a 26 

6 ( P . P . ~ . )  % area increase 
Irradiated 

protons 2a 26 2a 26 

C-9 H 3.41 3.29 22 
- 

19 
C-2 OCH3 3.49 - 23 
C-5 H 2.21 2.71 25 12 

T r i p l e  irradiation. 

position on the aromatic ring. We noted that 
saturation of the C-10 proton does not give an 
observable N.O.E. for the C-9 protons. Simul- 
taneous saturation of both N-methyl and C-10 
protons, however, results in a 16% N.O.E. for the 
C-9 protons. The small N.O.E. noted for the C-9 
protons on saturation of the N-methyl group 
alone is a consequence of the presence of a C-10 
proton. As in the case of ketone 1 an N.O.E. is 
observed for the C-4 proton on saturation of the 
C-5 protons and for the C-1 proton on saturation 
of the C-9 protons. Thus, not only is the gross 
structure of 2a confirmed, but its preferred 
conformation is defined. 

The alcohol 2b shows in its p.m.r. spectrum two 
methoxyls at 3.49 and 3.81 p.p.m. and one 
methylenedioxy group at 5.91 p.p.m. The N.0.E.s 
(Table 11) observed for the protons at C-1 and C-4 
on saturation of the methoxyl groups indicate 
that they occupy the 2- and 3-positions, respec- 
tively. The methylenedioxy group must occupy 
the 12,13-position since saturation of the protons 
at C-9 shows an N.O.E. for the aromatic proton 
at C-10. The aromatic proton at C-1 , as in the case 

of ketone 1 and 2a, again shows an N.O.E. when 
the protons at C-9 are saturated. Thus, the 
skeletal structure of the alcohol 2b must be 
identical with that of the ketone 1 and substituted 
as in 2a. 

Since the proton at C-14 in 26 showed no 
N.O.E. on saturation of C-1 H, it must either be 
on the opposite side of the five-membered ring to 
C-1 H, or it must be more than 3.1-3.2 A away 
from C-1 H (8). The infrared spectrum of 2b, 
v,,,(CS,) 3560 cm-I (unchanged on dilution) 
implies that the C-14 OH must be hydrogen 
bonded to the tertiary nitrogen (9). The coupling 
constant, JHPoH = 11.0 Hz, obtained a t  - loo, 
indicates that the dihedral angle between the 
C- 14 H and the hydroxyl proton is 160-1 70" (10). 
Thus C-14 must possess the relative configuration 
as shown in 26. With the nitrogen-containing ring 
in the half-chair conformation (as shown in 2b), 
C-14 H is 3.2 A from C-1 H, and is too distant for 
an observable N.O.E. The N-CH, group in 215 
would presumably occupy a pseudo-axial orien- 
tation. 

In conclusion, the above examples demonstrate 
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Investigation of the photolysis of methanethiol and ethanethiol vapor in the presence of ethylene 
and inert gas has indicated the formation of energetic hydrogen atoms in the primary process. Rate 
constant ratios for the reactions of these species have been found to be pressure dependent. 

Canadian Journal of Chemistry, 46, 2878 (1968) 

As part of a general investigation of thiyl 
radical reactions, we recently examined in detail 
the photolysis of methanethiol vapor (1). We 
wish to report here results of a further study of 
this system, and of ethanethi01,~ in particular, 
the reactions of hydrogen atoms produced in 
the photolysis with added ethylene and inert gas. 

The principal products of mercaptan photol- 
ysis, hydrogen and disulfide, can be accounted 
for by the established simple scheme. 

1 RSH + hv -> RS + H 

[3 1 RS + RS -> RSSR 

For both methanethiol (1) and ethanethi01,~ the 
primary quantum yield of H2 is unity within 
experimental error. 

'From the Ph.D. Thesis of R. P. Steer to  be submitted to  
the University of Saskatchewan, Saskatoon, Saskatche- 
wan. 

2The photolysis of pure C2H5SH is under investigation 
in this laboratory and in general exhibits the same behavior 
as methanethiol, but with theabsenceofsomecomplicating 
features ofthat system. 

The reaction in the presence of olefins has been 
studied in a variety of systems, and the additional 
reactions involving hydrogen atoms are: 

k4 
[4 1 H + CzH4 -> CzH5 

[5 1 CzH5 + RSH +- C2Hs + RS 

A simple kinetic treatment of the mechanism 
allows calculation of the k2/k, ratio from 
measurements of @(Hz) as a function of olefin 
pressure. A value of 2.32 0.11 was found 
previously (I) for the CH,SH-C2H4 system, and  
in the present study, we find k,/k, = 2.00 -t 0.05 
for C,H,SH-C2H4, in agreement with the value 
of 1.9 -t 0.1 reported by Kuntz (2). 

Recent work by Gann and Dubrill (3) on the 
photolysis of H2S and several other H-atom 
sources, however, has indicated that, in the 
primary process, hydrogen atoms can acquire 
as translational excitation almost all the energy in  
excess of the H-X bond strength. It was of interest 
therefore, to investigate the possibility that "hot" 
hydrogen atoms are formed in the mercaptan 
photolysis as well. 
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and inert gas has indicated the formation of energetic hydrogen atoms in the primary process. Rate 
constant ratios for the reactions of these species have been found to be pressure dependent. 
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As part of a general investigation of thiyl 
radical reactions, we recently examined in detail 
the photolysis of methanethiol vapor (1). We 
wish to report here results of a further study of 
this system, and of ethanethi01,~ in particular, 
the reactions of hydrogen atoms produced in 
the photolysis with added ethylene and inert gas. 

The principal products of mercaptan photol- 
ysis, hydrogen and disulfide, can be accounted 
for by the established simple scheme. 

1 RSH + hv -> RS + H 

[3 1 RS + RS -> RSSR 

For both methanethiol (1) and ethanethi01,~ the 
primary quantum yield of H2 is unity within 
experimental error. 

'From the Ph.D. Thesis of R. P. Steer to  be submitted to  
the University of Saskatchewan, Saskatoon, Saskatche- 
wan. 

2The photolysis of pure C2H5SH is under investigation 
in this laboratory and in general exhibits the same behavior 
as methanethiol, but with theabsenceofsomecomplicating 
features ofthat system. 

The reaction in the presence of olefins has been 
studied in a variety of systems, and the additional 
reactions involving hydrogen atoms are: 

k4 
[4 1 H + CzH4 -> CzH5 

[5 1 CzH5 + RSH +- C2Hs + RS 

A simple kinetic treatment of the mechanism 
allows calculation of the k2/k, ratio from 
measurements of @(Hz) as a function of olefin 
pressure. A value of 2.32 0.11 was found 
previously (I) for the CH,SH-C2H4 system, and  
in the present study, we find k,/k, = 2.00 -t 0.05 
for C,H,SH-C2H4, in agreement with the value 
of 1.9 -t 0.1 reported by Kuntz (2). 

Recent work by Gann and Dubrill (3) on the 
photolysis of H2S and several other H-atom 
sources, however, has indicated that, in the 
primary process, hydrogen atoms can acquire 
as translational excitation almost all the energy in  
excess of the H-X bond strength. It was of interest 
therefore, to investigate the possibility that "hot" 
hydrogen atoms are formed in the mercaptan 
photolysis as well. 
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C02 PRESSURE, TORR 

FIG. 1. Rate of hydrogen formation in the photolysis 
at 25 "C and 2537 A, of 25 Torr of ethylene and 25 Torr of 
methanethiol, @, or 25 Torr of ethanethiol, 0, as a 
function of pressure of added carbon dioxide. 

Using 2537 A light in a mercury-free system, 
25 Torr each of mercaptan and ethylene were 
photolyzed in the presence of CO,. The hydrogen 
yields3 from both methanethiol and ethanethiol 
are given in Fig. 1. Although the rate of H, 
formation from both substrates is independent of 
inert addend pressure when olefin is absent (I), 
it is apparent that here the yield of this product 
can be reduced significantly when high pressures 
of CO, are present. It is suggested that this 
behavior is due to the formation of energetic 
hydrogen atoms in the primary process. The 
rate of Hz production in the high pressure region 
corresponds to lc2/k4 ratios of 1.15+0.10 
(CH3SH) and 1.05f 0.05 (C,H,SH). Thus the 
rate constant ratios determined with RSH and 
C2H4 alone are evidently characteristic of hot 
hydrogen atoms, while those observed with added 
inert gas indicate the reactivity of thermalized 
hydrogen atoms. 

There are two other reactions producing H,, 
170t usually coilsidered for thermalized H-atoms, 
but which are energetically possi ble for H*. 

The kinetic plot used to obtain k,/k4 has zero 
intercept indicating that reaction [6] does not 

3The yields of all other products in these systems were 
also determined and can be explained satisfactorily o n  the 
basis of the general mercaptan mechanism. These data 
will bedealt with ina subsequent publication. 

occur to an appreciable extent. With higher 
molecular weight olefins, abstraction from the 
olefin by H-atoms from H,S is significant, and 
this is manifested by a non-zero intercept, corre- 
sponding to a finite value of k6/k4 (4). There is 
also evidence against the participation of [7]. 
In the photolysis of CH3SD, Inaba and Darwent 
(5) observed D, but no HD. Furthermore, in both 
that study and the more recent investigation in 
this laboratory (I), (CH,SH), and CH3SCH2SH 
were shown to be absent from the reaction prod- 
ucts even after prolonged irradiation when the 
yield of the radical-radical product C2H6 
becomes measureable. It thus appears that the 
alteration in observed hydrogen yield is indicative 
exclusively of a change in the rate of reactions [2] 
and [4]. 

An alternative explanation of the pressure 
effect is the deactivation of hot ethyl radicals, 
formed in reaction [4], which process has been 
shown to be appreciably reversible. Bradley et al. 
(6), however, have demonstrated that much 
smaller pressures of ethylene than those used in 
the present study are sufficient to effect complete 
deactivation of C2H5*, and thus it is not likely 
that this species is important under our experi- 
mental conditions. 

The methanethiol-ethylene system was also 
examined at  2288 A, where a k,/k4 ratio for hot 
hydrogen atoms of 2.1 k 0.2 was found, which is 
identical within experimental error to the value 
at 2537 A. It is therefore probable that the 
primary decomposition proceeds via predissoci- 
ation of the mercaptan yielding hydrogen atoms 
with excess energy independent of exciting wave- 
length. Thus, until further details of the spectros- 
copy of mercaptans become available, no 
estimate of the excess energy of the H-atoms in 
this system can be made. 

The photolysis of mercaptans in the presence of 
olefins has been widely used as a method of 
studying the relative rates of attack of hydrogen 
atoms on carbonxarbon double bonds. The 
pressure dependence of rate constant ratios 
observed in the present investigation indicates 
that care must be exercised in comparing k 
values obtained by this method in different 
systems. 
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Kinetics of hexagonal-cubic phase transformation of zinc sulfide in vacuo, in zinc 
vapor, and in sulfur vapor 

TAMAS BANSAGI,~ E. A. SECCO,~ 0. K. SRIVASTAVA,~ AND RONALD R.  MARTIN^ 
C/zenzistry Department, St. Francis Xauier University, Atztigonish, Nova Scotia 

Received March 11, 1968 

The kinetics of the hexagonal-cubic phase transformation of zinc sulfide have been studied in vacuo, 
in zinc vapor, and in sulfur vapor in the temperature range 800-900 "C by a powder X-ray diffraction 
technique. The transformation rate is enhanced in the presence of sulfur and zinc vapor. In vacuo and 
in sulfur vapor the reaction is nucleation-controlled with activation energies of 95.0 and 98.5 + 5 kcal, 
respectively. In zinc vapor the reaction is diffusion-controlled with the diffusion coefficient expressed as 

D = 0.1 exp (-67.0 + 4.0 kcal/RT) cm2 s-' 
The modes of catalytic action by sulfur and zinc vapor on the solid phase transformation reaction are 
discussed. 
Canadian Journal of Chemistry, 46, 2881 (1968) 

1 
I Introduction Experimental 

Our interest in the phase transformation of zinc 
sulfide stems from observations on sintering 
studies of ZnS powder (1) which indicated that 
the wurtzite-sphalerite transformation rate was 
enhanced by ambient vapors, viz. Zn and sulfur. 
This catalytic effect of a gas on a solid state 
reaction, while not a new one, appealed to us as a 
promising method for probing the nature of 
gas-solid interactions, especially the effect of an 
adsorbed species on the solid rather than the 
common inverse effect. Two modes of this cata- 
lytic action were visualized with their origins: 
(a) on the surface, where the most probable mode 
of action might be nucleation and (b) in the 
interior, where the action must involve solubility 
with subsequent transport or mobility steps. With 
regard to the latter mode, if the catalytic action is 
not entirely restricted to the surface, the Zn and 
sulfur vapor species possess a useful intrinsic 
parameter in their large relative difference in 
diameter, i.e. rs,/r,, -- 2. 

'Present address: Kinetics Research Group of Hun- 
garian Academy of Sciences, Szeged, Hungary. 

2To whom correspondence on this paper should be 
addressed. 

3Present address: Chemistry Department, Immaculata 
College, Immaculata, Pa. 

4Present address: Chemistry Department, University 
of Western Ontario, London, Ontario. 

The ZnS powder used in this work was from two 
batches of BDH laboratory reagent, I and 11. In both 
cases, the X-ray diffractograrns showed (2) peak inten- 
sities characteristic of 80% wurtzite- 20% sphalerite 
mixture. The particle radius of the powder is calculated 
to be 6.1 x cm from nitrogen adsorption measure- 
ments (3). 

The sulfide samples (ca. 200 mg) were annealed in a 
static system in vacuo or with sufficient zinc or sulfur to 
give the requisite pressure. The reaction chamber con- 
sisted of a quartz vessel of the design already described 
(4). After the anneal in the furnace at the appropriate 
temperature (4) and the removal of the powder from the 
quartz vessel, the sample was weighed, crushed in a 
mortar, and analyzed using a Norelco diffractometer 
model X-86. 

The extent of reaction was determined by a method 
similar to that used by Edwards and Lipson (5). This 
method assumes that the intensity of the (111) face of 
the cubic structure increases at the expense of the (100) 
and (101) planes of the hexagonal structure. The fact 
that the (002) plane of the hexagonal form is common 
with the (1 11) plane of the cubic form, i.e. occurring at 
the same Bragg angle, allows us to define the quantity 
h, (the relative peak intensity of the (002) plane at 
time 1). 

where 1<28.530) is the intensity of reflectionat20 = 28.53" 
for (111) and (002) faces and 1(26.920) is the intensity of 
of reflection at 20 = 26.92" for (100) face. The  peak 
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intensity for the (100) plane was chosen over that of the 
(101) plane in the above definition because of its higher 
intensity value. Since the cubic form does not show any 
reflection corresponding to the Bragg angle 20 = 26.92", 
the cubic (sphalerite) content, defined as a, for any time 
t, is given by 

[2 I 
hr - ho 

u -- 
I - hm - ho 

where h, = 1.000 and ho = 0.4624 (calculated from 
intensity values reported in ASTM diffraction file (2)). 
The reproducibility of the h, values was found to be 
+2.3%. The above method of analysis was used to 
identify the starting material as 20% sphalerite. 

Results and Discussion 

For the purpose of illustrating the catalytic 
effect of the ambient vapors relative to vacuo on 
the wurtzite-sphalerite transition, the reaction 
fraction versus time curves at 840 OC are pre- 
sented in Fig. 1. The a ,  t plots recall the a ,  t 
graphs for the thermal decomposition of solid 
compounds of the type (6) 

in which the induction period ranges from notice- 
able to complete absence. 

in 01 d m  S2 vap 

10 

0  1 2 3 4 5 6 7 8  
Tme (h) 

FIG. 1. Reaction fraction a, versus time plots at 840 "C 
in vacuo, in zinc vapor, and sulfur vapor. 

Attempts were made to fit the data to a large 
number of kinetic laws and to interpret the 
results in terms of models based on boundary- 
controlled, diffusion-controlled, or nucleation- 
controlled processes, and also in terms of formal 
first-order kinetics. The best fit between the 
experimental results and the kinetic equations 
over the complete temperature range are pre- 
sented here and are discussed under two cate- 
gories: (i) in vacuo and in sulfur vapor and (ii) 
in zinc vapor. 

(i) In Vacuo and in Sulfur Vapor 
The in vacuo and in sulfur vapor data between 

800-900 "C, for the range of reaction fraction 
a 2 0.90, were found to be compatible with a 
special case of the treatment given by Avrami (7) 
and formulated in a second-order rate expression 
by Honig et al. (8), which at sufficiently large t 
takes the form 

where (1 - a )  represents the fraction unreacted, 
o is a shape factor, G is the lineal growth rate of 
the new phase, N, is the initial density of germ 
nuclei, and t is the time. Equation [3] is recog- 
nized as the integrated form of the second-order 
rate law, since integration of the second-order law 

daldt = k(l - a)' 
yields 

P a ]  1/(1 - a )  = 1 + kt. 

A plot of 1/(1 - ct) versus time will yield a slope 
equal to the composite quantity oGN, taken t o  
be the formal rate constant k, along with an  
intercept of unity. Figures 2 and 3 show such 
plots with an intercept of unity substantiating the 
second-order kinetics. 

The activation energy was computed for the 
standard Arrhenius plots of log k against l /T OK 
shown in Fig. 4. Values for the activation 
energies using the least squares method were 
95.0 and 98.5 f 5.0 kcal for the reaction in 
vacuo and 0.1 atm sulfur, respectively. 

With o and N, effectively constant, the rate 
constant dependence on temperature originates 
with the term G in the composite rate constant, 
i.e. oGN,. The observed activation energy ap- 
pears, therefore, to represent the rate of growth 
of the new phase or, in this case, the progressive 
movement of the hexagonal-cubic interface. 

Since the same mechanism is operative in both 
series of experiments, i.e. in vacuo and in sulfur 
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I I 

0 5 10 15 
Time (h)  

FIG. 2. Plots of 1/(1 - or) versus time at various tem- 
peratures in vacuo. - 0.5 

0 5 10 
Time (h) 

FIG. 3. Plots of 1/(1 - or) versus time at various tem- 
peratures in 0.1 atm sulfur vapor. 

vapor, and, further, since o is constant, the 
catalytic effect of the sulfur vapor on the reaction 
rate must reside in the N, value, i.e. the density of 
the germ nuclei. The higher N, value in the sulfur 
atmosphere must result from the adsorption of 
sulfur on the ZnS surface. Furthermore, we 
conclude from the in vacuo data that N, is 
effectively temperature independent. 

In Fig. 5(a) is plotted the kinetic data at 
different pressures of the ambient vapors. The 
dependence of rate on sulfur pressure is evident 
in Fig. 6, showing an initial rise to a maximum, 
followed by a virtually constant rate. The results 

in vacuum . in 0.1 atm S2 vap. 

RG. 4. Plots of log k versus 1/T OK for reaction in 
vacuo and in 0.1 atm sulfur vapor. 

at the pressure showing the maximum rate, i.e. 
0.5 atm, fit the second-order rate expression to a 
more extended value of a. The constant rate 
above 0.5 atm is consistent with a saturation 
effect. 

The applicability of other rate laws over a 
limited temperature interval has been encoun- 
tered: (a) at 900 "C, the data at 0.1 atm sulfur 
(where the rate is rapid, i.e. a 2 0.80 in 15 min) 
are fitted equally well to a first-order expression 
and the P-T (Prout-Tompkins) equation; (b) at 
880 and 860 "C, the results fit the modified form 
of the P-T equation 

log (all - a) = k log t + c. 

(ii) In Zinc Vapor 
The kinetic data for 0.1 atm zinc vapor are 

fitted equally well to a first-order rate equation 
and the Jander expression (9) for three-dimen- 
sional diffusion in a sphere, 

[l  - (1 - a)1'3]2 = (D/r2)t 

where D represents the diffusion constant and r 
the radius of the spherical particle. Figures 7 and 
8 show such plots. 
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0 1 2 3 4 5  0 1  2 3 4 5 6  
Time (h) Time (h) 

a 

FIG. 5. (a) Reaction fraction a versus time plots at 840 "C at various pressures of sulfur vapor. (b) Reaction frac- 
tion a versus time plots at 840 "C at various pressures of zinc vapor. 

> 

b 

:fi at 840 O C  for 1 hour 

s2 
Zn 

I I I 

.-• in01 atm S2vap. - 
- - - -  in 0.2 atm S2 vap. 

+-+ in 0.3 u tm S2 vap. ---- in 0.2 a t m  Zn vap. 

o-o in 0.5 atm S2 vap. +-+ in 0.3 a tm  Zn vap. 
........ in 0.7 a tm  S2 vup. in 0.4 a tm  Zn vap. 

in 0.9 a tm S2 vap. in 0.5 a tm  Zn vap. 
I I , I 

0 0.2 0.4 0.6 0.8 1.0 
vap pressure (atm) 

FIG. 6. Plot of dependence of reaction fraction a 
measured at 1 h and 840 "C on vapor pressure of zinc 
and sulfur. 

D = 0.1 exp (-67.0k 4.0 kcal/RT) cm2 s-I  

which compares with the diffusion coefficient5 

D = 4.5 exp (-61.5k4.0 kc all^^) cm2 s-I 

as evaluated from the exchange reaction between 
radiozinc vapor and polycrystalline zinc sulfide 

(Hexagonal 
S t r u c t u r e )  

(Cubic 
S t r u c t u r e )  

'The pre-exponential term Do value in the diffusion 
The standard Arrhenius plots of log k versus equation of the form D = D, exp (-AEIRT) in the 

I/T OK (Fig. 9) yield straight lines with slopes present study may be considered more reliable than the 
corresponding to 79.6 and 67.0 kcal for the DO value for the exchange study, because of two un- 

certainties in the latter: (i) the greater facility for move- 
first-order and the Jander equations respectively. ment of zinc along wurtzite-sphalerite boundaries con- 

Using the k values from the Jander expression tributing to a higher exchange rate and (ii) the rapid 

to evaluate at various temperatures, the dif- initial exchange step rendering the initial and boundary 
conditions somewhat ill-defined for the  standard solution 

fusion coefficient for Zn in ZnS is calculated to be in  terms of a diffusion process. 
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5 10 
Time (h) 

FIG. 7. The Jander expression for three dimensional 
diffusion in sphere plot for reaction in 0.1 atm zinc vapor 
a t  various temperatures. 

(3). The striking agreement between these two 
diffusion coefficients lends strong support to  the 
interpretation that the mode of catalytic action is 
via zinc diffusion in the sulfide lattice, thus 
precluding an interpretation based on first-order 
kinetics. 

The transformation of ZnS from the wurtzite 
to  the blende structure may be considered as 
involving the fundamental step of a rotation by 
60" of one tetrahedral configuration of Zn atoms 
relative to the tetrahedral configuration of S 
atoms, or vice versa, about the Zn-S bond along 
the c-axis of the unit cell as represented in the 
diagram above. 

The enhanced conversion rate is the result of 
the triggering action by the mobile zinc species 
diffusing through the wurtzite lattice. The mode 
of the triggering action may be visualized to 
occur, assuming the structural transition to  be 
concomitant with the mobility (and exchange) 
step, by a sequence or chain of events in the base 
of the zinc tetrahedral configuration leading to its 
rotation initiated by the diffusing zinc moving in 
to  replace the zinc in the wurtzite lattice site. If 
this assumption is valid, then we can state that the 
diffusion of zinc is via a ring mechanism. Alterna- 
tively, the higher Do in the exchange studies may 
be quite genuine, signifying a diffusion rate which 

0 5 10 

Time (h) 
FIG. 8. Plots of log(l/l - a) versus time for reaction 

in 0.1 atm zinc vapor at various temperatures. 

is more rapid than its transformation rate. In this 
case, we visualize the diffusing zinc species leaving 
in its path an intermediate configuration which is 
cubic oriented. 

Figure 5(b) shows the dependence of rate on 
zinc pressure. Figure 6 shows an initial increase 
in rate, attaining a maximum at 0.3 atm and a 
subsequent marked decrease. The marked drop 
in rate is associated with saturation of the sulfide 
lattice with excess zinc, with the resultant effect 
that the "free space" required for transformation 
is reduced and the lattice atoms are restricted in 
their movement. 

The applicability of a number of rate laws over 
a limited temperature interval (as evident especi- 
ally in the Zn-catalyzed reactiondata) emphasizes, 
to us at  least, the note of caution expressed by 
Gill and Morrison (10) "... a common error is to 
assume the validity of a particular model, because 
it fits a portion of the kinetic results, and then 
make extensive conjecture about other properties 
of the reaction". The kinetic expression for the 
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+ Jander's eq. . lSt order  eq. 

zinc sulfide exchange reaction proved very useful 
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Studies in solvolysis. Part I. The neutral hydrolysis of some alkyl 
trifluoroacetates in water and deuterium oxide 

JUNE G. WINTER' AND J. M. W. SCOTT 
Memorial University of Ne~vfoundland, St. John's, Newfoundland 

Received March 5, 1968 

The temperature dependence of the rates of neutral hydrolysis of a series of alkyl trifluoroacetates 
(CF3COOR; R = methyl, ethyl, s-propyl, t-butyl) has been determined in both light and heavy water. 
From these studies the thermodynamic parameters (AH*, AS*) which characterize the activation process 
have been calculated. Sufficient rate data have been obtained in the case of the ethyl ester to calculate the 
heat capacity of activation (AC,*) for the hydrolysis of this compound in light water. Both the entropies 
and enthalpies of activation as well as the solvent isotope effects are consistent with the proposal that the 
primary and secondary esters react by an acyl-oxygen B,,2 mechanism, in contrast to the tertiary ester, 
which appears to react either by a carbonium ion (SN1) process or by a route which combines both the 
B,,2 and SN1 paths. 
Canadian Journal o f  Chemistry, 46,2887 (1968) 

Introduction Experimental 
The rate of neutral or spontaneous hydrolysis 

of simple alkyl esters related to the halogeno- 
acetic acids has frequently been studied (1-1 I), 
although no systematic body of rate data is 
currently available concerning the reactivity of 
these substances in pure water and deuterium 
oxide. The present study surveys the temperature 
dependence of the rates of hydrolysis in pure 
water and deuterium oxide of four esters derived 
from trifluoroacetic acid (CF,COOR; R = Me, 
Et, s-Pr, and t-Bu). 

On the basis of 180 tracer studies Bunton and 
Hadwick (8) have concluded that the sponta- 
neous hydrolysis of methyl trifluoroacetate in 
pure water takes place by an acyl-oxygen fission 
mechanism (BAC2). On the other hand, Moffat 
and Hunt (I) consider that t-butyl trifluoroace- 
tate reacts in acetone-water mixtures by a car- 
bonium ion (SNl) mechanism since the extent of 
olefin formation in this reaction is similar to that 
produced by the t-butyl halides reacting in the 
same media. These separate observations suggest 
that a change in mechanism (BAC2 -t SN1) is to 
be anticipated in the hydrolysis reactions of the 
series of trifluoroacetates mentioned above. A 
further aim of the present study was to locate 
the point or region of mechanistic change using 
the thermodynamic parameters (AG*, AH*, AS*, 
and ACp*), as well as the ratio of the rates of 
hydrolysis of each substrate in light and heavy 
water. 

General 
Nuclear magnetic resonance (n.m.r.) spectra were 

recorded on a Varian A-60 spectrometer and peaks are 
recorded on the r scale relative to tetramethylsilane as an 
internal reference. Carbon tetrachloride was used as a 
solvent. Infrared spectra were recorded on a Perkin- 
Elmer model 225 spectrometer using the liquid cell tech- 
nique with solvent carbon tetrachloride. 

Materials 
The methyl and ethyl trifluoroacetates were Fluka 

A.G. purum grade and were distilled prior t o  use. The 
s-propyl and t-butyl trifluoroacetates were prepared 
from the corresponding alcohols and trifluoroacetic 
anhydride in the presence of a small amount of silver 
trifluoroacetate (12). The boiling points and refractive 
indices agreed with the literature values (1-3, 12) and 
saponification values indicated that the esters were better 
than 98 % pure. The r values and carbonyl stretching fre- 
quencies for these esters are recorded in Table I. The 
excellent first order plots obtained from the kinetic 
studies also demonstrate the kinetic homogeneity of each 
sample used. 

Solutions 
(a) Light Water 
Solutions in the range 10-5-10-4 M of each ester 

were prepared by injecting the appropriate volume of 

TABLE I 
Physical properties of some esters 
derived from trifluoroacetic acid 

Nuclear mag- Infrared 
netic resonance v(C==p) 

Ester ( 4  (cm- ) 

'NBe Martin. *Literature values in parentheses are given in ref. 12. 
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ester from a micro syringe into stirred cells of a design 
similar to that originally described by Hyne and Robert- 
son (13). The cells had been previously filled with backing 
electrolyte which was prepared by allowing a suitable 
amount of the appropriate substrate to react with deion- 
ized water so as to reduce the initial resistance of the 
solution to a convenient value. In situations where super- 
saturation was prevalent, a saturated solution of the 
appropriate ester was prepared at the required tempera- 
ture. An aliquot of this solution (1 ml) was then with- 
drawn and injected into a suitable volume of backing 
electrolyte already in the cell. 

(b)  Heavy Water 
Deuterium oxide (ca. 11) was obtained from Atomic 

Energy of Canada and was used several times with no 
appreciable decrease in purity. Solutions were prepared 
as for light water. Following each set of runs the con- 
taminated heavy water was redistilled from a small 
amount of anhydrous sodium carbonate in an all glass 
apparatus. Subsequent analysis of the distillate using 
n.m.r. with purified acetonitrile as an internal standard, 
showed that the hydrogen content of the solvent collected 
from these distillations did not exceed 0.5 % by weight. 

Rate Measurements 
The rate measurements were made using the conduc- 

tance method, based on the Guggenheim treatment (14) 
in a form originally elaborated by Robertson (15). The 
equipment that was used was essentially that described 
in ref. 15 with minor modifications (16). Temperatures 
were measured by means of a Tinsley platinum resis- 
tance thermometer and bridge. The former was calibrated 
by the National Physical Laboratory, Teddington, 
England. 

The excellence of the Guggenheim-Robertson Method 
(G.R.M.) for determining solvolytic rates in pure water is 
now well established in cases where the acid related to 
the leaving group is strong (14). Since trifluoroacetic 
acid is relatively weak, (pK, = 0.23' at 25 "C (18)) the 
use and validity of the G.R.M. in this study requires fur- 
ther comment. For strong acids the reliability of the 
G.R.M. rests on the existence of a linear relationship 
between the conductance and concentration of the acid 
in a given reaction vessel. In the case of a weak acid 
(because of incomplete dissociation), this may not be 
correct and a quantitative assessment of the possible 
influence on this factor is required. 

Ives (20) has suggested that the classical Ostwald Dilu- 
tion Law stated in terms of conductance parameters, in 
a form which neglects the effect of ionic strength on both 
the activity and mobility of the ions of the weak electro- 
lyte, accurately represents the variation of the equivalent 
conductance of the weak electrolyte as a function of con- 
centration at high dilution (< M). For our present 
purpose Ives' proposal means that the variation of the 
equivalent conductance (A) of the weak electrolyte with 
concentration (C) is accurately represented by the equa- 
tion 

ZAn alternative pK, value of -0.26 has been quoted 
for trifluoroacetic acid by 0. Redlich and G. C. Hood 
(19). There appears to be some uncertainty concerning 
the pK, of this acid. 

where A. is the limiting equivalent conductance of the 
weak electrolyte and Kc is the classical dissociation con- 
stant which has not been corrected for either the variation 
of activities or mobilities with ionic strength. The equiva- 
lent conductance A is related to the experimental param- 
eters by the equation 

where R is the resistance, in ohms, of a solution of the 
electrolyte containing C moles/l in a cell of cell constant 
K. 

Combining eqs. [ I ]  and [2] gives after some manipu- 
lation 
t31 C = P/R + PZ/KcRZ 

where P is defined by the equation 

This latter quantity at a fixed temperature will be a con- 
stant, for a given electrolyte and reaction vessel (cell). 
Equation [3] shows that the simple relationship between 
the concentration of the acid and the reciprocal of the 
resistance used by Robertson (15) for strong acids, is 
modified in the case of a weak acid by a further term 
PZ/KcR2. 

The Guggenheim equation for the evaluation of the 
pseudo first order rate constant in a solvolysis experiment 
is 

[5] C,+ , - C, = Co exp -kt [l - exp (- ks)] 

where C,+, is the concentration of the product (acid) a t  
time t +  s and C, is the concentration at time t; Co is the 
initial concentration of ester, k is the pseudo first order 
rate constant and z is the arbitrary time interval between 
the two sets of observations required in a Guggenheim 
first order rate constant determination. Combining eqs. 
[3] and [5] gives after some manipulation 

[61 log (llRr+ - l /RJ  + 
log [1 + P(l/Rr+r + 1IRr)IKcI 

= log Co[l - exp (-kz)]/P - kt/2.3026 

Since the first term on the RHS of eq. [6] is a constant in 
any given experiment, a plot of log ( l /R,+,  - 1/R,) ver- 
sus time will only be linear if the second term on the LHS 
of eq. [6] is negligible. If, A. and Kc for the weak acid are  
known it is possible to calculate the magnitude of this 
particular term and hence estimate the importance of the 
second term in eq. [6]. A typical calculation of this sort is 
displayed in Table I1 (see columns 6 and 7). The effect of 
the second term on the LHS of eq. [6] is clearly very 
small and well outside the limits of reproducibility offered 
by the G.R.M. (see ref. 17). 

A further requirement of any precise determination of 
a rate constant is that this parameter should be constant 
over the complete reaction. Since the hydrolyses of tri- 
fluoroacetates are known to be acid catalyzed (6-8) it was 
important to demonstrate that no autocatalysis occurred 
with the present systems. The G.R.M. requires at least 
three half-lives for the determination of a rate constant 
since the parameters R,+, and R, are each observed over 
the period of one half-life (t,,,) and ideally the interval 
between the two sets of observations should satisfy the 
condition z > 2tIl2. This means that the rate constants as  
usually determined represent at least 87.5% of a com- 
plete reaction. This period was deliberately extended in 
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TABLE I1 
Typical calculation for the determination* of a fist  order rate constant using eq. [6], T = 14.95 "C 

Time (l/Rr+x - l/Rd + l/Rt+t)P/Kc log D + 
(s) R, R,+, x 105 = D + l = ~  log D log M 

--- 

*P = K x 103/Ao calculated from A. (CF3COOH)* = 332 and Kc = 0.652. K = 0.1966; cell constant obtained via a solution of 
knolvn equivalent conductance. The former parameters were extrapolated to 15 "C using data from ref. 21. 

TABLE I11 
Rates of hydrolysis of ethyl trifluoroacetate 

*!I = number of separate runs a t  given temperature. 

the present study by measuring the resistances of a react- 
ing solution over four separate half-lives and observing 
the resistances at identical time intervals. The separation 
between the individual sets of observations was small, 
i.e. as soon as one set of measurements was complete the 
next set was started. From the four sets of resistances 
obtained in this way, three rate constants may be ob- 
tained and one of these covers at least 93.3 % of the reac- 
tion. The average rate constant from the four sets of 
observations was 1.762 ( k  0.004) x s-'. This 
particular experiment confirms that there is no percep- 
tible acid catalysis in these reactions and that the linear 
relationship between the conductance and the concentra- 
tion of the product (acid) is valid over the range of sub- 
strate concentrations used. 

The rate constants which have been measured in light 
and heavy water for the esters (R = Me, Et, s-Pr, and t- 
Bu) are recorded in Tables I11 and IV, together with the 
r.m.s. deviation obtained from 'TI' separate large scale 
first order plots. For the ethyl ester the temperature 
dependence of the rates could be expressed within the 
experimental error by the equation 

The numerical coefficients in eq. [7] were established 
by a least squares treatment (the individual rates were 
used; not the averageexperimental rates reported inTable 
111), and were converted to the thermodynamic quantities 
AHo+, ASo*, AC,', AH*, and AS*, using the procedure 
originally proposed by Robertson (17) (see Table VI). 

The temperature dependence of the methyl, s-propyl, 
and t-butyl esters over a shorter temperature interval 
reacting in light water was adequately represented by the 
equation 

18 1 log k/T = A/T + B 

and the same equation was also used to represent the 
temperature dependence of each ester reacting in heavy 
water. Values of A and B for each ester were determined 
by a least squares procedure (without averaging the indi- 
vidual rate constants at each temperature) and converted 
to the thermodynamic parameters AH* and AS*  via the 
relationships, 

[9 I A = - AH*/2.3026~ 
and 

[lo] B = AS*/2.3026R + log (kllz) 

The symbols R, k, and k in eqs. [91 and [lo] have their 
usual significance. The enthalpies and entropies of acti- 
vation calculated in this way are detailed in Table V for 
both light and heavy water. The k(H20)/k(D,0) ratios 
for each ester are reported in Table IV and are probably 
accurate to ca. 2 1.0 %. 

Discussion 

Relative Rates - Free Energies of Activation 
It is generally accepted that free energies of 

activation provide the most useful parameters 
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TABLE IV 
Rate constants and isotope effects for the solvolysis of trifluoroacetates in water 

and deuterium oxide 

T k(H,O) x lo4 (n) k(D,O) x 104(n) k(H,O)/ 
Ester PC) (s-I) (s-l) k(D20)* 

'Values calculated from rate constants which have been smoothed using eq. [8]. 

TABLE V 
Thermodynamic parameters for the solvolysis of trifluoroacetates in 

water and deuterium oxide (derived from the rates reported 
in Table IV) 

AH* (H20) AH' (Dz0) AS* (HzO) AS* @zO) 
Ester (kcal/mole) (kcal/mole) (e.u.) (e.u.) 

TABLE VI 
Thermodynamic parameters for the 
hydrolysis of ethyl trifluoroacetate 
in water at various temperatures 

T A HT* AST* 
("K) (kcal/mole)* (e.u.)* 

'Calculated using the usual thermodyna- 
mic expressions with AC,* = -66.95 cal 
mole-' deg-'. 

for discussing the influence of structure on the 
reactivity of organic molecules and much has 
been written to substantiate this point of view 
(22-26). The present series of solvolytic sub- 
strates would appear to offer an interesting ex- 
ception to this principle. Thus the relative rates 
of hydrolysis of the four esters follow the se- 
quence Me >Et > s-Pr > t-Bu at 3.37 "C and 
give an acceptable Taft (27) linear free energy 
relationship at this temperature (see Fig. 1). 

This correlation suggests that a common 
mechanism is operating and that the reactivities 
of the esters are dominated by the inductive 
effect of the alkyl group. Further inspection, 
however. reveals that these ideas are untenable. 

Thus extrapolation of the rates of solvolysis 
to 25 "C gives a sequence of reactivity Me > 
Et > t-Bu > s-Pr leading to the breakdown of 
the Taft correlation for the tertiary ester (see 
Fig. 1). Moreover, the sequence of reactivity 
observed at 3.37 "C is typical of SN2 processes 
but the range of reactivity is rather small when 
compared with better established SN2 reactions 
(28). On the other hand, the trend in reactivities 
at  25 "C is typical of an SN2-SN1 sequence with 
the change in mechanism occurring in the region 
of the s-Pr ester, but again the range of reactivity 
is relatively small. However, these mechanistic 
conclusions based solely on relative rates are 
inconsistent with the H,"O and olefin produc- 
tion studies mentioned in the introduction. 
These latter experiments are best interpreted in 
terms of acyl-oxygen fission for the methyl ester 
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FIG. 1. Correlation of rates of hydrolysis of alkyl 
trifluoroacetates with the Taft o* parameter. A extra- 
polated rates at 25 "C; Q extrapolated rates at 3.73 "C; 
the scale on right hand side IS for rates at 25 "C. 

and alkyl oxygen fission (SN1 ?)3 for the ter- 
tiary ester. The point of change in mechanism 
(BAc2 -t SN1) for the complete series of sub- 
strates clearly remains to be established. 

The observation that the rates of hydrolysis 
of a series of ethyl esters derived from a se- 
quence of halogenoacetic acids decrease as the 
pKa of the related acid increases (see Table VII), 
suggests that nucleophilic attack at the carbonyl 
carbon is the main driving force for the ethyl 

TABLE VII 
Rates of neutral hydrolysis of a series of 

ethyl esters related to acetic acid 

Ester PK, * k (s-' at 25 "C) 

*Taken from ref. 18, value in parentheses from ref. 19. 
tThis work. 
SReference 29. 
$From ref. 4, with a rough correction for ionic strength effects. 

3The possibility of a mechanistic trichotomy has not 
been overlooked. If mixed kinetics is a valid concept it is 
feasible to assume that the tertiary ester might react by 
three routes, i.e. BA,2, SN1, and SN2. The problem of decid- 
ing between the SN1-SN2 description for the tertiary ester 
is outside the scope of the present study but the prob- 
lem is recognized. The incursion of a mixed BA,2-SN1 
process will, however, be discussed here below. 

esters and we therefore conclude that ethyl tri- 
fluoroacetate also reacts by the BAc2 mechanism. 
This is the limit of useful information which 
can be gleaned from a consideration of relative 
rates alone, but we wish to emphasize again that 
without ancillary information, these quantities 
are mechanistically ambiguous. 

Enthalpies and Entropies of Activatiorl 
If the free energies of activation prove to be 

mechanistically equivocal, the same cannot be 
said of the entropies and enthalpies of activation. 
These parameters fall into two distinct catego- 
ries, the primary and secondary esters which 
have enthalpies of activation which are virtually 
constant at 10.5 kcal/mole, and the entropies of 
activation which are relatively constant in the 
vicinity of 35 e.u. The second category is pro- 
vided by the tertiary ester which shows dramatic 
changes from the parameters listed above. For 
this ester the enthalpy of activation is ca. 15 
kcal/mole higher than that observed for the 
primary and secondary esters and the entropy 
of activation is ca. 50 e.u. more positive. The 
above considerations are consistent with the 
BAC2 description for the primary and secondary 
esters and alkyl-oxygen fission (SN1) for the 
tertiary ester. The actual magnitude of the en- 
thalpies and entropies of activation are also 
comparable with the 'average values' of thermo- 
dynamic parameters which characterize these 
two mechanisms (for a detailed discussion, see 
refs. 30, 31, and 16). 

Solvent Isotope Effect 
Further substantiation of these mechanistic 

conclusions obtained from the response of AH* 
and AS* to structure is provided by the solvent 
isotope effect (s.i.e.) studies. Thus the primary 
and secondary esters give s.i.e. ratios in the 
range 3.4-3.8, which have predicted to be 
characteristic of spontaneous BAc2 processes 
(32). On the other hand, the tertiary ester gives 
a s.i.e. ratio of 1.2 which is typical of a wide 
range SN1-SN2 substrates studied by Laughton 
and Robertson (33-36). The s.i.e. is considered 
to be a rather blunt tool for distinguishing be- 
tween SN1 and SN2 solvolytic processes (37). The 
data in Table V shows that the s.i.e. arises from 
concomitant changes in both the enthalpies 
and entropies of activation, but any attempt to 
rationalize such a dissection of the isotope 
effect would seem premature. These observations 
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do, however, suggest that the zero-point energy 
model used by Bunton and Shiner (32) is over- 
simplified. Some further points concerning the 
solvent isotope effects are discussed in the sec- 
tion (given below) dealing with heat capacities 
of activation. 

The Heat Capacities of Activation 
The heat capacity of activation for ethyl tri- 

fluoroacetate (- 66.95 cal mole-' deg- ') ap- 
proximately bisects the range of values (-30 -t 

- 100 cal mole- ' deg- ') obtained by Laughton 
and Robertson (33) and others (38) who have 
measured this parameter in water and mixed 
solvents for a wide range of solvolytic sub- 
strates and attempted to use it to build a more 
complete description of solvolytic displacement 
reactions. A detailed understanding of the mag- 
nitude of the heat capacity of activation for any 
particular substrate seems out of the question at  
the present time, but several qualitative points 
arising from the present study are worthy of 
mention. Since the evidence presented above 
indicates that the ethyl ester solvolyses by a BAc2 
mechanism it is clear that heat capacities of 
activation alone will not distinguish between 
this path and the SN1-SN2 type mechanisms. 
However, it may be possible to distinguish be- 
tween the BAc2 mechanism and the SN1-SN2 
type via ACp* within a series of trifluoroace- 
tates. A decision with regard to this matter must 
await f~~r the r  work in progress in the laboratory. 

The strongly negative entropies and heat 
capacities of activation which appear to charac- 
terize the BAC2 process (30) suggest that activa- 
tion involves the cooperation of several solvent 
molecules. Similar proposals with regard to the 
composition of the activated complex have been 
put forward for SN1-SN2 reactions although the 
entropies of activatioil for these substrates may 
be both positive and negative (17) contrasting 
with the heat capacity of activation, which is 
invariably negative. The latter presents some 
rather awkward interpretative problems. It  has 
been cogently argued (37) that the magnitude 
and sign of the heat capacity of activation is 
primarily a consequence of the variable heat 
content of the initial state solvation shell which 
is generally expected to show a maximum sta- 
bility as the interaction of the water envelope 
with the substrate decreases. This rather curious 
conclusion is a consequence of the peculiar 
properties of aqueous solutions of neutral 

molecules. Substances which contain no lyo- 
philic groups, e.g. carbonyl or sulfoxide, induce 
the solvent to interact more strongly with itself 
and form a stronger 'iceberg'. Those substrates 
which contain hydrogen bonding groups such as 
those mentioned above, tend to reduce the 
stability of the 'iceberg' by providing centers of 
interaction between the solvent and solute, 
which partially 'liberates' the surrounding water 
molecules from the 'frozen' structure of the 
water in the immediate vicinity of the substrate. 
Arguments of this kind provide a qualitative 
explanation of the more positive heat capacities 
of activation observed for the sulfonates as 
compared with the halides (39). However, the 
heat capacity of activation for  ethyl trifluoro- 
acetate is approximately 30 cal mole-' deg-' 
more negative than the sulfonates although both 
series of compounds evidently contain hydrogen- 
bonding groups. This is presumably a conse- 
quence of an intrinsically more negative heat 
capacity of activation for the BAc2 mechanism, 
and this proposal is in line with the shift in the 
entropy of activation between the sulfonates 
(17) and structurally related trifluoroacetates. 

For the SN1-SN2 solvolytic displacements 
Robertson and Laughton (40) have proposed 
that the magnitude of the s.i.e. is a manifestation 
of the same factors which determine the magni- 
tude of the heat capacity of activation, i.e. 
the stability of the initial state solvation shell.4 
Thus the more positive heat capacities of activa- 
tion of the sulfonates compared with the halides 
correlate with a reduced s.i.e. for the former 
series of compounds. The limited heat capacity 
data reported here do not confirm this correla- 
tion since a marked increase i n  the s.i.e. which 
characterizes the BAc2 mechanism is accom- 
panied by only a moderate shift in the heat 
capacity of activation. 

It is worth pointing out at  this juncture that 
if solvent isotope effects are t o  be rationalized 
in terms of zero-point energies (32) the statistical 
theory of equilibria vitiates any fundamental 
correlation between the s.i.e. and ACp* since 
zero-point energies make no contribution to 
heat capacities. 

Sonze Further General Comments 
In the present communication we have 

attempted to assign the mechailism of four rate 

4For another point of view, however, see refs. 41 and 
42. 
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processes on the basis of the thermodynamic 
parameters and solvent isotope effects which 
characterize the thermal activation of these 
molecules. We are fully aware of the limitations 
of such a procedure and in the present section 
we wish to examine these limitations more 
closely. Although the response of AH* and AS* 
to structural changes in the present series of 
substrates is marked, the question arises as to 
just how different such parameters must be 
before a change in mechanism can be legitimately 
inferred. We are forced to the conclusion that 
there is no satisfactory answer to this question 
at the present time and it must be admitted that 
without the product and tracer studies men- 
tioned earlier in this paper the present data 
would only be marginally convincing. Taken 
together, however, the two types of evidence 
make the case for a change in mechanism that 
much stronger. The possibility that the tertiary 
ester reacts by a mixed BAc2/SN1 mechanism 
cannot be ruled out. Bunton and Hadwick (7) 
have shown that benzhydryl trifluoroacetate 

1 has an activation energy which increases with 
I temperature and the present data for the tertiary 
I ester also manifests an activation energy which 

increases with temperature, but the range of 
temperatures studied is too small to warrant ' any definite conclusion concerning this matter 
at the present time. If this trend is verified by 
future studies which are now underway, then 

I the thermodynamic parameters reported for the 
tertiary ester will not be appropriate to a single 
process. Nevertheless, a change of mechanism 
in these circumstances is still evident but the 
change is not complete. Such a description is 
consistent with the sensitivity of the Taft corre- 
lation to temperature. 

There are several reasons for expecting a 
change of mechanism in the hydrolysis reaction 
of the four esters studied. The most important 
of these is the increased stability of the trimethyl 
carbonium ion compared with the corresponding 
carbonium ions derived from the primary and 
secondary esters. However, other factors will 
tend to decrease the stability of the transition 

, state for the BAc2 process as the size of the alkyl 
I group increases. The formation of a tetrahedral 
I intermediate (43) will involve a decrease in the 
1 CF,-alkyl group distance and this would be 

expected to raise the energy of the transition 1 state in the order f-Bu > s-Pr > Et > Me. 
Although the inductive effect of the alkyl groups 

is attenuated by the intervening oxygen atom, 
this effect will also follow the steric effect men- 
tioned above and will raise the energy of the 
transition state by reducing the positive charge 
at the carbonyl carbon atom. All of the factors 
mentioned above will decrease the stability of 
the BAc2 transition state with increasing cl- 

methylation and it is reasonable to deduce that 
alkyl-oxygen fission becomes an important 
reaction path for the tertiary ester. 

Acknowledgments 
We wish to thank the Technical Services 

Division at Memorial University, especially 
Mr. W. Gordon and Mr. R. Parsons, for their 
help in the construction of the apparatus. We 
also wish to express our gratitude to Dr. R. E. 
Robertson for arranging the construction of the 
conductance cells and to Mr. M. Jones for 
assisting with the least squares calculation. 
Finally our thanks are offered to the National 
Research Council of Canada for financial assis- 
tance and one of us (J. G.  W.) acknowledges the 
award of an NRCC postgraduate bursary. 

1. A. MOFFAT and H. HUNT. J. Am. Chem. Soc. 80, 
2985 (1958). 

2. A. MOFFAT and H. HUNT. J. Am. Chem. Soc. 79, 
54 (1957). 

3. A. MOFFAT and H. HUNT. J. Am. Chem. Soc. 81, 
2082 (1959). 

4. W. JENCKS and J. CARRIUOLO. J. Am. Chem. Soc. 

5. F.'N. H & N Y ~ K  and E. S. AMIS. J. Am. Chem. Soc. 
79,2079 (1957). 

6. G. G o ~ m ,  0. R. PIERCE, and E. T. MCBEE. J. Am. 
Chem. Soc. 75,5622 (1953). 

7. C. A. BUNTON and T. HADWICK. J. Chem. Soc. 943 

8. C. A: BUNTON and T. HADWICK. J. Chem. Soc. 
7248 (1  958). 

\-- - - z -  

9. P, M. NAIR and E. S. AMIS. J. Am. Chern. Soc. 77, 
3452 (1955). 

10. S. V. ANANTAKRISHNAN and S. KRISHNAMURTI. 
Proc. Indian Acad. Sci. Sect. A. 14. 270 (1941). 

11. E. K. EURANTO and N. J. CLEVE. ~ c t a   hem. 
Scand. 17.1584 (1963). 

12. E. J. B ~ ~ R N E ,  M.~S+ACEY, J. C. TATLOW, and R. 
WORRALL. J. Chem. Soc. 3268 (1958). 

13. J. B. HYNE and R. E. ROBERTSON. Can. J. Chem. 
35,623 (1957). 

14. E. A. GUGGENHEIM. Phil. Mag. 2, 538 (1926). 
15. R. E. ROBERTSON. Can. J. Chem. 33,1536 (1955). 
16. D. J. BARNES. M.Sc. Thesis. Memorial University 

of Newfoundland. St. John's, Newfoundland. 1966. 
17. R. E. ROBERTSON. Solvolysis in water. Progr. Phys. 

Org. Chem. Vol. 4. In preparation. 
18. H. C. BROWN, D. H. MACDANIEL, and 0. HAFLIGER. 

Determination of organic structures by physical 
methods. Edited by E. A. Braude and F. C.  Nachod. 
Academic Press, Inc., New York. 1955. Chap. 14. p. 
579. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2894 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

19. REDLICH and G. C. HOOD. Trans. Faraday Soc. 24, 
87 (1957). 

20. D. G. IVES. J. Chem. Soc. 731 (1933). 
21. A. L. HENNE and C. J. Fox. J. Am. Chem. Soc. 73, 

2323 (1951). 
22. R. P. BELL. The proton in chemistry. Cornell Univ. 

Press, Ithaca, New York. 1959. Chaps. 5 and 7. 
23. ANDREW STREMESER, JR. Molecular orbital theory 

for organic chemists. John Wiley and Sons, Inc., 
New York. 1961. Chap. 11. 

24. ANDREW STREITWIESER, JR. Solvolytic displace- 
ment reactions. McGraw-Hill Book Company, Inc., 
New York. 1962. Chap. 1. p. 7. 

25. C. K. INGOLD. Structure and mechanism in or- 
ganic chemistry. Bell and Sons, Ltd., London. 1953. 
Chap. 6. Sect. 19b. 

26. M. G. EVANS and M. POLANYI. Trans. Faraday 
SOC. 32, 1333 (1936). 

27. R. W. TAFT, JR. Steric effects in organic chemistry. 
Edited by M. S. Newman. John Wiley and Sons, 
Inc., New York. 1956. Chap. 13. 

28. C. K. INCOLD. Quart. Rev. London, 11 , l  (1957). 
29. J. KURZ. Private communication. 
30. L. L. SCHALECER and F. A. LONG. Advan. Phys. 

Org. Chern. Vol. 1. Academic Press, Inc., New York. 
1963. 

31. R. E. ROBERTSON, R. L. HEPPOLET~E, and J. M. W. 
SCOTT. Can. J. Chern. 37,803 (1 959). 

32. C. A. BUNTON and V. J. SHINER. J. Am. Chern. Soc. 
83,3207 (1961). 

33. P. M. LAUGHTON and R. E. ROBERTSON. Can. J. 
Chem. 39,2155 (1961). 

34. P. M. LAUGHTON and R. E. ROBERTSON. Can. J. 
Chem. 34,1714 (1956). 

35. R. E. ROBERTSON and P. M. LAUGHTON. Can. J. 
Chern. 35,1319 (1957). 

36. P. M. LAUGHTON and R. E. ROBERTSON. Can. J. 
Chem. 37,1491 (1959). 

37. R. E. ROBERTSON. Can. J. Chem. 42, 1207 (1964). 
38. G. KOHNSTAM. The transition state. Chem. Soc. 

Special Publication, No. 16, 1922 and references 
therein. 

39. R. E. ROBERTSON. Can. J. Chern. 42,1707 (1964). 
40. R. E. ROBERTSON and P. M. LAUGHTON. Can. J. 

Chern. 43.154 (1965). 
41. C. G. SWAIN and E, R. THORNTON. J. Am. Chem. 

SOC. 84,817 (1962). 
42. C. G. SWAIN and R. F. W. BADER. Tetrahedron, 

10,182 (1960). 
43. M. BENDER. Chern. Rev. 60,53 (1960). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Polarographic reduction of some Schiff bases in dimethylformamide. Part II. 
Some further theoretical considerations 

H. G. BENSON AND J. M. W. SCOTT 
Chemistry Department, Memorial University of Newfoundland, St. John's, Newfoundland 

Received October 23, 1967 

The ordinary Hiickel molecular orbital (H.m.0.) method and the linear combination of molecular 
orbitals (1.c.m.o.) method in a perturbational form have been used to calculate the n-electron energy 
levels appropriate to a series of 24 Schiff bases (S.b.3) of the type ArCH=NAr', where Ar- and Ar-' 
are unsubstituted aryl groups. The energy levels calculated by both the H.m.0. and 1.c.m.o. treatments are 
shown to give a satisfactory account of the polarographic data for the S.b.'s reported in Part I of the 
present series. However, the 1.c.m.o. method appears to offer a deeper insight into the variation of the 
half-wave potentials for the first electron transfer with the structure of the S.b. 

Canadian Journal of Chemistry, 46,2895 (1968) 

Introduction tion of the half-wave potentials El,,(ol) with 

In Part 1' of the present series the polaro- Structure was presented which gave a useful 

graphic reduction potentials appropriate to the account of the variation of El12(wl) with the 

first reduction wave (03,) were presented for a structure of the S.b.'s and also predicted certain 

series of S.b. 7s derived from the amines 1-4 and linear free energy correlations which were ob- 

the aldehydes 5-10. In this preliminary study an served in practice. 

approximate theoretical treatment of the varia- In the present communication we offer a 
detailed theoretical treatment of the polarogra- 

CHO 

'.Reference 1 is to be considered as Part I of the present 
series. 

phic data in which the presence of thk nitrogen 
atom in the S.b. structures is specifically included. 
All the Hiickel molecular orbital (H.m.0.) levels 
for the S.b.'s have now been calculated, but for 
the sake of economy, only the energies corre- 
sponding to the lowest unoccupied m.o.'s will be 
reported here (see Table I), since these are the 
only theoretical quantities relevant to the empiri- 
cal data reported in Part I. The crude linear com- 
bination of molecular orbitals (1.c.m.o.) treatment 
mentioned above will also be improved so as to 
include the heteroatom present in the S.b. 
structures. 

Calculation of Energy Levels 

The H.m.0. orbital energies were calculated 
partly on an I.B.M. 7094 I1 using a Jacobi matrix 
diagonalization procedure. In the S.b. structures 
the N atom was taken into account (2) with 

where the notation of ref. 2 has been used. For 
the resonance integrals involving carbon and 
nitrogen atoms, PC, = k,,P with kc, = 1 in the 
1.c.m.o. calculations. 

The 1.c.m.o. perturbation treatment (3) is 
illustrated in Fig. 1. Let the pth and qth m.o.'s 
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TABLE I 
Polarographic data and H.m.0. and 1.c.m.o. energies for some Schiff bases 

--.PA- 

ArCH=NAr' 
Lowest unoccupied energy levels S.b. (ArCH=NArl) 

Amine, Aldehyde, 
Number Ar'NH2 ArCHO Es.b.+(H.m.o.)* E S . ~ , + ( ~ . C . ~ . O . ) *  -E,,=(w,)-f 

*All energies in units of !3 on a scale with ac = 0. 
?Taken from ref. 1,  eV versus standard calomel electrode. 

of R and S be atom r of R and atom s of S. These n.b.1n.o. 
coefficients are readily calculated by the method 
of Longuet-Higgins (4). 

The functions cRsf and cRs- undergo a second 
perturbation PC, corresponding to the replace- 
ment of an extracyclic methine group by nitrogen. 
The new Hamiltonian HS.,. is If R and S are alternant radicals, the $(n + 1) 

m.0. of R and the +(m + 1) m.0. of S will be 
non-bonding molecular orbitals (n.b.m.0.) with 
energy a,. These n.b.m.0.'~ will be denoted by 
Yo, and 0,. In joining R to S a first order cor- 
rection to the energy arises from these n.b.m.o.'s, 
while the other fully occupied m.o.'s of R and S 
remain unchanged (3). In the system RS where 
atom r of R is joined to atom s of S, the lowest 
unoccupied (+) and highest occupied (-) orbi- 
tals and their energies are respectively given by 

The perturbation PC, is given in terms of its 
matrix elements in the Qr,+,, basis (atom r of R 
becomes r' in RS, etc.) to be 

[41 
1 es* = J~ { ~ o R T ~ o s ~  

and 

[51 ERS* = a~'ao~a~sP,  

with all the other matrix elements in the basis 
QorJ, +os,, r' # r, and s' # s set equal to zero. 
Computations have been carried out for h, 
= 0.5 and kc, = 1. The new energy levels are 
given by 

where a,, and bos are the n.b.m.0. coefficients at [8] ES,,.* = (cRS* lHRS + PCN(E,RS*), 
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BENSON AND SCOTT: POLAROGRAPHIC REDUCTION. PART I1 

R S DAO ( R S) S. b. 
FIG. 1. A schematic diagram illustrating the 1.c.m.o. perturbation calculation of the lowest unoccupied and 

highest occupied n-electron energy levels of R and S are not included in the figure. 

from which we have 

for the lowest unoccupied energy of the S.b. 
calculated on the assumption that the changes 
R,S + RS + S.b. can be treated by first order 
perturbation theory in the n-electron approxima- 
tion. The justification for the present procedure 
is to be found mainly in the correlation between 
prediction and experiment. 

Discussion 

In Fig. 2 we have correlated ES,.+ (H.m.0.) 
with E,.,.+(l.c.m.o.). The satisfactory nature of 
this correlation establishes the validity of the 
perturbation method. In Fig. 3 the Ell, values 
reported previously (1) have been correlated with 
ES.,.+ (H.m.o.), and a least squares treatment of 
the data gives 

leading to a value of P = 2.79 , 0.01 eV. 
Although the above correlations are of con- 

siderable interest, the various relationships 
which exist within the reduction potential data 
(cf. Fig. 2 of Part I) merit equal theoretical atten- 
tion. The latter relationships are essentially linear 
free energy relationships (1.f.e.r.'~) which are 
conveniently summarized by the equation 

[l 11 aEl12(a)/aEl12(b) = constant. 

These are two distinct 1.f.e.r.'~ of this type which 
are designated respectively alb and cld relation- 
ships. The alb correlations are those in which the 
amine fragments of two series of S.b.'s are held 
constant and where the aldehyde portions vary 
in the same manner. The cld correlations are 
generated by keeping the aldehyde portions con- 
stant and varying the amine fragments in a 
similar fashion. 

Three alb correlations are illustrated in Fig. 4 
using both the theoretical and empirical data in 
the following way. Firstly, the E,.,.+(a) vs. 
E,,,.+(b) correlations are made using the appro- 
priate H.m.0. levels and, secondly, the Ell, 
values have been scaled (via eq. [lo]) to produce 
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FIG. 2. A correlation between the lowest unoccupied 
m.0. n-electron energies calculated by the H.m.0. and 
1.c.m.o. methods with hN = 0.5 and kcN = 1. 

FIG. 4. A series of correlations of E,,,.+(a) vs. 
Es.b.+(b). Theoretical values (@) obtained from H.m.0. 
theory; empirical values (m) from El,, (see text). T h e y  
axis has been adjusted for clarity of presentation. Upper 
curves, amine 3 (a), amine 1 (b) (y increased by 0.1 unit); 
middle curve, amine 2 (a) vs. amine 1 (b); bottom curve, 
amine 4 (a), amine 1 (b) (decreased by 0.01 unit). 

1.6 
theory is only partly verified, for although the 

N 
individual slopes of each pair of lines are reason- 

Lib 
ably similar, the theoretical and empirical points 
are not coincidental. The inadequacy of the 

1.4 theory might have been anticipated from the 
scatter of the points in Fig. 3. Equation [9] 
also offers some insight into the relationships 
displayed in Fig. 4. 

Consider two series of S.b.'s denoted by i = a 
1.2 or b and let the n.b.m.0. coefficient at atom s be 

0.2 0.3 0.4 bOsi, then from eq. [9] we have 

FIG. 3. A correlation of -El,, (a,) and the lowest The a/b correlation is generated by differentiating 
unoccupied m.o. n-electron energies calculated by the with respect to and taking the ratio of the H.m.0. technique (hN = 0.5; kCN = 1). 

result with i = a and i = b, giving 

'empirical' E,.,.' values which are then corre- [13] ~El12(a)/~El12(b) = bo:/bo,; = constant. 
lated in the same way as the E,. ' (H.m.0.) -.". . 
levels. A completely accurate theory would give Similarly for the c/d series, where we now have 
three separate lines containing coincidental aori and i = c or  d (fixed) and b,, as the variable. 
empirical and theoretical points. Clearly the A similar manipulation to  that above gives 
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BENSON AND SCOTT: POLAROGRAPHIC REDUCTION. PART I1 2899 

[I41 ~ E I  p(c)/aEI 1 2 t 4  

= (bo.&N - ao ,"k~~) / (bo&~ - ao,dkCN). 

This is only of the form of eq. [I I], if a,," - a,," 
= 0, and differs from the c/d relationship pre- 
dicted in Part I of the present series where the 
c/d relationships would also show 1.f.e.r. be- 
havior. Unfortunately no adequate experimental 
evidence is available at present regarding the 
c/d correlations. 

Recently Grunwald and Leffler (5, 6) have 
presented a phenomenological approach to 
1.f.e.r.'~. In this treatment they express the stan- 
dard free energy of a molecule RS in the form 

[15] GRsO = GR + Gs + IRs + constant, 

where IRs is the non-additive term arising from 
the interaction of R and S. This non-additive 
term can be written as 

+ C3ZIs2 + C, (higher order terms). 

The existence of 1.f.e.r.'~ demands that C, = C3 
= C4 = 0, C2 # 0. Grunwald (5) warns against 
interpreting the scalar parameters IR and Is in 
terms of definite physical interactions in view of 
the complexity of the interactions. On the other 
hand, for the relatively clear-cut problem of the 
half-wave potentials of the S.b.3, we have demon- 
strated within the limitations of an 1.c.m.o. 
perturbation approach that for the a/b l.f.e.r. the 
I, and Is parameters are directly related to the 
a,, and b,, parameters of the 1.c.m.o. theory. 
Within the framework of the present theory, for 
the c/d correlations, C, = C4 = 0 but C2 and 

The effect of solvation differences between the 
S.b.'s and the related radical anions have not been 
considered here although this factor is likely to 
be less important than the shortcomings of the 
1.c.m.o. theory itself. Furthermore, it is generally 
believed that charge delocalization, which will 
be important in the radical anions, reduces the 
importance of solvation (7) (but see also ref. 8 for 
a criticism of this viewpoint). 
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Photolytic hydration of cyanamides 

Y. L. CHOW AND K. E. HAQUE 
Departtilent of Clieniistry, Sirnor1 Froser Ui~iuersity, Brtrrlaby 2, British Colrrnibia 

Received March 19, 1968 

N-Cyanopiperidines (1 and 2) have been shown to possess a n -> x* transition band in the vicinity of 
260 n ~ p  and, in the presence of a dilute acid, undergo photolytic reactions leading to hydration products 
(3 and 4). The fact that the reaction can be sensitized by acetophenone demonstrates that 1 reacts through 
a triplet state. ET is about 76 kcal/mole. Increasing the water content in the photolysis medium reduced 
the yield of the hydration product. 

Canadian Journal of Chemistry, 46, 2901 (1968) 

Introduction where irradiation experiments become feasible. 

There is some experimental evidence that the 
particular photolytic reactivities shown by nitros- 
amines are partially due to the extensive mixing 
of the n and n orbitals (1, 2). I t  has been argued 
that this extensive delocalization could raise the 
energy level of n* orbitals causing the observed 
difference in the electronic spectra of RNO, 
R2NN0, and RON0 systems (3). The observed 
differences in the photochemical reactions of 
nitrosamines and nitrites may be related t o  this 
argument. 

In  pursuing photochemical investigations of 
the related systems, we became interested in the 
cyanamide system. Then electrons of the carbon- 
nitrogen triple bond (-CEN) differs consider- 
ably from those of the carbon-carbon triple 
bond in that the contribution of the polar form 

- 
(-C=N-) is as high as 70%, as indicated by 
the high dipole moment (ca. 4.0 D) of the simple 
nitrile (4). On the other hand the bond lengths 
of the carbon-carbon single bond in acetonitrile 
and acrylonitrile differ very slightly (1.458 A and 
1.426 A respectively) (5) and the dipole moments 
of acrylonitrile and propionitrile are very 
close (3.8 D and 4.1 D respectively) (4). These 
figures strongly suggest that there is very little 
conjugative delocalization in acrylonitrile. In 
spite of this evidence it is surprising that a 
cyanamide shows a low intensity peak in 257 
my region (vide infra) reminiscent of a n -> n* 
transition band. Bearing in mind that the first 
transition band of acetonitrile occurs at  167 my 
(very weak) it is concluded that a sizable amount 
of electronic interaction may be present in the 
ground state of the cyanamide system. This 
electronic interaction apparently has shifted the 
first transition band to the ultraviolet region 

Such considerations fed us to examine the photo- 
chemical behavior of dialkylcyanarnides. 

Results and Discussion 

The required compounds, N-cyanopiperidine 
(1) and N-cyano-4-methylpiperidine (2), were 
prepared from the parent amine via N-chlor- 
amine according to the method described by 
Berg (6). A dilute aqueous solution of 1 is dis- 
tinctly basic and registers a value of 8-8.5 on pH 
paper. Thus in the 0.1 N hydrochloric acid solu- 
tion the cyanamides are predominantly pro- 
tonated and are difficult to  extract into ether 
layers. In agreement with the required sp-hy- 
bridization of cyanamide group the geometry of 
N-CEN group is linear, as is indicated from 
the magnetic equivalence of the a- and a'- 
proton chemical shifts in 1 and 2 at -40". 

In cyclohexane solution the cyanamides 
showed an absorption maximum at the region 
260 mp  with the extinction coefficient of ca. 200. 
This peak, however, hypsochron~ically shifts to 
the 245 mp  region in methanol. In analogy to the 
similar liypsochromic shift of nitrosamines in 
more polar solvent (7) this band may be assigned 
to n -+ n* transition of the cyanamide group. 

The irradiation was carried out with a Hano- 
via medium pressuie mercury lamp through a 
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Vycor filter and the temperature was maintained 
at 15-20" with cold running water. While in a 
methanol or methanol-water solution 1 was 
stable to irradiation without showing any change 
at 233 mp absorption, this peak slowly tapered 
off in 0.1 N methanolic hydrochloric acid solu- 
tion. The decrease of the 233 mp absorption 
became progressively slower as the irradiation 
proceeded and finally the residual absorption 
submerged into the tail of the new absorption 
centered at a lower wavelength. After 12 h of 
irradiation the reaction gave about 80 % of crude 
piperidine-N-carboxamide (3) and 20% of un- 
reacted 1. In a similar manner N-cyano-4- 
methylpiperidine (2) was photolyzed to give 4- 
methylpiperidine-N-carboxamide (4) in 53 % 
yields. 

Since stoichiometrically the reaction portrays 
hydration of the nitrile group, the effect of water 
content in the reaction media should therefore 
be an important factor to investigate. In the 
presence of 10 % water, other conditions being 
equal, the yield of 3 was 62 % and the recovery of 
1 37 % after 5 h irradiation. Instead of showing 
any improvement, the yield of 3, however, varied 
erratically in the region of 45-55 % regardless of 
prolonged irradiation (12 h period or longer) or 
use of a more powerful lamp (450 W Hanovia 
medium pressure mercury lamp). Progressive 
increases in water content to 15% and 25% 
brought down the yield of 3 to 22% and 6% 
respectively. The balance of the starting material 
was also recovered (75 % and 82 %). These results 
suggest that a photochemical equilibrium may 
exist between 1 and 2 and that the equilibrium 
is in favor of 1 in a medium of higher water con- 
tent. This conclusion was shown to be incorrect 
since no 1 could be detected when 3 was photo- 
lyzed either alone under the same conditions or 
in the presence of a small amount of 1. 

Since moisture was excluded in the photolysis 
in methanol containing dry hydrochloric acid, 
it might be assumed that an intermediate was 
formed which reacted further with water to give 
3 on working up. Unfortunately an attempt at 
trapping the presumed intermediate 5 with ex- 
cess diethylamine after 12 h irradiation was not 
successful; 3 was obtained in 81 % yield again. 
The failure to prove the presence of an interme- 
diate and a photochemical equilibrium does not 

allow one to speculate on the primary process of 
the photoreaction. Neither does it offer an ex- 
planation of why the yield of 3 decreases at  
higher water concentration. 

A control experiment in which the same reac- 
tion mixture (10 % water) was worked up under 
the same conditions after leaving at room tem- 
perature for 12 h gave nearly a quantitative 
recovery of 1. It  was therefore concluded that 
hydration of the cyanamide is a genuine photo- 
lytic reaction. Experiments t o  determine the 
multiplicity of the excited electronic state re- 
sponsible for the primary photoprocess was then 
in order. The photosensitized conversion of 1 
and 2 could not be effected with 0.1 M benzo- 
phenone (ET 69.2 kcal/mole) and acetophonone 
(ET 76.3 kcal/mole) (8) in the absence of hydro- 
chloric acid @yrex filter). That no  triplet energy 
transfer took place could be shown by the good 
recovery of the respective pinacols, the expected 
products from a photoreduction of the ketones 
(9). However, in 0.1 N hydrochloric acid, with 
acetophenone a s  a sensitizer, the hydration of 1 
t o  3 took place to an extent of 35% after 4 h 
irradiation. Since direct photolytic hydration of 
1 does not occur in pyrex apparatus where 
energy is cut off at 280 mp the triplet energy 
transfer from acetophenone to 1 must be taking 
place in the acidic medium to give the hydration 
product. In agreement with the mechanism of 
the triplet energy transfer, pinacol was formed 
only in small quantity and the majority of aceto- 
phenone was recovered (8). In contrast, benzo- 
phenone was ineffective in sensitizing this hydra- 
tion reaction under similar conditions. It can be 
concluded that a part, if not all, of the direct 
hydration of 1 proceeds through the triplet state 
and that the ET of 1 lies between 69 and 76 kcall 
mole. In estimating the triplet energy of 1 by 
sensitization experiments, it was explicitly as- 
sumed that only the Franck-Condon type of 
energy transfer was involved (10). It should be 
pointed out that the ET of 1 would be consider- 
ably higher than 76 kcal/mole should a non- 
vertical energy transfer take place (10). 

A mechanistic consideration of this photolytic 
hydration is hampered by the obvious lack of 
knowledge of the role played by water in the 
reaction. The information available at the 
moment allows us to propose a reasonable 
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CHOW AND HAQUE: PHOTOLYTIC HYDRATION OF CYANAMIDES 2903 

mechanism for the direct photolysis as follows: methanol-water solution. N-Cyanopiperidine has b.p. 
108-110" at 15 rnm, h,,, 257 mp (E, 135) in cyclohexane 

\.. and 244 mp ( E ,  142) in methanol, and v (liquid) 2220 
[i 1 H+ + N-C=N e X=C=N-H 

/ / cm-I, and the n.m.r. signals (CC1,) at z 6.87 and 8.39 

6 have an intensity ratio of 4:6. N-Cyano-4-methylpiperidine 
has b.p. 105-107" at 5 mm, h,,, 260 mp (E ,  224) in metha- 

[2 I 
\@ 6 e ( N=C=N-H),* nol, v (liquid film) 2220, 1610, and 970 cm-I, and n.m.r. 

/ signals (CCI,) at .r 7.65 (broad doublet) and 8.06 (broad 
7 triplet). 

7 + (\@ C=N-H),* 7= 
Photolysis of the Cyatzamides 

Into the photolysis apparatus (equipped with a quartz 
8 cold finger carrying Vycor filter) a cyanamide (0.01 mole), 

8 + 6 + energy 2 N hydrochloric acid (10 rnl), and the required amount 
of water were placed and methanol was added to make 

8 + product up 200 ml. The solution was irradiated with a 200 W 

The requirement of an acid in the photolytic 
hydration demonstrates that the protonated 
triplet state of 1 undergoes the reaction. Though 
the precise site of the protonation in the ground 
state of cyanamide is not known, the more reso- 
nance stabilized form, 6, can be reasonably 
assigned to the protonated species. In the direct 
photolysis 6 is excited to the n -t n* singlet state 
(7) which crosses over to the triplet excited state 
(8). Judging from the slow conversion of the 
cyanamides, the intersystem crossing, [3], may 
be very inefficient and the singlet excited state 
7 may preferentially decay to the ground state 
by various routes (the reverse reaction of [2]). 
Alternatively, the triplet excited state 8 may 
preferentially decay to the ground state, as 
shown in [4], leaving only a small fraction to 
react via the hydration pathway [5]. No doubt 
[5] represents a multistep process, the nature of 
which remains to be clarified. 

It  has been further shown that under these 
photolytic conditions the addition of 1 to olefins 
did not take place, since no other product ex- 
cept 3 could be isolated when the irradiation was 
carried out in the presence of norbornylene or 
1 -hexene. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and were uncorrected. Infrared spectra were 
measured in a Unicam SP 200 as Nujol dispersions or 
liquid film. Ultraviolet (u.v.) spectra were taken with a 
Cary 14 and nuclear magnetic resonance (n.m.r.) spectra 
with Varian A 56/60 using tetramethylsilane as the inter- 
nal standard. 

Preparation o f  the Cyanamides 
The preparations followed the procedures described by 

Berg (6). The amine was converted to N-chloramine 
which, in turn, was treated with potassium cyanide in 

Hanovia medium pressure mercury lamp. At intervals, 
aliquots were withdrawn with a pipette and suitably di- 
luted for u.v. scans. The zero hour sample was kept in 
the dark to serve as the control experiment. 

The reaction mixture was evaporated. The aqueous 
solution of the residue was neutralized and extracted 
with ether. The ether solution gave the unreacted cyana- 
mide after evaporation. The aqueous solution was evapo- 
rated in a rotatory evaporator at ca. 50' to dryness. The 
residue was then extracted with chloroform. The dry 
chloroform solution was evaporated to a small volume 
and a small amount of ether was added to induce crys- 
tallization. The crystals were recrystallized from the same 
solvent mixture to give the ureas. 

Piperidine-N-carboxamide obtained from photolysis 
has m.p. 10&10lo, which is not depressed in a mixture 
with an authentic sample prepared according to Cahour's 
method (lit. 105-106") (11). 4-Methylpiperidine-N-car- 
boxamide has m.p. 88-90" and v,,, (Nujol) 3380, 3180, 
1650, and 1595 cm-I. The mixed melting point with a 
sample prepared according to Cahour's method (11) is 
88-91". 

Tlze Control Experitnetzt 
The same constituent of the photolysis solution con- 

taining 10% of water and N-cyanopiperidine was pre- 
pared. This mixture was left at room temperature over- 
night and was worked up by the same procedure as that 
for the photolysis mixture. Only N-cyanopiperidine was 
recovered quantitatively. 

Photosensitizatiorz Experiment 
A pyrex cold finger was substituted in these runs. In 

the photolysis apparatus,N-cyanopiperidine (1.1 g), aceto- 
phenone (2.4 g), 2 N aqueous hydrochloric acid (10 ml), 
and methanol (185 ml) were placed and irradiated in the 
usual manner. 

After the work-up acetophenone and its pinacol were 
found in the neutral fraction (2.51 g), as indicated by 
1675 cm-I absorption and z 8.6 and 7.45 signals. The 
crude product of 2,3-diphenyl-2,3-butandiol crystallized 
from the light petroleum solution 650 mg, m.p. 95-12O0, 
and showed the infrared peaks at 1335, 1130, 11 11, 1355, 
and 1145 cm-l and unresolved singlets at z 8.6. This data 
indicated this fraction was a mixture of the meso and dl 
isomers (12). The basic extract (650 mg) contains mainly 
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N-cyanopiperidine as shown by the infrared spectrum. 
The urea 3 (450 mg) was isolated and purified in the usual 
manner. 
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Mechanism of decarboxylation of substituted salicylic acids. I. Kinetics 
in quinoline solution 

G.  E. DUNN, E. G. JANZEN, AND W. RODEWALD 
Chemistry Department, University of Manitoba, Winr~ipeg 19, Manitoba 

Received April 5 ,  1968 

First-order rate constants for the decarboxylation of fourteen 4- and 5-substituted salicylic acids 
have been determined in quinoline solution in the temperature range 90-230 "C. Substituents have 
almost no effect on the rate constants, except those with large negative o-constants: p-arnino,p-hydroxy, 
p-ethoxy. The enthalpies and entropies of activation do not fit the isokinetic relationship, with the same 
three substituents deviating. It is suggested that the decarboxylation involves a preliminary ionization 
of the carboxyl group, followed by protonation of the aromatic ring of the anion so formed, and then 
loss of carbon dioxide. The isokinetic relationship fails because substituents affect all three steps differ- 
ently, and the Hammett relationship fails because the substituent effect on the ionization is related to o 
while that on the other two steps follows of. The three substituents which deviate are those for which 
o and a+ differ widely. 
Canadian Journal of Chemistry, 46, 2905 (1968) 

The decarboxylation of substituted salicylic 
acids in aqueous solution has been thoroughly 
investigated. Schubert and Gardner (1) showed 
that the decarboxylation of 2,4,6-trihydroxy- 
benzoic acid in aqueous perchloric acid is first 
order with respect to 2,4,6-trihydroxybenzoate 
ion and to hydrogen ion, so that the slow step 
could be either a unimolecular decomposition of 
the free acid or a bimolecular reaction between 
the anion and the proton. Willi (2) found that the 
decarboxylation of Csubstituted salicylic acids 
obeys the Hammett relationship using o+, and 
that the rate is increased by electron-releasing 
substituents. He therefore concluded that the 
slow step is protonation of the anion in the 
1-position of the aromatic ring. Lynn and Bourns 
(3) demonstrated that protonation and decar- 
boxylation are sequential rather than concerted 
processes by showing that the 13C-carboxyl 
kinetic isotope effect in the decarboxylation of 
2,4-dihydroxybenzoic acid varies with buffer con- 
centration. These results make it clear that the 
mechanism of decarboxylation of substituted 
salicylicacidsin aqueous solution is the following: 

In nonaqueous solution much less information 
is available. Brown, Hammick, and Scholefield 

(4) found that in resorcinol at 110-240 "C the 
first-order rates of decarboxylation increased as 
hydroxy groups were added to the 4- and 6- 
positions of salicylic acid, which suggested that 
here, too, protonation of the aromatic ring is an 
important part of the rate-determining process. 
Clark (5) studied the decarboxylation of 4-hy- 
droxysalicylic acid in glycols and in quinoline and 
concluded that these solvents were acting as 
nucleophiles toward the carboxyl carbon. 

The present work reports the rate and activa- 
tion parameters for decarboxylation of 14 
substituted salicylic acids in quinoline solution. 

Experimental 
Synthetic quinoline distilled from and stored over 

barium oxide was used throughout. Salicylic acid and the 
4- and 5-amino, 4- and 5-hydroxy, 4- and 5-nitro, 4-ethoxy, 
5-methyl, 5-chloro, and 5-bromo substituted salicylic 
acids were commercial products recrystallized to constant 
melting point from water, aqueous ethanol, or toluene. All 
melting points were determined in a Hershberg apparatus 
(6) using calibrated Anschiitz thermometers. The prepara- 
tion of the 4-methyl (7) and 4-bromo (8) acids has been 
previously described. 

5-MethoxysaIicyIic Acid 
This acid was prepared by methylating 5-hydroxy- 

salicylic acid. To a solution of 7.1 g of 5-hydroxysalicylic 
acid in 40 ml of 10% sodium hydroxide solution was 
added in alternate small portions 12.1 g of dimethylsulfate 
and 40 ml of 10% sodium hydroxide solution. The mixture 
was refluxed for 4 h, cooled, and acidified. The precipitated 
crude 5-methoxysalicylic acid was refluxed with 10% 
sodium hydroxide solution, then reprecipitated with 
mineral acid. Recrystallization from benzene and from 
water produced 2.8 g (37%) of product with m.p. 145.7- 
146.2 "C (lit. (9), m.p. 143.5 "C). 
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TABLE I 
First-order rate constants (k x lo4 s- l)  for the decarboxylation of substituted salicylic acids in quinoline* 

k at temperature 

Substituent 93" 100" 110" 120" 126" A H $  AS S 

4-NHZ 0.53 1.09 3.35 9.34 13.3 28.5k0.8 - 0 . 7 t 2 . 0  -- 

k at temperature 

Su bstituent 130" 140" 150" 160" 170" 180" 190" AHS AS1 

4-OH 0.61 1.61 3.97 10.4 45.1 78.9 29.5k0.5 -5.2k 1.2 
4-OEt 0.13 0.40 1.02 2.78 5.81 14.6 29.7 32.6k0.4 -0.5k0.9 

k at temperature 

Substituent 180" 200" 210" 220" 230" AH% ASS 

'Each rate constant is the average of two to five runs. The maximum deviation from the mean is about 3 %. Numbers in italics were obtained 
gravimetrically; all others are manometric. 

Rate Meas~~renlents 
The apparatus for measuring rates of decarboxylation 

was similar to that previously described (10). The thermo- 
stat consisted of a 3 1 round-bottom flask containing a 
refluxing liquid (n-butyl ether) into the vapors of which 
dipped the reaction vessel. The temperature, measured by 
a thermocouple in the reaction vessel, could be maintained 
to within k0.05 "C by means of a manostat on the 
refluxing liquid. The manostat consisted of the flask 
containing the refluxing liquid and a ballast tank of about 
equal size connected to a vacuum pump through a 
solenoid gas valve. The gas valve was operated through a 
relay by a thermistor in the refluxing vapor. 

The rate of carbon dioxide evolution was measured 
either gravimetrically as previously described (10) or 
manometrically. For manometric measurements the 
reaction vessel was modified to a bulb with a capillary 
neck. The reactant solution (10 ml of 0.14.2 M salicylic 
acid) was introduced through the capillary neck by means 
of a hypodermic syringe and allowed to come to thermo- 
stat temperature, then a mercury manometer was attached 
to the neck. Both manometric and gravimetric data were 
fitted by the least-squares method to the rate equation 

In (x, - x,) = -k t  + In (xi - x0) 

where xo, x,, and xi represent weight or pressure of carbon 
dioxide at times zero, t ,  and inlinity respectively. The 
standard deviation of k within a run was about 1 % and 
the maximum deviation of k from the mean of three to 
five runs was about 3%. Manometric and gravimetric 
rates agreed within experimental error so long as the rate 

constant was less than about s- l. At higher rates the 
evolution of carbon dioxide from solution was slower than 
the reaction. 

Enthalpies and entropies of activation were calculated 
from a least-squares fit of the data t o  the equation 

where k is the Boltzmann constant. 

Results and Discussion 

The decarboxylation of substituted salicylic 
acids in quinoline solution is a clean first-order 
reaction up to three half-lives for all 14 acids a t  
all the temperatures investigated. Rate constants 
and activation parameters are shown in Table I. 

Figure 1 shows a plot of the rate constants a t  
200 "C against of .  It is clear that the rates do not 
obey the Hammett relationship. Substituents 
having of = -0.3 or greater have very little 
effect on the rate, while 4-OH, 4-OEt, and 4-NH, 
substituents increase the rate of decarboxylation 
markedly. The fact that most substituents have 
little effect on the rate might be accounted for in 
one of three ways: (a) the substituents are in- 
sulated from the reaction site; (b) the substituents 
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influence bond making and bond breaking in 
opposite senses so that cancellation occurs; or 
(c) the isokinetic temperature is near 200 "C (1 1). 
Considering the structure of the reactant, (a) is 
hardly possible; (b) and (c) may be aspects of the 
same phenomenon, that is, cancellation may 
occur at the isokinetic temperature only. 

FIG. 1. Hammett plot of the rate constants for de- 
carboxylation of salicylic acids in quinoline at 200 "C. 
Rate constants for the three points at upper left are 
calculated from the activation parameters. a+ values are 
from ref. 14. 

Figure 2 is a plot of the isokinetic relationship, 
AH' vs. A s f .  Once again the points for 4-OH, 
4-OEt, and 4-NH, deviate from the rest. The 
remaining points show a considerable scatter but, 
including their experimental uncertainty, they 
all lie on a straight line with slope = 290 + 50 
"C. The isokinetic temperature is therefore too 
great to account for the lack of substituent effects 
at 200 "C. It  is also worth noting that rate 
constants at 100 "C calculated from the activation 
parameters give a Hammett plot hardly distin- 
guishable in shape from that at 200 "C. 

However, even allowing for the diaculties in 
calculating and interpreting isokinetic tempera- 
tures (12), the 4-OH, 4-OEt, and 4NH, points 
do not fall on the line. Deviations of this kind by a 
certain set of reactants from the isokinetic and 
Hammett relationships established by related 
compounds have often been taken to mean that 
these reactants use a different mechanism than 
the others (1 1). It can be shown that in the present 
case this is not necessarily so. 

The fist-order decarboxylation of salicylic 
acids in quinoline contrasts with that of substi- 
tuted anthranilic acids in nitrobenzene which is 
second order (10). To determine whether the dif- 
ference in order is a function of the acids o r  of the 
solvents, salicylic acid was decarboxylated in ni- 
trobenzene at 200 "C. The reaction is second 
order with respect to salicylic acid with a rate 
constant of 2 x M-I s-l. Conversely, a 
number of 4- and 5-substituted anthranilic acids 
have been found to decarboxylate by a first-order 
reaction in quinoline (1 3). 

The bimolecular decarboxylation in neutral 
aprotic nitrobenzene solvent suggests that there 
is no convenient jntramolecular route for the 
proton transfer from the carboxyl group to the 
aromatic ring which is part of the decarboxylation 
reaction; protonation is accompljshed by transfer 
from one acid molecule to  another. However, in 
the equally aprotic but basic solvent quinoline, 
the decarboxylation is first order. Quinoline must 
therefore be able to facilitate the proton transfer 
in a way that nitrobenzene cannot. Since quino- 
line is more basic than nitrobenzene i t  seems 
reasonable to suppose that it functions by 
accepting a proton from the carboxyl group; the 
quinolinium ion so formed could then serve as the 
protonating agent for the aromatic ring. 

COOH RG OH + Q * R a z -  QH+ 

H 0 0 ' - ~  COO- 
H 

,.HI, Y' ,pO Oa-ou. O..DEl R G O H  . QH+ * R e g -  + cj 

28 1 
-14 1 -10 -8 -6 -4 -2 0 2 

AS* The ionization postulated for the first step has a 

FIG. 2. Isokinetic plot for the decarboxylation of 
dual function; it converts the aprotic quinoline 

salicylic acids in quinoline. into a protonating agent and converts the salicylic 
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acid to the anionic formin which it  is more readily 
subject to protonation, as has been demonstrated 
by the work in aqueous solution reviewed at the 
beginning of this paper. 

In fact, the whole mechanism proposed here 
for decarboxylation in quinoline bears a strong 
formal resemblance to the mechanism which 
operates in aqueous solution, with quinoline and 
water playing analogous roles. However, the 
resemblance may be more apparent than real. In 
a medium of such low dielectric constant as 
quinoline (E = 9) it is extremely unlikely that the 
ions formed in the first step would dissociate 
extensively. This probability has been shown in 
the equations by representing the ions as pairs 
(dot notation) rather than as separated entities. 
That dissociation is small is further indicated by 
the fact that adding quinolinium chloride has no 
effect on the rate of decarboxylation (13). The 
association of quinolinium and salicylate ions in 
ion pairs would, of course, greatly facilitate the 
proton transfer of the second step and thus com- 
pensate for the low concentration of ions. 
Whether the protonation and decarboxylation of 
steps 2 and 3 are actually sequential, as shown, or 
concerted is not evident at this point. 

The proposed mechanism can also account for 
the poor fit of the data to the Hammett relation- 
ship shown in Fig. 1. An electron-attracting 
substituent, say, at R would tend to increase the 
rate of decarboxylation by increasing the con- 
centration of ion pairs formed in the first step. At 
the same time it would hinder the protonation of 
the aromatic ring in step 2, and facilitate the loss 
of CO, in step 3. The overall effect of a sub- 
stituent could be represented by the Hammett 
equation modified as follows: 

12 
log - = pla + p,a+ + p3a+ 

ko 

where the subscripts refer to the three steps in the 
proposed mechanism. This formulation assumes 
that the third step is the slow one. If it is actually 
fast, or if steps 2 and 3 are concerted, the third 
term will disappear. Hammett's a is appropriate 
for the first step since it involves the ionization of 
a carboxyl group, whereas o+ is required for the 
second and third steps because they involve the 
formation and decay of positive charge on the 
aromatic ring. As indicated above, a substituent 
will have an opposite effect on step 2 to that on 

steps 1 and 3;  p, will be negative while p, and p, 
will be positive. Consequently, if p, is approxi- 
mately equal in magnitude to  p1 + p3, the 
cancellation of substituent effects postulated 
earlier will be accomplished. Furthermore, the 
cancellation will be effective only for those sub- 
stituents for which a and a+ are the same; that is, 
for all the substituents used here except 4-OH, 
4-OEt, and 4-NH,. This immediately suggests 
that these three apparently aberrant groups may 
be included in the same mechanism. 

To test this possibility, the modified Hammett 
equation may be rearranged to 

log kjko -- a+ 
a - Pl  + (PZ + ~3); 

and Fig. 3 shows a plot of the data in this form. 
There is a considerable scatter of points, as might 
be expected from the large uncertainty that 
appears in the variables of the rearranged equa- 
tion when a is small, and from the fact that the 
acidities of substituted salicylic acids in media of 
low dielectric constant show considerable devia- 
tions from the simple Hammett relationship used 
to  describe step 1 (8). Nevertheless, a linear trend 
is evident and the points for the "aberrant" 
groups 4-OH, 4-OEt, and 4-NH2 do not deviate 
more than the others. The slope and intercept of 
the best straight line through the points give 
pl = + 4  and p, + p, = -4. The latter value is 
consonant with the large negative p's observed 
in other aromatic substitutions (14) and the 
former value is not unreasonable for the ioniza- 
tion of a carboxylic acid in quinoline, when it is 
remembered that p for this reaction changes from 
+ 1 to + 2 on changing the solvent from water to  
ethanol (1 5). 

The three-step mechanism can also explain the 
failure of the activation parameters to fit the 
isokinetic relationship. According to Leffler and 
Grunwald ( l l ) ,  substituent effects in which 
resonance plays a particularly large part, such as 
those for which a+ differs sharply from a, often 
do not fit the isokinetic relationship. This is 
because the isokinetic temperature for the 
resonance contribution is not the same as that for 
the polar contribution to the substituent effect. 
I t  may also be pointed out that a similar argument 
applies to multistep reactions in general. The 
observed enthalpies and entropies are composite 
quantities made up of the enthalpies and entropies 
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FIG. 3. Rate constants for decarboxylation of salicylic 
acids in quinoline at 200 "C plotted in a modified Hammett 
relationship. cr and cr' values are from ref. 14. 

of the separate steps. Even though each individual 
step obeys the isokinetic relationship, the overall 
reaction will not do so unless all steps have the 
same isokinetic temperature. 

In summary, then, it seems probable that all 14 
substituted salicylic acids react by the same 
three-step (or two-step) mechanism. However, 
the data now available do not exclude the possi- 
bility that the reactive acids decarboxylate by a 
different mechanism than the others. Whether or 
not more than one mechanism applies, the fact 
that all the data can in principle be accom- 
modated by a single mechanism illustrates once 
more (12) the danger of basing a change of 

mechanism on a break in the Hammett or iso- 
kinetic relationship. 
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TABLE I 
Irradiation data 

-- 

Approximate 
Weight epithermal flux 

Sample (g) (neutrons cm-2 s-') tl* t ~ *  t3* 
Elements analyzed 

1 1 .O 10l2 100h 172.5 h 173 h Xe 
2 1 .O 10l2 150 h 216 h 218 h Xe 
3 0.15 10l2 100 h -80m -120m Kr 
4 0.15 1Ol2 200 m -90m -140 m Kr 
5 1 .O 10l2 600h 281 d Cs, Nd 
6 0.75 10l2 600 h 326 d Cs, Nd 
7 1 .O 10l2 600 h 351 d Cs, Nd 
8 1 .O 10l2 144 h 20 d Nd 
9 0.10 1o12 60 m (Kr, Y ,  Nb, I, 

Te, Xe, Ba, Ce) 

* I , ,  time of irradiation; 12,  time from end of irradiation to fission product extraction; and 13, time from end of irradiation to analy- 
sis. h stands for hours, rn for minutes, and d for days. 

I I I i 

ENERGY ( k e V )  

FIG. 1. y-Spectra of fission products taken 1 day after irradiation of 232Th. 

Results and Discussion 
A summary of the mass spectrometric deter- 

minations is given in Table 11. At least two 
independent measurements were carried out and 
the quoted errors are standard deviations of 
mean values obtained from 10-20 double mass 
spectrometer scans. Relative yields obtained 
using a Ge(Li) detector are given in Table 111. 

We have examined the results of radiochemical 
measurements reported in the literature and have 
made comparisons of relative yields where 
possible. The results of Iyer et al. (3) were found 
to agree with the more precise mass spectro- 
metric measurements of Kennett and Thode (6) 
and of this work far more closely than any of the 
other measurements (1,2,4, 5). Iyer et al. used a 
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HARVEY ET AL.: REACTOR-NEUTRON FISSION O F  *32Th 

TABLE I1 
Relative yields from mass spectrometer measurements 

Relative yield (ref. 6) Relative yield (this work) 
Mass 

number Kr Xe Kr Xe Cs Nd 
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TABLE I11 comparison method wherein 232Th targets were 
Relative yields from Ge(Li) 

measurements 
irradiated along with 235U targets and the 2 3 5 ~  

fission yields given by Katcoff (13) were used to  

Isotope Relative yield obtain 2 3 2 ~ h  relative yields. Absolute yields 
were then obtained by normalizing the area 

1.360k0.020 under a smooth curve drawn through the relative 
91Y 2.61 k0.08 
97Nb 1.484&0.016 yields to 200 %. Now Iyer et al. state that errors 
1311 0.505~0.030 in Katcoff's yields (f 10%) could produce a 

2Te 
1331 

1.000 major source of uncertainty in their results. 
1.409k0.025 

13sXe 1.835&0.020 Farrar et al. (14) and Farrar and Tomlinson (1 5) 
l 3  9Ba 2.53k0.05 have presented 235U chain yields of considerably 
143Ce 2.46k0.05 greater certainty and we have therefore used 

TABLE IV 
Relative and absolute yields (Reactor-neutron fission of Z3ZTh) 

Mass Mass spectrometric Slew) Iyer et al. (3) Absolute 
number relative yields relat~ve yields relative yields yields (%) 
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MASS NUMBER 

FIG. 3. Mass yield curve for reactor-neutron fission of 232Th. 

these yields to correct the relative 232Th yields 
given by Iyer et al. 

For yields in the heavy mass hump we have 
normalized the Xe-Cs mass spectrometric data 
to relative yields given by Iyer et al. (3) at 137Cs. 
The Nd mass spectrometric data was normalized 
to the data obtained by the Ge(Li) method at 
mass 143, and the Ge(Li) data normalized to the 
Xe-Cs data at mass 132. This procedure gave 
relative values for all the major yields except for 
masses 138 and 142, which were interpolated. 
Relative yields in the light mass region were ob- 
tained by normalizing the data of Iyer et al. (3) 
to mass spectrometric data at mass 83, and to the 
Ge(Li) data at mass 97. Summation of the rela- 
tive yields to 100% for both heavy and light 
masses allowed a determination of absolute 
yields (see Table IV and Fig. 3). Interpolated 
and extrapolated yields amounted to 17.3 % for 
the heavy masses and 42.1 % for the light masses. 
The general shape of the heavy mass curve as 
well as the detailed fine structure is. we feel. 

N. S. Oakey for his help in determining the U 
content of the Tho, samples used in this work, 
and also the McMaster University reactor staff 
for arranging the irradiations. 
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Infrared studies on rotational isomerism. 11. 2-Fluoroethanol 
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The infrared spectra of CHzFCHzOH were measured in the vapor, liquid, and solid states from 
4000 to 200 cm-'. The Raman spectrum of the liquid was also measured over the same frequency 
range. From the results it appears that the free molecules exist almost entirely in thegauclte configuration, 
which is stabilized by intramolecular hydrogen bonding. Only in the vapor at temperatures above 60 to 
70 "C is there any indication of weak bands due to trans isomers. In the condensed phases the ~nolecules 
are associated through strong hydrogen bonds ( 3 4  kcal/mole). 

Les spectres infrarouges du 2-fluoroCthano1 ont CtC mesures entre 4000 et 200 cm-' sous les trois 
Ctats physiques. Le spectre Raman du liquide a Cgalement CtC enregistrt pour la premiere fois. D'apres 
les resultats il appert que la molecule libre existe presque exclusivement sous la configuration gauche; 
celle-ci est beaucoup plus stable que la trans a cause de la liaison hydrogene interne. C'est seulement 
dans la vapeur, et au-dessus de 60 a 70 "C que de faibles bandes dues a l'isomere trans apparaissent. 
Par ailleurs le liquide est fortement associC grice a des liaisons hydrogene intermolCculaires de 3 a 4 
kcal/mole. 
Canadian Journal of Chemistry, 46, 2917 (1968) 

Introduction Experimental 

Contrary to the case ofethylene glycol discussed 
n Part I of this series (1) the question of the 

molecular configuration of 2-fluoroethanol (also 
called ethylene fluorohydrin) has attracted little 
attention so far. Electron diffraction data (2) have 
revealed the existence of only one configuration 
of the molecule, the gauche, in the vapor. From 
the 0 . .  . F  distance, and other measured or 
estimated bond lengths and angles, the azimuthal 
angle I$ between the CCO and the CCF planes 
should lie between 60" and 70". Various infrared 
studies (3-5) done mostly on dilute solutions in 
CCl, have led to the conclusion that in such media 
the 2-fluoroethanol molecules assume either the 
trans or the gauche configuration, with the latter 
largely predominant. From a careful temperature 
study Krueger and Mettee (5) estimated the 
enthalpy of isomerization to be 2 kcal/mole. As 
for the free molecule, only the 3 p region has been 
studied (3) and the results interpreted again in 
terms of mixtutes of both isomers. Because of the 
strong electronegativity of fluorine on the one 
hand, and the somewhat unfavorable geometry 
(five-membered ring, leading to a highly bent 
0-H. . . . F bond) on the other hand, the prob- 
lem of intramolecular hydrogen bonding in 
2-fluoroethanol is of special interest, and further 
spectroscopic work seemed desirable. 

'On leave during the summer of 1967 from Meiji 
University, Ikuta, Kawasaki-shi, Japan. 

The sample of 2-fluoroethanol (K. & K. Laboratories, 
Plainfield, N.Y.), of minimum stated purity 95 %, was 
fractionally distilled with a Vigreux column. Only the 
middle portion (some 40%) which distilled at 103.3 + 0.1 
"C, was used. Its refractive index at 18' was 1.3695 com- 
pared with the literature (6) value of 1.3647. The infrared 
spectra showed no trace of water, themost likely impurity. 
Attempts to prepare the O D  substituted alcohol by two 
different methods were unsuccessful. In the first one the 
alcoholate was prepared by reaction with metallic sodium. 
While it was being purified under vacuum the alcoholate 
decomposed suddenly, the heat evolved turning the whole 
mass into a char. In the second method the borate ester was 
prepared for hydrolysis with heavy water. However, the 
reaction could not be carried out to completion. 

The absorption cell for the vapor spectra was 10 cm 
long, with windows of NaC1, AgC1, or Mylar polyethylene, 
depending on the region covered. It was connected to a 
thermostated bulb holding the liquid alcohol under 
atmospheric pressure (dry nitrogen). The liquid was kept 
at 20 "C and the spectra were recorded with the vapor at 
25,40,70, and 120". The crystallinesamples were obtained 
by cooling slowly with dry ice a film of the liquid alcohol 
between two salt discs in an evacuated cell. Rapid cooling 
with liquid nitrogen produced a glassy solid. This could 
be crystallized by annealing at dry-ice temperature for 
about 1 h. The infrared spectra were recorded with a 
Perkin-Elmer model 621 double beam spectrometer, and 
the Raman with a Cary model 81 instrument. 

Results 

Reproductions of some typical spectra for the 
three physical states are shown in Figs. 1 to 4. 
The assignments given in Table I appear quite 
straightforward except for the few following 
points. 
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TABLE I 

Infrared and Raman spectra of 2-fluoroethanol (frequencies in cnl-l) 

Infrared 

Vapor (23 "C) Liquid Crystal (- 180 OC) Raman, liquid Assignments 

3660 s 
3643 s 
2983 vs 
2971 vs 
2958 vs 
2930 s 
2897 s 
1470 w 
1465 m 
1457 m 

(1383 m 
1374 m 

11365 w 
1349 vw 

i 1258 vw 
1250 w 
1240 vw 
1210 vw 
1157 vw 
1111 vw 

I 1092 vs 
1075 vs 
1048 vs 
1038 vs 
1030 vs 

t 965 w* 
952 vw 
926 w* 
895 m 

{:;; : 
846 m 
765 vw* 

300 vs 
*Visible only at higher temperature. 

OH Vibrations 
The doublet at 3660, 3643 cm-' must be 

ascribed to the 0-H stretching mode of one 
isomer only (the gauche obviously) since it shows 
no temperature effect whatsoever over a 100" 
range. Kuhn et al. (3), who gave the frequencies 
as 3654, 3638 cm-', assigned them to the trans 
and the gauche isomers respectively. By com- 
parison with 2-chloroethanol, and 2-bromo- 
ethanol, however, their interpretation was rather 
unlikely since the two components of the doublet 
have nearly the same relative intensities in all 
three halosubstituted alcohols. Normally, one 

0-H stretching 

C-H stretching 

C-H stretching 

CH2 scissoring 

OH bending 
and 

CH2 wagging 

CH2 twisting 

C-F stretching (t) 
? 

C-0 stretching 

C-F stretching (g) 

C-C stretching 

CH2 rocking (g) 

CH2 rocking (t) 

OH torsion 

CCO bending 

CCF bending 
OH torsion 

would expect an  appreciably lower intensity of 
the trans band in the fluoro compound. At any 
rate the separation of the doublet reported here is 
suitable for the P and R branches of the same 
absorption band in the free molecule. An estimate 
based on the calculated moments of inertia (cf. 
Table 11) of the gauche molecule gives 15 cm-' 
for the separation of the P and R maxima of a 
pure parallel band of the gauche isomer, and 12 
cm-' for the trans isomer, which is almost a 
symmetric top. Considering the approximations 
involved the agreement is reasonably good. As 
shown by the data in Table I a few other funda- 
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I BUCKLEY ET AL.: ROTATIONAL ISOMERISM. 11. 2-FLUOROETHANOL 

TABLE I1 
Structural parameters (2) and moments of inertia of the gauche 

CH,FCH,OH molecule* 

c - c = I . ~ ~ A  C-H=1.09A 1 A = 5 3 . 3 4 g ~ 2 x 1 0 - 4 0  
C-F= 1.36 A 0-H=0.97 A ID= 154.62 g cm2 x 
C-0=1.45A 0 . . . ~ = 2 . 8 2 A  Ic=184.37gcmZx10-40 
*All angles assumed tetrahedral, except the azimuthal. 6 = 64". 

mentals show the same splitting of 17-18 cm-l. on dilute solutions has shown (3-5), the separa- 
Close scrutiny of the high-frequency side of the tion of the trans and gauche 0-H stretching 
0-H stretching band, especially at the higher fundamentals also is of the order of 12-16 cm-l. 
temperatures, failed to reveal any definite sign of Therefore, a weak trans component could very 
absorption attributable to trans molecules. How- well escape detection under the strong R wing 
ever, this criterion alone is not conclusive because of the gauche band. 
the conditions here areunfavorable. As the work In the liquid the 0-H stretching band is 

FIG. 1. Infrared absorption of CH2FCH20H in the 0-H and C-H stretching region. (A) Vapor at room 
temperature; (B) liquid; and (C) crystal at -180 OC. 
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1400 1200 1000 800 cm-' 
FIG. 2. Temperature effect on the infrared spectrum of 2-fluoroethanol vapor. 

t 
0 .- 
+ 
a 
I 
0 
V) 
n 
a 

1 

1 I 

I I I I I I I 
1400 1200 1000 800 ~ m - '  

FIG. 3. Infrared spectra of (A) liquid and (B) solid 2-fluoroethanol at - 180 "C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUCKLEY ET AL.: ROTATIONAL 1% 

broadened considerably and shifted some 300 
cm-' towards lower frequency by strong inter- 
molecular hydrogen bonds. The shoulder near 
3560 cm- ', the equivalent of which appears also 
in the liquid 2-chloroethanol, and 2-bromo- 
ethanol (7), might belong to OH groups engaged 
only in internal hydrogen bonding, as there is no 
obvious possibility of overtones or combinations 
at that frequency. In the crystal (Fig. 1C) a further 
shift of nearly 200 cm-' from the liquid 0-H 
stretching band seems unusually large. This may 
arise from the high electronegativity of fluorine 
and/or particularly favorable packing conditions 
in the crystal. The usual semi-empirical corre- 
lations give values of some 3 to 4 kcal/mole 
for these intermolecular hydrogen bonds. 

As for the OH bending band, it probably 
coincides with the CH, bending near 1400 cm-' 
as in ethylene glycol. Lastly, the torsional mode 
of the "bonded" OH gives rise to a broad, jagged 
contour band in the 300-350 cm-' region in the 
vapor. This frequency lies between that of a 
relatively free OH, around 200 cm-' as in ethanol 
vapor, and that of a strongly hindered OH, 
around 650 cm-' as for instance in condensed 
phases of ethylene glycol and the other 2-halo- 
substituted ethanols (8). Such a large shift is 
characteristic of this type of molecule, and would 
seem to be a better index of the intramolecular 
hydrogen bond strength than the small shifts of 
the 0-H stretching frequencies. It also confirms 
that the isomer present in our case is the gauche. 
In contrast with the liquid, the crystal (Fig. 4C) 
retains some absorption near 350 cm-', which 
we assign tentatively to intramolecularly bonded 
molecules. This, coupled with the complex 
appearance of the vapor band, suggests for the 
latter a double origin. Another possibility is that 
the crystal band belongs to some lattice mode, 
although both the frequency and intensity seem 
too high on that account. 

Skeletal Vibrations 
The C-F and C-0 stretching bands, although 

quite close together, are clearly distinguishable in 
all three phases. The C-C stretching vibration 
cannot be positively identified because it is very 
likely coupled with other skeletal modes, as was 
demonstrated in a recent force constant study of 
ethylene glycol (9). The two skeletal bending 
modes probably coincide exactly in the vapor 
since only one band is found around 500 cm-'. 
In the condensed phases, however, the CCF 

FIG. 4. LOW frequency spectra of (A) gaseous, (B) 
liquid, and (C) solid 2-fluoroethanol. 

bending frequency is slightly lower and much 
weaker than the CCO bending. As for the C-C 
torsional frequency, it must lie below the lower 
limit of our measurements. An unpublished 
microwave investigation (10) has yielded a value 
of 152 + 10 cm-', i.e. of the same magnitude as 
in 2-chloroethanol (8). 

CH, Vibrations 
The four CH, stretching modes are clearly 

separated in the crystal; even in the liquid four 
distinct maxima are detectable. In the vapor 
partial overlap results in uneven separation of the 
components (Fig. 1A). As for the deformation 
modes, they should give rise to eight bands in the 
region from 800 to 1500 cm-' although extensive 
overlap of the symmetrical and antisymmetrical 
components of each kind may be expected. In 
addition, the CH, wagging frequencies nearly 
coincide with the OH bending as was confirmed 
by deuteration studies in ethylene glycol (1). The 
"free" OH bending of trans molecules in the 
vapor should occur a t  an appreciably lower 
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frequency (around 1200 cm-'), Of the various 
CH, deformations, the rocking modes are the 
most meaningful because of their dependence on 
the configuration of the molecule. In the vapor 
spectra they produce strong absorption with 
complex structure near 900 cm-', while in the 
crystal the two major components show weak 
satellites, possibly due to crystal field splitting. 

High-Temperature Bands 
Raising the temperature of the vapor in steps 

up to 120 "C caused little change in the general 
appearance of the original bands except for a 
regular decrease in intensity of the Q branches. 
More important, however, some new bands 
emerged gradually which, from their temperature 
behavior, could not arise from decomposition 
products. Therefore, we consider them as evidence 
for trans molecules and we assign them tentatively 
as follows: the 1157 cm-' band to the C-F 
stretching, according to the well-known situation 
in the other 2-haloethanols (1 1); the weak pair at 
765 and 740 cm- ' to the CH, rocking modes, and 
the stronger doublet at 965 and 930 cm-' to the 
C-C and the C-0 stretching modes, although 
the latter should be shifted in the opposite 
direction. However, strong coupling between 
these various skeletal modes makes somewhat 
delusive any specific assignment of each absorp- 
tion band to a given mode. 

Conclusions 
The present results support the conclusion of 

the electron diffraction work (2) as to the only 
stable configuration, the gauche, of the 2-fluoro- 
ethanol molecule in the vapor at ordinary 
temperature. On the other hand existence of very 
low concentrations of trans isomers at higher 
temperatures seems fairly certain. These could 
easily escape detection by the electron diffraction 
method in view of the small contribution of the 
long 0. . . . F  distance to the overall diffraction 
pattern. Furthermore, the temperature of the 
vapor at the moment of diffraction is uncertain 
because of the fast adiabatic expansion into 
vacuum. 

Likewise, spectroscopic work confined to the 
3 p region is insufficient in borderline cases like 
this one, where the weaker component may be 
completely submerged under the main absorption 
band. The possibility of overtone and combina- 
tion bands in that region complicates the situation 

further. Evaluation of the enthalpy of isomeriza- 
tion from band intensities by the usual methods 
does not seem warranted here as our data for the 
trans isomer are too scanty, and their assignments 
too uncertain. However, it seems safe to conclude 
that the AH is greater than 2 kcal/mole, the value 
found in dilute CCl, solutions (5). Stabilization 
of the transisomer by solvent must be appreciable 
in the latter case; in fact it is enough to lower the 
0-H stretching frequency by 25-30 cm-'. From 
the structural viewpoint it is of interest that the 
strong aflinity of fluorine for the proton pre- 
dominates over the oxygen-fluorine repulsion, 
even in a strongly bent hydrogen bond. Intui- 
tively, this should tend to close the azimuthal 
angle 4 to below 74", the value reported in ethyl- 
ene glycol (12). In that connection we have re- 
cently learned with interest that the azimuthal 
angle in 2-chloroethanol was found to be 64 f 2" 
from microwave measurements (1 3). 

In the condensed phases the situation is not so 
clear. Certainly the liquid is strongly associated 
(compare its boiling point, 103 "C, with that of 
the heavier2,2,2-triiluoroethanol, 75 "C) although 
less strongly so than ethylene glycol (b.p. 197") 
in which the two OH groups lead to a three- 
dimensional network of hydrogen bonds. Two 
mechanisms may be responsible for association in 
the 2-fluoro alcohol: (a) stabilization of trans 
isomers by intermolecular hydrogen bonds, and 
(b) bifurcated hydrogen bonds between adjacent 
gauche molecules. Against the first interpretation 
is the fact that in the crystal, which must contain 
only the most stable isomer, the spectra show no 
simplification with respect to those vibrations 
more sensitive to isomerization. On the other 
hand, dramatic changes occur for the OH 
deformation bands, indicating quite different 
hydrogen bond patterns in the two phases. 
Further studies by other techniques (nuclear 
magnetic resonance spectroscopy or X-ray 
diffraction) are suggested here. 
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Free radicals by mass spectrometry. XXXIX. Primary steps in the 
mercury-photosensitized decompositions of methyl and ethyl mercaptan1 

S. YAMASHITA' AND F. P. LOSSING 
Division of Pure Chemistry, National Research Council of Canada, Ottawa, Ontario 

Received April 2, 1968 

The reaction between Hg(3Pl) atoms and methyl mercaptan at 55" is mainly H-atom removal from 
sulfur 

Hg(3P1) + CH3SH -+ CH3S + H + Hg('So) 
with a minor participation (-10%) of C-S bond rupture 

Hg(3P1) + CH3SH -+ CH3 + SH + Hg(lSo) 
Ethyl mercaptan dissociates by two main processes 

Some evidence was found for a small amount of dissociation by C-C bond rupture. No C-H bond 
rupture in either compound could be detected. 
Canadian Journal of Chemistry, 46, 2925 (1968) 

Introduction Experimental 

The mercury (3P1) photosensitized decomposi- 
tion of CH3SCH3 andCH3SSCH3 has been found 
to proceed by C-S and S-S bond ruptures, 
with no significant participation by processes 
involving C-H bond rupture (1). For compari- 
son it is of interest to investigate the mode of 
reaction of compounds containing S-H bonds. 
The direct photolysis of CH3SH has been shown 
by Inaba and Darwent (2) to proceed solely by 
S-H bond rupture with no detectable occurrence 
of C-H or C-S splits. Gunning and Strausz (3) 
have found that hot CH3SH molecules, formed 
by insertion of S('D) atoms into CH,, dissociate 
mainly by S-H bond rupture, even though the 
CH3-SH bond is weaker than the CH3S-H 
bond by some 18 kcal/mole. 

In the present work, the Hg(3Pl)-photosensi- 
tized decomposition of CH3SH has been investi- 
gated, with particular regard to the relative 
probability of occurrence of the three modes of 
decomposition: 

A brief investigation of the ~ ~ ( ~ ~ , ) - ~ h o t o s e n s i -  
tized decomposition of ethyl mercaptan has also 
been made. 

'NRCC No. 10199. 
ZVisiting Scientist from University of Osaka Prefecture, 

Japan. 

The reactions were studied using a fast-flow system 
coupled to a mass spectrometer. The techniques em- 
ployed, including the method of titration of product 
radicals by CH3 and CD3 from dimethyl mercury, have 
been described in earlier papers of this series (4). The use 
of CO additions as a means of detecting the participation 
of electronically excited precursors has been discussed 
(5,6). 

The sample of methyl mercaptan was obtained from 
Matheson of Canada Ltd. Ethyl mercaptan was from 
Aldrich Chemical Co. 

Results and Discussion 

Methyl Mei-captan 
An analysis of the stable products of the sensi- 

tized reaction at mTorr partial pressures in the 
presence of 8 Torr of helium at 55" is given in 
Table I. The yield values correspond to moles of 
product per mole of CH3SH decomposed in unit 
time. The products CH3SSCH3, CH3SCH3, and 
C2H6 evidently arise from the radical combina- 
tion steps 

A fourth product, CH3SSH, was presumably 
formed by the radical combination 

Its yield could not be measured quantitatively 
because of difficulties in calibration (1). 
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TABLE I portionation reaction (1) between the radicals in 
Products from mercury-photosensitized decomposition of 
CH3SH (4.6 x Tom) at 55" in 8 Tom of helium 

(decomposition 55.7 %)" 

Yield 
(moles formed/CH3SH 

Product mTorr decomposed) 
- 

CH3SSCH3 0.216 0.131 
CSz 0.058 0.0035 
CH3SCH3 0.227 0.138 
H2S 0.634 0.385 
CzHs 0.289 0.175 
CH.3 0.109 0.066 
Hz 0.224 0.136 
CH3SSH Not measured 

"C balance 99.0%, S balance 85.5 %, H balance 100.8 %. 

The large yield of H2S is thought to arise 
mainly from the reaction of SH with substances 
absorbed on the walls of the reactor and ioniza- 
tion chamber: 

In earlier work (7) thermal generation of SH 
radical in a mass spectrometer produced relatively 
large quantities of H2S. Formation of H2S by 
disproportionation of two SH radicals would have 
led to formation of a correspondingly large 
amount of sulfur, which was not observed. No 
products derived from the CH2SH radical could 
be detected. From the data in Table I, one can 
calculate that the CH, yield = (RCH3SCH3 + 
2RC,,, + RcH,)/-RcH3sH = 0.55. Similarly the 
CH3S yield = ( 2 R ~ ~ 3 ~ ~ ~ ~ 3  + RCH3SC~3)/-RCH,,~ 
= 0.40. Although the sum of these yields 1s 
satisfactorily close to unity, these yields do not 
necessarily represent the relative occurrence of 
the primary steps [3] and [:I], because of the 
possibility offormation of CH, (and SH) through 
a recombillation of CH,S and H to give a 
vibrationally excited CH,SH: 

This sequence is exothermic by about 18 kcall 
mole, as pointed out above. 

To avoid this difficulty, the CH,S and SH 
radicals were "titrated" by CD, radicals, formed 
concurrently by the sensitized decomposition of 
Hg(CD,),. The yields of the addition reactions 

ieaction [l 1 1, the limiting yields of CH,S and SH 
radicals by the primary steps [ l ]  and [3] are 
about 0.9 and 0.1 respectively. The yield of SH 
obtained in this titration is much less than the 
0.55 obtained for the CH, yield from the products 
in Table I, showing that the sequence of reactions 
[9] and [lo] does in fact produce a large number 
of CH, radicals. Under the titration conditions 
CH,S radicals are removed by reaction [1 :I] and 
consequently reaction [9] is suppressed. It would 
appear, therefore, that the primary dissociation 
by reaction [ l ]  is the major one, as in the direct 
photolysis (2), and that reaction [3] accounts for 
lo%, or less, of the total. Reaction [2] is negli- 
gibly slow. 

Hg(CD,), ADDED (ARBITRARY UNITS)  

FIG. 1. Titration, by CD3 radicals, of CH3S and SH 
radicals formed in the mercury-photosensitized deconl- 
position of CH3SH. 

The addition of CO in mTorr amounts to the 
reaction stream was found to increase the rate of 
decomposition by a factor of over two. According 
to our interpretation of this effect (5, 6), this is 
evidence for the formation of a n  electronically 
excited precursor in the primary quenching step. 
The corresponding oxygen analog, CH,OH, 
showed no evidence for electronic excitation using 
the same test (6) .  This contrast between the be- 
havior of -0- and -S- analogs is in agree- 
ment with that recently reported for the alkyl 
sulfides and disulfides (1). 

[I l l  CH3S + CD3 + CH3SCD3 Ethyl Mercaptan 

[I21 SH + CD3 -> CD3SH 
A partial analysis of the products of the 

Hg(3P,)-sensitized decomposition of C2H,SH at 
are shown in Fig. 1. Allowing for some dispro- 55" in the presence of 8 Torr of helium showed the 
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presence of C,H,SSC,H,, C2H,SC2H,, C4HIo, 
H,S, and C2H6. A radical combination product 
of parent mass m/e = 94 was also found, but it 
c,mld not be established whether this was . CH,CY,+CH.+CH,CH,CH, 

(CH,SH), or C,H,SSH. These radical inter- x a cH,sn + Co,-CD,CH.SH 

action products suggest the primary dissociation 2- 
steps 

[I31 Hg(3Pl) + CzHsSH -> CzH5S + H + Hg(lSo) 

[I41 Hg(3Pl) + CzHsSH -> CzHs + SH + Hg(lSo) A-.-.- 

[I51 Hg(3Pl) + CzH5SH + 
CH3 + CHzSH + Hg('So) 

It cannot be assumed, however, that all these 
radicals are formed in primary dissociation, be- 
cause of the possibility of cracking reactions 
analogous to [9] and [lo] occurring with CH,SH: 

[I61 C2HSS + H + C2H5SH* 

In an attempt to resolve this question, the 
reaction was titrated with CH, and CD, radicals 
by addition of Hg(CH,), and Hg(CD,), to the 
stream. As shown in Fig. 2, large limiting yields of 
C,H,SCD, and CD,SH, obtained with CD, 
addition, establish C,H,S and SH radicals as 
primary products, Using CH, addition, the 
C,H,SCH, addition product was identified as a 
dialkyl sulfide rather than an isomeric thiol 
(CH3CH2CH2SH or (CH,),CHSH derived from 
-CH,CH,SH or CH,CHSH radicals) by differ- 
ences in the mass spectra. The nz/e ratio of 61/76 
in the CH,CH,SCH, spectrum is much higher 
than in those of the thiols. The low yield of 
CD,CH,SH in Fig. 2, obtained under titration 
conditions where reaction [16] is suppressed, 
shows that the primary step [15] is of minor 
importance. Although the approximate equality 
of the CD,SH and CH3CH2SCD3 yields (Fig. 2) 
suggest about equal rates for the primary steps 
[13] and [14], it should be noted that the limiting 
yield of C2H5 formation, derived from the pro- 
pane yield in Fig. 2, is not in good agreement with 
the SH yield. The reason for this discrepancy is 
not known. It cannot arise from inefficiency in the 
titration of C2H5 by CH, since the ratio kdisp/ 
kc,,, for this radical pair is only 0.036 (8). A 
titration of the H-atoms from [13] by CH, or CD, 

100 200 300 400 500 

H9[CD,12 ar HgEH,I, AODED [ARBITRARY UNITS) 

FIG. 2. Titration, by CH, and CD, radicals, of SH, 
CH3CH2S, CH3CHz, and CHzSH radicals formed in the 
mercury-photosensitized decomposition of CH,CH2SH. 

radicals cannot be made quantitatively, owing to 
reactions of the large excess of methyl radicals in 
the ionization chamber to give a methane 
background. 

On account of the complex nature of the 
products, the ratios ofthe primary steps [13], [14], 
and [15] have not been established quantitatively. 
The present results indicate, however, that [13] 
and [14] are the main processes, with possibly a 
minor contribution from [15]. H-atom removal 
from a C-atom seems to be negligibly slow by 
comparison, as was found also for CH,SH and 
earlier for CH,SCH, and CH,SSCH, (1). Addi- 
tion of CO to the reaction stream gave, as for 
CH,SH, an increase of over two in the rate, 
indicating formation of an electronically excited 
precursor in the primary interaction. 

1. A. JONES, S. YAMASHITA, and F. P. LOSSING. Can. J. 
Chem. 46,833 (1968). 

2. T. INABA and B. DE B. DARWENT. J. Phys. Chem. 64, 
1431 (1960). 

3. H. E. GUNNING and 0. P. STRAUSZ. Advances in . . - - - - . - -. 
photochemistry. Vol. 4. Interscience Publishers, Inc., 
New York. 1966. D. 143. 

4. T. F. PALMER Gd F. P. Lossr~c. Can. J. Chem. 41, 
2412 (1963). 

5. J. B. HOMER and F. P. LOSSING. Can. J. Chem. 44, 
143 (1966). 

6. A. JONES and F. P. LOSSING. Can. J. Chem. 45, 1685 
(1967). 

7. T. F.'PALMER and F. P. LoSSING. J. Am. Chem. Soc. 
84,4661 (1962). 

8. J. 0. TERRY and J. H. FUTRELL. Can. J. Chem. 45, 
2327 (1967). 
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The transmission of polar effects. Part V.l The kinetics of esterification with 
diazodiphenylmethane and the ionization of substituted acetic and propionic acids in 

several solvents 

KEITH BOWDEN, M. HARDY,' AND D. C. PARKIN 
Department of Chemistry, The Ut~iversity of Essex, Colchester, Essex, Et~glat~d 

Received November 20, 1967 

The rate coefficients for the reaction with diazodiphenylmethane in methanol, ethanol, isopropyl 
alcohol, t-butyl alcohol, 2-methoxyethanol, 2-n-butoxyethanol, dimethyl sulfoxide, ethyl acetate, and 
toluene at 30" and the pK, values in water, 50% ethanol-water, and 80% 2-methoxyethanol-water of 18 
substituted acetic and propionic acids have been determined. A further 14 acids have been studied to a 
more limited extent. The effect of substitution has been estimated by linear free energy relations. The re- 
action constants for the ionization reaction are almost independent of the medium. This is interpreted 
as being due to the field effect of the proximate polar substituents passing through the molecular cavity 
almost alone. The occurrence of steric inhibition of solvation causing acid weakening for bulky multi- 
substitution is confirmed. The reaction constants for the esterification reaction are affected by the solvent. 
This is attributed to dependence on solvation of the transition state. 

Canadian Journal of Chemistry, 46, 2929 (1968) 

Introduction 

As part of our examination of the mode of the 
transmission of polar effects, it was considered 
important that transmission in aliphatic systems 
and their dependence on the medium should be 
studied. Suitable reactions were considered to be 
the esterification of carboxylic acids with diazo- 
diphenylmethane (DDM) and their ionization. 
The system chosen for this study was a series of 
singly substituted acetic and 3-substituted pro- 
pionic acids, together with a number of more 
highly substituted acids. The intention was to 
obtain a comprehensive series of results for the 
esterification and ionization reactions for this 
model system in order to be able to discuss the 
influence of the substituents on reactivity in 
aliphatic systems. 

Taft in his pioneering studies (1) made a 
distinct advance in understanding polar sub- 
stituent effects in aliphatic systems. The aliphatic 
polar substituent constants, a*, which had been 
separated from the accompanying steric effects in 
ester hydrolysis, were found to correlate, among 
other reactions, the ionization of aliphatic car- 
boxylic acids in water at 25" (1) and the esterifi- 
cation of the acids with DDM in ethanol at 25" 
(2). Hoefelmeyer and Hancock (3) and Bowden, 
Chapman, and Shorter (4) have extended these 
correlations to the esterification of aliphatic 

'Part IV; see ref. 41. 
'Present address: Salford Technical College, Salford, 

Lancashire, England. 

acids with DDM in toluene at 25" and in 2-12- 
butoxyethanol at 25" and toluene at 15" respec- 
tively. An obvious alternative to Taft's original 
approach was to base the definition on the 
ionization of aliphatic carboxylic acids in water 
at 25". This has been completed recently by 
Charton (5) and constitutes a return to the original 
approach of Hammett for meta- and para- 
substituted benzoic acids. Charton chose to 
scale his reference system to the a, values 
of Taft and Lewis (6). These values had been 
obtained from two sources. These were a re- 
scaling of the a *  values obtained previously to 
"coincide" with the scale of the Hammett a 
values and a separation of "inductive" and 
resonance effects in the Hammett a values (6). 

Hammett in his earlier studies (7) had suggested 
that linear free energy relations based on the 
ionization of aliphatic carboxylic acids would not 
be successful. Taft (1) showed that a separation of 
polar and steric effects in this system could be 
made using ester hydrolysis data. The polar 
parameter would then correlate a number of 
reactions of aliphatic systems, including the 
ionization reaction. This apparent disagreement 
was due to Hammett applying his treatment to 
ester reactions, which involve both polar and 
steric factors, and to ionization in other solvents, 
where the relationship with the ionization in 
water was not the same as found for the metal 
para-substituted benzoic acid system. Thus it 
would appear that a variation on Taft's approach 
can be applied to suitable reaction systems where 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2930 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I 
pK, values of the carboxylic acids RCOzH at 25.0" 

pK, in 80 % 
pK, in 50 % 2-methoxy- 

pK, in ethanol- ethanol- 
R water water water 

. . 

*Literature values in water (23.24). in 50% ethanol- 
800/ 2-methoxyethanol-water (26). ~ G K  1 values which are not statistically corrected. 

S I - ~ ~ ~ C H ~  represents 1-naphthylacetic acid. 
$Literature value at 35' (24). 

6.84* 
7.18 
7.30 
6.73* 
7.03* 
5.04* 
6.31 
4.97 
6.26* 
5.49* 
6.62 
4.28*t 
6.07*t 
5.50* 
5.70* 
5.78* 
5.88 
4.52* 
7.39 
7.76* 
6.76 
6.91 
3.48* 
2.50* 
3.60 
2.60 
6.71*t 
6.71*t 
6.67* 
7.34 
5.21* 
5.43* 

-water (25). and 

polar effects control the reactivity. Steric effects 
must be either absent or constant for such rela- 
tions to hold. A more satisfactory approach can 
be made by defining the aliphatic polar sub- 
stituent constant in terms of the ionization 
reaction and using these to analyze the ionization 
and similar reactions controlled, alone or in the 
main, by polar effects. 

In this report, we have studied the reactivity of 
a range of aliphatic carboxylic acids with DDM 
in 9 solvents and their ionization in 3 solvents. 
These results are reported here and have been 
analyzed by using the o, polar substituent con- 
stants. 

Results and Discussion 

The pKa values of the carboxylic acids in water, 
50% ethanol-water, and 80% 2-methoxyethanol- 

water are shown in Table I. The rate coefficients 
for the reaction of the carboxylic acids with 
DDM in methanol, ethanol, isopropyl alcohol, 
t-butyl alcohol, 2-methoxyethanol, 2-n-butoxy- 
ethanol, dimethyl sulfoxide, ethyl acetate, and 
toluene are shown in Table 11. 

Ionization Reaction 
A choice of reference system must be made t o  

analyze the results. Taft's a * values were obtained 
by averaging methods and separation of the steric 
effects in ester hydrolysis (I), while the o, values 
were obtained from the o* values and the separa- 
tion of "inductive" and resonance effects (6). It 
therefore seemed preferable for greater reliability 
to  return to the original Hammett-style refer- 
ence. The scale chosen is the o, scale employed 
by Charton (5). In Table I11 are shown the a, 
values obtained from the definition, o, = log 
(K/Ko)/3.95, where K and KO are the ionization 
constants of the substituted and the unsubsti- 
tuted acetic acids in water at 25", respectively. 
Thus the reaction constant, p,, of this reference 
reaction is 3.95(5). Table IV and  Figs. 1 and 2 
show the application of these substituent con- 
stants in correlating the results for the ioniza- 
tion r e a ~ t i o n . ~  The reaction constants for the 
ionization reaction show a remarkable lack of 
sensitivity to the medium, which changes from 
water (D = 78.5) to 50% ethanol-water 
(D = 49.1) to 80% 2-methoxyethanol-water 
(D = 32.0). This is quite unlike the behavior of 
the meta- and para-substituted benzoic acid 
systems where the reaction constant, p, changes 
from 1.00 (water) to 1.47 (50% ethanol-water) t o  
1.66 (80% 2-methoxyethanol-water) (8). The 
increasing susceptibility of the benzoic acid 
system to polar effects with a decrease in dielectric 
constant and polarity of the medium is usually 
interpreted as transmission of the polar effect via 
the surrounding medium sheath (9-1 1). The total 
cavity transmitting the polar effect in the meta- 
and para-substituted benzoic acids from the 
distant polar substituent contains a significant 
medium contribution. However, for substituents 
proximate to the reaction site, it would be pre- 

3The correlations can be slightly improved by using 
the multiple form, log (K/Ko) = p,o, + 6E,, where E, 
is the steric substituent constant (1). The improvement is 
not significant for the singly substituted acids, as both 
E, and 6 are small. Malonic acid has been excluded from 
these and later correlations, due to large deviations which 
are discussed later. 
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BOWDEN ET AL.: THE TRANSMISSION OF POLAR EFFECTS. PART V 

TABLE I1 
Esterification of the carboxylic acids RC02H with diazodiphenylmethane at 30.0"* 

k in k in k in k in k in k in 
k in k in isopropyl t-butyl 2-methoxy- 2-n-butoxy- dimethyl ethyl k in 

R methanol ethanol alcohol alcohol ethanol ethanol sulfoxide acetate toluene 

16 HOCH, 5.50 2.73 2.23; 1.32 1.94 1.08 0.0419 1.70 

28 HO;C(CH;~;~ - 1.16 - - 0.483 0.305 - - 
29 1-NaCH,§ - 1.47 - - 0.637 0.482 - 0.170 
30 M ~ ( C H Z ) ~ ~  A 0.482 - - 0.191, 0.115 - 0.320 
31 MeClCH - 8.19 - - 5.64 3.62 - 2.76 
32 Ph(H0)CH - 4.46 - - 3.915 1.99 - 7.47 

*The rate coefficients, k ( I  mole-' min-I), are reproducible to f 3% or better and are the mean of at least two determinations. 
?Rate coefficients are not statistically corrected. 
$Earlier studies (27) found k for phenylacetic (1.08), 3-phenylpropionic (0.735), and phenoxyacetic (6.60) acids. 
$1-NaCH2 represents 1-naphthylacetic acid. 

dicted that the medium contribution would fall 
considerably or even disappear when the polar 
effect passes almost completely through the 
molecular cavity alone.4 This appears to be so for 
the substituted acetic acids in this study. These 
have a remarkably short substituent dipole- 
reaction site distance (substituted acetic acids 
-2.8 A). Related studies (8) have confirmed this 
insensitivity for ortho-substituted benzoic acids 
where the reaction constant for the ionization 
reaction is approximately constant and always 
greater than that of the meta- and para-benzoic 

4Solvent-sorting in these partially aqueous solvents (12) 
resulting in the proximate solvent sheath consisting al- 
most entirely of water could have the same effect. Related 
studies (8), however, show a similar effect persists in pure 
alcohols for ortho-benzoic acids. Likewise, this also 
precludes a lack of sensitivity resulting from the narrow- 
ness of the medium's dielectric constant range (D between 
78.5 and 32.0). 

acids in the same medium. The proximate posi- 
tion in this case both increases the transmission 
and precludes medium dependence of the trans- 
mission of the polar effect. 

A study of the ionization of 4-substituted 
bicyclo(2,2,2)octane- I-carboxylic acids in various 

TABLE I11 

0, values 

R 0 1  

PhOCH, 0.40 
PhO(CH,)Z 0.11 
H02CCH2* 0.40, 
H0,C(CH2)2* 0.065 
ICHz 0.40 
MeOCH, 0.30 
HOCH, 0.23, 
HSCH, 0.27 

'Statistically corrected. 
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FIG. 1. The relation between the pK, values in 50% ethanol-water and ol. 

FIG. 2. The relation between the pK, values in 80 % 2-methoxyethanol-water and ol. 
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TABLE IV 
Reaction constants, pl, for the acids RCO,H* 

Reaction PI log k o  12 r 

In methanol 
In ethanol 
In i s o ~ r o ~ y l  alcohol 

Esterification with DDM at 30.0' 

In 2-meihoxyethanol 2.923 -0.590 17 0.990 
In 2-n-butoxyethanol 3.010 -0.786 17 0.991 
In dimethyl sulfoxide 4.132 -2.344 17 0.986 
In ethyl acetate 3.756 -1.321 15 0.939 
In toluene 6.355 -0.546 13 0.991 

Ionization at 25.0" 
In water 3.950 -4.755 17 - 
In 50% wt./wt. ethanol- 

water 4.179 -5.926 17 0.965 
In 80 % wt./wt. 2-methoxy- 

ethanol-water 4.037 -6.955 17 0.944 

*n is the number of substituents studied; r is the 

solvents (13) has been made, but the results are 
unfortunately not well correlated by linear free 
energy relations. Their solvent dependence 
appears to be complex. This can be interpreted as 
solvent dependence of the reaction and trans- 
mission by the medium, as for metalpara-substi- 
tuted benzoic acids. The transmissive cavity for 
the bicyclo(2,2,2)octane acids can be expected to 
have a significant medium contribution. - 

DDM Reactiorz 
The rate coefficients for the esterification of the 

carboxylic acids with DDM at 30.0" in methanol, 
ethanol, isopropyl alcohol, t-butyl alcohol, 
2-methoxyethanol, 2-n-butoxyethanol, dimethyl 
sulfoxide, ethyl acetate, and toluene are shown in 
Table 11. The reaction constants, p,, are shown in 
Table IV and are obtained by the same method as 
used for the ionization reaction. The correlations 
are very good, as shown in Fig. 3 for ethanol, 
with the exception of malonic acid and the solvent 
ethyl acetate. It is immediately apparent that, 
unlike the ionization reaction, the reaction con- 
stants are dependent on the medium. Various 
solvent parameters are shown in Table V. There 
is an approximately linear relationship between 
the reaction constants for all the solvents, except 
dimethyl sulfoxide, and the reciprocal of the 
dielectric constant (14), as shown in Fig. 4. The 
related function of the dielectric constant, 
(D + 1)/(2D + l), correlates the results in a 
similar manner. The recent survey of solvent 
parameters by Reichardt (14) gives a number of 
other measures of the polarity of the medium. 

correlation coefficient. 

Data exist for the closely related solvent param- 
eters ET and S (14) for the solvents under study. 
However, these do not linearly correlate the 
change in the reaction constants. As shown in the 
Appendix, the mechanistic and kinetic implica- 
tions of the reaction in aprotic solvents, particu- 
larly ethyl acetate and toluene, complicate 
detailed discussion of the reaction constants in 
these solvents. However, the following discussion 
seems reasonable in the light of the considerations 
noted (see Appendix). 

It is necessary to explain the dependence of the 
reaction constants on the medium for the acid 
system in the esterification reaction with DDM, 
in contrast to the ionization reaction. The ioniza- 
tion reaction is a simple equilibrium between the 
acid and the conjugate anion. The medium 
dependence appears to be primarily caused by the 
portion of the substituent field effect moderated 
by or transmitted by the medium. The esterifica- 
tion reaction is a rate process and, in terms of the 
transition state theory, depends on the initial 
state - transition state equilibria. This transition 
state will probably be very "product-like" and 
resemble the ion pair that is being formed. A 
polar transition state, which demands solvation 
for stabilization, will show an increased suscepti- 
bility to  polar effects, as these are increasingly 
required t o  assist and replace s ~ l v a t i o n . ~  

51t is probable that this effect can extend to the ioniza- 
tion reaction if solvation is strongly inhibited. I n  the ion- 
ization of 2,6-di-substituted phenols (15, 16) and benzoic 
acids ( l l ) ,  this effect is apparent in increasing the reaction 
constants observed from those of the parent systems. 
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- 
1.01 I I 

0.0 0.5 CI - lo 

FIG. 3. The relation between log k for esterification with DDM in ethanol and (3,. 

The medium effect on the benzoic acid system 
in this reaction has been studied by Chapman, 
and co-workers (17) and ourselves (18). The 
reaction constants, p and p, (see Tables IV and 
V), available for both systems show a reasonably 
linear relationship, except for dimethyl sulfoxide. 
This would thus appear to confirm that a part of 
the medium dependence of the reactiotz cotzstaizts 
for the DDM reaction lies not in the relative 
effectiveness of the transmissioll of polar effect, 
but in the polarity and solvatillg power of the 
medium. The result for dimethyl sulfoxide 
demonstrates its comparatively poor solvating 
properties in spite of its high dielectric constant 
for this particular type of reaction. There is a 
reasonably linear relation between log k ,  and the 
reaction constants for the alcohols alone. 

A common scaling of the reaction constants for 
the aliphatic and aromatic systems has been 
advocated recentlv and a possible derivation put 

FIG. 4. The relation between p1 for esterification with forward (19, 20).   hat a general relation of this 
DDM and the reciprocal of D. type is quite impossible is clearly demonstrated by 
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TABLE V 
Solvent parameters* 

Dielectric 
constant ET (kcal/mole) 

P @DM 
reaction 

Solventt at 25", D at 25" at 30.0") 

Water 78.5 63.1 - 
50% wt./wt. ethanol-water 49.1 - - 
80% wt./wt. 2-methoxy- 

ethanol-water 32.0 - - 
Methanol (1) 32.6 55.5 0.884 
Ethanol (2) 24.3 51.9 0.940,0.944 
Isopropyl alcohol (3) 18.3 48.6 1.065 
t-Butyl alcohol (4) 12.2$ 43.91 1.180,1.278 
2-Methoxyethanol(5) 15.9,$ 52.3 1.188 
2-n-Butoxvethanol(6~ 12.7i - 1.330 
Dimethyl sulfoxide fi 
Ethyl acetate (8) 
Toluene (9) . . 

'Literature data (14 17,18, 39,40). 
?Numbers in pareniheses refer to Figs. 4 and 5. 
$At 30'. 

the present results. The susceptibility of the reac- also greatly increased in ethyl acetate. This call be 
tion to polar effects will depend on at least three attributed to stabilization of the partially charged 
factors, i.e. the innate polar demand of the transition state by the hydroxy group in an 
reaction, the reaction's dependence on solvation, aprotic medium. 
and the. transmission o f  polar effects via the 

- 

medium. The relative importance of each for a Multiple Substitution 

particular reaction and for a particular system The effect of multiple substitution has been 

will vary with the reaction and system. This investigated for the ionization reaction and the 

makes any general interrelations impossible. esterification with DDM in 4 solvents. As has 
been previously shown, reasonably good linear 

Substituent Hydrogen-Bonding Effects 
Malonic acid has been excluded from the 

correlations because of significant deviations for 
both reactions and all the solvents studied. The 
reference a, parameter is calculated from the 
aqueous pK, value. It may be noted that the 
deviation is equivalent to an acid-strengthening 
effect, is almost constant in the alcoholic solvents 
(DDM reaction), and increases markedly with 
the decrease in water content of the partially 
aqueous solvents (ionization reaction). Related 
effects have been noted for salicylic acid (8). The 
occurrence of a hydrogen bond in the mono-anion 
of malonic acid has been recently discussed (2 1, 
22). The deviations noted in this study are at- 
tributed to the occurrence of a hydrogen-bonded 
stabilization of the mono-anion or the partially 
ionized transition state. The importance of this 
stabilization increases with the decreasing avail- 
ability of protic solvation. No deviations which 
were considered to be significant occurred for 
succinic acid, except in ethyl acetate (see 
Appendix). 

The rates for glycolic and mandelic acid are 

relations have been observed between-the param- 
eters calculated from the aqueous ionization 
and both the ionization in partially aqueous sol- 
vents and the esterification reaction. Many of the 
multiply substituted acids conform remarkably 
well to this correlation. A number of significant 
deviations do occur. The unexpectedly large 
decreases in the pK, values of the bulky acids, 
i.e. pivalic, diphenylacetic, and triphenylacetic 
(acids 20, 21, and 22), indicate the occurrence of 
steric inhibition of solvation of the carboxylate 
anion which causes acid weakening (28-30). This 
effect certainly occurs in the completely aqueous 
system for triphenylacetic acid (acid 21), as has 
been previously noted(28), but appears to increase 
with the decreasing availability of the smaller and 
better protic solvating specie, water. In  these 
cases, a better estimate of the polar substituent 
effect is then obtained from the esterification 
reaction (4). Steric effects, in general, seem to be 
less important in this reaction (4). Substituent 
constants, a,, obtained from the esterification 
reaction in alcoholic solvents are shown in 
Table VI for multi-substitution. These are mean 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2936 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

values and are obtained by using the relative rate TABLE VI 

and the reaction constant shown in Table IV. o, values for multi-substitution* 

Most substituents (acids 21, 23-29, 31, 32) give 
values within 10% or 0.03 unit (whichever is the R GI 

greater) of the value derived from the aqueous 19 Me2CH -0.07 (-0.02~) 
ionization reaction and the deviations are not 20 Me3C -0.14 (-0.07) 

21 PhzCH 0.19 (0.20,) 
considered significant. The deviations for the 22 Ph3C 0.25 (0.20) 
methyl substituted acids (acids 19 and 20) are 23 C1,CH 0.79(0.87,) 
rather surprising as they indicate acid-strengthen- 24 C13C 1.02(1.04) 

25 Br2CH 0.74, (0.83) 
ing effects in aqueous ionization. This confirms 26 Br3C 0.98,(1.02) 
the present lack of real understanding of the 27 H02C(CHz)3i - 0.00, (0.03) 
substituent effects of purely alkyl substitution on 

28 HOzC(CHz),t -0.01 (0.00,) 
29 I-NaCHz$ 0.15 (0.13) 

aliphatic systems on the ionization reaction. It is 30 M ~ ( C H Z ) I ~  -0.04, (-0.25) 
noteworthy that the ionization of acetic acid 31 MeClCH 0.455(0.47) 

32 Ph(H0)CH 0.38(0.34) 
itself is rather less sensitive to change in medium 
than all other acids. It is also obvious that the *The value in parentheses is that obtained from the 

aqueous pK, values. 

aqueous pK, value of palmitic acid (acid 30), 1 Statistically corrected. 
See Table I. 

measured at 35", is a quite unreal estimate of the 
polar effect of the substituent alkyl group. 82.5" (lit. 82.4" at 760 mm (33)). were distilled after drying 

with anhydrous potassium carbonate and refluxing with 
Studies 31) On the additivity of polar effects sodium. Ethyl acetate, b.p. 77.0" (lit. 77.1" at 760mm (33)), 

in aliphatic systems have been reported. The fall- 2-methoxyethanol, b.p. 124-125" (lit. 124.4" at 760 mm 
off in additivity previously noted is confirmed. (33)), and 2-n-butoxyethanol, b.p. 170-171" (lit. 171.2" a t  
Two reasonable explanations of the falloff 760 mm (3311, were dried over freshly ignited potassium 

carbonate, filtered, and fractionally distilled. Dimethyl 
observed for di- and tri-substitution of sulfoxide, m.p. 18.5" (lit. 18.45" (35)), was dried over 5 A 
groups, such as the halogeno, aryl, or h ~ d r o x ~ ,  molecular sieves, followed by refluxing with calcium 
can be put forward. The first is a saturation effect hydride, and then distilled at reduced pressure from 
for influences and the second is a steric 
interaction. The falloff observed, for similar di- 
or tri-substitution, is about 1.7 and 2.2 times the 
effect of mono-substitution. From the present 
results, both appear possible. However, as the 
effect is observed for substituents of quite varied 
steric "bulk" requirements, the saturation effect 
appears more likely. This could result from 
dipole-dipole interactions in the substituent. 

Experimental 
Materials 

The acids were available commercially or had been 
previously prepared and were purified in order to give 
physical constants in good agreement with literature 
values. Neutralization equivalents were determined and 
were within 1 % of the theoretical values, with one excep- 
tion. Thiolacetic acid (97.5% pure by neutralization 
equivalent) could not be further purified and the experi- 
mental equivalent was used. 

Diazodiphenylmethane was prepared as before (32). 
Solutions were stored in a refrigerator a t  -10" and were 
found to be stable at 30" in the pure solvent for periods in 
excess of the reaction times. Pure methanol, b.p. 64.0' 
(lit. 64.5" at 760 mm (33)), was prepared by Lund and 
Bjerrum's method (34), and pure ethanol, b.p. 78.5" 
(lit.78.3"at 760mm (33)), was prepared by Smith's method 
(34) using diethyl phthalate. Isopropyl alcohol, b.p. 
82.5" (lit. 82.4" at 760 mm (33)), and t-butyl alcohol, b.p. 

calcium hydride under nitrogen. ~oluene,-b.p. 110-1 11" 
(lit. 110.1" at 760 mm (33)), was dried and distilled from 
sodium wire. All solvents were stored under dry nitrogen. 
Karl Fischer titrations on appropriate solvents gave water 
contents of less than 0.05%. NO significant impurities 
(< 0.1 %)were indicated by gas-liquid chromatography. 

Meavlrrements 
pK, Values 
These were determined, at 25 (2 0. I)", by potentiometric 

titration of the acids using a Pye Dynacap pH meter. The 
measurements in water were made using the method 
previously described (36). The measurements in 50% 
wt./wt. ethanol-water and 80% wt./wt. 2-methoxy- 
ethanol-water were made using a method similar to that 
described by Simon and co-workers (26). A glass electrode 
(Pye Ingold No. 232), with cup-shaped membrane and 
fitted with a water jackbt, and special calomel electrode 
(PyeIngoldNo. 301), withnitrogeninlet for agitation, were 
used and calibrated with aqueous buffers as for measure- 
mentsin water. The titrant, aqueous0.1 M "carbondioxide 
free" sodium hydroxide, was added from an Agla mi- 
crometer syringe. The pK, values of the acids were meas- 
ured using 1 ml of a 0.004 M solution and were calcu- 
lated from the equation 

The hydrion concentration, CH+, was taken to be antilog 
pH and could be neglected above p H  5.1 in comparison 
with [HA] and [A-].Correction for activityand thechange 
in the medium over the titration could be neglected. The 
pK, values obtained by this type of method using aqueous 
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2-methoxyethanol are stated to be accurate to k0.07 units 
(26). Those obtained in this study were reproducible to 
k0.02 units, relative to that of phenylacetic acid as a 
standard in 80% 2-methoxyethanol-water, 6.75 (lit. 
value 6.73 (26)), and in 50% ethanol-water, 5.60. Ioniza- 
tion constants were only measured for acids for which 
reliable literature values, at 25", were not available, as 
indicated inTable I. 

Two acids, palmitic and triphenylacetic, were sparingly 
soluble. The pK, of the former acid in water has been 
obtained only at 35" (24); thepK, of thelatter acid in water 
at 25" has been measured by a solubility method (28). 
In the present work, these acids were studied at lower 
concentrations in 50% wt./wt. ethanol-water (0.001 M). 
These pK, values are less certain than those of the more 
soluble acids. The high acidity of some acids necessitated 
measurements by this method to be made at higher con- 
centrations (see (37)); i.e. in water and 50% wt./wt. 
ethanol-water, dichloroacetic acid (0.16 and 0.016 M 
respectively), dibromoacetic acid (0.08 and 0.008 M re- 
spectively), tribromoacetic acid (0.16 and 0.08 M respec- 
tively), and trichloroacetic acid (0.16 M and 0.08 M 
respectively). The aqueous pK, values obtained by the 
latter method have been corrected for activity. Again, 
these values are not considered to be as certain as those 
measured by the standard method. 

Rate Coefficients for DDM Reaction 
These have been determined, at 30 (k0.05)", spectro- 

photometrically using either a Unicam S.P. 600 or S.P. 
500 spectrophotometer. The reaction was studied as a 
first order process using the usual sampling method (4) 
at 10-fold excess acid concentration (0.06 M), except as 
stated below. For fast reactions, i.e. having half-lives of 
less than 2f min at 0.06 M acid, the original sample was 
retained in the cell, which was thermostatted at 30 
(k0.1)". This method was found to introduce no appreci- 
able error when used to study acids of longer half-lives. 
For very fast reactions, i.e. having half-lives of less than 
30 s at 0.06 M acid, the above method was not used. In 
alcoholic solvents, the reaction was then studied as a 
second order process by using the method previously de- 
scribed (41). In toluene and ethyl acetate, the dependence 
of the rate coefficient on the acid concentration (see 
Appendix)precluded thelatter method being used to obtain 
comparable rate coefficients. These reactions were studied 
by mixing 1.5 ml of the acid solution, which was delivered 
from a syringe, with an equal volume of theDDM solution 
in the thermostatted cell fitted with the plastic cell cap. 
These solutions had been previously thermostatted at 
30.0". This enabled reactions having half-lives of down to 
5 s to be studied. Even then the rate coefficients for chloro- 
acetic and bromoacetic acids in toluene had to bemeasured 
at  0.03 M acid concentration and are less certain. The 
ratecoefficients are reproducible to f 3 %. 

The rate coefficients in the alcoholic solvents are not 
corrected for the etherification which accompanies 
esterification, in accordance with recent mechanistic 
studies ((38), see Appendix). 

Summary and Conclusions 
The reaction constants for the ionization of 

substituted aliphatic acids are independent of the 

SSION OF POLAR EFFECTS. PART V 2937 

media used in this study.6 This appears to be due 
to proximity of the substituent and the reaction 
site precluding transmission of the field effect by 
the medium. Very bulky substituents cause 
inhibition of solvation of the anion resulting in 
acid weakening. The reaction constants for the 
reaction of substituted aliphatic acids with DDM 
are dependent on the medium. This is attributed 
to lack of solvation of the polar transition state 
causing increased susceptibility of the system to 
polar effects. 

Appendix 

The Esterification of Carboxylic Acids with 
Diazodiphenylmethane 

A number of investigations of the mechanism 
of the reaction of carboxylic acids with diazo- 
diphenylmethane (DDM) have been made 
recently (38, 4244). Although several details 
remain to be settled, the reaction in alcoholic 
solvents appears to involve a rate-determining 
proton transfer from the acid to the DDM. This 
is probably followed by a fast decomposition of 
the protonated DDM to form a benzhydryl 
carbonium ion pair, which is, in turn, either 
captured by the acid anion to form an ester or by 
the solvent alcohol to form an ether; i.e. 

slow 
[I]  RCOzH + PhzCNz + RCOz- PhzCNzH+ 

fast 
[2] RC0,-Ph2CNzH+ + RCOz- PhzCH+ + Nz 

fast 

I' RC0zCHP112 

fast 
RCOZH + Ph2CHOR1 

+RIOH 

In our studies (this study, refs. 18,27,36,41), this 
reaction has been used as a probe for assessing 
substituent effects on carboxylic acids. In this 
study, the rate-determining step, in alcoholic 
solvents, has been confirmed as being strictly first 
order in DDM and in carboxylic acid as shown in 
Table VII for phenylacetic acid. There are no 
major deviations using alcohols with dielectric 
constants, D, varying from 24.2 (ethanol) to 12.2 
(t-butyl alcohol) and acid concentrations up to 

6A referee has drawn our attention to the data for the 
ionization of acetic acids in n-butyl alcohol saturated with 
lithium chloride (48). These values are correlated well by 
the o, values and give p, as about 4.0. This confirms 
our findings. 
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TABLE VII 

Esterification of phenylacetic acid with diazodiphenyl- 
methane at 30.0" T I \  

Solvent Acid (mole I-') k (1 mole-' min-') 
- 

Ethanol 

0.06 0.504 
0.12 0.511 10 20 30 y .I&' ---. 

40 

Dimethyl sulfoxide 0.03 0.0118 
0.06 FIG. 5. The relation between log k for esterification of 
0.12 0.0118 0.0118 phenylacetic acid with DDM and the reciprocal of D. 

Ethyl acetate 

Tol:ene 

I t  

*Measured under second order conditions. 

0.12 M. Previous workers (42) have found some 
minor deviations at higher acid concentrations 
than used in the present study. The interpretation 
of rate coefficients based on the above mechanistic 
pattern seems quite satisfactory. 

In an aprotic solvent, the reaction products are 
apparently simple, since the only significant 
product is the ester (44). However, the kinetics of 
the reaction are more complex. The reaction 
remains strictly first order in DDM. In toluene 
(this study, refs. 4 and 42), ethyl acetate (this 
study), dioxan (45), acetonitrile (44, 45), and 
other aprotic solvents (45), the order in carboxylic 
acid is not exactly integral. The rate coefficients 
are usually measured under first order conditions 
in the presence of excess acid. The second order 
rate coefficients, k, are calculated by dividing the 
observed first order rate coefficient, k,, by the 
acid concentration, [HA]. For ethyl acetate and 
toluene, they increase almost linearly with acid 
concentration, as shown in Table VII. The in- 
crease is very much more marked in ethyl acetate 
than in toluene. The rate coefficient, which is 
measured under second order conditions where 

the rate dependence closely approximates t o  first 
order in both the acid and DDM,' appears to fit 
the relation between initial acid concentration 
and k. Thus, the rate coefficients extrapolated t o  
zero acid concentration from the first order 
measurements are close to those calculated for 
0.006 M acid under second order conditions. 

There is a discernable relation between the 
dielectric constant of the solvent and the rate 
coefficient for the reaction in alcohols. The rela- 
tion between log k and the reciprocal of the 
dielectricconstant, D, is shown in Fig. 5. For the 
alcohols, this is interpreted in terms of the in- 
creased difficulty in effecting the charge separa- 
tion required in the transition state as the 
dielectric falls. Accordingly, the rate coefficients 
for reaction in ethyl acetate and in toluene (42) 
are unexpectedly high and that for dimethyl 
sulfoxide unexpectedly low. The previous dis- 
cussion has been concerned with the transition 
state. The initial state stabilization will be 
approximately equal in the alcohols. However, 
the initial state will be greatly stabilized by 
formation of a strongly hydrogen-bonded com- 
plex in dimethyl sulfoxide and destabilized in 
poorly solvating toluene. These effects may 
account for the major part of the discrepancy in 
the dielectric constant - rate coefficient relation. 

At the acid concentrations studied in toluene, 
significant association of the carboxylic acid 
occurs to form dimers (46, 47). This will also be 
true for certain other aprotic solvents, e.g. chloro- 

'These rate coefficients are calculated using the rate 
equation k = x/a(a - x) (41). 
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form (34). Whereas in others, e.g. ethyl acetate, it 
is expected that the likelihood of dimerization 
would be considerably reduced (46, 47). An 
explanation (42) of the increased reactivity in 
toluene and the variation in order with respect to 
acid is that the dimer is much more reactive than 
the monomer. Although this is possible, it does 
not seem likely that the hydrogen-bonded dimer 
is very much more reactive than the monomer. In 
dimethyl sulfoxide, the reaction is first order in 
acid, as well as the DDM. This is unlike the 
behavior in the other aprotic solvents referred to 
earlier. The carboxylic acid occurs as a monomer, 
strongly hydrogen bonded to the sulfoxide 
oxygen. This results in the abnormally low 
reactivity of the acid, considering the high di- 
electric constant of the solvent, and precludes the 
effect of a second acid molecule on the DDM-acid 
reaction. 

It would appear that a second acid molecule 
can contribute to the reaction in most aprotic 
solvents. Another explanation of this role is the 
acid catalvsis of the esterification. In solvents 
having no protic solvation, the assistance of a 
strongly hydrogen-bonding donor could assist 
the reaction. Reaction may occur at a faster rate 
between the acid and a DDM-acid complex or 
between DDM and an acid-acid complex than 
for the sinlple acid and DDM reaction. The 
second alternative has similarities to the dimer 
explanation, but implies a minor role for this type 
of reaction not the major reaction route. The 
approximately linear increase in k with [HA] 
seems to be more in favor of acid catalysis than of 
a very reactive dimer. If this is true, the extra- 
~o l a t ed  rate at zero acid concentration for 
toluene and ethyl acetate represents the simple 
acid-DDM reaction, as for alcoholic solvents. 

The greatly exalted rates observed for malonic 
and succinic acids in ethyl acetate (this study) also 
indicates the possibility of an acid-catalyzed 
reaction. Statistical correction will not exclude 
two factors which could contribute in addition 
to the probable increased importance of intra- 
molecular hydrogen-bonded stabilization of the 
polar transition state in the aprotic solvent. The 
factors are the increased acid groups available for 
an acid-catalyzed reaction and their proximity to 
the reacting carboxylic acid group. 

These studies indicate that care must be used 
when comparing the reaction constants for 
esterification with DDM in different solvents. 

Direct comparison of the values obtained for 
alcoholic solvents is valid. Comparison with those 
for aprotic solvents must bear regard to  the 
mechanistic complications present. I t  seems 
reasonable to do this unless it can be shown that 
a significant change in mechanism has resulted in 
an alteration in the previous structure-reactivity 
relation. This does not yet appear to be so for 
this reaction. 
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The transmission of polar effects. Part  V1.l The ionization of ortho-substituted 
benzoic acids 

KEITH BOWDEN AND G. E. MANSER 
Department of Chemistry, The Ut~iversity of Essex, Colchester, Essex, England 

Received November 20, 1967 

The pK, values of a series of ortho-substituted benzoic acids in 50% ethanol-water have been deter- 
mined. The effect of ortho-substitution on the ionization of benzoic acid in this and other solvents has  
been correlated by a linear free energy relation. The reaction constants found are compared with those 
for the metalpara-substituted benzoic acids. While those for the former system are insensitive to changes 
in the medium, the latter vary considerably. I t  is suggested that this is due to transmission by the field 
effect passing almost entirely through the molecular cavity for ortho-substituents. 

Canadian Journal of Chemistry, 46, 2941 (1968) 

Introduction to exvress more closely the polaritv of the medium 

The effects of ortho-substituents on reactivity 
has long been of great interest. Such influences 
have been considered to be due to proximity 
effects as well as to the better understood polar 
contributions (1). Recently it has been proposed 
that the effect of ortho-substituents in certain 
reactions is due to the efficient transmission of the 
polar field effect across a small distance combined 
with a common displacement of all substituents 
from the reference unsubstituted compound (2). 
This was considered to apply to reactions, such as 
the ionization of benzoic acids and their reaction 
with diazodiphenylmethane, and certain sub- 
stituents2 of moderate steric bulk, such as the 
methyl, halogeno, and methoxylgroups. A similar 
conclusion about the importance of the field 
effect was made by Hojo (3) in analyzing the 
ionization of di-substituted benzoic acids. 

The ionization of benzoic acids has been 
studied in a great variety of media. Many workers 
(4-6) have investigated the relation between the 
Hammett reaction constants, D, for the ionization 
of meta- and para-substituted benzoic acids and 
the medium. This variation does not appear to be 
linearly related to the reciprocal of the dielectric 
constant, D, or to related functions of the di- 
electric constant (4, 6). A qualitative increase in p 
with a decrease in D is observed. Fair correlations 
exist between the reaction constants and the 
empirical solvent parameter, Y, defined by Grun- 
wald and Berkowitz (5). These parameters appear 

'Part V, see Can. J. Chem., this issue. 
ZSubstituents like the ortho-t-butyl and ortho-hydroxy 

groups have specific influences. In  the case of the latter 
substituents, these are due to significant steric and 
hydrogen-bonding effects respectively. 

and <he efficiency by \;hich ihe mehium moderates 
or "transmits" the substituent polar effects. 

Early workers (7) have considered that the 
reactions of ortho-substituted benzoic acids could 
not be correlated by simple Hammett-type rela- 
tions. This is undoubtedly true for many reactions 
where there are significant changes in the steric 
requirements at the reaction site which is proxi- 
mate to  the ortho-substituent. Attempts have 
been made to separate the polar and steric factors 
involved (8, 9), but the application of these 
separations has been criticized (10, 11). Other 
studies (1 2-14) have found successful correlations 
for systems where the ortho-substituents are no 
proximate to  the reaction site. In this study we 
have attempted an extension of a more limited 
treatment (2) to the ionization of ortho-substi- 
tuted benzoic acids in a range of solvents, using 
para o values. A comparison with the p values 
found for the meta- and para-substituted benzoic 
acids should throw further light on the factors 
controlling the reaction constants. 

Results and Discussion 
A literature search revealed that the ionization 

of both a series of ortho- and a series ofmetalpara- 
substituted benzoic acids has been measured in 
water (1 5) ; 80% wt./wt. 2-methoxyethanol-water 
(16); methanol, ethanol, n-propyl alcohol, n- 
butyl alcohol, and ethylene glycol (17); 26.5%, 
43.5%, and 73.5% wt./wt. dioxan-water (17); and 
10% and 25% wt./wt. acetone-water (18). After 
the aqueous system, 50% vol./vol. ethanol-water 
is the medium for which the most extensive data 
exists for meta- and para-substituted benzoic 
acids (19). The absence of a set of values for 
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ortho-substituted benzoic acids in the latter 
medium prompted us to complete this deficiency. 
The pKa values of the ortho-substituted benzoic 
acids in 50% vol./vol. ethanol-water are shown 
in Table I. 

TABLE I 
pK, values of ortho-substituted benzoic acids 

at 25.0" 

PKB 
Substituent (50 % vol./vol. ethanol-water) 

1 H 5.76* 
2 Me 5.78* 
3 F 5.25 
4 C1 4.82 
5 Br 4.73 
6 I 4.79 
7 NO2 4.15 
8 OMe 5.83 
9 OH 4.12 

'Literature values are 5.73 (20), 5.75 (21). 5.80 (22) 
(benzoic acid), and 5.76 (23) (ortho-toluic acid). 

The results are analyzed by means of the 
Hammett equation (4, 6, 7). The data for meta- 
and para-substituted benzoic acids have been re- 
evaluated using the standard set of a values 
proposed by McDaniel and Brown (19). This gives 
a reliable comparative set of reaction constants. 

However, for ortho-substituents, the correla- 
tions are made using para a values (19). These 
substituents are those of moderate steric bulk 
(see Table I, substituents 2-6, 8), excluding the 
unsubstituted acid. A value of 0.530 is used for 
the ortho-nitro group.3 The ortho-hydroxy group 
is excluded from these correlations because of the 
specific hydrogen-bonding interactions (discussed 
later). The Hammett reaction constants, p, are 
shown in Table 11. 

Reaction Constants 
The reaction constants for the ortho-substi- 

tuents are always greater than those for meta- and 
para-substituents. The former reaction constants 
are comparatively insensitive to the medium and 
vary between 2.43 and 2.16 for the very well- 
correlated series, i.e. about 12% variation. Those 
for the meta- and para-substituents are markedly 
affected by the medium and vary between 1.00 
and 1.66, i.e. about 50% variation. The relation 

3The para a value of 0.778 is reduced by interactions 
causing deconjugation. The value used is obtained from 
the ionization of ortho-nitrobenzoic acid in water and the 
correlation of ortho-substituents (see Table I, substituents 
2-6,8), as in this study. 

between the reaction constant for ionization and 
the medium for the latter substituents has been 
interpreted as the transmission of the substituent 
polar effect via the molecular cavity and the 
medium (24). Conversely, this suggests that no  
significant part of the transmission occurs through 
the medium for ortho-substituents. For ortho- 
substituents, the substituent dipole and reaction 
center are close (- 3.2 A), unlike the para- 
system (- 6.0 A). It is both likely and reason- 
able that the transmissive cavity, for ortho- 
substitution, will be almost entirely within the 
molecule and is thus almost independent of the 
medium. The reaction constants for ortho-substi- 
tution do not show any marked variation, except 
for a slight fall with decreasing polarity of the 
medium. This could be due to the intervention of 
a reversed dipolar substituent effect (25, 26), the 
"distant" end of the substituent being increas- 
ingly effective as the polarity of the medium falls, 
whereas the "near" end of the substituent exerts 
its effect only through the molecule. For meta- 
and para-substituted benzoic acids, these more 
distant substituents have similar transmissive 
cavities for both ends of the dipolar substituents, 
both of which involve the medium to a consider- 
able extent. 

Specific Ortho- Effect 
The specific acid-strengthening effect, A, pre- 

viously noted for ortho-substitution relative t o  
the unsubstituted acid (2, 27) is again observed 
and is shown in Table 11. This has two likely 
causes, a substituent or a solvation effect. If it is a 
substituent effect occurring on replacement of an  
ortho-hydrogen, it is not a normal polar effect 
and would vary markedly with the medium. 
Deuterium isotope effects at the ortho-positions 
for benzoic acid ionization are normal in sign and 
size (pKaD - p ~ , "  for 2,6-dideuterobenzoic acid 
is 0.003) (28). A solvation effect seems more 
likely (2, 27). The effect decreases rapidly with 
decreasing water content of the partially aqueous 
solvents. However, a specific role of water is 
excluded by the observation of the almost con- 
stant and smaller effect in alcohols. I t  is proposed 
that this results from a specific displacement 
from the solvating sheath of a hydrogen-bonding 
solvating specie. 

Ortho-Hydroxy Substituent 
The effect of this ortho-substituent is not 

correlated by the para a value. This group is 
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BOWDEN AND MANSER: THE TRANSMISSION OF POLAR EFFECTS. PART VI 

TABLE I1 

Hammett reactions constant, p, for the ionization of benzoic acids at 25" 

Ortho-substituents* Metalpara-substituents* 

A 
Medium p -logKO n r s p -log KO n r s (pK. units) 

Water 2.429 3.461 7 0.988 0.045 1.000 4.203 - - - 0.74 
50 % ethanol- 

water 2.212 5.327 7 0.994 0.076 1.472 5.730 12 0.992 0.066 0.40 
80 % 2-methoxy- 

ethanol-water 2.403 6.257 7 0.983 0.134 1.661 6.611 16 0.974 0.128 0.35 
Methanol 2.241 7.999 7 0.978 0.142 1.430 8.685 16 0.976 0.105 0.69 
Ethanol 2.089 8.204 7 0.957 0.190 1.528 8.827 16 0.976 0.113 0.62 
n-Propyl alcohol 2.100 7.951 7 0.965 0.170 1.536 8.592 16 0.978 0.108 0.64 
Ethylene glycol 2.167 7.052 7 0.980 0.187 1.271 7.632 16 0.989 0.063 0.58 
n-Butylalcohol 2.048 7.981 7 0.956 0.131 1.483 8.607 16 0.977 0.106 0.63 
26.5 % dioxan- 

water 2.366 4.311 67 0.992 0.098 1.224 4.834 13 0.993 0.054 0.52 
43.5 % dioxan- 

water 2.281 5.056 67 0.988 0.116 1.336 5.465 16 0.987 0.072 0.41 
73.5 % dioxan- 

water 2.186 6.698 67 0.976 0.163 1.457 7.024 16 0.986 0.080 0.33 
10% acetone- 

water 2.420 3.892 53 0.999 0.037 1.129 4.471 15 0.991 0.052 0.58 
25 % acetone- 

water 2.155 4.496 51 0.999 0.043 1.087 5.000 15 0.990 0.053 0.50 

* n  is the number o f  substituents studied: r,is the correlation coefficient; s is the standard deviation. 
t n a t a  for ortho-fluoro substituent not ava~lable. 
:Data for ortho-bromo and iodo substituents not available. 

known t o  be acid strengthening by  virtue o f  the 
stabilization of  the salicyclic carboxylate anion by  
a strong hydrogen b o n d  (29, and references 
therein). Furthermore, i t  appears to be increas- 
ingly effective as the polarity o f  the medium falls. 
It is suggested that there is an increase i n  the 
importance o f  this "internal" solvation as the 
external hydrogen-bonding solvation becomes 
less effective. 

In conclusion, these studies confirm that limited 
relations can be applied to ortho-substituted 
benzoic acids. The results appear  to fit satis- 
factorily into a field effect model  f o r  the trans-  
mission o f  polar  effects. 

Experimental 
Materials 

The ortho-substituted benzoic acids were available 
commercially. After recrystallization, they had melting 
points identical with or very close to those recorded in the 
literature. Neutralization equivalents were determined 
and were within 1 % of the theoretical values. Pure 
ethanol was prepared by Smith's method (30). 

Measurements 
The pK, values of the acids were measured in 50% 

vol./vol. ethanol-water at 25 + 0.1" by the method 
previously described (31). The pK, values are the means 
of at least two determinations and are considered to be 
accurate to -1- 0.02 units, relative to benzoic acid. 
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Dielectric behavior of low boiling chlorides in the liquid, solid, and 
adsorbed states 

T. MCMULLEN,' E. D.  CROZIER,^ AND R. MCINTOSH 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received February 28, 1968 

The complex dielectric constants of hydrogen, methyl, and ethyl chlorides have been measured, for 
the purpose of comparison with the present and future adsorption studies. The hydrogen chloride results 
agree with those of Cole and Swensen (22). Studies of hydrogen and ethyl chlorides adsorbed on finely 
divided sodium chloride show two particularly interesting phenomena. Adsorbed hydrogen chloride 
shows an unusually high polarizability at monolayer surface coverage, which then decreases again with 
increasing adsorption. Adsorbed ethyl chloride also shows a very high polarizability at a particular sur- 
face coverage, but this maximum occurs at about one-fourth of monolayer coverage, and is accom- 
panied by loss, in contrast to the former case. 
Canadian Journal of Chemistry, 46, 2945 (1968) 

Introduction became negative in the region beyond the "kink" 
Many previous investigations of the dielectric point. 

behavior of adsorbate-adsorbent systems have The polar gas difluorochloroethane gave re- 

been undertaken, and the results have beell re- sults differing from the 'thers in One respect: 
cently by McIntosh (1). porous adsor- there are three sections of constant slope instead 

bents have been by far the most frequently of two. Furthermore, the position of the second 

employed because of the experimental difficulties discontinuity corresponds well with the B.E.T. 

involved in preparing a nonporous sample of high monolayer, and the first with about one-half of 

specific surface, and the precision required in the that value. This is assumed to indicate a sudden 
electrical measurements when the surface area is change in apparent polarization below monolayer 

low. The interpretation of the results is difficult, surface 'Overage, and is the only evidence of this 

however, because of the complex nature of the effect with the adsorbent rutile. 
porous surface. In the present study, the complex dielectric 

A nonporous adsorbent is consequently desir- 'Onstants liquid and methyl, 
able, but studies employing this type of surface and ethyl chlorides were measured over the 
are considerably fewer in number. Other than the frequency and temperature range be in 
present sodium chloride sample, rutile is the only the adsorption studies, even though measure- 
nonporous solid that has been used. The polar ments at  some of the frequencies and tempera- 
gases ammonia, sulfur dioxide, ethyl chloride, tures had been previously reported. The dielectric 
and dichlorofluoromethane gave similar results behavior of the adsorbed hydrogen and 
when adsorbed on rutile (2-5). The variation of chlorides was then investigated, and the results 
the overall dielectric constant of the adsorbate- are interpreted with the assumption that a 
adsorbent system with the amount adsorbed was dielectric constant can be assigned to an adsorbed 
linear at low surface coverage, and as the coverage layer. The adsorbed phase dielectric constant is 
was increased there was an abrupt increase in determined by a modification (6) of a method 
slope, followed by a second linear section. The (59 7, which has been found yield reasonable 
position of this discontinuity in of the values when applied to other adsorbent-adsor- 

amount adsorbed was found to correspond well bate systems. 

with the Brunauer-Emmett-Teller (B.E.T.) mono- Very briefly, the method assumes spherical 

layer. The temperature coefficient of the dielectric particles are inserts in a medium form a 
constant was negligible along the first section, but cOm~Osite of 'Onstant &. The particles, 

the adsorbate, and the interstices are treated as 
three phases. There is a further assumption that 

'Present address: H. H. Wills Physics Laboratory, the average field of the largest phase (interstitial 
University of Bristol, Bristol, England. 

ZPresent address: Department of Physics, Simon Fraser 'pace) remains fked as the quantity adsorbed is 
University, Burnaby, British Columbia. varied. The procedure is in contrast with that used 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2946 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

by McIntosh and his associates who assumed 
spherical voids in a solid dielectric, and that the 
field within the solid remained constant as 
amount of adsorbate was increased. The two 
procedures also differ in the use of the average 
macroscopic field of a phase in the new treatment, 
and of the average internal field of a phase in the 
treatment referred to in refs. 5 and 7. Both pro- 
cedures lead to the same result in the case of the 
spherical particle model and yield the equation 

where X, = (E, - 1)/4.n and 6, is the volume 
fraction of the kth phase. Subscript 1 stands for 
solid phase, 2 for adsorbate phase, and 3 for 
interstitial space phase. 

The behavior of the adsorbed phase dielectric 
constant can then be compared with that expected 
for various models, one of which is the "rotational 
oscillator model" proposed by Kurbatov (8) and 
by Benson, Channen, and McIntosh (9). 

Experimental 
Dielectric constants and losses were measured over the 

frequency range 3-8000 kHz, and this necessitated two 
separate measuring circuits. A modified Schering bridge 
of design similar to that employed previously (10) covered 
the range 3-100 kHz. General Radio type 722 variable 
precision air capacitors were used as the capacitive com- 
ponents in three of the bridge arms, and a 200 pF mica 
capacitor in the fourth. Shunt resistances were required 
across two of the arms, and the General Radio type 602 
decade resistors were enlployed for this purpose. Arrange- 
ment of the components, shielding, and the use of isolat- 
ing transformers followed the suggestions of Hartshorn 
(11). The signal source was a Hewlett-Packard 205 AH 
audio generator, and the detector consisted of a Hewlett- 
Packard 450 A amplifier, and a tuned filter when neces- 
sary to reduce electrical noise, with the output fed to a 
Tektronix 531 A oscilloscope with type H plug-in. The 
reference signal to the x-plates was taken from the 
generator through a phase-shifting network. The residual 
capacitances of the bridge arms, only three of which are 
necessary when a substitution method is used, were 
determined by variation of the shunt resistances. 

At higher frequencies, 480-8000 kHz, a resonant system 
similar to that employed by Petrie and McIntosh (12) 
was used. Voltage resonance was detected across a 
parallel network of test cell and variable measuring 
condenser, forming part of a series LRC circuit. The 
circuit was loosely coupled to a Tektronix 190A radio 
frequency generator by a transformer, the secondary of 
which provided the inductive component. Initially, a 

bridge-type vacuum tube voltmeter enlploying matched 
General Electric type 957 as reference and signal tubes 
was used, but replacement with a Hewlett-Packard 400 E 
voltmeter with the output displayed on a Hewlett- 
Packard 3439 A digital voltmeter provided increased 
sensitivity. 

Inductance corrections were found to be important, 
particularly at the higher frequencies. The inductance 
associated with the measuring capacitor was specified 
by the manufacturer, and that associated with the test cell 
was found from a plot of the inverse of the apparent 
capacitance of the cell against the square of the angular 
frequency. 

The dielectric cells used for measurements on liquid 
and solid methyl and ethyl chlorides, and in the adsorp- 
tion studies, were made of #431 stainless steel, but in 
the case of liquid hydrogen chloride it was found necessary 
to line the cell with platinum. The liquid-solid cells were 
coaxial cylindrical condensers, but a multiplate cylindrical 
condenser was used to increase sensitivity in the adsorp- 
tion studies (see ref. 1). Calibration with air, benzene, and 
ether distinguished the empty cell and  lead capacitances. 

Constant temperature was maintained to within 0.1 "C, 
and temperature gradients along the cell reduced to less 
than 0.1 "C by a thermostatting arrangement similar to 
that described by Shigeishi and McIntosh (13) in which 
cooling vanes are placed on the tube supporting the test 
cell, and the entire assembly is enclosed by an outer 
housing. Liquid nitrogen was maintained at a constant 
level on the outer housing by means of a modification of 
the level control of Fred and Rauh (14), where the 
thyratron tubes are replaced by silicon controlled recti- 
fiers, and thermistors are used as the temperature sensing 
elements. These alterations were found to increase the 
reliability considerably. Regulation of the current through 
the heating coils by a device described (15) held the tem- 
perature of the cell constant to within the desired limits. 

Hydrogen, methyl, and ethyl chlorides, and butane 
were obtained from the Matheson Co. Hydrogen chloride 
was passed through columns of CaCI, and Mg(C104)2, 
and fractionally distilled several times, so that the 
metastable pink solid form was readily observed. Methyl 
chloride was passed through 10% KOH and conc. H2S04. 
The middle fraction of a distillation was then passed 
through a column of fused KOH pellets, and further 
distilled. The purification of ethyl chloride was as  
described in ref. 13, and the butane sample was frac- 
tionally distilled several times. The sodium chloride 
powder was prepared by precipitation from the smoke 
(16) in an apparatus described in refs. 17 and 18. The 
major impurity, NaN03, should be present in amounts 
less than 0.05 % (19). 

Results and Discussion 
Part I. Results for Liquidand Solid States 

It was necessary to determine the density of 
ethyl chloride. A glass dilatometer was used t o  
measure the volumes of a constant mass of ethyl 
chloride over the temperature range 0 "C to 
- 160 "C. Assuming a value for the density of 
liquid ethyl chloride at 0 "C (20) the densities 
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shown in Table I were determined. The method sponding values of E' were 11.704, 14.268, and 
of least squares was used to obtain the best 11.691 respectively. The dielectric constant of 
straight line fitting the data in the temperature solid hydrogen chloride was measured at - 118.7 
range 0 "C to - 138.4 "C, "C and - 123.7 "C, and continued to show ap- 

preciable conduction. The variations of E' with 
p = 0.9221 - 1.337 x 10-3T temperature for the three chlorides are shown in 

The standard deviation of the experimentally 
determined densities from those calculated by 
the above equation was 1.5 x and the 
probable error was 0.001. 

TABLE I 
Density of ethyl chloride at several temperatures 

Temperature Density Temperature Density 
("C) (g/cc) ("C) (g/cc) 

*Undercooled liquid. 
?Solid state. 

The complex dielectric constants of hydrogen, 
methyl, and ethyl chlorides were measured at 18 
frequencies from 3 to 8000 kHz. In the tempera- 
ture range - 17.4 "C to - 195 "C, measurements 
spaced at approximately 10 "C intervals showed 
that the real part, E', of the dielectric constant of 
ethyl chloride is essentially frequency indepen- 
dent over this range. The loss above -70 "C is 
small. Its increase with increasing temperature 
and decreasing frequency indicates that it is con- 
ductive in nature. At about -70 "C, or slightly 
above, Debye dispersion begins to appear at the 
highest frequencies, and increases with decreasing 
temperature until the freezing point. In the solid 
state E" again assumes a small value. 

In the range between - 35.9 "C and - 195 "C, 
again covered in approximately 10 "C intervals, 
methyl chloride also showed no frequency de- 
pendence of E', although again some loss 
appeared at high frequencies and persisted down 
to freezing point. At high temperatures there was 
some conductive loss. Hydrogen chloride showed 
appreciable conduction, with the negative of the 
imaginary part of the dielectric constant, E", 
falling from 7.961 at 50 kHz and - 87.6 "C (the 
highest temperature at which measurements were 
taken) to 6.237 at - 114.2 "C and 50 kHz, and 
to 3.924 at -87.6 "C and 100 kHz. The corre- 

Fig. 1. 
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I I I I 
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13- 

2 - 

- - 
- - 

FIG. 1. Dielectric constants of low boiling chlorides 
in liquid and solid states. 

The experimental results for the liquid state 
can be conveniently summarized by expressing E' 

as a polynomial function of temperature or of 
reciprocal temperature. The latter functional de- 
pendence is expected; it is in agreement with the 
dielectric theory which predicts that the static 
dielectric constant of a polar liquid varies as 
f ( ~ ' ,  p, p2/3kT). The unweighted averages of E' 

were determined for each temperature, and were 
fitted to polynomials up to the fourth degree using 
the IBM Fortran I1 program of Griffith (21). The 
polynomials giving the minimum unbiased 
standard error (defined as ( z i ( y i  - J)~/D)%, 
where D is the number of points fitted less the 
number of coefficients in the polynomial) are 
given in Table 11. 

Two difficulties encountered in the measure- 
ments on liquid and solid chlorides probably lead 
to erroneous results. A time dependent increase 
in conductivity was noted, particularly in the case 
of hydrogen chloride. This, however, makes a 
negligible difference in E ' .  A more serious prob- 
lem is the contraction of the solid away from the 
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TABLE I1 
Dielectric constant as a function of temperature 

Standard Residual sum 
error of squares 

Ethyl chloride - 17 "C > T 3 -137 "C 
E' = 10.44 - 8.64 x 10-2T - 2.6& x 10-4T2 - 2.96& x 10-'T3 Tin "C 

0.08 0.05, 

Methyl chloride -35 "C > T > -98 "C 
E' = 11.78 - 3.662 x 10-'T + 5.074 x 10-&T2 T i n  "C 

0 .  063 0 . 0 1 ~  
E' = -4.625 + 4.3& x 103/T + 2.042 x 103/T2 T in OK 

0 .  0S9 0.014 
Hydrogen chloride - 87 "C > T 3 - 114 "C 

T i n  "C 
0.019 0.0018 

T i n  "K 
o .0 l9  0.001, 

outer electrode. Unsuccessful attempts were 
made in eliminating the gap near the electrode by 
slowly solidifying the liquid keeping the dielectric 
cell under a temperature gradient, with the lower 
end cooler than the upper. A calculation of the 
magnitude of the error introduced in our dielectric 
cell by this contraction yielded the results of 
Table 111, showing its importance for materials of 
high dielectric constant. 

Values of the static dielectric constants of the 
liquids studied in this research have been re- 
ported in the literature. Cole and Swensen (22) 
determined E' for hydrogen chloride in the 
temperature range -85 "C to - 114 "C, and in 
the frequency range 1 kHz to 500 kHz. Their 
results agree with those reported above to within 
+ 1 %. This confirmation is gratifying, because 
the range of reported values at or near the melting 
point is from 8.85 (23) to 13.1 (24) compared with 
our value of 14.2. Impurities, or errors in the 
measurement or calibration, may account for 
these lower values. The results of Morgan and 
Lowry (25) obtained for methyl chloride with 
frequencies between 1 kHz and 100 kHz and 
temperatures between - 20 "C and - 90 "C 

agree with the results reported here to within 
k0.05 for E'. Nickerson and McIntosh (26) 
determined E' for the frequency range 9 MHz to  
90 MHz and in the temperature range +20 "C to  
- 35 "C. Their results are about 3 % lower than 
those obtained in this research. Presumably cali- 
bration errors should account for this discrep- 
ancy. The results of Longworth and Plesch (27) 
at  2 MHz for temperatures between 0 "C and 
-75 "C are about 10 % higher than those given 
here, but the accuracy of their temperature control 
and the circuit used for the determination of E' 

are questionable. 
The dipole moments calculated from the liquid 

state values of E' using the Onsager equation 
agree well with the gaseous dipole moments. 
Some results are shown in Table IV, along with 
the values of the gaseous moment suggested by 
McClellan (28). This agreement confirms the 
appropriateness of the Onsager model and im- 
plies that ethyl, methyl, and hydrogen chloride 
are normal polar liquids. 

Representative conductivities calculated from 
the experimental liquid state values of E" are 
shown in Table V. Although the conductivity of 

TABLE 111 
Effect of contraction on measured dielectric constant 

Density increase 0 1.0% 2.5% 5% 10 % 
Gap (in cm) 0 0.003 0.006 0.012 0 .023 
Apparent E 3 .0 2.g6 2.89 2 .7 ,  2 .60  
Apparent E 15.0 13.5 11.7 9 .5  7 . 2  
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TABLE IV 
Dipole moments from the Onsager equation 

Ethyl chloride Methyl chloride Hydrogen chloride 
- - 

2.00 D at -18.7 "C 1.78 D at -35.9"C 1 . 1 6 D a t  -87.6"C 
1 . 9 0 D a t  -137.7"C 1.74 D at -97.7 "C 1 . 1 3 D a t  -112.6"C 

Suggested gaseous 
dipole moment (28) 2 .04D 1 . 9 4 D  1.07 D 

Range of gaseous 
dipole moments (28) 1.74-2.09 D 1.66-2.02 D 1.03-1.95 D 

hydrogen chloride is of the same order of magni- 
tude as that found by Smyth and Hitchcock (24) 
and by Cole and Swensen (22), Glocker and Peck 
(29) using an all glass conductivity cell with 
platinum electrodes obtained o = 3.5 x lo-' 
mho/cm at -85 "C. The latter authors also en- 
countered an increase in conductivity with time: 
the conductivity of freshly purified hydrogen 
chloride changed from 0.35 x mho/cm to 
2.1 x mholcm over a 24 h period. The 
conductivity of methyl chloride is a factor of 10 
to 100 times larger than that reported in the 
literature (25). The conductivity of ethyl chloride 
has been reported to be less than 3 x lo-' 
mho/cm (30). 

TABLE V 

Conductivities of the liquids 
-- 

Temperature ts 
("c) (mho/cm) 

Hydrogen chloride -87.6 2 . 2 ~  l o - 7  
-114.2 1 . 7 ~  lo-7 

Methyl chloride -36.9 1 x lo-S 
-97.7 6 x  

Ethyl chloride -17.4 3 x lo-9 
-137.7 <1 x 10-lo 

Part II. Adsorption Studies 
Tlze Systenz Butatze/Sodiutn Chloride 
The interpretation of the results of the dielectric 

behavior of adsorbent-adsorbate systems is 
difficult, because there is as yet no means of 
determining the polarizability of the adsorbed 
molecule. There have been several attempts at 

calculating this polarizability, however, and one 
of the most successful has been the extension of 
the Bottcher powder treatment (31, 32) by 
McIntosh and co-workers (5, 7). These authors 
express the polarizability in terms of the dielectric 
constant of the adsorbed phase. However, there 
is reason to believe that their model is not 
applicable to a powder of low packing fraction, 
such as the present sample of volume fraction - 0.1. When their formula was applied to the 
present results for hydrogen and ethyl chlorides, 
negative dielectric constants of the adsorbed 
phase were obtained. We intend to discuss these 
problems in another publication (6) and to show 
how an alternative formula can be derived for 
what may be called the "spherical particle 
model". 

As a test of the spherical particle model for 
the calculation of the dielectric constant of the 
adsorbed phase, and for comparison with the two 
dipolar gases, one run, using n-butane as ad- 
sorbate, was carried out at -50 "C. It was ex- 
pected that the nonpolar gas should yield a 
value equal to, or slightly less than, the dielectric 
constant of the liquid and that this value would 
remain constant or increase to the value of the 
dielectric constant of liquid in the higher layers. 
The results are shown in Table VI, along with 
the results of the "spherical void F-field method" 
of McIntosh et al. The large fluctuation in the 
values at low surface coverage is due to random 
errors because of the very small changes in the 
capacitance measured. 

A search of the literature did not reveal a value 

TABLE VI 
Dielectric constant of adsorbed butane at - 50 "C 

Volume adsorbed (cc at S.T.P.) 11.3 100 330 
E ' ,  by the spherical void F-field method 2.0-4.3 2.28-2.37 2.38-2.42 
E'?  bv the s~herical  article model 1.8-2.9 1.89-1.94 1.94-1.96 
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TABLE VII 
Dielectric constant of adsorbed HC1 at 50 kHz 

0 cc adsorbed co cc adsorbed 
Temperature (extrapdated) Minimum value (extrapolated) Liquid state 

("c) E z E'Z E'Z E' 

for the dielectric constant of iz-butane at an ap- 
propriate frequency and temperature. The square 
of the refractive index at -45.6 "C is 1.89 (33), 
and the static dielectric constant of other hydro- 
carbons such as n-pentane is not appreciably 
higher than the refractive index squared. It is 
therefore not unreasonable to assign a dielectric 
constant of 1.9-2.0 to liquid n-butane at - 50 "C. 

These results are not sufficiently accurate to 
distinguish between the two models, but they do 
indicate that the spherical particle model, using 
the liquid state density, is an adequate means of 
assigning a dielectric constant to an adsorbate of 
low dielectric constant both above and below the 
monolayer. 

The Systenz Hydrogen Chloride/ 
Sodium Chloride 

Dielectric isotherms using hydrogen chloride 
as adsorbate weremeasured at three temperatures : 
- 70 "C, - 90 "C, and - 110 "C. There is no 
appreciable dispersion of the dielectric constant 
at any of these temperatures. Duplicate runs at 
- 90 "C and - 110 "C showed good reproduci- 
bility, and no adsorption hysteresis or dielectric 
hysteresis was found. Typical plots of the overall 
dielectric constant of the adsorbate-adsorbent 
system are shown in Fig. 2. 

The B.E.T. method was unsuccessful in giving 
the monolayer volume; the point B method indi- 
cates a monolayer volume of about 160 cc at 
S.T.P. Plots of the adsorbed phase dielectric 
constant (from the spherical particle model) 
versus volume adsorbed are shown in Fig. 3. 
Extrapolation as shown yields the values given 
in Table VII in which several trends are notice- 
able. The maximum in the curve at - 110 "C 
corresponds well with monolayer surface cover- 
age, and the minimum appears to occur below 
this value. This maximum may be considered to 
decrease in magnitude and to shift to higher 
values as temperature is increased. The tempera- 
ture coefficient is positive at zero and low 

coverage, but becomes noticeably negative as the 
monolayer is approached. It appears to be small 
at large amounts adsorbed, but the extra- 
polati6ns do not permit any quantitative 
determination. 

In any discussion of these results, several 
~ o i n t s  should be considered. The adsomtion 
isotherms of hydrogen chloride and kthyl 
chloride indicate that the specific surface area of 
the sodium chloride sample is about 25 m2Ig. 
Electron photomicrographs of similar samples 
(34) show that the majority are cubic particles of 
less than 1 micron in length, and that only a 
small fraction have severely distorted shapes. 
Use of a formula given by Van Zeggeren, 

1 60 X.?F 

-110f 

ra! 

I 

FIG. 2. Overall dielectric constants for the system 
NaC1-HC1. Circles are E', triangles - E". 
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Schreiber, and Benson (19), and an estimate 
assuming that the (100) face of sodium chloride 
is exposed, indicate that the major impurity, 
sodium nitrate, constitutes less than 3 % of the 
surface area. The latter calculation also indicates 
that the surface is composed of approximately 
0.0065 mole of sodium chloride. 

I 
133 

n A--"-~uA 6 
200 

2 
JOO 

7 I 

A 0 
A A b n b  A A A A A A  A A d  

00 ; 
FIG. 3. Dielectric constants of the adsorbed phase for 

the system NaCl-HCl. Circles are E ' ~ ,  triangles - E " ~ .  

The reported values of the dielectric constant 
of sodium chloride vary between 5.3 and 6.7, in 
agreement with an average dielectric constant, 
calculated from the Bottcher formula, of 6.4. 
There is some fluctuation in the dielectric 

constant of the bare salt from run to run (as 
shown in Fig. 2); this is attributed to a distur- 
bance of the bed during desorption and evacua- 
tion. 

The nature of the actual adsorbed species may 
be questioned. There is evidence to show that 
hydrogen chloride dissociates on a sodium 
chloride surface. The reaction of hydrogen 
chloride gas with sodium bromide has been 
reported (35), and halogen exchange between 
sodium chloride and hydrogen chloride has been 
observed (36). Unfortunately, it appears im- 
possible to determine the fraction of adsorbed 
molecules which exist in ionic form at any one 
time from the reported data. It seems reasonable 
to conclude, however, that the absence of low 
frequency Maxwell-Wagner loss in the present 
work, coupled with the low heats of adsorption 
which were observed, indicates that there is no 
appreciable degree of ionization in the adsorbed 
layer. 

Consequently, we may consider an entity which 
is essentially molecular hydrogen chloride ad- 
sorbed on a sodium chloride surface which 
contains a negligible number of impurity sites, 
and which probably does not have an important 
number of severe defects and irregularities. I t  
seems interesting, then, to search for any of the 
properties of the rotational oscillator mentioned 
previously, since Benson, Channen, and McIntosh 
(9) considered a fairly realistic model of hydrogen 
chloride adsorbed on a sodium chloride (100) 
face centered midway between the sodium and 
chloride ions, and predicted that the adsorbed 
molecule would perform rotational oscillations, 
which to a first approximation could be con- 
sidered to be simple harmonic. These authors, 
and also Kurbatov (8), show that in addition to 
the expected low polarizability of the tightly 
bound dipole, the rotational oscillator exhibits a 
zero or positive temperature coefficient. It has 
been assumed for some time that there is a third 
property of this model which serves to distinguish 
it from the Debye-type free rotator, i.e. the prop- 
erty of normal dispersion or resonant absorption. 
It  can be shown (6) that this property is to be 
expected of the rotational oscillator. 

Turning again to the experimental results, the 
positive temperature coefficient at zero adsorp- 
tion does indicate a rotational oscillator, and the 
appearance of a negative coefficient a t  higher 
coverage does not necessarily imply a departure 
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FIG. 4. Adsorption isotherms for HCI and ethyl chloride on NaCI. 

from this mechanism. The convergence of the 
results to a value approximating the liquid state 
dielectric constant indicates that the polarizability 
is considerably greater at - 110 "C and 160 cc 
adsorbed than in liquid hydrogen chloride, and 
the temperature coefficient is also much larger. 
The former effect can only be caused by a strong 
dipole-dipole correlation which enhances the 
susceptibility, and the latter may be attributed to 
a weakening of this effect with temperature. This 
correlation must also decrease to give a dielectric 
constant close to the liquid state value as surface 
coverage is increased beyond the monolayer. 

The presence of a well-defined "knee" in the 
isotherms (Fig. 4) indicates that the monolayer 
volume is meaningful, and that the first layer is 
almost complete before the second layer begins to 
fill appreciably. Furthermore, it appears that the 
transition between filling of the first layer and of 
the second and higher layers occurs much more 
sharply at - 110 "C than at - 90 "C, and more 
sharply at -90 "C than at -70 "C. In conjunc- 
tion with this observation it is interesting to note 
that the monolayer of 0.007 mole corresponds 
well with the 0.0065 mole of sodium chloride 
calculated to be in the surface, indicating a one- 
to-onecorrespondencebetweenhydrogenchloride 

and sodium chloride. This correspo~lde~lce would 
result from a two-dimensional face-centered 
square lattice, which leads to a correlation by 
electric dipole forces which enhances the polariza- 
bility, and which might give a value of the di- 
electric constant considerably higher than for the 
liquid state. Of course, if there is some occupation 
of the second layer, either because adsorption is 
carried beyond the monolayer, or  because there 
is occupation of the second layer before the mono- 
layer is complete, correlation is more nearly as in 
the liquid, and the dielectric constailt assumes a 
lower value. 

It  could thus be postulated that at - 110 "C the 
first layer is essentially complete before the second 
layer begins to form, giving the observed maxi- 
mum, and that at higher temperatures there is 
some second layer formation below the monolayer 
volume, causing this maximum to decrease in 
value and to shift to greater amounts adsorbed. 
However, the heats of adsorption calculated for 
the system contradict this hypothesis to a certain 
extent. The usual formula for obtaining the 
isosteric heat of adsorption was applied to the 
isotherms, to yield heats of adsorption of 6.3 
kcal/mole at 100 cc adsorbed, and 3.6 kcal/mole 
at  200 cc. These two points are approximately 
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equidistant from the monolayer volume of 160 cc. 
Use of the difference, A E  = 2.7 kcal/mole, to 
calculate the Boltzmann factor's exp (- AEIRT) 
gives 0.0015, 0.0009, and 0.0001 at the three 
temperatures -70 "C, - 90 "C, and - 110 "C 
respectively. These values indicate that first layer 
completion occurs before second layer formation 
begins in all three cases, and that their difference 
is not sufficient to account for the marked change 
in the dielectric isotherm between - 90 "C and 
- 110 "C. The above estimation of layer occu- 
pancy isnot necessarily very meaningful, however, 
because there are other considerations besides the 
Boltzmann factor. 

The alternate explanatioil is the increase of 
thermal agitation as the temperature is raised 
from - 110 "C to - 90 "C causes a large fraction 
of the strong correlation to be destroyed. In this 
case, however, the temperature coefficient should 
not be much greater than that in the liquid, which 
shows an increase of 15 % as the temperature is 
lowered from - 90 "C to - 110 "C, instead of the 
experimentally observed 175 %. One is conse- 

FIG. 5. Dielectric constants of the adsorbed phase for 
the system ethyl chloride - NaCI. Circles are E ' ~ ,  triangles 
- ~ " 2 .  

quently led to the explanation that a strong 
correlation exists between dipoles at the mono- 
layer volume, and that this correlation is de- 
stroyed as the temperature is raised partly by the 
filling of higher layers, and partly by thermal 
agitation. 

There is then some evidence, namely, the 
positive temperature coefficient, that the adsorbed 
hydrogen chloride behaves as a rotational oscil- 
lator, although the fairly high value of the di- 
electric constant indicates that it may not be very 
tightly bound. No loss has been detected in the 
temperature range studied, so that the question 
of normal or anomalous dispersion cannot be 
answered, although we believe that we have some 
evidence of loss around - 140 "C. The most 
interesting result is, however, the high value of 
polarizability occurring at monolayer coverage 
and low temperatures. 

The System Ethyl ClzloridelSodium Clzloride 
Dielectric isotherms of ethvl chloride on 

sodium chloride were measured over a somewhat 
wider range of temperatures than for the HC1- 
NaCl system. The seven temperatures chosen 

FIG. 6. Overall dielectric constants for the system 
ethyl chloride - NaCI. Circles are E', triangles are - E". 
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TABLE VIII 

Dielectric constant of adsorbed ethyl chloride at 50 kHz 

Temperature Maximum Recorded w cc Liquid state 
PC> ~ ' z  - E " ~  Minimum (extrapolated) E' 

were - 10 "C, - 30 "C, - 50 "C, - 70 "C, - 90 "C, 
- 100 "C, and - 110 "C, and reproducibility was 
again found to be good when duplicate runs were 
carried out at - 10 "C and - 90 "C. An estimate 
of the monolayer volume by the point B method 
yielded a value of about 95 cc at S.T.P. 

Typical plots of the dielectric constant of the 
adsorbed phase (as given by the spherical particle 
model) against volume adsorbed are shown in 
Fig. 5. The corresponding plots for the adsorbent- 
adsorbate system are shown in Fig. 6 .  The most 
obvious contrast with the hydrogen chloride 
results is the presence of a maximum in the real 
part of the dielectric constant at low surface 
coverage, accompanied by dispersion and loss. 
The position of this maximum appears to be about 
20 cc at S.T.P. coverage, but may be as high as 
30 cc at - 10 "C. As can be seen from Tables 

Because of the presence of the maximum, there 
are insufficient data to permit extrapolation to  
zero volume adsorbed, and no meaningful 
temperature coefficients can be obtained in the 
region of low surface coverage. Beyond the 
absorption maximum, at about 125 cc, a mini- 
mum in the dielectric constant curve appears at 
the lower temperature experiments. It is possible 
that this is the onset of the effect observed for 
hydrogen chloride, and it would be interesting to  
discover whether the minimum becomes still 
more pronounced a t  temperatures below 
- 110 "C. In the region of high adsorption, there 
is little or no temperature coefficient, with the 
dielectric constant remaining unchanged at 
approximately 8-9. 

The values in Table VIII reflect the shift of the 
absorption maximum to lower frequency as the 

VIII-XI11 the maximum values of the dielectric temperature is decreased. At low temperatures 
constant and of the loss increase markedly with and high frequencies (Tables XII, XIII) the 
decreasing temperature. This eliminates the pos- dielectric constant is of the order of 3-5, and the 
sibility of Maxwell-Wagner (or ionic conductiv- loss is negligible, indicating the absence of 
ity) loss which is expected to increase with orientational polarization. On the low frequency 
increasing temperature. side of the absorption maximum, the real part 

TABLE IX 

The dielectric constant of adsorbed ethyl chloride at  - 30 "C 

29 cc adsorbed 21 1 cc adsorbed Liquid state 
Frequency 

(kHz) E ' Z  - E " ~  ~ ' 2  - E " ~  E' - &" C
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TABLE X 
The dielectric constant of adsorbed ethyl chloride at -50 "C 

32 cc adsorbed 246 cc adsorbed Liquid state 
Frequency 

(kHz) ~ ' 2  - E " ~  E ' 2  - E' IZ  E' - E" 

~ ' ~ ( o )  assumes abnormally high values. These 
high values are, if there is any validity in the 
method of extraction of the adsorbed phase 
dielectric constant, completely inconsistent with 
the liquid state behavior. 

The absence of a temperature coefficient and 
the low value of the dielectric constant above the 
monolayer indicate that the adsorbed ethyl 
chloride behaves as a rotational oscillator in this 
region. As has been mentioned previously, it is 
impossible to determine the behavior at low 
surface coverage from these two properties, but if 
rotational oscillation occurs at high coverage, 
it is certainly expected to occur at low coverage. 

The discovery of a loss peak which does not 
appear to be of the Maxwell-Wagner type should 
be sufficient to distinguish the rotational oscil- 
lator model from a Debye rotator. Unfortunately, 
however, the present data are inadequate; there 

is evidence that the loss peak shows Debye dis- 
persion, and there also exists an argument for 
resonant absorption. At low temperatures, where 
loss is the greatest, the absorption frequency is 
too low to permit observation of an increase in 
dielectricconstant with frequency as oapproaches 
a,,,. However, the extremely high values of 
polarizability definitely suggest that this has taken 
place. At temperatures high enough to allow the 
desired part of the dispersion curve to  be ex- 
amined, the effect has decreased in intensity, so 
that the experimental error is too large for any 
definite conclusions to be drawn. It does appear, 
however, that the dispersion is of the Debye 
type. 

Inspection of Fig. 5 suggests the possibility of a 
residual contribution to the abnormally high 
polarizability in the absence of loss. It might then 
be postulated that there are two effects occurring 

TABLE XI 
The dielectric constant of adsorbed ethyl chloride at -70 "C 

Liquid state 
21 cc adsorbed 244 cc adsorbed at -67 "C 

Frequency 
(kHz) ~ ' 2  - E"2 E ' 2  - E1'2  E' - E" C
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TABLE XI1 
The dielectric constant of adsorbed ethyl chloride at - 90 "C 

I5 cc adsorbed 233 cc adsorbed Liquid state 
Frequency 

(kHz) ~ ' 2  - &"z ~ ' 2  - &"2 E' - E" 

in the same surface coverage region; (i) an 
unusual degree of dipole-dipole correlation, and 
(ii), dielectric absorption, now not necessarily of 
the resonant type, at low temperatures. The 
single hypothesis of resonant absorption may still 
be used to account for the behavior shown in 
Fig. 5, however, for at this temperature the 
absorption, although small, has shifted to higher 
frequencies. The unusual enhancement of the 
dielectric constant may be, as before, attributed 
to the portion of the dispersion curve where 
o < o,,,, the resonant frequency. 

I t  is our opinion that normal dispersion does 
occur, but that line broadening, which increases 
with temperature, causes the dispersion curve to 
appear Debye-like at temperatures above - 90 "C. 
The fact that the loss peak decreases in height with 
increasing temperature lends additional support 
to this view, although there are other possible 
explanations of this effect. However, a careful 

investigation of the dielectric behavior at low 
surface coverage is necessary. I t  would also be 
interesting to confirm the loss peak detected in 
the hydrogen chloride / sodium chloride system 
at - 140 "C and low surface coverage, and to  
compare this with the absorption observed in 
ethyl chloride. 
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NOTES 

Ionic association and the Fuoss-Onsager conductance equation: aqueous KI 

E. ANDALAFT, R. P. T. TOMKINS, AND G. J. JANZ 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 

Received March 6, 1968 

Results are reported for a reevaluation of the data for aqueous ICI solutions using a modified appli- 
cation of the 1957 Fuoss-Onsager conductance equation in which it is reduced to a one-parameter 
equation with KA as the unknown. A single value of (4 is sufficient to account for the concentration 
dependence of conductance over the temperature range, 5-55 "C, and a small, but nevertheless finite, 
degree of ionic association is thus predicted for KI in aqueous solutions. 
Canadian Journal of Chemistry, 46, 2959 (1968) 

The data for NaI and KI solutions in 13 one- 
component solvents, ranging from water (D, 78) 
to pyridine (D, 12) have recently been reex- 
amined (1) with the 1957 Fuoss-Onsager con- 
ductance equation (2). A modification of the 
conventional approach was advanced in which 
the Fuoss-Onsager equation reduced to a one- 
parameter equation with KA as the unknown. 
In the present communication, the results of a 
reevaluation of the very precise data (3) for 
aqueous KI solutions, 5-55 "C, using this modi- 
fied Fuoss-Onsager approach, are reported. 

In the conventional application, the 1957 
Fuoss-Onsager equation: 

[l ] A = A, - ScPy" Ecy log cy 
+ LJ(&J) - KAAf ' ICY 

is treated as a three-parameter equation, with 
A,, d, and KA as unknowns. Substitution for J 

in terms of 6, and differentiation of eq. [.I.] gives 
the result derived by Kay (4) elsewhere, i.e. 

a J  
[2] A - Acalcd = AAO + CY 7 AdJ 

aa, 
- Af 'cyAKA 

The modified approach (1) presupposes a knowl- 
edge of A, and 6,; the Fuoss-Onsager treat- 
ment then simplifies to a one-parameter expres- 
sion, with KA as the unknown, i.e. 

13 I A - Acalcd = - Af 'cyAKA 

An IBM 360 computer was programmed for 
eq. [I.] so that KA was the only variable pa- 
rameter. A, was lked at the values in Table I, 
gained from a preliminary calculation cycle 
using eq. [ l]  programmed as a three-parameter 
equation in the conventional manner (4). The 
value for dJ selected for the present work was 

TABLE I 

Application of the 1957 Fuoss-Onsager equation for the evaluation of 
the conductance of aqueous KI solutions* 

Three-parameter One-parameter 
program program 

Temperature 
("c) A0 &(A) KA o ~ % t  KA$ o ~ % t  

5 95.316+0.006 1.9 -1.0 0.006 0.63 0.03 
15 121.859k0.006 1.8 -1.0 0.006 0.65 0.04 
25 150.39+0.01 1.4 -1.4 0.01 O.& 0.05 
35 180.67+0.01 1.7 -1.2 0.01 0.71 0.08 
45 212.22k0.02 1.8 -1.2 0.01 o.72 0.08 
55 244.81k0.02 1.4 -1.6 0.01 0.75 0.1 

'Experimental data were those of Owen and Zeldes (ref. 3), using the dielectric constant 
values from: D = 87.740 - 0.40008t + 9.398(10-4)t2 - 1.410(10-6)t3(seeref.8). 

~ O A  % is the precision for the least-squares analysis for the conductance data. 
$In the one-parameter program, d, is uniformly fixed at 4.5 A. 
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the same as used in the reanalysis of the con- 
ductance data in various solvents (I), viz., 4.5 A. 
The values for KA found using the modified 
Fuoss-Onsager approach are summarized in 
Table I ;  the values for d, and KA from conven- 
tional application of the 1957 Fuoss-Onsager 
equation to these data are also listed. 

The results, in the form of log KA vs. 1/DT, 
are shown graphically in Fig. 1, together with 
the results for log KA for KI in various non- 
aqueous solvents using this one-parameter 
approach (1). 

FIG. 1. Dependence of log KA on l/DT. The values of 
log KA for aqueous solutions (5-55 "C) are shown on the 
cluster of points (1); the remaining values refer to the 
different solvent media as follows: (2) ethanolamine, (3) 
acetonitrile, (4) benzonitrile, (5) acetone, (6) propanol, 
(7) methyl ethyl ketone, (8) acetophenone, (9) ethylene 
diamine, and (10) pyridine. The solid line is the least- 
squares fit to the results; the broken line is predicted for 
d = 4.5 A. 

The relationship between KA and D, derived 
by statistical and thermodynamic methods (5, 
6), may be written as: 

where the slope of this linear equation, GI, is 
(e2/2.303 dKk) and the intercept G2 is log 
(4nNd3/3000). Here dK is the ion pair distance 
(for association), and d must be identified with 
dJ, the ion size parameter of the conductance 
equation, since it is the volume of the free ions 
that is important in G,. 

In Fig. 1, the least squares fit to the results is 
illustrated by the solid line. From the slope and 

CHEMISTRY. VOL. 46, 1968 

intercept of this line (Fig. l), the values found 
for d, and 6, are 4.6 A and 4.4 A, respectively. 
The agreement is surprising, since ally change in 
solvation on forming an ion-pair would invali- 
date the identification of dJ with d in eq. [4]. 
Further, these values are in close accord with the 
value used for dJ, i.e., 4.5 A in the application of 
the Fuoss-Onsager equation as a one parameter 
equation for calculating KA. A value of 4.47 A 
was advanced by Latimer (7) in relating the free 
energies of hydration and entropies of hydration 
with ion size for aqueous KI solutions. 

A limitation of the one-parameter approach 
for the application of the Fuoss-Onsager equa- 
tion is that prior knowledge of A, and dJ is 
necessary. The value for A, can be gained from a 
preliminary calculation cycle using-this equation 
in the conventional manner. If conductance data 
are available in a range of solvents, the value of 
6, can be gained by additional calculations, 
again in the conventional manner much as in 
our preceding communication (1); alternatively 
the present results encourage the selection of the 
ionic distance, dJ, as equal to  the sum of the 
crystallographic radii plus 1 A (the ion cavity 
(7)). The results support the observation by Kay 
(4), that a single value of d is sufficient to  
account for the concentration dependence of 
conductance over a considerable temperature 
range. A further result is that the value of R also 
appears sufficient to describe the conductance 
in a wide range of solvents. 

The values of the association constants, KA, 
gained by this one-parameter method, appear 
more meaningful than those from the three- 
parameter approach, at least for intercompari- 
sons from one solvent system to another; support 
for this view comes from the comparatively 
good agreement of the results and the least 
squares line of the linear representation, as pre- 
dicted for the function of log KA and 1/DT, 
shown graphically in Fig. 1. A small, but never- 
theless finite, degree of ionic association is thus 
predicted for KI, over the temperature range, 
5-55 "C, in aqueous solutions. 
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Introduction Results 

The molecular electric dipole moment is a 
useful molecular constant in its own right. In 
many cases, especially in the case of simple 
molecules, the magnitude of the molecular dipole 
moment may be used to establish the molecular 
symmetry and in some special cases to determine 
the most favorable molecular conformation in 
the gas phase or in solution. 

The dipole moments of ortho-, meta-, and 
para-fluorostyrene molecules are interesting also 
from another point of view. It  has been shown that 
these molecules exhibit long-range H-F nuclear 
magnetic resonance couplings (1). It  appears that 
the fluorine atom on the benzene ring is coupled 
to the terminal hydrogen atoms of the vinyl 
group. It was therefore interesting in this con- 
nection to  determine the effect of different 
positions of the fluorine atom in the benzene ring 
on the dipole moment of the molecule. 

Experimental 
Fisher certified reagent benzene was used as solvent. 

The benzene was dried by repeated shaking with Linde 
molecular sieve 4A. 

The solute molecules were obtained from Pierce 
Chemical Co. and were used without further purification. 

The apparatus and experimental procedure have been 
described elsewhere (2, 3). 

The experimental results are summarized in 
Table I. The dipole moments derived from the 
experimental data are shown in Table 11. As is 
indicated in Table 11, the dipole moments were 
derived from the experimental data by three 
different methods, viz. by the Smith (4), Halver- 
stadt-Kumler (9, and Looyenga (6) method, 
respectively. The reason for employing three 
different treatments of the experimental data was 
twofold: (a) to compare the methods of Smith and 
Halverstadt-Kumler, and (b) to correct the dipole 
moments for the solvent effect (method of 
Looyenga). In the latter two methods LeFevre's 
(7) bond electronic polarization was used to 
estimate the magnitude of the electronic polariza- 
tion. From Table I1 it is apparent that the methods 
of Smith and Halverstadt-Kumler yield approxi- 
mately the same dipole moments within the 
estimated experimental error of FO.1 D. The 
corrected dipole moment is, as expected (2), 
several tenths of a debye unit higher than the 
corresponding solution value. The following 
comments about the relative magnitudes of the 
molecular dipole moments of the ortho-, meta-, 
and para-fluorostyrene molecules may be in 
order. The smaller value of the dipole moment 
resulting from placing the fluorine atom in the 
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TABLE I 

Physical properties of fluorostyrene in benzene 
solutions at 25 "C 

w x lo3 E n d 

Meta-fluorostvrene 

NOTE: W, weight fraction; E, dielectric constant: n, refractive 
index; (I, density. 

para position in the benzene ring is somewhat 
surprising. For in the case of the ortho-, and 
para-chlorotoluenes (8) the situation is just the 
reverse, i.e. the dipole moment of the para 
isomer is larger, 1.94 D, than that of the ortho 
isomer, 1.43 D. The fact that the para-fluoro- 
styrene has the smallest dipole moment would 
suggest that the fluorine atom is a better electron 
donor than the vinyl group. This conclusion is 
corroborated by the fact that the dipole moment 
of the penta-fluorostyrene molecule is signifi- 
cantly larger than the dipole moment of any of the 

CHEMISTRY. VOL. 46, 1968 

TABLE I1 
Dipole moments (in debye units) derived by different 

methods 

Halverstadt- 
Smith Kumler Looyenga 

three mono-fluorostyrene molecules. In terms of 
a simple vector model one would have expected, 
on account of the symmetrical positions of the 
two ortho and two meta fluorine atoms in the 
penta-fluorostyrene molecule, that its dipole mo- 
ment would be of the same magnitude as that of 
the para-fluorostyrene molecule. The fact that 
the dipole moment of the penta-fluorostyrene 
molecule is larger suggests strongly that some 
electron transfer from the fluorine atoms into the 
benzene ring does occur. 
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The preparations of these two linkage isomers are described. In aqueous solution the isomerization of 
nitrito to nitro is very similar to that for the parent pentaamine while in the solid phase it is retarded. 
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It has been concluded (1) that the isomeriza- diamine)cobalt(III) are intramolecular rearrange- 
tions of nitrito- to nitro-pentaamminecobalt(II1) ments, there being no accompanying 180 ex- 
and of cis-nitritonitro- to cis-dinitro-bis(ethy1ene- change between free nitrite ion o r  solvent water 
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and the nitrite ligand which is coordinated. The 
isomerizing ligand remains at all times in the in- 
ner sphere of the complex, at least when the reac- 
tion occurs under non acid-retarded conditions. 
No racemization of the cis-nitritonitrobis(ethy1- 
enediamine)cobalt(III) occurs, but instead a muta- 
rotation at the same rate as the isomerization does 
occur (2), again suggesting that no reduction of 
the cobalt inner coordination sphere takes place 
and that the intermediate is effectively heptacoor- 
dinated. Indeed, there is available a vacant anti- 
bonding n-orbital on N which, accepting d, elec- 
trons of Co(III), might aid such an intramolecular 
process in the nitrito to nitro change. Increased 
steric hindrance accordingly should decrease the 
isomerization rate and perhaps also change the 
equilibrium in favor of the nitrito isomer (3). 

We report here the preparation of the link- 
age isomers nitrito- and nitro-pentakis(methy1- 
amine)cobalt(III) dichlorides and some kinetic 
measurements for the nitrito to nitro isomeriza- 
tion in the solid and in aqueous solution. The 
reaction appears in no way different from the 
corresponding pentaamminecobalt(III) isomeri- 
zation. 

Experimental Section 
Preparation of Conzpounds 

Methods were analogous to those used for the corre- 
sponding pentaammines (4). 

[CO(CH~NHZ)~NOZIC~Z 
A solution containing 2 g [ C O ( C H ~ N H ~ ) ~ C ~ ] C ~ ~  (5) in 

11 ml 6 %  aqueous methylamine was made weakly acidic 
(pH 4.0 rf: 0.5) with HC1. Sodium nitrite (2.5 g) was 
added and the solution warmed to dissolve an initial red 
precipitate. Upon cooling, yellow crystals formed which 
were washed with 6 N HCI, then washed with alcohol, 
and then dried in vacuum for 10 h. 

Anal. Calcd. for C5Hz5C12CoNsOz: C, 18.1; H, 7.6; 
N, 25.4. Found: C, 18.3; H, 7.5; N, 25.5. 

[CO(CH~NH~)~ONO]CI~ 
The above solution of [Co(CH3NH2),C1]C12 in aque- 

ous methylamine was neutralized (pH 7.0 f 0.5) with 
dilute HC1, 4 g sodium nitrite dissolved therein, and then 
4 m16 N HC1 added. A red precipitate formed which was 
allowed to stand for 6 h at 5 "C, then washed with water 
and then alcohol, and then dried in vacuum for 10 h. 
Pink-red crystals were formed which slowly became 
orange-yellow upon standing at room temperature, 
but were indefinitely stable when stored at - 10 "C. 

Anal. Found: C, 18.1; H, 7.5; N, 25.3. 
The corresponding deuterio compounds, [Co(CH3 

ND2)5N02]C12 and [CO(CH,ND~)~ONO]CI~, were 
prepared by dissolution in D 2 0  followed by evaporation 
in vacuum. These were used only in the interpretation of 
infrared spectra. 

Rates of Zsoinerization 
The rearrangement of the nitrito dichloride into its 

nitro isomer was studied both in the solid and in the solu- 
tion phase. 

The Solidphase Reactiotz 
The changes in infrared absorption in the 1600 to 

1300 cm-' range, in particular the disappearance of the 
nitrito band at 1474 cm-' and the appearance of the 
nitro band at 1414 cm-', were followed using Florolube 
mulls supported on NaCl plates held in a thermostated 
cell-holder (6). Infrared spectra were obtained using a 
Perkin-Elmer 225 grating spectrophotometer. First-order 
rate constants were obtained from linear plots of In 
( + In T,., T In T,,,) versus t, where T,,, and T,,, are the 
measured transmittances for frequency v a t  'infinite' 
time and at time t respectively. 

The Solution Reactiott 
The change from the pink nitrito to the yellow nitro 

compound was followed spectrophotometrically in the 
visible region. Absorption bands at 510 and 340 mp 
decreased while absorption bands at 478 and 337 mp 
increased, isosbestic points being discovered at  505 and 
428 mp. The spectrophotometer cell was used as  reaction 
vessel in the thermostated cell compartment of a Cary 
model 14 spectrophotometer, and rate constants were 
obtained from a conventional Powell plot. 

The Nitrito-Nitro Isomerization 

Principally, evidence for this derives from the 
absorption spectra of the two compounds. The 
nitrite ion has three infrared active vibrations: 
v,, at 1334 cm-l, v, at 1250 cm-l, and 6 at 830 
cm-I (7). Upon N-coordination, v,, rises to 
about 1470 cm-' but v, falls to about 1050 cm-' 
(8). Since the nitrito ligand is much lower in the 
spectrochemical series than is nitro, which is 
attributable to the greater n-accepting capacity 
of the latter (9), the dd  spectra of nitro com- 
plexes occur at longer wavelengths. Table I lists 
pertinent spectral data for the two pentakis- 
(methylamine)cobalt(III) and the two penta- 
amminecobalt(II1) isomers. Assignments have 
been made by comparison with the deuterated 
and with the corresponding chloro and bromo 
complexes. 

Their visible and infrared spectra, then, show 
the red isomer to be the nitrito complex and the 
yellow isomer to be the nitro complex. O-nitro- 
sation of the aquo complex is indicated by the 
method of preparation of the red isomer, which 
is analogous to that proposed for the penta- 
ammine, that is, formation without Co-0 bond- 
breaking. 

The reaction rates presented the same features 
as those observed for the pentaamine, namely a 
faster rate in aqueous solution than in the solid, 
together with some retardation by strong acids. 
Tables I1 and I11 contain kinetic data for the iso- 
merizations. The rates are practically identical for 
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TABLE I 

Some spectral data for nitrito- and nitro-pentakis(methylan~ine)cobalt(III) dichlorides 

Compound hmar (mp) Log E vOs (cm- I) vs (cm- l) 6 (cm- l) 

a0.01 M; 0.01 N in HCIOJ. 
bM. Linhard, H. Siebert, and M. Weigel(l0). 
cR. B. Penland, T. J. Lane, and 1. V. Quagliano (11). 

TABLE I1 
Isomerization of [ C O ( C H ~ N H ~ ) ~ -  

0NO]C12 in the solid phase 
(Florolube mull)" 

TABLE I11 

Isomerization of [Co(CH3NH2),- 
0NO]C12 in aqueous solut~on 
(CO = 0.001 M, 0.01 N HC10,)" 

Temperature 
r c )  kl x 105 ( ~ - 1 ) ~  

Temperature 
("C) kl x 104 (S-')~ 

O k l  = 7.41 x 10" exp [(-28500 2 15OO)/RT]. 
bIn-run standard deviations in paren- 

theses. 

CO(CH~NH,)~ONO~ + and Co(NH3),ONOZf 
solutions, although the aquation of Co(CH3- 
NH2),C12+ is faster than that of CO(NH,),C~~+ 
(5).  

It appears that there is little steric influence 
upon the isomerization in aqueous solution. Iso- 
merization in the solid is presumably an intra- 
molecular process but here steric factors will have 
more significance than in the solution. This is in 
accordance with the markedly higher activation 
enthalpy for the methylamine compound. 

Partial financial support by the National Re- 
search Council of Canada is gratefully acknowl- 
edged. 

O k l  = 5.75 X 101° exp [(-20700 k 1000)/RTl. 
bIn-run standard deviations in paren- 

theses. 
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Determination of rhenium : chlorine ratios in complexes by 
neutron activation 
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A method is described for the simultaneous determination of rhenium and chlorine in complex 
compounds. By determining atom ratios, it is unnecessary to weigh samples. The advantages of this 
method when applied to air-unstable compounds are described. 
Canadian Journal of Chemistry, 46, 2965 (1968) 

Numerous problems have been encountered in 
studies of complex halides of rhenium in obtain- 
ing accurate analyses for rhenium and chlorine. 
Most of the compounds of interest are extremely 
sensitive to moisture and/or oxygen. They are 
difficult to handle even in a good dry-box, and it 
is not easy to weigh samples accurately because of 
decomposition. Analysis for rhenium has proved 
to be difficult. In our hands the standard methods 
for the analysis for rhenium, either spectrophoto- 
metrically using the a-furildioxime complex (1) or 
gravimetrically using tetraphenylarsonium per- 
rhenate (2) or nitron perrhenate (3), have proved 
unreliable for these samples. This is undoubtedly 
because the decompositioll of complexes to give 
chloride ion and perrhenate ion is incomplete 
because ions such as ReC1,'- and Re,ClIz3- are 
formed (4). 

Rhenium (6-8) and chlorine (9) have been 
determined previously by neutron activation 
analysis. Although neutron activation analysis is 
a widely used technique for determination of 
absolute percentages of elements, as far as we 
know the determination of stoichiometries or 
atom ratios directly has not been applied to any 
compound. The neutron activation analysis 
method described here could give absolute 
amounts of rhenium and chlorine, but this is not 
the prime purpose of the experiments. The 
novelty of the method lies in the determination 
of rhenium-chlorine atom ratios or stoichio- 
metries by neutron activation without even 
weighing the sample. 

Experiments 
Neutron activation was carried out in the rabbit 

system of the McMaster University swimming pool 
reactor which has an available thermal neutron flux of 
about loL3 neutrons c n ~ - ~  s-I at a reactor power of 
2 MW. 

Irradiations were carried out in two-fifths dram poly- 
ethylene phials which are obtainable from Olympic 
Plastics, Los Angeles, California. These were heat sealed 
after filling to prevent leakage. 

The y-ray spectrum was obtained using a 3 in. thallium- 
doped sodium iodide crystal and a 400 chamel analyzer 
(Victoreen Instrument Co., Tullamore Division, Model 
PIP 400). Standard solutions were prepared from rhenium 
metal, which was dissolved in 15 % hydrogen peroxide or 
dilute nitric acid. Ammonium chloride was added and the 
solution was diluted to a known composition containing 
about 1 mg ml-' of rhenium and 1.5 mg ml-' of chloride 
ion. 

To vacuum 
t 

FIG. 1. Apparatus used in preparation of solutions. 
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Solutions of samples of air-unstable compounds were 
prepared in the apparatus shown in Fig. 1. A tube fitted 
with a break seal and containing the sample sealed under 
vacuum was joined to the rest of the vacuum apparatus. 
The rest of the apparatus was pumped down to < 
mm mercury and the solvent was frozen. The apparatus 
was closed under vacuum by sealing at A and both the 
sample and solvent were cooled in liquid nitrogen. The 
iron balls D in the side arm were lifted by a magnet and 
dropped to break the break seal E. They were then trans- 
ferred back to the side arm which was sealed off at C. 
The solvent was poured onto the sample and the apparatus 
shaken and warmed, if necessary, until all the sample had 
dissolved and was mixed thoroughly. (Care was taken 
during this step if gases were evolved, such as could occur 
if 30% hydrogen peroxide was used as the solvent, as 
dangerous pressures could build up in the apparatus.) 
The apparatus was then refrozen in liquid nitrogen and 
was opened by scratching the glass at B and breaking it. 
The mixture was allowed to warm up and the sample 
poured into a flask. 

A typical experiment was conducted as follows. The 
sample (about 10 mg) was dissolved in the minimum 
amount of a suitable solvent, which does not contain any 
easily activated nuclei such as potassium or sodium. 
(Suitable solvents are those which contain only carbon, 
nitrogen, oxygen, or hydrogen, so organic solvents are 
especially suitable as are water, nitric acid, and hydrogen 
peroxide. Hydrogen peroxide was used extensively in this 
work since it readily oxidized any insoluble lower oxides 
formed on hydrolysis to the soluble perrhenate ion.) One 
milliliter of the resulting solution was taken for each 
irradiation and transferred to a polythene capsule. The 
concentration was arranged so that about 1 mg of rhenium 
was present in the sample. A similar amount of the stan- 
dard solution was taken. The sample and the standard 
were packed axially in a polythene rabbit container to 
minimize flux variation between sample and standard and 
irradiated for 45 s. The standard and sample were each 
counted for one minute as soon as possible after the 
irradiation, the counts being corrected for background 
and contamination by doing a 1 min count of capsules 
containing only the solvent which had been irradiated for 
a similar time. The counts were plotted and the Compton 
background subtracted and a half-life correction applied 
for decay during the interval between counting the sample 
and standard. The counts in the three channels on either 
side of the 38Cl peak at 2.15 MeV (10) were used in the 
comparison of counts on sample and standard. The 
rhenium was determined by counting the sample about 
2 h after the irradiation when the bremsstrahlung back- 
ground had almost disappeared. The 0.155 MeV peak of 
lS8Re (10) was used for comparison in a manner similar 
to that for chlorine. The Re:CI atom ratio was calculated 
using the expression, 

No. of rhenium atoms - ARC - . Bcl [Re] 35.46 . - . - 
No. of chlorine atoms ) sample  - BRc Acl [CU 186.2 

where A,. and Act are the counts min-' of lS8Re and 
38Cl given by the sample determined as described above 
and B,, and Bc, are the counts min-' of lS8Re and 38Cl 
given by the standard. [Re] and [Cl] are the concentra- 
tions of rhenium and chlorine respectively in the standard, 
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both being in the same units. It should be emphasized 
that unless an absolute percentage of rhenium and 
chlorine in the sample was required, no accurate measure- 
ments of amounts were necessary at any stage, except for 
the initial preparation of the standard. 

Discussion 
Both rhenium and chlorine have two naturally 

occurring isotopes which can be activated by 
neutron capture. The relevant nuclear data are 
given in Table I.  

It can be seen that either rhenium isotope will 
give an appreciable amount of activity on short 
irradiation, but because of the long half-life of 
36Cl, of the chlorine isotopes only 37C1 will give 
significant amounts of activity on  short irradia- 
tions. Several y-ray peaks for each of the active 
isotopes lB6Re, lS8Re, and 38Cl appeared to be 
useful for counting, but the ones selected were 
2.16 MeV for 38Cl and 0.1 55 MeV for '''Re as 
they were almost completely free from inter- 
ference by the otherisotopes. 

TABLE I 

Nuclear data for rhenium and chlorine 

Thermal neutron 
capture Half-life of 

Natural Abundance cross section activated 
isotope (%) (10) (barns) (5) species (10) 

ls5Re 37.1 -104 92.8 h 
lS7Re 62.9 66 16.9 h 
35CI 75.5 30 4 x ld5 year 
37C1 24.5 5? 38 min 

Initial irradiation experiments were done on 
solid samples but agreement with the expected 
results was very poor. Because of the high thermal 
neutron capture cross section of rhenium, there 
will be a significant number of neutrons captured 
and a consequent "neutron flux depression" or 
"self-shadowing" (12) in the sample. This would 
not be a problem in determining atom ratios 
(although it would affect absolute percentage 
determination) if the activation cross sections of 
rhenium and chlorine behaved in a similar 
manner as a function of neutron energy. Un- 
fortunately, this is not so (5). Because of this, all 
analyses were done in solution where the presence 
of a non-absorbing diluent (the solvent) obviated 
the flux depression. 

The results of this method of analysis applied 
to solutions are presented in Table 11. The first 
four compounds were used to test the reliability 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 2967 

TABLE I1 
Activations analysis of rhenium halide complexes 

Re (%I Cl (%I 
Re:Cl No. of 

Compound Theor. Found Theor. Found (atoms) Error 30 determinations 

'In the case of ReOCI,, it was possible to analyze this compound 
Found: Re, 54.1, 54.4%; CI, 41.3.41.1 %. 

of the method. (ReCl,),, (NH,),ReCl,, and 
(C,H,N), ReOC1, are all air stable and (ReCl,), 
is an air-sensitive compound. The observed abso- 
lute percentage of rhenium and chlorine are com- 
pared with theoretical values, and the ratio of the 
number of atoms of rhenium to the number of 
atoms of chlorine is also given. The three sigma 
error value refers to the uncertainty in the number 
of atoms of chlorine, assuming that the number 
of rhenium atoms is exactly one. At least three 
independently prepared and purified samples of 
each compound were analyzed and each deter- 
mination was done in duplicate. The total number 
of duplicate analyses is given in column 8. It will 
be seen that the method will give atom ratios with 
an accuracy of about 5%, and this error is low 
enough to enable atom ratios to be determined for 
stoichiometric compounds. The method is not 
precise enough to allow minor deviations from 
stoichiometry to be determined such as have 
been observed for (ReCl,), where stoichiometries 
can vary from ReCl,.,, to ReCl,.,, (1 1). 

The two final analyses are for typical air- 
sensitive compounds which were analyzed by 
this method and whose composition has been 
confirmed by other physical techniques. It can 
be seen that excellent agreement is obtained. In 
the case of ReOCl, it was possible to obtain a 
quantitative decomposition to chloride and per- 
rhenate ions and the analysis was confirmed by 
classical gravimetric methods, the perrhenate 
being precipitated as tetraphenylarsonium per- 
rhenate (2) and the chloride as silver chloride (13). 
Air-sensitive samples were weighed on a balance 
in a Dri-Lab HE-43 vacuum-atmosphere dry box 
(Vacuum Atmospheres Corp., Los Angeles, 

for rhenium and chlorine by conventional methods after hydrolysis. 

rhenium-chlorine containing compounds when 
interfering elements are absent. Interference is 
only caused by elements which on neutron 
irradiation give appreciable amounts of y-activity 
ofenergy close to 0.155 and2.15 MeV. Potentially, 
such a method is applicable to any compounds 
which contain elements which can be activated. 
It is not even necessary to determine both 
elements in the same irradiation. but in this case 
greater care has to be taken that both sample and 
standard are irradiated in exactly the same 
neutron flux. If both elements can be determined 
in one irradiation as described here, even varia- 
tions in neutron flux between sample and standard 
do not matter, since only the ratio of rhenium and 
chlorine activities is im~ortant .  and for short 
irradiations this is indeiendent'of the neutron 
flux. Because it is unnecessary to weigh the sample 
it should find wide application in the analysis of 
very unstable compounds. 
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An apparatus is described for purifying inorganic fluorides by passing anhydrous HF through the 
melts. Melting points of nine fluorides purified in this way were raised and were sometimes significantly 
higher than the 'best' literature values. 
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Introduction 

Melting points (m.p.) of conlrnercial inorganic 
fluorides of high purity, required for cryoscopic 
studies, often varied significantly. Similar varia- 
tions are found in the literature, see for example 
ref. 1. Our observations and reports in the litera- 
ture suggest that these variations are caused 
mainly by absorbed water due to an oxide formed 
on heating : 

CaF, -b H 2 0  -> CaO + 2HF 

The fluorides of the alkali metals, particularly K, 
Rb, and Cs, are hygroscopic. Hydrolysis is 
troublesome in the preparation of artificial 
fluorite crystals (2). 

Oven-drying usually does not remove the 
bound water effectively and can affect the purity 
adversely. Thus when NaF (Fisher, C.P. grade, 
m.p. 983") was heated at 140" for two days the 
m.p. decreased to 970". Water is not removed 
quantitatively from powdered CaF, (2) by heating 
at relatively low temperature under reduced 
pressure. 

Contaminating oxides are removed, at least 
partially, by heating the fluorides in the presence 
of a second, more volatile fluoride which acts as 
an oxide 'scavenger'. Thus Stockbarger (2, 3) 
successf~~lly used PbF, to purify CaF,: 

CaO + PbF, + PbO + CaF, 

'Issued as NRCC No. 10138. 
'NRCC Postdoctorate Fellow, 1964-1966. Present 

address: Faculty of Engineering, Yamanashi University, 
Kofu-shi, Japan. 

The PbO and excess PbF, evaporate from the 
melt. Haven (4) used NH4F in making single 
crystals of LiF and Cantor (20) purified MgF, 
and SrF, by treating with NH,F.HF. 

In our experience repeated treatment with 
NH4F.HF appears necessary in purifying NaF  
and CaF,. Thus when NaF, m.p. 970°, was 
heated in dry argon with 8% of NH4F.HF its 
m.p. increased to  979"; further treatment of the 
product raised the mp.  to 991". The 'best' 
literature value is 995". 

Anhydrous H F  was the deoxidizing agent in 
this work. This reagent has been used (5-10) for 
preparing single crystals of high purity, but 
melting points were of secondary interest. 
Anhydrous H F  has also been used to prepare 
rare-earth fluorides from the oxides (11) and t o  
purify molten fluorides used as solvent for UF, 
in molten-salt nuclear reactors (12). The present 
apparatus differs from previous designs in the use 
of high-frequency induction for heating and 
optical pyrometry for measurement of tempera- 
tures. The apparatus is simple to  construct and 
can be built from materials readily available in a 
laboratory equipped for high temperature studies. 

Experimental 
Appnra tus 

Figure 1 illustrates the apparatus. All parts exposed t o  
H F  at high temperatures were of high-purity graphite 
(Ultra Carbon Corp.). Other parts were of Teflon. 

Crucible J, the top of which fitted loosely around the 
bottom of the inlet tube F, held the melt. Radial grooves 
cut in the base of the crucible (where it touched tube G) 
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Introduction 

Melting points (m.p.) of conlrnercial inorganic 
fluorides of high purity, required for cryoscopic 
studies, often varied significantly. Similar varia- 
tions are found in the literature, see for example 
ref. 1. Our observations and reports in the litera- 
ture suggest that these variations are caused 
mainly by absorbed water due to an oxide formed 
on heating : 

CaF, -b H 2 0  -> CaO + 2HF 

The fluorides of the alkali metals, particularly K, 
Rb, and Cs, are hygroscopic. Hydrolysis is 
troublesome in the preparation of artificial 
fluorite crystals (2). 

Oven-drying usually does not remove the 
bound water effectively and can affect the purity 
adversely. Thus when NaF (Fisher, C.P. grade, 
m.p. 983") was heated at 140" for two days the 
m.p. decreased to 970". Water is not removed 
quantitatively from powdered CaF, (2) by heating 
at relatively low temperature under reduced 
pressure. 

Contaminating oxides are removed, at least 
partially, by heating the fluorides in the presence 
of a second, more volatile fluoride which acts as 
an oxide 'scavenger'. Thus Stockbarger (2, 3) 
successf~~lly used PbF, to purify CaF,: 

CaO + PbF, + PbO + CaF, 
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The PbO and excess PbF, evaporate from the 
melt. Haven (4) used NH4F in making single 
crystals of LiF and Cantor (20) purified MgF, 
and SrF, by treating with NH,F.HF. 

In our experience repeated treatment with 
NH4F.HF appears necessary in purifying NaF  
and CaF,. Thus when NaF, m.p. 970°, was 
heated in dry argon with 8% of NH4F.HF its 
m.p. increased to  979"; further treatment of the 
product raised the mp.  to 991". The 'best' 
literature value is 995". 

Anhydrous H F  was the deoxidizing agent in 
this work. This reagent has been used (5-10) for 
preparing single crystals of high purity, but 
melting points were of secondary interest. 
Anhydrous H F  has also been used to prepare 
rare-earth fluorides from the oxides (11) and t o  
purify molten fluorides used as solvent for UF, 
in molten-salt nuclear reactors (12). The present 
apparatus differs from previous designs in the use 
of high-frequency induction for heating and 
optical pyrometry for measurement of tempera- 
tures. The apparatus is simple to  construct and 
can be built from materials readily available in a 
laboratory equipped for high temperature studies. 

Experimental 
Appnra tus 

Figure 1 illustrates the apparatus. All parts exposed t o  
H F  at high temperatures were of high-purity graphite 
(Ultra Carbon Corp.). Other parts were of Teflon. 

Crucible J, the top of which fitted loosely around the 
bottom of the inlet tube F, held the melt. Radial grooves 
cut in the base of the crucible (where it touched tube G) 
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positioned below a vented hood which carried off the 
B Ar-HF effluent. 

The flow-rate of HF, controlled by a Monel valve, 
+- HF was monitored by bubbling it through mineral oil in a 

polythene trap. Hot water was circulated around the 
valve to prevent condensation of HF. 

Materials 
Commercial fluorides of high purity were used; the 

main impurities reported were chloride, oxide, sulfate, 
SiOz, Fe, and Pb. Anhydrous H F  (Matheson Co. Ltd.) 
was of reported purity 99.9%. Argon was dried by pas- 
sage through magnesium perchlorate. 

Determination of Melting Points 
Melting points were determined in an atmosphere of 

dry argon by the method of thermal arrests with the 
apparatus described previously (13). Cooling rates were 1" 
to 10°/min, and were controlled linearly with time by a 
Honeywell 3-mode program controller and a saturable 
core reactor in series with the winding of the furnace. A 
graphite crucible held the fluorides, and a Pt / Pt - 13% 
Rh thermocouple, located in a well in the base of the 
crucible, measured the temperature of the melt. The 
electromotive force (e.m.f.) was recorded by a Westronics 
potentiometric recorder with a suppressed zero and a 
span of 2 mV. The recording unit was calibrated after 
each measurement with a Leeds and Northrup potenti- 
ometer. Periodic calibration of the measuring thermo- 
couple was made against copper, m.p. 1083.3 "C, sup- 
plied by the U.S. National Bureau of Standards. We 
consider the melting points to  be reliable to t lo. 

Results and Discussion 
After the crucible (Fig. 1) had been charged 

with the powdered fluoride, the system was 
closed, the furnace flushed with dry argon at 

u 
0 1 2  about 100 cc/s, and the temperature raised to 

50-150" above the m.p. Hydrogen fluoride was 
passed through the melt at a rate of 1-2 cc/s. 
Faster rates sometimes caused ejection of fluoride 
from the crucible. Generally 2 to 4 h were required 

FIG. 1. Apparatus for purification of inorganic 
fluorides. AA, Teflon tubes; BB, Teflon tubing; C, 
Teflon O-ring; D, copper plating; E, copper cooling coil; 
F, inlet tube for HF, graphite; G,  furnace tube, graphite; 
HH, transite; J, crucible, graphite; K, nozzle, graphite; 
L, molten fluoride; M, silica tube; N, lamp black 
insulating powder; 0 ,  inlet tube for Ar; P, copper 
cooling coil; Q, glass-metal seal; R, to optical pyrometer. 

for complete purification.-~he system was then 
cooled to room temperature with both gases 
flowing. As the purified fluorides do not wet 
graphite, no interruption occurs in the flow of 
H F  when the melt solidifies, and the nozzle can be 
removed without difficulty when the system is 
dismantled. 

allowed free upward flow of argon. The top of tube F During the reaction water codenses in tubing 
fitted tightly into the head of the assembly. B at the exit of the furnace, but this cannot be 

  he lower end of tube 0 was copper-plated and soft- used to  indicate the progress of purification as 
I soldered to the metal-glass seal Q, and cooling coil P water appears also in the absence of fluoride at protected the seal. Hot water was passed through coil E 

to prevent condensation of water in the upper part of high This may be due a 
the furnace. of H F  with CO contained in the graphite. Traces 

The central 6-in. portion of the furnace was heated by of a brownish oil with a pungent odor were 
an induction generator of output 10 kVA and nominal detected in the exit tubing; it may be a polymer , frequency 400 kHz. Temperatures were measured by a 
disappearing-filament optical pyrometer focussed on the formed by the reaction 

I opening at the base of the crucible. The furnace was 2rzHF + nCO -+ nH,O + C,F2,. 
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TABLE I 
Melting points of inorganic fluorides 

.- -- 

Melting point (+ 1 "C) 
'Best' 

Before After literature 
Fluoride Source hydrofluorination hydrofluorination values Reference 

T.iF B.D.H. 843 845 845. 847 16. 17 
NaF Koch-Light 992 993 990; 995 18; 19-21 
K F  B.D.H. - 852 856, 858 22, 23 
MgFz B.D.H. 1251 1256 
MgFz Koch-Light 1252 1261 1255, 1263 24, 25 

CaF, B.D.H. 1410 1423 1418. 1419 25. 26 
S~F; B.D.H. 1463 1473 1463 23 
BaFz B.D.H. 1341 1355 1354 23 
CdF, B.D.H. 1076 1078 1047, 1049, 1072 16, 27, 28 

Less water appeared if the crucible was de- 
gassed before use by heating it in vacuo for 
approximately 6 h at 1400-1450" in a separate 
apparatus. This procedure also reduces the time 
required for purification. 

Fluorides of high purity exhibit a crystal-like 
clarity when cleaved to expose a fresh surface; 
cloudiness or opacity generally indicates that 
purification is incomplete. In one experiment 
with CaF, in which the crucible was not degassed 
before use, the material adjacent to the graphite 
nozzle appeared to be of higher purity than that 
near the walls and this was confirmed by their 
m.p. Prolonged passage of HF, however, yielded 
a uniform product. 

In determining the m.p., supercooling occurred 
with all purified samples and was sometimes a 
pronounced effect. With CaF, for example, 
supercooling by 60-70" was not uncommon. In 
general the higher the purity, as indicated by the 
m.p., the greater the degree of supercooling. The 
effect was used to advantage by allowing the 
temperature to 'line out' approximately 1" below 
the expected m.p. and seeding in the manner 
described previously (13). This ensures that tem- 
perature gradients are virtually absent when the 
m.p. is determined, thus allowing high precision. 

Table I indicates the source of materials and 
their m.p. before and after purification. All 
results are the mean of at least three determina- 
tions. 

The specimen of KF, as received, obviously 
contained some water and its m.p. was not 
determined. The m.p. after purification was 4-6" 
lower than the 'best' literature values. This may 

For all other fluorides the m.p. after purifica- 
tion were, within error, equal to  or higher than 
the 'best' literature values. R b F  and CsF were 
considered too hygroscopic to be transferred to 
the m.p. apparatus; it would be desirable to  
measure their m.p. in the apparatus used for 
hydrofluorination. 

Of the impurities reported above, chloride and 
oxide would be removed as HC1 and H 2 0  under 
the conditions employed, sulfate would be de- 
composed, and SiO, would be evolved as gaseous 
SiF,. The fluorides of Fe and Pb  are volatile a t  
about 1300" and would distill from the higher- 
melting compounds. 

An estimate of the purity with respect to the 
oxide can be obtained from the free energies of 
formation (14) of the fluorides from the corre- 
sponding oxides. Thus for CaF, : 

CaO -t 2HF = CaF, $- H,O 

The value of AGO for this reaction at 1450" is 
approximately - 20 kcal so that the equilibrium 
constant K is of the order of 3 x lo2. The mole 
fraction of CaO in the melt at equilibrium is 

where pH,, and pH, are the partial pressures of 
H,O and HF  in the HF, and y,,, is the activity 
coefficient of CaO in liquid CaF,. As shown 
elsewhere (15), yC,, is approximately 0.25 for 
this system; pHF may be taken as 1 atm and, for 
0.1% H 2 0  in the HF,pH2, is approximately 
atm. Hence Nca0 z lo-', o r  10 p.p.m. on a 
molar basis. 

be due to impurities other than those removable 
1. E. M. LEVIN, C. R. ROBBINS, and H. F. MCMURD~.  by hydrofluorination; 0.5% Na was reported as phase diagrams for ceramists. American Ceramic 

one impurity in this material. Society, Inc., Columbus, Ohio. 1964. 
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COMMUNICATIONS 

A series of stable platinum-acetylene complexes1 

F. D. ROCHON AND T. THEOPHANIDES 
Department of Chemistry, University of Montreal, Montreal 26, Quebec 

Received June 6, 1968 

The synthesis of a new series cf platinum acetylenic con~plexes of the general formula P t ( a ~ ) ~  are 
reported. 
Canadian Journal of Chemistry, 46, 2973 (1968) 

TABLE I 
Analytical data and properties of the complexes P t ( a~ )~*  

Calculated Found 
Melting 

Compounds point ("C) % c  % H  %Pt  % c  % H  % P t  

P t ( a ~ ' ) ~  164-173 (decamp.) 44.85 6.78 36.46 44.65 6.85 36.24 
P t ( a ~ ' ) ~  186192 (decamp.) 48.72 7.49 32.97 49.06 7.69 32.01 
P t ( a ~ ~ ) ~  145 48.72 7.49 32.97 49.28 7.60 33.02 
P t ( a ~ ~ ) ~  148 54.60 8.60 27.72 54.99 8.39 28.36 
Pt(ac5), 145 54.60 8.60 27.72 54.83 8.52 27.27 
P t ( a ~ ~ ) ~  190-197 (decornp.) 52.53 6.93 30.50 52.46 6.99 31.27 

Complexes of unsaturated hydrocarbons with 
a transitional metal ion have been the subject of 
much study. The complexes in which an acety- 
lene was coordinated to the platinum metal have 
been known for only 20 years. Gelmann and 
co-workers (1) have prepared the first complex 
of the platinum(I1) ion with the acetylenic glycol 
(CH3), C(OH)C= CC(OH)(CH,),. Bukhovets 
(2) later synthesized and characterized the 
analogous acetylenic complex of the Zeise's 
salts. Chatt and collaborators (3a, 3c) extended 
this series of complexes and studied them in a 
systematic way. Allen and Theophanides (4) 
later studied the hydrolysis constants and 
structural characteristics of some of these 
complexes. We now report the synthesis of a 
new series of platinum acetylenic complexes of 
the general formula Pt(ac),. The complexes are 
prepared by the reaction of the acetylenic 

'A brief report of this work was presented at the 
ACFAS Conference, November 1967, in Sherbrooke, 
Quebec. 

derivative (ac = R,C(OH)C = CC(OH)R,) in 
water-alcohol solution with potassium chloro- 
platinite. They are white and more stable in air 
than the well-known olefin or acetylene com- 
plexes of platinum(I1). A reducing agent was not 
necessary for their preparation. 

The complexes are best formulated as 1, in 
which the two acetylenes are merely acting as 
donors with possible back donation from the 
metal to the ligand, in the same way as in the 
well-known olefin and other acetylene-metal 
complexes (3b). 

A four-coordinated planar structure 2 is the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2974 CANADIAN JOURNAL O F  

other extreme of representing the bonding of the 
acetylene to the platinum atom. The Pt(ac), 
complexes must be between these two extremes. 
The infrared spectra of the complexes show a 
very strong band in the region 1880-1905 cm-I 
which is about 250 cm-' below the stretching 
frequency region of the disubstituted alkynes 
and about 200 cm-' above that of the series 
cis-Pt(PR,),ac (3a, 5). 

Conductivity and magnetic susceptibility 
measurements show that the complexes are non- 
ionic and diamagnetic with xg = - 0.2 to -0.6 
x c.g.s. The mass spectra indicate the 
existence of mononuclear species with the 
heaviest fragment being Pt(ac),. Analytical data 
for the complexes are given in Table I. 

CHEMISTRY. VOL. 46, 1968 

The structure of the complexes is presently 
being studied by X-rays and complete data on  
the complexes will be given at a later date. 

1. A. D. GELMANN and E. A. MEILAKH. Compt. Rend. 
Acad. Sci. USSR, 51 (3),  207 ( 1 9 4 6 ) ;  46, 110 (1945). 

2. S. V.  BUKHOVETS. IZV. Sektora Platiny i Grug. 
Blagorodn. Metal. Inst. Obshch. i Neorgan. Khin~ .  
Akad. Nauk USSR, 29, 55 (1955). 

3 .  (a) J .  CHAW, G. A. ROWE, and A. A. WILLIAMS. 
Proc. Chem. Soc. 208 (1957). ( 6 )  J .  CHATT and L. A. 
DUNCANSON. J. Chem. Soc. 2939  (1953). ( c )  J .  
CHAW, R. G. GUY, L. A. DUNCANSON, and D. T. 
THOMPSON. J. Chem. Soc. 5170 (1963). 

4. A. D. ALLEN and T. THEOPHANIDES. Can. J. Chem. 
43, 290 (1965); ( b )  44, 2703 (1966). 

5. C. D.  COOK. Dissertation Abstr. 24, 1384 (1963). 
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Substitutions klectrophiles en skrie naphtalknique. IV. Sur le 
dimkthyl-2,6 naphtalcne 

JEAN-CLAUDE RICHER ET NICOLAS BASKEVITCH' 
Dipartement de Clzinlie, Facrrlte' des Sciences, Universitk de Montrial, Montrial, Quibec 

Recu le 8 janvier 1968 

La chloration, la brornation et I'iodation du dimethyl-2,6 naphtalene ont CtC exarnintes. La structure 
des produits obtenus a CtC Ctablie gr%ce a la resonance rnagnetique nuclkire. 

Canadian Journal of Chemistry, 46, 2975 (1968) 

Dans le cadre de nos travaux (1, 2, 3) sur les 
substitutions tlectrophiles en strie naphtalknique, 
des reactions du dimtthyl-2,6 naphtalkne (1) ont 
maintenant Ctt examinees. 

X 

La rtaction de nitration de cet hydrocarbure 
qui avait t t t  prtctdemment rapportee entre 
autres par Mayer et Alken (4), Vesely et 
Medvedeva (5), Klamann et Kramer (6) ainsi 
que Bil et Bernstein (7) a t t t  reprise. La mononi- 
tration du dimtthyl-2,6 naphtalkne (1) conduit 
au dtrivt nitrt en position 1 (2a) dtjB connu. La 
dinitration effectute dans les conditions dicrites 
par Klamann et Kramer (6) conduit a un 
mtlange de deux produits neutres, le dinitro-1,s 
(3) et le dinitro-1,5 dimtthyl-2,6 naphtalhe (4a) 
dtja signalts dans la litttrature (5, 6) ainsi 
qu'a un produit acide (5) dont la structure a 
dtja t t t  prouvee (3, 8); le mtlange de produits 
neutres contient en prtpondtrance le dtrivt 
dinitrt en positions 1,s (3) et la proportion 
fraction neutre:fraction acide est de I'ordre 

'Les rCsultats rapportCs dans le present travail sont 
extraits du rnernoire de rnaitrise presente par Monsieur 
Baskevitch en vue de I'obtention du grade de Maitre es 
Sciences en Chirnie (aoct 1967). 

5050. La nitration du  nitro-1 dimtthyl-2,6 
naphtalkne (2a) conduit aux trois produits 
nitrts obtenus prtctdemment (3, 4a, 5); dans la 
fraction neutre, l'isomkre dinitro-1,s (3) est 
toujours en prtpondtrance sur le dinitro-1,5 
dimtthyl-2,6 naphtalkne (4a) alors que la 
proportion fraction neutre:fraction acide est 
maintenant de l'ordre de 60:40. La nitration 
forcte (acide nitrique fumant et acide sulfurique) 
des dinitro-1,5 (4a) et dinitro-1,s dimethyl-2,6 
naphtalkne (3) conduit au dtrivt tttranitrt en 
positions 1,4,5,8 (6);  les conditions semblent 
trop rudes pour que la rtaction s'arr&te au 
niveau des derivts trinitrts. D'autre part la 
nitration forcte de l'acide mononitrt (5) conduit 
2 l'acide trinitro-4,5,7 mtthyl-6 naphtalbne car- 
boxylique-2 (7). 

La chloruration de l'hydrocarbure (1) par le 
chlorure de sulfuryle donne naissance au 
chloro-1 (26) et au dichloro-1,5 dimtthyl-2,6 
naphtalkne (4b). I1 est dtlicat d'arreter la 
rtaction au niveau de la monochloruration et le 
produit (26) est trks difficile B isoler du  fait de 
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son faible point de fusion. La chloruration de 
l'hydrocarbure (1) par 3 moles de chlorure de 
sulfuryle fournit un produit brut duquel seul le 
dichloro-1,5 dimkthyl-2,6 naphtalkne (4b) a pu 
Etre isole ii la suite de nombreuses rdcristallisa- 
tions. Tel que pourrait le laisser prCvoir le 
travail de De la Mare et ses collaborateurs (9), 
la chromatographie en phase gazeuse des 
produits bruts de cette rCaction indique toute- 
fois la prCsence de plusieurs autres produits en 
faible proportion. 

NO2 No2 

p C O O H  ,# 
NO2 NO2 NO2 

5 6 

La bromuration du dimCthyl-2,6 naphtalkne 
(1) par le brome dans l'acide acCtique dans les 
conditions dCcrites par Vesely et Stursa (10) 
conduit aux deux produits isolCs par ces auteurs 
et pour lesquels les structures (2c) et (4c) ont 
CtC proposies. 

Un seul produit, le diiodo-1,5 dimCthyl-2,6 
naphtalkne (44 ,  a pu Ctre is016 des rCactions 
d'iodation de l'hydrocarbure (1) effectuCes par 
le chlorure d'iode. Des chromatographies sur 
colonnes d'alumine n'ont pu permettre d'isoler le 
dCrivC monoiodC attendu (24 .  

COOH 

NO2 NO2 

7 8 

Discussion 

(a) Sur la structure des compos~s obtenus 
D'une manikre gCnCrale, la structure de 

chacun des produits obtenus est attribuCe en se 
basant sur le patron de couplage des bandes des 
protons aromatiques dans les spectres de 
rksonance magnCtique nuclCaire (r.m.n.). Dans 
le cas des dCrivCs nitris, la position des bandes 
due A ces protons a aussi CtC utilisCe. Wells et 
Alcorn (11) ont en effet avanct une mCthode 
empirique qui permet de prCvoir les diplace- 
ments chimiques des diffkrents protons aroma- 
tiques de ces molicules. Cette mCthode consiste A 
ajouter aux diplacements chimiques des protons 
de la moltcule non substituie des incrCments 

dCterminCs expkrimentalement par ces auteurs 
en compilant les rCsultats connus. Ces incrC- 
ments dCpendent directement de la position du 
proton considCrC par rapport au  groupe nitro. 
11s representent en quelque sorte une mesure des 
effets Clectroniques et de l'anisotropie magilktique 
du groupe nitro sur chaque position du cycle 
naphtalenique. Cette mCthode a dCja CtC 
appliquke avec succks lors de 1'Ctude des dCrivCs 
du dimtthoxy-1,7 (I), du dimkthoxy-2,7 (2) et 
du di-t-butyl-2,7 (3) naphtalkne. Les prtdictions 
ainsi que les valeurs expCrimentales observtes 
sont rCsumCes dans le tableau I. La concordance 
entre les valeurs calculCes et les valeurs expCri- 
mentales est assez bonne dans tous les cas 
considCrts sauf en ce qui concerne le dCrivC 
mononitrk (2a) en position 1. Des diffkrences 
importantes surtout pour l'hydrogkne en position 
8 apparaissent alors entre le spectre calculi et 
le spectre expkrimental et ce phCnomene 
gCnCral qui a CtC constat6 prtcidemment 
(2, 3, 11) semble se produire chaque fois qu'un 
groupe nitro en position a est adjacent a un 
substituant en position p; un encombrement 
stCrique semble alors forcer le groupe nitro a 
se placer presque perpendiculaire au plan de la 
molCcule de naphtalkne (pour effets semblables 
voir rCf. 12-16). Deux facteurs qui influencent 
grandement les dkplacements chimiques des 
protoils aromatiques sont affectts par le fait 
que le groupe nitro n'est pas dans le plan de la 
molicule. Ce sont d'une part l'inhibition 
stCrique B la rCsonance et d'autre part I'effet de 
dCblindage du groupe nitro, affectant surtout le 
proton en position 8, qui se trouverait trks 
diminui. I1 n'est pas Ctoilnant alors de iloter que 
le diplacement chimique de ce proton (en 
position 8) est plus faible que prCvu. 

(b) Sur le me'canisme deformation des dlffe'rents 
compose's 

I1 est bien connu (17) dans les substitutions 
Clectrophiles que les positions a des naphtalknes 
sont plus favorisCes que les positions P et que 
les effets Clectroniques des substituants mCthyles 
tendent 2 orienter les reactions de  substitution en 
position ortho. 11 est donc raisonnable d'attendre 
les dCrivCs monosubstituCs en position 1 et disub- 
stituCs en positions 1,5 dans les rCactions de 
substitutions Clectrophiles sur le dimtthyl-2,6 
naphtalkne (1). 

Les halogCnations de cet hydrocarbure con- 
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TABLEAU I 

Spectres de resonance magnetique nucltaire des derives nitres 

Produit H-1 H-3 H-4 H-5 H-7 H-8 Methyles 

1 TrouvC 7.71 7.39 7 .80 7.71 7.39 7.80 
2a Calcule 7.59 8.22 7 .96 7.65 8.27 

Trouve 7.62 8.12 7.95 7.67 7.67 2.56et 2.61 
3 Calculi 7.90 8.37 8.37 8.41 

Trouve 7.91 8.42 8.38 8.38 2.68 et 2.73 
4a Calcule 7.80 7.99 7.80 7.99 

Trouve 7 .94  7.94 7 .94 7 .94 2.62 
5 Trouve 8.85 8.33 7.85 7.76 8.43 2.63 
6 Calcule 8.96 8.96 

TrouvC 8.99 8.99 2.64 
7 Calcule 9.63 9.27 9.21 

TrouvC 9.54 8.91 9.71 2.73 

duisent en effet au chloro-1 (2b) et au bromo-1 conduit a l'acide trinitro-4,5,7 methyl-6 naphta- 
(2c) ainsi qu'au dichloro-1,5 (4b), au dibromo- Iene carboxylique-2 (7); ce resultat est expliqut 
1,5 (4c) et au diiodo-1,5 (4d)  dimtthyl-2,6 naphta- par les effets mtsomtriques combiiles du 
Ikne. Le dtrivt monoiode (2d) n'a pu Etre isolt. 
I1 est a supposer que soil point de fusion est 
infirieur A 15 "C ne permettant pas de l'isoler par 
cristallisations; les points de fusion des dtrivts 
chlorts 26 et bromes 2c sent respectivement de 
29-30 "C et 14-16 "C. De la Mare et ses collabo- 
rateurs (9) ont recemment mis en ividence la 
formatioil de produits d'addition lors de la 
chloruration du mtthyl-2 naphtalkne par le 
chlorure de sulfuryle; aucun effort sptcial n'a 
ete fait pour mettre en tvidence la formation 
de tels produits lors de la reaction sur le dimtthyl- 
2,6 naphtalene (1). Les valeurs exptrimentales 
observees dans les spectres r.m.n. pour les 
dtrivts halogtnts sont risumtes dans le tableau 
11. Les proprittes des produits obtenus sont 
resumtes dans le tableau 111. 

Quoique le nitro-1 dimtthyl-2,6 naphtalene 
(2a) puisse Etre consider6 comme le premier et 
le seul intermediaire dans la formation de tous 
les produits d'oxydation ou de nitration du 
dimethyl-2,6 naphtal6ne (I), il est possible que 
l'on soit forct de supposer la formation de 
l'acide methyl-6 naphtalkne carboxylique-2 (8) 
pour expliquer les quantitts relatives de produits 
acides (6) versus les produits neutres formts 
au cours de la dinitration directe de l'hydro- 
carbure (1). La formation des dinitro-1,5 (4a) et 
dinitro-1,8 (3) dimkthyl-2,6 naphtalenes A partir 
du nitro-1 dimethyl-2,6 naphtalkne (2a) n'est 
pas Ctonnailte puisque l'on sait (17) que le 
iiaphtalene ou le nitro-1 naphtalkne conduisent 
aux dinitro-1,5 et dinitro-1,8 naphtalenes. La 
nitration pousste de l'acide mononitrt (5) 

groupe nitro et du groupe carboxyle dam la 
moltcule de l'acide nitro-5 methyl-6 iiaphtalene 
carboxylique-2 (5) qui orientent les substitutioils 
suivantes vers les positions 4 et 7 .  Pour expliquer 
la formation du tetranitro-1,4,5,8 dimtthyl-2,6 
naphtalene (6)  a partir du dinitro-1,8 dimethyl- 
2,6 naphtalene (3) il est ntcessaire de supposer 
que c'est I'influence du groupe mCthyle en 
position 6 qui oriente la nitration vers la 
position 5 alors que l'effet mesomCrique du 
groupe -NO, orienterait l'attaque finale vers la 
position 4. Quant a la nitration du dinitro-1,5 
dimethyl-2,6 naphtalene (4a) les effets mesomtri- 
ques de chaque groupe nitro orientant l'attaque 
suivante en position pPri il n'est donc pas 
surprenant d'obtenir le tttranitro-1,4,5,8 di- 
methyl-2,6 naphtalene (6) lorsque les conditions 
de nitration sont pousstes. 

TABLEAU I1 
Spectres de resonance magnetique nucleaire des 

derives halogtnCs 

Produit H-3 H-4 H-5 H-7 H-8 Mtthyles 

Partie expkrimentale 
Les spectres de resonance magnetique nucleaire ont 

ete determines sur un spectrometre modele JNM-4H-100 
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TABLEAU I11 

Proprietts des produits obtenus 

Point de fusion ("C) Spectres de masse 

Produit Ce travail Litterature M/e Intensite relative % 

2a 67-68 (ethanol 95 %) 68 (4) 20 1 100 
202 13.7 
203 1.5 

2b 29-30 (chromatographie) 190 100 
192 29.2 -. - . - 

2c 14-16 (chrornatographie) 33-34 (10) 234 100 
236 96.4 

3 245 (ethanol 95 %) 245 (6) 246 100 
247 14.1 

248 2.4 
46 135-136 (methanol) 224 100 

226 61.2 
228 10.3 

4c 156-158 (ethanol) 160-161 (10) 312 47.3 
314 100 
316 57.6 

4d 126-1 28 (methanol) 408 
409 15.4 

5 260-262 (AcOH) 258 (6, 8) 23 1 
717 

100 

6 280 (eau) 

7 269-270 (eau) 

de la Compagnie Jeolco ou dans certains cas sur un 
spectrometre modtle A-60 de la Compagnie Varian. Le 
solvant choisi est la dimCthylacttamide (DMA). Les 
deplacements chimiques (6) sont exprimes en p.p.m. 
et le tetramtthylsilane est utilise comme reference interne. 
Les points de fusion ont CtC pris sur un "Hot Stage 
Apparatus" de la Compagnie "Reichert" avec un thermo- 
metre calibre. 

Les spectres infra-rouges (i.r.) ont kt6 pris sur un 
spectrophotometre "Beckman" modele IR-8 a double 
riseau. Tous les spectres ont CtC pris en suspension dans 
le Nujol. Les spectres ultra-violets (u.v.) ont CtC mesures 
dans l'ethanol 95% a l'aide d'un appareil "Bausch & 
Lomb" Spectronic 505. Les spectres de masse ont ett  
mesures sur un spectrometre de masse "Hitachi-Perkin- 
Elmer" modele RMU6-D. 

Les spectres de masse sous forme de graphiques, les 
positions des bandes dans les spectres i.r. et U.V. ainsi que 
les procedures experimentales dCtailltes sont rapporttes 
dans le mtmoire de maitrise de M. Nicolas Baskevitch 
dont une copie est deposee a la bibliothbque du Conseil 
National de Recherches du Canada. 

Les nitrations ont Cte effectutes essentiellernent 
d'apres les procedures dCcrites par Klamann et Kramer 
(6) alors que les methodes utilistes pour les halogenations 
correspondent a celles dCcrites dans un travail precedent 
(3). 

Remerciements 

Les auteurs remercient vivement le Conseil 
National de Recherches du Canada ainsi que 
le Conseil des Arts du Canada pour l'aide 
financitre apportCe sous forme d'octrois de 
recherches et de bourses d'ttudes. Les auteurs 
remercient aussi la Compagnie Jeolco et 
particulitrement Monsieur Yasushi Ogawa pour 
la dttermination de nombreux spectres de 
rksonance magnttique nuclkaire ii 100 Mc.p.s. 
Les auteurs remercient aussi Monsieur Gilles 
Audet pour l'aide technique apportte. 

1. J. C. RICHER et C. LAMARRE. Can. J. Chem. 43,715 
(1965). 

2. J. C. RICHER et Y. PEPIN. Can. J. Chem. 43, 3443 
11965). ,-- - - > -  

3. L. ERICHOMOVITCH, M. MENARD, F. L. CHUBB, 
Y. PEPIN et J. C. RICHER. Can. J. Chem. 44, 2305 
(1966). 

4. F. MAYER et E. ALKEN. Ber. deut. chem. Ges. 55, 
2278 (1922). 

5. V. VESELY et A. MEDVEDEVA. Collection Czech. 
Chem. Commun. 8, 125 (1936). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RICHER ET BASKEVITCH: SUBSTITUTIONS ELECTROPHILES EN SERIE NAPHTALENIQUE. IV 2979 

6. D. KLAMANN et U. KRAMER. Chem. Ber. 93, 2316 
(1 960). 
\-- - -,. 

7. M. BIL et A. BERNSTEIN. Chem. and Ind. London, 
1221 (1967). 

8. C. C. PRICE. J. Am. Chem. Soc. 62,2245 (1940). 
9. G.  CUM. P. B. D. DE LA MARE. J. S. LOMAS et M. D. 

JOHNSON. J. Chem. Soc. @) 244, (1967). 
10. V. VESELY et F. STURSA. Collection Czech. Chem. 

Cornmun. 4, 21 (1932). 
11. P. R. WELLS et P. G. E. ALCORN. Australian J. 

Chem. 16. 1108 (1963). 
12. J. TROTTE~T ~ i t a  ~ i y s t .  12, 884 (1959). 
13. J. TROTTER. Can. J. Chem. 37,1487 (1959). 
14. J. TROTTER. Acta Cryst. 12, 232, (1959). 
15. J. TROTTER. Acta Cryst. 12; 237.(1959). 
16. J. TROTTER. Acta Crvst. 13. 95 (190).  
17. P. B. D. DE LA MAE& et J. H: RIDD. Aromatic 

substitution-nitration and halogenation. Butter- 
worths, London. 1959. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Chemistry and pharmacology of some benzo[l,2]cyclohepta[3,4,5-d,e]isoquinolines 

LESLIE G. HUMBER AND M. A. DAVIS 
Departnierrt of Chemistry, Ayerst Research Laboratories, Maritreal, Quebec 

AND 

G. BEAULIEU AND M. - P. CHAREST 
Departr?ient of Pharmacology, Ayerst Research Laboratories, Morltrenl, Quebec 

Received May 9, 1968 

The chemistry of 1,2,3,7,8,12b-hexahydro-, 1,7,8,12b-tetrahydro-, and 7,8-dihydrobenzo[l,2]cyclo- 
hepta[3,4,5-d,e]isoquinolines has been investigated, leading to the synthesis of a wide variety of derivatives 
bearing substituents in the 2- and 3-position. Also, the reactions of 1,7,8,12b-tetrahydrobenzo[1,2]cyclo- 
hepta[3,4,5-d,e]isoquinoline with I-buten-3-one, methyl mercaptoacetate, and 3-mercaptopropionic 
acid have yielded representatives of  three novel pentacyclic systems; benzo[4,5]cyclohepta[1,2,3-g,h]- 
benzo [a]quinolizine, benzo [1,2]cyclohepta [3,4,5-d,e]thiazolo [2,3-a]isoquinoline, and benzo [1,2]cyclo- 
hepta[3,4,5-d,e]-l,3-thiazino[2,3-a]isoquinoline. The central nervous system and cardiovascular 
pharmacology of the compounds have been investigated and the results are presented. 

Canadian Journal o f  Chemistry, 46, 2981 (1968) 

Synthetic routes to the benzo [1,2]cyclohepta- 
[3,4,5-d,e]isoquinoline ring system (e.g. 1) have 
previously been developed by Humber et al. (1). 
This system contains the 5H-dibenzo [a,d]cyclo- 
heptene nucleus, which in turn is present in a 
number of clinically useful compounds (2) and we 
have therefore prepared a number of derivatives 
of 1 of diverse chemical types, for biological 
evaluation. 

sulfonyl analogues of a Reissert compound, 26 
and 27, by the method recently described by Popp 
and co-workers (3), viz. the reaction with a ben- 
zene-sulfonyl chloride and potassium cyanide. 
They have shown that, in contrast to the behavior 
of classical Reissert compounds to sodium hy- 
dride which rearrange to  give l-benzoylisoquino- 
lines (4) the "sulfonyl-Reissert compounds" yield 
isoquinoline- 1 -carbonitriles. 

Chemistry 
The compounds prepared are divided into 3 

groups, the first consisting of 23 N-substituted 
q Qp 

derivatives of the 1,2,3,7,8,12b-hexahydro form of N CN ' NsLR 
I 

the ring system, 1. The range of substituents intro- S O 2 R  

duced on nitrogen is shown in Table I where their 
physical and analytical data are collected. They 
were prepared from 1 by standard synthetic 
procedures as indicated in the Experimental 
section and in footnotes to Table I. 

A second group of compounds comprises those 
bearing substituents at position-3 of the ring 
system. These were obtained by two routes, the 
first utilizing as starting material, 7,8-dihydro- 
benzo [I ,2]cyclohepta [3,4,5-d,e]isoquinoline (25) 
(1) which was converted in good yield to the 

Thus, treatment of 27 with sodium hydride in 
xylene gave 86 % of the carbonitrile 28 which was 
hydrolyzed to the carboxylic acid 29 with mineral 
acid. Alkaline hydrolysis of 28 gave the carbox- 
amide 30. The carbonitrile 28, on reaction with 
hydroxylamine, was converted in high yield to 
the amidoxime 31 which, in turn, gave by acyla- 
tion, the 0-acetyl and 0-benzoyl derivatives 32 
and 33 respectively. The benzoylamidoxime 33 
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TABLE I 
N-substituted 1,2,3,7,8,12b-hexahydrobenzo[l,2]cyclohepta[3,4,5-d,e]isoquinolines cqp 

I 
R 

Melting Recrystal- c % H % N %  c l  % 
Yield point lization 

No. R % PC) solvent' Formula Calcd. Found Calcd. Found Calcd. Found Calcd. Found 
n 

2 &HO 672 136135 a C I B H I ~ N O  82.10 82.10 6.51 6.26 5.32 5.39 + 
3 -COCH3 923 124126 a C I ~ H I ~ N O  82.29 81.72 6.91 6.71 5.05 5.14 

z + 
4 -COOC2H5 974 98-100 b CZOH~INOI 78.14 78.14 6.89 6.76 4.56 4.67 g 
5 -COCHCI2 824 132-133 b, c C I ~ H I ~ C ~ Z N O  65.90 65.79 4.95 5.05 20.48 20.72 + 
6 -COCHzCI 844 146-148 d C19H18CIN0 73.20 72.90 5.82 5.88 

z 
7 -CO(CHZ)~CI 864 151-152 c, d CZoH20CIN0 4.30 3.96 10.88 10.94 3 
8 -COCHZ(3,4-[OCH~]zC6H~) 764 148-149 c Cz~Hz7N03 78.42 78.52 6.58 6.40 3.39 3.37 C 

Cz7Hz9N02.HCI 
0 

9 -(CHZ)~(~,~-[OCH~]~C~H~) 6E5 222-226 d, e 74.38 74.22 6.94 6.95 3.21 3.02 8.13 8.31 2: 
10 -COCH2N(CH3)z 626 232-2357 f CZIH~~NZO.HCL 7.85 7.51 9.93 9.70 
11 -CO(CHz)zN(CHs)z 658 90-91 b, c CZZHZGNZO 8.38 8.47 

C2~H2JN20.HCI 7.85 7.64 
0 

12 &O(CH2)2NHCH3 68" 246-247 e ,  g -I 
13 -CO(CH2)2N(CHO)CH3 55'0 158-160 b, c CzzHz4Nz02 75.83 75.60 6.94 6.92 8.04 7.99 0 
14 4CHz)zN(CH3)2 58" > 200 a, f CZIHZ~NZ.~HCI  7.41 6.80 18.7 18.4 
15 -(CHZ)~N(CH~)Z 8412 >200 e, g CZZHz8N2.2HCI 7.12 7.31 18.02 17.34 ! 
16 -NO 84'" 140-141 d, c C I ~ H I ~ N Z O  77.25 77.71 6.10 6.33 Ei 

45'3 C17H18Nz.HCI 
el 

17 -NHz 238-241 g 9.77 9.85 12.36 12.66 0 
18 -C(NH2)=NH 48'" 200 d, h C18H19N3.0.5HzS04 64.50 64.28 6.31 6.42 12.53 12.16 j 

0.5H2014 < 
19 X H z C N  85" 119-121 b, i C I ~ H I ~ N Z  83.17 82.92 6.61 6.52 10.21 10.25 

70'' 202-204 d 78.05 78.52 6.90 7.16 9.58 9.60 20 &H2CONH2 CI~HZONZO P 

21 -CONHI 75'3 206-208 d, e C L ~ H ~ B N Z O  77.67 77.31 6.52 6.69 10.07 9.85 m 
22 S 0 2 N H 2  3713 220-22215 d CI~HISNZSOI 64.95 64.68 5.77 5.85 8.91 8.63 - 

\O 

23 -CH2C(NH2)=NOH 85'6 187-189 d, e Cl9Hz1N3O.2HCI 60.01 59.80 6.10 6.25 18.65 18.34 $ 
24 -CHzC(NHz)=NOCOCH3 8817 156-157 j CZIHZPNIOZ 72.18 72.02 6.63 6.43 12.03 12.10 - 
'a, acetone; b, hexane; c, benzene; d, ethanol; e, etherif, 2-propanol; g, methanol; 11, water; i, ethyl acetate; j, acetonitrile. 
'From 1 and forme-acetic.anhydride (I!).- 
$By reaction of 1 w~th acetlc anhydr~de In pyridine. 
4By the reaction of 1 with the appropriate acyl chloride in ethylene dichloride and aqueous NaOH solution (e.g. see ref. 1). 
5By reduction of 8 with LiAIH, in tetrahydrofuran. 
6By heating 6 with an excess of dimethylamine in ethanol for 16 h in a sealed tube. 
'The free base has m.p. 123-125" (benzene-hexane). 
8By treating 7 as described in footnote 6. 
9By treatment of 7 w ~ t h  methylamine as described in footnote 6. 
'"From 12 and formic-acetic anhydride (11). 
1lReduction of 10 with LiAlH, in tetrahydrofuran. 
IZReduction of 11 with LiAIH4 in tetrahydrofuran. 
"See Experimental section. 
''+Anal. Calcd.: S, 4.78; H,O, 2.68. Found: S, 4.76; H,O, 2.49. 
'5Anal. Calcd.: S, 10.18. Found: S 10.07. 
16By treatment of 19 with hydroxyiarnine (see preparation of 31 in Experimental section). 
"By treatment of 23 with acetic anhydride in pyr~dme. 
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was converted to the 1,2,4-oxadiazole 35 by 
azeotropic removal of water from a refluxing 
xylene solution. The propargyl ether 34 was ob- 
tained from 31 and propargyl bromide. Reaction 
of the carboxylic acid 29 with lithium aluminium 
hydride resulted in reduction of the 2,3-double 
bond as well as the carboxyl group, yielding the 
1,2-dihydroisoquinoline derivative 36 which was 
characterized as the 0,N-diacetate 37. Similar 
reduction of 25 gave the corresponding 1,2-di- 
hydroisoquinoline 38 as a crystalline solid which 
decomposes on prolonged standing. I t  was 
characterized as the acetyl derivative 39. 

An alternative method of introducing substit- 
uents at the 3-position of the benzo[l,2]cyclo- 
hepta[3,4,5-d,e]isoquinoline system was available 
through reaction of the quaternary Schiff base 
methiodide 40a with 3-dimethylaminopropyl- 
magnesium chloride to yield 41, bearing a basic 
side chain at the desired site. Additionally, the 
pseudo-base 42 was obtained from 40a with 
sodium hydroxide, and reaction of 42 with cy- 
anide ion gave the pseudonitrile 43. Treatment 
of 42 with ethereal hydrogen chloride gave 40b as 
a hydrate. 

A third class of compounds, the novel penta- 
cyclic systems 45-47, was obtained by reaction of 
the Schiff base 44 (1) with various bifunctional 
reagents. Thus, the elegant benzoquinolizine 
synthesis using 1-buten-3-one (5) gave the 
benzo [4,5]cyclohepta [l,2,3-g,h] benzo [a] quino- 
lizinone 45 as a mixture of 15b-a and 15b-P 
isomers (see structural formula) which were not 
isolated. Treatment of 44 with 2- or 3-mercapto 
acids or esters (6) gave the thiazolo- and thiazino- 

[2,3-a]isoquinolines 46 and 47 respectively and 
the latter was oxidized with m-chloroperbenzoic 
acid to  the sulfoxide 48. 

We have also been interested in obtaining the 
fully unsaturated form (49) of the benzo[l,2]- 
cyclohepta [3,4,5-d,e]isoquinoline ring system and 
have indicated that this was not accessible by 
palladium dehydrogenation of the 1,7,8,12b- 
tetrahydro derivative 44, which gives only the 
7,8-dihydro form 25, in high yield (1). A similar 
reluctance to form the fully unsaturated carbo- 
cyclic analogue 50 by attempted dehydrogenation 
of 51, by a variety of methods, has recently been 
reported (7). We have thus attempted t o  obtain 

NHR 

4 9 X = N  51 5 2 R = H  
S O X =  CH 53 R = CHO 

54 R = COOCzH5 

the ring system with a 7,8-double bond by a 
Bischler-Napieralski reaction with the formamide 
53. Under a variety of experimental conditions (1) 
these attempts have not met with success, either 
with 53 or, with the related N-carbethoxy 
derivative 54. The required amine (52)' for the 
preparation of the Bischler-Napieralski sub- 
strates was obtained by the lithium aluminium 
hydride - aluminium chloride reduction of 5H- 
dibenzo [a,d]cycloheptene-5-carbonitrile (9). 

Pharmacology 
The pharmacological properties of the com- 

pounds described in this study, as well as of some 
related compounds described previously, were 
determined. Effects on the central nervous system 
such as narcosis potentiation, protection against 
maximal electroshock seizures (MES), ataxic 
effect, as well as acute toxicity were studied in 

'Compound 52 has recently been reported, without 
characterization, see ref. 8. 
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TABLE I1 
Effects of selected compounds on central nervous system parameters1 

Acute toxicity Narcosis potentiation MES Ataxia 
Compound LDso:mg/kg EDSO :mg/kg EDso:mg/kg ED,,:mg/kg 

- - 

54 
Amitriptyline 

HCl 

'All compounds were injected intraperitoneally in albino mice. 
~2-Methyl-I,2,3,7,S,I2b-hexahydrobenzo[1,2]cyclohepta[3,4,5-d,e]isoquinoline hydrochloride. See rcf. I 

for preparation. 
31,2.3,7,8,12b-I1exahydrobenlo[l,21cyclohepta[3,4,5d,e]is0quin0lin-3-0ne See ref. I for preparation. 
4 10.1 1-Dihydro-5H-dibenzo[a.dlcycloheptene-5-methylamine. See ref. I for ~re~arntion. 
5N-Carbethoxy 10,1l-dihydro-5H-dibenzo[a.dlcycloheptene-5-methylamine~ Sde ref. 1 for preparation. 
GN-Formyl 10,1l-dihydro-5H-dibenzo[a,dlcycloheptene-5-methylamine. See ref. 1 for preparation. 

mice by intraperitoneal administration (10). 
Virtually all of the compounds were investigated 
in the above tests and those which exhibited 
significant activity at 114 of the LD5, are collected 
in Table 11. For comparative purposes the anti- 
depressant drug amitriptyline (10) is also included. 

Notably, significant activity is observed with 
tricyclic compounds 52,53,54,57,58,59 contain- 
ing the dibenzo [a,d]cycloheptene ring system of 
amitriptyline, with tetracyclic benzo [1,2]cyclo- 
hepta[3,4,5-d,e] isoquinolines (2,3,13,21,44,55, 
56) and, with the pentacyclic benzo [4,5]cyclo- 
hepta [l,2,3-g,h] benzo [alquinolizine, 45. 

Several of the compounds of Table I1 were 
tested further in rats for their effects on condi- 
tioned avoidance and runway performance and 
on spontaneous motor activity (10). It was 
found in these tests that compound 55 has an 
activity profile similar to that of amitriptyline and 
the pharmacological activity and the possible 
therapeutic utility of this compound is under 
further study. 

Several of the compounds were tested for their 
effects on blood pressure, respiration, intestinal 
tonus, and motility in urethane-chloralose 
anesthetized cats. The compounds were ad- 
ministered intravenously in increasing doses and 
those not having any effect at 20 mg/kg were 
considered to be inactive. The results with the 

other compounds are shown in Table I11 where 
the minimal doses required to cause a 20-30 mm 
Hg fall in blood pressure, are compared. With the 
exception of 1 the duration of the blood pressure 
fall produced by these compounds was short, the 
return to normal requiring less than 5 min. The 
magnitude of the blood pressure fall was dose- 

TABLE I11 
Effects of selected compounds on blood pressure 

in cats1 

Effect on  blood pressure 
of cats 

Blood 
Acute toxicity2 Dose (mg/kg) pressure 

Compound LDso(mg/kg) (intravenous) fall 

'Effect on blood pressure was studied by intravenous adminis 
tration. 

ZLDSo determined intraperitoneally in the mouse. 
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de~endent  and the time course resembled that 1 , 2 , 3 , 7 , ~ . l 2 b - H e x a h ~ d r o b e n z o [ l , 2 l c ~ c l o h -  
isoquinoline-2-acetamide (20) observed with Paras~mPathomimetic agents. The 

A mixture of 19 (5.0 g) and p o ~ y p ~ o s p ~ o r i c  acid (30 potent compound was 40b, the effect of was stirred and heated at 120" for 3 h. Water was added, 
which could be antagonized by atropine but not the mixture was made alkaline with sodium hvdroxide. 
by hexamethonium. Further resemblance of 40b and extracted with chloroform to yield the product. 

-' 

to  parasympathomimetic agents was suggested 
by its stirnulatory effect on the isolated guinea-pig 1,2,3,7,8,~2b-Hexah~drobenzo[l,2lc~clole~ta~3,4,5-d,el- 

ileum, an effect which was also antagonized by is0qui'101ine-2-carb0xarnide (21) 
A refluxing solution of 1 (6.0 g) in benzene was treated atropine. with a slow stream of phosgene for 2 h. Hexane was added 

The blood pressure fall caused by 1 was different to obtain the carbamoyl chloride as a solid (5.7 g), m.p. 
from that of the other com~ounds. in that it was 125-126" (~etroleum ether. b . ~ .  8G12Oo). It was dissolved . 
relatively long lasting; th[ duration of the de- in liquid ammonia in a pressure bottlk and allowed to 

crease from a mg/kg dose was more stand at room temperature for 15 h. Evaporation of the 
ammonia gave the product as a solid. 

60 min. 

Experimental 1 , 2 , 3 , 7 , 8 , 1 2 6 - H e x a h y d r o b e n z o [ l , 2 ] c y c l o ~ -  
isoquinoline-2-sulfonarnide (22) points were taken On a A solution of 1 (1.18 g, 0,005 and sulfamide apparatus. Analyses were done by Mr. W. Turnbull and 

(0.5 g, 0.005 mole) was heated under in 1,2-di- staff of our Laboratories. methoxyethane (20 ml) for 10 h. Evaporation of the 
N-Nitroso-1,2,3,7,8,12b-he.~~liydroberizo[l,2]~ycloliept~- 

[3,4,5-d,e]isoquinoline (16) 
To a suspension of 1 (25 g) in 2-propanol(250 ml) and 

2 N hydrochloric acid (200 ml) at 17" was added a solution 
of sodium nitrite (12.5 g) in water (60 ml). The mixture 
was heated to 75' for 3 h and another portion of sodium 
nitrite (12.5 g) was added and the solution kept at  75' for 
12 h, diluted with water, and extracted with chloroform 
to  yield 23.5 g of product, m.p. 14G141°. 

N-A1nit1o-1,2,3,7,8,12b-hexaliydrobet1zo[I,2]cycIohepta- 
[3,4,5-d,e]isoquinolit~e (17) 

To  a mixture of lithium aluminium hydride (1.38 g, 
0.036 mole) in tetrahydrofuran (200ml) was added 16 
(9.5 g, 0.036 mole) dissolved in tetrahydrofuran. The 
mixture was stirred at room temperature for 3 h then 
worked up by conventional procedures to  give the 
product as a gum which was converted to the hydro- 
chloride salt. 

1,2,3,7,8,12b-Hexahydrobe11zo[l,2]cyclohepta[3,4,5-d,e]- 
isoquinoline-2-carboxan~idine Sulfate (18) 

A solution of S-methylpseudothiourea sulfate (7.24 g, 
0.025 mole) in 1 : l  ethano1:water (120 ml) was added over 
5 min to 1 (1 1.9 g, 0.05 mole) in ethanol. The mixture was 
heated on the steam bath for 90 min. When the vigorous 
evolution of methyl mercaptan had subsided an additional 
portion of S-methylpseudothiourea sulfate (1.0 g) was 
added followed by heating for 4 h. On cooling a precipi- 
tate of 1-sulfate was obtained. The ethanol was removed 
from the mother liquors in oacuo, the remaining aqueous 
solution treated with charcoal and diluted with acetone to 
give the product as a fluffy white solid. 

2-Cyat1omethyl-1,2,3,7,8,12b-l1exrr/?ydrobe11zo[l,2]- 
cyclohepta[3,4,5-d,e]isoquinoline (19) 

To a solution of 1 (23.5 g, 0.1 mole) in absolute ethanol 
(100 ml) was added 70% aqueous glycolonitrile (16.4 g, 
0.2mole) followed by refluxing for 2 h. The cream- 
colored precipitate was collected and washed with cold 
ethanol. 

solvent gave the product as a solid which was triturated 
with water, collected by filtration, and washed with hot 
benzene. 

2-Betizenesulfonyl-2,3,7,8-tetrahydroberizo[l,2]- 
cyclohepta[3,4,5-d,e]isoquinoline-3-carbonitre (26) 

Benzenesulfonyl chloride (14.66 g, 0.10 mole) was 
added over 2 11 at 0" to a stirred mixture of 25 (11.55 g, 
0.05 mole), potassium cyanide (9.75 g, 0.15 mole), water 
(20 ml), and methylenechloride (100 ml), and stirring was 
continued at 22" for 20 h. The reaction mixture was 
diluted with water and the organic phase washed (H20), 
dried (Na2S04), treated with charcoal, and evaporated 
to yield the product as an amorphous solid (17.2 g, 
86.5 %). Two crystallizations from benzene-hexane gave 
analytically pure material, m.p. 186188". 

Anal. Calcd. for C24HlsNZOZS: C, 72.35; H, 4.55; 
N, 7.03; S, 8.03. Found: C, 72.46; H, 4.77; N, 6.66; 
S. 8.50. 

By working in a similar manner but using p-toluene- 
sulfonyl chloride instead of benzenesulfonyl chloride 
there was obtained (27) the 2-(p-tobe~~esulfonyl) analogue 
of26, in 42 %yield, m.p. 161-162° (2-propanol-methylene- 
chloride). 

Anal. Calcd. for CZSHZON202S: C, 72.5; H, 4.86; S, 
7.75. Found: C, 72.4; H, 4.71 ; S, 7.91. 

7,8-Dihydrobenzo[l,2]cyclol1epta[3,4,5-d,e]isoquit1olit1e- 
3-carbonitrile (28) 

A mixture of 27 (16.9 g, 0.041 mole), xylene (75 ml), 
and sodium hydride (1.03 g, 0.043 mole; as a 50 % suspen- 
sion in mineral oil) was refluxed for 1 h. The cooled 
mixture was filtered, the solvent evaporated, and the 
residue passed through a column of alumina (20 g) in 
a benzene:chloroform (1 :I) solution to yield the product 
as an oil which solidified on trituration with hexane, 
(8.6 g, 86%). The analytical sample had m.p. 134-135" 
(2-propanol). 

Anal. Calcd. for ClsHIZNZ: C, 84.35; H, 4.72; N, 
10.93. Found: C, 84.14; H, 4.94; N, 10.51. 
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7,8-Dihydrobenzo[1,2]cyclohepta[3,4,5-d,e]isoqrrinolit1e- 
3-carboxylic Acid (29) 

Concentrated hydrochloric acid (10ml) and carbo- 
nitrile 28 (1.00 g) were heated in a sealed tube at  150" for 
16 h. On cooling the product was obtained as the hydro- 
chloride salt, m.p. 184186" (methanol) (1.1 g). The 
analytical sample had m.p. 184186". 

Anal. Calcd. for ClsH14C1N02: C, 69.10; H, 4.48; 
C1, 11.34. Found: C, 69.10; H,  4.46; C1, 11.23. 

The free base was obtained by treating a suspension of 
the salt in methylene chloride with one equivalent of 
triethylamine. It had m.p. 154155" (2-propanol). 

Anal. Calcd. for Cl8Hl3NO2: C, 78.53; H ,  4.76; N, 
5.05. Found: C, 78.20; H,  4.91; N, 4.76. 

The acid was more conveniently prepared by refluxing 
the carbonitrile 28 with 48% hydrobromic acid to yield 
the hydrobromide salt, m.p. 208-213" (methanol), con- 
verted to the free base as above. 

7,8-Dil1ydrobet1zo[l,2]cyclohepta[3,4,5-d,e]isoquit1olit1e- 
3-carboxanlide (30) 

A solution of 28 (1.0 g) in 2-propanol (20 ml) contain- 
ing potassium hydroxide (2.0g) was refluxed for 3 h. 
Dilution with water, filtration, and thorough washing 
with water yielded the product (0.85 g), m.p. 193-194" 
(benzene-hexane). 

Anal. Calcd. for Cl8Hl4N2O: C, 78.81; H,  5.14; N, 
10.21. Found: C, 79.09; H ,  5.09; N, 10.06. 

7,8-Dihydrobe~1zo[l,2]cyclohepta[3,4,5-d,e]isoqrtinolyl- 
3-amidoxime (31) 

T o  a solution of hydroxylaniine in methanol (prepared 
by treating hydroxylamine hydrochloride (2.24 g, 0.032 
mole) in methanol with one equivalent of sodium meth- 
oxide and removing the sodium chloride by filtration) was 
added nitrile 28 (7.2 g, 0.028 mole) and the mixture was 
refluxed for 3 h. On cooling, the product (7.5 g, 92.5%) 
was obtained, m.p. 205-206". The analytical sample had 
m.p. 210-211" (methanol). The dihydrochloride had m.p. 
205-208" (methanokther). 

Anal. Calcd. for Cl8HlSN30: C, 74.72; H, 5.23; N, 
14.53. Found: C, 74.69; H,  5.28; N, 14.58. 

Anal. Calcd. for C18H17C12N30: C, 59.69; H,  4.73. 
Found: C, 59.67; H, 5.02. 

The 0-acetyl derivative 32 was prepared with acetic 
anhydride in pyridine. It had m.p. 160-161" (benzene), 
v,,, (CHC1,) 1758 cm-'. 

Anal. Calcd. for CZOH17N302: C, 72.49; H,  5.17; N, 
12.68. Found: C,72.59; H,  5.20; N, 12.57. 

The 0-benzoyl derivative 33 was prepared with benzoyl 
chloride in pyridine. I t  had n1.p. 186187" (benzene- 
hexane), v,,, (CHCl,) 1738 cm-'. 

Anal. Calcd. for Cz5H19N302: C, 76.32; H, 4.87; N, 
10.68. Found: C, 76.54; H,  4.98; N, 10.74. 

The propargyl ether 34 was obtained in 83 % yield by 
treating the amidoxinie 31 in toluene with sodium hydride 
and propargyl bromide. I t  had m.p. 99-100" (benzene- 
hexane). 

Anal. Calcd. for C21H17N30: C, 77.05; H, 5.24; N, 
12.84. Found: C, 76.76; H,  5.18; N, 12.87. 

3-(7,s-Dilrydrobenzo[l,2]cyclohepta[3,4,5-d,e]- 
isoquinolyl) -5-phenyl-I ,2,4-oxadiazole (35) 

A xylene solution of 33 (0.5 g) was refluxed for 20 h in 
a n  apparatus with a Dean-Starke trap. On evaporation 
of the solvent the product was obtained as  a n  oil. Filtra- 

tion through a column of alumina in benzene:chloroform 
(1 :1) solution gave a solid, m.p. 137-139" (440 mg). The 
analytical sample had m.p. 155-156" after three crystal- 
lizations from methanol. 

Anal. Calcd. for C25H17N30: C, 79.88; H,  4.56; N, 
11.19.Found:C,79.82;H,4.66;N,11.23. 

3-Acetoxymethyl-2-acety1-2,3,7,8-tetrahydrobenzo[1,2]- 
cyclohepta[3,4,5-d,e]isoquinolit~e (37) 
The acid 29 (1.32 g) was refluxed for 3 h in tetrahydro- 

furan (25 ml) with lithium aluminium hydride (1.52 g). A 
conventional workup gave 0.8 g of  a solid, m.p. 155-163" 
(benzene) which was acetylated directly by heating for 
10 min on the steam bath with acetic anhydride (0.5 ml) 
in pyridine (1.0ml). Dilution with water and extraction 
with ether gave a n  amorphous solid which was filtered 
through a column of neutral alumina with benzene to 
yield the product (400 mg), m.p. 138.5-139" (methanol), 
h,,, (Et OH) 240 mp (E, 22 800) ; 308 m p  (E, 12 700) ; v,,, 
(CHCI,) 1735 cm-' (0-Ac); 1670 cm-' (N-Ac). The 
nuclear magnetic resonance (n.m.r.) spectrum showed 
one vinyl proton as  a doublet centered a t  T 3.41 and N- 
and O-acetyl methyl groups as singlets a t  r 7.82 and 7.98 
respectively. 

Anal. Calcd. for C22H21N03: C, 76.06; H, 6.09; N, 
4.03. Found: C, 76.12; H, 6.01; N, 3.98. 

2-Acetyl-2,3,7,8-tetral1ydrobe~1zo[l,2]cyclohepta- 
[3,4,5-d,e]isoqrrinolit~e (39) 

Compound 25 (5.6 g) was reduced with lithium alu- 
minium hydride as  described above to  give the crude 
dihydroisoquinoline 38 as asolid (5.6 g), m.p. 111-114" on 
trituration with hexane, v,,, (CHCl,) 3450 cm-' (NH). 
It was acetylated as described above to  yield the product, 
m.p. 173-175" (benzene-hexane), h,,, (EtOH) 240 mp  
(E = 23 100); 310 mp (E = 13 750); v,,, (CHCl,) 1662 
cm-' (N-Ac); the n.m.r. showed one vinyl proton a s  a 
singlet at r 3.32, and three acetyl methyl protons at r 7.83 
and the methylene protons adjacent t o  nitrogen as  a 
singlet at  r 5.16. 

Anal. Calcd. for CI9Hl7NO: C, 82.88; H,  6.22; N, 
5.09.Found:C,82.10;H,6.11; N,5.07. 

2-Methyl-] ,7,8,12b-tetrahydrobenzo[l,2]cyclohepta- 
[3,4,5-d,e]isoqrrinolit~iutn Iodide (40a) 

Compound 44 (20 g) was dissolved in acetone and 
refluxed for 2 h with methyl iodide (32 ml). Cooling and 
filtration gave bright yellow crystals of the product, n1.p. 
214217" after crystallizing from ethanol, (23.5 g), 
v,,, KBr 1666 cm-' ; h .,,, EtOH 290 m p  (E = 14 250). 
Good iodine analyses could not be obtained with this com- 
pound. 

Anal. Calcd. for C18H18NI: I, 33.83; N, 3.73. Found: 
I, 35.73; N, 3.72. 

The corresponding isoqui?~olitriritn chloride (40b) was 
prepared from the pseudo base 42 with ethereal hydrogen 
chloride. I t  was crystallized from ethanol and was ob- 
tained as a hydrate, m.p. 155-160", v,,, (KBr) 1666 
cm-' ; h,,, (EtOH) 292 mp (E = 11 600). 

Anal. Calcd. for C18HlsC1N~H20: C ,  71.65; H, 6.60; 
N, 4.64. Found: C, 72.00; H, 6.68; N, 4.59. 

2-Methyl-3-(3-dinzethylaminopropyl)-1,2,3,7,8,126- 
hexahydrobenzo[1,2]cyclohepta[3,4,5-d,e]- 
isoquit~oline (41) 

T o  a solution of 3-dimethylaminopropylmagnesium 
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chloride in tetrahydrofuran (120 ml) prepared from IH-benzo[l,2]cyclohepta[3,4,5-d,e]-1,3-tl1iazino[2,3-a]- 
magnesium (0.72 g, 0.03 g-atom) and 3-dimethylamino- isoquinoline (47), m.p. 201-203" (chloroform-benzene). 
propyl chloride (3.6 g, 0.03 mole) was added compound Anal. Calcd. for C,oH19NOS: C, 74.71; H, 5.96; N, 
40a (7.4 g, 0.02 mole) portionwise with vigorous stirring. 4.36; S, 9.99. Found: C, 74.39; H, 5.85; N, 4.34; S, 10.09. 
After the initial exothermic reaction had subsided, the 
mixture was refiuxed for 3 h, cooled, and treated with 10 % 1-Ox0-2,3,8,9,13b,14-hexalz~dro-1~-benzo[l,2 ~cyclo- 
aqueous ammonium chloride (20 ml). The organic phase hepta[3,4,5-d,e]-1,3-tlriazino[2,3-a]isoq1~inoli11e- 
yielded the title compound as a gum (6.0 g). The S-oxide (48) 
dihydrochloride salt was prepared and crystallized from A solution of 85% m-chloroperbenzoic acid (1.07 g, 
a methanol-acetone mixture. It had m.p. 207-210'. 0.005 mole) in methylene chloride (20ml) was added 

Anal. Calcd. for C23H32C12N2: N, 6.88; C1, 17.40. dropwise to a solution of 47 (1.6 g, 0.005 mole) in methy- 
Found: N, 6.10; C1, 17.35. lene chloride (40 ml) at such a rate that the internal 

temperature did not exceed 35". The solution was washed 
3-Cyano-2-meti~yC1,2,3,7,8,l2b-llexa/ly~~obenzo[~,~~- with aqueous sodium bicarbonate and the residue from 

cyclohepta[3,4,5-d,e]isoquinoline (43) the organic phase was chromatographed o n  alumina 
~~~~~~~d 400 (9.8 g), dissolved in 50 ml of ethanol: (neutral, activity 11). Elution with 10-25% chloroform in 

water (1 :I), was treated dropwise with sodium hydroxide benzene gave the product (0.55 g), m.p. 155" (benzene- 
(4.18 g) in water (7 ml) over 5 min at 0". The mixture was hexanel. 
stirred at 22' for 1 h, extracted with ether, and the ether Anal. Calcd. for C20H19N02S: C, 71-19; H, 5.68; N, 
phase washed with water and extracted with 1 N hydro- 4.15. C, 71.44; H v  5.81; N, 3.91. 
chloric acid. The acid solution was treated with chaicoal, 
made alkaline with 1 N sodium hydroxide, and the 
precipitated pseudobase 42 was washed with water and 
dried in a desiccator over KOH pellets. It weighed 6.6 g 
and had m.p. 113-118", v,,, (CHC1,) 3600 cm-'. The 
pseudo-base 42 (1.32 g, 0.005 mole) was dissolved in 
methanol (25 ml) and treated dropwise with potassium 
cyanide (325 mg, 0.005 mole) in water (3.0 ml). The mix- 
ture was heated on the steam bath for 10 min, cooled, 
and the precipitate filtered. It was recrystallized from 
methanol to give the product (0.85 g), m.p. 157-158". 

Anal. Calcd. for CIBHlsNI: C, 83.18; H, 6.61; N, 
10.21. Found: C, 82.96; H, 6.46; N, 9.94. 

2-0~0-1,2,3,4,6,6a,l1,12-0ctal1ydro-15b H-benzo[4,5]- 
cyclohepta[l,2,3-g,lr]bem~zo[a]quirrolizine (45) 

Freshly distilled 1-buten-3-one (83 ml) was added to a 
solution of 44,hydrochloride (28.0 g) in absolute ethanol 
(300 ml) at 15". The mixture was refluxed for 6 h and 
concentrated to yield 32.0 g of solid which was dissolved 
in 5% ethanol in water (500ml), made alkaline with 
sodium carbonate, and extracted to give an oil (26.6 g). 
Crystallization from acetonitrile gave the product (17.8 g), 
m.p. 162-164". Thin-layer chromatography on anhydrous 
silica gel plates with 20% methanol in benzene revealed 
the presence of two spots which virtually touched each 
other, probably 156-c( and 156-8 isomers. The presence of 
isomers could not be detected if the plates were not 
absolutely dry. 

Anal. Calcd. for C2,HZ1NO: C, 83.13; H, 6.98; N, 
4.62. Found: C, 83.08; H, 7.22; N,4.41. 

I -  Oxo-1,2,7,8,12,13-hexa/1ydro-3aH-berrzo[l,2]- 
cyclo/repta[3,4,5-d,e]thiazolo[2,3-a]isoq1inolim1e (46) 

A solution of compound 44 (23.35 g, 0.1 mole) and 
methyl mercaptoacetate (15.9 g, 0.15 mole) in xylene 
(250 ml) was refluxed for 24 h. On cooling the product 
(15.2 g) separated. On crystallization from acetone it had 
m.p. 205-206". 

Anal. Calcd. for ClBH17NOS: C, 74.23; H, 5.58; N, 
4.56; S, 10.43. Found: C, 74.29; H, 5.73; N, 4.41; S, 
10.78. 

The reaction of 44 with 3-mercaptopropionic acid as 
described above gave I-oxo-2,3,8,9,13b,14-lrexahydro- 

5H-Dibenzo[a,d]cyclohep!ene-5-methylami (52) (8) 
5H-Dibenzo[a,d]cycloheptene-5-carbonitrile (9) (10.8 g, 

0.05 mole), in a mixture of ether (100 ml) and tetrahydro- 
furan (30ml), was added dropwise to a mixture of 
aluminium chloride (7.33 g, 0.05 mole) and lithium 
aluminium hydride (2.09 g, 0.05 mole) in ether (100 ml). 
The mixture was refluxed 3 h and water (9.0 ml) added. 
Filtration gave a precipitate which was distributed be- 
tween chloroform and aqueous sodium hydroxide. The 
organic phase gave the product (6.1 g), m.p. 97-97.5" 
(hexane). The I~ydrochloride had m.p. > 300" (methanol- 
ether). The N-formnyl derivative 53 was prepared with 
formic-acetic anhydride (1 1) and had m.p. 118-1 19" 
(acetone). 

Anal. Calcd. for C16H16C1N: C, 74.53; H, 6.26; C1, 
13.75. Found: C,74.39; H, 6.25;C1,13.74. 

Anal. Calcd. for C17H15NO: C, 81.90; H, 6.03; N, 
5.62. Found: C, 81.94; H, 6.09; N,5.84. 

The N-carbethoxy derivative 54 was obtained with ethyl 
chloroformate in ethylene dichloride and aqueous sodium 
hydroxide solution (1). It had m.p. 97-99" (ethanol). 

Anal. Calcd. for C19H19N02: C, 77.79; H, 6.53; N, 
4.77. Found: C, 77.41; H, 6.30;N,4.64. 
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Study of C-H base hydrogen bond in N,2,6-trichloro-p-benzoquinone imine 
with nuclear magnetic resonance and infrared spectroscopy. The assignment 

of syn and anti proton signals in the chloroimino group 

HAZIME S A I T ~  AND KENKICHI NUKADA 
Basic Research Laboratories, Toyo Rayon Company, Limited, Kamakura, Japatz 

Received February 20, 1968 

The nuclear magnetic resonance (n.m.r.) spectra of N,2,6-trichloro-p-benzoquinone imine (1) and  the 
anisotropy effect of the chloroimino group are investigated. A comparison of the n.m.r. spectra of 1 with 
those of oximes with a similar structure shows that the extent of the anisotropy effect is the same for both 
the chloroimino and the hydroxyimino group. This is also confirmed by comparison of N-chlorocyclo- 
hexanimine with cyclohexanone oxime. A downfield shift of the C-H proton signal in solvents acting 
as a base is observed, which is interpreted in terms of a C-H . . - base hydrogen bond. The extent of 
the shift is different between syn and anti sides and this gives the definite assignment for these two types 
of proton signals. Namely, the high-field signal, the extent of the downfield shift being larger, is assigned 
to anti protons, and the low-field one to syn protons. This assignment is extended to oximes owing to 
the equality of the anisotropy effects of the hydroxyimino and the chloroimino group. The formation 
of the C-H . . . base hydrogen bond is confirmed by the infrared (i.r.) spectra, and the correlation 
between the extents of n.m.r. downfield shift and i.r. low wave number shift is discussed. Furthermore 
it is found that the behavior of benzene molecule as solvent is different between the chloroimino and 
the hydroxyimino compounds. 

Canadian Journal of  Chemistry, 46, 2989 (1968) 

Introduction 

The assignment of syn and anti proton signals 
for oximes has been attempted by many workers. 
Phillips (1) assigned the anti proton to the high- 
field peak and syn to the low-field one, assuming 
that a large deshielding effect is caused by its 
proximity to the hydroxyl group. However, this 
notion is not confirmed on any definite experi- 
mental basis and cannot explain the phenomenon 
about oxime hydrochlorides (2, 3). Lustig (4) 
made an assignment of the syn and anti proton 
signals ofp-chlorobenzaldoxime, the structure of 
which had been determined by the X-ray diffrac- 
tion (5). Karabatsos and his co-workers (6) 
assigned the resonance peaks of oximes and the 
related compounds by comparison of nuclear 
magnetic resonance (n.m.r.) spectra in aliphatic 
and aromatic solvents. However, this method is 
applicable only in the case where the nature of an 
interaction between the solute and solvent is 
known with certainty. 

In our previous papers, we have investigated 
the i1.m.r. anisotropy effect' of the hydroxyimino 
group and deduced the following conclusions: 
(a) The anisotropy effect arises mainly from the 

'The term "anisotropy effect" is used in our series of 
papers for the effect, to split syrz and nrzti n.m.r. peaks, 
and the difference of the chemical shifts between the syn 
and anti proton is used to express the extent of the effect. 

lone pair electrons of the nitrogen atom (2, 3), 
because the separation between syn and anti 
proton signals disappear in oxime hydrochlorides 
where a proton attaches to the nitrogen atom. 
(b) Accordingly the identification of isomers 
concerning the orientation of two or more 
hydroxyimino groups is possible in dioximes (7, 
8) and trioximes (9) because of the additivity of the 
anisotropy effect. For example, three isomers of 
1,3-cyclohexanedione dioxime(7), syn-syn, syn- 
anti, and anti-anti, are identified with considera- 
tion of the above rule. (c) The amount of the 
anisotropy effect is closely relevant to the molec- 
ular conformation (3, 9). Thus the separation of 
syn and anti proton signals of cyclohexanone 
oxime, which is in a chair conformation, is larger 
than that of 1,4-cyclohexanedione dioxime, which 
is in a twisted boat conformation (8). 

It is expected that in the chloroimino group 
there exists an anisotropy effect similar to the one 
in the hydroxyimino group, since both groups 
have the same type of an sp2 hybridized nitrogen 
atom. In this paper, the effect of the chloroimiilo 
group in N,2,6-trichloro-p-benzoquinone imine 
(1) is studied by n.m.r. spectroscopy. I t  is found 
that this compound has almost the same aniso- 
tropy effect as p-benzoquinone dioxime (2) and 
2,6-dimethyl-p-benzoquinone 4-oxime (3) (lo), 
their skeletal structures being alike. A similar 
result is given in comparison of the n.m.r. spectra 
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TABLE I 
Comparison of nuclear magnetic resonance spectra of N,2,6-trichloro-p-benzoquinone imine with those of the 

related compounds* 
-- 

Separation JHH 
Compound Solvent o-Protons (p.p.m.) A (p.p.m.) (c.p.s.) Reference 

7.95 -7.46 0.49 2 .5  This paper 

3 
*TMS was used as an internal standard. 
tcalculated syrr and anti o-proton signals in the absence of the long-range anisotropy 

of N-chlorocyclohexanimine (4) and cyclohex- 
anone oxime (5). Thus the equality of the aniso- 
tropy effect between the chloroimino and the 
hydroxyimino group is proved experimentally. 
Moreover, the downfield shift of o-protons of 1 
is observed in solvents acting as a proton acceptor 
(base) in a hydrogen bond system. This observa- 
tion prompts us to conclude that a hydrogen bond 
is formed between the o-proton of 1 and the 
solvent molecule. The formation of the C-H - . . 
base hydrogen bond is also supported by the 
infrared (i.r.) spectrum, in which C-H stretching 
frequency is shifted to a lower wave number 
region, though no appreciable difference is ob- 
served for C=O and C=N stretching frequency. 
The possibility of a C-H bond to participate in a 
hydrogen bond was discussed in the extensive 
review of Pimentel and McClellan (11). As a 
typical case of the C-H hydrogen bond, chloro- 
form as a proton donor has been investigated 
extensively with i.r. (12-14) and n.m.r. (15-20) 
spectroscopy. In addition, the hydrogen bond of 
substituted benzenes (21), heterocyclic com- 
pounds (22) and haloalkanes (23) have been 

investigated. In many cases, however, only the 
absorption intensity becomes larger in the hydro- 
gen bond formation, and few reports have been 
published in which the relatively large, low wave 
number shift of C-H stretching frequency is 
observed, (12,13) as reported in this paper.' Now 
it is possible to assign the syn and anti proton 
signals of chloroimino compounds from the 
experimental result that the degree of the down- 
field shift of the C-H signal in the C-H . . . 
base hydrogen bond is different in the different 
solvent. The assignment thus obtained is one of 
the most definite, and can be directly extended to 
the hydroxyimino group because of the equality 
of the anisotropy effect between them. 

Experimental 
N,2,6-Trichloro-p-benzoquinone imine obtained from 

Merck Company was used. N-Chlorocyclohexanimine 
was prepared by the treatment of N,N-dichlorocyclo- 
hexylamine (24) with triethylamine in hexane according 

ZThe increase in intensity of the C-H stretching 
frequency is more sensitive than the frequency shift, as 
an indicator of the hydrogen bond formation (ref. 11). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SAITO AND NUKADA: STUDY O F  C--He.. BASE HYDROGEN BOND 2991 

to the method of Reid (25). Solvents except for deuterated 
compounds were used after distillation. Measurements of 
the nuclear magnetic resonance (n.m.r.) spectra were 
performed on a Varian A-60 spectrometer using TMS as 
an internal standard. Carbon-13 satellite spectra were 
recorded by using a Varian C-1024 time averaging 
computer connected with the A-60 spectrometer. Fre- 
quency calibration was made by a usual side-band 
technique with an audio-frequency oscillator monitored 
by a frequency counter. Infrared (i.r.) spectra were taken 
with a Perkin-Elmer 125 spectrometer equipped with a 
KBr or CaF, cell. A variable cell was used for the 
compensation work. 

Results and Discussion 

The Anisotropy Efect of the Chloroimino Group 
and its Equality to that of the Hydroxyimino 
Group 

An o-proton signal of N,2,6-trichloro-p-benzo- 
quinone imine is split into two doublets, a typical 
pattern of the AX spin system, and this is due to  
the anisotropy effect of the chloroimino group. 
The chemical shift and coupling constant of this 
compound are given in Table I with those of p- 
benzoquinone dioxime (8) and 2,6-dimethyl-p- 
benzoquinone 4-oxime (lo), the skeletal struc- 
tures of which are similar to  those of the former. 
In p-benzoquinone dioxime (2), there exist short- 
and long-range anisotropy effects, the former 
being relevant to  the o-protons and the latter to 
m-protons. Because we are concerned with the 
anisotropy effect for o-protons, the value for the 
short range, A, deduced from the experiment is 
given in Table I.3 In Table I are also given 
calculated syn and anti chemical shifts in which 
the long-range anisotropy effect is eliminated. 

Difference in chemical shifts, A, between syn 
and anti proton signals among the three com- 
pounds are in accord with each other. N-Chloro- 

3The short-range anisotropy effect is calculated ac- 
cording to the following procedure (ref. 8). Shielding 
constants due to the anisotropy effect of a hydroxyimino 
group are denoted as o, (syrz) and oA (anti) for o-protons 
(short range), and as o,. (syn) and o. (anti) for m-protons 
(long range), respectively. Separations between syn and 
anti protons for two isomers of p-benzoquinone dioxilne 
are : 

1 GS + Gs' - (oA + GAS) 1 = 1 ( G ~  - oA) + ( o ~ '  - GA') 1 
= 0.593 p.p.m. for cis isomer 

I o~ + GA' - (o.4 + 05') I = I (os - oA) - (05' - GA') I 
= 0.400 p.p.m. for trans isomer. 

The numerical values on the right hand side are obtained 
from the analysis of n.m.r. spectra. Combined these two 
equations, the short-range and long-range anisotropy 
effect, I o, - o~ I and 1 o,. - GAT I, respectively, are 
obtained. The former is listed in Table I. 

cyclohexanimine (4) provides another example 
of the anisotropy effect of the chloroimino group. 
The separation between syn and anti a CH, 
proton signals of 4 is almost equal t o  that of 
cyclohexanone oxime as shown in Table 11. These 
coincidences of the anisotropy effects imply that 
the separation of syn and anti o-proton signals are 
mainly due to the lone pair electrons of the 
nitrogen atom both in the hydroxyimino and the 
chloroimino groups but not to OH or C1 groups. 
This is because if the latter is the case a large 
variation of values should be observed between 
the hydroxyimino and the chloroimino com- 
pound. This result is also confirmed by the n.m.r. 
studies on oxime hydrochlorides (2). The sepa- 
rated n.m.r. signals due to syn and anti a-methy- 
lene protons in cyclohexanone oxime coalesce 
into an unsplit peak and new i.r. bands assigned 
to vNf -H and vC==Nf appear in its mono- 
hydrochloride. Furthermore only a slight down- 
field shift of the unsplit n.m.r. peak is observed in 
its dihydrochlorides. From these observations it 
was concluded that a proton is attached to the 
nitrogen atom in the hydroxyimino group in the 
oxime monohydrochloride and the anisotropy 
effect of the hydroxyimino group is attributed to 
the lone pair electrons of the nitrogen atom. 
Unfortunately, the hydrochloride of N,2,6-tri- 
chloro-p-benzoquinone imine decomposes very 
rapidly and we could not obtain the i.r. and 
n.m.r. spectrum of this compound. 

A difference of absolute proton shifts among 
1,2, and 3, and between 4 and 5, listed in Tables I 
and I1 can be interpreted in terms of the difference 
of the inductive effect due to the several functional 
groups, such as C1, OH, and methyl groups. 

Nuclear Magnetic Resonance Studies on the 
Solvent Efect, the C-H . . . Base Hydrogen 
Bond and the Assignment of Syn and Anti 
Proton Signal 

( I )  General Consideration on the Solvent Efect 
Chemical shifts of the o-proton signals in 

various solvents, listed in Table 111, were obtained 
by the internal standard method using TMS. The 
solvent effect on TMS need not be taken into 
account so long as the relative values are con- 
cerned, since the extents of the interaction be- 
tween TMS and the solvents are almost the same 
for cyclohexane, carbon tetrachloride, ethers, and 
ketones (26). In the fourth and fifth columns of 
Table 111, is shown a downfield shift, except 
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TABLE I1 
Con~parison of the nuclear magnetic resonance spectra of N-chlorocyclohexanimine (4) and cyclohexanone oxime (5) 

Separation 
Compound Solvent a CH, (p.p.m.) A (P .P .~ . )  B,Y CH2 (p.p.m.1 Reference 

2.69 -2.44 0.25 -1.70 This paper 

benzene-d, solution of the last row, of the 
o-proton signal relative to the shift in cyclo- 
hexane, in which the o-proton signals are ob- 
served in the highest position. 

The variation of chemical shift, listed in Table 
111, is interpreted in terms of the solvent effect. 
Buckingham, Schaefer, and Schneider (29) have 
suggested that the shielding constant due to the 
solvent effect o is affected by the following five 
factors. 

o, is proportional to the bulk diamagnetic sus- 
ceptibility of the solvent; oa arises from the non- 
vanishing anisotropy effect of the solvent; o,, is 
due to the van der Waal's interaction between the 
solute and solvent; o, is the polar effect caused 
by the reaction field in the solvent; o, is due to the 
hydrogen bond interaction between solute and 
solvent molecules. It is not necessary to take the 
first term o, into account, because the present 
experiments were performed with the internal 
standard method. In Table I11 o, can be ignored 
except for benzene and acetonitrile because the 
molecules of the other solvents are not typical 
disk- or rod-shaped ones and therefore the non- 
vanishing anisotro~v effect seems to be small. 

force. This effect, however, may be neglected 
here, because all the data in Table I11 are those in 
solution state and therefore most of the van der 
Waal's contribution would be cancelled out. 

A contribution from the reaction field of the 
solvent was shown to be a function of E, linear or 
(E - 1)/(2~ + 2.5), where E is a dielectric constant 
of the solvent. The downfield shift in Table 111 
is plotted against E or (E - 1)/(2& + 2.5), but the 
smoothness of the curve is extremely poor.4 
Thus the effect of the reaction field is a minor 
contribution to the downfield shift. The last and 
the most important term is a hydrogen bond 
between the solute and solvent. The interaction 
should differ for protic and aprotic solvents. 

(2) Aprotic Solvents as a Base in C-H . . . Base 
Hydrogen Bond 

Aprotic solvents listed in Table I11 are bases in 
the usual hydrogen bond system. Generally the 
proton signal of a proton donor is displayed 
downfield by approaching to the base in the 
hydrogen bond formation. The most reasonable 
interpretation of the downfield shift shown in 
Table I11 is based on the formation of a hydrogen 
bond between the o-proton and the aprotic 
solvents. This type of the hydrogen bond forma- 
tion is confirmed clearly by a low frequency shift 

The anisotropy effect of benzene molecule is 
discussed at the end of this section. At present it 4The variation o f  chemical shift with temperature is 

expected to be very slight as a consequence of variation is acetonitrile, the structure of  dielectric constant, even if the reaction field effect is a 
which is rather rod-shaped, also behaves nor- predominant cause of the solvent effect. Actually the 
mally, silnilar to the other solvents. l-he contribu- increases of the downfield shift in the high-field peak of 1 

were observed as 0.1 (acetone), 0.03 (carbon tetrachloride), 
tion of Val1 der Waal's effect, is especially and 0.12 p.p.m. (tetrahydrofuran), respectively, in the 
important in comparison of chemical shift be- range from 30 "C to -20 "C. These values are too large 

tween gas and condensed state because of inter- to be interpreted in  terms of the variation of dielectric 
constant. Thus there should be another cause to cover the 

molecular interaction through the van der Waal's proton shift due to the temperature variation. 
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TABLE I11 
Nuclear magnetic resonance spectra of N,2,6-trichloro-p-benzoquinone imine in various solvents 

o-Protons (p.p.m.) Downfield shiftl(p.p.m.)i- 
A Av 

Solvent* Low-field peak High-field peak Low-field peak High-field peak Ratio (%)$ (p.p.m.) CH,OD(cm-')§ 41 
Cyclohexane 
Carbon tetrachloride 
Chloroform 
11-Butyl ether 
Methylene chloride 
Ethyl ether 
Methanol-rl, 
Ethyl acetate 
Tetrahydrofuran 
Acetonitrile 
Dioxane 
Acetone-d6 
Trifluoroacetic acid 
N-Methylacetamide 
Dimethyl for~namide 
Benzene-d, 

*From TMS, 0.05 molc fraction. 
1,Referred to o-proton signal ill cyclohcxane solution. 

Downfield shirt or  the low-field peak 
SRatio = 

Downfield shift o f  the hieh-field ~ e a k  
$See ref. 11, p. 91. 
/(The dielectr~c constants at 20  "C (unless otherwise noted) were takcn from rcrs. 27 and 28. 
1jUpfield shirt. 
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of the C-H stretching band in the i.r. spectra as 
described in the following section. Of the solvents 
shown in Table 111, cyclohexane is the weakest 
proton acceptor, and the downfield shift de- 
scribed above serves as a measure of the degree of 
the hydrogen bond fo rma t i~n .~ '  The extent of 
the downfield shifts of the high-field signals are 
larger than those of the low-field signals. The 
ratio of the downfield shift of the low-field peak 
to that of the high-field one is given in the sixth 
column of Table 111, in which the values of 27- 
87% are obtained. It is one of the aims of this 
paper to determine the assignment of these peaks 
definite1 y. 

It is therefore necessary to discuss the reason of 
different abilities for the C-H . . . base hydrogen 
bond formation between the syn and antiprotons. 
Because the hydrogen bond shift can be inter- 
preted in terms of a rapid exchange process 
between the free and hydrogen-bonded proton 
shifts, the downfield shift is a function of the 
hydrogen bond shift 6, and an equilibrium 
constant for hydrogen bond f ~ r m a t i o n . ~  A 
13C-H coupling constant8 obtained from the 
satellite spectrum of 1 in carbon tetrachloride 
(which is very weak as a base) by scanning 130 
times with the aid of a time averaging computer 
is 173.2 c.p.s. for both the sytz and anti protons. 
Such an invariance of 13C-H coupling constant 
for syn and anti sides indicates that the electronic 
or structural natures of two kinds of the C-H 
bonds, such as hybridization or bond length, are 
almost equivalent to each other before the 
formation of the hydrogen bond. The hydrogen 
bond shift 6, is, therefore, the same for these two 
kinds of 0-protons, and the difference of the 
downfield shifts in the syn and anti o-proton 
signals are ascribed to  that of the equilibrium 
constants. 

'The downfield shift is also observed in carbon tetra- 
chloride relative to cyclohexane solution. This result 
indicates that carbon tetrachloride would act as a very 
weak proton acceptor, and this is consistent with the 
results obtained by Jumper et al., (ref. 16) in the analysis 
of self-association of chloroform. 

6The solute is decomposed into a black substance in 
triethylamine and dimethyl sulfoxide. 

71n the binary system, the proton shift is expressed 
according to the following equation, 6 = Kl(1 +K) 
(Sb - Sf) + S /, where 6, and Sb are a proton shift in a 
free state and hydrogen bonded state, respectively. K is 
an equilibrium constant (see ref. 15). 

8Muller and his co-workers reported that there exists 
a correlation between 13C-H coupling constant and 
C-H bond length (see refs. 34 and 35). 

This interpretation is further rationalized by 
the i.r. spectra as described later, in which no 
difference is observed between syn and anti C-H 
stretching frequencies. The difference of the 
equilibrium constants of the hydrogen bonds 
between syn and anti sides is interpreted in the 
following way. When a hydrogen bond is formed 
with the approach of the base to the o-proton, the 
base on the syn side suffers from the steric 
hindrance due to the chlorine atom bonded to the 
nitrogen atom, while there is no such effect on the 
anti side (Fig. 1). Then, the equilibrium constant 
in the hydrogen bond system involving the syn 
proton retains a small value compared with that 
of the antiprotons. Thus it is definitely concluded 
that the high-field peak, the extent of the down- 
field shift of which being larger, is assigned to the 
anti proton, and the low-field peak to the syn 
proton. This assignment is in accordance with 
that of oximes 1, 4, 6, 9, in which the high-field 
peak has been attributed to the anti protons. 
Considering the equality of the anisotropy effects 
between the hydroxyimino and the chloroimino 
group as mentioned in the preceding section, the 
validity of the assignment in oximes is confirmed 
by the above result. 

In the eighth column of Table 111, Gordy's 
scale (30) which is considered to be a measure of 
base strength of the hydrogen bond system is 
listed. This is a shift of an 0-D stretching 
frequency of C H 3 0 D  to a lower wave number 
region (0.1 M solution) in various solvents. A 
comparison of the fourth and fifth columns with 
the eighth shows that there is no correlation 
between them. This is not so surprising since the 
effect of the steric hindrance in the hydrogen 
bond is generally different between n.m.r. and 
i.r. spectroscopy. 

(3) Protic Solvent as a Proton Donor 
In case of ~ r o t i c  solvents9 such as chloroform. 

methanol, and trifluoroacetic acid, hydrogen 
bonding between the nitrogen atom of the chloro- 
imino group and the solvents would cause the 
neighboring proton to shift to the downfield. 
This was found in the anisotropic solvation of 
protic solvent into nitrogen atom of aziridines 

"Even protic solvents such as chloroform and methanol 
also act as proton acceptors in C-H - . . base hydrogen 
bonding, because an increase of intensity and low 
frequency shift of the C-H stretching band is observed 
in these solvents as shown in the following section (see 
Table IV). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SAITO AND NUKADA: STUDY OF C-He.. BASE HYDROGEN BOND 

tional dipole 
moment 

B: Proton acceptor 
FIG. 1. C-H . . . Base hydrogen bond on syn and anti sides in N,2,6-trichloro-p-benzoquinone iniine. B stands 

for proton acceptor. Circles around atoms indicate van der Waals' radii. 
FIG. 2. Hydrogen bond between a chloroimino group and protic solvent. The arrow denotes the component of 

excess electric field effect caused by the hydrogen bond. X-H stands for proton donor. 

(31), and was interpreted in terms of the variation 
of the magnetic anisotropy effect and the addi- 
tional electric field effect, caused by a charge 
transfer effect in the hydrogen bond. The latter 
factor is predominant in aziridines (31) and 
oximes.1° If it is assumed that the downfield shift 
is caused by the additional electric field effect also 
in chloroimines in a similar way (Fig. 2), the high- 
field peak, which is larger in the downfield shift, is 
assigned to anti proton. This assignment is in 
accord with the one for the aprotic solvent case. 

(4 )  Solvent EfSect of Benzene 
The last row of Table I11 shows that benzene-d, 

makes the CH peak of N,2,6-trichloro-p-benzo- 
quinone imine shift to the upfield region com- 
pared with cyclohexane solution. This upfield 
shift is not caused by the hydrogen bond inter- 
action with benzene. which is rather weak as a 
proton acceptor as indicated in the eighth column 
of this Table, but by the solvent effect character- 
istic of aromatic compounds. The degree of up- 
field shift differs for syn and anti protons, as 
pointed out by Karabatsos and his co-workers (6) 
for oximes and nitrosamines. In these compounds 
the upfield shift of anti proton signal overcomes 

1°In oxime hydrochloride the major part of the down- 
field shift is caused by the additional electric field effect. 
Although we treated this effect as a point charge approxi- 
mation (ref. 3), a larger downfield shift would be expected 
in anti protons adopting the dipolar model for the 
additional field. 

that of syn protons. In  N,2,6-trichloro-p-benzo- 
quinone imine, however, the larger upfield shift 
of the syn proton over the antiproton is observed 
on dilution with benzene-d,, contrary t o  the re- 
sults of oximes and nitrosamines. The same trend 
is also encountered in the dilution shift of N- 
chlorocyclohexanimine in benzene solution as 
illustrated in Fig. 3. ,The upfield shift of the syn 
proton signal extrapolated to infinite dilution 
relative t o  the undiluted state, as shown in Fig. 
3, is 0.06 p.p.m. larger than that of the anti 
proton. 

Karabatsos postulated that the benzene mole- 
cule solvates to  anti position in oximes and nitros- 
amines. Applying this model to chloroimines, 
the low-field peak, which is larger for upfield shift 
in benzene-d, than the high-field peak, is assigned 
to anti proton as illustrated in Fig. 4a. It is 
important to note that the assignment for  chloro- 
imino compounds based on the Karabatsos model 
is reversed with ours, based on the consideration 
of C-H - . base hydrogen bonding and the 
additional electric field model. According to the 
Karabatsos model, the separation between syn 
and anti protons should be mainly due t o  OH or 
C1 groups and the difference of chemical shift 
between oximes and chloroimines A = A, - A, 
should be about 1 p.p.m., where A, = 0.5 p.p.m. 
and A, = -0.5 p.p.m. are the separation be- 
tween syn and anti proton signals for the oximes 
and the chloroimines, respectively. It seems to us 
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r 5.96 I I 
H OMe 

-1.001 I '  " " ' " 

@lC1 pJH 0 0.1 0.2 Mole 03 fraction 0-4 0.5 0.6 - 07 0.8 0.9 1 

Me 4 5 FIG. 3. A plot of methylene proton signals against 
mole fraction of N-chlorocyclohexanimine in benzene 

3 solution. 

impossible to realize such a situation, considering 
the n.m.r. results of vinyl compounds (32). The solving1' the C-H stretching bands into com- 

discrepancy in assignment between our models ponents, the frequencies and integrated intensities 

and those of Karabatsos, is probably due to the of the resolved peaks are obtained as given in 

difference of solvation sites between the hydroxy- Table IV. The integrated intensity A is calculated 

imino and the chloroimino compounds. according to the following equation 

Confirmation of the C-H . Base Hydrogen 
Bond with Infrared Spectra 

Infrared spectra were taken in the same con- 
centration (0.05 mole fraction) as in the measure- 
ment of the n.m.r. spectra. The C-H stretching 
frequency is shifted to a lower wave number 
region in the various solvents than in cyclohexane 
solution but no variation in C==O and C=N 
stretching frequency is observed. This result in- 
dicates that the hydrogen bond is formed be- 
tween the o-proton and the solvent molecule, and 
is consistent with the conclusion obtained from 
the n.m.r. spectra in aprotic solvents. The extent 
of the wave number shift of the hydrogen bonded 
C-H stretching vibration studied in this paper is 
2 0 4 0  cm-' and this is smaller than those of the 
bonded 0-H or N-H stretching frequencies. 
The C-H stretching bands illustrated in Figs. 
5-7 do not consist of a single peak but of a 
superposition of two or more peaks. By re- 

where c is a concentration of a solute molecule 
(mole/l), d is a thickness of a cell, and v+ is a 
half-band width. The integrated intensity is pro- 
portional to the amount of the species in question 
for the absorption band of the same type, b ~ ~ t  this 
is not true when the different types of bands are 
compared with each other. A typical example is 
hydrogen bonded X-H stretching absorption, 
in which the integrated intensity increases ab- 
normally. The feature of the C-H . . . base 
hydrogen bond depends on the types of solvent: 
type 1, carbon tetrachloride, cyclohexaile, and 
chloroform; type 2, ethyl ether and n-butyl ether; 
type 3, other solvents. 

"Resolving of the spectra was carried out by the 
procedure in which the spectra were folded at the center of 
main peak and subtracted from the original band. 
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I I I 
I 

syn anti .. -.. : 
*a+ .' *. 

N 
1 1  

anti syn syn anti 

u, Karabatsos model b, Our assignment 
FIG. 4. Coinparison of assignment between oxiines and chloroimines. 

TABLE IV 
C-H Stretching frequencies in various solvents 

A 
Solvent* Assignmentt v(cm-l) Av(crn-l)$ vt(crn-l)§ (mole- - 1 . c n ~ - ~ )  

Cyclohexane f 3076.5 - 10 6 .3  
c 3068.0 8.5 10.3 2 .1  

Carbon tetrachloride f 3077.0 0 .5  14 7 . 4  
c 3067.8 8.7 9 0.89 

Chloroform f 3076.0 - 0 .5  16 11 
c 3066.3 10.2 9.5 1.3 

Ethyl ether 

n-Butyl ether 

Acetonitrile 

Methanol-d4 
Ethyl acetate 

Dioxane 

Tetrahydrofuran 

Diinethyl formamide 

*0.05 mole fraction. 
t f .  free state; b, C H  . . .solvent hydrogen bond; c, combination band. 
SReferred to  3076.5 cm-1 (in cyclohexane); positive sign means low wavenumber shift 
$Half-band width. 
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free hydrogen bonded 

I 1 I I I I I I I I I 1 I I I 

3100 3090 3080 3070 3060 3050 3040 cm-1 3100 3090 3080 3070 3060 3050 3010 3030 cm-l 

FIG. 5. C-H Stretching band of N,2,6-trichloro-p-benzoquinone imine in cyclohexane solution (0.05 mole fraction). 
FIG. 6. C-H Stretching band of N,2,6-trichloro-p-benzoquinone imine in ethyl ether solution (0.05 mole fraction). 

In solvents belonging to the first group (Fig. 5), 
a larger peak at 3076-3077 cm-I and a smaller 
peak at 3066-3068 cm-' are observed. Because 
cyclohexane is inactive for hydrogen bond forma- 
tion, the former peak is assigned to the free C-H 
stretching vibration. The integrated intensity of 
the former increases in the order of carbon tetra- 
chloride and chloroform solution in comparison 
with that of cyclohexane solution and this is 
consistent with the order of the downfield shift 
of n.m.r. spectra, as shown in Table 111. Since 
such a downfield shift is a measure of the extent 
of hydrogen bond formation, this correlation 
suggests that in the case of carbon tetrachloride 
and chloroform solution, a contribution from the 
hydrogen bond between the solvent and o-proton 
is involved in the free C-H stretching band at 
3076-3077 cm-'. Similarly, for the weak hydro- 
gen bond, the wave number shift is not observed 
but only the peak intensity increases. The inte- 
grated intensity of the peak at 3066-3068 cm-' 
in carbon tetrachloride does not change by 
lowering the concentration of the solution to 
0.0005 mole fraction. Moreover, similar peaks 
with almost the same intensity are also observed 
in ether solutions. This peak is therefore not 
ascribed to any kind of hydrogen bond species. A 
repeated recrystallization of the sample shows 
that this peak does not originate from any im- 
purity. The peak at 3066-3068 cm-' is then 
tentatively assigned to a combination or overtone 
of the fundamental around 1500 cm- ' . 

The bands in solutions of the second group 
(ethyl and n-butyl ether) are resolved into three 
peaks (Fig. 6). The two higher frequency bands 

are assigned to the free C-H stretching and the 
combination, as described above, respectively. 
The lowest frequency peak is assigned to the 
hydrogen bonded C-H stretching frequency. 
The frequency shifts from the free C-H stretch- 
ing are 26.5 cm-' and 29.7 cm-' in ethyl and 
11-butyl ether, respectively, and these values are 
among the largest wave number shifts studied in 
this paper. From this observation, it can be con- 
cluded that the basicity of the ethers is large, 
compared with that of acetonitrile, ethyl acetate, 
acetone, and dioxane (Table IV). The downfield 
shift of ether solutions in the n.m.r. spectra is, 
however, smaller than that of the latter solvents. 
The reason is as follows: the content of the free 
C-H bond in ethers is fairly large as compared 
with that in acetonitrile, ethyl acetate, acetone, 
and dioxane (Table 1V), and therefore the chem- 
ical shift of the former solutions is more influ- 
enced by the free C-H site than that of the 
latter ones. 

FIG. 7. C-H Stretching band of N,2,6-trichloro-p- 
benzoquinone imine in tetrahydrofuran (0.05 mole 
fraction). 
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Half band w id th (cd )  vIl2- 
FIG. 8. A plot of the low wave number shift of C-H stretching band of N,2,6-trichloro-p-benzoquinone imine 

against its half-band width. 

A free C-H stretching band of the third group 
appeared as a shoulder of the band attributed to 
the hydrogen bonding between C-H and the 
solvents (Fig. 7). The integrated intensity of the 
combination band is expected to be 2 x lo2 
cm-2 1 mole-' as given for the cyclohexane 
solution and this value is negligibly small in com- 
parison with that of the hydrogen bonded C-H 
stretching band ((1940) x lo2 cm-2 1 mole-'). 
The combination band, which appears in the first 
and second solutions, is therefore not observed in 
the last case. 

In the preceding section the difference of the 
downfield shift of the n.m.r. peak between the syn 
and anti protons is interpreted in terms of the 
difference of the equilibrium constants, and this 

is clarified by the amount of the free C H  proton. 
A large number of free protons are found in 
carbon tetrachloride, chloroform, dimethyl form- 
amide, dioxane, n-butyl ether, and ethyl ether 
solutions (Table IV). The ratio of the downfield 
shift of the syn to anti protons listed in Table I11 
is in a range of 27-56% in these solvents and this 
is smaller than that in other solvents (67-87%). 

It was reported (33) that the following linear 
relation between the frequency shift Av to the 
lower wave number region and the half-band 
widthof 0-Hstretching in hydrogen bond holds. 

A plot of the wave number shifts of C-H 
stretching frequency against the half-band width 
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is illustrated in  Fig. 8. A roughly l inear  correla- 
t ion as expressed in the  following equa t ion  is 
obtained with least square method  a n d  t h e  slope 
of t h e  plot  in  Fig. 8 is fairly in agreement  with the  
former one. 
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Studies with halogeno sugars. 11. A stable free glycosyl chloride 
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Dehydrochlorination of 3,4,6-tri-O-acetyl-2-chloro-2-deoxy-~-~-glucopyranosyl chloride with diethyl- 
a~nine yielded 3,4,6-tri-0-acetyl-2-chloro-D-glucal. The latter was further chlorinated to 3,4,6-tri-0- 
acetyl-2-deoxy-2,2-dichloro-~-~-urubino-hexopyranosy chloride, which on deacetylation provided the 
first example of a stable, free glycopyranosyl chloride. 

A 3,4,6-tri-0-acetyl-2-chloro-2-deoxymannopyranosyl chloride, also isolated in this work, was 
characterized by properties which correspond closely to the recently reassigned anomer. 
Canadian Journal o f  Chemistry, 46, 3001 (1968) 

Although moilohalogen substitution on asym- 
metric carbon atoms of cyclic sugars has been 
achieved in ilumerous instances (1) and with each 
of the four halogens, cyclic sugars with gem- 
dihalogen substitution on ring carbons are 
comparatively rare. The earliest examples appear 
to be acetylated 2-deoxy-2,2-dichloro-D-erythro- 
pentopyranose and its glycosyl chloride, synthe- 
sized by Vargha and Kuszmann (2). More 
recently Brown and Jones (3) have reported a 
3-deoxy-3,3-di-iodo derivative of D-ribo-hexo- 

1 furanore. Our present work concerns the 
iilvestigation of synthetic routes to 2,2-dichloro 
substitution of hexopyranose structures. Electro- 
negative substitution at this position is of 
particular interest to us in kinetic studies of the 

1 acid hydrolysis of glycopyranosides (4). 
I A long-established route to  2-chlorodeoxy 

substitution of hexopyranoses has been via 
chlorination of the 1,2-glycals to 2-chlorodeoxy- 
D-glycosyl chlorides. In the earliest investigation 
of this reaction Fischer, Bergmann, and Schotte 
(5) passed chlorine into a cold solution of tri-0- 
acetyl-D-glucal (1) in carbon tetrachloride and 
obtained a product described as 'triacetylglucal 
dichloride'. Recent investigations of this sub- 
stance using modern analytical techniques show 
that it is a mixture of gluco (2) and n7anno (3) 
epimers. Lemieux and Fraser-Reid (6), using 
nuclear magnetic resonance spectroscopy 

1 (n.m.r.), reported the a-D-gluco dichloride as the 
main product in greater than 80% yield, but did 
not detect the manno dichloride. Subsequently 

I Lefar and Weill (7) subjected a crystalline sample 
I of the dichloro-triacetyl-glycal to thin-layer 

chromatography (t.1.c.) and showed that it was a 
mixture of two major components which they 
identified by n.m.r. as the a-D-gluco and a-D- 

manno dichlorides in a ratio of roughly 4 : 1. The 
results of the present work are qualitatively 
similar to those of Lefar and Weill, as far  as the 
ratio of the two compoilents is concerned, but 
the minor component exhibits significantly 
different physical properties and n.m.r. spectrum 
(vide infra). Very recently, since the completion 
of our work, Igarashi, Honma, and Imagawa 
have reported (8) on the chlorination of D-glucal 
triacetate and have reassigned the configuration 
of the manno component as the p-D-manno- 
pyranosyl chloride. Their n.m.r. and other data 
for this compound agree very well with those 
found in the present work and we concur with 
their reassignment. From treatment of this 
compound with titanium tetrachloride Igarashi 
et al. (8) isolated an isomeric dichloride which 
they assigned as the anomeric a-D-manno- 
pyranosyl chloride. Igarashi et al, conclude that 
chlorination of tri-0-acetyl-D-glucal occurs 
mainly by a four-centered transition state or a 
concerted mechanism, which is in contrast to the 
two-stage oxocarbonium mechanism proposed 
by Lemieux and Fraser-Reid (6). 

In 1963 Vargha and Kuszmann (2) reported a 
series of reactions leading from 3,4-di-0-acetyl- 
D-arabinal to an acetylated 2,2-dichloro-2- 
deoxy-D-pentose. Chlorination of di-0-acetyl-D- 
arabinal gave a mixture of 1,2-dichloro deriv- 
atives, which on treatment with sodium phen- 
oxide followed by fractioilal distillation yielded 
a mixture of phenyl 2-chloro-2-deoxy-D-glyco- 
sides and pure syrupy 3,4-di-0-acetyl-2-chloro- 
D-arabinal. Further chlorination of the latter 
material and displacement of the chlorine atom 
at C-1 by the acetate group gave crystalline 
1,3,4-tri-0-acetyl-2-deoxy-2,2-dichloro-~- 
erythro-pentopyranose. Our efforts to apply this 
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method to tri-0-acetyl-D-glucal in an attempt to 
prepare 2-deoxy-2,2-dichloro-D-arabino-hexopy- 
ranose did not meet with the same success. On 
treatment of the crystalline mixture of tri-0- 
acetyl-D-glucal dichlorides (2 and 3) with sodium 
phenoxide, using a similar technique (2), an 
intractable syrup was obtained, and t.1.c. 
indicated some eight components, which were 
inseparable by distillation. 

A more efficient reagent for the dehydro- 
halogenation process was found to be diethyl- 
amine. Use of this base for the 1,2-elimination of 
hydrogen halides from glycosyl halides to give 
2-substituted glycals originates from the work of 
Maurer and Mahn (9) and has provided a general 
method for the preparation of per-acetylated 
2-hydroxyglycals (10, 11). Many of the latter 
compounds are readily chlorinated to fairly 
stable, acetylated 2-chloro-2-hydroxy-D-glyco- 
pyranosyl chlorides (9, 10). When a benzene 
solution of 2 and 3 was treated with diethyl- 
amine, the resulting syrup contained two major 
components. One was isolated in crystalline 
form, and from its physical characteristics and 
n.m.r. spectrum can be identzed as the un- 
changed 3,4,6-tri-0-acetyl-2-chloro-2-deoxy-P-D- 
mannopyranosyl chloride, 3 (cf. 7,8). The second 
component resisted crystallization and was not 
obtained in pure form, but fractional distillation 
of the residue after crystallization of 3 gave a 
colorless syrup containing a high proportion of 
3,4,6-tri-0-acetyl-2-chloro-D-glucal (4), identified 
by its n.m.r. and infrared spectra. The latter 
compound has subsequently been reported by 

Lemieux and Morgan (12) in equimolar mixture 
with tetra-n-butylammonium bromide, as a 
product from the treatment of tri-O-acetyl-2- 
chloro-2-deoxy-a-D-glucopyranosyl bromide 
with pyridine in the presence of tetra-n-butyl- 
ammonium bromide. Hurd and Jenkins (13) 
have recently prepared impure 3,4,6-tri-0- 
acetyl-2-bromo-D-glucal from a mixture of tri- 
0-acetyl-D-glucal dibromides, using triethyl- 
amine as the dehydrobrominating agent. 

The facile dehydrochlorination of 2 in con- 
trast to the unchanged 3 is readily explained. I n  
the a-D-gluco case the C-1 chlorine and C-2 
hydrogen have a trans-diaxial orientation, which 
is a prerequisite of normal E2 elimination in 
cyclic systems (14a, b). In the p-D-manno isomer 
(on the basis of the most recent assignment (8)) 
the hydrogen and chlorine are diequatorial and 
hence elimination would be a much slower 
process. The mechanism of dehydrohalogenation 
of pyranosyl halide structures, with particular 
reference to tetra-0-acetyl-a-D-glucopyranosyl 
bromide, was discussed by Lemieux and Line- 
back (15), who also considered reasons for the 
particular effectiveness of certain amines such as 
diethylamine in catalyzing elimination rather 
than leading to  the formation of N-glycosides. 

On chlorinating the syrup containing 3,4,6- 
tri-0-acetyl-2-chloro-D-glucal (4), one mole of 
chlorine was added across the double bond, 
yielding pure crystalline 3,4,6-tri-0-acetyl-2- 
deoxy-2,2-dichloro - a-D - arabino -hexopyranosyl 
chloride (5). Attempts to convert 5 to the methyl 
glycoside under Koenigs-Knorr conditions were 

q 0  cop + q:pl 
AcO AcO C1 AcO 

CI 
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unsuccessful. This is perhaps not surprising when 
it is noted that glycosyl fluorides are also resistant 
to methanolysis (16), the fluorine atom being too 
firmly bound on C-1. Chlorine atoms at the C-2 
position of a glycosyl chloride will exert an 
inductive (-I) effect on the C-1 position, making 
ionization of the 1-chlorine atom more difficult. 
With one chlorine atom on C-2 methanolysis 
takes place (although Fischer et al. (5) deemed it 
necessary to elevate the reaction temperature); 
with two chlorine atoms on C-2 the inductive 
effect appears to be too great and the reaction 
fails. 

Deacetylation of 5 gave crystalline 2-deoxy- 
2,2-dichloro-E-D-arabii~o-hexopyranosyl chloride 
(6), apparently the first example of a stable, free 
glycosyl chloride; apart from glycosyl fluorides 
(17), the glycosyl halides are known generally as 
the acetylated (18), or benzylated (19), deriv- 
atives. Deacetylation normally results in loss of 
the 1-halogen atom accompanied by decompo- 

sition or the formation of anhydro sugars, but in 
the case of 6 this is prevented by the inductive 
effect described above. 

The n.m.r. spectra are presented for com- 
pounds 3 and 5 since their structural assignments 
may still be open to question. The n.m.r. 
spectrum of 3 (Fig. 1) shows an absorption 
(doublet) at .r 4.34 assignable to the anomeric 
proton at C-1, which is coupled (J,,, = 1.2 
c.p.s.) to an equatorial proton on C-2 whose 
resonance (quartet) appears at .r 5.43. The C-2 
hydrogen is also coupled (J2,, = 3.2 c.p.s.) with 
a signal (quartet) at .r 4.90 assignable to the axial 
C-3 proton, which is in turn coupled (J,,, 
= 9.5 c.p.s.) to the axial C-4 proton whose 
signal (triplet) appears at .r 4.58. The axial 
proton on C-5 appears as a multiplet a t  .r 6.17 
and the two protons on C-6 as a doublet at .r 
5.80. The large signals at .r 7.9 are assignable to 
the nine protons of the three acetyl groups. 
These data do not conclusively establish the 

FIG. 1. The nuclear magnetic resonance spectrum of 3,4,6-tri-O-acetyl-2-chloro-2-deoxy-~-~-mannopyranosyl 
i chloride (3) in deuteriochloroform. 
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orientation of the C-1 proton (7, 8), but the 
observed negative rotation and the chemical 
evidence obtained by Igarashi et al. (8) are in 
accord with the assignment as 3,4,6-tri-0-acetyl- 
2-chloro-2-deoxy-P-D-mannopyranosyl chloride. 

The n.m.r. spectrum of 5 (Fig. 2) shows the 
anomeric proton as a sharp peak at z 4.45. As 
there is no proton on C-2, no signal occurs 
around z 5.4. The hydrogens on C-3 and C-4, 
however, are not readily identified. A spectrum 
taken at 100 c.p.s. sweepwidth shows the signal 
(shoulder) on the low-field side of the ailomeric 
proton to be real and is probably part of the 
absorption due to these hydrogens. The absorp- 
tion due to the C-5 hydrogen in the z 6 region is 
poorly resolved but a 100 c.p.s. sweepwidth does 
reveal the multiplet. The n.m.r. spectrum does 
not prove that the anomeric proton is equatorial 
since there is no 1,2 spin-spin coupling. However, 
the anomeric effect (20), together with n.m.r. 
evidence on other acetylated aldopyranosyl 
halides (21), suggests that the more thermo- 

CHEMISTRY. VOL. 46, 1968 

dynamically stable form of this halide will have 
the chlorine atom axially oriented. 

Experimental 
General Methods 

Solutions were concentrated under reduced pressure 
using a rotary-type evaporator a t  tenlperatures not 
exceeding 50". Melting points were determined on a 
Fisher-Johns apparatus and are uncorrected. Optical 
rotations were nleasured with a Hilger Standard Polari- 
meter Mk. 3. Infrared (i.r.) absorption spectra were 
obtained on a Perkin-Elmer model 21 spectrophotometer. 
The nuclear magnetic resonance (n.m.r.) spectra were 
determined at 60 Mc.p.s. with a Varian A-60 spectro- 
meter, using an approximately 10% by weight solution of 
the conlpound in carbon tetrachloride or deuterio- 
chloroform; tetran~ethylsilane was used as an internal 
standard. Thin-layer chromatography (t.1.c.) was carried 
out by the ascending method, using glass plates coated 
with silica gel 'G'. Toluene - diethyl ether, 2:l (6) was 
used as eluent in all cases. Tlle developed plates were 
dried in air, sprayed with either concentrated sulfuric 
acid or silver nitrateisodium hydroxide reagents ( 2 3 ,  and 
then heated in an oven at 150". Rates of movement of  
sugars are quoted relative to the solvent front. 

FIG. 2. The nuclear magnetic resonance spectrum of 3,4,6-tri-O-acety~-2-deoxy-2,2-dicl1loro-a-~-nrnbino- 
hexopyranosyl chloride (5) in deuteriochloroform. 
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Mixture of Tri-O-acety~-2-clrloro-2-deoxy-a-~-gl~1co- Comparison of the n.m.r. spectrum with that of 2 (cf. 
and B-D-ma~rrropyrat~osyl Chlorides (2 and 3 )  ref. 6) clearly indicates the nature of the C-1 hydrogen. 

3,4,6-~ri-O-acetyl-~-glucal (20 g), prepared by the Its absorption may be assigned to the singlet furthest 
method of Helferich et al. (231, was dissolved in carbon down field a t  7 3.37, as expected for a vinylic proton 
tetrachloride (100 ml) and cooled in an ice-salt mixture. which is not coupled. The lack of a signal around 7 5.4 
Dry chlorine was passed through the colorless solution confirms the absence of a proton on C-2, and also 
for 5-10 min, until the rapid appearance of a yellow indicates that the amount of 3 present as impurity was 
coloration indicated that the stoichiometric intake of small. 
chlorine had been reached. After stirring for a further 15 
min the slight excess of chlorine was removed by bubbling 3,4,6-Tri-0-acet~l-2-deoxy-2,2-dichloro-a-~-arnb;1~0- 
air through the solution. The solvent was then evaporated hexopyrmrosyl Clrloride ( 5 )  
in vacua at 35-40", leaving a colorless syrup (26.0 g). The The above distilled syrup (26.5 g) containing 4 was 
syrup was taken up in ether and crystallized by cooling in dissolved in carbon tetrachloride (80 ml) and cooled to 
ice and seeding (the syrup resisted initial crystallization 0'. Dry chlorine was bubbled through the stirred solution 
for 11 months), giving a 79% yield of solid product. until a persistent yellow color indicated excess. After 
After recrystallization twice from ether the white needles stirring at  0' for a further 30 min a white solid began to 
had m.p. 93-96'; lit. m.p. 89-93" for a 4:l ratio of the crystallize. Partial evaporation of the solvent removed 
gluco and nrnnno dichlorides (7). A t.1.c. analysis of  the excess chlorine and concentrated the solution t o  a slurry, 
product, sprayed with concentrated sulfuric acid, showed which was cooled and filtered, yielding a solid which 
two spots in approximately 4 : l  ratio. Further recrystal- weighed 6.0 g after one recrystallization from acetone - 
lization of a small portion of the mixture yielded a prod- petroleum ether. A second recrystallization gave white 
uct m.p. 98-99", [aIDz5 +226.7" (c, 3.0 in chloroform); needles of  m.p. 168-169"; -5.2" (c, 2.2 in  chloro- 
lit. for 2, m.p. 99-looo, [a]DZ3 +227.6' (8). form). A thin-layer chromatogram, sprayed with silver 

Treatme1rt of 2  and 3 with Diethylnmirre 
nitrate/sodium hydroxide reagents and heated in an oven 
at  150°, showed a single brown spot of Rr 0.52 (concen- 

The crystalline mixture of 2 and 3 (9.0 g) was dissolved trated sulfuric acid failed to char the on the in dry benzene (10 ml). After the addition of diethylamine 
(4.3 ml) the solution was heated briefly to 60" and allowed Anal. Calcd. for C12H1507CI,: C, 38.18; H, 4,01 ; C1, to  stand at  room temperature for 40 h. The mixture 28.17. Found: C, 37.99; H, 4.17; C1, 28.15. 
slowly thickened as crystalline diethylamine hydro- 
chloride was formed. Ether (100 ml) was added and the 2-D~oxy-2,2-d~c~~oro-a-~-arab~~o-hexopyr~l~osy~ 
solution was washed with 1 N sulfuric acid (30 ml and 15 Chloride (6) 
ml) and water (2 x 15 ml), then dried over magnesium A solution of 5 (0.4 g) in dry methanol (50 ml) was 
sulfate and evaporated to a Syrup. Remaining traces of cooled to  oO, saturated with dry gaseous ammonia and 
benzene were removed as an  azeotroPe by dissolving the allowed to  stand for 3 h a t  room temperature. Examin- 
syrup in dry methanol (5O ml) and again ation (solvent and spray as for 5 above) of the syrup by 
pale-yellow syrup (8.3 g). A t.l.c. analysis the t.1.c. revealed a single component of Rf 0.03. T h e  syrup 
sprayed with concentrated sulfuric crystallized from ethanol~hloroform yielding 0.22 g 
major spots at  Rr 0S7 and Rr 0.41 and a spot at (82%) of solid. Recrystallization from n-propanol- Rr 0.25. Evidence described below identified the spot Rc chloroform gave white needles of m.p. 176-1770 (de- 
0.41 as 3 and the spot Rr 0.57 as 4. comp.); [aIDZ5 -0.8" (c, 1.3 in methanol). 

After standing for two weeks at  room temperature the Anal. Calcd. for C6H904C13 : C, 28.65; H, 3.61 ; ~ 1 ,  syrup began to crystallize slowly, and by seeding a 42.29, Found: C, 28.54; H, 3.52; ~ 1 ,  41-98. 
concentrated, ice-cold ethereal solution of the syrup two 
crops of a white crystalline material were obtained; total Attenlpted Koerrigs-Knorr Renction on 5  
yield 0.75 g. After two recrystallizations from acetone - Silver carbonate (1.0 g), iodine (0.13 g), and  Drierite 
petroleum ether the large needle-shaped crystals of  3 had (2.5 g) were added to a solution of 5 (0.5 g) in dry 
m.p. 145-1470, [alDZ5 -43.8' (c, 3.0 in chloroform); lit. methanol (30 ml) and the mixture was stirred. Samples 
m.p. 139-140" (7), 145.5-146" (8); [aIDz3 -44' (8). periodically extracted from the mixture were centrifuged 

Anal. calcd. for C l ~ H 1 6 ~ 7 ~ ~ 2 :  C, 42.01; H, 4.70; Cl, and the supernatant liquor examined by t.1.c. Although 
20.66. Found: C, 41.88; H,  4.91; Cl, 20.71. traces of  material of low R, were apparent, the bulk of the 

A t.1.c.   late, sprayed with concentrated sulfuric acid, starting material was unchanged after 40 h, and  crystal- 
showed a single spot of Rf 0.41, running parallel with the line 5 was recoverable from the solution. Further incre- 
component present in the syrup and the previous tri-0- ments of silver carbonate o r  elevation of the temperature 
acetyl-~-glucal dichloride mixture. failed to induce reaction. 

A portion (3.6 g) of  the residual syrup after crystal- 
lization of 3 was distilled in vacrto at 134"/0.3 mm, giving 
a colorless distillate (2.7 g). Thin-layer chromatography Acknowledgments 
showed a high concentration of the component Rf 0.57, 
but reduced amounts of the slower moving components We wish to thank Drs. G. W. Hay and J. K. N. 
were still present. An i.r. spectrum of the syrup showed a Jones for helpful discussions. Financial support 
characteristic peak a t  1640 cm-' for C=C stretching from the ~ ~ ~ i ~ ~ ~ l  ~~~~~~~h council of canada 
vibration, indicating the presence of a dehydrochlorin- 
ation product, namely 3,4,6-tri-0-acetyl-2-chloro-D- and the Ontario Research Foundation is grate- 
glucal. fully acknowledged. 
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Synthesis of DL-thveo- and DL-evythvo-p-hydroxyisoleucinel 

i T. A. DOBSON~ 
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L. C.  VINING 
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Received May 13, 1968 

DL-threo- and DL-erythro-B-Hydroxyisoleucine were prepared from cis- and trans-3-methylpent-2- 
enoic acids, respectively. The configuration of the erytl~ro isomer was established from its synthesis by 
two independent routes. The diastereoisomers, and those of other B-hydroxy amino acids, can be 
distinguished by examination of their proton magnetic resonance spectra. 

I 
Canadian Journal of Chemistry, 46, 3007 (1968) 

An investigation of the biosynthesis of 
aspergillic acid in cultures of Aspergillus Javus, 
which showed that this pyrazine derivative is 

, derived from leucine and isoleucine (I), led us to 

I 
conjecture that hydroxyaspergillic acid might be 

1 formed similarly from leucine and P-hydroxy- 
I isoleucine. Although subsequent work proved 

1 this to be incorrect (2), preliminary feeding 
I trials with a mixture of the DL-threo and erythro 
I 

isomers of P-l~ydroxyisoleucine had shown 
strong inhibition of aspergillic acid production 

1 without noticeable effect on the growth of 
A.Javus. In order to examine this effect further 
each isomeric amino acid has been prepared 
in a pure form. These compounds may also be of 
value in elucidating the biosynthesis of two other 
plant metabolites, cleomin (3) and linamarin (4) 
which contain elements of the P-hydroxyiso- 
leucine skeleton. 

Attempted synthesis of P-hydroxyisoleucine 
from methyl ethyl ketone and glycine using the 
general route for P-hydroxy a-amino acids 
described by Otani and Winitz (5) was unsuccess- 
ful. However the amino acid was conveniently 
prepared from methyl ethyl ketone and ethyl 
dichloroacetate via the glycidic ester. Alkaline 
hydrolysis (6) yielded the acid which, after 
reaction with benzylamine followed by hydro- 
genolysis as described by Liwschitz et al. (7) 
gave P-hydroxyisoleucine in an overall yield of 

! 
17 % based on methyl ethyl ketone. The Darzens 
synthesis is known to yield a mixture of cis and 

'Issued as NRCC No. 10225. 
'NRCC Postdoctorate Fellow, 1960-1962. Present 

address: Ayerst McKenna and Harrison, Montreal, 
Quebec. 

trans glycidic esters (8). These were detected by 
gas-liquid chromatography (g.1.c.) but could not 
be separated on a preparative scale. Ailalysis by 
ion exchange chromatography of the P-hydroxy- 
isoleucine obtained from this procedure showed 
the expected mixture of diastereoisomers, but 
attempts to  effect the separation of milligram 
quantities by ion exchange chromatography 
with larger columns were unsatisfactory. No 
useful separations were obtained by paper 
chromatography, or by fractional crystallization. 

As an  alternative route to the synthesis of each 
of the P-hydroxyisoleucines a procedure used 
by West et al. (9) for the preparation of threonine 
and allothreonine was explored. 3-Methylpent-2- 
enoic acid, obtained as described by Kon and 
Linstead (lo), was a liquid from which a 
crystalline product, m.p. 46", was obtained by 
fractional distillation. This compound, previously 
described by several workers (1 1, 12), was found 
from g.1.c. and spectral evidence, to represent 
one of the isomeric a,P-unsaturated acids. The 
second isomer was separated in a pure form by 
preparative g.1.c. and obtained as a crystalline 
solid, m.p. 35.5". Structures are assigned to these 
compounds on the basis of their nilclear magnetic 
resonance (n.m.r.) spectra (Table I). Jackman 
and Wiley (13) have observed that in cis-trans 
pairs of a,P-unsaturated esters the protons of 
P-methyl and methylene groups are deshielded 
to the extent of 0.25, and 0.5-0.9 p.p.m., respec- 
tively, by a cis-carbonyl function. In the lower 
melting acid signals for the P-methyl protons are 
shielded by 0.59 p.p.m. and those of the methy- 
lene protons deshielded by 0.78 p.p.m. with 
respect to the corresponding signals given by 
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the higher melting isomer. The acid of m.p. CH3 H 

35.5" is therefore assigned structure 1 in which CH3CH2-C--C-COOH 1 I 
the methylene group is cis to the carboxyl; the I I 
acid of m.p. 46" is assigned the trans structure 2. Rt RZ 

CHlCH2 COOH CH3CHr H 
\ / 
C=C 

\ / 
C=C 

/ \ / \ 

Addition of methyl hypobromite to 2 under the 
conditions described by Riifenacht (14) yielded 
a 2-bromo-3-methoxy-3-methylpentanoic acid, 
m.p. 57-58" which, assuming trans addition, 
should have structure 3. This, with ammonia. 
gave a P-methoxy-a-amino acid which was 
demethylated with hydrobrornic acid to P- 
hydroxyisoleucine, m.p. 239-242" (decomp.). 
Pfister et al. (15) have shown that this series of 
reactions applied to trans-crotonic acid gives 
allothreonine which has the erythro configuratioil 
of hydroxyl and amino groups. They concluded 
that replacement of bromine by an amino group 
must proceed with retention of configuration, as 
found by earlier workers (16, 17) during the 
preparation of valine and isoleucine by this 
reaction, and in contrast to the inversion which 
occurs with other amino acids. If the stereo- 
chemistry of reactions leading to P-hydroxyiso- 
leucine is the same as in analogous reactions used 
for the synthesis of allothreonine, the amino 
acid should have the erythro configuration 5. 
Starting from the cis-unsaturated acid 1, a 
similar series of reactions gave a P-hydroxyiso- 
leucine to which the threo configuration, 8, is 
assigned. 

3, R l  = 0CH3; R2 = Br 
4, R I  = OCH3 ; RZ = NHr 
5, R l  = OH; R2 = NHr 

10, R I  = OH; R2 = NHBz 

6, R I  = 0CH3 ; R2 = Br 
7, R I  = 0CH3 ; Rz = NHz 
8, R I  = OH; Rz = NH2 

Evidence for the correctness of structure 5 is 
provided through an independent synthesis of 
erythro P-hydroxyisoleucine from the trans- 
unsaturated acid by the procedure of Liwschitz 
et al. (7). These workers have established that the 
oxirane ring formed by epoxidation of ci,P- 
unsaturated acids is opened with benzylamine to 
give the 2-N-benzylamino-3-hydroxy acid with 
inversion of configuration. The a-amino-p- 
hydroxy acid obtained from the trans-unsaturated 
acid, should have an erythro configuration 
(viz. 2 -+ 9 -> 18 -> 5). 

The n.m.r. spectra of these isomeric pairsrof 
substituted 3-methylpentanoic acids show suf- 
ficient differences to  provide a useful means of 

TABLE I 
Chemical shifts and coupling constants for 3-methylpent-2-enoic acids* 

cis Isomer trans Isomer 

Assignments Multiplicity 7 Hz 7 Hz 

I 
CH,-C- Triplet 9.09 7.4 9.25 7.5 

I 
-CH2- Quartet 7.44 7.6 8.22 7.5 

CH3-C= Doublet 8.55 1.7 7.96 1 . 3  
I 

=CH- 4.36 t 4.30 1 .33  
-COOH Singlet -2.42 - -2.82 - 

*Measured in benzene-d. (50 mg per ml). 
tunresolved multiplet. 
$Quartet. Signals in all quartets and triplets show additional splitting with J c 1 Hz. 
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TABLE I1 
Chemical shifts and coupling constants of some 2.3-substituted 3-methylpentanoic acids 

-- 

Compound* 
CH3 I I 
I -CHz- CH3-C- R 1  = 0 C H 3  -CH 

CH3CH2C-CH-COOH I I 

--- - 
'Measured at  50 mg per ml in trifluoroacetic acid except where noted. 
t50 mg per ml in chloroform-(I. 
650 mS per ml in acetone-(I6. 
$Quartet. 
IlDoublet. 
![Signal shows broad envelope. 
"Deduced from spectrum of mixed isomers. 

identification. Examination of Table I1 reveals The difference is very small in the U-bron~o-P- 
that, in the P-hydroxy and P-methoxy-a-amino methoxy acids, and the shielding effects are 
acids assigned a tlzreo configuration, signals reversed in the P-hydroxy-cr-N-benzoylamino 
from the 4-methylene protons are invariably acids. Thus the preferred conformation is 
deshielded whereas those of the 3-methyl mainly due to interaction between substiti~ents 
substituent are shielded with respect to corre- at positions-2 and -3. Differences in the chemical 
sponding signals given by the erythro isomer. shifts of p-methyl and methylene groups, 

TABLE 111 
Chemical shift (7 values) and coupling constants (Hz) for some b-hydroxy-a-amino acids 

Compound* 
R, I 

I - -CH -NH2 
R3-C-CH-COOH R3 - R4 

I I 
I - 

OH NH, 7 7 7 t 5 t 
DL-a-Hydroxyvaline 8.44 (CH3) 8.14 (CH3) 5.54 2.46 
L-Threonine 8.37 doublet J ,  6.5 5.55 multiplet 5.62 2.54 

(CH3) 
DL-Allothreonine 8.39 doublet J ,  6.5 5.51 multiplet 5.34 2.38 

(HI 

- (CH3) 
DL-threo-13-Hydroxyaspartic acid 

(HI 
4.64t (HI 5.00 - 

DL-erythro-e-Hydroxyaspartic acid - 4.76t  (H) 4.89 2.1  
DL-threo-p-Hydroxyphenylserine 2.723 (phenyl) 4.28 doublet J ,  3.7 5.35 2.7 

I DL-erythro-p-Hydroxyphenylserine 2.751 (phenyl) 
(HI 

I 4.30 doublet J, 4.6 5.12 2.7 

DL-threo-p-Nitrophenylserine 1.853 (phenyl) 4.11 doublet J ,  8.4 5.23 2.4 
(HI 

DL-erythro-p-Nitrophenylserine 1.873 (phenyl) 4.11 doubletJ, 8.4 5.07 2.4 
(H) 

(HI 
-- 

'Concentration, 50 mg per ml in trifluoroacet~c acid. 
tS~gnals show broad envelope. 
$Average r values A,B2 systems. 
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attributed to the deshielding effect of a neighbor- 
ing carbonyl group, suggest that 11 and 12 
represent the conformations of threo- and 
erythro-P-hydroxyisoleucines, respectively. 

The proton magnetic resonance (p.m.r.) 
spectra of the threo and erythro forms of other 
a-amino-P-hydroxy acids (Table 111) show 
similar differences which may be used to 
distinguish between the isomers. An estimate of 
the com~osition of isomeric mixtures can be 
obtainedlwithout need for the tedious and often 
difficult chromatographic separations which are 
sometimes used (1 8-23). 

Since the cis-unsaturated acid 1 is less acces- 
sible than the corresponding tralzs isomer, 
alternate routes to threo-P-hydroxyisole~icine 
were investigated. Attempts to separate the 
isomeric 2-bromo-3-methoxy-3-methylpentanoic 
acids were not successful. Fractional crystalliza- 
tion of a mixture of P-methoxyisoleucines gave 
only the elaythro isomer in a pure state. ~ e n z o ~ l a -  
tion of the P-methoxyisoleucine mixture, which, 
in the case of 0-methylthreonines has been shown 
(24) to yield a less soluble three derivative, 
resulted in only a slight increase in the propor- 
tion of tlzreo isomer after recrystallization from a 
variety of solvents. 

Inversion of configuration at the P-position of 
P-hydroxy-a-amino acids can usually be accom- 
plished via the oxazoline (25, 26). However, 
attempts to prepare an oxazoline by treating 
N-benzoyl-DL-erythro-P-hydroxyisoleucine 
methyl ester with thionyl chloride under the 
appropriate conditions gave back the starting 
material. More vioorous conditions did not 
yield the desired Goduct. Presumably nucleo- 
philic attack by the benzoyl oxygen is sterically 
hindered in this compound. 

Pfister et al. (15) have shown that reaction 
between an arnide of 2-bromo-3-methoxybutyric 
acid and ammonia gives predominantly an amino 
acid with opposite configuration at the ci- 

position from that obtained when the acid 
itself is used. Comparable observations have been 
made by earlier workers (16, 17) using peptide 

derivatives of valine and isoleucine, and it  
has been suggested (15) that the configuration 
at the a-position is retained as the result of -a 
neighboring group effect, the carboxyl ion 
participating in the transition state. Attempts to  
prepare DL-threo-P-hydroxyisoleucine taking ad- 
vantage of the inversion expected when an arnide 
or piperide derivative of DL-erythro-2-bromo-3- 
methoxy-3-methylpentanoic acid was treated 
with ammonia were frustrated when these 
compounds failed to react under the conditions 
described by Pfister et al. This lack of reactivity 
contrasts with the facile replacement of bromine 
in the a-bromo acid and is in accord with the 
observed effect of substitution a t  the P-position 
on the course of reactions at the a-carbon. 

Experimental 
Melting points were measured on a Fisher-Johns hot 

stage and infrared (i.r.) spectra with a Perkin-Elmer 
mode1237 recording spectrophotometer. Proton magnetic 
resonance (p.m.r.) spectra were recorded on a Varian 
A-60A spectrometer; microanalyses were performed by 
Drs. F.and E.Pascher, Mikroanalytisches Laboratoriuni, 
Bonn. 

Paper Cl~ronmtography 
For  routine paper chromatographic examination of 

saniples the descending technique using Whatman No. 1 
paper and 11-butanol - acetic acid - water (12:3:5) was 
employed. Amino acids were detected with ninhydrin. 
Rf values of P-methoxyisoleucine and B-hydroxyisoleu- 
cine were 0.64 and 0.49 respectively. No  separation of 
diastereoisomers was observed in this solvent system, o r  
in those described by Drell (19), Shaw and Fox (20), 
Geipel et al. (21), o r  Gray et al. (22). A solvent mixture 
containing benzyl alcohol - methyl ethyl ketone - 
ammonia - water (20:3:1:1) gave small separations on 
chromatograms developed for 40 h. T h e  relative mobili- 
ties (erythro-P-nietlioxyisoleucine, R, 1.0) were tl~reo-a- 
methoxyisoleucine, 1.09; erythro-p-hydroxyisoleucine, 
1.26 ; tltreo-P-hydroxyisoleucine, 1.39. 

Ion Esclratrge Cl~romatograpl~y 
Separation of threo- and erythro-P-hydroxyisoleucine 

was performed with a Spinco model 120 Aniino Acid 
Analyzer using AA-15 resin, citrate buffer of pH 3.28, and 
a flow rate of 70 ml per h. The threo isomer gave a peak 
at  71 rnin, and the erj~t11r.o isomer at 7 4  min after sample 
application. 

Gas-liquid Cl~ron~ntogr.apl~y 
Analytical separations were performed with a Varian 

Aerograph model 600-D instrument using a hydrogen 
flame ionization detector and 5 ft x 0.25 in. stainless 
steel columns with dimethylchlorosilane treated and acid- 
washed Chromosorb W (10CL120 mesh size) as stationary 
support. Partial separation of isomeric glycidic esters was 
achieved on either 1 % Carbowax 1540 or 1 % DEGS as  
liquid phase at  125O (retention times 7.2, 7.6, and 7.6, 
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7.9 rnin respectively at a gas flow of 65 ml per rnin). For 
the separation of unsaturated acids 1 % of either Carbo- 
wax 20 M, DEGS, or FFAP was a suitable liquid phase. 
For most routine applications a 1 %  FFAP column 
operating at 125' was used. Isomeric 3-methylpent-2- 
enoic acids were separated on a preparative scale with a 
Varian Aerograph "Autoprep" model A-700 using a 
10 ft x 0.375 in. stainless steel column packed with 20% 
FFAP on dimethylchlorosilane treated Chromosorb W 
and a gas flow of 200 rnl per rnin. The instrument was 
programmed to inject 0.3 ml samples automatically at 
150" and a temperature gradient to 190' was applied. 

P-Hydroxyisoieucine via Glycidic Ester 
P-Methyl-P-ethylglycidic ester was saponified by the 

procedure of Johnson et al. (6). A saturated aqueous 
solution (200 ml) of the sodium salt of the acid (27.4 g) 
was heated under reflux with benzylamine (38.5 g) for 
3 h. Excess benzylamine was removed by extraction with 
ether and the product applied to a column of sulfonated 
polystyrene cation (H+) resin. After elution with 4 N 
aqueous ammonium hydroxide it was crystallized from 
water; yield 19.2 g (45%). This material, together with 
5% palladium on charcoal, was suspended in glacial 
acetic acid (728 ml) and the mixture stirred for 12 h at 
70" in an atmosphere of hydrogen. Solvent was removed 
in vacuo, the residue leached with hot water, and freed 
from catalyst by filtration. Addition of 2 volumes of 
ethanol yielded 13-hydroxyisoleucine (8.25 g), m.p. 240- 
245" (d&omp.). 

Anal. Calcd. for Cc;H,,O,N: C. 48.96: H. 8.90: N. - - -  - , . 
9.52. Found: C, 49.05; H, 8.95; N,.9.41. 

cis- and tratzs-3-Methylpent-2-enoic Acids 
Ethyl 3-hydroxy-3-methylpentanoate, prepared in 57 % 

yield by a Reformatsky reaction from methyl ethyl ketone 
and ethyl bromoacetate, was saponified with ethanolic 
potassium hydroxide. The hydroxy acid (55 g, 92 % yield) 
was dehydrated by heating under reflux for 1.5 h with 
acetic anhydride (300 ml). The crude product was dis- 
tilled at 1 mm Hg pressure to yield an oil (35.6 g), b.p. 
65-70". Iodimetric titration (27) gave a value of 8 % for 
the content of P,y-unsaturated acid. 

The oil was redistilled at 1 Torr on a column (20 x 1 
cm) packed with "Helipak" (Podbielniak Inc., Franklin 
Park, Ill.) and collected in 6 fractions over the tempera- 
ture range 68-72". Fractions 4 and 5 after cooling to 4" 
deposited crystals. These were recrystallized from petro- 
leum ether (b.p. 40-60") then aqueous methanol to give 
colorless prisms (5.9 g) of tratzs-3-methylpent-2-enoic 
acid (2), m.p. 46"; v,,,(film) at 1700, 1650, and 870 cm-'. 

Anal. Calcd. for C6HI0O2: C, 63.13; H, 8.83. Found: 
C, 62.93; H, 8.98. 

Gas-liquid chromatographic analyses of the fractions, 
using an FFAP liquid phase at 125" showed that fractions 
1-4 contained two products with retention times of 9.2 
and 10.9 min. trans-3-Methylpent-2-enoic acid (2) isolated 
from fractions 4 and 5 corresponded in retention time 
with the slower moving component. The proportion of 
this acid in fractions 1 to 6 increased from 44 to 78% 
respectively. Fraction 6 contained approximately 6 % of a 
third component of retention time 12.2min. This was 
separated from the mixture by distribution between ether 
and 1 % aqueous sodium bicarbonate, when it partitioned 
preferentially into the aqueous phase. It was purified by 

distillation to give an oil, nDZ3" 1.4476, v,,,(film) 1715, 
1655, and 900 cm-l, corresponding in properties with 
3-methylpent-3-enoic acid (10). 

Preparative g.1.c. of fraction 1 separated the two com- 
ponents; the faster moving fraction was collected as an 
oil which crystallized on cooling, and, after recrystal- 
lization from petroleum ether (b.p. 40-60"), then water, 
afforded cis-3-methylpent-2-enoic acid (1) as colorless 
prisms, m.p. 35.5"; v,,,(film) at 1700,1650, and 870 cm-l. 

Anal. Calcd. for C6HloO2 : C, 63.13 ; H, 8.83. Found: 
C, 62.77; H, 8.64. 

threo- and erythro-2-Bromo-3-n~ethoxy-3- 
methylpentanoic Acids 

trans-3-Methylpent-2-enoic acid (1.0 g) in methanol 
(20 ml) containing freshly calcined heavy magnesium 
oxide powder (0.28 g) was treated at 0.5" with a stream 
of bromine vapor obtained by slow aspiration of dry air 
over 1.8 g bromine. After addition of bromine was 
complete (2 h) the reaction mixture was acidified, con- 
centrated in vacuo, and diluted with water. The acidic 
product extracted into ether was obtained as an oil which 
crystallized on cooling at -10". It was recrystallized 
from petroleum ether, (b.p. 60-80") to give erythro-2- 
bromo-3-methoxy-3-methylpentanoic acid (3) as prisms 
(783 mg), m.p. 57.5-58". v,,,(KBr) at 1730 cm-I. 

Anal. Calcd. for C7HI3O3Br: C, 37.36; H, 5.82; Br, 
35.50.Found: C, 37.74;H, 5.91;Br, 35.56. 

By a similar procedure cis-3-methylpent-2-enoic acid 
(0.5 g) yielded threo-2-bromo-3-methoxy-3-methylpen- 
tanoic acid (6) as prisms (610mg), m.p. 53-53.5"; 
v,,,(KBr) 1735 cm-l. Found: C,37.25; H,5.67; Br,35.18. 

Amides o f DL-erythro-2-Bromo-3-methoxy-3- 
methylpentanoic Acid 

The piperide of DL-erythro-2-bromo-3-methoxy-3- 
methylpentanoic acid, was prepared via the acyl chloride 
by the method of Hster et al. (15). It was obtained in 
92% yield as an oil, nDZ6" 1.5080, v,,,(film) 1647 cm-l. A 
sample was distilled at 85 % at Torr. 

Anal. Calcd. for C12H2202NBr: C, 49.32; H, 7.59; N, 
4.79; Br, 27.35. Found: C, 49.71; H, 7.54; N, 4.64; Br, 
24.93. 

By reacting the acyl chloride in benzene with dry 
ammonia the amide, m.p. 74.5-76"; v,,,(KBr) 3440,3330, 
3280, and 1677 cm-l was obtained. 

Anal. Calcd. for C7H1402NBr: C, 37.51; H, 6.30; 
N, 6.25; Br, 35.66. Found: C, 37.66; H, 6.12; N, 6.18; 
Br, 35.66. 

threo- and erythro-P-Methoxyisoleucines 
2-Bromo-3-methoxy-3-methylpentanoic acid (3) (6.0 g) 

and ammonium hydroxide (d 0.880, 120 ml) were 
heated in a sealed tube at  100" for 2.5 h. The reaction 
mixture was evaporated to  dryness and the residue, in 
water, applied to a column of cation exchangeres in 
(H+ form). The basic product was eluted with 4 M 
ammonium hydroxide and crystallized from aqueous 
ethanol to yield DL-erythro-P-methoxyisoleucine (4) as 
plates (3.2 g) which sublimed rapidly above 265" without 
melting. v,,,(KBr) 3070-2500, 1652, 1580, 1485, 1395, 
1340,1055, and 720 cm-l. 

Anal. Calcd. for C7H1503N: C, 52.15; H, 9.38; N, 8.69. 
Found: C, 52.53; H, 9.68; N, 8.48. 

2-Bromo-3-methoxy-3-methylpentanoic acid (6) (450 
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mg) treated similarly gave DL-threo-P-methoxyisoleucine 
(7) as prisms (287 mg) which sublimed rapidly above 265" 
without melting; v,,,(KBr) 3050-2500, 1655, 1575, 1495, 
1340, 1055, and 720 cm-'. Found: C, 52.26; H, 9.17; 
N, 8.75. 

ihreo- and eryihro-13-Hydro.uyiso1eucines 
DL-erythro-13-methoxyisoleucine (0.6 g) in 48 % hydro- 

bromic acid (18 ml) and water (12 ml) was heated under 
reflux for 6 h. Paper chromatographic analysis of the 
reaction mixture showed this to be the optimum reaction 
time. The solution was evaporated to dryness and the 
residue, in water, applied to a column of cation exchange 
resin (H+ form). After elution with 4 M ammonium 
hydroxide, DL-erythro-13-hydroxyisoleucine (5) wascrystal- 
lized from aqueous ethanol as plates (265 mg), m.p. 
239-242" (decomp.). v,,,(KBr) 3400-2500, 1655, 1550, 
1415, 1295,1275,1165, 1130,1000,940, and 730cm-'. 

Anal. Calcd. for CsH1303N: C, 48.96; H, 8.90; N, 
9.52. Found: C, 49.01; H, 8.84; N, 9.22. 

Demethylation of DL-ihreo-P-methoxyisoleucine (100 
mg) under similar conditions yielded ~r-threo-!3-hydroxy- 
isoleucine (8) as plates (73 mg), m.p. 222-228" (decomp.); 
v,,,(KBr) 3380-2500, 1670,1585,1485,1410,1330,1165, 
1010, 920, and 715 cm-'. Found: C, 49.04; H, 8.70; 
N, 9.77. 

N-Benzoyl-DL-erythro-~Hydro.xyisoleucine Methyl Ester 
N-Benzoyl-DL-erythro-13-hydroxyisoleucine was pre- 

pared by the procedure of West and Carter (24) in 87% 
yield. It crystallized from ethyl acetate as plates, m.p. 
150.5-151" (decomp.): v.,,,(KBr) 3435, 3250-2500, 1730, 
1640, and 1530. 

Anal. Calcd. for C,-H,.O,N: C. 62.14: H. 6.82: N. . . . . 
5.57. Found: C, 61.99{~,-6.4%; N, 5.68. 

With excess diazomethane in ether it gave N-benzoyl- 
DL-erythro-p-hydroxyisoleucine methyl ester, /zDZ6 1.5288; 
v,,,(film) 3410, 1740, 1645 cm-'. A sample was distilled 
at 110" at Torr. 

Anal. Calcd. for C14H1903N: C, 63.38; H, 7.22; N, 
5.28. Found: C, 63.05; H, 7.23; N, 5.37. 

DL-eryrhro-13-Hydroxyisoleucine via DL-erythro-N- 
Benzyl-13-l~ydroxyisoleuci~ze 

trans-3-Methylpent-2-enoic acid (3.4 g) in water (20 ml) 
was partially neutralized with sodium hydroxide (0.6 g) 
and sodium tungstate (1.0 g) added. While the mixture 
was stirred vigorously at 65" hydrogen peroxide (5 ml) 
was added drop by drop. The pH was maintained at 
5.2-5.5 by adding portions of an aqueous solution of 
sodium hydroxide (0.6g). Stirring was continued for 
30 min after addition of hydrogen peroxide was complete, 
then benzylamine (6.5 g) and the balance of the sodium 
hydroxide solution added. This mixture was heated under 
reflux for 2.5 h, and excess benzylamine extracted with 
ether. The aqueous phase was applied to a colun~n of 
cation exchange resin (H+ form) and the basic product, 
eluted with 4 M aqueous ammonia, dried, and leached 
with acetone. It was crystallized from aqueous ethanol 
to give DL-erythro-N-benzyl-13-hydroxyisoleucine (10) as 
prisms (1.47 g), m.p. 209-210" (decomp.) ; v,,, (KBr) 
3170-2350, 1630, 1615, 755, and 700cm-'. 

Anal. Calcd. for C13H1903N: C ,  65.80; H, 8.07; N, 
5.90. Found: C, 65.53; H,  8.07; N, 5.88. 

The benzylamino acid (0.51 g) in glacial acetic acid 
(20 ml) was stirred under hydrogen at 70' with 5 %  
palladized charcoal (0.1 g) for 24 h. The product was 
crystallized from aqueous ethanol to give DL-erythro-13- 
hydroxyisoleucine (0.21 g), 1n.p. 238-242" (decomp.). 
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Reaction of a-hydrazino carboxylic acids with ninhydrin 
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Several a-hydrazino carboxylic acids and their m-nitrobenzal hydrazones have been prepared and 
characterized. The latter and two of the former have not been previously reported. The a-hydrazino acids 
were found to react with ninhydrin to yield Ruhemann's purple, but in much lower yield than the corre- 
sponding amino acids. However, hydrazine itself yields a different colored product. Various aspects of the 
reaction between ninhydrin and the a-hydrazino acids were investigated and a mechanism for the forma- 
tion of Ruhemann's purple is suggested. 

Canadian Journal of Chemistry, 46, 3013 (1968) 

Introduction 

A number of a-hydrazino carboxylic acids 
have been prepared and characterized. Most of 
these acids have previously been reported (1-5), 
with the exception of the a-hydrazino derivatives 
of palmitic and stearic acids, and the m-nitro- 
benzal hydrazone derivatives (6). 

As part of the characterization of the a-hydra- 
zino acids, their reaction with ninhydrin was 
tested. Some reaction between the carbonyl-rich 
reagent, and the hydrazino group, to yield a 
colored complex was anticipated, but it was a 
complete surprise to find that the reaction gives 
Ruhemann's purple (7), though in much lower 
yields compared to the corresponding a-amino 
acids. 

Stimulus for this work derives from the hope 
of the eventual synthesis of oligo- and poly- 
hydrazino acids consisting of a-hydrazino car- 
boxylic acid monomers bound to each other in 

O H  H 
I1 I I 

"hydrazino peptide" (-C-N-N-) bonds. 
This would create an entire chemistry analogous 
to protein chemistry, and this paper is a report of 
preliminary activities in this area. 

As research interests expand in this field, it 
would be desirable for all to proceed with some 
common, and hopefully clear, nomenclature and 
symbolism. In this respect, it is suggested that 
the monomers, as a group, be called hydrazino 
acids and abbreviated, HA. Where the hydra- 

[ zino acid has a corresponding characterized 

amino acid, possessing a common name, the 
name of the HA should be that of the amino 

'Present address: Chemistry Department, Fresno State 
College, Fresno, California. 

acid, preceded by the word hydrazino. Thus the 
HA analogous to leucine, a-hydrazinoisocaproic 
acid, would be called hydrazinoleucine. If no 
Greek letter precedes the word, hydrazino, the 
group is to be understood as occupying the a- 
position. For shorthand notation, hydrazinoleu- 
cine would be written, HLeu. 

Experimental 
Materials 

Most of the a-bromo carboxylic acid precursors of the 
HA were purchased from either Eastman Organic Chem- 
icals o r  City Chemical Company, New York. The 95% 
hydrazine used was an Eastman Organic Chemicals 
product. Ninhydrin and other reagents were available 
here. Liquid reagents were distilled prior to use and nin- 
hvdrin was recrvstallized from water. 

Preparative Procedure for the Hydrazino Acids 
While the exact details may vary slightly from one 

specific preparation to another, the general method for 
synthesizing HA is given below (2-5, 8-10). 

Ten grams (less if the acid was in short supply or too 
expensive) of the corresponding a-bromo carboxylic acid 
were added to 50 ml of absolute ethanol at room tem- 
perature. T o  this mixture, a n  approximate 5 M  excess of 
95 % hydrazine was added in small portions. T h e  solution 
was reduced to one-quarter its original volume over a hot 
plate and then placed in the deep freeze to initiate crystal- 
lization of the product. Usually crystals appeared within 
1 h. After 24h, they were filtered off, washed with absolute 
ethanol and dried. Recrystallization was performed by 
solution in ethanol-water mixtures, followed by reduction 
in volume, addition of absolute ethanol, and subjection 
to deep freeze temperatures. 

In general the HA were soluble in hot and cold water, 
but essentially insoluble in ethanol as well a s  in such 
organic reagents as p-dioxane and hexane. 

In all cases the racemic a-bromo acid precursors were 
employed, thus yielding products which were devoid of 
optical activity. 

Preparation of m-Nitrobenzaldehyde Derivatives 
Two grams of m-nitrobenzaldehyde were dissolved in 

sufficient ethanol, and 0.5 g of a-hydrazino acid was dis- 
solved in sufficient water, t o  bring each into solution. The 
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TABLE I 
a-Hydrazino (carboxylic) acidsa 

Melting point ("C) Nitrogen analysis X b  
Suggested Suggested 

Chemical name common names abbreviation Observed Literature % yield Appearance Calculated Found 
2 

a-Hydrazino-n-butyric Hydrazinobutyric HAbu 212d. 208' 26 White plates 23.7 23.7d * 
a-Hydrazino-3-methyl-n-butyric Hydrazinovaline HVal 250d. 230-235" 36 White 21.2 20.8 

(a-Hydrazinoisovaleric) powder 
a-Hydrazinovaleric Hydrazinonorvaline HNval 216d. 215/ 80 White 21.2 

5 
21.3' w 

a-Hydrazino-4-methylvaleric Hydrazinoleucine HLeu 227d. 228" 32 
(a-Hvdrazinoisoca~roic~ 

Hydrazinonorleucine HNleu 220d. 221' 28 
21gk 

1 99-301 ' - - -  --- 
a-Hydrazinophenylacetic Hydrazinophenylglycine HPGly 182d. 183-184" 55 

a-Hydrazinohexadecanoic Hydrazinopalmitic HPal 203 5 1 

a-Hydrazinooctadecanoic Hydrazinostearic HSte 205d. 66 

T h e  general procedure for a-hydrazino acid preparation is described in the Experimental section. All observed melting points are corrected. 
bValues with footnotes were determined by the Dumas method: the others were obtained by microkieldahl orocedure. 
CSee refs. 1 and 3. 
dCalcd:C,40.7;H, 8.5.Found:C,40.5;H,8.6. 
'See refs. 2 and 3. 
JSeerefs. 1 and 3. 
PCalcd: C.45.4; H.9.2. Found: C, 45.3; H, 9.1. 
hSee ref. 3. 
'Calcd: C, 49.3; H,9.7. Found: C, 48.9; H, 9.6. 
Wacirca and Ciocca, Boll. 1st sieroterap. Milanese, 23,99 (1944). 
'See ref. 4. 

needles o 
Silvery 19.2 19.1. 

powder 
Silvery plates 19.2 19.2m 6 

?I 
White 16.8 16.6 C] 

powder 8 
White 9.8 9.9 5 

powder 
White 8.9 8.7 2 

powder 
< 
8 

'See ref. 3. 
mCalcd:C,49.3;H,9.7. Found: C.49.5; H,9.7. 
nSee ref. 5. Results are for the laevorotatory form. 
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RONWIN ET AL.: a-HYDRAZINO ACIDS AND NINHYDRIN 

TABLE I1 
m-Nitrobenzal hydrazones of a-hydrazino acids* 

Nitrogen analysis %? 

Hydrazone of Melting point (OC) % yield Appearance Calculated Found 

Hydrazino-TI-butyric 112 71 Yellow powder 16.6 16.4 
Hydrazinonorvaline 191-192 41 Light-yellow needles 15.8 15.6 
Hydrazinovaline 162-163 27 Yellow powder 15.8 15.5 
Hydrazinoleucine 82 44 Yellow needles 15.0 15.0 
Hydrazinonorleucine 97-98 54 Yellow needles 15.0 14.9 
Hydrazinophenylglycine 195-197 35 Yellow leaflets 14.0 13.9 

*The general preparative procedure is described in the Experimental section. All melting points are corrected. 
?Determined by microkjeldahl analysis in which sodium thiosulfate was added to the digestion mixture to facilitate the reduc- 

tion of  the nitro group. 

two solutions were slowly mixed. During this process 
product precipitation was observed in some cases. After 
complete mixing, the resulting solution was reduced on a 
hot plate to approximately three-quarters of its original 
volume and cooled. The m-nitrobenzaldehyde derivatives 
were filtered off and recrystallized from 50% ethanol. 

Ninhydri~z Reaction Procedure for the Hydrazirzo Acids 
Essentially, the ninhydrin reaction with HA's was 

carried out in a manner similar to that described for 
amino acids by Moore and Stein (11). In the first set of 
conditions, various aliquots of 0.002 M solutions of either 
a-hydrazino or a-amino acids were brought to 1 ml 
volumes with water in suitable test tubes. They were then 
treated with 1 ml of 0.2 M citrate buffer, pH 5, which 
contained 0.8 g SnC12.2H20/1 as reducing agent,and 20g 
of ninhydrinll. Methyl cellosolve was absent from the 
reagent. After mixing the HA and ninhydrin solutions, 
the tubes were capped and immersed in a water bath 
maintained at 100' for various periods of time. This set of 
conditions will be called the "aqueous system" in this 
report. The second set of conditions varied only in that 
methyl cellosolve was present in a 1 :1 ratio with the 
aqueous citrate buffer, but concentrations of citrate, 
stannous chloride, and ninhydrin were identical to those 
in the aqueous system described above. However, tubes 
containing the reaction mixture were immersed in an oil 
bath maintained at 124' (the b.p. of methyl cellosolve) 
and kept in the bath for various times. In the 1h treat- 
ment the water would evaporate, leaving essentially a 
methyl cellosolve solution of reactants and products. 
Except for the bath temperature and reaction volumes, 
this system is closest to that given by Moore and Stein (1 1) 
and is referred to here as the "cellosolve-water system." 
A third ninhydrin reagent, which was used only in the 
reaction with hydrazine hydrate, consisted of a solution 
of ninhydrin and SnC12.2H20 in methyl cellosolve (no 
citrate) in identical concentrations as in the above re- 
agent solutions. 

After appropriate bath immersion times, the tube 
contents were diluted with 5 rnl (or more if required) of 
1 : 1; n-propanol:H20, mixed well, and read in either a 
Bausch & Lomb Spectronjc 20 or a Beckman D U  record- 
ing spectrophotometer, accompanied by suitable blanks. 
Due to reduced atmospheric pressure indigenous to this 
region, salt was added to our water baths to achieve and 
maintain 100". 

Results and Discussion 
The a-Hydrazino Acids and their m-Nitrobenzal 

Hydrazones 
Table I presents pertinent data on the a-hydra- 

zino acids prepared in this work including the 
two new ones, hydrazinopalmitic and hydra- 
zinostearic acids. Appropriate data for the m- 
nitrobenzaldehyde derivatives are given in Table 
11. The m-nitrobenzal hydrazones of hydra- 
zinopalmitic and hydrazinostearic acids could 
not be obtained due to solubility problems. 

Paper Chromatography 
Comparative runs were performed in duplicate 

for norleucine and HNleu using Whatman No. 1 
paper and an eluant consisting of 60 :30: 10; 
n-butanol :glacial acetic acid :water, in a closed 
system. Approximately 26 pg of DL-norleucine 
were spotted and approximately 142 pg of DL- 
HNleu were used. The chromatograms were run 
for 6 h, using the ascending method. They were 
then dried and the color was developed with 
ninhydrin spray in n-butanol(1 g ninhydrin in 25 
ml n-butanol). This gave the following R, values: 
DL - norleucine : 0.67 ; DL-hydrazinonorleucine: 
0.41. 

Infrared Spectral Comparison of a-Hydrazino- 
and a-Amino-n-butyric Acids 

The infrared (i.r.) spectra of a-hydrazino-n- 
butyric acid and a-amino-n-butyric acid were 
compared (Fig. 1). Four bands are germane (12). 
The first two are the N-H bending peaks 
known as amino acid I and 11, which are usually 
seen at 6.03-6.22 p and 6.46-6.74 p, respectively. 
For aminobutyric, these are observed at 6.03- 
6.10 p and 6.63 p, respectively. Although these 
bands are purported to disappear on N-substi- 
tution in the amino acid (12), both bands are 
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RONWlN ET AL.: a-HYDRAZINO ACIDS AND NINHYDRIN 3017 

observed in similar intensity as sharper peaks at 
6.19 p and 6.68 p for the hydrazino acid. While 
additional evidence will be recited below sup- 
porting a zwitterion structure for the hydrazino 
acid, the above observation suggests that the 
proton dissociated from the carboxyl group 
resides on the P-nitrogen atom. The amino acid 
I and I1 bands arise from N-H bending in- 
volving a nitrogen atom situate as, (R-NH3)+. 
Further substitution of the nitrogen atom to 
create, (R-NH2R1)+, causes band disappear- 
ance. If the proton in the HA zwitterion resided 
on the a-nitrogen, this nitrogen would be situate 
as (R-NH2Rf)+ and the bands should not be 
observed; however, if the P-nitrogen carried the 
proton its structure would be, (R-NH3)+ and 
the bands should be seen, as is the case. (The 
fact that the amino acid nitrogen atom is attached 
to a carbon in the R group and the HA's P- 

nitrogen atom would be attached to a nitrogen 
in the R group, should influence only band 
position and intensity.) 

The second two bands of interest are those 
shown by free amino acids in the zwitterion 
form for ionized carboxyl absorptioil a t  6.25- 
6.42 p and at approximately 7.15 p. For amino- 
butyric, a strong band is seen at 6.25-6.38 p and 
a somewhat weaker one is in evidence at  7.08- 
7.10 p. For the HA, both peaks are distinct and 
sharp at 6.32 p and 7.12 p. These observations, 
considered with the complete absence of un- 
ionized carboxyl group absorption in the 5-6 
p region, and the generally similar infrared (i.r.) 
spectral graphs for both acids, reasonably suggest 
that the free a-hydrazino aliphatic acids exist 
as zwitterions. 

Further support for this thesis is found in the 
relatively good water solubility and poor organic 

WAVELENGTH, MA 
FIG. 2. Absorption spectra for hydrazinonorleucine and norleucine. Aqueous system conditions; bath time: 20 

min. Acid concentration in reaction: 80y of 0.002 M norleucine; 600y of 0.002 M hydrazinonorleucine. 0, DL-Hydra- 
zinonorleucine; 0, DL-Norleucine. 
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solvent solubility displayed by the hydrazino 
acids; this is analogous to amino acid solubility 
behavior. 

The infrared spectra of a-hydrazinonorleucine 
and norleucine were almost identical to the cor- 
responding n-butyric acid analogues. 

The Ninhydrin Reaction in the Aqueous System 
at 100" 

Absorption Spectra 
The complex formed in the reaction between 

either H A  or amino acids and ninhydrin gener- 
ally has a maximum absorption at  570-572 mp; 
although, it is quite broad and tends to range 
from 560-580 mp. This is illustrated in Fig. 2 
for the ninhydrin reaction product for norleucine 
and the corresponding HA. Note that extraction 
of comparable color yields for these related acids 
required a 7.5 times greater molar concentration 
of the HA. Even higher ratios were required for 
other pairs. 

Beer-Lambert Relationship 
Figure 3 shows a graph of absorbance vs. con- 

centration for hydrazinonorleucine, hydrazino- 

norvaline, hydrazinoleucine, and hydrazino-n- 
butyric acids. All were reacted with ninhydrin 
under aqueous system conditions. While color 
yields vary despite identical initial HA concen- 
trations, it is clear that the Beer-Lambert rela- 
tionship is followed. The curves give evidence 
that color yields among the straight chain acids 
increase with increasing hydrocarbon chain 
lengths. Further, as judged by comparison be- 
tween HNleu and HLeu, branching markedly 
reduces color yields. (In separate data, HNval 
yielded roughly three times more color than 
HVal compared a t  a single concentration.) 

While the results with the corresponding 
amino acids at 100 OC reaction temperature (11) 
contain no hint of either of the above phe- 
nomena, support for steric and polar effects was 
demonstrated by Friedman and Sigel (13), who 
observed a decided relationship between color 
yield and structure at 30°, as well as at 100". 
Unfortunately, comparisons are  precluded, as 
none of the amino acids examined in their work 
at 100 "C correspond to the H A  in this work, 
and they do not correspond to those in Moore 

FIG. 3. Absorbance at 570 my vs. concentration for the hydrazino acids. Aqueous system conditions; bath time: 
20 min. 0, DL-Hydrazinonorleucine; 0, DL-Hydrazinonorvaline; A, DL-Hydrazino-n-butyric acid; 0, DL-Hydra- 
zinoleucine. 

~c M of oc-HYDRAZINO ACIDS 
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TABLE I11 

Color stability of 20 min ninhydrin reaction product* 

Absorbance at  various times after 
Aliquot of removal from bath 

standard solutiont Wavelength 
Compound (PI) ( m ~ )  15min 6 h  l l h  2 0 h  2 4 h  

Valine 

Norleucine 80 565 0.30 0.28 0.27 0.23 0.20 
570 0.32 0.28 0.26 0.22 0.20 

Hydrazinonorvaline 600 565 0.22 0.19 0.17 0.15 0.12 
570 0.23 0.20 0.17 0.14 0.12 

Hydrazinonorleucine 600 5 65 0.31 0.29 0.26 0.23 0.20 
570 0.32 0.28 0.25 0.23 0.20 

Hydrazinobutyric 

Hydrazinovaline 1200 565 0.13 0.11 0.10 0.08 0.07 
570 0.14 0.13 0.13 0.11 0.09 

Hydrazinoleucine 1200 565 0.15 0.14 0.13 0.10 0.08 
570 0.16 0.15 0.13 0.11 0.09 

'Aqueous system conditions; bath temperature 100 "C. 
to.002 M. 

I and Stein's list (1 I), (except leucine which Fried- 
, man and Sigel used as a standard). 

Color Stability as a Function of Time 
Color stability as a function of time is given 

I 
in Tables I11 and IV for the 20 min and 60 min 

I ninhydrin reaction product, respectively. In all 
cases, gradual color loss is experienced with 

1 
time. The exact decay rate varies with the spe- 

I cific acid (whether amino acid or HA) but on the 
I whole, ranges from 30-50% over a 24 h period 
1 or approximately 1-2% per h, which corre- 

sponds with the observations of Moore and 
Stein for amino acids (1 1). 

Effect of Reaction Time on Initial Color Yield 
Some comparison of this relationship is pos- 

sible in the data of Tables I11 and IV where 
HAbu and HVal give a slight color increase after 
1 h reaction time, whereas HN-leu shows a de- 
crease, compared to the results obtained from 
20 min of reaction (adjusted for concentration 
differentials). 

In a further study, a comparison of color 
yield vs. reaction time was made for the ninhy- 
drin-norleucine and ninhydrin-hydrazinonor- 
leucine reactions (Fig. 4). Both curves have 
similar form, rising steeply early in the reaction 
and approaching maxima of color yield in the 

TABLE IV 
Color stability of 1 h ninhydrin reaction product* 

Absorbance at various 
times after removal 

Aliquot of from bath 
standard solutiont Wavelength 

Compound (PI) ( m ~ )  15min l h  24h  

Hydrazinobutyric 

Hydrazinonorleucine 600 565 0.19 0.14 0.12 
567 0.17 0.15 0.11 
570 0.17 0.13 0.10 

Hydrazinovaline 

*Aqueoussystemconditions; bath temperature 100 O C .  

to.002 M. 
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DEVELOPMENT TIME, MINUTES 
FIG. 4. Absorbance at  570 mD vs. ninhydrin reaction time (color development time). Aqueous system conditions. 

Acid concentration in reaction: 80 y of 0.002 Mnorleucine; 600 y of 0.002 M hydl.azinonorleucine. @, DL-Norle~~cine; ., DL-Hydrazinonorleucine. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RONWIN ET AL.: a-HYDRAZINO ACIDS AND NINHYDRIN 

WAVELENGTH, MA 
FIG. 5. Absorption spectrum of the hydrazinonorleucine and norleucine ninhydrin reaction products developed in 

the cellosolve-water system. Acid concentration in reaction: 80y of 0.002 M norleucine and 600y of 0.002 M hydra- 
zinonorleucine. The norleucine reaction required 10 ml of 1 :I; n-propanol:H,O diluent rather than 5 ml as in the case 
of hydrazinonorleucine. Bath time: 1 h; oil bath temperature: 124 "C. 0, DL-Hydrazinonorleucine; 0, DL-Norleucine. 

vicinity of 22 to 30 min. Thereafter, the color 
yield in the HNleu case falls off rapidly, while 
Nleu shows a more gradual decline. The dis- 
parity in molar concentrations (7.5 times more 
HA) must be kept in mind for curve compari- 
son. Also, the ordinate values tend to magnify 
the variances, which are minor over the first 
60 min of development times. 

Tfze Ninhydrin Reaction in the Cellosolve- Water 
System at 124" 

Absorption Spectra 
The spectra of the products of the ninhydrin- 

hydrazinonorleucine and ninhydrin-norleucine 
reactions, run under cellosolve-water conditions, 
were compared (Fig. 5). The 570 mp maxima in 
both cases is characteristic of Ruhemann's 
purple. 

Initially, the reaction conditions are mainly 
aqueous, but the 1 h reaction time at 124" results 
in complete evaporation of the water in the 
reaction mixture. 

Although the ratio of the initial color yield in 
the completely aqueous system of Nleu/HNleu 
was approximately 7.5, the ratio in the cello- 
solve-water system is more like 30. N-leu gave 
more than twice the color yield under these con- 
ditions compared to the aqueous system, while 
HNleu gave approximately one-third less color. 
It would appear that these conditions offer a 
more sensitive analytical procedure for amino 
acid determination than 100" bath temperatures. 

Color Stability as a Fuizction of Time 
The data in Table V give the color stability 

for each acid as a function of time for the color 
developed in the methyl cellosolve-water system. 
These rates of color decay are comparable to 
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FIG. 6. Absorption spectra of the hydrazine-ninhydrin reaction product developed in two different media. Upper 
section: aqueous system conditions; bath time: 20 min. Lower section: anhydrous methyl cellosolve containing nin- 
hydrin and stannous chloride, but no citrate. Product developed immediately upon mixing of the reactants at room 
temperature and was read as such. Concentration of hydrazine: 80 y of the commercial preparation. The reaction 
mixture was diluted 1 to 25 with 1:l; n-propanol:H,O, in the case of the anhydrous cellosolve system and 1:50 in 
the case of the aqueous system prior to reading. 
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TABLE V 
Color stability of ninhydrin reaction product in methyl cellosolve medium* 

Absorbance at various times after 
Aliquot of removal from bath 

standard solutiont 
Compound (PI) Initial 4 h  6 h  l l h  24h 

Norleucine 80 0.48$ 0.44 0.40 0.33 0.27 
Hydrazinonorleucine 600 0.22 0.20 0.17 0.15 0.13 

*lh  color development time. Bath temperature, 124 'C. 
to.002 M. 
$10mlof 1 :I; n-propanol:HIO diluent used in this case. 

those observed for the reaction run in totally 
aqueous media. 

Hydrazine Reaction with Ninhydrin 
Reaction in the Aqueous System 
Figure 6, upper section, presents a plot of the 

data for the color complex formed in the reaction 
between hydrazine and ninhydrin. No absorp- 
tion was observed beyond 500 mp. The first peak 
was seen at 440 mp and a weaker one is observed 
at 385-390 mp. In the upper ultraviolet region 
a pronounced peak appears at 332 mp. Further 
wavelength reduction was accompanied by 
absorption that was too intense to be recorded. 
The reaction mixture was a reddish-brown in 
appearance. Very little fine structure was seen 
in the curve and then only from 335 mp to 324 

Reaction itz Anlzydrous Methyl Cellosolve 
System 

Treatment of concentrations of hydrazine and 
ninhydrin that were identical to those used in 
the aqueous system, in an anhydrous methyl 
cellosolve medium containing only ninhydrin 
and stannous chloride resulted in immediate 
color development at room temperature and 
gave the absorption spectrum shown in Fig. 6, 
lower section. This spectrum is essentially iden- 
tical to that in Fig. 6, upper section, with major 
peaks appearing at 430, 390, and 334 mp. The 
sharp absorptions as the wavelengths are further 
reduced are probably due to the keto-phenyl 
groupings on the ninhydrin or its reduced prod- 
uct or its reaction product with hydrazine. 
Much more fine structure was observed in this 
case, than in the product formed in the aqueous 
medium; however, no fine structure was seen 
for wavelengths higher than 385 mp. In the 
region of the fine structure, two other broad 
peaks could be observed, one at 348 mp and 

the other at 359 mp and two narrow peaks ap- 
peared at 366 and 373 mp. These additional 
peaks may reflect the variance in ionization 
states of the product in the two different solvents. 
The color yield in anhydrous methyl cellosolve 
was approximately one-half that in the water 
system. 

The identity of the curves over much of their 
course point to the formation of the same color 
complex in both cases, which is obviously differ- 
ent from Ruhemann's purple. 

The correspondence between the peak seen 
with hydrazine at 430-440 mp and that given at 
the same wavelength by proline and hydroxy- 
proline may signify some similarity of structure 
for the ninhydrin reaction product in each case. 

Conclusions on the Nitzlzydrin Studies 
In general, the similar absorption maxima 

and curve shapes of the amino acid and hydra- 
zino acid reaction products with ninhydrin, as 
well as the color stability results in both the 
aqueous and cellosolve-water systems, reinforce 
with considerable confidence the notion that 
Ruhemann's purple (7) is formed in the reaction 
between hydrazino acids and ninhydrin, as is 
known between amino acids and the same 
reagent. 

To account for the appearance of Ruhemann's 
purple in the hydrazino acid case, one could 
write a mechailism similar to that suggested for 
amino acids by Friedman and Sigel (l3), which 
calls for an initial nucleophilic attack by the 
a-amino nitrogen atom of an amino acid on 
the C-2 of the ninhydrin molecule (with HA, the 
attack would be by the P-nitrogen atom of the 
a-hydrazino group). With the HA hydrazone, 
tautomerization to an azo compound followed 
by reduction in the stannous chloride containing 
medium would yield 2-amino-1,3-diketoindan. 
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This compound and a molecule of ninhydrin can 
react to give Ruhemann's purple. 

One of the two anonymous referees suggested 
an interesting alternative mechanism, which 
presumably includes an initial nucleophilic 
attack to yield the corresponding hydrazone. A 
rearrangement of bonds and a splitting off of a 
fragment from the hydrazone would yield 2- 
imino-l,3-diketoindan which could then be 
reduced and reacted with another molecule of 
ninhydrin to give Ruhemann's purple. 

Whatever the exact mechanism for the ninhy- 
drin reaction with either amino acids or HA to 
yield Ruhemann's purple, they all appear to have 
two common requirements (i) with HA, an 
initial nucleophilic attack yielding a hydrazone 
(with amino acids, a Schiff base), and (ii) the 
formation of Zamino-l,3-diketoindan or its 
corresponding anion at the Zposition carbon 
atom. 

With hydrazine itself, a hydrazone could form 
which might not permit reduction to Zamino- 

1.3-diketoindan or which could react with a 
second molecule of ninhydrin to yield the cor- 
responding azo compound also incapable of 
yielding 2-amino-1,3-diketoindan. 
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Sur la photodimbrisation de l'acbtate de la vitamine A 

CHARLES GIANNOTTI' 
Centre National de la Reclrercl~e Scientifiqlre, Institlrt de Clzimie des Slibstances Naturelles, GIY-sur- Yvette, Essonne, France 

ET 

Department of Clremistry, University of Western Ontario, Lor~don, Ontario 

R e ~ u  le 8 mars 1968 

La photodimerisation de I'acetate de la vitamine A passe par I'Ctat excite d'un triplet pour conduirr 
a un mtlange de dimitres de structures cyclohexenique et cyclobutanique. 

Canadian Journal o f  Chemistry. 46, 3025 (1968) 

En 1962 par irradiation de la vitamine A ou 
de ses esters, Kaneko (1) rapporte avoir obtenu 
un photodimkre cyclobutanique identique au 
kitol naturel ou aux esters correspondants. 
Omote (2) et Kaneko (1, 3) avaient suggtrt la 
formule plane (1) pour le kitol. Plus rtcemment 
une nouvelle formule a t t t  proposte pour ce 
dimere naturel (4, 5) (2a) isolt i partir de l'huile 
de foie de baleine. Dans une nouvelle etude de 
l'irradiation de l'acttate de la vitamine A, il est 
a ilouveau signal6 la formation d'un seul photo- 
dimere ayant le mCme R, en couche mince, des 
spectres ultraviolets (u.v.) et de resonance mag- 
nttique nucltaire (r.m.n.) identiques i ceux du 
diacttate du kitol naturel (6, 7). I1 parait curieux 
aue l'irradiation de l'acttate de la vitamine A 
semble former d'une manikre sttrtosptcifique 
un seul photodimkre alors que le butadikne et 
I'isoprkne donnent des mtlanges complexes. 

R. Srinivasan (8) montre que l'irradiation en 
phase liquide de dtrivts butaditniques conduit 
a un mtlange de composts cyclobuttniques, 
d'isomkres et de polymkres. En 1963, Hammond 
et al. (9-11) prouvent que l'irradiation photo- 
sensibiliste de solutions concentrtes de dienes 
coilduit i des melanges complexes de composts 
cyclobutaniques et cyclohextniques; ainsi le 
butadikne donne le trans-divinyl-1,2 cyclobu- 
tane, le cis-divinyl- 1,2 cyclobutane et le vinyl-4 

'PrCsente adresse: Department of Chemistry, Univer- 
sity of Western Ontario, London, Ontario. 

cyclohexkne tandis que l'isoprkne donne nais- 
sance a un mtlange dont sept produits ont t t t  
identifits :trois dtrivts dialktnyl-1,2 cyclo- 
butanes deux dtrivCs cyclohextniques et deux 
cyclooctaditniques. 

I1 est plus vraisemblable que l'irradiation de 
l'acttate de la vitarnine A ne conduit pas i un 
seul compost ayant une structure du type (1) ou 
(26) mais a un mtlange de produits analogues. Si 
le diacttate du kitol est formt, son rendement ne 
peut Ctre que trks faible. 

Les irradiations ont t t t  effectutes d'abord en 
solution hexanique puis benztnique car l'act- 
tate de la vitamine A est plus soluble dans le 
benzkne que dans l'hexane. 

En solution hexanique, nous avons utilist un 
filtre en Pyrex et une solution de naphtalkne dans 
le cyclohexane pour isoler les bandes a 334.20, 
365.02 et 366.29 mp d'une lampe Hanovia de 85 
W i vapeur de mercure. Les dimkres obtenus 
sont d'abord stparts par une chromatographie 
sur colonne puis sur des couches minces com- 
merciales, en employant la technique des pas- 
sages multiples. On note que le melange de ces 
dimkres donne sur des couches minces une tache 
ayant le mCme R, que le diacttate du kitol naturel 
(solvant hexane - acttate d'tthyle 17:3), mais en 
utilisant le systkrne tther isopropylique-cyclo- 
hexane 1 : 1, il donne une dizaine de composts. 
On a isolt quatre de ces produits (A,B,C et D). 
Les Rf sur couche mince des composts A,B et D 
sont trks voisins de celui du diacttate du kitol 
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FIG. 1. Spectre de masse du diacCtate de kitol. 
FIG. 2. Spectre de masse du composCA. 

naturel tandis que celui du produit C lui est 
exactement identique (dans deux syst6mes de 
solvants difftrents). 

Les produits A,B,C et D ont tous un poids 
moltculaire identique (mle 656) correspondant i 
celui d'un dimere et des fragmentations i mle 
596 et 536, dues respectivement i la perte d'une 
ou de deux moltcules d'acide acttique. Le pic 

de base est celui de l'ion monom6re i mle 328, 
il perd i son tour une moltcule d'acide acttique 
pour donner un pic i mle 268. Mais les spectres 
de masse diffkrent les uns des autres et en par- 
ticulier de celui du diacttate d u  kitol naturel 
(Fig. 1) par l'intensitt des pics et la prtsence 
d'autres fragmentations (Figs. 2-5). 

Les spectres U.V. de ces composCs dans I'alcool 
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GIANNOTTI: PHOTODIMERISATION 3027 

FIG. 3. Spectre de masse du composeB. 
FIG. 4. Spectre de masse du compose C. 

Cthylique ont des maxima voisins de ceux du 
diacCtate du kitol nature1 mais non identiques. 

L'hydrogCnation de C et de D dans l'acide 
acCtique, en prCsence d'oxyde de platine prCala- 
blement rCduit donne une substance dont le 
spectre de masse montre en plus de l'ion molC- 
culaire a 672 et d'autres pics A mle 612 et 552, une 
autre fragmentation A mle 458. Ce pic est en faveur 

d'une structure cyclohexCnique du type (2b) car 
on le retrouve dans les spectres de masse du per- 
hydrodiacktate du kitol et de ses dCrivCs (5). Le 
reste du spectre de masse diffbre de celui du per- 
hydrodiacktate du kitol (5) par l'intensiti rela- 
tive des pics et par la position du pic de base A 
mle 330 au lieu de mle 329 (Figs. 6 et 7). D'autre 
part le photodimbre C ne prCsente pas la mEme 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3028 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46. 1968 

FIG. 5.  Spectre de masse du compose D. 
FIG. 6.  Spectre de masse du compose C perhydrogene. 

coloration (bleue puis grenat aprks plusieurs 
heures lorsqu'il est rkvklk par une solution de 
trichlorure d'antimoine dans le CHCI,) que le 
diacktate du kit01 naturel, rouge brique. I1 est 
vraisemblable que les deux systkmes de chro- 
mophores conjuguks de trois et de quatre doubles 
liaisons trans, ont subi des transformations et 
que la sterkochimie du photodimkre est diffkrente 
de celle du produit naturel. 

La formation des dimkres en solution hexani- 
que se fait avec un rendement faible. Pour pour- 
suivre I'ktude et rechercher la prtsence possible 
de composks h structure cyclobutanique, on a 
essayk des conditions donnant des dimkres du 
m2me type avec un bon rendement. L'irradiation 
de l'acktate de la vitamine A en solution ben- 
zknique (c 0.1 h O.Olg/ml)en utilisant les mCmes 
filtres que prkctdemment a conduit h un mklange 
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250 300 350 400 450 500 550 600 650 700 

FIG. 7. Spectre de masse du composCD perhydrogCnC. 

de dimtres (70 %). Ce mClange est trouvC identi- 
que sur couche mince B celui obtenue prCcC- 
demrnent en solution hexanique, son spectre de 
r.m.n. montre qu'il s'agit d'un mClange de com- 
poses de structures diffkrentes. Des ~Cparations 
multiples de ce melange permettent de retrouver 
le composC C; il a des spectres de r.m.n. et U.V. 
tres semblables ceux dCjB dCcrits (7) confirmant 
qu'il s'agit d7un produit ayant une structure du 
type (2b). I1 a un R, et une coloration (rCvC1Ce 
avec le trichlorure d7antimoine) identiques au 
photodimere C. 

Les dimQes ayant sur couche mince un R, 
identique et tres voisin au diacCtate du kit01 sont 
ozonolysCs. Les produits d'ozonolyse ont Ct6 
s6parCs en fractions acide et neutre. L'extrait 
acktonique de la fraction acide, apres mithylation 
avec du diazomkthane a CtC CtudiC par chroma- 
tographie en phase gazeuse. 

Parmi les produits isolCs, on a pu identifier un 
des composCs cyclobutaniques; sa structure a CtC 
dbfinitivement Ctablie par comparaison avec le 

produit de synthese (4). I1 a CtC pr6parC de la 
maniere suivante: on irradie pendant 2 h 1' 
anhydride dimCthyl-2,3 malcique en solution 
dans le diacktate-1,4 b u t h e  2; l'anhydride cyclo- 
butanique obtenu (p.f. 108-109") prCsente dans 
son spectre de r.m.n. deux singulets a F 2.03 et a 
F 2.08 correspondant aux mCthyles tertiaires, 
deux singulets B F 1.37 et a F 1.33 attribuables 
aux mkthyles des fonctions acCtates et un multi- 
plet B 6 4.17 provenant des protons CH20Ac, 
ces signaux sont en accord avec la structure (3); 
l'anhydride (3) est hydrolysC puis mCthylC. On 
obtient (4) avec un bon rendement. 

Le produit (4) et celui isole par chromato- 
graphie en phase gazeuse, apres l'ozonolyse du 
mklange des dimires, ont les memes spectres 
infrarouges (i.r.) et de r.m.n., des temps de 1-6- 
tention identiques sur deux colonnes diffkrentes. 
I1 en rCsulte qu'au cours de l'irradiation de 
l'acktate de la vitamine A, en plus des dimkres B 
structure cyclohexCnique il se forme au moins un 
dimkre cyclobutanique ayant la structure (5). 
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Les dimtrisations photosensibilistes de l'iso- 
prene et du butadikne ont t t t  ttudites en dttail 
(9-1 1). I1 ressort de cette ttude que la formation 
des dimeres de l'isoprene et du butadikne passe 
par l'ttat triplet. Les triplets cis en presence de 
diknes donnent beaucoup plus de dimkres cyclo- 
hextniques que cyclobutaniques. Les triplets trans 
produisent l'effet inverse. Le mtcanisme de la 
dimtrisation de l'acttate de la vitamine A dev- 
rait aussi passer par l'ttat triplet pour donner ti 

la fois des dimkres cyclobutaniques et cyclo- 
hextniaues. Pour le vtrifier on a effectut une 
rtaction photosensibilide. 

On irradie une solution benztnique d'acttate 
de la vitamine A et de biacttyle B une longueur 
d'onde au-dessus de 400 mp. On choisit une 
concentration de biacttyle de telle sorte qu'il 
absorbe toute la lumikre. On filtre la lumihe 
d'une lampe de 500 W A filament de tungstkne 
par une solution d'acridine dans l'tthanol; cette 
solution prtsente une "fen&treU de 275 A 305 mp; 
elle est compenste par l'addition d'une gaine en 
Pyrex. Les dimkres obtenus dans cette irradia- 
tion sont isolts comme prtctdemment (ils sont 
trks semblables sur couche mince, a ceux ob- 
tenus dans les rtactions non sensibilistes effec- 
tutes dans le benzkne ou l'hexane) puis ozono- 
lysts. Le mtlange des produits provenant de 
l'ozonolyse, aprks separation et mtthylation prt- 
sente le m&me diagramme en chromatographie 
en phase gazeuse que celui obtenu de la m&me 
manikre dans la rtaction non sensibiliste. Deux 
stparations successives sur la m&me colonne de 
silicone ont permis d'isoler un compost en tous 
points identique au produit de synthkse (4). La 
dimtrisation de l'acttate de la vitamine A comme 
celle du butadikne et de l'isoprkne se fait donc en 
passant par l'ttat excitt d'un triplet. 

Discussion 

Le fait que les produits resultant de la photo- 
dimtrisation de l'acttate de la vitamine A sont 
d'une manikre prtdominante des composts ayant 
un cycle A quatre et six chainons suggkre que le 

ZHEMISTRY. VOL. 46, 1968 

processus de la dimtrisation se fait en passant 
par un ttat excitt d'un triplet; ce point de vue est 
appuyt par la similitude des mtlanges obtenus 
directement par irradiation ou par sensibilisa- 
tion. Si c'est le cas, la vitesse de "l'intersystem 
crossing" doit &re plus grande avec l'acttate de 
la vitamine A qu'avec le butadikne, une raison en 
serait alors une difference d'tnergie faible entre 
singulet et triplet. 

L'alternative serait que le cyclobutane soit 
formt B partir du premier ttat de singulet excitt 
et le cyclohexkne A partir d'une moltcule A un 
niveau vibrationnel excitt de l'ttat fondamental 
obtenu par conversion interne de cet ttat de 
singulet excitt. Cependant il est trks peu pro- 
bable que ce serait alors une rtaction de Diels- 
Alder qui se produirait d'une manikre compt- 
titive avec la dtsactivation vibrationnelle par 
collision. Bien qu'observt en phase gazeuse, 
aucun proctdt de cette sorte ne semble avoir t t t  
obtenu en phase liquide. Par constquent la con- 
clusion que la dimtrisation de la vitamine A 
acttate se fait par un processus d'un triplet non 
sptcifique semble inevitable. 

Partie expkrimentale 
Les spectres de resonance magnetique nucleaire (1.m.n.) 

ont t te executes sur un appareil Varian A-60 en prenant la 
raie du tttramethylsilane comme etalon interne, les 
spectres de masse sur un appareil MS9 de 1'Institut d e  
Chimie des Substances Naturelles a Gif-sur-Yvette, 
(France), les spectres infrarouges (i.r.) sur un appareil 
Beckman (IR lo), les spectres ultraviolets (u.v.), dans 
l'alcool ethylique, sur un appareil Cary 14 et les chro- 
matographies en phase gazeuse sur u n  Aerograph A 350 
B. Toutes les manipulations sur les dimeres sont effec- 
tuees sous atmosphtre d'azote. On a utilise le silica gel 
G (Merck) pour les chromatographies sur colonne de  
m&me que pour les chromatoplaques ordinaires. On a 
employe les couches minces F254 commerciales (Merck) 
pour les separations delicates. On revele les produits par 
aspersion d'une solution saturee de  trichlorure d'anti- 
moine dans le CHC1, (R). Le solvant type utilise pour les 
couches minces est le systeme; cyclohexane- ether iso- 
propylique 1 :1 (S). 

Irradiation de I'act%ate de la vitamine A darn I'hexane 
Dans un reacteur de 51 on ajoute 41 d'une solution 

d'hexane saturte d'acetate de vitamine A (636 mg). Cette 
solution est dCsoxygCnCe par un courant d'azote purifiC 
(1 h). On irradie pendant 1 h 30 min avec une lampe 
Hanovia pourvue d'une enveloppe d e  Pyrex (HIFG). 
Elle est refroidie par  une circulation d'une solution re- 
frigkree de naphtalene (12.8 g dans 500 ml de cyclo- 
hexane) qu'on utilise comme filtre (12) sur une epaisseur 
de  0.5 cm. Apres rkct ion on Cvapore l'hexane et re- 
cupere les 636 mg d e  produit. L'elution d'une chromato- 
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graphie sur colome a Ether  isopropylique donne 57 rng 
de dirneres. On isole en petite quantite quatre composes 
A,B,C et D apres plusieurs separations successives sur les 
couches minces cornmerciales en effectuant des passages 
multiples (S). 

Produit A 
Produit A, 1 mg, a un Rf de 0.35 (S); h,,,:237(~ 16400), 

273 (E 28 200), 283 (E 27 550)rnp. I1 prksente une colora- 
tion bleue lorsqu'il est revel6 avec (R). 

Produit B 
Produit B, 1.2 rng, a un Rf de 0.34 (S). I1 prksente une 

coloration rouge grenat (R); h,,,:267 (E 16 400), 275 
(E 18 200). 285 (E 16 300) rnp. 

Produit C 
Produit C, 1.5 rng, a un Rf de 0.33 (S) et 0.32 (hexane- 

acktate d'ethyle 17:3). Ces Rf sont exacternent identiques 
a celui du diacktate du kitol naturel. La coloration de C 
est bleue (R) et vire au rouge grenat apres plusieurs heures 
tandis que celle du diacetate de kitol est rouge brique (R). 

Produit D 
Produit D, 1.5 mg, Rf 0.31 (S) donne une coloration 

bleue (R) ; h,,, :262 (E 20 000) rnp. 
Hydroge'nation de C 
L'hydrogenation de 1.2 rng de C s'effectue en 12 h 

dans l'acide adtique, en presence de 1 rng d'oxyde de 
platine prealablernent reduit. Le produit de la reaction 
est separk sur une plaque analytique. On obtient 0.5 mg 
d'un cornpose hornogene sur couche mince. 

Hydrogkt~atiotz de D 
L'hydrogknation est conduite cornrne precedernrnent, 

on obtient 0.5 mg d'un cornpose homogene sur couche 
mince. 

Irradiation de l'acktate de la vitamit~e A datls le bet~zkt~e 
On dissout 10.5 g d'acetate de la vitarnine A dans 250 

rnl de benzene dethiophene et prkalablernent irradik. 
Cette solution est traitee dans les rnCrnes conditions que 
precedernrnent. Apres reaction on chasse le benzene sous 
vide. Le rksidu est chrornatographie, l'klution a 1'Cther 
isopropylique donne 7.32 g de dirnkres. La separation de 
207 rng de ceux-ci sur des couches minces preparatives 
conduit a 106 rng d'un produit principal se revelant en 
bleu sombre (R) et ayant un h,,, a 285 rnp syrnktrique 
(E 15 350). I1 est a nouveau separk sur des plaques corn- 
rnerciales, on obtient un compose (39 rng) ayant un 
h,,, a 287 rnp (E 37 500) syrnktrique, rnais son spectre de  
r.rn.n. rnontre qu'il s'agit encore d'un melange de  corn- 
poses a structures differentes. Une nouvelle separation 
donne un produit se revelant toujours en bleu sombre (R) 
et ayant une bande large centree a h,., 285 rnp (E 34 000) 
dans son spectre u.v.; son spectre de r.rn.n. est sernblable 
a celui obtenu pour le diacetate du kitol (4, 5) et du photo- 
dirnere (7). Ce cornpose possede exacternent le rnCrne 
Rf et la rnCrne coloration (R) que le cornpose C obtenu 
dans I'irradiation effectuee dans I'hexane. 

Ozonolyse des dirnkres 
A 5 g des dirnires precedents on ajoute 130 rnl de 

chlorure de methylene (13) et 1.2 rnl de pyridine distillee 
sur potasse. Cette solution est ozonolysee 6 h a -70". 
On laisse revenir a la temperature arnbiante et on ajoute 
20 rnl d'eau distillie apres avoir chasse le chlorure de me- 
thyline, on oxyde 1 h a froid et 112 h au reflux avec 30 rnl 

de peroxyde d'hydrogkne a 30%. L'excQ de peroxyde 
d'hydrogkne est rkduit, la phase aqueuse apres extraction 
a E the r  et au chlorure de rnethylene est port6e a sec. Le 
solide obtenu est kpuisk a l'acetone. On obtient 1.5 g de 
produit; apres methylation avec un exces de  diazo- 
methane et distillation dans un tube a boule p . e . ~ . ~  
100-200" on recupere 353 rng de fraction volatile. Elle 
est Btudiee en chrornatographie en phase gazeuse sur une 
colonne de silicone SE 30 a 10% sur Chromosorb P. 
On skpare plusieurs cornposes ayant une bande carbonyle 
et acetate dans leur spectre i.r. L'un d'eux: 10.9 rng 
insuffisarnrnent pur est rechromatographie sur la rnCme 
colonne, o n  obtient 4.6 rng d'un produit (a) ayant les 
caractkristiques suivantes: i.r: v,,, (CHC13) 1735, 1230 
crn-'; r.rn.n.: 6 4.15 (4H) (m), 6 3.67 (3H) (s), 6 3.65 
(3H) (rn), 6 2.05 (3H) (s), 6 2.00 (3H) (s), 6 1.35 (3H) 
(s), 6 1.25 (3H) (d). 

Temps de retention: (i) 7 rnin 45 s (colonne de silicone 
SE 30 sur Chrornosorb P, longeur l m  debit d'heliurn 2.5 
crn3/s, temperature 200"); (ii) 22 rnin 15 s (sur une co- 
lome a 1.5 % de Carbowax sur Chrornosorb P, longeur 
1.5 rn debit d'heliurn 2 crn3/s, temperature 200"). 

Syt~thkse de (3) 
On laisse reagir pendant 12 h, 100 g d e  butene-2 

diol-1,4 en  presence de 300 g d'anhydride acetique et 
400 g de  pyridine; apres traiternent habitue] o n  obtient 
107 g de  diacktate-1,4 butkne-2. On dissous 2 g d'an- 
hydride dimethyl-2,3 rnalCrque dans 53.5 g d e  diacetate 
butine-2. On  verse le melange dans 100 rnl de  cyclo- 
hexane. Cette solution est irradiee pendant 2 h avec une 
larnpe a vapeur de rnercure d'une puissance d e  450 W. 
Apres reaction on distille le cyclohexane et le diacetate- 
1,4 butkne-2 en exces. Le rksidu dome  1.5 g d e  cristaux 
brut, apres plusieurs cristallisations dans le melange chlo- 
roforrne-cyclohexane on obtient 700 mg d e  cristaux 
blancs p.f. 108-109". Le spectre i.r. rnontre les bandes a 
v,,, (CHC13) 1840, 1775, 1730 et 1240 crn-'; r.rn.n.: 
6 2.03 (3H) (s), 6 2.08 (3H) (s), 6 1.37 (3H) (s) et 6 1.33 
(3H) 6).  

Anal. calc. pour C14H1807: C, 56.37; H ,  6.08. 
TrouvC: C, 55.99; H, 6.08. 

Me'thyl ester (4) 
On porte au reflux 157 rng d'anhydride precedent dans 

5 rnl d'eau distillee jusqu'i ce que la solution devienne 
lirnpide, on Cvapore l'eau et on rnethyle avec u n  exces de 
diazornkthane, apres distillation au tube a boule p.e.~. 
80-120" on obtient 150 rng d'une huile dont les spectres 
i.r., de r.rn.n, et les temps d e  retention sont absolument 
identiques au compose (a) obtenu prkcedernn~ent. 

Anal. calc. pour C16H2408: C, 55.80; H ,  7.03. 
TrouvB: C, 55.52; H, 6.80. 

Irradiation photosensibilise'e de I'acktate de la vitatnit~e A 
On dissout dans 200 rnl de  benzine 400 rng d'acetate 

de vitamine A et 18.5 g de  biacetyle. On irradie cette 
solution pendant 6 h avec une larnpe a filament de 
tungstine d'une puissance de  500 W. Elle est refroidie par 
une circulation d'air et un courant d'eau. O n  utilise 
cornme filtre une gaine de Pyrex et une solution de  0.5 crn 
d'epaisseur contenant 60rng d'acridine pour 100 ml 
d'alcool Bthylique a 95%. Apris rkction, o n  chasse le 
solvant et on recupere le residu. On effectue plusieurs 
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irradiations du m&me type sur 1.74 g d'acktate de vita- 
mine A. Les produits des reactions sont rassembles, on 
obtient 4.6 g de melange. I1 est chromatographie comme 
d'habitude, on obtient 1.2 g de dimeres. 11s sont ozono- 
lyses comme prCcCdemment, on skpare les produits 
volatils, on en trouve 108 mg. 11s sont Ctudies comme ci- 
dessus par chromatographie en phase gazeuse. On skpare 
18.3 mg d'un compose qui apres une deuxieme purifi- 
cation donne 5.6 mg d'un produit ayant m&mes spectres 
i.r. et de r.m.n., les m&mes temps de retention sur les 
deux colonnes prtcedentes que le produit isole dans la 
reaction non sensibilisee (a) et celui de synthQe (4). 
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Determination of -SH and -SS- groups in proteins. I. A reassessment 
of the use of methylmercuric iodide 
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Amperometric titration with methylmercuric iodide was found to be unsatisfactory for the quantitative 
determination of S H  and -SS- values in several soluble proteins. It is concluded that the "high reac- 
tivity" of the mercurial has previously been overemphasized. Consistent values can, however, be obtained 
by permitting protein samples to react with an excess of the mercurial, for about 100 h, followed by the 
polarographic estimation of the remaining reagent. Contrary to general belief, this procedure was found 
to be more precise than amperometric titration, and, i f  appropriate precautions are taken, it is applicable 
to considerably smaller amounts (<0.5 pmole -SH or -SS-) of either soluble or insoluble protein. 
The necessary experimental procedure is described and results are reported for several proteins. For the 
compounds studied, methylmercuric iodide did not react at non-sulfhydryl sites, and did not additionally 
bind to the mercaptides formed; there was no indication of disulfide bond cleavage, despite the long 
reaction times used. 

Canadian Journal of Chemistry, 46, 3033 (1968) 

Introduction 

Many procedures have been described for 
the determination of protein sulfhydryl and 
disulfide groups, without any one method or 
reagent having been found to be demonstrably 
superior. A number of review articles ( 1 4 )  
catalogue the more useful methods, but a 
choice still has to be made from several less than 
ideal procedures. 

Perhaps the most extensively used reagent is 
p-chloromercuribenzoate, which is used mainly 
in a spectrophotometric determination (5). 
However, the measurements must be made near 
250 mp, which is a region where proteins 
absorb appreciably, and where light scattering 
can cause serious errors. In addition, the method 
is unsuitable for insoluble proteins or  for 
proteins that precipitate out during a determina- 
tion. 

The use of several other organic mercurials 
has been proposed frequently. Hughes (6) 
suggested that a mercurial should be mono- 
functional, and in order t o  reach inaccessible 
sulfhydryl groups, it should be as small as 
possible. He believed methylmercuric iodide to  
be the reagent most closely fitting these require- 
ments, and successfully used it to  obtain the 
sulfhyciryl content of bovine serum albumin and 
of hemoglobin (6,7). The importance of using 

a reagent of small size has been demonstrated by 
Fraenkel-Conrat, who found that the single 
sulfhydryl group of tobacco mosaic virus 
protein reacted with methylmercuric nitrate but 
not wit11 nitroprusside, iodoacetate, or p- 
chloromercuribenzoate (8). 

The technique of amperometric titration with 
a mercurial has been applied to the determina- 
tion of protein sulfhydryl groups (9-12). Leach 
in this way used methylmercuric iodide on a 
number of proteins and simple thiols (11) and 
described procedures for the determination of 
sulfhydryl and disulfide groups in a variety of 
proteins. However, when his procedures were 
applied t o  soluble protein samples in  these 
laboratories, the amperometric titrations pro- 
ceeded slowly and often yielded inconsistent 
results. Moreover, the quantities of sample 
required were relatively large. 

Leach also modified this titration procedure to 
be suitable for certain unreactive proteins, such 
as wool keratin (13). He  termed this a "single 
point titration" procedure, since it involved a 
polarographic estimation of methylmercuric 
iodide, after an excess of the reagent had been 
allowed to  react with protein over an extended 
period of time. A study of this method, suitably 
modified, showed that satisfactory disulfide and 
sulfhydryl determinations can thus be performed 
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on substantially smaller amounts of material, 
irrespective of the solubility of the sample. 

Experimental 
( i )  Reagents and Samples 

Mercury was washed with 10% sodium hydroxide, 
10% nitric acid (14), and dried by dropping through 10% 
mercurous sulfate in sulfuric acid. The dried mercury was 
finally distilled three times in an evacuated apparatus (15) 
and stored in glass containers. 

Methylmercuric iodide was prepared by exposing re- 
distilled methyl iodide and mercury to sunlight (11). 
Despite repeated recrystallization from methanol, 
methylmercuric iodide could not be obtained with a 
melting point greater than 140 "C, (lit. 142 "C, ref. 11). 
Sublimation of the dried compound (ca. 25 "C/10-3 mm 
Hg and in the dark) yielded a product, m.p. 146.2 "C 
(corrected). The melting point decreased for preparations 
exposed to light for appreciable periods of time, or 
which had been prepared a few days previously. Methyl- 
mercuric iodide was stored in the dark at 5 "C as a 0.1 M 
solution, in freshly distilled dimethyl formamide (DMF). 
Dimethyl formamide was distilled (b.p. 45 "C/24 mm) 
immediately before use. Water was first deionized and 
then glass-distilled. Hydrochloric acid was a constant- 
boiling solution, re-distilled from an all-glass apparatus 
(14). Since ammonium hydroxide is known to attack glass, 
solutions of ammonium hydroxide were freshly prepared 
by using ammonia gas from a cylinder (14). 

Phosphate buffer (1 liter) was made by adding water 
to 2.772 g potassium dihydrogen phosphate, 4.260 g 
disodium hydrogen phosphate, and 1.169 g sodium 
chloride (analytical grade reagents). The solution was 
filtered and had a pH of 6.99 at 25 "C. 

Other reagents used were urea ('ultra pure' reagent, 
Mann Research Laboratories), sodium sulfite (Fisher 
certified reagent), potassium chloride (Analar reagent, 
B.D.H.), tris(hydroxyn1ethyl)aminomethane (Fisher pri- 
mary standard), 2-octanol (Eastman), and gelatin 
(bacteriological grade, Fisher). 

Amino acids and proteins were of the highest grade 
commercially available and were used without additional 
purification. They were obtained from General Bio- 
chemicals (G.B.), M a m  Research Laboratories (Mann), 
Nutritional Biochemical Corp. (N.B.C.), or Sigma 
Chemical Company (Sigma). Most of the samples con- 
tained less than 90% protein on the basis of Kjeldahl 
nitrogen determinations. The moisture content and ash 
weight of the protein samples were therefore determined. 
The results of protein content, moisture content, and 
ash weight together accounted for virtually all the 
material present in the samples. 

(i i)  Apparatus 
Polarographic measurements were made with a Sargent 

model XV polarograph, fitted with a micro-range 
extender. The dropping mercury electrode delivered drops 
(average weight 5.94 mg) at 3.87 s intervals, with a 
mercury column height of 80 cm and the capillary 
opening immersed in 0.05 M phosphate buffer at pH 7. 
The drop time was recorded on open circuit. Two types of 
sample cells were constructed (described later), and all 

potentials were measured at 25 + 0.1 "C with respect to  
the saturated calomel electrode (S.C.E.). Sample solutions 
were de-gassed with oxygen-free argon (16). 

(iii) Methods 

(a) Amperometric Titration 
A polarographic cell and reference electrode were 

constructed similar to the one described by Human and 
Leach (17), suitable for sample volumes of 2-5 ml. The 
titrant was delivered from a calibrated syringe micro- 
burette. The buffers, titrant, and cell additives used were 
similar to those used by Leach (11). 

( b )  Deterrninations Involving the Use of arl Excess of 
Methylinercnric Iodide 

The reaction between methylmercuric iodide and the 
sample was carried out in an all-glass container. After 
addition of sample and reaction solution, the contents of 
the reaction vessel were cooled (liquid nitrogen) and 
evacuated (oil pump). Finally nitrogen was introduced into 
the reaction vessel at slightly less than one atmosphere 
pressure, with a vacuum desiccator acting as reservoir. 

Reaction solutions were prepared as follows. 
-SH determinations (0.3 pmole MeHgI/ml; pH 7) 

-25.3 g urea (8 M), 1.9 g KC1 (0.5 M), 2.0 ml 0.25 % 
gelatin solution, 150 mg 0.1 M MeHgI in DMF, and 
phosphate buffer to a final volume of 50 ml. 

-SH + -SS- determinations (0.35 pnole MeHgI/ 
ml; pH 9) -25.3 g urea (8 M), 1.9 g KC1 (0.5 M ) ,  
1.4 g Na2S0, (0.22 M), 4.0 ml 2 M HC1, 5.0 ml 2 M 
NH40H, 2.0 ml 0.25% gelatin solution, 175 mg 0.1 M 
MeHgI in DMF, and distilled water to a final volume of 
50 ml. 

Reagents were added in the order shown, and the 
solutions were made up immediately before use. Gelatin 
solutions were prepared 2-3 h in advance, and for the 
disulfide determinations, the weight of sodium sulfite was 
kept close to 1.400 g, as the sulfite concentration affects 
both the position and height of the first methylmercuric 
iodide reduction wave. Up to 25 reaction vessels, contain- 
ing the appropriate solutions, were kept in the dark 
with occasional swirling for the required periods of time. 
Polarograms of standards were run at the beginning 
and end of a batch of samples and three other standards 
were run at intervals among the samples. Each determina- 
tion was repeated at least once, and no two determina- 
tions, on the same sample, were performed in a single 
batch of samples. Thus the duplicate determination was a 
true replicate, insofar as all operations, apart from the 
purification of reagents, were repeated in the second 
analysis. The difference between two such determinations 
was generally about 2-3% of the amount of the mean 
value. 

The determination of the excess of methyln~ercuric 
iodide present can be carried out with any micro- 
polarographic cell equipped with a suitable reference 
electrode. The limiting factor governing the cell size is 
that the quantity of reducible substance, removed by 
reduction during the course of a determination, should 
be small. Approximately 1 % of a reducible substance is 
removed from 0.5 ml of solution in 10 min, at a current 
flow equal to the limiting current. For this reason, a 
polarographic cell and reference electrode were built, 
suitable for about 0.5 ml of sample solution (Fig. 1). 
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RAISED ABOVE 
WORKING 
POSITION FOR 
SAKE OF 
CLARITY 

SAMPLE 
CELL  

REFE'RENCE 
ELECTRODE 

FIG. 1. Polarographic cell assembly; A, teflon tube fitting (Beckman); B, glass capillary - dropping mercury 
cathode; C, inner member of ground-glass joint, with vent, size 24/40; D, outer member of ground-glass joint, (with 
hose connector); E, inert gas flow-in; F, inert gas flow-out; G, direction of gas flow, with glass-joint valve closed; 
H, direction of gas flow, with glass-joint valve open; I, saturated aqueous potassium chloride; J, agar - potassium 
chloride plug, made by adding 40 g of potassium chloride to about 100 g agar gel, (3.5 g agar to 100 ml water) heated 
on a water bath; K, potassium chloride crystals; L, fritted-glass disk, extra coarse grade; M, sample compartment; 
N, heavy-walled glass capillary, 1 mm internal diameter; 0, mercury seal; P, opening to which flexible tubing is 
connected; Q, small cork; R, rubber-tubing seal; S, platinum electrical contact (negative); T, platinum electrical 
contact (positive); U, mercury colunln to reservoir; V, mercury pool; W, paste of mercury and mercurous chloride; 
X, mercury seal; Y, mercury seal; 2, ground-glass joint, size 7/25. 
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APPLIED E.MF., VOLTS vs. S.C.E 

FIG. 2. First reduction wave for MeHgI in 8 M urea, 
0.5 M KC!, at pH 7 and with 0.01 % gelatin, (2 n ~ l  solution 
originally contained 0.55 pmole MeHgI and 3.3 mg pro- 
tein, or approximately 0.39 pmole ASH). 

The cell assembly and electrodes were built as five, 
easily-separable units. The saturated calomel reference 
electrode was permanently clanlped. The dropping 
mercury electrode could be raised or lowered, without 
affecting the height of the mercury column above the 
capillary. The same capillary was used throughout. With 
the agar bridge removed and the dropping mercury 
electrode completely raised, the sample cell and the inner 
member of the vented-joint could be removed together. 
Normally only the sample cell was clamped; since the 
inner member of the vented-joint C was free to turn, it 
acted as a valve. The joint C could be removed, and 
thereby could give access to the sample compartment M. 

( c )  Measureme~lt of Difflrsion Currents 
Methylmercuric iodide reacts with protein -SH 

groups as follows. 

The number of disulfide bonds may also be determined 
after reduction and sulfite ion is frequently used (18). 

The reaction proceeds to completion in the presence of a 
high concentration of sulfite and low concentration of 
P.S-. This can be achieved by the presence of a mercap- 
tide-forming reagent, such as methylmercuric iodide. 
Each mole of disulfide then reacts with one mole of 
mercurial. 

The current-voltage curves for methylmercuric iodide, 
and generally for mercurials of the type RHgX, show that 
reduction occurs in two stages (19). In the above reactions 
none of the reagents nor reaction products has a reduction 
wave at  potentials more positive than that of the first 
methylmercuric iodide step. However, if the protein is of 
low molecular weight (e.g. insulin) the mercaptide formed 
is reduced soon after the first methylmercuric iodide 

APPLIED €.ME, VOLTS vs. S.C.E. 

FIG. 3. First reduction wave for MeHgI in 8 IM urca, 
0.5 M KCI, 0.2 M SO,=, at pH 9 and with 0.01 % gelatin. 
(2 ml solution originally contained 0.7 pmole MeHgI and 
2.5 rng protein, or approximately 0.44 p~nole -SH + 
--SSP). 

wave, making the location of its linliting current plateau 
less distinct. 

Figures 2 and 3 show typical first reduction \\laves for 
an excess of methylmercuric iodide in the presence of 
protein mercaptide, under the conditions used to deter- 
mine -SH and -SH + -SS- contents respectively. 
The nonlinear, negative current (anodic current) at 
potentials more positive than about - 0.30 V results from 
the presence of certain anions (e.g. I - )  that cause variable 
capacitance effects at the mercury drop. In practice the 
capacitance current increases linearly from about -0.35 
to -1.40 V. Hence the presence of a reducible species 
with a half-wave potential within this range should 
result in the formation of a wave with the slope of the 
residual current parallel to that of the limiting current. 

Under the conditions used to determine-SHgroups in 
proteins, the first half-wave potential of methylmercuric 
iodide is at about -0.45 to -0.50 V. Consequently 
there is virtually no region of linear increase of residual 
current before the commencement of the reduction wave, 
and it is not possible to obtain good estimates of the 
residual current, at the methylmercuric iodide first 
half-wave potential, by linear extrapolation of the current 
(line B). However, in the region of - 0.375 V, the change 
of residual current should be almost linear and the 
reduction of mercurial should not have begun. Therefore, 
a line A is drawn through the region of minimum slope 
(ca. -0.375 V) parallel to the slope of the limiting 
current. This line was taken to represent the most prob- 
able values for the residual current at potentials more 
negative than about -0.40 V. 

When determining the -SH + -SS- content, the 
presence of 0.2 M sulfite and 8 M urea at pH 9 displaces 
the wave to a more negative potential and the slope 
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of the residual current at about -0.50 V is parallel to the period of time (cf. 13). When this procedure was ' slope of the limiting current. 
Once the diffusion current has been determined, it is 

Gsed for some df the samples that'had presented 
I to the diffusion current obtained from aliquots using the titration, it 

of the relevant reaction solution, in the absence of was found that there was an additional uptake of 
protein. It is assumed that there is a linear relationship mercurial. Experiments were therefore performed 
between the magnitude of the diffusion currents and the to determine the optimum collcentration of 
concentration of free methylniercuric iodide remaining in mercurial and the length of time needed to allow 
solution. This may not be strictly valid, since the presence 
of  some proteins could result in a small reduction of the complete 

I measured diffusion currents (cf. urea, sulfite). Such an Determinations were first carried out with an 
effect would explain the small apparent sulfhydryl con- 
tents of some proteins (see Table 111). 

Samples in solution require special consideration 
owing to the concentration dependence of the diffusion 
currents. The initial concentration of methylmercuric 
iodide should be the same in both the reaction and stan- 
dard solutions. Either the sample is lyophilized or the 
standard solution should be diluted. Less preferably, a 
correction factor may be calculated by simple proportion. 

Results 

, ( i )  Amnpe~onzetric Titration 
Titration of simple thiols with 2 x 10-3M 

methylmercuric iodide often produced low 
values, possibly because some oxidation had 
occurred, and it was frequently impossible 
to obtain sharp end-points. The use of 10-'M 
mercurial improved the character of the end- 
points, but necessitated the use of larger 
samples. 

Some proteins, such as serum albumin, 
yielded values close to those generally accepted 
(4), but the titration proceeded slowly, several 
minutes elapsing after each addition of reagent, 
before equilibrium was reached. With other 
samples (e.g. eye-lens proteins) the titration was 
too slow for routine use. More important, 
replicate determinations on the same sample 
afforded inconsistent values and poor end-points, 
and samples yielded a lower half-cystine 
content (-SH + 2 x -SS-) by ampero- 
metric titration than by amino acid analysis. 
Attempts to  increase the extent of reaction with 
mercurial by performing the titrations at 
higher temperatures, or to  improve the sharp- 
ness of the end-points by more elaborate 
purification of reagents, were not uniformly 

, successful. 
1 

(ii) Determinations Involving the Use of an 
Excess of Methylmercuric Iodide 

I ( a )  Control Experiments 
I 

The samples were permitted to react with an 
excess of methylmercuric iodide over an extended 

initial concentration of mercurial of about 
2 x lo-' M,  and sufficieilt sample was added to 
react with about one quarter of the reagent. 
For some proteins, it was not clear whether the 
reaction was complete, even after seven days. 
However, if larger inethylmercuric iodide (2 x 

M )  and protein sulfhydryl (1 x lo-") 
concentrations were used, and the reaction was 
allowed to proceed for substantially longer 
periods, consistent results were obtained. An 
additional series of determinations was per- 
formed with the concentration of methyl- 
mercuric iodide again increased ten times, but 
there was no significant further increase in the 
relative amounts of reaction. 

Volatilization of mercury has been reported 
for various biological media as a result of 
bacterial action (20). However, a number of 
reaction solutions, containing different quanti- 
ties of methylmercuric iodide, stored for 26- 
290 h, failed to provide any evidence that a 
similar loss occurs under the present experimental 
conditions. 

Certain mercaptides, for example those of 
silver (21), have a strong tendency t o  bind 
additional reagent. This tendency is reduced for 
mercurials by the presence of sufficient chloride 
ion (22). However, the possibility remained that 
the mercaptides formed with methylmercuric 
iodide might bind additional reagent over long 
periods of time. Reaction with simple thiols 
showed no indication of this (see Table I). 
Gelatin and cytochrome c were also allowed to 
react with 3.5 x M methylmercuric iodide, 
but there was almost n o  uptake of reagent. 
These results indicate that methylmercuric 
iodide does not bind appreciably with thioether 
or other groups, under the conditions used. 

Under certain circumstances, heavy metal 
reagents will react with disulfide groups, 
although the reaction is complex and not  fully 
understood (4). An appreciable rate of reaction 
between methylmercuric iodide and disulfide 
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TABLE I 
Moles of methylmercuric iodide reacting with one mole 
of some simple thiols in the presence of a 200 % excess of 

mercurial 

Moles 
MeH~IImole  Incubation 

Compound tfiiol time (h) 

L-Cysteine hydrochloride mono- 
hydrate, (G.B. 52036) 0.99 195 

L-Cysteine hydrochloride mono- 
hvdrate. (Sigma C9753) 1.01 193 

GA&, (Pfanstiehl Labs. 5039) 0 . 0  54 
Cytochrome c, (horse heart, 0.10 212 

N.B.C. 2024) 0 .12 156 

groups would represent a serious objection to 
sulfhydryl and disulfide content determinations 
involving prolonged reaction with the mercurial. 
Hence a number of proteins and simple disulfide 
compounds, that contain no sulfhydryl groups, 
were reacted with methylmercuric iodide, under 
the conditions used to determine sulfhydryl 
groups (Table 11). 

The disulfide content of a sample is obtained 
by subtracting the sulfhydryl group content from 
the value found for the total number of moles of 
disulfide bonds and sulfhydryl groups. It is 
desirable to obtain these two values under as 
similar conditions of pH, sample and reagent 
concentration, etc., as possible. Table I1 shows 
the results obtained from an investigation to 
determine the feasibility of perfonning both 
analyses at the same pH. 

Table I1 indicates that sulfhydryl determina- 
tions performed at pH 9 may be accompanied by 
the cleavage of disulfide bonds, which is not 
surprising as oxidized glutathione may be 
determined in the presence of cystine, owing to 
the more labile disulfide bond of the former a t  
high pH (23). Unfortunately -SH + -SS- 
contents could not be readily determined at  
pH 7 because addition of 0.2 M sulfite raised the 
pH to 7.8. Moreover, the lower pH caused the 
first reduction wave of methylmercuric iodide to 
shift to  a more positive potential, tending to 
offset the inherent advantages of a more 
negative potential (Fig. 3). Hence all -SH 
determinations were carried out at pH 7 and all 
-SH i- -SSP determinations at pH 9. 

The results in Table I1 again show no evidence 
that the mercaptides bound additional mercurial. 
This was also true for the products formed after 
disulfide bonds were split with sulfite. 

(b)  Application to Protein Samples 
Determinations of -SH and -SH + -SS- 

contents were performed on a number of protein 
samples (Table 111). Aliquots (1-2 ml) of the 
reaction solutions were used together with 
sufficient sample to react with 50-75% of the 
methylmercuric iodide present. Reaction times 
were generally from 100-200 h, which is con- 
sidered to be long enough for most proteins. 
Since the values in Table I11 are expressed in 
moles per mole of protein, the error associated 
with the determination of -SH and -SS- 
groups is compounded with possibly inaccurate 

TABLE I1 

Reactions of disulfides with methylmercuric iodide* 
-- 

Moles -SH + Moles -SH + 
Moles -SH/n~ole Moles -SH/lnole -SS-/mole -SS-/mole 

Sample sample (pH7) san~ple  (pH9) sample (pH 7.8) s a l ~ ~ p l e  (pH 9) 

Cystine (G.B. 58651) 
Oxidized Glutathione 

(Mann R2371)f 
Reduced Glutathione 

(Mann R2812) 0 95 0 .95  - 0.97 
Cytochrome c (N.B.C. 2024) 0 I1 0.11 0 171 0 23 
Hemoglobin (Mann 6237) 1.91 1.713 2 051 1.95 
Insulin (Mann R3564)t 0 .16  0 .28 3.23 3.24 
p-Lactoglobulin 

(N.B.C. 7791) 2 00 2.083 6.16: 5.96 
Lysozyme (Mann S1428) 0 05 0 06$ 4 18: 4.14 
Ovalbumin (Mann R3827) 3.69 3 .82 5.561 5.40 
Pepsin (N.B:c. 9567).t ' 0.16 1 .Ol 3 .28 '  3.11 
Ribonuclease (Mann R1249)t 0 .07  0 .42 3.95 3.93 

*The reaction temperature was 22 'C, and reaction times were 100-500 h. 
?Marked pH effect on SH determinations. 
$Single determination. 
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TABLE I11 
Analyses of sulfhydryl and disulfide contents of some proteins 

- - - -- - - 

Moles S H  + Moles sulfur 
Moles -SH/mole -SS-/mole Moles -SS-/ as + cystinel Molecular 

Sample protein protein mole protein mole protein weight* 

Hemoglobin (bovine) 
(Mann 6237) 1.91 1.95 0.04 1.99 64 450 (5.95) . , 

Insulin (bovine) (Mann 
R3564) 0.16 3.23 3.07 6.30 5 733 (6.30) 

p-Lactoglobulin (N.B.C. 
7791) 2.00 5.96 3.96 9.92 37 000 (6.41) 

Lysozyme (Mann S1428) 0.05 4.14 4.09 8.23 14 300 (5.49) 
Ovalbumin (Mann R3827) 3.69 5.40 1.71 7.11 46 000 (6.35) 
Papain (Mann R3398) 0.64 3.87 3.23 7.10 21 000 (6.21) 
Pepsin (N.B.C. 9567) 0.16 3.11 2.95 6.06 35 000 (6.71) 
Phosphorylase a (N.B.C. 9532) 23.6 28.0 4.4 32.4 370 000 (6.08) 
Ribonuclease (Mam R1249) 0.07 3.93 3.86 7.79 13 680 (5.71) 
Ribonuclease A (N.B.C. 

7699) 0.06 3.96 3.90 7.86 13 680 (5.71) 

'Figures in parentheses show the nitrogen to protein conversion factors used. 

values for the molecular weight. Therefore no similarly reduced amounts were used for the 
attempt was made to assess quantitatively the 
accuracy of the procedure. 

The results in Table I11 are generally close to 
the values expected for these proteins. Some 
degree of heterogeneity is expected for samples 
such as P-lactoglobulin (24), ovalbumin (25), 
and pepsin (26). Papain was delivered as a 
suspension, and undoubtedly had undergone 
some loss of activity as a result of partial 
oxidation. The small apparent sulfhydryl contents 
found for insulin and pepsin may be due to 
impurities, degradation products, or because 
certain proteins may affect the reduction of 
methylmercuric iodide at the dropping mercury 
cathode (see Experimental). 

Two proteins, hemoglobin and papain, were 
subjected to reaction with a greatly increased 
excess of methylmercuric iodide (400%) for 
longer times than usual (600 h). There was no 

other determinations. The long reaction times 
with methylmercuric iodide might have been 
anticipated to induce non-specific binding of the 
mercurial (cf. phenylmercuric hydroxide (lo)), 
or hydrolytic cleavage of disulfide bonds (cf. 
p-chloromercuribenzoate (27)), but n o  such 
effects were observed. The reduced amounts of 
protein necessary thus represent one advantage 
of the present procedure. 

Secondly, amperometric titration with methyl- 
mercuric iodide is not a suitable procedure for 
determining -SH and -SS- groups in some 
soluble proteins, such as y-crystallin (unpub- 
lished), and it is generally unsuitable for most 
insoluble or partly-soluble samples. These 
limitations are virtually unimportant when 
using the preferred method. 

Finally, contrary to general belief (4), the 
estimation of -SH and -SS- contents is more 

evidence for additional binding of mercurial or precise than amperometric titration, even for 
cleavage of disulfide bonds (see refs. 10 and 27). well-defined proteins such as ovalbumin or 

ribonuclease (cf. 11). This follows because 
Discussion amperometric titration assumes a greater reac- 

tivity of methylmercuric iodide with -SH groups 
The determination of -SH and -SS- groups 

in a wide variety of protein samples may be 
than is believed justified. 

Further work, describing the determination of carried out by prolonged reaction with an -SH:-SS- ratios in a number of other 
excess of methylmercuric iodide. The method was proteins, is in progress. 
found to be more readily applicable to small 

~ - -  

samples than direct titration. For example, 
Leach (1 1) used 20 mg of ribonuclease to deter- Acknowledgments 
mine the -SSP content, whereas less than 1 mg The authors areindebted to Prof. S. J. Leach for 
was sufficient for the present procedure, and numerous authoritative and valuable comments. 
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Reaction of acetylenic hydrocarbons with a$-unsaturated ketones in 
tetrahydrofuran in the presence of lithium naphthalene 

KYOICHI SUGA, SHOJI WATANABE, AND TOSHIMITSU SUZUKI 
Department of Applied Chemistry, Faculty of Engineering, Chiba University, Yayoicho, Chiba, Japan 

Received May 7 ,  1968 

Lithium naphthalene reacts easily with terminal acetylenic hydrocarbons, such as acetylene, methyl- 
acetylene, or phenylacetylene, to give the corresponding lithium compounds quantitatively. The reaction 
of these lithium compounds with a$-unsaturated ketones gives the corresponding acetylenic carbinols in 
a good yield under mild conditions. 

Canadian Journal of Chemistry, 46, 3041 (1968) 

a,P-Unsaturated ketones have been notable 
for their resistance to conversion to their ethynyl- 
carbinols. Best results have been obtained with 
lithium acetylide in liquid ammonia. For exam- 
ple, ethynyl-P-ionol, which is an important 
intermediate for the synthesis of vitamin A or 
carotene, can be prepared by the action of 
lithium or calcium acetylide in liquid ammonia 
(1). Addition reactions of alkylacetylenes, such 
as phenylacetylene, methylacetylene, or vinyl- 
acetylene, to a,P-unsaturated ketones can be 
carried out by using butyllithium or ethylmag- 
nesium halide. Recently, the authors reported 
that lithium naphthalene in tetrahydrofuran solu- 
tion is an excellent agent for ethylation at the 
a-position of naphthalene (2) and for the dimeri- 
zation of conjugated dienes (34). In the present 
work the procedure using lithium naphthalene 
was applied to the title reaction. The reductive 
coupling of phenylacetylene with lithium naph- 
thalene gave 1,4-diphenylbutane, but methyl- 
phenylacetylene, which does not have a terminal 
acetylenic group, could not be dimerized in the 
same way (5). From these results, it would be 
suspected that a terminal acetylenic hydrogen 
can be metallated easily with lithium naphtha- 
lene. This paper concerns a new convenient pro- 
cedure for the reaction of acetylenic hydrocar- 
bons with a$-unsaturated ketones under mild 
conditions. The authors have now found that 
the reaction of acetylenic hydrocarbons with 
a,P-unsaturated ketones can be carried out 
conveniently by the action of lithium com- 
pounds of acetylenic hydrocarbons which are 

obtained from lithum naphthalene and acety- 
lenic hydrocarbons in tetrahydrofuran solution. 

Thus, through a solution of lithium naph- 
thalene in tetrahydrofuran, acetylene was passed 
slowly to give lithium acetylide quantitatively. 
In a typical experiment, p-ionone (1) was added 
to this solution and ethynyl-P-ion01 (2) was 
obtained in 90 % yield (6). The identity of 2 was 
confirmed by comparison of the infrared (i.r.) 
absorption spectrum, nuclear magnetic reso- 
nance (n.m.r.) spectrum, and ultraviolet (u.v.) 
absorption spectrum with those of authentic 2 
(1). With the other a,P-unsaturated ketones, 
high conversions to ethynylcarbinols were 
achieved by this new convenient method, and 
typical results are presented in Table I. 

The reaction of a,P-unsaturated ketones with 
alkylacetylenes such as phenylacetylene and 
methylacetylene can be performed in the similar 
way. In a typical experiment, 1 reacted with 
phenylacetylene to give, predominantly, a car- 
bin01 (3). The composition (C,,H,,O) was con- 
firmed by an elementary analysis. The i.r. ab- 
sorption spectrum showed characteristic bands 
of the tertiary alcohol group at 3440 cm-I and 
1060 cm-l, the ethynyl group at 2200 cm-l, the 
phenyl group at 750 cm-I and 690 cm-l, and 
the trans-type double bond at 960 cm-l. The 
U.V. absorption spectrum showed the absorption 
peaks at 227 mp, 241 mp, and 252 mp. The 
n.m.r. spectrum gave a signal at 7.30 p.p.m. 
arising from the five protons of the aromatic 
nucleus. The signal at 1.04 p.p.m. was pre- 
sumably due to six protons of two methyl 
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TABLE I 
Reaction of a$-unsaturated carbonyl con~pounds and saturated ketones with acetylenic hydrocarbons 

- -- 

Analytical data 

Boiling 
point 

("CITorr) 

Found ( %) Calcd. (%) 
Acetylenic a,P-Unsaturated 

hydrocarbon ketone 
Yield 
(%) Product 

Acetylene a-Ionone 
0-Ionone 
&Ionone 
Benzalacetone 
Acetophenone 
Carvone 
Mesityloxide 
Cimamaldehyde 
Citral 

Methylacetylene a-Ionone 
0-Ionone 
Carvone 
Benzalacetone 
Pulegone 
Methylethyl ketone 

Phenylacetylene 0-Ionone 

Cimamaldehyde 
Mesityloxide 
Citral 
Citronella1 
Cyclohexanone 
Methylethyl ketone 

3-yne 
Methylethyl 

ketone 
3,7.11-Trimethyl- 0-Ionone 

3-dodecen-1-yne 
Mesityloxide 

Crotonaldehyde 
Methylethyl 

ketone 
*Melting point. 
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groups, that at 1.5-1.8 p.p.m. to one allylic 
methyl group (1.70 p.p.m.), the other one 

CH3 
I 

methyl group (-C==C-C-GC, 1.65 p.p.m.) 
I 

OH 
and two cyclic methylene groups, that at 2.09 
p.p.m. to one allylic methylene group, that at 
2.60 p.p.m. to the one proton of a hydroxyl 
group, and that at 6.00 p.p.m. (quartet) to the 
two protons of trans-type double bond. These 
results indicated that this carbinol (3) was 1- 
(2',6',6'-trimethyl-1 '-cyclohexen-1 '-y1)-3-methyl- 
3-hydroxyl-5-phenyl-1-penten-4-yne. Similarly, 
various unsaturated acetylenic carbinols were 
obtained from other alkylacetylenes and various 
a,P-unsaturated ketones. The addition products 
and their properties are given in Tables I and 
11. The foregoing observations indicate that 
the a$-unsaturated ketones react with various 
alkylacetylenes by using lithium naphthalene in 
a tetrahydrofuran solution. 

Ethynylation of 1 by sodium naphthalene 
did not give a corresponding carbinol. Interest- 
ingly, 1 was ethynylated by using sodium naph- 
thalene in the presence of a small amount of a 
Lewis base such as t-butylamine or by running 
the reaction at the lower temperature (Table 111). 
On the difference between lithium naphthalene 
and sodium naphthalene, Hogen-Esch and Smid 
reported that lithium naphthalene, the solvent- 
separated ion pair, is much more reactive than 
sodium naphthalene, the contact ion pair (7). 
When a small amount of a Lewis base is added 
to sodium naphthalene, it would be suspected 
that naphthalene anion radical is activated to 
become solvent-separated ion pair partly by the 
action of a Lewis base. 

Experimental 
Materials 

Commercial tetrahydrofuran was purified by drying it 
with metallic sodium and then distilling it over metallic 
sodium under nitrogen. Naphthalene was recrystallized 
from benzene several times. All carbonyl compounds 
were distilled before use. All the experiments were carried 
out in a dry apparatus under nitrogen, which had been 
dried by passing it through columns of calcium chloride. 

Ethynylation of BIonone (1) 
To a mixture of 0.5 mole of naphthalene and 500 ml of 

tetrahydrofuran, 1.0 mole of metallic lithium was added, 
and the mixture was agitated at room temperature in an 
atmosphere of dry nitrogen. After 1 h, purified dry acety- 

lene was passed in slowly to give lithium acetylide quanti- 
tatively. One mole of 1 was gradually added to the tetra- 
hydrofuran solution, and the mixture was stirred for an 
additional 3 h at room temperature. The reaction mixture 
was decomposed with methanol, the insoluble matter was 
dissolved in water, and the organic layer was isolated 
with isopropyl ether. The isopropyl ether extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and distilled to give the following fractions: (a) b.p. 101- 
112 "Cat  15 Torr, yield 40 g; (b) b.p. 85-95 "C at  3 Torr, 
yield 3 g;  and (c) b.p. 105-115 "C at 3 Torr, yield 195 g. 
Gas-liquid chromatography of fraction (a) with a column 
(2 m) of Reoplex 400 on Celite 545 at a temperature of 
140 "C with helium as a carrier gas (40 ml/min) showed 
threepeaks: peak No. 1 (tetralin), retention time 15 min, 
peak area ratio 5 %;peak No. 2 (1,4-dihydronaphthalene), 
retention time 23 min, peak area ratio 70%; and peak 
No. 3 (naphthalene), retention time 35 min, peak area 
ratio 25%. Naphthalene, dihydronaphthalene, and tetra- 
lin were identified by the enhancement technique em- 
ploying authentic samples; their proportions were cal- 
culated from the peak area ratios. Fraction (b) was un- 
changed 1. Fraction (c) was redistilled to give pure 2, b.p. 
107-109 "C at 3 Torr. The identity of 2 was confirmed 
by comparison of the infrared (i.r.) absorption spectra, 
nuclear magnetic resonance (n.m.r.) spectra, and ultra- 
violet (u.v.) absorption spectra with those of authentic 
sample. Authentic 2 was prepared by the action of 
lithium acetylide in liquid ammonia as reported pre- 
viously (1). 

Other etl~ynylcarbinols were prepared and identified 
similarly. Typical results are presented in Tables I and II. 

Reaction of Acetylenic Hydrocarbons with 
u,P-Unsaturated Ketones 

To a tetrahydrofuran solution of 0.5 mole of naphtha- 
lene and 1.0 mole of lithium, 1.0 mole of an acetylenic 
hydrocarbon, such as methylacetylene, phenylacetylene, 
or 3,7,1l-trimethyl-3-dodecen-1-yne, was gradually added 
to give the corresponding lithium salt of the acetylenic 
hydrocarbon. One mole of an u,P-unsaturated ketone 
was gradually added, and the mixture was treated as 
mentioned above, and the components were separated. 
The typical results are presented in Tables I and 11. 

Reaction of Acetylenic Hydrocarbon ~vith P-Ionone (1) 
Using Sodium Naphtl~alene 

To a tetrahydrofuran solution of sodium naphthalene, 
which had been prepared from 0.5 mole of naphthalene 
and 1.0 mole of sodium cuts, 0.1 mole of a Lewis base, 
such as t-butylamine or pyridine, was added. .After 1 h, 
1.0 mole of an acetylenic hydrocarbon was gradually 
added to give the corresponding lithium salt of the acety- 
lenic hydrocarbon. One mole of 1 was added and the 
reaction mixture was treated in the usual way t o  give the 
corresponding carbinol. The typical results are  given in 
Table 111. 

Infrared Absorption Spectra 
Spectra were measured on a Koken IRS spectropho- 

tometer. 

Nuclear Magnetic Resor~ance Spectra 
Spectra were determined on a Japan Electron Optics 

Lab. instrument (60 Mc.p.s.) with carbon tetrachloride 
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TABLE I1 
Spectral data of the products 

Ultraviolet 
Infrared absorption Nuclear magnetic absorption 

spectra resonance spectra 

Product cm-' 6, p.p.m. mu E 

3-Phenyl-1-butyn-3-01 

Ethynylcarveol 

> - - -  - 
3320,2120 ('GcH) 
3400, 1100 (OH), 5.35 (IH), 4.70 (2H) 
3300. 2120 ( k C H )  3.35 (1H). 2.35 (1H) 

3400, 1075 (OH) 
3320, 2121 ( k C H )  

3400, 1010 (OH) 
3320,2140 ( h C H )  
965,750, 690 
3400. 1010 (OH). Ethynylgeraniol 

3400, 1070 (OH) 
2240 ( k c )  
970 (C=C), 

I I 
830 (-C=CH) 

Propynyl-p-ion01 3400, 1070 (OH) 
2240 (C=C), 970 

Propynyl-carve01 3400, 1070 (OH) 
2240 ( k c ) ,  890, 820 

3-Methyl-1-phenyl-I-hexen-4-yn-3-01 3400, 1075 (OH) 
2240 ( k c ) ,  970, 750, 

690 
Propynyl-pulegol 3440, 1050 (OH), 2240 

( k c )  
4-Methyl-2-hexyn-4-01 3406, 1640 (OH), 2240 3.38 (IH), 1.75 (3H) 

( e C )  1.35 (3H), 1.48 (2H) . . 
0.96 ( 3 ~ ) -  

1-(2',6',6'-Trimethyl-1 '-cyclohexen-1'- 3440, 1060 (OH) 2200 7.30 (5H), 6.00 (2H) 
y1)-3-methyl-3-hydroxyl-5-phenyl-I- (Ck=C), 970, 750, 2.60 (IH), 2.09 (2H) 
penten-4-yne 690 1 .5-1.8 (10H) 

1 -04 (hH1 
3,5-Dimethyl-1-phenyl-4-hexen-1-yn-3-01 3400, 1080 (OH) 71% {SH~, 5.40 ( 1 ~ )  

2240 ( k c )  1.90 (6H). 1.68 (3H) 

1,5-Diphenyl-1-penten-4-yn-3-01 3360, 1030 (OH) 
2200 ( k c ) ,  1580 
750. 690 .. . 

340b, 1030 (OH) 7.25 (5H), 5.30 (1H) 
2200 ( k c ) ,  1580 5.10 (lH),  2.60 (1H) 
750, 690 2.10 (5H), 1.70-1.61 

(9H) 
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SUGA ET AL: REACTION O F  ACETYLENIC HYDROCARBONS 3045 

TABLE 11 (concluded) 

Ultraviolet 
Infrared absorption Nuclear magnetic absorption 

spectra resonance spectra 

Product cm-I 6, p.p.m. m~ E 

3-Methyl-1-phenyl-1-pentyn-3-01 3400, 1 130 (OH) 7.22 (5H), 2.55 (1H) 221 4 850 
2240 ( k c ) ,  1580 1 .05 (3H), 1 .54 (3H) 240 14350 
760, 690 1 .65 (2H) 251 13 060 

2,5-Dimethyl-7-(2',2',6'-trimethyl-6'- 3440, 1065 (OH) 221 24 800 
cyclohexen-1 '-y1)-1.6-heptadien-3- 2200 (CsC),  890 230 21 700 
Yn-5-01 

2,5-Dimethyl-1-hepten-3-yn-5-01 3480, 1040 (OH) 
2240 (C=C), 910 

3,6,10,14-Tetramethyl-1-(2',2',6'- 3440, 1060 (OH) 
trimethyl-6'-cyclohexen-1 '-y1)-1,6- 2240 (C=C), 1370 
pentadecadien-4-yn-3-01 1390, 970 

2,4,7,11,15-Pentamethyl-2,7-hexadeca- 3400, 1070 (OH) 
dien-5-yn-4-01 2200 ( k c ) ,  1370 

1390 
7,11,15-Trimethyl-2,7-hexadecadien-5- 3360, 1070 (OH) 226 12 200 

yn-4-01 2200 ( k c ) ,  1370 
1380, 960 

3,6,10,14-Tetramethyl-6-pentadecen- 3400, 1040 (OH) 5.40 (lH), 1.80 221 6 920 
4-yn-3-01 1375, 1390 

2240 ( k c )  
(3H), 1 .6 OH), 
1.46 (3H), 1.27 (3H), 
1 .2  (lOH), 0.97 (3H), 
0.88 (6H) 

TABLE 111 
Ethynylation of a,0-unsaturated ketones using sodium naphthalene 

Acetylenic a,0-Unsaturated Yield Temperature 
hydrocarbon ketone Product ( %) Base ("c)  

Acetylene 
Acetylene 
Acetylene 
Acetylene 
Acetylene 
Acetylene 
Methylacetylene 
Phenylacetylene 

Phenylacetylene 

0-Ionone 
0-Ionone 
0-Ionone 
0-Ionone 
0-Ionone 
0-Ionone 
Carvone 
Mesityloxide 

Methylethyl ketone 

Ethynyl-0-ion01 
Ethynyl-0-ion01 
Ethynyl-0-ion01 
Ethynyl-0-ion01 
Ethynyl-0-ion01 
Ethynyl-0-ion01 
Propynylcarveol 
3,5-Dimethyl-1-phenyl-4- 

penten-1-yn-3-01 
3-Methyl-l-phenyl-l- 

pentyn-3-01 

Trace None 
15 t-Butylarnine 
8 Pyridine 

16 None 
20 None 
30 t-Butylamine 

Trace None 
15 None 

16 None 

solutions and with tetramethylsilane as an internal 1. W. OROSHNIK and A. D. MEBANE. J. Am. Chem. 
standard. SOC. 71,2062 (1949). 
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Interaction between aliphatic and aromatic nitro compounds in basic media 

C .  A. FYFE' 
Chemistry Department, University of British Columbia, Vancouver 8, British Columbia 

Received May 14,1968 

The interaction between aromatic and aliphatic nitro compounds in basic media has been investigated. 
Evidence based mainly on nuclear magnetic resonance spectroscopy suggests that the brightly colored 
species formed are sigma complexes. The generality of the reaction is investigated and its relation to  the 
Janovsky reaction discussed. 
Canadian Journal of Chemistry, 46, 3047 (1968) 

Much information as to the course of nucleo- 
philic aromatic substitution reactions has been 
obtained by the investigation of stable complexes 
formed from highly activated substrates. The 
formulation 1 for these complexes with a trini- 
tropentadienate ion as part of a six-membered 
ring system, was originally introduced by Meisen- 
heimer (1) and has received strong support from 
subsequent investigations by visible (2, 3), infra- 
red (i.r.) (4, 5), and nuclear magnetic resonance 
(n.m.r.) spectroscopy (6, 7, 8). The visible and 

n.m.r. spectra of these compounds are particu- 
larly diagnostic (9). Evidence is presented in the 
present paper for the formation of compounds 
of this general type as a general reaction be- 
tween aliphatic and aromatic nitro compounds 
in basic solutions. 

Interaction of 1,3,5-trinitrobenzene with Al@hatic 
Nitro Compounds 

When a tertiary amine is added to a solution of 
trinitrobenzene (TNB) in an aliphatic nitro 
compound, the solution becomes red, the color 
intensifying with time. The visible spectrum (e.g. 
Fig. 1) for TNB in nitromethane solution has a 
shape typical of structures with a trinitro- 
pentadienate ion as part of a six-membered ring 
with the general formula 1. 

It is thought that in the systems studied, an 
ion similar to 1 (where R = H, R1 = aliphatic 
nitro compound residue) is formed by attack of an 

'Killam Postdoctoral Fellow. 

anion derived from the aliphatic nitro compound. 
In some cases, the intermediates can be isolated 
(see Experimental). The ultraviolet (u.v.) spectra 
are all similar to 1 (R = R1 = OR) in both shape 
and intensity (Table I). 

The i.r. spectra are very similar, showing a 
broad band at -1240 cm-' which is considered 
(4, 5) characteristic of the general structure 1, 
and NO, bands at 1590 cm-' and 1750 cm-l. 
The n.m.r. spectra of the compounds are quite 
diagnostic and are discussed individually. 

(a) 1,3,5-Trinitrobenzene - triethylamine - 
nitromethane 

When triethylamine is added to a solution of 
TNB in nitromethane or in a 50:50 mixture of 
nitromethane dimethyl sulfoxide (DMSO), the 
solution immediately becomes bright red (h,,, = 
456 mp, A,,, = 568 mp, Fig. 1). The absorption at 
6 = 9.2, due to the TNB disappears and two new 
absorptions appear at 6 = - 8.4, (singlet, relative 
intensity 2) and 6 = - 5.35 (triplet J = 7.5 c.p.s., 
relative intensity 1). This new spectrum can be 

+ 
explained in terms of structure 2 (Y = HNEt,). 

Several workers (6-9), have shown that the 
"aromatic" ring protons (Ha in 2) in 1,3,5-trini- 
trocyclopentadienate cyclic systems such as 1 
show absorptions at --8.5 p.p.m. Thus the 
absorption at - - 8.4, may be assigned to Ha  in 
2. Similarly the 'aliphatic' proton HP in 2 might be 
expected to occur at much higher fields. HP is 
split into a triplet by interaction with the side- 
chain protons Hy (this splitting eliminates any 
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TABLE I 
Visible absorption maxima (my) and extinction coefficients* (mole-' 1 cm-') of compounds of general structure 7 in 

dimethyl sulfoxide solution 

*Reported to nearest 500, estimated errors 10%. 
tBy dissolution of isolated compound in dimethyl sulfoxide. 
$By 100 x dilution of a solution of compound 3 in a mixture of dimethyl sulfoxide and the appropriate aliphatic nitro compound. 
§Cation K+. 

FIG. 1. (A), Compound 1, R = R1 = OCH, in 
methanol; (B), trinitrobenzene in CHBNOz plus triethyl- 
amine (compound 2). 

possibility of reaction via the nitrogen or oxygen 
of the NO, group). 

An identical spectrum is formed when nitro- 
methane is added to a solution of 3 in DMSO 
indicating the solvolysis [I]. 

The complete spectrum of compound 2 in 
DMSO with assignment is shown in Fig. 2. 

(b )  Trinitrobenzene - triethylamine - nitro- 
ethane 

Addition of triethylamine to TNB in nitro- 
ethane gives a bright red coloration (h,,, = 452 
mp, Amax = 555 mp). In concentrated solutions, 

however, there is precipitation and n.m.r. spectra 
were recorded on a solution of TNB in a 50:50 
mixture of nitroethane and DMSO. Addition of 
triethylamine to this solution causes the dis- 
appearance of the TNB resonance and the appear- 
ance of two new resonances at 6 = - 8.47 (rela- 
tive intensity 2) and 6 = - 5.67 (doublet, 
J = 3.2 c.p.s., relative intensity 1). These can be 
assigned to Ha and HP respectively in 4, where 
HP is split by Hy. Spectra under conditions of 

higher resolution reveal a small coupling within 
the ring JHa-HB = 0.5 c.P.s., and a small non- 
equivalence of the two ring protons due to the 
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FYFE: INTERACTION BETWEEN ALPIHATIC AND AROMATIC NITRO COMPOUNDS 3049 

asymmetry at the carbon carrying Hy. In no 
conformation of the side chain are the two ring 
protons equivalent, but the effect is relatively 
small due to the large distance involved. 

Compound 4can also be formed by the addition 
of nitroethane to a solution of 3 in DMSO by 
solvolysis similar to reaction [I 1. 

The complete spectrum in ('H,) DMSO of the 
product from nitroethane solution is shown with 
complete assignments in Fig. 3. 

at 6 = - 8.46 (singlet, relative intensity 2) and 
6 at = -5.63 (doublet, J = 3.5 c.p.s., relative 
intensity 1). These are consistent with protons 

7 CH2-CH3 
H \  I 

'H C-NO2 

""'j?5J0' aH H" 

NO2 
E 
J 

(c )  Trinitrobenzene - triethylamine-l-nitro- 
propane Ha, HP respectively in 5 with JHBdHy = 3.5 C.P.S. 

When triethylamine is added to TNB in l-nitro- On higher resolution, the peak assigned to Ha 
propane/DMSO, the solution becomes very splits into a doublet, and each of the peaks of 
brightly colored (A,,, 453 mp, A,,, 552 mp) and the doublet resonance in HP into a triplet. This 
two new resonances occur in the n.m.r. spectrum is thought to be due to coupling across the ring 

l . . . . l . . , , l . . . . l , , , , I I I I I I I I I I I , I , I I I I I I l , . . I  
-9 -8 (5( PPM 1 -6 -5 -4 

FIG. 2. 100 MHz nuclear magnetic resonance spectrum with assignments of compound 2 in DMSO. 
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FIG. 3. lOOMHz nuclear magnetic resonance spectrum with assignments of con~pound 4 in ['H6] DMSO (h = 
['H5] DMSO, i = impurity). 

with JHEeHB = 1 C.P.S. There is no evidence of c.p.s.) splitting Hci and HP into a doublet and 
any asymmetry in the Hci protons as was found triplet respectively. Compound 6 can also be 
for the nitroethane adduct. Again the com- formed by the action of Znitropropane on3. 
pound can be formed by the action of 1-nitro- The compounds 3,4,5, and 6 show no exchange 
propane on compound 3 in DMSO. with either different nitro compounds or with 

acetone in either the presence or  absence of base 
(d)  Trinitrobenzene - triethylamine-2-nitro- and are stable towards other nucleoDhilic re- 

propane 
Addition of triethylamine to a solution of TNB 

in Znitropropane/DMSO produces an intense 
coloration (A,,, = 450 mp, A,,,,, = 545 mp) and 
new peaks in the n.m.r. spectrum at 6 = - 8.5, 
(singlet, relative intensity 2) and at 6 = - 5.90 
(broad singlet, relative intensity 1). 

These are consistent with Hci and HP in struc- 
ture 6. Higher resolution reveals the presence of a 

small coupling across the ring (JHlr-HB = 1.40 

agents. They are stable in DMSO sorution for 
several weeks. The addition of concentrated 
mineral acid regenerates TNB in all cases. 

The chemical shifts and couplings of the H a  
and HP protons are given in Table 11. 

There seems to  be a correlation in the n.m.r. 
spectra similar t o  that found for the correspond- 
ing intermediates formed from ketone anions (10) 
in that the magnitude of the chemical shift of HP 
becomes smaller and JHB-Ha becomes smaller as 
the attached carbon atom is secondary, tertiary, 
and quaternary. There is a similar, but smaller, 
trend in the chemical shifts of the Hci resonances. 

Particularly interesting is the increase in size 
of the small, long-range coupling J H a - H P  with 
increasing bulkiness of the attached group, which 
tends to suggest a change in the relative orienta- 
tions of Hci and Hp. It may be that the bulkier the 
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FYFE: INTERACTION BETWEEN ALIPHATIC AND AROMATIC NITRO COMPOUNDS 3051 

TABLE I1 
Chemical shifts (- 6 )  and couplings of Ha and H[3 protons in general structure 7* in DMSO 

solution 
-- -- 
PA---- 

-- 
R Typet Ha HB JHY-HB(C.P.S.) JH.-HB(C.P.S.) 

'Structure 7: 
Ha 

tS = secondary,,T = tertiary, Q = quaternary. 
$Very close mult~plet due to non-equivalence of ring protons. Shift value is for multiplet center. 

attached group becomes, the closer HP is pushed 
towards being at right angles to the plane of the 
ring. 

Other Aromatic Nitro Conzpounds 
(a) N,N-Dimethylpicramide 
The bright coloration (A,,, = 490 mp) caused 

by the addition of triethylamine to a solution of 
N,N-dimethylpicramide in nitromethane is ac- 
companied by the growth of two new absorptions 
in the n.m.r. spectrum; a doublet at 6 = -8.4 
( J  = 1 c.p.s., relative intensity = l), and four 
lines each split into a doublet J = 1 centered at 
6 = -5.7, of total intensity 1 and J1 = 5 c.p.s., 
J1' = 8 c.p.s. These are consistent with the 
assignment Ha, HP respectively in structure 8 
with J H m - H P  = 1 C.P.S. and HP split into 4 lines 
because of non-equivalence in the methylene 
induced by the asymmetry in the ring system. 

(b) 2,4-Dinitronaphthalene 
Addition of triethylamine to a solution of 

2,4-dinitronaphthalene in nitromethane gives a 
red coloration (A,,, = 538 mp) and the appear- 
ance of an n.m.r. spectrum consistent with struc- 

ture 9, with H-1, 6 = -5.1,; H-2, 6 = -6.7,; 
H-3, 6 = - 8.6,; H-4, H-5, H-6, multiplet 
center 6 = -7.25. The compound can again be 

formed from the solvolysis of the corresponding 
methoxy compound. 

(c) 3,5-Dinitropyridine 
The red-purple color (A,,, = 515 mp, shoulder 

-570 mp) produced when triethylamine is 
added to a solution of 3,5-dinitropyridine in 
nitromethane is accompanied by the appearance 
of two new sets of resonances in the n.m.r. 
spectrum. The positions and intensities of these 
resonances are consistent with the formation of 
the isomericions 10 and 11 with H-1, 6 = -5.85; 
H-2, 6 = -8.34; H-3, 6 = -8.52, J H Z - H 3  =:2 

c.p.s. H-1 is composed of 4lines withJ1 = 5 c.p.s., 
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TABLE I11 
Chemical shifts ( - 6 )  and couplings (c.p.s.) for compounds 12* and 13 

Compound H- 1 H-2 H-3 H-4 J12 J z ~  J34 

'Values from ref. 11. 

FIG. 4. Ultraviolet spectra of solutions resulting from 
the addition of triethylamine to solutions of TNB in 
(A) nitromethane and (B) acetone. 

Interaction of l,3-Dinitrobenzene with Nitro- 
methane - Janovsky Reaction 

When sodium methoxide is added to a solution 
of 1,3-dinitrobenzene in a solution consisting of 
60 % DMSO and 40 % nitromethane, the solution 
turns pinkish-purple (I,,, 562 mp). New reso- 
nances occur in the n.m.r. spectrum which are 
stable for several days and are consistent with the 
structure 12. 

In Table I11 these are compared with the spec- 
trum of the corresponding acetonyl adduct 13 
which has recently been measured (7). 

The fact that the two spectra are so similar 
suggests that the structure and electron distribu- 
tion are very similar in the two species. 

Thus the present work suggests that stable 
intermediates can be produced from the inter- 
action of a variety of aromatic nitro compounds 
with a variety of aliphatic nitro compounds in 
basic solution. These are characterized as F-com- 
plexes formed by the attack of a carbanion formed 
by proton abstraction from the aliphatic nitro 
compound. It might thus be expected that similar 
compounds could be formed by the action of base 
on any activated methylene and characterized by 
n.m.r. 

The similarities in the U.V. spectra of the com- 
pounds characterized here and the corresponding 
acetonyl adducts are very striking (Figs. 4, 5). 
The U.V. spectra are, however, significantly 
different from the corresponding dialkoxy com- 
pounds although similar in general position and 
shape (Fig. 1). This would suggest that, perhaps, 
the U.V. spectra are really characteristic of (for 
example in the case of TNB) the basic unit 14, 

e.g. malononitrile gives (I,,, 450 mp, I,,, 550 
mI.4. 

This is important insofar as it has been sug- 
gested that aromatic nitro compounds in general 
and 1,3-dinitrobenzene in particular could be 
used as biological testing agents for the grouping 
-CH2-CO (Janovsky reaction) ; the test being 
the production of a color in basic solution of the 
unknown compound. The present work suggests, 
however, that equally stable and well charac- 
terized compounds with very similar U.V. spectra 
are formed from aliphatic nitro compounds under 
these conditions and this is probably true for any 
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FIG. 5. Ultraviolet spectra of solutions resulting from the addition of sodium methoxide to solutions of 1,3-dinitro- 
benzene in (A) 50 % DMSO, 50 % acetone, and (B) 50 % DMSO, 50 % nitromethane. 

active methvlene. Some care would have to be shifts in p.p.m. were measured from tetramethylsilane as 

exercised in iny use ofthese reactions as chemical internal reference. Ultraviolet spectra were measured on a 
Beckman SP 800 spectrophotometer and extinction co- 

tests. efficients measured on a C a ~ y  model 16 spectrophotom- 

Experimental eter. Infrared spectra of Nujol mulls were recorded using 
a Perkin-Elmer Infracord spectrophotometer. 

Nuclear magnetic resonance spectra were recorded at With the exception of 3,5-dinitropyridine, the chemicals 
60 Mc.p.s. on a JEOL C-60H spectrometer and at 100 used were from commercial sources and on purification 
Mc.p.s. on a Varian HA-100 spectrometer. Chemical gave melting points and boiling points in agreement with 

TABLE IV 

Microanalyses of solid complexes 

Calculated Found 

Compound Formula C H N C H N 

2*i C,H,N,OeK 26.92 1.60 17.94 27.18 2.01 17.80 

*Cation K+. + 
?Cation NHEt3. + 
$Analysis indicated the salt contained a small amount of triethylamine when the cation was NHEt,. 
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published values. 3,5-Dinitropyridine was prepared in 
good yield by the method of Plaiek (12), m.p. 104-105 "C 
(lit. 106 "C). The various solid complexes, precipitated 
from solution in the corresponding aliphatic nitro com- 
pound by the addition of a large amount of dry ether, gave 
the following microanalyses. 
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Complexes of N-methylxanthines with carboxylic acids 

DENYS COOK AND ZEPHYR R. REGNIER 
Research Laboratories, Food and Drug Directorate, Department of National Health and Welfnre, Ottawa, Carzada 

Received May 10, 1968 

Complexes of caffeine and theobromine, with acetic and salicylic acid, have been studied by means of 
infrared spectroscopy. In the complexes with aromatic acids a fairly strong hydrogen bond exists between 
the carboxylic OH group and the nitrogen atom N-9 in the imidazole ring. The acetic acid complexes 
involve no strong intermolecular forces and are ~robablv weak lattice com~lexes. 

The complex& with aromatic acids are discussed in ;elation to theories of lipid solubility and gastro- 
intestinal absorption. 
Canadian Journal of Chemistry, 46, 3055 (1968) 

Introduction 

The formation of complexes of molecules of 
the xanthine series, caffeine, theobromine, and 
theophylline with carboxylic acids has been in- 
ferred from a variety of measurements (1-4). 
Althoughit has been suggested that the complexes 
with aromatic carboxylic acids are a result of 
interactions between the z electrons of such 
rings (4), their physical structure is still in doubt. 

A study of the infrared (i.r.) spectra of such 
complexes seemed a possible way of solving this 
structural problem. This method has already 
been used to show that in salts of xanthines with 
strong acids protonation occurs at N-9 in the 
imidazole ring for caffeine (5), theobromine (6), 
and theophylline (7), while the spectra of the 
salts of the last two chemicals with strong bases 
has enabled the easy identification of their 
anions (7). This preliminary work has consider- 
ably facilitated the interpretation of the i.r. spectra 
of the complexes. 

Results and Discussion 

The principal absorption bands in the spectra 
of the free bases and the complexes with aro- 
matic acids are listed in Table I. ' 
Caffeine Complexes 

Caffeine - Acetic Acid Complex 
Several diagnostically useful differences are 

observed in the spectra of caffeine and those of 
its salts (6). An increase in carbonyl frequency, 
v,,, and in v,, for the C,-H bond, are both 

attributed to the effect of the positive charge. In 
addition new bands are present in the salt 
spectra due to stretching, in-plane bending, and 
out-of-plane bending of the protonated N:-H 
group. 

For the acetic acid complex of caffeine the i.r. 
spectrum shows nearly all the caffeine bands to 
be at the same frequency as in the free base, 
with additional bands due to acetic acid. Of 
these the strongest is a t  1720 cm-'. The mo- 
nomer has its carbonyl frequency a t  w 1790 
cm-' (8), and the dimer at 1715 cm-' (i.r., liq- 
uid) and 1675 cm-' (Raman, liquid) (9). The 
crytsalline solid which is composed of infinite 
chains of hydrogen-bonded monomers (10) has 
a doublet at 1659/1645cm-I (i.r., solid, 0 "C) 
(1 1). 

The acetic acid in the caffeine - acetic acid com- 
plex must therefore be in the dimeric form and 
has little or no interaction with the caffeine 
molecules. This conclusion is in accord with the 
physical properties of the complex: it loses acetic 
acid readily on exposure to air reverting to 
caffeine. (The hydrate of caffeine also is efflo- 
rescent.) Other bands in the spectrum are at 
frequencies similar to those in the liquid acetic 
acid dimer (9) with minor shifts in some bands 
connected with the O H  group vibrations as a 
result of a slightly different molecular environ- 
ment. A slight weakening of the acetic acid 
dimer hydrogen bond strength in the complex 
may be inferred from the slightly higher value of 
voH and lower value of yo, in the complex com- 
pared to the free base. 

'A complete listing of the bands in the spectra has been The alternative structure of a free caffeine 
Ned with the Depository of Unpublished Data. Photo- molecule fitting into a lattice composed of in- 
copies may be obtained free of charge from The De- 
pository of Unpublished Data, National Science Library, finite of hydrogen-bonded 
National Research Council of Canada, Ottawa, Canada. units can be dismissed as there is no new band 
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TABLE I 
Principal absorption bands in the infrared spectra of the free bases and their complexes 

with aromatic acids 

Caffeine Theobromine 

Salicylic Salicylic 
Base acid complex Base acid complex Salicylic acid 

NOTE: Assignments on the left are for the free bases and the complexes. Those on the right are for salicylic 
acid. 

in the i.r. spectrum of the complex at -1650 OH was prepared and the caffeine complex of 
cm-' (1 1). this also was made. The s~ec t rum of the sali- 

CafSeine - SalicyIic Acid Complex 
The complex is equimolar. In it the salicylate 

portion is not in the form of its anion since its 
i.r. spectrum would show strong bands due to 
vibrations of the COO- group a t  -1590 and 
1390 cm-'. The acid must therefore be un- 
ionized, but it is not in the same form in the 
complex as is found in the pure crystalline acid 
hydrogen-bonded centrosymmetrical dimer (12) 
because the prominent bands due to COOH 
stretching in the acid are absent from the spec- 
trum of the complex. 

This information coupled with the elevation 
of v,, and v,, in the caffeine part of the com- 
plex is conclusive evidence of the interaction at 
N-9 of a carboxylic acid COOH group, which 
gives similar effects but of smaller magnitude 
than a protonating acid. Structure 1 would be 
consistent with these results. 

Salicylic acid deuterated at the COOH and 

cylic acid-d, : caffeine complex did not contain 
the distinctive bands centered near 2418122331 
2072 cm-' of salicylic acid-d,. Bands associated 
with the COOH and OH groups at 2440, 1310, 
1238, 851, 809, and 786 cm-' in the caffeine- 
salicylic acid complex disappear on deuteration. 
None of the bands associated with the caffeine 
molecules alter significantly on deuteration. 

The spectrum of salicylic acid in dilute solu- 
tion in CCl, shows two carbonyl bands at 1662 
and 1694 cm-I, the latter being due to the 
monomer. Differences of 30-60 cm-' have been 
noted in vc0 between monomeric and dimeric 
forms in benzoic acid (13), acrylic acid (14), and 
acetic acid (8). In the case of a solution of fatty 
acid in pyridineICC1, the difference in carbonyl 
frequency between solution dimer and com- 
plexed monomer (COOH . . . N) was about 20 
cm- ' (1 5). The band centered a t  1666 cm-' in 
the caffeine : salicylic acid complex is therefore 
probably made up  of contributions from car- 

0 R bonyl group vibrations of both molecules. 
Another possible structure was found to be 

untenable after a consideration of Dreiding 
models. This was a planar model with the phen- 

R H olic OH group rotated 180" away from its intra- 
molecular hydrogen bond with the COOH 
group, and forming a 0-H .. . N-9 bond (about 

\ / \o% 2.7 A long) with the caffeine molecule. Short 
H . . . H contacts of 1.6 A between C,-H (caf- 

1, R1 = R3 = R7 = CH3 feine) and C,-H (salicylic acid), and 2.5 A 
2, R1 = H, R3 = R7 = CH3 between the phenolic OH and N3CH3 group 
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COOK AND REGNIER: COMPLEXES OF N-METHYLXANTHINES 3057 

make this model entirely unrealistic. Rotation 
of the OH group out of the salicylic acid mo- 
lecular plane would relieve some of these short 
contacts but seems unlikely in view of the great 
stabilization by internal hydrogen bonding. 
Moreover, the carboxylic acid group in this con- 
formation would be free to form the dimer but 
this has been shown above to be an unlikely 
structural factor. 

Theobromine Complexes 
Theobromine - Acetic Acid Complex 
The contour of the multiple NH stretching 

band near 3050 cm-l in the complex is very 
similar to that in the free base, but the peaks are 
at slightly higher frequency. The stretching vi- 
bration of the CH group in the imidazole ring is 
also at higher frequency. The same hydrogen 
bonding that occurs in the free base therefore 
probably persists in the complex. It  has been 
suggested that this takes the form of a centro- 
symmetrical dimer involving Nl-H . . . 0=C6 
hydrogen bonds (6). The slightly higher fre- 
quencies in the complex imply a small lengthen- 
ing of the hydrogen bond, also indicated by the 
decrease in the out-of-plane NH deformation 
y,, from 860 to 837 cm-' in the complex. 

The carbonyl frequency of the acetic acid 
portion can be easily identified at 1720 cm-l,  
at the same position as in the caffeine complex. 
The dimeric form is indicated again with little 
interaction between the two components of the 
complex. 

Theobromine - Salicylic Acid Complex 
The spectrum of the theobromine - salicylic 

acid complex does not show the strong OH 
stretching bands of the free acid in the 3000 cm- 
region, neither does it contain bands due to the 
salicylate anion. There is, however, a group of 
bands very similar in position and in shape to 
those in free theobromine, and again this suggests 
that the hydrogen bonding that occurs in the 
free base also occurs in the complex. A broad 
band containing much structure centered near 
2465 cm-l is assigned to the OH stretching vi- 
bration of the COOH group in the salicylic acid 
and may also contain a contribution from the 
internally hydrogen bonded OH group attached 
to the ring. The same type of structure (2) as for 
the caffeine complex (1) is proposed, and many 
of the bands due to the acid portion are at 
similar frequencies in both complexes. 

The absence of any decreased theobromine 

carbonyl frequency rules out interaction at a 
carbonyl group. Carbonyl frequencies of the 
base are raised slightly, as in the caffeine complex. 

Deuteration studies showed similar changes 
taking place as in the caffeine - salicylic acid 
complex, with bands a t  2500, 2465, 1305, 1230, 
810, and 765 cm-l disappearing. In addition, 
the Nl-H hydrogen stretching and bending 
vibrations at 3050, 1482, 1140, and 860 cm-I 
due to the theobromine molecule are shifted on 
deuteration. 

Caffeine is known to alter the gastric ab- 
sorption rate of salicylic acid in the rat when the 
two are administered together (16, 17). The pre- 
cise significance of the results is not known, how- 
ever, since the two research groups used a dif- 
ferent protocol. The summaries of their work 
appear to present diametrically opposed views. 

It is possible to rationalize these apparently 
opposite views by constructing the graph in Fig. 
1 showing % salicylic acid not in stomach as a 
function of time. With salicylic acid alone group 
A (17) find an increasing amount absorbed 
which can be extrapolated to reach the 1 h 
values of group B (16) thus giving a broad 
maximum to the curve, which is essentially an 
absorption or blood level curve. With the sali- 
cylic acidlcaffeine mixture, a higher level is 
reached earlier, followed by a quicker decline, 
which again extrapolates to the lower levels of 
group B after 1 h. 

These blood level characteristics, a lower flat- 
ter maximum for the slowly absorbed material, 
and a sharper higher peak for the faster ab- 
sorption are quite consistent with our knowledge 
of the absorption process. Within the experi- 
mental errors and standard deviations the data 
of both groups fit this scheme. 

The lipid solubility/percent ionized concept 
(18) has been highly successful in explaining 
many facets of drug absorption. In the present 
context the complex of salicylic acid and caf- 
feine by the formation of the 0-H . . . N hydro- 
gen bond effectively removes these polar groups 
from the environment, and is therefore much 
more lipid soluble, which is one of the main 
criteria for more rapid and complete absorption, 
other things being equal. 

These experimental absorption figures (16, 17) 
are also confirmed by a very early pharmaco- 
kinetic study (19) available to us only in ab- 
stract (20) which concluded in effect that when 
salicylic acid was administered with caffeine to 
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100 

Knoll ef ol Levy et ol 
- ./.-.- 

0 -.\ \ 
SA + CAFF. \ \ 

\ 
\ 

\ 
\ SA + EtOH - -\- - --- 

A-- 

\ }  SA + EtOH + CAFF. 
0 
I 
I 

7 

I 

TIME (MIN I  
FIG. 1. Disappearance of drug from rat stomach asa function of time. 0, ref. 16; A, unstirred; 0,  static stirrer; 
0, rotating stirrer, ref. 17. 

rabbits, it gave (i) a maximum blood level Houses Limited; theophylline from K and K Laboratories 
earlier, (ii) a lower total quantity in blood, and Inc.; and salicylic acid from Anachemia Chemicals 
(iii) a greater urinary excretion rate than when Limited. 

salicylic acid was administered alone. Allowing caffeine - ~~~~i~ complex 
for the less advanced technical methodologv of Caffeine was recrvstallized from a small auantitv of -- 
that day, one could only take exception to con- glacial acetic acid in-the form of long needle~,*m.~. same 

elusion (ii). species difference may account for as caffeine. The crystals lost acetic acid completely after 

this. exposure to air for 16 h. 

Experimental Caffeine - Salicylic Acid Cornplex 
Materials Equivalent quantities of each component were dis- 

Caffeine (anhydrous) was obtained from the Aldrich solved in absolute ethanol. On evaporation of the solvent, 
Chemical Company; theobromine from the British Drug the complex remained as a white solid, m.p. 138-138.5'. 
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COOK AND REGNIER: COMPLEXES OF N-METHYLXANTHINES 3059 ~ 
The complex could also be prepared by thoroughly 
grinding together very small equimolar quantities of each 
component in an agate mortar. 

Theobromine - Acetic Acid Complex 
Theobromine was recrystallized from acetic acid giving 

a white solid, m.p. similar to that of theobromine. It lost 
acetic acid on exposure to air. 

Theobro~nine - Salicylic Acid Complex 
A mixture of aqueous solutions of equimolar amounts 

of the two components on evaporation of the solvent 
gave the complex as white needles, m.p. 208" (decomp.). 

The stoichiometry of the complexes was checked by 
titrimetric methods, giving results in all cases close to 
equimolar values. 

The spectra were recorded on a Perkin-Elmer 621 
grating spectrometer, and were all of Nujol-fluorolube 
mulls of the solid materials. 
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~ Medium heterocyclic rings from carbohydrate precursors 
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Chemical and physical evidence is presented to show that the structure of a dianhydride of D-ribose 
is di-p-D-ribofuranose 1,5':1',5-dianhydride. Partial acid hydrolysis of this dimer affords a ribobiose, 
which is shown to be 5-0-p-D-ribofuranosyl-D-ribose, since examination of the 0-methyl derivative of 
this disaccharide yields 2,3,5-tri- and 2,3-di-0-methyl-D-ribose, and since quantitative measurements of 
the periodate consumption of the derived glycitol (4 moles of periodate per mole) are consistent with a 
structure corresponding to 5-0-p-D-ribofuranosyl-D-ribitol. In addition to confirming that both the 
1 + 5'- and 1' -> 5- linkages have the !3 configuration, n.m.r. spectral data for the dianhydride tetra- 
acetate leads to a conformational assignment for this derivative in chloroform at  room temperature. 

Periodate oxidation of the dianhydride, followed by borohydride reduction and acetylation, yields a 
2,4,7,9-tetraacetoxymethyl-l,3,6,8-tetraoxacyclodecane. The conformatlonal properties of this com- 
pound are discussed. 
Canadian Journal of Chemistry, 46, 3061 (1968) 

Although several investigations (1-3) have 
been carried out on an anhydro derivative of 
D-ribose, first reported by Bredereck et al. (4), 
unequivocal evidence for the structure of this 
compound has not been presented to date (cf. 
5). An attempted (4) de-0-tritylation of 1,2,3- 
tri-0-acetyl-5-0-trityl-D-ribofuranose with hy- 
drogen bromide in glacial acetic acid at 0" led to 
the isolation of a compound, which was thought 
to be 2,3-di-0-acetyl-1 ,5-anhydro-P-D-ribofura- 
nose. Further investigations by Barker and Lock 
(1) on the product obtained from this reaction 
showed that it was dimeric and probably a fully 
acetylated derivative of di-D-ribofuranose 1,5': 
1 ',5-dianhydride, although some doubt remained 
about the assignment of this structure. Sub- 
sequently, other investigators (3, 6) and re- 
viewers (7, 8) have supported the suggestion (1) 
that a 1,5' : 1 ',5-dianhydride structure is more 
likely than a 1,4' : 1 ',4- or a 1,5' : 1 ',4-dianhydride 
structural formulation. All these structural types 
are consistent (1) with the consumption of 2 
moles of periodate per mole of dianhydride on 
oxidation, and with the isolation and character- 
ization of 2,3-di-0-methyl-D-ribose from the 
acidic hydrolyzate of the tetra-0-methyl deriva- 
tive of the dianhydride. In addition to reporting 
the preparation of some tetraoxacyclodecane 
derivatives from the dianhydride, we present evi- 
dence in this paper that this latter compound is 
di-P-D-ribofuranose 1,5' : 1 ',5-dianhydride (2). 

Benzylidenation of D-ribose as described by 
Wood et al. (3) gave 2,3 :2',3'-di-0-benzylidene- 
D-ribofuranose 1,5' : 1 ',5-dianhydride (I), which 

d b RO OR 

Y 
Ph 

1 2 R=H 
3 R=Ac 
4 R=Me 

yielded the dianhydride (2) on catalytic de-0- 
benzylidenation. Partial hydrolysis of the dian- 
hydride (2) with 0.01 N sulfuric acid for  2 h at 
100" yielded a ribobiose (5) in 7 % yield, as well 
as ribose and unchanged starting material (2). 
The disaccharide was shown to be 5-0-P-D- 
ribofuranosyl-D-ribose (5). Acid hydrolysis gave 
only ribose and methylation analysis led to  
the chromatographic identification of 2,3,5-tri- 
(12) and 2,3-di-0-methyl-D-ribose (15) by com- 
parison with authentic samples. 2,3,5-Tri-0- 
methyl-D-ribose (12) (9) was prepared by methyl- 
ating 2,3-0-benzylidene-D-ribofuranose (8) (3) 
using a modification (10) of a procedure re- 
ported by Falconer and Adams (11) t o  give the 
methyl 2,3-0-benzylidene-5-0-methyl-D-ribo- 
furanosides (9) (3, 12), which were de-0-benzyl- 
idenated (3) to give 10; methylation (10, 11) of 
10 yielded 11, which was hydrolyzed (9) to give 
12. 2,3-Di-0-methyl-D-ribose (15) (1, 13) was 
obtained by hydrolyzing the methyl glycosides 
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I 
H o c T o r ~ ; ~ ~ 2  

OHC CHO 

(14) obtained on methanolysis of tetra-o-methyl- 8.0 - 
P-D-ribofuranose 1,5 ' : 1 ',5-dianhydride (4). Equi- 
librium proportions of methyl glycosides (13 and 7.0 - 
14) were examined by gas-liquid chromatog- , 
raphy (g.1.c.) after refluxing with methanolic 2 6.0 - 
2 % hydrogen chloride for 16 h. On similar I 
treatment the 0-methyl derivative of the ribo- 5.0 - 
biose (5) yielded a g.1.c. pattern corresponding S? ", 

2 W -1 

-1 I O 3 0 -  
I 

HOCH2 0 0-CH2 0 

'M' '%-OH 

2.0 - 
a 
I- 

HO OH HO OH a 1.0- 
3 

5 

to approximately equimolar amounts of 2,3,5- 
tri- and 2,3-di-0-methyl-D-ribose as their methyl 
glycosides (13 and 14). This evidence indicated 
that a ribose unit was 4-0- or 5-0- substituted 
by a ribofuranose residue. Although the fact that 
the disaccharide (5) was released under mild 
conditions of acid hydrolysis would suggest that 
the reducing ribose unit was in the furanose 
form, and therefore 5-0-substituted, the two 
possibilities may be distinguished quite con- 
veniently by reducing the ribobiose (5) with 
sodium borohydride to the glycitol (6) and 
measuring the periodate consumption of the 
latter. Theoretically, 4-0- and 5-0- substituted 
glycitols should consume 3 and 4 moles of 
periodate per mole, respectively. The periodate 
uptake of the derived glycitol (6) with time was 
measured1 polarographically (14), and the re- 
sults of this experiment are shown in Fig. 1. 
Although the reduced disaccharide (6) exhibits 

/ 
/" 

4 0 - - - - - - - -  
/O 

0 

o>z- 
0 

P 

lThe authors thank Miss Alice Wei for making these 
measurements. 

0 0  
0 20 4 0  60  80 100 120 140 

MlNS 

FIG. 1. Periodate oxidation of reduced disaccharide 6 .  

"over-oxidation", a point of inflection2 exists 
on the curve corresponding to a consumption 
of 4.0 moles of periodate per mole. Presumably, 
the reduced disaccharide (6) is oxidized initially 
to the trialdehyde (7) and only after this reaction 
is complete does "over-oxidation" of 7 ensue. 
It is concluded that the reduced ribobiose is 
5-0-P-D-ribofuranosyl-D-ribitol (6) and hence 
that the reducing ribose residue in the original 
disaccharide (5) is 5-0-substituted and in the 
furanose form. The values for the specific 
optical rotations of the disaccharide (5) (+24") 
and of the reduced disaccharide (6) (-26") 
suggest that the configuration of the 1 + 5- 
linkage is P. This assignment is confirmed by the 
nuclear magnetic resonance (n.m.r.) spectrum of 
6 in deuterium oxide. This shows a 1-proton 
broadened singlet at z 4.95, which confirms 
(15, 16) a trans relationship between the protons 
on C-1 and C-2 of the ribofuranose residue and 
hence a p configuration for the 1 + 5 glyco- 
sidic bond. The question remained as to whether 
both the 1 -+ 5'- and 1' -+ 5-linkages in the 
dianhydride (2) have the P configuration. The 
fact that only one ribobiose was detected after 
partial acid hydrolysis of 2 indicates that the 

'Recently, W. G. Breck, G. W. Hay, and G. Hender- 
son (Queen's University, Kingston, Ontario) have ob- 
served a similar stepwise uptake of periodate with time 
for a number of disaccharides using this sensitive polaro- 
graphic technique. 
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0 0 M e 0  OMe 
'7' 

presence of an a linkage as well as a P one is in- 
herently unlikely. The n.m.r. spectral data for 
2, 3, and 4 support this conclusion. Finally, 
evidence that the ribobiose (5) is unlikely to have 
arisen as a result of acid reversion follows from 
the identification of only ribose after prolonged 
acid hydrolysis (17). 

Some idea of the conformation of the tetra- 
acetate (3) (1, 3) and of the tetra-0-methyl de- 
rivative (4) (1) of the dimer (2) in chloroform-d 
was obtained from an examination of their 
n.m.r. spectra. The partial n.m.r. spectrum of 3 
in chloroform-d (Fig. 2) showed a 2-proton 
singlet at z 4.87, which was assigned to H-l , l f .  
This assignment is consistent with a P config- 
uration at both glycosidic bonds and dihedral 

angles of close to 90" between H-1 and H-2 
(and H-1' and H-2'). This occurs when both 
ribofuranose rings assume C, conformations 
(half-chair) as shown in Fig. 3 (a). The remainder 
of the n.m.r. spectral data is consistent with this 
interpretation. The doublet between z 4.45-4.60 
was assigned to H-2,2' (J,,, = J,.,,, 5.0 Hz) and 
the quartet between z 4.1M.37 to H-3,3' (J,,, = 
J 2 P p 3 t  5.0 Hz, J3,4 = J3,,4t 7.3 Hz). These coup- 
ling constants are consistent with dihedral angles 
of 30-40" between H-2 and H-3 (and H-2' and 
H-3') and 150-160" between H-3 and H-4 (and 
H-3' and H-4'). The acetyl groups on C-2, C-2', 
C-3, and C-3' gave n.m.r. signals at z values of 
7.83 and 7.89. The 6-proton multiplets between 
z 5.62-6.35 constitute an ABX system (18), which 

Ho - 
FIG. 2. Partial nuclear magnetic resonance spectrum of tetraacetate 3. 
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by the spacing between 9 and 12 (or 9' and 127, 
which is equal to 3.0 Hz, it follows that JAx = 
JBx = 1.5 Hz. This spectral interpretation is con- 
sistent with a conformation for the dimer where 
the projected valence angle between either of the 
protons on C-5 (or C-5') and H-4 (or H-4') is 
approximately 60". This conformation, which 
exhibits an "up-down-up-down" arrangement of 

OR 
the four oxygen atoms within the 10-membered 
ring and which also displays a twofold (simple) 
axis of symmetry (19) is illustrated in Fig. 3b. 

a R =  A c  To date, ribose is the only pentose which has 
been reported to form a dimeric dianhydride. In 
this connection, however, it is of interest that $$ OR I 4 3 

{ 1 

RO 
OR 

l o r 1 1  

field, because H-4,4' is split by H-3,3' [J,,, = 
J,,,,, 7.3 Hz, obtained from the splittings (9-9'), 4 

(10-10' or 11-1 l'), or (12-12') shown in Fig. 41. 
The equivalent pairs of protons on C-5 and C-5' 
constitute the AB portion of the spectrum. 
Peaks 7 and 8 of the AB pattern are presumably 

J ~ 4 %  

hidden under part of the X portion of the spec- 
HZ 

I l l  I l l  I I I I  
orno y-y V~OU) 

I I 
(00 

Hz 
trum. The splittings (1-3) and (2-4) correspond &LG :&; . . . .  . . 

'-bum -0 
to JAB 13.5 Hz. The observation that the spacings m m ~  V V N  ---.-. 
(1-2), (3-4), and (5-6) are 1.6, 1.4, and 1.5 Hz 
respectively, and hence of the same order of Ho A 

magnitude, together with the fact that 10 and 11 
FIG. 4. Partial nuclear magnetic resonance spectrum (and lo' and ''1 are coincident is evidence that of tetraacetate 3, showing the ABX system for the protons 

JAx and JBx are equal. Since JAx + JBx is given on C-4 and C-5 (and C-4' and C-5'). 

9 

RO 

Hk 
10;ii 

H5a H 3  
H4 

Hse 

b R =  Ac 
12' 

12 
.I 

was assigned to the equivalent protons on C-4 
and C-4' and appeared as two triplets at lower 

4 

FIG. 3. (a) Ribofuranose rings of tetraacetate 3 
shown in C2 conformation; (b) Conformation of tetra- 
acetate 3 (also see Plate, acetyl groups are omitted for 

9' 

clarity). 1 
is shown in more detail in Fig. 4. The X portion 
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STODDART AND SZAREK: MEDIUM HETEROCYCLIC RINGS 

- Schaffer and Cohen (20) have recently charac- 
terized a high-boiling substance (20) (21) formed 
during high-vacuum distillation of 2,3-0-iso- 
propylidene-a-D-lyxofuranose. The configura- 

I 

tional requirements at C-1 and C-4 are not ful- 
1 filled as they are with ribose, which readily 
I forms (22) the dimeric anhydride, 2,3 :2',3'-di- 
I 0-isopropylidene-P-D-ribofuranose 1 3 '  :1',5-di- 

I 
anhydride (21). 

In recent years, there has been considerable 
interest shown in the preparation and conforma- 

l tional properties of homocyclic and hetero- 
1 cyclic 10-membered rings. Anet and Brown (23) 
1 have studied the rate of ring inversion of the 

nitrogen-containing 10-membered ring of pro- 
topine and Brimacombe et a/. (24) have reported 
the isolation of some 4,5:9,1O-biscyclohexano- 

I 

1,3,6,8-tetraoxacyclodecanes from reaction of 

, cyclohexane-cis- and trans- 1,2-diol with methyl- 

I ene bromide and sodium hydride in N,N- 
dimethyl forrnamide. The conformational geom- 
etries and energies of certain homocyclic 10- 

/ membered ring conformations have been com- 
puted and discussed by several authors (25-28). 

When the dianhydride (2) was subjected to 
periodate oxidation followed by borohydride re- 

duction and acetylation (29), a 2,4,7,9-tetra- 
acetoxymethyl-1,3,6,8-tetraoxacyclodecane (16) 
was obtained. The element alanalysis, and infra- 
red (i.r.) and n.m.r. spectra were all consistent 
structure proposed for this compound. with the 
A low-field triplet in the n.m.r. spectrum between 
2 4.96-5.21 ( J  5.4 Hz) was assigned to the acetal 
protons at C-2 and C-7. De-0-acetylation of 16 
yielded 2,4,7,9-tetrahydroxymethyl-1,3,6,8-tetra- 
oxacyclodecane (17), which also gave a satis- 
factory elemental analysis and a low-field triplet 
in the n.m.r. spectrum between 2 5.02-5.26 ( J  
5.5 Hz), attributable to the acetal protons on C-2 
and C-7. Mild acid hydrolysis of 17 followed by 
borohydride reduction of the products gave 
glycerol (18) and ethylene glycol (19). 

The fact that the n.m.r. spectrum of 16 in 
chloroform-d shows a sharp 12-proton singlet 
for the four acetyl groups associated with the 
acetoxymethyl side chains at positions 2,4,7 and 
9 of the tetraoxacyclodecane ring suggests that a 
conformational equilibrium state exists a t  room 
temperature in this solvent. The notation intro- 
duced by Hendrickson (27) for referring to  cyclo- 
decane rings is used in Fig. 5 to show some of 
the possible stable conformations the substituted 
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CCC CC B BC B 

FIG. 5. Some possible conformations of substituted tetraoxacyclodecane rings (16). 

tetraoxacyclodecane ring might assume. For the 
unsubstituted cyclodecane ring, the order of 
stability increases on going from the CCC to the 
CCB to the BCB conformation. When the cyclo- 
decane ring carries one or more substituents, 
equatorial substituents are considered to be more 
stable than axial ones, and the lowest energy 
conformation is given by the lowest sum of ring 
energy and substituent energy. In the case of the 
tetraoxacyclodecane ring, a discussion of con- 
formational equilibria is complicated by the 
presence of dipole-dipole interactions between 
oxygen atoms in the ring and between oxygen 
atoms and substituents. Figure 5 shows that 
there are two substituents axial and two equa- 
torial, as well as two unfavorable 1,3 dipole- 
dipole interactions between oxygen atoms in the 
CCC conformation. In the CCB conformation. 
all substituents are equatorial and there is onl; 
one unfavorable 1,3 dipole-dipole interaction. 
The BCB conformation has no unfavorable 1.3 
dipole-dipole interactions, but has two of the 
four substituents axial. Although qualitatively, 
this argument leads to the prediction that the 
CCB and BCB conformations will be of lower 
energy than the CCC one, it is hoped that low 
temperature n.m.r. studies will give some in- 
sight into matters relating to the rate of ring in- 
version and to the nature of the conformational 
equilibria. 

Experimental 
Melting points are uncorrected and were determined 

with a Fisher-Johns apparatus. Microdistillations were 
carried out on a Gallenkamp heating block. Optical ro- 
tations were measured using a Bendix ETL-NPL auto- 
matic polarimeter (type 143A) at 21 + 2". Paper chroma- 
tography was carried out on Whatman No. 1 and 3 MM 

papers using the following solvent systems (v/v): (a 
benzene - butan-1-01 - pyridine - water (1 :5:3:3, upper 
layer); (b) butan-1-01 - ethanol - water (4:1:5, upper 
layer); (c)  butan-1-01 - ethanol - water (3:l:l). Sugars 
were detected with aniline oxalate (30), alkaline silver 
nitrate (31), or periodate-permanganate (32) spray re- 
agents. R,,, values of sugars refer t o  distances moved 
relative to that of ribose. RG values of 0-methyl sugars 
refer to distances moved relative to that of 2,3,4,6-tetra- 
0-methyl-D-glucose. Thin-layer chromatography (t.1.c.) 
was carried out on  glass microplates (40 x 90 mm) 
coated with silica gel (Camag) using the following solvent 
systems (v/v) : (d) chloroform-methanol (1 9 :I) ; (e) ethyl 
acetate - petroleum ether (b.p. 60-80") (3:2); (f) ethyl 
acetate - petroleum ether (b.p. 60-80") (1 :I). The de- 
veloped plates were air dried, sprayed with 5 % ethanolic 
sulfuric acid and heated at about 150". R, values of sugars 
refer to distances moved relative t o  that of the solvent 
front. Gas-liquid partition chromatography (g.1.c.) ( F  
and M chromatograph, type 402) of mixtures of methyl 
glycosides of 0-methyl sugars (33) was carried out a t  
nitrogen flow-rates of ca. 100 ml/min on columns of 
(i) 15% by weight of butan-1,4-diol succinate polyester 
on 60-80 mesh acid washed Chromosorb W (110 x 0.4 
cm) at 160°, and (ii) 15% by weight of diethylene glycol 
adipate polyester on 60-80 mesh acid washed Chrorno- 
sorb W (110 x 0.4 cm) at 160". Retention times, T, are 
quoted relative t o  methyl 2,3,4,6-tetra-0-methyl-p-D- 
glucopyranoside as  standard. Relative intensities of peaks 
were estimated visually: s, strong; m, medium; w, weak; 
vw, very weak. Infrared (i.r.) spectra were recorded on a 
~'eckman model IRSA spectrophotorneter. Nuclear mag- 
netic resonance (n.m.r.) spectra were measured a t  60 
MHz in chloroform-d with tetramethylsilane (r 10.00) a s  
internal standard, and in deuterium oxide with sodium 
4,4-dimethyl-4,4-silapentane-1-sulfonate (r 10.00) as  in- 
ternal standard. 

2,3:2',3'-Di-0-benzylidene-D-ribofuranose 1,5':11,5- 
Dianhydride (I) 

2,3:2',3'-Di-0-benzylidene-D-ribofuranose 1,S1:1',5-di- 
anhydride (1) was prepared from D-ribose (10 g) accord- 
ing to the method of Wood et al. (3). Recrystallization 
from acetone gave the product (1) (5.5 g, 38%), m.p. 
200-20lo, [aID -41.4" (c, 0.66 in chloroform); h,., 
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STODDART AND SZAREK: ME :DIUM HETEROCYCLIC RINGS 3067 

(Nujol) 13.1, 14.4 pm (Ph), no absorption attributable to 
OH. For this compound, m.p. 197-198", [a], -36.3" 
(c, 1.1 in chloroform) have been reported (3). 

Di-p-D-ribofuranose 1,5' :1',5-Dianlgvdride ( 2 )  
Di-8-D-ribofuranose 1,5':lf,5-dianhydride (2) was pre- 

pared by catalytic hydrogenation over 10% palladium on 
carbon of the di-0-benzylidene derivative (1) (5.0 g) 
according to the procedure of Wood et al. (3). Recrystal- 
lization from ethanol gave the dianhydride (2) (2.0g, 
67%), m.p. 224-227", [a], t6 .8" (c, 1.06 in water); 
A,,, (Nujol) 3.0 pm (OH); n.m.r. data in deuterium oxide: 
r 5.01 (2-proton singlet, H-l,l'). Barker and Lock (1) 
report m.p. 22g0, [aIDN.' +1 l0  (c, 0.68 in water). 
Jeanloz et a/. (2) report a corrected value of [aIDZ0 
+7.8" for the original value of [a], +78" reported by 
Bredereck et 01. (4); the latter authors report m.p. 229- 
230". Wood et al. (3) report m.p. 230-232", [a], $9.5' 
(c, 1.4 in water). 

Partial Acid Hydrolysis of Di-p-D-ribofuranose 1,5':1',5- 
Dianlydride ( 2 )  and Characterization of 5-0-p-D- 
Ribofitranosyl-D-ribose (5) 

In a trial experiment, the dianhydride (2) (20 mg) 
was heated on a steam bath with 0.01 N sulfuric acid 
(6 ml). The progress of partial acid hydrolysis with time 
was followed paper chromatographically in solvent (c). 
After 2 h, the relative intensity of a slow moving spot 
with RRlb 0.39 was at a maximum compared with the 
intensities of spots corresponding to ribose and the di- 
anhydride (2) (RRib 0.97, not detectable with either 
aniline oxalate or alkaline silver nitrate, but developed 
with the periodate-permanganate spray reagent). Pro- 
longed acid hydrolysis (16 h) yielded only ribose. 

The dianhydride (2) (600 mg) was heated on a steam 
bath with 0.01 N sulfuric acid (180 ml) for 2 h. On cool- 
ing, the solution was neutralized with barium carbonate, 
filtered, treated with Amberlite resin IR-120 (H form) 
and concentrated to a syrup, which was chromato- 
graphed in solvent (c) on Whatman No. 3MM papers to 
separate a pure syrupy disaccharide, 5-0-p-D-ribofura- 
nosyl-D-ribose (5) (45 mg, 7%), [a], +24O (c, 0.71 in 
water), [RRlb 0.79 in solvent (a) and 0.43 in solvent (b)] 
from ribose and the dianhydride (2). Hydrolysis of the 
ribobiose (5) with 0.1 N sulfuric acid at 100" for 3 h gave 
only ribose. 

A portion (10 mg) of the syrupy disaccharide was 
methylated (two successive treatments) with methyl 
iodide (1 ml) and silver oxide (1 g) in N,N-dimethyl for- 
mamide (1 ml). Gas-liquid chromatography of the meth- 
anolysis products revealed peaks with retention times 
corresponding to authentic methyl glycosides of 2,3,5- 
tri- (13) [(i), T0.76 s, 1.25 vw; (ii), T 0.69 s, 1.18 vw] and 
2,3-di-0-methyl-D-ribose (14) [(i), T 1.42 m, 1.91 s ;  
(ii), T 1.33 m, 1.85 s]. Hydrolysis of the methyl glyco- 
sides with 0.5 N sulfuric acid at 100" for 4 h followed by 
paper chromatography in solvent (b) confirmed the pres- 
ence of 2,3,5-tri- (12) [RG 0.92, black spot (pink under 
ultraviolet (u.v.) light) with aniline oxalate] and 2,3-di- 
0-methyl-D-ribose (15) [Rc. 0.77, blackish-pink spot 
(pink under u.v. light) with aniline oxalate]. 

More ribobiose (5) (75 mg, 14%) was obtained by 
partial acid hydrolysis (see above) of the dianhydride (2) 
(500 mg). The disaccharide (75 mg) was dissolved in 

water (20 ml) and sodium borohydride (75 mg) was 
added. After the reaction mixture had been allowed to 
stand at  room temperature for 16 h, excess of boro- 
hydride was destroyed by addition of Amberlite resin 
IR-120 (H form) to the reaction mixture. The resin was 
filtered off, the solution treated with charcoal, filtered 
again, and the filtrate concentrated to a syrup. Paper 
chromatographic examination showed the presence of a 
reduced disaccharide, 5-0-13-D-ribofuranosyl-D-ribitol (6) 
[RRlb0.59 in solvent (a) and 0.32 in solvent (b)], and trace 
amounts of ribitol [RRjb 0.80 in solvent (a) and 0.75 in 
solvent (b)] and ribose. The syrup was chromatographed 
in solvent (b) on Whatman NO. 3MM papers to give 
pure 5-0-13-D-ribofuranosyl-D-ribitol (6) (23 mg, 31 %), 
[a], -26" (c, 0.78 in water); n.m.r. data in deuterium 
oxide: r 4.95 (I-proton broadened singlet, width at half- 
height 3.8 Hz, H-1). Using a polarographic technique 
(14), the following values for the uptake of periodate 
with time were obtained: 2.80 moles per mole, 40 min; 
3.38 moles per mole, 60 min; 3.73 moles per mole, 80 
min; 4.19 moles per mole, 100 min; 5.30 moles per mole, 
110 min; 6.25 moles per mole, 120 min (see Fig. 1). 

2,3,5-Tri-O-metl1yI-~-ribose ( 1 2 )  
2,3-0-Benzylidene-D-ribofuranose (8) was prepared 

from D-ribose (5.0 g) according to the method of Wood 
et al. (3). Recrystallization from benzene gave a product 
(3.8 g, 48%), m.p. 120-12l0, [a], -26.6" (c, 1.02 in 
methanol), -25.6" (c, 0.98 in chloroform); h,,, (Nujol) 
3.1 (OH), 13.1, 14.3 pm P h ) .  For this compound, m.p. 
123-124", [a], -26.6" (c, 0.6 in methanol), -22.4" 
(c, 1.4 in chloroform) have been reported (3). The 
benzylidene compound (8) (500 mg) was dissolved in 
tetrahydrofuran (10 ml) and dimethyl sulfate (15 rnl) 
and powdered sodium hydroxide (3 g) were added. The 
reaction mixture was shaken for 16 ha t  room temperature 
and then concentrated ammonia solution (5 ml) was 
added in stepwise fashion to the reaction mixture cooled 
in ice-water. Water (10 ml) was added and the mixture 
was stirred for 15 min before extracting the methylated 
product several times with chloroform. The chloroform 
extracts were combined, dried (anhydrous sodium sul- 
fate), filtered, and the filtrate concentrated to dryness to 
give a syrup. Thin-layer chromatography of the syrupy 
product in solvent (d) showed two spots, a major fast 
moving one with RF 0.83, and a minor slower moving 
one with RF 0.56. The starting material (8) had RF 0.30. 
The syrupy compound was distilled at 0.007 m m  Hg and 
the fraction distilling between 90" and 120" was collected 
and shown t o  be a mixture of methyl 2,3-0-benzylidene- 
5-0-methyl-D-ribofuranosides (9) (345 mg, 62 %), [a], 
-44.9" (c, 0.62 in chloroform); t.1.c. in solvent (f) 
showed two spots, a major one with RF 0.61 and a minor 
one with R, 0.39. The starting material (8) had RF 0.21. 
For a similar mixture of methyl glycosides, Wood et al. 
(3) reported [a], -40.5" (c, 4.3 in chloroform). 

The mixture of methyl ribofuranosides (9) (300 mg) 
was hydrogenated over 10% palladium on carbon as 
described by these authors (3) to give methyl 5-0-methyl- 
D-ribofuranosides (10) (175 mg, 8879, [a], -23.9" (c, 
0.36 in methanol); R, 0.14 in solvent 0. Wood et a/. (3) 
have reported a similar mixture of methyl glycosides to 
have [a], -32.4" (c, 1.5 in methanol). Methyl 5-0- 
methyl-D-ribofuranosides (10) (148 mg) were methylated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3068 CANADIAN JOURNAL OF ( :HEMISTRY. VOL. 46, 1968 

with dimethyl sulfate (2 ml) and powdered sodium hy- 
droxide (1 g) in tetrahydrofuran (3 ml) as described above 
for 2,3-0-benzylidene-D-ribofuranose (8) to  give methyl 
2,3,5-tri-0-methyl-D-ribofuranosides (13) (122 mg, 71 %); 
t.1.c. in solvent (d) showed two spots, a major one with 
RF 0.56 and a minor one with RF 0.44. The methyl glyco- 
sides (13) (100 mg) were heated on a steam bath with 0.5 
N sulfuric acid (10 ml). Thin-layer chromatography 
indicated complete hydrolysis of the methyl glycosides 
(13) in 4 h. The cooled solution was neutralized with 
barium carbonate, filtered, treated with Amberlite resin 
IR-120 (H form) and concentrated to a colored syrup, 
which was distilled at 0.02 mnl Hg and the fraction dis- 
tilling over between 80" and 90" collected as a colorless 
syrup of 2,3,5-tri-0-methyl-D-ribose (12) (60 mg, 65%), 
[a], +46" (c, 0.77 in methanol); RF 0.28 in solvent (d) 
and RG 0.92 in solvent (b) [black spot (pink under u.v. 
light) with aniline oxalate]. Gas-liquid chromatography 
of the methyl glycosides (13) obtained by refluxing 2,3,5- 
tri-0-methyl-D-ribose (12) (10 mg) with methanolic 2 %  
hydrogen chloride (10 ml) for 16 h indicated peaks with 
the following retention times: (i), T 0.76 s, 1.24 vw; 
(ii), T 0.70 s, 1.15 vw. Barker (9) reports [a], $41.4" 
(c, 1.1 1 in methanol) for 2,3,5-tri-0-methyl-D-ribose (12). 

Tetra-0-acetyl-B-D-ribofuranose 1,5':1',5-Diarzhydride (3) 
Di-B-D-ribofuranose 1,5':1',5-dianhydride (2) (380 mg) 

was acetylated (3) in the usual manner to  yield a 
product, which was recrystallized from ethanol to give 
tetra-0-acetyl-B-D-ribofuranose 1,5':l1,5-dianhydride (3) 
(443 mg, 8679, m.p. 165-167", [aID +52.6" (c, 0.93 in 
chloroform); h,,, (Nujol) 5.72 pm (OAc), no absorption 
attributable to OH; n.m.r. data in chloroform-d: c 4.87 
(2-proton singlet, H-1,11), c 4.454.60 (2-proton doublet, 
J 2 , 3  = J2' ,3'  5.0 HZ, H-2,2'), r 4.10-4.37 (2-proton 
quartet J 2 , 3  = J2, ,3,  5.0 HZ, J3,4 = J3fS4 ,  7.3 HZ, H-3,3') 
(see Fig. 2); c 5.62-6.35 (multiplets of an ABX system, 6- 
protons, H-4,4', 5a, 5a1, 5e, 5e' with J , , , , ,  = J5, . , , , .  
13.5 Hz, J4, ,= = J4 . ,5n ,  1.5 HZ, and J, , , ,  = J 4 f , 5 c ,  1.5 
Hz) (see Fig. 4); c 7.83, 7.89 (12-protons, OAc groups 
on C-2,2' and C-3,3'). For this compound, m.p. 169" 
(4), 168.5-169.5" (I), 171-172" (3) and [aID +53.5" (c, 
1.03 in chloroform) (3) have been reported. 

Tetra-0-methyl-p-D-ribofuranose 1 ,5':l1,5-DianAydride(4) 
Tetra-0-methyl-p-D-ribofuranose 1,5':l1,5-dianhydride 

(4) was prepared from the tetraacetate (3) (250 mg) 
according to the method of Barker and Lock (1). Re- 
crystallization from petroleum ether (b.p. 60-80") gave 
the compound 4 (26 mg, 9%), m.p. 125-126"; n.m.r. 
data in chloroform-d: c 5.00 (2-proton singlet, H-l,l'), 
c 5.63-5.88 (2-proton quartet, J Z v 3  = J 2 , . 3 ,  4.2 HZ, 
J 3 , 4  = J 3 r , 4 ,  7.8 HZ, H-3,3'), c 5.91-6.12 (2-proton 
multiplet, J 3 , 4  = J3 . ,4r  7.8 HZ, H-4,4'), c 6.12-6.33 (6- 
proton multiplet, H-2,2', 5a, 5e, 5a1, 5e1), c 6.48, 6.55 
(12-protons, OMe groups on C-2,2' and C-3,3'). Barker 
and Lock (1) have reported m.p. 129.5-130" for this 
compound. 

2,3-Di-0-methyl-D-ribose (15) 
Tetra-0-methyl-D-ribofuranose 1,5':l1,5-dianhydride 

(4) (5 mg) was heated under reflux in methanolic 2 %  
hydrogen chloride (15 rnl) for 16 h. Gas-liquid chroma- 
tography of the methanolyzate revealed peaks with 
retention times corresponding to the methyl glycosides 

(14) of 2,3-di-0-methyl-D-ribose [(i), T 1.39 m, 1.91 s ;  
(ii), T 1.34 m, 1.85 s]. Hydrolysis of the methyl glyco- 
sides (14) with 0.5 N sulfuric acid at 100" for 4 11 
followed by paper chromatography in solvent (b) con- 
firmed the presence of 2,3-di-0-methyl-D-ribose (15) 
[RG 0.77, blackish-pink spot (pink under u.v. light) with 
aniline oxalate]. 

2,4,7,9-Tetraaceto.~yt~1etAyl-1,3,6,8-tetrao~~acyclodecane 
( 16) 

Di-B-D-ribofuranose 1,5':lf,5-dianhydride (2) (1.3 g) 
was dissolved in water (30 ml) and a solution of sodium 
metaperiodate (2.6 g) in water (30 ml) was added. The 
reaction mixture was allowed to stand at 26' for 9 h. 
After excess of periodate and iodate had been pre- 
cipitated with a 10% aqueous barium chloride solution, 
sodium borohydride (650 mg) was added to the filtered 
solution. The reaction mixture was allowed to stand a t  
26". After 16 h, excess of borohydride was destroyed by 
addition of dry ice and the solution was concentrated t o  
dryness. The residue was extracted several times with hot 
ethanol and the combined extracts were concentrated to  
a syrup, which was acetylated in the usual manner with 
acetic anhydride (25 ml) in dry pyridine (30 ml). The 
acetylation mixture was poured into ice-water (500 ml) 
and allowed to stand for 1 h before being extracted 
several times with chloroform. The chloroform extracts 
were combined, washed with saturated sodium bicar- 
bonate solution, washed with water, dried over an- 
hydrous sodium sulfate, filtered, and the filtrate con- 
centrated to a syrup, which migrated a s  one spot on t.1.c. 
in solvent (e). This product was distilled (0.003 mm Hg) 
at 200-210" to give a yellow syrup, which started to crys- 
tallize after + h. Recrystallization from ether - petroleum 
ether (b.p. 60-80') led to the isolation of needle-shaped 
crystals of 2,4,7,9-tetraacetoxymethyl-1,3,6,8-tetraoxacy- 
clodecane (16) (1.44 g, 67%), m.p. 66-67", [a], + 15.6" 
(c, 0.82 in chloroform); RF 0.50 in  solvent (e); h,,, 
(Nujol) 5.78 ~.lm (OAc), no absorption attributable t o  
OH;  n.m.r. data in chloroform-d: c 4.96-5.21 (2-proton 
triplet, J  5.4 Hz, H-2,7), r 7.93 (12-proton singlet, OAc 
groups on C-2,4,7,9). 

Anal. Calcd. for C l s H Z ~ O l 2 :  C,  49.6; H, 6.55. 
Found: C, 49.3; H, 6.43. 

2,4,7,9-Tetrahydroxymethyl-I,3,6,8-tetraoxacyclodecane 
(17) 

The tetraacetate (16) (1.1 g) was dissolved in methanol 
(40 ml) and 2 drops of a 7 %  solution of sodium in 
methanol were added. The course of the de-0-acetylation 
was followed by t.1.c. in solvent (e) and the reaction 
appeared to be complete after 2 h. Dry  ice was added t o  
the methanolic solution after 4 h, the solution was fil- 
tered, and the filtrate was concentrated to a crystalline 
product. Recrystallization from ethanol yielded 2,4,7,9- 
tetrahydroxymethyl-1,3,6,8-tetraoxacyclodecane(17) (640 
mg, 9573, m.p. 121-122", [a],, +24.7" (c, 0.53 in water); 
I,,, (Nujol) 3.08 pm (OH); n.m.r. data in deuterium 
oxide: r 5.02-5.26 (2-proton triplet, J  5.5 Hz, H-2,7). 

Anal. Calcd. for C loH200s :  C, 44.8; H, 7.52. Found: 
C,  44.6; H, 7.51. 

Acid Hydrolysis of 2,4,7,9-Tetrahydroxymethyl-1,3,6,8- 
tetraoxacyclodecane (17) 

The tetraalcohol (17) (10 mg) was dissolved in N 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STODDART AND SZAREK: MEDIUM HETEROCYCLIC RINGS 3069 

sulfuric acid (10 ml) and allowed to stand at 26". After 
2 days, the solution was neutralized with barium car- 
bonate, filtered, and the filtrate was treated with Amber- 
lite resin IR-120 (H form). Sodium borohydride (10 mg) 
was added t o  the solution and it was allowed to stand at 
26" for 16 h. Excess of borohydride was destroyed with 
dry ice, and the solution was concentrated to a residue 
several times with methanol. Paper chromatographic 
examination of the residue in solvent (b) showed the 
presence of glycerol (18) and ethylene glycol (19). 
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Glycolipids of soft wheat flour. I. Isolation and characterization of 
l-O-(6-O-acyl-p-~-galactopyranosyl)-2,3-di-~-acy~-~-g~ycerito~s 

and phytosteryl 6-0-acyl-p-D-glucopyranosides 

D. V. MYHRE 
The Procter & Gnmble Company, Miami Valley Laboratories, Cincinnati, Ohio 45239 

Received October 17, 1967 

Two groups of glycolipids were isolated from soft wheat flour. The first group, 1-0-(6-0-acyl-B-D- 
galactopyranosy1)-2,3-di-0-acyl-D-glyceritols (I), was saponified to yield fatty acids and 1-0-B-D- 
galactopyranosyl-D-glyceritol in the molar ratio 3:l. Methylation of 1 followed by saponilkation of the 
methylated product gave 1-0-(2,3,4-tri-O-methyl-~-~-ga~actosyl)-~-glyceritol which provided 2,3,4-tri- 
0-methyl-D-galactose and glyceritol upon hydrolysis. In periodate oxidation studies 1 consumed two 
moles of oxidant and yielded tri-0-acyl dialdehydes (6) without liberating fatty acids. Sodium boro- 
hydride reduction of 6 followed by saponification, acid hydrolysis, and another borohydride reduction 
gave glyceritol and ethylene glycol in the expected manner. 

The second group of glycolipids, phytosteryl 6-0-acyl-P-D-glucopyranosides, was methylated and the 
products were saponified to give phytosteryl 2,3,4-tri-0-methyl-a-D-glucopyranosides (12) and fatty acids. 
Methanolysis of 12 gave principally B-sitosterol, campesterol, and methyl 2,3,4-tri-0-methyl-a- and 
B-D-glucosides. 
Canadian Journal of Chemistry, 46, 3071 (1968) 

The lipid constituents of wheat flour have 
been studied extensively by many workers. 
Several components have been characterized 
including hydrocarbons, phytosteryl ester, glyc- 
erides, free fatty acids, phytosteryl P-D-gluco- 
pyranosides, cerebrosides, mono- and digalacto- 
syl diglycerides, and several phospholipids (1,2). 
Previous work in our laboratories has involved 
the isolation and characterization of a poly- 
saccharide (3) and glycoproteins (4) present in 
soft wheat flour. 

Examination of the ethanol extracted lipid 
components from soft wheat flour resulted in the 
isolation of two different groups of glycolipids. 
The first group proved to be a type of glycolipid 
which has not previously been described as 
a lipid component of wheat flour. Rigorous 
structural examination proved it to be the 1-0- 
(6-0-acyl-P-D-galactopyranosy1)-2,3-di-0-acyl- 
D-glyceritol group (1). This glycolipid group has 
been previously described as a component of 
spinach chloroplasts (Spinacia aleracea) and 
snapdragon (Antirrhinum majus) (5). The second 
group, phytosteryl 6-0-acyl-P-D-glucopyranoside 
(9), has been isolated previously from potatoes 
(6); its presence in the endosperm of wheat was 
indicated by chromatographic techniques (7). 
The present report establishes the structure of 
this group 9 to be the same as that occurring in 
the potato. 

In the work reported here, unbleached com- 
mercial soft wheat flour was extracted with 
ethanol and the material thus obtained was 

fractionated by silicic acid column chroma- 
tography similar to the method used by Carter 
et al. (8). Fractions were examined by silica gel 
thin-layer chromatography (t.1.c.) to evaluate 
the resolution obtained. Such t.1.c. with a 
chloroform - methanol - water solvent system 
showed that the glycolipids of group 1 had an Rf 
value of 0.93 and gave a dark reddish-brown 
color during charring with sulfuric acid, similar 
to other galactosyl glyceritol lipids. Glycolipid 1 
and palmitoyl glyceritol (monoglyceride) were 
inseparable using silicic acid column chroma- 
tography under conditions described by Hirsch 
and Ahrens (9). 

Saponification of 1 yielded fatty acids and 
1-0-P-D-galactopyranosyl-D-glyceritol (2) in 
the molar ratio 3 :l. The latter compound (2) was 

R ' O ~ - ~ H ~  HCOR 

I 
CH20R 

OR' 

1, R = fatty acyl group; R' = H 
2 , R = R f = H  
3, R = R' = p-nitrobenzoyl group 
4, R = fatty acyl group; R' = CH3 
5, R = H ;  R'= CH3 

nonreducing toward Fehling's solution and had 
a mobility identical to that of known 1-0-P-D- 
galactopyranosyl-D-glyceritol by paper chroma- 
tography with ethyl acetate - pyridine - water 
solvent. Acid hydrolysis of 2 gave equimolar 
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amounts of D-galactose and glyceritol. Com- 
pound 2 furnished the crystalline 1-0-(2,3,4,6- 
tetra-0-p-nitrobenzoyl- P-D-galactosy1)-2,3-di- 
0-p-nitrobenzoyl-D-glyceritol (3) which had an 
undepressed melting point upon admixture with 
the same derivative prepared from authentic 
1-0-P-D-galactopyranosyl-D-glyceritol. Also, the 
specific optical rotation of 2 (-6" in water) 
indicated that this compound was identical to 
the 1-0-P-D-galactopyranosyl-D-glyceritol iso- 
lated previously (10-12). 

The positions of attachment of the fatty acids 
in 1 were established by methylation and 
confirmed by periodate oxidation studies. The 
glycolipid group 1 was methylated according to 
Kuhn's procedure (13) to minimize acyl migra- 
tion. The products, 1-0-(2,3,4-tri-0-methyl-6-0- 
acyl-~-~-galactosyl)-2,3-di-O-acy~-~-glyceritols 
(4), were saponified to give a mixture of fatty 
acids and 1-0-(2,3,4-tri-0-methyl-P-D-galacto- 
sy1)-D-glyceritol (5). Hydrolysis of 5 provided 
equimolar proportions of 2,3,4-tri-0-methyl-D- 
galactose and glyceritol which were identified as 
the N-phenylglycosylamine and the tri-0-p- 
nitrobenzoate derivatives, respectively. 

In periodate oxidation studies, glycolipid 1 
reduced two moles of oxidant per mole of 1 and 
gave the tri-0-acyl dialdehydes (6) in quantitative 
yield. These products had an R, value of 0.8 in 
benzene-methanol solvent. Fatty acids were not 
detected in the periodate reaction mixture. 
Authentic I-0-P-D-galactopyranosyl-2,3-di-0- 
acyl-D-glyceritol similarly consumed two moles 
of periodate. However, the dialdehyde products 
(6a) thus obtained had an R, value of 0.3. Since 
6 was more lipophilic than 6a, the fatty acyl 
group attached to the D-galactopyranosyl residue 
of 1 was retained upon periodate oxidation and 
therefore it was attached at the C-6 position. In 
contrast, a glycolipid with fatty acyl substitution 
at the C-2 or C-4 position of the D-galacto- 
pyranosyl unit of 1-0-P-D-galactopyranosyl-2,3- 
di-0-acyl-D-glyceritol would be expected to 
yield 6a and fatty acids due to initial oxidation 

cHt-j",r~l I I 

CHO CH20R 

6, R = R' = fatty acyl group 7, R = H  
6s, R = fatty acyl group; R' = H 0 

II 

by one mole of periodate followed by spontan- 
eous hydrolysis of the ester linkage at C-2 or C-4 
and consumption of a second mole of periodate 
(1 5). 

Reduction of 6 with sodium borohydride and 
saponification yielded the pentahydric alcohol, 
2-(R)-glyceritoxy-4-hydroxymethyl-(R)-di- 
ethylene glycol1 (7), which was obtained free of 
salts by conversion to the pentaacetate (8) and 
subsequent deacetylation. Acid hydrolysis of 7 
followed by reduction of the hydrolysis products 
with sodium borohydride yielded glyceritol and 
ethylene glycol which were identified as the tri- 
0-;-nitrobenzoate and the di-0-p-nitrobenzoate 
derivatives, respectively. When the dialdehydes 
6a were carried through the same series of reac- 
tions, only glyceritol and ethylene glycol were 
detected. These results are in agreement with the 
methylation studies and also indicate the absence 
of acyl migration under Kuhn methylation con- 
ditions. 

The fatty acids obtained from 1 by saponifica- 
tion were determined quantitatively by gas- 
liquid chromatographic analysis of the methyl 
esters. The mixture consisted of approximately 
the usual components found in the total lipid of 
soft wheat flour (see Table 11). 

The phytosteryl 6-0-acyl-P-D-glucopyrano- 
side-rich mixture, obtained by fractionation of 
wheat flour lipids by silicic acid column chroma- 
tography, was purified further by dry columil 
silica gel chromatography (16) using diethyl 
ether solvent. The phytosteryl 6-0-acyl-P-D- 
glucopyranosides thus obtained gave a typical 
purple color on t.1.c. development and had an 
R, value of 0.83 with chloroform -methanol - 
water solvent. 

cH20R1 

Rl = p-sitosteryl or carnpesteryl residue 
9, R = H; R' = fatty acyl group 

10, R = R' = H 
11, R = CH3; R' = fatty acyl group 
12, R = CH3; R' = H 
13, R = H ;  R' = trityl 
14, R = CH3; R' = trityl 

The phytosteryl 6-0-acyl-P-D-glucopyrano- 
sides (9) yielded phytosteryl P-D-glucopyrano- 

'Nomenclature is according to Cahn et al. (14). 
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sides (10) and fatty acids upon saponification 
according to t.1.c. analysis (7). Metllanolysis of 
10 gave a mixture of phytosterols and methyl 
a- and P-D-glucoside. Gas-liquid chromato- 
graphic analysis of the phytosterols as the 
trimethylsilyl derivatives indicated three com- 
ponents, p-sitosterol (74 "/,), campesterol (1 9 %), 
and an unknown constituent (7%). The methyl 
a- and P-D-glucoside mixture was hydrolyzed 
and crystalline D-glucose was identified by its 
melting point and specific optical rotation. 

Further evidence for the structure of phyto- 
steryl 6-0-P-D-glucopyranosides was adduced 
from methylation and periodate oxidation 
studies. Methylation of 9 by the method of 
Kuhn et al. (13) gave phytosteryl 2,3,4-tri-0- 
methyl-6-0-acyl-P-D-glucosides (11) which upon 
saponification yielded phytosteryl 2,3,4-tri-0- 
methyl-P-D-glucosides (12) with a melting point 
of 164-1 65". 

The group 12 glycolipids were prepared also 
by an alternate route starting with the phyto- 
steryl P-D-glucopyranosides (10) isolated from 
soft wheat flour by silicic acid column chroma- 
tography. The glycolipid mixture (10) was 
treated with trityl chloride in pyridine to give 
phytosteryl 6-0-trityl-P-D-glucopyranosides (13). 
Methylation of 13 with dimethyl sulfate, di- 
methyl sulfoxide, dimethyl formainide, barium 
oxide, and barium hydroxide according to the 
method of Kuhn and Trischman (17) provided 
phytosteryl 2,3,4-tri-o-methy1-6-O-trityl-P-~- 
glucosides (14) which were treated with hydrogen 
chloride in chloroform-methanol to obtain 12. 

The phytosteryl 2,3,4-tri-0-methyl-P-D-gluco- 
sides derived from 9 and 10 as described above 
had identical melting points and mixture 
melting point (165") and specific optical rotations 
(-28" in chloroform). 

Methanolysis of 12 was accompanied by a 
dextrorotatory change in the specific optical 
rotation [-28" changing to +5" (in chloro- 
form)]. This indicates a P-glycosidic linkage in 
12. The phytosterols and partially methylated 
glucosides were separated by silicic acid column 
chromatography. Gas-liquid chromatographic 
analysis of the phytosterol trimethylsilyl ethers 
indicated the presence of p-sitosterol and 
campesterol. Gas-liquid cl~romatograpl~ic anal- 
ysis of the glycosides indicated the presence of 
methyl 2,3,4-tri-0-methyl-a- and P-D-glucosides. 

The attachment of the fatty acyl group to the 
C-6 position of the P-D-glucopyranosyl unit in 9 

was substantiated by the fact that the periodate 
oxidation products from 9 had a greater mobility 
on t.1.c. than the oxidation products from 10. 
Phytosteryl 2- 0 - or 4-0-acyl-P-D-glucopyrano- 
sides, on the other hand, were excluded as 
possible isomers since both would be expected to 
yield periodate oxidation products indistinguish- 
able from those obtained froin 10. The other 
positional isomer, phytosteryl 3-0-acyl-P-D- 
glucopyranoside, was excluded also because it 
would be resistant to periodate oxidation. 

Experimental 
Phytosterol trimethylsilyl ethers were determined with 

a Jarrell Ash model 700 gas chromatography unit with a 
hydrogen flame detector. The glass column (0.5 x 125 
cm) packed with 1 % XE 60 and 1 % SE 52 o n  100-120 
mesh Gas Chrom Q was maintained at 210'. Cholestane 
was xsed as the internal standard. 

Fatty acid methyl esters and the partially methylated 
glycosides were determined with an F and M model 500 
gas chromatography unit with a thermal conductivity 
detector. For the fatty acid methyl esters a stainless steel 
column (4 in. x 10 ft) packed with 15% cyanomethyl 
silicone copolymer with ethylene glycol succinate on 
60-80 mesh Gas Chrom P was maintained at 190'. Peak 
areas were measured by triangulation. For the partially 
methylated glycosides a stainless steel colu~nn (4 in. x 10 
ft) packed with 15% Carbowax 20 M on 60-70 mesh 
Anachrom ABS was maintained at  175". 

Thin-layer chromatographic (t.l.c.)analyses were carried 
out by the ascending technique with silica gel G adsorbent. 
The following solvent systems were used: solvent n, 
chloroform -methanol -water (85:22:2); solvent b, 
diethyl ether - petroleum ether (b.p. 30-60") (70:30); 
solvent c, benzene-methanol (90:lO); solvent d, diethyl 
ether. Thin-layer plates were sprayed with 50 % sulfuric 
acid and heated at  140" for detection of the components. 

Paper chromatography was carried out by the horizon- 
tal method (18) with Whatman No. 1 filter paper and 
ethyl acetate - pyridine - water (40:11:6) (solvent e )  or 
by the descending method with butanone-water azeotrope 
(solvent f). The components were detected on the paper 
with ammoniacal silver nitrate followed by heating the 
paper a t  100-120". 

The cation exchange resin Amberlite IR-1202 (Hf 
form) and the anion exchange resin Duolite A-43 (OH- 
form) were used throughout unless stated otherwise. 

Melting points were determined with a Fisher-Johns 
melting point apparatus and are corrected. 

All evaporations were carried out in cacuo with a 
rotary evaporator a t  40" (bath temperature) unless stated 
otherwise. 

Fractionation of the Lipids from Soff Wheat Flour 
Russell-Miller American Beauty soft wheat flour (23 

kg) was suspended in ethanol (46 I) and the mixture was 

2Product of the Rohm & Haas Company, Philadelphia, 
Pennsylvania. 

3Product of the Diamond Alkali Company, Redwood 
City, California. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 

Fractionation of the ethanol-extracted lipids of soft wheat flour 

Solvent 
Fraction CHC13 :MeOH, v/v Component(s) 

Neutral lipid 
1-O-(6-O-Acyl-~-~-galactopyranosyl)-2,3-di-O-acy~-~-g~yceritols 
Phytosteryl 6-0-acyl-P-D-glucopyranosides and monoglycerides 
l-O-~-~-Ga~actopyranosyl-2,3-di-O-acyl-~-g~ycerito~s 
Phytosteryl 0-D-glucopyranosides and 1-0-p-D-galactopyranosyl-2,3-di-0- 
acyl-D-glyceritols 

9 2 3  Cerebrosides and ~-0-[6-O-(a-~-galactopyranosy~)-~-~-ga~actopyranosy~]- 
90:lO 2,3-di-0-acyl-D-glyceritols 

allowed to stand for several hours. The supernatant was 
withdrawn and filtered and the insoluble residue was 
extracted twice as before. The filtrates were evaporated 
to a syrup (215 g). 

In a typical run a portion of the ethanol extracted 
material (20-30 g) from above was dissolved in chloro- 
form (200 ml) and applied to a column of silicic acid 
(Mallinckrodt, 100 mesh) (3.6 x 88 cm) which had been 
washed previously, first with chloroform-methanol (5050 
v/v) and then with chloroform. The column was irrigated 
with chloroform followed by mixtures of chloroform and 
methanol as shown in Table I similar to the method of 
Carter et al. (8). Every tenth fraction (15-20 ml each) was 
evaporated under a stream of nitrogen and its residue was 
examined by t.1.c. with solvent a. Appropriate fractions 
were combined, evaporated and the residues were stored 
at 0" until used. 

lder~tificatio~~ of ~-O-(6-O-Acy~-~-~-ga!actopyranosy~)- 
2,3-di-0-acyl-D-glyceritols ( I )  

A portion of 1 (0.173 g) was dissolved in ethanol (25 
ml) to which 1 N sodium hydroxide (3 ml) was added and 
the mixture was warmed to 50' for 6 h. Water (50 ml) was 
added to the solution and most of the ethanol was 
evaporated. The solution was acidified to pH 1 with 1 N 
hydrochloric acid and extracted with chloroform (2 x 25 
ml) after which the combined chloroform extracts were 
evaporated to a thin syrup (0.133 g). The aqueous 
solution was passed through a column of mixed ion 
exchange resins and the effluent was evaporated to dry- 
ness (0.035 g). Paper chromatographic analysis of the 
residue with solvent e indicated the presence of 1-0-p-D- 
galactopyranosyl-D-glyceritol (2). 

The syrupy 2 from above had [aJDZ3 - 6" (c, 1 in 
water). This material (0.035 g) was dissolved in pyridine 
(5 ml) and treated with p-nitrobenzoyl chloride (0.3 g) at 
90" for 1 h. A few drops of water were added to the reac- 
tion mixture and after 10 min the solution was poured 
into aqueous sodium bicarbonate (25 ml). The aqueous 
solution was extracted with chloroform (2 x 25 ml) and 
the chloroform solutions washed with water. Evaporation 
of the chloroform and pyridine yielded a residue which 
was recrystallized from acetone-ethanol to give 1-0- 
(2,3,4,6-tetra-O-p-nitrobenzoyl-~-~-galactosyl)-2,3-di-0- 
p-nitrobenzoyl-D-glyceritol (3), m.p. 164-167' and 
f 97" (c, 1 in chloroform). 

Anal. Calcd. for C51H36026N6: C, 53.30; H, 3.16; N, 
7.32. Found: C, 53.1; H, 3.3; N, 7.18. 

An authentic sample of 1-0-p-D-galactopyranosyl-D- 
glyceritol (2) (0.204 g) was obtained by saponification of 
1- 0- p-D-galactopyranosyl-2,3-di-0-acyl-D-glyceritol 
(tubes 160-185, Table I). The p-nitrobenzoyl derivative 
had a m.p. 163-166", which was undepressed upon 
admixture with the above derivative (3), and f 97' 
(c, 1 in chloroforn~). 

Anal. Calcd. for CS1H36026N~: C, 53.30; H, 3.16; N, 
7.32. Found: C, 53.2; H, 3.1; N, 7.10. 

The fatty acids extracted with chloroform after saponi- 
fication of 1 were refluxed with methanol containing 
hydrogen chloride (2 %) for 6 h after which the solution 
was evaporated to a small volume and diluted with 
chloroform (25 ml). The chloroform solution was washed 
with water until the washings wereneutral and evaporated 
to dryness. The composition of the mixture of fatty acid 
methyl esters determined by gas-liquid chron~atographic 
analysis is given in Table 11. 

Methylation of I-O-(6-O-Acy~-~-~-galactopyra1zosyl)- 
2,3-di-0-acyl-D-glyceritols ( I )  

A portion of 1 (0.626 g) was dissolved in dimethyl 
formamide (30 ml) to which methyl iodide (6 ml) and 
silver oxide (6 g) were added and the mixture was stirred 
at room temperature for 2 days. Chloroform (60 ml) was 
added to the reaction mixture, the insoluble salts were 
removed by centrifugation and washed with chloroform 
(2 x 25 ml); the combined supernatant solutions were 
washed with 2% aqueous potassium cyanide (50 ml) and 
with water. The organic layer was evaporated, the 
dimethyl formamide being removed in vaclro at 0.01 mm 
pressure and 5CL-60" (bath temperature), to give a syrup 
(0.605 g). Two more methylations by the procedure 
described above yielded a light-yellow syrup (0.601 g). 

Saponification of I-0-(2,3,4-Tri-0-methyl-6-0-acyl-p-D- 
galactosyl)-2,3-di-0-acyl-D-glyceritols and Identifi- 
cation of 1-0-(2,3,4-Tri-0-methyl-P-D-galactosy1)-D- 
glyceritol 

The thrice methylated material was dissolved in ethanol 
and saponified according to the method described above 
for 1 to give the chloroform-soluble fatty acids (0.488 g) 
and water-soluble 1-0-(2,3,4-tri-0-methyl-p-D-galacto- 
sy1)-D-glyceritol (3, the latter after deionization of the 
aqueous solution with mixed resins. Thin-layer chroma- 
tography of the carbohydrate material with solvent a 
indicated that 5 had an Rf value of 0.48 and that several 
minor impurities were also present. 
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TABLE I1 
Fatty acid composition of some components of soft wheat flour 

1-0-(6-O-Acyl-(3- 
D-galactopyranosy1)- 

Total 2,3-di-0-acyl-D- Phytosteryl B-D- 
Fatty acid lipid (%) glyceritols (%) glucopyranosides (%) 

Palmitic 17.5 
Stearic 1.5 
Oleic 11.5 
Linoleic 65.6 
Linolenic 3.2 
Others 0.7 

The impure sample of 5 was dissolved in chloroform- 
methanol (97:3 v/v) (10 ml) and the solution was applied 
to a silicic acid column (2.2 x 25 cm, Bio Rad -325 
mesh) which had been equilibrated with the same solvent. 
The column was irrigated with this solvent (200 ml) fol- 
lowed by chloroform-methanol (95 :5 v/v) (300 ml) during 
which fractions (20 ml each) were collected. Thin-layer 
chromatography with solvent a indicated that pure 5 was 
present in fractions 13-20. The syrup (0.060 g) had 
[aIDZ3 - 21.4' (c, 1.2 in ethanol). 

Compound 5 was treated with 1 N sulfuric acid in a 
sealed tube at 100' for 10 h after which the solution was 
neutralized with a small column of anion exchange resin 
and deionized with mixed resins. The effluent was 
evaporated to a colorless syrup (0.052 g) which consisted 
of glyceritol and 2,3,4-tri-0-methyl-D-galactose as indi- 
cated by paper chromatographic analysis (solvent f).  The 
mixture was separated by preparative paper chroma- 
tography (Whatman No. 1 filter paper) with solvent f to 
give glyceritol (0.016 g) and 2,3,4-tri-0-methyl-D-galac- 
tose (0.030 g). The former was converted to the tri-0-p- 
nitrobenzoyl derivative, m.p. and mixture m.p. 194-197' 
(19) and the latter was converted to N-phenyl-2,3,4-tri- 
0-methyl-D-galactosylamine, m.p. and mixture m.p. 168- 
170" and [a]DZ3 -60" (5 min) changing to +41° (24 h) 
(c, 1 in methanol) (20). 

Periodate Oxidatiort of I-0-(6-0-Acyl-(3-D-galactopyrano- 
sy1)-2,3-di-0-acyl-D-glyceritols (I) and 1-0-(3-D- 
Galactopyranosyl-2,3-di-0-acyi-D-glyceritols 

Glycolipid group 1 (0.298 g) and authentic 1-0-B-D- 
galactopyranosyl-2,3-di-0-acyl-D-glyceritols were each 
dissolved in chloroform (25 ml) and methanol (40 ml) to 
which 0.08 M sodium periodate (15 ml) was added and 
the reaction mixtures were allowed to stand in the dark at 
room temperature for 70 h during which two moles of 
periodate per mole of glycolipid were consumed. Perio- 
date uptake was measured spectrophotometrically by the 
method of Aspinall and Ferrier (21), allowance being 
made for the sodium iodate which crystallized almost 
quantitatively from the reaction mixture. The tri-0-acyl 
dialdehydes (6) obtained from 1 and the di-0-acyl 
dialdehydes (6a) had Rf values of 0.8 and 0.3, respectively 
on t.1.c. with solvent c. Chloroform (100 ml) and water 

I (100 ml) were added to the reaction mixture in a separa- 
tory funnel; the chloroform layer was removed and 
washed with water (2 x 25ml). Evaporation of the 
chloroform solution provided the dialdehydes (6) (0.292 
g) which had [aIDZ3 - 15' (c, 1.5 in chloroform). 

The dialdehydes (6) were dissolved in ethanol (15 rnl) 
to which sodium borohydride (0.2 g) was added and the 
mixture was allowed to stand at room temperature for 
20 h. Aqueous 1 N sodium hydroxide (5 ml) was added 
to the borohydride reaction mixture to complete the 
saponification. After several hours water (100 ml) was 
added, the mixture was cooled, and the pH of the solution 
was adjusted to 2-3 with 1 N hydrochloric acid. After 
extraction of the aqueous solution with chloroform the 
pH was immediately readjusted to 7 with 1 N sodium 
hydroxide and evaporated to dryness. Approximately 
one-tenth of the residue of 7 and salt was treated three 
times with 1 % methanolic hydrogen chloride t o  remove 
borate ions. During the third treatment the solution was 
refluxed for 2 h and evaporated to dryness as before. The 
residue was deionized with a column of mixed cation and 
anion exchange resins and the effluent was evaporated to 
dryness. Paper chromatographic analysis of the residual 
syrup indicated the presence of glyceritol; 1-0-B-D- 
galactopyranosyl-D-glyceritol was not detected. 

The remaining nine-tenths of 7 and salt was suspended 
in pyridine (100 ml) to which acetic anhydride (50 ml) was 
added and the mixture heated at 100" for 2 h. The cooled 
reaction mixture was poured into ice water (600 ml) and 
after standing for several hours the aqueous solution was 
extracted with chloroform. The residual syrup (0.058 g) 
obtained after evaporation of the chloroform and pyridine 
consisted of 2-(R)-glyceritoxy-4-hydroxymethyl-(R)-di- 
ethylene glycol pentaacetate (8) as the major component 
with Rf value of 0.6 on t.1.c. with solvent c in addition to 
some minor impurities. 

Pure 8 was obtained by silicic acid column chroma- 
tography as described previously for the purification of 5. 
Benzene - diethyl ether (200 ml each of 90:lO and 80:20, 
v/v) irrigating solvents were used instead of the chloro- 
form-methanol mixtures. 

The pentaacetate (8) was dissolved in methanol (5 ml), 
sodium methoxide (1 mg) was added and the mixture was 
allowed to stand at room temperature overnight (22). 
Thin-layer chromatography with solvent a indicated that 
deacetylation was complete; compounds 7, 8, and 
glyceritol (standard) had Rf values of 0.16, 0.96, and 
0.28, respectively. 

Compound 7 was treated with 0.2 N sulfuric acid in a 
sealed tube at lOW for 2 h after which the solution was 
neutralized, deionized, and concentrated to approximately 
5 ml. Sodium borohydride (0.05 g) was added to the 
aqueous solution and after standing for 16 h the excess 
sodium borohydride was decomposed with acetic acid 
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and the solution evaporated to dryness. The residue was 
treated three times with 1 % methanolic hydrogen 
chloride at room temperature, the solution being evapor- 
ated between each treatment. The residue was dissolved 
in water and deionized in the usual manner. The glyceritol 
and ethylene glycol were separated by preparative paper 
chromatography and the respective compounds were 
identified as the tri-0-p-nitrobenzoate (m.p. and mixture 
m.p. 194-197" (19) and di-0-p-nitrobenzoate (m.p. and 
mixture m.p. 144-145") derivatives (23). 

The dialdehydes 6a, obtained by periodate oxidation of 
1 -0 -  (3-~-ga~actopyranosy~-2,3-di-O-acy~-~-glyceritols, 
also yielded glyceritol and ethylene glycol when carried 
through the same reaction sequence. 

Iderztificatiorz of Phytosteryl 6-0-Acyl-(3-D-gluco- 
pyrarzosides (9) 

Thin-layer chromatography (solvent d )  of the material 
in fractions 120-150 (see Table I) indicated two com- 
ponents, phytosteryl 6-0-acyl-(3-D-glucopyranosides (9) 
and monoglycerides, with Rr values of 0.25 and 0.48, 
respectively. Silicic acid column chromatography with 
mixtures of petroleum ether (b.p. 35-60") - diethyl ether 
irrigating solvent failed to  resolve this mixture. Therefore 
"dry column" chromatography (16) was used as follows. 
In  a typical run the mixture of 9 and monoglycerides 
(0.3-0.4 g) was dissolved in diethyl ether and applied to 
the top of a dry column of silica gel H (2.2 x 37 cm). The 
column was irrigated with diethyl ether, maintaining a 
head of solvent 1-2 cm above the adsorbent. When the 
solvent front reached the bottom of the column irrigation 
was stopped. Three segments (3.5 cm each) from the top 
of the column were removed and washed with chloro- 
form-methanol (90:lO v/v) to yield 9 (0.084.12 g). 

Phytosteryl 6-0-acyl-p-D-glucopyranosides (9) (0.110 
g) were saponified by the method described previously. 
Thin-layer chromatography with solvent a indicated 
that 9 (Rc 0.85) gave phytosteryl (3-D-glucopyranosides 
(10) (Rr 0.65) and fatty acids in the saponification 
treatment. An ethanolic solution of the saponification 
products from 9 was passed through a column of 
Amberlite IRA-400 anion resin (OH- form) and the 
effluent was evaporated to dryness. The residue (10) was 
treated with 4 %  methanolic hydrogen chloride (10 ml) in 
a sealed tube at 100' for 10 h after which the solution was 
passed through a column of anion resin and the effluent 
evaporated to dryness. The residue of methyl a- and 
0-D-glucoside and phytosterols was separated into the 
individual components by dissolution of the mixture in 
water and chlorofornl; evaporation of the chloroform 
layer provided the phytosterols. A portion of this material 
(5 mg) was treated with hexamethyldisilazane (0.5 ml) 
and trimethylchlorosilane (0.05 ml) in tetrahydrofuran to 
give the phytosterol trimethylsilyl derivatives. Gas- 
liquid chromatographic analysis of the mixture indicated 
the presence of (3-sitosterol (74 %), campesterol (19 %), 
and an unknown co~nponent (7%). 

The methyl a- and (3-D-glucosides obtained by meth- 
anolysis of 10 were hydrolyzed with 1 N sulfuric acid to 
give D-glucose, m.p. and mixture m.p. 146" and [alDZ3 
+ 52" (c, 1 in water). 

me thy la ti or^ of Phytosteryl 6-0-Acyl-(3-D- 
glucopyranosides (9 )  

The glycolipid mixture 9 (0.65 g) was methylated three 

times by the method of Kuhn et a/. (13) as described 
previously for 1 to  give phytosteryl 2,3,4-tri-0-methyl-6- 
0-acyl-p-D-glucosides (11). The methylated products (11) 
were saponified in alkaline aqueous ethanol after which 
the solution was deionized with mixed cation resin and 
Amberlite IRA-400 anion resin (OH- form). The 
effluent was evaporated to dryness. Thin-layer chroma- 
tography of the residue with solvent b revealed a major 
component with a n  Rf value of 0.56. This material was 
purified on a silicic acid column (2.2 x 44 cm) with 
petroleum ether - diethyl ether (200 rnl of 70:30 and 200 
ml of 50:50, v/v) irrigating solvent t o  give a mixture of 
crystalline phytosteryl 2,3,4-tri-0-methyl-(3-~-glucosides 
(12). After recrystallization from petroleum ether - 
diethyl ether the mixture had m.p. 164-165" and [a]DZ3 
- 28" (c, 1 in chloroform). 

Anal. Calcd. for C38H6606 (P-sitosteryl 2,3,4-tri-0- 
methyl-(3-D-glucoside): C, 73.75; H, 10.75. 

Anal. Calcd. for C37H6406 (campesteryl 2,3,4-tri-0- 
methyl-(3-D-glucoside): C, 73.46; H, 10.67. Found: C ,  
73.89; H, 10.79. 

Methanolysis of Phytosteryl 2,3,4-Tri-O-met/tyI-(3-~- 
~lucosides (12 ) 

~hve  phytosteryl'giycosides (12) (0.032 g) were treated 
with 4 % methanolic hydrogen chloride (10 ml) in a sealed . ~ 

tube at  100' for 15 h, after which the solution was passed 
through a small column of anion exchange resin and the 
effluent evaporated to  dryness (0.031 g). The residual 
mixture of phytosterols and methyl 2,3,4-tri-0-methyl-a- 
and p-D-glucosides was resolved on a column of silicic 
acid (2.2 x 25 cm) using chloroform and chloroform- 
methanol (98:2 v/v) irrigating solvents to elute the re- 
spective materials. 

The phytosterols were converted t o  the trinlethylsilyl 
ether derivatives and the mixture was examined by gas- 
liquid chronlatography which indicated the presence of 
0-sitosterol (73 %), campesterol (23 %), and an unknown 
constituent (4%). Gas-liquid chromatographic analysis 
of the methyl glycosides indicated the presence of methyl 
2,3,4-tri-0-methyl-a- and (3-D-glucosides. 

Synthesis of Phytosferyl2,3,4-Tri-O-metl1yl-(3-~- 
glucosides (12) 

The phytosteryl (3-D-glucopyranosides (0.356 g) in 
fractions 181-210 of the flour lipid fractionation (Table 
I) were treated with trityl chloride (0.36 g) in pyridine (5 
ml) at 90" for 1 h. A few drops of water were added to  the 
cooled reaction mixture and the whole was poured into 
ice water (25 ml). The aqueous solution was extracted 
with chloroform (2 x 25 ml) and the combined chloro- 
form extracts were evaporated to dryness to  give phyto- 
steryl 6-0-trityl-0-D-glucopyranosides (13) as a syrup. The 
trityl compounds (13) were dissolved in dimethyl sulfoxide 
(17 ml) and dimethyl formamide (17 ml) to which barium 
oxide (5.7 g) and barium hydroxide (5.7 g) were added, 
and the reaction flask was flushed continuously with 
nitrogen. Methyl sulfate (12 ml) was added dropwise 
during 30 min to the stirred reaction mixture at 0' after 
which the temperature was slowly increased to 25' and 
stirring continued for 18 h. Ammonium hydroxide (9 ml) 
was added and after stirring for 30 min the mixture was 
extracted with chloroform (3 x 50 ml). The combined 
chloroform extracts were washed with water until the 
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washings were neutral and evaporated to give phytosteryl 1. C. H. BAILEY. The constituents of wheat and wheat 
2;3,4-tri-O-n1ethyl-6-O-trityl-~-~-glucosides (14) (17). products. Reinhold Publishing Corp., New York. 

The phytosteryl 2,3,4-tri-0-methyl-6-0-trityl-p-D- 1944. 
glucosides were dissolved in chloroforln (10 rill) and 2' ~ i y K ' v ~ ~ $ y & w ~ ~ ~ ~ ~ f " ~ h ~ ~ ~  in%g:!& 
treated with 4 % lnethanolic hydrogen chloride (5 ml) Association of Cereal Chemists, Inc., s t .  Paul, 
at 0" for 30 min. Aqueous sodium bicarbonate (50 ml) Minnesota. 1964. 
and chlorofornl (100 ml) were added to the reaction 3. D. V. MYHRE. Abstracts 149th Am. Chem. SOC. 
mixture after which the chloroform solution was washed Meeting, Detroit, Michigan. 1965. 
with water, dried (sodium sulfate), and evaporated to 4. D. V. MYHRE. Unpublished results. 
dryness. The residue was dissolved in petroleum ether - 5. E. H~ lNz .  Z .  Naturforsch. 20b, 83 (1965). 
diethyl ether (70:30 v/v) and the mixture was applied to a 6. M. LEpAGE. J. Lipid ' 1  587 
silicic acid column (2 x 24 cm). Irrigation of the column 7' &~j.MCKILL1cAa' Am' Oil Chem 11, 
with the above solvent eluted the trityl alcohol and when 8. H. E. CARTER, K.  oHNO, S. C. L. T ~ ~ ~ ~ ~ ,  
the solvent was changed to petroleum ether - diethyl and N. Z. STANACEV. J. Lipid Res. 2, 215 (1961). 
ether (50:50 v/v) phytosteryl 2,3,4-tri-O-methyI-p-~- 9. J. HIRSCH and E. H. AHRENS, JR. J. Biol. Chem. 
glucosides (12) (0.108 g) were obtained. After recrystal- 233, 31 1 (1958). 
lization from petroleum ether, the phytosteryl 2,3,4-tri- 10. H. E. CARTER, R. A. HENDRY, and N. Z. STANACEV. 
0-methyl-P-D-glucosides (12) had m.p. 164-165" (ad- J. Lipid Res. 2, 223 
n,ixture of  this material with 12 obtained from 9 did not : : : 2::: EE:: 8%;: :? 11;: I;;;:;: 
depress the m . ~ . )  and [ a l ~ 2 3  -27" (c, 1 in chloroform). 13. R. KUHN, H. T R 1 ~ ~ ~ M ~ N N ,  and 1. LGw. Angew. 

Anal. Calcd. for C38H6606 (p-sitosteryl 2,3,4-tri-0- them. 67, 32 (1955). 
methyl-p-D-glucoside): C, 73.75; H, 10.75. 14. R.  S. CAHN, C. K. INGOLD, and V. PRELOC~. Experi- 

Anal. Calcd. for C37H6406 (campesteryl 2,3,4-tri-0- entia, 12, 81 (1956). 
methyl-p-D-glucoside): C, 73.46; H, 10.67. Found: C, 15. P. A. J. GORIN, L. HOUGH, and J. K. N. JONES. J. 
73.67; H, 10.76. Chem. Soc. 2699 (1955). 
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Electrophoresis of dyed polysaccharides on cellulose acetate1 

W. F. DUDMAN' AND C. T. BISHOP 
Division of Biosciences, National Research Council of Canada, Ottawa, Canada 

Received May 29, 1968 

Polysaccharides have been shown to react with Procion dyes to give colored products. The degree of 
substitution varies with the dye to polysaccharide ratio used in the reaction and with the structure of 
the polysaccharide. The dyed polysaccharides give visible bands on gel filtration and on electrophoresis 
on cellulose acetate strips. Separations of mixtures of colored polysaccharides by the latter method are  
complete within 5 rnin and match the results obtained with the undyed polysaccharides by free-boundary, 
Tiselius electrophoresis. 
Canadian Journal of Chemistry, 46, 3079 (1968) 

Studies of polysaccharide structures can only 
be meaningful when there is some assurance 
that the product examined is chemically homo- 
geneous. There are no standard methods for the 
purification of polysaccharides and no generally 
applicable method for following a purification 
process. Most polysaccharides are polymolecular 
and methods of separation based on differences 
in molecular weight are therefore of limited 
value. The more successful techniques for re- 
solving mixtures of polysaccharides depend upon 
differences in their chemical properties arising 
from variations in structure (1). Undoubtedly 
the most sensitive analytical method for assess- 
ing chemical homogeneity of polysaccharides is 
precipitation with specific antisera (2, 3). How- 
ever, antisera specific for the particular poly- 
saccharides being investigated may not be 
readily available. 

Probably the most generally useful and se- 
lective method for resolving mixtures of poly- 
saccharides is electrophoresis in borate buffer. 
Polysaccharides with-different structures form 
complexes with borate to different extents there- 
by acquiring different charge:mass ratios that 
permit their separation in an electric field. 
Northcote (4) has described the electrophoretic 
separation of polysaccharides by the free- 
boundary (Tiselius) method and on glass co- 
lumns (5); separations have also been obtained 
by electrophoresis on filter paper (6) and on 
glass-fiber sheets (7, 8). All of these techniques 
have some inherent disadvantages. Free-boun- 
dary electrophoresis requires complex equipment 

'Issued as NRCC No. 10240. 
2Visiting Scientist, 1967-1968. Permanent address: 

Division of Plant Industry, C.S.I.R.O., Canberra, Aus- 
tralia. 

and is very time consuming. Detection of poly- 
saccharides on filter paper is difficult because 
the cellulose support has the same properties as 
the samples. Glass-fiber paper has a loose ma- 
trix that leads to high rates of endosmotic flow 
in alkaline buffers; polysaccharides tend to 
streak and diffuse on this support. 

The present paper describes a method for the 
electrophoresis of polysaccharides that over- 
comes most of the foregoing disadvantages. The 
use of dyed polysaccharides eliminates the prob- 
lem of detection. Separations are obtained on 
cellulose acetate strips with simple, inexpensive 
equipment, and are complete in 4 min. The 
separations obtained match those given by the 
free-boundary method. 

The development of reactive dyes has been 
described by Coffey (9). One group of these, the 
Procion dyes (Imperial Chemical Industries, 
Ltd.), have the following general structure (1). 

The dichlorotriazinyl group will react with 
hydroxyl, amino, or amide groups to  form 
stable, covalent linkages between the dye and 
substrate. Although the products could be re- 
garded as esters (of a modified cyanuric acid) 
they bear a closer resemblance to ethers in their 
stability towards acid and alkali. Procion dyes 
have been used as staining reagents to detect and 
estimate proteins on electrophoresis strips (10) 
but have been used with carbohydrates to only 
a limited extent. Cellodextrins have been dyed 
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TABLE I 
Effect of dye:polysaccharide ratio on color intensity in dyed glucan 

Number of 
Dye: poly- Dye content anhydroglucose 
saccharide of polysac- % of total units per dye 

Dye (%I* ratio E:tFt charide (%)$ dye bound substituent 

(a)  Procion blue 3GS 
2.5 1 :20 1.92 2.8 59 133 
5 1 :10 2.55 3 .7  4 1 100 

(b )  Procion red 2BS 
50 1 :1 44.6 27.1 54 10.6 

*Used with 50 mg of glucan from C. />oropsilosir. 
?Absorption measured at  605 mq for blue. and 530 mq for red. 
$ E : i m  I'or Proeion blue 3GS = 68.7, for Procion red 2BS = 164.2. 

and the products used as substrates for cellu- 
lolytic enzymes (1 1). Chitin, chitosan, and xylan 
have also been dyed (12) and it was reported 
that glucose reacts with a Procion dye to give a 
glucoside (13). It therefore seemed clear that 
polysaccharides could be dyed successfully with 
these reactive dyes. It also seemed likely that a 
low degree of substitution would introduce 
sufficient color to make the products visible, but 
would not affect the chemical properties upon 
which separation of the polysaccharides depends. 

Examination of the absorption spectra of four 
Procion dyes (blue 3GS, red 2BS, yellow RS, 
and orange GS) showed that the blue and the 
red would be easiest to detect on cellulose ace- 
tate strips. The extinction coefficient (E:?) for 
Procion blue 3GS at 605 mp was 68.5 and that of 
Procion red 2BS at 530 mp was 164.2. 

As there were no differences in the visible 
spectra of the dyes when free or bound to poly- 
saccharides, it was possible to determine the 
dye content of the colored polysaccharides by 
comparison of extinction coefficients at the 
appropriate wave lengths. From the dye content, 
the number of anhydrohexose units (molecular 
weight, 162) per dye molecule attached was given 
by the term M (100-d)/162d where d is the per- 
centage of dye in the colored polysaccharide and 
M is the molecular weight of the dye (641 for 
Procion red 2BS and 621 for Procion blue 3GS). 

The dyeing procedure followed was essentially 
the same as that recommended for the dyeing 
of textiles with these dyes (14). The colored 
polysaccharides were readily separated from un- 
reacted dye and inorganic salts by gel filtration 
through Sephadex G-15 or G-25 and were re- 
covered from the eluates by freeze-drying. 

Preliminary experiments showed that strongly 
colored polysaccharides were required to give 
bands that were sufficiently visible on cellulose 
acetate strips. A glucan from C. pmapsilosis 
(1 5) was found to react well with the dyes and it 
was used, with Procion blue 3GS, to study the 
effect of dye to polysaccharide ratio on the in- 
tensity of color in the product. The results of this 
study are given in Table I. It was further noted 
that the polysaccharide reacted with only some 
4&67 % of the total dye available, regardless of 
the initial dye to  polysaccharide ratio. Electro- 
phoresis on cellulose acetate strips (0.05 M 
borate buffer) showed that mobilities of the 
dyed glucans increased only slightly with in- 
creasing dye content. For example, the difference 
in mobility was not enough to permit the 
separation of the most highly colored from the 
least highly colored sample. Since the more 
highly colored glucans gave bands that were 
readily visible on cellulose acetate strips, the 
effects of higher dye to polysaccharide ratios 
than those shown in Table I were not investi- 
gated. A dye to  polysaccharide ratio of 1 : 1 was 
used as a standard procedure to  provide dyed 
polysaccharides with strong colors for maximum 
sensitivity in electrophoresis. 

A variety of polysaccharides were dyed with 
the red and the blue dyes by this procedure. The 
incorporation of dye into these polysaccharides 
is shown in Table I1 and was found to vary with 
the nature of the polysaccharide. Thus, the pec- 
tin (a pure galacturonan) was completely re- 
sistant to the dyes and the A. trfolii poly- 
saccharide, which contains some 30% of uronic 
acid, was dyed only to a slight extent. It seems 
likely that this low reactivity of polyuronides 
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DUDMAN AND BISHOP: ELECTROPHORESIS O F  DYED POLYSACCHARLDES 

TABLE I1 

Extent of reaction of Procion red 2BS and Procion blue 3GS with equal weights of polysaccharides 

Anhydrohexose units 
E:km Dye content per dye substituent 

Polysaccharide* Red Blue Red Blue Red Blue 

Sunflower oectin 0 0 0 0 - - 
R. trifolii f ~ l  polysaccharide 4.75 
C.  albicans mannan 18.4 
T. sabouraudi galactomannan I 19.8 
E. floccosum galactomannan I 24.3 
Larch arabino~alactan 32.9 - 
E. floccosum 
galactomannan I1 + glucan 37.5 21.1 22.9 30.6 13.4 8.7 
T. sabouraudi glucan 51.5 14.7 31.5 21.4 8.6 14.2 
T. sabouraudi galactomannan I1 62.3 23.6 38.0 34.3 6.5 7.3 
M. q~rinckeanum glycopeptide 68.0 27.0 41.5 39.4 5.6 5.9 

'Sources or polysaccharides are given in the Experimental section. 

with the dyes is due to the absence of primary 
hydroxyl groups. As might be expected from 
their structures, these dyes react more readily 
with primary than with secondary hydroxyl 
groups (14). Conversely, the more highly dyed 
polysaccharides, shown in Table 11, have a 
greater proportion of primary hydroxyl groups 
available for substitution. Except for the pectin, 
all of the dyed polysaccharides listed in Table I1 
were sufficiently colored to allow their electro- 
phoretic behavior to be examined. 

Because the samples were visible, it was a 
simple matter to experiment with variables to 
establish the most favorable conditions for 
electrophoresis. Variation of buffer strength 
showed that improved results were obtained at 
high molarity. The sharpest bands were ob- 
tained in a buffer (pH 9.3) that was 0.1 M with 

respect to both sodium tetraborate and sodium 
chloride. Using this buffer, potential gradients 
of 25-35 V/cm gave better separations than 10 
V/cm and the resolution was not improved by 
increasing the voltage to 500 V/cm. Separations 
were complete in 3-5 min and were not im- 
proved by extending this time. Indeed, after 10 
min the bands tended to diffuse and any 
separatioil already obtained became distorted. 
Cellulose acetate strips provided the only satis- 
factory support for electrophoresis. In both agar 
and polyacrylamide gels the dyed polysac- 
charides moved as broad bands and mixtures 
were not resolved; similar poor results were 
obtained on filter paper and on glass-fiber paper. 
The optimum conditions for electrophoresis of 
the dyed polysaccharides were therefore at po- 
tential gradients of 25-35 V/cm on cellulose 

TABLE I11 

Electrophoretic mobilities of dyed polysaccharides relative to mobility of free dye* 

Polysaccharide 

Relative electrophoretic 
mobility Number Number of components 

of by free-boundary 
Red Blue bands electrophoresis 

R. tr.i/olii TAl polysaccharide 
C.  parapsilosis glucan 
C.  albicatis mannan 
T. saborrraudi galactomaman I 
E. floccosrrm galactomannan I 
Larch arabinogalactan 
E. floccosutiz galactomannan I1 + glucan 
T. saborrraudi glucan 
T. saborrraudi galactomannan I1 
M. qrrinckeanrrm glycopeptide 

*On cellulose acetate strips in 0.1 M sodium tetraborate - sodium chloride, potential gradient 25 V/cm Tor 4 min. 
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FIG. 1. Electrophoresis of M. quinckearz~irn glyco- 
peptide. (A) Appearance of glycopeptide dyed with 
Procion red 2BS after 4 min electrophoresis on cellulose 
acetate strip in 0.1 M sodium tetraborate-sodium chlo- 
ride, potential gradient 25 V/cm. (B) Densitometer scan of 
(A). (C) Schlieren pattern from free-boundaryel ectro- 
phoresis of undyed M. quirzckeanurn glycopeptide in 0.05 
M sodium tetraborate. 

acetate strips for 3-5 min in 0.1 M sodium 
tetraborate-sodium chloride buffer. A one per- 
cent aqueous solution of the dyed polysaccharide 
was the most suitable concentration for samples 
applied as a thin streak. At concentrations of 5 % 

the bands became distorted because of over- 
loading. 

The mobilities of the various colored poly- 
saccharides were measured relative to that of the 
corresponding free dye and the results are given 
in Table 111. Most of the colored polysaccharides 
were electrophoretically homogeneous and con- 
tained only one component that migrated as a 
single band. However, the mixture of the galacto- 
mannan I1 and glucan from E. floccosum 
separated into two bands and the glycopeptide 
preparation from M. quinckeanum gave three 
bands, one of which had no mobility. As 
described in the Experimental section, many of 
the polysaccharides listed in Tables I1 and I11 
had been examined previously by free-boundary 
electrophoresis. The number of components 
detected by each method was the same. The 
cellulose acetate strip that held the three compo- 
nents separated by electrophoresis of the red- 
colored glycopeptide fraction was cleared in 
paraffin and the absorption of the bands was 
scanned in a densitometer. As shown in Fig. 1, 
the plot obtained was very similar to that given 
by free-boundary electrophoresis of the undyed 
glycopeptide fraction. 

The values obtained for the relative mobilities 
(Table 111) indicated that mixtures of some of 
these dyed polysaccharides should be resolvable 
by electrophoresis. Ten mixtures of pairs of 
dyed polysaccharides were made; both a red and 
a blue series of mixtures were prepared to see if 
one color was more advantageous than the 
other. The results of electrophoresis of these 
mixtures are given in Table IV. Eight of the 
mixtures were separated into their two com- 
ponents, all within 4 min. The two mixtures that 
were not resolved contained components whose 
relative mobilities differed by only 0.08-0.14. 
Nevertheless. one mixture with differences in 
mobilities in this range was effectively separated: 
the galactomannan I1 and glucan mixture from 
T. sabouraudi. The separation of one of the mix- 
tures is shown in Fig. 2 and is typical of those in 
which two bands were obtained. The red and 
the blue mixtures gave identical results and there 
was no reason to prefer one color over the other. 

The results presented here show that electro- 
phoresis of dyed polysaccharides on cellulose 
acetate strips permits a rapid assessment of 
chemical homogeneity in polysaccharides with 
the same degree of resolution as obtained in free- 
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DUDMAN AND BISHOP: ELECTROPHORESIS OF DYED POLYSACCHARIDES 

I 

TABLE 1V 
I Electrophoretic separation of mixtures of dyed polysaccharides* 
I 

Difference in relative 
mobilities? 

Mixture Red Blue Result 

C. parapsilosis glucan + larch arabinogalactan 0.42 0.46 2 bands , C. parapsilosis glucan + T. sabouraudi galactomannan I 0.34 0.33 2 bands 
C. parapsilosis glucan + T. sabouraudi 

galactomannan TI 0.29 0.29 2 bands 
Larch arabinogalactan + T. saboiira~rdi glucan 0.25 0.26 2 bands 
C. parapsilosis glucan + C. albicans mannan 0.22 0.24 2 bands 

I C. albicans mannan + larch arabinogalactan 0.20 0.22 2 bands 
T. sabouraudi galactomannan I1 + T. sabolrraudi 

glucan 0.12 0.11 2 bands 
I C. parapsilosis glucan + T. sabouraudi glucan 0.17 0.20 2 bands (poorly separated) 
I Larch arabinogalactan + T. sabouraudi 

galactomannan I 0.08 0.14 1 band (not separated) 
C.  albicans mannan + T. sabourarrdi galactomannan I 0.12 0.08 1 band (not separated) 

I *On cellulose acetate s t r~ps  in 0.1 M sod~urn tetraborate - sod~urn chloride, potentla1 gradlent 25 V/crn for 4 mln. 
tFrorn values glven in Table Ill. 

FIG. 2. Electrophoretic separation of C. albicans mannan (M) and C. parapsilosis glucan (G) on cellulose acetate 
strip in 0.1 M sodium tetraborate-sodium chloride, potential gradient 25 V/cm, for 3 min. Top strip: blue-dyed 
polysaccharides; bottom strip: red-dyed polysaccharides. 

boundary, Tiselius electrophoresis. Such colored Experimental 
polysaccharides can be used also to observe or Pol~saccharides 

The polysaccharides used in this study were samples 
monitor the behavior of the parent that were available in this laboratory. Structural in- 
charide in gel filtration or in other chromato- vestigations of the C. parapsilosis glucan and the C. 
graphic systems. albicans rnannan have been ~ublished (15, 16). The 
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galactomannan I, galactomannan 11, and glucan from T. 
sabo~iraudi and E.floccosurn are under investigation now. 
These polysaccharides have structures that are very simi- 
lar to the same series of polysaccharides from other 
dermatophytes (17-19), and were isolated in the same 
way. The R. trifolii polysaccharide is also under investi- 
gation at the present time and so is the glycopeptide from 
M. qllinckenttum. The latter product was extracted from 
the cultured mycelium by ethylene glycol as described 
previously for isolation of the trichophytin antigen from 
T. nlentagroplgvtes (20, 21). The results of free-boundary 
electrophoresis given in Tablc 111 were obtained with a 
Tiselius-type, Spinco model H apparatus; the buffer 
used was 0.05 M sodium tetraborate (4). 

Dyeing Procedure 
To a solution of the polysaccharide (50 mg) in water 

(5.0 lnl) was added a freshly prepared solution of the dye 
(50 mg) in water (5 ml). After 5 min sodium chloride was 
added, either as a solid or as 1 ml of a concentrated 
solution, to give a final concentration of 2%. Thirty 
minutes later sodium carbonate was added to give a final 

(1 % solutions) were applied as thin lines by using fine 
glass capillaries. The strip was then positioned in a Gel- 
man Electrophoresis chamber SO that  the starting line 
was midway between the terminals which were 10 cm 
apart. Voltage was applied, 250-350 V, 7 mA, and mi- 
gration of the bands was followed visibly. Solutions (1 %) 
of unreacted dyes that had been kept for 24 h were used 
as standards to measure the relative mobilities given in 
Table 111. The optimum time for all separations was 4 
min and higher potential gradients (up to 500 V/cm) gave 
no improvement over the conditions cited above. Poorer 
results were obtained when the starting line was posi- 
tioned nearer to either terminal. Broader bands were 
obtained in 0.01 M or 0.05 M sodium tetraborate than 
in the 0.1 Msodium tetraborate-sodium chloride buffer. 

When the electrophoresis was finished the strips were 
removed and dried immediately in a stream of hot air. 
If this was not done, the bands diffused and became dis- 
torted. The dried strips could then be pressed between 
sheets of filter paper to flatten them prior to photography 
or gel-scanning. 

.... 

concentration of 0.1 %. This was essentially the procedure H. O. BouVENG and B. LINDBERG. Advan. Carbo- used for dyeing textiles (14) and the reaction is thought hydratechem. 15,53(1960). 
to be complete within an hour. However, the mixtures 2. M. HEIDELBERGER. Fortschr. Chem. Org. Natur- 
were set aside for 18 h (overnight) to allow most of the stoffe. 18.503 (1960). 
unreacted dye to be hydrolyzed. 

lnitial attempts to free the colored polysaccharides 
from inorganic salts and unreacted dye by dialysis were 
~ ~ n s u ~ - c e s s f ~ ~ l  because the dye did not pass through the 
dialysls mellibrane, Gel filtration was a satisractory 
alternate procedure. The reaction mixtures were clarified 
by centrifugation or diluted to reduce viscosity if neces 
sary and were then added directly to columns (2.5 x 30 
cnl) of Sephadex G-15 or G-25. Elution of the columns 
with water produced two widely separated colored 
zones. The dyed polysaccharides, excluded from the gels, 
were eluted in the void volume; salts and unreacted dye 
were retarded. To avoid contamination by inorganic 
salts, which were eluted more rapidly than the unreacted 
dye, care was taken to collect only the strongly colored 
portion of the polysaccharide eluate. Addition of the dye 
to the polysaccharides apparently increased their solu- 
bility and it was difficult to precipitate the products by 
ethanol or acetone. The dyed polysaccharides were there- 
fore recovered from the eluates by freeze-drying. The 
a~iiounts recovered were 45-50 mg, 90-100% of initial 
polysaccharide. 

Visible absorption spectra of the dyes and the dyed 
polysaccharides were measured with a Cary model 14 
recording spectrophotometer and were identical. Ex- 
tinction coefficients were determined with a Beckman DU 
spectrophotonieter. 

Electrophoresis 
The Gelman Sepraphore 111 cellulose acetate strip 

(2.5 x 17 cm) was soaked in the buffer solution for 5 
min. The strip was then pressed between two sheets of 
Whatman 3 MM filter paper to remove excess buffer 
and the starting line was marked with a pencil. Samples 

3. M. HEIDELRERGER. ' Federation Proc. 23, 627 (1964). 
4. D. H. NORTHCOTE. Biochem. J. 58, 353 (1954). 
5. B. J. HOCEVAR and D. H. NORTHCOTE. Nature, 179, 

488 (1957). 
6. I. A. PREECE and R. HOBKIRK. Chem. and Ind. 

London, 257 (1955). 
7. E. J. BOURNE, A. B. FOSTER, and P. M. GRANT. J. 

Chem. Soc. 43 11 (1956L 
8. D. R. B~IGGS,  E. F. GARNER, and F. SMITH. Nature, 

178,154 (1956). 
9. S. COFFEY. Chem. and Ind. London, 132 (1960). 

10. S. FAZEKAS DE ST. GROTH. R. G. WEBSTER. and A. 
DATYNER. Biochim. Biophys. Acta, 71,377 (1963). 

11. H. N. FERNLEY. Biochem. J. 87,90 (1963). 
12. G.  E. KRICHEVSKU and F. I. SADOV. IZV. Vysshikh 

Uchebn. Zavedenii Tekhnol. Tekstil'n. Prom. 3, 102 
(1961) ,-- --,. 

13. 0 .  A. STAMM, H. ZOLLINGER, and E. GAEUMANN. 
Helv. Chim. Acta, 44,1123 (1961). 

14. E. R. TROTMAN. Dyeing and chemical technology of 
textile fibres. Charles Griffin and Co., Ltd., London. 
1964. 

15. R. J. Yu, C. T. BISHOP, F. P. COOPER, F. BLANK, and 
H. F. HASENCLEVER. Can. J. Chem. 45,2264 (1967). 

16. R. J. Yu, C. T.  BISHOP; F.  P. COOPER, H. F. HASEN- 
CLEVER, and F. BLANK. Can. J. Chem. 45. 2205 
(1967): 

17. C. T. BISHOP, M. B. PERRY, F. BLANK, and F. P. 
COOPER. Can. J. Chem. 43,30 (1965). 

18. C. T. BISHOP, M. B. PERRY, and F. BLANK. Can. J. 
Chem. 44,2291 (1960). 

19. C. T. BISHOP, M. B. PERRY, R. K. HULYALKAR, and 
F. BLANK. Can. J. Chem. 44,2299 (1966). 

20. R. C. CODNER, C. N. D. CRUICKSHANK, M. D .  
TROTTER, and S. R. WOOD. Sabouraudia, 1, 116 
(1961). 

21. S. A~BARKER,  C. N. D. CRUICKSHANK, J. H. MORRIS, 
and S. R. WOOD. Immunology, 5, 627 (1962). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Glycosidation of sugars. IV. Methanolysis of D-glucose, D-galactose, 
and D-mannose1 

V. SMIRNYAGIN~ AND C. T. BISHOP 
Dicision of Bioscier~ces, National Research Colincil of Canada, Ottawa, Catzada 

Received April 25, 1968 

Rates of rnethanolysis reactions of D-glucose, D-galactose, and D-mannose have been determined. The 
results confirm those found earlier for pentoses that the glycosidation reaction proceeds to equilibrium 
through four distinguishable competing reactions: (I) hexose -P furanosides, (2) anomerization of furan- 
osides, (3) furanosides + pyranosides, and (4) anomerization of pyranosides. The glycoside compositions 
at equilibrium are interpreted in terms of conformational analysis for furanoid and pyranoid rings. The 
energy differences between the ground states also contribute to an  important degree in determining the 
relative rates of reaction. 

Canadian Journal  o f  Chemistry, 46, 3085 (1968) 

Earlier papers (1, 2) in this series described a 
study of the kinetics of methanolysis of the four 
D-pentoses and summarized the literature on 
this topic. The present paper reports the exten- 
sion of these studies to the three hexoses, D- 
glucose, D-galactose, and D-mannose. 

The conditions cited for the reactions were 
carefully controlled and products were analyzed 
by gas-liquid chromatography of their fully 
trimethylsilylated derivatives as described pre- 
viously (3). Products in one of the reactions in 
the D-galactose series (Table VII) were analyzed 

methanol. The equilibrium constants (K) in 
Table I were obtained from glycoside compo- 
sitions after prolonged reaction periods (Table 
11). 

Reliable rate data for reaction 1 (Table V) 
could only be obtained with D-glucose; D- 
galactose and D-mannose were not sufficiently 
soluble in methanol a t  the concentrations used. 
No detailed interpretation of reaction 1 can be 
offered on the evidence available; the reaction 
was examined only t o  establish the identities 
of the initial products. Qualitative examination 

c o l o r i ~ e t r i c a ~ l ~  (4) after separation by paper of the products from methanolysis of galactose 
chromatography (5). confirmed the results obtained with D-glucose 

As with the pentoses, it was found that meth- that furanosides were the initial products in 
anolysis proceeds to equilibrium through four this reaction. For D-mannose, the initial prod- 
distinguishable competing reactions and it was uct of methanolysis was methyl p-D-manno- 
possible to establish conditions under which a pyranoside. This result is similar to that found 
single reaction predominated. Since the observa- 
tions were made at constant hydrogen ion con- 
centrations, the bimolecular reaction could be 
expressed in terms of first-order rate kinetics. 
Compositions of reaction products at different 
times under specific conditions are given in 
Tables V-VIII (see Experimental). These 
results show that single reactions predominated 
during the early periods and were characterized 

earlier for the stereochemically equivalent lyxose 
which also gave pyranosides as initial products 
in methanolysis (2). Two recent reports (6, 7) 
have discussed the role of dimethyl acetals as 
intermediates in the formation of furanosides 
from glycoses during methanolysis. The amounts 
of dimethyl acetals found were small and from 
rate studies it was concluded that they were not 
intermediates in the glycosidation reaction. In 

reasonably well -by first-order rate constants. the present investigation dimethyl acetals were 
The rate constants indicated in Tables V-VIII not detected, presumably because the methods 
were averaged to give the k values in Table I. of analysis were not as sensitive as the radio- 
As before (2), the first-order rates for reactions active isotope techniques used in the other 
3 (Table VII) and 4 (Table VIII) were reduced to studies (6, 7). 
1/10 and 1/100 respectively to provide k ,  If the non-bonded interactions in the hexo- 
values comparable to-those for reactions 1 and furanosides are relieved in the transition states 
2, all relative to 0.01 % of hydrogen chloride in for anomerization and ring expansion, and if the 

--- energies of the transition states are near equal, 

'Issued as NRCC No. 10209. then the relative orders of reactivity for the 
'NRCC Postdoctorate Fellow, 1966-1968. three hexoses should be the same in reactions 2 
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TABLE I 6 
Rate constants of methanolysis reactions* 2 

6 
D-Glucose D-Galactose D-Mannose 

- E 
Reaction kl kz k l + k z  K kl kz k,+kz K k ,  kz kl+kZ K 

kl 
1. Hexose + furanosides 
2. Furanoside 

2 
5 . 7  - - - - - - - - - - - 

- - T: 
8 .7  5 . 8  14.5 1 .5  2 . 3  0 . 9  3 . 2  2 . 5  Very 8 .5  o 

small 'I¶ 

kl 
3. Furanosides @ pyranosides 0.036 9 ~ 1 0 - ~  - 3980 0.027- 2.2x104- - 112 0.47 Very - Very 9 

kz 0.042 3 . 7 ~ 1 0 - ~  small large 5 
4. Pyranoside: 0.013 0.006 0.019 2.01 0.031 0.011 0.042 2.93 0.054 0.003 0.057 17.4 < 

k I P 
P " c .  
k2 & - 

*Reaction 2:  K = [ p ] / [ a ] ;  reaction 3 :  K = [a-pyrl[D-pyrll[a-furl[B-filr]; reaction 4: K = [al l [P].  Concentrations of products for these ~alculations were taken from the equilibrium values 
given in Table 11. The k l  values for reactions 3 and 4 were normalized (reduced by lo-' and 10-2 respectively) to make them relative to the same acid concentration that was used in reaction 2. 
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SMlRNYAGlN AND BISHOP: GLYCOSIDATlON OF SUGARS. 1V 3087 

I 

I 
and 3 (Table I) and should be as follows: man- 
nose > glucose > galactose. Thus, the manno- 
furanosides with two adjacent eclipsed interac- 
tions should be the most reactive (see k, values, 
reaction 3). The glucofuranosides, with one 
eclipsed interaction, should be less reactive than 
the mannofuranosides but more reactive than 
the galactofuranosides in which there are no 

I such interactions. A reliable rate constant could 
I 

I not be obtained for reaction 3 in the galactose 
series, possibly because the reverse reaction 
(pyranosides -t furanosides) was proceeding to 
a significant extent. However, the values ob- 
tained (Table VII) showed that galactofurano- 
sides reacted at a rate that was slower or equal 
to that of the glucofuranosides. 

I In the furanoside form the three hexoses 
I 
I should adopt the conformations described in 
I detail previously (2). In these conformations the 

anomerization of furanosides introduces or 1 removes an eclipsed interaction and, assuming 
1 as before that ground state energies have an 

important influence on reaction rates, the rela- 
tive reactivities of the anomeric pairs in each 
series should be as follows: D-mannose, P >> a ;  
D-glucose, a 2 P; D-galactose, a > P. The rate 
constants, k, and k, (Table I) are in agreement 

I with this prediction. In the mannofuranosides 
the p-anomer has all large groups eclipsed and 
should be much more reactive than the a-ano- 

I mer. In fact, k, could not be determined for 
this reaction because the a-furanoside was stable 

I 
under the conditions of reaction 2 and there 

1 was none of the P-furanoside at equilibrium. 
The a-anomer in the galactofuranosides has one 
eclipsed interaction and the p-anomer none; the 
former should therefore be more reactive as 
was indeed found. Assuming that the gluco- 
furanosides adopt the same conformation as 
proposed for the xylofuranosides (2), the C,- 
hydroxyl bond very nearly bisects the angle 
made by the bonds of the anomeric substituents, 
being oriented slightly more toward the a-posi- 
tion. This accounts for the slightly greater rate 
of anomerization of the a-form, a result that is 

for the three hexopyranosides should be man- 
nose > galactose > glucose and the rate data 
agree (k, + k,, reaction 4, Table I). Similar 
reasoning predicts that the p-anomers will be 
more reactive than the a-anomers in this reaction 
and again the data are in agreement. 

The glycoside compositions at equilibrium 
are shown in Table I1 and the free energies, 
calculated from the equilibrium constants are 
given in Table 111. The latter values reflect the 
relative stabilities of the compounds concerned. 
The anomerization of glucofuranosides involves 
no strong interactions, only replacement of one 
skew interaction by another, and this reaction 
would be expected to have a small AF. Anomeri- 
zation of the galactofuranosides introduces or " 
removes an eclipsed interaction in a flexible con- 
formation. The free energy for that reaction 
should therefore be greater than for the gluco- 
furanosides but less than for the mannofurano- 
sides where anomerization introduces a third 
eclipsed substituent. 

TABLE I1 
Glycoside compositions at equilibrium* 

Furanoside Pyranoside 

Sugar a S a S 

D-Glucose 0.6 0.9 65.8 32.7 
D-Galactose 6.2 16.3 57.8 19.7 
D-Mannose 0.7 0.0 93.9 5.4 

'Sugar (2%) in 1 % methanolic hydrogen chloride a t  35 O C  until 
composition was constant; no change upon heat~ng to  64 "C. 

TABLE 111 
Free energies for methanolysis of hexoses 

A F  (reaction) 
Reaction (cal/mole) 

Glucose 
cx-furanoside P S-furanoside - 248 

furanoside P pyranoside - 5100 
cr-pyranoside P (3-pyranos~de 427 

Galactose 
cr-furanoside P (3-furanoside - 592 

furanoside P pyranoside - 2880 
a-pyranoside P (3-pyranoside 660 

the same as found for the D-xylofuranosides (2). Mar~nose 
cr-furanoside P (3-furanoside Very large The relative reactivities in the hexopyrano- furanoside P pyranoside Very large 

sides can also be rationalized on the assumption a-pyranoside P S-pyranoside 1730 

that the energy differences between the 
states are rate-controlling. The principles of The A F  of reactions for the furanoside -t 
conformational analysis of pyranoside rings are pyranoside conversions reflects the relative 
well known (8) and need not be discussed here. stabilities of the two ring forms. In  galacto- 
On this basis, the relative orders of reactivities furanosides only the a-anomer has an eclipsed 
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3088 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

interaction and it is easily relieved. However, the 
galactopyranosides have an axial hydroxyl. The 
free energy for ring conversion should therefore 
be less for galactose than for glucose, which has 
the most favorable pyranoside conformation, 
and also less than for mannose which has the 
least favorable furanoside conformation. 

In the anomeric pyranosides the free energy 
differences are of the same order for glucose 
and galactose and very much higher for man- 
nose. These results agree with the premise that 
an axial hydroxyl at C-4 has little effect on the 
relative stabilities of anomers and that an axial 
hydroxyl at C-2 has a very large effect (8, 9). 

TABLE IV 
Interaction energies (kcal/mole) in pyranoid hexosides 

-- 

A F a F ?  B 
a B 
-- Calcu- 
C1 1C C1 1C lated* Found 

Glucosides 2 .8  7 . 3  3 .4  8 .4  -0 .6  -0.43 
Galactosides 3 . 2  6.6 3 .8  7 .7  - 0 . 6  -0.66 
Mannosides 2.7 5.7 4 .2  7 .7  -1 .5  -1.73 

'For the more stable chair forms. 

the experimental results. In the present study 
on hexopyranosides a value of 1.4 kcal/mole 
gave closer agreement. This is in accord with 
the results of Lemieux and Chu (12) who 
assigned values of 1.3 and 1.5 kcal/mole for the 
anomeric effect in pentoses and hexoses respec- 
tively. The larger effect in the hexopyranosides 
is presumably caused by the added inductive 
effect of the oxygen atom at C-6 (8). 

The results with the three hexoses examined 
here fully confirm the conclusions drawn from 
the earlier study of the pentoses (2). The rates 
of reactions and equilibrium compositions can 
be fully rationalized by applying the same sys- 
tem of conformational analysis for furanoside 
and pyranoside rings. 

Experimental 
Reagetzts 

Sugars were purified products obtained from commer- 
cial sources; no impurities were detected by paper chro- 
matography or by gas-liquid chromatography (g.1.c.) of 
their fully trirnethylsilylated derivatives. Methanol was 
reagent grade and was distilled from magnesium iodine 
immediately before use. Hydrogen chloride (reagent 
bottle) was dried by passage through calcium chloride. 

A Pye krgon Chromatograph was used for g.1.c. The 
The interaction energies for the pyranoid separations and conditions were described previously (3). 

hexoses are shown in Table IV and were calcu- Quantitative results were obtained by tracing the pe.~ks 
lated from the following values in kcal/mole: from the chromatogram onto glassine paper from which - 
0, :0, = 0.50 (skew interaction between o- they were cut out and weighed. Paper chromatograms 

substituents on adjacent carbon atoms); o ~ : H ~  were run by the descending method in ethyl ac t a t e :  
propan-1-ol:water, 5:3:2 (v/v) which gave a complete 

= 0.40 between a separation of the four methyl-D-galactosides (5). Portions 
gen and an 0-substituent); A2 effect (9) = 0.40 of the chromatograms that contained a single methyl-D- 
(interaction of axial 0-substituent at C-2 on galactoside were eluted with water and the a~nounts  

equatorial anomer) ; anomeric effect = 1.4. ~h~~~ present were determined spectrophotometrically after 
reaction with anthrone (4). 

values have been established previously (8, 
10-12). In the study on glycosidation of pentoses P r ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ y ~ ~ ~ ~ ~ r e d  by methods described 
(2) it was found that a kcal/mO1e in the literature. The  physical properties of these com- 
for the anomeric effect gave the best fit with pounds and the reported values were as follows. 

Found Reported 

Methyl hexoside 

Methyl a-D-glucofuranoside 
Methyl B-D-glucofuranoside 
Methyl a-D-glucopyranoside 
Methyl b-D-glucopyranoside 
Methyl a-D-galactofuranoside 
Methyl [3-D-galactofuranoside 
Methyl a-D-galactopyranoside 
Methyl b-D-galactopyranoside 
Methyl a-D-mannofuranoside 
Methyl b-D-rnannofuranoside 
Methyl a-D-mannopyranoside 
Methyl b-D-niannopyranoside 
Isopro~yl  alcoholate 

Melting 
point 

62-63 
Syrup 

166-167 
107-110 
92-93 
66-67 

115-117 
176-179 
120-121 
Syrup 

192-193 - 
74-76 

Melting 
polnt [ale Reference C
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SMIRNYAGIN AND BISHOP: GLYCOSIDATION OF SUGARS. IV 3089 

TABLE V 
Reaction I - hexose -> furanosides* 

Unreacted 
hexoset Methyl glycoside 

D-glucose Furanoside Pyranoside 
Time k x lo6 

(h) a -  B- a B a (s-')tf 

- 
*Conditions: 2 % o f  initial compound in 0 

chloride at 35 t 0.01 "C. 
tAmounts of anomers were determined 

raphy of trimethylsilylated mlxture. 
$Based on  total D-glucose (a + P). 

.Ol % methanolic hydrogen 

by gas-liquid chromatog- 

TABLE VI 
Reaction 2 - anomerization of furanosides* 

Methyl glycoside 

Reactions and Analysis of Prodtcts 
Reaction vessels were screw-capped tubes fitted with 

rubber septums and maintained at  35 f 0.01 "C. Sam- 
ples (0.2-0.3 ml) were removed by a hypodermic syringe, 
neutralized by sodium methoxide and evaporated to 
dryness in vacuo at room temperature. These samples 
were trimethylsilylated as described previously (3; 21). 

Results 

Tables V-VIII show the percentage compo- 
sitions at various times from which the rate 
constants used in the discussion were obtained. 

Table V gives results for reaction 1 - hexose 
+- furanosides. Conditions : 2 % of initial com- 
pound in 0.01 % methanolic hydrogen chloride 
at 35 $- 0.01 "C. 

Table VI gives results for reaction 2 - ano- 
merization of furanosides. Conditions: 2% of 
initial compound in 0.01 % methanolic hydrogen 
chloride at 35 $- 0.01 "C. 

Table VII gives results for reaction 3 - furano- 
sides -> pyranosides. Conditions: 2 %  of initial 

TABLE VII 
Reaction 3 - furanosides -> pyranosides* 

Methyl glycoside 

Furanoside Pyranoside 
Time k x lo6 

(h) a P a B  (s- 

Furanoside Pyranoside 
Time k x lo6 

(h) a B a B  (s-l) 

a Methyl a-D-glucofuranoside 

b Methyl P-D-mannofuranoside 
1 3 .0  97.0 0 .0  0 .0  8 .2  
4 11.8 88.2 0 . 0  0 .0  8.7 
6 17.1 82.9 0 .0  0.0 8 .5  

10 26.2 73.8 0 .0  0 .0  8 .5  
24 52.4 47.6 0 .0  0 .0  8 .6  
32 56.2 42.4 1 .4  0 .0  8.5 
48 69.2 28.5 2 .3  0 .0  7.3 
72 74.5 22.7 2 .8  0 .0  5.7 

104 79.1 18.1 2.8 0 .0  4 .6  
c Methyl a-D-galactofuranoside 

*Conditions: 2 %  of initial compound in 0.01 % meth- 
anolic hydrogen chloride at  35 + 0.01 "C. 

a Methyl P-D-glucofuranoside 

b Methyl a-D-mannofuranoside 
0 .5  93.1 6 .5  0 .4  0 .0  
1 89.3 9 . 3  1.4 0.0 
2 85.0 12.1 2.9 0.0 

c Methyl sr-D-galactofuranoside 

*Conditions: 2 %  of initial compound in 0.1 % methanolic 
hydrogen chloride at  35 + 0.01 "C. 
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TABLE VILI 
Reaction 4 - anomerization of pyranosides* 

Methyl glycoside 

Furanoside Pyranoside 
Time k x lo6 

(h) a B a B  (s-l) 

a Methyl p-D-glucopyranoside 
2 0.0 0.0 0.0 100 - 
4.5 0.0 0.0 2.1 97.9 1.3 

22 0.0 0.0 10.0 90.0 1.3 
46 0.0 0.0 19.6 80.4 1.3 
70 0.0 0.0 28.4 71.6 1.3 

100 0.0 0.9 36.5 62.6 1.3 
170 Trace Trace 49.4 50.6 1.2 

b Methyl p-D-mannopyranoside 
0.5 0.0 0.0 0.9 99.1 5.5 
1 0.0 0.0 1.9 98.1 5.5 

. - ~  

~ & c e   race 5.6 94.4 5.4 
5 TraceTrace 9.3 90.7 5.5 
8 1.9 0.0 15.4 82.7 6.6 

22 1.7 0.0 41.1 57.2 7.0 

c Methyl p-D-galactopyranoside 
2 0.0 0.0 2.4 97.6 
4 0.0 0.0 4.8 95.2 
6.5 0.0 0.0 6.3 93.7 

24 0.0 1.7 22.3 76.0 
50 0.0 2.5 38.2 59.3 
98 0.0 4.9 53.0 42.1 

288 0.0 8.5 66.8 24.7 

'Conditions: 2% of initial compound in 1.0% methanolic 
hydrogen chloride at 35 + 0.01 OC. 

compound in 0.1 % methanolic hydrogen chlo- 
ride at 35 + 0.01 "C. 

Table VIII gives results for reaction 4 - ano- 
merization of pyranosides. Conditions : 2 % of 
initial compound in 1.0 % methanolic hydrogen 
chloride at 35 + 0.01 "C. 

For each reaction the initial compound is cited 
as the title of the table. The k values are based 
on the rate of decrease of the initial comnound 
except for reaction 3, where they are based on 
decrease of total (a + p) furanoside. The rate 
constants marked with a dagger (7 )  were used 
to give the average values cited in the discussion 
(Table I). 
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I Synthesis of optically active deacetyl anisomycin 

C. M. WONG, J. BUCCINI, AND J. TE RAA 
Departtnent of Clzetnistry, University of Manitoba, Winnipeg, Matlitoba 

Received June 5, 1968 

Optically active (-)-deacetyl anisomycin and theenantiomer (+)-deacetyl anisomycin were synthesized 
starting with (+)-2R 3R tartaric acid. The asymmetric centers of the tartaric acid correspond to the 
C-2 and C-3 asymmetric centers of anisomycin. N-Benzyl tartarimide (3) was attacked by the Grignard 
reagent of anisyl chloride followed by lithium aluminium hydride reduction to give two diols (7) and (8) 
separated by thin-layer chromatography. The diol (8) was debenzylated giving the natural (-)-deacetyl 
anisomycin. The diol (7) was converted into the epoxide (10) by selective acetylation of the C-4 hydroxy 
group followed by treatments with phosphorus pentachloride and sodium ethoxide. Opening of the 
epoxide ring of 10 in boiling acetic acid followed by basic hydrolysis gave (+)-N-benzyl deacetyl aniso- 
mycin (11) which was debenzylated to give (+)-deacetyl anisomycin. 
Canadian Journal of Chemistry. 46, 3091 (1968) 

Introduction 

The structure of anisomycin was reported re- 
cently as 1 (1) and was revised to 2 (2,3) by X-ray 
investigation. The absolute configuration was not 
reported in the X-ray result and was deduced in 
this laboratory (4) as 2R 3s  4s as shown in 2. 
We would like to report a simple synthetic ap- 
proach leading to the natural (-)-deacetyl aniso- 
mycin and the enantiomer (+)-deacetyl aniso- 
mycin not in the form of a (DL)-mixture. This 

synthesis also verifies our assignment of the 
absolute stereochemistry to anisomycin. 

Results and Discussion 

(+)-Tartaric acid was refluxed with benzyl 
amine in xylene solution to give N-benzyl tartar- 
imide (3) (5). The Grignard reagent of anisyl 
chloride was then stirred with the tartarimide (3) 
in dry tetrahydrofuran in 40 "C oil bath for 1 h. 
After decomposition of the excess Grignard 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3092 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

reagent, the keto-amide (4) was isolated in 55% 
yield. Contrary to the usual results of the reaction 
of Grignard reagents with N-substituted male- 
imides (6), not even a trace of the trio1 (5) could 
be detected. However, if lithium aluminium 
hydride was added to the above reaction mixture 
before the excess Grignard reagent was destroyed, 
three compounds 6, 7, and 8 were isolated in 2, 
12, and 3% yield respectively. 

Acetylation ofthe diol(7) with acetic anhydride 
gave the hydroxy acetate (9). The assignment of 
the acetoxy group at C-4 was based on the smooth 
conversion of the acetate (9) to the epoxide (10)' 
and the conformational argument of the diol(7).' 
Thus, the acetate (9) was treated with phosphorus 
pentachloride in dry chloroform at room tem- 
perature followed by hydrolysis in alkaline alco- 
holic solution for + h to give the epoxide (10). 
Refluxing 10 in glacial acetic acid gave a mixture 
of hydroxy acetates which was hydrolyzed by 
aqueous sodium hydroxide solution to two glycols 
(7 and 11) in equal amounts. Total yield of the 
two diols from 10 was 56%. The diol (11) had 
a superimposable infrared (i.r.) spectrum but 
opposite specific rotation to that of N-benzyl 
deacetyl anisomycin derived from benzylation of 
(-)-deacetyl anisomycin in chloroform solution 
with benzyl bromide. 

Debenzylation of the diol (11) in dilute 
ethanolic hydrochloric acid solution with 5 % 
Pd/C under hydrogenation conditions gave de- 

'The assignment of the epoxide ring cis to the anisyl 
ring is established by comparing the i.r. of (10) with the 
i.r. spectra of many synthetic and natural derivatives. 
Epoxides of the type (i) have strong and sharp absorption 
at 865 cm-'. Epoxides of the type (ii) have strong and 
sharp absorption at 848 cm-'. 

:-A N 1 1-6 
R 

I 
R 

(i) (ii) 

2For the most stable conformation of the diol (7), the 
lone pair of electrons of the basic nitrogen atom should 
be cis to the C-4 hydroxy group. Thus a base catalyzed 
acetylation should acetylate the C-4 hydroxy group only 
as shown in (iii). 

acetyl anisomycin hydrochloride quantitatively. 
Liberation of the free base by aqueous sodium 
hydroxide gave (+)-deacetyl anisomycin (12). 
The i.r. spectra of the (+)-deacetyl anisomycin 
and its hydrochloride were identical to those of 
the natural (-)-deacetyl anisomycin and its 
hvdrochloride. 

The diol(8) has i.r., nuclear magnetic resonance 
(n.m.r.), and mass spectra identical to those of 
11 and those of the natural N-benzyl deacetyl 
anisomycin. Debenzylation of 8 as above gave 
quantitatively deacetyl anisomycin hydrochloride 
which by treatment with aqueous base gave (-)- 
deacetyl anisomycin. Both the synthetic deacetyl 
anisomycins and their hydrochlorides were iden- 
tical in every respect to the natural products. 

Experimental 
All infrared (i.r.) spectra were measured on a Perkin- 

Elmer model 137 spectrophotometer. Melting points were 
measured on a Fisher-Johns apparatus and are uncorrect- 
ed. Nuclear magnetic resonance (n.m.r.) spectra were 
measured on a Varian A 56/60 A model using TMS as 
internal standard. Mass spectra were measured on a 
Hitachi Perkin-Elmer RMU-6D mass spectrometer. All 
new crystalline synthetic compounds gave satisfactory 
analyses which were performed by D r .  C .  Daessle of 
Montreal. 

Preparation of Tartaritrzide (3) 
Giustiniani prepared the tartarimide (3) by heating 

(+)-tartaric acid and benzylamine together (5). The 
yield was too low to be useful. A slightly modified 
method described in the following gave very good yield 
of the tartarimide (3). 

2R 3R (+)-Tartaric acid (19 g) was added to p-xylene 
(500 ml) in a 2 1 3-necked flask fitted with a water 
separator and condenser. To the vigorously stirred and 
refluxing xylene solution was added benzylamine (I 6.5 g) 
in a period of 4 h and reflux was continued for 3 11. The 
solution was cooled in an  ice bath and the crystalline 
product was filtered. After being washed twice with cold 
benzene, the crystalline product was recrystallized from 
water to give the tartarimide (3) (17 g) ,  m.p. 196-198", 
[aIDz5 + 126" (MeOH). 

Reaction of Atlisyl Mapesiunz Chloride with the 
Tartarirnide (3) 

T o  a 300 ml 3-necked flask containing magnesium 
(10 g) was added anisyl chloride (0.5 g), dissolved in (iii) 
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anhydrous tetrahydrofuran (30 ~nl) .  After stirring for 
about 10 min, anhydrous tetrahydrofuran (150 ml) con- 
taining anisyl chloride (20 g) was added dropwise to the 
flask and the mixture was stirred vigorously for an 
additional 30 min. N-Benzyl tartarimide (3) (4.8 g) in 
anhydrous tetrahydrofuran (50 ml) was added to  the 
Grignard reagent and the solution was stirred at  room 
temperature overnight. Water (20 ml) was added to  de- 
compose the excess Grignard reagent. The excess mag- 
nesium was filtered and the clear solution was separated 
from the aqueous pasty residue which was further exhaus- 
tively extracted with ether. The combined organic extracts, 
dried over anhydrous magnesium sulfate, were evaporated 
to dryness to  give a light-yellow solid residue. Recrystal- 
lization of the solid residue from nitromethane gave the 
white crystalline keto-amide (4) (5.3 g), m.p. 164-166 "C. 

Infrared: v,,, (CH2C12) 3550, 3300, 3200, 1720, 1640, 
1625, and 1590~;-I.- 

Mass soectra: M+le: 343. 325. 236. 218. 194. and 181. . ,  , . 
~ u c l e a ;  magnetic resonance: ~(CDCI,) (diacetate of 

4); 2.84 (s, 5 H's, aromatic), 3.15 (A2B2, 4H's, aromatic), 
4.40 (AB quartet, 2 H's, JAB = 3 c.p.s., CH-OCOMe), 
5.57-5.71 (2 quartets, 2 H's, JAB = 10 c.p.s., -NH- 

CH2-Ph), 6.29 (s, 2 H's, -CO-CH,--&- OM^), w 
6.35 (s, 3 H's, -OCH3), 8.05 (s, 3 H's, CH3-COO-), 
and 8.1 1 (s, 3 H's, CH3COO-). 

Anal. Calcd. for CI9HZ1O5N: C, 66.46; H, 6.15; N, 
4.08. Found: C, 66.76; H, 6.35; N, 4.09. 

The first half of the above experiment was repeated 
and the excess magnesium was filtered from the tetra- 
hydrofuran solution. It was then added dropwise to a 
refluxing tetrahydrofuran solution (300 ml) containing 
lithium aluminium hydride (3 g) and refluxing was con- 
tinued for 6 h. After distilling off most of the solvent, 
ethyl acetate (500ml) was added very slowly to the 
residue followed by 6 N hydrochloric acid (50 ml). After 
vigorous shaking, the ethyl acetate was separated. The 
aqueous fraction was made strongly basic and extracted 
with chloroform. Evaporation of the chloroform solution 
gave only a trace of residue. The ethyl acetate solution was 
concentrated and extracted by hydrochloric acid solution 
(5%). The acidic solution was made basic and the 
resulting precipitate was extracted into chloroform. 
Evaporation of the chloroform solution gave a gummy 
residue (2.1 g) from which the diol (7) (1.1 g) was ob- 
tained by crystallizing the residue from benzene and 
heptane, m.p. 113-1 14 "C, +78" (CHC13). 

Infrared: v,,, (CH,C12) 3560, 2900, 2780, 1600, and 
1040 cm-'. 

Mass spectra: M'/e;3 192, 121, and 91. 
Nuclear magnetic resonance: 7(CDC13) 2.94 (s, 5 H's 

aromatic), 3.04 -3.40 (A2B2, 4 H's aromatic), 6.30 (s, 
3 H's, -OCH3), 6.00 and 6.72 (AB quartet, 2 H's, J A B  = 
13 c.p.s. -N-CH2-Ph), 6.25 (unresolved 2 H's, C3-H 
and C,-H), 7.10 (s, 2 H's, -OH), and 7.2-7.5 (unre- 

solved 5 H's, C2-H, C5-Hz and - c H , ~ o M ~ ) .  

Anal. Calcd. for CI9Hz3O3N: C, 7 2 . 8 6 ;  7.34; N, 
4.47. Found: C, 72.84; H, 7.36; N, 4.50. 

The mother liquor was purified by thin-layer chroma- 
tography (t.1.c.) over silica to give the triol (6),  m.p. 
120-123 "C. 

Infrared: v,,,(CH2ClZ) 3400,1620,1500, and 1075 cm-I. 
Mass spectra: M'le; 331, 313, 210, 121, and 91. 
This triol was correlated with the lithium aluminium 

hydride reduction product of the keto-amide (4). The 
diol (8) (120mg) was also isolated by t.1.c. from the 
mother liquor, m.p. 80-82 "C, -51.0". 

Infrared: vm,,(CH2C12) 3570, 3450, 2900, 1600, and 
1500 cm-I. 

Mass spectra: M+/e;3  192, 121, and 91. 
Nuclear magnetic resonance: -t(CDCI3) 3.03 (s, 5 H's 

aromatic), 3.32 (A2B2, 4 H's aromatic), 6.16 and 6.81 
(AB quartet, 2 H's, J A B  = 12 c.p.s. -N-CH2-Ph), 6.42 
(s, 3 H's, -OCH3), 6.28 and 6.52 (unresolved 2 H's, 
C3-H and Cy-H), 6.97 (s, 2 H's, -OH), 6.92-7.04 
(unresolved 2 H's, C5-Hz), 7.26 (broad s, 2 H's, -CH2 

OMe), and 7.96 (broad quartet, 1 H ,  C2-H). 

Conversion of the Diol(7) into the Eporide (9) 
The diol (7) (940 mg) was stirred in acetic anhydride 

(10 ml) for 20 min. Evaporation of the acetic anhydride 
to complete dryness gave a hydroxy acetate which was 
then dissolved in dry chloroform. To the chlorofoml 
solution was added phosphorus pentachloride (640 mg) 
in small portions; the mixture was stirred for 1 0  min and 
the chloroform solution was evaporated to dryness giving 
a n  orange foamy residue. T o  the residue was added 
ethanol (3 ml) followed by 20% KOH in ethanol (5 rnl). 
After stirring for + h the solution was diluted with water 
(20 ml) and exhaustively extracted with chloroform. The 
chloroform solution was evaporated to dryness and the 
residue was separated by t.1.c. on silica to yield the 
epoxide (10) (240 mg), m.p. 113-1 15 "C, [aIDz5 (CHCI,) 
+ 94". 

Infrared: v,,,(CH2C12) 1620, 1075, and 865 cnl-l. 
Mass spectra: M+/e; 295, 277, 174, and 91. 
Nuclear magnetic resonance: 7(CDC13) 2.95 (s, 5 H's 

aromatic), 3.04 and 3.40 (A2B2, 4H's aromatic), 6.12 and 

6.63 (AB, 2 H's, J,,, = 13  C.P.S. -N-CH2 

6.37 (s, 3 H's, -OCH3), and 7.73 (broad doublet 1 H, 
C2-H). 

Anal. Calcd. for C19Hz102N: C, 77.30; H, 7.11; N, 
4.74. Found: C, 77.22; H, 7.10; N,  4.88. 

Preparation of (+)-N-Benzyl Deacetyl Anisoinycbl 
The epoxide (10) (240 rng) was refluxed in glacial 

acetic acid for 13 h. After evaporating the glacial acetic 
acid to  dryness, sodium hydroxide solution (1 N, 20 ml) 
was added to the residue and the solution was refluxed 
for 2 h. Extraction of the cold basicsolution with chloro- 
form and evaporation of the chloroform solution to 

3All compounds with a basic nitrogen a tom in the 
pyrrolidine ring showed no parent peak in the mass 
spectrum. Only fragments (iv) and (v) were observable. 

O,H ,OH 

- - 

R 
(h:) I.) 
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dryness gave a white foamy residue which was sepa- mass spectra were identical to the natural (-)-deacetyl 
rated by t.1.c. on silica into two major diols (7) (66 mg) anisomycin except opposite sign of specific rotation. 
and (11) (78 mg), m.p. 79-81 "C, [ct]DZ5 (CHCI,) f51.4". 
Infrared, n.m.r., and mass spectra were identical to those 
of (8). Acknowledgments 
Deberizylation of N-Benzyl Deacetyl Anisonzycin The authors would like to express their appre- 

(-1-N-Benzyl deacetyl anisomycin (60 mg) dissolved ciation to the National Research Council of 
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Reactions of ozonides. VII. Isolation and oxidation of ozonolysis products 
from 1-decenel 

DENNIS G. M. DIAPER 
Department of Chemistry, Royal Military College of Canada, Kingston, Ontario 

Received April 26, 1968 

1-Decene ozonide (1) was isolated by column chromatography of the mixed products of ozonation 
of 1-decene (2) in several nonpolar solvents. 1-Methoxy- (3) and 1-tertiary butoxynonane-l-hydro- 
peroxide (4) were similarly obtained. The thin-layer chromatographic separation of these products 
from each other and from other ozonation products was examined. Compounds 3 and 4 were smoothly 
oxidized to di-(1-alkoxyalky1)peroxides by Ce(IV). The stoichiometry of this reaction, examined by 
isothermal calorimetry, was 1: 1. Compounds 1, 3, and 4 were oxidized by CF3C03H and by other 
oxidizing agents to nonanoic acid with chain degradation loss of 2-30%. 

Canadian Journal of Chemistry. 46, 3095 (1968) 

Ad hoc procedures for oxidation of ozonation 
products without prior isolation have been used 
for some time, on laboratory and industrial 
scales (1-3). Even the most nearly quantitative 
method for conversion of suitable ozonation 
products to acids (4) allows loss of about 5 % of 
the material by chain degradation chiefly to 
esters. Detailed investigations of oxidation of 
ozonation products, including chain degradation 
by-product studies, have been reported by Diill 
(5) and Pasero et al. (6-10). The role of water and 
catalysis in improvement of the autoxidation 
reaction was reported (1 1) but it was clear that 
progress in study of oxidative ozonolysis would 
be facilitated by use of isolated ozonation 
products. 

In the preparation of acids from ozonides, 
aldehydes have been postulated to be the pre- 
cursors of both acids and ester by-products. In 
each case an acylperoxy radical is formed and 
may react with aldehyde to give acid in a chain 
reaction (12, 13) or decarboxylate, giving ester, 
with (6, 14) or without intermediate diacyl- 
peroxide formation. Since most ozonide oxida- 
tion procedures so far described use oxygen or 
peroxides (15) as reagents, a non-peroxidic 
oxidant, Ce(IV), was tried. This has a high 
standard oxidation-reduction potential (1.6V), 
can be used as hexanitratoammonium cerate in 
many organic solvents, and attacks aldehydes 
only slowly (16). Its color is discharged on reduc- 
tion (17). We have also examined by-product 
formation during oxidation of ozonation prod- 
ucts by the powerful peroxidic agent peroxy- 
trifluoroacetic acid. 

'Presented in part at the Chemical Institute of Canada 
Annual Conference, Toronto, June 1967. 

Experimental 
I- Decene Ozonide ( I )  

This was prepared by complete ozonation of the olefin 
in 5% solution at 0, -20 to -30, and 25" in methylene 
chloride and in pentane at the same three temperatures. 
The crude products (10-20 g) were chromatographed on 
silica gel (Baker) eluted with 15-25% ether in petroleum 
ether (b.p., 30-60"). Yields of  chromatographically pure 
(determined by thin-layer chromatography (t.1.c.)) decene 
ozonide were respectively 45, 48, 33, 59, 53, and 58%. 
Ozonolysis in CC1, and in CHC1, at room temperature 
gave 3 1 and 33 % yields. Aldehyde came off the column 
ahead of ozonide and the fractions remaining were poly- 
meric peroxides (18). The nuclear magnetic resonance 
(n.rn.r.) spectrum had a multiplet, integrating for three 
protons, ascribed to the superimposed signals of CH2 and 
CH of the ozonide ring. The CH triplet was centered at 
6 = 5.13 p.p.m. and showed 4.4 c.p.s. splitting. The CH, 
protons were non-equivalent singlets at 6 = 5.01 and 
5.15 p.p.m. Its infrared (i.r.) spectrum showed no OH or 
carbonyl peaks. There were strong absorptions at 6.82, 
7.25, 9.04, and 10.30 p. Analysis of the "active" oxygen 
content by iodimetry gave 98 % of the theoretical titration 
value. Reduction by lithium aluminium hydride, followed 
by trifluoroacetylation (19) gave 1-nonanol trifluoro- 
acetate identified by gas-liquid chromatography (g.1.c.) 
and by co-chromatography with an authentic sample. 

I-Tertiary Butoxyt~onane-1-hydroperoxide (4) 
This was prepared in tertiary butyl alcohol by ozon- 

izing to completion at room temperature a 5 % solution 
of the alkene. After solvent removal by rotatory evapora- 
tion, the alkoxyhydroperoxide was isolated by column 
chromatography as above. Recovery was 49%, based on 
the 1-decene used. The principal n.m.r. peak, the But 
singlet, was superimposed at 6 = 1.29 p.p.m. on the 
chain CH2 signals. There was no signal in the 5-5.3 p.p.m. 
region, indicating freedom from ring ozonide. The i.r. 
spectrum showed a strong OH band, no carbonyl, two 
broad peroxide peaks at 11.8 and 12.3 11, and other 
strong peaks at 6.85, 7.35, 8.42, and 9.19 p. 1-Nonanol 
trifluoroacetate was identified after reduction and tri- 
fluoroacetylation as above; 1-octanol trifluoroacetate was 
a very minor impurity. 

Thin-layer chromatography was extensively used in 
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examination of purity of ozonation products and in 
study of fractions from chromatographic columns. Spots 
were developed by 2,4-dinitrophenylhydrazine spray 
which revealed aldehyde, ozonide, alkoxyhydroperoxide, 
and polymeric ozonide. A better spray, when recognition 
of aldehyde was not required, was 3 % K I  in 1 % aqueous 
acetic acid. Ozonide spots were light brown and alkoxy- 
hydroperoxide spots were purple-brown. Aldehyde spots 
were white on a yellow background. Di-(1-alkoxynonyl) 
peroxide spots developed color faster than the hydro- 
peroxide, and ozonide spots developed color quite 
slowly. The colors faded after a few hours (I, evaporation) 
but could be recorded permanently by Xerox copying. 
R, values on silica gel G "Chromagram" sheet developed 
by 30% ether in petroleum ether were 1, 0.670; 3, 0.553; 
5,0.592; and on another sheet 1,0.665; 4,0.562; 6,0.603. 

Samples of ozonide, alkoxyhydroperoxide, and di- 
(I-alkoxyalkyl) peroxide were stable in storage alone or 
in inert solvents at - 10" for several weeks. 

Di-(1-tertiary butoxy~lonyl) Peroxide 
This was obtained from 1-tertiary butoxynonane-l- 

hydroperoxide (4, 0.81 g) in methanol (10 ml) treated at 
O" with 1.2 equivalents of 0.382 M hexanitratoammonium 
cerate in methanol (20 ml). There was a vigorous effer- 
vescence and the deep orange color was instantaneously 
discharged to  light yellow. The solution was immediately 
extracted with pentane in three portions and the extract 
was washed with sodium bicarbonate solution and dried. 
After column chromatography on silica eluted with 
pentane, 0.34 g of solid product was obtained. It was 
recrystallized as colorless plates from pentane at  low 
temperature, m.p. 43-44". 

Anal. Calcd. for C26H5,04: C, 72.50; H, 12.64. 
Found: C, 72.91; H, 12.88. 

The equivalent weight in a peroxide iodometric 
titration was 226 (theory 215). The n.m.r. spectrum had 
a terminal methyl triplet and three peaks at  6 = 1.25, 
1.30, and 1.41 p.p.m. where the starting material had only 
one at 1.29. There were no exchangeable protons but the 
startingmaterialgaveanHDOsignal after D,O treatment. 
The i.r. spectrum showed many features similar to that 
of the starting material, but there was no OH peak. New 
peaks were observed at  8.67, 8.83, and 12.64 b. After 
decomposition by heat at lOO" for 10 min these were lost, 
and new peaks at  5.78-5.85 p (carbonyl) appeared. The 
spectrum of the decomposed product had no peaks in 
the peroxide region. 

Isothermal calorimetry (20, 21) was used to examine 
the stoichiometry of the alkoxyhydroperoxide-Ce(1V) 
reaction. Methanol, (25 ml) and 5 ml of cerate solution 
(0.733 mmole) were mixed and precooled to 0". A weighed 
sample of peroxide in methanol (10%) in a fragile glass 
bulb was broken inside the cerate when calorimeter 
fore-drift was steady. Heat evolved was measured by 
observing the movement of a mercury meniscus in con- 
tact with the melting ice, calibrated electrically to read 
1.23 cal/cm. Twelve samples were used and the heat 
evolved per mole of substrate was plotted as a function 
of reagent ratio as previously described (21). Forty-five 
kcal per mole were evolved and the equivalence point was 
1.06 moles of peroxide per equivalent of cerate. A similar 
study in 60% aqueous tertiary butyl alcohol gave 41 kcal 
for 1.01 moles of peroxide at  equivalence. 1-Methoxy- 

nonane-I-hydroperoxide in methanol similarly evolved 
45 kcal/mole at 1.08 moles/equivalent. 

Di-(1-metAoxynony0 Peroxide ( 5 )  
This was similarly obtained as a viscous liquid by 

column chromatography of the product of oxidation of 
1-methoxynonane-1-hydroperoxide (3) by a small excess 
of methanolic hexanitratoammonium cerate at O". The 
n.m.r. and i.r. spectra showed OH to  be absent. A very 
small CO peak in the i.r. spectrum was ascribed to  
decomposition. The M e 0  singlet at 6 = 3.32 p.p.m. was 
up-field from that of the starting material (6 = 3.52 
p.p.m.) but the 0-CH-0 triplet appeared at 6 = 4.77 
p.p.m. in both spectra. Compound 5 decomposed when 
boiled with excess dilute HzSO4 for a few minutes, giving 
a n  oily liquid whose g.1.c. showed two peaks of approxi- 
mately equal area identified by co-chromatography with 
authentic samples as nonanal and methyl nonanoate. 
The peroxide decomposed completely (no KI test) when 
heated alone at 100" for 10 min. It lost methanol during 
decomposition (hot copper wire test) and the residual 
liquid contained nonanal (oxime, m.p., and mixture 
m.p. 63"). 

Degradation Products 
Oxidation of 1-decene ozonide (0.5-1.0 g in 10-20 ml 

of methanol) was performed by methanolic hexanitrato- 
ammonium cerate (4.0 equivalents, 0.135 N), stirred for 
24 hat room temperature (Method a).  T h e  solution became 
colorless only after some hours. It was diluted with a n  
equal volume of water and extracted with petroleum 
ether. The evaporated extract was examined for chain 
degradation products by two methods: 1-octyl trifluoro- 
acetate in I-nonyl trifluoroacetate and  octanoic acid in 
nonanoic acid. Fo r  the latter, the petroleum ether extract 
was shaken with sodium bicarbonate solution and after 
acidification the dry ethereal extract of liberated mixed 
acids was treated with excess of alcohol-free ethereal 
diazomethane, evaporated, and examined by g.1.c. 
(column three, Table I, in which the relative methyl 

TABLE I 
Degradation during oxidation of I-decene ozonation 

products 

Substance Oxidation* Trifluoro- Methyl 
tested method acetates? octanoate 

1 - 
3 - 

4 - 
5 - 
6 - 
Product from 1 a 

b 
b 
C 

Product from 3 a 
Product from 4 a 

'Method a; 4 equivalents of methanolic Ce(IV), 24 h. Method 6; 
CF,CO,H. Method c: excess KMnOr in acetone. 6 h at room tem- 
perature. 

tThe product was reduced by LiAIH, in ether and trifluoroacetyl- 
ated by (CFICO),~. The figures are areas of gas-liquid chromatog- 
raphy peaks due to I-octyl trifluoroacetate expressed as a percentage 
of the area of the 1-nonyl trifluoroacetate peak. 
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DIAPER: REACTIONS OF OZONIDES. VII 

octanoate yield was expressed as a percentage of the 
methyl nonanoate yield). 

A Burrell KD gas chromatograph with a 20 ft neo- 
pentyl glycol sebacate column was used for ester 
separation. At 160" with helium elution at 80 ml/min, 
retention times for authentic samples of methyl octanoate 
and methyl nonanoate were respectively 5.2 and 7.8 min. 
The trifluoroacetates of authentic 1-octanol and 1-nonanol 
had retention times of 5.1 and 6.9 min on a 16 ft Carbo- 
wax colunln eluted with helium at 67 ml/min at 140". The 
second column of Table I gives the peak area attributed 
to octanol as a percentage of the peak area due to 
nonanol. The mixed alcohols were obtained and trifluoro- 
acetylated as previously described (19). 

Oxidation of I-decene ozonide (1.32 g) by peroxytri- 
fluoroacetic acid (22) was performed in methylene 
chloride (20 n11) initially at room temperature. Trifluoro- 
acetic anhydride (5.0 ml) and 70% hydrogen peroxide 
(1.0 ml) were added and the solution was stirred for 2 h 
during which heat was evolved and the solution became 
homogeneous. It was washed with water, dilute ferrous 
sulfate solution, dried, and evaporated (Method b). 

Notmnoic Acid from I-Decene 
The olefin (1.7 g) in 50 ml of ice-cold methanol was 

ozonized until mist formation ceased and a Br2/acetic 
acid test was negative. Without isolation of the ozonation 
products, ice was added, and 31 g (4.66 equivalents) of 
hexanitratoammonium cerate solid and 10 ml of 2 N 
nitric acid were added in portions with stirring. After 
10 h there was no more effervescence and the solution was 
colorless. The acid fraction, obtained by petroleum ether 
extraction and potassium carbonate washing, was a 
colorless oil (1.25 g, 65%). From it was obtained the 
amide, m.p. 98-99". The neutral fraction (0.79 g) had a 
broad carbonyl peak in i.r., was non-peroxidic, and gave 
a negative fuchsin-aldehyde reaction. In a similar experi- 
ment in tertiary butyl alcohol, a 61 % yield of crude acid 
was obtained. The methyl esters on g.1.c. gave peaks 
corresponding to methyl nonanoate and methyl octanoate 
having ielative areas 6.1:l. When I-decene (1.35 g) was 
ozonized in n~ethylene chloride, the mixed products after 
solvent removal by rotary evaporation were similarly 
treated with excess hexanitratoammonium cerate in 
aqueous acetic acid. The yield of crude nonanoic acid 
was 0.625 g (41 %). 

Discussion 

The terminal olefin, 1-decene, appears to  give 
better yields of monomeric ozonation product 
than the non-terminal alkenes which may give 

polymeric ozonides as their main ozonation 
products (1 8). 

Hexanitratoammonium cerate is a disap- 
pointing reagent for preparation of acids from an 
isolated ozonide or the two alkoxyhydro- 
peroxides tried. Yields are lower than those~from 
other techniques and there was extensive chain 
degradation. Peroxytrifluoroacetic acid is a much 
better oxidant for 1-decene ozonide and is com- 
parable with performic acid for quantitative 
work (4). 

It is interesting that alkoxyhydroperoxides 
consume one equivalent of Ce(1V) very rapidly 
and then three or more quite slowly. They are 
theoretically at the same oxidation level as acids. 
Shorter and Hinshelwood (23) and Shorter (24) 
have noted chain degradation by excess Ce(1V). 
The ozonide, which theoretically needs two 
equivalents of Ce(1V) per mole for oxidation to 
acid, reacted so slowly a t  0" with the reagent that 
isothermal calorimetric study was impractical. 

Tertiary-butyl hydroperoxide is susceptible to 
oxidation by one equivalent of Cu(II), Co(III), 
or Mn(II1). The products are 0 2 ,  dibutyl peroxide, 
tertiary-butyl alcohol, and tertiary-butoxy radical 
formed by the following competing reactions, the 
former being more important than the latter by a 
factor of 3 :1 (25). 

Although tertiary-alkyl peroxy radicals give 
dialkyl peroxides, it is generally accepted that 
radicals having a hydrogen atom on the oxy- 
genated carbon disproportionate as follows (26). 

From a 1-alkoxyhydroperoxide the carbonyl 
product of such a disproportionation is the ester. 
The other product is a hemiacetal and would be 
expected to decompose readily to the aldehyde 
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and alcohol. For 1-methoxynonane-1-hydroper- 
oxide this decomposition route would be 

OMe 
H 
I 

I 

OMe 
4 

CH3(CH2)7CH0 + MeOH 

It  was unexpected that the corresponding di-(1- 
alkoxyalkyl) peroxides should be formed and 
could be isolated. An aromatic peroxide of 
analogous structure was reported as a by-product 
of the ozonolysis of stilbene in methanol (27). 
Acid hydrolysis of the di-(1-alkoxyalkyl) per- 
oxides proceeds as follows (28, 29). Chain reac- 
tion decomposition of these peroxides, initiated 
by Ce(IV), appears to be negligible since the 
stoichiometry observed by isothermal calori- 
metry is close to 1 :l. 
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Bridgehead free radical stability. The decomposition of t-butylperoxyesters 
of the 1-adamantyl, 1-bicyclo[2 * 2 21 octyl, and 1-norbornyl systems 

LEONARD B. HUMPHREY,' BRUCE HODGSON,~ AND RICHARD E. PIN COCK^ 
Department of Cl~emistry, University of British Colrrmbia, Vancozrver 8, British Columbia 

Received March 7, 1968 

The I-butylperoxyesters of 1-adamantyl, 1-bicyclo[2-2.2]octyl, and 1-norbornyl carboxylic acids ther- 
mally undergo first order, free radical decomposition in cumene with relative rate constants at 80' of 1 .O, 
0.07, and 0.001 respectively. As measures of the stability of the derived bridgehead free radicals, the rates 
span a range much narrower than that for carbonium ion formation at these strained positions. The 
results are consistent with suggestions that free radicals have smaller force constants for out-of-plane 
bending than do the corresponding carbonium ions. 

Canadian Journal of Chemistry, 46, 3099 (1968) 

The best known tervalent carbon intermediate 
is the carbonium ion and rigorous evidence is 
available to indicate that this species greatly 
prefers a planar, sp2 hybridized form. There is 
other evidence which indicates, though not as 
directly, that unconjugated carbanions exist in a 
pyramidal sp3 form which rapidly inverts. Elec- 
tronically situated between these two species is 
the tervalent carbon free radical, and accord- 
ingly, the pattern of possible configurations 
for this type of intermediate ranges from the 
planar sp2 hybridized form to the pyramidal sp3 
form (1). 

Considerable evidence now exists to show 
that the structure of the most stable form of un- 
conjugated free radicals is planar, or nearly so 
(2). However, bond strain, as in the cyclopropyl 
radical, may give rise to a nonplanar, rapidly 
inverting structure (3, 4). In addition it has long 
been known that free radical intermediates at 
bridgehead positions (which can not invert nor 
become planar) can form in a number of syn- 
thetically useful reactions (1, 5). Although there 
is established reluctance (6) to form such non- 
planar bridgehead radicals, a more quantitative 
and general measure of the relative ability to 
form a series of nonplanar free radicals is not yet 
available (1,7). 

Thorough studies of rates of alkyl halide 
solvolysis in a series of bridgehead halides has 
established a wide range of carbonium ion stabili- 
ties for strained bridgehead positions (8, 9), 
and a similar comparison of relative free radical 

stabilities might be obtained through an appro- 
priate study of relative rates of free radical pro- 
duction. As thermal decomposition of t-butyl- 
peroxyesters derived from various carboxylic 
acids has established that the relative rates may 
be related to the stability of the free radical 
produced (for recent reviews see ref. 10) (i.e., in 
the reaction R-C02-0C(CH3), -t R. + CO, 
+ .0C(CH3),), we have investigated the kinetics 
of thermal production of the bridgehead free 
radicals 1-adamantyl, 1-bicyclo [2.2.2]octyl, and 
1-norbornyl by decomposition of the corre- 
sponding peresters (1,2, and 3, respectively) (some 
results of a similar study have recently been 
communicated, see ref. 11). 

Results 

The three peresters were prepared by reacting 
the acid chlorides with the sodium salt of t- 

'Present address: Chemistry Section, University of the butylhydroperoxide at O0 in ether. The initially 
West Indies, St. Augustine, Trinidad, West Indies. 

ZUndergraduate Research Associate, summer 1967. required 1-adamantylcarboxylic acid is readily 
3Alfred P. Sloan Foundation Fellow, 1967-1969. available, and I-norbornylcarboxylic acid may 
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TABLE I 
Observed first order rate constants for thermal decomposition of peresters, 

R-C02-OC(CH3)3, in curnene* 
-- -- - 

R = 1-adarnantyl R = I-bicyclo[2-2.2loctyI R = 1-norbornyl 

Temperature Temperature Ten~perature 
("c) kobPd x 1 0 4 ~  - PC) ,to,,, x I 04s- (OC) kobsd 1 O ~ S  - 

*Concentration of perester 0.02-0.05 M unless noted. 
tPerester concentration 0.23-0.28 M. 
60.09-0.1 M 2.6-di-I-bulyl-4-methylphenol added. 

be obtained by the procedure of Boehme (12). 
However, the desired 1-bicyclo [2.2.2]octyIcar- 
boxylic acid has been commonly prepared by 
the many step synthesis of Grob et al. (13). A 
much more convenient synthesis of this acid is 
by using the Koch-Haaf carbonylation reaction 
(see refs. 7 and 14) on (1-norbornyl)methanol 
(from lithium aluminium hydride reduction of 
methyl 1-norbornylcarboxylate) in formic acid - 
sulfuric acid. A 70% yield (after recrystalliza- 
tion) was obtained and vapor phase chromato- 
graphic analysis of an esterified portion of the 
crude acid products showed only ca. 5% of two 
other compounds. 

The peresters were characterized by their 
infrared (i.r.) and nuclear magnetic resonance 
(n.m.r.) spectra, and by C-H analysis. The nor- 
bornyl perester was sufficiently stable to allow 
purification by slow distillation under reduced 
pressure; the adamantyl perester was a low 
melting solid (m.p. 27-28.5") when crystallized 
from acetone at - 75". 

The kinetics of decomposition of these bridge- 
head peresters in cumene were followed by loss of 
their carbonyl absorption at ca. 1775 cm-l. The 
absence of significant induced chain decompo- 
sition was shown when addition of a free radical 
chain inhibitor (0.1 M 2,6-di-t-butyl-4-methyl- 
phenol) or variation of initial peroxide concen- 
tration (by 10-fold up to 0.23 M )  produced no 
important change in observed first order rate 
constants. These observed constants are given 
in Table I. 

The products of decomposition of peresters 
1, 2, and 3 were not completely determined, but 
the adamantyl compound in degassed cumene 
a t  70" gave 98 % CO,, 24 % acetone, 75 % t-butyl 

alcohol, and 5 1 % adamantane, while the bicyclo- 
[2.2.2]octyI perester similarly gave high yields 
of CO, (98%). The norbornyl perester at 125" 
also gave high yields of carbon dioxide (92%) 
and of norbornane (78 %). Incomplete decar- 
boxylation was indicated with this perester, 
however, since 1-norbornylcarboxylic acid, ca. 
lo%, was also present in the nonvolatile residue 
of the decomposition. 

Discussion 
A comparison of the relative rates of these 

bridgehead perester decompositions with those 
reported for peracetate and trimethylperacetate 
(15) esters is given in Table 11. Bartlett and 
Greene (6), and Sager (16) concluded from a 
kinetic study of diapocamphoyl peroxide that 
a 1-bicyclo[2.2. llheptyl (i.e., 1-norbornyl) struc- 
ture largely eliminates from tertiary radicals the 
considerable degree of stabilization that they 
otherwise normally have over primary methyl 
radicals. This shows up in perester decon~positions 
in that the rate constant for the norbor~~yl com- 
pound is the same as that of t-butylperoxy ace- 
tate (15) at 1 lo", and only greater by a factor of 
six when calculated at 80" (Table 11). The high 
yields of CO,, and the relatively lower AH* and 
AS* from the norbornyl perester suggest that it 
is on the edge of a change from one bond 
(-0-0-) to  two bond concerted decomposi- 
tion (R-C02-OC(CH,),) (1 5 )  but a thorough 
series of product studies in the presence [of 
trapping agents would be necessary to clarify 
this point. The measured rate is nevertheless a 
lower limit to  estimated relative stability of 
norbornyl radicals. 

The faster rates, still lower AH' and AS*'s, 
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TABLE 11 
Relativc rate constants at 80" and activation paranietcrs" 

for deconlposition of peresters R-C02-OC(CH3)3 
-- 

AH7 
kcall AS*e.u. k/k, R = 

R group molc (CH3)sC- 

*It can be calculated that  estimated 5 %  errors in observed rate 
constants may lead t o  a variation of A H t  of  3 kcal/mole. Such a 
variation corresponds to those experimentally observed in reference 
1 1  and this work. 

t l n  chlorobenzene, see ref. 15. 
:In chlorobenzene, see ref. 24. 

and the essentially quantitative yields of CO, 
from the bicyclo [2.2.2]octyl and adamantyl 
peresters show that direct formation of the cor- 
responding bridgehead free radicals proceeds in 
the transition state by a two bond mechanism, 
(Tabushi, Hamuro, and Oda (17) have mentioned 
preliminary rate data which they interpret to 
mean that the 1-adamantyl perester does not 
decompose by a concerted mechanism. This 
differs from our conclusions which are the same 
as those reported in ref. 11). The rates are there- 
fore good relative measures of radical stability. 

It has been suggested that 1-adamantyl radical 
is especially stable compared to simple t-butyl 
radical (18, see ref. 19 and then ref. 1 for a dis- 
cussion). However, the 1-adamantyl perester 
decomposes at a rate only slightly greater than 
that of t-butylperoxy trimethylacetate (which 
gives rise directly to t-butyl radicals). Other 
studies indicate that adamantyl radical is formed 
no faster from concerted perester decomposition 
than are related I-methylcyclohexyl or acyclic 
t-alkyl radicals which have no constraints on 
formation of a planar structure (20). In car- 
bonium ion formation a rate difference of lo3 is 
found between 1-adamantyl bromide and t-butyl 
bromide solvolysis (1, 8, 9); in free radical for- 
mation from perester decomposition there is 
little difference at all. 

While some difference in ease of radical for- 
mation between the two structures might be 
anticipated on the basis of the carbonium ion 
results, and while the adamantyl radical might 
be weakly stabilized by suggested (18, 9) special 
features, it seems likely that radical formation is 
simply insensitive to the mild constraints of the 
bridged adamantyl structure. The results here 

show that adamantyl radical is no nior-e stable 
than any other tertiary alkyl free radical. Only 
when the bonds around the radical center are 
pulled still farther away from planarity than is 
the case with the adamantyl structure is the 
corresponding free radical made significantly 
less stable. Fort and Franklin (1 1) have recently 
pointed out that, relative to t-butyl radical, 
1-adamantyl radical is weakly destabilized by a 
geometrical factor. However, this is slightly 
overweighed by the stabilizing inductive 
of larger alkyl groups and the observed result is a 
near equivalence in their rates of formation. 

In a studv of free radical decarbonvlation of 
bridgehead aldehydes (involving competitive 
decarbonylation or hydrogen abstraction by 
alkylcarbonyl radicals, i.e. RCO + R .  + CO or 
RCHO), Applequist and Kaplan (18) have con- 
cluded that 1-bicyclo [2.2.2]octyl radicals are 
about as stable as t-butyl radicals. Our results 
show this bridgehead free radical to be signifi- 
cantly less stable (the difference in rate of forma- 
tion is a factor of ten), and, because the radicals 
are formed directly and no assumptions must be 
made on two different competing reactions, the 
perester decompositions are probably better 
measures of radical stabilities. But, in any case, 
the difference between nonplanar l-bicyclo- 
[2.2.2]octyl radical and unconstrained t-butyl 
radical is relatively small. (In carbonium ion 
formation there is a difference of six powers of 
ten in 1-bicyclo [2.2.2]octyl bromide and t-butyl 
bromide solvolysis rates.) 

A greatly decreased rate of decomposition 
occurs only in the case of the norbornyl perester 
which is lo3 slower than the perester giving 
t-butyl radicals. Here radical formation becomes 
so difficult that decarboxylation of the perester 
in the initial step may not even be the major 
reaction (see above). The factor of lo3 represents, 
however. a minimum difference for relative 
ability to  form such a nonplanar free radical. 
This may be compared to the factor of loi4 
between rates of formation of carbonium ions in 
the 1-bicyclo[2.2. llheptyl and t-butyl struc- 
tures (8). 

These results clarify the relative energies of 
1 -adamantyl and 1-bicyclo [2.2.2]octyl radicals 
as well as more directly confirm and expand a 
previous generality; free radicals may take up 
nonplanar configurations with relatively little 
expense of energy. (Assuming the difference in 
free energy is due only to  relative radical stability 
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in the transition state, the free energy differences 
at 80" relative to t-butyl radical are ca. 0.2 kcal 
for 1-adamantyl, 1.6 kcal/mole for l-bicyclo- 
[2.2.2]octyl, and 4.6 kcal/mole for 1 -norbornyl.) 

As has been suggested for free radicals (18), 
and elegantly treated in the case of carbonium 
ions (9), the important factor in such relative 
stability might be that free radicals have smaller 
force constants for out-of-plane bending than do 
the corresponding carbonium ions. Adjacent 
bonding electrons are less attracted to a free 
radical center than to a cationic center and the 
bonds around a radical are therefore not as sub- 
ject to this shortening and tightening influence. 

Another description suggests that the relative 
ease of deformation of radicals is a consequence 
of the near equality of the energy levels for sp2 
and sp3 hybridization arising from half occu- 
pancy of an orbital. When the orbital is vacant 
(i.e. carbonium ions), there is a strong preference 
for an sp2 planar structure; when full (i.e. car- 
banions), an sp3 configuration is strongly 
favored. According to this, the total energy 
difference between hypothetical planar and 
pyramidal carbonium ions, carbanions, and 
free radicals is the smallest for free radicals. As 
the deviations from planarity required to accom- 
modate radicals at strained bridgehead positions 
involves some fraction of this relatively smaller 
energy, radicals are more readily produced in 
a nonplanar structure than are carbonium ions. 
comparison of relative rate ratios for carbonium 
ion formation to the corresponding ratios for 
radical production in the bicyclic systems 
reported here presents a good illustration of this 
point. 

Experimental 
t-Butyl I-Adamantylpercarboxylate ( I )  

The preparative method is similar to that of Bartlett 
and McBride (21). A stirred suspension of 10.0 g of 
sodium t-butylperoxide in 250 ml of dry dichloromethane 
was cooled to - 6' in an ice-salt bath. A solution of 8.6 g 
of 1-adamantylcarbonyl chloride in 50 ml of CH2C12 was 
added dropwise over 2 h. After stirring at -6' for 4.5 h 
and storage at ca. -5" overnight, the white precipitate 
was filtered off and most of the CH2C12 was evaporated 
at reduced pressure. The product was taken up in 100 ml 
of petroleum ether (b.p. 3G60°) and washed with portions 
cold 8 % NaHC0, solution and with water. The solution 
was dried (MgSO,) and evaporated and the resulting oil 
crystallized from acetone at ca. -75". After filtration the 
white solid melted at room temperature but when a!l the 
acetone was removed under vacuum the resulting solid 
melted at 27.G28.5". A yield of 5.2 g (50%) was obtained 
after recrystallization. The infrared (i.r.) spectrum of neat 

perester showed strong peaks at 2920, 1775, 1190, and 
1170 cm-'. Its nuclear magnetic resonance (n.m.r.) spec- 
trum in DCCI3 showed a singlet at 8.0 and amultiplet a t  
T 8.3. 

Anal. Calcd. for C15H2403: C, 71.39; H, 9.59. Found: 
C, 71.26; H, 9.21. 

t-Butyl I-Norbornylpercarboxylate (3) 
2-exo-Bromonorbornyl-1-carboxylic acid was prepared 

according to Boehme's procedure (12). Dehalogenation of 
this acid was best carried out by hydrogenation at 50 p.s.i. 
of 20 g bromoacid in 200 ml of methanol-water (3:l by 
volume) containing 8 g of NaOH and 5 g of palladium 
(10%) on charcoal. 1-Norbornylcarbonyl chloride (b.p. 
87-88.5" at 17 mm) was then prepared from the acid and 
thionyl chloride. 

The perester was prepared at 0' from 5.0 g of acid chlo- 
ride and 5.0 g of sodium t-butylperoxide in 70 ml of ether, 
by the procedure given above for the adamantyl perester. 
After washing with 10% NaHCO, solution and with 
water, the product in petroleum ether was passed through 
a 3 cm high Florisil column and distilled in a short path 
apparatus, b.p. 40" at 0.05 mrn. The i.r. spectrum of this 
1-norbornyl perester showed strong peaks at 3000, 1775, 
1360, 1190, and 1150 cm-'; the n.m.r. spectrum showed 
a singlet at 7.68 (bridgehead H), a multiplet centered a t  
8.42 and a singlet a t  T 8.75. 

Anal. Calcd. for C12H2003: C, 67.89; H, 9.50. Found: 
C, 68.22; H, 9.53. 

Bicyclo [2~2~2]octylcarboxylic Acid 
Methyl 1-norbornylcarboxylate was reduced with 

LiAlH, in refluxing ether for 15 h to  give (I-norbonlyl) 
methanol, m.p. 60.5-62.0' after sublimation. 

To a rapidly stirred solution of 150 n1l96% H2S04 and 
70 ml30% oleum at  10' were added 3 ml of formic acid. 
Then a solution of 10 g of (I-norbornyl)methanol in 30 
ml of formic acid was added over 2.5 h, care being taken 
that rapid stirring kept up the frothing of the solution. 
The mixture was poured onto 3 1 of ice and extracted with 
ether After washing and extraction into 10% NaOH 
solution the aqueous solution was acidified and extracted 
with ether. After drying (MgSO,), evaporation, and then 
recrystallization of the residue from methanol-water, 9 g 
(70%) of bicyclo [2.2.2]octyl acid were obtained, m.p. 
139-140" (lit. 140.8-141.3") (22). The n.m.r. spectrum, 
singlet at - 2.8 (1 H) and T 8.3 (13 H's), and i.r. spectrum 
were consistent with this structure. Vapor-phase chro- 
matography on an esterified (with CH2N2) portion of the 
crude product showed only 5% of product other than 
methyl I-bicyclo[2~2~2]octylcarboxylic acid. 

t-B~rtyl I- Bicyclo[2 $ 2  ~2]octylpercarboxylote (2) 
The acid chloride (from the above acid preparation and 

thionyl chloride) was treated with a 20 % excess of sodium 
t-butylperoxide in ether at 5'. Workup was similar to that 
of the other peresters above. The product was an oil, too 
unstable for distillation, which showed a broad n.m.r. 
peak in DCCI, at 8.3 and a singlet a t  T 8.7. 

Anal. Calcd. for Cl3Hz1O3: C, 68.99; H, 9.80. Found: 
C, 69.26; H, 9.69. 

Kinetic Studies 
Reaction progress was followed by disappearance of the 

perester carbonyl absorption at ca. 1780 cm-I (15, 23). 
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The kinetic samples were analyzed on a Perkin-Elmer 
Infracord model 137. The cumene solvent used was 
washed with sulfuric acid, water dried with CaCI,, then 
refluxed, and distilled from sodium. 

Prod~rct Strrdies 
Samples of 0.8 to 1.6 g of peresters were decomposed 

in 25 ~ n l  of degassed cumene according to a general 
reported procedure (23). Carbon dioxide was analyzed by 
pressurz and by absorption on Ascarite. Volatile products 
in the solvent were analyzed by vapor-phase chromatog- 
raphy to within an estimated 10%. Products were iden- 
tified by either collection (then i.r. and n.m.r. spectra) 
and/or by comparison of rztention times with authentic 
samples. 
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NOTES 

~ The dienone-imine intermediate in the Fischer indole synthesis 

G. S. BAJWA AND R. K. BROWN 
Department of Chemistry, Utriuersity of Alberta, Ednlonton, Alberta 

Received February 19, 1968 

Condensation of N'-methyl-2,6-dimethylphenylhydrazine hydrochloride with isobutyraldehyde in dry 
benzene gave the hydrochloride of a dienone-imine (7) considered to be obtained from the dienone-imine 
(6) which is believed to be an intermediate in the Fischer indole synthesis. 
Canadian Journal of Chemistry, 46, 3105 (1968) 

Considerable evidence (1) has accumulated to 
support the Robinson mechanism (2) for the 
Fischer indole synthesis. Some of this has dealt 
with attempts to isolate compounds which are 
thought to be intermediates, and indeed, by 
1958, reports of such intermediates had ap- 
peared. One concerned the sparingly soluble 
hydrochloride of a-ketimino-P-(0-aminopheny1)- 
y-butyrolactone (1) obtained from cyclization 
of a-keto-y-butyrolactone phenylhydrazone (3, 
4) in glacial acetic acid containing hydrogen 
chloride. The structure of the free base has been 
examined recently (5) with the aid of nuclear 
magnetic resollance spectroscopy (n.m.r.) and 

found to be the enamine ( la  free base) rather 
than the ketimine (1). Another intermediate 
reported (6) is 3-acetylamino-2-(0-aminopheny1)- 
butene-2 (2) obtained from the treatment of 2- 
(N,Nf-diacetyl-P-pheny1hydrazine)-butene (3) 
with hot aqueous potassium hydroxide. 

As yet, no report has appeared describing the 
isolation of the dienone-imine (e.g. 4), although 

1 attempts have been made either to trap the 
I dienone-imine intermediate, in the zinc chloride 

catalyzed reaction of ethylpyruvate 2,6-dimethyl- 
phenylhydrazone, as the Diels-Alder adduct 

with maleic anhydride (7), or to arrest the 
reaction (8) by the use of suitably placed halogen 
substituents (R = C1 in 4). 

The present communication reports the isola- 
tion of a dienone-imine (7), obtained by heating 
a mixture of N'-methyl-2,6-dimethylphenylhy- 
drazine hydrochloride and isobutyraldehyde in 
refluxing dry benzene (Scheme 1). 

The principle in this scheme was to provide 
methyl substituents at locatioils such that (a1 

\ z 

aromatization of the dienone-imine ring system, 
e.g. in 6, would be difficult and ( B )  conversion of 
the imino system of the aldehvde or ketone 
moiety (cf. 6) to the enarnine Gould also be 
hindered. In this way it was hoped that there 
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FIG. 1. 100 MHz spectrum of 7 (hydrochloride) in dimethyl sulfoxide-d6, referred to tetramethylsilane. 
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NOTES 

H 
70 

(g,g) 

r7 C-H 

'i' 
C=C 

7 - 3.81 3.90 4.30 
I 

5.96 
I I 

246 8.10 
I I 

9.16 9.50 

FIG. 2. 100 MHz spectrum of 7 (free amine) in dimethyl sulfoxide-&, referred t o  tetramethylsilane. 

would be no 'amino' group readily available to 
add to an imino unit and thus bring about 
cyclization. 

The formation of water, removed by azeo- 
tropic distillation with the benzene, provided 
evidence that the hydrazine had reacted with the 
aldehyde to form the enamine 5. To date we 
have been unable to isolate this enamine or to 
arrest its apparently very great tendency to con- 
tinue on with the next stage of the reaction (9). 

The solid which was isolated, analyzed cor- 
rectly for the hydrochloride of either of the 
dienone-imines, 6 or 7. The ultraviolet absorp- 
tion spectrum of the free base in ethanol showed 
a narrow band of 204 rnp and a broad band at 
310 rnp, in agreement with a conjugated triene 
system. However, the nuclear magnetic reso- 
nance spectrum of the salt and the free base 
derived from it (Figs. 1 and 2) in deuterated 
dimethyl sulfoxide clearly showed that 7 was the 
correct structural assignment. 

No aromatic proton signals were discernible 
in the region T 2.0-3.5. The three high field 
singlets (T 8.6-9.6), each representing three pro- 
tons, were assigned to the three aliphatic methyl 
groups a, a, 6. The protons of the two methyl 
groups, a, a, should have different chemical 
shifts, as was observed. These are time averaged 
because of the rotary oscillation (limited) of this 
genz dimethyl group. A sufficient decrease in the 
rate of this oscillation should cause a broadening 
of each of the signals, with eventual formation 
of a doublet for each. When ethanol-d, solutions 
of either the free amine or the hydrochloride 
were cooled to < -40°, the two highest field 
singlets (a,a) did broaden increasingly until a 
temperature of -90" was obtained. The signal 
for the protons of the methyl group b broadened 
only slightly under these conditions. At  this 
temperature precipitation of the solute occurred, 
thus imposing a limit to  this resolution. The 
observed broadening, however, did support the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3108 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

assignment of the two highest field signals to the 
methyl groups labelled a, a (Figs. 1 and 2). The 
remaining high field signal, b, must then be due 
to the protons of the methyl groups attached to 
the sp3 hybridized carbon of what was formerly 
the aromatic ring. 

The signal (3H) lying between z 8.04-8.10 
(Figs. 1 and 2) was assigned to the protons of 
the methyl group c, since this is the region ex- 
pected for the signals of protons of a methyl 
group attached to C=C. The singlet, d, (3H) in 
the region z 7.0-7.4 was assigned to the N-CH, 
group for similar reasons. The singlet (2H) at 
T 6.70 (Fig. 1) was assigned to the NH proton 
and the proton of the hydrogen chloride since 
this signal disappeared when deuterium oxide 
was added. The coincidence of the signals for 
these two protons indicates that the nitrogen 
atom which is protonated in the hydrochloric 
acid salt is that which already has one proton 
attached (e). This proton in the free amine (Fig. 
2) gives a broad low signal over the range z 
7.4-8.2, which is eliminated on deuteration. The 
spectrum of the free amine in CDCl, showed the 
N-H proton as a broad singlet, w/2  N 3.5 Hz 
at z 8.65. 

The signal (1H) at z 5.15 (Fig. 1) and at T 
5.96 (Fig. 2) was due to the former aldehyde 
proton$ Since in structure 7 this proton is very 
much like the anomeric proton in the glycosides 
or the acetals (-0-CH-0), it is expected to 
produce a signal in a part of the n.m.r. spectrum 
where such anomeric protons absorb. This is the 
only reasonable signal assignment to be made 
for proton$ It is the position of the signal for f 
which is one of the two reasons why the com- 
pound under discussion must have structure 7 

and not structure 6. In structure 6, the signal 
for this former aldehydic proton would appear 
well downfield, in the region T 0-1.0. 

The remaining three protons of structure 7 
are found to absorb in the region expected for 
olefinic protons. The narrow multiplet (IH) 
centered at z 3.58 (Fig. 1) and 3.81 (Fig. 2) was 
assigned to proton h. Support for this was ob- 
tained from the finding that irradiation at z 3.81 
(Fig. 2) caused a collapse of the narrow doublet 
at z 8.10 to a singlet with loss of coupling of 1.7 
Hz. In turn, irradiation at z 8.10 clearly simpli- 
fied the multiplet at z 3.81 but had little effect on 
the multiplet a t  z 3.95-4.3. I t  is expected that 
stronger coupling would occur between the pro- 
tons of the methyl group c and proton h than 
between c and protons g,g. 

All attempts to detect coupling between pro- 
tons e and f have been unsuccessful. Apparently 
this is due to rapid exchange involving the N-H 
proton. 

Finally, of significance is the discovery of a 
small, long-range coupling (0.7 Hz) between 
protons f and h. Such a coupling could occur 
only if the compound had the structure shown 
in 7. No such coupling would be possible be- 
tween these protons if the structure were 6. This 
is the second convincing piece of evidence that 
structure 7 is to be preferred t o  structure 6. 

We had hoped that the methyl groups would 
prevent cyclization. However, it is clear that 
although structure 6 does contain two imino 
groups which are not easily converted to amino 
groups by proton elimination, proton catalyzed 
addition of the =NH unit t o  the N-methyl 
imino group is facilitated due to delocalization 
of the positive charge (Scheme 2). The loss of 
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the proton on the former =N-H group would 
then permit the formation of the neutral mole- 
cule 7 now protonated on the methylated nitro- 
gen atom. 

The above information provides good evi- 
dence that a dienone-imine (7) has been ob- 
tained, and thus further supports the present 
view of the mechanism of the Fischer indole 
synthesis. 

Experimental 
Melting points are uncorrected. Elemental analyses 

were made by Mrs. Darlene Mahlow of the Microanalyt- 
ical Laboratory in this Department. Nuclear magnetic 
resonance spectra were obtained by Mr. Glen Bigham 
with an  H R  100 MHz Varian spectrometer. Ultraviolet 
spectra were obtained with a Perkin-Elmer 202 ultravio- 
let-visible spectrometer using fused silica cells. Infrared 
spectra were obtained with a Perkin-Elmer 421 grating 
spectrometer. The latter spectra were run by Mr. R.  
Swindlehurst and assistants. 

A mixture of 1 g (0.0054 mole) of N'-methyl-2,6- 
dimethylphenylhydrazine hydrochloride (9) and 0.5 g 
(0.0069 mole) of isobutyraldehyde was heated for 30 min 
in refluxing dry benzene in an  apparatus equipped with a 
trap to collect the azeotropically distilled water. The mix- 
ture became yellow in 10-15 min. After the 30 min reflux 
period, a further quantity (1 g) of isobutyraldehyde was 
added and refluxing was continued overnight. The cooled 
mixture was filtered and the solid was washed with dry 
ether (2 x 10 ml). Yield of crude material, 860 mg, m.p. 
170-172". This was crystallized three times by solution in 
95% ethanol and addition of ether to faint turbidity. 
Yield of pure material (7) 520 mg (40%), m.p. 186'. 

Anal. Calcd. for C13H21NZCI: C, 64.87; H, 8.73; N, 
11.64; CI, 14.74. Found: C, 65.00; H, 8.77; N, 11.59; CI, 
14.89. 

The mother liquor was freed from benzene solvent in a 
rotary evaporator under vacuum giving a dark red oil 
(510 mg). This oil appeared to be a mixture of starting 
material and some dienone-imine. 

The infrared spectrum of the hydrochloride (7) in Nujol 
showed a strong band at 1575 cm-' (conjugated C=C 
and C=N stretching, (10)) and a weak band a t  1630 
cm-' (nonconjugated C=N stretching (10)). A weak, 
though sharp band at  2440 cm-' and a broad strong 
band at 270CL2790 cm-' indicated NH@ (10, p. 260). 
Faint absorption in a broad band at  3400 cm-I supported 
N-H (bonded). 

The ultraviolet absorption spectrum of the hydrochlo- 
ride (7) in ethanol (95%) showed a narrow band at  h,,, 
205 mp  (E = 15 390), and a broad band at A,,, 320 mp  
(E = 5290). 

The details of the nuclear magnetic resonance spectrum 
of the hydrochloride 7 in dimethyl sulfoxide-d6 (DMSO- 
4) are shown in Fig. 1. The signal assignments are pre- 
sented in the discussion. 

A solution of the dienone-imine hydrochloride, 7, 
(0.5 g) in water (30 ml) was treated with a slight excess of 
0.1 % aqueous sodium bicarbonate. The ether extract 
(2 x 50 ml) of this solution was washed with water (3 x 
30 ml) and dried (MgSO,) for 30 min. The MgSO, was 
separated and the filtrate freed from ether in a rotary 
evaporator under vacuum for 6 h at room temperature. 
The residual yellow oil became crystalline when it stood 
in a refrigerator overnight. The crystals were washed with 
a 1:1 solution of 95% ethanol and water; yield, 304 mg 
of the free imine (7a), m.p. 37-38". 

Anal. Calcd. for C13HZON2: C, 76.47; H, 9.80; N, 
13.72. Found: C, 76.48; H ,  9.67; N, 13.78. 

The infrared spectrum of the free imine, 7a, in Nujol 
showed a sharp weak band a t  3330 cm-' (NH), a sharp 
medium band at 1630 cm-' (C=N) and a strong band at 
1585 cm-' (conjugated C=C or C==N). 

The nuclear magnetic resonance spectrum of  the free 
imine, 7a, in DMSO-d6, and the signal assignments are 
shown in Fig. 2. 

The ultraviolet absorption spectrum in ethanol 
showed a narrow band, A,,, 204 mp (E = 6490), and a 
broad band, A,,, 310 mp (E = 3155). 
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Temperature dependence of proton magnetic resonance solvent shifts. 
3,5-Dichlorosalicylaldehyde in carbon tetrachloride and benzene 

G. KOTOWYCZ' AND T. SCHAEFER 
Chemistry Department, Utziuersity of Manitoba, Witmipeg, Matzitoba 

Received April 29, 1968 

The ring proton chemical shifts of 3,5-dichlorosalicylaldehyde as a function of temperature in carbon 
tetrachloride and benzene solutions indicate that if there is association with solvent molecules in 
benzene solution, then there is also association with carbon tetrachloride solvent molecules. The alde- 
hydic proton shift shows a much smaller (relative) temperature dependence in the carbon tetrachloride 
solution. 
Canadian Journal of Chemistry, 46, 31 10 (1968) 

TABLE I 
Solvent shifts* of ring and aldehydic protons in 3,5-dichlorosalicylaldehyde~ 

Proton CSZ CC14 CDC1, CH2Clz C6D6 C6F6 (CH,),CO CH,CN 

4 -0.015 -0.076 -0.102 -0.107 0.432 0.01 -0.229 -0.167 
6 -0.110 -0.127 -0.188 -0.215 0.864 -0.244 -0.525 -0.364 

CHO -0.096 -0.113 -0.131 -0.125 0.976 -0.233 -0.324 -0.149 

*In p.p.rn. relative to the shift in a saturated ( ~ 2 . 5  mole%) solution in cyclohexane. The shifts in cyclohexane, relative to internal tetra- 
methylsilane are 7.479 (H-4), 7.282 (H-,), and 9.710 (CHO) p.p.m. Temperature of measurement was 30 + 1 OC. Precision of measurement 
was + 0.002 p.p.m. 

tconcentrations were 5 mole % or less (saturated) in the given solvents. 

The study of aromatic solvent induced shifts 
(ASIS) in proton magnetic resonance has con- 
centrated on their use for structural and con- 
formational determinations as well as on their 
origin (refs. 1 and 2 give a bibliography). The 
notion of a 1 : 1 complex between the polar solute 
and the aromatic solvent molecules appears to be 
untenable (1, 2). Carbon tetrachloride is often 
used as the reference solvent, assumed to be 
inert, and at least in some instances (3) proton 
shifts of solute molecules show no temperature 
deueildence in this solvent. From an extensive 
investigation (4) of the proton resonance of 
3,5-dichlorosalicylaldehyde we here abstract the 
information relevant to a consideration of the 
origin of ASIS and the use of carbon tetrachloride 
as a reference solvent. 

Solvent and Temperature Dependence of Ring 
Proton Shifts 

In Table I the solvent shifts of the ring and 
aldehydic protons relative to a saturated solution 
( ~ 2 . 5  mole%) in cyclohexane are given at 
30 1 "C. In Fig. I ,  the shift of proton-6 (ortho 
to CHO) is plotted against temperature in the 
saturated (< 5 mole %) carbon tetrachloride and 

'Present address: Lawrence Radiation Laboratory, 
University of California, Berkeley, California. 

the 5 mole % benzene-& solutions. Similar plots 
are found for proton-4 and for 2.5, 6, 7.5, and 
10 mole % solutions in benzene-d,. The plots 
are definitely curved. 

The curvature of the plots is presumably a 
concentration effect. By an extrapolation proce- 
dure in which the shift at a given temperature is 
plotted versus concentration, the 0 mole % 
solution in benzene yields a precisely linear 
(-k0.002 p.p.m.) dependence o n  temperature of 
the ring proton shifts. The low solubility in carbon 
tetrachloride precluded a reliable extrapolation 
procedure in this solvent. 

In Table I1 the change in shift over a range of 
100 "C is divided by the solvent shift (Table I) a t  
30 "C for the carboil tetrachloride and benzene 
solutions. For the ring protons this ratio is almost 
the same in the two solients. The usual procedure 
(1, 5) for calculating heats of formation of an  
assumed 1 :1 complex depends on  such ratios and 
therefore similar small values of heats of forma- 
tion (0.5 to l kcal/mole) will be obtained for both 
solvents. The much greater temperature depen- 
dence of the ring proton shifts in benzene 
solution is a reflection of the large magnetic 
anisotropy of the solvent molecules and need not, 
of course, reflect a larger energy of interaction 
between solute and solvent molecules. Finally, 
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NOTES 

FIG. 1. The chemical shift, relative to internal tetramethylsilane, of proton-6 in 3,5-dichlorosalicylaldehyde is 
plotted vs. temperature for a saturated (< 5 mole %) solution in carbon tetrachloride (open circles) and for a 5 mole % 
solution in benzene-d6 (closed circles). The shift scale in p.p.m, on the left refers to the benzene solution a n d  the shift 
scale on the right refers to the carbon tetrachloride solution. 

carbon tetrachloride should be avoided as a 
reference solvent in the study of aromatic proton 
shifts. 

Aldehydic Protons 
The aldehydic proton shift in the benzene 

solutions is a precisely linear function of the tem- 
perature over a range of 100 "C in the benzene so- 
lutions at concentrations from 2.5 to 10 mole %. 

TABLE I1 
Ratio* of temperature shift to solvent 
shift at  30 "C in benzene and carbon 

tetrachloride solutions 

Proton CCI, C6Ds 

4 0.37 0.34 
6 0.41 0.34 

CHO 0.08 0.35 
- - 

*The range o f  temperature is 100 OC and 
the change in shift over this range is divided by 
the solvent shift at 30 OC. The solvent shifts are 
taken from Table I. 

We have no explanation for the contrasting 
behavior of the aldehydic and ring protons. 
Furthermore, the temperature dependence of the 
aldehydic proton shift in carbon tetrachloride 
solution amounts to only 0.008 p.p.m. between 
30 and 120 "C. The ratios in Table I1 emphasize 
the exceptional behavior of the aldehydicproton 
in carbon tetrachloride. The intramolecular 
hydrogen bond holds the aldehydic proton in the 
position near that of proton-6 (4) and, on the 
basis of short-lived collisional complexes, a 
similar temperature dependence of the two 
protons might have been expected. 

Such is indeed the case for the benzene solu- 
tions (Table 11). Perhaps there is a short-lived 
complex between the aromatic solute ring (donor) 
and the carbon tetrachloride solvent molecule 
(acceptor); the existence of which is reflected in 
the larger temperature dependence of the ring 
proton shifts. There is some evidence (6) from 
ultraviolet data for such complexes between 
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benzene itself and carbon tetrachloride. In that planar, hydrogen-bonded conformation and the 
case, the reported temperature independence of solvent shifts are not complicated by conforma- 
the shifts of protons in nonaromatic molecules tional changes of the anisotropic aldehyde group. 
dissolved in carbon tetrachloride (3) is consistent 
with the present results. It  is also interesting to Experimental 
note that donor containing Oxygen have solutions were degassed by the freeze - pump - thaw 
little or no effect on the Raman vibrational technique. Tetramethylsilane served as  an internal refer- 
intensities of carbon tetrachloride (7). On the ence. Spectra were run on a DA-601 spectrometer in the 
other hand, the intensity changes caused by frequency sweep mode and calibration of peak positions 

aromatic donors have been interpreted on the involved period averaging techniques. Root mean square 
deviations of the shifts were typically 0.002 p.p.m, or less. basis of specific molecular interactions (7). Temperatures were measured by means of ethylene 

Other Solvents glycol or methanol samples as provided by Varian 
For the present solute molecule carbon disulfide Associates. Although absolute temperatures may be in 

(Table I) is preferable to carbon tetrachloride as error UP to 2 OC, temperature differences must be more 

a reference solvent, contrary to one recommenda- accurate as shown by our detailed results. 

tion (ref. 1, p. 244). This appears to be so for 
other solute types as well, e.g. 1,l-difluoro- Acknowledgment 

ethylene (8). Notice also that perfluorobenzene We are grateful to the National Research 
does not induce the high-field shifts expected Council of Canada for financial assistance. 
from a large magnetic anisotropy. This point is 
under investigation: especially in view of the 1. P. LASZLO. In Progress in nuclear magnetic reson- 

ance spectroscopy. Vol. 3. Edited by J. W. Emsley, 
Occur J. Feeney, and L. H. Sutcliffe. 1967. Chap. 6. 

between aromatic donor molecules and perfluoro- 2. P. LASZLO and J. L. SOONG, JR. J. Chem. Phys. 47, 
4472 (1967). benzene (lo)' The "lvent shifts observed 3. R. C. FORT, JR. and T. R. LmDSTROM. Tetrahedron, 

in acetone and acetonitrile (dielectric constants, 23, 3227 (1967). 
respectively, near 20, 35) cannot easily be ex- 4. G. KOTOWYCZ. Ph.D. Thesis, University of Man- 

itoba, Winnipeg, Manitoba. 1967. plained reaction effects '1' Such 5. R. J. Mole Phys. 4, 369 (1961). 
anomalies are, of course, quite common (1, 12). 6. R. F. WEIMER and J. M. PRAUSNITZ. J. Chern. P ~ Y S .  
In acetone and acetonitrile solutions the hydroxyl 42, 3643 (1965). 

7. D. A. BAHNICK and W. P. PERSON. J. Chem. Phys. proton shifts are 11.36 and 11.27 p.p.m. to low 48, 125i (1968). 
field of internal tetramethylsilane, respectively, 8. C. J. MACDONALD and T. SCHAEFER. Can. J. Chem. 
whereas in the cyclohexane the shift is 11.28 

g. 2. 11.5LL(&z2i-By and J. A. PoPLE. I,, Annual p.p.m. (4)- The aldehyde group is therefore in the review of physical chemistry. Vol. 16. Edited by 
H. Eyring. Annual Reviews, Inc. Palo Alto, Cali- 
fornia. 1965. 

ZA referee suggests a small magnetic anisotropy 10. W. A. DUNCAN and F. L. SWNTON. Trans. Faraday 
(unknown) for perfluorobenzene. In perchlorobenzene SOC. 62, 1082 (1966). 
the magnetic anisotropy is only 10% lower than in 11. A. D. BUCKINGHAM. Can. J. Chem. 38, 300 (1960). 
benzene (9). Susceptibility measurements on a single 12. H. M. HUTTON and T. SCHAEFER. Can. J. Chem 
crystal of perfluorobenzene are needed. 43, 3116, (1965). 

Reaction of iron carbonyls with amides and thionamides 

HOWARD ALPER AND JOHN T. EDWARD 
Department of Chemistry, McGill University, Montreal, Quebec 

Received June 18, 1968 

Iron pentacarbonyl in boiling butyl ether converts primary amides or thionamides to nitriles, and 
benzanilide or thionbenzanilide to N-benzylideneaniline. Diiron nonacarbonyl reacts with p-methoxy- 
thionbenzamide to form a complex CZZH16N2SZ08FeZ; a possible structure is proposed. 

Canadian Journal of Chemistry, 46, 31 12 (1968) 

Hieber and Spacu (I) found that thiols react Hieber and Scharfenberg later found that thion- 
with triiron dodecacarbonyl to give the mercap- acetamide and benzthiazolin-2-thione (which 
tides 1 (2-4), carbon monoxide, and hydrogen. they formulated as 2-mercaptobenzthiazole, now 
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benzene itself and carbon tetrachloride. In that planar, hydrogen-bonded conformation and the 
case, the reported temperature independence of solvent shifts are not complicated by conforma- 
the shifts of protons in nonaromatic molecules tional changes of the anisotropic aldehyde group. 
dissolved in carbon tetrachloride (3) is consistent 
with the present results. It  is also interesting to Experimental 
note that donor containing Oxygen have solutions were degassed by the freeze - pump - thaw 
little or no effect on the Raman vibrational technique. Tetramethylsilane served as  an internal refer- 
intensities of carbon tetrachloride (7). On the ence. Spectra were run on a DA-601 spectrometer in the 
other hand, the intensity changes caused by frequency sweep mode and calibration of peak positions 

aromatic donors have been interpreted on the involved period averaging techniques. Root mean square 
deviations of the shifts were typically 0.002 p.p.m, or less. basis of specific molecular interactions (7). Temperatures were measured by means of ethylene 

Other Solvents glycol or methanol samples as provided by Varian 
For the present solute molecule carbon disulfide Associates. Although absolute temperatures may be in 

(Table I) is preferable to carbon tetrachloride as error UP to 2 OC, temperature differences must be more 

a reference solvent, contrary to one recommenda- accurate as shown by our detailed results. 
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(unknown) for perfluorobenzene. In perchlorobenzene SOC. 62, 1082 (1966). 
the magnetic anisotropy is only 10% lower than in 11. A. D. BUCKINGHAM. Can. J. Chem. 38, 300 (1960). 
benzene (9). Susceptibility measurements on a single 12. H. M. HUTTON and T. SCHAEFER. Can. J. Chem 
crystal of perfluorobenzene are needed. 43, 3116, (1965). 
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Iron pentacarbonyl in boiling butyl ether converts primary amides or thionamides to nitriles, and 
benzanilide or thionbenzanilide to N-benzylideneaniline. Diiron nonacarbonyl reacts with p-methoxy- 
thionbenzamide to form a complex CZZH16N2SZ08FeZ; a possible structure is proposed. 
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Hieber and Spacu (I) found that thiols react Hieber and Scharfenberg later found that thion- 
with triiron dodecacarbonyl to give the mercap- acetamide and benzthiazolin-2-thione (which 
tides 1 (2-4), carbon monoxide, and hydrogen. they formulated as 2-mercaptobenzthiazole, now 
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TABLE I 
Nitriles obtained from reaction of amides or thionamides with iron pentacarbonyl 

Yield 
Reactant Product (%) Melting point ("C)* Boiling point ("C)? 

2-Phenylacetamide Phenylacetonitrile 35 - 233-235 (234) 
2-Phenylthionacetamide Phenylacetonitrile 62 - 231-233 (234) 
Benzamide Benzonitrile 32 190-191 (191) 
Thionbenzamide Benzonitrile 64 - 188-190 (191) 
p-Methoxybenzamide p-Methoxybenzonitrile 28 60.0-62.0 (61-62) - 
p-Methoxythionbenzamide p-Methoxybenzonitrile 61 60.0-62.0 (61-62) - 
p-Toluamide p-Tolunitrile 20 26.0-28.0 (29.5) - 
171-Toluthionamide m-Tolunitrile 66 - 210-212 (212) 
- 

*Values in parentheses are those given in ref. 9. 
?Values in parentheses, determined a t  760 mm pressure, are those given in ref. 9. 

known to be the minor tautomer (5)) reacted 
with Fe,(CO),, in ligroin at 55" to give carbon 
monoxide and hydrogen, again in a molar ratio 
of 2:1 (6). They could isolate no other product 
from the reaction of thionacetamide, but from 
the reaction of benzthiazolin-2-thione they ob- 
tained a dark-red crystalline solid, later shown 
(7, 8) to be S,Fe3(CO)g (5). 

- 
c 0 

OC\  I/C 
Fe 

[I] 6 RSH + 2 Fe,(C0),2 + 3 R-S' 1 \S-R + 6 CO + 3 H2 
\~e'- 

0 

We have now obtained 5 in 5.5 % yield from the 
reaction of p-methoxythionbenzamide (2; R = 
CH30C6H4) with diiron nonocarbonyl in tetra- 
hydrofuran at room temperature for 24 h. The 
reaction also afforded p-methoxybenzonitrile (4; 
R = CH30C6H4) (17% yield) and a compound 
C2,H16N2S208Fe2 (38 % yield). This last com- 
pound we tentatively formulate as 3 (R = CH,- 
0C6H4), by analogy with the structure 1. This 

formulation is supported by the infrared (i.r.) 
absorptioil of the compound (CCl, solution) at 
3300 cm-I (broad) (N-H); 2070, 2030, 2000, 
1985, and 1945 cm-I (terminal metal carbonyl); 
and 1605 and 1510 cm-I (conjugated C==N). A 
possible course of the reaction is shown in eq. 2, 
although this must remain speculative until the 
gaseous products of the reaction (if any) have 
been determined. When 3 (R = CH30C,H4) 
was heated in butyl ether, it gave a 77 % yield of 
the nitrile 4 (R = CH30C6H4). 

Thionamides were not affected by the less 
reactive iron pentacarbonyl at room temperatures 
but in boiling butyl ether they were converted to 
nitriles. The yields of nitriles obtained from a 
number of thionamides, using a 1.6: 1 mole ratio 
of metal carbonyl to thionamide, are given in 
Table I. Yields were not improved when the mole 
ratio was increased to 5.0: 1 ; when only a catalytic 
amount of iron pentacarbonyl was used, no 
nitrile was formed. 

These reactions of iron pentacarbonyl may 
involve as intermediates thionamide - iron car- 
bony1 complexes similar to 3, but none was 
isolated, probably because of their instability at 
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the temperature of boiling butyl ether. The 
reaction mixture also had hydrogenolytic prop- 
erties, as shown by the isolation of a small amount 
of N-(p-methoxybenzy1)-p-methoxythionbenz- 
amide from the reaction of p-methoxythion- 
benzamide. 

Amides also formed nitriles, generally in lower 
yields (Table I); however, no systematic attempt 
was made to optimize yields by variation of 
temperature, times of reaction, or solvent. 

The N-substituted compounds, benzanilide and 
thionbenzanilide, which cannot form nitriles, 
reacted with iron pentacarbonyl in boiling butyl 
ether to give N-benzylideneaniline. This reaction 
may involve hydrogenolysis of the C-S or C-0 
bond of an intermediate analogous to 3. The 
hydrogen for this reaction cannot come from the 
NH group of the starting material, because N- 
deuteriothionbenzanilide gave unlabelled N-benz- 
ylideneaniline; solvent molecules may be in- 
volved, but a more complete study of the reaction 
products is required. 

The N,N-disubstituted compound, N-methyl- 
acetanilide, was recovered unchanged after ex- 
posure to iron pentacarbonyl in boiling butyl 
ether for about 15 h. 

Experimental 
Melting points were measured in capillary tubes in a 

Gallenkamp apparatus and are corrected. Microanalyses 
were performed by Bernhardt Mikroanalytisches Labora- 
torium, Mulheim, Germany and Schwarzkopf Micro- 
analytical Laboratory, Woodside, New York. Infrared (i.r.) 
spectra were obtained on Perkin-Elmer model 137, 337, 
or 521 spectrophotometers; the wavelength readings 
were calibrated with a polystyrene film. Nuclear magnetic 
resonance (n.m.r.) spectra were measured using a Varian 
Associates model A-60 spectrometer, with tetramethyl- 
silane as a reference. 

Iron pentacarbonyl (Alfa Inorganics, Inc.) was used as 
received; distillation of the compound did not improve 
results. Solvents were dried and purified by standard 
methods. The arnides and thionbenzanilide were corn- 
mercial products. The primary thionamides were kindly 
donated by Mr. G. D. Derdali of these laboratories. 

Reactiorl ofp-Methoxyt/~io~zbe~tzarnide ~vitlz 
Diiron Nonacarborzyl 

A mixture of p-methoxythionbenzamide (0.803 g, 
4.80 mM) and diiron nonacarbonyl (2.794 g, 7.68 mM) in 
dry tetrahydrofuran (30 ml) was stirred under nitrogen 
at room temperature for 24 h. The solution was filtered 
to remove inorganic material and the filtrate evaporated 
at ca. 30 mm to give a crude residue. showing i.r. ab- 
sorption bands for an  iron carbonyl complex and for a 
nitrile group. The residue was treated with 2-3 ml of 
petroleum ether, filtered, and the filtrate evaporated to 
give 0.110 g (17%) of p-methoxybenzonitrile, m.p. and 

mixture m.p. 60.G62.0 "C (9). The petroleum ether- 
insoluble solid was dissolved in benzene and chromato - 
graphed on Florisil. Elution with benzene gave 64 m g  
(5.5 %) of black-purple crystals of S2Fe3 (CO)9 ( 9 ,  m.p. 
112" (lit. m.p. 114" (8)); the compound was tdentified by 
its i.r. spectrum, which between 1200 and 4000 cm-I 
showed only five bands (at 2090, 2070, 2050, 2020, and 
2010 cm-I) having a characteristic pattern (8). Further 
elution with benzene gave 0.558 g (38 %) of the complex 
3 (R = CH30C6H4), which decomposed above 250 "C 
without melting. 

Anal. Calcd. for CZ2H16N2S~08Fe2 (mol. wt., 612.2): 
C, 42.83; H, 2.63; N, 4.58; S, 10.47. Found (mol. wt., 
osmornetry in chloroform, 606): C, 42.67; H, 2.58; N ,  
4.84; S, 10.77. 

The complex 3 (R = CH30C6H4) (0.385 g) in dry butyl 
ether (301111) was refluxed with stirring under nitrogen 
for 15 h. The solution was cooled, filtered, and concen- 
trated to givep-methoxybenzonitrile i n  77% yield. 

Cer~eral Procedure for the Corzuersion of  Primary Atniries 
and Thiorzarnides to Nilriles with Iron Perztacarbonyl 

A mixture of the arnide or thionamide (10-50 mmoles) 
and iron pentacarbonyl (1.611.0 mole ratio of metal 
carbonyl to arnide or thionamide) i n  anhydrous butyl 
ether (40-50 ml) was refluxed with stirring under nitrogen 
for 12-18 h. The solution was cooled, filtered to remove 
starting material, and the solvent removed at ca. 30 mm. 
The nitrile was extracted from the residue with petroleum 
ether (b.p. 38-60 "C) and the extract evaporated to give 
pure nitrile (distilled if liquid). The melting points of the 
solid nitriles were undepressed by admixture with authen- 
tic samples. The purity of the liquid nitriles was shown 
by comparison of boiling points, i.r. spectra, and thin- 
layer chromatograms with those of authentic samples. 

When the above general procedure was repeated 
either in the presence of a catalytic quantity of iron 
pentacarbonyl or with no metal carbonyl at all, no  
reaction was observed. 

Starting with p-methoxythionbenzamide, a 5.4% yield 
of a second product, N-(p-methoxybenzy1)-p-methoxy- 
thionbenzamide, was obtained as a petroleum ether - 
insoluble solid, m.p. 85.0-87.0 "C. T h e  i.r. spectrum of 
the new material (KBr disk) exhibited strong -NH 
absorption at  3290 cm-' and thiocarbonyl stretching a t  
1260 cm-' (-OCH, at 1240 cm-I). The  n.m.r. spectrum 
(CDCI,) showed besides signals for the aromatic and 
methoxyl protons, a doublet at 4.92 p.p.m. for the 
methylene protons coupled to -NH-, which appears 
as  a broad peak in the region of 7.8-8.0p.p.m. Upon 
deuterium oxide exchange, the methylene doublet col- 
lapsed to a singlet and the NH absorption disappeared. 

Anal. Calcd. for C16H17NSOZ: C, 66.88; H, 5.96; N, 
4.89; S, 11.12. Found: C, 67.25; H ,  5.85; N, 5.08; S, 
11.07. 

Reactiorz of Berzzanilide and T/ziotibenzarzilide with Iron 
Pentacarborzyl 

When a mixture of either benzanilide or thionbenz- 
anilide and iron pentacarbonyl in dry butyl ether reacted 
according to the general procedure, N-benzylideneaniline, 
m.p. 50.0-51.0 "C (5), was obtained in yields of 15% and 
47% from amide and thionamide respectively. The i.r. 
spectrum of the product was identical t o  that reported by 
Nakanishi (10). 
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NOTES 3115 

Reactiotz of' N- Der~teriotl~ionbenzunilide with 
Iron Pet2racarbot1yl 

N-Deuteriothionbenzanilide was prepared by dissolving 
thionbenzanilide in ether and shaking with deuterium 
oxide for 4 h. The ether layer was separated and the ether 
removed to give the deuterated con~pound, m.p. 102.0- 
102.5 "C. Nuclear magnetic resonance spectra (CDCI,) 
indicated less than 10% N-protiumthionbenzanilide. 
Reacting the deuterated compound under previously 
described conditions resulted in the formation of N- 
benzylideneaniline in 39% yield. The n.m.1. and i.r. 
spectra indicated the absence of deuterium in the product. 
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Total synthesis of a curvularin isomer 

JEHAN F. BAGLI AND H. IMMER 
Department of Chetnistry, Ayerst Research Laboratories, Montreal, Quebec 

Received May 16, 1968 

This paper describes a total synthesis of a biogenetically possible, hitherto unknown n~acrolide 4. 
Starting with 3,5-dimethoxybenzaldehyde, ketone 5a was generated in five steps. Alkylation of this 
compound by bromopentene followed by decarboxylation yielded pentenyl ketone 6.  Oxymercuration- 
demercuration followed by dehydration gave cyclic en01 ether 8. Oxidation with m-chloroperbenzoic acid 
led to the macrolide 4. 

Canadian Journal of Chemistry, 46, 31 15 (1968) 

Biogenesis of macrolides fits satisfactorily in 
the hypothesis (1) that implicates poly-P-keto 
acids as precursors. In recent years, some natur- 
ally occurring mould metabolites have been 
reported (2-5) whose structures are characterized 
by the presence of an aromatic ring fused to a 
macrolide moiety. An obvious biogenetic path- 
way to these substances would appear to involve 
an intramolecular ring closure, to generate the 
aromatic ring. Such an aldol type condensation 
in acyclic poly-P-keto acid is known (6) to 
follow two pathways shown below: 

r Orsellinic acid 
0 
II 

( b )  R=(C-CHz).-H k Acyl phloroglucinol 

Zearalenone 1 (2) and radicicol (3) represent 
examples, where such an internal condensation of 
a precursor macrolide (derived from nine acetate 
units) has conceivably occurred via pathway (a). 
In contrast, curvularin 3 (4) and a,gdehydro- 

curvularin (5) represent products generating 
from eight acetate units where the precursor 
macrolide has undergone a subsequent con- 
densation of the acyl phloroglucinol type (b). 

We wish to report a total synthesis of the 
hitherto unknown DL-isomer 4 of curvularin that 
is derivable from the common hypothetical 
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3) decarboxylation 
4) HF 

progenitor macrolide 2, by subsequent internal 
cyclization via pathway (a). The synthetic 
sequence used was a modification of the general 
synthetic approach reported recently (7). 

The known ketone 5 (8) was prepared using a 
modified procedure. 3,5-Dimethoxybenzalde- 
hyde was condensed with ethylidene malonate 
diethyl ester (9) to yield a diene diacid. Hydro- 
genation of double bonds, and decarboxylation 
resulted in the production of the desired pen- 
tanoic acid which was cyclized with anhydrous 
hydrogen fluoride to ketone 5. Carbethoxylation 
with diethyl carbonate and sodium hydride in 
dry tetrahydrofuran yielded the corresponding 
P-keto ester 5a. Alkylation of this ester with 
I-bromopent-4-ene was carried out in potassium 
t-butoxidelt-butyl alcohol. The resulting ester 
was decarboxylated under basic conditions. The 
terminal double bond was hydrated by oxy- 
mercuration procedure of Brown and Geoghegan 
(10) to yield quantitatively the product 7 of 
Markownikoff hydration. The alcohol was 
dehydrated to yield the enol-ether 8. The overall 
yield of enol-ether 8 from ketone 5 was 38.5 %. 

Oxidation of enol-ether 8 with m-chloroper- 
benzoic acid resulted in generation of dimethyl 
ether 9. Treatment of dimethyl ether with boron 
tribromide in methylene chloride at 0°, gave a 
mixture of phenols, from which 4 and 10 were 
isolated in a ratio of 6:l. The structure of phenol 
10 follows from its spectral data. 

7,9- Di1~~ethoxy-2,3,4,5-tetra/1ydro-I H-bemocyhhqtetz-  
I-one (5)  

To an ice-cold solution of dinlethoxy benzaldehyde 
(20 g) and ethylidene malonate diethyl ester (68 g) in 
ethanol (120 ml) was added potassium hydroxide (40 g) 
and the mixture was stirred for 48 h. The mixture was then 
cooled, and acidified with concentrated hydrochloric 
acid (80 mi) and water (560 ml). The resulting acid was 
filtered and dried. The diene diacid (21 g) was hydrogen- 
ated in presence of platinum oxide (1.0 g, 85 %) in ethanol 
(1.2 1) to yield, after the usual work-up, the saturated 
dibasic acid (23 g). The diacid was decarboxylated 

'All experimental conditions were the same as those 
described in ref. 14 of our earlier communication (ref. 7), 
except that silica gel (0.05-0.2 mm Merck) was employed 
for column chromatography. 
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i 

in refluxing pyridine (94 ml) over a period of 4 h. The 
resulting pentanoic acid (16.1 g) was cyclized during 48 h 
by dissolving in anhydrous hydrogen fluoride. Evapora- 
tion of hydrogen fluoride, and crystallization of the 
resulting residue yielded ketone 5 (10.7 g, 40%), m.p. 
5657" (reported (8), 57-58"). 

2-Carbethoxy-7,9-dimethoxy-2,3,4,5-tetrahydro-IH- 
benzocyclohepten-I-one (5a) 

Sodium hydride (4.32 g, 55 % suspension) was washed 
free of oil and suspended in dry tetrahydrofuran (50 ml). 
Diethylcarbonate (13 g) was added under nitrogen atmos- 
  here. and the mixture was heated to reflux. A solution 
bf kefone 5 (10 g) in dry tetrahydrofuran (100 ml) was 
added and the mixture refluxed for 48 h. The reaction 
mixture was cooled, acetic acid (6.5 ml) added, and the 
mixture diluted with ether. The organic solution was 
washed several times with saturated sodium chloride 
solution, dried, and the solvent removed. Residue 
(10.63 g, 80%) was distilled, b.p. 173-175"/0.1 mm. The 
oil solidified and was crystallized from light petroleum to 
yield an analytical sample, m.p. 72.5-73.5". 

Anal. Calcd. for C16H2005: C, 65.74; H, 6.90. Found: 
C, 65.88; H, 6.89. 

Infrared (i.r.): v,,, (Nujol) 1730, 1680, and 1600 cm-'; 
ultraviolet (u.v.): L.,,, 296 mp (4655), 270 mp (6350); 
nuclear magnetic resonance (n.m.r.): 6 6.4 (2H, aromatic, 
quartet), 6 4.3 (2H, methylene protons of ethyl ester, 
quartet), 6 3.73 (6H, 2 0-methyl), and 6 1.32 (3H, methyl 
group). 

7,9-Dimetlro,~y-2-(pent-4'-enyl) -2,3,4,5-tetrahydro-IH- 
benzocyclol~epten-I-one (6) 

Potassium (2.81 g) was dissolved in t-butyl alcohol 
(200 ml). A solution of ketone 6 (10.63 g) in t-butyl 
alcohol (100 ml) was added in an atmosphere of nitrogen. 
I-Bromopent-4-ene (25 ml) was added and the mixture 
was refluxed overnight. The mixture was cooled and 
neutralized with acetic acid (7 ml). t-Butyl alcohol was 
mainly evaporated under vacuum, residue was taken in 
ether, washed with saturated sodium chloride, dried, and 
the solvent was removed. The residue was distilled at 
0.3 mm to remove unchanged 1-bromopent-4-ene. The 
crude product (12.9 g) was dissolved in ethanol, a solution 
of potassium hydroxide (8.45 g) in water (10 ml) was 
added, and the mixture refluxed for 12 h. The solvent was 
then removed, and the residue taken up in ether, washed, 
and dried. The ether was evaporated and the crude pro- 
duct was distilled, b . ~ .  155-160°/0.08 rnm, n1.p. 54-55" . - 
(7.6 g, 72 %). 

Anal. Calcd. for C18H2403: C, 74.97; H, 8.39. Found: 
C, 74.94: H, 8.38. . . 

Infrared: v,,, (Nujol) 1680, 1600 cnl-'; u.v: L ,,,, 
293 mp(5300), 269 mp(6500); n.m.r.: 6 6.3 (2H, aromatic, 
quartet), 6 5.7 and 4.95 (1H and 2H, vinylic protons, 
multiplet), 6 3.76 and 3.73 (6H, 0-methyl), and 6 2.65 
(3H, allylic and 1H CY to ketone). 

7,9-Diinethoxy-2-(4-hydroxypentyl)-2,3,4,5-tetral1ydro- 
IH-benzocyclol~eptei~-I-one (7) 

Mercuric acetate (2.1 g) was dissolved in water (6.8 ml) 
and tetrahydrofuran (3.4 ml). To this was added a solution 
of ketone 7 (1.94 g) in tetrahydrofuran (3.4 ml), and stirred 
for a further 10 min. Sodium hydroxide (3N, 6.8 ml) 
was added, followed by a 0.5 molar solution (6.8 ml) of 

sodium borohydride in 3 N sodium hydroxide, and stir- 
ring was continued for 10 min. Ether (100 ml) was added 
and the organic solution washed with saturated sodium 
chloride solution, dried, and the solvent was removed to 
yield a crude product (2.095 g, 100%)). 

The compound was found to be homogeneous on thin 
layer plate, and m/e M 306, m/e M-18,288; i.r. : v,,, (film) 
3420, 1675, and 1600 cm-l; u.v.: La, 291 m p  (3800), 
268 mp (4550); n.m.r.: 6 6.3 (2H, aromatic, quartet), 
6 3.95 and 3.65 (7H, 0-methyl, and a carbinolic proton), 
6 2.65 (3H, 2 benzylicand 1 H a  to ketone),and 6 1.16(3H, 
methyl doublet, J = 6 Hz). 

10,12-Dimet/1oxy-2,3,4,5,7,8-hexal~ydro-6H-benzocyclo- 
hepten [l,2-b] oxepin (8) 

A solution of ketone 7 (2.05 g) in benzene (50 ml) con- 
tainingp-toluenesulfonic acid (50 mg) was refluxed with a 
water separator, for 20 h. Most of the benzene was 
removed, and the residue was passed through neutral 
alumina (60 g, activity 11). Product (1.3 g, 67.5%) was 
eluted with petroleum ether, and recrystallized from the 
same solvent, m.p. 90-91". 

Anal. Calcd. for Cl8H2403: C, 74.97; H, 8.39. Found: 
C, 74.59; H,  8.09. 

Infrared: v,,, (film) 1640, 1600 cm-' ; n.m.r.: 6 6.12 
(2H, aromatic, quartet), 6 3.9 (lH, 0-methine), 6 3.7 
and 3.66 (6H, 0-methyl, singlets), and 6 1.12 (3H, methyl, 
doublet J = 6 Hz). 

12,14-Dimeth0xy-3,4,5,6,9,10-11exahydr0-3-n1ethy1-8H-2- 
benzoxacyclododecan-1,7-diolre (9) 

To a suspension of m-chloroperbenzoic acid (6.55 g) 
in methylene chloride (11 ml) was added a solution of 
enolkther 8 (2.64 g) in methylene chloride (11 ml), 
dropwise, so as to maintain boiling. The reaction mixture 
was allowed to stand at room temperature overnight. 
The solid was filtered, and the filtrate was diluted with 
methylene chloride. The solution was washed with potas- 
sium carbonate, and then with saturated sodium chloride 
solution, dried, and the solvent was removed. The residue 
was passed through alumina (neutral, activity 11) and 
elution with benzene gave the desired lactone 9 (0.95 g, 
35 %). Crystallization from acetone-hexane gave an 
analytical sample, m.p. 135-138". 

Anal. Calcd. for C18H2405: C, 67.48; H, 7.55. Found: 
C, 67.20; H, 7.71. 

Infrared: v,,, (Nujol) 1715, 1600 cm-'; u.v.: L,., 281 
mp (1840); n.m.r.: 6 6.27 (2H, aromatic), 6 5.08 (lH, 
0-methine), 6 3.8 and 2.76 (6H, 2 0-methyl singlets), and 
6 1.3 (3H, methyl, doublet). 

12,14-Di/1ydroxy-3,4,5,6,9,1O-l1exal1y~lro-3-~~1ethyl-8H-2- 
benzoxacyclododecan-1,7-dione (4) 

The lactone 9 (0.5 g) was dissolved at 0" in methylene 
chloride (20 ml) containing boron tribromide (4 g). The 
reaction mixture was stirred for 3 h at ice-cold tempera- 
ture. The mixture was then diluted with chloroform and 
washed with sodium bicarbonate solution, followed by 
saturated sodium chloride solution. The crude product 
thus obtained was chromatographed on silica gel in 
acetone-hexane 3: 1. The dihydroxy lactone 4 (165 mg) 
was eluted from the column. Crystallization from acetone- 
hexane gave a sample, m.p. 145". 

Anal. Calcd. ~O'C,,H;~O,: C, 65.74; H, 6.90. Found: 
C, 65.95; H, 7.00. 
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Infrared: v,,, (Nujol) 3450,1700,1650, 1620, and 1600 
cm-'; u.v.: h,,, 265 mp (12 800), 306 mp(5200); n.m.r.: 
6 11.5 (IH, phenolic), 6 6.45 (lH, phenolic), 6 6.27 (2H, 
aromatic, quartet), 6 5.22 (lH, 0-methine, multiplet), 
and 6 1.34 (3H, methyl, doublet J = 7 Hz). 

A second compound (30 mg) was also eluted and was 
assigned the structure 10. 

3,4,5,6,9,IO-Hexahydro-I4-hydroxy-12-n~et11oxy-3- 
rnetl1yl-8H-2-benzoxacyclododecan-1,7-dione 
(10, m.p. 112") 

Anal. Calcd. for Cl7HZ2O5: C, 66.65; H, 7.24. Found: 
C, 66.99; H, 7.33. 

Infrared: v,,,, (Nujol) 1705, 1630,1605, and 1585 cm-' ; 
u.v.: h ,,,, 266 mp (16 800), 305 mp (7250); n.m.r. : 6 11.5 
(lH, phenolic), 6 6.35 (2H, aromatic, quartet), 6 5.26 
(lH, 0-methine), 6 3.84 (3H, 0-methyl), and 6 1.38 (3H, 
methyl, doublet). 

Acknowledgments 

T h e  authors  wish t o  acknowledge the  technical 
assistance of  Miss M. Ebel, a n d  t h a n k  D r .  G. 
Schilling a n d  his associates for  analytical data .  

1. R. B. WOODWARD. Festschr. Arthur Stoll, 538 
(1957). 

2. W. H. URRY, H. L. WEHRMEISTER, E. B. HODGE, and 
P. H. HIDY. Tetrahedron Letters, 3109 (1966). 

3.  R. N. MIRRINGTON, E. RITCHIE, C. W. SHOPPEE, S. 
STERNHELL, and W. C. TAYLOR. Aust. J. Chem. 19, 
1265 (1966), and references cited therein. 

4. A. J. BIRCH, 0. C. MUSGRAVE, R. W. RICKARDS, and 
H. SMITH. J. Chem. Soc. 3146 (1959). 

5. H. D. MUNRO, 0 .  C. MUSGRAVE, and R. TEMPLETON. 
J. Chern. Soc. (lOc), 947 (1967). 

6. J. H. RICHARDS and J. B. HENDRICKSON. Bio- 
synthesis of terpenes, steroids, and acetogenins. 
W. A. Benjamin,Inc., New York. 1964. p. 18. 

7. H. I M M E R ~ ~ ~  J. F. BAGLI. J. Org. Chern. To be pub- 
lished. 

8. R. HUISGEN, G. SIEDL, and J. WIMMER. Ann. 
677, 21 (1964). 

9. P. D. GARDNER, W. J. HORTON, G. THOMPSON, and 
R. R. TWELVES. J. Am. Chem. Soc. 74,5527 (1952). 

10. H. BROWN and P. GEOGHEGAN, JR. J. Am. Chem. 
SOC. 89,1522 (1 967). 

Erratum: The structure of 5,5,5-trifluoro-4-hydroxypentenoic acid lactone 

ROBERT FILLER AND RALPH M. SCHURE 
Department of Cllemistry, Illinois hrstitute of Techtrology, Chicago, Illitrois 60616 

Received May 31, 1968 

(Ref.: Can. J. Chem. 45, 1018 (1967)) 

Canadian Journal of Chemistry, 46, 31 18 (1968) 

.)On page 1020, the nuclear magnetic resonance 
peaks  in Fig. 2 should read f r o m  left to right: 
(C) (B) (A) rather than (A) (B) (C). 

Erratum: Ranunculi~ 

M. H. BENN AND LOIS JEAN YELLAND 
Departrnent of Chemistry, The University of Calgary; Calgary, Alberra 

Received May 6, 1968 

(Ref.: Can. J. Chem. 46, 729 (1968)) 

Canadian Journal  of Chemistry, 46, 3118 (1968) 

1 
O n  page 729, line 7 of  the  second column 

should read . . . . . 
"hydrogens in positions -3 a n d  -2 o f  thelactone". 
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A series of Ni(I1) complexes with methyl-, ethyl-, and sym-dimethyl-, sym-diethyl-, and sym-di-n-butyl- 
thioureas and halide, perchlorate, and thiocyanate anions have been prepared and characterized. Spectral 
and magnetic studies show that compounds NiL4X2 (L = N,N'-dimethyl and N,N'-diethylthiourea, 
X = halide) are tetragonally distorted octahedral species with a singlet ground state and a thermally 
populated triplet excited state. The remaining compounds are octahedral. Infrared evidence shows sulfur 
bonding of the disubstituted ligands to the metal, but suggests nitrogen coordination of the methylthiourea 
con~pounds. 

Canadian Journal of Chemistry, 46, 3119 (1968) 

Introduction 

In 1906 Rosenheim and Meyer (1) reported the 
preparation of the first examples of complexes 
containing Ni(I1) and thiourea ligands. Charac- 
terization studies since then have shown com- 
pounds of this system to contain octahedrally 
coordinated nickel bonded to the sulfur atom of 
the thiourea (2-6). More recently, a number of 
compounds of Ni(I1) with substituted thioureas 
have appeared in the literature. Holt and Carlin 
(7) have shown that a variety of stereochemical 
arrangements are possible for Ni(I1) in such 
complexes: for example, octahedral in [Ni(ethyl- 
enethiourea),](C104),,[Ni(N,N'-diethyl- 
thiourea),](ClO,), ,  a n d  [Ni(naphthyl -  
thiourea),Cl,]; square planar in [Ni(ethylene- 
thiourea),](ClO,),, [Ni(ethylenethiourea),]- 
(NO,),; and tetrahedral in Ni(naphthy1- 
thiourea),I,. Their work consisted primarily of 
preparations and magnetic and spectral studies. 
Of particular interest was the series Ni(N,N1- 

diethylthiourea),X, (X = Cl-, Br-, I-) where 
the Ni(I1) ion was found to be in a tetragonal 
ligand field and showed anomalous magnetic 
behavior (8). More recently, Levitus and co- 
workers (9, 10) have prepared and characterized 
other octahedral Ni(I1) complexes of substituted 
thioureas, using room temperature magnetic and 
spectral data. Infrared analysis was used to 
establish the mode of coordination of the thio- 
cyanate group in some of these, but no discussion 
was given concerning the organic ligand. It is 
interesting to note that up to the present time all 
of the Ni(I1) complexes containing thiourea 
ligands for which structural data are available are 
reported to be sulfur bonded to the organic ligand, 
although other metal ions such as Pt(II), Pd(II), 
and Cu(1) have been found to be nitrogen bonded 
to ligands such as N-methylthiourea (1 1) and 
N,N'-dimethylthiourea (1 2, 13). For the case 
of Fe(I1) and substituted thiourea ligands, we 
have shown previously (14) that sulfur was the 
donor atom. 

Pursuant to our interest in substituted thioureas 
I ' ~ a s e d  on part of a thesis to be submitted by T. R. as ligands we have studied Ni(I1) complexes with 

Peterson to the Graduate School of Rensselaer Poly- ~ - ~ ~ h ~ l - ,  ~ - ~ ~ ~ h ~ l - ,  ~ , ~ t - d i ~ ~ ~ h ~ l - ,  ~ , ~ , - d i -  technic Institute in partial fulfillment of the requirements 
I for thedegree of D octor of Philosophy. ethyl-, and N,N'-di-n-butyl-thiourea and a 
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TABLE I - 
I I 

Analytical results (%) 2; 
-- -- - - - - 

Ni C H N S 
Yield 

Compound Calcd. Found Calcd. Found Calcd. Found Calcd. Found Calcd. Found (%) 
--- 

Color 
. - 

Ni(MTU),Cl2 18.94 18.92 15.50 15.45 3.90 4.13 18.08 17.78 20.69 20.51 43 Yellow-orange 
[Ni(MTU), 1(C104)2 7.35 7.28 18.05 18.15 4.54 4.63 21.05 21.25 24.10 24.25 73 Yellow-orange 
NI(ETU)~(NCS)~ 15.32 14.96 25.07 25.34 4.21 4.46 21.93 22.05 33.47 33.61 35 Yellow-green 
[N~(ETU)B l(C104)2 6.65 6.84 24.49 24.38 5.48 5.43 19.04 19.15 21.79 21.85 33 Yellow 
NI@MTU),CI, 10.75 10.70 26.38 26.09 5.90 5.93 20.51 20.67 23.47 23.52 35 Green 
Ni(DMTU)4Br2 9.24 9.24 22.69 22.98 5.08 5.17 17.64 17.71 20.19 20.25 30 Blue-green 
Ni@MTU),12 8.05 7.96 19.77 19.92 4.42 4.82 15.37 15.14 1 7 . 5 9 1 7 . 6 1  50 Green 
[Ni(DMTU)61(C104)2 6.65 6.64 24.49 24.23 5.48 5.44 19.04 18.82 21.79 21.83 66 Orange-red 
Ni(DETU),CI, 8.92 8.90 36.48 36.78 7.35 7.62 17.02 17.10 1 9 . 4 8 1 9 . 5 2  55 Green 
Ni(DETU),Br2 7.85 7.84 32.14 31.81 6.47 6.73 14.99 15.05 17.16 17.21 50 Blue-green 
Ni(DETU)412 6.98 6.68 28.54 28.84 5.75 6.00 13.32 13.41 1 5 . 2 4 1 5 . 3 2  55 Green 
Ni(DETU)4(NCS)2 8.34 8.42 37.55 37.67 6.87 7.09 19.90 20.15 27.34 27.34 45 Yellow-green 
[Ni(DETU),l(CI04)2 5.59 5.55 34.28 33.98 6.91 6.88 15.99 16.15 18.31 18.15 60 Yellow-green 
[Ni(DBTU)61(C104)2 4.23 4.43 46.74 46.59 8.72 8.48 12.11 12.25 13.86 13.95 40 Yellow-green 
Nl(DBTU),(NCS), 6.33 6.31 49.17 48.92 8.69 8.52 15.09 15.21 20.73 20.85 65 Yellow-green 
INi(DETU)4(H20)21(C104)2 7.14 6.85 (C104-, Calcd. 28.05, Found 28.21) 13.62 13.91 15.59 15.71 Green 
INi(DMTU)4(H20)21(CIO4), 8.27 8.22 (C104-, Calcd. 24.25, Found 24.50) 15.78 16.02 18.06 18.02 Green 
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variety of anions, extending the work done on the 
compounds reported previously as well as includ- 
ing new compounds. In particular, we have 
considered an infrared study of the mode of 
bonding of the ligands. 

Experimental 
Cl~ert~icals 

All substituted thioureas, anhydrous nickel chloride, 
nickel bromide, nickel iodide, and nickel perchlor- 
ate. 6 H 2 0  were obtained from K and K Laboratories, Inc., 
and used without further purification. The remainder of 
the chemicals were Fisher reagent gradematerials. 

Analyses 
Nickel was determined by ethylenediaminetetraacetic 

acid (EDTA) titration with nlurexide as indicator (15). 
Sulfur was determined as BaSO,, after decomposition by 
Eschkas' mixture, and nitrogen by the Kjeldahl procedure 
using a copper catalyst with HzS04 to effect decomposi- 
tion. C, H, and some N analyses were carried out by 
Schwarzkopf Microanalytical Laboratory, Inc., Wood- 
side, New York. 

Plzysical Measurements 
Magnetic data were obtained by the Gouy technique, 

using Hg[Co(NCS),] as calibrant, and corrected for 
diamagnetism in the usual manner (16). Dewar flasks 
containing a liquid at  the desired temperature were used 
to  provide temperature control. Susceptibilities were 
constant with change infield strength (4 - 10 000 G). 

Infrared spectra were taken using the KBr pellet tech- 
nique on a Perkin Elmer 421 o r  621 spectrophotometer. 
Spectra in hexachlorobutadiene mulls gave essentially 
identical results. 

Visible spectra at room temperature were obtained by 
the reflectance technique from finely ground samples, 
using MgC03 as standard in a Beckman D U  spectro- 
photometer. 

Preparation of Complexes 
All preparations were carried out by similar methods. 

Analytical resultsaregiven inTableI. 
Dichlorotetrakis(N,N'-dimethylthiourea)nickel(II), Ni- 

(DMTU),CI2, was prepared in the following way. 
NiCI2.6H2O (2.4 g) was dissolved in 50 ml of absolute 
ethanol and the solution added to  a solution of 2.1 g of 
N,N'-dimethylthiourea in 25 ml of absolute ethanol, 
refluxed for 30 min, and filtered hot. The deep-green 
crystals obtained by chilling the filtrate in ice were re- 
crystallized three times from small portions of hot absolute 
ethanol and dried in vacuum over sulfuric acid. 
Dibromotetrakis(N,N'-dimethylthiourea)nickel(II), 

Ni(DMTU),Br2, and diiodotetrakis(N,N1-dimethylthi- 
ourea)nickel(II), Ni(DMTU),I, were prepared as above 
from theanhydrousnickel salts. 
Hexakis(N-methylthiourea)nicke1(II)perchlorate, 

[Ni(MTU)6](C104)2; hexakis(N-ethylthiourea)nickel(II)- 
perchlorate, [Ni(ETU)61(C104)2; hexakis(N,Nf-dimethyl- 
thiou~~ea)nickel(II)perchlorate, [Ni(DMTU),](CIO,),; 
hexakis(N,N'-diethylthiourea)nickel(II)perchlorate, [Ni- 
(DETU)6](C104)2;and hexakis(N,Nf-di-n-buty1thiourea)- 
nickel(II)perchlorate, [Ni!DBTU)6](CI0,)2, were pre- 

pared and purified as the halides noted above from Ni- 
(C104)2. 6H20.  In the case of [Ni(ETU)61(C104)2, final 
washing with small portions of cold chloroform was neces- 
sary to  produce a pure product. 
Diaquotetrakis(N,N'-dietl~ylthiourea)nickel(lI)per- 

chlorate, [Ni(DETU)4(H20)2](C104)2, and diaquotetra- 
kis(N,Nf-dimethylthiourea)nickel(II) perchlorate, [Ni- 
(DMTU)4(H20)2](C104)2, were prepared in the following 
way. On exposure to moist air, [Ni(DETU)6](C104)2 and 
[Ni(DMTU)6](C104)2 readily turn green and after puri- 
fication by washing with chloroform give the diaquo 
compounds. These appear to lose water easily with 
decomposition. Conmercial analyses for C were invari- 
ably high, approaching the expectedvalues for loss of two 
water molecules, but definite compounds [NiL4](CI04), 
were not obtained. Analyses for Ni, S, and N made on 
materials stored carefully at  room temperature were 
consistently in agreement with the hydrated formula 
(Table I). The presence of water was also indicated by the 
infrared spectra. The other perchlorates did not yield 
similar compounds under these conditions. 
Dithiocyanatotetrakis(N, N'-dicthylthiourea)nickel(II), 

Ni(DETU),(NCS),; dithiocyanatotetrakis(N,N1-di-11-bu- 
tylthiourea)nickel(II), Ni(DBTU),(NCS),; and dithiocy- 
anatobis(N-ethylthiourea)nickel(II), Ni(ETU),(NCS),, 

FIG. 1. Magnetic moment (lower) and energy separa- 
tion AE between the singlet ground state and triplet 
excited state (upper) of tetragonal nickel(I1) complexes, 
as a function of temperature. (A, H) Ni(DMTU),Br2; 
(B, G) Ni(DETU)aBr,; (C, F) Ni@MTU),CI,;, (D, E) 
Ni(DETU),CI,. The iodides are very nearly colnc~dent 
with the bromides. 
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were prepared in the following way. Nickel thiocyanate 
was prepared in ethanol solution from anhydrous NiCl, 
and NaCNS. The NaCl was filtered from the chilled 
solution, and the latter reacted with the ligand as in the 
case of the halides above. 
Dichlorotetrakis(N,N'-diethylthioi~rea)nickel(II), 

Ni(DETU)dCIr; dibromotetrakis(N,N1-diethy1thiourea)- 
nickel (11), Ni (DETU),Br, ; and diiodotetrakis (N,N'- 
diethylthioi~rea)nickel(IL), Ni(DETU),I,, were prepared 
in essentially the same manner as originally reported by 
Holt and Carlin (7), using absolute ethanol in place of 
butanol and a 1 :2 ratio of anhydrous metal salt to ligand. 
All these con~pounds were recrystallized three times from 
hot absolute ethanol and dried in vacuum over H2So4. 
Attempts to prepare similar complexes from N,N'-di-n- 
butylthiourea were not successfi~l due to solubility prob- 
lems. 
Dichlorobis(N-methylthiourea)oickel(II), Ni(MTU),- 

Cl,, was prepared in the following way. NiC1, (2.6 g) was 
dissolved in 50 ml of absolute ethanol and filtered hot. The 
filtrate was added to a solution of 3.6 g of N-methyl- 
thiourea dissolved in 25 ml absolute ethanol, followed by 
refluxing for 30 min. The deep-green solution was filtered 
hot and the filtrate was evaoorated to 35 ml on a steam 
bath. Chilling the filtrate in ice yielded yellow-orange 
crystals which were recrystallized twice from small por- 
tions of absolute ethanol and dried in vacuum over 
siilfi~ric acid. 

Results and Discussion 

Dichlorotetrakis(N,N'-diethy1thiourea)- 
nickel(I1) has been discussed by Holt, Bouchard, 
and Carlin (8); it represents one of the few 
examples of a tetragonal Ni(I1) complex with a 
spin-paired ground state and a low-lying, ther- 
mally populated triplet state giving rise to anom- 
alous magnetic behavior. The bromo- and iodo- 
complexes were reported by Holt et al. to be 

diamagnetic at room temperature, but with 
paramagnetism appearing in the former at 
higher temperatures. We find that the dimethyl- 
thiourea compounds form an analogous series 
with these. 

Our magnetic results on these compounds are 
shown in Fig. 1. There is some discrepailcy 
between our results and those of Holt et 01. for 
the diethylthiourea series, where we find some- 
what higher moments for the chloride and a 
nonlinear temperature dependence. Also we 
observe weak paramagnetism in the bromo- and 
iodo-complexes even below room temperature. 

This case has been considered theoretically by 
Ballhausen and Liehr (17) and by Maki (18). 
The equation which they developed for the energy 
separation AE between the singlet ground state 
and the first excited tripletmay be written 

p = J2gP(1 + 113 exp AE/RT)-'I2 

where temperature independent paramagnetism 
is neglected. The quantity J2gP for a para- 
magnetic Ni(I1) complex is generally accepted to 
be 3.2 B.M. (19). Values of AE found are in the 
order 300-700 cm-I (Fig. l), with a tendency to 
exhibit a maximum at or above room tempera- 
ture. The variation of AE with temperature is very 
similar to that noted by Sacconi et al. (19) for a 
series of bis(N - alkylsalicylaldimine)nickel(II) 
complexes in solution and in the molten state. I t  
may be ascribed t o  the effect of temperature on 
the molecular geometry and bond lengths. Pre- 
sumably the decrease in axial component of the 

TABLE I1 
Diffuse reflectance spectra for Ni(1I) complexes 

Peak positions (cm-') 

Compound v1 VZ v3 Dq(cn1-I) 
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I 

field with increasing temperature causes an 
increase in AE which, at higher temperatures, 
may be counteracted by the overall weakening 
of the field with consequent stabilization of the 
triplet relative to the singlet ground state as dis- 
cussed by Sacconi et al. (19). Values of AE are in 
the order C1- < Br- - I-  for both series, which 
is reasonable if the stronger axial field associated 
with C1- stabilizes the triplet state. 

The electronic spectra, given in Table I1 and 
Fig. 2, for these complexes have also been con- 
sidered for dichlorotetrakis(N,Nf-diethyl- 
thiourea)nickel(II) by Holt et al. (8). The strong 
band at ca. 15 400 cm-' is probably due to a 
singlet-singlet transition, while the band or 
shoulder at ca. 20 400 cm-' in the chlorides 
arises from the state. This is missing in the 
bromo- and iodo-compounds because of the 
lower triplet population and perhaps overlap 
from the charge transfer band. The low energy 
bands in the diethyl compounds appear to be due 
to the ligand; the 8700 cm-' band appears in the 
reflectance spectrum of N,Nf-diethylthiourea 
itself, and seems to be a combination band of the 
vibrational frequencies. 

The solid state reflectance spectra of the re- 
mainder of the Ni(I1) complexes studied in this 
work, except for those containing water (Fig. 2, 
Table 11), may be assigned to octahedral com- 
plexes. The bands may be assigned as follows: 
v,, 8000-9000 cm-', ,A,g -+ ,T,g (F), and v,, 
13 000 - 14 000 cm-', ,Azg -+ ,T1g (F). The 

WAVELENCTH(MP) 

FIG. 2. Reflectance spectra of nickel(I1) thiourea 
complexes: (a) [NI(DMTU),](C.lO4),; (b) [Ni(MTU)6]- 
(C104),; (c) Ni(MTU),CI, ; (~)NI@MTU)~CI,. 

band v, at ca. 20 000 - 22 000 cm-' observed in 
some examples is probably the ,A,g -t ,T,g (P) 
transition, although its origin as due to the spin- 
forbidden transition ,A2 + lT2g (D) can not be 
excluded. The band positions are very similar 
to the spectra of octahedrally coordinated 
[Ni(N,N'-dicyclohexylthiourea)6](C104)2 previ- 
ously reported by Yagupsky and Levitus (9). 
(The ligand band of N,Nf-diethylthiourea is 
hidden in the stronger ligand field band in these 
complexes.) 

The assignment of octahedral geometry holds 
for Ni(N-methy1thiourea)Q; application of 
the rule of average environments (20) using the 
known tetrahedral ligand field splitting energy 
for C1- rules out the possibility of a tetrahedral 
species. Evidently there are either two bridging 
chlorides or two bridging organic ligands, but the 
similar values of lODq prevent determining 
which from the ligand field spectra as was possible 
for the analogous Fe(I1) compounds (14). 

The spectra observed for [Ni(N,Nf-diethyl- 
thiourea),](ClO,), by Holt et al. (8) and for the 
thiocyanate complexes by Puglisi and Levitus (10) 
are in good agreement with our results when 
allowance is made for the broadness of the peaks. 

The value of Dq is given by the position of the 
first band v,. The Racah parameter B may be 
evaluated from the equation B = (v, + v, - 
3v1)/15 for those complexes in which v, can be 
observed (21). Values of ca. 650-700 cm-' are 
obtained for [Ni(N,Nf-diethylthiourea),](ClO,), 
and Ni(N-methy1thiourea)fi which are reason- 
able reductions from the free ion value of 
1030 cm-' (20). The only other compound for 
which a third band could be detected was 
[Ni(N-methylthiourea)6](C104)2, which exhibit- 
ed a weak shoulder a t  ca. 19 800 cm-'. This is 
most probably the aforementioned spin-for- 
bidden transition; assignment of it  to the 
3A2g + ,T,g (P) transition gives a very poor fit 
to the energy level diagram. The latter transition 
in this and other complexes is probably hidden by 
the charge transfer band. Calculation of B in 
these cases from v, and v, only cannot be done 
satisfactorily, due to the uncertainty in v,. All 
the substituted thiourea ligands have Dq values 
around 800-900 cm-' (Table 11); the order being 
ETU > DBTU > DMTU -- DETU. 

The spectra of the complexes [NiL,(H,O),]- 
(ClO,), fit those of other octahedral Ni(I1) 
species of the type NiL,X, (22). The structure of 
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the vz band may be due to spin orbit coupling or 
may be associated with the spin-forbidden 
3A2 -+- 'Eg transition. This has been discussed in 
detail by Ballhausen (23). 

The magnetic properties of these Ni(I1) 
thiourea complexes were measured at three 
temperatures: 297 OK, 188 OK, and 77 OK, res- 
pectively (Table 111). The estimated experimental 
uncertainty amounts to less than f 0.05 B.M., so 
that these limited data are useful for estimating 
theoretical quantities. The magnetic moments 
found are in the range expected for octahedral 
Ni(I1); i.e. 2.8-3.2 B.M. (24). The resultant molar 
susceptibilities of these normal compounds were 
corrected for both diamagnetism and temperature 
independent paramagnetism ( t i p . )  found from 
the relation t.i.p. = 8NP2/10Dqc.g.s.u. (24). The 
t i p .  values amount to approximately 250 x IOV6 
c.g.s.u., about 6 %  of the fully corrected room 
temperature molar susceptibilities. Plots of 
l/X,t,(corr, versus temperature gave straight lines 
for all of the complexes with values of 8 between 
+ 4  and - 12 OK. Except for Ni(MTU),Cl,, the 
magnetic moments corrected for 8 were essenti- 
ally constant with temperature. (We have reported 
moments corrected for 8 even though this is not 
strictly correct in the absence of definite proof of 
antiferromagnetic interactions.) The spin-orbit 
coupling constant h' for the Ni(I1) ion may be 
calculated from the relation p = 2.83 (1 - 4h'/ 

IODq), which gives values of -A' of the order of 
250 cm-', about 80% of the free ion value for 
Ni(I1) of 315 cm-' (23). The somewhat larger 0 
value and temperature dependence of the mag- 
netic moment of Ni(N-methy1thiourea)fi may 
suggest antiferromagnetic interactions through 
chloride bridges as is found with other complexes 
of Ni(I1) containing halide bridges (25). 

Gosavi et al. (12) have performed a normal 
coordinate analysis of N,N1-dimethylthiourea 
and have assigned the more important bands in 
its infrared spectrum. They have also examined 
the infrared spectra of some complexes containing 
this organic ligand with Cu(I), Pd(II), Zn(II), and 
Cd(I1) ions (13). Based on the shifts in  bands 
observed, the Cu(1) and Pd(I1) complexes are 
considered to be nitrogen bonded to the ligand, 
whereas the Zn(I1) and Cd(I1) complexes are 
sulfur bonded. 

The positions of the significant bands of free 
N,N1-dimethylthiourea, N,N1-diethylthiourea, 
and N,N1-di-n-butylthiourea, and their Ni(I1) 
complexes are collected in Table IV. The free 
ligand peak positions are our values; they agree 
with those of Gosavi et al. except for the peak 
reported by them at 1287 cm-' in free N,N1- 
dimethylthiourea. We find instead a band at 
1255 cm-' with shoulders at 1295 cm-' and 
1275 cm- '. We have considered shifts with respect 
to the latter, as the 1295 cm-' shoulder was very 

TABLE IV 
Significant bands in the infrared spectra of Ni(I1) substituted thiourea complexes 

Band position (cm-') 

v1, vza, out-of-plane 
Compound 6(NH) + "(CS) + G(NCN) v(CS) + G(NCS) v(CS) + v(%) + v(CIN) bending 

(N-B~nded)~ + 10 to 15 Increase Decrease 
Increase 
1275 
1290(I) 
1290(1) 
1290(D) 
1290(I) 
1305 
1 3 1 3(I) 
1310(I) 
13 10(N) 
1310(N) 
13080) 
1270 
12750) 
1275(1) 

Decrease 
755 

Increase 
720 
720 
720 
718 
720 
732 
738 
740 
738 
745 
735 
725 
735 
735 

O I  = increased intensity; D = decreased intensity; N = no intensity change. 
Criteria of Gosavi et 01. (12, 13). 
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TABLE V 
Significant shifts of the infrared bands of coordinated N-methylthiourea" 

Shift of band (cm-') 

Band (cm-') N-Bonded S-Bonded [Ni(MTU), 1(C104)z Ni(MTU),Cl, 

1629 (NH2 bending) -loto-15 Oto -5 - 14 - 14 
1545 (amide 11) +15to +25 +25to +28 + 10 + 15 
1482 (NH2 rock, 

C-Nsym. str., O t o - 5  Oto + 5  -7 - 12 
C=S str.) Increased No intensity Increased Increased 

intensity change intensity intensity 
1290 (arnide III) -5t0 -15 + 7 0 $2 

 columns 2 and 3 are taken from the data of Lane el a/. (11) and Gosavi and Rao (13). 

weak. Since the infrared spectrum of both N,Nf- 
diethylthiourea and N,Nf-di-n-butylthiourea lig- 
ands have not been assigned we have assumed the 
tentative assignments made by Gosavi et al. (12) 
for the diethyl compound to be correct and have 
drawn the analogy for N,Nf-di-n-butylthiourea 
as well. The criteria which are diagnostic of 
bonding mode for N,N1-dimethylthiourea ac- 
cording to the above workers (12, 13) are also 
summarized in Table IV. Other bands in the 
spectra of these symmetrical thiourea ligands 
show significant frequency changes, notably an 
increase for the band at about 1545 cm-' and 
decreases for those near 1090 cm- ' and 655 cm-l. 
These shifts are observed for both nitrogen and 
sulfur bonding and are not useful in distinguish- 
ing bond type. Examination of the band positions 
given in Table IV shows general agreement with 
the criteria proposed for metal-to-sulfur bonding. 
Exceptions occur for Ni(DETU),I, and Ni- 
@ETU),(NCS), where no shift was observed 
in the frequency of the band v, in free N,Nf- 

diethylthiourea. The band v, in most of the 
N,Nf-dimethylthiourea complexes is increased in 
frequency to a degree intermediate between that 
reported for N and S coordination, while the 
band v, is essentially unchanged compared to the 
free ligand. A further discrepancy is noted in the 
band v, in Ni(DMTU),I, where, although the 
frequency has increased as compared with free 
DMTU (1275 cm-l) in accord with sulfur bond- 
ing, the intensity decreases slightly. However, 
this is based on a comparison of the peak height 
with other bands in the spectrum and is only 
qualitative. As an additional criterion, Gosavi 
and Rao (13) have reported that the NCS bending 
mode at 551 cm- in free N,Nf-dimethylthiourea 
decreases in frequency in N-bonded cases, but 
apparently splits to higher and lower frequencies 
with sulfur bonding. We observe such a splitting 
for Ni(DMTU),I, (peaks at 560 cm-' and 545 
cm-I). The other compounds containing this 
ligand exhibit only a band at ca. 540 cm-' which 
can be recognized with certainty, but a possible 

TABLE VI 
Significant shifts in the infrared bands of coordinated N-ethylthiourea 

Shift of band (cm-') 

Band (cm-') N-Bonded S-Bonded Ni(ETU),(SCN), [Ni(ETU),](ClO,), 

3320,3220,3145 
(N-H stretch) 

161 5 (NH, bend) 
1525 (Amide 11-NH 

def.; C-N antisym. 
str.) 

1505,1495,1460(NH~ 
rock, C-N sym. str., 
C=S str. CH2 deforma- 
tion here also, should 
be unchanged) 

1255 (AmideIII ; N-H 
def. and C-N str.) 

Decrease Unchanged Marked increase Marked increase 
30-60 0-80 

Decrease Unchanged 0 0 
Slight increase Large increase Split andshifted, + 10 

+5and+15 

Decrease, intensity Increase, no intensity Bands at  1500cm-' Bandsat 1500cm-', 
increase change increased intensity; and 1463 cm-', 

1470cm-', both unchanged in 
decreased intensity intensity 

Decrease Increase + 35 Split, + 15and + 35 
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weak band at ca. 570 cm-' exists in all of them. 
None of these discrepancies indicates nitrogen 
bonding, and we believe that sulfur bonding is 
reasonably well confirmed for these compounds. 

The infrared spectra of some N-methylthiourea 
complexes have been considered by Lane et al. 
(1 1 )  and later by Gosavi and Rao (13), who re- 
ported the criteria for nitrogen or sulfur bonding 
to the metal, which are summarized along with 
the data for the nickel complexes prepared in 
this study in Table V. The spectra of [Ni(N- 
methylthiourea),](C104), and Ni(N-methylthio- 
urea),Cl, more closely resemble the metal-to- 
nitrogen bonded case based on the observed 
spectral shifts of free N-methylthiourea on co- 
ordination. While the N-H stretching bands 
above 3000 cm- ' behave ambiguously, the 1629 
cm-' band arising from the NH,-bending mode 
is shifted to a lower frequency (- 14 cm-') than 
is generally found when metal-sulfur bonds are 
present. The band at ca. 1545 cm-' (amide 11) is 
shifted only +(lo-15 cm-') in the nickel com- 
plexes, again in keeping with a nitrogen-bonded 
case, whereas metal-sulfur bonds produce higher 
shifts +(25-28 cm-'). The band at 1482 cm-' 
in free N-methylthiourea decreases slightly in 
energy but increases in intensity in these com- 
pounds, again in keeping with the presence of 
metal-nitrogen bonds. There is no shift in posi- 
tion of the band at 1290 cm-' (amide 111) for the 
case [Ni(N-methylthiourea),](C104), and only 
+ 2 cm- ' for Ni(N-methylthiourea)&, and 
hence this is ambiguous. 

In evaluating the above arguments, however, 
it must be noted that Lane et al. (1 1) did not 
consider the criteria for nitrogen bonding to be 
highly conclusive. Much caution must always 
be exercised in interpreting the infrared spectra 

of complexes where bands due to mixed vibra- 
tions are present and different bonding modes 
produce rather small variations in peak positions 
and intensities. Nitrogen bonding in this system 
is unexpected considering the similarity to the 
disubstituted thiourea complexes which are 
assigned more reliably to sulfur bonding. In 
particular, one would expect a significant differ- 
ence in the ligand field spectra of nitrogen- and 
sulfur-bonded nickel, with nitrogen giving sen- 
sibly higher Dq values. This, of course, is also 
speculative, and the bonding mode in N-methyl- 
thiourea complexes of Ni(I1) cannot be estab- 
lished. 

The infrared spectrum of N-ethylthiourea has 
not been assigned. We have attempted t o  extend 
the criteria used by Lane et al. (1 1) with N-methyl- 
thiourea complexes to this system, assigning the 
ligand bands by analogy. The significant data are 
collected in Table VI. I t  is clear that the shifts 
observed are largely those expected for sulfur 
bonding, if the highly tentative assignments are 
valid. 

The infrared spectra of the [NiL4(H,0),]- 
(ClO,), compounds are almost identical with 
those of the parent compounds with the excep- 
tions that the 3300 cm-' region is considerably 
changed, and an additional peak appears near 
1600 cm-'. These effects are attributable to the 
presence of water molecules. Evidence for co- 
ordinated water in the 600-900 cm-' region (26) 
could not be detected, but much interference from 
thiourea bands occurs here. It seems probable 
that the waters are coordinated, however. 

Nitrogen coordination of the thiocyanate 
group in Ni(N,N'-diethylthi~urea)~(NCS),, Ni- 
(N,N1-di-n-b~tylthiourea)~(NCS)~, and Ni(N- 
ethylthiourea),(NCS), was inferred by infrared 

TABLE VII 
Infrared bands for coordinated thiocyanate groups in Ni(I1) thiourea complexes 

Complex Band (cm-I)" Assignment 

C-N stretching 

C-S stretching 
S-C-N bending 
C-N stretching 
C-S stretching 
C-N stretching 
G--S stretching 
S-C-N bending 

'Band positions in parentheses as originally reported by Puglisi and Levitus (9). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3128 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, I965 

analysis originally by Puglisi and Levitus (lo), 
based mainly on the position of the C-N stretch- 
ing modes. In our study of these complexes, 
Table VIJ, the positions of the C-N stretching 
frequencies are essentially in agreement with the 
earlier work. We have observed, in addition, 
bands attributable to the C-S stretch and the 
SCN bending modes which are at frequencies 
characteristic of coordination through the nitro- 
gen atom ofthe thiocyanate group (27). This mode 
of bonding seems well established here. 
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A sumlnary is presented of a series of investigations of the radiolytic decomposition of ortho- and 
meta-terphenyl by reactor radiation with varying proportions of fast neutrons and gamma rays and of 
meta-terphenyl by 1.3 MeV electrons in the temperature range 100 to 450 "C with radiation intensities 
from 0.01 to 2 Mradsls. The observations indicate two regions of radiolytic decon~position with a 
transition zone at 350 to 400 "C. In the lower temperature region, G(decomposition) varied little with 
temperature, increased with linear energy transfer (I.e.t.), was independent of intensity, and yielded 
mainly high boiling products. Particular attention was given to the high temperature region, where 
G(deco1nposition) increased rapidly with temperature, was independent of l.e.t., was greater at low 
intensities than at high intensities, increased with increased pulse frequency for intermittent irradiation, 
and yielded a greater proportion of benzene and biphenyl. Thermally initiated reaction appeared 
unimportant except in the absence of radiation. A reaction sequence is given which accounts for these 
observations in terms of reactions of radical precursors and radicals of the cyclohexadienyl type. A chain 
reaction occurs in the higher temperature region. 

Canadian Journal o f  Chemislry, 46, 3129 (1968) 

I Introduction 
i 

in radiation-induced reactions or to thermally 
The radiolysis of the terphenyls and related initiated reactions. The relative magnitude of the 

aromatic compounds has been studied extell- radiolytic and pyrolytic contributions is un- 
sively in  conllection with the development of certain. As with benzene there is an increase in 
organic coolants for nuclear reactors. The results gas yields and yields with 
of this work and the mechanisms proposed are of increasing l.e.t. This has been shown using the 
interest in themselves and for their application to fast protons and carbon ions resulting from 
the radiolysis of other aromatics. fast neutron scattering in reactor radiations, and 

M~~~ of the previous studies have been sum- helium ions. For these particles total decomposi- 
marized (1) and our detailed results and pro- tion G values are 3-5 times greater than for  y-rays 
cedures have been reported (2-6). The purposes Or 

of this paper are to outline our results, and to TO determine 1.e.t. effects at high temperatures 
propose and discuss mechanisms to explain them. and the contribution Of pyrolysis, we have done 

previous work has shown that the terphenyls irradiations up to 450 "C with fast neutrons 
are among the most radiolytically stable and y-rays at different dose rates. We have also 
organic compounds with G values for dis- done both steady and intermittent irradiations 
appearance of - 0.2 at temperatures up to with 1.3 MeV electrons a t  constant average dose 
300 "C. The major product is the dimer which rate. 
must be partially hydrogenated because the It found that at temperatures above 
hydrogen yield is small, G(H,) < 0.05. small 350-400 "C the l.e.t. effect is less important and 
amounts of light hydrocarbons, benzene, bi- that there is an increase in yields, which is not due 

phenyl, and other polypheny]s are also formed. to ~ y ~ ~ ~ y ~ ~ ~ ,  On going from high dose 
~b~~~ 350 oc the yields of all the products rates to low dose rates or from lower t o  higher 
increase, with the largest increases shown by the frequency Of intermittent irradiation. 
products resulting from inter-ring cleavage. The , An is offered for the 1.e.t. effects 

I temperature effects may be due to changes l n  terms Of and quenching of 
highly excited states. The intensity dependence 

I 'Issued as A.E.C.L. No. 2730. and other high temperature effects are explained 
I 
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TABLE I 
Comparison of integral G values for ortho- and meta-terphenyl* 

G(-terphenyl) G(HB)f G(bipheny1) G(tota1 gas) 
Temperature 

("a Ortho Meta Ortho Meta Ortho Meta Ortho Meta 

'Fast neutron and y-ray irradiations a t  0.01 -0.03 Mradls. 
THB is a n  abbreviation for high boilers which are the products less volatile than the terphenyls. 

by a chain reaction involving multi-ring homo- 
logues of the cyclohexadienyl radical. 

Experimental 
Reactor Irradiatiotzs (2-4) 

The objectives of the reactor irradiations were to 
compare the decomposition yields for fast neutrons and 
y-rays and to determine the effect of varying the dose rate 
over a wide temperature range. To do this, four different 
reactor facilities were used. Three of these were annular 
uranium fuel rods in which the absorbed dose rates in 
terphenyl were 0.01, 0.03, and 0.1 Mrad/s, with about 
equal contributions from fast neutrons and y-rays. The 
other facility contained a cadmium annulus in which the 
dose rate was 0.015-0.02 Mrad/s with r 95% y-ray 
contribution. The samples consisted of a few grams of 
purified and outgassed ortho- or meta-terphenyl contained 
in quartz or stainless steel capsules. These were irradiated 
inside the uranium or cadmium annulus. Temperatures 

were controlled in general to within + 2 "C. The absorbed 
dose and fast neutron and y-ray contributions were 
determined by calorimetric and other methods (7). The 
total disappearance of terphenyl varied from 3-60% but 
in most experiments was 10-30 %. 

Electrotz Irradiations (5) 
Electron irradiations were performed in heated, 

preevacuated, stainless steel, irradiation cells using a beam 
of 1.3 MeV electrons at various currents from 3 to 104 PA. 
A powerful stirrer maintained temperature uniformity. 
Irradiation cells of 10 to 24cm3 liquid capacity were used. 
In the latter about 15 cm3 was out of range of the 
electrons. The dose was determined from the charge 
collected and the voltage. This method agreed with 
calorimetric measurements to within 3 %. 
Analysis 

After irradiation, biphenyl and terphenyl isomers were 
determined by gas chromatography using either glass 
beads coated with Apiezon L grease or KOH coated 
firebrick (8). There was no systematic difference between 
the methods. The standard deviation for replicate 
analysis was 4 1 % wt. of total constituents for compo- 
nents in excess of 50% and less at lower concentrations 
(e.g. +0.3% at 5 % concentration). High boilers, i.e. 
products less volatile than terphenyl, were determined by 
vacuum microsublimation (9). Total gases were deter- 
mined by pressure-volume-temperature measurement 
and hydrogen by effusion through palladium. In some 
cases benzene was determined by gas chromatography. 

I o I I I Results 
Radiolytic decomposition and high boiler 

production yields for these experiments are 

g 2 [  , 2 1 reported as initial yields calculated on the basis 
of second order overall kinetics2. No corrections 
were made for any pyrolysis that might have 
occurred during the irradiations. Mason et al. 

-@pUa-~-. (10) find that the reaction order 1.7 + 0.2 best 
o fits their data and provides a good correlation 

100 200 300 400 of previous data. The reaction sequence which we 
TEMPERATURE PC) 

Go = (1/C - 1 /Co)/D: Go = initial yield, in molecules/ 
FIG. 1. Ortho-terphenyl decomposition versus tem- 100 eV, C, Co = final, initial concentration of terphenyl, 

perature for reactor irradiation; 0,0.01 Mrad/s; El, 0.1 or material not converted to high boiler, as appropriate, 
Mrad/s; and A, 0.03 Mrad/s. in molecules/cm3, D = dose, in 100 eV/cm3. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOYD AND TOMLINSON: RADIOLYSIS OF ORTHO- AND META-TERPHENYL 

TABLE 11 
Fast neutron and y-ray decomposition yields for ortho- and meta-terphenyl 

Initial decomposition Initial decomposition 
yields for y-rays yields for fast neutron* GJG, 

Temperature 
("(3 Ortho Meta Ortho Meta Ortho Meta 

*Calculated from decomposition by reactor radiation assuming additivity of fast neutron and gamma ray contributions. 

propose leads to a complex concentration 
dependence, which can be approximated closely 
by a kinetic order of 1.5-2. 

There was a marked increase in total disap- 
pearance for temperatures above 350 "C as 
shown in Figs. 1 and 2. This was accompanied by 
increased formation of biphenyl and gas as 
indicated in Table I. Benzene yields were about 
one quarter of the biphenyl yield. Ortho- 
terphenyl decomposed more than meta-terphenyl 
and produced a greater proportion of benzene 
and biphenyl. The lack of material balance at the 
higher temperatures in Table I is due to  the 
omission of benzene and other products that 
were not determined. 

The effect of 1.e.t. is summarized in Table 11, 
which shows that the neutron component of 

a 

5 

A 
0 3 

- 

01- - 

I I I I I 

200 300 400 

TEMPERATURE PC) 

FIG. 2. Meta-terphenyl decomposition versus tem- 
perature; 0,0.01 Mrad/s fast neutron and gamma; 0, 
0.015 Mrad/s gamma; A,0.03 Mrad/s fast neutron and 
gamma, x 5 pA electron; m, 0.1 Mrad/s fast neutron and 
gamma, and + 50 pA electron. 

reactor radiation was responsible for a decompo- 
sition yield several times greater than the yield 
for gamma rays at 250 "C and the effect dimin- 
ished at higher temperatures, such that there 
was no significant 1.e.t. effect at 400 "C. 

Intensity dependence for ortho-terphenyl de- 
composition above 350 "C is evident in  Fig. 1, 
i.e. there was less decomposition per unit dose 
at 0.1 Mrad/s than at 0.03 Mrad/s and 0.01 
Mrad/s. The variation of the decomposition 
yield for meta-terphenyl at 440 "C is shown over 
a wide range of intensity in Fig. 3. For electron 
irradiation, the decomposition varied inversely as 
,/I. The decomposition yields in reactor 
irradiations also varied with intensity but were 
less than the values extrapolated from the 

FIG. 3. Variation of meta-terphenyl decomposition 
at 440 "C with absorbed dose rate; 0 ,  small electron 
irradiation cell; 0, large electron irradiation cell; +, 
reactor irradiation; (), points not included in line fit; and 
-, G = (0.383 +_ 0.07) + (0.277 ? O.O1/ JI) (least mean 
squares fit of electron irradiation data). 
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electron irradiation data. The yield of biphenyl TABLE I V  

increased with decreasing intensity such that the 
proportions of the measured products remained 
approximately constant. 

Figure 3 includes results for electron irradia- 
tion vessels of differing capacity (10 cm3 and 
24 cm3 liquid) the irradiation zone being the 
same for both. N o  difference in vields was 
detected indicating no significant contribution 
(e.g. from thermally initiated reactions) in the 
unirradiated zone. 

TABLE 111 
Deconiposition of nieta-terphenyl with intermittent 

electron irradiation at 440 "C 
- - -- - -- --- 

Residual meta-terphenyl (%) 
Pulse Frequency - 

(cycles/s) Small cell Large ccl l 

0 .00 
(1 cycle) 54.8P 

0 .1  60.0* 51.8.t 
3 58.1* 46.5t 

'Total time at  440 'C = 10 h. lrradiation time = 1 h. Heat ckcle 
time = 9 irradiation time. Total dose - 3240 Mrads  in all cases. 

?Total time a1 440 "C - 24 h. lrradiation time = 2.4 h. Heat 
cycle time - 9 :. irradiation time. 

:Irradiation and healing time = 10 h.  
8lrradia1ion and heating time = 24 h. 
C o n t i n u o u s  irradiation a t  0.1 :< normal dose rate. 

Intermittent irradiations, summarized in Table 
111, showed increasing decomposition with 
decreasing duration of the irradiation plus heat 
cycle. This is evidence of intermediates with 
lifetiines conlparable with the shorter irradiation 
pulse time used (30 ms). 

The results of various heat treatments of 
irradiated and unirradiated terphenyl san~ples 
are summarized in Table IV. 

Discussion 

Some comment is required on the use of high 
dose and extensive decomposition. The in-adia- 
tion doses used were chosen to  produce extensive 
deconlposition of the starting material (typically 
30 %), to permit accurate determination of the 
loss of terphenyl and the G value for overall 
decomposition. 

This procedure was followed, rather than the 
conveiltional examination of products at  low 
fractional decomposition, because the principal 
products, which collectively constitute the high 
boilers, are not well defined and readily analyz- 
able. An obvious drawback of this procedure is 

Thermal deconiposition of irradiated and unirradiated 
terphenyl 

-- 

Total Thermal 
decomposition decomposition 

Treatment (%) (rate* per lo3 h) 

Ortlio-terphenyl 
48 h at 424 "C 7.0 1 .5  
350 Mrads at 400 "C, 

48 h at 424 "C 27.3 1.7 

560 Mrads aC400 "C, 
48 h at 424 "C 18.0 1.6 

3240 Mrads at 440 "C, 
21.2 h at 440 "C 45.2 4.3 

3420 Mrads at 440 "C. 
Aged at room tempkrature, 
12.3 h at  440 "C 35.2 1 .7  

3420 Mrads at  440 "C, 
Aged at  room temperature, 
98 11 at 440 "C 55.2 2.3 

*(Total decomposition minus decomposition during irradiation) 
dividcd by heating time without radiation. 

that the interpretation becomes complicated by 
the effects of the  reaction products on the 
reactions of the starting material. This has been 
taken into account t o  some extent by taking 
advantage of the smooth variation of decomposi- 
tion with dose t o  express the results in terms of 
initial G values. More important, however, the 
advantage of dealing with the partially decom- 
posed material is that it is a real system and of 
practical interest. 

The radiolytic behavior of ortho- and meta- 
terphenyl is markedly different below and 
above the transition temperature range of 350 
to  400 "C. Below the transition, the  decomposi- 
tion shows little dependence on temperature and 
the major product is the dimer. There is no dose 
rate denendence but there is an  increase in 
decomposition with a n  increase in 1.e.t. Above 
350-400 "C the decomposition a n d  the fraction 
of products due  to ring cleavage increase 
rapidly with temperature. These decomposition 
products show little 1.e.t. dependence but the 
yield increased a t  lower dose rates and with the 
frequency of intermittent radiation. 

A series OF reactions to  explain these results is 
given below. These reactions a r e  divided into 
some speculations about the radical precursors 
and a series of radical reactioils based chiefly 
o n  published information about the behavior of 
aromatic radicals. 
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Radical Precursors reaction [7]. The 1.e.t. effect can arise through 
It is assumed that the yields of primary ions depletion of the substrate, thereby delaying the 

and excited species (reactions [ I ]  and [2]) are de-excitation reaction [6] a t  high 1.e.t. 
independent of temperature, l.e.t., and dose rate. The decrease in the 1.e.t. dependence a t  high 

[ I  I $3 -> a3+ + e- temperature can be attributed to a reduction in 
the ratio of de-excitation to chemical reaction of 

12 I $3 -> 4 3 *  the excited species. For example the efficiency of 
The 1.e.t. dependence indicates that product- de-excitation will tend to decrease a t  higher 

forming reactions occur to a greater extent in the temperatures because of the effect of increased 
particle track at high 1.e.t. than a t  low 1.e.t. and molecular separatioll and decreased short range 
that these reactions take place before dispersal molecular ordering on electronic relaxation 
of the species in the track. These Processes may processes (16). Increase in molecular vibrational 
involve ionic species, e.g. a lower product yield heat coiltent (-30 k ~ a l / ~ ~ ] e  higher a t  400 OC 
from recombination of attached electrons (reac- than a t  100 "C) might also be a contributing 
tions [4] and [5]) than from unattached electrons factor. 
(reaction [3]). The possibility of the 1.e.t. effect arising 

[3 I 43+ + e -  -, $3" through the competition of radical reactions 

14 I $3 + e- - $3- 
seems remote. It appears that recombiliation of 
the initial radicals (i.e. reverse of reaction [9] 

15 I b+ + b- -> a3 + dJ3 below) cannot compete with reactions leading to 
This mechaliism requires a considerable reduc- product formation because high 1,e.t. wo~lld 
tion in electron attachment probability with favor recombination, yet G(decomposition) is 
increasing 1.e.t. This seems unlikely since the greater a t  high 1.e.t. This lack of recombination 
ejected electrons from reaction [ I ]  have thermal- is accounted for by the efficient scavenging of the 
ization lengths (1 1) in the range 50-1000 A and initial radicals by the substrate as indicated 
therefore experience many encounters with below (reactions [lo] and [ l l ] ) .  
substrate molecules prior to recombination 
regardless of 1.e.t. Another difficulty with this Reactiorls 
mechanism is that it requires little product The nature of the products a t  high and low 
formation froln the directly excited states of temperat~ues, the increased yields a t  low dose 

[2] which is  contrary to the photo- rates and high temperatures, and the effects of 

chemical evidence. H ~ ~ ~ ~ ~ ~ ,  the ionic mechan- intermittent irradiation can be accounted for by 

ism cannot be entirely ruled out in the absence of 
further evidence. Whether ionic processes contri- possible formation steps can be 

bute directly to the l.e.t. depelldence or not, divided into those involving C-C bond breakage 
they may still contribute to eventual product a"d C-H breakage. 
formatioll via the formation of electronically P r ~ d ~ l c t ~  res~l l t~ng from C-C bond breakage 

excited n~olecules on recombination. are negligible for the low temperature region. 

It is more likely that the 1.e.t. dependence may The formatiOli of benzene slid biphenyl in  the 

arise tllrough competition between de-excitation high tenlperature region indicates C-C rupture 

of molec~~les  in highly excited states, reaction [6], between the rings. Since this only occurs at high 
and their decompositioll, which may be bimolec- temperatures it is assumed to be a secondary 
ular as i n  reaction [71, or ullimolecular as i n  decomposition reaction of a radiolysis inter- 

reaction [S]. mediate. The principal reactions [ I ]  to  [8] of the 

16 I 
radical precursors can therefore be summarized 

$3* + $3 -> $3 + $3 as reaction [9], the formation of diphenyl-phenyl 
[7 I a3* + I$,* -f products radicals and hydrogen atoms. 
18 1 $3* -f products 

Since photolysis of benzene a t  short wave- 
19 I 43 -> + 3 1  + H 

lengths (12-15) under conditions unfavorable to  e.g. 

the second order reaction produces mainly 
polymer as in radiolysis, it seems likely that 
reaction [8] would take place rather than 
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Hydrogen atoms add rapidly to the substrate 
as in the case of benzene (17) and biphenyl (18) 
to form diphenyl cyclohexadienyl radicals, as 
indicated in reaction [lo] 

The diphenyl-phenyl radicals will also add to 
the substrate to form substituted cyclohexadienyl 
radicals with 6 rings as in reaction [I l a ]  

and moderate temperatures. A similar sequence 
of reactions will apply to other terphenyl 
homologues. For example, the corresponding 
set of reactions for 2 and 4 ring radicals are 
consistent with Hall and Elder's results (24) for 
the low dose irradiation of biphenyl near the 
melting point. 

In general, the situation is complicated by the 
reactivity and thermal instability of the hydro- 
aromatic products, both in situ and on chromato- 
graphic columns. Additional reactions occur at 
higher dose and higher temperatures. 

We attribute the inter-ring scission occurring 
at higher temperatures to intramolecular decom- 
position of the cyclohexadienyl homologues as in 
reaction [13a]. While this reaction is approxi- 
mately thermoneutral, the hydrogen migration 
involved can account for the activation energy 
which is required by the observed temperature 
dependence. 

43'H -> $1 + $2' 

t13al 
43'H -> 42 + 41'  
46'H -> $1 + 45' 
46'H + 42 + 44' 

e.g. 

Addition to the benzene ring is favored over 
the endothermic H atom displacement reaction 
or H atom abstraction (19). For example 
Trosman and ~ a ~ d a s a r ' ~ a n  (20) found that 
phenyl radical addition to the benzene ring The phenyl radical homologues, I$,' produced in 

occurs at least 10 times faster than H abstraction. reaction [13a] add to the substrate by a reaction 

The 3 and 6 ring cyclohexadienyl homologues similar to [ I  l a ]  

formed in reactions [lo] and [ l l a ]  then dispro- [ l lb ]  4.' + 43 + 4,,+3H 
portionate by reactions [12a] yielding a poly- 
phenyl molecule and a cyclohexadiene homo- These adducts may in turn undergo scission 

l o p e  (dihydro-polyphenyl). reaction [13b] and thereby continue a chain 
reaction 

The disproportionation reaction predominates 
over the alternative addition and abstraction 
reactions (21,22) and accounts for the pre- 
dominance of dimeric products at low doses (1). 
It is about 70 kcal/mole exothermic. Fast 
reactions, (k N 10' llmole s corresponding to 
[12a] have been found in the pulse radiolysis 
of benzene derivatives with 1 and 2 rings (23). 

We suggest that the reactions [9] to [12a] are 
the principal radiolytic reactions at low doses 

[I361 $x+yH + 4x + 4y' 

Disproportionation reaction [12b] which is 
analogous to [12a] may also occur and terminate 
the chain 

41'H + 4j'H + 4i + 4jH2 

Since the propagation reactions [I I] and [13] 
are first order with respect to the concentra- 
tion of chain carriers whereas the termination 
reactions [12] are second order, the chain 
length increases as the radical concentration and 
the radiation intensity decreases. These reactions 
will therefore account for the intensity depen- 
dence as well as the formation of benzene and 
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at 0.01 Mradls than at 0.03 Mradls. Thermal 
back reactions (26) of the less stable products 
may also be a significant factor at low dose rates. 

At the highest temperature used, some thermal 
decomposition was measurable in the absence of 
radiation. Under irradiation, the presence of 
radiation-generated radicals would tend to 
curtail the development of thermally initiated 
chains and suppress the thermal reaction contri- 
bution. This may account for the failure to 
distinguish an appreciable contribution from 
thermal initiation to the decomposition in the 

biphenyl at high temperature. Also, inter- 
mittent irradiation gives a greater or lesser yield 60- 

according as the time between pulses is greater 
or less than the average time for radical recom- 
bination (25). - - 

presence of radiation at the inteisities used. 

I I 

I A+: 
- 

/ 
/ 

Some Quantitative Aspects of the Reaction 
Sequences 

The approximate second order dependence of 
decomposition and polymer formation on 
terphenyl content may be accounted for as 
suggested (9) by more efficient de-excitation by 
the products, i.e. reaction [6] is more efficient 
for hexaphenyls and other higher polyphenyls 
than terphenyl. Kinetic analysis of this reaction 
scheme gives the equation : 

[14] In C/Co - A(C - Co) = BD 

The onset of scission occurs at a lower 
temperature for ortho-terphenyl than for meta- 
terphenyl, i.e. scission of the cyclohexadienyl 

/ ; 
radicals formed from ortho-terphenyl occurs y - 
more readily than for the meta intermediates. $ 
If the initial scission step, reaction [13a], occurs I - 
while the probability of scission of the subsequent $ 
adducts by reaction [13b] is low, the chain - 
reaction does not develop. This may account for 
the intensity dependence occurring only over a 
limited range of intensity for ortho-terphenyl, i.e. 

I I I 
0 10 20 30 40 

more decomposition at 0.03 Mradls than at 
0.1 Mrad/s intensity, but not significantly more DOSE (10' Rods)  

where Co is the initial concentration, C the 
concentration at a given dose D, and A and B 
are functions of the rate constants. Figure 4 
shows a fit of this relation to the data of Burns 
et al. (27) which covers a wide range of dose and 
decomposition for biphenyl radiolysis and there- 
fore provides a more stringent test than our own 
data. A curve corresponding to second order 
kinetics is also shown for comparison. 

FIG. 4. Dose dependence in polyphenyl radiolysis; 
0, observed by Bums et a[. (27) for biphenyl; ---,empirical 
(second order) 1/C - l /Co  = 0.0471 D; -,theoretical 
In (C/Co) + 0.878(C0 - C) = 0.01075, C = 1 - [HB]/ 
100. 

As already noted, the proposed reaction 
sequence includes the possibility of a radical 
chain reaction propagated by reactions [ l l ]  and 
[13], and terminated by [12]. The chain length 
is dependent upon the initiation rate (25), 
i.e. the radiation intensity, in accordance with 
the followiilg relation: 

where h = chain length = total reactionlinitia- 
tion, G = radiolytic decomposition yield, 
Go  = lower limit of G at high intensity, k, = 
specific rate of propagation3 reaction [13], 
kt  = specific rate of termination3 reaction [12]. 

Figure 3 illustrates a test of the applicability 
of this relation to meta-terphenyl radiolysis at 
440 "C. The description is seen to be satisfactory. 

The reactor irradiation results fall slightly 
below the least mean square fit of the electron 
irradiation data. Apart from experimental 

3Since reactions [ I la]  and [ l lb]  occur also in the low 
temperature region, we assume the propagation rate is 
determined by reactions [13a] and [13b]. The parameters, 
k, and k, represent average rate constants for propagation 
and termination, respectively, for all chain carrying 
species present, weighted according to the proportions of 
different species present (e.g. k, = ZJkpJCJ/ XJCJ where 
CJ is the concentration of the jth propagating species). 
For extensive decomposition, the values of k, and k, may 
change as  decomposition proceeds owing t o  changes in 
the proportions of the reacting species. 
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uncertainties there may be more radical-radical 
reactions occurring due to the initial high radical 
concentrations resulting from the higher 1.e.t. of 
the reactor radiation. This would be equivalent 
to an increase in the dose rate. 

From the slope and intercept of Fig. 3, the 
value is obtained for the rate constant ratio 
kp2/k, = 4.7 + 0.4 moles/l s. The intermittent 
irradiation results suggest a mean lifetime z 
of the radical chains ;the range 10 to  100 ms 
under the conditions used. The mean lifetime is 
related to k ,  by z = l/k,tz and k t  = 3/G,Iz2, 
where tz is the concentration of chain carriers. 
From these relations we find k ,  z 1 x 10' 
I/mole s and k, z 100 s-'. This value of k ,  for 
irradiated terphenyl is about 2 orders of magni- 
tude smaller than the values found bv MacLach- 

dence and the dose dependence of the radiol- 
ysis in terms of the decompositio~l and de- 
excitation of highly excited molec~lles. Changes in 
product distribution, increased decomposition, 
intensity dependence, non-additivity of radiation 
and thermally initiated reactions, and effects of 
intermittent irradiation at high temperature have 
been accounted for in terms of radical reactions. 
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The nature of the coordination bond in metal complexes of substituted pyridine 
derivatives. 111. 4-Methylpyridine complexes of some divalent transition metal ions 
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Previous papers in this series investigated the nature of the coordination bond in copper(I1) and zinc(I1) 
conlplexes of 4-substituted pyridines by infrared spectroscopy. In  this paper, the investigation has been 
extended to conlplexes of 4-methylpyridine with cobalt(II), manganese(II), and nickel(I1). The geometry 
of the solid complexes is assigned, and the force constants associated with the metal-nitrogen bond were 
calculated from a normal coordinate analysis. The validity of the previously introduced R, parameter 
in these systems is discussed. 

Canadian Journal of Chemistry, 46, 3137 (1968) 

Introduction attracting substituent, both Cu(l1) a n d  Zn(I1) 

111 previous papers ( l ,2) ,  the substituent effects 
upon the metal-nitrogen (ligand) and metal- 
chlorine stretching frequencies in the far infrared 
region, as well as the coordination bond strength 
of a series of co~nplexes of the form [ML,CI,], 
where L is 4-methylpyridine, 4-carbinylpyridine, 
pyridine, 4-acetylpyridine, 4-pyridinecarbox- 
amide, 4-carbomethoxypyridine, or 4-cyanopyri- 
dine, were studied. A new parameter, R,, was 
introduced to  measure the substituent effect uDon 
the relative magnitude of n-bonding in this same 
series of complexes. 

In the present paper, a similar investigation has 
been carried out on the metal complexes of 4- 
methylpyridine with some divalent ions Mn(II), 
Co(ll), Ni(II), Cu(II), and Zn(I1). The coordina- 
tion bond strength of these complexes has been 
compared by means of their metal-ligand stretch- 
ing frequencies, and the stretching force constants 
obtained by a normal coordinate calculation. 

In order to compare the relative n-contribution 
of the divalent metal ions to the coordination 
bond in their 4-methylpyridine complexes, the 
R, values of these complexes have also been 
determined. It  was indicated in the previous paper 
(1) that this R, parameter could only be used to  
compare the effects of different metal ions o n  the 
relative n-contribution t o  the coordination bond 
of the substituted pyridine complexes when the 
substituent is an electron-releasing group, al- 
though it was derived in order to  measure any 
substituent effect on the n-contribution. This 
previous study showed that for an electron- 

'Present address: Division of Applied Chemistry, 
National Research Council of Canada, Ottawa, Canada. 

ions gave almost the same value for R, in their 
complexes with this particular ligand, d u e  to the 
delocalized nature of the  n-svstem in these com- 
plexes under the influence of such a substituent. 
Therefore it seems unlikely that the n-bonding 
capability of metal ions in coordination with 
pyridines having electron-attracting substituents 
can be estimated from these R, values. Since the 
methyl group is an electron-releasing group 
(17, 18), 4-methylpyridine has been chosen as a 
starting point for this study. 

Experimental 
The reagents and the preparation of the 4-methyl- 

pyridine conlplexes of copper(I1) and zinc(I1) have been 
described in a previous paper of this series (I) .  

Complexes of the form [ML2C12], where M = Co(II), 
Mn(II), and L = 4-n~ethylpyridine, were prepared by 
adding the ligand (2 moles) into the metal chloride 
solution (1 mole) in absolute alcol~ol with constant stir- 
ring. The resulting precipitates were filtered, washed 
several times with absolute alcol~ol and anhydrous ether, 
and dried in a vacuum desiccator over sulfuric acid. 

The con~plex [Ni(CH3C5H,N)4CI,] was prepared in a 
manner similar to the procedure for the cobalt and 
manganese conlplexes. A n  attempt has been made to 
prepare the 2:l conlplex of nickel(I1) according to litera- 
ture procedures (4); however, this preparation also gave 
the411 complex2. 

ZA private communication with the author (4), dis- 
closed that the method of preparation, using benzene, is 
not suitable. Use of toluene as the extraction liquid 
yielded 18.89 + 0.1 % nickel (calcd. 18.58 %). Since 
toluene is not ideal, the author suggests a mixture of 

20% CHC13 and 80% toluene. However, even though 
a differential thermal analysis has been carried out by 
the author, the results of which suggest the existence of 
[Ni(CH3C5H4N),C12], the con~plex does not appear to 
be particularly stable with reference to [Ni(CH,C,H,N),- 
Cl,] and [Ni(CH3C5H4N)Cl2]. 
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TABLE I 

Preparation of metal complexes with 4-methylpyridine 

Calculated (%) Found ( %) 
Ratio 

Metal (ligandlmetal) C H N Metal C1 C H N Metal C1 

Ni(I1) 4 : l  57.41 5.62 11.16 11.69 - 57.42 5.80 10.96 11.31 - 
Cu(I1) 2 : l  44.94 4.40 8.74 19.81 22.11 44.88 4.32 8.76 19.76 22.08 
Zn(I1) 2:l 44.68 4.38 8.69 - 27.36 44.50 4.29 8.49 - 26.50 
Co(I1) 2:l 45.59 4.46 8.86 18.65 - 45.42 4.49 8.65 18.22 - 
Mn(I1) 2:l 46.15 4.52 8.98 17.60 - 46.17 4.46 9 .05 18.47 - 
-- 

An attempt to prepare the Fe(I1) complex failed, even 
under a reducing atmosphere (analysis always indicated 
that some oxidation had occurred). Further attempts are 
presently under way, using more highly purified initial 
reagents and other more stringent conditions. 

Microanalysis results for the complexes are found in 
Table I. (The results for the copper and zinc complexes 
are from a previous paper (1)) 

The infrared spectra of the complexes in the region 
between 4000-200 cm-' were recorded on a Beckman 
IR-12 filterlgrating spectrometer. In the region 4 0 W  
400 cm-', the potassium bromide disk method was used. 
The infrared spectra of the solid compounds in the region 
400-200 cm-' were recorded as Nujol mulls with poly- 
ethylene windows. The spectrometer was constantly 
purged with dry air and wavelength calibration of the 
spectrometer was checked against the rotational spectra 
of water vapor. The spectra were obtained using standard 
settings as outlined in the Beckman IR-12 instruction 
manual. A resolution of 2.0 cm-' was determined, giving 
a 2.0% error in the peak absorbance. The reproducibility 
of the spectra was found to be k0.20 cm-'. The infrared 
spectra in the region below 200 cm-' were measured by 
means of a Perkin-Elmer model 301 spectrophotometer, 
which has been described elsewhere (2). 

The calculations of the metal-ligand stretching force 
constants of the complexes were carried out by means of 
an IBM 1620 computer. 

Results and Discussion 

I. Infrared Spectra and the Metal-Nitrogen 
(Ligand) Stretching Force Constants 

The observed metal-nitrogen stretching fre- 
quencies of 4-methylpyridine complexes of some 
metal chlorides are found in Table 11. These bands 
were assigned by comparing the observed spectra 
of the complexes with recent studies in the 
literature (1, 6). The assignment of the same 
stretching frequency for the 4-methylpyridine 
complex of Mn(I1) is based on the comparison of 
its spectra with that of a similar metal complex 
with bromide instead of chloride. The metal- 
nitrogen stretching frequency should be located 
in the same region in both the spectra of bromide 
and chloride complexes for a particular metal ion. 

The data in Table I1 indicate that coordination 

between 4-methylpyridine and different metal 
ions gives different metal-nitrogen stretching 
frequencies which decrease in the following order: 

Cu(I1) > Ni(I1) > Zn(I1) > Co(I1) > Mn(I1) 

The above order for the first row transition metal 
ions is identical with the prediction based on 
Irving's order of stability for the complexes of 
these metal ions (7), and it thus appears that this 
stretching frequency may be used as a measure of 
stability. Even though the stoichiometry of the 
Ni(I1) complex is 4: 1, it still falls in the correct 
order due to the large separation in the stretching 
frequencies between the Cu(I1) and Zn(I1) com- 
plexes. One would therefore expect the 2 : l  
Ni(I1) complex to fall in the same order, although 
obviously the R, values for the two stoichiom- 
etries would not be the same. 

In order to confirm this argument, the metal- 
nitrogen stretching force constants for this series 
of divalent transition metal complexes of 4- 
methylpyridine were calculated by a normal co- 
ordinate treatment similar to that for the copper 
complex of 4-methylpyridine (2). The same 
modified Urey-Bradley force field was used for 
this calculation. Since the Urey-Bradley force 
constants are transferable, all the force constants 
of the ligand in this calculation are identical with 
those of the copper complex of 4-methylpyridine 
(2), as are most of the matrix elements. The only 
difference was in the recalculation of matrix 
elements containing the metal-ligand bond dis- 
tance, r(M-N), found in Table 11. The metal- 
ligand stretching force constants, K,, of the com- 
plexes under study were obtained by matching 
the calculated frequencies with the observed ones, 
and are listed in Table 11. The eigenvalues, A's, of 
the secular equation, IGF - E h J  = 0, were ob- 
tained by the QR transformation method (19). 
They were further converted into wavenumbers 
and compare favorably with the observed fre- 
quencies, as shown in Table 111. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE I1 

Sumnary of rclevant data [or complexes studled 
. - - . . - .- - -- - - - - 
- - . - - - -- - -- - 

Absorption Interatonlic Metal-nitrogen First ionization (15) 
band (cm-') distances force v12 modc potentials of 

Con~plex Stereochemistry (M-N) r(M-N) (A) constants (K,) (cm-') R, values metals (eV) 

[CU(CH~CSH~N)ZCIZI Distorted, 
polymeric, 
octahedral 

Polymeric, 

H;N~,CI, j Tetrahedral 
9zclzl  Polymeric, 

octahedral 

TABLE I11 

Fundamental vibrational frequencies of metal complexes of 4-methylpyridine 

cu01) Ni(I1) Zn(II) CO(II) Mn(I1) 

Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. 
Description (cm - ') (cm - ') (cm-l) (cm-') (cm-I) (cm-I) (cm- ') (cm- ') (cm-') (cm-l) 

--. -r----- 

v(M-N) 285 285 266 266 23 8 23 8 235 235 230 230 
v6=, ring, R-sens. 550 650 542 643 550 638 553 636 539 634 
vl . ring, B(C-M) 1033 902 1019 908 1032 908 1032 909 1015 909 

Bz species 
M-sens. 207 251 253 207 250 
v15, R-sens. 41 8 424 420 424 42 1 424 
V6b9 ring 669 775 669 775 669 775 
Vlsb, P(C-H) 1101 1075 1104 1075 1103 1075 
~ 3 ,  fl(c-H) 1119 1145 1123 1145 1120 1145 
~ 1 4 ,  v(C-C, C-N) 1335 1342 1335 1342 1332 1342 

viw, v(C-C, C-N) 
B(C-R, C-H) 1439 1398 1448 1398 1458 1398 
Vab, v(c-c> 1563 1551 1561 1550 1561 1550 
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Comparison of the force constants in Table I1 
gives the same order as that obtained for the 
metal-nitrogen stretching frequencies, viz. 

These results further substantiate the conclusions 
reached in the previous study (2); that is, the 
metal-nitrogen stretching frequency is directly 
related to the metal-nitrogen stretching force 
constant, and that the magnitude of the metal- 
nitrogen stretching frequency in the far-infrared 
region may be employed as a measure of the co- 
ordination bond strength for complexes of pyri- 
dine derivatives. Moreover, the coupling between 
the metal-nitrogen stretching vibration and the 
internal modes is not appreciable in these 
complexes. 

Both the metal-nitrogen stretching frequencies 
and force constants show that the coordination 
bond strength of the Zn(I1) complex is stronger 
than that of the Co(I1) complex, which indicates 
that the 4-methylpyridine belongs to the first 
class of ligands (3). In fact the x-bonding in the 
complexes of 4-methylpyridine is very weak, as 
shown by the R, values of its complexes in the 
next section. 

The stereoconfigurations of the 4-methylpyri- 
dine complexes of the divalent metal ions listed in 
Table I1 were determined by a symmetry analysis 
of the skeletal vibrations of these complexes and 
by a comparison of the low frequency spectra of 
these complexes with those of pyridine complexes 
(6). The stereochemistry of the 4-methylpyridine 
complex of Cu(I1) ion has been studied (2). There 
are two halogen-sensitive bands in the spectra of 
both Zn(I1) and Co(I1) complexes, which cor- 
respond to the A, and B, species of the C,, point 
group of the tetrahedral configuration. The 
spectrum of the Mn(I1) complex shows that there 
are badly resolved bands near the 200-300 cm-' 
region, which are similar to those of the pyridine 
complexes of Mn(II), Fe(II), Co(II), and Ni(I1) 
ions (6). Therefore it is suggested that Mn(1I) 
forms a polymeric octahedral complex with 4- 
methylpyridine. The 4: l  Ni(I1) complex only 
gives one halogen-sensitive band in its spectrum, 
which suggests that the structure of this complex 
is trans-octahedral. 

II. The Relative Strength of the n-Coordination 
Bond in the Complexes 

The vibrational frequencies of the v,, mode, 
(pure ring deformation (1, 8)), together with the 

corresponding R, values, of the transition metal 
complexes of 4-methylpyridine are listed in Table 
11. The R, values were calculated according to the 
equation (given in ref. 1) 

where v,, and VL are the v,, frequencies of the 
complex and free ligand respectively. The R, 
values in Table I1 are very small compared with 
those for the pyridine complexes and the electron- 
attracting substituted pyridine complexes (1). It 
follows that the x-bond in these 4-methylpyridine 
complexes is quite weak. Since we are dealing 
with a system containing an electron-releasing 
substituent which inhibits back-donation of elec- 
tron density from the metal to  the ring, the 
amount of back-donation from the metal, and 
thus the x-bonding in these complexes, are ex- 
pected to be small. The coordination bond is then 
primarily o in character, resulting from the non- 
bonding pair of electrons on the pyridine nitro- 
gen. Little change is therefore expected in the v,, 
mode, as is observed experimentally (Table 11). 

The relative magnitude of the v,, frequency, 
as well as the R, values of these complexes are in 
the following order: 

The above order is identical with that predicted 
on the basis of their first ionization potentials 
(I6), and also from a comparison of the stability 
of their complexes with ligands of the first and 
second class (3), with the exception of manganese. 
For electron-releasing substituents in all of these 
complex systems, the electron density migrating 
to the pyridine ring from the substituent can 
enhance the donation of the non-bonding electron 
pair of the nitrogen atom to the metal (1, 5, 13). 
Any d, back donation from all of the above metals 
except manganese will then be inhibited if the 
geometries deduced in Table I1 are correct. Since 
the d, orbitals on the manganese are only half- 
filled, it is possible in this case t o  have electron 
density migrate from the ring to the metal. Since 
the a- and n-bonding mechanisms are synergic 
(14), then less back-bonding from the metal will 
result, and the v,, frequency and the R, value for 
the manganese complex are lower than expected. 

A more plausible explanation, perhaps, lies in 
the fact that the bridging chlorides in the man- 
ganese complex are closer to the metal than in the 
copper complex (which is distorted), with result- 
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ing better d,-d, overlap (2) than in the other 
complexes. Hence a weaker n-bond between the 
manganese(I1) and the methylpyridine ligand 
should result. 

In summary then, for electron-releasing substi- 
tuents, the magnitude of n-bonding in these com- 
plexes can be related to the first ionization 
potential of the metals, provided the appropriate 
d,-orbitals of the metal are filled, and the number 
of chlorines bound to the metal are the same. 
With partially filled d,-orbitals, and different 
numbers of chlorines bound in the complex, the 
R, parameter provides a valid indication of the 
relative amount of back-donation. The advan- 
tages of using R, for all such systems is then 
obvious. 
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Intermolecular association and dielectric relaxation in some liquid amidesl 
I 

WALTER DANNHAUSER AND GYAN P. JOHARI 
Department of Chemistry, State Utiioersity of New York at  Buffalo, Buffalo, New York, 14214 
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The equilibrium dielectric constants of three isomeric N-methylvaleramides are reported over a wide 
range of temperature. Analysis of the data in terms of Kirkwood's correlation factor suggests that the 
liquids are extensively associated into linear chains and that the extent of association is essentially 

I independent of the size and shape of the alkyl group. Dielectric dispersion was measured (0.5-200 MHz) 
for these compounds as well as the isomeric N-butylacetamides and also N-ethylacetamide. The dis- 
persion loci all follow the Debye equation and the relaxation times show a specific dependence on the 

1 size and shape of the alkyl group, but not on whether it is in the acid or the m i n e  position. Activation 
energies for relaxation, viscous flow, and conduction are compared and the nature of liquid N-mono- 
substituted amides is discussed. 
Canadian Journal of Chemistry, 46, 3143 (1968) 

Introduction unimportant in determining the extent of inter- 
Since Leader and GormleyYs report (1) in 1951 molecular association of isomeric N-butylacet- 

1 of the exceptiona~~y large dielectric constant of amides, we were interested to seewhat effects there 

1 liquid N-rnonosubstituted amides, there has been might be in the corresponding isomeric N-methyl- 

a series (2-7) of investigations of the electrical valeramides- 1 properties of this interesting class of compounds. Vaughn and Sears (2) the existence of 
1 As Leader and Gormley suggested, the large dielectric dispersion at 10 MHz for some of their 

dielectric constants of these liquids must be attrib- com~ounds  and even a t  100 kHz we ( 5 )  found 

uted to intermolecular association into essen- Some evidence for dispersion in some of the 
tially linear chains by CO. . . HNhydrogen bonds. N-butylacetamides. We wanted to see whether 
I~ a previous paper (5) we dielectric data the dielectric relaxation in these extensively 

on a series of amides, including three isomeric associated liquids would be sensitive t o  system- 

, N-butylacetamides, and analyzed the data in atic structural modifications of the m ~ l e ~ ~ l e ~ .  
terms of the dipole correlation factor of Kirk- The question of whether or not dielectric relaxa- 
wood. We concluded that the size and shape of the tion in these liquids obeys the simple Debye 
alkyl substituent of the amine was of secondary equation was partially settled in the affirmative by 

importance as far as steric hindrance to  inter- Bass et (91, but they did not study isomeric 
molecular association was concerned; only if the species and could not assess the influence of the 
group became very large and bulky, e.g. 1- size and shape of the alkyl groups. ~urthermore, 
naphthyl, did there appear to be a significant Koizumi (10) has suggested that the dispersion 

effect. A study (8) of self-association of amides in loci RCONHCH3, with R = C3-C5, are 
solution by nuclear magnetic resonance (n.m.r.) ~~ewed-arcs ,  which is contrary to the findings 
methods led to similar conclusions. of Bass. This could be due to  the effect of the size 

Vaughn and Sears (2) concluded that the of the R group on the relaxation mechanism, and 

of the amine alkyl group affects the magnitude of One the goals our work was to study this 
the dielectric constant to a greater extent than the question further- 

size of the acid alkyl group in isomeric amides. We report equilibrium dielectric constants as a 

Such variations must be due to differences in the function of temperature for three isomeric 
extent and/or efficiency of near-neighbor dipole- N-methylvaleramides and dielectric relaxation 
dipole correlation and, if shown to be generally parameters for N-ethylacetamide and six isomers 
true, will be an important clue about the detailed C6H13N0. 

nature of the intermolecular association in these Experimental 
liquids. Since the shape of the alkyl group is quite Samples 

The source and purification of N-ethylacetamide (NEA) 

 IS^^^^^^^^ by the of saline water, United states and the isomeric N-butylacetamides has been described ! Depatment of the interior, via Grant 14-01-001-604 and before (5). N-Methyl-n-valeramide (NM~v),  ~ - m e t h ~ l -  
I by the Directorate of Chemical Sciences, Air Force Office isovaleramide (NMiV), and N-methyl-see-valeramide 
I of Scientific Research, via Grant AF-AFOSR-271-63. (NMsV) were obtained from Distillation Products 
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TABLE I 
Physical properties of isomeric N-methylvaleramides 
- --- -- - - - 

Property NMnV NMiV NMsV 

b.p. ("C/mm) 89-9112.5-3 7010.7 7011 ; 9313.5 
23 11760 

*See ref. 21. 
tExtrapolated value. 

Corporation; NMnV was also prepared in this laboratory 
by reacting valeryl bromide and methyl arnine. All 
samples were fractionally distilled at reduced pressure. 
The densities of the samples were determined dilato- 
metrically as described previously (5). The physical 
properties of the valeramides are shown in Table I. 

Bridges nt~d Cells 
The admittance bridge and cell assembly used for 

measurement of the equilibrium dielectric constant has 
been described before (5). The large conductance of the 
samples, especially troublesome at high temperatures, 
causes errors in the capacitance measurements which we 
estimate to be less than + 2 % of the reported value. 

Dielectric dispersion and absorption were measured 
over the frequency range 0.5-200 MHz by means of a 
Hewlett-Packard type 250A RX-meter and the coaxial 
plunger cell of Love11 and Cole (11). The addition of a 
coaxial switch between the cell and the bridge facilitates 
zeroing of the bridge at each test frequency and improves 
the overall precision, but the very large dielectric con- 
stants of the test liquids and the small capacitance range 
of the bridge makes these measurements rather imprecise. 
We estimate our data to  be reliable to  better than 5%. 
Figure 1 is typical of the results obtained for all the 
compounds and provides an indication of the internal 
consistency of the data. 

Results 
The equilibrium dielectric constants of the 

isomeric valeramides are listed in Table 11. There 
are no literature data available for comparison. 
For all of the compounds studied in the very 
high frequency (v.h.f.) range, the dielectric dis- 
persion is described within our experimental error 
by the Debye function (12) 

Figure 1 is typical of the complex plane plots. 
Values of the equilibrium dielectric constant, E,, 

and the relaxation time, T, obtained from analyses 
of the data are presented in Table 111. Our data 
are neither precise nor extensive enough to 
adequately define the parameter E,, the dielectric 

FIG. 1. Cole-Cole plots for N-methyl-n-valeramide 
(NMnV) and N-n-butylacetamide (NnBA). Curves have 
been displaced up by 20 units for clarity. Open circles 
denote experimental results with frequency in MHz 
indicated; filled circles indicate low-frequency, trans- 
former bridge results. 

constant characteristic of induced polarization. 
Our best estimates are E ,  M 4, which is signi- 
ficantly greater than the square of the optical 
index of refraction. A study of these compounds 
a t  microwave frequencies is desirable in order to  
examine the nature of the residual high frequency 
dispersion(s). 
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TABLE I1 Discussion 

Equilibrium dielectric constant of isomeric The equilibrium dielectric polarization of 
I N-methylvaleramides 
I 

liquids is most fruitfully discussed in terms of the 
.- 

I Kirkwood-Frohlich (13) equation: 
! Temperature 

("C) NMnV NMiV NMsV 

TABLE I11 

Parameters of dielectric relaxation in liquid amides 
-- 

Temperature 
Substance (OK) EO x lo9 (s) 

N n R A  259 

NiBA 267 
277 

NsBA 276 
282 
289 
297 
307 

NMnV 271 
279 
286 
300 
306 

NMiV 286 
299 
308 

Here E, is the equilibrium dielectric constant, E, 

is the high frequency dielectric constant character- 
istic of induced polarization which we approxi- 
mate by E, = 1.1 nD2, N is Avogadro's number, 
M is the molecular weight, p is the density of the 
liquid, p0 is the dipole moment of the molecule in 
vacuum, and g is the dipole correlation factor. 
The latter (1 3) is a measure of the relative orienta- 
tion of neighboring dipoles as influenced by 
specific short range forces such as intermolecular 
hydrogen bonding; g's greater than unity are 
indicative of an average parallel alignment of 
near-neighbor dipoles while g's less than unity 
indicate an average antiparallel alignment. 

There are no reported values for the dipole 
moments of any of the compounds we studied. In 
the previous paper (5) we had chosen a constant 
value of 4.0 D for all the amides on the basis of 
the assumed trans-planar structure of the amide 
group and the fact that the overwhelming contri- 
bution to the dipole moment comes from the 
C==O and N-H groups. However, Meighan and 
Cole (14) have subsequently measured the dipole 
moments of several amides in the low pressure 
vapor state. They found the dipole moment of 
various amides to be less than 4 D and to vary 
from compound to compound. Pertinent values 
reported by Meighan and Cole are: N-methyl- 
formamide, 3.82 D;  N-methylacetamide, 3.71 D; 
N-methylpropionamide, 3.59 D. These results 
raise doubts about the validity of our previous 
assumption but unfortunately they no 
basis for a more realistic assignment of the dipole 
moments. In contrast to  the vapor-phase studies 
of Meighan and Cole, measurements of dipole 
moments of several amides in dilute dioxane 
solutions by Aroney, LeFevre, and Singh (15) 
suggest that the dipole moment is about 3.9 D, 
essentially independent of the nature of the amide. 
In lieu of definitive values for the dipole moment 
ofthesix isomers we shall continue to assumethem 
to be all the same, and for the purpose of numeri- 
cal work shall use the value po = 4.0 D. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

@ NnBA 0 NMnV 

I NiBA 0 NMiV I 
' t Q NsBA 0 NMsV 

t, " C  

FIG. 2. Experimental correlation factor, g, as a function of temperature; p, = 4.0 D has been assumed for each 
compound. 

essential part of this assumption is the equality of 
the dipole moments; if the value is not exactly 4 D 
the conclusions to be developed below still apply. 

Correlation factors calculated from eq. [2] are 
plotted as a function of temperature in Fig. 2. 
The most obvious conclusions are that there is 
extensive parallel alignment of neighboring 
dipoles in these liquids even at the highest test 
temperatures, and that this ordering is essentially 
the same for the six isomers investigated and also 
for N-methylacetamide (3,5,9), N-ethylacetamide 
( 9 ,  N-n-propylacetamide (2), N-n-amylacetamide 
(2), and N-methylpropionamide (9). The valer- 
amide results provide further support for our 
previous observation that whatever the details of 
the intermolecular association may be, they must 
be essentially the same for all these amides and 
are therefore insensitive to the size and shape of 
the acid or amine alkyl group. In this respect the 
amides differ greatly from the lower aliphatic 
alcohols, where we have recently shown (1 6 )  that 
the size and shape of the alkyl group can greatly 
influence both the extent and type of intermolecu- 
lar association. Some qualitative insight into the 
reason for the difference comes from examina- 

tions of intermolecularly hydrogen-bonded chain 
models2. Because of the planarity of the amide 
group, the amide chains have a n  open structure 
and the acid or amide substituent must be very 
large before steric interference with near neigh- 
bors becomes important3. Non-linearity of the 
CO. -H-N bond will make the intrachain 
packing even easier. The somewhat larger g's of 
NMsV and their corresponding larger tempera- 
ture dependence indicates that the shape of the 
alkyl group may be beginning to influence the 
intermolecular association in this compound but 
it  is not obvious from an inspection of models 
why NMsV and NsBA should differ. 

We can summarize this aspect of the work by 
stating thatpure liquid N-monosubstituted amides 
are apparently extensively associated in (tran- 
sient) linear chains, both the type and extent of 
association being virtually independent of the 
particular species. The geometry of the associa- 
tion is such that the correlation of neighbors in a 

2We used CPK models. See ref. 17 for a description. 
ref. 5, especially the results for N-l-naphthyl- 

acetarnide, and also ref. 9 regarding the extent of hind- 
rance to rotation about the hydrogen bond. 
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TABLE IV 
Parameters of the Arrhenius equation for dielectric relaxation, viscous flow, 

and electrical conduction 

Relaxation 
Viscosity, Conductance, 

AE, AE,, AEa 
Substance (kcal/mole) log A (kcal/mole) (kcal/mole) 

NMA* 6.4 - 14.05 - 5 . 0  
N EA 7.4 - 14.32 4.6 (4.9)t 5.6 
NMP* 7.0 - 14.00 - - 
N ~ B  A 8.6 -i4.61 7.4 (6.3)t 7 . 4  
NiBA 10.4 - 15.72 8.3 9 .2  
NsB A 10.3 - 15.45 7.4 6 . 8  
NMnV 9.6 - 15.36 - 6.7 
NMiV 7.4 -13.50 - 8.4 
NMsV 9.2 -14.64 - 7.9 

*Bass et aL (9). 
tVaughn and Sears (2). 

chain is high4; consequently we estimate that the 
chains are short in the temperature interval 
studied and that both AH and AS of chain 
association are relatively small. Previous studies 
(5, 9) have come to similar conclusions. 

We turn now to a discussion of dielectric 
dispersion in these liquids. As Cole and Cole (18) 
first emphasized, the dielectric absorption and 
dispersion of most systems does not follow the 
Debye function, eq. [I]. In fact, the only class of 
compounds which has been shown to obey the 
simple first order kinetics originally proposed by 
Debye is liquid monohydric alcohols. The 
molecular mechanism of the relaxation process in 
alcohols remains unresolved, but it is generally 
acknowledged ?lot to be rotation of a viscous- 
damped spherical molecule or cluster of mole- 
cules. It is significant that alcohols associate in 
linear hydrogen-bonded chains, and it is generally 
assumed, without specifying details, that this 
association is a necessary condition for Debye- 
type relaxation. Bass et al. (9) have shown that 
pure liquid N-methylformamide, N-methylacet- 
amide, and N-methylpropionamide relax accord- 
ing to eq. [I]. They also suggest that N,N- 
dimethylformamide and formamide may obey 
eq. [I], but in view of the limited data, the 

apparent much shorter relaxation times, and the 
demonstrated difference in the equilibrium 
correlation factors of the latter two compounds 
compared to the other three, this is unlikely and 
should be checked with ultra-high frequency 
(u.h.f.) and microwave measurements. 

Figure 1 is typical of all the Cole-Cole plots 
generated in this investigation. The principal 
relaxation process is undoubtedly first order; it 
follows the Debye equation over the entire range 
of temperature. Relaxation times were deter- 
mined either from an estimate of the frequency of 
maximum loss or from the test plot suggested by 
Cole (1 9) : 

E' = E~ - O E " ~  

In Fig. 3 we plot the logarithm of the relaxation 
time as a function of reciprocal absolute tempera- 
ture (and also include literature data for compari- 
son). Over the relatively short temperature 
intervals accessible to us the resulting curves are 
straight lines. The parameters of the Arrhenius 
equation 

z = A exp (AEJRT) 

are listed in Table IV. 
The most striking feature of the curves of Fig. 3 

is the strong dependence of the relaxation time 
on the "size" of the molecule as measured 

4See refs. 5 and 9 for attemDts to estimate the degree of s im~ lv  bv monomeric molecular weight. For 
L -  - " 

association. If the CO.. .H:N angle is close t o  18O0, example, at room temperature the difference adjacent dipoles in a chain are nearly parallel and g x n. 
This implies pentamers as the average degree of associa- tWeen the relaxation time of N-meth~lformamide 
tion at our lowest temperatures and dimers at about 200". (NMF) and NMnV or NnBA is a factor of 25 
Ifthe CO. . .H-N bond is not linear, the extent of associ- with N - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  (NMP) falling just ation must be greater for the same value of the correlation 
factor, but only by a factor of two or three. about half way between. The isomers NEA and 
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FIG. 3. Relaxation time as a function of reciprocal absolute temperature. Results for NMF, NMA, and NMP 
from Bass er a/. (9). Alcohol curves obtained from data of Garg and Smyth (20). 

NMP are virtually identical in their behavior and 
it is remarkable that the six C,H,,NO isomers 
should nair up according to the branching of the 
C ,  alkyl group, irrespective of whether it is the 
acid or the amine substituent. 

The first-order relaxation kinetics and the 
relatively slow relaxation times found for the 
amides (the relaxation times of corresponding 
alkyl halides are some 1000 times faster) appear 
to be characteristic of hydrogen-bonded liquids. 
Despite the difference in molecular structure and 
the extent of intermolecular association as 
measured by the dipole correlation factors, the 
relaxation of dielectric polarization in alcohols 
(20) parallels both in magnitude and temperature 
dependence that of the amide of similar molecular 

weight (see Fig. 3). The conclusion that the 
relaxation process is not dependent on hydrogen- 
bond breaking as the rate-determining step is also 
substantiated by these results: why should the 
relaxation times be so different, and so character- 
istic of the nature of the amide, when the equili- 
brium polarization suggests that the intermolecu- 
lar association is essentially the same for all these 
substances ? 

The viscous-damped sphere model of Debye 
predicts that ~ / q  z constant. Even though the 
model is inapplicable for strongly associated 
liquids, the proportionality of relaxation time to  
viscosity has often been observed. Insofar as 
Walden's rule is a first approximation in the 
sphere-in-continuum model of conduction, one 
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also expects that the relaxation time should be 
inversely proportional to conductance. We have 
performed a qualitative study of the viscosity- 
temperature relationship of NEA and the isom- 
eric NBA's and of course we can determine the 
d.c. conductance from our dielectric data. 
Activation energies for viscous flow and conduc- 
tion are listed in Table IV for comparison with 
the dielectric results. There is considerable 
uncertainty involved in AE, (conductance), but 
it does seem that in every case except NMiV 
(where the dielectric data are meager and where 
AE, (relaxation) is therefore uncertain) the 
activation energy for dielectric relaxation is larger 
than for either viscous flow or conduction. It 
seems unlikely that the rate-determining step for 
relaxation is the same as that for viscous flow, 
although there is apparently some similarity for 
the processes. 

Without a detailed molecular model for 
relaxation as a guide, we can only conclude at this 
time that the relaxation process in N-mono- 
substituted amides is determined largely, but not 
exclusively, by the hydrogen-bond network. The 
sensitivity of the relaxation times to both 
molecular size and shape shows that attempts to 
consider the structured liquid as a continuum is 
too simplifying an approximation. Similar con- 
siderations apply to viscous flow and electrical 
conduction. 
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C a l c u l a t i o n  of emission-concentration and absorption-concentration relationships 
for s p e c t r a l  l ines1 
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Depnrtment of C/~emistry, Carleton University, Orrawa, Canada 

Received June 5 ,  1968 

A general expression is derived for the calculation of total multiplet intensities for radiation emitted 
from a homogeneous source or transmitted through a homogeneous medium. The theory is then applied 
to the emission of radiation due to vibration-rotation transitions of HC1 in an  oven, and compared 
with experimental results. Absolute values of transition probabilities for individual vibration-rotation 
lines could be obtained by such a comparison. Another application of the theory is made in obtaining 
absorption-concentration relationships for the mercury 4358 A line (73S1-63P1) with several different 
initial line shapes. The results are compared to absorption - 63P1 concentration curves used in earlier 
work. 

Canadian Journal of Chemistry, 46,3151 (1968) 

Introduction 
Mitchell and Zemansky (1) give a discussion 

of the intensity distribution and total intensity of 
a singlet spectral line emitted in a homogeneous 
source, or transmitted through a homogeneous 
absorbing medium. Cowan and Dieke (2) give 
the intensity distribution and total intensity of 
radiation emitted from a nonhomogeneous 
spectral lamp, again for the case of an isolated 
singlet line. In both derivations, self-absorption 
is taken into consideration. 

The intensity distribution of radiation emitted 
from a homogeneous source is given here in a 
generalized form for the case when a multiplet 
line of possibly overlapping components is 
emitted. The intensity distribution is also given 
for such a multiplet after transmission through a 
homogeneous absorbing medium. 

The relationships are tested by predicting the 
pressure dependence of the intensities of three 
specific vibration-rotation lines arising from HCl 
vapor in an oven. In this case the overlap between 
the two components of each line is negligible. The 
calculated curves of total intensity of a line vs. 
gas pressure agree well with experimental curves 
(3). Such curves could be used to obtain absolute 
values of transition probabilities for individual 
vibration-rotation transitions without intro- 
ducing any adjustable parameters. 

It is also possible to determine absolute con- 
centrations of molecules or  atoms in various 

states from absorption measurements by making 
use of the relationships given here to construct 
appropriate absorption-concentration curves. 
Such cases arise when there exists an absorbing 
medium which has an absorption profile due to 
a singlet line or a multiplet line of possibly over- 
lapping components arising due to transitions 
from the same lower state. If the transition prob- 
abilities for the transitions and the intensity dis- 
tribution of the incident radiation is known, then 
it is possible to obtain the absolute concentration 
of the lower state by measuring the absorption of 
the spectral line and making use of the calculated 
absorption-concentration curve. 

Michael and Weston (4) applied such a tech- 
nique to  find the concentration of hydrogen atoms 
in a reaction by observing the absorption of the 
Lyman a-line. An absorption-concentration 
curve was obtained by measuring hydrogen atom 
concentrations experimentally and not by calc~L- 
lation. Karl, Kruus, and Polanyi (5) determined 
the concentrations of H g *  63P1 and H g *  63P, 
from measurements of the absorption of the 4358 
and 4047 A spectral lines. In this case, calculated 
absorption-concentration curves were used which 
were based on the work of Koedam and Kruithof 
(6). Some examples of absorption-concentration 
curves for the 4358 line are given here, with 
several different assumed incident intensity dis- 
tributions. An experimentally determined inci- 
dent intensity distribution (7) could also be used. 

'Taken in part from the thesis submitted by L. W. 
Hunter in partial fulfilment of the requirements for the 
B.Sc. (Honours) degree. 

ZPresent address: Department of Energy, Mines, and 
Resources, Inland Waters Branch, Water Quality Divi- 
sion, Ottawa, Canada. 

3Present address: Institute of Theoretical Chemistry, 
University of Wisconsin, Madison, Wisconsin. 

Theoretical Considerations 
In this section general intensity distribution 

functions are derived for radiation transmitted 
through an  absorbing medium which also emits 
radiation. It  will be assumed that the concentra- 
tions of the various absorbing and emitting 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3152 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

molecules and the temperature are independent 
of both time and position. Therefore, the com- 
bined distribution function presented here does 
not apply rigorously to such sources as an electric 
arc or a flame. 

The model used in the calculations is a con- 
tainer with a length 1 and plane parallel non- 
reflecting windows at both ends. The x-axis is 
chosen to pass through both windows at right 
angles with the origin at one window and positive 
sense towards the other. Radiation is taken to 
enter the container as a beam parallel to the x-axis 
through the window at the origin, and to be 
absorbed and emitted by molecules in the con- 
tainer. The radiation emitted along the x-axis 
through the window at x = 1 is considered to be 
observed by a spectrometer. 

Only the radiation travelling nearly parallel to 
the x-axis and in the positive sense is considered. 
Results derived from this model, however, are 
valid even though radiation is emitted isotropic- 
ally in the medium under special conditions. (See 
next section.) 

The intensity of the radiation from all sources 
in the energy interval v to v + dv (units cm-') 
and at position x (cm) inside the container is 
Z(v, x)d; (erg cmP2 's-'). The notation I(v, 0)dv 
= Iin(v)dv and Z(v, 1)dv = I(v)dv is used. 

The case of a singlet line is considered first. In 
this case Z(v, x)dv will be written as Z(v - v,, x)dv, 
where v, denotes the center of the singlet line. 
Then 

The first term on the right hand side represents 

[5] I(v)dv = Zi,(v) . exp 
j= 1 

spontaneous emission in the medium, 

The second term represents absorption, together 
with a correction for stimulated emission, 

Here izcm and nabs denote the concentration of 
molecules in the upper and lower states respect- 
ively (molecule cmP3); c, the speed of light (cm 
s- l ) ;  h, Planck's constant (erg s- l ) ;  A, the Ein- 
stein transition probability for spontaneous 
emission (s-l); Babs and Bcm, the Einstein tran- 
sition probabilities for absorption and stimulated 
emission (s g- l )  respectively. Pcm(v - v,)dv is 
the fraction of the total intensity jZsc(v - v,)dv 
in the frequency interval v to  v + dv and 
Pabs(v - v,)dv is the corresponding function for 
absorption. The functions Pab,(v - v,)dv and 
Pem(v - v,)dv are identical (2), and will be 
denoted by P(v - v,)dv. 

Equation [ l ]  can be solved for I(v - v,) using 
the appropriate boundary conditions to give 

[4] I(v - v,)dv = 

Iin(v - v,) exp [- k(v - v,)l]dv 
c . ncm . A . (1 - exp [- k(v - v,)l])dv + 

nabs ' Babs - r l c n ~  . 
Relationship [4] can now be generalized t o  the 

case of a multiplet line. Consider the case in 
which a multiplet with rn possibly overlapping 
lines with centers at v , ,  v2, . . . vj, . . . v,,, is 
emitted in the container. Then 

c( f vj . - pj(v - vj) I - exp -x icj(v - vj)l 
j= 1 ){ [ j;l ] id. 

x Vj ' (jnabs ' jBabs - j n c m  ' jBcm) ' Pj(v - ~ j )  
j=1  

The intensity distribution Pj(v - vj)dv which where 
will be considered in all cases here is the distri- 
bution due to Doppler broadening, [7] jAvD = 2(2R In 2)* 

[6] Pj(v - vj)dv = is the Doppler half-width of the jth component 

I 
of the line (cm- l), M is the molecular weight of 

. exp [-4(1n - vi)2 dv the emitting (and absorbing)molecule (g mole - I), 
jAvD2 and R the gas constant (erg deg-I mole-'). Other 
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causes for broadening could easily be incor- 
porated into the numerical calculations. 

The evaluation of the total intensity, 

can be obtained explicitly as a series for several 
simple cases. For partially overlapping lines or 
for cases where Iin(v)dv is a more complicated 
function than a Doppler or natural broadened 
line, it is necessary to use numerical methods 
for computing I. Here all computations are done 
numerically. 

Emission of Vibration-Rotation Lines 
from Hot HCI Vapor 

Introduction 
In obtaining an absolute calibration of an 

infrared detection system (5), the emission of 
vibration-rotation lines of HCI from an oven 
was observed. The oven consisted essentially of 
a quartz cylinder of 5 cm inner diameter. The 
temperature along a heated section length I, 
(80 cm) was kept at 11 18 + 10 O K ,  and a section 
length 1, (16 cm) nearer to the spectrometer was 
maintained at about 350 OK (3). The cone of sight 
of the spectrometer was narrow enough so that 
it did not intersect the side walls (8). 

The experimental points for the 'P,(vl = 1, 
j' = 0 to v = 0, j = l), 'R,(2, 4 to 1,3), and 
'R, (2, 5 to 1,4) line intensities obtained for 
various pressures of HCl in the oven are shown 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

PRESSURE (TORR) 

FIG. 1. Integrated emission intensity of HC1 vibra- 
tion-rotation lines as a function of pressure. A, linear 
extrapolation of calculated low-pressure values of I., for 
'PI. B, a line with one-half the slope of A. C, calculated 
curve for the 'PI line; +, experimental points. D, calcu- 
lated curve for the ZR4 line; 0, experimental points. 
E, calculated curve for the 2R3 line; A, experimental 
points. 

in Fig. 1. The intensities are the sum of the H3'CI 
and H37C1 contributions, as the slit width used 
in the experiment was 0.04 cm and the doublet 
components were thus not resolved. 

It was decided to test the calculating procedure 
and the relationships given in the previous section 
by predicting the integrated intensities of the 'PI, 
'R3, and 'R, lines as a function of the HC1 
pressure in the oven using a simple mathematical 
model. 

The model assumed the HCl vapor t o  be in 
two parts. From x = 0 to  80 cm at a pressure p 
and a temperature of 11 18 OK, and from x = 80 
to 96 cm at the same pressure p and a temperature 
of 350 OK. The actual temperature, and hence 
also the actual concentrations of the emitting 
and absorbing molecules vary in a more complex 
manner in the container, of course. A more 
sophisticated model for calculations could be set 
up, but the accuracy of the experimental data 
does not seem to warrant it in this case. 

No allowance is made in the model for thermal 
radiation from the end wall. It was attempted to 
keep this at a low level by having a cold, blackened 
(non-reflective) end plate present. Effects due to 
this type of radiation would be least at the lowest 
pressures, and did not seem to show up in the 
experimental data at pressures up to 0.5 Torr. 

Radiation is emitted isotropically in the oven. 
The optics of the infrared detection system were 
such (8), however, that the increase in area sub- 
tended by the cone of sight with increase in 
distance from the detector is cancelled by a corre- 
sponding decrease in intensity of radiation at the 
detector due to the inverse square law (9). Thus 
no weighting function is needed for the distance 
coordinate and the problem can be reduced to 
consider radiation propagating along the x-axis 
only. The relationships given in the previous 
section can therefore be used. 

CaIculations 
As the two components of each line do  not 

overlap in this case, they can be treated separate- 
ly and their integrated intensities then added for 
comparison with the experimental intensities. As 
Zin(v)dv is assumed to be zero, then at x = I, 
for a single component, from [4], one gets 

x (1 - exp [-k*(v - vo)ll])dv 

The asterisks denote quantities for the hot section. 
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In the second (cold) section, the amount of 
emission is negligible. Thus 

[9] I[(v - v,), (1, + 1,)ldv = I(v)dv 
= I[(v - v,), 1, ].exp [-k(v - v,)l,]dv 

where k*(v - vo) and k(v - v,) are given by [3], 
[61, and [71. 

The concentrations n*,,,, tz'?,,, n,,, were cal- 
culated (9) from the ideal gas law and partition 
functions constructed from spectroscopic data 
for H35Cl and H37C1 taken from Herzberg (10). 
These quantities are functions of the pressure. 
The transition coefficients A,  B,,,, and B,, were 
calculated (9) from the relationships given by 
Herman and Wallis (1 I) with matrix elements of 
the electric dipole moments of -6.70 x 
e.s.u. cm for the 1 + 0 transitions and -9.71 
x lo-" e.s.u. cm for the 2 + 1 transitions (12). 

Expression [9] was integrated numerically for 
a low value of p Torr) for both (isotope) 
components of the three lines. The two com- 
ponents were then added to obtain the calculated 
integrated emission intensities for the three lines. 
This procedure was repeated at p = Torr. 
From these two points the limiting slope as 
p + 0 was obtained. Then curves of I,, vs.p were 
calculated for pressures up to 2 Torr. These are 
shown in Fig. 1. 

The calculated points on the I,, vs. p curve for 
the 'PI line were next fitted by a polynomial and 
the "half-intensity" pressure was calculated by 
interpolation. This is the pressure at which the 
emission intensity is one-half the value obtained 
by linear extrapolation of the two lowest pressure 
points. It was used to quantitatively describe the 
shape of the I,, vs. p curve. The sensitivity of 
this "half-intensity" pressure to  changes in the 
assumed transition probability was examined for 
various 11/12 ratios. 

All calculations were made on a GE  41 5 com- 
puter. 

Results 
As seen in Fig. 1, the experimental points are 

in good agreement with the calculated curves, 
considering the simple model used in the calcula- 
tion. The vertical (I,,) scale in Fig. 1 is in relative 
units. The calculated and experimental points 
were put on the same relative scale by matching 
the 0.33 Torr point for the 'R4 line. The experi- 
ment was not initially performed for the purpose 
of obtaining such experimental-theoretical com- 
parisons. The design of the apparatus used was 

thus not optimized for this purpose, and could 
be improved. This preliminary experimental data 
does show the feasibility of obtaining reasonably 
accurate emission intensity vs. pressure curves 
from such ovens. A more sophisticated compu- 
tational model could also be set up if more 
accurate experimental data warrants it. 

The sensitivity of the half-intensity pressure t o  
the transition coefficients is about I :1 for all 
three ratios of 1,/1, used (5:l; 1:l;  10:l). The 
sensitivity to temperature changes was not 
examined. 

A comparison of such experimental and calcu- 
lated emission-pressure curves appears to be 
very useful for obtaining absolute values of 
transition probabilities for individual vibration- 
rotation lines. An absolute value could be ob- 
tained by comparing the shape of an experimental 
I,, vs. p curve with calculated curves having 
different assumed transition probabilities by use 
of a half-intensity pressure or some other means. 
Other absolute values can be obtained from the 
relative slopes of emission-pressure curves a t  
low pressures. This would thus provide a method 
of obtaining experimental vibration-rotation 
interaction factors and dipole matrix elements. 

Absorption of the Mercury 4358 a Line 

Introduction 
In using line absorption for obtaining absolute 

concentrations in stationary-state systems, it is 
sometimes impossible (5) or difficult to obtain 
the correct absorption-concentration curves by 
experimental means. Such curves must therefore 
be calculated using some mathematical model. 
Conversely, if correct experimental absorption- 
concentration curves are available, then absolute 
values of transition probabilities for the line con- 
sidered can be obtained by comparison to calcu- 
lated curves (4). 

Absorption-concentration curves were calcu- 
lated for the mercury 4358 A line (73S,-63Pl) for 
a homogeneous absorbing medium. The methods 
can, however, be generalized t o  other lines and 
to nonhomogeneous absorbing media. 

Calculations 
In these calculations expressioil [5] must be 

used, because several of the components over- 
lap. Since it is assumed that n,, = 0 for all com- 
ponents, the second term is zero. Doppler broad- 
ening (expressions [6], [7]) was again assumed 
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2944.5 

F R E Q U E N C Y  [ e m - ' 1  

FIG. 2. Radiation intensity distribution for hyperfine 
components 6 to 10 inclusive of the Hg 4358 A line. A, 
intensity distribution with Doppler broadening corres- 
ponding to 350 OK. B, the distribution in A after 44% 
absorption by an absorbing medium at 350 OK. 

to be present. The Doppler broadening in the 
absorbing medium was taken as being caused by 
a temperature of 350 OK in all cases. 

The hyperfine structure of the 4358 A line 
shows the presence of 13 components (13). Com- 
ponents 6 to 10 inclusive make up 79.9% of a 
nonabsorbed 4358 A line. These 5 components 
have considerable overlap when they are Doppler 
broadened at 350 OK as shown in Fig. 2, curve A. 
Such a curve is obtained by generalizing expres- 
sion [2] to  the case of a multiplet, 

The other components do  not overlap to any 
great extent. 

The absorption of various initial intensity dis- 
tributions Iin(v)dv was examined. The Ii,(v)dv 
assumed were: (i) natural mercury with Doppler 
broadening corresponding to 350 OK, and no 
self-absorption (shown 'in part in Fig. 2, curve 
A); (ii) the same as (i) except at 1500 OK; (iii) the 
same as (i) except with only the 198 isotope 
present; and (iv) the same as (i) except that self- 
absorption is assumed present. 

For the first three cases, curves were obtained 
by numerical integration of expression [5] at 
various values of N1 = Cjn,,,l using a G E  415 
computer. The curve for the fourth case was 
obtained from data for the first case through the 
relationship 

(A" - A') 
A =  

(1 - A') 

where A(N1) is the absorption when self-absorp- 
tion is present, Af(N'l) describes the degree of 
self-absorption, and A" [(N + N')I] is the ab- 
sorption for the case with no self-absorption. 
This assumes that Iin(v) in this case is I(v) for 
the case of no self-absorption when the absorp- 
tion is A'(NfI). Part of Ii,,(v)dv for curve F, Fig. 3, 
is thus shown by curve B, Fig. 2 where the  shape 
of I(v) in the overlapping region is shown for an 
absorption of 0.44. 

In all calculations, B,,, was taken t o  be 6.9 
x 10' s g- '  after Koedam and Kruithof (6), 
even though more recent calculations (14) give 
a value 20% higher. 

Results 
Figure 3 summarizes the results of the calcula- 

tions. Curve A shows a Beer's law approximation 
using the value of the absorption coefficient at 
the middle of an assumed singlet Doppler 
broadened (350 OK) line to  obtain the extinction 
coefficient. Curve B assumes the absorption of a 
singlet Doppler broadened line by an absorption 
line with the same half-width (Avem = Av,,, = 
a = l), and curve C with a = 3 as calculated 
from data given in Mitchell and Zemansky (I). 
Curve D shows case (i), curve E case (ii) and case 
(iv) with A' = 0.22, and curve F case (iii) and 
case (iv) with A' = 0.44. 

Data calculated from Koedam and Kruithof 
is also given, as their calculations were for a 
similar-but not identical-case, and as a differ- 
ent calculation procedure was used. The data 
correlates reasonably well considering the dif- 
ferences in initial models. 

It can be seen that curves become less steep as 
the amount of self-absorption in the incident 
intensity distribution is increased. The change in 
the absorption-concentration curves due to self- 
absorption (curves D, E, F) and due to Doppler 
broadening of the incident radiation (curves D, 
E) are small, however, relative to the change 
produced by introducing hyperfine structure 
considerations (curves B, D). 
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FIG. 3. Absorption-concentration curves for the Hg 
4358 A line. A, assuming Beer's law. B, singlet line 
absorption with a = 1. C, singlet line absorption with 
a = 3. D, Doppler broadened (350 OK) natural mercury 
line (no self-absorption) absorbed by natural mercury 
with Doppler broadening (350 OK). E, as in D, except 
with self-absorption (A' = 0.22); and as in D, except that 
the initial line is Doppler broadened corresponding to 
1500 OK. F, as in D, except with an incident line due to 
the 198 isotope only; and as in D, except with self- 
absorption (A' = 0.44). ., Data from Koedam and 
Kruithof (6). 

Other incident intensity distributions can easily 
be used, including experimental distributions. It 
should be noted that the value of B,,, used in the 
calculations is probably only accurate to within 
50%. 

Conclusions 

The calculation of theoretical emission-con- 
centration and absorption-concentration curves 

CHEMISTRY. VOL. 46, 1968 

from simple models has been shown to be feasible 
and potentially useful for several purposes. Copies 
of the computer programs used in the calculations 
are available on request from one of the authors 
(P.K.). 
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Average recoil ranges of 6 4 C ~  and lg6Au produced by protons of 
20-85 MeV energy in 65Cu and lg7Au' 

M. K. DEWANJEE, G. B. SAHA, AND L. YAFFE 
Rndiochen~istry Laboratory, Department of Chetnistry, McGill Utliuersity, Montreal, Quebec 

Received February 13, 1968 

Thick-target recoil experiments were performed to study (p,pn) reactions induced in 6 5 C ~  and 9 7 A ~  
in the energy range of 2&85 MeV and the average ranges projected in the forward, backward, and  
perpendicular directions were determined. Recoil parameters have been calculated to  show approxi- 
mately the amount of energy transfer and their energy dependence. The average range results have been 
compared with statistical theory, cascade-evaporation (85 MeV only), and inelastic scattering model 
calculations. The statistical calculations show reasonable agreement up to 3 0 4 0  MeV. However, the 
calculated projected range values, based on  the cascade-evaporation and the inelastic scattering models, 
are consistently lower than the measured values. The analyses of the projected range values support the 
prevalent view that at  low energies (- 3&35 MeV), the compound nucleus mechanism is predominant 
and at  higher energies, the direct interaction mechanism makes a major contribution. 

Canadian Journal of Chemistry, 46, 3157 (1968) 

Introduction 

The study of simple nuclear reactions in the 
energy range of approximately 20-100 MeV is 
interesting because of the gradual transition in 
the reaction mechanism that occurs in this 
energy region. From the threshold to some inter- 
mediate energy range (30-40 MeV) the reactions 
seem to be governed by the formation and sub- 
sequent decay of a compound nucleus. At 
higher energies the available data are at present 
best explained by a direct interaction mechanism 
in which the reactions take place in a two-step 
cascade-evaporation process or in a one-step 
knock-out phase. 

Recoil measurements provide a useful tool 
for the determination of momentum transfer and 
thus yield valuable information about the re- 
action mechanism. When a compound ilucleus 
is formed, full transfer of incident momentum 
from the projectile to the struck nucleus occurs. 
With the direct interaction mechanism only 
partial momentum transfer takes place. 

In the present study, we have measured the 
average ranges of the products formed in the 

' C ~ ( p , p n ) ~  "CU and ' 7Au(p,pn) ' 6Au reac- 
tions, in the energy range of 20-85 MeV. The 
thick-target thick-catcher technique was used to 
measure the average ranges projected in the 
forward, backward, and perpendicular directions 
relative to the proton beam. The equations of 
Winsberg (1) and Sugarman et al. (2) have been 

'This research received financial assistance from the 
National Research Council of Canada. 

used to derive the recoil parameters, which in 
turn give information regarding the deposition 
energy and momentum transfer in the cascade 
phase of the reaction. 

For a quantitative comparison between the 
calculations and the experimental range results, 
statistical theory calculations at lower energies 
and cascade-evaporation calculations a t  85 MeV 
have been performed for the 6 5 C ~ ( p , p n ) 6 4 ~ ~  
reaction. Also, we have performed the calcu- 
lations for the (p,pn) reactions based on the 
mechanism of inelastic scattering of one nucleon 
in the diffuse surface of the nucleus followed by 
the evaporation of another particle from the 
excited residual nucleus (3-5). 

Experimental 
(a) Target Assembly atzd Irradiations 

The target assembly in two orientations is shown in 
Fig. 1. It consists of the target (T) and activation (A) and 
guard foils (G). The foils t o  catch the recoils a re  labelled 
F (forward) and B (backward) in the forward-backward 
experiment and U (up) and D (down) in the perpendicular 

GB T F A G  

FIG. 1. Thick-target assemblies. (a) Forward-back- 
ward, (b) Perpendicular; G guard foil, B backward 
catcher foil, T target, F forward catcher foil, A activation 
foil, U upward catcher, and D downward catcher. 
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experiment. The copper or gold target foil of normal iso- 
topic con~position and thicknesses 8.871 and 18.911 
mg/cm2 respectively was sandwiched between the two 
aluminium catcher foils (9.19 mg/cm2). The target area 
was about 1.5 cm2. Before assembly all foils were washed 
with acetone and water to  degrease them. The target super- 
ficial density was determined by weighing a known area 
of the target foil. The leading edge of the target was 
inside the catcher foils as shown in the diagram to prevent 
escape of recoils from the edge of the target. 

An aluminium activation foil, identical with the 
catchers, was included to correct for impurities in the 
catchers which might give rise to the formation of 6 4 C ~  
o r  lg6Au. The guard foils prevented any separation 
between the different foils. The entire assembly was fixed 
to the target holder and irradiations carried out in the 
circulating beam of the McGill synchrocyclotron. The 
target assemblies were oriented (Fig. 1) at  90 and 10" to 
the beam in the forward-backward and perpendicular 
experiments respectively. The intensity of the proton 
beam was of the order of 1 PA, and the period of irra- 
diation varied from 60-90 min. 

(b )  Chemical Separations 
(i) Copper 
The procedure used was a modification of that of 

Kraus and Moore (6). After irradiation the target, 
catchers, and activation foil were separately dissolved in 
a few milliliters of concentrated hydrochloric acid along 
with a few drops of hydrogen peroxide, 10 mg of Cu2+ ,  
and 4 mg of Na+ .  The solution was evaporated to dryness 
and redissolved in 2 ml of 4.5 N hydrochloric acid. This 
solution was passed through an ion-exchange column 
(Dowex 1 x 8, previously equilibrated with 4.5 N hydro- 
chloric acid). The column was washed with 4.5 N hydro- 
chloric acid to elute Na+ ,  Mn2+,  Co3+ ,  and Ni2+.  
Copper was then eluted with 1.5 N hydrochloric acid, 
reduced with sodium sulfite, and precipitated as copper 
thiocyanate (from dilute hydrochloric acid with am- 
monium thiocyanate). The resulting solution was heated 
and centrifuged. The precipitate was then redissolved, 
and the solution made to volume. 

Aliquots of 2 ml were usually taken for activity 
measurements. In several instances the thiocyanate pre- 
cipitate was collected o n  glass fiber filter paper, dried, 
weighed, and after being covered with thin mylar films 
was used for activity measurements. 

The chemical yields of the liquid sources were de- 
termined by complexometric titration (7) using disodium 
ethylenediamine tetraacetate with murexide indicator in 
the presence of NH4C1-NH40H buffer. Chemical yields 
were of the order of 55-75 %. 

(ii) Gold 
The target, catchers, and activation foil were sepa- 

rately dissolved in aqua regia to which had been added 
gold, mercury, sodium, platinum, iridium, osmium, and 
rhenium carriers. The solution was evaporated twice to 
dryness with concentrated hydrochloric acid, the res- 
idue was redissolved in 5 N hydrochloric acid, and gold 
was extracted with ethyl acetate (8). The solvent layer was 
washed with 5 N hydrochloric acid and evaporated to 
dryness. The residue was dissolved in 2 N hydrochloric 
acid, reduced with 5 % hydroquinone, washed with water 
and alcohol, and dissolved in aqua regia. The solution 
was made up to volume, and an aliquot used for activity 

measurements. Sometimes solid sources of gold were 
prepared after the hydroquinone reduction and used for 
activity measurements. The chemical recovery of gold 
was determined spectrophotometrically as the bromo- 
aurate ion (9) at 380 nip and the recovery was of the 
order of 60-80 %. 

(c) Activity Measure~nents 
The characteristic y-rays of ' 9 6 A ~  (composite peak : 

0.426, 0.330, and 0.354 MeV) were measured with a 
NaI(T1) crystal coupled to a 400-channel pulse-height 
analyzer. The annihilation radiation from 6 4 C ~  was 
measured with a well-type NaI(T1) crystal coupled to  a 
single-channel analyzer gated o n  the 511-keV peak or 
with the NaI(T1) crystal and the analyzer mentioned 
above. In  addition, some of the samples were cross- 
checked by following their activities o n  low-background 
o r  end-window beta counters. 

Results 

(a) Treatment of Data 
(i) At a given bombarding energy, the relative 

activities of different samples, a t  a particular 
time after the end of bombardment, were ob- 
tained from graphical plots or computer cal- 
culations with the CLSQ decay curve analysis 
program (10). Corrections for impurity acti- 
vation were made for the activities in the catchers 
in each experiment. In general, the aluminium 
blank showed a production of 6 4 C ~  and l g 6 ~ u  
from impurities less than 1 % of the amount of 
total recoiling 6 4 C ~  and lg6Au nuclei. 

(ii) The edge-effect for the target foils used 
was negligible (1 1). 

(iii) The formation cross section is assumed to 
be constant throughout the target. This is not 
true for reactions having steep excitation func- 
tions (12, 13). N o  correction was made for the 
beam degradation in the target assembly, the 
effect of which was much smaller than the un- 
certainty in the excitation function and the 
energy spread (f 2 MeV) in the beam. 

(b) Analysis of Data 
In the parallel experiment (Fig. l(a)), the 

fractions of the activities in the forward and 
backward catchers are denoted by F and B 
respectively. For the perpendicular experiment, 
the average fraction of the activity in the catchers 
is called P (the activities of the two catchers were 
approximately equal). The target thickness W is 
expressed in mg/cm2 and the results are shown in 
Table I. The equations of Sugarman (2) are 
based on the vector model as shown in Fig. 2 
and relate the measured FW, BW, and P W  
values to the recoil range parameter R (R K V N ) ,  
velocity parameters (T-,,, ql), and anisotropy 
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TABLE I 
Summary of recoil results from the thick-target experiments 

(a) s C ~ ( p , p n ) 6 4 C ~  reaction 

Ep* No. of FW (+ 14%) B w  ( k  15%) No. of P w ( k 1 4 % )  
(MeV) expts. (mg/cmZ) (mglcmZ) expts. (mglcmZ) FIB FIP 

20 1 0 . 1 3 1 k 0 . 0 1 8  0 .0002kO.0000  1 0 . 0 4 7 k 0 . 0 0 7  679.30 2.77 
30 3 0 . 1 8 0 k 0 . 0 2 5  0.0041 k 0 . 0 0 0 6  1 0 . 0 3 9 + 0 . 0 0 6  43.89 4 .61  
35 2 0 . 2 9 2 k 0 . 0 4 1  0 . 0 0 5 4 k 0 . 0 0 0 8  1 0 . 0 4 4 k 0 . 0 0 6  53.90 6 . 6 4  
40 2 0 . 2 7 5 k 0 . 0 3 9  0 . 0 0 4 7 k 0 . 0 0 0 7  2 0 . 0 4 8 k 0 . 0 0 7  58.56 5 .76  
50 2 0 . 1 6 8 + 0 . 0 2 4  0 . 0 0 6 2 k 0 . 0 0 0 9  1 0 . 0 6 3 k 0 . 0 0 9  27.15 2.69 
60 3 0 .148+0.021  0 .0066kO.0010  1 0 . 0 6 1 k 0 . 0 0 9  22.46 2.43 
7 0  1 0 . 1 2 5 k 0 . 0 1 8  0 . 0 0 6 5 k 0 . 0 0 1 0  1 0 . 0 5 9 + 0 . 0 0 8  19.20 1.92 
80 1 0 . 1 4 1 k 0 . 0 2 0  0 .0082kO.0012  1 0 . 0 9 1 k 0 . 0 1 3  17.16 1.55 
85 1 0 . 1 0 4 + 0 . 0 1 5  0 . 0 0 9 0 k 0 . 0 0 1 3  2 0 . 0 5 8 k 0 . 0 0 8  11.66 1.81 

(b) ' 9 7 A ~ ( p , p n ) 1 9 6 A ~  reaction 

*Ep,  proton energy. 

parameter bla, for the angular distribution of 
the type W(0) = (a + b cosZ 0)/(a + b/3). The 
equations are valid when q << 1. 

The effect of the variation of the velocity 
exponent N on the constancy of R, q and bla 
values was studied. It was assumed that N 1: 1 
for fission fragments and N - 2 for heavy atoms 
moving with smaller velocities. Depending on 
the mass and velocities of the recoiling product 
nuclei, intermediate values of N were also used. 
It was observed for higher incident energy (50 
MeV on gold and 70 MeV on copper), that the 
variations in R, q, , ,  and bla were negligible for 
variation of N from 1.5 to 2.0. The highest 
acceptable values of N were picked. However, 
for copper irradiations below 70 MeV and for 
gold below 40 MeV, results of the iterations 
were either fluctuating or tended to give rise to 
absurd values for N = 2. In these cases, the N 
values were lowered till consistent results were 
obtained. 

Since there are four unknowns (q,,, (̂I,, R, 
and bla) and only three equations, q, was 
assumed to be zero, and the equations were 
solved by different approximate methods. First, 
approximate values of the recoil parameters 
were calculated by the self-consistent method of 
analysis (2) (Sugarman's anisotropy,case). The 

FIG.  2.  Vector model representations. (a) Compound 
nucleus mechanism illustrating the forward-backward 
and perpendicular experiments; v impact velocity, 
V evaporation or reactionvelocity, and q = ul V. (b) Direct 
interaction mechanism, ull and u, are components of 
the knock-on velocity v, parallel and perpendicular to the 
beam direction; the vector V is the reaction velocity, and 
0 and 0,, are the recoil angles with respect to the beam 
direction in the system of the struck nucleus and labo- 
ratory system respectively. 
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TABLE I1 
Calculated FW values for compound nucleus formation by evaporation corrections 

Proton Calcu- Experi- Approxi- 
energy RCN lated F W  mental FW mate 
(MeV) p2 p4 F W / R ~ N  (mg/cm2) (mg/cm2) (mg/cm2) CN/DI 

(a) 65Cu(p,pn)64C~ reaction 
20 0.159 0.025 1.089 0.062 0.068 0.131 - 
30 0.460 0.212 1.166 0.091 0.106 0.180 - 

(h) 9 7 A u ( ~ . ~ n ) '  96Au reaction 

multiple iterations were performed with a corn- of the target, nonuniformities of the target and 
puter program. In another method of analysis of catcher thickness, the scattering of the recoiling 
the Sugarman equations R and ql l  were cal- nuclides, dilution factors, radioactive purity, and 
culated for values of bla = 0, q, = 0, and N = self-absorption and back scattering of the beta 
2. The equation, quadratic in r]ll, was solved radiation in the sample. The chemical procedures 
(Sugarman's isotropy case). 

The corresponding equations of Winsberg (1) 
for N = 2 and bla = 0 are as follows: 

{ [I] F W = 0.267R(1.0 + q)' 1.0 + 0.5q 

- (1.0 - q)2[1.0 - (1.0 - q)2] 

8I-l 

[2] (F - B) W = 0.267Rq(5.0 I- q2)  

[3 1 P W  = 0.25R(1.0 + 0.375~ ') 

The cubic equation in q was then solv 
numerically by Newton-Raphson's method (14) 0°4 

(Winsberg's isotropy case). The surprising fact is Y O 3  

that the results of R and q I I  obtained in these 0°2 

three analyses are not significantly different. The 
FW, BW, and P W  values and the corresponding 5: 
recoil parameters obtained by the different me- 0°08 

thods are shown in Tables I and 11, and Figs. 3, a 0°06 

4, and 5. 

(c) Errors 
20 30 40 50 60 70 80 90 The random errors in recoil studies consist of PROTON ENERGY (MeV) 

the errors associated with the resolution of decay 
FIG. 3. Energy dependence of the FW, PW, and curves, the determination of photo peak BWvalues: (a) (b) refer to the 6 4 a  data; (,-) and ( d )  

counter backgrounds, chemical yields, weights to the lg6Audata. 
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E ~ m  A 

( M e V )  0.5 
8 Q 

0.1 

& 
0.5 (d) FRACTIONAL 

KINE TIC 
E N E R G Y  TRANSFER 

EI~>'ECN0.3! 0.1 @ 1 
PROTON ENERGY (MeV) 

FIG. 4. Thick-target 6 4 C ~  recoil parameters: (a) 
range parameter R, (b) velocity parameter T) (c) impact 
energy E,,, and (d) the ratio of the kinetic energy of the 
impact to that of the compound nucleus Elm/ECN; 
A Sugarman's anisotropy case, a Sugarman's isotropy 
case, and a Winsberg's isotropy case. 

gave sufficient radiochemical purity, and radio- 
active decay of the samples was carefully moni- 
tored. The total error was calculated by taking 
the square root of the sum of the squares of the 
individual errors. The error amounted to + 14 % 
for 6 4 ~ ~  and _t 16% for lg6Au in the deter- 
mination of the FW,  B W ,  and P W  values. The 
scatter of the experimeiltal points, determined by 
duplicate experiments, was found in most cases 
to be less than this estimated error. 

Discussion 

( a )  Qualitative Features 
Some qualitative features of the results of 

(p,pn) reactions studied are of interest. In Fig. 3, 

it is seen that the quantity F W  increases initially, 
reaches a peak value at about 35 and 30 MeV 
for 6 4 C ~  and lg6Au respectively, and then 
gradually decreases and becomes nearly con- 
stant at higher energies. The value of B W  shows 
an initial rise and then levels off. The P W value 
shows a linear energy dependence and has a very 
small slope. The ratio FIB of the forward to the 
backward activity as seen from Table I1 be- 
comes larger as the bombarding energy ap- 
proaches the threshold of the reaction. The 
ratios FIB and F/P show only slight energy de- 
pendence in the high energy region. The FIB 
ratio at low energy involves a larger error be- 
cause of the extremely low activity in the back- 
ward catcher. 

The present results for 4~~ and 6~~ may 
be compared with previous results obtained with 
medium- and heavy-mass nuclides in the energy 

( d l  FRACTIONAL 
KINETIC E N E R G Y  

0 
E ~ r n ' E ~ ~  8 

PROTON ENERGY (MeV) 

FIG. 5. Thick-target lg6Au recoil parameters: (a) 
range parameter R, (b) velocity parameter T) (c) impact 
energy E,,, and (d) the ratio of the kinetic energy of the 
impact to that of the compound nucleus Elm/ECN: 
A Sugarman's anisotropy case, 0 Sugarman's isotropy 
case, and a Winsberg's isotropy case. 
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PROTON ENERGY (MeV) 
FIG. 6. Calculation of constant deposition energy by the adjustment of qll with pll/E*; (a) and  (b) refer to 6 4 C ~ ;  

(c) and (d) refer to 1 9 6 A ~ ;  A Sugarman's anisotropy case, 0 Sugarrnan's isotropy case, and Winsberg's isotropy case. 

region of interest, in terms of FW, BW, and PW 
values (mg/cm2) and their ratios FIB and F/P. 
Merz and Caretto (15) reported F, B, and P 
values for the 6 5 C ~ ( p , p n ) 6 4 ~ ~  reaction in the 
energy region 73-400 MeV. Their results, con- 
verted into FW, BW, and P Wvalues at 73 and 85 
MeV, may be compared with the present data. 
Our results for F W  and BW values at 73 MeV 
(interpolated) and P W  value at  85 MeV are 
larger by a factor of 2.4, 1.8, and 2.1 respectively. 
It is difficult to pinpoint the reason for this dis- 
crepancy. 

The initial rise of the FW value from the 
threshold energy indicates a large momentum 
transfer for the compound nucleus type reaction. 
The falloff at higher energies was attributed by 
Fung and Perlman (16) to the onset of nuclear 
transparency. The simple classical expressions 
P = rt J(2nzE), and hence APlAE cc + E-'I2, 
show that, for constant deposition energy, the 
forward deposition momentum decreases initially 
as E -  ' I 2  and the backward momentum increases 
as - E - ' / ~ .  

( b )  Analytical Calculations of the Average For- 
ward Ranges with the Effect of Evaporation 

From the relations of Winsberg and Alexander 
(17, l8), the average forward ranges, FW, of 

6 4 ~ ~  and 1 9 6 ~ ~  were calculated from the com- 
pound nuclear range by considering the evap- 
oration effect (19). For the normalized isotropic 
distribution of the emitted particles, FW can 
be written as 

where p(= V/v = 1/q) << 1, and RcN is the 
range corresponding to the compound nuclear 
velocity v at a particular incident energy, and it 
was calculated with the Lindhard, Scharff, and 
Schiott (L.S.S.) range-energy relation (20). The 
expression (19) for the evaporation correction 
parameter p2 for the (p,pn) reactions can be 
written as 

where M and E are the mass and  kinetic energy, 
and the subscripts CN, R, p, and e refer re- 
spectively to the compound nucleus with the 
excitation energy EcN*, the residual fragment, 
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DEWANJEE ET AL.: AVERAGE RE( :OIL RANGES OF 64Cu AND 196Au 3163 

001 

2 0  30 4 0  50 60 70 80 90 
PROTON ENERGY (MeV)  

FIG. 7. Comparison of experimental and calculated 
F W  values of (a) 64Cu and (b) 1 9 6 A ~ ;  0 experimental, 
Q compound nuclear range with evaporation effect, eq. 
[4], statistical theory, A cascade-evaporation theory 
(85 MeV), 0 ISE model calculations. 

the bombarding particle, and the emitted par- 
ticles. s,, and s, are the separation energies of 
the proton and the neutron respectively. The 
summation is carried out over all the particles 
and the energy of the residual nucleus was 
assumed to be slightly less than the differ- 
ence of the Q values for the (p,p2n) and (p,pn) 
reactions. The residual nucleus in such a case 
would not have sufficient energy (7 and 5 MeV 
for 6 4 C ~  and 1 9 6 A ~  respectively) for particle 
emission and the ground state of the recoiling 
nuclide would be reached by photon emission. 
The calculated results are shown in Table I1 and 
Fig. 7, along with the experimental values. 

The calculated values are lower than the ex- 
perimental ones at  low energy, although linear 
energy dependence is observed. The discrepancy 
may be partly due (20) to the low KL,s,s, values 
calculated for the Thomas-Fermi atoms. To fit 
the experimental curves, K,,,,,, for 6 4 C ~  would 
have to be multiplied by a factor of -- 1.8 and 
that for 1 9 6 A ~  by 1.3. Above 50 MeV for 

6 4 ~ ~  and 40 MeV for 1 9 6 A ~ ,  the experimental 
results fall below the calculated values. This is 
due to the predominance of the direct inter- 
action mechanism above this energy range since 
the partial momentum transfer is not taken into 
account in the above calculation. 

(c)  Recoil Parameters 
The recoil parameters calculated by the three 

approximate methods outlined previously are 
shown in Table 111, and Figs. 4 and 5, where 
E, = proton energy, Ev = kinetic energy due to 
the evaporation kick, and E,, = impact energy 
due to momentum transfer. It is observed that 
the trends for the three cases are similar, with the 
exception that Sugarman's anisotropy case shows 
higher values of the recoil parameters, partic- 
ularly at  about 60 MeV for both 6 4 C ~  and 
1 9 6 A ~ .  The recoil parameters at 80 MeV for 
6 4 ~ ~  and 1 9 6 A ~  show a point of iilflection al- 
though the uncertainty may be higher in this case. 
The general nature of the variation of the recoil 
parameters mainly in the energy region between 
50 and 85 MeV is described below. 

(i) The range parameter R (= KV") for 6 4 C ~  
at  85 MeV is about three times larger than the 
corresponding value for 1 9 6 A ~ ,  whose mass is 
approximately three times greater than that of 
6 4 ~ ~ .  The relatively high R value for both 6 4 C ~  
and ' 9 6 A ~  above 50 MeV may be due to the 
higher excitation energy transfer to the struck 
nucleus in the initial phase of the reaction and 
hence higher evaporation velocity of the recoils. 

(ii) The values of the velocity parameter qll, 
for both 6 4 C ~  and 1 9 6 A ~ ,  gradually decrease to 
a saturation value of -- 0.3 around 85 MeV, at 
the onset of the region of constant deposition 
energy. 

(iii) The variation of the impact energy (the 
kinetic energy transfer in the initial cascade 
step, El, = O . ~ A I ~ , , ~ V ~ )  with the incident 
energy shows that the slope for 6 4 ~ ~  is higher 
than that for 1 9 6 A ~  and at  85 MeV the E,, 
value for 6 4 C ~  (N 0.12 MeV) is twice as large 
as that of 1 9 6 ~ ~  (0.06 MeV). However, the 
ratio E,,/EcN, which is a measure of the frac- 
tional kinetic energy transfer to the recoiling 
nuclide in the cascade process, approaches a 
value of 4 . 1  at 85 MeV. For full incident 
momentum transfer, this value should be unity. 

(iv) The slight variation of the kinetic energy, 
Ev, due to  the evaporation kick in the three 
cases for 6 4 ~ ~  and 1 9 6 A ~  at higher energies is 
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TABLE 111 cl 
P 

Summary of the recoil parameters obtained from the different analyses of the thick-target results 2 
-. - -- - - 

P 
--- - -  d 

Winsberg's isotropy case Sugarman's isotropy case Sugarman's anisotropy case F 
-- z 

- 

E ~ *  R EV EX, R Ev Elm R EV a 
(MeV) N (mg/cm2) q (MeV) (MeV) EI,,/EcN N (mg/cm2) q (MeV) (MeV) EI,/EcN N (mg/cm2) q bla (MeV) (MeV) E,,,,/EcN 2 

z 
65C~(p,pn)64Cu reaction 

'"'so 
$ 

2 0.225 0.507 1.24 0.329 0.435 2 0.211 0.540 1.16 0.350 0.462 1.4 0.295 0.677 -10.3 1.63 0.770 0.980 
60 2 0.219 0.450 1.21 0.253 0.278 2 0.207 0.471 1.14 0.261 0.288 1.4 0.194 0.696 -1 .431 .07  0.536 0.589 
70 2 0.209 0.386 1.15 0.177 0.167 2 0.193 0.399 1.07 0.175 0.165 1 . 6  0.191 0.562 -1 .131.05 0.343 0.323 0 
80 2 0.292 0.278 1.61 0.129 0.106 2 0.253 0.283 1.39 0.115 0.095 2.0 0.276 0.433 -1 .381 .53  0.295 0.244 $ 
85 2 0.201 0.315 1.11 0.114 0.088 2 0.184 0.322 1.01 0.109 0.124 2 .0  0.192 0.414 -0 .991 .06  0.187 0.145 H 

(b)  lg7Au(p,pn) IgGAu reaction 

40 - - - - - - 
3 

2 0.054 0.548 0.465 0.133 0.658 2 0.045 0.644 -0 ,620 ,423  0.177 0.877 5 
50 2 0.069 0.373 0.599 0.084 0.334 2 0.067 0.385 0.585 0.082 0.347 2 0.068 0.403 -0.24 0.587 0.096 0.381 < 
60 2 0.075 0.343 0.655 0.078 0.256 2 0.074 0.352 0.640 0.080 0.264 2 0.074 0.368 -0 .240.646 0.088 0.291 
70 2 0.084 0.250 0.726 0.046 0.130 2 0.079 0.253 0.684 0.044 0.126 2 0.085 0.288 -0.63 0.736 0.062 0.175 
80 2 0.073 0.321 0.630 0.065 0.162 2 0.067 0.328 0.579 0.063 0.156 2 0.069 0.418 -0.960.602 0.106 0.262 -m 

85 2 0.076 0.269 0.661 0.048 0.112 2 0.069 0.273 0.599 0.052 0.121 2 0.076 0.344 -0.96 0.661 0.079 0.184 
. - - .- - - - - -. . - - - - -- m 

*E,, ,  proton energy. 
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DEWANJEE ET AL.: AVERAGE RE( :OIL RANGES OF 64Cu AND lg6Au 3165 

within the limits of the experimental error. This 
constancy of Ev reflects a constant deposition 
energy at the higher bombarding energies. 

(v) The anisotropy parameter, bla, shows high 
negative values for both 6 4 C ~  and lg6Au, which 
are close to - 1.0 at 85 MeV. The bla values are 
sensitive to small variations in the measured F W  
and BW values which may involve higher un- 
certainties, though the other recoil parameters 
are less affected. 

The analysis of Sugarman's equations (2) and 
the Monte Carlo calculations of Porile (21) 
show that the neglect of q, does not introduce a 
serious error into the calculation of R and q ll .  
The calculations of vll and therefore E,, are 
approximately independent of qL.  Merz and 
Caretto (15) obtained a relatively high value of 
q, at higher energies for the 6 5 C ~ ( p , p n ) 6 4 C ~  
reaction, though no details of the calculations 
were given. The assumption that V and v are 
unique is not strictly correct, since the measured 
projected range values are average quantities. 
The rigid assumptions that q, = 0 and bla = 
0 (in the isotropic emission cases) are not strictly 
valid as indicated by a sidewise peak in the 
angular distribution measurements (22). The 
assumption bla = 0 is difficult to verify because 
the separation of the angular distribution of the 
evaporation kick from the net angular distri- 
bution results is difficult to achieve. The equa- 
tions of Sugarman are not valid, in general, 
below 50 MeV, where q l l  approaches unity and 
the neglect of higher powers of q I l  is not 
justified. Another reason for the uncertainty in 
the energy calculation from the recoil param- 
eters is the uncertainty in the electronic 
stopping parameter K, which in extreme cases 
amounts to about 50%. Because of the experi- 
mental uncertainties in the FW, BW, and P W  
values, as well as those involved in the analyses, 
the calculations of El, and Ev may involve large 
cumulative errors of the order of 20-40 %. 
(d) CaZculation of Deposition Energy 

(Approximate) 
Approximate values of the deposition ener- 

gies for both the reactions studied were calcu- 
lated by a combination of the recoil parameter 
q l l  and the momentum component in the beam 
direction imparted to the struck nucleus by the 
incident particle. The single, fast nucleon mech- 
anism of Fung and Perlman (16) assumes 
that the incident particle passes through the 

nucleus undeviated, but deposits an energy E*. 
The componeilt of the momentum imparted to 
the recoil in the direction of the beam is given by 
the relation 

where E andp  in this section refer to the total 
energy and momentum of the incident particle 
in natural units of moc2 and moc respectively, 
At low bombarding energies (23), [6] reduces to 
the equation used by Fung and Perlman (16). The 
crudeness of the model lies in the assumption 
that the recoils move only in the forward di- 
rection, i.e. p, = 0. Also in this mechanism, the 
Fermi motion of the nucleons in the nucleus was 
neglected. The effect of Fermi motion will cause 
a distribution in the recoil momentum. Accord- 
ing to this mechanism, the deposition energy 
after the knock-on cascade leaves sufficient ex- 
citation energy to evaporate further particles 
from the residual nucleus to lead to the desired 
product, and this deposition energy is approxi- 
mately constant in the high energy region. 

Since V is approximately constant, the veloc- 
ity parameter q l l  = vll/ V is a measure of pll in 
the energy region of interest (60-85 MeV). In the 
determination of the recoil parameters, we also 
assumed that q, = 0, i.e. v, = 0. The ratios of 
pII/E* were calculated for various values of E* 
(0.0 to 0.5 moc2). By matching the curve of q l l  VS. 

E, with that ofpll/E* vs. E,, as shown in Fig. 6, 
a value of deposition energy E* was found for 
the best fit of the two curves. The parameter 
qII/(pII/E*) was approximately found to be 
0.125 for lg6Au with E* -0.011 (moc2) or - 10.15 MeV, and 0.141 for E* - 0.015 
(moc2) or N 14.1 MeV for 6 4 C ~ .  These depo- 
sition energies are just sufficient to evaporate a 
neutron from the excited 6 5 C ~  and "Au nu- 
clides to give rise to the (p,pn) products. 

(e) Comparison with Monte Carlo Calculations 
In order to make a quantitative comparison 

of our experimental results with the predictions 
of the statistical and cascade-evaporation theo- 
ries, Monte Carlo calculations have been per- 
formed to obtain the recoil range values. With 
the evaporation formalism of Weisskopf (24) 
and the modified code of Dostrovsky et al. (25), 
statistical calculations (26) were carried out at 
20, 30, 40, and 50 MeV with 5000 initial cas- 
cades and cascade-evaporation calculatioils at 
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85 MeV with 10 000 cascades for the 65Cu(p,pn)- 
6 4 C ~  reaction2. At energies above 40 MeV, the 
calculated cross sections for the 6 5 ~ ~ ( p , p n ) 6 4 C ~  
reaction with evaporation alone, were too low 
to yield a significant number of events. 

The range of the recoil can be calculated from 
its kinetic energy by the Lindhard, Scharff, and 
Schiott relationship (27) 

where the range-energy proportionality con- 
stants, K, are 0.18 1 and 0.1 15 (mg cmP2 keV- ') 
respectively for 6 4 ~ u  and I g 6 ~ u  in copper and 
gold. The average ranges projected in the for- 
ward, backward, and perpendicular directions 
were obtained by 

[8] F W = R cos 0, 0 < 8, < 4 2  

R 
[lo] P W = - sin 8, n 

In the evaporation calculations, the radius pa- 
rameter was chosen to be 1.5 fm. A value of 
0.05A was assumed for the level density param- 
eter and pairing energy values were taken from 
Cameron (28). 

In the cascade-evaporation calculation (29), 
the cascades resulting in 6 4 C ~  with excitation 
energies below 10 MeV and in 6 5 C ~  with ex- 
citation energies between 9.9 and 25 MeV were 
selected. These limits were based on neutron 
binding energies in 6 4 C ~  and 6 5 C ~  which are 
7.9 and 9.9 MeV respectively. The lower limit 
of 6 4 C ~  was set at 10 MeV to allow for some 
y-competition in the first 2 MeV (approximately) 
above the threshold for neutron emission. 
Similarly 25 MeV was considered as the upper 
limit for 6 5 C ~  in order to allow for neutron 
kinetic energy and for y-competition. 

Reflection and refraction were omitted in this 
calculation because recent findings by Chen et al. 
(29) show that much better agreement with ex- 
perimental data was achieved at low (< 150 
MeV) incident energies without refraction. We 
considered the formation of 6 4 C ~  from 6 5 C ~  
only (the printed output did not include the 
6 5 ~ n  residual nucleus). However, the evapora- 
tion calculation shows that only a small fraction 

'We are grateful to Dr. G. Friedlander who kindly 
performed the 85-MeV cascade calculations for us. 

(- 10%) of 6 4 C ~  at intermediate energy forms 
via the (P,N) cascades, followed by proton 
evaporation, since proton evaporation from the 
excited residual nucleus is suppressed by the 
Coulomb barrier. The ratio of 6 4 C ~  formed by a 
knock-out mechanism to that formed by cas- 
cade-evaporation for 691 events is of the order 
of 0.61 The residual nucleus of the cascade step 
was taken as the starting nucleus for the evap- 
oration calculation. Average values of FW, BW, 
and PW were calculated at 85 MeV, separately 
for the recoiling 6 4 C ~  nuclide obtained as a 
product of the knock-out mechanism and the 
cascade-evaporation process. The FW, BW, and 
PW values (mg/cm2) for 6 4 C ~  formed by the 
knock-out mechanism are 0.01 59, 0.003 1, and 
0.0163 and those formed by the cascade- 
evaporation process are 0.0278, 0.0021, and 
0.0039; the averages of these two values being 
0.0219, 0.0026, and 0.0101 respectively. Thus, it 
is apparent that the FWand PW values obtained 
by the cascade-evaporation process are higher 
than those obtained by the knock-out mech- 
anism, since most of the kinetic energy is 
carried away by the promptly emitted particles 
in the latter process. The BW value obtained by 
the knock-out mechanism is, however, higher 
than that obtained by the cascade-evaporation 
process. This may be attributed to the forward 
scattering of the prompt particles in the knock- 
out phase. 

The discrepancies between the calculations 
and experiments may be assigned to the neglect 
of: (i) the evaporation from the highly excited 
nuclei (higher than 25 MeV for excited "CU 
nuclei), (ii) compound nucleus formation, (iii) 
proton evaporation from the excited 65Zn 
nuclei, and (iv) the nucleon correlation (30) 
which may be sensitive to the recoil properties. 

(f) Inelastic Scattering Model for Recoil Studies 
of Simple Reactions at Intermediate Energies 

In order to interpret the recoil range results, a 
three-dimensional inelastic scattering model was 
developed (5, 31). In this semiclassical model, it 
is assumed that the incident proton interacts 
with a stationary target nucleon in the diffuse 
surface of the nucleus, thus resulting in the 
emission of either the incident o r  struck proton 
(inelastic scattering) or of the struck neutron 
(charge-exchange scattering). One of the col- 
lision partners is assumed to be captured, trans- 
ferring its energy to the whole nucleus. The 
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nucleus then recoils, due to the prompt emission 
process, and moves in a definite direction with 
velocity V,. The residual nucleus with sufficient 
excitation energy evaporates a particle; the re- 
sulting nuclide then recoils with velocity V a t  a 
definite angle to the incident beam and has a 
definite range in a particular stopping medium. 
This idea of inelastic scattering through two- 
body collisions in the diffuse nuclear surface was 
first suggested by Eisberg and Igo (32) to inter- 
pret their (p,pl) data at 31 MeV and later con- 
firmed by the calculation of Elton and Gomes 
(4). Saha and Porile (5) used a similar model for 
the calculation of isobaric ratios of simple re- 
actions in the medium energy range. 

The probability of emission of more than one 
particle in the initial cascade phase is small, 
since the mean free path is larger than the dis- 
tance of traversal in the nuclear periphery. The 
probability of (P,N) and (P,P) cascades can be 
simply written as 

where N and Z are the numbers of neutrons and 
protons in the target nucleus; the quantities 
(o),, and (o),, are the effective nucleon- 
nucleon scattering cross sections (33) inside the 
nucleus which, in contrast to the free inter- 
nucleon collision cross sections o,, and o,,, 
take into account the momentum distribution of 
the bound nucleons and the operations of the 
exclusion principle. They are given by Winsberg 
and Clements (33) as: 

and 

where Ep is the incident energy inside the nucleus, 
E,, and E,, are the proton and neutron Fermi 
energies, and K,, and K,,, are constants. 

In the (P,P) or (P,N) cascade phase, enough 
energy is transferred to the residual nucleus to 
evaporate one more particle to give rise to the 
(p,pn) product. The evaporation probability 
from an excited residual nucleus left with a 
definite amount of excitation energy was cal- 
culated using an adaptation of the D.F.F. eva- 
poration program (25). 

The lower limit of the excitation energy of a 
residual nucleus for a desired product is de- 
termined by the binding energy of the evaporated 
particle or particles under consideration. The 
upper limit takes into account the binding and 
kinetic energies of the evaporated particle or 
particles under consideration along with the 
gamma ray energy during the de-excitation stage 
of the residual nucleus. 

For equal mass particles, the non-relativistic 
formula (34) relating the energy of the incident 
proton E,, captured nucleon Ec, and the center- 
of-mass scattering angle 0 of the inelastically 
scattered particle, reduces to 

The positive and negative signs refer t o  the case 
where either the struck nucleon or the incident 
proton is captured by the nucleus. The energy of 
the incident particle E, inside the nuclear po- 
tential is the sum of the incident proton energy 
Ei, the proton separation energy S,, and the 
Fermi energy E,. Energy conservation then re- 
quires that the energy of the captured nucleon 
Ec inside the nucleus can be related t o  the ex- 
citation energy transferred to the nucleus, E*, by 
Ec = E *  + EF1, where EF' is the Fermi energy 
of the captured nucleon. 

Since a given amount of the excitation energy 
for a particular value of the incident energy 
corresponds to a definite scattering angle, the 
excitation energy interval required to evaporate 
a particular number of nucleons leads to  a range 
of scattering angles. The fractions of the 
nucleon-nucleon cross sections are denoted by 
F,, for p-p scattering, F,, for p-n scattering 
with proton emission, and F,, for p-n scattering 
with neutron emission, and can be expressed as 

[16] F,, = 27c s:,:: fg)pp. sin 0 -  dO/opp 

and 

where o corresponds to the free nucleon- 
nucleon scattering cross section and Omin  and 
€I,,, are the angles corresponding to  the mini- 
mum and maximum excitation energies of the re- 
sidual nucleus leading to the particular product 
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under consideration. The scattering angle 0 of 
the emitted particle is transformed into the labo- 
ratory angle 0,. The recoil velocity VR, along 
with the corresponding angle OR and hence its 
component Vz in the direction of the beam, is 
calculated from the simple kinematic relations 
obtained from energy and momentum conserva- 
tion as follows: 

sin OLVe 
VR = (~E,/A)'/'; OR = sin-' 

[18I Vz = VR cos OR 
V, = VR sin OR sin $, 
V, = VR sin OR cos 

where ER and ED are the energies of the recoil 
and the incident proton, E, and V, are the 
energy and velocity of the emitted particle, and 
A is the mass of the recoiling nucleus. OR and 
$, are the polar angles of the recoil. 

The differential cross sections for p-p scat- 
tering are isotropic and a,, values were obtained 
from the differential cross-section values sum- 
marized by Hamada and Johnston (35). Values 
of a,, were derived by integrating the empirical 
equations of the differential cross sections for 
p-n scattering of Bertini (36). The Fermi energy 
was evaluated assuming r ,  = 1.5 fm. The pro- 
ton binding energy was evaluated for the various 
target nuclei on the basis of the mass values of 
Myers and Swiatecki (37). Therefore, the total 
probability for (p,xn) and (p,pxn) reactions can 
be written as 

where F,( and FE,(,-l)n refer respectively to 
the evaporation probability of (x - 1) neutrons 
and of one proton plus (x - 1) neutrons follow- 
ing a (P,N) cascade, while FEXn refers to that of 
x neutrons following a (P,P) cascade. The 
second term in [20] referring to prompt neutron 
emission followed by a proton evaporation from 
the excited nucleus was neglected, as its contri- 
bution is comparatively small. 

In the actual calculation, the whole excitation 
energy of the excited residual nucleus (10-25 
MeV for 6 5 ~ ~  and 10-21 MeV for lg7Au) was 
divided into smaller subintervals of 2 MeV and 

O m i n  and Om,, were calculated for each sub- 
interval. The center-of-mass scattering angles 
were transformed into the corresponding labo- 
ratory angles. The average value of the angle was 
considered as the angle of the scattered particle 
for the average excitation energy for a particular 
subinterval. The recoil angle 4, with respect to 
the x-axis was chosen randomly, i.e. assuming 
that there is no angular correlation about the 
axis defined by the proton beam. The only 
kinematic restriction comes from the incident 
and deposition energy. The components of the 
recoil velocity, along with the average energy in 
each subinterval, were then used for  the modified 
D.F.F. evaporation program (25) to  calculate the 
average range values as described previously. 
The average values of the ranges projected in 
the forward, backward, and perpendicular di- 
rections were calculated for each excitation 
energy subinterval and the average range values 
were then obtained by addition a t  each incident 
energy. 

(g) Comparison with the Inelastic Scattering 
Model Calculations 

The calculated quantities FW and PW in the 
energy range -- 40-85 MeV are lower than the 
experimental results by a factor of 5, for both 
the recoiling nuclides as shown in  Figs. 7 and 8. 
The calculation did not give a statistically 
meaningful number of events for the backward 
recoils even with 2000 cascades ; therefore, the 
calculated BW values are not shown in any 
figure. The following trends of the calculated 
average range values were observed: (i) the cal- 
culated FW values decrease very slightly with the 
incident energy, (ii) the PW values increase very 
slightly with the proton energy, (iii) the calcu- 
lated values of the ratios as seen in Fig. 9 give 
reasonable agreement with experiments above 
50 MeV. This is because of the cancellation of 
the common factors causing the discrepancies. 
The calculated ratio at  85 MeV for the 6 5 C ~ -  
( ~ , ~ n ) ~ ~ C u  reaction is in agreement with the 
Monte Carlo cascade evaporation calculation, 
and (iu) the calculated quantities FWcu/FWAu 
and PWcu/PWA, are nearly constant and higher 
than the corresponding experimental values by 
a factor of about 1.4. 

An approximate value of the percentage con- 
tributions from the compound nucleus and the 
direct interaction mechanisms t o  the average 
projected range F W  at a definite incident energy 
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was calculated from the following equation and 
shown in Table I1 

where X and Y are the contributions of the 
compound nucleus and direct interaction mech- 
anisms and RCN and R,, are the extrapolated 
range values calculated with the Monte Carlo 
evaporation program (for 6 4 C ~ )  or calculated 
F W  value (for lg6Au) and the inelastic scatter- 
ing model calculations respectively. The contri- 
bution of the direct interaction mechanism is 
higher at higher energies, as expected. The dis- 
crepancies between the calculations and experi- 
ments may be assigned to the same factors as 
discussed in detail in the previous section. 

The different analyses of the average range 
results show that the (p,pn) reactions studied by 
us proceed by the compound nucleus mechanism 
up to 30-35 MeV and the direct interaction 
becomes more and more prominent a t  higher 
energies, with strong competition at the inter- 
mediate energy region. This is further confirmed 
by angular distribution measurements (22). 

I 
20 30 4 0  5 0  60 70 80 90 

PROTON ENERGY (MeV) 

FIG. 8. Comparison of experimental and calculated 
PW values of (a) 6 4 C ~  and (6) lg6Au; 0 experimental, 

statistical theory, A cascade-evaporation theory (85 
MeV only), and @ ISE model calculations. 

SOIL RANGES OF SJCu AND lgGAu 3169 

1 ! 1 1 1 1 1 1 1 1 1 1 l  

30 40 50 60 70 80 90 

PROTON ENERGY (MeV) 

FIG. 9. Comparison of experimental and calculated 
FW/PW ratios of (a) 6 4 C ~  and (b) '"Au; 0 experi- 
mental value, ISE model calculation, and cascade- 
evaporation calculation at  85 MeV only. 
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(p,n) and (p,pxn) reactions in 12711 

V. P. NARANG' AND L. YAFFE 
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Absolute values of the cross sections of  (p,n), (p,pn), (p,p2n), and (p,p3n) reactions in '''1 have been 
measured by radiochemical methods for incident proton of energies up to 80 MeV. The initial portion of 
the excitation function for the (p,n) reaction is characteristic of the compound nucleus mechanism, but 
evidence for direct interaction is present at  higher energies. Above 50 MeV, cross sections are close to 
the predictions of Monte Carlo calculations based o n  the cascade-evaporation model. This is particularly 
true in the case of the (p,pn) and (p,p2n) reactions. 
Canadian Journal o f  Chemistry, 46, 3171 (1968) 

Introduction Experimental Procedure 

Nuclear reactions, induced by medium energy 
protons, have been the subject of considerable 
investigation in recent years. Reactions of the 
type (p,pxn), in general, involve inelastic scatter- 
ing of the incident proton, and are inhibited by 
the Coulomb barrier, in both the entrance and 
exit channels. I t  has been established (1, 2) that 
the compound nucleus process alone cannot 
explain the inelastic scattering of medium energy 
protons. Eisberg and Igo (1) found that, for 
3 1 -MeV protons incident on heavy nuclei, 
inelastic scattering accounts for about 15 % of the 
total reaction cross section. Furthermore, the 
energy and the angular distribution spectra of the 
scattered protons have many of the characteristics 
of the direct interaction process. A surface inter- 
action mechanism has also been proposed (3, 4) 
to interpret the results of medium energy proton 
interactions. 

The present experiment constitutes a study of 
the formation cross sections of the nuclides 
produced when lZ7I is bombarded with protons 
up to 80-MeV energy. 

Ladenbauer ( 9 ,  Dropesky (6), and Kuznetsova 
et al. (7) reported cross sections for these reactions 
at energies higher than 100 MeV. Very little in- 
formation is available, however, about (p,xn) and 
(p,pxn) reactions of iodine below the 100-MeV 
range. 

Values of the formation cross sections of lZ7Xe, 
lZ61, 1251, 1241, and 1 2 3 ~  were determined. The 
results were compared with Monte Carlo calcu- 
lations (8-10). 

'This project received financial assistance from the 
National Research Council of Canada. 

2Present address: International Atomic Energy 
Agency, Kaerntnerring 11, Vienna 1010, Austria. 

Target Assembly 
A weighed amount (1&15 mg) of CuI was placed in a 

thin-walled aluminium tube and both ends were sealed 
under hydraulic pressure. Cuprous iodide was selected as 
a target because: (a) The monitor reactions employed in 
this work were 63Cu(p,n)63Zn and 65C~(p ,pn)64C~.  Thus 
there is a stoichiometric distribution of the monitor 
inside the target. (b) The decomposition temperature of 
CuI (> 1200 "C) is high enough to ensure stability under 
the conditions of local heating likely to be encountered 
during the irradiations. 

"Spec-pure" CuI (Johnson, Mathey, and Mallory) was 
used in this work. The level of impurities was less than 
1 p.p.m. and calculations showed that none would 
interfere to  a n  appreciable extent. 

Irradiations 
The target was mounted on the water-cooled probe 

of the McGill synchrocyclotron and irradiations of 10-30 
min duration were made with the internal circulating 
beam. A calibration curve for the radial distance vs. 
proton beam energy, duly corrected for radial oscillations 
by Kirkaldy (1 I), was used. 

Energy degradation of the proton beam by the target 
container, calculated on the basis of range-energy values 
of Stemheimer (12), was found to be less than 0.6 MeV, 
well within the energy spread (+ 2 MeV) of  the proton 
beam. 

Beam Monitoring 
Cross-sectionvalues obtained by Ghoshal(l3) for the re- 

action 63Cu(p,n)63Zn were used to monitor the beam for 
protons of energies below 12 MeV. Above 12 MeVcross- 
section values of the monitor reaction G5Cu(p,pn)64Cu, 
as obtained by Meghir (14), were used. Cross-section 
values used are given in Table I. 

Chernical Separations 
(I) Xenon 
The extraction assembly is shown in Fig. 1. 
The cuprous iodide target in the aluminium tubing was 

introduced into a 25-11-11 flask (B-14) along with a few 
pellets of sodium hydroxide and a teflon-coated magnetic 
stirrer bar, and the system was evacuated t o  less than a 
micron. About 2 cc (at room temperature and pressure) 
of inactive xenon and 5 t o  7 ml of H 2 0  were introduced 
into the flask and the stirrer turned on. The sodium 
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SAFETY-TRAPS 
AND PUMPS 

NV -NEEDLE VALVE 
T - TRAP 
S - STOPCOCK 
P -  THERMOCOUPLE TUBE 

(TYPE GTC-004-8-64797) 

R - RESERVOIR 

I J 

FIG. 1. Xenon purification apparatus. 

hydroxide dissolved the aluminium tubing and reacted 
with the cuprous iodide to release the active xenon. The 
flask was cooled by an ice-bath during the dissolution 
process. 

TABLE I 
Cross-section values used for monitor reactions 

Proton beam 
energy " C ~ ( p , n ) ~ ~ Z n *  G5C~(p ,pn)64C~i  
(MeV) (mb) (mb) 

- 
-- 
loo 
360 
340 
290 
260 
230 
210 
190 
160 
140 

'Reference 13. 
tReference 14. 

The mixture of Xe, H,, and water vapor was trans- 
ferred into trap T I  which contained stainless steel balls 
(for more effective heat transfer), and which was kept at 
dry ice - acetone temperature. 

The mixture of Xe and H z  was then transferred to T3, a 
five-turn thin-walled trap, kept at liquid nitrogen tem- 
perature, which removed the xenon. The hydrogen was 
pumped out from T3, and xenon distilled into a 2-ml 
pyrex glass ampul specially designed for this work. 

(2) Copper 
After the xenon was separated from B-14, lOmg of 

ZnZ+ carrier were added.   he copper oxide was centri- 
fuged, and was dissolved in a minimum amount of 

hydrochloric acid and Cu2+ was finally separated by ion 
exchange separation (15). 

(3) Iodine 
The filtrate from the centrifugation of copper oxide 

was made acidic (pH 4 to 5). The aluminium (from the 
target container) was precipitated as hydroxide with 
ammonia, and iodine was separated by solvent extraction 
as described by Glendenin and Metcalf (16). 

(4 )  Zinc 
After Xe, Cu, I, and A1 were separated the solution 

contained activity attributable only to 63Zn, and the 
activity of this was measured. 

Chemical Yield Deterrnirlations 
The extraction yield of xenon was taken to be 100% 

for the reasons: (a) The vapor pressure for xenon (17) at 
liquid nitrogen temperature is only a few microns. (0) The 
diffusion of xenon through the walls of the aluminium 
tubing is negligible (18, 19). (c)  In a cross check experi- 
ment copper iodide was bombarded in a sealed quartz 
tube and the cross sections measured agreed within the 
experimental error with bombardments performed in 
aluminium tubing. 

Standard colorimetric methods were cmployed For the 
determination of the chemical yields of Cu (20) and I(21). 

The chemical yield of Zn was obtained by direct 
titration with ethylenediamine tetraacetic acid, using 
Erichrome black T indicator (22). 

Radiation Detection and fifeasz~~.etnet~ts 
Gamma radiation was measured by a 3 in. x 3 in. NaI 

(TI) crystal while a thinner crystal (1 in. x 118 in.) was 
used for X-rays. 

The output of the scintillation counters was fed into a 
100-channel pulse-height analyzer. The energy scale was 
calibrated with standard y-ray and X-ray sources. In the 
case of lZ61, the half-life was also measured with a 4nB- 
proportional counter. 
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NARANG AND YAFFE: (p,n) AND (p,pxn) REACTIONS IN 1271 

TABLE I1 
Absolute cross sections for 1271(p,n)1z7Xe and lZ71(p,pxn) reactions 

Proton 
energy a (mb) (mb) a (mb) a (mb) 0 (mb) 
(MeV) lZ7I(p,n)Xelz7 lZ7I(p,pn)lZ6I 1Z71(p,p2n)1ZSI 1271(p,p3n)1241 1271(p,p4n)1Z31 

*These are not absolute values. 
?This bombardment was done with the target in a quartz tube to check possible xenon losses. 

Results 

(p,n) Cross Sections 
The absolute disintegration rates of 12'xe were 

determined from the total photo-peak counting 
rates of the 377-keV gamma ray. A branching 
ratio of 21 % was used (23) and the conversion 
coefficient (aT = 0.014) was computed from the 
tables of Sliv and Band (24). 

I & #  & -3-3-=-$-*, . . , , 1 
10 20 30 40 50 60 70 80 90 

P R O T O N  E N E R G Y  ( M e V 1  

FIG. 2. Excitation function for the reaction lZ7I(p,n)- 
lZ7Xe. 

Decay curves were followedfor about 4 months. 
The half-life obtained was 36.8 f 1.4 days, which 
is in good agreement with that of 36.405 days 
obtained by Andersson et al. (25). The cross 
sections are listed in Table I1 and the excitation 
function of the reaction is shown in Fig. 2. 

(p,pn) Cross+ Sections 
The half-life as well as the cross sections of 

were determined by following the decay of the 

386-keV gamma ray (branching ratio of 34 % (23) 
and a computed conversion coefficient (24) of 
0.01 8). 

I , , , , , , ,  I 
10 29 30 40 50 60 70 00 90 100 

P R O T O N  E N E R G Y  ( M e V 1  

FIG. 3. Excitation function for thereaction lZ71(p,pn)- 
lZ61; 0 experimental, calculated. 

The cross sectioils are shown in Table I1 and 
the excitation function is shown in Fig. 3. 

(p,p2n) and (p,ph) Cross Sections 
The product nuclei, lz5I, and lZ4I both decay 

by orbital electron capture. The half-lives as well 
as cross sections were determined by followiilg 
the decay of the K X-ray photo peak. In addition 
to lZ5I and lZ4I, lZ6I and lZ3I also give K X- 
rays. Fortunately, the half-lives are widely spaced 
and the composite decay curves were easily re- 
solved. For disintegration rate calculations, the 
K-fluorescence yield of 0.88, as obtained by 
Broyles et al. (26), was used. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3174 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

1 0  2 0  3 0  4 0  5 0  6 0  7 V  8 0  9 0  

P R O T O N  E N E R G Y  (MeV) 

FIG. 4. Excitation function for the reaction lZ7I- 
(p,p2n)lZ5I; 0 experimental, calculated. 

The half-life of 1251 obtained in this work, 
followed over three half-lives was 59.0 + 2.1 
days, agreeing well with the value of 60.25 f 0.06 
days found by Leutz and Ziegler (27). The half-life 
found for 1241, obtained from the composite K 
X-ray curves, was 4.34 + 0.03 days and agreed 
well with that found by Andersson et a/. (25), 
4.15 days, but not with the value of 3.4 days found 
by Aagaard et a/. (28). The excitation functions 
of (p,p2n) and (p,p3n) reactions are shown in 
Figs. 4 and 5 respectively and the cross sections 
are listed in Table 11. 

1 0  2 0  3 0  n o  5 0  6 0  7 0  80 9 0  
P R O T O N  E N E R G Y  (McV) 

FIG. 5. Excitation function for the reaction lZ7I- 
(~ ,p3n)"~I ;  0 experimental, calculated. 

The contribution due to the decay of 12'Xe to 
125 I was considered insignificant, since the time 
for separating xenon from the reaction products 
was very small (- 20 min) from the end of 
bombardments in comparison with the half-life 
0 f ' ~ ~ X e ( 1 8  h). 

(p,pln) Cross Sections 
For the cross-section calculations and half-life 

determination of 1231, the 159-keV gamma ray 
(branching ratio 99 %) that follows the electron 
capture was used. The half-life, over a period of 
five half-lives, was 13.7 f 0.3 h, in good agree- 
ment with that of 13.3 h obtained by Andersson 
et a/. (25). The cross sections are shown in Table 
11 and plotted in Fig. 6. These values are not 
absolute, since no correction was made for the 
contribution to the 1231 disintegration rate by the 
decay of lZ3Xe. 

P R O T O N  E N E R G Y  [MeV1 

FIG. 6. Excitation function for the reaction lZ7I- 
(p,p4n)lZ31; 0 experimental, calculated. 

Discussion 

(a) (p,n) Cross Sections 
The excitation function of the (p,n) reaction 

(Fig. 2) shows a peak at 15 + 2 MeV and tails off 
at 21 MeV to almost a constant value of about 
8 mb. The value of 15 ) 2 MeV is well within 
the range predicted by Jackson (29) on the 
statistical model calculations. The shape of the 
excitation function for this reaction at low 
energies is typical of those nuclear reactions 
proceeding through a compound nucleus reaction 
mechanism (30), but some evidence for direct 
interaction is apparent at higher energies. 

(b) (p,pxn) Cross Sections 
Examination of the excitation functions of 

(p,pxn) reactions, where x = 1 t o  4 (Figs. 3-6) 
shows that with increasing proton bombarding 
energies the cross-section values decrease as x 
increases, with the exception ofthe 1271(p,p4n)1231 
reaction. In this case, the correction for the 
growth of 1 2 3 ~  from the decay of 123Xe (1.85 h) 
during the interval from the end of bombardment 
to the time of separation of xenon fraction 
(-- 20 min) could not be made due to the fact 
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NARANG AND YAFFE: (p,n) A .ND (p.pxn) REACTIONS IN I2'l 3175 

that the required data for 123Xe were not avail- 
able. Thus, this accounts for the apparently 
higher yields of 1231. 

Eisberg and Igo (1) observed that there are 
signs of the direct interaction mechanism when 
31-MeV protons are incident on heavy nuclei. 
Monte Carlo calculations3 were performed based 
on the cascade-evaporation model (31, 32). Full 
details of these calculations &e given elsewhere 
(10, 33). A total of 5000 incident protons were 
studied in both the cascade and evaporation 
calculations. The geometrical cross section of 1271 
was taken to be 1955 mb, while the maximum 
radius value was taken as 7.89 fm. A level density 
formulation was calculated from the electron- 
scattering data of Hofstader (34). The momentum 
distribution for the entire nucleus was taken as a 
Maxwell-Boltzmann distribution with kT = 15 
MeV. The full curves in Figs. 3 to 6 represent the 
observed excitation functions and the dotted 
curves are those obtained by Monte Carlo calcu- 
lations above 50 MeV. 

The behavior of these excitation functions is in 
accordance with the cascade-evaporation model 
based on statistical theory. Since (p,pxn) re- 
actions, which involve inelastic scattering of the 
incident protons, are inhibited by the Coulomb 
barrier in both the entrance and exit channels, 
then on the basis of statistical theory such re- 
actions in general are expected to have much 
smaller cross sections than (p,xn) reactions. We 
observed that (p,n) reaction cross sections are 
higher than (p,pn) cross sections by a factor of 
about 4, while on the basis of the same theory 
this factor should be much larger. A similar dis- 
crepancy was noticed by Kavanagh and Bell (35) 
in 197Au(p,pxn) reactions. To account for the 
larger values, it was argued that it is presumably 
due to the inelastic scattering of protons and thus 
can be interpreted in terms of nucleon-nucleon 
collision in the diffuse surface region of the target 
nucleus (3). Statistical calculations made by 
Metropolis et al. (8), Bernadini et al. (9), and 
Jackson (29) were on the basis of a well-defined 
nuclear boundary. It is surprising to note that 
the computations in this work, based on a non- 
uniform density distribution, agree with experi- 
mental observation. 

In the light of surface interactions, after making 

3The authors are very grateful to Dr. H. W. Bertini of 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, 
for performing these calculations for us. 

corrections for the threshold, it was observed 
that, as the incident energy of the protons in- 
creases, the ratio between the (p,pn) and (p,p3n) 
cross sections also increases. Similar conclusions 
are evident from the data of Ladenbauer ( 9 ,  
Kuznetsova et al. (7), and Fink and Wiig (36). 

D 200 300 -0 W dm 700 

INCIDENT PROTON ENERGY (MeV)fLAQI 

FIG. 7. Excitation functions for (p,pn), (p,p2n), and 
(p,p3n) reactions; dash line is from present work, solid 
line is from ref. 7. 

In Fig. 7 the results of the (p,pn), (p,p2n), and 
(p,p3n) reactions are plotted along with those of 
Kuznetsova et al. (7) at higher energies. The dot- 
ted parts in the excitation functions are from 
the present work while the solid lines are those of 
Kuznetsova et al. Very good agreement with 
their results is clearly evident. 

1. R. M. EISBERG and G. IGO. Phys. Rev. 93, 1039 
(1954). 

2. B. L. COHEN. Phys. Rev. 105,1549 (1957). 
3. R. J.  GRIFFITHS and R. M. EISBERG. NucI. Phy~.  12, 

225 (1959). 
4. R. M. EISBERG. Proceedings of the International 

Conference on Nuclear Structure. Kingston, Canada. 
Edited by D. A. Bromley and E. W. Vogt. Univ. of 
Toronto Press, Toronto. 1960. 

5. I. M. LADENBAUER. UCRL-8200. Radiation Labora- 
tory, University of California, Berkeley, California. 
1958. 

6. B.-DROPESKY. Ph.D. Thesis. University of Roches- 
ter, Rochester, New York. 1953. 

7. M. YA. KUZNETSOVA, V. N. MERKHEDOV, and V. A. 
KHALKIN. Soviet Physics JETP English Transl. 34 7, 
759 (1958). 

8. N. METROPOLIS, S. BIVINS, M. STORM, J. M. MILLER, 
G.  FRIEDLANDER, and A. TURKEVICH. Phys. Rev. 
110, 185, 204 (1958). 

9. G. BERNADINI, E. T. BOOTH, and S. J. LINDENBAUM. 
Phys. Rev. 85,826 (1952); 88,1017 (1952). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3176 CANADIAN JOURNAL OF 

10. H. W. BERTINI. ORNL-3383, ORNL-3433. Oak 
Ridge National Laboratory, Oak Ridge, Tennessee. 

11. J. S. KIRKALDY. Ph.D. Thesis. McGill University, 
Montreal. Ouebec. 1953. 

12. R. M. STER~HEIMER. Phys. Rev. 117,137 (1959). 
13. S. N. GHOSHAL. Phys. Rev.,80, 939 (1950). 
14. S. MEGHIR. Ph.D. Thesls. McGill University, 

Montreal, Quebec. 1962. 
15. K. A. KRAUS and F. NELSON. Proc. Intern. Conf. 

Peaceful Uses Atomic Enernv. Geneva. 1959. Vol. 7. -- 
pp. 113-125. 

16. L. E. GLENDENIN and R. D. METCALF. Radio- 
chemical studies: The fission products. Book II. 
Editors. C. D. Coryell and N. Sugarman. McGraw- 
Hill Book Co., Inc., New York. 1951. Paper 278. 
p. 1625. 

17. D. R. STULL. Vapour pressure of pure substances. 
The Dow Chemical 0.. Midland. Michiean. 1947. 

18. Y. ADDA, G. BREBAC, and V. LEV;. ~ e i ~ e t .  Paris, 
58,743 (1961). 

19. D. J. NEIL. Physics Division, Aluminum Labora- 
tories Ltd., Kingston, Canada. Private communica- 
tion. 

20. C. J. RODDEN. Analvtical chemistrv of the Man- 

CHEMISTRY. VOL. 46, 1968 

22. F. J. WELCHER. The analytical uses of ethylenedi- 
aminetetraacetic acid. D. Van Nostrand Co., Inc., 
New York. 1958. 

23. Nuclear Data Sheets. National Academy of Sciences, 
National Research Council, Washington, D.C. 

24. L. A. SLIV and I. M. BAND. Coefficients of internal 
conversion of gamma radiation. Part I and Part 11. 
Academy of Sciences, USSR 1958. 

25. G. ANDERSSON, G. RUDSTAM, and G. SORENSEN. 
Arkiv Fysik, 28,27 (1965). 

26. C. D. BROYLES, D. A. THOMAS, and S. K. HAYNES. 
Phys. Rev. 89,715 (1953). 

27. H. LEUTZ and K. ZIEGLER. Nucl. Phys. 50, 648 
(1964). 

28. P. AAGAARD, G. ANDERSON, J. 0. BURGMAN, and 
A. C. PAPPAS. J. Inorg. Nucl. Chem. 5, 105 (1957). 

29. J. D. JACKSON. Can. J. Phys. 34,767 (1956). 
30. N. BOHR. Nature, 137,344 (1936). 
31. R. SERBER. Phys. Rev. 72,114 (1947). 
32. M. L. GOLDBERGER. Phys. Rev. 74,1268 (1948). 
33. H. W. BERTINI. Phys. Rev. 131,1801 (1963). 
34. R. HOFSTADER. Rev. Mod. Phys. 28,214 (1956). 
35. T. M. KAVANAGH and R. E. BELL. Can. J. Phys. 39, 

1172 (1961). 
36. R. W. FINK and E. 0. WIIG. Phys. Rev. 96, 185 

(1954). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Spectrofluorometric studies. 111. Ortho- and para-diflaorobenzene 

J. L. DURHAM', G. P. SEMELUK, AND I. UNGER 
Departtnent of Clzemistry, University of New Brutzswick, Fredericton, New Brunsivick 

Received February 8, 1968 

Spectrofluorometric techniques have been used to determine gas phase singlet and triplet yields in 
ortho- and para-difluorobenzene as a function of exciting wavelength and pressure. The importance of 
the "around the comer effect" in such measurements as the cause of large errors is briefly discussed. 

In the case of ortho-difluorobenzene, maxima in fluorescent yield are produced by the exciting wave- 
lengths 2490, 2580, and 2700 A; minima at 2540 and 2660 A. Triplet yields, using the sensitized biacetyl 
emission technique, have been determined at 2500, 2580, 2660, and 2700A. The sums of the singlet and 
triplet yields at these wavelengths are 0.34, 0.52, 0.75, and 0.97 respectively. 

Para-difluorobenzene has the largest quantum yield of fluorescence of any fluorinated benzene yet 
examined. The fluorescent yield shows only one definite minimum at 2740A. Triplet yields have been 
determined at 2660, 2740, and 2760 A. The sums of the singlet and triplet yields at  these wavelengths are 
0.5, 0.5, and 0.7 respectively. 

Canadian Journal of Chemistry, 46, 3177 (1968) 

Introduction 

In recent years, phototransposition reactions of 
ring carbon atoms and photoinduced valence 
isomerizations in substituted benzenes have been 
receiving a good deal of attention. Since, in 
general, the yields of such reactions appear to be 
quite low, a systematic approach to these investi- 
gations seems justified. One such approach is im- 
plied by the suggestion (1 and references therein; 
22) that there might be a connection between 
quantum deficit-the difference between unity 
and the sum of the singlet and triplet yields 
(1 - [$, t $,])-and these photoisomerizations. 
Thus, such studies might well begin with an 
exami~latioil of the variation of fluorescent and 
triplet yields with wavelength, pressure, and other 
significant variables. Of the two quantities in the 
quantum deficit expression, the fluorescent 
(singlet) yield $, is usually the easier to determine. 

There are a variety of ways of detecting triplet 
states and estimating quantum yields of triplet 
formatioil for molecules whose triplet states do 
not exhibit any phosphorescence in the gas 
phase (3). We have been using a combination of 
two techniques, the sensitized emission technique 
(4) and the olefin isomerization technique de- 
veloped by Cundall and co-workers (5) and by 
Tanaka and his associates (6), to detect the triplet 
states of fluorinated benzenes in the gas phase. 
To avoid the difficulties associated with the 
measurement of absolute emission quantum 
yields (7), we have based our quantum yields on 
the quantum yield of a "standard" molecule, 

1 

'Holder of an NRCC Scholarship 1967-68. 
ZReference 2 is Part I of "Spectrofluorometric Studies." 

benzene, which we use t o  "calibrate" the measur- 
ing system. The method, whose details have been 
described previously (a), becomes particularly 
convenient when used in conjunction with com- 
mercially available spectrophotofluorometers, as 
we have shown in our investigation of the photo- 
chemistry of meta-difluorobenzene (2). It  can, 
however, lead to serious errors for molecules 
having large extinction coefficients even for the 
relatively short 1 cm absorption path provided in 
the commercial instruments. The error due to this 
"around the corner effect" (9) results from the 
fact that as the pressure of the gas under study is 
increased, proportionately more absorption, and 
also emission, occur closer and closer t o  the front 
window of the cell, while the emission is being 
viewed from a relatively narrow region in the 
center of the cell. The occurrence of this effect in 
solution, and the manner of compensating for it, 
have been discussed by Hercules (10). In the 
present study we have found the "around the 
corner effect" to be relatively unimportant for 
ortho-difluorobenzene (0-DFB) (and in the 
previous study (2) on meta-difluorobenzene) but 
very pronounced for para-difluorobenzene ( p -  
DFB). A short analysis of this technique of using 
benzene fluorescent yield to calibrate the spectra- 
photofluorometer will allow evaluation of the 
method. 

For benzene at a concentration CB i n  a cell of 
1 cm path length with the emission monochroma- 
tor observing the central 0.1 cm (that is, from 0.45 
to 0.55 cm from the entrance window), we have 
for the fluorescent intensity of benzene 
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Using the fluorescent yield of benzene, @, (1 1,12) 
from the literature, F, measured in arbitrary 
units, and absorbed intensity (I,,), determined 
experimentally, it is possible to obtain the instru- 
ment constant Kin,, .  (I,,), is customarily obtained 
from the difference I, - I where I, is the intensity 
incident on the front "face" of the vapor, and I 
the intensity leaving the back "face". This is of 
course non-rigorous, and should be 

where E, is the extinction coefficient of benzene 
at  the wavelength of irradiation, and 0.45 and 
0.55 are the "emission coordinates" in cm. How- 
ever, direct comparison of the unknown with 
benzene may cancel out the resulting error. 

A comparison of the two methods gives: 
(a) When I,, is obtained by difference we get 

For the unknown difluorobenzene we have 

Assuming that the Kin, ,  are the same in both 
cases (they will have some dependence on polari- 
zation effects of the materials in the cell) we 
obtain 

FD (I,), (1 - e-CBCB) 
= @, - -- 

F, (1 - e-'Dco) 
(b) When I,, is obtained from the rigorous 
method we obtain 

A direct comparison then gives 

I t  is obvious that if aBCB - aDCD, then both 
methods of calculation will give the same result. 
However, if this approximate equality is not 
maintained, it is possible that the values may be 
very different. Generally speaking, there is a 
greater spread of "a" values than of "C" values, 
so the major influence in the present experiments 
will be due to the extinction coefficient differences. 

As examples of the magnitude of errors which 
could result from an undiscriminating use of 
I, - I at a typical benzene concentration of 

mole 1-I (approximately 18 Torr at room 
temperature) and a, = 40 1 mole-' cm-', the 
error will be only -4% when a,C, = aDCD/lO, 
but will become -91 % when a,C, = aDCD/lOO. 

In the case of p-DFB, a, -- lo3, and when 
CD = mole I-', the error would be 
-21 %. Thus it is clear that for p-DFB, the ab- 
sorbed intensity must be calculated from 

Finally, since it is unlikely that Beer's law would 
be obeyed over any appreciable pressure range, 
extinction coefficients must be calculated separ- 
ately for each pressure used. 

The calculation of biacetvl-sensitized emission 
yields involves the consideration of an additional 
complication-whether a significant proportion 
of biacetyl triplets diffuse out of the viewing zone 
of the emission monochromator before emitting. 
An evaluation of this factor leads to the con- 
clusion that under our experimental conditions 
this "broadening" of the emitting zone does not 
lead to a significant error. 

We present here the variation of singlet and 
triplet yields for ortho- and para-difluorobenzene 
with exciting wavelength, over a range extending 
from 2340 A to 2820 A. 

Experimental 
Ortho- and para-difluorobenzene were obtained from 

the Aldrich Chemical Company and purified by prepara- 
tive vapor phase chromatography. Fluorescence studies 
were carried out i n  a mercury and grease-free system, 
equipped with Hoke packless diaphragm metal valves. The 
sensitized emission studies with o-DFB were done i n  a 
system containing high vacuum (lightly greased) stop- 
cocks and a mercury manometer; mixing was accom- 
plished by flash vaporization. In  the case ofp-DFB, the 
triplet measurements were made in a grease-free and 
mercury-free high vacuum system completely equipped 
with Hoke packless diaphragm metal valves, with mixing 
effected by an all-glass pump which circulated the vapors 
through aflow-through cell. Adequatemixingwasindicated 
by constant absorption and emission. Absorption was con- 
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DURHAM ET AL.: SPECTROFLUOROMETRIC STUDIES. 111 

TABLE I 
Fluorescent yield dependence on wavelength and pressure of o-difluorobenzene 

and biacetyl 
-. 

Pressure (Torr) 
Exciting 

wavelength (A) BiA o-DFB Equation 

2420 0 5 4 7  Qr = 0.035f 0.005 
2460 0 5 4 7  Qr = 0 .111 t0 .008  
2500 0 5 4 5  I/@[ = 6.80+3.03 x 103[o-DFBI* 
2500 0.15-32 30 l/Qr = 7.95+3.43 x 103[BiA]* 
2540 0 6 4 8  1/61 = 8.21+86.7[0-DFB] 
2580 0 5 4 8  1/41 = 2 . 9 0 + 1 . 5 0 ~  IO3[o-DFB] 
2580 0.14-30 30 1/61 = 3.34+1.39x103[BiA] 
2620 0 5 4 8  1/@r = 3.65+0.718x103[o-DFB] 
2660 0 5 4 8  No simple relation 
2660 0 . 0 9 4 0  30 1Ibr = 1 6 . 7 + 1 5 . 7 ~  1031BiA1 
2700 0 6 4 8  I)& = 3.40+1.10 x IO~'[O-DFB] 
2700 0.10-30 30 = 5.40+4.61 x 103[RiA] 
2740 0 5 4 8  N o  simple relation 
- 

*[BiA] and [o-DFB] represent the concentration o f  biacetyl and o-difluorobenzene respectively, in 
moles per liter. 

tinuously monitored as a check on lamp stability, since 
a large part of the errors result from intensity variations 
which take place during a sequence of emission scanning 
measurements. All other apparatus, materials, and pro- 
cedures have been described previously (2). The reported 
quantum yields are based on the singlet and triplet yields 
of benzene ( l l , l2) .  

Results and Discussion 

The results obtained in this study are sum- 

from the "around the corner effect". An error 
from this same cause at high pressures is also 
shown at  2660 A in Fig. 1. 

Ortlzo-difuorobenzene 
o-DFB exhibits fluorescent emission only when 

excited by radiation of 2420 to 2740A. As shown 
in Fig. 1, maxima occur near 2490, 2580, and 
2700 A, a shallow minimum at 2540& and a 

marized as much as possible in the form of pronounced minimum a t  2660 A. The fluorescent 
equations which appear in Tables I, 11, and 111. yield is pressure independent from 2420 to about 

I 

Some of the results which could not be so reduced 2500 A, but strongly pressure dependent from 
are given in Tables IV and V. Figure 1 gives the 2500 upwards. The fluorescent emission is not 
variation of the fluorescent yield with exciting quenched by cis-butene-2. However, it is self- 
waveleilgth for o-DFB at a few of the pressures quenched when the exciting wavelength is 
investigated. Figure 2 illustrates the fluorescent greater then 2500 A, and it is strongly quenched 
yield of p-DFB at a pressure of 48 Torr, as a by biacetyl (BiA). Table I summarizes these 
fuilction of exciting wavelength. This figure also observations, except in a few cases, in the form 
indicates the magnitude of the error, both of Stern-Volmer relations which give good 
quantitative and qualitative, which can result representations of the data. 

TABLE I1 
Sensitized emission yield dependence on wavelength and pressure of o-difluorobenzene and biacetyl 

pp 

Pressure (Torr) 
Exciting 

wavelength (A) o-DFB Bi A Equation 

114, = 4 . 2 9 + ( 4 . 7 9 ~ 1 0 - ~ / [ B i A ] ) f  6.8%,max. 18.9% 
$, = 0.0733+86.9[0-DFB]+4.3%,max.l1% 

I/$, = 3.03+(4.06~1O-~/[B1A])+7.7%,max. 13.8% 
4, = 0.261+9.54[0-DFB]+5.3%,max.7.3% 

I/$,.= 4 .08+(1.89x 10-4/[BiA])f7.7%,max. 1 8 %  
No s~mole relation 
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TABLE I11 
Fluorescent yield dependence on wavelength and pressure of p-difluorobenzene 

and biacetyl 

Pressure (Torr) 
Exciting 

wavelength (A) BiA p-DFB Equation 

*[P-DFB] represents the concentration of p-difluorobenzene in moles per liter. 

The excitation of o-DFB in the presence of 
BiA, at the wavelengths producing the three 
maxima and the deep minimum in the fluorescent 
yield, results in a pronounced sensitized emission 
from BiA which is strongly quenched by cis- 
butene-2. This observation, combined with the 
fact that cis-butene-2 does not quench fluorescent 
emission of o-DFB nor the emission of BiA 

excited directly, is good evidence that the sensi- 
tized emission is due to energy transfer from a 
triplet state of o-DFB to BiA (2, 8). Table I1 
summarizes the results ofthese sensitized e~nission 
yields in the form of linear equations and also 
gives an indication of the precision with which 
each equation reproduces the actual observations. 
Of particular interest in this respect is the equation 
obtained at an excitation wavelength of 2700 Pi 
and a t  a constant pressure of 30  Torr o-DFB. 
This equation is the result of combining two sets 
of data obtained on different days, and therefore 
reflects, in addition to the usual uncertainties, the 
errors due to a change in lamp intensity and those 
associated with reproducing the  wavelength 
setting on the excitation monochromator. In 
general, the fluorescent yield measurements 
would be expected to be more reliable than the 
triplet yield determinations. 

FIG. 1. Variation of fluorescent quantum yield as a 
function of exciting wavelength, at (0) 5 Torr, (0) 
31 Torr, and (0) 48 Torr of o-DFB. For these two 
points (a) Beer's law was used to calculate the absorbed 
intensity at the cell center. For these two points (b) 
absorbed intensity was taken as the total light absorbed. 
Both methods yield point (c). 

Para-difluorobenzene 
When p-DFB is excited by radiation between 

2380 and 2780 i t  fluoresces very strongly, with 
a quantum yield larger than that for any fluori- 
nated benzene yet examined. The fluorescence is 
quenched by BiA as  well as being self-quenched. 
I t  is, however, unaffected by the presence of 
cis-butene-2. Stern-Volmer relations adequately 
describe most ofthe results as is noted in Table Ill. 
An examination of Fig. 2 shows that the variation 
of fluorescent yield with exciting wavelength for 
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TABLE IV 
Comparison of sensitized emission yield obtained by consideration of total light 

absorbed and of light absorbed only in the center of the cell (excitation 
wavelength: 2660 A) 

a, calculated from: 

Absorbance at Pressure (Torr) Molar 
Total center of cell absorptivity 

absorbance using Beer's law p-DFB BiA (1000 crn2/rnole) 

this molecule is quite different from that for meta- 
difluorobenzene and ortho-difluorobenzene: 
only at 2740 A is there a minimum which persists 
over the pressure range investigated. This be- 
havior is contrary to the predictions of a Hiickel 
molecular orbital calculation (2) which indicates 
that there are no large differences in the excited 
states ofthese molecules. 

Table IV compares the triplet yields at 2660 A 
in various partial pressures of p-DFB and BiA, 
calculated in the two ways discussed above. The 

TABLE V 

Sensitized emission yield dependence on wavelength 
and pressure of p-difluorobenzene and biacetyl 

Pressure (Torr) 
Exciting 

wavelength (A) p-DFB BiA Yield 

FIG. 2. Variation of fluorescent quantum yield as a 
function of exciting wavelength. p-DFB pressure = 48 
Torr. Curve I: absorbance at center of cell used to 
calculate mf. Curve TI: total absorbance used to calculate 
Qf. 
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calculations show variation from good agreement listed in Table VI. The deficit is largest a t  the 
to disagreement by a factor of two. In addition shorter wavelengths in both cases. 
this table, as well as Table V, provides a summary An indication of unusual behavior at 2660 A 
of the sensitized emission (triplet) yield results is provided by the erratic dependence on pressure 
which were obtained in this investigation. They, of both fluorescent yield and triplet yield for 
too, indicate that p-DFB behaves differently o-DFB, and of triplet yield in the case ofp-DFB, 
from the other two isomers. No simple relation suggesting that the behavior of these molecules 
could be found which would adequately represent 
these data, in contrast to the o-DFB case. The 
fluctuations, as pressure of either p-DFB or BiA 
is increased, appear to be real, since the measure- 
ments were made with handling procedures and 
apparatus considerably improved over those used 
in the o-DFB study. We have no explanation for 
this behavior and prefer to reserve judgment until 
a study using much narrower bandwidth of 
exciting radiation is completed. 

Summary 

Using triplet yields which had been corrected 
for biacetyl quenching of the fluorescent (singlet) 
yields, quantum deficits were determined for both 
molecules at various wavelengths. These are 

TABLE VI 
Quantum yield deficits for o-DFB andp-DFB 

Exciting Quantum deficit 
wavelength (A) Molecule 1 - (& + c $ ~ )  

on-excitation with radiation wavelengths in this 
region should be subjected to closer scrutiny. 
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Preferential solvation of Co2+ and Ni2+ ions in mixed solvents: n.m.r. methods1 
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AND 

C. H. LANGFORD~ 
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Received April 2, 1968 

A method for the study of preferential solvation in the outer coordination spheres from paramagnetic 
broadening of solvent proton n.m.r. signals was proposed by Frankel, Stengle, and Langford. It is now 
extended to determinations of the relative concentrations of water and dioxane, dimethylformamide, o r  
dimethylsulfoxide in the inner coordination spheres of CoZ+ and NiZ+ ions in the binary solvent mix- 
tures. The assumptions of the analysis are cross-checked by a new method based on the contact shifts 
experienced by protons on solvent molecules in the coordination spheres of paramagnetic ions. The 
second method depends upon assumptions independent of the first. Three cases are presented as tests of 
these n.m.r. approaches. It is clear that highly precise solvation sphere populations will be difficult t o  
obtain but that useful and significant information can be obtained in situations to which alternative 
methods are almost totally inapplicable. 

The results indicate that dimethylsulfoxide and dimethylformamide are good competitors for co- 
ordination sites but that dioxane is excluded by water. 
Canadian Journal o f  Chemistry, 16, 3183 (1968) 

Introduction 

Frankel, Stengle, and Langford (1) proposed a 
method for finding the fraction of the solvation 
shell of a paramagnetic solute occupied by a 
given solvent in a mixed solvent solution. It is 
based on the broadening of a nuclear magnetic 
resonance (n.m.r.) proton signal resulting from 
contact with a paramagnetic species. In the case 
that exchange between sites in the paramagnetic 
environment (solvation shell) is rapid, the ob- 
served n.m.r. line width is governed by McCon- 
nell's equation (2): 

where T2 is the observed transverse r2laxation 
time (equal to x times the width at half height of 
the n.m.r. absorption line), PA is the probability 
that a proton is in the diamagnetic environment 
(bulk solution), PM is the probability that a proton 
is in the paramagnetic environment (solvation 
shell), and T2, and T2, are the transverse 
relaxation times in the diamagnetic and para- 
magnetic environments respectively. In the case 
that exchange is slower, 1/T2, the observed 

ITaken in part from the Ph.D. thesis of L. S. Frankel, 
University of Massachusetts, Amherst, Massachusetts, 
1966. 

ZPresent address: Department of Chemistry, Carleton 
University, Ottawa I, Canada. 

relaxation time, may be controlled by the average 
lifetime z, of a solvent molecule in the solvation 
shell. Then, an analog of eq. [ l ]  may apply in 
which T2, is replaced by z,. (For a discussion of 
the range of validity of these simple equations 
see Stengle and Langford (3) or Swift and Connick 
(4).) The equation becomes : 

(In other circumstances, proportionality to P, 
remains (3, 4).) We define Av, the excess line 
width of the nuclear magnetic resonance absorp- 
tion band, by eq. [3]. 

1/T2, may be measured in the absence of para- 
magnetic ions (4), and in any dilute solution of 
paramagnetic ions P, << PA so that PA is ap- 
proximately one. Equation [3] becomes: 

Now, consider values of Av obtained for 
protons on water molecules when a paramagnetic 
ion, e.g. Co2+, is dissolved in a mixture of water 
and N,N-dimethylformamide (DMF). Let Av, 
be the excess broadening in pure water solutions 
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and Av be the excess broadening of water protons 
produced by Co2+ ions in water-DMF mixtures. 
From eq. [4], 

where the subscript 0 designates the quantities for 
solution in pure water. If T,,, = T,,, i.e. if the 
mixing of the solvents does not seriously affect 
the relaxation time in the paramagnetic environ- 
ment, Av/Av, measures PM/PMo, the relative 
probability of a water molecule occupying a site 
in the solvation sphere of Co2+. Coupled with 
appropriate information about the probability of 
finding a water molecule in the bulk (diamagnetic) 
environment (simply the bulk composition of any 
solution dilute with respect to Co2+), it reveals 
the number of water molecules in the Co2+ 
solvation shell in the mixed solvent relative to the 
number present in solution in pure water. 

The crucial assumption, T2, = T,,,, is plau- 
sible but by no means secure. It will certainly fail 
in some circumstances. If enough is known of 
relevant relaxation mechanisms, appropriate ac- 
count can be taken of the variation of T2,, but 
the method will finally remain inapplicable to 
some systems. Fortunately, two cross checks are 
available. The first is not based on trulv in- 
dependent assumptions; the second is so based. 
First we may derive values ofPM/PMo for the same 
system from measurements of the broadening of 
the proton signals from the second component 
of the solvent. (P,, now refers to the proba- 
bility of DMF occupying a solvation sphere site 
on c o 2 +  in pure DMF and P, the correspond- 

ing probability in the mixed solvent.) Since most 
mechanisms (3) for modification of T2, would 
shift both solvents in the same direction, a failure 
of the key assumption would lead to an incon- 
sistent value of the total solvation shell popula- 
tion. Second, we may derive values of PM/P,, 
from measurements of the contact shift ex- 
perienced by solvent protons upon coordination 
to a paramagnetic ion (5). Analysis of the n.m.r. 
resonance frequency proceeds on entirely fresh 
assumptions. 

Let Amp be the resonance frequency observed 
for a nucleus in a solution containing para- 
magnetic ions (e.g. Co2+) minus the resonance 
frequency for the same nucleus in the absence of 
suchions. Then we may write the simpleequation : 

under the particular restrictions on the values of 
lifetimes and relaxation times of nuclei in the 
paramagnetic environment similar to those on 
eq. [I. ] and discussedin ref. 3. I n  eq. [6] ,  AmM is 
the shift of the resonance frequency between the 
diamagnetic and paramagnetic environments. 
Using the subscript 0 as before: 

If it may be assumed that AmM < Am,,, P,/P,, 
is again determined. Two corrections must al- 
ways be made. AmM is the difference between 
the resonance frequency of a nucleus in a mole- 
cule coordinated in the solvent and in the same 
molecule free in the solvent. The second term of 
this difference will vary with bulk magnetic 

TABLE I 
Data for determination of preferential solvation of CoZ+ in water-DMF 

mixtures (concentration of CoZf = 0.090 M) 
- 

Hz0 DMF 
Mole fraction 

water !&rr Amp (Hz) Av (Hz) Amp (Hz) Av (Hz) C
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susceptibility of the solution and mixture com- 
position (especially if there are changes in solvent- 
solvent interactions such a s  hydrogen bonding). 
The corrections are easily made from data on 
chemical shifts in the absence of paramagnetic 
ions and the use of an internal non-coordinating 
standard. The crucial assumption of this method 
is no more secure than the crucial assumption of 
the line-broadening method, but it is independent. 
If results of both approaches are in agreement, 
the applicability of both approaches is supported. 

Experimental 
Materials 

The metal complexes Ni(OH2)6(C104)2 and C O ( O H ~ ) ~ -  
(C104), were obtained from G. Frederick Smith Chemical 
Co. C O ( D M F ) ~ ( C ~ ~ ~ ) ~  was prepared by Babiec's method 
(6). Solutions were prepared from distilled water of 
"conductance" quality, Fisher "certified reagent" p- 
dioxane and DMF, and dimethylsulfoxide (DMSO) 
purified by fractional distillation under reduced pressure 
(7). 

Preparation of Solutio?zs 
A weighed sample of an appropriate metal complex 

was placed in a volumetric flask and a known volume of 
each solvent required for the mixture was added from a 
buret. The low molar volume of water required a 5 ml 
buret which could be read to 0.002 ml. 

N.M.R. Measurements 
Proton relaxation times were measured by observing 

the width at half height of the pure absorption mode 
signal on a Varian A-60 or Varian DP-60 nuclear 
magnetic resonance spectrometer. The former instrument 
was operated at 60.0 MHz and the latter at 56.4 MHz. 
Chemical shifts were determined from the same spectra. 
The quantity Am, of eq. [6] was taken to be the chemical 
shift of the proton signal in a solution containing the 
paramagnetic solute from the position of resonance in the 
same solvent mixture lacking paramagnetic solute. It was 
corrected for changes in the bulk magnetic susceptibility 
by the following procedure. A water-dioxane solution 
was prepared with a sufficiently small dioxane concentra- 
tion to assure that water occupied all coordination sphere 
sites about a known concentration of paramagnetic ion. 
The dioxane chemical shift in this solution was compared 
with that in the same solvent mixture without para- 
magnetic solute. This shift was identified as the bulk 
susceptibility correction. Similar measurements in the 
other solvents revealed that this shift was a function of 
solvent composition only in the case of CoZ+ in DMF- 
water mixtures. The bulk susceptibility corrections found 
were proportional to the known magnetic moments of the 
ions as expected (8, 9). All measurements were made at 
the ambient probe temperature of the spectrometer (39"). 

Results 

In the introduction, we illustrated the theory 
with the example of the Co2+ ion in water-DMF 

solvent mixtures. We shall present a fairly de- 
tailed exposition of the results for this system (in 
which the greatest complications arise). The 
other two simpler systems may then be con- 
veniently summarized. 

Table I lists values of Ao, and Av for protons of 
water and D M F  in solutions 0.090 M in Co2+ as 
a function of the water mole fraction. From the 
values of Amp and Av, values of P,/P,, may be 
calculated for both water and DMF. P, is simply 
nC,/N (where n is the number of solvation shell 
sites occupied by the solvent under observation, 
C, is the concentration of paramagnetic ions 
expressed in moles contained in the final sample 
volume, and N is the number of moles of solvent 
under observation in the bulk), if nC, << N. 
Values of Av/AvO or Amp/Aop0 normalized to the 
same C ,  correspond to  (n/no)(No/N). Figure 1 
shows a plot of n/no as a function of the mole 
fraction of water. The curve rising from left to 
right is based on studies of the D M F  formyl 
proton. The curve falling from left to  right is 
based on studies of the water protons. 

mole fraction H20 

FIG. 1 .  The preferential solvation curve of CoZ+ in 
aqueous DMF solutions. [CoZ+] = 0.0896 M. Open 
circles, water relaxation time; open squares, water con- 
tact shift; solid circles, D M F  formyl proton relaxation 
time; solid squares, DMF formyl proton contact shift. 

I t  was found that the bulk susceptibility cor- 
rection determined in chemical shift studies on 
CO(OH,),~' and CO(DMF),~+ differed slightly. 
The calculated effective magnetic moment (8) 
changes from 4.9 bohr magnetons in water to 5.2 
bohr magnetons in DMF.  Since the  effective 
magnetic moment enters to the first power in the 
equation governing Aop (5) and squared in the 
equation governing TZM if the electron nuclear 
coupling is dipolar (5) (as in the Co2+ case, ref. 9), 
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TABLE I1 

Mole fraction H 2 0  
Line width (Hz) 

Mole fraction H 2 0  
Line width (Hz) 
Mole fraction H 2 0  
Line width (Hz) 

Line width values for determination of preferential solvation 

A. 0.087 M Co2+ in water-dioxane mixtures 
1.000 0.950 0.876 0.785 0.568 0.453 0.344 0.199 
4.9 6.0 7.7 11.9 24.9 33 .O 49.3 90. 

B. 0.050 M Ni2+ in water-DMSO mixtures 
1.000 0.903 0.799 0.786 0.765 0.735 0.710 0.682 
11.4 15.8 21.9 21.5 21.4 22.1 23.0 24.8 
0.632 0.585 0.546 0.502 0.379 
25 .O 25.8 24.5 24.5 24.8 

the experimental values of A o  and Av were 1.0 

corrected for variations of magnetic moment 
o,8 

before nln, values were calculated. Here a failure 
of the simple assumptions has arisen in a way 0.6 
that can be taken into account. Of course, it is 5 
very helpful that the required corrections are O4 

small. 0-2 
Table I1 contains values of Av for solutions of 

Co2+ in dioxane-water mixtures and for Ni2+ 00 
1.0 0.8 0.6 0-4 0.2 

solutions in DMSO-water mixtures. The corres- mole fraction HZO 

ponding Ao values are collected in Table 111. 
Figure 3 shows plots of nln, for Ni2+ in DMSO- 
water. We have chosen to show a plot of Av and 
Ao for Co2+ in dioxane-water. Detailed analysis 
of this case reveals complete preference for water 
up to the solubility limit (as we have reported in a 
preliminary fashion with respect to Mn2+ in 
dioxane-water (10)). The curves in Fig. 2 show 
the characteristic feature of strong preferential 

FIG. 3. The preferential solvation curve of NiZ+ in 
aqueous DMSO solutions. [Ni2+] = 0.050 M. Circles, 
relaxation time; squares, contact shift. At  the low water 
mole fractions the two signals overlap and analysis could 
not be continued. 

solvation. Av and A o  rise as the bulk concentra- 
tion of water falls. 

Discussion 

Figure 2 contains the results of a simple use of 
,,, the methods. The case of a constant solvation 

160 shell is probably the circumstance most favorable 
7i 120 600 - ? to  the assumptions. The result that CO(OH,),~+ 
I - I 

400 K is the species in all accessible mixtures is interest- 4 80 ing. I t  bears on the understanding of the con- 
200 

40 ductivity of salts in dioxane-water mixtures (see, 

0 4  - - o e.g., ref. 11) and on analysis of kinetics in mixed 
1 0  0.8 0 6  0.4 0.2 0 0  

mole fraction Hz0 
solvents (12). 

Figures 1 and 3 show the more complicated and 
FIG. 2. The preferential solvation curve of CoZ+ in probably more interesting results. H~~~ the error, 

aqueous dioxane solutions. [CoZ+] = 0.087 M. Circles, 
contact shift; squares, relaxation time. which amounts in many cases to 5 t o  10% of the 

TABLE I11 

Chemical shift values for determination of preferential solvation 

A. 0.087 M Co2 + in water-dioxane mixtures 
I Mole fraction H 2 0  1.000 0.950 0.876 0.785 0.568 0.453 0.344 0.199 
I Am, (Hz) 38 46 64 103 204 272 393 71 0 

B. 0.050 M Ni2+ in water-DMSO mixtures 
Mole fraction H z 0  1.000 0.907 0.809 0.701 0.612 0.548 0.537 
Amp (Hz) 17 24 34 39 46 44 46 
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total solvation shell composition, is a limitation. 
Since all values involve ratios including the values 
of Av and Ao in the pure solvent and will reflect 
small deviation from the assumptions, it seems 
unlikely that the error can be greatly reduced. 
When bulk solvent concentration is high (pure 
solvent) Av and Ao are inevitably relatively small. 
As a consequence, it seems unlikely that data of 
sufficient accuracv to evaluate the successive 
formation constants of the seven expected com- 
plexes (ignoring geometrical isomers) can be 
accurately evaluated. Actually, the limitation is 
not more serious than that encountered by other 
methods. The alternative techniques, which share 
with the n.m.r. methods the important feature of 
reflecting a short range interaction, are electronic 
and vibrational spectroscopy. To derive solvation 
curves from these spectra requires knowledge of 
extinction coefficients for all of the intermediate 
species. Usually, these are accessible only by a 
difficult and uncertain "parameter fitting" tech- 
nique. As an example, the visible absorption 
maximum for Ni(DMS0)62+ is only about 20 mp 
shifted from Ni(OH2)62+ and the extinction co- 
efficient differs by a similarly small amount. 
Preliminary experiments3 indicate that an at- 
tempt to derive even an approximate preferential 
solvation curve would be hopeless. 

The "semiquantitative" determinations of pre- 
ferential solvation derived via n.m.r. should be 
useful. They are, for example, precise enough to 
be used to understand the small variations en- 
countered in ion size parameters obtained from 
conductivity data in mixed solvents. They are 
also as precise as most rate constants currently 
available from fast reaction studies and should 
make possible study of fast reactions, and cata- 
lytic behavior, of metal ions in mixed solvents. 
The precision is also adequate for assessment of 
relatilie thermodynamic coordinating tendencies 

3C. H. Langford. Unpublished results. 

for comparison with predictions based on theo- 
retical calculations or spectroscopic correlations. 

Finally, the data on co2'  shown in Fig. 1 
reveal the limitation of the technique. Curves 
derived from Av and A o  for water protons, and 
Av for DMF protons, are in good agreement as 
to the composition of the solvation shell. The 
agreement of these three can hardly be fortuitous. 
But the curve based on Ao for D M F  protons 
differs by more than acceptable uncertainty. It 
must be that the assumption concerning AmM 
fails even after correction for p,,,. 

The reported preferential solvation curves 
suggest that DMSO or D M F  are good ligands for 
Ni2 ' or Co2 ' in water. Dioxane does not appear 
to be a successful competitor. These conclusions 
are consistent with available prior information 
(13). 
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Reactions of acetylenes with noble-metal halides. VI.' The reactions o f  
2-butyne with chlorodicarbonylrhodium dimer 
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Depcrr?me~lt of Cl~emistry: McMaster Llniversify, Hut)lilton, 011tario 

Received March 19, 1968 

Chlorodicarbonylrhodium dimer ([Rh(CO),CII2) rzacted with 2-butyne at 80" in benzene to give a 
mixture of compounds which contained hexamethylbenzene, duroquinone, chloro(7c-duroquinone)- 
rhodium dimer, and chloro(7c-tetramethylcyclopentadienone)rhodium. At 25" 2-butyne and [Rh(C0)2CI]2 
reacted to  give a brown solid of variable composition (C), which could not be purified. Reaction of (C) 
with CO in methylene chloride gave a related solid (D) also of variable composition. Treatment of (C), 
or better (D), with an  excess of triphenylphosphine gave chloro(dimethylmaleyl)bis(triphenylphosphine)- 
rhodium and (Ph3P)2RhCOCI. The former was identified by analysis, spectra, and its oxidation t o  
dimethylmaleic anhydride. Reaction of (D) with p-toluidine gave chloro(dimethylmaleyI)carbonylbis(p- 
toluidine)rhodium, which on treatment with excess triphenylphosphine also gave chloro(dimethy1- 
maleyl)bis(triphenylphosphine)rhodiurn. 

Canad~an Journal of  Chemistry, 46, 3189 (1968) 

Introduction 

The reactions of acetylenes with metal car- 
bonyls have been studied by numbers of workers 
and many types of metal complexes and organic 
compounds have been isolated from these re- 
actions. The reactions most intensively studied 
were those of various acetylenes with iron, cobalt, 
and molybdenum carbonyls, where very signifi- 
cant contributions have been made by Hiibel and 
his collaborators (1-7) and by other workers (7- 
19). In many cases the X-ray structural determina- 
tions of the complexes have been carried out so 
that the structures of these complexes are now 
well understood. However, the precise nature of 
the reactions involved here, in which the acetylenes 
couple with each other and with CO to give the 
observed complexes and organic products, still 
remain obscure to a very large degree. The above- 
mentioned reactions, unfortunately, do not 
appear to lend themselves easily to detailed 
mechanistic investigations since such a large 
number and such a wide variety of products are 
obtained and since the conditions are in many 
cases rather stringent. 

In 1963 Dickson and Wilkinson reported that 
hexafluoro-2-butyne reacted with carbon mon- 
oxide in the presence of chlorodicarbonyl- 
rhodium dimer as catalyst to give tetrakis(tri- 
fluoromethyl)cyclopentadienone (20). No inter- 
mediate complexes could be characterized from 

'Part V, see ref. 27. 
'Fellow of the Alfred P. Sloan Foundation and author 

to  whom any correspondence should be addressed. 

this reaction but hexafluoro-2-butyne reacted 
with dicarbonyl-n-cyclopentadienylrhodium to 
give n-tetrakis(trifluoromethy1)cyclopenta- 
dienone-7c-cyclopentadienylrhodium and a com- 
plex of unusual structure, n-hexakis(trifluor0- 
methy1)benzene-n-cyclopentadienylrhodium (21). 
The fact that such relatively simple reactions 
occurred with rhodium carbonyls tempted us to 
examine the former reaction in greater detail 
using other acetylenes. 

In a preliminary note (22) on the reactions of 
diphenylacetylene and 3-hexyne with chlorodi- 
carbonylrhodium dimer we noted that the former 
gave 47% of the RhCl complex of tetraphenyl- 
cyclopentadienone as the main product, while the 
latter gave the RhCl complex of tetraethyl- 
cyclopentadienone and some tetraethyl-p-benzo- 
quinone. The latter reaction will be discussed 
fully in a later paper. Both reactions proceeded 
smoothly in refluxing benzene. Our success with 
these reactions prompted us to try the reaction of 
dimethylacetylene with [Rh(CO),CI],; we ex- 
pected that the products here would be more 
easily characterizable and we also hoped to 
isolate and characterize some intermediates in the 
reactions. 

Results and Discussion 
In refluxing benzene [Rh(CO),Cl], (1) reacted 

with a large excess of 2-butyne to give a dark- 
purple benzene-insoluble solid (A), and a mixture 
(B) which was shown to  contain mainly hexa- 
methylbenzene (and a small amount of duro- 
quinone, both isolated by chromatography) and 
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chloro(n-duroquinone)rhodium dimer (isolated 
and characterized as its bisbyridine) adduct (6) 
(23)). 

The purple solid (A) was soluble in chloroform; 
however, osmometric molecular weight measure- 
ments showed that the material was very unstable 
in solution and that it rapidly disproportionated 
(Chart 1). In fact proton magnetic resonance 
(p.m.r.) spectra in deuterochloroform only 
showed two singlets due to the presence of hexa- 
methylbenzene (7.78 T) and chloro(n-duroqui- 
none)rhodium (8.33 T) and another pair of singlets 
of equal intensity (8.12, 8.51 T) which were 
assigned to the two pairs of inequivalent methyls 
in chloro(n-tetramethy1cyclopentadienone)rho- 
dium. On addition of a few drops of pyridine to 
this solution, both the latter complexes were 
converted into their bisbyridine) adducts. By 
fractional crystallization it was possible to isolate 
and identify hexamethylbenzene and the bis- 
(pyridine) adducts (6) and (7). 

From the integration of the p.m.r. spectrum of 
(A), it appeared that for every four molecules of 
hexamethylbenzene, three of the duroquinone 
complex dimer (2), and two of the cyclopentadie- 
none complex dimer (5), were present. This stoi- 
chiometry was quite reproducible and agreed well 
with the analysis which corresponded to [(hexa- 
methylbenzene),(duroquinone),(tetramethyl - 
cy~lopentadienone),Rh~Cl~]~. That (A) has a 
real existence in the solid state and is not just 

a mixture of (2), (3), and (5) is shown by the fact 
that it could be prepared reproducibly by 
different workers at different times and that it 
contained large amounts of hexamethylbenzene 
and yet was insoluble in benzene, in which 
hexamethylbenzene is normally very soluble. The 
structure of (A) remains, however, unknown. 

Three different types of products were therefore 
formed in this reaction, hexamethylbenzene, 
duroquinone, and tetramethylcyclopentadienoile, 
if we ignore for the moment the fact that part of 
the duroquinone and all the cyclopentadienone 
were complexed to RhCl. Although in terms of 
moles obtained hexamethylbenzene was by far 
the main product, no information can be gained 
from these experiments regarding the mode of its 
formation since we have shown that at least one 
of the complexes produced in the reaction, 
chloro(n-duroquinone)rhodium (2), will itself 
catalyze the trimerization of 2-butyne. Greatest 
significance must therefore be attached to the 
formation of the duroquinone (total 2.0 mrnoles, 
as (2) and (4)) and the cyclopentadienone complex 
(5) (equivalent to 0.8 mmole of the cyclopenta- 
dienone) from 1.3 mmoles of chlorodicarbonyl- 
rhodium dimer. Since the materials balance 
accounts for 92 % of the CO and the Rh originally 
present in (I), this means that in the presence of a 
large excess of 2-butyne about 77% of the CO 
available is incorporated into duroquinone and 
almost 15 % into tetramethylcyclopentadienone. 
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In an effort to obtain information about the 
possible intermediates in this reaction we 
attempted the reaction of 2-butyne with chloro- 
dicarbonylrhodium dimer in benzene at 25". 
Again, a fairly rapid reaction occurred and a 
brown solid (C) was precipitated. Repeated 
attempts to purify (C) were without success, 
reliable analytical data were difficult to obtain, 
and it finally became clear that although from 
its appearance and its solid state infrared 
spectrum the composition of (C) appeared 
constant, it was in fact a nonstoichiometric 
compound of the general formula, (C,H,),,,- 
(Rh(CO),Cl),(H,O),. The solid state infrared 
spectrum was complex and showed the presence 
of terminal metal carbonyl bands at 2075 (vs), 
2025 (vs), possibly a bridging carbonyl at 1870 
(m-w), and a broad strong band at 1680 cm-I 

probably indicative of the presence of ketonic 
carbonyls. The presence of bound water was 
indicated by a broad band at 3500 cm-' and 
especially by the breadth of the band a t  1680 
cm-'; both were considerably reduced by 
vigorous drying of the sample. 

On passing CO into a suspension of (C) in 
methylene chloride a new yellow solid (D) and 
[Rh(CO),Cl], were obtained. The infrared 
spectrum of (D) was much simpler than that of 
(C) and only showed two strong sharp bands at 
2070 and 1690 cm-I in the carbonyl region, and 
a medium intensity one at  1605 cm-' which we 
ascribed t o  vC=, (24). At first sight, the analytical 
data and the infrared spectrum of (D), combined 
with the production of [Rh(CO),Cl], by the 
CO reaction, suggested that we had been able 
to purify (C) from the main contaminant, 

C H C I ~ / ~ ~ "  
(11) + PPh3 (excess) -+ (8) + P - C H ~ C ~ H ~ N H ~  
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[Rh(CO),CI.],, and that (D) had a formula 
corresponding to (C4H6CO)RhCOC1 (25). 
Repeat analyses of (D) were, however, not 
consistent with this formulation and the results 
of the reactions of (D) with p-toluidine and 
triphenylphosphine described below made this 
view untenable. From these reactions it now 
appears that (D) also contains some [Rh(CO),- 
CI], and a rhodium complex which we suggest 
may contain a chloro(dimethylmaleyl)carbonyl- 
rhodium moiety (14). 

An excess of triphenylphosphine reacted with 
(D) to give a high yield of a crystalline yellow 
complex, (8), and some chlorocarbonylbis(tri- 
pheny1phosphine)rhodium (9). 

The structure for (8) was proposed on the 
following evidence: (a) Elemental analysis and 
molecular weight measurements3. (b) The p.m.r. 
spectrum of (8) only showed one single, unsplit 
resonance in the methyl region (8.96 z), and a 
multiplet in the phenyl proton region (2.68 z) 
with intensity ratio 6:30. (c) The infrared 
spectrum in the 1600-2100 cm-' region showed 
no terminal or bridging metal carbonyl bands 
but only a single strong band at 1635 cm-' 
which can be ascribed to a C=C-CO-Rh 
group (24). (d)  The compound was exceedingly 
stable to oxidation (no reaction with boiling 
7 N HNO, during 1 h) and to reduction (60 % of 
the starting material was recovered after 4 h 
refluxing with zinc in acetic acid). However, 
after boiling with 14 N nitric acid, a 67 % yield of 
dimethylmaleic anhydride was obtained from (8). 

Treatment of (D) withp-toluidine in methylene 
chloride gave a high yield of chloro(dimethy1- 
maley1)carbonylbisCp-to1uidine)rhodium ( l l ) ,  
identified by its elemental analysis and the 
following evidence: (a) The infrared spectrum of 
(11) showed the presence of a terminal metal 
carbonyl at 2055 cmdl (vs) and a ketonic 
carbonyl at 1650 cmM1 (vs). (b) The p.m.r. 
spectrum of (11) (which, due to the low solu- 
bility of the compound in chloroform at 25", 
was measured at 60") showed singlets at 7.80 
and 7.72 z (due to the methyl protons of the 
dimethylmaleyl- and thep-toluidine respectively), 
and at 5.44 z (due to the amine protons), and a 

3This implies (8) to  contain five-coordinate Rh(II1); 
while this is not unknown, it is somewhat unusual (24). 
Since (8) retains solvent of crystallization very tenaciously, 
it is also possible that (8) may be six-coordinate in 
solution with a solvent occupying one coordination site. 

quartet at 2.92 z (due to the p-disubstituted 
phenyl protons), with the expected intensity 
ratio of 6:6:4:8. (c) On treatment of (11) with 
an excess of triphenylphosphine in chloroform 
at 25", both the p-toluidine and the carbonyl 
ligands were replaced, and a 91 % yield of the 
bis(tripheny1phosphine) complex (8) was ob- 
tained. 

If the reaction of (D) with triphenylphosphine 
is assumed to proceed quantitatively, with the 
component of structure presumed to be (14) 
giving rise to (8) and the bound [Rh(CO),CI], 
only giving (9), then the formula of the sample of 
(D) used in this reaction is approximately 
[(C4H6C,02RhCOCl)4(Rh(CO)2C1)1],,. Analo- 
gously, if in the reaction of (D) with p-toluidine 
the component (14) gives rise only to (ll) ,  while 
the bound [Rh(CO),CI], only gives (12), then 
the formula of this sample is approximately 
[(C4H6C20~RhCOCl)6(Rh(C0)2C1)l],. Ail 
overall yield of 63% of (11) has also been ob- 
tained from these reactions when neither (C) 
nor (D) was isolated. 

The compound (C) also underwent these 
reactions with triphenylphosphiile and p-tolu- 
idine, giving (8) and (11) respectively, though in 
lower yield. The substitution products of 
[Rh(CO),CI],, namely (9) and (12), were again 
the only other materials which could be iso- 
lated from these reactions. 

One other complex could also be prepared 
from the bisCp-toluidine) complex (11) with 
triphenylphosphine under very mild conditions. 
In this case only one p-toluidine ligand was 
replaced, giving a 75 % yield of chloro(dimethy1- 
maleyl)carbonyl(p-to1uidine)triphenylphosphine- 
rhodium (13). The structure of this was again 
confirmed by analysis, and its infrared and 
p.m.r. spectra. Although (13) appeared quite 
stable in the solid, in solutioil it dispropor- 
tionated fairly rapidly with loss of CO to give a 
44 % yield of chloro(dimethylmaleyl)bis(tripl~en- 
y1phosphine)rhodiurn (8) and a 39% yield of 
chloro(dimethylmaleyl)carbonylbis(p-toluidi11e)- 
rhodium (11). This disproportionation was also 
evident from the p.m.r. spectrum of (13) which 
changed rapidly with time until it became that of 
a mixture of (8) and (11). 

The complexes (8), (l l) ,  and (13) all have the 
common feature of a very low frequency and 
intense vm at 1635, 1650, and 1650 cm-I 
respectively. This suggests that the keto groups 
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are very strongly polarized and that structure 
(15) is important in describing the ground state 
of the system. Baird et al. (24) have reported 
similar values for vc0 and v,=, in complexes of 
the type CH,=CH.CO.[M], where [MI = 
C5H5Fe(CO),-, C5H5W(CO),-, and (Ph,P),- 
RhC12-. 

The lack of consistent data on (C) and (D) 
makes it difficult to speculate on their natures 
and the role, if any, which they play as inter- 
mediates in the high temperature formation of 
the p-benzoquinone and the cyclopentadienone 
complexes. 

However, when (D) was reacted with 2-butyne 
in the absence of solvent in a bomb at  80" a 
red-purple solid was obtained, with properties 
and s~ec t ra  identical with the product (A) formed 
in thihigh temperature reaction of 2-butyne with 
[Rh(CO)ZC11,. 

Furthermore, when a suspension of (D) in 
I 

benzene was refluxed with an excess of 3-hexyne, 
a mixture of products was obtained. These 
consisted of the rather insoluble blue [Et4C4Rh- 
(CO)C12Rh]24, and chloro(7c-tetraethylcyclopen- 
tadienone)rhodium trimer4, hexaethylbenzene, 
and a yellow oil which were separated by 
chromatography on Florisil. The yellow oil was 
shown by thin layer chromatography to consist 
of two components, a major and a minor one, 
of very similar R, values, in the region for 
tetrasubstituted p-benzoquinones. The infrared 
spectrum of the oil agreed with the conclusion 
that a mixture of p-benzoquinones was present. 
The p.m.r. spectrum showed the presence of only 
one singlet due to a methyl group and a quartet 
and a triplet due to ethyl groups. Although their 
positions agreed exactly with those for tetra- 
methyl- and tetraethyl-p-benzoquinone, and the 
integrated intensities agreed with a 43:57 
mixture of the two compounds, both the thin 
layer chromatogram and the mass-spectral 

4Details of the reaction of 3-hexyne with [Rh(CO),Cl],, 
and theX-ray structuraldeterniination [EtJC4Rh(CO)C12- 
RhIZ by L. F. Dahl and L. Bateman, will be reported 
shortly. 

cracking pattern of the oil were different to those 
of a synthetic mixture. In particular the larger 
spot on the thin layer chromatogram did not have 
the correct R, value for duroquinone, though 
the minor component did have the same R, as 
tetraethyl-p-benzoquinone. The mass-spectral 
cracking pattern of the oil also showed a strong 
peak at rn/e 192, corresponding to [Me,Et,- 
C60,]+, which was virtually absent in the 
synthetic mixture. Although we were unable to 
obtain the 2,3-diethyl-5,6-dimethyl-p-benzoqui- 
none pure, the evidence indicates that the oil 
was a mixture of it and duroquinone in the 
approximate ratio 8 6 :  14. 

The multitude of products typical of the 
reaction of 3-hexyne and [Rh(CO)2C1],4 ob- 
tained in this reaction makes its interpretation 
difficult. However, it is tempting to suggest that 
the 2,3-diethyl-5,6-dimethyl-p-benzoquinone is 
obtained from an intermediate such as  (14) by 
addition of the 3-hexyne to the dimethylmaleyl 
group, rather in the manner of a Diels-Alder 
reaction, but occurring in a metal complex. 

Experimental 
2-Butyne was purchased from Farchan Chemical Co. 

Chlorodicarbonylrhodium dimer was prepared by the 
method of McCleverty and Wilkinson (26). Proton mag- 
netic resonance spectra were run on a Varian A60 spec- 
trometer, using deuterochloroform as solvent with tetra- 
methylsilane as internal reference. Infrared spectra, except 
where stated, were run as  KBr discs. All reactions were 
carried out in a n  atmosphere of dry nitrogen. 

Tlze Reaction of Clrlorodicarbonylrlzodium Ditner wit11 
2-Buiyne at 80" 

2-Butyne (2.0 ml, 25.5 mmoles) was added to  a solution 
of0.5 g (1.3 mmoles) ofchloro(dicarbonyl)rhodium dimer 
(1) in 20 ml of benzene and the mixture refluxed for 5 h. 
Another 2 ml of 2-butyne were then added and the reflux- 
ing continued for a further 15 h. The solution was cooled 
and filtered to give 0.6 g of a dark-purple solid (A) which 
was washed with benzene and dried. Removal of the 
solvent from the filtrate left a reddish solid; this was 
extracted with light petroleum, leaving 0.22 g of a red 
petroleum-insoluble solid (B). The light petroleum 
extracts were chromatographed on Florisil t o  give 0.7 g 
hexamethylbenzene (3, eluted in light petroleum) and 
0.06 g duroquinone (eluted in benzene), identified by 
melting points and infrared spectra. 

The solids (A) and (B) were closely related a s  shown by 
their p.m.r. spectra. Both showed resonances at 7.78, 
8.12, 8.33, and 8.51 z, though of different intensities; 
in addition (B) showed two further weak resonances at 
8.00 z (probably duroquinone) and 8.45 z. T h e  peaks at 
7.78 and 8.33 z were due to hexamethylbenzene and 
chloro(n-duroquinone)rhodiurn dimer (2) and  the peaks 
at 8.12 and 8.51 z were assigned to  the two  different 
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methyl resonances in chloro(n-tetramethylcyclopentadi- 
enone)rhodium (5, see below). By integration, the in- 
tensities of the four main resonances in (B) were esti- 
mated as 7:1:17:1 (on this scale the intensities of the 
resonances at 8.00 and 8.45 z were i 0.5) and this 
suggested that (B) was a mixture of mainly chloro(n- 
duroquinone)rhodium dimer and hexamethylbenzene in 
a molar ratio of 1.8:l. The material (B) could not be 
crystallized satisfactorily; however, addition of pyridine 
to a solution of (B) in methylene chloride followed by 
addition of light petroleum gave orange crystals of 
chlorobis(pyridine)(n-duroquinone)rhodium (7) shown to 
be identical with an authentic sample prepared previously 
by its infrared spectrum and behavior on heating in a 
melting point capillary (23). 

The solid (A) was obtained reproducibly with the same 
stoichiometry as shown by integration of its p.m.r. 
spectrum. The intensity ratio of the resonances at 7.78, 
8.12, 8.33, and 8.51 z was 3:1:3:1, and suggested a molar 
ratio of hexamethylbenzene:chloro(n-duroquinone)rho- 
dium: chloro(n-tetramethyIcyclopentadienone)rhodium of 
2:3:2. After the addition of a few drops of pyridine to a 
solution of (A) in CDCI, the peaks were unchanged in 
intensity and now appeared at 7.79, 8.45, 8.55, and 8.88 z 
(3:1:3:1). The resonance at 7.79 r is virtually unchanged 
by comparison with authentic hexamethylbenzene, and 
that at 8.55 r is close to that of chlorobis(pyridine)(n- 
duroquinone)rhodium (6) previously reported (10) as 
8.62 z; the small difference must be ascribed to a solvent 
effect. The two peaks of equal intensity 1 were therefore 
again presumed to be due to chlorobis(pyridine)(n- 
tetramethylcyclopentadienone)rhodium (7). By fractional 
crystallization of the products obtained from reaction of 
(A) with pyridine it was possible to isolate hexamethyl- 
benzene and chlorobis(pyridine)(n-duroquinone)rhodium 
(identified by comparison with authentic samples). In 
addition a small amount of a new orange crystalline 
material was also obtained. This was identified as 
chlorobis(pyridine)(n -tetramethylcyclopentadienone)rho- 
dium by its p.m.r. spectrum which only showed two 
resonances of equal intensity at 8.45 and 8.88 r, its 
infrared spectrum which showed a strong band at 1645 
cm-I due to the cyclopentadienone carbonyl (9), and by 
a partial analysis. 

Anal. Calcd. for C19H22C1N20Rh: N, 6.47. Found: 
N, 6.89. 

From these results it is apparent that (A) is only stable 
in the solid state; the analysis of a sample agreed with the 
formulation [(he~amethylbenzene)~(duroquinone)~(tetra- 
methylcy~lopentadienone)~Rh~Cl~]~. 

Anal. Calcd. for [C72H96C1508Rh5]n: C, 48.55; 
H,5.43; C1,9.95;Rh,28.89.Found: C,47.62;H,5.04; 
C1, 10.55; Rh, 29.37. 

The solid state infrared spectrum of (A) showed a 
strong broad peak at 1640 cm-I in the carbonyl region. 
Osmometric molecular weight measurements showed that 
the molecular weight varied with time and came to 
equilibrium after about 2 h ;  the value then corresponded 
to an average molecular weight of 515. 

By isolation of the organic materials and from integra- 
tion of the p.m.r. spectra of (A) and (B) approximately 
5.2 mmoles hexamethylbenzene, 0.4 mmole duroquinone, 
0.8 mmole chloro(n-duroquinone)rhodium dimer, and 
0.4 mmole chloro(n-tetramethy1cyclopentadienone)rho- 

dium dimer were obtained in this reaction. This material 
balance accounts for approximately 92 % of the rhodium 
and the carbonyl content of the initial chlorodicarbonyl- 
rhodium dimer. 

The Reaction of Cl~lorodicarbonylr.hodinm Dinzer wit11 
2-Butyne at 25" 

2-Butyne (3 rill, 38 mmoles) was added to a solution 
of 0.5 g (1.3 mmoles) chlorodicarbonylrhodium dimer in 
20 ml of benzene at 25". Tbe solution was stirred for 
24 h after which the brown solid (C) which had precipi- 
tated was filtered off, washed with benzene and ether, and 
dried in vacuo; yield of solid, 0.62 g, melting point (m.p.) 
145-160" (decomp.). From the filtrate, a small amount 
(N 10 n~g)  of duroquinone could be isolated. The solid 
(C) was quite insoluble in all except strongly coordinating 
solvents such as pyridine, in which it decomposed. All 
attempts to recrystallize it were therefore abortive. 
The infrared spectrum in the carbonyl region was 
extremely complex and bands were noted at 2075 (vs), 
2025 (vs), 1870 (m-w), and 1680 (s-broad) cm-'. In 
addition the spectrum showed a broad band at 3500 cm-I 
indicating the presence of bound water. 

Analyses on the material were difficult and not repro- 
ducible; however, one sample analyzed reasonably 
satisfactorily for [CH3C2CH3]o.9.Rh(CO)2C1.0.5H,0. 

Anal. Calcd. for C5.6H6.4C102.5Rh: C, 26.68; H, 2.56; 
C1, 14.07; Rh, 40.82. Found: C, 26.38; H, 2.46; C1,13.91; 
Rh, 41.34. 

I n  order to obtain some evidence about the nature of 
the organic ligand present here, a mass spectrum of the 
solid was run at 120'; the only higher molecular weight 
species identifiable was at m/e 54 corresponding to C4H6 +. 

On passing carbon monoxide into a suspension of 
500 mg of (C) in 20 ml  of methylene chloride at 25" for 2 h 
the brown solid slowly turned yellow. Filtration followed 
by washing with methylene chloride and vacuum-drying 
afforded 0.270 g of a pale-yellow solid (D), m.p. 205-213" 
(decomp.). The filtrate was evaporated to dryness on a 
rotary evaporator, and  the residue extracted with hot 
hexane to give 0.12 g of chlorodicarbonylrhodium dimer 
(I), identified by its infrared spectrum. The  solid (D) was 
likewise amorphous and almost completely insoluble in 
solvents with which it did not react. The infraredspectrum 
of (D) was, however, significantly simpler and cleaner 
than that of (C); it was also possible to measure the 
spectrum of a weak methylene chloride solution of (D). 
Both this and a KBr disc showed only two strong and 
sharp bands in the carbonyl region, a t  2070 and 1690 
cm-I. In  addition a band (also present in  the spectrum of 
(C)) which we ascribe to vcSc occurred at 1605 cm-I 
(m). Analyses of (D) were again unreliable and also 
inconsistent; the best analysis is quoted below, together 
with that expected for the compound it largely appears 
to  contain, C4H6(C0)2RhCOC1, from its reactions 
described below. 

Anal. Calcd. for C7H6C10,Rh: C, 30.40; H, 2.19; 
CI, 12.83; 0 ,  17.36; Rh,  37.22. Found: C, 28.96; H, 2.35; 
CI, 14.32; 0 ,  16.48; Rh, 34.70. 

Chloro(dimethylmaleyl) carbonylbis(p-toluidine) rlzodilim 
(11) 

p-Toluidine (1 g) was added to a suspension of 300 mg 
of the complex (D) in 30 ml methylene chloride. The 
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mixture was stirred for 3 h at 25', and then the insoluble 
product was filtered off as yellow crystals of the complex 
( l l ) ,  rn.p. 162-166" (decomp.). From the filtrate a further 
small amount of (11) was obtained. The combined solids 
were recrystallized from chloroform to give 385 mg of 
pale-yellow crystals of (l l) ,  m.p. 166-168" (decomp.). 

Anal. Calcd. for C2,HZ4ClN2O3Rh: C, 51.39; H ,  4.93; 
C1, 7.22; N, 5.71; 0 ,  9.78. Found: C, 51.68; H ,  4.88; 
C1, 6.56; N, 5.67; 0,9.78. 

From the mother liquors of (l l) ,  38 mg of ether- 
soluble chlorodicarbonyl-p-toluidinerhodium (12) were 
obtained, identified by comparison of its infrared spec- 
trum with that of an  authentic sample. 

The infrared spectrum of  (11) in CHC1, showed the 
presence of a terminal metal carbonyl at 2055 cm-I (vs) 
and a ketonic carbonyl at 1650cm-I (vs). The p.m.r. 

I spectrum of (l l) ,  measured at 60" in CDCI,, consisted 
of a singlet at 7.80 r (methyl protons of the dimethyl- 
maleyl group), a singlet at 7.72 r (p-toluidine methyl 
protons), a singlet at 5.44 r (NH2 protons), and a quartet 
at  2.92 r (p-toluidine phenyl protons). The intensity ratio 
was the expected 6:6:4:8. 

The p-toluidine complex was also obtained, in about 
20% yield from the complex (C). The major product from 
this reaction was chlorodicarbonyl-p-toluidinerhodium 
(12). 
Chloro(dimethylmnleyl) cnrbonyl-p-toluidinetripl,enyl- 

phosphinerhodiu~n (13) 
A solution of 170 mg (0.64 mmole) of triphenyl- 

phosphine in 5 ml of chloroform was added to a suspen- 
sion of 310 mg (0.64mmole) of the bis-p-toluidine 
complex (11) and stirred for 10 min at  5-10'. The yellow 
solution was then quickly filtered, and the solvent re- 
moved on a rotary evaporator to leave a yellow solid. 
This was recrystallized from benzene-hexane and gave 
310 mg (75 %) of yellow crystals of pure (13), m.p. 161- 
163" (decomp.). 

Anal. Calcd. for C32H30C1N03PRh: C, 59.50; 
H, 4.68; C1, 5.48; N, 2.17; P, 4.79. Found: C, 59.00, 
59.11; H, 4.74, 4.80; C1, 5.53; N, 2.40; P, 5.11. 

The infrared spectrum of (13) showed the presence of 
a terminal metal carbonyl at  2050 cm-' (vs), and a 
ketonic carbonyl at  1650 cm-' (vs). 

The p.m.r. spectrum of a freshly prepared solution of 
(13) showed resonances at  7.84 r (singlet, dimethyl- 
maleyl methyl protons), 7.67 r (singlet,p-toluidine methyl 
protons), 5.53 r (broad, p-toluidine amine protons), 3.61, 
3.03 r (two doublets, p-toluidine phenyl protons), and 
2.4 r (multiplets, triphenylphosphine protons). After a 
very short time, however, the spectrum changed due to 
the occurrence of the disproportionation described 
below. As solid precipitated in the nuclear magnetic 
resonance tube during this disproportionation n o  mean- 
ingful integrations could be carried out. However, after 
24 h the spectrum was that of a mixture of chloro(di- 
methylmal~yl)carbonylbis(p-to1uidine)rhodim (11) and 
chloro(dimethylmaleyl)bis(triphenylphosphine)rhodium 

stirred at 25" for 5 h. The solution was filtered and solvent 
removed, leaving an oily residue which was extracted 
with hot hexane to remove excess triphenylphosphine. 
The insoluble yellow solid was crystallized from Inethylene 
chloride at  5" to give 270 mg of yellow crystals of chloro- 
carbonylbis(tripl~enylphosphine)rl~odiurn (9), identified 
by its infrared spectrum. Addition of hexane to the 
methylene chloride mother liquors precipitated the crude 
chloro(dimethylmaleyl)bis(triphenylphosphine)rhodium 
(8). This was recrystallized from methylene chloride- 
hexane to give 1.2 gof yellow crystals of the pure con~plex, 
m.p. 279-281" (decomp.). I t  was found that the solid 
retained methylene chloride of crystallization tenaciously. 
The analytical sample was therefore dried at 150°/12 rnm. 

Anal. Calcd. for C42H36C102P2Rh (mol. wt. 773): 
C, 65.25; H, 4.69; CI, 4.58. Found (mol. wt. 777): 
C, 65.50;H,4.62; C1,4.45. 

The infrared spectrum of (8) showed the presence of a 
very strong band at 1635 cm-' (ascribed to v,,); no 
bands in the metal carbonyl region were present. 

The p.m.r. spectrum of (8) consisted of a singlet at 
8.96 r (due to two equivalent methyl groups) and a 
multiplet at  2.68 r (phenyl protons), with the expected 
intensity ratio of 1 : 5. 

Chromatography of the hexane solution (which was 
used to wash out the excess triphenylphosphine) gave, 
apart from triphenylphosphine, a small amount (approx. 
20 mg) of duroquinone. 

2. From Complex ( C )  
Treatment of 500 mg of complex (C) with triphenyl- 

phosphine in benzene as above afforded, after a n  identical 
work-up, 550 mg of chlorocarbonylbis(triphenylphos- 
phine)rhodium and 9201ng of pure chloro(dirnet1~yl- 
maleyl)bis(triphenylphosphine)rhodium, which were iden- 
tified by infrared and p.m.r. spectra, and by their melting 
points. 

3. From Ct~loro(di~nettzylma1eyl)- 
carbonylbis(p-to1uidine)rhodiunl (11) 

A mixture of 300mg of (11) and 500mg triphenyl- 
phosphine in 10 ml of chloroform was stirred at 25" for 
3 h. Addition of hexane to  the filtered solution gave a 
yellow solid, which after recrystallization from methylene 
chloride - hexane afforded a 430 mg (91 %) yield of 
yellow crystals of (8), m.p. 279-281" (decornp.). 

4. From Ct~loro(dimetl~ylmnleyl)carbo~~yl-p- 
tohridinetriphei~ylpt~ospi~i~~e rhodium (13) 

A solution of 150 mg of (13) in I ml of chloroform was 
allowed to stand at 25" for 48 h. A pale-yellow crystalline 
precipitate was filtered off, washed with a small volume of 
cold chloroform, and air-dried. This was shown to be 
chloro(dimethylmaleyl)carb~nylbis(p-toluidine)rhodium 
(11) (yield, 45 mg (39%)) by its m.p. and infrared spec- 
trum. The combined filtrates were evaporated to dryness 
and the residue recrystallized from methylene chloride - 
hexane to give 78 mg (44%) of chloro(dimethylmaley1)- 
bis(triphenylphosphine)rhodium, (a), again identified by 
its m.p. and infrared spectrum. 

Chloro(dimettzylt~~aleyl)bis(tripher~ylphosphir~e)rhodium Oxidation of Chloro(dimethylmaley1)bis- 
( 8 )  (triphenylphosphir1e)rhodium ( 8 )  to Di~nethybnaleic 

1. From Complex ( D )  Anhydride (10) 
A mixture of a sample of the complex (D) (500 mg) and A suspension of 500 mg of (8) in 50 ml of concentrated 

2.0 g of triphenylphosphine in 30 ml of benzene was nitric acid was refluxed, with stirring, for 1 h. The 
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solution was cooled and poured into ice-water, and the isolate the former in a pure state failed. The oil showed 
mixture was then extracted with chloroform. After drying vco at 1645 cm-I (vs). 
the chloroform extract (sodium sulfate), and removal of 
solvent, an oily residue was obtained. This was sublimed 
at 25"/0.l mm to give 55 mg (67%) of 2.3-dimethyl- Acknowledgments 
maleic anhydride (10) as colorless crystals, m.p. 92-94'. 

Anal. Calcd. for C6H6O3: C, 57.15; H, 4.80. Found: 
C, 57.10; H, 4.95. 

Trit~~erizatiott of 2-Butytze by C/iloro(n-duroq~~ittotie)- 
rliodiu~n Dimer ( 2 )  

2-Butyne (2 ml) was added to a solution of 0.2 g 
(0.33 mmole) chloro(x-duroquinone)rhodium dimer (2) in 
15 ml of benzene and the solution was refluxed for 5 h. 
A further 2 ml of 2-butyne was then added and the solu- 
tion refluxed for a further 15 h. The solution was then 
evaporated to dryness and the reddish residue extracted 
with light petroleum. This left an insoluble red solid 
(0.12 g, 60% recovery) which was shown to be chloro- 
(n-duroquinone)rhodium. The light petroleum extracts 
were combined and chromatographed on Florisil to give 
1.03 g (6.4 mn~oles) of hexamethylbenzene and 22 mg of 
duroquinone (eluted in benzene). Based on the amount of 
2-butyne used, a 38 % conversion to hexamethylbenzene 
was effected. 

Reaction of ( D )  with 2-Butyne 
Attempts to prepare the complex (A) from (D) and 

2-butyne in the same manner as the complex (A) was 
obtained from [RII(CO)~CI]~ and 2-butyne were unsuc- 
cessful. However, by heating 2-butyne and (D) for 4 h in 
a bomb at 80°, a purple solid was obtained after extraction 
with benzene, which had identical properties, including 
p.m.r. spectrum, with that of (A). 

Reactiot~ of ( D )  with 3-Hexyne 
3-Hexyne (2.0 ml, 1.46 g) was added to a suspension of 

0.6 g of (D) in 20 ml of benzene, and the mixture was 
refluxed for 6 h. The solvent was then removed and a 
small amount of benzene added, which redissolved all 
the solid except a small amount (40 mg) of the blue 
[Et,CaRhCO.CI2Rhl2 formed in the reaction. Chroma- 
tography of the benzene solution on Florisil gave 150 mg 
of hexaethylbenzene, 0.23 g of a yellow oil (eluted in 
benzene), and 0.25 g of a red solid which eluted in 
methylene chloride - ethanol. The latter was shown to 
consist principally of chloro(n-tetraethylcyclopentadie- 
none)rhodium trimer. The yellow oil was not homo- 
geneous and since the p.m.r. spectrum was identical with 
that of a 57:43 mixture of tetraethyl-p-benzoquinone and 
duroquinone (due to the accidental equivalence of the 
ethyl and the methyl protons) it was at first assumed that 
the oil was a mixture of the tetraethyl- and tetramethyl-p- 
benzoquinones in the above ratio. However, careful 
comparative thin layer chromatography showed that, 
while one of the two overlapping spots obtained was 
tetraethyl-p-benzoquinone, the other did not have the Rr 
value of duroquinone. Furthermore the mass-spectral 
cracking pattern of a 57:43 mixture of tetraethyl- and 
tetramethyl-p-benzoquinone was quite different to that 
of the oil above, notably in that the oil showed a strong 
peak at ?rile 192, corresponding to [Me,Et,C602]+. It 
was therefore concluded that the oil consisted mainly of 
2,3-diethyl-5,6-dimethyl-p-benzoquinone and a smaller 
amount of tetraethyl-p-benzoquinone. All attempts to 
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The chlorosulfuric acid solvent system. Part 11. The solutes SeCl, and TeCl,; 
evidence for the formation of the SeCl," and TeCl,' ions 

E. A. ROBINSON AND J. A. CIRUNA 
Lash Miller Cliemical Laboratorier and Erindale College, University of Toronto, Toronto 5,  Ontario 

Received March 18, 1968 

From the results of electrical conductivity measurements on solutions in chlorosulfuric acid and the 
Raman spectra of solutions in chlorosulfuric acid (and fluorosulfuric acid) it is shown that SeCI, and 
TeC1, ionize quantitatively in these strong acid solutions to give the SeCI3+ and TeCl,+ cations. 

By comparison of the spectra with the vibrational spectra of solid SeC1, and solid TeCI,, reported by 
other workers, it is suggested that the solids contain covalent MCI, molecules rather than the ionic spe- 
cies MCI3 +.CI-, suggested previously. 

Canadian Journal o f  Chemistry, 46, 3197 (1968) 

Introduction 

In a recent paper (1) some results of electrical 
co~iductivity measurements on solutions of sim- 
ple bases in chlorosulfuric acid are described. 
The S0,Cl- ion was found to have a much 
higher mobility than typical cations such as the 
alkali metal ions, so that to a good approxi- 
mation most strong bases were found to give 
very similar specific conductance - concentration 
curves. 

In addition it was found that the alkali metal 
chlorides react quantitatively with chlorosulfuric 
acid : 

[2] MCI i- HSOaCl = M +  + S03C1- i- HCI 

The resulting hydrogen chloride behaves as a 
very weak base of the chlorosulfuric acid solvent 
system 

[3] HCI + HS03CI + H,CI+ + SO3C1- 

so that to a first approximation the formation of 
hydrogen chloride has little effect on the specific 
conductivities of the solutions. 

In 1954 Gerding and Houtgraaf (2) claimed, 
on the basis of similarities between the Raman 
spectra of SeC1, and AsCl,, and TeC1, and 
SbCI,, respectively, that selenium tetrachloride 
and tellurium tetrachloride exist as SeCI,+Cl- 
and TeC1,'Cl- in the solid state, and the spectra 
of the adducts SeCl,.AlCl, and TeCI,.AICl,, 
both in the solid and molten states, were inter- 
preted in terms of the structures SeC13'A1C14- 
and TeCl,'AsCl,-. Gerding (3) also studied the 
spectra of the sulfur trioxide adducts SeCl,.SO, 
and TeCl,.SO,. From similarities between their 
spectra and those of SeCl,.AICl, and TeCl,. 

AICI,, respectively, he concluded that they are 
best formulated as the ionic chlorosulfates 
SeCl,+SO,Cl- and TeCI,'SO,CI-. 

Recently there has been a renewed interest 
in these selenium and tellurium cations. Adams 
and Lock (4) have examined the far infrared and 
Raman spectra of TeCl, and concluded that 
while the structure is TeC1,'CI- in the solid 
state, TeCl, exists as discrete irregular tetrahe- 
dral molecules in benzene solution. By compari- 
son of the vibrational spectra of SCI,.AsF,, 
SeCl,.AsF,, and TeC13.AsF6 (obtained from 
the reaction of the tetrachlorides with AsF,) 
with those of PCl,, AsCl,, and SbCl,, respec- 
tively, Sawodny and Dehnicke (5) have estab- 
lished their ionic character (MCl,+AsF,-). 
However, Hayward and Hendra (6) have 
recently drawn attention to the fact that the 
frequencies of some of the Raman lines in the 
solid tetrachlorides are lower than those in their 
AlCl, complexes. In addition these workers 
found that a frequency previously ascribed to 
the v, stretching mode of TeCl,' in the spec- 
trum of solid TeC1, was resolved into two lines. 
This anomaly was explained as due to  either a 
degenerate mode split by crystal forces or by 
assuming that solid TeC1, has a structure inter- 
mediate between C,, and C,, due to a charge- 
transfer interaction between the halide ion and 
the central tellurium atom. I11 contrast, George, 
Katsaros, and Wynne (7) interpreted their in- 
frared data in terms of the presence of pyramidal 
MCl,+ cations in solid SeC1, and TeCI,. These 
findings have been recently supported by Beattie 
and Chudzynska (8) from an analysis of their 
infrared and Raman studies on the tetrachlo- 
rides. In benzene and acetonitrile, the infrared 
spectra of tellurium tetrachloride was consistent 
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with that of a monomeric structure of C,, sym- 
metry. 

In the present work evidence (from the results 
of electrical conductivity and Raman spectral 
measurements) is presented for the formation of 
SeCI,+ and TeCl,+ in solutions of SeCl, and 
TeCl, in chlorosulfuric acid, and the previous 
results on solid SeCl, and TeCl, are discussed. 

Experimental 
Chlorosufiric acid, reagent grade (British Drug 

Houses), was used as described previously (1). Fluorosrrl- 
furic acid (Allied Chemical) was purified by distillation at 
atmospheric pressure and the fraction boiling at 162 "C 
was collected and used. Seleniutn and tellurirrm tetrachlo- 
rides were prepared directly from the elements. Ten grams 
of metal were placed in a 200 ml round bottom flask with 
a 7 mm inlet side arm and a guard tube containing mag- 
nesium perchlorate at  the neck. A slow stream of chlorine 
was passed over the sample until the exothermic reaction 
was complete. The products were purified by sublimation 
at  atmospheric pressure in a chlorine atmosphere and 
stored in sealed ampuls. Analysis of these compounds 
gave the following: 

Theoretical Found 

The apparatus and technique used in carrying out 
electrical conductivity measurements at 25 OC have been 
described earlier (1). Raman spectra were obtained on 
Kodak IIaO photographic plates by means of a Hilger 
and Watts spectrometer equipped with a Toronto mer- 
cury arc (excitation source: 4358 A). The spectra were 
recorded by scanning the plates with a Joyce Loebl double 
beam MK IIIC microdensitometer. 

Results and Discussion 

a. Electrical Conductivity Measurements 
Electrical conductivity measurements on solu- 

tions of SeCl, and TeC1, in chlorosulfuric acid 
are shown in Table I and Fig. 1, where they are 
compared to the conductivities of solutions of 
the strong base KS0,Cl and those of potassium 
chloride. 

[4 1 KS03C1 = K +  + SO3C1- 

[5] KC1 + HS03C1 = K + SO3C1- + HCI 

Because the mobility of the chlorosulfate ion 
in chlorosulfuric acid is much greater than those 
of common cations, all strong bases give approxi- 
mately the same equivalent conductivities in 
HS0,Cl (1). Thus it is clear that SeC1, and 

TABLE 
Specific conductivities (K) of solutions or selenrum tetra- 
chloride, tellurium tetrachloride, and hydrogen chloride 

in chlorosulfuric acid of concentration w" at 25 "C 
-- 

SeCl, TeCl, HCI 

a 1oZK a 1oZK o 1 0 3 ~  

'Concentration expressed as moles/kg of solution. 

TeC1, both behave as strong bases according 
to either 

[7] MC14 + HS03CI = MCI3+ + S03C1- + HCI 

Experimentally it was found that rather concen- 
trated solutions lost hydrogen chloride, indicat- 
ing that the reaction occurs according to [7]. 

b. Raman Spectra 
That ionization does indeed occur according 

to [7] was confirmed by Raman spectral mea- 
surements on solutions of SeCI, and TeCI,, 
respectively, in chlorosulfuric and fluorosulfuric 
acid. The results are summarized in Table 11. 
Solutions in fluorosulfuric acid were studied in 
addition to those in chlorosulfuric acid because 
the v, and v, frequencies of SeCl,' were ob- 
scured by the intense S-Cl stretching frequency 
of the acid at 416 cm-l. 

Each spectrum contained four lines, in addition 
to those due to solvent, and a line close to 1050 
cm-' attributable to the SO,Cl- (or S0,F-) 
anion (9). The highest of the four frequencies 
was in each case polarized as expected for a 
MCl,' species having C,, symmetry. The spec- 
tra are in excellent agreement with those pre- 
viously reported for the AsF,- salts by Sawodny 
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moles /kg soln. 

FIG. 1. Specific conductivities of selenium tetrachlo- 
ride 0, tellurium tetrachloride 0, hydrogen chloride 9, 
potassium chloride (a), and potassium chlorosulfate (b) 
in chlorosulfuric acid a t  25 "C. The specific conductivity 
values for (0) and ( b )  are taken from ref. 1. 

and Dehnicke (5). It is significant, however, that 
although these solution spectra are fully in 
accord with those of the hexafluoroarsenate 
salts, there are important discrepancies between 
the individual frequencies and those assumed 
previously to be due to the MCI,+ cations in 
solid SeCI, and solid TeC1,. In particular, the 
v, and v, frequencies have significantly lower 
values in the solids than in those cases where the 
presence of trichloro-cations is definitely estab- 
lished (Table 11). Since it is reasonable that the 
metal-halogen bonds in MCl,+ would be 
stronger than those in covalent MCl, molecules, 
consistent with the observed higher stretching 
frequencies for the MCl,+ ions, there is reason 
to believe that the formulation of SeCI, and 
TeCl,, respectively, as SeCI, +C1- and TeCI,+CI- 
is not justified. 

Spectral evidence to date has been inexplicit 
in sl~owing that SeCI,' and TeCI,+ ions do in 
fact exist in the crystalline state (Table 11). In- 
stead of a four band spectrum consistent with a 
C,, structure for the MCl,+ ion, the infrared 
and Raman spectra of solid TeCI, and SeCl, 
consistently show complex spectra which may be 
more reasonably attributed to a trigonal bipy- 
ramidal structure. Nine fundamental frequencies 
would be expected for these tetrachlorides (C,, 

symmetry) in which eight would be infrared 
active and all nine would be Raman active. 
Katsaros and George (7) justified their seven 
band infrared spectrum for TeCI, in favor of 
TeC1,'CI- by assuming that three bands were 
due to impurities and a lattice vibration. Adams 
and Lock (4) found five bands in  their infrared 
spectra for both solid TeCI, and TeCl, dissolved 
in benzene. With various assumptions, the spectra 
were claimed to be consistent with a TeC1,'Cl- 
structure in the solid and the existence of 
covalent TeCI, molecules in solution. Similarly, 
Beattie and Chudzynska (8) argued that a five 
band infrared spectrum of solid TeCI, was con- 
sistent with an ionic formulation. Some doubt 
also exists concerning Gerding and Houtgraaf's 
(2) interpretation of the Raman spectra of solid 
SeCI, and TeC1, in terms of MC1,'Cl-. Al- 
though as many as ten bands were observed in 
the SeCI, spectrum and six for TeCI,, only four 
of the intense bands were assumed to be signi- 
ficant and the rest were discounted. 

It seems necessary that a critical reassessment 
be made for the assignments of the bands in the 
infrared and Raman spectra of solid TeCI, and 
SeCI,. The metal-chlorine stretching frequencies 
assigned in the solid state are substantially lower 
than those for the MC13+ ion. Moreover, the 
complexity of the spectra, as compared with the 
present spectrum of the MCI,+ ion, strongly 
suggests that both SeCI, and TeCI, exist as 
trigonal bipyramidal molecules in the crystalline 
state. 
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Theoretical views on Szilard Chalmers reactions in solid systems. 11. Parent 
reformation by billiard-ball collisions 

W. H. WONG' AND D. R. WILES 
Chen~istry Departrnet~t, Carleton Uniuersity, Otfa,va, Canada 

Received April 11, 19672 

The problem of billiard-ball replacement reactions of atoms centrally located in the molecule has been 
approached, using the approximation of simple two-body collisions. The reentry process has been 
separated into steps which can be handled by straightforward mathematical operations. Collision 
diameters for given energy transfer were calculated using an exponentially screened potential. 

Species treated include dicyclopentadienyl metals, arene metal carbonyls, and hexacoordinated com- 
plex ions, although the method is applicable to many other types of compound. An important result is 
that the probability of successful billiard-ball replacement is not sensitive to the initial energy, as long 
as this is not too low. It is concluded that this method is, at its present stage, most useful in calculat- 
ing lower limits for billiard-ball reformation by following the projectile energy down to ca. 100 eV. 
Below this energy it is considered that thermal decomposition of the reformed molecule is likely. Re- 
sults of the calculation are compared with experimental data, and further experiinents are suggested 
by which the contribution of billiard-ball collisions may be directly assessed. 
Canadian Journal of  Chemistry, 46, 3201 (1968) 

Introduction the rest of the molecule. Considering only single- 

In current studies of the behavior of atoms comPonent systems, obtained the exPres- 

recoiling from nuclear reactions, the main ques- 
tion is, of course, not how they get out of their [I] 

E R = -  
molecules, but how they get back in - either to v 
reform the original molecule or to give a different 
one. Two simple mechanisms have been com- 
monly invoked in attempts to understand the 
observed phenomena: diffusion back to the 
original site, followed by recombination with the 
original partners, and the so-called "billiard-ball" 
collisions with nearby molecules, giving direct 
replacement to form the same species at another 
site. The first of these was dealt with in Part I of 
this series (1). It was concluded that the present 
experimental evidence does not agree with the 
calculated possible back-diffusion reformation, 
and that this back diffusion makes a very minor 
contribution to reformation if, indeed, any at all. 

The interpretation of parent retention by a 
billiard-ball collision mechanism was first put 
forward by Libby (2) to interpret his studies of 
liquid organic halide systems. In his theory, the 
radioactive atom, recoiling with a kinetic energy 
above the bond-breaking energy v, collides 
elastically with another atom in a similar nearby 
moleculi such that after the collision. the atom 
retains an amount of energy less than some 
critical value E, is trapped, and forms bonds with 

'Present address: Chemistry Department, University 
of Toronto, Toronto, Ontario. 

-Revision received April 25, 1968. 

for the retention, R, of the radioactive atoms in 
the parent conlpounds. 

This approach has been further developed by 
Miller, Gryder, and Dodson (3) and by Capron 
and Oshima (4), who obtained the corresponding 
expressions for multicomponent systems (e.g. 
CC1,-Br2 solution). The calculated values for the 
CC1,-Br, system which emerged from their 
calculations showed fairly good agreement with 
the experimental results. More recently, Nes- 
meyanov (5) has reported fairly good agreement 
between calculated and experimental results for 
bromoethane diluted with chloromethanes. 

Although many processes can be considered 
which may lead to the reformation of the parent 
compound, the similarity of the observed reten- 
tion values for many of these compounds 
(Fe(C5H5)2 (6 )~  Ru(C5H5)2 (7)9 Cr(C6H6)2 (8)~ 
C5H5Mn(C0)3 (9), C,H,Cr(CO), (lo), and 
others) suggests a process which is structure 
dependent, rather than one which may depend 
primarily on the chemical behavior of the 
individual metal ions. Some experiments have 
been reported which show the importance of 
radical diffusion reactions, but to date only in the 
case of compounds irradiated in solution: 
C5H5Mn(CO), (1 1) and CH,C,H,Mn(CO), 
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(12). We are, however, faced with a phenomenon 
which does involve physical recoil and, evidently, 
collisions which result in the transfer of energy 
from one atom to another. It is thus reasonable to 
consider this collision process to assess the possi- 
bility of the reformation of the parent molecule 
by a 'hot' process, and in particular by a billiard- 
ball collision. 

The several previous studies of this nature 
(3, 4, 13) have been made on alkyl halide mole- 
cules, in which the halogen atom-the collision 
partner-is on the 'outside' of the molecule and 
can be knocked out of the molecule with high 
efficiency. On the other hand, many organo- 
metallic compounds have the relevant atom-the 
metal atom-more or less buried within the 
molecule. The dicyclopentadienyl 'sandwich' 
compounds illustrate this situation. Thus, the 
nature of the calculation is somewhat different 
from that of the previous studies, although of 
course the phenomenon is the same, and the basic 
approach is quite similar. 

The present work, then, attempts to examine 
the collision process to determine: firstly, those 
aspects of the collision which are peculiar to the 
replacement of central atoms; secondly, what 
parameters of the equations developed can be 
isolated as being critical and independently 
measurable; thirdly, whether any estimates of the 
extent of billiard-ball reformation can be made 
which could be compared with experimental data; 
and finally, what new experiments can be sug- 
gested by the calculations. 

General Theory 

The basic mechanism conceived in the appli- 
cation of the billiard-ball model involves an 
energetic atom moving rapidly through the solid 
(or liquid) and colliding with a molecule. In order 
to effect the billiard-ball replacement, it must 
collide with an atom of its own mass in a nearly 
'head on' collision, so that virtually all of its 
energy is transferred to the collision partner. In all 
calculations on such interactions there are several 
points of considerable uncertainty (14): (i)  The 
atomic interaction potential is not known, which 
means that the effective sizes of the atoms are not 
known as a function of interaction energy. In the 
present work, the Bohr exponentially screened 
potential, as described in Part I (I), is used to 
determine the effective collision-parameters for 
any given energy exchange. (ii) The minimum 

energy v required to remove the collision partner 
from the molecule, and the maximum energy E 

below which the projectile atom will be trapped 
within the molecule-cage are not known, although 
the value of 25 eV has been suggested for each by 
Seitz and Koehler (15) and by Harbottle and 
Sutin (16). (iii) The assumption of hard-sphere 
collisions is scarcely valid (17) although it is 
difficult to devise a more reliable substitute. In the 
calculations presented here we must be aware of 
these uncertainties. 

Since the present mechanism requires collisions 
with well-shielded atoms, such as the iron atom in 
ferrocene, it must be noted that if the parent 
molecule is to be reformed, neither the incoming 
nor the outgoing atom may suffer energetic 
collisions with ligand atoms. The total interaction 
is thus divided artificially into sections, which are 
assigned calculable probabilities as follows: (a) 
The probability that the recoiling atom will strike 
a relevant molecule is considered to be identically 
1 for pure systems. (b) The probability is P, that 
the projectile atom will be headed directly toward 
the central, isotopic, atom in the struck molecule. 
(c) The probability is Pin that the projectile will 
be able to strike the central atom without first 
displacing any ligand atom. It is assumed, for 
simplicity, that the trajectory is randomly 
oriented with respect to the molecular axes. (d )  
The probability is P,, that the energy exchange 
with the isotopic atom will both (i) remove the 
initial target atom and (ii) leave the initial pro- 
jectile with too little energy to escape. Following 
earlier work (1 5, 16) we assume that the target 
atom must be given at least 25 eV. The projectile 
must be left with an energy less than E, where E is a 
parameter to be examined in this work. (e) The 
probability is Pout that the struck target atom will 
escape without suffering collision with any ligand 
atom. 

The probability,P, that any given collision with 
a molecule will result in a complete billiard-ball 
replacement is given by 

12 I P = Pa . Pin PC, . Pout 
Each of these individual probabilities is expected 
to vary with projectile energy. They are discussed 
in more detail below. 

Separated Probabilities 
pa 

To estimate the probability of collision with 
the 'target' atom, we use the ratio of the pro- 
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jected cross section of the atom to that of the 
molecule. The effective size of the atom, for this 
purpose, is calculated from the hard-sphere 
radius, while the size of the molecule is calculated 
from the bond lengths plus the soft-sphere 
collision parameter, assuming a spherically sym- 
metrical molecule. This is similar to the method 
used by Shaw (1 3) for bromine-carbon collisions. 
Thus, for ferrocene for example, the Fe-C bond 
distance is 2.05 A. The collision parameter for 
Fe on C is found to be 1.03 A by methods de- 
scribed by Hirschfelder, Curtiss, and Bird (18), 
and the hard-sphere radius for Fe on Fe is found 
to be typically 0.915 A for a projectile energy of 
300 eV. Hence, 

Typical values of P, are given in Table I. 
This approach consciously ignores any orienta- 

tion effect which may result from 'channeling' of 
the recoil atom by the lattice. It is our belief that, 
since the projectile starts its trajectory on a 
lattice point, channeling is not likely to produce 
a predictable or detectable effect for the first few, 
high energy, collisions (19). Thus the term Pa, 
depending only on the direction of the projectile's 
motion, is not a function of the projectile energy. 

TABLE I 
Probability (Pa) that a random projectile striking a 
molecule or ion will aim at its central (target) atom 

Molecule pa Ion pa 

P i n  
The projectile atom is considered to be aiming 

directly at the central, isotopic atom, from any 
random direction. Thus, the probability of its 
entering a molecule to engage in a billiard-ball 
collision, without damaging the molecule, is 
equal to the probability of its getting out of its own 
molecule at the same energy, without causing 
damage. This latter probability has been calcu- 
lated (1) and the values may be used directly. 
Briefly, this probability was considered to be one 
minus the total fractional solid angle subtended 
by a group of circles, each of which defined the 

region within which the atom at the center of the 
circle would receive a momentum impulse of not 
less than 25 eV. Proper allowance was made for 
'overlapping' of the circles representing closely 
spaced ligand atoms. 

This term was found to vary only slowly with 
projectile energy down to about 100 eV, becoming 
smaller at lower energies. 

p e x  
The hard-sphere collision is isotropic, and the 

cross section for transfer of energy in any 
fractional interval is independent of the value of 
the energy. Thus, for a particle of initial energy E, 
colliding with another particle of the same mass, 
the probability of transferring energy between 
E and ( E  - E) (that is, all of its energy except E or 
less) is given by 

[31 P,, = E E 

The validity of this term, then, depends on the 
assumption of a hard-sphere collision, and on the 
validity of the value of E. This latter can be chosen 
to be 25 eV, following the lead of others in the 
field (1 5, 16), although we shall examine the effect 
of variation in the choice of E. 

It is useful to have an energy limit below which 
no collision is considered. This purely mathema- 
tical parameter, E,, can be varied independently 
of the physical parameters with the objective of 
identifying the departure of the mathematical 
model from the physical reality. 

PO", 
In order for parent reformation by this mechan- 

ism to be successful, the outgoing species after 
the collision should not disrupt the molecule's 
ligands in its flight. Since the incoming recoil 
species, having a kinetic energy E, could retain 
an energy between 0 and E, the outgoing isotopic 
atom may have an energy ranging from E to 
( E  - E). Further, if we assume the collision 
partners to be of the same mass, the maximum 
angle of scattering will be 

Thus, the outgoing atom will deviate from the 
incoming path by an angle ranging from zero to 
4. However, the value of this scattering angle, 
averaged over the whole energy range of the 
incoming species, is quite small, and without 
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introducing serious error we may approximate 
the outgoing atom's path as being collinear with 
that of the illcoming atom. 

If we confine our attention to molecules with 
inversion centers, it turns out that the trajectories 
for which the outgoing atom would damage the 
ligands are the same as those for which the incom- 
ing atom would cause damage. Thus, a successful 
incoming ensures a successful outgoing. In these 
cases, then, 

[5 I Pi, ' POUI - Pi,.,", = Pi, 

In other cases, although there may be no 
inversion center, the effect may be the same. This 
would be so for manganocene, ruthenocene, 
cyclopentadienylmanganese tricarbonyl, and 
others, in which the ligands on one side of the 
central atom effectively obscure those on the 
other side. An important result of this is the 
prediction of equal billiard-ball probabilities for 
groups of similar molecules such as dibenzene- 
chromium and benzenechromium tricarbonyl, or 
manganocene, cyclopentadienylmanganese tri- 
carbonyl and, still quite accurately, methyl- 
cyclopentadienylmanganese tricarbonyl. 

In still other cases, notably the tetrahedral and 
trigonal molecules, it is convenient to perform 
the reflection operation, and generate a molecule 
with an inversion center (turning the tetrahedron 
into a cube, for exampie). once again eq. [5] 
holds. 

Of all these various terms, Pin is seen to depend 
on the choice of v and will vary with the pro- 
jectile's energy, although the variation will be 
small at energies above about 100 eV. P,, will be 
given by EIE and thus is directly dependent on 
the value chosen for E. At very low energies, the 
incoming and outgoing trajectories will be 
farther from collinear, and eq. [5] will not hold. 
Pa is somewhat uncertain, since the effective sizes 
of the atom and the molecule are difficult to de- 
fine unambiguously, and the possible effect of 
directional selectivity has been ignored. This 
term will not, however, be strongly influenced by 
energy variation. 

With these uncertainties recognized, then, we 
proceed to examine the application of the model 
to  various cases. 

Case 1. Probability oJ'Paretzt Reformation in a 
Single Collision 

various partial probabilities are easily deter- 
mined. Pa is taken from calculations done as 
described above and reported in part in Table I. 
The value of Pin.,,,, as described above, is ob- 
tained for some molecules in Paper I (1). PC, is 
calculated simply from eq. [3], using selected 
values for E. The results of these calculations for a 
series of typical compounds are given in Fig. 1 for 
a range of values of E. 

I , , I I 
100 200 300 400 500 600 

I n i t i a l  E n e r g y ,  E. ( e V )  

FIG. 1 .  Calculated probability of billiard-ball re- 
formation in a single collision. The FeCpz cilrves will 
quite well represent a number of analogous compounds 
such as MnCp2, CpMn(CO),, CH3CpMn(CO),, 
Cr(C6H6)2, (C6H,)Cr(C0)3, and others. 

Case 2. Probability of Parent Refornlation 
Following a Given Number o f  Collisior~s with 
Carbon Atoms 

This case differs from the previous one in that 
each successive collision reduces the energy of the 
projectile and thus, according to the data of Fig. 1, 
increases the probability of parent reformation in 
the next collision. Two simplifying assumptions 
have been made here: ( i )  these moderating 
collisions are considered to be only with carbon 
atoms (or other light atoms), (ii) successive 
collisions do not occur in the same molecule. 
These assumptions lead to no significant error, 
and greatly simplify the mathematical operations. 

If the initial energy of the projectile atom is Eo, 
after one collision with a light atom its energy is 
expected to be evenly distributed in the range 
between Eo and a minimum of y Eo,  in which y is 

For the calculation of parent reformation in a 
single collision of specified projectile energy, the where M I  is the mass of the projectile atom and 
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If the projectile atom of energy El  undergoes a 
second collision with a carbon atom, it will then 
have an average energy of 

El  + YE, 
2 

The energy distribution function of the pro- 
jectile atom after two collisions with carbon 
atoms will be (4,20) 

dE, , dE2 
Eo(1 - El(1 - Y) 

M2 is the mass of the carbon atom. The expected 
average energy after one such collision will be 4 

- 

Therefore, the expected average energy of the 
projectile is 

- 
Fe C P ?  

Similarly, after the third collision with a 
carbon atom, the expected average projectile 
energy is -- 

[q (E,) = j E0 E l  J E2 dE1 
YE0 YE1 YE2 EO(1 - y) 

I I I I I I I 
100 200 300 400 500 600 

I n i t i a l  E n e r g y ,  E. ( e V )  

FIG. 2. Calculated probability of billiard-ball re- 
formation after a series of n collisions with carbon atoms. 

calculable, function between E and E,. As before, 
the billiard-ball collision can be successful only 
if the projectile atom transfers at least v eV and is 
left after the collision with less than E eV. It is thus 
possible to estimate the parent reformation by the 
following calculation : 

Three processes lead to the reduction of the 
projectile atoms energy below the critical value 
Ec: (i) direct billiard-ball collisions, (ii) billiard- 
ball collisions as result of which the ligand 
structure has been damaged, and (iii) collisions 
with carbon atoms. Of these, some direct 
collisions (iv) will result in retention if the energy 
is dropped below E .  The numbers involved, per 
unit time, in these processes are given by: 

J E.  Li 

The partial probabilities corresponding to 
these expected average energies are obtained in 

JE: 

Ec - YE [loc] N(iii) = (1 - Pa)N(E) E--yE 
the manner described for Case 1, and the overall 

dE 

probability can be considered as the sum of the 
probabilities for the successive collisions. These Clod] N(iv) = P, . PinN(E) - E d E  
are shown for up to three moderating collisions E 
in Fig. 2. This being the case, the extent of parent re- 
Case 3. General Formulatioiz ofparent formation is equal t o  N(iv) and the fractional 

Reformation in a Steady-State System parent reformation is given by 
In all cases, steady state is reached almost N(iu) 

instantly if we consider only the 'hot' reactions- [11] R = 
as many atoms are being reduced to an energy less N(i) + N(ii) + N(iii) 

than E (or Ec) per unit time as are being added to In order to solve this expression, some simplifica- 
the system at energy Eo. In such a system, a distri- tion is necessary. Although Pi, is a function of 
bution function N(E) is a valid, if not easily the energy, it is only slowly varying, and may be 
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TABLE I1 
Calculated billiard-ball replacement yields compared with experimental retention values 

- - .. 
Calculated billiard-ball 

replacement (%)* when Experimental retention* 
Energy 

Compound (eV) E, = 50 eV E, = 100 eV R (%) Reference 
.- 

*We emphasize that the calculated values represent lower limits on billiard-ball yields only, while the reten- 
tion values refer to total retention after chem~cal processing. 

tSim/lar to Fe(CaHs)>. 
$Simrlar to C5H5Mn(CO)3. 

regarded as effectively constant, unless the where 
energy is too low. The value of Pin used is that Y 1 
corresponding to an average energy obtained 1 - --In- 
from the relation A =  . , . . , 

1 - Y  Y 
1 
- [(I - P,)(l - y) + P,] + - - - 
Eo L) 

This expression can be solved directly between E, 
and E,, where both E, and E, can be selected. The 
result; of the calculated data for ferrocene, a 

The other partial probability, Pa, is nearly inde- typical case, are shown in Fig. 3. These data and 
pendent of energy, and is taken from some for other are given in Table 11. above. The distribution function N(E) is taken 
according to Miller, Gryder, and Dodson (3) to be 

Discussion 

The results of the calculations for Case 1-for 
a single collision-show that above a certain 
energy the probability of a successful billiard-ball 
collision is both very low and not strongly 
energy dependent. This would be the case, for 
example, at all energies above about 200 eV for 
the metallocene compounds. The same qualitative 
result is valid for Case 2-the case of a specified 
small number of collisions where Fig. 2 shows 
only slight dependence of the total billiard-ball 
yield on the initial energy above about 250 eV. 

When we follow the projectile atom down to 

in which Q is the rate of generation of the recoil 
species and S(E - E,) is the Dirac delta function 
centering at E,. 

Combining all of these (for the detailed mathe- 
matical operations, see the Appendix), we obtain 
for the fractional parent reformation 
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C u t - o f f  E n e r g y ,  E, ( e V )  

FIG. 3. Calculated total probability of billiard-ball 
reformation as a function of E,, the energy below which 
no collision is considered. The data are for FeCpZ, but 
adequately represent a large number of similar com- 
pounds. 

'epithermal' energies, that is, past its last collision, 
the problem becomes very sensitive to several 
parameters. This is the problem as stated in Case 3 
which is, after all, the most important aspect of 
the present development. We can first compare 
the experimental retentions for a number of 
compounds with those calculated from this 
theory, as in Table 11. The calculated values are 
obtained by themethod of Case3, using E = 15 eV 
and 30 eV, and using Ec = 50 eV and 100 eV. We 
see from Table I1 that the agreement seems to be 
encouragingly good for some cases. Unfortun- 
ately, however, at least one aspect of recent work 
suggests that the agreement in Table I1 may be 
more apparent than real. There is good evidence 
(12, 25) to show that in liquid CH,CpMn(CO), 
the bulk of the 'retention' is the result of radical 
diffusion reactions, and is not due to hot collision 
processes at  all. Although one cannot extrapolate 
these results confidently from liquids to solids, it 
seems likely that the same type of situation may be 
prevalent in molecular solid systems. For example, 
the very high values shown for retentions in the 
metal hexacarbonyls and for some of the cyclo- 
pentadienyl metal compounds clearly indicate a 
very great deal of purely chemical recombination. 
Moreover. the variation in retention with irradia- 
tion conditions also suggests the occurrence of 
substantial reformation by processes other than 
high energy collisions. 

Through the use of the rather artificial param- 
eter Ec, it is possible t o  stop the calculation at  
any energy and calculate the hot retention down 
to that energy. This calculation should give 
minimum values for the hot retention. At the 
lowest energies (25-50 eV) the assumption of a 
rectilinear trajectory during the billiard-ball 
collision (eqs. [4] and [5]) would be a poor 
approximation. The impulse approximation for 
the collision of the recoil atom with ligand atoms 
(Pi,) will likewise be less good at  low energies, 
although the difference is not likely to be large. 
Failure of these two assumptions will have the 
effect of leaving the reformed molecule in a high 
state of excitation. Cou~ led  with this is the fact 
that by the time the prLjectile has reached low 
energy a good deal of energy will have been dissi- 
pated in the vicinity-in the hot zone. Thus, 
thermal dissociation of the reformed molecule 
may well follow a successful billiard-ball collision 
at low energies. Even though this same molecule 
should coalesce once again on final cooling of the 
hot zone the process would be susceptible to 
scavenging and could scarcely now be called a 
billiard-ball reaction. This argument would then 
support the use of Ec as not only a mathematically 
useful device but as a physically plausible limit 
below which reformed molecules are liable to 
thermal dissociation. We suggest that a reliable 
lower limit for billiard-ball reformation may be 
obtained using Ec = 100 eV. 

Regrettably, it is not at present possible in 
solid state studies to separate the hot reactions 
from those which occur bv diffusion in the hot 
zone or by other slower processes. I t  seems 
quite necessary to make more vigorous attempts 
to measure this elusive Dhenomenon. The most 
apparent barrier to the usefulness of this theory 
is the difficulty of independently testing the 
various parameters. However, this difficulty may 
yield to  the possibility of simulating recoil 
reactions by ion implantation techniques. It is not 
an inconceivable experiment now to use a beam 
of radioactive ions to bombard single molecules 
in the vapor state, or to bombard adsorbed mono- 
layers at  selected initial energies. Although this 
type of experiment may not be  possible with a 
wide range of compounds, studies of this sort 
should make possible the direct test of  several 
of the ~arameters of the vresent work. Such 
studies are being undertaken at present in our 
laboratory with the hope that it may be possible to 
determine directly the values of E, v, and Ec. 
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A further recommended approach, whose helpful discussions and to the National Research 
theoretical development has been completed (27), Council of Canada for financial support. 
is to bombard mixed svstems so that the recoil 
atom must replace one of a very different mass. 
The experiments can easily be done by neutron Appendix 
irradiation (as by using a target of RuCp, in solid Solution to eq. I, 
solution in FeCp,) or by ion beam methods (as 
by bombarding FeCp, with ruthenium atoms). N(iv) R = 

Acknowledgments N(i) + N(ii) + N(iii) 

We are grateful to Mr. W. A. Robertson for If Eo > E,/y 

E 

[i] R = 
Ec E SE: P a P i n F ~ ( ~ ) d ~  + ~ . ( 1  - pi3 N Q ~ E  + 1 EcA (1 - Pa) Ec - N(E)dE 

E E. E - yE 

Assuming P, and Pi,, to be constant, we get 

with N(E) = Q6(E - Eo) + QIGE The integral in the denominator of expression 
where G = [(I - (P,))(l - y) + Pa]  [iii] is 

The integral in the numerator of expression 
[iii] can be expressed as 

dE 

dE Q EodE 
[iul T J Eci* N(E) 

1 - Y  Ec +cjEc a 
EE IT 

But, substituting [13] into [iv] and noting that if 
the integration range does not include Eo, the Then 
integration including the delta function will 
vanish, one obtains 

A e j  
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and [iii] becomes 

1 Ec + (1 - Pa) * - - - -  
R '(Pin) '(Yin)(Pa) 

Therefore 
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Cinbtique de l'adsorption compbtitive 

J. F. BARET ET A. G. BOIS 
Laborrrtoire de PI~~~siqrte hdustrielle, Facrtltd des Sciences de Marseille, Place Victor Hugo-13-Marseille (3e )  

Requ le 1 1  dkembre 1967 

A partir du modele de Langmuir nous avons dtduit une expression de la cinttique de I'adsorption 
competitive 

n = n,[l - NeP' - N'ep"] 

dont la forme simple permet une confrontation avec les rtsultats exptrimentaux. En effet, une determina- 
tion en deux temps des constantes N, p, N' et p' permet de montrer que cette relation decrit bien la 
cinetique d'adsorption de I'alcool laurique en competition avec I'ergosttrol a I'interface huile-eau. 
Canadian Journal of Chemistry. 46. 321 1 (1968) 

Si un interface est cr t t  a la limite d'une phase 
contenant deux substances susceptibles de s'ad- 
sorber, il y aura compttition entre elles l'inter- 
face. La cinttique de ce processus d'adsorption 
competitive peut &tre ttudite dans le cadre du 
modele thtorique imagint par Langmuir. Dans 
ce modele, on suppose que la couche de moltcules 
adsorbtes est monomole'culaire, ide'ale et localise'e. 
La signification des deux premiers concepts est la 
m&me dans le cas de l'adsorption compttitive 
que dans le cas de l'adsorption simple. Par contre 
la notion de localisation mtrite d'&tre prtciste si 
la couche adsorbte contient deux espkces moltcu- 

I laires difftrentes. En effet, lorsqu'il n'y a qu'un 
seul adsorbat la localisation de la couche ad- 
sorbte implique simplement l'existence d'un 
nombre bien dtfini de sites d'adsorption fixes 
ayant tous la m&me surface (celle de la moltcule 
adsorbte au maximum de concentration inter- 
faciale). Dans le cas de deux solutts, il faut 
dtfinir une double division de l'interface en cases 
"potentielles", les unes correspondant aux molt- 
cules 1 occupant l'aire, o,, a l'interface et les 
autres aux moltcules 2 d'aire, o,. Cette division 
de toute la surface de l'interface ne prtjuge rien 
de l'occupation rtelle ulterieure de l'interface. 
Elle implique seulement qu'a l'instant initial les 
moltcules 1 et 2 se trouveront respectivement 
devant C,,, = S/o, et C,,, = S/02 sites virtuel- 
lement dispoi~ibles. 

Au bout d'un temps t aprks la crtation de 
l'interface, une certaine aire S, est occupte par 
des moltcules 1 et une autre S2 par des moltcules 
2, 

valle de temps dt suivant la probabilitt qu'a une 
certaine moltcule de l'espkce 1 de s'adsorber, est 
d'une part proportionnelle a 

E, ttant la hauteur de la barritre dYCnergie 
d'adsorption (1) et d'autre part proportionnelle 
au nombre de f a~ons  difftrentes dont cette molt- 
cule peut se loger A l'interface, c'est-a-dire pro- 
portionnelle au nombre de sites qui ?i l'instant t, 
restent potentiellement disponibles aux moltcules 
1 : CSl(t) = S,(t)/o,. 

L'aire libre S,(t) a l'instant t Ctant 

Autrement dit, la probabilitt d'adsorption d'une 
moltcule 1 a l'instant t, ayant a sa disposition une 
aire libre S,(t), est indtpendante des proportions 
respectives de moltcules 1 et 2 dans la portion 
d'interface S - S,(t) d t j i  occupte et de la f a ~ o n  
dont les deux espkces molCculaires se partageront 
ulttrieurement l'aire, S,(t). 

Au cours de cet intervalle de temps d t  un 
certain nombre de moltcules 1 vont se dtsorber, 
la probabilitt de dtsorption est, en appelant E, 

la hauteur de la barrikre d'tnergie d'adsorption, 
proportionnelle a exp (-&,/kT). 

Donc la quantitt rtsultante, dn,, de moltcules 
I qui au cours de l'intervalle dt sont passtes a 
l'ttat adsorbt, est donnCe par: 

S,(t) = n,(t)o, et S2(t) = n2(t)02 k, et k,' constantes de proportionnalitt ou 

n,(t) et n,(t) sont les nombres de moltcules ad- [I] d s )  = cl(csol - nl(t) - l,,(t) - 
sorbees a l'instant t. I1 reste donc une surface 
S,(t) qui a cet instant est innocupte. Dans l'inter- X A1 - nl(t)B, 
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De meme, on obtiendrait : I11 ,GI avec 8, = - 
112 m e 2  

S 
et 8, = -- 

S 

Le nombre total de molCcules prtsentes B 
x A, - n2(t)B2 l'interfacen = n, + n, s'tcrit 

A,, A,, Bl et B, sont des constantes dtpendant [jl " = '1,[1 - NePt - N'eP"l 
des probabilitts d'adsorption et de dtsorption. 

Le syst6me d'tq. [l ] et [2] peut &tre rtsolu en avec alors n, = 
ClAlB2CS01 + C2AzB1Cso2 

utilisant les conditions initiales : BIB2 + ClAlB2 + C2A,B1 

 ill,^ + li2,P nlmrxf + nzmPt nl(0) = 0 et n,(O) = 0 et N = , N' = 
11 , " , 

On obtient ainsi: 
Les deux termes exponentiels qui dtterminent 

1 p't nl = nl,[l - aePt - cre ] 
[31 

dans [5] l'allure de la cinttique d'adsorption ne 

n2 = nZm[l - Pep' - P'eP't] sont pas caracttristiques de l'un ou l'autre corps, 
mais ils dtpendent au contraire des propriCtCs 

avec d'une part interfaciales de chacun. 

Cas limites 
= - 1 + B~ + c z A 2  + B21 1. Gas oh il n'y a qu'un seul adsorbat 

p' = P + PPtIB1 
P - P' 

et d'autre part 

cette relation est classique. 
2. Cas o t ~  le nombre de molCcules adsorbtes de 

l'esp6ce 2 est constant 

3. Cas ob les moltcules adsorbtes de l'esp6ce 
2 sont a tout instant en Cquilibre avec la solution 

Ces expressions [4] donnent les nombres de 
moltcules adsorbtes lorsque l'tquilibre est at- 
teint. Crisp (2) et Fowler (3) les ont obtenues en 
utilisant d'autres notations 

avec rtlmZeq = 
ClAl Csol 

CzAzB1 CIAl + B1 + - 
B2 

Dans les pages suivantes nous allons essayer 
d'apprtcier la validitt de l'expression gCntrale 
[5] en ttudiant l'adsorption compttitive de 
l'ergosttrol et de l'alcool laurique. 

Conditions exp&rimentales 
Nous avons fait adsorber de f a ~ o n  compttitive 

l'ergosttrol et l'alcool laurique a l'interface eau- 
huile de paraffine. Les solutCs sont dissous dans 
l'huile, ils sont insolubles dans l'eau. 

L'huile est dtbarrasste de toutes traces d'im- 
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BARET ET BOIS: CINETIQUE DE L'ADSORPTION COMPETITIVE 

FIG. 1. Variation de la tension interfaciale eau- 
solution avec le temps, pour les solutions: (I) ergosterol 
1/5000; (11) ergostkrol 1/3000; 1, alcool laurique 1/700; 
2, alcool laurique 1/200; 3, alcool laurique 1/100. 

FIG. 2. Evolution au cours du temps de l a  tension 
interfaciale eau-solution binaire d'ergosterol a 1/5000 et 
d'alcool laurique: (A) 1/700 ( 0 ) ;  (B) 1/200 (+); (C) 1/100 
( A  ). Les courbes sont tracCes a partir de l'Cq. [ 6 ]  et du 
Tableau I ;  les points sont expkrimentaux. 

50 
n (dyne. /cm) 

puretCs tensioactives par traitement sur charbon 
actif (Acticarbone'), terre adsorbante (Clarsill) 
et tamis molCculaire (Siliporitel). L'eau est tri- 
distillie. Les solutCs sont utilisCs sous leur forme 
commerciale. 

Six solutions binaires et les solutions avec un 
seul solute Dour ces memes concentrations ont CtC 

Ergo:tkrol 1/5000 + Al$:ol laurique 1/700 + 1/200 
+ :: 1/100 

Ergo:terol 1/3000 + 1/700 + 1 I200 

On place ces solutioils (a 20 "C) dans un 
tensiomktre i goutte pendante dont le principe a 
CtC dCcrit par ailleurs (4) et l'on suit au cours du 
temps 1'Cvolution de la tension interfaciale (Figs. 
1-3). Nous savons (5-7) que lorsqu'il y a adsorp- 
tion on peut relier la tension rCgnant a un inter- 
face au nombre de molCcules de solutC adsorbCes 
a l'interface. 

Nous prendrons en premiere approximation: 
n = n(kT/S) (nous supposons la proportion- 

'Fabriques par le Ceca, rue Murillo, Paris. 

FIG. 3. Evolution au cours du temps de l a  tension 
interfaciale eau-solution binaire dYergostCrol a 1/3000 et 
d'alcool laurique: (A) 1/700 ( 0 ) ;  (B) 1/200 (+); (C) 
1/100 ( A ). Les courbes sont tracks a partir de l'Cq. 
[6] et du Tableau I ;  les points sont expkrimentaux. 

nalitC de la pression interfaciale au nombre de 
molCcules) Ctant entendu qu'une Cquation moins 
simple serait souhaitable, elle a nianmoins le 
mCrite de permettre un calcul assez aisC. 

k et T sont dCfinis comme constante d e  Boltz- 
mann et tempCrature absolue, n = yo - y est la 
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TABLEAU I 

Concentration ergosterol 1/5000 1 /SO00 1/5000 1/3000 1/3000 1/3000 
Concentration alcool laurique 1/700 1/200 1/100 11700 11200 1/100 
P (h-'1 -0.0312 -0.0224 -0.0400 -0.0812 -0.0396 -0.0263 
N +0 .235  +0.125 +0.0469 +0.232 +0.0284 +0.179 
~ ' , ( h - ' )  -0 .730  -2 .26  -0 .890 -3 .97  - 6 . 4 2  -0.875 
N +0.204 +0.0789 +0.0206 +0.206 + 0 . 1 7 0  +0.0451 

difference de tension interfaciale huile-eau et 
solution-eau. n est le nombre de moltcules de 
solutt adsorb6 sur l'interface. 

Comme n = n ,  + n ,  

L'expression de n en fonction du temps s'tcrit: 

C61 n = nm[l - NeP' - N'eP"] 

1 
avec nm = - izmkT 

S 
Pour apprtcier la validitt de notre interprtta- 

tion thtorique il faut trouver des valeurs nume- 
riques des constantes N, p, N' etp' telles que l'tq. 
[6] dtcrivent les courbes exptrimentales n(t). 

Nous effectuerons cette dttermination en deux 
ttapes. Tout d'abord nous allons utiliser les 
valeurs exptrimentales de n correspondant aux 
grandes valeurs du temps. En effet puisque 
p' < p < 0 (la relation [3'] indique que p' est 
ntgatif et au cours de la rtsolution nous avons 
observe que le produit pp' est positif) 

eP' < eP 

et il y aura toujours un moment, aussi faible que 
soit l'tcart entre p et p', oh le temps sera suffi- 
samment grand pour que 

ep't << ept 

et par constquent pour lequel [6] peut s'tcrire 

[7 1 n - nm [1 - NePt] 

(Cette Cquation n'a aucun rapport avec le cas 
limite no. 3.) Evidemment plus grand sera l'tcart 
entre p et p' plus vite eP" deviendra ntgligeable 
devant ePt. 

Pour l'alcool laurique et l'ergosttrol, les points 
obtenus en portant Log (1 - [n/nm I) = f(t) pour 
des temps suptrieurs a 5 h se placent sur des 
droites, a partir desquelles gr2ce B [7], on obtient 
N etp (voir Tableau I), puisque 

[7' I Log (1 - [n/nm I) = Log (N) + pt 

Nous allons maintenant utiliser ces valeurs de 
Net  P, dans l'tq. [6], pour dtterminer N'etp'. 

Log (N') + p't = Log (1 - [n/n,] - NeP') 

Les points se placent approximativement sur 
des droites dont la pente est p' et l'ordonnte a 
l'origine Log (+ N'). 

Une propri6tC de la fonction exponentielle 
nous a permis de dtterminer les quatre constantes 
du processus d'adsorption compttitive, pour 
apprtcier la validitt de cette dttermination nous 
avons tract Figs. 2 et 3 les courbes n = f(t) 
obtenues par l'tq. [6] et les valeurs numtriques 
du Tableau I. 

Les valeurs exptrimentales de la  pression inter- 
faciale ont t t t  reporttes sur les mEmes graphiques 
n-t, elles se placent avec une bonne precision sur 
les courbes thtoriques. 

1. J .  F. BARET. J. Phys. Chem. 72,  2755 (1968). 
2. D. J .  CRISP. J. Colloid Sci. 11,356 (1956). 
3.  R. H .  FOWLER. Proc. Cambridge Phil. Soc. 31, 262 

(1  935). 
\----,- 

4 .  R. MERIGOUX et M. TAXY. Rev. Jnst. Franc. Petrole 
Ann. Combust. Liquides, 16,159 (1961). 

5.  J .  T. DAVIES et E. X. RIDEAL. Interfacial phenomena. 
Academic Press, Inc., New York. 1961. 

6 .  S .  ROSS et E. S. CHEN. Ind. Eng. Chem. 57,40 (1965). 
7 .  N .  D. WEINER et G. ZOGRAFI. J. Pharm. Sci. 54,436 

(1965). 
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Rkactions dans le sulfolane. 111. Etude des interactions eau-sulfolanel 

R. L. BENOIT ET G. CHOUX 
Diparremetz! de Cllitnie, UniversitC de Montrkal, Case Postale 6128, Montrdal, QlrPbec 

Requ le 1 1  avril 1968 

On a mesurt les pressions de vapeur du systeme eau-sulfolane a 30, 40 et 50 OC et les chaleurs de  
melange a 30 "C. Lzs fonctions thermodynamiques d'exces AGE, AHM et ASE ont ttC calcultes. Lachaleur 
de dissolution H20 = 1.6 kcal/mole indique que le groupement sulfoneest un faible accepteur depro- 
tons. La connaissance de l'activite de I'eau permet de comparer les valeurs des fonctions d'aciditt H- e n  
milieu hydroxyde dans les systemes eau-sulfolane et eau-dimtthylsulfoxyde. 

Heats of mixing at 30 "C and vapor pressures at 30,40, and 50 "C have been measured for the system 
water-sulfolane. The excess therpodynamic functions AGE, AHM, and ASe have been calculated. T h e  
value of the heat of s o l u t i o n ~ H  .,, = 1.6 kcal/mole indicates that the sulfone group is a weak proton 
acceptor. The effects of water activity on the H -  acidity function values in hydroxide media have been 
compared for the systems water-sulfolane and water-dimethylsulfoxide. 

Canadian Journal or Chemistry, 46, 3215 (1968) 

Introduction 
Dans le cadre de 1'Ctude de reactions dans la 

tCtramCthyltnesulfone (sulfolane) (I), un solvant 
polaire aprotique, on a mesurC les pressions de 
vapeur et les chaleurs de mClange du systtme sul- 
folane-eau. Ces determinations ont CtC faites 
d'une part pour completer les rCsultats des mes- 
ures d'indice de refraction, constante diklectrique 
et densit6 (2) qui semblent indiquer que les inter- 
actions sulfolane-eau sont minimes, d'autre part 
pour mieux comprendre I'influence de l'eau sur 
les Cquilibres en solution, telle la dissociation 
d'acides et de bases. En effet. la solvatation des 
anions qui est faible dans le sulfolane est modi- 
fiCe en prCsence d'eau ou de solvants hydroxy- 
liques (I), et la connaissance de I'activitC de 
I'eau devrait permettre d'apprkcier son r6le dans 
les melanges eau-sulfolane. C'est ainsi que I'on 
a examine les valeurs de la fonction d'aciditC H- 
de solutions d'hydroxydes dans des mClanges 
sulfolane-eau (3) et qu'on les a relikes aux 
valeurs correspondantes dans les melanges 
dimCthylsulfoxyde-eau (4). 

Les valeurs de la chaleur de mClange AHM et 
des pressions totales mesurtes h 30" sont donnCes 
dans le Tableau I. Les pressions totales A 30, 
40 et 50" pour X, variant entre 0 et 1 de 0.10 en 
0.10 sont portCes dans le Tableau I1 et reprB 
sentees dans la Fig. 1. Les pressions partielles 

'Prtsente en partie au Congrts de l'ACFAS, Sher- 
brooke, Qut., 4 novembre 1967. 

d'eau et de sulfolane k 30" calculCes selon la 
mCthode de Boissonas (5) avec un intervalle 
AX = 0.05 sont indiqutes dans le Tableau 11. 
Les valeurs des pressions de vapeur du sulfolane 
pur p, ont CtC obtenues a partir de mesures 
effectuCes A 60" et 70" qui complttent les valeurs 
de 250" 2 118", donnCes dans la littkrature (6), 
en extrapolant log p, = f(l/T) pour 30, 40 et 
50". La connaissance des pressions partielles 
permet le calcul des coefficients d'activite y ,  et 
y, selon le systtme de rCfCrence symCtrique. La 
validit6 des resultats a CtC vCrifiCe suivant le 
proctdC de Redlich-Kister (7). Les surfaces 
mesurCes au-dessus et en dessous de l'axe Xw 
en portant aQ/aXw = Ln (y,/y,) vs. X, sont 
Cgales. On a calculC les parametres de la fonction 

TABLEAU I 
Chaleurs de melange et pressions totales du systeme 

eau-sulfolane 
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TABLEAU I1 
Pressions B 30, 40, 50°, pressions partielles et coefficients d'activitk B 30" du 

systerne eau-sulfolane* 

x w  p,3O0 p,40° P:oo PW3O0 pr300 yw300 Ys300  

0 0.02 0.04 0.08 0 0.0200 1.000 
0.10 9.80 18.70 31.07 9.78 0.0183 3.074 1.015 
0.20 17.10 29.05 45.55 17.08 0.0167 2.684 1.045 
0.30 20.80 35.72 57.65 20.78 0.0158 2.177 1.128 
0.40 23.67 40.81 66.00 23.65 0.0148 1.858 1.234 
0.50 25.80 44.65 72.48 25.75 0.0139 1.621 1.386 
0.60 27.43 47.30 77.73 27.42 0.0129 1.436 1.616 
0.70 28.47 49.10 81.43 28.46 0.0121 1.278 2.022 

-- 
*Les pressions sontexprimdes en mm Hg. 

Q B 30, 40 et 50" oh Xw et Xs reprtsentent les terme TASE joue ici un r6le mineur, contraire- 
fractions molaires en eau et en sulfolane: ment au cas du systkme eau-dioxane, par exem- 

A G ~  
ple. Les valeurs tlevtes du coefficient d'activitt 

[I.] Q = - = X,Xs[B + C(Xs - X,) de l'eau yw dans le sulfolane, voisines de celles 
RT observtes dans le phosphate de tributyle (8), 

+ D(X, - x,)~] sont vraisemblablement attribuables a une 
dtpolymtrisation partielle de l'eau. Dimkre dans 

B30" B=1.60 C=0.31 D=0 .30  

Les valeurs de AGE, AHM et T A S ~  sont donntes 
au Tableau III et ces fonctions sont reprkseiltees 
Fig. 2. 

Discussion 

Les valeurs obtenues pour les fonctions ther- 
modynamiques d'excks permettent de comparer 
le syst6me eau-sulfolane a d'autres systkmes 
eau-solvant. Si l'on observe comme pour les 
solvants peu basiques des dtviations positives a 
la loi de Raoult ( A G ~  > 0), il est a noter que le 

TABLEAU 111 
Fonctions therrnodynarniques d'exces 

du systerne eau-sulfolane* 

Xw AG3,yE A H ~ O . ~ '  TAS30eE 

1.00 0 0 0 FIG. 1. Pressions totales du systtrne sulfolane-eau, 
*AGE, AH"et TASEsont donnBsencal/mole. mesurees a 30,40 et 50 "C. 
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BENOIT ET CHOUX: REACTI( INS DANS LE SULFOLANE. 111 3217 

FIG. 2. Fonctions thermodynamiques d'exces du 
systeme sulfolane<au, a 30 "C. 

le tributylphosphate, l'eau, aux faibles concen- 
trations, serait d'ailleurs prtsente sous la m&me 
forme dans le sulfolane (9), ce qui demanderait 
A &tre confirmt. Le volume partiel molaire 
d'excbs de l'eau reste cependant faible dans ces 
mtlanges eau-sulfolane (2), ce qui peut &re 
caust par la formation d'associations eau-sul- 
folane, compensant la dtpolymtrisation de l'eau. 

La valeur de la chaleur partielle de mtlange 
de l'eau a dilution infinie bHmw (kcal/mole) dans 
un solvant peut &tre utilisee pour situer la force 
de la fonction sulfone en tant qu'accepteur de 
protons parmi d'autres fonctions (10). On 
obtient : 

CH3N0, (2.4) < CH3CN (1.9) < (CH,),SO, 
(1.6) < (CH3),C0 (1.05) < (CH3),S0 (- 1.28) 

Les valeurs de TG-, conduisent 2 un classe- 
ment analogue. 11 est donc ainsi confirmt que 
le groupe -SO, n'a que des proprittCs de don- 
neur-faible comme l'a deja montrt Drago et coll. 
(11) avec le phtnol et l'iode. L'ordre obtenu 
d'aprbs les valeurs des enthalpies de formation 
des complexes entre ces deux acides de Lewis 

et les solvants ttudits est d'ailleurs sensiblement 
le m&me que celui donnt ci-dessus. Le sulfolane 
apparait ainsi comrne n'ayant que de faibles 
propriCtCs solvatantes en complbte opposition 
avec le dimtthylsulfoxyde (DMSO). 

La connaissance de l'activitt de l'eau dans les 
mtlanges eau-sulfolane devrait faciliter l'inter- 
prCtation de son influence sur le deplacement 
d'tquilibres dans de tels mtlanges. En particulier, 
l'eau solvate prtftrentiellement certaines par- 
ticules impliqutes dans ces tquilibres et c'est le 
cas entre autre des petits anions tel OH-  (12). 
On a ainsi examint le r81e de l'eau sur 1'Cquilibre 

[2 1 HA + OH-,, G? A- + xH20 

Cet tquilibre a Ctt t tudit dans les mtlanges 
eau-sulfolane-hydroxyde de tttramtthylammo- 
nium 0.011 M par Stewart et coll. (3). Les 
valeurs de la fonction d'acidite H -  = pKHA + 
log ([A-]/[HA]) obtenues par ces auteurs sont 
porttes dans la Fig. 3, en fonction du logarithme 
de l'activitt de l'eau. Si l'on ntglige l'hydratation 
de l'acide indicateur H A  et de son gros anion 
A-, et que l'on attribue B l'ion OH- un nombre 
d'hydratation de 11 (13), on peut Ccrire: 

[3] H- = pK, + log [OH-,,] 

f~~foH- . ,  - (n t- 1) log a, -!- log -- 
f,- 

oh K, est le produit ionique de l'eau et f, le 
coefficient d'activitC de solvatation de l'espice 
X (14). La pente de la courbe donnant H- en 
fonction de log a,, Fig. 3, varie rapidement 
quand a, passe de 1 a 0.5. 11 n'est donc pas 
possible d'attribuer B n une valeur constante en 
ntgligeant ou considtrant comme constant le 
dernier terme de l'tq. [3] dans ce domaine de 
a,. Comme d'autre part des dtterminations 
semi-quantitatives de la solubilitt d'un indica- 
teur HA ont montrt que log f,, varie de 0 a 
-2.7 quand a, passe de 1 a 0.5, pour rester 
ensuite sensiblement constant, il s'ensuit que le 
terme log ( foH-=,lfa) doit augmenter rapide- 
ment dans l'intervalle 1 > a, > 0.5. Cet 
accroissement reflbte vraisemblablement surtout 
celui de foH-PP. Par contre, dans le domaine 
0.5 > a, > 0.2, oh les valeurs de H- sont, il 
faut le noter, les moins certaines, la pente de la 
courbe H- vs. log a, devient constante et 
sensiblement tgale a -5; on pourrait alors 
prendre pour nombre d'hydratation de  OH-, 
n = 3 (13), ce qui donnerait pour le terme log 
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FIG. 3. Variations de la fonction d'aciditk H- avec 
log a ,  dans le sulfolane (V) (3) et dans le DMSO (e) (4). 

(SOH-,,IfA-) une variation en fonction de log 
a, tgale A environ + 1. 

I1 nous a paru inttressant de porter sur la 
Fig. 3, les valeurs de H- correspondant au 
syst6me eau-dimtthylsulfoxyde-hydroxyde de 
tttramtthylammonium 0.01 1 M (4) en fonction 
de log a,. 

Les valeurs de l'activitt de l'eau dans le 
DMSO ont t t t  calcultes B 25 "C B partir des 
rtsultats de Kenttamaa et Lindberg A 70 "C 
(15), en tenant compte des chaleurs molaires 
partielles de dissolution de H,O (16). Les 
nouveaux points se placent sensiblement sur la 
courbe H- vs. log a, obtenue dans le sulfolane. 
H -  serait ainsi une fonction unique de l'activitt de 
l'eau pour ces deux solvants polaires aprotiques. 
Si, B fractions molaires X,  tgales les solutions 
d'hydroxyde dans le DMSO donnent des valeurs 
de H- plus tlevtes que dans le sulfolane, cela 

tient A la plus faible activite de l'eau dans le 
premier solvant. 

L'activitt de l'eau semble ainsi avoir une 
grande influence sur les tquilibres dans les 
solvants polaires aprotiques contenant de l'eau. 
Des mesures en cours de la fonction d'aciditt 
H, de solutions acides devraient permettre de 
confirmer ce point de vue. 

Partie expkrimentale 
( I )  Purification drt srrlfolane 

Le sulfolane gracieusement foumi par Shell Canada 
Ltd. est soumis a un vide de 10-I m m  Hg de maniere ti 
Climiner certaines impuretCs volatiles (butadiene, eau), 
puis il est trait6 deux fois par le cliarbon actif. Une distil- 
lation simple sous 0.5 mm Hg a 70 "C permet d'obtenir 
un produit transparent des 220 mp dont l'analyse polaro- 
graphique confirme la puretk. Sa temperature de fusion 
est de 28.4; il est conserve sur tamis molCculaire 4A a 
35 "C. 

(2 )  Mesrrres rnicrocalorirndtriqrres des chalerrrs de rnmEnge 
AHb1 

Le sulfolane et l'eau sont introduits et pests dans les 
compartiments sCparCs de la cellule de  mesure du micro- 
calorimetre de type Tian-Calvet (17). Une couche 
d'huile de paraffine non miscible a l'eau et au sulfolane 
Cvite les &changes par diffusion gazeuse. Lorsque 1'Cquili- 
bre thermique est atteint le calorirnetre est bascule 
plusieurs fois jusqu'i melange complet des deux liquides. 
La mesure de la surface enregistree, comparie a un 
Ctalonnage du calorimetre par effet Joule, donne la quan- 
tit6 de chaleur entrant en jeu dans le melange. Cette 
quantite, rapportte la somme des nombres de moles 
d'eau et de sulfolane introduites est la chaleur de melange 
A H M .  Les mesures sont faites a 30 "C. 

(3) Mesrrres des pressions de oaperrr des n18la11ges eart- 
srrlfolane 

Un melange d'eau et de sulfolane est introduit dans un 
flacon a joint rode pour vide, que l'on fixe au tensimetre. 
L'ensemble est place dans un bain 5 temperature con- 
stante (30.00, 40.00, 50.00 + 0.02"). Le melange est 
agitt magnetiquernent et dCgaze par vides successifs. Le 
tensimetre est vide jusque mm Hg, et le flacon est 
rnis en communication avec le manometre. La difference 
des niveaux dans les deux branches du manometre est 
rnesurte avec un cathttometre permettant d'apprkcier 
0.01 mm, avec une reproductibilitk de 0.05 mm.La mesure 
est effectuie au moins deux fois pour la m&me solution. 
O n  determine ensuite le titre en eau du  melange en com- 
parant son indice d e  refraction a 30" 5 la courbe nD30 vs. 
x ~ 2 q ,  prkalablement construite, dont les resultats 
publles par Della Monica et coll. (2) confirment la validitk. 
Comme l'analyse est effectuke aprks la mesure, il n'est 
pas nkcessaire de faire de corrections de volumes morts, 
ni d'tviter des variations de la composition du melange 
initial lors du dkgazage. 

Le domaine X, < 0.10 a fait l'objet d'une etude par- 
ticuliere, a 30 "C, l'eau Ctant dosee par  le rtactif de Karl 
Fischer. 
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Theoretical calculations of hot-spot initiation in explosives 
H. J. BRUCKMAN, JR. AND J. E. GUILLET 

Department of Chemistry, University of Toronto, Toronro 5 ,  Ontario 

Received March 15, 1968 

The heat balance equations for the thermal decomposition of hot spots in explosives have been solved 
using an iterative computer method. This yields a value of T,, the critical temperature for hot-spot 
initiation, which is a function of the size and duration of the hot spot and of the physical and chemical 
properties of the explosive. It is demonstrated that there is a strong correlation between the ranking 
of explosives in terms of shock sensitivity and their ranking in terms of T,. In general explosives having 
low values of T, are more sensitive to shock and other forms of accidental initiation than those having 
high values. 

- 

Using the computer program, it was shown that the major factor affecting T, was not the energy 
released in the explosion, but the rate of decomposition, as expressed in terms of the parameters A and 
E, in the Arrhenius equation. Consideration of reagent depletion also indicated certain limits beyond 
which the heat production cannot be maintained for the time necessary to initiate explosion and 
insensitivity should result. Considerations of this type could be used to predict safe handling procedures 
for explosives. 

Canadian Journal o f  Chemistry, 46, 3221 (1968) 

Introduction 

When a condensed explosive suffers rapid 
decomposition, the process can conveniently be 
divided into four stages of development. These 
are initiation, deflagration, transition from 
deflagration to detonation, and detonation. This 
paper is concerned only with the initiation phase, 
that is, the processes occurring during the period 
of time until deflagration starts. 

Macek (1) terms initiation as the stage in 
which the chemical decomposition has not yet 
released sufficient energy for self-propagation 
and hence is dependent on an external source of 
energy. If this external energy source is insufficient 
or is removed before sufficient energy for self- 
propagation (deflagration) is generated, the rate 
of decomposition will slow down and cease. 

The sensitivity of an explosive may then be 
related to the minimum necessary amount of 
external energy that must be imparted to the 
explosive, within limited time and space in order 
to accomplish initiation. It  is usually assumed 
that this energy is ultimately delivered to the 
explosive in the form of heat. 

Sensitivity poses a twofold problem. The first 
is concerned with the mechanism of degradation 
of the energy of the stimulus (shock, friction, 
impact, etc.) into heat. This aspect of the problem 
has not been investigated in this work. The second 
aspect of sensitivity is fundamentally a heat 
balance problem involving the kinetics of the 
explosive reaction. 

A method of calculating the critical amount of 
heat energy necessary to initiate deflagration in 

peroxides and other detonable substances has 
been developed. This method has been used to 
predict how the critical amount of heat (or 
temperature) varies with the physical and kinetic 
properties of an explosive. 

Hot-Spot Initiation 
Belajev (2) in 1938 first demonstrated that 

deflagrations in liquid explosives could be 
initiated by very small hot spots in the explosive. 
The theoretical treatment of the factors involved 
in such a "thermal explosion" was first given by 
van't Hoff (3), expanded by Frank-Kamenetski 
(4), and applied by Robertson (5) to condensed 
phase explosions. Rideal and Robertson (6) 
applied this theory to obtain estimates of hot-spot 
sizes and temperatures necessary to accomplish 
initiation. Bowden and Yoffe (7) have collected a 
considerable amount of experimental evidence in 
support of this "hot-spot theory". Further 
verification of these results has been reported by 
Collins and Cook (8). 

More recently Boddington (9) and Friedman 
(10) have extended the original theoretical 
treatment of Rideal and Robertson (6). Both 
attempted an analytical solution of the heat bal- 
ance equations, using a number of assumptions, 
including non-depletion of the reagent. Bodding- 
ton obtains an expression in terms of a parameter 
4, whose value determines whether or  not the 
explosive will reach a critical stage. He also 
reports an exact solution to the equations 
(including reagent depletion) by a numerical 
method, and uses this to calculate critical hot-spot 
temperatures for several explosives as a function 
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of time and size. The ranking of sensitivity 
obtained agrees quite well with that of Rideal and 
Robertson. Friedman's analytical solution was 
used to calculate theoretical drop-heights for an 
impact test through a correlation equation for 16 
explosives. The theory predicts the experimental 
sensitivities to within 40%. These results seem to 
confirm the validity of this treatment in predicting 
the sensitivity of solid explosives. In the present 
work, a numerical solution to the heat balance 
equations has been developed and solved using 
a high-speed digital computer. The method is 
similar to, but not identical with, that of 
Boddington (9). 

Theory of Hot-Spot Initiation 
In the development of the theory it is assumed 

that a hot spot is formed in a liquid explosive by 
an external energy stimulus. If this hot spot is to 
have the possibility of surviving, its temperature 
must exceed a certain critical value at which the 
rate of heat production by decomposition in the 
hot spot is greater than the rate of heat dissipation 
to the surroundings. This is the critical tempera- 
ture calculated by Rideal and Robertson (6). 
This heat condition is referred to as criterion I. 

- - - 

HOT SPOT RlODUClNG 
HEAT lap] 

4---- HEAT LOST- Oi 
i 

FIG. 1. Hot-spot model illustrating heat flow. 

A situation meeting the conditions of criterion 
I insures that the hot spot will survive for a time. 
However, the possibility exists that the hot spot 
will cool and die out at some later time, due to 
consumption of the reactant which would reduce 
the heat production and temperature, thus 
quenching the reaction. In order to  consider this 
possibility a new calculation procedure was 
developed to monitor the temperature of a thin 
spherical shell in the body of the explosive that 

encloses the original hot spot. The situation is 
shown schematically in Fig. 1. I t  is assumed that 
initiation is complete and propagation begins 
when the temperature of this layer is equal to or 
greater than the original hot-spot temperature. 
This original hot-spot temperature is defined as 
the critical temperature. This condition is referred 
to as criterion 11. 

Calculation of Heat Loss and Production 
The heat calculation procedure employed was 

basically that used by Rideal and Robertson (6). 
In order to keep the treatment in terms of 
experimentally determined quantities, the follow- 
ing assumptions are made: (i) The explosive is 
homogeneous and isotropic. ( i i)  The hot spots are 
sharply defined spheres in an infinite amount of 
explosive. ( i i i )  The hot spots are formed in zero 
time by an external energy source. (iv) The 
decomposition reactions are first order. (v)  Heat 
loss proceeds only through the mechanism of 
conduction. (v i )  The heat of reaction is the same 
as in the ordinary thermal decomposition. 

Heat Production 
The rate of a first order chemical decomposition 

taking place at T OK can be expressed as: 

where k = Ae-EIRT, c = concentration in moles 
per liter at time t, A = frequency factor, E = 
energy of activation, and R = gas constant. 

If Q is the heat of reaction per mole, the rate of 
heat production per liter is: 

The quantity of heat generated in a chosen 
time interval "At" in a given volume, V, of 
reactant is: 

where V = volume of reactant in liters, 
p = density (g/l), 

M = gram molecular weight of reactant. 
Rideal and Robertson (6) used eq. [2] and 

assumed constant concentration for the short 
time intervals considered. In this work eq. [2] is 
extended to account for variation of reactant 
concentration as  the reaction proceeds. By 
integration of eq. [I ] we can obtain an expression 
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for the concentration of reagent c as a function of 
time t in the form 

and the rate of heat production per liter can now 
be expressed as 

E 
x exp [-RT - (t - to)Ae-EiRT I 

If Q' is the heat of decomposition of the pure 
reagent in cal/g, the total heat generated in a time 
interval t - to in a hot spot of volume V will be 
given by 

[51 
Co - C 

q = VpQ'- 
c 0 

where co and c are the concentrations at times to 
and t calculated by substitution in eq. [3]. 

Heat Loss 
Consider a hot spot of temperature T OK 

formed in zero time in an explosive at To OK. The 
variation of temperature outside the hot spot 
caused by heat conduction is given by the Fourier 
equation in spherical polar coordinates as : 

where K = thermal conductivity, p = density, 
s = specific heat, and 0 = T - To. 

If the radius of the hot spot is "a", the bound- 
ary conditions are: 

0 = f(r) when t = 0 for r > a, 
and 

0 = +(t) when t = 0 for 0 < r < a 

The solution of this problem is given by 
Carslaw and Jaeger (1 1) 

1 r m  

x exp (I + rkB; 2a2)] dr' 

( r  - a)2 + +[t - ] e p 2  dp  
rJn r-a 

2- 

where B = K/ps, p = a constant. 

The equation can be simplified if two further 
conditions are imposed on the system: (i) The 
ambient temperature is initially constant through 
the material, i.e. 

,f(r) = constant at t = 0. 

Since only the difference between ambient and 
hot-spot temperature is required, the constant 
can be set equal to 0 if the hot-spot temperature 
is also adjusted. 
(ii) The hot-spot temperature is constant through- 
out its volume and during the time interval 
considered (this would be valid near the critical 
temperature), i.e. 

+(t) = constant = 0, 

where 8, = temperature of the hot spot in OK 
- ambient temperature in OK. 

Using these relations, eq. [7] reduces t o  

This integral can be evaluated in terms of the 
error function to give: 

[91 0, = - erfc - [1"~(,",;] r 

If radiation and convection contribute negligible 
heat loss, the heat lost by the spot is then: 

[lo] qs = JlIm 4nr2psBr d r  

where 0, is given by eq. [9]. 
Equations [9] and [lo] wereused in an iterative 

computer program which conducts a systematic 
search of initial hot-spot temperatures until the 
critical temperature for a specified time interval 
and hot-spot size was found. The program used 
both criteria I and I1 in calculating critical 
temperatures. 

Explosive Parameters 
The physical and chemical parameters used in 

critical hot-spot temperature calculations are 
given in Table I. The values of density, heat 
capacity, and thermal conductivity were taken 
as 1.0 g/cm3, 0.3 cal/g, and 3.0 x cal/cm2 
s/cm OC respectively. Variation of these param- 
eters was found (this work) to  change the critical 
hot-spot temperature only slightly. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I 
Explosive parameters 

Molecular Heat of Activation Frequency 
weight decomposition energy factor 

Explosive (glmole) (kcal/mole) (kcal/mole) (s-I) Reference 
-- 

Pentaerythritol 
tetranitrate (P.E.T.N.) 316 74 47.0 6.3 x 10'" 6 

Cyclonite (R.D.X.) 207 191 47.5 3.2x1Ols 6 
Cyclotetramethylenetetra- 

nitramine (C.T.M.T.N.A.) 276 253 52.7 5.Ox1OLq 6 
Ethylenedinitramine 

(E.D.N.A.) 
Tetrvl 
~thylenediamine 

dinitrate (E.D.A.D.N.) 176 129 40.5 1 .3 x loi3 6 
Ammonium nitrate (A.N.) 80 13.5 40.5 6.3 x l o x 3  6 
Nitroglycerine (N.G.) 227 114* 48.0 3 .Ox 1020 12 
Trinitrotoluene (T.N.T.) 227 114* 34.4 2.5 x l o L 1  13 

'Estimated value. 

Calculations . TABLE I1 

The first calculations performed were those Comparison of T, values ("C)* 

done by Rideal and Robertson (6). In this case Explosives This work Rideal and Robertson 
only the hot spot itself was considered (criterion 
I) and no correction was made for reagent :EgN. 367 350 
depletion. The results are shown in Table 11. It is C:T.M:T.N.A. 

400 385 
423 405 

apparent that our calculations give slightly E.D.N.A. 432 400 
higher critical temperatures, but the order of Y~Y' 456 63 8 590 425 

sensitivity is the same. For these calculations the E.D.A.D.N. 639 600 
hot-spot size was cm radius and the time 
interval s. 

Table I11 compares the results of different 
methods of calculation. It is apparent that if one 
only considers the hot spot itself (criterion I), 
reactant depletion has only a slight effect on the 
critical hot-spot temperature, except for the less 
sensitive explosives like ammonium nitrate. The 
shell model (criterion 11), however, causes a 
considerable increase in the calculated hot-spot 

*ProgramI,criterion I.Timc = lo-" s. Hot-spotradius = 10-3 cm. 

temperature, and makes some changes in the 
ranking of sensitivity. 

A comparison of the critical hot-spot tempera- 
tures (as calculated by program 2) with a variety 
of sensitivity tests is given in Table IV. It can be 
seen that the ranking of explosives in terms of 
critical hot-spot temperatures is completely 
consistent with the rankings obtained by a wide 

TABLE I11 
Comparison of T, values calculated by various programs 

Critical temperature ("C) 

Criterion I, Criterion I, Criterion 11, 
no reactant depletion reactant depletion reactant depletion 

Explosive (computer program 1) (computer program 2) (computer program 3) 

N.G. 
P.E.T.N. 
R.D.X. 
C.T.M.T.N.A. 
E.D.N.A. 
Tetryl 
E.D.A.D.N. 
A.N. 
T.N.T. 
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TABLE IV 
Critical hot-spot temperatures (T,) compared with experimental sensitivity tests* 

- 

Imnact 
sensitivity U.S. Naval U.S. Naval 

T, ("c) (cm) T, ("C) Figure of Impact time Ordinance Ordinance Figure of 
(Program 2, [250 s] insensitivity lag impact test gap test insensitivity [3nigsample] 

Tc PC) 

Explosive this work) (ref. 14) (ref. 10) (ref. 14) (ref. 6) (ret. 6) (ref. 1) (ref. 1) (ref. 15) (ref. 16) 

N.G. 
P.E.T.N. 
R.D.X. - -  - -  

C.T.M.T.N.A. 
E.D.N.A. 
Tetryl 
E.D.A.D.N. 
T.N.T. 
A.N. 

'Time = s, hot-spot radius = cm. 
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range of experimental tests. This correlation is 
very striking, especially in view of the experi- 
mental difficulty and known variability in tests of 
this kind. This leads one to the conclusion that 
the calculations may indeed have some real 
significance in terms of the mechanism of shock 
initiation in explosives. 

Presumably one may also estimate the sensi- 
tivity of an unknown explosive by calculations of 
this type. In view of this it became of considerable 
interest to determine which of the chemical and 
physical properties of an explosive contribute 
most to its sensitivity. With the computer 
program this can be determined by selecting a 
particular set of properties and determining the 
variation in T,  as one of these is varied over the 
range of interest. A hypothetical explosive is 
considered with the properties given in Table V. 
The results of the calculations are shown in 
Figs. 2-7. 

TABLE V 

Properties of hypothetical explosive 

Explosive parameter Symbol Value 

Density P 1.0 g/cm3 
Specific heat s 0.5 cal/g 
Thermal conductivity K 4.0 x cal/cm2 

deg cm 
Molecular weight M 200 g/mole 
Heat of decomposition A H  80.0 kcal/mole 
Activation energy E 31.52 kcal/mole 
Frequency factor A 2.7 x l 0 l5  s - I  

( a )  Density 
Figure 2, line a, shows that the critical tempera- 

ture increases slowly as density decreases, then 
more rapidly until a "critical density" is reached, 
e.g. between 0.4 and 0.5 g/cm3 for the hypotheti- 
cal explosive. At or below this density the heat 
produced in the hot spot can never be greater than 
the heat lost due to conduction. Below this 
density the explosive becomes insensitive to hot- 
spot initiation. 

(b) Specijic Heat 
Figure 2, line b, shows that the critical tempera- 

ture increases very slightly with specific heat. At 
very low values of specific heat, the critical 
temperatures begin to drop rapidly indicating a 
rapid increase in sensitivity. However, over the 
usual ranges, T ,  is nearly independent of specific 
heat. 

cmrl ,y  ' O  g / cm' 
d 0 2 0 6  

~~~~~l~~ Haaf i c o l  q - ' 1  
'+O 

FIG. 2. Variation of T, with (a) density, and (b) 
specific heat of a hypothetical explosive. 

( c )  Thermal Co~zd~illctil;ity 
Figure 3, line a, shows that the critical tempera- 

ture rises rapidly at low values of thermal con- 
ductivity and becomes almost linear variation for 
the higher values. Near a "critical conductivity" 
the temperature rises sharply and past this critical 
value the explosive becomes insensitive. In this 
condition heat is always conducted away from 
the hot spot faster than it can be produced. This 
could explain the desensitizing effects of alumin- 
ium powder, for example, with certain explosives. 

( d )  Molecular Weight a1zdHeat of Decon~positio~z 
Figure 3,  line b, and Fig. 4 show that changes 

in molecular weight and heat of decomposition 
are equivalent t o  changes in the heat of decompo- 
sition per gram of explosive. This quantity has a 
critical value which is reflected in critical molec- 
ular weight and molar heat of decomposition. 

zsoo I I I I 
0 9  0 4 0 6 0 8 80 

K ico l  /cmZ d e g  crn I x 10' 

,: 20 
I 

100 130 ZOO 

A H  ( k c 0 1  mole-') 

FIG. 3. Variation of T, with (a) thermal conductivity 
and (b) molar heat of decomposition. 
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For molecular weights greater than about 340 or 
molar heats of decomposition less than 50 kcall 
mole-' the amount of heat generated is no 
longer sufficient to maintain the temperature of 
the hot spot and decomposition will cease. The 
occurrence of such a critical point allows one to 
calculate the dilution necessary to render an 

I explosive insensitive to hot-spot initiation. 
I 

FIG. 4. Variation of T, with gram molecular weight 
(G.M.W.). 

The value of T ,  is surprisingly insensitive to 
relatively large variations in AH outside this 
critical region, indicating that the probability of 
initiation is nearly independent of the energy 
released during explosion. 

(e )  Arrtlenit~s Paranzeters 
Inspection of Fig. 5 indicates that by far the 

greatest variation in Tc is caused by changes in the 
Arrhenius parameters, and is therefore related to 
the rate of decomposition of the explosive at a 
particular temperature. The critical temperature 

FIG. 5. Variation of T, with Arrhenius parameters: 
(o) frequency factor, log A,  (b) activation energy, E.. 

300 
10.' lo-6 10- 10.' 

T ~ m e  Interval ( 5 - I )  

FIG. 6.  Variation of T, with hot-spot duration. 

is lower than room temperature for activation 
energies lower than 18 kcal/mole (Fig. 5 ,  line a), 
and increases almost linearly with activation 
energy until a critical value of the activation 
energy is reached, above which the hot spot 
cannot produce more heat than is conducted 
away over the time interval considered, i.e. the 
explosive becomes insensitive. 

The value of Tc decreases rapidly as log A 
increases (Fig. 5, line b), and there exists a lower 
critical value below which the explosive becomes 
insensitive. 

(f) Tinze Interval 
Figure 6 shows that the critical temperature is 

a decreasing function of time until the time 
interval considered exceeds s. Then, the 
heat produced can no longer balance the heat 
lost from the spot over the interval. This would 
suggest that the shorter the duration of a thermal 
shock, the less sensitive the explosive will be. 

( g )  Hot-Spot Radius 
Figure 7 shows that the value of Tc decreases 

as the size of the hot spot increases although the 

Hot-Spot R O ~ I U S  (cm) 

FIG. 7. Variation of T, with hot-spot radius. 
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effect is not as large as might have been expected. 
Changing the radius from 1 mm to 10 m causes 
only a 100 "C decrease in T,. The change is more 
rapid at smaller radii and reaches a lower limit 
between 10-3-10-4 cm beyond which the heat 
flow cannot be balanced, and the explosive 
becomes insensitive. This suggests that hot spots 
must exceed a radius of cm to be effective 
in initiating explosion. 

Conclusions 

Several important conclusions may be drawn 
from the results of these studies. First it is obvious 
that the inclusion of the depletion of material in 
the hot spot has an important bearing on the 
calculation, and represents a considerable im- 
provement over the theory of Rideal and 
Robertson. Although the effect on the calculation 
of critical hot-spot temperatures, T,, is not large, 
the inclusion of depletion allows the prediction 
of a number of critical points above or below 
which explosion cannot be initiated regardless of 
the strength of the stimulus. In principle this 
should permit the calculation of the amount of 
diluent, for example, necessary to make an 
explosive insensitive under all conditions of 
initiation. 

The other important conclusion is that the 
sensitivity of an explosive to hot-spot initiation 
is almost entirely dependent on its rate of 
decomposition as a function of temperature, as 
expressed by the Arrhenius parameters. This 
effect far outweighs all others. Explosives with a 
low activation energy and a high frequency factor 
will tend to be highly sensitive to hot-spot 
initiation. This effect is much more important 
than the energy produced per gram (AHIM), the 

thermal conductivity or density, as long as certain 
critical limits are exceeded. The application of 
this to other types of explosives will be considered 
in a further communication. 
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Thermal effects in flash photolysis with special reference to Br atom 
recombination1 

GEORGE BURNS 
Departtnent of Clletnistry, Ufziuersity of Toronto, Toronto 5, Ontario 

Received August 17, 1967 

Thermal effects, which accompany flash photolyses, are known to interfere with the determination 
of reaction rate constants. There are two approximate models currently being used in literature to  
estimate the magnitude of these effects (1, 8). The first model (1) is the more widely accepted. It is based 
on the assumption that thermal effects are due to the cooling of reacting gas at the walls of the reaction 
vessel. The second model (8) is based on the assumption that thermal effects are due to nonuniformity 
in the concentrations of free radicals produced in flash photolysis; it neglects the heat exchange at the 
wall of the reaction vessel. 

It is shown that the second model can be used to calculate the magnitude of thermal effects in reaction 
vessels of reasonable length. The model was applied to calculate k,,,, the rate constant for the reaction 
2Br + Br, + 2Br2. The value of k,,, is found to be very sensitive to the choice of model for thermal 
effects. At room temperature the most reasonable value of k,,,, using the second model, is (4.3 _+ 1.3) 
x 101° l2 mole-' s-'. This value agrees very well with independent determinations of k,,, using a 
stationary photochemical technique. The first model for treatment of thermal effects (1) was used 
previously to show that such effects do not influence the measured rates of chemical reactions, and 
calculations of rate constants using this model have not usually been attempted. In one case ( 3 ,  however, 
the first model (1) for thermal effects was employed to calculate a value for k ~ , ,  which was found to be 
six times larger than our value. Consequently, the second model (8) appears to be a better approxima- 
tion for quantitative evaluation of thermal effects. 

Using the raw data (8) and kgr = 43 x 10' l2 mole-' S-l, the value of kAr, the recombination rate 
constant of Br atoms in excess of argon, was found to be (3.0 k 0.2) x lo9 l2 mole-' s-', which agrees 
well with data available in the literature. 

Canadian Journal o f  Chemistry, 46, 3229 (1968) 

Introduction 

In flash photolysis, a large portion of the ab- 
sorbed light is converted to  heat and, thus, such 
reactions are accompanied by a rise in tempera- 
ture. In the gas phase, such "thermal effects" 
create temperature and pressure gradients which 
complicate, or make impossible, the measurement 
of rate constants. It is common, therefore, to 
study flash photolytic reactions in very dilute 
gaseous solutions. Since the concentration of 
light absorbing molecules in such solutions is 
small, the temperature rise may be negligible. 
However, in such solutions it is not possible to 
study reactions over a wide range of concentra- 
tions, and thus many reactions escape quantita- 
tive evaluation. A better understanding of thermal 
effects is therefore desirable. 

Two approximate models for treatment of 
thermal effects have been proposed in the past. 
The first model, suggested by Christie et al. (1) 
uses the physical picture previously employed in 
static photolysis by Rabinowitch and Wood (2). 

'This work was supported in part by the Directorate 
of Chemical Sciences, Air Force Office of Scientific 
Research, Grant Number A F  AFOSR 506-66. 

Christie et al. suggested that temperature and 
pressure gradients are created by the cooling of 
the photolyzed gas near the wall of the reaction 
vessel. Such cooling would result in an increase of 
gas density near the waIls and in a decrease of 
gas density in the center of the cylindrical reaction 
vessel. In conventional flash photolysis, observa- 
tions are made longitudinally along the central 
portion of the reaction vessel. Thus, the reacting 
molecules escape detection as the central portion 
of the gas in the vessel expands. This model was 
considered by Bunker and Davidson (3), and by 
Strong, Chien, Graf, and Willard (4), who 
showed that under their experimental conditions 
such thermal effects may be neglected. Givens 
and Willard (5) used their model to calculate the 
rate constants in the presence of therma1 effects. 
However, when Burns (6)  studied flash photolytic 
reactions under nonisothermal conditions, he 
detected no appreciable heat exchange between 
the wall of the reaction vessel and the reacting gas 
mixture during the course of the reaction. 
Consequently, in his experiments, the reaction 
vessel behaved as an effective calorimeter even 
though the temperature rise was of the order of 
100 "C. 
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More recently, Blake and Burns (7) obtained 
direct experimental evidence that the heat 
exchange between the walls of the reaction vessel 
and the flash irradiated gas is considerably 
slower than the rate of flash photolytic reaction. 
For this purpose, they flash photolyzed a dilute 
solution of I, in argon at 1000 OK. At this 
temperature I, is appreciably dissociated; the 
concentration and the recombination rates of 
iodine atoms are relatively high, so that the 
recombination reaction is essentially completed 
within a few tenths of a millisecond. Blake and 
Burns found that the heat liberated during 
recombinatio~l raises the gas temperature which, 
in turn, affects the equilibrium constant of the 
I, e 21 reaction. As a result, the equilibrium 
concentration of atoms, after the flash photolytic 
recombination is essentially completed, is higher 
than [I] before flash photolysis. The return to 
thermal equilibrium was observed by Blake and 
Burns, but this process was found to be consider- 
ably slower than the recombination reaction. 

Another model, proposed by Burns and 
Hornig (a), takes an opposite point of view and 
assumes that flash photolytic reactions are so 
fast that cooling at the walls can be neglected. 
The authors used a flash photolysis apparatus in 
which the analyzing beam is perpendicular to the 
reaction vessel and to the flash lamps. In an 
apparatus of such geometry, the cooling at the 
walls, even if it were present, could be in the first 
approximation averaged out. They ascribe 
thermal effects in their apparatus to nonuni- 
formity in the concentration of free radicals 
produced in flash photolysis. These nonuni- 
formities created sound waves which were 
directly observed on the oscilloscope screen. 

Both approaches (1) and (8) are admittedly 
approximate, and a complete treatment of ther- 
mal effects should include both models. The 
object of this communication is to investigate 
which model provides a leading term in the 
quantitative expression for thermal effects cor- 
rections, and to determine whether a reaction 
rate constant may be calculated from data 
obtained in the presence of thermal effects. 

Burns and Hornig (8) calculated corrections 
due to thermal effects for a case of an infinitely 
long reaction vessel in contact with a short length 
flash lamp. This is not a common geometry, and 
a more general treatment of thermal effects using 
Burns and Hornig's model is desirable. Below, a 
more general equation for evaluation of thermal 

effects is derived. The requirement that the 
reaction vessel be infinitely long compared with 
the flash lamp is eliminated. 

This communication deals with a special case 
of Br atom recombination reactions but the 
method may be extended to studies of other gas 
phase reactions initiated by flash photolysis. Use 
of a Br atom recombination reaction affords a 
convenient means for comparing the two models 
(refs. 1 and 8) which treat thermal effects in flash 
photolysis quantitatively. 

Corrections for Thermal Effects Associated 
with the Recombination of Bromine Atoms 

In order to calculate the recombination rate 
constant of Br atoms, it is necessary to relate the 
constant to [Br,] which is determined experi- 
mentally. For any homogeneous media 

where a is the degree of dissociation of bromine, 
T is the temperature, and P is the pressure. Only 
the first term of this equation is associated with 
changes in [Br,] due to recombination, while the 
second and third terms are associated with 
temperature and pressure changes. [ l ]  can be 
simplified as follows : 

Further, 

where H i s  the enthalpy, E is the energy, and Q' 
is the heat evolved. Under conditions of high 
dilution, [MI >> [Br, 1, [4] can be rewritten as 

where q is the heat evolved per unit volume. 
Generally, the relationship between P and T is 
somewhat involved because at any given moment 
P and T have different values along the reaction 
vessel. However, if it is possible to  assume that 
P is the same in every part of the vessel, the 
dependence between P and T is simple. Such an 
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assumption may be justified. For example, in an 
infinitely long vessel (a), pressure gradients are 
dissipated in a free expansion. If the expansion is 
much faster than the recombination time, there is 
no increase in pressure ( P  z 0). In a vessel of 
finite length, the compression waves dissipate the 
pressure gradients. These waves, as they are 
reflected back and forth through the cell (a), give 
rise to oscillations in the record. It takes several 
oscillations before pressure gradients are dissi- 
pated. If the oscillations are fast compared with 
the recombination time, the local pressure 
fluctuations can be averaged out by using the 
midpoints of the waves. Therefore, for an 
infinitely long vessel and for a reasonably short 
vessel, P can be assumed to be the same in every 
part of the vessel. 

In the experiments of Burns and Hornig (a), 
the reaction vessel was 27 cm long. The compres- 
sion waves generated in the center of the vessel 
were propagated with the velocity of sound and 
reached the end walls in about 0.4 ms. Thus the 
pressure gradients disappeared in about 1 ms 
which is faster than the recombination time, 2-5 
ms. 

Generally, not all the chemical energy is 
converted to heat during the reaction; part of the 
energy reappears as kinetic energy of outgoing 
waves. However, if the nonuniformity in vessel 
illumination is not too pronounced, most of the 
energy will be converted into heat. In the present 
discussion, we assumed that this is the case. 

From the ideal gas law 

16 I P = [MIRT, 

Equation [ 9 ]  is general and can be applied to. 
the calculation of thermal effects, provided the 
assumptions discussed are valid. 

During recombination of Br atoms, two types 
of thermal effects are important: the initial and 
the recombination heating. When the flash 
dissociates the bromine molecules, the atoms are 
released with kinetic energy equal to the difference 
between the photon energy and the energy neces- 
sary to produce two bromine atoms. The excess 
kinetic energy is degraded to heat in a very few 
collisions. This process is referred to here as the 
initial heating efect and is completed within the 
duration of the flash (1 5 ,us). Subsequently, atoms 
recombine, evolving heat. This process is referred 
to here as the recon~bination heating effect and 
lasts milliseconds. 

For each type of thermal effect, [9] can be 
simplified further. For the recombination heating 
effects 

The values of 4, and q, may be related in the 
following way. Let us define S via 

Here [Br], is the atom concelztration in the cen- 
tral region of the vessel where the meas~trements 
of the reaction rate constant were made and 
[Br],, is the average bromine atom concentration 
in the reaction vessel. Then, assuming that during 
recombination no radiative processes are oper- 
ative, 

where 'a' refers to the average value of Tthrough- [12 1 
out the vessel. From [5] and [6] 

ic = Dk, [Br lc2 [MI 

and 
[7 I P = Rq,/Cv, 

[I3 1 4, = D ~ ~ S ~  [BrIc2 [MI 
For the central region 'c', where the bromine 

concentration was measured by an analyzing where D is the dissociation energy of bromine. 
beam, combining [5] and [7] gives [12] and [13] together give 

4, + R i a  [I41 qc - 4, = qc(l - s 2 )  [a] T~ = 
[MI CP, CV,[MICP, Substitution of [14], [lo], [12], and [13] into- 

Substitution of [2], [3], [7], and [a] into [1] [9] then yields 
yields 

For the particular case of an infinitely long 
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reaction vessel, P and S are zero. For this case, 
[15 ] simplifies further to 

This equation is equivalent to equation [16] of 
ref. 8. [15] can be easily integrated for small 
degrees of dissociation of bromine, and assuming 
that 

~ 1 7 1  T = T, = T, and S = 0 

the integration yields 

Similarly the integration of [16] yields 

formly illuminated, both initial and recombina- 
tion heating effects reduce to zero, because in 
that case, S = 1, even though there may be an 
appreciable change in the temperature of the 
photolyzed gas. 

Since both an inert gas (argon in ref. 8) and Br, 
act as third bodies, the apparent (measured) rate 
constant is given (8) by 

[211 k,,, = kAr + - [Br21 
[Ar] 'B" 

The initial heating effect can also be calculated 
from [9]. These effects proceed independently of 
recombination. Therefore ci = 0, and since the 
heat evolved is proportional to the concentration 
of atoms produced, 

where Q is the proportionality constant. In this 
case 

Then [9] integrates for small heating effects to 

For an infinitely long reaction vessel, this equation 
simplifies further to 

It is interesting to note here that the magnitude 
of thermal effects correction depends largely upon 
the unifarmity of illumination in the reaction 
vessel, and is thus affected by the temperature 
gradient in the photolyzed gas. As can be seen 
from [I 8 ] and [20], if the reaction vessel is uni- 

The value of kapp depends upon the assump- 
tions used to calculate thermal effects. As [Br, I/ 
[Ar ] ratio increases, thermal effects also increase, 
as in [IS], and k,,, and k,, decrease. Moreover, 
heat exchange at the walls of the reaction vessel 
becomes more pronounced as the temperature of 
the gas increases. All these effects would decrease 
the value of k,,,. Therefore, the plot of k,,? vs. 
[Br,]/[Ar] ratio would yield a straight line in a 
limiting case of small thermal effects where [IS] 
is valid. At a higher [Br,]/[Ar] ratio, the plot 
would have a negative second derivative. 

Twelve values of k,,, over a 15-fold [Br, I/ [Ar 1 
ratio are known (8). These data were obtained by 
plotting [Br] versus time over a time interval of 
several milliseconds, which were the typical 
intervals used by previous workers (5). From this 
data, we have calculated the values of k,,, using 
[18 ] (Table I). The value of S in [IS] was meas- 
ured in a separate experiment (9) and was found 
to be equal to 0.9. The magnitude of k,,,, as well 
as the probable error in Table I, were calculated 
using the principle of least squares. 

TABLE I 
Recombination rate constants of Br atoms in 
Br2(kBr,) x lop9 in l2 mole-2 s-I calculated - from data given in ref. 8 
- 

Thermal effects neglected 6+7* 
Thermal effects included 43+13 
Givens and Willard (5) 260 
Christie, Roy, and Thrush (10) 49 
Basila and Stronn (1 1) 48 

*The uncertainty is given as standard deviation. 

When all 12 determinations of k,,, are 
included in determination of k?,, using [21], 
k,,, = 24 x 10' 1' rnole-'s- ; if the k,,, 
measured at highest [Br,]/ [Ar] is not included 
in the calculations, k,,, = 43 x 10' 12 mole-' 
s-'; if the k,,, measured at the two highest 
[Br, I/ [Ar] are not included in the calculations, 
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k,,, = 58 x lo9 1' mole-' s-'; if three points 
at highest [Br,]/[Ar] are not included, k,,, = 
52 x lo9 1' mole-' s-'. Thus, as the k,,, values 
at highest [Br2]/ [Ar] ratio are discarded one by 
one, the value of k,,, first increases, as would be 
expected if the plot of k,,, displays a negative 
second derivative. However, if this process is 
continued, the value of kB,, begins to fluctuate 
and the correlation coefficient passes through a 
maximum. Thus, when all 12 points are used to 
calculate k,,,, the correlation coefficient is 0.63. 
When 11 points at lowest [Br2]/[Ar] are used, 
the correlation coefficient is 0.78 ; with 10, the cor- 
relation coefficient is 0.73; with 9, 0.60; with 8, 
0.18. The most probable value of k,,, is obtained 
using the maximum number of experimental 
points consistent with a minimum per cent error 
in /c,,, and thus the maximum correlation co- 
efficient. This value of k,,, is (43 + 13) x lo9 
1' molep2 s-', which is about the average of 
three kBr2 values, reported above (58 x lo9, 
43 x 1 lo9, and 24 x lo9 1' mole-' s-'). This 
result agrees well with that of Christie, Roy, and 
Thrush (lo), who used a static photolysis method 
for k,,, determination. The agreement suggests 
that the assumptions used in the derivation of 
[18] are reasonable, provided the [Br, ]/ [Ar] 
ratio is smaller than 2.5 x lo-,, the highest 
[Br,]/[Ar] used in calculating k,,,. The value of 
k,,, obtained by Basila and Strong (11) also 
agrees well with our results. These authors 
extrapolated the [Brl-I versus time plot to t = 0 
in their flash photolysis experiments and used 
the initial slope of their plots to calculate k,,,. It 
can be seen from [I], [l8], and [20] that the 
extrapolation yields correct values of 
provided that the value of P term plus T term in 
[I  ] is small, or the value of S in 1181 and [20] is 
nearly unity, i.e. if the reaction vessel is irradiated 
uniformly by the flash lamp. It thus appears that 
this condition was obtained by Basila and Strong. 
They were, therefore, able to obtain k,,, without 
using either one of the models ((1) or (8)) to 
correct for thermal effects. 

The value of k,,, obtained by Givens and 
Willard (5) is much higher than ours. The 
discrepancy is probably due to the assumptions 
used by these authors in their calculations of 
thermal effects. The present results suggest that 
the high value of k,,, obtained by the authors 
(5) might be due to the nonuniformity of illumin- 
ation of their reaction vessel by the flash. How- 

ever, since detailed information of intensity 
distribution in their vessel is not available, it 
would be futile to speculate what rate they would 
have obtained, had they used a different model. 
It is apparent, however, that these authors 
studied recombination in the presence of large 
thermal effects because in some of their experi- 
ments, the measured concentration of molecular 
bromine decreasedwith time as the recombination 
proceeded. This implies that in these experiments, 
the sum of the second and third terms of [I ] was 
larger than the first. 

Their high value of kB, ,  was cited by them as 
evidence of the relative stability of a Br, molecule. 
Our value of k,,, is about 17 times larger than 
k,, which implies that Br, is extremely unstable 
relative to I,. 

Using the raw data (8) and k,,, = 43 x lo9 l2 
mole-2 S-', the value of k,,, the recombination 
rate constant of Br atoms in excess of argon, was 
found to be (3.0 + 0.2) x lo9 l2 mole-' s-'. 
This value of k,, agrees well with the literature 
values, tabulated elsewhere (12). 

In order to make our model more general, 
further improvements can be made. In particular, 
it should be possible to set up acomputer program 
for arbitrary vessel illumination, which would 
take into account the propagation of pressure 
waves in the vessel; in this case, S in [l 11 would 
become a function of space and time. Our other 
assumptions may also be treated with greater 
rigor. In particular, cooling at the wall must be 
included at some stage, especially if slow reactions 
at low pressures would be studied. 

It is interesting to note, however, that despite 
the simplicity of our model, meaningful values of 
k,,, have been obtained. To the author's best 
knowledge, it is the first meaningful rate constant 
calculated from raw data, which was obtained 
in the presence of appreciable thermal effects in 
flash photolysis. In fact, the comparison of first 
three values of k,,, (Table 1) indicates that the 
model for thermal effects corrections essentially 
determines the value of k,,,. 

Conclusions 

Although flash photolysis proved to be an 
extremely powerful technique to study fast 
photochemical reactions, it had not been possible 
to obtain quantitative data, if the thermal effects 
in flash photolyzed gas were appreciable. Thus, 
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the k,,, calculated from flash photolysis data 
ranges from 6 x lo9 to 260 x lo9 12 mole-2 s-', 
depending upon the model used in evaluation of 
thermal effects corrections. 

It appears that thermal effects are due primarily 
to the nonuniformity in irradiation of reacting 
gas. Using this model (8) for treatment of thermal 
effects, a value of k,,, was obtained which agrees 
well with k,,, obtained by independent methods, 
not affected by thermal effects. In principle, it 
may be possible to construct a flash photolysis 
apparatus in which extremely high uniformity of 
illumination is achieved. In such an apparatus 
thermal effects will be due to the temperature 
gradients created by the heat exchange at the 
walls of the reaction vessel, which is a model 
suggested previously (1-5). 
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Radiolysis of methylcyclopentane. III. Liquid phase mechanism and 
comparison of cycloalkanes 

GORDON R. FREEMAN AND E. DIANE STOVER 
Cl~en~isfry Department, U~~iversity of Alberta, Erlmontotl, Alberta 

Received March 21, 1968 

The initial yields of the major products of the gamma radiolysis of liquid methylcyclopentane (MCP) at 
25" are: G(H2) = 4.2, G(1-methylcyclopentene plus methylenecyclopentane) = 2.7, G(3- plus 4-methyl- 
cyclopentene) = 1.0, G(open chain hexene) = 1.0, and G(bimethylcyclopenty1) = 0.9. Theeffects of scav- 
engers on the product yields are reported and the mechanism is discussed. 

The liquid phase radiolytic decompositions of cyclohexane (CH), methylcyclohexane (MCH), cyclo- 
pentane (CP), and MCP are compared. The net amount of C-C bond cleavage is much greater in the five- 
membered thanin the six-membered rings. Methyl substitution on the ring reduces G(H2) by about one 
unit, mainly because of the formation of a type of ion (QH+) that does not yield hydrogen when neutral- 
ized by an electron. The QH+ type ions are formed in MCH and MCP, but not in CH and CP. In all the 
systems, another type of ion (Nf)  that does not yield hydrogen when neutralized by anelectronis formed 
with a G value of about unity. The type of ion (pH+) that does yield hydrogen when neutralized by an 
electron has a G value of 3.4 in CH and CP, but only 2.0in MCP. It is concluded that G(tota1 ionization) is 
in thevicinity of4.4 in the liquidcompounds, virtually thesameas thegas phasevalues. 

Canadian Journal of Chemistry, 46, 3235 (1968) 

Introduction tube. The mixture of 1-MC and 3-MC so obtained was 
separated by gas chron~atography. Bimethylcyclopentyl 

The study of the radiolysis of liquid methyl- (BMCP) was prepared by heating MCP with di-tert-buty~ 
cyclopentane (MCP) was divided into three parts. peroxide at 145' in a sealed tube for 24 h, followed by 
In part I (l), MCP was mixed with known proton vacuumdistlllation(6), 

The dose given to the binary solutions was 2.0 x loz0 and scavengers to test a nonhomo- eV/g, at a dose rate of 3.6 x 101%V/g h. The irradiation 
geneous kinetics model of charge scavenging temperature was 250. 
(2). In part 11 ( 3 ,  the idea that unsaturated com- The llquid products were measured by gas chromatog- 
pounds reduce the hydrogen yield from the raphy. The chromatograph was calibrated by injecting 

radiolysis of saturated hydrocarbons by scaveng- standard solutions of the radiolysis products in MCP 
solvent. ing thermal hydrogen atoms was challenged by 

showing that the results fit the nonhomogeneous 
kinetics charge scavenging mechanism. The pres- Results 

ent article represents the termination of a general Effect of Dose 
study of the radiolysis of cycloalkanes. At the The yields products pure MCP were 
end of the Discussion section, results from the measured at Over the range 1 1°19 
radiolyses of several cycloalkanes are summarized to lo20  eV/g. The yields 
and new conclusions are drawn. 3-MC, and hexene decreased with increasing 

The radiolysis of MCP has previously received dose UP to about 1 loz0 eV/g, then remained 
a small amount of attention in general inves- constant as the dose was further increased (Fig. 
ligations of the yields of readily scazjengable 1). The yield of the product tentatively identified 
and ilot rearlily scaveizgable products (4) and of as m e t h ~ l c ~ c l o ~ e n t ~ l - m e t h y l c ~ c l O ~ e n t e n e  
radicals (4, 5) in the gamma radiolysis of hydro- (MCMC) increased with increasing dose (Fig- 1). 
carbons. The other product yields were, within experi- 

Experimental mental error, independent of dose over the 
entire range. 

Most of the materials and experimental techniques ~ h ,  initial yields G~ were obtained by extra- 
used have been described elsewhere(1). 

Carbon dioxide (99,9% minimum purity) from Air polation to zero dose and are listed in  Table I. 
Reduction Co. and hydrogen chloride (99 %) from Mathe- Hydrogen was measured at doses down to 
son were used as supplied. 1-Methylcyclopentene (I-MC), 3 x 10" eV/g and the curve in Fig. 1 indicates 
obtained from Aldrich Chemical CO., and hexene-1 from that G,(H,) = 4.5 + 0.4. However, the value 4.2 
Phillips Petroleum Co. were vacuum distilled before use. was estimated during the scavenging studies 3-Methylcyclopentene (3-MC) was prepared by reducing 
2-methylcyclopentanone to the alcohol, converting this 3). The latter is be the 
to the acetate, and heating the acetate to 450" in a sealed reliable, SO it is included in Table I. 
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FIG. 1. Effect of dose on product yields : 0, hydrogen; 

TABLE I 
Initial product yields and hydrogen balance 

Product (5 HZ equivalent 

CH4 
Cz-c5 
I-MC 
3-MC 
Hexene 
BMCP 
MCMC 
Total Ha equivalent +4.4+0.6 
Hz 4.5k0.4 

4.2' 
-~ - 

nNot measured. 
bEstimated by analogy with the results for cyclopentanc in ref. 12. 
CReferences 1 and 3. 

By analogy with the results of the methylcyclo- 
hexane investigation (7), methylenecyclopentane 
was probably a product of MCP radiolysis, but 
would have isomerized rapidly to 1-MC on the 
gas chromatographic column. The product re- 

ferred to as 1-MC therefore probably includes 
methylenecyclopentane. Furthermore, the pro- 
duct referred to as 3-MCprobably includes 4-MC, 
as these two compou~lds would not have separated 
on the chromatographic column used (silica gel). 

Eflects of Additives 
' T o  study the effects of charge scavengers on 

the product yields, ND, was added as a positive 
ion scavenger and CO, was added to scavenge 
the electrons. The yields from the binary solutions 
were calculated from the energy absorbed in 

0.1 I 
0 2 4 6 8 10 
MOLE PERCENT ADDITIVE 

FIG. 2. Product yields in MCP-additive solutions. 
Additives: open points, COZ; filled points, ND,. A: 
1-methylcyclopentene. B: c~rcles, 3-methylcyclopentene; 
triangles, hexene. C :  bimethylcyclopentyl. D: methyl- 
cyclopentylmethylcyclopentene. 
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FREEMAN AND STOVER: RADIOLYSIS OF METHYLCYCLOPENTANE. 111 3237 

MCP only (based on electron fraction) and are 
given the symbol g(prod.). 

The methane yield was unaffected by the 
presence of either ND, or CO,. 

The addition of CO, to  MCP decreased the 
yields of all the C, and C,, hydrocarbon pro- 

, ducts (Fig. 2). By contrast, the addition of ND, 
increased the yields of 1-MC, 3-MC, and BMCP, 
although it decreased the yield of hexene and had 
a negligible effect on the yield of MCMC. The 

I yields of 1-MC and 3-MC in solutions that con- 
tained 0.1 mole % or more ND, were nearly the 

I same as the zero dose yields, Gi, in pure MCP 
(cf. Figs. 1 and 2). 

During the radiolysis of the MCP-CO, 
solutions a carboxylic acid was formed (identified 
by infrared absorption spectroscopy) but it was 
not measured quantitatively. 

The addition of 0.84 and 1.65 mole % of HCl 
to MCP increased G(H,) to 6.16 and 6.35 re- 
spectively. The effects of the other additives on 
the hydrogen yields are reported elsewhere (1, 3). 

Discussion 
Hydrogen Balance 

Since MCP has the empirical formula C,H,,, 
the "Hz equivalent" of a product C,,,H, can be 
defined as (m - 3n) x G(C,,,H,,). If the product 
analysis were complete, then the total Hz equiva- 
lent of all the hydrocarbon products should 
equal G(H,). This is shown in Table I to be true 
for the present system, within the rather large 
experimental error. 

Mechanism 
A .  Methane 
The methane yield, G,(CH,) = 0.12, was un- 

affected by the presence of 5 mole % of CO, or 
ND,, but it was decreased to 0.06 by the presence 
of 1% of 1,3-cyclohexadiene (3). These results 
are consistent with the suggestion that about 
half of the methane is formed by methyl radical 
abstraction reactions. The other half of the 
methane is formed by not readily scavengable 
reactions, such as the disproportionation of 
radicals in liquid cages or the direct decomposi- 
tion of excited species. 

B. I-MC, 3-MC, and BMCP 
About half of the 1-MC and 3-MC and about 

80% of the BMCP were readily scavengable by 
1,3-cyclohexadiene (3). Carbon dioxide reduced 
the yields of these compounds by only about 30% 
(Fig. 2). ND, increased the yields of 1-MC and 

3-MC from the values characteristic of the dose 
used (2 x loz0 eV/g) in pure MCP to the zero- 
dose values for pure MCP, and it increased the 
yield of BMCP to somewhat beyond the zero- 
dose value (Fig. 2). These facts are consistent 
with the following mechanism. The readily 
scavengable portion of the products is formed 
mainly by the disproportionation and combina- 
tion of methylcyclopentyl radicals in the bulk 
medium. 

[2] -> BMCP 

The most abundant isomer of the CGHll radical 
in the solution is probably 1, because the tertiary 
C-H bond is weaker than the secondary C-H 
bonds, which must be broken to form the isomers 

2 and 3. The least abundant isomer is probably 
the cyclopentylmethyl radical 4, because a 
relatively strong primary C-H bond must be 
broken to  form it. Much of the earlier discussion 
of the disproportionation/combination ratios, 
kd/kc, of the analogous methylcyclohexyl radicals 
(7) applies here and will not be repeated. How- 
ever, it may be assumed that the values of kd/kc 
for the various isomers are in the order 1 > 2 
z 3 > 4. The relative abundances of the isomeric 
radicals and the relative values of kd/k, can ex- 
plain why, for the readily scavengable portion 
G,, of the products (3), G,,(l-MC) = 2.5Gr,- 
(3-MC) and G,,(l-MC + 3-MC)/G,,(BMCP) = 
3.0. 

1,3-Cyclohexadiene inhibits the formation of 
these products somewhat more readily than does 
CO, because the former can scavenge C6HlL 
radicals 

as well as electrons or hydrogen atoms, which 
are precursors of the radicals, whereas CO, 
probably only scavenges electrons. 

ND, apparently inhibits secondary reactions 
that cause the yields of 1-MC, 3-MC, and BMCP 
to decrease with increasing dose in "pure" 
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MCP. Since ND, reacts only with the positive 
ions, the latter must be responsible for most of 
the secondary reactions that destroy the C6 and 
C ,  , products. 

The not readily scavengable portions of 1-MC, 
3 MC, and BMCP are presumably formed by 
ionic and radical reactions in spurs and by 

[6I CsHlz* + Hz + CsHlo 

C. Hexene 
About 70% of the hexene was readily scaveng- 

increases the hydrogen yield from 4.2 to 6.4. To  
interpret this result quantitatively, it is necessary 
to  recapitulate the hydrogen-forming mechanism 
that was elucidated in an earlier article (1). This 
recapitulation will also facilitate the comparison 
of cycloalkanes in the next section. 

I t  was shown (1) that the following reactions 
take place during gamma radiolysis of pure 
MCP, with the indicated yields. 

G 

.able by CO, (Fig. 2B) and by 1,3-cyclohexadiene 1151 -w+ e-,,,, + QH+ + ? -- 1.2 
(3). ND, also reduced the yield of hexene, but 

[16] PH+ + e-,,l, -> H, Hz + products 2.0 
it was an order of magnitude less efficient than 
was CO, as an inhibitor (Fig. 2B). Thus the [I7] QH+ + e-solv Or Hz -- 1.2 
readily scauengable hexene has an ionic pre- The ions pH+ and QH+ include c,H,,+ and 
,cursor. C6H1, + and may partly result from ion-decom- 
[71 C6H12+ + e-rolv -> hexene (open chain) and fast ion-molecule reactions1. Both 

p H +  and QH+ can donate a proton to ammonia 
Inhibition can occur by reaction [8] or [lo], 

(1). 
[81 e-,,,, + S + S- 

[9 I S- + C 6 ~ 1 2 +  -> no hexene 

[lo] C6H1zf + NH3 + CsHll + NH4+ 

where S is an electron scavenger such as CO, or 
1,3-cyclohexadiene (3). Good positive ion scav- 
engers are an order of magnitude less efficient 
than good electron scavengers at the same con- 
centration (1). This explains the difference be- 
tween the effects of ND, and CO, (Fig. 2B). The 
not readily scavengable portion of the hexene 

[I81 PH + + NH3 -> P + NH4+ 

[I91 QH+ + NH3 + Q + NH4+ 

[201 NH,+ + e-,,,, -> NH3 + H 

[21 1 H f C6HLz -+ H? f C ~ H ~ L  

The replacement of reaction [17] by [19] fol- 
lowed by [20] and [21] causes the hydrogen yield 
to  increase, in the presence of ammonia, by a 
maximum of about 1.2 units (1). Other hydrogen- 
forming reactions in MCP are (3): - 

(G = 0.3) may beformed by the isomerization Cr 

[22 1 COHl, ---> C ~ H I Z *  2.2 of excited molecules. 
[23 1 C6Hls* 3 H -k C6Hll 1 .6  

[ I ]  I C6H12* -> hexene (open chain) 
[6 1 -t Hz 1- C ~ H I O  0.6 

D. MCMC 
The yield of MCMC increased with increasing the and H.2 that have been assigned 

dose, which indicates that the product was reacti0ns [231 and L61 might be 

formed at least in part by secondary reactions formed by the rapid decom~Osition of excited 

such as ions, i.e., some of the question marks in reactions 
[14], [15], and [24] (see later) might represent 

[I?-] H + CsHlo + HZ + C6H9 H or  H2. If this is so, the estimated yields of 
[I31 CsHl I + CsH9 -> CsHl I C ~ H ~  reactions [23] and [6] are smaller than those 

The formation of MCMC was negligibly affected indicated by a corresponding amount. 

by ND,, but it was inhibited by CO, (Fig. 2D). The addition of hydrogen chloride to MCP 

'This is because ND, does not reduce the yields increased the hydrogen yield from 4.2 to 6.4, 

of hydrogen atoms, methylcyclopentenes, or which is one unit more than the increase caused 

methylcyclopentyl radicals, whereas CO, in- by the addition of ammonia (1). This indicates 

hibits the formation of all of them by scavenging that in pure MCP reactions [24] and [25] occur 

,electrons. in addition to [14]-[17], [21]-[23], and [ 6 ] .  

E. Hydrogen 
'pH+ and QH+ might be empirically different, or they The new hydrogen reported in this might be empirically the same but able to react in two 

article is that the addition of hydrogen chloride different ways uponneutralization by an electron. 
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TABLE I1 
Product yields from liquid cycloalkanes" 

G values for cycloalkane, C,,H2. 

C-C6HlZh C-C5H10C c - C ~ H I , C H , ~  c-C5H9CH3' 
Product (12 = 6 )  (n  = 5 )  (n  = 7) (n = 6) 

- <  

CnH2,-2 
Openchain C,H2. 
Open chain 

CXz. + 2 

CznH4r1- 2 
Total C?.. 
~ o l ~ m e ; ' ( ~ , ,  units) 
--CnH2. 

aGamma radiolysis yields extrapolated to zero dose; temperature - 25'. 
'Reference 16. 
CReference 12. 
dReference 7. 
CPresent work. 
'Reference 17. 
nNot measured. 

In the presence of ammonia, Nf does not react 
to form an ammonium ion. 

In the presence of HCl, reaction [27] occurs and 
is followed by either [28] or [29]. 

[27 I e-,,~, + HCI + HCI-,,,, 

[28 1 HCI-,,,, -> H + C1-,,,, 

[29] HCl-,,,, + (pH+, QH+, N+) + H or Hz 
+ products 

where all the ions are probably selectively sol- 
vated by HCl molecules. 

Thus it appears that G(tota1 ionization) z 4.2 
in pure liquid MCP, similar to the values in 
liquid cyclohexane (8) and alcohols (9, 10). 

Comparison of' Cycloalkanes 
This article marks the termination of our 

extended comparative investigation of the radiol- 
ysis of cycloalkanes, so it is useful to give a brief 
summary at this point. Several new conclusions 
can be drawn. 

The yields of products from the liquid phase 
gamma radiolyses of cyclohexane (CH), cyclo- 
pentane (CP), methylcyclohexane (MCH), and 
MCP are given in Table 11. 

The hydrogen yield is reduced somewhat by 
changing from a six-membered to a five-mem- 

bered ring, but it is reduced more markedly by 
methyl substitution on the ring. 

The methane yields are slightly higher from 
the methyl substituted compounds, but in no 
case is methane a major product. A major in- 
crease in the amount of C-C bond cleavage is 
observed upon going from six-membered to five- 
membered rings. The yield of C, products from 
CP is sixfold that from CH, and the amount of 
ring-opening to form open chain C,, compounds 
in CP or MCP is nearly double that in  CH or- 
MCH. This reflects the greater stability of the. 
six-membered rings. 

The value of the ratio G(C,H,,,- ,)/G(C,,H,,- ,). 
is 1.8 for CH, 2.3 for CP, 4.7 for MCH, and 4.1 
for MCP. Thus, the greatest change in this ratio. 
occurs upon methyl substitution on the ring and 
reflects, a t  least in part, the fact that k,/k, is. 
larger for tertiary alkyl radicals such as 1 than 
for secondary alkyl radicals such as cyclopentyl. 

The addition of ammonia to CH (1 1, 12) or  
CP [up to 10 mole % ND, added (12)] had no 
effect on the hydrogen yields from the hydro- 
carbons, in contrast to the behavior of the MCP 
system. This means that in CH and CP,  ions of 
type QH' (cf. reactions [17] and [19]) are not 
produced. However, the yield of PH' type ions. 
(cf. reactions [16] and [18]) is 3.4 in CH (13), 
and in CP (12). Thus the yield of PH+ in CH 
or CP roughly equals G(PH' + QH') = 3.2 in 
MCP. The formation of type QH+ ions is. 
associated with methyl substitution on  the ring 
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TABLE 111 
Yields of types of ions that undergo neutralization 

G(ion type) 

System PH +' QHtb  N +  Total ions 
- 

c-C5HIo (liquid, 25") 3.4 0 .0  - 1 -4.4 
c-C6HI2 (liquid,25") 3.4 0 .0  1 .2  4.6 
c-C5H9CH3 (liquid, 25") 2 .0  -1.2 -1.0 -4.2 
C-C6HI 1CH3 (vapor, 110") 2.1 1 .3  1 .0 4.4 

aPH+ yields hydrogen when neutralized by on electron and it rexcts with ammonm by proton dondtion. 
bQH- does not yield hydrogen when neutralized by an electron. but it does react with ammonia by proton donation. 
cN + neither yields hydrogen when neutralized by an electron nor donates a proton to  ammonia. 

and is the major cause of the lower values of 
G(H2) from the methyl-substituted compounds 
(Table 11). 

The addition of hydrogen chloride to CH 
increased G(H2) from 5.6 to 6.8 (14). This means 
that the yield of N+ type ions in CH is 1.2. 

A similar study of the vapor phase MCH 
system has been reported (15). A summary of 
the results for all these systems is given in Table 
111. It is surprising that the yields of the different 
types of ions should be so similar in liquid MCP 
at 25" and in MCH vapor at 0.5 atm and 110". 
Similar yields doubtlessly occur in liquid MCH. 

The total yield of scavengable ions in the liquid 
phase hydrocarbons is about 4.4 units (Table 
111), which means that the W values (23 eV) are 
virtually the same in the gas phase and in the 
liquid phase. 
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Square planar metal complexes of thiosemicarbazide 

ROLAND A. HAINES AND KENNETH K. W. SUN 
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Received March 15, 1968 

Square planar complexes of nickel(II), palladium(II), and platinum(I1) containing the ligand thio- 
semicarbazide (Htsc) have been studied. Both the cis and trarzs geometric isomers have been obtained 
for the complexes with the general formula [M(Htsc)2I2 + while only the trans isomer was obtained for the 
neutral species [M(tsc),]. lnfraredand diffusereflectancespectra are presented and discussed with reference 
to the stereochemistry of the complexes. 
Canadian Journal of Chemistry, 46, 3241 (1968) 

Introduction was considered desirable to undertake such an 

For many years thiosemicarbazide, H2N-CS 
-NH-NH, (Htsc), has been known to form 
complexes with certain transition metal ions and 
most of this work has been reported by Jensen 
(1-3). It was found that two types of metal com- 
plexes could be formed with a square planar con- 
figuration. These were referred to as the "ionic" 
and "neutral" complexes with the general for- 
mulae [M(Htsc), ]'+ and [M(tsc), ] respectively. 
In the latter complexes a hydrogen atom has 
been lost from thiosemicarbazide, thus allowing 
it to act as a uninegative ligand. In this early work 
the metal complexes were prepared and ana- 
lyzed but no information regarding their basic 
physical properties was determined. 

In recent years an X-ray structure determina- 
tion (4) of the green compound [Ni(Htsc),]SO,. 
3 H 2 0  has shown it to have a square planar trans 
configuration with coordination occurring be- 
tween the sulfur atom and the terminal "hydra- 
zine" or N3 nitrogen atom. 

N1H2 
/ 

Other studies (5) have indicated that in solution 
thiosemicarbazide can act as either a bidentate 
or monodentate ligand. Coordination in the 
latter case would be expected to occur through 
the sulfur atom as is observed in analogous com- 
plexes of thiourea and related ligands (6-9). 

A variety of colored compounds containing 
thiosemicarbazide can be obtained depending on 
the method of preparation and also on the anion 
used. Since no attempt had been made previously 
to explain adequately these striking features, it 

investigation. In this paper ionic and neutral 
complexes containing nickel(II), palladium(II), 
and platinum(I1) are described. 

ExperimentaI 
Preparation of Cotnplexes 

Thiosernicarbazide was obtained from Eastman Organic 
Chemicals while the common metal salts used as starting 
materials were obtained from either Fisher Scientific Co. 
or Alfa Inorganics Inc. 

Bis(fhiose~nicarbazide)tzickel(ll) Nifrafe Dil~ydrate 
A blue solid separated out on standing when a 3 M 

Ni(NO,), solution was mixed with a 0.1 Maqueous solu- 
tion of thiosemicarbazide in the molar ratio of Ni(NO,),: 
SCN3Hs = 1 :2. 

Anal. Calcd. for [Ni(SCN3H5)z](N03)2.2H20: Ni, 
16.08; C, 6.58; H, 2.76; N, 30.70; S, 17.57; H 2 0 ,  8.99. 
Found: Ni, 16.45; C, 6.45; H, 2.61; N, 30.59; S, 17.61. 
Loss in weight by dryingat 70 "Cin vacuum,9.10 %. 

Bis(fhiosemicarbazide)t~ickel(Il) Nifrafe 
This was precipitated as a red solid when a 0.1 n? 

alcoholic (95%) solution of Ni0\1O3), was mixed with a 
0.2 M alcoholic (90%) solution of thiosemicarbazide at - 70 "C, in themolar ratio of 1 :2. 

Anal. Calcd. for [Ni(SCN3H5),](NO3),: Ni, 16.08; 
C, 6.58; H, 2.76; N, 30.70; S, 17.57. Found: Ni, 16.00; 
C,6.73;H,2.78;N,30.66;S, 17.42. 

Trans-bis ( fhiosenricarbazide) nickel(I1) Sulfate Trihydrafe 
It was prepared by the method of Jensen (3). A green 

solid crystallized out when a 0.5 M NiSO, solution was 
mixed with a 0.1 M thiosernicarbazide solution in the 
molar ratio of 1 : 2. From 0.1 M solutions with molar ratio 
NiSO,:SCN,HS = 1 :4 the compound was precipitated as 
dark-brown hexagonal crystals which gave a green powder 
on grinding. 

Anal. Calcd. for [Ni(SCN3H5)2]S04.3H,0: Ni, 17.42; 
C, 7.13; H, 2.99; N, 24.93; S, 28.54; H20 ,  13.82. Found: 
Ni, 16.90; C, 7.19; H, 3.08; N, 24.78; S, 28.40. Loss in 
weight by drying at 70 "C in vacuum, 13.74. 

Cis-bis(tl~iosemicarbazide)nickei(II) Sulfate 
This too was prepared by the method of Jensen (3). 

A brown solid crystallized out when a boiling 0.5 M 
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NiSO, solution was mixed with a 0.5 M thiosemicarbazide 
solution in the molar ratio of 1:2. The precipitate and 
mother liquor were boiled for about 5 min before filtering. 
The compound could also be prepared by boiling the green 
trans-isomer in itsmother liquor for20min. 

Anal. Calcd. for [Ni(SCN3H5),]S04: C, 7.13; H, 2.99; 
N,24.93;S,28.54.Found:C,7.11;H, 3.05;N,24.76; 
S, 28.42. 

Bis(tl1iosernicarbazide) nickel (11) Chloride 
A green solid was prepared in a manner similar to that 

for [Ni(SCN3H5)2](N03)2 using NiCl,. 
Anal. Calcd. for [Ni(SCN3H5)2]C12: Ni, 18.82; C, 

7.70; H, 3.23; N, 26.94; S, 20.56. Found: Ni, 18.77; C, 
8.01;H,3.33;N,26.84;S,20.52. 

Bis(tl1iosen1icarbazido) tlickel(1I) 
A solid nickel salt (Ni(N03)2 .6H20 or NiCI2. 6H20 

only; NiS0,. 6 H 2 0  produces the ionic form [Ni(SCN3- 
H5),]S04) was slowly dissolved in a 0.1 M thiosemi- 
carbazide solution in the molar ratio of 1 :2. NH40H 
(1.0 N) was added dropwise until the solution was weakly 
alkaline and a brownish green solid was precipitated. The 
precipitate was washed several times with hot 95 %alcohol. 

Anal. Calcd, for [Ni(SCN,H4),]: Ni, 24.57; C, 10.05; 
H, 3.37; N, 35.17; S, 26.84. Found: Ni, 24.27; C, 10.07; 
H,4.03;N,35.11;S,26.55. 

Bis(t/~iosemicarbazide)palladi~ttn(II) Nitrate 
This was precipitated as an orange-yellow solid when a 

0.1 Msolutionof Pd(N03)z was added to aO.l Msolution 
of thiosemicarbazide in the molar ratio of 1 :2. 

Anal. Calcd. for [Pd(SCN3H,)21(N03)2: C, 5.82; 
H, 2.44; N, 27.15; S, 15.54. Found: C, 6.01; H, 2.36;N, 
27.03; S, 15.69. 

Cis-bis(thiosen~icarbazide)palladiu~~~(II) Sulfate 
A 0.02 M hot solution of K2PdCl4 was added to a 0.02 M 

hot solution of thiosemicarbazide in themolar ratio of 1 :2. 
The solution mixture was boiled for 5 min before 1:l 
H2S04 was added slowly to precipitate the orange-yellow 
solid. 

Anal. Calcd. for [Pd(SCN3H5)21S04: C, 6.24; H, 2.62; 
N, 21.84; S, 25.00. Found: C, 6.38; H, 2.48; N, 21.74; S, 
24.84. 

Bis(tl~iosernicarbazide)palladium(II) Chloride 
A 0.05 M solution of K2PdCl4 was added to a 0.05 M 

solution of thiosemicarbazide in the molar ratio of 1 :2. 
An orange-yellow solidcrystallized out on standing. 

Anal. Calcd. for [Pd(SCN3H5)2]C12: C, 6.68; H, 2.80; 
N, 23.37; S, 17.81. Found: C, 6.79; H, 2.96; N, 23.22; S, 
17.73. 

Bis(thiosernicarbazido)palladiutn (II) 
A 0.02 M solution of K2PdCI4 was added to a 0.02 M 

solution of thiosemicarbazide in the molar ratio of 1:2. 
NH40H (1.0 N) was added dropwise until the solution was 
weakly alkaline and a greenish yellow solid was pre- 
cipitated. 

Anal. Calcd. for [Pd(SCN3H4),]: C, 8.38; H, 2.81; 
N, 29.32; S, 22.34. Found: C, 8.57; H, 2.65; N, 29.43; S, 
22.31. 

Trarzs-bis(thiosemicarbazide)platinum(II) Sulfate 
A 0.02 M solution of K2PtCl4 was added to a 0.02 M 

solution of thiosemicarbazide in the molar ratio of 1:2. 
H,S04 (1 :1) was added dropwise until a yellow solid was 
precipitated. 

Anal. Calcd. for [Pt(SCN3H5)21S04: C, 5.07; H, 2.13; 
N, 17.75; S, 20.32. Found: C, 4.99; H, 2.10; N, 17.94; 
S, 20.41. 

Bis(t/ziosetnicarbazide)plati~~~tm(II) Chloride 
It was prepared by the method of Jensen (2). A yellow 

solid crystallized out when a 0.1 M K2PtC14 solution was 
added to a 0.1 M solution of thiosemicarbazide in the 
molar ratio of 1 :2. 

Anal. Calcd. for [Pt(SCN3H5)2]C12: C, 5.36; H, 2.25; 
N, 18.75; S, 14.31; Cl, 15.82. Found: C, 5.38; H, 2.18; 
N, 18.61;S, 14.25;C1,15.62. 

Bis (tl~ioset~zicarbazido)plati~~um (II) 
A 0.02 M solution of K,PtCI, was added to a 0.02 M 

solution of thiosemicarbazide in the molar ratio of 1 :2. 
NH,OH (1.0 N) was added dropwise until the solution 
was weakly alkaline and a silky blue solid was precipitated. 

Anal. Calcd. for [Pt(SCN3H4),]: C, 6.40; H, 2.15; N, 
22.39; S, 17.09. Found: C, 6.53; H, 2.07; N, 22.36; S, 
16.88. 

General Comments 
All nickel analyses were carried out in this laboratory 

by standard methods and all microanalyses by Alfred 
Bernhardt, West Germany. 

Infrared spectra were obtained using a Beckman IR-10 
spectrophotometer using potassium bromide disks and 
~ u j o l  mulls. Visible reflectance spectra were recorded on a 
Unicam SP 500soectro~hotometer with a standard reflect- 
ance attachmenf. solition spectra were recorded on a 
Beckman DK-1 spectrophotometer using 1 cm quartz 
cells. Magnetic moments were measured on a Gouy 
balance and tubes were calibrated with HgCo(SCN),. 
Powder patterns were obtained with a Philips Debye- 
Scherrer camera model PW 1024/10 using copper K. 
radiation. 

Results and Discussion 

Nickel (11) Coinp lexes 
Ionic complexes with the general formula 

[ ~ i ( ~ t s c ) , ] ~ '  were prepared as the C1-, NO,-, 
or SO,'- salts and certain differences were ob- 
served. 

When SO,'- is the anion, two solid diamag- 
netic compounds can be prepared, a green species 
with the formula [Ni(Htsc), ]SO,. 3H,O and a 
brown compound with the formula [Ni(Htsc),]- 
SO,. Previously these two compounds have been 
referred to as a and P respectively and an X-ray 
study has shown that the a isomer has the trans 
arrangement of ligands (4). The brown P com- 
pound is not simply an anhydrous form of the 
green species, however. We have taken X-ray 
powder patterns of the anhydrous green com- 
pound and the p compound and these confirm 
that the compounds are different. The infrared 
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HAINES AND SUN: COMPLEXES O F  THIOSEMICARBAZIDE 

WAVE NUMBER (crn") 

FIG. 1. Infraredspectraof tran~-[Ni(Htsc)~]SO~. 3H20 (top) and cis-[Ni(Hts~)~]SO~ (bottom). 

spectra of the two complexes also show marked the complex is obtained, regardless of the method 
differences in certain regions of the spectrum and of preparation. The green product is diamagnetic 
a comparison of the regions of interest is shown and is readily soluble in water. At higher tempera- 
in Fig. 1. Our investigations indicate that the P tures the cis isomer may possibly be produced 
compound is the cis isomer of the complex. This but all attempts to convert the trans into the cis 
possibility had been suggested by earlier workers isomer by heating have proved unsuccessful. 
(1-3) but solely on the basis of color differences. 

When NO3- is the anion, two colored forms 
can also be isolated, a paramagnetic blue com- 
pound with the formula [Ni(Htsc),](N03), . 
2H,O and a diamagnetic red compound with the 
formula [Ni(Htsc),](N03),. On heating, the two 
water molecules are lost from the blue compound 
and the red species is obtained. The latter may 
also be prepared independently from ethanol 
solutions of starting materials. These two com- 
pounds have usually been regarded as the hy- 
drated and the anhydrous forms of the same 
complex (1). However, the blue compound has 
an infrared spectrum similar to that of the a 
or trans isomer while the red compound has a 
spectrum which resembles that of the cis isomer. 
X-Ray powder patterns confirm that the red 
compound obtained by heating the blue species 
is similar to the red compound prepared inde- 
pendently from ethanol solutions. Hence the blue 
compound is a hydrated form of the trans isomer 
and on heating is converted into the anhydrous 

Palladium (11) Complexes 
Evidence for cis-trans isomerism was also 

found in the [Pd(Htsc), l2 + complexes. When 
is the anion, the trans form is obtained 

from solutions at room temperature and the cis 
from hot solutions. In each case the infrared 
spectra showed the same features as the corre- 
sponding nickel species. Although the cis isomer 
could be prepared in a pure state, the trans isomer 
was contaminated by small amounts of the cis 
form. 

When NO3- is the anion, the cis isomer is 
obtained both from room temperature solutions 
and boiling solutions. From preparations at 
-0 "C a small amount of the trans form was pro- 
duced as shown by the infrared spectra. However, 
the cis isomer was still predominant. 

The use of C1- as the anion produced only the 
trans isomer. Attempts to  prepare the cis isomer 
were unsuccessful as for the corresponding nickel- 
(11) complex. 

cis isomer. ~ G e r n ~ t s  to prepare the anhydrous Platinum(II) Complexes 
trans isomer by heating under vacuum proved When SO,'- is the anion, only the trans 
unsuccessful. isomer can be obtained from solutions at room 

When C1- is the anion, only the trans form of temperature. From hot solutions, the cis isomer 
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TABLE I 
Infrared spectra 

Frequencies (cm- ') 

[~i(Ehsc)Z]~o,. cis- t r a ~ ~ s -  
Htsc 3H20apb [Ni (Ht~c) , ]S0 ,~~~ [ N i ( t ~ c ) ~ ] " * ~  Assignment 

3455 (s) 
3285 (m) 
3235 (sh) 
3 195 (s) 
3185(sh) 
3120(sh) 
3095 (s) 
1638 (s) 
1597 (s) 

liso(r;l) 
3150(rn) 
3125 (m) 
3060 (s) 

3060 (S j 
2970 (s) 
2935 (s) 
2820 (m) 

NH and NH2 
stretch 

1642 (s) 
1618 (s) 
1530 ( n ~ )  

1656 (s) 
1635 (sh) 
1590 (w) 

NH2 bend 1603 (sj 
1563 (w) NH wag and 

CN stretchc 
Amide I1 and CN 1434 (rn) 1417 (w) 1525 (w) 

stretch 
1317(rn) 
1287 (rn) 

1382 (w) 
1340 (vw) 

1397 (w) 1 364 (w) 
1323 (m) 
1286 (w) 
1229 (m) 
1139 (w) 
1022 (v w) 
960 (m) 
704 (m) 
683 (m) 

Arnide 111 

1257 (m) 1237 (rn) NH2 rock 

NH2 deformation 
NN stretchd 
CSstretch 

llnxJ (s) 

802 (rn) 

990 (vw) 

703 (rn) 

1001 (sh) 

713 (m) 
703 (m) 

'Only stretching I'requencics associated nith the I~gand are reported; bands due to the anion are not included. Rc- 
Iati\e band intensities are denoted by s, m, \\, \u,, and sh, meaning strong, medium, \beak, \cry ueak, and shoulder, 
respectively. 
bThe Pt(lI) and Pd(I1) complexes show extremely similar spectra to their Ni(I1) analogue. 
C I n  agreement with ref. 16. 
T h i s  work, see text. 

is produced, but there is evidence of some de- 
composition. For both isomers the infrared 
spectra match the corresponding nickel species. 

With C1- as the anion, the complex was ob- 
tained only in the trans configuration. Com- 
pounds containing NO,- were not prepared. 

the complexes, certain regions of the infrared 
spectrum are quite distinctive. For the region 
around 3400-3000 cm-', where NH, stretching 
frequencies are observed, the trans isomers show 
two sharp strong bands in the high frequency 
region. The corresponding cis isomers show only 
broad bands throughout this range of frequencies. 
In the region around 1600 cm-l,  corresponding 
to NH, bending modes, two sharp bands are 
observed for the trans isomer, while a single broad 
band is observed for the cis compounds. 

The region around 500 cm-' and lower is also 
useful in distinguishing the isomers. The trans 
isomer is characterized by two very distinct peaks 
at -- 435 and 330 cm-'. For the cis isomer many 
more peaks are found in this region and the 
330cm-' peak is shfted to slightly higher 
energies. This latter band is probably a ring 
deformation mode similar to that observed in 
glycine complexes (12). This band appears to be 
rather low in energy for an M-N band (12) and 
an  M-S band is usually found a t  lower energies. 
(A single spectrum of one of the nickel compounds 
was taken on a Beckman IR-11 spectrophoto- 
meter and revealed a band at 292 cm-' which is 

General 
The features noted for all these complexes may 

be summarized in a simple manner. From solu- 
tions at room temperature or lower, complexes 
containing SO,'- or NO,- are produced in the 
trans configuration while higher temperatures 
are required to prepare the cis isomer. However, 
only the trans form is obtained when C1- is the 
anion. 

The infrared spectra for the various nickel(I1) 
complexes are tabulated in Table I, together with 
assignments for most of the major peaks. These 
assignments were based on corresponding assign- 
ments in thiosemicarbazide (10) and in some 
copper(I1) complexes (1 1). Our bands bear strong 
similarities in most cases and a repetition of the 
arguments used in the assignment is not needed. 

For comparison of the cis-trans isomers of 
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TABLE I1 

Absorption spectra 

Complex Reflectance spectra (mp) 

[Pd(tsc)z I 
trans- [Pd(Htsc),]CI2 
tratls- [Pd(Htsc),]S04 
cis- [Pd(Hts~)~]S0, 
cis-[Pd(Ht~c)~](N0,), 
[Pt(tsc)zl 
trans-IPt(HtscLlC1, 

428 i480 (sh) i 586 . 
. 

446:490: 586(sh) 
340(sh);'448; 532; 606 (sh) 
363; 392(sh); 571 ; 611 (sh); 784 
356(sh);412 
362; 434 (sh) 
344; 362;430 
344 ; 426 (sh) 
368(sh); 378; 397(sh);414(sh) 
342; 360(sh); 530(sh); 624(sh); 
362; 415 (sh) 
353; 425 (sh) 
354; 530 (sh); 640 (sh) 

Complex Solution spectra(mp)" 

trans-[Ni(Htsc),]C1, 235; 374; 597;936(sh);990; 1050(sh) 
trans-[Pd(Htsc),]C1, 230;267; 338 (sh);426 
cis- [Pd(Htsc)z](N03)2 233; 344;425 

GNot all of the ionic species are readily soluble in water. Representative samples are shown here. 

typical of an M-S band.) The larger number of 
bands observed for the cis compounds both in 
glycine complexes (12) and in our own series is 
no doubt due to the fact that no center of sym- 
metry is present in these molecules. 

An interesting feature regarding the infrared 
spectra should be mentioned here. All of our 
conclusions based on infrared arguments arose 
from spectra taken both as a mull and in potas- 
sium bromide pellets. The spectra were identical 
for both techniques. However, in all cases where 
the pellets contained the cis isomer, spectral 
changes occurred on standing for long periods 
of time, corresponding to slow conversion to the 
trans isomer. Preparations of the pure cis isomers, 
however, have been kept for months without any 
apparent changes. The conversion to the trans 
form in the pellet may be linked to the fact that 
complexes containing C1- could oilly be ob- 
tained in the trans configuration. In both cases 
there may be interaction of the halide ion in the 
axial positions, causing a preference for the trans 
arrangement. 

In our studies the marked color changes ob- 
served for some of the nickel(I1) complexes have 
been particularly striking. It might be thought that 
a situation similar to that found in the Lifschitz 
salts is present. For those complexes the different 
colors arose from a square planar - octahedral 
interconversion and recent studies (13, 14) have 
shown that the different colors arise from mix- 

tures of the two geometric arrangements. It does 
not appear that a similar mechanism is a t  work 
here, however. For palladium(I1) and platinum- 
(11) which are almost exclusively found in a 
square planar arrangement, magnetic measure- 
ments carried out in our laboratory support the 
diamagnetism which would be predicted. All the 
nickel(I1) compounds exhibit diamagnetism also 
with the single exception of the blue nitrate 
species. It is paramagnetic to the extent of two 
unpaired electrons and has an effective magnetic 
moment of 3.19 bohr magnetons. The paramag- 
netism of this compound is not too surprising 
since the complex very likely has an octahedral 
arrangement with the two water molecules in 
axial positions. With one exception the other 
complexes are anhydrous and hence would not 
have the possibility of water coordination1. 

Another possible explanation for the various 
color changes involves square planar - tetra- 
hedral interconversion. However, our magnetic 
measurements do not support this possibility 
since the tetrahedral form would be paramag- 
netic. The reflectance spectra (see below) also 
tend to rule out the presence of a tetrahedral 
structure. 

'The only exception is the trans nickel(I1) compound 
containing SO4,-. X-Ray studies (4) show that the water 
molecules are too distant from the nickel atom to partake 
in coordination. 
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' 3&0 ' ~$00 ' i& ' I& ' 1& ' 860 ' 6k 4& 
WAVE NUMBER (cm") 

FIG. 2. Infrared spectra of trans-[Ni(tsc),]. 

The reflectance spectra maxima for these com- 
pounds are tabulated in Table I1 and give support 
to the above conclusions regarding the structures 
of the complexes. The spectra for the nickel(I1) 
compounds show that the blue species containing 
NO3- is indeed octahedral with tetragonal dis- 
tortion. This is shown by the splitting observed 
for the lowest energy spin-allowed band (3A2, + 
3 ~ , , )  for this compound only. Such splitting is 
absent for all the other complexes. From a com- 
parison of relative shapes of the absorption curves 
and peak positions it can be seen that those 
nickel(I1) compounds assigned the trans con- 
figuration on the basis of infrared spectra are 
quite similar. In the same manner, it can be seen 
that the spectra of those assigned the cis con- 
figurations resemble each other and are signi- 
ficantly different from the trans isomers. 

All of the soluble nickel(I1) complexes form a 
blue aqueous solution and give the same absorp- 
tion spectrum. This spectrum is not characteristic 
of either isomer, nor is it the same as that of the 
octahedral blue compound containing NO3-. 
There may be an equilibrium set up  in solution 
involving thiosemicarbazide as a monodentate 
ligand (5). 

The reflectance spectra for the palladium(I1) 
and platinuin(I1) complexes are more compli- 
cated due to the shift of all d-d absorption bands 
to higher energies. For palladium(I1) those com- 
pounds assigned the trans configuration show 
similar reflectance spectra. The two cis com- 
pounds, however, do not appear to  have such 
close agreement at first glance. However, on 
closer examination it appears that this is due to 
severe overlap of some bands in the cis compound 
containing NO3-. Some of the bands in this 
compound are shifted to lower energies relative 

to those of the SO,'- analogue, producing a 
different appearance. Such a shift is observed in 
the corresponding nickel(I1) compound but no  
serious interference occurs. 

The reflectance spectra of the platinum(I1) 
compounds show very little fine structure since 
the d-d bands are now overlapping with charge 
transfer bands. The trans isomers give similar 
spectra and the cis compound shows an overall 
shift to lower energies. However, for both cases 
the bands are not very distinct. 

Thus the reflectance spectra also support a 
square planar arrangement throughout the 
series. In no cases is a spectrum which is typical 
of a tetrahedral complex obtained. 

Neutral Complexes 
Compounds with the general formula [M(tsc), ] 

are all diamagnetic and have quite similar infrared 
spectra, regardless of the metal. The spectrum for 
[Ni(tsc),] is shown in Fig. 2 and the structure of 
this compound has been previously determined 
by X-ray methods (15). A trans arrangement of 
the ligands was shown to be present and the 
loss of a proton from the middle nitrogen was 
indicated. The two colored forms of the nickel 
complex which are known, grey-green and reddish 
brown, had been suspected to be merely different 
crystal modifications of the same compound. We 
have studied the infrared spectra of both species 
and found identical spectra, regardless of color, 
so that they are indeed the same compound. On 
the basis of infrared comparisons, the trans con- 
figuration can be assigned to the neutral com- 
plexes of nickel(II), palladium(II), and plati- 
num(I1) since similar spectra are observed in all 
cases. 

The infrared spectra of the neutral complexes 
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HAINES AND S U N :  COMPLEXES OF THIOSEMICARBAZIDE 3247 

show the two high frequency NH, bands charac- 
teristic of the trans ionic compounds. They occur 
at slightly higher frequencies in the neutral 
species and this is not unexpected since the loss 
of a hydrogen atom from the ligand could cause 
the nitrogens to be more negative and hence a 
stronger bond is produced. 

The most striking feature, however, is the 
appearance of a strong band at 960 cm-I in all 
cases. This cannot be the NH, deformation 
mode of the ligand, since that band becomes very 
weak when coordination takes place. One possi- 
bility corresponds to an N-N stretching vibra- 
tion. Calculations in the ligand thiocarbohydra- 
zide (16), which is quite similar to our ligand, 
predicted a band at 1049 cm-I in the free ligand 
while a value of 1027 cm-I for this mode is 
assigned from Raman spectra of hydrazine 
hydrochloride (17). 

For thiosemicarbazide, the band due to NH, 
deformation prevails in this region. However, in 
the ionic and neutral compounds this band be- 
comes very weak and for the neutral species a 
new strong band at 960 cm-I also appears. Such 
features can be explained if the band is indeed 
a N-N vibration. Strictly speaking, in a sym- 
metrical molecule the N-N vibration is infrared 
forbidden by symmetry arguments. In the ligand 
and ionic complexes it should be allowed but is 
probably very weak. For the neutral compounds, 
however, the vibration becomes more intense and 
this may be explained by the X-ray study (15) 
which shows that the C==N double bond is almost 
completely localized in the C-N2 region. Hence 
the N2 and N3 atoms are very much different. The 

position of the band at lower energy is also con- 
sistent with the observed lengthening of the 
N2-N3 bond (15). 
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The hydrogenation of allene. 11. The reaction of allene with hydrogen catalyzed by 
nickel, cobalt, and iron 

R. S. MANN AND D. E. TIU' 
Departtnetzt of Cl~emical Engitleeritzg, Utziue~.sity of Ottawa, Ottawa 2, Canada 

Received May 17, 1968 

The reaction between allene and hydrogen over unsupported nickel, iron, and cobalt catalysts has 
been studied in a static constant volume system for a wide range of temperature and reactant ratios. 
The reaction over metals is largely simple hydrogenation, the early stages being principally a selective 
formation of propylene with small yields of reduced polymers of allene. The orders of the hydrogenation 
were 1 and 0 with respect to hydrogen and allene respectively, and were temperature independent. 
The overall apparent activation energies for nickel, iron, and cobalt were 6.5, 7.6, and 6.9 kcal/mole 
respectively. Selectivity was highest with nickel, and least with cobalt. 
Canadian Journal of  Chernlstry, 46, 3249 (1968) 

Introduction S f m e ,  mln 

A 2 4 6 8 1 0 1 2 1 4  
Very little work has been reported about the 0 

kinetics of the hydrogenation of allene over metal 
catalysts. Bond et al. (1) have reported about the 'O 5 

selectivities observed in the first stage of the re- 
action for alumina supported ruthenium, rho- '' 10 

dium, osmium, iridium, and platinum catalysts. 
30 

Recently Mann and To (2) have reported the 15 

kinetics of allene hydrogenation over pumice- 
r_ 40 supported nickel catalysts. They found that the 

orders with respect to hydrogen and allene were 
50. 

a 
a 1 and 0 respectively. 

E ' ? 
This paper describes a detailed study of the ' Go- - 30 

kinetics of allene hydrogenation over unsupport- 
ed nickel, cobalt, and iron, and the effect of 70- - 35 
various experimental variables upon the selec- 
tivity of the reaction in presence of these metals. 80 - -40 

Experimental 
The apparatus, materials, and experimental techniques 

were the same as reported in an  earlier paper by Mann 
and Naik (3) for methylacetylene hydrogenation. All 
catalysts were prepared by methods similar to those 
described earlier (4) except that a 4.4 M ammonium 
bicarbonate solution was used to completely precipitate 
iron as a bicarbonate. Pressure changes were observed - 
with a mercury manometer, and the reaction products 
analyzed by a Fisher gas partitioner (model 25) mounted 
on the top of a Fisher thermal stabilizer (model 27) 
maintained at 30 "C. The two colulnns enlployed were a 
14 ft long 30% hexamethylphosphoramide on Fisher 
Columpak, and an 8 ft long activated 13 x molecular sieve. 

Results and Discussion 
(a) Pressure-Time Curves 

According to Bond (4), who studied the 
hydrogenation of acetylene over nickel-pumice 
- 

'Present address: Commission Scolaire, Regionale de 
L'Outaouais, Hull, Quebec. 

T i m e ,  min 

FIG. 1. Pressure-time curve. Curve ABC, (cobalt 
powder) P,,, = 125 mm, P,,,,hyl,c,~yl,,, = 50 mm, at 
48 "C (8). Curve ADE, (iron powder) P,,, = 104 mm, 
P,ll,,, = 40 mm, at 75 "C. Curve AFG, (iron powder) 
P, = 60 mm, P,ll,,, = 40 mm, at 90 "C. 

catalyst, the kinetic form of the pressure-time 
curves depends upon: (i) initial hydrogen/hydro- 
carbon ratios, (ii) the order of admissio~l of re- 
actants if admitted into the reaction vessel 
separately, and (iii) the pretreatment of the cata- 
lyst if both the reactants are added together. The 
pressure-time curves for allene hydrogenation 
over nickel, iron, and cobalt catalysts were of 
the type of curve AFG in Fig. 1 for all hydrogen/ 
allene ratios up to 2. When the initial hydrogen/ 
allene ratio was more than 2, a different form of 
pressure-time curve (Fig. 1, curve ADE) was 
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TABLE I 

Order of reaction and activation energies for nickel, iron, and cobalt 

Average order* Activation 
Weight of Temperature energy 

Catalyst catalyst range ("C) ~2 n (kcal/rnole) 

Nickel 0.3 60-1 30 O.OOkO.00 0.98k0.02 6.46k0.05 
Cobalt 0.3 26130 -0.02+0.02 0.99t0.02 7.55t0.05 
Iron 0.1923 42-130 0.0010.02 1.00t0.02 6.8820.05 

* I I I  and nare orders of reaction with respect to allene and hydrogen, r = kPc,,,+"'P,,,*. 

observed. In the present study the shape of the 
pressure-time curve was not affected by: (i) the 
order of admission of reactants, (ii) the tem- 
perature of the reaction vessel, or (iii) the nature 
of the catalyst. It depended only on the initial 
hydrogen/allene ratio (8). The point of inter- 
section of the two slopes, (-AP,), depended on 
hydrogen/allene ratios, it increased with in- 
creased values of R. 

(6) Orders of Reaction by the Initial Rate Metl~od 
Using a fixed allene pressure (40 mm) and a 

wide range of hydrogen pressures (30-240 mm) 
the order of reaction with respect to hydrogen was 
determined at several temperatures. The order 
of reaction with respect to hydrogen was always 
1 and independent of temperature for all cata- 
lysts (Table I). The reaction order with respect 
to allene (~n) over the catalyst was determined 
for a constant hydrogen pressure of 60 mm and 
wide range of allene pressures (30-150 mm). The 
order of reaction with respect to allene (n) for 
nickel, iron, and cobalt was mostly 0, and be- 
came slightly negative with increased tempera- 
tures. 

(c) Temperature Dependence of Rate Constants 
Plots of log to the base 10 of specific rate 

against the reciprocal of absolute temperature 
were good straight lines over a wide range of 
temperature for iron, nickel, and cobalt satisfying 
the Arrhenius equation. The derived apparent 
activation energy for each catalyst is given in 
Table I. 

(d) The EfSect of Experimental Variables upon 
Selectivity of Catalysts 

Selectivity (S) is defined as the ratio of propy- 
lene to propylene plus propane. 

Propylene, propane, and some polymers were 
observed as initial products of the reaction under 

conditions studied, propylene being the major 
product. 

(i) Dependence of Selectivity upon Pressure Fall, 
and Course of'Reaction 

The dependence of selectivity upon the pressure 
fall and the course of reaction were investigated 
for various hydrogen/allene ratios over nickel, 
cobalt, and iron catalysts at several temperatures. 
The course of the reaction was followed by means 
of an analysis of the reaction products for various 
reactant ratios (R = 0.5-4) at different pressure 
falls. With an initial hydrogenlallene ratio of 2 
(H, = 80 mm, C,H, = 40 mm) over nickel, 
cobalt, and iron, at 105, 40, and 42 "C, respec- 
tively the main initial reaction is the selective 
formation of propylene with relatively little 
propane. 

The selectivity was dependent on the pressure 
fall. While it dropped slowly with the pressure 
fall (progress of reaction) for nickel and cobalt 
catalysts, it increased steadily with the pressure 
fall for iron catalyst (Fig. 2). The increase in the 
selectivity with increased pressure fall was due 
to the fact that while the rate of formation of 
propylene increased, the rate of formation of 
propane virtually did not change. 

Polymerization is maximum for cobalt and 
least for nickel. While the amount of poly- 
merization was nearly independent of pressure 
fall for cobalt and iron, it was dependent on 
pressure fall and decreased rapidly after about 
50% reaction had taken place. 

(ii) Dependence of Selectivity upon Initial 
Pressures of Hydrogen and AIIene 

Measurements were made of the selectivity of 
nickel, cobalt, and iron at several temperatures, 
as a function of initial hydrogen pressure by 
using a fixed allene pressure (40 mm) and vary- 
ing the hydrogen pressures between 40 and 240 
mm. Products were analyzed when the total 
pressure fall was equal to 20 mm of total pressure. 
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MANN AND TIU: THE HYDROGENATION OF ALLENE. 11 

Pressure f a l l s ,  m m  Hg 

FIG. 2. Course of reaction over nickel, cobalt, and iron, Pa,,,,, = 40 mm, P,, = 80 nun, Ni at 105 "C, Co at 
40 "C, Fe at 42 "C. 

36- 

.gl - 

10 

Nickel 

40 60 80 100 I20 140 160 180 200 220 

lniliol hydrogen pressure, rnm Hg 

FIG. 3. Dependence of selectivity upon initial pres- 
sure of hydrogen, Pa,,,,, = 40 mm, AP = 20 rnm. 

The results are shown in Fig. 3. The selectivities 
were dependent on the initial hydrogen pressures, 
and decreased with increased initial pressures of 
hydrogen. For a hydrogenlallene ratio of 2, the 
selectivities were 0.97, 0.87, and 0.93 for nickel, 
cobalt, and iron respectively. 

Though no significant variation of selectivity 
with initial allene pressures (40-240 mm) for a 
fixed initial hydrogen pressure (80 mm) was ob- 
served for nickel (S  = 0.963-0.978), and  cobalt 
(0.861-0.851), it varied with initial allene pres- 
sures for iron. While the selectivity increased 
with increased pressures of allene for nickel, it 
decreased for cobalt and iron. The selectivities 
were 0.972, 0.861, and 0.935 for nickel, cobalt, 
and iron for a hydrogenlallene ratio of 2. The 
effect of allene pressures on polymer formation 
is shown in Fig. 4. The amounts of polymers 
increased with allene pressures, giving a nonlinear 
relationship. 

(iii) Dependence of Selectivity upon 
Temperature 

The effect of temperature on the selectivity was 
studied for several reactant ratios. The products 
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Cobalt 

In i t ia l  allene pressure, mm Hg 

FIG. 4. Dependence of selectivity upon initial pres- 
sure of allene, P ,,,,,,,,, = 80 mm, AP = 20 mm. 

were analyzed at several temperatures for a total 
pressure fall of 20 mm. The temperature depen- 
dence of the selectivity for a reactant ratio of 2 
(P,, = 80 mm, P ,,,, = 40 mm) is shown in 
Fig. 5. 

With increased temperature, the propylenel 
propane ratios and the selectivity increased. At 
100 "C,  the selectivities were nearly the same for 
all the three catalysts, though cobalt was com- 
paratively more active at lower temperatures than 
iron or nickel. 

Polymerization is maximum for cobalt and 
least for nickel. The percentage of polymerization 
decreased with temperature for all the catalysts. 

(e)  Con7parison wit/? the Results of Preuious 
Investigators and General Discussions 

Unlike the findings of Bond and Mann (5) for 
acetylene hydrogenation over nickel, cobalt, and 
iron powders, none of the catalysts studied did 
get poisoned when allene was admitted first into 
the reaction vessel. This is probably due to  the 
fact that allene was not as strongly adsorbed on 
the surface as acetylene. The catalytic activity 

of the catalyst remained fairly constant for several 
days. However, the use of higher partial pressures 
of hydrogen tended to slightly enhance the 
activity of the catalyst reversibly, while higher 
partial pressures of allene often poisoned the 
catalyst reversibly, thus suppressing its activity. 

The kinetic study of Bond and Sheridan (6, 7) 
for allene hydrogenation was limited to pumice- 
supported nickel, platinum, and palladium, and 
the study of Mann and To (2) was limited to sup- 
ported nickel catalyst. Though Bond (4) has 
studied the shape of the pressure-time curve in 
detail for acetylene hydrogenation over nickel 
catalyst, no such studies are reported for allene 
hydrogenation. Hence no direct comparison could 
be made of the results obtained for unsupported 
nickel, cobalt, and iron catalysts in this investi- 
gation with any published work. 

The pressure-time curves obtained in allene 
hydrogenation over nickel, iron, and cobalt were 
of Type I (curve ADE, Fig. 1) for hydrogenlallene 
ratios greater than 2, and of Type 111 (curve 
AFG, Fig. 1) for ratios less than 2. These curves 
are similar to those observed by Mann and To (2) 
for allene hydrogenation over supported nickel, 
and also to that observed by Mann and Khulbe 

I 
do 60 70 80 90 100 110 120 130 

Temperature, O C  

FIG. 5. Dependence of selectivity and polymerization 
upon temperature, Pllyrlrogcn = 80 mrn, P,I,,,, = 40 mm, 
AP = 20 rnm. 
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(8) for methylacetylene hydrogenation over un- 
supported nickel and iron. In the case of methyl- 
acetylene hydrogenation over unsupported cobalt 
Mann and Khulbe (8) obtained a different 
pressure-time curve (Curve ABC, Fig. 1) exhibit- 
ing two stages of reaction, with an acceleration 
point ( -AP , ) ,  corresponding to the start of 
second stage of reaction, indicating further hydro- 
genation of propylene to propane. No such ' curves were observed for allene hydrogenation 
over unsupported cobalt. 

The kinetic form of the ~ressure-time curve 
depends on the nature and especially on the con- 
centration of species in the reactive layer at  the 
moment massive reaction begins. The catalysts 
were reduced and activated in a stream for about 
24 h. The species of reactive layer were richer in I hydrogen and admission of hydrogen and allene 
was not enough to nullify the effect of pretreat- 
ment ofthe catalyst. Allene was strongly adsorbed 
on the surface, and was able to maintain high 
coverage of the surface, thereby making the com- 
petition from propylene for readsorption un- 
important. 

The order of reaction with res~ect  to initial 
hydrogen pressure was 1 for nickel, cobalt, and 
iron and was independent of temperature. This 
was similar to the findings of Mann and Khulbe 
(8) for methylacetylene hydrogenation over these 
catalysts. While the order of reaction with respect 
to methylacetylene was found to be 0 and tem- 
perature dependent for nickel and cobalt, it is 0 
order with respect to initial allene pressure and 
nearly temperature independent. 

The activation energies for the unsupported 
nickel, cobalt, and iron are 6.5, 7.6, and 6.9 
kcallmole respectively for allene hydrogenation 
and are lower than those observed for pumice- 
supported catalysts (Ni = 7.8, Co = 10.8, Fe = 
9.4). The lower activation energies for unsup- 
ported metals as compared with those of sup- 
ported metals agree well with previous findings. 

The general characteristics and product anal- 
ysis of allene hydrogenation on nickel, cobalt, 
and iron were found to be similar to those ob- 
tained on supported nickel catalyst by us earlier 
(2) and by Bond and Sheridan (6,7). 

For a hydrogenlallene ratio of 2, the ratio of 
the rates of formation of propylenelpropane were 
much higher over nickel catalyst than over cobalt 
or iron. The formation of propylenelpropane 

higher than reported by Bond and Sheridan (6,7) 
for hydrogenation of allene over nickel-pumice 
catalyst. 

Unlike the results obtained in methylacetylene 
hydrogenation over nickel and cobalt, selectivity 
of these were dependent on pressure fall, and 
generally decreased with increased pressure fall. 
I t  was found that the selectivity for iron increased 
with pressure fall, while for nickel and cobalt it 
increased. 

Selectivity increased with increased tempera- 
ture for nickel, cobalt, and iron. Similar results 
have been reported earlier by Bond and Turke- 
vitch (9), who noted that the rate of propylene 
exchange on platinum increased relative to the 
rate of deuteration as the temperature is raised, 
and by Mann and Khulbe (8) for methylacetylene 
hydrogenation on nickel, cobalt, and iron. The 
increase in the selectivity with temperature in 
allene hydrogenation is possibly due to a decrease 
in the surface coverage of hydrogen as the tem- 
perature is raised or to a genuinely higher activa- 
tion energy for propylene desorption relative to 
hydrogen. 

In agreement with the findings of Mann and 
Khulbe (8) for methylacetylene hydrogenation 
and Sheridan (I 0,ll)for acetylene hydrogenation, 
it has been found that the reaction between allene 
and hydrogen over unsupported nickel, iron, and 
cobalt shows a close general similarity and that 
nickel was considerably more active than iron, 
which in turn was more active than cobalt. The 
hydrogenation of allene on nickel is highly selec- 
tive (S = 0.96) in the sense that very little pro- 
pane appears as long as any allene remained un- 
reacted. This is in accordance with previous 
experience. The extent of polymerization was 
less than that with acetylene, but higher than that 
with methylacetylene. This difference is attributed 
to differing steric hindrances by the methyl 
groups of the hydrocarbons adsorbed on the 
surface of the catalyst. 

The results largely confirm the expected simi- 
larity between the hydrogenation of methylacety- 
lene, allene, and acetylene. Therefore it  may be 
presumed that the reaction mechanism for these 
reactions is the same. 
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Infrared spectra of pyridine sorbed on porous glass 
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Infrared spectra were recorded of pyridine (PY) sorbed on highly dehydroxylated, deuterated, and 
fluoridated porous glass, as well as on pure silica and boria-impregnated silica. The hydrogen atoms of 
sorbed PY exchange with surface OD groups. Physical adsorption occurs by hydrogen bonding of PY to 
SiOH and B-OH groups via the PY nitrogen atom; there is some interaction of the ring n system with 
OH groups. Surface B:PY complexes form by coordination of PY to boron; the B:PY may be hydrogen 
bonded to B-OH groups. Some PY dissociates, and OH groups are generated. 

Canadian Journal of Chemistry, 46, 3255 (1968) 

Recent work has shown that much of the droxylated, deuterated, and fluoridated porous 
surface activity of porous glass could be attrib- glass as well as on pure and impregnated silicas. 
uted to the presence of minority components 
(1-6). The sorption of nitrogenous materials was Experimental 
of particular interest, and it was found that boria Most of the experimental procedures have been de- 
or alumina contaminants influenced the nature scribed elsewhere (1-6). Corning Code 7930 porous glass 
and extent of the interactions between siliceous was purchased from Coming Glass Works in the form of 
surfaces and adsorbates such as NH, (4), HCN 1 mm thick sheets. Samples approximately 10 rnm x 25 

(71, aniline (8), substituted anilines, or trimethyl- mm Were used. Some samples were reduced in thickness to 
approximately 0.1 mm by grinding with carborundum 

amine (9). We have studied the of powder. However, the 3703 cm-1 B-OH band (1,2) of 
pyridine (PY) in order to provide Some informa- spectra of such thin specimens was diminished with respect 
tion about the behavior of a heterocyclic com- to the 3748 cm-I SiOH band, suggesting that some boria 
pound. had been leached out during the grinding and subsequent 

The adsorption of PY on porous glass was washing procedures. As we were interested in observing 
effects attributable to surface boria, most of the work was 

studied by Yaroslavskii (10) and Yaroslavskii carried out with 1 mm thick samples even though this 
and Terenin (1 I), who noted hydrogen bonding meant that the useful 17W1400 cm-I region of the "ring" 
of PY to hydroxyls. However, their vibrations (13) could not be studied. Some experiments 
spectra were recorded in the overtone region and were carried out with pure Cab-0-Sil silica1 and with 

Cab-0-Sil impregnated with boria by means of the incipi- are of limited (I2)' In a brief ent wetness method. Spectral grade PY was degassed by 
study, Nikitin (13) found that adsorption of PY alternate freezing and thawing in vacuo. Adsorotion 
on dehyrated as well as on deuterated porous occurred at roomiemperature (approximately 300). 

' 

glass p;oduced broad bands centered near 2900 Spectra were recorded with Perkin-~lmei ~ o d e l s  521 

and 2200 c m - ~ ,  were attributed to surface or 621 spectrophotometers fitted with Reeder thenno- 
couples, using normal operating procedures. A second cell 

OH and OD groups, respectively, perturbed in the "reference" beam was used to compensate atmo- 
hydrogen bonding to PY via the ring nitrogen; spheric and PY v a ~ o r  absorotion.Theordinatesof soectra. 
smaller bands near 3650 and 2702 were except those of ~ f g .  3, are displaced to avoid overlHpping 
similarly to perturbed surface OH of traces. The spectra of Figs. 1-4 were obtained with 

and OD groups; and the C-H bands of ad- 1 mm thick specimens of porous glass. 

sorbed PY were shifted slightly to higher wave 
numbers with respect to the band positions of Results 

PY in CCl, solution. Sidorov, using Nikitin's The spectra of Figs. 1 and 2 are typical of those 
procedure, observed bandsat 1596 and 1620 cm-' observed when PY was sorbed on highly degassed 
when PY was adsorbed on 0.1 mm thick deuter- porous glass. A group of bands were observed 
ated porous glass (19). Such previous work was at 3166, 3135,3101, 3078, 3045, and 3025 cm-l ;  
brief and apparently carried out under conditions there were shoulders near 3090 and 3070 cm-l. 
of low resolution and with relatively poorly de- These bands grew in intensity with increasing 
gassed adsorbents. We now report the results 
observed when PY was sorbed on highly dehy- 'Obtained fromG. Cabot Co., Boston, Mass. 
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FIG. 1 .  Adsorption-porous glass. A, Porous glass degassed at 750' for 15 h. The sample was then exposed to PY a t  
30" at the following pressures in microns: B, 10; C, 25; D, 100; E, 200. The transmittance was 90% at 4000 cnl-' for each 
spectrum. 

PY pressure but did not change significantly in 
frequency. At the highest pressures the bands 
became indistinct, e.g. spectra D, E, Fig. 1, but 
reappeared when the adsorbent was degassed. 
Pumping at 200" removed the bands entirely. 

The bands in the C-H region were superim- 
posed on a broad absorption reaching from about 
3700 to 2000 cm-l,  hereafter termed the 3000 
cm-' band. At low PY pressures a second broad 
absorption could be observed from about 3650 
to 3450 cm-', e.g. spectrum B, Fig. 1, like that 
observed by Nikitin (13). That absorption, here- 
after termed the 3500 cm-' band, merged with 
the broader 3000 cm-' band but became distinct 

again when the sorbed PY was pumped off, e.g. 
spectrum G, Fig. 2. 

The OH bands were also affected by PY sorp- 
tion. The band generally ascribed to isolated 
surface silanols shifted to 3744 cm- ', broadened, 
and declined in intensity with increasing PY 
pressure, and then resumed its original position 
a t  3747 cm-' when the sorbed PY was pumped 
off. The band attributed to surface B-OH 
groups (1,2) exhibited similar behavior in shifting 
by 2-3 cm-'. Subsequent to an adsorption- 
desorption cycle, the SiOH and B-OH bands 
were broadened slightly and a shoulder formed 
on the low wavenumber side of both OH bands. 
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FIG. 3. Adsorption-deuterated porous glass. A,Ar: "background" of porous glass after deuteration and degassing. 
B,B': after 15 h exposure to 30 microns PY at 30" followed by degassing at 30" for 30 min. A',B' were recorded with 
5 times ordinate expansion. 

Spectra of PY sorbed by a "thin" glass speci- PY was sorbed on deuterated porous glass. 
men, in addition to features such as those de- Spectrum A of the deuterated specimen has small 
scribed above, showed weak and indistinct bands bands at 3746 and 3700 cm-' due to residual 
near 1621 and 1590 cm- '. OH groups and prominent bands at 2762 and 

Figure 3 shows some results obtained when 2731 cm-' due to OD groups (2). (The band 
near 2900 cm-' was caused by contamination of 

z a 
I I I- 
I k 

5 
Z 
a 
LK 
I- 

, 4000 

FIG. 2. Desorption-porous glass. Continuation of Some results are shown in Fig. 5. When PY was 
thesequenceofFig.l.AfterspectrumFhadbeenrecorded, sorbed on pure Cab-0-Sil, small bands were 
the sample was degassed at the following temperatures formed at 3091, 3066, 3045, and 3020 c m - ~  in in "C and times in h: F, 30°, 15; G, 100", 6; H, 200°, 15. The 
transmittance was 90 % at 4000 cm- for each spectrum. the C--H region. These are shown superimposed 

H %q\fi.\ 
I lnf 
10 % ... 

? 

l , , I I I I I I  
I 

3500 3d00 cm'' 

the cell windows during the fluoridation proce- 
dure.) When PY was sorbed there was a con- 
siderable increase in the intensities of the OH 
bands and a decrease in those of the OD bands. 
The latter, shown recorded with ordinate expan- 

2729 cm-'. described sion distinct in cm-'. Bands the bands previously. insert A in near the broad of 2300 C-H Fig. Some band cm-' 3, region shifted very formed were were weak attributed to near like 2760 and those 2500 and in- to 

deuteropyridine. 
Spectra recorded during an adsorption-de- 

sorption cycle with fluoridated porous glass are 
shown in Fig. 4. The absence of bands in the OH 
region of spectra A shows that all surface OH 
groups had been removed. The group of bands 
formed in the C-H region after the sample was 
exposed to PY were like those described previous- 
ly. They were removed by pumping at 200°. How- 
ever, small bands near 3740 and 3700 cm-' 
formed when the sample was degassed. 

Some experiments were also carried out  with 
silicas. The 1700-1300 cm-' region was slightly 
transparent, so that the bands due to the ring 
vibrations of adsorbed PY could be observed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3258 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

in the rates of appearance, or removal by pump- 
ing, of the various bands of sorbed PY. However, 
comparison of porous glass spectra with those of 
silicas is useful. Spectra of porous glass show 4 
absorptions in the C-H region (column 1, 
Table I) at wavenumbers close t o  those of4 bands 
found in spectra of Cab-0-Sil. Although the 
positions of the 3090 and 3070 cm-' shoulders 
in porous glass spectra are uncertain because of 

3500 3000 cm 

FIG. 4. Fluoridated porous glass. A, "background" 
spectrum of fluoridated and degassed porous glass speci- 
men. B, after exposure to 200 microns PY at 30' and de- 
gassing for 15 h at 30". C, after exposure to 1000 microns 
PY at 30" and degassing after 10 hat  30". D, after degassing 
for 1 h at 100". E, after further degassing for 3 h at 200". 
The transmittance was 92% at 3800 cm-I for each 
spectrum. 

on the 3000 cm-' band in spectrum A', and 
expanded in spectrum A. Also, bands at 1593 
and 1443 cm- ' and a shoulder near 1580 cm- ' - 
were observed. All these bands could be removed 
by pumping at room temperature. PY sorption Z 
diminished and shifted the silanol band from 2 
3746 to 3745 cm-'. 

Spectra B to E of Fig. 5 show the effects of 
PY sorption on boria-impregnated Cab-0-Sil. 
The groups of bands formed in the C-H region 
and their behavior as well as the changes observed 
in the 0-H region, were like those found with 
porous glass. Also, bands were observed at 1624, 
1593, 1580, and 1493 cm-'. Degassing at 200" 
removed the bands in the C-H and the 1700- 
1400 cm- ' regions. 

Discussion 

The various spectra indicate that at least 3 pro- 
cesses occurred when PY was sorbed by porous 
glass. For convenience, these are discussed indi- Frc. 5. Adsorption on silicas. A, pure silica, after 
vidually below. It is difficulttodistinguish between to 120 microns p y  at 300. Spectra B-E were 
the different surfaces the PY species experienced obtained with 3 % BZ03-Si02. After degassing at 800" 

by considering only spectra recorded with porous for 4 h thelatter was exposed a t  30" t o  10 microns (B), and 
100 microns of P Y  (C), and was then degassed at 30" for 

glass, because there were no discernible differences 30 min (D), andat looo for3 h ( ~ ) .  
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TABLE I 
PY bands in the C-H region 

Porous glass 
and B,O3. SiOZ 

Cab-0-Sil, 
physical Physical B:PY SiOz/Alz03, Porous 

adsorption adsorption chemisorption chemisorpt~on" glassb PY in CCIaC 

T h e  same 3 bands were reported for PY chernisorbed on Bwnsted or Lewis acid sites (16). 
bData of Nikitin (13). 
CData of Sidorov (14). 
%h m x n s  shoulder. 

strong overlapping with bands at  3 101 and 3078 
cm-', this similarity suggests that the larger 
group of bands found with porous glass is com- 
posed of two overlapping groups. The bands of 
these are listed in columns 2 and 3 of Table I. 
The strong overlapping of bands centered near 
3090 and 3101 cm-' would account for the 
relatively high intensity of the 3101 cm-' band 
found with porous glass and boria-impregnated 
silica. The division of the bands found with 

above, the earlier mechanisms (10, 11, 13, 15) are 
adopted for PY sorption on Cab-0-Sil and also 
on highly degassed porous glass and boria-im- 
pregnated silica. A significant fraction of the 
sorbed PY is taken to be hydrogen-bonded to 
SiOH and B-OH groups via the ring nitrogen 
atom (13), resulting in the shifts of PY bands in 
the C-H region and in the formation of the 
3000 cm-'  band due to the hydrogen bonding. 
Further support for this comes from the experi- 

porous glass and with boria-impregnated silica ments w i th  fluoridated porous glass. 1 n  the 
is used in the discussion below to distinguish absence of OH groups rather high PY pressures 
between physical adsorption and chemisorption were needed to produce detectable bands in the 
effects. 

Physical Adsorptiotz 
Some of the effects observed are common to 

Cab-0-Sil, porous glass, and boria-impregnated 
silica. They are: the diminution of the hydroxyl 
bands, the shift of the hydroxyl bands, the for- 
mation of the 3000 cm-' band, the relative ease 
of removing sorbed PY, and the relatively small 
shift of bands of sorbed PY (columns 1 and 2, 
Table I) from the band positions of unadsorbed 
PY (column 6, Table I). Also, the 1593,1580, and 
1443 cm-' bands found with PY sorption on 
Cab-0-Sil were like those reported by Parry (1 5), 
who recorded spectra over the 1700-1400 cm- ' 
region of PY adsorbed on Cab-0-Sil. In general, 
the effects observed were like those reported for 
porous glass by Nikitin (13). Column 5 of Table I 
lists the bands of sorbed PY observed by Nikitin; 
the band positions, as well as the band shifts with 
respect to the PY bands in CCl, solution, are 
close to those found with Cab-0-Sil. 

The various effects point to a relatively weak 
and reversible interaction of PY with surface OH 
groups and, in view of the similarities outlined 

spectra, indicating that the adsorption was low, 
and the broad 3000 cm-' band attributed to 
hydrogen bonding to O H  groups was not de- 
tected. The 3500 cm-I band was also not found. 

The 3500 cm-I band, e.g. spectrum G, Fig. 2, 
is also ascribed to hydrogen bonding. I t  is attrib- 
uted to an interaction between the n system of 
the aromatic ring of sorbed PY and surface 
hydroxyls, like that found with the sorption of 
aniline on siliceous surfaces (8). Such n-OH 
interactions have been studied by Galkin, Kiselev, 
and Lygin (17) with a variety of aromatic ad- 
sorbates and are discussed by Kiselev and Lygin 
(18). 

Chemisorption 
The bands listed in column 3 of Table I are 

ascribed to chemisorbed PY, in analogy t o  similar 
bands reported for PY sorption on silica-alumina 
(16) by Basila, Kantner, and Rhee (16). The same 
set of 3 bands were ascribed to coordinately- 
bonded PY and to the pyridinium ion. However, 
additional information comes from spectra of 
sorbed PY in the 1700-1400 cm-' region. The 
results of Parry (15), later repeated by Basila, 
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Kantner, and Rhee (16), showed that it was 
possible to distinguish between hydrogen bonded 
PY, coordinately bonded PY, and the pyridinium 
ion. Spectra of PY on boria-impregnated silica 
gave rise to bands at 1624, 1593, 1580, and 1493 
cm-', while bands at 1593,1580, and 1443 cm-' 
were found with Cab-0-Sil. Comparison of the 
spectra of Fig. 5 with Parry's data indicates that 
hydrogen-bonded PY occurred on Cab-0-Sil, but 
that coordinately-bonded PY as well as hydrogen- 
bonded PY formed on boria-impregnated Cab-O- 
Sil. The results thus indicate that a portion of the 
PY sorbed on boria-impregnated Cab-0-Sil 
formed a B:PY complex which gave rise to the 
bands in the C-H region listed in Column 3 of 
Table I. The formation of identical bands with 
PY sorption on porous-glass is strong evidence 
for the occurrence of the same B :PY complex on 
the porous glass surface. 

The absence in all spectra of bands at 3260 and 
3 188 due to N-H stretching vibrations (16) and 
of a band at 1540 cm-' due to N-H deformation 
(15), all characteristic of the pyridinium ion, 
would imply the absence of significant numbers 
of Brplnsted sites on the various adsorbents 
studied. However, Farmer and Mortland found 
in their study of the PY-PYH' complex in mont- 
inorillonite that a characteristic 1550 cm-' band 
could be completely suppressed when the pyri- 
dinium ion was involved in strong hydrogen 
bonding (19). Also, N-H stretching bands might 
not be detectable because of broadening due to 
hydrogen bonding. Some doubt is therefore 
raised about the total absence of Brplnsted sites 
on the various adsorbents studied and, as the 
same bands apparently exist for PY chemisorbed 
on Bronsted and Lewis sites (16) (column 4, 
Table I), this cannot be resolved by examining 
the PY bands in the C-H region. However, the 
various additional bands found with PY sorption 
on boron-impregnated Cab-0-Sil can be attrib- 
uted to the presence of boria, so that the sugges- 
tion that the B:PY complex formed on porous 
glass and on boria impregnated silica is reason- 
able. 

The similarity of Nikitin's spectra of PY 
sorbed on porous glass to those of PY sorbed 
on Cab-0-Sil shows that the predominant re- 
action observed then was physical adsorption. 
Nikitin's sample of porous glass may have had a 
low boria content per se or have been degassed 
at relatively low temperature, so that no appre- 

ciable amount of boron diffusion to the glass 
surface occurred (2), and therefore no appreci- 
able quantities of a B:PY complex was formed. 

By combining gravimetric and infrared data 
dealing with PY sorption on silica-alumina, 
Basila, Kantner, and Rhee found that the re- 
moval of a portion of the chemisorbed PY was 
accompanied by an increase in  the number of 
free, non-hydrogen bonded surface OH groups, 
indicating that a hydrogen bonding interaction 
existed between these two surface species. Their 
experiments indicated that, on the average, each 
chemisorbed PY molecule was bonded to a single 
surface OH group (16). With the present data it 
is interesting to note in spectra of sorption-de- 
sorption cycles such as in Figs. 1 and 2, that the 
intensity changes of the B-OH band were 
greater than those of the SiOH band, and that 
the 3500 cm-' band ascribed to  n-OH inter- 
action appeared before the 3000 cm-' band had 
reached significant proportions (spectrum B, 
Fig. 1) and remained after much of the physically 
adsorbed PY had been removed (spectrum G, 
Fig. 2). The effects cannot be quantitative because 
of strong overlapping of bands. However, taken 
together the effects suggest a larger involvement 
in hydrogen bonding for the B-OH than the 
SiOH groups and, in view of the hydrogen bond- 
ing of chemisorbed PY to surface OH groups, 
hydrogen bonding of the B :PY complex to neigh- 
boring B-OH groups. 

Dissociation 
It has been mentioned earlier that the surface 

OH group concentration was greater after PY 
sorption and desorption than that  on the origi- 
nal surface, shown especially by the increase 
of the B-OH band. A similar effect was de- 
scribed for PY sorption on silica-alumina by 
Basila, Kantner, and Rhee, who attributed the 
increase in OH groups subsequent to evacuation 
of a PY-containing sample at 500" to the de- 
composition of chemisorbed PY with consequent 
generation of surface OH groups (17). The present 
data suggest the same effect. 

Spectra of fluoridated porous glass (Fig. 4) 
show that small bands due to SiOH and B-OH 
groups were formed when sorbed PY was pumped 
off. As fluoridated glass is quite reactive (5, 9) 
to  H 2 0 ,  the small build up of O H  bands removes 
the suspicion that an H 2 0  contaminant was re- 
sponsible and points to a dissociation of sorbed 
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PY. Significantly, the B-OH band formed was 1. M. J. D. LOW and N. RAMASUBRAMANIAN. Chenl. 
Commun. 20,1965. 

larger the SioH band E, Fig. 4, 2. M. J. D. Low and N. RAMASUB,MANIAN. J. Phys. 
and, along with the generally larger changes in Chern. 70,2740 (1966). 
B-OH bands than in SiOH bands, suggests that 3. M. J. D. LOW and N. RAMASUBRAMANIAN. J. Phys. 

Chern. 71,7309 (1967). 
surface boron was to some extent involved in the 4. M. J. D. LOW, N, RAMASUBRAMANIAN, and v. v. 
dissociation process. Similarly, the spectra of PY SUBBA RAO. J. Phys. Chern.71,1726(1967). 

on deuterated porous glass suggest the generation ~ ~ m ~ $ ~ 7 " ( ; ~ 6 $ 1 :  RAMAsUBRAMANUN. PhyS. 
of OH groups, but the data are complicated by 6. M. J. D .  Low, N. RAMASUBRAMANIAN, and P. 
some exchange of the PY ring hydrogens. Con- RAMAMURTHY. J. Vac. Sci. Technol. 4, 11 1 (1967). 

I 7. M. J. D. Low, N. RAMASUBRAMANIAN, P. RAMA- 
trary to B a s h  Kantner, and Rhee's observation MuRTHy, and A. V. DEO. J. phys. Chern. 72, 2371 
that only OD and ND vibrations occurred when (1968). 
PY was sorbed on deuterated silica-alumina (17), 8. M. J. D.  LOW and V. V. SUBBA RAO. Submitted for 

publication. 
some very weak and indistinct bands near 2300 9. M. J. D. LO, and v. v .  suBBA RAO. Unpublished 

, cm-' attributed to the C-D stretchings of results. 
deuteropyridine were found with porous glass. 10. N. G.  YAROSLAVSK". Metody Issled. Strukt. 

Visokodispers. i Poristykh Tel, Akad. Nauk SSSR, 
I However, the intensity decrease of the OD bands Trudy Soveshchaniya, 1951,153 (1953). 

(spectra A', B', Fig. 3) was not solely caused by 11. N. G.  YAROSLAVSK~~ and A. N. TERENIN. Dokl. 
I Akad. Nauk SSSR, 66,885 (1949). exchange with C-Hy because the shift the OD 12. A. V. KISELEV and V I. LYGIN. 111 Infrared spectra of ~ bands and the formation of the broad 2500 cm-I adsorbed species. By L. H. Little. Academic Press, 

Inc., NewYork. 1966. p. 226. band indicated hydrogen bonding of PY to OD 13. V. A.  NIKITIN Opt. i Spectroskopiya 1,593 (1956). 
groups. Although a part of the OH groups formed 14. A. N. ~ 1 ~ 0 ~ 0 ; .  Opt. i Spectroskopiya8, 51 (1960). 
on the deuterated glass (spectrum B, Fig. 3) can 15. E. p. PARRY. J. Catalysis,Z, 371 (1963). 

be ascribed to the OD-CH exchange, a part can 16. M. R' BAslLA> T. R. KANTNER, and K. H. RHEE. 
J. Phys. Chem. 68,3197 (1964). 

be attributed to the PY dissociation. The dis- 17. G. A. GALKIN, A. V. KISELEV, and V. I. LYGIN. 
sociation mechanism is not known. Trans. Faraday Soc. 60,431 (1964). 

18. A. V. KISELEV and V. I. LYGIN. It2 Infrared spectra 
of adsorbed species. By L. H. Little. Academic Press, 
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Anion-molecule complexes in solution. II. The complexing of halide ions with 
acetylated P-D-glucopyranosyl derivatives 

J. S. MARTIN, JUN-ICHI HAYAMI', AND R. U. LEMIEUX 
Department of Cl~ernistry, University of Alberta, Edmonton, Alberta 

Received February 13, 1968 

Tetra-0-acetyl-p-D-glucopyranosyl halides and phenoxides in solution in acetonitrile showed a 
specific deshielding of H-1, H-3, and H-5 on addition of tetraethylammonium halides. The shifts and 
equilibrium constants increased as the anion radius decreased. The ortho hydrogens of the phenoxide 
aglucons were also significantly deshielded. The strong dependence of the equilibrium constants of the 
phenoxide compounds on p-substituents indicated considerable involvement of the phenyl groups in a 
specific conformation. A simple electrostatic model was successful in correlating the energies and pre- 
dicting the structures of the complexes. It was not necessary to postulate specific hydrogen bonding to 
account for association of the anion with an electrophilic region of the molecule. The calculations 
required specific orientations of acetoxy groups with respect to the pyranose ring which are consistent 
with those of related studies. In  favorable circumstances, the method may be used as a probe for electro- 
philic regions in molecules. 

Canadian Journal of Chemistry, 46, 3263 (1968) 

Introduction 

In the course of an investigation of the reactions 
of the anomeric tetra-0-acetyl-D-glucopyranosyl 
chlorides (TGP chlorides) (I), it was found that 
the nuclear magnetic resonance (n.m.r.) signals 
assigned to the hydrogens at the 1, 3, and 5 
positions of certain p-anomers (see Fig. 1) were 
specifically shifted to lower shielding when tetra- 
ethylammonium halide salts were added to their 
solutions in thoroughly dry acetonitrile. A typical 
instance is shown in Fig. 2. The spectrum of a 
TGP derivative shows signals, identified in Fig. 2, 
in the range T 4 to 6 which are characteristic of the 

hydrogens on the pyranose ring. Note how, on 
addition of tetraethylammonium chloride, the 
signals assigned to H-1, H-3, and H-5, and certain 
of the ring hydrogen signals of P-TGP p-nitro- 
phenoxide move to lower shielding (z) values, the 
magnitude of the deshielding increasing as the 
salt concentration increases. 

Since our first report of this phenomenon (2), 
Green and Martin (3), in Paper I of this series, 
interpreted the similar shifts of the hydrogen 
signals of haloforms in terms of simple 1:l 
association of the halide ion with the hydrogen- 
bearing molecule. The association is usually 
directed toward the hydrogen site, and may be 
regarded as a form of hydrogen bonding to the 
nucleophilic halide ion. 

The deshielding effect was not observed when 
halide salts were added to solutions of the same 
hydrogen-bonding substrates in a strongly 
solvating medium, such as deuteriochloroform. 
The substrate is therefore in competition with the 
solvent for the halide ion. Acetonitrile is known to 
solvate anions relatively weakly (4, 5 ) ;  a mani- 
festation of this is the powerful nucleophilicity of 
halide ions in this solvent (6). Thus the P-TGP 
derivatives are displaced from halide ions by 
deuteriochloroform, but not by acetonitrile. 

FIG. 1. Tetra-0-acetyl-p-D-glucopyranosyl derivatives 
(A = halide or phenoxide) to show the approximate Experimental 
orientations of the acetoxy groups. The derivatives of glucose, all previously well known 

-- compounds, were prepared by following the standard 
'Postdoctorate Fellow, 1963-1964. Present address: procedures (7,s) and they possessed the expected ~ h ~ s i c a l  

Institute for Chemical Research, Kyoto University, constants. The acetonitrile and the quaternary ammonium 
Kyoto, Japan. halides were purified as previously described (1). Solutions 
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FIG. 2. Changes of 100 MHz spectrum of tetra-0-acetyl-0-D-glucopyranosyl p-nitrophenoxide in acetonitrile on 
addition of tetraethylammonium chloride. 

\\,ere prepared under dry nitrogen, and sample tubes were 
carefully sealed to exclude oxygen and water. 

H-1 n.m.r. spectra were obtained at 100 MHz, at 
ambient probe temperature (35 + 1 "C). Line positions 
were measured to 0.1 Hz by standard sideband methods, 
referred to 3% internal tetramethylsilane. The use of a 
spherical, inert internal reference effectively compensates 
for most general solvent effects (9). 

Chemical shifts were approximated as the first moments 
of multiplets associated with the nuclei in question. 
Rigorous moment analysis (10) permits the shifts to be 
derived from the secor~d moment of the multiplet relative 
to the first moment of the total spectrum. The error 
arising from our approximate method of analysis can be 
shown to be of the order of CJJiJ2/4(vl - v,), where vi is 
the shift sought, in Hz, and VJ and Jjj are the appropriate 
shifts of, and couplings to, other strongly interacting 
nuclei. 

Typically, the chemical shift of H-1 could be derived 
by this method with an accuracy of 0.005 p.p.m. at all 
concentrations. Inspection of Fig. 2 indicates that at 
certain concentrations the shifts of H-3 and H-5 will be 
inaccessible. Consequently only the variation of the H-1 
shift with concentration was used for analysis. 

The AA'BB' benzene-ring spectra of para-substituted 
TGP phenoxides were analyzed for the chemical shifts 
by regarding the four strongest lines as an  AB spectrum. 
This is known to yield very accurate values of the shifts 
in these systems (11). 

Equilibrium Analysis 
All solutions were made up  with a substrate 

(TGP compound, S) concentration of about 
0.1 M. The shieldings of substrate hydrogens 
were then observed as a function of salt (I) con- 
centrations over the range 0 to  1.4 M, the value of 
which is primarily limited by the salt solubility in 
acetonitrile. These conditions favor 1 :I complex 
formation. At the  concentrations used, the 
substrate was usually the minority constituent, so  
S,,I complexes were unlikely; in all cases, multiple- 
ion complexes SI,, are energetically unfavorable. 

Subject to  the assumption of 1 : 1 complexes, the 
substrate-ion association equilibrium with the 
con~plex, C, may be represented by 

Since only a single sharp spectrum is observed 
a t  any concentration, the transfer of substrate 
molecules between the free and complexed forms 
must be very rapid. The observed chemical shift, 
v, of a nucleus is then the concentration-weighted 
average of its values, v, in the free form and v, in 
the complex. Thus, 

[Cl v - v ,  A 
-- - - 

[21 [S] + [C] v, - v, A, 
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The equilibrium constant, K, and the limiting 
shift of the complex, A,, cannot be observed 
directly. Equations [l] and [2] may be combined 
to yield Scott's modification (12) of the Benesi- 
Hildebrand equation (1 3) : 

[31 [IIIA = l/KA, + [IIIA, 

If a set of observed values of A versus [I.] is 
converted to y = [I]/A and x = [I], and these 
fitted to a best straight line, 

~ 4 1  Y = b, + b , ~  

then, 

151 AE = l/b2 

and, 

C6I K = bJb, 

The free ion concentration, [I], differs from the 
total ion concentration, [I],, by the complex 
concentration : 

An initial estimate was made of Kand A, using the 
total ion coacentration, [I],, as an approxima- 
tion to [I]. A better value of [I] at each concentra- 
tion could then be computed using the relation, 

[81 [I1 = [I10 - [ s 1 , ( ~ / ~ , )  

I The equilibrium analysis was then repeated, with 
better estimates of the values of [I], until a self- 
consistent set of values was obtained. This usually 
occurred within 5 to 10 iterations. The analysis 
was carried out by means of a Fortran program, 
SHEBA, on the IBM 360 - 65/67 computer. 
SHEBA is described in more detail in Paper I (3). 

The error estimates of K and A, are derived 
from standard errors of the linear regression 
coefficients by the usual methods (14), with the 
modification that error estimates on the observed 
quantities (chemical shifts and concentrations) 
are included in the derived standard errors. The 
error estimates of the shieldings included the 
probable error, described above, resulting from 
the approximations used in the spectral analysis. 

In all cases the variation of the H-1 shift with 
concentration was used to deduce the equilibrium 
constant and the complex shift, A,, of H-1. The 
complex shifts of other nuclei were determined 
from the slopes of least-squares fits of these shifts 
versus the H-1 shifts. The points were weighted 
ii~versely as their probable errors. In a few cases, 

sufficient precise shifts of a nucleus other than H- 1 
were available to allow an independent deter- 
mination of the equilibrium constant. In all cases, 
this second determination agreed to within its 
(somewhat larger) error range with the equili- 
brium constant derived from the H-1 shifts. 

Experimental Results 
The equilibrium constants and significant 

complex shifts of the complexes analyzed are 
shown in Table I. In all cases but one, these are 
in agreement with the preliminary results, ob- 
tained by the original Benesi-Hildebrand method, 
reported previously (2). The values originally 
reported for the chloride ion complex with 
P-TGP fluoride appear to have been significantly 
in error. This is discussed in the Appendix. 

No evidence of significant complex formation 
of chloride ion was found for any of the following 
substrates : penta-0-acetyl- P-D-glucopyranose, 
tetra-0-acetyl-a-D-glucopyranosyl chloride, and 
tetra-0-acetyl-a-D-glucopyranosyl p-nitrophen- 
oxide. 

The following features of the data in Table I 
are considered significant : 
1. In every case, the complex shifts of H-1 and H-5 
are of comparable magnitude, and considerably 
greater than that of H-3. No significant shifts of 
any other hydrogens on the pyranose system were 
observed. 
2. For the complexes of P-TGP phenoxides there 
is significant shifting of the benzene-ring hydro- 
gens which are ortho to the aglucon oxygen. 
3. The equilibrium constant increases as the radius 
of the halide ion decreases for the complexing of 
the three halide ions, C1-, Br-, and I-,  with 
P-TGP p-nitrophenoxide. This is consistent with 
the behavior of haloform complexes (3) and 
indicates that the binding energy of the complex 
is primarily electrostatic. 
4. The equilibrium constants, and to  a lesser 
extent the complex shifts, of the complexes of 
P-TGP phenoxide derivatives are strongly in- 
fluenced by the nature of substitution at the 
physically remote p-position of the benzene ring. 
5. The relative shifts of H-1, H-3, and H-5 in the 
chloride complexes of the P-TGP chloride are 
essentially the same as those in the fluoride. 

Discussion 
It has been shown (15, 16) that the shielding 

change, 60, of a hydrogen bonded t o  carbon, 
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TABLE I 
Results of equilibrium analyses of p-TGP complexes 

Equilibrium 
Substrate p-TGP constant Complex shifts, 

derivative Salt (I mole-') Shift ratios (p.p.m.1 

Chloride 

Fluoride 

Phenoxide 

produced by an electrostatic field E (e.s.u.) may 
be represented by the equation, 

where E, is the component of the field along the 
bond in the direction H -t C. This equation 
predicts, for example, that a chloride ion collinear 
with and in van der Waals contact with a C-H 
hydrogen will produce a shielding change of 
- 1.8 p.p.m. If the ion is farther away, or off-axis, 
the shielding change will be smaller. Thus, the 
complex shift provides an indication of the 
position of the ion relative to the C-H bond. 

This model gave reasonable estimates of the 
haloform complex shieldings (3) provided that the 
following reservations were kept in mind. 

The ion-molecule contact may be a t  distances 
somewhat shorter than those defined by the 
appropriate sums of atomic and ionic radii. In 
hydrogen bonding, this shortening is commonly 
of the order of 0.5 A. At this distance, the pre- 

dicted shift of a C-H hydrogen by a collinear 
chloride ion is - 2.7 p.p.m. 

Tetraethylammoniui~~ halides are  primarily in 
the form of ion pairs in acetonitrile solution (17). 
There is evidence (18) that the opposed net field 
of the counter-ion reduces the effective field of the 
anion at the shielded hydrogen by a factor of 
about one-third. 

The absolute values of complex shifts are 
subject to all systematic errors in the equilibrium 
analysis resulting, for example, from non-ideal 
solution behavior, failure to account for solvent 
participation in the complex (l9), and  errors in the 
estimate of the uncomplexed H-1 shielding. 

Since the shifts of H-3, H-5, etc. are derived 
experimentally from their linear variation with 
the H-1 shielding, the ratios of the complex shifts 
are less sensitive t o  errors affecting their absolute 
values. In the following computations, only shift 
ratios are used t o  determine the ionic position 
relative to the affected hydrogens, assuming that 
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the ion is at some ~ o i n t  in van der Waals contact 
with the molecule2. 

It is not possible to establish, by n.m.r. alone, 
whether a substrate forms one unique complex 
with an ion, or several complexes of different 
geometry in rapid equilibrium. Kuntz and 
Johnston (20) have shown that in the latter case 
the observed shift/concentration behavior is 
indistinguishable from that of a system exhibiting 
a single con~plex, of equilibrium constant equal to 
the sum of individual constants, and with limiting 
shifts equal to the weighted means of the values in 
the various complexes. I t  is possible, therefore, 
that we have observed not a single complex, in 
which the ion has a position close to several 
nearby hydrogens, but a series of rapidly- 
equilibrating complexes, in each of which the ion 
interacts specifically with a single hydrogen. This 
postulate has the virtue of permitting all inter- 
actions of ions with hydrogens to becollinear with 
the C-H bonds (21). 

We conclude, however, that the ion-molecule 
interaction we have observed involves association 
of the anion with a single, electrophilic region of 
the molecule, and that it is purely electrostatic. 
We base this co~lclusion primarily on the excellent 
agreement between the observations of relative 
shifts and stabilities of these complexes with 
predictions based on a semiclassical electrostatic 
model of the interaction, which is presented in the 
following section. 

Ion-Molecule Association Energies 
We shall assume, for simplicity, that the overall 

process of complex formation is displacement of 
one or more solvent molecules from the ion. 
Significant complex formation will be observed 
if the process is to some extent exothermic. This 
will be true if the energy decrease on binding a 
substrate molecule to the ion exceeds the energy 
increase on removing from the ion the solvent 
molecules which are displaced by the substrate. 

ZThe actual values of complex shifts predicted for these 
structures by eq. [9] are in reasonable agreement with the 
observed values presented in Table I. For example, the 
predicted shifts of H-1 are all in the range -0.7 to 
- 1.6 p.p.m., as are the observed shifts. The agreement 
with experiment is within experimental error for the 
B-chloride and p-fluoride complexes; less close for the 
phenoxy-substituted compounds. The electrostatic model 
and experiment agree that the complex shifts in complexes 
of B-p-nitrophenoxide should decrease in the order 
C1- > Br- > I-. 

The solubility of the salts indicates that they 
interact strongly with the solvent; it can be 
estimated (3) that the solvation energy of a 
chloride ion in acetonitrile is -60 to -70 kcal. 
Thus stable complex formation indicates that the 
ion-substrate interaction energy falls below a 
certain critical value, whose magnitude should be 
approximately the binding energy of a single 
solvent molecule, that is, about - 10 kcal(3). 

The Electrostatic Model 
A model which will account for stereospecific 

association of an ion with certain regions of a 
molecule must take into account properties of 
local structures. The simplest such model which 
uses input parameters which may be obtained 
independently is one which computes the inter- 
action of the ionic field with each bond. In Paper I 
(3), a model was developed which sums the 
energies of interaction of the ion with the per- 
inanent and induced dipoles of the bonds as 
follows : 

1lij = 1 if atoms i and j are bonded; otherwise 
q i j  = 0. pij is the permanent bond dipole 
moment. aij is the bond polarizability tensor. 
This is assumed to be axially symmetric, with 
components a l l i j  along the bond and aLij 
perpendicular to it. Eij is the electrostatic field due 
to the ion at bond ij. 

The evaluation of ion-molecule interaction 
energies using this equation was previously 
described in more detail (3). 

A computer program, IONPOT, was written 
to carry out the calculations, which tend to be 
extensive and repetitive. IONPOT is given the 
atomic coordinates relative to a suitably chosen 
set of axes, and brings the ion down from the 
positive z direction. When the ion is just touching 
the van der Waals surface of the molecule, the 
energy is computed using eq. [lo], and all 
appropriate hydrogen shieldings are computed 
using eq. [ 9 ] .  These operations are performed 
over a specified grid of uniform intervals in the 
x and y coordinates of the ion, yielding a potential 
map of the molecular surface, projected on the 
x-y plane. 

Coordinates of the atoms in the rigid part of 
the P-D-glucopyranose structure were taken from 
Ferrier's X-ray analysis of the P-D-glucose 
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FIG. 3. Isometric projection of part of the tetra-0- 
acetyl-13-D-glucopyranosyl phenoxide molecule, according 
to Ferrier's analysis of the crystal structure of 0-D- 
glucopyranose (22). Atoms C-7 and 0-7 are part of the 
3-acetoxy group in its most probable orientation. 

FIG. 5. Ion-molecule interaction equipotentials for 
chloride ion and tetra-0-acetyl-P-D-glucopyranosyl chlor- 
ide, without the acetyl groups. 

standard sources (23-28). The values used in the 
computations are listed in Table 11. 

The molecular surface of interest is obviously 
the side of the pyranose ring bearing atoms H-1, 
H-3, and H-5. Ferrier's atomic coordinates were 
accordingly transformed to put C-1, C-3, and 
C-5 in the x-y plane, as shown in Fig. 4, with the 
attached hydrogens facing upwards in the positive 
z direction. Note that these three hydrogens in the 

crystal structure (22). The symbols for these atoms TABLE I1 

are underlined in Fig. 3. The hydrogen positions Parameters used in the electrostatic 

were recomputed from Ferrier's data, to give (a) Atomic computations and ionic properties 
C-H bond lengths of 1.10 A. The bond dipoles 
and polarizabilities, atomic polarizabilities, and Radius Polarizability x 
van der Waals radii used were taken from Atomlion (A) (cm3) 

(6) Bond properties 
- 

Bond polarizability 
x loZ4 (cn13) 

Bond 
Bond dipole (D) Mil L 

C-C 0.00 1.88 0.02 
C-C (Av.) 0.00 2.25 0.48 
C-H 0.00 0.79 0.58 
C-0 1.15 1.47-1 0.841- 
C=O 2.80 1.99 0.75 
C-F 1 .80 0 .96t  0.55t 
C-CI 1.90 3.67 2.08 

FIG. 4. Projection of part of the structure of Fig. 3, 'Estimated from bond polarizabilities. 
?Estimated from mean polarizability, assuming .r, /zil = 0.57 

from above the plane defined by C-1, C-3, and C-5. (see ref. 27). - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MARTIN ET AL.: ANION-MOLECULE COMPLEXES IN SOLUTION. II  3269 

P-pyranose system form a compact cluster, with 
the three C-H bonds essentially parallel. An 
examination of the local bonding suggests that 
this region of the molecule should be attractive to 
a negative ion, since C-1, C-3, and C-5 are all 
positively charged by reason of their bonding to 
various oxygen atoms. 

Figure 5, which is drawn to the same scale as 
Fig. 4, is a contour map of the potential energy 
of interaction of a chloride ion with the region of 
P-TGPchloride shown in Fig. 4. Only those atoms 
which are conformationally rigid were used in the 
computation, those atoms with underlined 

I symbols in Fig. 3. 0-1 was replaced by a chlorine 
atom, at a suitable bond distance from C-1. The 
most striking feature of Fig. 5 is the potential well, 
more than 17 kcal deep, near the center of the 
H-1/H-3/H-5 triangle. A computation of this type 
reveals no such feature on the other side of the 
ring; nor is there any point on the corresponding 
surface of the a-anomer where the energy is 
computed to  be less than -7 kcal. 

I t  is not feasible to include in the computation 
interaction all of the atoms in the 0-TGP 
chloride molecule, since the acetoxy groups and 
the groups bonded to C-6 are conformationally 
mobile. However, it is possible to assess the ap- 
proximate magnitude of some of the more 
important contributions from these groups. 

Mathieson (29) has surveyed X-ray crystal 
structure analyses of ester groups in equatorial 
orientation, and concludes that the carbonyl 
oxygen is preferentially in the region of the 
methine hydrogen geminal to the acetoxy group. 

I o n  Position, a 

FIG. 7. Chemical shift changes of p-TGP hydrogens 
vs, position of chloride ion on molecular van der Waals 
surface. The dashed line at the bottom corresponds to the 
dashed line along the potential trough in Fig. 6 .  

The strong deshielding on acetylation of an 
alcohol confirms that this is also the preferred 
conformation in the liquid phase. 

At ring positions 2 and 4, the very polar C=O 
bonds will therefore be directed away from the 
H-1/H-3/H-5 side of the ring, and should not 
impede an anion approaching the ring from this 
side. In fact, since they are aligned with their 
positive ends directed toward the ion, their effect, 
if any, will be attractive. The presence of two 
negatively charged oxygens in the vicinity of H-2 
and H-4 will make that region even less attractive 
to a negative ion. 

The carbonyl group of the acetoxy at  position 3 
is obviously in a position to exert a strong in- 
fluence on the complex energies in the neighbor- 
hood of H-3. Atomic coordinates for its atoms 
(C-7 and 0-7 in Fig. 3) were estimated using 
typical bond lengths and angles, and assuming 
that H-3, C-3, 0-3, C-7, and 0-7 are coplanar. 
This puts 0-7 in its position of closest approach 
to H-3, at a distance about 0.1 A less than the 
2.2 A commonly observed (29), and will probably 
result in a slight overestimate of its effect on the 
complex energy. 

The potential map of the model of P-TGP 
FIG. 6. AS in Fig. 5, including the carbonyl of the chloride including the 3-acetoxy group is shown 

3-acetyl group (C-7 and 0-7, of Fig. 3). The dotted curve in ~ i ~ .  6. ~h~~~ is no question that the ace- encloses the ionic positions indicated by the complex 
shifts. toxy group influences the energies profoundly, 
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especially in the vicinity of H-3. The presence of 
a second acetoxy-oxygen near H-1 in the penta- 
acetate ought to raise the ion-molecule energy 
over this entire region of the molecule. The ob- 
served failure of penta-0-acetyl-P-D-glucopy- 
ranose to complex chloride ion presumably 
reflects this destabilization by two acetoxy groups 
on the same side of the molecule. 

When the 3-acetoxy interaction is included, the 
potential well of Fig. 5 becomes a long, level 
potential trough running out of the H-l/H-3/H-5 
triangle beyond H-1 and H-5. The displacement 
of the minimum toward H-1 and H-5 is consistent 
with the observation that H-1 and H-5 have the 
largest complex shifts. Since the energy at  the 
bottom of the trough (defined by the dashed line 
in Fig. 6) varies by less than 1 kcal, it is not 
reasonable to expect this rather crude model to 
specify with any accuracy the location of the 
potential minimum along the trough, and thus 
the location of the ion in the P-TGP chloride 
complex. 

It seems reasonable, however, to make the 
following predictions, based on the form of the 
potential map (Fig. 6) of the P-chloride. 
1. The ion sho~ild be found somewhere near the 
bottom of the trough. 
2. Since the model we have used for the P- 
chloride is common to all P-TGP derivatives, 
the long, level trough predicted by the model 
indicates that the position of minimum poten- 
tial energy, and thus the location of the ion in a 
particular complex, should be profoundly in- 
fluenced by substituents in this region: in 
particular, by substituents on C-1. 

It should be possible to locate the ion along the 
potential trough by examining the variation of the 
conlplex shifts of H-1, H-3, and H-5. Figure 7 
shows the variation of these shifts, computed 
using eq. [9], as a function of position of a 
chloride ion along the potential minimum line, 
indicated by the dashed line in Fig. 6. It is apparent 
that the model will account for most of the shifts 
reported in Table I if the ion is located between 
1 and 2 A to the left (outside) of the line joining 
C-1 and C-5. 

In the next three sections, the chloride ion 
complexes of specific molecules are discussed, 
and their equilibrium constants and complex 
shifts interpreted with respect to the models 
defined above. 

Complexes of P-TGP Chloride and Fluoride 
with Chloride Ion 

These compounds differ only in that both the 
bond moment and polarizability of the C-1-C1 
bond are greater than those of the C-1-F bond; 
the somewhat larger equilibrium constant of the 
P-TGP chloride thus reflects a somewhat more 
negative energy of interaction of this compound 
with the ion. The actual energy difference is small; 
using the parameters in Table 11, we computed a 
potential energy diagram with a potential trough 
which, though about 1 kcal less deep than that of 
the P-TGP chloride shown in Fig. 6, was never- 
theless in essentially the same place. 

The complex shifts are in the same proportions 
in the two molecules, to within their error ranges. 
The dotted curve in Fig. 6 encloses the region in 
which eq. [9] predicts shift ratios within experi- 
mental error of those observed. This region is 
entirely within 0.5 A of the potential trough, and 
the energies computed within it are  within 2 kcal 
of the minimum computed values. Considering 
the approximations inherent in the model, and the 
sensitivity of the computed energies to small 
changes in the positions of conformationally 
mobile groups, this agreement is satisfactory. 

Complexes of P-TGP Phenoxide with Chloride Ion 
The deshielding of the benzene-ring hydrogens 

H-2' and H-6' in Fig. 3, which are ortho to the 
point of attachment to 0- l ' ,  indicates that these 
hydrogens must be close to the ion in the complex. 
Strong interaction of the corresponding hydro- 
gens with the ion in complexes of benzyl alcohol 
with bromide ion has been reported (30). 

The fact that the symmetry of the AA'BB' 
spectrum of ap-substituted phenoxy derivative is 
unchanged on formation of the complex reflects 
the fact that the benzene ring is free to rotate: 
on the average, H-2' and H-6' interact equally 
with the ion. 

Study of molecular models suggests that the 
orientation of C-1' relative to the pyranose ring 
is restricted to that shown in Fig. 3. The benzene 
ring has somewhat more freedom t o  rotate about 
the 0-1-C-1' bond. Each of its conformers will, 
of course, have a symmetrically equivalent twin, 
in which the positions of H-2' and H-6' are 
exchanged. 

One possible orientation of the benzene ring 
is shown in Fig. 3 ; one ortho-hydrogen (H-6'), is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MARTIN ET AL.: ANION-MOLEC LE COMPLEXES IN SOLUTION. 11 3271 

located in a position between 0-5 and H-1 where 
it may interact strongly with an ion in the vicinity 
of H-1 and H-5. In this conformer, H-6' is shown 
in dashed outline in Fig. 4. The second allowed 
conformer is related to the first by a rotation of 
about 90". 

The energy of the complex will be a weighted 
average over all conformers accessible to the 
benzene ring. Figure 8 is the potential energy 
contour map of the conformer depicted in Fig. 3. 
The region of minimum potential is very broad, 
and includes the region, enclosed by the dotted 
curve, which defines positions of the ion con- 
sistent with the observed shift ratios. 

The observed complex shift of ortho-hydrogens 
will be an average over all conformations. If only 
the conformation shown in Fig. 3 and its sym- 
metrically equivalent twin are appreciably popu- 
lated, the observed ortho shift will be (6c2r + 
60,,)/2. Computed values of this quantity are 
shown by the dashed curve in Fig. 7. 

If the ion is within the dotted curve in Fig. 8, 
the computed ortho shift is about 0.25 of the H-1 
shift. The observed value3 of AJA, is 0.4. 

The other possible conformation of the benzene 
ri ~g would remove both H-2' and H-6' from the 

FIG. 8. Ion-molecule interaction equipotentials for 
chloride ion and tetra-0-acetyl-a-D-glucopyranosyl phen- 
oxide. The dotted curve encloses the ionic positions 
indicated by the complex shifts. 

3The computed value of A,, -0.3 p.p.m., is the average 
of 60,. = -0.9 p.p.m. and 602, = f 0 . 3  p.p.m. Better 
agreement with the experimental value would be obtained 
if the value of 602, were nearly zero. Dielectric polariza- 
tion of the benzene ring could shield the nucleus of H-2' 
from the ionic field: such a mechanism has been postu- 
lated (3) to explain a surprisingly small electrostatic shift 
of the hydrogen in iodoform by an ion on the far side of 
the highly polarizable C-I bonds. 

FIG. 9. Ion-n~olecule interaction equipotentials for 
chloride ion and tetra-0-acetyl-P-D-glucopyranosyl p- 
nitrophenoxide. The dotted curve encloses the ionic 
positions indicated by the complex shifts. 

vicinity of the ion, contribute very little to their 
complex shifts, and thus make worse the dis- 
crepancy between the observed and predicted 
values. The large complex shift of the ortho- 
hydrogens thus indicates that the conformation of 
the benzene ring shown in Fig. 3 is the predomi- 
nant one in the complex. 

Complexes ofpara-Substituted P-TGP 
Phenoxides with Chloride Ion 

The complex equilibrium constants and shifts 
of these compounds are extremely sensitive to 
the nature of a substituent on the para-position of 
the benzene ring. Since the electron-withdrawing 
nitro group stabilizes the anion complex and the 
electron-donating methoxy group destabilizes it, 
it appears that the mechanism involved is 

FIG. 10. Ion-molecule interaction equipotentials for 
chloride ion and tetra-0-acetyl-P-D-glucopyranosyl p- 
methoxyphenoxide. The dotted curve encloses the ionic 
positions indicated by the complex shifts. 
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transfer of charge out of or into the benzene pi- 
electron system. 

These substituents are known to interact with 
the benzene ring primarily by a mesomeric 
mechanism, which typically produces roughly 
equal charge density changes at the positions 
ortho and para to the substituent, and little or no 
change at the meta position (31). The magnitude 
of the charge density changes may be estimated 
from the hydrogen shielding changes character- 
istic of these substituents. The nitro group 
produces a deshielding of about -0.4 p.p.m. at 
the para position; the methoxy group a shielding 
of about f0.4 p.p.m. (32). Using the constant of 
proportionality of 10 p.p.m./electron (33), one 
deduces that the nitro group is reasonably 
represented as producing a net positive charge of 
0.04 electron or + 2  x 10-l1 e.s.u. at C-1', C-3', 
and C-5'; the methoxy group produces charges of 
the same magnitude and opposite sign. 

Using the benzene ring conformation of the 
previous calculation, and representing the sub- 
stituent perturbations by the charges deduced 
above, potential energy maps representative of 
P-TGP p-nitrophenoxide (Fig. 9) and P-TGP 
p-methoxyphenoxide (Fig. 10) complexes were 
computed. As expected, the minimum energy 
decreases on nitro substitution and increases on 
methoxy substitution. Both changes, relative to 
the unsubstituted compound, are of the order of 
1.5 kcal. Since the computations are performed 
for the most favorable conformer only, these 
computed changes probably overestimate the 
actual changes. 

The actual energy changes on substitution may 
be estimated as follows. Since d(ln K)/d(AH) = 
- I/RT, at 308 OK the threefold increase of the 
equilibrium constant on nitro substitution corre- 
sponds to a decrease in AH of ca. 0.6 kcal; the 
fivefold decrease on methoxy substitution corre- 
sponds to an increase of ca. 1 kcal. These magni- 
tudes are quite consistent with the predictions of 
the electrostatic model. 

The ionic positions consistent with the complex 
shift ratios are contained within the dotted curves 
in Figs. 9 and 10. The positions of the ion, well 
outside the H-1/H-3/H-5 triangle in the unsub- 
stituted and nitrophenoxy derivatives, suggest 
that the benzene ring is sufficiently attractive to 
the ion that it is capable of pulling it away from 
the pyranose ring, presumably in conformations 
where the benzene ring is relatively remote from 

the pyranose ring. In the methoxy-substituted 
compound, the negative charge on the benzene 
ring repels the ion back towards the H-1/H-3/H-5 
triangle. Precise correlation of the ionic positions 
with the computed potential minima is not to be 
expected, since the exact position of the benzene 
ring is not known. 

Conclusions 

A conceptually simple electrostatic model is 
successful in correlating the energies, and pre- 
dicting the structures, of complexes of anions t o  
tetra-0-acetyl-D-glucopyranosyl derivatives. This 
model contains no adjustable parameters, and 
ascribes no special hydrogen bonding properties 
to hydrogens bonded to electrophilic carbons. 
The complexes may therefore be regarded as 
involving the ion in an interaction with the mole- 
cule as a whole, rather than with any atom or 
functional group. 

The computed energies correlate with the 
observed stability constants if it is postulated that 
complex formation involves competition with the 
solvent for the ion; in acetonitrile, the ion- 
molecule interaction energy must therefore be 
below about - 10 kcal for complex formation to 
be observed. Using the model and this criterion, 
one predicts that the pentaacetate and the 
a-tetraacetates will not form stable complexes: 
this is confirmed by experiment. 

Semiquantitative prediction of relative com- 
plex energies appears feasible for structurally 
similar P-TGP derivatives. 
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Appendix 

The Scott and Benesi-Hildebrand Equilibrizrin 
Analyses of the P-TGP Fluoride Complex 

Our experimental data, the observed shifts of 
H-1 of tetra-0-acetyl-P-D-glucopyranosyl fluor- 
ide, 0.1 M, as a function of tetraethylammonium 
chloride concentration, are given in Table 111. 
The error ranges given are reasonable assessments 
of the reliability of the measurements, based on 
our experience. Error ranges in plotted quantities 
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TABLE I11 
Shift (A) of H-1 of P-TGP fluoride as 
a function of tetraethylammonium 

chloride concentration [I] 

[I1 (MI A (p.p.m.) 

arederived solely from them, by standard methods 
(14). 

Figure 1 1 is a plot of the Scott line (12), defined 
by eq. [3], whose slope and intercept yielded the 
equilibrium constant, K = 0.63 M-'  and com- 
plex shift, A, = - 1.14 p.p.m., reported in 
Table I. In the least-squares analysis, the points 
were weighted inversely as the error ranges 
shown; coilsequently the point at lowest ion 
concentration was given the least weight. 

Figure 12 is the Benesi-Hildebrand (13) plot 
of the same data, which yielded the values 
K = 1.55 M-I and A, = -0.66 p.p.m. reported 
previously (2). These were deduced from the slope 
and intercept of the best straight line, which is 
represented as 

Note that in Fig. 12 the point at lowest con- 
centration, which is known to be the least reliable, 

FIG. 11. Scott-Benesi-Hildebrand analysis of the 
tetra-0-acetyl-P-D-glucopyranosyl fluoride complex with 
chloride ion. 

FIG. 12. Benesi-Hildebrand analysis of the tetra-0- 
acetyl-P-D-glucopyranosyl fluoride complex with chloride 
Ion. 

assumes extraordinary importance. It is apparent 
that it alone has an effect on the slope and inter- 
cept of the best straight line greater than that of 
all the other points combined. Since, consistent 
with its lower reliability, this point appears to 
deviate markedly from the others, it therefore 
leads to misleading results in the Benesi- 
Hildebrand analysis. 

Omitting the point a t  lowest concentration, the 
Scott analysis yields K = 0.43, A, = - 1.49; the 
Benesi-Hildebrand analysis yields K = 0.41, 
A, = - 1.54. These shifts are comparable to 
those in the P-TGP chloride complex, as would 
be expected; these values are therefore probably 
more representative of the actual complex. 

We have chosen to report in Table I results 
which are representative of allof our data points. 
It should be pointed out that, as the error ranges 
reported would suggest, the data set for this 
complex was one of the two least reliable sets in 
the study. 

The following conclusions may be drawn from 
this experience. 
1. Care must be exercised to ensure that no 
experimental point assumes importance out of 
proportion to its reliability. In our present (Scott) 
method of analysis, we guarantee this by eval- 
uating error ranges as described above, and 
weighting the points inversely. 
2. The points used in a linear regression analysis 
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The mercury (6,P1) photosensitized hydrogenation of ethylene. Kinetics of the 
reaction C2H5 + Hz = C2H6 + H 

L. E. REID' AND D. J. LE ROY 
Las/i Miller Cl1etrrical Laborrrtories, Ut~iuersity of Toroilto, Toronto 5, Ottrario 

Received March 19, 1968 

A quantitative study has been made of the reaction of ethyl radicals with molecular hydrogen in the 
gas phase in the temperature range 240 to 320 "C. The mercury (63P1) photosensitized decomposition 
of hydrogen in the presence of ethylene was used to generate ethyl radicals. Extinction coefficients for  
the absorption of 2537 &, by mercury vapor were measured and Beer's law was shown to be obeyed 
under the experimental conditions used. The  corrections required to allow for the nonuniformity of 
radical concentrations in the cell were small. After delineating the experimental conditions necessary 
to minimize secondary reactions, the rate constant (cn13 mole-' s-') for the reaction CzHS + Hz = 
CzH6 + H was found to be given by log,, k = 12.57 - 13.718. Experiments in the presence of added 
carbon dioxide showed the absence of hot radical effects at the working pressure of 92 Torr of hydrogen. 
Canadian Jorlrnal of Chemistry, 46, 3275 (1968) 

Relatively few atom transfer reactions of the 
I type R + X, = RX + X, where X = H or D, 

have been studied (1-3), and in the even fewer 
cases where the reaction of a given radical with 
both H, and D, has been investigated there is 
some doubt about the magnitude of the isotope 
effect on the activation energy. For n-C,F, 
radicals, values of 14.0 (4) and 13.8 (5) kcal mole-' 
have been found for the reaction with D,, 1.9 
(4) and 1.5 (5) kcal mole-' greater than for the 
reaction with Hz. For the reaction of C2F5 with 
D, and Hz (4) the activation energies were almost 
the same: 12.6 and 12.4 kcal mole-', respectively. 
An intermediate isotope effect was found in the 
case of CF,; values of 9.5 (6) and 10.2 (7) kcal 
mole-' were found for the reaction with D,, 
0.9 (6) and 0.7 (7) kcal mole-' greater than for 
the reaction with Hz, although the probable 
errors quoted by the authors in these cases were 
such that a negligible isotope effect would also 
be compatible with their results. In the case of 
C2H5 radicals the value found for the reaction 
with D, was 13.3 kcal mole-' (8) while the value 
for the reaction with H, (9), as subsequently 
corrected (lo), was only 11.3 kcal mole-'. 

The apparent isotope effect for C2H5 radicals 
(8, lo), 2.0 kcal mole-', is very close to the dif- 
ference between the zero point energies of Hz 
and D,. However, there is no theoretical justifi- 
cation for equivalence with zero point energy 
differences, and recent measurements in this 
laboratory (1 1) show no such correlation in the 

'Present address: Research Department, Imperial Oil 
Enterprises Ltd., Sarnia, Ontario. 

case of the three-center exchange reactions of 
atomic and molecular hydrogen and deuterium. 

If we accept a value of 6.8 kcal mole-' (12) or 
greater (13) for the activation energy of the re- 
action 

H + CzH6 = CzHs + Hz 

and a value of about 6.2 kcal mole-' (14, 15) for 
-AH, then the activation energy for the re- 
action 

CzHs + Hz = CzH6 + H 

should be > 13.0 kcal mole-'. In view of the 
uncertainty in this value we felt it necessary to 
reinvestigate the reaction. 

Aside from possible errors in the interpretation 
of the earlier results (9), our present knowledge 
of quantitative photosensitization suggests that 
the conditions used in the earlier investigation 
were far from being ideal. Another factor which 
cannot be neglected in producing ethyl radicals 
by the mercury-photosensitized hydrogenation 
of ethylene is the exothermicity of the reaction 

H + C2H4 = CzHs 

which amounts to about 40 kcal mole-' (16). 
Although there is some question about the 
efficacy of vibrational energy in bringing about 
a bimolecular reaction (1 7, 18), the presence of 
vibrationally hot ethyl radicals could, conceiv- 
ably, cause an apparent lowering of the activation 
energy of the abstraction reaction. 

In the present study of the abstraction of 
hydrogen atoms from H, by ethyl radicals we 
again chose the method of mercury photosensi- 
tization to  produce the ethyl radicals. This 
avoided problems arising from the abstraction 
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of hydrogen from photolytic sources of ethyl 
radicals, such as diethyl ketone, and at the same 
time it permitted us to gain some insight into 
possible hot radical effects. It also enabled us to 
further the development of mercury photosensi- 
tization as a quantitative tool. 

Experimental 
C/zemicols 

All gases were supplied by Matheson, with theexception 
of ethylene, which was Phillips research grade. Hydrogen 
was purified by passage through Deoxo units and silica gel 
traps cooled with liquid nitrogen. Gas chromatographic 
analysis did not reveal any measurable amounts of 
impurities. 

Apparotrrs 
The reaction vessel was a quartz cylinder 5 cm in 

diameter and 6 cm long; it was connected to a circulating 
system which included a glass-Teflon magnetically 
operated circulating pump which had a capacity of 
approximately 900 cm3 min- '. The cell was contained in a 
close-fitting aluminium block furnace with quartz windows 
on each end. 

A considerable amount of emphasis was placed on  the 
accurate control of the mercury vapor concentration in the 
cell and on the measurement of light intensities. The 
former was obtained by including in the circulating 
system a pre-saturator containing dispersed mercury and 
kept at a temperature of 6" to 10' above the ultimate 
saturating temperature, and then a final saturator con- 
sisting of four traps immersed in a single accurately con- 
trolled thermostat. The mercury lamp was of the low 
pressure rare gas type with water-cooled electrode 
chambers (19); these were maintained at 30 + 0.03 'C. 
The lamp was housed in an aluminium box with an aper- 
ture in front of the entrance window of the cell furnace. 
The incident and transmitted light was monitored by a 
double-beam system which included two Westinghouse 
WL-775 diode photocells, associated bridge circuits, and a 
dynamic capacitor electrometer; these particular photo- 
cells are insensitive to light from the lamp at wavelengths 
greater than 2537 A. 
Analysis of Products 

At the end of a run, liquid nitrogen was placed on a trap 
adjacent to the cell and circulation was maintained until 
all condensables were frozen out. The trap was then 
isolated and warmed to room temperature. The contents 
were then swept into the first of two gas chromatographic 
colun~ns using hydrogen as the carrier gas. Column A was 
a 23-ft length of &in. copper tubing containing 20% by 
weight of bis-2-(2-methoxyethoxy)ethyl ether on 60180 
mesh Chromasorb-P. Column B was a 6-ft length of 
&in. copper tubing containing 60-mesh activated silica gel. 
By means of a two-column switching device, only ethane 
and ethylene were allowed to enter column B. 

Known amounts of acetylene (shown not to be one of 
the products) were swept from a calibrated chamber by 
the carrier gas and used as a reference. Ethane and 
ethylene were eluted from column B at 30 "C using a flow 
rate of 40 cm3 min-'; 11-butane, butene-I, and acetylene 

were eluted at 0 "C with a flow rate of 47 cm3 n ~ i n - ' ;  
12-hexane was eluted at 50 "C with a flow rate of 61 cm3 
min-'. The quantitative analysis of every product was 
based on its calibrated relative molar response, i.e. its 
peak area relative to that for the known amounts of 
acetylene. The calibration was done using standard 
samples containing the pertinent compounds in concen- 
trations approximating those in the reaction products. 
When large amounts of carbon dioxide were present this 
was irreversibly absorbed in a trap containing 20-111esl1 
Ascarite, placed ahead of column A. 

Results and Discussion 
Under proper experimental conditions the 

most important reactions occurring will be the 
following: 

At the lowest pressures of hydrogen used (92 
Torr) the quenching of Hg(63P,) atoms is 
essentially complete. Even at the largest pressures 
of ethylene used (ca. 4 Torr) only a small amount 
of quenching will be done by ethylene; a neg- 
ligible amount by the products. The rate of re- 
action [ l ]  can then be equated to  +I,, where + 
is slightly less than unity and I, is the local rate 
of absorption of the resonance radiation. A 
steady-state treatment of reactions [ l ]  to [ 5 ] ,  
inclusive, which we will refer t o  as the basic 
mechanism, gives the result: 

[il d(GH6)ldt = +I,k,l(k, + k4) 
+ (+Ia)+(H2)k5/(k3 + k4)+ 

[ii] d(C4H,,)/dt = +I,Ic,/(lc, + Ic,) 
Assuming, for the moment, the validity of the 

basic mechanism, information about k5 could be 
obtained by varying (Hz) at constant I;,, or by 
varying I, at constant (H,). The former method 
was used by Le Roy and Kahn (9), but it in- 
volves problems relating to the constancy of I, 
and + with pressure broadening of the absorption 
line and changes in the composition of the re- 
action mixture. Since knowledge of I, is required 
in any event, we have used the second method in 
the present work. By keeping both (C,H4) and 
(H,) constant in a given series of experiments 
both + and I, can more easily be kept under 
quantitative control, the latter by controlling the 
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FIG. 1. Beer's law plots for the absorption of 2537 A. 
(Zt/Zo)' is the ratio of the photocurrent originating from 
the transmitted beam to that from the reference beam. 
0, Hydrogen pressure 93.0 Torr; A, hydrogen pressure 
92.0 Torr; ethylene pressure 0.80 Torr. Ordinates 
increased by 0.35, 0.80, 1.20, and 1.50 for 260, 280, 300, 
and 320 "C, respectively. 

incident light intensity and/or the mercury con- 
centration. 

By varying the experimental conditions, we 
have been able to find those for which the basic 
mechanism is valid to a high degree of accuracy. 
This preliminary work will be described first. 

Rate of Light Absorption 
It is not generally recognized that Beer's law 

is obeyed for the absorption of 2537 A radiation 
for the lamps, and some of the mercury vapor 
concentrations, frequently used in mercury 
photosensitization. Some years ago Pinder and 
Le Roy (20) found that E in the expression 

[iii] I t 11 o = e - ~ ( ~ g ) ~  

was essentially constant for values of (Hg)L less 
than 2 x Torr cm, having a value of 1.5 
x 10-l4 cm2 atom- in the presence of 300 Torr 

:D HYDROGENATION OF ETHYLENE 3277 

of propane. McAlduff and Le Roy (21) found that 
E had a constant value of 0.56 x lo-'" cm' 
atom-' for L = 28 cm, (Hg) in the range 
0.6 x lo-" Torr to 1.8 x lo-" Torr, and in the 
presence of 8 Torr or less of nitrogen. Beer's law 
was still obeyed but pressure broadening raised 
the value o f s  to 1.6 x 10-l4 cm' atom-' in the 
presence of 80 Torr of nitrogen. The values of E 

obtained are applicable t o  the kind of lamp used, 
and are generally smaller than those calculated 
by the method of Mitchell and Zemansky (22). 

In order to calculate the localand average rates 
of light absorption in the present experiments, we 
investigated the validity of Beer's law for a series 
of temperatures, mercury concentrations, and 
substrate compositions. As shown in Fig. 1, 
Beer's law is obeyed for mercury pressures in the 
range up to 4 x Torr with an optical path 
length of 6 cm and in the presence of 92 Torr of 
hydrogen. The value of E is unaffected by the 
addition of 0.8 Torr of ethylene. It is also inde- 
pendent of temperature in the range 240 to 
320 "C. Its average value was 2.6, x lo-'" cm2 
atom-' with a mean deviation over the range 
of 0.03 x 10-14 cm2 atom-'. 

FIG. 2. Beer's law plots at 240 "C. A, 94.2 Torr 
hydrogen plus 301 Torr carbon dioxide. B, 92.3 Torr 
hydrogen; ordinate increased by 0.075. 
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The addition of 301 Torr of carbon dioxide 
lowers the value of E (to 2.0, x 10-l4 cm2 
atom-') as shown in curve A of Fig. 2. Curve B 
of Fig. 2 shows that the upper limit for the 
validity of Beer's law is reached for a mercury 
pressure of about 4 x Torr, for a path 
length of 6 cm. For this reason all definitive 
experiments in the present research were done 
with mercury pressures less than or equal to this 
value. 

Reactions Likely to AfJ'ect the Validity o f  the Basic 
Meclian isnz 

Evidence for the occurrence of reaction [6] 

in systems similar to the present one has been 
given previously (23, 17). Since the basic re- 
quirement is that (H) become comparable with 
(C2Hj) in order that [6] compete with [3] or 
[4] it would be favored by low ethylene concen- 
trations which would permit (H) to  increase 
relative to (C2H5). It would also be favored by 
reasonably high total pressures because the exo- 
thermicity is greater than the C-C bond 
dissociation energy and without deactivation we 
would expect atomic cracking leading to CH,, 
rather than C2H6, formation. The lowest total 
pressures used were of the order of 92 Torr, and 
no evidence was found for odd-numbered hydro- 
carbons. There is, therefore, no evidence for 
atomic cracking. However, as shown in Fig. 3, 
ethane formation increases sharply at low ethyl- 
ene pressures, which we attribute to reaction 
[6]. Since the basic mechanism predicts that the 
rate of ethane formation is inde~endent of ethvl- 
ene concentration, it will not be valid if the 
ethylene concentration is too low. 

FIG. 3. Rate of ethane formation as a function of 
average ethylene pressure at 24OoC. 0, 93.0 Torr 
hydrogen; A, 93.0 Torr hydrogen and 308 Torr carbon 
dioxide. Corrected to constant average light absorption. 

Some years ago, Pinder and Le Roy (20) made 
a detailed study of reaction [7] using a system 
similar to the present one, 

but at temperatures (< 123 "C) a t  which reaction 
[5] was of no importance and with ethylene 
pressures (20-50 Torr) considerably higher than 
those used in the present work. Since [7] is a 
chain-stopping step it would deplete the ethyl 
radical concentration and lead to  low values of 
(C2H6). It was therefore important to ascertain 
the upper limits for the ethylene concentrations 
that would minimize the importance of [7] as 
well as the reactions which would follow from 
it. That such upper limits exist is illustrated by 
the decrease in the rate of ethane production at  
high ethylene pressures shown in  Fig. 3. 

One of the reactions sequential to [7] is [8]: 

This will be favored at high concentrations of 
hydrogen and at  the high concentrations of ethyl- 
ene required for the formation of butyl radicals 
by [7]. Since its kinetic parameters will be similar 
to  those of reaction [5] it will be considerably 
more important a t  high temperatures than at low 
temperatures. The important influence of hydro- 
gen pressure and ethylene pressure at 320 "C is 
shown in Fig. 4. T o  minimize the effect of reaction 
[8 ] at this temperature requires ethylene pressures 
less than 1 Torr and hydrogen pressures less than 
100 Torr. Higher ethylene pressures could be 
used at  lower temperatures. 

Other reactions sequential t o  [7] are: 

and 

[I01 C4H9 + CZ H5 = C4Hs + C2H6 

As would be expected, small amounts of n-hexane 
were found under conditions favoring reaction 
[7 ] ; butene- 1 was also found under similar con- 
ditions but in considerably smaller quantities. 
Reaction [lo] is a negligible source of ethane 
even at high ethylene pressures, but the rate of 
formation of butene-1 correlates nicely with the 
ethylene pressure, as shown in Fig. 5. 

Et~aluation of k5/k,* 
I t  will be evident from the foregoing that by 

careful adherence to the proper experimental 
conditions, values of k5/k,"an be obtained by 
using the basic mechanism. 
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- 
ETHYLENE PRESSURE ( rnml 

- 300 

0 

2 6 0 -  
"7 

7~ , 2 2 0 -  
0 - 
E - - 180-  
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r' 1 4 0  

9 - 
n 1 00 

FIG. 5. Rate of formation of butene-1 as a function 
of the average ethylene pressure at  240 "C. Hydrogen 
pressure 93.4 Torr ; rate of light absorption 1.16 x 10-" 
einstein ~ m - ~  s-'. 
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To obtain expressions for the observed rates of 
formation of ethane and butane in the cell, it is 
necessary to integrate the local rates given in 
eqs. [i] and [ii]. The rate of light absorption per 
unit volume from a homogeneous parallel beam 
at a distance x cm from the entrance window is 
given by 

HYDROGEN PRESSURE ( rn m I 

FIG. 4. Effect of ethylene and hydrogen pressures on 
the rate of formation of n-butane at 320 "C. Rate of light 

1 

,I absorption 1.78 x lo-" einstein ~ m - ~  s-'. 0, Average 

I 
ethylene pressure 0.69 Torr; A, average ethylene pressure oo 2 4 6 8 10 12 14 4.62 Torr. 

I 
TIME OF IRRADIATION x 1c2 Lsl  

where I ,  is the incident light intensity per unit 
area. By performing the necessary integrations it 
can be seen that the basic meclzanis1n predicts 
that the ratio of the observed rates of formation 
of ethane and butane will be given by the ex- 
pression 

where 
2(1 - e- "(H)L/2) 

[vi] 6 = 
[&(Hg)L(l - e- "Hg)L)]3 

FIG. 6. Formation of ethane, Q, and 11-butane, 0, as 
functions of irradiation time at 320 "C. Initial ethylene 
pressure 0.77 Torr; hydrogen pressure 93.3 Torr; 
average rate of light absorption 1.78 x lo-" einstein 
~ m - ~  s-I. 

By restricting (Hg) to < 4 x Torr, all values 
of 6 were only slightly less than unity. Although 
the maximum deviation from unity was only 
1.5%, corrections were made in every case. 

In all of the runs used to evaluate k5/k3*, the 
hydrogen pressure was kept constant at 92 Torr. 
The average ethylene pressure for a given experi- 
ment ranged from 0.68 Torr to 2.26 Torr, de- 
pending on the conditions required. The average 
rate of light absorption in the cell was varied2 
from about 1.4 x lo-'' to 16 x 10-'' einstein 
cm-3 s-'. The rates of formation of ethane and 
butane were constant with time up to quite large 
conversions; for the experiment illustrated in 
Fig. 6 the amount of ethylene consumed was 
31.4%. The consumption of ethylene was usually 
limited to the range 4 to  15%, except a t  320 "C 
where up to 24% was required for analytical 
purposes. 

Plots of Rc,H61Rc4,,,o against ( H ~ ) ~ / ( R C , I , , ~ ) ~  
are shown in Fig. 7 for five temperatures in the 
range 240 "C to 320 "C. An Arrhenius plot of 
the slopes of these curves is given in Fig. 8. The 
derived parameters, together with their standard 
deviations, are: 

E, - E3/2 = 13.7, 1 0.2, kcal mole-' 

2Based on the rate of formation of products a t  room 
temperature, where there is n o  chain reaction. 
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FIG. 7. Ratio of the rates of formation of ethane to 
butane in terms of eq. [ v ] .  0, 92 Torr hydrogen; A, 92 
Torr hydrogen, 300 Torr carbon dioxide. 

Taking log,, A, = 13.3,(1) and E, = 0, 

log,, k, = 12.5, - 13.7,/8 

where 0 = 2.303 x 1.987 x 1 0 - , ~ ,  and k, is in 
cm3 mole-' s-'. 

The A factors for reactions [5] and [ l l  ] are 
related by the expression 

[v i i] A,/A'' = eASOIR 

in which AS0 is the standard entropy change for 
reaction [5 1. 

Using the known values of So,,, for Hz  (31.21 
e.u.), C2H6 (54.85 e.u.), and H (27.39 e.u.) (24), 
and the estimated value of 59.11 e.u. for C2H5 
(25, 26), AS0,,, = -8.08 e.u. Combining this 
with the value of A, obtained in the present in- 

I-O- 

- 0.8- 
.=? 
x -. 
2' 0.6- - 
0 
0 J 0 4 -  

0.2 - 

2 1.60 1.70 I80 

I0 00 / T (OK-') 

FIG. 8. Arrhenius plot for ks/k3*. 

vestigation, we calculate that A l l  should be 
2.1 x 1014 cm3 mole-' s-'. This is much nearer 
the value estimated by Baldwin and Melvin (13) 
(1.5 x 1014) than that given by Berlie and Le 
Roy (12) (3.4 x 10"). It is also in line with the A 
factors found for H atom abstraction from other 
hydrocarbons (2). 

The value of E l l  obtained by Berlie and Le Roy 
(12) (6.8 kcal mole-') would also appear to be 
low.Thus, if weacceptthevalue of 6.2 kcal mole-' 
for AH0,,, for reaction [5] (14, 15) and the value 
of E, obtained in the present investigation, E l  
would be 7.5 kcal mole-'. This is appreciably 
less than the value of 9.7 kcal mole-' given by 
Baldwin and Melvin (13). Whether, in view of the 
uncertainty in AH0,,, and its temperature coeffi- 
cient, the discrepancy of 0.7 kcal mole-' relative 
to the value of Berlie and Le Roy (12) is significant 
or not is doubtful. However, they did not correct 
their results for diffusion effects (27) and we 
believe that this would lead to a value of E l l  that 
would be slightly too low. 

Disproportionat ion and Cornbinat ion of Etllyl 
Radicals 

It is evident from eq. [v]  that the intercepts of 
Fig. 7 should give values of k41k3. Because of the 
extrapolations involved these are rather uncer- 
tain. Values ranged from 0.256 0.074 at 532 
OK to 0.284 + 0.055 at 593 OK. A number of 
experiments done at room temperature gave a 
value of 0.132 f 0.017, in good agreement with 
generally accepted values (1, 2). 

We are inclined to believe that the present 
results give some support for a positive tempera- 
ture coefficient for k4/k3. If we treat the average 
values for each temperature as if they were single 
measurements and apply least squares, the value 
of E4 - E, is found to be 0.906 + 0.030 kcal 
mole-' and log,, A4/A3 is -0.21 3 f 0.014. The 
standard deviations given present, of course, a 
rather too favorable view of the precision, since 
the standard deviations at each temperature are 
quite large. 

Possible Hot Radical Effects 
To  study the effect of excess vibrational energy 

on the unirnolecular decomposition of free 
radicals (16) it is usually necessary to use lower 
pressures than those used in the present research. 
However, in the present system the molecules 
most likely to deactivate the hot radicals formed 
in reaction [2] are the same ones which undergo 
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reaction [5]. Even at a hydrogen pressure of support, and for the award of scholarships to one 
92 Torr it was therefore necessary to use an of us (L.E.R.). We also wish to thank the Senate 
inert third body to ascertain whether the rate of the University of Toronto and Canadian 
of [5] was being enhanced because some of the Industries Limited for the award of a C.I.L. 
ethyl radicals were vibrationally hot. Fellowship (to L.E.R.). 

Carbon dioxide was used for this purpose and 
the effect of its presence on + and E taken into 

I 

account. As shown in Fig. 7, the presence of 
300 Torr of carbon dioxide had no effect on the 
value of k,. 

The conclusions to be drawn from this are not 
clear cut. We knew already, before doing ex- 
periments with carbon dioxide, that every 
collision of a hot ethyl radical with a hydrogen 
molecule did not lead to reaction; otherwise k, 
would be independent of temperature. This 
would be a reasonable prediction in any event 

I 

because of the large number of vibrational degrees 
I of freedom in the radical. I t  would seem reason- 

able to assume that if excess vibrational energy 
can be effective in supplying some or all of the 
critical energy for a bimolecular reaction such as 
[5] it would have to be localized in some way. For 
an ethyl radical the probability of such localiza- 
tion would likely be appreciably less than unity, 
so that the probability of deactivation, rather 
than reaction, on collision with an H, molecule 
would be large. The fact that 300 Torr of carbon 
dioxide caused no decrease in the rate of [5] 
from that obtained in the presence of 92 Torr 
of hydrogen is in keeping with such a model, as 
well as with the alternative assumption that 
vibrational energy is completely ineffective. 

As shown in Fig. 3, the addition of carbon 
dioxide is also ineffective in changing the rate of 
formation of ethane at low ethylene concentra- 
tions, where the evidence suggests that reaction 
[6] is coming into play. It is not surprising that 
an increase in the rate of formation of ethane 
was not observed under these conditions, because 
this would have implied that in the absence of 
carbon dioxide, excited ethane molecules formed 
in [6] were decomposing by [12]. 

The absence of odd-numbered hydrocarbons 
showed that this was not the case. 

1. J. A. KERR and A. F. TROTMAN-DICKENSON. Progr. 
Reaction Kinetics, 1, 105 (1961). 

2. S. W. BENSON and W. B. DE MORE. Ann. Rev. 
Phys. Chem. 16, 397 (1965). 

3. J. M. TEDDER and J. C. WALTON. Progr. Reaction 
Kinetics. 4. 37 (1967). 

4. G. 0. PRITCHARD and J. K. FOOTE. J. Phys. Chem. 
68, 1016 (1964). 

5. G. H. MILLER and E. W. R. STEACIE. J. Am. Chem. 
SOC. 80, 6486 (1958). 

6. G. 0. PRITCHARD. H. 0. PRITCHARD. H. I. SCHIFF. 
and A. F. TROTMAN-DICKENSON. Trans. ~ a r a d a y  
SOC. 52, 849 (1956). 

7. P. B. AYSCOUGH and J. C. POLANYI. Trans. Faraday 
SOC. 52, 960 (1956). 

8. M. J. WIJNAN and E. W. R. STEACIE. J. Chem. 
Phys. 20, 205 (1952). 

9. D. J. LE ROY and A. KAHN. J. Chem. Phys. 15, 816 
(1947). 

10. G. R: HOEY and D. J. LE ROY. Can. J. Chem. 33, 
580 (1955). 

11. D. J. LE ROY, B. A. RIDLEY, and K. A. QUICKERT. 
Discussions Faraday Soc. In press. 1967. 

12. M. R. BERLIE and D.  J. LE ROY. Disc~ssions 
Faradav Soc. 14. 50 (1953). 

13. R. R. BALDWIN and A. 'MELVIN. J. Chem. Soc. 
1785 (1964). 

14. S. W. BENSON. J. Chem. Educ. 42, 502 (1965). 
15. J. A. KERR. Chem. Rev. 66,465 (1966). 
16. B. S. RABINOVITCH and D. W. SETSER. Advan. 

Photochem. 3, 1 (1964). 
17. R. J. CVETANOVI~. Advan. Photochem. 1, 115 

(1963). 
18. R. R. BALDWIN, R. F. SIMMONS, and R. W. WALKER. 

Trans. Faraday Soc. 62, 2486 (1966). 
19. H. W. MELVILLE. Trans. Faraday Soc. 32, 1525 

(1936). 
20. J. A. PINDER and D. J. LE ROY. Can. J. Chem. 35, 

588 (1957). 
21. J. E.'MCALDUFF and D. J. LE ROY. Can. J. C11en1. 

43, 2279 (1965). 
22. A. C. G. MITCHELL and M. W. ZEMANSKY. Reson- 

ance radiation and excited atoms. Cambridge Univer- 
sity Press, London. 1934. 

23. M. J. SMITH, P. A. BEATTY, J. A. PINDER, and D. J. 
LE ROY. Can. J. Chem. 33, 821 (1955). 

24. F. D. ROSSINI, K. S. PITZER, R. L. ARNETT, R. M. 
BRAWN, and G. C. PIMENTEL (Editors). Selected 
values of physical and thermodynamic properties of 
hydrocarbons. American Petroleun~ Institute Re- 
search Project 44. Camegie Press, Pittsburgh. 1953. 

25. W. M. D. BRYANT. J. Polymer Sci. 6, 359 (1951). 
26. J. C. CALVERT and J. N. Prrrs, JR. Photochemistry. 

John Wiley and Sons, Inc., New York. 1966. 
27. W. R. SCHULZ and D. J. LE ROY. Can. J. Chem. 

40, 2413 (1962). 

Acknowledgments 

The authors are grateful to the National Re- 
search Council of Canada for continued financial 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 

Thermal reactions of propylene oxide' 

ARTHUR T .  BLADES 
Research Co~rncil of Alberta, Edmonton, Alberta 

Received January 17,1967' 

Heterogeneous reactions have been shown to  contribute to  the formation of propionaldehyde, acetone, 
and allylol in the pyrolysis of propylene oxide. Methyl vinyl ether, however, is formed entirely homo- 
geneously and may be an intermediate in the oxygen atom - propylene system. 
Canadian Journal of Chemistry, 46, 3283 (1968) 

Recent data on the pyrolysis of ethylene oxide 
(1, 2) have been explained on the basis of the 
primary formation of "hot" acetaldehyde fol- 
lowed either by its unimolecular decomposition 
or collisional deactivation. A similar scheme has 
been proposed for propylene oxide (2) for which 
the expected products would be acetone and pro- 
pionaldehyde. While these rearrangement prod- 
ucts were observed in preliminary pyrolyses in a 
static system, two additional isomers were also 
identified, allylol and methyl vinyl ether. Carbon 
monoxide, methane, ethane, and ethylene were 
also formed, and their rates of formation appeared 
to increase with reaction time, suggestive of a free 
radical decomposition of the primary products. 
In order to minimize these secondary processes, 
all further studies were carried out with a 1 :I 
mixture of propylene oxide and propylene and at 
conversions not exceeding 10%. Under these con- 
ditions, the fragmentation products were essenti- 
ally eliminated. 

In the study of the rearrangement reactions, 
difficulty was experienced in obtaining repro- 
ducibly conditioned reactor surfaces. Doubling 
the surface of a pyrex reactor by the insertion of 
an open ended tube greatly enhanced the rate of 
propionaldehyde, acetone, and allylol formation, 
while coating with silver chloride reduced the 
rates of these reactions. On the other hand, the 
rate of formation of methyl vinyl ether was vir- 
tually unaffected by these surface conditions. 
Studies of the rates of formation of propional- 
dehyde, allylol, and methyl vinyl ether in the 
seasoned pyrex and silver chloride coated reactors 

'Contribution No. 418 from the Research Council of  
Alberta, Edmonton, Alberta. 

'Revision received May 24, 1968. 

P R E S S U R E  (CM HG) 

FIG. 1. Initial rates of formation of propionaldehyde 
(circles) and methyl vinyl ether (triangles) x 1 0  vs. total 
pressure at  413": (0, A) seasoned pyrex reactor; (@, & 
silver chloridecoated reactor. 

as a function of pressure at 413" are shown in 
Figs. 1 and 2. The propionaldehyde data give a 
constant slope and variable intercept which 
would imply a zero order, surface dependent pro- 
cess, and a first order, surface independent pro- 
cess. The allylol data is less definite and, in view 
of the drastic dependence on surface, may be 
totally heterogeneous in origin. Only the pro- 
duction of methyl vinyl ether gives a zero inter- 
cept and surface independence, and is therefore 
almost certainly an exclusively homogeneous 
rearrangement product. 

Methyl vinyl ether has not been observed in 
the oxygen atom addition to propylene where 
excited propylene oxide is the primary product 
and propionaldehyde and acetone arise from its 
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0 0 ~  6 10 

P R E S S U R E  (CM HG) 

about 90 kcal/mole of excess energy, and this is 
much greater than the 50 kcal/mole3 activation 
energy for its rearrangement to propionaldehyde. 
Under these circumstances it would not survive 
long enough to be collisionally stabilized and thus 
does not appear as a product in the oxygen atom 
- propylene system. 

Thus, while persistent heterogeneous reactions 
have frustrated the original purpose of this study 
of the thermal reactions of propylene oxide, a 
new process has been observed which may be of 
interest in other systems where it is not directly 
observable. 

FIG. 2. Initial rates of formation of ally1 alcohol vs. 
total pressure at 413": (0) seasoned pyrex reactor; (a) M. L. NEUFELD and A. T. Can. J. 41, 
silver chloride coated reactor. 2956 (1963). 

2. S. W. BENSON. J .  Chem. Phys. 40, 105 (1964). 
3. R. J. CVETANOVIC. Can. J. Chem. 36, 623 (1958). 

rearrangement (3). If methyl vinyl ether is also a 
secondary product in this reaction, it would have 3A. T. Blades. Unpublishedresults. 

The r-radiolysis of cyclohexane with electron scavengers. V. C6F12 as an 
electron scavenger in the vapor phase' 

N. H. SAGERT AND A. S. BLAIR' 
Research Clzemistry Branch, Cl~alk River Nuclear Laboratories, Cl~alk River, Ontario 

Received April 1, 1968 

The radiolysis of cyclohexane in the vapor phase has been examined in the presence of up t o  3 mole % 
perfluorocyclohexane. The results indicate that perfluorocyclohexyl radicals are produced with a yield 
of 2.0 G units at 3 % perfluorocyclohexane. It is concluded that these radicals are formed when the 
perfluorocyclohexyl anions are neutralized. The relevance of this neutralization to the liquid phase 
radiolysis of cyclohexane is discussed. 
Canadian Journal of Chemistry, 46, 3284 (1968) 

Introduction [2 I C6F12- + C6Fl1 + F- 

The radiol~sis of liquid c~clohexane using or bond breaking could occur on neutralization. 
perfluorocyclohexane (PCH) as an electron 
scavenger has been examined previously (1-3) [31 C ~ F I Z -  + C ~ H I Z +  + C6Fll + C6Hll + H F  

and evidence has been presented that about one 
carbon-fluorine bond is broken for each electron 
scavenged (I). Two possible mechanisms by 
which this bond breaking could occur were dis- 
cussed. Dissociation of the PCH anion formed by 
electron capture could occur; 

'Issued as A.E.C.L. No. 2729. 
2A.E.C.L. Summer Student, 1967. Present address: 

De~artment of Chemistry, University of Toronto, - .  
~ o i o n t o ,  Ontario. 

Although reaction [2] is 1.8 eV endothermic in 
the gas phase (4), it could conceivably take place 
in the liquid because of solvation effects. We have, 
therefore, studied the radiolysis of cyclohexane 
vapor with PCH in an attempt t o  decide between 
these alternatives, since reaction [2] can be ruled 
out in the gas phase. 

A considerable yield of C,Fll radicals was 
indicated (- 2.0 G units) thus showing that bond 
breaking can take place in the neutralization step. 
However, the low efficiency observed suggests 
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about 90 kcal/mole of excess energy, and this is 
much greater than the 50 kcal/mole3 activation 
energy for its rearrangement to propionaldehyde. 
Under these circumstances it would not survive 
long enough to be collisionally stabilized and thus 
does not appear as a product in the oxygen atom 
- propylene system. 

Thus, while persistent heterogeneous reactions 
have frustrated the original purpose of this study 
of the thermal reactions of propylene oxide, a 
new process has been observed which may be of 
interest in other systems where it is not directly 
observable. 

FIG. 2. Initial rates of formation of ally1 alcohol vs. 
total pressure at 413": (0) seasoned pyrex reactor; (a) M. L. NEUFELD and A. T. Can. J. 41, 
silver chloride coated reactor. 2956 (1963). 

2. S. W. BENSON. J .  Chem. Phys. 40, 105 (1964). 
3. R. J. CVETANOVIC. Can. J. Chem. 36, 623 (1958). 

rearrangement (3). If methyl vinyl ether is also a 
secondary product in this reaction, it would have 3A. T. Blades. Unpublishedresults. 

The r-radiolysis of cyclohexane with electron scavengers. V. C6F12 as an 
electron scavenger in the vapor phase' 

N. H. SAGERT AND A. S. BLAIR' 
Research Clzemistry Branch, Cl~alk River Nuclear Laboratories, Cl~alk River, Ontario 

Received April 1, 1968 

The radiolysis of cyclohexane in the vapor phase has been examined in the presence of up t o  3 mole % 
perfluorocyclohexane. The results indicate that perfluorocyclohexyl radicals are produced with a yield 
of 2.0 G units at 3 % perfluorocyclohexane. It is concluded that these radicals are formed when the 
perfluorocyclohexyl anions are neutralized. The relevance of this neutralization to the liquid phase 
radiolysis of cyclohexane is discussed. 
Canadian Journal of Chemistry, 46, 3284 (1968) 

Introduction [2 I C6F12- + C6Fl1 + F- 

The radiol~sis of liquid c~clohexane using or bond breaking could occur on neutralization. 
perfluorocyclohexane (PCH) as an electron 
scavenger has been examined previously (1-3) [31 C ~ F I Z -  + C ~ H I Z +  + C6Fll + C6Hll + H F  

and evidence has been presented that about one 
carbon-fluorine bond is broken for each electron 
scavenged (I). Two possible mechanisms by 
which this bond breaking could occur were dis- 
cussed. Dissociation of the PCH anion formed by 
electron capture could occur; 
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Although reaction [2] is 1.8 eV endothermic in 
the gas phase (4), it could conceivably take place 
in the liquid because of solvation effects. We have, 
therefore, studied the radiolysis of cyclohexane 
vapor with PCH in an attempt t o  decide between 
these alternatives, since reaction [2] can be ruled 
out in the gas phase. 

A considerable yield of C,Fll radicals was 
indicated (- 2.0 G units) thus showing that bond 
breaking can take place in the neutralization step. 
However, the low efficiency observed suggests 
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NOTES 

TABLE I 
G values of selected products from the radiolysis of pure cyclohexane vapor 

G values 

This work Ref. 8 Ref. 9 

"0" dose 2.3 x 10'' eV/g 3 x 10" eV/g 3 x 10'' eV/g 
Product (T = 133 "C) (T = 133 "C) (T = 100 "C) ( T  = 125 "C) 

that neutralization may not be the only source of 
C,F, , radicals in the radiolysis of the liquid. 

Experimental 
The sources of cyclohexane and PCH have been de- 

scribed (1). The ethylene was Phillips research grade 
(99.96 mole %). 

The irradiation cells were Pyrex cylinders of 350ml 
volume, 5.5 cm diameter, fitted with a breaking device 
(5). The cells were cleaned by heating in air to just below 
the softening point of Pyrex for 8 h, followed by heating 
at 350 OC for 18 h while being pumped to Torr. 

The cyclohexane was degassed on a mercury-free, 
grease-free vacuum line and stored over a sodium mirror. 
Samples of about 1.1 ml liquid volume were accurately 
measured out in a calibrated tube and transferred to the 
irradiation cell. PCH was weighed out roughly, degassed, 
and transferred to the irradiation cell. Its exact concen- 
tration was measured by gas chromatography after the 
irradiation (1). 

Samples were irradiated at 133 "C 3 "C in a 60Co 
y-source at dose rates of 5.02 x 10'' eV/g min as deter- 
mined by ethylene dosimetry using G(H,) = 1.31 (6). 
The total dose given the cyclohexane was 2.26 x 1019 
eV/g unless otherwise noted. Analytical procedures have 
been described previously (1). Mixed dimer was identified 
by mass spectrometry using a Consolidated 21-130 mass 
spectrometer. No authentic standards could be obtained 
to aid in identification, but only peaks characteristic of 
C6Hl I and CGFll groups were observed. 

Results and Discussion 

The radiolysis of liquid cyclohexane produces 
largely hydrogen, cyclohexene, and bicyclohexyl 
(7) but the radiolysis of cyclohexane vapor pro- 
duces a wider variety of products (8, 9). Since we 
were primarily concerned with the neutralization 
processes, as outlined in the Introduction, we were 
interested mainly in those products derived 
directly from cyclohexyl radicals. Since there 
seems to be some uncertainty about the product 
yields from the radiolysis of pure cyclohexane 
vapor, yields of the products studied are given in 

Table I. The results of Theard (8) and of Blachford 
and Dyne (9) are included for comparison. In 
general, our results are in better agreement with 
those of Theard than of Blachford and Dyne, 
allowing for the increased cyclohexene yields at 
higher temperatures found by the latter workers. 

When PCH is added to the cyclohexane vapor, 
increases are noted in the cyclohexene and bicyclo- 
hexyl yields and C6Fl , H  is produced. The yields 
of these products, along with those of hydrogen 
and methane, are shown in Fig. 1 as a function of 
PCH concentration for a dose of 2.26 x 1019 
eV/g. A small yield ofmixed dimer, C6F,, . C,H, ,, 
was noted, but its gas chromatographic peak area 
was only about 10% that of bicyclohexyl at 
10'' eV/g and was less at lower doses. As 
mentioned previously, no authentic standards 
were available to determine the detector sensi- 
tivity for this product, but its yield as a function 
of dose indicated that it could be a secondary 
product. 

BICYCL~HEXYL 

METHANE 

FIG. 1. Product yields from the cyclohexane-PCH 
system. Dose = 2.66 x 10'' eV/g, T = 133 "C. 
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0 CYCLOHEXENE 

X B ICYCLOHEXYL -I 

L- I I I I I 
0 .O 2 .O 4 . 0  6 0  8 0 1 0 0  

DOSE ABSORBED IN CYCLOHEXANE 1 1 0 ~ ~ ~ V I ~ l  

FIG. 2. Dose dependence of product yields from the 
cyclohexane-PCH system. PCH = 0.5 mole %, 
T = 133 "C. 

Hydrogen and C6F,, H yields were independent 
of dose up to 10'' eV/g, but the cyclohexene and, 
to a lesser extent, the bicyclohexyl yields were 
dose dependent. These yields are shown in Fig. 2 
as a function of dose for 0.5 mole % of PCH. For 
this discussion, initial yields of cyclohexene and 
bicyclohexyl at 3% PCH are taken as 2.9 and 
1.7 G units respectively. The marked dependence 
on dose is similar to that observed in the liquid 
cyclohexane - PCH system (1). 

Arguments favoring the assumption that PCH 
acts mainly as an electron scavenger in hydro- 
carbon systems have been summarized by one of 
us (1) and by Rajbenbach (2). The hydrogen yield 
is decreased to 3.0 G units, and the difference 
between this and the initial yield in the absence of 
scavenger is the yield of hydrogen having free 
electrons as precursors (1.6 G units). The resid- 
ual yield of 3.0 G units presumably comes from 
excited states formed directly (reaction [5]). 
Since the W values for many hydrocarbons are 
around 24 eV/ion pair (6), we may follow Theard 
(8) in taking the electron yield in cyclohexane to 
be 4.2 G units. 

[6a] (RH+,M1+ .. . MN+) + e- 
-+ -+ Hz + products G = 1.6 

Thus, about 1.6 G units of hydrogen are produced 

by ion neutralization. This number is very close 
to the estimate made by Theard (8) from the 
increase in the hydrogen yield on  adding HI to 
cyclohexane vapor. The direct yield of hydrogen 
(reaction [3]) is also very close to that measured 
in methylcyclohexane vapor by Holtslander and 
Freeman (10). 

If all the electrons are scavenged by PCH, then 
about 4.2 PCH anions are formed for every 
100 eV absorbed (reaction [I.]). Although in the 
liquid phase the PCH anion may be able to de- 
compose by reaction [2], this dissociation is 
1.8 eV endothermic in the gas phase and therefore 
must be excluded. The evidence for this endo- 
thermicity is good and is based on appearance 
potential measurements for F-  made by Bibby 
and Carter (4). I t  is possible that the appearance 
potential is somewhat larger than the true endo- 
thermicity and that products are formed with 
some excess energy. However, Bibby and Carter 
presented evidence that, in their system, products 
were not formed with excess kinetic energy and 
the bond dissociation energies they derived were 
in reasonable agreement with those determined 
thermochemically, with the exception of 
D(C-F) from CF,. 

The PCH anion will eventually be neutralized 
by a molecular or radical ion, and the process may 
yield C6Fll.  

[ 7 ]  CLFl2- + (RH', M I + .  . . MN+) -> 
C6Fll + products 

[81 C6Fii + C6Hiz + CBFIIH f C6Hil 

The yield of C6F, ,H and of mixed dimer imply a 
C6F,, yield of about 2.0. Thus neutralization to 
give C6Fl, (reaction [7]) occurs for about half of 
the neutralizations. 

Turning to the radiolysis of liquid cyclohexane 
with PCH, it is clear that neutralization could 
produce some of the C6F,, formed. However, in 
liquid cyclohexane up to 3.3 G units of C6F, ,H 
are produced (1). Since the total yield of electrons 
in liquid cyclohexane is between 3 and 4 (1 I), the 
production of C6F,, is quite efficient in the liquid. 
Thus, if neutralization takes place with the same 
efficiency for the production of C,F,, in the gas 
and liquid phases, then the large yields in the 
liquid phase mean that dissociation is likely an 
important fate of the PCH anion in the liquid. On 
the other hand, neutralization may produce 
fewer C6Fll radicals in the gas phase than it does 
in the liquid phase. Therefore this work does not 
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lead to a firm conclusion about the source of the 
C,F,, formed in the liquid phase radiolysis, but 
it doks indicate that some could be formed bv the 
neutralization reaction. 

The increase in the bicyclohexyl yield can be 
largely accounted for by the cyclohexyl radicals 
produced in reaction [8]. The increase is about 
0.95 G units and if the ratio of disproportion to 
combination of cyclohexyl radicals is 0.455 (12), 
then about 2.8 G units of cyclohexyl are required, 
although only about 2.0 are produced in reaction 
[8]. Cyclohexyl radicals may be produced as 
products in the neutralization (reaction [7]). 
Although the molecular ions decompose quickly 
to form smaller ions and radicals, at the pressures 
used an appreciable fraction of the ions will be 
cyclohexane ions or cyclohexyl ions. In the liquid 
state, of course, most of the ions remain as cyclo- 
hexane ions, and a larger yield of cyclohexyl 
radicals is expected from the neutralization 
(reaction [3]). Neutralizations involving PCH 
anions may produce more free radicals capable 

of abstracting hydrogen atoms from cyclohexane 
to form cyclohexyl radicals than do electron 
neutralizations; however, this has been shown not 
to be so for SF, anions (10). 
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Solvent effects on the electronic spectrum of trans-dichlorobis(dipheny1 
sulfide)platinum(II) 

C. V. SENOFF' 
Lash Miller Chemical Laboratories, Utziversity of Toronto, Toronto, Ontario 

Received April 18, 1968 

The electronic spectrum of t rat~s-PtCl~(Ph~S)~ has been measured in a variety of organic solvents 
and the effect of the solvent on the observed absorption bands is discussed. 
Canadian Journal of Chern~stry, 46, 3287 (1968) 

Introduction Experimental 

The effect of solvent on the electronic spec- Trans-dichlorobis(dip11enyl sulfide)platinam(lI) 
A hot, filtered solution of 1.0 g of potassium chloro- trum of has been platinate(I1) in 10 ml of water was mixed with 0.89 g of 

studied by During the diphenyl sulfide (Eastman Chemicals) in 20 ml of warm 
course of investigating the coordinating prop- 1,4-dioxane (or ethanol). The resulting clear, red solution 
erties of diphenyl sulfide towards platinum(II), was then shaken for 3 h. The amber-colored precipitate 

it was discovered that the electronic spectrum that formed was filtered under reduced pressure and 
washed successively with hot water, ethanol, and ether. 

of trans-dichlorobis(di~hen~l sulfide)~latinum- The crude complex was from the 
(11) exhibited a marked dependence on the amount of acetone (or benzene). The amber-colored 
solvent used. A more detailed study of this needle-like crystals were collected, washed as before, and 
solvent dependency was undertaken and the dried in vacuo over boiling ethanol. Yield 0.60 g; n1.p. 

results of this study are now reported. 194196" (decamp.) (lit. (4) n1.p. 195"). 
Anal. Calcd. for Cz4Hz0C12SzPt: C, 45.14; H, 3.13. 

Found: C, 45.90; H, 3.42. 

'Present address: Department of Chemistry, University Tra~s-dibromobisldiphenyl sulfide)~latinum(fz) 
of Guelph, Guelph, Ontario. This compound was prepared in the same way as the 
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lead to a firm conclusion about the source of the 
C,F,, formed in the liquid phase radiolysis, but 
it doks indicate that some could be formed bv the 
neutralization reaction. 

The increase in the bicyclohexyl yield can be 
largely accounted for by the cyclohexyl radicals 
produced in reaction [8]. The increase is about 
0.95 G units and if the ratio of disproportion to 
combination of cyclohexyl radicals is 0.455 (12), 
then about 2.8 G units of cyclohexyl are required, 
although only about 2.0 are produced in reaction 
[8]. Cyclohexyl radicals may be produced as 
products in the neutralization (reaction [7]). 
Although the molecular ions decompose quickly 
to form smaller ions and radicals, at the pressures 
used an appreciable fraction of the ions will be 
cyclohexane ions or cyclohexyl ions. In the liquid 
state, of course, most of the ions remain as cyclo- 
hexane ions, and a larger yield of cyclohexyl 
radicals is expected from the neutralization 
(reaction [3]). Neutralizations involving PCH 
anions may produce more free radicals capable 

of abstracting hydrogen atoms from cyclohexane 
to form cyclohexyl radicals than do electron 
neutralizations; however, this has been shown not 
to be so for SF, anions (10). 
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Introduction Experimental 

The effect of solvent on the electronic spec- Trans-dichlorobis(dip11enyl sulfide)platinam(lI) 
A hot, filtered solution of 1.0 g of potassium chloro- trum of has been platinate(I1) in 10 ml of water was mixed with 0.89 g of 

studied by During the diphenyl sulfide (Eastman Chemicals) in 20 ml of warm 
course of investigating the coordinating prop- 1,4-dioxane (or ethanol). The resulting clear, red solution 
erties of diphenyl sulfide towards platinum(II), was then shaken for 3 h. The amber-colored precipitate 

it was discovered that the electronic spectrum that formed was filtered under reduced pressure and 
washed successively with hot water, ethanol, and ether. 

of trans-dichlorobis(di~hen~l sulfide)~latinum- The crude complex was from the 
(11) exhibited a marked dependence on the amount of acetone (or benzene). The amber-colored 
solvent used. A more detailed study of this needle-like crystals were collected, washed as before, and 
solvent dependency was undertaken and the dried in vacuo over boiling ethanol. Yield 0.60 g; n1.p. 

results of this study are now reported. 194196" (decamp.) (lit. (4) n1.p. 195"). 
Anal. Calcd. for Cz4Hz0C12SzPt: C, 45.14; H, 3.13. 

Found: C, 45.90; H, 3.42. 

'Present address: Department of Chemistry, University Tra~s-dibromobisldiphenyl sulfide)~latinum(fz) 
of Guelph, Guelph, Ontario. This compound was prepared in the same way as the 
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dichloro-derivative except that potassium bromoplatinate- 
(11) was used in place of potassium chloroplatinate(I1). 
The compound crystallized from acetone as reddish- 
brown needles; m.p. 20&203". 

Anal. Calcd. for Cz4HZoBr2S2Pt: C, 39.61; H, 2.75. 
Found: C, 39.63; H, 2.21. 

Injkared Spectra 
The infrared spectra were recorded on either a Perkin- 

Elmer 521 or a Beckman IR-11 spectrophotometer as 
Nujol mulls between CsBr or CsI plates. 

Electronic Spectra 
The electronic spectra were recorded on a Bausch and 

Lomb Spectronic 505 spectrophotometer using matched 
ground glass stoppered 1.0 cm quartz cells. Solution 
concentrations were in the range 10-3-10-5 M. The 
spectrum of at least three different solutions of the complex 
were determined in a given solvent. Some spectra were not 
stable and changed significantly on prolonged standing at 
room temperature. In these instances, the spectra were 
recorded as soon as possible (usually within a few minutes) 
and the molar extinction coefficient at a given maximum 
was evaluated from a plot of absorbance versus time which 
was extrapolated to "zero" time. 

Solvents 
( i )  Chloroform 
Fisher "Spectranalyzed" reagent was used. 
( i i)  Dichloromethane 
Fisher "Spectranalyzed" reagent was used. 
(iii) Benzene 
Thiophene-free reagent grade benzene was dried over 

sodium ribbon, distilled from freshly cut sodium, and 
used immediately. 

(iv) Tetrahydrofiiran 
Reagent grade tetrahydrofuran was first dried over 

sodium ribbon and then refluxed over sodium in the 
presence of a small amount of LiAIH,. The solvent was 
then distilled and used immediately. 

( v )  1,4-Dioxane 
This solvent was purified by the method outlined by 

Vogel (5). 
(vi)  Dimetl~yl Sulfoxide 
This solvent was obtained from a freshly opened bottle 

of Baker "Analyzed" reagent. 
(vii) Acetorlitrile 
Reagent grade acetonitrile was refluxed over phosphorus 

pentoxide until the P4Ol0 remained unchanged. It was 
then distilled twice and used immediately. 

Results and Discussion 
The far infrared spectra (400-200 cm-l) of 

PtX,(Ph,S), (X = C1, Br) indicate that these 
compounds have the trans- rather than the 
cis-configuration as reported previously (4, 6). 
The strong band at 345 cm-' exhibited by 
trans-PtCl,(Ph,S), and absent in the spectrum 
of trans-PtBr,(Ph,S), has been assigned to the 
vPtCl vibration. The corresponding vPtBr 
mode was observed at 255 cm-l. Theory pre- 

dicts one infrared active vPtX mode for the 
trans-isomer (C , ,  symmetry) and two such 
modes for the cis-isomer (C,, symmetry). No 
other bands were observed between 400-200 
cm-' for these compounds. Attempts so far to  
isolate the corresponding cis-isomers have been 
unsuccessful. 

Examination of the spectral data presented in 
Table I indicates that the spectrum of trans- 
PtCl,(Ph,S), in chloroform, dichloromethane, 
and benzene is significantly different from the 
spectrum observed in tetrahydrofuran, 1,4-di- 
oxane, acetonitrile, and dimethyl sulfoxide. The 
intense bands between 33.0 and 43.3 kK may 
be readily associated with one or more of the 
following types of charge transfer processes- 
an internal ligand to ligand, a ligand to metal, 
or a metal to ligand electronic transition. The 
less intense bands occurring between ca. 25.0 
and 30.0 kK may be associated with d-d elec- 
tronic transitions (7). 

In coordinating solvents such as tetrahydro- 
furan, l74-dioxane, acetonitrile, and dimethyl 
sulfoxide, the d-d bands are better resolved. 
The highest energy d-d band has been assigned 
to the transition, dZ2 + dX2-y2, by taking into 
account the proposed d-level ordering in square 
planar complexes of platinum(I1) (8, and 
references cited therein). The remaining d-d 
band has accordingly been assigned to the 
d,,,,, + dX2-y2 transition. In poorly coordi- 
nating solvents such as chloroform, dichloro- 
methane, and benzene, the d-d bands are not 
well resolved because of their proximity to the 
intense charge transfer band a t  about 33.0 kK. 
Consequently, no attempt has been made t o  
assign these absorptions to specific d-d transi- 
tions. The solvents may now be arranged in 
the following order of increasing solvent inter- 
action by noting the change in position of the 
highest energy d-d band from solvent to solvent, 
viz. acetonitrile -- dimethyl sulfoxide < 1,4-di- 
oxane -- tetrahydrofuran. This particular 
order is derived from the fact that increasing 
solvent interaction at the vacant octahedral 
sites will increase the energy of the dZ2 orbital 
of platinum relative to the vacant dX2-y2 orbital 
and the dZ2 -t dZZ-y2 transition will occur a t  
lower energy. 

The spectra in poorly coordinating solvents 
are characterized by the presence of an intense 
band at ca. 33.0 kK which is not observed in 
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NOTES 

TABLE I 

Electronic spectral data for t r a n ~ - P t C l ~ ( P h ~ S ) ~  in various polar solvents 
.. .- - -. -. - .. -- 

- 

Solvent v (kK) E Transition 

Chloroform 

Dichloromethane 

Benzene 

Tetrahydrofuran 

Acetonitrile 

Dimethvl sulfoxide b 

Charge 
Charge 
Charge 
Charge 

d-d 
d-d 

Charge 
Charge 
Charge 
Charge 

d-d 
d-d 

Charge 
d-d 

Charge 
Charge 
Charge 

d-d 
d-d 

Charge 
Charge 
Charge 

d-d 
d-d 

Charge 
Charge 
Charge 

d-d 
d-d 
- 

Charge 
d-d 

- 
NOTE: Parentheses denote uncertainty in band position. 
"Extrapolated value. 
*Solvent absorbs. 
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At 95-115", paraformaldehyde and hydriodic acid completely C-methylate aromatics such as benzene 
and phenol. Pyrroles are C-methylated similarly, carbethoxy and acetyl groups being lost. In hydriodic 
acid at 1545", typical pyrroles retain these groups and all free positions are C-alkylated, methylated by 
paraformaldehyde, or otherwise alkylated by the appropriate carbonyl compound. The alkylation of  a 
2-free- by a 2-formylpyrrole led to a dipyrrylmethane. With pyrroles, hydriodic acid may be replaced by 
another strong acid and a reducing agent. This was necessary when a 0-free pyrrole gave the iodo-alkyl 
derivative rather than the expected product. 
Canadian Journal of Chemistry, 46, 3291 (1968) 

Introduction 

Not infrequently, two or more general reactions 
of organic chemistry are carried out under similar 
conditions; the reagents involved would be com- 
~ a t i b l e  and the ~ r o d u c t  of one reaction would be 
ihe substrate ;or another. New or improved 
methods have been developed by combining such 
reactions in one-step procedures, but only 
sporadically. For example, it is frequently possible 
to avoid the isolation of intermediates, a real 
advantage if these are unstable or are mixtures, 
or one reagent may be continuously regenerated; 
both are illustrated by the oxidation of olefins 
with permanganate and periodate (I). 

An approach so clearly defined was ripe for 
more systematic treatment. In the first instance, 
it had suggested to us that acids would be quite 
generally reduced to methyl derivatives by a com- 
bination of the McFadyen-Stevens and Wolff- 
Kishner reductions, if the limitations on the 
former method were due to the lability of alde- 
hydes in alkali. However, although the benzene- 
sulfonylhydrazides of 2,4-dimethyl-5-carboxy- 
pyrrole and (contrary to the report (2) from this 

'Issued as  NRCC No. 10224. 
'NRCC Postdoctorate Fellow 1966-1967. 
3NRCC Postdoctorate Fellow 1966-1967; present 

address, 50 MacDonald Road, 7th Floor, Hong Kong. 
4NRCC Postdoctorate Fellow 1966-1967; present 

address, Department of Chemistry, McMaster University, 
Hamilton, Ontario. 

laboratory) of benzoic acid were reduced to 2,4,5- 
trimethylpyrrole and toluene respectively, using 
the Huang modification in the latter case, the 
generality of the method was limited. 

In a second and more fruitful application, we 
have regarded reductive C-alkylation as  possible 
whenever the substrate would condense with a 
carbonyl compound to an intermediate known to 
be reducible in a compatible medium.' Although 
less developed than analogous reductive N- 
alkylations (3-6), some of the possibilities here 
had already been exploited. Others, however, 
were readily derived. 

Ethyl cyanoacetate, for example, had been 
alkylated by catalytic hydrogenation in acetic 
acid - piperidine with aldehydes or ketones (8). 
The reduction of isoquinoline and benzaldehyde 
to 4-benzyltetrahydroisoquinoline was interpret- 
ed as the reductive C-alkylation of an enamine 
(9). More frequently, C-alkylations had been car- 
ried out like N-alkylations, by alcohols, alkali 
alcoholate, and/or Raney nickel at about 200°, 
and similarly interpreted. 2-Naphthol was thus 
monoalkylated at the 1-position (lo), fluorene 
at the 9-position (1 I), oxindole (12), and  indoles 
at the 3-position, and indoles also gave indole-3- 
acetic acids with CL-hydroxy acids (13). Pyrroles 

SThe term "reductive C-alkylation" has also been 
applied to  a quite unrelated method wherein sodium 
adducts of aromatic compounds are alkylated with 
methyl iodide (7). 
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\ \  H CO,OH- I14 P. I381 
'\ 

Y H + "4 p. 138) 
PCH20H \I P2CH2 \ p.333, 

H2C0,HCL '"' HBr, lS0 "" + PCH2Hal 

were C-alkylated by this method, carbethoxy and 
acyl groups being lost (see ref. 14, p. 33, 55, 58). 
The self-alkylation of alcohols under similar con- 
ditions (Guerbet reaction) has been assumed to 
involve dehydrogenation, the reductive C-alkyla- 
tion of an aldehyde by an aldehyde, and further 
reduction (15). The scope of these reactions is 
largely determined by the requirement for basic 
conditions. We have found complementary 
methods employing acid catalysts. These had 
been most nearly represented by the Friedel- 
Craft alkylation of benzene with dichloroalkanes 
in the presence of a hydrogen donor-a saturated 
hydrocarbon with a tertiary carbon atom (16). 

The iodomethylation of aromatic compounds 
to benzyl iodides with formaldehyde and hydro- 
gen iodide, although seldom employed (17), is 
presumably as effective as their chloromethyla- 
tion. Benzyl iodide, however, is evidently reduced 
to toluene by hydriodic acid at 140" (18). These 
two reactions suggest the reductive methylation 
of benzene by formaldehyde and hydriodic acid 
at the higher temperature. The result would be 
the same if diphenylmethanes were formed and 
then reduced to a mixture of methylated and 
unmethylated products, and this is not improb- 
able in view of the reduction of triphenylmethane 
(19) and of 4,4'-dihydroxydiphenylmethanes (20). 
In either case the concurrent condensation and 
reduction would recycle incompletely methylated 
products. As methyl groups unlike chloromethyl 
groups (17) favor further substitution hexa- 

methylbenzene should result, unless demethyla- 
tion intervened, for 1,2,3,5-tetramethyl benzene 
is demethylated to  1,3,5-trimethylbenzene by 
hydriodic acid at 160" (21). 

We found that p-xylene, tetralin, and phenol 
were converted into hexamethylbenzene (82%), 
5,6,7,8-tetramethyl-1,2,3,4-tetrahy dronaphthal- 
ene (7373, and pentamethylphenol (25%) re- 
spectively by paraformaldehyde, hydriodic acid 
(d 1.93,  aceticacid or aceticanhydride, and hypo- 
phosphorous acid a t  90-1 15". Hexamethyl- 
benzene was also obtained from benzene (35%) 
under conditions which minimized losses by 
volatilization, and from o-dichlorobenzene under 
conditions chosen to illustrate the use of immis- 
cible solvents. As the chloromethylation of 
phenols usually leads to tars (17), the behavior of 
phenol here suggests that reductive C-alkylations 
are not necessarily limited by the stability of the 
unreduced intermediates. 

Scheme 1 is a composite of pyrrole condensa- 
tions and reductions, which had been carried out 
only on derivatives bearing carbethoxy or acyl 
groups. Where not directly involved as indicated, 
these groups are essential to stabilize the carbin- 
ols, halomethylpyrroles, and dipyrrylmethanes. 
In  all these reactions, except one leading to an 
acid-labile product, only formaldehyde and a 
halogen acid are required, and the only terminal 
product is the methyl derivative. Formaldehyde 
and hydriodic acid should then replace alla- or P- 
hydrogen, carbethoxy, or acyl groups by methyl, 
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MeCO Me COMe 
Me G, E t O g  R a) R = CHO 

H H H b) R = CH2CI 

M e C o x  :Me 
Me N 

H CHMe 
I !I 

H2 7 

6 CHMe2 
I 

MeCO M e K  , I XjgMe Me dcHb Me 
EtOOC N ' Me Me p~ COOEt 

CMe2 H H 

8 9 

if the unstabilized intermediates did not suffer 
their usual degradation to unrecognizable prod- 
ucts. 

We did obtain 2,3,4,5-tetramethylpyrrole from 
2,4-dimethylpyrrole and from its 5- carbethoxy- , 
3,s-dicarbethoxy- , and 3-acetyl derivatives (37, 
50, 35, and 6873, using paraformaldehyde with 
hydriodic, acetic, and hypophosphorous acids at 
about 100". Presumably the intermediates are 
stabilized here by their complete protonation in 
the strong acid or, if oxidation initiates the side- 
reactions, by the reducing conditions. 

Tetramethylpyrrole had previously been ob- 
tained from 2,4-dimethyl-3,5-dicarbethoxypyr- 
role with sodium in methanol at about 220" (24), 
a general method referred to above. Its further 
development was not promising. The yields were 
variable, carbethoxy and acetyl groups were 
first lost (25a), the subsequent alkylation of the 
a-position preceded that of the P (25b), and ethyl 
(25a) or propionic acid (25c) groups might be 
replaced. Some a,al- and P, P'-dipyrrylmethanes 
were converted to tetramethylpyrrole but the 

bridges, at least when substituted, were lost (2%). 
We found, however, that the paraform- 

aldehyde - hydriodic acid reagent was effective 
at room temperature, C-methylating the free 
positions of pyrroles while leaving carbethoxy 
and acetyl groups intact. Thus la ,  2a, and 3a 
were converted to l b  (64%), 2b (7379, and 3b 
(75%). 

To determine the range of alkyl groups which 
might be introduced by carbonyl compounds and 
hydriodic acid in favorable cases, we used 2,4- 
dimethyl-3-acetylpyrrole, 2a, for which an im- 
proved preparation is given. This was stirred 
magnetically at  about 35" with the carbonyl 
compound, hydriodic acid, hypophosphorous 
acid, and (usually) acetic anhydride. In general, 
the reaction and its end were indicated by the 
iodine color and its disappearance. An intermedi- 
ate sometimes separated then, although only 
under modified conditions when benzaldehyde 
was used, redissolved. Most of the crude 
products could be precipitated by water and were 
then substantially pure and free of halogen. The 
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5-alkyl derivatives 212-20 resulted, as did 4 when 
2,5-hexandione was used (60-90%). Chloro- 
acetone, like acetone, gave 25 The alkylation of 
2a with the pyrrole aldehyde 5a required more 
definite conditions but at 45" 6 resulted (73%). 
The same product had been obtained convention- 
ally from 2a and 5b in 21% yield (32). Another 
pyrrole, 3a, was ethylated to 3c(54%). 

As might be expected, hydriodic acid could be 
replaced by another strong acid and a reducing 
agent. This proved necessary for the alkylation of 
l a  with isobutyraldehyde for, when hydriodic 
acid was used, the intermediate 3-(1-iodoiso- 
butyl) derivative l p  (see below) was not reduced. 
However, l a  was alkylated to l o  (82%) by iso- 
butyraldehyde, hydrogen chloride in acetic acid, 
and amalgamated zinc at 20". The pyrrole 2f was 
obtained from 2a and acetone using hydriodic 
acid as above (92%), using hydrogen bromide in 
acetic acid and stannous bromide (7773, or using 
sulfuric acid in acetic acid and zinc amalgam 
(<24% crude). Formic acid, so useful in the 
reductive alkylation of amines, has not proved 
useful here although, with sodium formate, it will 
reduce crystal violet to dimethylaniline and 
bis-(p-dimethylamino-pheny1)methane (26). 

We were interested in the intermediates which 
sometimes separated then redissolved when hydi- 
odic acid was used in the alkylations, particularly 
after isobutyraldehyde failed to alkylate l a .  The 
behavior of 3-(I-iodoalky1)-pyrroles was un- 
known but 3,3'-dipyrrylmethanes could not be 
intermediates for, with hydriodic acid at 100°, 
their bridges were incompletely reduced if 
methylene or split off if substituted (25c). Either 

2-(1-iodoa1kyl)pyrroles or 2,2'-dipyrrylmethanes 
might be intermediates. The former should be 
easily reduced (Scheme 1). The latter, whether or 
not their bridges were substituted, had been re- 
duced to 2-free and 2-alkyl pyrroles at 100' 
(25d) and their reduction at  lower temperatures 
had not been a t t e m ~ t e d . ~  

The methylation of l a  with paraformaldehyde 
and hydriodic acid in acetic acid at  20" suggested 
then that the 3-iodomethyl derivative was the 
intermediate, particularly as the chloromethyl 
derivative had been prepared by chloromethyla- 
tion (22). There is now no doubt that 3-iodoalkyl 
derivatives can be formed, but they may not be 
easily reduced. When l a  was stirred with iso- 
butyraldehyde, hydriodic acid, hypophosphorous 
acid, and acetic anhydride at about 35", l p  
crystallized out. More vigorous conditions result- 
ed in unidentified products, and there was no 
evidence that the dipyrrylmethane 9, which was 
prepared for comparison, was involved. 

When 2a was alkylated with acetone and 

6Nore added it1 proof:-As will be reported later with 
R. A. Chapman, we have reduced porphyrins (e.g. 1,3,5,7- 
tetramethyl-2,6-dietl1yl-4,8-di-tz-propyl-porphin) with hy- 
driodic and acetic acids at 100" as usual, then added 
paraformaldehyde and continued the heating. Instead of 
mixtures of homologous pyrroles ill-suited to g.1.p.c. 
(cf. 3 9 ,  the products were then easily separated and 
identified tetra-substituted pyrroles. Porphyrins are con- 
verted into these tetra-substituted pyrroles equally directly 
by potassium methylate at 220" (36). However, the be- 
havior of meso-substituted a, a'-dipyrrylmethanes with 
hydriodic acid (see above) and with potassium methylate 
(p: 3293) suggests that tneso-substituerzts otz porphyritzs 
~ 1 1 1  be retained otz thepyrroles when hydriodic acid, but 
not when potassium methylate is used. 
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hydriodic acid in the same way, a complex of the 
dipyrrylmethane 8, presumably 8.2HI-I,  (see 
Experimental), separated then redissolved more 
slowly. Further experiments, summarized in 
Scheme 2, showed that 8 was indeed the inter- 
mediate or, when weaker hydriodic acid was used, 
the final product. When strong hydriodic acid was 
used, the dipyrrylmethane initially formed was 
reduced to a mixture of2a and 2f, the former being 
recycled in the presence of acetone. However, 
unless the iodine liberated in the reduction was 
rapidly removed by phosphonium iodide, it 
combined with the dipyrrylmethane to form the 
less soluble complex. 

We did not attempt to isolate the dipyrryl- 
methane 7 as an intermediate in the alkylation of 
2a by paraldehyde and hydriodic acid. However, 
7 was converted into 2c by the samemixture. In 
the absence of the aldehyde, 7 had been reduced 
by hydriodic acid at 100" to 2,4-dimethyl- 
pyrrole and its 5-ethyl derivative (25d). It is 
thus reasonable to assume that in the alkylation 
of 2a, the critical intermediates are easily reduced 
dipyrrylmethanes. 

Experimental 
The hypophosphorous acid used was 50%. The hydri- 

odic acid was of density about 1.94 or 1.95-1.96 and was 
stored at 0" over phosphonium iodide (for which a con- 
venient preparation is given). 

The hydriodic acid - acetic anhydride mixture was best 
made by adding the acetic anhydride slowly to the 
hydriodic acid, cooled with water and stirred magnetically, 
then adding the hypophosphorous acid; otherwise, a 
yellow solid might form. When the reaction temper- 
atures are not specified, there was a rise to 3545"  due to 
magnetic stirring. 

Melting points were determined on a hot-stage and 
are corrected. The products gave negative Beilstein tests 
for halogen, their assigned structures were consistent with 
their nuclear magnetic resonance (n.m.r.) spectra, and the 
pyrroles gave positive Ehrlich's reactions hot. 

Pliosphoni~rn~ Zorlide (cf. ref. 34) 
Hydriodic acid ((1 = 1.95, 115 ml) and red phosphorus 

(50 g) were stirred magnetically in a 250 rnl flask, sur- 
mounted by a 6 in. air condenser under a reflux condenser 
and heated by an oil bath.The bath temperature was slowly 
raised to 80' (frothing!), held a t  that temperature for 1-2 h, 
then slowly raised to 105'. The  phosphoniurn iodide was 
periodically removed from the air condenser and stored at 
0" under hydriodicacid (d 1.95); yield 74g. 

2,4-Din1e1/1yl-3-acety/-pyrro/e (2a) 
2,4-Dimethyl-3-acetyl-5-carbethoxypyrro (8 g) and 

40 ml of 10% aqueous sodium hydroxide were heated for 
4 h a t  175" in a Teflon lined brass tube. The contents of the 

tube were ground up and filtered. The solid was washed 
with water and distilled (125", 1 x mm) t o  give a 
colorless product (4.72 g, 90%), m.p. 140-140.5" (lit. 
(14, p. 185) 137"). 

Anal. Calcd. for CsHIIO:  C,  70.04; H, 8.08; N, 10.21. 
Found:C,70.22;H,8.21;N,9.99. 

Hexarnerhj~lberizene 
(a) Frorn Bertzerle 
Hydrogen iodide in acetic acid (20 ml, density 1.6, 

about 50 %), 3 g of paraformaldehyde and 1 ml of benzenc 
were stirred at 20" for 18 h in a stoppered flask (an oil 
separated, presumably diiodomethyl ether (27)), then 
heated for 18 h at 90" under a reflux condenser. The 
mixture was cooled, 5 ml of hypophosphorous acid and 
20 ml of acetic anhydride were added, and heating con- 
tinued for 4 h at 110". It was again cooled, 5 ml of hypo- 
pliosphorous acid added, and again heated for 18 h at 
115". The mixture was cooled somewhat, decolorized with 
hypophosphorous acid, and poured into water. The  solid 
which separated was dried, boiled with 10 ml of pyridine, 
recovered by pouring the mixture into water (this reliioved 
any halogen), ground and washed with 20 ml of methanol, 
dried, sublimed (about 10O0, 0.1 mnl), and crystallized 
from 25 ml of methanol as colorless plates (589 mg), 111.p. 
165-166.5" (lit. (28) 166.6") after changing to needles or 
prisms a t  ca. 105" and to plates a t  ca. 145". A further 45 mg 
were obtained from the methanolic mother liquor (total 
635 mg, 35 %). No aromatic protons were apparent in the 
n.m.r. spectrum when the intensity was increased 100 
times. 

Anal. Calcd. for Cl,Hl8: C, 88.82; H ,  11.18. Found: 
C, 88.63; H, 11.10. 

(6) Front p-Xylerle 
Hexamethylbenzene, n1.p. 165.5-166.5" was obtained 

sinlilarly but more conveniently and in 82% yield, from 
p-xylene (1 ml), 10 rnl of hydriodic acid (rl = 1.95), 40 ml 
of acetic anhydride, and 2 g of paraforrnaldehydc, at 90 OC 
then a t  a gentle reflux (116"), using hypophosphorous 
acid. 

Anal. Found:C, 88.74; H, 11.04. 

(c) F r o n ~  o-DichloroDenzene 
A mixture of o-dichlorobenzene (1.47 g), hydriodic acid 

(20 ml), paraformaldehyde (2.4 g), and ,I-heptane (20 ml) 
was stirred (Vibronlischer) a t  95" (bath temperature) 
under reflux for 10 h, decolorizing it periodically with 
phosphonium iodide. The heptane layer wasseparated and 
washed with 20% aqueous pyridine(2 x 25ml), with 10% 
hydrochloric acid, and with water. It was then dried and 
the heptane was evaporated. The  residue was recrystallized 
from pentane as colorless crystals (621 mg, 38%). For 
analysis, it was sublinled (65", 1 x lo-' mm), m.p. 164- 
165". 

Anal. Found: C ,  88.64;H, 11.31. 

5,6,7,8-Terran1e1/ryl-l,2,3,4-1e1r~/tj~dror1np/11/1a/et1e 
1,2,3,4-Tetrahydronaphthalene (1 ml) was added to a 

mixture of paraformaldehyde (2 g), hydriodic acid (10 ml), 
and acetic anhydride (40 ml). The  mixture was then stirred 
and heated under reflux for 4+ h a t  90-100" then a t  ca. 
116" for 5 h .  During the heating, the solution was periodi- 
cally cooled to 60" and decolorized with hypophosphorous 
acid(total7 rnl). The warm solution wasadded to  125 ml o f  
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water, the resulting mixture was cooled, and the crystalline 
crude product was separated. This was boiled for 5 min 
with pyridine and the hot solution poured into boiling 
water (125 ml) containing 10 ml of acetic acid. The mixture 
was cooled and the product was separated, dried, sublimed 
(75", 1 x 10-4mm), andextracted into 20ml of methanol. 
When the solution was concentrated then allowed to cool, 
925 mg of the product separated and a further 94 mg (total 
74 %) were obtained by concentrating the mother liquors. 
The product formed large colorless plates, m.p. 81.5-82" 
(lit. (29)79-79.5"). 

Anal. Calcd. for C14H2,: C, 89.29, H, 10.71. Found: 
C, 89.43; H, 10.49. 

Perttumetl~yylphenoI 
To phenol (4.06 g) in acetic acid (40 ml) was added 

hydriodic acid (43 ml) and paraformaldehyde (6.47 g). The 
mixture was kept at 95" under nitrogen and stirred for 6 h, 
adding hypophosphorus acid periodically to decolorize it. 
Ammonium hydroxide was then added dropwise to the 
cooled (0") and stirred solution until it was basic (pH -8). 
The product was extracted with ether (3 x 30 ml), which 
was dried over anhydrous magnesium sulfate, filtered, and 
then removed irl vacuo to leave the crude product (2.1 g). 
Several recrystallizations from n-hexane gave the product, 
1.64 g (25%), m.p. 127-129". (lit. (30) 125"). The infrared 
spectrum had the hydroxy absorptionat 3625 cm-'. 

Anal. Calcd. for Cl lH160 (mol. wt., 164): C, 80.44; 
H, 9.83. Found (mol. wt., 160 (vapor pressure), 164 (mass 
spectroscopy)): C, 80.12; H,9.91. 

2,3,4,5-Tetramethylpyrrole 
(a) From 2,4-Db)ietlzyl-5-carbethoxypyrrole (la) 
2,4-Dimethyl-5-carbethoxypyrrole (1.64 g), acetic acid 

(25 ml), hydriodic acid (25 ml), and paraformaldehyde 
(0.589 g) were heated at 95-100" for 3 h under nitrogen 
with stirring. The solution was decolorized with hypo- 
phosphorous acid, made alkaline with ammonia at O0, and 
extracted with ether (2 x 75 ml). The ether was removed 
from the dried extract (MgSO,) at 20' in a rotary evapo- 
rator to leave the crude product, avoiding its exposure to 
air. The product was purified by distillation (10 mm, 60") 
to give 0.628 g (52%), m.p. 106-108" (lit. (14, p. 44) 110"). 

Anal. Calcd. for CsH13N: C, 77.99; H, 10.64; N, 11.37. 
Found: C,77.88;H, 10.51 ; N, 11.22. 

(b) Front 2,4-Dimethyl-3,5-dicarbethoxypyrrole 
2,4-Dimethyl-3,5-dicarbethoxypyrrole (2.4 g), acetic 

acid (35 ml), hydriodic acid (35 ml), and paraformaldehyde 
(1.2 g) were heated at 100' for 4 h under a stream of nitro- 
gen. The crude product was obtained as in (a) above, then 
distilled (15 mm, 65") to yield 0.44 g (36 %), m.p. 107-109". 

(c) From 2,4-Dimethyl-3-acetylpyrrole (2a) 
2,4-Dimethyl-3-acetylpyrrole (1.58 g) in 25 ml of acetic 

acid was added in five portions during 1 h to a stirred 
mixture of paraformaldehyde (2.07 g), hydriodic acid 
(25 mi), and hypophosphorous acid (3 ml) maintained at 
115" under nitrogen. The mixture was heated at 115" for 
a further 3 h, and the crude product then isolated as in (a) 
above. Distillation (6S0, 10 mm) gave 996 mg (68%) of 
colorlesscrystals,m.p. 108-1 10". 

Anal.Found:C,77.74;H, 10.59;N,11.19. 
(d) From 2,4-Dit?zethylpyrrole 
2,4-Dimethylpyrrole (2.06 g) in acetic acid (50 ml) was 

added over 2 h to a stirred solution of paraformaldehyde 

(5.21 g) in hydriodic acid (75 ml), acetic acid (25 ml), and 
hypophosphorous acid (6 ml) a t  105" under nitrogen. The 
solution was heated 4 h longer, then brought to pH 9 with 
ammonium hydroxide at 0". Isolated as in (a) above and 
washed with a little pentane, the colorless product (0.996 g. 
37%) melted at 107-109°. The analytical sample, m.p, 
109-1 1 lo, had been redistilled(60", 8 mm). 
Anal.Found:C,77.94;H,10.56;N, 11.29. 

2,3,4-Trimetlzyl-5-curbet/1oxypyrrole ( I b )  
2,4-Dimethyl-5-carbethoxypyrrole (la) (0.83 g), acetic 

acid (10 ml), hydriodic acid (10 ml), and paraformaldehyde 
(0.60 g) were stirred for 3 h at 25" under nitrogen. Hypo- 
phosphorous acid (about 1 ml) was added dropwise to  
decolorize the solution. The cooled solution (0") was made 
basic with ammonium hydroxide and  the product was 
extracted with ether (2 x 20 ml). The extract was dried 
over magnesium sulfate, filtered, and the  ether removed in 
a rotary evaporator a t  20". Recrystallization from benzene 
gave the product, 0.58 g (64%), m.p. 125-126" (lit. (14, 
p. 239) 128'). 

Anal. Calcd. for CloHlS02N: C, 66.27; H, 8.34; N, 
7.73.Found:C,66.35;H, 8.18;N,7.90. 

2,3,5-Tritnetl1.vl-3-acetylpyrrole (26) 
2,4-Dimethyl-3-acetylpyrrole (2a), (0.68 g), acetic acid 

(15 ml), hydriodic acid (15 ml), and paraformaldehyde 
(0.6 g) were stirred for 3 h under nitrogen at 25". The solu- 
tion was decolorized with hypophosphorous acid, made 
alkaline with ammonium hydroxide a t  0°, and extracted 
with ether. The ether was evaporated from the dried 
extract (MgSO,) leaving the crude product which was 
crystallized from benzene as colorless elongated prisms 
(0.55g, 73 %),m.p. 204207" (lit. (14, p. 188)207-209"). 

Anal. Calcd. for C,H13NO: C, 71.49; H, 8.67; N, 9.26. 
Found:C,71.29;H, 8.68;N,9.38. 

2,4,5-Trin~etl1yl-3-curbethoxypyrrole (3b) 
2-Methyl-3-carbethoxypyrrole (3a (33), 0.99 g), acetic 

acid (15 ml), hydriodic acid (20rnl), and paraformaldehyde 
(0.78 g) were stirred for 3 h at 25". The crude product was 
isolated as was that of the 3-acetyl derivative (above) and 
sublimed (82", 4 x mm) as fine colorless needles 
(75 %), m.p. 103-103.5° (lit. (14, p. 248) 104105"). 

Anal. Calcd. for C,oHISN02: C, 66.27; H, 8.34; N, 
7.73.Found:C,66.35;H,8.17;N,7.88. 

2,4-Dirnetl1yl-3-isobrrtyl-5-carbetl1oxypyrrole (lo) 
Acetic anhydride (20 ml) was slowly added to 5 ml of 

concentrated hydrochloric acid with stirring and cooling, 
and 668 mg of 2,4-dimethyl-5-carbethoxypyrrole (la) 
were dissolved in the resulting solution. Amalgamated 
zinc (10 g, 20 mesh) and 0.75 ml of isobutyraldehyde were 
then added at 20°, and the mixture was stirred for 15 min 
at 20-25". The zinc was separated, washed with acetic acid, 
and the liquids were poured into water to precipitate the 
crude product. It was dried and extracted into pentane 
(thimble), the pentane was evaporated, and the residue was 
recrystallized from aqueous ethanol (13 ml of 55%) as 
colorless needles (681 mg), m.p. 115-1 17" (lit. (31), 116- 
117") after changing to fine needles at about 112", and to  
plates at about 115". A further 51 mg were obtained from 
the mother liquors (total 732 mg, 82%). The n.m.r. 
spectrum and the X-ray powder photograph were identical 
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with those of authentic material, and the mixed m.p. was 
115-117". 

Anal. Calcd. for CI3HZINO2: C, 69.92; H ,  9.48; N, 
6.27.Found:C,70.08;H,9.67;N,6.25. 

2,4-Dimethyl-3-acetyl-5-etI1ylpyrrole (2c) 
A solution of 2,4-dimethyl-3-acetylpyrrole (2a, 548 mg) 

in 10 ml of hydriodic acid containing a little solid phos- 
phonium iodide was cooled in an ice-salt bath. Paralde- 
hyde (0.35 ml) was added and the solution was stirred for 
44 h without further cooling. The solution was then 
added to 100 ml of ice water to precipitate the light-brown 

I product (385 mg, 58 %), m.p. 153-160". For analysis, it was 
I 

sublimed in vacuo then recrystallized from ether (thimble) 
as grey needles, m.p. 163" after changing to plates at 140". 

I Anal. Calcd. for CloH150: C, 72.69; H, 9.15; N, 8.48. 

I Found:C,72.67;H,8.88;N,8.69. 

2,4-Dimethyl-3-acetyl-5-n-propylgyrrole (2d) 
2,4-Dimethyl-3-acetylpyrrole (247, 1.02 g), acetic acid 

I (15 ml), hydriodic acid (25 ml), and propionaldehyde 
(1.74 g), were stirred at 25" for 3 h under nitrogen. The 
crude product was isolated as was that of the 2,4,5- 
trimethyl derivative, 2b, except that 2 x 50 ml ether were 
used. Recrystallization from benzene gave the product 
0.786g(59 %), m.p. 157-158". 

Anal. Calcd. for ClIH170N: C, 73.70; H, 9.56; N, 7.81. 
Found:C,73.73;H,9.39;N,7.79. 

2,4-Ditnethyl-3-acetyl-5-isob~1tylpyrrole (20) 
(a) 2,4-Dimethyl-3-acetylpyrrole (2a, 548 mg) was 

dissolved in hydriodic acid (10 ml), acetic anhydride 
(10 ml), and hypophosphorous acid (2 ml). Isobutyr- 
aldehyde (0.75 ml) was added and the solution was stirred 
for 35 min. No precipitate formed. Water precipitated a 
yellow iodine complex (864 mg), m.p. unsharp from 90°, 
Beilstein test for halogen positive. This was converted into 
the desired product by dissolving it in ethanol and adding 
ammonium hydroxide. For analysis it was recrystallized 
from aqueous ethanol, m.p. 152" after changing to smaller 
crystals at 125". 

Anal. Calcd. for C12H19NO: C, 74.57; H, 9.91; N, 
7.25.Found:C,74.40;H,9.73;N,7.43. 

(b) When the above reaction was run in the presence of 
a little added phosphonium iodide, the color faded within 
1 min and after 5 min water precipitated the colorless 
product (0.7 g, 91 %). It melted at 150-152' (phase change 
at 125") after being recrystallized from ethanol. 

2,4-Dimetl~yyl-3-acetyl-5-neopentylpyrrole (2e) 
2,4-Dimethyl-3-acetylpyrrole (2a, 548 mg) was warmed 

to solution in a mixture of 10 ml of hydriodic acid, 10 ml 
of acetic anhydride, and 2 ml of hypophosphorous acid. 
The solution wascooled to 35Oand0.85 mlofpivalaldehyde 
(Columbia Organic Chemicals Co.) was added. The 
solution was stirred for 10 min, by which time the initially 
dark brown color had changed to yellow, and then it was 
poured into 125 ml of water. The product separated as a 
colorless powder (769 mg, 9379, m.p. 156-163". For 
analysis, it was recrystallized from ether-pentane, sub- 
limed at 115" mm), and again recrystallized by 
extraction into hexane (thimble) as long colorless plates, 
m.p. 166-167" after changing to prisms below 130". 

Anal. Calcd. for CI3HZINO: C, 75.31; H, 10.21; N, 
6.76.Found:C,75.13;H,10.30;N,6.58. 

2,4-Di1netlzyl-3-acetyl-5-isopropylpyrrole (2 f)  
(a) Usirtg Hydriodic Acid 
Hydriodic acid (10 ml) and 2 ml of hypophosphorous 

acid werecooled andstirred while 10ml ofacetic anhydride 
was slowly added. 2,4-Dimethyl-3-acetylpyrrole (2a, 548 
mg) was dissolved in the solution, 0.6 ml of acetone added, 
and the mixture was stirred for 3 h by which time a yellow 
precipitate had formed and redissolved and the solution 
had turned yellow; the final temperature was 37". The 
solution was poured into 100 ml of water and 30 ml of 
ammonium hydroxide kept at 20". The nearly colorless 
product separated as plates (662 mg, 92 %). At 138" these 
changed to  cubes which either melted at 165" or  turned to 
irregular needles, m.p. 171-173". For analysis, it was 
recrystallized from aqueous ethanol as colorless plates, 
m.p. 165.5" or 171.5-173". 

Anal. Calcd. for CIIH17NO: C, 73.70; H, 9.56; N, 
7.81.Found:C,73.59;H,9.48;N,7.76. 

(b) Using Hydrogen Brotnide and Stannous Bromide 
Anhydrous stannous bromide (5 g) was stirred to solu- 

tion in 20 ml of hydrogen bromide in aceticacid (30-32 %). 
2,4-Dimethyl-3-acetylpyrrole (20, 548 mg) was added and 
the mixture was warmed to dissolve this, then cooled to 
30". Acetone (0.6 ml) was added and the solution was 
stirred at 35" for 23 h. then poured into water a t  10". The 
product wasseparatedand washed withdilutehydrochloric 
acid then with water. It formed colorless micro-prisms 
(549 mg, 77 %), m.p. 166-1 67" or 173-174.5" after changing 
to cubes at about 136". For analysis it was recrystallized 
from aqueous ethanol as prismatic rods, m.p. 172", 172- 
173" when mixed with the product of(a)above. 
Anal.Found:C,73.92;H,9.23;N,7.88. 

(c) Using Sulfirric Acid andZitzc 
2,4-Dimethyl-3-acetyl-pyrrole (20, 548 mg), 1 ml of 

acetone, and 10 g of amalgamated zinc (20 mesh) were 
added to a solution of 1 ml of concentrated sulfuric acid 
in 20 ml of acetic acid. The niixture was stirred for 1 h at 
45". The liquid was decanted from the zinc into 100 ml of 
water forming a solution from which the crude product 
separated at 15" (174 mg, m.p. 164-169", after the usual 
solid phase changes). For analysis, it was extracted into 
ether (thimble) then recrystallized from 3 ml of aqueous 
ethanol as nearly colorless elongated prisms, m.p. 170- 
172" (171-173" when mixed with the product of (a) above) 
after a solid phasechange at 142". 

Anal. Found: C, 73.60; H, 9.40; N, 7.92. 

2,4-Dirnetl~yl-3-acetyl-5-(3-pet~ty~)pyrroe (2g) 
3-Pentanone (0.85 ml) was added to a solution of 548 mg * 

of 2,4-dimethyl-3-acetylpyrrole (2a), in 10 rnl of hydriodic 
acid, 10 ml of acetic anhydride, and 2 ml of hypoplios- 
phorous acid. Thesolution was stirred for I$ h thenpoured 
into 200 ml of water to precipitate the product as tiny 
nearly colorless prisms (651 mg, 79 %), m.p. about 186- 
189". For analysis it was recrystallized from ethanol as 
colorless plates, m.p. 188.5" after a solid phase change at 
135". 

Anal. Calcd. for C13H21NO: C, 75.31; H, 10.21; N, 
6.76. Found: C,75.13; H, 10.04; N,6.78. 

2,4-Dimetl~yl-3-acetyl-5-(4-n~ethyl-2-petyl)pyrrole (211) 
Methyl isobutylketone (1.1 ml) was added to  a solution 

of548 mgof2,4-dimethyl-3-acetyl-pyrrole,2a, in hydriodic 
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acid (10 ~iil), acetic anhydride (10 ml), and hypophosphor- 
ousacid (2 nil).Thesolution wasstirred for 4 h then poured 
into a mixture of 150 ml of water and 30 nil of ammonium 
hydroxide. The product separated as tiny colorless prisms 
(709 mg, 80%), m.p. 140-141.5". For analysis, it was 
recrystallized from aqueous ethanol (charcoal) as tiny 
colorless prisms, m.p. 142-143", some changing to plates 
at  120". 

Anal. Calcd. for C14H13NO: C, 75.97; H, 10.47; N, 
6.33.Found:C,75.81,H, 10.37;N,6.38. 

2,4- Dit)1erl/yl-3-acetyI-S-betizylpyrrole (2i) 
A solution of 10 ml of hydriodic acid, 10 ml of acetic 

anhydride, and 2 1111 of 1iypophosphorous acid containing 
548 mg of 2,4-dimethyl-3-acetylpyrrole, 2a, was stirred 
magnetically while a solution of 0.6 ml of benzaldehyde 
in 5 ml of acetic anhydride was slowly added over 20 min. 
The solution was stirred for I0 min then poured into water. 
The crude product which separated was recrystallized from 
acetone (thimble) as nearly colorless irregular plates 
(85%), m.p. 165.5-167" after a partial change to prismatic 
rodsabove 165". 

Anal. Calcd. for C13HI,NO: C, 79.26; H, 7.54; N, 
6.16.Found:C,79.22;H,7.50;N,6.18. 

2,4-Ditt1etliy/-3-ncetyl-5-(l-pherryl-et/1y/)pyrro/e (2j) 
A solution of 0.6 ml of acetophenone in 5 ml of acetic 

anhydride was slowly added to a stirred mixture of 10 ml 
of hydriodic acid, 10 nil of acetic anhydride, and 2 ml of 
hypophosphorous acid containing 548 mg of 2,4-diniethyl- 
3-acetylpyrrole, 2a. The mixture was allowed to stand for 
two days at room temperature then poured into water. 
The crude product which separated was recrystallized 
froni acetone (thinible) as nearly colorless rhonibic plates 
(75 %), rn.p. 146-148.5". 

Anal. Calcd. for C,,H,,NO: C, 79.63; H, 7.94; N, 5.80. 
Found: C,79.47;H,7.78;N,5.79. 

2,4- Ditlletkyl-3-acetyl-5-cyclohexylpy (2k)  
A solution of 10 nil of hydriodic acid, 10 nil of acetic 

anhydridqand 2 ml of hypophosphorous acid was stirred 
magnetically at  40' while 548 nig of 2,4-dimethyl-3-acetyl- 
pyrrole, 20, were dissolved in it; 0.5 rnl of cyclohexanone 
was then added, and an additional 0.5 ml ofcyclohexanone 
was added after a few minutes. The solution was stirred 
at 40" for IQ  11 then poured into water. The crude product 
which separated, n1.p. 186-188" was recrystallized froni 
ethanol as colorless rliombic prisnis (82%), ni.p. 188.5- 
189" after changing to flat prisnis above 153". 

Anal. Calcd. for C,,H2,NO: C, 76.66; H ,  9.65; N, 
6.39. Found:C,76.49;H,9.50;N,6.30. 

2,4-Ditt1et/1y/-3-t~cetj~/-pj~rl~o~e-~-nc~lc Acid (21) 
Glyoxylic acid monohydrate (500 mg) was added to a 

solution of 548 mg of 2,4-dimcthyl-3-acctylpyrrole 20, in 
10 1111 of hydriodic acidand 2 nil of hypophosplioro~~s acid. 
Tlie solution wasstirred for 1 11 at 1Y. A yellow crybtalline 
solid containing ~odinc was removed by filtration, washed 
with ether, dricct, then slurried with 5 nil of water. Tlie 
solid (Bcilstcin test forlialogcn now vcry weak) uas again 
separated, washed witli 5 rnl of water, dried, and extraetcd 
into 40 ml of ether (thimble). Whcn the ether solut~on was 
concenlrntcd the product separated as yellow prisnis 
(550 nig, 70%), n1.p. 195-205". For analysis, it was re- 

crystallized by dissolvingit in40 parts of cold 50 %aqueous 
acetone, boiling off the acetone, and cooling. It separated 
as nearly colorless prismatic rods, m.p. 206-210", after 
changing to prisms at 155" and evolving gas at 175". 
Before melting, it evidently decarboxylated to the 5-methyl 
derivative (see above), the m.p. of which was not depressed 
by the resolidified melt. 

Anal. Calcd. for CloH13N03 (eq. wt., 195): C, 61.52; 
H, 6.71; N,7.18. Found(eq. wt., 197): C ,  61.35; H, 6.90; 
N,  7.10. 

2,4-Dit~1etl1yl-3-acetyl-S-(I-carboxyethyl)pyrrole (201) 
A solution of 548 nig of 2,4-dimethyl-3-acetylpyrrole 2a, 

in 10 ml of hydriodic acid and 2 rnl of hypophosphorous 
acid was treated with 0.4 nil of pyruvic acid and stirred 
for 10 niin at 40" when yellow crystals containing iodine 
formed. After 2 days at 0" the crystals were separated, 
dried, and slurried with 5 ml of water. They dissolved and 
a colorless product then separated which gave a very weak 
Beilstein test for halogen. This was washed with water, 
dried, and recrystallized froni ether (thimble) as tiny 
colorless rods (493 nig, 59 %), m.p. 156-1 58" (decomp.). 

Anal. Calcd. for Cl1HlSNO3 (eq. wt., 209): C, 63.14; 
H, 7.23; N,6.69.Found (eq.wt., 207): C, 63.11; H, 6.98; 

2,4-Dit)1ethyl-3-acetyl-pyrrole-5-(4-pe)ztat1oic) Acid(2tz) 
A solution of levulinic acid (0.6 nil) in 5 ml of acetic 

anhydride was slowly added to a solution of 548 mgof 2,4- 
dimethyl-3-acetylpyrrole, 2a, in hydriodic acid (10 ml), 
acetic anhydride, and hypophosphorous acid (2 nil). 
The solution was stirred for 12 h then the  volatile solvents 
were removed in a vacuum desiccator over potassium 
hydroxide. Water (10 ml) was added t o  the residue to 
yield the product as a n  oil which soon solidified to salmon 
colored prisms which were washed with water to yield 
742 mg (78%), rn.p. 175-177'. For analysis, it was re- 
crystallized from acetone (thimble) as nearly colorless 
prisms, n1.p. 175-180". 

Anal. Calcd. for C13H19N03 (eq. wt., 237): C, 65.80; 
H, 8.07; N, 5.90. Found (eq. wt., 234): C, 66.03; H, 8.20; 

2,5-Bis-(3,5-rli,t1etl1yyl-4-acetyl-2-pyrryl)/1exnt1e ( 4 )  
2,s-Hexandione(1 ml) was added to a solution of 548 mg 

of 2,4-dimethyl-3-acetylpyrrole 2a in 10 nil of hydriodic 
acid, 10 nil of acetic anhydride, and 2 nil of hypophos- 
phoro~~sacid.Thesolution wasstirred for 1Q h thenpoured 
into 150 nil of water to precipitate the nearly colorless 
product (442 mg, 62 %), m.p. 263-268". F o r  analysis it was 
twice recrystallized from acetone (thimble) as a colorless 
crystalline powder. n1.D. 275-279 afterchanaing to needles . - - - 
at271°. 

Anal. Calcd. for CZ2H,,N2O2: C, 74.12; H, 9.05; N, 
7.86.Found:C,74.01;H,9.04;N,7.94. 

3,5,4'-Tritt1e~l1yl-4,3'-rlincetyI-5'-cnr6e~110xy~i~yrrj~l- 
ttrethntle (6) 

Hydriodic acid (10 nil) was stirred a n d  cooled while 
10 nil of acetic anhydride were added slowly. Hypo- 
phosphorous acid (2 nil) and 548 mg of 2,4-dimethyl-3- 
acetylpyrrole, 20, were added and the mixture was stirred 
at ~.ooni teniperature until the latter dissolved. 2-Forniyl-3- 
acetyl-4-methyl-5-carbethoxypyrrole (5a, 892 mg) was 
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added and the mixture was stirred at 4045' for 2 h, then 
poured into 150ml of water. The precipitate wasseparated, 
dried, slurried with 15 ml of ethanol, and then filtered, 
dried, and extracted into 40 ml of acetone (thimble). The 
product (781 mg) crystallized from the acetone as colorless 
plates, m.p. 209-212" and concentrating the acetone gave 
a further 219 mg (total, 73 %). The X-ray powder photo- 
graph and the n.m.r. spectrum were identical with those 
of authentic material (32) for which we found the m.p. 
to be 210-213"; themixed m.p. was 209-213". 

Anal. Calcd. for C10HZ404NZ: C, 66.26; H, 7.02; N, 
8.13; OEt, 13.08. Found: C, 66.11; H, 7.23; N, 8.18; 
OEt, 12.97. 

2-Methyl-4,5-diethyl-3-cnrbethoxypyrrule (3c) 
A solution of 612 mg of 2-methyl-3-carbethoxypyrrole 

3a(33)in 10 ml ofhydriodic acid, lOml ofaceticanhydride, 
and 2 ml of hypophosphorous acid was stirred while 
0.35 ml of paraldehyde was dropped in. Stirring was con- 
tinued for + h and the solution was then poured into water. 
For analysis, the pale-yellow micro-crystals which sepa- 
rated (0.45 g 53 %, m.p. 104-106") were recrystallized from 
aqueousethanol. 

Anal. Calcd. for ClzHleNOZ: C, 68.86; H, 9.15; N, 
6.67.Found:C,68.73;H,9.09;N,6.85. 

Experitnetlts Relatitrg to the It~termediates 
2,4-Dimethyl-3-(1-iodo-isublctyl) -5-cnrbctl~oxypyrrole 

( 1 ~ )  
2,4-Dimethyl-5-carbethoxypyrrole (In, 668 mg) in 

hydriodic acid (10 ml), acetic anhydride (10 ml), and 
hypophosphorous acid (2 ml) was treated with 0.75 ml 
isobutyraldehyde. The solution was stirred for 15 min 
while the solution turned dark then lightened as a precipi- 
tate formed. This was separated and washed well with 
water, leaving the product as colorless crystals (1 g), m.p. 
119-121". For analysis it was recrystallized from heptane. 

Anal. Calcd. for Cl3HZoNO2I: C, 44.71; H, 5.77; N, 
4.01;1, 36.33.Found: C,44.55;H,6.15; N,4.13;1, 36.29. 

mesu-Isopropyl-2,2',4,4'-tetrat~1etI1yl-5,5'-di~arbetI1o~y- 
dipyrrylt?~ethnt~e (9) 

2,4-Dimethyl-5-carbethoxypyrrole (la, 668 mg) and 
isobutyraldehyde (0.75 ml) were refluxed for 15 min in 
ethanol containing two drops of hydrochloric acid. Water 
was added to the cooled solution to precipitate colorless 
crystals, m.p. 120-125" after being recrystallized from 
heptane. 

Anal. Calcd. for CzZH3,N2O4: C, 68.01; H, 8.30; 
N,7.21.Found:C,67.99;H,8.37;N,7.35. 

Tl~e Cunip/ex of t~reso-Ditt1etl1yl-3,3',5,5'-te1i'a1neth~~/- 
4,4'-dincetylpyrro??~etlranc (8) with HIat~rl  Iodit~e 

(n) Tlie pyrrole 20 (548 mg) was stirred with hydriodic 
acid, aceticanhydride, hypophosphorousacid, andacetone 
as in the preparation of 2f(above). After 5 rnin the pre- 
cipitated complex (723 mg, 45 %) was separated and well 
washed with acetic acid, m.p. 167" (decomp.), KI-starch 
test positive. 

Anal. Calcd. for CIBHZ6OZN2. 2HI. I2  : C, 27.70; H, 
3.40; N, 3.42; I, 61.60. Found: C, 28.18; H, 3.46; N, 3.48; 
I, 61.56. 

(b) The above experiment was repeated giving 470 rng 
of the complex, m.p. 157-159" (decornp.), further identi- 
fied by its n.rn.r. spectrum. The acid mother liquors were 

poured into water (100 ml) and ammonium hydroxide 
(30 ml) to precipitate 370 mg of 2J, identified by m.p., 
mixed m.p., and n.m.r. spectrum. 

(c) The experiment was again repeated in tlie presence 
of a little added pliosphonium iodide. The color appeared 
more slowly, disappeared more rapidly, and no precipitate 
formed. After 15 lnin the pale solution was poured into 
water and ammonium hydroxide to precipite 2/(604 mg, 
85%) identified by m.p., mixed rn.p., and n.ni.r. spec- 
trum. 

((1) Tlie complex prepared as in (n) was treated with 
water or ethanol to give8 (see below). 

(e) The complex (548 mg) prepared as under (a) was 
stirred in 10 ml of hydriodic acid, 10ml of acetic anhydride, 
and 2 ml of hypophosphorous acid. Noacetone wasadded. 
When the solution becaliie clear, water precipitated 310 
mg of a product, m.p. 152-16O0, a 1:1 mixture of 20 and 
2 fas indicated by then.m.r. spectrum. 

(f)  No precipitate was obtained by addingeither iodine 
or hydriodic acid to 8 (see below) in acetic acid. However, 
the complex separated when both were added, m.p. 
145-150" (decornp.), mixed 11i.p. with the colnplex 
obtained as above 153-155" (decomp.). Found: C, 28.48; 
H,3.61;N,3.26;1,62.10. 
t~reso-Dit~rethyl-3,3',5,5'-tetrat?retl1yl-4,4'-cliacetyl- 

pyrrottlethatre, 8 
(o) The pyrrole 2a, hydriodic acid, acetic anhydride, 

hypopliosporous acid, and acetone were stirred together 
as in the preparation of 2 f but hydriodic acid (d = 1.50) 
was used. After 5 lnin the yellow precipitate of 8 was 
separated from the pale-yellow solution (no iodine 
color). The product (7579, m.p. 225-227", melted at 
235-237" alone or mixed with authentic material (32) after 
it was recrystallized fromethanol. 

Anal. Calcd. for C19H2602NZ: C, 72.58; H, 8.34; N, 
8.91. Found: C,72.67;H, 8.44; N, 8.78. 

(b) The pyrromethane 8 was stirred with hydriodic 
acid (d = 1.50), acetic anhydride, hypophosphorous acid, 
and acetone. Warming was necessary to bring it into 
solution. Water precipitated nearly pure 8, m.p. 215-217", 
identified by itsn.rn.r. spectrum. 

(c) The pyrromethane 8 (548 mg) was stirred in 
hydriodic acid (loml, d = 1.95), 10ml ofacetic anhydride, 
2 ml of hypophosphorous acid, and 0.3 ml of acetone. Tlie 
solution darkened, a yellow precipitate appeared, then tlie 
solution lightened and the precipitate redissolved. After 
-1 h water and ammonium hydroxide precipitated 535 mg 
(86%) of 2f, identified by its rn.p., mixed m.p., and n.rn.r. 
spectrum. 

2,4-Dit?1ethy/-3-acety/-5-et/ry/-p~~rro/e (2c) frot?~ ttreso- 
Methyl-3,3'-5,5'-tetrat~1ethyl-4,4'-dincetyl- 
pyrrot?retl~at~e (7) 

meso-Methyl-3,3',-5,5'-tetramethyl-4,4'-diacetylpyrro- 
metliane(7 (14, p. 351), 548 mg) in 10 ml of Ilydriodic acid, 
10 ml of acetic anhydride, 2 ml of hypophosphorous acid, 
and 0.34 ml of acetaldehyde was stirred for 15 min. The 
solution was then poured into water to precipitate the 
product as pale-yellow crystals (400 mg 6673, m.p. 
161-162". 
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Secondary deuterium kinetic isotope effects on the thermolysis of 1-pyrazolines 

BASIL H. AL-SADER AND ROBERT J. CRAWFORD 
Departtnet~t of Cl~etnistry, University of Alberta, Edtnor~tot~, Alberta 

Received June 13, 1968 

Secondary kinetic isotope effects on four deuterated 1-pyrazolines support the formation of a tri- 
methylene intermediate during gas phase thermolysis. Calculation of cyclization relative rate constants 
for the trimethylene intermediates reveals that substitution of hydrogen by deuterium has no effect when 
the terminal methylenes are substituted, but the rateconstants are decreased when thecentral methylene's 
hydrogens are substituted. Explanations are advanced for all of the observed effects. 
Canadian Journal o f  Chemistry, 46, 3301 (1968) 

Introduction , 
Secondary deuterium kinetic isotope effects 

offer a useful method of characterizing the bond 
cleavages occurring in the rate-determining tran- 
sition state of thermolysis reactions. Seltzer and 
co-workers (1) have established that the substi- 
tution of hydrogen by deuterium on the nitrogen 
bearing carbon of an azoalkane increases AG* 
by 80 to 110 cal per deuterium (i.e. 12 to 15% per 
deuterium at 105") when that carbon-nitrogen 
bond is breaking. A similar effect has been ob- 
served in solvolytic processes (2). Wolfsberg and 
Stern (3) suggest that the a-isotope effect arises 
from the difference in the initial and transition 
states of the force constants of the HCX bond, 
the major contribution arising from the bending 
force constant. 

In earlier work it has been suggested that both 
carbon-nitrogen bonds are being cleaved in the 
rate-determining step of 1-pyrazoline thermolysis, 
and that a nitrogen free intermediate is produced 
(4). This interpretation arose from a progressive 
decrease in activation energy on going from 1- 
pyrazoline (1) to 3,3,5,5-tetramethyl-1-pyrazoline 
(2). The decrease per methyl group, approximately 
one kcal mole-', was that expected by analogy 
with azoalkane thermolysis (4). However one 
kcal mole-' per methyl group is comparable to 
some conformational factors encountered in 
cyclic compounds, thus the increase in rate could 

arise from an increase in ground state energies. 
The replacement of hydrogen by deuterium leads 
to a predictable value for the kinetic isotope 
effect (1) and at the same time removes any con- 
formational complications, or serious changes in 
non-bonded interactions. 

Experimental 
All sanlples of deuterated 1-pyrazolines were purified 

by gas-liquid chromatography (g.1.c.) using a Wilkens 
Aerograph Autoprep model A-700 with a 20 ft 10% 
Ucon-insoluble or Fluoropak colunln. Deuterium 
analyses were carried out o n  a Metropolitan-Vickers 
MS-2, single focussing mass spectrometer. The  nuclear 
magnetic resonance (n.m.r.) spectra were measured 
using a Varian A-60 and an HR-100 spectrometer. 

1,3- Dibrotnopropane-I,I,3,3-rl, 
A solution of freshly distilled diethyl malonate (24.5 g, 

0.15 mole) in dry ether (160 rill) was added dropwise to a 
well stirred solution of lithium aluminium deuteride 
(6.75 g, 0.16 mole) in dry ether (350 rill) at such a rate as 
to maintain steady reflux. After conlpletion of  addition, 
the refluxing was continued for an additional 3h, cooled 
to On, and water added slowly to decompose the  excess 
deuteride. The solution was then acidified with dilute 
hydrobromic acid, the ether layer removed by distillation, 
and the crude product in the aqueous layer converted, 
without isolation, to the dibromide by the addition of 
48% hydrobromic acid (116 g) and concentrated sulfuric 
acid (50 ml). The mixture was then refluxed for 7 h, and 
10 to 15 ml of 48% hydrobromic acid were added at the 
end of each hour. The 1,3-dibromopropane was then 
distilled out of the solution, the organic layer was washed 
several times with a potassium carbonate solution, and 
dried over anhydrous sodium sulfate. Distillation gave 
12.7 g (40% yield based on malonate), b.p. 165". 

I ,3-Dibromopropane-I ,I-d2 
A solution of freshly distilled a-propiolactone (14.4 g, 

0.2 mole) in 160 ml dry ether was added, with stirring, to a 
solution of lithium aluminium deuteride (4.2 g) in 300 ml 
dry ether. The work-up and conversion to the dibromide 
was carried out in the same manner as for the  afore- 
mentioned tetradeuterio sample. 
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TABLE I 

Rate constants and secondary kinetic isotope effects for a-deuterated 
1-pyrazolines at 229.40 + 0.05" 

-- 
-- 

A AG* 
1 04k k ~ l l k ~  per deuterium 

Compound ( s - ~ )  Observed Corrected to 105" cal mole-' 

Avg. 23.86+0.11 
3* 20.06 

~ v g ,  i9 .96+0.13 1.19+_0.01 1 .26f0 .01  86+ 6 
4* 16.94 

17.20 
Avg. 17.07+0.18 1 .40+0.02 1 .55+0.02 84+ 6 

'Mass spectral and nuclear magnetic resonance analyses indicate samples to  have grcater than 98 % 
deuteration in the positions indicated. 

1,3-Dibror11opropnrre-2,2-rl, confirm that both carbon-nitrogen bonds are 
Diethy1 malonate-2,2-d2 prepared by exchanging breaking in the rate-determining transition state. 

diethyl malonate with sodium ethoxide in ethanol-0-d, 
(four exchanges) was reduced as above using lithium The P-deuterium isotope effects are somewhat 
alu~i~inium hydride and converted to the dibron~ide larger than those normally found (8). However, 
without isolation of the glycol. comparisons with other systems are difficult in 

1,3- Dibromopropnrre-2-4 
Deuterium bromide, prepared by the addition of 

phosphorus tribroniide to deuterium oxide, was added to 
allyl bromide using the photochemical method of 
Kharasch and Mayo (5). 

I-Pyrnzolirres 
The deuterated 1-pyrazolines were prepared from the 

corresponding pyrazolidines which in turn were synthe- 
sized from the deuterated 1,3-dibromopropanes by the 
previously described method (6). 

Kirretic Method 
The apparatus used is essentially that described by 

Smith and Baglcy (7). The thermocouple used for 
temperature measurements was a four-junction model, 
and was calibrated against roll sulfur, tin (analytical), and 
lead (analytical). 

Pl.orl~dct Arrnlysis 
The exact product conlpositions were obtained by 

sealing degassed san~ples (2 ~11) in small Pyrex bulbs 
(0.5 rill) and heating to 241 "C for greater than nine 
half-lives. The bulbs were placed in a bulb crusher and the 
products carried directly onto a 20 ft colun~n of mineral 
oil on fire brick in tandem with a 20 ft column of 10% 
di-11-butyl malonate on Diatoport. Integrations were 
carried out using a planimeter. 

Results and Discussion 

The rate constants measured for each of the 
a-deuterated pyrazolines are recorded in Table 
I. The P-deuterated pyrazolines run at a different 
temperature are given in Table 11. The results 

that in the trimethylene species produced the 
hydrogens attached to the central methylene are 
p to both newly formed sp2 centers. Hoffmann 
(9) has recently dealt with the singlet trimethylene 
species and hyperconjugative interactions play 
an important role in the stabilization of the 
species. It may be in factjust this hyperconjugative 
interaction that is giving rise t o  the enhanced 
P-deuterium isotope effects. Hodnett (10) has 
observed a value for the secondary 0-tritium 
isotope effect on the isobutyl radical. This would 
tend to suggest 18 cal mole-' for the P-deuterium 
effect. A considerably sinaller effect has been 
observed by Seltzer and Hamilton (11) for the 
1-phenylethyl-2,2,2-d, radical; however, de- 
localization of the radical may account for the 
suppression of hyperconjugation in this case. 

The proportion of cyclopropane and propyl- 
ene produced o n  thermolysis of each of the 
pyrazolines is indicated in Table 111. These pro- 
portions are controlled by the product-deter- 
mining steps (Scheme 1) (4). 
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AL-SADER AND CRAWFORD: SECONDARY DEUTERIUM KlNETIC ISOTOPE EFFECTS 

TABLE I1 
Rate constants and secondary kinetic isotope effects for a-deuterated 1-pyrazolines 

p-pp--ppp.----p 

Compound Temperature 

AAG* 
1 04k -- k d k ~  per deuterium 
(s- Observed Corrected to 105" (cal mole- ') 

1 224.0 15.3 
226.9 19.3 

5 224.0 14.76* 
14.24 

Avg. 14.50 1.05+0.01 1.06+0.01 52k 10 
6 226.9 17.00t 

17.30' 
Avg. 17.15 1.12kO.01 1.14+0.01 56+ 10 

*Corrected for 4.97' C H,N2 (mass spectral analysis). 
?Corrected for 11.3% E,H,DN~ and 0.1 "/, C3H6N2 (mass spectral analysis). 

TABLE 111 
Cyclopropane and propylene yields on therrnolysis 

of pyrazolines at 241" 

Compound Cyclopropane Propylene 

Avg. 

Avg. 

Avg. 

89.32 10.68 
89.07 10.93 

Avg. 89.21k0.13 10.79+0.13 
6 90.43 9.57 

90.17 9.83 
90.29 9.71 
90.17 9.83 

Avg. 90.27k0.12 9.73k0.12 

Integration of the n.m.r. spectrum of the 
propylene produced from 3 indicates a 52:48 
ratio of CD,H-CH=CH2 to  CD,=CH-CH,, 
thus an inverse intramolecular kinetic isotope 
effect for kA/ki of 0.92. This is consistent with 
the observed increase in propylene formed from 
3 relative to 1. Inverse isotope effects of this 
magnitude have been observed earlier in the 
change of hybridization of a deuterated carbon 
from sp2 to  sp3 (12). 

The further increase in propylene yield o n  going 
from 3 to 4 is consistent with an isotope effect 
of 0.92 in the product-determining step. Using 
the isotope effect data from the n.m.r. observa- 
tions we can effectively calculate the isotope 
effect on the cyclization reactions. Assuming' 
that ki, = k; on the basis that the changes in 

and 
k3 = k3=, = 87.99 

2 Y Y  pp- -- 

k; + k; 2.09ki 12.01 

hybridization occurring are the same in each case 
then we find that kt,, = 1.001c3,,. Similarly by 
assuming that k i  = k: we find that k3,, = 
1.01k4,,. This would suggest that there is little 
or no change in the C H  force constants of the 
terminal methylene groups of the trimethylene 
intermediate on going t o  cyclopropane; a fact 
borne out by the very similar frequencies of the 
C-H stretching vibrations of cyclopropane 
(3075 and 3009 cm-') (13) and the terminal 
methylene stretching frequencies of propylene 
(3089 and 2991 cm-l) (14). The CH, bending, 
wagging, and rocking modes for cyclopropane 
(1475, 975, and 854 cm-') (13) and the terminal 
CH, of propylene (1420, 963, and 912 cm-') 
(14) similarly have a compensatory effect such 
that the total change in force constant on going 
from sp2 in the trimethylene species t o  cyclo- 
propane is negligible. 

'This assumption seems justified on the basis that any 
secondary [3-isotope effect would be expected to be 
smaller than the secondary a-isotope effect which is 
itself very small (see next paragraph). 
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The n.m.r. spectrum of propylene derived from 
5 indicates that it is a 60:40 mixture of CH,= 
CD-CH, to  CH,=CH-CH2D, i.e. an isotope 
effect k5,/k5, = 1.50 _f 0.08. There may be a 
small secondary isotope effect upon k5,, how- 
ever, this is not expected to be greater than l t o  
2% since, using the Hammond hypothesis (15), 
one would expect the transition state to  resemble 
strongly the intermediate rather than the propyl- 
ene. Wiberg has shown that isotope effects of this 

type are in the order of 1% (16). Assuming kl, = 
1 .O1 k5, we can compare the cyclization rate con- 
stants k',, and k5,,. The analytical data in 
Table I11 indicate that: 

kl,, = 88.43 and k5,, = 89.21 -- - - 
2k1, 11.57 k5, f k 5 ~  10.79 

Using the aforementioned n.m.r. data we find 
that kl,, = 1.13 k5,,. Similarly if we go through 
some type of calculations assuming that k5, = 
1 .O1 k6, then we find that k5,, = 1.13 k6,,. Thus 
deuterium substitution at the 4-position of the 
pyrazolines slows down the rate at which the 
intermediate cyclizes to cyclopropane. The quan- 
tity is exactly that observed for sp3 carbons going 
to  sp2, in keeping with the previously mentioned 
characteristics of the cyclopropane structure. 

I t  is evident that this study of secondary 
kinetic isotope effects is consistent with the pro- 
posed formation of the trimethylene intermediate 
in the thermolysis of 1-pyrazoline, and provides 

a strong case for the cleavage of both carbon- 
nitrogen bonds in the rate-determining transition 
state. 

Acknowledgments 

We wish to  thank Dr. S. Seltzer for fruitful 
discussions, and Dr. A. Hogg for his help with 
the mass spectrometry. Acknowledgment is also 
made to the donors of the petroleum Research 
Fund, administered by the American Chemical 
Society, for support of this research. 

1. S. SELTZER and S. G. MYLONAKIS. J. Am. Chem. 
Soc. 89, 6584 (1967); S. SELTZER and F. T. DUNNE. 
J. Am. Chem. Soc. 87, 2628 (1965); S. SELTZER. 
J. Am. Chen~.  Soc. 85, 14 (1963). 

2. V. J. SHINER, JR., W. E. BUDDENBAUM; B. L. MURR, 
and G. LAMATY. J. Am. Chem. Soc. 90,418 (1968). 

3. M. WOLFSBERG and M. J. STERN. Pure Appl. Chem. 
8, 225, 325 (1964). 

4. R. J. CRAWFORD and A. MISHRA. J. Am. Chem. 
Soc. 88, 3963 (1966); R. J. CRAWFORD and D. M. 
CAMERON. Can. J. Chem. 45, 691 (1967). 

5. M .  S. KHARASCH and F. R. MAYO. J. Am. Chem. 
SOC.-55, 2468 (1933). 

6. R. J. CRAWFORD, A. MISHRA, and R. J. DUMMEL. 
J. Am. Chem. Soc. 88, 3859 (1966). 

7. G .  G. SMITH and F. D. BACLEY. Rev. Sci. Instr. 32, 
703 (1961). 

8. E. A. HALEVI. Progr.Pliys.Org. Chem. 1,180(1963). 
9. R. HOFFMANN. J. Am. Chem. Soc. 90, 1475 (1968). 

10. E. M. HODNETT and P. S. JUNEJA. J. Org. Chern. 33, 
1233 (1968). 

11. ~:S%Lizinand E. J. HAMILTON, JR. J. Am. Chem. 
SOC. 88, 3775 (1966). 

12. E. A. HALEVI. Progr. Phys. Org. Chem. 1, 168 
(1 963). 

13. A. W. BAKER and R. C. LORD. J. Chem. Phys. 23, 
1636 (1955). 

14. R. C. LORD and P. VENKATESWARLU. J. Opt. Soc. 
Am. 43, 1079 (1958). 

15. G. S. HAMMOND. J. Am. Chem. Soc. 77,334 (1955). 
16. K. B. WIBERG. Physical organic chemistry. J. 

Wiiey and Sons, Inc., New York. 1964. p. 360. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Photolysis of some alkyl-1-pyrazolinesl 

RALPH MOORE, ANUPAMA MISHRA, AND ROBERT J. CRAWFORD 
Departnierzt of Chemistry, U~~iuersity of Alberta, Edtnonton, Alberta 

Received June 17, 1968 

The direct and photosensitized photolysis of six methylated-1-pyrazolines is described. Examination of 
the products suggests that direct photolysis leads to ari excited singlet trimethylene, whereas a triplet is 
produced on benzophenone photosensitization. The trimethylene produced from 4 and 5 is related to 
the intermediates produced on addition of triplet methylenes to cis- and trans-2-butene. Evidence is pre- 
sented to support the claim that no intermediate is involved in the addition of singlet methylene to cis- 
and tratu-2-butene. 

Canadian Journal of Chemistry, 46, 3305 (1968) 

A considerable amount of discussion has been 
generated about trimethylene since its proposal, 
in 1934 (I), as a possible intermediate in the 
thermal isomerization of cyclopropane. The 
thermolysis of 1-pyrazolines has been inter- 
preted to proceed through a trimethylene inter- 
mediate of defined stereochemistry (2) and repre- 
senting a distinct energy minimum on the 
potential surface (3). The extended Hiickel 
molecular orbital calculations of Hoffmann (3) 
reveal that the antisymmetric trimethylene (I) is 
the lowest singlet state for that particular con- 
figuration, and that there exists an excited singlet 
which is "floppy" with no barriers to internal 
rotation. Simmons (4) has carried out a Pariser - 
Parr - Pople calculation which places the triplet 
state of trimethylene some 0.5 eV below the 
lowest singlet (1). The singlet trimethylene inter- 
mediate (A)2 implicated in cyclopropane isomeri- 
zations ( 9 ,  and pyrazoline thermolysis does not 
however play a role in the addition of singlet 
methylene to olefins (3, 6) as previously implied 
(7). 1t seems reasonable to assume however that 

the triplet trimethylene implicated in the addition 
of triplet methylene to olefins (see Gaspar and 
Hammond (8) and refs. 3, 7, and 9) may be pro- 
duced by the triplet photosensitized decom- 
position of 1-pyrazolines. 

We have undertaken a study of the photo- 
chemical decomposition of 1-pyrazolines, by 
direct photolysis in an attempt to gain insight 
into the chemistry of the "floppy" excited singlet 
(A)' (S)' trimethylene intermediate (3), and by 
triplet benzophenone photosensitization in an 
attempt to obtain the triplet trimethylene. The 
latter is particularly desirable since so much of 
the chemistry of triplet trimethylene has been 
extracted from the reactions of triplet methylene 
wherein complicating side reactions do not allow 
a clear choice (10) except by careful scavenging 
experiments (10c). 

Results and Discussion 

In order to assess the possible role of "hot 
cyclopropanes" we first examined the direct 
photolysis of 3-methyl-1-pyrazoline (2) and 4- 
methyl-I-pyrazoline (3) (Table I). The results 
from the thermolysis experiments reported earlier 
are included for comparison (2). The isobutylene 

produced from 2 and the linear butenes from 3 
are ~ roduc t s  which are Dressure sensitive and 

'This research was presented, in part, in a thesis by 
aris; from the re-openingAof the initially formed 

Ralph Moore in partial fulfilment of the requirements "hot m e t h ~ ~ ~ ~ c l ~ ~ ~ ~ ~ a ~ ~ " .  The addition of 
for the Ph.D. degree, August, 1967. Presented at the 600 Torr of nitrogen does not completely quench 
Symposium International sur la Chimie des Petits Cycles but decreases it by a factor of 5 et ses Applications, Louvain, Belgium, September, 12-15, 
1967. and adds to the amount of methylcyclopropane. 
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TABLE I 
Photolysis of 3-methyl (2) and 4-methyl-I-pyrazoline (3) 
- -- -- -- -. --- --- 

ppp----p- - -- - -- -- - 

Product, mole % 

Photolysis Pressure I I 
No. method (Torr) C ~ H I  ( A \ M 

-- 

2 
1 Direct 7-8 2.8 7.1 69.4 2.50 -9 -10 0.91 
2 Direct 7-8 2 6  7 4  71 3 1 93 -8 -9 5 0 66 - .  . - .... ~ . -  - .  - -  
3 Direct 600 (NZ) 2 .2  7.5 78.7 0.4 -6.5 -7 Trace* 
4 Direct 600 (NZ) 2.2 7.1 79.4 0.6 5.5-6 6-6.5 Trace 

Thermal 100-200 0 0 93.3 1.16 1.9 3.7 0 

3 
1 Direct 7-8 - 11.4 55.2 2.9 -4 6 20.6 
2 Direct 7-8 - 11.4 55.6 2.5 -3.5 -5.5 21.5 
3 Direct 600 (Nz) - 9.8 66.6 0.18 -0.8 -1 21.6 
4 Direct 600 (Nz) - 9.6 67.5 0.11 -0.8 -1 21 .O 

Thermal 100-200 - 
-- 

0 52.3 0 0 0 47.7 

*"Tracew may be taken as less than 0.1 %. 

I t  is obvious too that some fragmentation to pro- 
duce ethylene and propene occurs, but that this 
reaction is not notably pressure sensitive. The 
results in Table I were obtained using an Osram 
200W super pressure mercury arc with a Corex 
filter. The 1-pyrazolines all undergo n + n': 
absorption at  approximately 320 m p  and it is 
this absorption band that is affecting reaction 
(1 1). 

Table I1 lists the products produced under a 
variety of photolytic conditions for trans-3,5- 
dimethyl-1-pyrazoline (4). Table 111 similarly 
lists the products of photolysis of cis-3,5-di- 
methyl-1-pyrazoline under various photolytic 
conditions. A control run demonstrated (by 

nuclear magnetic resonance (n.m.r.)) that 4 and 
5 were not interconverted during the photolysis 
experiments. I t  is obvious that the fragmentation 
process occurs only on direct photolysis and does 
not appear to be dependent upon pressure or  
phase. The generally accepted mechanism for 

TABLE I1 
Photolysis products of trons-3,5-dimethyl-1-pyrazoline (4) 

-- -- .- -- 

Product. mole O/, 

Time 
No. (min) 

pressure w )=/ C2H4 
(Torr) , , . , 

1 * 60 5-6 26.7 59.5 2.2 3.0 Trace ~ - 

2* 120 5-6 26.2 60.0 2.2 3.1 Trace - .-. ~ ~ 

3 60 60(NZ) 26.1 60.5 1.9 2.7 Trace 
4 60 600(Nz) 24.7 61.9 2.1 3.3 0 
5 1 20 2.2 3.2 0 
6, Thermal 4"oY%d : ::: k 1.1 0.9 0 
7 '  60 Neat liauid 43.9 42.3 3.0 4.2 0 
8 270 Neat liquid 44.6 41.5 2.8 4.4 0 
9 120 9 5 z E t O H  45.6 44.5 2.8 3.9 0 

lo* 180 +,CO(I 61.2 38.8 Trace Trace 0 

- -- 

4 . 2  6 .1  7.93 
0.1-0.2 8 .3  8.5 

0 6 .9  8.8 
0 6 . 1  8.0 
0 7 . 0  8.6 
0 0 0 
0 Trace 6.6 
0 1 . 6  6.7 
0 Trace 2.8§ 
0 Trace Trace 

'Average of three or more runs. 
?Ref. 2. 
$Mole % calculated on the basis of the amount of nitrogen produced, because of fragmentation may exceed 100. 
61  % of diethyl ether produced via the fragmentation reaction. 
IlBenzophenone used as photosensitizer. 
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TABLE I11 
Photolysis products of cis-3,5-dimethyl-1-pyrazoline (5)* 
- 

Product, mole % 

No. 
Time Pressure 
(min) Torr 
- - 

15 5.6 42.5 
30 5.6 42.1 
60 5.6 41.7 
195 5.6 41.3 
60 600 (N2) 41.1 

Thermal (3) 66.1 
60 EtOH sol'n 61.7 
600 EtOH sol'n 61.8 
60 4 z c 0 5  60.1 
120 b c O §  60.4 

*All runs corrected for the  presence of 15 % of 4. 
tAveragc of three runs. 
$2.5% Dlcthyl ether also produced. 
5Benzophenone used on a photoscns~tizer. 

I photolysis of azo compounds involves the loss 
of nitrogen to produce hydrocarbons (12) gener- 
ally believed to form via radical intermediates 
(13). Benzophenone is a good triplet sensitizer 
even with more constrained bicyclic azo com- 
pounds (13b). Our results for direct photolysis 
are consistent with the scheme. 

[I] Py + hv -> Py* 

[2] Py* -> Int* + N Z  

[3] Py* -> cleavage olefins + N, 

[4] Py* + Py + 11v (fluorescence) 

[5] Int* -> cyclopropanes + olefins 

The reaction [4] has been observed by Strausz 
(1 1) to be analogous to that reported by Solomon, 
Thomas, and Steel (13). Similarly Strausz has not 
observed any evidence for conversion of the 
pyrazoline singlet (Py *) to a triplet. 

The absence of branched C-5 olefins as photol- 
ysis products of [4] and [5] a t  600 Torr of added 
nitrogen is taken to indicate that the initially 
produced "hot dimethylcyclopropane (DMCP)" 
is collisionally quenched. Both ethylene and pro- 
pylene are produced upon direct photolysis, the 
decreased yields in ethanol solution are believed 
to be due to analytical difficulties in assessing all 
of the cleavage products (e.g. ethylene, propylene, 
diethyl ether, methyl ethyl ether) rather than 
having any mechanistic significance. 

Tables IV and V present the proportions of the 
products observed from photolysis of trans-3,4- 
dimethyl-1-pyrazoline (6) and cis-3,4-dimethyl- 
1-pyrazoline (7) respectively. 

1.0 
0.9 
1.0 
0.9 
0.3 
0 
0.5 
0.8 

Trace 
Trace 

Trace 
Trace 
Trace 
Trace 
0 
0 
- 
- 
0 
0 

6.3 
0 

Trace 
-0.2 
0 

Cyclopropane Forming Reactions 
A curious feature arises from the photolysis 

of trans-(4) and cis-3,5-dimethyl-1-pyrazoline (5). 
In the gas phase the trans compound exhibits 
stereoselectivity in a manner similar to the  ther- 
mal decomposition while the cis exhibits the 
opposite behavior. In liquid phase the trans now 
exhibits behavior different from the thermal 
results while the cis shows stereoselectivity 
similar to the thermal decomposition. I n  general 
the stereoselectivity observed in the thermal pro- 
cess seems to be decreased in the photolytic pro- 
cess and conrotation ring closure does not ap- 
pear to be the predominating path for the inter- 
mediate as it is in the thermal process. This is 
not unreasonable since the thermal process would 
be expected to produce the ground state singlet 
of the intermediate while photolysis may produce 
an excited singlet. Hoffmann (3) only predicts 
conrotatory ring closure for the ground state 
singlet (A)2 whereas the excited state (A1) (S1) is 
not expected to show any distinct preference. 

It is also tempting to suggest that since the true 
ground state of the trimethylene intermediate has 
been predicted (4) to be a triplet, then in solution, 
some intersystem crossing may occur t o  give a 
triplet diradical which is expected to result in an 
increase in the amount of trans-DMCP. However, 
this is not supported by the results from the liquid 
phase photolysis of 6 and 7 (Tables IV and V). 

In the direct photolysis results for trans-(6) 
and cis-3,4-dimethyl-1-pyrazoline (7) the  cyclo- 
propanes from both pyrazolines tend t o  retain 
the stereochemistry of the starting material. On 
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TABLE I V  
Photolysis products of trans-3,4-dimethyl-I-pyrazoline (6) 

- - 
Product,* mole% 

Time \4 w a/ >-/ 2-penteen '==, 
No. (min) Conditions 

- - 

I 60 5-6 Torrt 37.2 24.4 16.4 14.5 0 . 5  5 7 
2 60 5 . 6 T o r r + 5 5 T o r r N z  39.3 24.7 14.7 14.3 Trace 5.7 
3 60 5 - 6 T o r r + 6 0 0 T o r r N z  41.3 24.8 14.1 13.2 - 
4 Thermal 100-200 Torr 21.8 46.0 16.3 15.8 - 
5 120 EtOH sol'n 50.7 13.0 18.3 14.1 - 

;i5 
3.15 

6 240 EtOHsol'n 48 1 13.2 19.5 15.0 - 3.1 
7 120 +,CO, EtOH 72.7 27.8 1 .5  1.1 - 1.9 
8 240 +,CO, EtOH 72.4 22.4 1 . 8  1 5  - 2.0 
9 
- 

1100 QzCO, CsHsll 72.0 26.2 0.8 0 3 0.77 - 
- - pp -- -- - - -- 

*In all d ~ r e c t  photolysls runs a trace of ethylene and propylene was detected. 
tThe vaoor oressure o f  6 a t  25 "C 
iRef .  2.' . 
gApproximatcly 0.5% of methyl ethyl ether also detected. 
IIBenzophenone to pyrazoline ratio 40:l. 
ljlentatively identificd as 3-methyl-1-butene. 

increasing the pressure the cyclopropanes become 
even more stereoselective. Again, in this case, we 
have one compound 7 which roughly parallels the 
thermal results, while the other, 6, exhibits the 
opposite behavior. This again may be due t o  the 
differences between the ground state singlet and 
the excited singlet of the trimethylene inter- 
mediate. The cyclopropane ratios in this case 
tell even less than those from 4 and 5 because 
even if one could predict which rotation (con- or 
dis-) should predominate in ring closure, both 
rotations may give rise to either cis- or trans- 
DMCP. 

The cyclopropanes formed do, however, follow 
the stereochemical pattern found by Rinehart 
and VanAuken (14). They found that in the 
photolysis of cis- and trans-3,4-dimethyl-3-car- 
bomethoxy-I-pyrazoline the resulting cyclopro- 
panes tended to favor the stereochemistry of the 
substrate while the stereoselectivity was much 

less pronounced in the thermal results. This 
parallels fairly well the results for  6 and 7. 

One of the most interesting features of Tables 
I1 t o  V, is the ratio of translcis D M C P  produced 
from the isomeric pairs. The pyrazolines 4 and 5 
on photosensitization would be expected to pro- 
duce the secondary-secondary triplet diradical 
8, whereas the pyrazolines 6 and  7 would pro- 
duce the secondary-primary triplet diradical 9. 
If in these species rotation is fast, then the same 
ratio of translcis DMCP is expected from 4 as  
from 5, and from 6 as from 7. Table VI presents 
a summary of these ratios. We feel that the values 
2.77 and 2.63 obtained for 6 and  7 are ill good 
agreement with the 2.9 value obtained by Mc- 

TABLE V 

Photolysis products of cis-3,4-dimethyl-I-pyrazoline (7) 
-- 

Product,* mole% -- 

Time 
No. (rnin) Conditions 

- 

1 60 5-6 Torrt 37.6 43.0 4 .7  4.8 1 . 6  7.2 
2 60 5 + 600 Torr NZ 35.4 50.6 3.4 2.8 - 6.9 
3 Thermal 100-200 Torr 35.2 43.7 14.4 7.1 - - 
4 180 EtOH sol'n 26.4 60.4 5 .0 3.7 - 4.0 
5 240 +,CO, EtOH sol'n 66.2 32.1 0.5 tr. - 1.3 
6 1100 +,CO, C6H6$ 70.6 26.8 1.5 0.1 0 . 8 s  - 

*In all direct photolysis runs a trace of ethylene and propylene was detected. 
?The vapor pressure o f  7 at  25'. 
fBenzophenone t o  pyrazoline ratio 40: l .  
$Tentatively identified a s  3-methyl-I-butene. 
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TABLE VI 
Ratio of trails to cis-l,2-dimetl~ylcyclopropane 

Source Ratio Reference 

4 1.58 This work 
5 1.55 This work 
6 2.77 Thiq work -. . . - ..~. . . .. 

7 2.63 This work 
Methylene addition 2.9 Ref. 10c 
Eauilibrium value* 6 .0  Ref. 15 

*Extrapolated from higher temperatures. 

Knight, Lee, and Rowland using methyl iodide 
as a scavenger and triplet CHT by photolysis 
of CHTCO in the presence of cis- and trans-2- 
butene to  generate 9. The two diradicals 8 and 9 
do not close to an equilibrium mixture of cis- and 
trans-DMCP but to a ratio which reflects their 
various transition state energies for the ring 
closure processes. 

Olefin Forming Reactions 
The photosensitized decomposition of both 4 

and 5 decreases the olefin yield to near zero and 
it may be that the small amounts seen are due to 
some direct photolysis taking place. Alternatively, 
it is hardly conceivable that the triplet diradical 
could produce olefins directly, so after spin 
inversion occurs, the resulting intermediate is 
probably completely collisionally stabilized and 
may close almost exclusively to the cyclopro- 
panes. It has been shown in the thermal iso- 
merization of dimethylcyclopropanes that cis- 
trans isomerization occurs 100 times faster than 
olefin formation (1 5), so the collisionally de- 
activated intermediate would be expected to give 
no more than a total of one percent olefin. 

The photosensitized results for 4 and 5 show 
no trace of 1-pentene. This product would be 
expected to arise if the triplet diradical underwent 
a 1,4-hydrogen migration (Scheme 1) similar to 
that proposed (10d) for the formation of 3- 
methyl-1-butene in the addition of triplet methyl- 
ene to 2-butene. 

6"' 
not observed 

The olefin, 2-methyl-1-butene, is a particularly 
interesting product arising from 6 and 7 (Tables 
IV and V). In the case of singlet methylene addi- 
tion to 2-butene, there is no way for 2-methyl-l- 
butene to  be formed by direct insertion into a 

' SOME ALKYL-1-PYRAZOLINES 3309 

C-H bond, whereas for 6 and 7 both the ther- 
molysis (6) and the direct photolysis give rise to 
substantial amounts of this product. In the addi- 
tion of singlet methylene to  2-butene, the olefin 
2-methyl-1-butene is seen only at low pressures 
where the isomerization of the initially formed 
cyclopropanes is not completely quenched. How- 
ever, the trimethylene intermediate produced 
from 6 and 7 always yields this product. This then 
appears to eliminate the possibility o f  singlet 
methylene initially giving rise to a trimethylene 
intermediate when it adds to olefins, no matter 
how short lived that intermediate is. This is in 
direct opposition to the suggestion of DeMore 
and Benson (7) and is in accord with the pre- 
dictions of Hoffmann (3), the experimental 
observations of Crawford and Ali (6), and the 
idea of Skell and Woodworth put forward in 
1956 (16). 

The data from the photosensitized decomposi- 
tion of 6 and 7 also show a large decrease in the 
olefin yield. This, coupled with the results from 
4 and 5, leads to the conclusion that the triplet 
diradical probably produces only trace amounts 
of olefin, if any at all. The results of Bader and 
Generosa (10d) support this idea since at high 
pressures of inert gas (where supposedly the 
concentration of triplet methylene is high) when 
methylene is added to cis-2-butene, the yield of 
2-methyl-1-butene is zero and the 2-methyl-2- 
butene is tending to zero. The small amount of 
2-methyl-2-butene present may result from sing- 
let insertion or from some abstraction recom- 
bination mechanism involving triplet methylene. 
(See ref. 10a, reactions [2] and [13].) 

Cleavage Reactions 
Carbon-carbon bond cleavage products have 

been observed in the photolysis of 1-pyrazolines 
before (14, 17). One instance of cleavage has also 
been observed by Crawford and Mishra (2), in 
t h ~  thermolysis of 4,4-dimethyl-1-pyrazoline. In 
all direct photolysis of the pyrazolines investi- 
gated in this work cleavage products were ob- 
served. 

Two routes are possible for the formation of 
cleavage products : 

[+ RCHNi (or C H I N I )  + olefin 
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Both paths [6] and [7] would eventually lead to in the photolysis of cis- and trans-3,4-dimethyl- 
the production of either methylene, for pyrazo- 3-carbomethoxy-I-pyrazoline. However, because 
lines unsubstituted in the 3-position, or ethyli- of the stereospecificity, the favored route is eq. 
dene, for pyrazolines with a methyl group in the [7] which supports the mechanism of Rinehart 
3-position. and VanAuken (14). If eq. [7] is operative, then 

That methylene is produced from the photo- this is just the reverse of the 1,3-dipolar addition 
lysis of 1-pyrazoline (1) is strongly implicated by of diazomethane to  olefins. However, the addi- 
the presence of 1,1,2,2-tetramethylcyclopropane tion is a thermal process while the reverse is only 
resultingfrom the photolysis of 1 in 2,3-dimethyl- observed photochemically. It is possible that the 
2-butene solvent. In addition, all direct photo- cleavage process is a direct dissociation to nitro- 
lyses of pyrazolines carried out in ethanol pro- gen, olefin, and methylene. This would circum- 
duced small amounts of either methyl ethyl or vent the problem of a thermally allowed process 
diethyl ether. The ether products quite probably being observed in a photochemical reaction. The 
arise from the reaction of methylene or  ethylidene reason for this is not clear at present. 
with the 0-H bond of the alcohol solvent. 

The photolysis of 3-methyl-1-pyrazoline (2) Experimental 
in different cleavage products. These All ultraviolet (u.v.) spectra were obtained ona Perkin- 

arise from the cleavage of two different carbon- Elmer model 202 spectrophotorneter. Nuclcar magnetic 
carbon bonds. The route resulting in propylene resonance (n.nl.r.1 spectra were obtained on Varian 

Associates A-60 and HR-100 spectrometers. Mass spec- 
tra were measured on an A.E.I. MS-9 mass spectrometer. 

n p  
wi -+ 2C2H4 

Materials 
N=N or 

L (a)  T l~e  I-Pyrazolines 

CH3CHN2 4- C2H4 Pyrazolines 1,2,3,4, and 5 were prcpared in the man- 
ner describcd previously from thecorresponding 1,3-dibro- 
mides (2). All were purified by preparative gas-liquid 
chromatography (g.1.c.) using an Aerograph Autoprep 
model A-700. Each pyrazoline was checked for purity 

'Y''l7 
+ C3H6 + CH2: by n.m.r. Pyrazoline 5 was found to contain 15% 4 by a 

N=N or 100 Mc.p.s. n.m.r. spectrometer. Ultraviolet spec- 
\r. tra of all pyrazolines were determined to ensure the 

CH2N2 + C3H6 absence of any appreciable amounts of 2-pyrazoline. 
Pyrazolines 6 and 7 were prepared following the pro- 

formation appears to be preferred, and is cedure of Crawford and Ali (6) from the appropriate 
2-butene and diazomethane. These were also purified by pressure independent' The other mode preparative g.l.c., and checked for purity by n.m.r. and 

of cleavage also is likely Pressure illdependent. U.V. spectra. All of the pyrazolines were stored in break 
No matter how the cleavage occurs, both seals at -78 "C for indefinite periods with no detectable 

trans- (4) and cis-3,5-dimethyl-1-pyrazoline (5) deterioration. 

can only produce two olefins, ethylene and propy- (b)  Hydrocarbo~z ~ ta t~dards  for'  as-liquid 
Cl~romatograpl~y 

lene' These 'Iefins were observed in 6-9% All reference hydrocarbons, with the exception of 2,3- 
in the direct photolysis runs. dimethyl-2-butene (TME), were commercially available. 

SO far, the ckavage products tell nothing re- Thc TME was prepared by standard literature procedures 
garding the mechanism of their formation. How- and purified by preparative g.1.c. 

ever, the cleavage products from trans-(6) and 
cis-3,4-dimethyl-1-pyrazoline (7) impart some- (a) Vacuutn ~ a c k  
what more information than the previous ones. A conventional high vacuum apparatus with a Welch 

The pyrazoline 6 yielded ethylene, propylene, D U O  Seal vacuum PulnP and a InerCurY diffusion Pump 
was used (Fig. 1). The system consisted of a 250 ml and trat1s-2-butene' Not a trace of cis-2- quartz cell, A, for gas phase photolysis; three standard 

butene could be detected. The opposite is true U-traps, 1, 2, 3, along with a small U-trap, 4; a spiral 
for 7, only cis-2-butene (other than ethylene and trap, F; a 5/20 ground glass joint, B; mercury float 
propylene) was found and not a trace of trans-2- valves, G and H;  and a system for the introduction of 

butene. l-his means that cleavage reaction is samples into the g.l.c., E. Section E consisted of two, 
three-way Hoke valves bolted on the ends of a piece of 

entirely stereospecific. This is identical with the wood, and a two-way ~~k~ valve bolted in the middle as 
result obtained by Rinehart and VanAuken (14) shown. Point J represents where the effluent gas from the 
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MOORE ET AL.: PHOTOLYSIS OF SOME ALKYL-1-PYRAZOLINES 

PlRANl STORAGE BULBS 
,GAUGE f t 

7 FROM GC 

L- I I I I A - T n  C I  

He FROM GC 7 F 

u 
MANOMETER 

VAC 

%E PLER 
PUMP 

Conventional high vacuum apparatus with a Welch Duo Seal vacuum pump and mercury diffusion pump. 

g.1.c. could be diverted into the apparatus for the collec- 
tion of any desired peak in trap F. Point C was used for 
break seals in which material trapped in F could be 
stored. Point D was used for break seals containing prod- 
uct from liquid photolysis in order to analyze the prod- 
uct in the g.1.c. 

The light source used was an Osram 200 W super 
pressure mercury arc with a Corex glass filter. 

(6 )  Gas-Liquicl Cl~rornarograp/~y 
An F and M model 500 programmed temperature 

gas-liquid chrolllatograph was used for product analysis 
of the photolysis of 1-pyrazoline (1) in TME. 

All other product analyses were done on a g.1.c. con- 
sisting of a Gow-Mac model TR-11-B,w thermal con- 
ductivity cell with a Gow-Mac model 40-05C power 
supply in conjunction with a Sargent model SR recorder. 
The helium used with this system was purified by pass- 
ing through ascarite followed by a column of molecular 
sieves 4A at 77 OK. 

Prodlrc~ A ~ ~ o l j ~ s i s  
(a )  1 ,I ,2,2-Te~wnietl1ylcyclopropa1ie 
For the photolysis of I in TME a 20 ft column of 

saturated silver nitrate in propylene glycol on Diatoport 
was used in tandem with 20 ft of 10% 1,2,3-tris (2-cyano- 
ethoxy)-propane (TCP) on firebrick. The columns were 
used at room temperature with a helium flow rate of 50 
mllmin. 

(b )  Products of All Phorolyses Except Abo~Te 
The products from the photolysis of all pyrazolines in 

gas phase or ethanol were determined using a 20 ft 
column of saturated silver nitrate/propylene glycol on 
firebrick in tandem with a 9 ft column of 20% dimethyl- 

sulfolane (DMS) on Chromosorb W. The columns were 
used at room temperature with a flow rate of 60 ml/min 
helium. In some cases where serious overlapping of peaks 
occurred in this system, it was necessary to run the prod- 
uct mixture through either the silver nitrate or  the DMS 
column separately in order to isolate a certain peak and 
determine its area relative to another peak (or peaks). 
Peak areas were measured by using a planimeter and all 
were corrected for relative responses (18). 

Pl~otolyses Procedure 
The photolyses and product analyses of all compounds 

were performed in the same manner (except 1 in TME 
and neat 4), only typical representative cases will be given. 

( a )  Phorolysis of 1 ir~ T M E  
To a 10 rnl quartz cell, 1 cm thick, was added a sdlu- 

tion of 0.245 g of 1-pyrazoline in 9.0 ml of TME. The 
solution was degassed, and the cell attached to  a mercury 
filled gas burette. After 15 h irradiation, the solution was 
frozen using liquid nitrogen and was kept frozen for 2 h. 
This would presumably freeze down most of the cyclo- 
propane and propylene which had left the solution. 
Following this it was found that 70% of the theoretical 
amount of nitrogen had been evolved. The solution was 
then allowed to come to room temperature and a sample 
was taken into a syringe for injection into the g.1.c. The 
percentages of products found were; cyclopropane, 77%; 
propylene, 14%; and tetramethylcyclopropane, 8-9%. 
These values have little quantitative significance due to 
the almost certain loss of the low boiling products, pro- 
pylene and cyclopropane. The purpose of the experiment 
was to indicate the presence of methylene in the reaction as 
evidenced by the presence of tetramethylcyclopropane. 
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(b)  Pl~otolysisof 5 - Gas Pllase witlr No Nitrogen Added 
The pyrazoline 5 ,  which was stored on the vacuum rack 

at -78 "C, was allowed to come to room temperature. 
The pyrazoline vapor was then allowed to flow into the 
reaction cell, A, and the cell isolated from the rest of the 
system. The residual pyrazoline vapor was then pumped 
off. The light source was allowed to warm up for approxi- 
mately 15 min, then placed about 15 cm from the reaction 
cell and the sample irradiated for 60 min, after which 
time anywhere from 40-50 pmoles of pyrazoline were 
found to have decomposed. 

Aftcr the lamp was turned off, traps 1 and 2 were cooled 
to 77 OK, and the nitrogen pumped through them into the 
Toepler pump where it was measured. It was found neces- 
sary to use 30-35 cycles of the Toepler to remove the 
nitrogen. The nitrogen was then removed through float 
valves G and H. Following this, traps 1 and 2 were 
warmed to - 78 "C using dry ice - acetone baths and the 
hydrocarbon products distilled into the Toepler pump 
by means of the cold finger, K, at 77 OK. This method 
was found to distil over almost quantitatively the 
hydrocarbons while the unreacted pyrazoline remained 
in traps 1 and 2. The hydrocarbons were measured in the 
Toepler pump and then frozen over into trap 4. The nitro- 
gen and hydrocarbon yield checked to within *6% of 
one another. 

After isolating trap 4 with float valves G and H, the 
helium carrier gas was diverted through the trap, after the 
trap had been allowed to warn1 to room temperature. The 
hydrocarbons were thus swept into the g.1.c. where they 
were analyzed. Any material which required further iden- 
tification was collected by connecting the line from the 
g.1.c. to the vacuum system at point J and allowing the 
helium to flow through the spiral trap F, cooled to 77 OK, 

and out through joint B. After removing the helium, the 
product could be transferred into a break seal at point C. 

( c )  Direct Plrotolysis of 5 itr Ethanol 
A solution of 0.213 g of 5 in 5.00 rnl of 95% ethanol 

was prepared. For photolysis, 0.40 ml of this solution was 
diluted with 1.60 ml of 95% ethanol and the resulting 
solution used to fill several small Pyrex glass bulbs 
(-0.3 ml). The bulbs were then thoroughly degassed 
(3-5 freeze-thaw cycles) on the vacuum line at point B 
(Fig. 1) and sealed. A bulb containing the degassed solu- 
tion was thcn irradiated for 1 h at a distance of about 15 
cm from the light source. 

After irradiation, the bulb was placed in the bulb 
crusher which was connected to the g.l.c., heated to 110", 
and crushed. The hydrocarbon products were separated 
from the ethanol and unreacted pyrazoline by using a 
20 ft column of 20% Carbowax 1500 on Chromosorb W 
used at room tempcrature with a flow rate of 40-50 
ml/min. The hydrocarbon product was collected in trap 
F. After the helium was pumped off, the product was 
frozen into a break seal at C, sealed, and transferred to D. 
The break seal was broken, the products frozen into the 
Toepler pump and measured. They were then transferred 
to U-trap 4, and passed into the g.1.c. using the silver 
nitrate-DMS column. The amounts of product typically 
found for 2 h irradiation ranged from 15-25 pmoles. 

( d )  Berizoplienotie Pliotoset~sitized Plrotolysis of 5 
A solution of 1.59 M benzophenone (B.D.H. reagent 

grade, twice recrystallized) in 95 % ethanol was prepared. 

CHEMISTRY. VOL. 46, 1968 

This solution (1.60 ml) was then used to  dilute 0.40 ml of 
the previously described solution of 5. This gave a solu- 
tion which was 0.087 M in 5 and 1.27 M in benzophenone, 
a molar ratio of benzophenone to 5 of 14.6:l. Since benzo- 
phenone and 5 have approximately the same molar ex- 
tinction coefficient a t  3200 A, and benzophenone has a 
much broader absorption band, most of the incident light 
should be absorbed by the benzophenone. The solution 
was then put into bulbs, degassed, irradiated, and ana- 
lyzed as described previously. Typical amounts of product 
for 2 h irradiation were 8-13 pmoles. 

( e )  Bet~zopl~ettone Pl~otoset~sitized Plrotolysis of 6 and 7 
A solution of benzophenone and 6 (or 7) of 40:l molar 

ratio in benzene was placed in a small Pyrex bulb of 
approximately 0.5 ml capacity, degassed, and sealed. The 
solution was irradiated using a Hanovia medium pressure 
lamp for 18 to 24 h. The samples were analyzed as de- 
scribed above. 

( f )  Pl~otolj~sis of 4 (Neat Liquid) 
T o  a quartz epr tube fitted with an inner 5/20 joint was 

added liquid 5 to a height of about + in. The tube was 
attached at point D (Fig. 1) through a stopcock by means 
of an outer 5/20 joint, degassed, and irradiated for 2 h. 
After irradiation, the product was transferred to the U-trap 
1. The nitrogen was pumped into the Toepler and mea- 
sured as previously described; found, nitrogen, 23.2 
pmoles. Traps 2 and 3 were then placed in dryice-acetone 
baths (-78 "C) and trap 1 allowed to warm to room tem- 
perature. The hydrocarbons were frozen into the Toepler 
pump, measured, and found to equal 23.3 pmoles. The 
hydrocarbons were then passed into the  g.1.c. and ana- 
lyzed in the usual manner. 

( g )  Correction for 4 it1 5 
The sample of 5 used contained 15 % 4 (n.m.r.). The 

product yields given for 5 are corrected for the presence 
of 4, no interconversion of 4 to 5 could be detected either 
in the gas phase or liquid phase photolysis. 

In order to make a simple correction for 4 in 5, they 
must decompose at con~parable rates. Three runs of each 
compound were performed; the total amount of product 
for equivalent times was determined by use of the 
Toepler pump. The rates of decomposition were found 
to be comparable. Runs of 5 to various percentages 
completion also showed no change. 

Control Experitnetits 
( a )  Prodrrct Lost on Trapping from Gas-Liquid 

Chromatograpliy 
A gas phase photolysis experiment was done on 5. The 

products were trapped and re-run through the g.1.c. as 
previously described. I t  was found that most of the ethyl- 
ene was lost, about one-half of the propylene was lost, 
and the percent of other products rcmaincd almost un- 
changed. Actual results are given in Table VII, along with 
the results of a similar experiment using 7. 

(b )  Iriterconversio~i of DMCP under tlie Reaction 
Cortditior~s 

cis-1,2-Dimethylcyclopropane (56 Torr) was placed in 
the reactioncell along with -0.5 Torr of 4, and irradiated 
for 2 h. After irradiation, nitrogen found, 1.96 pmoles. 
Product analysis showed that the trans-DMCP peak was 
only 0.055 % of the cis-DMCP peak and that the ratio of 
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TABLE VII 

Product loss on trapping from gas-liquid 
chron~atography (mole %) 

--- 
From 5 From 7 

No. of No. of 
times times 

trapped trapped 

Product 0 1 0 1  

cis-DM CP 47.7 49.4 43.2 43.4 
trato-DMCP 42.1 44.3 37.8 38.2 
tratrs-2-Pentene 1 . 0  1 . 0  0.87 0.83 
cis-2-Pentene 0.9 0 . 9  0.57 0.60 
2-Methyl-2-butene - - 4.37 4.32 
2-Methyl-1-butene 0.15 0.14 4.72 4.76 
cis-2-Bu tene - 7.15 7.16 
Propene 8 .2  3 .7  1.28 0.67 
Ethylene 7 .6  1 . 5  0.92 0.11 
-p-pp---p 

tratn-DMCP to propylene equalled 3.04:l. In regular gas 
phase runs with 60 Torr nitrogen present, the same ratio 
was 3.20:l and 2.79:l. Since all the trans-DMCP may be 
accounted for by the decomposed pyrazoline and since 
the ratio of tratu-DMCP to propylene is similar to that in 
regular gas phase runs, then it may be assumed that cis- 
DMCP is not converted to trans-DMCP under the reac- 
tion conditions. A similar result was obtained using iratn- 
DMCP. 

A small sample (37.7 pmoles) of cis-DMCP was added 
to a 1.27 M benzophenone solution in ethanol in a small 
bulb, degassed, and sealed. The solution was irradiated 
for 3 h. The only detectable hydrocarbon after irradiation 
was cis-DMCP which measured 33.1 pmoles. Hence, 
cis-DMCP is not consumed or isomerized under reaction 
conditions. A small sample of cis-DMCP was added to a 
concentrated solution of benzophenone in benzene and 
exposed to a Hanovia medium pressure lamp for 72 h. 
Subsequent g.1.c. analysis indicated less than 1 % decom- 
position of which 3-methyl-1-butene was the principal 
product with only a trace of tratrs-DMCP. 

(c )  Additiotzal Proditcis itt Sol~rtiott Plrotolysis 
A small Pyrex glass bulb filled with the previously de- 

scribed solution of 5 in ethanol was attached a t  point D 
through a stopcock. After degassing, the stopcock was 
closed, and the solution irradiated for 3 h. Following this, 
the stopcock was opened and the solution frozen over 
into U-trap 2. The nitrogen was pumped into the Toepler. 
The solution was then transferred into trap I and again the 
Toepler was used to remove any nitrogen. The nitrogen 
was measured and pumped off. 

After the nitrogen was removed, the solution was 
frozen into the Pyrex bulb at D, and the bulb sealed off. 
It was then placed in the bulb crusher, run through the 
Carbowax colun~n, and the products trapped in F as 
before, (flow rate used in this case 3&35 ml/min to 

minimize loss in trapping). The products were then trans- 
ferred back to D and into the Toepler as before and 
measured. 

Two similar experiments were carried out for the 
photosensitized decomposition of 5, except that now the 
DMS column was used in order to separate the acetalde- 
hyde from the hydrocarbons. In each case the trapping 
efficiency was 90% or greater. 
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Friedel-Crafts rearrangements. 111. Deuterium tracer studies of the 
mechanism of cyclialkylation of phenylalkyl chlorides1 
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A series of dideuterated primary phenylalkyl chlorides 1-chloro-3-phenylpropane-2,2-d2 (4), l-chloro- 
3-phenylpropane-1,l-d2 (9), 1-chloro-4-phenylbutane-2,2-d, (8), 1-chloro-5-phenylpentane-4,4-d, (S), 
1-chloro-5-phenylpentane-3,3-& (6), and I-chloro-5-phenylpentane-2,2-d, (7) were synthesized by 
alkylations of malonic ester with phenylalkyl chlorides. Deuterium was introduced by exchange of the 
sodium salt of the alkylated malonic ester with D 2 0 ,  followed by hydrolysis and decarboxylation. The  
resulting acids were reduced by hydride to primary alcohols and these were converted to the dideuterated 
primary chlorides by decomposition of the intermediate chlorosulfite esters. Nuclear magnetic resonance 
(n.m.r.) spectra confirmed the position of the deuterium in the chlorides. Friedel-Crafts cyclialkylation of 
the deuterated phenylpentyl chlorides yielded labelled 1-methyltetralins in which the label was located by 
n.m.r. and mass spectroscopy. The results demonstrated that rearrangement precedes cyclialkylation of 
1-chloro-5-phenylpentane. Extensive deuterium scrambling between C-1, C-2, and C-3 accompanied the 
cyclialkylation of 5 but not that of 8. Reaction mechanisms are suggested to account for these results. 

Canadian Journal of Chemistry, 46, 3315 (1968) 

Introduction 

Intramolecular alkylation of aryl-substituted 
halides (cyclialkylation) is the simplest intra- 
molecular counterpart of the classical Friedel- 
Crafts alkylation. Nevertheless, certain general- 
izations that have been made on the lack of 
isomerizations during cyclialkylations (1, 2) 
have recently been shown to be incorrect. For 
example, we found that cyclialkylation of 
1-chloro-5-phenylpentane yielded l-methyltetra- 
lin (3) and not benzsuberane as was previously 
reported (1). Results reported by Khalaf and 
Roberts (4) on the cyclialkylation products from 
related phenylalkyl chlorides corroborate our 
view. 

Deuterium labelling of phenylalkyl chlorides 
is a very useful method of providing information 
on the mechanism of rearrangements and hydride 
exchange accompanying Friedel-Crafts cycli- 
alkylations. For example, the case for using 
deuterium labelling in the side-chain of a 
5-phenylpentyl chloride is given in Scheme 1. 

Two distinct possibilities can be considered for 
the pathway of the cyclialkylation-rearrangement 
of a 5-phenylpentyl chloride (5) leading to 
1-methyltetralin. In one mechanism (path 2) 
benzsuberane could form as an intermediate, 
followed by a 1,2-aryl shift analogous to  the 
Schmerling-Roberts (5,  6) phenonium ion mech- 
anism for rearrangements of alkylbenzenes. 

'Taken in part from the M.Sc. Thesis of E. C. Sanford, 
Mount Allison University, 1966. 

With the deuterium label, two routes (a) and (b) 
exist for this rearrangement which is thus 
expected to give two differently labelled methyl- 
tetralins (a) and (b), one of which has deuterium 
in the methyl group. 

On the other hand, rearrangement in the side- 
chain prior to cyclization (path 1) by the 
equilibration of carbonium ions or through a 
hydrogen bridged ion, would yield methyl- 
tetralin (b) without deuterium in the methyl 
group. It is expected that one could discriminate 
between the two pathways by nuclear magnetic 
resonance (n.m.r.) and mass spectral analyses of 
the product. 

Discussion of Results 
(a) Syntheses of Deuteriunl Labelled Compounds 

The classical malonic ester synthesis was 
adapted to the synthesis of most of the deuterium 
labelled compounds. The typical synthetic 
scheme is outlined in Scheme 2 for the synthesis 
of l-chlor0-3-phenylpropane-2,2-rl, (4) and 1- 
chloro-5-phenylpentane-4,4-d2 (5). In these cases, 
the deuterium was introduced by exchange on 
the salt (1) of diethyl benzylmalonate followed by 
decarboxylation. Variations of this scheme were 
used for the synthesis of 1-chloro-5-phenyl- 
pentane-2,2-d, (7) and of 1-chloro-4-phenyl- 
butane-2,2-d2 (8). The deuterium label in 7 was 
introduced by exchange on diethyl 3-phenyl- 
propylmalonate and in 8 by exchange o n  diethyl 
2-phenylethylmalonate. 1-Chloro-5-phenylpen- 
tane-3,3-d, (6) was synthesized by extending the 
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H2 
C-CD2 H 
a).* \ Path 2 Path 1 C ~ C , D ~  

K i b r . , , C H 2  t 0 ,CHI -0 CH2 

C-CH2 ,CH2-CH2 +cHz-c/H~ 
HZ CI A I C ~ ~  

chain of 8 through the Grignard reagent. For 
the synthesis of 1 -chloro-3-phenylpropane-l , 1-d2 
(9), deuterium was introduced by lithium 
aluminium deuteride reduction of methyl 3- 
phenylpropionate. The remainder of the multi- 
step conversions involved classical steps as 
outlined in the typical scheme. 

Decomposition of chlorosulfite esters by the 
method of Boozer and Lewis (7) proved to be a 
very convenient method for the preparation of the 

labelled phenylalkyl chlorides from the alcohols. 
The chlorosulfite ester of 4-phenyl-1-butanol-2,2- 
d2 yielded some tetralin-2,2-d2 (25 %) as well as 8. 
Then.m.r. spectrum of this tetralin was similar t o  
that from cyclialkylation of 8. 

The data on integrations and assignments for 
the n.m.r. spectra of the phenylalkyl chlorides 
are outlined in Table I. Compounds 4, 7, and 8, 
containing a -CD2- group at position-2, were 
clearly distinguished by the broad singlet in the 

- 
I /COOD 

CH2CD2CH2CI 21)LiAIHd CH2CD2COOR + A 

(2) SOC12 -C02 OCHzC\ COOR 

4 3 2 

I (1) NaCH(COOC2H5)2 (4) CH2Nz R = D or C2H5 
(2) Hydrolysis (5) LiAlH4 
(3) A -C02 (6) SOC12 

CH2CD2CH2CH2CH2CI 6 C6H5 CH2CH2CD2CH2CH2CI 
7 C6H5CH2CH2CH2CD2CH2CI 

5 8 C6HSCH2CH2CD2CH2Cl 

SCHEME 2. Synthesis of deuterated phenylalkyl chlorides. 
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TABLE I 
Nuclear magnetic resonance spectral data on methylene protons 

- 

Chemical ReIative 
Compound shift* Multiplicity areat Assignment 

C,H5CHzCHZCDzCHzCl (8) + Tetralin 

Triplet 
Triplet 

7.90 ~ u i n t e t  1.90 2-CHz 
6.57 Singlet 1.92 -CH , CI 

  rig let 
Triplet 
Singlet 
Triplet 
Triplet 
Triplet 
T r i ~ l e t  

~ o m ~ l e ~ m u l t i ~ l e t  
Singlet 
Triplet 

Complex multiplet 
Triplet 
Triplet 
Multiplet 
Triplet 
Singlet 

Complex multiplet 

*T values determined in CCI, containing TMS. 
TIntegrations are based on the aromatic protons which absorbed near T 2.9, set equal to 5. 
ZTetralin absorbs in this region. 

region near 6.6 p.p.m. These results indicate 
essentially complete deuterium substitution at 
position-2. The line broadening is attributed to 
weak spin-spin coupling of the -CH,Cl protons 
with vicinal deuterium nuclei. Compounds 4 and 
5 containing the C6H,CH,CD,- group showed 
the broad singlet in the 7.3-7.4 region expected 
from the benzylic protons in these compounds. 
Compound 9 gave the expected n.m.r. spectrum. 
The absence of absorption in the 6.6 p.p.m. 
region indicates the presence of the -CD,CI 
group and the two triplets, at 7.33 and 8.10 
p.p.m. (broad), confirms the structure given to 9. 
The assignment of the structure to compound 6 

is not quite so obvious. The two triplets at low 
field, 6.54 and 7.38 p.p.m., are assigned to the 
-CH,-C1 and benzylic protons respectively. 
From the integration and the simplification of 
the absorption at higher field (compared to the 
spectrum of unlabelled compound), the absorp- 
tion in the 8.30 p.p.m. region is assigned to the 
methylenes at positions-2 and -4. 

(b)  Cyclialkylatioi~s of Deuterated Phenylalkyl 
Cjzlorides 

The conditions and cyclization products from 
cyclialkylations of the phenylalkyl chlorides are 
summarized in Table 11. 

TABLE I1 
Cyclialkylations of dideuterated phenylalkyl chlorides* 

------ -- -- 
Labelled chloride Catalyst Temperature Time Cyclialkylationt 

(mmole) (mmole) ("c) (h) products 

C6H5CH2CDzCH2CH2CH2C1(6) A1C13(6) 25 2.5 I-Methyltetralin-3,3-dz (10) 
C6H5CH2CH2CD2CH,CH2C1(9) AIC13(9) 25 3 .0  I-Methyltetralin-2,2-dz(ll) 
C6H5CH2CH2CH2CD2CH2C1(6.5) A1C13(6.5) 25 3.0 I-Methyl(d)-tetralin-1-d(12) 

and 
I-Methyl(d)tetralin(13) 

C6H5CH2CH2CD2CH2C1(4.5) A1C13(4.5) 25 1.5 Tetralin-2,2-d2(14) 

*Petroleum ether (b.p. 6C-80') was used as the solvent. 
tvarious byproducts due to hydride ion exchange and dehydro~enation also formed and are discussed in a separate publication (8). 
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TABLE I11 
Nuclear magnetic resonance spectral data on cyclialkylation products 

-- 
--- - 

Chemical Relative 
Labelled tetralin shift* Multiplicity area.1 Assignment 

and 
1-methyl(d)-tetralin (13) 
Tetralin-2,2-d2 (14) 

8.83-8.71 
8.35 

7.32 and 7.15 

Doublet 
Multiplet(AB of ABX)f 
Sinelet and Multiolet - 

Doublet 
Multiplet 

Triplet and Multiplet 
Doublet and Singlet 

Multiplet 

Triplet 
Singlet and Triplet 

-CH3 
-CH2-(C-2) 

Benzvlic -CH,- and -CH- 
-CH, 

-CH2-(C-3) 
Benzylic -CH2 and -CH- 

-CH,D 
-CH2CHz-(C-2,3) 

Benzylic -CH,- and -CH- 
-CH,:(C-3) 
2-Benzyllc -CH,- 

*r values were determined in CCI, containing TMS.. 
?The integrations are averaged from two separate cyclialkylations in each case, and are relative t o  the aromatic hydrogens at  r 3.0, set 

equal to 4. 
$This multiplet collapsed t o  a doublet on irradiation in the region of the mcthine proton absorption. 

The n.m.r. and mass spectroscopic data for 
determining the position of the label in the 
cyclic products are summarized in Tables I11 and 
IV. The product from cyclialkylation of l-chloro- 
5-phenylpentane-4,4-d, (5) was I-methyltetralin- 
3,3-d, (10). This is clear from the integrations and 
the spin-spin splitting in the n.m.r. spectrum of 
10. The mass spectrum of this product (Table IV) 
gave supporting evidence for this structure in the 
expected parent mass and simple fragmentations 
comparable to that of 1-methyltetralin. 

The assignment of structure 10 as the only 
labelled methyltetralin from cyclialkylation of 5 
proves that benzsuberane cannot form even as an 
intermediate in the cyclialkylation-rearrange- 
ment. This clearly demonstrates that the 
rearrangement must take place in the side-chain 
prior to cyclization (Scheme 1, path I). 

I t  was hoped that additional information on 
the mechanism of the cyclialkylation-rearrange- 
ment would be obtained by cyclialkylation of 
phenylalkyl chlorides with the deuterium label 
closer to the reaction site. Furthermore, it was 
very desirable to have comparative n.m.r. and 
mass spectral evidence on other deuterium 
labelled 1-methyltetralins, especially one with 
deuterium in the methyl group. With these 
objectives in mind, cyclialkylations of l-chloro- 
5-phenylpentane-3,3-4 (6) and 1-chloro-5-phe- 
nylpentane-2,2-d, (7) were carried out. 

The product from cyclialkylation of 6 was 
found to be mainly 1-methyltetralin-2,2-d, (11) 
from n.m.r. and mass spectra (Tables I11 and 
IV). The n.m.r. spectrum of 11 was clearly 
distinguished from that of 10 because spin-spin 

coupling between the methylene protons (C-3 
and C-4) was still present in 11 but absent in 10. 
The mass spectral peaks at 120 and 104 also 
distinguished 11 from 10. There was evidence 
of some deuterium scrambling. The  slightly low 
integration for the -CH, group and a peak in 
the mass.spectrum at 132 is indicative of some 
deuterium in the methyl group. The  low integra- 
tion for the three benzylic hydrogens is probably 
due to deuterium scrambling into the methine 
position-1 . 

Cyclialkylation of 1-chloro-5-phenylpentane- 
2,2-d, (7) yielded a I-methyltetralin showing 
complex n.m.r. and mass spectra. The spectral 
results are attributed to a mixture of labelled 
compounds such as I-methyl(d)-tetralin-1-d 
(12) and 1-methyl(d)-tetralin (13). In particular, 
this mixture would account for the appearance of 
both a doublet (13) and a singlet (12) for methyl 
absorption in the n.m.r. spectrum as well as for 
the fractional integrations observed. The appear- 
ance of two parent masses (148 and 147) and two 
sets of related fragmentations in the mass 
spectrum confirmed this interpretation. The 
appearance of a peak at nzle = 133, probably due 
to loss of CH, from mass 148, is indicative of the 
presence of some 1-methyltetralin-l,2-d, in the 
mixture. 

A reaction mechanism is required which 
accounts for the rearrangement prior to cycli- 
alkylation as well as the hydrogen scrambling 
observed between C-1, C-2, and (to a lesser 
extent) C-3 during the cyclialkylation. One 
possibility involves hydrogen-bridged ion inter- 
mediates as outlined in Scheme 3. Such an 
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TABLE IV 
Mass spectroscopic data on cyclialkylation products 

--- -p-ppp 

Relative 
Hydrocarbon Peak* intensity Fragmentation 

146 31 Parent mass 
131 100 Less -CH3 
118 19 Less -C,H4- 

H 

1 04 10 
I 

Less CH3-C-CH2- 
I 

1-Methyltetralin-3,3-rl, (10) 148 28 Parent mass 
133 100 Less -CH3 
118 25 Less -CH,CD,-(2,3) 

H 
I 
I 

9 Less CH3-C-CH,- 
I 

I-Methyltetralin-2,2-d, (11) 148 35 Parent mass 
133 100 Less -CH3 
132 54 Less -CH,D 
120 16 Less -CH2CH2-(3,4) 
118 22 Less -CD,CHZ-(2,3) 

H 
I 

CHj 104 21 
I 

Less CH3-C-CD,- 
I. 

1-Methyl(d)-tetralin-I-d (12) 148 34 Parent mass 12 
and 147 3 1 Parent mass 13 

1-Methyl(d)-tetralin (13) 133 55 Less CH, 
132 100 12 less -CH,D 

64 13 less -CH2D 
17 12 less -C2H4- 

119 25 13 less -C2H4- 

Tetralin-2,2-d2 (14) 

Tetralin 

134 49 Parent mass 
133 29 M-1 and monodeuterocon~pound 
106 3 5 Parent less -CHzCH2-(3,4) 
105 39 133 less -CHZCH2-(3,4) and 

tetralin-1,2-d, less 
-CHD-CH2-(2,3) 

132 48 Parent mass 
131 13 M-1 
105 10 
104 100 Less -CH,CH2--(2,3) 

'Partial mass spectra only are shown for comparison of  peaks in the higher mass range. 

intermediate (15) accounts for the formation of 
1-methyltetralin. Obviously deuterium a t  posi- 
tion-4 of 15 would appear entirely at position-3 
in the I-methyltetralin. The minor amount of 
deuterium scrambling from C-3 to C-2 and C-1 
observed in cyclialkylation of 1-chloro-5-phenyl- 
pentane-3,3-cl, (6) can be accounted for by some 
equilibration between 15 and the hydrogen- 
bridged ion 15a prior to cyclization. 

1-Chloro-5-phenylpentane-2,2-d2 (7) under- 
went extensive scrambling of deuterium between 
C-I, C-2, and C-3 during the cyclialkylation. 

Rearrangements through intermediates 15 and 
15a account for the appearance of deuterium in 
the methyl group as well as positions-1 and -2 in 
the 1-methyltetralin formed. 

The results can also be accounted for in an 
analogous manner by writing a series o f  hydride 
shifts with the cyclization occurring through a 
carbonium ion (compare Scheme 1). Inter- 
molecular hydride transfer at the labile tertiary 
position-1 of I-methyltetralin also occurred to 
account for the appearance of the monodeuter- 
ated compound (13) and other side reactions (8). 
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It was found [Part (a)]  that phenylbutyl 
chlorosulfite ester underwent direct cyclization to 
tetralin (25%). This result is analogous to the 
aryl participation forming tetralin observed 
during solvolyses on arylalkyl benzenesulfonates 
(9, 10). There was no significant aryl participa- 
tion in the 5-aryl-1-pentyl series (10). The ques- 
tion of a possible concerted process versus a 
carbonium ion process in the cyclialkylation of a 
primary phenylbutyl chloride was raised by 
Khalaf and Roberts (4). Their observation that 
1-chloro-2-methyl-4-phenylbutane underwent 
partial rearrangement of both hydride and 
methide was indicative of a carbonium ion type 
of reaction. It was thought that cyclialkylation 
of 1-chloro-4-phenylbutane-2,2-d, (8), with deu- 
terium label next to the reaction center, would 
provide a better test of these mechanisms. 
The major product from cyclialkylation of 8 was 
tetralin-2,2-d2 (14) according to the n.m.r. 
results (Table 111). However, there is also evi- 
dence for some scrambling and loss of deuterium 
which complicates the results. The consistently 
low integration for the two benzylic methylenes 
indicates some deuterium rearrangement (at 
least 10%) into position-1. This could also 
account at least in part for the increased 
intensity of the 105 peak in the mass spectrum of 
the product (Table IV) compared to that of 
tetralin. The intensity of the M-1 peak in the 
product is indicative of the presence of some 
monodeutero compound. Despite these compli- 
cations, the relatively low proportion of deu- 

terium rearrangement can be accounted for by a 
concerted mechanism (Scheme 4). The results are 
not sufficiently unequivocal to  rule out the 
alternative carbonium ion process in which the 
favored six-membered ring forms faster than a 
1,2-hydride shift can occur. 

Experimental 
Infrared (i.r.) spectra were recorded o n  a Perkin-Elmer 

model 137 Infracord. Nuclear magnetic resonance (n.m.r.) 
spectra were measured on a Varian A-60 spectrometer 
equipped with a spin decoupler. Reaction products were 
analyzed on an F & M model 500 programmed temperature 
gas chromatograph equipped with a dual column attach- 
ment. The column packings contained 30% Apiezon 
grease on Chrornosorb W. Melting points were deter- 
mined on a Thomas Hoover capillary melting point 
apparatus and are uncorrected. The deuterium oxide 
(99.7 %)used wasobtained from Merck, Sharp and Dohme 
of Canada Limited. Literature values for the refractive 
indices and boilingpoints reported are for thecorrespond- 
ing non-deuterated samples. 

(a)  Sytztlleses of Deuleriunz Labelled Compounds 
Ethyl 3-Plzer~ylpropatzoate-2,2-dz (3 )  
T o  a solution of sodium ethoxide in ethanol, prepared 

from 4.30 g (0.186 mole) of sodium and 100 ml of 
absolute alcohol, were added 40 g (0.186 mole) of diethyl 
benzylmalonate, prepared according t o  the procedure 
given by Gatterman (1 1). The solution was heated under 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BARCLAY AND SANFORD: FRIEDELCRAFTS REARRANGEMENTS. 111 3321 

reflux for 2 h with stirring and the excess alcohol distilled 
in vncrro. Ten grams of deuterium oxide were added and 
the mixture stirred until the sodium salt dissolved. It was 
then heated under reflux for 30 min. The solution was 
acidified with D2S04, prepared by hydrating sulfur 
trioxide with deuterium oxide (12). The mixture was 
extracted with anhydrous ether and the extract dried 
with anhydrous sodium sulfate. The ether was distilled 
and the residue was heated in a n  oil bath at 170" until 
evolution of carbon dioxide ceased. The residue was 
distilled it2 vncuo. The fraction distilling at  162-17O0/4.5 
mm gave 22 g (70%) of the dideuterated ester, tlDz0 

1.4934 (lit. (13), 1.4954). The i.r. spectrum showed ester 
carbonyl absorption at  1730 cm-'. The n.m.r. spectrum 
showed aromatic absorption at  T 2.82, a symmetrical 
quartet centered at  T 5.95, a singlet at T 7.1 1 and a triplet 
centered at  7 8.85, with intensity ratios of 5:2:2:3, 
consistent with the proposed structure. 

3-Pl1er1yI-l-propat101-2,2-d2 
T o  a solution of 10 g (0.27 mole) of lithium aluminium 

hydride in 500 mi of anhydrous ether were added slowly 
with stirring 32 g (0.18 mole) ethyl 3-phenylpropanoate- 
2,2-4. The mixture was heated under reflux with stirring 
for 9 h and allowed to set overnight at room temperature. 
The mixture was poured onto ice and treated with dilute 
sulfuric acid. The organic material was extracted with 
ether. Evaporation of the ethereal extract left 24.5 g 
(100%) of alcohol which showed hydroxyl absorption in 
the i.r. at 3400 cm-'. Carbonyl absorption was absent. 
The n.m.r. spectrum showed aromatic absorption at 
7 2.81 with singlets at  7 5.81, 6.50, and 7.41. The intensity 
ratios were 5:1:2:2, consistent with the proposed 
structure. 

I-Clrloro-3-pl1et1ylpr.opa,1e-2,2-d~ ( 4 )  
T o  20 g (0.145 mole) of 3-phenyl-1-propanol-2,2-d2, 

cooled in an  ice bath, were added slowly with swirling 
17.25 g (0.145 mole) of thionyl chloride. After the 
addition was complete, excess thionyl chloride was 
removed in vncuo. The resulting chlorosulfite ester was 
decon~posed in an oil bath at  120°, until sulfur dioxide 
ceased to be evolved. The residue was then vacuum 
distilled. The fraction which distilled at 130°/2.5 mm 
weighed 14 g (62 %); ?lDZO 1.5227 (lit. (14), )IDZ5 1.5160). 

Dietl~yl3-Pl1er1ylpropyl-2,2-d~-1~10lot1ate 
T o  a solution of sodium ethoxide, prepared from 

2.14 g (0.093 mole) of sodium cuttings in 30 ml of absolute 
alcohol, were added 14.9 g (0.093 mole) ofdiethyl malonate. 
After heating under reflux for 30 min, 14 g (0.093 mole) of 
1-chloro-3-phenylpropane-2,2-d2 were added in one 
portion and the resulting mixture was heated under 
reflux for 2.5 h. The ethanol was distilled it1 vacrro, then 
water was added and the mixture extracted with ether. 
The ethereal solution was dried over anhydrous sodium 
sulfate and the ether distilled. The residue was distilled 
under reduced pressure. The fraction which distilled at  
194" gave 13.7 g (53 %) of the ester (lit. (15), 189-198"/ 
13 mm). 

with dilute hydrochloric acid and the oil which separated 
extracted with ether. The residue from evaporation of the 
dried ethereal extracts crystallized. Recrystallization from 
petroleum ether yielded crystals, m.p. 92-93" (lit. (16): 
92-95"). The acid was heated at  180" in an  oil bath until 
carbon dioxide was no longer evolved. Eight grams of 
acid were obtained (92% yield). Recrystallization from 
petroleum ether'gave crystals, m.p. 57-58". The mixture 
melting point of this sample with an  authentic sample of 
5-phenylpentanoic acid (Aldrich Chemical Co. Inc.) was 
57-58" (lit. (17), 58-59"). The acid was esterified by 
distilling an ethereal solution of diazomethane, prepared 
according to the procedure of Arndt (18), into a n  ethereal 
solution of the acid until the yellow color remained.The 
ethereal solution of ester was concentrated and reduced 
directly with 3.4 g of lithium aluminium hydride dissolved 
in ethyl ether. After heating under reflux overnight, the 
solution was poured onto ice, decomposed with 10 % sulfu- 
ric acid, and extracted with ether. Theethereal extract was 
driedover anhydroussodium sulfateand theether distilled. 
This gave 6.3 g (80%) of neutral material, nDZ5 1.5148 
(lit. (19), 1.5122) which showed hydroxyl absorption in 
the i.r. at  3400 cm-'. The n.m.r. spectrum showed 
aromatic absorption at T 2.88, a triplet centered a t  T 6.50, 
a singlet at  7 7.45, and a multiplet centered at T 8.58 with 
intensity ratios of 5:2:2:4 consistent with the proposed 
structure. 

I-Chloro-5-plretrylper2tane-4,4-d2 (5 )  
To 2 g (0.012 mole) of -5-phenyl-1-pentanol-4,4-4 

was added dropwise at room temperature 1.23 g (0.012 
mole) of thionyl chloride. The excess thionyl chloride was 
distilled in vncrro and the chlorosulfite ester was decom- 
posed at  130" until evolution of sulfur dioxide ceased. The 
residue was distilled it1 vaclro. The fraction distilling at 
114"/1.7 mm amounted to 1.5 g (70%) (lit. (20), 11 1-112'/ 
5-6 mm). 

I-Clrloro-5-pl1et~y~e11tat1e-2,2-d~ (7) 
Diethyl 3-phenylpropylmalonate was prepared from 

1-chloro-3-phenylpropane, diethyl malonate and sodium 
ethoxide, according to the procedure used in the synthesis 
of diethyl 3-phenylpropyl-2,2-d2 malonate (above). 
Diethyl 3-phenylpropylmalonate 20 g (0.027 mole) was 
treated with a n  alcoholic solution of sodium ethoxide and 
the alcohol removed it1 vncrro. The solid residue was 
refluxed with deuterium oxide and acidified with D2S04 
according to the procedure previously described for the 
preparation of 3. Decarboxylation of the residue at 170" 
in an oil bath gave 12.46 g, (94%) of 5-phenylpentanoic 
acid-2,2-d2. The n.m.r. spectrum showed aromatic 
absorption at  r 2.86 and two multiplets centered at  T 7.39 
and 8.35 with intensity ratios of 5:2:4 consistent with the 
proposed structure. 

5-Phenylpentanoic acid-2,2-rl, (12.4 g, 0.072 mole) was 
converted to  the methyl ester with an ethereal solution of 
diazomethane. The ethereal solution of the ester was 
concentrated and added slowly to a solution of lithium 
aluminium hydride (5.4 g, 0.144 mole) in ether. After 
refluxing for 2 h, the solution was poured onto ice. 

5-Phenyl-l-pet1tnno1-4,4-d~ decompbsed with 10% sulfuric acid, and extracted with 
A mixture of 13.7 g (0.043 mole) of diethyl 3-phenyl- ether. The ether extract was dried over anhydrous sodium 

propyl-2,2-d2 malonate and 12 g of 50% aqueous potas- sulfate and the ether was distilled. An i.r. spectrum on the 
sium hydroxide solution was heated on a steam cone residue showed hydroxyl absorption at 3400 cm- l .  The 
until homogeneous. The alkaline solution was acidified alcohol obtained was treated directly with a slight excess 
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of thionyl chloride. After 5 min, the excess thionyl 
chloride was distilled irz uacuo, and the chlorosulfite 
ester decomposed in an  oil bath at 120" for approximately 
1 h. The residue was distilled in uacuo. The fraction 
boiling at 115"/3 mm yielded 3.5 g (30%) l-chloro-5- 
phenylpentane-2,2-d2 ; nDZO 1.5145 (lit. (3), nDZ3 1.5149). 
4-Phenyl-I-blttanol-2,2-dz 
Diethyl 2-phenylethylmalonate was prepared from 

1-chloro-2-phenylethane, diethylmalonate, and sodium 
ethoxide according to the usual procedure; b.p. 162"/ 
1.3 mm (lit. (21), 182-187"/17 mm). Diethyl 2-phenyl- 
ethylmalonate (20 g, 0.076 mole) was treated with an  
alcoholic solution of sodium ethoxide and the alcohol 
removed in uacuo. The solid residue was refluxed with 
deuterium oxide and acidified with DZSO, according to  
the previously described procedure. Decarboxylation of 
the residue at 170' in an  oil bath gave a mixture of acid 
and ester. The mixture of acid and ester was added to an 
ethereal solution of diazomethane. The ethereal solution 
was concentrated and added slowly to  a solution of 
lithium aluminium hydride (3.5 g) in ether. After refluxing 
overnight, the solution was poured onto ice, decomposed 
with 10% sulfuric acid, and extracted with ether. The 
ether extract was dried over anhydrous sodium sulfate, 
and the ether distilled. Thisgave 9.6 g (84 %)of 4-phenyl-l- 
butanol-2,2-d2. The i.r. spectrum showed hydroxyl 
absorption at 3400 cm-'. Carbonyl absorption was 
absent. The n.m.r. spectrum showed aromatic absorption 
at 72.92, two singlets at 7 6.52and6.75, a triplet centered at 
r 7.42 and a multiplet centered at r 8.40 with intensity 
ratios of 5:2:1:2:2 consistent with the proposed structure. 

I-Chloro-4-pherzylbutane-2,2-dz 
T o  7.0 g (0.097 mole) of 4-phenyl-1-butanol-2,2-dZ at 

room temperature were added dropwise 5.8 g (0.047 mole) 
of thionyl chloride. The reaction was instantaneous and 
excess thionyl chloride was removed it1 uacuo. The residue 
was decomposed at 130°, until evolution of sulfur dioxide 
ceased. The residue was distilled in uacuo and the fraction 
distilling at 126"/1.2 mm pressure amounted to 4 g (50%). 
Vapor-phase chromatographic analysis of the product 
showed two components in the ratio 3:l. 

Using authentic samples of non-deuterated compounds 
as internal standards, these were found to be l-chloro- 
4-phenylbutane-2,2-dz (75 %) and 2,2-dz-tetralin (25 %). 

I-Chloro-5-phenylpentane-3,3-d2 (6) 
T o  a solution of 4 g of the above mixture of l-chloro- 

4-phenylbutane-2,2-d2 and tetralin in anhydrous ether 
was added 0.55 g of magnesium turnings. This was 
heated under reflux with stirring for 20 h, then poured 
onto crushed dry ice. Water was added and the solution 
acidified with dilute hydrochloric acid. The oil which 
separated was extracted with ether. The ether extracts 
were extracted with dilute alkali, the alkali portion 
acidified with dilute hydrochloric acid, and againextracted 
with ether. The ether extracts were dried with anhydrous 
sodium sulfate. Distillation of the solvent gave 3 g of 
5-phenylpentanoic acid-3,3-dz (approximately 70%). The 
acid was added directly to  an ethereal solution of diazo- 
methane. The ethereal solution was concentrated and 
added slowly to  a solution of lithium aluminium hydride 
(1 g) in ether. After refluxing for 2 h, the solution was 
poured onto ice, decomposed with 10% sulfuric acid, and 
extracted with ether. The ether extract was dried over 

anhydrous sodium sulfate. Distillation of the ether gave 
2.5 g (90%) of the  desired alcohol. The i.r. spectrum 
showed hydroxyl absorption at 3400 cm-'. Carbonyl 
absorption was absent. The n.m.r. spectrum of the 
5-phenyl-1-pentanol-3,3-dz obtained showed aromatic 
absorption at r 2.82, a singlet at r 6.02, a triplet centered 
a t  .r 6.49, a triplet centered at r 7.44, and a multiplet 
centered at 7 8.48 with intensity ratios of 5:1:2:2:4 
consistent with the proposed structure. 

Thionyl chloride 1 g (0.0084 mole) was added to  
1.4 g (0.0084 mole) of 5-phenyl-1-pentanol-3,3-dZ at room 
temperature. Excess thionyl chloride was immediately 
removed it2 uacuo and the chlorosulfite ester decomposed 
at 130" in an oil bath for 15 min. The residue was vacuum 
distilled, b.p. 130°/1 mm. One gram (70%) of l-chloro-5- 
phenylpentane-3,3-d2 (6) was obtained. 

3-Phergvl-I -propanol-1 ,I-d, 
To a solution of 0.5 g(0.009 mole) of lithium aluminium 

deuteride in 50 ml of anhydrous ether was added slowly 
with stirring 3 g (0.018 mole) of methyl 3-phenylpro- 
pionate. The mixture was refluxed for 2 days, poured into 
ammonium chloride solution, and extracted with ether. 
Evaporation of the dried ethereal extracts gave 2.4 g 
(quantitative yield) of alcohol. The i.r. spectrum showed 
hydroxyl absorption at 3400 cm-'. T h e  n.m.r. spectrum 
showed aromatic absorption at r 2.80, a singlet at r 6.09, 
and two triplets centered at 7 7.34 and  8.22 with intensity 
ratios of 5:1:2:2, consistent with the proposed structure. 

I-Chloro-3-phenylpropane-1 ,I-dz (9) 
To 1.8 g (0.012 mole) of 3-phenyl-1-propanol-1,l-dz, 

cooled in an ice bath, were added 1.43 g (0.012 mole) of 
thionyl chloride. After + h heating at 130" in an oil bath, 
the product was vacuum distilled. T h e  fraction collected 
at 106"/2.35 mm weighed 1.25 g (70%). 

(b) Cyclialkylatiorts of Phet~ylalk~d Chlorides 
The cyclialkylations were carried ou t  in a flask contain- 

ing a magnetic stirrer and fitted by a flexible rubber tube 
to a small flask containing the catalyst. The hydrogen 
chloride gas was released through an attached drying tube. 
The organic chloride was dissolved in petroleum ether and 
the aluminium chloride added at room temperature. The 
progress of the cyclialkylations was followed by vapor- 
phase chromatography (v.p.c.) analysis of small aliquots. 
These were worked up by pouring into ice, and extracting 
with ether. The ether extracts were washed free of acid, 
dried with anhydrous sodium sulfate, the ether distilled, 
and the residue analyzed by v.p.c. T h e  reactions were 
terminated when the  starting chloride had disappeared. 
Preliminary reactions was carried out on unlabelled 
phenylpentyl chloride using various solvents and amounts 
of aluminium chloride and ferric chloride. Optimum 
conditions were found using an equimolar amount of 
phenylalkyl chloride and aluminium ch!oride in petroleum 
ether using contact times of 2-3 h. Under these conditions 
the relative amount (v.p.c.) of 1-methyltetralin was 
approximately 90%. Under other conditions side 
reactions due to hydride ion exchange and dealkylation 
predominated (8). 

Cyclialkylations of deuterium labelled phenylalkyl 
chlorides were carried out under conditionsoutlined above 
and are summarized in Table 11. The  components were 
analyzed in a preliminary manner by comparison of  
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their v.p.c. retention times with 1-methyltetralin. The 
labelled cyclialkylated products were collected from the 
v.p.c. by repeated injections and analyzed by n.m.r. 
and mass spectroscopy. 
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Friedel-Crafts rearrangements. IV. Cyclialkylations and hydride 
transfers on phenylalkyl chlorides 

L. R. C. BARCLAY A N D  E. C. SANFORD 
Departnient of Cl~et~listry, Mo~rnf Allisot~ Utriuersity, Snckuille, New Br~rtuwick 

Received April 2, 1968 

A number of phenylalkyl chlorides werc synthesized for a comparative study of Friedel-Crafts cyclial- 
kylations and competing reactions involving hydride exchange. Thc synthetic work showed that phenyl- 
butyl alcohols, especially a tertiary alcohol, may cyclize directly with chlorinating agents to yleld tetralins. 
Cyclialkylation prod~~cts  from phenylpcntyl chloridc include I-methyltetralin (4), 11-pentylbenzene, 1- 
methyl-3,4-dihydronaphthalene, and methylnaphthalene. A reaction sequence is given involving dealky- 
lation of 4 and hydride transfers. Phenylbutyl chloride yiclded tetralin, N-butylbenzene, and naphthalene. 
I-Chloro-4-methyl-4-phenylpentane yielded 1,l-dimethyltetralin (lo), 2-methyl-5-phenylpentane ( l l ) ,  
and a small amount of 2-n1etliyl-2-pl~enylpentanc (12). Hydrocarbon 11 formed from 10 after cyclialky- 
lation, while 12 formed by hydride transfer preceding cyclization. Phenylpropyl chloride yielded mainly 
a hydride transfer product (propylbenzene) and not indane. Treatment of this chloride containing deu- 
terium labels at C-1 and C-2 showed that the hydride ion rearranges from the carbon adjaccnt to the 
halogen. I-Chloro-3-nlethyl-3-phenylbutane yielded a co~nplex mixture including t-pentylbenzene, 2- 
phenyl-3-methylbutane, and products of higher molecular weight. 

Canadian Journal o f  Chemistry, 46, 3325 (1968) 

~ Introduction study the effect of varying the substrate (phenyl- 
I It has been shown (1) that Friedel-Crafts alkyl chloride) and reaction conditions on the 

cyclialkylation of phenylpentyl chloride yielded ratio c~cl ialk~lat ion to com~etillg reactions. 

1 -rnethYltetralin by rearrangemellt in the side In particular, for applications it is 

chain prior to cyclization. Hydride exchanges important to determine whether hydride trans- 

leading to alkylbenzenes and other products also fers take place prior Or after the cyclization 

take place as competing reactions to cyclialkyla- reaction. 

tion. The results of modern methods of product Discussion of Results 

identification have changed previous views on The phenylalkyl chlorides required were pre- 
these reactions so that Khalaf and Roberts have pared by decomposition of the chlorosulfite 

1 reclassified the field as "new Friedel-Crafts esters of the alcohols or  by the action of zinc 
I chemistry" (2). chloride - hydrochloric acid on the alcohols. 
I 

The present investigation was undertaken to Because of the previous observation (1) that the 
determine the extent of hydride exchange and chlorosulfite ester of 4-phenyl-1-butanol under- 

I related competing reactions in cyclialkylation of went partial conversion directly to tetralin, the re- 
I various phenylalkyl chlorides. It was desirable to action products were analyzed for hydrocarbons 

i 
I TABLE I 

The action of chlorinating agents on phenylalkyl alcohols* 
I ---- --- 

I 
Temperature Time 

Number Alcohol Reagent ("c) (h) Products ("/,)t 

1 CsH5(CHz)30H SOCIZ 120 I CsH~(CHz)sC1(85) 
2 C6H5C(CH3)2CHZCHzOH SOCI2 150 0 . 5  C6H5C(CHs)zCHzCH2C!(68) 
3 C,H,(CH,),OH SOCI, 130 1 C6H5(CH2)4C1(63), tetralln(37) 
4 C ~ H ~ C ( C H ~ ) Z ( C H ~ ) ~ O H  SOC12 145 1 C6H5C(CH3)z(CH2)3C1(86), 

1,l-dimethyltetralin(l4) 
5 C6H5(CH2)3CH(CH3)0H HCI-ZnCl, 25 17 CsH5(CH,)3CH(CH3)CI(44) 

n-C5H, ,C6H5(5), l-methyl- 
tetralin(49) 

6 C ~ H ~ ( C H Z ) ~ C ( C H ~ ) ~ O H  HCI-ZnCI, 25 20 -- -- 
1,l-Dimethyltetralin(93) 

*In the SOCll react~ons, equimolar amounts o f  alcohol and reagent were used. The reactants were m ~ x e d  at  room temperature and  the tem- 
perature glven IS for the decompos~t~on o f  the chlorosulfite ester. The HCI-ZnC12 was prepared as the Lucas reagent and saturated w ~ t h  HCI gas 
after m~xlng with the alcohol. 

tIn numbers 3-6 the percentages are relatlve amounts by vapor-phase chromatographic analys~s rather than yields. 
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TABLE 11 
Friedel-Crafts cyclialkylations of phenylalkyl chlorides* 

Number Chloride 
Temperature Time 

Solvent ("C) (h) Products (%)§ 

1 C ~ H S ( C H ~ ) S C I ( ~ )  PE-1 Reflux 0.6 I-Methyltetralin(4)(42), n-CSHI1- 
C6H,(3)(23), 1-methyl-3,4-dihy- 
dronaplithalenc(6)(5), residue(27) 

2 (1) cs2 25 50 4(43), 3(34), 6(3), residue(20) 
3 (1) CH2C12 0 1 4(17), 3(3.3), methylnaphthalene 

(26), residue(54) 
4 (1) CH3NO2X 25 72 Ratlo 4:3 = 1.8:1, mainly unreacted 

1 

5 CsHS(CH2)4CI PE t 25 1 ~;ralin(56), n-C4H9C6HS(12), 
naphthalene(l7), residue(l7) 

6 CsH,C(CH3)2(CH2)3CI PEt 25 2 1,1 -Dimethyltetralin(34), C6HSC- 
(CH3)ZCH2CHZCH3(3.5), 130- 

C ~ H I ~ C ~ H S ( ~ ~ )  
7 CsH,(CH2)3CI PET Reflux 1 .2 tz-C3H7C6Hs(48), indane (trace), 

residue(52) 
8 C,HsCH2CH2CD2C1 PET Reflux 1 C6HsCH2CH2CDIH 

H,D 
9 CLHsCH2CD2CH2C1 PET Reflux I C,H,CHCHCH2D 

10 C6HSC(CH3)2CH2CH2CI PE(30-60") Reflux 0 .2  2-Methyl-3-phenylbutane (mainly) + 
t-CSH, ,CsHs(22), compounds 
mass 158(58), residue(21) 

*An equimolar ratio of aluminium chloride and phenylalkyl chloride was used unless otherwise specified. 
tPetroleum ether (b.p. 60-80"). 
$Ferric chloride (0.50 molar ratio) was used. 
§Percentages are relative amounts by vapor-phase chrornatographic analyses. Products were identified by vapor-phase chromatographic inter- 

nal standards and nuclear magnetic resonance analyses. The "residues" refer to long retention time components on the vapor-phase chromato- 
graph which were not identified. 

as well as chlorides (Table I). The thionyl chlo- 
ride method gave a significant amount of cyclic 
compound from primary alcohols when the 
aromatic ring and hydroxyl were situated so as 
to produce a six-membered ring directly (Nos. 3 
and 4 in Table I). The corresponding secondary 
and tertiary alcohols cyclized readily with zinc 
chloride-hydrochloric acid (Nos. 5 and 6 in Table 
I), and this is a very convenient synthesis for 1 ,I- 
dimethyltetralin. There was some evidence, such 
as the detection of pentylbenzene in No. 5, that 
hydride ion exchange can occur in these reactions. 

The conditions and products of cyclialkylation 
of various phenylalkyl chlorides are outlined in 
Table 11. The main cyclization product from 
phenylpentyl chloride, under varying conditions 
of catalyst, solvent and temperature, was 1- 
methvltetralin (4) (No. 1-4 in Table 11). The 

In order to obtain information on the nature 
of the hydride exchange process yieldingn-pentyl- 
benzene, a cyclialkylation was set up from which 
aliquots were analyzed at various intervals, (see 
Table 111). The results indicated that a very good 
yield of I-methyltetralin can be obtained after 75 
min when the phenylpentyl chloride had all 
reacted. Then the relative amount of l-methyl- 
tetralin decreased concomitant with an increase 
in pentylbenzene. This result shows that, for this 
reaction, most or all of the pentylbenzene is 
formed by dealkylation and hydride exchange on 
I-methyltetralin rather than by hydride exchange 

TABLE 111 

The action of aluminium chloride o n  phenylpentyl 
chloride* 

,, , 
hydride exchange product n-pentylbenzene was Relative %t 

Time formed in each case, even with the milder catalyst ( i n  Chloride l-Methyltetralin Pentylbenzene 
ferric chloride-nitromethane (No. 4). A small -- 

yield of I-methyl-3,4-dihydronaphthalene (6) :! i;:: 24.4 40.2 Trace 0.31 

was formed in petroleum ether or carbon disul- 75 0 92.0 7.9 
fide solvents. when the reaction mixture was 1350 0 58.4 41.6 

homogeneous (NO. 3), a significant amount of *An equimolar ratio o f  phenylpentyl chloride and aluminium 

methylnaphthalenes formed. chloride in petroleum ether at room temperature. 
TDetermined by vapor-phase chromatographic analysis. 
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*An equimolar ralio of hydrocarbon and aluminium chloride was used in petroleum ether. 
TDetermined by vapor-phase chromatographic analyses. 

I prior to cyclialkylation. As expected, treatment 
of 1-methyltetralin with alumi~iium chloride 

, under conditions similar to cyclialkylation 
(Table IV) yielded the hydride exchange products 
pentylbenzene and 1-methylnaphthalene. 

The pathway which shows the interrelation- 
, ships between the various compounds in the 

cyclialkylation of phenylpentyl chloride (1) is 
I given in Scheme 1. As discussed previously (1, 3), 

1-methyltetralin (4) forms by rearrangement in 
the side chain (2). The labile tertiary hydrogen a t  
C-1 of 4 is probably the source of hydride ion 
which forms n-pentylbenzene (3) from 2. A 
resonance stabilized tertiary carbonium ion (5) 
would form in this hydride transfer process. The 

latter could form 1-methyl-3,4-dihydronaphtlia- 
lene (6 ) .  Hydride and proton transfers from 6 
also account for methylnaphthalene (8). This 
scheme accounts for the results in Table I11 and 
for the products from the action of aluminium 
chloride on 4 (Table IV). 

Cyclialkylation of phenylbutyl chloride also 
yielded hydride exchange products along with 
tetralin (Table TI, No. 5) and ref. 2. The formation 
of naphthalene is indicative of a hydride transfer 
mechanism similar to that for cyclialkylation of 1 
(Scheme 1). It was desirable to determine whether 
the hydride transfer process producing alkylben- 
zenes occurs entirely after cyclizatioll or whether 
some occurs prior to this. For the phellylbutyl 

TABLE IV 
The action of aluminium chloride on hydrocarbons* 

-- -- -- -- 

Temperature Time 
Hydrocarbon 

--- 
("C) (h) --- Products (%)f 

1-Methyltetralin (4) 25 4 . 5  4(69), rl-C5Hl ,C6H5(10), l-methylnaphthal- 
ene(6), res~due(lO) 

Benzsuberane 60-80 15 No reaction 
1,l-Dimethyltetralin (10) 25 9 2-Methyl-5-phenylpentane(30), lO(15) 
Indane 60-80 1 No reaction 
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systems, this was determined by cyclialkylation 
of a phenylalkyl chloride that would form one 
alkylbenzene by hydride exchange prior t o  cycli- 
zation but, after a cyclic product was formed, 
would dealkylate and exchange in a different 
manner to produce another alkylbenzene. The 
experiment on cyclialkylation of l-chloro-4- 
methyl-4-phenylpentane (9) was chosen for this 
purpose (Table 11, No. 6). There was obtained 
a similar amount of cyclic product, 1,l-dimethyl- 
tetralin (10) and 2-methyl-5-phenylpentane (11), 
but only a small amount (3.5%) of 2-methyl-2- 
phenylpentane (12). Compo~ind 11 forms after 
cyclization from 1,l -dimethyltetralin but 12 does 
not (Table IV and ref. 2). Thus a certain amount 
(i.e. 3.5 %) of alkylbenzene forms by hydride ion 
transfer prior to cyclization of a phenylbutyl 
chloride. This may occur through a complex (9), 
(Scheme 2) or a bridged ion similar to  2 (Scheme 
I). Once formed, the 1,l-dimethyltetralin (10) 
dealkylates preferentially a t  the quaternary car- 
bon with formation of a tertiary carbonium ion 
which later would form 2-methyl-5-phenylpen- 
tane (11) by hydride transfer. 

Reinvestigations of the action of aluminium 
chloride on phenylpropyl chloride have shown 
that  the products are n-propylbenzene (2, 4), 
di-11-propylbenzene, and polymers. This refutes 
the report that indane was formed as the main 
product ( 9 ,  (see also Table 11, No. 7). The fact 

that  indane itself is stable to the  action of alu- 
minium chloride (Table IV and ref. 2) indicates 
that  the hydride transfer cannot take place o n  
indane. Phenylpropyl chlorides containing deu- 
t e r i u m ~  at  C-1 (13) and C-2 (14) have recently 
been synthesized (1) and these provide interesting 
substrates for studying the origin of the hydride 
ion transfer forming n-propylbenzene. Alumin- 
ium chloride treatment of 1-chloro-3-phenylpro- 
pane-1,l-d2 (13) yielded an n-propylbenzene, 1- 
phenylpropane-3,3-cl, (15), without significant 
deuterium rearrangement accordingto the nuclear 
magnetic resonance (n.m.r.) spectrum (Table V), 

TABLE V 
Nuclear magnetic resonance spectral data 

- -- 
-~ ~ p--pp 

Chemical* Relative7 
Hydrocarbon shift Multiplicity areas Assignment 

CGHS CHCH CH2D 
I I 
I 

D H  

CGHS-CH(CH3)CH(CH3)2 (19) 

+ 
C G H S C ( C H ~ ) ~ C H ~ C H ~  (181.l 

9.27 and 9.08 
8.70 

Triplet plus 
fine structure 

Quartet 
Triplet 

Multiplet 
Multiplet 
Multiplet 

Two doublets 
Doublet plus 

Singlet 

Complex 
multiplets 

Singlet 
Singlet 

Main peak C6H5-(19) 
CGHS- (18) 

'rvalues determined in CCI* containing TMS. 
tlntegrations are relative to aromatic hydrogens set equ;~l  to five. 
tCompouncl 18 \\,as identified by comparison with the nuclear magnetic resonance spectrum of a n  authentic sample. 
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and mass spectrum (Table VI) of the product. 
This result is consistent with the non-involvement 
of the methyl group in the rearrangement of a- or 
P-14C-labelled n-propylbenzene (6). 

The absence of deuterium scrambling in (15) 
shows that indane cannot be the intermediate in 
the formation of n-propylbenzene. If it were, the 
indane ring would contain deuterium a t  position- 
1 and it should then dealkylate in two ways to 
scramble the deuterium in the side chain. Both 
benzsuberane and indane failed to form under 
Friedel-Crafts conditions but were stable under 
the conditions used (Table IV). Such behavior is 
understandable because the transition states for 
dealkylation of seven- and five-membered rings 
are expected to resemble those for their forma- 
tion. Both cyclialkylation and dealkylation pro- 
cesses involving seven- and five-membered 
rings are unfavorable. 

The product from aluminium chloride treat- 
ment of 1-chloro-3-phenylpropane-2,2-& (14) 
showed evidence of deuterium scrambling by the 
complexity and integration of the n.m.r. spec- 
trum (Table V), and by the appearance of a peak 
due to loss of -CH2D in the mass spectrum 
(Table VI). The results show that one of the two 
deuterium atoms has rearranged from the P- 
position to replace the chlorine and this is clearly 
the origin o f t he  hydride exchange. Some deu- 
terium apparently also rearranged into the benzy- 
lic position. This could occur by a second se- 
quence of 1,2-hydride (and deuteride) shifts on 
the initially formed carbonium ion C,H,- 

(+I 
CH2-CD-CH2D. It  is possible that a phe- 
nonium ion (16) may be involved in this reaction. 
This intermediate is analogous to that proposed 

by Douglass and Roberts (6) to explain the equili- 
bration of 14C between the a and p positions of 
propylbenzene. 

D ' A% SH$7CD-CH2D C6Hs-CH2-CD-CH2-CI 

The results from the labelled phenylpropyl 
chloride experiments assisted in explaining the 
complex mixture resulting from the action of 
aluminium chloride on 1-chloro-3-methyl-3- 
phenylbutane (17) (Table 11, No. 10). The main 
part (79.4%) of the mixture was separated into 
three fractions by vapor-phase chromatography 
(v.p.c.). The first fraction was shown by 1l.m.r. 
and mass spectroscopy (Tables V and VI) to be a 
mixture containing mostly 2-phenyl-3-methyl- 
butane (19) with a smaller amount of t-pentyl- 
benzene (18). The base peak at 105 in the mass 
spectrum of 19 is consistent with the reported 
fragmentation (7). 

The interrelationships between the compounds 
from 1-chloro-3-methyl-3-phenylbutane (17) are 
illustrated in Scheme 3. The t-pentylbenzene (18) 
could form by hydride ion transfer 011 17a or 20. 
2-Phenyl-3-methylbutane (19) results from a 
1,2-methyl shift as illustrated here or alternately 
via a phenyl shift involving a phenonium ion as 
suggested by Schmerling and co-workers (8) to 
account for the rearrangement of t-pentyl- 
benzene. 

Two other components were separated from 
the reaction on 17 by their longer retention times 

TABLE VI  
Mass spectroscopic data* 

-- pp-pp-p--- --- 
Relative 

Hydrocarbon Peak intensity Frag~nentation 

C6HI CHCH CH2D 

'-4 

1 22 20 Parent mass 
105 3 Less -CHDZ 
91 100 Less -CH,CHD2 

122 30 Parent ma& 
106 4 Less -CH7D 
91 100 ~ e s s  - CHDCH,D 

C6H,-CH(CH,)CH(CH,), (19) 148 17 Parent masses + 119 11 Less -CH2CH, from 18 
C,H,--C(CH,),CHZCH, (18) 105 100 Less CH(CH,)2 from 19 . . . -. - - . . 

ppp-p--p -- 
. .. 

'Partial mass spectra are shownfor comparison of  peaks in the higher mass range. 
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(v.p.c.). They both proved to be higher molecular 
weight products, showing parent masses of 158. 
The structures of these compounds are under 
investigation. Our preliminary results on cyclial- 
kylatio~l of 17 is in contrast with the report of 
Bogert and Davidson (9) that 1,l-dimethylindane 
formed by sulfuric acid cyclization of the corre- 
spondillg alcohol 3-phenyl-3-methyl-1-butanol. 

Experimental 
The spectroscopic and vapor-phase chron~atographic 

(v.p.c.) equipment used was as given previously (I). 

(n) Sytrtlreses of Plretrylnlkyl Clrloride.~ 
The phenylpentyl chloride, phenylbutyl chloride, and 

phenylpropyl chlorides were synthesized as previously 
described (I). The other plienylalkyl chlorides were syn- 
thesized by the action of thionyl chloride o r  zinc chloride - 
hydrochloric acid on the corresponding alcohols as out- 
lined in TableI. 

I-Cl~loro-3-tne1/1j~l-3-p11e11yIbr11a11e (17) 
3-Methyl-3-phenylbutanoic acid was prepared by the 

method of Dippy and Young (lo), n1.p. 58-60c, (lit. 
58-59"), It was converted to 3-methyl-3-phenyl-1-butanol 
with lithium aluminium hydride. The alcohol was dis- 
tilled under reduced pressure; rrDZ5 = 1.5205, (lit. (II), 
~ID'O = 1.5227). Treatment of the alcohol kith thionyl 
chloride (Table I ,  No. 2) yielded the chloride (17) which 
was purified by vacuum distillation; trDZ5 = 1.5175, (lit. 
( l l ) ,   ID'^ = 1.5191). Tlie identities of the alcohol and 
chloride (17) were confirmed by nuclear magnetic res- 

onance (n.m.r.) spectra. In the n.m.r. spectrum of the chlo- 
ride, the five aromatic hydrogens absorbed at 2.83 s, the 
-CHIC] group as  a milltiplet at 6.827, the e-CH2-at 
7.947 and the two nlethyls as a singlet at 8.72s. The two 
methylenes showed second order spin-spin splitting and 
absorbed as an A2Bz-type of system. 

I-Clrloro-4-tnetlryl-4-pl1e11ylpe11tnte (9) 
A Grignard reagent was prepared from l-chloro-3- 

methyl-3-phenylbutane (17 above) by refluxing, and 
stirring with magnesium in ether overnight. Thc reaction 
mixture was poured onto solid carbon dioxide, acidified 
with dilute 1iydroc1~loric acid, and the  organic acid iso- 
lated by extraction with dilute sodium hydroxide. The 
alkalineextracts were acidified and the acid extracted with 
ether. Distillation of the ether yielded a liquid residue of 
the acid which was a solid only below room temperature. 
It showcd carbonyl absorption (film) a t  1700 cm-', and 
the expected n.m.r. spectruni in which the aromatic pro- 
tons absorbed at 2.82 r, the two methylenes at 8.02 r, the 
methyls at 8 . 6 2 ~  and thecarboxylic protonat - 1.78r.The 
acid was directly reduced with lithium aluminium hydride 
by refluxing overnight in ethyl ether solution. After 
working up in the usual way, the alcohol was obtained in 
51 % yield. It showed hydroxyl absorption (film) at 3400 
cm-'. Tlie alcohol was converted to the chloride (9) in 
86 % yicld (Table I, No. 4) without further purification. 
The chloride was purified by vacuuni distillation at 1 30°/2 
mni, rlDzo 1.5199 and its identity confirmed by thc n.m.r. 
spectrum. The aroniatic hydrogens absorbed at 2.84 7, the 
-CH,CI as a triplet at 6.75 r ,  the two methylenes at C-2 
and C-3 showed a niultiplet centered near 8.38 7, and the 
two methylsabsorbed at 8.74 r. 

Tlre Acliorr of Hyrlrochloric Acid oil 5-Plrer1j~I-2-perrlnrlol 
5-Plienyl-2-pentanoI was synthesized by reacting the 

Grignard reagent from I-chloro-3-phenylpropane with 
acetaldehydc according to the method of Roblin and co- 
workers (12). Thc prodilct (fill~i) showed strong hydroxyl 
absorption at3300c1ii-'. Itwasfound(by v.p.c. analysis) to 
be at  least 91 % of the desired alcoliol. An attempt to prc- 
pare the corresponding chloride by the  action of hydro- 
chloric acid - zinc chloride yielded a mixture containing 
11-pentylbenzene, I-nietliyltetralin and the chloride, 2- 
chloro-5-phenylpentane (Table I, No. 5). 

Tlle Actiotl of ~y&oclrloric Acid otr 5-Plretryl-2-t11etlryl- 
2-petrmtrol 

5-Plienyl-2-methyl-2-pentanol was prepared by the 
nietllod of Bogert and co-workers (I 3). The crude prod- 
uct was found, by v.p.c. analysis, to be a t  least 90% pure. 
It showed hydroxyl absorption at 3300 cm-' (film). The 
alcohol was treated with hydrochloric acid - zinc chloride 
(TableI, No. 6). The reaction mixture was neutralized with 
sodium carbonate, extracted with ether, and the ether 
extracts dried over sodium sulfate. The crude product was 
found, by v.p.c. analysis, to be 93% one component. Its 
ultraviolet spectrum was very similar to that of the hydro- 
carbon tctralin. The product was determined to be 1,l- 
dimethyltetralin by its n.1n.r. spectruni. This showed a 
singlet at 8.72 7 (six protons), a complex multiplet in the 
region 8.0-8.5 r (four protons), a triplet for the benzylic 
hydrogens centered at  7.20 r (two protons), andamultiplet 
in the aromatic region centered at 2.73 r (four protons). 
The con~pound showed trDZ5 = 1.5280, (lit. (13), trDZ5 = 
1.5274). 
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(b) Cyclin/kylntiotrs of Pl~enylalkyl Cl~lorides 
The procedures given in the previous publication (1) 

were followed for the cyclialkylations. Details on the 
experimental conditions and product compositions, 
determined by v.p.c., are outlined in Table 11. 

The products were identified initially by using authentic 
sanlples of hydrocarbons (see syntheses below) as internal 
standards during the v.p.c. analyses. The identifications 
were confirmed by collecting the main peaks from v.p.c. 
separations and subjecting these samples to n.m.r. and, 
in some cases, mass spectroscopic analyses. 

(c) Syl~theses of Hydrocarbo~u 
Benzsrrberat~e 
The synthesis of benzsuberane was described previously 

(3). 
It~datre 
Indane was prepared by catalytic hydrogenation of 

indene (Matheson Co.). The indane (tlDZ0 = 1.5381, (lit. 
(14), 1 1 ~ ~ ~  = 1.5381)) showed the expected n.m.r. spec- 
trum. The four aromatic hydrogens absorbed at 2.98 r asa 
singlet, the four benzylic hydrogens gave a triplet centered 
at7.20r,and the methylene hydrogens on C-2 absorbed as 
a quintet at 8.02 r. 

I-Metl1~~1-3,4-diI1ydro,rap/1tl1nlene (6) 
1-Tetralone (Aldrich Chemical Co.) (10 g, 0.07 mole) 

was reacted with an equinlolar amount of methylmag- 
nesium iodide in refluxingether anda nitrogen atmosphere 
for 3 h. The crude reaction product was freed of some 
unreacted 1-tetralone by chronlatography from petroleum 
ether on alumina. The purified product trDZ5 = 1.5782 
(6 g, 60%) was evidently the unsaturated hydrocarbon 
from the lack of hydroxyl absorption in its infrared (i.r.) 
spectrum and thestrong absorption in theultravioIet (11.v.) 
spectrum at 261 mp. The structure of 6 was confirnled by 
its n.ni.r. spectrum. The four aromatic hydrogens showed 
a multiplet at 3.08r, the vinyl hydrogen a multiplet at 
4.39 r, the benzylic methylene a triplet at 7.46 T, the methy- 
lene hydrogens on C-3, a complex multiplet at 7.93 r ,  and 
the methyl group gave a quartet (-1.5 c.p.s.) due to allylic 
interaction with the vinyl hydrogen and honioallylic 
coupling with the two hydrogens on C-3. 

I-Metl~yltetralit~ 
I-Methyltetralin was obtained by hydrogenation of I- 

methyl-3,4-dihydronaphthalene over a palladium catalyst 
in methanol at 50 p.s.i. The product (trDZ5 = 1.5350) 
showed the expected parent niass of 146 in the mass spec- 
trum with a base peak at 131 for loss of CH,. 

1,l-DOnetl~yltetralit~ 
1,l-Dimethyltetralin was prepared by the action of 

hydrochloric acid-zinc chloride on 5-plienyl-2-methyl-2- 
pentanol as described under part (a) above. 

I-Metl~yl~~npl~tl~alet~e and 2-Metl1ylt1npl1tl1alet1e 
The methylnaphthalenes were prepared by the action 

of methyl sulfate on the Grignard reagents prepared from 
commercial (Fisher Scientific) I-bronionaphthalene and 
2-bromonaphthalene according to the procedure de- 

scribed in ref. 15. The compounds were characterized by 
their n.nl.r. spectra. The I-methylnaphtlialene showed a 
complex multiplet in the region 2.9-2.1 7 for the aromatic 
hydrogens and a singlet at 7.51 r for the methyl group. 
2-Methylnaphthaleneshowed aconlplex multiplet at 2.85- 
7.2 r for the aromatic hydrogens and a singlet a t  7.56 r for 
themethyl group. 

Alkylbetrzetres 
Samples of propylbenzene (trDZ0 = 1.4924; lit. (16) 

tlDZ0 = 1.4924), pentylbenzene (11 ,~~  = 1.4885; lit. (17) 
nDZO = 1.4885), and 2-methyl-2-phenylpentane (nDZ5 = 
1.4910; lit. (18) t lDZ5 = 1.4908) for v.p.c. and n.rn.1. stan- 
dards were prepared by lithium aluminium hydride 
reduction of the chlorides I-chloro-3-phenylpropane, 1- 
chloro-5-phenylpentane and 1-chloro-4-methyl-4-phenyl- 
pentane. 
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Addition of carbethoxynitrene to trans- and cis-propenylbenzene and 
the ring-opening of the resulting aziridines 

H. NOZAKI, Y. O K U Y A ~ I A ,  AND S. FUJITA 
Depnrtttlent of Ittf/~islrin/ Cl~ettristq~, Ky610 Uttiversity, Kycifo, Jnpri~t 

Received June 4, 1968 

Carbethoxynitrene (I) generated thermally from ethyl azidofornlate adds stereospecifically to trrnrs- and  
cis-propenylbenzene. Ring-opening of the aziridines t l i ~ ~ s  produced, proceeds with inversion at the 
phenyl-substituted carbon in dry acetic acid, while the reaction in a q ~ ~ e o u s  acetic acid occurs with no 
stereospecificity. 

Canadian Journal of Chemistry, 46, 3333 (1968) 

Stereospecific addition of carbethoxynitrene 
(1) to certain olefins has been recorded recently 
(1-3). The nitrene 1 generated by photolysis of 
ethyl azidoformate adds stereospecifically to 
trans- and cis-2-butene (I), while the addition of 
thermally generated 1 to cis-4-methyl-2-pentene 
occurs also in a stereospecific manner (3). The 
latter paper has prompted us to report similar 
observations made independently by  s sing the 
title phenyl-substituted olefills as substrates. 
We also report the ring-opening reactions of the 
resulting aziridines. 

Addition of 1 to traiu- am1 cis-Pro~~ei~ylbenzene 
Ethyl azidoformate was decomposed tliermally 

using trans- or cis-propenylbenzene as a solvent 
at  150-160". A quantitative volunie of nitrogen 
was evolved within 5 11. The resulting niixtures 
of ethyl trans- and cis-2-methyl-3-phenylaziri- 
dine-1-carboxylate (2a and 2b) were analyzed by 
means of gas-liquid chro~natography (g.1.c.). The 
2a/2b ratio of the mixture from trans-propenyl- 
benzene was 94:6, while the 2426 ratio from cis- 
propenylbenzene was 18:82. Thus the addition 
of 1 to trans- and cis-propenylbenzene proceeds 
with fairly rigorous stereospecificity . Applying 
Skell's criterion (4) in carbene chemistry to this 
case, we may conclude that the singlet nitrene is 
involved. Since the trans to cis ratios are almost 
the same as those previously recorded for simple 
alkenes (1-3), the phenyl substitution in the ole- 
finic substrate seems not to  affect the reaction 
course. This behavior of carbethoxynitrene is in 
sharp contrast to that recorded for the reaction 
with a-methylstyrene (5). Furthermore, attack 
on benzene ring (6) was not found in the present 
case. 

The cycloadducts 2a and 26 were identified by 
chemical transformations and alternative syn- 

theses illustrated as shown on p. 3334. The spin 
coupling constants of vicinal protolls on the aziri- 
dine rings of 2a and 2b were 3 and 6 Hz, corres- 
ponding to the assigned co~ i f i~u l . a t io~ i .~  Alkaline 
liydrolysis of 2a gave tra1ls-2-1iietliyl-3-plie11yl- 
aziridine (30) which was in turn prepared from 
ethyl erythro-N-(I-phenyl-2-iodopropane)carba- 
mate (40). Similarly, 26 was converted to  cis-2- 
methyl-3-plienylaziridine (3b) which was identi- 
fied by comparison with an authentic sample (8). 
Aziridines 2a and 2b were obtained by treatment 
of 4a and 4b with sodium hydride. 

Rii~g-oyet~ing Reactioils oJ2a oncl2b 
Participation of neighboring acylamido groups 

in solvolytic reactions (9) and isomerization of 
I-acylaziridines into 2-oxazolines (10) are well 
known. T o  examine the possibility of the  carbe- 
thoxy group participating in the ring-opening 
reaction of aziridine-1-carboxylates, 2a and 2b 
were subjected to solvolysis. 

Aziridines 2a and 2b were heated at  reflux in 
a mixture of acetic acid and acetic anhydride to 
give N--carbetlioxy-0-acetylnorephedrilie (50) and 
-11orpseudoephedrine (Sb), respectively, a s  well as 
a small amount of their diastereon~ers (Table I). 
The reaction of 20 and 26 in 92% aqueous acetic 
acid gave a mixture of N-carbethoxynorepliedrine 
(60) and -norpseudoephedrine ( 6 4  together with 
5a and 56 (Table I). Configurations of 6a and 6b 
were established by lithium aluminium hydride 
reduction by which they were converted to (11- 
ephedrine and (11-pseudoephedrine, respectively. 
0-Acetyl products 5a and 5b were shown to have 
the erythro and tllreo config~~rations, as both were 
obtained by acetylation of6a  and 6b, respectively. 

'The values of vicinal coupling constants of several 
aziridines have been reported (see ref. 7). 
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PhCH-CHMc PhCH-CHMe 
\ / 

N 
KOH 

-__t 
\ / 

N 

2a: trans, J = 3 Hz \ 3a:  trans, J = 3  Hz 
2b: cis, J = 6 Hz 36: cis, J = 6 Hz 

1.0. 

NHCOOEt 
a )  INCO, b) EtOH I 

PhCH=CHMe PhCH-CHMe 4a: eryrlrro 
I 
I 4b: threo 

OAc 

phdH--CHMe 
I 

NHCOOEt 

5a: erythro 
56: tl~reo 

OH 
I 

PhCH-CHMe 
I 

NHCOOEt 

6a: erythro 
66: threo 

P h 

AcOH 
5a 

OEt 

TABLE I 
Ring-opening of 2a and 2b 

OAc Products* OH Productst 

Yield, 5a 5b Yield, 6a 6b 
Aziridine Condition % % %  % % %  
- 

2b ACOH-AC;O 4 8  2 5  7 5  - 
2a aq. AcOH 4 3  9 0  10  5 1  3 0  7 0  
2b acl. AcOH 45 15 8 5  3 5  39 61 

. 

*The rrytl~ro/llrreo ratios were determined by means of the n.m.r. spectra. 
?The ratios were estimated by means of the n.m.r. spectra after acetylation of  the hydroxyl group. 
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The formation of OAc ~ r o d u c t s  (5a and 56) Dro- 91 % yield). One recrystallization from methanol gave , L 
ceeds in a trans fashioi, while the ring-opening Pure 40, m.P. 78-79"; vma, (Nujol) 3275, 1680, i535 

cm-I;  n.m.r. (in CDCI,) 8 1.23 (t, 0CH2CH3), 1.76 to OH products (6a and 6b) is non-stereospecific' (d, CH,), 4.07 (q, 0CHzCH3), 4.34.7 (m, methines), 
Thisimpliesthat two i n d e ~ e n d e n t t ~ ~ e s o f n u c l e o -  5.2-5.5 (broad, NH), and 7.27 p.p.m. (s, phenyl). 
vhilic substitution have been i n ~ o l v e d . ~  Forma- Anal. Calcd. for C I ~ H , B I N O ~ :  C. 43.3; H .  4.8: I. . . 
tion of the OAc products 5 is well by 38.1; N, 4.1. Found: ~ i 4 3 A ;  H, 4.7; I, 38.2; .~ ,4 .1 .  

Similar reaction of cis-propenylbenzene gave the threo the SN2-like attack of nucleophilic solvent to  the 
isomer 4b, m,p. 58-590; v,,, (Nujol) 3300, 1680, 1545 

protonated aziridine(7). On the other hand, non- ,,-I; ,.,.,. (in cDc13) 6 (t, 0 C ~ 2 ~ H , ) ,  1,96 
stereospecificity in the ring-opening to 6 may be (d. cH,1. 4.13 (a. OCH,CH,). 4.34.6 (m. methines). . . , , 

accounted for  bv intervention of carbonium 5.3-5.7 (broad, NH), and-7.25"(;, phenyl). 
I ion 8. 

Experimental 
All melting points are corrected. Nuclear magnetic 

resonance (n.m.r.) spectra were obtained in CDCI, or 
CCI, solution on a 60 Mc.p.s. instrument (JEOL C-60-H 
spectrometer) at 24". The multiplicity of signals was 
indicated in abbreviated form: s, for singlet; d, for 
doublet; t, for triplet; q, for quartet; and m, for rnultiplet. 

Anal. Calcd. for C,,H161NO: 6,43.3; H, 4.8; I, 38.1; 
N, 4.1. Found: C, 43.5; H, 5.1; 1, 37.8; N, 4.2. 

trot1s-2-Metl1yl-3-pl1e11ylazirinine (3a) 
Iodocarbamate 40 (5.95 g, 0.018 mole) was treated 

with ethanolic potassium hydroxide (KOH 5.0 g, water 
10 nil, and ethanol 150 ml) at a refluxing temperature. 
After evaporation in aacuo, the residue was subjected to 
steam distillation and the distillate was extracted with 
ether. Distillation of the ethereal extracts gave 3a 

T/~ermolysis of Etlryl Azicloforrt~nte it2 trans- atlcl (1.43 g, 60%), b.p. 114-115"/26 mm. Preparative g.1.c. 
cis-Propet~ylbenzene gave analytically pure 30: v,,, (neat) 3300, 846 cm-';  

A mixture of ethyl azidoformate (27.0 g, 0.23 mole) n.m.r. (in CDCI,) 6 1.32 (d, CH,), 2.10 (m, CH3CH), 
and trans-propenylbenzene (29 g) was added dropwise to 2.62 (d, PhCH, J = 3 Hz) 7.17 (s, phenyl). 
trmu-propenylbenzene (110 g) at 150-160'. Heating and Anal. Calcd. for C,H,,N: C, 81.2; H, 8.3; N, 10.5. 
stirring were continued (5 h) until nitrogen evolution Found: C, 80.9; H, 8.4; N, 10.3. 
ceased; Distillation in cacrro gave a mixtureof 2a and 2b, 
b.p. 91-10O0/0.3 mm in a 74% yield. Several fractional 
distillations afforded almost pure 2a which was identified 
by comparison of infrared and n.m.r. spectra and gas- 
liquid chromotography (g.1.c.) retention time with those 
of an authentic sample described below. 

Similar decomposition of ethyl azidoformate in cis- 
propenylbenzene yielded a cis-rich mixture of 2, b.p. 
95-105"/0.3 mm in a 68 % yield. The ratios of 2a/2b were 
estimated by g.1.c. (Apiezon L, 30% on Neosorb NC, 
0.3 mm x 2 m, 180°, H2 as carrier gas). 

Alkaline Hydrolysis of 2a mrd 2b 
Aziridines 2a and 2b were treated with alcoholic 

potassium hydroxide as described below in the prepara- 
tion of 3a. Distillation and preparative g.1.c. gave 2a and 
2b as main products, respectively. Identification was made 
by comparison with authentic samples. 

Ethyl erythro- and threo-N-(I-P/1et1yl-2-iodopropa11e)car- 
banlate (40 and 4b) 

A solution of silver isocyanate (20 g, 0.13 mole) (12), 
trans-propenylbenzene (1 1.8 g, 0.10 mole), and iodine 
(25.4 g, 0.10 mole) in ether (200 ml) was stirred at 0" 
during 1 h and then at 25" during 4.5 h. After filtration of 
the precipitate, ethanol (200 ml) containing a small 
amount of sodium ethoxide was added to the filtrate and 
the solution was allowed to stand for 7 days. After 
concentration, the residue was dissolved in ether and 
treated with ice water containing sodium sulfite. Evapora- 
tion of ether extract gave a crystalline residue (30.4 g, 

'Similar competition of SN1 and SN2 mechanisms has 
been reported for the acid hydrolysis of aziridines (11). 
At this point, the authors are grateful to one of the 
referees for helpful suggestions. 

Etl~yl trarls- and cis-2-Metl1yl-3-p/1enylaziridi11e-l-carboxy- 
late (2a and 2b) 

An oil suspension of sodium hydride (47%, 0.60 g) was 
rinsed with benzene twice and the mineral oil was 
replaced by benzene. To the resulting suspension of NaH 
in benzene, (20 ml) a solution of 4a (2.89 g, 0.0087 mole) 
in benzene (15 ml) was added dropwise at 50-53". The 
separating solid was removed and the filtrate was 
subjected to  fractional distillation it1 oacrro to give 20 as a 
colorless oil, b.p. 92-94"/0.15 mm in a 40% yield; v,,. 
(neat) 1720 cm-'; n.m.r. (in CC1,) 6 1.22 (t, 0CH2CH3), 
1.40 (d, CH,), 2.47 (m, CH,CH), 3.09 (d, PhCH, J = 3 
Hz), 4.08 (q, 0CH2CH3), 7.20 (s, phenyl). 

Anal. Calcd. for Cl2Hl5NOZ: C, 70.2; H, 7.4; N, 6.8. 
Found: C, 70.5; H, 7.4; N, 6.7. 

Similar treatment of 4b produced cis isomer 2b, b.p. 
82-85"/0.09 mm in a 50% yield; v,,. (neat) 1720 cm-'; 
n.m.r. (in CCI,) 6 0.96 (d, CH3), 1.25 (t, 0CH2CH3), 
2.70 (m, CH,CH), 3.52 (d, PhCH, J =  6 Hz), 4.09 
(q, 0CH2CH3), and 7.23 (s, phenyl). 

Anal. Calcd. for C,,H15N02 : C, 70.2; H, 7.4; N, 6.8. 
Found: C, 70.3; H, 7.5; N, 6.3. 

Ring-cleavage of 2a and 26 in Acetic Acid - Acetic 
Anlzydride 

After heating a mixture of acetic acid (25 ml), acetic 
anhydride (6 ml), and potassium acetate (2.0 g) at reflux 
for 30 min, 2a (1.97 g, 0.0096 mole) was added in one 
portion. The reaction mixture was heated at reflux for an 
additional 3 h with stirring, poured onto ice water 
(100 ml), neutralized with solid Na2C0,, and  extracted 
with ether. The combined extracts were dried (Na2S04) 
and concentrated in vacuo. The residue was chromato- 
graphed on a Silica Gel column. Elution with 500 ml 
benzene-ether (9:l) gave a mixture (1.05 g, 42%) of 5a 
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and a small amount of 5b. Recrystallization fro111 
11-hcxanc-ether gave 50,111.p. 74-75>, which was identical 
with the authentic samplc describcd below (mixture m.p., 
~nfrared, and n.m.r. spectra). 

Similar trcatmcnt of 2b gave chiefly 5b and a small 
amount of 50. Recrystallization from 11-hexane-ether 
yielded 5b, m.p. 68-69", which was identical with the 
authentic sainple described below (mixture nl.p., infra- 
red, and n.m.r. spectra). 

Tlie er)~ilrro/~lrreo ratios were determined by n.m.r. 
and su~nniarized in Tablc I. 

Rbrg-clenonge of 20 arrrl 2b ill Aqrreorrs Acetic Acid 
A lnixture of 20 (2.00 g, 0.0098 mole), acetic acid 

(23.0 nll), and water (2.0 ml) was heated at 48-80" for 3 11. 
Workup gave 5 (1.10 g, 43%) and 6 (1.11 g, 51%) as a 
mixture of diastereomers, both of which were separated 
by chromatograpl~y on a Silica Gel colunin. The er,~~tkr.o/ 
tlrreo ratios of 5 and 6 (after acctylation of OH group) 
were estimated by n.nl.r. spectra and recorded in Table I, 
together with the results of similar treatment of 26. 
Fractional recrystallization of the mixture of 6 (0.88 g) 
from 11-hcxanc-cthcr afforded pure 6b (0.40 g) as less 
soluble colorless crystals, 1u.p. 95-95.5"; v,,, (Nujol) 
3400, 3295, 1683, 1557 cni- I ; n.ni.r. (in CDCI,) 6 1 .O-1.4 
(t and d, 0CH2CH3 and CH,), 2.92 (s, OH), 3.84.3 
(q and 111, 0CH2CH3 and CH,CH), 4.55 (d, PhCH), 
4.7-5.2 (broad, NH), 7.29 (s, phenyl). 

Anal. Calcd. for C12H17NOa: C, 64.6; H, 7.7; N, 6.3. 
Found: C, 64.5; H, 7.9; N, 6.0. 

The erytlrro isomer 60 (0.20 g) was obtained as more 
soluble needles, n1.p. 69-70': v,,,,, ( N ~ ~ j o l )  3370, 3295, 
1675, 1557 cm-I;  n.nl.r. (in CDCI,) 6 0.99 (d, CH,), 
1.24 (t, OCH,CH,), 3.25 (s, OH), 3.9-4.3 (q and m, 
0CH2CH3 and CH,CH), 4.85 (d, PhCH), 4.9-5.2 
(broad, NH), 7.30 (s, phenyl). 

Anal. Calcd. fol- CIZH17N03:  C, 64.6; H, 7.7; N, 6.3. 
Found: C, 64.3; H, 7.8; N, 6.1. 

Litl~irrrrr Alrr~~rirrirrrrr Hj~r/ride Reclrrctiorl of 6n n rd  61, 
T o  a suspension of lithiuni al~~minium hydride (0.4 g) 

in e the~  (10 ml) was added 60 (0.44 g, 0.0020 mole) in 
ether (10 n1l)at room temperature. The reaction lnixture 
was heated at ref l~~x overnight. After dcconiposition of 
excess lithium alun~inium hydride with wet ether and tRcn 
with water, the ether layer was separated. The residual 
aqueous gel was treated with concentrated sodium 
hydroxide and filtered. Tlie filtrate was extracted with 
ether. The combined extracts were dried (Na,SO,) and 
evaporated ill ~ N ~ I I O .  Treatment of the residue with 
alcoholic HCI and recrystallization from ethanol gave 
colorless crystals (0.32 g, SOX), m.p. 189", which was 
identified by con~parison with authentic dl-ephedrine 
hydrochloride. 

Anal. Calcd. for CloH16CINO: C, 59.5; H, 8.0; N, 7.0. 
F o ~ ~ n d :  C,59.2; H,8.1; N, 6.7. 

Lithium aluminium hydride reduction of 6b (0.88 g, 
0.0042 mole) afforded dl-pscudoephedrine (free base, 
0.66 g, 88 %), m.p. 116-117" (IT-hexane), which was 
identified by comparison with authentic sample. 

N-Cnrbetl~oxy-O-acet~~I~~orepl~ecI~'i~~e (50) nrld -Norpre~rdo- 
epl~ellrirre (5b) 

A 111ixt~1l.e of 6n (0.52 g, 0.0023 ~ i ~ o l e ) ,  acetic anhydride 
(2.5 g, 0.024 mole), s o d i ~ ~ m  acetate (2.5 g, 0.032 mole), 
and benzcnc (15 g) was heatcd at reflux for 4 11. The 
reaction niixt~~rc was poured onto icc water and ext~acted 
with ether. The combined extracts were washed with 
aclucous Na2C0, and dried (Na2S0,) Concentration 
and recrystallization (11-hexane-ether) gave 50 (0.57 g, 
93%), 111.p. 74-75'; v ,,,,, (Nujol) 3320, 1763, 1690, 
1548 cm- ' ; n.nl.r. ( ~ n  CDCI,) 6 I .O-1.4 (t and d ,  0CH2-  
CH,  and CH,), 2.16 (s, acetyl), 3.9-4.4 (q and m, 
0CH,CH3 and CH,CH), 4.6-4.8 (b~oad ,  NH), 5.87 
(d, PhCH) 7.37 (s, phcnyl). 

Anal. Calcd. for CIJHlpNO,:  C, 63.4; H, 7.2; N, 5.3. 
Found: C, 63.6; H, 7.5; N, 5.3. 

Acetylation of 6b (1.00 g, 0.0045 mole) afforded the 
threo isonler 5b (1.15 g, 9773, n1.p. 68-69" (rr-hexane- 
ether); v ,,,, (Nujol) 3300, 1742, 1690, 1548 cm-';  n.1n.r. 
(in CDCI,) 6 1.0-1.4 (t and d, OCH,CH, and CH,), 
2.12 (s, acctyl), 3.9-4.4 (q and nI, 0CH2CH3 and 
CH,CH), 4.6-5.0 (broad, NH), 5.73 (d, PhCH), 7.37 
(s, plleny I). 

Anal. Calcd. for Cl,H19N0,: C, 63.4; H, 7.2; N, 5.3. 
Found: C, 63.6; H, 7.5; N, 5.3. 

T h e  a u t h o r s  are indebted t o  P ro f .  K. Sis ido 
f o r  help  a n d  encouragemen t ,  to Dr. R. N o y o r i  
f o r  valuable  suggest ions  a n d  s t imula t ing  dis- 
cuss ions ,  a n d  to M r s .  K. H u z i m o t o  for e lementa l  
analyses .  
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Structure and reactions of lactonic and acidic sophorosides of 
17-hydroxyoctadecanoic acid1a2 

A. P. TULLOCH, A.  HILL,^ AND J. F. T. SPENCER 
Prairie RegiotralLaboratory, Natiotral Research Co~rtrcil of  Canada, Soskatootr, Saskntcfre~vat~ 

Received May 31,1968 

The complete structures of the major components of the mixture of lactonic and acidic sophorosides of 
17-L-hydroxyoctadecanoic acid, which is produced by a yeast of the genus Tor~rlopsis, have been deter- 
mined. The principal lactonic component (1) (41 %) has acetate groups at the 6'- and 6"-positions and the 
fatty acid carboxyl group is linked to the 4"-position to form a macrocyclic lactone ring. Theother lactonic 
component (2) (8 %) differs from the first only in the absence of the acetate group at the 6'-position. The  
principal acidic component (5) (3 1 %)also has acetate groups at the 6'- and 6''-positions but the fatty acid 
carboxyl group is free. The structures were deduced by a combination of glycol cleavage and nuclear 
magnetic resonance studies and by examination of the products of acctobrominolysis of the acetylated 
lactones and acid. 

The 2",3"-glycol group of the lactones is resistant to oxidation by periodate and by lead tetraacetate in 
acetic acid. Studies of the rate of glycol cleavage of methyl 4,6-di-0-acyl-0-D-glucopyranosides showed 
that though an acyl group at C-4 retarded the oxidation of the 2,3-diol it did not stop it completely. The 
conformation of the lactone ring is probably responsible for the unreactivity of the 2",3"-glycol group. 
The lactone ring, however, considerably increases the rate of acetobron~inolysis of the fully acetylated 
lactone compared to that of the acetylated sophorosyl acid n~ethyl ester. 

Canadian Journal of Chemistry, 46, 3337 (1968) 

In an earlier publication it was reported that a 
yeast of the genus Torulopsis produced extra- 
cellular glycosides which were composed of par- 
tially acetylated sophorosides of 17-hydroxy- 
oleic and 17-hydroxystearic acids (I). Later long- 
chain compounds such as ethyl stearate and octa- 
decane were found to be converted by the yeast to 
the fatty acid portion of the sophoroside in yields 
of 50-80 % (2). 

We observed that the crude glycoside contained 
about 1.8 acetate groups and also that the neutral- 
ization equivalent was usually in the range 1200- 
1500. However, the value expected for a diacetyl 
sophoroside of a hydroxy acid is about 700 sug- 
gesting that in part of the product the carboxyl 
group had formed an ester with one of the sugar 
hydroxyl groups. Then (1962) we found that 
samples of the sophoroside crystallized on keep- 
ing in ethanol, giving a neutral material which 
had a molecular weight of about 690 and con- 
tained 2 acetate groups and a macrocyclic lactone 
ring (3). 

A preliminary report concerning the positions 
of the acyl groups has been made (4). In this paper 
we provide evidence to show that the principal 
lactonic component of the mixture of sophoro- 

'NRCC No. 10288. 
'Part V of the series: Fermentation of long-chain com- 

pounds by Torulopsis npicola. 
3NRCC Postdoctorate Fellow, 1965-1967. 

sides, obtained by fermenting octadecane, is 17-L- 
[(2'-0-P-D-glucopyranosyl-P-D-glucopyranosy1)- 
oxy] octadecanoic acid 1,4"-lactone 6',6"-di- 
acetate (I), that a second lactone 17-L- [(2'-0-P-D- 
glucopyranosyl- P-~-glucopyranosyl)oxy ] octa- 
decanoic acid 1,4"-lactone 6''-acetate (2) ,  is pres- 
ent as a minor component, and that the principal 
acidic component is 1 7-L- [(2-0-P-D-glucopyrano- 
syl-P-D-glucopyranosyl)oxy] octadecanoic acid 
6',6"-diacetate (5). 

When this work was almost complete Jones (5) 
(using a strain of Torulopsis obtained from us) 
isolated a lactone and proposed that it had struc- 
ture (9), which differs from our structure (1) in the 
attachment of the ester linkages to ring B. In 9, 
hydroxyl-4 of ring B is not esterified but an  acetate 
is present at OH-3 and the fatty acid carboxyl is 
linked to OH-6. The two products have been 
compared and were indistinguishable (4). Because 
of the proposal of structure (9) we have empha- 
sized those parts of our work which show that 
OH-4 is, in fact, acylated. 

Strzicture ofLactoize (1) 
The major component of the hydroxy acid 

portion of a typical fermentation product was 
17-L-hydroxyoctadecanoic acid (2) but 10-15 % 
of 17-L-hydroxy-9-octadecenoic acid, probably 
produced by direct introduction of a double bond 
(6), was also present. Crude lactone was obtained 
by crystallization and, after hydrogenation to 
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remove unsaturated components, lactones (1) and 
(2) were isolated by chromatography on silicic 
acid. Further quantities of lactone (1) were ob- 
tained during isolation of acid (5). The approxim- 
ate composition of the fermentation product was 
lactone (1) (41 %), lactone (2) (8 %), and acid (5) 
(3 1 %); the remainder consisted of possibly iso- 
meric lactones (14 %), which were not investi- 
gated further, and monoacetylsophorosyl hy- 

droxy acid (6 %). Lactones (1) and (2) are prob- 
ably true fermentation products and not artefacts; 
lactonization of acid (5) during recovery of the 
product would be unlikely to  produce a major 
proportion of one lactone since five secondary 
hydroxyl groups are available. Also acid (5) does 
not appear to lactonize readily as the neutraliza- 
tion equivalent was not changed by heating, in 
water, at 100" for  several hours. Deacetylated 

5 Rl = Ac, R = Rz = H 
6 Ri = Ac, R = HI, R2 = CH3 
7 R1 = R = H, Rz = CH3 
8 R1 = R = Ac, R2 = CH, 



TULLOCH ET AL.: STRUCTURE OF SOPHOROSIDES OF 17-HYDROXYOCTADECANOIC ACID 

TABLE I 
Rate of oxidation of 1,2, and some diols by sodium periodate in aqueous t-butanol (moles/mole) 
- -- 

Compound 
- 

Methyl 4,6,di- Methyl 6-0-acetyl Methyl 4,6-0- 
Time 0-acetyl P-D- 4-0-stearoyl P-D- benzylidene p-D- 

(h) 1 2 glucopyranoside glucopyranoside* glucopyranoside 

I 'Oxidation in  47 % I-butanol. 

acid was previously observed to lactonize to 
some extent on keeping in the presence of formic 
acid ( I ) ,  but this may have been due to reaction 
with the free primary 6-OH groups. 

Sa~onification of 1 showed that three ester 
linkages were present; since 2 moles of acetic acid 
per mole of 1 were obtained the third linkage must 
involve the fatty acid carboxyl group. Compound 
(1) should contain four free hydroxyl groups, and 
as expected gave a hexaacetate 3 and a tetra- 
phenylurethane 4. Deacylation of lactone (1) with 
methanolic sodium methoxide gave methyl ester 
(7) which on acetylation yielded the heptaacetate 
ester (8). 

Oxidation ofLactone (1) 
Lactone (I) contains one readily cleavable 

glycol group since, on oxidation with lead tetra- 
acetate in acetic acid in the presence of potassium 
acetate (7), or with sodium periodate, one mole 
of oxidant is used per mole of 1 (Tables I and 11). 

The glycol group must be a 3,4 diol as reduction 
(8) and acid methanolysis of the oxidation pro- 
duct gave glycerol, D-glyceraldehyde dimethyl 
acetal, methyl a,P-glucosides, and fatty acid ester 
as shown in Table 111. The fragments were an- 
alyzed by gas-liquid chromatography (g.1.c.) and 
also isolated by cellulose column chromatog- 
raphy. The recovery of the fragments was not 
quantitative but was adequate to determine the 
course of the oxidation. 

The reduced oxidation product was methylated 
and the fragments obtained by acid methanolysis 
analyzed by g.1.c. Almost the entire glucosidic 
product was methyl a,P 2,3,4,6-tetra-0-methyl- 
glucosides with only a trace of methyl 3,4,6-tri-0- 
methyl-glucosides, showing that the 3',4'-diol of 
ring A had been attacked. This conclusion was 
confirmed when we found that mild hydrolysis of 
the reduced periodate oxidation product followed 
by a second borohydride reduction yielded 2-0-P- 
D-glucopyranosyl-glycerol and glycerol. A little 

TABLE I1 
Rate of oxidation of 1, 2, and some diols by lead tetraacetate in 

acetic acid (moles/rnole) 

Compound 

Methyl 4,6-di- Methyl 6-0-acetyl 
Time 0-acetyl p-D- 4-0-stearoyl p-D- 
(h) 1 2 glucopyranoside glucopyranoside 

1 0.16 0.22 - - 
2 0.23 0.33 - - 
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TABLE I11 
Oxidation fragments obtained by oxidation of 1 with lead tetraacetate 

- -- - -- - - 

Products (moles) 

Glyceraldehyde Methyl 17-Acetoxy 
Solvent dimethyl acetal Glycerol Tetritols glucosides stearate 

Acetic acid 0.34 0.53 - 1.1 1.0 
Pyridine 0.35 0.98 0.64 0.05 1 .O 

sorbitol, also isolated, probably resulted from 
hydrolysis of the glucosyl-glycerol. The hydroxy 
fatty acid fraction was treated with methanolic 
hydrogen chloride to convert any glycosides to 
methyl esters but only a very small amount of 
impure methyl a,P-glucosides was isolated. The 
latter would have been obtained from glucosyl- 
hydroxyoctadecanoic acid resulting from hypo- 
thetical oxidation of the 3",4"-diol group. 

At this stage the nuclear magnetic resonance 
(n.m.r.) evidence (see below) suggested strongly 
that a 4,6-di-0-acyl grouping was present which 
is, from the oxidation results, in ring B. Ring B 
must therefore contain a 2,3-diol group which is 
not readily oxidized (we are indebted to Dr. A. S. 
Perlin for this suggestion). 011 oxidation with lead 
tetraacetate in pyridine, a reagent which is known 
to cleave "resistant diols" (9), lactone (1) rapidly 
consumed 2 moles of oxidant (Table IV). The 
oxidation fragments were glyceraldehyde di- 
methyl acetal, glycerol, tetritols, and only a trace 
of methyl glucosides (Table 111). Glycollic al- 
dehyde dimethyl acetal could not be detected, but 
the results confirmed the presence of a 2,3-diol 
grouping in ring B. 

TABLE IV 
Rate of oxidation of 1 by lead tetraacetate in 

pyridine (moles/mole) 

Compound 

Time Methyl 6-0-acetyl-4-0- 
(min) 1 stearoyl a-D-glucopyranoside 

5 1.73 - 
10 1.78 1.12 
30 1.89 1.29 
60 2.01 1.47 

180 2.17 2.20 
- -- 

The tetritol fraction was a mixture of erythritol 
and D-threitol. The latter compound is probably 
formed by enolization of the aldehydic oxidation 
product or by hydrolysis and isomerization to a 
2-ketose (10) which is reduced to the two tetritols. 

The oxidation results provide an exam~le of a 
diol made resistant to oxidation by the presence 
of an aliphatic ester group at the neighboring 
carbon atom. Honeyman and Shaw (1 1) exam- 
ined the periodate cleavage of a large number of 
glycosides and found that adjacent substituents 
had a retarding effect 011 the rate of cleavage. 
Methyl 4-O-p-to~ue1iesu~~ony~-a-~-g~ucopyrano- 
side, the only compound they examined with 
an ester group a t  C-4, was oxidized relatively 
slowly (about 4 the rate of methyl 4,6-0-benzyli- 
dene-P-D-glucopyranoside). 

We wished to determine whether the resistance 
of the 2,3-diol in ring B of 1 was peculiar to 1 or 
whether any 4,6-di-0-acylglucoside would behave 
in the same way. We accordingly investigated the 
oxidation of methyl 4,6-di-0-acetyl-P-D-gluco- 
pyranoside and methyl 6-0-acetyl-4-0-stearoyl- 
P-D-glucopyranoside (12). The rates of oxidation 
by periodate in 33 % t-butanol and by lead tetra- 
acetate in acetic acid are compared in Tables I and 
11, respectively. The oxidations were quite slow 
but were apparently complete after 168 h, except 
in the case of the oxidation of the 4-stearate by 
periodate. However, this compound had to be 
oxidized in 47% t-butanol owing to its low 
solubility and this may account for the incomplete 
reaction. The 6-acetate-4-stearate was oxidized 
very rapidly by lead tetraacetate in pyridine but 
extensive over-oxidation occurred (Table IV). 
Thus the resistance of the 2",3"-diol of (1) to 
oxidation is only partly explained by the presence 
of the ester group at C-4", steric hindrance due 
to the conformation of the lactone ring probably 
accounts for the complete resistance of the diol to 
periodate and to lead tetraacetate in acetic acid. 

Jones ( 5 )  reported that his lactone consumed 
only one molar equivalent of lead tetraacetate in 
pyridine. This result may have been due to the 
presence of traces of water in the solvent since we 
found, on one occasion, that when undried pyri- 
dine was used only 0.92 mole of oxidant per mole 
of 1 was consumed. 
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Nuclear Magnetic Resonar7ce Spectra 
Spectra of lactones (1) and (2) were examined 

using a number of solvents. Those in acetone-& 
and in pyridine were the most useful and the low 
field portions are shown in Fig. 1. The high field 
portions of the spectra of 1 contained the ex- 
pected signals; in particular two acetoxyl singlets 
were visible. Figure 1A (lactone 1 in acetone-d,) 
shows signals (in p.p.m.) attributable to H-6 
centered in 4.1 1 and 4.27, to H-1 at 4.45 and 4.61 
and a t r i~let .  due to the carbinolic Droton of a . , 

secondary acyl grouping, at 4.88. Similar signals 
are seen in Fig. 1C (lactone (1) in pyridine) but 
one H-6 and one of the H-1 signals are over- 
lapping. 

The H-1 signals can be assigned after considera- 
tion of the spectra of the hexaacetate (3) in the 
different solvents. In these spectra and also those 
of 8 one anomeric proton signal is visible at about 
4.5-4.7 but is absent from the spectra of P- 
sophorose octaacetate and of compounds having 
the a-configuration at C-1' (10, 19, 20). This 
signal can therefore be assigned to H-1 ' and de- 
coupling experiments (in acetone-d,) show that it 
is coupled to the quartet at 3.65 which can be 
positively assigned to H-2'. 

FIG. 1 .  Nuclear magnetic resonance spectra of: A) 
lactone (1) in acetone-dG; B) lactone (2) in acetone-d6; 
C) lactone (1) in pyridine; D) lactone (2) in pyridine; 
(3.0-5.7 p.p.m. regions). 

On acetylation of 1 the H-1' signal should be 
deshielded to a much smaller extent than the 
H-1" signal. Table V compares the H-1 signals of 
1 and 3 in three solvents and assigns them on this 
basis. In the case of spectra in acetone-d,, H-1' is 
apparently displaced to lower field by 0.13 p.p.m. 
on acetylation, however, we have found that 
acetylation of methyl 2,3-di-0-benzyl-p-D-gluco- 
pyranoside causes a similar displacement (12). 
Using these solvents, and also dimethyl s~lfoxide- 
d,, we conclude that the higher field H-1 signal is 
due to H-1'. 

TABLE V 

Assignments of H-1 signals* of lactone (1) and 
hexaacetate (3) 

-- - - - - - --- - - -- 

H-1 ' H-1 " 

Solvent 1 3 1 3 

Acetone-[IG 4.45 4.58 4.61 >4.75 
Pyridine 4.68 4.66 5 .08 ? 
Chloro form-d 4.46 4.45 4 .56  >4.75 

Further information about the structure of 1 
can be obtained by assigning the H-6 signals. 
From a study of the n.m.r. spectra of a number of 
partially acylated P-D-glucopyranosides (12) we 
have found that when OH-4 and OH-6 are both 
acylated the H-6 signals are at higher field (by 
0.1-0.3 p.p.m.) than when only OH-6 is acylated, 
but the effect is not observed when OH-3 and 
OH-6 are acylated. Therefore the high field H-6 
signals are those of H-6 of a glucose ring in which 
OH-4 is also acylated. Taking the oxidation 
results into account these H-6 signals are due to 
H-6" and the low field H-6 signals are due to 
H-6'. The splittings of the low field H-6 signal 
which show that JBx > JAx (where B is the H-6 
proton at  higher field and X is H-5) support this 
conclusion. We found that in the case of spectra 
in acetone-d, and in pyridine, when OH-6 alone 
was acylated, JBx > JAx (12). 

The low field triplet was assigned to H-4", and 
the assignment was confirmed by spin-decoupling 
experiments in acetone-&. Irradiation a t  4.90 did 
not affect the H-1 doublets but produced a change 
at 3.75; irradiation at 3.75 had no effect on H-1 
signals but collapsed the triplet and reduced the 
spacing of H-6" at 4.1 1 suggesting that H-5" and 
probably also H-3" are at 3.75. We have previous- 
ly found that when OH-4 and OH-6 are both 
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acylated H-5 is at 3.75-3.90, but when only H-6 
is acylated H-5 is at 3.4-3.5 (12). This was con- 
firmed by irradiation at 4.12 which affected the 
3.70 region. Irradiation at 4.61 (H-1") affected 
the spectrum of 3.36 suggesting the presence of 
H-2" and irradiation at 4.45 (H-1') affected the 
spectrum at 3.44 suggesting the presence of H-2'. 
Irradiation at 3.36 and at 3.44caused the doublets 
at 4.61 and 4.45 respectively to narrow and tend 
towards singlets. However, when these H-2 posi- 
tions were irradiated there was no effect at all on 
the triplet at 4.90 showing that it cannot be due 
to H-3. Irradiation at 3.44 also affected H-6' at 
4.27 and irradiation at 4.27 affected the 3.44 
region showing that, as expected, H-5' is in this 
region of the spectrum. 

Some additional information was also obtained 
from the spectrum of 1 in dimethyl sulfoxide-d,. 
This was similar to the spectrum in acetone but 
the signals in the 4-5 p.p.m. region were closer 
together, H-6" was at 4.00, H-6' at 4.25, H-1' at 
4.40, H-1" at 4.55, and H-4" at 4.70. A doublet 
due to 2 hydroxyl protons was present at 5.23 and 
one-proton doublets at 5.50 and 5.60, the fact 
that the hydroxyl proton signals are all doublets 
confirms that the free hydroxyl groups of 1 are all 
secondary hydroxyls (13). Decoupling exper- 
iments gave the same results as those already 
carried out in acetone solution but also made 
possible a definite assignment of the H-1 signals. 
Irradiation at 3.20 (H-2') affected H- 1 ' at 4.40 but 
none of the hydroxyl doublets, but irradiation at 
3.05 (H-2") caused the collapse of H-1" at 4.55 
and also the OH doublet at 5.50. 

These results disagree with those that Jones (5) 
obtained from the spectrum of 1 in deuterio- 
chloroform. He apparently assumed that H-2', 
which is clearly at 3.70 in the spectrum of 3, 
would also have the same chemical shift in the 
spectrum of 1 (the assumption is incorrect since 
acetylation of OH-3 and OH-4 will have some 
deshielding effect on H-2 (12)) and concluded that 
when irradiation of 1 at 3.70 affected the low 
field triplet, the triplet must be due to H-3". 
However, it is most likely that H-3" and H-5" 
are at 3.70 since we found that irradiation at 3.45 
(the true chemical shift of the H-2's) causes the 
H-1 signals to collapse but had no effect on the 
low field triplet. 

Thus we have established that the acyl groups 
are attached at  the 6'-, 6"-, and 4"-positions but 
the point of attachment of the lactone ring has 
still to be determined. 

Structure of Lactone (2) 
By consideration of the structure of lactone (2) 

one of the possible points of attachment of the 
lactone ring can be eliminated. Saponification 
showed that 2 contained 2 ester linkages but only 
1 acetate group. The n.m.r. spectra confirmed 
that only one acetoxyl group was present. Com- 
parison of the low field portions of the spectra of 
2 in acetone-& and in pyridine (Fig. 1, B and D) 
with those of 1 (Fig. 1, A and C) shows that the 
low field H-6 signal is missing from the spectra of 
2, suggesting that only OH-6" and OH-4" are 
acylated. The spectrum in dimethyl sulfoxide-rl, 
also showed a triplet due to a free primary hy- 
droxyl group at 4.25 (spectrum measured at 70') 
(13). Complete acetylation of 2 gave a hexa- 
acetate identical with 3 obtained from 1 showing 
that the lactone ring is at the same position in both 
2 and 1, and must be attached to either C-4" or 
C-6". 

The rate of oxidation of 2 by periodate com- 
pared to that of 1 (Table I) agreed with the con- 
clusion that OH-6' of ring A was not acetylated. 
Lactone 2 was oxidized approximately twice as 
rapidly as 1, similar to the difference between the 
rates of oxidation of methyl-P-D-glucopyranoside 
and methyl 6- 0-acetyl- P-D-glucopyranoside 
(Table VII). 

Position of Lactolze Rilzg of 1 and 2 
Vis and Fletcher (14) found that some acetyl- 

ated sophorosides undergo partial acetobromin- 
olysis fairly readily. When the hexaacetate 3 
was treated with 3 % hydrogen bromide in acetic 
acid the a-bromosophorose hexaacetate deriva- 
tive 10 was obtained in 50% yield. The low field 
portion of the spectrum (in deuteriochloroform) 
was very similar to that of a-acetobromo- 
sophorose, H-1' appeared at 6.44 and had a 
spacing of 4 c.p.s., H-3' was at 5.46 (this proton 
is deshielded by the axial oxygen at  C-1' (15)). 
Treatment of 10 with silver acetate gave the p- 
sophorose heptaacetate derivative 11, which also 
had an n.m.r. spectrum in agreement with the 
proposed structure. 

The isolation of 10 made it possible to confirm 
further that the compounds under investigation 
were in fact sophorosides. (The preparation of 
sophorose derivatives from the crude mixed gly- 
sides (1) indicated that the lactones were very 
probably sophorosides.) Compound (10) was 
converted to the methyl P-sophoroside derivative 
(12) by reaction with methanol. Deacylation of 12 
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gave methyl P-sophoroside (15), which has been 
synthesized by Finan and Warren (16). Methyl P- 
sophoroside and its heptaacetate (14) were also 
prepared from P-sophorose octaacetate. The 
heptaacetate (14) was also prepared by the 
Koenigs-Knorr reaction using methyl 3,4,6-tri- 
0-acetyl-P-D-glucopyranoside and ct-acetobro- 
moglucose. 

10 R = Ac, R1 = C H ~ C H ( O A C ) ( C H ~ ) ~ ~ C O ,  
Rz  = Br, R3 = H 

11 R = Rg = Ac, Rl  = CHaCH(OAc)- 
(CH,), SCO. R, = H 

12 R =-A;, R ' ~  = ~ C H ~ C H ( O A C ) ( C H ~ ) ~ ~ C O ,  
Rz  = H, R3 = 0 C H 3  

13 R = R1 = Ac, Rz = Br, R3 = H 
14 R = Rl = Ac, Rz = H, R3 = 0CH3 
15 R = R1 = Rg = H,  Rg = OCHg 

In addition to cleavage of the linkage between 
ring A and the fatty acid, cleavage between the 
glucose rings also took place. The material re- 
maining after isolation of 10 was treated with 
silver acetate and chromatographed on silicic acid 
giving the P-glucose tetraacetate derivative (16) 
in a yield of about 5%. This compound was in- 
distinguishable from 16 synthesized from B- 

1,2,3,6-tetraacetate and the acid chloride 
of 17-L-acetoxyoctadecanoic acid. The isomers 
with the fatty acid group at  C-6 (17) and at  C-3 
(18) were also synthesized from the corresponding 
glucose tetraacetates and clearly differed from 16 
in physical properties, n.m.r. spectra, and X-ray 
powder photographs. 

The n.m.r. spectra of 16, 17, and 18 differ 
mainly in the chemical shifts of the acetoxyl 
signals which are assigned as shown in Table VI. 
The signal at 2.09 is due to the equatorial acetate 
at C-1' (17), that at 2.06 is due to acetate a t  C-6' 
(12), and the others are in the 1.98-2.02 region. 
These signals readily distinguish between 16 and 
17; therefore, the spectra of the materials eluted 
immediately before and after the fraction con- 
taining 16 were examined, but no evidence was 
found for the presence of compounds such as 17, 
lacking acetoxyl at C-6'. 

TABLE VI 
Assignment of acctoxyl signals* in nuclear magnetic 
resonance spectra of colnpounds (16), (17), and (18) in 

deuteriochloroform 
-- 

2'-, 3'- ,  4'-, and 
Compound 1 '-Acetoxyl 6'-Acctoxyl 17-Acetoxyls 

'In p.p.m. 

Bonner (18) has shown that when 1,2,3,4,6- 
penta-0-acetyl-P-D-glucopyranose, which con- 
tained labelled acetate groups at C-4 or C-6, was 
treated with a mixture of acetic acid and acetic 
anhydride and sulfuric acid there was no exchange 
of the labelled groups with solvent acetate. 
Lemieux et al. (19) also obtained similar results. 
Thus it seems reasonable to assume that specific 
interchange of acetate and fatty acid residues will 
not occur during acetobrominolysis of 3. We 
therefore conclude that the lactone ring is 
attached to C-4" and not to C-6". 

Structure of Acid (5)  
The n.m.r. spectrum of (5) (in pyridine) showed 

that 2 acetoxyl groups were present (singlets at 
1.94 and 1.96) and that these were probably at 
C-6' and C-6" (4 H-6 protons in the region 
4.45-4.90 and no low field triplet). The  methyl 
ester (6) was prepared by treating 5 with diazo- 
methane. The spectrum of 6 in dimethyl sulfoxide- 
d ,  showed five low field doublets for the five 
secondary hydroxyl groups and also H-6 signals 
at 3.90-4.30 confirming that the acetate groups 
were at  the C-6 positions. Hydroxyl doublets were 
not seen in the spectrum of 5 in dimethyl sulf- 
oxide due to exchange catalyzed by the fatty acid 
carboxyl group (I 3). 

Deacetylation of 6 with sodium methoxide gave 
the ester (7) identical with that obtained from 
lactone (1); 7 was also obtained by treatment of 5 
with 1 % methanolic hydrogen chloride at room 
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temperature. Periodate oxidation of 6 and 7 
helped to confirm structure (6). Both compounds 
consumed 3 moles of oxidant but 7 was oxidized 
more rapidly than 6, the difference in rates being 
comparable to the difference in the rates of oxida- 
tion of P-methyl glucoside and its 6-acetate 
(Table VII). 

TABLE VII 

Rates of oxidation of esters (6) and (7) and some methyl 
glucosides by sodium periodate in aqueous t-butanol 

(rnoles/mole) 

Compound 

Time 6-0-Acetyl-(3-D- (3-D-Gluco- 
(h) 6 7 glucopyranoside pyranoside 

The same diacetate ester (6) was also obtained 
in 30 % yield by partial deacylation of lactone (1) 
with very weak methanolic sodium methoxide. 
This reaction helps to relate the structure of 
lactone (1) to that of acid (5) and also to confirm 
that the lactone ring is attached at C-4". 

The structure of acid (5) is thus firmly estab- 
lished and is similar to that of lactone (1) except 
that in 5 the carboxyl group is free whereas in 1 
it is combined with OH-4" to form the large 
lactone ring. Acid (5) is also similar in structure 
to the 6',6"-di-0-acetyl-P-sopl~oroside of 13- 
hydroxydocosanoic acid which is produced by 
another yeast, Candida bogoriensis (20). We can 
speculate that 5 is probably produced first and 
that part is then converted to lactone (1). 

Comparison of Acetobronlinolysis Reactions of 3 
and 8 

When the heptaacetate ester (8) was subjected 
to acetobrominolysis, a-acetobromosophorose 
was obtained confirming that acid (5) was a so- 
phoroside. However, the reaction proceeded 
much more slowly than it did with lactone hexa- 
acetate (3). We attempted to follow the reaction by 
measuring the change in rotation as the laevo- 
rotatory P-sophoroside was converted to the 
more dextrorotatory a-bromo derivative. As 
shown in Table VIII a fairly rapid rise in rotation 
occurred but the rotation of 8 changed much 
more rapidly than that of 3. 
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TABLE VIII 
Changes in specific rotation during 
acetobrorninolysis of lactone hexa- 
acetate (3) and methyl ester hepta- 

acetate (8) 
--- 

Specific rotations* 

Compound 

Time (h) 3 8 

Lindberg (21) has shown that P-glucosides of 
secondary alcohols are rapidly converted to cl 

anomers in acetic anhydride - acetic acidmixtures 
containing sulfuric acid. We were able to show 
that a anomers were produced from 3 and 8, 
under acetobrominolysis conditions by following 

FIG. 2. Changes in the nuclear magnetic resonance 
spectrum of 3 during acetobrominolysis. 
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1 the reaction with the n.m.r. spectrometer. Figure 2 
shows the spectral changes occurring during the 

I reaction of 3. The prominent doublet at 4.48, due 
to H-1', disappears slowly, and after 7 h is about 
one quarter of the original size. However, the low 

I field doublet at 6.47, due to H-1' of 10, is scarcely 
1 

visible at this stage. After 30 h this signal is fairly 
prominent and after 96 h a small doublet a t  6.62, 
probably due to H-1 ' of 16, has also appeared. 

The spectrum obtained during acetobromin- 
olysis of 8 showed that inversion also occurred 
but more rapidly than with 3, in agreement with 
the results of Table VIII. The H-1' doublet dis- 

I appeared in 2 h, but the signal due to H-1' of 13 
was not visible until 3 days later. Even at  7 days 

I 
the size of this signal indicated the conversion of 

I no more than 25% of 20 to 13. The yield of 13 

I actually isolated from such an experiment was 
20%. The slow formation of 13 is similar to the 

I results obtained on acetobrominolysis of the 

i 
sophoroside from C. bogorierzsis (20). 

When 3 was treated with 3 %hydrogen bromide 
in acetic acid for 7 h, the n.m.r. spectrum of the 
isolated product indicated that about 70% of 3 
had been inverted to 19. Compound 19 was much 
less soluble than 3 and could be isolated by 
crystallization (about 40% yield from 3). The 
structure of 19 followed from the relatively high 
positive specific rotation and the i1.m.r. spectrum. 

I The splitting of the H-2' signal (J,.,,, 3.5 c.p.s.) 
I suggested that H-I' was equatorial (15). The 

I H-1' signal was obscured by the signals of H-2", 
etc., but as expected for an equatorial proton (17) 

I it was clearly at lower field than the axial H-1' of3 
I 

(4.45). Also the signal of H-3' appeared at low 
1 field due to deshielding by the axial oxygen at  
i C-1' (15). A 2-4 % yield of 19 was also obtained 

from the 4 day acetobrominolysis reaction of 3 ) during the preparation of 10. 

I I 
-- co ( C H 2 ) ~ ~  

19 

The heptaacetate methyl ester was completely 

inverted to  20 after 2 h. This product also had a 
large positive rotation. The n.m.r. spectrum of20 
was also in agreement with the proposed structure 
though the H-2' signal was obscured by the 
methoxyl signal. Deacylation gave the a-so- 
phorosyl methyl ester (21). The n.m.r. spectrum 
of (21) (pyridine) had a signal for equatorial H-1' 
at 5.53 (J,,,,. 4 c.p.s.). 

Thus both 3 and 8 undergo anomerization 
before acetobrominolysis though 8 is inverted 
more rapidly than 3. However, acetobrominolysis 
of 3 is much faster than acetobrominolysis of 8. 
We assume that the attachment of the fatty acid 
carboxyl to C-4", forming the large lactone ring, 
in some way favors cleavage at C-1'. Aceto- 
brominolysis at C-1" also occurs slowly with 
both compounds. The spectrum of the reaction 
of 8, after 7 days, suggested that acetobromo- 
glucose was being formed at half the rate of aceto- 
bromosophorose, The mechallisms of the ano- 
merization and acetobroiniilolysis reactions are 
being investigated. 

Experimental 
Nuclear magnetic resonance (n.m.r.) spectra were 

measured at 100 Mc.p.s. using a Varian HA-100 spec- 
trometer. Chemical shifts are in parts per million (p.p.m.) 
from tetraniethylsilane (internal standard). Unless other- 
wise stated specific rotations were measured a t  25' in a 
1 dm cell using a Perkin-Elmer model 141 polarimeter. 

Silicic acid (Bio-Sil A from Bio-Rad Laboratories, 
Richmond, California) was used for silicic acid column 
chronlatography. Silica gel G was used for thin-layer 
chromatography (t.1.c.). Thin-layer chromatography was 
used to examine fractions from column chromatography 
and from crystallizations. Chloroform containing 10-20 % 
of methanol was the solvent for separations of 1,2,6,7,15, 
and 21 ; 1 % acetic acid was added when 5 was examined. 
Diethyl ether was used as solvent in separations of the 
other conlpounds. 

Standard grade Whatman cellulose powder was used 
for cellulose column chromatography. T h e  Following 
solvents were used as mobile phase: 
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Solvent a :  benzene - ethanol - water (10: 1 :trace, v/v). 
Solvent b: benzene - ethanol - water (7: 1 :trace, v/v). 
Solvent c: benzene -ethanol - water (5 : l :trace, v/v). 
Solvent d :  benzene - ethanol - water (3: 1 :trace, v/v). 
Solvent e: 11-butanol $saturated with water. 
Solvent f: 11-butanol 4 saturated with water. 

Paper chromatograms were developed using Whatman 
No. 1 paper, tr-butanol -ethanol - water (40: 11 : 19, 
v/v/v) as solvent, and p-anisidine hydrochloride or silver 
nitrate - ammonia as spray reagents where appropriate. 

Gas-liquid chromatography (g.1.c.) was carried out 
using an apparatus of conventional design with thermal 
conductivity detectors. The ethylene glycol succinate 
column described previously (22) was used in the analysis 
of the niethylated methyl glucosides. Oxidation fragments 
(after acetylation) were analyzed using a 6 ft x Sin, copper 
column packed with silicone SE-30 on 60-80 mesh acid 
washed Celite (1:9 w/w). The temperature was pro- 
grammed from 150-250" at 8" per min, the flow rate was 
50 nil helium per min. Tests with mixtures of pure com- 
ponents showed that the detector response was on a weight 
basis (22). A short silicone column (22) was also used in 
preliminary analysis of fragments. 

Glycolipirl Prod~~ciiorr 
In a typical fermentation, strain 325-66 of Tor~rlopsis 

apicola was used. The medium was glucose (lo%), yeast 
extract (1 %), and urea (0.1 %). Medi~~nl  (3 1 in 5 1 fer- 
mentors) was inoculated and one day later addition of 
octadecane was begun (35 g on each of 3 subsequent days). 
The medium was agitated at 400 r.p.m. a t  22" with an air 
flow of 1 l/min/fern~entor. The fermentation time was 
4 days after the first addition of octadecane. Six fermentors 
were used and the total weight of octadecane added was 
630 g. The contents of the fermentors were extracted with 
ethyl acetate and worked up as described previously (2), 
the yield of crude glycolipid was 712 g. 

Isolaiiotr of Laciotles (1) atrd (2) 
The above product was taken up in ethanol (3.5 I) and 

kept at 23" for 4 days and then at 12' for 2 days after 
which the crystalline lactone (307 g) was filtered off. 
Crude lactone (10 g) was hydrogenated in ethanol (200 ml) 
over palladiunl charcoal (5 "/,, 0.5 g) for 1 h and hydrogen 
(51 ml corresponding to about 15 % of mono-unsaturated 
material) was taken up. The product was chromatographed 
on a column of silicic acid (250 g); lactone (1) (7.4 g) was 
eluted with chloroforni-methanol (98:2) (4 1) and lactone 
(2) (1.5 g) was eluted with chloroform-methanol (96 : 4) 
(2 1). The remainder of the material on the colunin (1.4 g), 
which was slowly eluted with the same solvent, appeared 
(t.1.c.) to be acid (5). Lactone (1) was crystallized from 
ethanol and had m.p. 104-106" and [a]D2' - 8.2" (c, 5.6 in 
chloroform). 

Anal. Calcd. for C3,H,,Ol4: C, 59.11; H ,  8.46. Found: 
C, 58.84; H, 8.35. 

The saponification equivalent was 230.3 (calcd. 230.27); 
1.96 moles of acetic acid were obtained per mole of 1. 
The niolecular weight (osometric in acetone) was 690 
(calcd. 690.8). 

Nuclear niagnetic resonance (acetone-dG): terminal 
CH3 1.2 (doublet); methylene chain, 1.34; acetoxyl, 2.00, 
2.03; a-CH2, 2.33; glucose ring protons, 3.15-3.85; H-6", 
4.11; H-6',4.24;H-1', 4.45; H-lJ',4.61; H-4",4.88. 

Nuclear magnetic resonance (pyridine): methylene 
chainand terminal CH3, 1.37; acetoxyl, 1.92, 1.99; a-CH,, 
2.32; glucose ring protons, 3.654.25; H-6", 4.42; H-6' 
and H-1', 4.604.86; H-I", 5.08; H-4", 5.43. 

Lactone (2) was crystallized from acetonitrile and had 
m.p. 89-91" and [aIDz5 - 13.6" (c, 2.0 in chloroform). 

Anal. Calcd. for C32H56013: C, 59.24; H, 8.70. Found: 
C, 58.98; H, 8.44. 

The saponification eq~~ivalent was 322.36 (calcd. 
324.38); 1.03 moles of acetic acid were obtained per mole 
of (2). 

Nuclear magnetic resonance (acetone-(IG): similar to 
that of (1) but only one acetoxyl at 2.03 ; H-6", 4.14; H-1', 
4.48; H-I", 4.66; H-4", 4.90. 

Nuclear niagnetic resonance (pyridine): acetoxyl at 
2.00; H-6", 4.43; 13-l', 4.73; H-l", 5.10; H-4", 5.45. 

Preparaiiotl of He.unaceiaie (3) 
Lactone (1) (2 g) was dissolved in acetic anhydride 

(5 ml) and pyridine (5 nil) and kept overnight. The re- 
agents were taken off at 40" and the residue was crystallized 
from ethanol to give (3) (2.1 g) with m.p. 108-109" and 

- 7.6" (c, 2.2 in chloroform). 
Anal. Calcd. for C42H66Ol8: C, 58.73; H, 7.74. Found: 

C, 58.90; H, 7.71. 
Nuclear magnetic resonance (acetone-d6) (fatty acid 

protons omitted): acetoxyl, 1.93, 1.95, 1.98 (6 protons), 
2.04, 2.08; H-2', 3.65 (quartet, J1,,2, = 7.5 c.P.s., J2p,3. 
= 9.0c.p.s.); H-5', H-5" 3.65-3.97; H-6', H-6", 3.97- 
4.35; H-1', 4.58 (J1..2, = 7.5c.p.s.); H-I", H-2", H-3", 
H-3', H-4", H-4', 4.74-5.34. 

Lactone (2) was acetylated in the sanie way and gave 
the same hexaacetate (3) with n1.p. 108" which did not 
depress the melting point of the above conipound. The 
n.nl.r. spectra and the X-ray powder photographs of the 
two compounds were indistinguishable. 

Preparaiiorl of Teivaphenyl~rreil~atre (4) 
Lactone (1) (1.0 g) was refluxed in pyridine (6 ml) with 

phenyl isocyanate (0.8 ml) for 24 h. After renioval of the 
pyridine the residue was extracted with ether, the ether 
was taken off, and the product crystallized from aqueous 
ethanol to give 4 (1.0 g). The rnelting point was 232" and 
[aIDZ5 was +2.6" (c, 1.9 in chlorofornl). 

Anal. Calcd. for C62H7801sN4: C ,  63.79; H, 6.74. 
Found: C, 63.92; H ,  6.76. 

Preparaiiott of Methyl Ester (7) 
Lactone (1) (2.0 g) was refluxed with methanolicsodiun~ 

methoxide solution (25 ml, 0.022 N) for 1 h, the solution 
was neutralized with acetic acid, and the methanol taken 
off. The residue was crystallized from methanol and then 
from methanol-water (1 : 3) to give 7 (1.6 g) as fine needles 
with m.p. 148.5-149.5' and [aID2' - 17.6" (c, 4.0 in 
pyridinej. 

Anal. Calcd. for C31H58013: C, 58.28; H, 9.15. Found: 
C, 58.24; H, 9.19. 

Nuclear magnetic resonance (pyridine): H-1', 4.84; 
H-1". 5.14. 

~ e t h ~ l  ester (7) (1.0 g) was acetylated with acetic an- 
hydride and pyridine. The reagents were removed and the 
product crystallized from ethanol at - ISo to give the 
methyl ester heptaacetate (8) (1.1 g). The n1.p. was 52.5- 
53.5" and [ffIDZ5 was - 8.2" (c, 2.0 in chloroform). 
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Anal. Calcd. for C,,H7,0Zo: C, 57.92; H, 7.78. Found: 
C .  57.70: H. 7.64. 

Nuclear magnetic resonance: H-1', 4.71 (pyridine), 
4.61 (acetone-&), 4.46 (deuteriochlorofor~n). 

Glycol Cleavage Reactiotrs of Lactotle ( I )  
I Cotlclitiotls for Detertt~itzatrot~ of Reactiotl Rates 

Oxidations with sodium periodate were carried out in 
t-butanol-water (1 :2) because 1 IS insoluble in water. 
Aqueous t-butanol was used in periodate oxidation of 

I glycolipids by Smith et nl. (23) and in permanganate- 

1 
periodate oxidations of lipids by von Rudloff (24). A five- 
fold excess of periodate was used and the rate was followed 

1 
by the method of Neumuller and Vasseur (25). 

Oxidations with lead tetraacetate in acetic acid in the I 
presence of potassium acetate were carried out by the 

I method of Perlin (7). and with lead tetraacetate ~n pyridine 
by the method of Goldschmid and Perlin (9). A threefold 

I to fivefold excess of oxidant was used. 
I Products of O~idation ofLactot1e ( I )  ~ortll 

Lend Tetrnncetnte it1 Acetic Acicl 1 Lactone (1) (1.0 g) was added to a solution of lead 
tetraacetate (2.0 g) and potassiun~ acetate (2.0 g) in acetic 
acid (200 ml) and the solut~on kept at room temperature 
for 24 h when 0.92 moles of oxidant per mole of 1 had been 

I consumed. A solution of oxallc acid (1.0 g) ~n acetic acid 
(30 ml) was added and the mixture stirred for 30 min, the 
precipitate was filtered, the solvent ~emoved, and the 
residual gum extracted with chloroform. After removal of 
the chloroforn~ the product was reduced with sodium 
borohydride in nlethanol; after 2 h the mixture was 
acidified with acetic acid and the solvent taken OR. Water 
was added and the reduction product extracted with ethyl 
acetate. After removal of thesolvent the residue (0.8 g) was 
refluxed overnight with methanolic hydrogen chloride 
(5%). A c ~ d  was neutralized with silver carbonate, the 
methanol taken off, and methyl 17-hydroxystearate 

I (0.25 g) was extracted with hexane. 
The mixture of polyols (0.5 g) was chromatographed on 1 a cellulose column; elution with solvent n (5 1) gave D- 

glyceraldehyde dimethyl acetal (identified by paper chro- 

I n~atography). Elution with solvent b (3.5 1) gave glycerol 
(0.13 g) which was converted to the tris-p-nitrobenzoate 

I with n1.p. and mixed n1.p. 199-200" (26). Elution with 
solvent d (3 1) gave methyl a-D-glucopyranoside (0.27 g) 

1 which crystallized from ethanol with n1.p. and mixed 
m.p. 172-173". 1 The borohydride reduction product obtained from 
another oxidation was methylated twice with methyl 

I iodide and s~lver oxide and the product refluxed with 
I methanolic hydrogen chloride for 18 h. Analysis of the 
I methylated methyl glucosides, so obtained, by g.1.c. (27) 
1 showed only methyl 2,3,4,6-tetra-0-methyl-a,(3-D-gluco- 

pyranosides. 
Isolatiot~ of2-O-(3-~-Glltcopyrat1osyl-g/yce,.olfrt the 

Prodrcts o j  Periodate Oxidation of Lnctotre ( I )  
Lactone (1) (1.52 g) was dissolved in 0.04 M sodium 

periodate in 33 % t-butanol-water (70 ml), after 6 h 0.79 
moles of oxidant per mole of 1 had been consumed and 
after 22 h 0.94 moles had been consumed. Water (200 ml) 
was added and the mixture extracted four times with ethyl 
acetate. Removal of the ethyl acetate gave the brittle 
resinous oxidation product, which was reduced with 
sodium borohydride and worked up as before. The reduc- 
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tion product was dissolved in dioxan (25 ml) and 0.01 N 
sulfuric acid (85 ml) added to  give a pH of 2.0. After heat- 
ing on a steam bath for 1 h, the mixture was extracted with 
ethyl acetate to give crude 17-hydroxystearic acid (0.60 g), 
which was refluxed overnight with 4 %  methanolic hy- 
drogen chloride. The mixture was poured into water and 
extracted with hexane. The aqueous layer was neutralized 
with silver carbonate and the water taken off. The residue 
(0.06 g) which appeared to  be a mixture of q(3-methyl 
glucosides, glycerol, and at  least two unidentified com- 
ponents (from paper chromatography), was probably 
derived from unoxidized 1 and unhydrolyzed oxidation 
product. The hexane extract was a mixture of methyl 17- 
hydroxyoctadecanoate (n1.p. and mixed n1.p. 53-55") 
and octadecane-1, 17-L-diol (resulting from sodium boro- 
hydride reduction of the fatty acid ester linkage). The 
diol was separated by crystallization from carbon tetra- 
chloride and had m.p. 77-78" which was not depressed by 
admixture with authentic diol obtained by lithium alu- 
minium hydride reduction of methyl 17-L-hydroxyocta- 
decanoate. 

The aqueous portion, left after ethyl acetate extraction 
was neutralized with barium carbonate, water and dioxan 
taken off, and the residue dissolved in water and  reduced 
with sodium borohydride. Acetic acid was added, the 
solution shaken with Arnberlite IR-120 and filtered, water 
was removed, and methanol added and removed three 
times. The clear syrupy residue (0.68 g) was chromato- 
graphed on a cellulose column. Elution with solvent b 
(2 1) gave glycerol (0.12 g) which gave a tris-p-nitro- 
benzoate with n1.p. and mixed m.p. 196-199". Elution 
with solvent e gave a tetritol fraction (0.009 g) (according 
to paper chron~atography). Elution with solvent f (1.2 1) 
gave a mixture of 2-0-(3-D-glucopyranosyl-glycerol and 
sorbitol (0.24 g) from which insoluble glucosyl-glycerol 
(0.15 g) was obtained by treatment with hot ethanol. The 
mother liquors (0.09 g) were acetylated and analyzed by 
g.l.c., using the short silicone column. Sorbitol hexa- 
acetate and glucosyl-glycerol hexaacetate were present and 
had r e l a t i~~re t en t ion  times of 1.0 and 4.7, respectively. 
The analvsis indicated that the mother liauors contained 
glucosyl-glycerol (0.04 g), giving a total of (0.19 g), and 
sorbitol (0.05 g). After crystallization from methanol the 
glucosyl-glycerol had m.p. 167-169" and [aIDZ5 -29.9' 
(c, 0.9 in water), the mixed m.p. with a n  authentic 
sample (28) of n1.p. 168-170" was 167-169" (lit. (29) gives 
m.p. 165" and [aIDz0 -30.1"). 

P r o d r ~ t s  of Oxidntiot~ of ( I )  with Lead Tetraacetate it! - . .  
~yridit lk 

Lactone (1) (2.0 g) was dissolved in pyridine (450 ml), 
which contained 34.6 umoles of lead tetraacetate per ml. 
and the solution kept at 0" for 45 min.   he consumption of 
oxidant was 2.1 moles per mole of 1. A solution of oxalic 
acid in pyridine was added, the mixture allowed to stand 
for 1 h and then filtered. Pyridine was removed and the 
residue reduced with sodium borohydride and worked up 
as before to  yield a viscous gum (1.75 g). T h e  product 
obtained after acid methanolysis, neutralization with 
silver carbonate, and removal of methanol was extracted 
with hexane to give methyl 17-hydroxystearate (0.6 g). 
Hexane insoluble material (1.2 g) was chromatographed 
on a cellulose colun~n. D-Glyceraldehyde dimethyl acetal 
(0.18 g) was eluted with solvent a (1.6 I), the bis-p-nitro- 
benzoate had n1.p. 108-109" and [aIDZ5 $52.0" (c, 0.7 in 
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chloroform), the mixed m.p. with authentic D-glycer- 
aldehyde dimethyl acetal bis-p-nitrobenzoate was 108.5- 
109.5". The authentic compound had m.p. 109-110" and 

+55.8' (c, 1.0 in chloroform), (lit. (30) gives m.p. 
107-108" and [a]D1' + 71 .To). 

Glycerol (0.21 g) was eluted with solvent b (5 I), and 
gave a tris-p-nitrobenzoate with m.p. and mixed m.p. 
199-200". A mixture of tetritols and a, P-D-glucopyrano- 
sides (c, 3: 1 by g.1.c. of acetates) (0.27 g) was eluted with 
solvent c. This fraction was acetylated and the tetritol 
acetates separated from those of the methyl glucosides by 
preparative g.1.c. (short silicone column). Analysis by 
g.1.c. with an ethylene glycol succinate column (22) showed 
that erythritol tetraacetate (relative emergence time 1.00) 
and threitol tetraacetate (relative emergence time 1.22) 
were present in equal amounts. The mixture of acetates 
had [aIDZs + 15" (c, 1.1 in ethanol) (lit. (31) gives [ct]D2S 
- 32" for L-threitol tetraacetate (c, 4.0 in ethanol)). 

Erythritol tetraacetate crystallized from a solution of 
the mixture in ethanol and had m.p. and mixed m.p. 85". 

Preparation of 2'-0-(4"-0-(17-L-Acetoxyoctadecat~oyl)- 
2",3",6"-tri-0-acetyl-~-~-glrrcopyranosyl)-3',4'-6'- 
tri-0-aceryl-a-D-glucopyranosyl Bromide (10) 

Compound (3) (10 g) was dissolved in acetic acid (180 
ml) and 30% hydrogen bromide in acetic acid (20 ml) was 
added; after 4 days at 23" the mixture was poured into ice 
water and extracted with methylene chloride. The extract 
was washed with water and dried over sodium sulfate. 
The solvent was removed, the residue taken up in ether 
(100 ml), hexane (100 ml) added, and the mixture kept at 
0" when the acetobromosophorose derivative (10) (5.5 g) 
crystallized. After recrystallization from ethyl acetate it 
had m.0. 127-128" and Ialnz5 +65.6' (c. 2.2 in chloro- 

Compound (10) (1.3 g) was dissolved in methylene 
chloride (10 ml), and methanol (25 ml) and silver carbon- 
ate (1.3 g) were added and the mixture shaken for 2 days. 
Methylene chloride was added and silver salts removed by 
filtration. The solvent was taken off, leaving crude (12) 
(0.9 g) which was chromatographed o n  silicic acid. Elution 
with chloroform-hexane (1 : 1) gave 12 (0.63 g). After 
crystallization from ether-hexane (1 :4) the m.p. was 
65.5-66.5" and [aIDz5 was -4.0" (c, 1.0 in chloroform). 

Nuclear magnetic resonance (deuteriochloroform): 
terminal CH3, 1.19; CH2, 1.28; acetoxyl 1.96-2.09; a-  
CHZ, 2.74; OCH3, 3.52; H-2', 3.65 (J1r,2, 7.75 c.P.s.); 
H-6' and H-6", 3.984.32; H-1', 4.39 (Jl,,zt 7.75 c.p.s.); 
H-3', H-4', H-1", H-2", H-3", H-4", H-17,4.68-5.26. 

Anal. Calcd. for C45H72020: C, 57.92; H, 7.78. Found: 
C, 57.84; H, 7.84. 

Metl~yl a-Sophoroside (15) frottz 12 
Compound (12) (0.43 g) was refluxed with methanolic 

sodium methoxide (0.022 N; 40 ml) for 4 h and the solu- 
tion acidified with acetic acid. After removal of the 
methanol the residue was distributed between hexane and 
water. The hexane extract yielded methyl 17-L-hydroxy- 
octadecanoate (0.15 g). Crystallization from hexane gave 
the ester (0.1 g) with m.p. 52-54"; the m.p. after ad- 
mixture with authentic ester was 53-55" (2). 

The aqueous extract was shaken with Amberlite IR-120 
and the water removed. Crystallization of the residue 
(0.14 g) from ethanol-water gave (15) (0.08 g) which had 
m.p. 198-200" and [aIDZs -30.4" (c, 1.1 in water). The 
m.p. was not depressed by admixture with 15, prepared as 
described below. The mother liquors from the above 
crystallization were acetylated giving heptaacetate 14. 
The m.p. and mixed m.p. was 126-128". 

form). Nuclear magneticLr&onance (deuteriochloroform) 
(assigned signals only) : terminal CH3, 1.19; CH2, 1.26; Synthesis of 2-0-(2',3',4',6'-Tetra-0-acetyl-13-D-glrrco- 

acetoxyl, 1.93-2.10 (7 singlets); H-2', 3.78 (quartet, J,.,,. pyrat2osyl) -3,4,6-tri-0-acetyl-a-D-ficopymosyl 

4 c.P.s., J2, ,3,  9.5 c.P.s.); H-6', H-6", 4.0-4.44; H-1", Bromide (13) 

4.69 (Jl,,,z,, 7.5 c.P.s.); H-3', 5.46 (triplet JZ.,3, 9.5 c.P.s.); p-Sophorose octaacetate (1.0g) (I) was dissolved in 

H-l', 6.44 (Jl,,2,, 4c.p.s.). acetic acid containing 3 % hydrogen bromide (20 ml) and 

Anal. Calcd. for C44H,,0,,Br: C, 53.82; H, 7.08. allowed to stand for 24 h. Large crystals of 13 (0.65 g) 

Found: C, 53.42; H, 6.94. which had separated were filtered off. The filtrate was 
poured into water, extracted with methylene chloride, 

Preparation of 2'-0-(4"-0-(17-L-Acetoxyoctadecanoyl)- 
2",3",6"-tri-0-acetyl-~-~-glucopyrat10syl) - 
1',3',4',6'-tetra-O-acetyl-~-~-g~~~copyrat1ose (11) 

Compound (10) (1.0 g) was dissolved in acetic acid 
(20 ml), silver acetate (I .O g) added, and the mixture shaken 
for 2 days. After addition of methylene chloride, silver 
salts were filtered and the solvents removed. When the 
crude product (0.9 g) was chromatographed on a silicic 
acid column elution with chloroform-hexane (I : 1) gave 
11 (0.37 g). After crystallization from ether-hexane (1 :2) 
the m.p. was 79-80" and [aIDz5 -3.3" (c, 1.2 in chloro- 
form). 

Nuclear magnetic resonance (deuteriochloroform): 
H-2', 3.8 (quartet J,.,,. 7.75 c.p.s.); H-1", 4.62 (Jl.,,2,. 
7.75 c.P.s.); H-1', 5.66 (J1,.2, 7.75 c.P.s.). 

Anal. Calcd. for C46H72021 : C, 57.49; H, 7.55. Found: 
C, 57.15; H, 7.45. 

Preparation of Methyl 2'-0-(4"-0-(I 7-L-Acetoxyocta- 
decanoy1)-2",3",6"-tri-0-acetyl-13-D-glucopyran- 
osy~)-3',4',6'-tri-0-acetyl-~-~-g~ucopyranoside (12) 

and worked up as in the preparation of 10, giving afurther 
quantity of 13 (0.2 g). The m.p. was 191-194" (lit. (14) 
195-197"). 

Nuclear magnetic resonance (deuteriochloroform): 
acetoxyl, 1.98-2.12 (7 singlets); H-2, 3.78 (Jlb2 4 c.p.s., 
J 2 , S  9 c.P.s.); H-l', 4.70(Jl,,2, 7.75c.p.s.);H-3, 5.48(Jz,3 
9 c.P.s.); H-l,6.45 (J1.2 4 c.P.s.). 

Synthesis of Metf~yl 2-0-(P-D-glucopyranosyl)-[3-D- 
glucopyranoside (15) 

a-Acetobromosophorose (13) (0.8 g )  was dissolved in 
rnethylene chloride and allowed to react with methanol in 
the presence of silver carbonate as described in the prepa- 
ration of 12. The heptaacetate (14) (0.46 g) so obtained was 
crystallized from ethanol giving methyl 2-0-(2',3',4',6'- 
tetra-O-acetyl-~-~-glucopyranosyl)-3,4,6-tri-O-acety~-~- 
D-glucopyranoside (14). The m.p. was 127-128" and 
[a]DZ5 t0 .3"  (c, 6.6 in chloroform). 

Nuclear magnetic resonance (deuteriochloroform): 
acetoxyl, 1.97-2.08; OCH3, 3.54; H-2, 3.65 (Jlb2 7.75 
c.P.s.); H-l,4.38 (J1.Z 7.75 c.P.s.) 
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Anal Calcd. for CZ7H38018: C, 49.84; H, 5.89. Found: 
C, 49.94; H, 5.93. 

Compound (14) (0.35 g) was deacylated as before giving 
15 (0.20 g). The product was crystallized from ethanol- 
water (10: 1); m.p. 20&202", [ c ( ] D ~ ~  -29.4' (c, 1.1 in 
water); (lit. (16) 189-190", and [aID -28" (c, 0.2 in water)). 

Nuclear magnetic resonance (pyridine): OCH,, 3.50; 
H-1, 4.66; H-l', 5.26. 

Preparation of 14 by Koenigs-Knorr Reaction 
Methyl 3,4,6-tri-0-acetyl-p-D-glucopyranoside (0.22 g) 

(32) was dissolved in nitromethane (0.9ml), mercuric 
cyanide (0.17 g) and a-acetobromoglucose (0.28 g) were 
added, and the mixture was shaken for 24 h. Benzene (2 ml) 
was added and insoluble salts filtered off. Solvents were 
evaporated and the residue chromatographed on silicic 
acid. Elution with cliloroform gave an unidentified gum, 
and elution with chloroform-ether (4:l) gave 14 (0.11 g). 
After crystallization from ethanol the m.p. was 128" and 
was not depressed by admixture with previously prepared 
14. The n.m.r. spectrum was indistinguishable from that 
of 14 prepared from e-sophorose octaacetate. 

Isolation of l6fr.0111 Acetobron7i11olysis of 3 
After separation of bromo-derivative (10) solvent was 

removed from the mother liquors and the residue dis- 
solved in acetic acid (60 ml) and shaken with silver acetate 
(2.0 g) for 18 h. Methylene chloride was added, and silver 
salts filtered off to yield a viscous gum (4.84 g) which was 
chromatographed on silicic acid (100 g). Elution with 
hexane-chloroform (3 : I) yielded first unidentified material 
(0.24 g) (the n.m.r. spectrum showed that it was not 17), 
followed by a fraction (0.71 g) which after rechroniatog- 
raphy and crystallization from ether-hexane (3: 1) gave 
compound (16) (0.41 g). The melting point was 63-64" and 
was not depressed by admixture with synthetic material; 
[aIDZ5 -0.24" (c, 8.2 in chloroform). The n.m.r. spectrum 
and X-ray powder photograph were indistinguishable 
from those of the synthetic sample. The n.m.r. spectrum 
of material recovered from the mother liquors of the above 
0.41 g showed them to consist of impure 16. 

Isolatior~ of a-Lactor7e Hexaacetate (19) from 
Acetobromir~olysis of 3 

Column chromatography of the products from the 
mother liquors was continued. Elution with hexane- 
chloroform (1 : 1) gave a semisolid fraction (0.69) which on 
crystallization from ethanol gave a-lactone hexaacetate 
(19) (0.22 g), m.p. 153.5-154.5", [ci]DZ5 +42.0° (c, 2.1 in 
chloroform). 

Nuclear magnetic resonance (deuteriochloroform): 
terminal CH,, 1.22; CH,, 1.28; acetoxyl, 1.98, 2.00 (6 
protons), 2.02, 2.05,2.08; K H z ,  2.30; H-2', 3.68 (quartet 
J13,2,, 3.5 c.p.s., Jz , , , .  9 c.P.s.); H-5', H-5", 3.60-3.95; 
H-6', H-6", 3.96-4.34; H-1", 4.68 (J,j.,z,. 7.75 c.P.s.); 
H-l', H-4', H-2", H-3", H-4", 4.80-5.24; H-3', 5.38 
(triplet). 

Anal. Calcd, for C42H66018: C, 58.73; H, 7.75. Found: 
C, 58.95; H, 7.70. 

Finally elution with chloroform gave a fraction (1.62 g) 
which appeared from its n.m.r. spectrum to be impure 11. 

Preparation of 17-L-Acetoxyoctan'ecat~oyl Cl~loride 
17-L-Hydroxyoctadecanoic acid (16 g) was acetylated 

at room temperature for 18 h with acetic anhydride 

(50 ml) and pyridine (50 ml). The reagents were removed 
and the resulting 17-acetoxyoctadecanoic anhydride (the 
i.r. spectrum (film) showed anhydride C =  0 bands at 
1805 and 1730 cm-I (overlaps acetoxyl carbonyl at 
1725 cm-I) but no acid carbonyl at 1700 cm-') was dis- 
solved in thionyl chloride (32 ml) and kept overnight. 
Excess reagent was taken off and the product was distilled 
giving thedesired acid chloride (14.0 g), b.p.10.05 mm 132", 
[aIDZ5 t-0.93" (c, 5.0 in chloroform). 

Anal. Calcd. for CzoH3703CI: C, 66.54; H, 10.33. 
Found: C, 66.49; H, 10.19. 

Synthesis of 4'-0-(17-L-Acetoxyoctadecanoyl)-1',2',3',6'- 
tetra-0-ncetyl-13-D-glucopyranose (16) 

The above acid chloride (4.12 g) in methylene chloride 
(40 nil) was added to a solution of 1,2,3,6-tetra-0-acetyl- 
e-D-glucopyranose (4.00 g) (18) in methylene chloride 
(100 ml) and pyridine (2 ml). The mixture was kept over- 
night at room temperature and then refluxed for 2 h. The 
solution was washed with water, dried, solvent taken off, 
and the product chromatographed on a silicic acid column. 
Elution with hexane-ether (9: 1) gave compound (16) 
(4.9 g), which was crystallized from hexane-ether. The 
n1.p. was 63-64" and [ c ( ] ~ ~ ~  was -0.32" (c, 10.0 in chloro- 
form). 

Nuclear magnetic resonance (deuteriochloroform): 
terminal CH,, 1.18; CH,, 1.26; acetoxyl in Table VII; 
a-CHZ, 2.26; H-5', 3.7-3.9; H-6', center 4.16; H-17, 4.84 
(multiplet); H-2', H-3', H-4', 4.98-5.36; H-l', 5.72. 

Anal. Calcd. for C3JH56013: C, 60.69; H, 8.39. Found: 
C, 60.50; H,  8.20. 

Synthesis of 6'-0-(17-L-Acetoxyoctadeca~~oyl) -1 ',-2',3',4'- 
tetra-0-ncetyl-(3-D-glrrcopyra~~ose (17) 

Reaction of 1,2,3,4-tetra-0-acetyl-p-D-glucopyranose 
(18) with the acid chloride as described above gave com- 
pound (17). The m.p. was 70" and [aIDZ5 +6.8O (c, 1.0 in 
chloroform). 

Anal. Calcd. for C34H56013: C, 60.69; H, 8.39. Found: 
C, 60.55; H, 8.49. 

Syr~fl~esis of 3'-0-(17-L-Acefoxyoctadecanoy1)-11,2',4',6'- 
tetra-0-acetyl-~-~-g111copyranose (18) 

Reaction of 1,2,4,6-tetra-0-acetyl-b-glucopyranose 
(33) with the acid chloride by the method used to prepare 
16 gave compound (18). The m.p. was 62" (the mixed 
m.p. with 16 was depressed to 58") and [aIDZ5 t-2.4" (c, 
2.0 in chloroform). 

Anal. Calcd. for C34H56013: C, 60.69; H, 8.39. Found: 
C, 60.44; H, 8.30. 

Isolatiorz of Acid (5) from Fermentatior~ Product 
A portion of the mother liquors in ethanol, left after 

crystallization of lactones (1) and (2), was hydrogenated 
over 5 % palladium charcoal. The solvent was taken off and 
crude product (10 g) was chromatographed on silicic acid 
(200 g). Elution with chloroform-methanol (98:2) gave 
crude lactone (1) (3.8 g) which was crystallized from 
ethanol to give l(1.5 g); the material in themother liquors 
appeared to consist of amixture of isomeric lactones (from 
the n.m.r. spectrum). Elution with chloroform-methanol 
(96:4) gave first a mixture of lactones (1) and (2) and acid 
(5) (1.1 g) and next acid (5) (4.0g). Finally a viscous 
gummy material (0.6 g) was eluted which, when examined 
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by t.1.c. had the Rf expected of a sophorosyl hydroxy- 
stearic acid with only one acetate group. Acid (5) could not 
be induced to crystallize but it separated from acetone 
solution at 0' in amorphous lumps with m.p. 107-1 13" and 
[alez5 - 15.2' (c, 1.7 in chloroform). The neutralization 
equivalent was 712.9 (calcd. 708.82). 

Nuclear magnetic resonance (pyridine): CH,, 1.27; 
terminal CH,, 1.36 (doublet); acetoxyl 1.94, 1.96 (2 
singlets); a-CH,, 2.45; glucose ring protons 3.7-4.2; H-1', 
H-6', H-6", 4.45-4.90; H-I", 5.06. 

Anal. Calcd. for C34H60015: C, 57.61 ; H, 8.53. Found: 
C, 57.71 ; H, 8.37. 

Preparation of Methyl Ester (6) 
Acid (5) (1 g) was dissolved in dry acetone (25 ml) and 

a solution of diazomethane in methylene chloride was 
added until the yellow color persisted, just sufficient acetic 
acid to neutralize the excess diazomethane was then added 
and the solvents were removed at room temperature. 
Product (1 g) was chromatographed on silicic acid and 
crystallized from ethanol to give 6 (0.4 g). Like the soph- 
oroside of methyl 13-hydroxydocosanoate (20), ester (6) 
was difficult to recrystallize in good yield. The melting 
point was 105-106" and [aIDz5 -20.5" (c, 1.4 in chloro- 
form). 

Nuclear magnetic resonance (pyridine): CH,, 1.26; 
terminal CH,, 1.36; acetoxyl, 1.94, 1.96; a-CH,, 2.28; 
OCH,, 3.58; glucose ring protons, 3.60-4.20; H-l', H-6', 
H-6", 4.40-4.90; H-1 ", 5.06. 

Nuclear magnetic resonance (dimethyl sulfoxide-d6): 
terminal CH3, 1.08; CH,, 1.26; acetoxyl, 1.99 (6 protons); 
a-CH,, 2.28; glucose ring protons, 2.9-3.6; OCH,, 3.56; 
H-6', H-6", 3.9-4.3; H-1', H-1", 4.32,4.40; OH protons, 
5.00,5.08,5.22,5.34,5.52. 

Anal. Calcd. for C35H62015: C, 58.15; H, 8.65. Found: 
C, 58.31 ; H, 8.49. 

Deacylated Ester (7) from Acid (5) 
( 1 )  Alkaline Metltar~olysis 
Crude acid (containing small amounts of lactone and 

monoacetate) (25 g) was dissolved in methanol (50 ml) and 
treated with diazomethane in ether. Solvents were re- 
moved and the residual methyl esters dissolved in 0.022 N 
sodium methoxide in methanol (200 ml) and refluxed for 
2 h. Acetic acid was added until the solution was neutral. 
The solution was then added to boiling water (600 ml) and 
the product (7) allowed to crystallize. The yield was 14.5 g 
and the m.p. and mixed m.p. with 7 obtained from 
lactone (1) was 146148". 

(2) Acid Methanolysis 
Crude acid (25 g) was dissolved in methanol (200 ml) 

and methanolic hydrogen chloride (4 %, 60 ml) added. The 
solution was kept at room temperature for 18 h and the 
acid neutralized with silver carbonate and the product 
crystallized as before. Compound (7) (18.0 g) with m.p. 
146-148" was obtained. 

Preparation of Ester (6)  from Lactone ( I )  
Lactone (1) (0.53 g) was dissolved in chloroform (50 ml), 

cooled to 0' and mixed with a solution of 0.0022 N sodium 
methoxide (25 ml) also at O". After exactly 8 min at 0" the 
solution was neutralized with acetic acid and the solvent 
removed at room temperature. The product was chro- 
matographed on silicic acid; elution with chloroform- 

methanol (98:2) gave first starting material and then a 
fraction (0.15 g) which was shown by t.1.c. in chloroform- 
methanol (90: 10) to  be pureester (6). Crystallization from 
ethanol gave 6 with m.p. 105-106", the mixed m.p. with 6 
prepared from acid (5) was 105-106". The n.m.r. spectra of 
the two samples of (6) in dimethyl sulfoxide-d6 were 
indistinguishable. 

Optical Rotatory Measurements During Acetobrontinolysis 
of Cornporrrtds ( 3 )  and (8) 

The reading at zero time was calculated from the 
specific rotations of 3 and 8 in acetic acid. 

Compound (3) had [a],'' - 11.4" (c, 5.0 in acetic acid) 
and compound (8) had [aIDz5 -9.2" (c, 5.0 in acetic acid). 
The compound (0.1 1 g) was dissolved in acetic acid (2 ml) 
and 30% hydrogen bromide in acetic acid (0.2 ml) was 
added, themixture was then placed in a 0.5 cm polarimeter 
tube at 25" and the rotation measured at intervals. 

I~zversion of Lactone Hexaacetate (3) 
Compound (3) (1.0 g) was dissolved in acetic acid con- 

taining 3 % hydrogen bromide (20 ml) and kept at 25" for 
7 h. The reaction was worked up as described for the 
preparation of 10. The n.m.r. spectrum of the recovered 
material (0.88 g) was measured in deuteriochloroform and 
the ratio of the H-1" signal of 19 to the H-1' signal of 3 
indicated that about 70 % of 3 had been converted to 19. 
The product was crystallized from ethanol at room tem- 
perature and crude 19 (0.38 g), with m.p. 145-15S0, was 
isolated. Recrystallization gave pure a-lactone hexaacetate 
(19) (0.27 g) with m.p. 154-155". 

Inuersio~z of Heptaacetate (8)  
Compound (8) (1.0 g) was dissolved in acetic acid con- 

taining 3 % hydrogen bromide (20 ml). The solution was 
kept at 25" for 2 hand  then worked up as  above. Removal 
of the solvent gave 20 as a gum (0.81 g),  which had the 
same Rr on t.1.c. as 8, but it could not be induced to 
crystallize. 

Nuclear magnetic resonance (deuteriochloroform) 
showed H-3' at 5.38 (triplet) and H-1" at 4.61; [a],,' 
+ 37.6" (c, 0.5 in chloroform). 

Anal. Calcd. for C45H72020: C, 57.92; H, 7.78. Found: 
C, 58.17; H, 7.72. 

Deacylation of 20 (0.75 g) with sodium methoxide and 
crystallization from methanol gave the a-sophoroside 
(21) (0.41 g); the m.p. was 175-176" and [a],'' f59.2" 
(c, 4.0 in pyridine). 

Nuclear magnetic resonance (pyridine): H-1 ", 5.06 
(J1.t.2p, 7.75 c.P.s.) and H-l', 5.53 (JlP,,, 4.0c.p.s.). 

Anal. Calcd. for C31H58013: C, 58.28; H, 9.15. Found: 
C, 58.24; H, 8.87. 

a-Acetobron~osphorose (13) front 8 
Compound (8) (1.0 g) was treated with 3% hydrogen 

bromide in acetic acid (22 ml), and the solution kept for 
7 days at room temperature and then worked up as before. 
The gummy product (0.89 g) was dissolved in methylene 
chloride (3 ml) and hexane (1 ml) added. a-Acetobromo- 
sphorose (13) (0.15 g, 20%) crystallized and had m.p. 
191-193" (lit. (14), 195-197"). The n.m.r. spectrum 
(deuteriochloroform) was indistinguishable from that of 
authentic 13. 
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Nuclear Magnetic Resonat~ce Spectra of Acetobromitzolysis 
Reactiotls 

The acetobrominolysis reactions of compounds (3) and 
(8) at 25" in 3 % hydrogen bromide - acetic acid were 
followed by n.m.r. spectroscopy. The chemical shift of 
the chloroform proton in acetic acid-d4 was 7.53 p.p.m. 
relative to tetramethylsilane (internal standard). A trace of 
chloroform was added to the reaction mixture and the 
chemical shifts were measured relative to the chloroform 
signal (the acetic acid CH, being used as lock signal). 
The chemical shifts were then calculated relative to tetra- 
methylsilane and were as follows: H-1' of 3,4.48; H-1' of 
8,4.49 (J1T.2.7.75 c.p.s. for both signals); H-3' of 10,5.38; 
H-3' of 20, 5.30; H-1' of 10 and 13, 6.47 (JlZ,,, 4 c.p.s.); 
H-1' of 16 and H-1 of a-acetobromoglucose 6.62 (JlV2 
4 c.P.s.). 
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Structure of the extracellular bacterial polysaccharide from 
Artlzrobacter viscoszrs NRRL B-1973' 

I J. H. SLONEKER, DANUTE G. ORENTAS, C. A. KNUTSON, P. R. WATSON, AND ALLENE JEANES 
I 
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i Agricultrrral Research Service, Utrited States Departt)lettt of  Agricrrltrrre, Peoria, Illinois 61604 

Received July 31, 19672 

D-Glucose, D-galactose, and D-mannuronic acid in equimolar proportions constitute 75 % of the weight 
of the polysaccharide elaborated by Arrlrrobacter viscosrrs NRRL B-1973. 0-Acetyl groups account for 
the remaining 25% of the weight; 50% of the hydroxyl groups are acetylated. Acid hydrolysis of the  
polysaccharide revealed that the D-mannopyranosyluronic acid bonds hydrolyzed with unexpected ease. 
Controlled acid hydrolysis afforded three oligosaccharides identified as 4-0-(3-D-glucopyranosyl-D- 
galactose; 4-0-(3-D-mannopyranosyluronic acid-D-glucose; and 0-(3-D-mannopyranosyluronic acid- 
(1 -> 4)-0-(3-D-glucopyranosyl-(1 -> 4)-D-galactose. The native polysaccharide was oxidized slowly by 
sodium metaperiodate and consumed 0.42 mole per sugar residue in 340 h at 4". The deacetylated poly- 
saccharide consumed 0.67 Inole of periodate per sugar residuc and produced 1 mole of acid per 160 to 
165 sugar residues in 170 11 at 4". At 20" the deacetylated polysaccharide was oxidized excessively by 
periodate, 1.5 moles of oxidant was consumed, and 0.4 mole of acid was produced per sugar residue in 
340 11. However, only 20% of the C4-substituted D-glucose residues in the polysaccharide was cleaved 
by periodate in spite of the excessive oxidation at 20". 

The polysaccharide has a linear structure and consists predominantly of repeating trisaccharide units, 
0-(3-D-mannopyranosyluronic acid-(1 -> 4)-0-(3-D-glucopyranosyl-(1 + 4)-D-galactose. 
Canadian Journal of Chemistry, 46. 3353 (1968) 

A new species of bacteria, Arthrobacter viscosus 
NRRL B-1973 (I), produces a viscous extra- 

I 
I cellular polysaccharide in 45% yield from glucose 

(2). Freshly prepared solutions of the poly- 
saccharide show inconsistent optical rotation 
values that stabilize at [aIDz5 - 50" to - 55" in 
water, 35% ethanol, or 1% potassium chloride 
when the solutions are allowed to remain un- 
disturbed in a polarimeter tube for several days 
(3). Upon acid hydrolysis the polysaccharide 

I gives rise to D-glucose, D-galactose, and D- 
l mannuronic acid in equal molar proportions. 
I These three sugar residues constitute 75% of the 

1 dry weight of the polysaccharide. The remaining 
25% is in the form of 0-acetyl groups, equivalent 
to 50% of the theoretical value for total O- 

1 acetylation. 
I Such a degree of acetylation influences the 
1 solubility of the native polysaccharide and makes 1 
I it more compatible with aqueous-organic solu- 
1 tions than the deacetylated form. The deacety- 
I lated polysaccharide precipitates from aqueous 
I solutions (containing 1% potassium chloride) 

i in about one-half the concentration of alcohol 
I required by the native polysaccharide (3). 

The native polysaccharide was partially hy- 

'Presented before the Division of Carbohydrate Chem- 
istry at the 145th meeting of the American Chemical 
Society, New York. September, 1963. 

'Revision received July 16, 1968. 

drolyzed with acid under controlled conditions 
and the hydrolyzate was fractionated on a 
Dowex3 1 ion-exchange resin. A neutral fraction 
and three acidic fractions were isolated. D- 
Glucose, D-galactose, D-mannuronolactone, and 
a neutral disaccharide were recovered from the 
neutral fraction by preparative paper chroma- 
tography. The three acidic fractions were purified 
further by paper chromatography and identified 
as an aldotriouronic acid, an aldobiouronic acid, 
and D-mannuronic acid. 

The neutral disaccharide, which has been iden- 
tified as 4 - 0 - P -D- glucopyranosyl - D -galactose, 
had [aIDZ5 + 33.4". Reduction with sodium boro- 
hydride converted the D-galactose moiety of the 
disaccharide to galactitol and changed the sign 
of rotation from plus t o  minus, [aIDz5 -7.9". 
Isolation of D-threitol from the deacetylated 
polysaccharide after periodate oxidation, boro- 
hydride reduction, and acid hydrolysis estab- 
lished the glucoside linkage at C-4 of the D- 
galactose moiety in the disaccharide. Assignment 
of the P-configuration was made because 4-0-a- 
D-glucopyranosyl-D-galactose has [aIDz5 + 140" 
(4). 

Only one other biological source of 4-0-P-D- 

3Mention of trade names should not be construed as a 
recommendation or endorsement by the United States 
Department of Agriculture over those not mentioned. 
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glucopyranosyl-D-galactose has been reported : 
A small quantity of the methylated disaccharide 
was isolated from the fully methylated derivative 
of ceramide dihexoside, recovered from human 
erythrocyte stroma (5). 

The aldotriouronic acid has the structure, 0- P- 
D - mannopyranosyluronic acid - (1 + 4) - O - P - D- 

glucopyranosyl-(1 + 4)-D-galactose. As the potas- 
sium salt, the aldotriouronic acid had [ u ] , ~ ~  
- 7.3". Periodate oxidation of the aldotriouronic 
acid followed by borohydride reduction and 
analysis of the acid-hydrolyzed fragments by 
gas-liquid chromatography (g.1.c.) (6) showed 
that in 3 h D-galactose was converted quantita- 
tively to  D-threitol and that 31% of the D- 
glucose was converted to erythritol. By 24 h, the 
D-threitol had completely disappeared. After 
168 h, 92% of the D-glucose was recovered as 
erythritol; the rest was recovered as free D- 
glucose, some of which was still present after 
263 h of oxidation. Transient formation of D- 
threitol can occur only if D-galactose is in the 
reducing end position of the aldotriouronic acid 
and is substituted a t  C-4 by D-glucose. Dis- 
appearance of D-threitol probably occurs through 
hydrolysis of an 0-formyl ester which allows 
further oxidation of the D-galactose reducing end 
moiety. The relatively slow conversion of D- 
glucose to erythritol and the stability of erythritol 
to  further periodate attack indicate that D-glucose 
is substituted a t  C-4 by D-mannuronic acid which 
occupies the nonreducing end position. Isolation 
of 2,3,6-tri-0-methyl-D-glucose from an acid 
hydrolyzate of the aldotriouronic acid which had 
been (a) treated with sodium borohydride to 
reduce the D-galactose end group, (b) methylated, 
and (c) treated with lithium aluminium hydride 
to  reduce the carboxyl group of the D-man- 
nuronosyl moiety, provides further evidence that 
D-glucose is substituted a t  C-4. Under these same 
conditions the D-mannuronosyl moiety was con- 
verted to 2,3,4-tri-0-methyl-D-mannose which 
shows unequivocally that the uronic acid moiety 
in the polysaccharide is in the pyranoside form. 

The aldobiouronic acid is 4-0-P-D-manno- 
pyranosyluronic acid-D-glucose. As the potas- 
sium salt, this compound had a specific optical 
rotation of [ u ] , ~ ~  -9.9". Periodate oxidation of 
the disaccharide was quite complex as evidenced 
by g.1.c. of the fragments after reduction and 
hydrolysis. In 3 h, oxidation of the D-glucose 
reducing end moiety provided a complete spec- 
trum of products consisting of glycerol, 4%; 

erythritol, 10%; D-threitol, 2%; D-arabitol, 37%; 
and D-glucitol, 17%; the total accounts for 70% 
of the D-glucose. D-Threitol can originate from 
oxidation of the open chain form of D-glucose by 
cleavage of the C,-C, and Cs-C6 bonds to  give 
a dialdehyde which, upon reduction with sodium 
borohydride, produces the 4-carbon alditol. Con- 
siderable D-glucose, isolated as  D-glucitol, re- 
mains unoxidized after 3 h. After oxidation for 
24 h, 57% of the original D-glucose was accounted 
for as glycerol, 12%, and erythritol, 45%. None 
of the other products were detected. The high 
yield and relative stability of erythritol indicate 
that the D-glucose is substituted at C-4 by the 
mannuronosyl glycoside. 

The P-linked mannopyranosyluronic acid 
bonds do not show the acid stability generally 
considered characteristic of uronosyl bonds in 
polysaccharides. More than 95% of the D- 

mannuronosyl residues in the polysaccharide 
from A. viscosus is liberated in 2.5 h with 2 N 
hydrochloric acid a t  100". By comparison, in a 
polysaccharide from Xanthomonas canlpestris 
hydrolyzed under identical conditions, 90 to 95% 
of the D-glucuronosyl residues is recovered in an 
aldobiouronic acid, 2-0-P-D-glucopyranosylur- 
onic acid-D-mannose (7). Anomalous acid sen- 
sitivity of P-glycosides of D-mannuronic acid has 
been observed previously during the synthesis of 
methyl P-D-mannopyranosyluronic acid (8). This 
acid lability may be related to the conformational 
instability factor (A2 arrangement) in the P-D- 
mannopyranosides (9). 

The native polysaccharide reduced only 0.42 
mole of sodium metaperiodate per sugar residue 
in 340 h at 4". The deacetylated material is 
oxidized more rapidly, and oxidation is essen- 
tially complete in 48 h a t  4". After 170 h of 
oxidation a t  4", the deacetylated polysaccharide 
had consumed 0.67 mole of periodate per sugar 
residue but had produced only 1 mole of acid for 
every 160 to 165 sugar residues. Essentially, no 
further oxidation occurred up t o  340 h. Over- 
oxidation of the  deacetylated polysaccharide 
occurs when the temperature o f  the reaction is 
raised to  20". In 340 h, 1.5 moles of periodate are 
consumed and 0.4 mole of acid is produced per 
sugar residue. The amount of periodate con- 
sumed at 20" is 0.8 mole greater than at 4". During 
overoxidation a t  20" the molecular ratio of excess 
periodate consumed to  acid produced is 2: 1.  This 
ratio suggests that overoxidation involves either 
hexose or, more probably, hexuronic acid res- 
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L 4 0 - A t e t y l  Groups 

FIG. 1. Repeating trisaccharide unit in the polysaccharide produced by Ailhrobacter viscosrrs NRRL B-1973. 

I idues within the polysaccharide chain and not ' erosion of the reducing end residue, which would I 
consume periodate and produce acid in a ratio of 
approximately 1 : 1. 

Samples of the deacetylated polysaccharide 
that had been oxidized at  4" and at 20" were 
reduced with sodium borohydride and examined 
by paper chromatography after acid hydrolysis. 
Approximately 80% of the original D-glucose and 
20% of the D-mannuronic acid were recovered 
unoxidized in the hydrolyzates of both samples. 
D-Galactose was not detected in either sample. 
D-Threitol and L-erythronic acid were isolated 
from the hydrolyzate of the reduced product 
which had been oxidized at 4". These two com- 

I pounds originate from C,-substituted D-galactose 
1 

I and D-mannuronic acid residues, respectively. 
Our observations showed that approximately 

80% of the D-glucosyl residues in the deacetylated 1 polysaccharide is not oxidized by sodium meta- 
periodate either at 4" or 20" and, therefore, 
appeared to be substituted at C-3. However, 

I methylation analysis of the polymer (10) as well 
I as of the aldotriouronic acid provides unequiv- 

ocal evidence that these resistant D-glucose res- 
idues are substituted at C-4 by the D-mannurono- 
syl residues. Although glucosides substituted at 

I C-4 are known to be oxidized by periodate at  a 

I 
slow rate (7) because of steric interference (1 l), 
this alone cannot explain the unreactivity of the 
D-glucosyl residues in the deacetylated poly- 
saccharide to periodate oxidation because the 
oxidation conditions had proved adequate for 
identical residues in another polysaccharide (7). 
However, the slower rate at which these glucosyl 
residues oxidize may contribute to their stability. 

The D-mannuronosyl and D-galactosyl residues 
on either side of the D-glucosyl residue have less- 
hindered glycols and would oxidize rapidly. The 
resultant carbonyl groups at C-2 and C-3 of the 
oxidized D-mannuronosyl and D-galactosyl res- 
idues, respectively, are in an excellent position to 
form 6-membered-ring hemiacetals with hydroxyl 
groups at C-3 and C-4 of the unoxidized D- 

glucosyl residues. Thus cyclic hemiacetals, which 
commonly occur in periodate oxidized poly- 
saccharides and monosaccharides (12, 13) and 
which have been observed to block periodate 
oxidation (14), could account for the anomalous 
oxidation behavior of the deacetylated poly- 
saccharide, as well as for the small amount of 
D-glucose (10-1273 remaining in samples of the 
aldotriouronic acid after oxidation with perio- 
date. These findings emphasize the general need 
for caution when interpreting periodate oxidation 
data. 

A structure (Fig. 1) consisting of a repeating 
trisaccharide unit is proposed for the extra- 
cellular polysaccharide elaborated by A .  viscosus 
NRRL B-1973. Of the eight hydroxyl groups in 
this repeating trisaccharide unit, four are 0- 
acetylated. Periodate analysis of the deacetylated 
polysaccharide and of the aldotriouronic acid 
indicates that possibly 10-12% of the D - ~ ~ U C O S ~  
may be glycosidically substituted at C-3 and that 
20% of the D-mannuronic acid may be glycosidic- 
ally substituted at C-3 or exists as a 3,6-lactone. 
Methylation analysis of the polysaccharide con- 
firms the structure as proposed in Fig. 1 (10). 

A high degree of structural regularity in the 
polysaccharide is shown by the quantity of aldo- 
triouronic acid, which amounted to 20% of the 
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sugar residues, obtained by partial acid hy- 
drolysis. However, some degree of irregularity 
does occur since a small quantity of disaccharide 
containing only D-mannuronic acid was observed 
in hydrolyzates of fully methylated poly- 
saccharide (10). Therefore, at least a small 
portion of the D-mannuronosyl residues are 
linked to each other. 

The polysaccharide chains are essentially 
linear. Acid production during periodate oxida- 
tion of the deacetylated material a t  4" points to 
a possible nonreducing end residue for every 160 
or 165 sugar residues. However, the actual 
number of sugar residues per nonreducing end 
residue may be considerably higher than the 
values indicate because the polysaccharide over- 
oxidizes readily to produce formic acid. Other 
evidence for chain linearity (15) is the formation 
of water-soluble films, which have high tensile 
strength and flexibility, from the deacetylated 
polysaccharide as well as from heated solutions of 
the native polysaccharide (16). 

Experimental 
Methods 

Analyses by gas-liquid chromatography (g.1.c.) were 
made with an F and M, model 810 gas chromatograph 
(Hewlett Packard, F and M Scientific Division, Avondale, 
Pennsylvania) containing a 10 ft x 0.25 in. column of 
3% ECNSS-M coated 10G120 mesh Gas Chrom Q 
(Applied Science Laboratories, State College, Pennsyl- 
vania). Oven temperature was programmed from 170-200" 
at a rate of 2" per min. Carrier gas flow was maintained at 
75 ml per min at 60 p.s.i. (6). Nuclear magnetic resonance 
(n.m.r.) spectra were obtained with Varian HA 100 Re- 
search System (Varian Associates, Palo Alto, California) 
operating at 100 mHz for proton resonance. Sodium 2,2- 
dimethyl-2-silapentane-5-sulfonate was used as an internal 
standard. 

Paper chromatographic methods were as follows: sol- 
vents for free sugars (a) ethyl acetate - acetic acid - water 
(3: 1 : 3) (17) and (0) 12-butyl alcohol - pyridine - water 
(6:4:3) (18); for hydroxamic acids (c) 11-amyl alcohol - 
formic acid - water (4: 1 : 5) and (d) 11-butyl alcohol - acetic 
acid - water (4: 1 :5) (19); and for polyalcohols (e) butan- 
2-one - acetic acid - water saturated with boric acid 
(9: 1 : 1) (20) (all vlv). Sugars on developed chromatograms 
were detected with ammoniacal silver nitrate. Paper used 
for qualitative and quantitative chromatography was 
Whatman No. 1, and for separation and isolation of larger 
quantities it was Whatman No. 3 mm. 

Analytical and preparative thin-layer chromatography 
(t.1.c.) of the methylated sugars were carried out on glass 
plates coated with Silica Gel G (Merck and Co., Darm- 
stadt, Germany) using a solvent composed of chloroform 
and n-propyl alcohol (4:l) saturated with concentrated 
ammonium hydroxide (21). The methyl sugars were 
detected by charring after the plates were sprayed with 
50% ethanolic sulfuric acid. 

All steps involving reduction of solution volume were 
carried out on a vacuum rotary evaporator at a bath 
'temperature of 40°, unless otherwise stated. 

Materials 
The bacterial cultures were grown as described previous- 

ly (2), and the viscous extracellular polysaccharide was 
isolated as follows: A laboratory preparation of poly- 
saccharide was recovered by diluting the culture broth with 
water to a viscosity of 50 centipoises o r  less and removing 
the cells in a Sharples continuous centrifuge. The poly- 
saccharide was then purified by a series of alcohol precip- 
itations from solutions of 1 %aqueous potassium chloride. 
Potassium chloride was removed from the purified poly- 
saccharide by dialysis against distilled water. The retentate 
(22) was adjusted to about pH 6.5 and reduced in volume; 
the polysaccharide was recovered by lyophilization. 

An experimental pilot-plant preparation of poly- 
saccharide was purified by supercentrifugation and by 
precipitation with alcohol as described above. The pre- 
cipitated product was recovered by dehydration with 
methanol and vacuum drying (23). 

Deacetylated polysaccharide was obtained by hydrolyz- 
ing a 0.25 % solution of the laboratory-purified product in 
0.03 N potassium hydroxide and 1 % potassium chloride 
(w/v) for 2.5 h at 20" under an atmosphere of nitrogen. 
The alkali was neutralized with 0.3 N hydrochloric acid 
and the polysaccharide was precipitated with alcohol, 
redissolved in water, and dialyzed against distilled water 
until free of salt. The pH of the solution was adjusted to 
about 6.5, and the polysaccharide was recovered by 
lyophilization. 

Laboratory-purified polysaccharide was used for com- 
positional and periodate oxidation studies. Pilot-plant- 
purified polysaccharide was the source of the oligo- 
saccharides. 

Reference compounds for the sugar analyses and 
periodate studies were as follows: Erythritol, glycerol, 
ribitol, D-glucitol, and D-galactose were obtained from 
commercial sources and were used without further puri- 
fication, except D-galactose which was recrystallized from 
95% ethanol. D-Glucose was obtained from the United 
States National Bureau of Standards. 

D-Threitol was prepared in our Laboratory from methyl 
4,6-benzylidene-a-D-galactopyranoside by periodate ox- 
idation, sodium borohydride reduction, and acid hy- 
drolysis. Details of the procedure will be published 
elsewhere. 

Potassium (methyl-a-D-mannopyranoside) uronate was 
prepared by selective oxidation of a commercial grade of 
methyl-a-D-mannopyranoside with oxygen in the presence 
of platinum catalyst (8). Isolated crystalline in 44% yield, 
the potassium salt had [c(]DZ5 +48' (c, 0.111 water) [lit. 
(8) [C~ID" +48O]. 

Q~rantitative Deternzination of Sugars in Polysaccharide 
B-1973 

A sample of polysaccharide (125 mg) was dissolved in 
20 ml of 2 Nhydrochloricacid and heated for 2.5 h at 100". 
The hydrolyzate wascooled in an ice bath, neutralized with 
silver carbonate, and filtered through Celite to remove 
silver chloride. Excess silver ions were precipitated with 
hydrogen sulfide. The solution was reduced in volume and 
filtered through Celite into a 5-ml volumetric flask. The 
hydrolyzate was chromatographed in solvent a for 36 h. 
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TABLE I 
Periodate oxidation of native and deacetylated polysaccharides 

Periodate consumption 
Acid production 

Deacetylated* deacetylated* 
Time Native* 

(h) 4" 4" 20" 4" 20" 

'Moles per sugar residue. 

D-Glucose, D-galactose, and a small amount of aldobio- 
uronic acid (approxinlately 5 %  by weight of the un- 
hydrolyzed polysaccharide sample) were eluted from the 
chromatograms and determined quantitatively by the 
phenol - sulfuric acid method (24). 

The D-mannuronic acid content was determined on the 
intact polysaccharide by a modification of the borate- 
carbazole method (25). 

The laboratory-prepared polysaccharide is composed of 
D-glucose, D-galactose, and ~ m a n n u r o n i c  acid in the ratio 
of 1.03:1.00:1.14. 

Ide~ztifcation and Deterrninatiorz of the Acyl Group 
Native polysaccharide (40 mg) was deacetylated as 

described previously and the supernatant solution was 
evaporated to dryness, redissolved in 10 ml of water, and 
acidified with 4 N sulfuric acid. The acidified solution was 
extracted with 3 volumes of ethyl ether. The ether layer 
was removed, evaporated to near dryness, and neutralized 
with N sodium hydroxide. After the neutral solution was 
evaporated to dryness, the hydroxamic acid derivative 
was prepared (26). Only the hydroxamic acid derivative of 
acetic acid appeared on chromatograms irrigated with 
solvents c and dwhen developed with acidic ferric chloride. 

The 0-acetyl content of the polysaccharide was deter- 
mined by the colorimetric porcedure based on the color 
complex formation of an acyl hydroxamic acid and ferric 
ions (27). The 0-acetyl content of the laboratory prepara- 
tion of polysaccharide was 25.2% and of the pilot-plant 
preparation 24.0 %. 

Periodate Oxidation of Native and Deacetylated 
Polysaccharides 

A portion of a suitably concentrated solution of sodium 
metaperiodate was added to homogeneous aqueous dis- 
persions of native and deacetylated polysaccharides. Poly- 
saccharide concentration was adjusted to 0.1 % by adding 
a minimum amount of water. The final periodate con- 
centration was 0.02 M. A periodate blank was prepared 
accordingly. The oxidation reaction was carried out in the 
dark at  either 4" or 20". Periodate consumption was 
measured by the arsenite method (28). The acid produced 
during oxidation with periodate was measured by po- 
tentiometric titration with 0.005 N sodium hydroxide. 
Any error due to possible acidity in the polysaccharide was 
eliminated by an appropriate polysaccharide blank. 

The native polysaccharide containing the 0-acetyl 
groups consumed periodate relatively slowly over a period 
of 340 h and produced no titratable acid (Table I). How- 
ever, periodate consumption by the deacetylated poly- 
saccharide was rapid at both 4" and 20" and excessive at  
20" (Table I). Acid production during oxidation at  4" was 
slight. 

Reductiotz of Periodate-oxidized Deacetylated 
Polysaccharide and Determination of Residual 
Products 

Ethylene glycol was added to the samples of deacetylated 
polysaccharide that were oxidized at 4" and at  20" (Table I)  
to destroy excess periodate. Iodate ions were removed 
from the polysaccharide solution by dialysis against dis- 
tilled water. The retentates were transferred to beakers, 
and the polysaccharide in the retentate was reduced with 
sodium borohydride (20% by weight of the polysacchar- 
ide) overnight at room temperature. Excess borohydride 
was destroyed by acidifying the solution to pH. 5 with 
acetic acid. The solution was readjusted to  pH 6.5 with 
sodium bicarbonate and dialyzed against distilled water 
(6 days) to remove borate ions. During the long dialysis 
the pH of the retentate dropped to 5.4. The retentate was 
evaporated to  dryness and the recovered polysaccharide 
residue was treated with small amounts of dry methyl 
alcohol that were removed by distillation after each 
addition. 

A portion (100 mg) of each reduced sample was hy- 
drolyzed for 1 h at 100" with N hydrochloric acid. The 
solutions were cooled and neutralized as described pre- 
viously. Each hydrolyzate was chromatographed quantita- 
tively on paper with solvent. b. Eighty percent of the D- 
glucose originally present i n  the deacetylated poly- 
saccharide appeared in the hydrolyzate of the sample 
oxidized a t  4" with periodate; 77 % in the sample oxidized 
at  20". D-Galactose was not detected in either hydrolyzate. 

D-Mannuronic acid was measured directly in the hy- 
drolyzates of the two samples by a modified carbazole 
method (25). Approximately 20% of the original D- 
mannuronic acid was recovered unoxidized in both 
samples. 

Isolatiotz of L-Erythronic Acid and D-Tizreitol 
A sample (340 mg) of the deacetylated polysaccharide, 

which had been oxidized at 4' with sodium metaperiodate 
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TABLE 11 

Ion-exchange fractionation of acid-hydrolyzed natlve polysaccharide 
-- - 

Tube Weight Equivalent 
No. Fraction (nig) weight Contents after hydrolysis* 

10-30 n 719 D-Glucose, D-galactose, neutral 
disaccharide, D-mannuronolactone 

280-325 b 453 532 D-Glucose, D-galactose, 
D-mannuronic acid 

380440 c 206 356 D-Glucose, D-niannuronic acid 
505-560 cl 135 194 D-Mannuronic acid 

'Fraction a was not hydrolyzed. 

and reduced with sodii~ni borohydride, was hydrolyzed for 
2 11 at 100" in 34 nil of Nliydrochloric acid. The solution 
was cooled and neutralized as described previously. Nine 
colnponents in the hydrolyzate werc separated by prcpara 
tive papcr chroniatograpliy on six strips of Whatnian 3 mm 
paper (9 x 22.5 in.) irrigated with solvent n. The areas on 
the papers corresponding to L-crythronic acid and D- 

threitol (Rerllhrllol 0.95 in solvent b) were excised and 
eluted with watcr. When the eluates were evaporated to 
dryness, 66 ~ i ig  of crude L-erythronic acid and 44 1119 of 
crude D-tlireitol were recovered. 

After the crude L-erytlironic acid was dissolved in 2 1111 
of water and dccationized with Dowex 50 x 2 resin ( H +  
form), the deionized solution was reduced in volume, 
decolorized with activated charcoal, and evaporated to 
dryness. The dry residue was extracted 10 times with 2 1111 
volu~nes of boiling ethyl acetate. Long, waxy, needlelike 
crystals formed upon concentration of the ethyl acetate 
extract. These crystals had a n1.p. and a mixture 111.p. with 
authentic L-erythronolactone of 100-101" (29). 

The crude D-threitol was purified by a second chro- 
matographic separation on Whatnian 3 mni paper. The 
product was isolated and the dibenzylidine derivative was 
prepared (30). Recrystallized three times fro111 toluene, the 
dibenzylidine D-thrcitol derivative had a n1.p. of 220-221" 
[lit. (31), 221-224"l. 

Cotl~rollerl Acirl Hyclrolysis crtrrl Fror/iotrn/iotr by 
loll-E.rclmr~ge Cltrott~n/ogroplry 

A 3.0 g sample of polysaccliaridc from the pilot-plant 
preparation was dissolved in 400 ml of water and warmed 
to 60". Hydrochloric acid (100 ml of a 5 N solution) was 
added and the polysaccharide precipitated in a gel-like 
mass from the acidic solution. The precipitate was dis- 
persed after heating tlie acidic liiixture a t  100 in an oil 
bath for 1.25 h. The liydrolyzate was cooled to room 
temperature and filtered through a sintered-glass funnel. 
Presun~ably the residue (152 mg) collected was un- 
hydrolyzed cell debris. The filtered hydrolyzate was 
neutralized with silver carbonate and filtered through 
Celite to remove silver chloride. Excess silver ions wcrc 
precipitated with liydrogcn sulfide. Tlie hydrolyzate was 
reduced in volunie, filtered through Cclitc, and neutralized 
to pH 7 with N potassium hydroxide. Tlie neutral con- 
centrate was poured onto a colunin (2.5 x 74 cm) of 
Dowex 1 x 4 (200 to 400 niesh) resin (acetate form). After 
tlie concentrate had percolated into tlie resin bed, the 
column was washed with 100 nil of water. The neutral and 
acidic fractions were separated by gradient elution, which 

was obtained by passing N acetic acid into a mixing flask 
containing 1500 nil of water. Ten milliliter fractions were 
collected at a flow rate of 1 ml per min. 

The carbohydrate products wcrc detected by removing 
0.5 ml portions of eluate from every fifth fraction and 
assaying the portions qualitatively with phenol - sulfuric 
acid reagent (24). Tlic four carbohydrate-containing frac- 
tions from the wooled 10 ml fractions wcre recovered by 
lyophilization (Table II).The three acidic fractions (Table 
11: b, c, andrl) wcre dissolved in watcr (10 1111) and titrated 
with 0.1 N sodium hydroxide. The equivalent weights for 
fractions 0, c, and rl are in good agreement for those of an  
aldotriouronic acid, aldobiouronic acid, and liexuronic 
acid, respectively. The three neutralized fractions werc 
isolated fro111 solution by reducing tlie volume of the 
solution, precipitating the carbohydrate material with 
ethyl alcohol, and recovering tlie precipitates by centrifu- 
gation. When dricd, the precipitated products were wliitc 
amorphous powders. Hydrolysis of fractions b, c, and ti 
with .V hydrochloric acid for 2 h at 100' and qualitative 
paper chromatography of the neutralized hydrolyzate 
revealed their composition (Table 11). 

Irlett/ijco/iotr of Cot~rpotretl/s itr /Ire Colirtt~t~ Froctiotis 
Froc/iotr a: /Ire Nerrlrcrl Srrgnt.s 
Fraction o (Table 11) was separated into three com- 

ponents by preparative paper chromatography in solvent 
b. Each component was detected, excised, and eluted from 
the papcr sections with water. 

Tlie glucose component (86 mg) was crystallized from 
absolute ethyl alcohol and showed f 5 3 '  (c, 0.86 
water). Treatnicnt of the glucose component with 11- 
nitroaniline arorded a p-nitroaniline derivative of D- 

glucosc with 111.p. 182-183' (32). 
Tlie galactose component (102 nig) crystallized from 

absolute ethyl alcohol and showed [aIDz0 f85' (c, 1.02 
watcr). Treatment with p-nitroaniline afforded a p-nitro- 
aniline derivative of D-galactose with m.p. and mixture 
m.p. 216-218" (32). 

The neutral dlsaccliaride component (173 nig) was 
crystallized from aqueous ethyl alcohol and showed 
[aIDz0 f 3 3 '  (c, 1.73 water) and n1.p. 175-177". D-Glucose 
and D-galactose werc produced upon acid hydrolysis of the 
disaccharide. Oxidation behavior of the disaccharide with 
0.02 M sodiuni metaperiodate (24 I1  a t  4' in the dark) was 
similar to that of maltose. Tlic disaccharide consunled 
3.8 ~iiolcs of periodate and produced 1.7 moles of acid; 
maltose, 3.9 and 1.7 nloles, respectively. 

The disaccharide (121 ~iig) was dissolved in 10 nil of 
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TABLE I11 
Periodate oxidation of the aldotriouronic acid and gas-liquid chromatograpl~ic 

analysis of cleavage products after borohydridc reduction 
---- -- -- 

Oxidation Periodate Acid Hydrolysis products (yield, mole) 
time consumption production 
(h) (mole) (mole) D-Threitol Erythritol D-Glucose 

water and was reduced with sodium borohydride (30 nig) 
for 3 h at 25". Excess boroliydridc was destroyed with 
acetic acid and the solution was decationized on a Dowcx 
50 x 2 resin column (H + form). Borate ions were removed 
as trinlethylborate. A crystalline-reduced product (84 mg) 
was precipitated from absolutecthyl alcohol uponaddition 
of acetone. Recrystallization three times gavc a product 
(67 mg) with a sharp m.p., 196-196.5- and a negative 
specific optical rotation, [a]," - 7.9" (c, 0.69 watcr). Thc 
reduced disaccharide cons~~med 5.6 moles of periodate 
and produced 2.3 moles of formic acid and 1.9 moles of 
formaldehyde in 24 h (33). 

Acid hydrolysis of the reduced disaccliaridc and chro- 
matography of the hydrolyzate in solvent e indicated that 
the D-galactose moiety was convcrted to galactitol. After 
isolation by papcr chro~natography and acetylation with 
pyridine and acctic anhydride, the hexitol had a m.p. and 
mixture n1.p. with authentic galactitol hexaacetate of 
167-167" [lit. (34), 168-169"]. Therefore, the reducing end 
residue in the neutral dissacliaride is D-galactose. 

The structure, 4-0-P-D-glucopyranosyl-D-galactosc, 
was assigned to the neutral disaccharide on the evidence 
that the periodate oxidation behavior of both tlie di- 
saccharide and its reduced derivative is compatible with a 
1 -> 4 linkage and that tlie D-galactose residues in the 
deacetylated polysaccharide are converted to ~-thl-eitol by 
periodate oxidation and borohydride reduction. The 
neutral disaccharide has a [3-configuration because the 
a-anonier, 4-0-a-D-gl~~copyranosyl-D-galactose, has been 
isolated previously and has [a],25 + 140n (4). 

Fraction 0: the Alclotriolrrolric acid 
Fraction 0, which had a neutral equivalent of an aldo- 

triouronic acid (Table 11), was further purified by paper 
chromatography (solvent n) and was converted to the 
potassiun~ salt by passing the acid over a small colunln of 
Dowex 50 x 4 (200400 mesh) tesin (potassium form). 
As the potassium salt, the trisaccharide had [aIDZ5 - 7.3' 
(c, 0.082 water) that indicated all [3 linkages. The potassium 
salt of the aldotriouronic acid (0.003 M )  was oxidized in 
25 ml of 0.03 M sodium metaperiodate in the dark at 4". 
The results are shown in Table 111. 

Aliquot samples of the oxidation mixture (2 ml con- 
taining 3.2 mg trisaccharide) were taken at each time 
interval and treated with 100 p1 of ethylene glycol to 
destroy excess periodate. One n~illiliter of 0.03 M barium 
acetate was added to precipitate the iodate ions. Ribitol 
(0.5 mg) was added as an internal standard for g.1.c. 

analysis. Precipitates of barium iodate were removcd by 
filtration and each oxidized sample was rcduced with 
4.2 mg of sodiun~ borohydridc for 7 11. The samples were 
acidified with I ml of 5 ILI liydrocl~loric acid and hy- 
drolyzed for 3 li at 100. Cllloridc ions were removed as 
thc silvcr salt. Tlic liydrolyzatcs were transfcrred to  a test 
tube (13 x 100 mm) and were taken to dryncss. T o  each 
sample was added 40 mg of anhydrous sodium acetate and 
0.5 ml of acetic anhydride. Thc t ~ ~ b e s  wcrc sealed and 
heated in an oil bath at 100  overnight. After thc acetyla- 
tion tubes werc broken open, acetic anhydride, and excess 
ethylene glycol diacctate were removed under reduced 
prcssurc. Thc residue was dissolved in 0.2 ml of cliloro- 
form and 2 111 portions were analyzed by g.1.c. The results 
are given in Table 111. 

A sample of aldotriouronic acid (130 mg) was reduced 
with sodium borohydride (50 nlg) in watcr (I0 1111) for 3 11. 

Tlic solution was neutralized with acetic acid and deca- 
tionized on a small column of Dowex 50 x 4 (200-400 
mesh) resin (H+ form). After drying the column eluate, 
borate ions were removed as trilnethylborate. Tlic reduced 
trisaccliaridc was dissolved in dry dimethyl sulfoxide 
(35 ml) and mcthylated with metl~ylsulfinyl anion and 
methyl iodidc (35, 36). Four volumes of water was added 
to the methylation reaction mixture and the methylated 
sugar was recovcred by a threefold extraction with one- 
half volun~e of chloroforn~. The combined chloroform 
extracts wcre back extracted with water to remove excess 
dimetliyl sulfoxide, and taken to dryness. The methylated 
trisaccharide was dissolved in dry tetrahydrofuran (10 n11) 
and tlie carboxyl group of the ~nannuronosyl moiety was 
reduced to an alcohol with lithium aluminium hydride 
(152 mg) in 3 11. Methanol (2 n11) was added to destroy 
excess hydride and metal ions were precipitated by the 
addition of water (10 1n1). The precipitate was extracted 
three times with cl~loroform which was combined with the 
tetrahydrofuran-water solution. Evaporation of the 
pooled solutions afforded the methylated reduced tri- 
saccharide as a viscous syrup (1 32 mg). 

Complete hydrolysis of the methylated trisaccharide 
was achieved with aqueous 0.03 M hydrochloric acid in a 
sealed tube at 1 15' for 72 h and the liberated methyl sugars 
were separated by preparative t.1.c. on two 20 x 20 c n ~  
plates after two developn~ents. Fractions corresponding 
to penta-0-metl~yl-D-galactitol, 2,3,6-tri-0-methyl-D-glu- 
cose, and 2,3,4-tri-0-n~ethyl-D-nlannose were detected 
under ultraviolet light. The latter two were recovered from 
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TABLE 1V 
Periodate oxidation of the aldobiouronic acid and gas-liquid chromatographic analysis of cleavage 

products after borohydride reduction 

Oxidation Periodate Acid Hydrolysis products (yield, mole) 
time consumption production 
(h) (mole) (mole) Glycerol Erythritol D-Threitol Arabitol Glucitol 

3 2.68 0.88 0.04 0.10 0.02 0.37 0.17 
24 5 .OO 2.75 0.12 0.45 0 0 0 
48 6.87 5.12 0.25 0.27 0 0 0 
72 7.42 5.35 0.12 0.12 0 0 0 

the silicic acid by extraction with chloroform. Removal of 
the chloroform from the glucose fraction afforded crystal- 
line 2,3,6-tri-0-methyl-D-glucose which after recrystalliza- 
tion had a m.p. of 122" [lit. (37), 121-123"]. 
2,3,4-Tri-0-methyl-D-mannose, a syrup, was oxidized 

with bromine and lactonized to 2,3,4-tri-0-methyl-&- 
mannonolactone which crystallized from ether (38). The 
n.m.r. spectrum of the crystalline lactone was'identical to 
that of an authentic sample of 2,3,4-tri-0-methyl-6- 
mannonolactone [m.p. 73-74"; lit. (38), 74"] which was 
prepared from potassium (methyl-a-D-mannopyranoside) 
uronate by methylation, reduction, and hydrolysis as 
described for the aldotriouronic acid, followed by bromine 
oxidation and lactonization (38). A resonance peak at 
5.93 r with a coupling constant of 3 c.p.s. was observed in 
both spectra and was assigned to the proton at C-2. 
Protons on the niethoxyl groups produced peaks at 6.42, 
6.52, and 6.55 7, respectively. 

On the basis of these data the structure, 0-!3-D-manno- 
pyranosyluronic acid - (1 -> 4) - 0 - P - D -glucopyranosyl- 
(1 +4)-D-galactose, is proposed for the aldotriouronic 
acid. 

Fractior~ c: the Aldobiourorzic Acid 
Fraction c, which had a neutral equivalent value of an 

aldobiouronic acid (Table II), was purified by paper 
chromatography (solvent a) and converted to the potas- 
sium salt by the method described for the aldotriouronic 
acid. As the potassium salt, the disaccharide had [riIDz5 
- 9.9" (c, 0.0852 water). A negative rotation indicated that 
the D-mannuronosyl glycoside had a P-configuration. 

The potassium aldobiouronate was oxidized by perio- 
date and the resultant products were analyzed by g.1.c. as 
described for the aldotriouronic acid. The results are 
shown in Table IV. 

The structure, 4-0-0-D-mannopyranosyluronic acid-D- 
glucose, was assigned to the aldobiouronic acid. 

Fractiorz (1: D-Mnrzrzuronic Acid 
Fraction d (17 mg) was dissolved in 2 %  methanolic 

hydrogen chloride (101111) and left overnight at room 
temperature. The solution was neutralized with silver 
carbonate, filtered, and evaporated to dryness. The dry 
residue was dissolved in water (5 ml) containing 10 mg of 
sodium borohydrate. After reduction for 3 h at room 
temperature, the excess borohydride was destroyed with 
acetic acid. Cations were removed by passing the reduction 
mixture over a column of Dowex 50 resin (H+ form). 
Borate ions were removed as triniethylborate and the 
borate-free residue was hydrolyzed 2 h at 100" with N 
hydrochloric acid to remove the methyl glycoside. 

Chloride ions were removed in theusual way. Thechloride- 
free solution was reduced in volurne and a portion of the 
concentrate was analyzed by paper chromatography in 
solvents a, b, and e. 

D-Mannose was identified as the major component. 
Small quantities of mannuronic acid and mannurono- 
lactone were also detected. The remaining portion of the 
chloride-free concentrate was evaporated to dryness. The 
dry residue was dissolved in 0.5 ml methanol, and 20 p1 of 
concentrated hydrochloric acid and 20 mg of p-nitro- 
aniline were added. Crystals that appeared after the solu- 
tion was heated for 10 min at 65" and cooled, were col- 
lected by centrifugation, redissolved in methanol, and 
chromatographed on paper in solvent b. A colored band 
corresponding to the D-mannose derivative was excised 
from the paper, eluted with 80% ethanol, and recrystal- 
lized twice from methanol. This material had a m.p. and 
mixture m.p. with the known p-nitroaniline derivative of 
D-mannose of 222-224" (32). The methyl glycoside methyl 
ester of the uronic acid from the polysaccharide produced 
by A. uiscosus is converted by reduction and hydrolysis to 
D-mannose and, therefore, must be D-mannuronic acid. 
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Substitutions Clectrophiles en sCrie naphtalknique. V. 
Sur le di-t-butyl-2,6 naphtalltnel 

JEAN-CLAUDE RICHER ET NICOLAS BASKEVITCH 
Ddpartement de chitnie, UniversitB de Motztrial, Motztrdal, Qlribec 

LUCIEN ERICHOMOVITCH ET FRANCIS L. CHUBB 
Fratzk W. Horner Ltde, Montrial, Q~idbec 

R e ~ u  le 7 mai 1968 

Les rtactions de nitration et de bromuration du di-t-butyl-2,6 naphtaline ont CtC Ctudites. La nature 
des produits obtenus a CtC ttablie grice a la resonance lnagnttique nuclCaire. 

Canadian Journal of Chemistry, 46, 3363 (1968) 

Introduction 

Dans le cadre des travaux que nous avons 
entrepris (1) sur les reactions de substitution 
tlectrophile des naphtalknes disubstituts en 
positions-2 et -6 et a la suite des observations qui 
ont t t t  faites prtctdemment (2) sur l'influence 
sttrique qui s'exerce lors des substitutions Clectro- 
philes sur le di-t-butyl-2,7 naphtalkne (I), il 
nous apparaissait inttressant d'ttablir la nature 
des produits de rtactions du di-t-butyl-2,6 
naphtalkne (2). Les rtsultats obtenus au cours 
de ces ttudes font l'objet de la prtsente com- 
munication. 

La mononitration de l'hydrocarbure 2 conduit 
B deux produits isomkres, I'un nitrt en position-1 
(3a) et I'autre nitrt en position-4 (4a); ces deux 
produits peuvent &tre obtenus l'ttat. pur aprks 
chromatographie sur couche mince prtparative 
(3). Les proportions relatives de chacun, tel que 
dttermint par la rtsonance magnttique nucltaire 
(r.m.n.) sur le mtlange rtactionnel brut, seraient 
de 40 % de nitro-1 (3a) et de 60 % de nitro-4 (4a) 
di-t-butyl-2,6 naphtalkne. La rtduction par 

'Les rCsultats rapportis dans cette colnmunication sont 
extraits en partie du lntmoire soumis par Nicolas Baske- 
vitch a la FacultC des Sciences de 1'UniversitC de MontrCal, 
MontrCal, Quebec en vue de I'obtention du grade de 
Maitrees Sciences, aoct, 1967. 

l'acide chlorhydrique et l'ttain en poudre de ce 
mtlange de dtrivts mononitrts permet d'isoler 
le chlorhydrate de l'amino-4 di-t-butyl-2,6 
naphtalkne (46). Le rtsidu des cristallisations de 
ce chlorhydrate est une huile noire de laquelle 
l'amino- 1 di-t-butyl-2,6 naphtalkne (3b) n'a pu 
&tre isolt. 

a)  X = NO2 a)  X = NO, 
b) X = NH, b) X = NH2 

c) X = Br 

La nitration plus poussie de l'hydrocarbure 2 
conduit a un intlange de produits duquel la 
dinitro-3,8 di-t-butyl-2,6 naphtoquinone-1,4 (5) 
est isolte par cristallisation. La chromatographie 
sur couche mince prtparative permet d'isoler 
trois autres produits B 1'Ctat pur: le dinitro-1,8 
(6), le dinitro-1,5 (7) et le dinitro-4,8 (8a) di-t- 
butyl-2,6 naphtalkne; un autre produit dont la 
structure n'a pas t t t  dtterminte a aussi kt6 isolt 
en quantitts mineures. La nitration d u  nitro-1 
di-t-butyl-2,6 naphtalkne (3a) conduit aux dtrivts 
dinitrts 6 et 7. La m&me rtaction effectute sur 
le dtrivt mononitrt en position-4 (4a) conduit aux 
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TABLEAU I 

Spectres de rtsonance niagnetique nucltaire des produits obtenus* 
-- 

Hydrocarbure H- 1 H-3 H-4 H-5 H-7 H-8 Divers 

2 7.78 7.56 7.82 7.78 7.56 7.82 t-Bu 1.38 
3 7.80 8.13 8.01 7.85 7.42 1-Bm1.42et1.52 

Calcult 7.76 8.24 8.03 7.82 8.29 
4a 

Calcult 
4b 8.26 7.85 8.34 7.65 7.94 t-Bu1.38et1.41 
4~ 7.93 7.88 8.09 7.68 7.84 t-Bu1.40 
5 8.21 8.42 t-Bu 1.40et 1.45 
6 8.10 8.46 8.38 8.46 r-Bu1.47et1.51 

Calcult 8.08 8.38 8.43 8.59 
7 8.12 7.65 8.12 7.65 t-Bu1.48 

Calcult 8.09 7.73 8.09 7.73 
8a 8.59 8.51 8.59 8.51 t-Bu 1 .47 

Calcult 8.67 8.58 8.67 8.58 
8b 8.15 8.09 8.15 8.09 t-BU 1.48 
8c 8.55 8.31 8.55 8.31 t-Bu 1.45 
8d 8.52 7.78 8.52 7.78 
8e 9.38 8.41 9.38 8.41 t-Bu 1.44 
8f  9.13 8.34 9.13 8.34 t-Bu 1.39 

-.- - 
"Mesures cffccluecs i I'aide d'un appnrcil 100 Mc.p.s. de la Compagnie Jcolco pour dcs solulions dans la dirnethylacetamide 

utilisant le ti.tram6thyls1lane comme r6fi.rence interne. Les d6placernents chirniques (6) s o n t  en p.p.m. et peuvent Etre mesurks j 
k0.005 p.p.rn. 

dinitro-1,8 (6) et dinitro-4,8 (8a) di-t-butyl-2,6 
naphtalenes et 2 la quinone nitree (5). 

La bromuration de l'hydrocarbure 2 conduit 
aux bromo-1 (4c) et dibromo-1,5 (86) di-t-butyl- 
3,7 naphtalenes. Aucun dtrivt tribromt ne 
semble se former si des conditions plus pousstes 
sont appliqutes. La rtactioii du dtrivt dibromt 
(8b) avec le cyanure cuivreux dans la dimtthyl- 
formamide selon la mtthode de Friedman et 
Schecter (4) conduit au dicyano-1,5 di-t-butyl-3,7 
naphtalene (8c) qui peut itre transform6 dans la 
diamide correspondante (8d) par traitement avec 
de la potasse en prtsence d'akool amylique. 
L'hydrolyse par l'acide sulfurique du dtrivt 
dicyane (8c) conduit a l'acide di-t-butyl-3,7 
naphtalene dicarboxylique-1,5 (8e) qui par 
traitement avec le diazomtthalie est transforme en 
di-t-butyl-3,7 naphtalkne dicarboxylate-1,5 de 
mCthyle (8f). 

-, - -  
c) x = CN 
d) X = CONHz 
e) X = COOH 
f) X = COOCH3 

Discussion 
La structure de chacun des produits est ttablie 

d'une manikre giiitrale en se basant sur le 
couplage des bandes des hydrogenes aromatiques 
dans le spectre r.m.n. Les positions des bandes 
dues a ces hydrogenes sont rksumtes dans le 
Tableau I. Dans le cas des dkrivts nitrts, la 
methode empirique proposte par Wells et Alcorn 
(5) a aussi t t t  utiliste. Les positions des bandes 
prkdites par application de cette mtthode sont 
mises en regard des valeurs observtes dans le 
Tableau I ;  la concordance entre les valeurs cal- 
cultes et les valeurs exptrinientales est Ctonnante 
dans tous les cas colisidCrCs sauf en ce qui con- 
cerlie les dtrivts mononitrts en position-1. Ce 
phtnomene semble gtntral (1, 2, 5, 6) et il se 
produit i chaque fois qu'un groupe nitro en 
position-a est adjacent a un substituant (mtthyle, 
methoxyle, t-butyle) en position-0. Le Tableau 
I1 oh sont rtsumts les dtplacements chimiques du 
proton en position-8 de nitro-1 naphtalenes par 
rapport au m6me proton dans le naphtalkne 
correspondant, permet d'observer que plus le 
substituant place en position-2 devient en- 
combrant (l'effet sttrique du groupe mtthoxyle 
serait ici plus prononct que celui du groupe 
mtthyle) plus le proton en position-8 est dCplacC 
vers les hauts champs; cette observation nous 
permet de suggtrer que plus le substituant place 
en position-2 est volumineux plus I'angle de 
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torsion du groupe nitro autour de la liaison 
-C-N augmente pour rendre celui-ci de plus 
en plus perpendiculaire au plan de la molkcule 
du naphtaltne. Cette torsion qui provoque une 
inhibition stkrique i la rksonance et un change- 
ment dans 13anisotropie du groupe nitro influen- 
cerait (1) principalement le proton en position-8 
(pkri) .  

TABLEAU 11 
Influence des substituants en posi- 
tion-2 sur le diplacement chimique 

de H-8 denitro-1 naphtalenes 
- 

Nitro-1 
naphtaltnes Ap.p.m.* 

Non substituk 0.47.1 
Dimethyl-2,6 -0.13x 
Dimethyl-2,7 -0.12t 

*A = 16 ddrivd nitre1 - IS naphtal6ne 
correspondantl. 

tEvaluE dnns la rifirence 5. 
SEvalue d'apris la reference I .  
$Evalud d;apr&s la reference G. 
llEvalue d apres la reference 2. 

Les rksultats obtenus lors de la nitration du 
, di-t-butyl-2,6 naphtaltne (2) different de ceux 

obtenus pour la m&me rkaction effectuke sur le ' dimkthyl-2,6 naphtalene (I), mais ils sont en 
1 parfait accord avec ceux obtenus lors de la 

; rkaction similaire sur le di-t-butyl-2,7 naphtaltne 
(1). En se basant sur le fait que la dinitro-3,8 

1 di-t-butyl-2,6 naphtoquinone-1,4 (5) ne se forme 
que lors de la nitration du ni t ro4 di-t-butyl-2,6 

1 naphtaltne (4a) l'on doit prksumer que ce dCrivk 
mononitrk est l'unique prkcurseur de la quinone 
dinitrke. Ce rCsultat qui peut &tre rapprochk de 
celui obtenu prkckdemment (2) lors de la forma- 
tion de la dinitro-3,8 di-t-butyl-2,7 naphto- 
quinone-1,4 (9) par nitration du nitro-1 di-t- 
butyl-2,7 naphtaltne (10a) permet de corroborer 
la suggestion faite i cette occasion et selon laquelle 

la formation de quillones (5 ou 9) proviendrait 
d'un empschement stkrique qui gtne I'entrCe d'un 
second groupe nitro entre un groupe t-butyle et 
un groupe nitro dkji en place (voir 4a et  10a). 
I1 est intkressant de noter que le dinitro-1,8 
di-t-butyl-2,6 naphtalene (6) se forme l'exclu- 
sion de la quinone nitrke (5) lors de la nitration 
du nitro-1 di-t-butyl-2,6 naphtaltne (3a); dans 
ce cas-par opposition au rksultat qui vient dY&tre 
discutble groupe qui est introduit n'est pas gknk 
parles substituants qui sont dkji en place. 

Le fait que la bromuration du di-t-butyl-2,6 
naphtaltne conduise au dkrivk monobromk en 
position-4 (4c) doit &re rapprochk du rCsultat 
obtenu lors de la bromuration du di-t-butyl-2,7 
naphtal2ne (1) qui conduit aussi au bromo-4 
di-t-butyl-2,7 naphtaltne (lob). Toutefois la 
formation du dibromo-4,8 di-t-butyl-2,6 naph- 
taltne (8b) est en opposition avec les rksultats 
obtenus prkctdemment alors que le dibromo-1,4 
di-t-butyl-2,7 naphtaltne (10c) avait ttC isolk. 
La monobroinuration en position-4 (4c et lob) 
tant en skrie di-t-butyl-2,6 que di-t-butyl-2,7 
naphtaltne peut &re expliquke par le fait que 
l'approche du brome vers la position-1 est 
rendue difficile i cause du groupe t-butyle en 
position adjacente. Le fait que le deuxitme atome 
de brome s'introduise en position-1 (10c) en 
skrie di-t-butyl-2,7 naphtaltne et en position-8 
(8b) en skrie di-t-butyl-2,6 naphtalene s'explique- 
rait en se basant sur l'hypothtse que la position-8 
du di-t-butyl-2,6 naphtaltne est une position non 
encombrke alors que dans le cas des di-t-buryl-2,7 
naphtaltnes les positions-1 et -8 sont aussi 
encombrkes l'une que l'autre; il apparait d'aprts 
les rksultats expkrimentaux obtenus que dans de 
telles conditions l'effet mksomkrique d u  brome 
dkja prksent en position-4 est suffisant pour 
orienter l'introduction d u  deuxitme atome de 
brome vers la position- 1. 

Partie experimentale 
Les techniques experimentales gCnCrales ont CtC decrites 

dans une publication precedente (1). Les spectres de 
masse sous forme de graphiques et la description des 
spectres ultraviolets et infrarouges des produits dtcrits 
dans cette publication sont rapportes en detail dans le 
memoire de maitrise de M. Nicolas Baskevitch dont une 
copie a Ctt deposee a la bibliothtque du Conseil National 
de Recherches du Canada. 

Les techniques de nitration et de bron~uration sont 
essentiellement celles qui ont deja Ctt rapporttes (2). Les 
caracttristiques des produits obtenus au cours d u  present 
travail sont rCsumCes dans le Tableau 111. 
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Schmidt rearrangement of chromanones 

U. T. BHALERAO AND G. THYAGARAJAN 
Regioilal Research Laboratory, Hyderabad-9, It~dia 

Received April 8, 1968 

The mechanism of the Schmidt rearrangement has been examined in tlie conversion of chronianones 
to 1.4- and 1,5-benzoxazepinones. With s~~bstituents in tlie 6-, 7-, or 8-position, only electronic effects 
prevail resulting in the exclusive formation of 1,4-benzoxazepinones. Steric effects come into play with 
increasing bulk of substituents in the 5-position of tlie chromanone. Results now presented favor more 
than one pathway for the products to arise. Nuclear niagnetic resonance spectra have been used to 
distinguish between tlie iso~neric 1,4- and 1,5-benzoxazepinones. 

Several new cl~ronianones have been synthesized. 
Canadian Journal of Chemistry, 46, 3367 (1968) 

i l a :  R = R, = CH3; RZ = H 20: R = RI  = CH3; Rz = H 3 a : R =  R I  = C H 3 ; R 2  = H 
b:  R = RZ = CHa;  RI = H b : R  = Rz = CHs;Rl  = H b :  R = Rz = CH3; R l  = H 
c :  R = ETHYL; R l  = Rz = H C :  R = ETHYL; R I  = Rz = H C :  R = ETHYL; 
d:  R = Rz = H: R ,  = ETHYL d: R = Rz = H; RI = ETHYL R ,  = R ,  = H 

The mechanism of Schmidt rearrangement has 
been a subject of considerable attention during 
recent years. Smith (1, 2) suggested the imino- 
diazonium ion as an intermediate in this re- 
arrangement but the universality of involvement 
of this intermediate has recently been questioned 
by Lansbury and Mancuso (3) who favor the 
iminium cation, because of the nonstereo- 
specificity observed in their experiments. We 
have been interested in the synthesis of benz- 
oxazepines by the Schmidt rearrangement of 
chromanones (4) and in this paper we present 
the results of our experiments in the context of 
the mechanism of this rearrangement. 

Results 
5,7-Dimethyl Chronzaizonel 

Schmidt rearrangement of 5,7-dimethyl chro- 
manone (la) gave a 60% yield of a solid (m.p. 
119-124') which was shown by nuclear magnetic 
resonance (n.m.r.) spectra to be a mixture of 

6,8 -dimethyl -2,3 -dihydro -1,4-benzoxazepin -5 - 
(4H)-one (2a) and 6,8-dimethyl-2,3-dihydro-1,5- 
benzoxazepin-4(5H)-one (3a) in a ratio of 4654, 
(Scheme 1). 

In the n.m.r. spectrum (Fig. 1) of the crude 
reaction product, peaks from the two isomers are 
distinctly discernible. The triplets at 6 4.5 and 
6 2.75 are assignable respectively to the C-2 and 
C-3 methylenes of 3a while the triplet a t  6 4.3 
and the quartet2 at 6 3.35 represent the C-2 and 
C-3 methylenes of 2a. Of the two sharp singlets, 
the one integrating to 9 protons is assignable to 
the methyls at C-6 and C-8 positions of 3a and 
at C-8 of 2a. The C-6 methyl of 2a appears as a 
singlet at 6 2.45 being deshielded by the amide 
carbonyl. 

These isomeric lactams were separated by 
column chromatography to give 2a, m.p. 155", 
and 3a, m.p. 141 ", in a ratio of 4654 respectively 
and were also identified individually by n.m.r. 
The spectrum of 3a showed two triplets at 6 4.5 

'Lockhart and Evans (5) reported that in three trials, 'A sextet (or a multiplet) would be expected from 
Schl~iidt reaction of l a  gave only 6,8-dimethyl-2,3- additional NH participat~on in spin-spin coupling of tlie 
dihydro-1,5-benzoxazepin-5(4H)one, m.p. 123-125", in C-3 metliylene protons. However,) in all these cases it 
5 %  yield. appears as a quartet only. 
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I .  
I ,  

I 
I I I .  , I .  . .  , _ I  I I 

8.0 7.0 &O 5.0 PPH (6) 4.0 3.0 2.0 1.0 0 

FIG. 1. Nuclear magnetic resonance spectrum of crude product from Schmidt reaction on 5,7-dimethyl chroma- 
none (la). 

(-0-CH,) and 6 2.75 (-CH,-CO-) and a 
sharp singlet (6H) at 8 2.3 for the two methyl 
groups besides the broad NH absorption at 6 8.5. 
In contradistinction, the spectrum of 2a showed 
a quartet at 6 3.35 assignable to -NH-CH,- 
arising from the participation of the adjacent 
NH proton in spin-spin coupling. The triplet 
centered at 6 4.3 represents the C-2 methylene 
proton while the singlets at 6 2.45 and 6 2.3 arise 
from the C-6 and C-8 methyls respectively. 

5,8-Dimethyl Chromanoile 
To obtain additional evidence that the bulk of 

the methyl group in the 5-position only affects 
the course of the Schmidt reaction, 5,8-dimethyl 
chromanone was rearranged. The product (57 % 
yield) was a mixture of two isomeric lactams 
separated and identified as 6,9-dimethyl-2,3- 
dihydro-l,4-benzoxazepin-5(4H)-one, m.p. 150" 

(2b) and 6,9-dimethyl-2,3-dil~ydro-1,5-benzoxa- 
zepin-4(5H)-one, m.p. 135-136" (3b) in a ratio of 
45 :55 respectively. The n.m.r. spectra (see Ex- 
perimental) of the individual isomers fully cor- 
roborate the structure assigned. 

2,3-Dil1ydronaphtI(2,I-b)p~ra17-l -one (4) 
Schmidt reaction afforded a solid, m.p. 116", 

shown by n.m.r. to consist of 1,4- and 1,5- 
isomeric products in a ratio of 40:60 respectively. 
Column chromatography enabled separation 
into 3,4-dihydronaphth(l,2-f)(1,4)oxazepin-I- 
(2H)-one (5), m.p. 143-144", and 3,4-dihydro- 
naphth(2,l -b)(l,4)oxazepin-2(1 H)-one (6), m.p. 
156" (Scheme 2). The structures were confirmed 
by n.m.r. spectra, the basis of distinction again 
being the NH participation in spin-spin coupling 
of the C-3 methylene protons. The spectrum of 
6 (Fig. 2) consists of two triplets at 6 2.75 
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BHALERAO AND THYAGARAJAN : SCHMIDT REARRANGEMENT 

FIG. 2. Nuclear magnetic resonance spectrum (part) 
of 3,4-dihydronaphth(2,l-b)(l,4)oxazepin-2(1 H)-one (6).  

(-CO-CH2-) and 6 4.75 (-0-CH2-) the 
aromatic multiplet (6H) in the region 6 7.2-8.2 
and a broad absorption (-NH-CO-) at 6 8.85 
while that of 5 (Fig. 3) shows a quartet a t  6 3.35 
(-N-CH,-) and a triplet at 6 4.35 (-0- 
CH2-) assignable respectively to the C-3 and 
C-4 methylenes, the other features being similar. 

The availability of 1-nitro-2-naphthol made 
possible an independent synthesis of 6. 1-Nitro- 
2-naphthol on treatment with P-chloropropionic 
acid gave P-(I -nitro-2-naphthoxy)-propionic acid. 
Catalytic reduction to the amino derivative 
followed by cyclization under pressure at ele- 
vated temperature afforded 3,4-dihydronaphth- 
(2,l-b)(l,4)oxazepin-2(1 H)-one (m.p. 156") iden- 
tical with the Schmidt reaction product in all 
respects. 

5-Ethyl Chromanone 
The synthesis of this chromanone was achieved 

as follows. Cyanoethylation of in-ethylphenol 
gave P-(m-ethy1phenoxy)-propionitrile which 
upon hydrolysis followed by cyclization with 
phosphorus pentoxide in refluxing benzene re- 
sulted in the formation of both 5-ethyl chro- 
manone and 7-ethyl chromanone in a ratio of 
4:6 determined by gas-liquid chromatography 
(g.1.c.). This mixture was efficiently fractionated 
in a Piros-Glover M8480 spinning band micro 
still into 5-ethyl chromanone (lc), b.p. 97.5"/1 
mm and 7-ethyl chromanone (Id), b.p. 113"/1 
mm, identified on the basis of the respective 
n.m.r. spectrum. These new chromanones were 

FIG. 3. Nuclear magnetic resonance spectrum (part) 
of 3,4-dihydronaphth(l,2-f)(l,4)oxazepin-l(2H)-one (5). 

converted into the corresponding oximes, the 
n.m.r. spectra (see Experimental) of which con- 
firm the structures assigned to l c  and Id. 

Schmidt rearrangement of 5-ethyl chromanone 
(lc) gave a mixture of 6-ethyl-2,3-dihydro-1,4- 
benzoxazepin-5(4H)-one (2c) and 6-ethyl-2,3- 
dihydro-1,5-benzoxazepin-4(5H)-one (3c) in a 
ratio of 22:78 respectively (Scheme 1). 

7-Ethyl Chromanone 
Nuclear magnetic resonance spectra (Fig. 4) 

of the crude product from Schmidt rearrange- 
ment of this compound (Id) indicated the ex- 
clusive presence of 8-ethyl-2,3-dihydro- 1,4-benz- 
oxazepin-5(4H)-one (2d), m.p. 89". The quartet 
(2H) at  6 2.7 and the triplet (3H) at 6 1.2 arise 
from the C-8 ethyl group while the quartet (2H) 
at 6 3.5.and the triplet (2H) at 6 4.4 are assignable 
to the C-3 and C-2 methylenes respectively. The 
deshielded C-6 aromatic proton appears as an 
AB type doublet at 6 7.95 (J , , ,  = 8 c.p.s.) while 
the C-7 proton is the doublet at 6 7.0 one limb 
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L I 
1 I I I I I I I .  

8.0 7.0 6.0 5.0 P P M I ~ )  4.0 3.D 2 .O 1.0 0 

FIG. 4. Nuclear magnetic resonance spectrum of crude product from Schmidt reaction on 7-ethyl chromanone ( I d ) .  

of which is merged with that of the C-9 proton. matic region, the deshielded C-6 proton ap- 
The broad absorption at 6 7.4 represents the NH. peared as an AB-type doublet a t  6 8.0 (J6., = 

5,7-Di-t-bntyl Cl~romanone 
Cyanoethylation of 3,5-di-t-butyl phenol gave 

P-(3,5-di-t-butyl phei1oxy)-propionitrile, which 
on acid-catalyzed hydrolysis and cyclization 
with phosphorus pentoxide in benzene gave 5,7- 
di-t-butyl chromanone. In two trials, Schmidt 
rearrangement did not occur and the starting 
material was recovered unchanged as confirmed 
by g.l.c., infrared, and n.m.r. 

However, when cyclization of P-(3,5-di-t-butyl 
phenoxy)-propionitrile was earlier attempted by 
using polyphosphoric acid at 180°, an interesting 
product was encountered in which one t-butyl 
group had been lost.3 The structure of this new 
product was assigned as 7-t-butyl chromanone 
(le) on the basis of its n.m.r. spectrum. Schmidt 
rearrangement of this chromanone gave only 
one product identified as 8-t-butyl-2,3-dihydro- 
1,4-benzoxazepin-5(4H)-one (2e), m.p. 162". The 
n.m.r. spectrum showed one t-butyl group at 
6 1.35 and a 2-proton signal at 6 3.55 and 
6 4.4, assignable to C-3 (NH-CH,) and C-2 
(0-CH,) methylenes respectively. In the aro- 

3Lansbury and Mancuso (3) reported an instance of 
de-t-butylation during the Beckn~ann rearrangement of 
8-t-butyl,5-bromo-I-tetralone oxime in polyphosphoric 
acid at 110-120'. 

8 c.p.s.), the C-9 proton meta coupled (J,,, = 
2 c.p.s.) at 6 7.05 while the C-7 proton ortho 
coupled to C-6 (J6,, = 8 c.p.s.) and meta 
coupled to C-9 (J,,, = 2 c.p.s.) appeared at  
6 7.15, the NH proton being a broad signal in 
the region 6 7.4-7.9. 

The results obtained in these experiments are 
summarized in Table I. 

Discussion 

In an earlier publication (4) we had reported 
the Schmidt reaction on various derivatives of 
chromanones carrying alkyl, alkyloxy, and halo- 
gen substituents in 6- and 8-positions, the pro- 
duct in every case being a derivative of 1,4- 
benzoxazepin-5-one. Results now presented4 
show that an alkyl group in the 7-position of 
chromanone does not also alter the course of the 
reaction, the product being again a derivative of 
1,4-benzoxazepin-5-one (Scheme I). The bulk of 
the substituents in the 5-position, however, does 

4All experiments described here were carried out using 
concentrated sulfuric acid and sodium azide. An ex- 
periment using sodium azide and polyphosphoric acid 
at 60" also gave one product, 2,3-dihydro-1.4-benzoxa- 
zepin-5(4H)-one (as seen by n.m.r.), resulting from ex- 
clusive alkyl bond migration. 
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BHALERAO AND THYAGARAJAN: SCHMIDT REARRANGEMENT 

TABLE I 

Migratory aptitudes in Schmidt rearrangement of chromanones* 

Chromanone Isomer ratio 

% aryl % alkyl 
NO. R3 Rz R I R Yield % migration migration 

-- 

5 CH3 -H- H CH; 57 55 45 
6 2,3-Dihydronaphtho (2,l-b)pyran-1-one 50 60 40 
7 H H H CHZ-CH3 45 78 22 
8 H C--(CH3), H C-(CH3)3 - No reaction . 

p~ 

. ~. 

'Compounds ofstructure 

RI .Ibu R 0 

influence the course of reaction since the major 
product in these cases arises by aryl bond mi- 
gration, namely, the derivatives of 1,5-benzoxa- 
zepin-Qone (Table I). 

In chromanones unsubstituted in the 5-posi- 
tion only electronic effect (4, 5) prevails. Con- 
jugation arising out of the lone pair of electrons 
on ethereal oxygen atom would stabilize the aryl 
bond5 by imparting a partial double bond 
character. Since the benzenoid character of the 
benzene ring is lost, a phenonium type of inter- 
mediate which would favor aryl bond migration 
is not possible. Alkyl bond migration therefore 
results. The involvement of iminodiazoniurn ion 
9 (Scheme 3, R = H) as the intermediate is 
consistent with conjugation with the benzene 
ring while the azidohydrin 7 (carbonyl carbon 
being of sp3 nature) would remove colljugation 
with the benzene ring and thereby with ethereal 
oxygen. 

It is seen from Table I that as the bulk of the 
5-position increases there is a corresponding in- 
crease in the quantity of the product arising from 
aryl bond migration, namely, derivatives of 1,5- 
benzoxazepin-4-one. A scrutiny of the models of 
2,3-diI1ydronaphth(2,l-b)pyran-l-one (4) and 5- 
ethyl chromanone (lc) shows that if iminodiazo- 
nium ion were to be considered. due to en- 
hanced steric repulsion the relative population 
in the equilibrium of the iminodiazonium ion 9 
(Scheme 3) would be extremely low. Then 40 

'If such a stabilization were not to exist, then by virtue 
of the phenyl participation, the aryl bond should migrate 
as observed in the case of tetralones (1,3). 

and 20 % of sterically non-favored alkyl bond 
migration may arise by direct rearrangement of 
the azidohydrin 7. It is co~lceivable that when 
R = H the dehydration step of the azidohydrin 
7 to the iminodiazonium ions 8 or 9 is favored, 
whereas this dehydration will not be sterically 
favored, when R = CH, etc., since in the imino- 
diazonium ion the C = N is coplanar with the 
benzene ring and the 5-alkyl substituent, whereas 
in the azidohydrin the hydroxyl and the azido 
groups would be above and below the plane of 
the ring. Steric resistance to iminodiazonium 
ion formation may thus allow rearrangement of 
the azidohydrin to become dominant. The in- 
crease in aryl bond migration with increase in 
the bulk of the substituent in the 5-position of 
chromanone may be attributed to a preference 
by the diazo nitrogens of the azido group (due 
to non-bonded interaction with the substituent in 
the 5-position of chromanones) for a conforma- 
tion which is trmw to the aryl bond. The dissimi- 
larity in our results (7) (when R = CH3,C,H5) 
from Beckmanil rearrangement on correspond- 
ing chromanone oximes6 under similar condi- 
tions, and nonformation of tetrazoles7 also in- 
dicates that an intermediate of the type of azido- 
hydrin and not iminodiazonium ion is involved. 

Steric and electronic effects thus influence the 
course of Schmidt rearrangement. Our evidence 

"eckmannrearrangenlent ofchromanoneoxirnes shows 
that a methyl or bulkier group in 5-position leads to ex- 
clusive aryl bond migration. 

7We were unable to isolate any tetrazole using the 
conditions reported by Dimaio and Pern~utti (6). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

leads us to the conclusion that the products can 
be derived either through the iminodiazonium 
ion or when the latter is not sterically favored 
through the azidohydrin. In other words, more 
than one pathway, different but consistent, are 
possible. A similar conclusion was arrived at by 
Dimaio and Permutti (6) from their work on 
Schmidt rearrangement of cis-8-methyl-hydrin- 
dan-1-one. 

Experimental 
All melting points wcre determined by the capillary 

method and are uncorrected. Petroleum ether refers to 
the fraction of boiling range 40-60". Infrared spectra 
were recorded on a Perkin-Elmer model F221 spectro- 
meter equipped with sodium chloride optics and n.m.r. 
spectra were recorded on a Varian A-60 instrument in 
CDCI, solutions withTMS as the internal standard. 

Synthesis of Clrromano~~es 
5,7-Dimethyl chromanone (5) and 2,3-dihydronaphth- 

(2,l-b)pyran-1-one8 were prepared as reported in the 
literature. 

Only typical procedures are reported here; all experi- 
ments were carried out using essentially these procedures. 

Cyanoethylatior~ of Phenols 
The phenol (0.1 mole) was added to acrylonitrile 

(0.12 mole) containing sodium (1.5% on the weight of 
the phenol). The mixture was heated in an autoclave 

Thakravarti and Dutta (8) refer to this compound as 
1 -benzo-Cf)-chromanone. 

for 4 6  h at 125-135", cooled, extracted in chloroform, 
and washed with 5 % sodium hydroxide solution till free 
from the phcnol. Drying over sodium sulfate and re- 
moval of solvent gave the desired nitrile. The following 
were prepared by this method. 

~-(3,6-Dirrrethylphenoxy)-propior1itr.ile, yield 74 %, b.p. 
154"/11 mm; vc,,(Nujol) 2250 cm- I .  

Anal. Calcd. for C,,H,,ON: C, 75.4; H, 7.5; N, 8.0. 
Found:C,75.3;H,7.1;N,7.9. 

B-(111-Ethy1pherloxy)-propionitrile, yield 63%, b.p. 128"/9 
mm; VCEN (film) 2245 cm- '. 

Anal. Calcd. for CllH1,ON: C, 75.4; H, 7.5; N, 8 0. 
Found: C, 75.1; H, 7.4;N,7.7. 

e-(3,5-Di-t-butyl phe11oxy)-propiorzitrile, yield 58 %, 
m.p. 81";  film) 2220 cm-'. 

Anal. Calcd. for Cl7HZ50N: C, 78.7; H, 9.7; N, 5.4. 
Found: C,78.6; H, 9.6; N,5.2. 

Hydrolysis of P-Phetroxy Propior~itrile 
A mixture of the nitrile (0.22 mole) and concentrated 

hydrochloric acid (0.2 mole) was stirred and refluxed for 
5-8 h. As the reaction mixture became hot the solid 
dissolved, but as hydrolysis proceeded a precipitate 
appeared. The reaction mixture was cooled and diluted 
with water. The solid P-phenoxy propionic acid thus ob- 
tained was filtered and purified by dissolving in sodium 
bicarbonate solution, reprecipitation with hydrochloric 
acid, and crystallization from a suitable solvent. 

The following acids were thus synthesized starting with 
appropriate 0-phenoxy propionitriles. 

p-(3,6-Dinlethy1phenoxy)propionic acid, yield YO%, 
m.p. 97'. 

Anal. Calcd. for CI1Hl4O3: C, 68.0; H, 7.3; Found: 
C, 67.7; H, 7.0. 
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BHALERAO AND THYAGARAJAN: SCHMIDT REARRANGEMENT 3373 

f3-(rn-Etl1yl p h e r ~ ~ x ~ ) ~ r o p i o r ~ i c  acid, yield 85 %, m.p. chromanone, b.p. 140°/1 1 mm; vc=o (film) 1675 cm- ' ; 
112". 6 (CDCI,) 7-8 (m,' 3H, aromatic); 4.4 (t, 2H, C-2 

Anal. Calcd. for Cl lH1403:  C, 68.0; H, 7.3. Found: methylene), 2.95 (t, 2H, C-3 methylene), 1.3 (s, 9H, 
C, 67.8; H, 7.0. protons of C-7 r-butyl group) p.p.m. 

f3-(3,5-D;-r-b~itylpher~oxy)propior~ic Acid Anal. Calcd. for C13H16O2: C, 76.4; H, 7.9. Found: 
Hydrolysis of p-(3,5-di-r-butyl phenoxy)-propionitrile 76.3 ; H y  7.8. ' 

with concentrated hydrochloric acid at reflux temperature ,ychrrlidr Rearrarlgerllerl~9 
for 30 h gave back the starting nitrile. However, hydro- Reactions were carried out under the same conditions 
lysis occurred under pressure. as reported by us earlier (4). 

The nitrile (12 g) was heated in an autoclave with con- 5,7-Dirnetl1yyl ch ron~aro~~e  (la) gave 60% yield of a 
centrated hydrochloric acid (150 ml) for 10 h, cooled, and crude product,m.p. 119-124". Thin-layerchromatography 
taken UP in chlorofornl. Drying and removal of solvent using chloroform -petroleum ether (1 :9)solvent system 
gave 10 g (83 %) of 13-(3,5-r-but~l ~ h e n o x ~ ) ~ ~ o ~ i o n i c  showed two spots. This crude mixture (2 g) was separated 
acid, m.p. 97" (from petroleum ether); vc=o (KBr) 1705 on a silica gel column. Elution first with chloroform - 
cm-'. petroleum ether (1 : 9) gave 1 g of a white con~pound (34, 

Anal. Calcd. for C17~2603 :  C, 73.3; H, 9.4. Found: n1.p. 141"; elution next with chloroforn~ gave 0.91 g of 
C, 73.1; H, 9.1. a con~pound (2a), m.p. 155". Similar proportions of 30 

~yclization of  P-phenoxy propionic acids to the chro- (2.04 g) and 2a (1.9 g) were obtained on separation of 4 g 
manones was carried out as reported by Chakravarti of the crude reaction mixture from another experiment. 
and Dutta (8). New chromanones thus prepared were the Conlpound 30 was identified aS 6,8-dir71etlIyl-2,3- 
following. dil1ydro-l,5-ber1zoxazepi1~-4(5H)-orre, m.p. 141"; vc-o 

6,8-Dirnetl~yl chrornanot~e, yield 56%, b.p. 118"/4 mm; (KB~) 1650 cm- 1. 
vc,o (film) 1675 cm- '. Anal. Calcd. for Cl lH1302N: C, 69.1; H, 6.9; N, 7.1. 

Anal. Calcd. for C l l H ~ z O z :  C, 75.0; H, 6.9. Found: Found: C, 68.7; H, 6.6; N, 7.1. 
C, 75.1 ; H, 6.8. Compound 20 was identified as 6,8-din1erIlyl-2,3- 

5- and 7-Ethyl cllronlar~ones, the mixture (4 : 5) of 5- ~ ~ / l y d ~ o - ~ , 4 - b e n z o x a z e p ~ ~ l - ~ ( 4 H )  -oNe, m.p. 155"; vC=, 
and 7-ethyl chromanones was separated in an M-8480 ( K B ~ )  1 6 6 0 ~ ~ -  1. 
Piros-Glover spinning band micro still, the take-off rate Anal. Calcd. for C,,H,,O2N: C, 69.1; H, 6.9; N, 7.1. 
being 1 ml/h and at a reduced pressure of 1 mm. Two ~ ~ ~ ~ d :  C, 68.9; H, 6.7; N, 6.9. 
fractions were collected at 97.5 and 113". 5,8-Din1etl1yl cl~rornanone (lb) gave 57% yield of a 

5-Etl~yl chrorrlarlorle, b.p. 97.5"/1 mm; vc=o (film) 1680 crude mixture, n1.p. 114-117". The reaction product (2 g) 
cm- '. was separated on a silica gel column. Elution, first with 

~ n a l .  Calcd. for C l l H ~ 2 0 2 :  C, 75.1; H, 6.8. Found: chloroform - petroleum ether (2:8) gave 1 g of a white 
C: 74.9; H, 6.6. compound (3b), m.p. 135-136"; elution then by chloro- 

5-Etl1~1 cchror~lnnone oxin~e, m.P. 70"; 6 (CDCI,) 7.3 form gave 0.89 g of a (Zb), m,p. 150". 
(b, IH, hydroxy), 6.7-7.2 (nl, 3H, aromatic), 4.2 (t, 2H, Compound 3b was identified as 6,9-clir~1etl1~~1-2,3- 
0-CH2), 3.1 (nl,4H, C-3 methylene and n~ethylene of C-5 cl~l1~dro-1,5-bemo,~azepi11-4(5H)-o11e, m.p. 135-136"; 
ethyl group), 1.2 (t, 3H, methyl of  C-5 ethyl group) P.P.nl. vc=o (KBr) 1670 cm- I; 6 (CDCI,) 8.4 (b, l H ,  NH), 6.9 

Anal. Calcd. for CIIHIIOZN: C, 69.1 ; H, 6.9; N, 7.3. (s, 2H, C-7 and C-8 protons), 4.55 (t, 2H, C-2 methylene); 
Found: C, 69.0; H, 6.7;N, 7.1. 2.65 (t, 2H, C-3 ~nethylene), and 2.25 (s, 6H, for C-6 and 

7-Erllyl chronmr~one, b.p. 113"/1 mm; VC=O (film) 1683 c-9 methyl groups) p.p.nl. 
c ~ n -  '. Anal. Calcd. for Cl lH1302N: C, 69.1; H, 6.9; N, 7.3. 

Anal. Calcd. for CllH120:: C, 75.1 ; H, 6.8. Found: Found: C, 68.9; H, 6.6; N, 7.2. 
C, 74.7; H, 6.5. Compound 2b was identified as 6,9-dirr~ethyl-2,3- 

7-Etl~yl cl1ro?nano?1e oxir?~e, m.p. 111"; 6 (CDCl,) 8.2 ~;/ly~ro-I,4-benzoxazepir~-5(4H)-one, m.p. 150"; VC=O 
(b, lH,  hydroxy), 7.9 (d, lH ,  deshielded C-5 proton), ( K B ~ )  1 6 5 0 ~ ~ -  1. 
7.0 (d, 1H, (2-6 Proton), 6.85 (b, IH, C-8 proton), 4.4 Anal. Calcd. for Cl,Hl3OzN: C, 69.1; H, 6.9; N, 7.3. 
(t, 2H, C-2 methylenel; 2.9 (t, 2H, C-3 methylenel, Found: C, 69.0; H, 6.7; N, 7.3. 
2.7 (q, 2H, nleth~lene of (2-7 ethyl group), 1.25 (t, 3H, 2,3-Dil~dr.onapht/1(2,1-b)pyra?1-he (4) gave a 50% 
methyl of C-7 ethyl group) p.p.m. yield of a mixture of isomeric amides (2 g) m.p. 116", which 

Anal. Calcd. for CIIHIJOZN: C, 69.1; H, 6.9; N, 7.3. was separated over a silica gel column. Elution with 
Found: C, 68.8; H, 6.7; N, 7.0. chloroform - petroleum ether (3: 7) gave 1.1 g of com- 

5-7-~i-t-brityl chronlar~olle, yield 35 %, b . ~ .  180-182"/5 pound 6, m.p. 156"; elution next by chloroform gave 0.8 g 
mm; vc=, (film) 1670 cm-';  6 (CDCI3) 1.3 (3, 9H, ofcompound5, n1.p. 143-144". 
C-7 r-butyl group), 1.5 (s, 9H, C-5 t-butyl group), 2.8 Compound6 was identified as 3,4-dihydro~~apht1~(2,1-b)- 
(t, 2H, C-3 meth~lene), 4.4 (t, 2H, C-2 methylenel, 6.9- (1,4)-oxazeplr1-2(1H)-one, m.p. 156"; vcTo (KBr) 1675 
7.1 (b, 2H, aromatic) p.p.m. cm- '. 

Anal. Calcd. for Cl7Hz4O2: C, 78.4; H, 9.3. Found: 
C, 78.3; H, 9.1. 

gThe acidic layer was examined in each case for 7-t-Bury1 Cl~romar~one possible presence of hydrolytic cleavage products of the 
rJ-(3,5-Di-t-but~i~henox~)~ro~ionitrile (15 g) was heat- benzoxazepinones formed but none were found. In  only 

ed with ~ o l ~ ~ h o s ~ h o r i c  acid (220 g) at 180-185" for one case a small quantity of aniline was present which 
2.5 h. Pouring the reaction mixture into crushed ice and may have arisen from decomposition of hydrazoic acid 
extraction with chloroform gave 7.5 g (50 %) of 7-t-butyl or as suggested by us earlier (9). 
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Anal. Calcd. for C13HIIOZN: C, 73.2; H, 5.2; N, 6.6. 
Found: C, 73.1; H, 5.2; N, 6.5. 

Compound 5 was identified as 3,4-dihydronaphtlr- 
(1,2-f) (1,4)-oxazepin-1(2H)-or1e, m.p. 143-144"; vcZo 
(KBr) 1655 cm- '. 

Anal. Calcd. for C13Hl10zN: C, 73.2; H, 5.2; N, 6.6. 
Found: 73.1 ; H, 5.0; N, 6.4. 

7-Ethyl ccllrorrmr~or~e (Id) gave 8-etfryl-2,3-dil1ydro-1,4- 
benzoxazepir~-5(4H)-orre (2d), m.p. 89" in 55 % yield. 

Anal. Calcd. for CIIH1302N: C, 69.1; H, 6.9; H, 7.3. 
Found:C,68.7;H,6.7; N,7.1. 

5-Erlryl ckrornanorre (lc) gave a 45 % yield of a mixture 
of isomeric amides, m.p. 120" which consisted of 6-ethyl- 
2,3-dil1ydro-l,4-betrzoxnzepirr-5(4H)-one (2c) and 6-ethyl- 
2,3-dilrydro-l,5-berrroxazepin-4(5H)-or1e (3c) in a ratio 
(22:78). 

7-t-brrtyl chromarrot~e (le) gave 50% yield of 8-t-butyl- 
1,4-benzoxazepin-5(4H)-one (2e), n1.p. 162"; vcZo (KBr) 
1645 cm- '. 

Anal. Calcd. for ClsHl,OzN: C, 71.2; H, 7.8; N, 6.4. 
Found: C,70.9; H, 7.8; N, 6.5. 

5,7-Di-t-butyl chrorrrarrorre was recovered unchanged in 
two experiments as borne out by g.l.c., infrared, and 
n.m.r. 

Synthesis of 3,4-Dilrydrorraphth(2,l-b) (1,4)oxazepirr-2 
(IH) -one 

a-(I-Nitro r~aphthoxy)propior~ic Acid 
I-Nitro-2-naphthol (38 g) was dissolved in aqueous 

potassiun~ hydroxide (30 %, 60 ml) and heated on a water 
bath. To this was added in small portions, during 2 h, 
a solution of 0-chloropropionic acid (26 g) neutralized 
with sodium bicarbonate. The reaction mixture was 
further heated for 3 h, cooled, acidified with hydrochloric 
acid, and extracted with ether. The ether solution was 
extracted with aqueous sodium bicarbonate. Neutrali- 
zation of the alkaline layer with hydrochloric acid gave 
13 g (25 %) of 0-(I-nitro naphthoxy)propionic acid, m.p. 
101"; v c = ~  (KBr) 1700cm-'. 

Anal. Calcd. for C13HII0,N: C, 59.8; H ,  4.3; N, 5.4. 
Found: C, 59.7; H,4.1;N, 5.1. 

a-(I -Amino naph thoxy)propiq,lic Acid 
0-(1-Nitro naphthoxy)propiohic acid (6.5 g) was mixed 

with 10% palladium-on-charcoal (350 mg) in absolute 
ethanol (150 ml) and hydrogenated at room temperature 
for 3 11. Filtration of the catalyst and removal of solvent 
gave 5 g (87 %) of a-(1-amino nap11thoxy)propionic acid, 
m.p. 88". 

Anal. Calcd. for C13H1303: C, 67.5; H, 5.7; N, 6.1. 
Found: C, 67.4; H, 5.6; N, 6.0. 

3,4-Dihydrorraphtlr (2,l-b) (1,4) oxnzepin-2(1 H) -one (6) 
0-(1-Amino naphthoxy)propionic acid (4.6 g) on heat- 

ing in vacrro (5 ml) a t  150" for 3 h gave 2 g (48%) of 3,4- 
dihydronaphth(2,l-b)(l,4)oxazepin-2(1 H)-one, m.p. 156"; 
vc=o (KBr) 1675 cm- '.This was identical inevery respect 
with the Schmidt rearrangement product (mixture melting 
point, 156"; t.l.c., same RI value, infrared spectra were 
superimposable). 
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Synthesis of 6-deoxy-3-C-methyl-2-0-methyl-D-allose 

G. B. HOWARTH, W. A. SZAREK, AND J. K. N. JONES 
Departrnet~t of Chemistry, Queen's Utriversity, Kir~gstorr, Orltnrio 

Received May 28, 1968 

The preparation of 6-deoxy-3-C-methyl-2-0-methyl-D-allose is described. The compound was com- 
pared with L-vinelose, a new branched-chain sugar with the same constitution recently isolated, bound to 
cytidine 5'-pyrophosphate, from Azotobncter virlelanrlii strain 0; the two sugars were shown to differ in 
configuration. 
Canadian Journal of Chemistry, 46, 3375 (1968) 

Introduction 

Recently a new branched-chain sugar has been 
reported (1) to occur in a sugar nucleotide isolated 
from Azotobacter viizelandii strain 0. This deriv- 
ative, which has been shown to be cytidine 
5'-(6-deoxy-3-C-methyl-2-0-methyl-L-aldohexo- 
pyranosyl dihydrogen pyrophosphate) (I), is the 
first sugar nucleotide isolated from living cells 
in which the sugar moiety is a branched-chain 
sugar. The trivial name vinelose has been sug- 
gested for this sugar. 

It has been shown (2) that, in the biosynthesis 
of L-mycarose (2,6-dideoxy-3-C-methyl-L-ribo- 
hexose), L-cladinose(2,6-dideoxy-3-C-methyl-3- 
0-methyl-L-ribo-h.exose), and L-noviose (6-deoxy- 
5-C-methyl-4-0-methyl-L-lyxo-hexose),~-glucose 
is utilized without intermediate breakdown and 
that the methyl branch is introduced into an un- 
branched hexose chain from methionine. More- 
over, the 0-methyl group of cladinose and noviose 
is supplied by methionine. The isolation of 1 from 
a natural source suggests that nucleotide-bound 
sugars probably are the actual intermediates 
which undergo the C- and 0-methylation re- 
actions (1). In continuation of our syntheses of 
branched-chain sugars we have now prepared 
6-deoxy-3-C-methyl-2-0-methyl-D-allose (15)and 

compared it with an authentic sample of vine- 
lose.' The two compounds are clearly distinguish- 
able by gas-liquid chroinatography of their 1,4- 
di-0-acetyl derivatives. 

Results and Discussion 

The preparatioil of methyl 4,6-0-benzylidene- 
3-C-methyl-2-0-p-tolylsulfonyl-a-D-allopyrano- 
side (4) was readily achieved by the addition of 
methylmagnesium iodide to methyl 4,6-0-benzy- 
lidene-2-O-p-tolyls~1lfonyl-cl-~-ribo-hexopyrano- 
sid-3-ulose (3). A small amount of methyl 4,6-0- 
benzylidene-3-C-methyl-a-D-allopyranoside (5) 
was formed also in the Grigilard reaction. Com- 
pound 3 was obtained in high yield by oxidation 
of methyl 4,6-0-benzylidene-2-0-p-tolylsulfonyl- 
a-D-glucopyranoside (2) (3) with either the Pfitz- 
ner-Moffatt reagent (4) or ruthenium tetroxide 
(5). The addition product 4 was converted into 
the key intermediate, methyl 3-C-methyl-2-0- 
methyl-a-D-allopyranoside (ll) ,  by two routes. 
Treatment of 4 with sodium methoxide in di- 
methyl sulfoxide (6) gave in low yield the 2-0- 
methyl derivative 10, amongst other products.' 
Catalytic de-0-benzylidenation of 10 then gave 
compound 11. A higher overall yield of 11 was 
obtained by an alternative synthesis. Treatment 
of 4 with beilzyl bromide and sodium hydroxide 
in tetrahydrofuran afforded methyl 3-0-benzyl- 
4,6-0-benzylidene-3-C-methyl-2-0-p-tolylsulfon- 
yl-a-D-allopyranoside (7). This derivative was 
heated with sodium methoxide (7) to give methyl 
3-0-benzyl-4,6-0-benzylidene-3-C-methyl-a-D- 
allopyranoside (8). Methylation of 8 with di- 
methyl sulfate and sodium hydroxide in tetra- 
hydrofuran gave the crystalline 2-0-methyl ether 
9. Hydrogenation of compound 9 over palladium 

'We thank Professor S. Suzuki for a gift of vinelose. 
ZA discussion of this reaction will be reported sepa- 

rately. 
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OCHl 

phcf&) + F'~f<>cH3 --+ 

0 0CH3 CH; 

OTs 0 OTs 

2 3 4 R'  = Ts, R2 = H 
5 R ' = R Z = H  
6 R '  = Ts, R2 = Ac 
7 R1 = Ts, R2 = PhCH2 
8 R' = H, R2 = PhCH2 
9 R1 = CH3,R2 = PhCH2 

10 R' = CH3,R2 = H 

on carbon removed the benzyl and benzylidene 
groups to produce 11. 

Attempts to open the benzylidene ring in 
compound 9 by treatment with N-bromosuccini- 
mide in boiling carbon tetrachloride to obtain 
the corresponding 6-bromo-4-benzoate were 
unsuccessful. This reaction was reported origi- 
nally by Hanessian(8) and employed recently by us 
(5) in the synthesis of D-arcanose (2,6-dideoxy-3- 
C-methyl-3-0-methyl-D-xylo-hexose). Although 
9 reacted rapidly with N-bromosuccinimide, 
several, as yet unidentified, products were formed, 
presumably due to the benzyl ether group. 

Treatment of compound 11 with 1.1 moles of 
p-toluenesulfonyl chloride gave predominantly 
the 6-0-p-tolylsulfonyl derivative 12 and a small 
amount of the 4,6-di-0-p-tolylsulfonyl derivative 
13. Desulfonyloxylation of 12 with lithium 
aluminium hydride in tetrahydrofuran afforded 
methyl 6-deoxy-3-C-methyl-2-0-methyl-a-D-allo- 
pyranoside (14), which was converted to the free 
sugar (15) by acid-catalyzed hydrolysis. The 
nuclear magnetic resonance (n.m.r.) spectrum 
of 15 in deuterium oxide showed the presence of 
a and p anomers in the ratio 1 :3, respectively. In 
chloroform-d an approximately 1 :1 mixture was 
present. Gas-liquid chromatographic analysis of 
acetylation mixtures of 15 and authentic L-vine- 
lose showed a major and a minor peak in each 
case (see Table I). In a preparative acetylation 

experiment, the compound giving rise to the 
major peak with 15  was isolated in crystalline 
form and assigned the 1,4-di-0-acetyl-6-deoxy- 
3-~-meth~l-2-O-meth~I-~-~-allop~ranose struc- 
ture 011 the basis of infrared and n.m.r. data. The 
data in Table I establish that vinelose does not 
possess the a110 configuration. 

TABLE I 
Retention times of sugar components in 

acetylation mixture* 

Retention time 

Major Minor 
Sugar peak peak 

L-Vinelose 1.20 0.94 
6-Deoxy-3-C-n1ethyl-2-0- 

methyl-D-allose (15) 1.63 I .  18 
-- 

*See Experimental section for details. Retention times 
given hcre are relative to erythritol tetraacetate (1.00). 

We (5, 9) have shown previously that addition 
of methylmagnesium iodide to methyl 4,6-0- 
benzylidene-2-deoxy-a-D-hexopyranosid-3-uloses 
is highly stereoselective giving predominantly in 
each case the axially-oriented tertiary alcohol. In 
these compounds attack by the Grignard reagent 
from the side resulting in the formation of the 
axial alcohol is sterically more favorable than 
attack from the side resulting in the formation 
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of the equatorial alcohol. Although it is reason- (7.6 g) by the method of  Baker and Buss (4). The crystal- 

able to expect the same considerations to obtain line product was recrystallized from ethanol to give white 
needles, (6 g, 80%), n1.p. 163-164", [a], +45" (c, 0.8 in in 3, we have assigned the configura- chloroform). Baker and Buss report m.p. 165-167" and 

tion a t  the branching point by other methods. [alDZ5 +44.9 f 0.9' (N,N-dimethyl formamide). 
Lichtenthaler and Emig (10) have shown re- 
cently, from an n.m.r. study of C-methyl branched Metl1~~l4,6-O-Beizzylidei1e-3-C-ii1etI1yl-2-O-p-tolylsulf0i1yl- . ~ 

cyclaiol acetates, that the configuration a t  the a-D-allopyrai~oside (4) 
A solution of 3 (4.4 g) in dry benzene (250 ml) was branching point can be deduced from the added dropwise to a stirred solution of methyln~agnesium 

chemical shift the Cmmethyl acetOxy group. iodide (prepared from magnesium (5 g) and methyl 
The tertiary hydroxyl group in compound 4 iodide (17 ml)) in ether (250 ml) at 0". After standing at 
failed to acetylate with acetic anhydridelpyridine, 
but acid-catalyzed acetylation (acetic anhydride/- 
p-toluenesulfonic acid) rapidly gave crystalline 
methyl 3-O-acetyl-4,6-O-benzylidene-3-C-n1eth- 
yl-2-0-p-tolylsulfonyl-a-D-allopyranoside (6) in 
high yield. The n.m.r. spectrum of 6 showed an 
acetyl signal at T 8.03, a value in the range (7 7.93- 
8.04) reported (10) for tertiary acetoxy groups 
possessing the axial orientation. With 4 in the 
C1 (D) conformation, these n.m.r. data support 
the assigned a110 configuration. 

Experimental 
Solutions were concentrated below 50" under reduced 

pressure. Melting points were determined on a Fisher- 
Johns melting point apparatus and are uncorrected. 
Optical rotations were measured with a Bendix ETL- 
NI'L Automatic Polarimeter, type 143A, at 20 + 2'. In- 
frared spectra were measured on a Beckman-IR5A 
spectrophotometer. Nuclear magnetic resonance (n.m.1.) 
spectra were determined at 60 MHz in chloroform-d and 
tetramethylsilane as internal standard. Thin-layer chro- 
matography (t.1.c.) was performed, unless otherwise 
stated, with Silica Gel G as the absorbent, and 2:3 ethyl 
acetate - petroleum ether (b.p. 60-80") as the developing 
solvent. The developed plates were air dried, sprayed 
with 5% ethanolic sulfuric acid, and heated at about 
150". Paper chromatography was carried out by the 
descending method on Whatman No. 1 filter paper in the 
following solvent systems: 6:4:3 (vlv) butan-1-01 - pyri- 
dine- water (a); butan-1-01 saturated with water (b). 
The sugars were detected by spraying the chromatograms 
with a 1 :I mixture of vanillin (1 % in ethanol) and per- 
chloric acid (3 % in water) and heating (1 1). Gas-liquid 
chromatography (g.1.c.) was performed on an F and M, 
model 402, high-efficiency gas chromatograph employing 
a flame-ionization detector. The liquid phase was sup- 
plied by Chromatographic Specialities, Brockville, 
Ontario, and was supported on acid-washed Chromosorb 
W (100-120 mesh). The conditions were as follows: 5 % 
(w/w) LAC-4R-886 polyester wax (purged for 5 days at 
2007, operated at 190" with a flow-rate setting of 3.0 at 
30 p.s.i. of helium (50 ml/min). 

Methyl 4,6-O-Bei1zylidei1e-2-O-p-tolylsulfoi~l-a-~- 
ribo-lzexopyranosid-3-ulose (3) 

This compound was prepared from methyl 4,6-0- 
benzylidene-2-O-p-tolylsulfonyl-a-~-glucopyranoside (2) 

- 
room temperature overnight, the reaction mixture was 
poured into ammonium chloride solution, and the 
aqueous layer was extracted with chloroform. Concen- 
tration of the dried extracts yielded a syrup which crystal- 
lized from chloroform-petroleun ether (b.p. 60-80"). 
Recrystallization from this solvent mixture gave 4 as 
white plates (3.6 g, 80%), n1.p. 138-139", [a], +45" (c, 
2.0 in chloroform); h ,,,, (KBr) 2.84 (OH), 6.24, 7.48, 8.49 
(sulfonate), 13.2, 14.3 pm (Ph); n.m.r. data: r 2.0-2.8 
(9-proton multiplet, aromatic H's), r 4.48 (1-proton 
singlet, benzylidene-methine H), r 5.2 (1-proton doublet, 
J,,, = 4Hz, H-1), r 6.67 (3-proton singlet, OMe), r 7.58 
(3-proton singlet, aromatic Me), r 8.8 (3-proton singlet, 
C-3 Me). 

Anal. Calcd. for c ~ ~ H 2 6 0 8 S :  C, 58.7; H, 5.8; S, 7.1. 
Found: C, 58.7; H, 5.8; S, 7.3. 

Investigation of the mother liquors by t.1.c. showed the 
presence of 4 and a slower moving component. Fractiona- 
tion on silica gel with ethyl acetate as eluent afforded the 
latter compound, which crystallized from chloroform - 
petroleum ether (b.p. 60-80") as needles, m.p. 210-212", 
[a], +95" (c, 0.3 in chloroform). The compound was 
identified as methyl 4,6-0-benzylidene-3-C-methyl-a-D- 
allopyranoside (5); h ,,,, (Nujol) 2.9, 2.98 (OH), 13.2, 14.2 
pm (PI]), no  absorption attributable to sulfonate; n.rn.r. 
data: r 2.5-2.8 (5-proton multiplet, Ph), r 4.42 (I-proton 
singlet, benzylidene-methine H), r 5.24 (1-proton doublet, 
J,,, = 4Hz, H-1), T 6.5 (3-proton singlet, OMe), r 8.6 
(3-proton singlet, C-3 Me). 

Anal. Calcd. for C15HZOOS: C, 60.8; H, 6.8. Found: 
C, 60.7; H, 6.7. 

Metlryl3-0-Acetyl-4,6-O-bei1zylirle,1e-3- C-inethyl-2-O-p- 
tolyls~tlfoi~~~l-a-D-allopy,-a,~oside (6)  

A mixture of 4 (50 mg), p-toluenesi~lfonic acid (22 mg), 
and acetic anhydride (1.5 ml) was stirred at ambient tem- 
perature for 111, and then poured into sodium bicarbonate 
solution. After effervescence had ceased, the mixture 
was extracted with chloroform (4 x 10 ml) and  the com- 
bined extracts were washed with sodium bicarbonate 
solution and water. Concentration of the dried extracts 
afforded a clear syrup which crystallized spontaneously. 
Recrystallization from ether -petroleum ether (b.p. 60- 
80") gave the acetate 6 as prisms (40 mg, 73 %), m.p. 
133-134"; A,,, (KBr) 5.68 (OAc), 6.24, 7.3, 8.45 pm 
(sulfonate), no absorption attributable to O H ;  n.nl.r. 
data: r 2.0-2.8 (9-proton multiplet, aromatic H's), r 
4.51 (1-proton singlet, benzylidene-methine H), r 5.27 (1- 
proton doublet, J , , ,  = 4Hz, H-1), r 6.7 (3-proton singlet, 
OMe), r 7.6 (3-proton singlet, aromatic Me), r 03 (3-8. 
proton singlet, OAc), r 8.34 (3-proton singlet, C-3 Me). 
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Anal. Calcd. for C24H2s09S: C, 53.6; H, 5.7. Found: 
C, 53.5; H, 5.6. 

Met/1yl3-0-Benzyl-4,6-O-be11zylirler1e-3-C-met/gvl-2-O-p- 
tolyls~rl/br~yl-a-D-nllopyrat~oside (7) 

A mixture of 4 (2.6 g), benzyl bromide (6 ml), and 
sodium hydroxide (12.5 g) was stirred in tetrahydrofuran 
at room temperature for 24 h. Thin-layer chromatography 
showed the presence of a compound with R, 0.64 and the 
absence of starting material, R, 0.48. The reaction niix- 
ture was freed from solid material by centrifugation and 
the clear liquid was concentrated to a mobile oil, which 
was purified by colunin chromatography on silica gel. 
Elution with benzene and then 2:3 ethyl acetate - petro- 
leum ether (b.p. 60-80") gave the 3-0-benzyl ether 7 as a 
syrup (3.04 g, 97%) which crystallized on  standing, m.p. 
49-50", [a],  +54" (c, 0.6 in methanol); h,,, (Film) 6.24, 
7.3, 8.45 pm (sulfonate), no absorption attributable to 
OH; n.m.r. data: r 2.1-3.0 (14-proton multiplet, aromatic 
H's), T 4.65 (1-proton singlet, benzylidene-methine H), 
7 6.8 (3-proton singlet, OMe), T 7.64 (3-proton singlet, 
aromatic Me), 7 8.65 (3-proton singlet, C-3 Me). The 
region for the signals of the aromatic and benzyl-methy- 
lene protons was complex, but significantly no 2-proton 
singlet was evident. 

Anal. Calcd. for C29H3208S: C, 64.4; H, 5.9; S, 5.9. 
Found: C, 64.8; H, 5.9; S, 5.8. 

Methyl 3-0-Benzyl-4,6-O-benzylide11e-3-C-met/1yl-cr-~- 
allopyranosirle (8 )  

A solution of the sulfonate 7 (3.1 g) in methanol (100 
ml) containing sodium (2.6 g) was heated at reflux teni- 
perature for 3 h. Thin-layer chromatography showed 
that the starting material had all reacted. The product 
was isolated in the usual manner as a syrup (2.20 g, 99 %), 
[a] ,  + 119" (c, 1.2 in tetrahydrofuran); R, 0.52 (t.1.c.); 
h,,, (Film) 2.85 pm (OH), no absorption attributable to 
sulfonate; n.m.r. data: 7 2.5-2.8 (10-proton multiplet, 
aromatic H's), 7 4.56 (1-proton singlet, benzylidene- 
methine H), .r 6.55 (3-proton singlet, OMe), 7 8.42 (3- 
proton singlet, C-3 Me). 

Anal. Calcd. for C22H2606: C, 68.4; H, 6.8. Found: 
C, 67.8; H, 6.8. 

Metl1yl3-0-Benzyl-4,6-0-benzylide11e-3-C-met/1yl-2-0- 
~letlryl-a-D-a//opyrnlloside (9) 

Dimethyl sulfate (22 ml) was added dropwise with 
stirring to a slurry of 8 (2.2 g) and finely powdered sodium 
hydroxide (13 g) in tetrahydrofuran (50 ml). After the 
mixture was stirred at ambient temperature for 12 h, 
aqueous ammonia was added and the aqueous layer was 
extracted with chloroform. Concentration of the dried 
extracts yielded a crystalline product which was recrystal- 
lized from petroleum ether (b.p. 60-80") to  give white 
needles (1.835 g, 81 %), m.p. 113-114", [a],  + 108" (c, 
0.7 in chloroform); R, 0.65 (t.1.c.); n.m.r. data: 7 2.3-3.0 
(10-proton multiplet, aromatic H's), 7 4.58 (1-proton 
singlet, benzylidene-methine H), 7 5.16 (3-proton broad 
signal, H-1 and benzyl-methylene), .r 6.54, 6.58 (3-proton 
singlets, C-1 OMe and C-2 OMe), 7 8.50 (3-proton singlet, 
C-3 Me). 

Anal. Calcd. for C23Hz806: C, 69.0; H, 7.0. Found: 
C, 69.3 ; H, 7.2. 

Methyl 3-C-Methyl-2-O-n1et/1yl-a-~-allopyra11oside (11) 
A solution of 9 (1.27 g) in ethanol (25 ml) was hydro- 

genated over 10% palladiun~ on carbon at atmospheric 
pressure for 12 h. Thin-layer chromatography showed 
complete conversion to a compound with R, 0.07 (ether). 
The catalyst was removed by filtration, and the solution 
concentrated to give the trio1 11 as a clear viscous syrup 
(710 mg, 9773, [a] ,  + 107" (c, 0.3 in chloroform); h,,, 
(Film) 2.9 (broad) pni (OH), no aromatic absorption; 
n.m.r. data: 7 5.02 (1-proton doublet, J,,, = 3.5 Hz, 
H-1), 7 6.48, 6.52 (3-proton singlets, C-1 OMe and C-2 
OMe), 7 8.67 ,(3-proton singlet, C-3 Me). 

Anal. Calcd. for CgHIuO6: C, 48.6; H, 8.1. Found: C, 
48.2; H, 7.8. 

Morlo- arlrl Di-0-p-tolylsrrljbnyl Derivatives of Met/~yl 3- 
C-nre t l1y l -2 -O-n1e t l1y l -a -~ -a l lopyd  

Syrupy methyl 3-C-methyl-2-0-11iethyl-a-~-allopyran- 
oside (710 mg) in dry pyridine (10 ml) was treated with 
p-toluenesulfonyl chloride (670 mg, 1.1 moles) in pyridine 
(3 ml) below 0". After the mixture was left at 5" for 24 h, 
t.1.c. showed the presence of the mono-0-p-tolylsulfonyl 
derivative (12), Rr 0.52 (ethyl acetate) and small amounts 
of the di-0-p-tolylsulfonyl derivative (13), R, 0.73, and 
unchanged starting material. The solution was poured 
into water (50 ml) and the products were extracted with 
chloroform. Concentration of the extracts after they had 
been washed successively with sulfuric acid (3N), sodium 
bicarbonate solution, and water yielded a viscous syrup, 
which was chromatographed on silica gel, with 4:l ethyl 
acetate - petroleum ether (b.p. 6&80°) as eluent. The 
4,6-di-0-p-tolylsulfonyl derivative (13) was obtained as 
fine needles after recrystallization from chloroform - 
petroleum ether (240 mg, 14%), m.p. 129-130; h,,, 
(Film) 2.85 (OH), 6.25, 7.4, 8.45 pm (sulfonate); n.m.r. 
data: 7 2.0-2.8 (8-proton multiplet, aromatic H's), 7 

5.1 (2-proton doublet, J1,2 = 4 HZ, H-l),  7 6.52, 6.60 
(3-proton singlets, C-1 OMe and C-2 OMe), 7 7.55 (6- 
proton singlet, aromatic Me's), 7 8.78 (3-proton singlet, 
C-3 Me). 

Anal. Calcd. for C23H30010S2: C, 52.0; H, 6.0; S, 
12.0. Found: C, 51.9; H, 5.8; S, 11.7. 

The mono-0-p-tolylsulfonyl derivative (12), was iso- 
lated as a syrup which crystallized as large prisms from 
chloroform-petroleum ether (870 mg, 72%), m.p. 116- 
118", [a] ,  + 85" (c, 0.3 in chloroform); h,,, (KBr) 2.9 
(OH), 6.25, 7.4, 8.4 p ~ i i  (sulfonate); n.m.r. data: T 2.0-2.8 
(4-proton multiplet, aromatic H's), .r 5.12 (1-proton 
doublet, J,,, = 4Hz, H-l), 7 6.53,6.61 (3-proton singlets, 
C-1 OMe, and C-2 OMe), 7 7.58 (3-proton singlet, aro- 
matic Me), 7 8.73 (3-proton singlet, C-3 Me). 

Anal. Calcd. for C16H240uS: C, 51.0; H, 6.4; S, 8.5. 
Found: C, 50.4; H, 6.3; S, 8.4. 

Mettlyl 6-Deoxy-3-C-metl1yl-2-0-~11ethyl-u-~- 
allopyranoside (14)  

The 6-O-p-tolylsulfonyl derivative 12 (870 mg) was 
heated under reflux with lithium aluminium hydride (1  g) 
in tetrahydrofuran (25 ml) for 2 h. The  reduced product 
was isolated in the usual manner as a colorless mobile 
liquid (445 mg, 94%), [a] ,  + 118" (c, 0.6 in chloroform); 
R, 0.35 (ethyl acetate); n.m.r. data:. .r 5.13 (1-proton 
doublet, JlS2 = 4Hz, H-1), 7 6.5, 6.55 (3-proton singlets, 
C-1 OMe, and C-2 OMe), .r 6.93 (I-proton doublet, 
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JZ,, = 4Hz, H-2), r 8.7 (3-proton doublet, J = 6Hz, 
C-5 Me), r 8.67 (3-proton singlet, C-3 Me). 

6-Deoxy-3-C-r~retlryl-2-O-t~ret/ry/-~-fl/lo~e (15) 
A solution of the glycoside 14 (80 mg) in 2 N hydro- 

chloric acid (4 ml) was heated at 90" for 2 h. The cooled 
solution was neutralized with Duolite A-4 (OH-) ion- 
exchange resin and concentrated to a gummy residue 
which was extracted with hot chloroform. The extracts 
were concentrated to give the free suear 15 as a clear 
viscous syrup (55 mg,-75 %), [a1546 +so (5 min), - 50 
(final) (c, 1.2 in water); n.m.r. data: r 4.56 (doublet, 
JIsZ = 4Hz, H-1 of a anomer), r 4.97 (doublet, JlSz = 
8Hz, H-1 of 0 anomer), r 6.21 (singlet, C-2 OMe of 0 
anomer), r 6.35 (singlet, C-2 OMe of a anomer), r 8.5- 
8.75 (C-3 Me and C-5 Me). For L-vinelose [a],d6 + 12" 
(c, 1.1 in water) has been reported (1). Paper chromato- 
graphic analysis of the syrupy product revealed only one 
component with R,,, 1.68 in solvent a and 2.49 in solvent 
b (pink spot which changed to grayish blue within 24 h 
with vanillin-perchloric acid spray). Authentic L-vine- 
lose had R,,, 1.73 in solvent a and 2.50 in solvent b, and 
showed the same color change. 

Gas-liq~rici Cl~rotnatogroplric Cotllpmisotr of L- Vitrelose ntrrl 
6-Deoxy-3-C-t~ret/ryl-2-O-nretlry/-~-allose 

Acetylation of the two sugars was carried out by 
heating a small sample of each (< 1 mg) with 2 drops of 
60% acetic anhydride in pyridine at 90" for 15 min. The 
solutions were examined by g.1.c. and the results are 
shown in Table I. 

I,4-Di-O-ncetyl-6-cieoxy-3-C-~ttet/1yl-2-O-n~et/1yl- 
0-D-allopyra~rose 

A solution of 15 (50 mg) in 2:3 acetic anhydride and 
pyridine (2 ml) was heated at  90" for 1 11. The reaction 
mixture was poured into water (30 ml) and extracted 
with chloroform. Concentration of the extracts after 
they had been washed with sulfuric acid, sodium bicar- 
bonate solution, and water gave a syrup which crystal- 
lized after several days. Recrystallization from cl~loro- 
form - petroleum ether (b.p. 60-80") gave prisms (40 
mg, 55%), m.p. 108-110"; h,,, (KBr) 2.85 (OH), 5.75 

prn (OAc); n.m.r. data: r 4.13 (I-proton doublet, J1,2 8 
Hz, H-1), r 5.37 (I-proton doublet, J,,, = 9.5 Hz, H-4), 
r 5.9 (1-proton multiplet, H-5), r 6.4 (3-proton singlet, 
C-2 OMe), r 6.95 (I-proton doublet, J,,, = 8 Hz, H-2), 
r 7.83 (6-proton singlet, C-1 and C-4 OAc's), r 8.33 (3- 
proton doublet, J = 9 Hz, C-5 Me), r 8.82 (3-proton 
singlet, C-3 Me). 

Anal. Calcd. for CIZH20O7: C, 52.2; H, 7.20. Found: 
C, 52.0; H, 7.1. 
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Photochemistry of oximes. 11. On the photo-induced formation of cycloalkanones 
and alkanoic acid amides from cycloalkanone oximes' 

G. JUST AND L. S. NG' 
Departtnent of Clietnistry, McGill Utiiversity, Montreal, Quebec 

Received May 29, 1968 

Cycloalkanone oximes were shown to  give the corresponding alkanoic acid arnides when irradiated in 
iso-propanol. a-Alkylated cyclohexanone oxirnes gave products corresponding to preferential cleavage on 
the side of the more substituted carbonatom. iso-Propanol was shown to  transfer two hydrogenatoms spe- 
cifically to the excited oxime molecule, acetone being formed in the process. I n  1 % aqueous solution, 
irradiation of oximes gave the corresponding ketones, ammonia, and oxygen. 
Canadian Journal of Chemistry, 46, 3381 (1968) 

Introduction 

Recently, we reported that irradiation of a 
0.1% methanolic solution of cyclohexanone 
oxime gave caprolactam. The analogous reac- 
tions, using iso-propanol as solvent, gave (the) 
caproamide (1). In both reactions, a minor 
amount of cyclohexanone was formed. 

(a) Irradiation of Cyclic Oxinzes in iso-Pr-opanol 
The results of the irradiation of cyclic oximes 

in iso-propanol are summarized in Tables I and 
11. The main products isolated in this reaction 
are the corresponding amides, ketones, lactams, 
and unreacted starting material as shown below. 

In the case of four- and five-membered ring 
ketoximes, the yields of the corresponding amides 
were improved by lengthening the time of 
irradiation. The results are shown in Table 111. 

(b) Photolysis of Unsymmetrical Cyclic 
Ketoximes 

We next turn our attention to a-methylated 
0 0 

TABLE I 

0.1%. IPA 
Irradiation of 0.1 % /2 h/iso-propanol/He3 

In this paper, we should like to report in detail - 

on the latter reaction, and describe a system in Lactam Amide Oxime Ketone 
which cyclohexanone formation is the major (%) ( %I ( %) (%I 
pathway: The reactions will be discussed in terms 1 < 1 3 87 c 1 
of an oxazirane intermediate, for which there is 2 < 1 15 75 1 
ample analogy in related systems (2-9). There is, 3 < 1 44 20 1 

4 < 1 50 5 6 
however, at the present time no proof for such an 5 i 1 45 2 2 
intermediate. 9 < 1 42 30 4 

Results and Discussion 

The preparation of starting oximes and of 
amides for identification purposes is described in 
the Ex~erimental section. The amides obtained 
were all isolated, and their spectral properties 
were compared with those of authentic samples. 

'For a preliminary report, see ref. 1. 
'Holder of a NRCC Studentship, 1967-1968. Abstrac- 

ted from part of the Ph.D. Thesis of L. S. Ng, McGill 
University, 1968. 

- - 

3Yields of lactams, amides, oximes, and ketones were 
determined by quantitative gas-liquid chron~atography, 
using standards prepared synthetically. T h e  low total 
recoveries in certain instances, in part, are due to  the 
photolability of the parent ketone formed. The yields 
indicated are average of 2 o r  3 runs, and are reproducible 
within approxin~ately + 3 %. Results incorporated in one 
table were performed under conditions which were kept 
constant as nearly as possible. Direct comparisons of 
results recorded in different tables should be  done with 
caution, especially since the intensity of the light source 
was not constant and rather large differences were 
noticed in some instances where other light sources were 
used. 
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Oxirne Lactarn Amide Oxirne Ketone 

TABLE I1 

!OH 

Irradiation of I % Q /4 hliso-propanol/He3 

- 

Lactarn Amide Oxime Ketone 
(%I ( %) ( %) ( % I  

unsyn~metrical cyclic oximes in order t o  see if the 
formation of one isomer would be favored over 
the other. The oximes investigated were 2-methyl 
(I), 2,2-dimethyl (4), 2,2,6-trimethyl (7) cyclo- 
hexanone oximes, and menthone oxime (10). 
The expected products and the ratios obtained 
are those shown in Scheme 1. As can be seen, the 
cleavage occurred mainly on the side of the more 
substituted carboil atom. 

(c) Pl~otolysis of O X ~ I I ~ ~ S ,  Asyi?711ietric a t  tl7e 
a-Carboiz 

In the photolysis of aldehydes and ketones, the 
fission a to  the carbonyl group prior t o  decarbon- 
ylation is reversible (10). Thus, 17-ketosteroids 
undergo facile photoepimerization. I t  was of 
interest to see if an  ai~alogous Norrish type I 
cleavage occurred in oximes. The photolysis of 
oximes having asymmetric a-carbon atoms was 

TABLE I11 

NOH 

Irradiation of 0.1 % in iso-propanol/411/He3 

- pp - - -- 
Lactam Amide Oxime Ketone 

n ( %) ( %) ( %) ( %) 
-- 

therefore studied, attention being focussed o n  
"unreacted" oxime. 

( i j  2,6-Di1?~etl~ylcyclo/iexanone Oxirne 
2,6-Dimethylcyclohexanone oxime was pre- 

pared by treatment of the corresponding com- 
mercially available ketone (cis and trans mixture) 
with hydroxylamine in methanol. The resulting 
oxime was a mixture of two components. These 
two oximes must be trans- and cis-oximes 13 and 
14, and not syn- and anti-isomers. 

NOH 6 . I  .* qNOH 
Photolyses of either 13 or 14 were conducted 

in both n~ethanol and iso-propanol. Gas-liquid 
chromatographic (g.1.c.) detection of the starting 
material, recovered from rLlns that were allowed 
t o  go only to  partial completion, showed n o  
corresponding isomeric oxime. 

(iij Mentl7one (15) and iso-Mentl~one Oxilzes 
(16) 

Both oximes were irradiated separately in iso- 
propanol for 1 h under a nitrogen atmosphere. 
The  starting oximes recovered in each case were 
foiilld by g.1.c. t o  contain no corresponding 
oxime resulting from epimerization of the a- 
carbon. 

(d) Source of Hydrogen a i d  Specificity of 
Hydrogen Abstraction in tlze Forinatiot~ of 
A n7 ides 

The  molecular formula of the cyclic oximes 
differs from that o f  the photoproducts obtained 
by reductive cleavage, by two hydrogen atoms. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JUST AND NG: PHOTOCHEMISTRY O F  OXIMES. 11 3383 

Irradiation of a 0.1 % solution of oximes in iso-propanol in a helium atmosphere 

i 
1 C.iirne Amide A Amide B Ratio (A/B) 

Scheme 1 

These two extra hydrogen atoms are derived most dodecanone oxime was irradiated in O-deuterio- 
probably from the solvent (iso-propanol) ~ ~ s e d .  iso-propanol. After exchange with water, the 
One way of confirming this, was to try t o  isolate 
the acetone from the photolysis mixture. &NOH cH3 

j T O  accomplish this, the photolysis of 1% + + CH~(CH,),,CONH, 
cyclol~exanone oxime in iso-propano14 was car- I 

CH3 (after exchange with HzO) ried out for 44 11. The resulting solvent was dis- 
tilled with caution. Quantitative g.1.c. determina- 

I 
product, dodecanamide, contained less than 5% tion using a 6 ft Porapak R column showed that deuterium, as shown by mass spectrometric 

I 
a 54% yield of acetone, with respect to  the amide, analysts. Its i.r. spectrum showed n o  C-D was formed in this photolysis. This acetone was stretcl~ing band. This experiment establishes that converted to its dinitrophenyll~ydrazone which hydrogen transfer f r o ~ n  iso-propanol involves was identical in infrared (i.r.) spectrum, m.p., and 
R, with an authentic sample. first the hydrogen attached to  carbon (11) as 

I indicated below. It is therefore evident that H ,  is 

I 
In order to study the specificity of hydrogen transferred to the terminal position of dodec- abstraction, a 0.4% solution of O-deuteriocyclo- anarnide. 

"iso-Propanol was treated with 2,4-dinitrophenyl- 
hydrazine in the prcsencc of a drop of acid, to rcmove any CH3 CH3 

1 
acetone present, and distilled. Gas-liquid chroma- Ha-C-OH* 3 . C O H b  - ~ b ,  
tographic analysis of the rcsulting iso-propanol indicated 

yo 
the absence of acetone. CH, CH3 CH3 
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NOH 

Assuming that the reaction intermediate 
(triplet ?) has biradical character, and is derived 
from an oxazirane, the following scheme may be 
postulated. 

(e )  Irradiation of Cyclic Oximes in Water 
Irradiation of a 0.1% aqueous solution of 

cyclohexanone oxime gave as major product 
caprolactam. This reaction will be reported else- 
where. When a 1% aqueous solution of cyclo- 
alkanone oxime was irradiated, the major 
product was the cycloalkanone. The results are 
summarized in Table IV. 

TABLE IV 

NOH 

Irradiation of 1 % b /Hz0/2 h/He3 

Lactam Amide Oxime Ketone 
n (%I ( %) ( %) (%I 

The photolysis of a 1% aqueous cyclohexanone 
oxime solution was not affected by the presence 
of a small amount of hydrochloric acid. 

( f )  Fate of the Nitrogen in the Oxinle 
In order to investigate the fate of the nitrogen 

atom in the oxime, the photolysis of a 1% 
aqueous solution of cyclohexanone oxime was 
investigated in more detail. Irradiation of the 
initially neutral solution gave a solution with pH 
9. A gas which was identified as oxygen was 
evolved. This gas decolorized a benzene solution 
of triphenylmethyl immediately and caused the 
precipitation of brownish-yellow ferric salts from 
ferrous ammonium sulfate solution. The aqueous 
alkaline solution was neutralized with p-toluene- 
sulfonic acid and then extracted with methylene 

chloride for 24 h. The aqueous solution gave a 
salt which was identified as the ammonium salt 
of p-toluenesulfonic acid. 

The photolysis of free hydroxylamine under the 
same condition as that in ketone formation was 
performed for 3 h as a control. N o  detectable 
amounts of ammonia or oxygen were formed. 

From the above, it must be concluded that the 
0-N of the oxime or intermediate oxazirane is 
broken, when the ketone is formed. A scheme for 
explaining the reaction is shown below. The 
reaction intermediate might be a vibrationally 
excited ground state, or the ground state of the 
oxazirane. Oxaziranes are known to decompose 
in hydroxylic solvents (12) to give ketone and 
ammonia. 

This explanation is also consistent with the 
fact that addition of water (10%) to the iso- 
propanol solution of cyclohexanone oxime 
increases the yield of ketone formation from 4% 
to 23% (14). 

Experimental 
Spectroquality iso-propanol was purchased from 

Matheson, Coleman, and Bell. All of the irradiation 
experiments were carried out in a quartz cell in a Rayonet 
Photochemical Reactor model 1061 using lamps with 
peak energy at 2537 A. The melting points were deter- 
mined on a Gallenkamp melting point apparatus in open 
capillaries, and are not corrected. The analyses were 
carried out by Dr. C .  Daesslt of Organic Microanalysis, 
5757 Decelles Ave., Montreal; Beller, Mikroanalytisches 
Laboratorium, 34Gottingen,Theaterstrasse 23, Germany; 
and Alfred Bernhardt, Mikroanalytisches Laboratorium 
im Max-Planck-Institut fiir Kohlenforschung. The 
infrared (i.r.) spectra were determined on the Perkin- 
Elmer 337 and 257 grating spectrophotometers using 
1 mm sodium chloride cells or I mm Amalgam FT cells 
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JUST AND NG: PHOTOCHEMISTRY OF OXIMES. I1 3385 

(IRT-2) from Barnes Engineering Co. Nuclear magnetic TABLE V 
resonance (n.m.r.) spectra were recorded on a Varian Retention times of photoproducts in 6 mm x 6 ft 5 %  
A-60 instrument at  60 megacycles (tetramethylsilane = 0 D C  710 on Chromosorb W column 
p.p.m.). Merck analar grade silica gel was used for thin- 
layer chron~atography (t.1.c.). The mass spectra were Oven Flow Retention 
taken on a Hitachi Perkin-Elmer RMU60 mass spec- temperature rate time 
trometer by Morgan and Schaffer Corporation, Montreal. 11 ("c) (mllmin) (min) 
The ionization potential was 70 eV and the inlet tempera- 

- 

ture for indirect introduction of  a sample was 250". 1 65 30 2.10 

Quantitative vapor-phase chromatography (v.p.c.) was 
118 40 1.30 & i 148 10 1.35 

made on an F and M model 700 gas chromatograph. Six 148 25 1.20 
feet X 6 mm diameter glass tubes were used for both 185 40 0.68 
reference and sample columns. Preparative gas-liquid 8 215 40 0.95 
chromatography (g.1.c.) was made on an F and M Prep- 120 25 1 .50 
Master model 775 gas cllromatograph. & !  120 148 40 35 1.20 1.25 
Preparation of Oxirnes 4 190 36 0.95 

All the oximes were prepared by treatment of the 212 24 1.10 
corresponding ketones with hydroxyla~nine in the usual 8 21 5 40 1 .45 
manner. All ketones except the 2,2-dimethylcyclohexa- 1 135 40 1.35 
none were commercially available. 2,2-Dimethylcyclo- O 2 135 40 2.65 
hexanone was synthesized according to Johnson and e2 i 182 36 1.08 Posvic (15) starting from 2-~nethylcyclohexanone. The 190 10 2 .20 
ketone was converted to the corresponding oxime, m.p. 5 212 24 1.75 
92-93 "C. The n.m.r. spectrum of this oxime in CDC13 8 21 5 40 2.30 
showed a six-proton singlet at  1.15 p.p.m. and a two- 1 135 40 2.00 
proton triplet at  2.60 p.p.m. A multiplet at 1.55 p.p.m. hH i 180 

40 1.60 
corresponded to the renlaining methylene protons of the 182 35 2.60 

oxime. A singlet at  9.82 p.p.m., exchangeable with D,O 
190 40 1 .55  

was assigned to the hydroxyl proton of the oxime. The i.r. n 5 212 24 2.22 
8 192 40 4.90 

spectrum was consistent with the structure. 
Anal. Calcd. for C8H15N0: C, 68.04; H, 10.71; N, coIunln packed with 5 %  D C  710 on Chromosorb W was 9.92. Found: C, 67.95; H, 10.76; N, 9.86. used. Compounds 2, m.p. 68-69" and 3, m.p. 96" having 

Irradiatio~r of Cycloalkanor~e Oxirr~es in iso-Propanol retention times of 2.5 and 3.6 min were obtained in white 
A 100 ml of solution containing 0.1 % or 1 % cycle- crystalline form in yields of 10 and 81 mg respectively. 

alkanone oxilne in iso-propanol was irradiated. The Compound 3 was identical (n.m.r., i.r., mixture m.p.) to 
solution was purged with helium for 5 nlin before sub- the heptanamide prepared synthetically. 
jecting it to irradiation. Anal. Calcd. for C7H15N0 (3): C, 68.07; H, 11.70; N, 

After the required time of irradiation, the iso-propanol l0.84. Found: C, 67.78; H, 11.66; N, 11.03. 
solution was reduced to 5 n ~ l  (in the case of the 0.1 % The n.m.r. spectrum of 2 in CC1, showed two multi- 
solution) or 25 ml (in the case of the 1 % solution) by plets at 2.20 and 1.30 p.p.rn. in a ratio of 1.6. These were 
subjecting to fractional distillation through a Vigreux assigned respectively to proton a to an amido group and 
column attached to a distilling head (cat. 9214, ACE glass three methylene groups with no functional carbon 
incorporated). adjacent to it. A doublet at 1.15 p.p.m. with J = 8 c.p.s. 

The determination of the amount of each component Was assigned to a-meth~l  group coupled to its adjacent 
was performed on a 6 mm x 6 ft column packed with proton. An unsymnletrical triplet at 1.20 p.p.m. (J = 4 
5 %  D C  710 on Chromosorb W. The yields were deter- c.P.s.) was assigned to the terminal methyl group in the 
mined by comparison of the area of integration with the carbon chain. A band in the 5.3 P.P.m. 
appropriate standards. Retention time of each photo- region was assigned to two exchangeable protons on the 
product in 6 mm x 6 ft 5 %  DC 710 on Chromosorb w nitrogen of  the amid0 group. v,,,,(cHcI,) 3520, 3495, 
column is shown in Table V. 3405, 1680, and 1590 cm-'. 

Anal. Calcd. for C7H, ,N0  (mol. wt., 129.20): C, 
Irradiation of Unsymmetrically S~~bst i t~r ted  Oxir~~es  in 68.07; H, 11.70; N, 10.84. Found (mol. wt., mass 

iso-Propa1101 andPreparatiorl of A~nide Standards for spectrum, 129): C, 67.87; H, 11.39; N, 11.20. 
Quantitati1;e Deterrr~ir~atioiz The fragmentation pattern in the mass spectrum was 

Heptanarnide (3) and 2-Methylcnproamide (2) consistent with the structure. O n  the basis of the i.r. and 
Five 100 nlg samples of oxime 1, each dissolved in 100 n.m.r. spectra and in agreement with the analysis, the 

ml of  iso-propanol were irradiated separately, with unknown compound was identified as 2-methylcapro- 
stirring, under nitrogen for 2 h. The combined solutions amide (2). 
were concentrated to 1 ml by distilling through a 10 cm 3,7-Din1ethyloctana1?1ide (12)  and 2-Isopropyl-5- 
Vigreux column. The concentrated solution was then ~ne thy l l~exa i~a ide  ( I I )  
separated into its components by preparative g.1.c. at  Menthone oxime (10) (1 g) was dissolved in 90 ml of 
145" oven temperature. A 6 mm x 8 ft stainless steel iso-propanol. The resulting solution was irradiated in an 
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atmosphere of nitrogen for 24 h. After concentrating the 
solution to I ml, the components were separated by 
preparative g.1.c. at  170". A 6 mrn x 8 ft stainless steel 
column packed with 10% D C  710 on Chromosorb W was 
used. Compounds 12, m.p. 104-105" and 11, m.p. 125- 
126", having retention times of 12.5 and 11.3 min were 
obtained as white crystals in yields of 130 and 50 mg, 
respectively. 

Compound 11 showed characteristic amido absorption 
(16) at  3540,3508,3420,1690, and 1610 cm-l.  The n.m.r. 
spectrum in CDCI3 showed two overlapping doublets 
centered at  0.95 p.p.m. ( J  = 4 c.p.s. and 6 c.p.s. 9H), a 
doublet at  2.15 p.p.rn. ( J  = 6 c.p.s. 2H), a singlet a t  1.28 
o.o.m. (8H), and a broad band in the region 5.5 to 6.8 . . . . 

p.p.m. (2H). 
Anal. Calcd. for CloH21N0 (mol. wt., 171.28): C, 

70.12: H. 12.36: N, 8.18. Found (rnol. wt., mass spectrum, 
171):?, 70.31;.~,-12.06; N, 8.14. 

Compound 12 exhibited absorption at  3540, 3505, 
3420, 1690, and 1610 cm-' characteristic of an arnide in 
its i.r. spectrum. The n.m.r. spectrum in CDCI, showed a 
twelve-proton triplet (composed of two overlapping 
doublets) centered at  0.95 p.p.nl. ( J  = 5 c.p.s. and 6 
c.p.s.). These were assigned to the two pairs of ,yetn- 
dimethyl groups of the two isopropyl groups. A broad 
band centered at  1.8 p.p.nl., was interpreted as being 
due to the proton a to the anlido group. A broad band in 
the 5.3 to 6.3 p.p.m. region was assigned to the two 
exchangeable protons on the nitrogen of the amido 
group. The rest of the protons of this con~pound appeared 
as a singlet at 1.28 p.p.111. 

Anal. Calcd. for C l o H L I N O  (rnol. wt., 171.28): C, 
70.12; H, 12.36; N, 8.18. Found (rnol. wt., mass spectrum, 
171): C, 70.09; H,  12.20; N, 8.38. 

The fragmentation patterns of the mass spectra of 

compounds 11 and 12 were consistent with the structure 
proposed. 

6-Metlzyflzeptannrnide (6) nr~d 2,2-Ditnethylcnproarnide 
(5) 

Three lOOmg samples of oxi~ne 4, each dissolved in 
100 ml of iso-propanol, were irradiated separately, under 
a n  atmosphere of helium for 2 11. The combined solutions 
were concentrated to 0.5 ml by using a 10 crn Vigreux 
column. The concentrated solution was then separated 
into its components by t.1.c.; 100 mg of the photo- 
mixture were applied each on preheated (1 10" for 10 rnin) 
plates (8 in. x 8 in.) coated with 0.75 nlm of silica gel. 
Two bands of R, 0.3 and 0.5 were detected when ether 
was used as developing solvent. T h e  separated bands 
were extracted with cl~loroforrn to give 50 mg and < 1 mg 
of  compounds 6 and 5 respectively. 

Compound 6, m.p. 111-1 12" had (v,,,CHC13), 3525, 
3410, 3495, 1680, and 1590 cm-' characteristic of amido 
group. Its n.m.r. spectrum in CDCI, showed a six-proton 
doublet at  0.87 p.p.m. ( J  = 6 c.p.s.). This was assigned to  
the terminal gem-dimethyl groups of the carbon chain. A 
two-proton triplet at 2.25 p.p.m. ( J  = 7 c.p.s.) was 
assigned to the rnethylene group a to  the alnido group. A 
broad band in the 5.7 to 6.5 p.p.rn. region was assigned 
to  the two exchangeable protons o n  the nitrogen of the 
amido group. The rest of the protons of this compound 
appeared as a broad band centered a t  1.25 p.p.m. 

Anal. Calcd. for C8HI7NO: C, 67.09; H, 11.96; N, 
9.78. Found: C, 67.09; H, 11.10; N,  9.97. 

Compound 5 was isolated in too snlall a quantity to be 
fully characterized. The i.r. spectrum showed in dilute 
CCI4 solution, bands at  3545, 3520, 3420, 1610, and 1680 
cn1-I characteristic of primary amides. Its structure was 
established by comparison with a n  authentic sample, 
which was synthesized via the following scheme. 

Sodium alnide (4 g) was placed in a dried 3-necked 
flask fitted with a condenser (Dewar) and two pressure 
regulated dropping funnels. In one dropping funnel were 
placed 4 g of capronitrile and to the other were added 12 g 
of methyl iodide. Dried nitrogen was circulating through 
the containers, while filling up the Dewar condenser with 
dry ice; 50 ml of dried liquid ammonia (over Na) were 
then introduced into the system. The nitrile was added, 
followed by 5 min of stirring to ensure that the formation 
of anion was completed. Methyl iodide was then intro- 
duced, and the mixture was stirred for Q h. Excess of 
ammonia was evaporated by allowing the temperat~~re of 
the reaction vessel to reach room temperature. Dilute 
hydrochloric acid was added. The nitrile was extracted 
five times with ether. The combined ether extracts were 

washed with water, dried over magnesium sulfate, and 
subjected to vacuum distillation. The  n.m.r. spectrum of 
the product indicated the total disappearance of the two 
a-protons accornpanicd by thc presence of a singlet 
corresponding to the getn-dimcthyl groups a to  the 
amido group. 

Anal. Calcd. for C8H15NO: C, 76.74; H, 12.08; N, 
11.19. Found: C, 76.31; H, 12.27; N, 10.98. 

The nitrile (1 g) prepared in the preceding procedure 
was boiled with 7 g of 20% aqueous sulfi~ric acid. Since 
no reactions secrned to occur after 1 2  h of refluxing, 3 ml 
of concentrated s~~ l fu r i c  acid were addcd, and the mixture 
was refluxed for 1211, giving 900 mg of 2,2-dimethyl- 
llexanoic acid. The  acid (600 mg) was converted to thc 
acid chloride by treatment with thionyl chloride in ether 
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(20 nll). The acid chloride was added to an anlnlonium 
hydroxide solution and 400 mg of amide, m.p. 94-95", 
were obtained. The spectral data of the amide 5 were: 
v,,,,(CCI,) 3545, 3520, 3420, 1680, and 1610 cm-', 
characteristic of amido group; 6 (CDCl,) 0.90 (triplet, J 
= 6 c.p.s. 3H), 1.20 (singlet, 6H), and a broad band in 
the region 5.8 to 6.5 p.p.m. (2H). 

Anal. Calcd. for CsHI7NO: C, 69.09; H, 11.96; N, 
9.78. Found: C, 68.89; H, 12.18; N, 9.68. 

2,2-Dimethylcaproan~ide, prepared by photolysis, was 
identical to this sample (i.r., Rc and retention time in 
g.1.c.). 

Four lod mg sarnples of oxin~e 7, each dissolved in 
100 n ~ l  of iso-propanol, wcre irradiated separately, under 
a n  atmosphere of helium for 2 h. After concentrating the 
solution, the components were separated by preparative 
t.1.c. Benzene-ether (1 :1) was used as developing solvent. 
The separated bands (Rc 0.2 and 0.4)were extracted with 
chloroform to give 60 mg and 1 nlg of compo~~nds  9; 
n1.p. 93-94" and 8 respectively. The spectral data of 9 
were: v,;,,(CHCI,) 3495, 3500, 1675, and 1585 cm-I;  
G(CDC1,) 0.90 (doublets, J = 6 c.p.s. 6H), 1.20 (doublet, 
J = 2 c.p.s. 3H), 2.25 (multiplet), and a broad band in 
the region 5.8 to 6.5 p.p.m. 

Anal. Calcd. for C9HI9NO: C, 68.74; H, 12.18; N, 
8.91. Found: C, 68.42; H,  12.00; N, 8.70. 

Prepnration of 2,2-Dit11etl1~~111epta,1at11ide (9) 
Amide 9 was prepared by a method similar to that 

used for amide 5. Heptanonitrile was converted to the 
corresponding a,a-dimethyl nitrile in liquid ammonia 
with methyl iodide. The resulting nitrile boiled at  
58-6O0/2 mm. A comparison of the n.m.1. spectra of 
a,a-dimethylhexanonitrile and hexanonitrile both in pure 
liquid form is shown below. 

Heptanonitrile; 6 0.85 (t, J = 4 c.p.s., 3H), 1.30 (8H), 
2.20 (t, J = 5 c.p.s., 2H) p.p.nl. 
a,a-Dimethylheptanonitrile; 0.80 (t, J = 4 c.p.s., 3H), 

1.30 (8H), 1.05 (s, 6H) p.p.m. 
Anal. Calcd. for CpHl7N: C, 77.63; H, 12.31; N, 10.06. 

Found: C, 77.76; H, 12.54; N, 10.12. 
a,a-Dimethylhexanonitrile (I g) was hydrolyzed by 

treatment with s~~lfur ic  acid to obtain 900 mg of the 
corresponding acid as described in the previous section. 
The spectral data of this compound indicated the presence 
of the carboxylic acid; v,,,(CHCI,) 3500 cm-' and 1700 
cm-I; 6(neat) 12.70 p.p.m. (sharp, exchangeable proton, 
1H). The remainder of the spectrum was similar to that 
of the corresponding nitrile. 

Anal. Calcd. for C9H1,O2: C, 68.31; H, 11.47; 0 ,  
20.22. Found: C, 68.33; H, 11.26; 0 ,  20.20. 

Conversion of this acid to its acid chloride followed by 
treatment with ammonium hydroxide solution (as 
described above) gave the amide 9, m.p. 104-105.5"; 
v,,,(CHCI,) 3540, 3420, 3505, 1670, and 1580 crn-'; 
6 (CDCI,) 0.90 (triplet, 3H, J = 6 c.p.s.), 0.18 (singlet, 
6H). and a broad band in the region 5.5 to 6.5 p.p.m. 

Anal. Calcd. for C9HI7NO: C, 68.74; H, 12.18; N ,  
8.91. Found: C, 68.65; H, 11.99; N, 9.14. 

2,2-Dimethylheptanamide from photolysis was identi- 
cal to this sample (RI, g.1.c. retention time, and i.r.). 

Qlrantitative Detertttitzntio~z of the Ratio of Isotneric 
Atnirles 

A 0.1 % solution of each oxinle 1, 4, 7, and 10 was 
irradiated for 2 h under an atruosphere of nitrogen in 
iso-propanol. The resulting solutions were conccntrated 
to 5 ml by distilling off the solvent through a 10 cm 
Vigreux column.. Thc detcrmination of the amount of 
each component was then performed on a 6 m m  x 6 ft 
column packed with 10% D C  710 on Chromosorb W 
column. Yield of each amide was determined by using 
standards isolatcd from photolysis mixture or prepared 
synthetically. The g.1.c. properties of each amide are 
shown in Table VI. The ratio of the amides in the photo- 
lyses of the oximes are shown in Scheme 1. 

TABLE VI 
Retention time of amides in 6 mm x 6 ft 10% D C  710 

on Chromosorb W column 

Oven Flow Retention 
temperature rate ' time 

Amides ("c) (ml/min) (min) 

2 158 20 3.6 
3 158 20 4 . 7  

Photolyses of Oxin~es, Asymt~letric at  a-Carbon 
2,6-Dimethylcyclol~exmone Oximes 
Preporation of the oxit~ze ~~zixture-A cis and trat~s 

mixture of 2,6-dimethylcyclohexanone (40 g) (Aldrich 
Chemical) was added to a cloudy solution of 50g of 
sodium acetate and 40 g of hydroxylamine hydro- 
chloride in 500 ml of methanol. The mixture was 
kept refluxing in a water bath overnight. Part  of the 
methanol was distilled off and the remaining solution was 
poured into ice-cold water with stirring. The precipitate 
was filtered off and washed with water to give 37 g of 
crude oxime mixture. 

Separatiot~ of the t~rixtltre into its pure cis and trans 
forttz-The oxime mixture (100 mg each time) was 
applied o n  plates (8 in. x 8 in.) coated with 0.75 mm 
silica gel. The plates were preheated in an oven at 110" 
for 10 min before use. Benzenexther (9:l) was used to 
develop the plates. The separated bands were extracted 
with boiling methanol using a Soxhlet extractor to give 
800 mg and 900 mg of oxi~lles 13, m.p. 120-121" (lit. 
(17) 119") and 14, n1.p. 77-78" (lit. (17) 79"); Rc 0.7 and 
0.5, respectively, from 2 g of  starting oxime mixture. 
Oximes 13  and 14 were identified respectively as  trans- 
and cis-isomers by analysis of their n.m.r. spectra. tratls- 
Isomer 13: 6 2.45 and 3.75 p.p.m. (metl~ine); methylene 
protons are relatively sharp (rapid ring inversion). cis- 
Isomer 14: 6 2.70 and 3.50 p.p.m. (methine); methylene 
protons are broad and undifferentiated. 

Anal. Calcd. for C8H1,NO: C, 68.04; H,  10.71 ; N, 
9.92. Found, oxime 14: C, 67.87; H, 10.53; N, 9.80. 
Found, oxime 13: C, 68.18; H, 10.55; N,  10.04. 
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P1~otol)~ses of the cis- (14) nt~rl trat~s- (13) 0.uittles:- 
The photolysis of a 0.1 % solution of either cis- (11) or 
trans- (13) isomer in its pure form was conducted in both 
methanol and iso-propanol for an appropriate length of 
time under an atmosphere of helium. Gas-liquid chroma- 
tographic detection (Table VI) (using 20% Hyprose 
SP-80 on silicon treated Chromosorb W column), of the 
starting oxime recovered from runs that were allowed to 
go only to partial completion showed no corresponding 
isomeric oxime. The retention time of oxirnes 13 (tr-mts- ) 
and 14 (cis-) was 6.3 min and 8.1 min, respectively, 
when the oven temperature was 138" and the carrier gas 
flow rate was 40 ml/min. 

Metzthotre atxi Isott~e~rthot~e Oxilt7es 
Prepamti011 oftt~etrtholle osirrre-Menthone oxime, rn.p. 

55-56" (reported 58") was prepared according to Beck- 
mann (18) by treatment of menthone (oxidized from 
menthol according to Sandborn (19)) with hydroxylamine 
hydrochloride and sodium acetate in 90% ethanol. 

Anal. Calcd. for CloH,,NO: C, 70.96; H, 11.32; N, 
8.28. Found: C, 71.05; H, 11.35; N, 8.13. 

Pr-eparatiotz of isot1tetlthot1e ositrte-Isomenthone was 
isolated from a mixture of menthone and isomenthone 
(Aldrich Chem. Co.) by trcatment with Girard reagent 
following the method described by Nigam and Levi 
(20). Gas-liquid chronlatographic detection of the 
isolated isomenthone showed one peak which was dif- 
ferent in retention time from that of menthone. 

Isornenthone (0.31 g) was added to a solution of 0.31 g 
of hydroxylamine hydrochloride in 10 ml of water which 
was neutralized by sodium carbonate. After standing 
overnight with stirring, a white solid was formed. Usual 
work-up gave 0.3 g of isornenthone oxime. After recrystal- 
lization from petroleum ether (60-90") g.1.c. detection of 
this isomenthone oxime showed one peak at 51 min, 
(menthone oxime, 47 rnin), using 20% Hyprose SP-80 on 
silicon treated Chrornosorb W column at 140" oven 
temperature and 30 ml/min flow rate of carrier gas. 

Anal. Calcd. for CIOHIPNO: C, 71.05; H, 11.35; N, 
8.13. Found: C, 70.85; H, 11.46; N, 8.18. 

Pltotolyses of tnetrthone ntrd isot~terrtholze oxitnes-The 
photolyses of a 0.1 % solution of both cis- and trolls- 
isomers in their pure forms were conducted in iso- 
propanol under an atmosphere of nitrogen for 1 h. 
Detection by g.l.c., using 6 rnm x 6 ft glass column of 
Hyprose SP-80 on silicon treated Chromosorb W of the 
starting oxime recovered from runs that were allowed to 
go only to partial completion, showed no corresponding 
isomeric oxime. 

Source of flydrogetz in tile Fortnatiolr of' Atnides 
A 1 %solution of cyclohexanone oxime in iso-propanolJ 

was irradiated under a nitrogen atmosphere for 44 h. The 
resulting solution was then subjected to careful distil- 
lation through a IOcm Vigreux column. The solvent 
collected was identified and determined quantitatively by 
g.1.c. using 6 mm x 6 ft Porapak R as column. The 
retention time of acetone was 6 min compared with 9.4 
min for iso-propanol at 142 "C oven temperature with 
a flow rate of carrier gas at 40 rnl/min; 54 % of acetone 
with respect to the amide formed in this photolysis 
was detected. The presence of acetone was further con- 
firmed by converting it to its 2,4-dinitrophenylhydrazone. 

This hydrazone was identical (i.r., m.p., and R I )  with an 
authentic sample. 

Anal. Calcd. for C,HloNJO,: C, 45.38; N, 23.52; H, 
4.23. Found: C, 45.36; N, 23.68; H, 4.27. 

Specificity of fI)jrlrogetl Abstrnctiotz it1 Atnirle Forrttntio~~~ 
Prepnratiotz of 0-Derlternted Cyclorlodecat~otre Oxittlr 
Cyclododecanone oxime (3 g) was dissolved in 75 rnl of 

boiling anhydrous hexane (freshly distilled over Na) and 
640 mg of sodium hydride (52%) was added. The whole 
111ixture was kept refluxing for 4 h. The sodium salt (2.5 g) 
was filtered off. This sodium salt of the oxime was 
converted to the 0-deuterated oxime by stirring in 20 rnl 
of deuterium oxide overnight. The resulting oxilne 
showed the absence of signal corresponding to the 
hydroxyl group in n.1n.r. 

Prepamtion of 0-Derrtaatrfl iso-Propatlo1 
Aluminium isopropoxide (200 g) was stirred under 

anhydrous conditions with 1500n11 of dried ether 
(freshly distilled over NaH). Deuterium oxide (70 ml) 
was added. The whole mixture was stirred for 6 h. The 
gelatineous aluininiu~n hydroxide was filtered off. T l ~ e  
filtrate was then subjected to fractional distillation to 
give 80 ml of deuterated iso-propanol. 

PJ~otolysis of 0-Deuter-aterl Cyclododecatlorte Oxit?le ilz 
0-Deuter-nted iso-Propatrol 

0-Deuterated cyclododecanone oxi~ne (400 mg) in 80 
ml of the above 0-deuterated iso-propanol was irradiated 
under an atmosphere of helium for 15 h. Thin-layer 
chronlatographic separation of the resulting photo- 
products gave 200 mg of dodecanamide. This amide, 
m.p. 88-90", was subjected to H 2 0  exchange to get rid 
of any deuterium attached to the nitrogen of the arnido 
group. 

Anal. Calcd. for C,,H2,NO: C, 72.30; H, 12.64; N, 
7.03. Found: C, 72.17; H, 12.68; N, 7.14. 

The i.r. spectrum showed no corresponding C-D 
stretching. The mass spectrometric analysis indicated 
more than 95 % of undeuterated amide. 

Irr-nflintio~r of Cycloalka11017e Oxittres ilz Water 
Exactly the same procedure for irradiation of iso- 

propanol was applied to this system except that the result- 
ing photolytic solution was saturated with sodium 
chloride, and the solution was extracted in a liquid-liquid 
extractor with methylene chloride for one day. The 
organic layer was then reduced to 25 rnl for quantitative 
determination. 

Effect of Acid 
Parallel runs with and without acid were carried out 

using exactly the same procedure as that described for 
irradiation of cycloalkanone oxirnes in water. 

Fate ofthe Nitrogen ill tlte Oxinle 
A 1 % solution of cyclohexanone oxime in distilled 

water was thoroughly purged with helium. The whole 
solution was then subjected to irradiation for 2 11. During 
the photolysis, a gas was generated which was trapped by 
passing it into a benzcne solution of triphenyl radicals. 

SAll these experiments were conducted in a dry box, 
which had been evacuated and filled with dried nitrogen 
several times to ensure the complete removal of moisture. 
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An immediate decolorization followed by precipitate 
formation was observed. This gas also caused a precipita- 
tion of brownish ferric salt when passed into an aqueous 
ferrous ammonium sulfate solution. These free radical and 
oxidizing properties were attributed to the presence of 
oxygen gas in the photolysis system. 

The aqueous photolysis solution was slightly alkaline 
(pH 9) (test by universal indicator). It was neutralized by 
cautious addition of p-toluenesulfonic acid. The re- 
sulting solution was subjected to liquid-liquid extraction 
with boiling rnethylene chloride for 24 h.  The aqueous 
layer was then evaporated to dryness and gave ap-toluene- 
sulfonate salt. The p-toluenesulfonate salts of ammonia, 
hydroxylamine, and hydrazine werc prepared syntheti- 
cally. A conlparison of these (i.r.) with the one obtained 
from photolysis revealed that this salt was amnlonium 
p-toluenesulfonate. 

Anal. Calcd. for C,H,,N03S: H, 5.79; C, 44.21; N, 
7.37;S, 16.84. Found: H,6.17;C,44.09;N,7.13;S, 17.13. 

Phololj~sis of Hyrlr.oxylat~~bze 
The pl~otolysis of free hydroxylamine under the same 

condition as that in ketone formation was performed for 
3 h. No detectable ammonia or oxygen was formed. 
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Transannular reactions in the dibenzo [a,d]cycloheptene series. 111. Preparation of 
ll-substituted-l0,11-dihydro-10,5-(iminomethano)-5H-dibenzo [a,d Icycloheptenes 

T. A. DOBSON, M. A. DAVIS, AND A. M. HARTUNG 
Ayerst Lnborntories, Ayerst, McKeiiiin, niid Hnrrisorz Litiiited, Moi~trenl, Quebec 

Received March 21, 1968 

Treatment of the SJJII-epoxyaniide 3 with either aninioniuni hydroxide or sodium hydride gives 10, l l -  
dihydro-miti-1 l-hydroxy-lO,5-(iniinometl1ano)-5H-dibenzo[a,cl]cyclol1epten-l3-one (In). This compound 
is rcadily converted to the SJ~II-epimer l c  by oxidation to 10 and subsequent hydrogenation. The ketone l b  
reacts with Grignard reagents to give the tertiary alcohols lk,l  which undergo hydrogenolysis to give the 
11-substituted lactains lq,r. Reduction of the lactams with lithiuiii aluniinium hydride gives the corre- 
sponding aniines. 

Canadian Journal of Chemistry, 46, 3391 (1968) 

We have recently described the preparation of 
a number of l0,ll-dihydro-l0,5-(epoxymethano)- 
5H-dibenzo[a,d]cyclohepten-13-ones (1, 2). The 
present paper outlines a general route to 11-sub- 
stituted-l0,ll-dihydro-l0,5-(iminometha110)-5H- 
dibenzo[a,d]cycloheptene derivatives 1 and 2. A 
different approach has been used by other workers 
(3-6) to prepare other derivatives and the ring 
system has been shown to occur naturally in 
the alkaloids amurensine, amurensinine, and 
roemfrine (7,8). 

l e '  CH;C,H, H OH 

We have previously found that the syn- 
epoxyamide 3 reacts with secondary amines to 
give anti-1 1-dialkylaminolactones. In attempts 

to prepare the unsubstituted anti-11-amino- 
lactone 4a both the syn-epoxyamide 3 and the 
broinolactone 40 were treated with ammonium 
hydroxide at  140". The product, obtained in 70% 
yield in both cases, was not the expected lactone 
but the anti-1 1-hydroxylactam la .  Oxidation of 
l a  gave the ketolactam 10 which regenerated l a  
upon reduction with sodium borohydride. In 
contrast, catalytic hydrogenation of 10 gave a 
mixture of 20 % l a  and 80 "/,f the syn-hydroxy- 
lactam Ic. This hydrogenation parallels that of 
the ketolactone 4c which gives the syn-hydroxy- 
lactone 4d as the major product (2). Reduction of 
the two epimers l a  and l c  with lithium aluminium 
hydride in dimethoxyethane gave the epimeric 
aminoalcohols 2a and 2c respectively. Other 
solvents (see Experimental) were markedly 
inferior for these reductions in accordance with 
experience in the preparation of 8-hydroxy-5- 
phenylbenzomorphan derivatives (9). The infra- 
red (i.r.) hydroxyl absorptions of 2a and 2c were 
concentration-dependent, and concentration-in- 
dependent respectively, indicating that 2a was 
the anti-epimer and that 2c was the syn-epimer 
(10). These assignments were confirmed by the 
reaction of the syn-aminoalcohol 2c with phos- 
gene. The product was the cyclic carbamate 5, 
the structure of which was fully supported by its 
analytical and spectral properties. The geometry 
of 2a and 2c, as shown by inspection of molecular 
models, indicates that only 2c can form 5. 
Cristol and Bly (1 1) have cited an analogous cyclic 
carbonate formation as a structure proof of 
dibenzobicyclo [3.2. I Ioctadiene-exo-4-syn-8-diol. 
In accord with these assignments only intractable 
mixtures were obtained when 2a was treated with 
either phosgene or diethyl oxalate (12). 
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40, R=NH, ;  e , R = H  
b, R = Br; f, R = NHCH2C6Hs 
C, R = (=O);g, R = NHC6H5 
rl. R = sytz-OH 

60, R = R' = NH(CH2),0CH3 70. R = N H C ~ H S  80, R = H  
b, R = R 1 = N H 2  b, R = N(CH,)z b, R = CHO 
c, R = NH2,R1 = H 

90, R = CON, 
b: R = NCO 

Treatment of the syn-epoxyamide 3 with a 
variety of primary aniines at 140" gave tlie N- 
substituted-anti-hydroxylactams Id-f: The same 
compounds were prepared by monoalkylating 
l a  with sodium liydride and the appropriate 
alkyl halide confirming that l a ,  d-f belonged to 
the salne epimeric series. Subsequent methylatioli 
of lc/,e gave the ethers lg,h. The alkylated deriv- 
atives l i , j  of  the syn-hydroxylactam were pre- 
pared in the same manner. Reduction of ld,g,k 
and l i , j  with lithium aluminium liydride gave the 
two epimeric series of amines 2d,g,lz and 2i , j  
respectively. Unlike tlie nuclear magnetic reson- 
ance (n.1n.r.) spectra of tlie previously described 
lactones (2), the 1i.m.r. spectra of the lactams and 
amines described herein cannot be used to  dis- 
tinguish between syr7- and anti-substitution. 

Under milder conditions two exceptions to  the 
generality of the amine-epoxyamide reaction were 
observed. First, treatment of 3 with benzylamine 
a t  100" gave the anti-1 I-benzylaminolactone 4f: 
The geometry of this compound was confirmed 
by its 1l.m.r. spectrum (2). Subsequent treatment 
of 4 5  with either benzylamine or ammonium 
hydroxide a t  140" gave the N-benzyl-anti- 
hydroxylactam le.  Second, treatment of 3 with 

3-metlioxypropylaniine a t  80" gave a small yield 
of the secondary amide6a. 

These observations suggest tha t  la  arises by 
normal traus-opening of the epoxide fuiiction (13) 
with, most probably, simultaneous lactonization 
to give the initially expected aminolactone 4a. 
Epimerization of 4a at the benzhydrilic carbon 
atom (C-5) via a n  equilibrium concentration of 
the amide 66 followed by lactam formation would 
give l a .  I t  is improbable that 66 epimerizes with- 
out prior lactonization. For example, the syn- 
hydroxyamide 6c lactonizes at  room temperature 
(2). The ready Iactam formation of  the epimerized 
form of 66 is unremarkable in view of the classical 
methods for forming lactam bridges (14). 

I t  was not possible to  convert the  anti-anilino- 
lactone 4g to the corresponding lactam by treat- 
ment with ammonium hydroxide since starting 
material or the aminoalcohol 7 a  were obtained. 
Presumably the anilino residue was  insufficiently 
basic to  undergo lactam formation. Decarboxyl- 
ation also occurred when the syrz-epoxyamide 3 
was heated with aqueous dimethylamine at  140" 
since the product was the ami~~oalcohol  76. 

The present studies bear a formal similarity to 
the preparation of isoqui~~uclidones recently 
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reportec1 by Huffman and co-workers (15). 
Their procedure requires, however, a trans- 
epoxyester as starting material and subsequent 
pyrolysis ofthe intermediate aminoester. 

Treatment of the syn-epoxyamide 3 with 
sodium hydride in dry dioxane also gave l a .  
Presumably this reaction proceeds via epinleriza- 
tion at C-5 and subsequent 'N-6' participation 
(16). Many examples are known of nucleophilic 
participation by amide nitrogen iuider basic 
conditions (17). A by-product from this reaction 
was 9,1O-dihydroa11thrace11e-9-carboxamide 8a. 
This side reaction was i~ndoubtedly a base- 
promoted conversion of 3 since it was unaffected 
by both boiling dioxane and boiling water, 
and the anti-hydroxylactam l a  was unaffected 
by sodium Ilydride in boiling dioxane. Possibly 
8a arose by initial rearrangement1 of 3 to the 
carboxaldehyde 86 with si~bseqi~ent base-cata- 
lyzed elimination of the formyl group (1 1,19). 

Attempts to ammonolyze the lactones 4d,e 
to the corresponding lactams were abortive since 
starting materials or decarboxylated products 
were obtained. In contrast, the closely related 
isochroman-3-one and its 4-phenyl derivative 
have been successf~~lly ammonolyzed to the 
corresponding lactams (20,21). 

The ketolactam 16 showed normal ketonic 
properties. Enolization, which sometimes masks 
the ketonic character of 10,ll-dihydro-5H- 
dibenzo [a,d]cyclohepten- 1 0-ones (22), is pre- 
cluded by the presence of the 10,5 bridge system. 
Thus, 16 formed an oxime and a ketal and readily 
underwent Grignard reactions to give the 
carbinols l / ~ , 1 . ~  In these Grignard reactions the 
lactam function was presumably protected from 
attack by complex formation (23, p. 876). 
Grignard reactions with the N-methyl-ketolactam 
l m  gave very poor yields of the carbinols ln,o and 
these compounds were better prepared by metllyl- 
ating lk,l. Lithium aluminium liydride reduction 
of lk,l  gave the aminoalcohols 2k,l. The i.r. 

'The influence of thc 5-proton is manifest in this 
rearrangement. Thus, 10,ll-epoxy-10,ll-dihydro-5H- 
dibenzo[n,d]cyclohepten-5-one gave the corrcsponding 
5,lO-dione on base treatmcnt, and gave lO-hydroxy-9- 
anthraldehyde on either pyrolysis or acid-trcatment (18). 

ZThe physical properties and chemical behavior of 
Ik,l confirmed that they werc single cpimers. The reaction 
of l b  with allyl magnesium brornidc appcarcd to givc a 
mixture of epimers which is being investigatcd further. 
Ethyl magnesiu~n bromide rcduccd l b  to the allti- 
hydroxylactam (23, p. 147-158). 

hydroxyl absorptions of these compounds were 
concentration-independent indicating that they 
were syn-aminoalcohols. This geometry woi~ld 
be expected assuming that Grignarcl reagents, 
like hydrogen, tend to attack the less hindered 
side of 16. 

Hydrogenolysis of the epimeric hyctroxy- 
lactams l a  and l c  with sodium in liquid ammonia 
gave the i~nsubstituted lactam 11, in good yield. 
Similar hydrogenolyses of the carbinols l k , l  gave 
lq,r. Catalytic hydrogenolyses of l a  and l k  were 
unsi~ccessful, as is the case with similarly sub- 
stituted benzylic alcohols (9). 

The i~nsubstituted lactam l p  was also obtained, 
in very poor yield, by photolysis of the acyl azide 
9a. The major product was the isocyanate 96 in 
accord with experience in the photolysis of 
carbocylic acyl azides (24,25). 

The more important pharmacological proper- 
ties of some of the compounds described in this 
paper, particularly those of the amines 2a-171, will 
be described elsewhere. 

Experimental 
10,l /-Di/z~~rlro-n~1ti-ll-l~y~lroxy-1O,5-(i~~~i~~o~~~et/~r1r~o)- 

5H-diberzzo[n,rl]cyc/ohepter~-l3-or~e (Ill) 
Metlrod a 
A mixture of the syu-epoxyamidc 3 (50 g) (2) and 

anlmoniunl hydroxide (200 n ~ l )  was kept at 140' for 6 11. 
Thc solid product was collected and washcd with water, 
chloroform and ether, and then crystallized from ethanol 
to give the title product (35 g )  as needles, n1.p. 260-262.' 
(decomp.); v,,,, (Nujol) 1670 cnl-I. 

Anal. Calcd. for C16H13N02: C, 76.47; H, 5.22; 
N, 5.57. Found: C, 76.50; H, 5.08; N, 5.57. 

Methorl b 
Following theprocedure of method n, the bromolactonc 

4b (315 g) (2) and ammonium hydroxidc (2 1) gavc In 
(178 g). 

Methorl c 
A mixture of the syrz-epoxyamidc 3 (2.5L g), sodium 

hydride (460 mg of a 52% suspension in mineral oil), and 
dioxane (50 ml) was heated under reflux for 1 11. The 
rcaction mixture was diluted with water and then con- 
centrated irz urrcrro. The residue was washed with water, 
and thcn with hexane, and thc rcsiduc was crystallized 
from ethanol to give In (1.5 g), n1.p. 260-262" (decomp.). 
The infrarcd (i.r.) spectrum of this material was identical 
with that of the product from method n. 

Thc mothel. liquors from thc abovc crystallization 
yielded 9,lO-dihydroanthracene-9-carboxamide (Sn), m.p. 
and mixture m.p. with an  authcntic sample 151-152' 
(lit. (26), m.p. 151-152"). 

10,l I-Dilrydro-10,5- (irr~i~lor~letlmr/o) -5H-diber/=o[n,(i']- 
cycloAepterl-l1,13-~Iio11e (Ib) 

Jones rcagcnt (20 ml) (27) was added dropwise to an 
ice-cold stirrcd suspension of In  (10.0 g) in acctone (150 
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1111). The mixture was kept at 0' for 0.5 h and then 
diluted with isopropanol (5.0 nil). Thc mixture was con- 
centrated 01 uac~io, diluted with water, and then extracted 
with chloroforni. The combined extracts were washed 
with water, dried, evaporated, and the residue was 
crystallized from cthanol to give 16 (9.0 g), m.p. 197-199"; 
v ,,,, (CHCI,) 3425,3200, and 1685 cni-I. 

Anal. Calcd. for C,6H11N02:  C, 77.09; H, 4.45; N, 
5.62. Found: C, 77.34; H, 4.36; N, 5.78. 

The oxinle derivative of 16 was prepared in the usual 
manner and recrystallized froni ethanol, n1.p. 290-295" 
(deconip.). 

Anal. Calcd. for ClsHL2NzOZ: C, 72.71; H, 4.58; N, 
10.60. Found: C,72.40; H,4.69; N, 10.75. 

Treatment of 16 (1.0 g) with sodium borohydride 
(0.5 g) in ethanol (30 nil) at rooni temperature gave l a  
(0.93 g) identical in all respects with l a  prepared by 
method a above. 

10,l 1-Dillydro-SYII-1 l-l1yrlro~~y-10,5-(itt1it10t?1etl1at10)- 
5H-rli6et1zo[a,cljcyc/ol1epte11-13-ot~e (Ic) 

A solution of tlie ketolactani 16 (100 g) in ethanol 
(3.0 1) was hydrogenated at 50" and 7 atm in the presence 
of 10% palladiuni-on-charcoal catalyst (0.5 g) until 
hydrogen uptake ceased. The catalyst was removed and 
the solution was concentrated to half-volume whereupon 
Ic  (60 g) crystallized as fine needles, n1.p. 260-263" 
(decomp.); v,,,, (Nujol) 1665 cni-'. 

Anal. Calcd. for Cl6HI3NO2:  C, 76.47; H, 5.22; 
N, 5.57. Found: C,76.35; H, 5.13; N, 5.21. 

Fractional crystallization of the residue from tlie 
mother liquors gave a further 19.0 g of l c  and 17.0 g of la.  

10,l l-Dil1yrlro-10,5-(itt1ir1ott1etl1atro)-5H-c/iber1zo[a,~lJ- 
cyclol1epter1-ar1ti-ll-ol(2n) 

Lithium aluminium hydride (7.25 g) was added portion- 
wise to a stirred suspension of l a  (25.1 g) in 1,2-di- 
methoxyethane (150 nil). The niixture was stirred and 
heated under reflux for 10 h. The excess hydride was 
destroyed with water and the basic material was isolated 
in the usual manner. This material was recrystallized 
from benzene-hexane to give 20 (19.0 g), 1n.p. 130-134"; 
v ,,,, (CHCI,) 3570,3325, and 1020 cni-I. 

Anal. Calcd. for C,,H,,NO: C, 80.98; H, 6.37; N, 
5.90. Found: C, 80.97; H, 6.65; N, 5.71. 

The hydrochloride salt of 20 was recrystallized from 
ethanol, n1.p. 220-225" (deconip.). 

Anal. Calcd. for CI6HlGCINO: C, 70.30; H, 5.85; C1, 
12.99; N, 5.12. Found: C, 70.52; H, 6.04; CI, 12.70; N, 
4.81. 

Reduction of l a  with lithium aluminium hydride in 
ether gave mainly starting material; similar reductions of 
l a  in tetrahydrofuran and in dioxane gave 40 % and 22 % 
yields respectively of 2a. 

10,l I-Dil1ydro-10,5-(itt1it101~let11at1o) -5H-clibenzo[n,rlj- 
cyclo/1eptet1-syt1-lI-ol(2c) 

The syrz-hydroxylactam l c  (30 g) was treated with 
lithium alu~ninium liydride (6.0 g) in dimethoxyethane 
(200 ml) and then processed as described above. The 
crude basic niaterial was recrystallized froni methanol to 
give 2c (24.1 g), 11i.p. 191-193"; v ,,,, (CHCI,) 3300, 1488, 
and 1308 cm-'. 

CHEMISTRY. VOL. 46, 1968 

Anal. Calcd. for C16H15NO: C, 80.98; H, 6.37; N, 
5.90.Found: C,80.78;H,6.42;N,5.69. 

3a,l26-Dil1y~lro-3,8-1t1etl1at1o-2H,8H-r/ibet1zo[3,4:6,7j- 
cyclolrepta[l,2-cl]o1nrol-2-011e (5) 

A 4 %  sol~~t ion of  phosgene in benzene (30 ml) was 
added dropwise during 3 h to a solution of 2c (2.63 g) 
in dioxane (100 ml) and pyridine (4 drops). The niixture 
was kept at room temperature for 1 h and then evaporated 
to dryness. The residue was partitioned between chloro- 
form and water and the organic phase was evaporated to 
leave the crude product. This niaterial was recrystallized 
from methanol to give 5 (1.0 g), n1.p. 226-228" (decomp.); 
v,,,, (CHCI,) 1758 cni-'. 

Anal. Calcd. for C17H13NOz: C,  77.55; H, 4.98; 
N, 5.32.Found: C, 77.59;H,5.00;N, 5.17. 

Similar treatment of the allti-aniinoalcohol 20 with 
phosgene gave a solid product, v,,,, (CHCI,) 1700 ~ 1 1 1 - I .  

This niaterial was shown to be inhomogeneous by thin- 
layer chroniatography and it could not be purified. 

Preparatiot~ of the atlti-Hydroxylactams I d-f 
Metlrod a 
Under the conditions described for the preparation of 

l a  (method a) the following conipounds were obtained. 
IO,ll-Dihydro-at1ti-ll-hydroxy-l2-methyl-lO,5- 

(iminomethano)-5H-dibenzo [a,d]cyclohepten-13-one 
(Id) (66.0 g), n1.p. 267-270" (from ethanol); v,,,, (Nujol) 
3415, 3260, and 1650 cm-' was obtained from 3 (100 g) 
and aqueous methylanline (600 nil of a 30% solution). 

Anal. Calcd. for Cl,H15NOz: C, 76.96; H, 5.70; N, 
5.28. Found: C,76.96; H, 5.53; N,4.99. 

12-Benzyl-10, I 1-dihydro-at~t i -1  I-hydroxy-10,5- 
(i1~iinoniethano)-5H-dibenzo[n,rl]cyclohepten-l3-one 
(le) (10.0 g), n1.p. 224-226" (from ethanol); v,,,,, (CHCI,) 
3570, and 1660 cni-' was obtained from 3 (30 g), benzyl- 
amine (30 g) and water (80 nil). 

Anal. Calcd. for Cz3H19N02: C,  80.91; H, 5.61; 
N, 4.10. Found: C, 80.99;H, 5.48; N, 4.25. 

10,ll-Dihydro-anti-11-hydroxy-12-(3'-niethoxy- 
propyI)-10,5-(i1nino1~~ethano)-5H-dibenzo[~,d]cyclo- 
hepten-13-one (1 f )  (3.0 g), m.p. 150-152" (from ethyl 
acetate); v,,,, (CHCI,) 3570, 1660, and  1100 cni-' was 
obtained froni 3 (5.0 g), 3-niethoxypropylamine (9.0 g), 
and water (40 ml). 

Anal. Calcd. for CZ,,H21N0,: C, 74.28; H, 6.55; N, 
4.33. Found: C,74.30; H,6.48; N,4.39. 

Methorl 6 
A mixture of the anti-hydroxylactam l a  (5.02 g, 0.02 

mole), sodium hydride (920 mg of a 5 2 %  suspension in 
mineral oil, 0.02 mole), methyl iodide (3.12 g), and 
dioxane (60 1111) was stirred and heated under reflux for 
4 h. The mixture was evaporated and the residue was 
washed with hexane and then with water and then 
recrystallized from ethanol to give Irl (4.8 g), m.p. 
265-269". The i.r. spectruni of this material was identical 
with that of lrlprepared by method a. 

anti-11-Bet~zylat?~it~o-lO,l l-dil~dro-l0,5-(epoxyt~1etl1ar~o)- 
5H-r/iber1zo[a,r(i'cyclo/1epterr-13-or1e (4 f )  

A mixture of tlie sytl-epoxyaniide 3 (25.0 g), benzyl- 
aniine (30.0 g), and water (50 ml) was stirred and heated 
under reflux for 12 h. The reaction niixture was extracted 
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with chloroform and the extracts were washed with 2 N 
HCI and then with water, and then dried. The extracts 
were evaporated and the residue was recrystallized from 
ethanol to give 4 f (8.0 g), m.p. 141-143"; v,,,;,, (CHCI,) 
1745 cm-'. 

Anal. Calcd. for C2,H19N02: C, 80.91; H, 5.61; N, 
4.10. Found:C,81.16; H, 5.83; N, 3.98. 

From the mother liquors of the above crystallization 
there was obtained l e  (11.0 g), m.p. and mixture n1.p. 
224-226". 

lU,l1-Dil1ydro-I0-/1y~Iro.~y-N-(3-111e1I1o~r~~propyl)-ll- 
[N- (3-t~retl1o.~~ropyla1~ritro) 1-5 H-dibet~zo[a,cl]cyc/o- 
l1epteti-5-carboxattri~Ie (6a) 

A solution of the sytl-epoxyamide 3 (10.0 g) and 3- 
methoxypropylamine (10.0 g) in benzene (100 ml) was 
stirred and heated under reflux for 18 h. The resulting 
solution was concentrated and the conccntrate was 
chromatographed upon alumina. The first matcrial 
eluted was the lactam 1 f (3.0 g). The sccond material 
eluted was thc title product 60 (2.5 g) which was rc- 
crystallized from isopropanol to  m.p. 123-125'; v,,,,,, 
(CHCI,) 3420,3370,1655, and 11 10cnl-'. 

Anal. Calcd. fgr C24H32N204:  C, 69.88; H, 7.82; 
N, 6.79. Found: C, 69.98; H, 8.02; N, 6.67. 

(16) 
A suspension of ld(5.30 g, 0.02 mole), sodium hydride 

(1.38 g of a 52 %suspension in mineral oil), niethyl iodide 
(4.26 g, 0.03 mole), and dioxane (50 nil) was stirred and 
heated under reflux for 18 h. The mixture was evaporatcd 
and thc residue was washed with water and then with 
hexane and then recrystallized from methanol to give 
l g  (5.0g), n1.p. 212-215"; v ,,,, (CHCI,) 1660cn1-I. 

Anal. Calcd. for ClsH17NOZ: C, 77.39; H, 6.13; 
N, 5.01. Found: C, 77.29; H, 6.05; N, 5.12. 

12-Bet1zyl-lU,Il-clilrydro-n~1ti-Il-t~retlrosy-10,5-(it~rit1o- 
t~~etltrrtro) -5H-clibet1zo[n,djcycIoI1epte11- 13-otre (111) 

This conlpound was obtained from l e  and methyl 
iodide following the procedure dcscribed above. The 
product crystallized from methanol, m.p. 152-154'; 
;,,,,, (CHCI,) 1652 cm- ' . 

Anal. Calcd. for C24H21N02:  C, 81.10; H, 5.96; N, 
3.94. Found: C, 80.99; H, 6.34; N,4.24. 

I0,11- Dillyclro-syl-1 I-lcydroxy-12-1~1etl1yI-IU,5- (ittritro- 
~~1etlmtro)-5H-clibe~1zoia,d~~~cIoI1eptetr-l3-o1re ( l i )  

This compound was obtained from the SJJII-hydroxy- 
lactam l c  (5.02 g) and methyl iodide (3.12 g) under the 
conditions describcd for the prcparation of ld(n1cthod b). 
It was purified from methanol as needles (4.0 g), m.p. 
218-220 '; v,,, (Nujol) 1668 C ~ I - ' .  

Anal. Calcd. for C I ~ H I ~ N O ~ :  C, 76.96; H, 5.70; 
N, 5.28.Found: C,76.76; H, 5.76; N, 5.20. 

/(I,//- Dil~~(lro-S~II-1 l-r~ret/roxy-l2-t~1et/r~~l- / U , ~ - ( ~ I ~ I ~ ~ I O -  
tnet/ratro)-5H-dibe1rzo[a,d]~~~~IoI1ep1e11-l3-otre ( I  j) 

This con~pound was obtained from l i  under the con- 
ditions described for the preparation of lg.  It was re- 
crystallized from benzene as needles, m.p. 189-191"; 
v,,, (CHCI,) 1666 cm-'. 

Anal. Calcd. for ClsH,,N02: C, 77.39; H, 6.13; 
N, 5.01. Found: C, 77.13; H, 6.03; N,4.99. 

10,II-Dil1yclro-.syt1-lI-lgvdroxy-n~rti-lI-tr~e/hyl-10,5- 
(it7i1ottre/11at10) -5H-clibet1zo[o,clj~,clo/replerr-I3-oue 
(Ik) 

A 3 M ethereal solution of methyl nlagnesiunl bromide 
(80 ml) was added dropwise to a solution of the kcto- 
lactam l b  (24.9 g, 0.1 mole) in anhydrous tetrahydrofuran 
(200 ml). The reaction mixture was stirred and hcatcd 
undcr reRux for 6 h and then treated with saturated 
animonium chloride solution (300 ml). The organic 
phase was collected, dried, and evaporated. The  residue 
was recrystallized from mcthanol to give l k  (21.2 g), m.p. 
278-280'; v,,,, ( N ~ ~ j o l )  3590, 3210, and 1690cn1-'. 

Anal. Calcd. for C17H15N02: C, 76.97; H, 5.70; 
N,5.28.Found:C,76.88;H,5.64;N,5.29. 

10,Il- Dil~ydro-syt1-ll-l~ydro.r~~-atiti-ll-pl1etr~~l-1U,5- 
(Oi1itrot~~et/~atro)-5H-c/ibet1zo[o,cl]~ycIoI1eptet~-I3-ot~e 
(11) 

This conlpound was obtained from l b  (log) and plicnyl 
magncsiuin bromide (0.16 mole) under the conditions 
uscd for the preparation of lk .  The crude product was 
recrystallized from ethanol to  give 11 (8.0 g), n1.p. 280- 
285" (decamp.); v,,,, (Nujol) 1652 cnl-'. 

Anal. Calcd. for CZ2Hl7NO2:  C, 80.71; H, 5.23; N, 
4.28. Found: C, 80.72; H, 5.30; N,4.11. 

10,l I-Dilryclro-12-rrretI1yI-IU,5-(it~~it1ortretharro) -5M- 
clibn1zo[a,cljcyclo/repre,1e-ll,I3-~lio11e (Ittr) 

Oxidation of l r l ( l0  g) with Jones rcagcnt (20 ml) (27) 
gavc the above product. It was purified from methanol, 
n1.p. 153-155". 

Anal. Calcd. for Cl7HI3NO2:  C, 77.55; H, 4.98; 
N, 5.32. Found: C, 77.78; H, 4.82; N, 5.30. 

Preparatiotl of the Lactatns 111 atrcl l o  
Metllocl n 
Under the conditions described for thc prcparation of 

l k  the following compounds wcre obtaincd. 
10,ll-Dihydr0-sytr-ll-l~ydroxy-ntr/i-ll-n~ethyl-12- 

n~cthyI-10,5-(in~inon~etl~ano)-5H-dibcnzo[o,cl]cyclo- 
hcpten-13-onc (111) (1.3 g), m.p. 224-227 ' (from mcthanol); 
v,,,, (CHCI,) 3600, 3430, and 1667 cm-I fro111 the 
N-methyl-ketolactam l r r r  (10.0 g) and methyl magnesium 
bromide (0.1 molc). 

Anal. Calcd. for C18H17N02:  C; 77.39; H, 6.13; N, 
5.01. Found: C,77.25;H,6.08; N,5.18. 

IO,l 1-Dihydro-sytr-11-hydroxy-12-methyl-nttti-l l -  
plienyl-10,5-(in1inomctl~ano)-5H-dibcnzo [o,c/]cyclo- 
hcpten-13-onc (lo) (0.3 g), m.p. 197-199' (from benzcnc- 
hcxane); v,,, (Nujol) 1650 cm-I from 1171 (5.0 g) and 
phenyl magnesium bromide (0.05 mole). 

Anal. Calcd. for CZ,Hl',NO2: C, 80.91; H, 5.61; N ,  
4.10. Found: C, 80.83; H, 5.54; N, 3.80. 

Methorl b 
Methylation of l k  (5.3 g, 0.02 mole) with sodium 

hydride (920 n ~ g  of a 52:/, s~lspcnsion in mineral oil, 
0.02 mole) and incthyl iodide (3.32 g, 0.22 ~nolc) in 
anhydrous dioxane gave 111 (5.0 g), m.p. and ~nixture 
m.p. 224-227". 

A similar methylation of 11 (3.27 g, 0.01 mole) gave l o  
(3.0 g), m.p. and n1ixturem.p. 197-199". 
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10,11-Dihydro-10,5-(irninon~etl1a11o)-5H-dibe11zo[n,l]- in ammonium hydroxide (80 ml) was heated at 170° for 
cyc1ohepte11-13-one (Ip) 6 h. The mixture was processed as described above to 

Metl~od a .give I I-anilino-lO,l I-dihydro-5H-dibenzo[n,d]cyclohep- 
Small pieces of sodium were added to a n~echanically ten-10-01 (70) (2.4 g), n1.p. 177-179" (from ethanol). 

stirred suspension of the nrrti-hydroxylactam In (50.0 g) Anal. Calcd. for C2,HL9NO: C, 83.69; H, 6.35; N, 
in freshly distilled liquid amnionia (500 nll) until the 4.65. Found: C, 83.99; H, 6.20; N, 4.86. 
mixture remained blue for 5 min. An excess of ammoniuln Similar treatment of the syrr-epoxyamide 3 (10 g) with 
chloride was thcn added and the ammonia was allowed dimethylanline (10 g) in water (70 nil) gave 10,l I-dihydro- 
to evaporate. The rcsidue was extracted with hot water 1 l-dimethylan~ino-5H-dibenzo[n,cl]cyclol~epten-lO-ol(7b) 
and the insoluble niatcrial was recrystallized from ethanol (7.0g), m.p. 114-1 16" (lit. (29), 11i.p. 117-1 18"). 
to give l p  (45.0g), m.p. 242-245"; v,,,, (Nujol) 1675 cm-I. 

Anal, Calcd, for c,,H,,No: C, 81.68; H,  5.57; N, Pre~)(lrfltiotrso/flle Arrlilfes2(~,1,g-I 
5.95. Found: C, 81.67; H ,  5.62; N, 5.91. Undcr the conditions described for the preparation of 

The sanie prodilct was obtaincd when tlie .rytr-hydroxy- 2fl. the fol'owin~cOmpOunds were preparcd. 
lactam l c  was used as starting nlatcrial. 10,l I-Dihydro-a1~ti-lI-hydroxy-12-mcthyl-10,5-(imino- 

Metlroclb methano)-5H-dibenzo[a,d]cycloheptene (2ci) liydrochlor- 
ide (3.8 g), m.p. 220" (decomp.) (froni isopropanol- A solution of sodiuln azidc (0.7 g) in water (5 ml) was v,,, (Nuljol) 3460 and 3300 was obtained added to a solution of 10,l I-dihydro-5H-dibenzo[n,d]- ld(5.0g), c~clohe~tenc-5-carbon~l chloride (2.56 g) (26) in dioxane Anal. Calcd. for C,7HlsC,NO: C, 7 0 , ~ ~ ;  H, 6.30; (10 1-111) at 0". The mixture was stirred at 0" for 45 min, C1, 12.35; N, 4.87. Found: C, 70,G4; H, 6.58; CI ,  diluted with iced water, and cxtracted with hexane (3 x N,4.73. 20ml portion). The combined extracts were washed with l-Dihydro-alrt i . l  I-nletlloxy-12-methyl-10,5- 

cold water and thcn dl-ied at 0" with molecular sieves. ?'he (iminonletllano)-5H~dibenzo~n,dlcyclolleptene (2g) (9,7 solution of the acid azide 90 so obtained was photolyzed g), nl.p. 122-1250 benzene-hexane) was obtained at 0" until an aliquot no longer absorbcd energy a t  2140 lg(12,0g). cm-'. The precipitate which had fornled was crystallized Anal. Calcd. for C,sHI,NO: C, 81.47; H, 7,22; N, from benzene-hcxane and then from ethanol to give l p  5.28. Found: C, 81.28; H, 7.25; N, 5,14. (200 nlg). Concentration of the hexane filtratc gave the 12-Benzyl-lO,l l-dihydro-nrrti-l 1 -methoxy-10,5- 
9b g), nl.p. 60-620 (lit. (26), m.p. 62-630). (inlinomet11ano)-5W-dibenzo [a,c/]cycloheptene ('Ir) 

Prepcrrntiotr of tlre Lactntrrs lq nrrd I r  hydrochloride (3.0 g), m.p. 167-170" (dccomp.) (from 
Under the conditions used for the preparation of l p  isopropanol) wasobtained from llr(5.0 g). 

(method n) the following con~pounds wcre obtained. Anal. Calcd. for C24H24CINO: C, 76.30; H, 6.40; 
10,I I-Dihydro-ntrti-l I-methyl-l0,5-(iminoniethano)- C1, 9.38; N, 3.70. Found : C, 76.33; H, 6.06; CI, 9.32; 

5H-dibenzo[n,d]cyclohepten-13-one (19) (10.7 g), N, 3.90. 
m.p. 243-246" (froni methanol); v,,,, (CHCI,) 3410,3200, l o , ]  1 - D i h ~ d r o - T J J ~ - 1  I-h~drox~-12-meth~l-10,5- 
and 1675cn1-' was obtained from 1 1 ~  (12.0g). (iminomethano)-SH-dibenzo[n,d]cycloheptene (2i) oxa- 

Anal. Calcd. for Cl7HlSNO: C ,  81.90; H, 6.06; N, late (6.4 g), m.P. 183-185" (decamp.) (from i~o~I'opan0l- 
5.62. Found: C,81.87; H, 5.94; N, 5.70. ether) was obtained from l i  (8.0 g). 

10,I 1-Dihydro-nrrti- 11 -phenyl- 10,5-(iminomethano)- Anal. Calcd. for C I ~ H L ~ N O ~ :  C, 66.85; H, 5.61 ; N, 
5H-dibenzo[n,rl]cycloheptcn-13-one (lr)  (2.8 g), n1.p. 250- 4.10. Found: C, 67.61 ; H, 5.63; N, 4.24. 
2 5 2  (from methanol); v,,,,, (CHCI,) 1670 cm-I was l0,l1-Diliydro-syrr-lI-metI~oxy-l2-methyl-10,5- 
obtained from ll(3.3 g). (iminomethano)-5H-dibenzo[n,~l]cycloheptene (2j) oxa- 

Anal. Calcd. for CZ2H,,NO: C, 84.86; H, 5.50; N, late (3.2 g), n1.p. 183-186° (deconl~.) (from acetonitrile- 
4.50.Found:C,84.68;H,5.71;N,4.36. ether) was obtained from lj(5.4 g). 

Anal. Calcd. for C Z ~ H ~ ~ N O ~ :  C, 67.59; H, 5.96; N, 
Treatrr~ent of /Ire Lnctot~es 4d, 4e, arrd 4g ~vitlr A~rr~rro~rirrrrr 3.94. ~ ~ ~ ~ d :  C, 67.29; H, 6.20; N, 3.83. 

Hyclroxide 10,11-Diliydro-sytl-I l-hydroxy-n11ti-ll-n1ethyI-l0,5- 
(0) A solution of the s ~ ~ r - 1 1 ~  drox~lactOne 4d (30° mg) (illlinomet]lano)- 5 H -  dibenzo [a,d]cycloheptene (2k) hy- 

in ammonium hydroxide (10 ml) was heated at 170" for drochloride (4.7 g), n1.p. 233-235" (from ethanol) was 
5 h in an autoclave. The i.r. spectrum of the solid product obtained from l k  (7.0 g), 
was devoid of carbonyl absorption. A small amount of calcd. for C , , H ~ ~ C I N O :  ~ 1 ,  12.27; N, 4.11. 
the starting material was recovered from the anlllloniacal ~ ~ ~ ~ d :  CI, 11.99; N, 4.60. 
solution. 10,ll-Dihydro-syrz-11-hydroxy-anti-l I-phenyl-10,5- 

(b) A solution of the unsubstituted lactone 4e (10 g) in (in1inomethano)-5H-dibenzo[a,d]cycloheptene (21) hydro- 
(200 m') was kept a t  l6O0 for h. chloride (4.1 g), m.p. 219-224" (decomp.) (from cthanol) 

The reaction mixture was extracted with ether. Evapora- was obtained from 1, (6.0 g). 
tion of the washed and dried extracts and recrystallization calcd. for C~,H,~,-INO: C ,  75.53; H, 5.76; 
of the residue from hexane gave 10,11-dihydro-5H- ~ 1 ,  10.13; N, 4.3). Found:  C, 75.68; H, 5.73; C1, 10.21 ; 
dibenzo[a,d]cyclohepten-10-01 (7.0 g), m.p. 63-65" (lit. N, 3.88. 
(28), m.p. 6&66"). 

Treatment of 4e with liquid ammonia at 200" gave an IO,Il-Dilrydro-10,5-(i111it1otnetlrano)-5H-dibe~1zo[a,d]- 
intractable resin. cyc1olrepter1-11-one (26) 

(c) A suspension of the anti-anilinoldctone 4g (4.0 g) A mixture of the ketolactam In (25.0 g) ,  ethylene glycol 
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(20 mi), p-toluenesulfonic acid (250 mg) and benzene 
was stirred and heated under reflux (Dean-Stark) for 
24 h. The resulting suspension was washed with 2N 
NaOH and the solids were collected, washed with water, 
and dried to give the ethylene ketal of l a  (27.0 g), m.p. 
265-269" (decomp.). A nlixtlire of the ketal (26.5 g) and 
lithiu~n aluminium hydride (4.5 g) in tetrahydrofuran was 
heated under reflux for 18 h. The mixture was treatcd with 
water, filtered, and the filtrate was evaporated. The 
residue was dissolved in 2N HCI (200 ml) and kept over- 
night. The resulting precipitate was collectcd and re- 
crystallized from ethanol to give 26 hydrocl~loride 
(17.0 g), m.p. 285" (decomp.); v ,,,, (Nujol) 1685 cn1-I. 

Anal. Calcd. for CI6Hl4C1NO: C, 70.76; H, 5.16; 
CI, 13.08; N, 5.16. Found: C, 70.85; H, 5.08; CI, 13.23; 
N, 5.22. 

Treatment of 26 (3.0 g) with a mixture of formic acid 
(10 ml) and formaldehyde (10 ml) at room temperature 
overnight gave, after processing in the ~isual manner, 
10,11-dihydro-12-111etI1y1-10,5-(i1~1ino~11etliano)-5~I- 
dibenzo[a,rl]cyclohepten-11-one (21)1), m.p. 149-151" 
(from ethanol); v,,,,, (CHCI,) 2800, and 1665 cm-'. 

Anal. Calcd. for C,,H,,NO: C, 81.90; H, 6.06; N, 
5.62. Found: C, 81.80; H, 6.09; N, 5.56. 
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NOTES 

Preparation and rearrangement of p-cliloroalkyl aziridinylformates 

B. M. CULUEI~TSON A N D  S. DIETZ 
Resenrcli Cerrter, A.r/~lcrirrl Che~~liccrl C O I I I ~ ~ I I ~ ,  ~Mii~~~enpolis, il./iiri~esotn 55420 

Reccivcd F e b r ~ ~ a r y  28, 1968 

Sevcral !3-chloroalkyi chloroformatcs havc bccn trcatcd with aziridincs (ttliylcniminc or propylcni- 
mine) to obtain exccllcnt yicids of e-chloroalhyl aziridinylformates. In cach casc, i t  was found that thc 
aziridinylformates rearranged upon thermloysis to give good yiclds of N-(j3-chloroalkyi)-2-oxazclidoncs. 

Canadian Journal  of Chemistry, 46, 3399 (1968) 

In recent years, tlie cheniistry associated with dones (3), prompts 11s to report on tlie discovery 
aziridines (1) and 2-oxazolidones (2) has had that P-cl~loroalkyl aziridinylformates rearrange 
accelerated study. This interest, combined with with heat to give N-(P-c1iloroalkyl)-2-oxazoli- 
a disclosure describing tlie rearrangement of dones in excellent yields. l'liis versatile and facile 
aziridinylformate esters to N-alkyl-2-oxazoli- series of reactions liiay be illustrated as follows. 
- p p - - ~ - ~ ~ ~ . ~  - - 

R 3 R 3 

R1 R2 0 I RI R2 0 I Rz R i  
I I 11 CH Base 1 1 1 CH A 1 I 

CI-C-C-0-C-CI + HN/ 1 - CIC-C-0-C-N/ 1 -> CH--CH R~ 
I I \CH, -HCI I \ C H ~  i 

H H H H 
I I i 

0, /N-C-C-Cl 
C 

I I  
I i 

The reactions are not seriously limited by the 
availability of either the P-cliloroalkyl chloro- 
formates (I) or aziridines (2). Procedures for the 
preparation of both the P-chloroalkyl chloro- 
formates (4) and aziridines (1) are known to  the 
literature. 

Aziridines such as 2 react exothermically with 
chloroformates. Therefore, tlie reaction is best 
run in an organic solvent using a slight excess of 
a trialkylamine base. The amine salt precipitates 
and is removed by filtration. Conceiltration of 
the filtrate affords nearly a quantitative yield of 
the aziridinylformates. In some cases, the infrared 
(i.r.) spectra exhibit a very small band a t  1760 
cm-' which indicates the presence of a trace 
amount of the oxazolidone. Attempts to purify 
by distillation result in a significant conversio~l to  
the oxazolidone. 

The aziridinylformates may also be prepared 

in a two-phase reaction ~isitig an aqueous base as 
the acid acceptor. Tlie aziridines and base are 
dissolved in water and the aqueous m i x t ~ ~ r e  is 
added to a solution of tlie P-chloroalkyl cliloro- 
forniate in an organic solvent such as benzene or 
chloroform. The o l g a ~ i c  layer is separated, 
washed with water, dried, and concentrated to 
isolate the p r o d ~ ~ c t .  Yields are ~~sua l ly  lower using 
tlie interfacial condensation procedure. 

Rearrangement to tlie oxazolidone occurs by 
heating during distillation, by direct heating 
(neat), o r  by refluxing tlie aziridinylformate in a 
suitable solvent. Tlie preferred method for re- 
arrangement employs tlie latter procedure. Tlie 
reaction can be conveniently followed by i.r. 
analysis ofthccarbonyl region(1700-1800 cm-I). 

Tlie carbonyl absorptions of aziridines of type 
3 are reported to  absorb at 1725 5 c i ~ l - ~  (5). 
We also found this to be the case in tlie formate 
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esters we prepared. The i.r. absorption of the 
carbonyl group of 2-oxazolidones is character- 
istically in the 1740-1810 cm-'  region and very 
often at or above 1760 cm-'  (2). However, the 
carbonyl of 2-oxazolidone itself is reported to 
absorb a t  1724 (6) and 1730 cm-' (7). We found 
that the chloroalkyl oxazolidones have a charac- 
teristic absorption a t  1760 i: 5 cm-'. In addition, 
the characteristic aziridine ring band in the 
1315-1360 cm-' region (5) gives way to a band at 
1250-1270 cm-' characteristic of the oxazolidone 
ring (6). 

The n ~ e c l ~ a n i s i ~ ~  (illustrated with 3e t o  give 4e 
and 4f) of the reaction probably involves an 
aziridiniuln salt (5) of the type proposed by Dick 
(8) in the preparation of piperazine followed by 
SN2 attack by the strongly nucleophilic halogen 
anion. Further, Heine (9) also suggests the same 
type of mechanism for the formation of N-2- 
chlorophthalimides from 1-(0-chloromethylben- 
zoyl) aziridine. By this mechanism, one would 
expect that, in the case of an unsymlnetrical 
aziridine, the ring would be opened by nucleo- 
philic attack at  the least hindered carbon atom. 
This was supported by experimental evidence in 
the case of the P-chloroethylforinate derivative 
of propylenimine 3e which gave 93% 4e and only 
7% 4f. 

Alternatively, a carbonium ion intermediate is 
not likely in view of the experimental evidence. If 
the mechanism involves ring opening to the most 
stable carbonium ion, 4f would be expected to  be 
the major product. 

Experimental 
The infrared (i.r.) spectra were obtained as  liquid smears 

on  a Perkin-Elmer model 337 spectrophotonieter and the 
nuclear magnetic resonance (n.m.r.) spectra on a Varian 

A-60 instrument with tctramethylsilane as interna 
reference and a probe temperature o f  39 "C. The purity 
and yield of the products were estimated by gas-liquid 
phase chromatography (g.1.p.c.) using a Hewlett- 
Packard F and M scientific model 720 equipped with a 
6 ft x in. silicone gun? rubber (10% on  Chroniosorb W) 
column. Thc chromatograph was run  at  a helium flow 
rate of 60 ml per niin through the colunin, which was 
maintained at 150 or  180°C. 

(n) Itrterfncinl Cotr~lettsntiott Procedire 
Ethyleniniinc (8.6 g, 0.2 mole) a n d  potassium hydrox- 

ide (11.3 g, 0.2 mole) were dissolved in 100 nil water. A 
solution of 28.4 g (0.2 niolc) of 2-chloroethyl chloro- 
forniate in 100 n ~ l  of chlorofor~u was added slowly, with 
stirring, to the cold aqueous solution. Ice chips were 
added as needed t o  keep the temperature below 20 "C. 
The  chlorofor~ii solution was separated, waslicd with 
water, and dried over anhydrous magnesium sulfate. 
Filtration and evaporation of the solvent aforded a 
20.0 g yield of water white l i q ~ ~ i d  (3a). The i.r. spectrum, 
v.,,, 3075 (aziridine ring CH2 stretching), 1725 (C=O 
stretching), 1330 (syni ring breathing), 1190-1205 (strong, 

0 
\ II 

broad band, N-CO- stretching mode), 1155 (CH, 
/ 

wagging vibration), 830 (CH2 rocking and ring deforma- 
tion), and 668 cm-I (C-Cl) supported (5) the proposed 
structure of 3n. Distillation irr L'OCLIO (0.3 mni of Hg) 
afforded 8.0 g of  a low boiling fraction, b.p. 58-60 "C, 
11,~' 1.4647, and 10.0 g of a higher boiling fraction 
(61-120 "C) suspected to be predominately N-(2- 
chloroethyl)-2-oxazolidone (40). The i.r. spectrum of the  
low boiling fraction exhibited the same characteristic 
absorption bands a s  reported for 30. Further, the n.ni.r. 
s pec t r~~n i  (CCI,), with a singlet at 77.82 (N-CHI) and  
a n  A2B2 multiplet region centered about  r6.0 (0-CH,) 
integrated for the  correct number of  protons for 3a. 
Singlets, rather than  doublets, have been reported before 
for aziridinyl ring protons (12-16). 

Anal. Calcd. for CSH8CINO2 (3cr): C, 40.11; H ,  5.39; 
N ,  9.36. Found: C ,  39.91; H, 5.46; N, 9.41. 

The high boiling fraction was redistilled to yield 8.0 g 
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NOT 

of 40, b.p. 117-120 "C10.3 mm of Hg, I I , ~ ~  1.4875, 
reported for 40, b.p. 110 "C/0.1 n1m of Hg, i~~~~ 1.4900 
(10) and 114 "C/0.3 mnl of Hg, 1 1 , ~ ~  1.4875 (11). The i.r. 
spectrum of 40 also agreed with the reported (10) i.r. 
spectrum of 3-chloroethyl-2-oxazolidone. 

The reaction was repeated, using molar quantities of 
13-chloroethyl chloroformate and ethylenimine, to obtain 
a 101 g (68 %) yield of crude 30, 1 1 , ~ ~  1.4648. 

(b) Solutioil Corrdensatio~~ Procerlrne 
Benzene (70 1111) and 2-chloroethyl chloroforn~ate (14.2 

g, 0.1 mole) were combined and cooled to 5 O C .  A 
mixture of ethylenimine (4.3 g, 0.1 mole) and triethyl- 
amine (12 g, 0.12 mole) in 30 ml benzene was added 
slowly with stirring and cooling. The mixture was allowed 
to warm to roo111 temperature (ca. 1 h) and filtered. 
Evaporation of tlie solvent afforded a 13.5 g (91 %) yield 
of slightly yellow colored liquid with an i.r. spectrum 
identical to that previously reported for 30. Distillation 
in U ~ C I ~ O  (0.3 mm of Hg) afforded 5.0 g of 30, b.p. 
59-61 "C, and a 7.0 g yield of 4n, b.p. 118-120 "C. The 
i.r. and n.1n.r. spectrum of 3a and 40 by this procedure 
agreed with spectra of 30 and 40 prepared by the other 
procedure. 

I-Cl~loroi~~etl~yl~trrdecyl Azirirlirryvor~imte (3b) 
Ethylenimine (2.15 g, 0.05 mole) and triethylamine 

(7.5 g, 0.075 mole) were dissolved in 25 ml of benzene 
and cooled to 10 "C. Crude 1-chloromethyl~~ndecyl 
chloroformate (14.15 g, 0.05 mole), prepared by the Jones 
(4) procedure, in 25 ml of benzene was added slowly with 
stirring and cooling to keep the reaction temperature 
below 20 "C. After the addition was complete, the 
mixture was allowed to warm to room teinperature and 
stirred for 30 min. Triethylamine hydrochloride was 
removed by filtration and the solvent benzene was re- 
moved on a rotary evaporator at roo111 temperature 
leaving an 11.9 g (88 %)yield of crude3b, v,,,,, (neat) 2920, 
2850, 1730 (C=O), 1320 (-N3), 1200, and 680 (C-CI) 
cm-'. The g.1.p.c. data indicated crude 3b was ca. 85% 
pure. 

3-(2-Clrloroetl~y yl) -5-decyl-2-oxnzolicloi~e (4b) 
Distillation of crude 3b ill vacrro afforded two fractions. 

Fraction 1, b.p. 88-89 "C/0.13 mnl of Hg, with no 
carbonyl absorption in the i.r. spectrum, was not identified 
but thought to be 1,2-dichlorododecane. Fraction 2, b.p. 
165-166 "C10.07 mm of Hg, 1.4698, v,,, (neat) 
2920, 2850, 1755, 1265, 765, and 670 cm-' which was 
collected in a 5.0 g (45%) yield, exhibited i.r. absorption 
bands characteristic of only the oxazolidone ring system. 

Anal. Calcd. for ClSH2uC1N02: C, 62.18; H, 9.67; N, 
4.84. Found: C, 62.13; H, 9.76; N, 4.56. 

The n.m.r. spectrum (CCI,), with a triplet at r 9.12 
(-CH,), a multiplet centered at r 8.71, and an A2B2 
pattern centered at r 6.38, indicated the 5-decyl isomer 
exclusively and integrated for the correct number of 
protons for 4b. 

2-Cl1/oro-l-plret~yletl1j~l Aziridi~~ylfori~~ute (3c) nnd 
2-Cl~loro-2-phenyletlryl Aziridir~~~lforr,,nte (3d) 

Crude 2-chloro-1-phenyletllyl chloroformate (4), with 
some isomeric 2-chloro-2-phenylethyi chloroformate (25 
g, 0.1 mole), was dissolved in 25 ml benzene and cooled 
to ca. 5 "C. Triethylamine (IS g, 0.15 mole) and ethyleni- 

mine (4.9 g, 0.1 1 mole) in 25 rill benzene were added 
slowly with stirring and cooling.The mix t~~re  was warmed 
to room temperature and stirred for 1 h. After filtration 
to remove the amine hydrochloride, and solvent removal, 
a 21.0 g (82%) yield of a mixture of 2-chloro-1-phenyl- 
ethyl aziridinylformate (3c) and 2-cliloro-2-phenyletliyl 
aziridinylforn~ate ( 3 4  isomers was obtained. The i.r. 
spectrum, v ,,,;,, (neat) 3025, 3000, 1735, 1335, 1190, and 
700 cnl-' supported structures 3c and 3rl. The g.1.p.c. 
data indicated ca. 75-80% purity with the main peak 
slightly split. 

3-(2-Cl1loroethyl)-5-plre,1y1-2-ox.nzoli~11e (4c) and 
3-(2-Chlor.oetl1yl-J-p/re,1y/-2-oxnzolir1011e (4d) 

Heating (neat) thc isomeric mixture of 3c and 3rlon the 
steam bath for 6 11 at 100 "C caused quantitative re- 
arrangement to the oxazolidones (4c and 4d). The 
rearrangement reaction was readily followed by i.r., i.e. 
formate C-0 band at 1730 cnl-I diminished and 
vanished and the oxazolidone C=O band at 1760 cm-I 
increased to maximum intensity. The product was twice 
distilled in rrrcrro (0.3 nlm of Hg) to give a viscous yellow 
liquid, b.p. 148-149 "C, t/D2'  1.5473, v ,,,,, (neat) 3025, 
2950, 2900, 1760, 1230, 1155, 1090, 765, and 705 cm-'. 

Anal. Calcd. for C1,H,,CINO2: C, 58.54; H, 5.32; N, 
6.22. Found: C, 58.36; H, 5.43; N, 6.01. 

The n.m.r. spectrum (CCI,), with an A2B, pattern 
centered about r 6.5, two AX type patterns centered at 
r 5.0 and r 5.97, a triplet centered at r 5.41, and a singlet 
at T 2.63, integrated for the correct number of protons. 
The con~plex splitting pattern indicates a mixture of 
isonlers. From the starting materials, the 5-substituted 
phenyl isomer (4c) should predominate. Without thc 
n.nl.r. spectra of the known 4- and 5-substitutcd 2- 
oxazolidones for con~parison, no direct assignments were 
made. 

2-Cl~loroetl~j~l Metl~yloziridinyIfor~~inte (3e) 
According to the procedure uscd for the preparation of 

3n (solution method), 2-chloroethyl cl~loroforrnate (28.6 
g, 0.2 mole) was treated with propylenirnine to give a 
30.0 g (92%) yield of water white liquid (3e). The  g.1.p.c. 
curve indicated ca. 81 % aziridine and 19% oxazolidonc. 
The major portion, if not all, of the oxazolidone probably 
occurs due to rearrangement of the aziridine on the 
column. Distillation irr vncrro (0.2 mm of Hg) gave a water 
white fraction, b.p. 50-53 "C, v ,,,,, (neat) 3000, 2970, 
2930, 1735, 1325, 1220, 1090, and 670 cm-', indicating 
tlie desired conlpound (3e). The n.nl.r. spectrum (CDC13), 
with doublets at r 8.69 (CH-CH3) and T 8.03 (N-CH,), 
multiplet at r 7.50 (N-CH), and A2B2 pattern centered 
at r 5.95, integrated for the correct number of protons for 
3e. 

Anal. Calcd. for C6H,,CINO2: C, 44.04; H, 6.12; N, 
8.56. Found: C, 43.82; H, 6.01 ; N, 8.35. 

3-(I-Metl1yl-2-chloroetI1y1)-2-oxnzolid011e (4e) 
The aziridinylformate prepared above (3e) was heated 

(neat) at 100 "C for 6 h to effect rearrangement. The 
liquid became orange-red, v,,,,, (neat) 2985, 2925, 1755, 
1430, 1260, 1055, and 760 cnl-' indicating transformation 
of 3e to the oxazolidone or  oxazolidone mixture (4e and 
4f). Distillation yielded a pale-yellow liquid, b.p. 108- 
110 "C10.2 nim of Hg, which was ca. 96 % pure by g.1.p.c. 
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Direct distillation of the aziridinylforrnate (3e) yielded 1. T. A. FOGLIA and D. SWERN. J. Org. Cliem. 32, 
a water white liquid, b.p. 110-112 "C10.2 rnm of Hg, 75 (1967). 
1 1 , ~ ~  1.4838, which was 100% oxazolidone by g.1.p.c. 2. M. E. DyEN and D. SWERN. Chern. Rev. 67, lg7 

(1 967) Tl~eoxazolidonepeak(g.l.p.c. curve)exhibited ashoulder 3. G .  U.S, Patent No, 3,247,220 (April 19, of approximately 8 % which was believed to be isomer 4f. 1966). 
The i.r. spectra of the two oxazolidone mixtures, prepared 4, J, 1, J. chenl. sot, 2735 (1957). 
by the two procedures, were identical. The n.m.r. 5, L. SPELL. Anal. Chem. 39, 185 (1967). 
spectrum (CDCI,), with doublets at t 8.70 and t 8.48 and 6. R. MECKE and A. LUTTRINGHAUS. Chem. Ber. 90, 
a complex pattern from t 6.58 to 75.42, integrated for the 975 (1957). 
correct number of protons and indicated ca. 93% isomer 7. H. K. HALL, J R .  and R. ZBINDEN. J. Am. Chem- 
4e and 7 %  isonler 4f. Tlie relative amounts of the two SOc. 6428 
isomers were estimated from integration of the methyl 8. C. R. J. Org. Chem. 32* 72 

9. H. W. HEINE. J. Am. Chern. Soc. 85, 2743-2745 protons. Isomer 4f has been reported by Arnold and (1963). 
~ e c k e l  (1 I), b.p. 107-10810.5 mm of Hg, t l ~ ~ ~  1.4795. 10. E. K. DRECHSEL. J. Org. Chem. 22, 849 (1957). 

Anal. Calcd. for C6H,,CIN02: C, 44.04; H, 6.12; N, 11. H. ARNOLD and H. BEKEL. French Patent No. 
8.56. Found: C, 43.92; H, 6.05; N, 8.33. 1,345,001; Chem. Abstr. 61, 7020 (1964). 

12. T. J. BARDOS, C. SZANTAY, and C .  K. NAVADA. J. 
Am. Chem. Soc. 87, 5796 (1965). 
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interpretation. Chem. 4, 178 (1967). 

Convenient synthesis of t-butyl alcohol-d 
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The title compound is prepared by alkaline hydrolysis (NaOD-D20) o f  a t-butyl cstcr. With t-butyl 
acetate the alcohol salts out of the reaction mixture and is easily separated and dried; however, slow 
concurrent exchange of the sodium acetate reduces the deuterium content of the alcohol to 95%. With 
t-butyl benzoate pure t-butyl alcohol-r/ is isolated by distillation of the alcohol-waler azeotrope and 
drying. 
Canadian Journal of Chemistry, 46, 3402 (1968) 

t-Butyl alcohol-cl is an important solvent for 
hydrogen exchange studies and several methods 
have been described for its synthesis. These in- 
clude direct exchange with D,O (1-3) as well as 
deuterolysis of magnesium (4), aluminium (4, 5), 
or lithium aluminium t-butoxide (6). Since on a 
molar basis the price quoted for t-buOD is about 
20 times that of D,O it must be assumed that the 
above procedures are either wasteful of D 2 0  or 
do not adapt readily to large scale preparations. 

We wish to describe a simple laboratory syn- 
thesis of t-buOD which involves only a moderate 
experimental effort and ought to be adaptable to 
large scale preparations. The method involves the 
hydrolysis of a t-butyl ester in NaOD-D20 and 

'Revision received June 25, 1968. 

separation of the wet alcoho: from the reaction 
mixture by salting out or by distillation of the 
alcohol-water azeotrope. 

The alcohol is salted out of alkaline t-butyl 
acetate reaction mix t~~res  provided that the con- 
centration of NaOD is greater than 10%. The 
water content of the t-butanol layer is 12.15,6.74, 
and 0.87% for base concentrations of 15, 30, and 
50%, respectively and is reduced to  about 0.3% by 
one distillation from a slight excess of calcium 
hydride. However since sodium acetate, the 
second product of the hydrolysis, itself exchanges 
in refluxing basic D 2 0  (7), the t-buOD obtained 
by the above procedure contains varying amounts 
of t-buOH. When the hydrolysis is performed at 
room temperature exchange of the acetate is 
largely but not completely overcome and samples 
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acetate the alcohol salts out of the reaction mixture and is easily separated and dried; however, slow 
concurrent exchange of the sodium acetate reduces the deuterium content of the alcohol to 95%. With 
t-butyl benzoate pure t-butyl alcohol-r/ is isolated by distillation of the alcohol-waler azeotrope and 
drying. 
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t-Butyl alcohol-cl is an important solvent for 
hydrogen exchange studies and several methods 
have been described for its synthesis. These in- 
clude direct exchange with D,O (1-3) as well as 
deuterolysis of magnesium (4), aluminium (4, 5), 
or lithium aluminium t-butoxide (6). Since on a 
molar basis the price quoted for t-buOD is about 
20 times that of D,O it must be assumed that the 
above procedures are either wasteful of D 2 0  or 
do not adapt readily to large scale preparations. 

We wish to describe a simple laboratory syn- 
thesis of t-buOD which involves only a moderate 
experimental effort and ought to be adaptable to 
large scale preparations. The method involves the 
hydrolysis of a t-butyl ester in NaOD-D20 and 

'Revision received June 25, 1968. 

separation of the wet alcoho: from the reaction 
mixture by salting out or by distillation of the 
alcohol-water azeotrope. 

The alcohol is salted out of alkaline t-butyl 
acetate reaction mix t~~res  provided that the con- 
centration of NaOD is greater than 10%. The 
water content of the t-butanol layer is 12.15,6.74, 
and 0.87% for base concentrations of 15, 30, and 
50%, respectively and is reduced to  about 0.3% by 
one distillation from a slight excess of calcium 
hydride. However since sodium acetate, the 
second product of the hydrolysis, itself exchanges 
in refluxing basic D 2 0  (7), the t-buOD obtained 
by the above procedure contains varying amounts 
of t-buOH. When the hydrolysis is performed at 
room temperature exchange of the acetate is 
largely but not completely overcome and samples 
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NOTES 

TABLE I 
Preparation of r-butyl benzoate 

-- - .- 

Benzoic acid Sulfuric Isobutylene Yield of 
g (moles) Solvent (ml) acid (ml) g (moles) t-butyl benzoate ( %) 

40.0 (0.328) ~ c e t o n e  (50)ll 2 .0  17.1 (0.305) 44.3i 
40.0 (0.328) Dioxane (SO):[ 2 .0  17.1 (0.305) 64.01 

'Only a partial solution formed. 
tSome diisobutylene was formed. 
$Based on isobulylene. 
$Based on benzo~c acid. 
IIThe reaclion mixlure lurned black and some mesilyl oxide was formed. 
1;Thc reaclion mixture was light brown; no by-producls were formed. 

of the alcohol containing 95% of t-buOD can be the appropriate amount of liquid isobutylene was added. 

obtained. The bottle was sealed, shaken at room temperature for 
24 h, and the contents then diluted with methylene When t-butyl benzoate is used as the chloride (75 ml). The nlethylene chloride solution was 

sodium benzoate rather than the alcohol salts out washed with 20"/, potassium carbonate, water, and dried 
of the reaction mixture and the wet alcohol is over anhydrous-magnesium sulfate. Removal of the 
therefore isolated by distillation. Drying of the solvent and distillation gave t-butyl benzoate, b.p. 86- 

azeotrope over calcium hydride affords t - b u 0 ~  87'16nlnl (lit. (8) 94"/10 nlnl; (9) 67-68"/1 mm), hn,,, 
(CC14) 5.8111, in the amounts shown in Table I. No 

containing 0.3% D ~ O  and no attempt was made to recover the benzoic acid. 
t-buOH. 

Experimental 
t-Butyl Acetate 

A mixture of glacial acetic acid (52.45 g, 50 ml, 0.87 
mole) and concentrated sulfuric acid (2 ml) was frozen 
in a 200 n11 pressure bottle, and liquid isobutylene 
(25.9 g, 40 ml, 0.46 mole) was added. The bottle was 
sealed, shaken at  room temperature for 24 11, and the 
contents then poured slowly onto excess 10% sodium 
bicarbonate solution. The organic layer was washed with 
water and dried over molecular sieve to give t-butyl 
acetate (48 ml, SO%), b.p. 97-98"; h.,,, (CHCI,) 5 . 7 5 ~ ;  7 
8.05 (3H), 8.55 (9H). The yield was not improved by the 
use of a longer reaction time (48 h) or an increase in the 
amount of catalyst (4 ml). No attempt was made to avoid 
a small loss of isobutylene during the transfer. 

Hydrolysis of t-Butyl Acetate 
A mixture of t-butyl acetate (15.0 g, 0.129 mole) and 

NaOD-D20 (39 g, 15% w/w, 0.143 mole) was shaken 
vigorously at  room temperature for 90 h. Hydrolysis was 
followed by disappearance of the peak in the upper layer 
at  T 8.55 and appearance of a peak at r 8.75. The alcohol 
layer was then separated. It weighed 8.8 g and contained 
1.06 g (12%) of D 2 0  as determined by Karl Fischer 
titration. The material was refluxed for 3 h with calcium 
hydride (1.25 g) and then distilled to give 7.1 g (73.5%) 
of I-butyl alcohol-d, b.p. 80-82", which contained 0.34% 
of water, and 5 %  of undeuterated t-butyl alcohol as 
determined by infrared (i.r.) analysis. No attempt was 
made to recover unreacted D 2 0  or to improve the 
efficiency of the drying procedure. 

t-Butyl Benzoate 
A mixture of benzoic acid, solvent, and concentrated 

sulfuric acid was frozen in a 200 ml pressure bottle and 

Hy(1rolysis of t-B~ttyl Betizoate 
A mixtureof t-butyl benzoate (30.0 g, 0.169 mole) and 

NaOD-D20 (41.6 g, 20% w/w, 0.203 mole) was re- 
fluxed with stirring for 48 h by which time a clear 
solution had resulted and none of the ester could be 
detected by gas-liquid chromatography. Distillation 
afforded 13.6 g of the t-buOD-D,O azeotrope, b.p. 
81-83". This was dried by adding in portions a total of 
2.75 g of calcium hydride; after 3 11 refluxing, distillation 
afforded 9.2 g (72.3%) of  t-buOD, b.p. 80-82", n1.p. 
24-25", whicll contained 0.3 % of D,O and no detectable 
t-buOH (determined by i.r.). 
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Synthesis of abnormal peptides:cyclization of W-formyltryptophyl residue to 
3,4-dihydro-P-carboline-3-carboxylic acid residue in acidic media' 

ALDO PREVIERO, MARIA-ANTONIA COLETTI-PREVIERO, AND Leo-G. BARRY 
Dipnrtrtrletzt rle Bioclrirr~ie Mncrot~?ol~cula~re (CNRS) et Grolrpe rle Recherches U-67 (INSERM), B.P. 1018, 

34-Motitpellier, Fratice 

Received April 30, 1968 

Thc intramolecular reaction of Na-formyltryptophan to 3,4-dihydro-13-carboline-3-carboxylic acid is 
realized with high yield either in trifluoroacetic acid or in formic acid - concentrated hydrochloric acid 
solutions. Optically active products are obtained when fornlylated L- or D-tryptophan are used as start- 
ing compounds. The cxpcrimental conditions employed are highly specific and the cyclization of N"- 
formyltryptophyl rcsiduc is rcal~zcd also in pcptides without secondary lytic reactions. The general be- 
havior of Nu-forn~yltryptophan in formic acid solutions is discussed. 

Canadian Journal  of Chemistry, 46, 3404 (1968) 

Scheme 1 

The compounds containing the P-carboline 
nucleus are of great interest in connection with 
their occurrence in some alkaloids. A synthetic 
procedure available to obtain the members of 
this class consists in a condensation of trypto- 
phan, or  its simple substituted derivatives, with 
aldehydes to yield a 1,2,3,4-tetrahydro-P-carbo- 
line (1). These products can be converted to  the 
fully aromatic conlpounds by dehydrogenation. 
Some difficulties arise when the 3,4-dihydro-P- 
carboline nucleus is desired. The partial dehydro- 
genation is generally difficult to realize since the 
dihydro derivatives are completely aromatized 
a t  a rate that does not permit their accumulation 
ill the reaction medium. An alte~mative pro- 
cedure to synthesize the 3,4-dihydro-P-carboline 
nucleus has been pointed out by Spath and 
Lederer (2) who directly converted the amides of 
tryptanline to the corresponding 3,4-dihydro-P- 
carboline. 

The attempts to effect an analogous cyclization 
on Nu-acyltryptophan to obtain 3,4-dihydro-P- 
carboline-3-carboxylic acids showed that sec- 
ondary reactions such as decarboxylation and 
dehydrogenation occurred and in the case of 
Na-formyltryptophan no product was obtained 
(3,4). 

'Contribution No. 15 froni the DCparteliient de Bio- 
chirnie Macronioleculaire et Groupe de Recherches. 

The present report is concerned with the prep- 
aration of optically active 3,4-dihydro-P-car- 
boline-3-carboxylic acid by cyclization of Nu- 
formyltryptophan. The reaction conditions are 
also used to cyclize some Nu-formyltryptophyl 
peptides to obtain the corresponding 3,4- 
diliydro-P-carboline derivatives in good yields as 
depicted in Scheme I .  

Experimental 
Ultraviolet (u.v.) spectra were recorded with a Cary 

model 15 (I cnl cells) spcctrophotonieter. Anlino acid 
analyses were performed with a Becknian an~ino acid 
analyzer model 120 B using ~i~icrocells with a 6.6 rnm 
light path. Paper chromatography was carried out on 
Whatman No. 1 paper. The two solvents eniployed were 
aqueous solutions of ammonia 5 % (v/v) and a~nnionium 
chloride 3 % (w/v). 3,4-Diliydro-!3-carboline derivatives 
were easily detected as yellow fluorescent spots in U.V. 

light (4). 
Na-forniyltryptoplian was obtained by treatnient of the 

amino acid with one  equivalent of acetic anhydride in 
formic acid (5). Na-for~nyl-L-tryptophyl-L-phenylalan.ine 
methyl ester, No-formyl-L-tryptophyl-L-tyrosine iiiethyl 
ester, and No-fonnyl-L-tryptophyl-L-leucine nlethyl ester 
were syntliesized froni Na-forniyl-L-tryptophan, and the 
corresponding amino acid esters by tlie carbodiimide 
method in diniethyl formamide. The forrnylated peptides 
were obtained as free acids by saponification of the cor- 
responding ester derivatives. 

3,4-Dil1yrlro-~-cnrboline-3-cnrboxylic Acid (Cyclizntiotz of 
Nu-Fort~~ltryptoplrot~) 

In a typical experiment, 50 pn~oles of N1-formyltrypto- 
phan were dissolved in 5 n ~ l  of anhydrous trifluoroacetic 
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NOTES 3405 

TABLE I 
Properties of optically active and racemic 3,4-dihydro-(3-carboline-3-carboxylic acid hydrochloride 

- - -- 
-- --- -- --- 

Analysis 

Product Calculated* Found Melting 
obtained point Yield E 

frotn: C N HCI C N HCI ("C) R,$ (%) (362mp) 

*Analysis calculated for  CL2HLIN202CI.  
t c  = 1 in CH OH. 
$Paper chrorn':tography in 3 %  NH,CI. 

I 

1 2 3 4 
TIME ( h )  

FIG. 1. Cyclization rates of Nu-formyltryptophan to 
3,4-dihydro-e-carboline-3-carboxylic acid in trifluoro- 
acetic acid ( x -x - x ) and formic acid :concentrated 
hydrochloric acid, 9:l (a-*-m-m) at 50 "C. The 
dotted line represents the analogo~~s reaction of Nu- 
acetyltryptophan under the same conditions. 

acid and the solution was allowed to stand at 50 "C in a 
sealed tube. At suitable intervals of time, 0.1 ml samples 
of the reaction mixture were diluted with 10 1111 of 
methanol and spectropl~oto~~~etrically recorded from 250- 
400 mp. A new absorption peak at 362 mp appeared 
during the reaction (Fig. 1) whilc the characteristic ab- 
sorption of tryptophan gradually disappeared (Fig. 2). 

Paper chromatography in 3 "/, NH4CI at the end point 
of the reaction showed only one product detected by its 
yellow fluorescence in U.V. light. 

An identical reaction product was obtained when N'- 
forn~yltryptophan was allowed to stand at 50 "C in a 
solution of formic acid containing 10% (v/v) concen- 
trated HCI. For preparative purposes, a solution of N"- 
formyl-L-tryptopl~an (0.5 g) in HCOOH (9 1111) and con- 
centrated HCI (1 ml) was heated at 50 "C for 3 h in a 
sealed tube. The solution was then concentrated under 

reduced pressurc; 3,4-dihydro-(3-carboline-3-carboxylic 
acid hydrochloride rapidly separated as a crystalline 
pale-yellow product upon addition of acetic acid. The 
same procedure was employed for the cyclization of Na- 
forrnyl-DL-tryptopl~an and Nu-formyl-D-tryptophan. The 
yield and the properties of the products obtained are 
listed in Table I. 

3,4-Dil1yciro-~-car6oIit1e Coritnir~irig Peptides 
(0) C~~clizntior~ of N"-Forr~~yl t~ptopl~yl  Peptide Free 

Acids 
A solution of Nu-fornlyl-L-tryptophyl-L-phenylalanine 

(0.5 g) in 10 ml of anhydrous trifluoroacetic acid was 

250 300 350 400 
WAVELENGTH (mp) 

FIG. 2. Spectral changes of Nu-forrnyltryptophan (a) 
after its conversion into 3,4-dihydro-(3-carboline-3- 
carboxylic acid (6) (1 x lo-' M solution in n~etllanol). 
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TABLE I1 
Propertics of 3,4-dihydro-P-carboline containing peptides 

-- - -- - - - - - - - -- - - - - - - -- 
Aniino acid 
recovered RI 

3,4-Dihydro-(3-car- after a c ~ d  Mel t~ng 
boline containing hyd~olysis point E NH3 NH,CI Yield 
pept~des from: ( x )  ("c)  ( 363n i~ )  5 % 3 %  ( X I  

N"-formyl-L-Try- 
L-Phe Phe 98 170 20 600 0.65 0 . 4 6  77 

N"-formyl-L-Try- 
L-Ty r Tyr 100 166 20 900 0 .74  0 . 4 4  73 

N"-forniyl-L-Try- 
L-Leu Leu 98 160 21 200 0.71 0 . 5 7  7 0  

N"-forniyl-L-Try- 
L-Phe 0 Me Phe 97 138 21 400 - 0 . 5 4  64 

N"-forniyl-L-Try- 
L-Tyr OEt Tyr 99 145 21 300 - 0 . 5 0  52 

N'-formyl-L-Try- 
L-Leu 0 Me Leu 97 125 21 400 - 0 .63  46  

lieatcd at 50 "C for 3 11 in a sealed tube. Tlie solvent was 
then conipletcly removed under reduced pressure and the 
residuc dissolved by N a H C 0 3  5 %  in water. The 3,4- 
diliydro-(3-carboline derivative was then precipitated by 
acidification at pH4, collected by filtration, washed with 
water, and dried over P,O,. 

Na-formyl-L-tryptopllyl-L-tyrosinc and Nm-formyl-L- 
tryptopl~yl-L-leucine wcre submitted to  the same pro- 
cedurc. Tlic yields and the properties of the products ob- 
taincd are listcd in Table 11. 

( b )  C.~~c.lizcrtio~r of file N"-For~~iyl Pepri(/e Esters 
A solution of No-forniyl-L-tryptophyl-L-phenylalaninc 

methyl cster (0.5 g) in anhydrous trifl~~oroacetic acid (5 
ml) was lleatcd at 50 "C for 3 11 in a sealed tube. Tlicre- 
aftcr, the trifli~oroacctic acid solution was diluted with 
50 ml of petroleum ether and the reaction p r o d ~ ~ c t  
rapidly separated as an  oily residue. The pctroleum ether 
laycr was removcd by decantation and the residue, dis- 
solved in cthyl acetatc, was washed with 5 %  NaHCO,, 
in watcr. Thc  etliyl acetate layer was then dried ovcr an- 
I I Y ~ ~ O L I S  NazS04  and cvaporatcd under reduced pressure. 
Tlic rcsidue was crystallized in ethyl ether. 

No-Forniyl-L-tryptol~hyl-L-tyrosine ethyl ester and N"- 
formyl-L-tryptopl~yl-L-leucine methyl ester were sub- 
mitted to thc samc proccdure and the corresponding 
3,4-dihydro. 0-carbolinc dcrivatives crystallized by ethyl 
ether and ethyl ether - pctroleum ether respectively. Tlie 
yields and the properties of the products obtained are 
listed in Table 11. 

Kesults and Discussion 
Figures I and 2 show tlie spectral changes 

observed during tlie reaction of Nu-formyltryp- 
toplian in the described acidic media. The prod- 
uct obtained has an absorption spectrum 
sin~ilar to tliat of 1-methyl-3-carboxy-3,4-di- 
hydro-P-carboline (6) and its solution is optically 
active when the starting compound of the syn- 
thesis is Nu-forniylated L- or D-tryptophan. This 

and tlie analytical data reported in Table I 
support the conclusion tliat Na-formyltrypto- 
phan intramolecularly reacts in acidic media to  
yield 3,4-ciiliydro-~-carboli1~e-3-carboxylic acid. 

In  Fig. 1 the rate of cyclization of Na-formyl- 
tryptophan to 3,4-diliydro-P-carboline-3-car- 
boxylic acid is reported and compared with 
tlie analogous fornlation of dihydro harman-3- 
carboxylic acid from NZ-acetyltryptoplia~~ (6) 
as observed in a separate experiment. It is evi- 
dent that Nu-formyltryptopl~an reacts much 
more rapidly than Na-acetyltryptoplian. This 
suggests that the factors affecting the cyclization 
reaction are not only tlie electron density at the 
point of ring closure in tlie aromatic nucleus, 
but also the reactivity of tlie acyl group of Na- 
acyltryptophan. Tlie cyclization of Na-formyl- 
tryptophan can be realized either in anhydrous 
trifluoroacetic acid or in formic acid contain in^ - 
10 "/;1f aqueous concentrated hydrochloric acid. 

It seems interesting to report on  the behavior 
of Nu-formyltryptoplian in anhydrous solution 
of for~iiic acid-gaseous hydrocliloric acid. 
Under such conditions the tryptophan residue 
reacts to yield quantitatively the  1 - f o r n ~ ~ l t r ~ ~ t o -  
phan derivatives (7). Only Nu-formyltryptophan 
(1) fails to give quantitatively N"-N1-diformyl- 
tryptophan (2) because the competitive reaction 
leading to 3,4-dihydro-P-carboline (3) takes 
place as illustrated in Scheme 2. The yield of 
product 2 is 48%, the yield of  product 3 is 
52 % in HCOOH - anhydrous HC1. 

The cyclization reaction of diformyltrypto- 
phan (2) does not  occur, probably because the 
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1 NOTES 

I 
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NH 

CII2 C 
'CH-COOH HCOOH 

2 
H' +O 

I anhydrous HCI 
t I  NH 

I 
I 

CH, 

tr~fluoroacet~c n c ~ d  
H 

3 

Scheme 2 

electron density at the 2-position in the indole can be used for physiological st~tdies concerning 
ring 1s reduced by the inactivating 1-formyl alk:lloids. The reaction described can also be 

; group. The two pathways (a,  b)olthe reaction are applied to selective modification of peptide sub- 
I irreversible under anhydrous conditions, but, in strates containing tryptophan as the N-terminal 

the presence of a suitable concentration of water, res~due for coniparative studies in the field of 
reaction (a)  becomes reversible and only product enzyme specificity. 
3 is obtained. 

The cyclization of Na-formyltryptophyl pep- 1. S. AKABORI and K. S ~ r o .  Chem. Ber. 63,2245 (1930) 
tide free acids and Nu-formyltryptophyI-peptide 2. E. SPATH and E. LEDERER. Chcm. Ber. 63, 2102 
esters can be performed in formic acid - aqueous (1930). 

3. H. R. SNYDER, H. ANSCH, L. KATZ, S. M. PAR- hydrochloric acid solutio~i, but trifluoroacetic ,,,,,,, and E. C. S ~ ~ ~ ~ .  J. A,,,, them, sot. 70, 
acid has been preferred to  avoid the seco~idary 219(1948). 

of forluolysis or  llydro~ysis wl1ich can 4. R. TSCHESCHE and H. JENSSEN. Chem. Ber. 93, 271 
(1960). 

occur to some extent under tlie conditions used. 5. c. E. D A L G ~ ~ ~ ~ ~ .  J. Cllenl. sot. 137 (1952). 

I 
The proposed synthetic procedures allow the 6.  R. A. UPHAUS, L. I. GROSSWEINER, and J. J. KATZ. 

I 
Science, 129,641 (1959). easy preparation 3,4-di11~dr0-P-carb0'ine-3- 7. A. ~ R E V , , ~ ~ ,  M-A. PREVIERO, and J. C, CAVADORE. 

I carboxylic acid in optically active forms, which Blochim. Biophys. Acta, 147,453 (1967). 

Some structural features of the heteropolysaccharides of 
CancIiJa bogouiensis ' 

P. A. J. GORIN AND J. F. T. SPENCER 
Prnirie Regiorml Lnborntory, Nntiorral Resenre11 Courrcil of Cnrmcla, Snskcrtoorz, Snskntclrervarz 

Received June 17, 1968 

The two exocelli~lar polysaccharides of Cnndidn bogorierrsis contain D-mannosc, D-fucose, L-rharnnose, 
D-plucuronic acid, and D-galactose residues. The main heteropolyn~er ( z  80%) has an a-D-(l+3)-linked 
lnannan main-chain as shown by s~~ccessivc Smith degradations. Partial hydrolysis of the hcteropoly~liers 
provided several methylpentose-containing oligosaccharide fragments corresponding to possible side- 
chain components. 

Canadian Journal of Chemistry, 46, 3407 (1968) 

Information on the nature of extracellular and been useful as an aid in classification of the  parent 
intracellular polysaccharides of yeasts has often organisms (1-8). These investigations have now 

been extended to include other yeasts of the genus 
'Issued as NRCC No. 10293. Candida, which are listed in Table I. The  poly- 
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ring 1s reduced by the inactivating 1-formyl alk:lloids. The reaction described can also be 

; group. The two pathways (a,  b)olthe reaction are applied to selective modification of peptide sub- 
I irreversible under anhydrous conditions, but, in strates containing tryptophan as the N-terminal 

the presence of a suitable concentration of water, res~due for coniparative studies in the field of 
reaction (a)  becomes reversible and only product enzyme specificity. 
3 is obtained. 

The cyclization of Na-formyltryptophyl pep- 1. S. AKABORI and K. S ~ r o .  Chem. Ber. 63,2245 (1930) 
tide free acids and Nu-formyltryptophyI-peptide 2. E. SPATH and E. LEDERER. Chcm. Ber. 63, 2102 
esters can be performed in formic acid - aqueous (1930). 
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acid has been preferred to  avoid the seco~idary 219(1948). 
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(1960). 

occur to some extent under tlie conditions used. 5. c. E. D A L G ~ ~ ~ ~ ~ .  J. Cllenl. sot. 137 (1952). 
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The proposed synthetic procedures allow the 6.  R. A. UPHAUS, L. I. GROSSWEINER, and J. J. KATZ. 
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The two exocelli~lar polysaccharides of Cnndidn bogorierrsis contain D-mannosc, D-fucose, L-rharnnose, 
D-plucuronic acid, and D-galactose residues. The main heteropolyn~er ( z  80%) has an a-D-(l+3)-linked 
lnannan main-chain as shown by s~~ccessivc Smith degradations. Partial hydrolysis of the hcteropoly~liers 
provided several methylpentose-containing oligosaccharide fragments corresponding to possible side- 
chain components. 

Canadian Journal of Chemistry, 46, 3407 (1968) 

Information on the nature of extracellular and been useful as an aid in classification of the  parent 
intracellular polysaccharides of yeasts has often organisms (1-8). These investigations have now 

been extended to include other yeasts of the genus 
'Issued as NRCC No. 10293. Candida, which are listed in Table I. The  poly- 
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TABLE 1 

Polysaccharides of Carza'ida spp. 
-- 

Heteropolymer-producing Car~dida 

Maman-producing Cartdida Organism 

- - 

Monosaccharide 
components 

C. utilis NRRL Y900 
C. tropicalis NRRL Y 1410 (see ref. 17) 
C, guillerr~torzdii PRL RS3 
C. silvicola PRL 63-205 
C, albicarzs serotype A (see refs. 16-,9) 
C. albicarls serotype B 

C. rugosa CBS 613 

} 
C. rnycodernza NYCY 327 

C. kltsei PRL RS7 
C. lrrsitar7eae CBS 4413 
C ,  pseudotr~opicalis PRL 705-67 
C. nzogii IGC 3688 

C ,  zeylnrzoides CBS 619 
C. stellatoidea (see ref. 17) 
C. reukmlfii PRL S5B2 
C. natalerlsis JPV 184 
Carzriida spp. CBS 2214 
C.  obtltsa UC 60-17 
C. caterzulata PRL 1 S20 
C. brrrrrzptii PRL RS18 

C. rrzelirzii FJY 888b 
C. ort.gorzerzsis UC 60-73 
C. r?zacedor~cr~sis CBS 600 
Carzdidn spp. FJY 888c 
C. pnrapsilosis PRL BMC-1 (see ref. 17) 

C. bogorieruis CBS 4101 
C. foliarrrt~z CBS 5234 
C. di/jIrreru CBS 5233 
C. scottii CBS 614 
C. pellicrrlosa NCYC 471 
C. tepne CBS 5115 
C. lipol~~ticn CBS-599 
C. ttresetrterica NCYC 

390 
C. l~rrrz~icola IGC 3391 
*C. rzi'nlis 3AH2 
* C. fiigirla 5A1 
* C. gelirla 2AH 10 

Gal, man, fuc, rha, gA, tr. g 
G, man, rha, tr. gal, fuc 
Gal, man, rha, tr. g, fuc 
Gal, man, fuc, tr. g 
Man, gal 
Man, gal 
Man, gal 

F z 
G. man, xyl, uronic acid P 

tl 
F 

G, man, xyl, uronic acid z 
G, man, xyl, fuc 
G,  man, xyl, fuc 5 

C 
G, man, xyl, fuc s z 

9 

0 

TABLE 11 

Physical and chemical properties of C. bogorie~uis polysaccliarides and polysaccl~arides 
formed on successive Smith degradations 

-- - . - -. .- 

< Periodate oxidation 
uptake r 

(64 h oxidation) a 01 

Yield of Specific Fragments obtained Periodate Acid w - 
polysaccharide, Component rotation on methylation- molar molar r,, 

Polysaccharide based on A sugars in H,O fragmentation analysis equivalent equivalent 

1 Carzdia'a bogorierzsis 
polysaccharide (A) 

2 A, Sm/th x 1 
3 A, Sm~th  x 2 

- Gal, man, fuc, rha, gA -136" - - - 

38% Man, fuc, gal, tr. ara - 90" - 280 700 
28 % Man, fuc, tr. ara - 50" 2,4,6-Tri-0-methyl~nannose (5.1 pts) 350 7 80 

2,3,4-Tri-0-metl~ylfucose (1 pt) 
2,4-Di-0-methylfucose (0.9 pt) 
Di-0-n~ethylmannose 

14% Man, fuc +29" 2,4,6-Tri-0-methylnlannose (4.6 pts) 220 5 80 
2,3,4-Tri-0-methylfucose (1 pt) 
Di-0-methylmannose 

6% Man + 63" 2,4,6-Tri-0-methylmannose - - 
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NOTES 3409 

saccharides were isolated from yeast cells by 
extraction with hot aqueous alkali and hydrolyzed 
by acid to  their component sugars. I11 addition to 
glucans, some of the extracts contained mannans 
and galactomannans (Table I), which were puri- 
fied and compared by their proton magnetic 
resonance (p.m.r.) spectra (9). The H-1 portions 
of the spectra are useful in establishing structural 
differences and possible similarities between 
polysaccharides of different species. In contrast, 
other Candida spp. contain glucans (Candicla 
javanica CBS 5236 contains glucan only) and 
complex heteropolymers, and the latter give 
viscous solutioiis in DzO so that p.m.r. spectra 
could not be obtained. However, many of the 
polymers can be distinguished by their sugar 
composition as shown in Table I. In order to 
determine whether the main-chain structure of 
a representative of this heteropolymer group is 
similar to  that of polysaccharides of other yeast 
genera, some of the structural features of Candidla 
bogoriensis polysaccharides have now been 
elucidated. 

Canclida bogorier~sis forms relatively large 
quantities of extracellular polysaccharide, which 
contains the same components, glucuronic acid, 
fucose, rhamnose, mannose, and galactose, as the 
aqueous alkali cell extract. The extracellular 
polysaccharide was isolated in a virtually nitro- 
gen-free state by ethanol precipitation. On ultra- 
centrifugation in 0.1 M aqueous NaC1, a major 
peak with sozz 60s and a minor peak (<20%) 
with sozz 9 s  were detected. Attempts t o  frac- 
tionate the components by column chromato- 
graphy on Biogel A-15m, Sephadex G-200, or by 
gradient elution on 0-[(2-diethylamino)ethyl]- 
cellulose in the borate form, were unsuccessful. 
Treatment of the heteropolymer solutions with 
cetyltrimethylanimonium bromide or with Feh- 
ling's solution gave water-insoluble fractions. 
Each fraction gave, on hydrolysis, the same 
sugars as obtained from the original polysacchar- 

mers was only partly successf~ll since fillly methyl- 
ated material was not obtained. However, paper 
chromatographic analysis of the fragments 
formed from partially methylated polysaccharide 
indicated that fucopyranosyl, rhaninopyranosyl, 
and galactof~~ranosyl lion-reducing end-units are 
present. The presence of galactofuranoside resi- 
dues was also indicated by the release of ara- 
binose on complete hydrolysis of the polyalcohol 
obtained by reduction of the periodate-oxidized 
polysaccharide. This hydrolyzate also contained 
mannose, fi~cose, galactose, and a non-reducing 
fragment which gave a single spot on a paper 
chromatogram and contained fucosyl and  rham- 
nosy1 units. The polyalcohol also contained 
erythronic acid residues arising from 4-0-linked 
glucopyranosyl~~ronic acid residues and  these 
were identified bv conversion to ervthritol. 

The polysaccl'aride obtained b; the  Smith 
degradation was successively degraded three 
more times by the same procedure. T h e  second 
degradation provided a f~~cosylmannaii con- 
taining 3-0-L-f~~copyranosyl-L-fucopyranosyl 
side-chains. These were shortened to a single- 
unit fucopyranosyl side-chain by a further Smith 
degradation. Finally the fourth degradation pro- 
vided a maiinan which represents the main-chain 
of the original predominating heteropolyiner. 
The manlian gave a single p.m.r. signal a t  r 4.35, 
due to  the presence of one linkage type and was 
shown by the methylation-fragiiienti~tion tech- 
nique and by its specific rotation to contain a-  
(I-+3)-linked D-mannopyranosyl units similar in 
structure to the' main-chain present in the  hetero- 
polymers from Cryptococcza laurentii N R R L  
Y-1401 (10) and Tricl~ospot.or~ cutaneun7 (6). The 
physical and chemical characteristics of each of 
the five polysaccharides formed in the successive 
Smith degradations are given in Table 11. 

Further structural information on C. bogorien- 
sis heteropolymers was obtained by examination 
of partial hydrolysis of fragments arising from 

ide mixture. Since the extracellular polysac- side chains. These were 3-0-a-L-rhamnopyrano- 
charides could not be readily resolved, structural syl-L-rhamnose, 2-0-a-L-rhamnopyranosyl-L-fu- 
studies were carried out on the mixture. cose, 3-0-a-L-fucopyranosyl-L-fucose, and 4-0- 

C. bogoriet7sis polysaccharide has a neutral P - D - ( g l ~ ~ ~ p y r a n ~ ~ y l ~ r ~ n i ~  acid)-L-fucose. Other 
equivalent of 1580 due to uronic acid residues. larger acidic fragments were converted to the 
Acid hydrolysis gave L-fucose (1.84 parts), L- methyl esters and reduced with sodium borohy- 
rhamnose (1.36 parts), D-mannose (1 part), dride to  ,mixed neutral oligosaccharides. Degra- 
D-galactose (0.80 part), and uronic acid. The dation by a Smith procedure incorporating mild 
neutral sugars were isolated by cellulose column hydrolytic conditions gave 2-0-a-L-rhamno- 
chromatography and characterized. A methyla- pyranosyl-D-erythritol, thus indicating an a-L- 
tion-fragmentation analysis on the heteropoly- Rhap-(l+4)-P-D-GpA-(l+4)-L-Fucp sequence. 
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Experimental 
Paper chromatography was carried out using 11-bu- 

tanol - ethanol - water (40: 1 1 : I9 v/v/v) (solvent a)  and 
ethyl acetate - acetic acid -water (9:2:2v/v/v) (solvent b). 

Prod~rctiott of C.  bogoriettsis Heferopo/~~saccharide 
Can~lida bogorietlsis was grown in shaken cultures or in 

stirred fermentors, in a medium containing 8 % glucose, 
0.4% dialyzed yeast extract (with high nlolecular weight 
components re~noved by dialysis), 0.1 0/, KH2P0,, and 
0.02% MgSO4.7H20. New Brunswick 5 1 fer~nentors 
were operated at 400 r.p.m., with an air flow rate of 0.33 
vol/vol/min, at 25'. Other cultures were grown in 500 1111 
Erlenmeyer flasks containing 100 1111 111cdiurn shaken at 
230 r.p.m. on a rotary shaker havingan eccentricity of 1 in. 
at 25". Incubation time was 3-4 days. The cells were then 
removed by centrifugation and the polysaccharide was 
recovered from tlic supernatant liquid, by ethanol precip- 
itation. The lieteropolysaccliaride mixture had a neutral 
equivalent of 1580, [a], -136" (c, 0.7 H 2 0 )  and N, 
0.25%. Ultracentrifugation was carried out at 59 000 
r.p.rn. 

Mefhy1afiot1-Frag,~~e~~tafiot~ Arlalj~sis of C. bogorietuis 
Heferopolysaccl~aric/es 

The polysaccharides (7.0 g) were methylated by the 
Hawortli procedure (I I) and a partially nlethylated prod- 
uct (0.77 g), insoluble in aqueous alkali, isolated (-OCH, 
26.4%). A further methylation gavc a prodilct with 
-OCH,, 32.7%. The two partially methylated polysac- 
charides were insoluble in solvents suitable for complete 
methylation such as N-N'-dimethyl forn~amide, dimethyl 
sulfoxide, or iodomethane. A sample was hydrolyzed in 
90% formic acid at 100" for 18 11. The hydrolyzate was 
freed of formate esters and gave spots on paper clirornato- 
grams (solvent a ;  spray: p-anisidine hydrochloride) cor- 
responding to 2,3,4-tri-0-methylfucose, 2,3,4-tri-0- 
methylrliarnnose, and 2,3,5,6-tetra-0-methylgalactose. 

Hyrlrolysis Prorlucfs fiori~ C. bogoriet~sis 
Heteropoly.saccltarirles 

Theheteropoly1llers(l.92g)were hydrolyzed in NH2SOj 
(20 ml) at 100" for 17 h ,  tlie solution neutralized (BaCO,), 
filtered, and evaporated to a syrup. Fractionation on a 
cellulose column using 11-butanol-water (16:l v/v) as 
eluant gave a-L-rhamnose (0.34 g) which from EtOH- 
EtOAc, had m.p. and mixture n1.p. 90-93" and [a], 
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esters which were reduced with sodium borohydride in 
methanol to a mixture of neutral oligosaccharides (0.83 g). 
A portion (0.14 g) was degraded by the Smith procedure 
(14) which is described below. A product with Rf = ara- 
binose on a paper chromatogram in solvent a was isolated 
by cellulose column chromatograpliy using 11-butanol- 
water (8:l v/v) as eluant. The resulting 2-0-a-L-rhamno- 
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pyranosyl-D-erythritol (20 mg) was crystallized f ~ o m  
EtOH and had m.p. 178-179" and [a ] ,  -52" (c, 0.6 H20) .  

Anal. Calcd. for C,,,HZoOs: C, 44.77; H; 7.52. Found: 
C, 44.9; H, 7.45. 

Hydrolysis gave rharnnose and erythrilol and periodate 
oxidation resulted in consumption of 2.8 moles/mole of 
oxidant with formation of 0.98 mole/rnole of acid after 
21 11. 

Stlritlr Degmc/ntiotrs otr C. bogorietlsis Hetero[~oIvt~rers 
The l~eteropolyrners (4.0 g) were oxidized in aqueous 

solution (100 1111) containing sodium periodatc (10 g). 
After 3 days the solution was evaporated to 30 rnl, to which 
acetic acid (250 ml) was added. The precipitate was col- 
lected, dried, and shaken with sodium borohydridc (1.0 g) 
in water (100 ml). The so l~~ t ion  was evaporated to 20 ml, 
adjusted to pH 7, and ethanol added. The precipitated 
polyalcohols (3.14 g) wcre isolated by filtration, and dis- 
solved in water (100 ml), which was acidified to pH 2 with 
dilute sulfuric acid. After partial hydrolysis for 1.5 11 at 
100" the solullon was evaporated to 50 rnl and excess 
acetone (500 ml) added. The precipitate (1.52 g) was col- 
lected and washed with ethanol. It had [a],  -90" (c, 1.0 
H,O) and gave mannosc, fucose, galactose, and a trace of 
arabinosc on hydrolysis. The acetone-soluble portion 
(R,,,, 1.0 in solvent n; spray: a~umoniacal silver nitrate) 
gave rhamnose and fi~cose on hydrolysis. 

Successive Smith degradations on the resulting poly- 
saccharide wcre carried out using similar conditions. Thc 
properties and composition of the degraded polysaccha- 
rides are present in Tablc 11. Methylation-fragmentation 
procedures are similar to those described in an earlier 
publication (6). Analysis of thc methylated fragments was 
carried out as follows: methyl 2,4,6-tri-0-methylmanno- 
side was characterized by its characteristic retention time 
(15) on g.1.c. 2,4-Di-0- and 2,3,4-tri-O-methyIfi1cose 
structures appeared likely, from their paper chrotl~ato- 
graphic properties, the g.1.c. retention times of derived 
methyl fucosides and the method of preparation of the 
parent polysaccharides. The mannan formed by 4 Smith 
degradations gave a p.m.r. spectrurn in D 2 0  with a single 
H-1 peak at T 4.35. The measurement was carried out at 
70" using tetrametl~ylsilane as external standard. 
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The coronary vasodilating activity of theo- theophylline] (I), and Trentadil [8-benzyl-7-(N- 
phylline has been enhanced by introducing a ethyl-N-{ P-hydroxyethyl) -2-arninoethy1)-theo- 
basic amino group in the theophylline molecule phylline] (2) (1). 8-Pyridyltheophylline deriva- 
as in drugs Xanturil [7-(4-morpholinylmethy1)- tives (3) seem to show a similar effect (2). I11 a 
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search for active vasodilating agents, it was 3 R I - H  
undertaken in this laboratory to substitute an R2= a 
isoquinoline nucleus in the theophylline molecule 
to obtain compounds 4,13, and 14. 4 Ri = - C H 2 g  

14 R1 = 0CH3 
R, = OCH, 

The following set of reactions was employed 
for the synthesis of the required intermediates 
for the desired product. 

Theophylline-7-acetic acid (5) was treated 
with thionyl chloride to get the acid chloride 6 
by the method of Klosa (3). The compound 6 on 
treatment with P-phenylethylamine (8) and its 
analogues 7 and 9 gave the amides 11,10, and 12. 
The amide 10 could not be isolated as a pure 
compound so it was used as such for further 
reactions. The amides 10,11, and 12 on treatment 
with phosphorus oxychloride and phosphorus 

pentoxide by Bischler-Napieralski reaction 
gave the desired isoquinoline compound 4 and 
its analogues 13 and 14. 

Pharmacology 

Compounds 4,11,12, and 14 were injected into 
the coronary sinus of anesthetized dogs at doses 
of 2-10 mg/kg. Changes in the oxygen content of 
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NOTES 3413 

coronary sinus blood, heart rate, and blood 
pressure were then measured. None of the com- 
pounds showed significant activity. 

Experimental 
Melting points were determined with the Thomas 

Hoover Capillary melting point apparatus. Infrared spec- 
tra were recorded on a Beckman IR-8 infrared spectro- 
photometer. Microanalyses were performed at the Micro- 
analytical Laboratories of Abbott Laboratories, North 
Chicago, Illinois. 

N- (Plfet~yletl~pl) -l,2,3,6-tetrah.vdro-1,3-~/ittiet6yl-2,6- 
dioxo-prrrble-7-acetmnicle (11) 

To 12.0 g (0.05 mole) of theophylline-7-acetic acid were 
added dropwise 25 ml of thionyl chloride in the cold. The 
mixture was brought to room temperature and then re- 
fluxed on a water bath for 3 h. The thionyl chloride was 
removed by distillation under vacuum at low temperature. 
The residue was repeatedly washed with benzene to remove 
the last traces of thionyl chloride. A solution of 6.0 g 
(0.05 mole) P-plienylethylamine in 50 ml of benzene was 
added dropwise to the syrupy acid chloride in about 20 
min. The mixture was stirred at rooni temperature for 48 h. 
The benzene was removed by distillation under vacuum 
and the residue was washed with acetone and filtered to 
give 7.0 g (40%) of a white crystalline compound. Two 
crystallizations froni absolute ethanol afforded the analy- 
tically purecompound, m.p. 195". 

Anal. Calcd. for Cl7HI9N5O3: C, 59.81; H, 5.60; N, 
20.51; 0 ,  14.06. Found: C, 59.73; H, 5.80; N, 20.32; 0, 
14.49. 

N-(3,4-Ditnetl1oxyphet1ylethyl)-I,2,3,6-tetroliydro-l,3- 
dittiethyl-2,6-dioxo-p11ri11e-7-ocetattiide (12 )  

This compound was prepared in 36% yield from the 
amine (9) by a similar method to that used to prepare 11, 
m.p. 203". 

Anal. Calcd. for CI9HZ3N5O5: C, 56.84; H, 5.77; N, 
17.44; 0 ,  19.92. Found: C, 56.86; H, 5.56; N, 17.50; 0 ,  
19.73. 

zene twice. The aqueous solution was neutralized with 
25% sodium hydroxide solution and left at room tem- 
perature for 24 h. The solution was filtered to  give 2.40 g 
(30%) of a brownish crystalline product, n1.p. 195-197". 
Two recrystallizations from methanol afforded the analy- 
tically pure product, n1.p. 198-200". 

Anal. Calcd. for C17H15N502: C, 63.51; H, 4.70; N, 
21.79; 0 ,  9.95. Found: C, 63.81; H, 4.77; N, 21.69; 0 ,  
9.65. 

7-(3,4-Dihydro-l-isoqiritiol~~/t~1ethyl)-theopliyllit~e (13) 
This compound was prepared in 35% yield from the 

amide (11) by a similar method, m.p. 215". 
Anal. Caicd. for C17Hl,N50,: C, 63.14; H, 5.30; N, 

21.66;0,9.89.Found:C,62.87;H,5.49;N,21.51;0,9.89. 

7-(3,4- Dil1ydro-6,7-rlin1etlioxy-I-isoqi~it~ol~~lr1ietliyl)- 
t l~eopl~)~l/ i t~e (14) 

This compound was prepared in 70% yield froni the 
aniide (12) by a similar method. The compound was re- 
crystallized from dimethyl forniamide, m.p. 220-222". 

Anal. Calcd. for C1,H,,N50,: C, 59.51 ; H, 5.52; N, 
18.26; 0 ,  16.69. Found: C, 59.39; H, 5.37; N, 18.36; 0 ,  
16.89. 

A hydrochloride salt of 14 was prepared by passing dry 
HCI gas in dimethyl formaniide solution of 14. The salt 
was recrystallized froni aqueous methanol. 

Anal. Calcd. for C,,H,,N5O4.HCI: C, 54.34; H, 5.28; 
N, 16.68;CI, 8.44;0, 15.24.Fmlnd: C,54.27;H,5.44;N, 
16.55; CI, 8.59; 0 ,  15.30. 
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NOTES 3413 

coronary sinus blood, heart rate, and blood 
pressure were then measured. None of the com- 
pounds showed significant activity. 

Experimental 
Melting points were determined with the Thomas 

Hoover Capillary melting point apparatus. Infrared spec- 
tra were recorded on a Beckman IR-8 infrared spectro- 
photometer. Microanalyses were performed at the Micro- 
analytical Laboratories of Abbott Laboratories, North 
Chicago, Illinois. 

N- (Plfet~yletl~pl) -l,2,3,6-tetrah.vdro-1,3-~/ittiet6yl-2,6- 
dioxo-prrrble-7-acetmnicle (11) 

To 12.0 g (0.05 mole) of theophylline-7-acetic acid were 
added dropwise 25 ml of thionyl chloride in the cold. The 
mixture was brought to room temperature and then re- 
fluxed on a water bath for 3 h. The thionyl chloride was 
removed by distillation under vacuum at low temperature. 
The residue was repeatedly washed with benzene to remove 
the last traces of thionyl chloride. A solution of 6.0 g 
(0.05 mole) P-plienylethylamine in 50 ml of benzene was 
added dropwise to the syrupy acid chloride in about 20 
min. The mixture was stirred at rooni temperature for 48 h. 
The benzene was removed by distillation under vacuum 
and the residue was washed with acetone and filtered to 
give 7.0 g (40%) of a white crystalline compound. Two 
crystallizations froni absolute ethanol afforded the analy- 
tically purecompound, m.p. 195". 

Anal. Calcd. for Cl7HI9N5O3: C, 59.81; H, 5.60; N, 
20.51; 0 ,  14.06. Found: C, 59.73; H, 5.80; N, 20.32; 0, 
14.49. 

N-(3,4-Ditnetl1oxyphet1ylethyl)-I,2,3,6-tetroliydro-l,3- 
dittiethyl-2,6-dioxo-p11ri11e-7-ocetattiide (12 )  

This compound was prepared in 36% yield from the 
amine (9) by a similar method to that used to prepare 11, 
m.p. 203". 

Anal. Calcd. for CI9HZ3N5O5: C, 56.84; H, 5.77; N, 
17.44; 0 ,  19.92. Found: C, 56.86; H, 5.56; N, 17.50; 0 ,  
19.73. 

zene twice. The aqueous solution was neutralized with 
25% sodium hydroxide solution and left at room tem- 
perature for 24 h. The solution was filtered to  give 2.40 g 
(30%) of a brownish crystalline product, n1.p. 195-197". 
Two recrystallizations from methanol afforded the analy- 
tically pure product, n1.p. 198-200". 

Anal. Calcd. for C17H15N502: C, 63.51; H, 4.70; N, 
21.79; 0 ,  9.95. Found: C, 63.81; H, 4.77; N, 21.69; 0 ,  
9.65. 

7-(3,4-Dihydro-l-isoqiritiol~~/t~1ethyl)-theopliyllit~e (13) 
This compound was prepared in 35% yield from the 

amide (11) by a similar method, m.p. 215". 
Anal. Caicd. for C17Hl,N50,: C, 63.14; H, 5.30; N, 

21.66;0,9.89.Found:C,62.87;H,5.49;N,21.51;0,9.89. 

7-(3,4- Dil1ydro-6,7-rlin1etlioxy-I-isoqi~it~ol~~lr1ietliyl)- 
t l~eopl~)~l/ i t~e (14) 

This compound was prepared in 70% yield froni the 
aniide (12) by a similar method. The compound was re- 
crystallized from dimethyl forniamide, m.p. 220-222". 

Anal. Calcd. for C1,H,,N50,: C, 59.51 ; H, 5.52; N, 
18.26; 0 ,  16.69. Found: C, 59.39; H, 5.37; N, 18.36; 0 ,  
16.89. 

A hydrochloride salt of 14 was prepared by passing dry 
HCI gas in dimethyl formaniide solution of 14. The salt 
was recrystallized froni aqueous methanol. 

Anal. Calcd. for C,,H,,N5O4.HCI: C, 54.34; H, 5.28; 
N, 16.68;CI, 8.44;0, 15.24.Fmlnd: C,54.27;H,5.44;N, 
16.55; CI, 8.59; 0 ,  15.30. 
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TABLE I 
6-Amino-5 [(substituted-benzylidene)-amino]-1,3-dimetl~yluracils* 

Recrystal- Melting Carbon (%) Hydrogen ( %) Nitrogen (%) 
Compound YFld lizationt point 

number R A solvent ("c) Calculated Found Calculated Found Calculated Found 

hydroxy 
15 3,4-Dinlethoxy 
16 4-Methyl 

*General formula: C H , - N ~ = C H ~  0LN NH2 

t a  = Dimethyl formamide; b = mixture of dimethyl formamide and methanol. 

TABLE I1 
7J 
5 

8-Aryltheophyllines < 
-. ? -- - 

Recrystal- Melting Carbon (%) Hydrogen (%) Nitrogen (%) .g 
Compound Yield lizat~ont point - -  

number R (%) solvent ("c) 
- 

Calculated Found Calculated Found Calculated Found 

17 4-Diethylamino 40 b 290 62.36 62.44 6.46 6.44 21.39 21.51 
18 2,3-Dimethoxp 60 a 229 56.95 57.08 5.09 5.16 17.71 17.65 
19 3,4-Methylenedioxy 35 a > 360 56.04 56.11 4.02 4.30 18.65 18.82 
20 4-Isopropoxy 30 340 64.41 64.56 6.08 6.15 18.77 18.64 
21 3,4-Diethoxy 35 a 313 59.28 59.15 5.85 5.82 16.26 16.20 
22 2,CDichloro 40 a 315 48.01 48.13 3.10 3.22 17.23 17.44 
P 

0 

*General formula: cHg~p$eR 
: I 

6 1 4 ~ ~  
t o  = Dimethyl formamide; 6 = mixture of dimethyl formamide and methanol. 
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NOTES 

Acetic acid C H 3 - N k Z C ~ - ~  + RCHO - 04,~ NH? Methyl alcohol O A N  N H 2  
I I 

1 

0 
R = substituted phenyl group. 

3 

All the compounds were found to be inactive as vasodilators. 

( 2 4 )  had been recorded in the literature, and methanol) was added to an  equin~olecular solution of an 
nothing had been publislled their pharmacol- aro~iiatic aldehyde in methanol. The nlixture was allowed 

to stand at room temperature for 4 h. l'he product was ogical activity. I11 order to permit a systematic filtered and recrystallized (seeTable I). 
evaluation of 8-aryltheophyllines as vasodilators, 
the ~resen t  work was undertaken. 8-Aryltl~eopl~yNines 

The synthesis of these compounds was carried Ge"ernlprOcerllrre 
To an alcoholic solution of 5-benzylidinopyriniidine 

Out i n  two stages by known methods (2)' Sub- was added a calculated amount ofanhydrous ferric chlo- 
stituted aromatic aldehydes were condensed ride (the fcrric chloride was used mole per mole to the 
with 5,6-diamin0-1,3-dimethyluracil (1) in me- arotiiatic aldehydes used for the synthesis of respective 
thanolic acetic acid solution to obtain sub- benzylidinopyrimidines) in alcohol. A deep blue color 
stituted benzy~idinopyrimidines of the developed. The reaction niixture was refluxed on a water 

bath for 4 11 and allowed to stand at room temperature 
structure 2  a able I). The benz~lidil1o~~rimidine for 48 11. The product was filtered and recrystallized (see 
intermediates on oxidation with anhydrous ferric Table 11). 
chloride in alcohol solution gave thecorrespond- 
ing 8-aryltheophyllines (3) (Table 11). 1. R. CHARLIER. Coronary vasodilators. The  Perganlon 

Press, Ltd., New York. 1961. P. 79 
Experimental 2. W. TRAUBE and W. NITBACK. Ber. 39,227 (1906). 

3. GEO. P. HAGER, J. C. KRANTZ, Jr., J. B. HARMON, and 
6-Ar11ir1o-1,3-dirir,1e/l1~~l-5-be~1zyli~iir1o~rmci/s R. M. BURGISON. J. Ani. Pharm. Assoc. 43, 152 

Ger~ernl Procerllrre (1954). 
A solution of 5,6-dianiino-1,3-diniethyluracil in meth- 4. H. GOLDNER, G. DIETZ, and E. CARSTENS. Ann. 

anolic acetic acid niixture ( I  nil acetic acid per 5 ml Cheni. 691, 142(1966). 

Determination of evytlzvo and tltveo configurations by 
nuclear magnetic resonance spectroscopy 

GEORGE H. SCHMID 
Depnrtrnerit of Clrenzistry, Urliuersity of Tororrto, Tororrto 5, Orrtnrio 

Received June 11, 1968 

An exan~ination of the nuclear magnetic resonance spectra of ten pairs of racemic erythro and tllreo 
isomers of 1,2-disubstituted-1-arylpropanes shows that the signals of the methyl protons of the erytllro 
isomer always appear at lower field than the rllreo isomer. The vicinal coupling constant (JJ of the 
erytlrro isonier is found to be smaller than that of the tllreo isomer in six of the isomeric pairs indicating 
that the magnitude of Jab is a poor criterion of configuration of the 1,2-disubstituted-1-arylpropanes. 
Canadian Journal of  Chemistry, 46, 3415 (1968) 

It has been shown (1,2) that the chemical shift styrene systems such as 1 depends upon the rela- 
of amethyl group P to a phenyl ring in substituted tive geometry of the two groups. Thus when the 
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that the magnitude of Jab is a poor criterion of configuration of the 1,2-disubstituted-1-arylpropanes. 
Canadian Journal of  Chemistry, 46, 3415 (1968) 

It has been shown (1,2) that the chemical shift styrene systems such as 1 depends upon the rela- 
of amethyl group P to a phenyl ring in substituted tive geometry of the two groups. Thus when the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3416 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 
Selected nuclear magnetic resonance data of erytlrro and tlrreo isomers of 1,2-disubstituted-I-arylpropanes* 

-- - - -- 
-- -- -- -- -- 

b J,,  HC 
Number X Y R Isomer Solvent (Hz) (Hz) 6(p.p.n1.) A Reference 

2 C1 C1 H erytlrro CCI, 8.0 6.4 1.58 .25 5 
CI CI H III).EO 5.7 6 . 6  1.13 . 

3 OAct CI H erythro CCI, 4 6 . 5  1.43 .I3 5 
OAcj C1 H rhreo 7.3 6.6 1.30 

4 OCH3 CI H erythro CCI, - 6.5 1.45 .23 5 
OCHJ C1 H rlrreo - 6.5 1.22 

5 Br Br H eq~thro  CCI, 10.3 6.0 2.00 .33 8,9 
Br Br H tlrreo 5.3 7.0 1.67 

6 HO Br H erytlrln CCI, 3.0 7.0 1.47 .I1 5 
HO Br H threo 7.5 6.5 1.36 

7 OAct Br H erytlrro CCI, 5.5 7.0 1.55 .I0 9 
OAcj Br H tlrreo 8.0 7.0 1.45 

8 OH OH H erythro Acetone-r16 4.0 6.5 1.02 .09 5 
OH OH H threo 7.0 6.5 0.93 

9 OAcj OAcP H eryfhro CCI, 4.0 6.5 1 .13 .08 5 
OAcj OAcj H tlrreo 7.5 6.0 1.05 

10 OBzt OBzI H eryfhro CDC13 4.0 7.0 1.41 .09 5 
OBzt OBzl H threo 7.5 6.0 1.32 

11 Br Br CH30 eryfhro CCI, 10.0 6.1 2.00 .34 8 
Br Br CH30 threo 5.4 6.6 1.66 

t A c  = CHJCO. 
fBz  = C6H5C0. 
§This work. 

J . 3  

their n.m.r. spectra recorded. The stereochemistry 
of compounds 2, 3, and 4 was assigned on the 

R/C"C\H basis of the products formed upon trcatment with 
1 base under conditions for trans elimination ( 5 ) .  

The stereospecific ring opcning of cis- and trans- 
phenyl and the P-methyl are cis the chemical shift I -phenyl-l,2-epoxypropane was used to establish 
of the methyl protons appear at higher field than the stereochenlistry of compound 8 (6, 7, 9) from 
they d o  when the two groups are tra~is. The 
extension of this shielding effect of a phenyl ring 
to deter~nine the config~~rations of aliphatic com- 
pounds has rarely been attempted. Barbieux and 
Martin (3) have shown that such a determination 
is possible in a series of four ethyl a,P-dialkyl-p- 
methoxydihydrocinna~nates while Hyne (4) has 
interpreted the chemical shifts and coupling 
constants of two a, P-aminoalcohols on the basis 
of their configuration. 

In  Table I are listed the chemical shifts of the 
methyl protons of ten pairs of race~nic erytllro 
and tllreo isomers of 1,2-disubstituted- I-aryl- 
propanes. These pairs of isomers are all known 
compounds previously reported in the literature. 
However, the nuclear magnetic resonance (n.m.r.) 
spectra of only six pairs of these compounds were 
reported. The remaining four pairs were pre- 
pared according to the literature references and 

which the stereochemistry of the remaining com- 
pounds was assigned on the basis o r  reactions of  
established stereochenlistry. 

The data in Table 1 show that the chen~ical shift 
of the methyl protons of the e~.~lthro isomer of 
1,2-disubstiti1ted- I-arylpropanes always appears 
at lower f eld than the  tllreo isomer. The  difference 
between the chemical shift of the er),thr.o and 
rl71.eo isomer A, varies from a maximum value of 
0.34 p.p.m. for 11, to a minimum value of 0.08 
p.p.m. for 9. The latter value is several times 
greater than mean deviation (k0 .02  p.p.m.) for 
several determinations of the chemical shift. 

The observed vicinal coupling constants Jab for 
the tllreo and erytllro isomers are also listed in 
Table I. It has been claimed (10) that  it is a com- 
mon phenomenon for the erythro isomer to have 
a larger vicinal coupling constant than does the 
threo isomer. From the data in Table I ,  it is clear 
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NOTES 3417 

that in the 1,2-disubstituted-1-arylpropane series, 
this relationship does not hold. Only in three of 
the nine pairs of isomers, where values of J,, are 
available, is the value of Jab larger for the erythro 
than for the tllreo isomer. Clearly the use of Jz1, 
as the sole criterion to assign configuration of 
acyclic molecules is undesirable. 

An interesting relationship exists between the 
vicinal coupling constant (J,,) and A. When the 
value oTA is greater than 0.20 p.p.m., the e ry t l ~ ro  
vicinal coupling constant is greater than tile threo 

or  Cl) are trans to each other. On the basis of the 
value of A, it would be expected that compound 
4 would show identical c&formational prefer- 
ences as 2,5, and 11. 

In the remaining compounds a clear choice of 
conformational c reference does not seem to  exist. 
In the case of the erjUl1r.o isomers as A decreases 
to about 0.10 p.p.m., J;,, also decreases t o  about 
4.0 Hz making it difficult to determine the 
preferred conformation. The tllreo isomers seem 
to exist as a mixture of conformations A and B. 

while when A is around 0.10 p.p.m. the reverse is Conformation A probably gains stability relative 
true. This relationship is a reflection of the con- to B as the polarity of the groups X, Y decrease, 
formational preferences of the tllreo and erj~t1lr.o which decreases the dipolar interaction of the two 
isomers and can be illustrated by means of the groupsin A. 
Newman projections of the erythro and tllreo On the basis of the results presented here, it 
isomers. appears that the difference between the chemical 

shift of the methyl protons of erythro and  tllreo 
C6H5 C6H5 

~ ~ 3 y # ~ b  ia$:H3 

H a  
TABLE I1 

Y H b CH3 Nuclear magnetic resonance data 
. 

B C A 
Chemical shift Relative 

rlrreo lsolners Compound 6 Multiplicity area 

D E F 

erytlrro Isomers 

The fact that the chemical shift of the methyl 
protons of the threo isomer appears at  higher field 
indicates that the methyl group is more shielded 
by the aromatic ring than is the methyl group of 
the ery t l~ ro  isomer. This clearly implies that for the 
eryt11r.o isomers conformation D, where the 
methyl group is as far away as possible from the 
phenyl ring, is the preferred conformation. In the 
case of compounds 2, 5, and 11 the value of JZlb 
clearly substantiates the selection of D as the 
most stable conformation for the erytliro isomers. 
For the t l ~ r e o  isomers of compounds 2,5, and 11, 
both A and B have tlie methyl group gaz~che to 
the phenyl ring wliich is the correct conformation 
for shielding by the phenyl ring. On the basis of 
the small value of Jab,  B seems the choice of the 
most stable conformation. These results indicate 
that tlie most stable conformation is that one in 
which the two highly electronegative atoms (Br 'Overlap with OH. 

Doublet 
Quintet 
Doublet 
Singlet 

Doublet 
Ouintet 
~ o u b l e t  
Singlet 

Doublet 

Doublet 
Multiplet 

Doublet 
Quintet 
Doublet 
Singlet 

Doublet 
Octet 
Doublet 
Singlet 

Doublet 
Sextet 
Doublet 
Singlet 

Doublet 
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Doublet 
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Doublet 
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isomers of 1,2-disubstituted-l-arylpropanes is a (lit. b.p. 109"/0.4mm Hg). The n.nl.r. spectra are sum- 

better criterion of their configuration than is the marized inTablel l .  

value of the vicinal coupling constant J:,,. erytlrro nrrd tlrreo-1-Brortro-I-pIrerrj~lpropm~ol-2 (6)  
These were prepared by thc procedure of Fischer (6). 

tlrreo Isomer, b.p. 109-11 l0/1 nlm Hg (lit. b.p. 91-92O10.4 
Experimental mm Hg); erytltro isomer, b.p. 114-1 15"/1 mm Hg (lit. 

All melting points and boiling points are uncorrected, b . ~ .  88O10.2 mnl Hg). The n.m.r. data are summarized in 

Nuclear magnetic resonance (n.m.r.) spectra were mea- Table 11. 

sured on a ~ a r i a n  Associates A-60 spectrometer. Samples 
were measured as lo"/, wlv solutions in the solvent indi- 
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erytlrro ntlcl tlrreo-1-Phetryl-l,2-propnrrediol(8) 
These were prepared by the procedure of Foltz and 

Witkop (7); threo isomer, 1n.p. 53-54" (lit. m.p. 55-57"); 
erythro isomer, n1.p. 91-92" (lit. m.p. 92-93'). The 
n.m.r. spectra are summarized in Table 11. 

erythro ntrd tlrreo-l-Plren~~I-1,2-propor1eclioI Dibenzoate 
(10) 

These were prepared by the procedure of Foltz and 
Witkop (7); tlrreo isomer, 111.p. 75-78" (lit. n1.p. 75.0- 
77.5"); erythro isomer, n1.p. 102-103" (lit. m.p. 103-104"). 
The n.1n.r. spectra are summarized in Table 11. 

erytl~ro orrd threo-l-Plret1yl-l,2-propcrtrediol Dincetote ( 9 )  
These were prepared by the procedure of Fischer (6); 

tlrreo isomer, b.p. 128-13O0/lmm Hg (lit. b.p. 112- 
113"/0.4mm Hg); erythro isomer, b.p. 123-125"/lrnm Hg 
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NOTES 3419 

Erratum: Essential oils and their constituents. XLII. Isomerization of 
epoxides on active alumina 

ISHWAR C. NIGAM AND LEO LEVI 
Re.renrc11 Lnborntorie.r, Food ntrd Dr~rg Directornfe, Deparft?zent of Nntioilnl Henltll nrrd Welfnre, 

Otta\va, Cntlnrla 

Received May 25, 1967 

(Ref.: Can. J. Chem. 46, 1944 (1968)) 

Canadian Journal of Chem~stry, 46, 3419 (1968) 

1 
On page 1944, the insertion below the abstract This should be changed to read: Canadian 

reads: Canadian Journal of Chemistry, 46, 1942 Journal of Chemistry, 46, 1944 (1968). 
(1968). 

Addendum: Fischer indole synthesis. The reaction of Nf-alkyl-2,6-dialkylphenyl- 
hydrazines with cyclohexanone 

G. S. BAJWA AND R. K. BROWN 
Depnrtnleilt of Chetnistry, University of Alberfa, Ecltnonton, Alberta 

Received June 20, 1968 

(Ref.: Can. J. Chem. 46, 1927 (1968)) 

i Canadian Journal of Chemistry, 46, 3419 (1968 

On page 1933, the second column lines 11 and To this should be added, ", m.p. 60"". Lines 11 
10 from the bottom of the page read : ". . . gave and 10 shall therefore read : ". . . gave 5 10 mg 
5 10 mg (53%) of N'-jormyl-N'-metljyl-2,6-di- (53 %) of N'- fornzyl-N'-metlzyl-2,6-ciitimethyl- 
metlzylpl~enyll~ydrazit~e. " phenylhydrazine, m.p. 60°." 

Erratum: The preparation of methyl 4-deoxy-3-0-methyl- 
a, P-DL-threo-pentopyranoside 

F. SWEET AND R. K. BROWN 
Depnrtnlent of Cl~emistry, Utriverrity of Alberta, EC~ITIOIIIOII,  Alberfn 

1 
I 

I Received January 22, 1967 

1 (Ref.: Can. J. Chem. 46, 1592 (1968)) 
1 

i Canadian Journal of Chcrn~stry, 46, 3419 (1968) 

The date of receipt should read "Received 
January 22,1968". 
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COMMUNICATIONS 

Positive and negative intramolecular nuclear Overhauser effects in an all-proton 
system 

R. A. BELL AND J. K. SAUNDERS 
Depnrttnet~t of Cl1et71istrj~, McMnster Ut~iuersity, Hnt~liltotl, Ot~tnt.io 

Received Septenlber 16, 1968 

The Overhauser effects recorded for the alkaloid ochotensin~ine (1) show positive effects (area in- 
creases) for adjacent protons but negative effects (area decreases) for two protons separated by an inter- 
vening proton. A qualitative explanation based on the dominance of a dipole-dipole relaxation mechan- 
ism is advanced. The Overhauser effect between geminal protons on an sp2-carbon has been measured. 

Canadian Journal  of Chemistry, 46, 3421 (1968) 

In an investigation of the Overhauser effect 
in F~rmaria and CorydaIis alkaloids, we have 
exainined the alkaloid ochote~isimine (1) (1). We 
report here the results obtained for this alkaloid 
since it has furnished the first definite example 
of positive and negativeL ii~tramolecular nuclear 
Overhauser effects in an all-proton system and 
the first measurement of the Overhauser effect 
between geminal protons. 

area changes recorded are expressed as a percent- 
age of the total area of each proton. The mea- 
surements were obtained on a 0.17 M solution of 
1 in carefully degassed CDCI,. 

When the proton HA-15 is saturated, the area 
of the signal for the proton H,-15 increases by 
40% (positive effect) but the area for the  proton 
H- 13 decreases by 8 % (negative effect). In 
addition, there is a small, but nonetheless repro- 
ducible, area increase of 3 % for the proton H-12. 
Similarly, when the proton H,-15 is saturated, 
the area for the adjacent proton H-13 increases 
by 24% and the area for the proton H-12 de- 
creases by 7 %. The observed area decreases were 
not the result of spurious i n s t r ~ ~ m e n t a l ~  effects 
nor overloading of the audio phase-sensitive 
detector, since any arbitrary displacement of the 
saturating field from the trailsitions of HA-15 of 
H,-15 resulted in a return to normal areas for all 
~ r o t o n s .  The observed negative effects are thus an - 
inherent property of the molecule. An inspection 

1 The structure and stereochemistry of ochoten- of a molecular model of 1 shows that the four 
i simine liave been unequivocally established by 
1 

protons HA-15, H,-15, H-13, and H-12 are con- (2) and lnethods (3)' The proton tigLlous and it is this factor which is the gelleiis of I magnetic resonance (p.m.r.) spectrum of the 
alkaloid shows signals for the protons a t  C-I, the positive and negative Overhauser effect be- 

C-4, C-9, C-12, C-13, and C-15 as well-resolved havior. 
Qualitatively, the occurrence of a negative lines, sufficiently separated from other transitions effect can be accounted for by a colisideration to be accurately integrated. Table I records the of the Bloch phenomenological equations for steady-state nuclear Overhauser effect (N.O.E.) 

I (4a, 46) data and the internuclear distances be- interacting spins as derived by Solomon (5) 
tween the observed and irradiated protons. The and Abragam (6). For  simplicity we shall con- 

sider here a system of only three neighboring 

'Anet and B o ~ ~ r n  (40) have recorded a small negative 
- pp 

effect in an examination of J3,J3-din1ethylacrylic acid but 'A Varian Associates HA-100 in internal lock mode 
have made no comll~ent on this observation. was used. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 

Nuclear overhauser effects in ochotensimine 
- - - - - - - - - - - - -- - - - - -- - - 

Observed 6 * Irradiated % area Internucleal 
proton (p.p.nl.) protons 6 (p.p.ni.) increase d~stance A f 

-- - - -- - -- - - - 

*Tetrarnethylsilane as internal standard. 
?As me?sure$l'fom a Dreiding Molecular Model. 
fTriple lrradtat~on. 

spins, but the same argun~ents can be applied to 
a four-spin system with identical results. If we 
label the protons HA-15, HB-15, and H-13 as A, 
B, and C respectively, then the rates of change of 
the longitudinal magnetizations of the three 
nuclei are : 

The time constants TAA, TBA, etc. can be inter- 
preted in terms of transition probabilities (5, 7) 
between the eigenstates of the three-spin system. 
The transhion probabilities in turn will be depen- 
dent on the various relaxation mechanisms avail- 
able to the system such as dipole-dipole inter- 
actions, scalar spin-spin interactions, spin-rota- 
tion interactions, and random fluctuating sta- 
tionary fields. If a saturating radiofrequency 
field is applied to the ilucleus A, then M/ = 0, 
and, after a sufficient time has elapsed for M; 
and Mzc to reach a steady state, [2] and [3] can be 
written as : 

1 - - -  (M," - MOC) 
T~ B 

dM," 
- 

1 
[31 - - - (M," - M:) 

dt Tcc 
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Or, rewriting [4] and [5] as explicit expressions 
for MZB and MZc we have: 

[6] M," = M," MOA (::2) 

[71 M," = MOc + MoA (::;:) 

If we make the assumption that the dominant 
relaxation mechanism is a dipole-dipole interac- 
tion (8) then TAA < TAB, TBA, etc., TBB < TBA, TAB, 
etc., and Tcc < TcA, TAc, etc. Now, the steady- 
state m a g n i t ~ ~ d e  of MzB will depend on the sign 
of tlie second term of eq. [6]. That is, on the sign 
of (TCBTAC - TCCTAB)I(TCBTBC - TCCTBB). From 
the above inequalities, the denominator is clearly 
positive. The numerator contains the term TcBTAc 
and if we assume that a dipole-dipole interaction 
between the A and C protons is relatively weak 
since they are 4.9 A apart, then the time constant 
TAc will be large and the product TcBTAc large. 
Thus TcBTAc >> TccTAB and the numerator is 
therefore positive. The sign of the coefficient of 
MOA in [6] is thus positive and we can expect an 
increase in the observed value of M:. For  tlie 
steady-state magnitude of M,", it is clear that 
the denominator of (TACTBB - TABTBc)/(TccTBB - 
TRcTcB) in [7] is negative, but the sign of the 
numerator will depend on the value of TAc. If 
TAC > TABTBC/TBB then the denominator will be 
positive and therefore the coefficient of MoA will 
be negative. Consequently, under the above con- 
ditions there will be a decrease in the observed 
value of Mzc. 

The experimental results support the above 
assumptions and further confirm the dominance 

of dipole-dipole relaxation in proton systems. 
Indeed, for the three protons HB-15, H-13, and 
H-12, where H-13 and H-12 are strongly coupled 
(J = 8.0 Hz), saturation of H,-15 results in an 
area decrease.of H-12. This implies that changes 
in magnetization which r e s ~ ~ l t  from scalar sdin- 
spin ~i terac t ions  (9) are weaker effects ihan 
dipole-dipole relaxation interactions.The N.O.E. 
observed between the protons HA-15 a n d  HB-15 
is the first recorded value for geminal protons 
and its magnitude (40 %) is probably a conse- 
quence of the very small scalar coupling between 
these protons. 

The remaining N.0.E.s recorded for ochoten- 
siniine may be satisfactorily interpreted in terms 
of the confornlation depicted in 1 a n d  will be 
discussed in the full publication. 
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Solvation of sodium ions studied by 23Na nuclear magnetic resonance 

E. G. BLOOR' AND R. G. KIDD 
Chemistry Department, University of Westertz Ontario, London, Ontario 

Received May 31, 1968 

The 23Na chemical shifts, extrapolated to  infinite dilution, of solutions containing sodium iodide dis- 
solved in 14 different oxygen or nitrogen donor organic solvents have been determined. The observed 
range of chemical shifts can be successfully related to changes in the paramagnetic term of the general 
nuclear screening equation. A fair correlation between the magnitude of the paramagnetic termand the 
Lewis basicity of the solvent has been drawn. Those solvents showing anomalous behaviorare theones for 
which large magnetic anisotropies are to be expected. The 23Na chemical shifts for two mixed solvent 
systems containing sodium iodide have been obtained, and these support the conclusion that preferential 
solvation of the sodium ion occurs. 
Canadian Journal of Chemistry. 46. 3425 (1968) 

Introduction 

In recent years, the nuclear magnetic resonance 
(n.m.r.) technique has yielded a great deal of 
information about concentrated solutions of 
electrolytes. Most of these results have been ob- 
tained from studies of the proton magnetic 
resonance of the solvent water (1-5). Com- 
paratively few results have been obtained by 
observing the resonance of a nucleus within the 
electrolyte (6). The purpose of this investigation 
was to obtain a detailed description of the ion- 
solvent interactions in nonaqueous solutions of 
sodium iodide using the 2 3 ~ a  nucleus as a 
probe. 

In spite of the rather favorable characteristics 
possessed by the 23Na nucleus for the observance 
of its magnetic resonance, very little has been 
achieved from measurements on this nucleus. 
Previous studies on aqueous (2, 7, 8) and non- 
aqueous (8) solutions of various sodium salts 
failed to show any dependence of the position of 
the 23Na resonance on the salt concentration. 
However, in 1966, Deverell and Richards (6) 
reported a linear dependence of the chemical 
shift on the concentrations of the sodium halides 
and sodium nitrate in water. The chemical shifts 

'Holder of National Research Council of Canada 
Studentships during 1966-68. 

covered a total range of 5 p.p.m. They also found 
that the shielding of the sodium ion depended on 
the anion present, the order of increasing shield- 
ing being I- < Br- < C1- < F- < H 2 0  < 
NO3-. 

Maciel et al. (9) have studied the 7Li resonances 
of lithium perchlorate and lithium bromide in 
various organic solvents and found that 'the 
chemical shifts of these resonances cover a range 
of 6 p.p.m. depending on the solvent. Since 
Jameson and Gutowsky (10) have noted that the 
chemical shifts in different compounds increase 
with increasing atomic number for a particular 
group, it is thus expected that a larger range of 
chemical shifts will be found for 23Na salts than 
for 7Li salts in various solvents, thus allowing 
any trends to be more readily discernible. 

Experimental 
Materials 

The sodium iodide was B.D.H. laboratory reagent 
grade. This powder was recrystallized f rom water, 
washed with ether, and dried under reduced pressure. 
The resulting powder was then recrystallized from eth- 
anol, washed with ether, and dried at 15S200 "C for 3 
days at a pressure of 0.02 mm. The acetic anhydride, 
acetone, ethyl acetoacetate, benzaldehyde, ethyl acetate, 
pyridine, and anhydrous ethylenediamine were Fisher 
certified reagent grade. The acetonitrile, acetyl-acetone, 
N,N-dimethylformamide, and dimethyl sulfoxide 
(DMSO) were B.D.H. laboratory reagent grade. The 
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3426 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, I968 

tetrahydrofuran and pyrrolidine were from Eastman 
Organic Chemicals and the glacial acetic acid was C.I.L. 
C.P. reagent grade. All of these solvents, except pyridine, 
were dried over molecular sieves (Linde 4A). The pyri- 
dine was dried over KOH pellets. All preparation and 
transfer operations were carried out under the dry nitro- 
gen atmosphere of a glove box. 

23Na Magnetic Resonatzce Measuretnents 
The 23Na n.m.r. spectra were obtained from a standard 

Varian HR-60 spectrometer operating at a frequency of 
15.083 MHz. A spherical sample container fitted with a 
concentric spherical insert for the reference solution was 
used. The sample tube had a maximum inner diameter of 
14 mm and that of the insert was 3 mrn. Corrections due 
to differences in bulk susceptibilities between samples 
were not applied to the chemical shifts. These would 
arise from any imperfections in the geometry of the cell 
and would be expected to be small. Each spectrum was 
calibrated by means of side bands generated by a General 
Radio variable frequency oscillator, type 1310A. The 
audio frequencies employed were in the range 150 Hz 
(for smallest chemical shifts) to 350 Hz (for largest 
chemical shifts) and were measured by a Hewlett-Pack- 
ard 52451, electronic counter. A sweep rate of about 5 
Hz/s was used and each sample was swept at least four 
times in both increasing and decreasing field directions. 
A positive 6 corresponds to an upfield chemical shift and 
reprcsents increased screening of the 23Na nucleus. 

Results 
The chemical shifts with respect to an aqueous 

solution of sodium iodide (22.8% NaI) were 
determined for a minimum of four concentrations 
of sodium iodide in each of the solvents except 
DMSO and ethyl acetate (see below). The shift 

TABLE I 

FIG. 1. 23Na chemical shifts of sodium iodide in 
various solvents as a function of concentration. 

i z -1. 
=' 
f -2- 

of the 22.8% aqueous sodium iodide reference 
solution from infinitely dilute aqueous sodium 
iodide (622.8% = -0.41 p.p.m.) was determined 
from Fig. 1 of ref. 6. The chemical shifts of the 
nonaqueous solutions of sodium iodide relative 
to an infinitely dilute aqueous sodium iodide 
solution are given by 

1 62 d3 d4 ds 66 67 & ds 
Nal corcentratlon (mole TI) 

23Na chemical shifts of sodium iodide 
at  infinite dilution in various solvents [1 1 = 6 ~ b s  + 622.8% 

Solvent 

Acetic anhydride 
Acetonitrile 
Acetone 
Acetic acid 
Ethyl acetoacetatc 
Acetyl-acetone 
Acetyl-acetone (diketone) 
Acetyl-acetone (enol) 
N,N-Dimethylformamide 
Benzaldehyde 
Water 
Dimethyl sulfoxide 
Ethyl acetate 
Tetrahydrofuran 
Pyridine 
Pyrrolidine 
Ethvlenediamine 
- - - - 

*Chemical shirts relative to infinitely dilute aqueous NaI. 
?Values obtained from ref. 16. 

where 6,,, is the observed shift relative to the 
22.8% aqueous sodium iodide external reference. 
The chemical shifts for each solvent were extra- 
polated to infinite dilution as in Fig. 1. The 
chemical shifts at infinite dilution, 6,, for all the 
solvents studied are listed in Table I. 

The plots of the chemical shifts versus molar 
concentration of NaI in acetone, ethyl aceto- 
acetate, and acetyl-acetone all had similar slopes 
to that for the NaI-benzaldehyde solutions. No 
concentration dependence of the 23Na resonance 
was detectable for the solutions of sodium iodide 
in acetic acid in the concentration range studied 
for this solvent .(up to 0.41 M). The chemical 
shift for only one concentration of sodium iodide 
in ethyl acetate was obtained because of the low 
solubility of NaI in this solvent. Its chemical 
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BLOOR AND KIDD: SOLVATIOI V OF SODlUM IONS BY N.M.R. 3427 

shift at infinite dilution was obtained by analogy 
with the other curves. Owing to the overlapping 
of the 23Na resonance in the DMSO solution 
with the external reference signal, no direct 
chemical shift measurement was possible. How- 
ever, the peak due to 2 3 ~ a  in DMSO was 0.68 
p.p.m. wide at half-height, thus the chemical 
shift would be in the range 10.34 p.p.m. The 
standard deviations of all the other chemical 
shifts recorded were not in excess of +2% of 
the value of the shift. 

The influence of water on the 2 3 ~ a  chemical 
shifts of NaI in acetonitrile and ethylenediamine 
is shown in Fig. 2. The molar concentration of 
sodium iodide was approximately constant in 
each of these solutions, while the mole ratio of 
water in the solvent was varied. Figure 3 repre- 
sents the results of a similar study of different 
sodium iodide concentrations in ethylenediamine 
-water solvent mixtures. The curves in Figs. 2 
and 3 have been extrapolated to the chemical 

FIG. 2. Influence of water on the Z3Na chemical 
shifts of sodium iodide in acetonitrile and ethylenedia- 
mlne. 

Q27 M Nal in CHjZNH&I 

v>v-, 4 

02 0.4 Q6 0.8 / 12 
-1 - Mole fraction iH20/total solvent) ;; 

o\ ?.0?8 tyl b/ in yn/t lp(y) I , , I 
O.l 0.2 Q3 0.4 05 0.6 07 08 09 ,' I 3  12 

Mot fraction ;H;P/total rslvent) ,' 

/ I  

,/ 

// 
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FIG. 3. Influence of water on Z3Na chemical shifts of 
sodium iodide in ethylenediamine. I' 

; 
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0 

shift values expected (6) for aqueous solutions 
of sodium iodide of these concentrations (i.e. 
approximately zero). 

Interpretation of Chemical Shifts 
The position of a nuclear magnetic resonance 

signal is determined by the total shielding that 
the nucleus under investigation receives from 
various sources. This shielding is expressed by 
the screening constant, o. A general formula for 
o has been developed by Ramsey (11) but its 
applicability to all but the simplest systems is 
limited. Saika and Slichter (12) have put the 
calculation of screening constants on a practical 
basis by dividing the screening constant into 
three independent contributions represented by 
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The od term arises from the local diamagnetic 
currents in the molecule and is expressed by the 
Lamb formula, 

Contributions from other atoms to the shielding 
of the resonant nucleus are contained in oo. 
These contributions are due to anisotropies in 
the magnetic susceptibilities of the distant atoms 
and vary as the inverse cube of their distance 
from the resonant nucleus. These effects are 
generally minor on nuclei other than protons. o, 
is the paramagnetic term and is usually the 
dominant shielding term. It represents the con- 
tribution due to the net orbital angular momen- u 

tum of electrons in the valence orbitals of the 
nucleus under investigation and it makes a 
negative contribution to the screening. Thus only 
electrons in p, d, f, . . . orbitals make a first-order 
contribution to o,. Electrons in s-orbitals con- 
tribute to o, only to the extent that they influence 
the effective nuclear charge of the atom and thus 
the inverse cube radius of the other electrons, 
(l/r3),,,, which affects o,. 

The addition of an electron to any orbital of 
Na' will increase the diamagnetic shielding. This 
change in od can be approximated by the follow- 
ing expression (1 3) : 

e2 Zeff [4] 0, = -, Zeff , = 17.8 x - 
3mc aon n2 

where a. is the Bohr radius, n is the principle 
quantum number of the orbital to which the 
electron is added, and Zef, is the "effective nu- 
clear charge". The effective nuclear charge which 
determines the radial portion of Slater-type 
atomic orbitals is given by Zo = Z - S, where 
Z is the real nuclear charge and S is a screening 
constant evaluated using Slater's rules (14). It is 
generally recognized that for all but the lightest 
atoms, Slater atomic orbitals give values for the 
average orbital radius (r) which are too large, 
indicating that the strict application of Slater's 
rules gives a value of Z0 which is too low. In 
estimating the magnitude of o in their "atom in 
a molecule" model, Schneider and Buckingham 
have used (Z,Z)"~ for the effective nuclear 
charge, presumably to allow for this factor. For 
sodium,Z = l l , Z o  = 2.20,andod = 9.7p.p.m. 
for the addition of one electron to any orbital 

with n = 3. Thus, on progressing from purely 
ionic sodium to atomic sodium, the changes in 
the diamagnetic shielding of the nuclei would 
result in a total chemical shift of approximately 
10 p.p.m. Since neither of these two extreme 
cases would be expected to be encountered in a 
solution of sodium iodide, the actual range of 
chemical shifts caused by variations in the dia- 
magnetic shielding would be much less than 10 
p.p.m. 

The range of chemical shifts possible from 
changes in the paramagnetic shielding can be 
approximated by the following expression for o, 
using Schneider and Buckingham's "atom in a 
molecule" model (13) : 

where h2L(L + 1) is the square of the total 
orbital angular momenta of the valence electrons 
and AE is taken as the first ionization potential 
of the sodium atom, i.e. AE = 8.22 x lo-', ergs 
(1 5). For Na' with an electron donated by the 
solvent to a 3p orbital, L = I = 1. Thus o, = 
- 270 p.p.m. 

FIG. 4. Correlation of the chemical shifts at infinite 
dilution with the pK, values of the solvent. 
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These calculations and the observed range of 
chemical shifts of the ',Na resonances, viz. 23 
p.p.m., indicate that the most important factor 
affecting these chemical shifts is the orbital 
angular momentum of electrons occupying the 
n = 3 shell of sodium and its effect upon o,. 
This arises from the overlapping of the outer p 
orbitals of the central sodium ion with the outer 
s and p orbitals of the neighboring solvent 
molecules or ions. Thus it would be expected 
that the 23Na resonance would be at a lower 
field when sodium iodide is dissolved in a solvent 
of appreciable electron-donating ability than 
when it is dissolved in a less basic solvent. That 
this is indeed the case is illustrated in Table I 
and Fig. 4. The pK, values were obtained (16) in 
aqueous solutions (except that for ethyl acetate, 
which was obtained in acetic acid) but these values 
should also be applicable to sodium iodide solu- 
tions since the behavior of these solvents toward 
the sodium ion would be expected to be similar 
to their behavior toward the hydrogen ion. 
Fratiello et al. (17) have also found a linear 
correlation of pK, values with the abilities of 
certain solvents to solvate AICI,, TiCl,, and 
CoC1, in aqueous solution mixtures. 

The dashed line in Fig. 4 through the points 
due to the acetonitrile, benzaldehyde, and 
pyridine solutions is shifted farther downfield 
(by about 2 p.p.m.) than the solid line through 
the points due to the other solvents. This could 
arise from a contribution to the chemical shifts 
due to the magnetic anisotropies of the triply 
bonded nitrogen in acetonitrile and pyridine and 
of the ring system in benzaldehyde (18). 

A grouping of all oxygen-coordinating solvents 
at  high fields and of all nitrogen-coordinating 
solvents at lower fields is observed. The oxygen- 
coordinating solvents are further divided with 

those donating electrons through 'C=O being 
/ 

at higher field strengths than those that co- 
ordinate via -0-. These divisions would seem 
to indicate that the sodium ion is coordinated to 

the solute ions rather than via the exposed sp 
lobe of the nitrogen atom. 

Preferential Solvation of Na' 

The correlation of sodium ion chemical shift 
with solvent basicity has, in the preceding dis- 
cussion, been attributed to increased strength of 
interaction between cation and solvent as  solvent 
basicity is increased. The fact that the 23Na para- 
magnetic shift increases as the solvent is changed 
from acetonitrile to water to ethylenediamine is 
a reflection of this effect. Evidence to support the 
contention that strength of cation-solvent inter- 
action varies in the manner postulated above for 
the case of the Naf  is presented in Fig. 2. For a 
0.27 M solution of sodium iodide, the shielding 
of the Na' in acetonitrile is 4.5 p.p.m. greater 
than that of the Naf  in water. If the strength of 
interaction between cation and solvent were the 
same for both acetonitrile and water, then in a 
mixed acetonitrile-water solvent system, the 
average environment of a Na' as represented by 
the ratio of acetonitrilelwater molecules present 
in the first coordination sphere of Na+  would 
be identical with the solvent composition as 
represented by the mole fraction of the aceton- 
itrile-water system. Under these circumstances, 
a plot of ',Na chemical shift versus mole fraction 
of water in solvent should be linear from 100% 
acetonitrile to 100% water. Figure 2 shows that 
this is not the case. Addition of 0.1 mole fraction 
water to an acetonitrile solution of sodium iodide 
results in a proportionately larger decrease in the 
chemical shift towards its value in an  aqueous 
solution. This indicates that the Na+-water 
interaction is stronger than the Na+-acetonitrile 
interaction. The opposite effect is observed on 
adding water to an ethylenediamine solution of 
sodium iodide. Here the addition of 0.1 mole 
fraction water causes a proportionately smaller 
increase of the chemical shift towards its value 
in an aqueous solution. This increase in chemical 
shift is linear with a s l o ~ e  of - 10.6 p.p.m. until - 

I \ 
the C==O of N,N-dimethylformamide and to the solvent is approximately equimolar in w-~er 

/ and ethylenediamine, at  which point the chemical 
I the -0-Et group of ethyl acetate. The occur- shift increases more rapidly to zero (6 = 0 at 
I rence of the sodium resonance in acetonitrile at 0.20 M NaI in H,O). This preference of the 

a markedly higher field strength than other sodium ion to be solvated by ethylenediamine 
nitrogen-containing solvents may indicate that rather than by water is shown by Fig. 3 to be the 
the main solvating influence of this solvent is via same at concentrations of sodium iodide equal 
interaction of the n-electrons of --CkN with to 0.05 M, 0.10 M, and 0.20 M. 
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Kinetic studies of metalloporphyrin formation. Part I. Mn(I1) with 
hematoporphyrin 

DOREEN A. BRISBIN AND ROBERT' J. BALAHURA 
Departtnent of Chemistry, University of Waterloo, Waterloo, Ontario 

Received December 8, 1967 

The kinetics of the formation of Mn(II1) hematoporphyrin in glacial acetic acid has been studied 
spectrophotometrically. 

On addition of Mn(I1) to porphyrin in glacial acetic acid a species which appears to be the monocation 
immediately is formed and is then converted to Mn(II1) hematoporphyrin at a rate suitable for kinetic 
studies. 

The rates of reaction were measured at 45,50, and 55 "C and the activation energies were calculated. 
Canadian Journal o f  Chemistry, 46, 3431 (1968) 

of water incorporated into the solvent for the range of 
metal concentrations studied would be less than .01%. 

Introduction 
Manganese is of considerable importance 

biologically not only in plant photosynthesis but 
as a recently detected component in blood (I). 

Pertinent to the understanding of its biological 
role is the knowledge of various properties ex- 
hibited by manganese when complexed with such 
ligands as the porphyrins. 

Previous studies on porphyrins in glacial 
acetic acid (2, 3) indicated the suitability of this 
medium for kinetic studies. 

The present work was concerned with ob- 
taining rate constants for the reaction of Mn(1I) 
and hernatoporphyrin in glacial acetic acid as 
well as'determining the possible mechanism of 
the reaction. 

Experimental 
Materials 

All chemicals used were of reagent grade. Spectro- 
photometric measurements were made with a Beckman 
DBG recording spectrophotometer and quartz cells of 
1 cm path length. Kinetic experiments were carried out 
in a thermostated water bath and a constant temperature 
cell compartment, both maintained at the same tempera- 
ture (k 0.2 "C). 

Recrystallized hematoporphyrin dihydrochloride from 
Mann Research Laboratory (98% spectro assay) was 
used to prepare stock solutions of the dication in an- 
hydrous glacial acetic acid. The spectra of these stock 
solutions were checked prior to each experimental run. 
There appeared to be no diminution of the hematopor- 
phyrin absorption bands, or increase of absorption in the 
region where a monovinyl or divinyl group would absorb 
if dehydration to protoporphyrin had occurred. The 
porphyrin cation appeared to be monomerically dispersed 
as demonstrated by the lack of dependence of the molar 
absorptivity upon concentration. Aggregation would 
probably affect the absorption spectrum. 

Manganese(I1) acetate solutions were prepared in 
anhydrous glacial acetic acid prior to each experimental 
run. The hydrated metal acetate was used but the amount 

Method 
Kinetic measurements were carried out at 45, 50, and 

55 "C (all within 20.1 "C) in both anhydrous glacial 
acetic acid and anhydrous glacial acetic acid to which 1 % 
deionized water had been added. 

Separate samples of hematoporphyrin and manganese 
were preequilibrated at these temperatures. The two 
solutions were then mixed (manganous ion concentration 
always in large excess over porphyrin dication concentra- 
tion) and the rate of incorporation of manganese into 
hematoporphyrin was followed by measuring the change 
of optical density at 462 mp. The metal ion did not 
contribute to the absorption and at this wavelength the 
differences in the extinction coefficients of the absorbing 
species are large. The extinction coefficients at 462 mp, as 
determined here, were 4.25 x lo4 for manganese hema- 
toporphyrin, 7.60 x 10' for the porphyrin dication, and 
2.20 x lo3 for the monocation reaction intermediate. 

The rate constants were obtained from plots of 
- log [Dm - D, ]  versus time, where D, = absorbance at 
any time t ,  and D,  = absorbance at the completion of 
the reaction. 

Results and Discussion 

Immediately upon mixing porphyrin dication 
with manganous ion in glacial acetic acid, a very 
distinct spectrum is produced which is not that 
of the porphyrin dication or the metalloporphy- 
rin, but appears to be that of the monocation 
pH,+. This reaction occurs at room temperature 
as well as the temperature range used for the 
kinetic studies. The spectrum which consists of 
peaks at 530, 555, and 600 mp in the visible 
region, with a shoulder at 495 mp and a peak at 
395 my in the Soret region, (Fig. .1) is the same 
as that observed for the monocation in anionic 
detergent solutions (4). We observed the same 
spectrum for hematoporphyrin free base dis- 
solved in glacial acetic acid. 
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alkali and alcohol solutions. Addition of reduc- 
ing agents or oxidizing agents to solutions of 
the Mn(II1) porphyrin in glacial acetic acid 
produces spectral changes indicative of reduction 
of Mn(II1) to Mn(I1) or oxidation of Mn(II1) to 
Mn(1V). 

The species formed immediately upon mixing 
appears to be essentially the monocation, rather 
than the type of sitting-atop-complex inter- 
mediate proposed by Fleischer and Wang (6). 

. Addition of water to solutions containing the 
intermediate caused the spectrum to revert to 
that of the dication pH,'+, a two-band spectrum 

600 500 400 in the visible region with absorption peaks at 553 
WAVELENGTH (my) and 595 mp (Fig. 1). 

We were not successful in obtaining the value 
FIG. 1. Absorption spectra in glacial acetic acid: for the formation constant of this starting 

spectra of hematoporphyrin dication species (pH,'+) of by a spectral method previously em- concentration 3.5 x lo-' M in the visible region and 
2.5 x M in the Soret region are given by dashed ployed (2). Formation was complete and rapid 
lines, that of intermediary species of concentration 2.75 x with all concentrations which gave adequate 
lo-' M in.the visible region and 2.5 x M in the 
Soret region are given by dotted lines, and that of man- ab~rbances  at the suitable wavelengths, indicat- 
ganese(II1) hernatoporphyrin of concentration 1 x lo-' ing a very large constant. Comparison of the 
M in both the visible and the Soret region are given by spectrum of pH, + with that of the starting 
solid lines. material shows only a very slight difference in 

By determining a set of spectra of this species 
at constant manganous ion concentration, and 
varying the concentrations of porphyrin dication 
(the manganese in excess over any porphyrin 
concentration) it could be shown that Beer's 
Law is obeyed in the range of concentrations 
studied. 

When the solutions are allowed to stand for a 
period of time the spectrum of this monocation 
species gradually changes to that of the metal- 
loporphyrin. At room temperature this conver- 
sion is slow, but at higher temperatures, above 
40 "C, it proceeds at rates convenient for kinetic 
studies. 

The metalloporphyrin formed is the man- 
ganese(II1) not manganese(I1) hematoporphy- 
rinl. This agrees with the findings of Calvin 
(5) who was able to prepare only the Mn(II1) 
hematoporphyrin on the addition of manganous 
acetate to porphyrin in glacial acetic acid. The 
Mn(II1) hematoporphyrin spectrum in glacial 
acetic acid has peaks at 368, 462, and 546 mp 
(Fig. I), very similar but slightly shifted from 
those positions noted by Calvin (5) in aqueous 

'Reacting the metal and porphyrin under nitrogen or 
on a vacuum line also results in production of only 
Mn(II1) hematoporphyrin. 

the intensities of the 495 mp shoulder and the 
530 mp peak. The extinction coefficients at the 
555 mp peak are the same and would seem to 
indicate complete conversion of the PH," 
species to the pH,+ species. 

The observation of isosbestic points in the 
spectra of the manganese porphyrin solutions 
indicates only two independent absorbing species 
present. Figure 2 shows the typical spectra pro- 
duced when Mn(I1) and porphyrin solutions 
were mixed (MnZ+ >> pH,'+) and overlapping 
spectra taken over increasing time intervals. At  
least six isosbestic points were noted. The spec- 
trum of porphyrin dication of the same concen- 
tration as above does not intersect at  any of the 
isosbestic points. Presumably the two species 
present are the starting material pH3+ and the 
Mn(II1) hernatoporphyrin. 

The reaction of Mn(I1) and hematoporphyrin 
then appears to occur in two steps: a very rapid 
first step in which pH3+ is formed by the ab- 
straction of a proton by manganese and a second 
rate-determining step whereby the intermediate 
further reacts with manganese to form Mn(II1) 
hematoporphyrin probably by the displacement 
of the remaining protons from the nitrogen 
atoms by the metal. Previous work on the mech- 
anism of metal incorporation into the porphyrin 
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WAVELENGTH (my) 
FIG. 2. Overlapping absorption spectra of manganese 5 x lo-, M mixed with hematoporphyrin 1 x M 

taken over increasing time intervals given by solid line, that of hematoporphyrin monocation (pH,+), 1 x lo-, M 
given by dashed line. 

ring has favored a displacement rather than a 
dissociation mechanism (7). One reason for 
favoring the former mechanism is the fact that 
electron-withdrawing porphyrin substituents 
have been shown to slow down the reaction rate, 
whereas they would be expected to increase the 
rate if a dissociation mechanism was involved in 
which the dianion is formed. 

Preliminary experiments show that Fe(II1) 
and Co(I1) acetates are able to produce a similar 
pH3+ species in glacial acetic acid to that pro- 
duced with manganese. Ni(II), however, pro- 
duces what appears to be a mixture of PH,' and 
PH, species, and Zn(I1) and Cu(I1) do not 
form detectable intermediates but proceed 
directly to the metalloporphyrin. If one assumes 

that the first step is a very rapid equilibrium 
with a very large formation constant for the 
pH3' species, then the reaction could be written 
as follows : 

k 
pH3+ + Mnz+s,l, -t Mn(1II)P + 3H+ + e 

Since trial runs had shown that successive 
evacuations of the system did not prevent the 
formation of the manganese(II1) porphyrin, 
oxygen may not be the oxidant. The reaction 
could possibly involve the reduction of + I  
hydrogen and be rewritten as follows : 

pH3+ + Mn2+ -+ Mn(II1)P + W+ + $Hz 

Dorough et al. (8) had postulated a similar reac- 
tion for the conversion of silver from the + I  to 
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TABLE 1 
Rates of reaction of hematoporphyrin with manganese(I1) in glacial acetic acid 

-- 

Temp. Hematoporphyrin Manganese Slope, Rate constant, k* 
CC) (M) (MI k 0 w  (I mole-' min- ') 

- 0.0475 21.9 
- 0.0272 20.8 
-0.0380 21.9 
-0.0516 23.8 
-0.0301 23.1 
-0.0199 22.9 
-0.0090 20.6 

Average 22.1k0.9 

-0.0327 15.1 
-0.0265 15.3 
-0.0195 15.0 
-0.0203 15.6 
-0.0315 14.5 

Average 15.1k0.3 

1 . 2 x 1 0 - ~  4 x lo -3  -0.0184 10.6 
5 x 5 x lo-: - 0.0222 10.2 
5 x 10-z 4~ 10- -0.0170 9.8 
5x10-  3 x l o - J  -0.0129 9.8 

Average 9.9f 0.4 
'Each k value was determined from duplicate or triplicate runs. 

+I1  state when reacted with tetraphenylpor- mining step will be approximately equal to 
phyrin in acetic acid. [Mn2+]. 

An expression for kobsd can be written for the The reaction on  the basis of the proposed 
above mechanism: 

The experimental data fit this expression very 
well. 

Data from all experimental runs yielded excel- 
lent straight line plots of - log [D, - D,] versus 
time, of slope kObsd/2.303, where kobsd = pseudo- 
first-order rate constant with respect to the inter- 
mediate species. Figure 3 shows two typical rate 
measurements, one in anhydrous glacial acetic 
acid, and one in anhydrous glacial acetic acid 
and 1 % H 2 0  solutions. 

Table I summarizes the kinetic results for the 
formation of manganese hematoporphyrin in 
anhydrous glacial acetic acid and 1 % H 2 0  
solutions. 

The second-order rate constant k has been 
obtained by multiplying kobsd (the pseudo-first- 
order rate constant) by 2.303/[Mn2+],, since 
the original manganese ion concentration 
([Mn2+] ion concentration) in the rate-deter- 

FIG. 3. TWO typical rate plots of -log [Dm - PC]  
versus time: (a) in anhydrous glacial acetic acid at 45 C. 
Initial concentrations: hematoporphyrin, 5 x M, 
manganese, 4 x M; (b) in anhydrous glacial acetic 
acid and 1 % H,O at 45 "C. Initial concentrations: hema- 
toporphyrin, 1 x M, manganese, 5 x M. 
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I TABLE I1 

Rates of reaction of hematoporphyrin with manganese(I1) in glacial acetic acid 
I and 1 % H 2 0  

Temp. Hematoporphyrin Manganese Slope, Rate constant, k* 
("a ( M )  ( M )  k,,.., (1 mole-' min- 

-0.0305 14.1 
- 0.0296 13.6 
- 0.0250 14.4 
-0.0321 14.8 
-0.0253 14.6 

Average 14 .4k0 .4  

-0.0216 9 . 9  
-0.0213 9 . 8  

Average 9 . 8 k 0 . 2  
-0.0149 6 . 8  
-0.0117 6 .7  
-0.0139 6 . 4  
-0.0144 6 . 6  
-0.0146 6.7 
-0.0090 6 . 9  

Average 6 . 7 k 0 . 1  
*Each k value obtained from either duplicate or triplicate runs. 

FIG. 4. Plots of loglo k versus 1/T: (a) in anhydrous 
glacial acetic acid; (b) in anhydrous glacial acetic acid 
and 1 % H 2 0 .  

equation is shown to be first-order with respect 
to both pH,+ and the manganese ion. 

The reaction rate at each temperature de- 
creased with the addition of the 1 % H 2 0  to the 
glacial acetic acid. This effect might be due to the 
triple and quadruple ion formation which Kol- 
thoff (9) suggests occurs in glacial acetic acid 
containing small amounts of water, or it may 
be related to both hydrogen ion concentration 

and a mixed coordination sphere as suggested by 
Choi and Fleischer (3) for Cu(I1) and tetrapy- 
ridylporphyrin. 

Figure 4 is a plot of log,, k versus time used 
for determining the activation energies. 

The activation energy for manganese(II1) 
hematoporphyrin formation in anhydrous glacial 
acetic acid is 16.4 kcal/mole and log,, A = 10.5. 
These results are similar to those reported for 
tetrapy ridylporphyrin in glacial acetic acid (3) 
with values of 18.7 kcal/mole for the activation 
energy and 13.3 for log,, A .  The fact that the 
value of .97 1 mole-' min-' for the second-order 
rate constant is considerably lower than those 
reported here could be due to the lower tem- 
perature used in the tetrapyridylporphyrin work 
and to the electron-withdrawing substituents on 
the porphyrin ring retarding the rate of metal 
incorporation. 

The activation energy for manganese(II1) 
hematoporphyrin formation in anhydrous glacial 
acetic acid and 1 % H 2 0  solutions is 15.7 kcall 
mole and log,, A = 9.8. 

The entropies of activation, AS*, were calcu- 
lated using the equation 2.303 log,, A = 2.303 
log,, (ekT/h) + AS*/R. The values a t  50 "C, 
for anhydrous glacial acetic acid and the glacial 
acetic acid and 1 % H,O solutions, were - 12 
and - 16 cal deg- ' mole-' respectively. 
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All data were fitted to a straight line with a 2. D. A. BRISBIN and R. J. BALAHURA. Can. J. Chem. 
44,2157 (1966). 

general polynomial least-squares-curve-fitting 3. E. I. C H ~ I  and E. B. FLEISCHER. Inorg. Chem. 2, 9 4  
computer program. 

Factors used for  calculating confidence limits 
were taken from standard statistical da t a  tables 
using a 95 % probability. 
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Oxidations involving silver. I. Kinetics of the anodic oxidation of 
silver in alkaline electrolytes 

T. G. CLARKE, N. A. HAMPSON, J. B. LEE, J. R. MORLEY, AND B. SCANLON 
Department of Clzetnistry, Ut~iversity of Technology, Lolrghboroug/z, Leicestersllire, England 

Received March 5 ,  1968 

The kinetics of the electrochemical oxidation of silver to A g 2 0  in NaOH have been studied at different 
temperatures and hydroxyl ion concentrations. Theenthalpy of activation was found to be - 5 kcal/rnole. 
The kinetics of oxidation of Ag20  to A g o  are discussed. 

Canadian Journal of Chemistry, 46, 3437 (1968) 

Introduction tion of these oxides ]nay have an effect on the 

Investigations in organic electrosynthesis have, 
in general (see e.g. ref. l), paid little attention to 
the behavior of the electrode; in contrast, prog- 
ress in physico-chemical studies of electrodes 
has depended upon scrupulous cleanliness of 
electrolyte, cell, and electrode materials, to a 
degree not readily achievable or economically 
feasible for industrial organic reactions. As a con- 
sequence organic and physico-chemical studies 
have been largely divorced. 

Interest has grown rapidly, in industrial and 
academic laboratories, in the applications of con- 
trolled electrosynthesis (2). We have undertaken 
a conjoint organo- and physico-chemical study 
of the behavior of solid electrode systems applied 
to organic oxidations of laboratory and industrial 
interest. 

A prerequisite of a valid extrapolation of 
results to a new situation, is a clear understanding 
of all the contributing factors. The first papers 
in this series will analyze the factors affecting 
oxidations occurring at a solid silver electrode. 
Results for other systems will be discussed 
separately. 

Silver in the Ag(1) state has long been used (see 
e.g. ref. 3), for the oxidation of organic com- 
pounds, and higher valency states appear to be 
the cause of the catalytic effect of silver in per- 
sulfate oxidations (see e.g. ref. 4). 

A silver anode is not inert (as is platinum) but 
participates in the electrode reaction. In acidic 
solutions Agf ions are in equilibrium with the 
electrode (EO = 0.799 V normal hydrogen elec- 
trode) and therefore it is not feasible to carry out 
oxidations in acid electrolytes. In alkaline solu- 
tions two electrochemically well-defined oxides 
are formed: Ag(1) oxide, Ag,O (EO = 0.338 V) 
(15), and a higher oxide with the stoichiometric 
formula Ago  (EO = 0.599 V) (16). The forma- 

oxidation of organic dompounds; a n  under- 
standing of this effect requires a knowledge of 
the kinetics of oxidation of the silver electrode 
itself. 

Studies of the differential capacitance of silver 
in neutral electrolytes (5) have indicated that the 
electrode-electrolyte interphase is uncomplicated 
by the intrusion of films, provided that the elec- 
trode has been pretreated under carefully con- 
trolled conditions. Further, over a considerable 
range of potential, electrode capacitance measure- 
ments appear to be characteristic of a n  uncom- 
plicated metal-electrolyte interphase at which 
adsorption is absent. (The p.z.c. was readily 
identified by a capacitance minimum a t  - 0.7 V). 
These measurements have recently been extended 
to electrolyte of high pH (6). The properties of 
the electrode-electrolyte interphase are generally 
similar in neutral and alkaline electrolytes; al- 
though there is some evidence for weak OH- 
adsorption at potentials on the anodic side of 
the p.z.c. in electrolytes of high pH. A carefully 
prepared silver electrode provides a metal-elec- 
trolyte interphase essentially uncomplicated by 
surface films over a considerable range of 
potentials. 

Subjecting the electrode to positive potentials 
in alkaline electrolytes results in the formation 
of Ag,O 

11 I Ag + OH- -> 9Ag20 + $H20 + e 

Dirkse et al. (7) have examined this reaction in 
35% KOH and concluded that for the low over- 
potential region (q,, < 40 mV) the exchange 
current io (measured by the linear slope ofcurrent 
density (i)-overpotential (qo) plots 
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where R, T, and F have their usual significance), is 
approximately 2 x A cm-'. No value of 
a, the charge transfer coefficient, has been 
reported (see also ref. 14). 

Barradas and Fraser (8) have investigated the 
reaction 

[2] +Ag20 + OH- -> A g o  + QH,O + e 

in the high overpotential region using both 
current-step and potential-step techniques. The 
charge transfer coefficient was found to be 0.5 
but a value for the exchange current could not 
be obtained from their results. 

Organic oxidations at electrodes, when used 
as a preparative technique, are usually carried 
out at  high current density and therefore at high 
overpotentials. Information is required on the 
kinetic parameters in this potential region. 

This paper records the results of galvanostatic 
and potential sweep measurements made with 
solid silver electrodes in aqueous sodium hydrox- 
ide. 

Experimental 
Electrolytes were continuously purified by circulation 

through activated charcoal (9). The purification chamber 
was incorporated in a side limb of the electrolytic cell 
(Pyrex glass) and circulation of the electrolyte effected by 
means of a nitrogen lift pump (10). Electrolytes were 
maintained under an atmosphere of purified nitrogen (11) 
presaturated to the necessary relative humidity by passagc 
through a bubbler containing cell electrolyte. 

The construction of the silver microelectrodcs (- 2.5 
x lo-' cm2) used has been described elsewhere (5). 
The counter electrode was either platinum gauze or a 
silver rod (for experiments using a pulse generator). 

The electrical circuits for galvanostatic polarization 
experiments and switching techniques have been described 
previously (10). Potentiostatic measurements were made 
using a fast response potentiostat coupled with a linear 
sweep generator (Chemical Electronics Ltd.). 

Potential measurements were made against an AgzO/ 
Ag NaOH (1 M) reference electrode in conjunction with 
a Luggin capillary. 

The potential-time response under galvanostatic 
conditions was recorded on an oscilloscope (Hewlett 
Packard 130 C, and camera 196 B). The current-potential 
response during potentiostatic experiments was recorded 
either from an oscilloscope or by means of a chart 
recorder. 

All chemicals were of analytical reagent quality; 
water was twice distilled in quartz from deionized stock. 
Experiments were made under conditions of controlled 
temperature (k0 .5  "C). 

Electrode Pretrearmetlr 
The electrode was polished on roughened glass under 

conductivity water and chemically etched in 15% 
aqueous nitric acid (5). The electrode was thoroughly 

washed and inserted into the cell. (Taking - 17 pF ~ m - ~  
for the double layer capacitance of a smooth Hgelectrode, 
values for the electrode capacitance of silver in neutral 
(pH - 7) electrolytes (5) indicate that the ratio of 
true area: superficial area is - 2.5.) 

Polarizariot1 Procedure 
Electrodes were polarized only once; thus each point on 

the current density - overpotential plots (Figs. 3 and 5) 
corresponds to a new electrode. 

Current density - overpotential data corresponding to 
the formation of Ag,O [I], was obtained by the applica- 
tion of a singlc galvanostatic current pulse (duration 
-- 30 ms, rise-time < 1 ps) to a clean Ag electrode. 

For the study of the formation of A g o  [2], the electrode 
was first electrolytically oxidized, in the  cell, at a current 
density of 2.5 mA ~ m - ~  until the electrode potential 
began to rise to that of Ago  formation. The application 
of a single galvanostatic current pulse to this electrode 
provided the required overpotential data. 

Results 
Potential Sweep 

The application of a potentiostatically con- 
trolled potential ramp to a silver anode resulted 
in  a current-potential curve of the form shown 
in Fig. 1. The curves contained three peaks. Two 
peaks were very pronounced and were inde- 
pendent of electrode-electrolyte contact time. 
Their positions in the potential range indicated 
that these peaks correspond to faradaic current 
flow due to reactions [ l ]  and [2]. 

The third peak appeared on the cathodic side 
of the other two and was strongly dependent on 
electrode-electrolyte con'tact time and electrode 
pretreatment.   he peak was absent from the 

FIG. 1. Potentiostatic current-potential curve for 
silver in M NaOH at 23 "C. Electrode area = 2.22 
x ~ m - ~ .  Potential sweep rate = 0.070 V min_ . 
Peak a is the formation of Ag,O and peak b, theformatlon 
of Ago. 
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TABLE 1 

Variation of kinetic parameters with temperature for the formation of Ag,O in M NaOH -- --- -- -- 

Upper 
limit 

Tafel slope Z(l  - a)  a of Tafel 
Temperature aq/a log i = b blT i o  or reglon 

("K) (mV) (mV OK-') (mA cm-') h(l - a) If h = 1 If h = 2 (mV) 

current response curve if the electrode was held 
in solution for approximately 10 min before the 
start of the potential sweep. The peak was greatly 
enhanced if an already completely oxidized elec- 
trode (Ago formation complete) was electro- 
chemically reduced. The magnitude of the peak 
appeared to be independent of whether the elec- 
trode was just mechanically polished or polished 
and etched before insertion into the cell. 

Galvanostatic Experiments 
The Formation of Ag,O 
A typical overpotential-time transient is 

shown in Fig. 2. The trace rises from a potential 
value more negative than the Ag,O/Ag equilib- 
rium potential (line A-B). (After polarization 
the electrode potential falls back to line A-B.) 
Extrapolation of the linear portion of the curve 
to zero time (the intersection of the trace and 
line A-B), when adjusted for the pseudo-ohmic 
overpotential yields qD. 

In the low overpotential region (qD < 10 mV) 
attempts to use this technique introduced a large 
uncertainty in the value of qD. Attempts to make 
measurements on an electrode containing suffi- 
cient Ag,O to be satisfactorily defined against a 
standard gave results complicated by uncertainty 
concerning the electrode area. 

The activation overpotential, qo, was plotted 
against log,, i, a Tafel plot. A typical Tafel plot 
is shown in Fig. 3. The exchange current, i,, is 
obtained as the intercept of the extrapolated 
linear region of the curve at q, = 0. The product 

FIG. 2. Typical overpotential-time curve for the 
galvanostatic polarization of silver in M NaOH at 23 "C. FIG. 3. Typical Tafel plot for the formation of 
Applied current density = 46 mA ~ m - ~ .  Ag,O in M NaOH at 23 "C. 
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Z(1 - a) was calculated from the slope of the 
linear region using 

c31 
arl D -- - 2.303R T 

a log,, i ZF(1 - a) 

(1 - a)Z increased at the higher temperatures 
as shown in Table I. At 23 "C the value of the 
exchange current increased with increasing OH- 
concentration (Table 11). 

TABLE I1 
Variation of  exchange current, io, with OH- 
concentration for Ag20 formation at 23 "C 

OH- concentration ( M )  Exchange current, io (mA 

0.28 1.4 
1 .OO 2.8 
4.86 7.2 

Figure 4 shows a plot of log,, i, against 1/T. 
Assuming that the Arrhenius equation holds over 
the temperature range, the value for AH*, the 
enthalpy of activation, is 5.5 4 2 kcal/mole. The 
value for i, at the highest temperature studied 
(60 "C) was only approximate as there was a 
greater than normal scatter of points on the Tafel 
plot; probably due to variations of temperature 
within the cell. 

The  Formation of Ago  
Short time (-30 ms) potential-time tran- 

sients were very complex, irreproducible, and 
difficult to interpret unambiguously. This could 
be ascribed to the highly resistive properties of 
the Ag20 surface and to variation in this surface 
immediately before the perturbing pulse was 
applied. The requirement that the whole of the 

FIG. 5. Tafel plot for the formation o f  Ago in M 
NaOH at 23 "C. 

electroactive surface should be Ag20  at zero 
time was uncertain. 

Examination of the charging characteristics 
during the time of transition from reaction [I ] 
to reaction [2] indicated that the transition is 
relatively slow ( w  2-5 s) at low rates. 

Consequently, experiments made by applying 
long time pulses (-- 10 s) to an Ag20  electrode 
on the point of rising to the overpotential charac- 
teristic of the AgO/Ag20 system should give 
potentials, in the later stages, pertaining only to  
this system in the absence of effects due to re- 
action [I]. 

The final 'steady-state' overpotential plotted 
as a function of log,, current density for the 
reaction in M NaOH at 23 "C is shown in Fig. 5. 
The value of the exchange current is found to be 
0.02 mA and the charge transfer coeffi- 
cient -- 0.6 assuming that 2 electrons are involved 
in the process (8). 

FIG. 4. Temperature dependence o f  Ag,O exchange 
current in M NaOH. 

Discussion 
Potential Sweep Experiments 

Dirkse and De Vries (12) ascribed the first 
anodic peak on the current-potential curve to 
the formation of AgOH. The experimental re- 
sults reported here suggest that whatever is 
concerned in the oxidation process is readily 
removed by contact with the electrolyte. Differ- 
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ential capacitance measurements (6) indicate 
that, in alkaline solutions, strong interaction of 
negative ions with the silver surface does not take 
place until -- +0.2 V (n.h.e.). It seems likely, 
therefore, that the peak is due to removal of 
hydrogen (adsorbed in the electrode pretreat- 
ment) by the process 

OH- + Had, -> H,O + e 

The observation that electrodes only mechan- 
ically polished under conductivity water exhibit 
a similar extra peak during the early stages of 
electrode-electrolyte contact does not necessarily 
vitiate the argument. Even in pure water the 
establishment of a double layer might involve 
sufficient transfer of electrons to form hydrogen 
atoms at the electrode surface (17). 

Galvanostatic Experiments 
The Formation of Ag,O 
The form of the potential-time transient (Fig. 

2) is as expected for double layer charging fol- 
lowed by charge transfer. The initial "jump", a 
pseudo-ohmic overpotential, caused by the elec- 
trolyte resistance between the test electrode and 
the tip of the Luggin capillary is insignificant 
compared with the activation overpotential. 
After the "jump", the potential rises very rapidly 
with a rate, at zero time, determined by the 
double layer capacitance, C,, and the current 
density applied to the electrode 

The value of C, found from overpotential-time 
transients (85 + 20 pF cm-,) agreed reasonably 
with the value found by differential capacitance 
measurements at this potential (70 + 20 pF 
cm-7  (5, 6).  

The absence of a significant concentration of 
potential determining species on the silver elec- 
trode means that, in our experiments, the potential 
of the silver electrode is initially undefined in the 
polarizable region. This unduly complicates 
measurements at low overpotential. At  high 
overpotential (- 100 mV a t  23 "C) the log-linear 
relationship breaks down (Fig. 3). This might be 
due to a change in the charge transfer mechanism, 
alternatively it might indicate the limit of the 
expkimental technique. The former explanation 
seems to be indicated by the observation that the 
upper limit of the l'afel region is extended to - 200 mV at low temperatures (Table I). 

The general shape of the Tafel curves at higher 
overpotentials suggests there is no specific ad- 
sorption of the anion in this potential region. 

The slope of the linear portion of the Tafel 
plot yields a value of (1 - a)Z - 0.9 at 23 "C 
(Fig. 3). At higher temperatures this rises tovalues 
> 1 (Table I) which indicates that Z (the number 
of unit charges transferred in the rate determining 
step) is greater than unity. 

(In this connection potentiometric studies of 
the Ag,O/Ag. OH- electrode show a dependence 
of electrode potential (E)  on OH- concentration 
(Con-) corresponding to Z = 2, (aE/a log,, Con- 
= 29 mV), although the change in oxidation 
state of the silver is only + 1.) 

An interpretation for this difference can be 
given in terms of the transmission coefficient 
(13). This concept is useful in reactions of this 
type in which both the reactant and product sides 
of the electrode equation involve species which 
are not discrete ionic entities. 

For a simple charge transfer reaction involving 
one ion of charge difference Z between oxidized 
and reduced forms the charge transfer equation, 
connecting faradaic current density, i, and acti- 
vation overpotential, qD, is 

where a and p are respectively the cathodic and 
anodic charge transfer coefficients (ct + P = 1 
for the same reaction), i, is the exchange current, 
and F, R, and T have their usual significance. 

In this reaction the reactant is the metal lattice 
and the overall product, the Ag,O crystal. The 
transmission coefficient, h, is defined as the num- 
ber of unit charges conveyed through the double 
layer each time the rate-determining step occurs 
once (13). Equation [4] then becomes 

uhF 
[51 i = io exp (- =)qD - io exp (%)TI, 

If h has the value 2 the results are self-consistent. 
The value of h/Z = 2, is commonly observed (13) 
and interpreted in terms of two metal ions in- 
volved, at once, in the activated state. 

For a general reaction, 0 + Ze = R, the 
exchange current, i,, is given by i, = 2Fk°C,"- 
Col-". For eq. [I ] using h we have 

Since we can consider the activities of solid Ag 
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and Ag20 as unity and taking h = 2, eq. [6] 
becomes 

where n is the Freundlich exponent and k' a 
constant involving h and kO. A value for n = 2, 
at 23 "C, would give a self-consistent a. This value 
for n indicates only weak adsorption of OH-. 

The variation of Tafel slope function (b/T) 
with temperature (Fig. 6) is probably a reflection 
of changes in adsorption with temperature. 

The value of AH" (- 5 kcal mole-') is lower 
than that generally found for simple charge 
transfer reactions (- 10 kcal mole-'). This low 
value might be explained by the adsorption of 
electroactive species. The occurrence of a charge 

Correlation of io and OH- concentration data 
(Table 11) yields an OH- dependence of io con- 
sistent with a value of a - 0.3 (at 23 "C) using 
eq. 171. From Table I, a obtained from the Tafel 
slope at 23 "C has a value 0.55. 

This difference in values for a can be inter- 
preted in terms of simple adsorption of OH- 
ions at the electrode (18). If the adsorption obeys 
a simple Freundlich isotherm (it should be noted 
that there is no theoretical justification for using 
this isotherm, however, it appears to hold in 
similar cases) eq. [7] becomes 

transfer reaction in the adsorbed state is often 
associated with a low enthalpy of activation (19). 

The Formation of Ago 
The Tafel plot obtained for the formation of 

A g o  (Fig. 5) confirms the results of Barradas 
and Fraser (8) that hp is - 1. Taking h as 2, P 
becomes 0.5 (i.e. a = 0.5). 

The value of the exchange current obtained in 
this investigation is only very approximate in 
view of the difficulties involved in the production 
of a homogeneous electrode surface. The value 
is - 2 decades smaller than for the io involving 
the formation of Ag20. The large difference in 
these values confirms that the method of electro- 
lytically producing Ag20 containing only mini- 
mum amounts of Ago  is feasible. 
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Transition metal acetates 

D. A. EDWARDS AND R. N. HAYWARD 
School of Chemistry and Chernical Engitzeering, Bath U~liuersify of Tecl~nology, Bath, Sonierset, England 

Received May 3, 1968 

Some anhydrous transition metal acetates (Mn(II), Co(II), Cu(II), Ni(II), Zn(II), Ag(I), Mo(II), Ce(III), 
La(II1)) have been prepared and their infrared spectra measured in the solid state. The infrared spectra 
have been related to established modes of bonding of the acetate group to metals. Thermal decomposi- 
tions of the anhydrous acetates have been investigated by thermogravimetric analysis; magnetic moments 
and visible spectra have been measured. 

Canadian Journal o f  Chemistry, 46, 3443 (1968) 

Introduction 

Rao and co-workers (I) have recently reported 
infrared and thermal decomposition data on 
anhydrous acetates of the lanthanides, lead(I1 
and IV) and copper(I1). We have also obtained 
results upon some of these compounds together 
with data on several other transition metal 
anhydrous acetates. Our infrared results point 
to the unreliability of using the v,,,~(COO)- 
vSy,(COO) frequency separation to determine the 
mode of coordination of the acetate group to the 
metal, although such a method has been used 
frequently in the past (2). Visible reflectance 
spectroscopy and magnetic measurements have 
been used, where appropriate, to show the 
coordination number of the metal in the anhy- 
drous acetates and to place the acetate group in 
the spectrochemical and nephelauxetic series. 

Experimental 
The anhydrous acetates of Mn(II), Co(II), Ni(II), 

Cu(II), Zn(II), La(III), and Ce(II1) were prepared by 
refluxing the commercially available hydrates with a large 
excess of a 3 :2 (vol./vol.) acetic acid - acetic anhydride 

TABLE I 

Analytical results 

% Metal % Acetate 
-- 

Compound Found Calcd. Found Calcd. 

mixture. After cooling, the insoluble products were 
filtered, washed with the solvent mixture followed by 
sodium-dried ether, and finally pumped under vacuum 
for 2 h at  room temperature. Nickel acetate was found to 
have 4- mole of associated acetic acid after this preparation 
and pumping, this acid being removed by heating at  200" 
under vacuum. The other acetates were not similarly 
solvated. Molybdenum(I1) acetate was prepared from the 
carbonyl (3) and silver(1) acetate was commercially 
available. Analytical results are given in Table I. 

Infrared spectra were recorded as Nujol, hexachloro- 
butadiene, and fluorlube mulls using a Perkin-Elmer 237 
grating spectrophotometer. 

Visible spectra were recorded using a Unicam SP 500 
spectrophotometer, the diffuse reflectance spectra being 
obtained using the standard attachment. 

Magnetic measurements were determined by the Gouy 
method at  room temperature. 

TABLE I1 
Infrared frequencies (cm-') 

-. 

Acetate VSY,(COO)  coo) AV 

Thermogravimetric studies were carried out using a 
Stanton TR 1 thermogravimetric balance heating at 4" 
per minute over the range room temperature to 1000°. 
Products remaining at the end of such decompositions 
were analyzed for metal content and shown to be the 
oxides mentioned in Table IV. 
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Results and Discussion 
I~grared Spectra 

The free acetate ion, symmetry C,,, has 15 
infrared active fundamentals, all of which, except 
the v6 torsional mode, have been observed (4, 5). 
Four modes of coordination to metals (1-4) are 
possible (2b), but since the symmetry of the free 
ion is low no great differences in the infrared 
spectrum would be expected for each type. The 
v3 (v,,,(COO)) and v, (V,,~,(COO)) frequencies, 
and their difference, Av, for the acetates studied 
here, are shown in Table 11. 

It has been suggested (2) that where the ace- 
tate is a unidentate ligand (2) a divergence of 
V,,~,,(COO) and vsY,(COO), compared with the 
free ion, is expected due to a decrease in the 
equivalence of the C-0 bonds. Thus the 
V a S y m  ( C O O ) - v S y , ( C 0 0 )  s e p a r a t i o n  f o r  
[CO(NH,),OCOCH,]~+ is 223 cm-' (2a) com- 
pared with 153 cm-' for sodium acetate of type 
(1). Of the compounds studied here, the tetra- 
hydrated nickel and cobalt acetates are known to 
be octahedral and the corresponding manganese 
compound is expected to be the same, the metals 
being coordinated with four oxygens from the 
water molecules and two oxygen atoms from uni- 
dentate acetate groups (6). A large V,,~,(COO)- 
vSym(COO) separation is, however, not observed 
in the infrared spectrum; the small separation 
found could be due to hydrogen bonding with the 
water molecules making the C-0 bonds more 
equivalent than expected for unidentate acetate 
coordination. In the corresponding anhydrous 
acetates the mode of coordination of the acetate 
group to the metal must change since the visible 
spectra and magnetic measurements show the 
acetates to be still octahedral and hence poly- 
meric. Since overall there are only two acetates 
per metal atom both oxygens of the acetate group 
are expected to be involved in the coordination 
and the acetates must bond to more than one 
metal atom by bridging. The V,,~,(COO)- 
vsym(COO) separation, however, is unexpectedly 

greater than in the hydrated unidentate acetate 
cases. We are unable to state if all the acetate 
groups in the octahedral polymers are bridging 
(4) or whether some are chelating (3), since in the 
two cases we have studied where all the acetate 
groups are known to be bridging, copper(I1) (7) 
and molybdenum(l1) (8), a very similar degree of 
v,,,,(COO)-v,ym(COO) separation is found. For 
bridging or chelating symmetrical acetate struc- 
tures both COO stretching frequencies are shifted 
in the same direction on changing the metal, so 
the separation will not be greatly different from 
that of the free ion. 

Tlie structure of dihydrated zinc acetate is 
known (9) to be octahedral, the coordination to 
the metal consisting of two oxygen atoms from 
the two water molecules and four oxygens from 
two chelating acetate groups. We find, again, the 
infrared spectrum cannot be regarded as diag- 
nostic of such an  acetate coordination. An- 
hydrous zinc acetate shows an almost identical 
v,,ym(COO)-v,,,(COO) separation, so the acetate 
could be tetrahedral with just two chelating 
acetate groups, but an octahedral coordination 
achieved by bridging and shared acetates cannot 
be ruled out. 

Our results for anhydrous lanthanum(II1) 
acetate are similar to  those published by Raoet al. 
(I) except we find a lower vSym(COO) frequency. 
We have also recorded the infrared spectrum of 
cerium(II1) acetate (10) which Rao and co- 
workers.did not include in their study. Rao and 
co-workers (1) suggested that the acetate groups 
in lanthanum(II1) acetate were unidentate, but 
the results, in our opinion, do not require this, 
and indeed, in view of the high formal positive 
charge on the metal and the favoring of high 
coordination numbers by the lanthanide elements, 
chelation or bridging acetate groups would seem 
more likely. 

Thus we are of the opinion that the use of the 
infrared v,,,,(COO)-vSym(C00) separation as a 
means of assessing the mode of coordination of 
acetate groups to metals must only be used with 
extreme caution and cannot be . regarded as 
universally valid. 

Visible Spectra 
Diffuse reflectance visible spectra have been 

measured for anhydrous cobalt(II), nickel(II), 
and copper(I1) acetates, the results and assign- 
ments being given in Table 111. The spectra of the 
cobalt and nickel salts are typical of octahedral 
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i EDWARDS AND HAYWARD: TRANSITION METAL ACETATES 

TABLE 111 
Visible spectra and magnetic moments 

Visible spectra 
p (B.M.) at - 

Acetate room temp. Method Peak (cm-') Assignment 

1.39 

Diamagnetic 
Diamagnetic 
2.30 
0.25 

D.R." 

D.R. 

Sol. 

D.R. 
Sol. 

0D.R. diffuse reflectance. 
bSol. solution in  acetic acid - acetic anhydride mixturt 

coordination of these metals. The splitting of the 
band centered at 18 900 cm- ' for cobalt(I1) 
acetate has been noticed for many other octa- 
hedral cobalt(11) systems and attributed (1 l )  to 
various sources. In the present example, the 
shoulder could be tentatively assigned (1 1) to the 
'T,,(H) + 4T?,(F) transition, this having gained 
intensity by m~xing with the spin-allowed transi- 
tion. From these assignments for cobalt(I1) 
acetate 10 Dq, the Racah parameter B and the 
nephelauxetic ratio P3, have been calculated 
using the method of Underhill and Billing (12). 
10 Dq has been found to be 9250 cm- ' and B 790 
cm-'. Using the free gaseous ion B value of 972 
cm-', p3, is found to be 0.81. 

Calculations (12) of 10 Dq, B, and P,, for 
nickel(I1) acetate give the values 8420 cm-', 916 
cm-', and 0.89 respectively, using the free ion B 
value of 1030 cm-'. These results place the 
acetate group close to water in both the spectro- 
chemical and nephelauxetic series (for water 10 
Dq = 8600 cm-'; B = 925 cm-'; and P3, = 
0.88). 

Manganese(I1) acetate has only low intensity 
spin-forbidden bands in the visible region typical 
of high-spin octahedral manganese(I1). 

Magnetic Measurements 
The room temperature magnetic moments are 

given in Table I11 and are typical of octahedral 
coordination for high-spin manganese(Il), high- 

17 400 (sh) 

i: 2;; (sh)} 
17 400 (sh) 

i: z:: (sh)} 
13 500 
14 600 
25 000 
13 700 
14 800 
25 000 
14 800 (br) 
14 300 (br) 

spin cobalt(II), and nickel(I1). Manganese(I1) 
acetate has a moment virtuallv identical with the 
'spin-only' moment, there being no  orbital 
contribution, but cobalt(I1) and nickel(I1) ace- 
tates have moments above the 'spin-only' values 
due to orbital contributions, from the 4Tl,(F) 
ground state and 4T excited states for cobalt, and 
only from the 3T excited state and not from the 
3A,, ground state for nickel. 

The magnetic moment of copper(I1) acetate 
agrees with previous results (13) but the magnetic 
moment of dimeric molybdenum(I1) acetate (d4) 
is grossly reduced to 0.25 B.M., indicating a much 
greater metal-metal interaction than in the iso- 
structural copper acetate. This is in agreement 
with X-ray results (8) which show a very short 
Mo-Mo bond length of 2.1 1 8L indicating 
multiple bonding, whereas the Cu-Cu bond 
length in the dihydrate (7) is 2.6 8L in length, 
probably indicating weak 6 copper-copper 
bonding. The magnetic moment of cerium(II1) 
acetate is in the range expected for cerium(II1) 
compounds, ground state 'F,,,, whose magnetic 
results can be treated to a good approximation by 
L-S coupling and are essentially independent of 
surrounding ligands and stereochemistry. 

Thermal Decompositions (14) 
Thermogravimetric analysis (t.g.a.) results are 

shown in Table IV, the heating being carried out 
under normal atmospheric conditions. 
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TABLE IV 
Therrnogravimetric results 

1st decomposition stage 2nd decomposition stage 3rd decomposition stage - 
% 

weight change 
% 

weight change 
% 

weight change 

Acetate Compound Obsd. Calcd. Compound Obsd. Calcd. Compound Obsd. Calcd. 
-- -- 

Mn(I1) MnO 56.8 59.1 Mnz03 52.8 54.4 Mn304 54.6 55.9 
Co(II) COO 54.8 57.7 c0203 50.5 53.1 c0304 51.9 54.6 
Ni(II).0.5CH3COOH Ni(CH,COO), 14.2 14.5 NiO 62.4 63.9 
Cu(I1) CuzO + Cu 61.8 62.1 CuO 56.0 56.2 

ZnO 55.1 55.6 
MooJ  31.2 32.7 
La202C0, 41.5 41.5 La203 48.4 48.4 
CeO, 45.4 45.7 

- 
Ag 35.8 35.4 

-- - 
aNo solid remains: MOOJ volatile. 

The t.g.a. of anhydrous lanthanum(II1) acetate Decompositions of zinc(I1) and molybde- 
agrees well with the results of Rao et al. (I), the num(I1) acetates lead to the formation of ZnO 
oxycarbonate, La20,C0,, being completely and MOO, at 350 and 280" respectively as sole 
formed at 480" and decomposing to La20, at products, whereas from silver(1) acetate only the 
875". No evidence for the previously reported metal is produced by 280°, there being no evi- 
(15) oxyacetate was found. An oxycarbonate dence of oxide formation at lower temperatures. 
stage was not found in the t.g.a. of cerium(II1) 
acetate, the only product being the formation of 
cerium(1V) oxide at 500". Both manganese@) 
and cobalt(I1) acetates decompose to the mon- 
oxides at ca. 350°, which are then oxidized 
completely to M 2 0 3  stages by 600" followed by 
M304 stages at 950°, although minor weight 
change discrepancies for the individual stages 
indicate that the decomposition stages overlap to 
some degree, probably due to the heating rate of 
the apparatus. The hemi-solvate of nickel(I1) 
acetate loses the attached acetic acid completely 
in air by 280" with the formation of the anhydrous 
acetate, but from the subsequent weight change 
the acetate appears to decompose to a mixture of 
the metal and nickel(I1) oxide, the metal present 
being finally oxidized to the oxide completely by 
600". 

Copper(I1) acetate starts to decompose at 230" 
to a mixture of copper metal and copper(1) oxide, 
both being completely oxidized to copper(I1) 
oxide by 535". No evidence for the formation of 
copper(1) acetate was found by this method, but 
a careful decomposition of copper(I1) acetate in 
vacuo at 220" leads to the formation of a very 
hygroscopic colorless sublimate of copper(1) 
acetate. Since little is known of the chemistry of 
this compound (16) it is, at present, being fully 
studied. 
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I 
i Enthalpy of formation of some alkaline earth halides 

ARTHUR FINCH, P. J. GARDNER, AND C. J. STEADMAN 

I Moore Laboratory, Department of Chemistry, Royal Holloway College, E~zglefield Green, Surrey, U.K. 

~ Received May 24, 1967' 

The enthalpies of reaction of crystalline magnesium oxide in aqueous hydrogen bromide and iodide 
solutions have been determined. The enthalpies of precipitation of magnesium, calcium, and strontium 
fluorides and the enthalpies of solution of magnesium iodide and bromide have also been determined 
and the following data are derived: AHfO (298 "K) of MgBr2(c), MglZ(c), CaF,(c), NaMgF,(c), SrF,(c) 
are -125.3 + 0.4, -88.1 + 0.35, -291.9 ? 0.2, -406.7 + 0.3, -291.2 ? 0.3 kcal mole-' respectively. 
NaMgF, is an ideal mixed crystal. 

Canadian Journal of Chemistry, 46, 3447 (1968) 

Introduction 
As part of our program on solvation studies 

of main Group I1 salts, we have measured the en- 
thalpies of reaction of magnesium oxide in 
aqueous hydrogen bromide and iodide, and the 
enthalpies of precipitation of the fluorides of 
magnesium, calcium, and strontium. Combina- 
tion of these latter data with the identity 

AHd [MX, m, -, 0]  means the enthalpy of dilu- 
tion of MX from molality m, to infinitely dilute 
solution. 

All results were expressed in terms of the 
defined thermochemical calorie, 1 calorie - 
4.1840 absolute joules. 

Experimental 
The calorimeter was conventional in design and of the 

constant-temperature-,environment type. Full details are 
given elsewhere (2). The calorimeter contained 125 ml of 
solution, except where otherwise indicated. The magni- 

yields the standard e n t h a l ~ ~  the tude of the thermal leakage was estimated by the "equal 
crystal. Although the final data reported here are, areas" method, which is satisfactory (3) for an overall 
to varying degrees of accuracy, already available precision of f 0.3 %. The accuracy and precision of the 

in the literature, much of the experimental work System were assessed by two standard reactions, one 

was performed in the 19th century (1). endothermic and the other exothermic. For the enthalpy 
of solution of potassium chloride in water the mean of 

I 8 observations was AH, (25 "C: N = 200) = 4.22 f 0.01 
Notation and Conventions kcal mole-' (lit. (4) 4.201 + 0.001 at N = 200, T =  25 "C), 

and for the neutralization of tris(hydroxymethy1)amino- 
1 data are rep0rted at methane (THAM) in excess 0.1 N hydrochloric acid the 
I 25.0 $. 0.1 "C or quoted at 25 "C, except where mean of 12 observations was AH (25 "C: N = 600) = 

otherwise indicated. The superscript O is retained -7.15 + 0.05 kcal mole-' (lit. (4) -7.107 + 0.004 at 

for formation of compounds in their standard 25 'C and N = 1350). The e n t h a l ~ ~  of dilution of 
THAM is negligible (5). N is the mole ratio of water to 1 state from in their 'landard state, for solute. The uncertainty interval in the experimental data 

salts in infinitely dilute solution when a* = 1 is expressed as +i, where i is the standard deviation of 
I (this corresponds to a solute standard state of the the mean. 

hypothetical ideal state of unit molality), and for 
Materials individual hydrated ions infinitely separated from (i, Magnesium Bromide 

other ions (magnitude based on AHfO [H + aq 1 =O). Eguimolar proportions of hydrated magnesium 
All solutions are aqueous and the designation aq bromide (B.D.H.) and ammonium bromide (B.D.H.) 

I is sometimes omitted. were mixed with a little aqueous hydrogen bromide. The 

 AH^ [MX, ml  ; m2, m3, m, . . m,,l means the mixture was evaporated to dryness and then dried in 
vacuum (12 mm of Hg) at 200 'C overnight. The ammon- 

e n t h a l ~ ~  of formation of MX of mola l i t~  m1 in ium bromide was sublimed off at 400 'C and the residue 
the presence of (n - 1) other salts of molalities was transferred to a silica tube which was evacuated and 
m2, m3, m4 - - m,,. sealed. The end of the tube containing the residue was 

H~~~~ AH,O[MX, 0; 0, 0 1 AH,O [ M + ~ ~ ]  + maintained at about 800°, and over a period of several 

~H,'[X-aql.  days crystals of magnesium bromide condensed on to the 
cooler parts of the tube. Bromine analysis by a con- 
ventional procedure showed 99.9% of the theoretical 

'Revision received April 25, 1968. amount. 
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(ii) Magnesium Iodide 
The iodide was prepared by reaction between the 

elements and purified by sublimation according to the 
method of Biltz and Hiittig (6). The material obtained 
contained 100.0 % of the theoretical amount of iodine. 

(iii) Magnesium Oxide 
Heating the AnalaR salt for a few hours at about 

1000 "C gave a material which analyzed as 100.1 % MgO 
(acidimetric). 

(iv) Calcittm Chloride 
A sample of 99.8% purity was prepared by dehydrating 

the AnalaR hydrate in a stream of hydrogen chloride, 
gradually increasing the temperature to 500' over a period 
of several days. 

(v) Sodium Fluoride 
A saturated solution of AnalaR sodium fluoride was 

treated with a few percent of potassium chloride. After 
filtration, the sodium fluoride was precipitated by the 
addition of isopropanol. The material was dried for 
several days at 200" and fluoride analysis showed 100.4% 
of the theoretical amount. 

Except for magnesium oxide and sodium fluoride, all 
the above were stored away from light in sealed vessels 
contained in a desiccator over phosphorus pentoxide. 
They were handled prior to calorimetry in a glove bag 
filled with dried nitrogen. 

Results and Discussion 

(i) Magnesium Bromide and Magnesium Iodide 
In the case of these two salts, the reaction 

studied was MgO(c) + 2HX(aq m,) = [MgX, 
(aq m,; m, - 6) + H20].  The molality of the 
aqueous hydrogen halide (m, = 0.5 molal) and 
the weights of MgO taken were such that approxi- 
mately 0.006 moles of HX were consumed in 
reaction. Hence the approximation 6 = 0 was 
made and the thermochemical equation used was 

AHobs = AHfo [H,O,liq] + AHf [MgX,, m,; m,] 
- 2AHf [HX, m, ] - AH,' [MgO, c] 

The experimental results are tabulated below 
(t = the approximate duration of the main 
period). 

AHi[MgBr,, 0.027 m; m,] = -168.3 
f 0.35 kcal mole-' 

AHf[Mg12, 0.025 m; m,] = - 137.7 
) 0.3 kcal mole- ' 

The ancillary data used for the above calcula- 
tion were as follows: AHfOH,O(liq) = -68.315 
(7), AHfo [HBr3000H20] = -29.05 f 0.09 (8), 
AHfo [MgO, C]  = - 143.7 + 0.3 (9), AH,' [HI- 
50H,O] = -13.56 $. 0.03 (10)kcalmole-'.En- 
thalpies of dilution were taken from ref. 7. 

TABLE I 

Weight - AHo,, 
MgO (g) m2 (kcal mole-I MgO) 

Solution of MgO in aqueous 
0.0284 
0.0311 
0.0293 
0.0276 
0.0250 
0.0232 
0.0243 

HBr: ml = 0.5: T = 2 min 

Solution of MgO in aqueous HI: ml = 0.5: t = 2 min 
0.1424 0.0235 35.0 
0.1546* 0.0256 34.9 
0.1510* 0.0250 35.3 
0.1587* 0.0262 35.2 

'Experiment performed with 150ml aqueous acid. 

Data for the heat of solution of crystalline 
magnesium bromide and iodide in 0.5 molal 
aqueous hydrogen halide are given in Table 11. 

TABLE I1 

Data for heat of solution of crystalline magnesium 
bromide and iodide in 0.5 molal aqueous hydrogen 

halide 
Solution of MgBr,(c) in 0.5 molal HBr: t (instant) 

Weight -AH,,, 
MgBrz (g) m3 (kcal mole-l MgBr2) 

0.1022 0.00444 43.4 
0.1670 0.00726 43.4 
0.1612 0.00700 42.9 
0.1359 0,00590 42.85 

Solution of Mg12(c) in 0.5 molal H I :  t (instant) 

Weight - AHobr 
MgIz (g) m3 (kcal mole-l MgI,) 

'Experiment performed in 100 rnlof aqueous acid. 

For these experiments, 

AHobs = AHi [MgX2, m3 ; m, I - AH?MgX2(c) 

Using the data from Table I for the first term on 
the right hand side of this equation (enthalpies 
of dilution torn3 were taken from ref. 1 for MgBr, 
and assumed the same for MgI, [this term 
amounts to 0.1 kcal mole-']), we derive 

AHioMgBr,(c) = - 125.3 F 0.4 kcal mole-' 

AH?MgI,(c) = -88.1 f 0.35 kcalmole-' 
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TABLE I11 
Precipitation of CaF, from aqueous NaF and CaC12(c): T = 1 min 

-. -- 

Weight -AHo,, 
CaCI2 (g) 1774 m7 (kcal mole- CaCI,) AHs0 (CaF2) 

0.3879 0.4038 0.0560 21.2- 1.71 
0.4195 0.5062 0.0606 21.2 1.78 

Mean 1.69f 0 03 

These data diverge considerably from the only 
available literature data (in both cases, before 
the year 1900) of - 123.7 (1 1) and -86.0 (1 1, 
12) kcal mole-'. 
(ii) Calcium Fluoride 

The reaction studied was the dissolution of 
calcium chloride crystal in excess aqueous sodium 
fluoride (molality, m,) saturated with calcium 
fluoride (molality, m,). In addition, we define 
the molality of the remaining (i.e. excess) NaF 
as m, and the NaCl molality as nz,. These 
molalities are not all independent but are defined 
so for notational convenience. Hence 

AH,,, = 2AHf [NaCl, m,; m,, ~ n , ]  
+ AH,'C~F,(C) - 2AHf [NaF, m4; m, ] 

- AHfoCaC12(c) 

Substituting the following approximations, 

AH, [NaCl, m,; m,, m,] + AH, [NaCI, nz,; O,0] 
= AH,' [NaCI, 0; 0 ,0 ]  - AH, [NaCl, 

m7 --+ 01 

AH, [NaF, m,; in,] = AH, [NaF, m,; 0 ]  
= AHfOINaF, 0; 01 - AH,[NaF, m, -+ 01 

and the identity 

AHf0CaC12(c) = AH,' [CaCl,, 0 ]  - AHS0(CaCI2) 

we have 

AH,,, = -AH,O(C~F,) + AH,'(C~C~,) 
- 2AHd [NaCl, m, -+ 0 ]  + 2AHd [NaF, 

m4 --+ 01 
Also, by definition AH,O(C~F,) = - AHp0(CaF2) 
where p = precipitation. The content of the 
approximations is that the molar enthalpies of 
the NaCl(aq) and NaF(aq) are unaffected by 
small concentrations of both foreign and com- 

mon ions. The difference between the molar 
enthalpy of a salt at a finite concentration and 
the same salt at the same concentration in the 
presence of foreign ions is a first temperature 
derivative of the logarithm of the ratio of the 
appropriate activity coefficients in the two states. 
Such derivatives are usually small and may be 
justifiably ignored. It is further assumed that the 
change in the nature of the ionic environment 
(from predominantly fluoride to chloride) thus 
affecting the solubility of CaF, is not significant 
thermally. In addition, it is assumed that this 
solubility does not change over the temperature 
range of the experiment (usually of the order of 
0.5 "C). Some calcium fluoride, precipitated 
under the same conditions as the calorimetric 
experiment, was collected, washed, dried at 50 "C 
and an X-ray powder photograph obtained. This 
revealed that the precipitate was crystalline and 
belonged to the expected cubic system. Further- 
more no impurities were observed. Hence the 
precipitated calcium fluoride is in its standard 
state. 

The dilution enthalpies of NaF and NaCl were 
those of Parker (13) and the AH,'(C~C~,) was 
derived from a datum of Ehrlich et al. (14) 
(AH, [CaCl22500H2O] = - 19.04, hence AH,'- 
[CaCI,] = - 19.36 kcal mole-'). This differs 
markedly from the Circular 500 (1) figure for 
AH,' [CaCl,] (i.e. - 19.8). Using eq. [l  ] and 
appropriate molar enthalpies for the aqueous 
ions we derive AH,OC~F,(C). The choice of 
ancillary data for this calculation is of interest. 
The molar enthalpies of the alkaline earth cations 
do not appear to have been updated since the 
Circular 500 values and hence these are used. The 
reported values for the molar enthalpies of HF 
solutions diverge widely. For AH, [HF20H20], 
Cox and Harrop (15) report -77.40, Circular 500 
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TABLE IV 
Data for the precipitation of NaMgF, and SrF, 

Precipitation of NaMgF, from aqueous MgCI, and NaF(c): T = 2 rnin 

Weight Molality Molality AHobr 
NaF (g) MgCL NaCl (kcal mole-' NaF) 

1.1608 0.114 0.147 2.11 
1.1505 0.111 0.146 2.11 
1.3195 0.128 0.168 2.10 
1.1070 0.113 0.141 2.13 

Precipitation of SrF, from aqueous SrCI, and NaF(c): T = 12 min 
- 

Weight Molality Molality AHobs 
NaF (g) SrC1, NaCl (kcal mole-' NaF) 

(1) quotes -75.63, the updated Circular 500 (7) 
quotes - 76.28 kcal mole-'. We have chosen a 
"concensus value" of AHf [HF20H20] = 
-76.95 f 0.2 (16) kcalmole-' and hence 
AHfOIF-aq] = -80.2 + 0.2 kcal mole-'. The 
error in this datum may be larger than indicated 
as the dilution enthalpy (7) of H F  from 20H,O 
to wH,O (i.e. 3.2 kcal mole-') seems rather 
large. Hence 

AHfOCaF,(c) = -291.9 f 0.2 kcal mole-' 

The divergence from the Circular 500 figure 
(-290.3) is due mainly to the choice of 

. AH~O [F-aq]. 

(iii) Magnesium Fluoride, Strontium Fluoride, and 
Barium Fluoride 

These fluorides are all more soluble (17) than 
CaF, (MgF,, 0.130; CaF,, 0.016; SrF,, 0.119; 
BaF,, 1.614 g/l at 25 "C) and attempts to treat 
them in the manner of CaF, gave rise to marked 
precipitation from the saturated calorimetric 
liquids with consequent thermal effects that 
could not be estimated with accuracy. Thus, in 
these cases the reaction studied was the solution 
of crystalline sodium fluoride in aqueous MCl,, 
where M is Mg, Sr, or Ba, and making a cor- 
rection, where appropriate, for the dissolved 
MF,. 

X-ray powder photographs were obtained for 

samples of the fluorides precipitated under the 
same conditions as the experiment. Examination 
of the powder patterns revealed: 

(a) The "magnesium fluoride" was, in fact, a 
crystalline double salt of stoichiometry NaMgF,. 

(b) Strontium fluoride was crystalline and be- 
longed to the expected cubic system. 

(c) The "barium fluoride" was a crystalline 
mixture of BaClF, Ba,ClF,, and BaF, (the mix- 
ture probably contains 10% or less BaF,). 

Hence, the experimental data for the barium 
salt were rejected. 

In the above experiments, the precipitant was 
present in only small excess (5 to 10%) so that the 
effect of the common ion (M2+) on  the solubility 
of MF, could be ignored. The effect of the foreign 
ions (Na', C1-) was also ignored. It was assumed 
that the solubility of strontium fluoride was equal 
to its aqueous solubility and that NaMgF, was 
insoluble. 

The treatment of the data was similar to that 
described in detail for the other salts. Enthalpies 
of dilution for N a F  and NaCl were from Parker 
(13) and for MC1, were from ref. 1. Using eq. 
[1 1, AHfO [F-aq] = -80.2 + 0.2 kcal mole-', 
and AHfO [M2+aq] from ref. 1, we derive 

AHfO [ N ~ M ~ F , ,  c ]  = -406.7 f 0.3 kcal mole-' 

AH,' [SrF,, c] = -291.2 + 0.3 kcal mole-' 
(- 290.3) 

giving the Circular 500 value in parentheses. The 
most reliable value for AHfO [MgF,, c] is -268.7 
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5 0.3 (18). Using this figure and AHfO [NaF, c ]  
= - 137.9 5 0.3 kcal mole-' [from eq. [ I  1, 
Parker's heat of solution, AHfO [F-aq] = - 80.2 
5 0.2, and AHfO [Na'aq] = - 57.47 kcal mole-' 
(19)], the enthalpy change for the reaction 

is -0.1 5 0.5 kcal mole-'. Hence the mixed 
crystal is ideal. 

The limits of error assigned to our final data 
are optimistic in the sense that they do not 
include an error contribution for AH: [MZ+aq]. 
These latter data are, of course, accumulated 
from enthalpies of solution and formation of 
MY, (in the solution experiment the crystal is 
assumed ionic or a hydrolysis correction is made) 
and similar data for HY, and then applying the 
reverse procedure to that used in this work. The 
reference point for such a tabulation is AH:- 
[H'aq] = 0. The accepted values are the result 
of averaging a very large quantity of solution and 
formation enthalpies of varying precision and 
hence it is not possible to assign a meaningful 
error. However, some recent collated data (20) 
indicate that this error could be as large as 
2 kcal for calcium salts and 12 kcal for strontium 
salts. 
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Studies in ferrocene derivatives. V1.  Synthesis and nuclear magnetic 
resonance spectra of some ferrocenyl ethylenes 

W. M. HORSPOOL 
Departme~zt of Chemistry, The University, Dlindee, Scotland 

AND 

R. G. SUTHERLAND 
Department of Chemistry, University of Saskatchewan, Saskatoon, Saskatchewan 

Received May 13, 1968 

Ferrocenylethylenes are readily synthesized from acylferrocenes and the appropriate triphenylphos- 
phorane in dimethylsulfoxide. Details of the nuclear magnetic resonance spectra of 12 ethylenes have 
been recorded. 

Canadian Journal of Chemistry, 46, 3453 (1968) 

As part of a study on the reactions of metallo- 
cenes with electron deficient species (2) we 
required a number of ferrocenylethylenes. A 
survey (3) of the literature showed that a number 
of olefins were known. However, in general the 
method of svnthesis involved several stem and 
most often r&uired a wasteful dehydratidn step. 
The Wittig olefin synthesis had apparently been 
overlooked as a ready means for synthesis ex- 
cept for a few isolated cases where formyl ferro- 
cene (4, 5) had been used as the carbonyl com- 
ponent. Thus a systematic study of the utility of 
this facile method was carried out in the ferro- 
cene series. 

We have found that, in general, the addition of 
a ferrocenylcarbonyl compound (1) to a phos- 

'See ref. 1 for part IV in this series. 

phorane solution in dimethylsulfoxide, generated 
from a phosphonium salt by the action of 
dimethylsulfinyl anion (6), proceeds smoothly 
and in high yield. The products (2) are readily 
separated from starting material by chromatog- 
raphy on alumina. Table I records the olefins 
successfully prepared by this method. 

Apart from the use of formyl- and acetyl- 
ferrocene the method was also found to be 
applicable to ferrocenyl cyclic ketones (3 and 4) 
giving good yields of the olefins (36 and 46). 
While 36 was found to  be sufficiently stable for 
further ~urification and normal identification 
procedures, 46 was remarkably unstable and 
was reacted further and trapped as its dichloro- 
carbene adduct (5)'. Of particular interest 
was the incompleteness of the reaction of 
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TABLE I 
Wittig olefin synthesis in the ferrocene series 
---- 

Reaction Yield 
no. Rcactants Product ( %) 

TABLE I1 
Nuclear magnetic resonance spectra of ferrocene derivatives* 

Ring protons 

Ferrocene Vinyl protons Substituent - -- 
Sub. Unsub. 

1. Vinyl AXY pattern (3) - 
A 3.40 dd (1) JAx=17.1 C/S : ) (4) 6.03 s (5) 

X 4.81 dd (1) Jay=10.9 C/S 
Y 5.10 dd (1) Jxy=1.5 C/S 

2. I-Ferrocenyl-prop-1-ene ABX pattern 
3.92 d, JAB=12 C/S (1) 8.22 dd 
4.41 dq, J ~ ~ z 7 . 7  C/S (1) JAx=1.7 C/S 

4. I-Ferrocenyl-2-phenylethylene AB pattern (2) 
3.34, JAB=17.5 c/s 2.75 m (5) 

vAB=9.O C/S 
::Kg) (4) 5.971(5) 

5. Ethyl-3-ferrocenylacrylate AB pattern (2) 
3.25, JAB=15.4 C/S 8.71 t (3) 

vAB=91 .7 c/s : )  (6) 5.87s(5) 

6. Isopropenyl 4.95 bs, 5.2 bs (2) 

9. 2,4-(1 , l  '-Ferroceny1ene)-but-1- 4.85 s (2) 
ene 

11. 1-Acetyl-1 '-isopropenylferro- 
cene 

'Spectra are  reported in T. All spectra were measured in CCI, solution a p a r i f r o m  speclra 5, I t ,  a n d  12, which were recorded in CDCI,. 
bs = broad singlet, s = singlet, d = doublet, dd = double doublet, t = triplet, q = quartet, dq = double quartet, and rn = rnultiplet. 
Integrals are  reported in brackets after the absorption t o  which they rerer. 
TSubstituted ring absorption complicated by the methylene of the ester g roup  occurring a t  the same place. 
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methylenetriphenylphosphorane with 1 ,l '-dim TABLE 111 
acetylferrocene (6a, X, = X, = 0 )  when used Molar scale of reactions and physical constants of 
in the correct molar proportions. (Optimum products for Table I 

conditions for 6 are reported.) This provided a - 

Molar scale m.p.1b.p. 
convenient synthesis of both the mono- (6b, phosphonium product 
X, = 0 ,  X2 = CH,) and the di-olefin (6c, salt (ref. Table I) (mmole) ("C) 
XI = X, = CH,). The mono-olefin was partic- A* 1 25 52-53.5 
ularly useful in its reactions with base when B :yio 10 
cyclization to 7 took place (7). With the more c 10 178110 mm 
stable phosphoranes reaction could not, as D 4 10 121-122 

A 6 32 66-69 
anticipated, be effected at ambient temperatures B 7 (oil) 10 
with acetylferrocene and thus the reaction with C 8$ 10 4 W 8  
phenylmethylenetriphenylphosphorane failed to A 9 5 4 66-69 

A IOll(oi1) 9 
- 

the derivative. However'  stands ~ortriphenylmethylphos~honiumbromide,~ for triphenyl- 
ethoxycarbonylmethylenetriphenylphosphorane ethylphosphoniumbromide, C for triphenylisopropylphosphonium- 

bromide, and D for triphenylbenzylphosphoniumbromide 
reacted readily with f ~ r m y l f e r r ~ ~ e n e  to give TA red oil. Found C, 70.47, H, 6.76%. CI4Hl6Fe requires C, 70.0, 

ethyl-3-ferrocenylacrylate (5). H. 6.67 %. 
$Golden plates from aqueous alcohol. Found C, 71.38, H, 7.26%. 

The nuclear magnetic resonance (n.m.r.) C 1 ; ~ ; ; ~ ~ I [ i " , " , ~ i ~ o ~  L",.,","A:si;l,","i$ii Found C, 71.42, H, 6.,6%. 

spectra require little comment and give spectra Cl~f;;~e~,";ti~~c'~",.~d;a~d~n,"~~uct, A fuller account of this and 
typical of ferrocene derivatives. The protons of sim~lar reactions will appear separately. 

the unsubstituted ring, in the mono-substituted 
derivatives, all show up as a singlet at about 6.0 
T and the substituents on the olefinic side chain 
appear to have little effect. The protons of the 
substituted ring show up as two multiplets 
presumably a poorly resolved A2B, system due 
to the difference in the shielding of the vinyl 
substituent. The observed spectra are recorded 
in Table 11. 

Experimental 
The acylferrocenes used were synthesized by the 

standard methods (3). Nuclear magnetic resonance 
spectra were recorded on a Perkin-Elmer R 10 (60 Mc/s) 
spectrometer in CCI4 or CDCI3 solution. 

Dirnetlryl Sulfiryl Ariiorr 
The reaction of sodium hydride with dimethylsulfoxide 

was carried out as described by Corey and Chaykovsky 
(6) except for the fact that it was unnecessary to remove 
the mineral oil from the sodium hydride suspension. This 
was because all the products could be separated by chro- 
matography on alumina and none of them moved with 
the solvent front, thus allowing ready separation and 
purification. 

Gerzeral Procedure for Ferrocetryl Olefin Sytitlrerir 
Triphenylalkylphosphoniumhalide (34 mmole) in di- 

methylsulfoxide (20 ml) was added to a cool solution of 
dimsyl sodium (prepared from 1.63 g sodium hydride 
suspension and 15 ml dimethylsulfoxide) under an 
atmosphere of nitrogen. Stirring was continued for 
10 min and a solution of the acylferrocene (32 mmole) in 
dimethylsulfoxide (20ml) was added. After a further 
1 Ymin the reaction was terminated by pouring the mixture 
into water (200ml). This was extracted with ether 
(5 x 50 ml). The organic layer was washed with water 
(3 x 50 rnl), saturated brine solution, then dried over 

Na,S04, and evaporated to dryness. The resulting semi- 
crystalline mass was chromatographed on alumina 
(Spence Grade H). Petroleum ether (40-60") eluted the 
desired ferrocenylethylene as a yellow band. By the 
application of this general procedure the olefins of 
reactions 1 4  and 6-10, in Table I, were prepared. Table 
I11 lists the physical constants and molar scale of reaction. 

Etlryl-3-ferrocenylacrylate 
Ethoxycarbonylmethylenetriphenylphosphorane (see 

ref. 8 and relevant references cited therein) (1.8g, 
5.3 mmoles) and formylferrocene (1.2 g, 5.3 mrnoles) were 
dissolved in anhydrous ethyl acetate (85 ml) and the mix- 
ture was stirred for 4 days. The solvent was removed by 
distillation and the product chromatographed on  alumina. 
Benzene eluted the product ethyl-3-ferrocenylacrylate (5) 
(1.02 g, 68 %) as dark-red crystals m.p. 58-60.5". 

I-Acetyl-1'-iroproperrylferrocene atrd 
1,I'-Di-isopropetrylferrocene 

Dimsyl sodium was prepared as originally described 
(30 mmoles in 15 ml dimethyl sulfoxide). To this solution 
was added methyltriphenylphosphoniumbromide (10.71 g, 
30 mrnoles) in dimethylsulfoxide (55 ml) and the mixture 
stirredf or 10 min. 1,l '-Diacetylferrocene (5.2 g, 20 
mmoles) in dimethyl sulfoxide (35 ml) was added and 
after a further 10 min stirring, the reaction was terminated 
by pouring it into water (200 ml). Conventional workup 
gave a semi-crystalline material which was chromato- 
graphed on alumina. Petroleum ether (4&6O0)/benzene 
(1 :I) eluted 1,l '-diisopropenylferrocene (1 .I7 g, 22.5 %) 
and petroleum etherlether (1 :3) eluted 1-acetyl-l'- 
isopropenylferrocene (2.78 g, 53.5 %) as dark-red crystals 
(unstable), m.p. 35-38.5" (Found C, 66.42, H, 6.07%. 
C,,H,,FeO requires C, 67.25, H, 5.97%.) 
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Solvent LiCI-KC1 in the nephelauxetic series for trivalent rare earths 

K. E. JOHNSON' AND J. N. SANDOE' 
Departnlent of C/~emistry, Sir John Cass College, London, England 

Received May 28, 1968 

The spectra of trivalent Ce, Pr, Nd, Sm, Eu, Tb, Dy, Tm, and Yb ions in molten LiCI-KC1 at 450 "C 
are reported over the range 0.28 to 2.8 ~r, and the baricenters of terms are tabulated for a wide variety 
of crystal and liquid hosts. These hosts can be arranged in a nephelauxetic series and for Pr3+ actual 
nephelauxetic parameters, (3, can be calculated by comparing average multiplet energies. 

Canadian Journal of  Chemistry, 46, 3457 (1968) 

The region of optical transparency for fused 
salt media can extend quite far into the infrared. 
For instance, the limiting wavelengths are 2.6 p 
for LiN03-KNO, eutectic at  150 "C (I), 2.8 p for 
LiC1-KC1 eutectic at  450 "C (2), and 2.7. p for a 
ternary sulfate at  550 "C compared with 1.4 p 
for water at  25 "C. This is useful for the study of 
lanthanide ions since their 4f" bands in this region 
are less subject to the complications of over- 
lapping multiplets. 

Banks et al. (3) have investigated the complete 
series of lanthanide ions except La3 +, Ce3 + , and 
Pm3+ in LiC1-KC1 eutectic at  400 "C through 
the visible and near infrared regions to 1 p. Sm3+ 
and Pr3+ ions have been investigated in LiC1- 
KC1 eutectic with high resolution in the near 
infrared (2), while several ions were studied in 
LiCl-KC1-NaCI eutectic at  400 "C (4). Carnall 
and co-workers (5-7) discussed the spectra of all 
the trivalent lanthanides except La3 + and Ce3 + 

in LiN0,-KN03 eutectic in terms of the transi- 
tions between LS multiplets of 4f". Certain ions 
were studied from an analytical viewpoint in 
fluoride melts by Young and White (8, 9) and 
the spectrum of Nd3+ in LiCl-KC1 and LiF was 
used to illustrate the use of the Unicam S.P. 700 
spectrophotometer (10). 

The characteristic narrow bands of these ions 
appeared in all melts but some fine structure was 
lost. Bands obtained only in nitrate melts in the 
1.7 p region were ascribed to water contamina- 
tion (4). A temperature increase of 400 "C caused 
a bathochromic shift of the Ho3 + bands (4) but 
a 200 "C increase showed no effect on the Nd3+ 
bands (10). 

'Present address: Division of Natural Sciences, 
University of Saskatchewan, Regina, Saskatchewan. 

'Present address: William Ramsay and Ralph Forster 
Laboratories, University College, London. 

This paper reports the spectra of several tri- 
valent lanthanides in LiCl-KC1 eutectic a t  450 "C 
over the range 0.28 to 2.8 p. Comparisons are 
made with the spectra in other solvents and 
crystals and actual or  relative nephelauxetic 
parameters are evaluated for the 4f electrons. A 
discussion of the nephelauxetic effect in rare 
earths appears in Sinha's book (11) together 
with other tables of spectra. 

Experimental 
Preparation of Lauthanide Ion Sol~~tior~s in LiCI-KC1 

E~rtectic 
Pure anhydrous eutectic was prepared by a procedure 

essentially following Laitinen, Tischer, and Roe  (12). 
SmCI, was prepared by passing HCI over hydrated 
chloride (Johnson Matthey Ltd., London) in a silica boat 
while raising the temperature to 550 "C over a period of 
30 h. YbCI, was purified by sublin~ation of so-called 
anhydrous material (Koch Light Laboratories) a t  600 OC, 
5 x r on to a water-cooled finger; the raw material 
was 3 % deficient in chlorine and gave turbid solutions in 
the melt. Thcse two salts could be added directly to the 
solvent. The hydrated chloride or oxides of the other 
ions (Johnson Matthey Ltd., Koch Light) were added to 
the solvent to produce cloudy solutions which were 
cleared by the addition of solid ammonium chloride. 
The HCI formed by dissociation of NH,CI reacted 
violently with the oxide and the H'O, and excess reagents 
could be pumped off after 30 min (cf. Carnall et  al. (5)). 
Solutions of Pr3 + could also be made from finely divided 
metal and a solution of NH4CI in LiCI-KCI. 

Instrumentation 
Spectra were obtained by means of three instruments, 

specially adapted for fused salt systems, a Beckman 
D.K. 2 recording spectrophotometer and both "large 
quartz" and "medium quartz" spectrographs of Adam 
Hilger Ltd. Quartz cells were employed. Full details of 
these operations will appear elsewhere (13). 

Spectra 
Figures 1-3 depict the spectraof the trivalent lanthanide 

ions in LiC1-KC1 at 450 "C. 
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4D 2l 2~ 2~ 2 ~ 4 ~  2~ 4~ 2~ 4~ 

FIG. 1. Spectrum of Nd3+ in LiC1-KC1 at 450 "C. 

Discussion of Individual Ions 
Cerium 

The only band observed was a broad one 
centered at 31.1 kK, which may be ascribed to 
a transition from the 'F,,, ground state to a 
level of the electronic configuration (Xe)(Sd)' 
split by the ligand field. Similar bands in 
this region have been observed for other environ- 
ments (1419). 

Praseodymium 
The spectrum resembles previous measure- 

ments at  400 "C except for the absence of two 
bands given by Banks et al. (3). Table ID3 sum- 
marizes the band positions and assignments for 
several hosts. The hosts have been arranged in 
order of increasing energy for a given transition. 

3Tables 1D through 8D together with references 32 
through 80 are in the Depository of Unpublished Data. 
Photocopies may be obtained free of charge, upon 
request, from: The Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, 'Ottawa, Canada. 

With a few exceptions, all bands move similarly 
for a change of host. Since the 3P transitions are 
identifiable for all hosts, the 3P energies have 
been compared with those for the free gaseous 
ion and p, the nephelauxetic parameter (= X 
3Phosl/C 3 ~ f r e e  ion), evaluated in each case. These 
quantities are listed in Table I. The values com- 
pare well with those of Jorgensen (20), based on 
his estimate of j3 = 0.97 for H,O and with those 
of Wong et al. (21). 

Neodymium 
Bands not previously observed for chloride 

melts were found at 4 and 6 kK. The spectra in 
LiCI-KC1 at 450 and 650°C and in KC1 a t  
800 "C were the same except for  some loss of 
fine structure and changes in relative intensity 
with increase in temperature. The solutions 
changed from pale pink just above the melting 
point to blue a t  .higher temperatures. 

The calculated multiplet positions are included 
with the LiCI-KC1 spectrum (Fig. 1) and the 
lower energy bands compared for  several hosts 
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JOHNSON A N D  SANDOE: SOLVENT LICI-KC1 IN THE NEPHELAUXETIC SERIES 3459 

TABLE I 
Term summations (in cm-') for Pr3+, Nd3+, Srn3+, and Dy3+ 

Term summation values in host 

M Term M203 M2S3 M202Te BaM2S4 MI3 LaBr, MBr3 

Term summation values in host 

LiCI/KCI LiN03/KN03 
M Term LaCI, PbMoO, MC13 at 450 "C at 150 "C LaF, H z 0  

Term summation values in host 

LiF at LiF/NaF/KF 
M Term 900 "C at 550 "C M F3 Y203  LaC1,.9H20 YAlG YGaG 

in Table 2D. Only the lower bands may be 
assigned and then not to transitions between 
defined crystal field states. The 41,12 - 411312 
transition was split into components centered at 
4.06 and 3.76 kK, a splitting (0.3 kK) compara- 
ble to that (0.28 kK) observed with a nitrate 
melt (5). Table 2D is arranged in order of de- 
creasing nephelauxetic effect as indicated by 
summing several band energies for each host. 
The summations are recorded in Table I. This 
series is not exhaustive and, in fact, tends to 
complement that given by Sinha (1 

Samarium 
Again only the lower energy bands are capable 

of being assigned to transitions between multi- 
plets. Rather than assume the 6H512 - 6F1!2 
transition to be very weak (5), one can expla~n 

4Sinha's book indicates the spectroscopic terms of 
interest for all the ions. 

the spectra for several hosts if the 6F,,2 and 
6F312 levels are sufficiently close to produce only 
one rather low energy band. The assignment of 
transitions to 6Fl12, 6F312, and 6H,,l, levels in 
LaCl, is unique (22, 23). Table 3D summarizes 
the band positions for several hosts and includes 
a nephelauxetic order based on the sums of 
energies of some 6~ and 6F terms listed therein 
(cf. Table I). 

Europium 
The spectrum in Fig. 3 shows strong absorp- 

tion at high energy, characteristic of EuZf  (13) 
and two doublets in the near infrared, not ob- 
served for solutions of EuC1, in LiCl-KCl-NaCl 
(4). These doublets are assigned to Eu3+,  7F0 
transitions to crystal field split 7F5 and 7F6 
levels. Table 4D summarizes some data on 7F 
transitions. It should -be noted that all Eu-doped 
crystals grown under normal conditions contain 
some Eu2+.  
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FIG. 2. Spectra of Ce3+, Yb3+, Pr3+, and Tm3+ in 
LiC1-KC1 at 450 "C. 

Terbium 
The bands in the 5 kK region have not been 

observed previously for this solvent. The assign- 
ments for the low energy bands (7F6 + 7 ~ 3 ,  
7F6 7F2,1,0) are given, in comparison with 
other hosts, in Table 5D. The excited states 7F2, 
7F1, and 7F0 were predicted to be 0.3 kK apart 
(24) so that the merging of the transitions to 
them is reasonable for the temperature of 450 "C. 
The transition to 5D4 (at 20.35 kK in LiC1-KC1) 
was identified through Zeeman work on terbium 
ethylsulfate (25) but the band at 26.5 kK is open 
to several interpretations (24). Table 5D shows 
only a limited correlation between the movements 
of all bands with a change of host. 

The broad band at 35.3 kK was a few times 
more intense than any f-f transitions and might 
be tentatively assigned to a transition to a level 
belonging to the electronic configuration 
(Xe)(4f)7(5d)1. Similar bands were reported for 
TbC1,3- at 3.60 kK (17). 

Dysprosium 
The low energy bands of Dy3+ are compared 

CHEMISTRY. VOL. 46, 1968 

for several hosts in Table 6D. Some 6F term 
summations appear in Table I. The band at 
5.88 kK showed fine structure for both LiC1-KC1 
and LiCl-KCl-NaCl (4) eutectics but not for 
LiN03-KNO, or DClO, (6). Generally the 
spectra shift as a whole with change of host. 

Thulium 
New bands for a chloride melt were observed 

at 5.62 and 8.13 kK. The breakdown of LS 
coupling for ions with almost full 4f" shells has 
raised doubts concerning the earlier assignments 
of Tm3+ spectra. We have used the recent scheme 
of Carnal1 et al. (26) to assign the bands for 
several hosts, including LiCl-KC1 eutectic 
(Table 7D). Again, most bands move similarly 
with change of host. 

Ytterbium 
Using solutions of 25 mg YbC13/ml, very weak 

peaks were obtained, particularly at 17 kK, in 
addition to the narrow band at -- 10.5 kK and 
the cutoff at -27 kK shown in Fig. 2. 

FIG. 3. Spectra of Sm3+, Dy3+, Eu3+, and Tb3+ in 
LiC1-KC1 at 450 "C. 
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The 10.5 kK band was resolved into three peaks 
and its position and structure are compared for 
several hosts in Table 8D. The band may be 
assigned as transitions between the crystal field 
split levels 'F,/, and 2F!12 and gives an approxi- 
mate value of 54f, the spln orbit coupling param- 
eter, of 2970 cm-l. A free ion separation has 
been given (27) but this is less than the values 
found for thecrystals so that only a nephelauxetic 
order can be derived. Different site symmetries 
may account for the different sets of results for 
CaF,. 

Conclusions 

The nephelauxetic series for Pr3+ and Nd3+ 
are probably the most reliable because of the 
relative simplicity of the configurations. A 
shortened list (in order of increasing (1 - P)) 
may be written for crystal hosts: 

YGaG < LaC1,.9H20 < LaF, < LaCI, 
< BaM2S4 < MZS3 < M203 < Y203 

where M is the metal under study. Sm3+ data 
agree with this order for LaCl3.9H,O, LaCl, and 
Sm,S3, and Tm3+ results agree for LaC13.9H20 
vs. Y,03. The results for Dy3+ differ from these, 
particularly in the case of Dy203.  For other ions 
quantitative comparisons are not possible. 

For nearly all ions the nephelauxetic effect for 
LiCl/KCl melt at 450" slightly exceeds that for 
LiN03/KN03 melt at 150". When series are 
compared for several ions, it is seen that the 
liquid and crystal phases have to be treated 
separately. 

Two steps in the evaluation of the series need 
justification. Firstly, is a comparison between 
sums of energies meaningful? We suggest that 
provided the terms concerned belong to the same 
multiplet, this procedure gives an average P with 
an averaged error. Terms of different multiplicity 
definitely have different P values (28). The second 
point concerns comparing ligands for different 
ions-an extension of the original concept of the 
effect. This is permissible provided series and not 
a specific P values are compared. 

The series obtained resemble those accepted 
for "d" transition metal ions with such sub- 
series as F- < C1- < Br- < I-. Thus the lower 
p values can be associated with greater cova- 
lency. 

A correlation between p and interionic distance 
was also noted for Pr3+ in praseodymium and 

-KC1 IN THE NEPHELAUXETIC SERIES 3461 

-4  

o - Pure Pr Hal ides 

- P r - o p e d  La 
Halides 

,8 FUNCTION 

FIG. 4. Interionic distance vs. B for Pr3+ in halides. 

lanthanum halide hosts as shown in Fig. 4, a 
linear dependence of (1 - P) on interionic dis- 
tance (29, 30). This plot obscures the direct pro- 
portionality between central ion size and p shown 
for Pr3+ substituted in a series of rare-earth 
chlorides (31), and may demonstrate merely a 
gross relation between halide ion size and halogen 
electronegativity. 
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Chalkogenides of the transition elements. VI. ' X-Ray, neutron, and  magnetic 
investigation of the spinels Co304, NiCo204, Co3S4, and NiCo2S4 
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The crystal structures of the spinels Co304, NiCoZ04, Co3S4, and NiCo,S4 were refined from X-ray 
and neutron powder data. Their lattice parameters at room temperature and the positional parameters of 
theoxygen and sulfur atoms were: C0304.8.0835 + 6 A, 0.2640 t 8; NiCoz04, 8.1 14 _+ 14 A, 0.2583 + 
34; Co3S4, 9.4055 f 12 A, 0.2591 +_ 5; NiCoZSp, 9.3872 f 7 A, 0.2591 f 3. The thermal stabilities of 
the two oxides in air and in oxygen at 1 atm were lnvest~gated by thermogravimetric analysis and differen- 
tial thermal analysis, and the magnetization of NiCo20, was measured down to 4.2 "K in fields up to 
11.70 kOe. From neutron diffraction NiCo,O, was found to be inverse, while NiCo2S4 was shown to be 
normal. The results of the magnetization measurements and the neutron-diffraction patterns at 11 1 and 
393 "K were found to be equally consistent with the magnetic structure proposed for NiCo204 by 
Blasse, Co2+ [Ni3+Co3+]04 (Co2+ in a high-spin and Ni3+ and Co3+ in low-spin states), and with Co3+- 
[Ni2+ Co3+ ] 0 4  (Co3+ in 8(a) in a high-spin and Co3+ in 16(d) in a low-spin state). The sublattice rnag- 
netizations were not completely aligned even at 4.2 OK; the net magnetic moment derived from the 
magnetization measurements was only 1.25 p,, which is lower than the value of 2pB expected from either 
model. At 111 "K the moments of the ions in the tetrahedral and octahedral sites were estimated t o  be 
1.9 _+ 0.2and -0.5 _+ 0.1 bohrmagnetons respectively. 
Canadian Journal of Chemistry, 46, 3463 (1968) 

Nickel in the cubic n phase Co8NiS, shows no 
noticeable preference for octahedral coordina- 
tion (1). It is of interest to know how common 

1 this lack of preference is in other sulfide structures 
based on a f.c.c. framework of sulfur atoms. The 
structure of the sulfospinel NiCo2S4 is of this 
type. It contains tetrahedrally and octahedrally 
coordinated metal atoms, but the distribution of 
Co and Ni in this compound has not been pre- 
viously studied. An investigation of this sulfoco- 
baltite was therefore undertaken. For comparison 
a similar investigation was carried out on the 
corresponding oxide, NiCo,04, which is mag- 
netic at room temperature (2-4), and on the 
binary compounds Co3S4 and Co304. All four 

'For part V see ref. 21. A preliminary account of this 
work was read at the Chemical Inst~tute of Canada Sym- 
posium on Structural Inorganic Chemistry in Halifax, 
N.S., September 1-3,1965. 

ZPresent address: Mineral Sciences D~vision, Mines 
Branch, Department of Energy, Mines and Resources, 
Ottawa, Canada. 

3NRCC Postdoctorate Fellow in the Neutron Physics 
Branch, Atomic Energy of Canada Limited, Chalk River, 
Ont., 1962-63. 

compounds have been described before, and 
some of them have been known for a long time 
(cf. Table I), but except for Co,04 the positional 
parameters of the nonmetal atoms have never 
been determined. 

Experimental 
Preparation and T/rermaI Stability of the Oxides 

Co304 was prepared by calcining reagent-grade cobalt 
carbonate at 700 "C in air and allowing the product to 
cool slowly. The composition of cobalt carbonate is 
always uncertain, but thermogravimetric analysis (t.g.a.) 
showed that the carbonate was completely decomposed 
into C O ~ O ,  between 550 and 600 "C (Fig. 1). There was 
no further loss of weight until Co304 began to lose 
oxygen and decompose into COO at about 950 "C. 

The diffraction pattern of the product, which was a 
very fine jet black powder, was well defined and contained 
no foreign lines. However, differential thermal analysis 
(d.t.a.) runs in stagnant air indicated onset of a n  endother- 
mic process at about 660 "C. The process was charac- 
terized by a composite peak terminating at about 1030 "C 
(Fig. 1). Consequently the decomposition of Co304 into 
COO cannot be simple, and C0304 may undergo some 
transformation below the calcining temperature, 700 "C. 
At first glance the peak seems to consist of a small broad 
peak centering at about 900 "C and a much narrower 
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- $TlONA*T AIR 

FIG. 1. T.g.a. and d.t.a. curves of cobalt carbonate 
and Co304 in stagnant air and in flowing oxygen. The 
t.g.a. curves are not on the same scale. D.t.a. peaks are 
cut off at  half-widths. Weight changes in the t.g.a. curves 
refer to 1 COO (final state on heating). Rate of heating, 
6 "C/min; rate of cooling, 6 "C/min, then natural cooling. 

main peak positioned at about 982 "C. However, the 
profile of the composite peak is less symmetric than would 
correspond to an overlap of the two component peaks. 
In this the composite peak resembles somewhat the cor- 
responding peak for NiCoz04 (Fig. 2), the asymmetry of 
which is much more pronounced. A d.t.a. run in flowing 
oxygen gave a similar result, but the main peak was 
shifted to about 1010 "C, while the broad peak remained 
essentially unchanged. The indications of fine structure of 
the broad peak are probably real, since they reappeared 
on cooling. The increased separation of thc component 
peaks in oxygen showed that the main peak was 
symmetric. 

There was no change in weight (within about + 1 mg 
on a 0.5 g sample in stagnant air) that would correspond 
to the endothermic d.t.a. peak in the 660-920 "C range, 
even when the usual uncertainties in correlating t.g.a. and 
d.t.a. curves are taken into account. 

Even though the thermal hysteresis of the main d.t.a. 
peak in oxygen amounted to about 100 "C, reoxidation of 
the COO ultimately formed appeared to be fast and pro- 
ceed through essentially the same stages as the decom- 
position of Co304. This must also be the case on heating 
in air, as tfie final product obtained by the decomposition 
of the carbonate was single-phase Co304. The calcining 
temperature employed in the preparation, 700 OC, may 
perhaps have been too high, but the product reoxidized 

completely during the slow cooling, and calcining a t  
700 "C may have improved the crystallinity of the result- 
ing oxide. 

NiCoz04 was prepared by dissolving the requisite 
amount of dried C0304 and NiO (reagent grade) in nitric 
acid, evaporating to dryness, and decomposing the residue 
on a hot plate till no more nitric fumes were given off. 
The resulting magnetic powder was ground and thor- 
oughly mixed by repeated screening through a 325-mesh 
screen. T o  establish a maximum safe firing temperature 
the mixed oxide was investigated by t.g.a. in stagnant air 
and in flowing oxygen (Fig. 2). In air the loose powder 
(not dried) began to lose weight almost as soon as the 
heating started. A poorly dcfincd plateau was reached a t  
about 200 "C; at about 350 "C a steady loss of weight set 
in. From there on there was a continuous and significant 
loss of oxygen till about 940 "C. In oxygen the weight loss 
became appreciable at ca. 400 "C, the shape of the t.g.a. 
curve being similar to that obtained in  air but shifted by 
approximately 50 "C towards higher temperatures. The 
composition of the final product above 950 "C in air 
corresponded to NiCoz03, i.e. (Ni,/,Cozl,)O. 

When the t.g.a. residue was allowed to cool in the 
thermobalance from 1100 "C in air, perceptible reoxida- 
tion began at ca. 830 "C. The amount of  oxygen absorbed 
in the reoxidation was less then $0, per formula unit of 
NiCo,03. Powder photographs of thc  cooled product 
contained strong but diffuse lines of a B1 pattern and 
reasonably sharp lines corresponding to the Co304 
pattern. This would point to reoxidation of a homoge- 

FIG. 2. T.g.a. and d.t.a. curves of NiCo,04 (not dried) 
in stagnant air and in flowing oxygen. Weight changes in 
the t.g.a. curves refer to 1 (Ni,13Coz13)0 (final state on 
heating). Rate of heating, 6 "Clmin; rate of cooling, 
6 "C/min to about 500 "C, then natural cooling. 
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neous solid-solution NiCoz03 phase of  the rock-salt type 
to a mixture of  NiO, COO, and C0304, the lower oxides 
forming at least a limited solid solution. 

From these results it was concluded that 300 "C in 
oxygen at atmospheric pressure would be a reasonable 
preparation temperature. Pressed disks of the nitrate 
calcine were fired for 7 days at 300 "C in flowing oxygen 
followed by slow cooling in the furnace. They crumbled 
readily to a very fine jet-black, strongly magnetic powder 
which gave a diffuse spinel pattern that could not be 
measured with satisfactory accuracy. The firing was 
repeated but the resulting patterns were still of poor 
quality. Both C0304 and NiCoZO4 were so fine that there 
was no need of  grinding the powders to  pass 400 mesh. 

These results were in general agreement with the findings 
of Holgersson and Karlsson (2) who obtained, by firing 
the mixed nitrate at  850 "C in air, a homogeneous solid 
solution of COO and NiO, while gentle heating over a 
Bunsen flame produced a spinel phase. However, Lot- 
gering (4), who fired the nitrates at 300 'C in oxygen, 
remarks that though NiCo204 is unstable above about 
400 "C, he was able to determine a reversible 1 / ~  vs. tem- 
perature curve up to about 800 "C. Gocan (20) reported 
that he obtained magnetic spinel phases by calcining the 
mixed nitrates at 400, 500, 600, and 700 "C for 4 h, while 
at 800 "C a mixture of NiO, COO (two separate phases), 
and Co304 resulted4. 

T o  see if reversible reoxidation does take place on slow 
cooling, a specimen of NiCoz04 was heated as loose 
powder at 700 "C for 2 days in flowing oxygen and then 
cooled to room temperature over 10 days without stop- 
ping the oxygen flow. The powder pattern of the product 
showed strong lines of a B1 phase as well as a weaker line 
pattern that appeared to correspond to  that of Co304. 
Considering that at 700 OC the main loss of oxygen in our 
t.g.a. experiments had not yet taken place, our results are 
at variance with the findings of  both Gocan and Lot- 
gering. 

Differential thermal analysis curves, in stagnant air 
and in flowing oxygen, of a NiCoZO4 specimen used for 
neutron diffraction showed similarities with the curves 
for Co304, but the composite endothermic peaks were 
much more asymmetric, and even in oxygen there was no 
separation of the component peaks (Fig. 2). A puzzling 
feature, not present in the d.t.a. curves of C0304, was a 
weak exothermic peak in the vicinity of 220 "C which 
appeared in air, oxygen, and purified argon, but only 
when virgin material was used. It was not observed on 
recycling. With the aid of infrared spectra of  the oxide 
dispersed in KBr pellets it was eventually traced to small 
amounts of residual nitrate which was present even after 
the prolonged calcination. It seems that the initial loss of 
weight in the t.g.a. experiments (below say 300 or 350 "C) 
had its origin in the undecomposed nitrate and moisture. 

Preparation of the Sulfides 
Co3S4 and NiCozS4 were prepared from Cogs8 or 

4The lattice parameters of these spinels are given as 
8.292, 8.316,8.258, and 8.280 A for the four temperatures 
employed, and that of C0304 is quoted as 8.180 A. All 
these values are higher than any reported by other authors. 
They will be even higher when the wavelength used by 
Gocan, h(CuKu) = 1.537 A, is converted to h(CuKE) = 
1.542A 

Co8NiS8, which were available in sufficient quantities 
from previous neutron-diffraction work (I), by adjusting 
the compositions with requisite amounts of sulfur and 
nickel and reacting the mixtures in evacuated silica 
ampuls. The reacted sulfides were ground to  pass 100 
mesh, mixed thoroughly by repeated screening, and re- 
sealed for homogenization (cf. ref. I). This procedure 
was repeated when necessary. The resulting moderately 
sintered compacts were crushed to pass 100 mesh, except 
for the small amounts that were used for X-ray diffrac- 
tion. These were ground carefully to pass 325 mesh. 

X-Ray and Neutron Diffraction 
X-Ray powder photography and measurement of 

integrated X-ray diffractometer intensities were carried 
out in a manner described elsewhere (18). Smear mounts 
were prepared by mixing the powders with silicone 
grease to a thick paste, pressing the paste into a shallow 
counterbore (0.4-0.6 mm deep) in a lucite slug, facing the 
paste with dry powder, and smoothing the resulting sur- 
face by gentle pressing against a microscope slide. Com- 
parison with a pressed disk of NiCoZO4 showed that 
there was no gain in intensity on pressing, and smear 
mounts were used throughout. There was no evidence of 
preferred orientation. The wavelengths used wereFeKul, 
1.93597 A ;  FeKE, 1.93728 A;  CoKu,, 1.78892 A;  and 
CoKZ, 1.79021 A. 

The neutron-diffraction experiments were performed 
at the NRX reactor of Atomic Energy of Canada Limited 
at Chalk River, Ont. As the  investigation extended over 
4 years, the diffraction patterns were obtained under a 
variety of conditions, not always strictly comparable. 
The neutron beam was monochromatized by Bragg 
reflection through 40" from the (111) plane o f  either an 
Al (h = 1.60 A) or a G e  crystal (h = 2.234 A).  A single- 
crystal quartz filter 6 in. thick reduced the second-order 
(Al) and third-order (Ge) contents of  the incident beam 
to less than 2%. A double-wall aluminium cryostat per- 
mitted measurements to be made at liquid-nitrogen and 
higher temperatures. Absorption corrections were deter- 
mined from transmission measurements. I n  the more 
recent runs (Fig. 4) higher angular collimation was used. 
Other details are given in refs. 18 and 19. 

The raw neutron-diffraction patterns were reduced to 
p F Z  patterns (19, 28). Overlapping peaks were resolved 
and Gaussian profiles fitted to all the peaks by a least- 
squares program written for the IBM 1620 (40K). 

Least-Squares Refitzernent 
The origin of the unit cell of the spinel structure (space 

group Fd3m) was taken at  the center of symmetry. For a 
normal ABzX4 spinel there are 8 A atoms in 8(a): + (118, 
118, 118) etc.; 16 B in 16(d); and 32 X in 32(e): +(xxx) 
etc., with x in the vicinity of a. 

An ad hoc full-matrix uronram written for IBM 360150 
and weighting scheme ~3 o f  ref. 21 were used in ;he 
refinements. A three-function interpolation scheme (22) 
was employed to compute the X-ray scattering factors 
from the equidistant values listed in refs. 23 (self-consis- 
tent field) and 24 (0'-) after they had been corrected for 
dispersion (both parts) (25)5. Ionic scattering factors 

5The dispersion correction for oxygen was taken from 
ref. 23 (CrKu). 
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TABLE I 

Lattice parameters of the spinel cobaltites 

Com- 
p ~ d  a ~ ,  8, Preparation Reference 

c0304 8.05* 
8.07* From nitrate; 700 "C 
8.124* From nitrate by gentle heating; one diffuse doublet not indexed 
8.126* 
8.09 
8.070 
8.092 From nitrate; 750 "C/5 h in oxygen 
8.084 

(24 "C) From fluoride; 850 "C/24 h, h(CoKa,) = 1.7889 A 
8.083t 
8.0855 + 5 From nitrate; calcined at 500 OC, ignited at  900 "C/240 h 
8.065 From COO at 860 "C in oxygen; h(CoKu) = 1.790 A 
8.0835+6 

c03s4 9.38* 
9.401* 
9.416 From Co+ S; 600 "C/24 h, 500 "C/60 h 
9.399 & 2 From Co + S ; 600 "C/24 h, 700 "C/70 h 
9.4055 + 12 550 'C/4 days, 620 "C/3 days, slow cooling in furnace 

NiCo204 8.128* From nitrates (see footnote in text) 
8.098 
8.121 From nitrates; 300 "C/5 h in oxygen. Pattern not sharp, traces ofa  second phase 

(NiO ?) 

This work 
13 
14 
4 

I 5 
This work 

2 
3 

8.114+ 14 This work 
NiCo2S4 9.392 From Ni+Co+S;  500 "C/10 h, 1000 "C/4 h, 1000 "C/4 h,(+S)500 "C/48 h 4 

9 384 + 2 From Ni + Co + S; 500°/24 h, 1000 "C/4 h, 500 "C/48 h 15 
9.3872+ 7 500 "C/7 days, cooled to room temperature over 5 days (final heat treatment) This work 

--- 
'Adjusted to wavelengths used in this work. In refs. 2 and 7 it IS not clear whetherthe units were A o r  kX. 
tCo oxalate dihydrate calcined in air at  50&750 "CIS h. The product gave reproducibleresults, although gravimetric analysis and determination 

o f the  oxidizing power indicated a slight oxygen deficiency oftheorderof  1 % (16). 

were normally applied to the oxides and neutral to the well with, most of the recent determinations 
sulfides. The neutron scattering amplitudes were taken ( ~ ~ b l ~  1). ~h~ possibility that a, depends some- 
from ref. 26 (for b(Co), however, see under C0304). 

The same abbreviations are used in this paper as in ref. what On the method of preparation be 
21. The X-ray powder intensities of all fqur compounds excluded (cf. ref. 31, so that the slight differences, 
have been submitted to the ASTM X-ray powder data within the range 8.08-8.09 A, may be real. 
file. A refinement from X-ray  data^ based on the 
Magttetic Meas~rreti?ents normal distribution, C O ~ ' [ C O , ~ ' ] ~ , ~ - ,  and 

Intensities of magnetization of NiCo204 were mea- using individual isotropic temperature factors 
sured, in the temperature range 4.2-533 OK, by the Fara- gave a physically reasonable result, though the day method using a magnetic balance. The balance was 
similar to that described by Hirone er al. (27) except that temperature factors of both Co were 
thc deflection was detected by a mirror-ohotocell instead higher than one might expect (Table 11). How- 
of a parallel-plate condenser system. k t  liquid-helium ever, the same results were obtained when the 
temp&aturc thc maximum magnetic field was limited to was started from widely different sets 
8.60 kOe because of the larger pole gap required to of initial parameter values or when a linear Corn- accommodate the cryostat. At higher temperatures fields 
up to  11.70 kOe were used. The temperature of the pow- bination of B(O) and ~ ( 0 )  was introduced as an 
der specimen, which weighed about 10 mg, was measured independent parameter to counteract the B(0)- 
with a calibrated AuCo-Cu thermocouple, ensuring good ~ ( 0 )  correlation, which had the largest correla- 
contact of the thernlocouple with the powder. The tioncOeficient, -0.65. 
balance was calibrated by measuring the magnetization 
of pure nickel powder. No significant difference resulted when the 

structure was refined for an overall temperature 
Results and Discussion factor (Table 11) or when the inverse structure, 

c03 0 4  Co3+ [Co2' C O ~ + ] O ~ ~ - ,  was assumed. The x(0) 
The lattice parameter of our preparation agreed value, 0.2637 4 13, compared favorably with 
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TABLE I1 
Results of the least-squares refinements from X-ray data (FeKa)* 

After HA), B(B), B e ) ,  e.s.d. 
cycle B(overall), A2 A2 A' A' x ( x )  K R, % ( w )  

'Only results for the best rnodelsare listed here. F o r  other models tried see t ex t .F in t  line, initial parameter values; second line, 
final parameter value?. 

that obtained by Roth (12) from COKE intensi- 
ties, 0.2636. 

Only 9 single IF, 1 could be extracted from the 
neutron-diffraction pattern of Co304 (Fig. 3) by 
Gaussian analysis. Correction for second-order 
contamination was obtained from 40012, which 
is a wholly second-order peak. It amounted to 
about 0.8 % of the first-order reduced intensity. 
Refinement from these limited data was rendered 
even less favorable by the uncertainty in the value 
of b(Co). Shull and Wollan's value, 0.28 (29), 
had been revised from COO to 0.25 (30), from 
Co metal and Co304 to 0.250 + 10 (31), and from 
Co304 to 0.232 + 25 (12) (all values in 10-l2 
cm). Both 0.235 (also quoted in ref. 12) and 0.250 
were tried in our refinement. An attempt was also 
made to include b(Co) as a parameter of refine- 
ment. 

The results of a number of refinements can be 
summarized as follows. Refining for K and x(0) 
only, and putting B(overal1) = 1.00, b(Co) = 
0.250, gave an overall agreement which was 
oetter than for b(Co) = 0.235 at a significance 

'1 RAW PATTERN a H 

2 lo- ; 

: ,- 
a 

REDUCE0 PATTERN 

$ 

FIG. 3. Raw and reduced neutron-diffraction pat- 
terns of Co304 at room temperature (monochromator, 
Al(l11); h = 1.60 A; average counting time per point, 
20 min). 

6There is a misprint in Roth's Table 1 : the I, and I, of level close to (33), but x(0) was the same in 622 (X-rays) cannot be 105 and 112 respectively. The 
values should probably be 10.5 and 11.2. both cases, 0.2621 +_ 6. The same was true when 
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refining for K, x(O), and B(overal1): x(0) = 
0.2624 f 6, B(overal1) = 0.89 + 8, R = 1.84%, 
e.s.d. (w) = 0.062. 

Attempting to refine b(Co) and K using best 
x(0) and B(overal1) from the X-ray data gave 
b(Co) = 0.257f 11, while with best x(0) and 
B(overal1) from the neutron data, and starting 
from b(Co) = 0.235, gave 0.248+5. 

Even though the present data are insufficient to 
establish a reliable value of b(Co), they tend to 
confirm Moon's value of 0.250 + 10. The strong 
parameter correlations in Co304 render ~ ( C O )  
values derived from this compound unsatisfac- 
tory (ref. 12 and this work); Moon's results ob- 
tained with Co metal are not discussed in ref. 31 
in sufficient detail to judge their reliability. Thus 
the value of b(Co) cannot be considered as settled 
even within the accuracy expected from such de- 
terminations. 

Our best x(0) from neutron data, 0.2624 + 6, 
does not significantly differ from Roth's value, 
0.2632 f 4 (12), and its 20 range overlaps with 
that of x(0) from our X-ray data. 

NiCo, 0, 
The high-angle lines of the NiCo204 powder 

photograph were not sharp enough for a Nelson- 
Riley extrapolation. A 3:2 mixture by weight of 
NiCo204 and NiO (a, = 4.1765 f 5 A) was 
therefore used to provide internal calibration. 
The resulting lattice parameter was within the 
range of values reported in the literature (Table I). 

Refinement of the structure from X-ray 
data was less satisfactory than for Co3O4. The 
powder pattern yielded only 11 sufficiently well- 
defined single reflections. Refinements based 
on the models C O ~ + [ N ~ ~ + C O ~ + ] O ~ ~ -  (S = O), 
Co2+ [Ni3+Co3+ ]042-, and Ni2+ [ C O , ~ + ] O ~ ~ -  
(s = l), with individual isotropic temperature 
factors as well as with an overall temperature 
factor, gave results that did not significantly differ 
among themselves7. An exception was the refine- 
ment for s = 1 and B(overal1). This was found 
rejectable, on Hamilton's W criterion (33), at 
the 5 %  significance level when compared with 
the refinement for s = 0 and B(overal1). 

7The inversion parameter s is defined by f(Mtetrahedral) 
= sf(Ni) + (1  - s)f(Co) and .2f(M ,,,, = (1. - s) 

/(Nil + (1 ,+ s) f(Co), and s~rnilarly for neutron d~ffrac- 
t ~ o n .  That IS, s = 1 corresponds to the normal; s = 0, to 
the inverse; and s = 113, to the random (i.e. 8(a) + 16(d)) 
distribution. For Co304, read Co2+ for Ni and Co3+ 
for Co. 

The unexpectedly close similarity of the ex- 
ploratory neutron-diffraction patterns of the 
oxide obtained at room and liquid-nitrogen tem- 
peratures and a t  120 "C made it evident that the 
magnetic contribution to the total diffracted 
intensity was rather small and that unless an 
effort was made to ensure adequate counting 
statistics, attempts to interpret the magnetic 
structure would fail. Diffraction patterns were 
therefore obtained at - 162 and 120 "C using 
counting times of about 25 min per point (Fig. 4). 
These were judged reasonably satisfactory for 
Gaussian analysis, by which 10 IF, I were ex- 
tracted. 

The R factors calculated from the high-tem- 
perature IF, I and a reasonable set of unrefined 
parameter values were 12% for s = 0, 22% for 
s = 113, and 5 1 % for s = 1. The best refinement 
of the inverse model (using b(Co) = 0.250) 
resulted in x(0) = 0.2594 f 30, B(overall) = 
0.83 f 42, R = 9.08 %,e.s.d.(w) = 0.279. When 
B(overal1) was fixed to 1.00, the same x(0) and R 
values were obtained. The values of x(0) and 
B(overal1) agree well with the corresponding 
values for s = 0 from the X-ray data (Table 11). 

Attempts to refine for K and s only did not give 
meaningful results. 

co3s4 
The x(S) for Co [Co2]S4, 0.2587 + 6, was very 

close to Lundqvist and Westgren's trial-and-error 
value, 0.260 (converted from - 0.135 for a differ- 
ent choice of origin) (14). There was no significant 
difference between the refinement for the neutral 
model and for Col + [Co1+Co2+ IS4' - regardless 
of whether individual isotropic temperature 
factors or B(overal1) were used, except that B(Co) 
of both Co atoms were positive indefinite. 

To  test the effect of the dispersion corrections 
the structure was also refined employing uncor- 
rected neutral and singly ionic scattering factors. 
The results could be rejected at the 0.5% signi- 
ficance level when compared with those of the 
preceding paragraph. Thus the assumed degree 
of ionicity appears to affect the refinement much 
less than omission of the dispersion corrections. 

NiCo2S4 
Three models were used in the refinement from 

X-ray data: Ni[Co2]S4 (s = I), Co[NiCo]S, 
(s = O), and (NiCo2)S4 (s = 113). Since the 
ionicity did not appear to produce a significant 
difference in the refinement of Co3S4, only 
neutral atoms were used for NiCo2S4. 
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FIG. 5. Neutron-diffraction pattern of NiCozS4 at room temperature (monochromator, AI(111); h = 1.60 A;  
average counting time per point, 7 min). The second-order contribution has been removed from thepF,2 histogram. 
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ment gave x(S) = 0.2561 + 47, B(overal1) = 
-0.39 $- 55, R = 10.69%, and e.s.d.(w) = 
0.288. 

Attempts to refine the normal structure for K 
and s were inconclusive. If anything they seemed 
to indicate that s might be somewhat smaller than 
unity. Further treatment did not appear justified 
because of the uncertainties in the neutron- 
diffraction patterns, the smaller number of usable 
reflections, and the relatively low scattering 
amplitude of S. 

Magnetic Measurements 
Magnetization curves of NiCo,O, were mea- 

qmo- 

m- 

sured with decreasing magnetic field at different 
temperatures (Fig. 6A). Hysteresis was found at 
low fields, i.e. the magnetizations measured with 

- 
n 

OBSERVE0 I 
d 
- 

- r - NORMAL Is.11 

r- 
- 

$ : -. - . a 

n m 
- 

increasing fields were somewhat smaller. The 
temperature dependence of magnetization at 
11.70 and 7.88 kOe is shown in Fig. 6B. The values 
of magnetization were lower than those obtained 
by Lotgering(4). 

The magnetization was not completely satu- 
rated even in a field of 11.70 kOe, and the mag- 

- 

netization vs. T curve was of unusual shape. 
Since both Lotgering's and our preparations 
were contaminated with small amounts of 
foreign phases of uncertain identity8, it is rather 
difficult to estimate the "true" saturation mag- 

- 

RANOOM (..If31 

netization and the Curie point.'When the magne- 
tization vs. Tcurve at  7.88 kOe is extrapolated to 
0 OK, the magnetization reaches 29.0 e.m.u./g, 
which corresponds to 1 . 2 5 ~ ~  per NiCo2O4 for- 
mula unit. Blasse (34) obtained, from Lotgering's 
data, the value of 1 . 5 ~ ~  and also estimated, by 

- f 
mo 

extrapolating a linear portion of the magnetiza- 
tion vs. T curve to zero magnetization, the Curie 
point as 350 OK. This value seems, however, 
incorrect because the magnetizations at 460 OK 

are not yet proportional to magnetic fields (Fig. 

8Lotgering suggests that the foreign phase in his speci- 
men may have been NiO. If so, C0304 would also have 
been present, and possibly COO as well; the lower oxide 
may in fact have been a solid solution (Ni,Co)O. Quite 
apart from the presence of foreign phases the magnetic 
properties of NiCozO, itself may depend on its exact 
stoichiometry and on the details of preparation. Lot- 
gering's report that the l/x vs. Tcurve was reversible up 
to 800 "C further complicates the situation. 

- INVERSE fl.01 

8 - - 
? - - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KNOP ET AL.: CHALKOGENIDES OF THE TRANSITION ELEMENTS. VI 3471 

3 6 9 12 0 

MAGNETIC FIELD,  k O e  

200 400 600 

TEMPERATURE, " K  

FIG. 6. (A) Field dependence of the magnetization of NiCo204 at different temperatures (measured with decreasing 
magnetic field). (B) Temperature dependence of the magnetization of NiCo204 at 7.88 and 11.70 kOe. Lotgering's data 
are reproduced from Fig. 4 of ref. 4. 

6A). The true Curie point would be expected to 
lie in the vicinity of 500 OK. 

There is little doubt that NiCo204 is not simply 
ferromagnetic but ferrimagnetic. The anomalous 
magnetization vs. Tcurve suggests the occurrence 
of NCel's R-type of ferrimagnetism (35), in which 
one of the two sublattice magnetizations is not 
completely aligned9. 

Magnetic Contribution to the Neutron-Dzflaction 
Pattern of NiCo204 

Compared with the corresponding NiCo204 
pattern a t  120 "C the reduced (pF:) pattern at 
- 162 "C showed the expected overall increase 
in intensity, and the 331 and 422 maxima were 
sharper, but no separate magnetic peaks were 

'Strictly speaking Neel's theory of  R-type ferrimag- 
netism is incomplete. Either the triangular spin configura- 
tion proposed by Yafet and Kittel (36) or the ferrimag- 
netic spiral configuration similar to that of MnCr20L (37) 
may be realized in the present case. The results of neutron- 
diffraction experiments, however, are insufficient to 
establish these nonlinear spin arrangements. Neel's R- 
type arrangement may be regarded as the first approxi- 
mation of such arrangements. 

observed (Fig. 4). The magnetic unit cell at 
- 162 "C thus appears t o  coincide with the chem- 
ical unit cell. 

To  determine the magnetic contribution to  the 
total diffraction intensity at - 162 "C, the inte- 
grated reduced intensities at the two tempera- 
tures of 5 reflections a t  low Bragg angles were 
evaluated by Gaussian analysis and the  second- 
order contributions were removed. The values of 
the ratio r = ~:(111 "K)/F?(393 OK) are shown 
in Table IV. 

Since the two patterns were not obtained under 
the same conditions, the two sets of pF: were 
normalized to  440, in which the magnetic contri- 
bution to  the observed intensity should be negli- 
gibly small: ro = (r/t)(t440/r440) = Fo*2(total)/ 
Fo*2(nuclear), where F* are temperature-inde- 
pendent structure factors and t = exp [- (B,, , - 
B,,,) sin2 B/h2]. The temperature factors were 
estimated by assuming the oxide to behave like 
an isotropic Debye solid with a characteristic 
temperature O of 400 OK. This value would 
correspond to  a BZ9, of approximately 0.6 a 2 ;  t 
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TABLE 111 
Observed and calculated structure factors (X-ray and neutron data) 

C O ~ + [ C O ~ ~ + ] O ~ ~ -  C O ~ + [ N ~ ~ + C O ~ + ] O ~ ~ - -  CO[COZ]S~ Ni[Co2]S4 

hkl 10lFoI 10Fc 10IFoI 10Fc 1 0 ( F o J  10 Fc 10(FoJ 10 F, 

X-Rays (individual temperature factors) 
754 761 918 939 

1420 -1516 1746 - 1740 
2388 -2470 2600 - 2640 
1371 1252 433 - 566 
3023 2956 4983 4935 
- -318 - 37 

1026 1089 1296 1340 
4171 3972 6563 6523 

403 - 440 597 - 566 
- 25 - 132 
* 813 1074 1077 
.I - 1460 1781 - 1874 
7 1145 - - 262 

1472 1581 3402 3455 
* 468 1012 1022 

616 - 659 1060 -1110 
2224 241 9 5076 4998 

* - 550 - 106 
- -318 

2758 2776 

Neutrons (K, x, B(overal1)) 

*Observed but not counted. 
t533 and 622 could not be resolved. 
$Actually 551 + 71 1, but 10(71 I )  negligible. 
§Actually 91 1 + 753, but f0(753) negligible. 

is relatively insensitive to variations in O. The 
experimental value of F,*(magnetic) can then be 
obtained from q-'(r0 - 1) F,,*2(nuclear), where 
q2 = 213. Instead of F,*'(nuclear) the corre- 
sponding calculated values were employed (Table 
IV). 

The magnetic scattering amplitudes used in the 
calculation of the theoretical values of F*(mag- 
netic) were p,  = 0.269 fA MA for the cations in 
the 8(a) sites andp, = 0.269 f, MB for the cations 
in the 16(d) sites. The magnetic form factors, f, 
and f,, were tentatively chosen to be the mean 
values df f(Ni2+) and f(Co2') given by Scatturin 

et al. (38), so that fA = f, = f. Little difference 
resulted when Watson and Freeman's theoretical 
((j,) only) form factors (39) were employed. 

The saturation magnetization a t  11 1 OK was 
found from the magnetic-balance measurements 
to be approximately 0.9 p, per formula unit 
(Fig. 6). The effective magnetic moments must 
thus satisfy the relation MA + 2MB = 0.9 pB. In  
order to obtain reasonable results they must be 
assumed to have opposite signs (MA > 0, 
MB < 0), i.e. NiCo20, is ferrimagnetic. 

The theoretical values of F*'(magnetic) for 
three combinations of MA and M, values are 
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TABLE 1V 
Comparison of theoretical and experimental magnetic structure factors for NiCo204 at 1 1  1 OK* 

- 

F*2(magnetic)/16 

Theoretical 

MA = 1 .5  1 . 7  1 .9  
hkl f r ro F,*z(nuclear)/16 Exptl. M, = - 0 . 3  -0 .4  - 0 . 5  

*The uncertainty limits o f r  are based on  the assumption that the estimate o f  the second-order contamination o f  the diffracted 
beam was in error by 12%. 

shown in Table IV. The uncertainty limits of the 
corresponding experimental values were esti- 
mated from an assumed error of 12 % in the esti- 
mate of the second-order contamination, but 
there are other sources of uncertainty. The mag- 
netic form factor is approximate; x(0) may vary 
with temperature; the exact degree of inversion is 
not known; and as the discrepancy in Lotgering's 
and our magnetization curves shows, the value of 

less of the strength of the crystal field. The net 
magnetization would be the same as that of the 
arrangement proposed by Blasse. 

The results of the neutron-diffraction study are 
not inconsistent with either model. The numerous 
unfavorable factors inherent in an investigation 
of NiCo,O, preclude other models of the mag- 
netic structure to be meaningfully tested. But 
the applicability of such models (e.g.Yafet-Kittel 

the saturation magnetization at 1 11 OK must be triangular arrangement or screw-type ferrimag- 
viewed with caution. The poor crystallinity of the netism) might be investigated on an improved set 
oxide and the presence of small amounts of of experimental data. It should be possible to 
impurity phases in both investigations must have increase the crystallinity of the oxide by high- 
affected all the measurements to a varying degree. pressure annealing in oxygen above 300 OC. The 

Taking all these factors into account, the magnetic contribution could be increased and 
agreement of the F *'(magnetic) at 11 1 OK 
(Table JV) is not unreasonable. The best values 
of MA and MB would appear to be 1.9 + 0.2 and 
-0.5 + 0.1 bohr magnetons. They would be 
larger at lower temperatures. 

Blasse (34) suggested that the ionic structure of 
NiCo,O, might be Co2+[~i3 'Co3+]0, ,  with 
CoZ+ in a high-spin state (MA = 3 p,) and 
Ni3+ and Co3+ both in low-spin states (MB = 
0.5 p,). Assuming the spin moments at 0 OK to 
be antiparallel and completely collinear, the net 
magnetization would be 2 p,. The values found 
by experiment, however, were only 1.5 p, (4, 34) 

evaluated with more certainty from neutron- 
diffraction experiments at 4.2 and 500 OK on 
reducing the second-order component of the 
beam to a negligible value, and it could be sepa- 
rated, a t  liquid-helium temperatures, from the 
nuclear contribution by applying a n  external 
magnetic field. 

Interatomic Distances 
The apparent M-0 and M-S distances in 

the cobaltites are compared with similar dis- 
tances in simple oxides and sulfides of Co and Ni 
in Table V. The effective size of the 3 d  atom (or 

and 1.25 p, (this work) respectively. Even if the ion) depends not only on its oxygen or sulfur 
estimates of the saturation magnetization at 0 OK coordination but, as would be expected, also on 
are in error by as much as 20%, the alignment of its spin configuration (cf. ref. 48). The distances 
the spin moments cannot be complete. cannot be meaningfully compared unless the 

Another possible structure is Co3+ [Ni2+- spin states are known with certainty and the 
Co3+]0,, with the Co3+ ions in 8(a) and 16(d) respective spin sublattices are clearly defined. 
in high (4 p,) and low (0 p,) spin states respec- Unfortunately the compounds for which this 
tively. The Ni2+ ion has a moment of 2 p, regard- information is available and which are otherwise 
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TABLE V 
Interatomic distances, in A, in the cobaltites and other compounds* 

Distance Tetrahedral coordination Octahedral coordination 
- 

CoZ+ [Coz3+]04 (h.~.): 1.946f 34 
(this work) 

Co[Coz]S4: 2.184f23 (this work) 

Ni[CoZ]S4: 2.179+ 12 (this work) 
Ni3S2 : 2.28 (kX ?) (47) 

COO (Bl, h.s.): 2.1290+5 (40) 
2 .1301f5 (41) 

CoZ+ [CoZ3+]04 (1,s.): 1.915f 18 (this work) 
NiO (Bl, h.s.): 2.0973 + 5 (275 "C) (42) 

2.0894(+ 6) (300 OK) (43) 
Co[Co2]S4(l.s.?Cf. refs. 15 and 49): 2.268 1 1 3  (this work 
Ni[Co2]S4: 2.265?7 (this work) 
cogs , :  2.39 f 3 (44) 

2.392 (45) 
CoSZ (C2, 1.s. ? CF. ref. 51): 2.317(f 7) (46) 
NiS, (C2): 2.396(f 15) (46) 

*h.s., high spin; I s . ,  low spin. Values quoted as "this work" have not been corrected for thermal motion. They are based o n  weighted averages 
of x(X) from X-ray refinements for B(individua1) and B(overal1) and their uncertainty limits refer to 3o(x )  and 2u(u0). 

suitable for comparisons are few, but some -S distances in Cogs8, while the Co(V1)-S dis- 
observations can still be made (Table V): tance in the spinel, 2.268 A, is more than 5 % 

(1) The Co2+-0 distance (Co2+ in a high- shorter than the corresponding distance in 
spin state, dE5d,2) for octahedral coordination CogS8, but only about 2% shorter than the 
(in COO) is about 0.185 f 55 A, i.e. ca. 9%, Co(V1)-Sdistancein thepyrite-type CoS,. 
greater than for tetrahedral coordination (in 
co304).  

(2) The difference in the lattice parameters of 
Co3S4 and Ni[Co,]S, is only 0.019 f 4 A, and 
the x(S) values are identical. The M-S dis- 
tances in the two spinels thus cannot be signifi- 
cantly different, and the spin states of the Co(V1) 
atom will be the same. 

(3) Co304 at room temperature is known to 
have the ionic arrangement (h.s., high spin; Is., 
low spin) CO,.,.~' [ C O ~ . , , ~ + ] ~ O ~  (12). If the dis- 
tribution c ~ ~ . ~ . ~ +  [Ni,.s.3+Co1,s.3+]04 proposed 
by Blasse is correct, the M(1V)-0 distances in 
Co304 and NiCo,O, should be closely similar, 
but the M(V1)-0 distance in NiCo204 should 
be greater than the corresponding distance in 
Co304, the low-spin Ni3+ ion being larger than 
low-spin Co3+ (48). If on the other hand the dis- 
tribution is c ~ , . , , ~ +  [Nih.s.2+C01,,.3+]04, the 
M(1V)-0 distance in NiCo,04 should be 
shorter than the corresponding distance in 
Co304, and the M(V1)-0 distance in NiCo,04 
should be longer than in Co304, Nih,s,2+ being 
larger than CO,., .~+. The observed distances in 
NiCo,04 were 1.874 f 127 A for M(1V)-0 
and 1.963 $- 81 A for M(V1)-0, but because 
of the large uncertainty limits neither value can 
be invoked in support of a particular distribution. 

(4) The Co(1V)-S distance in Co3S4, 2.184 
A, is the same as the average of the four Co(1V) 

Conclusions 
The combined results of the X-ray and neutron- 

diffraction investigation of the two ternary spinels 
show that NiCo,O, is inverse, while NiCo2S4 is 
normal. It was surprising to see that refinements 
of NiCo,S, from the rather limited volume of 
data provided by X-ray powder diffractometry 
were capable of distinguishing between models 
based on normal and inverse distributions. 

The best values of the positional parameters of 
the oxygen or sulfur atoms obtained from the 
present X-ray data were: Co304, 0.2640 f 8; 
NiCo,04, 0.2583 k 34; Co3S4, 0.2591 f 5 ;  
NiCo2S4, 0.2591 f 3 (weighted averages from 
B(individua1) and B(overal1) refinements). 

The volume of diffraction data was too small 
for a reliable determination of the degree of 
inversion in NiCo,O, and NiCo,S4. When 
NiCo20, and NiCo,S4 were refined for assumed 
values of the inversion parameter s, the ~ ( 0 ~ )  and 
B(X) tended to vary with s but they moved in the 
opposite directions. The importance of this 
behavior is obscured by the large e.s.d.'s of the 
final parameter values of NiCo,O,, but in future 
refinements from more accurate intensity data 
the interdependence of the positional and thermal 
parameters and the degree of inversion will have 
to  be recognized. A related problem has been 
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Velocity of sound isotherms in liquid krypton and xenon 

C. C. LIM, D. H. BOWMAN, AND RONALD A. AZIZ 
Department of Physics, University of Waterloo, Waterloo, Otztario 

Received May 2, 1968 

The velocity of sound was measured with a precision of 0.1 % in liquid krypton and xenon at pressures 
between the vapor pressure and about 65 atrn, from near their triple points to near their critical points. 

A corresponding states treatment of these measurements and previous results in argon showed that, 
with a suitable choice of relative molecular parameters (u ,~) ,  the W*(P*,T*) surfaces were coincident to 
within the experimental error, except for argon near the critical temperature. 

The relative values of the effective atomic radii o obtained from this analysis were somewhat lower 
than those obtained from other thermodynamic properties. 
Canadian Journal of  Chemistry, 46, 3477 (1968) 

Introduction 
Previous measurements (1,2) of the velocity of 

sound under saturated vapor pressure in argon, 6W 

krypton, and xenon have indicated that the 
principle of corresponding states is obeyed ex- 
tremely well in these substances. It is of interest 
to examine whether such similarities exist with 'O 

respect to the pressure dependence of sound 
velocity in the region above the vapor pressure 
curve. 

Experimental Method 1 2 ~  130 140 I50 160 lrn I80 1 9 ~  200 210 

The velocity of sound was measured by the resonance FIG. 2. Liquid krypton velocity of sound isobars 
technique of Guptill et at. (3, employing a cylindrical W(m/s) versus T("K). , 
barium titanate transducer. Measurements were made at 
frequencies in the range 0.5 to 2.1 MHz. The apparatus 
and method of measurement have been described else- 
where (1, 2, 4). The velocity of sound was measured at 
several pressures along each of a series of isotherms for 
both liquids. The temperature of the liquid was measured 
by means of a platinum resistance thermometer calibrated 
by the National Physical Laboratories. The accuracy of 
temperature measurements was limited to f 0.005 "K 
with respect to the International Practical Temperature 

PRESSURE ( m m l  LMe0 .o 20 ,o 0 

700- 

600- 

5 W -  

4CC- 

300- 

200- 

FIG. 1. Liquid krypton velocity of sound isotherms 
W (mls) versus P (atm). 0, data points; A, values 
interpolated from W. results in ref. (2). 

KRYPTON ISOTHERMS TEMPERlTURE 

C: - " 5 - .. -117786. 

A- : : --I25030 
0 134958 

L O - c - - - -  
C 0145361 . 

a - a  - -E-ECh_-0155 5 8 0  

- 
E - 
I e- - -195 493 

g 
9 ' 

1 

Scale by the accuracy of the standard resistor used for 
comparison. During measurements along any one iso- 
therm, the temperature was held constant to _+ 0.001 OK. 

A Texas Instruments pressure gauge model 141 was 
used to measure the pressure. The uncertainty in pressure 
measurements was due to the gauge (accuracy + 0.04 atm) 
and the unknown hydrostatic pressure head (f0.04 atm 
maximum). 

The velocity of sound was measured to a precision of 
better than 0.1 % over the entire range of temperature and 
pressure. Uncertainties in temperature and pressure 
produced a comparatively small uncertainty in the 
velocity of sound except along the steeper portions of the 
isotherms near the critical temperatures. 

Results 
Ninety-three velocity of sound measurements 

were made along 11 isotherms in liquid krypton. 
The results are presented in Table I and plotted in 
Fig. 1, together with values obtained by inter- 
polation from previous measurements (2) under 
saturated vapor pressure. The velocity isotherms 
appear similar in shape to those presented earlier 
for argon (4), being almost linear a t  the low 
temperatures, and steeper and more curved at the 
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TABLE I 
The velocity o f  sound in liquid krypton 

-- 
117.786 "K 118.099 "K 125.030 "K 134.958 "K 

P (atm) W (m/s) P (atm) W (m/s) P(atm) W(m/s )  P(atm) W(rn/s) 

64.64 713.93 54144 644.40 
62.61 647.80 
-- 

145.361 "K 155.580 "K 165.460 "K 175.499 "K 

P (atm) W (m/s) P (atm) W (m/s) P (atm) W (m/s) P(atm) W(rn/s) 
- 

6.80 576.92 13.61 531.80 20.41 485.47 20.41 425.82 
13.61 580.72 20.41 536.49 27.22 491.56 27.22 434.11 
20.41 584.46 27.22 541.05 34.02 497.08 34.02 441.90 
27.22 588.11 34.02 545.50 40.83 502.54 40.83 449.25 
34.02 591.69 40.83 549.82 47.63 507.83 47.63 456.25 
40.83 595.22 47.63 554.08 54.44 512.92 54.44 462.89 
47.63 598.68 54.44 558.19 61.24 517.86 61.24 469.26 
54.44 602.08 61.24 562.24 68.05 522.71 67.27 474.66 
61.24 605.39 68.05 566.18 
68.05 608.69 

185.627 "K 195.493 "K 205.433 "K 

P (atm) W (m/s) P (atm) W (m/s) P (atm) W (m/s) 

27.22 362.89 37.43 294.29 51.03 217.03 
30.62 369.31 40.83 305.45 52.74 229.82 
34.02 375.35 44.23 315.14 54.44 239.91 
40.83 386.51 47.63 323.89 57.84 2 5 7 . 0  

higher temperatures. Interpolated values of the 
velocity of sound at 10,20, 30,40,50, and 60 atrn 
are plotted as functions of temperature in Fig. 2. 7oo- 

These velocity isobars are also similar in shape to 
those for argon. 600- 

In xenon, 150 velocity measurements were 
made along 13 isotherms. The results are pre- 
sented in Table I1 and plotted in Fig. 3, together w-  

with values obtained by interpolation from pre- 
vious results (2). The velocity ofsound isobars are .OO- 

plotted in Fig. 4. The curves are similar in shape 
to those for krypton and argon. 2 0 0 -  

Polynomials of degree four or less were suffi- 

PENM( ISOTHERMS msce,~m..~.r 
,c...>. :: : ,, 2 - L -2,...., .,,o, 

d-=- r " f _ ",,,, 
'O',.. 

E l  - 
,:,,z. 

M i  0 - -7," r o  :,%,,a 

:.,m, 
N. fk 0 

>*,a" - -  - 

-wy:: 
/ 

PRESSURE (a,rn) 

cient to describe the isotherms. The coefficients of 0 2 0  XI 4 0  5 0  60 

the equations FIG. 3. Liquid xenon velocity o f  sound isotherms 
W(m/s) versus P(atm). 0,. data points; A, values 

W = A, + ALP + AzP2 + A3P3 -t A4P4 interpolated from W, results m ref. (2). 
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LIM ET AL.: VELOCITY OF SOUND I N  KRYPTON AND XENON 

TABLE I1 
The velocity of sound in liquid xenon 

- 
-- 

164.942 O K  174.987 "K 185.103 "K 195.116 OK 
- 

P (atrn) W (m/s) P (atrn) W (rn/s) P (atm) W (rn/s) P (atm) W (m/s) 

40.83 657.06 34.02 628.43 27.22 598.09 27.22 569.30 
47.63 659.04 40.83 630.64 34.02 600.63 34.02 572.21 
53.64 660.81 47.63 632.88 40.83 603.13 40.83 576.03 
61.24 662.97 54.44 635.00 47.63 605.65 47.63 577.83 

61.24 637.14 54.44 608.08 54.44 580.64 
60.22 610.14 59.59 582.68 

205.044 "K 215.138 "K 225.126 O K  235.134 "K 

P (atm) W (rn/s) P (atrn) W (rn/s) P (atm) W (rn/s) P (atrn) W (rn/s) 

245.055 OK 255.094 "K 

P (a trn) W (rn/s) P (atrn) W (rn/s) 

27.27 473.79 
34.02 478.41 
40.83 482.92 
47.63 487.31 
54.44 491.55 
61.24 495.66 
65.07 497.94 

265.144 OK 

P (atrn) W (m/s) 

-- 

275.239 "K 

P (atrn) W (rn/s) 

40.83 410.48 37.43 363.01 47.63 328.51 54.44 284.28 
47.63 417.07 40.83 367.68 51.03 334.32 57.84 292.48 
54.44 423.31 47.63 376.30 54.44 339.80 61.24 300.00 
61.24 429.25 54.44 384.41 57.84 345.03 62.99 303.60 
65.18 432.65 61.24 391.86 61.24 349.98 

64.32 395.12 

285.175 "K 

P (atrn) W (rn!s) 

are given for each isotherm of krypton and the region studied) with which to compare our 
xenon in Table 111, together with the standard data. Due to lack of density data in this region, 
error of estimate in m/s. No equation is given for we did not determine any other thermodynamic 
the highest temperature isotherm of each liquid quantities from the velocity data. 
because of the small pressure ranges obtainable. 

Apart from the data under saturated vapor 
pressure (1, 2), no velocity of sound measure- Corresponding States Treatment 

ments could be found for krypton or xenon (in For reasons discussed in previous papers (1,2), 
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3480 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE 111 

Coefficients in the equation W = A. + A,P  + A2P2 + A3P3  + A4P4, and standard error of estimate, 0, for krypton 
and xenon ( W  is in m/s and P is in atm) 

A z A 3 A 4 

T ("K) Ao A ,  ( x ( x  ( X  ci 

Krypton 

Xenon 
164.942 644.80654 0.30933690 -2.7871998 2.0155215 - 1.3997409 
174.987 616.86969 0.33946257 1.9746858 -7.0253812 2.4961259 
185.103 587,4801 2 0.42824569 -23.577601 43.698014 - 31.396868 
195.116 557.06393 0.48598381 -19.211239 26.317444 - 16.525592 
205.044 524.94667 0.59911247 -39.536961 65.350963 -45.390191 
215.138 490.62420 0.66063479 -19.311767 14.250186 -7.5872549 
225.126 454.04992 0.72656183 9.3538733 -46.936923 31.159031 
235.134 410,36427 1.1426070 -78.263374 79.727063 -41.055140 
245.055 362.75956 1.2942674 - 8.5222028 - 79.475966 61.811168 
255.094 290.43415 2.7359224 -292.07145 247.74997 - 95.740937 
265.144 156.92927 6.8820351 - 1072.2958 978.00778 -361.72010 
275.239 - 657.2051 5 54.020938 -12492.175 13694.175 - 5767.4570 

FIG. 4. Liquid xenon velocity of sound isobars 
W (mls) versus T ("K). 

one would expect the corresponding states prin- 
ciple to be valid to a good approximation in the 
heavier inert gas liquids: argon, krypton, and 
xenon. According to the quantum molecular 
formulation of this principle (5), the reduced 
velocity of sound W* is a universal function of 
the reduced pressure P'" the reduced temperature 
T*, and the de Boer quantum parameter A*. 
That is, 

W" WW*(P*,T:",A*) 

where W* = W/(N&/M)'12; P* = P/(&/03); T* 

= T/(&/k);  and A * = h/ [ o ( r n ~ ) ' / ~  1. N is Avo- 
gadro's number, M is the molecular or atomic 
mass, k is Boltzmann's constant, h is Planck's 
constant, and E and o are the energy and length 
parameters in the interatomic potential function 
which, as a condition for the validity of the 
corresponding states principle, must be of the 
form Y = ~ + ( r / o ) ,  where + is a universal 
function. 

In a previous analysis, we compared the 
velocity of sound W, under saturated vapor 
pressure in liquid argon, krypton, and xenon. 
There, we chose as a reference, the value 119.50 
OK for &/k in argon, as found by Whalley and 
Schneider (6) from second virial coefficient data, 
assuming a Lennard-Jones (6-12) interatomic 
potential. We then obtained coincidence of the 
W"(T")  curves by adjusting &/k to  the values 
165.4, and 228.7, OK for krypton and xenon 
respectively. These values are close to those 
obtained from an analysis of vapor pressure data 
by Boato and Casanova (7). 

The data presented here allow us to extend the 
comparison of the three liquids over a region of 
the equation of state surface not studied to any 
great extent. In addition, the introduction of the 
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LIM ET AL.: VELOCITY OF SOUND IN KRYITON AND XENON 

TABLE IV 
W* values for Ar, Kr, and Xe for various T* at constant P* 

W* 

( ~ / k  (OK), 119.50; (&/I< (OK), 165.49; (&/k (OK), 228. 78; 
T* o (A),  3.41) o(&,  3.613) 0 (A), 3.944) 

pressure as an independent variable allows us to 
compare, using the corresponding states prin- 
ciple, the length parameter o as well as the energy 
Darameter E. 

The procedure involved in comparing the 
present data can be visualized by considering a 
surface in a three dimensional rectangular co- 
ordinate system whose coordinates are pressure 
P,  temperature T, and the velocity of sound W. 
The task is then to  choose appropriate reduction 
factors for P ,  T, and W so that the reduced 
W"(P",T*) surfaces for the three liquids are co- 
incident. I t  is noted here that the above procedure 
is a first approximation only, since it neglects 

I I 
possible differences due t o  quantum effects and 

I many-body effects. When the reduction factors 
are expressed as above in terms of the molecular 
parameters E and o ,  then a single choice of relative 
E values determines the reduction of both T and 
W, assuming the molecular mass is known. If one 

I assumes the relative E values given above are valid 
I 

TABLE V 
Comparison of condensed state Lennard-Jones (6-12) 

length parameter ratios 

Kr/Ar Xe/Ar 

Boato and Casanova (7) 1.07 1.16 
Horton and Leech (8) 1.07 1.16 
Levelt (9) 1.16 
Leadbetter and Thomas (10) 1.17 
This paper 1.06, 1.15, 

in this region, then one should need to  adjust 
only the o ratios in order to obtain coincidence. If 
coincidence cannot be obtained over the whole 
surface in this manner, the reason may  be an 
improper choice of effective relative E values, 
quantum effects, or actual lack of correspondence 
among the liquids. 

Using the above ~ / k  values, we adjusted o 
ratios until the portions of the W'F(P':',T*) sur- 
faces a t  low T* (T* = 0.7216 was chosen because 
it represented the lowest temperature isotherm in 
argon) were coincident. The adjusted o ratios so 
found were o(Kr)/o(Ar) = 1.06, and o(Xe)/o(Ar) 
= 1.15,. The coincidence was well within experi- 
mental error over the whole pressure range 
studied at this value of T*:. Our value for 
o(Kr)/o(Ar) = 1.06, compares favorably with 
those derived by Boato and Casanova (7) and 
Horton and Leech (8) (see Table V). In the case of 
o(Xe)/o(Ar), our value of 1.15, again agrees 
quite well with those derived by Boato and 
Casanova and by Horton and Leech. I t  also agrees 
quite well with the value derived by Levelt (9) 
(see Table V). However, it should be noted that 
Levelt's value was derived by requiring accurate 
correspondence of experimental compressibility 
data a t  high densities much in the same way as 
ours was derived by requiring correspondence of 
the velocity. Leadbetter and Thomas (10) have, 
on the basis of their density and surface tension 
data, suggested a slightly higher value for o(Xe)/ 
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o(Ar). Choosing as a reference the value of 3.41 A 
for o(Ar) as determined from second virial co- 
efficient data by Whalley and Schneider (6), we 
therefore obtained 0 values of 3.41, 3.61,, and 
3.94, A for argon, krypton, and xenon respec- 
tively. Using these values of 0 ,  we determined W* 
for the other higher values of T* at two values of 
P *  corresponding to the 30 and 60 atm regions. 
The values are given in Table IV. As T* increases, 
the W* values for the three liquids deviate some- 
what from each other. The differences between 
krypton and xenon are small, being less than 0.2% 
for all but the highest temperature. The W* 
values for argon, however, are lower by as much 
as 1.4% at T* = 1.138 and 2.5% at T* = 1.227. 

The uncertainty in W* due to experimental 
error in the velocity data is 0.1%. Interpolation of 
W along the isotherms and isobars may have 
resulted in as much as 0.2% error. For the 
temperatures considered in Table IV, pressure 
measurement error could account for an un- 
certainty in W* of only 0.04%. Error in tempera- 
ture, due mainly to possible inaccuracy of the 
International Temperature Scale used (see ref. 11 
for a discussion of this) resulted in an uncertainty 
in Wand W* of 0.06% or less. 

Thus uncertainty in W.* could account for the 
relatively small differences between krypton and 
xenon in Table IV, but not between these two and 
argon. The lower W* values for argon at higher 
T* are similar in sign and magnitude to those ob- 
served under saturated vapor pressure near the 
critical point (2). Quantum effects were suggested 
in ref. 2 as a possible reason for these differences. 
More recently, it has been suggested that the 
observed differences may be due in part to three- 
body forces1. 

The possible error in 0 due to uncertainty in 
the pressure and the W* values, and to the esti- 
mated uncertainty of 0.04 OK in the adjusted 

'J. A. Barker. Private communication. 

elk values, is 0.01 A. Thus, from this analysis, the 
relative 0 values are 3.41, 3.61, + 0.01, and 
3.94, + 0.01 A for argon, krypton, and xenon 
respectively. These are smaller than those ob- 
tained by Boato and Casanova (7): 3.41, 3.66, 
and 3.97 A. The reason for this is not clear at 
present. No definite statement can be made re- 
garding the direction of adjustment of the 0 

ratios necessary to take into account quantum 
differences among the three liquids. It is possible 
that part of the discrepancy is due to quantum 
effects which were not considered here but were 
considered by Boato and Casanova. 

Theoretical calculations of W* as a function of 
T* and P" have been carried out by David and 
Hamann (12), using the cell model for a classical 
Lennard-Jones-Devonshire liquid. Their values 
are much higher than those presented here. They 
do show, however, a similar decrease of W* with 
increasing T* at constant P*, and an increase in 
(a  w*lap*),. with T*. 
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Reaction of active nitrogen with perfluorinated olefins' 

N. MADHAVAN' AND W. E. JONES 
Department of Cl~emistry, Dalhousie Ut~iversiiy, Halifax, Nova Scotia 

Received April 26, 1968 

The reactions of the fluorocarbon olefins, C,F4, C3F6, and C4F8-2, with active nitrogen were 
studied in a flow system. The active nitrogen was produced by a microwave discharge at a concentration 
of 2.1 x molels. The major gaseous products of the reactions are fluorocarbons and their produc- 
tion was studied quantitatively at the temperatures 25, 250, and 400 "C and at a large number of reactant 
flow rates to a maximum of approximately 3 x mole/s. 

Three nitrogen-containing compounds, FCN, N20,  and a polymer of composition (C3F,N), were 
detected as products in all three reactions; FCN and N 2 0  are found only in very small amounts. 

Mechanisms for each of the reactions are discussed. 
Canadian Journal of Chemistry, 46, 3483 (1968) 

Introduction 
The reactions of active nitrogen with most of 

the hydrocarbons and their derivatives have been 
studied by many workers. However, no studies of 
the ~roducts  or mechanisms of the reaction of 
active nitrogen with perfluorinated hydrocarbons 
have been published. It was noted some time ago 
(1) that the compound perfluorobutene-2 reacted 
readily with active nitrogen, giving a bright-red 
flame similar to that produced when hydro- 
carbons react with active nitrogen. It was noted 
also at that time that very small amounts of 
fluorocarbon would quench completely the active 
nitrogen afterglow. 

The kinetics of this reaction have been studied 
by the diffusion flame technique (2) and the values 
re~orted for the rate constants are of the same 
orier of magnitude as those reported for the 
reactions of active nitrogen with similar hydro- 
carbons. A small spherical reaction flame was 
formed near the inlet jet when 0.17 x 
molels of C,F, was mixed with 2.1 x lop6 
mole/s of active nitrogen and no yellow glow was 
visible beyond the edge of the flame. 

The reaction was further investigated to deter- 
mine whether it indeed resembled the reaction of 
active nitrogen with the hydrocarbons in both 
reaction products and mechanism. It was also of 
interest to see whether other fluorocarbons 

I would react in a similar manner with active 

'Presented in part at the 50th Annual Conference of 
the Chemical Institute of Canada, Toronto, Ontario, 
June 1967. 

'Holder of C.I.L. Fellowship 1965-1966, Dalhousie 
Centennial Scholarship 19661967, and an Izaak Walton 
Killam Memorial Scholarship 1967-1968. 

Experimental 
General 

A conventional fast-flow system was used in the study 
of these reactions. The perfluoro-olefin reactant was 
admitted to a stream of active nitrogen produced by a 
microwave discharge, generated by a Burdick model 
MW/200 microwave unit operating at 2450 MHz and 
rated at 125 W. This unit was operated at 90% of its 
power output. With the normal flow of molecular 
nitrogen (187 x molejs), a pressure of 1.75 rnrn, 
and a concentration of nitrogen atoms of 2.1 x 
rnolejs, as measured by nitric oxide titration (3-5), was 
maintained. 

The products of the reaction were trapped in a liquid 
nitrogen trap, separated by gas chromatography, and 
identified by mass and infrared spectroscopy. Quantita- 
tive determinations of product yields were made by gas 
chromatography by comparison of peak heights with 
peak height calibration curves obtained from known 
amounts of pure gases. 

Materials 
Prepurified nitrogen was obtained from the Canadian 

Liquid Air Co. It was further purified by passage through 
copper turnings heated to 400 "C and through a liquid 
nitrogen trap. Nitric oxide, obtained from the Matheson 
of Canada Co. Ltd., was purified by condensation with 
liquid nitrogen in a trap filled with caroxite. After non- 
condensable gases had been removed, the liquid nitrogen 
was replaced by a dry ice - acetone bath. The portion 
which distilled was colorless and was used for all deter- 
&nations of the nitrogen atom concentration (6). 

Perfluorobutene-2 was obtained from Matheson of 
Canada. The compound was better than 99.5 mole% 
C4F8, and was a mixture of 98% trans- and 2% cis- 
isomers. The gas was purified in the vacuum system by 
three bulb-to-bulb distillations; the first and last fifth of 
the gas was discarded in each distillation. The gas chro- 
matogram of the purified gas did not show any impurities. 

Hexafluoropropene and tetrafluoroethene were sup- 
plied by the Pierce Chemical Co. Hexafluoropropene was 
purified in the same manner as perfluorobutene-2. The 
cylinder of tetrafluoroethene contained about 1 % of a 
high-boiling inhibitor. No indication of this was found 
after removing the tetrafluoroethene from the cylinder 
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and it was assumed that the inhibitor remained in the 
tank. A gas chromatogram of the gas used in the present 
study showed about 1.3% hexafluoroethane as the only 
impurity. 

Tetrafluoromethane, hexafluoroethane, and perfluoro- 
propane obtained from Matheson of Canada and deca- 
fluorobutane obtained from Pierce Chemicals were used 
for calibration of the gas chromatograph after condensa- 
tion and prolonged pumping. Helium, used as the carrier 
gas in the gas chromatograph, was obtained from 
Canadian Liquid Air Co. It was purified by passage 
through a Matheson model 450 gas purifier. 

Apparatus 
The reaction system was similar to that used for 

previous studies of active nitrogen reactions. Three 
separate introduction systems were provided; one each 
for admitting nitrogen, reactant, and nitric oxide to the 
reaction vessel. 

The remainder of the reaction system is shown in Fig. 1. 
The reaction vessel V was made of pyrex tubing 55 mm 
i.d. and 40 cm in length. A B55 ground joint was situated 
just below the exit tube to facilitate cleaning the reaction 
vessel. Nitrogen passing through SN was activated before 
entering the top of the reaction vessel. The reactants were 
introduced through S, attached to a nozzle, 1.5 mm in 
diameter, centered in the reaction vessel. For most re- 
actions, the reaction flame was contained within the 
reaction vessel V and only for very low flow rates of 
fluorocarbon did it extend into the exit tube. 

NITROGEN 

2 

REACTANT 

NITRIC OXIDE 
gw 
FIG. I. Reaction system. 

The reaction products were trapped in TI and distilled 
into a transfer tube at A for gas chromatographic 
analysis. For these measurements, it was convenient to 
admit all of the products collected to the gas chromato- 
graph in one addition and this necessitated short reaction 
times. In order to overcome the inaccuracies caused by 
the relatively large amounts of reactant trapped between 
the capillary flow meter and S,, it was necessary to add 
the bypass around trap TI .  This allowed the reaction to 
be initiated while the flow was through the bypass. As 
soon as trap TI  had been cooled with liquid nitrogen and 
steady conditions obtained within the reaction vessel, the 
flow was directed through T I  and the products trapped. 
The additional trap T 2  was kept under liquid nitrogen at 
all times as a protection for the pump. 

The gas chromatographic analyses were made on a 
column maintained at 90 + 0.5 "C. The column was 

prepared from 1.5 m of 0.25 in. copper tubing, packed 
with 40-60 mesh silica gel which had been coated with 
3 % squalane (7). 

Results and Discussion 

If the reactions of active nitrogen with the 
fluorocarbons did resemble closely the reactions 
of active nitrogen with the hydrocarbons, FCN 
might be expected to be the major product, 
paralleling the formation of HCN found in the 
hydrocarbon-active nitrogen reactions (8-10). 
From accurate mass measurement of a small peak 
45 present in mass spectra of samples of total 
reaction products (before any separation), it is 
concluded that F C N  does form in the reactions. 
The amount detected, however, was extremely 
small and no quantitative determination was 
attempted. 

The major nitrogen-containing product was a 
polymer which formed on the reactant jet and on 
the walls of the reaction vessel near the reactant 
jet. After considerable reaction, samples of 
polymer were scraped from the walls of the vessel 
and analyzed for C, F, and N. When the micro- 
wave discharge was employed, the polymer was 
allowed to collect for a considerable number of 
experiments at different flow rates and tempera- 
tures. The results of these analyses are given in 
Table I. 

It  should be noted that there is no significant 
difference in composition of the polymers pro- 
duced from the various compounds or when 
different sources of active nitrogen are used. One 
sample of polymer was treated with active nitro- 
gen for 24 h and was found to produce a small 
amount of fluorocarbon products. It was also 
heated under vacuum at 250 "C for 3 h with the 
evolution of a noncondensable gas, probably 
nitrogen, as well as relatively large amounts of 
fluorocarbons as shown in Table 11. Despite this 
treatment, the composition ofthe polymer did not 
vary appreciably. The polymer composition cor- 
responds very closely to the formula (C,F,N),. 
The theoretical composition of this formula is 
24.84% C, 65.50% F, and 9.66 % N. Table I 
indicates for the polymer a percentage of nitrogen 
which is somewhat lower than the theoretical 
value. This may be due to the inclusion of small 
amounts of the fluorocarbon reagent or some of 
the reaction products in the polymer. Considera- 
tion of the actual structure of the polymer is 
complicated since it is not soluble in any of the 
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TABLE I 
Elemental analysis* of the polymer from the reaction of active nitrogen 

with C4Fs-2, C3Fs, and C2F4 
-- 

Fluorocarbon Mode of excitation of N, %C %F %N Total 

C4Fs-2 Condensed? discharge 25.99 65.17 8.61 99.77 
(2s-2$ Microwave discharge 25.99 65.70 8.05 99.74 
C4F8-2 Microwave discharge 26.03 65.30 8.88 100.21 
C4Fa-2 Condensed discharge 26.75 62.18 9.30 98.23 
C3Fs Condensed discharge 25.68 63.64 9.20 98.52 
CzF4 Condensed discharge 26.71 63.51 9.25 99.51 

*Analysis performed by Alfred Bernhardt, Max Planck Institute Fuer  Kohenforschung, West Germany. 
?Condensed discharge polymers prepared in a system separate from that  described in this work. 
SPolymer was treated with active nitrogen for 24 h and heated t o  250 "C for about  3 h before analysis. 

common solvents including those which are 
normal solvents for the teflon polymer. 

In addition to FCN and polymer, an extremely 
small amount of a third nitrogen-containing gas, 
N20 ,  was detected and is believed to be a by- 
product of the reaction. N 2 0  was identified by 
accurate mass measurement of peaks at mle 44 
and 30 in mass spectra of samples of unseparated 
products collected after reaction. 

N,O probably results from the reaction of NF 
or N2F2 with the glass walls: 

1 2NzFZ + SiOz -> SiF4 + 2N20  

NF or N2F2, the result of combination of 2NF 
radicals, is thus the nitrogen-containing product 
which directly results from the reaction of active 
nitrogen with the fluorocarbons. The reaction of 
N2F2 with glass is well known (1 1) and it is not 
unreasonable to expect that NF, ifformed, would 
also attack glass. The slow surface reaction and 
slow desorption of N 2 0  to the gas phase made its 
quantitative estimation impractical. 

Two sources of NF are possible. I t  may result 
from direct attack of N atoms on reactant fluoro- 
carbon or fluorocarbon radicals: 

[2 1 RrF (or Rf) + N + Rf + N F  

where Rf represents a fluorinated hydrocarbon. 

TABLE I1 
Products from the decomposition 
ofpolymer under vacuum at 250 "C 

Product Yield (moles x lo7) 

39.2 
15.5 
8.3 
8 .2  
3.2 
3.1 

Undetermined 

NFmay also result by reaction of N with F or F,, 
which may form in other reactions in the overall 
mechanism : 

[3 1 N + F (or F,) -> NF 

Reaction [2] is endothermic by at least 40 kcall 
mole and therefore probably not of much im- 
portance. Reaction [3] is important only if a 
large amount of free fluorine is formed in the 
reaction. Direct evidence of NF or N2F2 as pro- 
ducts of the reaction has not been obtained and 
it is difficult to speculate further on their im- 
portance. 

Silicon tetrafluoride has been identified as a 
second by-product of the reaction. No quantita- 
tive analysis of SiF, has been made because of its 
tendency to be adsorbed by the glass walls of the 
vacuum system. In addition to formation by 
reaction [I], SiF, could be formed by the attack 
of free fluorine atoms or fluorine on the glass. 

In addition to the above products which relate 
directly to nitrogen content, a relatively large 
amount of fluorocarbons were obtained from 
each reaction. These fluorocarbons were separ- 
ated by gas chromatography and identified. The 
production of each of these gases was studied 
quantitatively for a wide range of reactant flow 
rates and at the temperatures of 25, 250, and 
400 "C. The reaction of active nitrogen with 
C4F8-2 gave C2F6, C2F4, C,F8, C,F,, and 
C4Fl0 as fluorocarbon products and the variation 
of the amounts produced with flow rate and tem- 
perature is shown in Fig. 2. 

In order to show the amount of reactant de- 
stroyed and the amounts of all products formed 
on the same graph, it was necessary to  make a 
change of scale in the vertical axis. This is indi- 
cated at the dashed horizontal line. The dashed 
vertical line indicates a change of scale for the 
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FIG. 2. Reaction of active nitrogen with perfluoro- 
butene-2. (A) 25 + 5 "C; (B) 250 + 5 "C; (C) 400 _+ 5 "C. 
Symbols in each are as follows: (A) C4F8-2 reacted; 
product flow rates ( 4 )  CzF4; (0) C3F6; (A)  C,F,,; 
( 0 )  C3F8; (0) CZF6. Scale changes on vertical and 
horlzontal axes are indicated by dashed lines. 

axis representing the flow rate of reactant. This 
was necessarv in order to show that in most cases 
the reactants destroyed and products formed 
reach limiting or plateau values with the flow 
rate of reactant. One exception is the destruction 
of perfluorobutene-2 at 400 "C (Fig. 2C), where 
thermal decomposition of the reactant occurs at 

FIG. 3. Reaction of active nitrogen with perfluoro- 
propene. (A) 25 + 5 "C; (B) 250 + 5 "C; (C) 400 _+ 5 "C. 
Symbols in each are as follows: (a) C3F6 reacted; 
product flow rates ( 4 )  C2F4; ( 0 )  C3F8; (0) C Z F ~ .  
Scale changes on vertlcal and horlzontal axes are In- 
dicated by dashed lines. 
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FLOW RATE OF C2 Fq (MOLES'S x lo7) 

high flow rates. At each temperature, the amount 
of unsaturated products produced is much larger 
than the amount of saturated products. This is 
especially true at the higher temperatures where 
the production of unsaturates exceeds that of 
saturates by at least a factor of ten. The product 
C3F8 appears to go through a slight maximum 
at each temperature, although at 250 "C the 
maximum is not much larger than the scatter of 
the points. 

Figure 3 illustrates the production of C2F6, 
C2F4, and C3F8 in the reaction with C3F6. The 
scale changes are also necessary here. The 
amount of unsaturated C,F, produced is again 
much greater than the amount of saturated 
products produced. 

The reaction with C2F4 produced the saturated 
fluorocarbons, CF,, C2F6, and C3F8, as shown 
in Fig. 4. As in the other reactions, the amount 
of saturated products is very low compared with 
the amount of C2F4 reacted. The maxima in the 
C3F8 curves are quite evident in this reaction. 

Each point on the curves represents the average 
of at least two separate experiments. A carbon 
balance was attempted at each flow rate, but 
because of the formation of polymer the results 
were very poor. For the C4F8-2 and C3F6 re- 
actions, values of approximately 60 % recovery 
were obtained, while for the reaction with C2F4, 
a carbon recovery of less than 20 % was usual. 

I t  appears that the reactions of active nitrogen 
with these three unsaturated fluorocarbons, 
C2F4, C3F6, and C,F,-2, are very closely related. 
It now remains to suggest a possible mechanism 
for these reactions. If it is assumed that nitrogen 
atoms are the major attacking species, it may be 
suggested that these atoms form a complex with 
the unsaturated fluorocarbon. The complex so 
formed would then break down to form products 
or intermediate radicals: 

It would appear from the products identified 
that reaction [5] is not important. However, it is 
possible that the FCN formed in this reaction or 
in reactions such as: 

FIG. 4. Reaction of active nitrogen with perfluoro- 
ethene. (A) 25 + 5 "C; (B) 250 + 5 "C; (C) 400 + 5 "C. [61 CF3 + N + FCN + 2F 

Symbols in each are as follows: (m) C2F4 reacted; 
product flow rates (0) C,F6; (0) C3F8; (A) CF,. c7] CF, + N + FCN + F 
Scale changes on vertical and horizontal axes are in- 
dicated by dashed lines. might be instrumental in the formation of poly- 
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mer by reaction with fluorocarbon radicals or 
with C2F4 ; for example, 

[8 1 C2F4 + FCN + (C3F5N) polymer 

The unsaturated compounds must result from 
the recombination or rearrangement of radicals 
while the saturated fluorocarbons may result 
from recombination of radicals or by fluorination 
of unsaturated fluorocarbons. 

From the preceding discussion, it is suggested 
that the reaction with C2F4 may occur as 
follows: 

[91 

-€ 
CF2N + CF2 

CzF4 + N + ( C ~ F ~ N )  
[lo] complex FCN + CF3 

[ I l l  CFzN -t FCN + F 

1121 CFz + N -> FCN + F 

1131 CF3 + N + FCN + 2F 

[14] FCN + C2F4 + (C3F5N) polymer 

From the attempted carbon balance already 
mentioned, it is evident that a large amount of 
polymer is formed in the reaction. If, as is shown 
in the mechanism, FCN is actually formed in sev- 
eral reactions but is not present in large amounts 
as product, it is probable that it plays a signifi- 
cant role in the formation of polymer. 

Although the amounts of fluorocarbons found 
are extremely small, their consideration may give 
some indication of the relative importance of two 
initial reactions, [9] and [lo]. C2F6 may be 
formed by recombination of CF, radicals as in 
reaction [16] or by fluorination of C2F4. As the 
temperature increases, the amount of C2F6 
formed decreases (Fig. 4). This suggests that the 
concentration of CF, radicals decreases with 
temperature and therefore reaction [lo] becomes 
less important. This is based on the assumption 
that the concentration of fluorine will not change 
appreciably regardless of whether [9] or [lo] is 
predominant, since [9] is followed by formation 

of 2F in [l:l] and [12], and [lo] is also followed 
by formation of 2F  in [13]. 

If reaction [9] is more important at higher 
temperatures, the concentration of C,F, would 
be expected to increase as the increased number of 
CF, radicals reacted, as in reactions [17] and 
[18]. This was not found to be the case. Rather, 
the amount of C3F8 found decreases slightly with 
temperature. It is probable, however, that most 
of the radicals recombine to form C,F, (12). 

The reactions [19] to [21] followed by reaction 
[l ] account for the formation of SiF, and N20 ,  
found as minor reaction products. It was found 
that very small flow rates of ,fluorocarbons will 
quench the nitrogen afterglow. This could be 
explained by reactions [19] and [20]. 

The mechanism for the reaction of C3F6 with 
active nitrogen would be expected to be similar to 
that already discussed for C2F4. Several ways 
may be suggested for the breakdown of the 
complex formed with nitrogen atoms. 

[22I F2CN + C2F4 
[23I C3F6 + N + 

[241 
polymer 

In this reaction, the major product is C2F, 
(Fig. 3), which can best be accounted for by 
reaction 1221. The two products formed would be 
expected to react as has been shown in the C2F4 
mechanism. It is difficult to explain the large 
production of C2F4 as a product if reaction [23] 
is important. Reaction [24] leads directly to 
polymer. However, with the exception of C3F8 
which might form by fluorination of C3F6, it is 
impossible to account for the other products if 
reaction [24] is considered the only reaction. 

The major product of the reaction of C4F, 
with active nitrogen was C3F6 with slightly 
smaller amounts of C2F4 and very small amounts 
of saturated fluorocarbons (Fig. 2). Possible 
initiation steps for this reaction are: 

[251 F2CN + C3Fs 
C4F8 + N + (C4FsN) 

[261 
polymer 

Reaction [25] would explain the major product 
C3F6, while C,F, could form as in reaction [22]. 
The minor saturated fluorocarbons are easily 
explained as before. The polymer may form as in 
reaction [26] but again it is difficult to account 
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for all the products. It is probable that polymer 
forms in much the same way as in the reaction of 
active nitrogen with C2F4. 

In each of the reactions, it may be noted that 
the saturated products, particularly C,F,, tend 
to go through maxima as the flow rate of fluoro- 
carbon is increased. These compounds may form 
to a small extent by fluorination as explained 
earlier. If this is so, the fluorine atom concentra- 
tion would be expected to be larger at low fluoro- 
carbon flow rates because of reactions such as 
[ll] ,  [12], and [13], which would occur more 
readily when a larger number of N atoms are 
available. 

The reactions of active nitrogen with hydro- 
carbons have been extensively studied and in- 
terpreted on the basis that atomic nitrogen is the 
major reactive species. All of the hydrocarbons 
have been found to produce HCN as the major 
product with additional formation of small 
amounts of hydrocarbons and occasionally 
NH,. In the original study (13) of the reaction of 
ethylene and active nitrogen considerable poly- 
mer was obtained. With improved techniques the 
formation of polymer was reduced and eventually 
eliminated almost entirely. 

In the present study on the reaction of active 
nitrogen with the fluorocarbon olefins the major 
product has been found to be a polymer. The 
presence of FCN has been detected but only in 
very small amounts. It may be possible that FCN 
plays a large role in the formation of polymer and 
this would account for the small amount found 
as a gaseous product. 
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Refinement of the crystal structure of zirconyl chloride octahydrate 
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The crystal structure of zirconyl chloride octahydrate, ZrOC1,. 8H20, has been refined by the least- 
squares method with new three-dimensional data. Existence of the [Zr4(0H)8(H20)lqlsC tetranuclear 
complex has been confirmed. However, the coordination polyhedron about each zlrconlum atom differs 
considerably from the D4, antiprismatic geometry reported previously. It is, in fact, more closely 
related to the Dzd dodecahedron, and has twofold axial symmetry within the limits of experimental 
error. Mean bond lengths in the [Zr4(0H)8(H20)16]sC complex, which approximates closely to DZd  
point-group symmetry, are: Zr-OH (bridging) = 2.142 + 0.019 A and Zr-OH2 (terminal) = 2.272 
t 0.032 A. 
Canadian Journal of Chemistry, 46, 3491 (1968) 

Introduction 

The crystal structure of zirconyl chloride 
octahydrate, ZrOC1,. 8H20,  was first deter- 
mined by Clearfield and Vaughan (1) using 
two-dimensional X-ray diffraction data. The 
existence of a polymeric species involving 
hydroxo bridges, [Zr4(OH)8(H20),6]8+, was 
established. The configuration about each zir- 
conium atom was described as a distorted D4d 
square antiprism, and a model of the tetra- 
nuclear complex with idealized D,, symmetry 
was later used in the interpretation of X-ray 
diffraction data of aqueous zirconyl and hafnyl 
halide solutions (2). Since only the zirconium 
atoms were located with any degree of accuracy 
in the crystal-structure analysis, a precise de- 
scription of the coordination polyhedron in 
terms of idealized geometries is unrealistic and 
subject to speculation. In view of the current 
interest in the field of higher-coordination molec- 
ular polyhedra (3), the present three-dimen- 
sional refinement was undertaken to establish 
the crystal structure conclusively and to provide 
an unambiguous description of the geometry of 
the complex cation. 

Experimental 
Single crystals of zirconyl chloride octahydrate (Fisher 

certified grade in powder form) from dilute hydrochloric 
acid are colorless needles elongated along c. They effloresce 
rapidly on exposure to air, and the following technique 
was developed in handling the crystals. 

A needle-shaped crystal of suitable cross section was 
removed from the mother liquor, quickly dried with 
absorbent filter paper, and immediately placed on top of a 
slab of dry ice. A roughly equidimensional segment is cut 
off the needle with a dissecting knife and rolled gently on 
the slab to remove any decomposed powder on its surface. 

The crystal was then quickly transferred into a glass 
capillary of 0.01 mm wall thickness and sealed with epoxy 
glue. 

The density of the crystal was measured by the flo- 
tation method in a hexanelcarbon tetrachloride mixture. 
Unit cell dimensions were determined from high-angle 
reflections on a h01 Weissenberg film calibrated with 
superimposed sodium chloride powder lines and refined 
by a least-squares procedure. 

Crystal Data 
Zirconyl chloride octahydrate, ZrOCl,. 8H20 ,  molec- 

ular weight = 322.26. 
Tetragonal, a = 17.11 + 0.02 A, c = 7.71 f 0.01 A. 
Volume of the unit cell: 2257 A3. 
Density: calculated (with Z = 8) = 1.896, measured = 

1.91 + 0.02 g 
Absorption coefficient for X-rays: h = 1.5418 A, 

p = 170 cm-I. 
Total number of electrons per unit cell: F(000) = 1296. 
Absent spectra: /z/11 when 1 is odd, hOO when his odd. 
Space group is P421c (D:,,). 
Roughly spherical crystals of mean diameter 0.2 mm 

were used in the collection of intensity data. They were 
mounted along b and c, and multiple-film Weissenberg 
photographs of the hO1-h121 and hk(rhk6 zones were 
taken with CuK. radiation. Deterioration of crystals 
sealed in glass capillaries was rather slow at the beginning, 
but became noticeable after about 4 days, as judged from 
the appearance of streaks associated with the spots on the 
photographs and the general increase in background. For 
this reason a different crystal was used for each layer of 
data. All Weissenberg films showed slight streaks due to 
some surface decomposition, but were otherwise quite 
acceptable. The intensities of the individual reflections 
were estimated visually by comparison with a calibrated 
strip. These data were then corrected as usual for Lorentz 
and polarization factors and for spot-shape variations by 
the empirical method of Owston (given in ref. 4). Finally 
a set of scaled structure amplitudes were derived using the 
least-squares procedure of Hamilton, Rollett, and Sparks 
(5) for interlayer correlation. No correction for  absorption 
or extinction was applied. The data after reduction con- 
sisted of 1096 independent reflections of measurable 
intensity and 313 unobserved reflections. 
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TABLE I 
Measured and calculated structure factors. Reading from left to right, the columns contain 
values of h ,  k, I, ]OF,, ]OF,, IOA,, and IOB,. Reflections with structure amplitudes marked 
with asterisks were unobserved and were given intensity values equal to one-third of the 

observable minimum 
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TABLE 11 
Final positional parameters and, in parentheses, their estimated 

standard deviations 
- - -- - -- ----- -- -- -- 

Atom x Y z 

Refinement of the Strlrctrtre 
All calculations were carried out on  an IBM 7040 

computer using a full-matrix least-squares program 
kindly supplied by Professor K. N. Trueblood. The 
function minimized was Zn'(F, - F J Z ,  the weighting 
scheme used being that of Cruickshank et a/. (6) with 
IV = (2Fm,, + F, + ~ F ; / F  ,,, ) - I ,  where F,,, = 10 and 
F,,, = 250. Atomic scattering factors for Zr4+, CI- ,  
and 0 were taken from the tabulations of Cronier and 
Waber (7). The refinement was commenced with Clearfield 
and Vaughan's published atomic coordinates (I)  and 
reasonable estimates of the isotropic teniperature factors. 
Four cycles of isotropic least-squares refinement were 
carried out  and this resulted in a drop in R from 0.285 to 
0.165. It was noticed that the greatest shifts were in the z 
direction, and that atonis C1(1), 0(6), and O(7) have 
unusually high teniperature factors. A difference Fourier 
map was then computed, and the residual peaks showed 
that the thermal vibrations of some of the atoms were 
strongly anisotropic. There was, however, no  indication of 
any other atoms still to  be found in the structure. The next 
four cycles were carried out  using anisotropic teniperature 
factors, reducing R to 0.146. The final parameter shifts 
were very small, and the refinement was therefore con- 
cluded. Observed and calculated structure factors are 
compared in Table I. The final fractional atomic co- 
ordinates and their estimated standard deviations (calcu- 
lated from the residuals and the inverse matrix in the 
least-squares refinement) are given in Table 11, and the 
temperature parameters in Table 111. Interatomic distances 
and angles are listed in Table IV. 

Discussion 

A projection of the structure along the c axis 
is illustrated in Fig. 1.  It consists of a pseudo 
body-centered arrangement of Zr402, (hydrogen 
atoms excluded) tetramers connected together 
by a network composed of C1(1), C1(2), 0(5), 
0(6),  and O(7). The zirconium atoms are in a 
slightly puckered square configuration and are 
bridged across each edge of the square by oxygen 

atoms O(1) and 0(8), one above and the other 
below the mean plane of zirconium atoms. The 
coordination polyhedron about each zirconium 
atom is completed by the terminal oxygen atoms 
0(2), 0(3), 0(4), and O(9). 

The most common geometries for discrete 
eight coordination are the Archimedian square 
antiprism of D,, symmetry and the D2, dodeca- 
hedron with triangular faces (Fig. 2a) first found 
in [Mo(CN),14- (10). The coordination poly- 
hedron found in zirconyl chloride octahydrate 
(Fig. 26) has, within the experimental accuracy, 

FIG. 1. Projection of the structure on  (001). Zir- 
conium, oxygen, a n d  chlorine atoms a r e  represented by 
increasingly larger circles. The atoms are numbered 
according to  the symmetry relationship given in Table 1V. 
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MAK: REFINEMENT O F  STRUCTURE O F  ZIRCONYL CHLORIDE OCTAHYDRATE 

TABLE 111 

Anisotropic telnperaturecoefficients ( x  lo5) in theexpression T = exp [-(Dl ,If2 + 
B22k2 + P33I2 + 2f312/1k + 2Pl3I11 + 21jZ3kl)] and the equivalent isotropic ther- 
mal parameters as evaluated from Hanlilton's formula (8): B = : X CBi,(ni.al) 

I I 

FIG. 2. (0) D2, (a2tt1) dodecahedron. Labelling of 
vertices and edges of the polyhedron follows the con- 
vention of Hoard and Silverton (9). Its shape is specified 
by three parameters: the angles €I,, €II3 which the bonds 
M-A, M-B made with the unique axis, and the ratio 
of the bond lengths. (0) Coordination polyhedron found 
in zirconyl chloride octahydrate with edge lengths given 
in A. The oxygen atoms are numbered according to the 
symmetry code of Table IV. 

twofold axial symmetry. T o  a good approxima- 
tion (i.e. assuming a planar configuration of zir- 
conium atoms) the point-group symmetry of the 
discrete Zr,O,, complex (4 required) may be 
described as D,, (32m). 

Departing considerably from the square anti- 

3). In fact, the top halves of the C, polyhedron 
(consisting of oxygen atoms 9, 26, 36, and 4f in 
Fig. 26) and the D,,, dodecahedron (Fig. 2a) are 
very similar. The O(36)-Zr-O(4f) and O(9)- 
Zr-O(2b) angles are 84.8" and 134.0" respective- 
ly, which may be compared with the correspon- 
ding angles 20, = 70.4" and 20, = 147.0" in 
the dodecahedron found in Na,Zr(C,O,), . 3 H 2 0  
(12). T o  a lesser extent, the lower half of the C, 
coordination polyhedron (atoms 1, I,f, 86, and 
8g in Fig. 26) may also be matched with half of a 
dodecahedron. Referring to  Fig. 26, the angles 
O(1)-Zr-0(1 f )  = 96.9" and O(86)-Zr-O(8g) 
= 130.2" s h o ~ ~ l d  be compared, respectively, with 
20, values in the range 70.4-86" and 20, values 
in the range 131-147" found in zirconium com- 
pounds with dodecahedra1 octacoordinate struc- 
tures (3). As a first approximation, then, both 

prisGatic Gometry as described by Clearfield FIG. 3. Con~parison of coordination polyhedra pro- 

and vaughan, the C, coordination polyhedron jected along their unique axes. Oxygen atoms above and 
below the central zirconiunl atoms are represented, 

f ~ u n d  in the Present structure actually more respectively, by heavily and lightly ringed circles. Vertical 
closely resembles the dodecahedron. This may distances are given in A. (4 D4, (82ttl) w a r e  

antiprisnl in Zr(I03), (I I). (b) D2, (&I) dodecahedron be seen from a comparison of the three types of in Na4Zr(CjO4),.3H2O (12). (c) C2 (2) coordination 
polyhedra projected along their unique axes (Fig. polyhedron In ZrOC1,. 8 H 2 0 .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE IV 

Interatomic distances (in A) and angles (in degrees)* 
- -  - 

Symmetry code 
X Y 

b 
z 

X Y - 1 + z  
C X Y 1 + z  
d Y - X  - z 
e Y - x  1 - z  
f - Y X - Z 
6 -Y x 1-2 
h - + + x  Q-Y z 
i Q-Y .I z - X - 3 + z  
i 3-Y 2 x Q+Z -1 - 
k -;- + x Q-Y -1. - 2 

In tetranuclear complex 
Zr-O(1) 2.129 O(1)-Zr-O(86) 66.4 
Zr-O(1f) 2.110 0(1 f )-Zr-O(8g) 67.9 
Zr-O(8b) 2.197 O(1)-Zr-O(8g) 79.2 
Zr-O(8g) 2.133 0(1 f )-Zr-O(8b) 81 .2 
Zr-O(9) 2.314 O(9)-Zr-O(3b) 72.0 
Zr-O(2b) 2.338 O(2b)-Zr-O(4 f )  71.8 
Zr-O(3b) 2.210 O(9)-Zr-O(4 f )  74.1 
Zr-0(4 f ) 2.224 O(2b)-Zr-O(3b) 75.1 
Zr . . .  Zr(d) 3.558 O(1)-Zr-0(1 f )  96.9 

O(3b)-Zr-O(4 f ) 84.8 
O(8b)-Zr-O(8g) 130.2 
O(9)-Zr-O(2b) 134.0 
Zr-O(1)-Zr(d) 1 14.2 
Zr-O(8b)-Zr(d) 1 10.5 

Coordination about CI(1) 

Coordination about Cl(2) 
3. i2 0(2e). . . c1(2). . . O(5) 
3.15 O(2e). . . Cl(2). . . O(5i) 
3.06 O(2e). . . Cl(2). . . O(9) 
3.07 O(5). . . Cl(2). . . O(5i) 

O(5). . . Cl(2). . . O(9) 
O(5i). . . Cl(2). . . O(9) 

Coordination about O(5) 
3.15 Cl(2). . . O(5). . . Cl(2j) 
3.06 Cl(2). . . O(5). . . O(3) 
2.79 Cl(2). . . O(5). . . O(4b) 
2.69 Cl(2j). . . O(5). . . O(3) 

Cl(2j). . . O(5). . . O(4b) 
O(3). . . O(5). . . O(4b) 

Coordination about O(6) 
3.03 Cl(1). . .0(6). . . Cl(1 j )  
3.10 Cl(1). . . O(6). . . O(3i) 
2.69 Cl(1j). . . O(6). . .0(3i) 

Coordination about O(7) 

. , . . . . 

'Estimated standard deviations are: 0.022 .& for individual Zr-0 bonds, 0.03 .& for 
CL.. .O distances, 0.04 .& for 0 . .  . 0  distances, and 0.9' for all angles. 
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halves of the C,  polyhedron may be fitted indi- 
vidually to the dodecahedron, and the main 
distortion from ideal D,, geometry is a rotational 
twist of about 30" of the lower half relative to 
the upper half (Fig. 3c). Presumably this is the 
steric requirement involved in the formation of 
the tetranuclear complex through edge-sharing 
of four C ,  polyhedra (Fig. 1). 

Since the positions of the hydrogen atoms are 
unknown, the present X-ray analysis does not 
distinguish between hydroxyl and water groups. 
There is little doubt, however, that the terminal 
oxygen atoms 0(2), 0(3), 0(4), and 0(9), which 
are chemically equivalent, indeed belong to 

I water molecules. In their two-dimensional anal- 
ysis Clearfield and Vaughan identified the bridg- 

~ ing atoms O(1) and O(8) as OH groups, citing 
as evidence the fact that both linking oxygen 
atoms have Cl(2) as their only nearest neighbor. 
In the light of the present analysis this argument 
is no longer valid since the interatomic distances 
concerned, O(1). . . Cl(2) and O(8). . . C1(2), have 
increased from 3.18 to 3.45 A and from 3.02 
to 3.42 A respectively, and are now much longer 
than other 0 .  . . C1 contacts which lie in the range 
3.0-3.2 A (Table IV). We choose, therefore, to 
emphasize the important role of bridging hydrox- 
yl groups in complex formation (13), the com- 
mon occurrence of double hydroxo bridges as 
the dominant structural unit in all basic zirconium 
salts studied to date (14), and the relative stability 
of [Zr4(OH)8(H,0),6]8+ compared with the 
more highly-charged [z~,(H,o),,]~~+ contain- 
ing bridging water molecules. The very short 
O(1). . .0(8) distance of 2.37 A in the double 
bridge is in good agreement with similar dis- 
tances in the range 2.34-2.44 A found in several 
other basic zirconium salts (14, 15). The Zr-OH 
(bridging) bonds average 2.142 + 0.019 A, which 
is significantly shorter than the mean Zr-OH, 
(terminal) distance of 2.272 +_ 0.032 A. In 
Zr,(OH),(SO,),(H,O), (14), which contains 
[Zr,(OH), 16+ dimers, the Zr-OH bonds (mean 
length 2.123 + 0.020 A) are also stronger than 
other Zr-0 bonds which average 2.217 1 
0.01 3 A. The non-bonded Zr . . . Zr distance of 
3.558 A in [Zr4(OH)8(H,0)16]8+ also agrees 
well with the corresponding distance of 3.545 A 
in [Zr(OH),I6+. 

A careful examination of the environment 
about individual chloride ions and water mole- 
cules not bonded to the zirconium complex 

(Table IV) reveals that Cl(2) and O(5) are both 
tetrahedrally coordinated. On the other hand, 
C1(1), 0(6), and O(7) are respectively in five, 
three, and three coordination. The coordination 
figures- are notably irregular, but all pertinent 
0. . . 0  hydrogen bonds and 0 .  . . C1 contacts 
are normal. As one might expect, these chloride 
ions and water molecules which form a matrix 
holding together the zirconium complexes in the 
crystal lattice exhibit much more pronounced 
thermal motions. Indeed, the abnormally high 
temperature parameters obtained for C1(1), 0(6), 
and O(7) may be indicative of positional disorder 
in the structure. Any deviation from ideal stoi- 
chiometry, however, is slight since the measured 
and calculated densities are in good agreement. 
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3d orbitals and bonds of second row atoms. 2. n: bonding in 
phosphoryl compounds 

K. A. R.  MITCHELL 
Department of Clremistry, Utriuersity of Britis/z Columbia, Vatlcouuer, British Colrtmbia 

Received March 20, 1968 

The concept of 3d, orbital bonding in molecules of second row atoms is tested by making some model 
calculations on phosphoryl molecules, X3P0. Values of exponents for 3s, 3p, and 3d orbitals of phos- 
phorus have been calculated in an electrostatic calculation where X is F, C1, C, and H. For F 3 P 0 ,  
estimates have also been made on the effect of interatomic exchange. The main conclusion for F,PO 
is that the molecular environment strongly contracts the 3d orbitals at phosphorus with n symmetry 
with respect to the P-0 bond, thereby indicating the feasibility of double bond interactions with oxygen 
2p, orbitals. 
Canadian Journal of  Chemistry, 46, 3499 (1968) 

Introduction 
For some time it has been recognized that the 

energies and radial sizes of 3d orbitals of second 
row atoms are not suitable for substantial par- 
ticipation in bond formation (1). To  make im- 
portant contributions to  bonding, the 3d orbitals 
should be sufficiently compact to allow good 
overlap with orbitals of the neighboring atoms, 
and also the 3d orbitals should have binding- 
energies similar to those of other participating 
orbitals. Recent work confirms that 3d orbitals 
in d l  configurations are diffuse for both phos- 
phorus (2) and sulfur (3), and therefore the 
ability of 3d orbitals to contribute to bonding, 
in, for example, C13P0, (F2PN),, and (CH3),S0, 
depends on these orbitals being stabilized during 
the process of bond formation. 

Recently, much experimental work has been 
I directed a t  elucidating the nature of the P-0 

bond in phosphoryl molecules, and in particular 
i whether this is best considered as a double bond 

with d,-p, interactions or as an ionic bond 
I superimposed on the o bond (4). The ionic for- 

mulation was invoked by analogy with first row 
examples like amine oxides, in part because d 
orbitals were assumed unavailable in second row 
bonding on account of free atom properties. The 
basic geometries of phosphoryl molecules may 
be described by either the ionic or the double 
bond models, and attempts at distinguishing 
these formulations by making measurements 
related t o  polarity (5, 6) have been inconclusive, 
especially because the d,p, formulation is polar 
in the same direction as the ionic bond (1). Never- 
theless, a considerable amount of experimental 
evidence does point to the advantages of the 

double bond formulation, and this includes 
nuclear quadrupole resonance measurements of 
phosphory 1 molecules (7), electron spin resonance 
spectra of Ph3PO- and  related anions (8), and 
the influence of neighboring PO groups on re- 
action rates of vinyl compounds (9). The  ultra- 
violet absorption of phosphoryl compounds 
indicates moderately strong d,-pn interactions 
with pyrrole groups (lo), although these inter- 
actions are weak with vinyl (9) or phenyl (1 1) 
groups. 

In other molecular systems involving bonds 
between first and second row atoms, such as in 
the phosphates, the sulfoxides, the phosphonitri- 
lics, and the siloxanes, a number of authors con- 
sider the model emphasizing p,d, interactions 
to provide a valuable framework for interpreting 
experimental observations (1, 12-17). So far, 
however, the concept of 3d, orbital bonding has 
not been completely justified theoretically. Vari- 
ous semi-empirical methods have been applied 
to problems of this sort, and often they allow 
correlations which appear to be useful; a case 
in point being the correlations made by Wagner 
(18) of PO stretching frequencies with calculated 
bond orders in molecules of the type X,PO. 
These approaches are most convincing if the 
particular values of parameters for 3 d  orbitals 
that give agreement with experiment, can, at least 
qualitatively, be justified by some independent 
approach. Nonempirical methods are required 
for this purpose, and this is especially because 
the modification of the radial sizes and  orbital 
energies of 3d orbitals in molecular environments 
may be sufficiently large to  invalidate the use of 
parameters derived for 3d orbitals in free atoms 
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(19). It was the realization of this that encouraged 
Craig and Zauli to develop an electrostatic model 
for investigating the properties of 3d orbitals in 
molecules, and by this approach they showed 
that diffuse 3d orbitals can be strongly con- 
tracted (20). More recent developments (21), on 
the other hand, suggest that the influence of 
interatomic exchange may be important in par- 
ticular cases. Consequently, there is a need for 
investigating 3d, orbitals with models including 
exchange, and this is the main aim of the present 
paper. 

Methods of Calculation 

The calculations to test the availability of 3d, 
orbitals in phosphoryl molecules, X,PO, are 
based on the valence bond (v.b.) method assuming 
perfect pairing. The o orbitals at phosphorus are 
assumed to be 3s3p3 hybrids, and 3d bonding 
is only considered in the P-0 n bond. The latter 
assumption simplifies the investigation of the 
feasibility of d,-type bonding, but, once the con- 
cept is established, d orbital contributions must 
additionally be anticipated in the P-X bonds. 
This approach to the calculation is suggested by 
structural data, and in particular by the observa- 
tion that measured XPX angles are less than the 
tetrahedral value. For example, in C1,PO the 
ClPCl bond angle is 103.5" (22), and in F,PO 
the FPF bond angle is 102.5" (23). Insofar as 
these distortions from 109.5" may be correlated 
with multiple bonding (24), we conclude that d 
orbital contributions are greater in the PO bonds 
than in the PX bonds. 

The molecules X,PO have C,, symmetry, and 
it is most convenient to treat the d, atomic 
orbitals at phosphorus and the p, atomic orbitals 
at oxygen in the complex forms: 

d- = (d,, - idy,)/ 4 2  
P- = (PX - ipy)/ 4 2  

In eq. [ I]  local axes at both phosphorus and 
oxygen are defined such that the z axes lie along 
the internuclear directions. The v.b. wave func- 
tion for the P-0 n bonds is expressed by a 
linear combination of bond eigenfunctions, and 
in a basis set restricted to the orbitals of the 
valence shells this is 

In eq. [2], Y(p+' d + l ,  p-') refers to the bond 
eigenfunction with pairing between electrons in 
p+ of oxygen and d +  of phosphorus and two 
non-bonding electrons paired in the oxygen 
orbital p-. The coefficients a and b in eq. [2] 
depend on the properties of the 3d orbitals of 
phosphorus in the molecular environment. If 
these orbitals do not participate, thenY(p+ ',p - ') 
is the sole contributor, corresponding to the 
ionic formulation. An indication of the feasibility 
of participation by 3d orbitals may be obtained 
by estimating the 3d radial functions in the 
twin bond eigenfunctions Y(p+ d +  l, p-') and 
Y(p-l d-l,  p+'). These are likely to make 
important contributions to the v.b. wave func- 
tion expressed in eq. [2] provided the 3d orbitals 
overlap strongly with the neighboring 2p orbi- 
tals. The bond eigenfunction Y(p+l  d+ l, p- ') 
was investigated both with the electrostatic model 
developed by Craig and Zauli (20), and with the 
model including exchange described in the first 
paper of this series (21). 

These methods are briefly outlined. The elec- 
tronic Hamiltonian for X,PO may be written 

where H,, H,, and Hx represent Hamiltonian 
operators for the isolated atoms, and the inter- 
action operator, Hi,,, includes the interactions 
between thecentral phosphorus and the surround- 
ing atoms; the interactions between the outer 
atoms are dropped in eq. [3 ] since their effect on 
the valence shell orbitals of phosphorus can be 
neglected in a first approximation. At phosphorus, 
it is convenient to  write 

where Hcor, is the contribution of the nucleus 
and the inner-shell electrons, and  Hv,, is the 
contribution of the valence shell electrons, in- 
cluding their interactions with the core. In the 
electrostatic calculation (based on the v.b. 
model) the molecular wave function is a single 
product of all occupied one-electron atomic 
orbitals, and the electrostatic energy is given by 

where Yprod is the molecular wave function. I t  is 
convenient to express energies relative to a zero 
defined for infinite separation of X and 0 atoms 
and the P5+ core, in which case we have 
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For X3P0, based on the 3s3p33d configuration 
of phosphorus, the expansion of eq. [6] gives 

In eq. [7], the first term contains contributions 
for the kinetic energy of a 3s electron, and also 
for the energy of the 3s electron in the potential 
field, U, originating from the phosphorus core 
and the atoms surrounding phosphorus. The 
terms designated by J are single-center Coulomb 
electron repulsion integrals. 

The neglect of exchange terms is the most 
important deficiency of the energy in eq. [6], and 
this derives from using a simple product molec- 
ular wave function rather than one that is 
properly antisymmetrized, for example, YAs. In 
general, the minimization of (YAs (HI 'PAS) by 
variation of atomic orbital functions for atoms 
of the second row is too complex to be con- 
venient, and therefore a more tractable approach 
is necessary. With the assumption of perfect 
pairing and with the neglect of overlap integrals, 
the energy expression simplifies (25) and may 
be written 

In eq. [8], EO is the sum of the contributions 
which are independent of the valence shell orbi- 
tals of phosphorus; Q is the electrostatic contri- 
bution given by eq. [6]; the first summation is 
over exchange integrals for all pairs of orbitals, 
m and n, which form localized two-electron 
bonds; the second summation is over exchanges 
for all pairs of orbitals, p and q, for which spins 
are random. 

Although it is well-known that the energy 
equation [8] is not sufficiently accurate for cal- 
culating total molecular energies, it is, neverthe- 
less, likely to be useful for estimating the radial 
forms of 3d orbitals in molecular environments. 
The evaluation of the 2-center exchange integrals 
was simplified, as previously (21), according to 

where Y,, and Y,, are product wave functions 
which differ only in interchange of electrons in 
orbitals s and t .  Strictly, this evaluation should 
be over H,,, + Hint, but it was found that the 

use of eq. [9] resulted in no significant change in 
the final 3d exponents. This seems reasonable as 
the feature of special interest is the form of the 
3d orbitals in molecular environments, and the 
environmental influences are included in Hint. 

Representation of atomic orbitals is based on 
the Slater-type radial functions 

where N is a normalization constant, n the prin- 
cipal quantum number, and ct the orbital ex- 
ponent. The latter provides a measure of the 
inverse of orbital size since the distance of maxi- 
mum radial probability, measured in atomic 
units (1 a.u. = 0.529 A), is given by 

The simple radial function in eq. [ l o ]  seems 
to be useful for representing 3d orbitals in dl 
configurations of free atoms (17), but the nodeless 
form makes it less useful for 3s and 3p  orbitals. 
In this work, the nodes were effectively reinstated 
for the 3s and 3p orbitals of phosphorus by 
orthogonalizing to the core orbitals. Throughout, 
the inner shell orbitals of phosphorus and all 
ligand orbitals have exponents fixed at the values 
given by Clementi and Raimondi (26) from a 
self-consistent-field variation of orbital expo- 
nents in single-term radial functions. 

FIG. 1 .  Molecular and local axes in X3P0. 

Molecular axes in X3P0 are conveniently 
defined (Fig. 1) in relation to one of the planes 
XPO; the particular X group in this plane is 
distinguished in the following by X'. With the 
origin a t  P, z is fixed by the PO direction, x is 
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TABLE I 
Electrostatic energy-minimized exponents and energies for 

phosphoryl molecules 
- - 

Phospl~orus orbital exponents 
3d orbital 

Molecule at phosphorus* Q 3s 3~ 3d 

F3PO (T -6 .47 1.67 1.48 1.15 
T. -6 .35 1.68 1 .49 1.06 
6 -6 .34 1.68 1 .49 1.04 

*3d Orhitals designated by cr, rr, and 6 ,  respectively,correspond to zZ, the degenerate pair 
(xr,  yz), and the degenerate pair (x' - y', xy) .  

perpendicular to the X'PO plane, and y makes 
an acute angle with the PX' direction. For the 
evaluation of 2-center integrals involving orbitals 
at P and X', it is necessary to resolve the orbitals 
at phosphorus defined with the molecular axes 
in terms of orbitals defined with local axes. The 
latter are conveniently labelled a, P, y, where y 
is fixed by the PX' direction, ci coincides with x, 
and p makes an acute angle with the PO direction. 
For 3d orbitals the expressions needed for integral 
evaluation are 

[12] dZ2 = (cos2 h - 112 sin2 h)d.,2 
+ J3 sin h cos h dpu 

d,, = cos h day + sin h dap 

J 3  dX2-y2 = - - sin2 h dyz + sin h cos h dpy 
2 
+ (cos2 h + 112 sin2 h)da2-p2 

where h is the angle XPO. An extra transforma- 
tion is necessary for the X atoms which lie in front 
of and behind the yz plane. This is readily accom- 
plished by using additional axes obtained from 
x and y by rotations through f 7c/3 about the 
z-axis. 

As well as investigating the 3d orbitals with n: 
symmetry with respect to the P-0 bond, we 
consider also, in parallel calculations, the 3d 
orbitals with o and F symmetries. These latter 

orbitals are not included in bonding schemes, 
and therefore the spin of an electron occupying 
one of these orbitals is uncorrelated with the 
spins of electrons in bonding orbitals on neigh- 
boring atoms. This assumption is likely to be 
unrealistic in detail, but nevertheless the results 
are reported here both to emphasize the differing 
effects of the molecular environment on the sym- 
metrically inequivalent 3d orbitals, and also to 
point to situations where the simpler electrostatic 
calculations (20) may be less reliable. 

Results and Discussion 

The Electrostatic Model 
The electrostatic energy given by eq. [7] was 

minimized by varying the 3s, 3p, and 3d expo- 
nents of the phosphorus orbitals. Optimized 
exponent values are reported in Table I for 
molecules X3P0, where X is F, C1, C, and H. 
Bond lengths used in atomic units are: P-0 
= 2.8,P-F = 2.9,P-Cl = 3.75, P-C = 3.5, 
and P-H = 2.6. The XPO angle is fixed at 116", 
the value measured in F3P0 (23), but is useful 
also for C13P0 (22) and (CH3),P0 (27). Fluorine 
and chlorine were treated in the p,4p,' configura- 
tions, carbon in the 2s2p3 configuration (which 
should be useful for alkyls), and hydrogen in the 
1s configuration. 

In the 3s3p33d configuration of isolated phos- 
phorus, minimization of eq. [7] yields the follow- 
ing exponent values for the orbitals of the valence 
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shell(21): or,, = 1.84, a,, = 1.61, and a,, = 0.35. 
The results reported in Table I indicate, therefore, 
that in X3P0 molecules the electrostatic field 
expands slightly the 3s and 3p orbitals and con- 
tracts the 3d orbitals. In some cases the latter is 
very strong, with exponents being increased to  
over three times the free atom value. These trends 
are consistent with the simple qualitative pictures 
of bond formation; orbitals which are tightly 
bound in the rree atoms have to  be expanded to 
get their electron density nearer to the ligand 
atoms, and orbitals which are diffuse have to  be 
contracted to  achieve the same more favorable 
electron distribution. 

The Model including Excl~ange 
Previous work on 3d orbitals has indicated 

that results with the simple electrostatic model 
may not be reliable in particular circumstances 
(21). For example, if the contracted 3d orbitals 
strongly overlap inner shell regions of ligand 
atoms appreciable repulsive exchange terms come 
into play, and if there are no large bonding 
exchanges to  compensate, the exchange repul- 
sions may overcome the stabilizing effect of the 
electrostatic field, with the result that the orbitals 
remain diffuse. 

Results for the minimization of eq. [8] for 
F,PO are shown in Table TI. I n  this calculation, 
the 3s and 3p exponents were fixed at  the values 
that minimize the electrostatic energy. The 3d, 
orbital is now more compact than that predicted 
by the electrostatic calculation, and the exponent 
is increased about four times over that for the 
orbital in a free phosphorus atom. By contrast, 
for 3d, and 3d, the exchange repulsions are 
sufficiently large to  overcome the influence of 
the electrostatic field, with the result that these 
orbitals are diffuse and have exponents similar 
t o  those appropriate to  3d orbitals in the free 
phosphorus atom. This comparison indicates 
that the ligand field splitting of 3d orbitals in 

TABLE I1 
Energy-minimized 3d exponents for F3P0 

including exchange 

3d orbital 
at phosphorus E - EO* 3d exponent 

'Defined by eq [81. 

molecular environments may be large. This has 
application to  various problems of 3d orbital 
bonding, some of which are to be considered in 
further papers of this series, but it should be 
noted here that the differences between the 3d 
exponent values reported in Table 11 a re  probably 
slightly exaggerated, especially because 3d in- 
volvement has been neglected in the P-0 and 
P-F o bonds. However, as far as the  present 
paper is concerned, the most important point is 
that the minimization of eq. [8] for the bond 
eigenfunction Y(p+' d,', of F,PO shows 
that the 3dn orbital is sufficiently compact to  
contribute significantly to  the formation of the 
P-O x bond. 

Exchange has not been included f o r  the other 
phosphoryl molecules considered in the electro- 
static approximation, but expected trends can be 
followed to some extent. In the molecules F3P0, 
CI,PO, C,PO, and H,PO, the bonding exchange 
term for 3dn orbitals is primarily determined by 
the P-0 bond, and for this reason the differ- 
ences in properties of 3d, orbitals in the various 
molecular environments are especially dependent 
on the different electrostatic fields and on the 
different exchange repulsions caused by the 
ligand atoms. The results in Table I show that 
the electrostatic field contracts the 3d, orbitals 
in the order H < C < C1 < F, hydrogen being 
by far the least efficient. The differences for 3d, 
orbitals in X,PO are greater than those for the 
3d orbitals of e, symmetry in octahedral SX, 
molecules (21), although the ordering with dif- 
ferent X is similar. Superimposed on the electro- 
static field is the influence of repulsive exchanges 
between 3d, and the ligand atoms. These repul- 
sions are likely to be ordered H < C < F < C1, 
with chlorine having a larger effect than fluorine 
on account of its greater number o f  electrons. 
Although hydrogen should be most favorable in 
this respect, it does seem that the weakness of 
the electrostatic field ensures 3d, orbitals are 
less favorable for bond formation in H3P0 than 
in the other phosphoryl compounds, and this is 
consistent with the known instability of H,PO. 
The electrostatic field in C,PO is more favorable, 
and it seems likely that inclusion of  exchange, 
according to  eq. [8], would indicate compact 3d, 
orbitals in alkyl derivatives. 

The values of some two-center exchange 
integrals occurring in the calculation for F3P0 
are reported in Table 111. Exchange integrals for 
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TABLE I11 
Values of some exchange integrals* in F3P0  

-- 
Exchange integrals with 

3d exponent equal to 

Atomic orbitals 0.7 1 .O 1.3 

3d.P) 2pn(0) -0.041 -0.083 -0.096 
3dn(P) Is(F) -0.012 -0.026 -0.028 
3ddP) 2s(F) -0.041 -0.080 -0.087 
3ddP) -0.013 -0.027 - 
3ddP) 2s(F) -0.042 -0.082 - 
3d-(P) IS@) -0.057 -0.129 - 
3d0(P) 2 d 0 )  -0.176 -0.353 - 

-- 
*Evaluated according to eq. [9]. The fluorine exchanges are summed over 

all 3 atoms. 

3d, bonding interactions are smaller than bonding properties, and because of the constraints intro- 
exchanges involving 3d, orbitals (see Table 4 of duced by ensuring orthogonality to 3s. The latter 
ref. 21), and this difference arises in part because problem appears less critical for n bonds since 
regions of overlap of n orbitals are in lower larger distances for the radial maximashould be 
effective nuclear fields than is the case for o acceptable, but, in any event, the optimized 
orbital overlap. It is worth noting for the ex- contribution of 4p, in eq. [13] is likely to be 
ponents suggested by these calculations that the smaller than that of 3d,. 
total exchange repulsion experienced by a 3d, For small mixing coefficients E, a n  increase in 
orbital in F,PO, from overlap with 1s and 2s E would tend to increase the numerical values of 
orbitals at fluorine, is comparable to, and possibly the 3dff1(P) - 2p,(0) exchange, this following 
slightly larger than, the magnitude of the bonding an increase in the corresponding overlap integral. 
exchange with the oxygen 2p, orbital. This being At the same time the repulsive exchanges between 
so, it is pertinent to consider whether the result 3d,' and the ligand orbitals reduce. A repeat 
reported here is likely to remain when the calcu- calculation on F,PO, including the possibility of 
lation is refined. We believe, however, that the angular polarization, should, therefore, indicate 
stability of the result is ensured, in part because that 3d, orbital availability is increased compared 
a small degree of angular polarization is likely. with the prediction from the calculation reported 
This refinement may be made by combining some in this paper. It should be noted, however, that a t  
4p, orbital at phosphorus with 3d, to  form the most angular polarization represents a refine- 
new orbital 3d,' ment, which, unlike radial polarization, is not 

essential for the 3d, bonding model to  be accept- 
[13 I 3d,' = cos E 3d, + sin E 4p,, able. 
where E is a mixing parameter, and 4p is ortho- The calculation of F,PO reported in this paper 
gonalized to the other phosphorus orbitals. This represents a preliminary estimate of suitable 
is indicated schematically in Fig. 2. Previous radial functions of the phosphorus valence orbi- 
work (21) suggests that th'e electrostatic field of tals for use in a basis set. Since the optimized 
SF6 may contract 4s orbitals from the free atom radial functions for the 3d, orbitals turn out to 

have their probability maxima within inter- 
nuclear regions of bonds to phosphorus, it seems 8+8-6 + - - 
likely structure that should the 3d, be contribution substantial. to This the conclusion electronic 

- has recently received further support from some 
self-consistent-field calculations made by Boyd 

FIG. 2. Schematic representation of the mixing of and Lipscomb (28) on the diatomic species PO 
3d, and 4p, atomic orbitals. and PO-, in which the exponents of the 3d 

orbitals at phosphorus were varied for  minimum 
size, but that contributions to o bonds are likely energy; the optimized values being 1.4 in PO 
to be small, both because of the lack of directional and 1.1 in PO-. We believe, therefore, that the 
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Cinktique de l'oxydation de I'alcool benzylique par l'ion c6rique1 

D. PAQUETTE ET M. ZADOR 
Dipartentent de Cllintie, Ur~iuersiti de Mor~trial, Montrdal, Quibec 

R e p  le 26 avril 1968 

L'oxydation de I'alcool benzylique par I'ion cirique suit un mtcanisme analogue celui proposC par 
Duke pour I'oxydation du butandiol-2,3, soit formation rapide d'un complexe entre I'ion cCrique et 
I'alcool suivie de l'ttape d'oxydation proprement dite. L'influence du produit s'est averCe importante 
dans certaines conditions experimentales. La variation de la vitesse avec I'acidite du milieu est en accord 
avec la valeur de 0.4 de  la constante d'hydrolyse de l'ion cCrique i 25 "C. L'influence de la temperature 
a Ctt Ctudite. 
Canadian Journal of  Chemistry, 46, 3507 (1968) 

Introduction 
Le mCcanisme de I'oxydation d'alcools et de 

glycols par l'ion cCrique a CtC CtudiC dans 
diverses conditions (1). Duke et Florist ont 
montrC, pour la premiere fois en milieu nitrique, 
que la rtaction procede par I'intermtdiaire d'un 
complexe de stoechiomCtrie 1:l entre I'ion 
cCrique et l'alcool(2). D'autres Ctudes effectuCes 
en milieu perchlorique ont conduit a des con- 
clusions analogues (3-7). 

L'Ctude des solutions d'ion ctrique en milieu 
perchlorique a montrC qu'il existe sous forme 
partiellement hydrolysCe (8-10) d'aprks 1'Cq. [l ] : 

A faible aciditC, on a de plus constate la 
tendance a former des esptces polynucl~aires du 
type: (Ce-O-Ce)6+ (8). 

Dans le prCsent travail, nous nous sommes 
proposCs d'Ctudier l'oxydation de I'alcool benzy- 
lique par l'ion cCrique, en Ctudiant particuliere- 
ment l'importance de l'influence des produits et 
celui de I'aciditC. 

MCthodes expCrimentales 
Riactifs 

Le solvant utilisi est I'eau distillee; I'alcool benzylique 
et la benzaldthyde ont ete purifies par distillation sous 
azote. L'ion ctrique a etC obtenu, en solution 0.5 M dans 
I'acide perchlorique 6 M, de la cornpagnie G. F. Smith, 
Ohio, U.S.A. Le titre des solutions ceriques a Cte 
determine par iodomCtrie (11). Les autres reactifs sont de 
purett analytique. 

Mithodes cinttiques 
Les reactions ont CtC suivies par spectrophotornttrie, a 

I'aide d'un spectrophotornetre a cornpartiment thermo- 

'Present6 au 35eme Congrks annuel de I'Association 
Canadienne-Fran~aise pour I'Avancernent des Sciences, 
Sherbrooke, QuCbec, novernbre 1967. 

stat6 i + 0.1 "C, a des longueurs d'onde de 350 a 460 mp. 
L'Ctude de I'influence de  la force ionique a montre 

qu'elle ne depasse pas I'erreur experimentale dans le 
domaine Ctudie (I = 0.2 B 1.5); ceci est en accord avec 
les etudes faites dans le cas d'autres alcools (4) et dans 
I'etude de l'hydrolyse d e  l'ion cCrique (8). Elle fut 
nkanmoins maintenue constante dans I'ttude de 
I'influence de I'aciditi. Dans le domaine de concentration 
utilise, la stoechiomttrie de  la reaction rnontre qu'il y a 
disparition de deux ions ceriques par niolCcule d'alcool 
benzylique consommie. 

Le produit de la reaction, la benzaldehyde, a C t t  isolCe 
par extraction et identifiee par son derivC dinitro-2,4 
phtnyl hydrazone et par des rnethodes spectroscopiques. 
A haute concentration en ion cCrique on est parvenu B 
I'isoler a raison de 85 %. 

RCsultats et discussion 

Etude du cornplexe Ce(IV)-C,H, CH,OH 
Par une Ctude spectrophotomCtrique, analogue 

a celle de Ardon (4), nous avons pu mettre en 
Cvidence la formation d'un complexe entre les 
deux rCactifs et nous avons dCterminC sa con- 
stante apparente de formation K' = 0.8 + 0.2 
M-' a une concentration de 0.525 M en HCIO, 
a 25 "C. A cause de 1'Cq. [I ] la constante appa- 
rente depend de I'aciditC de la solution. 

Ces conclusions sont contraires B celles de 
Rangaswamy et Santappa (12), qui n'ont pas pu 
observer la formation de complexe avec l'alcool 
benzylique d'une part a cause de la mCthode 
experimentale et d'autre part, cause des basses 
concentrations utiliskes. 

Etude cinktique 
Le micanisme de I'oxydation d e  l'alcool 

benzylique suit un schCma analogue a celui 
proposC par Duke pour I'oxydation du  butane- 
diol-2,3 (1): 

K' 
[2] Ce(IV) + C,H,CH,OH [COMPLEXE] 

raplde 
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k 
[3] [COMPLEXE] 4 Ce(II1) + H +  + 

lente 
[INTERMEDIAIRE] 

[4] [INTERMEDIAIRE] + 
Ce(IV) - Ce(II1) + H+ + C,H,CHO 

rapide 

En-tenant compte des ttapes [2] et [3] et de la 
disparition rapide d'un ion drique suppltmen- 
taire dans l'ttape [4] et en faisant les approxi- 
mations habituelles, on obtient l'tquation de 
vitesse gtntrale: 

- d [Ce(IV)] 
[5] v = 

d t 

- - - 
2kK1[Ce(1V):([A] 

1 + K'([Ce(IV)] + [A]) 

L'tquation [5] est vtrifite, et en stoechiomttrie 
et en dtgtnCrescence par rapport a l'alcool, avec 
les valeurs suivantes des paramktres: k = 2.0 
min-', K = 0.95 2 25 "C et a 0.525 M e n  HClO, 
obtenus a partir des rtsultats du Tableau I. 

Influence de la benzaldkhyde 
Nous avons Ctudit la reaction de l'ion ctrique 

avec la benzaldthyde en vue de dtterminer 
l'intervention de celle-ci dans la vitesse de 
disparition de l'ion ctrique lors de l'oxydation 
de l'alcool benzylique. Les donntes de vitesses 
initiales, prtsenttes au Tableau I1 indiquent 
qu'il s'agit d 'une rCaction complexe. L'ttude de 
l'influence de l'oxygkne montre qu'il s'agit 
d'autoxydation; la vitesse de disparition de l'ion 
ctrique devient trks petite en absence d'oxygkne. 

La comparaison de vitesses initiales a haute et 
a basse concentration en ion ctriaue ~ e r m e t  de 

TABLEAU I1 

Vitesse initiale de la reaction avec la 
benzaldkhyde* 

- 
[Ce(IV) I V, = k'[Ce(IV)] 

(mole I-') (mole I - '  min-') 

27.5 x 3 . 4 ~  
6 . 0 ~  1 . 6 0 ~  
4 . 0 ~  9 . 6 ~  lo-: 
2 . 5 ~ 1 0 - ~  14.1 x 10- 
1 . 0 x 1 0 - ~  1 5 . 8 ~  lo-4 

*[CaH,CHO] = 1.1 x 10-'M; [HCI04] 
= 0.525 M; T = 25 "C. 

produits devient tr6s importante; le calcul a 
l'aide de la relation publite par Rangaswamy et 
Santappa (12) donne une valeur plus de deux 
fois plus forte que notre constante de vitesse 
exptrimentale pour l'oxydation de l'alcool 
benzylique. 

L'influence de l'acidite a t t t  Ctudite dans le cas 
de l'oxydation de plusieurs alcools et l'interprt- 
tation des rtsultats a t t t  faite en considtrant la 
variation de la constante de complexation, 
obtenue partir de mesures cinttiques, avec 
l'aciditt du milieu (4-6). Pour notre part, nous 
avons prtftrC utiliser directement la variation de 
la vitesse avec l'aciditt pour deux raisons. 
D'abord, ceci Climine l'erreur sur la dttermina- 
tion de la constante de complexation; de plus 
l'influence tventuelle du produit a toujours la 
mCme importance ttant donnC que 1'011 travaille 
a une mCme concentration en alcool ce qui n'est 
pas le cas dans les travaux mentionnts. 

En considtrant comme forme rtactive le Ce4' 
et en tenant compte de 1'Cq. [I] ,  on obtient 
l'tquation de vitesse suivante: 

& L 

conclure qu ' i  une concentration de 2.75 x lop2 
-d[ce(lv)l = 2k1[Ce(IV)] M en ion ctrique, l'interfkrence de la benzaldt- [6] dl 

hyde est ntgligeable. I1 apparait qu'8 basse 
concentration d'ion cCrique l'erreur due aux - - 2kK[Ce(IV)][A] 

1 + K[A] + KH/[H'] 
TABLEAU I 

Constantes de vitesse expkrirnentales* oh K = [COMPLEXE]/([Ce4'] [A]), constante 
-- vraie de complexation. 

A k" k' L'tquation [6] peut Ctre transformte en une 
(mole I-') (mole-' 1 min-') (rnin-l) relation lintaire: 

0.0138 1.41 
0.0250 1.51 1 - l + K [ A ]  KH 1 +-.- 
0.0500 1.64 
0.100 0.171 

[71 - kK[A] kK[A] [H'] 
0.150 0.255 
0.200 0.320 L'interprttation graphique des rtsultats du 
0.274 0.410 Tableau 111 par l 'tq. [7] donnCe dans la Fig. 1 
*[Ce(lv)l= 0.0275M; [HCIO~I  = 0.525 M ;  T =  25°C. permet de dtduire la valeur de la constante 
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PAQUETTE ET ZADOR: CI NETIQUE DE L'OXYDATION 3509 

FIG. 1. Influence de l'aciditi: [Ce(IV)] = 0.0275 M, 
[A] = 0.100 M, T = 25 OC. La concentration en acide 
est exprimie en moles par litre. 

d'hydrolyse KH et celle de la constante vraie de 
complexation, K. On obtient les valeurs suivantes : 

En interprktant directement la variation de 
densitk optique initiale avec l'acidite nous avons 
obtenu la valeur de 0.5 + 0.2 pour KH. 

TABLEAU 111 

Influence de l'acidite* 
- 

[H+ I l /[H+I k' llk' 
(mole I-') (mole-' 1) (min-') (min) 

*[Ce(IV)] = 0.0275 M; [A] = 0.10 M; T = 25 'C. 

Ces valeurs sont en bon accord avec celle de 
0.6 obtenue par potentiomktrie (10) et celle de 
0.2 obtenue par l'ktude spectrophotomktrique 
dans des conditions expkrimentales favorables 
(9). 

Nos rksultats ne sont par contre pas compati- 
bles avec d'autres valeurs obtenues dans 1'Ctude 
directe de I'hydrolyse dans des conditions 

expkrimentales peu favorables (8) ou tirCes de 
l'oxydation d'alcools (4-6). L'interfkrence des 
produits d'oxydation a Ctk mentionnke dans 
certains cas (4, 7, 12) mais l'erreur produite n'a 
pas CtC estimke. Elle peut &tre trts importante si 
l'on considere I'kcart de plus de 100% dO A la 
benzaldkhyde dans certain cas. Dans le cas de 
l'oxydation du mCthanol par exemple la for- 
maldehyde peut interfkrer serieusement a basse 
concentration en methanol d'apres les rksultats 
d'un travail independant (13). La valeur de K, 
de 3.75, obtenue a partir de la variation de la 
constante de complexation (9, est environ cinq 
fois supkrieure la valeur de 0.7 + 0.4 que l'on 
obtient en interprktant directement les donnkes 
cinktiques publiees, concentration de mCthanol 
constante, A l'aide de 1'Cq. [7]. 

I1 est a noter que nous n'avons pas tenu compte 
de la possibilitk de formation de dimtres; 
Offner et Skoog (9) ont dkmontri qu'a une 
concentration de 0.01 M en ion cCrique, elle est 
pratiquement inexistante. Comme une 1Cgere 
erreur, due a la possibilitt de formation d'une 
faible quantitC de dimtre, ne peut pas &re exclue, 
la valeur obtenue reprksente la limite infirieure 
de KH, comme on peut le montrer aiskment. 

Param2tres d'actiuation 
Dans les conditions expirimentales il est 

difficile de siparer tous les param6tres dont 
dCpend la vitesse de rkaction; ainsi nous nous 
sommes bornCs A dkterminer les paramttres 
d'activation apparents. A cause de l'intervention 
du produit a faible concentration en ion cCrique 
les constantes apparentes sont plus fortes dans 
ces conditions (Tableau IV) neanmoins, l'knergie 
d'activation reste la m&me (Fig. 2). Ce qui 
confirme l'identitk de 1'Ctape dkterminante. 

TABLEAU IV 
Influence de  la temperature* 

[Ce(IV)l [A I T k' 
(mole I-') (mole I-') PC) (min-') C
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FIG. 2. Determination de I'energie d'activation: 0, 
[Ce(IV)] = 0.0275 M, [A] = 0.10 M; [HCIO,] = 0.525 
M, T = 25 "C. a, [Ce(IV)] = 1.0 x M, [A] = 1.0 
x M; [HCIO,] = 0.525 M, T = 25 "C. 

Les paramktres d'activation ont les valeurs 
suivantes : 

AH* = 21 f 1 kcal mole-', AS* = 6 f 3 u.e. 

En conclusion, l'oxydation de l'alcool benzy- 
lique par l'ion ctrique suit un mtcanisme 
identique B celui propost par Duke (1) pour 
l'oxydation du butanediol-2,3. A faible concen- 

tration en ion cCrique, l'interftrence due aux 
rtactions avec la benzaldthyde est importante. 
La variation de la vitesse de rtaction avec 
l'aciditt du milieu due B l'intervention de l'ion 
ctrique non hydrolyst nous a permis de dtduire 
la constante d'hydrolyse. 
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y-Radiolysis of cyclohexane with electron scavengers. VI. N 2 0  and 
SF, as electron scavengers in the vapor phase1 

N. H. SAGERT, R. W. ROBINSON, AND A. S. BLAIR' 
Research Cl~emistry Branch, Clzalk River N~~clear Laboratories, Cl~nlk River, Ontario 

Received June 17, 1968 

The y-radiolysis of cyclohexane has been examined in the vapor phase using N 2 0  and SF6 as electron 
scavengers. Both N 2 0  and SF, reduce the hydrogen yield from 4.6 to 3.OG units, indicating that 
3.0 G units of hydrogen have neutral species as precursors, while 1.6 G units have electrons as pre- . - 
cursors. 

Radiolysis of cyclohexane vapor with more than 2 %  N 2 0  produces 10.4 G units of cyclohexene 
and 11.5 of nitrogen. Carbon dioxide reduces both these yields; the extrapolated value of G(N,) is 
equal to G(e1ectrons) at infinite C 0 2  concentration. Thus 0- is likely a precursor of that part of the 
nitrogen yield in excess of G(electrons), and of the cyclohexene yield associated with this nitrogen 
yield. 

The first order molecular detachment of hydrogen is unaffected by electron scavengers, showing 
that most of this first order yield has neutral precursors. The implications for Dyne's general mechanism 
of hydrocarbon radiolysis are discussed. 

Canadian Journal of Chemistry, 46, 3511 (1968) 

Introduction 

The electron scavengers N,O ( I ,  2) and SF, (3) 
have been widely used to determine the role of 
electrons in the radiolysis of hydrocarbon 
systems. In this laboratory we have examined 
secondary reactions in the liquid (4) and solid 
phase (5) radiolysis of cyclohexane with these 
electron scavengers by measuring yields of the 
major liquid products, cyclohexene and bicyclo- 
hexyl, as well as yields of gaseous products. The 
work reported here extends these studies to the 
vapor phase. 

Recently Holtslanderand Freeman (6) reported 
about 20 G units of nitrogen and methylcyclo- 
hexene from the vapor phase radiolysis of the 
methylcyclohexane-N20 system. They pro- 
posed a chain reaction to explain their results. 
Somewhat smaller nitrogen and phenol yields 
have been observed by Hentz and Rzad (7) from 
the radiolysis of the vapor phase benzene-N20 
system. On the other hand Johnson and Warman 
(8) and Warman (9, 10) have obtained 7 to 8 G 
units of nitrogen from the radiolysis of the 
propane-N20 and n-butane-N20 systems. Hence 
it was of interest to examine the cyclohexane-N20 
system to see if large nitrogen yields were pro- 
duced, to see if these large nitrogen yields were 
accompanied by a corresponding increase in 

olefin yields, and to determine the precursors of 
any large nitrogen and olefin yields. 

Blachford and Dyne (1 1) applied Dyne's 
isotopic technique. (12) to the vapor phase 
radiolysis of cyclohexane using benzene as a 
scavenger. We applied this same technique to the 
cyclohexane radiolysis, using N 2 0  and SF, as 
specific electron scavengers, to see if electron 
scavengers had any effect on the first order 
hydrogen yield. 

Experimental 
The sources and purification of cyclohexane, N20, 

SF6, and C 0 2  have been described in refs. 13, 4, and 
14 respectively. Perdeu terocyclohexane was obtained 
from Merck (Canada). It was shaken with concentrated 
sulfuric acid, then distilled. The distillate was first 
washed with dilute sodium carbonate solution, then with 
water, and redistilled. Irradiation and dosimetry tech- 
niques have also been described previously (13). The 
total dose given the cyclohexane was 2.22 x loL9  eV/g 
unless otherwise noted, and this dose was given at a 
mean dose rate of 4.9 x 10'' eV/g min. All G values 
quoted in this article are nlolecules produced for each 
100 eV absorbed in the entire systenl. Relative electron 
stopping powers per molecule for ethylene, N,O, and 
CO, were taken from Meisels (15). The relative electron 
stopping power per molecule for cyclohexane was taken 
as three times that of ethylene, and that for SF6 was 
taken from Davidow and Armstrong (16) and  Meisels 
(15). 

Analytical procedures have been described (4). 

'Issued as A.E.C.L. No. 2739. Results 
'A.E.C.L. Summer Student, 1967. Present address: ~ h ,  radiolysis o ~ c y c ~ o ~ e x a n e  vapor produces a Department of Chemistry, University of Toronto, Tor- 

onto, Ontario. wide variety of products (1 1, 17). For this study, 
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TABLE 1 
G values of selected products from the radiolysis of pure cyclohexane vapor 

- 
G value 

This work 
Ref. 17 Ref. 11 

zero dose dose = 2.3 x 10'' eV/g dose = 3 x 10'' eV/g dose = 3 x lo1' eV/g 
Product T = 133 "C T = 133 "C T =  100°C T =  125°C 

we measured yields of hydrogen, methane, 
cyclohexene, and bicyclohexyl, and yields of these 
products from pure cyclohexane vapor under our 
conditions are given in Table I. 

HYDROGEN 
A CYCLOHEXENE 
m BICYCLOHEXYL 
x METHANE 

L I I A 
0.0 2.0 4.0 6.0 8.0 

MOLE % SF, 

FIG. 1. Yields from the cyclohexane-SF6 system. 
T = 135 "C. Cyclohexane pressure = 740 Torr. 

Yields of hydrogen, methane, cyclohexene, and 
bicyclohexyl in the presence of SF6 are shown in 
Fig. 1. Hydrogen is reduced to 3.0, G units by 
the smallest amount of SF6 which could be added. 
This result is similar to that obtained with the 
SF6-methylcyclohexane system (18). The yields 
of the other products studied are affected much 
less by SF,. These yields are independent of dose 
up to doses of 5 x 10" eV/g. Yields of hydrogen, 
nitrogen, cyclohexene, and bicyclohexyl in the 
presence of N 2 0  are shown in Fig. 2. Although 
hydrogen is reduced to 3.0, G units and bicyclo- 
hexyl is not greatly affected, nitrogen and cyclo- 
hexene yields are increased enormously to 11.5 
and 10.4 G units respectively. These large yields 
are similar to the olefin and nitrogen yields 
obtained from the vapor phase methylcyclo- 
hexane-N20 system (6), and to the phenol and 

nitrogen yields from the vapor phase benzene- 
N 2 0  system(7). Cyclohexanone andcyclohexanol 
were sought, but were found to be minor products 
(G < 0.2). Water was not determined. All yields 
in the presence of scavenger are independent of 
dose, within experimental error, from 0.5 x 10" 
to 7.0 x 10'' eV/g. Within experimental error 
they are also independent of temperature from 
90 to 170 "C. There is a trend toward lower yields 
of nitrogen and cyclohexene at the lowest pres- 
sures (Fig. 3) with a corresponding increase in 
bicyclohexyl. 

o CYCLOHEXENE 
0 - 4.0 
\ 

NITROGEN 

1 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 

MOLE % N 2 0  

m 
W 
J 0.011 

3 

2 4.0': 
J 
0 

FIG. 2. Yields from the cyclohexane-N20 system. 
T = 133 "C. Cyclohexane pressure = 740 Torr. 

i 
I I I I I I, 

1 I 

A HYDROGEN 
BICYCLOHEXYL 

r 3.0 - - A 
Y 
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I:, 7 

o HYDROGEN 
NITROGEN 

2 I A CYCLOHEXENE - 

4 6 1  x BICYCLOHEXYL 

0 500 1000 1500 
PRESSURE (TORR) 

FIG. 3. Yields from the cyclohexane-NzO system as 
a function of pressure at 4.0, % NZO. T = 133 "C. 

Figure 4 gives yields of HD and D, from 4.0 
electron % C,D,, in C6H12. These yields are 
calculated on the basis of energy absorbed in the 
C6DI2, as described by Dyne and Jenkinson (12). 
In dilute solutions of deuterated hydrocarbon, 
the D, yield, or G,(D), is a measure of the first 
order yield of hydrogen, as second order processes 
producing D, are small. G,(D) is not affected by 
electron scavengers such as N20,  just as it is not 

nitrogen seen in the methylcyclohexane-N20 
system result from a chain reaction involving 0-. 
Since Warman (9, 10) has shown that CO, acts 
as an 0- scavenger, in the vapor phase at least, 
we added CO, to the cyclohexane-N,O system 
to see if CO, could affect the large cyclohexene 
and nitrogen yields. The results are given in Fig. 5 
and show that CO, does decrease these yields 
without affecting the hydrogen yield. The addition 
of 112 mole % SF, to the cyclohexane-N20 
system eliminates the nitrogen yield and reduces 
the cyclohexene yield to 2.6 G units. 

H Y D R O G E N  

0 
P 
v, 8.0 
W 

3 

L L 

affected by benzene (11). Similarly g(HD) is a 
FIG. 5. Yields from the cyclohexane-NZO-COZ measure of second order reactions leading system. 4.05% NZO, T =  133 "C. Cyclohexane pressure 

hydrogen, and it is little affected by N,O. These = 740 Torr. 
yields are, within experimental error, constant 
over the ranges of dose, pressure, and temperature 
studied; that is, from 0.5 to 7.0 eV/g, from 150 to 
1500 Torr, and from 90 to 170 "C. 

Holtslander and Freeman (6) have argued - 
convincingly that the large increiges in olefin and 

MOLE % N,O 

FIG. 4. Yields of HD and Dz  from 4.0% C,Dlz in 
CsHlz with NZO. T = 133 "C. Total cyclohexane pres- 
sure = 740 Torr. 

Discussion 

Both SF, and N 2 0  reduce the hydrogen yield 
by 1.6 to 3.0 G units. This effect may be con- 
sidered a result of electron capture by the addi- 
tives since both N 2 0  and SF, react slowly with 
atoms and radicals (19, 20), but have large cross 
sections for the capture of thermal electrons (21, 
22). In addition, both have larger ionization 
potentials than cyclohexane (23), so that positive 
charge transfer from cyclohexane to the additive 
is impossible. These additives have also been used 
as electron scavengers in the gas phase radiolysis 
of methylcyclohexane (18) and propane (8). 

Like Theard (17), we shall take the electron 
yield in cyclohexane to be 4.2 G units, since the 
W values for many hydrocarbons are close to 
24 eV/ion pair (15). Hydrogen production from 
pure cyclohexane vapor may then be represented 
by the following mechanisms: 

[la] C,H12 --> ( M I +  - - -  + M,+) + e 
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[ lbl  C6HlZ C6HJ2* 

[2fl 1 C6Hlz* -> H Z  + C6H10 

[2bl -> H + products 

Val H + products 
/* 

[3b] ( M I +  - - - + M,,+) + e -+ H z  + products 
I 

no H z  or H z  
precursors 

Individual yields of these reactions, along with 
the methods used to obtain them are given in 
Table 11. The significance of the deuterium 

TABLE IT 
Yields of individual reactions in the vapor phase radiol- 

ysis of cyclohexane 

This is somewhat less than the 0.8 G units re- 
ported by Dyne, Denhartog, and Smith (25), and 
by Blachford and Dyne (1 1). Dosimetry probably 
accounts for some of this discrepancy as different 
methods of measuring the dose rate were used. 
This is especially likely since Blachford and Dyne 
reported high yields for all the products mea- 
sured. The Gl(D) yield is related to reactions 
[2a] and [3b]. Since the electron scavengers do 
not effect Gl(D), apparently the entire deuterium 
yield arises from reaction [2n]. It should be noted, 
however, that any effect of scavenger 011 this yield 
must be multiplied by about 3 as described below. 
As any effect of scavenger is less than 0.05 G 
units, the yield froin reaction [3b] is less than 
0.15 G units. 

Like the D, yield, the HD yield is little affected 
- by electron scavengers. A large portion of this 
Reaction G Source of G Reference - yield comes by way of reaction [2b] which would 

[In] 4 . 2  G(e) 15,17 not be affected by electron scavengers in any case. 
[Ib] 3 .0  Limiting yield with N z O  

and SF6 
However, it might be expected that the 1.6 G units 

[2al 0 .5  GI(D) from reaction [3a] would be affected. An answer 
[2b] 2 .5  G[lb]-G[2n] to this problem is given by work of Ausloos and 
[ ~ Q I  1 .6  G(Hz)-G[lb] 
[3b] 1 0 . 1 5  Ef fec to fNzOonGI(D)  

Lias (26) who showed that charge exchange 
[3cI 2 .6  G(e)-G[3n]-G[3b] 
[4 1 4.1  G[2b]+G[3a] [6] CsDiz' + C ~ H I Z  * C ~ H I Z +  + C ~ D I Z  

[5n] 0.7, G(bicyclohexy1) 
[5b] 0 .34 occurs rapidly in the vapor phase and that, under 

kd G(bicyclohexyl) 
k c  

24 their conditions at  least, the equilibrium constant 
for reaction 161 is 2.6. Similar eauilibria will 
apply for all thk possible combinations of charged 

labelling techniques in determining yields of species involved in  the radiolysis, and the result 
reactions [2al and I3b1 be described later. will be a transfer of charge away from deuterated 
B i c ~ c l o h e x ~ l  be assumed to be produced species to protiated species. Hence relatively 
reaction [5a]. more protiated species will be neutralized than 

Using the G values for reactions [ l ]  through 
[5] given in Table I1 the total cyclohexyl radical 
yield, as given by reaction [2b] plus reaction [4] 
and part of reaction [3a], is much larger than 
twice reaction [5a] plus [5b]. This is not sur- 
prising as much fragmentation occurs in reactions 
[la], [3a], and [3c] so that the predominant fate 
of cyclohexyl radicals will not be combination 
with each other. The largest share of the cyclo- 
hexene yield is not accounted for by reactions [ I  ] 
through [5] and probably arises by dispropor- 
tionation of cyclohexyl radicals with other 
radicals, and by ion-molecule reactions. 

The first order deuterium yield, G,(D) from a 
4 %  mixture of C,D12 in C6HI2 is 0.5 G units. 

would be expected on an electron fraction basis, 
and the yield of D atoms from reaction [3a] will 
be much less than the 1.5 g units estimated on 
such a basis. Any deuterium from reaction [3b] 
will also be less than that calculated on an 
electron fraction basis by a factor of 2.6, as 
mentioned above. 

Dyne (27) has proposed a mechanism for the 
radiolysis of saturated hydrocarbons to explain 
his results with deuterium labelled tracers. In 
particular, it explains why Gl(D) is reduced by 
adding electron scavengers to the C6H12 - 4% 
C6D12 system, and why Gl(D) is reduced by a 
larger fraction than the total hydrogen yield1 
This mechanism depends mainly on the proposa. 
that excited states formed in reaction [lb] are 
identical, in their kinetic behavior at least, to 
those formed as intermediates in reaction [3]. 
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Although this mechanism explained their liquid 
phase results well, some difficulty was encoun- 
tered in applying it to the vapor phase observa- 
tions, where the addition of benzene did not 
decrease G,(D). The suggestion was made that 
the vapor phase results could be explained if 
charge transfer was a slow process in the vapor 
(27). However, Ausloos and Lias (26) have 
recently shown that reactions such as [6] 
occur very rapidly in the vapor phase when there 
is at least 0.1 eV difference in the ionization 
potentials of the molecules involved. Another 
suggestion, made earlier by Blachford and Dyne 
(1 l), is that excited states formed in reaction [lb] 
are quite different from those formed as inter- 
mediates in reaction [3]. This view is supported 
by our interpretation of the effect of electron 
scavengers, which shows that the ratio of first 
order hydrogen to  second order hydrogen pre- 
cursors is quite different for excited states formed 
directly (k2,/k,,) than for those formed by ion- 
electron combination (k3,/k3,). It appears reason- 
able that the excited species existing in the vapor 
state should be discrete excited states corres- 
ponding to  the lowest level of a set of transitions. 
Hence different methods of population of higher 
levels such as neutralization or direct excitation 
will result in different ratios of final states. In the 
liquid, however, the excited states may be more 
analogous to excitons (28) with some charge 
separation (29) and with wider bands of permis- 
sible energies, so that the method of formation is 
less important. 

The proposal that charge exchange occurs but 
that excited states formed in reaction [lb] and [3] 
are different also explains why Dyne, Denhartog, 
and Smith (25) saw that G,(D) was constant from 
C,D,, in a number of hydrocarbons, but that 
the hydrogen yield from mixtures of n-hexane and 
2-methyl pentane was not linear with electron 
fraction. Since the D2 yield comes largely from 
reaction [ lb]  in the vapor, it is constant regardless 
of the other components of the mixture. However, 
charge exchange processes will affect the total 
hydrogen yield, which will tend to  be more like 
that from the hydrocarbon of lower ionization 
potential (23). Dyne, Denhartog, and Smith (25) 
noted that the hydrogen yield from an equimolar 
mixture of 2-methyl pentane in n-hexane was 
more like that from 2-methyl pentane. 

The large nitrogen yield for the cyclohexane- 
N,O system cannot be entirely explained by the 

reactions proposed by Johnson and Warman (8) 
and Warman (9, 10) for the propane-N20 
systems 

1961 -. NO + NO- 

These reactions could only account for a 
nitrogen yield of 2 G(e) or 8.4 G units, even if 
reaction [9b] is negligible compared to  [9a]. In 
fact, Warman (10) has shown that k,,/k,, = 1.2 
+ 0.1,. Thus in the cyclohexane-N,O system 
an additional source of nitrogen must be sought. 
The high cyclohexene yields and the approximate 
equality of G(N2) and G(cyc1ohexene) plus 
G(bicyclohexy1) suggests that a chain reaction of 
the type proposed by Holtslander and Freeman 
(6) for the methylcyclohexane-N,O system is 
involved. They proposed a chain which for our 
system would be written : 

In our system, however, this proposal is not 
consistent with the constant yield of dimer on 
adding N,O, as an increase in cyclohexyl radicals 
should produce a t  least a small increase in dimer. 
A large ratio of rate constants for dispropor- 
tionation to  combination would result in a small 
increase which might escape detection. However, 
this ratio is, in fact, quite small (24). There are, of 
course, large yields of other radicals in the  system 
which could disproportionate with cyclohexyl 
radicals to  give cyclohexene. Another complica- 
tion exists, in that in the radiolysis of pure 
cyclohexane vapor, several G units ofcyclohexene 
may be destroyed by secondary reactions (1 1). 
Hence any consideration of the details of the 
mechanism by which the extra cyclohexene is 
produced will be highly speculative. 

Tn an attempt to show that 0- was a precursor 
of the extra nitrogen and cyclohexene, C 0 2  was 
added to  the cyclohexane-N20 system. Warman 
(9, 10) has shown that reaction [13]: 

is fast compared to reaction [9]. Nitrogen and 
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cyclohexene were reduced by CO,, although steps, more rigorous treatments are probably not 
hydrogen was unaffected. If the competition justified. We have shown, however, that CO, can 

(Nz0) 
successfully compete for precursors of the extra 

[I41 0- + C6HI2  - nN2 + products nitrogen and cyclohexene, and thus that 0- is 
probably a precursor of these products. 

[I31 0- + CO, -t c0,- 
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slope of the line in Fig. 6 as 39.2. Equation [15 is, Bond energies, ionization potentials, and electron 
affinities. Edward Arnold and Co., London. 1966. 

however, a gross simplification. It assumes that 24. P. W. BECK, D. V. KNIEBES, and H. E. GUNNING. J. 
Chem. Phys. 22, 272 (1964). nitrogen is not produced reaction i9 1. Further- 25. p. J. DYNE, J. DENHARmG, and D. R. SMITH. DiS- 

more it does not represent the chain reaction of cussions Faraday sot. 36, 135 (1963). 
Holtslander and Freeman (6) except for unit 26. P. A u s ~ o o s  and  S. G. LIAS. T h e  chemistry of 

chain length. since we have no direct evidence as ionization and excitation. Edited by G.  R. A. John- 
son and G.  Scholes. Taylor and Francis, London. 

to whether a true chain reaction of the type 1967. pp. 77-89. 
envisaged by Holtslander and Freeman is 27. P. J. DYNE. Can. J. Chem. 43, 1080 (1965). 
operating here, or whether nitrogen plus cycle- 28' D' L' DExTER and R' S' KNOX. Exc'tons' Inter- 

science Publishers, Inc., New York. 1965. p. 112. 
hexene are produced in a number of sequential 29. M. BURTON. J. Phys. Chem. In press. 
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Infrared study of the adsorption, desorption, and degassing processes of 
trimethyl-borate on a porous high-silica glass system 

MICHIE SHIMIZU AND H. D. GESSER 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received March 7. 1968 

Infrared absorption has been applied to the process of adsorption, desorption, and degassing of 
trimethyl-borate on porous high-silica glass. Theadsorbate was shown to react with the silanol and siloxane 
surface groups at room temperature to form =Si-OCH3 and =B-0CH3 as well as CH30H which after 
high temperature degassing left ~ S i O H a n d  =BOH on thesurface. 

Canadian Journal o f  Chemistry, 46, 3517 (1968) 

Introduction 

Many workers (1, and references cited there- 
in) have studied the problem of methanol 
adsorption on silica gel, aerogel, porous high- 
silica glass, and silica-alumina gels, probably all 
with borosilicate-like "Pyrex" glass apparatus. 
It was brought to our attention (2) during a 
report on the infrared (i.r.) and electron spin 
resonance (e.s.r.) studies of methanol (3) on 
porous high-silica glass that methanol, during 
storage, is known to dissolve boron from boro- 
silicate glass and form trimethyl-borate (4). We, 
therefore, undertook a study of the trimethyl- 
borate glass system to determine its possible 
effect on our methanol study. 

Experimental 
A standard vacuum line constructed of "Pyrex" glass 

and fitted with a mercury diffusion pump was used. 
Infrared spectra were recorded on a Perkin-Elmer model 
337 spectrophotometer with external recorder at room 
temperature. The assignment of wave numbers is estimated 
to bewithin _+ 3 cm-'. Electronspin resonancespectra were 
performed on a Varian E-3 spectrometer at 77 OK. The 
sample cells for i.r. were made of OH-free quartz glass 
("Infrasil") of 2 x 5 x 30mm inner dimensions and 1 rnrn 

I thickness. Sample tubes for e.s.r. were 3 mm i.d. and 4 mm 
0.d. These were fitted with a quartz to borosilicate glass 
seal and a stopcock as shown in Fig. 1. The stopcock which 
was used to introduce the adsorbate was so located as to 
prevent grease from contaminating the sample accidentally. 
The hollow corner H could hold the adsorbent (a piece of 
glass) as shown by the dotted line in the figure and thus 
empty thecell for a blank test'. 

Adsorbents 
The porous high-silica glass, "VYCOR@" of Corning, 

code #7930, was washed with hot benzene, isopropanol, 

'For the blank test, the baseline (as shown in curve b, 
Fig. 2) was checked for each experiment and the trans- 
mittance of b at 4000 cm-' was chosen as 100% for the 
sample. 

$. 

S a m p l e  
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FIG. I. The sample cell. 
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Expt. I, adsorption 

CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I 

Adsorption and desorption of B(OCH,), on  porous high-silica glass 

Expt. 11, desorption 
Expt. 111, degassing after 
thermoleaching at  500 OC 

Expt. # Coverage (%) Expt. i/ Desorption T ("C) Coverage (%)I Expt. // Degassing at (OC) 

0 0 1' 0 5&60 1 " 25 
1 13 2' 25 2" 120 
2 27 3' 120 3 0 4 0  3 " 350 

'Five hours after the desorption, not at equilibrium. 
?Two days after the adsorption, at  equilibrium. 
tEstimated by i.r. spectra. 

water, 18 M HNO,, and again with water; it was then 
dried at  110 'C, thermoleached in air at  480-550 "C for 
about 20 h until it was clear, and weighed in air. It was 
then degassed at 800 "C for more than 4 h in vacuo, or 
fluorinated (5, 6). A sample of I mm thickness plate and 
2 mm diameter rod was used for i.r. and e.s.r. studies, 
respectively. 

Adsorbates 
The purification method for trimethyl-borate by 

Schlesingeret al. (7) was modified as follows: the trimethyl- 
borate (Aldrich Chemical Co., Milwaukee, Wis.) was 
refluxed with Drierite for several hours. Freshly activated 
Drierite was again added and the material was distilled 
at  67.8-68.2 "C under dried air. A vacuum distillation was 
then conducted and themiddle one-third portion collected. 
The i.r. spectra of the vapor showed the OH stretching 
vibration around 3700 cm-' to have completely dis- 
appeared. This is shown in Fig. 2, curve a.  This spectrum 
also showed sharp strong absorptions at  1495, 1365, and 
1034 cm-I due to B-0 and C-0 respectively, and no 
metaborate absorption at  720 and 735 cm-I (8-10). The 
vapor pressure of the B(OCH3), at 0 "C, 35.0 mm Hg, was 
used asp, during this adsorption work. After conditioning 
the vacuum line with vapor two o r  three times, the 
trimethyl-borate stored in the vacuum line was checked 
forp,  at  0 "C, introduced into the cell for the adsorption, 
and also checked occasionally by i.r. T h e  same spectra and 
p o  were obtained throughoutthestudy. 

Thei.r. spectra of gases were all observed in a 10cm long 
Pyrex glass cell with NaCl windows. T h e  cell showed no 
change in i.r. spectra when samples of trimethyl-borateor 
methanol were stored in it for periods of  15 min to several 
days. 

Experimental Results 

As summarized in Table I. a series of i.r. 
spectra were taken during the successive experi- 
ments of adsorption (expts. # 1-9), desorption 
(expts. # 1'-6'), and then degassing processes 
(expts. # 1"-6") of the B(OCH,), porous glass 
system. These expt. # will be referred to in the 
i.r. spectra and discussion. 

FIG. 2. Infrared spectra of the B(OCH3), - porous 
Adsorption Isotherm 

high-silica glass system for the adsorption process (expt. The adsorption isotherm of B(OCH3)3 on 
I). a is for pure B(CH,), gas (5 Torr, 20 "C): the dotted line porous glass at  0 "C, was determined to be 
is the baseline for the empty cell; b, the baseline for the B ~ ~ ~ ~ ~ ~ ~ ,  E ~ ~ ~ ~ ~ ,  and ~ ~ l l ~ ~  (BET) type IV, empty adsorption cell. The transmittance axis for a is 
displaced arbitrarily. and gave the value of a BET monolayer (11) as 
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SHlMlZU A N D  GESSER: INFRARED STUDIES O F  ADSORPTION, DESORPTION, AND DEGASSING PROCESSES 3519 

230 pmoles/g of glass. Using this value as loo%, 
the surface coverage, 0, took the place of amount 
adsorbed for convenience. The surface area of 
this glass could be estimated as 48.4 m2/g by the 
BET method (1 1) from the density of the liquid 
(0.9547 g/cm3 at 0 "C, ref. 12) and using 34.9 aZ 
for the effective area of B(OCH3),. 

Electron Spin Resonance Measuretnents 
The e.s.r. measurements of ultraviolet-irra- 

diated B(OCH3), at coverages of 0 = 0.3, 30, 60, 
and 90% on glass, and 0 = 35% on partially 
fluorinated glass, gave no signal. Comparable 
photolysis of methanol gave measurable e.s.r. 
spectra on partially fluorinated glass (3). The 
glass pieces used in these experiments were about 
0.100 g in all cases. 

were collected in a liquid nitrogen trap while 
keeping the sample at some constant temperature 
for 4 h. The i.r. spectra of the condensable gases 
were then recorded and the amount measured. 
No gas which was not condensable at 77 OK was 
obtained except from the sample degassed at 
800" (expt. #6'). In this case, the desorbed gas 
gave no i.r. absorption spectra. It was, therefore, 
analyzed by combustion in a CuO furnace at 

FIG. 3. Infrared spectra of the OH stretching vibration 
of B(CH,), - porous high-silica glass system during the 
adsorption process. 

Infrared Spectra 
The i.r. spectra of adsorption, desorption, and 

degassing processes observed successively at 
room temperature on one piece of glass of 0.1000 
g are shown in Figs. 2-5. In these figures, the curve 
# corresponds to the expt. # in Table I, and 
some of the experiments were omitted t o  simplify 
the figures. These spectra were taken after equilib- 
rium was reached, and where no change in the 
i.r. spectra was noted. The time required to reach 
equilibrium was generally 3 h after adsorption 
except in the case of expt. # 3, Fig. 2, where the 
i.r. spectra changed gradually from # 3 O  to # 3  
during 2 days. The region around 3750 cm-', 
where a notable change occurred, was amplified 
with the external recorder and is shown in Fig. 3. 

In the desorption process, the gases desorbed 

FIG. 4. Infrared spectra of theB(CH3), - porous high- 
silica glass system for the desorption process (expt. 11). The 
transmittance axis for curves #5' and 6' is displaced 10% 
upward and cis arbitrarily displaced. 
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3520 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

4000 37 50 3500 cm-' comparison of the i.r. spectra over 3000-2750 
1 I cm-' with those on the adsorption process. Since 

the glass, after degassing at 800 "C, was colored 
light amber and seemed to have carbon in it, it 
was thermoleached in air at 500 "C for 30 h until 

# 6" colorless, then degassed again in vacuum, as 
shown in Table I, expt. I11 and Fig. 5. The 
results show that -OH is easily lost and that 
some of the surface metaborate was hydrolyzed 
to =B-OH. 

Consideration of Experimental Results 

BET Surface Area 
The value of about 50 m2/g for B(OCH,), is 

very small when compared with the values of - 110 m2/g determined by methanol (3) and - 120 m2/g by N2  gas (3). Possible reasons for 
this are (i) the effective size of molecules was 
larger than in the bulk state because of the planar 
structure of the molecule, and (ii) the decompo- 
sition of B(OCH,), to give 3CH,O- can make 
the coverage larger or the area effectively smaller. 

z This latter explanation is most probable because 
4 
I- 

of the changes observed in # 3' and # 3 which 
k indicated some reaction with the surface. 
2 
V) Infrared Spectra 

5 40 -  The main features of the i.r. spectra of 
cr 
I- B(OCH3), during the adsorption process might 

be divided into three parts: 
A.  the region 3 100 to 2700 cm- ' due to car- 

bon-hydrogen bonding, 
B. the region 3600 to 3200 cm- ' due to hydro- 

gen bonding, 
C.  the region in the vicinity of 3700 cm-' due 

20 - to the -OH vibration. 

A 
In this region, the notable features were (i) the 

new peak at 2860 cm-' and (ii) a broad shoulder 
around 3010 cm- '. Considering the methoxy 
compounds which could be formed on the sur- 
face, these absorption spectra can be divided 
into two groups, A and B. Group A, at -3000, 

0 - 2962, and 2860 cm-'  would be considered as the 
FIG. 5. Infrared spectra of the B(CH,), - porous high- methoxy bound to the surface silicons (identified 

silica glass system for the degassing process after thermo- by McDonald (1 3) and many others (14, 15)). 
leachingat 500 "C in air (expt. 111). The transmittance axes 
for curves #4"and 6"are displaced 10% and 20% upward, B, at w3020, 29787 and 2890 cm- ' can 
respectively. be considered as the methoxy bound to boron on 

the surface, since the small shifts of absorption 
215 "C, and shown to consist of CO and H, in a in the adsorbed state, relative to  the vapor state 
ratio of about 4:l. The coverage of glass in the as shown in Fig. 2, could be reasonable in this 
desorption process was estimated roughly by a case. 
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SHIMIZU AND GESSER: INFRARED STUDIES OF ADSORPTION. DESORPTION, AND DEGASSING PROCESSES 3521 

This broad band could be due to methanol on 
the glass, as will be described further, where the 
methanol is formed by hydrolysis of B(OCH,), 
(9, 10). In contrast to the methanol system (3), 
this system showed no "unaccountable" absorp- 
tion within the region of 3 100 through 3000 cm-I 
indicating that there was no serious rearrange- 
ment in carbon-hydrogen bonding. This prob- 
ably accounts for the absence of a photochemical 
effect in this system as compared with the 
methanol systems. 

B 
In this region, the absorptions at 3750, 3740, 

and- 3703 cm-' are well established as due, 
respectively, to rSi-OH isolated, sSi-OH 
hydrogen-bonded weakly with surroundings, and 
=B-OH isolated (13-15). The tail of the 3750 
cm-I peak towards the lower frequency side is 
due to neighboring -OH and will be discussed 
later. The tail to the higher frequency side, which 
has not been assigned with certainty (15), de- 
creased noticeably at the early stage of adsorp- 
tion as shown in Fig. 3, curve # 1, while the 
absorption around 3400-3500 cm-I increased. 
The high frequency tail might be considered as 

due to the water or some -OH perturbed to 
higher energy. 

C 
The absorption from 3650 to 3200 cm-' is well 

known and due to the hydrogen-bonded hydroxyl 
stretching vibration (1 3-1 8). The broad absorp- 
tion bands around 3450 and 3640 cm- ' in Fig. 2, 
and around 3640 cm-' in Fig. 4, # 1, were quite 
similar to those obtained for methanol and water 
adsorption respectively on porous glass in our 
work (3). This further substantiates the proposal 
that methanol is formed on the surface by 
hydrolysis of B(OCH,),. Using the i.r. spectra 
to assign the functional groups as described 
above, the experimental results were summarized 
briefly in Table 11. 

Discussion 

The reactions of B(OCH,), with porous high- 
silica glass consistent with their known properties 
are most probably as follows. 

The Adsorption Process at Room Temperature 
Reaction [ I ]  is between siloxane and the 

electrophilic part of B(OCH,), 

Reaction [2] is between the neighboring -OH and the hydrophilic parts of B(OCH,),. 

Reaction [3], between isolated =B-OH and the adsorbates, may be postulated to explain the dis- 
appearance of isolated =B-OH in curve # 1, Fig. 3, 

The methanol which is formed in [2] and [3] 
"Numbers in parentheses are the wave numbers could be adsorbed on the vacant surface sites (in cm-') assigned to  the functional groups o r  bonding 

indicated. making the H-bonded CH30H (at -- 3450 cm-' 
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TABLE I1 
Summary of i.r. spectra of B(OCH,), -porous high-silica glass sys t em 

On glass In gas phase 

Characteristicbonds --SiOH (rSi0H)ri  

Assigned frequencies 3750 Tail of 
(cm - 1) to --SOH 

3740 

Adsorbent only, Very Strong 
expt. #O strong 

Adsorption process, Decreased up to a mono- 
expt. #I-9 layer and remained 

constant beyond it at 
3740 

Desorption process 
Expt. 1' and 2' Remained constant, but 

shifted to 3745 

Expt. 3' Remained constant at 
3745 

Expt. 4' Sharper and increased 
at 3745 

Expt. 5' Increased Increased 
and shifted 
to 3750 

Expt. 6' Strong None 

Sharp 

Disappeared 
in early 
stage 

- - - - - - - 

Hz0  CH,OH S i O C H ,  =BOCH, 

A broad A broad 2860 2890 
band band to 
around around 2863 
-3640 -3450 

None 

Increased up to a monolayer, Increased up to a monolayer, 
and remained constant and became broader beyond 
beyond it it 

None Decreased 
but still 
Strong 

-None Decreased 

Appeared Weak 
at -3700 

Sharp -None 

Sharp, shifted None 
to 3703 

Decreased Decreased to approx. a 
notably half layer 

-None Remained Decreased 
constant 

None Remained Decreased 
constant 

None Remained -None 
constant 

None None None 

B(OCH,), CH,OH Others Amount 
0 

-CHI, -CH3, 0 moles 
1495 and 3683 and 

z 
P 

1365 1034 2 
P 
z 

None 

Almost Trace None 33 5 

ili 
in 

-65 % -35 % (3702) 146 5 

Trace -100% None 9.6 
2 
5 
< 

-None -100% 

1 
C - H  14 F 

Xt (1179) e 
(1102) 

a, 

None Trace C - H  3.5 
- 
w m 

Xt (1179) m 
(1 102) 

None None H,, 20%; 14 
c o ,  80% 

*(=SiOH), denotes the "neighboring silanols". 
fX = some undetermined substance(s) with the distinctive absorptions at the wave number (cm-') shown in the brackets and with some carbon-hydrogen bondingindicated by absorption in 

the 3050-2700cm-1 region. 
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in Fig. 2) and ultimately forming water or a 
water-like structure (at -3640 cm-' in Fig. 2). 
Consider, for example, reaction [4] which may 
occur in a two consecutive step process 

and reaction [5] where water, or a water-like 
structure, is formed 

The reactions mentioned above seem to be com- 
pleted by 0 - 80% (expt. #5), because the i.r. 
spectra in the successive adsorption showed only 
an increase and broadening of the carbon- 
hydrogen absorption. Therefore, it is reasonable 
to assume that physical adsorption of trimethyl- 
borate occurred after expt. #6. 

However, some of the silanols still remained 
(3740 cm-') even at 0 -- 350%, expt. #9, as 
shown in Fig. 3. By removing the adsorbates at 
650 to 800 "C ( # 5 '  and 6', Fig. 4) these silanols 
are shifted to 3750 cm-l, which is assigned to 
isolated -OH. Therefore, it can be assumed 
that they are located on the surface of the solid 
and were not removed by B(OCH,), hydrolysis 
because of their inaccessibility. 

The Desorption Process 
After the degassing at room temperature, the 

adsorbates remaining on the surface could be 
considered as chemisorbed. 

(I) This chemisorbed portion, in which 0 is 
estimated as - 50-60% by the i.r. spectra of car- 
bon-hydrogen bondings, corresponds to 75-90 
m2/g of surface area as methoxy covered-a value 
close to that estimated by methanol in the same 
manner, i.e. 95 rn2/g. 

(2) The change in spectra from # 9 to 2' shows 
a loss in methanol absorption characteristics 
around 3450 cm-I, and an increase in sharpness 

in absorption at 2860 cm-', showing that re- 
actions [4] and [5] may occur as described 
above. 

(3) The spectrum of the vapors initially de- 
gassed from the solid in expt. # 1' + expt. #2' 
is given in curve c in Fig. 4 and is similar to the 
spectrum of a 2 : 1 mixture of B(OCH,),-CH,OH 
in the region of 4000 to 500 cm-l. The amount 
desorbed indicates that reaction has occurred and 
that methanol has been formed. 

(4) The amount ofmethanol which was found 
in the desorbed gas can be regarded as a measure 
of the -OH liberated from the surface. As the 
effective surface area of the glass is 120 m2/g, the 
packing number of OH per 100 A2 of surface, 
NOH, was - 2.5 (which was removed at room tem- 
perature) plus an additional 0.5 due to CH,OH 
formed at 120 "C, and an additional 0.8 a t  higher 
temperatures. Considering the remainder of 
hydroxyl on the solid after expt. #6' to  be less 
than lo%, the total packing number of hydroxyl 
on the original glass (#0) can be estimated as 
about 4. On the basis of the studies on silica 
gel by DeBoer et al. (19), NOH = 4.6 was 
obtained, corresponding to a surface where each 
surface silicon atom is bonded to one hydroxyl 
group. Therefore, our value of NOH - 4 prob- 
ably means that some siloxane groups exist on 
the surface (20). However, NOH - 4 is too large 
in comparison with NOH -- 1.5 which was 
estimated by Low et al. (16). This discrepancy is 
probably accounted far  by the difference in the 
degassing treatment. The surface -OH can be 
considered as neighboring but still isolated from 
each other, and in a continuum of energy states, 
making the tail of 3750 cm-I as denoted by 
Borello et al. (1). For convenience, we named 
them the neighboring-OH in reaction [2]. 

With degassing at higher temperatures (up to 
480 "C), the desorbed gas was almost completely 
methanol, the =B-OCH, on the solid surface 
decreased, and =B-OH appeared. Therefore, 
it is proposed that the following reactions occur 
between =B-OCH, and water produced in 
reaction [5] 

I. (2890) 
-SI-0-B-0CH3 f HOCH3 

?' OH I (in gas) 

lSi- (3703) 
I 
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I 
-Si-0 

I 
-Si-0 

[7 I Q \ \ 
B-0CH3 + (H20) + $)/ B-OH + HOCH3 

' ~ s i - ~ '  (2890) ("3640) LS~-O/ (-3700) (in gas) 
I I 

The absorption bands between 3700 and 3600 
cm-l ( #4' and # 5' in Fig. 4) are probably due 
to a combination of =B-OH, _Si-OH, and 
even =C-OH since the glass at  this stage was 
slightly amber colored. During this step, the 
absorption due to rSi-OCH, was still quite 
sharp, showing that these groups are thermally 
more stable than =B-OCH, on the surface. 

The degassing at still higher temperature in 
#5' results in the complete elimination of 
=B-OCH, and the decrease in  the hydroxyls 
mentioned above with the increase in the isolated 
=B-OH and _Si-OH. Because methanol was 
the only desorbed gas, one of the possible re- 
actions might be 

I (3702) 
-Si-0-B-OH I 

o/ I 
7Si-0-B-OH 

0 C H 3  (2890) ? / (3702) 

'>si-o + CH30H 

? (in gas) 

I 
- 1 ~ i - O H  

I (3750) 
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Ion-solvent interaction of tetraalkylammonium ions in solvents of high dielectric 
constant. Part I. Conductance and Walden product of tetraalkylammonium ions in 

N-methylacetamide at different temperatures 
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Ion-solvent interaction of the tetraalkylammonium ions (R4N+) in N-methylacetamide has been 
studied from the point of view of electrical conductance and the derived Walden product. The results 
indicate R4N+ ions to be structure breakers in this solvent, quite opposite to their general behavior in 
aqueous solutions. The effect is conspicuous in the smaller Me4N+ and Et4N+ ions, but is less marked 
in the larger ions. 
Canadian Journal of Chemistry, 46, 3525 (1968) 

Introduction 

The study of the properties of the tetraalkyl- 
ammonium ions (R4Nf)  in aqueous and some 
nonaqueous solvents has been a subject of con- 
siderable interest during the past few years (1-9) 
and, at times, contradictory results have been 
reported regarding their behavior. For example, 
in place of the complete absence of solvation 
(10-12) of these ions in aqueous solution, to 
which most of the studies are confined, the opin- 
ion is gaining that these ions are also solvated 
(3b, 3c, 13, 14), in the sense that they cause an 
enhancement of the structure of water around 
them (15), the exception being the Me4Nf ion 
(and Et4Nf ion to some extent) which is solvated 
mainly by electrostatic ion-solvent interaction 
(3b, 3c, 14). It appears interesting to enquire how 
the R4Nf ions would behave in a nonaqueous 
solvent like N-methylacetamide (NMA) which 
is similar to water in many respects, e.g. both have 
high dielectricconstant, extensive hydrogen bond- 
ing, and molecular association. NMA is also 
similar to  R4Nf ions in having alkyl groups 
present in its molecule, so it may be expected 
that NMA and R4Nf ions would interact in a 
manner different from the R4Nf-water inter- 
action. As is now generally acknowledged, it is 
the presence of the alkyl groups in R,Nf ions 
which makes them 'hydrophobic' in aqueous 
solutions and is the cause of the abnormal prop- 
erties of these ions (15). 

A survey of the literature reveals that no de- 
tailed and systematic study of these ions in NMA 
appears to have been made with a view to in- 

'Junior Research Fellow, U.P.C.S.I.R. 

vestigate the effect of these ions on the struc- 
ture of the solvent; some electrical conductance 
measurements of the salts containing the smaller 
R4Nf ions and some common classical ions have 
been reported by Dawson and his associates (16) 
and also by French and Glover (17). However, 
these studies are rather sketchy as far as R4Nf 
ions, in general, are concerned and a detailed 
investigation is very much desirable. As the tem- 
perature dependence of the electrical conductance 
or of the Walden product, derived therefrom, 
can be used to throw light on the solute-solvent 
interaction, it is proposed to investigate the 
R,Nf-NMA interaction from this point of view 
in the present paper. 

Experimental 
NMA, obtained from M/s Distillation Products 

Industries, U.S.A., was left overnight on some freshly 
ignited quicklime and was then distilled under reduced 
pressure. The middle fraction of the distillate was 
collected and was fractionally recrystallized twice. The 
crystals were melted and the resulting liquid, after treat- 
ment with quicklime, was vacuum-distilled. The  process 
of purification was continued until the electrical con- 
ductance of the middle fraction of the distillate was 
reduced to less than mho. The sample melted at 
about 29.7". It was collected in dark amber-colored 
bottles which were kept in a dry box. It was used, as far 
as possible, soon after distillation (next day). T h e  samples 
gave reproducible electrical conductance at various tem- 
peratures in the 35-55" interval for at least 5 t o  6 h. 

Tetraalkylammonium iodides, supplied by M/s Distil- 
lation Products Industries, U.S.A., were recrystallized 
from suitable solvents or their mixtures. Me4NI and 
Et4NI were dissolved in absolute alcohol and precipitated 
from solution with ether. These were dried in a vacuum 
desiccator. 

Pr4NI, Bu4NI, and Pen4NI were dissolved in  methanol 
and precipitated with ether. The precipitated salts were 
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TABLE I 
Equivalent conductance of R4NI in NMA at different temperatures and concentrations 

-- --- -- - 

Equivalent conductance, A, at 
Concentration, 
C x lo2 35" 40" 45" 50" 55" 
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SINGH ET AL.: ION-SOLVENT INTERACTION. PART 1 

TABLE I1 

Limiting equivalent conductances of R4NI salts and R4N+ ions at different temperatures 
-- -- 
-- -- 

Limiting equivalent conductance at 
R4NI and 
R4N+ ion 35" 40" 45" 50" 55" 

----- 
Me4NI 24.70 26.75 29.59 32.10 35.00 
Me4N + 11.28 12.08 13.00 14.36 15.80 
EtdNI 24.10 26.25 29.15 31.45 34.35 
Et4N + 10.68 11.58 12.56 13.71 15.15 
Pr4NI 21.65 23.80 26.60 28.85 31.50 
Pr4N+ 8.23 9.13 10.01 11.11 12.30 
Bu,NI 20.53 22.50 25.20 27.35 29.80 
B u ~ N  + 7.11 7.83 8.61 9.62 10.60 
Pn4NI 20.10 22.00 24.60 26.61 29.02 
Pn4N+ 6.68 7.33 8.01 8.87 9 .82  
Hex4NI 19.90 21.80 24.41 26.34 28.72 
Hex,N + 6.50 7.13 7.81 8.60 9 .50  
Hep,NI 19.62 21.47 24.00 25.95 28.00 
Hep4N + 6.20 6.80 7.41 8.21 9 .00 

dried in a vacuum desiccator. Hex,NI and Hep4NI were 
recrystallized from acetone and dried in a vacuum 
desiccator. 

Solutions were prepared at 35" in a thermostat and 
corrected for the changes in volume at other temperatures 
from the corresponding densities which were also deter- 
mined. Contact of the solvent and of the solution with the 
open air was reduced to a minimum. The electrical con- 
ductance was determined with a suitably grounded 
Kohlrausch's bridge assembly and precautions were taken 
to eliminate, or compensate for, the capacity and induc- 
tion effects. The temperature of the oil bath was regulated 
within +0.0l0 in the lower tenlperature range and +0.02" 
in the higher temperature range. The concentrations 
varied from 0.0005 M to 0.02 M in general. The accuracy 
of the measurements was checked by determining the 
conductance of some electrolytes in NMA. The values of 
the electrical conductance were found to agree very 
closely (within 0.03 %) with those obtained by other 
workers (16, 17). The electrical conductances, A, for 
different R4NI salts, at different temperatures and con- 
centrations, are given in Table I. 

Within the concentration range studied here, the plots 
of A vs. Jc were found to be straight lines for all the 
R,NI salts at all temperatures in the 35-55" range. It 
appears, therefore, that these salts are completely dis- 
sociated in NMA, as has been reported by Dawson et a/. 
(16) and by French and Glover (17). Extrapolation of A 
vs. Jc curves to infinite dilution leads toAo values, given 
in Table I1 for various R4NI at different temperatures. 

From the A, values given in Table 11, the ionic con- 
ductances, k,+, of R4N+ ions at different temperatures 
were obtained, uslng the cationic transport number data 
of KBr in NMA, as reported by Gopal and Bhatnagar 
(18). k,+ values, thus obtained, are also given in Table 11. 

The cationic Walden products, h,+qo, for different 
R4N+ ions were calculated, using the viscosity (q,) of 
NMA obtained in this laboratory at different tempera- 
tures as: 

35" 40" 45" 50" 55" 
qo(in poise) = 0.03403 0.03020 0.02693 0.02413 0.02175 

These values of q, at 40 and 50" agree very closely with 
those given by Dawson et a/. (1 6a). The Walden product, 
kOfqo,  for different ions has been plotted against tem- 
perature (to). The k,+qO vs. t o  curves for different ions 
are given in Fig. 1. 

TEMPERATURE 

FIG. 1. Plot of koqo vs. to. 

Discussion 

It may be noted from Table 11 that the values 
of lof and A, are very low as compared with 
those in water. This is expected on account of 
the highly viscous nature of NMA a n d  also due 
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to a possible stronger ion-solvent interaction2 
because of the large dipole moment (z 3.8 D). It 
is interesting to note that h,+ - 5 of R4N+ ions 
are comparable to those of the much smaller 
alkali metal ions. In fact, lo+ values of R4N+ 
ions are, in many cases, larger, e.g. at 35", 
ho(Me4N+) = 11.98, ho(Et4N+) = 11.63, 
ho(Pr4N+) = 9.03, ho(Bu4N+) = 7.80, whereas 
ho(Li+) = 6.63, ho(Na+) = 8.13, h,(K+) = 8.23, 
in spite of the much larger radii (10) of the 
R4N+ ions. This obviously indicates a much 
stronger ion-dipole interaction between the 
alkali metal ions and NMA molecules as com- 
pared with the R4N+-NMA interaction. One 
should expect this because of the high electrical 
charge density on the smaller alkali metal ions 
and a small surface charge density on the larger 
R4N+ ions. The inverse variation of h,+ with 
radius in  the case of R4N+ ions suggests, at first 
sight, that the ions are not solvated in NMA. 
However, the evidence to be brought forward in 
the following pages, appears to indicate some 
electrostatic ion-solvent interaction although it 
may be weak, specially in the case of the larger 
R4N+ ions. 

From Fig. 1 it may be seen that the Walden 
product, h,+q,, decreases slowly with rise in 
temperature (about 8-10% in 20"). The fall is a 
little rapid in the beginning but it levels off as 
the temperature rises. At first, one feels tempted 
to overlook the decrease and to consider ho+qo 
to be approximately constant. However, the de- 
crease is regular and has already been reported 
for some R4N+-salts (17) and for several clas- 
sical electrolytes (16). Besides, the decrease is 
quite comparable to that for the aqueous solu- 
tions of some common ions (ref. 10, p. 128) and 
should, therefore, be considered as significant. It 
appears to be the result of the ion-solvent inter- 
action in NMA. 

Before examining solutions in NMA in more 
detail, it would be instructive to refer to aqueous 
solutions in which A,+?, of R4N+ ions, in 
general, increases with rlse in temperature, the 
exception being, as usual, the Me4N+ ion for 
which ho+qo decreases with a rise in temperature 
(3b). The general behavior of the R4N+ ions has 
been explained on the more or less universally 

'J. M. Notley and M. Spiro (33) expect similar be- 
havior in formarnide on account of its high dipole 
moment. 

accepted hypothesis of Frank et al. (15) according 
to which R4N+ ions enhance the structure of 
water around them. However, Me4N+ ionappears 
to be a net structure breaker in water and is also 
solvated due to ion-dipole interaction (3b, 3c, 
14, 19). For the smaller classical ions with electro- 
static solvation, k,+q, also decreases with rise 
in temperature (10); their behavior is similar to 
Me4N+ ion and hence should be explained on 
similar grounds, viz. the electrostatic ion-solvent 
interaction gives rise to a loosening or disruption 
of the water structure around the solvated ionic 
sphere; this results in a rearrangement of the 
water molecules beyond the region in which the 
structure is broken (20). On the other hand, the 
larger R4N+ ions produce 'hydrophobic' solva- 
tion and there is no region of loosened water 
structure (the 'B' region of Frank). The enhanced 
or the 'hydrophobic' structure breaks up at 
higher temperatures and makes the larger R4N+ 
ions more mobile; so ho+qo increases with rise 
in temperature for these ions. The concept of 
the increase of solvation3 of ions, in general, at 
higher temperatures (11, 20-25), as a possible 
cause of the decrease of ho+qo a t  higher tem- 
peratures (invoked by Dawson and his associates 
(16) to account for the similar results in NMA), 
does not appear convincing and need not be 
discussed in this communication any further. 

Reverting back to solutions in NMA, the de- 
crease in ho+qo with rise in temperature, found 
for all the ions, both the R4N+ and the classical, 
investigated so far in this communication or 
elsewhere (16, 17), could be best explained by 
assuming their electrostatic solvation and the 
resultant breaking-up of the structure of the 
solvent medium around them. The similarity of 
the behavior of all the ions (both the R4N+ and 
the classical) in NMA is understandable since 
the special structure promotion features ('hydro- 
phobic' solvation in aqueous solutions) of the 
larger R4N+ ions in water would be missing in 
NMA because of the similarity of the constit- 
uents (26) of the R4N+ ions and the NMA 
molecule (e.g. the presence of the alkyl groups). 
There appears to be a net structure breaking (27) 
in their presence as the electrostatic ion-solvent 

3An alternate suggestion, not involving a larger number 
of solvent molecules in solvation at the higher tempera- 
tures and yet giving a n  apparent impression of a larger 
solvation, was made by one of the present authors (R. G.). 
See ref. 34. 
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interaction appears to be stronger than the inter- 
action between the solvent molecules. The electro- 
static interaction between the smaller classical 
ions and the molecules of NMA is expected to 
be quite appreciable ( x  20-25kT) because of the 
high charge density on the ions and the large 
dipolemoment of the NMA molecule (see footnote 
2); even for the large R4N+ ions, it would be 
quite significant, specially in the case of the 
smaller members of the group. The van der 
Waals radius of the molecule of NMA has been 
estimated to be about 2.8 A (28, 29). Assuming 
the centers of the dipole and of the molecule of 
NMA to coincide, the ion-dipole interaction 
energy for a R4N+ ion of radius 4.2 A (say) 
would be about 8-10kT. This is larger than the 
thermal energy 3kT/2 at ordinary temperatures 
and is about twice as large as the hydrogen- 
bonding energy (= 4kT) in either 

or the dipolar energy ( x  34kT)  among the sol- 
vent molecules themselves. Thus the ion-dipole 
interaction energy, for at least the smaller 
R4N+ ions, appears to be sufficient to disrupt 
the hydrogen-bonded association in NMA. This 
situation should lead to a partial breakdown of 
the associated structure of NMA and to some 
electrostatic solvation of the R4N+ ions. Of 
course, the larger the ion, the smaller the inter- 
action and for a radius of 5.2 A, the interaction 
energy will be about 5-7kT and for a radius of 
6.2 A, it will be only 4-5kT, which is comparable 
to the energy of the hydrogen-bonded association 
in NMA. In other words, the structure breaking 
effect of the larger R4N+ ions may be very 
weak. This is, indicated by the  flatter 
nature of the ho+qo-to curves for the larger 
R4N+ ions and by the steeper nature of the 
smaller ones, as is clear from Fig. 1. The structure 
breaking of the solvent around R4N+ ions (20) 
explains the negative temperature coefficient of 
ho+qo because the decrease in the viscosity, qo, 
of the pure solvent is much faster than the cor- 
responding increase in lo+ with the rise in 
temperature, on account of the already broken 
down structure of NMA (in their presence) at 
the lower temperatures; so the rate of the de- 
crease of the intrinsic or local viscosity around 
the ion is smaller. Hence ho+qo will decrease with 
the rise in temperature. Of course, for the larger 

R4N+ ions, this effect will be less marked as has 
already been pointed out. 

The structure breaking effect of R4N+ ions in 
NMA and the existence of some electrostatic 
solvation are supported by the yet unpublished 
studies on the viscosity of R4NI salts in NMA in 
this laboratory. The results indicate that the co- 
efficient B of the Jones and Dole viscosity equa- 
tion (30) namely 

is positive and it increases with the rise in tem- 
perature. A positive B coefficient indicates ion- 
solvent interaction and a positive dB/dtO implies 
structure breaking (8, 31, 32) of the solvent in 
solution so that the local or intrinsic viscosity 
does not decrease as rapidly as yo when the 
temperature rises. A positive dB/dtO does not 
imply, necessarily, a higher solvation at the 
higher temperatures (16, 21-25). This only de- 
notes an increase in (q - qo)/qo with the rise 
in temperature, the coefficient A being almost 
independent of temperature as it denotes ion- 
ion interaction. It may be recalled here that in 
aqueous solutions, the coefficient B decreases 
with the rise in temperature (3c) for the 'hydro- 
phobic' structure promoting larger R4N+ ions 
and also for the highly hydrated classical ions 
like Li+, Mg2+, and Ce3+ (23), which is quite 
opposite to the behavior of the net structure 
breaking ions like K+,  Rb+,  Cs+, C1-, Br-, and 
I- ions for which dB/dtO is positive even though 
these ions are also solvated to some extent and 
their B coefficients are negative. Unfortunately, 
it has not been possible to assign the ionic con- 
tributions of the R4N+ and I- ions to the B 
coefficient as yet; however, if the conductance 
data are any guide, it appears fairly certain that 
the individual ionic B values would lead to the 
same conclusions as have been obtained from 
the combined total B coefficient. 
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Effect of proton acceptors on the condensed phase radiolysis of 
cyclohexane-d, , in cyclopentane 

J .  A. STONE 
Depnrtn~er~t of Clre~i~istry, Qlleer~'s U~ziversity, Kil~gstot~, 0tltnr.i~ 

Received June 7 ,  1968 

C2H,0H decreases the H D  and D 2  yields from small concentrations of c-C6D12 in c-C5Hlo. The 
results are consistent with a previous si~ggestion that the enhanced yields in this system are due to exo- 
thermic charge transfer. Charge transfer to c-C6D12 is only - 10% as efficient as proton transfer to 
C2H,0H at 4.1 mole % c-C6DL, or C 2 H 5 0 H .  Experiments a t  196 and 77 "K suggest that resonance 
charge transfer in the cyclopentane matrix may occur to some extent. 

Canadian Journal o f  Chemistry, 46, 3531 (1968) 

Introduction 

When a perdeuterated hydrocarbon is irra- 
diated at low concentration (- 5 mole %) in a 
hydrocarbon solvent the yields of HD and D, 
obtained depend upon the relative ionization 
potentials of solute and solvent (1). Larger 
yields are obtained when the solvent has the 
higher ionization potential. Electron scavengers 
such as SF,, N,O, or CCI,, while reducing 
the total amount of hydrogen obtained from the 
system, also eliminate the differences in yields 
obtained with different solvents (2, 3). Charge 
transfer involving molecular ions and solvent or 
solute molecules has been offered as an explana- 
tion for the phenomenon (4, 1). 

If such ions are involved then they should be 
susceptible to reaction with a suitable scavenger. 
Both ammonia (5) and ethaiiol (6) have been 
shown to accept protons from ions in irradiated 
liquid cyclohexane. The purpose of the present 
work was to study the effect of a proton scaven- 
ger on the yields of HD and D, from a perdeu- 
terated solute in a hydrocarbon solvent and to 
see whether the postulated charge transfer 
mechanism is consistent with the results 
obtained. 

Cyclohexane-dl, was the chosen solute and 
cyclopentane the solvent. The yields of HD and 
D, from cyclohexane-dl, (ionization potential 
of c-C,H12 = 9.88 eV (7)) irradiated in cyclo- 
pentane (10.53 eV (8)) are larger than would be 
expected from the composition of the solution 
(2). Ethanol, which is completely miscible in 
the cyclohexane-d12/cyclopentane solution was 
chosen as proton scavenger since comparison 
with the work of Buchanan and Williams (6) 
would then be possible. Although the ionization 

poteiltial of ethanol, 10.50 eV (7), is slightly 
lower than that of cyclopentane, charge transfer 
between the two is not a complicatioi~ since (a) 
charge transfer appears to be much less efficient 
than proton transfer and (6) methanol with an 
ionization poteiitial of 10.85 eV (7) has, within 
experimental error, the same effect o n  HD and 
D, yields as does ethanol. 

Experimental 
Cyclopentane (Phillips research grade) was shaken 

with concentrated sulfuric acid to remove cyclopentene 
and was then fractionally distilled, the middle 80% of the 
distillate being retained. Cyclohexane-rl12 (Merck, Sharp 
and Dohme of Canada Ltd.) was used as received. Abso- 
lute ethanol was passed through an alumina column to 
both dry it and remove a trace of benzene. Anhydrous 
ammonia (Matheson, minimum purity 99.99%) was 
used a s  received. 

Samples were made up by volume and were degassed 
by the pump-freeze-thaw technique. All liquid samples 
contained 2 ml of cyclopentane and in most cases 0.1 ml 
of cyclohexane-dI2 plus a n  appropriate volume of ethanol. 
These san~ples were irradiated at 298 and 196 "K in 
cylindrical Pyrex tubes of volume - 8 ml. Samples con- 
taining ammonia as proton acceptor were irradiated in 
tubes of volume - 2.6 ml. Homogeneous solid samples 
were prepared by deposition from, the gas phase onto the 
inner surfaceof a Pyrex vessel immersed in liquid nitrogen. 

Samples were irradiated with y-rays at a dose rate of - 8 x lo1' eV/ml min in cyclopentane to a total doseof 
2.4 x l o L 9  eV/ml. Ferrous sulfate dosimetry was used 
for liquid samples. For solid phase irradiations the hydro- 
gen yield from solid cyclohexane samples prepared by 
deposition from the gas phase was measured and the 
absorbed dose was calculated using the previously mea- 
sured G(H2) o f  4.65 (9). 

Results 

The yields of HD and D, from solutions of 
cyclohexane-dl, in cyclopentane were, within 
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experimental error, linear with c-C6D1, concen- 
tration from 1 to 7 mole %. The yields were also 
linear with dose over the range 1-3 x 10" 
eV/ml. 

The addition of ethanol or ammonia decreased 
the % of HD and D, in the radiolytic hydrogen 
even though G(tota1 hydrogen) remained essen- 
tially constant. Figure 1 shows the changes in 
% HD and % D, for a 3.5 mole % cyclohexane- 
dl, solution with added ethanol. The points are 
not corrected for the contribution from the 
direct radiolysis of ethanol to the hydrogen 
yield. 

. - 
Mole % Prorm Scoverpr 

FIG. 1. The % of HD and Dz from 3.5 mole % c- 
CsDlz in c-C5Hlo with added proton scavengers. 0 and 
A, CzH50H; I) and A, NH3. 

A few experiments were performed with 
ammonia as a proton scavenger. The results 
were not as re~roducible as those with ethanol 
probably because there was some variation from 
sample to sample of the gas volume above the 
liquid. Figure 1 shows, however, that, within 
experimental error, ammonia has the same effect 
on the system as does ethanol. 

For the remainder of the ex~eriments a fixed 
volume, 0.1 ml, of cyclohexane-dl, was used 
together with 2 ml of cyclopentane and varying 
amounts of ethanol. Samples (2.1 ml) of the 
alkane mixture were irradiated, in the absence of 
ethanol, at 298, 196, and 77 OK. For doses of 

TABLE I 
Yields of HD and Dz from 0.1 ml c-C6Dlz 

in 2 ml c-CSHlo 
-- 

Temperature ("K) G(HD) G(Dz) 

2.4 x 10" eV/ml the results shown in Table I 
were obtained. 

Ethanol decreases these yields. In Fig. 2 the 
sum of the decreases in G(HD) and G(D,) as a 
function of ethanol concentration is plotted for 
each temperature. Also shown are the decreases 
in G(HD + D,) for 0.1 ml of cyclohexane-dl, in 
2 ml of cyclohexane together with various 
amounts of ethanol at 298 OK. In the absence of 
ethanol G(HD) is 0.22 and G(D,) is 0.019 for 
this system. 

Mole Fmctim Ethanol 

FIG. 2. The decrease in G(HD) + G(D,) from 4.1 
mole % c-C6DlZ in c-C5Hlo with added ethanol. A and 
@, methanol substituted for ethanol; +, 4.8 mole % c- 
C6DlZ inc-C6Hl,. 

Discussion 

The results for the liquid phase at 298 OK are 
consistent with the proposed charge transfer 
mechanism formulated in eqs. [ l ]  to [3] 

1 c-CSHlo --> c-C5Hlo + + e 

[21 c-CsDiz -+ c-C6DlZ + + e 

[3I c-CSHio+ + c-CBD~Z + c-CsHI0 + ~ - c ~ D i z +  

In the absence of ethanol, charge neutraliza- 
tion leads eventually to H,, HD, and D, forma- 
tion. 
[4 I c-CSHlo+ + e + HZ 

[5 1 C-C6Dl2+ + e + HD or D, 

The neutralization reaction [4] will also lead 
to a small amount of HD via an  intermediate 
such as a hydrogen atom. However, the isotope 
effect in abstraction will favor the formation of 
Hz rather than H D  (10). The formation of H D  
via reaction [4] will therefore be neglected 
during the rest of this discussion. 

In the presence of ethanol, proton or deuteron 
transfer can occur in competition with [4] and 
[51. 
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Neutralization then leads to H, or HD 
formation 

In previous work (2, 3) it has been shown that 
electron scavengers such as SF,, N,O, or CCI, 
reduce the yields of HD and D, formed in the 
charge transfer process by changing the neutrali- 
zation reactions [4] and [5] to those involving 
the positive ions and an anion, e.g. C1- or 
CC1,- from CCl,. These latter processes do not 
lead to hydrogen formation and hence the total 
hydrogen yield is reduced. The effect of electron 
scavengers simply shows that processes depen- 
dent upon charge neutralization are involved. 
The mechanism summarized by reactions [6]- 
[lo] predicts a constant hydrogen yield regard- 
less of proton scavenger concentration. We find 
that G(H,),,,,, remains between 4.95 and 5.30 
while the mole fraction of ethanol varies from 
0 to 0.25. The highest values are found a t  the 
highest ethanol concentration. 

We will assume that (a) the results of Bucha- 
nan and Williams (6) for the ethanol-dlcyclo- 
hexane system will also be applicable to the 
ethanol/cyclopentane system. A single experi- 
ment with 0.426 mole of ethanol-d per liter of 
cyclopentane gave G(HD) = 1.04. This is the 
same as the uncorrected value obtained when 
the same concentration of ethanol-d is irradiated 
in cyclohexane (6). (b) The total yield of ions 
scavengeable by ethanol is 3 G units. (c) At - 
0.25 mole fraction of ethanol all these ions have 
been scavenged. 

Buchanan and Williams (6) have shown for 
ethanol-d in cyclohexane that G(HD) is equiva- 
lent to one half the yield of ions scavenged at 
any ethanol-d concentration. G(HD) therefore 
increases with increasing concentration. In the 
present work the increase of ion scavenging 
shows up as a decreasing yield of H D  + D,. 
The two sets of results, both obtained at ambient 
temperature, are compared in Fig. 3. The G 
value scales have been adjusted by multiplying 
AG(HD + D,) by a factor of -- 5 so that the 
almost linear parts of the curves coincide. Ex- 

cept at low solute concentrations the two show 
the same concentration dependence. At low 
ethanol concentrations the present results are 
expected to be lower since, if reaction [9] occurs 
without an isotope effect (6), then even though 
reaction [5] is suppressed when reaction [7] 
occurs there is a contribution to HD formation 
from [9a]. At higher ethanol concentrations 
reaction [6] will be competing effectively with 
reaction [3] so that the importance of the con- 
tribution of reaction [gal will decrease. At these 
higher concentrations the exchange reaction 
[ l l ]  will also decrease the contribution of 
reaction [gal to HD formation. 

- 2.5 - 2 - 1.5 - 1 - 0.5 
Log f mole fmctan ethoml l 

FIG. 3.  AG(HD + Dz) from 4.1 mole % C-C~D!Z 
in c-C,Hlo, 0, right scale; andG (HD) from CzHSOD In 
c-C6H12, A, Buchanan and Williams (6), left scale. 

From Fig. 3 it is possible to obtain an estimate 
of the relative effectiveness of charge transfer 
from c-C5Hl,+ to c-C6D12 compared with pro- 
ton transfer from c-C,Hl,+ to C,H50H. At 
0.25 mole fraction of ethanol, the highest con- 
centration used, AG(HD + D,) = 0.36 which 
will be the yield of scavengeable c-C6Dl,+ ions, 
or, more correctly, the yield of ions from reac- 
tions [I]  and [2] which would lead to HD or D2 
formation in the absence of ethanol. The solu- 
tion is 4.9 electron % in c-C,D,, so that G(HD 
+ D,) from ions formed by the direct radiolysis 
of c-C6Dl, is 0.1 5 since for 100 electron % the 
value is 3. The yield of the charge exchange 
reaction [3] at 4.1 mole % c-C6DI2 is given by 
AG(HD + D,) - AG(HD + D2 formed by di- 
rect radiolysis) = 0.36 - 0.15 = 0.21. This is an 
upper limit since there will be a small contribu- 
tion to HD formation via reactions with pro- 
tiated ions as precursors. For 4.1 mole % 
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I ethanol-d in cyclohexane G(HD) = 0.93, i.e. 
the yield of scavenged ions is 1.86. Assuming 
that the value will hold in cyclopentane as sol- 
vent the relative efficiency of proton transfer to 
charge transfer is - 9:  1. This will be a minimum 
ratio and bears out earlier suggestions of the low 
efficiency of charge transfer (1, 5). I t  is also in 
accord with the findings of Scala, Lias, and 
Ausloos in the isopentane-d,,/n-hexane system 
(1 1). 

There are two possible explanations for this 
difference in efficiency between proton transfer 
and charge transfer i n  this system; (a) The 
efficiency per encounter of reactants for charge 
transfer is a factor of nine less than that for pro- 
ton transfer: Freeman (12) suggests that proton 
transfer to ethanol occurs at every encounter. 
On this basis only one in nine encounters lead 
to charge transfer. (6) Only a certain fraction of 
the solvent molecules are eligible to engage in 
charge transfer reactions. Such might be the case 
if rapid protonation by the solvent occurs. A 
choice between these two alternatives cannot be 
made on the basis of the present results. The use 
of higher concentrations of perdeuterated solute 

I 
I to find the maximum number of ions eligible for 
I charge transfer is not feasible since the problem 
I of apportioning HD and D, yields to the various 
I precursors cannot be solved. It is to be noted, 
I however, that Fig. 3 shows that the spatial dis- 
1 tribution of c-C6Dl,+ ions in  the system is the 

same as that for all other ions. 
At 196 OK charge transfer occurs to  a slightly 

I greater extent that it does at 298 O K .  The curves 
I for these two temperatures in Fig. 2 are indis- 

tinguishable up to - 0.05 mole fraction of eth- 
anol. At higher concentrations there is a greater 
reduction of G(HD + D,) at the lower tem- 
perature which is in keeping with the slightly 

I 

larger scavengeable yield of HD + D, shown 
in Table I. I t  is not immediately apparent why 
charge transfer to cyclohexane-dl,-and proton 
transfer to ethanol should be equally efficient at 
the two temperatures if both processes are 
dependent upon diffusion of molecules and ions. 
The results for irradiations in the solid phase at 
77 OK are interesting since the efficiency with 
which ethanol reacts is comparable to that in the 
liquid phase, this being specially true at the 
lowest concentrations. At higher concentrations 
there is a smaller deerease in G(HD + D,) 
which probably reflects in large part the much 

lower efficiency of the charge neutralization 
reaction [5] in producing HD and D,. Table I 
shows that G(HD) and G(D,) are somewhat 
lower in the solid phase than in  the liquid phase 
which would be in keeping with Sagert's study 
of electron scavenging (13). Since 77 OK is less 
than one half the melting point of cyclopentane 
it may be presumed that molecular diffusion is 
negligible during the ionic lifetime. The results 
show that both charge transfer and proton trans- 
fer occur under these conditions which would 
suggest that positive charge migration occurs in 
the solid phase by a process not involving 
molecular diffusion. Gallivan and Hamill (14) 
and Shida and Hamill (1 5) have shown that such 
a process probably occurs in 2-methyl-pentane 
glasses at 77 O K  although in these cases the ionic 
lifetime is prolonged due to electron trapping. 
All the curves in Fig. 2 have similar shapes. In 
particular they show a very steep gradient at the 
lowest ethanol concentrations and in fact 
AG(HD + D,) is the same for the c-C,H,,/ 
c-C6Dl, system for all three temperatures at - 0.01 mole fraction ethanol. If resonance 
charge transfer is responsible for all or part of 
the mobility of the cations which lead to HD 
and D, production at 77 OK it may also contrib- 
ute to some extent to such charge migration in 
the liquid phase. 

When ethanol is added to cyclohexane con- 
taining 4.8 mole % cyclohexane-dl, the yields of 
H D  and D, are decreased. At 25 mole % eth- 
anol AG(HD + D,) is estimated to be 0.09, i.e. 
for 100 mole % c-C6D12 the decrease would be 
2.2 instead of the expected 3. Charge exchange 
apparently occurs in this symmetrical system but 
exchange to give exclusively c-C6Hl,+ is not 
complete. Previous work has shown that 
although a deuterated solute irradiated in the 
corresponding protiated solvent does produce 
lower yields of H D  and D, than would be ex- 
pected simply on a composition basis, these 
yields can be further lowered by use of a solvent 
of lower ionization potential (I). Abramson and 
Futrell (16) have found in  a mass spectrometric 
study of ion-molecule reactions that charge ex- 
change between c-C6Dl,+ and c-C6H12 occurs in 
the gas phase to yield a maximum ratio of c-C6- 
H, ,+/c-C,D12+ of 1.39 at the highest pressures 
and lowest ion repeller fields employed. The 
above results give the higher ratio of 1.7 in the 
liquid phase at 298 OK. 
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On the chemistry of iodonyl radicals. The oxidation of iodobenzene by 
t-butyl hypochlorite 
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The reaction of iodobenzene with t-butyl hypochlorite proceeds by a free radical chain mechanism, 
forming as the sole product iodobenzene t-butoxy chloride (IBBC). The photoinduced or t l~er~nally 
induced reactions of IBBC with hydrocarbon substrates yield chlorinated hydrocarbons by a radical 
chain halogenation sequence involving t-butoxyiodonyl benzene as the principal chain-carrying species. 
The photolysis or thermolysis of IBBC in the absence of molecular oxygen yields products resulting 
from a variety of free radical chain reactions, while thermolysis in the presence of oxygen yields only 
iodobenzene and t-butyl hypochlorite. 

Canadian Journal of Chemistry, 46, 3537 (1968) 

Introduction C1 

The ability of organic compounds of elements PhT + (CH,),COCl -+ PhI 
/ 

of the third period to expand their valence shell \ 
to accommodate nine electrons forming a re- 

OC(CHd3 
(IBBC) 

active radical intermediate has been in 
the cases of phosphorus (1-4) and sulfur (5-9). 
The formation of radical intermediates of com- 
pounds of elements of higher atomic number 
having energetically low-lying d orbitals would 
also be predicted favorable. Compounds of the 
Group VII element iodine would seem ideally 
suited to undergo this type of reaction. 

The iodonyl radical has been suggested as an 
intermediate in the chlorination reactions of 
molecular chlorine in solvent iodobenzene (lo), 
in the photo-initiated chlorination reactions of 
iodobenzene dichloride (1 1-13), during the iodi- 
nation reactions of the t-butyl hypoiodite re- 
agent (14), in the intramolecular hypoiodite 
reactions (15), and in the decompositions of 
certain iodinated peroxides (1 6). 

To illustrate further the intermediacy of the 
iodonyl radical we have undertaken a study of the 
oxidation of iodobenzene by t-butyl hypo- 
chlorite. 

Results 
The Formation of Iodobenzene t- Butoxy Chloride 

Mixtures of iodobenzene (2.9 M) and t-butyl 
hypochlorite (5.7 M) reacted slowly at room 
temperature or above, or more rapidly when 
photochemically initiated, to yield iodobenzene 
t-butoxy chloride (IBBC) (85-95%). 
When the reaction was carried out in the absence 

'University of Alberta Postdoctoral Fellow (1966- 
1968). 

of light, but in the presence of added cyclohexane, 
detectable amounts of cyclohexyl chloride were 
formed. The dark reaction of iodobenzene and 
t-butyl hypochlorite at 26" was inhibited by 
added p-cresol (2 mole %) and galvinoxyl (I%), 
but not by atmospheric amounts of molecular 
oxygen. Oxygen, however, did inhibit the in- 
duced chlorination of added cyclohexane. 

The photo-initiated reaction could be con- 
veniently followed in its initial stages by nuclear 
magnetic resonance (n.m.r.) spectroscopy. Car- 
bon tetrachloride solutions of iodobenzene (2.45 
M) and t-butyl hypochlorite (2.08 M) showed 
no reaction (> 3 days) at -20" in sealed degassed 
Pyrex n.m.r. tubes. Irradiation of the reaction 
mixtures at -20" allowed us to observe the pro- 
gress of the photo-initiated radical formation of 
IBBC. The 100 Mc n.m.r. spectrum showed the 
gradual disappearance of the t-butyl hypochlorite 
resonance (T 8.71) and the concurrent appearance 
of a new resonance attributable to the methyl 
protons of the IBBC (T 8.83). Since the product 
was only slightly soluble (1.29 + 0.01 g/l at 
26 "C) in carbon tetrachloride the reaction could 
only be followed in this manner in its initial 
stages. 

Oxygen-free carbon tetrachloride solutions of 
iodobenzene (1.00-2.50 M) and t-butyl hypo- 
chlorite (0.94-2.45 M) did not react a t  -20" in 
the dark ( > 3  days), while degassed and non- 
degassed solutions at -20" both showed a re- 
action after 15 min when subjected to irradiation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3538 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

under a 400 W incandescent light. Inhibition of 
the photo-initiated formation reaction was ob- 
served (> 300 min) with added p-cresol (2%) and 
with added galvinoxyl ( I" / , ,  >450 min). 

The structure of IBBC was determined from 
its microanalysis, CloHl,CIIO, and its molecular 
weight, 306 f_ 8. The molecular weight was 
determined by iodometric titration. Examination 
by gas-liquid phase chromatography (g.1.p.c.) of 
the organic products from these titrations showed 
only the presence of iodobenzene and t-butyl 
alcohol. The identity of these products was con- 
firmed by the isolation of each component, fol- 
lowed by the comparison of their infrared (i.r.) 
and n.m.r. spectra with those of an authentic 
sample. 

It was observed that a very rapid quantitative 
reaction takes place between excess anhydrous 
hydrogen chloride and a suspension of IBBC in 
carbon tetrachloride to yield t-butyl alcohol and 
iodobenzene dichloride. 

The Chlorination Reaction of IBBC 
Oxygen-free methylene chloride solutions of 

IBBC (0.47-0.49 mmole/ml) and cyclohexane 
(3.3-4.5 M) yielded cyclohexyl chloride, t-butyl 
alcohol, and iodobenzene in 1 : 1 : 1 mole ratios, 
at room temperature both in the dark and under 
irradiation. The light-induced halogenation was 
greatly accelerated over that of the dark reaction, 
while the dark reaction could be stopped at lower 
temperatures. The photo-initiated chlorination 
was inhibited by the presence of atmospheric 
amounts of oxygen, traces of hydroquinone, or 
sym-trinitrobenzene (see Table I). 

TABLE I 

The reaction of IBBC (0.47-0.49 mmole/ml) with 
cyclohexane (3.3-4.5 M) in methylene chloridea 

-- - -  - 

Maximum 
reaction time 

Conditions (min)b % Reactionc 

Dark, degassed, 25" 900 2 k 1 . 0  
Dark, degassed, O" 900 <0 .1  
Irradiation, degassed, 25" 15 100 
Irradiation, oxygen, 25" 430 6 5 k 5 . 0  
Irradiation, degassed, 

hydroquinone 3 %, 25" 250 100 
Irradiation, degassed, 

synz-trinitrobenzene, 
3 %, 25" 130 100 

'Sole products were cyclohexyl chloride, I-butanol, and iodobenzene 
in ratio 1 :1:1 mole per mole of IBBC. Less than 0.1 %chloroform was 
produced. 

*Maximum time for duplicate runs. 
<Values reported are for duplicate experiments. 

The chlorination reactions of IBBC could be 
conveniently carried out in heterogeneous mix- 
tures of chlorinating reagent and carbon tetra- 
chloride solutions of the desired substrate. Under 
these conditions degassed mixtures of IBBC 
(0.21 mmole/ml), cyclohexane (4.5 M), and car- 
bon tetrachloride remained unreacted indefinitely 
(> 36 h) in the absence of light at  25 "C with 
continuous agitation, while upon irradiation a 
smooth conversion of the reactants to  t-butyl 
alcohol, cyclohexyl chloride, and the iodobenzene 
was accomplished in 3-5 h. 

The chlorinations of n-butane and 2,3-di- 
methylbutane were carried out in the above 
manner. The ratio of primary to secondary 
chloride in the chlorination of n-butane and the 
ratio of primary to tertiary chloride in the halo- 
genation of 2,3-dimethylbutane were obtained 
by g.1.p.c. analysis of the product mixtures from 
these chlorinations. Values for the primary: 
secondary :tertiary reactivities of 1 :13 : 144 per 
hydrogen in IBBC halogenations at  40 "C were 
calculated from these analyses in the usual 
manner (12). 

The halogenation of 1-chlorobutane (I .62 M) 
in carbon tetrachloride at 40" with IBBC (0.155 
mmole/ml) produced a >80% yield of dichlori- 
nated butanes and a 60.4% yield of ortho- and 
para-chloroiodobenzenes. 

The photo-initiated or thermally initiated 
reaction of IBBC (0.108 mmole/ml) with cyclo- 
hexane (1.6 M)in oxygen-free solutions of carbon 
tetrachloride at 70" yielded cyclohexyl chloride 
(102%), acetone (26%), and t-butyl alcohol 
(75%). Under the same conditions a carbon 
tetrachloride solution of t-butyl hypochlorite 
(0.109 M), iodobenzene (0.120 M), and cyclo- 
hexane (1.64 M) yielded cyclohexyl chloride 
(92%), acetone (-- 1.0%), and t-butyl alcohol 
(log%), while the halogenation of cyclohexane 
(1.60 M) with t-butyl hypochlorite (0.109 M )  
under these conditions yielded cyclohexyl chlo- 
ride (8679, acetone (- 1 .OX), and t-butyl alcohol 
(101%). 
The Photo- and Thermal-Initiated Decomposition 

of ZBBC 
Photo-Decomposition 
Irradiation of continuously shaken degassed 

Pyrex ampuls containing heterogeneous mix- 
tures of carbon tetrachloride and IBBC (0.45- 
0.60 mmole/ml) at  40" afforded a means of 
studying the light-initiated decomposition-re- 
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arrangement of the addition product, since it 
could be shown that under these conditions in 
the absence of light the IBBC could be recovered 
unchanged. The irradiation of the reaction mix- 
ture yields a homogeneous carbon tetrachloride 
solution of products after 3 h of irradiation. The 
qualitative and quantitative compositions of the 
reaction products as determined by g.1.p.c. and 
n.m.r. analysis are tabulated in Table 11. 

In addition to the products tabulated in Table 
I1 small amounts of iodosobenzene or iodoso- 
and iodoxy-benzene were isolated. The amounts 
of these products were variable between different 
reactions. It was found that mixtures of iodoso- 
benzene and carbon tetrachloride upon photol- 
ysis at 40" underwent disproportionation to form 
iodobenzene and iodoxybenzene. It was further 

Av 
PhIO -+ PhIOz + PhI 

demonstrated that equimolar mixtures of iodoso- 
benzene with IBBC yielded qualitatively the same 
products found in the IBBC decompositions and 
that the aromatic fragments from both reactants 
were accounted for as iodobenzene (76%) and 
chlorobenzene (10%). 

Tlzermal Deconzposition 
The thermal decomposition of IBBC was ob- 

served when a mixture of the reagent and carbon 
tetrachloride was sealed in degassed and non- 
degassed Pyrex ampuls and thermostated at 76" 
in the absence of light. 

TABLE 11 
The photo and thermal decomposition of lBBC 

(0.4-0.7 rnrnole/ml) in carbon tetrachloride 
- ~ p . - ~ ~ - - ~ ~ ~ ~ -  ---- . - -- 

Yield (rnole/mole of 1BBC) 

40" with 76", dark, 76", 
irradiation" with oxygen" dark" 

Products ( 3 4  h) ( z 9 6  h) (2-3 h) 

PhI 
(CH3)3COClb 
PhCl 
Izb 0.03 - 

CH3CI 0.37 - 0.40 
CH3COCH3 0 .46  - 0.49 
(CH3)3CCI 0.15 - 0.06 
(CH3)3COH 0 .10  - 0.24 
HCI 0 .04 - 0.14 
(CH3)ZC(OH)CHzCI 0 .05 - 0.01 
CICH2COCH3 0 .07  - 0.09 

"The above values are representative for a specific experiment. 
Duplicated experiments gave similar results. The values In paren- 
thesis are average reaction times for repeated experiments. 

bAnalyzed by iodometric titration. The identity o f  the I-butyl 
hypochlorite wasconfirmed by its n.m.r, spectrum. 

When a m ~ u l s  containing atmos~heric amounts " 
of oxygen reacted under the above conditions 
for 4 days, a pale-yellow solution resulted 
which contained 10% of the precipitated un- 
reacted starting material. The residual starting 
material was separated from the solution by 
vacuum transfer and was identified by its melting 
point (m.p.) behavior, its mixture m.p., and its 
positive reaction with potassium iodide. The 
n.m.r. spectrum of the solution showed the pres- 
ence only of t-butyl hypochlorite and iodoben- 
zene. Iodometric titration of the solution showed 
it to contain 94% of the active halogen. The 
g.1.p.c. analysis of the organic layer after titra- 
tion showed it to contain 101% of the theoretical 
amount of iodobenzene. 

Decomposition in the absence of light at 76" 
of a degassed mixture of IBBC and carbon tetra- 
chloride yielded the products listed in Table 11. 
Vacuum transfer of the reaction mixture left a 
residual white solid (3%) whose m.p. (236-240°), 
mixture m.p., and i.r. spectrum identified it as 
iodoxybenzene. Under the reaction conditions it 
was shown that iodosobenzene in carbon tetra- 
chloride was quantitatively converted to  iodoxy- 
benzene and iodobenzene. It was further shown 
that an equimolar mixture of iodosobenzene and 
IBBC under the above reaction conditions was 
converted to qualitatively the same products as 
found in IBBC decom~ositions and that the 
aromatic fragments from both reagents could be 
accounted for as iodobenzene and chlorobenzene. 

Discussion 

An attractive proposal for the mechanism of 
the light-initiated formation of IBBC at low 
temperatures is a radical chain process involving 
t-butoxy radical addition to iodobenzene fol- 
lowed by chain transfer from t-butyl hypochlorite. 

PhI + (CH&CO. -, P ~ I o c ( c H ~ ) ~  

(1) 
P ~ I O C ( C H ~ ) ,  + (CH3)3COCI -, 

PhI(CI)OC(CH3)3 + (CH,)3CO' 

The radical chain nature of the photo-initiated 
formation reaction was substantiated by its initi- 
ation by light, the inhibition of the reaction by 
small amounts of added p-cresol and galvinoxyl, 
and by the induced halogenation of added cyclo- 
hexane. The intermediacy of (1) was postulated 
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by analogy to the radical addition intermediates 
proposed for phosphorus (1-4) and sulfur (1, 
6-8) compounds with t-butoxy radicals and be- 
cause of the precedented involvement of iodonyl 
radicals in the halogenation reactions of IBBC 
(see discussion on chlorination reactions), iodo- 
benzene dichloride (12, 13), and the polymeric 
t-butyl hypoiodite reagent (14). 

The mechanism of the thermal formation of 
IBBC at 25" in the dark was shown to be a radical 
chain process similar to the photo-induced for- 
mation reaction, since it was inhibited by added 
galvinoxyl or p-cresol and since added cyclo- 
hexane yielded cyclohexyl chloride by induced 
halogenation. 
The Chlorination Reaction of ZBBC 

The inhibition and initiation experiments 
(Table I) established the radical chain nature of 
the photo-halogenation reactions of IBBC with 
hydrocarbon substrates. Several possible chain 
mechanisms can be proposed for the light- 
initiated production of alkyl chlorides with 
IBBC. 

hv 
IBBC + RH -4 RCI + PhI + (CH3),COH 

The possible chain sequence for these halogena- 
tion reactions can be constructed from combina- 
tions o f  the following radical and non-radical 
reactions. 

/1v 
[I] PhI(CI)OC(CH,), -+ P~IOC(CH,), + CI' 

[Z] CI' + RH -> HCI + R' 

[3] PhI(CI)OC(CHs)3 + HCI -+ 

PhI + CI2 + (CH,),COH 

[4] R ' + C l z - + R C I + C I '  

[5] PhI + C12 -+ PhICI, 

[6] PhIClz + R'  + P ~ I C I  + RCI 

[7] P ~ I C I  + RH + PhIHCl + R'  

[8] PhIHCI -+ Phi + HC1 

[9] (CH3)sCO' + RH + (CH3)JCOH + R'  

[lo] R '  + PhI(CI)OC(CH,), -. RCl + P~Ioc(cH,), 

[I 1 I P~IOC(CH,), -+ P ~ I  + (CH,),CO ' 

1121 P~~OC(CH,), + RH -+ PhI(H)OC(CH,), + R '  

[I31 PhI(H)OC(CH,), + PhI + (CH,),COH 

Reactions [2], [7], [9], and [I21 involve ab- 
straction by chlorine atoms, phenyl iodonyl 
chloride radicals, t-butoxy radicals, and phenyl 

t-butoxy iodonyl radicals respectively, and are 
therefore the product-determining steps in the 
radical halogenations. 

The analysis of the products from the halo- 
genations of n-butane and 2,3-dimethylbutane 
yielded calculated primary :secondary: tertiary 
ratios for hydrogen abstraction of 1 :13 :144. Re- 
action schemes involving a sequence of reactions 
[1 I, PI ,  PI ,  P I ,  or [I.], 1121, [lo], [I].], and P I  
or a mixture of the two chains cannot be operative 
in the chlorination reactions of IBBC since 
chlorine atom abstraction or t-butoxy radical 
abstraction show the lower selectivity values of 
1 :3.9:5.1 (17) and 1 :8:44 (18) respectively. 

The rapid reaction of IBBC with hydrogen 
chloride yielded iodobenzene dichloride and 
t-butyl alcohol (reactions [3] and [5] ) .  Sinceiodo- 
benzene dichloride has been shown to undergo 
photo-initiated radical chain halogenation where 
phenyl iodonyl chloride is the abstracting species 
(1 1) the sequence of reactions [1 1, [2], [3], [5], 
[6], [7], and [8] must be considered in any 
evaluation of the halogenation reactions of 
IBBC. The primary :secondary:tertia.ry selectivi- 
ties for hydrogen abstraction by PhICl radicals 
has been reported as 1 :2 1 :368 (12). The selectivity 
values for IBBC are clearly lower than the values 
reported for iodobenzene dichloride and infer 
that if P ~ I C ~  radicals were operative as an 
abstracting species in the chain halogenation 
reactions of IBBC they could not  be the sole 
chain-carrying radicals and must by necessity be 
involved in a mixed chain with radicals of lower 
selectivity, i.e. chlorine or t-butoxy radicals, or  
both. The absence of the intermediacy of iodo- 
benzene dichloride in the reactions of IBBC was 
definitely established in the following manner. 
The chlorination of n-butyl chloride with iodo- 
benzene dichloride has been reported to produce 
very low yields of chlorinated substrate and 
showed a 35% yield of the rearrangement prod- 
ucts of iodobenzene dichloride itself (12), while 
under identical conditions the halogenation of 
1-chlorobutane with IBBC yielded only traces 
( < 0.4%) of these rearrangement products. 

The chain sequence for halogenation by IBBC 
must involve, by the  process of elimination, ab- 
straction by PhIOC(CH,), radicals (reaction 
scheme [I], [12], [lo], and [13]). However, the 
possibility that some abstraction also occurs by 
the less selective t-butoxy radical produced in 
reaction [l  1 ] could not be ruled out. 
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The Thermal- and Photo-Induced Decomposition 
of IBBC 

The thermal decomposition of IBBC in the 
presence of atmospheric amounts of oxygen 
yielded, after 96 h, iodobenzene and t-butyl 
hypochlorite. 

PhI(CI)OC(CH3)3 7', PhI + (CH,)3COC1 

Both the thermal decomposition in the absence 
of oxygen and the photoinduced decomposition 
appear to be qualitatively the same series of 
reactions although the rates of the individual 
competing reactions would be temperature vari- 
able (see Table 11). In oxygen-free systems in the 
absence of light at 75" the occurrence of the 
radical chain halogenation of cyclohexane clearly 

I established the presence of free radicals under the 
conditions of decomposition. 

The products produced from the thermal- or 
photo-initiated reactions of IBBC (see Table 11) 
can be rationalized on the basis of the following 
series of chain reactions. Phenyl t-butoxy iodonyl 
radicals produced on initiation can undergo 0- 
scission to produce iodosobenzene and t-butyl 
radicals followed by chain transfer with IBBC 
to yield, by a chain sequence, t-butyl chloride 
(reactions [14] and [15]). 

[IS] (CH3)3C' + IBBC + 
(CH3)3CCl + P ~ ~ o c ( c H ~ ) ~  

An alternative path for the p-scission process is 
the elimination of a t-butoxy fragment from the 
iodonyl radical (reaction [16]) and subsequent 
radical abstraction by t-butoxy from a hydro- 
carbon source (reaction [17]) followed by trans- 
fer from IBBC (reaction [IS]) to yield t-butyl 
alcohol, iodobenzene, and the observed chlori- 
nated acetone or t-butyl alcohol. 
[16] P ~ J o c ( c H ~ ) ~  -t PhI + (CH3)3CO' 

[I71 (CH3)3CO' + RH + (CH3)SCOH + R '  

[I81 R '  + IBBC + RCI + P ~ ~ o c ( c H ~ ) ~  

The well-known 0-scission reaction of the 
t-butoxy radicals (reaction [19]) (19,20) followed 
by transfer with IBBC (reaction [20]) could 
account for the production of methyl chloride 
and acetone. 

0 
/I 

[19] (CH,),CO' -> CH3' + CH3-C-CH3 

[20] CH3' + IBBC -t CH3CI + P ~ ~ o c ( c H ~ ) ~  

However, the observation of a noticeably low 

alcohol to  acetone ratio (2.9) for the thermal 
(70") or photochemical (70") chlorination of 
cyclohexane with IBBC, compared with the high 
ratio obtained during chlorination of cyclo- 
hexane under similar conditions with t-butyl 
hypochlorite or mixtures of t-butyl hypochlorite 
and iodobenzene (alcohol/acetone 99/1), suggests 
the possibility that methyl radicals and acetone 
can be produced directly from the decomposition 
of the iodonyl radical by a three bond frag- 
mentation. These observations coupled with the 
high alcohol to acetone ratios reported for the 
photo-decomposition of t-butyl hypochlorite 
in carbon tetrachloride support the hypothesis 
that the acetone and methyl chloride do not 
arise solely from reaction sequence [I 9 ] and [20]. 

The nature of the experimentally observed 
transformation of iodosobenzene to iodoxy- 
benzene and its subsequent reduction to iodo- 
benzene (reactions [21], [22]) under the con- 
ditions of the decomposition has not a s  yet been 
elucidated. 

PI  1 2PhIO -> PhIO2 + PhI 

[22] PhI02 + oxidizable substrate + PhI + R(0) 

The formation of hydrogen chloride during the 
radical decompositions infers that the halogena- 
tion of acetone and t-butyl alcohol must in part 
at least be due to the previously reported (12) 
radical chain chlorination reactions of iodo- 
benzene dichloride (reaction sequence [3], [5], 
[6], [7 1, and [8 1) or via a chain halogenation by 
molecular chlorine (reaction sequence [3], [4], 
and [2]). 

The production of chlorobenzene during the 
decompositions can be readily explained by the 
precedented displacement of iodine from iodo- 
benzene by chlorine atoms, which was also 
observed in the halogenation reactions of iodo- 
benzene dichloride (12). 

Experimental 
Materials 

t-Butyl hypochlorite was prepared by the method of 
Teeter and Bell (21) and its purity found by iodometric 
titration (22). 

Commercial iodobenzene, stabilized with mercury 
(Aldrich Chemical Co.), was distilled and traces of free 
iodine removed by passing it through a column of 
absorption alumina (Fisher Scientific Co.) inlmediately 
prior to use. Carbon tetrachloride (Fisher spectral grade) 
and methylene chloride (Fisher reagent grade), 2,3- 
dimethylbutane, and n-butane (Phillips Petroleum Co., 
research grade) were used without further purification. 
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Freon 112 (Matheson), cyclohexane (Fisher reagent benzene (2.45 M) and t-butyl hypochlorite (2.08-2.45 M) 
grade), and 1-chlorobutane (British Drug Houses Ltd.) were transferred to n.nl.r. tubes, degassed by the freeze- 
were distilled and used without further purification. thaw method, and stored at 77 "K until used. The change 

Reactiorr betiveetl Iodobe~rzetre atld I-B~rtyl Hypoclrlorite 
at Roo111 Te~nperrrt~ue, ~vi t l~  Iwadintiorl 

A mixture of iodobenzenc (12.2 g, 0.060 mole, 2.9 M) 
and r-butyl hypochlorite (12.8 g, 0.1 18 mole, 5.7 M )  in a 
lightly stoppered Erlenmeyer flask was irradiated at room 
temperature by two 200 W incandescent lamps for 24 h. 
The flask was then left at 0' in the dark for 9 11. The pale- 
yellow solid product and mother liquor were transferred 
to a round-bottom flask and unchanged reactants re- 
moved by distillation (25" at 0.1 mm) leaving 17.69 g 
(94%) of a pale-yellow solid (IBBC). 

A similar solution left in the dark for 5 hand  kept at 0' 
overnight gave the same product, but the yield was only 
3 %. 

The yellow solid deconlposed in the region 130-140 "C, 
leaving a white solid, m.p. 235-24O0, and an oil. 

Anal. Calcd. for C,oH14CIIO: C, 38.45; H, 4.48. 
Found: C, 38.39; H, 4.37. 

The equivalent weight, as determined by titration of 
the iodine liberated on addition of acidified aqucous 
potassium iodide against standard aqueo~ls sodiunl thio- 
sulfate, was found to be 153 + 4. Examination of the 
organic products from these titrations by g.1.p.c. (10 ft x 
1 /4 in. SS colun~n packed with 15 % S F  96 on 60180 nlesh 
firebrick) showed the presence of iodobenzcne and 
I-butyl alcohol only. These were confirmed by isolation 
of each component followed by conlparison of their i.r. 
and n.m.r. spectra with those of authentic sanlples. 

The solubility of TBBC in carbon tetrachloride was 
determined by titrating 5 n ~ l  aliquots of saturated solution 
against 0.1 Maqueous sodium thiosulfate. Based on these 
titrations, IBBC was found lo have a solubility of 1.29 g/l 
at 26 "C. 

The Reaction in [lie Absence of Light bettveetr 
Iodobe~~zene and 1-Butyl Hypocl~lorite a t  Roo111 
Ten~perature (26") 

The reaction mixture consisted of iodobenzene (4.47 M )  
and t-butyl hypochlorite (4.19 M). Aliqi~ots were trans- 
ferred to Pyrex ampuls containing p-cresol (0.08 M), 
galvinoxyl (0.08 M), oxygen (atnlospheric amounts), or 
no additives, and left at 26" in the dark for 19 11. The 
reaction conditions and results are tabulated in Table 111. 

Reaction between Iodobenzet~e and I-B~rtyl 
Hypoclrlorite at - 20" in Cnrbon Tetrncl~loride 

Aliquots of a carbon tetrachloride solution of iodo- 

TABLE 111 

Reaction between iodobenzene and t-butyl 
hypochlorite at room temperature (26") in 

the dark 
-- 

Weight of Yield of 
IBBC IBBC 

Conditions (g) ( %) 

Dark 0.194 14.5 
Dark, oxygen 0.114 8.7 
Dark, p-cresol 0.078 6.0 
Dark, galvinoxyl G 0.005 G0.4 

in the n.rn.r. spectrum of these reaction mixtures was 
followed using a Varian HA-100 spectrometer with a 
variable temperature probe at -20 O C .  In addition to 
the original resonance for the methyl hydrogens in 
I-butyl hypochlorite another resonance appeared about 
10 c.p.s. to high field after irradiation for 19 h. This was 
accompanied by precipitation of a pale-yellow solid 
(IBBC). The IBBC was isolated and shown to be identical 
with the ~reviously characterized material in the absence 
of light. 

Identical sarnoles in the absence of lieht at the same 
temperature showed no reactions after 3 dgys. 

This experiment was repeated by irradiating degassed 
Pyrex anlpuls containing added p-cresol (2.0 mole %), 
galvinoxyl (1.0 Inole %), and oxygen (atmospheric 
an~ounts). By conlparison with a similar degassed solution 
containing no additives, the time for the reaction to begin 
could be assessed visually. The start of the reaction was 
takcn to be when the solution first changed from a bright 
yellow to a pale opalescent yellow. The results are 
recorded below in Table IV. 

TABLE IV 
Reaction between iodobenzene and I-butyl 

hypochlorite at -20" in carbon 
tetrachloride 

. -- -- -- 

Inhibition time 
Conditions (min). 

IIV, degassed 9 
IIV, not degassed 10 
IIV, degassed, p-cresol > 300 
IIV, degassed, galvinoxyl > 450 

T l ~ e  times are average values for duplicate 
experinlcnts. 

Reaction of IBBC 1r~it11 Hydrogetz Cl~loride 
T o  a suspension of IBBC (7.6 x mole) in carbon 

tetrachloride (1 0 n ~ l )  was added dry hydrogen cllloridc 
(7.68 x mole) dissolved in carbon tetrachloride 
(2.5 ml). The reaction mixture was stirred and after 5 min 
a yellow solid product (18.8 mg, 86%) was isolated by 
filtration, n1.p. 112-115". The m.p. and  mixture m.p. 
identified the product as iodobenzene dichloride. The 
filtrate was treated with aqueous potassium iodide and the 
free iodine reduced with aqueous sodium thiosulfate. 
Analysis of the carbon tetrachloride phase by g.1.p.c. 
after reduction showed the presence of t-butyl alcohol 
(6.5 x mole) and a snlall amount of iodobenzene. 
Both products were identified by the con~parison of their 
g.1.p.c. retention time with those of authentic I-butyl 
alcohol and iodobenzene. 

Cl~loritiatio/~ of Cyclo/~e.~a~te in Metl~yletre Cllloride 
Mixtures of Freon 112 (0.45 M)  and cyclohexane 

(3.34.5 421) in methylene chloride containing IBBC 
(0.47-0.49 mrnole/n~l) were sealed in Pyrex ampuls, 
placed in a O" or 25" bath with continuous agitation, and 
run under the conditions indicated in Table I. Each tube 
was analyzed for the disappearance of IBBC by iodo- 
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metric titration (21). The reaction mixtures were sub- 
jected to g.1.p.c. analysis (10 ft x 114 in. SS column 
packed with 15 % S F  96 on firebrick). The g.1.p.c. traces 
showed a 1 :1 mixture of cyclohexyl chloride to iodo- 
benzene in those reactions which went to completion. The 
relative amounts of iodobenzene and cyclohexyl chloride 
were calculated from calibration curves of the authentic 
materials with Freon 112. 

Clilorination of Cyclol~exane in Carbon Tetracl~loride 
The chlorination reactions in carbon tetrachloride at 

40" were carried out in the manner described for the 
halogenation of cyclohexane in methylene chloride. The 
reaction mixtures, after irradiation (approx. 3 h), were 
examined by n.m.r. spectroscopy and g.1.p.c. By a com- 
parison of tlie integration of the n.m.r. absorption 
intensities and the integrated g.1.p.c. traces (corrected to 
mole ratios) a material balance was obtained accounting 
for 93% of the products; t-butyl alcohol, cyclohexyl 
chloride, and iodobenzene in a 1 :1:1 mole ratio. Corre- 
sponding mixtures maintained in the absence of light 
under the same conditions also contained cyclohexyl 
chloride, but only 3% of the amount obtained from the 
irradiated sa~iiples. Triplicate experiments were carried 
out. 

Reactiori of t-Butyl Hypocl~lorite, t-Brrtyl Hypoclilorite 
plus lodobenzene, and IBBC wit11 Cyclol~exane in 
Carbon Tetracl~loride at  70' 

Carbon tetrachloride solutions of t-butyl hypochlorite 
and cyclohexane; t-butyl hypochlorite, iodobenzene, and 
cyclohexane; and IBBC and cyclohexane, each containing 
Freon 112 as an  internal standard, were transferred to 
Pyrex ampuls and degassed. The reaction mixtures were 
irradiated at  70" until colorless and analyzed by g.1.p.c. 
Two different columns were used for tlie analyses. A 
10 ft x 114 in. SS column packed with 10% diethylene 
glycol succinate (DEGS) on 60180 mesh, acid-washed 
Chromosorb W was used initially to analyze the product 
mixtures. Freon 112 was not completely resolved from 
carbon tetrachloride on the DEGS column and the mix- 
ture was analyzed for cyclohexyl chloride and iodo- 
benzene using a 10 ft x 114 in. SS column packed with 
15% SF-96 on 60180 mesh firebrick. An area ratio was 
determined for Freon 112 versus iodobenzene, and know- 
ing this ratio it was possible to calculate a corrected area 
for Freon 112 using the DEGS column. 

The concentration of reactants and yields of products 
are given in Table V. 

Cl~lorination of I-Cl~lorobutane in Carbon Tetrachloride 
Mixtures of Freon 112 (0.05 M )  and 1-chlorobutane 

(1.62 M )  in carbon tetrachloride containing IBBC 
(0.1 55 mmole/ml) were sealed in Pyrex ampuls, placed in 
a 40" bath with continuous agitation, and irradiated with 
four 200 W incandescent lamps. The analyses and calcu- 
lations were carried out in the manner previously re- 
ported (12). The yield of chlorinated chlorobutanes was 
81 % while the yield of o- and p-dichloroiodobenzene was 
less than 0.3 %. 

Tlie Pl~oto-Initiated Decon~positiorz of IBBC in 
Carbon Tetracl~loride 

Mixtures of Freon 112 (0.3 M )  and IBBC (0.4-0.7 
mmole/ml) in carbon tetrachloride were degassed, sealed 
in Pyrex ampuls, and irradiated at 40 or 76O with con- 
tinuous shaking until a colorless or iodine-colored 
solution was obtained. The contents of the tubes were 
examined by n.m.r. spectroscopy and g.1.p.c. The 
aromatic products were analyzed using a 10 ft x 114 in. 
column packed with 15% SF96 on 60180 mesh, acid- 
washed firebrick; all of the other products analyzed by 
g.1.p.c. were determined using a 25 ft x 118 in. column 
packed with 5 %  Ucon 50 HB 2000 on 80/100 mesh 
Chromosorb W. The analyses gave the distribution of 
products listed in Table 11. The identity of the  products 
was determined by the addition of authentic materials 
to the reaction mixtures and noting changes in the n.m.r. 
spectrum and g.1.p.c. traces. The insoluble iodoso- and/or 
iodoxy-benzene was isolated from the reaction mixtures 
either by filtration or by vacuum transfer of the volatile 
coniponents. The niolar percentages of the products were 
estimated from the integrated n.m.r. spectrum, using a 
known amount of added methylene chloride a s  external 
standard, and from the integrated g.1.p.c. trace by con- 
version of peak areas to molar percentages using Freon 
112 in the usual way (12). Iodoso- or iodoxy-benzene 
were characterized by their m.p. 190-230". Synthetic 
iodosobenzene decomposed on the hot-stage of the m.p. 
apparatus to give iodoxybenzene. Usually a mixture of 
the two was obtained, giving a positive test with potassium 
iodide, and its infrared spectrum (Nujol mull) was con- 
sistent with the assigned structures by comparison with 
the i.r. spectra of the synthetic compounds (23). The 
duality of products was explained when it was found that 
at 40" in degassed Pyrex ampuls in carbon tetrachloride, 
irradiated suspensions of iodosobenzene (pale yellow) 
were shown to be converted to iodoxybenzene (white) and 
iodobenzene. 

TABLE V 
Reaction of t-butyl hypochlorite, t-butyl hypochlorite plus iodobenzene, and IBBC and cyclohexane 

in carbon tetrachloride at  70" 

Products (%) 

Reagents (concentration) t-BuOH CH3COCH3 CsHllCl PhI 

t-Butyl hypochlorite (0.109 M )  and 
cyclohexane (0.16 M )  101 < 1 . 0  86 - 

t-Butyl hypochlorite (0.109 M), 
iodobenzene (0.120 M),  and cyclohexane (1.64 M )  109 < 1 .O 92 103 

IBBC (0.10 mmole/ml) and cyclohexane (1.60 M )  75 26 102 88 
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Reaction of IBBC and Iodosobenzene in Carbon Acknowled~ments - - 
Tetrachloride at 40" 

Mixtures of Freon 112 (0.093 M), IBBC (0.27 -ole/ T h e  au thors  wish  to t h a n k  t h e  Nat ional  Re- 
ml), and iodosobenzene (0.25 mmole/ml) in carbon tetra- search Counci l  of C a n a d a  a n d  the University of 
chloride were degassed, sealed in Pyrex ampuls, and Alber ta  for their  generous s u p p o r t  of this work. 
irradiated at 40' with continuous agitation. After 7 h all 
the solid had disappeared, leavings colorless solution. 
These were analyzed by g.1.p.c. using a 10 ft x 114 in. 
SS column packed with 15% SF96 on 60180 mesh 
firebrick and the amount of chlorobenzene (0.51 x 
mole) and iodobenzene (3.92 x mole) quantitated in 
the manner previously described. 

Reaction of t-Butyl Hypochlorite, and t-Butyl 
Hypochlorite plus Iodobeilzet~e in Carbon 
Tetrachloride with Cyclohexane at  26' 

Two reaction mixtures were prepared at  room tempera- 
ture in the dark. Freon 112 (0.75 M), I-butyl hypo- 
chlorite (0.86 M), and cyclohexane (1.80 M )  in carbon 
tetrachloride (2.5 ml); and Freon 112 (0.63 M), 1-butyl 
hypochlorite (0.86 M), iodobenzene (0.86 M), and 
cyclohexane (1.80 M )  in carbon tetrachloride (2.5 ml). 
Degassed and non-degassed duplicate samples of each 
reaction mixture were left at 26' in the dark for 17 h. 
Aliquots of each reaction mixture were then transferred 
to solutions of potassium iodide (approx. 1 g) in acidified 
(acetic acid) water, and the liberated iodine reduced with 
aqueous sodium thiosulfate. The carbon tetrachloride 
phases were analyzed by g.1.p.c. for cyclohexyl chloride 
using a 10 ft x 114 in. stainless steel column packed with 
15 % S F  96 on 60180 mesh firebrick. The results are given 
in Table VI. 

TABLE VI 
Analyses of carbon tetrachloride phases for 

cyclohexyl chloride by g.1.p.c. 

Yield of 
cyclohexyl chloride 

Reagents and conditions ( %) 

I-Butyl hypochlorite and 
cyclohexane 

Degassed 48 + 2 
Non-degassed No trace (< 0.01) 

r-Butyl hypochlorite, iodobenzene, 
and cyclohexane 

Degassed 3 0 k 5  
Non-degassed No trace (< 0.01) 
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Apparent activation energies for electrical conduction of solid and liquid 
germanium(I1) sulfide 

M. D'AMBOISE, G. HANDFIELD, AND M. BOURGON 
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The specific conductivity of germanium(l1) sulfide has been measured, under an inert atmosphere, 
from room temperature to the boiling point (750 "C). Interpretation of the results indicates that the intrin- 
sic conductivity is observed in the solid in the upper temperature range: the calculated energy gap is 1.58 
eV which coincides with the value of the optical gap for indirect transition. The calculated energy gap of 
liquid GeS is 2.3 eV and it is shown that the increase in the gap occurs on melting and is not due t o  a 
transformation in the solid. 

Canadian Journal of  Chemistry. 46, 3545 (1968) 

Introduction germanium(I1) sulfide disproportionates partial- 

Germanium(I1) sulfide, GeS, is known to be a ly in the liquid state according to 

semiconductor in the solid state. The ovtical [2] 2GeS(I) F', Ge(so1ution) + GeS2(solution) 

Also, the experimental facts point rather 
strongly, contrary to the reported phase diagram 
(6), to incongruent melting of GeS a t  approxi- 
mately 650 "C because of the peritectic dispro- 
portionation 

and electrical properties of single crystals, 
films, and polycrystalline samples of this 
compound have been studied by Betz (I)', 
Yabumoto (2), and Lider and Solov'ev (3) at 
temperatures not exceeding 350 "C. The for- 
bidden energy gap for intrinsic conduction lies 
between 1.5-1.8 eV and the crystals are invari- 
ably p-type (2). 

In a previous publication, D'Amboise, Hand- 
field, and Bourgon (4) reported on the electrical 
conductivity of liquid GeS in the temperature 
range 664705 "C. From the experimental data, 
it was concluded that GeS remains a semi- 
conductor in the liquid state with a forbidden 
energy gap E, of 2.5 eV; this energy was calcu- 
lated on the assumption that a hole-electron 
equilibrium prevails in the melt, i.e. that the 
conductivity observed is the intrinsic conductivity 
which varies with temperature according to the 
law 

[I 1 o = A exp (-EJ2RT) 

It seemed interesting to study the variation of 
the electrical conductivity of solid GeS as a 
function of temperature, in order to determine if 
the increase in the energy gap i.e. from 1.5 to 
2.5 eV occurs on melting or if the increase 
takes place in the solid at high temperatures. 

Ross and Bourgon (5) investigated the thermal 
properties of GeS by the technique of differential 
thermal analysis (d.t.a.) and showed that 

'Copies may be obtained from: University Microfilms 
Inc., Ann Arbor, Michigan. 

where the phase Ge, -,S can be considered as a 
solution of GeS, in GeS; the system becomes 
homogeneous at approximately 665 "C (liquidus 
temperature). 

It was shown also that a thermal effect at 
590 "C, observed by other investigators (6) and 
interpreted by them to be a solid-state transition, 
appears on d.t.a. traces of all solid samples 
which have undergone melting at one stage or 
another but is never observed on thermograms 
of samples which are freshly sublimed. It was 
concluded that this thermal effect does not 
correspond to a solid-state transition but  is most 
probably due to melting of the GeS-GeS, 
eutectic: some germanium(1V) sulfide is retained 
in the solid phase on cooling from the liquid 
state. 

This paper thus reports on the variation of the 
electrical conductivity of solid GeS as a function 
of temperature. Additional data on the conduc- 
tivity of liquid GeS are also reported; the tem- 
perature range of study of the latter has been 
extended to the boiling point which has been 
determined to be 750 "C (5). 

Experimental 
Investigation of the electrical properties of solid 
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semiconductors is usually performed on small single 
crystals. In the present work, however, emphasis was 
placed more on the determination of the slope (activation 
energy) of the conductivity curve than on the absolute 
value of the conductivity. A survey of the literature shows 
that reliable values of activation energies can be obtained 
from polycrystalline material. Also, because of the 
high temperatures involved and the resultant high vapor 
pressures, it seemed impossible to use small crystals 
which would evaporate quickly. For these reasons, all 
measurements reported in this paper were performed on 
fairly large polycrystalline samples. 

Germaniurn Sulfde 
The germanium(I1) sulfide used in this study was 

prepared and purified in the same way as described in a 
previous paper (5). 

Cor~ductivity Cells 
The cells (capillary-type, cell constant 300 cm-I) 

and technique used for measuring the conductivity of 
liquid GeS are essentially the same as described else- 
where (4). 

The cell for solid-state studies could be used as a 
two- or four-terminal cell and is shown in Fig. 1. Because 
of the high vapor pressure of GeS, a closed cell must be 
used. It is made of 7 mm heavy wall quartz tubing. 
Contacts to the sample are made by means of machined 
spectrographic graphite plugs fitted into 5/20 female 
quartz standard joints. Graphite was selected as electrode 
material since it is the only readily available and conduct- 

FIG. 1. Cell used for measuring the electrical con- 
ductivity of solid GeS. 

ing material which is not attacked by GeS; furthermore, 
graphite makes excellent contact to GeS. 

The cell was enclosed in a steel casing to prevent 
excessive thermal gradients. Temperature measurements 
were made with uncalibrated chromel-alumel thermo- 
couples situated at points B, C, and D; the maximum 
temperature difference between points C and D was 
approximately 2 "C. The temperature at point B was 
purposely kept a few degrees above the temperature of 
the sample, by means of a small heating element, to 
prevent sublimation of the sample to the top of the cell 
during the measurements. The whole assembly was 
enclosed in a 2.5 in. Vycor tube heated by a controlled 
Globar furnace. 

The cells (solid-state and liquid-state) were calibrated 
at 25 "C with mercury, by direct current (d.c.) 
methods. These calibrations were checked with H,SO, 
(30%) and KC1 (1 M )  solutions, by alternating current 
(a.c.) methods. In the case of the capillary-type cells, 
agreement between the different calibrations was very 
good; in the case of the cells used for solid-state studies, 
however, less precision was obtained because of the much 
lower cell constants (30 cm-I); nevertheless the calibra- 
tions agreed to better than 5%. A high precision potenti- 
ometer (Honeywell 278 I) and an a.c. bridge (Wayne Kerr, 
Model B221) operated at 1592 cycles/s were used for the 
calibrations. The resistance of the leads and electrodes 
was determined and was accounted for during the 
measurements. 

Resisfa~zce Measirremer7ts 
The resistance of the GeS samples was determined by 

a.c. methods, with the same bridge as was used for 
calibration purposes. It was verified that the contacts 
were ohmic. The cells were usually used as two-terminal 
cells; in a few cases, however, when the resistance of the 
samples became too low, a special adaptor was used in 
conjunction with the a.c. bridge which permits measure- 
ments of resistance with a four-wire system. 

The a.c. results were checked by d.c. measurements 
(four-wire system) at several temperatures; in this case, 
thermoelectric effects were duly accounted for. Since no 
difference was found between the a.c. and the d.c. 
measurements, the latter were discontinued after some 
time and the results reported in this paper are those 
obtained from a.c, measurements. 

Preparation oJ Sorrlples 
Since the thermal analysis work had indicated that 

sublimed samples and samples cooled from the melt had 
different properties it was thought wise to make runs on 
samples which were sublimed directly into the cell and 
others which were compacted by melting. In the first case, 
powdered GeS was introduced into reservoir A at the 
bottom of the cell (Fig. 1) and sublimed at 400 "C, 
under vacuum, over a period of a few days, until the 
sample reached point B; the cell was then cooled, 
removed from the furnace and sealed under vacuum with a 
hydrogen flame, at the constriction indicated in the 
drawing. In the second case, the cell and reservoir A, 
now at the top of the cell, were filled with powdered GeS; 
the sample was melted and kept a few hours at a tem- 
perature never above 700 "C under vacuum, then cooled 
to room temperature in the furnace. During melting, 
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the sample was contracted to point B. After cooling, the 
reservoir was removed and the cell sealed. The samples 
prepared by sublimation or melting showed no signs of 
voids on visual examination: the samples were very 
compact and had a bright, metallic appearance. As 
explained in a previous paper (5) ,  the samples should 
have a conlposition very near to stoichiometric; sanlples 
cooled from the melt should contain a small amount of 
GeS2 and Ge. 

The measurements were made under a purified helium 
atmosphere. Some measurements were made under 
vacuum in order to determine if the helium atmosphere 
had any effect on the conductivity: no difference between 
the two sets of measurements could be observed. The 
presence of a helium atmosphere prevented excessive 
diffusion of gaseous GeS through the graphite electrodes 
and was adopted as standard procedure. 

It was found impossible to prevent entirely the diffusion 
of GeS through the graphite electrodes although, at 
atmospheric pressure, diffusion was very slow. As a rule, 
measurements on a given sample were terminated when it 
appeared that vaporization of the sample had caused a 
decrease in the surface area of the electrode at the top of 
the cell (point B). It took a few weeks for this to happen. 

Results 
Solid Sumples 

The results are shown graphically in Fig. 2, 

FIG. 2. Specific conductivity of solid GeS as a 
function of temperature. The data are for samples 1, 3, 
and 4; the conductivity curve of sample 2 is identical to 
that of sample 1. 

where the log of the specific conductivity is 
plotted against the inverse of the absolute 
temperature. Samples 1, 2, and 3 are sublimed 
samples while sample 4 was compacted by 
melting. For reasons of clarity, only part  of the 
experimental points are shown. The following 
experimental details are pertinent. 

(a) The conductivity curve of sample 1 was 
established very slowly. The general procedure 
adopted was to anneal the sample at given 
temperatures for many hours and to  measure 
the conductivity as a function of time until 
steady values indicated that equilibrium had 
been reached. After an  increase in temperature, 
thermal equilibrium was established quite 
rapidly, in approximately 10-20 min, and the 
conductivity attained a value slightly lower than 
the equilibrium value: it took several hours, 
however, to obtain a final, steady value. The 
increase in conductivity as a function of time, 
after thermal equilibrium had been established, 
is shown in Fig. 3 a t  several temperatures. 
Since the samples were very compact, it is 
doubtful that this slow increase with time was 
due to  sintering of the charge. A better explana- 
tion, perhaps, is that this increase is related to 
the changing stoichiometry of GeS o n  heating 
(5) .  This increase in conductivity with time 
became noticeable a t  approximately 430 "C; 
the final value of the conductivity differs from 
the thermal equilibrium value by approximately 

I' 
0 5 10 15 20 

t ime I h l  

FIG. 3. Variation of conductivity o with time at 
different temperatures for solid GeS (sample 1). 
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5%. Sample 1 was studied to a temperature of 
580 "C. 

(b) Samples 3 and 4 were studied somewhat 
more rapidly to temperatures of 640 and 610 "C 
respectively. The conductivity curve of sample 
2 in the solid state was established still more 
rapidly and the solid-liquid transition was 
investigated: the results are shown in Fig. 4. 

(c) Samples 2 and 4 showed a small discon- 
tinuity in the conductivity curves at 600 and 
580 "C respectively while sample 3 showed no 
such discontinuity. It is to be noted that samples 
2 and 4 have higher conductivities in the lower 
temperature region than sample 3. The fact 
that the slopes of the curves are identical 
before and after the break (see Fig. 4) is a 
further indication that the latter does not 
correspond to a change in crystal structure. 

(d) Points B and C in Fig. 4 correspond to 
the temperatures of the peritectic reaction 
(652 "C) and the liquidus (668 "C) respectively. 
On cooling slowly from a temperature of 
approximately 700 "C the conductivity follows 
the path DCJF. If, however, the sample is 
cooled from a higher temperature there is 
substantial supercooling and the slope of the 
conductivity curve of the solid varies from 
one experiment to the other. 

Liquid Samples 
The results are shown in Fig. 5. The conduc- 

tivity of samples 6 and 7 was measured in 
capillary-type cells as described in a previous 
paper (4). Other samples, studied in capillary- 
type cells or in cells similar t o  that used for 
solid samples gave conductivity values identical 
to those of samples 6 and 7. I t  is to be noted, 
however, that sample 2 in the liquid state 
(Figs. 4 and 5) gave higher values of the con- 
ductivity although the slope of the curve is 
essentially the same as that of samples 6 and 7. 
We have no definite explanation for the behavior 
of this particular sample although it can be 
observed, from Fig. 4, that the ratio of the 
conductivity values on line DC t o  those on line 
AE (the capillary-cell values) is identical to the 
ratio of the values on line JF  to those on line 
BG: this is perhaps an indication that something 
happened in region BC which introduced a 
systematic error. In any event, the behavior of 
sample 2 in the liquid state is a n  isolated case 
and the conductivity of liquid GeS should be 
taken to be that represented by samples 6 and 7. 
I t  was verified in all cases that the conductivity 
curves of liquid samples were reproducible on 
repeated heating and cooling. 

I 

0.5 

0.2 1 I I 
I I I , 

1.05 1.10 1.15 100 Iz0 0.97 1.00 1.03 1.06 
l d ~ ~  (*K-'I I$ /T ( O K - ' )  

FIG. 4. Specific conductivity of GeS at  high tem- FIG. 5. Specific conductivity of liquid GeS as a 
peratures; line AE is the conductivity curve of liquid GeS function of temperature. The data for sample 7 were 
as obtained in capillary-type cells. reported in a previous publication (4). 
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Discussion 
For the sake of clarity, some aspects of the 

present work should be emphasized. 
(a) From the results presented in Fig. 2 it 

appears clearly that the different solid samples 
have conductivity curves of identical slope in 
the higher temperature range in spite of different 
heating rates, of the different methods of 
compacting the samples, and in spite of small 
differences in composition since no special 
precautions i.e. controlled atmospheres, were 
taken to insure exact stoichiometry. No change 
in slope could be detected before melting. 

No particular attention should be paid to the 
absolute value of the conductivity because of 
the polycrystallinity of the samples and also 
perhaps, because of small differences, from 
sample to sample, in the degree of compactness; 
the best that can be said about the conductivity 
is that it is probably of the right order of 
magnitude. 

(b) Essentially the same remarks apply to the 
results presented in Fig. 4. Sample 2 is the only 
sample that could be examined from room 
temperature to the liquid state without interrup- 
tion because of cell breakage or other causes. It 
is unfortunate that, for reasons unknown, the 
liquid gave conductivity values different from 
that of all the other samples although the slope 
of the conductivity curve is identical to that of 
the other samples; this has the effect of obscuring 
somewhat the nature of the change at the 
melting point. The results in Fig. 4 should be 
regarded as showing the different changes that 
GeS undergoes on passing from the solid to the 
liquid state as indicated by the different changes 
in the slope of the conductivity curve. Again, no 
particular attention should be paid to the 
absolute value of the conductivity. 

(c) As stated before, all the liquid samples 
studied gave conductivity curves of identical 
slope (above the liquidus temperature). The 
absolute values of the conductivity, as exempli- 
fied by samples 6 and 7 (Fig. 5), can be regarded 
with confidence for reasons given in the Results 
section. 

In brief, it can be concluded that the measured 
slopes are correct and that the increase in the 
apparent activation energy occurs upon melting 
and is not due to a transformation in the solid. 

Low-Temperature Conductiuity 
At the lower temperatures, the electrical 

properties of GeS show a strong resemblance to 
the properties of SnS (7-9). 

(a) For all samples, the conductivity increases 
with temperature: this is an indication that 
carriers are being produced. If the conductivity 
in this region were governed by changes in the 
mobility of the carriers (extrinsic conductivity) 
the conductivity would be expected to decrease 
as the temperature increases because of thermal 
scattering of the carriers. 

(b) It has been shown by Albers et al. (8) and 
also by Rau (9) that SnS samples equilibrated 
under various sulfur atmospheres are always 
p-type which indicates that the existence region 
of SnS lies completely on the sulfur-rich side; 
Rau further concluded that tin vacancies 
constitute the main defect in SnS. There are 
indications that the same situation prevails in 
GeS ( 3 ,  and other IV-VI compounds (11, 12), 
thus leading to p-type conductivity and to non- 
stoichiometry (excess sulfur). That our samples 
were p-type was verified by thermal probe tests. 
I t  is probable, therefore, that the variation of the 
low-temperature conductivity of GeS, from 
sample to sample, is due to small differences in 
the sulfur content; this interpretation is consistent 
with the following facts : 

The highest conductivity is exhibited by 
sample 4 which was compacted by melting. This 
sample showed a small increase in the value of 
the conductivity at a temperature close to the 
GeS-GeS, eutectic, indicating that this sample 
was still two phase in spite of the quite long 
annealing time. Sample 2 which was sublimed 
directly into the cell showed a small decrease in 
the value of the conductivity at a somewhat 
higher temperature (600 "C, see Fig. 4) which 
could be due to the crossing of a solidus or a 
solvus line from a region of GeS-GeS, solid 
solution. Sample 3 which has the lowest conduc- 
tivity shows no such discontinuity and should be 
the closest to stoichiometric composition. 

(c) There is a decrease in the slope of the 
conductivity curve as the conductivity of the 
sample increases (compare samples 3 and 4). 
This behavior is similar to that of SnS (7) and 
other semiconductors and should be expected if 
the increase in conductivity is due to a n  increase 
in the amount of sulfur. 

High-Temperature Conductivity (Solid) 
A constant slope in the conductivity curves at 

high temperature does not necessarily indicate 
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that the intrinsic conductivity is being observed. 
The value of the slope could be related to the 
energy of formation of defects (vacancies or 
interstitials). We believe, however, that the high- 
temperature conductivity of solid GeS is the 
intrinsic conductivity for the reason following. 
The values of E, calculated from the slopes of 
the different curves, using eq. [I], are respectively 
1.52 (sample l), 1.63 (sample 2), 1.60 (sample 3), 
and 1.53 eV (sample 4); thus giving an average 
value of 1.58 eV. This same value was obtained 
by Betz (1) from conductivity measurements on 
single crystals at somewhat lower temperatures, 
although this investigator expressed some doubts 
on the validity of his results. 

Values of the energy gap of GeS were obtained 
from optical measurements by Betz (I), Lider 
and Solov'ev (3), and Yabumoto (2). The first 
found two absorption edges at  1.52 and 1.78 eV 
(300 OK) which were interpreted to correspond 
to the energy gaps for indirect and direct 
transitions respectively. Essentially the same 
results were obtained by Lider and Solov'ev 
who found two absorption edges at  1.61 and 
1.70 eV while Yabumoto found an absorption 
edge at  1.80 eV. 

If the energy gap is a linear function of the 
abkolute temperature, then, the value of the gap 
as derived from the slope of the conductivity 
curve is the value at  0 OK (10). Therefore, in 
order to compare the thermal gap with the 
energy gap for indirect transition, this last one 
should be corrected to obtain a value at 0 OK. 
The variation of the energy gap as a function of 
temperature has been reported in the literature 
from the shift of the absorption edge with 
temperature. The energy gap decreases as the 
temperature increases and from the reported data 
it would seem that the variation of the gap with 
temperature is linear down to the temperature of 
liquid nitrogen. A decrease with increasing 
temperature of 4.8 x eV/"K is representa- 
tive: this is an average of the data reported by 
different investigators (1, 3) and it is identical 
with the value of the shift reported for SnS (9). 
The corrected value of the average gap for 
indirect transition is thus 1.70 eV at  0 "K which 
compares quite well with the value 1.58 eV 
obtained in the present work. 

:HEMISTRY. VOL. 46, 1968 

High-Temperature Conductivity (Liquid) 
From the slopes of the conductivity curves of 

liquid GeS (samples 2, 6, and 7, Fig. 5) the 
average value of the activation energy for 
conduction is calculated to be 1.15 eV which 
leads, using eq. [l] ,  to a calculated "band gap" 
of 2.3 & 0.1 eV. Whether or not this apparent 
increase in the band gap i.e. from 1.58 to 2.3 eV, 
on passing from the solid to the liquid state is a 
reflection of the change in the structure of GeS 
on melting is of course open t o  question. I t  
appears, however, as discussed in a previous 
paper (4) and in the light of results obtained on 
the conductivity in the liquid state of compounds 
which are isostructural with GeS i.e. GeSe and 
SnSe, that the trend in the variation of the 
calculated values of the different band gaps is 
similar to that found in the corresponding solids. 
Further discussion on this point will be delayed 
until these results have been reported; this will 
be done in the near future (13). 
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Angular distributions of recoil products from some reactions induced 
in 6 5 C ~  and lg7Au by protons of ene rgy  30-85 MeV1 

M. K. DEWANJEE, G.  B. SAHA, AND L. YAFFE 
Radiocl~etnistry Laboratory, Departtnetzt of Clzetrzistry, McCill Utliuersity, Montreal, Quebec 

Received May 6, 1968 

Angular distributions of products formed in the reactions 65Cu(p,pn)G4Cu, '97Au(p,pn)1"Au, and 
197Au(p,p3n)194Au in the range of proton energy 30-85 MeV were studied. The angular distribution 
results of "CU and 1 9 6 A ~  show forward peaking at  low energy and sidewise peaking at higher ener- 
gies. Approximate symmetry about 90" was observed for the angular distribution of ""Au in the 
center-of-mass system. The experimental results have been compared with (a) Monte Carlo evaporation 
calculations, (b) cascade-evaporation calculations at  85 MeV for "Cu, and (c) inelastic scattering 
plus evaporation calculations. 

Good agreement was obtained with statistical theory calculations at low energy and inelastic scattering 
model calculations at higher energies. The comparisons indicate that the reactions proceed by the 
compound nucleus mechanisni at lower energies and the direct interaction mechanism predominates 
a t '  higher energies. 
Canadian Journal of Chemistry, 46, 3551 (1968) 

Introduction 

In an earlier publication (I), results of the 
average projected recoil ranges of the products 
formed in the 6 5 ~ ~ ( p , p n ) 6 4 ~ ~  and 197A~(p,pn)- 
lg6Au reactions in the energy range of 20-85 
MeV were presented. This study provided infor- 
mation about the average momentum transfer 
in the initial phase of the reaction. The results 
were compatible with the compound-nucleus 
mechanism at lower energies and the direct 
interaction mechanism at higher energies. Recoil 
ranges are sensitive to the angular distribution of 
the recoils, particularly at higher energy. In the 
low energy region, the compound nucleus 
mechanism predominates and thus the angular 
distribution peaks in the forward direction. On 
the other hand at higher energies, the direct 
interaction mechanism becomes more important 
and therefore a sidewise peaking in the angular 
distribution is observed. 

The angular distribution of spallation reactions 
at higher energies (above 350 MeV) have been 
studied by Reuland et al. (2), Poskanzer et  al. 
(3), Panontin et al. (4), and Remsberg (5). No 
work has so far been reported on angular dis- 
tribution in the energy range of 30-85 MeV. We 
have measured the angular distribution of the 
(p,pn) reactions in 6 5 C ~  and lg7Au and the 
(p,p3n) reaction in lg7Au at  30-85 MeV by the 
technique developed by Poskanzer et al. (3). 

The results have been compared with different 
theoretical calculations. 

Experimental 
(a) Target atzd Irradintiotzs 

The apparatus used in the angular distribution measure- 
ments as shown in Fig. 1 is a simple adaptation of that 
used by Poskanzer er a/. (3) to fit to the requirements 
of the McGill synchrocyclotron. Two experiments were 
performed a t  each energy: one covering the angular 
interval 0-90" and the other 90-108" relative to the 
beam. The thin target was prepared by evaporating en- 
riched 6 5 C ~  (99.7%)' and lg7Au on to aluminium 
backing material. To avoid any difference in the target 
thickness in the forward and backward experiments at 
the same energy, two sections of the same target pre- 
pared were used for both experiments. The target facing 
the catcher foil was suspended from two stainless steel 
attachments and oriented 45" to the beam t o  prevent 
recoil scattering in the thin target. Three identical alu- 
minium foils were used on the collector mount, the first 
for recoil collection, the second for activation correction, 
and the third to compensate for the recoils from the 
aluminium mount to the blank foil. In the later experi- 
ments, the piece of the collector making an angle of 15" 
to the beam was removed from the mount to  check 
whether any effect due to proton scattering was occurring. 
No such effect was observed. The aluminium catcher and 
blank foils were marked for the definite angular inter- 
vals desired and the whole assembly was checked with a 
template for proper centering and 45" angular orienta- 
tion of the target to the proton beam. The target thick- 
nesses for gold and copper were 3-7 and 4-8 pg/cm2 
respectively and the target dimensions were 0.8 cm x 
1.2 cm. The collection radius and collector height were 
9.53 and 5.08 cm respectively. The period of irradiation 

'This research received. financial assistance from the 'Obtained from Oak Ridge National Laboratory, Oak 
National Research Council of Canada. Ridge, Tennessee, U.S.A. 
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T a r g e t  
1 

C y c l o t  r o n  p r o b e  

FIG. 1. Apparatus used for measurements of theangular 
distribution of the recoils. 

was about 120 min. The target assembly was fixed to the 
end of the water-cooled cyclotron probe and the target 
was set at a definite radial distance corresponding to 
the desired bombarding energy. 

(b) Chemical Separations and Activity Measurements 
The chemical separation and activity measurements 

for the copper and gold samples in the angular distri- 
bution experiments were identical to those described 
previously (1). Solid sources (elemental gold and copper 
thiocyanate for gold and copper samples, respectively) 
were prepared and the activities measured in a low- 
background (< 1 count per minute) counter. The 
activity of 1 9 4 A ~  was determined by detecting the con- 

TABLE I 
Scattering effect of the recoils due to the orientation 

of the targets (90') to the incident proton beam 

Relative activity in the angular intervals 

version electrons and the composite decay curve was 
resolved with the CLSQ decay curve analysis pro- 
gram (6). 

( c )  Correction Factors 
Preliminary experiments were conducted for the pur- 

pose of ascertaining the extent of scattering of low 
energy recoils and impurity activation in the backing and 
catcher materials. The scattering effect is mainly due to  

(i) Angular Orientation of the Target with respect to 
the Proton Beam. Because of the low energy, recoils 
grazing the target surface will be deflected from the 
original direction of motion and collected mainly in the 
forward direction as  is observed from the results shown 
in Table I and Figs. 2f, 3a, 3e. To avoid this scattering 
effect, the target o n  the aluminium backing material was 
oriented 45" to the beam. 

(ii) Target Thickness. Targets of different thicknesses 
(3-25 pg/cm2) were irradiated to observe the scattering 
effect. The full-width at half-maximum of the peak of the 
angular distribution and hence the average angle increases 
with the target thickness. When the target thickness is 
about 25 to 30% of the average recoil range observed in 
a thick-target experiment, no peak was observed and so  
target thicknesses 3 to 7 %  of the recoil range values 
were used. 

(iii) The Effect of the Backing Material. This effect, 
specially in the backward 90" experiment, was found to  
be negligible by Poskanzer et al. (3). 

I t  is difficult to avoid the oscillating effect (horizontal 
and vertical) inherent in the internal beam. The target 
size was made as small as possible (limited by the low- 
activity problem) to  have indirect recoil collimation from 
the target. 

Approximate calculations for the deflection of the 
6 4 C ~  and ' 9 6 A ~  nuclides, (assuming doubly-charged 
species), in the cyclotron magnetic field (16.5 kG) gave 
a value of N l o  which was far below the angular reso- 
lution (10 or 15") that was attained in our experiment. 

An activation experiment was performed in which the 
angular distribution of products from any copper im- 
purity in the aluminium backing material was deter- 
mined. A correction of 2-3 %, resulting from the impurity 
activation in the aluminium catcher foil, had to be made 
in the first 10 or 15' angular region i n  each experiment. 
At larger angles the activation correction was negligible. 
N o  detectable gold activity due to impurity activation 
was found in the collector foil. 

< e ~ > t  lg7Au lg7Au 65cU (d) Treatment of Data 
(degrees) (30 MeV*) (85 MeV*) (85 MeV*) The data corrected for dilution, chemical yield, self- 

absorption and back-scattering of electrons were treated 
7 .5  2940+412 2330k 326 23404 210 as follows: 

22.5 2190+307 2090+ 293 1520*137 (i) Extrapolation to angular regions for which col- 
37.5 1740+244 1650+231 
52.5 1320+185 1310+183 

1240+112 lection was not made directly. 

67.5 530+ 74 1030+ 144 l (ii) Interpolation at  90" and matching of the data 

82.5 240+ 34 180+ 25 440+ 40 from the forward-backward experiments to get a con- 
97.5 2404 34 180+ 25 430 + 39 tinuous curve. 

112.5 220+ 30 240+ 34 370+ 33 (iii) Normalization of the total activity to the same 
127.5 110+ 15 290+ 41 330+ 30 value (10 000 c.p.m.). 
142.5 120+ 17 120+ 17 1804 16 (iv) Calculation of an  average angle for each distri- 
157.5 90+ 13 140+ 20 190k 17 bution at  a definite energy. 
172.5 260+ 37 440+ 62 1260*113 The mean angle <0,>, expressed in the laboratory 

*Energy of the incident proton beam. system in degrees corresponding to each angular inter- 
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FIG. 2. Experimental angular distributions for the 6 5 C ~ ( p , p n ) G 4 C ~  reaction at (a) 30, (6) 40, (c) 50, (d) 60, (e) 
70 + repeat 70, and (f) 85 MeV. 

The ordinate represents the normalized activity in the particular angular interval. The horizontal bar indicates 
the spread in the angular resolution, and the vertical one represents the uncertainty in the relative activity in each 
angular interval. All the curves are normalized relative to each other. 

In 2Cf) the dashed line (- - -) represents the featureless distribution; and the open circle - dashed line (-0-) 
shows the 90 degree orientation effect of the thin-target with respect €0 the proton beam. 

val, is given by the average of Om, ,  and Om,, (for that 
interval) provided the angular distribution is independent 
of angle within that interval. The relative activity of each 
section shows a pronounced variation with angle. The 
actual value of (OL), is defined as follows: 

Jo:ia p(0) 0 sin 0 de 

[ ' I  ( ' d i  actual = omax 
P(O) sin 0 d0 

1-3%, which is negligible compared with the  experi- 
mental angular resolution. On account of the spherical 
symmetry the activity of each section of equal area, 
(do/dO), is proportional to the differential cross section 
per unit solid angle, (doIda). The normalized values of 
the activities in the angular intervals ABl, for the  angular 
distributions of 6 4 C ~ ,  lg6Au, and lg4Au are shown in 
Tables 11, 111, IV, and in Figs. 2 and 3. 

The average laboratory recoil angle(0,) may be de- 
fined as follows: . , 

J em,.  
If one assumes a linear form of the angular distribu- ci r ~ ) ~ o i ( 0 , ) i  

tion in a small interval dB, [31 ( 0 , )  = 
/ A  -\ 

[2 I P(0) = a + be, X i  (5)pei 
where a is the intercept and b is the slope of an angular 
distribution curve of interest, then the deviation from where (do/dO), is the activity observed in the i-th sec- 
the corresponding = 0.5(Om,, + Bmln) amounts to tion, ABi is the angular interval subtended by the i-th 
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(b) 50  MeV 

f 3 0 0 0  
U 
a 

2oOOt  (d 6 0  MeV 
W i 

<~L>~(DEGREES, LAB.  SYSTEM) 

r o o 0  : b; ; ;J 
a 
[L 

t 
m # 

B,,~OEGREES, C.M. SYSTEM) 
30 6 0  90  I20 150 180 

I Y  ' I I 

[L 

s 2 0 0 0  

1 \ (f) 60  MeV 4 

d 

- + (dl 70 MeV 

30 6 0  9 0  120 150 7 8 0  

<%>i (DEGREES, LAB. SYSTEM) 

r 
I 

I 

a r - - 1  (e)  85 MeV (---) - 
R85 MeV (-) 

30 60  40 I20 150 180 

FIG. 3. Experimental angular distributions for the 197Au(p,pn)196Au reaction at  (a) 30, (b) 50, (c) 60, (d) 70, and (e) 85 + repeat 85 MeV, and for 
the 197Au(p,p3n)194Au reaction at (f) 60, (g) 70, and ( I t )  85 MeV. 

All the curves are normalized relative to each other. The horizontal bar shows the spread in the angular resolution, and the vertical one indicates the 
uncertainties in the relative activities. 

In 3(f), 3(g), and 3(h) the solid circle - dashed lines (-ap) refer to the angular distribution for lg4Au in the center-of-mass system. The open circles 
show the experimental results. 

In 3(a) and 3(e) at 30 and 85 MeV the open circle- dashed lines (GO-) represent the recoil scattering due to the orientation (90" of the thin- 
target with respect to the proton beam. 
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DEWANJEE ET AL.: ANGULAR DISTRIBUTION OF RECOIL PRODUCTS INDUCED BY PROTONS OF 30-85 MeV 3555 

TABLE I1 
Normalized activity of 64Cu in the laboratory system, FL(OL) vs. laboratory angle at  the midpoint 

of the collection interval 
-- - - -. . -- - . . - - -. -- - -- 

FL(OL) at energy (MeV) FL(OL) a t  energy (MeV) 
( ~ L > I  ( @ L > l  

(degrees) 30 50 70 (degrees) 40 60 *R70 85 
- --- 

- - 

*R = repeatzd irradiation. 
tblidpoint of the interval 52.5". 
$Midpoint of the interval 67.5". 

section, and (O,), is the corresponding mean angle. The 
values of (OL)  thus calculated from the measured angular 
distribution are shown in Tables V and VI. 

The errors in the angular distribution measurements 
involve the errors associated with the resolution of the 
decay curves, the counter backgrounds, chemical yields, 
weights of the target and nonuniformities of the target 
and catcher thickness, the scattering of the low-energy 
recoiling nuclides, dilution factors, radiochemical purity, 
self-absorption and back-scattering of the beta radiation 
in the sample. The estimated error amounted to +9% 
for copper and + 14% for gold isotopes respectively. 

induced reactions have been previously reported 
in the energy region of our interest. The angular 
distribution results of Poskanzer et al. (3) for 
the 27Al(p,3pn)24Na reaction at 0.38 and 2.2 
GeV are mainly forward peaking in the labora- 
tory system. Remsberg's (5) results of the angu- 
lar distribution of 6 4 C ~  formed in the (p,pn) 
reaction have maxima appearing at 75, 80, and 
86" a t  0.37, 1.0, and 2.8 GeV energies respec- 
tively. The positions of the peaks do not change 
greatly with the large variation of the incident 
energy. On the other hand the peak shift is very 
prominent in the energy region of our interest. 
The recoil angular distributions obtained from 
alpha (7) and other heavy-ion induced reactions 

Discussion 

(a )  Qualitative Features and the Transformation 
of the Results into the Center-of-Mass System 

No angular distribution results of proton- 

TABLE 111 
Normalized activity of lg6Au in the laboratory system FL(OL) vs. laboratory angle at  the midpoint 

of the collection interval 
- - - - 

FL(0L) at  energy (MeV) FL(OL) at energy (MeV) 
<OL> I <oL> ,  

(degrees) 30 50 85 (degrees) 60 70 *R85 

*R = repeated irradiation. 
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TABLE 1V 

Normalized activity of 19'Au in the laboratory system 
FL(8,) vs. laboratory angle at the midpoint of the col- 

lection interval 
pp -- - 

FL(O,) at energy (MeV) 
( ~ L > I  

(degrees) 60 70 85 

7 . 5  2950+413 2550 + 357 2550+ 357 

(8) are mainly forward-peaking in  the laboratory 
system. The peak shift with increase in incident 
energy is not very prominent in these cases. 

The results of  the angular distribution mea- 
surements of recoiling 6 4 ~ ~  and lg6Au nuclides 
as shown in Figs. 2 and 3, indicate a clear energy 
dependence. At lower energies (-- 30 MeV), the 
angular distributions are mainly forward-peaking 
in the laboratory system. The differential cross 
sections at  higher angles gradually decrease and 
become nearly independent of angle. At energies 
greater than 30 MeV notable sidewise peaks are 
observed at angles larger than 0°, which may be 
explained in terms of a direct interaction mech- 
anism. 

The positioiis of the peaks depend on the 
incident energy and the target mass. However, 
they are probably more affected by the incident 

TABLE V 

Comparison of experimental and calculated angular distributions for the 6 5 C ~ ( p , p n ) 6 4 C ~  reaction 

Average 
Experimental Calcd. 8, angle Calcd. (8,) Experimental 

Proton peak angle -- < e ~ >  FWHMg Calcd. 
energy O P  i.s.e. M.C.? (expermental) i.s.e. M.C.? (histogram) FWHM 
(MeV) (degrees) (degrees) (degrees) (degrees) (degrees) (degrees) 

- - - 

'R = repeated irrad~ation. 
toblntned by Monte Carlo evaporation program. 
$Obtained by cascade-evaporation program. At 20 MeV, calculated (0,) 2 18.8'. 
$Full width at  half maximum. 

TABLE VI 

Comparison of experimental and calculated angular distributions for the 1 9 7 A ~ ( p , p n ) ' g 6 A ~  reaction 

Experimental Average angle Experimental 
peak angle, Calcd. (e,.) . Calcd. FWHMt Calcd. 

Proton energy O P  8 P (experimental) (8,) (histogram) FWHM 
(MeV) (degrees) (degrees) (degrees) (degrees) (degrees) (degrees) 

30 -5 45 28 .54  45.48 - 20 
40 -12 5 5 - 52.33 - 20 

(extrapolated) 
50 15 5 5 36.73 56.60 - 20 

- 
*R = repeated irradiation. 
tFull width at  half maximum. 
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energy than the target mass, e.g. a t  30 MeV the 
peak of the 6 4 C ~  angular distribution occurs a t  
5" whereas it is a t  about 53" at  85 MeV. On the 
other hand, the angular distribution of '"Au 
recoils has maxima at  5" a t  30 MeV while it 
appears a t  38" at  85 MeV. However, because of 
the angular resolutions obtained in these experi- 
ments, recoil peaks at  a given energy had an 
angular uncertainty of + 5" or + 7.5". 

The angular distributions of lg4Au studied a t  
60, 70, and 85 MeV as shown in Table IV and 
Fig. 3 (f, g, h)  are always forward peaking in the 
laboratory system. This may be attributed to  the 
compound nucleus mechanism involving a mul- 
tiparticle evaporation process. 

The following characteristics of the angular 
distributions of 6 4 C ~  and lg6Au were calculated 
(Tables V and VI) and discussed. 

(1) The average angles (8,) of the recoil 
angular distributions of 6 4 C ~  and l g 6 ~ u  are 
sensitive to the target thickness and the angular 
resolution. The (8,) value for the angular 
distribution of 6 4 C ~ ,  is in general smaller a t  
lower energy than that for the angular distribu- 
tion of l g 6 ~ u .  

(2) The shape of the recoil angular distribution 
of simple reactions varies with the incident 
energy. Attempts had been made by Reuland 
et al. (2) and Remsberg (5) to draw tentative 
conclusions from the analysis of the area under 
the angular distribution c;rve a t  higher energies 
where the inelastic scattering and the knock-out 
mechanisms are competitive. The peaks of the 
angular distributions of some simple reactions at  
intermediate and higher energies appear to be 
superimposed on a featureless distribution 
[area under the arbitrary line as shown in Fig. 
2 0 1 .  In fact, the initial calculation of Benioff 
and Person (9) based on a clean knock-out model, 
gives a broad featureless angular distribution. 
Remsberg (5) assigned the peak of the angular 
distribution for the 6 5 ~ ~ ( p , p n ) 6 4 ~ ~  reaction to 
the inelastic scattering mechanism at  higher 
energy. Similarly, the area under the curve in 
Fig. 2(f) will be an approximate measure of the 
contribution o f  the compound-nucleus mech- 
anism, since this mechanism leads to a forward 
peaking of the angular distribution. Thecontri-  
bution of the direct mechanism at  intermediate 
and higher energies complicates this situation. 

interaction mechanism. The peak shift is prom- 
inent in this intermediate energy region where the 
gradual transition from the compound nucleus 
to the direct interaction mechanism takes place. 

(3) The full-width a t  half-maximum of each 
angular distribution curve determined after the 
subtraction of the featureless distribution from 
the net angular distribution curve amounts to 
approximately 30". This is a rough measure of 
the peak-broadening, which in turn, is sensitive 
to target thickness and angular resolution. 

(4) The angular distribution results are most 
significant when presented in the center-of-mass 
system wherever possible. We have transformed 
the laboratory angular distribution into a center- 
of-mass distribution by the methods prescribed 
by Marion et al. (10) and Hanson e t  al. (11). 
For simplicity in the transformation, the emis- 
sion of a composite particle [deuteron of mass 
two for (p + n) emission and a particle of mass 
four for (p + 3n) emission] was assumed. At all 
energies, the angular distributions for  lg4Au 
(center-of-mass system) are more or less sym- 
metric about 90" (see Fig. 3). The anisotropy 
parameter b/a of the angular distribution of the 
form W(8) = (a + b cosZ €))/(a + b/3) is given 
by 

The experimental b/a values for lg4Au a t  60, 70, 
and 85 MeV are 0.86, 0.87, and 0.83 respectively. 
At all energies, the angular distributions (center- 
of-mass system) for 6 4 ~ ~  and l g 6 ~ u  were found 
to be asymmetric in shape, and are no t  shown 
in the figure. This asymmetry may be attributed 
to (i) emission of a proton and a neutron instead 
of a deuteron (the probability of deuteron 
evaporation at  these energies will be very small), 
(ii) unknown distribution of the effective reaction 
Q-values as a function of center-of-mass scat- 
tering, and (iii) predominance of direct interac- 
tion. On  the other hand, the symmetry of the 
angular distribution for lg4Au may be due to 
the averaging effect of emission of 4 nucleons 
from the compound nucleus Ig8Hg. Therefore, 
the assumption of emission of a single particle 
of mass 4 instead of 4 nucleons may be valid in 
the lg4Au case. 

Hence ihe area above the featureless distribution (b) Comparison with Monte Carlo Calculations 
may approximate to the contribution of the direct In order to make a quantitative comparison 
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u 
<@L>, (DEGREES, LAB. SYSTEM) * <Q->i (DEGREES, LAB. SYSTEM) 

FIG. 4. Comparison of experimental and calculated angular distributions for the 65C~(p ,pn)64C~ reaction at 
(a) 30, (b) 40, (c) 50  MeV, - experimental, - - - statistical theory; (d )  85 MeV, - experimental, 
--- cascadexvaporation at  85 MeV, -x  - x -  knock-out contribution a t  85 MeV. 

The smooth solid curve is drawn from the experimental results, with the mid-angle of each interval as the average 
angle. 

All curves at  a given energy are normalized relative to each other. 

between the theoretical calculations and experi- 
mental results, several types of calculations have 
been performed. For 6 4 C ~ ,  Monte Carlo statis- 
tical theory calculations were made at 30, 40, 
and 50 MeV according to the computer code of 
Dostrovsky et al. (12) modified by Porile (13). 

In the calculations, the angular distributions 
of the emitted particles were assumed to be iso- 
tropic. However, the calculation was found to be 
insensitive to the different values of the aniso- 
tropy parameter. Variation of the bla values 
from - 1 to + 1 for the formation of 6 4 ~ ~  from 
6 6 ~ n  (compound nucleus) at 30 MeV changes 
the average recoil angle by only 0.26". An aniso- 
tropic angular distribution is to some extent 
related to the orbital angular momentum of the 
evaporated particles and the angular momentum 
distribution of the compound nucleus. A more 
detailed understanding of the level density of the 
residual nucleus and the anisotropy of the 
emission process awaits a calculation in which 
angular momentum effects are taken into 
account. No significant change in the recoil 

angle was observed with level density parameter 
'a' equal to A110 or A120 in the evaporation 
calculation. The widely-accepted value of a = 
A120 in the medium-mass region was chosen 
in all calculations. 

The comparison of the calculated angular dis- 
tributions and experiments is shown in Fig. 4. 
At 30 MeV the angular distribution of 6 4 C ~  is 
forward peaking. An extrapolated value of - 5" was assigned from the peak angle, 8,, vs. 
proton energy curve as shown in Fig. 5.' The 
calculated peak angle at 40 MeV appears at 
13.5", whereas the experimental value is about 
20". As the energy increases the discrepancy 
between the calculation and experimental peak 
angle becomes more prominent. The shape of 
the angular distribution of 6 4 C ~  is not well ., 
reproduced at higher energies. The calculated 
yields for the differential cross section at higher 
angles are negligible. 

The variation with energy of the calculated 
average angle (€3,) is shown in Fig. 6. The 
experimental (€3,) values are comparatively 
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PROTON ENERGY (MeV) 

FIG. 5. Comparison of the experimental peak angles 
of (a)  6 4 C ~  with the statistical theory, cascade-evapora- 
tion at 85 MeV, and the i.s.e. model calculations; (6)  
lg6Au with the i.s.e. model calculations; 0, experi- 
mental; 0, statistical theory; A, cascade-evaporation at 
85 MeV; and a, i.s.e. model. 

high, which may be partly due to the contribu- 
tion from the direct interaction mechanism and 
partly due to the experimental uncertainty. The 
change in (0,) or 0,, due to the larger evapo- 
ration kick relative to that obtained in compound 
nucleus formation, cannot account for the 
larger peak shifts at higher energies where the 
direct interaction mechanism plays the predomi- 
nant role. 

Evaporation calculations carried out for the 
formation of lg6Au from the compound nucleus 
lg8Hg at low energy, gave no meaningful results. 
Proton emission from the heavy nuclei is sup- 
pressed by the Coulomb barrier and the calcu- 
lated cross section is nearly zero even at the 
incident energy of 20 MeV although different 
values of the coefficients of the Coulomb barrier 
were used. Probably the statistical theory calcu- 
lation is limited in its application in the heavy 
mass region. However, the experimental angular 
distributions at 30 and 50 MeV are mainly 
forward-peaking, as expected on account of 
the predominance of the compound-nucleus 
contribution in this heavy mass region. This idea 
is further corroborated by the average range 
calculations (1). 

A cascade-evaporation calculation for the 
angular distribution of 6 4 C ~  at 85 MeV was also 

20 1 I I I I 

30 45 60 75 90 
PROTON ENERGY (MeV) 

FIG. 6. Comparison of the experimental average recoil 
angle (8,) of (a)  6 4 C ~  with the statistical theory, cascade- 
evaporation and the i.s.e. model calculations; (6 )  lg6Au 
with the i.s.e. model calculations; 0, experimental; 

, statistical theory; A, cascade-evaporation at 85 
MeV; and a, i.s.e. model. 

performed3 and the results are shown in Fig. 
7(f). The Monte Carlo code of Chen er al. (14) 
was used for the cascade phase and that of 
Dostrovsky et al. (12) for the evaporation phase. 
The angular distribution of 6 4 C ~  formed by the 
knock-out mechanism is flat which may be 
partly attributed to the direct interaction mech- 
anism (9); but the angular distribution calcu- 
lated by the cascade-evaporation mechanism 
shows a sidewise ~ e a k  at 65'. One would not 
expect the results of the (p,pn) reaction to be 
well-predicted by a cascade-evaporation calcu- 
lation at  these energies and thus the peak angle 
is not well reproduced by the calculation. How- 
ever it nevertheless is of interest to see how the 
calculations check with theory at these energies. 

( c )  Comparison with Inelastic Scattering Model 
Calculations 

As we have seen in the previous section, the 
cascade-evaporation calculation at 85 MeV is 
in reasonable agreement with the experimental 
results for the 65C~(p ,pn )64C~  reaction. In the 
absence of these calculations at other energies, 

3We are grateful to Dr. G. Friedlander who very kindly 
carried out the cascade-phase calculations for us. 
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(a)  30 MeV 

a 
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P 
L 

2000 [dl  60 MeV 

l o r  (g i  370 MeV 

<BL>i (DEGREES, LAB.  SYSTEM) <'JL>~ (DEGREES, LAB. SYSTEM) <BL>, (DEGREES, LAB.  SYSTEM) 
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> 1 \ 
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FIG. 7. Comparison of experimental and calculated angular distributions for the G,SCu(p,pn)G4Cu reaction at (a) 30, (b)  40; (c) 50, (d) 60, (e) 70, 
(f) 85, (g) 370, ( / I )  1000, and (i) 2800 MeV; - experimental results taking the mid-angle as the average angle of each angular interval; - - - 
i.s.e. model calculations. 

For the high energy results at 370, 1000, and 2800 MeV calculated results are adjusted to  the experimental values. 
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- 
W (a) 30 MeV 
-I 
a 
0 3000 
m 

<eL>, (DEGREES, LAB. SYSTEM) 

(c) 60 MeV 1 
A 

4 
m 

1000 
> 
[L 
a I \  
[L ' \  
t 
m k 
% ZOOOF (dl 70 M e V  7 

FIG. 8. Comparison of experimental and calculated angular distributions for the 197Au(p,pn)196Au reaction at 
(a) 30, (6) 50, (c) 60, (d) 70, and (e)  85 MeV; - experimental; - - - i.s.e. model calculations. 

we have performed calculations based on a 
mechanism described by the inelastic scattering 
of a particle in the initial phase of the reaction 
followed by the evaporation of another particle 
(frequently referred to as the i.s.e. mechanism). 
The details of the calculation have been described 
elsewhere (1). The probability of a particular 
reaction being known, the recoil differential cross 

section (g) can be written as 
R 

[5] ($) = o(p,xn)F(0) for (p,m) 
R reactions 

(p,pxn) reaction cross sections calculated by the 
inelastic scattering model calculations. For the 
(p,pn) reaction, the incident proton is assumed 
to be scattered initially and transfers sufficient 
energy to the struck nucleus to evaporate another 
neutron. The whole energy interval for neutron 
evaporation was divided into subintervals. For 
each subinterval, the recoil angle was calculated 
from the kinematics of the overall reaction and 
then the angular distribution was obtained. 
Finally, the resultant angular distribution was 
calculated by weighting over those corresponding 
to each energy subinterval. 

Comparisons of the calculated recoil angular 

[61 = o(p,pxn)F(0) for(p,pxn) 
distributions with the experimental results of 

reactions 
both the 6 4 ~ ~  and l g 6 ~ u  nuclides are made in 
Figs. 7 and 8. Also included in the figures are 

where F(0) corresponds to the probability of the results of Remsberg (5). The following 
recoil collection per unit solid angle at an angle characteristics are observed: 
0 with respect to the proton beam, o(p,xn) (1) The peaks of the calculated angular dis- 
and o(p,pxn) refer respectively to (p,xn) and tributions always occur at higher angles than the 
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experimentally observed peak angles. Better 
agreement is obtained at higher energies. (See 

.also Fig. 5.) 
(2) The calculated average angle (8,) 

(Fig. 6) shows a gradual increase with energy. 
The experimental (8,) values are in better 
agreement with calculations than that in the 
case of the peak angles. 

(3) The calculated angular distributions are 
always sharper than the experimental values for 
both 6 4 ~ ~  and lg6Au. The full-width at half- 
maximum values of the observed distributions 
obtained after the subtraction of the featureless 
distributions are in general higher (Tables V and 
VI) than those obtained by calculations. 

(4) The calculated angular distribution does 
not show the prominent peak shift with the 
incident energy. 

(5) Monte Carlo cascade-evaporation and 
i.s.e. model calculations a t  85 MeV give the 
same peak angle at 65" and average angles of 
59.2" and 62.4" respectively for 6 4 ~ ~ .  

The discrepancies between calculations and 
ex~eriments have been attributed to  the fol- 
lowing assumptions: 

(i) Compound nucleus formation was totally 
neglected. This may be one of the main reasons 
for the overestimation of the calculated peak 
angle values. 

(ii) The case of proton evaporation from the 
excited residual nucleus [after neutron scattering 
in the (P,N) cascade] was omitted, e.g. 6 5 ~ n  
formation from the (P,N) cascade step which 
may lead to 6 4 C ~  by proton evaporation, was 
assumed negligible (correct only for heavy 
nuclides at low energy, where the proton emis- 
sion is suppressed by the Coulomb barrier). 

(iii) The chosen excitation energy interval of 
the residual nucleus for a particular value of the 
incident energy (10-25 MeV for excited 6 5 C ~  
and 10-23 MeV for excited lg7Au) may not be 
correct. The calculation shows that. within a 
given excitation energy interval, the recoil peak 
angle from the highly excited nuclei appears at 
the lower angle. Thus the peak of the net angu- 
lar distribution at a definite incident energy may 
decrease to a certain extent, if we consider the 
emission from the higher excited states of 6 5 C ~  
(higher than 25 MeV for 6 5 C ~  and 23 MeV for 
lg7Au as assumed in our present calculation). 
However, the present evaporation calculation 
cannot take into account evaporation from such 

CHEMISTRY. VOL. 46, 1968 

highly excited states on account of the very low 
cross sections of the desired nuclides. 

(iv) Only head-on collisions were considered 
in our calculation. If we also consider the over- 
taking collisions, better agreement with the 
experiments may be obtained. 

( v )  Nucleon correlation (15) which may be 
sensitive to recoil properties has been neglected. 

Grover and Caretto (16) analyzed the inelastic 
scattering data of Azhgirei et al. (17) at 660 MeV 
and found that all the recoiling copper nuclei 
excited to about 15 MeV go intoangles between 
76 and 80" with respect to the beam. The kinetic 
energy spectrum of this recoil group shows an 
average recoil energy of - 1 MeV. Such peaks 
should occur for other targets and  other incident 
energies too and reflect a rather general property 
of the inelastic scattering of a light particle by a 
massive one. The required conditions for the 
occurrence of a peak are: (i) small kinetic 
energy transfer, i.e. low excitation energy of the 
residual nucleus and (ii) forward peaking nature 
of the angular distribution of the scattered par- 
ticles. The critical peak angle should be less than 
90". When the excitation energy is small with 
respect to the incident energy, even for a small 
scattering angle the recoil peak angle reaches a 
critical value. 

The overall comparison between the experi- 
ment and the calculation shows that a compound 
nucleus mechanism is valid at low energies. As 
the bombarding energy increases the direct 
interaction mechanism begins t o  compete. In 
the energy region of 40-85 MeV the (p,pn) 
reaction proceeds via a combination of com- 
pound nucleus formation and a direct interaction 
mechanism. 
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Yields of some light-mass nuclides produced in the proton-induced fission of 238U1 

A. H. KHAN, G. B. SAHA, AND L. YAFFE 
Radiocl~emistry Laboratory, Departmetrt of Cl~et~~is try ,  McGill Utliuersity, Motttreal, Quebec 

Received May 29, 1968 

The formation cross sections of cumulatively formed 66Ni, 6 7 C ~ ,  72Zn, and 73Ga, and of independently 
formed 6nGa, 70Ga, and 72Ga produced in fission of 2 3 W ,  induced by protonsof energy 20-85 MeV, have 
been determined. The measured yields correlate well with the data obtained by others at higher energies. 
From the ratios of the independent and cumulative formation cross sections of 72Ga and 72Zn respectively, 
a value of Z,, the most probable nuclear charge, for A = 72 was determined for different widths o f  the 
charge dispersion curves. 

Canadian Journal of Chemistry, 46, 3565 (1968) 

Introduction probable charge, on the assumption of a Gaussian 

A voluminous amount of data on thermal 
neutron fission now exists and there is now a 
somewhat better understanding of the fission 
mechanism at these energies. Our theoretical 
understanding of the process still leaves much to 
be desired. Data on fission induced by charged 
particles at higher bombarding energies are still 
somewhat sparse, especially in the light-mass 
region. The data that do exist do not yield un- 
ambiguous information regarding the fission 
mechanism. In particular much more information 
is needed to elucidate more explicitly the nuclear 
charge and mass distribution in nuclear fission 
induced by charged particles as a function of 
bombarding energy. 

The present work involves the measurement of 
the yields of 66Ni, 6 7 C ~ ,  7ZZn, 73Ga, 68Ga, "Ga, 
and 72Ga in the fission of 238U induced by pro- 
tons of energies 20-85 MeV. 70Ga is 'shielded' 
from formation by P-decay since its neighboring 
isobars are stable. 68Ga and 72Ga are 'semi- 
shielded' by long-lived neighboring isobars so 
that the independent yields of these three can be 
determined. In the case of the other nuclides 
mentioned above only cumulative or chain 
yields were determined. 

Lindner and Osborne (1) and Hicks and 
Gilbert (2) determined formation cross sections 
of 66Ni and 6 7 C ~  respectively in the fission of 
2 3 8 ~  by protons of energies 61-340 MeV. Other 
workers have reported results at higher energies, 
e.g. at 170 (3), 340 (4), and 480 MeV (5). 

Forster et al. (6) have recently described a 
method to determine empirically Z,,  the most 

'This project received financial assistance from the 
National Research Council of Canada. 

charge distribution, provided the yield ratio of an 
isobaric pair is known. We have measured the 
formation cross sections of 72Ga and 72Zn and 
their yield ratios have been used to obtain Z ,  
values at different energies. From these 2, values 
we have further attempted to obtain information 
about the width of the charge dispersion curves 
for the low-mass region at these bombarding 
energies. 

Experimental Procedure 
(a )  Targets and Irradiations 

The targets used in the present work consisted of 
uranium foils of normal isotopic distribution having a 
superficial density of about 140 mg/cm2. Prior to irradia- 
tion the uranium target foil was cleaned with nitric acid 
to remove the oxide layer. The foil was then sandwiched 
between two similarly treated foils to compensate for 
recoil losses. A copper monitor foil (21.44 mg/cm2), 
similarly guarded with two other copper foils, was 
properly aligned with the target stack. The 65Cu(p,pn)- 
6JCu reaction was used t o  monitor the proton beam 
throughout the entire energy region. The assembly of the 
target and monitor foils was wrapped with a n  aluminium 
foil (0.0008 in. thick) and then fixed to a target holder 
which in turn was attached to  the cyclotron probe. 

Irradiations were performed in the internal proton 
beam of the McGill synchrocyclotron. The duration of 
irradiations varied between 2 and 60 min, depending on 
the activity and bombarding energy desired. The beam 
current was of the order of 1 CIA. Irradiations were per- 
formed in the energy range of 20-85 MeV at intervals of 
about I 0  MeV, the beam energy being selected by 
placing the target a t  the appropriate radius corresponding 
to a desired energy. In view of the energy spread in the 
beam ( + 2  MeV) the energy degradation in the target 
stack was calculated to be negligible. 

(b)  Chenlical Proced~~res 
After irradiation, the target and monitor foils were 

separated from the stack and dissolved in suitable acids. 
The target foil was dissolved in 2 ml of conc. hydrochloric 
acid and a few drops of conc. nitric acid in the presence of 
10 mg each of Ni, Zn, and Cu carriers and 15 mg of Ga 
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carrier. The copper monitor foil was dissolved in conc. 
hydrochloric acid plus a few drops of hydrogen peroxide. 

The chemical procedures for the separation of nickel 
(7), copper (8), zinc (9), and gallium (10) were adopted 
from procedures in the literature and slightly modified to 
suit to the present study. They are outlined in the 
Appendix. 

(c)  Activity Measirrenlents 
The beta activities were measured by a low-background 

0- proportional counter with a background of less than 
1 count per minute. A 36Cl standard source was used to 
check the characteristic behavior of the counter. 

Both 66Ni and 72Zn decay by emitting low-energy 
0--rays (0.200 and 0.300 MeV betas respectively) which 
undergo high self-absorption in the solid sample. How- 
ever, 55-h 66Ni remains in secular equilibrium with its 
daughter 5.1-min 6 6 C ~  which emits higher energy 0- rays 
(2.63 and 1.59 MeV respectively). Similarly 46.5-h 7ZZn 
maintains a transient equilibrium with its daughter 
14.1-h 72Ga which emits 0- rays of 0.96, 0.66, and 3.16 
MeV energy. The activity of these two nuclides was, 
therefore, measured with a 200 mg/cmZ thick aluminium 
absorber so that all low-energy beta radiations were 
stopped and thus self-absorption correction could be 
avoided. 73Ga decays (100%) to the isomeric state of 
73Ge. This isomeric transition is highly internally con- 
verted (- 100%) and these conversion electrons would 
also be detected along with the activities of the Ga 
isotopes to a varying degree depending on the thickness 
of the sources. In order to stop all conversion electrons 
uniformly for all sources, the same 200 mg/cm2 thick 
aluminium absorber was used while the activities of 
gallium isotopes were measured. 

The activities of all nuclides were followed for several 
half-lives to ensure that no contaminating activities were 
present. The activities due to  7ZZn, 66Ni, and 67Cu at end 
of bombardment were obtained by graphical analysis, 
whereas those of the gallium isotopes were resolved by 
computer analysis (11). Half-lives agreed very well with 
the literature values (12). 

The efficiency of the (3- counter was obtained for all 
nuclides (except for 68Ga and 70Ga) by calibration against 
a 4x0 counter. The efficiency for 68Ga and 70Ga was 
taken to  be the same as  that for 73Ga. A small self- 
absorption correction was applied to the 67Cu and 6 4 C ~  
activities. The activities of 7ZZn, 66Ni, and 73Ga were 
obtained by correcting for the growth of their daughters 
by the well-known equations. 

Results and Discussion 
The counting rates at the end of bombardment 

were converted to disintegration rates by applying 
corrections for chemical yields, aliquots, branch- 
ing ratios, and counting efficiencies. The dis- 
integration rates were then used to calculate the 
cross sections of the respective nuclides. The 
monitor cross sections used were taken from 
Meghir and Yaffe (13) and are given in Table I. 
The measured cross sections are given in Table I1 
and shown in Figs. 1-5. Also included in the 

figures are cross sections previously reported in 
the literature. The limits shown in the cross- 
section values determined in the present work 
were compounded from the uncertainties in the 
decay curve analysis, determination of chemical 
yields, target thicknesses, and counter efficiencies, 
and were estimated to be 20% for 66Ni, 6 7 C ~ ,  
7 2 ~ n ,  72Ga, and 73Ga. Because of the large un- 
certainty in the determination of the activities of 
68Ga, and 70Ga, no limits have been quoted for 
these nuclides. Cross sections for 68Ga and 70Ga 
appear to be relatively high. Because of the short 
half-lives these have been obtained by quick 
chemical separation of gallium samples, probably 
without sufficient purification and these discrep- 
ancies are undoubtedly due to the presence of 
interfering nuclides. The cross sections should be 
regarded as upper limits only. 

TABLE I 
Cross sections for the 

6 5 C ~ ( p , p n ) 6 4 C ~  reaction (13) 
-- - 
Energy (MeV) om (mb) 

The fractional cumulative yields of the chains 
with A = 66,67,72, and 73 are found to be low, 
as expected from the fact that, at these energies, 
these nuclides lie far down on the low-mass wing 
of the mass-yield curve. 

The trends observed in our results correlate 
well with those of previous workers, as seen in 
Figs. 1-5. We have not included the results above 
500 MeV since they may involve in part a frag- 
mentation mechanism. Our results for 6 6 ~ i  are in 
line with those of Lindner and Osborne (1) and 
Hagebo et al. (3). In the case of 6 7 ~ ~ ,  while our 
data agree reasonably well with those of Hagebo 
et al. (3) at 170 MeV and of Folger et al. (4) at 
340 MeV, the results of Hicks and Gilbert (2) a t  
75-340 MeV are consistently lower than those of 
ours by a factor of 3-4. Such a discrepancy is 
difficult to explain and is not due to different 
values for the monitor reactions, since these 
correlate well. The cross sections of 72Ga and 
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73Ga reported by Hagebo et al. (3) at 170 MeV 
and by Vinogradov et al. (5) at 480 MeV follow 
reasonably well the trend observed in our results. 
Similar good agreement is observed for 72Zn 
between our results and that of Folger et a/. (4). 

The excitation functions of all nuclides rise 

7 1 r - (  IT- IT]-1 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 1. Excitation function of 66Ni (cumulative): 0, 
present work; x , ref. 1 ;  A, ref. 3 ;  0, ref 4. 

0 1 - ~ d  10 50 100 500 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 2. Excitation function of 6 7 C ~  (cumulative): 
0, present work; x ,  ref. 2;  0, ref. 3 ;  A, ref. 4. 

sharply with proton bombarding energy, reflect- 
ing the broadening of the charge distribution 
curve with energy. The formation cross sections 
of the individual members of a chain should 
increase with increasing excitation energy, pass 
through a maximum, and then decrease. In the 
mass region of our interest the maximum of the 
excitation function for any member of a chain in 
question is expected to occur at energies higher 
than the energy range of our interest. Thus, the 
increase in the cumulative yields of 66Ni, 6 7 C ~ ,  
72Zn, and 73Ga indicates an increasing contribu- 
tion from the individual members of the respec- 
tive chains. The increase in the independent yield 
of 72Ga follows from the above. In contrast to 
those of 6 6 ~ i ,  67C~i,  and 72Zn, the excitation 
function of 73Ga, though cumulative, shows a 
sharp drop above 170 MeV. This is probably due 
to the net effect of its early membership in the 
chain, the broadening of the charge distribution, 
and, at the same time, the shifting of the most 
probable charge, ZF, of the chain towards 
maximum beta s tab~l~ty,  as has been demon- 
strated by Pate, Foster, and Yaffe (14). In addi- 
tion, the sharp rise in the excitation functions of 

0.01 
1 0  50 100 500 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 3. Excitation function of 72Zn (:umulative): 
0, present work; x . ref. 4. 
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e O.OO:o 5 0  1 0 0  5 0 0  

P R O T O N  E N E R G Y  (MeV)  

FIG. 4. Excitation function of 72Ga (independent): 
0, present work; x , ref. 3. 

these low mass products indicate that in the 
energy region of our interest, they are formed 
from highly excited nuclei, probably compound 
nuclei, formed in the initial interaction between 
the proton and the uranium nuclei. This has been 
further confirmed by the recoil studies of some of 
these nuclides (15). 

Charge distribution curves cannot be drawn 
readily in this mass region without the availability 
of many more data in each specific mass cl~ain 
since one cannot make the assumption of a flat 
mass distribution in this mass region. Forster et 
al. (6) recently devised a method of determining 
empirically Z, values for a given chain with 
mass A,  provided the ratio RAcli ,  of the yields of 
the cumulatively formed parent and the indepen- 
dently formed daughter, is known. The basis of 
this method is the assumption of a Gaussian 
charge distribution of the form: 

where P(Z)  is the fractional chain yield of an 

0.01 
1 0  5 0  1 0 0  500 

P R O T O N  E N E R G Y  ( M ~ V )  

FIG. 5.  Excitation function of 73Ga (cumulative): 
0, present work; x ,  ref. 3 ; 0, ref. 5. 

isobar of charge Z, Z, is the most probable 
charge, and C is a constant defining the width 
of the charge distribution. Then the yield ratio, 
RACli ,  can be given as 

I ~ ~ = ~ ' - ~  z , = z ' -  1 exp [-(Zi - z ~ ) ~ / c I  
[2] R A 

= --- -- -- 
exp [-(2' - Z,)~/C] 

where 2' is the nuclear charge of a daughter 
isobar and Zi is the charge of its precursors. For a 
given value of C, one can calculate RAcli  as a 
function of (Z' - Z,) values using eq. [2]. 

We have determined the formation cross sec- 
tions for cumulatively formed 72Zn and the 
independent yield of 72Ga and thus the yield 
ratios RAcli  are known (Table 11). Following the 
method of Forster et al. (6), a family of plots of 
RAG,: versus (Z' - Z,) for different values of C 
varying from 0.7 to 2.5 were obtained. The Z, 
values a t  different proton energies were deter- 
mined from these plots using the experimental 
RAcIi values for different values of C and  they are 
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P R O T O N  E N E R G Y  ( M e V )  

FIG. 6. Variation of 2, with proton energy. 2, values 
were obtained by the method of Forster et a / .  (6) for 
different C values (solid lines): x ,  predicted by u.c.d.; 
0, predicted by e.c.d. 

shown in Fig. 6. The uncertainty in these values 
may amount to about 0.1-0.2 charge units. 
Although the rate of change of Z, with energy is 
of the expected order above 30 MeV, the sudden 
rise in Z, below 30 MeV is probably due to the 
experimental uncertainty in the determination of 
the cross sections of these nuclides. The increase 
in Z, with energy for a given C indicates the dis- 
placement towards maximum stability with in- 
creasing energy. The effect of the C values upon 
Z, is more pronounced at lower energies than at 
higher energies. For example, by changing C from 
0.9 to 2.0, 2, changes by 0.7 charge units at 
30 MeV whereas it changes by only 0.3 units at 
85 MeV. 

It is obvious that unless the charge width factor 
C is precisely known, it is difficult to obtain un- 
ambiguous information regardingz, values from 
this analysis alone. However, one can get infor- 
mation about Cifa value ofZ, is known. We have 
calculated Z, assuming the unchanged charge 
division (u.c.d.) and equal charge displacement 
(e.c.d.) postulates (16). The formulation of these 
postulates requires a knowledge of the number of 
neutrons emitted in the pre- and post-fission 
processes, and information is scanty in this energy 
region. However, the data can be obtained 
approximately 

[3] for e.c.d. 
Z, = +[ZA - Z(Ac-A-~,, + ZCI 

where VT is the average total number of neutrons 
emitted in fission leading to fission products of 
mass A. Zc and Ac are the charge and mass 
numbers of the fissioning nucleus. VT was calcu- 
lated from the relationship given by Unik and 
Huizenga (17) 

where E* is the excitation energy of the fissioning 
nucleus. The 2, values calculated by eqs. [3] and 
[4] at different energies are shown in Fig. 6. It is 
seen that the Z, values obtained from the u.c.d. 
postulate indicate a constant C value of about 2 
at all energies with a slight discrepancy at 20 MeV. 
On the other hand, the Z, values obtained from 
the e.c.d. postulate are much larger than any of 
the experimental values at all energies except at 
20 MeV where a value of 1.2 is observed. A con- 
stant value of C of about 2, as obtained from the 
u.c.d. postulate, leads to the idea that the width 
of the charge distribution remains constant at 
these energies. This seems to contradict previous 
work by Davies and Yaffe (18) and Pate et al. (14) 
in the mass region of 130-140 in the same energy 
range. The contradiction may be more apparent 
than real, since the mass ranges studied are so 
different, and is of course based on the u.c.d. 
postulate alone. Hagebo et al. (3) and Pappas and 
Hagebo (19) found that the light-mass fragments 
from the 170 MeV proton fission of uranium 
originate from high-deposition energy events and 
that the latter tend to follow the u.c.d. rule more 
closely than the e.c.d. rule. This conclusion, based 
on data obtained at 170 MeV, may be valid to 
some extent in our energy range. 

Choppin and Meyer (20) in a study of the low- 
energy (7-12 MeV) fission of 238U found that the 
independent yields determined by them could best 
be correlated by a Gaussian distribution with a 
value of C between 2 and 2.5, not too different 
from that determined in the present work. On the 
other hand McHugh (21) made a mass spectro- 
metric study of charge distribution in 235U 
fission for the chain of mass 135. He obtained a 
value of 0.9-1.0 for C at bombarding energies of 
18-40 MeV, not far removed from the value of 
0.86 2 0.04 obtained by Wahl and his CO- 

workers (22, 23) for thermal neutron fission. 
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Appendix 
Cl7emical Separation 

Nickel, copper, and zinc were separated from 
the same targets at a given bombardment energy, 
whereas separate bombardments were performed 
for gallium. An initial separation of each of these 
elements was made by ion-exchange techniques. 
The solution from the dissolved target was passed 
through Dowex I x 8 (mesh 100-200) resin 
columns. Nickel was eluted with conc. hydro- 
chloric acid and kept for further purification. 
The resin column was washed with 4 N hydro- 
chloric acid and copper and gallium were eluted 
with 1.5 N hydrochloric acid and purified a t  a 
later time. The column was washed with 0.5 N 
hydrochloric acid and zinc was eluted with 
distilled water and processed for further purifica- 
tion. 

Nickel 
The concentrated hydrochloric acid solution 

containing nickel was made only slightly acidic 
by adding ammonia. The solution was scavenged 
with Mo, Cu, and Cd sulfides in slightly acidic 
medium, with ferric hydroxide, and with barium 
and strontium carbonates in excess ammonia, and 
then nickel sulfide was precipitated. The precip- 
itate was dissolved in a small amount of acid, the 
solution neutralized with ammonia, and the di- 
methylglyoxime was precipitated from the solu- 
tion and centrifuged. After the dissolution of the 
dimethylglyoxime in acid, the entire cycle of 
sulfide and hydroxide scavenging was repeated 
twice more. Finally the nickel dimethylglyoxime 
precipitate was filtered, weighed for chemical 
yield determination, and prepared for activity 
measurement. 

Copper 
Copper sulfide was precipitated from the 

1.5 N hydrochloric acid solution. The sulfide was 
dissolved in acid, the copper reduced with sodium 
bisulfite, and the thiocyanate precipitated. The 
precipitate was dissolved, scavenged with cad- 
mium and arsenic sulfides in the presence of 
potassium cyanide, and copper sulfide was again 
precipitated and dissolved in acid. The resulting 
solution was scavenged with silver chloride. The 

solution was made ammoniacal and scavenged 
with ferric hydroxide and barium and strontium 
carbonate precipitations. The supernatant solu- 
tion was then made slightly acidic, the thio- 
cyanate again precipitated, and two more cycles 
of sulfide and hydroxide scavengings were per- 
formed. Finally the copper thiocyanate was 
filtered, weighed, and prepared for activity 
measurement. 

Zinc 
Zinc was separated as  ZnHg(SCN), on adding 

HgC1,-NH,SCN mixture to the zinc fraction of 
the ion-exchange separation. This precipitation 
was repeated twice from 1 N nitric acid solution 
and the precipitate was dissolved and diluted. 
The sulfide was precipitated, and 12 N sodium 
hydroxide was added dropwise until the white 
precipitate of zinc sulfide was obtained. The 
sulfide was dissolved in acid and the solution 
made alkaline with excess of 12 N sodium hy- 
droxide and scavenged with hydroxide and 
carbonate precipitations. The solution was made 
to 1 N in nitric acid and  ZnHg(SCN), was pre- 
cipitated. The sulfide and hydroxide scavengings 
were repeated twice more. ZnHg(SCN), was 
finally precipitated, filtered, weighed, and pre- 
pared for activity measurements. 

Galliun7 
After the ion-exchange step, the 1.5 N solution 

containing gallium was made 6 N in hydro- 
chloric acid. Gallium was extracted into iso- 
propyl ether and back-extracted with water. The 
aqueous solution was scavenged with Cu, Cd, 
and M o  sulfides in slightly acidic condition and 
then with hydroxide and carbonate precipitations. 
Ammonia was added dropwise to the supernatant 
until Ga(OH), appeared. The hydroxide was 
dissolved and the sulfide and hydroxide scaveng- 
ings were repeated. A final ether extraction was 
made and gallium oxinate was precipitated with 
8-hydroxyquinoline a t  a pH of 6. The precipitate 
was filtered, weighed, and prepared for  activity 
measurement. 

Because of the short half-life of the  21-min 
70Ga, separate bombardments were made for this 
nuclide. A quick separation by an ion-exchange 
method was performed as mentioned above. The 
eluate containing gallium was scavenged with 
Cu, Cd, and Mo sulfides. An ether-extraction step 
was made and finally gallium oxinate was 
precipitated. 
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Cleavage of the carbon-phosphorus bond in chloromethyl-phosphorus 
compounds by phosphorus pentachloride 

ARLEN W. FRANK' 
Research Center, Hooker Chemical Corporation, Niagara Falls, New York 14302 

Received May 8, 1968 

A novel carbon-phosphorus bond cleavage is described. Chloromethylphosphonic dichloride (2) 
and bis(chloromethyl)phosphinic chloride (1) both react smoothly and quantitatively with phosphorus 
pentachloride at  95-100°, giving carbon tetrachloride and a P(II1) fragment containing one less carbon- 
phosphorus bond: phosphorus trichloride from 2 and trichloromethylphosphonous dichloride from 1. 
Under the same conditions, tris(chloromethyl)phosphine oxide (3) forms a complex (4) which subse- 
quently breaks down to trichlorobis(trichloromethyl)phosphorane (5), diphenyl chloromethylphosphonate 
(7) suffers chlorination without cleavage, and tetrakis(chloromethy1)phosphonium chloride (6) is neither 
chlorinated nor cleaved. A concerted mechanism is proposed which accounts for all of these results. 

Canadian Journal of Chemistry, 46, 3573 (1968) 

I Introduction 
The haloform reaction has its counterpart in 

organophosphorus chemistry. Esters of trichloro- 
methylphosphonic acid, for example, yield 
chloroform when subjected to alkaline hydrolysis 
(1). Under neutral or acidic conditions, however, 
the carbon-phosphorus bond is stable (2, 3). In 
the present paper, a novel type of cleavage is 
reported which takes place under acidic condi- 
tions, and which yields carbon tetrachloride 
rather than chloroform. 

Results 

In the course of experiments on the preparation 
of phosphorus compounds containing chloro- 
methyl groups (4), it was discovered that the use 
of phosphorus pentachloride as the chlorinating 
agent in the preparation of bis(chloromethy1)- 
phosphinic chloride (1) from bis(hydroxymethy1)- 
phosphinic acid gave unexpectedly low yields 
(26-36%) of 1, compared with the 93-94% yields 
attainable with thionyl chloride (4, 5). The major 
portion of the reaction mixture was lower boiling 
than 1, suggesting that some type of fragmenta- 
tion was involved. 

Further investigation revealed that 1 undergoes 
an extensive reaction with phosphorus penta- 
chloride at 95-100", a temperature only slightly 
above that used in its synthesis. Reaction takes 
place smoothly according to the stoichiometry 
of eq. [I].  

'Present address: Southern Regional Research Labora- 
tory, United States Department of Agriculture, New 
Orleans, Louisiana 70119. 

The carbon-containing fragments, trichloro- 
methylphosphonous dichloride and carbon tetra- 
chloride, were isolated in 87% yield and 48% 
yield, respectively. The trichloromethylphos- 
phonous dichloride was, further identified by the 
formation of a sulfur adduct, CCl,P(S)Cl,, on 
treatment with sulfur in the presence of alumin- 
ium chloride at 155-160". 

Chloromethylphosphonic dichloride (2) also 
reacts smoothly and quantitatively with phos- 
phorus pentachloride a t  95-100". In this case the 
P(II1) fragment is less easily identified, as it is 1 
of the 3 moles of phosphorus trichloride produced 
in the reaction (eq. [2 I). 
[2] CICH,P(O)CI2 + 3PCIS -> CCI4 + POCI3 

2 + 3PC13 + 2HC1 

If less than 3 moles of phosphorus penta- 
chloride are used, the excess 2 is recovered un- 
changed. 

Tris(chloromethy1)phosphine oxide (3) also 
reacts smoothly with phosphorus pentachloride 
at 95-100°, but the product is not the expected 
bis(trichloromethyl)phosphinous chloride (eq. 
[3]). Neither (CCl,),PCl nor (CCl,),P is known. 

A cleavage takes place, as evidenced by the 
formation of carbon tetrachloride and phosphor- 
us oxychloride as cleavage fragments, but the 
principal product is a yellow crystalline complex 
(9, m.p. 119-122" decomp., of unidentified 
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structure, which breaks down when recrystallized 
from chloroform, with a slight exotherm and a 
substantial weight loss, giving trichlorobis(tri- 
chloromethyl)phosphorane (5) in 35% yield. The 
same unidentified complex (4) is obtained when 
an excess of phosphorus pentachloride is em- 
ployed and the excess is subsequently removed 
by vacuum sublimation or destroyed by treat- 
ment with sulfur dioxide. If the phosphinous 
chloride is formed, as seems likely, it could give 
5 either by disproportionation or by reaction with 
phosphorus pentachloride. 

The phosphorane (5) is a white, crystalline 
solid, m.p. 193-194" decomp. (sealed tube), 
which has some remarkable properties. It is stable 
to air and moisture, and is not hydrolyzed even 
by boiling water, although aqueous ethanolic 
sodium hydroxide converts it to bis(trich1oro- 
methy1)phosphinic acid, m.p. 141-142" decomp. 
Its resistance to hydrolysis, unusual for a halo- 
phosphorane, is attributed partly to  its extreme 
insolubility and partly to the inductive effect of 
the two trichloromethyl groups. At  its decompo- 
sition point, 5 breaks down largely, but not 
entirely, to hexachloroethane and phosphorus tri- 
chloride (eq. [4]). 

Tetrakis(chloromethy1)phosphonium chloride 
(6), (CICH,),PCI, does not react with phosphorus 
pentachloride under any conditions : in phosphor- 
us oxychloride solution at reflux, with o r  without 
ultraviolet irradiation, or in the absence of a 
solvent up to 150". It is also resistant to  chlorina- 
tion by elemental chlorine in C-58@ octachloro- 
cyclopentene under bright light illumination up 
to  1 30°, to sulfuryl chloride at 48", and to  benzene- 
sulfonyl chloride at 210-220". 

Several aliphatic esters of chloromethylphos- 
phonic acid were tested and found to be cleaved 
by phosphorus pentachloride, but the results 
were difficult to analyze because of the presence 
of the alkyl chlorides in the reaction mixtures. 
Phosphorus pentachloride is often used for the 
preparation of phosphonic dichlorides from the 
esters (6). It is obvious that some products, such 
as 2, will not survive the 150" temperature re- 
quired for cleavage of the second ester radical. 
The diphenyl ester (7), however, gives the product 
of chlorination without cleavage (eq. [5]). 
[5] C1CH2P(0)(OC6H5)2 + 2PC15 + 

7 CC13P(0)(OC6H5)2 4- 2PC13 + 2HCI 

The cleavage of a carbon-phosphorus bond in 
a fluorine-containing ester, tetraethyl 3,3,4,4,5,5- 
hexafluoro- 1 -cyclopenten-1,2-ylenediphosphon- 
ate, was reported elsewhere (7). Another fluorine- 
containing ester, dibutyl difluoromethylphos- 
phonate, was also cleaved by phosphorus penta- 
chloride (8), but the products, butyl phosphoro- 
dichloridate and chlorodifluoromethane, were 
not those to be expected on the basis of the 
present work. 

Discussion 

A consideration of the various pathways which 
these reactions might follow suggests three pos- 
sible mechanisms: (a) attack by PC1, on C-H, 
(b) attack by PCI, on P=O, and (c) a concerted 
attack on both (Chart 1). 

An attack on C-H (path a) has considerable 
precedent in the literature, for it has been shown 
that substitutive chlorination without cleavage 
takes place when compounds such as  C1CH2P(0)- 
Cl, (9), CH3(CC13)P(0)OH (lo), o~(cICH,) ,PO~ 
(1 1-13) are treated with phosphorus pentachlo- 
ride at 7478", i.e. below the cleavage temperature. 
Bannard et al. (9) identified phosphorus trichlo- 
ride, hydrogen chloride, a trace of phosphorus 
oxychloride, and an  unidentified crystalline sub- 
stance, m.p. 175-177" decomp., as  products of 
the reaction of 2 with phosphorus pentachloride 
a t  7478".  Reinhardt et al. (10) obtained 5 from 
methyl(trichloromethyl)phosphinic acid and 
phosphorus pentachloride, but gave no experi- 
mental details. Yakubovich and Ginsburg (1 1- 
13) reported that the reaction of 3, with phos- 
phorus pentachloride in phosphorus trichloride 
a t  gentle reflux gave, after hydrolysis, a 36% 
yield of chlorohydroxytris(trich1oromethyl)phos- 
phorane (S), m.p. 200-202" decomp., which was 
also obtained by the hydrolysis of dichlorotris- 
(trich1oromethyl)phosphorane (9), m.p. 190" 
decomp. (13). Two attempts were made to dupli- 
cate this experiment in the present work without 
success. 

Chlorination without cleavage is apparently 
possible a t  even higher temperatures if the 

2Not tris(trichloromethyl)phosphine oxide, as given in 
the abstracts of refs. 12 and 13. 
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chlorinating agent is chlorine itself. The photo- 
chemical chlorination of 2 with chlorine gas 
gave trichloromethylphosphonic dichloride (10- 
as the end product, even in the presence of cata) 
lytic amounts of phosphorus pentachloride and 
reaction temperatures above 100" (14). Attempts 
to stop the chlorination at the dichloromethyl- 
phosphonic dichloride stage were unsuccessful 
(15). The photochemical chlorination of tetra- 
methyldiphosphine disulfide, (CH,),P(S)P(S)- 
(CH,),, in carbon tetrachloride at reflux gave 5 
in 11% yield (10). 

Trichloromethylphosphonic dichloride (lo), 
once formed, is stable to further attack by 
phosphorus pentachloride. Its resistance was 
verified experimentally, thus eliminating path a 
from further consideration. 

Path b calls for an exchange of phosphoryl 
oxygen for chlorine as the first step. An exchange 
in 2 would give tetrachloro(chloromethyl)phos- 
phorane (ll) ,  which is known to be easily 
chlorinated to tetrachloro(trichloromethyl)phos- 
phorane (12) (1 1, 12, 16, 17). This compound has 
a fairly low decomposition point, 125" decornp. 
(12, 16), and the products of its decomposition 
are known to be phosphorus trichloride and car- 
bon tetrachloride (18). Trichlorobis(trichloro- 
methy1)phosphorane (5), however, has a very 
high melting point, m.p. 193-194" decornp., and 
decomposes to a large extent in a different man- 
ner (eq. [4]). Path b is therefore unlikely, for 1 
if not for 2. 

The most likely path appears to be c: an 

attack by PCl,' on the phosphoryl oxygen, fol- 
lowed by rapid chlorination of the chloromethyl 
groups and expulsion of the oxygen as phosphorus 
oxychloride, perhaps via the intramolecular 
mechanism shown in the chart. Reaction does 
not occur with 6 because it has no phosphoryl 
oxygen, nor with 7 or 10 because the basicity of 
the phosphoryl oxygen is too low. The first step 
in this mechanism is patterned after Newman's 
mechanism for the reaction of phosphorus penta- 
chloride with ketones (19, 20). 

Experimental 
Melting points were taken on a Fisher-Johns apparatus 

and are corrected. Infrared spectra were obtained with a 
Beckman IR-4 instrument, liquids neat and solids in 
Nujol. A careful examination of the infrared spectra of 
the compounds containing the CCI3-P group failed to 
reveal any correlation to match the CICHz--P correlation 
(4). The C,H microanalyses were performed by Galbraith 
Laboratories, Inc., Knoxville, Tennessee. 

Bis(chlorotne~lzyl)pl~ospl~inic Clrloride(1) 
Phosphorus pentachloride (62.4 g, 0.3 mole) was added 

in small portions to 12.6 g (0.1 mole) of bis(hydroxy- 
methy1)phosphinic acid at  40°, allowing the exotherm and 
hydrogen chloride evolution to subside between additions. 
The reaction mixture was then heated at 80' for 3 h, 
cooled, filtered, and distilled, giving 6.5 g (36%) of 1, 
b.p. 12C122" at 6 mm, nDZ4 1.5196, identical with the 
product of the thionyl chloride reaction (4). 

Anal. Calcd. for CZH4CI30P: CI, 58.64; P, 17.08. 
Found: CI, 58.2; P, 16.8. 
The balance of the reaction products were lower 
boiling than 1. The residue was negligible: 1.7 g. 

On a 10-fold scale the lack of homogeneity led to 
difficulties. The reaction mixture was viscous and difficult 
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to stir, and local superheating was unavoidable. The at 10-15". The organic lower layer was separated, dried 
yield of 1 dropped to 26%, and P(II1) species were over anhydrous calcium sulfate, and distilled, giving 
detected in the low-boiling fractions. 8.8 g (0.057 mole) of carbon tetrachloride, b.p. 76", nDZo 

1.4612 (lit. (24) b.p. 76.5",  ID^' 1.4602). Its identity was 
Cleavage of ~is(chlorornetl7yl)p~~os~/lit~~c Chloride (1) confirmed by infrared spectra. The aqueous layer was 

A mixture of 36.3 g (0.2 mole) of 1 and 208.5 g (1.0 evaporated under reduced pressure and the residue taken 
mole) of phosphorus pentachloride was heated in an oil up in water and stripped again. A titration showed that it 
bath to 95-10O0, whereupon an exothermic reaction set in, contained phosphorous acid and phosphoric acid in 
the phosphorus pentachloride dissolved, and copious 2.75:l ratio. Calcd. PC13:POCI, ratio in eq. [2], 3:l. 
amounts of hydrogen chloride were evolved. The reaction A similar reaction between 0.2 mole each of 2 and 
mixture was maintained at 95-100" for 1.5 h and then phosphorus pentachloride resulted in a 69% re- 
distilled, first at atmospheric pressure and then under covery of 2, the balance being lower-boiling products. 
vacuum, giving 38.2 g (87%) of trichloromethylphos- 
phonous dichloride as a waxy "lid, b.p' 'O0 at l 5  mm' Cleavage of Tris(chlorott~ethy/)p/~osplzine Oxide (3 )  
m.p. 41" (lit. (17) b.p. 69-70" at 23 mm, f.p. 47"). A mixture of 19.6 g (0.1 mole) of 3 (25) and 167.0 g 

Anal. Calcd. for CCI5P: Cl, 80.5; P, 14.1. Found: CI, (0.8 mole) of p ~ o s p ~ o r u s  pentachloride was heated at 
80.0; P, 13.8. 100-120" until the hydrogen chloride evolution subsided The other fragment, carbon tetrachloride, was isolated (3 h). The mixture, which contained suspended solids, 
from the forerun by aqueous hydrolysis. The organic was distilled until the liquid was first at atmo- 
layer, separated and dried Over anhydrous calcium spheric pressure and then under vacuum. The distillate 
sulfate, amounted to 15.1 g (48%), t 7 ~ 2 0  1.4634. Its up  as in the preceding experim.,nt, and was 
identity as tetrachloride was confirmed by shown to contain carbon tetrachloride, 2.3 g (15%), b.p. 
infrared spectra. 78-80", 1.4603, and a mixture of phosphorus 

In a separate experiment, was unchanged trichloride and phosphorus oxychloride in 7.2:] ratio. 
after being heated for 2 h at reflux with an excess of The residue was a crystalline solid containing some 
thionyl chloride. phosphorus pentachloride. A vacuum sublimation at 60' 

Tricl~lorotnetl~ylphosp/~ot~ot/~ioic Dichloride 
The trichloromethylphosphonous dichloride (17.7 g, 

0.08 mole) was heated in an oil bath with sulfur (2.5 g, 
0.08 mole) and 0.1 g of anhydrous aluminium chloride 
(21) at 155-160" until the sulfur dissolved (30 min). The 
mixture solidified on cooling. The solid was washed with 
water, taken up in ethyl acetate, filtered to remove 
unreacted sulfur (1.0 g), and stripped of solvent, giving 
8.8 g (35%) of crude trichloron~ethylphosphonothioic 
dichloride. Recrystallization from hexane gave the pure 
compound as a white, crystalline solid, n1.p. 166-169" 
(lit. (22) orange solid, no m.p. given). 

Anal. Calcd. for CC15PS: CI, 70.26 (total), 28.10 
(l~ydrolyzable); P, 12.28; S, 12.70. Found: CI, 69.6 
(total), 15.75 (hydrolyzable); P, 11.4; S, 13.28. 

The principal infrared bands (in Nujol) were at 491 s 
(P-CI), 546 s (P-CI), 740 vs (C-CI), 778 s (P=S), 
798 n ~ ,  830 w, and 1267 w cnl-I. Only one of the two 
chlorines bound to phosphorus was hydrolyzable by the 
analytical technique used, i.e. by treatment with 0.1 N 
sodium hydroxide followed by titration with 0.1 N silver 
nitrate. 

Cleavage of Cl~loror~~etl~ylplrosphot~ic Diclrloride ( 2 )  
The reaction of 33.5 g (0.2 mole) of redistilled 2 with 

83.2 g (0.4 mole) of phosphorus pentachloride, carried 
out exactly as described for 1, gave only two distillate 
fractions: a low-boiling fraction, 86.0 g, b.p. 76-92", 
nDZ6 1.4878, and a high-boiling fraction, 8.7 g, b.p. 78-79" 
at 8 mm, nD2' 1.4962. The residue, tlDZ6 1.4955, amounted 
to only 2.7 g. Another 6.2 g of liquid, nD2' 1.4620, was 
collected in the trap. 

The high-boiling distillate and the residue were re- 
covered 2 (lit. (23) b.p. 78-79" at 10 mm, ttDZO 1.4978), 
amounting to 34%, i.e. one-third of the 2 used in the 
reaction. The low-boiling distillate and trap contents were 
combined and hydrolyzed by dropwise addition to water 

a t  1 mm removed the excess (0.055 mole), leaving 38.9 g 
of 4 as a yellow, crystalline solid of unidentified structure. 

Anal. Found: C, 6.93; H, 0.26; CI, 81.4, 80.2 (total), 
46.3, 45.8 (hydrolyzable); P, 10.93. 

The principal bands in its infrared spectrum (in Nujol) 
were at 724 m, 780 vs (C-CI), 817 w, 845 w, 970 w, 
1078 s, and 1248 s cm-'. 

The product of another experiment i n  which the excess 
of phosphorus pentachloride was removed by treatment 
with sulfur dioxide analyzed as follows: 

Anal. Found: CI, 81.4 (total), 45.8 (hydrolyzable); 
P, 11.0. 

The identity of the two products was confirmed by 
infrared spectra. 

One recrystallization of 4 from chloroform, accom- 
panied by a slight exotherm, gave 11.3 g (32%) of 
trichlorobis(trichloromethy1)phosphorane (5) as a white, 
crystalline solid, m.p. (sealed tube) 193-194" decomp. 
(lit. (10) m.p. (sealed tube) 187-188"). 

Anal. Calcd. for CzCI,P: C, 6.42; H, nil; C1, 85.30 
(total), 28.43 (hydrolyzable); P, 8.28. Found: C, 6.55; 
H, 0.17; CI, 85.9 (total), 28.15 (hydrolyzable); P, 7.9. 

The principal infrared bands in 5 (Nujol or Fluoro- 
lube@) were at 444 s (P-CI), 555 s (P-CI), 583 m, 
709 w, 725 m, 735 w, and 780 vs (C-CI) cm-'. The 
spectrum was featureless above 780 cm-'. 

Bis(tricl~lorot~~etl?yl)phosphit~ic Acid 
Boiling water had no effect on the phosphorane (5); 

its melting point and hydrolyzable chlorine content were 
unchanged. 

The phosphorane (1.50 g, 0.004 mole) was heated for 
1 h at reflux with 100 ml of 1% sodium hydroxide 
solution and 100 ml of ethanol, cooled, extracted with 
ether, acidified with sulfuric acid, extracted again with 
ether, and the extract concentrated, giving 1.30 g of crude 
bis(trichloromethyl)phosphinic acid. Two recrystalliza- 
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tions from carbon tetrachloride gave the pure acid as a 
white, crystalline solid, m.p. 141-142" decomp. 

Anal. Calcd. for CzHC160,P (molecular weight, 
300.8): C1, 70.7; P, 10.3. Found: CI, 68.2; P, 10.5; 
neutralization equivalent, 296.7. 

The principal infrared bands in the acid (Nujol or 
Fluorolube@) were at 752 m, 792 s (C-CI), 843 m, 
882 w, 1070 vs (P=O, H-bonded), 1120 s, 1273 w cm-', 
and two broad bands at 1700 w and 2300 w (P-OH) 
cm-I. 

Tlrern~al Deconrposition of Trichlorobis(trichloror~~etl~yl) 
plrosplrorane (5) 

The phosphorane (3.75 g, 0.01 mole) was heated under 
nitrogen in an oil bath to 200'; it decon~posed gently, 
starting at 184', giving a distillate, 0.83 g, b.p. 69-70", 
nDZO 1.4921, which fumed and became warm on exposure 
to the air; lit. (24), b.p. 75", nDZO 1.5147 for phosphorus 
trichloride. The residue (2.22 g), which solidified on 
cooling, was distilled rapidly over a free flame, giving 
1.32 g of a waxy solid, m.p. 161-166", which also warmed 
on exposure to the air. After washing with water, there 
remained 0.92 g (39%) of crystalline solid, m.p. 18&181° 
(sealed tube), identified by infrared as hexachloroethane 
(lit. (26), m.p. 187" subl.). 

Reaction wit11 D~@henyl Cl~/orornetl~ylplrospI~o~~ate (7) 
A mixture of 12.9 g (0.05 mole) of 7 (27) and 10.4 g 

(0.05 mole) of phosphorus pentachloride began to evolve 
hydrogen chloride when heated to 100'. After 5 min the 
phosphorus pentachloride was all dissolved. The solution 
was cooled to 70°, treated with another 0.05 mole of 
phosphorus pentachloride, held at 100" for 1 11, and then 
distilled, giving 13.3 g (97 %) of phosphorus trichloride, 
b.p. 74-76", rlDZS 1.4965. 

Reactiorl with Trichlo~~on~etlryylphosphonic Diclrloride (10) 
Phosphorus pentachloride (41.6 g, 0.2 mole) was 

mixed with 44.9 g (0.2 mole) of 10 (28) and heated at 120" 
for 1 h. The mixture began to fuse at 70' and was com- 
pletely molten at 120°, but no volatile products were 
formed. The nielt solidified on cooling to a hard mass 
of crystals. 
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Hydrogen bonding in water and ice' 
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The absorption bands due to the OH and O D  stretching vibrations of HDO in ice were measured 
between 0 and - 182" and compared with the corresponding bands in liquid water. Their frequencies 
were correlated with the intermolecular potential energies of H 2 0  and D 2 0 .  The distributions of the 
intermolecular energies in ice and in water at different temperatures were derived from the profilcs of 
the bands. 

Canadian Journal o f  Cheniistry, 46, 3579 ( lo68)  

Introduction 

Average intermolecular energies in water and 
ice may be calculated from thermodynamic 
measurements. These energies, however, are 
broadly distributed in liquid water, and to some 
extent also in ice (1); most hydrogen bonds being 
either weaker or stronger than the average. 

In our previous paper (I) ,  we showed how 
aualitative information about the broad distribu- 
;on of hydrogen bonds in liquid water can be 
derived from the profiles of the OH and OD 
stretching bands (v, and v,) of dilute HDO 
solutions in D,O and in H,O. In the present 
paper, we have extended the work by recording 
these bands in ice as a function of temperature 
and have compared them with the corresponding 
bands in water. We have correlated the inter- 
molecular potential energies of H,O and D,O 
with the infrared absorption frequencies of HDO 
and have derived the distribution of energies from 
the spectroscopic data. 

The relative contributions of hydrogen-bond- 
ing and van der Waals forces to the total inter- 
molecular energy cannot be calculated accurately. 
For example, Pauling (2, 3) has made two 
different estimates of these contributions. We 
therefore use the term "hydrogen bond7' qualita- 
tively and have not attempted to separate the 
hydrogen bond energy from the total energy of 
interaction between water molecules. 

'Issued as NRCC No. 10 303. 
'This work was carried out by T.A.F. at the Atlantic 

Regional Laboratory in partial fulfillment of the require- 
ments for the Ph.D. degree at Dalhousie University. 

3To whom requests for reprints should be addressed. 

Experimental 
Spectra were recorded on  a Perkin-Elmer model 521 

grating spectrophotometer equipped with an automatic 
frequency marker. A low-temperature cell similar to that 
described by Wagner and Hornig (4) was used, the 
sample being held between silver chloride windows. An 
attenuator placed in the reference beam was adjusted to 
block off about 60% of the incident radiation to give a 
convenient base line position. 

Ice films were prepared by freezing a capillary film of 
water, rather than by depositing the vapor o n  a cold 
surface, the method used in most previous studies of 
HDO in ice (5-7). Our technique ensured that the  samples 
crystallized as hexagonal ice I (8, 9). The spectra showed 
that the samples crystallized completely between -10 
and -25". In no case was vitreous ice obtained, in con- 
trast to  the experience of Giguere and Harvey (lo), 
probably because we cooled our films at the relatively 
slow rateof about lo per minute. 

A solution of approximately 0.3 mole % H D O  in D 2 0  
was used for studying the v3 band and 0.5 mole % HDO 
in H 2 0  for the v, band. These concentrations led to 
convenient absorbances of about 0.3 for the two HDO 
bands in the ice spectra, at the commonly used thickness 
of 0.005 mm. 

The thicknesses of the capillary films before freezing 
were estimated by comparing the absorbances with those 
recorded with a 0.050 mm cell. Thicknesses changed 
during freezing, causing uncertainty in the optical path. 
Use of unsealed films also introduced uncertainty in the 
HDO concentrations due to hydrogen-deuterium ex- 
change with the atmosphere. This was particularly 
noticeable for the v3 band, the absorbance of which in- 
creased appreciably with time when the film was liquid. 
This exchange ceased once the films were frozen. 

The temperature was measured with a copper- 
constantan thermocouple in contact with one of the 
silver chloride windows. The temperature scale was 
calibrated by observing the melting points of films of ice, 
anisole, ethyl acetate, methanol, and ti-butyl ethyl ether. 
The accuracy of the temperature scale was about _+ 1". 

The spectra were recorded in several series of measure- 
ments at ascending and descending temperatures. 
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Results 
Spectra 3450 

Spectra of a film of D 2 0  that contained about 
0.3 mole % HDO, in the liquid at room tempera- 
ture and in the solid at two temperatures, in the 3400 
OH stretching region, are shown in Fig. 1. 
Corresponding spectra of a film of H 2 0  that 
contained about 0.5 mole % HDO, in the OD 
stretching region, are also shown. Thicknesses of 3350 

these films were approximately 0.015 mm. 

FREQUENCY I C u - ' i  2500 
FIG. 1. Typical spectra of films of HDO, in D 2 0  in 

the OH stretching region (v3) (HDO concentration 4 . 3  
mole %), and in H 2 0  in the OD stretching region (vl) 
(HDO concentration -0.5 mole %). Thickness of films 2450 
-0.015 mm. 

Figure 1 shows that the v, and v, stretching 
2400 

fundamentals absorb near some of the bands of 
H 2 0  and D 2 0  (5, 6, 9, 10). We traced the base 
lines of the HDO bands by the tangent-to-tangent -200 -100 o 100 

method (1 1). The choice of base line does not TEMPERATURE (OC) 

greatly affect the positions of the band maxima, FIG. 2. Frequencies of the maxima of the vs and v, 
but introduces an uncertainty in the absolute bands of dilute H D O  in liquid water and in ice: (a) this 

work; (0) ref. 1; ( A )  ref. 5; (0) ref. 6; (A) ref. 9; 
values of the half-widths and absorbances. (M) ref. 12; ( x )  ref. 13. 

Frequencies 
The frequencies of the band maxima are 

plotted in Fig. 2 along with those in liquid water 
from ref. 1. Owing to the sharpness of the bands 
in the ice spectra, the frequencies are reproducible 
to about + 1 cm- ' and accurate to about 2 2  
cm-'. Our frequencies agree within experimental 
error with those reported in most previous infra- 
red (6, 9, 12) and Raman (13) studies. The 
frequencies reported by Hornig et al. (5) are 
considerably higher than ours at comparable 
temperatures, probably because their samples 
contained some vitreous ice. 

Half-widths 
Figure 3 shows the half-widths. The standard 

deviation from a least-squares straight line is 5 

cm-I for v, and 2 cm-' for v,. The higher scatter 
for the v, data is probably caused by the conden- 
sation of traces of water vapor on the silver 
chloride windows. Condensed H 2 0  would lead 
to apparent broadening of the v, band but would 
not affect the v, band. Frequencies of band 
maxima are not affected by traces of H20.  

The half-widths appear to decrease linearly 
with decreasing temperature over the range 
investigated. The values of Haas and Hornig (6) 
and of Bertie and Whalley (9) are higher than 
ours, probably because the HDO concentrations 
of 5 to 10% used by them led to appreciable 
contributions to the half-widths from coupled 
vibrations of OH . .OH and OD.  . . .OD pairs. 
The effect of increasing concentration on the 
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FORD AND FALK: HYDROGEN BONDING IN  WATER AND ICE 3581 

TEMPERATURE l ° C )  

FIG. 3. Half-widths of the v- and vl bands of dilute 
HDO in liquid water and in ice:(@) thk work; (0) ref. 
I ; (A)  ref. 6; (0) ref. 9. 

half-width of the v, band is clearly shown in Fig. 
3 of ref. 6. 

A bsorbances 
The maximum absorbances increase by a 

factor of about two upon freezing. Further 
cooling of ice from 0 to - 182" causes additional 
increase in the absorbances. Because the ice 
bands are narrower, their areas are similar to 
those of the corresponding bands in water. The 
uncertainty in the ratio of absorbances of ice and 
water is due largely to the H e  D exchange in 
the liquid film and the changes in film thickness 
upon freezing already mentioned. 

Discussion 
Origin of Band Widths in Water and Ice 

The most striking difference in the spectra of 
ice and water is the far smaller half-width of ice. 
For example, the v, band of HDO at 0" has a 
half-width of 149 cm-' in water (1) but only 40 
cm-I in ice (see Fig. 3). It is interesting also to 
compare the half-width of the v, band of ice I at 

-173", found here to be 18 cm-', with that of 
ice I1 at this temperature, estimated by Bertie and 
Whalley (14) to be less than 5 cm-'. 

Ice I1 is reported to have a fully ordered 
structure (1 5), and its band width is probably due 
to overtone bands, sum and difference bands, and 
hot bands involving low-lying frequencies. 
Difference bands and hot bands would disappear 
at absolute zero, while overtones and sum bands 
would remain independent of temperature. Data 
for temperatures below - 182" are lacking, and 
the detailed contributions to band width are still 
largely unknown (14). 

That the half-width of the v, band of ice I at 
- 173" is at least 13 cm-I greater than that of ice 
I1 is probably due to the permanent orientational 
disorder of the hydrogen positions in ice I (9, 16). 
This leads necessarily to  a small disorder of the 
oxygen positions (9) and hence to broadening of 
the distribution of intermolecular energies, 
which would be expected to persist down to 
absolute zero4. 

The immense band width of HDO in liquid 
water appears to be due largely to the broad 
distribution of molecular interactions character- 
istic of the liquid state (1, 17). In our discussion 
we assume that the whole band width arises from 
this distribution and thus neglect contributions 
from the overtone, combination, and hot bands, 
as well as contributions from lifetime broadening. 
The sum of these is probably only a small fraction 
of the band width in the liquid (1, 17). 

Correlation of HDO Frequencies with the Potential 
Energies of Molecular Interactions 

It is now generally accepted (18) that the 
frequency shift Av, of an OH stretching vibration 
upon hydrogen bonding, or upon molecular 
interaction in general, is a measure of the energy 
of the interaction. A linear relationship between 
Av and hydrogen bond strength was first observed 
by Badger and Bauer (19), who plotted the heat 
of vaporization of various compounds against 
the frequency shift for the fundamentals and 
second overtones. Recently, Drago and his co- 
workers (20-23) found a linear relationship 
between enthalpies of formation and OH 
stretching frequency shifts for hydrogen-bonded 
complexes of phenols with several bases, and 

4We have attempted unsuccessfully to record the 
spectra of H D O  in ice at liquid helium temperatures, but 
hope to  obtain such spectra in the future. 
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justified this theoretically (21). Lippincott and 
Schroeder (24) also correlated Av with the 
hydrogen bond energy as calculated by using a 
one-dimensional potential function for the 
hydrogen bond. Other empirical relationships 
between hydrogen bond energy and Av are 
quoted by Pimentel and McClellan (25). 

It seems reasonable to expect a correlation 
between the vibrational frequencies of HDO in 
the condensed phases at different temperatures, 
and some thermodynamic measure of the energy 
of molecular interaction. The most commonly 
used thermodynamic measures of the average 
interaction energies of ice and water are the 
enthalpy of sublimation, AH,,,, and of vaporiz- 
ation, AH.,,, (25). Alternative measures would be 
the correspo.nding internal energies AU,,,, or 
AU,,,, which are easily obtained from the 
enthalpies (see Appendix 1). AH,,,, and AU,,, for 
ice are unsatisfactory, however, because both 
exhibit a maximum, near -60 and -125" 
respectively (26), whereas the hydrogen bond 
strength would be expected to decrease regularly 
with increasing temperature for ice and water, 
with a discontinuity at the melting point. 

The reason for this discrepancy is that AU,,,, 
or AU,,,, is not simply the energy used in over- 
coming the intermolecular forces in the crystal 
or liquid. Because of the differences in molecular 
motion in the vapor (vibrations, rotations, and 
translations) and condensed phases (intramolec- 
ular and intermolecular vibrations), there is a 
difference in average kinetic energy of the 
molecules in these phases at the same tempera- 
ture. AU,,, or AU,,, is therefore the algebraic 
sum of the changes in potential energy, AU,,,, 
and kinetic energy, Aukin, upon sublimation or 
vaporization, i.e. 

AU,,, corresponds to the energy expended in 
transferring a molecule from the condensed 
phase to the vapor at the same temperature, with 
all the vibrational, rotational, and translational 
motions(including zero-point vibrations) stopped 
in the initial and final states. Aukin is the kinetic 
contribution of the vapor less that of the crystal 
or liquid at the same temperature. In Appendix I, 
AU,,,,, is derived from thermodynamic data. The 
kinetic contributions to the internal energy of 
vapor, liquid, and crystal, used to calculate 
Aukin, are computed in Appendix 11. 

TABLE 1 
Kinetic and potential contributions to  the total internal 
energy of vaporization of water and of sublimation of ice 

(kcal mole-') 
-- - 

- - - - - - - - - 

Auto,,!* Auk,"? A UP., 

Water, 130" 
Water, 100" 
Water, 50" 
Water, 0" 
Ice, 0" 
Ice, -100" 
Ice, -173" 

Water, 300" 
Water, 200" 
Water, 120" 
Water, 100" 
Water, 50" 
Water, 4" 
Ice, 4" 
Ice, - 100" 
Ice, -173" 

*See Appendix I .  
?See Appendix 11. 

'The values of AUlol,l, Aukin, and AU,,, for 
H,O and D,O are collected in Table I. 

Apart from the expected discontinuity at the 
melting point, AU,,, decreases smoothly with 
increasing temperature. AUki, and AU,,,,,, in 
contrast, both reach a maximum near - 125" 
(26). We therefore chose to base our energy- 
frequency correlation on AU,,,. 

Due to the uncertainty in the estimated intra- 
molecular and intermolecular frequencies of 
H,O and D,O (see Appendix 11), the absolute 
values of AU,,, are probably only correct to If_ 1 
kcal mole-'. This is satisfactory for our purpose. 

FIG. 4. Correlation of intermolecular potential energy 
of H 2 0  with v3 frequency of HDO, and D 2 0  with VI 
frequency of HDO: (0) this work; (a) ref. 1;  (0) ref. 
27; (A)  ref. 28. 
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The values of AU,,,, for H 2 0  and D 2 0  are 
plotted against the v, and v, frequencies of H D 0 5  
in Fig. 4. A correlation curve was sought which 
fitted the experimental points as closely as 
possible, and was constrained to pass through the 
zero of intermolecular potential energy at the 
frequency, v,, of the v, (or v,) vibration of HDO 
vapor (27). A straight line would not be satis- 
factory, and of several curves tested, the best fit 
was obtained with an empirical function of the 
form 

AU,,, = a[l - exp (-bAv)] 

where a and b are adjustable parameters and 
Av = v, - v. A least-squares procedure led to 
the optimal values of a = 15.089, b = 5.00 x 
lo-, for v,; and a = 15.080, b = 7.19 x lo-, 
for v,. 

A lengthy and somewhat uncertain interpola- 
tion spans the AUpo,-Av data for the liquid and 
the point for the vapor. This interpolation is 
somewhat shorter and hence less uncertain for 
the v, correlation because of the additional 
frequency data of Franck and Roth (28). 
I 

Distribution of Hydrogen Bond Strengths in Water 
and Ice 

The profiles of the v, and v, bands of HDO in 
ice and water (1) were normalized to unit peak 
absorbance and converted to the intermolecular 
potential energy scale using the correlation 
curves of Fig. 4. Figure 5 shows typical energy 
profiles for ice and water. 

Most assumptions made in deriving Fig. 5 have 
been discussed above. An additional assumption 
is that the absorbance profiles of the v, (or v,) 
bands represent directly the number of OH (or 
OD) groups vibrating at a given frequency. This 
neglects the variation of relative absorptivity of 
the OH (or OD) groups with frequency, discussed 
by Wyss and Falk (17). 

The above assumptions are not strictly valid 
and their use leads to some uncertainties in the 
calculated distributions. In addition, there are 
experimental errors in the profiles of the absorp- 
tion bands (for example, the crossing of the two 
liquid curves at 13.5 kcal mole-' for D 2 0  is 

, 'It appears reasonable to expect that OH groups of 
HDO molecules in dilute solution in D2O have the same 
distribution of molecular interactions as OH groups of 
H 2 0  molecules in pure H 2 0  at the same temperature, and 
that the same should be true of OD groups of HDO in 
dilute solution in H 2 0  and those of D 2 0  in pure D20.  

INTERMOLECULAR POTENTIAL ENERGY ( K C A L  M O L E - ' )  

FIG. 5. Distribution of intermolecular potential 
energies in water and ice for H 2 0  and D20. 

certainly an error), an error ofup to 1 kcal mole-' 
in the calculated values of AU,,, in Table I, and 
an uncertainty in plotting the correlation curves. 
These uncertainties are not serious, however, and 
the form of the distribution curves in Fig. 5 is 
certainly correct. The positions of the maxima 
and the half-widths of the distributions are 
probably correct to about 510% and the total 
range of the distributions to about + 20 %. The 
curves are probably least accurate at their 
extremes, because of uncertainty in the choice of 
base lines. 

Comparison of the energy distribution profiles 
of liquid H 2 0  and D 2 0  at room temperature 
shows that the peak energies are essentially the 
same (1 1.75 kcal mole-' for H 2 0  a t  29" and 
11.90 kcal mole-' for D 2 0  at 2S0), as  are the 
profiles on the high energy side of the curves. On 
the low energy side the profiles of the D 2 0  curves 
are considerably narrower than those of H20.  
Part of this difference is caused by the shapes of 
the correlation curves of Fig. 4. Their non- 
linearity distorts the spectral profile and tends to 
exaggerate any differences between the v, and v, 
bands. A difference between the two distributions 
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would be expected, however, as the average [ I ]  AU,,, = AH,,, - PAV,,, = AH(vapor) 
intermolecular energy of D,O is slightly higher - AH(crysta1) - P[V(vapor) - V(crystal)] 
than that of H,O (29). Likewise, the maxima of 
the distribution curves for the ices are nearly 12] A U v a ~  = AHvap - PAVvap = AH(va~or) 
equal (13.40 kcal mole-' for H,O at - 177" and - AH(1iquid) - P[V(vapor) - V(liquid)] 
13.55 kcal for D20 at - l8  lo), and the The enthalpy of ice as afunction of temperature 
D,o profile is than that was obtained by graphical integration of the heat 
leading to a higher average capacity data for H,O (33) and for D,O (32). 
~otent ial  energy of " 2 0  '''7 consistent with the ~ ~ t ~ ~ ~ ~ l  energies of ice were assumed identical 
findings of Whalley (30). with the enthalpies at each temperature. From 

The distribution curves in Fig. 5 reveal some of the enthalpies of H,O liquid and vapor above Oo 
the major differences between the liquid and the (34), the internal energies were obtained by sub- 
crystal: tracting the pressure-volume product for the (i) The peak of the potential liquid from that for the vapor at  each tempera- 
energy in water is lower than in ice. Part of the ture. Enthalpies and internal energies of D20 
difference corresponds to the heat of fusion, liquid and vapor above 40 were obtained directly 

kcal for (31) and kcal from the tables of Elliott (35). Enthalpies ofvapor ' for D2° (32), and part to the between the melting points and - 223' (36) were 
vibrational frequency shifts between water and extrapolated linearly to -2730. The internal 
ice (see Appendix 11). energies of vapor were assumed equal to the 

(ii) The distribution of intermolecular energies enthalpies at -2730 and to vary linearly with 
about their peak is many times wider in the liquid temperature. Heats of fusion and of 
than in ice. Over 90 % of energies in ice lie within H20 were taken from ref. 31 and of D,O from 
1 kcal mole-' of the peak value, compared with refs. 32 and 37. 
only 10 to 20 % in the liquid. From these data, graphs of enthalpy and 

(iii) Some very weak interactions, internal energy against temperature for all three 
with energies lower than, say, 6 kc'' mole-', phases, crystal, liquid, and vapor, were con- 
occur in water. The enhanced motion of mole- structed for H,O and D20 (26) taking zero 
cules at the sites of these interactions is respon- enthalpy and internal energy to be those of H,O 
sible for the characteristic transport properties and D20 ice at -2730. From these graphs, 
of the liquid' Such interactions Occur internal energies of sublimation and vaporization, 

in ice to be s ~ e c t r o s c o ~ i c a l l ~  defined by relations [I]  and [2], were obtained 
detectable. a t  several temperatures. 
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Appendix I 
Derivation of Total Internal Energies of Sublima- 

tion and Vaporization of Ice and Water 
Internal energies of sublimation, AU,,,, and 

vaporization, AU,,,, of ice and water can be 
obtained from the corresponding enthalpies, 
AH,,,, and AH,,,, as follows: 

Appendix I1 
Derivation of Kinetic Contributions to the Total 

Internal Energies of Sublimation and Vapor- 
ization of Ice and Water 

The vibrational contribution t o  the internal 
energy (or enthalpy) is the sum of the zero-point 
and non-zero-point energies given by: 

and 

[4] AUvib = ~Tx(hcv~/kT) / [exp  (hcvi/kT) - I] 
i 

where h is Planck's constant, c is the velocity of 
light, R is the gas constant, k is Boltzmann's 
constant, T is the absolute temperature, and v i  
are the fundamental frequencies. 
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FORD A N D  FALK: HYDROGEN BONDING I N  WATER AND ICE 

TABLE 11 

Vibrational frequencies (cm-') of H 2 0  and D 2 0  used in the calculations 

v3 v1 VZ VR VT 

No. of degrees of 
freedom 

Vapor, all temps. 
Liquid, 130" 
Liquid, 100" 
Liquid, 50" 

I C ~ ,  ' 0" 
Ice. - 100" 
1ce; - 173" 
Ice, -273" 

No. of degrees of 
freedom 

V a ~ o r .  all temDs. 
~iciuid,  300" A 

Liquid, 200" 
Liquid, 120" 
Liquid, 100" 
Liquid, 50" 
Liquid, 4" 
Ice. 4" 
~ c e j  -1000 
Ice, -173" 
Ice, -273" 

"Ref. 38. 
tEstimated from ref. 39. 

ref. 9. 
ref. 40. 

The frequencies used are collected in Table 11. 
The intramolecular frequencies v,, v,, and v, for 
the vapor were taken directly from Herzberg (38). 
In the condensed phases, however, intermolecular 
coupling of the motion of neighboring molecules 
causes the O H  (or OD) stretching bands to 
become so broad that distinct features due to v, 
and v, can no longer be observed. We therefore 
used the v3 and v, frequencies estimated by 
Whalley (39) for H 2 0  and D,O, based on an 
assumed splitting between v3 and v, of 100 cm-', 
as in the vapor. These frequencies are 3330 cm-' 
and 3230 cm-' for H 2 0 ;  and 2470 cm-' and 
2370 cm-' for D 2 0 ,  a t  - 173". To obtain these 
frequencies for ice at temperatures other than 
- 173", and for water at any temperature, a linear 
relationship was assumed between the frequencies 
of the two stretching bands of H 2 0  (or D,O) and 
the v3 (or v,) frequency of H D O  for all three 
phases a t  all temperatures. These linear relation- 
ships gave the v, and v, frequencies of H 2 0  and 
D 2 0  in ice and in water over the wide range of 
temperatures studied (see Fig. 2). 

The effect of intermolecular coupling is much 
smaller for the v2 vibration in ice, and this 
frequency is known a t  - 173" with reasonable 
accuracy (9). The v, frequency of ice and  water 
a t  any temperature was calculated by assuming 
a linear variation of the v, frequency of H 2 0  (or 
D 2 0 )  with the v, (or v,) frequency of HDO.  

The intermolecular vibrations, v, and  v,, in 
ice give absorptions centered a t  840 cm-'  and 
229 cm-'  in H,O, and a t  640 cm-' and 222 cm-' 
in D 2 0  (10, 41). Heat capacity calculations (40), 
however, show that the density of states near v,, 
at -273", is approximately symmetrical about 
650 cm-'  for H 2 0 ,  and 520 cm-' for  D 2 0 .  
Whalley (39) attributes the difference between 
these frequencies, and those of the maxima in 
the spectra, to distortions caused by variation of 
absorptivity with frequency. As the band maxima 
in this region do not represent the maxima in 
vibrational activity of the molecules, we chose 
Leadbetter's (40) frequencies for v, and  v, of 
H 2 0  and D 2 0  ice a t  -273" and calculated them 
at other temperatures by assuming that they 
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va r i ed  l inearly w i th  t h e  v, (o r  v , )  f r equency  o f  
HDO, and were  z e r o  in t h e  v a p o r  phase .  

T h e  ze ro -po in t  a n d  non-ze ro -po in t  energy 
con t r ibu t ions  (ca lcula ted  us ing eqs. [3] a n d  [4] 
a n d  the t ab l e s  o f  Pi tzer  (42)) c o i n p u t e d  f r o m  the  
f requencies  in Table I1 a r e  r eco rded  in  T a b l e  1 1 1 . ~  
This table a lso  g ives  the t r ans l a t i ona l  a n d  
ro t a t i ona l  con t r ibu t ions .  

1. M. FALK and T. A. FORD. Can. J .  Cheni. 44, 1699 
(1 966). 

2. L. PAULING. The nature of the chemical bond. 2nd 
ed. Cornell Univ. Press, Ithaca, New York. 1948. 
p. 304. 

3. L. PAULING. The nature of the chemical bond. 3rd 
ed. Cornell Univ. Press, Ithaca, New York. 1960. 
p. 468. 

4. E. L. WAGNER and D .  F. HORNIG. J .  Chem. Phys. 
18, 296 (1950). 

5. D.  F. HORNIG, H.  L. WHITE, and F. P. REDING. 
Spectrochini. Acta, 12, 338 (1958). 

6. C. HAAS and D .  F. HORNIG. J.  Chem. Phys. 32, 
1763 (1960). 

7. R. Z~MMERMANN and G .  C. PIMENTEL. Proc. Intern. 
Meeting Mol. Spectry. 4th. Bologna, 1959. Vol. 2, 
726 (1962). 

8. K.  LONSDALE. Proc. Roy. Soc. London, Ser. A, 
247,424 (1958). 

9. J. E. BERTIE and E. WHALLEY. J.  Cheni. Phys. 40, 
1637 (1964). 

10. P. A. GrcuinE and K.  B. HARVEY. Can. J .  Chem. 
34, 798 (1956). 

11. N. B. COLTHUP. L. H. DALY. and S.  E. WIDERLEY. 
Introduction to' infrared and'  Raman spectroscopy. 
Academic Press, Inc., New York. 1964. p. 75. 

12. W. MAISCH. Ph.D. Thesis, Brown University, 
Providence, Rhode Island. 1956. Dissertation 
Abstr. 16, 2323 (1956). Qlioted by N. OCKMAN. 
Advan. Phys. 7, 199 (1958). 

13. M. J .  TAYLOR and E. WHALLEY. J. Chem. Phys. 40, 
1660 (1964). 

14. J .  E. BERTIE and E. WHALLEY. J. Chem. Pliys. 40, 
1646 (1964). 

15. B. KAMB. Acta Cryst. 17, 1437 (1964). 

L. PAULING. J. Am. Chem. Soc. 57, 2680 (1935). 
H.  R .  Wyss and M. FALK. In preparation. 
R. LUMLEY JONES. Spectrocliini. Acta, 22, 1555 
(1066). ,.. ".,. 
R.  M. BADGER and S. H. BAUER. J. Cheni. Phys. 5, 
839 (1937). 
M. D .  JOESTEN and R. S. DRAGO. J. Am. Cliem. 
SOC. 84, 3817 (1962). 
K. F. PURCELL and R. S. DRAGO. J. Am. Chem. 
SOC. 89, 2874 (1967). 
T.  D. EPLEY and R .  S.  DRAGO. J .  A I ~ .  Chem. Soc. 
89, 5770 (1967). 
R. S. DRAGO. Chem. Brit. 3, 516 (1967). 
E. R. LIPPINCOTT and R. SCHROEDER. J. Cliem. 
Pliys. 23, 1099 (1955). 
G .  C. P~MENTEL and A. L. MCCLELLAN. The 
hydrogen bond. W. H. Freeman and Co., San 
Francisco. 1960. pp. 82-85. 
T.  A. FORD. P1i.D. Thesis. Dalhousie University, 
Halifax, Nova Scotia. 1968. 
W, S. BENEDICT, N. GAILAR, and E. K. PLYLER. J. 
Cliem. Pliys. 24, 1139 (1956). 
E. U. FRANCK and K. ROTH. Discussions Faraday 
SOC. 43. 108 (1967). 
C. G .  SWAIN' a n d  R. F. W. BADER. Tetrahedron, 
10, 182 (1960). 
E. WHALLEY. Trans. Faraday Soc. 53, 1578 (1957). 
N. S. OSBOI~NE, H .  F. STIMSON, and D. C. GINNINGS. 
J. Res. Natl. Bur. Std. A, 23, 261 (1939). 
E. A. LONG and J. D .  KEMP. J. A m .  Chem. Soc. 58, 
1829 (1936). 
W. F. GIAUQUE and J. W. STOUT. J. Am. Chem. 
SOC. 58, 1144 (1936). 
R. W. BAIN. National Engineering Laboratory 
steam tables 1964. H.M. Stationery Office, Edinburgh. 
1964. 
J .  N. ELLIOTT. At. Energy Can. Ltd. No. AECL- 
1673. 1963. 
A. S. FRIEDMAN and L. HAAR. J. Clien~. Pliys. 22, 
2051 (1954). 
F. D.  ROSSINI, J. W. KNOWLTON, and H. L. JOHN- 
STON. J .  Res. Natl. Bur. Std. A, 24, 369 (1940). 
G .  HERZBERG. Infrared and Ranian spectra of 
polyatomic molecules. D.  Van Nostrand Co., Inc., 
Princeton, New Jersey. 1945. p. 207. 
E. WHALLEY. Paper presented to  18th mid-America 
syniposium on  spectroscopy. Chicago, May 15-18, 
1967. 

40. A.J.-LEADBETTER. Proc. Roy. Soc. London, Ser. A, 
287, 403 (1965). 

6Table 111 has been placed in Depository of Un- 41. J .  E. BERTIE and E. WHALLEY. J. Chem. Pliys. 46, 
published Data. Photocopies may be obtained free of 1271 (1967). 
charge, upon request, from: Depository of Unpublished 42. K. S. PITZER. Quantum chemistry. Prentice-Hall, 
Data, National Science Library, National Research Inc., Englewood Cliffs, New Jersey. 1953. pp. 457- 
Council of Canada, Ottawa, Canada. 467. 
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Hydrogen bonding in sulfanes 

E. MULLER AND J. B. HYNE 
Futldatt~et~tal Sulphur Research Group, Alberta Sulphur Research Ltd., Department of Cl~etnistry, 

Ut~iversity of Calgary, Calgary, Alberta 

Received June 3, 1968 

The position of the proton signals in the nuclear magnetic resonance spectrum of sulfanes (H2S,) is 
dependent on the sulfur chain length, the sulfane concentration, and the temperature. These proton 
chemical shifts are interpreted in terms of sulfane-sulfane interactions and intramolecular hydrogen 
bonding in sulfanes. Supporting evidence is provided by the position and appearance of the SH- 
absorption bands of the sulfanes in the infrared, which also establishes the existence of sulfane-solvent 
interactions. 

It is concluded that sulfanes participate in hydrogen bonding interactions and it is suggested that 
there may be a special type of intramolecular hydrogen bonding operative in H,S3. 

CanadIan Journal of Chem~stry,  46, 3587 (1968) 

I 
I Introduction Results 

While the phenomenon of hydrogen bonding 
has been well established as having a profound 
influence on the physical and chemical properties 
of water and hydrogen peroxide (I), little has been 
reported on the similar influence, if any, of hy- 
drogen bonding in the analogous hydrogen poly- 
sulfide (sulfane) series of compounds. Although 
it is generally accepted that S-Ha .B type hy- 
drogen bonds are weaker than 0-H . . - B bonds 
(2) ,  hydrogen bonding involving thiol groups and 
sulfur as a base has been observed in some systems 
(3). Furthermore, in the sulfane sequence it is 
possible to study the specific effects of hydrogen 
bonding across a much larger range of the homol- 
ogous series since specific sulfanes up to H2S6 are 
accessible for study compared with the much 
shorter sequence of H 2 0  and H 2 0 2  in the anal- 
ogous oxygen series. 

The fact that the various terminal protons in a 
sequence of low molecular weight sulfanes 
(H,S + H2S6) are characterized by discrete and 
identifiable nuclear magnetic resonance (n.m.r.) 
signals (4,s) (because of the slow rate of exchange 
of the terminal protons) establishes the n.m.r. 
method as a powerful tool for the study of hy- 
drogen bonding effects in sulfanes. This exper- 
imental technique has been fully exploited in the 
study reported here and has been complemented 

I by parallel infrared investigations. 
The effects of variation of solvent, concentra- 

tion, temperature, and S-chain length of the sub- 
strate sulfanes have been examined with a view to 
elucidating the role of hydrogen bonding in 
sulfanes. 

Effect of Chain Length 
In Table I, the position of the n.m.r. signals for 

the various lower homologues of the sulfane 
series in both CCl, and CS, solution are pre- 
sented. The availability of high resolution n.m.r. 
spectrometers has permitted assignment of signals 
up to H,S, compared with the previous limit of 
H,S, (4, 5). As previously reported (4), the signal 
for H2S3 is anomalous in that it falls on the low 
field side of the smooth curve described by plot- 
ting the signals for other sulfanes against sulfur 
chain length. Schmidbaur et al. (4) suggested that 
this observation might reflect some special form 
of intramolecular hydrogen bonding in H,S,. 
The anomalous H2S3 proton signal position is 
observed in both CS, and CCl, solutions. 

TABLE I 
Position of sulfane n.m.r. signals 

in different solvents 

r (p.p.m.)" 

Sulfane CCldb CS, 

'TMS internal reference. 
"oral sulfane concentration: 1.0 mole I - ' .  
CAverage signal position for H,S2 6.  
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CONCENTRATION (mo le  1.') 

FIG. I .  Chemical shifts of sulfane proton signals as a WAVE NUMBER (cm") 
function of concentration and solvent. Note: where 
necessary, the lines were extrapolated to a common base FIG. 2. SH-abs0rption bands Sulfanes and 
of 2 mole I-'. higher). 

Concentration Effects 
The effect of concentration upon the sulfane 

signal position is shown in Fig. 1. Upon dilution 
of a 2 M solution of H2S3 in CCI, with CCI,, the 
H2S3 signal moved upfield by 8.8 t- 0.4 c.p.s. 
Comparatively, the H,S, signal under the same 
conditions moved upfield by 10.0 rt_ 0.4 c.p.s. 
In CS, solution, however, the effect of dilution on 
the sulfane signal positions appears, within the 
experimental accuracy, to be the same for H,S3 
and H2S4. 

Figure 2 shows the effect of dilution on the 
shape and position of the S-H stretching absorp- 
tion band of sulfanes. It should be noted that 
individually resolved peaks are not observed in 
the infrared for S-H stretching frequencies for 
each sulfane. In 2 M CCI, solutions, three SH- 
absorption bands were observed at  2596 (not 
shown in Fig. 2), 2533, and 2510 cm-', regardless 
of the composition of the sulfane mixture. The 
weak band at 2596 cm-' originated from small 
amounts of H,S dissolved in CCI,. Upon dilu- 
tion, the 2510 cm-' band gradually became 
weaker and finally disappeared completely. In 
2 M CS, solutions, apart from the H,S absorp- 

tion band at 2584 cm-', only one major absorp- 
tion band was observed at comparatively lower 
wave numbers (2513 cm-'). Upon dilution with 
CS,, the bandwidth decreased and the absorption 
maximum shifted from 2513 to 2518 cm-'. As in 
CCI, solution, the composition of the sulfane 
mixture had no effect on the position and appear- 
ance of the SH-absorption bands. 

Temperature Effect 
Decreasing temperature shifted the sulfane 

proton signal positions towards lower fieIds 
(Table 11). The effect of lowering the temperature 
from +35 to -25 "C in CCI, solution is greater 
than in CS,. Unfortunately, a t  -25 "C the n.m.r. 

TABLE I1 
Chemical shift of sulfane proton signals 

as a function of solvent and 
temperature in 1 M solution 

Downfield shift in  c.p.s. 
for At = - 60" 

Sulfane CCI, CS2 
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MULLER AND HYNE: HYDROGEN BONDING IN SULFANES 3589 

resolution is poor and shift differences between preclude drawing any significant conclusions 
signals of different sulfanes, if present at all, are from the data. 
difficult to establish. It appears, however, that the Confirming results for the relative strength of 
signal of H2S3 was affected less by the 60" tem- the sulfane-solvent interactions were obtained by 
perature drop than the H2S4 signal. the infrared analysis (Fig. 2). In samples of high 

dilution, intermolecular interactions will be min- 
Discussion imized. The SH-absorption band in very dilute 

Intramolecular Hydrogen Bonding in SulJhnes 
Evidence for preferential intramolecular hy- 

drogen bonding in H2S3 is presented in Fig. 1. 
The upfield shift observed on dilution of H,S, in 
CCI, is significantly greater than that for H2S3. 
As proton signals of solely intermolecularly hy- 
drogen bonded species are shifted towards higher 
fields upon extended dilution, and proton signals 
of intramolecularly hydrogen bonded species are 
much less affected by a change of concentration 
(6),  it appears that the hydrogen atoms of H2S3 
are involved in both intermolecular and intra- 
molecular hydrogen bonding, the latter of which 
will reduce the upfield shift of the H2S3 signals 
upon dilution relative to H2S4. In CS, solutions 
this effect is reduced below the limits of detection 
by the dilution method, presumably because CS, 
interacts with H2S3, thus interfering with its 
intramolecularly hydrogen bonded state by equi- 
librium [I]:  

[I] H2S3(intra) + CS2 H2S3...CS2 

$ H2S3(free) + CS2 

This does not imply, however, that all intra- 
molecular hydrogen bonding is removed in CS, 
solution since the H2S3 n.m.r. signal is still found 
at an abnormally low field in this solvent. 

As the proton lifetime in any of the three sites, 
as given by equilibrium [I], is smaller than the 
reciprocal frequency differences between the 
sites, only one proton signal for each sulfane is 
observed, the position of which is in response to 
the time-averaged state of the equilibrium. 

Intermolecular Interactions of SulJhnes 
The observed downfield shift accompanying 

reduction in temperature (Table 11) supports the 
argument of increased solute-solvent hydrogen 
bonding. A greater increase in hydrogen bonding 
with reduction of temperature would be expected 
in CCI,, as opposed to CS,, since a significant 
amount of sulfane/CS, bonding will already 
exist at room temperature. Despite the apparent 
difference in temperature dependence between 
H2S3 and H2S4, the uncertainties in the values 

solutions, therefore, o;iginates from the absorp- 
tion of solvated monomeric sulfanes. The SH- 
absorption band in dilute CCI, solutions was 
found at  2533 cm-', as compared with 251 8 cm-' 
in CS, solution, suggesting a stronger inter- 
molecular sulfane-solvent interaction in CS, than 
in CCI,. Recently, the SH-absorption band for 
the higher sulfanes in molten sulfur as solvent was 
reported to be at 2498 cm-' (7). As the SH- 
absorption band for sulfanes is lowest in liquid 
sulfur, the sulfane-solvent interaction is strongest 
in this solvent, as might be expected. 

For a given solvent, decreasing sulfane con- 
centration was found to  shift the n.m.r. signals of 
the sulfanes towards higher field positions (Fig. 1) 
suggesting a breakdown of sulfane-sulfane hy- 
drogen bonding interactions. 

The breakdown of these intermolecular hy- 
drogen bonds upon dilution is most strikingly 
demonstrated by the infrared analysis. Sulfanes 
in concentrated CCI, solution exhibit two ab- .. 
sorption bands in the SH-absorption region, the 
relative intensities of which are highly dependent 
on the concentration (Fig. 2). The gradual dis- 
appearance of the 251 0 cm-' band upon dilution 
must be due to the breakdown of intermolecular 
hydrogen bonds between the sulfanes. This band 
therefore may be assigned to the S-H stretching 
vibration of intermolecularly hydrogen bonded 
sulfanes. Comparatively, sulfanes in CS, exhibit 
only one broad absorption band at concentrations 
at which both monomeric and intermolecularly 
hydrogen bonded sulfanes exist. Apparently, in 
CS, solution, the SH-absorption bands of the 
monomeric and hydrogen bonded sulfanes over- 
lap to such an extent that only one broad absorp- 
tion band appears as a result. A complete analysis 
of the infrared and Raman spectra of H2S3 and 
H2S4, and of the valence force field calculations, 
is presently being carried out. 

Experimental 
Materials 

Sulfane Mixtures 
Two molar aqueous sodium tetrasulfide solutions were 
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acidified with diluted HCI, yielding a sulfane mixture of 
0 %  HzS,, 18 % H,S,, 33 % H2S4, 17% HzS,, and 32% 
H,S3 (8). One molar solutions of these sulfane mixtures 
in CCI, and CS, were prepared for temperature studies. 

HZS3 and HIS4 Solutiorls 
Two molar solutions in CCI, and CS2 were prepared by 

previously reported methods (8). Composition of the 
H2S3 solution (mole %): H,S, 0 ;  H2S,, 0;  H2S,, 88 +_ 2; 
H2S4, 6 _+ 2; H2S5, 3.6 k 0.5; and HzSa6, 2.4 + 0.5. 
Composition of the H2S4 solution (mole %): H2S, 0 ;  
H2SZ, 0; 3 +_ 2; H2S,, 95 + 2; H2S,, 0 ;  and 
H2S2,6, 2.0 _+ 0.5. CCI, and CS,: Fisher Scientific Co., 
spectrograde. 

N. M. R. Analysis 
A Varian A-60 high resolution spectrometer was used 

for n.m.r. analysis. For the studies of dilution series of 
sulfane solutions in the concentration range of 2 to 
0.02 mole I-', the methyl proton signal of anisole was 
used as a secondary capillary reference standard and 
corrected to tetramethylsilane (TMS) = 10 p.p.m. scale. 
The spectra were run at a sweep time of 250 s using a 
sweep width of 500 and 100 c.p.s. The spectra of 1 M 
solutions of sulfane mixtures in CCI, and CS2 were 
recorded at +35 & 1 "C and -25 _+ 1 "C with anisole 
as a secondary capillary reference standard. At 35 + 1 "C, 
the spectra of these solutions were also taken with TMS 
as an  internal reference standard. 

Infiared Ana/jlsis 
The infrared spectra of theS-H stretching vibration of 

sulfanes were recorded on a Beckman IR-7 infrared spec- 
trophotometer in the 3000 to 2450cm-' range. The 
spectra were taken in KBr cells of 0.1 and 1.0 nim cell 
path. The spectra of highly dilute samples were taken in 

CHEMISTRY. VOL. 46, 1968 

quartzcells of 50 mm cell path. Compensation for solvent 
absorption was provided. 

Conclusions 
N.m.r. and infrared spectroscopic examination 

of solutions of sulfanes in CS, and CCI, as a 
function of temperature and concentration 
clearly establishes the existence of hydrogen 
bonding in these systems. The experimental 
evidence points to the possibility of a special role 
for intramolecular hydrogen bonding in the 
particular case of H2S3. 
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Magnetic study of the hexachlororhodate(1V) ion 

Departtnetzt of Chetnistry, Utziuersity of Otta,va, Ottawa, Catzarln 

Received April 19, 1968 

The magnetic susceptibilities and electron spin resonance spectra of solid solutions of cesium hexa- 
chlororhodate(1V) in a diamagnetic host lattice were examined over a range of temperatures. The 
Lande splitting parameter, p, was found to be 1.7545 + 0.0005. This led to a n  orbital delocalization 
factor of 0.81 and a spin-orbit coupling parameter of 554 cm-' .  The susceptibility measurenlents 
failed to reveal any superexchange in the lattice but the electron spin resonance spectra gave some 
evidence for such coupling. Powder san~ples only were exanlined and these exhibited no hyperfine struc- 
ture. 

Canadian Journal of Cli~rnistry, 46, 3591 (1968) 

The electronic properties of hexachlororho- 
date(1V) have been the object of spectroscopic 
(1) and magnetochemical (2) studies. Con- 
siderable interest attaches to the spectroscopic 
studies because in electron transfer, only one 
state of the central ion plus one electron has low 
energy, viz. the filled subshell configuration f,,,. 
The charge transfer bands in RhC1,'- occur at 
lower energies than in any other hexahalo com- 
plex of a transition metal. The magnetic prop- 
erties too are especially amenable to interpre- 
tation (3). 

Their magnetic susceptibility study led Feld- 
man et al. (2) to conclude that there is a greater 
degree of n-bonding in RhCl,,- than in 1rC1,~- 
and similarly, by their argument, one would con- 
clude that the n-bonding in RhCI,,- is greater 
than that in RuC1,'-. The contrast with IrC1,'- 
is unexpected in view of the finding that there is 
strong n-bonding in K,OsCI, while an examina- 
tion of K2RuC16 using a magnetic dilution 
technique failed to reveal similar evidence for 
strong n-bonding (4). 

The technique referred to consists in following 
the change, if any, in molar susceptibility as the 
paramagnetic compound is diluted by an iso- 
morphous, diamagnetic analogue. The evidence 
is indirect, based as it is upon an examination of 
the degree of superexchange which may occur 
between neighboring MC162- ions by means of 
the intermediary interaction of chlorine atoms on 
adjacent complex ions (5). If superexchange is 
observed, it follows that n-bonding is present. 
However, the absence of superexchange does not 
necessarily indicate that n-bonding is absent also: 
it may mean rather that there is simply no' 
coupling between the chlorine atoms on adjacent 
anions. Feldman et al. (2) suggested that there is 

probably some superexchange interaction in 
Cs2RhC1,, but, as stated above, ..K2RuC16 
showed little if any such superexchange. The 
comparison of the third row analogues, K,OsCl, 
and K21rC16 (61, showed that superexchange is 
marked in both compounds and especially so in 
the former. In order to  determine whether there 
is some inconsistency in the properties of Ru- 
Cl,,- and RhCI,,- respectively, it was decided 
to investigate Cs2RhC1, further. 

The investigation consisted in preparing mixed 
crystal systems Cs,(Rh,Pt)Cl,. The cesium salts 
were employed because Cs2RhC1, was the only 
hexachloro compound of rhodium(1V) which 
Dwyer and Nyholm were able to prepare (7, 8) 
and even this was so unstable that it was not 
possible to obtain dry crystals without some re- 
duction to Rh(II1). Feldman et al. (2) did not 
record any such experience but reported accept- 
able rhodium and chlorine analyses of dry crys- 
tals. In our hands, however, the procedure for 
preparing Cs,RhCI, did not yield a pure dry 
product, for determination of the oxidation state 
showed that upon drying, about one-third of the 
rhodium was reduced to Rh(III), in agreement 
with the findings of Dwyer and Nyholm (7). 

Our  most carefully prepared products pos- 
sessed the same magnetic susceptibilities over a 
range of temperatures as those of Feldman et al. 
(2) so that we were disposed to doubt either the 
purity of the previous workers' product or our 
method of analysis for oxidation state. In order to 
be quite certain of our  analyses, three indepen- 
dent titrimetric procedures were developed. These 
were devised with a view to accommodating the 
following exigencies : 

(a) When Cs2RhC1, is dissolved, chlorine is 
evolved and may be lost as gas. 
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(b) It seemed possible that there would be for- 
mation of some oxygen when Cs2RhC16 reacts 
with water. 

(c) The reducing agent must not be strong 
enough to reduce platinum when handling the 
mixed crystal samples. 

Precautions designed to avoid error are de- 
scribed in the experimental section. 

The three methods of analysis which were 
applicable to the cesium chlororhodate samples 
were as follows : 

1. Reduction with Fe(I1) ion followed by back 
titration with dichromate using an external in- 
dicator. Electrometric end-point detection with 
either platinum or gold electrodes was not satis- 
factory in the presence of rhodium(II1). 

2. Winkler's method for dissolved oxygen (9) 
was employed for the purpose of ascertaining 
whether any oxidizing power had been lost 
through formation of oxygen. In this method, a 
slurry of manganese(I1) hydroxide in alkaline 
medium is the reducing agent. Upon acidifying 
the Mn(OH), in the presence of iodide ion, 
iodine is liberated and this is titrated with 
thiosulfate. 

3. Arsenious acid was used to reduce Rh(1V) 
to Rh(II1). Platinum(1V) was not reduced. The 
excess of H,As03 was titrated with KMnO,. 
This is the only method of the three which was 
applicable to Cs2(Rh,Pt)C16 solid solutions. 

The three methods nave the same results when 
applied to a given sample of cesium chlororho- 
date. Different preparations gave slightly variable 
results. Analysis of highly dilute Cs2(Rh,Pt)C16 
samples were considered to be uncertain because, 
after very prolonged treatment with H,As03, 
the samples were still faintly greenish in color. It 
should be pointed out that the solubility of 
samples which were very rich in Cs2PtC16 were 
highly insoluble and the entrained rhodium was 
never entirely reduced. However, in the most 
dilute sample referred to below, reduction ap- 
peared to be at least 95% complete. 

The magnetic susceptibilities of Cs2RhC16 
were determined by taking account of the partial 
reduction to Rh(II1). The diamagnetic contri- 
bution of the reduced material was estimated 
using standard corrections (10) with the assump- 
tion that the Rh(II1) compound was Cs2RhC1,- 
(H2O). 

The susceptibilities were measured in the range 
88 to 298 OK. The electron spin resonance 

(e.s.r.) spectrum was obtained for the most dilute 
sample for which the susceptibility was deter- 
mined and also for much more dilute samples of 
unknown rhodium(1V) concentration. 

Results and Discussion 

The most carefully prepared samples of cesium 
chlororhodate were found to consist of about 
60 mole % Rh(1V) and to contain somewhat less 
chlorine than that required for Cs2RhC16. Rh 
and Cl analyses were as follows. 

Anal. ~ a l c d .  for Cs2RhC16: Rh, 17.85; C1, 
36.56. Found: Rh, 17.7; C1, 34.56, 35.06. 

TABLE I 

Magnetic susceptibility data for RhC1,2-. Molar sus- 
ceptibilities x lo3 are given for samples containing 
Rh(IV) in the following molar percentages: I, 59.7; 11, 

25.5; 111, 7.9 

Temperature 
(OK) I I1 I11 

The corrected molar susceptibilities at various 
temperatures of a sample consisting of 59.7 mole 
% rhodium are listed in Table I. Similarly, sus- 
ceptibilities of mixed crystal systems containing 
Cs2PtC16 as a diluent are listed as well in columns 
headed by the mole percentage content of Rh(1V). 
The values for the 7.9 and 25.5% samples are 
only slightly greater than those for the 59.7% 
sample. The discrepancies are thus within the 
range of possible analytical error and cannot be 
considered as evidence for the uncoupling of 
superexchange interactions. 

The Weiss constant 0 in the susceptibility 
expression 

where Cis the Curie constant, Tis temperature in 
OK, A,  is the temperature independent para- 
magnetism, and A, is the diamagnetism, also 
gives an indication of superexchange. Positive 
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values of 8 are related to the Heisenberg ex- 
change parameter, J, by the expression 

where k is the Boltzman constant. 
The parameters in the susceptibility expression 

can in principle be fitted by a least squares com- 
puter program. However, the parameters are so 
sensitive to the experimental data that this 
approach was discarded. Instead, the Land6 
splitting parameter, g, was obtained from e.s.r. 
spectra and the Curie constant evaluated from 
the relation 

The value found for g was 1.7545 f 0.0005. A, 
was taken as 218 x lo-, c.g.s.u./mole. A fit of 
the remaining two parameters gave the values: 

The negative sign on 8 is an indication that there 
is little, if any, superexchange. Moreover, the 
value of 8 is not greatly affected upon dilution of 
the Cs2RhC1,-the value for the 7.9 mole % 
sample was -20". In spite of this, there is some 
evidence of n-bonding between rhodium and 
chlorine as we shall proceed to show. 

The expression 
2 

g = - (2k' + 1) 3 

leads to the value 0.81 for the delocalization 
factor which compares well with the value 0.84 
found (11, 12) for K21rC16 and (NH,),IrCl,. 
Since the delocalization factor k' is a measure of 
the probability of finding the unpaired electron 
about the metal atom, departure ofk' from unity 
indicates that the electron spin is delocalized to 
some extent onto the ligands (1 3). This is generally 
believed to occur via dn-pn bonding. 

On the other hand, no hyperfine structure was 
observed in the e.s.r. spectra, but as only pow- 
dered samples were examined, hyperfine structure 
would be very complex and difficult to resolve. 
I t  can be shown (1 1) that when the magnetic field 
direction makes an arbitrary angle with the axes 
of the RhC1,'- group, each component of the 
doublet which should arise by interaction with 
the nucleus of lo3Rh should be split further into 
19 components. 

The most concentrated sample which was 
examined by e.s.r. spectrometry (7.9 mole % 
Rh(1V)) also showed a resonance indicatinga free 
spin (g = 2.0030) which had an intensity of - 1/50 that of the main peak. The concentration 
of Rh(1V) in the more dilute samples was not de- 
termined owing to the unreliability of the analyt- 
ical method with small concentrations of rho- 
dium, but it was qualitatively evident that in the 
next, more dilute sample, the intensity of the 
weak resonance signal was - 1/100 that of the 
strong signal while in the most dilute sample, the 
weak signal could not be detected at all. We 
suggest that the weak resonance is due to spin 
interaction of nearest neighbor rhodium ions and 
represents transitions involving S = 0 and S = 1 
states (14). The resonance line was asymmetric 
and appeared to consist of two lines lying less 
than 5 G apart. At 4 OK, the half-width of the 
weak, asymmetric signal was 15.5 G. The rapid 
weakening of the signal upon dilution may be 
ascribed to the sharp decrease in the probability 
of a given RhC1,'- group having another 
RhC1,'- group as one of its nearest anion neigh- 
bors. 

It would be of interest to measure J for Cs,- 
RhCl,, as was done for K21rC16 (13). We lacked 
the necessary equipment for obtaining e.s.r. 
spectra at various temperatures. 

It appears that although spin delocalization 
onto the ligands is as great in RhC1,'- as in 
IrC162-, the spin does not couple strongly with 
the spin on neighboring anions. The lattice of 
Cs2RhC1, is expanded relative to K,IrCI, be- 
cause of the larger size of the cesium ion. This 
would have the effect of somewhat decreasing the 
exchange interaction. However, Johannesen and 
Candela (15) have investigated the effect of sub- 
stituting cesium for smaller ions in hexachloro- 
osmates and have found that the superexchange 
is diminished by a small amount only. 

The behavior with respect to superexchange is 
similar to that of K2RuC16. This suggests that 
superexchange is weak in compounds of the 
second row which have the K2PtCl, structure, 
even though it is strong when the central atom is 
from the third transition row. In order to test the 
generality of this conclusion, we are currently 
examining the systems K2(Nb,Zr)Cl6 and K2- 
(Ta,Zr)Cl,. Spin superexchange is detected in the 
e.s.r. experiments because this technique is ex- 
tremely sensitive to the effect. 
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From the  expression pended inside a copper jacket. The temperature of the 
jacket was controlled by a stream of cold gas produced by 

A ,  = N(2 + g)'p2/65 evaporation of liquid nitrogen from a Dewar vessel 
equipped with heaters which responded by negative feed- 

a value o f  554 cm-' is obta ined f o r  t h e  effective back fro111 a sensing thermocouple. The temperature was 
~ ~ i n - ~ r b i t  coupl ing constant ,  6 .  T h i s  value is constant to within the sensitivity of the electronic control 

r a the r  smal l  compared  with  the free  i o n  value o f  r e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ d ~ ~ p n " ~ ~ ~ ~ l C S z P t C I G  was our 
1400cm- '  f o r  Ru4+. n~easured value, 208 x c.g.s.u./mole. 

Experimental 
Preparatiotl of Satnples 

Cesium chlororhodate was prepared according to the 
procedure of Feldnian er a/. (2). Cesiunl chloroplatinate 
was prepared by precipitating the compo~lnd in the usual 
way and then treating the precipitate with the oxidizing 
wash solutions used in preparing CszRhC16. This was 
done in order to ensure that the Cs2PtCI6 reccivcd treat- 
ment identical with that of the solid solutions. The solid 
solutions Cs2(Rh,Pt)CIG were prepared by coprecipitation 
from solutions containing variable relative anlounts of 
chlororhodic and chloroplatinic acids. All preparations 
were green, varying from dark blue-green to a light leaf- 
green depending upon the concentration. X-ray powder 
photographs showed only a single set of lines characteris- 
tic of the structure type to which both of the compounds 
belong. 

Atmlyses 
The samples were placed in a small porcelain tray which 

was inserted into a nitrogen-filled vessel which contained 
the reducing solution. Upon closing the vessel, the tray 
was allowed to become immersed in the solution which 
was then stirred magnetically until the sample had either 
dissolved conipletely (rhodium-rich samples) or had 
acquired the yellow color of CszPtCI6 (platinum-rich 
samples). Reaction times of up to 4 11 with the tempera- 
turc maintained at 70 "C were permitted in order to 
ensure coliiplete reduction. When 0.05 N Na3As03 was 
used as reductant, onc drop of 0.002 M K103 and 2 rnl 
conc. HCI were added and the solution. titrated with 
0.05 N KMnO,. A platinum electrode was employed, but 
it was not entirely satisfactory as an end-point detector. 
An external indicator (Fe(phen)3l+) was also used and 
these gave a more reliable detection of the end point. 

Total rhodium and platinum were determined by X- 
ray fluorescence and chlorine by Volhard titration. 

Magttetic Measuretnents 
Susceptibilities were measured using a Gouy balance 

employing a field of 5200 G. The sample tube was sus- 

E.s.r. spectra were obtained with a Varian V-4502 
spectron~eter with 100 kHz modulation. Spectra were 
measured at 77 and 4 OK. The strength of the magnetic 
field was obtained with a Varian F-8A proton fluxmeter. 
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The chemical interpretation and the temperature dependence of the 
' 4N nuclear quadrupole resonance of aniline and several derivatives 

C. T. YIM, M. A. WHITEHEAD, AND (IN. PART) DONALD H. LO 
Radi~fre~rrency Spectroscopy Laboratory, Department of Cl~emistry, McCill University, Morztreal2, Quebec 

Received November 10, 1967 

The 14N nuclear quadrupole resonance frequencies of aniline, o- and p-phenylene diamine, and 
p-chloro-, p-bromo-, and p-iodo-aniline were measured with a super-regenerative oscillator over a 
temperature range from 77 to 292 OK. The temperature dependence is analyzed. The chemical 
interpretation of the quadrupole coupling constants and asymmetry parameters is described. 

Canadian Journal of Chemislry, 46, 3595 (1968) 

Introduction 

Regenerative spectrometers (1, 2), using either 
magnetic field or frequency modulation (3, 4), 
have been used to measure 14N nuclear cluadru- 
pole resonance (n.q.r.). The super-regenerative 
spectrometer has been used extensively t o  meas- 
ure halogen n.q.r. (5-7); it has a greater sensitivity 
than the regenerative spectrometer, and the fre- 
quency modulation causes a smaller amplitude 
modulation. Consequently a super-regenerative 
spectrometer was used to measure the 14N n.q.r. 
in aniline and several aniline derivatives. The 14N 

n.q.r. frequencies in p-chloro- and p-bromo- 
aniline, and p-phenylene-diamine at 77 OK, have 
been measured with a regenerative spectrometer 
(8); these were remeasured with the super-re- 
generative spectrometer. The temperature de- 
pendence of the 14N n.q.r. frequencizs in aniline, 
p- and o-phenylene-diamine, p-iodo-, p-bromo-, 
and p-chloro-aniline was studied between 77 and 
292 OK. 

FIG. 1. Circuit diagrani of the super-regenerative 
oscillator based on that of Narath, O'Sullivan, Robinson, 
and Simmons (9), but self-quenched. Modulation fre- 
quency 120 c.p.s. sine wave. Quench frequency 10-15 kc 
depending on the circuit parameters; thus in Fig. 2 the 
value was 13 kc. 

Experimental 
The super-regenerative spectrometer shown in Fig. 1 

was self-quenched and frequency modulated sinusoidally 
(9). The signal was recorded using narrow band amplifica- 
tion and phase-sensitive detection (10, 11). The  frequency 
sweep speed was 0.5 kc per min; the time constant was 
8 s. The frequencies were determined using a calibrated 
BC 221 M frequency meter, standardized against the 

I 
I 
I 
I 

X 
FIG. 2. V +  spectrum of p-chloro-aniline a t  77 "K with 

a quench frequency of 13 kc. 
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WWV station frequency. The samples and resonance coil 
were immersed in liquid nitrogen or the appropriate slush 
(12) for low temperature measurements. All the samples 
.were recrystallized from suitable solvents, and carefully 
melted into the sample tube, to avoid decomposition. 
Samples of 12, 18, or 40 cc were used depending on the 
signal strength and temperature. The recorded spectrum 
of the v+ line of p-chloroaniline at 292 "K is shown in 
Fig. 2 ;  all the spectra were too weak to measure by oscil- 
loscope display. 

When a signal is recorded, the frequency of one line 
from the super-regenerative spectrometer coincides 
with the actual resonance frequency of the sample. Thus 
if the unknown signal is at (a) in Fig. 3(i) when the 
spectrometer sweeps through the signal, a spectrum 
such as Fig. 2 is obtained, since a super-regenerative 
spectrometer gives numerous side bands. One of the lines 
in the spectrum is selected as test line X (Fig. 2), and the 
spectrum is run through to the center of X. The spectro- 
meter is then locked to this fixed frequency. The BC 221 
M is tuned through this frequency to give the super- 
regenerative oscillator spectrum Fig. 3(ii) in which the 
fixed signal occurs as a side band. The quench frequency 
is then changed, a new BC 221 M spectrum obtained, and 
the n.q.r. signal frequency corresponds to the line (a) 
which does not shift. Each n.q.r. frequency was checked 
by fixing the frequencies of several different test lines X, 
in all cases the results were within the experimental 
error of k0.5 kc. This error is due to the difficulty of 
fixing the exact center of a line. 

Sl  GNAL 

I i i i  , 

FIG. 3. The unknown signal frequency is a t  (a) in (i), 
the line spectrum is as Fig. 2, and X is the chosen line; 
(ii) shows b e  BC 221 M spectrum from sweeping through 
X; (iii) shows the BC 221 M spectrum at  a different 
quench frequency; (6)  marks the center line of the spec- 
trum. 

Since the method does not depend on the stability 
of the center band to varying quench frequency, it is 
possible to change the sensitivity of the spectrometer at a 
chosen quench frequency, by varying the various circuit 
parameters. 

With B+ at 250 V the voltages at the circumference 
of the coil and coil center were 4.0 and 2.5 V; at 200 V 
they were 3.0 and 2.0 V and at 150 V they were 2.0 and 
1.5 V, respectively, with the 15 cc sample coil, of internal 
diameter 2.5 cm, wound from 18 gauge copper wire; the 
number of turns in the coil govern the coil's frequency. 

Results and Discussion 

1. The resonance frequencies, v+ and v-, the 
quadrupole coupling constants, e2Qq//z, and 
the asymmetry parameters 1, at 77 OK 

These values are listed in Table Ia. 
The resonance frequencies v +  and v-, at 

various other temperatures are also given, and 
shown in Figs. 4, 5, and 6 for aniline, p-chloro- 
and p-bromo-aniline, and o-phenylene-diamine. 
The calculated coupling constants and asym- 
metry parameters are temperature dependent, 
but are given at 77 OK (Table Ia); they are easily 
calculated for any other temperature using 

and 

respectively. 
A strong piezoelectric effect occurs in p-iodo- 

aniline below 195 OK (13, 14) so the resonance 

FIG. 4. The experimental points for the v+ and V- 
lines of p-chloro- and p-bromo-aniline, together with the 
calculated lines. 

Note that the v- axis is calibrated on the  left, and the 
v+ axis on the right. 
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YIM ET AL.: '4N NUCLEAR QUADRUPOLE RESONANCE OF ANILINE AND DERIVATIVES 3597 

TABLE Ia 
The 14N n.q.r. frequencies v, coupling constants eZQq/h and asymmetry parameters q ,  and the temperature dependence 

of the v* 
-- -- ----A- -- 

e2Qq/11 rl ( %) Frequency in kc k 0 . 5  kc a t  temperature (OK) 
(kc)at at - 

Molecule 77 "K 77 "K Line 77 143 195 228 250 27 5 292 

Aniline 
(210) 

3933 26.9 v+ 3243.2 3234.5 3211.2 (3201.7) line vanished at 228 "K 
v'+ 3184.2 3176.2 3160.5 3146.0 3134.0 
v- 2720.4 2716.0 2710.0 2704.3 2699.0 
v'- 2650.0 2640.0 2618.0 2594.3 2578.0 

p-Phenylene-diamine 3910 26.4 v+ 3190.5 - 2674.4 Weak broad signals only 

Piezoelectric effect 3136.0 
2512.0 

was only detected at 292 O K .  The p-chloro- and 
p-bromo-aniline frequencies agree with those 
previously reported (8). 

-3300 The signal line-width increased as the tem- 
perature decreased. While a super-regenerative 
oscillator cannot give absolute line-width meas- 
urement, it does give the right order of line- 
width (15). The line-width was not a function of 
the cooling procedure or rate, or of the time the 

-3250 sample was maintained at a given temperature; 

FIG. 5. The temperature dependence of the v+ ,  FIG. 6. The temperature dependence of the v+,  
v'+, v-, and v'- lines of aniline. v '+,  v-, and v'- lines of o-phenylene-diamine. 

Note that the v- axis is calibrated on  the left and the Note that the v- axis is calibrated on the  left and the 
v +  axis o n  the right. v+ axis on  the right. 
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therefore it is not due to crystal strain. The same 
phenomenon has been observed in NH, (16) and 
ethylene-diamine (17) and was attributed to mag- 
netic dipole-broadening caused by the large pro- 
ton magnetic moment (16, 17)'. 

TABLE Ib 

Some typical signal-to-noise ratios for 
o-phenylene-diarnine, p-chloro- and 

p-bromo-aniline 
-- -- 

SIN for B, = 150 V 
Sample at temperatures (OK) 
volunle 

Line (cc) 77 196 292 

o-Pheny lene-diarnine 
V + 18 4 7 10 

40 5 9 13 
v _ 18 0 6 13 

The signal-to-noise ratio, SIN, decreased with 
decreasing temperature, except for the p-bromo- 
aniline v+ line in which SIN remained constant. 
The SIN are shown in Table Ib for v+ lines of 
p-chloro-aniline and ~-~hen~lene-diam?ne at 77, 
196, and 292 OK. The apparent decrease in SIN 
is partly due to line broadening. 

Thev, line of aniline is a doublet up to 210 OK; 
at 228 OK the higher line vanishes; there was no 
phase change, and the lower v+ line and the v- 
doublet continued a smooth frequency change 
with increasing temperature. 

To ensure that the decrease in SIN at 77 OK 
was not due to saturation effects, t'he measure- 
ments were carried out with a wide range of B+.  
The SIN was constant for B+ from 200 V to 
125 V, below which it decreased markedly. Simi- 
lar results were obtained by varying other circuit 
parameters. Measurements were carried out on 
12, 15, 18, and 40 cc samples in several differently 
wound coils. The SIN of the v+ line increased 
with increased sample quantity, but still de- 

I creased by a factor of 10-15 at 77 OK; the v- line 
was enhanced sufficiently by the 40 cc sample to 

'This cause has been questioned, see ref. 48. 

permit measurement at 77 OK. In view of the 
voltages involved in the coil it is not likely that 
saturation is responsible for the decrease in SIN. 
The SIN is actually improved by a large B+ which 
causes larger coil voltages. However, the decrease 
in SIN with decreased temperature is important 
since, if common, it may prove a major obstacle 
to 14N super-regenerative n.q.r. 

2. The 14N n.q.r. temperature dependence of 
p-chloro- and p-brotno-aniline 

The principal axes of 14N in p-bromo-aniline 
were established by a Zeeman study of a single 
crystal (8); the crystal structure is unknown. 
However, the crystal structure ofp-chloro-aniline 
is known (18); the molecules are almost planar. 
Since chlorine and bromine are similar atoms, it 
can be assumed that the crystal structures and 
14N principal axes will be the same in p-bromo- 
and p-chloro-aniline. The temperature depend- 
ences of the 14N n.q.r. frequencies can then be 
treated theoretically, although the assumption 
may cause minor errors. 

Molecular torsional motions average the field 
gradient, thereby decreasing it with increasing 
temperature (19, 20). The 14N n.q.r. frequencies 
and their temperature dependence are (21) 

and similarly for v-. The q and q are the station- 
ary system values for the maximum field gradient 
compoilent and the asymmetry parameter, and - 
0,' etc. are the root-mean-squares of the angular 
displacements about three principal axes. Only 
if 8,2 >> would the second term be large; the 
q values2 fn these substituted anilines are about 
25%. Thermal data from X-ray crystallography 
(1 8) exclude this possibility in p-chloro-aniline; 
we assume this is also true in p-bromo-aniline. 
Therefore [2] becomes 

and similarly forv- with the coefficients reversed ; 
v*, are given by [ I  ] and are the frequencies that 
would be observed in the absence of torsional 

ZThe axes are: z perpendicular to ring, y along C-N 
bond, and x mutually perpendicular to z and  y. 
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oscillations. The vibrational force constant is, TABLE I1 
quantum mechanically, The theoretically calculated terms of [7]* 

- 

[4 1 K = 4nu2@ -- Molecule 
-- - - -- 

where 0 is the moment of inertia. and u the tor- Parameter p-CIC6H4NH2 p-BrC6H4NHz 
- 

sional vibrational frequency, hence 
v + o  (kc) 3351.1 3362.5 
v-o (kc) 2850.3 2879.8 

[, V +  = .+,{l - $[coth(:$)] u,(O) ~ ~ ( 0 1  (cm-') (cm-') 192.61 57.83 125.81 36.16 
a, (deg-'1 1 024x lo-: 4 . 6 2 2 ~  lo-: 
aY (deg-'1 1.901 x 10- 1.548~10- 

- !!!k [COth (p!)]} - - -- - -. -- -- -- 

2 K ~  Comparable results 

where x and y denote the field gradient axes; v- 
is similarly defined with x and y interchanged. 

The terms v,,, v,  and 0 are temperature de- 
pendent under constant pressure (22,  23) but in 
a molecular crystal v,, and 0 are constants (24,  
25) and only the volume dependence of u has to 
be considered. Thus 

where v(0)  is the vibrational frequency a t  an 
I arbitrary zero of temperature and a an empirical 

constant particular to the axis considered (26) ;  
T is the temperature. The a accounts for the 
thermal expansion of the lattice, the anharmoni- 
city in the torsional vibrations, and neglect of 
low frequency vibrational modes. Combining [ 5 ]  
and [6 ] gives 

and similarly for v-. 
The 0 were calculated from X-ray data (18)  

using average bond lengths (19). The McGill 
IBM 7044 computer was programmed for a 
least-square fit of the experimental v+  and v- 
againstv+,,v-,, u,(O), v,(O)q, anda,; these para- 
meters are listed in Table 11. The standard devia- 
tion for both compounds is +2 kc. The torsional 
frequencies fall into the correct frequency region 
and in the correct order for the relative atomic 
weights, as can be seen by comparison with other 
torsional frequencies in Table 11. 

- - - 

Value 
Molecule Parameter (cm-' at 300 OK) Reference 

Value 
Molecule Parameter (deg-'1 Reference 

*vto a re  thc quadrupole resonance frequencies a t  zero torsional 
vibration: u,(O) and r:,(O) are  the torsional vibrational frequencies 
at  a n  arbitrary zero of temperature: a, and a are empirical 
constants, and x and y are the held-gradient principz axcs. 

The temperature coefficients, a, and  a,, are 
quite large but in the same region as  those pre- 
viously reported for 6 3 C ~ 2 0 ,  6 5 C ~ 2 0  (31), and 
(CH2) ,N ,  (25). Thus the slope of any curve 
increases in the low temperature region. 

The curves derived using these parameters are 
shown in Fig. 4 ,  together with the experimental 
points, which deviate from the curves at  the low 
temperature end. This may be due t o  ignoring 
u,, which is present in p-dichloro-benzene (28). 
Including v, would require 8,2 to be included in 
[ 3 ]  and consequently 0 and u, in [4] through 
[ 7 ] .  When a more extensive study of the tem- 
perature dependence is available, and  the direc- 
tions of the field-gradient principal axes are 
known together with the moments of  inertia, a 
more comprehensive discussion will be possible. 
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3. The coupling constants and asymmetry 
parameters, e2Qq/h and q for 14N 

Table Ia shows that for 14N: 
(a) A smaller e2Qq/h is associated with a larger 

q ;  the percentage change in q is five times that 
in e2Qq/h: this is reasonable in view of the theor- 
etical results for q,,, q,,, and qcc (Table 111) since 
a larger q,, gives a larger e2Qg//z and smaller q.  
The q,,, q,,, and qcc are general expressions for 
any three mutually perpendicular q, such that 
(q,,) > lqbbl > )qccl. At any particular atom the 
q will be q,,, qyy, and q,,, and the identification 
of the q,,, etc., with the q,,, etc., will be particular 
to that atom (Table 111). 

(b) The q and e2Qg/h for p-iodo-aniline are 
anomalous; the values were calculated from the 
292 OK frequencies, instead of the 77 "K fre- 
quencies, but the p-chloro- and p-bromo-aniline 
values at 292 "K are still higher for e2Qq/h and 
lower for q than p-iodo-aniline. Hydrogen bond- 
ing between the -NH2 and I, intermolecularly, 
would explain the large q and small e2Qq/h, but 
the lZ7I n.q.r. resonance a t  261.14 mc does not 
support such an idea (27, 32). 

(c) The e2Qg/h and q for aniline (3933 kc; 
26.9%) and p-phenylene-diamine (3910 kc; 
26.4%) are surprisingly close in view of their 
different chemical properties. The e2Qq/ll and q 
of o-phenylene-diamine (3777 kc, 33.0%) are 
very different due perhaps to steric effects, or 
"direct field" effects between adjacent -NH2 
groups (33) which are absent in aniline and p- 
phenylene-diamine. 

4. Theory 
Preliminary calculations using the simple 

Hiickel molecular orbital theory (34) and the 
extended Hiickel method (35) led to our decision 
to analyze the results in terms of the bond electro- 
negativity equalization method with Hiickel 
molecular orbital n-bond treatment, BEEM-n 
(36). 

BEEM-TC is fully discussed elsewhere (40). 
The o-orbitals in the molecule are treated by the 
bond electronegativity equalization method in 
which the orbital electronegativities as functions 
of their own occupancy and the occupancy of 
other orbitals on the same atom are equalized 
in a two centered bond (41-43). Thus the o-core 
is changed from the free atom state, and this 
affects the o-orbital parameters of the Hiickel 
molecular orbital method, which change the 

charge density distributions, and alter the o- 
orbital occupancies. Thus the o a n d  n orbitals 
are interrelated, and the procedure is taken t o  
self-consistency for the o and x orbitals (40). 

The parameters in the BEEM-n: calculations 
for the n-orbital are  

in which ci is the coulomb integral and P the 
resonance integral, the subscripts x and 0 sig- 
nifying the hetero-atom and the benzene carbon 
where h, = 0 and kc  = 1, where h, = 1.5, 
kc ,  = 0.8, lz,, = 2.0, and keel = 0.4 (44). The 
o-bond parameters were the usual valence state 
orbital electronegativities and their parameters 
(41). 

BEEM-n has been successfully applied to pre- 
dicting the 35C1 n.q.r. frequencies in a series of 
conjugated molecules (40). In this paper it is 
applied to p-chloro-aniline. 

The chlorine a tom can be assumed to be in 
several different hybridized states. I f  it uses only 
p-orbitals in bonding it will be sp,pyp,, if it is 
trigonally hybridized3 (an extreme condition 
which is chemically unlikely) it will be tr.tr.tr.n, 
and if there is a certain percentage o f  s-character 
in the 0-orbital to the carbon atom in the ring, 
it will lie between these extreme positions. The 
results for p-chloro-aniline in Table IIIc demon- 
strate the sensitivity of the 35C1 n.q.r. frequency 
to the hybridization of the 35C1. A pure p, 
orbital gives 50.75 Mc, a pure trigonal orbital 
gives 33.69 Mc, while 20% s-character in the 
o-orbital gives 42.22 Mc. The respective asym- 
metry parameters are 2.5, 3.7, and 3.0% re- 
spectively. The experimental results are 34.15 
Mc for the frequency and 6 f 3% for the asym- 
metry parameter (37). Thus 28% s-character in 
the o-orbital would predict the frequency, and 
presumably the asymmetry, exactly. 

Since the BEEM-n theory is successful in pre- 
dicting 35C1 n.q.r. frequencies, i t  should be 
equally successful in predicting 14N n.q.r. fre- 
quencies. However, at the 35C1 atom the site 
axes coincide with the ring system axes, which 
in the planar molecule define the molecular axes; 
thus the only variable in the theory is the s- 
character of the chlorine o-orbital. 

3The nomenclature is discussed in refs. 49,7, and 4144. 
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This condition holds for the 35C1 atom in p- 
chloro-aniline even when there is an angle of 
25" 18' between the n-orbital of the 14N in the 
NH, group and the z-axis of the ring (38). The 
angle between the plane of the ring and the plane 
of the NH, unit is thus 39" 21'. Consequently 
BEEM-n calculations were repeated for such a 
non-planar p-chloro-aniline, in which the reson- 
ance integral PC, was altered to its value for a 
25" 18' loss in overlap between the 14N-n-orbital 
and the ring n-orbital. It is seen that the 35C1 
frequency and asymmetry parameter are quite 
insensitive to such changes. 

At the 14N atom on the other hand several 
variables can all affect the I4N n.q.r. frequency 
and asymmetry parameter. 

(a) The Hybridization at the Nitrogen 
The actual a-bond hybridization is unknown; 

thus the angle HNH for p-phenylene-diamine is 
109" 4' in CCI, solution (39) suggesting that the 
NH bonds are almost tetrahedral in hybridiza- 
tion (25% s-character) while the N-C bond will 
have 50% s-character in the 14N a-orbital. In the 
other molecules it is reported to be 112" for the 
angle HNH, so that the N-H a-orbital has more 
s-character and the N-C a-orbital less s-charac- 
ter than in p-phenylene-diamine. The exact 
hybridization governs the resolution into sp,pyp, 
occupancies, hence the values of q,,, qyy, and q,, 
and consequently the e2Qq/h and q, as seen above 
for 35C1, and as discussed by Das and Hahn (47). 
In all the BEEM-n calculations the 14N is 
assumed to be exactly tr.tr.tr.n hybridized, and 
only the occupancy of these orbitals is considered 
as a variable. 

(b) The Angle between the z-Axis of the Ring 
and the n Orbital of 14N in the -NH2 Group 

The absence of X-ray data on the molecules 
makes it difficult to select the correct principal 
molecular axes and the site axes at the 14N. In 
the BEEM-n calculations it is initially assumed 
that the molecular and site axes are the same; 
thus the molecule is planar and the results in 
Table IIIa are obtained. It will be noticed that 
the asymmetry parameters are about one tenth 
of the experimental and that e2Qqat/h is around 
- 5.6 Mc, well below the predicted - 7.4 Mc 
(45). Also the frequency 

is experimentally in the order p-chloro-aniline > 

aniline > p-phenylene-diamine > o-phenylene- 
diamine. The BEEM-n planar molecule pre- 
dicted order isp-phenylene-diamine > aniline > 
p-chloro-aniline > o-phenylene-diamine. The re- 
sonance integral PC, is 0.80 in these calculations. 

The angle between the molecular ring z-axis 
and the 14N n-orbital in aniline is 25" 18' (38). 
Thus if it is assumed that this angle is the same 
in o-phenylene-diamine, p-phenylene-diamine, 
and p-chloro-aniline, then BEEM-n calculations 
can be performed to give Table IIIb. The terms 
in this table are primed to signify that there is 
a 25" 18' angle between the 14N n-orbital and 
the n-orbital of the ring. It is immediately obvious 
that the theoretical asymmetry parameters q' are 
now in the same region as the experimental 
(Table I), while the e2~q' , , /h  are all near the 
expected - 7.4 Mc. An assumed angle slightly 
less than 25" 18' for any of the molecules would 
bring q t lh  and qe,, into agreement, and 
e2Qq,,/h nearer to -7.4 Mc. In Table IIIb the 
resonance integral PC, is held at 0.80. 

If the e2Qq,,/h for 14N were absolutely estab- 
lished as - 7.4 Mc it would be possible to use it 
to find the angles needed to give q,he,ry in agree- 
ment with q,,, and to predict the frequency. How- 
ever, the uncertainty in e2Qq,,/1z, and that dis- 
cussed in (a), together with the choice of the 
resonance integral parameter P, make such cal- 
culations invalid. 

In Table IIIc BEEM-n calculations are per- 
formed on p-chloro-aniline assuming a non- 
planar molecule and altering PC, from 0.80, the 
value for a planar molecule, to 0.72 the value for 
an angle of 25" 18', in the overlap expression, and 
for p = 0.62, an arbitrary decrease in PC,. It is 
obvious that the 14N q' is quite insensitive to the 
change from 0.62 to 0.72 (both 40%) but sensitive 
to the change from 0.72 to 0.80 (40% to 30%). 
The e2Qq',,/h is similarly sensitive to the change 
of PC, from 0.80 to 0.72 (-8.37 and -7.71 Mc) 
but only slightly sensitive to the change from 
0.72 to 0.62 (- 7.71 to - 7.35 Mc). 

In Table IIIb the order of the predicted fre- 
quencies v is p-phenylene-diamine > aniline > 
p-chloro-aniline > o-phenylene-diamine, the 
same order as for a planar molecule calculation. 
Either an angle change and/or a change in PC, 
alters such an order. Thus inp-chloro-aniline with 
PC- = 0.72, the value of qZz1(n) is 0.5339, pre- 
dicting that p-chloro-aniline will have the highest 
n.q.r. frequency, in agreement with Table Ia. 
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TABLE I11 
14N and BEEM-n calculations of the electron densities and field gradients in aniline and several derivatives* 

i Yao I I I  / I  
The maximum field gradient is chosen as  lq,,l > jq,,l > Iq,,l. 
For I4N, qoa = qzL, the 14N n-orbital; q,,, = qx!,,, the I4N p-orbital tangential to  the benzene ring; q,, = q,,, the 

N14 p-orbital in the C-N bond. 
For 35C1, qo0 = qsy, the 35CI p-orbital in the C-CI bond; qb, = q,,, the 35C1 p-orbital tangential to the benzene 

ring; q,, = qZL, the 35C1 n-orbital. 
Full results for p-bromo-aniline and p-iodo-aniline are not shown as the necessary BEEM-n parameters for Br 

and I have not yet been completely established (40). 

TABLE 1110 
14N BEEM-n calculations on aniline and several substituted anilines* 

-- -- 

Compound tr, = tr2 tr3 P A ~ )  PX PY qiZ(n) ~ X X  (lyy TI (%) eZQqatlh 
- - -  

Aniline 1.1559 1.1297 1.8377 1.1559 1.1384 0.6905 -0.3321 -0.3584 3.80 -5.69 
o-Phenylene-diamine 1.1562 1.1410 1.8259 1.1562 1.1461 0.6747 -0.3298 -0.3449 2.2 -5.60 
p-Phenylene-diamine 1.1511 1.1339 1.8529 1.1511 1.1396 0.7075 -0.3451 -0.3624 2.4 -5.53 
p-Chloro-aniline 1.1609 1.1179 1.8289 1.1609 1.1322 0.6823 -0.3627 -0.3197 6.3 -6.03 

*'4N BEEM-R calculations on  aniline and several substituted anilines assuming the molecules t o  be plotrar. The resonance integral a,N is 
0.80. The calculations are performed on a trigonally hybridized '"N; tr, = t r l  as  these are bonded to  H, tr, is bonded f o  C ,  and  p,(n) is the lone 
pair orbital. The  results are transformed to an s, p,, p,, and p,(n) basis set, and the field gradients q,,,q,,and 9,: calculated from the p,, p,, 
and p , ( ~ ) ,  since (47) 

4;: = p,(x) - 1 / 2 ( ~ ,  + P,) ete. 
The  figures under columns 2 through G represent electron densities, o r  occupation numbers, those in columns 7 through 9 represent numbers 

by which the field gradient in the free atom must be multiplied to  give the field gradient in the n~olecule (47). Thus 
9 = q ,  etc. 

TABLE lIIb 
14N BEEM-n calculations on aniline and several substituted anilines* 

-pp--..--p- ~p 

---- ---- 

Compound P':(E) P 'x pJy  q'er(n) qrxx ' rl' ( %) ezQq';,,lh 
ppp 

~nil ' i ne  1.7100 1.1559 1.2662 0.4989 -0.3322 -0.1667 33 -7.88 
o-Phenylene-diamine 1.7018 1.1562 1.2703 0.4885 -0.3292 -0.1587 35 -7.72 
p-Phenylene-diamine 1.7227 1.151 1 1.2699 0.5122 -0.3452 -0.1670 35 -7.63 
p-Chloro-aniline 1.7017 1.1609 1.2595 0.4915 -0.3197 -0.1718 30 -8.37 

IJBEEM-R calculations on  aniline and several substituted anilines assumed to have an angle 0 o f  25" 18' between the nitrogen lone pair 
axis and the z-axis of the benzene ring. The  resonance integral BcN is maintained a t  0.80.The eleetron densities p ' ,and new field gradients q , 
are calculated using p', = p,, p', = p, cos 0 + pz  sin 0, and p': = p, cos 0 + p, sin 0. 

TABLE l lIc 
BEEM-n calculations o n  p-chloro-aniline* 

--- 

(i) 35C1 results for a fixed DCN = 0.80 and variable hybridization 

OCN Hybrid PX PY qzz(n) ~ X X  ~ Y Y  ( 1  v M c  
- - 

0.80 tr.tr.tr.n 1.9848 2.000 1.3784 0.2956 0.3184 -0.6140 3 . 7  33.69 
0.80 PXPYPZ 1.9848 2.000 1.0676 0.4510 0.4738 -0.9248 2 . 5  50.75 
0.80 2 0 % ~  in p, 1.9848 2.000 1.2230 0.3733 0.3961 -0.7694 3.0  42.22 

---- --p-ppp-p- ---- 
(ii) Variable DCN and fixed hybridization 

- 

*(i) T h e  table shows how the resonance frequency for  35C1 is dependent on the hybridization of  the chlorine orbitals. T w o  extreme eases 
tr.tr.tr.n and sp,p,p, are calcu!ated, and a case with 20% s-character in the C-CI a bond (p:). 

(ii) With a.fixed hybridization assumed for 35CI and  l J N  the effect of  changing the resonance integral OcN is considered. The  ,5Cl is, as  
expected very insens~tive to  such a change. and so  is the I4N. Thus the calculations In Table IIIb a r e  fairly reliable despite the use of an un- 
altered $CH = 0.80, derived for planar molecules, in the non-planar molecule calculations. 
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( c )  The Possible Twisting of tlre -NH2 Group 
out of the Plane of tlre Ring 

This would change both the site axes, now 
being at a solid angle t o  the molecular axes by 
0 for the angle between the z-axis of the ring 
and the 14N n-orbital, and by c$ for the angle 
between the x axis of the ring and the x axis of 
the I4N. This would affect the values of q,,, q,,, 
and qcc simply by the resolution of the orbital 
densities, and also the n-bonding t o  the ring and 
consequently the value of PC,. 

( d )  Otlrer Results 
The results for p-bromo-aniline and p-iodo- 

aniline are not shown in detail in Table 111 due 
to  the preliminary nature of their BEEM-n 
parameters (40). The prelitnitlary results give 
q,,B' as 0.4936 with q at  28% and q u u l  as 0.4497 
with q a t  40%. The predicted e2Qq:,,/I1 is 8.37 Mc 
as in p-chloro-aniline. The parameters in the 

v precisely; it includes variations in the H N H  
angle, in 0 and 4, as well as experimental measure- 
ments on 25 other substituted anilines over a 
wider temperature range. The PC, parameters 
are being improved and BEEM-n parameters 
for Br and I verified. 
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NOTES 

Studies on metal hydroxy compounds. V. Heats of decomposition of 
zinc and cadmium halide (C1,F) derivatives 

P. RAMAMURTHY AND E. A. SECCO 
C/~emistry Department, St. Francis Xavier. University, Atztigonisl~, Nova Scotia 

Received April 2, 1968 

The heats of decomposition of the following hydroxy compounds are reported: Zn(OH),, Zn(OH)Cl, 
Zn(OH)F, Cd(OH),, Cd(OH)CI, and Cd(0H)F. 
Canadian Journal of Chemistry, 46, 3605 (1968) 

Introduction presented in Table I according to the following 

This commun~cat~on is a part o f a  program of equations showing the onset and terminal tem- 

study on Zn and Cd hydroxyhalide compounds peratures: 

and reports on the heats of decompositioi~ and 120-185 "C 

the heats of formation of these compounds. [ I1  E-Zn(0H)2(c)- ZnO(c) + H20(g) 

Details of these decomposition reactions and 245-330 "C 
analyses have already been reported (1, 2). [2] 0-Zn(OH)CI,,, ZnCI,,,, + 

ZnO(c) + HzO(,) 

Experimental 
All compounds used in this study were prepared in this 

laboratory using procedures already described (1, 2). 
The heats of decomposition were determined using a 

duPont calorimeter cell (Cat. No. 900350), a plug-in 
module for the duPont DTA-900. The calorimeter celi 
follows design principles suggested by Boersma (3). 
Silver holders, or cups, for sample and reference are 
located in separate air cavities in a heating block. This 
construction provides for any heat developed during a 
reaction to be retained by the sample and its holder so 
that the resulting AH value is essentially independent of 
sample size, specific heat, and packing density. 

The area of the decomposition peak in the thermogram 
was measured by planimetry. (A compensating polar 
planimeter, Gelman Instrument Co., Planimeter 39231, 
was used.) The peak is related to A H  of the reaction by 
the equation: 

where E is the calibration coefficient (mcal/"C min); 
A,  peak area (in.'); AT,, y-axis sensitivity setting ("C/in.); 
T,, x-axis sensitivity setting ("C/in.); M, mass of sample 
(mg); a, heating rate ("C/min). A calibration coefficient 
E curve versus peak temperature T was determined in the 
working temperature range 150-420 "C using substances 
with known heats of fusion, viz. In, Sn, Cd, and Zn, 
obtained from National Bureau of Standards (NBS) 
Circular No. 500. 

Results and Discussion 
The calorimetric results for decomposition are 

The heats of fusion for bismuth metal, AgNO,, 
and NH,NO, were determined as internal checks 
on the reliability of the calorimeter cell and the 
method for calculating AH. The agreement 
between our value of AH: for ~ - z n ( o H ) ,  with 
the literature value further confirms the confi- 
dence of the calorimetric measurements. 

The present AH: values were calculated using 
Kopp's rule approximation with ACO, z 0 in 
the equation: 

because C :  values for most compounds are un- 
available to us. The sole case where the CO, values 
were available was eq. [l ] and here A C :  was 
evaluated as - 0.5 cal/deg mole which leads to a 
maximum correction of -0.08 kcal-an insigni- 
ficant correction relative to the experimental 
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TABLE I 
Heats of decomposition and values of AH: 

-- - - - - -- 
Heat of decon~position" 

-- 
AH (kcal/mole of -AH? (kcal/rnole) 

AH (kcal/mole of compound 
Compound H 2 0  formed) decomposed This work Literatureb 

Bismuth (fusion) 2.643 2.640 
NH,N03 (fusion) 1 .304 1.300 
AgN03 (fusion) 2.722 2.752 
Zn(OH)z l l . 60+_0 .35  11.60k0.35 154.35 153.74 
Zn(OHICIc 11.08+0.16 5 .54+0.08 126.52 - 

-- -- 
OAll dc te rn i~na t~ons  ne re  done In d u ~ l i c a l c  except Cd(OH)CI wh~cli  was In trlnllcate. The  AH values a r e  mven . . .  

with their avcrape deviations. 
"Literature values cited for fusion a rc  from NBS Circular N o .  500 (1951), whereas all other  values cited o r  used 

in our  calculations are from NBS Technical Note 270-3 issued in January, 1966 by the United States D e p t .  of 
Commerce. - -  ~~~. - ~ .  

<Corrected for  fusion endotherm of ZnCI2 in dccomposition doublet. 
Wnab le  to  correct for second endotlierm in decomposition doublet. The actual AH valuecould be lower if thc 

second cridotherm is in fact associated with a process other than decomposition. 

variations and thus justifying the Kopp's rule 
approximation. 

The slight disparity between the AH: values 
for Cd(OH), and Cd(0H)CI from this work and 
the literature most probably resides in the purity 
of these compounds. In the case of Cd(OH),, 
the reported value of AH: is for a hydroxide 
prepared from Cd(NO,), and alkali (4). Detailed 
studies reported recently (5)  showed that 
Cd(OH), prepared from its salts and alkali is 
often admixed with basic salts. Likewise for 
Cd(OH)Cl, the possibility exists for the copre- 
cipitation of higher hydroxyhalides. 

The column of values for AH per mole of H 2 0  
formed indicates a decreasing trend for the zinc 
derivatives and an increasing trend for the 
cadmium compounds. The slightly higher AH 
value for Cd(OH), relative to Zn(OH), suggests 
that the OH group might be more tightly bound 
in Cd(OH),. This suggestion is furthermore con- 
firmed as the Cd-OH bond is strengthened con- 
siderably in the halide derivatives as evidenced 
by the significantly higher AH per mole of H,O 
values observed for CdOHCl and CdOHF as 
contrasted with Zn-OH in ZnOHCl and 
ZnOHF. 

The decomposition temperatures for the de- 
rivative compounds, on the other hand, are all 
higher relative to its parent hydroxide which 
arises primarily from increased separation of 
neighboring OH groups by interposition of the 
halogen substituent. 

In summary, the presence of a halogen sub- 
stituent, C1 or F, in zinc hydroxide, though 
effecting a higher decomposition temperature, 
in fact weakens the bonding between the OH 
group and the zinc cation, whereas, a parallel 
substitution in cadmium hydroxide strengthens 
the Cd-OH bond. 
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NOTES 

Polyatomic cations of the Group VIB elements. 11. Compounds of 
the Se,2+ cation 

J. BARR, D. B. CRUMP, R. J. GILLESPIE, R. KAPOOR, AND P. K. UMMAT 
Departtnent of Chemistry,  waster University, Hamilton, Ontario 

Received May 16, 1968 

The preparation and characterization of the compounds Se4(HS,07)Z, Se4S42y13r Se4(S03F)2, and 
Se4(Sb2Fl,)2 are described. All four compounds are shown to contain the Se4 catlon. 
Canadian Journal of Chemistry, 46, 3607 (1968) 

In part I of this series (I) ,  the oxidation of 
selenium in fluorosulfuric acid, sulfuric acid, and 
oleum was shown to produce solutions containing 
the ions Se,2+ and Se,", rather than the com- 
pound SeSO, as had previously been suggested 
(2). A yellow compound of the latter composition 
has been isolated from the reaction of selenium 
with sulfur trioxide (2), but in view of the results 
presented in part I, it seems probable that the 
formula SeSO, is not a good representation of 
this compound. This paper describes the prepara- 
tion and characterization of solid compounds 
from the reaction of selenium with sulfur trioxide, 
disulfuric acid, and fluorosulfuric acid. It also 
seemed possible that the compound Se(SbF,), 
described by Aynsley, Peacock, and Robinson 
(3) might be related to the yellow SeSO, com- 
pound. Consequently, the reaction of selenium 
with antimony pentafluoride was investigated, 
although this gave a compound under our con- 
ditions with an analysis approximatingto SeSbF,. 

Experimental 
Preparation of the Cotnpounds 

Finely powdered selenium was dissolved in 65 % oleuln 
to give a solution about 6 M in selenium. The dark-green 
solution was heated at 50-55 "C until yellow-brown, then 
allowed to stand for several days. Orange, needle-like 
crystals (1) separated from the solution. These were 
filtered in a dry atmosphere, washed with a mixture of 
nitromethane and S205F2 or with sulfur dioxide, and 
pumped dry at 50 "C. 

A concentrated 4:l Se:S2O6F2 solution in fluorosul- 
furic acid was evaporated to dryness at 60-80 "C under 
vacuum, and the apparently dry solid further pumped 
for 24 11 at 80 "C. The product was a bright-orange 
solid (2). 

About 10 g of finely powdered selenium was dissolved 
in 15 g of freshly distilled sulfur trioxide at 0 "C. The 
green, viscous liquid changed to yellow with evolution 
of SO, over a period of 24 h, and a yellow solid separ- 
ated. Excess SO3 was removed by pumping to constant 
weight at room temperature. The product was a yellow, 
amorphous solid (3). 

Powdered selenium was heated for 6 h at 100-140 "C 
with an excess of antimony pentafluoride to  give a 
homogeneous yellow solution and a small amount of a 
white sublimate. On cooling the solution, a yellow crystal- 
line solid separated. This was washed with SbF, and 
pumped dry at 140 "C for 36 h to give a bright-yellow 
powder (4). 

All the compounds darken rapidly on exposure to moist 
air, and instantly decompose to red selenium when added 
to water. On heating in dry nitrogen, decomposition to 
black selenium without melting occurs below 200 "C. 
They dissolve immediately in sulfuric, disulfuric, and 
fluorosulfuric acids to produce yellow solutions. 

Atzalysis 
Selenium 
Weighed quantities of each compound were decom- 

posed with water and dissolved in the minimum volume of 
warm nitric acid. The diluted solution was warmed with 
an excess of hydrazine sulfate for 1 h, and the resulting 
grey selenium was filtered, dried, and weighed. 

Slrl'lr 
Weighed samples of 1, 2, and 3 were decomposed 

with a small volume of water in a sealed container and 
the selenium filtered from the solution. The sulfur in 
the filtrate from 1 or 3 was then determined gravi- 
metrically as BaS04. The filtrate from 2 was made 
strongly acid, heated almost to boiling, and scrubbed 
with a current of air for 48 h. This ensures hydrolysis 
of fluorosulfate to sulfate and fluoride, and removal of 
the latter as HF. The sulfate was then determined gravi- 
n~etrically. 

Flrrori~ie 
Weighed samples of 2 and 4 were hydrolyzed with a 

slight excess of sodium hydroxide for 3 days at 100 "C 
in a sealed tube. After filtering off selenium, the fluoride 
in the filtrate was determined by potentiometric titration 
with standard lanthanum nitrate, using an Orion fluoride- 
ion-activity electrode as indicator (4). 

Atztimony 
The method was adapted from that of Johnson and 

Newman (5). The Sb(V) from weighed samples of 4 was 
reduced with phosphorus and iodine, and the Sb(II1) 
titrated with standard iodine solution, in the presence of 
boric acid to eliminate interference from fluoride ion (6). 

Results 
1. Se, 46.34, 46.88%; S, 19.24, 19.28%. 
2. Se, 62.0, 62.5, 61.8%; S. 12.3, 12.3%; F, 7.0, 7.7%. 
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3. Se, 49.4, 48.6, 48.8, 49.4%; S, 20.2, 20.5, 19.4%. 

4. Se, 27.06, 27.02%; Sb 38.65, 38.43%; F, 33.7, 
34.10%. 

Conductivity, Cryoscopy, and Absorption Spectra 
The techniques used for studying solutions in sulfuric 

acid and fluorosulfuric acid were similar to those de- 
scribed in part I(1). 

Nuclear Magnetic Resonance Measurements 
The 19F nuclear magnetic resonance (n.m.r.) spectra 

were recorded with a Varian Associates DP-60 spectrom- 
eter operating at 56.4 MHz. 

Discussion 
Table I shows the analyses expected for various 

compounds that might be formed under the 
experimental conditions. The analyses of 1 and 3 
both correspond fairly closely to SeSO,, but the 
analysis of 2, obtained from fluorosulfuric acid 
solutions, clearly does not. The S:F ratio in 2 
suggests strongly that fluorosulfate is present, and 
theanalysisagreeswell with the formula Se2S03F. 
The analyses of both 1 and 3 are consistent with 
compounds of formulas Se4S4013 or Se,HS,O,. 
As 1 and 2 were obtained from solutions known 
to contain Se," (I), it seems reasonable to 
formulate 2 as Se,(SO,F), and 1 as Se,S,O,, or 
Se,(HS,O,),. The analysis of 4 is consistent with 
Se,Sb,F,, or SeSbF,, containing Se in the ++ 
and + 1 oxidation states respectively. 

The absorption spectra of 1 and 3 in sulfuric 
acid, and of 2 and 4 in fluorosulfuric acid, show 
in all cases the characteristic 410 mp absorption 
of Se," (I), with the following values of extinc- 
tion coefficients: 1, 1940; 2, 1970; 3, 1820; 4, 
2170. In view of the value of extinction coefficient 
for Se," given in part I, it is clear that all four 
compounds give rise to Se," virtually quantita- 
tively in solution. All four compounds, both in 
the solid state and in solution in sulfuric or 

TABLE I 
Calculated analyses for possible compounds 

Compound Se (%) S or Sb (%) F (%) 

fluorosulfuric acid, show a strong characteristic 
Raman line at ca. 328 cm-I.' The solids thus 
contain the same selenium species, namely Se42 +, 
as the solutions. 

These results confirm the suggested formula- 
tion of 1 and 2 as given earlier, and demonstrate 
that both 3 and 4 are also compounds of Se,". 
Thus 3, like 1, could be either Se4S4013 or 
Se,(HS,O,),, while a formula Se4(Sb2Fl,), for 
4 would be consistent with the analytical and 
other data. 

Cryoscopic and Conductometric Measurements 
Compounds 1 and 3, which may be either 

Se4S4Ol3 or Se,(HS,O,),, would be expected to 
ionize in sulfuric acid according to one of the 
following equations : 

It is not possible to distinguish easily between 
these two cases by direct conductometric or 
cryoscopic measurements in 100 % sulfuric acid. 
They can, however, be readily distinguished by 
the effects on conductivity and freezing point of 
adding the compounds to aqueous sulfuric acid, 
since this results in reaction of the excess SO, 
with water according to the equations 

where Av and Ay are respectively, the change in 
the total number of solute particles and the 
change in the number of hydrogen sulfate ions 
produced in solution per g-atom of selenium. 

Figure 1 shows the conductometric and cryo- 
scopic measurements for compounds 1 and 3 in 
aqueous sulfuric acid. The values of Av = 
-0.25, Ay = 0 for compound 1 and Av = 
-0.75, Ay = -0.25 for 3 show clearly that 1 
contains one excess SO, per two Se atoms, and 
can be formulated Se,(HS,O,),, while 3 contains 
three excess SO, per four Se atoms and can be 
formulated Se,S,O,,. 

The results of conductivity measurements on 
compound 2 in fluorosulfuric acid are shown in 
Table 11. The value of y = 0.48 shows that one 
fluorosulfate ion is produced per two selenium 

'R. J. Gillespie and G. P. Pez. To be published. 
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TABLE I1 

atoms, as would be expected from the formula- 
tion Se4(S03F),. 

The 19F spectrum of a solution of 4 in HS03F 
had a single broad peak A at + 162 p.p.m. (from 
HS03F) which may be assigned to SbF6-, a 
doublet B at 154 p.p.m., and a quintuplet C at 
172 p.p.m. with a coupling constant of 103 Hz 
which may be assigned to the SbF5(S03F)- 
anion (7). The relative areas of the peaks were 
A:B:C = 6:4: 1 showing that the species SbF6- 
and SbF5(S03F)- were present in equal amounts. 
I t  is known that SbF, forms the SbF,(SO,F)- 
anion in fluorosulfuric acid (7), hence compound 
4 gives rise to equal amounts of SbF6- and 
SbF, in solution in fluorosulfuric acid and there- 
fore presumably contains the Sb,F,,- anion. 
The compound 4 is not very soluble in sulfur 
dioxide but at - 80" the solution gave a weak 19F 

I 
G-ATOM se I K G  

Conductivity of solutions of compound I1 
in HS03F (25 "C) 

0.1 0.2 

Concentration 
(g-atom Se/kg) lo3 K Y 

0.1 0.2 
L I I  

spectrum of three peaks, a multiplet, a doublet of 
doublets, and a quintuplet essentially identical 
with that previously observed for the Sb,Fll- 
ion in H F  (8). The spectrum did not show any 
peak for the SbF6- ion or the SbF,SO, complex. 
Thus the 19F n.m.r. data confirm that the anion 
in 4 is Sb,F,,- and that the compound may 
therefore be formulated as Se4(Sb2Fll),. 

FIG. 1. Conductivities and freezing points of solutions 
of 1 and 3 in aqueous sulfuric acid: 8, 1; 0, 3; A, 
Av = -0.25; B, AV = -0.75; C, Ay = 0; D, Ay = 
-0.25. 
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The ion-molecule reactions occurring in CH3SH and CD3SH have been identified and rate constants 
measured for ions of 3.4 eV ion exit energy. The reaction CD3SH+ + CD3SH involves predominantly 
transfer of the mercaptyl hydrogen. 
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Recent studies (1-5) of the ion-molecule re- the molecule ion, CH30H+,  and the fragment 
actions of methyl alcohol have shown that both ion, CH,OH+, react rapidly withneutral CH,OH . - 
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reaction of the molecule ion the hydroxyl 
hydrogen is transferred approximately 2.5 times 
more readily than the methyl hydrogen, while in 
the reaction of CH,OH+ only the hydroxylic 
hydrogen is transferred. The present work re- 
ports a study of the related methyl mercaptan 
system to determine the reactions occurring-and 
to determine the specificity of the hydrogens 
transferred. 

Experimental 
The reactions occurring, both in CH3SH and CD3SH, 

were identified from ratio plots (6) over a range of electron 
energies where only the molecule ion and fragment ion(s) 
formed by loss of a hydrogen (or deuterium) were signi- 
ficant primary ions. This work was carried out on the 
modified MS-2 instrument (7) at a source concentration 
of approximately lo i3  molecules ~ m - ~  and a constant 
repeller voltage corresponding to 3.4 eV ion exit energy. 

Accurate rate constants for the reactions occurring 
were obtained from pressure plots. The mass spectrom- 
eter and the techniques employed have been described 
recently (5). All runs were carried out at 3.4 eV ion exit 
energy. The CH3SH was obtained from Matheson Co. 
while the CD3SH (1.9% CDzHSH) was obtained from 
Merck, Sharp, and Dohme. Neither sample showed any 
detectable impurities. 

Results and Discussion 
Ion-Molecule Reactions in CH,SH 

Ratio plots at low energy showed the two 
reactions 

to be occurring with the relative rates k,/k, z 
1.4 $- 0.3. No other products were detected. The 
ion written as CSH3+ is a mixture of the two 
structures CH,S+ and CH,SH+. 

A typical pressure plot at  10 eV nominal elec- 
tron energy and 3.4 eV ion exit energy is shown 
in Fig. 1.  From the semi-logarithmic plots of the 
normalized primary ion intensities versus pressure 
we obtained as the average of four runs k,  = 1 1.9 
k0 .6  x lo-'' cm3 molecule-' s-' and k ,  = 
10.4$-0.3 x lo-'' cm3 molecule-' s-'. 

Several pressure plots also were carried out at 
higher electron energies where CHS+ was present 
as a primary ion. This ion was found to be reactive, 
having a disappearance rate constant of 7 x 
lo-'' cm3 molecule-' s-I .  Although the prod- 
ucts of the reaction were not positively identi- 
fied there was some evidence that it reacted in 
part by charge transfer to produce CH3SH+. 

Ion-Molecule Reactions in CD3SH 
The mass spectrum of CD3SH shows both 

SOURCE PRESSURE ( v l  

FIG. 1. Pressure plot CH3SH, lOeV nominal electron 
energy. 

CD,S+ and CD2SH+ as fragment ions, the 
appearance potentials of the two ions being 
practically the same (8). Consequently it was not 
possible to work under conditions where only 
one fragment ion was present. 

Using the modified MS-2 instrument at elec- 
tron energies below the onset of fragment ion 
formation predominant formation of CD3SH,+ 
was noted, the ratio CD3SH,+/CD3SHDf being 
approximately 15 + 5.  At higher electron energies 
both CD3S+ and CD,SH+ were significant re- 
active primary ions. CD3S+ can yield only 
CD3SHD+ while the results showed that 
CD,SH+ produced only CD,SH2+. 

Figure 2 shows a typical pressure plot for 
CD3SH at 10 eV nominal electron energy and 
3.4 eV ion exit energy. From four such runs we 
determined the following rate constants (units: 
cm3 molecule-' s-'). 
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NOTES 361 1 

[4] CDZSH' + CD3SH -> CD3SHZ+ + CDzS 

k ,  = 8.0k0.6 x lo-'' 

[j] CD3S+ + CD3SH -> CD3SHD+ + CDzS 

k ,  = 10.0+0.4 x lo-'' 

Pressure plots also were carried out at low elec- 
tron energies, where only CD3SH+ was present 
as a primary ion, to determine the isotopic dis- 
tribution of products from reaction [3]. Figure 3 50 

shows a typical plot extending to 40 p pressure. 
The initial yields show that 92% of the reaction 
produces CD3SH,+ while 8% produces CD3- 9 
SHD'. In addition the CD3SHD+ yield goes 
through a maximum and decreases with further 2 
increase in pressure. This is presumably due to 
the proton transfer reaction [6] 

[6] CD3SHD+ + CD3SH -P CD3SH2+ + CD3SD 

similar to that observed in the CD30H system .\D 
(3, 4). A small yield of the disolvated proton was 20 
observed at high pressures. 

The above results indicate that in reaction [3] 

SOURCE PRESSURE ( p )  

FIG. 3. Pressure plot CD3SH, CD3SH+ only signi- 
ficant primary ion. 

the mercaptyl hydrogen is transferred approxi- 
mately 35 times more readily than the methyl 
hydrogen (allowing for the 3:l ratio of available 
hydrogens). This is t o  be compared with the 
corresponding factor of2.5 for the methyl alcohol 
system. A similar high reactivity of the mercaptyl 
hydrogen is also observed in hydrogen abstrac- 
tion reactions by methyl radicals, where, with 
CH,SH, abstraction of the mercaptyl hydrogen 
occurs much more rapidly than abstraction of a 
methyl hydrogen (9), while with methyl alcohol 
abstraction of the methyl hydrogen is the faster 
reaction (10). 
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The successive insertion of Bu,SnO units into Sn-CI, Sn-OOCR, Sn-OAr, and Sn-0-N 
\ 

I 
bonds was found to lead to functionally substituted oligomeric stannoxanes. 
Canadian Journal of Chemistry, 46, 3612 (1968) 

The reactions of polymeric dialkyltin oxides, 
R2Sn0, and compounds of the type R1,SnX 
(1, 2), Rt2SnX2 (3), R1SnX3 (1, 2), and SnX, (1) 
(X = halogen or acetate), in which distannox- 
anes of the general formula X3-,,R1,SnOSnR2X 
(n = 3-0) are formed, were reported by Davies 
et al. In a preliminary note (4), the same author 
reported the synthesis of some polymeric stan- 
noxanes. This communication prompts us to 
publish our results concerning some insertion 
reactions leading to the formation of functional- 
ly substituted oligomeric stannoxanes, wherein 
the reactions are carried out stepwise. 

We found that tetrabutyl dichlorodistannox- 
ane reacted readily with 1 mole of dibutyltin 
oxide in boiling toluene, the reaction product 
being hexabutyl dichlorotristannoxane 

The end of the reaction is clearly indicated by the 
disappearance of the insoluble dibutyltin oxide. 
Adding an additional mole of the oxide and 
boiling for a short time resulted in the insertion 

IPart of a Ph.D. Thesis submitted by D. Wagner to the 
Senate of the Hebrew University of Jerusalem, September 
1967. 

of an additional Bu,SnO unit into the molecule, 
producing octabutyl dichlorotetrastannoxane, 

As the starting compound for these reactions 
contains a Sn-CI bond as well as a Sn-0-Sn 
bond, it may react with Bu,SnO as an organotin 
halide or as an organotin oxide. The end product 
will be the same by either path, so that no 
evidence concerning the site of insertion of the 
Bu2Sn0 group can be deduced by the structure 
of the resulting reaction product. It was found that 
bis-tributyltin oxide, R3Sn-0-SnR, (whose 
structure is very similar to that of tetrabutyl' 
dichlorodistannoxane except that its two halogen 
atoms are replaced by alkyl groups), failed to 
react with dibutyltin oxide even on prolonged 
heating to high temperature. This fact suggests 
that in the reaction with the stannoxane the 
Sn-CI bond is the active site and not the Sn-0 
one. 

The tri- and tetra-stannoxanes are soft, low- 
melting solids which are easily soluble in organic 
solvents. 

In analogy to the insertion reaction of di- 
butyltin oxide into Sn-C1 bonds, we tried to 
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of an additional Bu,SnO unit into the molecule, 
producing octabutyl dichlorotetrastannoxane, 

As the starting compound for these reactions 
contains a Sn-CI bond as well as a Sn-0-Sn 
bond, it may react with Bu,SnO as an organotin 
halide or as an organotin oxide. The end product 
will be the same by either path, so that no 
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Bu2Sn0 group can be deduced by the structure 
of the resulting reaction product. It was found that 
bis-tributyltin oxide, R3Sn-0-SnR, (whose 
structure is very similar to that of tetrabutyl' 
dichlorodistannoxane except that its two halogen 
atoms are replaced by alkyl groups), failed to 
react with dibutyltin oxide even on prolonged 
heating to high temperature. This fact suggests 
that in the reaction with the stannoxane the 
Sn-CI bond is the active site and not the Sn-0 
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TABLE I 
Oligomeric stannoxanes 

L _In 

C (%) H (%) N (%) Cl (%I Sn (%) 
M.p. Recrystallization Yield 

X n ( ' 0  from (%I Calcd. Found Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

CI 2 104' Heptane 73 35.96 36.06 6.79 6.58 8.84 7.03 44.42 44.20 
CI 3 1027 Heptane 86 36.58 36.55 6.91 6.58 6.75 6.84 45.19 45.70 2 

p-N02C6H4C0z 2 85 Heptane-benzene 90 42.93 43.10 5.88 5.60 2.64 2.43 33.50 33.60 2 
o-N02CsH4C02 2 120 Heptane 96 42.93 42.60 5.88 6.00 2.64 2.50 33.50 33.10 g 
p-CIC6H4C02 2 144-145 Toluene 94 43.80 43.94 6.00 6.21 6.81 6.64 34.18 33.90 
C6H5CONHCHZCO2 2 14&141 Benzene-petroleum ether 89 46.40 46.15 6.49 6.71 2.58 2.47 32.76 32.50 
CIZCHCOZ 2 124-125 Petroleum ether 46 34.08 34.29 5.72 5.70 14.37 14.8 36.09 35.90 
p-NOzCsH40 2 171 Heptane 8 1 42.94 42.82 6.21 6.18 2.78 2.80 35.36 35.15 
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insert the  Bu,SnO group into Sn-carboxylate 
bonds. In  a previous paper ( 5 )  we described the 
preparation of  organotin esters of t he  type 

Bu Bu 
I I 

RC00-Sn-0-Sn-00CR 
I I 

Bu Bu 

by an  interfacial method, using tetrabutyl di- 
chlorodistannoxane as  starting material. Such 

esters were used in this study. It was found t ha t  
t he  insertion reactions are fast a n d  yielded the  
expected products. Thus, reacting tetrabutyl di- 
para-nitrobenzoyloxy distannoxane with 1 mole 
o f  dibutyltin oxide gave hexabutyl di-para- 
nitrobenzoyloxy tristannoxane. 

W e  also found  that organotin phenolates 
entered the insertion reaction, according t o  t he  
equations 

I n  the same manner  the  dibutyl tin ester of Experimental 
N-hydroxy succinimide entered t he  insertion ~ ~ l ~ i ~ ~  points were determined on a ~ i ~ h ~ ~ - ~ ~ h ~  
reaction apparatus and are uncorrected. 

I n  contrast to the  reactivity of tin-halogen, 
-carboxylate and  -phenolate bonds,  the tin- 
sulfur and  tin-tin bonds were found t o  be un- 
reactive in this insertion reaction. 

Gerzeral Pr.ocedrrr.e for. the It1sertion Reactiorrs 
The insertion products were obtained by boiling di- 

hutyltin oxide with I equivalent of organotin dichloride, 
dicarboxylate, diphenolate, or the N-hydroxy succini~nide 
derivative in toluene. Upon clarification of the reaction 
mixture it was cooled, more dibutyltin oxide was added, 
and this process was repeated two or three times as 
required. 

The compounds prepared are summarized inTable I. 
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Erratum: Effets ioniques spkcifiques sur le taux de formation du C10, 
par la rCaction chlorure-chlorate 

F. LENZI ET W. H. RAPSON 
Department of Cl~ernical Engineering and Applied Clremistry, University of Toronto, Toronto, Ontario 

R e ~ i l  le 5 juillet 1968 

(Ref.: Can. J. Chem. 46, 979 (1968)) 

Canadian Journal oTChemistry, 46, 3615 (1968) 

Page 984, colonne gauche, Cq. [7] : lire 

2k2k3~4 [~1 - ]2 [~103 - ]2 [H f  . 4H20I4  
.- 

~,'CCI,][H,O]'~ + /c~K[H+ .~H,o][c~o~-:I[H~O] l 2  

au lieu de 
21c k K ~ [ C I - ] ~ [ C ~ O ~ - ] ~  

k2'[C121[H201'7i) k3K[Hf.4H201[CI03~l[H2~~ 

Page 984, colonne droite, ligne 10: lire 22.3 x Page 984, colonne droite, ligne 15: lire 6032 
271 = 6032 aulieude22.4 x 230 = 5150. &lieu de 5 150. 
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Structure of pithecolobine. 111. The synthesis of the 1,5- and 
1,3-desoxypithecolobines 

K. WIESNER, Z. VALENTA, D. E. ORR, V. LIEDE, AND G. KOHAN 
Natural Product Researclz Center, University of New Bruns~vick, Fredericton, New Br~inslvick 

Received June 17, 1968 

The second communication of ihis series has shown that "pithecolobine" is a family of closely related 
analogues represented by the general formula 1. In the present paper a crude semiquantitative estimate 
of the individual components is achieved by a combination of vapor-phase chromatography and chemical 
degradation. 

The synthesis of the desoxypithecolobines 3a and 30 and their tetratosylates l l a  and 110 is 
described. A comparison of these compounds with the corresponding "natural" mixtures by thin-layer 
chromatography in several systems, infrared, nuclear magnetic resonance, and mass spectrometry was 
found to support strongly the conclusions reached by the previous degradative work. 
Canadian Journal of Chemistry, 46, 3617 (1968) 

In the second communication (1) of this series 
we have shown that the "alkaloid pithecolobine" 
is in fact a mixture of homologues and analogues 
represented by the general formula 1. 

In this mixture we have rigorously demon- 
strated the presence of l a  and we have shown 
that a significant proportion of compounds with 
m = 1 is present., 

As a necessary prerequisite of the synthetic 
studies to be described in the sequel, we wished to 
have at  least a semiuuantitative estimate of the 

obtained from the Hofmann degradation of 
pithecolobine. We have shown in our  second 
communication (1) that the Hofrnann degrada- 
tion of pithecolobine yields besides a mixture of 
neutral unsaturated amides, the lactone 2 by 
internal displacement. Hydrogenation and hy- 
drolysis of the unsaturated amides gave n- 
dodecanoic acid contaminated by some n-tri- 
decanoic and n-tetradecanoic acid. We have now 
determined quantitatively the proportions of 
these three acids in the mixture by v.p.c. of the 
methyl esters. .The result was as follows: C-12 
acid, 65%; C-13 acid, 4%; C-14 acid, 30%. The 
quantities of lactone 2 and unsaturated amides 
obtained in the experiment were 122 mg and 
391 mg, respectively. 

CH3-(CH2)aQo 

2 

main components in the pithecolobine mixture.' From these results it is clear that a minimum 
I t  was possible to achieve such a crude analysis by of 24% of the pithecolobines is c o m p o u n ~  la 
~ a ~ o r - p h a s e  (v.P.c.) of straight (m = 3, 11 = 6), a further 49% are other C-22 
chain acids (in the form of their methyl esters) (in + = g) pithecolobines (including possibly 

some more l a  which did not yield the lactone 
'Vapor-phase chromatography and other methods of 2, but gave a normal ~~f~~~~~ degradation); separation on the alkaloids and their derivatives were 

repeatedly tried and failed. 3% are C-23 pithecolobines (m + n = lo), and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3618 CANADIAN JOURNAL OF C :HEMISTRY. VOL. 46, 1968 

23% are C-24 pithecolobines (m + n = 11). TO 
get a further breakdown of the individual pithe- 
colobine components, the neutral unsaturated 
amides were oxidized by permanganate-periodate 
in tertiary butanol. The fatty acids thus obtained 
were converted to methyl esters and analyzed by 
v.p.c. The result of this analysis is given in Table I. 

TABLE I 
Yield of straight chain 
acid From oxidation of 

unsaturated amides 

Acid Yield (%) 

c5 0 
cs 8 
C ,  1 

These results may now be simply interpreted 
as follows : 

(a) There is only 6 %  of C-7 + C-8 acids. 
Consequently, most of the pithecolobine l a  
degrades to lactone 2 rather than to the un- 
saturated amides. 

(b) There is 22% of C-I1 + C-12 acids. Most 
of these must be derived from the C-24 pithe- 
colobine lc. 

(c) Finally, there is 65 % of C-9 + C-I0 
acids. 

Since the C-24 pithecolobines are mostly ac- 
counted for by the C-11 + C-12 acids and the 
amount of the C-23 pithecolobines is small, most 
of the C-9 + C-10 acids must be derived from the 
C-22 pithecolobine l b  (m = 1, n = 8). 

If we neglect the possibility of yield differences 
in the various degradation pathways and take our 
data at face value, we may estimate the per- 
centages of the three main pithecolobine com- 
ponents as follows: la ,  (m = 3, n = 6),  24-30%; 
lb, (m = 1, n = 8), 40-49%; lc ,  (m = 1, 
n = lo), 13.5-16.5%. 

Even if we assume that the lowest numbers are 
correct, we see that compounds l a ,  lb, and 
I c  account for more than three-quarters of the 
pithecolobine mixture. 

Since l a  and l b  are by far the most abundant 
components, we wished to synthesize the corre- 
sponding desoxypithecolobines and compare 

them with the "natural" desoxypithecolobine 
mixture. 

We decided to synthesize first the desoxy- 
pithecolobine 3a which corresponds to the 
pithecolobine la.2 

In this first approach, we have largely followed 
the work of Stetter and Roos (2) and our initial 
aim was thus the synthesis of the tetratosylate 
l l a .  This work was reported in  a preliminary 
paper (3) and it was accomplished as follows. 
Our starting material was 1,5-dibromododecane, 
previously described by Franke and Kroupa (4). 
We have, however, prepared this compound by a 
different and more convenient route. 

Treatment ofcyclopentanone with theGrignard 
reagent from 1-bromoheptane yielded the tertiary 
alcohol 4. Dehydration of 4 with phosphorus 
pentoxide in benzene gave the olefin 5, which 
was converted to  the acid 6 by ozonolysis, 
followed by hydrogen peroxide oxidation. The 
acid was esterified with methanol and the methyl 
ester 7 was reduced with lithium aluminium 
hydride to 1,5-dihydroxydodecane. Thislast com- 
pound on treatment with fuming hydrobromic 
acid finally yielded the desired 1,5-dibromodo- 
decane 8. The dibromide 8 was converted into 
1,5-diazidododecane by treatment with sodium 
azide in diethylene glycol,monomethyl ether. The 
diazide was not characterized, but immediately 
hydrogenated to the hygroscopic oily 1,5-di- 
aminododecane. This material was finally tosy- 
lated to the ditosylate 9. The dibromide 10 
which was required as the second component of 
the synthesis was constructed as  follows. The 
ditosylate of 1,4-diaminobutane was prepared in 
the usual manner and converted t o  (10) by treat- 
ment with 1,3-dibromopropane under the con- 
ditions recommended by Stetter and ROOS (2) 

=The reason for this was our initial belief that la  is 
the major component of the pithecolobine mixture. This 
in turn was due to the comparatively good yield of 
lactone 2, and the absence of the quantitative data 
reported in the present communication. 
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(see Experimental). The coupling of the disodium 
salt of 9 with compound 10 was performed in 
dimethyl formamide under high dilution. The 
product l l a  was isolated in pure form by 
chromatography on alumina. It was a colorless 

I 
(CH2)3 

I 
(CH2)3 

I I 
Ts-N----(CH,),----N-TS 

l l a  (m = 3,n = 6) 
l lb  (m = l , n  = 8) 

glass and the peak fraction showed a constant 
infrared (i.r.) spectrum on repeated chromatog- 
raphy and was homogeneous in thin-layer chro- 
matography (t.1.c.). 

Since the synthetic compound l l a  resisted all 
detosylation attempts, we have prepared the 
tetratosylate of the "natural" desoxypithecolo- 
bine mixture and were able to show that both 
synthetic and "natural" material gave super- 
imposable i.r. spectra in potassium bromide and 
chloroform. This finding certainly corroborates 
the structure of the pithecolobines in principle. 
However, at the same time it is clear that since the 

individual desoxypithecolobine components show 
insufficient differences in i.r. spectroscopy, this 
method of comparison has to be supplemented 
by others (vide infra). 

Our next synthetic objective was the tetrato- 
sylate 116, which we hoped to reach by methods 
completely analogous to those used for the tetra- 
tosylate l l a .  

For this end, it was first necessary to synthesize 
1,3-diaminododecane. After some difficulties ex- 
perienced with more conventional approaches, 
the following route was found to be effe~tive.~ 
The ketonitrile 12 (5) was converted (6)  by the 
action of hydroxylamine into the crystalline 
aminoisoxazole 13. Catalytic hydrogenation of 
this last compound gave the amide 14 in 
quantitative yield. The reduction of 14 to the 
desired 1,3-diaminododecane 15 could not be 
accomplished by lithium aluminium hydride but 
it was achieved with an excellent result by the use 
of diborane (7). 

0 

R-NH HA-R 
15 (R = H) 
16 (R = Ts) 

The tosylation of 15 to 16 and the subsequent 
synthesis of the tetratosylate l l b  were uneventful 
and -proceeded exactly as in the case of the 
tetratosylate l l a .  The details may be found in 
the Experimental. 

The i.r. spectrum of the synthetic tetratosylate 

3This method is an application of a general procedure 
for the preparation of 1,3-diamines which has been 
worked out by two of the present authors (Z. V. and 
G. K.) and will be published in due course. To our 
surprise, no really acceptable and convenient route to 
these compounds was found in the literature. 
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l l b  was superimposable on the spectrum of the 
tosylated "natural" desoxypithecolobine mix- 
ture and of course also on the spectrum of the 
synthetic tetratosylate l l a .  This was a clear 
proof that i.r. spectroscopy is not capable of 
distinguishing the fine details of ring size in the 
pithecolobine series. 

Since all detosylation experiments on l l a  
and l l b  resulted in complete failure, it was 
decided to design a new synthetic method which 
would yield directly the free desoxypithecolo- 
bines. 

0 CHZ-(CHZ)z-CHz 0 
/I I 

HSC6-C-N 
I II 

N-C-CsHS 
I I 

The basic idea of the new synthetic scheme was 
to synthesize the dichloride 19 and couple it 
under high dilution with 1,5- and 1,3-diamino- 
dodecane to the compounds 20 and 21, re- 
spectively. These materials could be expected to 
yield the desoxypithecolobines 3a and 36 by 
reduction and hydrogenolysis. 

The reaction of 1,4-diaminobutane with ethyl 
acrylate, followed by benzoylation of the product 

yielded the diester 17, which was hydrolyzed to 
the crystalline diacid 18. This last compound 
was then converted to the dichloride 19 by the 
action of thionyl chloride. The reaction of 19 
with the two diamines (1,3- and 1,5-diaminodo- 
decanes) was performed under high dilution in 
carbon tetrachloride. The two tetramides 20 and 
21, thus obtained, were reduced to the dibenzyl 
desoxypithecolobines 22 and 23  by diborane 
and these last compounds were hydrogenolyzed 
to the desoxypithecolobines 3a and 3b. The two 
synthetic desoxypithecolobines were finally con- 
verted into the tetratosylates l l a  and l l b  and 
thus it was possible to interrelate the two synthetic 
series. 

Infrared comparison of the desoxypithecolo- 
bines 3a and 3b in chloroform and carbon 
tetrachloride showed. as in the case of the tetra- 
tosylates l l a  and l lb ,  complete superimpos- 
ability of the spectra. It is thus not surprising 
that the i.r. spectra of both synthetic desoxy- 
pithecolobines were also superimposable on the 
corresponding spectrum of the "natural" desoxy- 
pithecolobine mixture. If the two main com- 
ponents of a mixture have identical spectra, then 
also the spectrum of the mixture itself must be 
identical with the spectra of the pure components. 
Next we have studied the synthetic and "natural" 
desoxypithecolobines and their tosylates by t.1.c. 
in several systems. The situation here is the same 
as in i.r. spectroscopy. Both in the case of the free 
desoxypithecolobines and their tosylates the two 
synthetic materials do not show significant dif- 
ferences from each other and from the "natural" 
mixture, which behaves as a single compound. 

These studies, while clearly not possessing the 
rigorous validity of a confrontation between a 
pure synthetic and natural compound, neverthe- 
less show that the "natural" desoxypithecolobine 
mixture possesses many physical characteristics 
which are identical with those of the pure 
synthetic components of known structure. Thus 
the conclusions drawn from our degradative work 
receive considerable synthetic support. 

I t  now seemed desirable to  find physical 
methods which would reveal some significant 
difference between the two synthetic compounds 
and the "natural" mixture. The first such method 
which revealed minor differences was nuclear 
magnetic resonance (n.m.r.) spectroscopy of the 
tetratosylates. The two synthetic tetratosylates 
differ by ring-size, i.e. by the number of hydrogens 
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situated inside the macrocycle. These hydrogens 
are subject (to put it in most general terms) to 
special shielding and deshielding influences which 
are quite different from those affecting the hydro- 
gens of the side-chain. Thus, n.m.r. spectroscopy 
was expected to show some differences between 
l l a  and l l b .  The n.m.r. spectra revealed the 
following groups of hydrogens. 

(a )  A quadruplet (16 H) at z 2.29,2.43,2.68, 
and 2.82 p.p.m. (aromatic hydrogens); 

( 6 )  A broad unresolved multiplet (15 H) cen- 
tered at z 7.00 p.p.m. (hydrogen unshielded by the 
four nitrogens) ; 

(c)  A singlet (1 2H) ~ 7 . 6  p.p.m. (four aromatic 
methyl groups) ; 

(d)  A multiplet between z 8.78 and 9.26 p.p.m. 
This group contains most of the aliphatic hydro- 
gen including the C-methyl group and cannot be 
quantitatively separated from group ( e ) ;  

( e )  A multiplet around z 8.3-8.5 p.p.m. This 
group cannot be quantitatively separated from 
the preceding group (d) and contains a smaller 
part of the aliphatic hydrogens, subject to  special 
unshielding influence, presumably inside the 
macrocycle. 

It is only the precise shape of this last multiplet 
in which the two synthetic tosylates l l a  and 
116 differ. The shape of this group in the 
"natural" mixture lies in between, much closer 
to compound 116. The remaining features of 
the spectra in all compounds are the same. 

The closer resemblance of the "natural" tetra- 
tosylate to l l b  is due not only to the greater 
concentration of this component in the "natural" 
mixture, but presumably also to the fact that the 
third most abundant component of the "natural" 
mixture (derived from the desoxypithecolobine 
3c) contains the same macrocycle as compound 
l l b .  

The second method which should reveal dif- 
ferences between the desoxypithecolobines 3a 
and 36 is mass spectrometry. The breaking of 
the side-chain on electron impact (indicated by 
the wavy line in 3) should be important and it 
might differentiate between 3a and 3b. Again, 
the "natural" desoxypithecolobine mixture 
should resemble closely the synthetic desoxy- 
pithecolobine 3b, since the desoxypithecolobines 
3b and 3c yield the same fragment by this type 
of fragmentation. 

The mass spectra of the two synthetic samples 
3a and 3b and "natural" desoxypithecolobine 

do not show a molecular ion, are extremely 
complicated and difficult to interpret. All three 
samples are very similar but non-identical. As 
expected, the spectrum of "natural" desoxy- 
pithecolobine is "almost identical" with the 
synthetic compound 36. 

Experimental 
Vapor-phase Cliromatography of Saturated Esters 

The ether solutions of the saturated methyl esters were 
chromatographed on an SE30 column (25 %) at 250 "C. 
The peaks of the individual components were identified 
by the addition of authentic samples. The percentage 
composition of the mixture was obtained by determining 
the area under each peak. (For tabulation of results see 
theoretical part.) 

Permaripatzate-Periodate Oxidation of tlie Unsaturated 
Amides 

One millimole of the unsaturated secondary amide 
mixture from the Hofmann degradation of pithecolobine 
1 was dissolved in 6 ml of t-butyl alcohol and a few 
drops of water were added. Sodium metaperiodate (8 
mmoles) was added in a 10 % aqueous solution which has 
been adjusted by sodium carbonate to a p H  of 7.5-7.8. 
Potassium permanganate (0.134 mmole) was then added 
in a 1 % aqueous solution. Finally, approximately 2 ml of 
t-butyl alcohol were added and the mixture stirred for 
5 h. After this time, 5 ml of water were added and the 
solution was made alkaline and exhaustively extracted, 
first with chloroform and then with ether. T h e  aqueous 
alkaline layer was acidified with sulfuric acid and ex- 
tracted with ether. The ether solution was concentrated 
to a small volume, esterified with diazomethane, dried, 
and further concentrated to  a volume of 0.5 ml. This 
solution was analyzed by vapor-phase chromatography 
(v.p.c.) (vide supra). 

Preparation of Compound 4 
Normal heptyl bromide (268 g), dissolved i n  600 ml of 

absolute ether, was added under nitrogen to  36 g of 
magnesium turnings. After 4 h of gentle reflux, the 
magnesium had dissolved and a slow addition of cyclo- 
pentanone (127 g) in 150 ml  of absolute ether was started. 
The addition took 2 h and the solution was then heated 
under reflux for an additional 2 h. The reaction mixture 
was decomposed by pouring into an excess of aqueous 
ammonium chloride and exhaustively extracted with 
ether. The pure product was isolated by fractional distil- 
lation in uacuo. It was obtained in a yield of 161 g (67%) 
and it boiled at 114-1 15 "C (1 1 rnm Hg). 

Anal. Calcd. for Cl2H2,O: C, 78.20; H, 13.13; 0 ,  
8.68.Found: C,78.41;H, 12.69;0,8.82. 

Dehydration of 4 to 5 
Compound (4) (160 g) was dissolved in 2 1 of dry 

benzene and 500 g of phosphorus pentoxide were gradu- 
ally added with stirring a t  room temperature. After 1 h 
ice water was added and the organic layer was washed 
with water and dried. T h e  benzene was distilled off it1 
uacuo and  the residue was dissolved in petroleum ether 
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and filtered through 800 g of basic alumina. The petro- 
leum ether was then distilled off and the product frac- 
tionated in vacuo. The olefin (5) was obtained in a yield 
of 139 g (95%) and it distilled at 132-133 "C (50 rnrn Hg). 

Anal. Calcd. for Cl2HZ2: C, 86.66; H, 13.34. Found: 
C, 87.38; H, 13.63. 

Preparation of 5-Ketododecanoic Acid (6) 
Distilled 1-n-heptyl cyclopentene 5 (120 g) was dis- 

solved in 1600 ml of ethyl acetate and the solution cooled 
to -70 "C. Ozone (6%) was bubbled through until the 
solution turned blue and ozone was no longer absorbed. 
After this most of the ethyl acetate was distilled off in 
vacuo at room temperature. The oily ozonide was dis- 
solved in a mixture of the following composition: 
750 ml glacial acetic acid, 500 ml water, 2 ml concen- 
trated hydrochloric acid, and 360ml 30% hydrogen 
peroxidc. The resulting solution was stirred for 24 h 
after which the acidic material produced in the reaction 
was isolated in the usual manner. After recrystallization 
from ether, 94 g (61 %) of the acid 6 were obtained. 
After several more crystallizations it melted at 69 "C. 

Anal. Calcd. for Cl,H,20,: C, 67.25; H, 10.34; 0 ,  
22.40. Found: C, 67.46; H, 9.93; 0,22.18. 

Preparation of l,5-Dodecane Diol 
The acid 6 (94 g) was dissolved in 950 ml of absolute 

methanol containing 52 g of dry hydrogen chloride. The 
solution was refluxed for 1 h and the methyl ester 7 
isolated in the usual manner and distilled. The middle 
fraction (62 g) boiled constantly at 114-1 18 "C (0.5 mm 
Hg). This material was reduced in dry ether with an 
excess (40 g) of lithium aluminium hydride. The product 
1,5-dodecane diol was isolated in the usual manner and 
melted after crystallization at 45 "C. The yield of re- 
crystallized material was 39 g (71 "/,). 

Anal. Calcd. for C12H2602: C, 71.24; H, 12.95; 0, 
15.82. Found: C, 71.08; H, 12.88; 0,16.24. 

Preparation of l,5-Dibromododecane (8) 
Hydrobromic acid (48"/,, 100 ml) was saturated with 

hydrobromic acid gas and 20 g of 1,5-dodecane diol were 
added with stirring to this solution. The mixture was 
heated under reflux for 1 h after which it was diluted with 
water and extracted with ether. The dibromide 8 was 
isolated by distillation. The yield of constantly boiling 
material was 24.7 g (74%). The boiling point was 121- 
123 "C (0.7 mm Hg). 

Anal. Calcd. for C12H24Br2: C, 43.93; H, 7.38; Br, 
48.71. Found: C, 45.69; H, 7.66;Br,46.84. 

Preparation of the Ditosylate 9 
The dibromide 8 (24 g) was added to a solution of 

1.368 g of sodium azide in water (34 ml) and diethylene 
glycol monomethyl ether (225 m1). The mixture was 
heated with stirring to 95 OC for 30 h. After this time it 
was diluted with .water and the yellow diazide was 
extracted with ether. This material was hydrogenated in 
700ml of methanol with 700mg of prehydrogenated 
platinum oxide. As no uptake of hydrogen is observable 
in this reaction the hydrogen was simply bubbled 
through the mixture for 24 h. The hygroscopic oily 1,5- 
diaminododecane was distilled and the fraction (9.24 g) 
boiling at 102-104 "C (10 rnm Hg) was collected. It was 
immediately converted into the ditosylate 9. For the 
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tosylation the diamine (6.68 g) was suspended in 150 ml 
of water containing 2.68 g of sodium hydroxide. The 
suspension was vigorously stirred and 12.78 g of p- 
toluenesulfonyl chloride in 50 ml of ether were gradually 
added to it. The stirring was continued for 3 h. After 
this time the tosylate 9 was extracted with ether and 
purified by chromatography on alumina. The glassy 
ditosylate was obtained in a 94% yield. It was homo- 
geneous in thin-layer chromatography (t.1.c.) and was 
sublimed for analysis in high vacuum at  200 "C. 

Anal. Calcd. for C26H4004N2S2: C,  61.39; H, 7.93; 
0 ,  12.58; N, 5.50; S, 12.61. Found: C, 61.53; H, 7.93; 
0,13.14;N,4.96; S, 11.69. 

Ditosyl-1,4-diaminobutatze 
The tosylation of 1,4-diaminobutane was performed 

exactly as described in the previous case. The yield of the 
product was 90%. I t  was recrystallized from methanol to 
a melting point 139-140 "C. 

Anal. Calcd. for C18H2404N2S2: C, 54.52; H, 6.10; 
0 ,  16.14; N, 7.06; S, 16.17. Found: C,  54.35; H, 6.04; 
0,15.82;N, 7.70; S, 15.89. 

Preparation of the Dibromide 10 
Ditosyl-1,4-diaminobutane (19.86 g) was added to a 

solution of 2.3 g of sodium in 75 ml of absolutemethanol. 
The solution was refluxed for 30 min during which time 
the disodium salt precipitated. The methanol was re- 
moved in vacuo and the salt pulverized and dried in vacuo 
at 100 "C for 15 min. The salt was then suspended in dry 
dimethyl formamide and heated to 100 "C. At this point 
30.3 g of 1,3-dibromopropane were added and the heating 
with vigorous stirring continued for 10 min. The reaction 
mixture was filtered, poured into water, and extracted 
with ether. The extract (41 g of yellow oil) was purified 
by chromatography on 800 g of neutral alumina. Benzene 
eluted crystalline material which after several crystalliza- 
tions from chloroformxther melted at 105 OC. The yield 
was 3.79 g of pure recrystallized compound 10. 

Anal. Calcd. for CZ4H3404N2SZBr2: C, 45.15; H, 
5.36; 0 ,  10.02; N, 4.39; S, 10.04; Br, 25.03. Found: C, 
44.63; H, 5.28; 0 ,  10.42; N, 4.26; S, 9.98; Br, 25.32. 

Preparation of the Tetratosyl Desoxypithecolobitze I l a  
The cyclization reaction was performed in a large 

round bottom flask containing 1000 ml of refluxing 
dimethyl formamide. To this flask were added at a very 
slow and equal rate the solutions a and b over a period 
of 30 h. Composition of solution a :  1.432 g of compound 
10 in 160ml ol  dimethyl formamide. Composition of 
solution b:  24ml of absolute methanol, lOOmg of 
sodium, 1.136 g of compound 9, 136 ml of dimethyl 
formarnide. After the completion of the addition the 
reflux was continued for 3 h and then the reaction mix- 
ture was evaporated almost to dryness in vacrio. The 
residue was taken up in chloroform, washed with water, 
dried, and again evaporated to dryness. The yield was 
2.65 g of brown oil. After chromatography on 80 g of 
neutral alumina 484 mg of a clear glass were obtained 
which was homogeneous in t.1.c. and had an infrared (i.r.) 
spectrum identical with "natural" desoxypithecolobine 
tetratosylate. This material was rechromatographed and 
the peak fraction of this new chromatogram did not show 
any difference either in i.r. or t.1.c. from either the bulk of 
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the material or from the "natural" tetratosylate. The 
material was a glass and could not be sublimed. It  was 
consequently dried as a film deposited from carbon 
tetrachloride. The analysis for all the elements shows 
significant agreement. It shows that all of the oxygen, 
nitrogen, and sulfur, is in the form of sulfamido groups 
and that the ratio of these groups to carbon and hydrogen 
is the expected one. Since the compound is synthetic and 
from known elements, this ratio is sufficiently accurate 
to insure the correct molecular formula. A multiple of 
this formula is excluded by the approximate agreement 
of the molecular weight determination. Nuclear magnetic 
resonance (n.m.r.) spectroscopy (see theoretical part) 
corroborates quite accurately the correct ratios for 
various kinds of hydrogens. It is, in fact, in this case the 
most significant of all the analytical methods and has been 
used extensively besides i.r. spectroscopy and t.1.c. in the 
compounds prepared subsequently. 

Anal. Calcd. for C,oH,,08N,S4 (rnol. wt., 985): C, 
60.94; H, 7.37; 0 ,  12.99; N, 5.69; S, 13.03. Found (rnol. 
wt. (osmometry in benzene) synthetic, 1032; "natural", 
1045): C, 61.93; H, 8.11; 0 ,  12.46; N, 5.61; S, 12.13. 

Preparation o f  2-Not1yl-4-a1nbzo-isoxazole (13) 
The ketonitrile 12 (5) (20 g) was heated with hydroxyl- 

amine hydrochloride (21 g) and sodium acetate (41 g) in 
450 ml of ethanol and 150ml of water to 60 "C for 
35 min. After this time the reaction mixture was poured 
into 2 1 of water, extracted exhaustively with ether, and 
the isoxazole 13 recrystallized from petroleum ether to 
a melting point of 56 "C. The yield was 19.5 g (92.7 %). 

Anal. Calcd. for C,,H,,N,O (rnol. wt., 210): C, 68.60; 
H, 10.50; N, 13.05; 0,7.57. Found (rnol. wt., osmometry, 
209): C, 68.60; H, 10.41; N, 13.31; 0,7.51. 

Ultraviolet spectrum: h,,, 242 mp (log E 4.0). 

Hydrogetzatiorz ofthe Isoxazole 13 
Compound 13 (15 g) was hydrogenated in 100 ml of 

ethanol with 800 mg of prehydrogenated platinum oxide. 
Two moles of hydrogen were taken up overnight and the 
product 14 was recrystallized from chloroform~arbon 
tetrachloride to a melting point 124-128 "C; yield of 
recrystallized product 13.5 g (90 %). 

Anal. Calcd. for C,2H,6N20: C, 67.20; H, 12.10; N, 
13.08. Found: C, 66.15; H, 11.62; N, 13.65. 

Prepararion of l,3-Diaminododecane (IS) 
A solution of the amide 14 (10.5 g) in 150 ml of 

tetrahydrofuran was added dropwise with stirring to 
200 ml of a 1 M solution of diborane in the same solvent. 
The whole operation was performed in a dry nitrogen 
atmosphere. When the addition was complete, the solu- 
tion was refluxed for 3 h. After this time, the reaction 
mixture was evaporated to a small volume, an  excess of 
absolute methanolic hydrochloric acid was added, and 
the precipitate which appeared was removed by filtration. 
The solution was then evaporated to dryness. The residue 
was dissolved in methanol and filtered through a column 
of Amberlite IR 400 in the OH- form. The evaporation 
of the filtrate gave 7.6 g of 1,3-diaminododecane which 
was homogeneous in v.p.c. For characterization, it was 
converted into the crystalline diacetate by acetylation 
with acetic anhydride in pyridine. This derivative was 
recrystallized from carbon tetrachloride and melted at 
128 "C. 

Anal. Calcd. for C16H30NZ02 (m01. wt., 282): C, 
68.04; H, 10.71; N, 9.92; 0 ,  11.33. Found (rnol. wt., 
osmometry, 280): C, 67.53; H ,  11.55; N, 9.66; 0 ,  11.51. 

Preparatiorz of the Ditosyl Derivative 16 
The tosylation of 15 t o  16 was performed in the 

same manner as the preparation of the ditosylate 9. 
Compound 16 was obtained in a yield of 62 %. It was a 
neutral glass homogeneous in several t.1.c. systems. The 
n.m.r. spectrum of this material was in quantitative 
agreement with the structure 16. 

Preparation ofthe Compound l lb  
The coupling of 16 and 10 under high dilution to 

yield the tetratosyl desoxypithecolobine 116 was per- 
formed precisely as described above for the compound 
l l a .  The quantities used were 420 mg of 16 and 
540mg of 10. Extensive chromatography on two 
alumina columns followed by preparative t.1.c. on silica 
gel yielded 115 mg of glassy material, which was homo- 
geneous in several t.1.c. systems and indistinguishable by 
t.1.c. from "natural" desoxypithecolobine tetratosylate. 
It had an i.r. spectrum identical both with the compound 
l l a  and the "natural" tetratosylate. The n.m.r. spectrum 
of the product l l b  was in quantitative agreement with 
the spectrum of the compound l l a  (see theoretical part). 

Preparation of the Diester 17 
Ethyl acrylate (200 g) was added dropwise t o  a solution 

of 54 g of 1,4-diaminobutane in 500 ml of ether. The 
mixture was stirred overnight at room temperature. After 
this time it was cooled to  5 "C and 150 g of trimethyl- 
amine were added to it. A slow addition of 70 g of 
benzoyl chloride over the period of 1 h was now started 
and the mixture was allowed to stand for a n  additional 
hour. After this time 500 ml of ice water were added and 
the neutral reaction product isolated in the usual manner. 
The yield was 120 g (40%) of neutral material which 
surprisingly was homogeneous in t.1.c. It was  immedi- 
ately, without further purification, converted into the 
crystalline acid 18. 

Preparation of the Diacid 18 
Compound 17 (100 g) was hydrolyzed for I h at 

70 "C in 400 ml of 10% aqueous methanolic potassium 
hydroxide. The hydrolysis mixture was poured into 21 
of water and acidified with 20% hydrochloric acid to 
pH 2. After a period of standing the product 18 crystal- 
lized; it was filtered off and washed with water and 
finally recrystallized from methanol. The yield was 65 g 
(60 %) and the pure product melted at 181-1 8 2  "C. 

Anal. Calcd. for C24HZ8NZ06 (neutralization equi- 
valent, 440): C, 65.44; H, 6.41; N, 6.36; 0 ,  21.80. 
Found (neutralization equivalent, 436): C ,  64.86; H, 
6.52; N, 6.39; 0,22.29. 

Preparation of the Dichloride 19 
The acid 18 (6 g) was dissolved in 25 ml  of thionyl 

chloride and the solution was stirred at 50 OC for 5 h. 
After this period, the thionyl chloride was evaporated in 
vacuo, the residue dissolved in dry carbon tetrachloride, 
evaporated to dryness in vacrro, and dried in high vacuum 
for several hours. The chloride 19 prepared in this way 
was used for the next step. 
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Desoxypithecolobine 3a 
A solution of 1,5-diaminododecane (3 g) in 450 rnl of 

carbon tetrachloride and a solution of the dichloride 19 
(4.7 g) in the same volume of the same solvent were added 
in the course of 5 h to a vigorously stirred reaction vessel 
containing 1500 rnl of carbon tetrachloride at room 
temperature. When the addition was completed, the 
stirring was continued for 8 h. The carbon tetrachloride 
was then evaporated in oaclro, the products dissolved in 
methanol and passed through a column of (a) Amberlite 
IR 400 in the OH- form; (b) Dowex 50X in the H +  form. 
The methanol was then evaporated to dryness yielding 
1.8 g of a neutral light-brownish foam. This material (1 g) 
was dissolved in 50 ml of 1 M diborane in tetrahydro- 
furan and the solution was heated under reflux for 3 h. 
The tetrahydrofuran was evaporated and the residue was 
dissolved in saturated methanolic hydrochloric acid. A 
solid which separated was filtered off, the solution was 
evaporated to dryness and the basic products isolated in 
the usual manner. The yield was 600 mg of crude basic 
material. The crude bases were reconverted into the 
hydrochlorides and debenzylated by hydrogenation in 
ethanol with 150mg of 10% palladium on charcoal for 
18 h. The basic products were isolated in the usual 
manner. The yield was 300 mg of crude basic material. 
Thin-layer chron~atography showed several spots, one of 
which had the same RI value in several systems as 
"natural" desoxypithecolobine. Column chromatography 
on alumina and preparative t.1.c. on silica gel led to the 
isolation of 60 mg of compound (30) which was homo- 
geneous in several systems of t.1.c. and showed an i.r. 
spectrum superimposable on the spectrum of "natural" 
desoxypithecolobine. For characterization, it was tosy- 
lated in the usual manner (vide supra). The product 
obtained in quantitative yield was identical by t.1.c. in 
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several systems, i.r. in chloroform and carbon tetra- 
chloride, and n.m.r. in deuterated chloroform with the 
previously synthesized compound l l a .  

Desoxypifhecolobir~e (3b) 
The starting materials were 1,3-dian~inododecane 15 

and the dichloride 19. The quantities, volumes and the 
entire procedure were the same as described for the 
preparation of compound 3a. The yield of pure 36 
was 55 nlg. For characterization, it was converted in 
quantitative yield into the independently synthesized 
tetratosylate 116. Identity of the two tetratosylates was 
proved by t.1.c. in several systems, i.r., and n.m.r. 
spectroscopy. 
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Studies in dehydrogenation of 6-methoxy-1-tetralone. Structure of a 
novel product formed with tetrachloro-1,2-benzoquinone 

T. R. KASTURI AND T. ARUNACHALAM 
Department of Orgarzic Cl~ernistry, Indian Ir~stirute of Scierzce, Bangnlore-12, India 

Received April 30, 1968 

Dehydrogenation of 6-methoxy-I-tetralone (1) using palladium-carbon (30%), palladium black, 
and quinones has been studied with a view to preparing 6-methoxy-1-naphthol (3). A novel addition 
product formed, during dehydrogenation of 1 with tetrachloro-1,2-benzoquinone, has been proved to 
be 2,2-(tetrachloro-o-phenylenedioxy)-3,4-dehydro-6-methoxy-l-tetralone (5). Bromination of 1 followed 
by dehydrobromination gave the naphthol 3 in excellent yield. 

Canadian Journal of Chemistry, 46, 3625 (1968) 

In continuation of our effort (I) to prepare 
6-methoxy-1-naphthol(3), which was required in 
connection with a projected synthesis of oxa- 
steroids, in fairly good amount from 6-methoxy- 
1-tetralone (I), we undertook a detailed study of 
dehydrogenation of 1 with various dehydrogena- 
ting agents. This was necessary as the methods 
reported in the literature (2-4) for the preparation 
of 3 were not satisfactory and the yields reported 
were low. As reported earlier (I), our attempt to 
prepare 3 by treating 1 with potassium t-butoxide 
in t-butanol in an atmosphere of oxygen1 failed 
to give 3, but gave 2-hydroxy-6-methoxy-1,4- 
naphthaquinone (2) in very good yield. Subse- 
quently, this was shown to be a simple and general 
method of preparation of2-hydroxy-1,4-quinones 
(1, 6). 

Initially, we studied the dehydrogenation of 
tetralone 1 using 30 % palladized carbon around 
280-300 "C for 2-3 h in an atmosphere of carbon 
dioxide and the naphthol 3 was obtained in 
50-60% yield; however, on a larger scale, the 
yield was poor. The yields were also poor when 
palladium black in xylene or naphthalene was 
used (7). Hence, an alternative method has to be 
developed. 

Quinones, such as chloranil (8), 2,3-dichloro- 
$6-dicyanobenzoquinone (DDQ) (9) have 
been used for introducing double bonds in 
conjugation with a ketone or an ct,P-unsaturated 
ketone. Initially, we tried the dehydrogenation of 
tetralone 1 with chloranil (lo), but there was no 
formation of the naphthol 3. When the more 
powerful dehydrogenating agent, tetrachloro-1,2- 

IN. A. J. Rogers and co-workers (5) have converted a 
A2-cyclohexenone derivative to the corresponding phenol 
by the same reaction. 

benzoquinone (4) (1 1) (1 mole) was used in xylene 
or benzene, again no naphthol 3' was formed, but 
a greenish-yellow crystalline solid, m.p. 191-192 
"C, could be isolated in 20% yield. When the 
above reaction was repeated using two moles of 4 
for one mole of 1, the yield of the solid could be 
increased to 30%. The solid showed A,,, at 220 
(E 53 500), 258 (E 30 515), and 330 mp ( E  9615) in 
the ultraviolet (u.v.) spectrum and v,,, at 1686 
(conjugated C=O), 1597, 1572, 1497 (aromatic), 
1250, 1215, 1163, 1149, 1131, 1070, 1025, and 
909 cm-I (probably due to 1,3-dioxole) (12) in 
the infrared (i.r.) spectrum. It showed positive 
test for the presence of chlorine and the elemental 
analyses corresponded to a molecular formula 
C,,H,04C14. The presence of three intense 
molecular ion peaks a t  nz/e 416 (35~1) ,  418, and 
420 in 3:4:2 ratio in the mass spectrum clearly 
indicated the presence of four chlorine atoms (13) 
besides confirming the above molecular formula. 
The solid, on pyrolysis at 200 "C at 1 mm, gave 
tetrachlorocatechol and a tar which could not be 
purified. The formation of tetrachlorocatechol 
proved beyond doubt that the aforementioned 
solid must be an addition product of tetralone 1 
with the quinone 4., 

The nuclear magnetic resonance (n.m.r.) spec- 
trum of this " a d d ~ c t " ~  showed the, following 
signals; a sharp singlet with three proton intensity 
at 6 3.9 (ArOCH,), a doublet with one proton 

2Thin-layer chromatography was used for identifica- 
tion using an authentic sample of 3 as the reference 
compound. 

3 0 ~ r  experience (14) with this quinone 4 in the 
dehydrogenation of abietic acid was helpful in  arriving at 
the structure of this "adduct". 

4This term has been used only for the sake of con- 
venience while referring to it in the discussion though it is 
not a true adduct of 1 and 4. 
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intensity at 6 8.05 (J = 8.5 c.p.s.) (aromatic 
proton in peri position to the carbonyl group), a 
multiplet centered at 6 6.78 with two proton 
intensity (aromatic protons in ortho position to 
the methoxy group), a multiplet centered at 6 6.86 
with one proton intensity (Ar-CH=CH-), and 
a doublet at 6 6.3 ( J  = 10 c.p.s.) with one proton 
intensity (Ar-CH=CH-). The above data 
indicated that the two carbonyl oxygen atoms of 
quinone moiety must be attached to a single 
carbon atom of tetralone 1 and the 6 values of the 
two olefinic protons indicated the conjugation of 
the double bond with the phenyl ring. Therefore, 
the structure of the solid could be as represented 
in 5. 

Further proof in favor of structure 5 was 
arrived at as follows. The "adduct" 5, on hydro- 
genation with 10% palladinized carbon in ethyl 
acetate, absorbed one mole of hydrogen and gave 
a mixture of a phenolic product, m.p. 188-1 89 "C 
(80 %) and a ketone m.p. 208-209 "C (20 %). 
When the hydrogenation was carried out with a 
little excess of catalyst, the aforementioned 
phenolic product was again formed in 80 % yield, 
but none of the above ketone was obtained. 
Instead, an alcohol, m.p. 216-217 "C was ob- 
tained in 15-20% yield. The ketone exhibited 
h,, at 217 (E 51 860) and 306 mp ( E  18 290) in 
the U.V. spectrum and in the i.r. spectrum it 
showed'peaks at 1694 (conjugated C=O), 1607, 
1493 cm-I (aromatic). The elemental analyses 
corresponded to a molecular formula C17Hl,- 
04C14, which was supported by the presence of 
an intense molecular ion at m/e  418 (,'Cl) 

accompanied by peaks at m/e 420 and 422 in 
3 :4:2 ratio. In the n.rn.r. spectrum of the ketone, 
signals due to the two olefinic protons found in 
the spectrum of "the adduct" 5, disappeared; 
instead, two sets of triplets appeared around F 
3.22 and 2.68 due to the presence of two methylene 
groups adjacent to each other. The signal in the 
down field region (6 3.22) could be assigned to the 
benzylic methylene. Further, the signals due to 
the following protons were also noticed in the 
abore spectrum; a singlet at 6 3.87 (ArOCH,), a 
doublet at 6 8.05 ( J  = 9 c.p.s.) (aromatic proton 
in peri position to  the carbonyl), and a multiplet 
centered at 6 6.75 (2 aromatic protons on either 
side of the methoxyl group). These data indicated 
that this ketone must be the dihydro "adduct" 6. 

Unambiguous evidence for the structure of the 
"adduct" was obtained from the spectral data of 
the aforementioned alcohol, and its acetate which 
was prepared by treating the former with acetic 
anhydride in excess of pyridine. The i.r. spectrum 
of the alcohol showed peaks at 3610 (OH), and 
1605 and 1497 cm-' (aromatic) and it analyzed 
for C17Hl,04Cl,. The acetate showed peaks in 
the i.r. spectrum a t  1754(acetate) 1613,1587 (sh), 
and 1504 cm-I (aromatic) and analyzed for 
C1,Hl4OsCl4. These data suggested structures 7 
and 8 for the alcohol and its acetate respectively. 
If the structures 7 and 8 are correct for the alcohol 
and its acetate, the methine proton, attached to 
the carbon atom carrying the hydroxyl group in 
7 and the acetate in 8, should appear as a singlet 
in the n.m.r. spectrum as there are no protons to 
couple at the adjacent carbon atom. In fact, the 
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n.m.r. spectrum5 of the alcohol showed a singlet 
at F 4.84 for the above methine proton (OH at 
F 3.55, disappeared on shaking with D,O), while 
that of the acetate, as expected, showed the signal 
for the methine proton in the downfield region 
at 6 6.2. These data clearly support the structures 
7 and 8 for the alcohol and the acetate respec- 
tively. Since the alcohol 7 is obtained from the 
"adduct" by hydrogenation, the structure of the 
"adduct" should be 5 rather than 11. 

Additional support for the structure of the 
"adduct" could be obtained from the mass 
spectral fragmentation of these compounds (15) 
(Chart 11). The presence of ions, at mle 148 and 
161 in 6, at mle 148, 150, 161, and 163 in 7, and at 
mle 157, 175, and 203 in 10, clearly indicated that 
the tetrachloro-o-phenylenedioxy moiety, pres- 
ent in the "adduct", must be attached to the 
carbon atom a to the keto group as in 5 and not to 
the benzylic carbon atom as in 11. Thus, all these 
data indicated that the "adduct" must be 
2,2-(tetrachloro-o-phenylene dioxy)-3,4-dehydro- 
6-methoxy-1-tetralone (5). 

The formation of the phenolic product in major 
amount during hydrogenation of the "adduct" 5 
is an interesting observation. In the U.V. spectrum, 
this phenol showed h,,, at 220 (E 42 840), 246 
(E 27 720), 286 (E 2574), and 316 mp (E 4325) and 

5Because of the poor solubility of 7 and 8 even in 
DMSO-d6, good spectra could not be obtained. 

in the presence of alkali it exhibited h,,, at 258 
(E 27 720) and 318 mp (E 6845). In the i.r. spec- 
trum, it showed peaks at 3570 (free OH), 3460 
(bonded OH), 1608, 1558, and 1515 cm-' 
(aromatic) and analyzed for C1,H1,O4Cl4. The 
phenol could be methylated with dimethyl 
sulfate in the presence of anhydrous potassium 
carbonate in acetone to the corresponding 
methyl ether which analyzed for a molecular 
formula C,,H1404C14 which was again con- 
firmed by the presence of intense molecular ion 
peaks at m/e 446 (35C1), 448 and 450 in 3:4:2 
ratio in its mass spectrum. The n.m.r. spectrum 
of the methyl ether showed complete absence of 
methylene and methine protons, but showed 
three sharp singlets of three proton intensity at 
6 4.11, 3.9, and 3.77 corresponding to three 
methoxyl groups attached to aromatic system. 
It also showed signals due to five aromatic 
protons, one of which appeared at F 8.05 as a 
doublet (J = 9 c.p.s.) due to the proton at the 
peri position (with respect to methoxyl), which is 
deshielded by the methoxyl group (16). These 
data suggested structure 10 for the phenolic 
methyl ether and 9 for the parent phenol. The 
formation of the phenol 9 in major amount 
indicated that the hydrogenolysis of the "adduct" 
5 took place preferably at the ketal function. 

The "adduct" 5 is formed probably by the 
initial addition of the quinone 4 followed by 
dehydrogenation by another mole of quinone. 
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If the dehydrogenation process is the first step ( b )  with Palladiun1 Black 
A mixture of 1.0 g of tetralone 1 and 0.2 g of palladium then the have been formed'6 

black (19) in 30 ml of xylene was refluxed for 24 h and we tried to prepare the naphtho1 by after the removal of solvent in vacuo, the residue was 
bromination of tetralone 1 followed by deh~dro-  extracted with ether and worked u p  as before t o  give 
bromination. Bromination of tetralone 1, carried 0.15 g of naphthol 3. 
out under normal conditions, viz., in acetic acid (c) With Tetrachloro-I,2-bet~zoquinone (4) (11, 20) 
or carbon tetrachloride, gave a mixture of two A mixture of 1.76 g (0.01 M )  of tetralone 1 and 5.92 g 
products as shown by thin-layer chromatography. (0.02 M, of in 40 m1 of benzene was refluxed for h. 

The solvent was removed in vacuo and the resulting 
when the was carried gummy product was chromatographed over neutral 

out in ether containing a trace of hydrogen alumina (120 g). Elution with pure PI-hexane, and then 
chloride (17), 2-bromo-6-methoxy-l-tetralone (la) with 90% tt-hexanelbenzene afforded the "adduct" 5 
was obtained exclusively in  an excellent yield. which was crystallized from benzenelhexane mixture as  

shining greenish-yellow crystals; yield 1.2 g, m.p. 191- The a-bromo ketone l a  was dehydrobrominated 192 oC (decomposed), 
by refluxing in dimethyl formamide (DMF) with Anal. Calcd. for C17H804C14: C, 48.8; H, 1.91; C1, 
either calcium carbonate or a mixture of lithium 33.97. Found: C, 48.76; H, 2.04; C1, 33.66. 
bromide and lithium carbonate. With the latter Hydrogenatiotl of the ccAddrtct,, 
reagent, the yield of 6-methox~-l-naphthol (3) (a) A solution of 1.00 g of the "adduct" 5 in 50 ml of 
was as high as 80% and this method was finally dry ethyl acetate was hydrogenated in the presence of 
chosen for large scale preparation. 10% palladized carbon. After 2-3 h, the solution had 

absorbed one mole of hydrogen and the greenish-yellow 
color had disappeared. After filtration of the catalyst, the 

Experimental solvent was removed and the residue was taken up in 
ether and washed with dilute sodium hydroxide solution 

All melting points are uncorrected. The U.V. spectra followed by water. Onconcentrationof theethersolution, 
were determined in ethanol on a Beckman D U  spectro- the ketone 6 began crystallizing out, yield 0.18 g, m.p. 
photometer. The i.r. spectra were recorded in Nujol with 208-209 "C. 
a Perkin-Elmer model 137B infracord spectrophoto- Anal. Calcd. for C17H1004C14: C, 48.57; H, 2.40; C1, 
meter. The n.m.r. spectra were taken in CDCI, (except 33.81, Found: C, 49.04; H, 2.84; CI, 33.28. 
those of 7 and 8 which were recorded in DMSO-A), at The above alkali extract was acidified with dilute 
60 Mc.p.s. using TMS as internal standard. The mass hydrochloric acid and the separated product was ex- 
spectra were determined in an Atlas CH-4 spectrometer. tracted with ether. The ether extract was washed with 
The microanalyses were carried out by the CIBA research water and the removal of solvent gave a gummy product 
center, Bombay, India. which on crystallization from chloroform/hexane fur- 

nished 0.7 g of the phenol 9, m.p. 188-189 "C; 
Del~ydrogertatiort of 6-Methoxy-I-tetralone (I) Anal. Calcd. for C17Hlo04C14: C, 48.57; H, 2.40; C1, 

(a) With 30 % Palladized Carbon 33.81. Found: C, 48.07; H, 2.81; CI, 33.38. 
A mixture of 1.76 g of 6-methoxy-I-tetralone (18) and Methyl ether 10, m.p. 108-109 "C (from ethanol). 

0.88 g of 30% Pd/C was heated around 280-300 "C while Anal. Calcd. for C19H1404C14: C, 50.89; H, 3.08; CI, 
a steady stream of dry carbon dioxide was passed through 31.69. Found: C, 50.61 ; H, 3.42; CI, 31.30. 
the system. When the evolution of hydrogen ceased (2 h), (b) The above hydrogenation was repeated with 1.00 g 
the mixture was cooled and repeatedly extracted with of  "adduct" 5 in the  presence of 0.4 g of 10% palladium 
ether. The ether extract was washed with dilute sodium carbon for 4-5 h. The  product was worked up as before. 
hydroxide; the alkali extract acidified with ice cold dilute From the alkali extract, 0.75 g of phenol 9 was obtained. 
hydrochloric acid to give the naphthol 3 as a gum which The neutral fraction, on crystallization from chloroform- 
was again extracted with ether. Renloval of solvent, after hexane, gave 0.21 g of alcohol 7, m.p. 216-217 "C. 
washing with water, afforded 1.05 g of crude naphthol 3 Anal. Calcd. for C17H1204C14: C, 48.58; H, 2.84; 
which was purified by passing through an alumina column C1, 33.65. Found : C ,  49.1 1 ; H, 3.26; CI, 33.20. 
followed by crystallization from 90% n-hexanelbenzene Acetyl derivative 7, m.p. 238-240 "C (80% benzene/ 
to  give 0.88 g of crystalline 6-methoxy-1-naphthol (31, hexane). 
m.p. 85 "C (lit. 85 "C (4)). Anal. Calcd. for C19H140SC14: C, 49.35; H, 3.02; 

In a large scale experiment, the combined ether extract, ~ 1 ,  30.60. Found: C, 49.81 ; H, 3.38; CI, 30.40. 
obtained after washing with dilute alkali, was washed 
with water, the solvent removed, and the residue distilled Brottlirtatiotl Of 6-Methoxy-1-tetra10t1e ( I )  
under reduced pressure to afford 2-methoxynaphthalene, A 6.4 g in 20 ml of 
naphthalene, and the starting material. carbon tetrachloride containing a few ml of dry ether was 

--- 
added dropwise (each drop was added only after the 
previous drop was completely decolorized) to a stirred 

w 0 t e  ~ d d e d  ~trproof:-~ecent experiments have con- solution of 7 g of tetralone 1 in 200 ml dry ether. The 
elusively proved that the "adduct" is formed via the ether contained 2 ml  of ethereal hydrogen chloride and 
napthol 3. was maintained at  CL5 "C throughout the  addition. After 
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the complete addition of bromine, the reaction mixture 
was stirred for another 0.25 h and then water was added 
followed by ether. The ether layer was separated and 
washed with water. Removal of solvent afforded 10.1 g of 
gummy 2-bromo-6-methoxy-1-tetralone (la) and this 
material was used as such for the subsequent step. For 
analysis, a small amount of the above product was 
crystallized from rz-hexane, m.p. 83 "C. 

Anal. Calcd. for CllHIIOZBr: C, 51.80; H, 4.32; Br, 
31.34. Found: C, 51.62; H, 4.35; Br, 31.30. 

6-Methoxy-1-naphthol (3) 
A solution of 10.1 g of the above a-bromoketone (la) 

in 200 ml of dimethyl formamide containing a mixture of 
8 g of lithium bromide and 6 g of lithium carbonate was 
refluxed for 3 h in an atmosphere of nitrogen. The solvent 
was removed irr vacrto and the residue treated with ice cold 
water followed by cold dilute hydrochloric acid. The 
separated gummy product was extracted with ether and 
washed with 10% sodium hydroxide solution. The alkali 
extract was acidified and again extracted with ether. 
Removal of ether afforded 5.85 g of crude naphthol 3 
which was chromatographed over silica gel (120 g). 
Elution with n-hexane followed by 25 % benzeneln-hexane 
mixture gave 4.95 g of 6-methoxy-1-naphthol (3), m.p. 
85 "C (lit, 85 "C (4)). 
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Luciduline: a unique type of Lycopodium alkaloid 

W. A. AYER, N. MASAKI,' AND D. S. NKUNIKA~ 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received June 5, 1968 

The isolation and determination of the structure of luciduline, C,3H210N, an alkaloid present among 
the weak bases of Lycopodium lucidul~im Michx, is described. Chemical and physical evidence which 
suggests structure 9 for luciduline is presented. An X-ray diffraction study o n  O-p-bromobenzoyl- 
dihydroluciduline confirmed this hypothesis and defined the stereochemistry of the methyl group at C-8. 
The complete structure of luciduline, including absolute configuration, is thus represented by 1. A 
possible mode of biosynthesis of luciduline, which is a new type of Lycopodi~irn alkaloid, is discussed. 
The mass spectra of luciduline and some of its derivatives are interpreted in terms of structure 1. 
Canadian Journal of Chemistry, 46, 3631 (1968) 

In 1963 we described (1) the separation of the 
alkaloids of Lycopodium lucidulum into strong 
and weak bases and reported on the properties of 
some of the strong bases. From the weakly basic 
fraction we have isolated several alkaloids (2) 
including one, C,,H,,ON, for which we propose 
the name l~c idul ine .~  In this paper we report on 
the chemical and physical properties of luciduline 
and show that it has a structure, 1, which is 
unique among the Lycopodium alkaloids known 
tb date (4). 

Luciduline is a colorless. somewhat unstable. 
oil which may be purified by evaporative distilla- 
tion or by gas-liquid chromatography (g.1.c.). 
Its infrared (i.r.) spectrum shows pertinent ab- 
sorption bands at 2780 (N-CH,), 1690 (C==O), 
and 1400 (methylene adjacent to carbonyl) cm-'. 
When luciduline is subjected to deuterium ex- 
change (DC1-CH,COOD, room temperature) 
two atoms of deuterium are incorporated. 
Luciduline-d2 does not show absorption at 
1400 cm-' in the i.r. spectrum. Reduction of 
luciduline with sodium borohydride gives di- 
hydroluciduline. The nuclear magnetic resonance 
(n.m.r.) spectrum of dihydroluciduline (CDCl, 
solution) shows a one-proton signal (multiplet, 
w+ = 23 c.p.s.) at z 6.05. This signal is shifted 
to z 5.03 (multiplet, w+ - 24 c.p.s.) in the 

'On leave of absence from Kyoto University, Kyoto, .. - . 
Japan. 

'Present address: Department of Chemistry, Univer- 
sity of Zambia, Lusaka, Zambia. 

1946, Manske and Marion (3) reported the isola- 
tion of a compound Cl3HZ10N (alkaloid L. 21) from 
L,  lucidulutn. Although a direct comparison of alkaloid 
L.21 with luciduline has not been possible, the correspon- 
dence of the molecular formulas and of the melting 
points of the hydroperchlorates suggests that Iuciduline 
is identical with alkaloid L.21. 

n.m.r. spectrum of 0 -acetyldihydroluciduline 
(prepared by treatment of dihydroluciduline 
with acetic anhydride-pyridine). The n. m. r. 
spectrum of 0-acetyldihydroluciduline-d,, pre- 
pared from luciduline-d2 by borohydride reduc- 
tion followed by acetylation, shows a doublet (J - 4.5 c.p.s.) at z 4.98. The above facts, when 
taken together, show that luciduline contains a 
ketonic carbonyl group which is flanked on one 
side by a methylene group and on the other side 
bya methinecarbon, and that enolization towards 
the methine carbon is not a favored process. 

An examination of the n.m.r. spectra of lucid- 
uline (Figs. 1 and 2) and its simple derivatives in 
deuteriochloroform and in acetic acid-d, proved 
very informative. The spectra revealed the pres- 
ence of a secondary C-methyl group (doublet a t  z 
9.15k0.05) and confirmed the presence of an 
N-methyl group (singlet .at z 7.90k0.05 in 
CDCl,, shifted to z 7.00+0.05 in CD3COOD 
(5)). Since luciduline and the derivatives men- 
tioned thus far do not show N-H absorption in 
the i.r. and are resistant to N-acetylation, the 
N-methyl group is located on a fully substituted 
nitrogen. The n.m.r. spectrum of luciduline in 
CDC1, (Fig. 1) shows two partially overlapping 
low field one-proton quartets, one centered at z 
6.95 (J's - 16 and 11 c.p.s.) and one centered at 
z 7.17 (J's - 13 and 4 c.p.s.). The signal centered 
at z 6.95 is due to one of the protons of the 
methylene group a to  the carbonyl since this 
signal is not present in the spectrum of luciduline- 
d2. The larger coupling (16 c.p.s.) must be a 
geminal coupling (6) and the smaller (I 1 c.p.s.) 
an axial-axial coupling (assuming that we are 
dealing with a six-membered ring). The second 
proton of the methylene group is located in the 
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FIG. 1. Nuclear magnetic resonance spectrum (100 Mc.p.s.) of luciduline in deuteriochloroform. 

region z 7.7 as revealed by double-irradiation a quartet at z 6.67 (J's cz 13 and 4 c.p.s.). Spin- 
experiments and by a comparison of the spectrum decoupling experiments confirmed that the latter 
of luciduline with that of luciduline-d,. The en- two protons are mutually coupled, and the mag- 
vironment of the carbonyl may thus be extended nitude of the coupling constant (13 c.p.s.) is con- 
to part structure 2. sistent with their geminal nature. The fact that 

Ha 0 C CH3 H one of these signals is further split suggests that 
I l l  I 1  1 1  ,, . a 8 . , 

-&&c-c*-c -C-N-C-C*- 
I I I I I I 400 3W 200 100 

C P S  

Ha Hc H H H H 
2 3 

The low field region of the n.m.r. spectrum of 
luciduline in acetic acid-d, (Fig. 2) is informative 
as regards the environment of the nitrogen atom. 
The methylene proton responsible for the absorp- 
tion a t  z 6.95 in CDC1, has moved upfield since 
the spectrum of luciduline-d, is identical with 
that of luciduline in the region below z 7.5. The 
region below T 6.9 shows signals for three protons 
which are presumably on carbon atoms attached 
to the nitrogen. A methine proton appears as a 7 6 0  ?,a S o  v 0  

broad sing1et at 6.43 and protons FIG. 2. Nuclear magnetic resonance spectrum (100 
appear as a doublet a t  T 6.20 ( J  = 13 c.p.s.1 and Mc.p.s.) of luciduline in acetic acid-d4. 
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the adjacent carbon carries at least one hydrogen. Lycopodiunz alkaloids (7)4 involving two 3,5,7- 
The environment of the nitrogen may thus be triketooctanoic acid chains the part structure 7 
represented as in 3. is readily accounted for as shown in Scheme 1. 

It was mentioned above that the proton gem- Since in all the known Lycopodium alkaloids 
inal to the acetoxyl group in 0-acetyldihydro- the nitrogen is attached to C-1 of one of the 
luciduline-d,, now represented as in 4, appears as octanoic acid chains, and C-8 of one chain is 
a doublet at .r 4.98 in the n.m.r. spectrum. The always bonded to C-7 of the other chain (9) these 
.r 6-7 region of the spectrum in acetic acid-d4 is features are retained in our "biogenetic structural 
similar to  that of luciduline, again showing the hypothesis" shown in Scheme 1. Using this 
quartet (J's - 13 and 4 c.p.s.) at .r 6.80. Simul- Scheme it is possible t o  arrive at a partial struc- 
taneous irradiation at .r 7.87 causes the signal at ture, 8, which contains all the features of part 

structures 5 and 7. In order to retain the features 
D  OAc 

I I I I  
of 5 the final bond from the nitrogen has to be 

-c-c-c-c- attached to one of the starred carbons in 8. 
1 1 1 1  Attachment of the nitrogen to only one of these, 

H , D  H  H starred carbon a, leads to a structure, 9, which is 
4 essentially strain free, and this structure became 

Ha 0 H CH3 our working hypothesis for the design of fur- 

I  /  I /  I * I  I  I  ther experiments. It may be seen that structure 9 
-C-C-C-C-c-N-c- (=9a) accounts for the observation that the 

I  I  I I  I  
H, H, H H H methine proton adjacent to the carbonyl is not 

5 
readily exchanged (bridgehead position) and for 
the fact that the axial proton at C-1 appears at 

.r 4.98 to collapse to a singlet and the signal at abnormally low field in the n.m.r. spectrum (de- 

.r 6.80 to collapse to a doublet, J = 13 c.p.s., shielded b~ the lone pair on nitrogen (10, 11))- 
suggesting that both are coupled to the same The nitrogen atom in 9 is extremely hindered, 
proton and thus that the starred carbons in 2 and 3 which may at least in part, for the low 
are one and the same, leading to part structure 5 basicity of the alkaloid. Attempts t o  form the 
for luciduline, where the hydrogen at c is not methiodide, even under forcing conditions, were 
readily exchangeable under enolizing conditions. ~nsuccessfuI and luciduline was recovered un- 

order to gain further insight into the carbon changed after treatment with triethyloxonium 
skeleton of the alkaloid, luciduline was subjected fluObOrate in 
to selenium dehydrogenation. 2,6-Dimethyl- The carbony1 stretching frequency in the i.r- 
naphthalene(6)wasisoiated ingood yield(>30%). Spectrum of luciduline is rather low (1690 cm-') 
A similar result was obtained using dihydro- for a six-membered ketone. Since there is a severe 
luciduline. l-he dehydrogenation product ac- non-bonded interaction between the nitrogen and 
counts for 12 of the 13 carbon atoms of lucid- the hydrogens on C-1 in structure 9 a possible 
uline, and assuming that it is the methyl group on explanation is that the carbonyl containing ring 
nitrogen which is lost during the dehydrogena- 
tion it was tempting to consider that luciduline 4The structure was first tentatively assigned in August, 
contained the carbon framework 7. on the basis 1966. The currently accepted biogenetic pathway (8) 

accounts equally well for the structure, as  is discussed 
of the then favored biogenetic pathway for the later. 
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is distorted towards the half-chain with the con- manganate in acetone provided, albeit in low 
sequent increase in the carbonyl bond angle yield, luciduline lactam (12) which showed car- 
causing the shift to lower frequency (12). A bonyl absorption at 1730 and 1640cm-', as- 
similar explanation has been used to explain the signed to the ketone and lactam groups respec- 
low carbonyl frequency in lycopodine (10)(13). tively. The absorption of the ketonic carbonyl at 
An alternate structure, 11, which accommodates higher frequency than in luciduline is, by analogy 
part structure 6 and which could give rise to 2,6- to other P-dicarbonyl systems (14), ascribed to 
dimethylnaphthalene by a simple rearrangement its 1,3-relationship with another carbonyl group. 
(arrows in 11) might also explain the low car- The absorption of the lactam carbonyl at 
bonyl frequency, since cycloheptanones usually 1640 cm-' indicates that the nitrogen is in a six- 
absorb at lower frequency than cyclohexanones. or larger-membered ring and thus luciduline does 

Oxidation of luciduline with potassium per- not have structure 11. The n.m.r. spectrum of 
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AYER ET AL.: LUCIDULINE 3635 

luciduline lactam (12) shows three low field sig- signal appeared at z 7.88 and the C-methyl 
nals, a one-proton quartet (J's - 3 and 6 c.p.s.) doublet at z 8.95. A complex series of peaks, 
at z 6.36, assigned to the proton on C-3, a com- corresponding to 4-5 protons appeared in the 
plex multiplet at z 6.72, assigned to the proton region .c 6.7-7.5. The chemical shift of the proton 
on C-6, and a three-proton singlet at z 7.04 due geminal to the C-methyl group, located by double 
to the N-methyl group. The signal for the axial irradiation, was z 8.01, indicating that themethyl 
proton on C-1 could no longer be observed in the group is not allylic to the double bond. Ozo- 
region below z 7.5. Attempts to bring about nolysis as well as permanganate-periodate oxida- 
hydrolysis of the lactam and/or cleavage of the tion of 14 led to the formation of intractable 
1,3-dicarbonyl system were unsuccessful. mixtures. This route to ring-cleaved derivatives 

Several reactions designed to furnish informa- was therefore abandoned. 
tion concerning the ketone containing ring were In an attempt to prepare the diosphenol 15, 
unsuccessful. We especially desired to open this luciduline was oxidized with selenium dioxide in 
ring, since we felt that dehydrogenation studies dioxane. Instead of the diosphenol 15, the de- 
on the seco compound might furnish a recogniz- hydro compound 16 was obtained in about 50% 
able quinoline derivative. Attempts to open the yield. Dehydroluciduline (16) absorbs a t  1668 and 
ring by Baeyer-Villiger oxidation and by pho- 1628 cm-' in the i.r. spectrum. The n.m.r. spec- 
tolysis were unsuccessful, and dihydroluciduline trum showed a signal for an olefinic proton as a 
(13, the equatorial nature of the hydroxyl group sharp singlet at z 3.98. The failure to observe any 
is apparent from the n.m.r. data already quoted) long range coupling was somewhat disconcerting. 
proved resistant to dehydration with thionyl Catalytic hydrogenation of dehydroluciduline 
chloride in methylene chloride and with phos- over platinum afforded dihydroluciduline (13), 
phorus oxychloride in pyridine. 0-Acetyldi- indicating that no skeletal rearrangement had 
hydroluciduline was recovered unchanged on occurred during the oxidation. When a solution 
pyrolysis at 300". Bromination of luciduline of dehydroluciduline in DCI-CH,COOD was 
hydrobromide with two equivalents of bromine kept a t  room temperature for 60 h, conditions 
in chloroform was more successful. A crystalline under which luciduline readily incorporated two 
compound C, ,H,,NOBr, corresponding to a atoms of deuterium, no exchange of hydrogen for 
bromodehydroluciduline, was obtained. The deuterium occurred. Inspection of models in- 
same bromodehydroluciduline was also obtained, dicates that the enolic form 17 of the ketone is 
but in poor yield, when only one equivalent of very strained and thus the fact that n o  exchange 
bromine was used in the reaction. On the basis of occurs is not inconsistent with the proposed 
its spectral characteristics bromodehydrolucid- structure. 
uline is assigned structure 14. The mass spectra of dehydroluciduline (16) and 

The compound showed an absorption maxi- bromodehydroluciduline (14) were informative. 
mum at 263 mp in the ultraviolet (calculated (15) Each showed a prominent molecular ion and in 
269 mp), and at 1670 and 1603 cm-' in the i.r. each case the base peak resulted from the loss of 
spectrum. The n.m.r. spectrum did not show the elements of propene from the molecular ion 
absorption for an olefinic proton. The N-methyl (confirmed in the case of 14 by high-resolution 
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m/e 

FIG. 3. Mass spectra of: (a) luciduline, (b) dihydroluciduline. 
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AYER ET AL.: LUCIDULINE 3637 

mass spectrometry and by the appearance of the 
appropriate metastable peak). Structures 14 and 
16 readily account for this fragmentation as 
shown in Scheme 2. 

a-Cleavage followed by elimination of propene 
leads to the resonance stabilized radical ion a. 
This fragmentation provides further indirect 
evidence for the position of the C-methyl group 
in the alkaloid. 

The mass spectra of luciduline and dihydro- 
luciduline (Fig. 3) are more complicated than 
those of the dehydro compounds, but may be 
interpreted in terms of the proposed structure. 
Luciduline has prominent peaks at inle 207 
(parent and base peak), 206 (M+ -l) ,  192 
(M+-CH,), 164, 150, 96, 70, and 44. The 
mle 164 peak, which is the most intense peak 
other than the molecular ion is actually a doublet 
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(ca. 1 : 1) consisting of the ions C,,H,,N+ and The nature of the ring system in 9 defines the 
CloH14NO+, and the peak at mle 150 contains relative stereochemistry at all asymmetric centers 
the ions Cl0Hl6N+ and C9Hl,NO+, mainly the except C-8. Luciduline displays a positive Cotton 
latter, as shown by exact mass measurements. effect, due to the carbonyl chromophore, in its 
The composition of the mle 96 ion is C6HloN+ optical rotatory dispersion curve. Application of 
and the mle 44 ion is C2H6N+. A fragmentation the Octant rule (18) leads to the prediction that 9 
pattern consistent with the spectrum is shown in also represents the absolute configuration of lu- 
Scheme 3. a-Cleavage leads to the ion b (= b'), ciduline, provided that 9 indeed represents the 
which on loss of a methyl radical affords the ion c constitution of luciduline. 
(mle 192). Hydrogen rearrangement via a six- As the quantity of luciduline available to us 
membered transition state may occur in two ways was limited it was not possible to carry out further 
to give resonance stabilized ion-radicals (one or degradative studies and since the structural ev- 
more of these processes may of course be con- idence obtained to  this point, although con- 
certed). Rearrangement as depicted by the fish- 
hook in b gives ion-radical d. Loss of an isobutyl 
radical from d, the type of process normally en- 
countered in cyclohexylamines (16), would in 
this case lead to an ion, e, in which there is a 
double bond at the bridgehead. More favored 
processes may involve the loss of an isopropyl 
radical to give an ion such as f (ClOHl ,NO+), or 
cleavage as indicated by the fishhook in d to 
furnish the ion g, which on loss of an acetyl radical 
(fishhooks in g) gives an ion CllHl,N+ (h). 
Hydrogen transfer as shown in b' could be accom- 
panied by cleavage x to give ion i (C9H12NO+) 
or cleavage y to ion j. Loss of the acyl radical 
from j leads to an ion C6Hl0N+ (k). The forma- 

+ 
tion of the ion m/e 44 (CH2=NH-CH,) from 
this type of compound is unexceptional (17). 

The base peak in the mass spectrum of dihydro- 
luciduline (Fig. 3) results from the loss of a 
hydroxyl radical from the molecular ion. This is - 
consistent with the behavior of related 3-azabi- 
cyclo [3.3. llnonanols (1 7) and may be represented 
as in 1 -, m. The peak at mle 164 may be attributed 
to ion h (Scheme 3) and that at mle 166 to di- 
hydro f. In agreement with these hypotheses is the p-BROMOBENZOYL DIHYDROLUCIDULINE 
finding that in the mass spectrum of dihydro- 
luciduline-1,l-d,, the mle 192 peak shifts to 194, O=c e . 8 1  Q=N 0 . 0  

the mle peak shifts 168, but the mle 164 FIG. 4. Perspective drawing of a molecule ofp-bromo- 
peak is not shifted. benzoyldihydroluciduline. 
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AYER ET AL.: LUCIDULINE 3639 

sisterit with structure 9, does not rigorously 
define every part of this unique alkaloid we set 
about to prepare a heavy atom derivative of lucid- 
uline for X-ray diffraction studies. p-Bromo- 
benzoyldihydroluciduline crystallizes from eth- 
anol in the orthorhombic space group P2,2,2, 
with four molecules in the unit cell of dimensions 
a = 11.86, b = 23.70, c = 7.01 A ;  1887 reflec- 
tions from equiinclination Weissenberg photo- 
graphs taken along the [ a ]  and [ c ]  axes with 
CuKa radiation were measured. The structure 
was solved by the heavy atom method and refined 
by full-matrix least squares methods to an R- 
factor of 9.9%.5 The molecular structure so 
derived is shown in Fig. 4, where all the atoms in 
the asymmetric unit of the crystal, excluding 
hydrogen, are shown. The structure shown in 
Fig. 4 is also represented by 18. 

The result verifies the structure deduced by 
chemical methods and establishes the relative 
stereochemistry at C-8 in luciduline as shown in 1. 
The absolute configuration shown in Fig. 4 (and 
in 18) was determined from anomalous dispersion 
calculations using the observed differences in 
intensities of Bijvoet pairs of reflections in the 
Weissenberg photographs. It thus appears that 
the Octant rule is applicable in this case. The 
X-ray data also reveal that both rings A and C 

5Full details of the X-ray analysis will be published 
separately. 

are distorted from the ideal chair toward the 
half-chair, presumably to relieve the non-bonded 
interaction between the nitrogen and the axial 
hydrogen at C-1. The interatomic distance be- 
tween the nitrogen and  C-l when both rings are 
in the ideal chair form (as estimated from 
Drieding models) is 2.6 5 0.1 A. The actual 
distance as revealed by the X-ray data is 2.99 $. 
0.02 A. The C-2, C-1, C-10 bond angle is 115 $. 1" 
and the C- 1 1, N, C-6 bond angle is 1 14 $. 1". 

It has recently been shown that lysine is a pre- 
cursor of lycopodine (10) in the plant and a bio- 
synthetic scheme in accord with the experimental 
results has been advanced (8).6 The MacLean- 
Spenser hypothesis involves the condensation of 
two pelletierine (19) units, formed from lysine and 
acetoacetate. Condensation of pelletierine (19) 
with acetoacetate (Scheme 4, order of steps 
arbitrary) and oxidation to the enamine 20 
followed by ring closure leads to the immonium 
salt 21. Tautomerization to the enamine 22, ring 
closure, N-methylation, and adjustment of the 
oxidation level leads to luciduline (1). It is thus 
apparent that as is the case for all other Lyco- 
podium alkaloids of known structure the poly- 
acetate hypothesis of Conroy (7) and the 

6We wish to thank Professor D. B. MacLean for in- 
forming us of these results prior to publication. The 
biogenetic scheme shown for luciduline was first sug- 
gested, in more general form, by Professor MacLean. 
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MacLean-Spenser hypothesis (8) cannot be dis- 
tinguished on the basis of structure alone. 

Experimental 
Infrared (i.r.) spectra were measured on a Perkin-Elmer 

model 441 or model 337 spectrophotometer and ultra- 
violet spectra on a Perkin-Elmer model 202 spectropho- 
torneter. Nuclear magneticresonance(n.m.r.)spectra were 
measured on a Varian HA-100 spectrometer. Internal 
tetrarnethylsilane was used as a standard. Optical rotatory 
dispersion spectra were determined on a Cary model 60 
spectropolarimeter through the courtesy of Professor 
C. M. Kaye, Biochemistry Department, University of 
Alberta. Mass spectra were determined on an AEI MS-9 
mass spectrometer. Alumina, unless otherwise specified, 
refers to basic alumina of activity 11-111 (Brockmann 
scale). Thin-layer chromatograms (t.l.c.), unless otherwise 
specified, were carried out on Alumina G (Research 
Specialties Co., Richmond, California) and were devel- 
oped in an iodine chamber or with Dragendorff's reagent, 
the latter prepared according to the procedure described 
by Bobbitt (19). Skellysolve B refers to Skelly Oil Com- 
pany light petroleum, b . ~ .  62-70". Melting points were 
determined on a hot-stage and are uncorrected. Micro- 
analyses were performed by C. Daessle, Montreal, and 
by Mrs. D. Mahlow of this department. 

Isolation of Lucidrtline 
Finely ground Lycopodirmi lucidrlum Michx (5.1 kg), 

collected near Fredericton, New Brunswick, by Mr. M. A. 
Stillwell, was extracted for three days with methanol in a 
Soxhlet extractor. Most of the methanol was removed and 
the residue was digested with aqueous hydrochloric acid 
(6% by volume) and filtered. The insoluble portion was 
then digested with hydrochloric acid (10% by volume) 
and again filtered. The filtrates were combined and 
washed with ether, then basified to pH 10-11 with 
ammonium hydroxide and extracted with chloroform. 
Removal of the chloroform under reduced pressure gave 
the "crude alkaloids" (55.6 g). The "crude alkaloids" 
were dissolved in 10% hydrochloric acid and a saturated 
solution of disodium hydrogen phosphate was added 
until the solution was pH 6.5. This solution was extracted 
several times with methylene chloride. Evaporation of 
the solvent gave the "weak bases" (44 g). The pH of the 
aqueous solution was then raised to about 10 by the 
addition of ammonium hydroxide. Extraction with chlo- 
roform gave the "strong bases" (11.0 g). The weak bases 
(5.1 g) were subjected to one hundred funnel counter- 
current distribution using chloroform (40 ml per tube) 
as the stationary phase and a saturated solution of 
potassium hydrogen tartarate (pH 3, 40 ml per tube) as 
the moving phase. Tubes 5 to 44 (total wt. 0.26 g) con- 
tained mainly one component (determined by t.l.c.), 
which was further purified by dry-column chromatog- 
raphy (20) over alumina, using ethyl acetate-ether (1 :4) 
as the developing solvent. Luciduline showed an Rr value 
of about 0.9 under these conditions. The luciduline 
(0.07 g) was eluted from the adsorbent with chloroform 
and further purified by evaporative distillation (bath 
temperature 80-100") under reduced pressure (0.5 mm). 
From 44 g of weak bases it was possible in this way to 
obtain about 0.5 g of luciduline. Luciduline is a colorless 
oil which becomes yellow on standing. 

Anal. Calcd. for C13HZ1NO: mol. wt. 207.1623. 
Found: mol. wt. 207.1630 (high resolution mass spec- 
trometry (h.r.m.s.)). 

Infrared spectrum : v,,,(CHC13) 2780 (N-CH,), 1690, 
and 1400 cm-'. 

Optical rotatory dispersion in ethanol (c, 0.283): 
+10", +2400°, -2860'. 

Nuclear magnetic resonance spectra: see Figs. 1 and 2. 
Mass spectrum: see Fig. 3. The high resolution mea- 

surements are as follows: m/e 164, 164.1439 (calcd. for 
Cl1Hl8N, 164.1439) and 164.1076 (calcd. for C10H14N0, 
164.1075); rn/e 150, 150.1281 (calcd. for CIOH16N, 
150.1282) and 150.0919 (calcd. for C9Hl zNO, 150.0919); 
m/e 96, 96.0810 (calcd. for C6HIoN, 96.0813); rn/e 44, 
44.0500 (calcd. for C2H6N, 44.0504). 

Luciduline shows no inflexion in its titration curve 
when titrated with sulfuric acid in 80% Methylcellosolve. 

Dilrydroluciduline 
Luciduline (21 mg) was dissolved in ice-cold methanol 

(15 ml) and sodium borohydride (0.3 g) added. Analysis 
by t.1.c. indicated the reaction was complete in 3-4 min. 
The reaction mixture was diluted with water and ex- 
tracted with chloroform. Evaporation of the chloroform 
gave dihydroluciduline (13 mg) as a colorless crystalline 
solid, m.p. 65-70", which could not be induced to clystal- 
lize from a solvent and was further purified by sublima- 
tion under reduced pressure. 

Anal. Calcd. for C13Hz30N (mol. wt., 209.1779): C, 
74.59; H, 11.07; N, 6.69. Found (mol. wt., 209.1771 
(h.r.m.s.)): C, 74.53; H, 10.93; N, 7.07. pK*,,, 7.7. 

Infrared spectrum: v,,,(CHCl,) 3603 (-OH, con- 
centration independent), and 2780 (N-CH,). 

Nuclear magnetic resonance spectrum (CDC13): r 6.05 
( lH,  multiplet, w, 23 c.p.s.), 7.86 (3H, singlet, shifted to 
7.05 in CD,COOD, N-CH,), 9.14 (3H, doublet, split- 
ting 7 c.p.s., CH--CH,). 

Mass spectrum: see Fig. 3; high resolution measure- 
ments indicate that the rn/e 192 peak has the composition 
C13HZZN, m/e 166 is CIOHl6NO, and m/e 164 is 
C I I H I ~ N .  
0-Acetyldilrydrohrcirlulirre 

Dihydroluciduline (54 mg) was dissolved in a mixture 
of acetic anhydride (1 ml) and pyridine (0.5 ml) and kept 
at room temperature for 12 h. After workup, O-acetyl- 
dihydroluciduline was obtained as a colorless oil which 
was purified by evaporative distillation (10O0/0.5 mm). 

Anal. Calcd. for Cl5HZ50,N: mol. wt. 251.1885. 
Found: mol. wt. 251 .I897 (h.r.m.s.). 

Infrared spectrum: v,,,(CCl,) 2779 (N-CH,), 1733, 
and 1235 cm-'. Nuclear magnetic resonance spectrum in 
CDC1,: z 5.03 ( lH,  multiplet, w, 24 c.p.s.), 6.93 (lH, 
doublet, splitting 11 c.p.s.), 7.92 and 7.98 (3H singlets, 
N-CH, and -OCOCH,), and 9.17 (3H, doublet, split- 
ting 7 c.p.s.). 

Nuclear magnetic resonance spectrum in acetic acid- 
d,: z 4.98 (lH, multiplet, ~ v ,  23c.p.s.), 6.08 (lH, doublet, 
J = 13.5 c.p.s., coupled to proton at 6.80),6.60 (lH, broad 
singlet), 6.80 (quartet, J's = 13.5 (coupled to 6.08) and 
3.5 c.p.s. (coupled to  7.87), 7.00 (3H, singlet), 7.94 (3H, 
singlet), and 9.04 (3H, doublet, splitting 6 c.p.s.). 

Mass spectrum: m/e 251 (S), 250 (4), 208 (4), 192 (loo), 
and 150 (4). 
Luciduline-I,]-dz 

Freshly distilled luciduline (66 mg) was dissolved in a 
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5 % solution of deuterium chloride in acetic acid-0-d Selenium Dehydrogenation of Dihydrolucid~iline 
(5 ml) and allowed to stand at room temperature for Dihydroluciduline (25 mg) was mixed with seleniuni 
5 days. The bulk of the solvent was removed under powder (200 mg) and heated in a sealed tube (sealed it1 

reduced pressure and a saturated solution (6 ml) of uacuo) at 280-300" for 8 h. The dehydrogenation products 
anhydrous potassium carbonate in deuterium oxide was were isolated by evaporative distillation directly from the 
added to the residue. Extraction with alcohol-free chloro- reaction mixture. Gas-liquid chromatography (g.1.c.) 
form and evaporation of the solvent gave luciduline-1,l- showed the presence of two major components in the 
dz (40 mg). To avoid exchange in the inlet system of the ratio 3: 1 and four minor components. The major com- 
mass spectrometer, the deuterium analysis was performed ponents were isolated by g.1.c. (Aerograph model A-90-P3 
on 0-acetyldihydroluciduline-1,l-dz, prepared as de- gas chromatograph, 10% QF-1 on Chromosorb W, 5 ft x 
scribed below. {in. column, 125", helium flow rate 35 ml/min). 

Infrared spectrum: vm,,(CHCI3) 2785, and 1690 cm-'. The major component (8 mg), retention time 8.7 min, 
The band present at 1400 cm-I in luciduline was no was obtained as a colorless solid. Mass spectrum: m/e 
longer apparent. 156(100), 155(31), 141(55), and a metastable peak at 

Nuclear magnetic resonance spectrum in CDCI3: no 127.5 corresponding to 156 -> 141. The exact mass of the 
signals below r 7.0, r 7.17 ( lH,  quartet, J's = 12 and 4 molecular ion corresponded to ClZHlz (Calcd: 156.0943. 
c.p.s.). The rest of the spectrum is similar to that of Found: 156.0940). The ultraviolet (u.v.), i.r., and mass 
luciduline, except the intensity of the signal centered at spectra were identical with those of an authentic sample 
r 7.6 is diminished. The n.m.r. spectrum in acetic acid-d4 of 2,6-dimethylnaphthalene. 
is similar to that of undeuterated luciduline. The other major product (3mg), retention time 

14.2min, was obtained as an oil. Mass spectrum: m/e 
Dihydrolucidulitle-1,I-dz 17q100, shown to be C13H14 by h.r.m.s.), 169(19), and 

Luciduline-1,l-dz (40 mg) was dissolved in methanol- 155(52). Ultraviolet spectrum: hm,,(EtOH) 229, 280, 311, 
0 - d  (2 ml) and sodium borohydride was added to the 317, 326 mp. The U.V. spectrum and the mass spectrum 
cooled solution. After 2 h most of the solvent was Suggest that this compound is a trimethylnaphthalene, 
removed and water was added. Extractionwithcliloroform but it has not been identified- 
gave dihydroluciduline-1,l-(1, which was purified by sub- 
limation. Selenium Dehydrogenation of Luciduline 

Mass spectrum: m/e 212(6), 21 1(27), 210(44), 195(19), Luciduline (30 mg) was mixed with selenium (100 mg) 
194(100), 193(29), 168(26), 164(18), 150(12), 98(10), and heated in a sealed tube at 300-3100 for l6 h. Direct 
70(10), and 44(18). sublimation of the dehydrogenation mixture (120"/5 mm) 

gave a solid (9 mg) which contained > 9 0 %  of 2,6- 

0-Acetyldihydrolucidulit~e-I ,I-dz dimethylnaphthalene as indicated by g.1.c. The i.r. spec- 

Dihydro~uciduline-l,l~~z (40 mg) was acetylated using trum of a sample purified by g.1.c. was identical with that 

acetic anhydride - pyridine in the usual manner and the 276-dimethy1naphtha1ene' 

product was purified as described for the undeuterated B~~~~~~~~~~ of~uciduline 
compound to give 0-acet~ldih~droluciduline-dz (35 mg) Luciduline hydrobromide (0.43 g) was dissolved in 
as a colorless oil. chloroform (2 ml) and a solution of bromine (0.38 g) in 

Mass spectrum: t?z/e 253(5), 252(5), 195(20), 194(100), chloroform (2.2 ml) added dropwise. The reaction mix- and 193(20). The large M-l peak with the ture was kept at room temperature for 2 h. The solvent 
molecular ion made the peaks associated with the molec- was removed under reduced pressure and excess aqueous 
ular ion unsuitable for the calculation of the percentage sodium bicarbonate was added to the residue. ~~~~~~~i~~ 
of deuteration (21). The calculation of the Percentage of chloroform gave a colorless solid (0.12 g) which was 
the various deuterated species was therefore done on the purified by sublimation. B~~~~~~~~~~~~~~~~~~~~~ melts 
basis of the M-59 peak. The calculation indicated the at 108-1100. 
presence of 84 % of dz, 14 % of d, and 6 % of d3. Anal. Calcd. for C13H180Ns1Br: mol. wt. 285.0549. 

Nuclear magnetic resonance spectrum in CDC1,: ~ ~ ~ ~ d :  mol. wt. 285.0549. 
similar to the undeuterated compound except for the ~ ~ f ~ ~ ~ ~ d  spectrum: V m , , ( ~ ~ ~ ~ 3 )  2770, 1670, and 
absence of a signal at r 7.44 and the reduced multiplicity 1603 cm-l. 
of the 7 5.03 signal. Nuclear magnetic resonance spec- Ultraviolet spectrum: ~,,,(E~OH) 263 mp (E 7350). 
trum in acetic acid-&: 7 4.98 (1H, doublet, J - 4.5 Nuclear magnetic resonance spectrum (cDc~~) :  r 6.84 
c.P.s.), the rest of the spectrum is similar to that of the (IH, doublet, J = 7 c.p.s.), 7.10-7.46 (3H, rnultiplets), 
undeuterated compound. Simultaneous irradiation of the 7.88 (3H, singlet, N-cH,), and 8.95 (3H, doublet, 
r 7.74 region collapses the r 4.98 doublet to a singlet and 

J = 7 c.p.s.). 
the r 6.81 quartet to a doublet ( J  2. 13 c.p.s.). Mass spectrum: m/e 285(59), 283(61), 243(98), 241(100), 

205(17), 204(26), and 162(44). The peak at 243 analyzes 
Dil~ydroluciduline-2-dl for CloHlzNOslBr (Calcd: 243.0083. Found: 243.0084). 

Luciduline (5 mg) in methanol (5 ml) was reduced with 
sodium borodeuteride (19 mg) in the usual manner. Dehydroluciduline 
After workup, dihydroluciduline-2-dl (3 mg) was puri- Freshly sublimed selenium dioxide (100 mg) was dis- 
fied by sublimation. solved in dioxane (5 ml) and luciduline (1 36 mg) was 

Massspectrum: m/e210(30), 209(45), 194(16), 193(100), added. The solution was heated under reflux for 22 h, 
192(18), 167(27), 164(19), 150(6), 96(11), 70(10), 57(11), then cooled and the precipitated selenium filtered off. 
and 44(56). The dioxane was removed in vacuo and the dark brown 
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residue was dissolved in chloroform. The chloroform 
solution was washed with dilute aqueous sodiuin bi- 
carbonate. The chloroform solution was then taken to 
dryness and the residue purified by evaporative distilla- 
tion (150", 0.5 mm). The detzydroluciduline thus obtained 
was a low melting solid. 

Anal. Calcd. for Cl3H1,NO: mol. wt. 205. Found: 
mol. wt. 205 (mass spectrometry). 

Infrared spectrum: vm,.(CC13 2780, 1668, and 1628 
cm-I. Ultraviolet spectrum: L,,,(EtOH) 242 mp ( E  

10 600). 
Nuclear magnetic resonance spectrum (CDCl,): T 

3.95 (lH, singlet), 7.12 (lH, doublet ( J  = 7 c.p.s.) of 
triplets ( J  = 2.5 c.p.s.)), 7.86 (3H, singlet, N-CH,), and 
8.97 (3H, doublet, splitting 6 c.p.s.). Simultaneous ir- 
radiation at 7 8.0 causes the methyl doublet at 8.97 to 
collapse to a singlet. 

Mass spectrum: m/e 205(61), 204(9), 190(5), 177(7), 
163(100), and 162(16). 

Lucidulirze Lactarn 
Luciduline (0.56 g) was dissolved in acetone and 

potassium permanganate (1.2 g) was added in portions 
over 4 h. The reaction mixture was diluted with 5% 
hydrochloric acid (50 ml) and continuously extracted 
with ether for 13 days. Evaporation of the ether gave 
luciduline lactam (67 mg, single spot on t.1.c.). Further 
purification was effected by filtration through alumina 
followed by evaporative distillation. Basification of the 
aqueous layer and extraction with ether led to the 
recovery of 0.42 g of luciduline. 

Luciduline lactarn was obtained as an oil which partly 
solidified on standing at 0". 

Anal. Calcd. for C13H19N02: mol. wt. 221.1416. 
Found: mol. wt. 221.1413 (h.r.m.s.). 

Infrared spectrum: vm,,(CHC13) 1730, and 1640 cm-l. 
Nuclear magnetic resonance spectrum (CDCl,): 7 6.36 

(lH, quartet, J's 2: 3 and 6 c.p.s.), 6.72 (lH, multiplet), 
7.04 (3H, singlet, N-CH,), and 9.05 (3H, doublet, split- 
ting 6 c.p.s.). 

Mass spectrum: nz/e 221(100), 193(35), 180(27), 178(25), 
165(45), 151(34), 149(39), 136(22), 111(30), 110(80), 
108(39), 95(37), 94(70), 68(35), 57(50), 55(71), and 41(78). 

0-p-Bromobenzoyldihydrolucidrrlitze 
p-Bromobenzoyl chloride was prepared by the method 

of Vogel(22). 
A solution of dihydroluciduline (72 mg) in pyridine 

(3 ml) was added to a flask containing p-bromobenzoyl 
chloride (0.5 g) under nitrogen. The mixture was heated 
for 5 h in an oil bath kept at 120". The reaction mixture 
was cooled and diluted with dilute hydrochloric acid. 
The acid solution was washed several times with ether, 
then made basic by the addition of ammonium hydroxide 
and extracted with chloroform. Removal of the chloro- 
form left a solid which was recrystallized from 95% 
ethanol to give 0-p-bromobenzoyldihydroluciduline 
(21 mg), m.p. 72-73", density of crystals, 1.365 g/cm3 
(by flotation in aqueous potassium iodide). 

Anal. Calcd. for CzoHz6N08'Br: mol. wt. 391.1148. 
Found: mol. wt. 391.1153. 

Infrared spectrum: vm,.(CHC13) 2780, 1715, 1600, and 
1270 cm-I. 

Nuclear magnetic resonance spectrum (CDCI,): T 2.26 
(4H, quartet, J = 8 c.p.s.), 4.80 (lH, multiplet, w, 

24 c.p.s.), 7.82 (3H, N-CH,), and 9.10 (3H, doublet, 
splitting 6 c.p.s.). 

Mass spectrum: m/e 393(1), 392(1), 390(1),193 (14), 
192(100), and 44(14). 
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Synthitse de quelques dCrivCs du tktrahydro-4,5,6,7 benzothiazoline-A2"-acCtate 
d'6thyle1 

RBAL LALIBERTB, HILDA WARWICK ET GEORGES MBDAWAR 
Dt!partetnet~t de Chimie, Laboratoires de Recherche Ayerst, Montre'al, Quibec 

Requ le 4 juin 1968 

On dCcrit la synthese de  quelques a-cyano tttrahydro benzothiazoline-A2"-acCtates d'kthyleen mention- 
nant certains intermkdiaires. L'inertie chirnique particuliere a ce systerne est mise en evidence et certains 
rtsultats obtenus par traitement avec I'acide sulfurique sont rnentionnb. On expose le choix qui y est fait 
d'une configuration particuliere en ttablissant celle-ci a I'aide des spectres infrarouges et ultraviolets. 

Some derivatives of a-cyano tetrahydro benzothiazoline-A2"-acetic acid and their intermediates are 
described. The lack of reactivity of this class of compounds and products of treatment with concentrated 
sulfuric acid have been studied. Assignment of configuration was based on infrared and ultraviolet 
spectroscopic evidence. 

Canadian Journal of Chemistry, 46, 3643 (1968) 

Introduction 

Certains acides acryliques polysubstituCs (3) 
peuvent donner de nouveaux dCrivCs du tetra- 
hydro-4,5,6,7 benzothiazoline-A2"-acetate d'C- 
thyle portant des substituants en positions cl et 
3. La sCquence de riactions utilisCe est gCnCrale 
et peut conduire B un nombre considtrable de 
thiazolines polysubstituCes (1). Ces produits 
prtsentent un intCri?t apprCciable en pharma- 
cologie et plus particulikrement dans ce cas en 
parasitologie ?I cause des similitudes qu'ils prt- 
sentent avec certains anthelmintiques nouveaux 
du type thiabendazole (2). 

Les substances nouvelles dCcritent dans ce 
travail rCsultent de la rCaction dans 1'Cthanol de 
la chloro-2 cyclohexanone avec un sel sodique 
d'un alkylamino-3 ou d'un arylamino-3 cyano-2 
mercapto-3 acrylate d'Cthyle (3). On prepare ce 
dernier produit (3) en faisant reagir dans 1'Cthanol 
le sel sodique du cyanoacttate dYCthyle avec 
un Cquivalent d'un isothiocyanate d'aryle ou 
d'alkyle. Un contact de 30 ii 60 min a 25" suffit 
pour que la reaction soit complkte. Cette addi- 
tion, dCjB decrite dans le cas des isothiocyanates 
d'aryle (3, 4), peut tout aussi bien se faire avec 
plusieurs isothiocyanates d'alkyle tel que l'iso- 
thiocyanate de mCthyle mentionnC dans cette 
publication: il suffit de chauffer un peu pour 

'Ce travail a r e p  l'appui du Conseil National de 
Recherches du Canada. 

que l'addition s'effectue. I1 faut cependant 
noter que les alkylamino-3 cyano-2 mercapto-3 
acrylates d'Cthyle (4, R = alkyle) obtenus apres 
acidification sont moins stables que les aryl- 
amino-3 cyano-2 mercapto-3 acrylates d'Cthyle 
(4, R = aryle) dCjB dCcrits (3, 4). Cependant 
comme il n'est pas nicessaire de les isoler ceci 
ne prCsente aucune difficultt. 

En faisant agir la chloro-2 cyclohexanone sur 
ce sel de sodium (3) on obtient aprks un reflux 
de quelques heures les alkyl-3 ou aryl-3 cyano-2 
tktrahydro-4,5,6,7 benzothiazoline-A2"-acCtates 
d'Cthyle (7). Lors de cette reaction il est difficile 
d'isoler les intermkdiaires non cyclisCs (S), mais 
l'utilisation de conditions douces permet d'isoler 
certaines hydroxybenzothiazolidines (6). Celles- 
ci perdent facilement une molCcule d'eau par 
chauffage pour donner les benzothiazolines (7). 

Configuration 

Deux configurations de la molCcule autour de 
la double liaison exocyclique sont possibles. Le 
groupe ester peut se trouver en position cis par 
rapport a l'amine comme en 9 ou en trans 
comme montrC en 10. Dans une publication 
rCcente Barnikow (5) dCcrit des produits de ce 
genre en choisissant la configuration trans et 
ceci sans le justifier, alors qu'une Cquipe japo- 
naise (6) dCcrit des produits voisins en adoptant 
la configuration inverse. Ces derniers ont not6 
que la formation d'un pont hydrogkne possible 
dans ce cas seulement a une influence marqute 
sur la position du carbonyle a l'infrarouge. 
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,,C02C2H5 
\ 

NH \ ,,C00C2H5 R-NH 
C2H50Na H+ \ 

,COOC2H5 
CH + RNCS 

/C=C\ 
_+ 

S - .  CN 
/C=C\CN 

SH 

H----O 
H 
/ N-C=C-COOEt 

\\ R-N 
\ 

/ \ 
R-N F- OCZHS 

S CN 
\ 

F-7 /C=C A 
R-S 

R~-S CN 
'COOCzH5 

systeme plus conjugut represent6 par le produit 
9 10 7 et correspondant B la structure "By'. En pre- 

Nous prtferons la configuration cis parce 
qu'elle explique mieux les spectres infrarouges et 
ultraviolets meme si elle ne correspond pas B la 
configuration utiliste par Barnikow (5). Nous 
avons not6 que les spectres infrarouges et ultra- 
violets des produits dtcrits ici dependent de deux 
effets qu'il importe de bien distinguer: la con- 
figuration et la conjugaison. En dissociant ces 
deux effets de meme sens et d'amplitude voisine 
nous pensons pouvoir ttablir avec une certitude 
satisfaisante la sttriochimie des substituants 
autour de la double liaison. En effet, on peut 
distinguer dans ces produits un systeme con- 
jugut "A" reprCsentt par les produits 3, 4, 6 et 
8 et correspondant au chromophore A et un 

nant pour acquis que la configuration de nos 
intermtdiaires demeure constante au cours de 
la synthese on peut dtterminer celle-ci en 
examinant de pres la position de la bande ester 
5 l'infrarouge et  la position d u  maximum B 
l'ultraviolet. Nous avons choisi comme terme de 
rtftrence l'hydroxybenzothiazolidine (6) parce 
qu'elle appartient au systeme le moins conjugu6 
"A" et qu'elle ne peut Ctre stabiliste par la 
formation d'un pont hydrogene. A l'infrarouge 
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ces alcools montrent un signal carbonyle B 1680 
cm-' et B I'ultraviolet un maximum B 298 mp. 
La dishydratation de ces hydroxythiazolidines 
(6) en thiazolines (7) diminue la friquence du 
signal carbonyle d'environ 22 cm-' 2. En 
plus ce passage du systkme conjugui "A" au 
systeme plus conjuguk "B" a un effet batho- 
chrome d'environ 40 mp: les thiazolines (7) ont 
un maximum a 340 5 3. 

Lorsqu'on compare B ces valeurs dijB men- 
tionnies, les donnies infrarouge et ultraviolets de 
produits de type 8 il est possible de faire des 
observations inttressantes. Ces produits 8 cor- 
respondent au chromophore A et doivent res- 
sembler, s'ils sont de configuration trans, aux 
hydroxythiazolidines (6) avec un signal car- 
bonyle vers 1680 cm-' avec un maximum vers 
300 mp. Or, nous avons constati, ici aussi, une 
diminution importante de la friquence du signal 
carbonyle; jusqu'a 1660 cm-' avec un maximum 
a 323 mp dans le cas du produit 8b ayant un 
groupe aniline en position 3 (8, R = C6H5) ou 
jusqu'i 1665 cm-' avec un maximum 310 mp 
dans le cas du produit 8a ayant un groupe 
methylamine en position 3 (8, R = CH,). Ces 
diffirents maxima dipendent ividemment de la 
nature du substituant sur l'azote, cet effet de- 
venant nigligeable dans le cas des thiazolines 
7a, 7b, et 7c. Le diplacement marqui du signal 
carbonyle ne s'explique alors que par la prisence 
d'un pont hydrogene entre le NH et le carbonyle. 
Ceci implique ividemment que la configuration 
est cis. 

Les produits de formule (4) existent sous la 
forme dicrite ici c'est A dire d'amino mercapto 
acrylate d'ithyle que ce soit a l'itat solide 
(Nujol) ou en solution dans le chloroforme. 
Nous n'avons diceli aucune trace du tautomere 
thioamide. Dans la riaction d'iquilibre il ne sem- 
ble pas y avoir d'inversion de configuration car 
nous avons obtenu la mtme thiazoline (7) en 
utilisant comme produit de dipart le sel de 
sodium (3) ou en riginirant celui-ci a partir du 
mercaptan (4). La stabilisation qu'apporte la 
conjugaison du systeme et l'existence du pont 
hydrogene ditermine la configuration de ces 
molicules. 

L'examen de ces produits en risonance ma- 
gnitique nucliaire n'a pas permis de ditecter de 
preuve additionnelle pour confirmer ce choix. I1 
n'y a en effet pas de diffirence significative entre 
les hydrogenes ct des produits 12 et 13. 11s 

apparaissent B 280 Hz. On ne peut diceler d'effet 
B distance du phinyle sur cet hydrogene, donc on 
ne peut diterminer la configuration des produits 
12 et 13. A cette exception pres, nous accep- 
tons donc la configuration cis comme Ctant la 
plus satisfaisante pour expliquer la spectroscopie 
de ces produits et nous ajouterons B ceci des argu- 
ments chimiques dans d'autres publications B 
venir. 

PropriCtCs chimiques 

L'acide sulfurique concentri a tempirature 
ambiante transforme doucement le nitrile en 
amide (11). Un bref contact de cet amide (11) 
sur bain marie avec de l'acide sulfurique con- 
centri provoque l'ilimination complgte de la 
fonction ester pour donner un titrahydro-4,5,6,7 
benzothiazoline-A2"-acetamide (12). Une hydro- 
lyse douce de l'amide (11) avec de l'acide sul- 
furique a 40% provoque l'tlimination de la 
fonction carboxamide pour donner un titra- 
hydro-4,5,6,7 benzothiazoline-A2"-acitate d'i- 
thyle (13). 

A part ces digradations avec l'acide sulfurique 
les produits de formules 7 forment un systkme 
particulikrement stable (1). Le groupe ester en 
formant avec le reste de la molicule un systeme 
stabilisi par risonance est tres peu riactif; il ne 
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se transforme pas en hydrazide par chauffage 
avec de l'hydrazine dans l'isopropanol, ni en ami- 
de par chauffage avec de la cyclohexylamine ou 
par contact avec de l'ammoniac dans 17Cthanol B 
30" pendant 6 jours. Les deux doubles liaisons 
forment aussi un systime stable; elles rCsistent B 
l'hydrogine sous pression, B 75", en presence de 
nickel de Raney. Ces molCcules ne forment pas 
d7Cpoxyde en prCsence de H,O, 30 % dans l'acide 
acCtique. 

Cette faible rCactivitC nous a emp&chC d'utili- 
ser ces produits comme intermkdiaires dans la 
synthise projetCe d'analogues de la thiabenza- 
dole. 11s ont cependant montrC quelque activitC 
contre Trichomonas vaginalis. 

Renzarqrres gdndrales 
Les spectres infrarouges ont Cte obtenus a l'aide d'un 

spectrophotom6tre Perkin-Elmer 225 (primes reseaux) 
en solution dans le chloroforme. Les spectres ultra- 
violets ont kt6 mesures dans I'ethanol avec un spectro- 
photomitre Perkin-Elmer 350. Les spectres de resonance 
magnetique nucleaire (r.m.n.) ont etC enregistres sur un 
appareil Varian A60-A en solution dans le chloroforme 
deutkre et en utilisant le tetramethylsilane comme 
reference interne, les positions etant exprimes en Hz. Les 
points de fusion ont e t t  determines au microscope 
chauffant Reichert. 

Sets de sodilrm d'arylamino-3 o ~ i  d'alkylamino-3 cyano-2 
nzercapto-3 acryiates d'dthyle 

(a )  Arzilino-3 cyano-2 mercapto-3 acrylate d'dthyle 3a 
On ajoute un equivalent de cyanoacktate d'ethyle a 

une solution refroidie de sodium (0.1 mole de sodium) 
dans 50 ml d'ethanol pur. On ajoute ensuite un equivalent 
d'isothiocyanate de phCnyle et apres quelques minutes a 
froid on laisse reposer a temperature de la piece la solution 
jaungtre obtenue. Ceci donne apres une heure une solu- 
tion du sel de sodium de  l'anilino-3 cyano-2 mercapto-3 
acrylate d'kthyle qu'on peut utiliser tel quel pour le faire 
reagir avec la chloro-2 cyclohexanone. 

(b )  ( Dichloro-3,4 arzi1ino)-3 cyano-2 mercapto-3acrylate 
d'dthyle 3b 

On le prepare de la m&me faqon que le produit 3a en 
utilisant de I'isothiocyanate de dichloro-3,4 phknyle. La 
reaction est un peu exothermique et la solution devient 
jaune. Un contact de 30 min a temperature de la p ike  
suffit. 

de son sel de sodium 3a apres dilution avec 50 ml d'eau 
et acidification avec l'acide chlorhydrique. I1 crystallise 
de  ]'ethanol. Le solide blanc jaunit a l'air comme l'a 
note Ruhemann (3). I1 fond a 116" (70%); y,,, NH, 
3160; SH, 2575; CN, 2210; C=0 1657 cm-' ; h,,, 315 (E 
29 100) mp. 

Anal. Calc. pour C12H12N202S: C, 58.06; H, 4.84; 
N, 11.29; S, 12.91. TrouvC: C, 58.54; H ,  4.99; N, 11.57; 
S, 12.93. 

(b )  (Dichloro-3,4 ani1irzo)-3 cyano-2 mercapto-3 acry- 
late d'kthyle 46 

On l'obtient a partir de son sel de sodium 36 en diluant 
la solution dans 1'Cthanol avec un Cgal volume d'eau et 
en acidifiant avec de l'acide chlorhydrique. I1 cristallise 
de 1'Cthanol et fond a 128-129" (60%); y,,, (Nujol) NH, 
3170; SH, 2535; CN,  2200; C==0 1668 cm-l; h,,, 325 
(E 30 900) mp. 

Anal. Calc. pour Cl2HlOCl2N2O,S: C, 45.44; H ,  
3.18; N,8.83.TrouvC:C,45.56;H,3.38;N,9.05. 

( c )  Cyarzo-2 mercapto-3 nzdthylamino-3 acrylate d'dthyle 
4c 

On l'obtient a partir de son sel de  sodium 3c de  la 
faqon suivante. Le solide obtenu pa r  evaporation de 
I'ethanol est dissous dans l'eau et la solution est rendue 
acide avec l'acide chlorhydrique. L'huile obtenue cris- 
tallise lentement 5 froid. Le solide est repris de I'ethanol 
par addition d'eau et du benzene par addition d'ether de 
petrole. 

On obtient l'echantillon analytique par sublimation 
sous vide. Le solide blanc obtenu fond a 51-52" (60%); 
y,,, NH, 3110; SH, 2580; CN, 2200; C=O 1650 cm-'; 
h,,, 295 (E  27 000) mp. I1 est instable. 

Anal. Calc. pour C7H10N202S: C, 45.16; H, 5.41; 
N, 15.05; S, 17.19. TrouvC: C, 44.86; H, 5.44; N, 14.80; 
S, 17.01. 

a-Cyarro hydroxy-3a phenyl-3 tdtrahydro-4,5,6,7 benzo- 
thiazolidine-A2"-acafate d'dthyle 6 a  

On I'obtient en ajoutant un equivalent de chloro-2 
cyclohexanone a la solution du sel de sodium de l'anilino- 
3 cyano-2 mercapto-3 acrylate d'ethyle 3a en prenant 
soin de conserver la solution a 50" pendant 2 h. Apres 
avoir CvaporC le solvant doucement, le residu est dissous 
dans le CHCI,, lave puis sechC. L'Cvaporation laisse un 
solide blanc qu'on reprend rapidement du methanol 
(85 %). I1 perd de l'eau par chauffage. y OH, 3600 et 3400; 
CN, 2210; C=O 1680 bande intense a 1500 cm-'; 
y,,, 298 (E 15 900) mp. 

Anal. Calc. pour C18HZON203S: C, 62.78; H, 5.85; 
N, 8.14; S, 9.29. TrouvC: C, 62.63; H, 5.90; N, 8.20; 
S, 9.36. 

( c )  Cyano-2 mercapt0-3 methylamino-3 acrylate d9dthyle a - C Y ~ I ~ O  (dichloro-3', 4' arzi1ino)-3 h~droxy-3a, pherlyl-3 
3c tdtmhydro-4,5,6,7 benzothiazolidirze-A2"-acdtate 

On le prepare de la m2me faqon que le produit 3a en d'dthyle 66 
utilisant l'isothiocyanate de methyle. La est o n  le prepare de  la meme faqon que  le produit prC- 

lCgerement exothermique et la solution devient jaune, cedent 6a. I1 cristallise du benzene par addition d'hexane. 

Un contact de 30 min 50" est preferable dans ce cas. 11 fond a 164165" (40%); y OH, 3540 e t  3350; CN, 27-00; 
C=O 1680 bande intense a 1490 cm-'; h,,, 298 (E 

Arylamino-3 et alkylamino-3 cyarzo-2 mercapto-3 acrylate 16 000) mp. 
d'dtfryle Anal. Calc. pour C1SH1sC12N203S: C, 52.80; H, 

( a )  Anilino-3 cyano-2 mercapto-3 acrylate d'dthyle 4a 4.39; N, 6.78; S, 7.76. TrouvC: C, 52.83; H, 4.59; N, 
On obtient ce mercaptan de la solution dans I'Cthanol 6.87; S, 7.53. 
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LALIBERTE ET AL.: SYNTHE !SE DE QUELQUES DERIVES 3647 

a-Cyarro phdnyl-3 tktrahydro-4,5,6,7 benzothiazoline-A2"- 
acdtate d'ktlryle 7a 

On l'obtient en faisant r6agir un equivalent de chloro-2 
cyclohexanone avec la solution dans 1'Cthanol du sel de 
sodium de l'anilino-3 cyano-2 mercapto-3 acrylate 
d'kthyle 3a. Un reflux de 5 h suffit pour effectuer le 
couplage et la dkshydratation de l'intermediaire 6a sue 
I'on n'isole pas. Apres Cvaporation de ]'ethanol, le rCsidu 
est dissous dans le chloroforme, lavC puis sCchC. L'eva- 
poration donne un solide blanc qu'on cristallise du 
benzene par addition d'hexane et qu'on reprend rapide- 
ment du methanol. Le produit fond a 194" (80%); CN, 
2205; C=O 1659 bande intense a 1475 cm-', y,,, 338 
(E 26 200) mp; r.m.n. CH2 (7) 153, CH2 (4) 118, 2CH2 
(5 + 6) 108 Hz. 

Anal. Calc. pour Cl8HlsN2OZS: C, 66.24; H, 5.56; 
N, 8.56; S, 9.80. TrouvC: C, 66.16; H, 5.80; N, 8.38; 
S, 9.75. 

a-Cyano (dichloro-3', 4' phdnyl) -3 tdtrahydro-4,5,6,7 
benzothiazoline-A2"-acetate d'dthyle 7b 

On l'obtient en faisant rCagir un equivalent de chloro-2 
cyclohexanone avec la solution dans 1'Cthanol du sel de 
sodium du (dichloro-3,4 ani1ino)-3 cyano-2 mercapto-3 
acrylate d'Cthyle 3b. Dans ce cas il faut garder sous 
reflux pendant 24 h pour que la deshydratation de l'inter- 
mediaire 6b soit complete. On traite alors la solution 
comme decrit en 7a. Le produit blanc cristallise de 
l'Cther, on peut le reprendre de l'acktone par addition 
d'eau. I1 fond a 183" (50%); y CN, 2200, C=O 1655 

i bande intense a 1470 cm-'; h,,, 341 (E 22 100) mp; 
r.m.n. CHI (7) 154, CH2 (4) 120, 2CH2 (5 + 6) 100 Hz. 

Anal. Calc. pour C18H16C12N202S: C, 54.69; H, 
4.08; N, 7.09; S, 8.11. TrouvC: C, 54.39; H, 4.16; N, 
7.25; S, 8.09. 

a-Cyano mdtlryl-3 tdtrahydro-4,5,6,7 benzothiazoline-A2"- 
acktate d'dthyle 7c 

Ce produit rCsulte de la reaction dans les conditions 
dkrites en 7a de la chloro-2 cyclohexanone avec la 
solution dans 1'6thanol du sel de sodium du cyano-2 
mercapto-3 m6thylamino-3 acrylate d'ithyle 3c. Le pro- 
duit cristallise de ]'ethanol et fond & 185" (50%); CN, 
2200, C=O 1660 bande intense ?I 1500 cm-'; h,,, 338 
(E 24 000) mp; r.m.n. 2CH2 (4 + 7) a 150, 2CH2 (5 + 6) 
a 120Hz. 

Anal. Calc. pour CI3Hl6N2O2S: C, 59.08; H,  6.10; 
N, 10.60; S, 12.11. TrouvC: C, 59.16; H, 6.34; N, 10.40; 
S, 12.31. 

Benzylthio-3 cyano-2 rndtliylarnino-3 acry/ate d'dthyle 8a 
On obtient ce produit en chauffant sous reflux pendant 

3 h une solution dans 100 ml d'ethanol de 0.01 mole de 
chlorure de benzyle et de 0.01 mole du sel sode du cyano- 
2, mercapto-3, m6thylamino-3 acrylate dlCthyle 3c. 
L'huile obtenue apres Cvaporation est reprise dans le 
chloroforme et lavee. Elle est passee sur gel de silice pour 
donner un solide que l'on reprend du methanol ad- 
ditionnk d'eau. I1 fond a 62-63" (30); y CN,  2205; 
C=O 1665 bande intense 1575 cm-'; h,,, 310 
(E  18 050); r.n.m. NH 590 Hz. 

Anal. Calc. pour C14H16N2S02: C, 60.86; H, 5.84; 
N, 10.14; S, 11.58. TrouvC: C, 61.02; H, 5.95; N, 10.40; 
S, 11.81. 

Anilino-3 benzhydrylthio-3 cyano-2 acrylate d'dthyle 86 
On obtient ce produit en chauffant sous reflux pendant 

20 h une solution dans 100 ml d'ethanol de 0.01 mole 
chlorure de benzhydryle et de 0.01 mole du sel sod6 de 
l'anilino-3, cyano-2, mercapto-3 acrylate d'ethyle. Une 
Cvaporation donne un solide que I'on reprend dans le 
chloroforme pour le laver. Ce produit cristallise de 
I'ethanol et fond a 128-129" (35 %); NH 3150, C=O 1660 
bande intense a 1565; h,,, 323 (E 21 950); r.m.n. NH 
670 Hz. 

Anal. Calc. pour C25H22N202S: C, 72.45; H, 5.35; 
N, 6.76; S, 7.72. TrouvC: C, 72.14; H, 5.49; N, 6.53; S, 
7.68. 

a-Carbanzoyl phkrzyl-3 te'trahydro-4,5,6,7 benzothiazoline- 
A2"-acktated'dthyle I1 

Ce produit s'obtient en laissant 0.02 mole de a-cyano 
phenyl-3 tetrahydro-4,5,6,7 benzothiazoline-A2"-acCtate 
d'kthyle 7a en contact avec 15 ml d'acide sulfurique con- 
centrC a 25" pendant 4 jours. On verse la solution dans 
150 ml d'un melange eau et glace, et on neutralise avec 
de l'hydroxyde de sodium. 

Une extraction avec du chloroforme suivie d'un lavage 
donne apres Cvaporation une huile jaune qui cristallise 
par trituration avecdel'kther depktrole. Le benzenedome 
un solide jaune fondant a 138-139" (70%); y NH a 
3530 et 3390, C=O 1650, C=O 1612, bande forte a 1555 
cm-'; h,,, 368 (E 15 400); r.m.n. CH2 (7) 155, CH2 (4) 
130,2CHz (5 + 6) 105 HZ. 

Anal. Calc. pour C18HZON203S: C, 62.78; H, 5.85; 
N, 8.14; S, 9.30. TrouvC: C, 62.75; H, 6.09; N, 8.00; S, 
9.27. 

PlrPnyl-3 tdtrahydro-4,5,6,7 benzotlriazoline-A2"-acktamide 
12 

Ce produit rtsulte de I'action & 100" pendant 1 h de 
15 ml d'acide sulfurique concentrC sur l'a-carbamoyl 
phCnyl-3 tetrahydro-4,5,6,7 benzothiazoline-A2"-acetate 
d'6thyle 11. On verse la solution dans 150 ml d'un me- 
lange d'eau et de glace et on neutralise avec de l'hy- 
droxyde de sodium. Une extraction avec du chloroforme 
suivie d'un lavage donne apres Bvaporation un solide 
qu'on reprend de l'acktone. I1 fond a 230-231"; NH a 
3500, 3420 et 3320, C=O 1632 bande intense a 1500 
cm-'; h,,, 345 (E 20400); r.m.n.' CH2 (7) 148, CH2 (4) 
115, 2CH2 (5 + 6) 105 H avec le NH2 a 280 Hz. 

Anal. Calc. pour C15H16N20S: C, 66.16; H, 5.92; N, 
10.29; S, 11.08. TrouvB: C, 66.33; H, 5.96; N, 10.25; S, 
11.19. 

Phdnyl-3 tktrahydro-4,5,6,7 benzothiazoline-A2u-acdtate . .  . 
dYkthyleI3 

Ce ~rodui t  rCsulte de l'action de 30 ml d'acide sul- 
furiquk a 40% sur 0.02 mole de a-carbamoyl phknyl-3 
tktrahydro-4,5,6,7 benzothiazoline A2"-acetate dlCthyle 
11. 

Aprts 4 jours on traite la solution comme dCcrit en 11 
pour obtenir un solide qui cristallise du benzkne. I1 fond 
A 153-154" (45 %). Le produit sublime a 155" sous 0.1 mm 
C=O 1640 bande intense & 1520 cm-'; h,,, 343 (E 
24 500) mp; r.m.n. CH2 (7) 150, CH2 (4) 118, 2CH2 
(5 + 6) 108 et H a 280 Hz. 

Anal. Calc. pour C17H19N02S: C, 67.76; H, 6.36; N, 
4.65; S, 10.62. Trouve: C, 67.92; H, 6.60; N, 4.72; S, 
10.85. 
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Epoxides and trans-chlorohydrins of 3-methoxycyclopentene and their use in 
conformational studies in the cyclopentane system1*' 

E. J. LANGSTAFF AND R. Y. MOIR 
Department of Chemistry, Queen's University, Kingston, Ontario 

AND 

R. A. B. BANNARD AND A. A. CASSELMAN 
Defence Cl~emical Biological and Radiation Laboratories, Ottawa, Canada 

Received August 16, 1967 

The stereoisomeric oxides of 3-methoxycyclopentene (3 and 4) and the four trans-chlorohydrins of the 
same olefin (69)  were prepared by methods resembling those used previously in the cyclohexane system. 
Structure proofs were more difficult than in the cyclohexanes, but served to illustrate some interesting 
chemistry. Product ratios in the cleavage of each of the epoxides with hydrogen chloride were used to 
deduce the probable conformations of the four transition states, by comparing the results with those 
from the cyclohexane system. An unexpected outcome of the work was the new convincing evidence 
obtained for the intervention of chloronium ions in the addition of "hypochlorous acid" to the olefin. 

Canadian Journal of  Chemistry, 46, 3649 (1968) 

For the past several years we have been in- 
terested in forming a reasonably accurate picture 
of the transition states involved in the formation 
and scission of the oxirane ring in the stereo- 
isomeric oxides of 3-methoxycyclohexene (1 and 

1 2) (1-8). Our approach has been that the model 
chosen for the transition state must explain both 
the relative rates of formation of the oxides from 
various halohydrins and the product ratios ob- 
tained in the scission of the oxides. In the present 
paper we report the synthesis of the correspond- 
ing compounds in the cyclopentane series and a 
study of the scission products of the epoxides (3 
and 4). Kinetic studies of the rates of formation 
of the oxides will be reported later. From the 
comparison of the results in the two series, a clear 
picture emerges of the conformation of the 
transition states in the cyclopentane series. 

'Most of this work was presented at  the National 
Meeting of the Chemical Institute of Canada, in Toronto, 
June 6,1967. 

ZDiscussion of recent related work has been added after 
the first submission. 

Synthesis 
Treatment of 3-methoxycyclopentene (5a) (9) 

with chlorine and sodium carbonate in aqueous 
acetone (10) gave a mixture of chlorohydrins 
from which two (6 and 7) were readily separated 
in pure form by preparative gas-liquid chroma- 
tography (g.1.c.). The chlorohydrin 6 on treatment 
with aqueous alkali gave cis-3-methoxycyclopen- 
tene oxide (3), and the chlorohydrin 7 gave the 
isomeric trans-oxide (4). A mixture of the two 

oxides (3 and 4) was also obtained directly by the 
reaction of meta-chloroperbenzoic acid with the 
olefin, the trans-oxide predominating. Larger 
quantities of the oxides were prepared by the 
action of aqueous alkali either upon the crude 
chlorohydrin mixture obtained as above, or upon 
the mixture of bromohydrins resulting from the 
action of aqueous N-bromosuccinimide upon the 
olefin (5a), just as in the cyclohexane series (1,4). 
The resulting oxide mixtures were separated by 
preparative g.l.c., the trans-oxide being obtained 
in much larger yields, as in the other series. 

Treatment of the cis-oxide (3) with a cold 
solution of hydrogen chloride in ether gave a 
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mixture from which the chlorohydrin 8 was ob- 
tained in good yield by preparative g.1.c. Its 
stereoisomer 9 was formed in very high yield as 
the only detectable product from the similar 
reaction of the trans-oxide (4). Thus all four trans- 
chlorohydrins of 3-methoxycyclopentene (6-9) 
had been obtained pure in amounts large enough 
for the kinetic studies. 

Proofs of Structure 
The structures given above have been thor- 

oughly verified in four different ways. One of 
these, the last to be accomplished, has already 
been published in another connection (19).3 The 
other, earlier proofs remain separately valid, add 
independent support to that already given (19), 
and are interesting in respect to the chemistry 
of cyclopentane. 

To begin with, analogies with the correspond- 
ing cyclohexane compounds (and the underlying 
theory) were used to predict the structures of the 
oxides and chlorohydrins of the present series. 
These predictions proved to be entirely correct. 
In both series, the cis-oxide has the higher 
boiling point and higher index of refraction, as 
could be expected for the more internally hin- 
dered, more compact, structure (12, 13). In both 
series, the order of elution (gas-liquid chroma- 
tography) of the four isomeric chlorohydrins was 
the same, in terms of the steric orientation of the 
substituents. In both series, the stereoisomeric 
oxides were opened with hydrogen chloride to 
give mainly the 1-chloro-2-hydroxy-3-methoxy- 
cyclanes (e.g. 8 and 9), while the olefins reacted 
with "hypochlorous acid" to give mainly the 
2-chloro- 1-hydroxy-3-methoxycyclanes (e.g. 6and 
7). This was to be expected if, as always observed 
previously, the polar effect of methoxy pre- 
dominates over steric effects in the opening either 
of the oxirane ring or the chloronium ion ring (I, 
2,5-8,14-16). 

The next proof obtained relied upon contrast- 
ing the products obtained from 3-methoxycyclo- 

3Note added in proof: The chlorohydrins ( 69 )  were 
each separately related to the 1,2- and 1,3-cyclopentane- 
diols. We take this occasion to acknowledge the 
important work of Sable and Posternak (11) in estab- 
lishing the configurations of some of the latter. 

pentene (5a), "active chlorine", and water with 
those from the olefin 5b, "active chlorine", and 
methanol. One would expect, by analogy with the 
reaction of aqueous N-chlorosuccinimide with 
olefins (7) and by the accepted theory of addition 
of halogens in methanol (17, 18) that methanolic 
N-chlorosuccinimide would attack an olefin to  
give methoxyl and chlorine adjacent and trans 
to each other. I t  therefore follows4 that of the 
four chlorohydrins (6-9) only 6 could be pro- 
duced by the action of methanolic N-chloro- 
succinimide upon 3-hydroxycyclopentene (5b), 
provided that no  group wandering occurred due 
to  neighbor participation. Careful consideration 
seemed to show that the only rearrangement to  be 
expected was that involving the intermediate ion 
10; conceivably it might have reacted via the 
epoxide 11 (or its conjugate acid) to  give9, a trans- 
chlorohydrin different from 6, the only possi- 
bility in the absence of rearrangement. Fortu- 
nately 6 and 9 could easily be distinguished by 
nuclear magnetic resonance (n.m.r.) spectroscopy. 

The reaction was actually found to give one, 
and only one, of the trans-chlorohydrins of 3- 
methoxycyclopentene, and from its spectrum it 
was clearly 6 rather than 9. Similarly, when the 
olefin 5b was treated with methanolic N-bromo- 
succinimide, and the product allowed to react 
with aqueous base, some cis-oxide (3) but no 
trans-oxide (4) was formed. From these observa- 
tions the structures of both oxides and all four 
chlorohydrins followed (see below). 

The third proof was simpler and more direct. 
The chlorohydrin thought to be 9 was dehalo- 
genated by the method described previously (19) 
to  give amethoxycyclopentanol(12) which proved 
to be identical with authentic trans-2-methoxy- 
cyclopentanol (20) made by the alkali-catalyzed 
methanolysis of cyclopentene oxide. This settled 

4Space does not permit a full outline of the argument. 
Analogy with the products obtained by an identical inode 
of addition of the elements of hypochlorous or hypo- 
bromous acids with 3-methoxycyclenes (6-8) would 
predict a low yield of 6,  because of the concurrent 
formation of cis-l,2-chlorohydrins o r  of 1,3-chloro- 
hydrins. This does not spoil the proof since the formation 
of 7-8 is not possible. Fortunately also, none of the 
possible impurities in the 3-hydroxycyclopentene could 
lead to 6.  
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the relative position and configuration of meth- 
oxyl and hydroxyl. The position and orientation 
of the chlorine (in 9) followed from the conversion 
of the chlorohydrin by alkali to an epoxide (from 
which 9 could be regenerated with hydrogen 
chloride). The epoxide concerned could only 
have been the trans-isomer (4). (Its alternative 
formation from a peracid and olefin confirmed 
the presence of the epoxy-group, as did the 
presence in the infrared spectrum (21) of a band 
near 3040 cm-l, absent in the chlorohydrin.) 
This same epoxide (4) could also be formed from 
another chlorohydrin, whose structure was there- 
fore 7. The structure 3 clearly belonged to the 
stereoisomeric epoxide, and the two remaining 
chlorohydrins, both of which gave 3 with aqueous 
alkali, must have been 6 and 8. These two were 
finally distinguished by the n.m.r. spectra of their 
p-nitrobenzoates.5 

In the p-nitrobenzoates of the chlorohydrins 
(13-16), the signal from H, (geminal to the p- 
nitrobenzoxy group) was recognizable as the one 
farthest downfield (2, 7). Furthermore 15 and 16 

H 
CI OPNB OPNB 

could be distinguished from 13 and 14 because 
the signal from H, showed a much simpler 
coupling pattern for 15 and 16 than for the 
other pair. Similarly the signal from H, showed 
a simpler pattern in 13 and 14 than in 15 and 16, 
as expected from the number of adjacent hydro- 
gens. Thus 6 and 8 could be distinguished through 
the spectra of their p-nitrobenzoates (13 and 15, 
respectively), and the proof was complete. How- 
ever, unlike the situation for the analogous 
cyclohexane compounds (7), the coupling pat- 

5Problems in the nuclear magnetic resonance spectros- 
copy of cyclopentane derivatives have been discussed by 
Professor Sable and his colleagues (16,22,23). 

terns of H, in 13 and 14, and of H, in 15 and 16, 
could not be used for a completely independent 
determination of all four  structure^.^ The spectra 
are illustrated in Fig. 1. 

Product Distribution in the 
Oxide Scissions with Hydrogen Chloride 

In previous papers (l,2,5-8) we have set forth 
qualitatively the factors believed to influence the 
direction of oxide scission in the cyclohexane 
derivatives 1 and 2. Briefly, if Y is the ratio of 
product yield from attack at position-1 to that 
from attack at position-2, and k1 and k, the 
respective rate constants, then by the usual ap- 
proximations of transition state theory? 

kl A ~ F *  
In Y= In- =- 

k, R T '  
Here, however : 

where F,* is the standard free energy of the 
transition state leading to scission at position-2, 
and Fl* that of the transition state leading to 
scission at position-1. (The energies of the com- 
mon ground state and of the other participants 
cancel.) Presumably the transition states for oxide 
scission and formation are essentially i den t i~a l ,~  
and as will be shown in later papers, the kinetics 

6The equations describe a particular case of the Curtin- 
Hammett Hypothesis (24). It  is assumed that the con- 
formational changes are relatively very fast, and that the 
product ratio is rate-controlled. The second assumption 
seems firmly based on the rather well-known chemistry of 
oxides (25) and is also supported by considerable evidence 
in the two series described here. In the cyclohexane series, 
the thermodynamically less stable product predominates 
in the scission of the trans-oxide. Furthermore, the 
product ratio does not vary appreciably when the 
nucleophile is changed from one giving a possibly 
reversible reaction (e.g. bromide or chloride) to one 
where reversibility is impossible (e.g. methoxide) @).,As 
will be shown later, yields and rates can be combined In a 
coherent system on this assumption. Less evidence is as 
yet available in the cyclopentane system, but aside from 
analogy, the fact that the kinetics of oxide closure show 
the same anomaly as the product ratio in oxide scission 
or chloronium ion scission seems to leave no doubt that 
rate control still applies in the new system. 

'This seems a reasonable hypothesis for base-catalyzed 
scissions, strengthened in the cyclohexane work (8) by 
the observation that variations in the nucleophile caused 
little difference in the product ratios. It is of course not 
obvious that acid-catalyzed scissions have transition 
states similar geometrically to those for base-catalyzed 
scission, but the previously recorded observations (8) 
seem to make it clear that in the cyclohexane series, they 
do. The point has not yet been thoroughly verified in the 
cyclopentane series, but the regularities mentioned in 
footnote 6 seem to allow no other interpretation. 
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OPNB 

FIG. 1. Proton magnetic resonance spectra of the paranitrobenzoates of the trans-chlorohydrins of 3-methoxy- 
cyclopentene, taken at  60 MHz. Values on the scale are in Hz downfield from tetramethylsilane. (a) Compound 16, in 
pyridine-d5 at 47 "C. Inset: at slightly different conditions, and offset. The spectrum in chloroform-d at 40" is similar. 
(b) Compound 13, in pyridine-d5 at  47". Inset is from an otherwise similar spectrum in chloroform-d solution a t  40". 
Peaks within 10 Hz to the left of methoxyl are spurious. (c)  Compound 15, in pyridine-d5 a t  74". The inset was taken 
at  slightly lower radio frequency field strength and spectrum amplitude, and is offset. The spectrum of a chloroform-d 
solution at  40' was similar. (d) Compound 14, in pyridine-d5 at  74". At 47" in pyridine-ds, and in chloroform-d a t  40°, 
the signal from H, was a long, rounded hump with many scarcely discernable, small peaks, and the signal from H,, 
less clearly resolved than in Fig. 1, had the appearance of a triplet, but on a pedestal. 

of oxide formation show that the transition state 
is much more like the chlorohydrins than the 
oxides. Thus ordinary conformational analysis 
may be brought to bear to explain both the rates 
of oxide formation and the product ratios from 
oxide scission. This has now been done in several 
series of cyclohexane compounds (8). 

In the present cyclopentane series, as in the 
cyclohexane series, scission of either stereo- 
isomeric oxide (1 and 2, or 3 and 4) with hydrogen 
chloride gave mainly the 1-chloro compounds. 
This is attributed to an overriding inductive8 
effect of methoxyl. However, a striking difference 
appears in the minor products of scission of the 

'The term is used in the widest sense, as before (8). 
Polar effects in the scission of cyclopentene oxides have 
been discussed by Sable and his colleagues (14-16), and 
in particular Tolbert et al. (16) observed a major and a 
minor product in the scission with aqueous acid of (314)- 
3,4-dihydroxycyclopentene oxide in a ratio much like 
those observed in the present series. 

two series. In the cyclohexane series, the trans- 
oxide (2) gave appreciable amounts of scission a t  
position-2, while the cis-oxide (1) gave no detect- 
able amounts of minor product. The cyclo- 
pentane derivatives were just the opposite in this 
respect, the cis-oxide (3), but not  the trans-oxide 
(4), giving appreciable amounts of scission a t  
position-2. 

An explanation of this difference in conforma- 
tional terms proved surprisingly demanding, and 
clearly led to one particular set of  conformations, 
among the many available in the cyclopentane 
series (24), as most probable for the transition 
states. Preferred conformations in the cyclo- 
pentanes and in the presumably related furanoses 
have been discussed by Hall (26) by Bishop and 
Cooper (27), and by Tolbert et ai. (16), and the 
probable conformations, as well as the ambi- 
guities in deciding which are in fact occupied, 
have been well described. Our work differs some- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LANGSTAFF ET AL.: EPOXIDES AND TRANS-CHLOROHYDRINS 3653 

what from that reported previously. Nearly all 
the former discussions have been concerned with 
ground state conformations. In the present work, 
the conformations of transition states alone are 
at issue, as shown above, involving molecular 
geometries much more strained than would be 
allowable in the ground states. In the present 
work, ambiguity has been largely removed by the 
insistence that the explanation be consistent for 
the complete set of stereoisomers, and for the 
cyclohexane and cyclopentane series at the same 
time. It turned out that our set of compounds 
was just large enough for removal of the ambi- 
guities. The following discussion has been based 
on a very thorough study of the models. 

It appears that only the particular set of 
slightly distorted twist conformations 17-20 
(charges and the state of protonation being 
omitted) provide an adequate basis for the ex- 
planation. Space does not permit a full explana- 
tion of how the many other possibilities were 
eliminated, but this will be obvious from the 
experimental results and from a study of the 
models, remembering that the carbon bearing the 
chlorine will approach sp2 geometry, that the 
chlorine and oxirane oxygen need to be close to 
trans-diaxial geometry, and that torsional and 
close-approach interactions need to be mini- 
mized. Structures 17 and 18 represent transition 
states for the scissions of the cis-oxide (3) ; 19 and 
20 for the trans-oxide (4). Structures 17 and 19 
are for the "normal" scissions at position-1, 
structures 18 and 20 for the "abnormal" scission 
at position-2. Abnormal scission of the cis-oxide 
of the cyclohexane series (1) is relatively un- 
favorable because of the 1,3-diaxial methoxyl and 
oxygen; this effectg is absent in 18, so that more 
abnormal scission would be expected in the cyclo- 
pentane series (as observed). A 1,3-diaxial-like 
interaction interferes with normal scission at 
position-1 of the trans-oxide in both series (e.g., 
in 19); however, in the cyclopentane series (but 
not in the cyclohexanes) a still more serious 
interference occurs with abnormal scission. In 
20 there is marked interference of a semi- 
eclipsing type between methoxyl and chlorine; 
the methoxyl cannot readily escape from this by 
distortion of the geometry, since it is trapped 

QTolbert et al. (16) have drawn attention to this vital 
difference between the cyclohexanes and cyclopentanes in 
supporting a diaxial-dihydroxy conformation for an  iso- 
propylidene derivative in the latter series. 

between the neighboring hydrogens. Escape into 
alternative conformations can only be had at the 
expense of almost eclipsing the four hydrogens 
on the unsubstituted carbons. Thus abnormal 
scission should be less favored in the trans-cyclo- 
pentane compound than in the cyclohexane, 
again as observed. This simple and elegant ex- 
planation, which arose entirely out of the present 
work, was also found to account for the relative 
rates of reaction of all four chlorohydrins with 
alkali, and their differences from the cyclohexane 
series. As will be shown in a later paper, all the 
factors mentioned above also appear clearly in 
the kinetics. Thus the suggested model has passed 
avery severe set of experimental tests. 

One of the most interesting consequences of 
this analysis is the provision of strong evidence in 
favor of the chloronium ion as an intermediate 
in the formation of chlorohydrins from olefins. It 
is true that this is the currently accepted hy- 
pothesis, but as has been previously pointed out 
(17) the actual evidence is very slender.'' In an 
earlier paper (7) we expressed our misgivings in 
that a free carbonium ion, electrostatically but 
not covalently held by a neighboring group, 
could at least as well explain our experimental 
results. Later (8) we showed that a comparison of 

1°Poutsma's review (28) appeared after the  first sub- 
mission of this paper. Fahey and Schubert (29) offered 
evidence for chloronium ion intervention in the  structure 
of olefizic products. Poutsma (30) showed that in non- 
polar solvents the rate of chlorination shows a lack of 
positional effects for alkyl groups. The evidence for 
bromonium ion participation is of course stronger (17). 
For series related to the present one, Hasegawa and 
Sable (31) have called attention to the analogy between 
oxide and bromonium ion scission in neighbor-partici- 
pation reactions. Another analogy between oxides and 
bromonium ions had been previously pointed out by 
Bannard et al. (6). 
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the product ratios of chlorohydrin formation 
from olefin with those from oxide scissions 
showed parallels that suggested that three- 
membered rings were involved in both reactions. 
This parallel is now very much strengthened by 
the observation that the chlorohydrin yields 
from olefins show the same sort of differences 
between the cyclopentanes and cyclohexanes as 
do the oxide scissions. Thus in both series the 
predominant isomers are those (e.g., 6 and 7) 
resulting from scission at position-1 of the 
chloronium ion, as expected from the large induc- 
tive effect of methoxyl. However, whereas some 
9 is formed in the reaction of "hypochlorous 
acid" with 5a, i.e. corresponding to "abnormal" 
scission at position-2 of the cis-chloronium ion 
(21), none of the corresponding "abnormal" 
isomer could be detected in the cyclohexane 
series (7). Similarly, although no 8, corresponding 
to "abnormal" scission of the trans-chloronium 
ion (22), could be detected in the present reaction, 
in the cyclohexane series the isomer representing 

scission of the trans-chloronium ion at position-2 
was formed in considerable amounts (7). It  will 
be obvious that an analysis of the chloronium ion 
scissions similar to that done above for 17-20 of 
the epoxides (but with oxygen and chlorine ex- 
changing roles as required) would lead to these 
observations as expected results, and that it 
would be difficult or impossible to explain them 
on the basis of any other currently favored 
mechanism. 

Experimental 
Infrared (i.r.) spectra were taken on a Perkin-Elmer 

model 21 spectrometer, repeatedly calibrated with poly- 
styrene. Quoted comparisons are for spectra of chloro- 
form solutions. The refractometer was calibrated with 
water at each use, and temperatures reported in its use 
are accurate to about +0.l0. Proton resonance spectra 
(p.m.r.) were determined on a Varian A-60 instrument at 
60 mHz, tetramethylsilane being used as the internal 
standard with each sample. All preparative gas-liquid 
chromatographic (g.1.c.) separations were performed 
with a Fisher Preparative Partitioner, using 6 ft x 1 in. 
glass columns filled with 10% Versamid 900 on Chromo- 
sorb. Analytical g.1.c. was performed on a Jarrell-Ash 
model 700, using an electron-affinity detector. Quantita- 
tive g.1.c. analyses are from uncorrected peak areas. All 

analytical samples of liquids were shown (with two 
exceptions as noted) to be homogeneous by g.1.c. on 
columns shown able to distinguish the corresponding 
isomers. Melting points were determined on a precision 
apparatus (32), with calibrated short stem thermometers 
totally immersed in the bath. Boiling points are un- 
corrected. 

DL-0-Methyl-2-cyclopenten-1-01 (3-Methoxycyclo- 
pentene) (5a) 

The method is that of Alder and Flock (9). Freshly 
prepared, undistilled 3-chlorocyclopentene (350 g, nDZ5 
1.4740 uncorrected) (37) was added slowly over a period 
of about 80 min to a slurry of sodium bicarbonate 
(400 g) in methanol (1100 ml) which was kept at - 10" 
and vigorously stirred during the addition. Stirring was 
continued an additional 2 h. Enough water was then added 
to bring about the formation of two layers. The lower 
layer was extracted with ether, the ether extract united 
with the upper layer, dried, and fractionally distilled. 
The fraction of b.p. 55-106" was washed twice with water, 
dried, and redistilled to give product, b.p. 106-logo, 
nDZ5 1.4362, in a yield of 183 g (53 %), (lit. (9), log0, 
nDZ0 1.4393). Analysis by g.1.c. showed the presence of 
about 1 %of impurity. 

Anal. Calcd. for C6HI00: C ,  73.41; H, 10.28. Found: 
C ,  73.51 ; H, 10.15. 

In addition there was produced a rubber (8.6 g) and a 
high-boiling, evil-smelling liquid (15.9 g). At a reaction 
temperature of 20°, the rubber was the main product. 

Reaction of 3-Methoxycyclopentene with 
"Hypochlorous Acid" 

(a)  The reaction with water and N-chlorosuccinimide, 
which gave excellent results with 3-methoxycyclohexene 
(7), and moderate yields with cyclopentene, gave only 
intractable tars with 3-methoxycyclopentene. 

(b) The source of hypochlorous acid is that of Sumrell 
et 01. (10). Water (100 ml), acetone (450 ml), sodium 
carbonate (25 g), and 3-methoxycyclopentene (42 g, nDZ5 
1.4370) were rapidly stirred while chlorine was slowly 
bubbled into the solution for about 1 h, until a distinct 
second layer formed and further chlorine tended to 
lighten the dark color. (During a similar, larger prepara- 
tion, the temperature rose from 23 to 42O, then fell.) The 
resulting bottom layer was extracted twice with 50ml 
~ort ions of ether. The ether extracts were united with the 
ipper layer, dried, and distilled, three fractions being 
collected: (1) b.p. 3048"/15 rnrn, nDZ5 1.4630, 3.4 g; 
(2) b.p. 48-105"/15 mrn, nDZ5 1.4789, 23.2 g; and (3) b.p. 
60-85"/0.03 rnrn, nDZ5 1.4842, 19.8 g. Analytical g.1.c. 
(10 ft column, neopentylglycol sebacate, 70°, 20p.s.i.) 
showed for fraction (I), five peaks with retention times 
less than 10 min, for fraction (2) the same five peaks plus 
two new ones of much longer retention times, and for 
fraction (3), five initial peaks of much lower amplitude 
plus the same two peaks of fraction (2). 

Two other preparations were made; each was partially 
separated by distillation as above (to facilitate the sub- 
sequent separation by g.1.c.). Preparative separation was 
then performed on material from aU the runs at 10O0/ 
20 p.s.i. Material corresponding to the first five peaks 
above was collected as fraction (a), material correspond- 
ing to the fist peak of long retention time as fraction (b), 
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TABLE I 

Gas-liquid chromatography characteristics of the methoxychlorocyclopentanols 

Retention time on column of: 

10 % NGS 10 % Versamid-900 30 % DEGS 10 % S.E. 
Compound on Embacel* on Chromosorb P t  on Anakromt on Fluoropak5 

' 6  ft x 4 in. column. 70'. 20 o.s.i 
t45160 mesh,$ ft x 318 in. al;mlnlum column. hel!um flox rate 300 rnllm~n. 
$60170 mesh, 10 fc x 318 in. alumin~um column, same flow mte. 
$5 fc x 318 In. slumln~um column, hellurn Aow rate 150 mllmln. 

and material corresponding to the second peak of long 
retention time as fraction (c). Approximately 15 g were 
collected in each of (b) and (c). Each fraction was 
distilled through a small column, kept 15 months, then 
redistilled successively from a Claisen flask and then in a 
Spath apparatus just before analysis and use in kinetic 
studies. 

The total crude product from one of these later, larger 
preparations was vacuum distilled to give a complete 
"chlorohydrin" fraction, b.p. 50-8O0/0.04mm, yield 
58.3 %, and this unfractionated material was analyzed on 
a 6 ft x in. column packed with 10% neopentylglycol 
sebacate polymer on Embacel at 80" and 20 p.s.i. The 
peak areas (normalized to a total yield of 48 %) suggested 
the following yields: 
3-chloro-1-0-methyl-(1,312)-1.2-cyclo~entanediol . . . . . . . - 

(9), 1.9%; 
3-chloro-1-0-methyl-(1,213)-1,2-cyclopentanediol 

(S), absent; 
2-chloro-1-0-methyl-(1,312)-1,3-cyclopentanediol 

(6), 15%; 
2-chloro-1-0-methyl-(1,213)-1,3-cyclopentanediol 

(7), 10%; and 
two unknown products (probably dichlorides), 12%. 
Partial fractionation and preparative v.p.c. then followed 
as above. 

~~-2-Cl1loro-I-O-methyl-(1,3/2)-1,3-cycloper1tar1edio/ (6) 
Fraction (b) obtained just above was a clear colorless 

oil, b.p. 65-75"/0.01-0.02 mm, nDZ5 1.4748. 
Anal. Calcd. for CsHIIOZC1: C, 47.86; H, 7.36; C1, 

23.55. Found: C, 47.98; H, 7.33; Cl, 23.52. 
The p-t~itrobenzoate was obtained in a yield of 64% 

after three recrystallizations, m.p. 67.7-68.9". 
Anal. Calcd. for C13H1405NC1: C, 52.07; H, 4.71; 

N, 4.68; CI, 11.84. Found: C, 52.11; H, 5.01; N, 4.71; 
Cl, 11.89. 

The 2,4-dinitrobenzenesulfenate was obtained in a yield 
of 60%, m.p. 96.9-98.2". 

Anal. Calcd. for Cl2Hl3O6NzSCl: C, 41.30; H, 3.76; 
S, 9.20. Found: C, 41.42, 41.50; H, 3.57, 3.63; S, 9.36, 
9.43. 

~~-2-Chloro-l-O-met/1yl-(1,2/3)-1,3-cyc~opentat~ediol (7) 
Fraction (c) was also obtained as a clear, colorless oil, 

b.p. 75-8O0/0.014.02 mm, tlDZ5 1.4815. 

Anal. Calcd. for C6Hl10zCI: C, 47.86; H, 7.36; C1, 
23.55. Found: C,48.12; H, 7.27; CI, 23.61. 

The p-nitrobertzoate was obtained in a yield of 93 % 
after one recrystallization, m.p. 63.5-64.6". 

Anal. Calcd. for C13H1405NCI: C, 52.07; H, 4.71; N, 
4.68; Cl, 11.84. Found: C, 52.28; H, 4.88; N, 4.60; Cl, 
11.81. 

Gas-liquid chromatographic characteristics of the 
four stereoisomers are given in Table I. It will be ob- 
served that excellent separations of all four isomers are 
possible, and that the order of elution is the same on all 
columns tried. 

DL-2-Cyclopenten-1-01 (3-Hydr~oxycyclopentene) (5b) 
In our hands the method of Alder and Flock (9) was 

superior to that used by Bergstahler and Nordin (33)for 
the corresponding cyclohexene derivative. By the former 
method, crude 3-chlorocyclopentene (37) (240 g) was 
converted to crude 3-hydroxycyclopentene, b.p. 40-80"/ 
14mm, judged by g.1.c. to contain about 75% of the 
desired compound (retention time 5.3 min) as well as 
two impurities (retention times 1.9 and 8.5 min, respcc- 
tively), the first impurity peak having about twice the 
area of the second. The i.r. spectrum showed a large 
hydroxyl absorption. Further purification was not prac- 
ticable owing to the rapid decomposition of the material. 
Other runs showed a more complex set of impurity 
peaks, suggesting that decon~position in the flash evapo- 
rator might have been the source of some of them. 

The p-rritrober~zoate after two recrystallizations from 
ethanol had m.p. 79.5-80.5". 

Anal. Calcd. for ClzHI1O4N: C, 61.77; H, 4.76; N, 
6.01. Found: C, 61.60; H, 4.82; N, 6.07. 

Another run gave crude 3-hydroxycyclopentene ap- 
proximately 85% pure by g.1.c. It was used in the 
preparations reported below. 

The Stereoisonzeric Oxides of 3-Metlroxycyclopentene 
(3 atld 4) 

(a) A mixture of stereoisomeric chlorohydrins pre- 
pared as above from 3-methoxycyclopentene and "hypo- 
chlorous acid" was partially separated by fractional 
distillation. Each fraction was allowed to  react, with 
stirring, with a slight excess of aqueous sodium hydroxide 
at 65" for a few min, until the oily layer moved to the top. 
Ethereal extracts of the acidified lower layers were united 
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with the top layers, dried, and fractionally distilled; this 
partial separation facilitated the next step. Preparative 
gas chromatography was carried on with manual pro- 
gramming between 100 and 130" and 2&28 p.s.i.; the 
traps were kept in a bath of dry ice and acetone. The final 
yields were 12.9 g (41 %) of the trans-oxide (4) and 2.8 g 
(9 %) of the cis-oxide (3) based on the original olefin used. 

(b) A crude mixture of isomeric bromohydrins (157 g, 
approximately 70% yield) was obtained by the reaction 
of 3-methoxycyclopentene with N-bromosuccinimide and 
water in the same way described for the cyclohexene 
analogue (6). The mixture was allowed to react with a 
solution of sodium hydroxide (30 g) in water (250 ml) at 
room temperature, with vigorous stirring, until an upper 
layer appeared. This was removed, and the water layer 
allowed to react a further 15 min. After acidification, the 
water layer was extracted with five 50 ml portions of 
ether. Separation and isolation were achieved in the same 
way as described above. The h a 1  yield was 32.4 g of the 
trans-oxide (4) and 12.5 g of the cis-oxide (3), a total 
yield of 47.5 %,based on the olefin used. 

(c) A solution of meta-chloroperbenzoic acid (80 g) in 
anhydrous ether (350 ml) at -20" was treated with 3- 
methoxycyclopentene (43 g, 95-99% pure by g.l.c., the 
impurity being methanol). After being kept 3 days at 
-20", the solution still showed (g.1.c.) much umeacted 
olefin. It was therefore allowed to warm up slowly. A 
vigorous reaction ensued with the evolution of heat. 
When this subsided, olefin was still present (g.l.c.), but 
after the mixture had been heated 1.5 h under reflux, only 
a trace of olefin remained. The excess peracid was 
destroyed by washing the solution with three 30ml 
portions of 10% aqueous ferrous sulfate, then with three 
30 ml portions of 10% aqueous sodium hydroxide, and 
finally with two portions of water. The ethereal layer was 
then dried and distilled in uacuo. Mixed oxides were 
obtained in a yield of 17.4 g (3573, the cis- and trans- 
oxides being present in the ratio 1:6, respectively, as 
judged by the peak areas in g.1.c. (The oxides were 
identified by peak enhancement using authentic samples.) 
All g.1.c. analyses were performed in a 4ft  x 4 in. 
stainless steel column packed with 10% neopentylglycol 
sebacate on Embacel at 65-75" and 15-25 p.s.i. 

(d) A mixture of N-bromosuccinimide (267g) and 
methanol (600ml) was brought to reflux temperature, 
and then freshly prepared 3-hydroxycyclopentene (crude, 
85% pure by g.l.c., approximately 134 g judged by 
volume and g.1.c. analysis) (see above) was slowly added 
at such a rate that the mixture continued to boil. When 
the reaction had subsided, the solution was cooled, most 
of the methanol removed on the rotary evaporator, and 
the resulting oil filtered from the precipitated succini- 
mide, and distilled. The distillate (b.p. 30-100"/0.3 mm) 
was dissolved in water. Aqueous sodium hydroxide was 
slowly added with vigorous stirring over about 20 min, 
until the mixture remained basic for 5 min. The mixture 
was then neutralized, the aqueous layer twice extracted 
with 50 ml portions of ether, the ether extract united with 
the upper layer, dried, and distilled to yield two fractions: 
(1) b.p. 6&72"/0.1 mm, 18.3 g; and (2) b.p. 72-10W/ 
0.1 rnrn, 201.9 g. Analysis on a 6 ft x 4 in. column 
filled with 10 % neopentylglycol sebacate cn  Chromosorb, 
at 60" and 23 p.s.i., fraction (1) showed the following 
peaks: (a) a large peak, retention time 5.25 min (from 

cyclopentenone, see below), (b) a minor peak, retention 
time 9.00 min (unknown) and (c) a large peak, retention 
time 10.50 min, reinforced by the addition of authentic 
cis-oxide (3), whose retention time was the same. The 
retention time of authentic trans-oxide on the same 
column was 5.00 rnin. When authentic trans-oxide (4) 
was added to the sample, peak (a) was enlarged but the 
shape of the peak was changed, indicating two incom- 
pletely separated substances. Fraction (1) was separated 
on the Fisher Prep Partitioner, two major fractions being 
obtained: (i), corresponding to peak (a), was shown by 
the i.r. spectrum to be an unsaturated ketone. Some of 
the material (1.12 g, 99.5% pure by g.1.c.) was converted 
to its 2,4-dinitrophenylhydrazone, m.p. 167.2-168.4". A 
twice crystallized sample was used for analysis. Its i.r. 
spectrum was identical to that of an authentic sample 
(34) of the 2,4-dinitrophenylhydrazone of A2-cyclo- 
pentenone kindly given us by Dr. S. Wolfe and W. R. 
Pilgrim, and the mixture m.p. showed no  depression. 

Anal. Calcd. for CllHI0N4O4: C, 50.36; H, 3.89; N, 
21.38. Found: C, 50.67; H,4.47; N, 21.07. 

Fraction (ii), corresponding to peak (c) above, from the 
preparative v.p.c. was shown by retention time and peak 
enhancement on an analytical column, by refractive 
index, and by its i.r. spectrum to be identical to cis-3- 
methoxycyclopentene oxide (3) obtained from methods 
(a) and (6) .  

The large fraction (2) from the initial distillation 
showed on the same analytical column only one major 
peak with a retention time of 75 min. It  gave no oxide on 
further treatment with base, and has not been further 
investigated. 

(e) Pure 3-chloro-1-0-methyl-(1,312)-1,2-cyclopentane- 
diol (3.00 g, 1zDZ5 1.4747) was stirred with a solution of 
sodjum hydroxide (0.9 g) in water (10 ml) until all the oil 
had disappeared (about 10min). The mixture was care- 
fully neutralized with hydrochloric acid, and extracted 
with four 30 ml portions of ether. The dried ether extracts 
were distilled in the Spath apparatus to give 1.85 g (90 %) 
of a clear colorless oil, whose i.r. spectrum was identica 
to that of pure trans-3-methoxycyclopentene oxide (4). 

(f) Pure 2-chloro-1-0-methyl-(1,213)-1,3-cyclopentane- 
diol (?lDZ5 1.4815) was similarly treated and the product, 
isolated in the same way in 93 % yield, also gave an i.r. 
spectrum identical to that of pure trans-3-methoxycyclo- 
pentene oxide (4). 

(g) Pure 2-chloro-1-0-methyl-(1,312)-1,3-cyclopentane- 
diol (nDZ5 1.4748), treated in the same way, gave an 88 % 
yield of an oil whose i.r. spectrum was identical to that of 
the cis-3-methoxycyclopentene oxide (3) of the united 
sample below. 

Corresponding purified fractions of the oxides from 
methods (a) and (b) were united. 

DL-2,3-Epoxy-I-0-methyl-(1/2,3) -I-cyclopattanof 
(trans-3-Methoxycyclopentene Oxide) (4) 

The united preparations mentioned above were ob- 
tained as a colorless liquid, b.p. 35-37"/9 mm, nD2' 
1.4400. 

Anal. Calcd. for C6HI0O2: C, 63.11; H, 8.83. Found: 
C,63.22,63.20;H,9.01,9.10. 

~~-2,3-Epoxy-l-O-methy~-(l,2,3/) -1-cyclope~ztarlo~ 
(cis-3-Methoxycyclopentene Oxide) (3) 

The united preparations above formed a colorless 
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liquid, b.p. 48-5Oo/9.0 mm, nDZ5 1.4468. However, the 
analytical sample was from preparation (g) above. It 
contained about 0.3 % of an unknown impurity, not the 
trans-oxide. This sample was also used as the standard 
for the i.r. spectrum. 

Anal. Calcd. for C6Hlo02: C, 63.11; H, 8.83. Found: 
C, 62.86; H, 8.86. 

On a 6 ft x $in. copper column packed with 10% 
butanediol succinate polymer on Embacel at 85" and 
25 p.s.i., the trans-oxide (4) had a retention time of 6.0 
min, and the cis-oxide (3) a retention time of 9.0 min. 

~~-3-Chloro-I-O-methyl-(~,3/2)-1,2-cyclopenta1tediol(9) 
Scission of the trans-Oxide with Hydrogen Chloride 
A solution of pure trans-3-methoxycyclopentene oxide 

(27.5 g, nDZ5 1.4395) in anhydrous ether (50 ml) was 
cooled to -50", saturated with dry hydrogen chloride, 
kept for 1 h at -50°, and then allowed to warm slowly 
to room temperature. Some hydrogen chloride was 
removed in a stream of air drawn through the solution, 
and the rest by five washings with water (325 ml in all) 
(200 ml more ether being added). The ether layer was 
dried and fractionally distilled through a small column 
to give three fractions: (1) b.p. up to 55'10.02, very small 
amount; (2) 55-65"/0.02,19.2 g;  and (3) 65-155"/0.02 mm, 
nearly all at 155", 5.1 g. Fraction (1) did not warrant 
further attention. Fraction (2) showed a single, sharp 
peak in the g.l.c., and fraction (3) the same peak plus a 
larger new peak of longer retention time. The n.m.r. 
spectrum of fraction (3) was almost identical to that of 
fraction (2), although its b.p. was considerably higher, 
suggesting that the former was a condensation product 
of the latter. Fraction (2) was a clear, colorless oil ttDz5 
1.4747, b.p. 55-65"/0.02 mm. 

Anal. Calcd. for C6HI1O2C1: C, 47.86; H, 7.36; C1, 
23.55. Found: C,47.83; H,7.40; C1,23.45. 

The p-nitrobenzoate was obtained in a yield of 72% 
after three recrystallizations, m.p. 68.CL69.2". 

Anal. Calcd. for C13H1405NC1: C, 52.07; H, 4.71; N, 
4.68; C1, 11.84. Found: C, 51.90, 52.10; H, 4.72, 4.87; 
N,4.80,4.63;Cl, 11.74,11.67. 

The presence of fraction (3) suggested trial of a more 
dilute reaction-mixture, and this succeeded. When the 
trans-oxide (4) (19.80 g) was allowed to react in ether 
(50 ml) and treated as before, only one compound was 
obtained, and in a yield of 24.93 g (95.9%). Careful 
analysis by g.1.c. under conditions known to be capable 
of separating all four chlorohydrins showed the presence 
only of the compound of the title. 

~~-3-C/1~oro-I-O-methy~-(~,2/3)-~,2-cyc~opet1tattedio~ (8) 
Scission of the cis-Oxide with Hydrogen Chloride 
A sample of cis-3-methoxycyclopentene oxide (1 1.87 g, 

containing 1.7 % trans-oxide and 1.0 % of unknown im- 
purity by g.1.c.) was treated with ethereal hydrogen 
chloride as above. The total product was collected in one 
fraction (b.p. 35-85"/0.02 mm) in a yield of 14.10 g 
(90.5%). It was analyzed carefully by g.1.c. (6 ft x 1 in., 
neopentylglycol sebacate polymer 70", 20 p.s.i.), giving 
the following peaks: (1) retention time 1.75 min, trans- 
oxide, trace; (2) retention time 3.50 min, cis-oxide, none; 
(3) retention times 5.40 and 6.80min, impurities from 
oxide, traces; (4) retention time 8.5 min, 3-chloro-l-O- 
methyl-(1,213)-1,2-cyclopentanediol (8), relative area 4.8 ; 
(5) retention time 12.5 min, 2-chloro-1-0-methyl-(1,312)- 

1,3-cyclopentanediol (6), relative area 1.0; (6) retention 
time 21.8 min, 3-chloro-1-0-methyl-(1,312)-1,Zcyclopen- 
tanediol (9), trace; and (7) retention time 29.5 min, 2- 
chloro-1-0-methyl-(1,213)-I ,3-cyclopentanediol (7), none. 
Authentic materials added for each of peaks (5), (6), and 
(7) gave exactly the retention times shown, and enhanced 
the corresponding product peaks for (5) and (6). Prepara- 
tive g.1.c. was used to collect material corresponding to 
the two major peaks. 

~~-3-Cl1loro-I-O-met/zyl-(I,2/3)-I,2-~yclopetrtanediol(8) 
Material corresponding to peak (4) was twice distilled 

to give a clear, colorless oil, nDZ5 1.4720, b.p. 49-60"/ 
0.02 mm. 

Anal. Calcd. for C6HllO2CI: C, 47.86; H, 7.36; Ci, 
23.55. Found: C,47.91; H, 7.43; C1,23.58. 

The p-rritrobenzoate, usually a gum, was obtained as a 
solid only, with extraordinary difficulty, and was im- 
possible to recrystallize. It was obtained in a yield of 12%, 
m.p. 37.5-39.5". 

Anal. Calcd. for C13H1405NC1: C, 52.07; H, 4.71; N, 
4.68; Cl, 11.84. Found: C,  52.31; H, 4.62; N, 4.87; CI, 
10.53. 

All the material corresponding to fraction (5) above 
was converted to its p-nitrobenzoate, yield (after two 
recrystallizations) 0.325 g or 55%, m.p. 68.9-69.7". 
Mixture melting points with the p-nitrobenzoates of each 
of the four isomeric chlorohydrins gave a depression 
except with that of 2-chloro-1-0-methyl-(1,312)-1,3- 
cyclopentanediol (6), thus establishing its identity. It is 
important to note that neither isolated chlorohydrin 
could have arisen from the small amount of trans-oxide 
impurity in the cis-oxide used to produce them. 

Reaction of Methanol and N-C/~lorosuccinimide with 
3-Hydroxycyclopentene 

A mixture of N-chlorosuccinimide (200 g) and meth- 
anol (600ml) was brought to reflux. Freshly prepared 
3-hydroxycyclopentene (crude, about 85 % pure by g.l.c., 
judged by volume and g.1.c. to contain about 126 g) was 
slowly added at such a rate as to maintain refluxing. After 
all the olefin had been added, the mixture was cooled, the 
methanol removed by evaporation, and the resulting oil 
(45.6 g) separated from the precipitated succinimide. 
Careful g.1.c. analysis (6 ft x f in. stainless steel column, 
10% neopentylglycol sebacate on Embacel, 60°, 20 p.s.i.) 
gave the following results (retention times in min, rela- 
tive areas in x): (1) 17.0 min, 36.6%, unknown; (2) 
25.5 min, 42.6%, unknown; (3) 32.5 min, none, 3-chloro- 
1-0-methyl-(1,213)-1,2-cyclopentanediol(8); (4) 39.0 min, 
8.2%, unknown; (5) 58.75 min, 12.6%, 2-chloro-l-O- 
methyl-(] ,312)-1,3-cyclopentanediol (6); (6) 68.5 min, 
none, 3-chloro-1-0-methyl-(1,312)-1,2-cyclopentanediol 
(9); and (7) more than 80min, none, 2-chloro-l-O- 
methyl-(1,213)-1,3-cyclopentanediol (7). Peaks were iden- 
tified by addition in succession of each of the four 
authentic trarrs-chlorohydrins of 3-methoxycyclopentene. 

A preparative g.1.c. separation (10O0, 20 p.s.i.) gave a 
very small amount of material corresponding to peak (5) 
just above. All of it was converted to thep-nitrobenzoate, 
m.p. 67.8-68.9" undepressed on admixture with the 
p-nitrobenzoate of authentic 2-chloro-1-0-methyl-(1,312)- 
1,3-cyclopentanediol (6) made from the reaction of 3- 
methoxycyclopentene with aqueous N-chlorosuccinimide. 
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DL-trans-2-Bromocyclopentano/ 1. J. A. MCRAE, R. Y. MOIR, J. W. HAYNES, and L. G. 
The compound was prepared by the action of aqueous RIPLEY. J. Org. Chem. 17,1621 (1952). 

N-bromosuccinimide upon cyclopentene following the 2. R. U. LEM1~ux> R. K. KuLLN1G> and R. Y. MOIR. J. 
Am. Chem. Soc. 80,2237 (1958). general method of Guss and Rosenthal (35) as modified 3. L. R. and R,  A. B. BANNARD. Can. J. by Hawkins and Bannard (3) for the preparation of trarls- cllem. 36 220 (1958). 

2-bromocyclohexanol. Thecyclopentene-N-bromosuccin- 4. R. A. B.'BANNARD and L. R. HAwKINS, can. J. 
imide reaction was much more exothermic than any of Chem. 36, 1241 (1958). 
the olefin-N-bromosuccinimide reactions we have ex- 5. R. A. B. BANNARD and L. R. HAWKINS. Can. J. 
amined previously (3, 4) and efficient external cooling of Chem. 39,1530 (1961). 
the reaction vessel was necessary to prevent the loss of A. B. BANNARD, A. A. CASSELMAN, and L. R. 
some of the cyclopentene. The product was obtained as a Can. J. Chenl. 43, 2398 
colorless oil, b.p. 83.5-85.O0/10 mm, nDZ5 1.5144, in 79% 7' E' U. LANGsTAFF~ E' HAMANAKA$ G' A. NEvlLLE, and 

yield, (lit. (36), b.p. 92"/15 mm, nDzo 1.5162). 
R. Y. MOIR. Can. J. Chem. 45, 1907 (1967). 

8. R. A. B. BANNARD, A. A. CASSELMAN, E. J. LANG- 
STAFF, and R. Y. MOIR. Can. J. Chem. 46,35 (1968). 

1,2-Epoxycyclopentane (Cyclopentene Oxide) 9. K. ALDER and F. H. FLOCK. Ber. 89,1732 (1956). 
This substance was prepared by the dropwise addition 10. G. SUMRELL, B. W. WYMANN, R. G. HOWELL, and 

at 21-39" over a period of 15 min of aqueous sodium M. C. HARVEY. Can. J. Chem. 42,2896 (1964). 
hydroxide (24.0 g in 60 ml of  water) to a mechanically 11. H. Z. SABLE and T. POSTERNAK. Helv. Chim. Acta, 
stirred mixture of trans-2-bromocyclopentanol (61.1 g) 45* 370 

and water (20 ml). The oxide layer was decanted, and in ;:: F: k; $ ~ ~ ~ e a ~ ; ~ ~ i ~ ~ ~ ~ , ~ $ ~ ( ~ $ \ ~ ~ 6 ) .  view of the observations of Owen and Smith regarding 14. J. A.  FRANK^, B. T ~ ~ ~ ~ ~ ~ ,  R. sTEIN, and H. Z. 
the volatility of the oxide in ether (36), was dried over SABLE. J. Org. Chem. 30, 1440 (1965). 
magnesium sulfate separately from the ether extract of 15. A. HASEGAWA and H. Z. SABLE. J. Org. Chem. 31, 
the aqueous phase. (We did not experience the difficulty 4149 (1966). 
they encountered with emulsion formation in the prepara- 16. B. TOLBERT, R. STEYN, J. A. FRANKS, and 13. 2. 
tion from the analogous chlorohydrin.) Separate distilla- SABLE. Carbohydrate Res. 5,62 (1967). 
tions of the two fractions gave 25.6 g (81 %) of a colorless, 17. E. S. Mechanism and structure in 
fragrant oil, b.p. 101-102", nDZ5 1.4328, (lit. (36), b.p. chemistry. Henry Holt and Co., New York. 1959. 

102", nD16 1.4370). 
p. 522. 

18. R. U. LEMIEUX and B. FRASER-REID. Can. J. Chem. 
43,1460 (1965). 

DL-I-0-Methyl-(112)-cyclopentanediol (12) 19. R. A. B. BANNARD, A. A. CASSELMAN, E. J. LANG- 
(a) Cyclopentene oxide (12.6g) was added to a STAFF, and R. Y. MOIR. Can. J. Chem. 45, 2605 

solution made from sodium (1.0 g) in methanol (75 ml). (1967). 
The mixture, protected from moisture, was heated 20. M. MOussERoN and R. GRANGER. C O m ~ t .  Rend- 
under reflux for 90 h. About 35 ml of methanol were 205,327(1937). 

then removed by distillation. The residue was cooled and 21' $' ~ T f : y " ~ ~ ~ ~ ' J G e ~ A ~ ~ 9 ~ i ~ ~ ~ L L S '  and 
neutralized with glacial acetic acid (2.6 g), and the 22. i. sABLE, T: ANDERSON, B. T ~ ~ ~ ~ ~ ~ ,  and T. 
precipitate collected and washed with ether. Fractional POSTERNAK. Helv. Chim. Acta, 46,1157 (1963). 
distillation of  the combined filtrates gave 12.1 g (70%) 23. H. Z. SABLE, W. M. RITCHEY, and J. E. NORDLANDEK. 
of a colorless, mobile oil, b.p. 77"/10 mm, tzDZ5 1.4518, Carbohydrate Res. 1,10 (1965). 
(lit. (20), b.p. 175" nDZ0 1.4534. 24. E. L. ELIEL, N. L. ALLINGER, S. J. ANGYAL, and G. A. 

(b) ~ ~ - 3 - C h l ~ ~ 0 - l - 0 - ~ ~ t h ~ l - ( 1 , 3 / 2 ) - 1 , 2 ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~  MORR~SON. C~nformational analysis. ~nterscience 
Publishers, Inc., New York. 1965. d i d  (9) (950 mg) on dechlorination in the manner de- 25. R. E. PARKER and N, S. ISAACS. Chem. Rev. 59, 737 

scribed previously (15) furnished 697 mg (96%) of a (1959). 
colorless oil, nDZ5 1.4504, on distillation at lO mm 26. L. D. HALL. Chem. and Ind. London, 950(1963). 
pressure from an air bath at 8&90°. Its i.r. spectrum was 27. C. T. BISHOP and  F. P. COOPER. Can. J. Chem. 41, 
identical with that of the material from part (a).  2743 (1963). 

28. M. L. POUTSMA. Science, 157,997 (1967). 
29. R. C. FAHEY and C. SCHUBERT. J. Am. Chem. Soc. 
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Novel reaction of some Zaminoheterocycles with acrylophenones 

J .  A. FINDLAY AND R.  F. LANGLER 
Department of Clzernistry, University of New Brunswick, Fredericton, New Bruns~vick 

AND 

C. PODE~VA AND K. VAGI 
Delmar Chemicals Limited, LaSalle, Quebec 

Received July 11, 1968 

An unusual adduct is formed when 3-methylacrylophenone is treated with 2-aminothiazole. The 
structure of this product has been established as 4a. Similar adducts have been prepared from acrylo- 
phenones with other aminoheterocycles. 
Canadian Journal of Chemistry, 46, 3659 (1968) 

When 2-aminothiazole 1 is treated with 3- 
methylacrylophenone in refluxing ethanol a 
yellow crystalline product separates and is re- 
covered in some 60% yield. Elemental analysis 
and mass spectral data show it to have the 
composition C,,H,,O,NS. This formula sug- 
gests that the adduct results from condensation 
of two equivalents of 3-methylacrylophenone 
with one equivalent of 2-aminothiazole accom- 
panied by loss of ammonia. 

We have now assigned structure 4a to this 

novel adduct on the basis of chemical and 
spectroscopic evidence. The infrared spectrum 
shows strong absorption bands at 1675 and 
1545 cm- in accord with phenone and enamino- 
ketone functions, respectively. The ultraviolet 
spectrum displays maxima at 240 (E, 19 000) and 
365 mp  (E, 24 000) in agreement with the chromo- 
phores in formulation 4a. The comparable 
chromophore of 3-anilinoacrylophenone has 
maxima at 242 (E, 17 400) and 374 mp (E, 
30 900) (1). 

PhCOOH 

4a RI, R j  = CHa, 
R,. R, = H 

46 R;; R; = CH3, 
Rp = D, R4 = H 

4c R1 = CH3, Rp = D 
R3 = CD3, R4 = D 

4d R,, Rp, R3, R4 = H 
4e R1, R,, R4 = H, Rp 
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The adduct is readily reduced to a crystalline 
alcohol, CZ3H2,O2NS, by means of sodium 
borohydride in methanol. This product, formu- 
lated as 7a,  displays the expected infrared bands 
at 3590 and 1542 cm-' for the hydroxyl and 
enaminoketone absorptions. The ultraviolet spec- 
trum shows k,,, 270 (E, 2200) and k,,, 365 mp 
(E, 22 000) in agreement with the change in 
functionality in the reduction product. In the 
mass spectrum of this enaminoketone alcohol 
7 a  abundant ions are present at Mle 270 (M - 
107) and 105 corresponding to fragments result- 
ing from fission of the benzyl alcohol and phenyl 
ketone groups, respectively. The mass spectrum 
of the adduct 4a displays abundant ions at Mle 
270 (M - 105) and 105 compatible with frag- 
mentations involving the phenylketone moieties. 

The nuclear magnetic resonance (n.m.r.) spec- 
trum of the adduct 4a shows multiple signals 
between T 2.1 and 3.0 accounting for ten aro- 
matic protons and the proton p to the sulfur 
atom. A doublet at T 3.49 ( J  = 4.6 c.p.s.) ac- 
counts for the other thiazole ring proton.' A 
poorly resolved multiplet centered at T 5.3 is 
assigned to the hydrogen a to the nitrogen atom 
while another broad signal centered at T 6.4 
accounts for the hydrogen a to the ketone and 
the allylic hydrogen. Methyl doublets appear at 
~ 8 . 4 3 ( J  = 6.9 c.p.s.)and 8.9(J = 6.9 c.p.s.)the 
former being assigned to the group P to the 
nitrogen atom. When the adduct 4a is equili- 
brated with refluxing deuterated methanol, the 
n.m.r. spectrum of the product 4b clearly shows 
the exchange of one hydrogen and the mid-field 
region displays signals for only two protons and 
these appear as distinct quadruplets at T 5.31 
( J  = 6.9 c.p.s.) and 6.40 ( J  = 6.9 c.p.s.). The 
remainder of the spectrum is identical with that 
of 4a. This result necessitates that at least one of 
the tertiary hydrogens, namely the one giving 
the n.m.r. signal at T 5.31, must be situated P to 
the phenone carbonyl group. 

Further clarification of the environment of the 
deuterium exchangeable hydrogen in adducts of 
the type 4a comes from the n.m.r. spectrum of 
the adduct prepared by reaction of acrylo- 
phenone2 and 2-aminothiazole in refluxing etha- 

'The corresponding proton in the n.m.r. spectrum of 
2-aminothiazole appears at T 3.56 (J = 4.6 c.p.s.). 

'Acrylophenone was generated in situ from 3-dimethyl- 
aminopropiophenone hydrochloride. 

nol. This yellow product, CzlHl,OzNS, formu- 
lated as 4d, displays a complex multiplet between 
T 5.6 and 6.5 (3 H) in its n.m.r. spectrum. A 
doublet at T 7.0 ( J  = 7.0 c.p.s.) accounts for the 
other two non-aromatic protons. When 4d was 
subjected to treatment with refluxing methanol-d 
for 18 h the n.m.r. spectrum of the mono- 
deuterated product displays in the mid-field 
region two singlets, one at T 5.8 1 (2 H) and the 
other at 7 7.00 (2 H). It is evident from these 
results that the hydrogen a to the carbonyl 
group in 4d must also be a to  both pairs of 
aliphatic hydrogens. The monodeuterated mole- 
cule is accordingly formulated as  4e. By analogy, 
the adduct 4a should have both methyl groups 
situated on carbons p to the phenone carbonyl. 

The presence of an enaminoketone function in 
the adduct 4a was confirmed by its facile con- 
version into the enolacetate salt 6 using hot 
acetyl chloride. The labile salt readily separated 
from the solution as a white crystalline solid 
after several minutes of refluxing and it showed 
the expected infrared (1782, 1680, 1620 cm- ') 
and ultraviolet (A,,, 244, E, 24000 and A,,, 
324 mp, E 17 000) absorption bands (2). The 
enolacetate salt 6 was quantitatively converted 
back to 4a by treatment with aqueous methanol. 
A similar enolacetate salt was prepared from the 
enaminoketone alcohol 7a. This product features 
both enolacetate and acetate functions as evi- 
denced by itsinfrared spectrum (1783,1735 cm-l). 
Treatment of this compound with aqueous 
methanol at room temperature furnished the 
enaminoketone acetate 76. 

It is known that cyclic enaminoketones are 
generally stable to hydrolysis with aqueous acid 
or base (2). The adduct 4a, however, was readily 
cleaved by heating with either strong acidic or 
basic solution. In either case a near quantitative 
yield of benzoic acid was recovered. There is 
little doubt that the benzoic acid comes from 
cleavage of the phenone rather than the enamino- 
ketone group since, in the case of the former, 
rupture of the appropriate bond is facilitated by 
the p location of an electron deficient nitrogen 
atom. In accord with this is the finding that the 
enaminoketone alcohol 7a  did not furnish any 
benzoic acid when treated under the same 
hydrolysis conditions. The base-catalyzed gener- 
ation of benzoic acid from 4a can therefore be 
visualized as involving attack by hydroxide ion 
at the phenone carbonyl group with subsequent 
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rupture of a carbon-carbon and a carbon- 
nitrogen bond as indicated by the arrows (a) in 
structure 4a. The amidic character of the nitrogen 
atom clearly assists these bond cleavages. The 
acid-catalyzed cleavage of 4a can be rationalized 
in a parallel way but involving prior protonation 
of the molecule. 

A remarkable confirmation of the relationship 
of functional groups in the adduct 4a arises from 
its base-catalyzed equilibration with methanol-d. 
Prolonged treatment with methanol-d containing 
sodium methoxide gave a product which proved 
to be identical with 4a in all respects apart from 
the incorporation of five atoms of deuterium. 
This is quite evident from the mass spectrum 
which displays molecular ions of mass 380, 379, 
378, 377, and 376 corresponding to molecules 
incorporating up to five heavy atoms. This con- 
clusion is further substantiated by the n.m.r. 
spectrum of the polydeuterated product, which 
is similar to that of 4b but lacks the signal at z 
3.49 for the proton a to the sulfur atom. In 
addition a methyl doublet at z 8.43 (J = 6.9 
c.p.s.) integrates for only 2.3 hydrogens indicat- 
ing that the methyl group a to the nitrogen has 
partially incorporated deuterium. It is note- 
worthy also that the quadruplet at z 5.31 (J = 
6.9 c.p.s.) while integrating for one proton, is 
poorly resolved due to partial deuteration of its 

neighboring methyl group. There is little doubt 
that the molecules incorporating five heavy 
atoms must possess structure 4c where R,, R,, 
and R, are fully deuterated. To account for this 
novel exchange reaction we postulate a revers- 
ible, base-catalyzed reverse Michael type opening 
of the six-membered ring leading to the reso- 
nance stabilized anion 5 which can oermit 
deuterium exchange at the three sites, Support 
for this mechanism comes from the observation 
that the enaminoketone alcohol 7a exchanges 
only the hydroxyl hydrogen when subjected to 
prolonged equilibration with methanol-d and 
sodium methoxide. 

In a cursory study of the scope of this novel 
reaction leading to 4a we have found that both 
2-aminobenzothiazole and 2-aminobenzoxazole 
react readily with 3-methylacrylophenone giving 
products 8a and 86, respectively. Yellow adducts 
prepared by the reaction of 2-aminothiazole, 
2-aminobenzothiazole, and 2-aminobenzoxazole 
with P-diethylaminopropiophenone hydrochlo- 
ride were reported in a previous communication 
(5). These compounds can now be formulated as 
4d, 8c, and 8d, respectively. 

Reaction of 2-aminobenzothiazole with me- 
thyl vinyl ketone in refluxing ethanol resulted in 
a moderate yield of the simple conjugate addition 
product 10. 

We have also prepared the enaminoketone 9, 
in low yield, by appropriate reaction of 2- 
aminopyridine and 3-methylacrylophenone in 
hot ethanol. The structure of this and the other 
products mentioned above are adequately sup- 
ported by spectroscopic and analytical data. 

It is well known that amines react with acrylo- 
phenone giving conjugate addition products (3). 
Hurd and Hayao (4) have reported several cases 
where alkylation of the ring nitrogen occurs in 
reactions involving 2-aminothiazole and 2- 
aminopyridine. They have prepared 5,6-dihydro- 
thiazolo [2,3a] pyridin-7-one by treatment of 
2-aminothiazole with ethylacrylate thus demon- 
strating that conjugate addition utilizing the ring 
nitrogen atom of the 2-aminothiazole is a pre- 
ferred pathway in that case. Accordingly-the 
mode of formation of adducts of the type 4a 
can be rationalized by the sequence 1 -t 4a 
which first involves conjugate addition of the 
heterocycle nitrogen to the a,P-unsaturated 
ketone leading to the resonance stabilized cation 
2. Abstraction of the hydrogen a to the carbonyl 
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group in 2 allows further condensation employ- 
ing a second molecule of 3-methylacrylophenone. 
This affords an ion of the type 3 which is 
suitably disposed to undergo ring closure and 
elimination of ammonia giving the adduct 4a. 

Experimental 
General 

The infrared spectra were recorded o n  a Perkin-Elmer 
model 237B spectrophotometer. The mass spectra were 
determined on a Hitachi Perkin-Elmer model RMU-6D 
spectrometer. The nuclear magnetic resonance (n.m.r.) 
spectra were recorded with a Varian 56.4 Mc.p.s. instru- 
ment and using tetramethylsilane as internal standard. A 
Kofler hot stage apparatus was employed to determine 
the melting points which are uncorrected. 

Preparation of Adduct 4a 
To a solution of 3-methylacrylophenone (9.7 g) in 95% 

ethanol (78 ml) was added 2-aminothiazole (3.3 g) and 
the mixture was refluxed for 18 h during which time an 
abundance of yellow crystals separated. The cooled 
mixture was filtered furnishing the yellow adduct 4a 
(5.6 g) Partial evaporation of solvent from the filtrate 
yielded another crop of crystalline adduct (0.8 g). Re- 
crystallization from ethanol gave the pure adduct 4a, 
m p. 232-240 "C. Infrared bands were present (CHCI,) 
at 1680 and 1545cm-'; h,,, (EtOH) were at 2 4 0 m ~  
(E, 19 000) and 365 mp (E, 24 000). The n.m.r. spectrum 
showed signals at T 2.1-3.0 (11 H), 3.49 (I H), 5.3 (1 H), 
6.4 (2 H), 8.43 (3 H), and 8.90 (3 H). 

Anal. Calcd. for C,,HzlNOzS: C, 73.60; H ,  5.60; N, 
3.73; 0,8.53; S, 8.53. Found: C, 73.58; H, 5.54;N, 3.61; 
0 ,  8.69; S, 8.65. 

Preparation of Adducts 4d, Sa, Sb, Sc, at1d8d 
These were prepared in similar manner to the prepara- 

tion of 4a. In each case the adduct gave correct analyses 
and the mass spectrum displayed the expected molecular 
ion. The infrared, ultraviolet, and n.m.r. spectra were 
unexceptional. 

Preparation of Adduct 9 
To  a solution of 3-methylacrylophenone (646 mg) in 

95 % ethanol (20 ml) was added 2-aminopyridine (204 mg) 
and the mixture was refluxed for 6 h. The solution was 
then evaporated and taken up in methylene chloride and 
extracted with 5 %  hydrochloric acid solution. The or- 
ganic layer was then dried over anhydrous magnesium 
sulfate and evaporated to dryness. The residue (160 mg) 
was taken up in hot ethanol and, after cooling, the yellow 
crystalline product 9 (50 mg), m.p. 206-214 "C separated. 
Recrystallization from ethanol did not improve the 
melting point. Infrared bands were present (CHC13) at 
1685, 1645, 1590, and 1550cm-I; h,,, (EtOH) were at 
245 (E, 29 500), 280 (E, 8900) and 350 mp (E, 5600). The 
n.m.r. spectrum showed signals T 1.3-3.2 (14H), 4.1 
(1 H), 6.7 (2 H), 8.58 (3 H) and 8.81 (3 H). The mass 
spectrum displayed abundant ions at M/e 369, 354, 105, 
and 77. 

ZBEMISTRY. VOL. 46, 1968 

Etlatninoketone Alcohol 7a 
A slurry consisting of sodium borohydride (120 mg) in 

dry methanol (35 ml) was added to the enaminoketone 
4a (1 g) and the mixture was maintained at reflux temper- 
ature for 6 h. The bulk of the methanol was then distilled 
off and water (50 ml) was added. The  aqueous mixture 
was treated with ether whereupon yellow crystals sepa- 
rated at the liquid interface. The crystals were collected 
and washed with ether furnishing enaminoketone alcohol 
7a (763 mg), m.p. 254-259 "C. The infrared spectrum 
showed bands (CHCI,) at 3590, 3300 and 1542 cm-'; 
h,,, (EtOH) were a t  270 (E, 2200) and 365 mu ( E ,  22 000). 
The mass spectrum displayed ions at M/e 377, 362, 270, 
105, and 77. 

Anal. Calcd. for CZ3Hz3NOzS: C, 73.21; H, 620 ;  
N ,  3.71; 0 ,  8.49; S, 8.49. Found: C, 72.87; H, 5.97; N ,  
3.57; 0,9.11; S, 7.83. 

Equilibration oj'Enatnit~oketot~e 4a with Mettlatlol-d 
The adduct 40 (100 mg) was dissolved in methanol-d 

(10 ml) and the solution refluxed for 18 h. Partial 
evaporation of the solvent permitted crystallization of the 
deuterated product 4b, 1n.p. 232-240 "C, which showed 
no depression of melting point when admixed with 4a. 
Infrared and ultraviolet spectra confirmed identity with 
4a. The n.m.r. spectrum showed signals at T 2.1-3.0 
(11 H),3.50(1H), 5.31(1H),6.40(1 H),8.43(3H),and 
8.90 (3 H). The mass spectrum displayed a molecular 
ion M/e 376. 

Equilibration of 4a with Methanol-datid Sodium Metlzoxide 
To  the enaminoketone 4a (100mg) in methanol-d 

(20 ml) was added sodium (15 mg) and  the solution was 
refluxed for 17 h. After partial evaporation of the solvent 
the yellow crystalline product 4c separated from the 
cooled solution and was filtered off and washed with 
methanol-d Mixed melting point of this product with 4a 
showed no depression. Infrared and ultraviolet spectra 
confirmed identity with 4a. The mass spectrum displayed 
ions of M/e 380, 379, 378, 377 and 376. The n.m.r. 
spectrum showed signals at T 2.1-3.0 (1 1 H), 5.31 (1 H), 
6.40 (1 H), 8.43 (2.3 H), and 8.90 (3 H). 

Enolacetate Salt 6 
A solution of adduct 4a (100 mg) i n  freshly distilled 

acetyl chloride (10 ml) was refluxed for 5 min. A white 
crystalline solid (1 15 mg) separated from the hot solution 
and was filtered off and dried in vacuo. On heating this 
product 6 apparently decomposed at 140 "C to give 4a, 
m.p. 235-240 "C. The infrared spectrum of the enol- 
acetate salt 6 showed bands at 1782, 1680, and 1620 cm-I 
(no 1550 cm-I); h,,, (CH3CN) 244 (E, 24 000) and 
324 mb (E, 17 000). This product was quantitatively con- 
verted into 4a by treatment with 50% aqueous methanol 
at room temperature for 18 h. 

Basic Hydrolysis of Adduct 4a 
The adduct 4a (1 g) was treated with Claissen base 

(1600 ml) and the mixture refluxed for 24 h. Part of the 
methanol was evaporated and the aqueous solution 
extracted with three portions of chloroform. The aqueous 
layer was then acidified with dilute hydrochloric acid and 
extracted with chloroform. The chloroform extract was 
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dried over anhydrous magnesium sulfate and evaporated Acknowledgment 
yielding a crystalline acid (201 mg), m.p. 120-123 "C, 
which was shown to be identical with authentic benzoic This work was supported, in Part, by a grant 
acid by mixture melting point and spectroscopic means. from the National Research Council of Canada. 

Aminoketone 10 
A solution of methyl vinyl ketone (3.5 g) and 2-amino- 

benzothiazole (3.75 g) in 95 % ethanol (25 ml) was 
refluxed for 18 h. The cooled solution yielded a white 
crystalline solid 10 (1.3 g), m.p. 124-125 "C. The infrared 
spectrum showed bands (CHCI,) at 3450, 1710, and 
1605 cm-'; h,,, (EtOH) 225 (E, 16400), 268 (E, 7600) 
and 294 mp (E, 1650). The n.m.r. spectrum showed 
signals at r 2.3-3.2 (4 H), 3.6 (1 H), 6.3 (2 H), 7.2 (2 H), 
and 7.94 (3 H). 

1. K. BOWDEN, E. A. BRAUDE, E. R. H. JONES, and B. C. 
L. WEEDON. J. Chem. Soc. 45 (1946). 

2. A. I. MEYERS and SUJAN SINGH. Tetrahedron Letters, 
52,5319 (1967). 

3. I. SESTAKORA, V. HORAK, and P. ZUMAN. Collection 
Czech. Chem. Commun. 31,3889 (1966). 

4. C. D. HURD and SHIN HAYAO. J. Am. Chem. Soc. 
77,117 (1955). 

5. C. PODESVA and K. VAGI. Can. J. Chem. 44, 1872 
(1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Synthesis of 5H-dibenzo [a,d]cycloheptene-5-carboxylic acid and related 
compounds. 1,5-Hydride transfer to inductively destabilized carbonium ions 

D. E. HORNING AND J. M. MUCHOWSKI' 
Bristol Laboratories of Caizada, Candiac, Quebec 

Received May 16, 1968 

The synthesis of 10,11-dihydro-5H-dibenzo[a,d]cycloheptene-5-carboxylic acid (2) and several 
derivatives of 5H-dibenzo[a,d]cycloheptene-5-carboxylic acid (1; a-c) from 5-hydroxy-l0,ll-dihydro- 
5H-dibenzo[a,d]cycloheptene-5-carboxylic acid and derivatives thereof (3; a-c) is described. 

The p-toluenesulfonic acid-catalyzed elimination of water (at 110.6" in toluene) from the deuterated 
hydroxy ester (3b; C-10, 11 d2) resulted in the incorporation of deuterium at C-5 of the olefinic ester l b  
with a KH/KD of 2.76. The large magnitude of this isotope effect indicated that the reaction proceeded 
via a rate-determining transannular 1,Shydride transfer from one of the benzylic positions of 36 to  the 
carbonium ion generated alpha to the methoxy-carbonyl group. 

Canadian Journal of Chemistry, 46, 3665 (1968) 

5H-Dibenzo [a,d]cycloheptene-5-carboxylic 
acid (la) and its 10,ll-dihydro derivative (2) are 
intermediates of considerable importance for the 
synthesis of compounds of potential pharmaco- 

logical interest (1, 2, and references therein). l a  
and 2 are usually prepared by the acid-catalyzed 
hydrolysis of the appropriate nitriles (1-3), or by 
the carbonation (1-4) of some suitable organo- 
metallic reagent (usually the 5-lithio derivative). 
Unfortunately, the hydrolysis of the cyanide 
corresponding to 2 is not straightforward (ref. 5; 
but see refs. 1 and 2) ; mixtures of the carboxylic 
acid and the carboxamide, in which the latter 
generally predominates, are obtained irrespective 
of the hydrolysis medium employed.'" On the 
other hand, carbonation of 5-lithio-l0,ll-di- 
hydro-5H-dibenzo [a,d]cycloheptene, prepared 
from the chloro compound by slight modification 
of the published procedure (2), consistently gave 
2 in yields exceeding 85% (5). However, the 
application of similar processes to the preparation 
of l a  is reported (3) to be much less satisfactory. 

We have found that the hydroxy acid (3a), a 

'To whom enquiries concerning this paper should be 
addressed. 

'"The carboxamide undergoes nitrous acid deamination 
in high yield (5). 

high yield synthesis of which has been the subject 
of a recent patent application (6) ,  is a convenient 
source of la ,  2, and various derivatives thereof. 
For example, hydrogenolysis of 3a in acetic acid 
containing perchloric acid produced 2, while 
solvolysis in acetic acid containing p-toluene- 
sulfonic acid provided la .  In addition acid- 
catalyzed (p-toluenesulfonic acid monohydrate) 
azeotropic removal of water from the hydroxy 
acid or its methyl ester gave l a  and l b  respectively. 
Furthermore, crystallization from alcoholic hy- 
drogen chloride of several of the analogous 
a-hydroxy-N,N-dialkylamides (3c) proceeded 
with the loss of the elements of water t o  yield the 
N,N-dialkylamide derivatives (lc) (7). In con- 
trast, acid-catalyzed azeotropic water removal 
from 5-hydroxy-l0,ll -dihydro-5H-dibenzo [a,d]- 
cycloheptene gave little or no 5H-dibenzo[a,d]- 
cycloheptene.' It is also significant that numerous 
5-hydroxy-5-alkyl-l0,ll-dihydrodibenzo [a,d]- 
cycloheptene derivatives are apparently con- 
verted exclusively to the 5-alkylidene compounds 
in a wide variety of acid-containing media (9). 

There are two reasonable mechanisms by 
which the a-hydroxy carbonyl compounds (3) 
could give rise to derivatives of 1, and both 
involve the formation of the carbonium ions 4 

2The major product in the complex mixture obtained 
was shown (5) by nuclear magnetic resonance spectros- 
copy to be 10,ll-dihydro-5H-dibenzo[a,d]cycloheptene, 
and the corresponding olefin, if formed at all, was present 
in amounts undetectable by this method (< 5 %). A small 
amount (ca. 7%) of the saturated 5,5'-dimer (8) could 
also be isolated. Mychajlyszyn and Protiva (8) report, 
however, that the above alcohol 1s converted to the o l e h  
with hot concentrated hydrochloric acid, in about 20% 
yield. 
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COR H COR 

COR 

5 

and 6 (not necessarily as discrete intermediates). 
One mechanism requires loss of a proton from 
4 and reprotonation of the resulting ortho- 
quinonoid-type compound 5 (Path "b"), the 
other proceeds uia a transannular 1,5-hydride 
shift (10, 11) from one of the benzylic positions 
to the highly reactive cationic center at C-5 
(Path "a"); proton loss from 6 would then 
complete the sequence. 

In principle, these two mechanisms should be 
distinguishable by experiments with isotopically 
labelled substrates. The acid-catalyzed azeotropic 
removal of water from the a-hydroxy ester (3b) 
and its dideuterated analogue (93.8% d, at C-10, 
11 ; for synthesis see below) was selected for study 
mainly because of the high product yield and the 
simplicity of the workup. When 0-deuterated 
p-toluenesulfonic acid (mono D,O) was used as 
the catalyst for the elimination of water from 
undeuterated 3b, integration of the nuclear mag- 
netic resonance (n.m.r.) signal at 6 4.85 for the 
C-5 proton of l b  indicated that there was no de- 
tectable (< 3%) deuterium incorporation at this 
position. This not only eliminated pathway "b" 
from consideration, but showed as well, that l b  
did not undergo significant deuterium exchange 
(at C-5) under these conditions. A study of the 
elimination of water from the deuterated ester 
gave the results compiled in Table I.3 The incor- 
poration (0.255 f 0.013 D) of deuterium at  C-5 
in l b  strongly supports mechanism "a" and the 
large deuterium isotope effect (2.76; corrected to 

3From the data given in columns 6 and 7 of Table I, it 
can be calculated that proton loss from 6 occurs with an 
apparent isotope effect of 1.44 f 0.13 (corrected to93.8 % 
d,). In the absence of mass spectral data concerning the 
abundance of those species containing do, d l ,  and d2 at 
C-10, 1 1  of l b ,  we do not wish to comment on the 
significance of this value. 

93.8% d,) implicates the participation of the hy- 
dride transfer in the rate-determining step4 (12). 
This effect has previously been sought in medium- 
membered ring systems (see pp. 124-130 in ref. 
10 and p. 612 in ref. 11) wherein 1,5-hydride 
transfer to a carbonium ion is known to occur 
predominantly or  exclusively, but K,,/K, in those 
cases was always small. On the other hand a 
large deuterium isotope effect (1.8-2.6) has been 
observed (13) for ii~termolecular hydride transfer 
between the triphenylmethyl carbonium ion and 
2-propanol-2d in sulfuric acid - water mixtures. 

The great facility with which the hydride 
transfer occurs during the formation of l b  from 
3b must be a consequence of a n  almost ideal 
geometry and a lack of other energetically 
favorable product forming routes. Dreiding 
models show that in the carbonium ion 4, one of 
the four bridge hydrogens is always situated 
close to the positive center at C-5. The unique 
rate-determining nature of the hydride transfer 
must, at least in part, be due to the destabilizing 
effect of the methoxycarbonyl group on the 
carbonium ion. If this assumption is valid, one 
might expect to observe a large deuterium isotope 
effect whenever a transannular hydride transfer 
occurs to  a carbonium ion bearing a strongly 
destabilizing a-substituent. 

The hydride transfer mechanism may also play 
an important role in the hydrogenolysis of 3a 
since the olefinic acid (la) can be detected under 
conditions where its reduction is slow. For 
example, a 50% decrease in the concentration of 
perchloric acid resulted in the formation of an 

41t is assumed that the other 1,s-elimination reactions 
described herein proceed by the same mechanism. 
Experiments to ascertain the validity o f  this assumption 
are In progress. 
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TABLE I 
Acid-catalyzed transformation of 36 to l b  at 110.6" in toluene. Deuterium distribution in l b  as determined by nuclear 

magnetic resonance spectroscopy* 

C-5 C-10, 11 
Experiment -- 

number Catalyst H D KIIIKD H D 

11 TSOH'H~OS. 0.757?0.017§ 0.243 3.13ko.29((  0.775+0.035~[ 1.2257 
2 TSOD .DzO 0.758k0.014 0.242 3.13k0.24 0.791k0.021 1.209 
3 TSOH.HZO 0.739k0.010 0.261 2.84k0.15 0.823k 0.018 1.177 
4 TSOD.DzO 0.725+0.007 0.275 2.64k0.09 0.772+0.020 1.228 

*For the n.m.r. s~ec t ra l  Dararneters see Table 11. 
tSee Table 111 foi exper~mental detalls. 
STSOH H20 = p-toluenesulfon~c acld monohydrate; TSOD.D20 = 0-deuterated p-toluenesulfon~c acid mono deuterium oxlde. 
§Average error In the Integrated intensity. 
INot corrected to 93.8% d l  at  C-10,l I ,  average value Kb1IKD = 2.94 f 0.20; K,,IKD corrected to 93.8% dl = 2.76. 
YSee footnote 3 In text. 

approximately 1 :1 mixture of 2 and l a  (as 
determined from the n.m.r. spectrum of the 
methyl esters obtained upon treatment of the 
crude product with excess ethereal diazometh- 
ane). A similar mixture was obtained from the 
hydroiodic acid red phosphorus reduction of 3a. 
In the light of this latter observation, it would be 
interesting to  reexamine the product obtained (9) 
from the action of hydroiodic acid and red 
phosphorus on 5-hydroxy-5(2-pyridy1)-10, 
1 1 -dihydrodibenzo-[a,d]cycloheptene for the 
presence of olefinic compounds. 

The 10,ll-dideuterated hydroxy ester (3b) was 
synthesized via the circuitous route indicated 
below. Catalytic reduction of the unsaturated 
ketone (7) with 2 moles of deuterium (we were 
unable to  selectively reduce the olefinic function) 
gave a mixture of which the alcohol (8) was the 
main constituent. The alcohol was not rigorously 
purified, but instead it was oxidized with manga- 
nese dioxide to deuterated dibenzosuberone (9) 
and this ketone was then converted to the hydroxy 
acid according to the published (6) procedure. 
The acid was esterified with excess diazomethane 

in methanol-ether solution. The n.m.r. spectrum 
of this material indicated that, in addition to  the 
expected deuterium incorporation a t  C-10, 11 
(93.8% d,), slight exchange of the aromatic 
hydrogens had occurred (the integrated intensity 
of the multiplet due to  the 1,2,3 and 7,8,9 protons 
centered at F 7.10 was about 6% low). 

The direct conversion of 7 to 9 with dideutero- 
diimide could not be accomplished. T h e  alcohol 
10 was the only product obtained, and it was 
unaffected by an excess of the reducing agent. 
The diimide reduction of aldehydes and  ketones 
to the corresponding alcohols is now known (14, 
15), but we are unaware of any other instance 
where a carbonyl group is reduced in preference 
to an  olefinic function. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. The 
nuclear magnetic resonance (n.m.r.) spectra were measured 
in deuteriochloroform with a Varian A-60 spectrometer. 
The infrared (i.r.) spectra were recorded with a Perkin- 
Elmer 237B grating spectrophotometer. 
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TABLE I1 
Nuclear magnetic resonance spectra* of dibenzo[a,d]cycloheptene derivatives 

-- 

Aromatic 
Olefinic Methine Methylene 

Compound (4,6) (1,2,3:7,8,9) (C-10,l 1) (c-5) (C-10,ll) O H  OCH, 

16 7.33 (m)t 6.81 (s) 4.85 (s) - - 3.48 (s) 
2 (methy1)t 7.17 (m) - 4.77 (s) 3.06 (m)§ - 3.63 (sl . . . . . . -  . . 

(esterj 
36 7.65(m) 7.10(m) - - 3.07(m) 3.92(s) 3.60(s) 
7 8.15 (m) 7.43 (m) 6.87 (s) - - - - 

9 (perhydro) 8.00 (m) 7.25 (m) - - 3.10 (s) - - 
'Recorded in deuteriochloroform and expressed in p.p.m. (6)  from tetramethylsilane. - - 

t m  = multiplet; s = singlet. 
$The n.m.r. spectra of this and related compounds will be the subject of a future publication. 
§This multiplet consists of at least 13  lines; see footnote $. 

5H-Dibenzo [a,d]cycloheptene- 5 -one and dibenzosu- 
berone were purchased from the Aldrich Chemical 
Company. 

5-Hydroxy-1O,I1-dilzydrodibetzzo[a,d]cycloheptene-5- 
carboxylic Acid (3a) 

This compound was prepared in 96 % yield by carbon- 
ation of the sodium ketyl of dibenzosuberone (6). It had 
m.p. 210-215" (decomp.), with prior reddening [lit. (6), 
m.p. 170-19O0]. 

The methyl ester, obtained by treatment of a methanol- 
ether solution of the acid with excess ethereal diazo- 
methane, had m.p. 135-137" [lit. (6), m.p. 138-14O0] when 
crystallized from cyclohexane. 

The n.m.r. spectrum of this and other relevant com- 
pounds is given in Table 11. 

IO,I 1-Dihydro-5H-dibe~lzo[a,d]cycloheptene-5- 
carboxylic Acid (2) 

A mixture of the hydroxy acid (10.17 g, 40 mmoles) 
and 1.1 g of 10% palladium on charcoal in 200 ml of 
glacial acetic acid containing 8 ml of 60% perchloric 
acid, was hydrogenated at room temperature at an initial 
hydrogen pressure of 45 p.s.i.g. After 2 h the hydrogen 
absorption had become slow and after 2.5 h the reduction 
was stopped. Much of the product had crystallized and 
consequently the mixture was warmed to effect solution 
of the acid. The catalyst was removed by filtration 
through Celite, and the filtrate was concentrated to a 
small volume it2 vacuo (bath temperature, 40'). The 
residue was quantitatively transferred to a large Erlen- 
meyer flask with a little acetic acid, and the resultant was 
diluted with about 800 ml of ice-cold water. The crystal- 
line solid was collected by filtration, washed well with 
ice-cold water, and dried in vacuo. The nicely crystalline 
solid, m.p. 215-217" [lit. (2), m.p. 220-22l0], which 
weighed 7.71 g (80.8%) could be used without further 
purification. 

The methyl ester was prepared by treatment of an 
ether solution of the acid with excess ethereal diazo- 
methane. On crystallization from 1:l cyclohexane - 
pqtroleurn ether (b.p. 35-60") a solid, m.p. 93.5-95" [lit. 
(16), m.p. 93-95"] was obtained. For analysis it was 
recrystallized from the same solvent system and then 
dried in vacuo at room temperature over phosphorus 
pentoxide for 24 h. The melting point remained un- 
changed. 

Anal. Calcd. for C17H1602: C, 80.92; H, 6.39. Found: 
C, 81.19; H, 6.25. 

5H-Dibe~zzo[a,d]cycloheptetze-5-carboxylic Acid (la) 
A 250 ml round-bottomed flask fitted with a Dean- 

Stark water separator (prefilled with dry toluene), and 
containing the hydroxy acid (3a, 1.271 g, 5 mrnoles) and 
254 mg of p-toluenesulfonic acid monohydrate in 125 ml 
of anhydrous toluene, was placed in a preheated heating 
mantle and brought rapidly to reflux temperature with 
magnetic stirring in a nitrogen atmosphere. After 1 h the 
solution was poured into an ice-cold sodium carbonate 
solution (100 g/l) and after thorough shaking the emulsion 
which resulted was broken by filtration. The aqueous 
phase was combined with a water extract of the organic 
phase. The basic solution was acidified with concentrated 
hydrochloric acid and the solid thus obtained was 
extracted into ethyl acetate. The extract was shaken with 
water, dried over sodium sulfate, and then concentrated 
in vacrro. The solid which remained (890 mg) was crystal- 
lized from 1:2 aqueous ethanol. The first crop of a 
beautiful, needle-shaped crystalline solid weighed 810 mg 
and had m.p. 239-241" [lit. (3), m.p. 241-242"]. Evapora- 
tion of the mother liquor and crystallization of the residue 
from the same solvent system (charcoal) gave an addition- 
al 39 mgof the product with m.p. 236-237'. Thecombined 
yield was 849 mg (71.9 %). 

This compound was also formed when a solution of the 
a-hydroxy carboxylic acid in glacial acetic acid containing 
p-toluenesulfonic acid monohydrate was heated at reflux 
temperature (0.5 h). The yield of product, m.p. 236-23g0, 
was about 45 %. 

The methyl ester was prepared by treatment of a 
methanolic solution of the acid with excess ethereal 
diazomethane. The solid obtained on evaporation of the 
solvent was crystallized from cyclohexane to give a white, 
needle-shaped, crystalline material, m.p. 109-111". For 
analysis it was twice recrystallized from 1 : 5 aqueous 
methanol, and then dried at room temperature in vacuo 
over phosphorus pentoxide for 15 h. I t  then had m.p. 
111.5-113.5". 

Anal. Calcd. for C17H1402: C, 81.58; H,  5.64. Found: 
C, 81.50; H, 5.65. 

Metlzyl-5H-dibenzo[a,d]cyclohepte~e-5-carboxylate (Ib) 
The hydroxy ester (36, 1.342 g, 5 mmoles), 268 mg of 

p-toluenesulfonic acid monohydrate, and 125 ml of dry 
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toluene in the apparatus described previously was 
rapidly heated to reflux with stirring in an atmosphere of 
nitrogen. After I h, the hot solution was poured onto 
ice-water, and after thorough shaking the organic phase 
was separated and combined with a toluene extract of the 
aqueous phase. The extract was shaken with sodium 
carbonate solution (100 g/l), then with water, and then 
it was dried over sodium sulfate. The solvent was then 
removed in vacuo leaving a crystalline solid (1.230 g) 
which was recrystallized from 1 : 5 aqueous methanol. A 
beautifully crystalline solid, m.p. 111.5-113.5" was ob- 
tained, identical in all respects to the methyl ester 
described in the previous experiment. It weighed 1.072 g. 
Evaporation of the mother liquor it1 vacuo gave a solid 
which on crystallization from the above solvent system 
(charcoal) yielded an additional 89 mg of product, m.p. 
110.5-111.5". The combined yield was 1.161 g or 92.8%. 

Experiments with Deuterium Labelled Comnpour~ds 
0-Deriterated p-Toluenesulfo~zic Acid (1 DzO) 
A mixture of p-toluenesulfonyl chloride (19.06 g) and 

99.7% deuterium oxide (4.01 g, 3.63 ml) was heated to 
gentle reflux (protected from moisture with a calcium 
chloride drying tube). After 15 min an additional 3.63 ml 
of deuterium oxide were added. When a total of 1 h at 
reflux temperature had elapsed, the clear solution was 
cooled to room temperature, and then to 0" to effect 
crystallization of the sulfonic acid. Most of the excess 
deuterium oxide was removed in vaclco at 40°, the residue 
was twice washed by decantation with anhydrous 
benzene, heated for a few minutes in vacuo at 40" to 
remove any adhering benzene, and then dried in vacuo at 
room temperature over calcium chloride for 4 h. The 
white solid thus obtained had m.p. 95-100°, and was at 
least 99.22 0-deuterated D-toluenesulfonic acid mono 
deuteriumoxide as shown by n.m.r. 

Met/ryl-5-I1ydroxy-IO,11-dilzydrodibenzo[a,d~cyclo- 
heptene-5-carboxylate-l0,II-dz 

The unsaturated ketone (7, 10.31 g, 50 mmoles) in 
ethyl acetate (150 ml) containing 300 mg of platinic oxide 
was reduced at room temperature (24') and atmospheric 
pressure with deuterium gas (99.5 + mole % Dz). At the 
end of 2 h 40 min deuterium absorption had become slow 
(740 ml had been absorbed), consequently an additional 
700 mg of the catalyst were added. At the end of a further 
4.5 h a total of 2927 ml ( I l l  % of theoretical for 2 moles) 
of deuterium had been consumed and the reduction was 
stopped, even though deuterium absorption had not yet 
ceased. The catalyst was removed by filtration through 
Celite and the filtrate was evaporated in vacrro. The solid 
thus obtained was taken up in hot cyclohexane; on 
cooling, 5.82 g of the alcohol (8, m.p. 84-85') crystallized 
from solution. Thin-layer chromatography (t.1.c.) on 
alumina indicated that at least two other components in 
addition to the required alcohol were present. The i.r. 
(CHCI,) spectrum had weak bands at 2675 and 2150 
cm- '. 

The mother liquor from the above crystallization was 
evaporated in vacuo to give 4.8 g of a complex mixture 
which contained ketonic material as shown by i.r. 
spectroscopy. Chromatography of this material on 200 g 
of neutral, activity I1 alumina (Fluka; benzene as elution 
solvent) gave a mobile oil which was evaporatively 

distilled at 130" (air bath temperature)/O.Ol mrn to give 
2.44 g of deuterated dibenzosuberone which was con- 
taminated with a hydrocarbon impurity as indicated by 
n.m.r. and t.1.c. 

The crude alcohol (8) 4.82 g, dissolved in 500 ml of 
carbon tetrachloride, was stirred at room temperature 
with 50 g of activated manganese dioxide. At the end of 
1 h t.1.c. indicated the absence of starting material.The 
mixture was filtered through Celite, the filtrate was 
evaporated ilz vacuo, and the oil thus obtained was 
evaporatively distilled at 125-135"/0.03 mrn to give 4.27 g 
of fairly pure deuterated dibenzosuberone. Thin-layer 
chromatography indicated the presence of two minor 
impurities. The i.r. spectrum (liquid film) had bands at 
2150 (w) and 1645 (s) cm-'. Comparison of the integral 
for the aromatic hydrogens to that of the methylene 
hydrogens indicated that at least 85 % of two deuterium 
atoms were at C-10, 11 (but see below). 

The above ketone (3.15 g) was converted to  the sodium 
ketyl and carbonated in the usual manner (6) to give 
2.00 g of the beautifully crystalline hydroxy acid (m.p. 
ca. 215", decomp.). 

A methanol-ether solution of the hydroxy acid (1.580 
g) was treated with excess ethereal diazomethane. After 
1.5 h, the excess diazomethane was destroyed with a few 
drops of acetic acid. The ether solution was washed 
successively with 5 % sodium carbonate solution, water, 
and saturated salt solution. The ether phase was dried 
over anhydrous sodium sulfate, and then evaporated in 
vacuo. The crystalline residue was recrystallized from 
cyclohexane to give 1.360 g of a product with m.p. 136- 
138" (mixture m.p. with undeuterated ester was un- 
depressed). The i.r. spectrum (chloroform) had bands at 
3575,3490 (m), 2150 (w), and 1725 (s) cm-'. Comparison 
of the integral for the protons of the methyl ester to that 
observed for the C-10,11 methylene protons, gave a value 
of 93.8 2 1.0% d2 at the latter positions. When hexa- 
methyl benzene (2.22 p.p.m.) was used as  an internal 
standard a value of 95.1 % was obtained. 

The integrated intensity for the aromatic protons was 
low. This was shown not to be a saturation effect by the 
constancy of the aromatic hydrogen: methyl ester integral 
ratio for various values of the r.f. field. Evidently, some 
exchange (0.5 2 0.1 D ;  primarily at positions-1,2,3, and 
-7,8,9) of the aromatic hydrogens for deuterium had 
occurred during catalytic reduction of the unsaturated 
ketone. 

Quantitative Examination of the Acid-Catalyzed 
Dehydration of Dideuterated and Undeuternted 36 

The following procedure was used throughout. 
A 50 ml round-bottomed flask, containing 30 rnl of 

anhydrous toluene and the specified quantities of catalyst 
and hydroxy ester (see Table 111), was fitted with a Dean- 
Stark water separator (prefilled with dry toluene), and 
heated with stirring under reflux in an atmosphere of 
purified dry nitrogen for the indicated length of time. 
The reaction mixture was cooled briefly in a n  ice bath and 
then poured into an excess of ice-water. After vigorous 
shaking, the organic phase was separated and combined 
with a 10 ml toluene extract of the aqueous phase. The 
combined extracts were washed with two 10 ml portions 
of ice-cold water, dried over anhydrous sodium sulfate, 
and evaporated in vacuo. The yield of crude ester (lb) thus 
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TABLE 111 
Acid-catalyzed dehydration of deuterated and undeuterated 36 

Experiment Reaction Melting 
number Ester (mg) Catalyst (mg) time (h) point of product 

1 36 d2 270 TSOH:H20 (54) 1 112.5-113.5* 
2 3b d2 270 TS0D:DZO (54) 1 112 -114 
3 36 d2 150 TS0H:HZO (30) 1 112 -114 
4 3b d2 150 TSOD :DzO (30) 1 111.5-113.5 
5 3b 268 TS0D:DzO (54.6) 0 .5  t 

*After subl~rna:ion at 90"/0.001 mm. Undeuterated ester did not depress the melting point. 
tNuclear magnetic resonance spectra recorded on crude product; m.p. was not determined. 

obtained was generally well over 90%. Inasmuch as the 
deuterium content did not change upon sublimation, the 
crude material from experiments 1 4  was sublimed at 
90°/0.001 rnm before n.m.r. analysis; this also served to 
remove a paramagnetic impurity which was sometimes 
present. 

The n.m.r. spectra were all recorded at  a concentration 
of ca. 75 mg of esterl0.4 ml of deuteriochloroform 
(containing tetramethylsilane). Four to eight integrations 
were made for each experiment. The results are compiled 
in Table 1. 

The proton content at C-5 could be measured with 
satisfactory accuracy. However, a small uncertainty in 
the integration (e.g. 2.2% in experiment number 1;  see 
Table I) here, resulted in a maximum uncertainty of 
2 9  % in the calculated deuterium isotope effect. 

The measured values for the proton content at C-10,ll 
were subject to a somewhat greater error because of the 
close proximity of the aromatic hydrogens (e.g, a spinning 
side band of the aromatic hydrogen absorption had to be 
subtracted), and the necessity to subtract a small absorp- 
tion due to the residual protium present in the commercial 
deuterated chloroform. 
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Fully fluorinated alkoxides. Part IV. Derivatives of perfluoropinacolll 

M. ALLAN, A. F. JANZEN,, AND C. J. WILLIS 
Departnzent of Clrernistry, Utziversity of Westertz Ontario, Londorz, Otztmio 

Received June 25, 1968 

The reductive dimerization of hexafluoroacetone, by reaction with sodium in a donor solvent, leads 
to the ionic disodium alkoxide of perfluoropinacol, a valuable intermediate for the preparation of 
pinacol derivatives. Cyclic alkoxides of silicon, germanium, tin, and boron are made by the reaction 
of this disodium alkoxide with various dihalides. 

Reaction with thionyl chloride, sulfuryl chloride, or sulfur(I1) chloride gives pertluoropinacol sulfite, 
sulfate, and ortl~o-sulfite respectively. The stereochemistry of the last compound is discussed. 
Canadian Journal of Chemistry, 46, 3671 (1968) 

In previous parts of this series, we have shown 
that ionic, fully fluorinated alkoxides of the 
heavier alkali metals may be prepared by the 
reaction of the anhydrous metal fluorides with 
various fluorinated carbonyl compounds in 
donor solvent. Trifluoromethoxides are given 
by carbonyl fluoride (1) while ethoxides and 
propoxides are given by trifluoroacetyl fluoride, 
heptafluoropropionyl fluoride, or hexafluoro- 
acetone (2). 

RcCOF + M F  e M +  [RcCF20-] 

(CF3)'C0 + M F  + M+[(CF3)zCFO-] 

(Rc = F, CF3, or C2F5 M = K, Rb, or Cs) 

In any ion made by a reaction of this type, 
there must always be at least one fluorine atom 
attached to the a-carbon atom, and we have 
suggested, as a result, that the alkoxide and 
the carbonyl compound are in equilibrium. The 
ready elimination of a fluoride ion limits the 
value of these ionic primary or secondary alkox- 
ides as intermediates for the preparation of co- 
valent derivatives. The reaction of trialkylchloro- 
silanes with the heptafluoroisopropoxide ion, for 
example, gives only trialkylfluorosilanes and 
hexafluoroacetone, rather than trialkylsilyl hep- 
tafluoroisopropoxides (2, 3). 

A decomposition of this type would not be 
possible for covalent alkoxides derived from 
fluorinated tertiary alcohols, and there is no 

'Presented in part at the 50th Annual Conference of 
the Chemical Institute of Canada, Toronto, June 1967. 
For a preliminary communication, see M. Allan, A. F. 
Janzen, and C. J. Willis, Chem. Commun. 55 (1968). For 
part 111, see M. Allan and C. J. Willis, J. Am. Chem. 
SOC. 90, 5343 (1968). 

'Present address: Department of Chemistry, University 
of Manitoba, Winnipeg, Manitoba. 

reason to suppose that such compounds would 
not be stable. Of the few fully fluorinated ter- 
tiary alcohols which have been reported, no 
alkoxide type derivatives appear to be known. 
The simplest example of this class of compound, 
perRuoro-t-butanol, was first reliably reported 
by Knunyants and Dyatkin (4), and by Filler 
and Schure (5);'both of these accounts contain 
comments on earlier claims regarding this com- 
pound. Other known fluorinated tertiary alcohols 
include perfluoro(triphenyl)carbinol (6) and per- 
fluoro(triethy1)carbinol (7). 

More is known of the chemistry of the sim- 
plest fluorinated ditertiary alcohol, perfluoro- 
pinacol, first prepared by Middleton and 
Lindsey by the reaction of hexafluoroacetone 
with isopropyl alcohol (8). As expected, per- 
fluoropinacol is considerably more stable than 
any primary or secondary fluorinated alcohol, 
and dissolves in water to  give an acidic solution 
(pK, = 5.95). Middleton and Lindsey attri- 
buted the high acidity to the formation of an 
anion stabilized by hydrogen bonding. 

We have found that the solid ionic mono- 
substituted potassium derivative of perRuoro- 
pinacol, in which this ion is presumably present, 
may readily be obtained from aqueous solution. 
However, complete neutralization to give the di- 
potassium alkoxide, K, [(CF,),CO CO(CF,),], 
could not be achieved in aqueous solution be- 
cause hydrolysis of the pinacol occurred on 
adding further base. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3672 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

An alternative route to the ionic, disubsti- 
tuted alkoxides of perfluoropinacol is available 
through the reductive coupling of hexafluoro- 
acetone with an alkali metal in non-aqueous 
donor solvent. Frye et al. (9) suggested the 
intermediacy of the dilithium alkoxide of per- 
fluoropinacol in the reaction of dimethyldichloro- 
silane with hexafluoroacetone and lithium in 
tetrahydrofuran (THF). They did not, however, 

attempt to isolate the alkoxide. 
We have found that this reaction may be per- 

formed stepwise, the disodium alkoxide of per- 
fluoropinacol being first prepared in a stable 
yellow solution in THF which gives, on eva- 
poration, a stable white solid which appears to 
be a solvate of the alkoxide. The ready avail- 
ability of this reactive intermediate opens up a 
simple route to the preparation of alkoxides and 
related derivatives of perfluoropinacol, and it is 
compounds of this type which will be described 
here. 

In view of the known electrophilic nature of 
hexafluoroacetone, which we have discussed 
previously (10, 1 I), the first step in its reaction 
with sodium is presumably an electron transfer 
to give hexafluoroacetone ketyl, which would 
then dimerize. 

THF 
(CF3),C0 + Na+ (CF3),C0- + Na+ 

Strong support for such a mechanism is given 
by the recent report by Janzen and Gerlock (12) 
that hexafluoroacetone ketyl may exist as a 
stable radical in acetonitrile solution. The iso- 
electronic neutral radical, bis(trifluoromethy1)- 
nitroxide, has also been reported as a stable 
species (1 3). 

The availability of the reactive solution of the 
disodium alkoxide provides a convenient route 
to alkoxides and esters of perfluoropinacol and, 
in particular, to the preparation of cyclic deriva- 
tives. Thus, the reaction of trimethylchlorosi- 
lane or dimethyldichlorosilane with the solution 

gave immediate reaction to precipitate sodium 
chloride and to give compounds 1 and 2 respec- 
tively. 

(CH3)3SiOC(CF3)zC(CF3)~OSi(CH3)3 
1 

(CH,),M 

2, M = Si; 3, M = Ge; 4, M = Sn 

Both 1 and 2 are known compounds, having 
been prepared by Frye et al. Compound 1 has 
also been prepared by us through the reaction 
of hexafluoroacetone with bis(trimethylsily1)- 
mercury (10). 

The analogous germanium and tin hetero- 
cycles, 3 and 4, were readily prepared by the 
action of the disodium alkoxide on dimethyl- 
dichloro-germane or -stannane. The tin com- 
pound was significantly less volatile than the 
other two, but molecular weight measurements 
showed that, a t  least in solution, it was sub- 
stantially monomeric. 

A boron-containing heterocycle, 5, was pre- 
pared by the reaction of phenylboron dichloride, 
while the complex borate, 6,  was made in 
aqueous solution by the reaction of sodium 
borate with perfluoropinacol. 

The analogous unfluorinated borate, derived 
from pinacol, may also be formed in aqueous 
solution (14). 

The compounds described above were all 
stable under ordinary conditions of handling, 
and were resistant to acid hydrolysis. Compound 
2, for example, distilled unchanged from con- 
centrated sulfuric acid at 150" when acid clea- 
vage was attempted. Under aqueous basic con- 
ditions, however, rapid hydrolysis occurred. 
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Except in the complex borate, some part of this 
stability presumably comes from the p,-p, or 
p,-d, bonding from the two oxygen atoms to 
the other hetero-atom in the five-membered 
rings, since the four elements involved (Si, Ge, 
Sn, and B) may all act as acceptors. 

Although n-bonding of this type would be 
less likely for a sulfur atom, it proved easy to 
incorporate sulfur into cyclic perfluoropinacol 
derivatives. The reaction of the disodium alkox- 
ide of perfluoropinacol with thionyl chloride or 
with sulfuryl chloride gave respectively the cyclic 
sulfite, 7, and sulfate, 8. 

With sulfur(I1) chloride, however, the reaction 
with the disodium alkoxide was more complex 
than a simple halogen replacement. A volatile 
crystalline product, m.p. 52", was obtained, 
which was shown by analysis and mass spectro- 
scopic examination to have the molecular for- 
muia C,,F,,O,S. Although unexpected, this 
product may readily be characterized as per- 
fluoropinacol ortho-sulfite, 9, resulting from 
disproportionation of the sulfur(I1) to sulfur(1V) 
and elementary sulfur. 

A reaction of this type is not unprecedented 
for sulfur, since sulfur(1V) fluoride is best pre- 
pared by the reaction of sulfur(I1) chloride with 
sodium fluoride in acetonitrile (15). 

4 N a F  + 2SC1, -t SF, + S + 4NaCl 

In both reactions, reaction of the chloride 
with an ionic salt in donor solvent leads to dis- 
proportionation and formation of a compound 
in which a sulfur(1V) atom is joined to four 
other atoms by single bonds. Perfluoropinacol 
ortho-sulfite, however, seems to be unique in 
having four oxygen atoms attached to sulfur(IV), 
since no reports of esters of the type (RO),S 
have appeared. The stabilization of the system 

in the present case is presumably due to two 
factors; the electronegative nature of the ester 
group and the bicyclic structure of the com- 
pound. 

The mass spectrum of the compound is given 
in Table I, and is entirely consistent with the 
structure given above. 

TABLE I 
Mass spectrum* of perfluoropinacol ortho-sulfite 

Mass Inten- Mass Inten- 
number sity Formula number sity Formula 

677 0 . 5  C12F2304S+ 159 78 C4FsO+ 
627 37 CllF2104S+ 150 3 C,F6+ 
511 5 CpF1703S+ 147 9 C3F50z+  
364 19 C6F1202S++ 143 12 C4F5+ 
31 1 1 C5Fe03S 131 39 C3F5+ 
300 6 C,Fiz++ 119 6 CzF5+ 
281 5 C ~ F I I  105 8 C4F3+ 
247 15 C5Fg0+ 97 403 CF3CO+ 
231 100 CsFg+ 93 9 C3F:+ 
212 5 C6F,+ 69 850 CF3 
209 33 C,F70+ 67 24 SOF+ 
197 13 C4F70C 64 5 SOz+ 
181 36 C4F7+ 50 1 3 C F 2 +  
178 6 C4F60+ 48 25 SO+ 
169 6 C3F7+ 

*Intensities are related to 100 for the peak at M = 231. 

No peak corresponding to the molecular ion 
(M = 696) was seen, but five peaks above a 
mass of 310 corresponded to sulfur-containing 
fragments. Below mass 310 were a number of 
peaks given by fragments containing carbon, 
fluorine, and oxygen; the only other fragments 
containing sulfur were SOf ,  SO2+, and SOFf. 
The following scheme gives a rationalization for 
the structures and modes of formation of the 
heavier fragments. 

The analogous tellurium compound, per- 
fluoropinacol ortho-tellurite, was readily pre- 
pared by the reaction of the disodium alkoxide 
with tellurium tetrachloride. It was slightly less 
stable than the sulfite, undergoing slow hydrol- 
ysis in moist air. 

The detailed configuration of perfluoropinacol 
ortho-sulfite is of some interest, since this com- 
pound presents an unusual opportunity for the 
study of the geometry of sulfur(1V). Previously 
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(cF~)~C-0 O--C(CF3)2 
\ / I 

(CF3)2c-0 0-C(CF3)2 
Parent molecule, M = 696 

reported compounds in which a sulfur(1V) atom 
is linked by single bonds to four other atoms 
are restricted to sulfur tetrafluoride and its 
derivatives, and spectroscopic studies have estab- 
lished a trigonal bipyramid arrangement (in- 
cluding the non-bonding electron pair) for four 
atoms around sulfur. For sulfur tetrafluoride, 
infrared measurements showed that the mole- 
cule was of C2v symmetry (16), while low-tem- 
perature fluorine nuclear magnetic resonance 
(n.m.r.) spectra showed the presence of two types 
of fluorine atoms (17). 

No crystallographic determination of the 
structure of sulfur tetrafluoride has been reported, 
presumably because of the difficulty of working 
with such a volatile and reactive material. Per- 
fluoropinacol ortho-sulfite, however, is unre- 
active and crystalline at room temperature, and 

a structural analysis by X-ray crystallography is 
therefore being ~nder taken .~  Preliminary results 
show that the crystals, which have the external 
appearance of rectangular prisms, are tetragonal, 
with a = 23.08 A and c = 15.18 A. The space 
group is 14,/a, with 16 molecules in the unit 
cell. 

The four possible ways in which the oxygen 
atoms in the ortho-sulfite might be arranged 
about the sulfur atom are tetrahedral, square 
planar, trigonal bipyramidal, or tetragonal 
pyramidal. The first two, which would in any 
case be considered very unlikely for such an 
electronic arrangement at the sulfur atom, are 
eliminated by the appearance of the 19F n.m.r. 
spectrum of the compound, which consists of 

3By Dr. Kent Pullen of the University of Idaho. 
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two fairly broad absorptions of equal intensity 
at - 10.5 and - 12.2 p.p.m. from trifluoroacetic 
acid, the former peak showing partial resolution 
into a septet. This spectrum indicates the pres- 
ence in the molecule of equal quantities of 
fluorine atoms in two different environments, a 
result which would not be obtained from either 
tetrahedral or square planar arrangements of the 
four oxygen atoms. The fluorine atoms are, how- 
ever, divided into two environments if the steric 
influence of the non-bonding electron pair on 
the sulfur atom produces a tetragonal pyramid 
or trigonal bipyramid configuration. The two 
types of fluorine atom would be interconverted 
only by inversion of the entire molecule at the 
sulfur atom, and would therefore be expected to 
produce two n.m.r. signals. Further broadening 
of each signal would be expected from coupling 
within the twelve-spin system in each perfluoro- 
pinacol group. presently available -evidence, 
however, does not permit a decision to be made 
between the trigonal bipyramid or tetragonal 
pyramid models. 

The 19F n.m.r. spectrum of the analogous 
tellurium compound consists of only one signal, 
a singlet at -7.9 p.p.m., suggesting that all 
fluorine atoms in the molecule are equivalent. 
This is surprising, in view of the well-established 
trigonal bipyramidal structures of such other 
tellurium(1V) compounds as TeC1, (18). One 
explanation would be a rapid inversion of the 
molecule at the tellurium atom, but it is also 
possible that there is effectively a tetrahedral 
arrangement around the tellurium atom because 
the lone pair is not sterically active. There is 
precedent for such an effect in the stereochemis- 
try of tellurium(IV), since the configuration of 
the ion TeC1,'- has been shown by quadrupole 
resonance (19) and crystallographic study (20) 
to be octahedral. 

A crystallographic examination of perfluoro- 
pinacol ortho-tellurite is being undertaken in an 
attempt to elucidate this point. 

Experimental 
CAUTION:-Perfluoropinacol has been reported to  be 

extremely toxic (8). Due care should be exercized in 
handling this compound or its derivatives. 

General 
Volatile compounds were handled in a conventional 

vacuum system, to  avoid contact with the atmosphere, 
and were separated by trap-to-trap condensation. Hexa- 

fluoroacetone was a redistilled commercial sample 
(Allied Chemical Co.) whose purity was checked by 
molecular weight determination and infrared spectro- 
scopic examination. Tetrahydrofuran (THF) and 1,2- 
dimethoxyethane (glyme) were dried by refluxing over 
lithium tetrahydridoaluminate for 8 h under nitrogen, 
then stored and handled in the vacuum manifold. 

Infrared spectra were determined on a Beckman IR- 
5A or IR-10 spectrophotometer. Nuclear magnetic 
resonance (n.m.r.) spectra were determined on Varian 
A-60 and DP-60 instruments, using 60 Mc.p.s. and 56.4 
Mc.p.s. for proton and fluorine respectively. '"F chemical 
shifts are all relative to trifluoroacetic acid (external). 
Microanalyses were performed by Alfred Bernhardt 
Laboratories, Mulheim (Ruhr), Germany. 

Reaction of Hexafluoroocetone with Sodium 
(i) In Tetrahydrofurarz 
Hexafluoroacetone (5.66 g, 34.1 mmole), sodium (0.80 

g, 34.8 mmole), and T H F  (8 ml), in a sealed reaction 
tube (25 ml) in the absence of air, were shaken for 3 
days a t  25". During this time the initially colorless 
solution became dark orange as the sodium was con- 
sumed, but no precipitate appeared. There was no 
apparent reaction when a similar mixture was kept for 
3 days at -26' or -78". 

(i i)  In Glyrne 
Hexafluoroacetone (7.82 g, 47.1 mmole), sodium (1.01 

g, 43.9 mmole), and glyme (10 ml) in a sealed reaction 
tube (30 ml) in the absence of air were kept a t  -78" for 
8 days, by which time all the sodium had dissolved to 
give a deep-red solution. There appeared to  be no dif- 
ference between the contents and properties of this 
solution and the T H F  solution, and the T H F  solution 
was used in all subsequent work. 

The stability of the T H F  solutions prepared as above 
was briefly investigated. At -78", it showed no change 
after keeping for several weeks. At 25", t he  solutions 
appeared stable for at least 8 days, but after longer 
periods some decomposition was evident as solid material 
began to  settle out. The rate of deposition of solid was 
variable, but an examination of the volatile compounds 
present after some time had elapsed showed only 
T H F  and hexafluoroacetone. Detailed analysis of the 
solid was not made, but it had an ionic fluoride content 
of about 4 %  (estimated as  lead chloride fluoride). 

When hexafluoroacetone was kept with sodium in a 
1 :2 molar ratio in T H F  a t  25", decomposition was much 
more rapid. The excess sodium reacted, giving a preci- 
pitate containing ionic fluoride, and the solution became 
extremely dark. 

An attempt was made to  prepare the disodium alkoxide 
in a pure state by complete removal of T H F ,  but this 
was unsuccessful. After prolonged pumping a t  25", the 
solid still contained solvent (judged by its infrared 
spectrum). On heating in vaclro, some T H F  came off at 
SO", together with decomposition products such as tri- 
fluoroacetyl fluoride, hexafluoroacetone, and carbon 
dioxide. Evolution of volatile products ceased when the 
temperature reached ZOO0, leaving a solid residue which 
appeared to be mainly sodium fluoride. 

Preparation of Perfluoropinacol 
Concentrated sulfuric acid was slowly added to a 
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solution of the disodium alkoxide in THF at 0". Perfluoro- 
pinacol was evolved on gentle warming, and was identi- 
fied by comparison of its infrared spectrum with that 
of known samples prepared by the reduction of hexa- 
fluoroacetone with isopropanol (8) or with triphenyl 
phosphite (21). 

Potassirtm Hydrogen Per~rtoropinacolate 
Perfluoropinacol (5.0 g, 15 mmole) was dissolved in an 

aqueous solution of potassium carbonate (l.Og, 7.3 
mmole) and the solution evaporated to dryness itz vacuo. 
The remaining white solid was recrystallized from water 
to give potassium hydrogen perfluoropinacolate (5.0 g, 
13 mmole). 

Anal. Calcd. for C6HF1202K: C, 19.4; H, 0.27; F, 
61.3. Found: C ,  19.6; H, 0.23; F, 61.4. 

When further base was added, in an attempt to obtain 
the fully neutralized salt, the pH of the solution began 
to drift, and qualitative tests showed that fluoride ion 
was now present. 

Reaction with Trimet/zylchlorosilane 
To a solution of the disodium alkoxide (15 mmole, 

prepared as above), in THF at 25", was added trimethyl- 
chlorosilane, (2.81 g, 26 mmole). Immediate reaction was 
apparent as a solid, identified as sodium chloride, pre- 
cipitated. The liquid portion was removed under vacuum 
and distilled at reduced pressure to yield 1,2-bis(tri- 
methylsiloxy)tetrakis(trifluoromethyl)ethane (3.7 g, 7.8 
mmole, b.p. 99-100"/30 mm). 

Anal. Calcd. for Cl2Hl8Fl2O2Si2: C, 30.1; H, 3.79; 
F, 47.6. Found: C, 30.4; H, 3.61; F, 47.6. 

Proton n.m.r. (neat) gave a single peak at -0.24 p.p.m. 
(internal TMS). Fluorine n.m.r. (carbon tetrachloride 
solution) showed a single peak at - 10.7 p.p.m. 

The same compound was readily produced when 
sodium, hexafluoroacetone, and trimethylchlorosilane 
were mixed in the appropriate proportions in THF. 

Reaction with Dimet/ryldichlorosilane 
To a solution of the disodium alkoxide (23 mmole) in 

T H F  at 25" was added dimethyldichlorosilane (4.2 g, 32 
mmole). Immediate precipitation occurred, and frac- 
tionation of the volatile material gave a fraction boiling 
at 145-149" which was purified by vapor-phase chromato- 
graphy (silicone column at 120") to give 4,4,5,5-tetra- 
kistrifluoromethyl-2,2-dimethyl-l,3-dioxa-2-silacyclopen- 
tane (4.5 g, 12 mmole). 

Anal. Calcd. for C8H6F1202Si: C, 24.6; H, 1.55; F, 
58.4. Found: C, 25.0; H, 1.59; F, 58.4. 

Proton n.m.r. gave a single peak at f0.89 p.p.m. 
(internal cyclohexane). 

Reaction with Dirnethylgermatzium Dichloride 
To a solution of the disodium alkoxide (5.4 mmole) in 

THF at 25" was added dimethylgermanium dichloride 
(0.80 g, 4.6 mmole). Immediate precipitation occurred, 
and the solution after filtration was evaporated to give a 
white solid. Purification by sublimation at 40°/10-3 mm 
yielded 4,4,5,5-tetrakistrifluoromethyl-2,2-dimethyl-1,3- 
dioxa-2-germacyclopentane, m.p. 69'. 

Anal. Calcd. for C8H6F12O2Ge (mol. wt., 435): C, 
22.1; H, 1.4; F, 52.5. Found (rnol. wt. (Rast) 419): C, 
22.1; H, 1.4; F, 51.2. 

Reaction with Dimethyltin Dichloride 
To a solution of the disodium alkoxide (5.4 mmole) in 

T H F  at 25" was added dimethyltin dichloride (1.0 g, 4.6 
mmole). Immediate precipitation occurred, and the solu- 
tion after filtration was evaporated to give a white solid. 
The solid was redissolved in THF and crystallized by 
evaporation to give 4,4,5,5-tetrakistrifluoromethyl-2,2- 
dimethyl-1,3-dioxa-2-stamacyclopentane. 

Anal. Calcd. for C8H6F1202Sn (rnol. wt., 480): C ,  
19.9; H, 1.26; F, 47.4. Found (mol. w t .  (Rast) 509): C; 
19.1: H. 1.53: F. 47.6. 

  he solid did not appear to melt below 320" and did 
not sublime at 150°/10-3 mm. 

Reaction with Phenylboron Dichloride 
To a solution of the disodium alkoxide (23 mmole) in 

T H F  at 20" was added phenylboron dichloride (2.74 g, 
17 mmole) in benzene (25 ml). Immediate precipitation 
occurred and fractionation of the volatile materials after 
24 h gave 4,4,5,5-tetrakis(trifluoromethyl)-2-phenyl-1,3- 
dioxa-2-boracyclopentane (4.1 g, 9.9 mmole, b.p. 72-73"/ 
30 mm). 

Anal. Calcd. for Cl2HIBFl202: C, 34.3; H, 1.20; F, 
54.3. Found: C, 34.1; H, 1.22; F, 54.9. 

The fluorine h.rn.r spectrum (neat) showed a single 
absorption at - 12.9 p.p.m. 

Reaction of Perfluoropinacol with Sodium Borate 
To a solution of sodium borate (0.39 g, 1.0 mmole) in 

hot water was added perfluoropinacol(6.0 g, 18.1 mmole). 
The solution was concentrated and then cooled, giving a 
colorless jelly. Crystallization from ethanol yielded 
sodium bis(perfluoropinaco1ato)borate. 

Anal. Calcd. for C12F2404BNa: C, 20.6; F, 65.3; B, 
1.54. Found: C, 20.6; F, 64.8; B, 1.49. 

The fluorine n.m.r. spectrum (ethanol solution) showed 
a single peak at - 7.87 p.p.m. 

Reaction with Thionyl Chloride 
To a solution of the disodium alkoxide (100 mmole) in 

T H F  at 25" was added thionyl chloride (11.2g, 93 
mmole). Immediate precipitation occurred and fractiona- 
tion of the volatile material gave a fraction boiling at 
120"/760 mm, identified as perfluoropinacol sulfite (15.0 
g, 40.4 mmole). 

Anal. Calcd. for C6F120,S: C, 19.0; F, 60.0; S, 8.43. 
Found: C, 19.1; F, 59.9; S, 8.32. 

Reactiotz with Sulfuryl Chloride 
To a solution of the disodium alkoxide (36.6 mmole) 

in T H F  at 25" was added sulfuryl chloride (4.1 g, 30 
mmole). After 12 h thevolatile material was fractionated, 
then distilled at atmospheric pressure t o  yield perfluoro- 
pinacol sulfate (2 g, 5.0 mmole, b.p. 120-122'). 

Anal. Calcd. for C6Fl2O4S: C, 18.2; F, 57.5; S, 8.09. 
Found: C, 18.3; F, 57.4; S, 7.93. 

Reaction with Sulfur Dichloride 
T o  a solution of the disodium alkoxide (6.7 mmole) in 

T H F  at 25" was added sulfur dichloride (1.74 g, 16.9 
mmole). Immediate precipitation occurred. The reaction 
vessel was cooled to 0°, and the volatile material pumped 
out it2 vacuo. Sublimation of the residue in uacuo at 30" 
gave perfluoropinacol ortho-sulfite (0.42 g, 0.6 mmole, 
m.p. 51-53"). 
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TABLE I1 

Infrared absorption frequencies (cm-') 

Method by which 
Compound spectrum taken Spectral datat 

Liquid film 
Liquid film 
Nujol mull 
Liquid film 
Nujol mull 
Liauid film 

1 120 (s) 
1104 (s) 
1111 (m) 
11 10 (s) 
1080 (s) 
1081 (m) 

~ i q u i d  film 1080 is)' 
Nujol mull 1111 (m) 
Nujol mull 1112 (m) 

1003 (w) 952 (m) 887 (m) 742 (m) 
997 (m) 950 (s) 879 (s) 750 (s) 
989 (m) 946 (s) 873 (s) 744 (s) 

1007 (m) 954 is) 889 (h) 747 im) 
990 (m) 920 (m) 870 (in) 735 (m) 
997 (mj 954 is)' 877 (mi) 743 is)' 

1004 (w) 969 (s) 882 (m) 742 (m) 
1003 (ms) 969 (s) 886 (s) 750 (s) 
992 (m) 941 (ms) 875 (m) 746 (s) 

*(PFP) represents the perfluoropinacol group. 
t(s) = strong, (m) = medium, (w) = weak. 

Anal. Calcd. for C12F,,04S: C, 20.7; F, 65.5. Found: 
C, 20.3; F, 64.8. 

Fluorine n.m.r. (hexane solution) showed a pair of 
septets at -10.5 p.p.m. and -12.2 p.p.m. 

Reaction with Tellurilim Tetraclrloride 
To a solution of the disodium alkoxide (50 mmole) in 

T H F  at 25" was added tellurium tetrachloride (7.1 g, 
26.3 mmole) in THF. Immediate precipitation occurred, 
and the mixture was filtered. After removal of the solvent, 
the residue was sublimed in vac1io overnight at 25O to 
give perfluoropinacol ortlro-tellurite (3.1 g, 3.9 mmole, 
m.p. 84-86"). 

Anal. Calcd. for Cl2FZ4O4Te: C, 18.2; F, 57.6. Found: 
C, 18.0; F, 57.8. 

The fluorine n.m.r. spectrum (THF solution) showed 
a single peak at - 7.9 p.p.m. 

blfrared Spectra 
All the compounds prepared in this work had infrared 

spectra consistent with their proposed structures, the 
principle feature being strong absorption in the region 
1100-1200 cm-' associated with carbon-fluorine stretch- 
ing frequencies. In the lower frequency region of the 
spectrum, however, certain similarities were present, all 
spectra showing absorptions near 1100, 1000, 950, 880, 
and 740 cm-', and we suggest that these arecharacteristic 
frequencies associated with the five-membered ring 
system derived from perfluoropinacol. Actual frequencies 
are given in Table 11. 
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Lengthening of tetrose and pentose carbon chains by vinylation reactions 

D. J. WALTON 
Deparrrnent of Biocl~ernistry, Queen's University, Kingston, Ontario 

Received July 9, 1968 

Vinylation of 2,3 :4,5-di-0-isopropylidene-aldel~ydo-D-arabnoe gave a 1.3:1 mixture of 1,2:3,4-di-0- 
isopropylidene-6-heptene-L-gulo (and D-manno)-1,2,3,4,5-pentol (la and 20). Successive ozonolysis and 
hydrolysis of the mixture of l a  and 2a gave D-glucose and D-mannose in a ratio of 1.4:1. Vinylation of 
2,4-0-ethylidene-aldel~ydo-D-erythrose gave a 3.9:1 mixture of 1,3-0-ethylidene-5-hexene-L-ribo (and 
~-lyxo)-1,2,3,4-tetrol (3a and 4a), which was degraded to form D-ribose and barabinose in a ratio of 
4:l. The configuration of each of the C-vinyl compounds la, 2a, 3a, and 4a was assigned by degradation 
to the corresponding aldose. 
Canadian Journal of Chemistry. 46, 3679 (1968) 

A report from this laboratory described a new 
method of lengthening aldose carbon chains, 
which involved vinylation of an aldehydo sugar, 
ozonolysis of the product, and removal of 
hydroxyl protecting groups (I). 2,3-0-Isopropy- 
lidene-D-glyceraldehyde was converted into D- 
threose and D-erythrose in this way. The method 
has now been applied successfully to two other 
aldehydo sugars. 2,3:4,5-Di-0-isopropylidene- 
aldehyde-D-arabinose gave D-glucose and D- 
mannose in a ratio of l .4 : l ,  and 2,4-O-ethylidene- 
aldehydo-D-erythrose gave D-ribose and D-arabi- 
nose in a ratio of 4 : 1. 

Treatment of 2,3 :4,5-di-0-isopropylidene-alde- 
Izydo-D-arabinose with vinylmagnesium chloride 
gave a product which was resolved by gas-liquid 
partition chromatography (g.1.p.c.) into two 
components, A and B, in the ratio of 1.3 :l. The 
data obtained from elemental analysis, quantita- 
tive hydrogenation, and infrared spectroscopy 
were consistent with a di-O-isopropylidene-6- 
heptene-1,2,3,4,5-pent01 structure. The formation 
of monoacetates with acetic anhydride indicated 
the presence of a single hydroxyl group. Ozonol- 
ysis and deketalization of pure component A 
gave D-glucose' with a small proportion of an 
arabinose. Component A (fast moving on g.1.p.c.) 
was therefore 1,2:3,4-di-0-isopropylidene-6-hep- 
tene-L-gulo-1,2,3,4,5-pent01 (la). Similar degra- 
dation of component B (slow moving on g.1.p.c.) 
gave D-mannose,' with some arabinose. Hence 
component B was the D-manno epimer (2a). 

Similar methods were used to verify the 
structures of the 3-acetates (lb and 2b), which 

'Degradations of mixed epimers on a preparative scale 
gave only D-sugars. Aldoses formed for configurational 
assignment were therefore assumed to be D-enantiomers, 
although they were identified only by chromatography. 

were resolved by gas-liquid partition chroma- 
tography (g.1.p.c.) into a fast-flowing component, 
C, and a slow-flowing component D. Since com- 
ponents C and D were degraded to D-glucose' 
and D-mannose,' respectively, C was the L-gulo 
epimer (lb) and D was the D-manno epimer (26). 

Preliminary experiments in which la  and 2a 
were ozonized in ethyl acetate, and then hydro- 
genated and deketalized, resulted in the formation 
of appreciable quantities of arabinose. Efforts 
were therefore directed to reducing the formation 
of this by-product. Since conditions which might 
lead to overozonation were avoided, arabinose 
formation appeared to be an example of  "abnor- 
mal ozonolysis" ofan allyliccompound, involving 
the rearrangement of an alkene-ozone reaction 
intermediate (2). In this connection Young et al. 
(3) observed that allylic acetates were less prone 
to "abnormal ozonolysis" than their parent 
alcohols, while Milas and Nolan (4) claimed that 
some "abnormal ozonolyses" could be prevented 
by conducting ozonations in cold methanol. The 
mixture of l a  and 2a, and their acetates (lb and 
2b) were therefore ozonized under different 
conditions. The ozonation products were reduced 
and hydrolyzed to give aldose mixtures whose 
compositions were determined by gas-liquid 
partition chromatography. The results (Table I) 
showed that ozonations conducted in methanol 
at -40" resulted in a degree of arabinose forma- 
tion which was approximately a quarter of that 
observed when ethyl acetate was used. For any 
given solvent and temperature, there was no 
significant difference in the proportion of arabi- 
nose obtained from the alcohols ( la  and 2a) and 
their acetates (lb and 2b). 

Degradation of a larger sample of l a  and 2a 
gave a mixture of aldoses from which D-glucose 
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was isolated by preparative paper chromatog- 
raphy, and characterized as N-(p-nitropheny1)- 
P-D-glucosylamine (5). Crystalline D-mannose 
was isolated from the mixture via its phenyl- 
hydrazone (6). 

The work described so far parallels that of 
Horton and Tronchet (7), who obtained the 
L-enantiomers of l a  and 2a by ethynylation of 
2,3 :4,5-di-0-isopropylidene-aldehydo-L- 
arabinose, followed by Lindlar reduction of the 
product. These workers showed that the L- 
enantiomers of l a  and 2a could be degraded to 
glucose and arabinose, and mannose and arabi- 
nose, respectively, though the degradation reac- 
tion was not examined quantitatively. 

The vinylation of 2,4-0-ethylidene-aldehydo- 
D-erythrose proceeded smoothly, in spite of the 
unprotected hydroxyl group, to give a product 
containing two components, E and F, in a ratio 
of 3.9:l. The structures 3a and 4a were verified 
by the methods used for l a  and 2a. Component 
E (fast moving on g.1.p.c.) was degraded to 
D-ribose' with a trace of erythrose, and was 
therefore 1 ,3-0-ethylidene-5-hexene-L-ribo- 

1,2,3,4-tetrol (3a). Component F (slow moving 
on g.1.p.c.) which gave D-arabinose' with a trace 
of erythrose, was therefore the ~ , l y x o  epimer (4a). 

The fast moving (g.1.p.c.) diacetate (component 
G )  was the D-lyxo epimer (4b) since it gave mainly 
D-arabinose' on degradation. The slow moving 
(g.1.p.c.) diacetate (component H) was the L-ribo 
epimer (3b), as it  was degraded t o  D-ribose.' 

The mixture of 3a and 4a was degraded on a 
preparative scale, to give a mixture of ribose, 
arabinose, and erythrose in the proportions of 
40: 10: 1. Crystalline D-ribose was isolated from 
the reaction mixture through the anilide - sodium 
sulfate complex (8) in 22 % yield, based on 2,4-0- 
ethylidene-aldehydo-D-erythrose. A small sample 
of D-arabinose was isolated by preparative paper 
chromatography, and characterized by formation 
of the diphenylhydrazone (9). 

It is apparent that the vinylation reaction can 
be used for lengthening the carbon chains of 
trioses, tetroses, and pentoses, with varying de- 
grees of stereoselectivity. The degree of stereo- 
selectivity (60%) for thevinylation of2,4-0-ethyl- 
idene-aldehydo-D-erythrose was comparable t o  

TABLE I 
Effect of ozonation solvent and temperature on proportions of aldoses formed by 

ozonolysis and hydrolysis 

Ozonation conditions 

Temperature Arabinoset Glucoset Mannoset 
Compounds* Solvent ("0 ( %) ( %) ( %> 

l a  and 2a EtOAc 0 26 42 32 
l a  and 2a EtOAc - 40 21 45 34 
l a  and 2a MeOH - 40 6 54 40 
l b  and 2b EtOAc 0 23 44 33 
1b and 26 EtOAc - 40 17 48 35 
l b  and 2b MeOH - 40 5 53 42 

'Each experiment was performed on an epimeric mixture. 
tProportions determined by gas-liquid chromatography of derived alditol acetates. 
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WALTON: LENGTHENING OF TETROSE A N D  PENTOSE CARBON CHAINS 

TABLE I1 

Operating conditions for gas-liquid partition chromatography 

Column 1 Column 2 Column 3 Co lun~n  4 

Length (cm) 
Internal diameter (mm) 
Mesh size of 

Chromosorb W 
Stationary phase 

Oven temperature PC) 
Rate of temperature 

increase ("C/min) 
Hydrogen flow rate 

(ml/min) 
Nitrogen flow rate 

(ml/min) 
Detector 

80-100 
10 % neopentylglycol 
sebacate 

Flame ionization 

80-100 
1.5% GEXF 1150* 
plus 1.5 % ethylene 
glycol succinate* 

1 80-220-1 
2 

Flame ionization 

152 300 
1.55 7 .90 

80-100 60-80 
10 % neopentylglycol 10 % neopentylglycol 
sebacate sebacate 

130-200 175 
4 0 

40 - 
60 1800 

Flame ionization Thermal conductivity 

*Two coated pack~ngs rn~xed In equal proportions. 
tIsothermal operatton after programrnlng to 220'. 

the v a l u e s  o b t a i n e d  i n  K i l i a n i  c y a n h y d r i n  s y n -  prepared by periodate oxidation (17) of  4,6-0-ethylidene- 

theses ( 1 0 ,  1 I ) ,  and was considerably h i g h e r  than D-g l~co~e .  Both aldellydo sugars were gas chromato- 
graphically pure. 

the for vinyla t ions  13) and vinylmagnesiuni chloride in tetrahydrofuran was 
e t h y n y l a t i o n s  (7, 12, 1 3 )  of aldehydo sugars. obtained from Peninsular ChemResearch, Gainesville, 

Florida. 

Experimental 
An Aerograph 1520 instrument was used for gas-liquid 

partition chroniatography. The conditions of the columns 
are shown in Table 11. Ratios of aldoses were determined 
by conversion into the corresponding alditol acetates 
according to Sjostroni et al. (14), followed by chroma- 
tography on colunln 1. This niethod (14) was also used as 
an  aid to the identification of aldoses by augnientatlon 
of peaks due to standard alditol acetates, when columns 
I and 2 were used. C-Vinyl compo~lnds were separated 
on column 3. Their retention times are quoted relative to 
those of 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose 
(TI = 1.0; retention time 16.6 niin). Column 4 was used 
for preparative purposes. 

Descending paper chroniatography was performed on 
Whatman No. 1 paper. Chromatograms were developed 
with ethyl acetate - acetic acid - formic acid - water 
18:3:1:4 (solvent a), or butan-1-01 - pyridine - water 
5 :3 :2 (solvent b), or  butan-1-01 - ethanol - water 3 :I :I 
(solvent c). The alkaline silver nitrate spray (15) was used. 

The ozone generator used produced ozone at 0.55 
mmole/min, with an  oxygen flow rate of 400 ml/min. 

Optical rotations were measured at 22". Unless other- 
wise stated, no mutarotation was observed in the course 
of 1 h. Melting points are corrected. 

For each quantitative hydrogenation a solution of the 
unsaturated substance (ca. 0.3 g) in ethanol (25 ml) was 
stirred under hydrogen (atmospheric pressure) in the 
presence of platinum oxide (15 mg). In all cases hydrogen 
absorption was complete in 10 min. 
2,3:4,5-Di-0-isopropylidene-aldehydo-D-arabne was 

prepared by periodate oxidation (16) of 1,2:3,4-di-0- 
isopropylidene-D-mannitol, and was distilled immediately 
before use. 2,4-0-Ethylidene-aldellydo-D-erythrose was 

"Fisher Certified" tetraliydro furan, containing 0.025 % 
of a stabilizer, was used for  Grignard ~eactions. 

1,2;3,4-Di-O-isopropylider2e-6-hepte~ (and 
~-rnat1t10)-1,2,3,4,5-petztol ( In  at1rl2a) 

A solution of 2,3:4,5-di-0-isopropylidene-nI(IeIr)~do-D- 
arabinose (15.0 g, 0.065 niole) in 20 ml of tetraliydrofuran 
was added, over 15 min, t o  a solution (142 nil) of vinyl- 
magnesium chloride (0.326 niole) in tetrahydrofuran, 
which was stirred under dry nitrogen. The addition 
resulted in a rise of temperature from 22 t o  50". The 
reactionmixture was stirred for 20 hat  room temperature. 
Ether (12 ml) was added, and the mixture was cooled to 
0". Saturated ammonium chloride solution (70 rnl) was 
added, keeping the temperature of the niixture below 15" 
with an  ice-salt bath. The mixture was filtered, and the 
niagnesiuni salts were washed with ether. The  combined 
filtrate and washings were concentrated and the residue 
was distilled in vacrro using a vacuum-jacketed Vigreaux 
column (9 x 1.2 cm). A low-boiling fraction (0.2 g) was 
discarded. The product (10.8 g, 64%) was a colorless 
mobile liquid, b.p. 88-92" at  0.08 mni, [a], -3" (c, 4.0 
in cliloroform). Infrared spectrum (liquid film): 3470 
(OH), 3070 (vinyl CH2), 1860 (vinyl CH overtone), 1640 
(vinyl C=C), 1365, 1375 (CMe2 doublet), and  922 cm-' 
(vinyl CH). Hydrogen absorption: 101 % of theory. 

Anal. Calcd. for C1,H2,O5: C, 60.44; H, 8.59. Found: 
C, 60.69; H, 8.60. 

Two peaks were recorded by gas-liquid partition 
chromatography: component A, TI 0.514, and component 
B, TI 0.590, in a ratio of areas of 1.3:l. 

Preparative Gas-Liquid Partitiot~ Clrronlatograplry of 
Coniporrnds l a  and 2a  

A solution of 1.5 g of the niixture of la and 2a in 
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chloroform (3.5 ml) was injected into column 4 in 80 pl 
portions. Component A (0.55 g), a liquid, [aID -21" 
(c, 4.1 in chloroform) was collected 9 min after each 
injection. Component R (0.37 g), also a liquid, [aID +23" 
(c, 3.5 in chloroform) was collected after 11.5 min. 
Analytical gas-liquid partition chromatography of each 
component showed that complete resolution had been 
achieved. 

1,2.3,4-Di-0-isopropylide11e-6-hepfe,1e-~-gulo (and 
~ - t l 7 ~ t l t l 0 ) - ~ , ? , 3 , 4 , ~ - p e l l t 0 ~  5-Acetate (Zb and 26) 

The mixture of 2.0 g l a  and 20 was heated under reflux 
for 1.5 h with acetic anhydride (40 ml) and anhydrous 
sodium acetate (2 g). After the usual work-up procedure 
the product was obtained as a colorless, mobile liquid 
(1.8 g, 7773, b.p. 82-83" at 0.04 rnm, [aID +9" (c, 3.6 in 
chlorofoml). Infrared spectrum (liquid film): no OH 
peak; peaks at 1740 (CO of OAc), 1640 (vinyl C=C), 
1365, 1375 (CMe2 doublet), and 1220 cm-I (OAc). 
Hydrogen absorption: 98 % of theory. 

Anal. Calcd. for C15H2406: C, 59.98; H, 8.05. Found: 
C ,  59.87; H, 8.16. 

Gas-liquid partition chromatography gave two peaks: 
conlponent C, TI 0.576, and component D, TI 0.631 in a 
ratio of areas of 1.6:l. Conlponent C, isolated by 
preparative gas-liquid partition chromatography, had 
[aID +5" (c, 2.2 in chloroform), and component D had 
[a], +20" (c, 2.0 in chloroform). Both components were 
mobile liquids. 

Effect of Ozo~~atiot~ Solvent and Tetr~perature on 
Proportions of Aldoses Formed by Ozonolysis and 
Hyfirolj~sis of l a  atld 2a, and zb and 2b 

Solutions were prepared containing the mixture (0.4 g) 
of l a  and 20, or of l b  and 2b in 10 mi solvent (Table I). 
Each solution was maintained at the temperature shown 
in Table I while ozonized oxygen was bubbled through 
for 9 min, when the starting materials had just disappeared 
(gas-liquid partition chromatography). The products of 
ozonation were hydrogenated and hydrolyzed as de- 
scribed in the next paragraph. Paper chromatography in 
solvents a and b indicated that each final aqueous solution 
contained arabinose, glucose, and mannose. The propor- 
tions of these sugars (Table I) were determined by gas- 
liquid partition chromatography of their derived alditol 
acetates, using column 1. 

D-Glucose and D-Mant~ose from tlte Mixture of l a  and 2a 
A solution of the Grignard reaction product (la and 

2a, 2.2 g) in methanol (40 rnl) was kept at -40" while 
ozonized oxygen was bubbled through for 35 min. Gas- 
liquid partition chromatography of the resulting solution 
showed the presence of traces of l a  and 2a. Nitrogen was 
bubbled through the solution while its temperature was 
brought to O", and the flow was continued for 10 min at 
O". Platinum oxide (60 mg) was added, and the solution 
at 0" was stirred under hydrogen at atmospheric pressure 
until gas absorption ceased. The solution, which gave a 
negative starch-iodide test, was filtered and concentrated 
to dryness. The resulting oil was heated on the steam bath 
for 2 h with 100 ml 0.2 N sulfuric acid, passed through 
Rexyn 203 (OH) resin, and concentrated to a small 
volume, which was then made up to 50 ml with water. 
This solution contained 590 mg glucose, 435 mg mannose, 

and 66 mg arabinose, based on a glucose oxidase estima- 
tion (18) of glucose, and on gas-liquid chromatographic 
determination of the proportions of the sugars. 

Isolalion of D-Glucose 
One quarter of  the solution of aldose was concentrated 

to ca. 0.5 rnl and applied to two sheets o f  Whatman 3MM 
filter paper. After development with solvent a, glucose 
containing areas were eluted with water. Concentration 
of the eluate, followed by drying over P,05, gave 
chronlatographically pure D-glucose (90 mg) as a syrup, 
[a], +47" (c, 4.2 in water); lit. (2) [a], +52.7" (equi- 
librium d u e ,  in water). Treatment o f  a portion (60 mg) 
of the syrup withp-nitraniline according to themethodof 
Weygand et al. (5) gave N-(p-t1itropheny1)-$3-D-glucosyl- 
arnine (84 mg, 84%), n1.p. 183-185", [a], - 193 -> - 200" 
(c, 2.6 in pyridine) (20 h); lit. (5) m.p. 184", [a], - 192" -t 
- 202" (in pyridine). 

Isolatiotz of ~-Matltlose 
The remaining three-quarters of the solution of aldose 

was concentrated to 14 ml. A solution of phenylhydrazine 
(540 mg) and acetic acid (3 drops) in water (2 ml) was 
added. The resulting mixture was treated by the method 
of Sowden and Schaffer (19) t o  give 460 mg of crude 
D-mannose phenylhydrazone, m.p. 186-190". Cleavage 
with benzaldehyde according to Sowden and Fischer (20) 
gave a mannose containing syrup which was dissolved in 
hot methanol (0.3 ml). A mixture of methanol (0.6 ml) 
and 2-propanol (0.6 ml) was added. After cooling over- 
night crystalline D-mannose (210 mg) was obtained; m.p. 
130-132", [a], -3" -> + 14" (40 min) (c, 5.5 in water). 
The reported (21) constants for 8-D-mannose are: 1n.p. 
132", [a], -17.0" -> + 14.2" (in water). 

Thepl~enyll~ydrazone (6) had m.p. 199-20W, [a], + 27" 
(c, 2.2 in pyridine); lit. (6) m.p. 199-200", [a], +26.3" 
(constant value over 1 h) (in pyridine). 

Degradation of Components A,  B, C ,  and  D for 
Cot~jigrrrational Assigninet~! 

Ozonized oxygen was passed through a solution of each 
component (0.1 g) in methanol (10 ml) at -40" for 10 
min. Hydrogenation and deketalization were carried out 
as described under the heading "D-Glucose and D- 
Mannose from the Mixture of l a  and 20". The aldoses 
present in each final solution were identified by paper 
chromatography in solvents a and b, and by gas-liquid 
partition chromatography (columns 1 and 2) of the 
derived alditol acetates. The solutions obtained by 
treatment of components A and C each contained 
arabinose and glucose. Those obtained by treatment of 
components B and D each contained arabinose and 
mannose. 

l,3-O-Ethylidet1e-5-hexene-~-ribo (and ~-lyX0)-1,2,3,4- 
tetrol (3a and 4a) 

A mixture of compounds 3a and 4a was prepared by 
the addition of a solution of 2,4-0-ethylidene-aldel~ydo- 
D-erythrose (24.0g, 0.164 mole) in tetrahydrofuran (30 
ml) to a solution (430 ml) of vinylmagnesium chloride 
(0.988 mole) in tetrahydrofuran. The reaction conditions 
and the work-up procedure were similar to those used for 
the preparation of l a  and 2a. On distillation, an initial 
fraction (0.7 g) was collected, b.p. 42-80" at 0.08 mm, 
which contained by-products of low retention time. The 
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WALTON: LENGTHENING OF TETROSE AND PENTOSE'CARBON CHAINS 3683 

product (16.7 g, 58%) was a pale-yellow viscous liquid, 
b.p. 84-89" a t  0.05 mm, [a], - 21" (c, 3.7 in chloroform). 
Infrared spectrum (liquid film): 3500 (OH), 3070 (vinyl 
CH,), 1860 (vinyl CH overtone), 1640 (vinyl C=C), and 
930 cnl-' (vinyl CH). Hydrogen absorption: 98% of 
theory. 

Anal. Calcd. for CsHl40j :  C, 55.16; H, 8.10. Found: 
C, 55.23; H, 7.81. 

Gas-liquid partition chromatography showed the 
presence of two compounds: component E, T, 0.660, and 
component F, T, 0 728, in a ratio of 3.9:l. Con~ponent E, 
isolated by preparative gas-liquid partition chroma- 
tography, was a viscous liquid [a], -28.5" (c, 2.4 in 
chloroform). Component F, obtained in the same manner, 
crystallized spontaneously in the form of fine needles, 
m.p. 57-58", [a], +6" (c, 2.3 in chloroform). 

1,3-0-Etlgvlide11e-5-/1exene-~-ribo (and D-1~x0)-1,2,3,4- 
tetrol2,4-Diacetate (36 and 46) 

Acetylation of 3.0 g of the mixture of 3a and 4a by the 
method described for l b  and 26 gave the mixed diacetates 
(36 and 46) as  a colorless, mobile liquid (3.5 g, 79 %), b.p. 
95-97" at 0.2 mm, [a], -29" (c, 5.0 in chloroform). 
Infrared spectrum (liquid film): no OH peak; peaks at  
1735 (CO of OAc), 1640 (vinyl C=C), and 1220 cm-' 
(OAc). Hydrogen absorption: 102% of theory. 

Anal. Calcd. for CIZHlsOs: C, 55.80; H,  7.03. Found: 
C, 55.71 ; H, 7.15. 

Two components were shown by gas-liquid partition 
chromatography: component G, T, 0.495, and component 
H, T, 0.548, in the proportions of 1 :4.0. Component G 
had [a], - 12" (c, 3.0 in chloroform), and component H 
had [a], - 34" (c, 4.1 in chloroform). 

D-Ribose from the Mixture of 3a and 4a 
Ozonolysis of the mixture of 3a and 4a (1.48 g) was 

carried out in the manner described for ozonolysis of l a  
and 2a. Subsequent treatment with sulfuric acid gave a 
final solution which contained ribose, arabinose, and 
erythrose in the proportions of 40:lO:l. The complete 
process (ozonolysis and hydrolysis) was repeated on a 
second batch (1.48 g) of 3a and 4a. The volume of the 
combined aqueous solutions of aldoses was adjusted to  
30 ml. Anhydrous sodium sulfate (2.52 g) was added, and 
the solution was adjusted to pH 4 with 0.2 N sulfuric 
acid. A solution of aniline (2 ml) in ethanol (14 ml) was 
added, and the solution was stirred for 2 h at  room 
temperature, and for 18 h at  3". The resulting precipitate 
was collected, and washed with ethanol. After drying in 
vaclio over phosphorus pentoxide, the N-pher~yl-~- 
ribosylarnine -sodium suifate cotnplex (8) weighed 3.36 g. 
After hydrolysis of the complex by the method of Berger 
et al. (22), the final aqueous solution was concentrated to 
dryness. The residue was extracted with warm ethanol 
and the solution was concentrated to a syrup. On storage 
in a desiccator (it1 vacuo, P20,) overnight the syrup 
changed into a crystalline mass which was triturated with 
cold ethanol, collected, and dried; m.p. 77-80", [a], - 17" 
(c, 4.3 in water), yield 1.41 g. Recrystallization from 
ethanol gave chromatographically pure D-ribose (0.97 g; 
22% from 2,4-0-ethylidene-aldehydo-D-erythrose), m.p. 
85-87", [a], -20" (c, 4.0 in water); lit. (21) m.p. 84-86", 
[a], - 19.4" (in water). Treatment with p-bromophenyl- 
hydrazine gave D-ribose p-brornophenylhydrazone, which, 

after crystallization from 95% ethanol, had m.p. 166- 
167", [a], +loo (c, 1.3 in ethan01);~ lit. (23) m.p. 164- 
165", [a], + 10.3" (in ethanol). 

D-Arabi~~osefiom the Mixture of 3a arld 4a 
Another batch (0.74 g) of the mixture of 3a and 4a was 

ozonolyzed and hydrolyzed as described above. The 
resulting mixture of aldoses was chromatographed on 
four sheets of Whatman 3MM paper, with solvent c. 
Elution of the appropriate areas gave a syrup of D- 
arabinose (63 mg) [a], - 100" (c, 3.2 in water); lit. (2) 
[a], - 105' (equilibrium value, in water). Treatment 
with 1,l-diphenylhydrazine hydrochloride (88 mg) and 
sodium acetate trihydrate (60 mg) by the method of 
Mandl and Neuberg (9) gave crude D-arabirrose dipherlyl- 
hydrazone (112 mg), m.p. 198-200". Crystallization from 
2-methoxyethanol gave pale-mauve needles, m.p. 206- 
207", [a]; - 13" (c, 1.0 in pyridine);' lit. m:p. 206-207" 
(9). L-Arabinose diphenylhydrazone was reported (24) to 
have [a], + 14.9" (in pyridine). 

Degradation of Compot~erlts E, F, G, and H for 
Configurational Assigntnent 

A pure sample of each component was ozonolyzed and 
hydrolyzed as described for components A, B, C, and D. 
Under these conditions components E and H were each 
degraded to  a mixture of ribose and erythrose. Com- 
ponents F and G were each degraded to a mixture of 
arabinose and erythrose. 
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Synthesis and spectra of some diarylidenecyclanones 
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The synthesis and spectra (ultraviolet, infrared, and nuclear magnetic resonance) of some previously 
unknown 2,n-dibenzylidene and dicinnamylidenecyclanones where 11 = 5-10 are described. The spectra 
are in accord with the expected decrease in coplanarity of the conjugated groups with increasing ring 
size. trans-Ring hydrogen bonding may occur in 2,lO-dibenzylidenecyclodecanone but no evidence 
is found for this effect in the parent cyclanone. 
Canadian Journal of Chemistry, 46, 3685 (1968) 

Introduction 

The symmetrical diarylidene derivatives of 
a,a'-dimethylene ketones have been frequently 
used for characterization and identification (1) 
but there are few reports of such derivatives of 
the cyclic ketones C,H,,-,O where n > 7. 2,8- 
Dibenzylidenecyclooctanone was reported as a 
liquid obtained from the dehydration of 2- 
benzylidene, 8-(a-hydroxybenzyl) cyclooctanone 
but no characteristics of this other than an anal- 
ysis were recorded (2). Braude et al. (3, 4) have 
synthesized the monobenzylidene derivatives of 
the cyclanones with n = 8, 9, and 10 and also 
succeeded in isolating a small amount of a com- 
pound which they considered to be 2,1 O-dibenzyli- 
denecyclodecanone. The monobenzylidene deriv- 
ative of cyclopentadecanone has been reported 
but attempts to formthe dibenzylidene compound 
were unsuccessful and yielded only starting 
materials (5, 6). We are unable to find any 
records of the corresponding cinnamylidene 
compounds or higher homologues. 

Results 

Alkaline condensation of cyclooctanone with 
benzaldehyde resulted initially in a yellow oil (c.f. 
(2)) which, after separation and solution in hot 
methanol, gave white crystals of the required 
product. 

Our attempts to make 2,lO-dibenzylidenecyclo- 
decanone by a similar method to that employed 

'Author to whom correspondence should be addressed 
at Department of Chemistry, McGill University, Mon- 
treal 2, Quebec. 

by Braude and Gofton (4) resulted always in the 
isolation of a white crystalline solid differing in 
melting point and spectral properties from those 
reported by these authors for the compound. A 
molecular weight determination gave a mean 
value of 340 (theory 330). The nuclear magnetic 
resonance (n.m.r.) spectrum showed absorption 
bands whose positions and areas are in accord 
with those expected for dibenzylidenecyclodeca- 
none (see Table I). Attempts to reduce this ketone 
or to make a 2,4-dinitrophenylhydrazone were 
unsuccessful, possibly due to the preferred "O- 
inside" conformation of cyclodecanones (7). (See 
(7) for a discussion of this terminology.) On 
attempted reduction the formation of  a tetra- 
hedral carbon atom from the carbonyl group is 
energetically unfavorable in this system (8), 
whereas steric factors may well mitigate against 
2,4-dinitrophenylhydrazone formation. 

Attempted syntheses of 2,15-dibenzylidene- 
cyclopentadecanone resulted only in the rapid 
formation of a white solid, identified from its 
n .mj.  spectrum, analysis as 2-(a-hydroxybenzyl) 
cyclopentadecanone, which we were unable to 
dehydrate to  the monobenzylidene compound. 
Reactions involving cinnamaldehyde yielded 
only starting materials, together with resinous 
materials from which no products were isolated. 

Discussion 
In Table I are shown the C=O and C=C 

stretching frequency values, together with the 
maximum electronic absorption wavelengths, for 
the dibenzylidene- and dicinnamylidenecycla- 
nones (n = 5-10), and in Table I1 the chemical 
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TABLE I 
Spectroscopic data for dibenzylidene and dicinnamylidenecyclanones and related compounds 

Dibenzylidene derivatives? Dicimamylidene derivatives? 
Ring 
s~ze Cyclanone* vc=o vc=c VC=O VC=C 

n v c = ~  (cm-') (cm-') (cm-') ? ~ m n x ( m ~ > ,  (E) (cm- ') (cm-') hmaX(m~)*), (4 

Acetone 1720 1645 1620 331(35,800)§ 1634 1608 376(54,900) 8 
'Values taken from ref. 12. 
?Infrared measurements in KBr discs; U.V. measurements in 11-hexane. 
f5E = cyclopent-3-cne-1-one. 
§Values taken from R. N Bcalc. Nature, 178, 37 (1956). 

FIG. 1. The electronic spectra of - 2,6-dibenzylidenecyclohexanone, ----- 2,7-dibenzylidenecycloheptanone, -.-.-. 2,s-dibenzylidenecyclooctanone, and -. .-. .- 2,9-dibenzylidenecyclononanone measured in n-hexane solution. 
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FARRELL A N D  READ: SYNTHESIS AND SPECTRA 

FIG. 2. The electronic spectrum of 2,5-dibenzylidenecyclopent-3-ene-1-one measured in --- 11-hexane and ---- 
ethanol solutions. 

shift values for the protons in the dibenzylidene- 
cyclanones. The electronic spectra for some of 
the compounds are shown in Figs. 1 and 2. 

The variation of the infrared C=O stretching 
frequencies of the cyclanones has been studied 
by various workers (9) who showed that the 
values reach a minimum when n = 9 and then 
rise with increasing n to approach the value for 
the open chain ketones (acetone = 1720 cm-I). 
In the series studied here this frequency decreases 
for the small ring compounds, increases slightly 
for n = 7 and n = 8 and then decreases further. 
Values for the diarylideneacetone derivatives are 
lower than those for the cyclic analogues as 
would be expected. Although the differences are 
small they are consistent and the intensity 
variations of the long-wavelength electronic 
absorption bands are in qualitative accord with 
them. Such variations would be anticipated from 
the strain introduced into these systems by the 

two exocyclic C=C bonds. The high values for 
the cyclopent-3-enone derivatives reflect the in- 
creased 's' character of the carbonyl bond in 
these compounds, relative tothe cyclopentanones, 
resulting from the more rigid geometrical require- 
ments of the unsaturated-ring compounds. 

It was suggested by Prelog (7) that some hy- 
drogen bonding may exist in the medium-sized 
ring ketones between one or more of the intra- 
annular hydrogen atoms and the carbonyl group. 
This was considered as a possible reason for the 
lack of reactivity of cyclodecanone with respect 
to addition reactions but the effect of hydrogen 
bonding would lead to only small energy changes 
and could hardly be responsible entirely for the 
large rate changes observed. Sutherland (10) has 
suggested that evidence for hydrogen bonding 
of this type is found from the position of the 
first overtone of the C-H stretching vibration. 
If this is important one would expect that the 
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carbonyl stretching frequency of cyclodecanone two rc-electron "pathways" within the molecule, 
would be lower than that of the preceding mem- i.e. the upper part of the molecule containing the 
ber of the series. In the case of 2,lO-dibenzylidene- exocyclic conjugation and the carbonyl group 
cyclodecanone it is possible that the constraints giving rise to a solvent sensitive band, and the 
imposed upon the system by the three trigonal lower part of the molecule corresponding to cis,- 
carbon atoms are such that the molecule takes cis-l,6-diphenylhexatriene giving rise to a solvent 
up a conformation in which the carbonyl oxygen independent band similar in shape and position 
is much nearer to the intraannular hydrogen 
atoms than in the parent ketone. Hydrogen 
bonding in this compound would explain the 
lower infrared absorption frequency and also the 
failure to reduce it or to form a 2,4-dinitrophenyl- 
hydrazone. In both of these reactions the reactant 
would have great difficulty in approaching the 
carbonyl group. Further the relative intensities of 
the C=C and C=O stretching absorptions for 
2,lO-dibonzylidenecyclodecanone do not obey 
the rule of Erskine and Waight (1 1). If no other 
factor were involved these absorptions should 
have very similar intensities as in 2,9-dibenzyli- 
denecyclononanone, or the C=O intensity should 
be greater than the C=C intensity. Hydrogen 
bonding would reduce the intensity of the car- 
bony1 vibration as is observed, and it would thus 

to the long-wavelength band of all-trans-1,6-di- 
phenylhexatriene. The decrease in intensity and 
smearing out of the fine structure on the long- 
wavelength band corresponding to that of all- 
trans- l,6-dipheny lhexatriene results from the 
introduction of the central cis-linkage (14). 

From a consideration of Table I1 it is of 
interest to note that the chemical shift for the 
methine protons of 2,6-dibenzylidenecyclohexa- 
none occurs at lower field than that for any other 
cyclanone derivative. This would be anticipated 
if the formation of an all-trans planar conjugated 
system within the molecule is favored, the elec- 
tron withdrawing influence of the carbonyl group 
thus being maximized. 

TABLE I1 
seem to be possible in this compound. 'H Chemical shifts of dibenzylidenecyclanones 

The influence of ring size upon the delocaliza- (relative to TMS) 

tion of the rc electrons over theconjugated system 
is also illustrated in Table I, where it can be seen 
that the intense long-wavelength band in the 
electronic spectrum shifts to the blue with in- 
creasing n. The effect of increasing ring size is to 
twist part of the conjugated system until the 
effective conjugation extends over only one-half 
of the chromophore, i.e. the wavelength of 
maximum absorption approaches that of mono- 
benzylideneacetone (278 mp) (12). The long- 
wavelength band has its maximum value and 
intensity in the cyclopentanone derivatives and 
not in the expected cyclohexanone derivatives. 
This '5-membered ring effect' has been adduced 
by other workers as indicative of a greater degree 
of conjugation in these compounds (13). This 
enhancement of conjugation of the 5-membered 
ring compounds is also shown by comparison 
with the corresponding acetone derivatives 
(Table I). 

The spectra of the 2,5-diarylidenecyclopente- 
nones show two distinct bands at long wave- 
lengths, only the lower wavelength band being 
sensitive to solvent changes and shifting to the 
blue with decreasing solvent polarity (Fig. 2). 
This may be explained by consideration of the 

Exocyclic Ring Remaining 
methine protons ci cyclanone 

Cyclanone proton to C=C ring pro tons 
riing size ~(p .p .m.)  r(p.p.m.)* ~(p.p.m.)* 

For rings where n > 7 the non-equivalence of 
the ring protons, other than those a to the exo- 
cyclic double bond, is sllown by the asymmetry 
and eventual splitting of the highest-field ab- 
sorption. In the spectrum of 2,9-dibenzylidene- 
cyclononanone the ring protons, other than 
those a to the C=C bonds, give rise to a broad 
band split into two parts, centered on z = 8.40 
and z = 8.60, integration showing each part to 
be due to four protons. This non-equivalence is 
also shown in the spectrum of 2,lO-dibenzylidene- 
cyclodecanone where those ring protons give 
rise to bands at z = 8.26 and z = 8.53. The inte- 
gration of these bands suggests that each is due 
to five protons, rather than one group of four 
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FARRELL AND READ: SYNTHESIS AND SPECTRA 3689 

and one group of six protons. If the carbonyl in a small volume of  methanol. The mixture was warmed 

group is hydrogen bonded to one of the six ring and then left to stand 1 h. On addition of water a yellow 
oil was deposited. This was separated from the solution protons then this be environmenta'ly and dissolved in the minimum volume of methanol. On 

different from the remainder and its absorption cooling, white plate-like crystals of 2,8-dibenzylidene- 
could shift to lower field thus producing the cyclooctanone were precipitated (1.75 g) which, on 
observed spectrum which is equivalent to de- recrystallization from more methanol, had m.p. 11 1". 2,4- 
shielding of one proton by the anisotropic car- Dinitrophenylhydrazone - deep redcrystals from ethanol, 

m.p. 193-194". 
bony1 group. Again in agreement with previous Anal. Calcd. for CZzHzzO (mol.wt., 302): C ,  87.40; H, 
arguments the n.m.r. spectrum of cyclodecanone 7.28; Found (mol.wt., 315): C, 87.49; H, 7.50. 
does not support the idea of hydrogen bonding 2,9-Dibenzylidenec~clonot1nt10ne was prepared by the 

in this compound. general method described above for 1, but the mixture 
was refluxed for 3 h, extracted with ether, dried, and 
chromatographed (benzene on silica gel). Recrystalliza- Experimental tion of the product from methanol gave white needles, 

Gerzeral m.p. 80". 2,4-Dinitrophenylhydrazone - red crystals from 
Melting points were determined using a Koffler hot ethanol, m.p, 154-1550. 

stage apparatus and are uncorrected. Anal. Calcd. for CZ,Hz40: C, 87.34; H, 7.59. Found: 
All compounds were shown to be single substances C, 87.13; H, 7.69. 

using thin-layer chromatography. 2,10-Dibetrzylidet1ecyclodecat1oire was also prepared as 
Infrared spectra were On a described for 1. Recrystallization of the precipitated oil 

model 21 spectrometer. Ultraviolet/visible spectra were from pentane gave white plates, m.p. 1080. 
measured on a Cary 14 spectrometer. Nuclear magnetic Anal. Calcd. for C24HZ60 (mol.wt., 330): C,  87.28; H, 
resonance spectra were measured in deuteriochloroform 7.88. ~~~~d (mol.wt,, 340): C, 87.25; H, 7.82. 
on a Varian 1OOMc.P.s. spectrometer with a 2-(a-Hydroxybenzyl) Cycloper~tadecanone was obtained 
spin decoupler. from theattempted preparationof the dibenzylidene deriv- 

Molecular weights were determined in benzene using ative as described above for 1. Recrystallization of the 
a ' ~ e c h r o l a b  1nc.' vapor pressure osmometer, average product from methanol gave white needles, m.p. 138". 
values of at least 3 determinations being taken. Anal. Calcd. for CZZH3402: C, 80.00; H, 10.30. Found: 

The diarylidene ketones were all prepared in metha- C, 80.80; H, 10.45. 
nolic solution by the standard alkaline condensation ~h~ infrared spectrum strong bands at 3360 
procedure as used for the cyclanones where n = 5-7 (1). and 1705 cm-I attributable to the OH and C O  stretching 
To minimize self-condensation of cinnamaldehyde in the vibrations respectively, but no C=C stretching frequency 
presence of base it was found necessary to add the alde- was observable. 
hyde slowly to the alkaline methanolic solution of the ~ h ,  IH nuclear magnetic resonance spectrum showed 
ketone, especially for 9- and 10-membered ring ketones. a doublet at , = 7.15, superimposed upon a triplet; a 
In most cases the yields were extremely low (1-2%) and double doublet at 7 = 5.28; a multiplet centered on 
have not been recorded owing to irreproducibility. Sepa- , = 7.65; a multiplet on , = 8.75 and a multi- 
ration of the products was effected by column chroma- plet centered on r = 2.70. On deuteration the doublet 
tography, followed by preparative thin-layer chromatog- = 7.15 disappears and the double doublet at 7 = 5.28 
raphy, on silica gel with benzene as eluent. The required is resolved into one doublet. The integrated areas are 
product always had the highest R, value. Some unchanged in accord with the assigned structure. 
ketone was recovered in all cases. together with con- 
siderable amounts of intractable resinois materials. The 
dibenzylidene and dicinnamylidene derivatives of the 5-, 
6-, and 7-membered ring ketones were prepared as de- 
scribed above (1) and had the melting points shown 
below. 2,5-Dibenzylidenecyclopentanone, pale-yellow 
needles (methanol), m.p. 189". 2,6-Dibenzylidenecyclo- 
hexanone, yellow plates (methanol), m.p. 118-1 19". 2,7- 
Dibenzylidenecycloheptanone, pale-yellow needles (meth- 
anol), m.p. 107". 2,5-Dicinnamylidenecyclopentanone, 
yellow needles (trichloroethylene), m.p. 232-233". 2,6-Di- 
cinnamylidenecyclohexanone, yellow microcrystals (tri- 
chloroethylene), m.p. 181-182". 2,7-Dicinnamylidene- 
cycloheptanone, yellow microcrystals (trichloroethylene), 
m.p. 209". 2,5-Dibenzylidenecyclopent-3-enone (IS), 
lemon-yellow needles (trichloroethylene), m.p. 157". 

2,8-Dibenzylidenecyc/oocta~~one ( I )  
A strong solution of potassium hydroxide (2 mi) in 1 :1 

methanol/water was added to a solution of cyclooctanone 
(3 g) together with excess freshly distilled benzaldehyde 

2,8-Dici1znat11ylidenecycloocta11o1ze (2) 
Excess freshly distilled cinnamaldehyde, containing a 

little dissolved cyclooctanone, was added slowly, with 
stirring, to a solution of cyclooctanone (1 g )  in methanol 
containing 1 ml of a strong solution of potassium hydrox- 
ide in 1 :1 methanol/water solution. The mixture was 
allowed to stand for 4 h, any precipitated cinnamic acid 
filtered off, and the filtrate extracted with ether. Chroma- 
tography of the residue remaining after evaporation of 
theether, using benzene on  silica gel, yielded several prod- 
ucts, that having the highest R, being collected. Re- 
crystallization from methanol of the solid obtained after 
removal of benzene gave yellow needles, m.p. 133". 2,4- 
Dinitrophenylhydrazone - red crystals from ethanol, 
m.p. 145". 

Anal. Calcd. for CZ6H260: C, 88.14; H, 7.35. Found: 
C, 88.00; H, 7.37. 
2,9-Dicinnatnylide1recyclono1zano1ze was prepared as 

described above for 2, the mixture being allowed to 
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stand for 8 h. Recrystallization of the product from 
methanol gave pale-yellow needles, m.p. 147". 2,4-Di- 
nitrophenylhydrazone - red crystals from methanol, 
m.p. 140". 

Anal. Calcd. for C2,H2,,0: C, 88.04; H, 7.66. Found: 
C, 88.30; H, 7.67. 

2,5-Dicititintt1ylidet1ecyclopet1t-3-et~ot1e 
This compound was prepared by the method described 

by Chapman and Pasto (15) for the dibenzylidene com- 
pound, using 2,5-dicinnamylidenecyclopentanone as 
starting material. The product was obtained as fine 
orange needles which, on recrystallization from trichloro- 
ethylene, had n1.p. 228". 2,4-Dinitrophenylhydrazone- 
black crystals from ethanol, m.p. 252". 

Anal. Calcd. for CZ3Hl8O: C, 89.52; H, 5.81. Found: 
C, 89.18; H ,  6.00. 
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Synthesis of 6-chloro-9-(6'-deoxy-3'-C-methyI-2',3',4'-tri-O-methyl-P-~- 
allopyranosyl)purine : a branched-chain sugar nucleoside 

G. B. HOWARTH, W. A. SZAREK, AND J. K. N. JONES 
Departmerzt of Ctzemistry, Queen's University, Kingston, Ontario 

Received June 13, 1968 

The preparation of  6-deoxy-3-C-methyl-2,3,4-tri-O-n1ethyl-~-allopyranose (7), a branched-chain sugar 
with the same constitution as nogalose from the antibiotic nogalamycin, is described. Condensation of 
the 1-0-acetyl derivative 8 with 6-chloropurine by the fusion method gave 6-chloro-9-(6'-deoxy-3'-C- 
methyl-2',3',4'-tri-O-methyl-(3-o-allopyranosyl)purine (9), which to our knowledge is the first synthetic, 
purine nucleoside containing a branched-chain sugar with a pyranose ring. 
Canadian Journal of Chemistry, 46, 3691 (1968) 

Introduction 
Some nucleosides of branched-chain sugars 

have been shown (1-3) to exhibit biological 
activity, an observation which has stimulated our 
interest in the chemical synthesis of nucleoside 
derivatives of this class of sugars. Very recently 
a new branched-chain sugar, which has been 
given the trivial name nogalose, was obtained 
(4) from nogalamycin, an antibiotic highly active 
against gram-positive bacteria and KB cells in 
vitro. The structure of nogalose, exclusive of 
stereochemistry, was shown to be that of a 
6-deoxy- 3 - C-methyl-2,3,4-tri- O-methyl-aldo- 
hexopyranose. We report now the preparation of 
6-deoxy-3-C-methyl-2,3,4-tri-O-methyl-~- 
allopyranose (7), a sugar with the same con- 
stitution as nogalose,' and its utilization in the 
synthesis of 6-chloro-9-(6'-deoxy-3'-C-methyl- 
2',3',4'-tri-0-methyl-P-D-al1opyranosyl)purine 
(9) via the fusion method (5-7). Compound 9 is 
to our knowledge the first synthetic, purine 
nucleoside containing a branched-chain sugar 
with a pyranose ring. 

Results and Discussion 
Methyl 4,6-0-benzylidene-3-C-methyl-2-0-p- 

tolylsulfonyl-cr-D-allopyranoside (2) has been 
prepared recently in this laboratory (8) by the 
addition of methylmagnesium iodide to methyl 
4,6-0-benzylidene-2-0-p-tolylsulfonyl-cr-D-rjbo- 
hexopyranosid-3-ulose (1). Compound 2 was 
heated with sodium methoxide to give methyl 
4,6-0-benzylidene-3-C-methyl-cr-D-allopyrano- 

'The published physical properties of nogalose (4) are 
different from those of compound 7, so the two com- 
pounds differ in configuration. 

side (3). This derivative has been obtained also 
in low yield as a side-product of the Grignard 
reaction. The benzylidene ring in compound 3 
was opened by treatment with N-bromosuc- 
cinimide in boiling carbon tetrachloride (9) to 
give methyl 4-0-benzoyl-6-bromo-6-deoxy-3-C- 
methyl-cr-D-allopyranoside (4). When compound 
4 was heated with lithium aluminium hydride in 
tetrahydrofuran at reflux temperature, de- 
bromination and debenzoylation occurred to 
give an almost quantitative yield of the 6-deoxy 
trio1 5. Methylation of 5 with dimethyl sulfate 
and sodium hydroxide in tetrahydrofuran af- 
forded methyl 6-deoxy-3-C-methyl-2,3,4-tri-0- 
methyl-cr-D-allopyranoside (6), which was con- 
verted to the free sugar (7) by acid-catalyzed 
hydrolysis. A crystalline acetate (8) was obtained, 
and was assigned the P-D configuration by 
nuclear magnetic resonance (n.m.r.) spectros- 
COPY. 

Attempts to obtain a glycosyl halide derivative 
of 7 by some conventional procedures were un- 
successful. Treatment of either the glycoside 6 or 
the acetate 8 with hydrogen bromide in acetic 
acid or hydrogen chloride in methylene chloride 
resulted in the formation of tarry intractable 
materials. 

Condensation of 1 - 0 - acetyl- 6 - deoxy - 3 - C- 
methyl-2,3,4-tri-0-methyl-0-D-allopyranose (8) 
with 6-chloropurine was achieved by fusing an 
intimate mixture of the two compounds in the 
presence of a catalytic amount of p-toluene- 
sulfonic acid or chloroacetic acid at  120" for 
15 min. Fractionation of the crude product on 
silica gel afforded the pure branched-chain sugar 
nucleoside 9. Assignment of the P-D anomeric 
configuration is based on the observation of a 
large spacing (9 Hz) of the doublet attributable 
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OCHz OCHz CH2Br 

phcf<> 0 0CH3 + p h f < >  0CH3 --+ PhCOO qhcH3+ 
0 OTs OH OR OH O H  

1 2 R = T s  4 
' 3 R = H  

to H-I' in the n.m.r. spectrum of 9. The ultra- 
violet absorption, I,,, (Ethanol) 264 mp (& 

10 OOO), is indicative of Psubstitution (10). 

Experimental 
Solutions were concentrated below 50" under reduced 

pressure. Melting points were determined on a Fisher- 
Johns melting point apparatus and are uncorrected. 
Optical rotations were measured with a Bendix ETL- 
NPL automatic polarimeter, type 143A, at 20 + 2". 
Infrared spectra were measured on a Beckman-IR5A 
spectrophotometer. Ultraviolet spectra were measured 
with a Unicam SP.8OOB spectrophotorneter. Nuclear 
magnetic resonance (n.m.r.) spectra were determined at 
60 MHz in chloroform-d and tetramethylsilane as in- 
ternal standard. Paper chromatography was carried out 
by the descending method on Whatman No. 1 filter paper 
in the following solvent systems: 6:4:3 (v/v) butan-l- 
01:pyridine:water (a); butan-1-01 saturated with water 
(b). The sugars were detected by spraying the cho-  
matograms with a 1 : 1 mixture of vanillin (1 % in ethanol) 
and perchloric acid (3 % in water) and heating. Thin-layer 
chromatography (t.1.c.) was performed, unless otherwise 
stated, with Silica Gel G as the absorbent, and 2:3 ethyl 
acetate - petroleum ether (b.p. 60-80") as the developing 
solvent. The developed plates were air dried, sprayed with 
5 %  ethanolic sulfuric acid, and heated at about 150". 
Gas-liquid chromatography was performed on an F and 

M, model 402, high-efficiency gas chromatograph em- 
ploying a flame ionization detector. The conditions were 
as follows: column I, 5 % (w/w) LAC-4R-886 polyester 
wax, supported o n  acid washed Chromosorb W ( 1 0 S  
120 mesh), operated at 200' and a flow-rate setting of 3.0 
a t  30 p.s.i. of helium (50 ml/min); column 11, 1 % (w/w) 
Apiezon L supported on acid washed DMCS treated 
Chromosorb W (50-60 mesh), operated at 250" and a 
flow rate setting of 3.0 at 30 p.s.i. of helium (50 ml/min). 

Methyl 4,6-0-Benzylidene-3-C-111et/iyl-2-O-p-~olylsu~onyl- 
a-D-allopyranoside (2) 

A solution of the ketone 1 (1 1) (4.4 g) in dry benzene 
(250 ml) was added dropwise to a stirred solution of 
methylmagnesium iodide (prepared from magnesium 
(5 g) and methyl iodide (17 ml)) in ether (250 ml) a t  0'. 
After standing at  room temperature overnight, the re- 
action mixture was poured into ammonium chloride 
solution, and the aqueous layer was extracted with 
chloroform. Concentration of the dried extracts yielded a 
syrup which crystallized from chloroform - petroleum 
ether (b.p. 60-80'). Recrystallization from this solvent 
mixture gave 2 as white plates (3.6 g, 80%), m.p. 138- 
139", [a], +45" (c, 2.0 in chloroform); h,,, (KBr) 2.84 
(OH), 6.24, 7.48, 8.49 (sulfonate), 13.2, 14.3 prn (Ph); 
n.m.r. data: r 2.S2.8 (9-proton multiplet, aromatic H's), 
r 4.48 (1-proton singlet, benzylidene-methine H), r 5.2 
(1-protondoublet, J , , ,  4Hz, H-I), r 6.67 (3-proton singlet, 
OMe), r 7.58 (3-proton singlet, aromatic Me), r 8.8 
(3-proton singlet, C-3 Me). 
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Anal. Calcd. for CZZHzGOsS: C, 58.7; H, 5.8; S, 7.1. 
Found: C, 58.7; H, 5.8; S, 7.3. 

Methyl 4,6-O-Bet1zylidene-3-C-metlzyl-cc-~- 
allopyratzoside (3) 

A solution of the sulfonate (2) (10 g) in dry methanol 
(200 ml) containing sodium (2 g) was heated at reflux 
temperature for 24 h. Thin-layer chromatography (t.1.c.) 
showed the presence of a compound with Rf 0.13, and 
the absence of starting material, R, 0.37. The product 
was isolated in the usual manner. and obtained from 
chloroform - petroleum ether (b.p. 60-80") in crystalline 
form (5.5 g, 82%), m.p. 210-212", [ a ] D  +95" (c, 0.3 in 
chloroform); h,,, (Nujol) 2.9, 2.98 (OH), 13.2, 14.2 pm 
(Ph), no absorption attributable to sulfonate; n.m.r. 
data: r 2.5-2.8 (5-proton multiplet, Ph), r 4.42 (I-proton 
singlet, benzylidene-methine H), r 5.24 (I-proton doublet, 
J1,2 4 HZ, H-1), T 6.5 (3-proton singlet, OMe), r 8.6 (3- 
proton singlet, C-3 Me). 

Anal. Calcd. for CI5H2,OG: C, 60.8; H, 6.8. Found: 
C, 60.7; H, 6.7. 

Merlzyl4-O-Betzzoyl-6-bromo-6-deoxy-3-C-merhyl-a-~- 
allopyratzoside (4) 

A solution of compound 3 (4 g) and N-bromo- 
succinimide (2.61 g) in carbon tetrachloride (350 ml) 
containing barium carbonate (12 g) was heated at reflux 
temperature with vigorous mechanical stirring for I h. 
The reaction mixture was filtered, and the filtrate con- 
centrated to a pale-yellow syrup, which was chromato- 
graphed on silica gel with 2:3 ethyl acetate - petroleum 
ether (b.p. 60-80") as eluent. Compound 4 was obtained 
as a homogeneous syrup (4.5 g, 88%); RI 0.13 (t.1.c.); 
h,,, (Film) 5.8 (OBz), 6.21, 14.0 pm (Ph); n.m.r, data: 
r 1.8-2.0, 2.45-2.75 (multiplets, 5 protons, Ph), r 5.15 
(1-proton doublet, J1,, 4 Hz, H-1), r 6.5 (3-proton singlet, 
C-1 OMe), T 8.75 (3-proton singlet, C-3 Me). 

Anal. Calcd. for Cl5Hl9O6Br: C, 48.0; H, 5.1 ; Br, 21.4. 
Found: C, 48.2; H, 5.0; Br, 21.6. 

Methyl 6-Deoxy-3-C-methyl-cc-D-allopyranoside (5) 
A mixture of compound 4 (1.5 g) and lithium aluminium 

hydride (2 g) in tetrahydrofuran (100 ml) was heated at 
reflux temperature for 6 h. The product was isolated in 
the usual manner as a syrup which appeared to be 
predominantly one compound by t.l.c., Rr 0.3 (ethyl 
acetate). Compound 5 was obtained, by chromatography 
on silica gel with ethyl acetate as eluent, asa homogeneous 
syrup (0.710 g, 94%); h,,, (Film) 2.8-2.9 pm (OH), no 
absorption attributable to benzoate; n.m.r. data r 5.3 
(1-proton doublet, J1,, 4 Hz, H-1), r 6.6 (3-protonsinglet, 
C-1 OMe), r 7.0 (I-proton doublet, J,,, 9 Hz, H-4), r 8.7 
(3-proton singlet, C-3 Me), r 8.7 (3-proton doublet, 
J 6 Hz, C-5 Me). 

Methyl 6-Deoxy-3-C-methyl-2,3,4-fri-O-metlzy~-n-~- 
allopyratloside (6) 

Dimethyl sulfate (50 ml) was added dropwise with 
stirring to a slurry of 5 (2.8 g) and finely powdered sodium 
hydroxide (60 g) in tetrahydrofuran (200 rnl). After the 
mixture was stirred at ambient temperature overnight, 
aqueous ammonia was added and the resulting solution 
extracted with chloroform. Concentration of the dried 
extracts afforded a mobile liquid, R, 0.5 (t.l.c., ethyl 
acetate). Distillation gave an analytically pure product 

(2.5 g, 71 %), b.p. 80-85" (0.05 mm), [E]D +131° (c, 0.3 in 
chloroform); n.m.r. data: r 5.28 (I-proton doublet, J,,, 
4 Hz, H-l), r 5.7-6.2 (I-proton multiplet, H-5), r 6.5 
(3-proton singlet, C-1 OMe), r 6.6, 6.62 (6-proton and 
3-proton singlets, C-2, C-3, and C-4 OMe's), r 7.05 
(I-proton doublet, J2,, 4 Hz, H-2), r 7.49 (1-proton 
doublet, J4,5 9 HZ, H-4), r 8.55 (3-proton singlet, C-3 Me), 
r 8.74 (3-proton doublet, J 6 Hz, C-5 Me). 

Anal. Calcd. for C11H2205: C, 56.5; H, 9.4. Found: 
C, 56.3; H, 9.4. 

6-Deoxy-3-C-metliyl-2,3,4-b.i-O-tnefhyl-~-aIoe (7) 
A solution of the glycoside (0.5 g) in ethanol (3 ml) 

and 2 N hydrochloric acid (10 ml) was heated a t  90' for 
2 h. The solution was neutralized with Duolite A-4 (OH-) 
ion-exchange resin and concentrated to a syrup (380 mg, 
8O0A, [E]D +28" (c, 2.6 in methanol); h,,,, (Film) 
2.9 pm (OH); n.m.r. data: r 4.98 (I-proton doublet, J1,, 
8 Hz, H-1), r 5.7-6.2 (I-proton multiplet, H-5), r 6.4, 
6.5, 6.6 (3-proton singlets, C-2, C-3, and C-4 OMe's), 
r 7.3 (1-proton doublet, J2,, 8 Hz, H-2), r 7.4 (I-proton 
doublet, .I4,, 9 Hz, H-4), r 8.58 (3-proton singlet, C-3 
Me), r 8.74 (3-proton doublet, J 6 Hz, C-5 Me). 

Paper chromatography of the free sugar showed it to 
be homogeneous with R ~ ~ , m n o , ,  2.8 in solvent a and 
2.98 in solvent b (pink spot which changed t o  a stable 
deep-blue on standing). 

I-O-Acetyl-6-deoxy-3-C-1?zetI~yl-2,3,4-tri-0-methyl-~-~- 
allose (8) 

A solution of 7 (250 mg) in pyridine (3 ml) and acetic 
anhydride (2 ml) was heated at 90" for 15 min. The 
reaction was poured into water, and the product isolated 
in the usual manner. The crude crystalline product 
consisted of a 1 :5 mixture of cc and P anomers (n.m.r.). 
Pure B anomer was obtained by recrystallization from 
petroleum ether - pentane (210 mg, 70%), m.p. 88-89", 
[aID -6" (c, 2.3 in ethyl acetate); hmaX (KBr) 5.70 pm 
(OAc); n.m.r. data: r 4.1 (1-proton doublet, .Il., 8 Hz, 
H-1), r 5.85-6.35 (1-proton n~ultiplet, H-5), r 6.47, 6.57 
(6-proton and 3-proton singlets, C-2, C-3, and C-4 
OMe's), s 7.15 (1-proton doublet, J2,, 8 Hz, H-2), 
r 7.4 (1-proton doublet, J4,5 9 HZ, H-4), T 8.9 (3-proton 
singlet, OAc), r 8.55 (3-proton singlet, C-3 Me), r 8.74 
(3-proton doublet, J 6 Hz, C-5 Me). Gas-liquid chro- 
matography (column I) showed a single peak with a 
retention time of 0.46 relative to erythritol tetraacetate. 

Anal. Calcd. for C,,H2206: C, 55.0; H, 8.4. Found: 
C, 55.0; H, 8.5. 

6-Chloro-9-(6'-deoxy-3'-C-metlzyl-2',3',4'-tri-O-tnefhyl- 
B-D-allopyranosyl)prtvine (9)  

A thoroughly ground mixture of compound 8 (25 mg), 
6-chloropurine (16 mg), and a trace (ca. 0.5 mg) of p- 
toluenesulfonic acid was heated in an oil bath at 120". 
When the mixture began to melt, it was put under vacuum 
(0.05 mm) and the heating continued at the same tem- 
perature for an additional 10 rnin. The black solid residue 
was extracted thoroughly with hot ethyl acetate and the 
extracts concentrated to a pale-yellow syrup (30 mg) after 
treatment with carbon. Thin-layer chromatography 
showed the presence of a predominant component with 
R, 0.15, and several components present in smaller 
amounts. Preparative t.1.c. on silica gel, with 2:3 ethyl 
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acetate - petroleum ether (b.p. 60-80") as the developing 
solvent, gave this component as a homogeneous glass 
(15 mg), R, 0.55 (t.l.c., ethyl acetate); gas-liquid chro- 
matography (column TI) showed a single peak with a 
retention time of 1.8 min; [@lo -25" (c, 0.1 in ethanol); 
h,,, (Film) 3.25 (aromatic C-H), 6.25, 6.4, 6.7 pm 
(purine ring); h,,, (Ethanol) 264 mp (E  10 000); n.m.r. 
data: r 1.2, 1.7 (I-proton singlets, H-8 and H-Z), r 4.05 
(I-proton doublet, J1,,2, 9 HZ, H-If), 7 5.7-6.1 (I-proton 
multiplet, H-57, z 6.26 (I-proton doublet, J,,,,. 9 Hz, 
H-29, 7 6.41,6.48,7.03 (3-proton singlets, C-2', C-3', and 
C-4' OMe's), r 7.06 (I-proton doublet, J,,,,. 9 Hz, H-4'), 
7 8.45 (3-proton singlet, C-3' Me), z 8.7 (3-proton 
doublet, J 6Hz, C-5' Me). Proton assignments were 
made with the aid of spin decoupling. 

Anal. Calcd. for C,,H,,04N4CI: C, 50.6; H, 5.9; 
N, 15.7. Found: C, 50.7; H, 6.1; N, 15.4. 
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Reaction of chromyl chloride with some olefins. 11. The oxidation of 
tetraarylethylenes' 

A. L. GATZKE~ AND R. A. ST AIRS^ 
Queetl's Utliversity, Kitlgston, Ontario 

AND 

D. G.  M. DIAPER 
Royal Military College, Kingston, Ontario 

Received July 16, 1968 

Chromyl chloride oxidation of tetraphenylethylene results in a novel cyclization reaction giving 9,lO- 
diphenylphenanthrene in high yield. Some cyclization between geminal phenyl groups and cleavage 
of the olefinic bond occurs as evidenced by the presence of fluorenone and benzophenone as minor prod- 
ucts. Polynuclear hydrocarbons such as 1,l'-binaphthyl and o-terphenyl which can be cyclized by Lewis 
acids are unreactive towards chromyl chloride. The observation of rotation about the central bond of a 
substituted tetraphenylethylene and of retardation of cyclization by substituent chlorine suggest that the 
oxidative cyclization proceeds by initial electrophilic attack at  the olefinic bond to  give a carbonium ion. 
Canadian Journal of Chemistry, 46, 3695 (1968) 

Introduction 
Our previous work (I) has shown that the 

main reaction of chromyl chloride with aliphatic 
and alicyclic olefins forming chlorohydrins is 
complicated by reactions involving vinylic and 
allylic hydrogens. To avoid these complications 
tetraphenylethylene was chosen as a model com- 
pound representing the symmetrically substitu- 
ted double bond, free from vinylic and allylic 
hydrogens. 

Mosher, Steffgen, and Lansbury (2) have made 
a detailed study of the chromyl acetate and 
chromic acid oxidation of tetraarylethylenes in 
acetic acid solution. These authors interpreted 
the formation of non-stereospecific epoxides and 
cyclic carbonates as a result of electrophilic 
attack of the chromium compound producing 
the carbonium ion 1. This intermediate would be 
capable of free rotation about the central bond 
giving rise to the non-stereospecific products. 
These same workers found that chromyl chlo- 

Ph Ph 

EtO AOEt 
EtO OEt 

ride in acetic acid also oxidizes tetraphenyl- 
ethylene to the epoxide along with what was be- 
lieved to be the chlorohydrin. Again, substantial 
amounts of the epoxide were formed along with 
benzophenone, the major product, when po- 
tassium permanganate was used as oxidizing 
agent (2). 

In contrast to this result, Gardent (3) ob- 
served a ring closure reaction giving the sub- 
stituted phenanthrene 2 when 1,2-bis(3,4-di- 
ethoxypheny1)-l,2-diphenylethylene was oxidiz- 
ed by potassium permanganate in acetic acid. 
Although Gardent did not offer a detailed mech- 
anism for this reaction, he was of the opinion 
that the steric effect of the aryl rings and the 
electronic effect of the ethoxy groups combined 
to make the ring the favored position of a t t a ~ k . ~  

In this stu$y we report the results of chromyl 
chloride oxidation of tetraarylethylenes in non- 
polar media (carbon tetrachloride and carbon 
disulfide). 

Results 

The Reaction of Clzrornyl Chloride with 
Tetraphenyletl7ylene 

Chromyl chloride was found to react rapidly 
with tetraphenylethylene, 3, in carbon tetra- 
chloride solution at 0" to form a brown pre- 
cipitate as observed with other olefins. The re- 
action is rapid even at - 78". After filtration, the 

'For Part I see ref. 1. 
'Taken in part from the Ph.D. Thesis of A. L. Gatzke 4Note ndded i t ~  proof :- C .  D. Neuitzescu ( 2 2 )  found 

submitted to  Queen's University. Present address: The 9,lO-diphenylphenanthrene to be a major product of the 
Dew Chemical Company, Midland, Michigan 48640. oxidation of 1,1,2,2-tetraphenylethanol by Cr02C12. It 

3Present address: Department of Chemistry, Trent was presumed that dehydration produced oxidation. Ex- 
University, Peterborough, Ontario. perirnental details were not  given. 
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precipitate was hydrolyzed to give a surprisingly 
low yield (approximately 30%) of a yellow oil. 
The filtrate, which in previous experiments ( l ,4)  
usually contained very little product, was then 
examined. Evaporation gave a 70% yield of 9,lO- 
diphenylphenanthrene, 4, m.p. and mixture m.p. 
239". This compound was characterized by ele- 
mental analysis, molecular weight determination, 
and infrared spectral comparison with an au- 
thentic sample. 

The conversion of a stilbene into a phenan- 
threne by oxidation with chromyl chloride is a 
new and unexpected reaction. Usually reaction 
between chromium(V1) and an olefin leads to 
oxidative addition or cleavage. This reaction is " 
examined in more detail in order to  define its 
scope and to gain some insight into its mechan- 
Ism. 

TABLE I 
Reaction of tetraphenylethylene with varying molar ratios 

of chromyl chloride 

Initial Final Ratio 
concentration concentration 

(mmole) (mrnole) Cr02C12 -- Consumed : 
3 Cr02C12 3 
-- 

4 Cr02C12 3 Consumed 

3.00 3.08 1.32 1.21 - 1.79 
3.00 6.16 - 1.95 0.26 1.96 
3.00* 6.16 - 
-- 

2.33 2.05 
*Carbon disulfide solvent. 

Determination of the Stoichiometry 
Both the ultraviolet determination of residual 

tetraphenylethylene after reaction with varying 
molar ratios of chromyl chloride (Table I) and 
the calorimetric titration of the reaction accord- 
ing to the method of Stairs (5) (Fig. 1) showed 
that approximately two moles of chromyl chlo- 
ride were required to consume one mole of 
tetraphenylethylene. This result might appear to 
require that chromium be reduced from (VI) to 
(V) since the oxidation is a net two electron 
change. However, iodometric titration of the 
reduced chromium species in the precipitate 
showed a net valence state of (IV), which is com- 
monly observed for chromyl chloride oxidations 
in  non-aqueous media. Examination of the minor 

-0 .6  -0.4 -0.2 0 0.2 0 . 4  0.6 0.8 

LOG MOLAR RATIO C r O 2 C I 2 / T .  P.E. 

FIG. 1 .  Calorimetric titration of the reaction of 
chromyl chloride and tetraphenylethylene in carbon 
tetrachloride where Q = quantity of heat generated at 
constant total volume of reagent solutions (calories), and 
K = specific heat of carbon tetrachloride (0.32 cal. deg.-' 
mole-'). 

products showed the presence of minor quantities 
of more highly oxidized compounds such as 
benzophenone, fluorenone, and some highly 
colored compounds believed to  be quinones. 
These products can account for the consumption 
of approximately one more mole of chromyl 
chloride. 

I t  is possible that the observed stoichiometry 
results from a stepwise reduction of chromium- 
(VI) to chromium(1V) where a chromium(V) 
intermediate is responsible for producing the 
minor products. When the reaction was carried 
out in the presence of an excess of toluene (a 
compound that reacts relatively slowly with chro- 
my1 chloride but may react more rapidly with a 
chromium(V) species), no induced oxidation of 
toluene occurred as determined from the yield 
of 4. Unfortunately, this negative result is not 
very meaningful since the reactivity of toluene 
towards a chromium(V) intermediate is not 
known. 

The Reaction of Chromyl Chloride with Other 
Aronlatic Hydrocarbons 

(a) 1,2-Dichlorotetraphenylethane 
Since chromyl chloride is known to sometimes 

cause chlorination (6) and could be expected to 
show Lewis acid properties, and since 9,lO- 
diphenylphenanthrene can be prepared by the 
action of stannic chloride on 1,2-dichlorotetra- 
phenylethane (7), the behavior of chromyl chlo- 
ride towards the chloro compound was investi- 
gated. Chromyl chloride was mixed with 1,2- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GATZKE ET AL.: REACTION OF CHROMYL CHLORIDE 3697 

dichlorotetraphenylethane in carbon tetrachlo- 
ride first at 0" then at 30" but no appreciable 
reaction occurred. The chloro compound was re- 
covered in 90% yield and the portion that did 
react did not produce 9,lO-diphenylphenan- 
threne. It was concluded that 1,2-dichlorotetra- 
phenylethane is not an intermediate in the chro- 
my1 chloride oxidation of tetraphenylethylene. 

(b) I,]'-Binaphtlzyl, o-Terphenyl, and 
Hexaphenylbenzene 

A combination of a Lewis acid and an oxidiz- 
ing agent or a compound combining both these 
characteristics (as may be anticipated for chro- 
my1 chloride) will telomerize benzene and effect 
"peri" ring closures (8, 9). 1,l '-Binaphthyl and 
o-terphenyl are known to undergo ring closure 
under these conditions (10, 11). Both these com- 
pounds were largely unreactive towards chro- 
my1 chloride even after reaction times of two 
days. No perylene or triphenylene could be de- 
tected as products by color tests and ultraviolet 
spectroscopy. Hexaphenylbenzene is also un- 
attacked by chromyl chloride at 0". Under forc- 
ing conditions benzoic acid was the only product 
isolated. 

(c) cis-Stilbene 
The chromyl chloride oxidation of trans- 

stilbene is known to result mainly in cleavage to 
benzaldehyde (4). A ring closure to form phe- 
nanthrene must take place through a cis orien- 
tation of the rings. To  ascertain whether the 
products were dependent on the isomerism, cis- 
stilbene was subjected to oxidation. The product 
obtained was mainly benzaldehyde and no phe- 
nanthrene or phenanthraquinone (the chromyl 
chloride oxidation product of phenanthrene) 
could be detected. 

(d) trans-1,2-bis(p-Chlorophenyl)-1,2- 
diphenylethylene 5 

In order to observe whether an intermediate 
is formed in the oxidation which allows rotation 
around the central bond, the trans-dichloro sub- 
stituted tetraarylethylene 5 was oxidized in the 
usual fashion.' The product was purified by 

5Before this experiment could be interpreted it was 
necessary to assign the configurations of the two geo- 
metrically isomeric tetraarylethylenes. The dipole mo- 
ments of both the high (m.p. 207') and low (m.p. 
151-155", lit. 156-158") melting isomers were measured, 
giving the values p = 1.70 D and p = 3.24 D, respectively. 
The high melting isomer has the low dipole moment, thus 
establishing it as the trans isomer. The low melting 
impure cis isomer contains about 20% of the trans isomer 
and consequently the true dipole moment should be 
somewhat higher than reported. 

column chromatography and recrystallization. 
The mass spectrum showed a molecular weight 
of 398 and the presence of two chlorine atoms 
per mole. 

The infrared spectrum showed intense bands 
at 1010 cm-' and 1090 cm-' indicative of the 
p-chlorophenyl group. The band at 700 cm-l, 
indicative of the phenyl group, was absent. On 
this basis the compound was assigned the struc- 
ture 6. I t  is believed some 10-20% of the iso- 
mers of 6 are present in the product before 
recrystallization as evidenced by a moderate in- 
tensity infrared band at 700 cm-', which dis- 
appeared on recrystallization. 

The nuclear magnetic resonance (n.m.r.) spec- 
trum of recrystallized 6 showed three groups of 
aromatic proton signals. A multiplet with two 
major maxima at 6 = 8.71 and 8.82 p.p.m. was 
attributed to the two deshielded protons at 
positions -4 and -5. The A,B, system of the 
chlorophenyl groups was upfield (because the 
rings were perpendicular to the phenanthrene 
plane) and centered at  F = 7.10 p.p.m. Separa- 
tion of the two major maxima of this system was 
6 c.p.s. (Cis-l,2-bis(p-chloropheny1)- 1,2-diphe- 
nylethylene, the starting material, showed two 
peaks at  F = 7.02 and 7.07 p.p.m., separated by 
only 2.5 c.p.s.; the larger ring current effect of 
the phenanthrene system caused the larger 
separation). Remaining aromatic protons, posi- 
tions-1,2,3,6,7, and 8, showed as a multiplet at 
approximately F = 7.5 p.p.m. 

The products of chromyl chloride oxidation of 
cis and trans-l,2-bis(p-chloropheny1)-1,2-di- 
phenylethylene in other experiments were chro- 
matographed to free them from chromium con- 
taining products, starting material and ketones 
but not recrystallized. These products showed a 
similar aromatic proton n.m.r. pattern. In par- 
ticular the profile of the downfield signals was 
very similar to that of purified 6, and to that 
of 9,lO-diphenylphenanthrene. Any significant 
quantity of impurities containing chlorine atoms 
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at positions -3 or -6 would greatly affect the 
splitting of such signals. 

Discussion 
This one-step stilbene to phenanthrene type 

cyclization is a simple and rapid method of prep- 
aration of 9,lO-diarylphenanthrenes. The re- 
action appears limited to the tetraarylethylenes 
but the range of compounds investigated was not 
extensive. 

The ortho positions of all aromatic nuclei of 
tetraphenylethylene are equivalent, therefore one 
might expect oxidative ring closure to lead suc- 
cessively to 9-benzhydrylidenefluorene and bi- 
fluorenylidene by reaction between geminal 
phenyls and successively to 9,lO-diphenylphe- 
nanthrene (4) and dibenzo [g,p]chrysene by con- 
densation of vicinal phenyls. The fact that (4) is 
the major product is explicable by conforma- 
tional considerations. The conformation of tetra- 
phenylethylene in which all four rings are co- 
planar with each other and with the sp2 bonds of 
the ethylene system is energetically highly un- 
favorable because ortho hydrogen atoms inter- 
fere with each other. This interference is serious 
between geminal phenyls and less so, but still 
present between vicinal phenyls. The stable con- 
formation, analogous to that of trans azoben- 
zene, should have the rings more or less per- 
pendicular to the major plane of the molecule. 
The upfield location of the n.m.r. peak, 6 = 
7.08 p.p.m., agrees with this hypothesis. When a 
pair of rings becomes oxidized, they are con- 
strained into coplanarity and create an energy 
barrier to rotation of the other pair of rings into 
coplanarity. This is less serious when 9-benz- 
hydrylidenefluorene is formed than when 9,lO- 
diphenylphenanthrene is formed, moreover the 
geometry of the five-membered ring of the former 
relieves some of the steric strain, The latter is 
therefore less easily oxidized than the former. 
Both products of geminal phenyl oxidation, 9- 
ben~h~dr~lidenefluorene and bifluorenylidene, 
have ethylenic double bonds and are susceptible 
to further oxidation to benzophenone and fluo- 
renone; the double bond of 9,lO-diphenylphe- 
nanthrene is part of the aromatic system and less 
susceptible to oxidative attack. Ring systems cor- 
responding to the removal of more than four 
ortho protons of tetraphenylethylene have not 
yet been reported. A study of the oxidation of the 
p,pl-dichloro derivatives of tetraphenylethylene, 

discussed in detail below, showed that attack 
occurred mainly in the unchlorinated rings. 

The results appear to be in best agreement 
with a mechanism involving initial electrophilic 
attack of chromyl chloride at the double bond 
to produce a carbonium ion similar to 1. A 
portion of the positive charge rests at the ortho 
positions of the two aromatic rings directly 
attached to the carbonium ion center. The ring 
closure can now be effected by electrophilic 
attack by one of these ortho carbons on a vici- 
nal or geminal aromatic ring leading to phcnan- 
threne or fluorenylidene derivatives, respectively. 
Loss of a proton followed by a 1,4 elimination 
gives the products. The formation of 9,lO-bis(p- 
chloropheny1)-phenanthrene as the major prod- 
uct of the oxidation of trans-l,2-bis(p-chloro- 
phenyl) 1,2-diphenylethylene establishes that ro- 
tation about the central bond can take place and 
that coupling involving an aromatic ring carrying 
a chlorine atom nzeta to the reaction site is not 
favored. Both observations taken together tend 
to support the carbonium ion mechanism. 
Further support for this mechanism comes from 
analogous ring closures reported in the litera- 
ture. For example, both triphenylmethyl cation 
(12) and the pentaphenylcyclopentadienyl cation 
(13) undergo ring closure between adjacent 
phenyl groups. In addition, the formation of 
9,lO-diphenylphenanthrene from 1,2-dichloro- 
tetraphenylethane catalyzed by stannic chloride 
(7) would intuitively be expected to proceed in a 
manner similar to  that proposed for the chromyl 
chloride oxidation of tetraphenylethylene. 

The failure of chromyl chloride to duplicate 
the aluminium trichloride ring closures of l , l f -  
binaphthyl, hexaphenylbenzene, and o-terphenyl 
suggests that chromyl chloride does not attack 
the aromatic ring, or at least not in the same way 
as the Lewis acid. 

A third mechanism for the oxidation that 
could be considered is an initial step involving 
the transfer of an electron from 3 to chromyl 
chloride giving a radical cation. Ring closure be- 
tween adjacent phenyl groups followed by loss 
of a proton gives a radical which would be 
rapidly oxidized to the cation. Loss of a second 
proton from the cation gives the product. In 
order for a mechanism such as this to be valid, 
the radical cation must be capable of rapid ro- 
tation about the central double bond to account 
for the products from 5. Although a reduced 
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+ c~cI~(oH)O- 
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CI? 

bond order is anticipated for this bond there is 
no information available that the rotational bar- 
rier is sufficiently low to allow rapid rotation on 
the reaction time scale. A mechanism involving 
electron transfer as the initial step has been pro- 
posed by Dewar, et al. (14) for the manganese- 
(111) oxidation of some aromatic compounds. 
Under similar conditions the manganese(II1) 
acetate oxidation of 3 was very slow giving 
mainly starting material and some benzophenone 
after one day at  100". 

Experimental 
Mar erials 

Tetraphenylethylene, 3, was prepared by first converting 
benzophenone to benzpinacolone by the method of Bach- 
mann (15), then following the procedure of Mosher, et al. 
(2), the ketone was reduced with lithium aluminium hy- 
dride and the resulting alcohol dehydrated to  give the 
product, m.p. 223-224". cis and trans-1,2-bis(p-Dichloro- 
pheny1)-1,2-diphenylethylene was synthesized according 
to the method of Buckles and Meinhardt (16). The trar~s 
isomer had m.p. 205", lit. m.p. 205" (2) after fractional 
crystallization from chloroform-ethanol. The cis isomer, 
m.p. 151-155", lit. 156-158" (2), could not be con~pletely 
freed of the trans isomer. Bifluorenylidene was synthesized 
from fluorene as described by Graebe and Stindt (17) and 
purified through its picrate complex, m.p. 186-1870. 
1,2-Dichlorotetraphenylethane was prepared by chlorinat- 
ing 3 according to the method of Norris, n1.p. 180-182" 
(18). 1,l'-Binaphthyl and o-terphenyl were comn~ercial 
products and were recrystallized before use. cis-Stilbene 
(Aldrich) was used as received. 

Dipole moments were determined using a W-T-W 
"Dipolmeter" TypeDM 01. 

ml, 26 mmole) in 30 ml of carbon tetrachloride was added 
dropwise to the stirred solution. The temperature was 
maintained at 0-5" by means of an ice bath. The reaction 
mixture was let stir for 5 min after the addition was com- 
plete and the brown precipitate, which began to form on 
the addition of the first few drops of chromyl chloride, was 
filtered off under suction and washed with carbon tetra- 
chloride. The filtrate was shaken with a 10% sodium bi- 
sulfite solution to remove the slight excess of chromyl 
chloride. Evaporation of the filtrate left a residue of 2.5 g 
o i a  material which when recrystallized from chloroform- 
ethanol (fine white needles) had n1.p. 239-240". 

Cl~aracferization of 9,1O-Diphe11ylpher1or1fI1rene 
The product obtained from the filtrate was found not to 

contain chlorine as shown by a negative Beilstein test and 
by Schoeniger conlbustion analysis. The infrared spectrum 
showed astrong band at 725 cm-' not present in the start- 
ing material and no absorption at the carbonyl or hydroxyl 
stretching frequencies. Osmometry gave a molecular 
weight of360. 

Anal. Calcd. for C26H18: C, 94.5; H, 5.5. Found: C, 
94.3 ; H, 5.4. 

An authentic saniole of 4 was synthesized from 1,2- 
dich~orotetra~hen~~eihane by reactibn with stannic chlo- 
ride using the method of Schoepfle and Ryan (7), m.p. 
238-239", lit. m.p. 239" (7). The infrared spectrum of 
authentic 4 was superimposable with that of the product 
fro111 the chromyl chloride oxidation of 3. 

Cl~aracterizafiorz of tlie Prodfrcts Obtairredfro~n the Brown 
Precipitate 

The reaction of 10 gof  tetraphenylethylene with 2 equi- 
valents of chromyl chloride was carried out  as outlined 
earlier. After filtering off with suction and washing with 
carbon tetrachloride, the brown precipitate was hydro- 
lyzed by gradually stirring it into 400 ml of a 3 % aqueous 
sodium bisulfite solution. The mixture was acidified with 

Reaction of Tetraphe~~ylethylene wit11 Clrror~iyl Clzloride hydrochloric acid and extracted with two 100 ml portions 
Tetraphenylethylene (4.0 g, 12 mmole) was dissolved in of chloroiorni. The organic layer was washed with water 

200 ml of carbon tetrachloride and chromyl chloride (2.1 and then extracted with 5 % aqueous sodium bicarbonate. 
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Acidification of the bicarbonate layer followed by extrac- 
tion with ether and evaporation of the dried ether extract 
yielded a dark colored residue weighing 0.1 g. 

The residue from the chloroform extract (3.3 g) was 
chromatographed on silica gel (alumina was less satis- 
factory) using petroleum ether - benzene mixtures as 
eluent. The materials obtained are listed in their order of 
elution. 

Reactiorz of Chroit~yl Cltloride with 1,2-Dichloro-1,1,2,2- 
tetraphenylethat~e 

1,2-Dichlorotetraphenylethane (2.0 g, 5.0 mmole) was 
suspended in 200 rnl of carbon tetrachloride and chromyl 
chloride (1.5 ml, 10 mmole) in 50 rnl of carbon tetra- 
chloride was added to the stirred solution at 0'. After 2 h 
no appreciable reaction was noticed. The reaction tem- 
Derature was raised to  30" for an additional 6 h. Filtration 

(a )  9,10-Diphenylpher1ant/1rene (1.09g, 33 %) bf the cooled reaction mixture led to the recovery of 1.8 g 

In  similar experiments it was found that the amount of of the starting material. After extracting the filtrate with 

this material could be reduced by more extensive washing a 2 %  sodium bisulfite solution and evaporation of the 

of  the precipitate. Identification was made by m.p. and carbon tetrachloride layer, no9,lO-diphenylphenanthrene 

infrared spectroscopy. could be detected by infrared spectroscopy of the residue. 

( b )  A Mixture of Benzophenorre and Fl~~orenone (0.76 
g ,  23 %) 

This mixture or the mixed 2,4-dinitrophenylhydrazones 
could not be separated by the usual techniques. Identifica- 
tion was established by comparison of the infrared and 
ultraviolet spectra with that of an authentic mixture. 
Quantitative infrared analysis showed the mixture was 
20 % fluorenone. 

( c )  At2 Orange Solid (0.85 g,  26%) 
The melting point of this solid was 228-230". 
Anal.: Ash 19%; C, 66.9; H, 6.5; 0, 7.5. Attempts to 

recrystallize this material were unsuccessful. 

( d )  lt~tractable Dark Tar (0.55g, 16%) 

Determination of the Stoichioitzetry 
(a)  Ultraviolet Determination of 3 and4 
After known weights of chromyl chloride and 3 were 

allowed to react in the usual way the filtrate was evaporated 
to dryness and the residue weighed. Appropriate aliquots 
of the residue dissolved in chloroform were evaporated to 
dryness in a volumetric flask, then redissolved in ethanol 
and the ultraviolet spectra determined. The weights of 3 
and 4 were calculated from the absorbance at 257 mp and 
320 mp using Vierordt's (19) method. The sum of the 
calculated weights was in good agreement with the 
measured weight of the residue showing no interfering 
impurities. 

( b )  Determinariorz of Excess Chron~yl Cl~loride 
When chromyl chloride was used in excess, the filtrate 

was extracted with 1 % sodium bisulfite to remove chro- 
mium. The aqueous extract was acidified and boiled to 
two-thirds of its original volume. The chromium was re- 
oxidized with sodium peroxide and determined iodo- 
metrically after removing excess peroxide by boiling the 
acidified solution. 

( c )  Determirration of tile Average Oxidation State of 
Chronlium in the Brown Precipitate 

Chromyl chloride was allowed to react with a slight 
excess of 3 in carbon tetrachloride. The brown precipitate 
was hydrolyzed by the addition of 3 % sodium hydroxide 
to the reaction mixture. Iodometric titration of the lib- 
erated chromate showed one equivalent of iodine pro- 
duced per g-atom of chromium present. In a control ex- 
periment, iodometric titration of a mixture of a weighed 
amount of potassium dichromate dissolved in 3 % sodium 
hydroxide and 3 and 4 dissolved in carbon tetrachloride 
showed three equivalents of iodine produced per g-atom 
ofchromium present. 

Reactiotz of Clrroinyl Chloride with cis-Stilber~e 
cis-Stilbene (3.0 g, 17 mmole) was allowed to react with 

a carbon tetrachloride solution of chromyl chloride (1.5 
ml, 18 mmole) in the usual manner. T o  the reaction mix- 
ture was added 150 ml of water containing 3 g of sodium 
bisulfite and 20 g of ice. The carbon tetrachloride layer 
was separated and the solvent removed. The product 
(viscous oil) was distilled under reduced oressure to give 
about 300 k g  of benzaldehyde, b.p. 72"/10 mm, identifii ed 
by its characteristic odor, positive Schiff test and infrared 
spectrum. The residue from the distillation was column 
chromatographed o n  alumina eluting with petroleum 
ether, petroleun~ ether - benzene, and finally benzene- 
ethanol. The various fractions obtained were examined for 
color, fluorescence under ultraviolet light, and for their 
infrared spectra. Phenanthrene or phenanthraquinone 
were not found among the products. 

Reactiorr of Clrrornyl Chloride with 1,l'-Birlaplttlryl 
1,l'-Binaphthyl(2.0 g, 7.9 mmole) was allowed to react 

with chromyl chloride (1.3 ml, 16 mmole) in the usual 
manner. An amorphous material (1.3 g) which had m.p. 
95-105" when recrystallized from chloroforn~-ethanol was 
obtained from the filtrate. The infrared spectrum of this 
product was very similar to that of the startingmaterial as 
was the ultraviolet spectrum. 

The ultraviolet spectrum was quite different from that 
reported for perylene (20), and on treatment of a few milli- 
grams of the product with concentrated sulfuric acid, the 
characteristic color produced by sulfuric acid and perylene 
was absent (21). 

Reaction of Clrrott~yl Chloride with o-Terphetryl 
Chromyl chloride and o-terphenyl in carbon tetra- 

chloride failed to undergo any appreciable reaction during 
two days at room temperature. 

Reactiorr of Clrrornyl Chloride with Hexaphenylbenzene 
Hexaphenylbenzene was prepared from diphenylacety- 

lene using titanium tetrachloride and triisobutylalumin- 
ium. The hydrocarbon (1.0 g, 0.19 mmole) in dry carbon 
tetrachloride (100 ml) was treated with 0.5 g of chromyl 
chloride (6 mmoles) in carbon tetrachloride (50 ml) at 
room temperature. There was no precipitation. After 
one week in the dark at room temperature the solution 
was boiled, cooled, and shaken with excess of sodium 
bisulfite solution. After acidification, the water layer was 
extracted with ether. Solid acid (0.22 g) was obtained 
having an infrared spectrum similar to that of authentic 
benzoic acid. 
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Reaction of Chromyl Chloride with trans-l,2-bis-(p- 
Cl1lorophenyl)-1,2-Diphenylethylene (5) 

Chromyl chloride (1.50 ml, 18.6 mmole) in 10 ml car- 
bon tetrachloride was added over 10 min at 20" to 5 (5.0 g, 
12.5 mmole) in 80 ml of carbon tetrachloride. After the 
addition was complete the reaction was let stir an addi- 
tional 10 min, the mixturefiltered, and the residue washed 
with 75 ml of ethanol-free chloroform. The organic layer 
was evaporated to give a residue of 3.75 g. This material 
(1.13 g) was chromatographed on silica gel initially using 
as eluent 10 % benzene in hexane and finally increasing 
solvent polarity to 15 :15 :70 chloroform:benzene:hexane. 
The product was resolved into two main bands. The first 
band was identified as starting material through com- 
parison of the infrared spectra (m.p. and m.m.p. 205"). 
A fraction com~risina   art of the second band was re- 
crystallized twice from Ehloroform-ethanol giving a com- 
pound m.p. 255". The mass spectrum showed this com- 
pound had a molecular weight of 398 and contained two 
chlorine atoms. The infrared spectrum showed sharp in- 
tense bands at 1010 and 1090 cm-' (p-chlorophenyl) and 
no band at 700 cm-' (phenyl). Infrared spectra of the 
crude fractions showed a moderate intensity band at 700 
cm-' which diminished in relative intensity with elution 
volume. Infrared bands associated exclusively with start- 
ing material and p-chlorobenzophenone were absent from 
these fractions. On this basis, the second chromatographic 
band is composed of 6 with some 10-20% of its isomers. 
The overall distribution of organic material from the re- 
action was as follows: recovered starting material, 28%; 
6 and isomers, 48%; material associated with the brown 
precipitate, 26%. 

Reaction of Chromyl Cl~loricle with B~fluorer~ylider~e 
The addition of a solution of chromyl chloride (1.5 g, 

18 mmole) in carbon tetrachloride (10 ml) to bifluoreny- 
lidene (3.0 g, 9 mmole) in carbon tetrachloride (75 ml) 
at room temperature resulted in the rapid formation of a 
brown precipitate. Work-up of the reaction mixture in the 
usual fashion followed by chromatography of the prod- 
uct on alumina gave fluorenone in 45% yield. Two 
other products in lower yield were not identified. 

Reaction of Mn(III) Acetate with Tefrapkenyletl~yler~e 
Mn(1II) acetate (1.6 g, 6.9 mmole) was allowed to react 

with 3 (1.0 g, 3.1 mmole) in glacial acetic acid at 100" 
for one day. The brown solution was evaporated to dry- 
ness and the residue dissolved in a mixture of chloroform 
and water. The infrared spectrum of the residue from the 
chloroform layer indicated the presence of mainly the 
starting material, 3, and some benzophenone. 

Mn(1II) acetate and 3 failed to give any appreciable 
reaction in carbon tetrachloride or methylene chloride 
possibly because of the low solubility of the salt. 
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Sur la rkduction par LiAlH, de quelques dbriv6s de 
I'hydroxym6thyl~ne-2 trimkthyl-3'5'5 cyclohexanone 

JEAN-CLAUDE RICHER ET WILLIAM A. MACDOUGALL' 
Departemetzt de Chimie, Universitd de Mo~ztrtal, B.P.6128, Mot~tr&al, Qutbec 

R e ~ u  le 8 mai 1968 

La reduction des ethers 0- et S-butyliques de I'hydroxymCthylene-2 trimethyl-3,5,5 cyclohexanone 
est examin6e. La nature des produits de reduction obtenus apres hydrolyse des con~plexes intermediaires 
en milieu alcalin est cornparee avec ceux provenant d'une hydrolyse effectuee en milieu acide. 

Canadian Journal of Chemistry, 46, 3703 (1968) 

Introduction 
Alors que Schinz et ses collaborateurs (1,2) 

ont suggCrC que la rCduction par LiAlH, dYCthers 
Cnoliques dCrivCs d'hydroxymCthylitne-2 cyclo- 
hexanones suivie d'une hydrolyse des complexes 
intermediaires par l'acide sulfurique conduit 
principalement aux aldehydes a,P non-saturkes, 
il a pu Ctre mis en evidence dans plusieurs cas 
(3-6) que de telles rkductions conduisent frC- 
quemment a des additions 1,4 de l'hydrure sur 
1'Cther enolique. Dans le cadre de ces travaux il 
nous apparaissait intCressant d'examiner la 
nature des produits obtenus lors de la rtduction 
par LiAlH, d'Cthers Cnoliques (2b et d) derives de 
I'hydroxymCthylitne-2 trimethyl-3,5,5 cyclohex- 
anone (2a). Les rCsultats obtenus au cours de 
cette Ctude font l'objet du prCsent travail. Les 
conclusions auxquelles ilous arrivons sont com- 
parCes B celles rapportCes par Vonderwahl et 
Schinz (2) pour la rCductioil par LiAlH, de 
1'Cther Cnolique 2c trits voisin de celui qui a kt6 
CtudiC dans le prCsent travail. 

(a) X = OH 
(b) X = OBu 
(c) X = OiBu 
(2) X = SBu 

Rksultats 
LYhydroxymCthylitne-2 trimtthyl-3,5,5 cyclo- 

hexanone (2a) est obtenue avec un rendement de 

'Les resultats rapportks dans cette communication sont 
extraits, en partie, du mCmoire soumis par M. W. A. 
MacDougall, a la Faculte des Sciences de I'UniversitC de 
Montreal, Montreal, en vue de I'obtention du grade de 
Maitre-es-Sciences (avril 1966). 

84% par formylation de la trimCthy1-3,3,5 cyclo- 
hexanone (1) selon la mCthode de Johnson et 
Posvic (7); les caractkristiques de ce produit sont 
conformes a celles dCja publiCes (8). La conversion 
de I'hydroxymCthylene 2a en butoxymtthylitne-2 
trimethyl-3,5,5 cyclohexailone (2b) est effectuie 
avec un rendement de 8 1 % en suivant les indica- 
tions de Seifert et Schinz (1) alors que la butyl- 
thiomCthylitne-2 . trimethyl-3,5,5 cyclohexanoile 
(2d) est obtenue avec un rendement pratiquement 
quantitatif en utilisant la mCthode de Ireland et 
Marshall (9). La structure de chacun de ces 
produits est confirmte par son spectre infra- 
rouge et rCsonance magnetique nuclkaire. 

La dCsulfurisation du  thiotther Cnolique 2d 
effectuCe B l'aide du nickel de Raney selon les 
iildications de Ireland et Marshall (9) conduit B 
un produit qui contiendrait d'aprits le spectre 
infra-rouge une forte proportion d'alcools 4 aux 
cBtCs de la cCtone saturCe 3. L'oxydation de ce 
mtlange brut par l'acide chromique selon la 
mCthode de Brown (10) fournit la tCtramCthy1- 
2,3,5,5 cyclohexanone (3) caractCrisCe sous forme 
de sernicarbazone de p.f. 186-188"; considerant 
que Kasman et Wright (1 1) ont obtenu une tCtra- 
mCthyl-2,3,5,5 cyclohexanone (3) qui, d'apres 
son mode de formation, devrait Ctre l'isomere cis 
et dont le p.f. de la semicarbazone est 143-145", 
il peut Etre suppost que le produit que nous avons 
obtenu est l'isomitre trans, le plus stable. Le 
chromatogramme en phase gazeuse de cette 
cttone montre toutefois la prtsence d'un autre 
produit, vraisemblablement l'isomitre cis qui 
serait prtsent B 11 %. 

La rCduction de la butoxymCthylitne-2 tri- 
mCthyl-3,5,5 cyclohexanone (2b) par l'hydrure de 
lithium et d'aluminium suivant les indications de 
Vonderwahl et Schinz (2) conduit B un melange 
rCactionne1 dont la composition a CtC dtterminke 
par chromatographie en phase gazeuse. Ces 
rtsultats, rapportis dans le tableau I,  indiquent 
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toutefois que 1'aldChyde attendu (5) est B peine 
le produit majoritaire dans le milieu rtactionnel; 
le trimCthy1-4,4,6 cyclohexene-1 carboxaldChyde 
(5), est is016 par l'intermidiaire de sa semi- 
carbazone de point de fusion 176-178', similaire 
B ceux rapportks pour le m&me dtrivC par 
Vonderwahl et Schinz (2) et par Ruzicka et ses 
collaborateurs (12). A la lueur des risultats 
indiquCs dans le tableau I et sachant que la cCtone 
saturie 3 peut provenir soit d'une addition 1,4 
d'hydrure (4, 5) sur la mCthylkne-2 trimCthyl- 
3,5,5 cyclohexanone (2e) formCe comme inter- 
mtdiaire soit par rearrangement en milieu acide 
(4-6, 13) de l'alcool allylique 6b, retrouvC dans le 
milieu rkactionnel, il s'avirait important de 
dkterminer sans ambiguitC la nature du pricurseur 
des cetones saturies 3. 

TABLEAU I 
Chromatographie en phase gazeuse des produits 

provenant de la reduction de 2b par LiAIH, 

Pourcentage 

Produits tR min Hydrolyse acide Hydrolyse alcaline 

'Evalu6 par speclroscopie infra-rouge sur le melange rtactionnel 
brut. 

Afin de vCrifier si le traitement par I'acide 
sulfurique modifie considirablement la nature 
des produits obtenus, la rCduction de 1'Cther 
Cnolique 2b par l'hydrure de lithium et d'alu- 
minium a CtC reprise et les aluminates inter- 
mediaires ont Ctt dCcomposCs en milieu alcalin 
au lieu d'en milieu acide. Les produits de la 
&action ont CtC distill& sous vide: la fraction 
principale (36.6% du rendement thCorique et 
p.e. 116-140"/15 mm) dont la composition, telle 
que dtterminCe par chromatographie en phase 
gazeuse, est rCsumCe dans le tableau I contient 
principalement l'alcool allylique 6b is016 par 
l'intermidiaire de son p-nitrobenzoate de p.f. 
92.5-93.5' ; les propriCtCs spectrales (i.r. et r.m.n.) 
de l'autre fraction (23.4 % du rendement thCorique 
et p.e. : 132-134"/1.8 mm Hg) correspondent B 
celles attendues pour le butoxymCthyl6ne-2 tri- 
mkthyl-3,5,5 cyclohexanol (6a). Le traitement de 
ce dernier intermidiaire par l'acide sulfurique 
concentrk et de la glace pendant 1 h i - 15" con- 

duit avec un rendement de 70% au trimtthyl- 
4,4,6 cyclohexene-1 carboxaldChyde (5) carac- 
tCrisC par l'intermtdiaire de sa semicarbazone de 
p.f. 174.5-176.5". Les rCsultats obtenus signifient 
donc que la riduction de 2b effectuCe par une 
quantiti CquimolCculaire de LiAlH, conduit 
d'une part au complexe (environ 40% du total) 
rtsultant d'une addition 1,2 de l'hydrure sur le 
groupement carbonyle; sa dCcomposition en 
milieu alcalin permet d'isoler I'hydroxyCther 6a. 
D'autre part le traitement des intermkdiaires en 
milieu alcalin permet de mettre en Cvidence la 
formation du methylhe-2 trimkthyl-3,5,5 cyclo- 
hexanol (6b) provenant d'une addition 1,4 de 
l'hydrure sur 1'Cther knolique 2b suivie d'une 
addition 1,2 de l'hydrure sur la mCthyl2ne-2 
trimCthy1-3,5,5 cyclohexanone(2e) formCecomme 
intermidiaire. Cette derni6re observation permet 
de conclure que peu de tttramtthyl-2,3,5,5 
cyclohexanone (3) est formCe par  addition 1,4 
d'hydrure sur la cCtone non-saturCe 2e. 

CHO CHX COOH 

5 6 7 

(a) X = OBu 
(b) X = H 
(c) X = SBu 

La rCduction par LiAlH, de  la butylthio- 
mCthyl2ne-2 trimethyl-3,5,5 cyclohexanone (2d) 
suivie par une dicomposition alcaline des com- 
plexes intermkdiaires conduit, avec un rendement 
de 69%, aprks distillation des produits de la 
rtaction sous pressioil rtduite, B un distillat 
contenant du soufre et dont le spectre infra- 
rouge indique la presence d'alcools et de produits 
carbonylCs ; la composition du mClange riaction- 
nel est rCsumCe dans le tableau 11. Une oxydation 
douce, par l'oxyde d'argent en milieu alcalin, 
effectute sur ce mtlange permet de transformer 
I'aldthyde 5 en acide correspondant 7 et d'isoler 
une fraction neutre contenant le butylthiomtthyl- 
ene-2 trimCthy1-3,5,5 cyclohexanol 6c pur 2 
78 %. L'hydrolyse de cet hydroxythioCther 6c 
par l'acide chlorhydrique 10% B reflux, en suivant 
les indications de Ireland et Marshall (9), 
conduit avec un rendement de 95 % B l'aldChyde 
m , p  non-saturC (5). Le fait que 1'hydroxyCther- 
Cnolique 6c ne se soit pas dtcomposC par distil- 
lation indique que ce produit est relativement 
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stable B la chaleur et que la composition indiqute 
pour le mtlange distill6 de rtduction reflete B peu 
de choses pres la composition de ce mtlange avant 
sa,  distillation. Les rtsultats rapportts dans le 
tableau I1 indiquent donc que la rtduction par 
LiA1H4 de la butylthiomtthylene-2 trimtthyl- 
3,5,5 cyclohexanone (2d) conduit d'une fagon 
prtpondtrante B une addition 1,2 de l'hydrure 
sur le groupement carbonyle (94% du total). 
Ce processus principal serait accompagnt d'une 
faible quantitt d'addition 1,4 d'hydrure sur le 
systtme conjugut; comme dans le cas prtctdent, 
la mtthylene-2 trimtthyl-3,5,5 cyclohexanone 
(2e) formte comme intermtdiaire serait rtduite 
presque exclusivement par une addition 1,2 de 
l'hydrure sur le groupement carbonyle et don- 
nerait naissance au mCthyl6ne-2 trimethyl-3,5,5 
cyclohexanol(6b) observe dans le milieu rtaction- 
nel. 

TABLEAU I1 

Chromatographie en phase gazeuse des 
produits provenant de la reduction de 

2d par LiAIH, 

Produits t,(min)* % 

*Analyse effectuee ti 170' a l'aide d'une 
colonne de 2.5 m contenant du Polyester de 
Craig depose ti 15% s u r  du  Chromosorb P 
(30-60). 

Afin de vtrifier les propos de Dreiding et Hart- 
man (13) en ce qui regarde le rearrangement en 
milieu acide d'alcools allyliques cycliques, le 
mtthylene-2 trimtthyl-3,5,5 cyclohexanol (6b) a 
t t t  trait6 par I'acide sulfurique dilut B reflux 
pendant 3 h;  le produit rtactionnel brut analyst 
par chromatographie en phase gazeuse contient 
83.3 % de tttramtthyl-2,3,5,5 cyclohexanone (3) 
caracteriste par l'intermtdiaire de sa semicarba- 
zone. Ce rtsultat, en accord avec les observations 
prtctdentes (4-6, 13), confirme une fois de plus 
la gentralite de la transformation d'cr-methyl- 
~necyclohexanols en mtthylcktones correspon- 
dantes sous l'influence d'acides. 

Les rtsultats obtenus au cours du prtsent 
travail peuvent &tre rationalists B l'aide du mtca- 
nisme rtactionnel propost prtctdemment (4-6). 
Les proportions d'addition 1,4 sur les mtthylenes- 
2 trimtthyl-3,5,5 cyclohexanones substitutes sont 
rtsumtes dans le tableau 111; pour fins de com- 
paraison les rtsultats obtenus prtctdemment dans 

d'autres stries sont mis en regard. I1 ressort de 
l'examen de ce tableau que les proportions 
d'additions 1,4 sur les tthers S-butyliques d'hy- 
droxymtthylene-2 cyclanones sont toujours plus 
faibles que dans le cas des tthers 0-butyliques 
correspondants. Cette observation prtsente beau- 
coup dYinttr&t dans le domaine synthttique. 

TABLEAU 111 
Pourcentages d'addition 1,4 d'hydrures sur  des 

methylene-2 cyclanones substituees 

X=  OBu SBu H 

'Tire de la r6fbrence 4. 
tTir8 de la reference 5. 
$Present travail. 
5Valeur derivke des resultats obtenus 101s de la decomposition des 

complexes intermediaires par hydrolyse alcaline. 
IITirB de la ref~rence 6. 

Partie experimentale 
Les spectres infra-rouges des produits ont CtC pris a 

I'ttat pur avec un spectrophotornetre Beckmann, modele 
IR-8 a faisceau double. Les chromatographies en phase 
gazeuse ont CtC effectuees sur des appareils Burrell 
(Kromo-Tog K-2) et F & M (modele 810) dans les con- 
ditions indiquees. Les spectres de resonance magnetique 
nucleaire ont Cte mesurts sur un spectrometre Varian, 
modtle A-60; les deplacenlents chinliques (6) en parties 
par lnillion (p.p.111.) sont exprimes par rapport au tttra- 
mtthylsilane cornlne etalon interne. Les spectres ultra- 
violets ont Ctt pris dans 1'Cthanol 95% a l'aide d'un 
appareil Bausch & Lornb, rnodele 505. Les indices de 
refraction ont e t t  mesures sur un appareil Zeiss, N" 
44061, et les points de fusion ont e t t  pris a I'aide d'un 
appareil microscope ("hot stage apparatus" de Reichert, 
Autriche). Les analyses Cltnlentaires ont ete effectuees au 
laboratoire du Dr. C.  Daessle, Montreal. 

Ethers inoliques 
Bufoxy1nt!thyli.r1e-2 trimithyl-3,5,5 cyclol~exanone 26 
Une solution contenant 8.1 g (0.048 mole) de 2a (9), 

7.1 g (0.096 mole) de butanol-I, et 100 mg d'acide 
p-toluene sulfonique dans 120 rnl de benzene anhydre est 
chauffee it reflux et l'eau formCe au cours d e  la reaction 
CliminCe par distillation azkotropique. L'ither 2b (8.7 g, 
81 % du rendenlent thtorique) est isole a la maniere 
habituelle et prtsente les caracteristiques suivantes: p.e.: 
101-104"/0.6 rnrn Hg; n D Z 5 :  1.4778; i.r.: bandes fortes a 
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1665 crn-' (carbonyle insaturt en a, (3) et 1575 crn-' 
(double liaison); r.rn.n.: bandes a 4.00 p.p.rn. -OCH,- 
(triplet) et 7.30 p.p.rn., proton vinylique. 

Brityltl~iotnkthyline-2 trimkthyl-3,5,5 cyclohexanone 2d 
Suivant le rn&rne protocole experimental, 16.2 g (0.1 

mole) de 2a sont traitts par 15.1 g (0.17 mole) de butane- 
thiol-1 et conduisent a 23.8 g (rendernent thtorique) du 
thiotther 2d qui prtsente les caracteristiques suivantes: 
p.e.: 162-172"/3.5 rnm Hg; nDZ3: 1.5195; i.r.: bandes 
fortes a 1665 crn-' (carbonyle insaturi en CY, (3) et 1530 
cm-' (double liaison); r.rn.n.: bandes a 2.8 p.p.111. 
-S-CH,- et 6.85 et 7.45 p.p.rn. protons vinyliques 
trans et cis par rapport au carbonyle adjacent. 

Rdductiotl des Cthers knoliq~res; caractkrisation des 
prodriits de rkfirence 

Titra~t1ktl1yl-2,3,5,5 cyclohexano~le (3) et 
cyclohexat~ols 4 

Le traitement de 6.8 g du thiokther 2d par 26 g de nickel 
de Raney en solution Cthanolique (9) conduit A 3.4 g (76 % 
du rendernent theorique) d'un produit dans le spectre i.r. 
duquel des bandes a 3480 crn-' (alcool) et 1705 crn-I 
(citone saturke) sont prksentes. La C.P.G. de cette frac- 
tion a 150" (debit d'heliurn 28 rnl/rnin) a l'aide d'une 
colonne de verre de 2.5 rn contenant 15 % de Polyester de 
Craig depose sur du Chrornosorb P 30-60 indique la 
prCsente de la cCtone 3 (t, 15 rnin) et des alcools 4 
(t, 18 rnin). L'oxydation de ce melange par la methode 
de Brown (10) conduit a 3.1 g (91% du rendernent 
thtorique) de la trimethyl-2,3,5,5 cyclohexanone (4) qui 
presente les caracteristiques suivantes: p.e.: 60-65"/11 
rnm Hg; nDz6: 1.4583; i.r.: bande forte a 1705 crn-' 
(cetone saturee); C.P.G.: (conditions dCcrites ci-haut) 
pics a t, 11.1 rnin (89% du total) et tR 19 min (11 % du 
total et vraisernblablernent la cCtone cis. Ce produit ne 
disparait pas lorsque sournis a une nouvelle oxydation). 
Le traiternent de cette cetone par l'acetate de semi- 
carbazide (14) conduit a une sernicarbazone de p.f.: 
186-1 88" (six recristallisations d'un melange ethanolleau); 

Anal. calc. pour C1,H,,N30: N, 19.89. Trouve: 19.93. 
Rkduction de I'ktl~er 2b selon les indications de Vonder- 

wahl et Schinz (2)-Trimktl~yl-4,4,6 cyclol~extne-1 
carboxaldkhyde (5) 

La reduction (2) de 6.0 g (0.026 mole) de 1'Cther 26 par 
1.0 g (0.025 mole) de  LiAlH, est effectuee a reflux 
pendant 15 rnin; le melange est ensuite refroidi a - 15" et 
les complexes intermediaires dtcornposCs par additions 
successives de 3.75 rnl d'eau, 15 g de glace pilee et 19 rnl 
d'acide sulfurique concentre. Les produits de la reaction 
sont extraits a 1'Cther a la rnaniere habituelle; leur dis- 
tillation conduit h: la premiere fraction contenant 1 g 
(17% du rendernent theorique) et de p.e.: 35-8O0/17 
mm Hg contient (d'apres la C.P.G.) principalernent du 
butanol-1; la deuxierne fraction: 2.0 g (33 % du rende- 
rnent thkorique), p.e.: 84-102"/16 rnrn Hg;  nDz8: 1.4696; 
u.v.: rnax 231 rnp et log 3.72; i.r.: bandes a 3450 crn-' 
(hydroxyle), 2700 cm-' (aldehyde), 1675 cm-' (carboxyle 
insature en a, (3) a CtC analysi par C.P.G. (conditions 
dtcrites precedernrnent); le resultat de cette analyse 
apparait dans le tableau I sous llent&te hydrolyse acide. 
Le traiternent de ce melange par I'acetate de serni- 
carbazide (14) perrnet d'isoler l'aldkhyde 5 sous forme de 
sernicarbazone de p.f.: 176.6-178" (litt. (12) p.f.: 176- 
177"). 

Rkdriction de l'kther 26 auec dkcompositiotz alcaline: 
Prkparation et  propriktks drr britoxyrr~ktlzylit~e-2 (6a) 
et drr rr~ithyltne-2 (6b) trin1kthy1-3,5,5 cyclol~exat~ol 

La reduction de 6.0 g (0.026 mole) d e  l'ether 2b par 1 g 
(0.025 mole) de LiAlH4 est effectute e n  suivant les indica- 
tions dkcrites dans lasection prtctdente. Les complexes in- 
terrntdiaires sont dtcornpostes par additions successives 
de 3.75 ml d'eau et de  100 rnl de NaOH 10%. Les produits 
de la reaction sont extraits par 1'Cther a la rnaniere 
habituelle et purifies par distillation: la premiere frac- 
tion, 0.7 g et p.e.: 42-47115.5 rnrn Hg consiste essentielle- 
rnent en butanol-1 ; la deuxierne fraction, 2.2 g (36.6 % d u  
rendernent theorique) p.e. : 107-14O0/15 rnrn Hg; tlDZ8 : 
1.4638; i.r.: bandes a 3360 crn-' (hydroxyle), 1640 crn-I 
(double liaison) et  890 crn-' (double liaison exocyclique) 
a CtC analyse par C.P.G. (conditions decrites prCcCdern- 
rnent); les resultats sont compiles dans le tableau I sous 
I'entCte hydrolyse alcaline. Le traitement de cette fraction 
par le chlorure dep-nitrobenzoyle (14) conduit aup-nitro- 
benzoate de I'alcool 60, p.f.: 92.5-93.5" (rnCthanol/eau); 
r.m.n.:4.70et4.83 p.p.m. protonsvinyliques; 5.58 p.p.m. 
proton carbinolique et 8.24 p.p.rn. protons arornatiques. 

La saponification de 4.4 g de ce derive conduit a 2.4 g 
(rendernent thtorique) de I'alcool 6b qui prCsente les 
caracteristiques suivantes: p.e.: 97.5-98.5"/10 rnm Hg; 
nDZ6: 1.4750; i.r.: bandes a 3360 crn-' (hydroxyle), 
1640 crn-' (double liaison) et 890 cm-'  (rnethylene exo- 
cyclique); r.rn.n.: 4.10 p.p.rn. (proton carbinolique) 
4.47 et 4.63 p.p.m. (protons Cthyleniques). La troisieme 
fraction, 1.4 g (23.4 % du rendernent thtorique) p.e. : 
132-134"/1.8 rnrn Hg ;  tlDZ9: 1.4515; i.r.: bandes a 3530 
crn-' (hydroxyle), 1265 crn-' et 1230 cnl-I (Cther 
enolique) et 1050 crn-I (Cther); r.m.n.: 3.5 p.p.m. 
-0-CHz- 4.3 p.p.m. (proton carbinolique) et 4.65 
p.p.rn. (proton vinylique) prCsente toutes les caracteris- 
tiques prevues pour PhydroxyCther 6a. 

Rkductiotl de la butylthion~ktl~ylt~~e-2 trit~1itl1yI-3,5,5 
cyclol~exatlo~~e (2d); priparation dlr butylthiott~ktl~y- 
lkt~e-2 trirt1Ctl1yl-3,5,5 cyclol~exat~ol (6c) 

La reduction d e  4.8 g (0.020 mole) de 2d par 3.2 g 
(0.080 mole) de LiAIH4 dans l'ether anhydre en suivant 
les indications decrites dans la section prCcCdente conduit 
a 3.3 g (69 % du rendernent thkorique) d'un produit p.e.: 
78-163"/6 rnrn Hg; nDZ3: 1.5081 ; i.r.: bandes a 3460 crn-' 
(hydroxyle), 2700 cm-' (aldehyde), 1685 crn-' (carbonyle 
conjugue) et 1630 cm-' (double liaison). 

L'analyse de ce produit par C.P.G. (tableau 11) perrnet 
de  rernarquer la presence, en plus de  l'alcool 6b et de 
]'aldehyde 5 observes dans les milieux riactionnels 
precedents, d'un produit de temps de retention beaucoup 
plus grand que ceux correspondant aux produitsnorrnaux. 
Une oxydation douce de 2 g de ce melange par l'oxyde 
d'argent conduit apres I'Clirnination d e  la portion acide a 
0.3 g d'une fraction neutre de p.e.: 160°/13 mrn Hg; 
tlDZ5: 1.5104; et qui par fusion alcaline a u  sodium contient 
du soufre. En suivant les indications d'Ireland et Marshall 
(9) 0.3 g de cette fraction neutre est chauffe a reflux avec 
1.5 rnl d'HC1 lo%, 5 rnl d'kthanol sous agitation pendant 
24 h. Le melange extrait a la rnaniere habituelle conduit 
a 0.2 g (67 % de la quantite initiale) d'un liquide jaunltre 
dont le spectre i.r. montre la presence des bandes carac- 
tkristiques de I'aldehyde insaturk et pour lequel I'analyse 
par C.P.G. rnontre la presence d'un produit en prC- 
dominance (plus que  95 %) ayant un temps de retention 
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identique ti celui de la trimethyl-4,6,6 cyclohexkne-1 
carboxaldthyde. 

StabilitC des it~tertnkdiaires etz milieu acide 
Traitemerlt acide drr butoxytnkthyline-2 tritr~kthyl-3,5,5 

cyclohexanol(6a) 
Le traitement de 3g d'ether 6a pendant une heure par 

un melange de 3 g de glace pilee et de 4ml d'acide sulfu- 
rique concentre maintenu a -15"conduit apres extractions 
6 I'tther a la maniere habituelle a 2.1 g (70% du rende- 
ment thtorique) de produits qui, par distillation, livrent le 
trimethyl-4,6,6 cyclohexene-1 carboxaldehyde caractCrisC 
sous forme de sa semicarbazone de p.f.: 176.5-178". 

Traitenlet~t ncide d ~ i  tnkthylit~e-2 trimkthyl-3,5,5 
cyclohexnnol(6b) 

En suivant les indications de Dreiding et Hartman (13), 
1 g de l'alcool6b est chauffe a reflux, sous agitation, pen- 
dant trois heures, en prtsence de 50 ml de H,SO, 10%. 
Les produits (0.9 g, 90% du rendement thtorique), isolks 
a la maniere habituelle par extraction a I'ether, sont puri- 
fits par distillation; la C.P.G. indique que la tetramethyl- 
2,3,5,5 cyclohexanone (3) forme 83.3% du total. Cette 
cetone est caracttrisee sous forme de sernicarbazone de 
p.f.: 185-188.5". 
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Stkrkochimie de l'kpoxydation du tevt-butyl-3 cyclohex6ne 

JEAN-CLAUDE RICHER ET CHRISTIAN FREPPEL 
Diparietner~t tie Cllitnie, Utziversitd de MontrPal, B.P. 6128, Motltrdal, Q~rPbec 

R e ~ u  le 2 juillet 1968 

Le tert-butyl-3 cyclohexene, obtenu par pyrolyse de l'acttate du tert-butyl-2 cylcohexanol cis, a 
t t t  transform6 en tpoxyde et les rtsultats stCrCochimiques sont prtsentts. L'ouverture de ces Cpoxydes 
par l'hydrure double de lithium et d'aluminium ainsi que par le lithium dans l'tthylamine a aussi t t t  
examinte et les rtsultats obtenus sont discutes. 
Canadian Journal of Chemistry, 46, 3709 (1968) 

Introduction 

A la suite de travaux (1-3) qui nous ont amen6 
aexaminer lastCrCochimie, dela rCaction d'Cpoxy- 
dation de doubles liaisons faisant partie de cycles, 
il nous est apparu intCressant pour fins de com- 
paraison d'examiner la stCrCochimie de 1'Cpoxy- 
dation du tert-butyl-3 cyclohexbne (1). Les 
rCsultats obtenus au cours de cette Ctude font 
l'objet de la prCsente communication. 

RCsultats et Discussion 

L'alcene examink (1) a CtC prCparC pratique- 
ment pur par pyrolyse (4, 5) de 1'acCtate (2b) du 
tert-butyl-2 cyclohexanol-cis. Dans une reaction 
parallele impliquant la pyrolyse d'un mClange 
des acCtates (2b et 3b) des tert-butyl-2 cyclo- 
hexanols, il a Ctt observe que I'acCtate dCrivC de 
I'alcool trans (3a) est pyrolyse plus rapidement 
que I'acCtate dCrivC de l'alcool cis (2a); les 
rCsultats obtenus au cours de cette expCrience 
ont aussi permis de confirmer l'observation de 
Hiickel (4) concernant le fait que la pyrolyse de 
I'acCtate 3b conduit B un mClange d'alc8nes con- 
tenant principalement le tert-butyl-1 cyclo- 
hexene (4). Dans leur ensemble les rCsultats 
rapportis ici sont en accord avec la gCnCralisa- 
tion (6) selon laquelle la pyrolyse des acetates 
est une rCaction concertCe impliquant une "Cli- 
mination cis" des ClCments de l'acide acCtique; 
le fait que la pyrolyse de I'acCtate 3b soit .plus 
rapide que celle de I'acCtate 26 et qu'elle conduise 
2 un mClange d'olCfines dans lequel le tert-butyl-1 
cyclohex6ne (4) est en prkdominance sur le pro- 
duit (1) comportant la double liaison la moins 
substituCe mCrite toutefois quelques commen- 
taires. Afin d'expliquer l'obtention prCfCrentielle 
des olCfines les plus substituCes au cours d'une 
cis Climination, Barton (7) a suggCrC que ce fait 
pouvait &tre attribuC B une Cnergie d'activation 

plus faible pour la rupture d'une liaison carbone- 
hydrogene tertiaire compark a secondaire. Cope 
(8) a toutefois rapport6 que la pyrolyse de  l'oxyde 
de la N,N-dimCthylmenthylamine (7) conduit A 
un mClange d'olefines 8 et 9 dans lequel le pro- 
duit rksultant d'une Climination de l'hydrogene 
attach6 au carbone tertiaire (conduisant a 9) n'est 
pas prCpondCrant ; une explication conformation- 
nelle a CtC prCsentCe pour rationaliser ces rC- 
sultats. Quoique les observations rapportCes ici 
pour la pyrolyse des acitates 2b et 3b ne soient 
pas en contradiction avec la suggestion de  Barton, 
il semble qu'elles peuvent &tre mieux interprCtCes 
a I'aide d'une explication conformationnelle 
basCe sur le concept de la dkformabilite du noyau 
cyclohexanique (9-11). Alors qu'il est admis 
d'une manikre gCnCrale que les substituants cis 
(axialdquatorial) ont la possibilitC de  se rap- 
procher I'un de l'autre, il apparait toutefois que 
dans le cas des groupes tert-butyle et acCtoxyle 
de 2b une telle dkformation serait Cnergiquement 

+ c l - o - o  
OR d~ 

1 2 3 4 
(a) R = H 
(b) R = OCOCHS 
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TABLEAU I 
Epoxydations du rert-butyl-3 cyclohexkne (1) 

Conditions de rCaction 

Alckne Peracide Rendement % Cpoxyde 
Acide ~erbenzoi'que mmoles mmoles T e n i ~ s  brut lrar~s 

non-SubstituC (12) 50 80 24 h a 80" -50 % 8 9 % + 2  
p-Nitro (13) 14.4 21 2 h a reflux 85 % 

18 h a temp. 
87 % 

am biante 
m-Chloro (14) 14.4 21 48 h a 35" 75 % 90 % 

peu rentable a cause des interactions suppl6 
mentaires qu'elle crterait entre les groupes; dans 
de telles conditions il est probable que l'angle de 
liaison entre le groupe acttoxyle en 1 et l'hydro- 
gene equatorial en 6 sera normal. Par contre dans 
l'acttate 3b les groupes tert-butyle et acttoxyle 
sont dans la relation transditquatoriale qui leur 
permet de s'tloigner I'un de l'autre (angle de 
valence plus grand que 60"). I1 est & noter que ce 
mouvement qui rtduirait les interactions entre 
les substituants dans 36 aurait aussi comme effet 
de diminuer l'angle de valence-donc la distance 
-entre le groupe acttoxyle en position-1 et 
l'hydrogene tertiaire en position-2 permettant 
ainsi une tlimination plus facile de l'acide act- 
tique au cours d'un mtcanisme cyclique; ces 
considtrations permettraient de comprendre la 
facilitt relative de pyrolyse de 3b vs. 2b. Afin de 
pouvoir rationaliser la formation d'une propor- 
tion de 4 plus grande que 1 lors de la pyrolyse 
de 3b il est essentiel de realiser que la dtformation 
prtconiste plus haut pour cette moltcule im- 
plique principalement la rtpulsion facile des 
groupes tert-butyle et acttoxyle en positions-1 et 
-2 mais ne provoque que des dtformations d'an- 
gles de valence mineures entre le groupe acttoxyle 
en position-1 et les hydrogenes en position-6. 
D'aprhs les considtrations prtctdentes, il est 
possible de concevoir pourquoi l'tlimination de 
l'acide acttique est rendue plus facile entre les 
positions-1 et -2-oh les tltments i &tre tliminb 
sont rapprochts par une dtformation de la 
molCcule--que les positions-1 et -6 de 3b. 

Le traitement de la tosylhydrazone (12b) de 
la tert-butyl-2 cyclohexanone par le butyl-lithium 
(12) conduit aussi avec un excellent rendement 
ti du tert-butyl-3 cyclohexkne (1) d'une tres haute 
purett. 

L'tpoxydation du tert-butyl-3 cyclohexene 
par divers peracides (13-15) conduit toujours i 
des mtlanges d'tpoxydes contenant environ 12 % 

de I'isomere cis (5) et 88 % de l'isomhe trans (6); 
les rtsultats obtenus sont rtsumts dans le tableau 
I. Chacun des tpoxydes a pu &tre obtenu a l'ttat 
pur par chromatographie en phase gazeuse prt- 
parative. Les rtsultats rapportts dans le tableau I 
et selon lesquels l'tpoxyde formt en quantitts 
prtpondtrantes est l'isomere trans (6) suggerent 
que l'effet principal affectant la sttrtochimie de 
I'tpoxydation du tert-butyl-3 cyclohex&ne (1) est 
un facteur sttrique attribuable a la prtsence du 
groupe tert-butyle qui-8 cause d'une interaction 
1 :3 diaxiale (3, 16) entre un groupe mtthyle du 
tert-butyle et le rtactif-cache une face de la 
moltcule et provoque les rtactions d'tpoxydation 
vers la face opposte. Ces rtsultats dtmontrent 
une fois de plus l'influence des effets sttriques sur 
cette rtaction (17). 

La rtduction par le lithium dans l'tthylamine 
(1 8) d'un mtlange 14/86 des tpoxydes 5 et 6 con- 
duit a un mtlange de tert-butylcyclohexanols 
contenant 14 % de I'isomere 2-cis (2a), 9 % de 
l'isomere 2-trans (3a) et 77 % de l'isomere 3-trans 
(11). Ce rtsultat est en accord avec l'observation 
de Henbest (18) selon laquelle l'ouverture 
d'Cpoxydes par le lithium dans l'tthylamine 
s'effectue presqu'exclusivement d'une f a ~ o n  trans 
et diaxiale selon la gtntralisation de Fiirst et 
Plattner (19). 

Les rtsultats obtenus lors de la  rtduction par 
LiAlH, de divers mtlanges d'tpoxydes 5 et 6 
sont consignts dans le tableau 11. Ces rtsultats 
suggbent que I'tpoxyde cis (5) conduit unique- 
ment au tert-butyl-2 cyclohexanol-cis (2a) par 
une ouverture trans diaxiale en accord avec les 
gentralisations de  Plattner (18). Si I'ouverture 
de l'tpoxyde trans (6) se faisait suivant ces normes 
sa reduction par LiAlH, conduirait uniquement 
au tert-butyl-3 cyclohexanol-trans (11); cette 
ouverture impliquerait toutefois une attaque de 
l'hydrure cis par rapport a un groupe tert-butyle 
sur la position adjacente. Les rtsultats obtenus 
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RICHER ET FREPPEL: STEREOCHIMIE 

OH OH X 

10 11 12 

(a) X = 0 
(b) X =  N-NH-SO~--@CH, 

au cours du present travail-formation de 50% 
de 11, 35 % de 3a et 15 % de 10-sont toutefois 
en accord avec ceux obtenus par Rickborn et 
Lamke (20) lors de la rtduction de I'tpoxyde 
trans du mtthyl-3 cyclohexene et indiquent que 
I'ttat de transition menant B ce rtsultat est 
suffisamment Clevt pour que seulement la moitiC 
des moltcules rtagissent suivant ce processus. Le 
fait qu'iI ne se forme pas de tert-butyl-2 cyclo- 
hexanol-cis (2a) au cours de cette rtaction im- 
plique que le tert-butyl-2 cyclohexanol-trans (3a) 
formt ne provient pas d'une rtduction de la tert- 
butyl-2 cyclohexanone (12a) qui pourrait se 
former par rkarrangement de l'tpoxyde (21) en 
prtsence d'un acide de Lewis; il est bien connu 
(22) en effet que la rtduction de la tert-butyl-2 
cyclohexanone (12a) par l'hydrure double de 
lithium et d'aluminium conduit B un mtlange 
equimoltculaire des deux tert-butyl-2 cycle- 
hexanols (2a et 3a). L'hypothese qui permettrait 
le mieux d'expliquer la formation du tert-butyl-2 
cyclohexanol-trans (3a) serait le mtcanisme alter- 
natif-jug6 le moins probable-propost par 
Rickborn et Lamke (20) et impliquant la forma- 
tion initiale d'un produit dans une conformation 
croiste. Cette proposition est baste sur l'hypo- 
these que s'il n'est pas impossible d'imaginer 
dans le cas examint prtctdemment (20) qu'une 
portion de l'tpoxyde du mtthyl-3 cyclohexene 
pourrait Etre rtduite dans une conformation 
portant un substituant mtthyle axial, il apparait 
peu plausible-m&me si Garbisch (23) a suggtrt 
que plusieurs phenyl-1 cyclohexenes substituts 
en position 6 existent dans la conformation 
axiale-de concevoir qu'un groupe tert-butyle 
occupe une position axiale dans l'tpoxyde trans 
(6) du tert-butyl-3 cyclohexene. La prtsence du 
tert-butyl-3 cyclohexanol cis (10) peut &tre attri- 
bute a la rtduction par LiAlH, de tert-butyl-3 
cyclohexanone formte par rtarrangement de 
l'tpoxyde dans le milieu rtactionnel.' 

'La quantitk de tert-butyl-3 cyclohexanol trans (11) qui 
pourrait se former suivant cette route est tres faible 
puisque la reduction de la tert-butyl-3 cyclohexanone par 
LiAlH4 conduit a 91 % (24) de l'alcool cis (10). 

TABLEAU II 
Reductions, par LiAlH,, de melanges d'epoxydes 5 et 6 

- 

Comoosition des 
Composition des melanges produi'ts de reaction 

% cis (5)/ % trans (6) 2a 11 3a 10 

L'ensemble des rtsultats obtenus lors de ces 
reactions d'ouvertures d'tpoxydes permet de 
mettre en tvidence l'influence des effets sttriques 
sur ces rtactions. 

Pyrolyses 
Pyrolyse de I'acitate 26 du tert-butyl-2 cyclokexanol-cis 

-La pyrolyse de 32g d'acktate 26 est effectuk en 
I'ajoutant goutte a goutte (moins d'une goutte par 
seconde) dans un ballon contenant du verre pi16 et main- 
tenu a 450-500" au moyen d'un bain de sable. Les pro- 
duits form& (20 g, 77% du rendernent theorique) sont 
rCcuptres a la maniere habituelle et analyses par chrorna- 
tographie en phase gazeuse a 130" a l'aide d'une colonne 
de 12 pieds contenant du polyester de Craig (10%) ab- 
sorb& sur du Chromosorb P (30-60); le melange reaction- 
nel serait forme de 14% d'acetate 26 qui n'a pas reagi, 
6% de tert-butyl-1 cyclohexene (4) et 80% de tert-butyl-3 
cyclohexene (1). 

Pyrolyse d'un milarlge des acitates 2b et 36-Un me- 
lange 50150 des acetates 26 et 36 (13 g) est trait6 en suivant 
les techniques experimentales dicrites dans la section 
prkckdente et conduit a 8 g (65% du rendement theor- 
ique) d'un produit qui d'apres la c.p.g. dans les condi- 
tions decrites plus haut serait forme de 42% de tert- 
butyl-1 cyclohexene (4), 33 % de tert-butyl-3 cyclohexene 
(I), 25% d'adtate 26 et moins que 1 % d'acCtate 36. 

Par I'itztertnkdiaire de la tosylhjdrazone (126) de la 
tert-butyl-2 cyclohexar~one 

La tosylhydrazone (126) est obtenue quantitativement 
en faisant reagir, dans l'alcool absolu en presence d'une 
goutte d'acide chlorhydrique, un melange Cquimolecu- 
laire de tosylhydrazine et de tert-butyl-2 cyclohexanone 
(12a) a reflux pendant 18 h. Le derive, recristallise de 
1'Cthanol absolu, fond a 146147". Son spectre de masse 
montre un pic parent a 322 alors que son spectre de 
resonance rnagnttique nucltaire (r.m.n.) prCsente des 
bandes a 0.85 (C(CH3)3) et 2.45 (-CH3) p.p.m. 
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Re'actiotl auec le brrtyl-lithiur?l-Suivant la technique 
experimentale de Shapiro et Heath (12), 37 g de tosyl- 
hydrazone (126) dans 200 ml d'ither anhydre est trait6 
a 0" par 2 equivalents de butyl-lithium. Le niClange rC- 
actionnel hydrolyse au bout de 5 h est extrait a la nianiere 
habituelle et conduit a 15.7 g (99% du rendement 
theorique) de tert-butyl-3 cyclohexene (1) qui par 
chromatographie en phase gazeuse contiendrait moins 
de  1 % de tert-butyl-1 cyclohexene (4). 

Epoxydes (5 et 6) 
Le traitenient de 2 g de tert-butyl-3 cyclohexene en 

solution dans 20 ml de chlorure de methyltne par 4.0 g 
d'acide p-nitroperbenzoyque conduit a 1.9 g (85 % du 
rendenient theorique) d'epoxydes (5 et 6) qui peuvent 
&tre analysis par c.p.g. a 140" en utilisant une colonne 
de  cuivre de 10 pd. x 15 po. contenant de I'hyprose a 10% 
dCposC sur du Cliromosorb P. Le traitement de 16 g 
(injections de 0.2 nil) de ces Cpoxydes par c.p.g. prepara- 
tive a 150" utilisant un appareil Varian ACrograph No 
705 a I'aide d'une colonne d'aluminiuni de  20 pd. x 4 po. 
contenant de I'hyprose a 20% sur Chromosorb P, i l  a 
ete possible d'isoler 800 mg de I'ipoxyde cis (5) et 10 g 
dlCpoxyde trnru (6) pur. Les caracteristiques de l'isomm6re 
cis (5) sont: p.e.: 170°/10 nim Hg; /loz3: 1.4590; r.m.n.: 
groupe tert-butyl a 0.956 p.p.m. alors que les deux hydro- 
genes carbinoliques de I'tpoxyde apparaissent respec- 
tivenient a 3.03 et 2.88 p.p.ni.; le spectre de masse pri- 
sente un pic molCculaire a 154. L'isomere tr012s: p.e.: 
18O0/15 nini Hg; ?loz4: 1.4581; spectre r.m.n.: groupe 
tert-butyl a 0.969 p.p.m. et les deux hydrogenes carbino- 
liques de I'Cpoxyde apparaissent respectivement a 2.93 
p.p.m. et 2.83 p.p.ni.; le spectre de nlasse presente un pic 
parent a 154. 

Les riductions des Cpoxydes par I'hydrure double de 
lithium et d'aluminium ont &t i  effectuies de facon stan- 
dard (2). Les tert-butyl-2 (2a et 30) et tert-butyl-3 (10 et 
11) cyclohexanols isomtres nous etaient disponibles et 
les temps de  retention en c.p.g. de ces produits ainsi que 
ceux des epoxydes (50 et 6) ont Cte diterniines a 175" avec 
un dCbit de  gaz porteur de  35 ml/min a I'aide d'une 
colonne de cuivre de  10 pd. x + po. renfermant 15% 
d'hyprose dCposC sur du Chroniosorb W (30-60). Dans 
ces conditions les temps de rCtention sont les suivants: 
Cpoxyde cis (5) 6.2; Cpoxyde trolls (6) 7.3; tert-butyl-2 
cyclohexanol cis (20) 9.25; tert-butyl-2 cyclohexanol trans 
(3a) I1 ; tert-butyl-3 cyclohexanol trnrzs (11) 14.40 et tert- 
butyl-3 cyclohexanol cis (10) 18.40 niin respectivenient. 
Les produits de rtduction des Cpoxydes ont 6th identifies 
par coniparaison avec ces donnies et aussi par la mCthode 
de superposition des pics. 
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Bicyclic analogues of cyclohexane-l,4-dione. I. Bicyclo[3*2*2]nonan-6,8-dionel 

GORDON WOOD AND E. P. WooZ 
Departn~er~t of Chemistry, University of Windsor, Windsor, Ontario 

Received June 7, 1968 

Bicyclo[3.2.2]nonan-6,8-dione has been synthesized as an example of a molecule in which the 
cyclohexane-l,4-dione ring is constrained to non-chair forms. The synthesis includes the double de- 
carboxylation of the corresponding bridgehead diacid. This reaction is consistent with a new formu- 
lation of Bredt's Rule. Conformational studies suggest that the title compound exists in solution as 
an equilibrium mixture of two twist forms. 
Canadian Journal of Chemistry, 46, 3713 (1968) 

Introduction 

It is well known that cyclohexane and its deriv- 
atives exist predominantly in the chair form in 
which all the adjacent C-H and C-C bonds 
are staggered. The flexible (twist-boat) form is 
5.3 kcal higher in energy, mainly as a result of 
the partial eclipse of four pairs of adjacent C-H 
bonds (two ethane units). 

In cyclohexanone Certain flexible forms with 
only one eclipsed ethane unit are possible (1, 2). 
The net effect of the carbonyl, then, is to reduce 
the energy difference between the flexible and the 
chair forms. Cyclohexane-l,4-dione, with two 
carbonyl groups, would be expected to have 
certain flexible forms of even lower energy. The 
energies (relative to the chair forms) of the flex- 
ible forms of cyclohexanone and cyclohexane-1,4- 
dione have been calculated by Allinger (2). The 
values calculated for cyclohexanone agree well 
with experimental data (2-4). The minimum 
values calculated for cyclohexane-l,4-dione are 
1.8 kcal. Assuming reasonable values for the 
entropy difference between the chair and the 
flexible form it was concluded that the flexible 
form should be an important contributor, but 
that an unreasonably high entropy difference 
favoring the flexible form would be required for 
this latter to be the exclusive conformation (2). 
However, evidence from .X-ray crystallography 
(5), Kerr constant measurement (6), and infra- 
red and Raman spectroscopy (7) all support the 
exclusive preference for the flexible form. 

'Taken from the dissertation submitted by E. P. Woo 
in partial fulfillment of the requirements for the Ph.D. 
Degree from the University of Windsor, 1968. 

'Holder of a Province of Ontario Fellowship 1965- 
1968. 

In an attempt to clarify the conformational 
situation in cyclohexane-l,4-dione we have syn- 
thesized certain bicyclic analogues in which the 
additional bridge provides some constraint on 
the conformation of the dione ring. This paper 
describes the synthesis and some conformational 
studies of bicyclo [3.2.2]nonan-6,8-dione. This 
molecule lends itself t o  dipole moment studies 
since the two possible twist-boat forms have very 
different calculated moments. It may also prove 
useful as a precursor in the preparation of other 
disubstituted cyclohexanes locked in the twist 
conformation. 

Mass spectra were obtained on several of the 
compounds prepared. Some evidence for a new 
fragmentation of diketals will be presented in a 
separate publication. 

Results and Discussion 

Synthesis of Bicyclo[3 2.21nonan-6,8-dione 
We chose alkylation of diethyl succinylsucci- 

nate with 1,T-dibromopropane as entry to the 
bicyclo[3-2-2lnonane system (Scheme 1). The 
established procedure (8) for the synthesis of 
diethyl succinylsuccinate by condensation of two 
moles of diethyl succinate requires 3 t o  4 days 
of reflux. We found that with sodium hydride in 
monoglyme the reaction time was shortened to 
12 h with improved yield (75 %). Heating the di- 
sodium salt of diethyl succinylsuccinate with 
1,3-dibromopropane gave 50-55 % yield of 1,5- 
dicarbethoxybicyclo [3.2 2lnonan-6,8-dione 2, a 
substantial increase from the 30 % yield reported 
by Guha (9). Acid hydrolysis of 2 afforded the 
corresponding diacid 3. 

When the diacid 3 was heated to a temperature 
slightly above its melting point (ca. 245") for a 
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CH2C02Et NaH 
2 1 

CH2C02Et 

C02Et 

NaH 

few minutes, a ketone was obtained. The same 
compound was obtained in 60-65% yield by 
refluxing 3 in triglyme for 3-5 h.3 It was iden- 
tified as 1 by the following data. It gives a 
disernicarbazone and has infrared (i.r.) absorp- 
tion at 1725 cm-' (C=O). Its nuclear magnetic 
resonance (n.m.r.) spectrum shows multiplets at 
7.20 (2H), 7.37 (4H), and 8.20 (6H), which are 
assigned to the bridgehead protons, methylene 
protons alpha to carbonyl groups, and the six 
protons of the trimethylene bridge, respectively. 
Further proof of structure was accomplished by 
the synthesis of 1 through another pathway 
(Scheme 1). The diacid 3 was decarboxylated by 
the Hunsdiecker reaction to 4. Conversion of 4 
to the diketal 5 and subsequent hydrogenation 
afforded 6. Acid hydrolysis of 6 gave a diketone 
identical to that obtained from thermal decar- 
boxylation. 

Conformations of Bicyclo[3.2.2]nonan-6,8-dione 
Study of Drieding models suggests that there 

are two conformations of 1 which are free of 

'The ease of decarboxylation of 3 is not predicted by 
the S number formulation of Bredt's Rule. However, 
Wiseman (10) has proposed that S number is not as 
important as the ring size of trans-olefin formed. Our 
compound behaves in the manner predicted by this 
criterion. 

angle strain ( la  and lb). In both these forms the 
cyclohexane-l,4-dione ring is in a twisted boat. 
In one of these the carbonyl carbons lie in the 
same plane with the two carbons (C-5 and C-7) 
flanking one of them (la); in the other, one of 
the carbonyl carbons (C-8) lies on a plane with 
three (C-5, C-7, C-9) df the saturated carbons 
(lb). Between these forms lies a form in which 
the cyclohexane-l,4-dione ring is in a stretched 
boat form and the cycloheptanone rings are pure 
boat and pure chair forms. This form has some 
angle strain (models) so that it will be populated 
only if the non-bonded interactions are consider- 
ably less than in the twist forms. Our qualitative 
estimation suggests that the non-bonded inter- 
actions are at least as bad in the chair-boat form 
and therefore'we shall neglect this latter form. I t  
should be noted that the trimethylene bridge is 
capable of a flipping motion, but this does not 
result in any additional conformations because 
of the symmetry of the molecule. 
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WOOD AND WOO: BlCYCLlC ANALOGUES OF CYCLOHEXANE-1.4-DIONE 

l a  chair l b  chair 

l a  boat l b  boat 

FIG. 1. The chair and boat rings of the cycloheptanone moieties of l a  and lb. 

Some indication that 1  may exist in solution 
as a mixture of l a  and l b  is derived from the i.r. 
spectra. There are a number of bands between 
1100 and 1400 cm-' which are characteristic of 
ketones. We have compared spectra obtained in 
the solid phase (KBr pellet) with those obtained 
in solution (CCI,). In both spectra we find six 
major bands in this region (1095, 1120, 1210, 
1250, 1300, and 1335 cm-'), but the relative 
intensities are very different. The simplest inter- 
pretation of these results is that there is only one 
conformation present in the solid, but a mixture 
of conformations in solution. 

TABLE I 

Dipole moments of 1 

Conformation AGO 
Solvent p (D) (1a:lb) (la-lb) 

Benzene 1.39 89:ll 1.2 kcal 
Dioxan 1.81 82:18 0.9 kcal 

Stronger evidence for the presence of more 
than one conformation in solution comes from 
dipole moment studies. We have determined the 
dipole moment of 1  in benzene and in dioxan 
solution at 20". The moment of cyclohexane-1,4- 
dione was determined to be 1.25 D (benzene) by 
our method. This value agrees well with Allinger's 
result of 1.26 D at 18" (2). Our dipole moment 
results for 1  are presented in Table I. I t  will be 
noted that in both solvents the measured moment 
indicate2 significant amounts of each conformer4 

4Calculated values of dipole moments for l a  and l b  
were obtained by measurements of the carbonyl+arbonyl 
angle (ten measurements on two different models). The 
angles obtained (175" and 90") and the carbonyl group 
moment (3.00 D) leads to values of 0 D and 4.2 D for 
l a  aild lb. 

and further the proportion of the more polar l b  
is greater in d i ~ x a n . ~  The 1 kcal free energy 
difference between la  and lb may be the result 
of an H-H non-bonded interaction in l b  (Fig. 
1). Attempts to gain conformational evidence 
from variable temperature n.m.r. studies were 
unsuccessful. The spectrum of the diketone is 
constant over the temperature range studied 
(-99" to + 164"). 

Experimental 
Mass spectral analyses were performed by Morgan 

and Schaffer Corporation, Montreal. Dipole moments 
were calculated according to the method of Moll and 
Lippert (12) from the-dielectric constants determined with 
a Wissenschaftlich-Technische Werkstatten (Germany) 
Dipolemeter DMOI. Atom polarization was neglected 
throughout. Preparative gas-liquid chromatography 
(g.1.c.) columns were all of the same dimensions (8 ft x 
0.5 in.) and packed with 10 % silicone gum rubber SE-30 
or LAC-728, on Diatoport W, 80-100 mesh. Micro- 
analyses were performed by Midwest Microlab, Inc., 
Indianapolis, Indiana. 

The structures of all compounds reported are in accord 
with their infrared (i.r.) and nuclear magnetic resonance 
(n.m.r.) spectra. 

Diethyl Succirrylsuccinate 
Sodium hydride (0.2 mole, 9.6 g of 50% dispersion in 

mineral oil) was stirred in 80 ml of monoglyme (dried 
over sodium wire). t-Butyl alcohol (0.5 g) was added and 
the solution was heated at 60" until gas evolution ceased. 
Ethyl succinate (0.2 mole, 34.9 g) was added dropwise 
over a period of 0.5 h. After addition was complete, the 
viscous slurry was stirred and heated at 6@65" for 12 h. 
Sufficient cold 6 N sulfuric acid was added to acidify 
the solution. The solid material was filtered and washed 
with petroleum ether and water. Upon recrystallization 
from ethanol, 37 g (75 %) yield of light-yellow solid was 
obtained, m.p. 125.5-126.5" (lit. (8) m.p. 126-127'). 

51n spite of its low bulk dielectric constant, dioxan 
behaves as a fairly polar solvent in the presence of polar 
solutes (1 1). 
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1,5- Dicarbethoxj)bicycl0[3. 2.2]1zona11-6,8-diorze (2) 
Sodium hydride (0.555 mole, 25 g of 53.5 % dispersion) 

and diethyl succinylsuccinate (0.25 mole, 64 g) were 
added alternately in small portions to 500ml of dry 
monoglyme. After all the reagents had been added, the 
slurry was heated at 100-110" for 3 h. Monoglyrne was 
removed in vaclro and 710 ml of 1,3-dibromopropane 
(freshly distilled) and 90 rnl of monoglyme were added. 
Heating was continued for 22 h. The mixture was fil- 
tered and the filtrate was steam distilled. The residue 
was allowed to cool with occasional shaking and crystal- 
lized from ethanol. The product was washed with 1 % 
sodium hydroxide solution until the washing was no 
longer yellow. Subsequent washing with water, cold 
ethanol and petroleum ether, and recrystallization from 
ethanol gave 38.5 g (52%) of 2, n1.p. 130-132.5" (lit. (9) 
rn.p. 132"). 

1,5- Dicarboxybicyclo[3~ 2~2]nona11-6,8-dione (3) 
The diester 2 was hydrolyzed by refluxing with 6 N 

hydrochloric acid for 8 h. Two recrystallizations from 
water gave an analytical sample, m.p. (decomp.) 245- 
247" (lit. (9) m.p. 238"). 

Anal. Calcd. for C1 1H1206: C, 55.00; H, 5.04. Found: 
C, 54.88; H, 5.08. 

1,5- Dibro11~obicyclo[3~2~2]nona~~-6,8-diorze (4) 
A solution of the diacid 3 (5 mmoles, 1.2 g) in 20 ml 

of warm water was titrated to the end-point of phenol- 
phthalein with 0.5 N sodium hydroxide, and treated with 
20% silver nitrate solution. The precipitate was filtered 
and repeatedly washed with water, methanol, and ether. 
After drying in a vacuum desiccator for 24 h, the disilver 
salt was mixed with 35 ml of carbon tetrachloride (dried 
over P205). Bromine (0.01 1 mole, 1.76 g, distilled from 
PzO,) was added dropwise with vigorous stirring. The 
solution was slowly heated to boiling and refluxed for 
8 h in the dark. The mixture was filtered and the filtrate 
distilled to give a residue which upon crystallization from 
a methanol-chloroform mixture gave 270 mg of 4, m.p. 
181-184", 19% yield. An analytical sample was obtained 
by recrystallization from a chloroform - carbon tetra- 
chloride mixture, m.p. 184.5-185.5". 

Anal. Calcd. for CqHloOzBrz: C, 34.88; H, 3.25; Br, 
51.59. Found: C, 34.88; H, 3.45; Br, 51.61. 

Diketal of 1,5-Dibromobicyclo[3~2~2]t1onan-6,8-dio~~e (5) 
The diketal 5 was prepared by refluxing 4 (3.6 g, 11.6 

mrnoles) with 0.5 g of p-toluenesulfonic acid and 5 rnl 
of ethylene glycol in 20 ml of benzene for 4 days. The 
benzene solution was washed with 5% sodium hydroxide 
and water. After removal of the solvent, the residue was 
crystallized from a hexane-ethanol mixture to give 3.47 g 
(75 %) of 5, m.p. 127-130". Two more recrystallizations 
gave an analytical sample, m.p. 128.5-130". 

Anal. Calcd. for Cl3Hl8O4Br2: C, 39.22; H, 4.56; Br, 
40.15. Found: C, 39.43; H, 4.54; Br, 39.96. 

Diketal of Bicyclo[3~2~2]r~ona1~-6,8-rlio1~e (6) 
Sodium (6.8 g) was added in small pieces over a period 

of 2 h to a well-stirred solution of 5 (3.27 g, 8.2 mmoles) 
in 110 ml of absolute ethanol. Precipitation of sodium 
bromide was observed when about one-quarter of the 
sodium had been added. The solution was cooled and 
poured into 600 ml of water and was extracted with five 

100-ml portions of 1:l mixture of petroleum ether and 
ether. The solvents were removed after drying to give a 
yellow oil which solidified on standing. Preparative g.1.c. 
(silicone gum rubber) gave 6 in 53 % yield, m.p. 63-64.2". 

Anal. Calcd. for C13H2004: C, 64.98; H, 8.39. Found: 
C, 65.17; H, 8.31. 

Hydrolysis of 6 
The diketal 6 (430 mg, 1.8 mmoles) and 6 ml of 1.2 N 

hydrochloric acid was refluxed for 7 h.  The solution was 
poured onto 15 g of ice and extracted with methylene 
chloride. After washing with a 10% sodium bicarbonate 
solution and drying, the solvent was evaporated to give 
290 mg (79%) of bicyclo[3.2.2]nonan-6,8-dione, 1. The 
crude product was purified by sublimation (85"/5 mm) 
to give 215 mg of pure material, m.p. (sealed tube) 218- 
223". This sample was shown to be pure by g.1.c. and 
thin-layer chromatography (t.1.c.) (silica gel). Multiple 
recrystallizations from various solvents and sublimations 
did not narrow its broad melting range.6 

Anal. Calcd. for C9H1202: C, 71.10; H, 7.95. Found: 
C, 70.85; H, 7.86. 

The disemicarbazone of 1 melts a t  277.5-279". 
Anal. Calcd. for Cl,H180zN6: C, 49.61; H, 6.81; N, 

31.56. Found: C, 49.66; H, 7.00; N, 31.86. 

Decarboxylation of 1,5-Dicarboxybicyclo[3~2~2]rzona1t- 
6,8-dione 

(a) The diacid 3 (0.5 g) was placed in a sublimator 
which was quickly heated to 240-245" in  an oil bath. The 
solid melted with evolution of gas a n d  a light-yellow 
solid began to collect on the cold-finger. Reaction was 
complete after 15 min. Recrystallization from ether 
afforded 61 mg of impure 1, m.p. (sealed tube) 194-212". 
Purification was achieved by conversion of 1 to its 
diketal, 6. A sample obtained this way is identical in 
every respect (i.r., n.m.r., g.l.c., and m.p.) to that ob- 
tained previously. 

(b) A solution of 3 (24g, 0.1 mole) and 300 ml of 
triglyme was refluxed for 5 h (temperature of the solution 
was 210-218"). Evolution of carbon dioxide was followed 
by the weight increase of the Ascarite tube. The reaction 
became very slow after 3 h of heating. At the end of 
5 h, the weight of carbon dioxide generated indicated a 
conversion of 80% of diacid to 1, while g.1.c. showed 
81.5 % yield. The triglyme solution was poured into 2.5 1 
of benzene and extracted with five 1-1 portions of water. 
Benzene was removed after drying to  give a heavy oil 
which upon treatment with pentane gave a crystalline 
solid and a gummy material. The solid was dissolved in 
methanol and filtered to remove the gummy material. 
Evaporation of methanol and recrystallization from a 
hexane-benzene mixture afforded 16.1 g of 1. One sub- 
limation gave 13.9 g (62%) of pure material. 
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%imilar melting behavior was observed in tricyclo- 
[4.4.0.04.9] decan-3-one (13). 
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On the lead tetraacetate and related oxidations of aromatic ketoximesl 
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Fluorenone and benzophenone oxime react in glacial acetic acid with lead tetraacetate to give parent 
ketones, geminal dinitromethanes, iminyl ketal derivatives (9,9-difluorenylideniminoxylfluorene and 
l,l-bis(diphenylmethylideniminoxyl)-diphenylmethane), and minor amounts of oxime 0-acetate. 
Benzophenonenitrimine is also formed but only in the absence of oxygen. Side reactions due to nitricoxide, 
oxygen, and nitrogen dioxide take place. Separate studies with these oxidizing agents have therefore 
been conducted. The lead tetraacetate oxidation of these oximes in methylene chloride (or any other 
so1vent)is complete with a half-mole equivalent of lead tetraacetate, is insensitive to molecular oxygen, 
and affords mainly parent ketone and ketazinemonoxides. No  ketazine-bis-N-oxides, obtained from 
the ferricyanide oxidation of these oximes, are formed. The model oximes, benzil anti-monoxime, 
xanthone oxime, and indanone oxime have been studied in the light of these observations. Mechanisms 
involving iminoxyl radicals have been postulated for all reactions studied. 
Canadian Journal of Chemistry, 46, 3719 (1968) 

Introduction 
It has been shown by electron spin resonance 

(e.s.r.) measurements that iminoxyl radicals 
formed by lead tetraacetate oxidations of bis- 
arylketoximes are very stable, with half lives 
ranging from 0.5 to 5.5 min (1). No reports have 
been published on the chemistry of these oxi- 
dations, except for the ferricyanide oxidation of 
benzophenone oxime (2), which gives benzo- 
phenone, benzophenone azine monoxide, and 
benzophenone anhydride N-oxide (2b), probably 
better formulated as azine-bis-N-oxide (3b). 
Similar oxidations of aliphatic ketoximes and 
substituted acetophenone oximes generate much 
shorter-lived radicals (I), with gem-nitrosoace- 
tates generally produced as final products (3, 4); 
hindered and strained ketoximes generally lead 
to hydroxamic acids (5). In the following, the 
lead tetraacetate and related oxidations of fluo- 
renone, benzophenone, xanthone, indanone, and 
benzil anti-monoxime (la-e) in glacial acetic acid 
and methvlene chloride will be described. 

The products obtained in these oxidations de- 
pended on the nature of the oxime and the oxi- 
dizing agent used, the solvent, the ratio of 
oxidizing agent to substrate and the presence of 
oxygen. Compounds isolated or detected were 
gem-dinitro compounds (4), iminylketals (5), 
azine monoxides (6) and bis-oxides (3), oxime- 
0-acetates (7), parent ketones, and a nitrimine 

'Abstracted from the Ph.D. thesis of M. M. Frojmovic. 
Present address: Department of Physiology, McGill 
University, Montreal, Quebec. 

'Holder of a National Research Council of  Canada 
Bursary, 1963-1964, and Studentships, 1964-1966. 

(8). In order to simplify the discussion, structure 
proofs of products obtained will be first given. 

Structure and Properties of Products 
Gem-dinitro Coinpounds (4) 
The molecular formula of 9,9-dinitrofluorene 

(4), CI3H8N,O4, was confirmed by mass spec- 
troscopy (M+ = 256). Its ultraviolet (u.v.) spec- 
trum showed maxima at 246 (E 26 000) and 276 
(E 6800) mp which are typical of the fluorenyl- 
idene skeleton. The infrared (i.r.) spectrum con- 
tained peaks at 1567 and 1350 cm-', charac- 
teristic of the NO,-stretching vibrations. Al- 
though stable to acid, compound 4a decomposed 
with evolution of nitrous fumes and formation 
of fluorenone upon heating to its m.p. at 130", 
Dinitrodiphenylmethane (4b) and 1,l-dinitro- 
indane ( 4 4  had similar chemical and spectro- 
scopic properties. 

Zminoxyl Ketals (5) 
9,9-Difluorenylideniminoxylfluorene (Sa), C3,- 

H24N202,  had a molecular weight of 597 
(osmometry). Its i.r., u.v., and mass spectra 
(Table I) were consistent with the structure 
assigned. Hydrolysis of ketal 5a gave two equiv- 
alents of oxime and one equivalent of ketone. 
This ketal was synthesized in low yield by re- 
action of 9,9-dichlorofluorene with two equiv- 
alents of the sodium salt of fluorenone oxime in 
dimethyl sulfoxide. The analogous ketal 5b, de- 
rived from benzophenone, was characterized in 
a similar manner. 

Fluorenone Azinemonoxide (6a) 
Compound C,,H,,N,O had an u.v. (255 

(E 53 000) and 261 ( E  65 000) mp) and an i.r. 
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gZF la ,  )= 
R' 

b, R = R 1 = +  

(1540 and 1268 cm-') spectrum consistent with 
the structure 6a. Its mass spectrum contained 
peaks at mle 356 and 180 due to loss of oxygen 
and nitrogen, respectively (Table I). Reduction of 
64 with triphenylphosphine gave fluorenonazine, 
which was independently synthesized by the 
autoxidation of fluorenone hydrazone in glacial 
acetic acid. Hydrolysis of 6a in glacial acetic acid 
containing concentrated hydrochloric acid gave 
fluorenone (63 %) and 9-chlorofluorene (33 %). 
The formation of 9-chlorofluorene is somewhat 
surprising since a similar hydrolysis of aldazine 
monoxides was reported (6) to give the corre- 
sponding aldehyde and primary acetate. 9- 
Diazofluorene, suspected to be the intermediate 
in the hydrolysis of 6a, gave 9-chlorofluorene in 
acetic acid - hydrochloric acid, and 9-fluorenyl 
acetate in pure acetic acid. Benzophenonazine- 
monoxide (6b) had similar spectral and chemical 
properties. It was synthesized independently 
from benzophenone oxime and potassium fer- 
ricyanide (2). 

Fluorenone Azine bis-N-Oxide (3a) 
The compound Cz6H,,NzOz had i.r. and U.V. 

spectra similar to that of azine monoxide 6a. 
Acid hydrolysis gave a 1 : 1 mixture of fluorenone 
and its oxime. Pyrolysis gave fluorenone and the 

azinemonoxide 6a. These data do not permit 
differentiation of the azine bis-oxide structure 
3a from the anhydride N-oxide structure 2a. The 
i.r. spectrum of 3a does not correspond to the 
published spectra of other oxime anhydride N- 
oxides and furoxans (7). The R, value of 2a 
would be expected to be equal or less than that of 
azinemonoxide 6a.  The observed R, value was 
greater than that of 6a. The mass spectrum 
(Table 11) showed a peak at M-16, while further 
fragmentation was strikingly similar to that of 
azinemonoxide 6a. Based on these criteria, 
structure 3a is preferred to 2a. 

7, R = OAc 
8, R' = 4, R = NO2 

Benzophenone Nitrimine (8) 
Compound C,,H,,NzOz gave a mass spec- 

trum consistent with the nitrimine structure 8. 
Of note was the weak parent peak at mass 226 
and the base peak at mass 30 (NO') which has 
been observed for other nitro compounds (8). 
Independent synthesis of 8 was effected from 
diazodiphenylmethane and nitric oxide (9). 
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TABLE I observed for the above bis-arylketoximes. The 
Mass spectral data of fluorenone derivatives rapid (<< 1 min) lead tetraacetate oxidation of l e  

in glacial acetic acid was only slightly oxygen 
Relative Intensity sensitive and gave mainly a single, uncharac- 

Mass- 5a 6a 3a terized compound with spectral properties simi- 
charge lar to that of an azine dioxide (3). In addition, a 

ratio mle 70 eV lo eV 70 eV l2 eV 70 eV minor amount of ketone (only in the presence of 
358 7.3 4.2 0 .3  0 .9  1 .o  oxygen) and of oxime-0-acetate (7) was formed. 
357 25.9 13.0 1.7 6.4 2.7 The corresponding rapid oxidation in methylene 
356 
355 : : : !:; chloride was 0,-insensitive, required only a half- 
328 11.6 4 .0  2.4 1.3 1.9 mole equivalent of lead tetraacetate, and gave 
327 7 . 1  0 .0  4 .0  4 .0  2 . 3  50% of ketone as sole identifiable product. 
180 51.2 100.0 78.2 70.0 100.0 
179 45. 1 96.0 100. 100.0 28.6 Finally, no autoxidation of oxime l e  took place. 

Vapor 
Xanthone oxime (lc) and indanone oxime (Id) 

temp. ("C) 200 (Direct) 250(Indirect) 200 (Direct) both behaved very similarly to aliphatic ke- 
V A 1750V 1750V 1750V toximes (3-5). They underwent no autoxidation 
VM 2400V 2000V 2000V reactions. The lead tetraacetate oxidation of I d  

in oxygen-free acetic acid led to 50% gem- 
Mass Spectrometry of Fluorenone Derivatives nitrosoacetate and 50 % Parent ketone. All other 

The data shown in Table I for the mass spectra lead tetraacetate oxidations of l c  and I d  in 
of compounds 3a, 5a, and (ja indicate that loss various solvents Were insensitive to Oxygen and 
of an aromatic radical an important led to parent ketone only. The nitrations of these 
if not predominating process in the fragmen- oximes with NO,, as described for la and lb, 
tation of these compounds. This process prob- led to  70 % yield of a nitrated product similar to 
ably occurs through abstraction of a hydrogen and 8 % yield of 4d, 
radical by a departing fragmented radical, 
since no metastable peaks corresponding to M Discussion 
to M - 1 conversions were observed. It is obvious from the above results that the 

Product Distribution 
The results of the oxidation of fluorenone 

oxime (la) and benzophenone oxime (16) under 
a variety of conditions are shown in Table 11. 
Lead tetraacetate oxidations of these ketoximes 
in glacial acetic acid [entries 1, 2, and 91 led to 
products which could be independently formed 
by analogous reactions with molecular oxygen 
[6 and 111 and nitrogen dioxide [7, 8, and 121. 
The corresponding oxidation in methylene chlo- 
ride (representative of other solvents ranging 
from dimethyl sulfoxide to ether) led to different 
products whose distribution [3, 4, and 101 was 
now insensitive to oxygen and required only a 
half-mole equivalent of lead tetraacetate for 
complete reaction. It must be noted that the 
distinct difference described above was not re- 
flected in the e.s.r. spectra of iminoxyl radicals, 
which, in the case of aromatic ketoximes, have 
been reported to be relatively solvent inde- 
pendent (1 0). 

The products of oxidation of benzil-anti- 
monoxime (le) were very different from those 

oxidations of aromatic ketoximes do not pro- 
ceed via a single pathway, and that, in addition 
to the primary oxidation step, many secondary 
reactions involving oxygen and nitrogen dioxide 
take place. Although by no means proved, the 
following schemes may account for the forma- 
tion of various products described above. 

Gem-dinitro Compounds 
The most probable scheme for the formation 

of gem-dinitro compounds from the reaction of 
ketoximes with nitrogen dioxide may best be 
represented as shown in Scheme 1. A few re- 
actions of this type have been described in the 
literature (1 l), but no mechanism has been given 
to describe in detail the course of the reaction. 

Ionic reaction of dinitrogen tetroxide with 
fluorenone oxime was ruled out since the latter 
was inert to NOf (12). Dimerization between 
the iminoxyl radical and the NO, radical is ex- 
pected to be very facile since the electronic and 
geometric properties of these two radicals have 
been reported to be strikingly similar (13). The 
above scheme will readily explain the formation 
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Scheme 1. Gem-dinitro compounds. 

of pseudonitroles 13 reported for aliphatic ke- 
toximes (14) and aromatic aldoximes (15). For 
bis-aryl-pseudonitroles (never detected), radical 
displacement of NO by NO, most likely occurs 
as shown in step (d) above. It should be noted 
that an intermediate similar to nitrito-nitrone 12 
has previously been postulated (16, 17). 

Auto-oxidations 
Ionic reactions of organic compounds with 

oxygen have been reported (18). This type of 
mechanism may be ruled out since the sodium 
salt of fluorenone oxime was inert to oxygen. It 
is postulated that the auto-oxidation of fluore- 
none oxime is similar to the nitrogen dioxide 
oxidation depicted in Scheme 1. The iminoxyl 
radical initially formed can react with hydro- 
peroxyl radicals to form ketone and nitrous acid. 
Nitrogen dioxide, generated from the latter, can 
then lead to gem-dinitro products (Scheme 1). 

Auto-oxidations of the bis-aryl-ketoximes oc- 
curred only in glacial acetic acid and were totally 
quenched by catalytic amounts of water or acid. 
The latter phenomenon probably arises from the 
prohibitive activation energy required to form an 
iminoxyl radical whose unpaired electron cannot 
delocalize over both the iminoxyl oxygen and 
nitrogen (1 3). 

Lead Tetraacetate Oxidations 
Iminoxyl radicals produced in the lead tetra- 

acetate oxidations of the oximes studied may 
recombine with lead triacetate and/or acetoxyl 
radicals to form gem-nitrosoacetates which, in 
the case of aromatic ketoximes, can be expected 
to decompose to parent ketone and nitric oxide 
(3). Nitric oxide was in fact isolated from the 
lead tetraacetate oxidation of fluorenone oxime 
in glacial acetic acid. Subsequent formation of 

gem-dinitro products (4) can proceed as shown 
in Scheme 1. 

Iminyl Ketals (5) 
These may be formed by Scheme 2 represented 

for the oxidation of fluorenone oxime. The N- 
nitroso-nitrone 14 may behave as a radical trap 
in analogy with the similar behavior of nitroso 
compounds (19). 

Scheme 2. Iminyl ketal formation. 

Benzophenone Nitrimine (8)  
The formation of benzophenone nitrimine 

probably occurred via reaction of the iminoxyl 
radical of benzophenone oxime with nitric oxide3 

3Benzophenone oxime underwent rapid reaction with 
NO in glacial acetic acid to  give unidentified products, 
while fluorenone oxime was inert. 
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which has independently been shown to lead to 
parent ketone and nitrimine 8 (9, 20). 

Azine-bis-N-oxides (3) 
These have been obtained only in ferricyanide 

oxidations of bis-arylketoximes and probably 
arose as shown in Scheme 3. The intermediate 
16 has been proposed since similar radicals have 
been observed (21) in the oxidations of aromatic 
aldoximes which lead mainly to corresponding 
aldazine-bis-N-oxides (5, 7, 16). This inter- 
mediate 16 has not been observed in lead tetra- 
acetate oxidations of bis-arylketoximes, nor has 
the expected product 3 been detected in these 
oxidations. 

Scheme 3. Fluorenonazine-bis-N-oxide formation. 

Azinenzonoxide (6) 
The formation is not understood. No inter- 

mediates, including azine-bis-N-oxides, were 
ever detected in the reactions leading to 6 [3, 
5, and 10 in Table 111, including those conducted 
at temperatures from - 70" to room temperature. 

Fluorenonazine-his-N-oxide (3a) 
Fluorenone oxime (2.34 g) and potassium hydroxide 

(680 mg) in ethanol (40 ml) were added (16 min) to a 
vigorously stirred solution of potassium ferricyanide (6.8 
g) and potassium hydroxide (13.6 g) in distilled water 
(300 ml) kept at - 3  to -7'. The resulting suspension 
was allowed to warm up overnight to give a red oily pre- 
cipitate which was filtered. Addition of ether to the red 
oil gave 410 mg of light-yellow microcrystals of 3a, m.p. 
210" (decomposed). Two crystallizations from benzene- 
methylene chloride (7:l) gave an analytical sample of 3a 
(70 mg), m.p. 212.5" (decomposed), V K B ~  1620, 1520, and 
1235 cm-l. 

Anal. Calcd. for C 2 6 H 1 6 N Z 0 ~ :  C,  80.4; H, 4.15; N, 
7.21; 0 ,  8.24. Found: C, 81.8; H, 3.18; N, 7.00; 0 ,  8.08. 

Oxidation Products from Flrrorenotze Oxime (la) 
9,9-Dinitrofluorene (4a) 
Lead tetraacetate (1.4 g) in glacial acetic acid (3 ml) 

was added in 20 min to a stirred solution of la(585 mg) in 
glacial acetic acid (25 ml). Reaction was complete at the 
end of the a d d i t i ~ n . ~  The insoluble lead diacetate was re- 
moved by filtration. Water was added to the filtrate to 
give a yellow precipitate which was dissolved in methy- 
lene chloride, washed with saline water and NaHC03 
solution (5 %), and dried (MgS04). Crystallization from 
hexane gave 150 mg of 9,9-dinitrofluorene (4a) as pale- 
yellow needles, m.p. 129.5-131" (decomposed, NO, 
evolved). Recrystallization gave an analytical sample with 
m.p. 131-133" (decomposed) (reported m.p. 130-131.5" 
(decomposed) (1 6)). 

Anal. Calcd. for C t3H8N02 (mol. wt., 256): C, 60.94; 
H, 3.15; N, 10.93; 0 ,  24.98. Found (mol. wt., mass 
spectrometry, 256): C, 60.76; H, 3.53; N, 10.67; 0 ,  25.20. 

9,9-Dipuoretzyliderziminoxylfluorene (5a) 
( i )  Lead tetraacetate (1.2 g) was added to glacial 

acetic acid (50 ml) which was purged with dry nitrogen 
for 1 h. To this vigorously stirred solution was added 
fluorenone oxime (1 g). After 4 h the suspension was 
filtered to give 290 mg of Sa, slightly contaminated by l a  
(shown by thin-layer chromatography (t.l.c.)), m.p. 
264.5-265.5 (decomposed). Three recrystallizations from 
methylene chloride - ethanol gave an analytical sample of 
Sa, m.p. 267" (decomposed). 

Anal. Calcd. for C39H24NZOZ (rnol. wt., 552): C, 
84.60; H, 4.34; N, 5.06; 0 ,  5.78. Found (rnol. wt., 
osmometric-CHC13, 597): C, 84.46; H, 4.26; N, 5.16; 
0 ,  5.96. 

Experimental (ii) Fluorenone oxime (975 mg) was added to a solu- 

Getzeral tion of sodium hydride (480 mg of 50% NaH-oil sus- 

l-he lead tetraacetate used in all experiments was pension) in dimethyl sulfoxide. After 10 min, 9,9-di- 

obtained from Fisher scientific. ~t was crj,stallized from ~hlorofluorene, prepared according to ref. 22, was added. 
acetic acid, filtered, with a sheet of poly- The solution was stirred overnight in a nitrogen atmo- 

styrene and briefly kept under vacuum. ~t was then dried sphere. Addition of water gave a ~ r e c i ~ i t a t e  which was 
in an Abderhalden (refluxinn methanol and 0.1 mm Dres- 'Itered give ketal mg). 
sure). This compound was stored in the dark in vacu; for Fluorenotrainemonoxide (6a) 
a few days with no decomposition. Solvents were ob- Lead tetraacetate (1.4 g) was added to a stirred solution 
tained oxygen-free by distilling them in a stream of of l a  (1.17 g) in oxygen-free CH2C12 (200 ml). An opaque 
helium. Mass spectra were taken on a Hitachi Perkin- - 

RMU6D mass Wectrometer by and 4An aliquot (0.5 ml) was shaken with 0.1 N potassium 
Schaffer Corporation, Montreal. Low temperature infra- iodide solution (2 droos). Addition of starch solut~on 
red (i.r.) spectra were taken of solutions in 0.1 mm Amal- gave a purple &lor dniy when unreacted lead tetra- 
gam F T  cells (IRT-2) from Barnes Engineering Co. acetate remained. 
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chocolate brown suspension immediately formed. After 
4 h, lead acetate was removed by filtration. The CHzC12 
filtrate was washed with water, dried and evaporated in 
vacrro to give a red oil (1.55 g). Elution on silica gel (30 g) 
with hexane followed by hexane-benzene (1 : 1) yielded 
ketal 5a (36 mg) and dinitro compound 4a (20 mg). 
Elution with benzene gave initial fractions containing 
azinemonoxide 6a and further fractions containing both 
the latter and starting oxime. Crystallizations of the 
initial benzene fractions from MetOH gave red rosettes 
of 6a (141 mg), homogeneous by t.1.c. A recrystallization 
from CH2C12-petroleum ether (90-120") gave an analy- 
tic sample with m.p. 178". 

Anal Calcd. for C Z 6 H I 6 N z 0 :  C, 83.85; H, 4.33; N, 
7.52; 0,4.30. Found: C, 83.60; H,4.43; N, 7.80; 0,4.38. 

Dinitrodiplzenylmetlrane (4b), 1,l-bis(Diphe?rylmetIryl- 
iderrinzinoxyl)dipherzylmethatre (5b), arzd 
Betzzoplrerrorze Nitrir~zine (8)  

Lead tetraacetate (4.48 g) was added to a rapidly 
stirred solution of benzophenone oxime (2 g), rn.p. 143- 
144'", (lit. 142" (23)) in oxygen-free acetic acid in a nitrogen 
atmosphere. After 20 min, the reaction was ~ o m p l e t e . ~  
The acetic acid solution was evaporated irz vactio at 30". 
Methylene chloride (10 ml) was added, the lead acetate 
was filtered off, and the solution evaporated. The re- 
sulting oil (1.84 g) was crystallized from methanol at 
- 10" overnight to give colorless flakes (60 mg). Two 
crystallizations from methanol - methylene chloride gave 
an analytic sample with m.p. 170.5-171.5". 

Anal. Calcd. for C39H30NzOZ (mol. wt., 558.6): C, 
83.84; H, 5.41; N, 5.01; 0 ,  5.73. Found (rnol. wt., 547, 
osmometric-CHC13): C, 84.05; H, 4.93; N, 5.29; 0 ,  6.07. 

The mother liquor from the above reaction was evap- 
orated. The yellow oil was dissolved in hexane and 
poured onto a column of silica gel (60g). Elution with 
hexane-benzene (7:3) gave 226 mg of 6b, m.p. 78.5-79", 
homogeneous by t.1.c. Crystallization from hexane gave 
an analytic sample of 6b, m.p. 80.5-81" (decomposed, 
100" with NOz evolution). 

Anal. Calcd. for C13HloNz04 (mol. wt., 258.2): C, 
60.46; H, 3.90; N, 10.85; 0 ,  24.78. Found (rnol. wt., 
260, osmometric-CHCI,): C, 60.22: H. 4.79: N. 10.60: 
0,24.58. 

Further elution with hexane-benzene gave crystals of 
compound 8 (245 mg). m.p. 62-66". homogeneous by t.1.c. 
Crystallization froihexahe gave an anal& sample of 8, 
m.p. 70-71" (decomposed, 165" with NOz evolution), 
vNOz/KBr 1540 and 1270cm-' (s). 

Anal. Calcd. for C39HloNz02 (mol. wt., 226): C, 
69.01; H, 4.46; N, 13.48; 0 ,  14.14. Found (rnol. wt., 233, 
osmometric-CHCI3): C, 69.15; H, 4.55; N, 12.37; 0 ,  
14.16. 

Further elution with benzene afforded benzophenone 
(1.15 g) and elution with ether gave an oil (35 mg) prob- 
ably corresponding to benzophenone oxime-0-acetate 
(76) (i.r. 1765 cm- and Rf value = that of lb). 

Geminal Dinitrometharzes (4) 
The following general method was used: rnethylene 

chloride (25 ml) was briefly purged with nitrogen dioxide 
to give a light brown solution. The oxime (ca. 100mg) 
was added all at once to the stirred solution. Immediate 
reaction occurred. The light-green solution was evap- 

orated at room temperature in vncrro. Work-up was con- 
tinued as follows. 

(i) 9,9-Dinitrofluorene (4a) was obtained directly as 
pure crystals, m.p. 129.5-131". 

(ii) Pale-yellow crystals (174 mg) were obtained from 
oxime l h  (150 mg), treated as above, consisting of 4b and 
minor amounts of ketone. Crystallization from hexane 
gave pure 4b (115 mg), m.p. 79-79.Y.. 

(iii) The yellow oil (277 mg) obtained from indanone 
oxime (250 mg; prepared as in ref. 24) consisted mainly of 
indanone (t.1.c.). Elution on silica gel with hexane- 
benzene (1 :1) gave a yellow oil (31 mg) whose i.r. spec- 
trum in CHC13 contained bands characteristic of genz- 
dinitromethanes (1570 (s) and 1360 (m) cm-I). These 
absorption bands and the Rr value indicated that this 
product was probably 1,l-dinitroindane (4d). 

Entries to Table 11 
The experimental runs were conducted as previously 

described. All solids used in the oxygen-free experiments 
were degassed in the reaction flask prior to reaction. In 
order to simplify analysis of crude reaction mixtures, the 
following graphical technique was used. 

An aliquot was removed from the reaction mixture and 
analyzed by i.r. in 0.1 mm IRT cells. Bands a t  3565, 1765, 
1720, and 1570 cm-' could be empirically related to the 
amounts of oxime, oxime-0-acetate, ketone, and azine- 
monoxide, respectively for the cases of l a  and lb .  Work- 
up led to actual isolation of the above compounds, except 
for oxime-0-acetates (lo), which had R, values identical 
to parent oximes. Actual amounts of products 10 were 
empirically calculated from i.r. and nuclear magnetic 
resonance (BCDCI1 2.35 p.p.m.) spectra of the crude 
reaction mixtures. 
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Absolute configurations of 13-hydroxydocosanoic and 

A. P. TULLOCH 
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Methyl 13-D- and 13-L-hydroxydocosanoates have been synthesized from 9-0- and 9-L-hydroxy- 
octadecanoic acids. Comparison of these esters with the methyl ester of 13-hydroxydocosanoic acid, 
produced by Candida bogoriensis, shows that the natural product has the L-configuration. The known 
2-D-octadecanol has been prepared from 17-hydroxyoctadecanoic acid, produced by Tor~rlopsis apicola, 
showing that this acid also has the L-configuration. Most naturally occurring long-chain hydroxy acids, 
however, have the D-configuration. 

Canadian Journal of Chemistry, 46, 3727 (1968) 

The hydroxy fatty acids, 17-hydroxyoctadecan- 
oic acid and 13-hydroxydocosanoic acid, have 
been isolated from extracellular sophorosides 
produced by the yeasts Torulopsis apicola (1) and 
Candida bogoriensis (2) respectively. Because the 
methyl esters of both hydroxy acids were dextro- 
rotatory, even though the specific rotation of the 
C,, ester was very small, both were provision- 
ally assigned the L-configuration. However, other 
10.ng-chain hydroxy acids from plants and micro- 
organisms all have the D-configuration: 12-D- 
hydroxyoctadecanoic acid is obtained by hydro- 
genation of ricinoleic acid from castor oil (3), 
9-D-hydroxyoctadecanoic acid by hydrogenation 
of the hydroxy acid of Strophanthus seed oil (4,5), 
and a hydroxy acid from Coriaria nepalensis seed 
oil yields 13-D-hydroxyoctadecanoic acid on 
hydrogenation (6). These conclusions have been 
extended by optical rotatory dispersion studies 
(7). The 10-hydroxyoctadecanoic acid, produced 
microbiologically from oleic acid, also has the 
D-configuration (5). 

In view of these results it seemed advisable to 
confirm the configuration of the hydroxy acids 
from the yeasts. This was done by synthesis, by 
chain extension of both methyl 13-L- and 13-D- 
hydroxydocosanoates from 9-D-hydroxyocta- 
decanoate, the configuration of which is firmly 
established (4, 5, 7), and by converting 17-hy- 
droxyoctadecanoic acid to 2-D-octadecanol. 
Chain extension of hydroxy acids of known con- 
figuration has been used previously to establish 
the configuration of new hydroxy acids (3,4, 8). 

Methyl 9-D-hydroxyoctadecanoate was ob- 
tained from hydrogenated oil of Dimorphotheca 

aurantiaca (9, 10). The specific rotation in meth- 
anol solution is shown in Table I and is very 
similar to that reported previously (5). It was 
more convenient, however, to record the rotation 
in chloroform solution since it was nearly twice 
as large and also because methyl 13-hydroxy- 
docosanoate was very poorly solublein methanol. 

The 9-acetoxy acid was required for the next 
step, but acetylation of the hydroxy acid always 
gave the anhydride (cf. 11) which could not be 
hydrolyzed to the desired compound in reason- 
able yield. However, partial hydrolysis of the 
acetoxy methyl ester with one molar equivalent 
of sodium hydroxide gave the acetoxy acid. 
Anodic coupling of 9-D-acetoxyoctadecanoicacid 
with methyl hydrogen adipate gave, after de- 
acetylation, methyl 13-D-hydroxydocosanoate 
which had a specific rotation opposite to that of 
the ester from the glycoside of C. bogoriensis 
(Table I). Also, admixture of the two esters gave 
the racemic ester which had been previously 
synthesized (2). 

Next 9-L-hydroxyoctadecanoic acid was pre- 
pared from the p-toluenesulfonate of methyl 9-D- 
hydroxyoctadecanoate by treatment with sodium 
acetate. This method was described previously 
by Schroepfer and Bloch (5), but the intermediate 
tosylate was not characterized. The specific 
rotation of the methyl 9-L-hydroxyoctadecanoate 
(Table 1) indicated that very little racemization 
had occurred during inversion, whereas Schroep- 
fer and Bloch estimated that their product had 
an optical purity of 89 %. Coupling of 9-L-ace- 
toxyoctadecanoic acid with methyl hydrogen 
adipate gave methyl 1 3-L-hydroxydocosanoate 
indistinguishable from the natural ester. The 

'Issued as NRCC No. 10376. specific rotation is shown in Table I. 



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

TABLE I 
Specific rotations of methyl 9-hydroxyoctadecanoates and 13-hydroxydocosanoates (k0.05") at 25" 

Compound 

13-L-Hydroxy- 13-L-Hydroxy- 
9-L-Hydroxy- 13-D-Hydroxy- docosanoate docosanoate 

9-D-Hydroxyoctadecanoate octadecanoate docosanoate (Synthetic) (Natural) 
-- 

Wave- Methanol Chloroform Chloroform Chloroform Chloroform Chloroform 
length (mp) (c, 11.1) (c, 10.4) (c, 11 . 3 )  (c, 10.1) (c, 8.3) (c, 9.3) 

In assigning the configuration of 17-hydroxy- 
octadecanoic acid it was assumed that the ester 
group at the end of the chain would have little 
effect on the specific rotation and that it could 
be regarded as a 2-octadecanol (1) and would 
have the D-configuration since all dextrorotatory 
2-alcohols have the D-configuration (12-14). The 
rules of nomenclature, however, require that the 
17-hydroxy ester be named as an L-hydroxy 
compound. 

Since the ester group might conceivably have 
had an effect on the rotation, the 17-hydroxy 
ester was converted to the 2-octadecanol. Also, 
2-D-octadecanol has been previously isolated 
from the wax of tubercle bacteria (15). 17-Ace- 
toxyoctadecanoic acid was prepared from the 
acetoxy ester and electrolyzed with acetic acid 
to give 2-D-octadecanol on hydrolysis. The 
specific rotations are shown in Table 11; there is 
clearly very little difference between that of the 
2-alcohol and that of the parent 17-hydroxy 
ester, so that the latter can be safely assigned the 
L-configuration. The considerably smaller, but 
still positive, rotation of the acetoxy ester is 

similar to the rotations of the acetates of homol- 
ogous alcohols of shorter chain length (12). 

The fact that hydroxy acids from yeast lipids 
have the opposite configuration to almost all of 
the others from natural sources may have some 
bearing on the biosynthesis of these compounds. 
13-L-Hydroxyoctadecanoic acid has been pre- 
pared by reduction of the hydroperoxide obtained 
by the action of lipoxidase on linoleic acid (16). 
It seems unlikely, however, that dienoic acids 
would be involved in the biosynthesis of the yeast 
hydroxy acids. I t  is particularly unlikely in the 
case of 17-hydroxyoctadecanoic acid since un- 
saturated acids are always hydroxylated by 
Torulopsis at a position remote from the double 
bond (17). 

Experimental 
Specific rotations were measured at  25' in a 1-dm cell 

using a Perkin-Elmer model 141 Polarimeter. Nuclear 
magnetic resonance (n.m.r.) spectra were measured with 
carbon tetrachloride as solvent, using a Varian HA-100 
spectrometer. Chemical shifts are in parts per million 
(p.p.m.) from tetramethylsilane (internal standard). Gas- 
liquid chromatography (g.1.c.) was carried out as de- 
scribed previously (1 8). 

TABLE I1 
Specific rotations of methyl 17-L-hydroxyoctadecanoate and derived compounds in chloroform 

(+0.04to k0.06) 

Compound 

Wave- Methyl 17-L-hydroxy- Methyl 17-L-acetoxy- 17-L-Acetoxy- 
length octadecanoate octadecanoate octadecanoic acid 2-D-Octadecanol 
(mw) (c, 4.8) (c, 6.0) (c, 3.4) (c, 4.2) 
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Methyl 9-D-Hydroxyoctadecanoate 
Oil of Dimorphotheca arrriar~tica was kindly supplied 

by Dr. Glenn Fuller of the United States Department of 
Agriculture, Albany, California. The oil (60 g) was 
hydrogenated in glacial acetic acid using 10% palladium 
on charcoal as catalyst (10). Methyl esters (56 g) were 
obtained by refluxing the hydrogenated oil with 4 %  
methanolic hydrogen chloride. Two crystallizations of the 
esters from hexane gave methyl 9-D-hydroxyoctadecano- 
ate (16.7 g), m.p. 52.0-52.5" (lit. (7) gives 51.5-52.8"). 
Examination of the mother liquors by g.1.c. before and 
after acetylation (18) indicated that the oxygenated esters 
remaining in the oil consisted mainly of a n  0x0 ester, 
probably methyl 9-oxooctadecanoate. The formation of 
0x0 esters during hydrogenation of this and related 
compounds has been reported previously (10). 

9-D-Acetoxyoctadecarroic Acid 
The 9-hydroxy ester (4.8 g) was acetylated with acetic 

anhydride and the resulting acetoxy ester was distilled; 
yield (4.6 g); b.p. 145-15S0/0.2 mm. The acetoxy ester 
(4.6 g) was allowed to stand for 24 h at  room temperature 
in a mixture of aqueous sodium hydroxide (0.1 N, 129 
ml) and acetone (300 ml) and then refluxed for 4 h. Most 
of the acetone was taken off, the solution acidified, and 
the product extracted with chloroform. Crystallization 
from hexane gave 9-D-acetoxyoctadecanoic acid (3.4 g), 
m.p. 34.5-35.5". Nuclear magnetic resonance: CH,, 0.88; 
CH2, 1.28 (shoulder 1.32, cf. (19)); acetoxyl 1.96; a-CH2, 
2.29; H-9, 4.75 (multiplet). 

Anal. Calcd. for C20H3804: C, 70.13 ; H, 11 .I 8. Found : 
C, 70.31 ; H, 11.24. 

Methyl 13-D-Hydroxydocosanoate 
The 9-acetoxy acid (4.0 g) and methyl hydrogen adi- 

pate (4.3 g) were electrolyzed in a mixture of 0.022 N 
methanolic sodium methoxide (16 ml) and methanol (8 
ml) until the solution was alkaline. The apparatus and 
conditions were those used by Greaves et al. (20) in 
their method B1. The solution was acidified with acetic 
acid, the methanol taken off, and the crude product re- 
fluxed with 4 %  methanolic hydrogen chloride. The re- 
action mixture was poured into water and the deacetyl- 
ated product (5.8 g) was extracted with ether. Crystal- 
lization from methanol (50 ml) at  25" gave a white solid 
(1.4 g), m.p. 102-103' (probably 10,25-dihydroxytetra- 
triacontane). After concentrating the filtrate to  25 ml 
and cooling to  0°, crude 13-hydroxydocosanoate (2.4 g) 
was obtained. This product was recrystallized from 
methanol and gave the ester (1.1 g), m.p. 65-66". The 
ester was saponified and the acid obtained crystallized 
from acetone giving 13-hydroxydocosanoic acid (0.65 g), 
m.p. 85-86". This acid was converted to the methyl ester 
with diazomethane and the ester crystallized from 
methanol to give pure methyl 13-D-hydroxydocosanoate 
(0.35 g), m.p. 69.5-70". 

Anal. Calcd. for C23H4603: C, 74.54; H, 12.51. Found: 
C, 74.60; H,  12.35. 

A mixture of equal weights of the above D-ester and 
the ester isolated from C. bogoriensis (m.p. 70-70.5") had 
m.p. 62.5-63". After one crystallization from methanol 
this material had m.p. 62.5-63.5". Racemic methyl 13- 
hydroxydocosanoate was previously found to  have m.p. 
63-63.5" (2). The infrared spectra (KBr disk) of the D- 

ester and the naturally occurring ester were indistinguish- 
able. The spectra of the racemate obtained by mixing 
the two isomers and that obtained by synthesis (2) were 
also indistinguishable from each other, but differed from 
the spectra of the optically active isomers in the regions 
1150-1225 and 1325-1375 cm-'. 

Methyl 9-L-Hydroxyoctadecanoate 
A solution of methyl 9-D-hydroxyoctadecanoate (9.0 g) 

in dry pyridine (500 ml) was cooled to - 15" and a solu- 
tion of recrystallized p-toluenesulfonyl chloride (25 g) 
in pyridine (200 ml), also a t  - 15", was added. The mix- 
ture was kept at  -15" for one week and at 0" for a fur- 
ther week. Water (250 ml) was cooled to + 2O and added 
to the reaction mixture; after 4 h more water (1500 ml) 
was added and the product extracted with ether; the 
extract was washed 10 times with water and dried over 
sodium sulfate. The product obtained after removal of 
the ether was crystallized from hexane to give the p- 
toluenesulfonate of methyl 9-D-hydroxyoctadecanoate 
(9.1 g). The m.p. was 32" and [aID + 1.35", [a]546 + 1.66", 
[a1436 +2.93', [a1365 +4.9S0 (c, 11.4 in chloroform). 

Nuclear magnetic resonance: terminal CH,, 0.88; 
CH2, 1.25; a-CH2, 2.20; CH3 on aromatic ring, 2.44; 
OCH,, 3.60; H-9, 4.46; aromatic protons, 7.26. 7.72 
(doublets J = 8 c.p.s.). 

Anal. Calcd. for C26H4405S: C, 66.68; H, 9.47. Found: 
C, 66.39; H, 9.32. 

A solution of the p-toluenesulfonate (8.0 g) in acetic 
acid (120 ml) containing anhydrous sodium acetate (8.0 g) 
was heated a t  60' for 18 h and then refluxed for 4 h. 
Acetic acid was taken off and the residue deacetylated 
with 4 %  methanolic hydrogen chloride. The crude prod- 
uct was chromatographed on silicic acid (Bio-Sil A, 
100 g) when unsaturated by-products were eluted with 
hexane-ether (92:s). Elution with hexane-acetone (955) 
gave methyl 9-L-hydroxyoctadecanoate (3 g), m.p. 52-53'. 

Anal. Calcd. for C19H3803: C, 72.56; H, 12.18. Found: 
C, 72.27; H,  11.97. 

Methyl 13-L-Hydroxydocosar~oate 
Methyl 9-L-hydroxyoctadecanoate (3.0 g) was con- 

verted to  the acetoxy acid (2.8 g) and electrolyzed with 
methyl hydrogen adipate (5.0 g) and the reaction mix- 
ture worked up as described in the preparation of methyl 
13-D-hydroxydocosanoate. After purification methyl 
13-L-hydroxydocosanoate (0.30 g) was obtained. The 
m.p. was 69-70" and was not depressed by admixture with 
an  equal weight of the ester from the glycoside of C. 
bogoriensis. The infrared spectra of the synthetic and 
natural isomers were very similar. 

Methyl 17-L-Hydroxyoctadecanoate 
Crude esters (400 g) were prepared from the sophoro- 

side as  previously described (1) and crystallized three 
times from acetone (10% solution, charcoal); yield 95 g; 
m.p. 54.5-55.5". 

Methyl 17-L-Acetoxyoctadecarloate 
The above hydroxy ester (10.5 g) was acetylated with 

acetic anhydride and pyridine at 100' for 2 h. After 
removal of the reagents the product was distilled, 
b.p.10.25 mm 168-172", t o  give the acetate (11.1 g). A 
portion (2.1 g) was crystallized from hexane giving 
acetoxy ester (1.4 g) as large leaflets with m.p. 35-36". 
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Anal. Calcd. for C, 70.74; H,  11.31. Found: and to Mr. W. C .  Haid for microanalyses and 
C, 70.54; H, 11.09. infrared measurements. 
1 7-L-Acetoxyoctadecanoic Acid 

Acetoxy ester (9.0 g) was hydrolyzed with O.? N 
aqueous sodium hydroxide (252 ml) in acetone (500 ml) 
and the product worked up as described in the prepara- 
tion of 9-D-acetoxyoctadecanoic acid. Crystallization of 
the crude product from hexane first gave material (1.3 g) 
which appeared to be hydroxy acid and then the desired 
acetoxy acid (6.1 g), m.p. 53-54". 

Nuclear magnetic resonance: CH, (doublet), 1.15; 
CH2, 1.25; acetoxyl, 1.93; a-CH,, 2.28; H-17 (multiplet), 
4.77. 

Anal. Calcd. for C20H3804: C, 70.13; H,  11.18. Found: 
C, 70.31; H, 11.11. 

2-~-0ctadecanol 
17-Acetoxyoctadecanoic acid (5.0 g) and acetic acid 

(5.1 g) were electrolyzed in a mixture of 0.022 N meth- 
anolic sodium methoxide solution (40 ml) and methanol 
(10 ml) for 5 h when the solution was alkaline. After 
working up as before the crude product was treated with 
warm methanol (25 ml) and the solution filtered from 
insoluble material (probably long chain diol). The prod- 
uct (1.2 g) crystallized at 10". Recrystallization from 
ethyl acetate gave the pure alcohol (0.9 g); m.p. 54-55" 
(lit. (15) gives m.p. 56" and [a],25 +5.7"). 

Nuclear magnetic resonance: terminal CH,'s, 0.88 
(triplet) and 1.10 (doublet); CH,, 1.26; H-2, 3.64 (multi- 
plet). 

Anal. Calcd. for: C18H380: C, 79.87; H, 13.98. Found: 
C, 79.92; H, 14.16. 
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Photo-addition of alkenes and alkynes to 3-carene-2,5-dionel 
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A number of photo-addition reactions have been carried out on the enedione system of 3-carene-2,5- 
dione by direct irradiation in the presence of a variety of alkenes and alkynes. Addition to the carbon- 
carbon double bond is by far the major pathway, and indeed in only one case is there evidence for 
formation of an oxetane ring. In the case of the unsymmetrical addends, the direction of addition 
which produces the cyclobutane or cyclobutene appears to be in accord with previous experiments 
on simpler systems. 

Canadian Journal of Chemistry, 46, 3731 (1968) 

Introduction 
The photochemical addition of olefins to simple 

conjugated ketones such as 2-cyclohexenone has 
been extensively investigated (1, 2). Recent work 
(3,4) has been concerned with the photo-addition 
of olefins to more complex conjugated molecules, 
incorporating for example a p-quinonoid struc- 
ture. Relatively little has appeared in the literature 
on the corresponding photo-addition of alkynes 
to conjugated carbonyl compounds although 
Pappas and Pappas (5), and Pappas and Portnoy 
(6) recently reported the successful formation 
of cyclobutene adducts from methoxy-p-benzo- 
quinone and various substituted acetylenes. 

The present paper describes some photo- 
chemical additions to a system intermediate in 
complexity between the simple enones and the 
quinones. We have used as our substrate the 1,4- 
enedione system of 3-carene-2,5-dione (I), while 

0 CH3 
0 ,[ + c y ' $ c H 3  L&:; 

0 

1 

-- cH J?+ H3 

'Presented in part at the 5Ist Annual Conference of 
the Chemical Institute of Canada, Vancouver, June 3-5, 
1968. 

'Present address: Prince of Wales College, Charlotte- 
town, Prince Edward Island. 

our addends have consisted of a variety of cyclic 
and acyclic alkenes. We have attempted to 
determine whether cyclobutane formation, by 
addition of the olefin t o  the C==C of the enedione 
(path a), or oxetaneformation, by addition to the 
C=O group (path b), would be preferred in such 
a system. For completeness, we have also investi- 
gated a small number of alkynes as addends in 
this study. 

Results and Discussion 
All the photochemical reactions were carried 

out in quartz vessels using a 125-W medium- 
pressure mercury arc lamp3 as the light source. 
The solvents used were degassed by prior boiling 
and cooling under nitrogen and all reactions were 
carried out under nitrogen. With the exception 
of the norbornene photo-addition-an extremely 
slow reaction in any circumstances-no photo- 
sensitizer was required, and we normally used 
at least a 5-fold excess-of the alkene or alkyne, 
in benzene as solvent. In a few cases, indicated 
in Table I and Table 11, the alkene served as both 
reactant and solvent. 

In all the cases we have examined, with the 
exception of the cyclohexene addition, the photo- 
addition has taken place exclusively a t  the C=C 
bond of 3-carene-2,5-dione, i.e. by path a. Even in 
the exceptional case, the oxetane addition prod- 
uct is very much the minor product of the 
reaction. (This particular reaction will be dis- 
cussed in more detail later.) The structures of 
the photo-adducts have been established by 
elemental analysis and by the usual spectroscopic 
techniques. The spectral details of individual 
products appear in the Experimental section but 

3Engelhard Hanovia Lamps, Bath Road, Slough, 
England. 
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certain general points may be mentioned here. 
The mass spectra, for example, afforded molec- 
ular ions in all cases, but the base peak usually 
appeared at mle 164, (3-carene-2,5-dione ion- 
radical), indicating that retro-addition is a major 
disintegration pathway. Infrared spectroscopy, 
in addition to its use in the identification of 
products, was also invaluable as a means of fol- 
lowing the progress of a reaction, the CO band 
of 3-carene-2,5-dione at 1665 cm-I being re- 
placed by the saturated CO band at about 1685 
cm-I in the adducts. 

It  was assumed from the presence of liquids, 
or of solids melting over a wide range, in Tables 
1-111, that the adducts were possibly mixtures of 
stereoisomers in some cases. No attempts have 
been made to assign the stereochemistry at the 
cyclobutane ring junctions, although inspection 
of the appropriate Dreiding models will usually 
indicate possible preferences in particular cases. 
In addition. we assume that the fusion of the 
cyclobutane ring to the carane system is cis-, 
because in none of the adducts we have examined 
have we been able to obtain any evidence for 
base-catalyzed epimerization of trans-fused to 
cis-fused adducts such as were observed by Corey 
et al. (2). 

TABLE I 
Results of alkene addition* 

Time of Melting 
irradiation Yieldt point- 

Addend (h) ( %) "C 

1-Hexene 91 80 
Tetramethylethylene 665 47 
Tetrachloroethylene 465 - 
Vinyl acetate 58 
Methyl vinyl ether 955 23 5 100 
Ethyl vinyl ether 17f 100 
Acrylonitrile 221 98 
Isoprene 29f 

Liquid 
Liquid - 
Liquid 
Liquid 
Liquid 
177-178 
116-117 
Liquid 

tChromatographically pure. 
$Addend as solvent (0.5;1% carenedione). 
$Solution, in benzene, w ~ t h  5-10 molar equivalents of alkene. 

The data in Table I are obtained from the 
photo-addition of acyclic alkenes to 3-carene-2, 
5-dione. In the case of tetrachloroethylene, no 
reaction at all could be observed. On the other 
hand, unsymmetrical alkenes with electron- 

TABLE I1 
Results of cycloalkene addition* 

-- 

Time of Melting 
irradiationt Yield$ point 

Addend (h) ( %) "C 

Cyclopentene ;z5 435 70-72 
Cyclohexene 
Cycloheptene 77 93-102 67-68 
Cyclooctene 36 80 78-85 
Norbornene 2907 40 129-130 

?Solutions of carenedione (0.5-1.0%) in the alkene as solvent. 
$Chromatographically pure. 
§Irradiation in benzene with 8 molar equivalents of alkene. 
11Minor product (10%) believed to be oxetane. 
ljlrradiation in benzene with 6 molar equivalents of alkene and 

0.1 molar equivalents of acetophenone. 

donating substituents.(e.g. ethyl vinyl ether) and 
with electron-withdrawing substituents (e.g. 
acrylonitrile) reacted almost equally rapidly. In 
the case of the vinyl ether adducts 2, both pro- 
ducts, obtained in quantitative yield, were very 
high-boiling liquids and attempted distillation 
resulted in apparent thermal reversal of the 
addition, with the regeneration of some 3-carene- 
2,5-dione. As a result, satisfactory analytical 
data could not be obtained for these compounds. 
The appearance of molecular ions at mle 222 
and 236 in the respective mass spectra, however, 
along with the infrared and nuclear magnetic 
resonance (n.m.r.) data on undistilled material, 
confirmed the presence of the expected 1 :1 cyclo- 
butane adducts. It is tempting to speculate that 
the unusually facile thermal reversal of the addi- 
tion takes place via a dipolar intermediate as 
shown (the alternative location of the ether 
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function is not ruled out, but it would still be 
located P- to a carbonyl group). 

Although we regard the gross structure in each 
case as being the normal cyclobutane type adduct, 
the products obtained from the photo-addition 
reactions with 1-hexene, vinyl acetate, and iso- 
prene (one isomer) were also liquids, and this 
fact together with the complexity of the n.m.r. 
spectra suggest that we may have mixtures of 
stereoisomers or even of positional isomers (3a, 6 )  
in these cases. Additional confirmation of the 
structures of the liquid products from 1-hexene 
and tetramethylethylene was afforded by the 
preparation of the crystalline monoxime 4 and 
bis-oxime 5 respectively, each of which has 
physical properties in accord with the expected 
structures. 

0 0 

NOH 

The sharp-melting solid adducts from the 
reactions with acrylonitrile and isoprene have 
been assigned the gross structures 6 and 7, largely 
on the basis of the following argument. Corey 
and his co-workers (2) established that a 2- 
methyl substituent on the basic cyclohexenone 
chromophore greatly diminished the rate of the 
photo-reaction (relative to that of 2-cyclohexe- 
none itself), whereas the substitution of a 3-methyl 
group for hydrogen caused no significant rate 
retardation. Furthermore, with isobutylene and 
3-methyl-2-cyclohexenone the only cyclobutane 
addition product obtained was 8, in sharp con- 
trast to the direction of addition of isobutylene 
to 2-cyclohexenone itself. If we now make the 
somewhat oversimplifying assumption that our 
enedione system is in fact made up of two enone 
components, of which the 3-methyl enone will 
be much the more reactive, and that reaction 

takes place by addition of excited state ketone 
to ground state olefin, then the direction of 
addition predicted will be that shown schematic- 
ally below. 

Ground Excited 
state state 

Supporting evidence on this point from the 
n.m.r. is limited by the complexity of the relevant 
regions ofthe spectra. Of the two isoprene adducts 
(Table I), however, we can assign a structure 
such as 7 to the solid adduct because of the 
characteristic allylic methyl group singlet at T 
8.40 and the appearance of only two vinyl pro- 
tons at z 5.1 and 5.4. As we have already men- 
tioned, the n.m.r. spectrum of the liquid product 
from isoprene photo-addition is much more 
complex, even in the methyl region of the spec- 
trum, but reveals three vinyl protons between 
z 4.0 and 5.4 and no allylic methyl group signal. 
The n.m.r. evidence from the alkyne photo- 
additions provides much stronger support for 
the structure assigned to the unsymmetrical 
(ethyl propiolate) adduct in that series, and we 
will return to this point later. 

No problems regarding direction of addition 
arise with the cycloalkene series of adducts repre- 
sented in Table 11. I t  would appear from the 
table that the even-memberedcycloalkenesunder- 
go more rapid photo-addition than the odd- 
membered, although the data obtained are in- 
sufficient to enable us  to speculate on  possible 
reasons for this variation. In addition, the wide 
melting point range of the cyclohexene and cyclo- 
octene adducts indicates the probability of more 
than one configuration being present (syn-syn, 
anti-anti, syn-anti, and anti-syn forms are 
possible, even with all -cis ring junctions). The 
presence of a sensitizer during the formation of 
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the norbornene photo-adduct may have no sig- 
nificance, since a prior reaction without sensi- 
tizer, and in which no significant amount of 
product was isolated, was stopped after only 90 h. 

TABLE I11 
Results of alkyne addition* 

Time of Melting 
irradiation? Yield$ point 

Addend (h) ( %) "C 

Acetylene 50 11 5 95-96 
Ethyl propiolate 94 5911 Liquid 
Diethyl acetylene- 

dicarboxylate 53 23 61-62 

t l %  solutions of carenedione in benzene with a large excess of 
alkvne. 

~ ~ h r o m s t o g r a ~ h i c a l l ~  pure. 
913% recovery of carenedionc. 
,135 % recovery of  carened~one. 

The minor isomeric product (10 % yield) in the 
cyclohexene case was assigned the oxetane 
structure 9 on the basis of the spectral data (see 
Experimental section). One-proton signals in the 
n.m.r. at z 4.04 and 4.90 were attributed to pro- 
tons HB and Hc respectively, while a three-proton 
signal at z 8.02 was attributed to the allylic 
methyl. In addition to the carbonyl band at 
1685 cm-', a medium intensity band appeared 
in the infrared at 1620 cm- ', due to the C=C 

0 
EtOOC 

double bond. The mass spectral molecular weight 
of 246 was in accordance with the expected 1 :1 
adduct, but the strong peak at mle 164, which 
appeared in the mass spectra of all the other 
photo-adducts and has been assigned to the for- 
mation of the carenedione radical-ion by retro- 
addition, was not present. 

In Table 111 are listed the results of photo- 
additions carried out with alkynes. In all these 
cases, reactions were carried out in benzene as 
the solvent, with a large excess (> 10-fold) of the 

CHEMISTRY. VOL. 46, 1968 

alkyne present. In the only unsymmetrical 
photo-addition in this series, we have assigned 
structure 10 to the ethyl propiolate adduct, by 
extending the argument already used to predict 
the outcome of the acrylonitrile addition, and 
also on the basis of the n.m.r. evidence (see also 
Experimental section). 

Me0 0 
kle0MB ~~6 
Me0 OMe HB 

11 
0 

The vinylic proton (HB) appeared as a doublet 
( J  = 1.8 Hz) at z 3.33 and the bridgehead proton 
(HA) also appeared as a doublet (J = 1.8 Hz) at 
z 6.95. This value for thevicinal coupling constant 
in such a situation agrees very closely with the 
value of 1.3 Hz reported very recently by Forbes 
et al. (7) forJAB in compound 11. I n  the acetylene 
adduct itself 12, the bridgehead proton HA 
appears at an almost identical value, z 6.92. If, 
in the unsymmetrical adduct, the ester group 
rather than a proton, were vicinal to HA, one 
would have expected a noticeable deshielding 
effect, such as is produced in the adduct 13 from 
diethyl acetylenedicarboxylate and 3-carene-2,5- 
dione. Here the cyclobutene ring bridgehead 
proton must have an ester group adjacent, and 
accordingly appears as a singlet a t  z 6.65. Anal- 
ysis of the ABC system in the acetylene adduct 
12 by the exact method (8), (9) led to coupling 
constants of JAC = 1.0 Hz, JAB = 1.4 HZ, and 
JBc = 2.6 Hz. (JAB andJAc are opposite in sign.) 

Further photochemical investigations in this 
area are continuing, particularly, from the stand- 
point of photodimerization of the 3-carene-2,5- 
dione used as a substrate in the present study. 

Experimental 
Infrared spectra were recorded in CCl, or CHCl, on a 

Perkin-Elmer model 237B grating spectrometer, and the 
ultraviolet spectra on a Unicarn SP 800 recording spec- 
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trophotometer. Nuclear magnetic resonance spectra were 
obtained on  Varian A-60 or HA-100 instruments, with 
tetramethylsilane as internal standard. Mass spectra were 
measured on the AEI MS-902 machine, and elemental 
anqlyses were carried out by Dr. C. DaesslC, Montreal, 
and by Mr. A. B. Gygli, Toronto. Column chromatog- 
raphy was performed on Davison Chemical Grade 923 
100-200 mesh Silica Gel. All melting points are un- 
corrected. 

3-Carene-2,5-dione (I) 
This compound was prepared by deoximation of 3- 

carene-2,s-dione-2-oxime (lo), utilizing a sodium nitrite/ 
acetic acid procedure (1 1). The pale-yellow crystals had 
m.p 90-92' on sublimation (lit. m.p. (lo), 93-94') and 
the 60 MHz n.m.r. spectrum (CC14) had signals at  T 8.64 
(6H). 8.07 (3H). and 7.80 (2H). and 3.62 (1H). . ,. ~ ,, ~ ,, ~, 

Photo-addition of I-Hexene to 3-Carerte-2,5-dione 
A 0.5% solution of 3-carene-2,s-dione in freshly dis- 

tilled 1-hexene was irradiated in a quartz vessel for 9 h 
under nitrogen, using the 125W medium-pressure mercury 
arc referred to earlier. Aliquots were withdrawn at 
regular intervals and the infrared spectra recorded. The 
reaction was considered complete when almost all of the 
conjugated carbonyl band had disappeared, to be re- 
placed by a nonconjugated carbonyl peak. Chromatog- 
raphy on silica of the crude product obtained on evap- 
oration of the excess alkene led to the isolation of an  
oil (80%), b.p. 124"/0.3 mm, on elution with 4 %  ether 
in benzene. The infrared spectrum showed a strong 
carbonyl band at 1688 cm-' and no olefinic absorption. 
The n.m.r. spectrum (CC1,) had signals at  7 8.95-9.2 
(3H, terminal CH,), 8.79, 8.75, 8.68 (all 3H, s, methyl 
protons), 8.40-8.95 (6H, methylene protons), 7.88 (2H, 
cyclopropyl bridgehead), 7.40-7.95 (4H, cyclobutyl 
protons). 

Anal. Calcd. for C16H2402: C, 77.41 ; H, 9.68. Found: 
C, 77.21; H, 9.77. 

The dioxime was prepared by the standard hydroxyl- 
amine hydrochloride - pyridine procedure and had m.p. 
238" (aqueous ethanol). 

Anal. Calcd. for C16H26N202: C, 69.07; H, 9.35; N, 
10.07. Found: C, 68.98; H, 9.42; N, 9.98. 

Adduct from Tetrametltyletltylene 
A 3 %  solution of 3-carene-2,s-dione in benzene was 

irradiated for 66 h under nitrogen, in the presence of 
6 molar equivalents of redistilled tetramethylethylene. 
Chromatography of the product on silica yielded the 
cycloadduct as an oil (47%) on  elution with 10% ether 
in benzene. The infrared spectrum showed a strong car- 
bony1 band at  1687 cm-'. The n.m.r. spectrum (CC14) 
showed T 8.7-9.1 (seven singlets, each 3H), 8.0 (2H), 
and 7.7 (IH). 

The oil was not distilled, but was converted directly 
to the mono-oxime by standard procedures. This com- 
pound had m.p. 169-171°, on  recrystallization from 
cyclohexane. The mass spectrum revealed a peak at  
m/e 263, in accord with the formula C16H2,N02. 

Anal. Calcd. for CI6H2,NO2: C, 73.00; H, 9.50; N, 
5.32. Found: C, 72.93; H, 9.48; N, 5.45. 

Adduct from Vinyl Acetate 
A 4 %  solution of 3-carene-2,s-dione in benzene was 

irradiated in benzene solution for 95 h, with 3 molar 
equivalents of vinyl acetate. Chromatography of the 
crude product on silica led to the isolation of an  oil 
(58 %), by elution with 20 % ether in benzene. The adduct 
showed infrared carbonyl bands at 1745 (OAc), and 1684 
(CO) cm-'. The n.m.r. spectrum (CC1,) revealed signals 
at T 8.50-8.85 (three singlets, each 3H), 8.04 (3H, s), 
7.83 (2H, s), 7.0-7.8 (3H, m), and 5.0-5.3 ( l H ,  m). 

Photo-addition of Methyl Vinyl Ether to 3-Carene-2,5-dione 
Methyl vinyl ether was passed continuously into a 1 % 

solution of carenedione in benzene, and the solution was 
irradiated for 23 h. Chromatography on silica gel and 
elution with 20% ether in  benzene gave a quantitative 
yield of the photo-adduct as a pale-yellow oil, b.p. 10O0/ 
0.1 mm. The oil deepened in color during this pro- 
cess due to a ~ ~ a r e n t  retroaddition (see Discussion) and 
the regenerat& of 3-carene-2,s-dione. (It was estimated 
from the intensity of the shoulder in the ultraviolet 
spectrum (CH30H) at 240 nm that as much as 25-30% 
retroaddition had occurred.) As a result, n o  satisfactory 
elemental analysis could be obtained. T h e  infrared 
spectrum of the undistilled eluate after chromatography, 
however, revealed the expected peak at  1680 cm-', while 
the n.m.r. spectrum (CC1,) had T 8.96 (3H, s), 8.88 (3H, 
s), 8.66(3H, s), 8.1 (2H, m), 7.3 (2H,m), 6.72(1H, t), 
6.61 (3H, s), and 4.8 ( lH,  m) in general agreement with 
expectation for the cyclobutane type adduct. The mass 
spectrum showed a peak a t  rnle 222, in agreement with 
the formula Cl3Hl8O3. 

Photo-addition of Ethyl Vinyl Ether to 3-Carene-2,5-dione 
A 1 % solution of carenedione in freshly distilled ethyl 

vinyl ether was irradiated for 17 h. Chromatography of 
the crude product on silica gel and elution with 7-10% 
ether in benzene gave the  photo-adduct as a yellow oil 
(loo%), b.p. 117'/0.7 mm. The same decomposition 
problems were encountered on  distillation as for the 
methyl analogue above, and once again n o  satisfactory 
elemental analysis was obtained. The infrared spectrum, 
however, again revealed the expected saturated carbonyl 
band a t  1680 cm-', while the n.m.r. spectrum (CCW 
had 7 8.98 (3H, s), 8.91 (3H, s), 8.83 (3H, s), 8.72 (3H, s,) 
8.15 (2H, s), 7.96 (2H, s), 7.46 (lH, m), 6.1-6.8 (2H, m), 
and 4.8 ( lH,  m). The mass spectrum revealed a molec- 
ular ion at  m/e 236 in agreement with the formula 
C14H2003. 
Photo-additiort of Isoprene (2-Methyl-1,3-butadiene) to 3- 

Carene-2,5-dione 
A 2 %  solution of carenedione in isoprene was irra- 

diated under the usual conditions for 29 h. Chromatog- 
raphy o n  silica gel yielded the fractions a and b described 
below. Fraction a was a white crystalline solid (3973, 
m.p. 116-117" (pentane), obtained on elution with 4 7 %  
ether in benzene. The infrared spectrum revealed bands 
at 1680 (saturated CO), 1647 (C=C) and 890 (C=CH2) 
cm-'. The n.m.r. spectrum (CCI,) had T 8.88 (3H, s), 
8.74 (3H, s), 8.65 (3H, s), 8.40 (3H, s), 7.3-8.0 (SH, en- 
velope), 6.9-7.2 (lH, m), 5.40 (lH, s), and  5.11 (lH, 
quartet). The mass spectrum revealed a molecular ion 
at  m/e 232, and the ultraviolet spectrum (MeOH) had 
h,,. 212 nm (~6900); 295 nm (~120). 

Anal. Calcd. for CISH2002: C, 77.59; H ,  8.62. Found: 
C, 77.69; H, 8.66. 
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Fraction b was eluted with 7 %  ether in benzene and 
was a yellow oil (51 %), b.p. 87-89"/0.1 mm; nDZ5 1.5126. 
The infrared spectrumshowed bands at 1688 (saturated 
CO), 1654 (C=C), 995 (-CH=CH2), and 915 
(-CH=CHZ) cm-', while the n.m.r. spectrum (CCI,) 
had r 8.6-9.0 (12H, complex), 7.2-8.4 (5H, envelope), 
4.8-5.4 (2H, m) and 3.9-4.4 (IH, m). The mass'spectrum 
revealed a molecular ion at mle 232, while the ultraviolet 
spectrum (MeOH) showed h,,, 210 nm (~6700), and 
293 nm ( E  150). 

Anal. Calcd. for ClsHzo02:  C, 77.59; H, 8.62. Found: 
C, 77.25; H, 8.57. 

Addrrct from Acrylonitrile 
A 1 % solution of 3-carene-2,5-dione in acrylonitrile 

was irradiated for 22 h. The dark-yellow oil obtained on 
evaporation was chromatographed on silica. Elution with 
10-15 % ether in benzene gave a small amount (< 2 %) of 
recovered carenedione. Continued elution with 20-50% 
ether in benzene gave a white solid (98%), m.p. 177-178" 
on recrystallization from ethyl acetatellight petroleum 
(b.p. 60-70"). The infrared spectrum revealed the ex- 
pected bands at 2240 (CN) and 1680 (CO) cm-', and 
the n.m.r. (CDCI,) revealed peaks at r 8.69 (3H, s), 
8.66 (3H, s), 8.46 (3H, s), 7.52 (2H, d, J = 2.2 Hz), 
7.1-7.4 (3H, envelope) and 6.95-7.05 (IH, m). Mass 
spectral analysis confirmed the expected molecular weight 
of 217. 

Anal. Calcd. for C13HlsN02: C, 71.88; H, 6.91; N, 
6.45. Found: C,72.04; H,7.11; N,6.37. 

Addrrct fro171 Cyclopet~tene 
A 4 %  solution of 3-carene-2,5-dione in benzene was 

irradiated with 8 molar equivalents of cyclopentene for 
95 h. Chromatography of the crude product on silica gel 
and elution with 8 %  ether in benzene afforded the 
photo-adduct as a white crystalline solid (43 %), m.p. 
70-72" (pentane). The infrared spectrum showed the 
usual carbonyl band at 1688 cm-', and no olefinic peaks. 
The n.m.r. spzctrum (CCI,) showed signals at r 8.93 
(3H, s), 8.85 (3H, s), 8.65 (?H, s), 8.0-8.5 (6H, envelope), 
7.9 (2H, s), 7.8 (IH, d, J = 9 . 5  Hz) and 7.0-7.5 (2H, 
envelope). 

Anal. Calcd. for C15HZ002: C, 77.55; H, 8.68. Found: 
Cj  77.41 ; H, 8.84. 

Pl~oto-addition of Cyclohexene to 3-Carene-2,5-diotze 
A 0.5% solution of carenedione in cyclohexene was 

irradiated for 26 11 under the usual conditions. Chroma- 
tography on silica permitted us to separate two fractions, 
a and b. 

Fraction a was eluted with 3 % ether in benzene and 
afforded white crystals (lo%), m.p. 84-85", on recrystal- 
lization from hexane. The infrared spectrum showed a 
strong band at 1688 (CO), with a shoulder at 1705, and 
a medium intensity band at 1620 (C=C) cm-'. The 
ultraviolet spectrum (MeOH) showed h,,, 221 urn 
(E 6000) and 300 nm (E 190), while the n.m.r. spectrum 
(CCI,) had signals at r 8.83 (3H. s), 8.70 (3H, s), 8.1- 
9.0 (IOH, envelope), 8.02 (3H, s), 7.13 (IH, d, J =  6.5 
Hz), 4.90 (IH, d, J - 2 Hz) and 4.04 (IH, d,  J - 2 Hz). 
The mass spectrum showed a molecular ion a t  mle 246, 
but no major peak at n~!e  164, such as was present in all 
the cyclobutane type adducts. 

Anal. Calcd. for Cl6H2202: C, 78.01 ; H, 9.00. Found: 
C, 77.87: H, 8.96. 

~ r a c t i o n  b, a white solid (65%) m.p. 93-102" (hexane) 
was obtained by elution with 5-10% ether in benzene. 
This product has a band in the infrared at 1688 cm-I 
and h,,,(MeOH) 275 nm (E  200). T h e  n.m.r. spectrum 
(CCI,) had signals at r 8.68-8.81 (9H, m), 8.0-8.7 (8H, 
envelope), 7.7-8.1 (3H, m), and 7.25-7.60 (2H, m). The 
mass spectrum provided confirmation of the expected 
molecular weight of 246. 

Anal. Calcd. for C16H2202: C, 78.01; H, 9.00. Found: 
C, 77.88; H, 8.90. 

Addrrct from Cycloheptene 
A 1 % solution o f  3-carene-2,5-dione in cycloheptene 

was irradiated for 77 h. Chromatography afforded the 
photo-adduct as a white solid (85%), m.p. 67-68" (pen- 
tane-hexane), on elution with 8-15% ether in benzene. 
The infrared spectrum showed a band a t  1675 (CO) cm-I 
and the. n.m.r. (CCI,) had signals a t  r 8.88 (3H, s), 
8.82 (3H, s), 8.66 (3H, s), 8.05-8.6 (IOH, envelope), 7.98 
(2H, d, J = 4 Hz), 7.80 (IH, d, J =  4.5 Hz) and 7.67.7 
(2H, m). The mass spectrum showed a peak at mle 260, 
indicative of the molecular formula C17H24O2. 

Anal. Calcd. for C17H2402: C, 78.45; H, 9.23. Found: 
C, 78.03; H, 9.01. 

Adduct from Cyclooctene 
A 1 % solution of 3-carene-2,5-dione in cyclooctene 

was irradiated for 36 h. After chromatography on 
silica, a colorless oil was obtained on elution with C 1 5  % 
ether in benzene. The  liquid solidified on  cooling in dry 
ice - methanol to a white solid (80%), which was best 
purified by sublimation and had m.p. 78-85". The infrared 
spectrum revealed a strong band at 1675cm-l, while 
the n.m.r. spectrum (CCI,) had signals at r 8.94 (3H, s), 
8.84 (3H, s), 8.67 (3H, s), 8.05-8.6 (12H, envelope), 8.07 
( IH,  s), 8.01 (IH, s), 7.94 (IH, s), and 7.5-7.8 (2H, 
envelope). The mass spectrum confirmed the expected 
molecular weight of 274. 

Anal. Calcd. for CI8Hz6O2: C, 78.83; H, 9.49. Found: 
C, 78.70; H, 9.46. 

Photo-addition of Norbornene to 3-Carene-2,5-dior~e 
A 1 % solution of carenedione in benzene was irradiated 

under the usual conditions in the presence of 6 molar 
equivalents of norbornene and 0.1 molar equivalents of 
acetophenone as sensitizer. Chromatography on silica 
afforded the adduct as a white crystalline solid (40%), 
m.p. 129-130" (hexane), on elution with 2 %  ether in 
benzene. The product had the usual band in the infrared 
at 1688 cm-', while the n.m.r. spectrum (CCI,) had 
signals at r 8.77 (6H, s), 8.68 (3H, s), 8.15-9.10 (6H, 
envelope), 7.90 (2H, s), and 7.5-7.9 (5H, m). The mass 
spectrum showed a molecular ion at mle 258, in agree- 
ment with the formula C17H2202. 

Anal. Calcd. for C17H2202: C, 79.03 ; H, 8.58. Found: 
C, 78.87; H, 8.49. 

Photo-addition of Acetyler~e to 3-Carerze-2,5-dione 
Acetylene was passed continuously through a 1% 

solution of carenedione in benzene and  irradiation was 
continued for 50 h. Chromatography o n  silica and elu- 
tion with 4% ether in benzene gave recovered carene- 
dione (13 %), closely followed by a white solid (I 1 %), 
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STILL ET AL.: PHOTO-ADDITION 3737 

m.p. 95-96" on sublimation, which appeared to be the 
photo-adduct. The infrared spectrum revealed the ex- 
pected saturated ketone band at 1690 cm-' while the 
ultraviolet spectrum (MeOH) showed only weak ab- 
sorption [h,,, 281 nm (E 280)l above 210 nm. The n.m.r. 
spectrum (CCl4) had signals at 7 8.82 (3H, s), 8.68 (3H, 
s), 8.64 (3H, s), 8.06 (2H, s), 6.91 (lH, m) and 3.9 (2H, 
m). The mass spectrum showed a molecular ion at m/e 
190, in agreement with the expected 1:l adduct. 

Anal. Calcd. for C12H1402: C, 75.78; H, 7.37. Found: 
C, 75.54; H, 7.36. 

Adduct from Ethyl Propiolate 
A 1 % solution of 3-carene-2,5-dione in benzene con- 

taining 5 molar equivalents of ethyl propiolate was 
irradiated for 94 h. Chromatography on silica led to the 
isolation of the adduct as a colorless oil (59 %), on elution 
with 10% ether in benzene. (An earlier fraction may have 
been a small amount of the ethyl ester of cycloijcta- 
tetraene carboxylic acid arising from photo-addition of 
the alkyne to solvent benzene.) The carenedione adduct 
had infrared bands at 1730 (ester), 1695 (ketone), and 
1615 (conjugated alkene) cm-'. The n.m.r. spectrum 
(CCI4) revealed signals at 7 8.90 (3H, s), 8.72 (3H, t, 
J = 7.0 Hz), 8.70 (3H, s), 8.57 (3H, s), 8.08 (2H, AB 
quartet, J =  6.0 Hz), 6.95 (lH, d, J =  1.8 Hz), 5.87 
(2H, q, J = 7.0 Hz) and 3.33 (lH, d, J = 1.8 Hz). 

Anal. Calcd. for C15H1804: C, 68.71 ; H, 6.87. Found: 
C, 68.41 ; H, 6.95. 

Adduct from Diethyl Acetylenedicarboxylate 
A 1 % solution of 3-carene-2,5-dione in benzene was 

irradiated for 53 h with 4 molar equivalents of the alkyne. 
Chromatography on silica afforded the photo-adduct as 
a white crystalline solid (23%), m.p. 61-62" (aqueous 
methanol). The infrared spectrum revealed bands at 
1735 (ester), 1695 (ketone), and 1650 (alkene) cm-', 
while the n.m.r. spectrum (CCI4) had peaks at 7 8.90 
(3H, s), 8.68 (6H, t, J = 7.0 Hz), 8.67 (3H, s), 8.51 (3H, 
s),7.99(2H, s), 6.65 (lH,s)and 5.74(4H, q, J =  7.0Hz). 
The mass spectral molecular weight of 334 was in 
agreement with that expected. 

Anal. Calcd. for Cl8HZZO6: C, 64.65; H, 6.63. Found: 
C, 64.62; H, 6.28. 

Attempt to Epimerize the Isoprene Photo-adduct (7 )  by 
Base Catalysis 

The following procedure is typical of a number of 
attempts, all of them unsuccessful, to find evidence for 
base-catalyzed epimerization of our cyclobutane photo- 
adducts, and is based on the procedure employed in a 
similar situation by Yates et al. (12). The photo-adduct 
(33 mg) was refluxed in a solution of sodium (0.5 g) in 
methanol (25 ml) for 3 h under nitrogen. After careful 
neutralization with acetic acid and dilution with water 
a white solid (25 mg) was obtained, m.p. 117-1 18' before 
and after admixture with the starting adduct. The infra- 
red spectrum was essentially indistinguishable from that 
of the starting material. 
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Methyl 2-hydroxy-4-methoxy-6-phenylbenzoate and methyl 
2-hydroxy-6-methoxy-4-phenylbenzoate: reassignment of a structure1 

T. TREFOR HOWARTH AND THOMAS M. HARRIS' 
Department-of Chemistry, Vanderbilt Utziversity, Naslzville, Tennessee 37203 

Received July 15, 1968 

Methyl 2-hydroxy-4-methoxy-6-phenylbenzoate (3b) was synthesized by treatment of methyl 6-phenyl- 
0-resorcylate (3a) with diazomethane. 5-Phenylresorcinol (8) was carboxylated in a Kolbe-Schmitt 
reaction to give y-resorcylic acid 7b. Treatment of 7b with diazomethane gave a mixture of the cor- 
responding dihydroxy ester 7c, monomethoxy ester 7a, and dimethoxy ester 7d. Evidence is presented that 
the structure of a compound obtained by Douglas and Money from base treatment of phenyl dipyrone 
1 is 7 a  rather than the previously assigned 36. A mechanistic proposal is presented. 

Canadian Journal of Chemistry. 46, 3739 (1968) 

Douglas and Money recently reported that 
treatment of phenyl dipyrone 1 with 1M meth- 
anolic potassium hydroxide for 16 h at room 
temperature afforded a mixture from which 
esters 2a, 3a, and 3b were isolated in 13.6, 8.7, 
and 2.8 % yield, respectively (1). The structural 
assignments were made on the basis of elemental 
analyses and infrared (i.r.), ultraviolet (u.v.), 
nuclear magnetic resonance (n.m.r.), and mass 
spectra. Diester 2a undoubtedly arises by meth- 
oxide attack at the two carbonyl groups (a and 
b) of 1 and aldol cyclization of the intermediate 
triketo diester 4a. P-Resorcylic ester 3a might 
reasonably be formed by methoxide attack at a 
and hydroxide attack at b. The resulting triketo 
ester-acid 4b would be expected to decarboxylate 
to give triketo ester 5a, which has been pre- 
viously shown to undergo aldol cyclization to 
form 3a under the above conditions (2). 

The formation of methoxy ester 3b cannot be 
explained by such simple processes since forma- 
tion of the required intermediate 5-methoxy ester 
6a requires methoxide attack at both a and c of 
1, as well as hydrolytic cleavage of the other 
ring. Methoxide attack a t  either a or c pre- 
cludes subsequent attack at the other one. Thus, 
either the minor component must arise by a more 
complex process than do 2a or 3a,3 or the 
structure 3b was incorrectly a~signed.~ 

'Supported by research grant GM-12848 from the 
National Institutes of Health, United States Public 
Health Service. 

'Alfred P. Sloan Fellow and Career Development 
Awardee, K3-GM-27013, of the National Institutes of 
Health, United States Public Health Service. 

30ne such process would involve methoxide attack at 
c to give carboxylic acid i followed by rearrangement to 
anhydride i i .  Subsequent methanolysis, decarboxylation, 

Our attention was attracted to this problem 
when, during investigations of biogenetic-type 
syntheses of phenols in this laboratory [see (2)], 
treatment of methyl 6-phenyl-P-resorcylate (3a) 
with diazomethane was shown to give two mono- 
methylation products. On the basis of steric 
considerations and by analogy with other meth- 
ylation reactions (5) the major product was 
assigned structure 3b. The i.r. and n.m.r. spectra 
supported this assignment; the stretching fre- 
quency (1645 cm-I) of the carbonyl group and 
the chemical shift (T = - 1.3) of the hydroxyl 
proton indicated that the hydroxyl group was 
hydrogen bound to the carbomethoxy group. 
The other monomethylation product ( 3 ~ ) ~  was 
present in trace amounts and was detected by 
thin-layer chromatography (t.1.c.). The melting 

and cyclization would give ester 36. However, we are not 
aware of a satisfactory precedent for the conversion of 
i to ii. 

OCH3 C H 3 0  OH 

4The same criticism applies to methoxy esters iii and 
iv, which have been obtained by similar reactions of 
complex pyrones with methoxide ion (3,4). 

CH30 \ CH2COCH3 
iii iv 

SMonomethoxy ester 3c was identified by t.1.c. com- 
parison with an authentic sample which had been pre- 
pared by aldol cyclization of the appropriate en01 ether 
of triketo ester 5a. This reaction will be reported else- 
where. 
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I 

COzR COzR' 

point of 3b obtained from the diazomethane 
reaction was 7" higher than that reported by 
Douglas and Money (1). Also, the spectra of this 
material differed from those reported by Douglas 
and Money for their compound (see Table I). 
It was concluded, therefore, that the structure of 
their compound was incorrectly assigned. A 
possible alternative structural assignment for 
their compound is 7a;  the hydroxyl group of 7a 
could participate in hydrogen bonding similar 
to  that in 3b, and the two compounds would be 
expected to have similar spectral characteristics. 

Verification of the above structural assign- 
ment was accomplished by unambiguous syn- 
thesis of 7a. Thermal decarboxylation of 6- 
phenyl-a-resorcylic acid (3d) gave 5-phenyl- 
resorcinol (8) which was carboxylated with car- 
bon dioxide and potassium bicarbonate by a 
modified Kolbe-Schmitt reaction in satisfactory 
yield. The carboxylation product was assigned 
structure 7b by analogy with the carboxylation 
of orcinol (6). In addition, the n.m.r. spectrum 

showed that the two aromatic protons of the 
phenolic ring were chemically equivalent, there- 
by indicating the symmetrical arrangement of 
the substituents [cf. the corresponding protons in 
isomeric acid 3d are non-equivalent]. Methyla- 
tion of acid 7b using excess diazomethane gave a 
mixture of three methyl esters a s  a colorless oil 
and trituration with ether effected crystallization 
of dihydroxy ester 7c. The mother liquors were 
subjected to chromatography on silicic acid. 
The first fraction contained a mixture of mono- 
methoxy ester 7 a  and dihydroxy ester 7c, and 
partial separation was achieved by preparative 
thin-layer chromatography to give monome- 
thoxy ester 7a. The material had the same melt- 
ing point as the material obtained by Douglas 
and Money. Spectral characteristics of 7a are 
shown in Table I and are in good agreement with 
those quoted by these workers (I), and it is 
concluded that their product was in fact 7a. 
The second fraction eluted from the column 
contained dimethoxy ester 7d. The chemical 
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HOWARTH AND HARRIS: REASSIGNMENT OF STRUCTURE 

TABLE I 

Melting points and spectral data of mononlethoxy esters 

Compound Melting point Infrared,* cm- I Ultravioleti, mp (log E )  Nuclear magnetic resonance$ r 

365 110-111" 1645,1600,1568 302 (3.75), 261 (4.04), 6.56 (s, 3), 6.20 (s, 3), 
224 (4.45) 3.65(d, 1 , J =  2Hz) ,  

3.50 (d, I ,  J = 2 Hz), 
2 .7(m,  5), -1.3 (s, 1) 

7al1 102-104" 1638, 1606, 1549, 323 (sh; 3.33), 276 (4.30), 6.04 (s, 3), 6.00 (s, 3), 
1496 220 (sh ; 4.34) 3.33 (d, 1, J = 2 Hz), 

3.12 (d, 1, J = 2 Hz), 
2 .5  (m, 5), - 1 .63 (s, 1) 

Compound de- 103-104" 1650, 1610, 1560, 325 (sh; 3.38), 277 (4.28), 6.13 (s, 3), 6.09 (s, 3), 
scribed by 1500 220 (sh; 4.35) 3.43 (d, 1, J = 2 Hz), 
Douglas and 3.20 (d, I, J = 2 Hz), 
Money (1) 2.58 (m, 5), - 1 .54 (s, 1) 

*Nujol mulls. 
tSolutions in 95 %ethanol. 
SSolutions in deuter~ochloroform. 
§Prepared by treatment of30 withd~azomethane. 
"Prepared by treatment of 76 with diazomethane. 

equivalence of the aromatic protons in the phe- perature for 20 h. Evaporation of the solvent in vacuo 

nolic rings of esters 7 c  and 7d, as illustrated by gave a pale-yellow oil which was shown by thin-layer chro- 
matography (t.1.c.) to contain methyl 2-hydroxy-4- the n.m.r. 'pectra, substantiates the symmetry methoxy-6-phenylbenzoate (3b), ester 3a, and a trace 

these compounds and of the parent acid 7b.  amountofmethyl4-hydroxy-2-methoxy-6-phenylbenzoate 
A reasonable pathway for formation of 7a ( 3 ~ ) . ~  The oil was subjected to chromatography on silicic 

from phenyl dipyrone 1 would involve methoxide acid eluting with ether-hexane mixtures. Elution with 
ether-hexane (1 :9) gave 36 as minute prisms (20.5 mg, 

attack at and to give 6b' c~clization of 48%), m.p. 107-108" and 110-111" after recrysta]]ization 
6b could then be envisaged to give hydroxy acid from ch]oroform-hexane, 
9 which, after dehydration and concomitant Anal. Calcd. for Cl5HI4o4 (mol. wt., 258): C, 69.76; 
decarboxylation, would afford 7a. Two alterna- H3 5.46. Found (mol. wt., (Mass spectroscop~)~ 258): 
tive pathways, viz. 9 + 2b + 7a  and 66 + 10 -> 69.93; H y  5.67. 

Further elution with ether-hexane (1 :4) gave starting 7a, appear less likely. Neither 26 nor 6b would ester3a(15.5 mg, 39%). 
be expected to decarboxylate under the con- 
ditions employed by Douglas and Money 

Metlzylatior~ of Methyl 6-phenyl-p-resorcylate (3a) 
Ester 3a (40 mg) (2) was treated with diazomethane 

(10 equivalents) in ether (100 ml) and left at room tem- 

6The proposed pathway is consistent with unpublished 
experiments carried out in this laboratory with triketo 
acid 56. Treatment of this acid with 2 M potassium hy- 
droxlde afforded the corresponding undehydrated aldol 
cyclization product as its dianion, which was slowly con- 
verted to 5-phenylresorcinol (8). Evidently dehydration 
and decarboxylation occurred simultaneously: there was 
no evidence that resorcylic acid 3d was an intermediate. 
Moreover, decarboxylation of the triketo acid was not 
observed. 

7All melting points were taken with a Thomas-Hoover 
apparatus in unsealed capillaries. Elemental analyses 
were performed by Galbraith Laboratories, Inc., Knox- 
ville, Tennessee. Infrared and ultraviolet spectra were 
obtained with Beckn~anIR-loand Cary 14spectrophotom- 
eters, respectively. Nuclear magnetic resonance spectra 
were obtained with a Varian A-60 spectrometer. Tetra- 
methylsilane (7 = 10.0) was employed as an internal 
standard. 

5-Pl~er~ylresorcirzoI (8 )  
6-Phenyl-13-resorcylic acid (3d, 948 mg) (2) was heated 

at 160" for 1.5 h. The oil was sublimed at 130°/0.07 mm 
to give 590 mg (77%) of 8, m.p. 158-158.5" [lit. m.p. 
157-158" (7)]. 

4-Plierzyl-y-resorcylic Acid (76) 
5-Phenylresorcinol (190 mg), potassium bicarbonate 

(400 mg), glycerol (1.2 g), and solid carbon dioxide were 
heated in a stainless steel bomb at 150" (1000 p.s.i. 
autogenous pressure) for 16 h with stirring (magnetic 
stirrer). The mixture was cooled, diluted with water, and 
acidified with dilute hydrochloric acid. The solid was 
extracted with ether, dried (MgSO,), and the ether was 
evaporated in vactio to give 210 mg (89 %) of 76 as minute 
prisms, m.p. 181-184" (decomp.). Recrystallization from 
ether and sublimation at 120°/0.05 mm raised the melting 
point to 189-191' (decomp.); i.r. (KBr) 1605 and 1545 
cm-';n.m.r.(EtZO)~3.72(s,2),3.0(m,5). 

Anal. Calcd. for C13H1004: C, 67.82; H, 4.38. Found: 
C, 67.81 ; H, 4.39. 

wish to thank Mr. A. H. Struck and Mrs. D. 
 ranks for recording the mass spectrum on a Hitachi 
RMU-6 single focusing mass spectrometer. 
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Methylation of 76 
Acid 76 (192 mg) was added to a solution of diazo- 

methane (ca. 0.28 g, 7 equivalents) in ether (40 ml) and 
the solution was set aside at room temperature for 18 h. 
The solvent was removed in vacuo and the residual oil was 
triturated with ether to give methyl 2,6-dihydroxy-4- 
phenylbenzoate (7c, 30 mg, 13%), m.p. 145-150". Sub- 
limation at 85-95"/0.03 mm raised the melting point to 
151-153"; U.V. (95% EtOH) 333 mp (log E 3.52), 280 
(4.40), and 220 (sh., 4.33); i.r. (Nujol) 1664, 1632, and 
1543 cm-'; n.m.r. (CDCI,) 7 5.89 (s, 3), 3.19 (s, 2), 2.5 
(m, 5), 0.25 (s, 2). 

knal. ~ a l c d .  for C14H1204: C, 68.85; H, 4.95. Found: 
C, 68.85; H, 5.18. 

The mother liquors were evaporated and fractionated 
on silicic acid. Elution with mixtures of ether:hexane 
gave initially an oil (79 mg) which was shown to contain 
two compounds. Nuclear magnetic resonance indicated 
the presence of 7c and 7a in a ratio of ca. 0.7:l. The 
mixture was partially separated using preparative t.1.c. to 
give 7a, m.p. 102-104"; mass spectrum m/e (rel. intensity) 
258 (40), 226 (loo), 198 (15), 183 (20), 155 (13), 139 (8), 
127 (16), 115 (12), metastables (transitions) 174 (226 -+ 
198), 169 (198 -t 183), 131 (183 + 155), 104 (155-t 
127).9 

9We wish to thank Drs. W. Goodlett and J. C. Gilland, 
Jr. for recording this spectrum on a CEC 21-110B mass 
spectrometer. 

Further elution of the silicic acid afforded methyl 2,6- 
dimethoxy-4-phenylbenzoate (7d) as a colorless oil (76 
mg, 34%) which slowly crystallized. Recrystallization 
from chloroform-hexane and sublimation at 100"/0.01 
mm gave minute prisms; m.p. 130-130.5"; U.V. (95% 
EtOH) 263 mp (log E 4.28); i.r. (Nujol) 1728, 1585, and 
1565 cm-I ; n.m.r. (CDCI,) r 6.14 (s, 6), 6.09 (s, 3), 3.27 
(s, 2), 2.52 (m, 5). 

Anal. Calcd. for C16H1604: C, 70.58; H, 5.92. Found: 
C, 70.54; H, 5.89. 

1. J. L. DOUGLAS and T. MONEY. Can. J. Chem. 45, 
1990 (1967). 

2. T. &f H ~ R R I S  and R. L. CARNEY. J. An;. Chern. 
SOC. 89,6734 (1 967). 

3. J. L. DOUGLAS and T. MONEY. Tetrahedron. 23.3545 , , 

(1967). 
4. T. MONEY, F. W. COMER, G. R. B. WEBSTER, I. G. 

WRIGHT, and A. I. Scorn. Tetrahedron, 23, 3435 
(1967). ,-- - z -  

5. R. H. THOMSON. Biochemistry of phenolic corn- 
pounds. Edited by J. B. Harborne. Chap.1. 1964. 
Academic Press, Inc., New York. 

6. A. S. LINDSEY and H. JESKEY. Chem. Rev. 57, 583 
(1 957). ,- - ,~ 

7. C. M. SUTER and P. G. SMITH. J. Am. Chem. Soc. 
61,166 (1939). 
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Gas-liquid chromatography of terpenes. Part XVII. 
The volatile oil of the leaves of Junipevus vivginiana L.' 

A. R. VINUTHA~ AND E. VON RUDLOFF 
Prairie Regional Laboratory, National Researclt Courzcil of Canada, Saskatoon, Saskatchevvan 

Received June 3, 1968 

The leaf oil of the red juniper was found to contain mainly sabinene, as well as  limonene, a-pinene, 
y-terpinene, terpinolene, 3-carene, myrcene, 4-terpinenol, citronellol, elemol, y-, a-, and B-eudesmol, 
the aromatic ethers estragole, safrole, methyl eugenol, and elemicin. Another aromatic ether, methyl vinyl 
anisole, was isolated which has not been found previously in essential oils. The acetates 1 and 2 obtained 
previously in two related juniper leaf oils were present and the first has been identified as elemol acetate. 
Small amounts of a-thujene,p-cymene, linalool, and 6-cadinene were also identified. 

Quantitative aspects were studied with a view of future chemosystematic investigations. The error in 
duplicate runs was 0.1 % for well-resolved peaks, but the absolute error, as determined by use of internal 
standards, was larger. Leaf oils of different trees from Texas and Ontario were found to give wide 
quantitative variations of the individual components. 
Canadian Journal of Chemistry, 46, 3743 (1968) 

Introduction 

In continuation of the systematic analysis of 
the volatile oils of North American conifers by 
gas-liquid chromatography (g.l.c.), the leaf oil 
of the red juniper, Juniperus virginiana L. (er- 
roneously called red cedar) was investigated. 
This is one of the most widely distributed North 
American juniper species, ranging from southern 
Ontario in the north to Texas in the south, and 
from the Atlantic coast to the plains in the west. 
The introgression and possible hybridization 
with neighboring western juniper species, includ- 
ing J. horizontalis Moench., J. scopulorum Sarg., 
and J. ashei Buchholz was studied by Fassett (1) 
and Hall (2). The volatile oil of the wood of the 
red juniper is the commercial cedar wood oil (3, 
4), which was analyzed in detail by Runeberg (5) 
and is a major source of cedrene and cedrol (3, 
6). In contrast, the leaf oil does not appear to 
have been investigated to any extent; Guenther 
(3) quoted only two very early references relating 
to incomplete work. 

The current study was also designed to provide 
data for a chemosystematic investigation of the 
introgression of J. virginiana and J. ashei (7) in 
addition to giving a more modern chemical 
analysis. Particular attention was paid to repro- 
ducible quantitative and qualitative (retention) 
data. In the previous paper of this series the 
detailed analysis of the leaf oil of J. ashei was 
described (8), and it was shown that by employ- 

'Issued as NRCC No. 10391. 
ZNRCC Postdoctorate Fellow 1967-1968. 

ing an electronic digital integrator, the areas of 
well-resolved major peaks could be determined 
with a precision of 0.1 %. In this study, more 
attention was paid to  the minor or partially 
resolved components, as well as the use of inter- 
nal standards to test the internal normalization 
method. Furthermore, a number of leaf samples 
of J. virginiana from different locations were 
analyzed to determine possible variation within 
or between populations. 

Experimental 
The gas-liquid chromatographic (g.1.c.) analyses were 

carried out with an F & M model 500 instrument (linear 
temperature programming, thermal conductivity detector; 
F & M Scientific Instruments Inc.) and a unit af con- 
ventional design (isothermal operation). Integration and 
summation of the area under the peaks was achieved by 
means of an Aerograph model 471 digital integrator, the 
instrumental error being less than 0.1 % on full scale 
recorder (1 mV) deflection with no base line drift. An 
Aerograph model A-700 gas chromatograph (Wilkens 
Instrument and Research Inc.) was used for preparative 
g.1.c. Helium was used as carrier gas in all experiments 
and the flow rates were determined by the soap bubble 
method. Retention times were measured from the time of 
injection to the initial emergence of the peaks (9). The 
packing of the g.1.c. columns was prepared by the tray 
method and columns were packed by means of mild 
mechanical vibration. The liquid phases employed in the 
columns were polyethylene glycol (PEG) (Carbowax 
20M, 5 % on Aeropak 30, 70-80 mesh, 5 % and 15 % on 
Gaschrom P, 60-80 mesh), silicone gum polymer (SE-30) 
(5 % on silanized Anakron ABS, 70-80 mesh, 15 % on 
Gaschrom P, 60-80 mesh), fluorinated silicone polymer 
(QF-I) (5 % on Anakron ABS and 15 % on Gaschrom P), 
ethylene glycol bis-propionitrile (EGPN) (15 % on Gas- 
chrom P) and C-modified polyphenyl ether (MCS-562) 
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TIME,  min 

FIG. 1. Gas chromatograms of the leaf oil of Juniperus virginiana L. (large batch from Texas) (PTGC: 50" to 
215" at 2,9"/min; 350 x 0.4 cm O.D. columns). A: 5% polyethylene glycol 20M on Gas Chrom. P. (60-80 mesh); 
B: 5 % polyethylene glycol on Aeropak 30 (70-80 mesh); C :  5 % SE-30 Silicone gum on Anakrom ABS (60-70 mesh). 

(10) (15 % on Gaschrom P). The 5% columns were used 
for analytical runs (90-120 ml Helmin) whereas the more 
heavily loaded columns were employed in preparative 
work (40-70 ml Helmin). 

Figure 1 shows the trace obtained with the oil from 
Texas, using the 5% PEG columns (350 x 0.4 cm O.D.) 
at 50" programmed at 2.9"/min to 215", the final tempera- 
ture being held until the last peak had beeneluted; a) with 
Gaschrom P and 6 )  with Aeropak 30 as support. The 
peak numbering used throughout this study is the 
sequence of elution under conditions (a), which are those 
employed previously (7, 8). The purity of individual 
components was determined on this column as well as on 
the other columns where necessary. Figure Ic shows the 
chromatogram as obtained on the 5 % SE-30 column at 
50" programmed at 2.9"/min to 215". 

Individual components were trapped at the exit of the 
gas chromatographs by hand collection in teflon tubes 
(externally cooled with ice or solid carbon dioxide) or in 
the special collection flasks of the Aerograph A-700 unit. 
Infrared spectra of the purified components were recorded 
as films on sodium chloride plates using a Perkin-Elmer 
model 21 double beam spectrophotometer. Fractions 
which were submitted to nuclear magnetic resonance 
(n.m.r.) analysis were collected directly in carbon tetra- 
chloride (0.5 ml). The n.m.r. spectra were recorded with 
the aid of a Varian HA-100 (100 Hz) spectrometer, using 
tetramethylsilane as internal standard. The signals are 
reported as p.p.m. 

Plant Material and Recovery of the Volatile Oil 
Most of the foliage from J. virginiana L. (identified by 

Prof. B. L. Turner, Department of Botany, University of 
Texas, Austin) was collected near Austin, Texas, during 
November 1966, and this was steam-distilled at the 
University of Texas the following day. The distillate was 
extracted with methylene chloride and, after drying, the 
solvent was removed by distillation; yield 1.15% (based 
on  fresh weight of foliage), [aIDz2 +31.3" (c, 11.2; 
CHCl,), r~~~~ 1.4973. Smaller leaf samples (15 to 30 g 
each) were also collected from several trees in the same 
area. Two larger batches (4-5 kg) of foliage were also 
collected from two trees located near St. Williams, 
southern Ontario, (collected and identified by Prof. E. 
Jorgensen, Faculty of Forestry, University of Toronto, 
Ontario) and these were shipped to Saskatoon for steam- 
distillation; yield of volatile oil 0.22 and 0.15%, [u]D22 
+47.4" and +60.17", nDZ2 1.4858 and 1.4810 respectively. 
Considering the low yield, it is likely that loss of oil 
occurred during transport. Several small leaf samples 
were also collected in the same areas from different trees. 
Small scale distillation was carried out in the apparatus 
described previously (11). Since complete removal of 
solvent from small oil samples (less than 1 g) cannot be 
achieved without substantial loss of oil (l l) ,  the evapora- 
tion of solvent was stopped when about 10% solvent 
remained. Hence, physical constants of these small leaf 
oil samples were not determined. The yields were in the 
1 to 2 % range. 
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Prefiactiotzatiotz 
Aliquots (10.0 g) of the oil were chromatographed on 

modified sillcic acid (120 g) as described previously (8, 12, 
13). Elution with petrol (Skellysolve F, b.p. 4G500; 
500 ml) gave an impure hydrocarbon fraction I (4.0 g), 
elution with methylene chloride (400 ml) a mid-fraction 
I1 (3.5 g), and elution with methanol (400ml) a polar 
fraction I11 (2.5 g). The latter fraction was rechromato- 
graphed on a fresh batch of silicic acid (35 g) and elution 
with methylene chloride and methanol (200 ml each) gave 
fraction IIIa (1.2 g) and IIIb (1.3 g) respectively. 

In subsequent work, it was found that fraction I 
contained, in addition to the terpene hydrocarbons, 
several percent of the aromatic ethers. These could be 
removed to a large extent by rechromatography on the 
silicic acid column, but decomposition (especially peak 
21) was encountered and the fractlon was used as such 
for preparative g.1.c. 

Individual Corliponents 
a) Hydrocarbons 
The hydrocarbon fraction I was separated into indi- 

vidual peaks (multiple injections of 20 p1 mixture) on a 
200 x 0.6 cm O.D. MCS-562 polyphenyl ether column 
(10O0, 40 ml Helmin). Peaks l a  and b (see Fig. lc) 
could not be collected separately since the partial resolu- 
tion obtained in analytical runs (less than 1 pl aliquots) 
was lost in preparative work. The mixture had infrared 
(i.r.) and nuclear magnetic resonance (n.m.r.) spectra 
closely resembling those of a-pinene. However, the small 
sigials at 0 68, 0.90-0.98, 1.12 and 1.45 p.p.m. lndlcated 
that a small amount of a-thujene ]nay be present. This is 
In agreement with the retention data obtained In analyti- 
cal runs on the PEG, EGPN, MCS-562 and SE-30 
columns. All other major peaks of this fraction were ob- 
tained virtually pure and identified as sabinene (peak 3) 
([a], +75.4"), 3-carene (peak 5), myrcene (peak 6), 
limonene (peak 7) ([a], +8.8"), y-terpinene (peak 9), 
p-cymene (peak lo), and terpinolene (peak 11) by com- 
parison of the spectra with those of the authentic corn- 
pounds. The trace components 4 and S could not be 
separated from sabinene and limonene respectively. 
Retention data suggest that peak 8 is either a-phellan- 
drene or 1:s-clneole. Since the latter oxide is usually 
removed from the hydrocarbons in the prefractionation 
(8, 12, 13) the presence of 8-phellandrene in peak 8 is very 
likely. The retention data of the trace peak 2 are in 
agreement with those of camphene. 

The hlglier boiling components in fraction I were 
fractionated on an SE-30 column (300 x 0.4 cm, 50 to 
220" at 2.9"/min) when estragole (peak 26), methyl vinyl 
anisole (peak 28), safrole (peak 36), and 6-cadlnene (peak 
29) were isolated and identified by coniparison of spectral 
data (see also below). 

b) Mid-fiaction 11 
Gas-liquid chromatograpliy of fraction I1 showed it 

contained mainly peaks 26, 28, 36, and 40, as well as 
smaller amounts of peaks 3, 9, 11, 17, 20, 21, 22, 23, 35, 
39, 44 (or 43; decomposition?), 48, 49, 52 and 54. Of 
these only peaks 23, 26, 28, 36, 40 and 52 were collected 
in sufficient amounts (SE-30 or PEG columns) to permit 
rigorous identification. Comparison of spectral data with 
those of authentic specimens showed peaks 23,26, 36,40 

and 52 to be 4-terpinenol ([a], + 6.3"), estragole, safrole, 
methyl eugenol, and elernicin, respectively. The i.r. 
spectrum of component 28 indicated it to be a new com- 
pound, and it was obtained reasonably pure after re- 
fractionation on the PEG column. 

Anal. Calcd. for CloH120: C, 81.04; H, 8.16. Found: 
C, 80.83; H, 8.09. 

The i.r. spectrum (3080 (w), 2940 (multiplet) (s), 1632 
(m), 1595 (s), 1575 (s), 1508 (m), 1465 (s), 1435 (s), 1405 
(nl), 1287 (s), 1260 (s), 1190 (m), 1178 (m), 1095-1075 
(doublet) (s), 1055 (m), 985 (s), 905 (s), 770 (s), and 740 
(s) cni-') indicated the compound to be a n  aromatic 
vinyl ether with a substitution pattern similar to that of 
safrole. The various signals of the n.m.r. spectrum are 
shown in Table IIIa. Hydrogenation of component 28 
with platinum catalyst resulted in the cons.umption of 
one mole of hydrogen per mole. The n.m.r. signals of the 
product are shown in Table IIIb. 

c) Fraction IIIa 
This fraction was composed mainly of peaks 20, 23,30, 

31, 36, 40, 44, 51, and 52. Crude fractions were obtained 
by preparative g.1.c. on either 15% PEG or SE-30 
(180 x 0.9 cm O.D.) columns. Refractionation gave lin- 
alool (peak 20), 4-terpinenol (peak 23), citronellol (peak 
30), safrole (peak 36), methyl eugenol (peak 40), elemol 
(peak 44), and a mixture of a- and a-eudesmol (peaks 51 
and 52b). Some elemicin (peak 52a) appeared to be 
present in the eudesmol fraction (i.r. spectrum). The 
safrole fraction contained a ketone (i.r. spectrum, 
1705 cm-I), but this component could not be obtained in 
sufficient amount to permit identification. The  retention 
time of this ketone (PEG column) is higher than that of 
carvone, pulegone, or piperitone. Similarly, the methyl 
eugenol fraction was found to contain a hydroxy ketone 
(i.r. spectrum, 3500 cm-', 1725 cm-'). The  elemol 
fraction was found to be contaminated with a n  aromatic 
compound (i.r. spectrum, 1505 cm-I). 

d) Fraction IIIb 
Fraction IIIb solidified o n  standing and was found to 

be composed mainly of elemol (peak 44). It was purified 
by preparative g.l.c., and the spectra agreed with those of 
the authentic specimen; [aIDZ3 - 11.00 (c, 2.1 ; CHCl,). 
In addition to elernol, small amounts of y-eudesmol 
(peak 48), a -  and-e-eudesrnol (peaks 51 and 52b), and of 
peak 55 were isolated. Component 55 had an i.r. spectrum 
which is similar to that of acetate 2 isolated from the leaf 
oil of Juriiper~rs horizorrtalis Moench (14) and  J. scopu- 
lorrrnl Sarg. (13) (designated peak 41). The n.m.r. spec- 
trum of this compound contained a 3-proton signal at 
1.99 p.p.nl. confirming the presence of an acetoxy group. 
Three proton signals were also recorded near 1.09 
(doublet, -CHCH,), 1.14 (singlet C-CH,) and near 
1.68 (broad singlet, C=C-CH,) and less well-defined 
single proton signals near 4.56, 4.78, and 4.92 p.p.m. 
(doublet, -CH=C). As with most terpenes, the methy- 
lene proton signals in the l . G I  .8 p.p.m. range were not 
a~nenable to interpretation. Neither the n.m.r. nor the i.r. 
spectra could be correlated with that of known terpene 
acetates. 

Component 45 appeared to decompose during frac- 
tionation. Its properties are very similar to that ofacetate 
1 of J. horizorrtnlis (13) and  J.  scoprrlorrrr~~ (14) and this 
could now be shown to be elcniol acetate. Elernol was 
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TABLE I 
Percentage con~position of the leaf oil of the red juniper from different populations in Texas and Ontario 

Texasf Ontario5 
Peak* 
No. Comuoundt All 1 2 3 4 1 2 3 4 

a-Pinene 
a-Thujene 
(Camphene) 
Sabinene 
Unidentified 
3-Carene 
Myrcene 
Limonene 
(p-Phellandrene) 
y-Terpinene 
p-Cymene 
Terpinolene 
Unidentified 
Unidentified 
Unidentified 
(Fenchone) 
(Thujone) 
(Isothujone) 
Unidentified 
(Camphor) 
Linalool 
Methyl citronellate + unknown7 
(Bornyl acetate) 
4-Terpinenol 
Unidentified 
Unidentified 
Estragole 
(Borneol) 
Methyl vinyl anisole 
6-Cadinene 
Unidentified 
Citronellol 

(Nerol) 
Unidentified 
(Geraniol) 
Safrole (+ G O )  
Aliph. alcohol 
Unidentified 
Unidentified 
Methyl eugenol 
(C=O; -OH) 
Unidentified 
? Decomposition 
Elemol 
Elemol acetate 
Unidentified 
Unidentified 
y-Eudesmol 
Aromatic compound 
Unidentified 
a-Eudesmol 

3.2 

0.1 
29.6 
0.1 
1.6 
1.3 
2.9 
0.3 
2.0 
0.2 
0.8 

Trace 
0.1 

Trace 
Trace 
Trace 
Trace 
Trace 
Trace 
0.7 

4.511 
Trace 
3.0 
0.1 
0.1 
1.3 
0.2 
4.0 
0.3 
0.3 

: : !} 
Trace 
Trace 
0.3 

18.7 
0.1 

Trace 
0.2 

12.1 
0.2 
0.2 
0.1 
4.7'11 
0.511 

Trace 
Trace 
0.8 
0.3 

Trace 
1 .o** 

- .  . 
Trace ~ % e  
0.5 0.4 

Trace Trace 

- - 
0.3 0.2 
- Trace 
- - 
1.2 0.4 

. .-  ~ . -  

4.0 3.6 
Trace 0.1 

Trace 
0.2 1.1 
0.1 0.1 
6.1 Trace 
0.1 0.2 
0.1 0.2 
1.6 1.4 

- - 
0.3 0.2 

18.7 17.5 
- Trace 
- Trace 
0.1 0.2 

11.8 9.0 
2.9 0.6 
0.4 0.5 
} 18.6 
2.5 5.1 
0.1 0.1 
0.3 
1.2 3.2 
0.6 1.3 
0.1 0.1 

7 
51b Elemicin 1.0** > 8.5 11.8 ~ p~~ ... - 

52 p-~udeshol  0:8 ,I 
53 Unidentified 0.1 0.1 0.1 
54 Unidentified Trace Trace Trace 
55 Acetate 2 0.4 6.0 5.7 

*In the sequence of elution from the 5 %  PEG column (45" to 215', 
tNamls  in parentheses are tentatively identified components. 
ICollected 20 miles west of Austin (near Bastrop). 
§Collected near St. Williams, Southern Ontario. 

1.4 

- 

20.0 
0.4 
1.3 
0.8 
2.9 
0.2 
2.1 

Trace 
0.7 

- 
- 
- 
- 
0.4 

Trace 
- 
1 .o 
2.5 
0.1 
6.0 
0.1 

Trace 
1.1 
0.1 

Trace 
0.1 
0.1 
2.4 
- 
- 

Trace 
5.4 

Trace 
Trace 
0.1 
7.3 
0 .3  
0.1 

16.3 

7.4 
Trace 

1.9 
0.6 

Trace 

8.9 

Trace 
- 
7.5 

2.9"lmin). 

1.2 

- 

15.0 
Trace 
1.3 
0.4 
2.3 
0.1 
1.3 

Trace 
0.4 

Trace 

- 
0.1 
- 
- 
0.4 

1.2 
0.2 
3.3 

Trace 

0.4 
0.1 
4.8 
0.1 
0.1 
0.9 
- 
- 
0.4 

18.9 
- 
- 
- 
3.9 
2.4 
0.1 

15.3 
7.5 
0.2 

2.3 
0.8 
0.1 

9.8 

Trace 
- 
3.7 

1.1 

0.1 
9.2 
- 
0.4 
0.3 

17.8 
0.2 
0.7 

Trace 
0.4 

Trace 
0.1 - 
0.2 

Trace 
- 
- 
0.3 

9.3 
Trace 

1.8 
Trace 
Trace 
0.1 
0.2 
0.3 
0.2 

Trace 
Trace 
0.1 

Trace 
0.2 
0.1 
0.2 

Trace 
0.2 
1.3 

22.8 
8.5 

Trace 
Trace 
2.7 
1.4 

Trace 

7.0 

0.1 
- 
6.5 

11.5 

Trace 
3.8 
- 
1 .o 
0.1 

19.8 
0.1 
0.3 

Trace 
0.4 

- 
0.1 

Trace 
- 
0.1 
- 
- 
0.6 

2.0 
0.1 
0.9 

Trace 
Trace 
0.6 

Trace 
0.1 
0.3 
0.4 
1 .o 
2.2 

Trace 
0.1 

Trace 
1.5 
0.1 

Trace 
0.1 
0.7 
0.3 
0.8 
8.1 
3.2 
0.9 

Trace 
2.2 
2.0 
0.1 

7.3 

0.2 
Trace 
4.5 

1.2 

0.1 
9.9 
0.1 
0.6 
0.3 

15.3 
0.3 
0.9 

Trace 
0.5 

Trace 
Trace 
Trace 
0.1 
0.1 
0.1 

Trace 
0.7 
0.9 

6.6 
1.3 
2.8 
0.4 
0.1 
0.2 
0.1 
0.2 
0.3 
0.3 

Trace 
1.7 
0.1 

Trace 
0.2 
9.6 
0.2 

0.2 
2.9 
0.6 
0.6 

23.8 

1.4 
Trace 
- 
2.7 
1.1 

Trace 

7.6 

0.1 
Trace 
3.1 

0.8 

0.1 
3.7 
0.5 
0.7 
0.1 

33.5 
0.2 
0.2 

Trace 
0.3 

Trace 
Trace 
Trace 
Trace 

0.1 

1.7 
0.6 
0.3 
0.2 

Trace 
0.2 
0.1 
0.8 
0.2 
0.9 
1.0 
4.8 
0.1 

0.1 

0.2 
0.1 
0.2 

Trace 
0.4 
1.4 

22.9 
0.5 
0.2 - 
4.8 
3.3 
0.2 

12.3 

0.2 
Trace 
2.2 - 

//Large batch. 
?[These components decompose. 
**Approximate value (f 0.2%). 
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acetylated under mild conditions (acetic anhydride - 
pyridine at room temperatures for two weeks) and a 
mixture .of elemol and elemol acetate was obtained. 
Separation by g.1.c. (PEG column) gave impure elemol 
acetate, which had a similar i.r. spectrum and retention 
times as acetate 1. In  all experiments decomposition (as 
deduced from peak shape) was appreciable. 

Attempts to isolate peaks 21, 32, and the unidentified 
trace components met with difficulties owing to extensive 
decomposition, poor resolution, or paucity of material. 
Peak 21 has the retention time of methyl citronellate (16) 
which is a rather stable ester. An attempt was, therefore, 
made to collect peak 21 directly without prefractionation. 
The yield was lower than expected, indicating once again 
that decomposition took place. The i.r. and n.m.1. spectra 
showed some similarity with those of methyl citronellate, 
but a major impurity was present. Attempts to isolate this 
impurity failed owing to further decon~position. 

Results and Discussion 

Figure l a  shows the chromatogram of the leaf 
oil of the red juniper as obtained with the 5% 
PEG column under standard conditions (8, 12). 
Although the separation appeared to be satis- 
factory, closer inspection showed poor resolution 
between peaks 7 and 8 , 3  1 and 32,40 and 41,43, 
44 and 45 (this may be owing to decomposition 
of elemol and elemol acetate), peak 49 and 50, 
as well as 51 and 52. When Aeropak 30 (70-80 
mesh) was used as solid support instead of 
Gaschrom P (60-80 mesh), this column under 
the same conditions gave the chromatogram as 
shown in Fig. lb. Not only were all the peaks 
slightly sharper, but the total analysis time was 
reduced by about 10 min and the separation 
between peaks 7 and 8, 31 and 32, as well as 40 
and 41 was slightly better. Peaks 51 and 52 
appear to be reversed, but subsequent isolation 
showed that a third component was present (see 
Table I). When the new solid support was used 
with SE-30 as the liquid phase no improvement 
or changes in resolution were obtained, but again 
a slightly lower analysis time was possible. In 
fact, with the SE-30 columns a program of 4"/ 
min from 55 to 220" gave the same degree of 
resolution as shown in Fig. lc. Although some 
peak resolutions were better on SE-30, notably 
between peaks l a  and lb, and peaks 51,52a, and 
52b, the overall fractionation of this oil was 
better on the PEG column and this column was, 
therefore, used in the quantitative experiments. 

The quantitative composition of the leaf oil of 
the red juniper from Texas is shown in Table I 
(column a). This was determined in duplicate 
runs, when a precision of 0.1 % for all well- 
resolved, stable components was obtained. Even 

those present in less than 0.5% amount were 
integrated with a precision of 0.1 %. Larger 
errors must be assumed for the poorly resolved 
or decomposing peaks (especially peaks 45 to 53). 
To test the internal normalization method (15), 
various reference compounds were added to the 
oil (from 5 to 20% of the weight of oil). With 
n-paraffins (C-8 to C-20) rather variable results 
were obtained. Since olefins and branched par- 
affins give a different detector (katharometer) 
response than the n-paraffins (15), correction 
factors have to be employed and make the 
quantitation procedure cumbersome. When fen- 
chone and safrole were added, reproducible 
results were obtained (see Table 11), and these 
indicated that summation of the area under the 
peaks of all oil constituents was about 1 % low. 
The response of the detector towards several 
monoterpenes and safrole was found to be 
virtually the same. Hence, this low result can be 
explained best by assuming that losses during 
g.1.c. owing to decomposition occurred. This is 
most reasonable when one considers the diffi- 
culties encountered in identifying the labile 
components 21, 45, and 55 (see below). When 
cedrol was added (see Table IIc) the recorded 
quantity was almost the weight percentage. 
However, in comparison with fenchone and 
safrole, the response was low. Hence, sesqui- 
terpenes may require a correction factor. The 
optimum quantitative reproducibility was ob- 
tained when 1 to 5 p1 of oil were chromato- 
graphed. With larger aliquots peak broadening 
resulted in poorer resolution of the individual 
components, whereas smaller aliquots gave lower 
peak areas, which in turn resulted in the errors 
owing to baseline correction being more pro- 
nounced. With aliquots of 1 to 3 p1, a repro- 
ducibility of 0.1 % for all peaks that are well 
resolved is possible. This degree of precision 
could not be obtained when the data from two 
different columns (PEG and SE-30) were com- 
pared. It is possible that the shift in retention of 
some minor components into major ones caused 
this larger error (up t o  0.3 %), but a different 
response when different columns are used cannot 
be ruled out. This aspect, as well as the response 
of individual terpenes to  both thermal conduc- 
tivity and flame ionization detectors is being 
studied in more detail. The reproducibility ob- 
tained and overall accuracy is entirely sufficient 
for chemosystematic and other comparative 
studies. 
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TABLE I1 
Percentage composition of the red juniper leaf oil with 

added internal standards 

Weight (mg) % calcd. % found* 

, 
Leaf oil 141.87 88.41 87.5 
Fenchone 18.60 11.59 12.5 

b) 
Leaf oil 109.76 90.50 89.97 
Safrole 11.54 9.50 10. 1.1 

C )  ~, 
Leaf oil 654.38 95.04 94.9 
Cedrol 34.12 4.96 5.1 

'Triplicate determinations (20.1 %) using 3-5 pl aliquots. 
tCalculated with the contenl of safrole in the oil before addition as 

18.7% (see Table 1). 

Isolation and comparison of spectra confirmed 
the identity of the known constituents listed in 
Table I. The amount of a-thujene determined in 
peak 1 is subject to a large error. Whereas g.1.c. 
analysis on the SE-30, EGPN, and PPE columns 
indicated a ratio of a-thujene to  a-pinene of 
about 1 to 2, the n.m.r. spectrum of the collected 
mixed fraction indicated that less thujene was 
present. Possibly, a-thujene is condensed less 
efficiently than a-pinene in the collection pro- 
cedure. All the other major monoterpene hydro- 
carbons were recorded and collected satisfac- 
torily, except that the overlap between limonene 
(peak 7) and P-phellandrene (peak 8) introduced 
a larger error. On keeping the leaf oil in the dark 
and at  low temperature (near 0 "C) for several 
weeks, a drop in the amounts of y-terpinene 
(peak 9) and terpinolene (peak 11) and a corres- 
ponding rise in that of p-cymene (peak 10) was 
noted. Also, the amount of peak 21 decreased 
and acetate 2 (peak 55) was changed to a new 
peak of longer retention time. The new com- 
pound may be the same compound as peak 42 of 
the leaf oil of J. horizontalis (14). 

The major oxygenated terpenes and aromatic 
ethers were also readily identified, linalool (peak 
20), 4-terpinenol (peak 23), estragole (peak 26), 
methyl vinyl anisole (peak 28, see below), 
citronellol (peak 3 l), safrole (peak 36), methyl 
eugenol (peak 40), and elemol (peak 44) being 
obtained in a fairly pure state. y-Eudesmol (peak 
48) was not obtained pure and a- and P- 
eudesmol (peaks 51 and 526) were isolated as a 
mixture. The prefractionation procedure on 
modified silicic acid was inefficient owing to the 
presence of the niany aromatic ethers. However, 
the aromatic ethers could be separated from 

oxygenated terpenes by g.1.c. on  two different 
columns (PEG and SE-30). Peak 21 has the 
retention characteristics of methyl citronellate 
(13, 14, 16), but is far more labile than this 
methyl ester. An attempt was made to isolate 
this constituent directly by g.1.c. without pre- 
fractionation, but recovery was poor and impure 
material was collected. The spectral evidence 
indicates that a minor portion is methyl citronel- 
late. 

The identity of methyl vinyl anisole (peak 28) 
was established by interpretation of its i.r. and 
n.m.r. spectra, as well as those of its hydro- 
genation product. The i.r. spectrum indicated an 
aromatic ether with a vinyl group and possibly 
a 1,3,4 substitution pattern (as in safrole). The 
elementary analysis was in agreement with 
Cl,Hl,O and hence the compound is isomeric 
with estragole. The n.m.r. spectrum (see Table 
IIIa) confirmed the presence of  a vinyl and a 
methoxy group, and contained a signal for a 
methyl group attached to the aromatic ring. The 
assignment of the vinyl (signals c, & and e) and 
aromatic (signals f and g) protons was confirmed 
by the spin decoupling technique. However, no  
conclusions as to  the substitution order could be 
drawn. The n.m.r. spectrum of the dihydro 
derivative (see Table 116) not only confirmed the 
presence of a vinyl group in the parent com- 
pound, by virtue of the ethyl group signals, but 
showed a chemical shift of the methyl signal 
(signal 6) from 2.34 to 2.05 p.p.m., whereas that 
of the methoxy group remained virtually un- 
changed. Hence, the methyl group appears to be 
adjacent to the vinyl group and component 28 is 
most likely HI-methyl-p-vinyl anisole (l-methyl-2- 
vinyl 5-methoxy benzene). Spin decoupling ex- 
periments showed that the conjugated single 
proton of the vinyl group (signal e) in the parent 
compound was coupled with one aromatic pro- 
ton (signal f )  and that the three aromatic protons 
were coupled with each other. In the dihydro 
compound the signals caused by the three 
aromatic protons were again complex, but the 
triplet of the parent compound (signal g) showed 
no  chemical shift, whereas the major peaks of 
signal f appeared further upfield (shift from 
6.62-6.71 to 6.49-6.63 p.p.m.). Hence, it appears 
that the triplet is generated by a n  isolated proton 
which is not located adjacent to the vinyl group. 
This lends support to component 28 being 3- 
methyl-4-vinyl anisole. The presence of this 
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TABLE I11 
Nuclear magnetic resonance signals and assignments of component 28 and its 

hydrogenation product 
-- - 

Number Chemical 
Signal type of protons shift (p.p.m.) ~sLignment 

a Conzponerlt 28 
a Singlet 3 2.34 Ph-CH3 
b Singlet 3 3.79 Ph-0CH3 

H 
c Quartet 

d Quartet 

e Multiplet 1 
f Multiplet 2 
g Triplet 1 

b Hydrogenatiorz prodrtct 
a Triplet 3 
b Singlet 3 
c Quartet 2 
d Singlet 3 
e Multiplet 2 
f Triplet 1 

6.50-6.80 Ph-CH=CH, 
6.50-6.80 Aromatic H 

6.96 Aromatic H 

1.05 -CH,-CH3 
2.05 Ph-CH3 
2.62 Ph-CH2-CH3 
3.76 Ph-0-CH3 

6.49-6.82 Aromatic H 
7.00 Aromatic H 

vinyl compound raises interesting possibilities as 
to its biosynthesis in Juniperus virginiana L. If 
one assumes that the aromatic ethers are derived 
via the phenyl propanoid pathway, then a 
methyl migration from the side-chain of estragol 
to the aromatic nucleus would account for the 
formation of methyl vinyl anisole. Alternatively, 
it may be derived by an entirely different path- 
way. It is also noteworthy that all the other 
aromatic ethers contain allylic side-chains and 
that the "iso"-compounds with a propenyl side 
chain are not present in detectable amounts. The 
large variation in the quantity of these aromatic 
components (see Table I) in different oil samples 
may have a bearing on the high degree of 
variability in the percentage composition of the 
leaf oil of red juniper from one tree to another, 
even within the same population. 

Component 55 had the same i.r. spectrum as 
that of acetate 2 isolated previously from the leaf 
oils of Juniperus horizontalis (13). The n.m.r. 
spectrum (see Experimental) permitted conclu- 
sions only as to the number of methyl substi- 
tuents and double bonds, but the basic structure 
of this sesquiterpenoid acetate could not be 
established. Attempts to isolate larger amounts 
for chemical investigations (e.g. dehydrogena- 
tion) invariably resulted in mixtures being ob- 
tained. Subsequently it was found that storage 
of the oil in the dark resulted in a change to a 

peak of longer retention time (peak 42 of the 
leaf oil of Juniperus scopuloru~n (14)). Hence, 
acetate 2 is of a rather labile nature and a dif- 
ferent method of isolation must be sought. 

It is noteworthy that whereas the wood oil of 
the red juniper was found to consist mainly of 
cr-cedrene, thujopsene, cuparene, a (+)-curcu- 
mene, cedrol and widdrol (5, 6), these sesqui- 
terpenes were not isolated from the leaf oil. 
These compounds may, of course, be present in 
trace amounts. However, the absence of major 
amounts indicates clearly a distinct difference in 
the biosyilthesis of terpenes in the wood and in 
the leaves. This is of considerable importance for 
taxonomic (chemosystematic) applications. 

The similarity of most of the components of 
the leaf oil of Juniperus virginiana L. and those 
found in that of J. horizontalis (Moench) (13) 
and J. scopulorun~ Sarg. (14), indicates a close 
phylogenetic relationship. If the quantitative 
differences were constant within the different 
populations of these species, chemosystematic 
studies could be carried out fairly readily. How- 
ever, quantitative analysis of a number of leaf 
oil samples of J. virginiana from Texas and 
Ontario (see Table I) indicates that a wide 
quantitative variation is to be found in the leaf 
oil of this species. The overlap of range and 
possible introgression of J. virginiana and J. ashei 
Buchholz is of considerable taxonomic interest 
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(2). Comparison of the chemical composition of 1. N. c. FASSETT. Bull. ~ o r r y  ~ o t a n .  club, 71, 410, 
475 (1944); 72,42,379,480 (1945). the leaf oils of these two species shows that the 2. M. T, HALL. ~~~~l~ of the Missouri Botanical 

latter contains the typical terpenes of the family Garden, 39(1), 1 (1952); Evolution, 6,347 (1952). 
pinaceae rather than those of the family cupre+ 3. E. GUENTHER. The essential oils. Vol. VI. D. van 

Nostrand Co., Inc., New York. 1952. p. 353-364. 
SaCXae (to which the junipers belong). This 4. R. HEGNAUER. Chemotaxonomie derpflanzen, Vol. 
difference in chemical constituents makes a study VI. Brikenhauser, Basel & Stuttgard. 1962. p. 284- 

287. the possible introgression of these two 'pecies 5. J. RUNEBERG, Acts Chem. Stand. 14,1288 (1960). 
feasible. Early results (7) indicate that in the 6. A. S. DUBENCHIEK. Perfumery Ess. Oil Record, 46, 
overlap which occurs near Austin, Texas, no 298 (1955). 

7. R. IRVING, B. L. TURNER, and E. VON RUDLOFF. appears Occur and that the Annual Meeting Am. Inst. Biol. Sci., College Station, 
taxonomic evaluation must be re-examined. Texas. August 27-September 1,1967. 
These chemosystematic aspects are being studied 8. E. VONRUDLO'F. Can.J. Chem. 46,619 (39683. 
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Reaction of 1,2:5,6-di-O-isopropylidene-3-O-p-nitrophenylsulfony1 
(and 3-0-p-tolylsulfonyl) u-D-glucofuranose with tetramethylammonium 

hydroxide in methyl sulfoxide 

ALEX ROSENTHAL AND L. NGUYEN' 
Deporrttlet~t of Clrettlistry, Utriuersity of British Colrrtnbio, Vat1couuer, British Colrrtnbin 
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Treatment of 1,2:5,6-di-O-isopropylidene-3-O-p-tolylsulfonyl-a-~-glucofuranose with tetramethyl- 
ammonium hydroxide in methyl sulfoxide gave 1,2:5,6-di-O-isopropylidene-a-~-glucofi1ran0se in 89 % 
yield. Under similar conditions, the 3-0-p-nitrobenzenesulfonate ester of 1,2:5,6-di-0-isopropylidene- 
a-D-glucofuranose 1, gave 3-0-[p-(3-deoxy-1,2:5,6-di-O-isopropylidene-a-~-glucofuranose-3-yl)oxyphen- 
ylsulfonyl]-1,2:5,6-di-O-isopropylidene--~-guocofuranose 2, and 1,2:5,6-di-0-isopropylidene-3-0- 
p-nitrophenyl-a-D-glucofuranose 3. A discussion of the probable mechanism of this reaction is based 
on a study of  the products obtained by application of the satne reaction to ethylp-nitrobenzenesulfonate. 
Canadian Journal of Chemistry, 46, 3751 (1968) 

The synthesis of 3-deoxy-1,2:5,6-di-0-isopro- propylidene-a-D-erythro-hex-3-enose. I t  was con- 
pylidene-a-D-erythro-hex-3-enose has posed a sidered that use of a more powerful base, for 
problem of considerable difficulty. Employment example, tetramethylammonium hydroxide 
of potassium hydroxide as base to effect elimina- (TMAH) in methyl sulfoxide (DMSO) (9), might 
tion ofp-toluenesulfonic acid from 1,2:5,6-di-0- allow the elimination reaction to be carried out 
isopropylidene-3-0-p-tolylsulfonyl-a-D-glucofur- at room temperature. I t  was envisaged that the 
anose led to low, variable yields of unsaturated unsaturated sugar could subsequently be ex- 
sugar (I, 2). Some success toward finding a better tracted with petroleum ether or chloroform from 
method of elimination of p-toluenesulfonic acid the reaction mixture. 
from sulfonate esters of model alcohols was When 1,2:5,6-di-0-isopropylidene-3-0-p-tolyl- 
attained by using potassium t-butoxide in methyl sulfonyl-a-D-glucofuranose was allowed to react 
sulfoxide (3). Because the p-nitrobenzenesulfon- with aqueous TMAH (25 %) in DMSO at room 
ate is known to be a better leaving group than temperature for 3 days, the starting material was 
thep-toluenesulfonate (4), other workers (5) have hydrolyzed to yield 1,2:5,6-di-0-isopropylidene- 
used the former sulfonate ester in their studies a-D-glucofuranose in 8 9 x  yield. Treatment of 
but have found that ethers, in addition to olefins, 1,2: 5,6-di-0-isopropylidene-3-0-p-nitrophenyl- 
are produced. From studies on the sulfonate sulfonyl-a-D-glucofuranose 1 with tetramethyl- 
esters of natural products, it has been shown that ammonium hydroxide in methyl sulfoxide at 
the product is also dependent on the nature of 
the sulfonate and on its conformation. Thus, 
cholestan-3P-01-3-meslyate afforded cholestan- 
3P-01 and an olefin in 86% and 4 %  yields, re- 
spectively, whereas cholestan-3P-01-3p-toluene- 
sulfonate gave mainly an olefin. When the epi- 
meric form of the latter (namely, the 3a-p-toluene- 
sulfonate) was used then the yield of olefin was 
reduced to 68 % (6). Utilization of potassium 
hydrogen carbonate or of collidine as base has 

room temperature for 2 days gave, after work-up, 
a mixture of three crystalline compounds. The 
major crystalline product 2, isolated in 54% 
yield, showed absorption in the infrared charac- 
teristic of the sulfonyl (1 190 and 1380 cm-') and 
no absorption for a nitro group. Its mass spec- 
trum gave a peak at tn/e 643. Because isopropyl- 
idene derivatives of carbohydrates are known to 
lose a methyl group during their initial mass 
breakdown (10, 1 I), therefore, the molecular 

resulted in the conversion of sulfonate esters of weight of 2 was 658. This n~olecular weight sug- 
steroidal compounds into mixtures of alcohols, gested strongly that compound 2 was a dimer of 1 
ketones, and unsaturated compounds (7, 8). The in which a p-nitrophenylsulfonyl and a nitro 
present work arose from an attempt to  find a group were eliminated from 2 molecules of 1. Ele- 
better method of synthesizing 1,2:5,6-di-0-iso- mental analysis of 2 agreed with the molecular 

constitution C,oH4,0,4S. The dimeric structure 
'Nte Benzing. of 2 was confirmed by cleaving 2 with sodium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

FIG. 1. The proton magnetic resonance spectrum of 2 in CCI, as solvent. [(a) at 100 MHz; (b) at  100 MHz, H-1 
and H-1' protons irradiated; (c)  at 100 MHz, H-2' proton irradiated; (d) at 100 MHz, H-2 proton irradiated.] 
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Na-Hg 

amalgam. 1,2:5,6-Di-0-isopropylidene-a-D-glu- 
cofuranose (identical to an authentic sample) was 
obtained in almost quantitative yield. The second 
fragment 5 was a water-soluble crystalline sub- 
stance. Its nuclear magnetic resonance (n.m.r.) 
showed two doublets at r 2.43 and 2.91 (relative 
area 4), typical of the A,B2 pattern of aromatic 
protons. A doublet at r 3.96 (relative area 1) was 
assigned to the anomeric hydrogen. Signals for 
H-2, H-3, H-4, and H-5 could not be assigned 
because of the interference with the lock signal 
of the HOD peak. Compound 5 was assumed 
tentatively to be p(3-deoxy-1,2:5,6-di-0-isopro- 
pylidene-a-D-glucofuranose-3-y1)oxybenzenesul- 
finic acid, sodium salt. 

The partial nuclear magnetic resonance spec- 
trum of 2 (shown in Fig. 1) corroborated the 
dimeric structure of 2 and also permitted an easy 
assignment of the configuration of C-3 of each 
of the furanose moieties of 2. Eight clearly de- 
fined peaks occurred at about r 8.6 (equal to 24 
protons) that are undoubtedly due to the 8 methyl 
groups. Two doublets at r 1.98 and 2.80 were 
assigned to the 4 aromatic protons (gave the 
typical A,B2 pattern of aromatic protons). The 
two pairs of doublets at r 4.19 (J,,, = 3.5 Hz) 
and 4.21 (J,,,,, = 3.7 Hz) (see Fig. la) were 
assigned to H-1 and H-1' on the basis of the fact 

that the doublet of 1,2 :5,6-di-0-isopropylidene- 
a-D-glucofuranose at r 4.22 has a J,,, = 3.5 Hz. 
Irradiation of 2 at r 5.56 and 5.28 led to a col- 
lapse of the two pairs of doublets at 7 4.2 (Fig. 
lc  and d).  When 2 was irradiated at r 4.2, then 
the doublets at r 5.28 and 5.56 collapsed to singlets 
(Fig. 16). Since the H-2 signals of 1,2 :5,6-di-0- 
isopropylidene-a-D-glucofuranose occurs at r 5.6, 
whereas the H-2 signal of the 3-0-tosylate deri- 
vative occurs at r 5.28, therefore, the doublets 
at 5.28 and 5.56 are those of H-2 and H-2', 
respectively. The configuration of C-3 of each 
furanose moiety of the dimer was deduced on the 
following evidence. H-2and H-2' signals occurring 
as two doublets show no measurable coupling 
between H-2 and H-3, H-2' and H-3'. Since H-2 
of 1 ,2:5,6-di-0-isopropylidene-a-D-glucofuranose 
gives a doublet (no measurable coupling between 
H-2 and H-3) whereas H-2 of 1,2-5,6:di-0-iso- 
propylidene-a-D-allofuranose gives two pairs of 
doublets, therefore, each furanose moiety of 2 
must have the D-gluco-configuration. From this 
evidence, it must follow that compound 2 is 
3-0- [p-(3-deoxy- 1,2:5,6-di-0-isopropylidene-a- 
D-glucofuranose-3-yl)oxyphenylsulfonyl]-1 ,2:5,6- 
di-0-isopropylidene-cl-D-glucofuranose. 

Compound 3, obtained in 19 % yield, showed 
absorption in its infrared spectrum characteristic 
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0 0 
TMAH 

o ~ N ~ { - o c ~ H ~  + -OH -- O ~ N ~ ~ - O H  + C2H50- 
DMSO - I I 

0 0 

0 0 
TMAH I I  

0 2 N e ; - 0 C 2 H 5  - II + -OC2H5 -t DMSO O2N+0~2H5 - + OS-0C2H5 I I  

0 0 

of a nitro group but none characteristic of a sul- 
fonyl group. Its mass spectrum gave a peak at 
366, thus establishing that 3 had a molecular 
weight of 381 (15 added to base peak to account 
for loss of a methyl group). The elemental 
analysis agreed with the molecular constitution 
C,  8H2308N. The n.m.r. spectrum of 3 exhibited 
two doublets a t  z 1.79 and 2.98 (relative area 4) 
which is typical of an A,B, pattern of aromatic 
protons, and a doublet at z 4.23 (relative area l), 
which was assigned to the anomeric hydrogen. 
The H-2 signal appears as a doublet a t  z 5.57. C-3 
was assigned the D-gluco configuration on the 
same basis as used for the assignment of C-3 
of compound 2. The signals for H-4, H-5, and 
H-6 are overlapping (relative area 4) and occur 
at  z 5.92. The four signals at z 8.5, 8.65, 8.73, 
and 8.78 are due to the four isopropylidene 
methyl groups. On the basis of the aforemen- 
tioned data, compound 3 is characterized as 
1,2 :5,6-di-0-isopropylidene-3 -OTp-nitrophenyl- 
a-D-glucofuranose. 

The remaining product 4, obtained in 5% 
yield, was readily characterized as 1,2:5,6-di-0- 
isopropylidene-a-D-glucofuranose by direct com- 
parison with an authentic sample. 

In order to establish a mechanism for the 
reaction of the p-nitrobenzenesulfonate ester of 
1,2 :5,6 -di -0 -isopropylidene -a -D -glucofuranose 
with tetramethylammonium hydroxide in methyl 
sulfoxide, the sulfonates of model alcohols were 
subjected to similar treatment. Thus, treatment 
of the p-nitrobenzenesulfonate of ethyl alcohol 
afforded a mixture of at least four compounds. 
The two main components were the tetramethyl- 
ammonium salt of p-nitrobenzenesulfonic acid 
and p-nitrophenetole isolated in 90 and about 
5 %  yields, respectively (both substances were 
compared directly with authentic substances). 
Presumably, the hydroxide ion attacked the 
sulfur atom of the sulfonate liberating ethoxide 

ion. The latter ion probably then attacked the 
highly electron deficient carbon on the phenyl 
ring with expulsion of the ethoxysulfonyl group 
and consequent formation of p-nitrophenetole 
as shown below. The presence of a yellow sub- 
stance (not characterized) in the reaction mixture 
probably indicated that a Meisenheimer type 
complex might have been formed during the 
reaction. This reaction thus closely parallels the 
well known reaction of 2,4,6-trinitroanisole with 
potassium ethoxide to give a yellow salt (Meisen- 
heimer complex) which on acidification affords 
2,4,6-trinitrophenetole. 

The reaction of cyclohexyl p-nitrobenzene- 
sulfonate with tetramethylammonium hydroxide 
in methyl sulfoxide also gave the tetramethyl- 
ammonium salt of p-nitrobenzenesulfonic acid 
in almost quantitative yield. 

A similar mechanism can be invoked to explain 
the formation of products 2, 3, and 4 from the 
3-0-p-nitrobenzenesulfonate of 1,2:5,6-di-0-iso- 
propylidene-a-D-glucofuranose. Obviously, a sim- 
ple hydrolysis of 1 afforded 1,256-di-0-iso- 
propylidene-a-D-glucofuranose (4). In the pres- 
ence of methyl sulfoxide the 1,2:5,6-di-0-iso- 
propylidene-a-D-glucofuranose 3-oxide ion of 4 
might be expected to exhibit enhanced basicity, 
and, presumably, might be expected to be able 
to attack compound 1 at the carbon carrying the 
nitro group. This carbon would be positive in 
character due to the strong electron withdrawing 
effect of the sulfonyloxy group. The green to red- 
orange color of the solution during the reaction 
strongly indicates that a type of Meisenheimer 
complex was formed. Expulsion of the nitro 
group by the attacking 3-oxide ion of 1,256-di- 
0-isopropylidene-a-D-glucofuranose would then 
lead to the production of the dimer 2. On the 
other hand, attack of the 3-oxide ion at the p- 
carbon on the aromatic ring (relative to the nitro 
group) of another molecule of 1 might also be 
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e x p e c t e d  to l e a d  to e x p u l s i o n  of the 1,2:5,6-di-0- recrystallized from petroleum ether (b.p. 30-6O0), yield 

isopropy~idene-cl-~-glucofuranose-3-O-sulfonyl 4 g (54%), m.P. 93-94"> [ a l ~ ~ ~  -78' (c, 2, chloroform), 
Rr 0.3 (benzene:methanol 99:l vlv) ?Lm,,(CC14) 1470 and 

group with consequent f o r m a t i o n  of 3. 1315 cm-' (0-SO,--): 7(CDC13) 1.98. 2.80 (4H, aro- 
matic), 4.19 ( I -~ , -db"ble t ,  J1.23.5 HZ), 4.21 (I1-H, 

Experimental 
All melting points are uncorrected. Microanalyses were 

performed by the Microanalytical Laboratory, University 
of British Columbia. Infrared spectra were recorded with 
a Perkin-Elmer model 137 spectrophotometer. Nuclear 
magnetic resonance (n.m.r.) spectra were obtained with 
a Varian HA-100 spectrometer. Unless otherwise stated 
the samples were dissolved in carbon tetrachloride with 
tetramethylsilane (T = 10.0) as the internal standard. The 
molecular weights were determined by mass spectroscopy 
using an A.E.1.-M.S.9 spectrometer. 

Thin-layer chromatography (t.1.c.) was performed with 
Silica Gel G (E. Merck, Darmstadt, Germany) on plates 
activated at 110" and then air-dried. The developing 
solvent was 99:l benzene-methanol and indication was 
effected with iodine vapors o r  sulfuric acid - water (1 :1 
by volume). 

Methyl sulfoxide was purified by shaking it for 2 days 
over calcium hydride and then distilling it under reduced 
pressure. 

Reaction of 1,2:5,6-Di-O-isopropylidet1e-3-O-p-tolylsrlfon- 
yl-a-~-glucofuranose with Tetrametl~ylammoni~tm 
Hydroxide in Methyl Srrlfoxide to yield 1,2:5,6-Di-0- 
isopropylidene-a-D-g/~rcofurat~ose 

1,2:5,6-Di-0-isopropyldiene-3 -0-p-tolylsulfonyl-a-D- 
glucofuranose (1.3 g) was allowed to react with 1.5 ml 
of a 25% aqueous solution of tetramethylammonium 
hydroxide in 20 mI of methyl sulfoxide for 3 days at  
room temperature. An amount of 40 ml of water was 
then added to the reaction mixture. The mixture was 
extracted three times with 60 ml of chloroform. The com- 
bined chloroform extracts were washed with water, dried 
over anhydrous sodium sulfate, 'and then evaporated 
under reduced pressure to yield 0.7 g (89 %) of crystalline 
material which was recrystallized from petroleum ether 
(b.p. 65-11O0), m.p. 110" (0.6g), [aIDz2 -19" (c, 3.5 
acetone). The mixed m.p. of this substance and authentic 
1.2:5,6-di-0-isopropylidene-a-~~glucofuranose was 109- 
110". The optical rotation of authentic 1,2:5,6-di-0-iso- 
propylidene-a-D-glucofuranose is - 19". 

Reaction of I,2:5,6-Di-O-isopropylidene-3-O-p-r1itroplrer1- 
ylsrrlfo~yl-a-D-glucofrrrar~ose (I) with Tetramethyl- 
arn~nor~irrr?~ Hydroxide in Methyl Slrlfoxide to yield 
3-0-11.'- (3- Deoxy-1,2:5,6-di-0-isopropylidene-a-D- 
ghtcofurar1ose-3-yI-o.~yp/~enyls1rIfo11yI]-l,2:5,6-di-0- 
isopropylideer~e-a-D-g/rrcofirra~~ose (2) and 1,2:5,6-Di- 
O-isopropylide1ze-3-O-p-11itropI1e11yl-a-~-gluco~rra11- 
ose (3) 

To a solution of 1,2:5,6-di-0-isopropylidene-3-0-p- 
nitrophenylsulfonyl-a-D-glucofuranose (I0 g (12)) in 40 
ml of methyl sulfoxide was added lOml of a 25% 
aqueous solution of tetramethylammonium hydroxide. 
The reaction mixture, kept at room temperature for 2 
days, gradually changed in color from green to orange- 
red. The crystalline compound 2 that separated was 
removed by filtration, washed with water, dried, and then 

doublet, JI.,2. 3.7 Hz), 5.28 (I-H, doublet JzVl 3.5 Hz, 
due to H-2), 5.56 (I-H, doublet, JZr,,, 3.7 Hz,  due to 
H-2'), 5.36 (2-H, doublet, J3,, and J3,,4, 3.0 HZ, due to 
H-3 and H-3'), 8.34 (24-H, 8 peaks due to  CH,). The 
partial n.m.r. of 2 is shown in Fig. 1. Mass spectroscopy: 
643, 585, 527, 502 (molecular weight found by adding 
15 to  643). 

Anal. Calcd. for C30H4zOl,S (mol. wt., 658.73): C, 
54.70; H,  6.43; S, 4.87. Found (rnol. wt., 658): C, 54.42; 
H, 6.33; S, 5.08; N, 0.0. 

The mother liquor of the above reaction mixture was 
poured into an equal volume of water and the solution 
then extracted 3 times with 100 ml aliquots of chloro- 
form. The combined chloroform extracts were dried with 
anhydrous sodium sulfate, and subsequently evaporated 
under vacuum. The residue was extracted with 100 ml of 
petroleum ether (b.p. 30-60"). Theextract was evaporated 
under reduced pressure affording a solid 4, yield 0.32 g, 
which was recrystallized from petroleum ether (b.p. 
30-6O0), m.p. 109-110"; mixed m.p. with a n  authentic 
sample of 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose 
(13) was 109-110". 

Characterizatiorl of Product 3 
The oil remaining after the petroleum ether extraction 

of the residue was a mixture of compounds 2 and 3. This 
mixture was separated by preparative thin-layer chroma- 
tography. Product 3 (1.2 g (lo%)), was recrystallized 
from petroleum ether (b.p. 30-6O0), m.p. 136-137", [aIDz2 
-52" (c, 2, chloroform), Rr 0.75, vm,,(CC14) 1540 cm-' 
(NOZ), 7(CDC13), 1.79 and 2.96 (4-H, 2 doublets), 4.23 
(1-H, J1,z 4 Hz, due to H-I), 5.35 (I-H, doublet, J,,, 
3.0 Hz, due to H-3), 5.57 (I-H, doublet, Jzel 4.0 Hz, due 
to H-2), 8.50, 8.65, 8.73, 8.78 (12-H. due to 4-CH3). 
Mass spectroscopy: rn/e 366, 351, 336, 308, 266, 248. 

Anal. Calcd. for CI8HZ3O8N (mol. wt., 381.39): C, 
56.68; H,  6.07: N, 3.67. Found (rnol. wt., 381 (15 added 
to parent mle peak)): C, 56.35; H, 6.66; N, 3.90; S, 0.0. 

Reductive Cleavage of 2 rtsi~rg Sodi~i~n A~?talgam (14) 
To a solution of 100 mg of 2 in 6 ml of absolute 

methanol, was added 1.6 g of sodium amalgam. After the 
reaction mixture was stirred for 14 h at room tempera- 
ture, it was worked-up according to  a known procedure 
(14). The white residue obtained after evaporation of the 
final ether extract showed by t.1.c. (using 100% isopropyl 
alcohol as developer) two major products and one minor 
one. Elution of each zone of the preparative t.1.c. plates 
with ethano1:water 1 :1 vlv gave a quantitative yield of 4 
(30 mg), and 5 (43 mg). Fraction 4 was recrystallized 
from petroleum ether, m.p. 109-1 10"; mixed m.p. with 
authentic sample of 1,2:5,6-di-0-isopropylidene-a-D- 
glucofuranose, 109-110". Product 5, m.p. 190-191". Rr 
0.30 (100% isopropyl alcohol) was water soluble. r(DzO) 
2.43, 2.91 (2 doublets, due  to 4 aromatic protons, 3.98 
(I-H, Jl.z 4.0 Hz, due to  H-l), 8.55 (12-H, triplet, due 
to 4-CH3), [aIDz2 = - 19" (c, 0.4 in water). Compound 5 
had a trace of an  impurity which could not be removed 
and was not analyzed. 
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Reaction of Ethyl p-Nitroberzzetzesr~oItzate with Terra- 
metl~ylammonirtm Hydroxide in Methyl Sulfoxide to 
yield Tetrametl~ylarnmorzium p-Nitrobenzetzesulfot~ate 
arzd p-Nitrophet~etole 

T o  a solution of 1 g of ethyl p-nitrobenzene sulfonate 
(4) in 8 ml of methyl sulfoxide was added 1.7 g of 25% 
aqueous tetramethylammonium hydroxide. After the 
reaction mixture was left standing at room temperature 
for 5 h, the crystals (0.50 g) were removed by filtration, 
and then recrystallized from petroleum ether (b.p. 60-90"), 
m.p. 283-284", RI 0.80 o n  alumina (benzene:methanol, 
75:25), 7(CDCI3), 1.44 (4-H, quartet, due to aromatic 
protons), 6.46 (12-H, triplet, due to 4-CH,). 

The mother liquor was poured into a n  equal volume 
of water and then extracted three times with chloroform. 
The remaining water -methyl sulfoxide mixture was 
evaporated under reduced pressure. The remaining residue 
(0.450 g), had a m.p. of 283-284" and was identical to  the 
crystals which precipitated from the reaction mixture. 
The over-all yield of tetramethylammonium p-nitro- 
benzenesulfonate was 80%. 

Anal. Calcd. for CloH16N0,S: C, 43.46; H,  5.90; N, 
10.13. Found: C, 43.84; H, 5.94; N, 10.32. 

The chloroform extract was dried with sodium sulfate 
and then evaporated under reduced pressure. The residual 
oil (0.070 g) was purified by alumina preparative t.1.c. 
(benzene - petroleum ether (30-60") (60-40 v/v)) to give 
crystalline (m.p. 56-57") material. 7(CDC13), 1.85, 3.13 
(2 doublets due to 4 aromatic H), 5.92 (2 protons, 
quartet), 8.55 (3 protons, triplet). The n.m.r. spectrum 
and m.p. of an  authentic sample of p-nitrophenetole 
were identical to those of the substance obtained from 
the above chromatographic separation. 

Reactiotl of Cyclohexyl p-Nitrobet~zet~esulfotzate ~vith 
Tetrat~zetl~ylammorziutt~ Hydroxide it2 Methyl 
Sltlfoxide 

Cyclohexyl p-nitrobenzenesulfonate was allowed to 

CHEMISTRY. VOL. 46, 1968 

react with tetramethylammonium hydroxide in methyl 
sulfoxide as described in the preceding section. Work-up 
of the reaction mixture gave an almost quantitative yield 
of tetramethylamrnoniun~ p-nitrobenzenesulfonate. 
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NOTES 

Reactions of sulfenyl chlorides and their derivatives. 111.' The reaction 
of 2,4-dinitrobenzenesulfenyl chloride with cis,cis-1,5-cyclooctadiene 

GEORGE H. SCHMID 
Department of Chemistry, University of Toronto, Toronto 5 ,  Otztario 

Received May 6, 1968 

The reaction of 2,4-dinitrobenzenesulfenyl chloride with cis,cis-l,5-cyclooctadiene forms a normal 
1,2 addition product without ring closure to a bicyclic product. This result indicates that an open 
carbonium ion is not involved at any stage in the reaction mechanism of the addition of sulfenyl halides 
to symmetrical alkenes. 

Canadian Journal of Chemistry, 46, 3757 (1968) 

The mechanism of the addition of sulfenyl 
halides to olefins has been postulated (1-3) to 
involve the formation of an episulfonium ion 
intermediate such as 1 followed by S,2 ring 
opening by chloride ion in the product determin- 
ing step. 

Recently Jacobs et al. (4) have pointed out that 
the experimental results might also be explained 
by a mechanism involving an episulfonium ion 
that would open to a carbonium ion before the 
product determining step. While this mechanism 
might be expected in the addition of sulfenyl 
halides to olefins such as diene, allene, and 
styrene systems in which the incipient carbonium 
ion would be of increased stability, it cannot be 
ruled out a priori for the addition to a sym- 
metrical alkene. 

To test this possibility, the addition of 2,4- 
dinitrobenzenesulfenyl chloride to the symmetri- 
cal olefin cis,cis-1,5-cyclooctadiene was carried 
out. Because of the conformation of this diene, 
the two double bonds are very close together. If 
the addition involves an episulfonium ion inter- 
mediate in which, as postulated (3), there is little 
charge at C-1 and C-2 of the ion, then the expected 
product would be the 1,2-adduct 2. However, if 
considerable charge were generated during the 
addition on C-2, it would be expected that the 

'For part 11, see ref. 1. 

double bond would interact with the cationic 
center to form bicyclic products. The ability of a 
suitably placed carbon-carbon double bond to 
take part in ring closure reactions is well known. 
Examples include the formation of norbornyl 
acetate from the acetolysis of 2-(A3-cyclopentyl) 
ethyl p-nitrobenzenesulfonate (5, 6) and the 
formation of compounds having the bicyclo- 
[3.3.0]octane ring system from the acetolysis of 

4-cycloocten-I-yl p-bromobenzenesulfonate (7). 
Similar ring closure reactions have been reported 
in electrophilic addition reactions with cis,cis-1,5- 
cyclooctadiene (8, 9) and cis,cis-3,8-cyclodeca- 
diene-1 ,I ,6,6-tetracarboxylate (10). 

In contrast to these findings, the addition of 
2,4-dinitrobenzenesulfenyl chloride to cis,cis-1,5- 
cyclooctadiene in chloroform as solvent forms a 
monoadduct 2 without ring closure in 96% yield. 
The structure of the product is based on analytical 
data and particularly the nuclear magnetic reso- 
nance (n.m.r.) spectrum which shows two vinyl 
protons at 6 5.78, a methine proton ct t o  chlorine 
at 6 4.45, and a methine proton a to sulfur at 6 
4.10. 

The experimental results reported here indicate 
that the additions of sulfenyl halides to sym- 
metrical alkenes do not involve an open car- 
bonium ion before the product determining step. 
Rather the evidence is consistent with a mech- 
anism in which the transition state leading to 
products resembles the episulfonium ion inter- 
mediate. 

Experimental 
All melting points and boiling points are uncorrected. 

Infrared spectra were recorded on a Perkin-Elmer model 
237B spectrophotometer. Nuclear magnetic resonance 
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S-Ar CI 

spectra were measured on a Varian Associates A-60 Anal. Calcd. for C,4Hl,SCIN204: C, 49.05; H, 4.41; 
spectrometer as approximately 10% w/v solution in S, 9.35; C1, 10.34. Found: C, 49.10; H, 4.35; S, 9.31; 
deuteriochloroform and chemical shifts are reported in C1, 10.45. 
p.p.m. downfield from TMS as internal standard. 

Microanalysis was carried out by A. B. Gygli Micro- Acknowledgment 
analysis Laboratory, Toronto, Ontario. Financial support by the National Research 
2,4-Dinitrobet1zet1es~1Ifetzyl C/iloride Council of Canada is gratefully acknowledged. 

This was prepared according to the method of Lawson 
and Kharasch (11) and purified by recrystallization from 1. G .  H. SCHMID and M. HEINOLA. J. Am. Chem. Soc. 
carbon tetrachloride, m.p. 96-97"; lit. m.p. 97-98" (11). 90,3466 (1968). 

2. N. KHARASCH. Itz Organic sulfur compounds. Vol. 
Clilorofortr~ I. Editedby N. Kharasch. The Pergamon Press, Ltd., 

This was cleaned by washing commercial grade solvent London. 1961. Chap. 32. 
with concentrated sulfuric acid and then with water. The 3. W. H. MUELLER and P. E. BUTLER. J. Am, Chem. 

SOC. 88,2866 (1966). solvent was dried over anhydrous MgSO4 and then 4. T. L. R. MACOMBER, and D. ZUNKER. J. distilled. Am. Chem. Soc. 89,7001 (1967). 
2-Cllloro-I-(2',4'-dinitrophetiylthio) cyclooctet~e-5 5. R. G. LAWTON. J. Am. Chem. Soc. 83,2399 (1961). 

6. P. D. BARTLETT and S. BANK. J. Am. Chem. Soc. A solution of 4.70 g (0.020 mole) of 2,4-dinitro- 83, 2591 (1961). 
benzenesulfenyl chloride and 2.50 g (0.023 mole) of 7. A. C. COPE and P. E. PETERSON. J. Am. Chem. Soc. 
cis,cis-1,5-cyclooctadiene (obtained from Matheson, 81,1643 (1959). 
Coleman, and Bell Company, Inc.) in 250 ml of CHCI, 8. I. TABUSHI, K. FJUITA, and R. ODA. Tetrahedron 
was allowed to st-and at room temperature until a starch Letters, 3815 (1967). 
iodide test was negative. The solvent was removed in a 9. R. K . ~ H A R M A ~  B. A. S H O ~ ~ ~ E R s ,  andp .  D.GARDNER. 
stream of dry air and the solid was recrystallized from Chem. and Ind. 2087 
95% ethanol to give 6.90 g of product, m.p. 113.5-114.5". lo' R. M. H' W' GU1N3 S' H. SIMONSEN, C. G. 

SKINNER, and W. SHIVE. J. Am. Chem. Soc. 88, v,,, (KBr): 1590 cm-I (C=C). Nuclear magnetic reso- 5366 (1966). 
nance: 6 5.78 (2H, vinyl protons); 6 4.45 (1H, CHCI); 11. D. D LAWSON and N. KHARASCH. J. Org. Chem. 
6 4.10 (lH, CHSAr); 6 1.88-2.83 (8H, CH,). 24,858 (1959). 

Second order Beckmann rearrangement of norcamphor oxime 

GEORGE H. SCHMID AND PATRICK H. FITZGERALD' 
Departtnent of Chemistry, Utiioersiry of Torotzto, Torotzto 5 ,  Ontario 

Received June 24, 1968 

The product of the second order Beckmann rearrangement of norcamphor oxime is not  A3-cyclo- 
pentenylacetonitrile but rather a mixture of A2- and A3-cyclopentenylacetonitrile. 
Canadian Journal o f  Chemistry, 46, 3758 (1968) 

In the search for a direct and simple route to arrangement of norcamphor oxime. While Hall 
A3-cyclopentenylacetonitrile, it was noted that did not completely identify the nitrile, Roberts 
Hall (1) reported a 30 % yield of a nitrile as the and Caserio (2) have indicated that this compound 
product of the second order Beckmann re- is A3-cyclopentenylacetonitrile. 

The Beckmann rearrangement of norcamphor 

'Holder of a Province of Ontario Government Fellow- Oxime was, therefore, carried Out  to 
ship, 1967-1968. the method of Hall. The nitrilewas separatedfrom 
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Received June 24, 1968 

The product of the second order Beckmann rearrangement of norcamphor oxime is not  A3-cyclo- 
pentenylacetonitrile but rather a mixture of A2- and A3-cyclopentenylacetonitrile. 
Canadian Journal o f  Chemistry, 46, 3758 (1968) 

In the search for a direct and simple route to arrangement of norcamphor oxime. While Hall 
A3-cyclopentenylacetonitrile, it was noted that did not completely identify the nitrile, Roberts 
Hall (1) reported a 30 % yield of a nitrile as the and Caserio (2) have indicated that this compound 
product of the second order Beckmann re- is A3-cyclopentenylacetonitrile. 

The Beckmann rearrangement of norcamphor 

'Holder of a Province of Ontario Government Fellow- Oxime was, therefore, carried Out  to 
ship, 1967-1968. the method of Hall. The nitrilewas separatedfrom 
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NOTES 

FIG. 1. The nuclear magnetic resonance spectrum of the hydrolysis product of the Beckmann rearrangement 
product. 

the lactam by distillation and its nuclear magnetic 
resonance (n.m.r.) spectrum compared to  that of 
an authentic sample of A3-cyclopentenylaceto- 
nitrile prepared by the alternate synthesis out- 
lined in Chart 1. 

The n.m.r. spectrum of the nitrile prepared by 
the Beckmann rearrangement shows complex 
multiplets in the regions 6 5.60-5.90 and 6 
1.50-2.00 which are absent in the spectrum of 1. 

On this basis it seemed possible that the product 
was a mixture of the isomeric A2- and A3-cyclo- 
pentenylacetonitriles. Attempts to separate the 
mixture by vapor-phase chromatography (v.p.c.) 
were unsuccessful. Since both the A2- and A3- 
cyclopentenylacetic acids were available from 
independent sources, it was decided t o  hydrolyze 
the mixture of nitriles. 

The n.m.r. spectrum of the hydrolysis product 
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P.P.M. (5 )  
FIG. 2. The nuclear magnetic resonance spectrum of A2-cyclopentenylacetic acid. 

is shown in Fig. 1 while Figs. 2 and 3 show the 
n.m.r. spectra of pure samples of A2- and 
A3-cyclopentenylacetic acid, respectively. The 
spectra of the A2- and A3-isomers differ in two 
important respects. The vinyl protons of the 
A2-isomer are further downfield than the A ~ -  
isomer and the A2-isomer has several peaks in the 
6 1.2-1.7 region that are absent in the A3-isomer. 
These are characteristic differences in the n.m.r. 
spectra of A2- and A3-cyclopentenyl  derivative^.^ 

The hydrolysis product clearly is a mixture of 
A2- and A3-cyclopentenylacetic acid. Control 
experiments have established that the acids are 
stable under the basic hydrolysis conditions used 
to prepare them from the corresponding nitriles. 

Therefore on the basis of the products of hydrol- 
ysis the product of the second order Beckmann 
rearrangement is a mixture of A2- and A3-cyclo- 
pentenylacetonitrile in the ratio of 2:l. 

Experimental 
All boiling points are uncorrected. Infrared spectra 

were recorded on a Perkin-Elmer model 237B spectro- 
photometer. Nuclear magrletic resonance (n.m.r.) spectra 
were measured on a Varian Associates A-60 spectrometer. 
Samples were measured as approximately 10% w/v solu- 
tions in the solvents indicated and chemical shifts are 
reported in p.p.m. downfield from TMS as internal 
standard. 

Microanalysis was carried out by A. B. Gygli, Micro- 
analysis Laboratory, Toronto, Ontario. 

'G. H. Schmid and P. H. Fitzgerald. Unpublished A3-CYclo~entenYlcarboxYlic Acid 
observation. This was prepared according to  the method of Schmid 
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NOTES 

P.P.M. (6  
FIG. 3. The nuclear magnetic resonance spectrum of A3-cyclopentenylacetic acid. 

and Wolkoff (3), b.p. 118-12l0/20 mm Hg (ref. (6), b.p. 
83-85"/2 mm Hg). 

Nuclear magnetic resonance 6 (neat): singlets at 5.70 
p.p.m. (vinyl, 2H) and 10.53 p.p.m. (-OH, 1H); and a 
complex multiplet at 2.73 p.p.m. (methylene and methine 
protons, 5H). 

A3-Cyclopentetzyl~~ethmol 
This was prepared in a 41 % yield from A3-cyclo- 

pentenylcarboxylic acid by treatment with a 25 % molar 
excess of ethereal lithium aluminium hydride, b.p. 66"/10 
rnm Hg (lit. (4), b.p. 98-99"/57 mm Hg). 

Infrared Im,,(CC14): 2.75 (0-H); 3.00 (broad, 0-H); 
9.31, 9.64, 10.58, 10.71 p. 

Nuclear magnetic resonance 6 (neat): singlets at 5.60 
p.p.m. (vinyl, 2H) and 5.22 p.p.m. (hydroxyl, 1H) 
doublet at 3.45 p.p.m. (CH20, J = 6.5 Hz) and a com- 
plex multiplet at 2.74-1.77 p.p.m. (methylene and 
methine, 5H). 

A3-Cyclopentetzylnzetlzyl p-Nitrobe~~zenesulfonate 
This was prepared according to the method of Tipson 

(5), m.p. 69-70". 

Infrared hm,,(CC14): 6.54 p and 7.40 p (asymmetric and 
symmetric NO2 stretch respectively), 7.30 p (S=O), 
8.42 p (S=O), 10.37 p, 10.49 p. 

Nuclear magnetic resonance 6 (CDCI3): singlet at 5.55 
p.p.m. (vinyl, 2H); doublet at 4.00 p.p.m. (CH20, 2H) 
complex multiplet at 2.63-1.50 p.p.m. (methylene and 
methine, 5H); a quartet a t  8.18 p.p.m. (aromatic, 4H). 

Anal. Calcd. for CI2Hl3O5NS: C, 50.84; H, 4.67; N, 
4.94. Found: C, 50.98; H, 4.59; N, 5.00. 

A3- Cyclopet~tenylocetonit~~ile 
To a solution of 6.5 g (0.100 mole) of K C N  in 100 ml 

of dimethyl ~ulfoxide,~ contained in a 300 ml flask 
equipped with thermometer, condenser, and magnetic 
stirring bar, was added dropwise a solution of 18.0g of 
A3-cyclopentenylmethyl p-nitrobenzenesulfonate in 70 
ml of DMSO. During the addition, the temperature did 
not rise above 40 "C and the solution turned a deep 

Tau t ion :  Solution is extremely toxic and  will pene- 
trate skin and, possibly, thin rubber gloves. Contact can 
be fatal. 
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NaOH 
~ C H ~ C N  i ~ C H ~ C N  + LACTAMS 

purple. After stirring the solution overnight a t  room 
temperature, the solution was poured carefully into about 
450 ml of water. This solution was extracted with four 
100 ml portions of ether and the ether extracts combined 
and washed with four 100 ml portions of water to 
remove DMSO. The ether was then concentrated on  the 
rotary evaporator and 4 g of crude brown liquid were 
obtained. Distillation gave 2.4 g (35%) of a clear, foul- 
smelling liquid; b.p. 68-69"/11 mm Hg. 

Infrared k,,,(CCI,): 3.25 p, 3.40 p, 3.50 p, 4.44 p 
( k N ) ;  7.50 p, 7.40 p. 

Nuclear magnetic resonance 6 (CCI,): singlet at 5.66 
p.p.m. (vinyl, 2H); a complex multiplet at 2.00-3.00 
p.p.m. (methylene and methine, 7H). 

A3-Cyclopenter~ylacetic Acid 
This was prepared according to the procedure of 

Bartlett (6), b.p. 141-145"/47 mm Hg (ref. (6), b.p. 120°/20 
mm Hg). 

The Beckma1112 Rearrangernent 
This was carried out according to the method of Hall 

(I), b.p. 69-71°/11 mm Hg (ref. (I), b.p. 150-185"/23 
mm Hg). 

Hydrolysis of Nitriles 
T o  a solution of 20 ml of 2.5 M NaOH was added 

0.5 g of the nitrile mixture. The mixture was heated at 
reflux for 2 h, cooled, and made acidic with a 10% HCI 
solution. The reaction mixture was extracted with three 

30 ml portions of ether. The ether extracts were com- 
bined, dried over MgSO, and the ether removed on  a 
rotary evaporator. The n.m.r. spectrum was taken in 
CC1,. 

Control Reaction 
A 1 g sample of a mixture of the acids containing 46 % 

A2- and 54 % A3-cyclopentenylacetic acids by weight was 
prepared. An n.m.r. spectrum of the mixture showed 45 "/d 
A2- and 55 % A3-cyclopentenylacetic acids. After sub- 
jecting the mixture to  the hydrolysis and work-up con- 
ditions used above, the n.m.r. of the mixture showed 45 % 
A2- and 55 % A3-cyclopentenylacetic. acids. 
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Dktermination d'un kquilibre conforrnationnel par rksonance magnktique 
nuclkaire de polyesters 

GUY PERRAULT 
Centre Canadien de Recherches et de Perfectionnement des Armes, Que'bec, Que'bec 

R e p  le 18 mars 1968 

La conformation du groupe hydroxy-2 propyl dans les polysCbacates d e  la mCthyl-N bis-(hydroxy-2 
propy1)amine et de  la mCthyl-N(hydroxy-2 Cthyl, hydroxy-2 propy1)amine a CtC CtudiCe par spectroscopie 
de resonance magnetique nuclCaire. 

The conformation of the 2-hydroxypropyl group in the polysebacates of the N-methyl bis-(2-hydroxy- 
propy1)-amine and the N-methyl (2-hydroxyethyl, 2-hydroxypropy1)-amine has been studied by nuclear 
magnetic resonance spectroscopy. 

Canadian Journal of Chemistry, 46, 3762 (1968) 

Introduction Durant une t tude sur les polym$res, un cas 
La spectroscopie de rtsonance magnttique spCcial s'est prCsentC oh il Ctait possible de 

nucltaire (r.m.n.) a d t j i  t t i  utilisee pour Ctudier mesurer la difftrence d'Cnergie entre deux con- 
des Cquilibres conformationnels (1-3). La plupart formations gauches en ralentissant la rotation 
du temps, ces spectres sont mesurts i des tem- autour d'une liaison par formation d'un poly- 
ptratures tr$s basses afin de ralentir les rotations mire. 
autour des liaisons. Deux produits ont  ttC CtudiCs d e  cette f a ~ o n :  
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NaOH 
~ C H ~ C N  i ~ C H ~ C N  + LACTAMS 

purple. After stirring the solution overnight a t  room 
temperature, the solution was poured carefully into about 
450 ml of water. This solution was extracted with four 
100 ml portions of ether and the ether extracts combined 
and washed with four 100 ml portions of water to 
remove DMSO. The ether was then concentrated on  the 
rotary evaporator and 4 g of crude brown liquid were 
obtained. Distillation gave 2.4 g (35%) of a clear, foul- 
smelling liquid; b.p. 68-69"/11 mm Hg. 

Infrared k,,,(CCI,): 3.25 p, 3.40 p, 3.50 p, 4.44 p 
( k N ) ;  7.50 p, 7.40 p. 

Nuclear magnetic resonance 6 (CCI,): singlet at 5.66 
p.p.m. (vinyl, 2H); a complex multiplet at 2.00-3.00 
p.p.m. (methylene and methine, 7H). 

A3-Cyclopenter~ylacetic Acid 
This was prepared according to the procedure of 

Bartlett (6), b.p. 141-145"/47 mm Hg (ref. (6), b.p. 120°/20 
mm Hg). 

The Beckma1112 Rearrangernent 
This was carried out according to the method of Hall 

(I), b.p. 69-71°/11 mm Hg (ref. (I), b.p. 150-185"/23 
mm Hg). 

Hydrolysis of Nitriles 
T o  a solution of 20 ml of 2.5 M NaOH was added 

0.5 g of the nitrile mixture. The mixture was heated at 
reflux for 2 h, cooled, and made acidic with a 10% HCI 
solution. The reaction mixture was extracted with three 

30 ml portions of ether. The ether extracts were com- 
bined, dried over MgSO, and the ether removed on  a 
rotary evaporator. The n.m.r. spectrum was taken in 
CC1,. 

Control Reaction 
A 1 g sample of a mixture of the acids containing 46 % 

A2- and 54 % A3-cyclopentenylacetic acids by weight was 
prepared. An n.m.r. spectrum of the mixture showed 45 "/d 
A2- and 55 % A3-cyclopentenylacetic acids. After sub- 
jecting the mixture to  the hydrolysis and work-up con- 
ditions used above, the n.m.r. of the mixture showed 45 % 
A2- and 55 % A3-cyclopentenylacetic. acids. 
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Dktermination d'un kquilibre conforrnationnel par rksonance magnktique 
nuclkaire de polyesters 

GUY PERRAULT 
Centre Canadien de Recherches et de Perfectionnement des Armes, Que'bec, Que'bec 

R e p  le 18 mars 1968 

La conformation du groupe hydroxy-2 propyl dans les polysCbacates d e  la mCthyl-N bis-(hydroxy-2 
propy1)amine et de  la mCthyl-N(hydroxy-2 Cthyl, hydroxy-2 propy1)amine a CtC CtudiCe par spectroscopie 
de resonance magnetique nuclCaire. 

The conformation of the 2-hydroxypropyl group in the polysebacates of the N-methyl bis-(2-hydroxy- 
propy1)-amine and the N-methyl (2-hydroxyethyl, 2-hydroxypropy1)-amine has been studied by nuclear 
magnetic resonance spectroscopy. 

Canadian Journal of Chemistry, 46, 3762 (1968) 
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la mtthyl-N bis-(hydroxy-2 propy1)amine (1,2) 
et la mCthyl-N(hydroxy-2 Cthyl, hydroxy-2 pro- 
pyl)amine (4). 

Les conformations gauches de la liaison en a, F 
de l'azote sont reprksentkes. La conformation C 

Ctant dCfavorisCe Cnergttiquement, 1'Cquilibre 
conformationnel peut Ctre simplifik, aux erreurs 
expCrimentales pies, un Cquilibre entre les 
conformkres A et B. Or, dans chacun de ces 
conformkres, le mkthyle (CH,) en P de I'azote 
se trouve dans un entourage magnCtique diffkrent. 
Cet Cquilibre (A S B) peut donc Ctre mesurt si la 
rotation autour de la liaison C-C est ralentie. 
La prkparation d'un polysebacate permet d'ob- 
tenir cer~sul ta t .  

La prtparation et les caracteristiques du produit 2 ont 
t t t  publits (4). 

Le diol azoti 1 a CtC prtpare de la m&me f a ~ o n  et 
distille a 77-78 "C sous 0.7 mm, 1iDZ7 = 1.4469 (88-96 OC 
10.8 mm (5) et nDZ' = 1.4472 (6)). 

Les spectres r.m.n. ont Ctt enregistrts sur un appareil 
Varian A-60 calibre pour la temptrature selon I'espace- 
ment entre les pics du mtthanol et de I'tthyleneglycol. 
Les mesures ont t te faites sur des solutions a 20% de 
polyester dans le CCI, en utilisant 0.5% de (CH3),Si 
comme standard interne. 

Les polystbacates ont t t t  prtparts en vrac en faisant 
rtagir 1.3 mole de diol azott  sur une mole d'acide 
stbacique. Le mtlange est maintenu 175 "C avec 
barbotage d'azote durant 4 h. I1 est ensuite chaufft a 
175 "C sous vide ( ~ 0 . 1  mm) durant 4 h additionnelles. 
Le polystbacate de mtthyl-N bis-(hydroxy-2 propy1)- 
amine (1,3) donne un poids moltculaire de 1870 par 
analyse des groupements terminaux (7). Le polysebacate 
de 2 a un poids n~oleculaire de 1790. 

plus bas que le (CH,),Si, et manifeste une con- 
stante de couplage de 6 c.p.s. Le mtthyl-N(hy- 
droxy-2 Cthyl, hydroxy-2 propy1)amine (2) mon- 
tre le mCme doublet a la mCme position. 

Par contre, le polysCbacate du methyl-N bis- 
(hydroxy-2 propy1)amine (1) montre deux 
doublets qui sont reproduits a la Fig. 1 avec les 
mtthylknes de l'acide stbacique. Le premier de 
ces doublets est centre h 1.09 p.p.m. plus bas que 
le (CH,),Si, et le second h 1.18 p.p.m. Dans les 
deux cas, la constante de  couplage est de  6 c.p.s. 

FIG. 1. Spectres resonance magnetique nucltaire a 
30 "C: (a) 20% polysebacate de 1 dans CCI4; (b) methyl- 
N bis-(hydroxy-2 propy1)amine (1). 

I1 t tait  difficile cependant d'tvaluer la propor- 
tion de chaque conformere par I'aire sous les 
pics a cause de la superposition des doublets. Le 
postulat a donc ete posk que la proportion des 
deux conformkres pouvait Ctre CvaluCe en mesu- 
rant la hauteur de chacun des premiers pics des 
doublets, soit respectivement la hauteur du pic 
a 0.99 p.p.m. et celle du pic a 1.13 p.p.m. Les 
pourcentages du conformkre le plus stable aux 
diffkrentes tempkratures sont rapport& au Ta- 
bleau I. Ces valeurs sont reproductibles f 0.5%. 

A partir de ces valeurs, les AH et A S  ont Ctt 
calculCs h la f a ~ o n  usuelle (8). 11s sont compilCs 
au Tableau 11. D7aprks un article rCcent (9) il est 
plausible, vu la marge de tempkrature utiliske et 
la prCcision des mesures, de prCvoir une erreur 
de 5-10% sur le AH et de 1 call0 mole sur le AS. 

RCsultats Discussion 

A  la Fig. 1, le spectre r.m.n. du mCthyl-N bis- Le polystbacate de mCthyl-N(hydroxy-2 Cthyl, 
(hydroxy-2 propy1)amine (1) est reproduit par- hydroxy-2 propyl) amine (2) donne un AH de 
tiellement. Le mkthyle sur le carbinol donne, tel -0.9 kcal/mole et un A S  de 1.0 call0 mole (cf. 
qu'attendu, un doublet centrt h 1.09 p.p.m. Tableau 11) pour 1'Cquilibre A S  B. Dans le 
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TABLEAU I 
Pourcentage du conformtre le plus stable 

Polystbacate de PolysCbacate de H 
mtthyl-N (hydroxy-2 methyl-N 

Temperature Ctliyl, hydroxy-2 bis-(hydroxy-2 CH3 N 
("(3 propy1)amine propy1)arnine 

50 65.4 72.5 
30 68.4 73.7 
10 72.3 75.3 
0 

0- 
77.5 

- 10 77.0 AS. Si ces interactions intramolCculaires existent, 
elles sont de l'ordre de 0.1 kcal/mole en AH et de 

~0lysCbacate du mkthyl-N bis-(h~drox~-2 Pro- 0.8 call0 mole en AS, ce qui est trop pres de 
~ ~ l ) a m i n e  (11, le AH obtenu est de - 1.6 kcall l'erreur expkrimentale pour tirer une conclusion. 
mole et le AS de 3.7 call0 mole. Ce~endant,  les Finalement, il faut souligner que les valeurs 
deux substituants hydroxy-2 P ~ O P Y ~ ~ S  sur l'azote thermodynamiques obtenues avec les polys6- 
participent a cet Cquilibre de sorte que les valeurs bacates ne s'appliquent pas directement 19Cqui- 
thermodynamiques d'interaction pour un seul de libre conformationnel dans les dials 
ces substituants seraient de -0.8 kcal/mole pour ,iqUes initiaux. En effet, les dials azotCs 1 et 2 
le AHet de 1.8 call0 mole pour le AS. peuvent former des liaisons hydrogenes intra- 

Plusieurs ~roblkmes se posent a ce point. Quel molCculaires qui vont influencer la position de 
est le conformere le plus stable? A quoi est due la 
diffkrence entre les pourcentages du conformere ,pH,. 
le plus stable, obtenus pour les deux polys6 ,C\H N-CH~CHOHCH, 
bacates a une m&me temperature et est-ce que les CH, / I  
diffirences entre les AH et les AS Dour les deux CH2 CH, - .  
produits confirment une interaction intramolCcu- 
laire? Et finalement, est-ce que 1'Cquilibre ob- 
servC avec les polysCbacates est representatif de 
1'Cquilibre conformationnel dans les diols mono- 
mkriques initiaux? 

En premier lieu, le doublet a 1.09 p.p.m. peut 
&tre attribut au conformere B, oh les hydrogenes 
du mCthyle gauche par rapport a l'azote doivent 
apparaitre a un champ plus fort a cause de l'effet 
d'Ccran de la paire d'klectrons libres sur l'azote. 
Le conformtre le plus stable serait donc le con- 
formere A (Fig. 1) avec le mCthyle en trans par 
raDDort a l'azote. Ceci semble ~lausible si on se . . 
refere aux rCsultats obtenus en sCrie alicyclique 
quant aux Cquilibres conformationnels impli- 
quant un mCthyle et un hydroxyle (10). 

D'autre part, une seule des mesures du Tableau 
I pourrait impliquer qu'une interaction intra- 
molCculaire vient influencer l'tquilibre entre les 
deux interactions gauches. Cette hypothese paralt 
d'ailleurs plausible A l'examen des modeles de 
Dreiden, ou des reprCsentations de Newman, ou 
il apparait que certaines conformations peuvent 
augmenter 1'Cnergie interne de la molCcule 
lorsqu'il y a deux substituants hydroxyl-2 pro- 
pyles adjacents sur l'azote. Toutefois, cet effet ne 
se fait sentir que tres 1tgQement sur le AH et  le 

1'Cquilibre. Or, si les liaisons hydrogenes aug- 
mentent de faqon notable le pourcentage de 
conformere C qui avait Ctt neglige dans les 
polysibacates, ses hydrogenes mCthyliques vien- 
dront se superposer B ceux du conformere B. 

L'Cquilibre dans les diols azotCs peut &tre 
Cvalue en cornparant la position du doublet des 
hydrogenes mkthyliques aux positions des deux 
doublets des polydbacates, tel qu'il a CtC propost 
en sCrie alicyclique (1 1). Alors, avec les deux 
produits 1 et 2, le rCsultat est le meme, soit 65% 
de conformere A A 30 "C. 
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Structure of bisnorquassin 
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Structure 2a has been deduced for bisnorquassin, a remarkable product of demethylation of the bitter 
principle quassin la from Quassia amara. 

Canadian Journal of Chemistry, 46, 3765 (1968) 

The complete structure and relative stereo- 
chemistry of quassin, C22H2806 ,  a bitter prin- 
ciple from Quassia amara, was established as l a 2  
by Valenta and co-workers (1). Bisnorquassin, 
C2,H2,06, was prepared by Robertson et al. by 
treatment of either quassin or norquassin l b  with 
a warm mixture of concentrated hydrochloric and 
acetic acids (2, 3). I t  was apparent from these 
early studies that bisnorquassin was not a simple 
bis-demethylated quassin in view of its ultra- 
violet spectrum which indicated an  extended 
system of conjugation. 

The ultraviolet absorption spectrum of bis- 
norquassin (I,,, 312 mp,  E 18 800 in alcohol, 
I,,, 384, E 48 100 in alcoholic alkali) closely 
resembles that of cholest-5-ene-3,7-dione (I,,, 
320, E 24 300 in alcohol, I,,, 392, E 62 200 in 
alcoholic alkali) (4). There exists only one pos- 
sibility for the inclusion of this type of chromo- 
phore in a n  unrearranged quassin skeleton, 
namely as in 2a where the lactone carbonyl group 

'The authors have independently deduced the structure 
2a for bisnorquassin. 

'The absolute configuration of quassin has not yet been 
determined. The structures in this article are drawn to 
conform with the established absolute configuration of 
the structurally related terpenoids simarolide (5) and 
chapparin (6). 

is part  of the system of extended c o n j ~ g a t i o n . ~  
The formation of bisnorquassin 2a f rom quassin 
l a  or  norquassin l b  can be readily understood 
via normal demethylation followed by acid- 
catalyzed enolization, double-bond migration, 
and hemiketal formation. One possible pathway 
is indicated in the figure. 

The functionality of 2a is adequately supported 
by infrared and chemical data. The  infrared 
spectrum (CHC1,) of bisnorquassin displays 
bands a t  3500, 3250 (OH), 1720 (six-membered 
ketone), 1700, 1660, and 1580 cm-' (conjugated 
en01 lactone). 

Robertson and co-workers (3) reported the 
transformation of bisnorquassin in to  mono- 
methyl, dimethyl, methyl acetyl, a n d  diacetyl 
derivatives demonstrating the presence of two 
hydroxyl groups. I n  addition, the  dimethyl 
derivative, formulated now as 2c, was converted 
into both a n  oxime and a 2,4-dinitrophenyl- 
hydrazone establishing the presence of a carbonyl 
group. Bisnorquassin can be converted into both 

31n view of the preferred direction of enolization of !3 
ketolactones bisnorquassin and derivatives are repre- 
sented with en01 lactone features; however, the tauto- 
meric arrangement in which the lactone carbonyl IS 
enolized cannot be con~pletely excluded. 
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hydroxyl groups. I n  addition, the  dimethyl 
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monomethyl and dimethyl derivatives by the 
action of alkaline dimethyl sulfate. These com- 
pounds were named P-0-methylbisnorquassin 
and P-0,O-dimethylbisnorquassin by Robert- 
son's group. The ultraviolet spectrum of P-0- 
methylbisnorquassin (h,,, 314, E 19 200 in 
alcohol, A,,, 389, E 48 900 in alcoholic alkali) is 
nearly identical with the spectrum of bisnor- 
quassin. Since this monomethyl derivative under- 
goes anion formation in basic medium it can be 
formulated as 26. Acetylation of 2b with acetic 
anhydride furnishes an acetate formulated as 2d. 
The ultraviolet spectrum of this P-0-methyl- 
bisnorquassin acetate (A,,, 277, E 15 800) is quite 
comparable with the absorption curve of 3-ace- 
toxycholesta-3,5-diene-7-one (h,,, 282, E 22 500) 
(4) in accord with structure 2d. 

Conversion of P-0-methylbisnorquassin 26 

into P-0,O-dimethylbisnorquassin 2c can be 
accomplished by treatment with diazornethane. 
The ultraviolet spectrum of 2c (h,,, 313, E 19 500 
in alcohol) does not undergo any substantial 
change on addition of alkali in agreement with 
the chromophore in 2c. The structure of P-0,O- 
dimethylbisnorquassin 2c is confirmed in detail 
by the nuclear magnetic resonance spectrum 
which displays a singlet (1 H) at  T 4.2 (C15H), a 
doublet (1 H) a t  7 5.05 ( J  = 9 c.p.s.) (C,,H), a 
triplet (1 H) at T 5.45 ( J  = 8 c.p.s.) (C,H), and a 
doublet (1 H) a t7  7.52(J = 9c.p.s.) (C,,H)partly 
superimposed on a poorly resolved rnultiplet 
(2 H) the main body of which appears at z 7.75 
(CzH's). The methyl ether hydrogens give rise to  
two sharp singlets (3 H each) at  T 6.05 and 6.54. 
A singlet (3 H) a t  z 8.1 is assigned to  the methyl 
group at C,, while two sharp singlets (3 H each) 
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at T 8.65 and 8.99 and a doublet at T 9.09 account Acknowledgment 
for the three other methyl groups. The remaining One of us (J.A.F.) is grateful to Professor Z. 
hydrogens give rise to signals in the region T 7.9- Valenta for bringing the bisnorquassin problem 
8.5. The pattern of the high-field signals resembles to his attention and for stimulating discussions of 
the same region in the spectrum of quassin (1). the subject. 

From the above data it is clear that the 
hydrogens at C-10 and C-11 must be trans anti- 
parallel to account for the observed coupling 
constant of 9 c.p.s. In view of the complex nature 
of the bisnorquassin molecule and the fact that 
centers C-1, C-4, and C-10 are all potentially 
epimerizable during the course of its formation, 
the stereochemistry of this remarkable demethyl- 
ation product of quassin offers an interesting and 
separate challenge. Experiments to establish the 
configuration of centers C-1, C-4, C-10, and C-11 
are currently in progress. 
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reaction via P-ketosulfoxide 
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Basic condensation of 1,12-dodecanolide with methylsulfinylcarbanion (DMSO-) gives a a-keto- 
sulfoxide 2 which is ethoxycarbonylmethylated and the product is converted to 15-hydroxypentadecanoic 
acid (6) in a 46% overall yield based on the lactone. Another a-ketosulfoxide 9 is prepared by condensa- 
tion of methyl 10-undecenoate with DMSO- and is subjected to the Michael condensation with methyl 
acrylate. Treatment of the adduct gives 14-pentadecenoic acid (13) in a 38 % overall yield based on 
the undecenoate. 

Canadian Journal of Chemistry, 46, 3767 (1968) 

The present paper is concerned with two novel 
preparations of linear C-15 acids related to 
Exaltolide (l,l5-pentadecanolide) as summarized 
in the flow-sheet. The starting materials are 
either 1,12-dodecanolide (1) (1) or methyl 10- 
undecenoate (8) and the key steps utilize the 
recently developed condensation reactions in- 
volving P-ketosulfoxide (2) such as 3 and 9. 

The reaction of 1 with DMSO- proceeded 
smoothly in dimethyl sulfoxide (DMSO) - 
tetrahydrofuran (THF) (1 :1) solution to give 2, 
which was then acetylated to 3. Condensation 
of 3 with ethyl bromoacetate by means of 
sodium hydride yielded 4 as an intractable oil. 
Desulfurization (2a) followed by saponification 
with potassium hydroxide gave crystalline acid 
5 in a 62% yield based on 3. The acid 5 was 

transformed into 15-hydroxypentadecanoic acid 
(6) by the Clemmensen reduction. Oxidation of 
5 gave 7 which proved identical with a specimen 
prepared by ozonolysis of bicyclo [ lo  3 .O]pen- 
tadec- 1 (12)-en-1 3-one (3). 

Alternatively 8 was treated with DMSO- to 
give 9 as a crystalline solid. The absence of the 
shift of double bond was ascertained by the 
infrared (i.r.) and nuclear magnetic resonance 
(n.m.r.) spectra. Reaction of 9 with methyl 
acrylate occurred in ethereal solvents containing 
a catalytic amount of sodium hydride to give 
10 as an oil, which was also immediately desul- 
furized to 11. The ketoester 11 was obtained as 
a crystalline solid in a 72 % yield based on 9. To 
our best knowledge such Michael addition of a 
P-ketosulfoxide appears to be without precedent. 
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The present paper is concerned with two novel 
preparations of linear C-15 acids related to 
Exaltolide (l,l5-pentadecanolide) as summarized 
in the flow-sheet. The starting materials are 
either 1,12-dodecanolide (1) (1) or methyl 10- 
undecenoate (8) and the key steps utilize the 
recently developed condensation reactions in- 
volving P-ketosulfoxide (2) such as 3 and 9. 

The reaction of 1 with DMSO- proceeded 
smoothly in dimethyl sulfoxide (DMSO) - 
tetrahydrofuran (THF) (1 :1) solution to give 2, 
which was then acetylated to 3. Condensation 
of 3 with ethyl bromoacetate by means of 
sodium hydride yielded 4 as an intractable oil. 
Desulfurization (2a) followed by saponification 
with potassium hydroxide gave crystalline acid 
5 in a 62% yield based on 3. The acid 5 was 

transformed into 15-hydroxypentadecanoic acid 
(6) by the Clemmensen reduction. Oxidation of 
5 gave 7 which proved identical with a specimen 
prepared by ozonolysis of bicyclo [ lo  3 .O]pen- 
tadec- 1 (12)-en-1 3-one (3). 

Alternatively 8 was treated with DMSO- to 
give 9 as a crystalline solid. The absence of the 
shift of double bond was ascertained by the 
infrared (i.r.) and nuclear magnetic resonance 
(n.m.r.) spectra. Reaction of 9 with methyl 
acrylate occurred in ethereal solvents containing 
a catalytic amount of sodium hydride to give 
10 as an oil, which was also immediately desul- 
furized to 11. The ketoester 11 was obtained as 
a crystalline solid in a 72 % yield based on 9. To 
our best knowledge such Michael addition of a 
P-ketosulfoxide appears to be without precedent. 
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-C=O DMSO- NaH/BrCHzCOOEt 
( H I  1 RO(CH2)llCOCH2SOM~ , 

L O  
1 2: R = H(95%); 3:  R = Ac(96%) 

DMSO- CH2=CHCOOMe 
CHz=CH(CHz),COOMe d CH2=CH(CHZ)~COCH,SOMe - 
CI-{z=CH(CHz)nCOCHCHzCHZCOOM~ + CHz=CH(CH2)8CO(CH2),COOR 

I 
OSMe 11: R = Me(72X); 12: R = H 

10 

Saponification of 11 gives a known ketoacid 
12 (4). Migration of the terminal double bond 
has been noticed in the case of the Wolff-Kishner 
reduction of a substance similar to 12 (5). Such 
rearrangement was observed also in the Clem- 
mensen reduction of 12 to a considerable extent 
as evidenced by i.r. and n.m.r. spectra. Under 
carefully controlled conditions, however, the 
isomerization was reduced to a minimum and 
the isomer-free 13 was obtained in a 60% yield. 
The conversion of 13 to 6 is already known (6). 

Experimental 
All temperatures were uncorrected. Nuclear magnetic 

resonance (n.m.r.) spectra were obtained on a 60 Mc.p.s. 
instrument (JOEL C-60-H spectrometer) with CDCI, as 
the solvent and tetramethylsilane as the internal standard. 
The chemical shifts (6) are reported in parts per million 
from tetramethylsilane. The multiplicity of signals was 
indicated in an abbreviated form: s, for singlet; d, for 
doublet; t, for triplet; and m, for multiplet, respectively. 

MetllylI.2-Hydroxydodecanoyh~etlryl Sulfoxide (2) 
The DMSO- solution prepared from sodium hydride 

(12 g, 0.5 mole) and DMSO (250 ml) according to the 
published method (2a) was diluted with T H F  (250 ml) 
and was added with 1,12-dodecanolide (50 g, 0.25 mole) 
in the course of 0.5 h a t  0' with stirring under nitrogen 

atmosphere. After stirring at room temperature for an  
additional 1 h, the reaction mixture was poured into ice- 
water (2 1). Neutralization with dilute hydrochloric acid 
gave 2 as white powdery precipitates which were col- 
lected, washed, and dried irr vacuo. Recrystallization from 
benzene gave 65 g (95%) of pure 2 melting at 89"; infra- 
red (i.r.) (Nujol): 3300 (OH), 1700 (C=O), 1020 cm-I 
(S=O); n.m.r.: 6 3.78 s (2H), 3.60 t (2H), 2.70 s (3H), 
2.60 t (2H), 2.92 s (IH), 1.8-1.1 m (18H). 

Anal. Calcd. for C14H28O3S: C, 60.8; H, 10.2. Found: 
C ,  60.8; H, 10.2. 

Metlzyl12-Acetoxydodecanoylt~zetl~yl Sulfoxide (3) 
T o  a solution of 2 (40 g) in pyridine (400 ml) acetic 

anhydride (160 g) was added gradually under stirring. 
The mixture was heated on a steam bath for 5 min and 
poured into ice-water (21). The precipitates were collected 
by filtration, washed, and dried irl vacuo. Recrystalliza- 
tion of the dried material from THF gave 44 g (96%) 
of pure 3 melting a t  76.5-78"; i.r.(Nujol): 1735, 1270 
(OAc), 1700 (C=O), 1025, 1020 cm-' (S=O). 

Anal. Calcd. for C16H3004S: C, 60.4; H, 9.5. Found: 
C; 60.4; H, 9.3. 

15-Hydroxy-4-oxopentadecanoic Acid (5 )  
A mixture of sodium hydride (1.2 g, 0.05 mole), DMSO 

(150 ml) and 3 (15.9 g, 0.05 mole) was stirred at room 
temperature under nitrogen atmosphere until evolution 
of hydrogen had subsided. To the resulting solution ethyl 
bromoacetate (8.4 g, 0.05 mole) was added and the mix- 
ture was stirred for an additional 0.5 h. Dilution with 
water followed by extraction with chloroform and eva- 
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poration of the solvent afforded an oily residue. T o  the 
residue dissolved in THF (100 ml) and water (80 mi) 
was added the HgC12-pretreated aluminium foil (13.5 g) 
(2a) under stirring at  50-60" and stirring was continued 
at  the same temperature for 2 h, during which an addi- 
tional amount of mixed solvent (THF:water = 1 :1) was 
added successively in order to  overcome the difficulty 
in stirring due to the formation of massive aluminium 
hydroxide. The supernatant T H F  solution was secured 
by decantation and the solid residue was washed repeated- 
ly with chloroform. The combined organic solutions were 
washed with water and dried (Na2S04). Upon evapora- 
tion of the solvent there was obtained a colorless residue 
which was dissolved in ethanol (100 ml) and 30 %aqueous 
potassium hydroxide (40 ml). The mixture was heated 
under reflux for 5 h and diluted with water (100 ml). After 
washing with chloroform, the aqueous layer was acidified 
with dilute hydrochloric acid, and extracted with chloro- 
form. Evaporation of the solvent followed by recrystal- 
lization from ethyl acetate gave 8.4 g (62%) of 5 melting 
at  103-104.5" (reported (7) m.p. 106-107"); i.r.(Nujol): 
36W2400 (COOH), 1710-1700 c ~ n - '  (C=O, COOH). 

Anal. Calcd. for C15H2804:  C, 66.1; H,  10.4. Found: 
C, 66.3; H, 10.4. 

15-Hydroxypet~tadecat~oic Acid (6)  
A mixture of zinc dust (50 g), mercuric chloride (5 g), 

concentrated hydrochloric acid (2.5 ml), and water (80 
ml) was stirred for 5 min, and the aqueous layer was 
removed by decantation. The solid residue was mixed 
with acetic acid (100 ml), water (50 ml), and concentrated 
hydrochloric acid (50 ml). T o  this mixture 5 (5 g) was 
added and heated under reflux for 2 h. Heating and 
stirring were continued in the course of 6 h while con- 
centrated hydrochloric acid was added at  the rate of 
5 ml per h. After cooling the reaction mixture was diluted 
with water and extracted with chlorofornl. Concentration 
of the extract gave a semisolid, which was dissolved in 
30% aqueous potassium hydroxide (40 ml). The solution 
was heated on a steam bath for 2 h. After cooling and 
acidification the mixture was extracted with chloroform. 
Evaporation of the solvent and recrystallizations of the 
residue from benzene afforded 3.9 g (82%) of 6 melting 
at  87-88". There was no depression of melting point of 
this product on the addition of the authentic specimen 
obtained by hydrolysis of Exaltolide. Comparison of the 
i.r. spectra of the two samples also confirmed their 
identity. 

4-0.uopentadecanedioic Acid (7) 
Methylation of 5 (1.86 g) by means of diazomethane 

in the usual manner afforded a n  ethereal solution of its 
methyl ester, to which a mixture of sodium dichromate 
dihydrate (1 g), concentrated sulfuric acid (0.9 g), and 
water (10 ml) was added and the whole mixture was 
stirred for 0.5 h at  room temperature. After extraction 
with ether, an organic acid fraction was transferred into 
30% aqueous potassium hydroxide. The solution was 
heated under reflux for 3 h, cooled, acidified with dilute 
hydrochloric acid, and extracted with ether. Evaporation 
of the solvent followed by recrystallization of the residue 
from benzene gave 0.47 g (24%) of 7, melting at  121- 
122". Mixture melting point showed no depression when 
admixed with the authentic specimen (3). The i.r. spec- 

trum of 7 was completely superimposable with that of 
the authentic sample. 

Merl~yl 10-Ut~decenoylt~~ethyl Sulfoxide (9 )  
The DMSO- solution prepared from sodium hydride 

(16.8 g, 0.7 mole) and DMSO (350 mi) was diluted with 
THF (350 ml) and added with methyl 10-undecenoate (8) 
(69 g, 0.35 mole) in the course of 0.5 h at O" with stirring 
under nitrogen atmosphere. Stirring was continued for 
an additional 0.5 h at room temperature, when the re- 
action mixture was poured into ice-water (2 I), acidified 
to pH 3-4 with dilute hydrochloric acid and extracted 
with chloroform. The organic layer was washed with 
water, dried (Na2S04), and concentrated it2 vacuo. Re- 
crystallization from ether afforded 79 g (92%) of 9 
melting at  67-68'; i.r.(Nujol): 3080, 1645, 990, 910 
(-CH=CH2), 1700 (C=O) and 1020 cm - ' (S=O) ; 
n.m.r.: 6 6.0-5.5 rn (lH), 5.34.8111 (2H), 3.75 s (ZH), 
2.70 s (3H), 2.60 t (2H), 2.3-1.8 m (2H), 1.8-1.1 m (12H). 

Anal. Calcd. for ClsH240,S: C, 63.9; H, 9.9. Found: 
C, 63.8; H,  9.8. 

Methyl 5-0x0-14-pet~tadecer~oate (11) 
To a mixture of sodium hydride (0.62 g, 0.026 mole), 

dioxane (80 ml) and 9 (61 g, 0.25 mole) methyl acrylate 
(22.4 g, 0.26 mole) was added in the course of 1.5 h with 
stirring at 45-50" under nitrogen atmosphere and stirring 
was continued for an additional 2 h. After standing over- 
night at  room temperature the reaction m i x t ~ ~ r e  was neu- 
tralized with acetic acid (3 ml), diluted with water, and 
extracted with chloroform. Upon evaporation of the 
solvent there was obtained an oily material a s  a residue 
which was subsequently dissolved into the mixture of 
THF (500 ml) and water (400 ml). To this solution was 
added HgC1,-pretreated aluminium foil (68 g). After 
stirring for 2 h with occasional addition of T H F  and 
water, the supernatant T H F  solution was separated by 
decantation. The precipitates were washed with benzene, 
and the combined organic solutions were washed with 
water, and dried (Na,S04). Evaporation of the solvent 
followed by distillation it2 vac~ro gave 48 g (72%) of 11 
as a colorless low melting solid, b.p. 125-126"/0.18 mm 
Hg. Recrystallization from ether gave an analytically 
pure sample melting at 29-31"; i.r.(Nujol): 3100, 1650, 
990, 910 (-CH=CH2), 1740 (-COOCH,), 1715 cm-' 
( 6 0 ) ;  n.m.r.: 6 6.1-5.4 rn (lH), 5.24.7 m (ZH), 
3.65 s (3H), 2.7-1.1 m (22H). 

Anal. Calcd. for C16H2803: C, 71.6; H, 10.5. Found: 
C, 71.5; H ,  10.7. 

5-0x0-14-petrtadecenoic Acid (12) 
Alkaline hydrolysis of methyl ester (11) in ethanol 

with aqueous potassium hydroxide in a usual manner 
gave 12 in a 95% yield. Recrystallizations from n-hexane 
afforded colorless crystals melting at 69-69.5" (reported 
(4) m.p. 68-68.5"); i.r.(Nujol): 3100, 1650, 990, 910 
(-CH=CH2), 3600-2400 (COOH), 1720-1700 cm-' 
(C-0, COOH). 

14-Pentadecenoic Acid (13) 
To zinc dust (100g) pretreated as described for the 

preparation of 6 was added acetic acid (400 ml), con- 
centrated hydrocliloric acid (100 ml) and 12 (30 g). The 
whole mixture was stirred at  70-80" for 1 h. Stirring 
was continued for an additional 4 h, during which 
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period concentrated hydrochloric acid was added at a rate 
of 25 ml per hour. After cooling the reaction mixture was 
diluted with water and extracted with benzene. The ben- 
zene solution was washed with water, dried (Na2SO4), 
and concentrated in vnclro. Recrystallization of the resi- 
dual solid from aqueous ethanol gave 17 g of 13 (60%) 
melting at 49.0-49.5" (reported (8) m.p. 49.1-49.3"); 
i.r.(Nujol): 3100, 1650, 990, 910 (-CH=CHz), 3600- 
2400, 1720-1700 cm-I (COOH); n.m.r.: 6 6.0-5.4 m 
( l H ) ,  5.2-4.7 m (2H),  2.5-1.1 m (24H). 
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P-Mangostin, a minor coloring matter of the dried latex of Garcirzia mangostarza, is shown to be 
1,6-dihydroxy-3,7-dimethoxy-2,8-di-(3-methyl-2-butenyl)xanthone (4). 

Canadian Journal of Chemistry, 46, 3770 (1968) 

The fruit hulls, bark, and dried latex of 
Garcinia mangostana contain the yellow coloring 
matter mangostin, CZ4Hz6O6, m.p. 182-183", 
which has been shown to have structure 1 (1, 2). 
The dried latex is a particularly rich source, 
yielding 30-50 % of mangostin (1, 3). During the 
course of the original work on the isolation of 
mangostin from the dried latex, Dragendorff (3) 
also isolated a minor yellow coloring matter 
(2 %), m.p. 175.5", which he named P-mangostin. 
This was considered to be isomeric with man- 
gostin on the basis of elemental analytical data. 
On treatment with diazomethane it was found to 
give a methylation product identical with that 
obtained by similar treatment of mangostin, 
which is now known to be dimethylmangostin 2 
(1). P-Mangostin was therefore considered to 
differ from mangostin only in respect to the 
interchange of a methoxyl and a hydroxyl group. 

We have isolated from crude mangostin 
obtained from the dried latex (1) a minor con- 
stituent, m.p. 175-176", which is considered to 
be the P-mangostin of Dragendorff. On the 
basis of mass spectral and elemental analytical 
data we assign to  it the formula, C,,H,,O,, a 
formulation which is in accord also with Dragen- 
dorff's elemental analytical data. Its formula thus 
differs from that of mangostin by a CH, unit. 
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period concentrated hydrochloric acid was added at a rate 
of 25 ml per hour. After cooling the reaction mixture was 
diluted with water and extracted with benzene. The ben- 
zene solution was washed with water, dried (Na2SO4), 
and concentrated in vnclro. Recrystallization of the resi- 
dual solid from aqueous ethanol gave 17 g of 13 (60%) 
melting at 49.0-49.5" (reported (8) m.p. 49.1-49.3"); 
i.r.(Nujol): 3100, 1650, 990, 910 (-CH=CHz), 3600- 
2400, 1720-1700 cm-I (COOH); n.m.r.: 6 6.0-5.4 m 
( l H ) ,  5.2-4.7 m (2H),  2.5-1.1 m (24H). 
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Structure of P-mangostin 
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P-Mangostin, a minor coloring matter of the dried latex of Garcirzia mangostarza, is shown to be 
1,6-dihydroxy-3,7-dimethoxy-2,8-di-(3-methyl-2-butenyl)xanthone (4). 

Canadian Journal of Chemistry, 46, 3770 (1968) 

The fruit hulls, bark, and dried latex of 
Garcinia mangostana contain the yellow coloring 
matter mangostin, CZ4Hz6O6, m.p. 182-183", 
which has been shown to have structure 1 (1, 2). 
The dried latex is a particularly rich source, 
yielding 30-50 % of mangostin (1, 3). During the 
course of the original work on the isolation of 
mangostin from the dried latex, Dragendorff (3) 
also isolated a minor yellow coloring matter 
(2 %), m.p. 175.5", which he named P-mangostin. 
This was considered to be isomeric with man- 
gostin on the basis of elemental analytical data. 
On treatment with diazomethane it was found to 
give a methylation product identical with that 
obtained by similar treatment of mangostin, 
which is now known to be dimethylmangostin 2 
(1). P-Mangostin was therefore considered to 
differ from mangostin only in respect to the 
interchange of a methoxyl and a hydroxyl group. 

We have isolated from crude mangostin 
obtained from the dried latex (1) a minor con- 
stituent, m.p. 175-176", which is considered to 
be the P-mangostin of Dragendorff. On the 
basis of mass spectral and elemental analytical 
data we assign to  it the formula, C,,H,,O,, a 
formulation which is in accord also with Dragen- 
dorff's elemental analytical data. Its formula thus 
differs from that of mangostin by a CH, unit. 
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NOTES 3771 

We have confirmed that it can be converted by 
methylation to dimethylmangostin 2; in the 
present instance this methylation was effected by 
treatment with dimethyl sulfate and potassium 
carbonate in acetone. These data require that 
P-mangostin have one of the structures 3-5. 

This conclusion is corroborated by spectro- 
scopic data (see Experimental). Its infrared and 
ultraviolet spectra show the characteristic fea- 
tures of a xanthone with a free hydroxyl group 
at C-1 (1, 4). Its nuclear magnetic resonance 
spectrum resembles that of mangostin, but differs 
from it in showing two methoxyl proton signals 
instead of one. 

Treatment of P-mangostin with anhydrous p- 
toluenesulfonic acid in boiling benzene for 30 
min gave a single isomeric product, m.p. 281- 
282", in low yield and led to the recovery of most 
of the starting material; longer heating resulted 
in an increased yield of the isomer. Methylation 
of the isomer with dimethyl sulfate and potassium 
carbonate in acetone gave a monomethyl 
derivative shown to be identical to 6, the di- 
methyl derivative of 1-isomangostin (7) (2). The 
exclusive formation of a I-isomangostin deriva- 
tive here stands in contrast to the case of 

OR"' 

R'O 0 R" 

mangostin, where both 1- and 3-isomangostin 
derivatives are formed under similar conditions 
(2), corresponding to chroman ring formation 
involving attack of the free hydroxyl groups at 
C-1 and C-3 on the isopentenyl side chain at C-2. 
The exclusive formation of a 1-isomangostin 
derivative in the case of D-mannostin demon- 

and that its isomerization product has structure 
8.' 

Experimental 
(3-Mntzgostitl (4) 

Crude mangostin (25 g), isolated from the dried latex 
of Gnrcitlin ttlatigostntln (I), was extracted in a Soxhlet 
apparatus with petroleunl ether (b.p. 60-70") for 5 days. 
The extract was allowed to  stand at room tenlperature 
for 4 days, and the mangostin that crystallized was 
removed by filtration. The  pale-yellow filtrate was 
stripped of solvent under reduced pressure, and the 
residue was crystallized from ethanol to give P-mangostin 
(0.12 g) as snlall lemon-yellow rods, n1.p. 175-176" [lit. 
(3) m.p. 175.5"]; ?L,,, (CCI,) 2.90, 3.5 (br), 6.07, 6.24 p; 
h ,,,, (EtOH) (log E) 245 (4.59, 258 (4.49, 317 (4.30), 
356 mp (4.10); 6 (CDCI,) 1.66 (6H), 1.78 and 1.80 (6H), 
3.32(2H, d, J = 7 H z ) ,  3.76(3H, s), 3.84(3H, s), 4.05 
(2H d, J W 7 H z ) ,  5.20(2H, m), 6.24(IH, s), 6.37(1H, 
br), 6.74 ( IH,  s), 13.38 (IH, s). 

Anal. Calcd. for C25H28O6: C, 70.74; H, 6.65. Found: 
C, 70.87; H, 6.67. 

Methylntiot~ of P-Mntlgostin. For.tt~ntion of 
DitnefRyb?~nt~gostir (2) 

A solution of P-mangostin (15 mg) and dimethyl 
sulfate (0.05 ml) in acetone (8 ml) was boiled under reflux 
in the presence of anhydrous potassiunl carbonate 
(100 mg) for 6 h. The mixture was filtered, the filtrate 
was evaporated, and the residue was treated with water 
(10 ml); after 24 h the mixture was extracted with ether. 
The ethereal extract was washed with water, dried, and 
stripped of solvent. The residue was crystallized from 
ethanol to give dimethylmangostin (2), m.p. 123-124" 
[lit. (1) m.p. 123.3-123.8"], undepressed on admixture 
with an  authentic sample (1); the infrared spectra of the 
two samples were superimposable. 

Acid-cntnlyzed Cyclizntion of P-Mnngostit~. For.tnation of 8 
p-Toluenesulfonic acid (12 mg) was dissolved in 

benzene (20 ml), 10 ml of the benzene was distilled, and 
(3-mangostin (102 mg) was added. The solution was 
boiled under reflux for 30 min, diluted with ethyl acetate, 
washed with water, dried, and stripped of solvent. The 
residue was crystallized from acetone - petroleum ether 
to give colorless crystals (6 mg) of 8, m.p. 281-282". 
The mother liquor was stripped of solvent and the 
residue was recrystallized from ethanol to  give un- 
consumed (3-mangostin (70 mg), n1.p. 175-176". 

Treatment of (3-mangostin (45 mg) with p-toluene- 
sulfonic acid (20 mg) in boiling benzene (7 ml) for 3 h 
and work-up as before gave a higher yield (20 mg) of 8, 
-- . - - -. .- 

strates that the C-3 substituen; must be a 
'The possibility that p-mangostin possesses a free C-3 me thOx~l  rather than a h ~ d r O x ~ l  group. Further, or C-7 hydroxyl group, but preferential closure occurs at 

the failure to observe the formation of any the C-1 hydroxyl group can clearly be excluded. Reaction 
product in which the isopentenyl side ,-hain at of the chelated hydroxyl group at C-1 would be slower. 

than that of unchelated hydroxyl groups at C-3 or C-7, 
C-8 has undergone chroman ring formation as exemplified by the observation that the rates of con- 
demonstrates that the C-7 substituent must also version of fl-mangostin and dimethylmangostin to cyclized 
be a methoxyl rather than a hydroxyl group, products are considerably slower than the overall rate of 

cyclization of mangostin and that preferential cyclization 
It follows that the structure of P-mangostin is 4 at the C-3 hydroxyl group occurs in the case of mangostin. 
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m.p. 281-282"; h,,,, (Nujol) 3.03, 6.06, 6.20 (sh), 6.24 p; tic sample, n1.p. 127-128" (2, 4): the infrared spectra of 
h,,,, (EtOH) (log E) 244 (4.53), 253 (sh, 4.47), 305 (4.32), the two samples were superimposable. 
334 mp (3.95). 

Anal. Calcd. for C2,HZ,O6: C, 70.74, H ,  6.82. Found: 
C, 70.48; H, 6.82. 
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Radiolysis of water vapor with fission fragmentsi 
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Water vapor, and mixtures of water vapor with radical and electron scavengers, have been irradiated 
with fission fragments a t  temperatures from 170 to 365 "C and densities from 1-50 n~g /n~ l .  The uni- 
molecular hydrogen yield is the same as in y-ray irradiations. In D20-C6HIz mixtures the HD yield 
and HD/H2 ratio are lower than in y-ray irradiations and N 2 0  and SF6 have little effect. The HD 
yield reaches a limiting value (G(HD) - 4) with increasing linear energy transfer suggesting that a 
fraction of the D atoms formed are hot. 

Canadian Journal of Chemistry, 46, 3773 (1968) 

Introduction 

The y-ray radiolysis of mixtures of water 
vapor and a few mole percent of alkanes or 
alcbhols gives a hydrogen yield of G(H2) x 8 
(molecules per 100 eV of absorbed dose) (1). 
This yield is reduced by -- 3 G units by the 
addition of an electron scavenger such as SF6 or 
N 2 0  (2, 3). The hydrogen yield from a mixture 
of water vapor (D20) and benzene is G(D2) x 
0.5 (4). These results are consistent with the 
following reactions 

[4 1 H20* + HZ + O G (Hz) - 0.5 

[5] H20+  + Hz0 + H30+ + OH 

[6] H 3 0 +  + e -> H + H 2 0  

[71 H + RH -> HZ + R G (Hz)-8 

[8] H + C6H6 + no Hz 

[9] e + SF, (or NzO) + H3O' + no H or Hz 

The y-ray radiolysis of pure water vapor re- 
sults only in low steady state concentrations of 
hydrogen and hydrogen peroxide or oxygen. 
This is due to the disappearance of the products 

'Issued as A.E.C.L. 2744. 

formed in reactions [ lo]  and [l I.] by the back 
reactions [12] and [13] 

[lo] H + H + M - > H , + M  

[ I l l  OH + OH + M -> Hz02 + M 

[I21 H + HzOz -> Hz0 + OH 

[I31 OH + HZ -> Hz0 + H 

The direct recombination of H and O H  radi- 
cals is also possible as in reaction [14] 

[I41 H + O H + M - > H z O + M  

It is interesting to consider what would be the 
changes in yields in the irradiation of water 
vapor with high linear energy transfer (1.e.t.-the 
rate of energy loss per unit length of track) 
radiation. The unimolecular yield of hydrogen 
G(H2) -- 0.5 observed with the addition of radi- 
cal scavengers should be the same. However 
high 1.e.t. radiation may change the other yields 
in pure water vapor and in water vapoi. - alkane 
mixtures. This is because high 1.e.t. will favor 
reactions [lo], [l l] ,  and [I41 over the back re- 
actions [12] and [13] and the abstraction re- 
action [7].This would lead to an increase in steady 
state product concentrations in pure water and 
a decrease in the H, yield in the alkane mixtures. 
Also it is expected that reaction [6] would be 
favored over reaction [9] so that the effect of 
electron scavengers will be reduced. 
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To obtain a 1.e.t. of greater than 1 eVjA in 
water vapor at a few atmospheres it is necessary 
to use heavy ions such as fission fragments. To 
determine if the above changes occur we have - 
irradiated (1) water vapor, (2) mixtures of water 
vapor and radical scavengers, and (3) mixtures of 
water vapor and cyclohexane with and without 
electron scavengers. We used fission fragments 
and 60Co y rays at temperatures from 170- 
365 "C and densities from 1-50 mg/ml. 

Experimental 
The H z O  and D 2 0  (99.8% D) were triple distilled, 

preirradiated, and photolyzed. The C6H12, C6H6 (both 
Fisher Spectroanalyzed), N 2 0  (McDuff medical grade), 
NH3, O,, and SF6 (Matheson C.P. grades) were used as 
received. 

The quartz capsules used for the fission fragment 
irradiations are shown in Fig. 1. The '"U was in the 
form of a coating of U 3 0 s  on a quartz tube. This coating 
was made by painting on layers of uranyl nitrate dissolved 
in an alcohol- cellulose acetate mixture (5) and firing 
each layer at 7504 

SOURCE* 1 5 m ~ ~ ~ ~  U30, 
COATED ON OUTSIDE 
1.2cm DIA. QUARTZ TUBE 

FIG. 1. Quartz cell for fission fragment irradiations 
of water vapor. 

The uranium (93 % '"U) was the same as that used 
previously (6). The amount of U 3 0 8  on the quartz tube 
was determined by weighing. The alpha particle activity 
was measured before each irradiation and corrections 
applied (less than 5 %) for any loss of uranium from the 
source. These measurements. were made with a window- 
less proportional alpha counter designed by the Counter 
Development Section a t  Chalk River Nuclear Labora- 
tories. 

Before filling, the capsules and the Source were heated 
at 500 "C in air for several hours. The water and con- 
densible gases were freed of permanent gases before seal- 
ing in the capsules. 

The capsules were irradiated in a furnace in a 4 in. 
diameter horizontal hole in the NRX reactor. To  obtain 

pressures above 10 atrn. the quartz capsules were put in a 
welded stainless steel capsule containing enough water to 
give the saturated vapor. The temperature was measured 
by thermocouples inserted in the re-entrant hole in the 
capsules, or  spot welded to the stainless steel. The thermal 
neutron flux in the sample was - 1 x 10" n ~ m - ~  s-' 
and the y-ray dose rate 10 mW/g. The integrated ther- 
mal neutron flux in each sample was determined using 
cobalt monitors and the absorbed dose of reactor y rays 
was calculated from the thermal neutron flux and pre- 
vious measurements (7). 

The total energy of the fission fragments was calcu- 
lated from the weight of Z35U and the integrated thermal 
neutron flux. The fraction of the total energy of the fission 
fragments that escaped from the U 3 0 8  and was absorbed 
by the water vapor was calculated from the following 
equation (8). This equation is derived assuming the loss 
of energy of the fission fragments is proportional to  the 
square of the distance travelled. 

Fraction escaping = 0.5 1 - 0.5 - [ (31 
where r is the thickness of the U 3 0 8  and R the range of 
fission fragments in U 3 0 8 .  

The diameter of the capsule was varied from 3.0 to 
5.0 cm both to ensure that ail the fission fragments were 
just stopped in the gas phase and that the absorbed dose 
from reactor y rays was minimized. 

The 60Co y-ray irradiations using the cells containing 
the Z35U sources, were done in a Gammacell-220. The 
absorbed dose was determined using the Fricke dosim- 
eter and applying corrections for relative electron den- 
sities, stopping powers and self-shielding. 

The dosimetry in the 60Co Y-ray irradiations is esti- 
mated to be accurate to  within + 5  % and that in the 
fission fragment irradiations to be accurate to within 
+ 10%. - 

The volume of gas formed was measured using con- 
ventional vacuum line techniques. The Hz ,  HD, D,, and 
nitrogen contents were determined by mass spectrometry. 

Results 

The irradiations can be divided into three 
groups: (1) pure water vapor, (2) water vapor 
with 1 % benzene and water vapor with 0.5 % 
NH, and 1 % O,, and (3) water vapor (H20 and 
D,O) with 5 mole C6Hl2. 

( 1 )  Pure Water Vapor 
Yields in pure water vapor are dependent upon 

the treatment of the irradiation vessel (1). 
Baxendale and Gilbert obtained G(H2) = 0.1 
for a dose of - 0.3 Mrads in a soft glass vessel 
cleaned and heated and evacuated at 116 "C. 
Values of G(H2) higher than this can be ascribed 
to addition or abstraction reactions of the radi- 
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BOYD AND MILLER: RADIOLYSIS OF WATER VAPOR WITH FISSION FRAGMENTS 3775 

TABLE I 
Hydrogen yields from fission fragment irradiations of pure water vapor 

Absorbed dose (10" eV) 

Temperature Density Fission Reactor y rays 
PC) (mdml) fragments and fast neutrons G(H2) 

TABLE I1 
Hydrogen yields from fission fragment irradiations of water vapor 

with C6HG or NH3 and o2 

Absorbed dose (10" eV) 

Reactor y rays 
Temperature Density Fission and fast 

Composition (''(3 (mg/ml) fragments neutrons G(H2) 

cals with impurities thus preventing the back 
reactions 1121 and [13]. 

The yields with fission fragments are given in 
Table I. As can be seen at  the lowest densities 
the yield of H, is not significantly different from 
those in y-ray irradiations showing that neither 
the higher 1.e.t. nor the surface of the U,O, 
reduce the radical yields enough to inhibit the 
back reactions. 

The increase in the yields of H, at the higher 
densities may be due to an increase in the re- 
actions [lo] and [I I ]  in the tracks of the fission 
fragments and a corresponding decrease in the 
H and OH escaping. As such they are only the 
difference between the combination reactions 
[lo] and [ I l l  and the back reactions [12] and 
1131. 

(2) Water Vapor and C,H,, Water vapor, and 
NH3-0 ,  

Either C,H, (4) or NH,  and 0, (9)  will 
scavenge the hydrogen-forming radicals in 
water vapor. The hydrogen yields from fission 
fragment irradiation of these are given in Table 
11. As expected these yields are not significantly 
different from those in y irradiations. 

(3) Water Vapor and C,H,, 
The majority of the irradiations were done 

with mixtures of water (H,O and D,O) and 5 
mole % cyclohexane with and without N,O or 
SF,. The results of these both for fission frag- 
ments and ,OCo y rays are given in Table I11 (a 
and 6). 

There appears to be a reduction outside the 
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TABLE I11 
(a) Hydrogen yields from fission fragment irradiations of water vapor with c-CGH12 

ppppp 

p-ppp -- --- 
Absorbed dose (lOlg eV) 

Tempera- Reactor y rays G(tota1 
ture Density Fission and fast hydro- 

Composition 
-- 

("C) (mg/ml) fragments neutrons gen) G(H2) G(HD) G(D2) G(N2) 
-- 

0.023-g C - C ~ H ~ ~  
0.11 g DZO 
0.023 g C-CGH~Z 
1 mole % N 2 0  
0.22 g DzO 
0.05 g C-C~HI ,  
0.22 rr D70 
0.05 g 
1 mole % N,O 
0.22g D;O 
0.05 g c-C6Hl2 
1 mole % SF6 
0.66 g DzO 
0.16 g C-C6Hlz 

(b) Hydrogen yields from 'OCo y-ray irradiations of water vapor with C-C6H12 
~ppppp 

Absorbed dose 
Temperature Density (10' eV) G(tota1 

Composition ("c) (mg/ml) 60Co y rays hydrogen) G(Hz) G(HD) G(Dz) G(N2) 

0.02 g c - C ~ H ~ ~  
0.11 g DzO 
0.023 g C-CGH12 
1 mole % NzO 
0 . 1  g H z 0  
0.031 & c - C ~ H I Z  
0.2  rr H,O 

TABLE IV 
Rate constants for radical and ion reactions 

-- 

Reaction Rate constant References 

H + H + M - t H z + M  9 4 x 1 O 3  ( ) O ' G  cn16 m01ecuIe-~ s-I  (10, 11) 

OH + OH + M - t  HZOZ + M 3.3 x cm6 molecule-2 s-' 
- 1000 

(12) 

OH + OH -> HzO + 0 5 x Tuzexp  (T)  cm3 mnolecule- s- '  (13-16) . - ,  
H + O H + M - > H z O + M  -3 x cm6 molecule-2 s-I 

= (2 x 9 .4  x x 3.3 x 
H 2 0 +  + HzO -> H 3 0 +  + OH 8 . 5  x 10-lo cm3 molecule-' s - '  

2 . 4 ~  lo-' cm3 molecule-' s - I  
(17) 

e + H 3 0 +  + H z O  + H (18, 19) 

H + CsHlz -> Hz + CsHlz 2.5, 10- lo  exp (3p) cm3 molecule-' r - '  (20)" 

e + N 2 0  -> N2 + 0- 4 x 10- l3  cn13 rudecure- s-' 
4 x lo-' cm3 molecule-' s- '  

(21) 
e + SF6 -> SF6 (22) 

*See B. deB. Darwent and R.  Roberts (20) for H + I I C ~ H ~ ~  and I3 f 11-CIH,. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE V 
Calculated radical concentrations in fission fragment tracks in water vapor 
- 

-- 
-- 

Tem- Radical H or OH concentration 
pera- (moles/l) for radius 

Density ture" c-C6Hlzh 1.e.t.' Radical pairs/ Mean free path 
(mg/ml) ("C) moles/l (ev/A) cm of trackd (A) 10 MFPc 100 MFPe 

OMinimum temperature required for pure water vapor. 
bFor 5 mole % of c-Cr,H12 in H20. 
"ssuming range of fission fragments in water vapor is 2 rng/cm2. 
'Assuming radical yield = 8. 
<Radius of 10 MFP is equivalent lo 102 collisions, 100 MFP to lo4 collisions. 

limits of error in the total hydrogen yield on 
going from y rays to fission fragments with 
mixtures of water vapor and c-C6H12. The iso- 
topic yields confirm this reduction. 

At 169" for D,O and 5 mole % C6H12 the y- 
ray values are G(HD) = 6.8 and G(H2) = 1.0 
so that G(HD)/G(H2) = 6.8. These values are in 
good agreement with those of Johnson and 
Simic (3). At the same temperature the fission 
fragment values are G(HD) = 5.1, G(H2) = 1.1, 
and G(HD)/G(H2) = 4.6. Thus the ratio of these 
yields which is independent of dosimetry is re- 
duced by a third in the fission fragment irradia- 
tions. There is an even more striking change in 
the mixtures of D20 ,  C6H12, and N,O. The 
addition of N 2 0  has little effect on the H D  yield 
or the HD/H2 yield ratio but the yield of N2 is 
reduced from 4 with y rays to 0.6 with fission 
fragments. The value of G(HD) with fission frag- 
ments does not appear to change significantly at 
higher temperatures and pressures and SF, also 
has no effect. 

I t  is interesting that the total hydrogen yield 
in the y-ray irradiations of H 2 0  and C6H12 at 
364" and a density of 52 mg/ml is 8 while at 364" C 
and a density of 1 mg/ml Johnson and Simic (3) 
obtained G(H2) = 16. 

Discussion 
The reduction in the yield of HD with fission 

fragments can clearly be seen to be a 1.e.t. effect 
and can be explained by the favoring of reactions 
[lo] and [14] over [15]. 

[lo] H + H + M  - > H z + M  

1141 H + O H + M - > H Z O + M  

However, this favoring should result in a con- 
tinuing decrease in the HD yield with increasing 
1.e.t. as shown by calculations based on  the rate 
constants for these reactions and concentrations 
in the fission fragment tracks. The best available 
values of the rate constants are given in Table IV 
and the estimated concentrations in Table V. 

Consider water vapor containing 5 mole % 
cyclohexane with a density of 8 mg/ml. As 
stated in Table V the number of radical pairs per 
cm of track is 2.56 x lo7 for a radical yield of 
G(H) = 8 and a fission fragment range of 2 
mg/cm2. As these diffuse away from the track 
their concentration decreases and at a radius of 
100 mean free paths it is 4 x lo-, M. The ratio 
of rate of reaction [14] (which is much faster 
than [lo]) to the rate of reaction [15] is equal to 
(k14[Hi LOHI [H201)l(kl5 [H:I [c6H121). At 100 
mean free paths and a temperature of 230 "C 
this equals [3 x 10-31(2.4 x 1015)2(2.7 x 
1020)]/[5.6 x 10-14(2.4 x 10l5)(1.35 x lo")] 
= 0.26. 

At 24 mg/ml and 100 mean free paths this 
ratio has increased from 0.26 to 1.3. Although 
there are large uncertainties in these ratios it 
appears that there is a reduction in G(HD) at 
8 mg/ml and that there should be a further re- 
duction at 24 mg/ml since the ratio of rates in- 
creases by a factor of 5. 

These considerations suggest that the "lin~it- 
ing" H D  yield of - 4 results from hot H atoms, 
i.e. atoms that will react at comparable rates 
with C6H12 molecules and radicals. This is 
approximately equal to  the proposed yield from 
excited water molecules and it is possible that the 
H atoms which are formed directly are hot while 
those formed by neutralization are thermal. 
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The lack of effect of SF, on the HD yield is 
consistent with this interpretation. However, 
calculations of the competition between reaction 
[16] and reaction [6] (e + H,O+) are not con- 
clusive. 

At 8 mg/ml and 10 mean free paths the ratio of 
reaction [16] to reaction [6] is - 50:l. This 
would imply that SF, does scavenge the electrons 
but since these reactions are faster than the col- 
lision frequencies they may be complete in less 
than 10 mean free paths. 

The addition of N,O fails to reduce the HD 
yield because reaction [17] does not compete 
effectively with reaction [6] 

This is shown by the low yields of N, and the 
values in Tables IV and V. Even a t  1 mg/ml re- 
action [6] is about 100 times faster than reaction 
[17] at 10 mean free paths from the fission frag- 
ment track. 

Although the l.e.t. of fission fragments in 
gases is relatively high the marked inhomo- 
geneity of the concentrations of transient species 
makes interpretation of the results difficult. 
Further studies of water vapor are being done 
with a high intensity pulsed source of electrons. 
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Coordination complexes of gallium(II1) and indium(II1) halides. 111.' 
Complexes of gallium(II1) halides with 2,2'-bipyridyl 

A. J. CARTY 
Department of Chemistry, Uizioersity of Waterloo, Waterloo, Ontario 

Received June 27, 1968 

The new complexes GaCl,(bipy), GaBr,(bipy),MeCN, GaBr,(bipy),, Ga13(bipy), and the related 
compounds [GaC12(bipy),]BF4, [GaCl,(b/py),]PF6, [GaBr,(bipy),]PF6 (bipy = 2,2'-bipyridyl) have 
been prepared and characterlzed. Conductlv~ty and far-lnfrared measurements suggest the structures 
[GaCI2(bipy),][GaCl41, [GaBr,(bipy),]Br, and [GaI,(bipy),][GaI,] for the trihalide adducts. 
Canadian Journal of Chemistry, 46, 3779 (1968) 

Introduction 

Although there is now a considerable amount 
of structural evidence, particularly from far- 
infrared studies, to demonstrate that 1 :1 adducts 
of gallium(II1) halides with amines, ethers, 
sulfides, (2) and phosphines (1, 3) have mono- 
meric, C,, structures in the solid state, relatively 
little work has been carried out on 1 :2 or 1 :3 
adducts or on complexes with bidentate ligands. 
This is in marked contrast to the analogous 
indium(II1) and thallium(II1) halide systems 
where several recent studies (4-8) have confirmed 
the existence of five and six coordinate indium 
and thallium in coordination complexes. Beattie 
and co-workers (9) have recently completed a 
vibrational analysis of the compound GaC1,- 
(NMe,), and concluded that the molecule has a 
D,, trigonal bipyramidal structure. We know of 
no other structural studies on gallium trihalide 
addition compounds of coordination number 
greater than four. The work reported in this 
paper is part of a program designed to investigate 
and structurally characterize gallium trihalide 
complexes of higher coordination number. 

Experimental 

from acetonitrile this product corresponded most closely 
to Ga3cl6(bipy),. Thus for two typical analyses, 

Found: (i) C, 45.79; H, 4.33; N, 9.93; C1, 20.48. (ii) 
C, 46.37; H, 3.93; N, 10.18; Cl, 20.07. Calcd. for 
Ga3C16(bipy),: C, 45.90; H, 3.06; N, 10.70; C1, 20.36. 

Changing the mole ratio 1igand:halide did not appear 
to affect the course of the reaction. 

On dissolving this compound in a 1 : 1  mixture of 
acetone and acetonitrile and allowing it to crystallize 
slowly, large colorless plates of GaCl,(bipy) were ob- 
tained. These were washed with ether and dried in vacuo. 
The same product was obtained by reacting gallium 
trichloride and 2,2'-bipyridyl in acetone. 

Reaction of 2,2'-Bipyridyl with Galliunz Tribromide 
Treatment of an acetonitrile solution of the tribromide 

with 2,2'-bipyridyl using 1 : 3 mole ratios yielded crystals 
of GaBr,(bipy),MeCN, which were recrystallized from 
acetonitrile and dried in vacuo. The presence of one 
molecule of acetonitrile in this compound was demon- 
strated by analysis and by infrared spectroscopy, v(CkN) 
of the nitrile appearing as a weak absorptionat 2240cm-'. 

An analogous reaction in acetone gave GaBr3(bipy), as 
colorless needles. 

Reaction of 2,2'-Bipyridyl with Galliunz Triiodide 
Addition of 2,2'-bipyridyl (2.34 g, 0.015mole) in 

acetonitrile (20 ml) to gallium triiodide (2.25 g, 0.005 
mole) in the same solvent (20 ml) produced bright yellow 
crystals of a complex which analyzed as Ga13(bipy) after 
repeated recrystallization from acetonitrile. O n  standing 
in solution for some time decomposition occurred giving 
red products of high iodine content and variable composi- 
tion. All reagents and solvents were commercially available. In acetone, the same reaction produced a bright yellow Gallium trihalides (99.99 % purity) were purchased from precipitate which could not be recrystallized from acetone Fluka A. G., Buchs, Switzerland in sealed ampoules and owing to its insolubility. The material was washed were subsequently handled under anhydrous conditions thoroughly with boiling benzene and dried in vacua. 

in a dry box Or vacuum line' Anhydrous Analysis indicated the composition to be intermediate were used in all preparations. between GaI,(bipy), and GaI,(bipy),. This product was 
Reaction of 2.2'-Biuyridyl with Galli~tm Trichloride not investigated further. 

A solution.of galiium trichloride (1.76 g, 0.01 mole) in 
acetonitrile (15 ml) was added to 2,2'-bipyridyl (4.68 g, [GaCl2(bipy),1BF4, / G ~ C L ( ~ ~ ~ Y ) ~ I P F ~ ,  and 

[GaBr, (bipy) ,IPF6 0.03 mole) in acetonitrile (20ml). Colorless crystals These compounds were prepared by refluxing stoi- 
formed immediately. Even after several recrystallizations chiometric cluantities of sodium tetrafluoroborate or 

'For part 11, see ref. 1. 
potassium hkxafluorophosphate with the appropriate 
complex in acetonitrile. The precipitated sodium or 
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TABLE I 

Analytical data 
-- 

% C  % H  % N  % X  

Conipound Found Calcd. Found Calcd. Found Calcd. Found Calcd. 

G a C l J b i ~ v )  from acetonitrile 36.45 36.14 2.28 2.40 8.30 8.43 3200  3 2 0 7  -. .., - - . . . - - . . . 
GaCI3(bipy) from acetone 36.23 36.14 2.55 2.40 8.53 8.43 32.04 32.07 
GaBr3(bipy),MeCN 39.77 39.85 2.87 2.87 10.41 10.33 36.13 36.18 
G a B r d P i p ~ ) ~  39.43 38.64 2.83 2.59 7.87 9.01 38.45 38.56 
Ga13(blpy) 19.80 19.79 1.37 1.33 4.63 4.62 62.82 62.74 
[GaC12(bipy),lBF4 44.20 44.50 3.12 2.99 10.09 10.39 

potassiunl halide was filtered off, the solution reduced in 
volume and allowed to crystallize. Recrystallization froni 
acetonitrile afforded the pure complexes as pale yellow 
prisms. 

Miooat~alyses 
These were carried out by Alfred Bernhardt, Mulheim, 

Germany, and A. Gygli, Toronto. Analytical data for the 
complexes are shown in Table I. 

Pl~ysical Measurernenrs 
Conductivities were measured at 23" in nitromethane. 
Infrared spectra were recorded as Nujol mulls between 

cesium iodide or polyethylene plates using Perkin-Elmer 
225 and Beckmann IR 12 spectrometers. 

Results and Discussion 

Few coordination complexes of gallium(II1) 
halides with bidentateligands have been described 
in the literature. 1,2-Bis(dipheny1phosphino)- 
ethane yields complexes of the type (GaX,),- 
(diphos) (X = C1, Br, I) (lo), and '0' phenylene 
bisdimethylarsine gives GaX,(diars) (X = Br, I) 
and (GaCl,),(diars) (1 1) with the trihalides, but 
the only reports involving bidentate nitrogen 
donors concern the compounds [Ga(phen),]X, 
(X = C1, Br) (phen = 1,lO-phenanthroline) (12). 
Dwyer, however, mentions briefly that the species 
Ga(bipy),,' exists in aqueous solutions contain- 
ing gallium(II1) salts and 2,2'-bipyridyl (un- 
published observations, see ref. 13). 

The present work shows that in nonaqueous 
solution, 2,2'-bipyridyl reacts with gallium(II1) 
halides to yield the compounds GaCl,(bipy), 
GaBr,(bipy),MeCN, GaBr,(bipy),, and Ga1,- 
(bipy). However, several features of the experi- 
mental work suggest that the reactions are 
complex in acetonitrile. The isolation of a 
compound analyzing as Ga,C16(bipy), and the 
necessity for extensive recrystallization of the 
initial reaction products clearly testify to this. By 
contrast, in the analogous indium(II1) system, 

the pure crystalline compounds InX,(bipy),., 
are readily isolated from acetonitrile or ethanol 
(6, 14). This difference in behavior may be 
ascribed in part to the fact that gallium(II1) 
chloride forms a well defined adduct with 
acetonitrile (1 5) whereas indium(II1) chloride can 
be recovered unchanged from this solvent (16). 
It thus seems probable that in the systems 
GaX,/MeCN/2,2'-bipyridyl there are several 
competing equilibria of the type 

in solution. The compound crystallizing from 
solution will then depend on whether acetonitrile 
is completely or partly replaced from the gallium 
coordination sphere by 2,2'-bipyridyl and on the 
relative solubilities of the various complexes. In 
the weaker donor solvent acetone, the equilibria 
must lie well to the right since the pure adducts 
separate from solution. The absence of astoichio- 
metric adduct of gallium(II1) iodide with 2,2'- 
bipyridyl in acetone is probably due to the 
precipitation of two different species GaI,(bipy), 
of similar solubility. 

TABLE I1 

Molar conductivities in nitromethane at  23" and M 
-- 

Compound A, (ohm-' cm2 mole-') 

GaC13(bipy) from acetonitrile 39.35 
GaC13(bipy) from acetone 42.29 
GaBr,(bipy),MeCN 79.82 
GaBrAbipy)2 77.85 
GaI,(biov) 75.04 
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TABLE 111 
Far-infrared spectra (400-200 cm-l) of gallium complexes* 

-- - 

Compound v* (cm-') 

GaC13(bipy) from acetonitrile 374 (20) 305 (17) 273 (13) 251 (8) 
GaC13(bipy) from acetone 373 (20) 306 (19) 268 (13) 254 (10) 
[GaClz(bjpy), lBF4 301 (20) 268 (16) 250 (10) 
[GaCl,(bl~y)~ lPFs 304 (20) 270 (17) 252 (13) 
GaBr3(bipy),MeCN 280 (20) 262 (8) 250 (17) 234 (10) 225 (11) 

220 (10) 206 (16) 

'Figures in brackets refer to the intensities of the bands. Thestrongest band in each spectrum is assigned an arbitrary 
intensity of 20 and other intensities measured relative to this. 

Conductivities 
Molar conductivities, calculated on the basis of 

a monomeric formulation are given in Table 11. 
Typical values for 1 :1 electrolytes in nitrometh- 
ane are 80-120 ohm-' cm2. The results suggest 
an ionic dimer structure [GaCl,(bipy), ] [GaCl,] 
for GaCl,(bipy), an ionic monomer formulation 
[GaBr,(bipy),]Br for GaBr,(bipy),, and for 
GaI,(bipy) the structure [Ga12(bipy)]I. The 
ionic tetrafluoroborate and hexafluorophosphate 
complexes all show A, values at lo-, M typical 
of 1 : 1 electrolytes. 

Infrared Spectra 
In the region 1700-650 cm-I the spectra of the 

complexes are typical of the coordinated ligand 
(17). In particular, the out of plane ring hydrogen 
vibration at 756 cm-I in the ligand is split into 
two strong bands in the complexes, one at ca. 730 
cm-I and the other at ca. 770 cm-I. For 
[GaCl,(bipy),]BF,, v3(t2) of the tetrahedral 
anion occurs at 1060 cm-I, and for [GaX,- 
(bipy),]PF, (X = Cl, Br), v3(tl,,) appears as a 
strong symmetrical band at 844 cm-'. 

2,2'-Bipyridyl has four absorption bands 
between 660 cm-I and 400 cm-I (5, 18, 19). The 
medium intensity band at 620 cm-I moves 15-25 
cm-I to higher frequency on complexing and the 
403 cm-I band is resolved into two or three com- 
ponents in the complexes. Similar changes have 
been noted previously (5, 18, 19). A strong band 
at 560 cm-' with shoulders at 540 and 546 cm-I 
is presumably v4(t1,) of PF,- in [GaX,(bipy),]- 
PF, and v4(t2) of BF,- in [GaCl,(bipy),]BF, is 
at 541 cm-I. 

The ligand spectrum is free from absorption 
between 400-200 cm-I. Bands occurring in this 
region are therefore due to metal-ligand skeletal 

stretching vibrations, although as Clark and 
Williams have recently pointed out (20) the 
possibility of the appearance of ligand vibrations 
activated by the crystal field cannot be entirely 
ruled out. In the absence of significant coupling 
the skeletal vibrations might be conveniently 
labelled metal-halogen or metal-nitrogen stretch- 
ing modes. Before attempting to interpret the 
spectra, possible structures for the complexes 
must be considered. For a molecule of the type 
GaX,(bipy) the most probable structures are 
1-4. For GaBr,(bipy), on the other hand the 
most obvious structure 5 may have a cis or tm7s 
octahedral cation. To a very low approximation 
the skeletal stretching modes can be considered 
in terms of symmetry coordinates. The number 
and types of metal-halogen v(Ga-X) and metal 
nitrogen v(Ga-N) stretching modes derived in 
this way are given in Table IV. 
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The far infrared spectrum of GaCl,(bipy) 
prepared from acetonitrile is identical with that 
from acetone and is characterized by two very 
strong bands at 306 and 373 cm-', a medium in- 
tensity band at 268 cm- ', and a weak absorption 
at 254 cm-I (Table 111). The 306 and 373 cm- ' 
features must arise fromv(Ga-C1) since they dis- 
appear in the bromide and iodide spectra (Fig. 1) 
but the two remaining bands are present in both 
GaBr,(bipy), and GaI,(bipy) thus suggesting 
that they are associated with metal-nitrogen 
stretching. On this basis it is unlikely that the 
halogen-bridged dimeric structure 4 is correct 
since two bridging v(Ga-C1) modes (b,,, + b,,) 
and two terminal v(Ga-C1) modes (b,,, + b,,,) 
are predicted. By analogy with Ga,C16 (21) 
where the bridging modes v,, and v, , occur at 287 
and 305 cm-' and the terminal stretches v, and 
v16 at 453 and 389 cm-I in the solid, four 
readily distinguishable bands are expected. 

FIG. 1. Far-infrared spectra (400-200 cm-') of (a) 
Ga13(bipy), (b) GaBr3(bipyI2, ( c )  GaC13(bipy). 

The spectrum is most consistent with structure 
3 in which the cation has a trans geometry. Thus 
two v(Ga-C1) modes are predicted, one (b,,,) 
from the cation and the other (t,) from the anion 
GaC1,-. Moreover the t, v(Ga-C1) mode occurs 
at 372 cm-I in NMe, [GaCl,] and at 372 cm-' 
in nitromethane solutions of several alkyl- 
ammonium salts (22). We therefore assign the 
373 cm-' absorption as the t, mode of GaC1,- 
and the 306 cm-' absorption as the b,,, mode of 
a trans octahedral cation [GaCl,(bipy),]+. The 
two lower frequency features are then the 
expected v(Ga-N) modes (b,, + b,,,) of the 

CHEMISTRY. VOL. 46, 1968 

cation. To confirm these assignments we have 
prepared the salts [GaCl,(bipy),]BF, and 
[GaCl,(bipy), ]PF6, and measured their far- 
infrared spectra. In both cases the spectra closely 
resemble that of GaCl,(bipy) except that the 
absorption due to the t, mode of the anion 
GaC1,- is now missing (Fig. 2). Together with 
the A, value, these results are excellent confirma- 
tion ofthe ionic dimer structure 3 for GaCl,(bipy). 
The assignments given above are the first 
reported v(Ga-C1) and v(Ga-N) frequencies in 
an octahedral species. 

I 
roo 110 mo 210 - 

Frequency km-'1 

FIG. 2. Far-infrared spectra (400-200 crn-') of (a) 
GaCI3(bipy), (b) [GaClz(bi~~)21BF4. 

For the bromide complex GaBr,(bipy), the 
most probable structure is [GaBr,(bipy),]Br in 
agreement with the observed 1 :I electrolyte 
behavior. The far-infrared spectrum however, is 
more complex than that of the chloride and six 
bands are readily distinguishable between 280 
and 200 cm-I (Fig. 1). Unfortunately, none of 
these can be unambiguously assigned as due to 
v(Ga--Br) from their intensities alone but some 
idea of the expected position of v(Ga-Br) can be 
obtained from the ratio v(Ga-Br)/v(Ga-C1) z 
0.75 in octahedral complexes (23). Thus v(Ga- 
Br) is expected at ca. 225 cm-'. Comparison with 
the spectra of GaCl,(bipy) and GaI,(bipy) shows 
that the bands at ca. 275 and 250 cm-' are 
present in all three spectra (Fig. l), strongly 
suggesting that these are due to v(Ga-N). 
Conversion to [GaBr,(bipy), ]PF6 does not 
greatly affect the spectrum although a medium 
intensity band at 264 cm-' is missing in the 
hexafluorophosphate salt and bands at 275, 245, 
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TABLE IV 

Skeletal stretching modes for gallium complexes 
-- --- 

pp---ppp 

-- 

Structure Symmetry v(Ga-X) v(Ga-N) 

GaX3(bipy) \ CZ , 2a1+b1 a, + b~ 
Trinonal C, 2a1+a" a '  + a" 
~ipyramidal) 
[GaX2(bipy)~ :I [GaX41 Cation cis C2 a + b  

Cation trans DZh b ~ u  
Anion Td 
Dzh 

12 - 
bz,,+b3, (bridging) b2,+bsu 
b ,,+ b?, (terminal) 

and 234 cm-' are now more intense. We suggest 
in this case a cis cation. As shown in Table IV 
twov(Ga-Br) (a + b) modes and fourv(Ga-N) 
(2a + 2b) modes are expected for C2 symmetry, 
but it should be pointed out that since v(Ga-Br) 
and v(Ga-N) modes occur in the same spectral 
region, extensive coupling between modes of the 
same symmetry is expected. Labelling bands as 
v(Ga-Br) or v(Ga-N) may therefore be 
incorrect here. Nevertheless on the basis of 
frequency and intensity, the bands at 208 and 
220 cm-' may arise predominantly from 
gallium-bromine stretching. The spectrum of 
GaBr,(bipy),MeCN does not differ appreciably 
from that of GaBr,(bipy), in this region and the 
molecule of acetonitrile is probably present only 
as a molecule of solvation. Similar solvates have 
been reported in indium systems (6). 

The infrared and conductivity data for 
GaI,(bipy) are conflicting. A A, value of 75.04 
ohm-' cm2 is at the low end of the range expected 
for a 1 :I electrolyte and the structure [Ga(bipy)- 
12]1 is suggested. Only three bands are distin- 
guishable in the infrared at 272, 250, and 224 
cm-'. The 224 cm-' absorption is very strong 
and remarkably similar in shape and intensity to 
the v3(t2) mode of the Ga1,- ion at  225 cm-' in 
Ph,PMe[GaI,] (1). Moreover the bands at 
higher frequency are present in GaCl,(bipy) and 
GaBr,(bipy), and are characteristic of v(Ga-N) 
of the cation [GaX,(bipy), ] +. Also, v(Ga-I) 
modes for a cation [Ga12(bipy),]+ are expected 
to be below 200 cm-', the limit of our instru- 
mentation. Attempts to prepare a BF,- or PFG- 
salt in this case were unsuccessful; materials 
containing BF,- and PF,- could be obtained 
but microanalyses showed them to be mixtures. 
The infrared evidence although incomplete 
therefore favors [GaI,(bipy),] [GaI,]. An ex- 

planation of the high molar conductivity may 
involve further dissociation of the complex 
[GaI,(bipy),] [GaI, ] in nitromethane. Thus loss 
of one I -  ion from the cation would markedly 
increase the conductance of the solution. The 
instability of the cation in solution may also 
explain the difficulty experienced in preparing 
[GaI,(bipy), IBF, and [GaI,(bipy),]PF,. 

The author expresses his appreciation to Dr. 
J. M. W. Scott and Dr.  E. Bullock of Memorial 
University of Newfoundland for the use of 
conductivity apparatus and a Perkin-Elmer 225 
infrared spectrometer. Thanks are also due to 
Dr. A. Walker of Scarborough College, Uni- 
versity of Toronto, for the use of the Beckmann 
IR 12 instrument. Continued support from the 
National Research Council of Canada is appreci- 
ated. 

1. A. J. CARTY. Can. J. Chem. 45, 3187 (1967). 
2. N. N. GREENWOOD, T. S. SRIVASTAVA, and B. P. 

STRAUGHAN. J. Chem. Soc. A, 699 (1966). 
3. A. BALLS, N. N. GREENWOOD, and B. P. STRAUGHAN. 

J. Chern. Soc. A, 753 (1968). 
4. D. M. ADAMS, A. J. CARTY, P. CARTY, and D. G. 

TUCK. J. Chern. Soc. A, 162 (1968). 
5. A. J. CARTY, S. J. PATEL, and D. G. TUCK. Can. J. 

Chern. (1968). In press. 
6. R .  A. WALTON. J. Chem. Soc. A, 1485 (1967). 
7. R. A. WALTON. Inorg. Chem. 7, 640 (1968). 
8. M. J. TAYLOR. J. Chem. Soc. A, 1462 (1968). 
9. I. R .  BEATTIE, T. GILSON, and G. A. OZIN. J. Chern. 

Soc. A, 1092 (1968). 
10. A. J. CARTY. Can. J. Chern. 45. 345 (1967). 
11. R. S. NYHOLM and K. ULM. J.  hem. SOC. 4199 

(1965). 
12. B. N. IVANOV-EMIN, L. A. NISELSON, YA. I. RABOVIK, ' 

and L. E. LARIONOVA. RUSS. J. Inorg. Chem. 
English TransI. 5, 583 (1961). 

13. W. W. BRANDT, F. P. DWYER, and E. C .  GYARFAS. 
Chem. Rev. 54, 959 (1954). 

14. A. J. CARTY and D. G. TUCK. J. Chern. Soc. A, 
1081 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3784 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

15. W. GERRARD, M. F. LAPPERT, and J. W. WALLIS. 
J. Chern. Soc. 2178 (1960). 

16. B. F. G. JOHNSON and R. A. WALTON. Inorg. 
Chern. 5. 49 (1966). 

17. A. A. SCHILT and R. C. TAYLOR. J. Inorg. Nucl. 
Chern. 9, 211 (1959). 

18. R.  J. H. CLARK. J. Chern. Soc. 1377 (1963). 
19. J .  R. FERRARO, L. J. BASILE, and D. L. KOVACIC. 

Inorg. Chern. 5, 391 (1966). 

20. R. J.  H. CLARK and C. S. WILLIAMS. Spectrochirn. 
Acta. 21. 1861 (1965). 

21. I. R: BEAT~IE,'-T. GILSON, and P. COCKING. J. 

77 
Chern. Soc. 702 (1967). 
P. L. GOGGIN and T. G. BUICK. Chern. Commuri. 

(1967). 
J. H. CLARK. Spectrochim. Acta, 21,955 (1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



H-N, and CH,-N, bond dissociation energies 

MERVYN CHIANG' AND ROBERT WHEELER 
Departnlent of Chemistry, Queen's University, Kingston, Ontario 
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The thermal emission of negative azide ions from a heated filament operating in gases of both HN, 
and CH3N3 has been studied in a magnetron cell and the temperature variation of this current used 
to deduce the C-N bond dissocjation energies in both molecules. Results indicate higher values than 
previous estimates. They are: Do(H-Ng) = 90 + 8 kcal/mole and DO(CH3-N3) = 88 + 8 kcal/mole 
at 0 OK. 
Canadian Journal of  Chemistry, 46, 3785 (1968) 

Introduction 
Thermal or photochemical decomposition of 

covalent azides occurs predominately through 
the breaking of RN-N, bonds (1, 2). In uni- 
molecular dissociation this fission is favored even 
though spin conservation rules require decom- 
position to excited radicals, RN*. Bimolecular 
reaction between azide pairs would follow this 
path almost exclusively. The RN-N, bond is 
weak and the activation energy for a mechanism 
involving the fission of the complex at these bonds 
is probably extremely small. Heterogeneous 
dissociation is likely to proceed by the same N-N 
bond fission. Gaseous HN, striking a hot surface 
breaks into NH and N,; slow decomposition to 
N, and H is very unlikely. Direct observation of 
the dissociation, 

+D 
[1 I RNg+ R + Ng 

is therefore difficult and the energy, D, is not 
available from spectroscopic data alone. 

N, is not a stable radical. There is some 
evidence (3) for the production of N, in the 
photolysis of gaseous HN, but this is probably 
due to a secondary reaction of the imino radical 
NH with HN,. In any event the concentrations 
produced are extremely small. In contrast, the ion 
N3- is quite stable; its existence in ionic salts and 
in various aqueous solutions attest to this. Direct 
measurement of the electron affinity, E, of the 

azide radical is again difficult, if not impossible, 
because of the instability of the radical. There 
have been three indirect but independent methods 
thus far for estimating this energy (1, 2). Charge 

'Present address: Department of Chemistry, Univer- 
sity of California, Berkeley, California, U.S.A. 

transfer spectra in solution yield two values. The 
ultraviolet peak at 2240 A in the absorption of a 
sodium azide solution is interpreted as a transfer 
of an electron from N3-  to the water molecule 
and this leads to a value of 67 f 5 kcal/mole (4). 
Transfer of an electron from N,- to Fe(II1) in 
ferric azide solutions with an absorption peak at 
4600 A suggests that E is as high as 73 f 5 
kcal/mole (5). Franklin, Dibeler, Reese, and 
Krauss (6) have carried out appearance potential 
measurements of the ionization and electron 
capture processes of HN, and CH,N,. They 
report a value for Ea t  72 kcal/mole. This includes 
an estimate of AHfO for CH,N, which is perhaps 
doubtful. Gray (2) has used their data, combining 
the appearance potentials of CH,' and N,- 
with the ionization potential of CH, to place Eat  
69 + 7 kcal/mole. Gray estimates the best 
average value from the three methods and places 
this at 70 + 5 kcal/mole. 

The value of D for reaction ['I ] has been cal- 
culated from fairly involved thermochemical 
cycles for a few covalent azides ( I ,  2, 5). This 
requires an estimate of AHf0(N3), itself derived 
from the measured E(N,) and a calculated 
AHf0(N3-). A Born cycle using lattice energies of 
solid ionic azides appears to provide the most 
reliable calculation of dHf0(N3-). With a value 
of 105 kcal/mole estimated for AH?(N,), Evans, 
Yoffe, and Gray (1) report a value of D = 85 
kcal/mole at 25 "C for the bond dissociation of 
H-N3. 

A more direct measurement of D might be 
obtained in the following way. Allowing that 
N,- is a much more stable entity than N,, it 
should be possible to measure directly the energy 
required in the reaction 

+D' 
[3 1 RN3 + e-R + N3- 
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FIG. I .  Negative ion emission from a filament heated 
in a gas of RN3. 

Combining this with reactions [l ] and [2] shows 
that D = D' + E. This in essence has been done 
in the ionization studies of HN, and CH,N, by 
electron impact (6). However the abundance of 
N,- formed by resonance capture is small 
(< 2.5% of the total ion population) and more- 
over there is some concern that the particles 
possess excess kinetic energy. The data combined 
with E = 70 kcal/mole results in D = 95 kcal/ 
mole for both the H-N, and CH3-N, bond 
dissociations. 

Figure 1 shows an alternative method for the 
same process; this is an application of Mayer's 
magnetron method for the measurement of 
electron affinities with Page's interpretation (7) 
of the events in the magnetron cell. Normally a 
gaseous azide striking a heated surface would 
break up via the weak RN-N, bond. In this case 
though, the surface is held at a negative potential 
and it acts as a ready source of electrons. The 
ions, N3-, have an excellent chance of forming by 
direct emission from the filament. The process 
assumed is this: a parent gas of RN, at low 
pressure sets up an adsorption-desorption 
equilibrium at the filament surface; desorption of 
N,- takes place from "patchy" adlayer areas 
which make up only a fractional coverage of the 
surface (this is assured by keeping the gas 
pressure of RN, low); these ions, as well as 
electrons emitted from "clean" surface areas are 
collected at a suitable positively charged elec- 
trode; the residue of ad-R remains adsorbed in 
a more or less mobile fractional layer. This 
mechanism is similar to reaction [3]  with the 
exception that the fragment R remains adsorbed, 

+ D" 
141 RN3 + e - ad-R + N3- 

From the various cycles it can be seen that it is 
equivalent to the sum of the following, 

with the condition 

t61 D" = D - Q(R)- E 

E has already been discussed and is known to be 
70 +_ 5 kcal/mole. Q(R) at 0 OK is the binding 
energy of the adsorbed residue and data are 
available for a few simple molecules on metals, 
e.g. Q(H on W) = 75 kcal/mole (8), Q(CH, on 
W) = 47 kcal/mole (9). D" can be determined 
by a measurement of the current ratios, elec- 
tronic to ionic. This requires a separation of the 
two negative currents which can be effected by a 
deflection of the electrons in a weak magnetic 
field. 

Experimental 
The ionizing cell used in this study was a modified 

version of the elementary magnetron used in electron 
affinity and adsorption measurements (9). It was a glass 
vessel containing a heated tungsten wire filament, 
focusing and accelerating electrodes and an ion collector 
in linear array. The ion stream passed through the gap 
of an electromagnet. With the magnet turned off, the 
total negative current was collected a t  the anode and 
measured on a sensitive Keithly 610B electrometer 
calibrated by the maker. Switching on the electromagnet 
caused a deflection of the electrons off target and the 
negative ion current was determined. A conventional 
vacuum manifold system was employed to evacuate the 
magnetron and to allow the introduction of low pressures 

Torr) of either HN3 or CH,N3. Thesegas pressures, 
as measured on a Veeco cold cathode discharge gauge, 
were held constant during current measurements by 
cryoscopic traps or by a slow throughput of gas with a 
bleed to the backing pump. Current measurements were 
made at several filament temperatures usually starting at  a 
region near 1450 "K and extending up to  1800 OK. These 
temperatures were determined at each current rneasure- 
ment first as brightness temperatures on  a Leeds and 
Northrup optical pyrometer calibrated at  the National 
Research Council, and later converted to truetemperatures 
by a n  emissivity correction. The currents measured were 
recalculated as a ratio of electronic to negative ion 
currents i,/i,. 

Page (7) has shown that this current ratio is given by 
the following expression under conditions whereby the 
adsorption-desorption processes of the  parent RN3 
molecules are equilibrated at  a fractional monolayer 
coverage of the filament, 
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C T 2  
[7] i,/ii = --- exp {[- Q(RN,) 

P 

P is the constant pressure of the gaseous RN3, C is an 
emission constant, and Q is the normal electronic work 
function of the metal. From the cyclic relationships in Fig. 
I ,  it is apparent that we can rewrite this in equivalent 
energy terms 

D" = D - Q(R) - E was derived from the slope of a 
plot of log (i,/ii) - 2 log Tagainst 1/T. 

Pure samples of HN, were prepared by the methods of 
Audrieth (10) while samples of CH3N3 were made by 
dropping dimethyl sulfate on an alkaline solution of 
sodium azide heated on a steam bath. These samples 
were dried over calcium chloride and redistilled for 
purification. 

Results and Discussion 

Figure 2 shows two representative plots, one 
for each gas. Both are quite linear over the tem- 
perature range studied. The slope of the HN, line 
corresponds to a value of D" = -64 kcal/mole 
at an average T = 1720 OK, that of the CH,N, 
line, - 38 kcal/mole at an average T = 1660 OK. 
These energies can be recalculated to 0 OK using 
an assumed heat capacity change in reaction [4] 
of -2R for HN, and -2.5R for CH,N,. It is 
assumed in these calculations that the residual 
adlayer acts as a mobile two-dimensional gas held 
on the filament surface. Correction to 0 OK then 
leads to the values DOv(HN3) = - 57 kcal/mole 
and DOu(CH3N3) = -30 kcal/mole. The best 
average values of five HN, experiments and four 
CH3N3 experiments were (DOu(HN3)) = -55 
f_ 3 kcal/mole and (Do"(CH3N3)) = -29 f 3 
kcal/mole. 

Calculation of D for the H-N, and CH,--N, 
bonds then follows with the insertion of E(N,) = 
70 kcal/mole, Q(H on W) = 75 kcal/mole and 
Q(CH, on W) = 47 kcal/mole in eq. [6]. The 
bond dissociation energies are Do(H-N,) = 90 
f 8 kcal/mole and Do(CH3-N,) = 88 f 8 
kcal/mole at 0 OK. 

Both of these results are higher than those in 
Gray's review. For H-N, -, H + N,, AH 
(25 OC) = 85 f 5 kcal/mole is quoted. This 
value has been derived from an estimate of 
AHf0(N3) requiring a fairly involved calculation 
from crystal lattice energies. The same review 
gives AH (25 "C) = 72 kcal/mole for the average 

bond dissociation energy of R-N, where R is 
an alkyl or substituted phenyl radical. 

Calculated values of these two bond energies 
can be obtained by the empirical method of Neale 
(1 1) and Errede (12). The energy is written in 
terms of three factors, 

the E'S being related to the electronegativities and 
ionization potentials of the two dissociated parts 
and h is a constant determined by the type of bond 
formed. Using Neale's information, we derive 
E(H) = 1.32, E(CH,) = 1.08, and E(N,) = 0.91. 
Also h for the H-N, bond is assigned a value of 
73 while that of CH,-N,, a value of 71, both in 
kcal/mole. These data calculate to D(H-N,) = 
88 and D(CH,-N,) = 70 kcal/mole. Agreement 
for HN, is good whereas our value for CH,N, is 
much higher than this calculation which itself 
predicts a lower D(CH,-N,) than Gray's 
average for the series. 

Agreement of D,(H-N,) is quite good and 
within the limits of error in these experiments. 
However, the high result for Do(CH3-N,) is 
perhaps surprising. At first sight, the similarity 
in the two measured values Do(H-N,) and 
Do(CH3-N,) would lead one to suspect that we 
were in each case measuring an energy for a 
common dissociation mechanism. However, the 
slopes of the plots in Fig. 2 from which the D" 
values are obtained are decidedly different. If 

FIG. 2. Typical current ratio - inverse temperature 
plots for HN3 and CH3N3. 
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Do(CH3-N,) is high, it must be because 
Q(CH, on W) is high or the negative CH,N, 
slope is not steep enough. The former can only 
be true if CH3N3 in the magnetron cell produces 
different residues on the filament than CH3N02, 
CH,I, CH,CH, and CH3NH2 (see ref. 8), or if it 
produces different negative ions than N,-. 
Whatever the final fate of the residual ad-CH,, 
it is difficult to believe that it is any different here 
than in the other CH,-X examples. Therefore 
some confidence can be placed in the value 
Q(CH, on W) = 47 kcal/mole used in this work. 

The magnetron cell acts as a spectrometer with 
very low resolution. In its simplest form, it is only 
possible to distinguish electrons from heavy 
negative ions. The mass identity of the ion current 
is not established directly as a masslcharge ratio 
but diagnostically from the plausibility of the 
resulting energetic analysis. There are two facts 
to be considered here with regard to the nature of 
the ion emission. First in work with both HN, 
and CH3N3, considerable variation in the static 
pressure of the parent gas (100 times) does not 
alter the slope of the current ratio - temperature 
plots and hence the value of D" is independent of 
pressure. Second, the electron affinities of all 
other species which might give rise to ions are 
known to be much lower than that of N, (13-15). 
Hence we can rule out NH2-, NH-, N-, CH,-, 
etc., as major contributors to the current. The 
only rational assumption then is that the emission 
in the CH3N3 work cannot be any different in 
nature from the experiments with HN, and 
moreover this emission is, in all probability, 
totally N,-. 

The pertinent conclusion then is that 
Do(CH3-N,) is in fact greater than Gray's 
average and is just slightly less than Do(H-N,). 
With Do(CH3-N,) placed at 88 +_ 8 kcal/mole, 
the strength of the C-N bond in methyl azide is 
similar to that in methylamine (D = 80 to 91 
kcal/mole (16)) and is much greater than the 
C-N strength in nitromethane (D = 54 kcall 
mole (16)). 
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W. E. FALCONER AND W. A. SUNDER 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Received June 21, 1968 

The photolysis of HBr has been studied at 77 OK. The photodecomposition of solid state HBr is an 
inefficient process which is strongly inhibited by a reaction product, probably Br atoms, or  by added 
Br, or  trans-butene-2. The results suggest H z  is formed by abstraction from HBr by thermal H atoms, 
the activation energy for the abstraction being -350 cal mole-'. The photolysis of both pure HBr and 
HBr with added Br, or  trans-butene-2 can be described by an  absorber complex mechanism similar to 
that inferred by Hughes and Purnell in the photolysis of HI. The absorption tail of solid HBr extends 
beyond the gas phase absorption into the wavelength region in which trapped radicals are generated 
in HBr-olefin mixtures but where there is no Hz evolution. The solid state absorption spectrum of Br, 
is contrasted with that of gaseous Brz; an absorption peak is observed at 2725 A which may be associated 
with (Br,), aglomerates. 

Canadian Journal of Chemistry, 46, 3789 (1968) 

Introduction 
The photolysis of hydrogen halides at cryo- 

genic temperatures has proved a convenient 
source of hydrogen atoms for reactions in solid 
matrices (1-9), complementing the gas-solid 
technique of Klein and Scheer (see ref. 10 and 
earlier references quoted therein). Frequently the 
investigations have been directed toward the 
spectroscopic study of selected products, and 
overall photochemical mechanisms have been of 
secondary interest. Hydrogen iodide has most 
often been used, presumably because of the in- 
creased quantum yield associated with a higher 
probability of H atoms with excess kinetic energy 
escaping the cage in which they are formed. 
Recently Hughes and Purnell(1) reported on the 
photolysis of HI in reactive matrices at 77 OK, 
emphasizing the mechanisms leading to the ob- 
served products. 

A need exists for an improved understanding 
of the low temperature hydrogen bromide pho- 
tolysis as it relates to the more extensively studied 
HI systems, to radiolysis of HBr in solid matrices 
(1 I), and to the controversy (3, 12, 13) over the 
identity of radicals whose electron spin resonance 
(e.s.r.) spectra were observed by Abell and Piette 
(12). The present paper bears on this understand- 
ing. 

Experimental 
Materials used were: trans-butene-2, Phillips research 

grade, stated purity 99.81 %; Br,, Baker analyzed reagent, 
stated purity 99.8%; HBr, Matheson, stated purity 
99.8 %; DBr, Merck, Sharp, and Dohme of Canada. 

All were degassed and vacuum distilled prior to use. 
Infrared analysis showed traces of HCI as a contaminant 
in HBr. The isotopic composition of DBr was determined 

to be 97 atom % D by reacting aliquots with zinc pellets 
and analyzing the noncondensable gases by gas chroma- 
tography (see below) and by mass spectroscopy. The 
photodecomposition of this same DBr as a thin film at 
77 OK confirmed this deuterium content. 

Absorption spectra of solid films of HBr, Br,, tratrs- 
butene-2, and various mixtures were determined between 
1900 and ~ O O O A  with a Cary 14 spectrophotometer. 
Samples were sprayed in vacuum onto a lithium fluoride 
plate mounted in a copper frame connected to a cold 
finger cooled with liquid nitrogen. A small heater was also 
connected to the frame to anneal the deposited films and 
thus reduce strains and light scattering. For comparison, 
gas phase absorption spectra of the pure materials were 
also obtained on this same instrument. 

The cell and Dewar arrangement in Fig. 1 was used for 
photolysis at 77 OK. Cell volume was 160 crn3; internal 
diameter, 4.2 cm. Prior to irradiation, the  required 
amounts of HBr, DBr, o r  trans-butene-2 were measured 

QUARTZ 
REACTION 
VESSEL 
160 crn3 

4.2 crn I.D. 

SUPRASIL II 
WINDOW 

OPTICAL f 
# 1 QUARTZ 
WINDOWS 

FIG. 1. Cryogenic photolysis apparatus. 
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manonietrically in the cell itself, and then condensed into 
connected storage or mixing volumes. Br, pressures on 
the same volume were estimated by thermostatting a 
reservoir of liquid Brz in melting slushes of water (0 "C, 
P,,, = 67 Torr), carbon tetrachloride (-22.g0, 13 Torr), 
ethylene dichloride (-35.9", 5.5 Torr), chlorobenzene 
(-45.5", 2 Torr), I-bromooctane (- 55", 0.7 Torr), 
chloroform (- 63.8", 0.22 Torr), 2-chloroethanol (-66.I0, 
0.15 Torr), or ethylacetate (-83.g0, 0.015 Torr). Films of 
varying thickness and composition were deposited on the 
ccll window. Assuming the density of HBr to be 2.81 
g ~ m - ~  and a uniform film on the cell window with no 
material on the cell walls, 100 Torr of HBr in the cell 
volume corresponds to a layer thickness of -1.8 x 
cm. 

Thc technique for film deposition was found to be 
somewhat critical if nonuniformity or fissures were to be 
avoided and wall coating was to be minimized. The cell 
window was immersed 1-2 mm in liquid nitrogen for 
60 s. A stopcock connecting the precooled cell with the 
premixcd gas sample was cracked open until interference 
fringes began to develop on the window, and the sample 
was allowed to flow into the cell at this rate. The bulk of 
the sample condensed in 20-30 s, after which the stop- 
cock was fully opened, and the cell was then immersed 
completely in liquid nitrogen. Good vacua Torr) 
were essential for satisfactory films. With system pres- 
sures of Torr prior to deposition, the film would 
generally flake off the window during the photolysis. The 
deposited films were not annealed. 

Distance from the cell window to the inner Dewar 
window was kept constant throughout the investigation. 
However, trial experiments demonstrated that increasing 
the thickness of the liquid nitrogen layer from -0.5 to 
1.5 in. caused negligible attenuation of the incident 
radiation. 

Three light sources were used for irradiation: a 
Hanovia SH, medium pressure mercury arc, type 30 620: 
a Hanovia "Lo", low pressure mercury arc source, type 
735 A-7 (the actinic radiation from this source was the 
2537 A mercury resonance line); and a Bausch and Lomb 
high intensity grating monochromator, with a 200 W 
Osrarn L-1 super-pressure mercury arc source and 
Keichoff d.c. power supply. The grating used was blazed 
at 2200 A with a dispersion of 74 A mm-'. With the 
3 mm exit slit used, the band passed was -220 A. 

Products not condensable at 77 "K were collected with 
a Toepler pump, pumping in series with a small mercury 
diffusion pump through two traps packed with glass 
beads and immersed in liquid nitrogen. Gases were 
measured in a gas burette, usually after evaporating the 
irradiated film, but frequently both .before and after. 
Samples could subsequently be taken for mass spectro- 
scopic analysis, or in the case of DBr photolyses, the 
collected gases were injected directly into a gas chromato- 
graph. 

Hz,  HD, and D2 were separated at 77 "K by a 12 ft x 
0.125 in. 0.d. stainless steel column packed with 80190 
mesh activated alumina treated with ferric chloride 
according to the method of Shipman (14). The carrier 
gas was helium with a volume flow ratc, measured at 
room temperature, of 130cm3 min-'. After emerging 
from the column, the effluent hydrogen isotopes were 
oxidized to water by an 8 in. x 0.5 in. 0.d. copper oxide 

furnace at -565 "C. The resulting water was monitored 
by a thermal conductivity detector with type WX 
filaments, and the peak areas were integrated with a 
Varian model 475 digital integrator. 

Results 
Absorption Spectra 

For solid trans-butene-2, only the absorption 
edge could be seen at wavelengths longer than 
1900 A. Very slight attenuation of the beam was 
observed between 3500 A and 2050 A, perhaps 
due to a long wavelength absorption tail, but 
more likely caused by beam scattering. At 2050 A 
the optical density began to rise sharply, as 
would be expected from the gas phase absorption 
spectra (1 5). 

The gas phase absorption of pure HBr agreed 
with published spectra (16); no significant ab- 
sorption was observed at wavelengths above 
2650-2700 A. However, the solid phase absorp- 
tion of pure HBr extended to 3600 A, with a 
weak tail to -4000 A for films of undefined 
thickness but for which the optical density was 
about unity at 2050 A. The absorption edge for a 
1: 1 mixture of HBr and trans-butene-2 was 
similar to that for HBr alone, but with less 
intense absorption in the 3000-3600A region, 
and no absorption beyond 3600 A. These differ- 
ences could be due in part to greater scattering 
from pure HBr films, as some difficulty was ex- 
perienced in depositing films of HBr with no 
beam attenuation in the visible region. Annealing 
did not improve the relative transmission in the 
visible, nor did it sharpen the absorption bands 
for HBr, trans-butene-2, or Br,. Mixtures were 
not annealed to prevent introducing uncertainties 
in their composition. Neither for pure HBr, pure 
trans-butene-2, nor for the 1 :I mixture were any 
additional absorption features observed below 
7000 A. 

The features of the gas phase spectrum of Br,, 
shown in Fig. 2a, are in agreement with published 
results (17, 18). In curve A, the high frequency 
part of the visible continuum is presumably due 
to the transition 'IT, t 'C,', in which the 'Il, 
is an entirely repulsive state. The second feature 
in the visible absorption can be ascribed to the 
transition 311,,+ t 'Cg+, with a long wavelength 
banded region which converges with an adjoining 
continuum at 51 10 A. The absorption at 2100 A, 
curve B, coincides with that ascribed by Ogryzlo 
and Sanctuary (1 8) to the (Br,), double molecule. 
The pressure is comparable to that in their Fig. 1. 
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I 
3 3 %  HBr 1 
67  % Brg 

C 

5 0 %  HBr 
5 0 %  Erg 

PURE 
HBr F 

F.0 ; I I I I I 
2 0 0 0  3000 4 0 0 0  5 0 0 0  6000 7 0 0 0  

WAVELENGTH 

FIG. 2. Absorption spectra of Br, and Br,-HBr 
mixtures. (a) Pure Br,, gas and liquid phases: (A) 13 
Torr gas, lOcm path; (B) 180 Torr gas, lOcm path; 
(C) liquid, 0.5 mm path. (b) Solid phase spectra: (A) pure 
Br,; (B) 0.75 Br,, 0.25 HBr; (C) 0.67 Br,, 0.33 HBr; 
(D) 0.50 Br,, 0.50 HBr; (E) 0.05 Br,, 0.95 HBr; (F) pure 
HBr. 

Also shown in Fig. 2a is an absorption edge for 
liquid Br,, curve C. With the 0.5 mm path length 
used, the optical density was at all times greater 
than 2 below 5900 A. 

The spectrum of solid Br,, Fig. 2b, is quite 
different from that of the gas. Two features 
observable in the visible are quite weak. If these 
correlate with the two transitions in the gas phase, 
they are shifted towards shorter wavelengths. A 
stronger two-component absorption with one 
maximum at 2725 A and one at a shorter wave- 
length is apparent; this may be due to the associ- 
ated Br, molecules, (Br,),, such as are observed 
by X-ray diffraction in solid halogens. Clustering 
of Br, in organic matrices at 77 OK has been 
inferred from kinetic behavior by Iyer and 
Willard (19), who found that the clustering was 
reduced by complexing the Br, with additives 
such as alkyl halides at a concentration compar- 
able to  that of the Br,. 

When solid Br, was diluted with HBr, no new 
absorption peaks could be identified. The addi- 
tion of HBr shifted the near ultraviolet (u.v.) 
absorption to shorter wavelengths, as can be seen 
by comparing the spectra in Fig. 2b. The most 
rapid change is when Br,:HBr ratios are about 
3:l to 2 : l .  This shift may be associated with 
shortening of (Br,), chains, approaching the gas 
phase peak of (Br,), at 2100 A. The film thick- 
nesses in these traces are undoubtedly different; 
gas mixture was sprayed onto the LiF window 
until optical densities of 1.5-2.0 were attained for 
the absorption peak. The weak visible absorp- 
tions persist into the HBr-rich mixtures. In films 
which are predominately HBr, e.g., 5% Br, as 
shown in Fig. 2b, curve E, no structure is ob- 
served, but the absorption tail reaches into the 
visible beyond 5000 A. As the Br, content of the 
film is further reduced, the spectrum approaches 
that of HBr alone, with a continuing decrease of 
the enhanced absorption tail. A contribution to 
the near U.V. absorption by an addition species, 
HBr, or HBr.Br,, cannot be ruled out, but no 
characteristic peaks are observed in the 3000- 
4000 A region. 

Photolysis of Pure HBr 
Experiments in which the layer thickness of 

HBr was varied, using the SH light source un- 
filtered, showed that the actinic radiation incident 
on the cell was largely absorbed in a layer 
< 2 x cm thick. Irradiation of this film for 
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3 h yielded 3.5 pmole of Hz. Increasing the layer 
thickness 70-fold to 1.4 x 10- cm increased the 
H, yield less than a factor of two to - 6 pmoles. 
The increase was approximately linear over this 
range. With the monochromator light source, 
this secondary increase in evolved H, with layer 
thickness was less pronounced, probably because 
wavelengths longer than 2660 A were excluded. 

No hydrogen was detected when Corning 0-53 
or 1-69 filters with cutoffs at -2800 A were used 
in conjunction with the SH mercury source, even 
when layers of HBr 0.3 cm thick were irradiated 
extensively. 

In Fig. 3, H, yields are plotted as a function of 
time of irradiation with the monochromator 
output centered at 2540 A. These yields have 
been corrected for the steady degeneration of the 
L-1 lamps used in the monochromator light 
source, -2% h-l .  Film thickness is constant, 
3.6 x cm. Based on uniform reaction 
throughout the film, -0.25% of the HBr is 
photodecomposed with 65 h irradiation, corre- 
sponding to 0.5% consumption of HBr. However, 
70% of the reaction occurs in the first 2 x 
cm of the film, which in 65 h is 6.3% converted 
into products. The remaining bulk of the layer is - 0.15% converted. Figure 4 shows similar data 
obtained with the more intense, but less mono- 
chromatic, SH lamp source. Estimated initial 
slopes are shown in Figs. 3 and 4. Supporting 
data (not shown) have also been obtained with 
the mercury "Lo" light emitting at 2537 A. 

Approximate quantum yields were determined 
from the initial rates of Hz generation. Incident 

15 30 4 5 60 75 
T l M E  (H) 

FIG. 3. H z  yields vs time of photolysis for pure HBr 
using monochromator centered at  2540 A as light source. 

TlME (H) 

FIG. 4. Hz  yield vs time of photolysis for pure HBr 
using unfiltered SH lamp as light source. 

fluxes, estimated from specifications provided by 
the manufacturers of the various light sources, 
were: SH lamp, loL7 quanta s-I ; mercury "Lo" 
lamp, 1016 quanta s- l ;  and Bausch and Lomb 
monochromator centered at 2540 A, 1016 quanta 
s-'. The corresponding quantum yields, subject 
to considerable uncertainty, were respectively 
1.3 x lo-', 4.6 x and 4.4 x low3. 

Photolysis of HBr with Added Br, 
The effect of added Br, on Hz yields is shown 

in Fig. 5 for unfiltered SH and for monochro- 
mator 2540 A irradiation. Despite careful mixing 
in the gas phase, Br, may not be dispersed 
uniformly throughout the HBr matrix, but may 
be present in aglomerates (19). Nevertheless, 
small quantities effectively suppress H, produc- 
tion in the photolysis. The absorption of actinic 
radiation by Br, when < 1% is present should be 
small. Therefore, at this Br, level, the suppression 
in H, yield should not be due t o  the decrease in 
light entering the reactive system. Further attenu- 
ation by higher amounts of added Br, is in accord 
with competitive absorption by Br,, with sub- 
sequent dissipation of energy without the genera- 
tion of Hz. 

For the unfiltered SH lamp, photolysis is 
principally in the first 2 x cm of HBr, in 
which there are 5.2 x 10'' molecules of HBr and 
at 0.5% added Br,, 2.6 x loi7 molecules of Br,. 
With no additives, a total of 2.9 x 1018 molecules 
of H, would be generated in 2 h ,  corresponding 
to -2 x 1018 molecules of Hz in this primary 
reaction layer. This yield is reduced 20%, or 
-4 x 1017 molecules, by 0.5% of added Br,. 
This is equivalent to each Br, scavenging 1.5 H 
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I I AT 0.25 Br2 - 
0.9 AT 0.50 Br, I 

FIG. 5. Hs yield vs concentration of added Br2. 
Light sources: (A) unfiltered SH lamp, 2 h exposure, 
[HBr] = 200 Torr, (B) monochromator at 2540 A, 18 h 
exposure, [HBr] = 200 Torr. 

atoms, or each added Br atom scavenging almost 
one. 

For 2540 A monochromator irradiation, 1.3 x 
10" molecules of H, are produced overall in 
18 h. If, analogously to the SH irradiation, 70% 
of reaction occurs in a region containing 5 x 
10'' molecules of HBr, then 9 x 1017 molecules 
of Hz will form in this layer in 18 h. Since H, 
yields are 80% suppressed by 0.25% or 1.3 x 
1017 molecules of Br,, each Br, molecule sup- 
presses -6 molecules of H, product. However, 
the rate of reaction is more than an order of 
magnitude lower when irradiation is with the 
less intense monochromator source. 

Yields of H, were unaffected when a layer of 
Br, was deposited on top of a 2 x l ow3  cm 
layer of HBr. When a Br, layer was deposited 
below the HBr film, i.e. between the light source 
and the HBr, suppression of H, was virtually 
complete. 

In an attempt to seed the HBr matrix with Br 
atoms prior to HBr photolysis, rather than or in 
addition to Br, molecules, mixtures of 0.1% Br, 
in HBr were pre-irradiated for several hours at 
4025 A at which wavelength solid Br, has a weak 
absorption but HBr is transparent. (Wavelengths 
below 6880 A are sufficiently energetic to  over- 

come the bond dissociation energy (20) of Br,, 
D(Br-Br) = 45.46 kcal mole-'.) For this mix- 
ture and 2540 A monochromator irradiation, H, 
yields are suppressed -50% by the added Br,. 
No enhancement in this suppression was induced 
by the pre-irradiation. 

Pllotolysis of HBr with Added Trans-butene-2 
Trans-butene-2 absorbs radiation at 1942,1973, 

and 2003 A which was emitted by the S H  arc and 
transmitted through - 10 cm of air. The resulting 
photodecomposition to yield H, and some meth- 
ane was not detectable if a CS 9-54 filter with a 
2300 A cutoff was used with the SH lamp, or if 
irradiation was with the monochromator cen- 
tered at 2540 A. 

Qualitatively, when trans-butene-2-HBr mix- 
tures were irradiated with the full SH arc for 3 h, 
H, yields were suppressed by a factor of three for 
an equimolar mixture compared with pure HBr, 
but additional increases in olefin concentration 
had relatively little effect. When a layer of trans- 
butene-2 was deposited on top of a layer of HBr, 
the photolytic yield of H, was unaffected, whereas 
if the trans-butene-2 was below the HBr, the 
yield was reduced -50%. These data obtained 
with the full SH arc were not corrected for the 
photolysis of olefin because oflack of understand- 
ing of this process, but part of the H, and all of 
the methane is undoubtedly formed by direct 
olefin photolysis. In similar photolyses with the 
monochromator light source, an eightfold de- 
crease in H, yield could be obtained by addition 
of trans-butene-2. 

In contrast to the absence of H, when pure 
HBr was photolyzed using 0-53 or 1-69 filters, 
intense e.s.r. spectra could be induced by brief 
irradiation of HBr-olefin mixtures using 1-69 
filters, as was found previously by Abell and 
Piette (12). However, it must be remembered 
that the spin resonance technique is -- lo3 more 
sensitive than that of conventional gas analysis. 

Little diffusion of H, to the gas volume above 
the film was observed, either for pure HBr, 
HBr-Br, mixtures, or  HBr-trans-butene-2 mix- 
tures. Even at trans-butene-2 to HBr ratios of 3 : 1, 
only -- 10% of the collected H, was in the gas 
volume at the end of a 3 h photolysis. This 
apparent conflict with the observations of Hughes 
and Purnell(1) undoubtedly is due to differences 
in thickness of films used in the two sets of 
experiments; that used for the data in their Fig. 2 
was -2% of that used in the present study. 
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Photolysis of DBr 
Yields of D, from DBr were -20% less than 

corresponding H, yields from HBr when layers 
were irradiated with the unfiltered SH arc. How- 
ever, when the shorter wavelengths were elimi- 
nated with a 9-54 filter, D, yields were only 35% 
of H, yields under identical conditions. Using 
the 2540 A monochromator radiation, D, yields 
were 17% those of Hz. 

Photolysis of DBr-Trans-butene-2 Mixt~rres 
When equimolar DBr-trans-butene-2 mixtures 

are irradiated with the SH arc either unfiltered or 
with a CS 9-54 filter, extensive exchange occurs. 
For the filtered photolysis, the product is 70% H 
and 30% D atoms, statistically distributed be- 
tween Hz, HD, and D,. When equimolar cyclo- 
pentene-DBr mixtures were similarly photolyzed, 
89% of the atoms were H, again with statistical 
distribution among the isomers. When DBr and 
trans-butene-2 were deposited in successivelayers, 
the exchange was markedly inhibited. No ex- 
change was observed with DBr the bottom layer; 
with DBr above the trans-butene-2 layer, -20% 
ofthe atoms were H. 

Discussion 

The photolysis of HBr at 77 "K may most 
simply be described as 

[1 1 HBr + hv -> HBr* 

121 HBr* + M -> HBr + M 

131 HBr* + H('S) + Br(ZP3,z) 

where primary recombination is included in the 
deactivation step [2]. In the 2537 A photolysis 
of HI mixtures, where 42 kcal mole-' is available 
as excess energy, reactions have been correlated 
with both thermal and hot H atoms (3, 4). If H 
atoms are formed in the photolysis of HBr at 
2537 A by reaction [3], they could have 26 kcal 
mole-' kinetic energy. Since hot H atoms show 
little discrimination toward reactions with small 
energy barriers, such hot atoms would be difficult 
to scavenge with reactive additives. Experimen- 
tally, however, H, yields are readily suppressed 
by added Br,, or to a lesser extent, by trans- 
butene-2, suggesting that most or all of the H 
atoms are essentially at  thermal equilibrium with 
the matrix. This behavior is compatible with a 
mechanism involving photodecomposition of 
complexes, as has been suggested for HI by 
Hughes and Purnell(l,2), 

[4] [HBr i- HBrl, + hv -+ [HBr ... H...Br], 

[5] [HBr ... H...Br], -> HBr + HBr 

[6] [HBr ... H...Br], -> Hz + 2[Br], 

[7] [HBr ... H...Br], -> HBr 4- H + [Br], 

where the dotted lines indicate complexes and the 
subscript c indicates caged or matrix restrained 
species. No evidence was found in the HBr solid 
spectra for new absorptions, such as charge 
transfer bands between 2000-7000 A, suggesting 
that the cage restrained [HBr + HBr], pair does 
not have additional absorption characteristics in 
the near u.v.-visible region. Reaction [5], which 
corresponds to deactivation without decomposi- 
tion, must predominate in HBr photolysis a t  
these wavelengths and reduce initial quantum 
yields for Hz production to the low observed 
values, one or two orders of magnitude less than 
for HI photolyses (1, 4). Reaction [6] would be 
one source of Hz, and the thermal H atoms 
formed in reaction [7] could produce H, by 
reactions [8] or [9]. 
[8 1 H i -  H + M - > H z +  M 

[9 I H + HBr + HZ + [Br], 

Reaction [8] does not occur significantly in the 
gas phase between H atoms which have diffused 
through the matrix because little Hz is present in 
the gas volume until the HBr film is melted. The 
low light intensities used, with corresponding low 
concentrations of H atoms, argue against re- 
action [8] being important in the solid, especially 
for the monochromator light source. 

Figures 3 and 4 demonstrate that the rate of H, 
production is markedly reduced as photolysis 
proceeds, consistent with a reaction product 
inhibiting H, formation. Either Br or Br, are 
possible products which could cause this inhibi- 
tion, but Br, is unlikely to be present in large 
concentrations because Br atoms will have very 
restricted motion at 77 O K  in the HBr matrix and 
are therefore unlikely to combine. Trapped Br 
could scavenge H atoms from reaction [7] 
[lo] H + [Br], -> HBr 

and thus prevent Hz formation via [9]. Alter- 
nately, Br could form a complex [HBr ... Br], 
which may absorb strongly and dissipate energy 
more efficiently than reaction [5]. Although this 
process seems less probable than [lo], especially 
in view of the relatively low concentrations of 
Br atoms available, energy could be transferred 
along HBr chains to a complex site (1 1). 
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With reactions [9] and [ lo]  competing for 
thermal H atoms from reaction [7], and H, being 
generated in addition by reaction [6], 

lc,([HBr] - [Br]) 
+ @'Ia 

k,([HBr] - [Br]) + k , , [ ~ r ]  

where I, is the incident flux of actinic light. If 
uniform reaction throughout the first 5 x 1019 
molecules of HBr is assumed, the data in Fig. 3 
fit this expression when = 0, @, = @, = 
5 x lop3, and k,/k,, = 3 x The data 
from Fig. 4 when similarly treated yield @, = 0, 
@, = a I =  1.3 x 10-2,andk,/klo - 0.1.(@,, 
@,, and @, are the initial quantum yield, and the 
quantum yields of reactions [6] and [7], respec- 
tively.) The quantitative differences are probably 
due to the different spectral distributions of the 
light sources. 

Uncertainties in the absolute values of the 
initial quantum yield @,, which exist because of 
the rough estimates of incident flux, do not 
affect the conclusion that reaction [6] is unim- 
portant in the HBr photolysis at wavelengths 
used. For a satisfactory fit to eq. [I 1 1, the data in 
Figs. 3 and 4 require 0, to be zero, independent 
of the effective layer thickness, at least for 
effective HBr layers containing from 1019 to 
2 x 10,' molecules, either uniformly reacted, or 
with a reaction gradient. Kinetically, reaction 
[6] corresponds to any hot H atom fraction of 
reaction [3]. If photodissociation is not via 
absorber complexes (reactions [4] to [7]), some 
alternate mechanism for generation of near 
thermal H atoms without a significant concentra- 
tion of hot H atoms must be operative since the 
data do not support reaction on the first few 
collisions, but indicate more nearly thermalized 
species. One such mechanism might be 

[I21 HBr* -> H('S) + Br(ZP1,2) 

where the excited atom Br(2Pl,2) is - 10 kcal 
mole-' above the ground state (21), and the 
excess kinetic energy available for the H atom 
would be reduced to 16 kcal mole-'. Knowledge 
of the dissociating state of HBr could clarify this 
possibility. The corresponding reactions to [3] 
and [12] in the photodecomposition of HI at 
2537 A would leave 42 and 19 kcal mole-' 
excess energy available for kinetic excitation of 

H atoms. The similarity in available excess 
energies for H atoms when dissociation is into 
electronically excited halogen atoms does not, 
however, explain the differences in observed 
behavior between HI and HBr photolysis. The 
photolyses with added reactants, particularly 
olefins, seem more consistent with absorber 
complexes. Furthermore, the higher value for @, 
obtained with the unfiltered SH lamp which 
emitted more energetic photons appears to be 
associated with greater release of H atoms via 
reaction [7] or a similar path, rather than with 
greater abstraction probabilities of H atoms with 
excess kinetic energy. If dissociation were via 
reaction [12], the hotter H atoms formed at 
higher frequencies should be evidenced by an 
increasing 0, which is not observed. 

Unlike the values of @, the ratio k,/k,, 
depends upon the assumed layer thickness, and 
decreases as the layer thickness increases. That is, 
it is dependent.on the relative concentration of 
Br atoms, and since the effective reaction region 
cannot be closely defined, the data do not . 
provide a good quantitative value for this ratio. 
However, it is clear that the majority of reaction 
is confined to a relatively thin film, containing 
< 5 x 1019 molecules of HBr, so that k9/klo is 
unlikely to be less than 3 x lo-,, and lo-' is 
probably a better estimate. If the frequency 
factors for reactions [9] and [ lo]  are equal, e.g. 
if atom combination can occur on every spin- 
allowed encounter (one in every four) and H atom 
abstraction from HBr has a steric restriction of 
the same magnitude, then E, - El, - 350cal 
mole-'. Since El, is probably zero, or very small, 
E, -- 350. By comparison, Sato (22) has calcu- 
lated E = 700 cal mole-' for H atom abstraction 
from HBr in the gas phase. A low activation 
energy for reaction [9] is anticipated from prior 
knowledge of related systems in the gas phase. 
For methyl radical abstraction of H from HBr, 
Fettis and Trotman-Dickenson (23) reported a 
1.4 kcal mole-' activation energy, based on zero 
activation energy for methyl radical reaction with 
iodine. Low activation energies have been found 
experimentally (24,25) for the analogous reaction 
with HI. The value of E, - 2000 cal mole-' 
used by Rumfeldt and Armstrong (26) is too high 
to be compatible with the present results. 

The low quantum yields are evidence that most 
of the incident energy is degraded thermally after 
absorption by HBr; H, producing mechanisms 
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are relatively inefficient, and strongly self- 
inhibiting. 

These effects appear to be even more pro- 
nounced in the photolysis of DBr. According to 
Bates et al. (16), the molecular absorption co- 
efficient for DBr, measured in the gas phase, is 
only 113 that of HBr at frequencies of interest. 
Although in the present experiments the films are 
expected to be optically thick, except possibly on 
the long wavelength tail, nothing quantitative can 
be said about the relative quantum yields for HBr 
and DBr because the ratio of yields is strongly 
frequency dependent. 

Although in the discussion of the photolysis of 
pure HBr it has been implicit that Br atoms are 
trapped and do not combine to form molecular 
Br,, the latter is a possible product of the 
photolysis, especially at high conversions. Added 
Br, is very efficient in suppressing H, generation 
in the solid state photolysis of HBr. Again 
considering photolysis to proceed via absorber 
complexes, the following reactions may be signi- 
ficant in HBr-Br, mixtures, in addition to those 
for pure HBr. (The discussion pertains to low 
concentrations of Br, which do not significantly 
attenuate the actinic radiation and for which 
suppression is not simply due to Br, absorbing 
energy and dissipating it thermally.) 

[13] [Br, + HBr], + hv -+ [Br ,... H...Br], 

[14] [Br, ... H...Br], + Br, + HBr 

[15] [Br, ... H...Brl, -+ H + Br, + [Brl, 

[I61 H + Br, -+ HBr + Br 

If reactions [13] to [15] were not involved in the 
photolysis, H, yields would nevertheless be sup- 
pressed by reaction [16] intervening in the Hz 
formation process. The sequence of reactions 
[4]- [7]- [16] yields two Br atoms, as does the 
sequence [4]-[7]-[9], so H, yields can be sup- 
pressed without reducing H atom scavenging by 
reaction [lo]. However, Br, is unlikely to be a 
much more efficient interceptor of H atoms than 
Br atoms themselves. Even if El, were zero, A,, 
is unlikely to be greater than 4A,,, and kI6/k9 
would then be -40. Then -2% Br, would 
suppress Hz by 50%. The data in Fig. 5 show that 
in fact Br, is much more effective than this in 
suppressing Hz yields, which indicates that Br,, 
in addition to removing H atoms when formed, 
also reduces the quantum yield for H atom 
production. This could be caused, of course, if 

Br, were absorbing strongly between 2000- 
3000 A, but the absorption measurements show 
this is not the case for low Br, concentrations, 
e.g. < 1%. Absorption by a Br,-HBr caged pair 
might be much stronger than that of an HBr- 
HBr pair, but again the spectra show no evidence 
for this. Alternately, if energy were transferred 
from [HBr-HBr ] * to Br,-HBr, and if k, ,/k,, << 
k,/k,,  the result would be to degrade absorbed 
radiation into heat more efficiently in the presence 
of Br, and thus to  inhibit the photolysis. 

The layer experiments which show that Br, is 
ineffective when above the HBr film demonstrate 
that the diffusion range of H atoms is quite 
limited, in accordance with the conclusion that 
reaction [9] occurs on every -- 50 encounters, 
even at 77 OK. Results of experiments in which 
the Br, layer is below the HBr film show that 
actinic radiation does not penetrate into the pure 
HBr region of the film, but is stopped in the Br, 
itself. 

The observation that H, yields were unaffected 
by the pre-irradiation of 0.1% Br, mixtures in 
HBr suggests either that Br atoms and Br, 
molecules are equally effective scavengers or that 
cage restraint prevented Br atoms from being 
liberated during the pre-irradiation. Both sup- 
positions are probably true, but the second most 
likely prevents the former from being put to the 
test. 

The data show that trans-butene-2 also sup- 
presses Hz evolution in HBr photolyses at 77 OK. 
This behavior might be anticipated since H atom 
addition to olefins at cryogenic temperatures is 
well known (10, 27). However, the extent of H, 
reduction is perhaps larger than might be antici- 
pated in view of the rapid reaction of H atoms 
with HBr itself. If the olefin is regarded simply as 
a chemical scavenger of H atoms from reaction 
[7], H atoms may either add to o r  abstract from 
the olefin, 

Reactions [18] and [19] give H z  as a product, 
and therefore'would not give a net suppression of 
the yield. Furthermore, their activation energies 
are probably greater than that for addition, 
reaction [17]. Reaction [17] is also expected to  
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be activated with E 2 3 kcal mole-', based on Br atoms is observed. Nor are H atoms from the 
the gas phase data of Yang (28). Melville and HBr photodecomposition accounted for. If these 
Robb (29) have found that H atoms react with H atoms were to abstract from olefins, allylic 
olefins at room temperature on every lo3 to lo4 radicals would be formed, which, according to 
encounters, which, with a 3 kcal mole-' activa- Symons, could give the observed e.s.r. spectra. 
tion energy, makes addition at 77 OK very im- However, one might anticipate that H atoms 
probable relative to abstraction from HBr. would react preferentially with HBr, even in the 
Therefore, chemical scavenging of H atoms by presence of considerable olefin concentration. In 
olefins should be unimportant in the cryogenic an attempt to clarify this point, DBr-trans- 
photolysis of HBr. This conclusion would be butene-2 mixtures were photolyzed in the ex- 
consistent with the failure to observe spin reso- pectation that if Symons' suggestion were 
nance spectra of alkyl radicals following photol- correct, H D  would be a product, but if all 
ysis of HBr-olefin mixtures. abstraction were from DBr, only D, would be 

However, radical spectra are observed in trans- formed. At the wavelengths used by Abell and 
butene-2-HBr mixtures at wavelengths > 2800 A Piette, intense radical spectra can be obtained, 
where H, yields are negligible. Since D(H-Br) but no H, is evolved. At longer wavelengths, 
is 86.5 kcal mole-' (20), corresponding to a where H, can be collected, extensive exchange 
wavelength of 3300 A, sufficient energy is avail- occurs so that this experiment does not provide a 
able for the dissociation. Furthermore, the ab- confirmation of Symons' postulate. However, 
sorption tail of solid HBr does extend through photolysis of absorber complexes could never- 
this spectral region. The radical spectra in the theless generate allylic radicals via reaction [23], 
absence of H, generation suggests that photo- or by reaction [24] following reaction [22], 
decomposition occurs by way of absorber com- [241 [t-B-2 + Brl, + CH3CH=CH~H2 + HBr 
plexes. 
[20] [t-B-2 + HBr], + Irv + [t-B-2 ... H...Br], 

[21] [t-B-2 ... H...Br], + t-B-2 + HBr 

[22] [t-B-2 ... H...Br], + t-B-2 + H + [Br], 

[23] [t-B-2 ... H...Br], + products involving t-B-2 

The ineffectiveness of trans-butene-2 concentra- 
tions greater than 50 mole % in increasing H, 
suppression implies that HBr is intimately mixed 
with olefin. By the absorber complex mechanism, 
suppression of H, yields can occur by energy 
dissipation from an excited complex to the matrix. 
This requires that (k,, + k,,) > k,,, if reaction 
[23] is not a source of H,, or otherwise, that 
k,, > (k,, + k23). Reaction [23] seems to be a 
likely participant in the formation of trapped 
radicals in the photolysis of HBr-olefin mixtures 
and in the extensive isotopic scrambling found in 
DBr-trans-butene-2 photolyses. 

The identification of the radicals formed when 
HBr-olefin mixtures are photolyzed is important 
in that it may bear on the hypothesized bridged 
bromoalkyly mechanism in the addition of HBr 
to double bonds. Abell and Piette (12) originally 
ascribed observed e.s.r. spectra to bridged bromo- 
alkyl radicals, but Symons (13) has questioned 
this assignment because the spectra exhibit no 
g-value anisotropy or shift characteristic of halo- 
genated species, and no hyperfine interaction with 

Conclusions 

The evolution of H, from the solid phase 
photolysis of pure HBr is an inefficient process 
and is strongly inhibited by a product of the 
photolysis, probably Br atoms. Molecular Br, 
and trans-butene-2 are also effective in suppres- 
sing H, yields. The results suggest H, is formed 
by abstraction from HBr by thermal H atoms. 
This reaction has a low activation energy, -- 350 
cal mole-'. The participation of hot H atoms is 
not indicated. The photolyses of both pure HBr 
and HBr with added Br, or trans-butene-2 can be 
described by an absorber complex mechanism 
similar to that inferred by Hughes and Purnell 
(1,2) in the photolysis of HI. 

Absorption spectra show that, in the solid 
state, the absorption tail of HBr extends into the 
wavelength region in which trapped radicals can 
be produced in HBr-olefin mixtures, but where 
no H, is observed. An absorption band in solid 
Br, at 2725 A, not observed in the gas phase 
spectrum, may be associated with (Br,), 
aglomerates. 
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Nuclear magnetic resonance studies of ketone.BF, complexes. 11. 
The boron trifluoride catalyzed condensation of acetone 

R. J. GILLESPIE AND J. S. HARTMAN' 
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A detailed study of the reactions of the acetone.BF, complex in excess acetone has been carried out  
by 19F nuclear magnetic resonance (n.m.r.) spectroscopy. It is shown that rapid reversible fluorine 
exchange processes occur in solution, in addition to the slower aldol condensation-dehydration re- 
action. Two of the new 19F absorptions which appear during the reaction are shown to arise from BF, 
complexes of donors which are formed by condensation and dehydration of acetone. The rate of the 
aldol condensation reaction is shown to fall off markedly as an  increasing proportion of the BF, becomes 
complexed with water; thus BF, catalysis of the reaction appears to depend on the existence of a ketone- 
BF, donor-acceptor bond. 'H and lgF n.m.1. studies of the acetone BF, complex in methylene chloride 
throw some light on the apparent greatly decreased reactivity of the complex in this solvent. Evidence 
is presented for the reversibiiity of the first step of the condensation reaction. 

Canadian Journal of Chemistry, 46, 3799 (1968) 

Introduction type condensation involving the y-methyl groups 

It has long been known that simple ketones because of the conjugated system linking them 

form 1 : 1 adducts with boron tri- to the carbonyl group ; thus different corn- 
fluoride (1). Our recent nuclear magnetic reso- plex structures higher weights 
nance (n.m.r.) studies have shown that these might be up. 
adducts in methylene chloride solution undergo In Our previous n.m.r. study of 

two distinct rapid reversible reactions, namely complexes in methylene chloride solution (2), 

breaking and re-forming of the donor~acceptor we observed that even after heating dilute solu- 
bond and fluorine exchange among boron atoms tions the at loo" for 
(see part I of this series, ref. 2). There have been short periods there was very little color change in 

conflicting reports concerning the stability of the the solution; the absence of extensive reaction 

ketone.BF, complexes. The crystalline donor- was confirmed by the occurrence of only slight 

acceptor adduct acetone.BF, has variously been 'hanges in the n.m.r. 'Pectra. This behavior 'On- 

reported to be stable to 50" (3) and to decompose trasts with that the acetonesBF, 
above 0" with formation of a dark polymeric complex, and of solutions of BF, in excess ace- 

material and hydration products of BF, (4). The tone, in both of which cases the formation 

high reactivity of the complexed ketones appar- colored materials was found to be fairly rapid 

ently results from their ability to undergo aldol at ''Om temperature. In  the present work the 

condensation reactions catalyzed by the Lewis reaction of solutions of acetone.BF, has been 

acid. Under the mild influence of aqueous proto- investigated by ''F and 'H n.m.r. spectroscopy, 

nic acids, dimerization and dehydration of ace- with a view to explaining the different behavior 

tone yields mesityl oxide (1). Lewis acids such as observed in acetone and in methylene chloride 

ZnCI, allow condensation of an additional mol- solvents. 

ecule of acetone, followed by dehydration to Results and Discussion 
yield phorone (2). A strong Lewis acid such as Acetone.BF, in Excess Acetone 
BF, can evidently cause further condensation re- Approximately 1 M solutions of boron tri- 
actions. 1 and 2 are susceptible to further aldol- fluoride in acetone, which were initially colorless, 

darkened through yellow and straw color to dark 
0 0 
II II brown on standing for 2 h at room temperature. 

CH3CCH=C(CH3)2 (CH3)2C=CHCCH=C(CH3)2 On further standing the liquid became black and 
1 2 opaque. 

Room temperature 19F spectra of a 1.2 M 
'Present address: Department of Chemistry, Brock BF3 in prepared at low 

University, St. Catharines, Ontario. peratures, are shown in Fig. 1. Our previous 
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appeared. Below 0" the temperature-dependence 
of the spectrum was reversible; above 0" there 
was a tendency for the condensation reaction t o  

B proceed, so that changes in relative peak areas 

IC 1.41 F!F!M.+I 

2 3  a I 6 

FIG. 1. Room temperature I9F spectra of a 1.2 M 
solution of BF, in acetone. Reaction times at room tem- 
perature: (A), 4 min, colorless solution; (B), 14 min, pale 
yellow solution; (C),34 min, orangesolution; (D), 108min, 
dark brown solution. 

studies (2) have shown that only the 1 :I complex 
forms, and that in the presence of excess ketone 
the amount of non-complexed BF, present is 
negligible and should not have any effect on the 
n.m.r. spectrum; thus we might expect a single 
19F resonance arising from the acetone.BF, 
complex. However, spectrum A, obtained as 
soon as possible after warming the fresh solution 
to room temperature, contained two peaks. 
Spectra B-D show the gradual disappearance 
of one of the peaks and the increasing intensity 
of the second high-field peak over a period of 2 h. 
The high-field peak became sharper as the low- 
field peak disappeared. The growth of the high- 
field peak is not directly related to the darkening 
of the solution since the spectrum shows that 
almost half of the fluorine was incorporated in 
the new species after 14 min, when the solution 
still had only a pale yellow color. Darkening of 
the solution continued when changes in the 19F 
spectrum were no longer apparent. The new peak 
did not become significantly sharper than shown 
in D even after the sample was allowed to stand 
at room temperature for several days. 

The peaks of Fig. 1 are broad and not com- 
pletely separated, suggesting that rapid reversible 
chemical exchange occurs (5). Evidence for this is 
provided by the temperature dependence of the 
19F spectrum of a 1.5 M solution of BF, in 
acetone, which had been allowed to react for 1 h 
at 22" (Fig. 2). Two well-separated peaks were 

FIG. 2. I9F spectra at various temperatures of a 1.5 obtained be'ow temperature, and at much M solution of BF3 in acetone after standing for 1 hat 22". 
lower temperatures further fine structure Calibration is in p.p.m. from peak 4. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GILLESPIE AND HARTMAN: N.M.R. STU DIES OF KETONE.BF3 COMPLEXES. I1 

were observed after the sample had been warmed 
to ahighertemperature. It is evident from the spec- 
trum of the complexat - 80" that a number of dif- 
ferent fluorine-containing species are present in 
solution. All of the observed peaks occur in a 
quite narrow region of the total fluorine spec- 
trum, corresponding to the usual range for 
fluorine on tetrahedral boron (6), and thus would 
appear to arise from complexes of BF, with 
different donor molecules. The collapse of the 
low temperature peaks as the temperature is 
raised probably results from a rapid reversible 
exchange of BF, molecules among the different 
donor species; other cases of exchange averaging 
of 19F peaks arising from different BF, com- 
plexes have been reported (7-9). The BF, ex- 
change processes which occur in the present case 
are discussed later in this paper. 

In order to obtain spectra of solutions of BF, in 
acetone containing essentially no decomposition 
products, samples were prepared and sealed off 
on a high-vacuum system and liquefied without 
warming above -40". Such samples, which 
could be stored at -78" for a month with no 
decomposition, gave low-temperature (- 80") 
spectra very similar to those obtained in methy- 
lene chloride solutions of acetone and BF, with 
acetone present in excess (2). The only large 
absorption, which arises from acetone.BF,, was 
split by a 1°B -llB isotope shift into a doublet of 
relative areas 1 :4 and relative chemical shift 
0.066 p.p.m. In addition a very small multiplet 
was present at 0.78 p.p.m. to higher field, with 
skewed quartet fine structure arising from two 
overlapping triplets of relative intensities about 
1 :4 which showed that it arises from H20.BF3 
(10); this was confirmed by studies involving 
isotopically substituted samples, similar to those 
described previously (10). The H20.BF3, which 
is present in fresh samples, is apparently formed 
from a trace of water in the solvent acetone in 
spite of the drying procedures used. 

The peaks due to acetone.BF, and H20.BF3 
which are seen in spectra of fresh solutions can 
also be identified in the more complex spectra of 
partially reacted solutions. Figure 3 illustrates 
that the reaction at room temperature can be 
monitored by the changes in appearance of the 
19F spectrum at - 80". The acetone.BF, peak, ini- 
tially very large, diminishes throughout the reac- 
tion. The peak at higher field with skewed quar- 
tet fine structure, which arises from H20.BF3, 

FIG. 3.  lgF spectra at - 80" of a 1.1 M solution of BF, 
in acetone after reaction at room temperature for (A), 7 
min; (B), 22 min; (C), 102 min. Calibration is in p.p.m. 
from peak 4. 

gains in relative intensity throughout the 
reaction; hence H20.BF3 is the major fluorine- 
containing reaction product. Thus water is 
formed in the reaction, and complexes with BF, 
as it forms. 

For convenience in the following discussion 
the low-temperature peaks are numbered from 
low to high field as in the - 80" spectra of Figs. 2 
and 3. A similar pattern of peaks was observed in 
all of the samples studied, including a number of 
isotopically substituted samples. In some of the 
samples a new peak, not visible in the -80" 
spectrum of Fig. 2, was observed at quite low 
field; this peak is labelled 1A. 19F chemical 
shifts a t  - 80°, in p.p.m. from peak 4 which from 
its skewed quartet fine structure is assigned to 
H20.BF3, are given in Table I for th? samples 
studied. The relative chemical shifts were almost 
constant in all of the samples at this temperature. 
It is of interest that in deuterated samples the 
shifts from D20.BF3 differed by -0.19 $ 0.05 
p.p.m. from the shifts with respect to H20.BF3 
in the non-deuterated samples. This is probably 
due chiefly to a high field shift of D20.BF3 with 
respect to  H20.BF3, which might result from 
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TABLE I 

19F chemical shifts in solutions of BF, in acetone at -SOo, after reaction a t  room temperature for 20-60 min 
-- 

BF3 Chemical shifts (p.p.m. from H20.BF3*) 
(moles/l Isotopic - 
at - 80") substitution 1 1A 2 3 4 5 6 

1.5 - -4.50 - -0.93 -0.51 0 1.29 2.58 
1.1 - -4.59 -4.08 -0.95 -0.54 0 1.33 2.42 
1.2 l OB -4.56 -4.00 -0.89 -0.50 0 1.28 2.44 
1.6 50% 'OB, -4.55 -4.05 -0.93 -0.50 0 1.28 2.46 

50% "B 
0 .9 t  - -4.59 -4.13 -0.91 -0.50 0 1.24 2.44 
1.1 deuterated -4.70 -4.32 -1.14 -0.72 0 1.07 - 
1 .0  deuterated -4.69 -4.27 -1.13 -0.73 0 1.14 - 

Average shifts of non-deuterated 
samples -4.56 -4.06 -0.92 -0.51 0 1.28 2.47 

Average shifts of deuterated 
samples -4.70 -4.30 -1.14 -0.72 0 1.10 - 

Change of chemical shift on 
deu teration -0.14 -0.24 -0.22 -0.21 - -0.14 - 
*146.6 p.p.m. to high field of trichlorofluorornethane. 
tAlso contains mesityl ox~de ,  0.5 M. 

differences in the vibrational amplitude of the 
hydrogen and deuterium atoms (ref. 1 I, p. 875), 
or alternatively from greater donor ability of 
D 2 0  with respect to  H20.  

Some of the peaks in the - 80" spectra would be 
expected to arise from BF, complexes of donors 
formed in the acetone condensation reaction, 
in addition to water. The most likelv donor would 
seem to be the primary product of the consensa- 
tion-dehydration reaction, mesityl oxide (1); 
higher ketones such as phorone (2) might be 
present as well. A solution of mesityl oxide 
(0.6 M) and BF, (0.9 M)  in acetone yielded a 
19F spectrum at - 80" containing two large peaks 
of relative chemical shift 0.44 p.p.m., and a few 
very small peaks. Figure 4 shows the spectrum 
A at a high power level so that the small peaks 
are visible. A comparison of the relative chemical 
shifts of all the peaks present yielded a pattern 
very similar to that observed in partially decom- 
posed samples of BF, in acetone (Table I), and 
indicated that the two large peaks correspond to 
peaks 2 and 3. This assignment of peaks was 
confirmed by the presence of skewed quartet 
fine structure on the small peak corresponding to 
peak 4. Since peak 3 arises from acetone.BF,, the 
other large peak, peak 2, must arise from (mesityl 
oxide).BF,. To obtain further evidence sup- 
porting this assignment of peaks, room tempera- 
ture decomposition of the sample was allowed 
to proceed for 25 min. In the resulting -80" 
spectrum B, the expected diminution of peak 3 

and growth of peak 4 was observed. Most of the 
decrease in the initial large peaks was at the 
expense of the acetone.BF, peak. This indicates 
that acetone forms a weaker BF, complex than 

FIG. 4. '"F spectra at -80' of a solution of mesityl 
oxide (0.6 M) and BF3 (0.9 M) in acetone, calibrated in 
p.p.m. from peak 4. (A), freshly prepared solution, high 
power level; (B), after 25 min of reaction a t  22", normal 
power level. 
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FIG. 5. 'gF~pectra  at -80°0f a 1.0 Msolution of BF3 
in acetone-d6, after 12 min of reaction at 22'. (A), before 
addition of phorone; (B), immediately after addition of 
phorone; (C), after a further 21 min of reaction at 22'. 
The spectra are calibrated in p.p.n~. from peak 4. 

mesityl oxide; as water is formed and competes 
successfully for BF,, it removes BF, chiefly from 
the acetone complex. 

The low-temperature 19F spectrum of a par- 
tially reacted solution of BF, in acetone-& is 
shown in Fig. 5, spectrum A. Addition of a small 
amount of purified phorone gave the spectrum B 
at -80". A new large peak, 1.74 p.p.m. to low 
field of D,O.BF, in a region of the spectrum 
which had previously been clear, is assigned to 
the phorone.BF, complex. A few new impurity 
peaks are also present. Since none of the usual 
set of 19F peaks corresponds to the phorone.BF, 
peak, it appears that phorone is not produced in 
significant amounts in the condensation reaction. 
The large size of the phorone.BF, peak which 
results from the addition of only a small amount 
of phorone shows that phorone, like mesityl 
oxide, can displace acetone from its complex. 
The possibility remains that phorone might be 
produced in the condensation reaction but is 
more reactive than the other ketones in further 
condensation, so that its concentration would 
never become large enough to give an observable 
19F peak. To investigate this possibility, the solu- 

tion was allowed to react at room temperature 
(22") for 21 min ; it then gave spectrum C a t  - 80". 
Comparison of the relative peak areas in B and C 
shows the expected increase in intensity of peak 
4, with a marked decrease in the intensities of 
the phorone.BF, and acetone.BF, peaks; the 
(mesityl oxide).BF, peak was not seriously 
affected. Thus phorone reacts 'more rapidly than 
mesityl oxide, and we cannot therefore exclude 
the possibility of its formation and rapid further 
reaction. 

The remaining peaks have not been identified. 
However, proof that all the peaks arise from 
fluorine on boron is obtained from spectra of 
partially reacted solutions containing isotopically 
substituted BF,. Figure 6 shows the low-tem- 
perature spectra of partially decomposed solu- 
tions of 1°BF3, and of almost equimolar 1°BF3 
and 11BF3, in acetone. The usual pattern of peaks 
was obtained in both solutions. The 1°BF3 solu- 
tion yielded sharp singlets for all peaks except 
peak 4 (a triplet). The solution of almost equi- 
molar 'OBF, and 11BF3 yielded a spectrum with 
all peaks split into doublets except peak 4 (a 
quartet). In the latter spectrum the almost equal 
size of the F-on-I0B and F-on-llB peaks allowed 
the isotope splitting to be detected even on small 
or somewhat broadened peaks. The presence of 

FIG. 6. 19F spectra at - 80' of solutions of BF3 in 
acetone, after 25 min of reaction at 22'. (A), 1°BF3; (B), 
1°BF3 :l1BF3 = 53:47; peaks 1, 1 A, 5, and 6 in (B) were 
obtained at a high power level. 
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the isotope splitting on all ofthe peaks proves that 
they all arise from fluorine bonded to boron. The 
triplet and quartet fine structure obtained for 
peak 4 using 'OBF, and 'OBF,/"BF, respec- 
tively show that it is due to H,O.BF, (10). 

There are a number of reasons for believing 
that all the peaks arise from BF, complexes 
rather than from other species having fluorine 
bonded to boron, such as RBF, or ROBF, or 
complexes of these. Chemical shift data (ref. 11, 
p. 946) appear to exclude species such as RBF,, 
but not complexes of such species. However, the 
rapid exchange of fluorine among all of the 
species but H,O.BF, at  low temperatures, as 
shown by the collapse of the 19F peaks, seems 
much more in keeping with breaking and re- 
forming of donor-acceptor bonds than with the 
occurrence ofdisproportionation reactions. Also, 
no other 19F peaks have been observed which 
could arise from the fluorine which would have 
been split off as fluoride ion or alkyl fluoride. In 
addition, spectrum B in Fig. 6 can be considered 
to be made up of two separate spectra like A off- 
set by 0.066 p.p.m. The isotope shifts are very sim- 
ilar on all peaks and are considerably different 
from the value of 0.050 p.p.m. found for the tetra- 
fluoroborate ion (12). The considerable change of 
0.016 p.p.m. with a change of donor from fluo- 
rine to oxygen suggests a dependence of the iso- 
tope shift on the donor atom, and similar changes 
in magnitude might be expected in species such 
as RBF, or complexes of these. The similarity of 
all the isotope shifts in the partially reacted 
solution of BF, in acetone suggests that all the 
peaks arise from complexes of BF, with oxygen 
donors. 

It appears that peaks 1A and 6 do not arise 
from the BF,-catalyzed condensation-dehydra- 
tion reaction. They are present in some but not 
all of the samples studied, and when present have 
different peak areas in otherwise similar samples. 
The areas of these peaks do not appear to vary 
greatly as the reaction proceeds. Peaks 1A and 6 
apparently arise from trace Lewis base impurities 
in the solvent, which are able to displace acetone 
from its BF, complex and thus become noticeable 
in the ' g ~  spectrum although their concentra- 
tions are probably very low. 

Peaks 1 and 5 probably arise, like peaks 2 and 4, 
from BF, complexes of Lewis bases which are 
formed in the aldol condensation reaction. These 
could be ketones of higher molecular weights and 

with longer conjugated systems than mesityl 
oxide. The absence of phorone in the reaction 
mixture suggests favored formation or greater 
stability of linearly conjugated rather than cross- 
conjugated systems. Other possible structures for 
the donors giving rise to these peaks cannot be 
excluded, however. Acid-catalyzed rearrange- 
ment of mesityl oxide is known to yield an equi- 
librium mixture containing 9 % of the non-con- 
jugated isomer 4-methyl-4-pentene-2-one (13). 
Acid-catalyzed rearrangement of phorone also 
yields non-conjugated isomers (14). The en01 
forms of the ketones, and the P-hydroxy acids 
which would result if condensation occurs faster 
than dehydration, could also be present in signi- 
ficant amounts, and since alcohols are generally 
better Lewis bases than ketones (15) these species 
should complex preferentially. The presence of 
such species could thus account for the unidenti- 
fied lgFpeaks. 

TIME AT t2ZD O.!lNI 

FIG. 7. Plot of the changes in relative areas of the 
19F peaks at - 80" of the 1 .I M sample (Fig. 3) with reac- 
tion time at 22'. @ Peak 1, A Peak 2, A Peak 3 , 0  Peak 
4, Peak 5. 

Figure 7 is a plot of the changes in relative area 
of the -80" 19F peaks of the 1.1 M sample 
against reaction time at 22". It confirms that peak 
3 arises from the jnitial species and peak 4 from 
the final fluorine-containing product. It is clear 
from the plot that the relative area of peak 2 
varies in such a way that it can be assigned to an  
intermediate fluorine-containing product. The 
later diminution of this peak, shown to arise from 
(mesityl oxide).BF,, need not be due to a de- 
crease in the amount of mesityl oxide in solution. 
Instead, the additional water produced in the 
continuing condensation-dehydration reaction 
apparently competes successfully with the organic 
donors for the limited amount of BF, available, 
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so that eventually the H20.BF3 peak is the only 
major peak. Peaks 1 and 5 also appear to arise 
from intermediate products of the reaction, but 
because of their small size and the resulting diffi- 
culty in determining their areas accurately this 
is not certain. 

The n.m.r. spectra can be used to assign an 
order of relative donor-acceptor bond strengths 

appreciable amount of uncomplexed water in 
solution. The collapse of the fine structure, 
apparently because of a rapid proton exchange 
between free and complexed water, should thus 
occur when sufficient water has been produced 
that [ H 2 0 ]  > [BF,]. Since the fine structure 
survives over the time of reaction included in the 
curves of Fig. 7, it is apparent that, in the early 

to the different complexes found in solution. stages of the reaction, essentially all the water 
This is most clearly shown by a comparison of becomes complexed as it forms and thus the 
the fluorine and proton spectra of solutions of rate of increase of the H20.BF3 peak provides a 
BF, in acetone which had been allowed to react measure of the rate of the dehvdration reaction. 
at room temperature for an hour or more. The If, as is probable, the dehydration reaction fol- 
proton spectrum of such a solution still consists lows closely the ketone condensation reaction, 
mainly .of the solvent acetone peak. The very then the rate of growth of the H20.BF3 peak 
different appearance of the fluorine spectrum, should give a measure of the rate of the ketone 
with the H20.BF3 peak predominant, shows that condensation reaction. Thus it is of interest that 
water can displace acetone from its BF, com- the rate of increase of this peak falls off as the 
plex. A similar comparison of relative fluorine peak becomes larger; this indicates a falling off 
and proton peak areas shows that mesityl oxide of the rate of the condensation reaction. Since 
can largely displace acetone from its complex. proton spectra show that a very large excess of 
The greater donor strength of mesityl oxide acetone remains, the decrease in rate cannot be 
appears to be the result of the conjugated un- attributed to a significant decrease in the amount 
saturated system which should assist in making of acetone available. Instead, it seems necessary 
electronic charge available on the carbonyl to attribute this effect to  a decrease in the effec- 
oxigen for donation to BF,. tiveness of BF, as a catalyst. This would result 

Since there appear to be no proton peaks which if an essential condition for the condensation 
can be assigned to the donors postulated to be reaction to occur is the existence of a donor- 
present as impurities, such donor species would acceptor bond between BF, and a ketone car- 
appear to be present only in trace amounts. Thus bony1 group. As the reaction proceeds, the water 
they would have to be stronger donors than me- formed complexes preferentially with the BF,, so 
sityl oxide or acetone in order that they be able that the amount of ketone.BF, decreases; hence 
to displace enough of the major species from their the rate of further reaction decreases. The cataly- 
complexes that (trace impurity).BF, peaks be vis- tic effect of BF, is thus due to its ability t o  form a 
ible in the 19F spectrum. The fact that the relative complex with the carbonyl group. 
areas of these peaks do not change as markedly Most proton acids, including H20.BF3 (lo), 
with time as do those of acetone.BF, and (mesityl are not strong enough to protonate acetone, a 
oxide).BF, is a further indication that these very weak base, so that the "proton complex" 
peaks arise from complexes of donors rather of acetone, which might react in a similar fashion 
stronger than the ketones. Thus the donor- 
acceptor bond strengths are estimated to increase 
in the order acetone.BF, < (mesityl oxide).BF, 
< (traceimpurity).BF, < H20.BF3. 

The skewed quartet structure of peak 4 re- 
mained present throughout the time of reaction 
represented by the curves of Fig. 7. However, this 
structure, arising from proton-fluorine coupling 
in H20.BF3 superimposed on an isotope shift, 
later collapsed; after 24 h the peak had only an 

to the BF, complex, is not formed. However, 
very strong acids such as anhydrous sulfuric acid 
are able to protonate acetone (16). The proto- 
nated acetone so formed is apparently quite reac- 
tive towards excess free acetone; addition of a 
small amount of oleum to anhydrous acetone is 
found to cause decomposition at room tempera- 
ture similar to that caused by BF,, yielding 
organic products of similar color and odor. This 
provides further evidence that the decomposition 

isotope shift of 0.066 p.p.m. W; have previously is dependent on electron pair donation by acetone 
shown (10) that the fine structure due to proton- to a strong Lewis acid such as BF, or the proton 
fluorine coupling is present only when there is no in the presence of excess acetone. 
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Fluorine Exchange 
In addition to the condensation reaction, other 

reactions occur in solution at rates which are 
several orders of magnitude greater. The collapse 
of the low-temperature peaks as the temperature 
is raised (Fig. 2) is apparently caused by rapid 
reversible chemical exchange reactions, exchang- 
ing fluorine among the different complexes. By 
analogy with our previous studies (2), the ex- 
change would be expected to take place by the 
breaking and re-forming of donor-acceptor 
bonds, with a resulting rapid rearrangement of 
the BF, molecules among the different donor 
species. The collapse of the peaks seems consis- 
tent with a scheme of fluorine exchange in which 
BF, exchanges readily among all the donor 
molecules except H20 .  Because of the survival of 
peak 4 to much higher temperatures than the 
other peaks, it seems necessary to assume that the 
donor-acceptor bond lifetime of H,O.BF, is 
much greater than that of the other species. Since 
all of the other peaks, which apparently arise 
from BF, complexes with organic donors, col- 
lapse in the same temperature range we assume 
as a first approximation that they have equal 
donor-acceptor bond lifetimes. Our previous 
studies of ketone.BF, complexes in methylene 
chloride solution (2) led to the similar conclusion 
that fluorine exchange between H20.BF3 and 
ketone.BF, species is much slower than BF, 
exchange among ketone donor molecules; it was 
also demonstrated by the collapse of the 1°B -llB 
isotope shift at high temperatures that at least 
part of the fluorine exchange between H20.BF3 
and ketone.BF, arises from fluorine exchange 
among different boron atoms rather than from 
breaking and re-forming of the boron-oxygen 
donor-acceptor bond. Similar fluorine exchange 
among boron atoms would seem reasonable in 
acetone solution as well, but this would not affect 
the accessible part of the coalescence pattern; 
the high-temperature ,spectra which would be 
required to demonstrate-fluorine exchange be- 
tween boron atoms could not be' obtained 
because the aldol condensation reaction is very 
rapid at high temperatures in acetone solution. 

Further evidence for our postulate that fluo- 
rine in H,O.BF, is less labile than fluorine in the 
other complexes was obtained by the calculation 
of theoretical spectra for chemical exchange 
among six chemically shifted sites. A computer 
program based on the full line-shape expressions 

summarized by Abragam (17) was used for the 
calculations. Theoretical spectra were calculated 
for various values of the bond lifetimes, according 
to our assumption of equal donor-acceptor bond 
lifetimes and equal probabilities of mutual ex- 
change among all of the species other than 
H,O.BF,. These were compared with the experi- 
mental spectra; comparison led to better trial 
values of the lifetimes, so that calculated spectra 
were eventually obtained which closely resembled 
the observed spectra. By this trial-and-error meth- 
od of choosing bond lifetimes and visually match- 
ing calculated and experimental spectra, it was 
possible to obtain the qualitative agreement 
shown in Fig. 8. In our calculations we made no 
allowance for the isotope shift or additional fine 
structure which do not seriouslv affect the overall 
spectral shape. To obtain the agreement shown 
in Fig. 8 it was necessary to  assume that the 
donor-acceptor bond lifetime of H,O.BF, is 
three orders of magnitude greater than that of the 
other species; spectra calculated on the assump- 
tion of equal donor-acceptor bond lifetimes for 

FIG. 8. Computer fit of some of  the 19F spectra of 
Fig. 2. The calculations assume equal donor-acceptor 
bond lifetimes, given (in seconds) on the spectra, for all of 
the complexes except H20.BF3. The donor-acceptor 
bond of H20.BF3, which gives rise to peak 4, is assumed 
to have a lifetime 1OOO times greater. The spectra are 
calibrated in Hz from peak 4. 
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all species including H20.BF3 were not similar 
to the observed sDectra. 

Our matching of theoretical and experimental 
spectra of chemical exchange yields only limited 
and qualitative information . about exchange 
rates. The changes in shape of the spectrum are 
not sufficiently pronounced to allow all six donor- 
acceptor bond lifetimes to be determined. Also 
the relative chemical shifts used in the calcula- 
tions, determined at  low temperatures, apparently 
do not remain constant over the range of tem- 
peratures. This is shown clearly in Fig. 8 by the 
discrepancy in peak separations between calcu- 
lated and observed spectra at the higher tempera- 
tures; this discrepancy is not believed to have too 
great an effect on the signal shape. Another factor 
limiting us to qualitative deductions is that the 
calculations must assume a mechanism of ex- 
change. We assumed that exchange occurs be- 
tween two molecules of complex, with equal 
probabilities of exchange for all pairs of complex 
molecules which come together in solution, except 
when H,O.BF, is involved. Exchange between 
two molecules of complex has been reported to 
occur in systems of ether.BF, complexes, but 
in competition with another mechanism (8). Al- 
though the assumption of equal donor-accept- 
or bond lifetimes for all species but H20.BF3 
gave good qualitative agreement for the spec- 
tra of one sample, as shown in Fig. 8, this was 
not the case for a second sample, in which peak 
6 was much larger (3.1 % of the total peak area, 
compared with considerably less than 1 % in the 
first sample). In this sample, peak 6 was found 
to remain separate to a higher temperature than 
was predicted from calculations based on the 
above assumption. Presumably this effect was 
not observed in the previous sample because of 
the very small size of the peak. In order to obtain 
agreement of calculated and observed spectra in 
this sample it was necessary to assume that the 
donor-acceptor bond lifetime of the peak 6 spe- 
cies is intermediate between those of H,O.BF, 
and of the ketone.BF, species. The fairly good 
fit shown in Fig. 9 was obtained for the ratio 
of bond lifetimes 

ketone.BF, :peak 6 species:H,O.BF, 

The intermediate bond lifetime of the species 
giving rise to peak 6 suggests an intermediate 
donor-acceptor bond strength. This lends weight 

FIG. 9. Computer fit of some 19F spectra of a par- 
tially decomposed 1.2 M solution of IDBF, in acetone. 
The calculations assume equal donor-acceptor bond life- 
times, given (in seconds) o n  the spectra, for t he  complexes 
giving rise to peaks 1, 2, 3, and 5. The complex giving rise 
to peak 6 is assumed to have a lifetime 20 times greater; 
H20.BF, giving rise to peak 4, is assumed to  have a life- 
time 1000 times greater. The  spectra are calibrated in Hz 
from peak 4. 

to the proposal made above that peak 6 arises 
from the complex of a Lewis base impurity which 
has sufficient base strength to displace the ketones 
from their complexes. 

Acetone.BF, in Methylene Chloride 
None of the dilute solutions of acetone.BF, in 

methylene chloride studied in our previous work 
(2) showed pronounced changes in color such 
as were observed when acetone was the solvent. 
However, in solutions in which [acetone] > 
[BF,] a pale yellow color appeared on  standing 
for a few hours at room temperature, which did 
not darken much more even after reaction for an 
hour a t  100". The color change is dependent on 
the relative proportions of acetone and BF, since 
it did not occur in solutions in which [acetone] < 
[BF3 I. 

19F spectra of acetone.BF, solutions in methy- 
lene chloride did not change noticeably after the 
solutions had been allowed to stand at room 
temperature or above (2). However, proton 
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spectra showed slight changes which provide 
evidence of a chemical reaction, apparently 
related to the slight color change. In solutions in 
which [acetone] > [BF,], very small new peaks 
appeared on standing, two of them unsymmetric- 
ally situated on either side of the acetone peak, 
and others at  about 6.5 and 11.2 6. Further 
standing at room temperature seemed to have no 
further effect on the proton spectrum. Even 
standing for 1 h at 100°, which resulted in a slight 
darkening of the color, did not significantly in- 
crease the size of the small peaks near the acetone 
peak or the peak at  6.5 6. However, the peak at 
11.2 6 gained in intensity, and some new small 
peaks appeared at  high field. In contrast, in spec- 
tra of solutions in which [acetone] < [BF,] no 
new peaks appeared near the acetone peak or at 
6.5 or 10-12 6 after standing for several hours at  
room temperature. In solutions containing con- 
siderable excess BF, which had been allowed to 
stand at room temperature for several days, a 
doublet centered at  0.23 6, with a splitting of 
7.4 t. 0.3 Hz, appeared in the proton spectrum 
and became larger on further standing. Since the 
observed pattern agrees closely with that reported 
for trimethylsilyl fluoride (0.20 6, J = 7.48 Hz 
(18)) it appears that a methyl group has been 
split off from the tetramethylsilane (TMS) present 
as an internal reference2. Since the same doublet 
was obtained under similar conditions from a 
solution containing phenol instead of acetone, it 
does not arise from any reaction of the ketone. 
No peak arising from the second product of this 
reaction, presumably methylboron difluoride, 
was identified. The stability of acetone when 
excess BF, is present is analogous to the known 
stability of protonated ketones when dissolved 
in an excess of a strong proton acid such as sul- 
furic acid (I 6). 

Our observation of the stability of acetone.BF, 
in the presence of excess BF,, but of some reac- 
tion when the acetone is in excess, suggests an 
explanation of the conflicting reports in the 
literature concerning the stability of the crystal- 
line acetone.BF, complex (3, 4). I t  seems likely 
that the complex is stable only under conditions 
of rigorous exclusion of free acetone, and of 

'The reaction of TMS with BF3 is analogous to its 
reaction with strong proton acids such as  concentrated 
sulfuric acid (19). and emphasizes that TMS must be 
used with caution as an  internal standard in highly acidic 
mixtures containing either proton acids o r  Lewis acids. 

water which would form free acetone by dis- 
placement from the complex. 

Proton chemical shifts of mesityl oxide and 
(mesityl oxide).BF, at  -80" are given in Table 
11. Room temperature shifts are very similar to  
these. On the n.m.r. time scale BF, exchange 
was found to be rapid at  room temperature but 
slow at - SO0, as for the saturated ketones studied 
previously (2). In the Table the methyl peaks are 
tentatively assigned on the basis of their com- 
plexation shifts, the a-methyl peak being expected 
to show a greater shift than the two y-methyl 
peaks3. The methyl chemical shifts in the Table 
cover the range 1.90 to 2.70 8, which includes 
practically the entire range of chemical shifts 
expected (2) for mixtures of acetone and ace- 
tone.BF,. Thus small amounts of mesityl oxide, 
if present in methylene chloride solutions of 
acetone and BF,, should give rise to small peaks 
near the acetone peak. Normally in solutions in 
which [acetone] > [BF,] and which have been 
allowed to stand at  room temperature, two small 
peaks of relative chemical shift 0.42 p.p.m. are 
visible, one on each side of the acetone peak. 
This shift is in agreement with the separation of 
the outermost two methyl peaks of (mesityl 
oxide).BF,; presumably the central methyl peak 
is obscured by the large acetone peak. The small 
peak at 6.5 6 corresponds to the olefinic a-proton 
peak of (mesityl oxide).BF,, and provides further 
evidence for the presence of mesityl oxide. The 
low-field peak a t  10-12 6 has been assigned to 
H20.BF3 on the basis of the fine structure ob- 
served in a few samples(2). 

Thus small amounts of mesityl oxide and water 
are formed from acetone in the presence of BF, in 
methylene chloride solution. A number of factors 
might contribute to the decreased reactivity of 
acetone in the presence of BF, when dissolved in 
methylene chloride rather than acetone. The 
absence of a large excess of free acetone would be 
expected to slow the reaction somewhat, but not 
to the extent observed. However, if there is an 
equilibrium between acetone and mesityl oxide - 

3The complexation shifts of the y-methyl peaks, which 
are two-thirds as large as those of the  a-methyl and ole- 
finic a-proton peaks, are much greater than would be 
expected if charge donation were due entirely to  a n  
inductive effect (2). This indicates delocalization of charge 
along the conjugated system by a mesomeric effect, in 
accord with the greater donor strength of mesityl oxide 
with respect to acetone which was reported earlier in this 
paper. 
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TABLE I1 
Proton chemical shifts of mesityl oxide and mesityl oxide - BF3 at - 80" in methylene chloride 

Chemical shifts (6)* 

olefinic 
a-proton a-methyl y-methyl 

Mesityl oxide 6.14 2.18 2.14 1.90 
(mesityl oxide).BF, 6.64 2.70 2.44 2.26 
Complexation shift to low field (p.p.rn.) 0.50 0.52 0.30 0.36 

*p.p.m. to low field of internal TMS. 

water, the presence of a large excess of free 
acetone, as when acetone is the solvent, might be 
required to give large amounts of the condensa- 
tion products. Also the reaction products, 
especially the highly polar H,O.BF,, could be 
less well solvated in methylene chloride; this 
could decrease the equilibrium constant for the 
formation of condensation products and thus 
shift the equilibrium still further towards acetone. 
Another possibility might be poorer solvation of 
the transition state of the reaction; this could 
raise the activation energy and greatly decrease 
the rate of reaction. 

Detailed studies have not been carried out to 
determine the cause of the slowing of the reaction 
in methylene chloride. However, some prelimi- 
nary experiments indicate that the BF,-catalyzed 
condensation of acetone is a reversible reaction. 
A solution of mesityl oxide (1.6 M), water (0.4 M), 
and BF, (1.1 M)  in methylene chloride, initially 
colorless, gave a room-temperature proton spec- 
trum having the expected three peaks in the methyl 
region. After a week at  room temperature, during 
which the solution had discolored to a dark 
brown, the methyl region of the room tempera- 
ture spectrum contained an additional peak (Fig. 
10, spectrum A). Spectra B and C show the meth- 
yl region after the sample was heated at  100" for 
short periods; a fairly rapid disappearance of the 
mesityl oxide is evident. It seems reasonable to as- 
sume that the large sharp peak at  2.55 6, which ap- 
pears during the reaction, arises from acetone; it 
is difficult to think of any other reaction product 
which could give rise to a proton spectrum con- 
sisting of a single sharp peak in the methyl region. 
The shift of this peak to lower field on reaction of 
the sample at  100" (Fig. 10) is in accord with the 
expected behavior of a peak due to acetone. In 
this sample, in which [mesityl oxide] + [water] 
> [BF,], the first acetone to form would not be 
able to displace much of the stronger bases water 

and mesityl oxide from their complexes and 
should give a proton resonance not far from the 
position offree acetone, 2.14 6. However, reaction 
to give more acetone would eventually have to 
consume complexed mesityl oxide and water; 
BF, would be displaced as these stronger donors 
are consumed and would complex with the weaker 
donor, acetone, which is formed. Thus a peak due 
to acetone should show the observed shift to 
lower field as it gains in intensity, since it is a 

FIG. 10. Room temperature proton spectra (methyl 
region) of a solution of mesityl oxide, water, and BF, in 
meihylenechloride. Reaction times: (A)one weekat room 
temperature; (B) one week at room temperature and 10 
min at 100"; (C) one week at room temperature and 25 
min at 100". 
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TABLE I11 
Room temperature proton chemical shifts in methylene chloride solutions after reaction at 100" 

Time at 
100" 

Solute (min) Chemical shifts (6)* 

Acetone and BF3 60 11.23 6.47 2 .64 2 .42  (sh) 2.36 2 . 2 2  (1.70 etc.)? 
Mesityl oxide, water, and BF3 25 10.43t 6 .53 2 . 6 6  2.55 2 . 4 4  2 .39 2 .25 (1.67 etc.)? 

*p.p.m. to low field of  internal TMS. Peaks present initially are printed in italics. 
t A  number of  small peaks appear at higher field. 

weighted average of peaks arising from free and 
complexed acetone and the relative proportion of 
complexed acetone should be increasing. This 
assignment was confirmed as follows. A similar 
solution (mesityl oxide, 1.5 M ;  water, 0.3 M ;  BF,, 
1.2 M) gave a similar small sharp peak in the 
"ketone methyl" region after standing for a few 
days at room temperature. The addition of small 
amounts of acetone to the sample caused this 
peak to increase greatly in size and to shift to 
higher field, eventually to 2.23 6, as is expected if 
the peak is a weighted average of peaks arising 
from free and complexed acetone. 

Extensive reaction to give a range of higher 
condensation products occurs in the methylene 
chloride solutions of mesityl oxide - water - BF,, 
in addition to the apparent reversion to acetone. 
This is indicated by the appearance of a dark 
brown color on standing at room temperature for 
a few days. It is shown more clearly by the appear- 
ance of broad irregular proton resonances to high 
field of the "ketone methyl" region. These in- 
creased quite rapidly in size at high temperatures; 
after 25 min at 100" they had a total area about 
equal to the total area of the peaks in the "ketone 
methyl" region. The condensation reaction is 
considerably less rapid in the methylene chloride 
solutions of acetone-BF, studied, since very little 
color change was observed, and the new peaks in 
the proton spectrum remained fairly small, after 
an hour at 100". However, similar reactions ap- 
pear to be taking place in both cases, involving re- 
versible BF,-catalyzed interconversions among 
acetone, mesityl oxide -water, and higher con- 
densation products. This can be illustrated by 
comparison of the proton chemical shifts, after 
reaction at 100°, of solutions of acetone and BF,, 
and of mesityl oxide, water, and BF,, in methy- 
lene chloride, as shown in Table 111. Exact cor- 
respondences in room temperature chemical shifts 
are not to be expected since these values are 
weighted averages of the shifts of free and com- 

plexed species, the relative proportions of which 
vary from sample to sample. Nevertheless the 
similarities in the patterns are significant, espe- 
cially since the two samples initially had no spe- 
cies in common except BF,, TMS, and methy- 
lene chloride. The following simplified reaction 
scheme may be useful in explaining the results: 

BF3 
111 2(acetone) 5 mesityl oxide + water 

BF3 
mesityl oxide + acetone higher condensation 

products + water 

If the first equilibrium strongly favors acetone, 
the mesityl oxide concentration would never 
become large in solutions of acetone and BF,; 
also the reverse aldol reaction to give acetone 
would be expected to occur to  a considerable 
extent in solutions of mesityl oxide, water, and 
BF,, as is observed. 

It would be unwise to attempt to make further 
deductions from the proton spectra of the mesityl 
oxide - water - BF, solutions, especially because 
the fluorine spectra of these solutions have not 
been explained. Four peaks are present in the 
fluorine-on-tetrahedral boron region in freshly 
prepared samples, instead of the two peaks ex- 
pected for (mesityl oxide).BF, and H,O.BF,, 
and the relative peak areas vary in an unexplained 
manner among samples. It seems possible that 
some of the peaks arise from disproportionation 
of H20.BF3 to give species such as BF4- and 
BF2(H20),+; a similar disproportionation affects 
the 1 9 ~  spectrum of H20.BF3 in aqueous solu- 
tion (7). Further studies of these solutions would 
be of interest. 

Conclusion 

Our detailed studies of the early stages of the 
boron trifluoride catalyzed reaction of acetone 
suggest the application of n.m.r. spectroscopy to  
the investigation of catalysis by boron trifluoride 
and other Lewis acid fluorides in systems of more 
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interest to the synthetic chemist. Fluorine mag- 
netic resonance seems especially useful because it 
can be used to detect and identify very small 
amounts of complexed species in solution, and 
thus may prove to be of value in detecting inter- 
mediate reaction products the concentrations of 
which never become large. 

Experimental 
The purification of most of the chemicals, the tech- 

nique of sample preparation, and the n.m.r. spectrometer 
have been described previously (2, 10). Proton chemical 
shifts (6) are given in p.p.m. to low-field of internal 
tetramethylsilane. Practical grade mesityl oxide was 
dried over calcium chloride and magnesium sulfate, and 
fractionated; the fraction of boiling range 128.5-128.6" 
was taken and was allowed to stand overnight over Linde 
4A molecular sieves before use. Practical grade phorone 
was purified by vacuum sublimation onto a cold finger 
cooled by dry ice to give pale yellow needles which could 
be stored unchanged at 10". Warming of the crystals to 
room temperature (29") gave a pale yellow liquid. 

An IBM 7040 computer was used for the calculation of 
spectral shapes resulting from various rates of chemical 
exchange of magnetic nuclei among six non-equivalent 
sites. Matching of experimental and calculated spectra 
was done visually to give an approximation to the rates 
of exchange at various temperatures. 
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Evidence for the existence of an electric field effect from the vinyl 
proton magnetic resonance spectra of 4-substituted styrenes 

G. K. HAMER' AND W. F. REYNOLDS 
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Vinyl proton chemical shifts of styrene and six 4-substituted styrenes have been determined at infinite 
dilution in cyclohexane. I t  is shown that changes in the chemical shift difference of the P protons, A(&- 
&) can be accounted for by electric field effects. Reasonable values of the constant in the Buckingham 
equation of(-  3.1 1 + 0.50) x 10-l2 and (- 4.77 + 0.83) x 10- l 2  are obtained from two different types 
of field effect calculations. Residual chemical shift changes for protons after correction for electric field 
effects can be explained in terms of mesomeric and possibly inductive mechanisms. a-Proton chemical 
shift values cannot be satisfactorily rationalized. Small concentration effects are noted, usually resulting 
in high field shifts with increasing concentration. Previous results are reexamined in order to  resolve a 
conflict in the literature. 
Canadian Journal of  Chemistry, 46, 3813 (1968) 

Introduction 
The question of whether substituent effects 

other than mesomeric effects are transmitted 
through bonds (inductive effects) or through 
space (electric field effects) is still under investi- 
gation, largely by measurements of acid dis- 
sociation constants (1-4). However, Buckingham 
has derived an equation (9, AS = AE, +  BE^, 
which allows one to predict the change in proton 
chemical shifts, AS, due to intra- and inter- 
molecular electric fields. In the case of neutral 
molecules, the change in proton chemical shift 
due to an electric field is predicted to be very 
nearly proportional to the strength of the electric 
field along the X-H bond axis, E,, since the 
second term is negligible (6, 7). Buckingham's 
equation has been tested by Ziircher (6, 7) using 
a variety of substituted steroids. The agreement 
between calculated and experimental chemical 
shifts is generally very good. 

FIG. I.  Labelling of vinyl protons and electric field 
components due to a polar substituent in a 4-substituted 
styrene. 

'Holder of an NRCC Studentship, 1967-68. 

As part of a continuing interest in the mech- 
anism of transmission of substituent effects to 
side chains of substituted aromatic compounds 
(8, 9), it was considered desirable to further test 
Buckingham's equation in a system of this type. 
The compounds chosen were Csubstituted sty- 
renes. Due to the geometry of these compounds 
(see Fig. I), one would expect considerably 
different components of the electric field (due to 
the polar C-X group) along the C-H, and 
C-H, bond axes and consequently considerably 
different electric field effects upon these protons. 

When this investigation was started, there 
were three sets of chemical shift data for the 
vinyl protons of substituted styrenes. Measure- 
ments had been carried out for concentrated 
solutions (20 wt. %) in CCI, (lo), moderately 
concentrated solutions (10 mole %) in CDC13 
(I I), and over a range of concentrations (extra- 
polated to infinite dilution) in acetone (12). 
From the results in acetone it had been con- 
cluded that there was no evidence for the exis- 
tence of an electric field effect. However, the 
available data could all be significantly affected 
by dilution effects and/or effects due t o  solvent 
polarity. Since the electric field effect should be 
quite small, we considered that it was necessary 
to accurately determine the chemical shifts for 
the vinyl protons at infinite dilution in an inert 
solvent. After this investigation had started, the 
possibility of ambiguity in the interpretation of 
the available results was confirmed when a 
further publication appeared, claiming that the 
results for vinyl proton chemical shifts in CCl, 
could be interpreted largely in terms of electric 
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field effects and 7c-electron density changes at the 
p carbon (13). 

In view of the disagreement in the literature 
(1 2, 13), it was decided to limit this investigation 
to  a series of substituted styrenes for which rel- 
atively large field effects might be expected. 
Only 4-substituted styrenes were chosen since 
the interpretation of the results for 3-substituted 
styrenes would be complicated by the existence 
of two planar conformers (13) with possibly 
different populations. 

In this paper it is shown that changes in the 
chemical shift difference between B and C pro- 
tons of 4-substituted styrenes can be accounted 
for by an electric field effect but not by any other 
single substituent effect. Previous results are re- 
examined and it is shown that the chemical shift 
data for styrenes in CCl, (10) and CDCl, (11) 
show evidence of electric field effects while in 
acetone (12) these effects are largely obscured, 
apparently by specific solvent effects. 

Experimental 
The styrenes used in this investigation were com- 

mercially available. Liquid styrenes were distilled just 
before use under reduced N2 pressure (20 mm Hg). 4- 
Nitrostyrene and Ciodostyrene were purified by evapora- 
tion on to a cold finger at 0.5 mm pressure. Fisher A.C.S. 
grade cyclohexane was fractionally distilled from sodium 
in a nitrogen atmosphere and stored over Linde type 5A 
molecular sieve until used. Three or more solutions (1- 
5 mole % of styrene in cyclohexane) were prepared in 
each case. Spectra were recorded on a Varian HA-100 
spectrometer operating in frequency sweep mode at a 
probe temperature of 30 "C. ~ h k  spectrometer was locked 
on to the solvent peak. Spectral oeak Dositions relative to 
the solvent peak were determined by measuring frequency 
differences between the manual (lock). oscillator and 
sweep oscillator. Frequencies were measured to f 0.02 
Hz using a Hewlett-Packard 5245 electronic counter in 
period average mode. Measurements were repeated at 
least six times for each peak, sweeping alternately in 
opposite directions at a sweep rate of 0.05 Hzls. The pro- 
ton chemical shift of tetrarnethylsilane relative to cyclo- 
hexane was measured for a range of concentrations in 
order to determine styrene proton chemical shifts relative 
to tetrarnethylsilane at infinite dilution. 

ling constants. The spectrum of 4-fluorostyrene 
was complicated by H,-F19 and H,-F19 coup- 
ling. In this case the repeated spacings (14) in  
the ABCX spectrum were determined, assuming 
first order splitting by F19, and the spectrum was 
analyzed as an ABC spectrum. 

Spectral parameters were further refined in 
each case by carrying out an iterative ABC o r  
ABCX spectral analysis, using the computer 
program LAOCN3. Changes in spectral param- 
eters were smaller than the experimental error 
in each case. 

Infinite dilution chemical shifts were deter- 
mined by least squares fitting, assuming linear 
dilution curves. In the case of styrene, there was 
deviation from linearity for the most concen- 
trated solution (see Fig. 2). Consequently the 
data from this solution were not  included in the 
least squares fitting process. I n  all other cases, 
d.ilution shifts were linear within experimental 
error and three concentrations were sufficient. 
Typical dilution curves are shown in Fig. 3. 

Experimental data for infinite dilution vinyl 
proton chemical shifts relative to tetramethyl- 
silane at  infinite dilution in cyclohexane are given 

I I I I I 
-5.185 

PROTON A 

Q -3.670 
PROTON C 

I U 

- 3.665 

Results 1 I 
Vinyl proton spectra were initially analyzed as -3.6mt 

ABC spectra by the exact method (14), using the 
I I I I 

0 I 2 3 4 

computer program EXAN. As previously ob- M O L E  % STYRENE 

served (1 1). the best fit between calculated and , , 
FIG. 2. Plot of vinyl proton chemical shifts for sty- spectra1 intensities was for the rene (in p.p.m. relative to internal cyclohuane) versus 

solution with positive vicinal and geminal COUP- concentration in mole %. 
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TABLE I 

Vinyl proton chemical shift data for 4-substituted styrenes in p.p.m. relative to tetramethylsilane, both at 
infinite dilution in cyclohexane 

Substituent &A* 613 6c (6, - 6x3) 

I -6.5479'10.0004 -5.6398%0.0002 -5.1471~0.0003 +0.4927 
OCH J -6.5593'10.0006 -5.4800'10.0008 -4.9848'10.0007 +0.4952 
NO2 -6.6995'10.0005 -5.8050'10.0003 -5.3610'10.0006 +0.4439 

in Table I. Chemical shift data were converted 
relative to tetramethylsilane by adding a con- 
stant factor of - 1.4438 p.p.m., the experimen- 
tally determined chemical shift of cyclohexane 
relative to tetramethylsilane at infinite dilution. 
Standard deviations for measurements of in- 
dividual peaks never exceeded 0.05 Hz. Con- 
sequently it is estimated that experimental chem- 
ical shifts are accurate to within this error. 
Quoted error limits for infinite dilution chemical 

shifts are standard deviations (15) of the inter- 
cepts of the least squares plots. I t  is estimated that 
chemical shift differences are accurate to within 
0.1 Hz. Chemical shift differences for B and C 
protons were independently determined by plot- 
ting (6, - 6,) versus concentration and extra- 
polating to infinite dilution. The plots were 
generally better than those for the individual 
Droton chemical shifts. The extra~olated chemical 
shift differences by the two techhques agreed to 
within 0.01 Hz in each case. 

-3-7051 , , , I , i 
0 I 2 4 

MOLE % 4- BROMOSTYRENE 

-4.185- - 
PROTON B 

J 
a u 

FIG. 3. Plot of vinyl proton chemical shifts for 4- 
bromostyrene (in p.p.m. relative to internal cyclohexane) 
versus concentration in mole %. 

5 -4.175- 
I 
0 

Discussion 

- 

(a) P-Proton Chemical Shifts 
Protons B and C should be equally affected by 

any inductive mechanism since they are an equal 
number of bonds removed from the substituent. 

PROTON C 

-3,710- - 

Similarly any mesomeric interaction involving a 
substituent in the 4 position should affect both 
protons nearly equally since the main effect will 
be due to changes in x-electron density at the P 
carbon2. Consequently changes in the difference 
in chemical shift between B and C protons 

2A referee has disputed this assumption stating that he 
believes that the mesomeric interaction will not  affect both 
protons equally. He  offers in support of this contention 
the fact that the cis and trans coupling constants are 
different in these systems. We do not believe his assump- 
tion since it is inconsistent with our results. First, there is 
absolutely no correlation between chemical shift dif- 
ferences (Sc - 6,) and the expected mesomeric effects of 
the substituents; e.g., (6, - 6,) is less for the fluoro and 
nitro derivatives than for styrene even though these sub- 
stituents have opposite mesomeric effects. Secondly, 
according to the reverse of the referee's arguments, one 
would expect significant changes in the cis a n d  trans vinyl 
proton coupling constants if the changes in (Eic - 6,) 
were due to different mesomeric effects upon these pro- 
tons. In  actual fact, these coupling constants are constant 
within experimental error (see Table 11). Consequently, 
we conclude that any effect of the sort suggested by the 
referee is negligible compared to  other effects. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 46, 1968 

TABLE I1 

Vinyl proton coupling constants (Hz) 

Substituent J A B  JAC Jec 

should be a sensitive measure of through space 
effects. 

13C chemical shift data for substituted styrenes 
indicate that deviations from coplanarity of the 
phenyl and vinyl groups only occur when there 
are bulky substituents in one or both of the 
ortho positions (16). Therefore, it is assumed that 
all styrenes which have been investigated are 
planar and that ring current effects upon vinyl 
protons do not vary from compound to com- 
pound. Consequently the only through space 
effects which must be considered are the effect 
of the anisotropic magnetic susceptibility of the 

C-X bond and the effect of the electric field of 
the C-X bond dipole. Experimental and cal- 
culated chemical shift differences are given in 
Table 111. 

For axially symmetric C-X bonds, the effect 
of anisotropic magnetic susceptibility is given 
(1 7) by the equation 

For halogens it is believed that AX is negative 
(18, 19). Therefore, both B and C protons should 
be shielded and 6, - 6, should decrease, as 
observed. However, /AX I increases from F to I 
(18, 19). Consequently A(6, - 6,) should be 
greatest for I. Clearly the observed changes in 
6, - 6, for 4-halostyrenes cannot be explained 
solely in terms of the anisotropic effects of the 
C-halogen bonds. In fact, the agreement be- 
tween experiment and field effect calculations is 
made worse by the inclusion of an anisotropic 
correction. Consequently, it must be concluded 
that there is no evidence for an anisotropic effect 
for the C-halogen bond in this system. Ziircher 
reached a similar conclusion (6, 7). It has also 

TABLE I11 
Experimental and calculated chemical shift differences for 4-substituted styrenes 

Chemical shift differences (~.p.m.) 

Substituent 
Anisotropic Electric field Dipole 

Experimental effect? effect moment 

'Component along $-0 bond for the resultant of two C-0 bond dipole moments and a methyl group moment. 
t ln  unlts of 10' AX,  AX = anisotropic magnetic susceptibility of C X  bond per mole. 
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recently been claimed that apparent anisotropic 
effects for C-F and C-Cl bonds are really 
largely due to electric field and inductive effects 
(20). Very little is known about the anisotropic 
effects of the other substituents. The one avail- 
able estimate of the anisotropic effect of the NO2 
group (21) indicates that there should be very 
little effect upon vinyl protons. 

There are two methods for carrying out 
electric field calculations. Buckingham (5) and, 
apparently, Ziircher calculate EZ at the proton 
in question while Musher (22) has argued that 
E, should be determined at  a point half way 
along the X-H bond. Both types of calculations 
have been carried out, using a computer pro- 
gram written for this purpose. Typical values of 
bond angles and bond lengths (23) were chosen. 
Aliphatic bond dipole moments (24) were used 
in order to eliminate mesomeric effects from the 
calculation. For styrene and 4-halostyrenes, the 
bond dipole was considered to be a point dipole 
located half way along the C-X bond. Assumed 
locations of the dipoles for the 4-methoxy and 
4-nitro groups are shown in Fig. 4. Calculations 
were carried out for both C-H and C-X bonds 
and the electric field difference, AEZ (where 
AEZ - E, (C-X) - EZ (C-H)), was deter- 
mined for each vinyl proton. 

FIG. 4. Assumed locations of point dipoles in 4-nitro 
and 4-methoxy groups. 

If A(6, - 6,) is solely the result of electric 
field effects, then the slope of a plot of AE,(C) - 
AE,(B) versus either (6, - 6,) or A(6, - 6,) 
should give a reasonable value for A, the con- 
stant of the Buckingham equation. For the cal- 
culation of E, a t  a point half way along the C- 
H bond, A = -3.1 1 x (see Fig. 5). This 
is in excellent agreement with the theoretical 
value of -3.1 x 10-l2 and the experimental 
"best value" of -2.9 x 10-I' (22). For the 
calculation of E, at the proton, A = - 4 . 7 7 ~  
10-12. This agrees closely with the experimental 

CE OF ELECTRIC FIELD EFFECT 3817 

I I I I I I I I 

I I I I I I \ I  
3 4 8 12 I6 20 24 28 

AEZ (C) - A€, ( 0 )  x 16' esu 

FIG. 5. Plot of chemical shift difference for b protons 
versus difference of changes in electric field a t  b protons 
upon replacement of the 4 proton with a polar sub- 
stituent. 

value of -4.5 x lo-" obtained by Ziircher 
(6, 7). It is impossible to determine from these 
results which type of calculation is better. Cal- 
culated values for A&- 6,) are given in Table 
111. The agreement between experimental and 
calculated values is good although minor devia- 
tions occur for F and I. It may be significant that 
the points for the halogens essentially lie on a 
straight line. This possibly indicates that there 
is an additional substituent effect due to the 
halogens (presumably acting through space). It 
would be tempting t o  assume that this is an 
anisotropic magnetic susceptibility effect. How- 
ever, this appears improbable since the devia- 
tions are. in the wrong direction. It is clear from 
this and results discussed in part (b) that sub- 
stituent effects for halogens are not completely 
understood. 

In spite of the deviations noted above, the 
generally good agreement between calculated 
and observed chemical shift differences and the 
reasonable values for A strongly suggest that the 
observed changes in (6, - 6,) can be explained 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3818 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

in terms of electric field effects. No other single 
substituent effect could explain the results. It 
could be argued that this agreement is accidental 
and arises from a fortuitous combination of 
effects. It would be difficult to prove or disprove 
this contention by considering our results in 
isolation. However, Ziircher, from chemical 
shift measurements of a large number of com- 
pounds which are unrelated to ours, has also 
concluded that the chemical shifts can be ex- 
plained in terms of electric field effects (6, 7). 
The chance of accidental agreement in both 
cases would appear to be slight. Consequently, 
although we cannot claim to have proven beyond 
doubt the existence of electric field effects, we 
feel that our results are significant since they 
provide further evidence that electric field effects 
may be an important factor contributing to pro- 
ton chemical shifts. 

Agreement for A6, and A6, is generally poor. 
This is presumably due to inductive and/or 
mesomeric interactions which affect both protons 
nearly equally. Estimates of the magnitudes of 
these effects have been obtained by subtracting 
the average electric field effects from the average 
chemical shift changes (see Table IV). The results 
for Ciodostyrene and 4-bromostyrene indicate 
that inductive effects may be present. The resid- 
ual chemical .shift changes for other substituted 
styrenes are largely due to mesomeric effects 
since they correlate reasonably well with cal- 
culated n-electron densities (13, 25) and with 
13C chemical shifts (16) for P-carbon atoms in 
substituted styrenes. The agreement between 
A(FC - 6,) and the electric field calculations are 
particularly encouraging in view of the great 
range of mesomeric effects in the compounds 
which were investigated. 

No correction has been made for reaction 
field effects (5). According to reaction field 
theory, the changes in chemical shift for the 
vinyl protons of Csubstituted styrenes with in- 
creasing solvent dielectric constant should be 
-0.5X, + 0.5X, and - X for A, B, and C protons 
respectively. X depends upon solvent dielectric 
constant and upon the dipole moment, size, and 
polarizability of the solute (5) and probably upon 
solute shape (26). Comparison of our results 
with those in acetone (12) (see part (e)) shows 
that the pattern of solvent shifts is completely 
unrelated to that predicted by reaction field 
theory. Buckingham's theory of the reaction 

TABLE IV 
Estimated chemical shifts for protons (in p.p.m.) due to 

inductive and mesomeric effects 
- 

(Ah, + A6312 

Substituent Experimental Electric field Difference 

field effect has been criticized (27, 28) although 
in one of the cases the criticism may not be 
justified (29). In the absence of any evidence to  
the contrary, it is assumed that solvent effects 
are minimal for the vinyl protons of styrenes in 
cyclohexane. 

(b) a-Proton Chemical Shifts 
Just as in the case of the individual P-proton 

chemical shifts, the a-proton chemical shift data 
can be explained only by considering inductive 
and mesomeric effects as well as electric field and 
anisotropic effects. In the case of Chalostyrenes, 
it is difficult to explain the results with any com- 
bination of the four effects. High field shifts 
ranging from 0.038 p.p.m. for 4-fluorostyrene to 
0.078 p.p.m. for 4-iodostyrene are noted. Pre- 
vious workers have also reported difficulties in 
explaining a-proton chemical shifts in halosty- 
renes (1 1, 13). 

The high field shifts are similar to those noted 
for the meta protons in halobenzenes (30, 31). 
These shifts have apparently never been ex- 
plained although it has been shown conclusively 
that they cannot be attributed to anisotropic 
magnetic susceptibility effects (32). 

(c) Coupling Constants 
The vicinal coupling constants (see Table 11) 

are amazingly constant. Since it seems most un- 
likely that this agreement is accidental, this is a 
reassuring indication of the accuracy of the 
measurements. In the case of styrene, the agree- 
ment with the vicinal coupling constants re- 
ported by Gurudata et al. (11) is much better 
than with those reported by Snyder (33). 

Geminal coupling constants are much more 
sensitive to substituent effects. As previously 
noted (1 l), they correlate reasonably well with 
Hammett o constants. However, they also cor- 
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relate at least as well with calculated electric are to low field of those in cyclohexane by 0.09 to 
field differences. The possibility that the trend 0.25 p.p.m. The difference decreases in the order 
in coupling constants is due to intramolecular A > B > C. Low field shifts of 0.04 to 0.12 
electric field effects cannot be excluded. p.p.m. are found in CDCl, relative t o  cyclo- - - 

hexane but in this case the shifts are in the order 
(d )  Concentration EfSects C > B > A. These results can be rationalized 

'lopes of the plots of shift versus in terms of so~vent-solute hydrogen bonding, 
concentration are given in Table V. Concentra- and concentration effects in the case of CDC13 
tion effects are generally small. However, certain solutions. 

TABLE V 

Slopes of plots of vinyl proton chemical shifts 
(in p.p.m.) versus styrene concentration 

(in mole %) 
-- ---- 

Slope (p.p.m./mole %) x lo3 

Substituent A B C 

H +1.17 +0.53 +0.75 
F t 2 . 2 5  +1.04 +1.20 
C1 +2.96 +2.10 + 1.39 
Br + 3.54 +2.62 +1.80 
I +3.85 +2.37 +1.17 
OCH3 +0.70 -0.43 -0.65 
NOz $0.98 -2.07 -0.71 

trends can be distinguished in the case of 4- 
halostyrenes. With increasing polarizability of 
the substituent, there is apparently an increasing 
tendency for solute molecules to form collision 
complexes in a stacked configuration. This is 
indicated by the increase in chemical shift of the 
vinyl protons with increasing concentration. The 
changes are greatest for the protons closest to 
the ring, as would be expected if the high field 
shifts are due to the ring current of the adjacent 
solute molecule. 

(e)  Comparison with Previous Results 
The vinyl proton chemical shifts in acetone 

The results in CCl, are similar to those in 
cyclohexane. Shifts of + 0.03 to - 0.02, - 0.02 
to -0.06, and -0.02 to - 0.07 p.p.m. are noted 
for A, B, and C protons respectively. Since the 
concentrations in CCl, range from 15 to 30 
mole %, one might reasonably expect high shifts 
of as much as 0.1 p.p.m. due to concentration 
effects. However, these high field shifts may be 
cancelled by low field shifts, possibly due to in- 
duced dipole - induced dipole solvent-solute 
interactions. Low field shifts of 0.15 p.p.m. have 
been noted for polar solutes in CCl, relative to 
cyclohexane (34,35). 

Values of (6, - 6,) for 4-substituted styrenes 
are given in Table VI. Trends in (6, - 6,) which 
can be attributed to electric field effects are noted 
for CCl, and CDC1, solutions. Any specific sol- 
vent effects which may be present do not obscure 
these trends. Reasonable values for (6, - 6,) 
are also obtained for the 3-substituted styrenes 
which have been previously investigated. 

It has been claimed that styrene proton chem- 
ical shift data in acetone show no evidence of 
electric field effects (12). 6, was plotted versus 
6, and a straight line of unitslope was obtained. 
However, this technique is insensitive in systems 
such as styrenes where mesomeric interactions 

TABLE VI 
Comparison of values of (Zit-ZiB) for 4-substituted styrenes from 

this and previous investigations 

(6c - &I)* 

Substituent This study Ref. 10 Ref. 11 Ref. 12 

'In parts per million. 
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may  be m o r e  impor tan t  than field effects. T h e  
values of  (6, - 6,) d o  show evidence o f  electric 
field effects a l though  the  t rend i s  partially ob- 
scured, presumably by  specific solvent effects. 
In particular,  t h e  change in (6, - 6,) in going 
from styrene to 4-nitrostyrene is much smaller in  
acetone t h a n  in  the  o ther  solvents. Consequently, 
this previous failure t o  observe a n  electric field 
effect is n o t  surprising. 

On the other  hand ,  the claim that vinyl proton 
chemical shift d a t a  for  substituted styrenes can 
be correlated with calculated n-electron densities 
a n d  electric field calculations (13), is, o n  the  
basis of o u r  results, correct. I n  spi te  of the  high 
styrene concentrat ions i n  CCI,, and perhaps 
fortuitously, t h e  results in the  t w o  solvents a re  
very similar. 

Conclusions 

1. Changes in  t h e  chemical shift  difference 
between p protons,  A(&, - 6,) in  4-substituted 
styrenes can be explained in  t e rms  o f  electric 
field effects. Reasonable  values are obtained for  
A,  the  constant  in the Buckingham equat ion.  

2. T h e r e  is n o  evidence for  anisotropic  mag- 
netic susceptibility a n d  reaction field effects upon  
p protons. 

3. Residual chemical shifts of  P pro tons  after 
correction for  electric field effects can  be  ac- 
counted  for in t e rms  of  mesomeric interactions 
a n d  possibly inductive effects. 

4. a -Pro ton  shifts f o r  4-halostyrenes c a n n o t  be 
explained by  a n y  reasonable combina t ion  of 
electric field, inductive, mesomeric, a n d  mag- 
netic anisotropy effects. 
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Complexes mixtes de la sCrine et de l'arginine 

JULIUS ISRAELI ET MARIA CECCHETTI 
Ddpartenlet~t de Ctzimie, Utziueusitd de Montrdal, Montrdal, Qudbec 

R e ~ u  le 13 mars 1968 

Les nitrilotriacktates mCtalliques reagissent avec la sCrine et avec l'arginine pour former des complexes 
mixtes qui contiennent le metal, le nitrilotriacetate et un acide amint dans la proportion 1 : I : 1. 

On a determine la constante de formation de ces complexes mixtes. 
Canadian Journal of Chemistry, 46, 3821 (1968) 

Introduction 
Dans la synthbe et l'hydrolyse des peptides et 

prottines il se forme un complexe mixte entre 
une mttalloenzyme et un acide amint. Les 
nitrilotriacttates mttalliques peuvent &re com- 
parts avec les mttalloenzymes. Une ttude des 
complexes mixtes formts par la rtaction des 
nitrilotriacttates mttalliques avec les divers 
acides amints peut expliquer la sptcificitt de 
quelques cations dans la synthese et l'hydrolyse 
des peptides et prottines. 

La rtaction de la glycine avec les nitrilotriact- 
tates mttalliques a t t t  ttudit auparavant par 
Israeli (1) et par Jacobs et Margerum (2). Perrin 
et al. (3) a ttudit rtcemment quelques complexes 
mixtes de la strine. 

Dans ce travail nous avons ttudit la rtaction 
des nitrilotriacttates mttalliques (MeX) avec la 
strine L(+) et avec l'arginine L(+). 

Nous avons utilisk des solutions des perchlorates 
metalliques qui ont CtC etalonntes par des mithodes 
complexomttriques (4, 5). 

Le pH est mesure avec un "pH metre Radiometer 26" 
et I'Clectrode de calomel est relite la solution uar un 
pont Fisher 13-639-55 remplie d'une solution de N ~ N O ~  
0.5 M. Le pH metre est calibre de maniere a donner 
directement la concentration des ion H f  (6). 

Les titrations potentiomktriques sont effectuees a une 
force ionique de 0.1 maintenue constante par NaC104. 
La temperature est fixte a 25 "C. 

La Fig. 1 reprtsente la titration d'un melange 
tquimoltculaire de perchlorate de cuivre, nitrilo- 
triacttate disodique et de strine. 

Soit a le nombre des moles de base ajoutte 
pour 1 mole de mttal. Sur la Fig. 1 on voit 
qu'il y a deux points d'inflexion situts respec- 
tivement i a = 1 et a = 2. 

FIG. 1. Titration par la soude d'un melange con- 
tenant perchlorate de cuivre 0.01 M en presence de 
nitrilotriacetate disodique 0.01 M e t  de sCrine 0.01 M. La 
force ionique de la solution est maintenue a 0.1 avec 
l'aide du NaC104. a reprtsente le nombre des moles de 
base ajoutte pour 1 mole de metal. 

Jusqu'i a = 1 on titre le proton qui est 
libtrt par le nitrilotriacttate disodique et on 
forme le complexe simple MeX. 

Entre a = 1 et a = 2 on titre le proton qui 
provient de l'acide amint et en cette rtgion se 
forme le complexe mixte MeXL. En conclusion 
le complexe simple et le complexe mixte se 
forment suivant deux Ctapes distinctes et bien 
stparkes. Des rtsultats similaires sont observts 
avec Ni(II), Co(II), Mn(II), Zn(II), Pb(I1). 

Quand on remplace la strine par la mono- 
hydrochlorure d'arginine on observe aussi deux 
points d'inflexion situts respectivement i a = 1 
et a = 2. 
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On voit clairement sur la Fig. 2 que le com- 
plexe mixte contient cuivre, nitrilotriacitate et 
arginine dans la proportion 1 : 1 :l. 

Pour calculer la constante de'formation des 
complexes mixtes nous nous servons de la 
portion de la courbe de titrage situCe entre a = 1 
et a = 2 et on utilise les iquations suivantes (9): 

[I] CMe = CL = CX 

[2] CMe = IMel + ( M ~ x (  + I M ~ X L I  - I M ~ X ~  + ( M ~ X L ~  

[3] CL = C,, = 1 ~ ~ : l - l  + (HL( 
+ I L ~  + ~ M ~ X L I  

3822 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Entre a = 1 et a = 2, on titre le proton liC au [4] (2 - a)CM, = 21H2LI + IHL/ 
groupement amino (K, = 9.34 x 10-lo) car le 
proton liC au groupement guanidino est moins 

+ IHI - IOHI 
IMeXLl 

labile (K, = 3.31 x 10-13). En conclusion, le 
groupement guanidino n'intervient pas dans la [51 Kf = IMeXIILI 
formation des complexes mixtes. Pour cette IHIILI . 
raison, pour simplifier les calculs nous admettons [6] K l  = . IHllHLl K12 = - 
que la monohydrochlorure d'arginine est un acide IH2L1 
de la forme HL, le Proton Ctant 1% au grouPement Dans ces Cquations K1 dCsigne la constante de 
amino de l'arginine. Avec cette notation H2L dissociation du groupement amino proton6 et 
reprCsente une moltcule de monohydrochlorure K12 dtsigne la constante de dissociation du 
d'arginine qui contient un proton supplCmen- carboxyle protonC. D'autre part 1'Cq. [4] donne 
taire liC au groupement carboxyle. la concentration du proton titrable a chaque 

Dans le cas du Cu(II), Ni(I1) et Co(I1) on a point de la courbe situC entre a = 1 et a = 2. 
Ctudit Cgalement la composition des complexes Nous avons redCterminC K, et K,, et nous 
mixtes par la mtthode des variations continues trouvons (10): pour la strine K1 = 9.65 x 10-lO 
(7, 8). Sur la Fig. 2 on montre les rCsultats et K,, = 6.05 x pour l'arginine K, = 
obtenus pour le systbme cuivre-nitrilotriacdtate- 9.34 x et K,, = 7-76 x 10-3. 
arginine. Ces Cquations de base conduisent aux Cqua- 

~ e '  Tableau I donne les constantes de forma- 
tion des complexes mixtes. 

-06 

1 2  3 4 5 6 7 8 9 m i X  
9 8 7 6 5 4 3 2 1 m i L  - 

Discussion 
Sur le Tableau I on voit que la constante de 

formation de ces complexes mixtes suit la sCrie 
de stabiliti de Irving et Williams (1 1). 

I1 n'y a pas grande diffirence entre les constan- 
tes de formation des complexes mixtes de la 
sCrine et celles de  l'arginine. Ces constantes sont 
trbs proches de celles trouvCes pour les com- 
plexes mixtes de la glycine (I). Les constantes de 
formation Kf de ces complexes mixtes sont trbs 
proches car les K, et K,, d'acides aminks corre- 

tions suivantes: 

(2 - - I H l  + IOHl ['I l L 1  = 1 ~ 1  21~12 
- + --- 
Kl KlKl2 

[8] KflL( + 1 = CMC 

Le graphique de y en fonction de (L( donne 
une droite dont la pente est Cgale a Kf et dont 
I'ordonnCe a l'origine est 1. 

Le calcul de Kf est reprCsentC graphiquement 
sur la Fig. 3 pour le systime cobalt-nitrilo- 

FIG. 2. Curbes des variations continues pour le triacitate-arginine. 
systeme Cu(II), nitrilotriacttate (X) et arginine (L). N~~~ voulons mentionner que nous obtenons Compostion de la solution: 5 ml Cu 0.1 M + X ml 0.1 
M + (10 - X)ml L 0.1 M + 35 ml H,O p~ = 9. La toujours la m&me constante K, quand CMe = 
curbe 1 a CtC mesurC a 610 mp et la curbe 2 a CtC mesurC CL = CX varie entre 4 x 10-3 et 2 x 
a 850 mp. moletl. 
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TABLEAU I 

ISRAELI ET CECCHETTI: COMPLEXES MIXTES DE LA SERINE ET DE L'ARGININE 3823 

Constantes de formation des complexes mixtes MeXL 

Log Kf 

Me L = skrine L = arginine L = glycine 

Y 

- 24 

- 2.2 

- 20 

- 1.8 

1 2 3 4 5 6 7 8 9 1 0  
I I I I J I I I I I  

Pour expliquer cette relation empirique on 
doit supposer que l'tnergie libre du complexe 
mixte AG, est lit a l'tnergie libre des complexes 
simples par la relation: 

- 18 

- 17 

- 16 

I 

[lo] AG, = rr(AGMex + AGML) + b 

Le terme constant b de l'iq. [lo] reprksente un 
interaction tlectrostatique constante. Gr%ce a la 
Fig. 4 on dttermine une valeur d'rr tgale a 0.85. 

FIG. 4. Log K, en fonction du log Knl.x.K, pour les 
FIG. 3. Calcul graphique du Kf pour le systbme complexes mixtes de l'arginine. 

cobalt-nitrilotriacktate-arginine. 
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grande influence. 
L'acide amint se comporte comme un coordi- 

nat bidentt. En formant le complexe mixte avec 
le nitrilotriacetate mttallique l'hexacoordination 
du mttal est facilitC. 

La constante de stabilitt global du complexe 
mixte K, est Cvidemment, tgale a KMex.Kf. Si Kl 
reprtsente la constante de formation du com- 
plexe MeL, nous trouvons la relation empirique 
suivante : 

La Fig. 4 nous explicite cette relation pour les 
complexes mixtes de l'arginine. 

Les constantes KMex et Kl furent empruntCes 
a la littrature (10). Cette relation empirique est 
Cgalement vtrifiCe pour d'autres complexes 
mixtesl. 
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Etude potentiomCtrique de la rCaction du glycylglycine avec les 
nitrilotriacCtates mCtalliques 

JULIUS ISRAELI ET MARIA CECCHETTI 
DLpartement de Chimie, UnioersitL de Mo~ttr~al ,  Montrkal, Qlrkbec 

R e ~ u  le 2 mai 1968 

La glycylglycine (HL) rtagit avec les nitrilotriacitates mCtalliques (MeX) et forme avec eux des 
complexes mixtes dont la formule est MeXL. On a determine par potentiometrie la constante de forma- 
tion de ces complexes mixtes. Ces complexes mixtes en milieu plus basique s'hydrolisent et forment des 
complexes hydroxylis dont la formule est MeXLOH. 

Canadian Journal of Chemistry. 46, 3825 (1968) 

Nous avons ttudit rtcemment la rtaction des 
acides amints avec les nitrilotriacttates mCtal- 
liques (1-4). Comme suite de ce travail, nous 
nous sommes proposts d'ttudier la rtaction de 
la glycylglycine avec des nitrilotriacttates mttal- 
liques. 

Les complexes simples de la glycylglycine ont 
t t t  beaucoup ttudites et la bibliographie des 
travaux publits jusqu'i 1960 est donnt par la 
rtf. 5. Les complexes simples du cuivre(I1) avec 
la glycylglycine ont CtC ttudits de nouveau 
rtcemment par Kim et Martell (6) et par 
Sheinblatt et Becker (7). Martell a montrt que 
dans certaines conditions la glycylglycine se 
comporte comme un ligand bidentt. 

Partie expkrimentale 
Nous avons utilisk des solutions de perchlorates 

mCtalliques etalonnees par des methodes complexo- 
mktriques (8, 9). 

L'klectrode de calomel du pH mttre "Radiometer 
Model 26" est reliee a la solution a titrer par un pont 
Fischer 13-639-55 remplie de NaNO, 0.5 M et le pH 
metre est calibre de f a ~ o n  donner directement la 
concentration analytique des ions H +  (2-4, lo), quand 
on utilise I'electrode de verre comme electrode indicatrice. 

La force ionique de la solution a titrer est fixee a 0.1 
par NaC10, et la temperature de la solution est maintenue 

25 "C. 

Sur la Fig. 1 nous montrons le titrage d'un 
mClange tquimoltculaire de perchlorate de 
nickel(II), de nitrilotriacttate disodique et de 
glycylglycine. 

Si a reprtsente le nombre de moles de soude 
ajoutte pour 1 mole de mttal de transition, on 
observe sur la Fig. 1 qu'il y a deux points 
d'inflexion situts respectivement i a = l et B 
a = 2. On a observt aussi deux points d'inflexion 
situts respectivement a a = 1 et a = 2 quand on 

FIG. 1. Titration par la soude d'un melange con- 
tenant du perchlorate de nickel 0.01 M en presence du 
nitrilotriacetate disodique 0.01 M et de glycylglycine 
0.01 M. a represente le nombre de moles de soude 
ajoutee pour 1 mole de nickel. La force ionique de la 
solution est maintenue a 0.1 a l'aide de NaNO,. 

remplace le nickel(I1) par des mttaux comme le 
cuivre(II), le cobalt(II), le mangankse(I1) ou le 
zinc(I1). Dans le cas du Mn(IT), aprts le deuxitme 
point d'inflexion, il se forme un prtcipitt 
d'hydroxyde de manganese(I1). 

Jusqu'i a = 1 on titre le proton du nitrilotri- 
acttate disodique et on forme le complexe simple 
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Donc, un graphique de y en fonction de JLI 
donne une droite dont la pente est Kf et dont 
l'ordonnte A l'origine est 1. 

La constante Kf calculte par nous est indCpen- 
dente de la concentration initiale de rtactifs 
TM, = TL = Tx qui a variC entre 4 x et 
2 x lo-' mole/l. Dans le Tableau I nous 
donnons la constante Kf pour les mCtaux CtudiCs. 

3826 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

[MeXI-. Entre a = 1 et a = 2 on titre le proton TABLEAU I 

du glycylglycine (LH) et on forme le complexe Constante de formation Kf 
mixte [MeXLI-. Cette partie de la courbe est des complexes MeXL 

-- 
plus basse que la courbe que l'on obtient quand Me 
on titre la m&me quantitk de glycylglycine seule. Log Kr 

On voit donc que le complexe simple [MeXI- cu(I1) 3.43k0.05 
et le complexe mixte [M~xL],- se forment Ni(I1) 3.04k0.04 Zn(I1) 2.28t0.05 
suivant deux Ctapes bien sCparCes et bien Co(I1) 2.08k0.03 
distinctes. Mn(I1) 2.08t0.08 

Pour calculer la constante de formation Kf du 
complexe mixte nous utilisons la partie de la La constante de stabilitt globale du complexe 
courbe situ& entre a = 1 et a = 2 et d7apr6s la mixte Ks est Cvidemment Cgale A KMeX.Kf, ici 
mCthode de Schwarzenbach et al. (1 1) et Kim et KM,X itant la constante de formation du  
Martell (6) les tquations suivantes sont valables complexe MeX. 
dans cette rCgion de titrage: Si KL reprtsente la constante de formation d u  

complexe 1 :I du mttal avec la glycylglycine nous 
[I] TMe = JMeXI + (MeXL trouvons la relation empirique: 

[2] TM, = TL = lH2Ll + (HLI log Ks = a log KMex.KL + constante 
+ I L I  + I M e X L 1  Dans nos travaux anttrieures nous avons 

[3] (2-a)TM,=21H2L(+lHLI  trouvt une relation identique pour les complexes 
mixtes dCrivant de la rCaction des acides amints 

+ I H 1  - 'OH' avec les nitrilotriacdtates mktalliques. Dans la 
JHllLl IHlIHLl Fig. 2 nous montrons la variation de log Ks en 

[4] K l = -  K12 = - 
lHL1 (H,:LI fonction de log KMex.KL. De la Fig. 2 on tire que 

la valeur exptrimentale de a est d'environ 0.67. 

[51 
IMeXL] 

K -  

FIG. 2. Log K, en fonction du log KMcx.K~. 

' - IMeX(/L( 

Nous avons redttermint K, et K12 et nous 
trouvons: Kl = 5.75 x K,, = 6.76 x 

Apr6s a = 2, on peut expliquer l'allure de la 
courbe de titrage en supposant la rCaction 
suivante : 

[8] MeXL2- + H 2 0  F? MeXLOH3- + Hf 

r 

- 18 

- 17 

La constante d'tquilibre de cette riaction est 
dtfinie par I'expression: 

Ces valeurs se comparent bien avec les 
valeurs donntes dans la litttrature (5). De 1'Cq. - 16  

[3] on tire 
(2 - a)T,, - IHI + IOH:I 

- 15 kw 

[GI ILI = 
21H12 

2 - 1 4  - {E + -1 
KIKIZ - 13 

En combinant les Cqs. [I], [2] et [5] on obtient: 
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ISRAELI ET CECCHEnI:  E? 'UDE POTENTIOMETRIQUE 3827 

Paur calculer K~~~~~ nous utilisons les tquations 
suivantes : 

[lo] ( a -  2)TMe = IMeXLOHl + lOHl - IH( 

Avec l'aide de l'tq. [lo] on trouve aistment la 
valeur de MeXLOH. En retranchant l'tq. [l 11 de 
l'tq. [12] on obtient: 

L'tq. [12] donne: 

En utilisant ces equations, on peut calculer 
aistment KhMeXL. 

Le Tableau I1 donne la valeur de KhMeXL pour 
les mttaux ttudits. 

TABLEAU I1 

La valeur de la constante 
KhMcXL = /HI lMeXLOHl/lMeXLl 

Me -log KhMeXL 

Schwarzenbach et Beidermann (12) a signal6 
la rtaction de hydroxylation des nitrilotriacttates 
mttalliques et il a donnt seulement des valeurs 
approximatives pour la constante KhMeX. Pour 
dtterminer a nouveau KhMeX nous titrons par la 
soude un mtlange tquimoltculaire de perchlo- 
rate mttallique et de nitrilotriacttate disodique 
et pour les calculs nous utilisons la partie de la 
courbe situte aprts a = 1. Dans ces calculs les 
tquations suivantes sont utilistes: 

Dans le Tableau I11 nous donnons les valeurs du 
K ~ ~ ~ ~ .  

TABLEAU I11 

La valeur de la constante 
KhMcX = IHI JMeXOHI/IMeXI 

Discussion 

Le nitrilotriacttate Ctant un ligand tttradentt, 
dans les complexes MeX il y a encore deux 
places libres qui peuvent &tre occuptes par un 
ligand bidentt. 

Les complexes mixtes MeXL se forment dans 
la rtgion dans laquelle on titre le proton lit au 
groupement amino du  glycylglycine et pour 
cette raison il nous semble que le groupement 
amino est lit au metal. 

Nous voulons mentionner que la constante de 
formation du [NiXLI2- est trois fois plus grande 
que la constante de formation du [NiXNH,]- 
(Jacobs et Margerum (13) a trouvt log K, = 
2.54 , 0.04 pour le nickel-nitrilotriacttate- 
ammoniac). Ce fait nous indique que le glycyl- 
glycinate forme un chtlate avec le nitrilotriacb 
tate mttallique probablement par le groupe amino 
et par le groupe peptidique. Malheureusement, ce 
travail ne nous permet pas de prtciser si le mttal 
est lie B l'azote ou B l'oxygtne peptidique. 

Aprts a = 2, on peut expliquer la courbe de 
titrage de deux f a~ons :  ou bien on neutralise 
l'hydrogtne peptidique ou bien on brise la 
liaison entre le mttal et le groupe peptidique et 
on forme en m&me temps une nouvelle liaison 
entre le mttal et un groupe OH-. Nous prtftrons 
cette dernitre hypothkse pour les raisons suivan- 
tes : 

(a) Au pH qui correspond a a > 2, il y a 
hydroxylation du MeX et des complexes du 
mttal avec la glycylglycine. 

(b) Les constantes K~~~~~~~ sont trgs voisines 
des constantes KhMeXoH. 

Nous voulons mentionner que les constantes 
de formation des complexes hydroxylts sont 
donntes par les tquations suivantes: 
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La petite diffkrence qui existe entre KhMeXL et 
KhMeX nous indique que la liaison entre le mktal 
et le groupe peptidique est tr6s faible. 
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Pyrochlores. lV. Crystallographic and Mossbauer studies of 
A,FeSbO, pyrochloresl 

OSVALD KNOP AND FRAN~OIS  BRISSE, 
Department of Chemistry, Dalhousie Uniuersity, Halifax, Nova Scotia 

AND 

R. E. MEADS AND J. BAINBRIDGE 
Department of Physics, University of Exeter, Exeter, England 

Received May 14, 1968 

The lattice parameters and the quadrupole splittings of the room-temperature Mijssbauer spectra of 
the cubic A,FeSbO, pyrochlores (A = Sm, Eu, Gd, Tb, Y, Er, Lu) have been found to vary linearly 
with the Templeton-Dauben radii of the A3+ ions. The variation of the quadrupole splitting can  be 
correlated with the positional parameter of the majority oxygen atom, x(02),  which determines the 
degree of distortion of the B 0 6  octahedron in cubic A2B207 pyrochlores. A n  increase of 0.1 A in 
r(A3+) corresponds to  a decrease of ca. 0.20 mm/s in the quadrupole splitting in the AzFeSb07 series, 
and to  an estimated increase of ca. 0.005 in ~ ( 0 , ) .  The isomer shift and quadrupole splitting at room 
temperature are typical of Fe3+ (high spin) in octahedral coordination of relatively high distortion. 
Y'FeSbO, at  4.2 "K was found to  exhibit magnetic order with a hyperfinemagnetic field ofapproximately 
400 kOe. An attempt to  prepare a cubic La2FeSb07 pyrochlore by the standard procedure was not 
successful. 
Canadian Journal of Chemistry, 46, 3829 (1968) 

Cubic phases A,FeSbO, (A = Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Yb, and Y) formed by 
firing mixtures of A,03 and FeSbO, at 1300 "C 
have been shown by Montmory and Bertaut (1) 
to be of the pyrochlore type. As part of our 
systematic investigation of the crystalchemistry of 
the pyrochlores we have reexamined the Sm, Eu, 
Gd, Tb, Er, and Y compounds, for which we 
were able to confirm Montmory and Bertaut's 
findings, and added another member, Lu,Fe- 
SbO,, to the series. 

The lattice parameters of these pyrochlores 
(Table I) gave a satisfactory straight line when 
plotted against the Templeton-Dauben radii of 
A3 + (Fig. 1). The break a t  Nd, which appears in 
a similar plot based on the lattice parameters of 
ref. 1 and Goldschmidt's radii (I), does not 
correspond to reality; it reflects the lack of 
internal consistency of Goldschmidt's set of 
r(A3+) (cf. ref. 2). A similar observation applies 
to the corresponding plots for A,Ru207 and 
A21r207 

From the radius-ratio criterion (2,3) one would 
not expect AZ3+B,4+0, compounds with 
r(A3+) : r (~ ,+ )  greater than 1.61 (Ahrens) or 
1.55 ("improved" radii; refs. 2 and 3) to be 
cubic pyrochlores. La2FeSb07 has a radius 

'For Part 111 see ref. 2. 
'Present address: Division of Pure Chemistry, National 

Research Council of Canada, Ottawa, Canada. 

ratio of 1.81 (Ahrens) or 1.62 ("improved") 
and would thus qualify only marginally as a 
member of the above series. Indeed, the X-ray 
powder pattern of this preparation was quite 
different from the pyrochlore pattern. Lines of 
the orthorhombic LaFeO, perovskite predomi- 
nated, but there were other lines as well. 

The degree of distortion of the BO, octahedra 
in the 3 4  pyrochlore structure increases with 
the decreasing value of the positional parameter 
of the majority oxygen atom, x(0,) (4). In 
turn x(02), in A,Sn207 (2) and A,Ti207 (5) 
pyrochlores, has been shown to increase 
with the increasing ionic radius of A3 +, SO that 
the smaller the A3+ ion the more distorted the 
BO, octahedron. 

A similar relationship would be expected to 
hold in the A2FeSb07 series. Its validity could, 
of course, be established by detailed crystal- 
structure analysis. However, since these com- 
pounds contain iron, they are suitable for 
investigation by Mossbauer spectroscopy, and it 
was of interest to see whether the distortion of 
the octahedra could be detected and followed 
from the quadrupole splitting in the spectra. 

In Mossbauer spectra of Fe3+ (high spin) in 
octahedral environments the isomer shift, rela- 
tive to metallic iron, is commonly found to be 
in the range +0.3 to +0.5 mm/s. Quadrupole 
splittings are found t o  be in the range zero to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

Unit-cell dimensions and Mossbauer parameters of A2FeSb07 pyrochlores at room temperature 
-- 

Line width 
Quadmpole ( f 0.01 mm/s) 

Isomer shift splitting 
A Preparation 00 (A) ( f 0.02 mm/s) ( f 0.005 mm/s) r~ r z  
La Standard plus 1300 "C/36 h Not P 
Sm Standard 10.3389f15 +0.38 0.759 0.37 0.37 
Eu Standard plus 1300 "C/36 h 10.3051 k 2 0  +0.38 0.790 0.34 0.35 
Gd Standard 10.2914k 11 +0.38 0.801 0.43 0.44 
Tb Standard plus 1300 "C/36 h* 10.2669k20 +0.36 0.848 0.38 0.38 
Y Standard 10.2122+11 +0.36, 0.919 0.35 0 . 3 6 ~  
Er Standard 10.1914k7 +0.36 0.925 0.34 0.34 
Lu Standard 10.1375k7 

*The commercial brown "Tb40," of accurately known Tb content (5) was used in the preparation. 

1.0 mm/s, the value zero corresponding to the 
case of an undistorted environment. The 
isomer shift for tetrahedrally coordinated Fe3+ 
is usually about 0.15 mm/s. The isomer shift 
for Fez+ is generally found to be in the range 

FIG. 1. (Boffoin) Dependence of the lattice param- 
eters of A2FeSb07 pyrochlores on the ionic radii of 
A3+ (Templeton-Dauben). Full circles, Montmory and 
Bertaut (1); open circles, present work. (Top) Variation 
of the quadrupole splitting of 57Fe in A2FeSb07 pyro- 
chlores with r(A3 +). 

VELOCITY, mm/r 

FIG. 2. Mossbauer spectrum of Y2FeSb07 at room 
temperature. The zero of velocity refers to the center of 
s7Fe calibration spectrum. The left-hand absorption 
line is r,. 

+ 1.0 to + 1.3 mm/s and the quadrupole 
splittings 2.0 to 3.0 mm/s. A Mossbauer spectrum 
typical of the six A2FeSb0, compounds 
examined by this method is shown in Fig. 2, and 
the results of measurements at room temperature 
on five lanthanon phases appear in Table I. 
The isomer shifts and quadrupole splittings 
were clearly characteristic of Fe3+ (high spin) 
in octahedral coordination of relatively high 
distortion. The isomer shift at room tem~erature 
was essentially the same for all the compounds3, 
but the quadrupole splitting in the five lanthanon 
phases increased from Sm to  Er (Table I). 
When plotted against Templeton-Dauben's 
r(A3+) the variation was linear (Fig. I). Least- 
squares fitting of the data yields the result 

3Although 'the isomer shift at room temperature 
(Table I) seems to decrease with decreasing ionic radius 
of A3+ and thus to indicate progressive decrease of the 
s electron density at the Fe nuclei, in view of the experi- 
mental uncertainty this trend cannot be considered as 
significant. In any event it is very small. 
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TABLE I1 
Temperature dependence of isomer shift, quadrupole splitting, and 

line widths of YzFeSb07 and GdzFeSb07 

Line width (mrnls) . . ,  
Isomer shift Quadrupole splitting 

T CK) ( I ~ ~ I S )  (mmls) rl r z 

quadrupole splitting = -(2.12 + 0.13) r(A3+) 
+ (2.80 + 0.12) 

This indicates a progressive increase in the 
distortion of the Fe06 octahedron with decreas- 
ing r(A3+), which is just what one would 
expect by analogy with the titanates and 
stannates. 

The quadrupole splitting for Y2FeSb07, 
when plotted against Geller's value of r e 3 + ) ,  
0.893 A (2), fits in very well with the values for 
the lanthanons (Fig. 1). This confirms the 
conclusion reached for the titanates and 
stannates, viz. the distortion of the B06  octa- 
hedron in the pyrochlore structure is governed 
by the size rather than the particular chemistry of 
the Y3+ ion as distinct from the trivalent 
lanthanons. 

Assuming that for no distortion the splitting 
would be zero, the r(A3+) required for a regular 
Fe06 octahedron would have to be about 1.32 
A. This is far in excess of the size limit of A3+ 
for cubic A2FeSb07 pyrochlores, which appears 
to be between La and Pr, and of course there are 
no trivalent ions of that size. The distortion is 
thus an inevitable feature of the structure of 
these compounds. 

The room-temperature line widths showed 
fairly considerable differences from compound 
to compound (Table I). They were particularly 

creased significantly as the temperature was 
lowered from 300 to 4.2 OK (Table 11). The 
reason for these effects is not at all clear. Possible 
explanations of the line broadening on cooling 
might be sought in structure imperfections 
whose effect makes itself increasingly felt as the . 

temperature is lowered or, less likely, in electron- 
spin relaxation effects leading to unresolved 
magnetic hyperfine structure. The line widths 
may also be affected by the state of order of Fe 
and Sb in the B sites. 

As would be expected for Fe3+ sites, the 
quadrupole splitting in the Y and Gd compounds 
was essentially temperature independent, but 
the isomer shifts increased by some 25-30% 
when the temperature dropped from ambient to 
the vicinity of 20 OK (Table 11). The temperature 
variation of the isomer shift of Y2FeSb07 is 
consistent with the view that it is due to second- 
order Doppler effect, the material having a 
Debye temperature of the order of 450 OK. 

No magnetic ordering occurred a t  room 
temperature in any of the six pyrochlores. In the 
Y and Gd phases no ordering was observed above 
20 OK. However, Y2FeSb07 at 4.2 OK was 
found to exhibit magnetic order with a hyperfine 
magnetic field of approximately 400 kOe? 
The spectrum is probably not a simple six-line 
one. Further investigation of the low-temperature 

large for G ~ , F ~ s ~ o ~ . .  The iine widths for the 
4The analogous Y2CrSbO7 pyrochlore has been compounds investigated far at low found by Bongers and Van Meurs (6) to be ferromagnetic 

temperatures, Y2FeSb07 and Gd2FeSb07, in- with an asymptotic Curie temperature of 15 OK. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3832 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

spectra in 57Fe-enriched samples and a detailed 
study of possible order on the B sublattice are 
under way (R. E. Meads, J. Bainbridge, 0 .  Knop, 
and C. Ayasse. To be published). 

The present results show that in detecting 
structural trends such as the progressive 
distortion of the FeO, octahedra, Mossbauer 
spectroscopy, where applicable, has a distinct 
advantage-over detailed crystal-structure analy- 
sis. It is much simpler and less time consuming, 
and there are no practical difficulties of the kind 
encountered in X-ray diffraction, e.g. the 
desirability of having suitable single crystals or, 
in powder diffractometry, the heavy background 
scattering from some of the lanthanon titanates 
(Sm, Gd), which serio~~sly impairs experimental 
accuracy when CuKci radiation is used (2). 
Once a correlation of the quadrupole splitting 
with x(0,) has been obtained for a particular 
isostructural series (e.g. the A2FeMV07 pyroch- 
lores), the degree of distortion-of the octahedron 
can be estimated simply and directly from the 
Mossbauer spectrum. An increase of 0.1 A in 
r(A3+) corresponds, in the A2Sn207 and 
A,Ti,O, series (2, 5), to an increase of ca. 
0.005 in x(02) and, on the other hand, to a 
decrease of ca. 0.20 mm/s in the quadrupole 
splitting in the intermediate A,FeSbO, series. 
The experimental uncertainty of the present 
determination of the quadrupole splitting on 
unenriched material, + 0.005 mm/s, would thus 
correspond to an uncertainty of ca. k0.0001 in 
x(0,). This is better than a typical standard 
deviation resulting from a least-squares refine- 
ment of a 3-4 pyrochlore structure from good 
powder diffractometer data. 

Experimental 
The compounds were prepared by firing pressed 

pellets of intimate mixtures of freshly calcined A z 0 3  of a t  
least 99.9 % purity (Lindsay Chemical Division, American 
Potash and Chemical Corporation) and FeSb04, with 
intermediate grinding and pressing as required. The 

standard firing schedule was 900 "C/12 h, 1000 "C/24 h ,  
1100 "C/10 h, 1300 "C/10 h, 1300 "C/10 h, followed by 
cooling in the furnace. The progress of the reaction was 
followed by X-ray powder diffraction. 

The rutile-type FeSbO, was prepared by firing inti- 
mately mixed powders of reagent-grade Fez03 and  
Sbz03 in air. Its unit-cell dimensions were no = 4.635 
+ 2 A, co = 3.0715 4 10 A, as compared with 4.632 and  
3.017 A (converted from kX) of ref. 7. 

For details of the lattice parameter determination ref. 4 
may be consulted. The wavelengths used were CuKal 
= 1.540562 A, CuKaz = 1.544398 A. 

For Mossbauer spectroscopy the unenriched powder 
specimens were mounted in acrylic resin disks 4 in. in 
diameter, containing ca. 25 mg/cmZ of pyrochlore. The  
57Co source, originally 10 mCi in strength diffused in  
palladium, was purchased from the Radiocl~emical 
Centre, Amersham, Bucks. A typical room-temperature 
metallic-iron calibration spectrum gave a line width of 
ca. 0.30 mm/s. The y-ray detector consisted of a 1 in. 
diameter disk, 0.015 in. thick, of NaI(T1) mounted on a 
photon~ultiplier tube. The Mossbauer spectrometer was of 
the constant-acceleration type incorporating an electro- 
mechanical transducer synchronized to a 400 channel 
Intertechnique SA40B analyzer operating in the time 
mode. The constant-acceleration drive system has been 
recently reported (8). 

The isomer shifts are expressed relative to metallic 
iron. The uncertainties in the isomer shifts, quadrupole 
splittings, and line widths are given in Table I and apply 
to all measurements except that of GdzFeSbO, at 25.4 OK. 
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Reactions of alkyl free radicals with 4-vinylcyclohexenel 

J. REID SHELTON' AND EARL E. BORCHERT~ 
Departtnent of Chemistry, Case Western Reserve University, Clevelat~d, 0/1io 44106 

Received April 18, 1968 

Tertiary alkyl and cyanoalkyl free radicals prepared from t-butyl peroxypivalate and azobisiso- 
butyronitrile were reacted with 4-vinylcyclohexene (I) for comparison with results previously obtained 
in the reaction of certain alkyl, alkoxy, peroxy, and thiyl radicals with this model olefin. The (CH3),C- 
and (CH3)'(CN)C. radicals (like thiyl but in contrast to t-butoxy and t-butyl peroxy radicals) added to  
the vinyl double bond with subsequent abstraction of hydrogen by the resulting secondary alkyl radicals 
to give R H  adducts along with higher molecular weight material. 

Vinylcyclohexenyl radicals formed by hydrogen abstraction from 1 reacted mainly by coupling t o  
form dehydro dimers. They also formed substituted products by coupling with cyanoisopropyl radicals, 
but not with t-butyl radicals. The presence of both stabilized and unstabilized alkyl radicals of both 
secondary and tertiary types in these reactions with 1 permitted the observation of differences in the  
relative tendencies of these types of radicals to participate in addition, hydrogen abstraction, dis- 
proportionation, and coupling reactions. The observed effect of temperature (60 and 90") on product 
distribution, together with estimated bond dissociation energies, suggest that the addition of cyano- 
isopropyl radicals to 1 is a reversible process. 

Canadian Journal of Chemistry, 46, 3833 (1968) 

Introduction 
This study of the reaction of alkyl radicals 

with 4-vinylcyclohexene (1) is part of a continu- 
ing investigation of the reaction of various types 
of free radicals with selected olefins (2-5). Thiyl 
radicals generated by photolysis of either di- 
phenyl disulfide or dibenzyl disulfide add readily 
to the vinylic double bond of 1 ( 4 ,  but t-butoxy 
and t-butyl peroxy radicals do not add to either 
the cis internal or vinyl unsaturation present in 
this olefin. The alkoxy and peroxy radicals react 
preferentially by abstraction of hydrogen from 
the allylic methylene groups, with the 6-position 
favored over the more hindered 3-position (2, 5). 
Oxy radicals formed in the autoxidation of 1 
react similarly, and contrary to the first report 
(6), no more than 12% of the products are 
derived from abstraction of the tertiary allylic 
hydrogen in the 4-position (7)4. 

This is consistent with calculations using the 
relative reactivities of tertiary allylic and cyclic 
secondary allylic hydrogens from Walling and 
Thaler's study of the reaction of t-butyl hypo- 
chlorite with various model olefins (8). 

Since methyl radicals (derived from t-butyl- 
peracetate along with t-butoxy radical) and 

secondary alkyl radicals (obtained by addition of 
thiyl or other radicals to the vinyl group of 1) 
gave evidence of both hydrogen abstraction and 
addition reactions with 1 (3, 4), it was desired to 
extend the study to include other alkyl radicals. 
Tertiary alkyl radicals were selected to permit 
comparison with the tertiary alkoxy and peroxy 
radicals previously studied. Two sources of alkyl 
radicals were used: 2,2'-azobisisobutyronitrile 
(AIBN) which yields cyanoisopropyl radical (1- 
cyano-1-methylethyl) by thermal or photolytic 
decomposition (9), and t-butyl peroxypivalate 
(TBPP) which undergoes cleavage of the 0-0 
and C-C bonds with formation of t-butyl and 
t-butoxy radicals plus carbon dioxide (10). 

The reactions of 1 with free radicals from both 
of these sources were investigated at 60" and, 
in the case of AIBN, also at 90". The reaction 
mixtures obtained by heating for a period corre- 
sponding to five half-lives were analyzed by gas- 
liquid partition chromatography (g.1.p.c.) to 
determine the yields of products. Removal of 
excess of 1 and the volatile products by evapora- 
tion a t  reduced pressure left a viscous residue. 
The identity of the products and the nature of 
the residue were established in each case by 
spectroscopic and other analytical methods. 

'This work was supported by the Goodyear Tire and 
Rubber Company, Akron, Ohio, as part of a continuing Results and Discussion 
study of the reactions of free radicals with olefins. 

'(a) For recent related papers see ref. 1. (b) On leave Decomposition of Azobisisobutyronitrile in 
1967-68 a t  the University of Leiden, The Netherlands. 4- Vinylcyclohexerze (1) 

3Taken from the Ph.D. thesis of E. E. Borchert. The cyanoisopropyl radicals formed by the 
Present address: Ferro Chemical Corp., Bedford, Ohio. 

4This result was also found independently by Shelton of may undergo coup1ing 
and Gilde (unpublished work). or disproportionation reactions, as illustrated in 
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Fig. 1, either within the solvent cage or after 
diffusion (9). Since the cyanoisopropyl radical is 
known to disproportionate in other systems 
(11, 12), methacrylonitrile would also be ex- 
pected. It  was not found in the reaction mixture, 
but this can be ex~lained on the basis that it 
would be readily polymerized in the presence of 
a free radical initiator. The residue showed infra- 
red absorptions for both the cyano group and an 
internal double bond. Absorptions due to the 
vinyl group were very weak. The insoluble por- 
tion of the residue remaining after extraction with 
petroleum ether appeared - to  be mainly a co- 
polymer of 1 and methacrylonitrile which gave 
an analysis for nitrogen and an average molec- 
ular weight corresponding to approximately 2.5 
cyanoisopropyl units combined with 3.3 mono- 
mer units of 1. A copolymer independently 
prepared by reaction of 1 with methacrylonitrile 
exhibited similar infrared absorptions. 

(CH3)2C-C(CH3)z tetramethyl- 
7 I I succinodinitrile 

~ ( C H ~ I Z C .  CN CN 

I 
CN 

I 
CN 
1 R. 

isobutyronitrile polymeric residue 

FIG. 1. Products from decomposition of azobisiso- 
butyronitrile. 

Figure 2 illustrates the probable reaction 
scheme leading to products derived from the 
olefin. If the addition of cyanoisopropyl radical 
to the double bond is reversible, a temperature 
increase would be expected to favor dissociation 
of the intermediate radical to regenerate the 
cyanoisopropyl radical. This is consistent with 
the somewhat larger yield of tetramethyl- 
succinodinitrile at 90" compared to 60°5. 

The reversibility of the addition reaction in 
this case is a reasonable postulate from the 
standpoint of energy since the formation of a 
stabilized radical and a double bond could 
compensate for the energy needed to break the 
C-C bond. The bond dissociation energy, DHO, 

5A corresponding increase in the 7 % isobutyronitrile 
formed by disproportionation would be within the limits 
of reproducibility and thus would not be observable. 

for RCH2CH2-C(CH,),CN can be estimated 
to be about 67 kcal per mole, since the value for 
CH,-C(CH,),CN is 70 kcal (13), and replace- 
ment of CH, by C2H5 usually lowers DHO by 
approximately 3 kcal. The presence of an un- 
paired electron in the P position lowers the bond 
dissociation energy by 60-65 kcal (13), so the 
energy requirement for breaking the bond in the 
radical RCHCH,-C(CH,),CN should be quite 
smal I. 

The tendency to reverse the addition process 
at the higher temperature would also decrease 
the availability of the intermediate radical 
(which can either abstract hydrogen from 1 or 
initiate polymerization) and thus account for the 
decreased yield of both the product of addition 
and copolymer residue at 90°, as shown in 
Table I. 

The increase in substituted products at the 
higher temperature can be explained also by 
increased availability of the cyanoisopropyl 
radicals. This increased coupling with vinyl- 
cyclohexenyl radicals would also diminish the 
self-coupling of vinylcyclohexenyl radicals lead- 
ing to the observed decrease in yield of dehydro 
dimers at 90". The product designated as de- 
hydro dimers consists of a mixture of position 
isomers in which products derived from the 
6-isomer predominate along with significant 
amounts of dimers derived from radicals local- 
ized in the 1- and 3-positions, plus some dimer 
formed by addition of cyclohexenyl radicals t o  
1 (5). The substituted products would be ex- 
pected by analogy to consist of a similar mixture 
of isomers since they are obtained by coupling 
with a comparable mixture of  isomeric vinyl- 
cyclohexenyl radicals. 

Comparable runs were also made at 60" with 
twice the volume of olefin to observe any effect 

TABLE I 
Yield of products from reaction of AIBN with 

4-vinylcyclohexene (l)* 

Yield 

Product 60" 90" 

Tetramethylsuccinodinitrile 51 %t 57 %t 
Isobutyronitrile 7 F  7 3  Product of addition 25L 1 7 L  
Substituted products 7% 1 0 F  
Dehydro dimers 7.5% 4/, 
Copolymer residue 9.5g 7 . 6 g  
;0.10 tBased mole on AIBN. of  AIBN in 200 ml of 1. 
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+ ( c H ~ ) ~ Y '  

VCH CN 

Copolymer 

&?(CH3)2 CN (substituted products) 

FIG. 2. Reaction of radicals from AIBN with 4-vinylcyclohexene. 

of dilution. The only significant change was a 
small increase in polymer formation, consistent 
with less coupling and more addition of radicals 
to 1, and an increase in dimer yield which can be 
explained similarly by increased addition of 
vinylcyclohexenyl radicals to 1. 

Photolysis of the reaction mixture at 60" with 
ultraviolet light resulted in a more rapid con- 
sumption of AIBN, but there were no significant 
changes in the relative amounts of the products 
as reported in Table I for the thermal reaction 
at the same temperature. 

The yields of identified products in Table I 
account for 90% of the cyanoisopropyl radicals 
available from AIBN. The remaining 10% is 
evidently present in the residue, in part as initiat- 
ing radical, and also as methacrylonitrile units in 
a low molecular weight copolymer. 

According to the reaction sequence of Fig. 2, 
the sum of the yield of substituted products plus 
one-half the yield of dehydro dimers should 
equal the yield of the product of addition. The 
observed yields at both 60 and 90" do account 
on this basis for 90% of the vinylcyclohexenyl 
radicals formed, and utilization of these radicals 
in initiation and termination reactions in the 
formation of polymer would account for the 
remainder. 

Decomposition of t-Butyl Peroxypivalate in 
4- Vinylcyclohexene 

The perester (TBPP) was heated at 60" in 
excess 1 for 5 half-lives employing the same ratio 

of reactants and procedures used for the AIBN 
reactions. The observed products and the rela- 
tive yields (based on perester) are shown in 
Table 11. No products of reaction with pivaloxy 
radicals were found, consistent with Bartlett's 
observation that this perester decomposes to 
yield t-butyl and t-butoxy radicals plus carbon 
dioxide (10). The t-butoxy radicals abstract 
hydrogen from 1 to form t-butyl alcohol and 
vinylcyclohexenyl radicals which react mainly by 
coupling to form dehydro dimers. Only traces of 
acetone were observed in the reaction mixture, 
indicating little fragmentation of the t-butoxy 
radical at  60" when abstractable hydrogen is 
available. Alcohol formation and carbon dioxide 
evolution were measured, and repeated deter- 
minations have shown yields of 95 % or more for 
both. 

The t-butyl radicals react mainly by addition 
to 1, as shown in Fig. 3, followed by hydrogen 

TABLE II 
Yield of products from reaction of 
TBPP with 4-vinylcyclohexene (I)* 

Products Yield 

Product of addition 25 %? 
Dehydro dimers 20 % 
Isobutylene 22 % 
Isobutane 7% 
Polymeric residue 5.2 g 

a0.10 mole of TBPP in 200 ml of 1, 
temperature = 60". 

tBased on perester. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

0 
1 1  60°C 

t-BuOOCt-BU d t-BuO . + C 0 2  + t-Bu . 

t-BuO. + C8H12 -f I-BuOH + C s H l l .  -f dehydro dimers 

VCH 

l(r: + 8-Llu 
+ I-Bu. 

\ 
Polymeric 

products 
t-BuO. VCH 

HzC=C-CH3 I-Bu. -H3C-CHCH3 
I I 

FIG. 3. Reaction of I-butyl peroxypivalate with 4-vinylcyclohexene, 

abstraction by the intermediate radical to form 
RH adduct. The adduct radical may alternatively 
add to additional molecules of 1 to form poly- 
meric products. Methyl radicals derived from 
t-butyl peracetate have been observed to react 
similarly with 1, both by abstraction of hydrogen 
and by addition to the vinyl group (3). 

The presence of both isobutylene and iso- 
butane in the reaction mixture suggests the dis- 
proportionation of t-butyl radical. However, the 
absence of detectable amounts of coupling pro- 
ducts, either with vinylcyclohexenyl radicals or 
with another t-butyl radical, suggests that these 
products may be formed in other ways. Dis- 
proportionation and coupling of alkyl radicals 
normally occur together in a ratio which is nearly 
independent of temperature. The ratio k,/k, 
observed for t-butyl radicals formed in the liquid 
phase by photolysis of pivaldehyde was 4.3 (14). 
Hydrogen abstraction by t-butyl from the al- 
dehyde was also observed with the formation at 
57" of 2.4 times as much isobutane by abstrac- 
tion as by disproportionation. Thus, an anal- 
ogous abstraction of hydrogen from 1 could 
account for the 7 %  of isobutane reported in 
Table 11. If it is assumed that the larger number 
of abstractable hydrogens (four cyclic secondary 
allylic and one tertiary allylic) in 1 at least com- 
pensate for the possible greater reactivity of the 
hydrogen on the carbonyl group of pivaldehyde, 
no more than 2 to 3% of disproportionation 
products would be expected, and the amount 
of coupling product formed would be too small 
to measure. 

The formation of three times as much iso- 
butylene as isobutane shows that another radical 
species must be abstracting hydrogen from t- 
butyl radicals. Since t-butoxy and t-butyl radicals 
are formed together with an elimination of CO, 
from the perester, transfer of hydrogen to the 
alkoxy radical could readily account for the 
observed yield of isobutylene6. Radicals, which 
do not react in this way are evidently trapped by 
reaction with 1 either by hydrogen abstraction to  
form t-butyl alcohol and isobutane or, in the 
case of t-butyl, by addition to form RH adduct 
and higher molecular weight products. Thus the 
combined yield of isobutane and isobutylene 
accounts for nearly 30% of the t-butyl radicals 
with little or no contribution of self-dispropor- 
tionation. 

The nonvolatile residue isolated from the re- 
action mixture showed characteristic infrared 
absorptions for the t-butyl group and for both 
types of unsaturation of 1. Partial separation of 
the polymeric material by solvent extraction 
produced one component which showed no vinyl 
absorption. The presence of isobutylene as a 
reaction product and the smaller yield of residue 
(compared to the AIBN reaction) show that it is 
not polymerized as readily as the methacryloni- 
trile. However, since products other than polymer 
account for only 54 % of the t-butyl radicals, it is 
evident that the remainder must be consumed 

6The formation of excess olefin by transfer of hydrogen 
t o  t-butoxy radical has been suggested In a comparable 
case (10). 
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not only in the initiation, but also in the poly- 
merization of much of the isobutylene formed 
from these radicals. Formation of polyisobutyl- 
ene in the thermolysis of TBPP in chlorobenzene 
has been observed previously (10). 

The observed average molecular weight (380) 
corresponds to one t-butyl group combined with 
two vinylcyclohexene units and an average of 
two units of isobutylene. These observations are 
consistent with initiation mainly by addition of 
t-butyl groups to 1 (as in Fig. 3) with propaga- 
tion by combination with additional molecules 
of 1 or isobutylene, and termination by hydrogen 
abstraction in analogy to the formation of the 
RH adduct. Initiation of some polymer forma- 
tion by addition of vinylcyclohexenyl radicals to 
1, or some termination by coupling with such 
radicals, would account for the observed vinyl 
absorption. 

Comparison of the Observed Behaviors 
The tertiary alkyl radicals, cyanoisopropyl, 

and t-butyl both add to the vinyl unsaturation of 
1 to form RH adducts and some polymeric prod- 
ucts. The preference for addition rather than 
hydrogen abstraction is analogous to the be- 
havior of thiyl radicals, and in contrast to the 
behavior of t-butoxy and t-butyl peroxy radicals 
which preferentially abstract hydrogen from 1. 
Cyanoisopropyl radicals also undergo dis- 
proportionation in part, but the expected meth- 
acrylonitrile is consumed in the formation of 
copolymer with 1. Little or no self-dispropor- 
tionation of t-butyl radicals occurs although both 
isobutane (formed by hydrogen abstraction 
from 1) and isobutylene (formed by the transfer 
of hydrogen to t-butoxy radicals) are found as 
reaction products. 

Free radicals stabilized by delocalization of 
the unpaired electron, as in the cyanoisopropyl 
radical and the allylic free radicals derived by 
abstraction of hydrogen from 1, are less reactive 
in both addition and hydrogen abstraction re- 
actions. Consequently, they are more likely to 
undergo coupling reactions. Dimers and cross 
coupling products are thus obtained along with 
the products resulting from addition. No cou- 
pling with t-butyl radicals was observed. 

Unstabilized alkyl radicals such as methyl, 
secondary alkyl radicals resulting from additions 
to the vinyl group of 1, and the t-butyl radical, 
are able to abstract hydrogen from 1, and also 

react by addition to form higher molecular 
weight products. The addition of these radicals 
to 1 would be expected to be irreversible at the 
temperatures used in this study. However, the 
addition of cyanoisopropyl radical to 1 appears 
to be reversible, as is also observed with-thiyl 
radicals (4, 15). 

Experimental 
The 4-vinylcyclohexene (1) was either a Philips 

Petroleum (99 mole% minimum purity) or the Cities 
Service (99.8 weight % pure) product. Inhibitors and/or 
hydroperoxides were removed by passing the liquid 
through an alumina column just prior to use (16). The 
azobisisobutronitrile (AIBN) obtained from the Aldrich 
Chemical Company was purified by recrystallization 
from methanol and stored at  - 20'. The methacrylonitrile 
obtained from the Borden Chemical Company was 
passed through an alumina column just prior to use. 

The t-butyl peroxypivalate (TBPP) obtained from the 
Lucidol Division of Wallace and Tiernan as  a 75% 
solution (Lupersol 11) in mineral spirits was stored at 
-20" until used. The solution assayed 75.8% using the 
procedure supplied by Lucidol. 

Decomposition of AIBNin I 
In all reactions 16.4 g (0.10 mole) of AIBN was added 

to the desired amount of 1 (either 200 or 400 ml) in a 
flask equipped with a magnetic stirring bar and reflux 
condenser. The weight of the flask and stirring bar were 
recorded prior to admitting the reactants. The reaction 
flask was purged with nitrogen and placed in a constant 
temperature bath with a positive pressure of nitrogen 
maintained during the reaction. The heating was con- 
tinued for a period of 5 half-lives, corresponding to 104 h 
at 60" and 95 min at 90° (17). The AIBN was not 
completely dissolved in 200 ml of 1 at the lower tempera- 
ture, but the reaction mixture became homogeneous 
after 13 h. 

A photolytic decomposition was carried out for com- 
parison at the lower temperature using a special pyrex 
flask to accommodate the General Electric H 100-A4 
ultraviolet lame. It was necessary to remove the outer 
envelope of the bulb so that it would fit within the well in 
the apparatus and still allow enough clearance for 
removing the heat emitted by the lamp with a stream of 
air. The only significant effect of photolysis was a more 
rapid disappearance of undissolved AIBN. 

Method of Analysis of Reaction Mixtures 
The weight of the contents of the flask was determined 

after the reaction was terminated and the mixture was 
then analyzed immediately by g.1.p.c. Samples of the 
homogeneous solutions were injected into an F and M 
model 500 chromatograph and the areas of the emerging 
product peaks were determined with a planimeter. A 
114 in. x 12 ft column of silicone grease on Chromosorb 
W was used. The temperature was programed from 100 to 
235" to effect the best separation of the components with 
a helium flow rate of 30 ml per min on the column and 
15 ml per min on the detector. The pure materials used 
for calibration were either commercially available samples 
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or material previously trapped from the chromatograph. 
The total weight of product formed in the reaction mix- 
ture was obtained by multiplying the amount present in 
the injected sample by the ratio of the total weight to the 
weight of sample injected. Each reaction mixture was 
analyzed several times and average values were used to 
calculate the yields (based on AIBN or TBPP) which 
are rounded off in Tables I and I1 to the nearest 0.5%, 
consistent with the reproducibility of the data. 

Characterization of Products 
Pure materials were trapped from the gas chromato- 

graph using a silicone grease preparative column 318 in. 
diameter by 15 ft long. Materials obtained in this way 
were used for infrared spectra, elemental analysis, 
molecular weight determination, and other operations 
necessary to their identification. 

Product of Addition 
The infrared spectrum indicated the presence of the 

internal double bond (3030, 660 cm-'), and the cyano- 
isopropyl group (2240, 1390, 1375 cm-') with no ab- 
sorptions characteristic of the vinyl group (91 5,995cm-I). 

Anal. Calcd. for ClzHl,N (mol. wt. 177): C, 81.3; H, 
10.9; N, 7.90. Found7 (mol. wt. 176): C, 81.4; H, 10.9; 
N, 8.09. nDZ5, 1.4666. 

A 0.96 mmole sample was hydrogenated over reduced 
platinum oxide (Adams' catalyst) in 30 ml of 95% 
ethanol. It absorbed 1.00 mmole of hydrogen. 

A sample was aromatized by heating at 305" with 
selenium. The infrared spectrum showed that a mono- 
substituted aromatic ring was present (1600, 1500, 758, 
705 cm-I), as well as the cyanoisopropyl group. 

Substituted Product 
The infrared spectrum indicated the presence of both 

internal and vinyl double bonds and the cyanoisopropyl 
group. 

Anal. Calcd. for ClzH17N: C, 82.2; H, 9.78; N, 7.99. 
Found:C,82.1;H,9.85;N,8.25. 

A solution of 0.4 ml of this product in 10 ml of toluene 
together with 0.5 g of 5% palladium on charcoal was 
stirred under reflux for 24 h. This reaction, when carried 
out with 1, yields ethylbenzene and ethylcyclohexane (18). 

A gas chrornatogram of either of these reaction mix- 
tures confirmed that about twice as much of the aromatic 
as the saturated component was formed. In the reaction 
with the substituted product the aromatic peak was 
trapped and its infrared spectrum taken. Absorptions 
were observed for the aromatic C-H (3090, 320 cm-I), 
the cyano group (2240 cm-I), the aromatic ring (1600, 
1500 cm-I), and for a 1,3-disubstituted aromatic (800, 
710 cm-I). 

Vinylcyclohexene Dehydro Dimer 
The infrared spectrum showed strong absorptions for 

internal and vinyl double bonds, and was identical with 

7Elemental analyses and molecular weight determina- 
tions were done by Schwarzkopf, Microanalytical Labo- 
ratory, Woodside, N.Y. 

spectra of this material obtained previously in this 
laboratory (2,5). 

Anal. Calcd. for C16HZZ (rnol. wt. 214): C, 89.6; H, 
10.3. Found (mol. wt. 212): C, 89.5; H, 10.4. tzDZ6,  1.5181; 
b.p. 82O10.23 mm. 

Hydrogenation over Adams' catalyst in glacial acetic 
acid of 0.31 mmole required 1.20 mmole of hydrogen 
(4 moles hydrogen per mole of dehydro dimer). 

Isobutronitrile 
Identification was made by comparing its infrared 

spectrum and its retention time on  the gas chromato- 
graph with an authentic sample. 

Tetraniethyls~tccinodinitr.ile 
Identification was made by examination of its infrared 

spectrum and its map. (165-167"). The literature gives 
m.p. 167-167.5" (11). 

Copoly~ner Residue 
Most of the volatile products were removed from the 

reaction mixture a t  aspirator pressure and 30-40". The 
remaining liquid (25 ml) was placed in the bulb of a 
modified retort and heated at 60' and 0.03-0.05 mm 
mercury until no more distillate was collected in a second 
bulb immersed in dry ice - acetone. The residue remain- 
ing was a very viscous yellow to brown material readily 
soluble in benzene and somewhat soluble in 95 % ethanol. 
Its infrared spectrum indicated the presence of cyano- 
isopropyl (2240, 1390, and 1375 cm-l) and strong ab- 
sorption for the internal double bond (3030 and 660 
cm-I). Absorptions due to the vinyl group (915 and 
995 cm-l) were very weak. 

Analysis by thin layer chromatography (t.1.c.) was 
carried out using Brinkmann silica-gel G as the ad- 
sorbant. The chromatogram (developed with benzene 
followed by immersing the plate in vapors of iodine) 
contained three well-defined spots and a band with un- 
moved material remaining at the base point. A plate 
prepared with known samples of addition product, 
substituted product, and dehydro dimer indicated that 
the materials being eluted from the residue were traces of 
these previously characterized materials. 

Extraction of the residue with petroleum ether (30- 
60") left a hard brown substance which dissolved in 
benzene and showed only onespot at the base point of the 
t.1.c. chromatogram. The average molecular weight of the 
petroleum ether insoluble ' portion determined on  a 
Mechrolab model 301A osrnometer was 520 g/mole, and 
elemental analysis showed 6.61% N. These values 
correspond to 2.5 methacrylonitrile units and 3.3 units of 
1 per mole of polymer in the residue after the removal 
of the petroleum ether soluble portion. 

Formation of a copolymer of methacrylonitrile and 1 
under comparable reaction conditions was demonstrated 
by dissolving 6.7 g (0.1 mole) methacrylonitrile in 108 g 
(1 mole) of 1 and adding 0.7 g of Lupersol 11 initiator. 
The reaction mixture was purged with nitrogen and kept 
at 60" for 21 h under a positive pressure of nitrogen. A 
brown-colored residue which separated from the reaction 
mixture gave absorptions in the infrared characteristic of 
the cyanoisopropyl group and the internal double bond 
of 1. 

Decomposition of t-Wrtyl Peroxypivalate in I 
In a flask fitted with a magnetic stirring bar and reflux 

condenser, was placed 200 ml of 1 and 23.2 g Lupersol 1 1. 
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This represents 0.10 mole of TBPP in the mineral spirits was absorbed in an ascarite train and the isobutane and 
solution. The flask was purged with nitrogen and im- isobutylene were collected in a liquid nitrogen trap. The 
mersed in the 60" bath for 25 h which represent 5 half- frozen gases were warmed and their total volume mea- 
lives (lo), under a positive pressure of nitrogen. sured by displacement of a brine solution. The relative 

A g.1.p.c. analysis was made on the reaction mixture in amounts of each gas was then determined by g.1.p.c. The 
the same way as for the AIBN reaction mixtures except quantitative evolution of carbon dioxide had been 
that the temperature program was altered as required to establishedpreviously (10). 
obtain good separation of the components. Pure products 
for comparison and calibration were either commercially 
available or were trapped from the gas chromatograph. 1. J. R. SHELTON, L. W. HAYNES, C. K. LIANG, J. F. 

Product of Addition GORMISH, P. L. SAMUEL, and P. KOVACIC. Can. J. 
Chem. 46, 1149 (1968). J. R. SHELTON, C. K. The infrared spectrum contained absorptions for the LIANG, and p. KovAcIc. J. C.,em. Sot. 90, 

t -but~l  group (1395, 1365 cm-') and the internal double 354 (1968). J. R. SHELTON and C. W. UZELMEIER. 
bond of 1 (3030, 660cm-I). Absorptions at 915 and J. Am. Chem. Soc. 88,5222 (1966). 
995 cm-' characteristic of the vinyl group were absent. 2. J. R. SHELTON and J. N. HENDERSON. J. Org. Chem. 

Anal. Calcd. for Cl2HZ2 (mol. wt. 166): C, 86.7; H, 26, 2185 (1961). J. R.  SHELTON and A. E. CHAMP. 
13.3. Found (mol. wt. 170): C, 87.1; H, 13.2. t zDZ6:  J. Org. Chem. 28,1393 (1963). 
1.4520; b.p.: 76" (0.8 mm). 3. J. R. SHELTON and H. G. GILDE. J. Org. Chem. 29, 

482 (1964). 
The RH was hydrogenated Over 4. J. R. SHELTON and A. E. CHAMP. J. Org. Chem. 30, catalyst in 30 ml of glacial acetic acid. The sample 4183 (1965). 

weighed 81.3 mg (0.49 mmole) and took UP 0.49 mmole 5. J. R. SHELTON and J. F. SIUDA. J. Org. Chem. 31, 
of hydrogen. 2028 (1966). 

t-Butyl Alcohol 6. W. F. BRILL. J. Org. Chem. 24,257 (1959). 
Identification was made on the basis of a comparison 7. W. J. FARRISSEY, JR. J. Org. Chem. 29,391 (1964). 

of the infrared spectrum and the g.1.p.c. retention time 8' C. WALLING and W. THALER. J. Am. Chem. 

with that of an authentic sample. 83,3877 (1961). 
9. G. S. HAMMOND, J. N. SEN, and C. E. BOOZER. J. 

Residue Am. Chem. Soc. 77, 3244 (1955). G. S. HAMMOND, 
The residue obtained in the same manner as described C. H. S. Wu, 0. D. TRAPP, J. WARKENTIN, and R. T. 

for the AIBN reaction weighed 5.2 g. The average KEYS. J. Am. Chem. Sot. 82,5394 (1960). 
molecular weight determined on a Mechrolab Model 10. P. D. B A R T L E ~ ~  and R. R. J, Chem. 
301A osometer was 380 g/mole. Infrared analysis showed l ~ ~ ~ ! ~ ~ ~ m .  ~ ; ~ i ~ ~ ~ ~ ~ ~ ~ @ . d  D. the presence of internal unsaturation (3030, 660 cm-'1, ll. A. BICKEL and W. A. Rec. Trav. Chim. 
vinyl unsaturation (915, 995 cm-'), and the t-butyl 69, 1490(1950). 
group (1395, 1365 cm-I). Partial separation by solvent 12. J. C. BEVINGTON. J. Chem. SOC. 3707 (1954). 
extraction produced a fraction which gave no vinyl 13. J. A. KERR. Chem. Rev. 66,465 (1966). 
absorption. A t.1.c. chromatogram indicated that the 14. R. N. BIRRELL and A. F. TROTMAN-DICKENSON. J. 
residue also contained traces of dehydro dimer. Chem. Soc. 4218 (1960). 

15. C. WALLING. Free radicals in solution. John Wiley 
Determitlation of Carbon Dioxide, Zsobutane, and Sons, Inc., New York. 1957. p. 322. 

and Zsobutylene 16. W. DASLER and C. D. BAUER. Ind. Eng. Chem. 
The yields of carbon dioxide, isobutane, and iso- Anal. Ed. 18,52 (1946). 

butylene formed in the ~ecomposition of a known 17. Bulletin by DuPont. Vazo vinyl polymerization 
catalyst. p. 10. 

of perester were determined by decomposing 18. S. R. SERGUIENKO. Compt. rend. acad. sci. U.R.S.S. 
0.10 mole of TBPP for a period of 10 h or 2 half-lives 26, 73 (1940); them. *bstr. 34, 5418 (1940). 
(lo), and trapping the gas emitted. The carbon dioxide 
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Studies of the oxide surfaces at the liquid-solid interface. 
Part 11.' Fe oxides 

SYED M. AHMED' AND DIMITRY MAKSIMOV~ 
Department of Energy, Mines and Resources, Mitzes Branch, Ottawa, Canada 

Received October 19, 19674.' 

The double layer on hematite and magnetite in KN03 ,  NaCI04, and KC1 solutions has been investi- 
gated by studying the equilibrium distribution of the potential determining ions (H+ and OH-) a t  the 
interface as a function of their electrochemical potentials. Data have been obtained on the pH, of 
the zero point of charge (5.3 and 6.4 for hematite and magnetite, respectively, in 0.001 M KNO,  
solution), the surface charge densities, q*, and the differential capacities C ( + )  of the double layer. 

For hematite, the q+  values in NO3- and C1O4- solutions are due to chemisorption of H +  o n  the 
surface, with NO3- and C104- showing no tendency for specific adsorption. I n  KC1 solutions, high 
values of q+  were obtained, depending on CI- concentration that are attributed to the replacement of 
the surface-OH groups by C1- (specific adsorption). Magnetite (a semiconductor) shows anomalous 
behavior with respect to  H+ adsorption. 

The negative charge on the two oxides originates from acidic dissociation of the surface-OH groups 
which is followed by adsorption of K +  on the surface. At high values of q-, K+ ions are specifically 
adsorbed on the surface-metal atoms through an 0'- bridge. 
Canadian Journal of Chemistry, 46, 3841 (1968) 

Introduction 
The oxide-solution interface has been investi- 

gated earlier ( 1 4 )  by studying the equilibrium 
distribution of potential-determining ions (H', 
OH-) at the interface in the absence of an applied 
electric field. From a thermodynamic analysis of 
the resultant data, by analogy with other revers- 
ible (e.g. AgI (5-7)) and polarizable interfaces, 
information has been obtained on the double- 
layer characteristics and the nature of ion-surface 
interactions. Some information can also be 
obtained from this work on the behavior of oxide 
electrodes (8-10). The present work on coarse 
and crystalline samples of Fe203 (specular 
hematite) and Fe30, (magnetite) of known 
surface areas is an extension of the previous work 
carried out on a series of oxides, SiO,, ZrO,, 
Tho,  (1,l  l), SnO,, and TiO, (1 1,12), in different 
electrolyte solutions. 

Experimental 
Materials 

Naturally occurring samples of specular hematite and 
magnetite were supplied, respectively, by the Quebec 
Cartier Mining Co. and the Geological Survey of Canada. 

'For Part I, see ref. 1. 
'Research Scientist. Mineral Sciences Division. Mines 

Branch, Department 'of Energy, Mines and ~esources ,  
Ottawa. Canada. 

3~ i s i i i ng  -scientist, Skochinski Mining Institute, 
Moscow, U.S.S.R. 

4Revision received July 31. 1968. 
'Crown copyright reserved. 

These samples were crushed and screened and  a middle 
fraction of hematite was collected on a high-intensity 
Jones wet magnetic separator, rejecting the highly 
magnetic and non-magnetic portions. In a similar mag- 
netic separation, the most magnetic portion was collected 
for magnetite. The material, in - 150 + 200 mesh size 
( N  0.1 mm), was leached with hot, 10% HC1 to  dissolve 
the slimes that usually adhere to the surface. T h e  resultant 
material was washed free of  HCI, deslimed (I) ,  and stored 
in conductivity water. The materials were a t  least 99% 
pure, the major impurity being SiO, whose interference is 
assumed to  be negligible o n  the basis of the previous work 
(1); the trace impurities were Mg, Cu, and Al. Thecrystals 
of specular hematite (Fez03)  possessed several smooth, 
lustrous planes, which, when uncontaminated, showed 
some degree of native hydrophobicity (13) around the 
neutral pH,, as tested by a flotation method (14). Specular 
hematite has an hexagonal structure, is weakly magnetic, 
and the co-ordination of Fe3+ is 6. Magnetite (FeZ+- 
Fe3+204),  which belongs to  the spinel group of oxides, 
is hexoctahedral where Fez+  and Fe3+ are in 4 and 6 
co-ordination states respectively. I t  is highly magnetic 
and is a semiconductor. The  surfaces of magnetite were 
dull metallic in appearance and hydrophilic when tested 
by a bubble contact method (14). 

Method 
Except where mentioned, the experimental procedure 

was the same as described earlier (1). The pH, of the 
solution before and after adding the oxides was followed 
at  intervals of 2 min usually and 1 min near the zero 
point of charge (2.p.c.). Fresh samples o f  oxide and 
solutions were used for each point on the charge-density 
plots. The time to  reach equilibrium (Fig. 1) between the 
solution and the oxide in each experiment (1) did not 
exceed 2 min (at high and low pH,) to  6 min (at inter- 
mediate values of pH,). Under these experimental condi- 
tions, no dissolved iron could be detected, a t  any pH,, 
by standard colorimetric methods (sensitivity 1 pmole/l) 
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Grahame (1 5). 
The specific surface areas were determined (16) by the 

standard Kr gas-adsorption method. They were 800 
cm2/g for magnetite and 451 and 308 cm2/g for the two 
samples of hematite. These surface areas were determined 
on samples that had been given a blank stirring treatment 
in water under the same conditions as used in the experi- 
ment, so that any increase in surface area due to slime 
formation was also taken into account. Recrystallized 
(A.R.) KNO,, NaC104, or KC1 were used to adjust the 
ionic strength of the solution and KOH and HNO,, 
HC104, or HC1 were used, as necessary, for adjusting 
the pH,. 

whereas, about mole/l of Fe was found to dissolve 9 . 0 -  

if the material was stirred in solutions for I h near the 
z.p.c. Calibration curves of pH, against the molar 
concentrations of HNO,, HCI, and HC104 in solutions 
of KNO,, KCI, and NaCIO,, respectively, of 0.001, 0.1, 
and 1 M concentrations, were obtained by potentiometric 
titrations. Similar calibration curves were also obtained 
for KOH in KNO, solutions. These curves were used in 
calculating the charge densities, q*, from the measured 
values of Aa,+,,,- (1). The calomel electrode was 
separated from the KNO, solutions by means of a satu- 
rated KNO, solution bridge through a fiber junction. For 
the NaC10, solutions, a solution bridge consisting of 
KNO, and NaNO, in the molar ratio of 1 :7 was used 8.2 

(ref. 5, p. 773). The liquid-junction potentials in both the ~1 

cases are small. As the calibration curves of pH, against 
H+/OH- concentration were obtained separately for 8.0 

each ionic strength under constant conditions of electrode 
combinations, small shifts may arise in the potential scale 4'9 

on increasing the ionic strength, but the calculations of 
charge densities should remain unaffected. The total 
shifts in the half-cell potential, as measured by the glass 4.7 

electrode, on increasing the ionic strength from 0.001 to 
0.1 M and 1 M were also determined and taken into ac- 
count where necessary. 4.5 

The individual ionic activity coefficients used in the 
thermodynamic treatment in Part I (1) of this series are 
usually replaced at a final stage by the mean activity 4.3 
coefficients. This subiect has been discussed in detail bv o 

Results 
Addition of hematite and magnetite to 

solutions of pH, > their respective z.p.c., resulted 
in a decrease in pH,, whereas, below their 
respective 2.p.c. the pH, increased. The resultant 
surfaces, therefore, acquire a negative charge in 
the former region of pH, and a positive charge in 
the latter. In general, this behavior is similar to 
that of other oxides studied (1, 11, 12). The 
variation of pH, with time before and after 
adding the oxides to the electrolyte solutions was 
also studied. In a typical measurement (Fig. I), 
it is seen that almost all the change in pH, 
occurred in the first few minutes after the addition 
of the oxide to the solution. These changes in pH, 
are attributed to the primary equilibrium 
between the oxide surfaces and H + and OH- and 

- 

- q- range 

- 

- 

* 
- 
- 

- 

- 

I I I I I I 
2 4 6 8 10 12 

TIME IN MIN 

FIG. 1. Variation of pH, with time before and after 
adding the oxide to  the electrolyte solution. 

the surface-charge densities (q*) were calculated 
as before (1). The later changes in pH, are so 
slow that the initial equilibrium between the 
surface and the potential determining ions may be 
taken as practically complete in a few minutes. 
The validity of the above assumptions can be 
checked by comparing with theory (15, 17) the 
experimental values obtained for the surface- 
charge densities and for the minimum differential 
capacity of the double layer at the z.p.c., and with 
the results obtained for other solid-solution inter- 
faces (17). These values, as seen later, are of the 
expected order of magnitude regardless of the 
material and the surface area used. The slow 
changes in pH, are attributed to secondary effects 
such as slime formation, solubility of the material, 
dissociation, and complex formation of the dis- 
solved species, adsorption of the resultant 
complexes on the surface and also precipitation. 
Such reactions of iron oxide with electrolyte 
solutions have been known t o  continue for 
days (18). 

The q* values for hematite and magnetite in 
KNO, solutions are shown as a function of final 
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pH, and potential relative to the z.p.c., in 
Figs. 2 and 4 respectively. The values of q+ on 
hematite in NaClO, and KC1 solutions are shown 
plotted against the final pH, in Fig. 3A and B 
respectively. It is seen in these figures that the 
values of q* increase in magnitude with the 
increasing half-cell potential (+) of the oxide 
electrode, relative to the z.p.c. In NO,- (Fig. 2) 
and Cl0,- (Fig. 3A) solutions the positive 
charge densities are found to be almost inde- 
pendent of the respective anionic concentrations 
and depend mainly on a,+. A slight increase in 
the magnitude of q+ of hematite (Fig. 2) on 
increasing the concentration of KNO, from 0.001 
and 0.1 M to 1 M appears to be due to the effect 
of increased ionic strength on a,, and due to 
compression of the diffuse double layer. Similar 
behavior was also found to occur with NaClO, 
solutions where the q+ values in 0.001 M solution 
were slightly lower than in 0.1 and 1 M NaC10, 
solutions (not shown in Fig. 3A). In a similar 
study carried out recently (1 1, 12), the q+ values 
of SnO, in NO,- solutions and of TiO, in NO,- 

, and C1- solutions were found to be practically 
i independent of the anion concentration and 
1 depended mainly on a,+. In KC1 solutions, 

however (Fig. 3B), a definite and substantial 

A O I M  KNOj ' " 1  t ..NO3 

pH, AN0 POTENTIAL IN mV RELATIVE TO ZPC 

FIG. 2. Variation in charge density (q*) on hematite 
with final pH, and potential difference relative to the 
z.p.c. Indifferent electrolyte is KN03. 

'UDIES OF OXIDE SURFACES. I1 3843 

FIG. 3. Variation in charge density ((I+) on hematite 
with final pH, in: A, NaC10, solutions; B, KC1 solutions. 

increase in the q+ values of hematite occurs on 
increasing the C1- concentration at any given 
pH,. SnO, surfaces have also been found (1 1,12) 
to behave similarly in C1- solutions. 

For the magnetite samples (Fig. 4), com- 
paratively high values of q+ were obtained in 
KNO, solutions and also q+ slightly decreased in 
magnitude with increasing concentrations of 
KNO, in solution. The magnetite samples under 
investigation were found to be strongly magnetic 
and n-type semiconductors. Similar work, on 
magnetite samples of different origin, gave very 
low values of q+. The behavior of magnetite in 
the q+ region, therefore, is inconsistent with the 
general behavior of the oxides investigated and 
will not be discussed further, until more detailed 
investigations are performed. 

It was also considered probable that the sur- 
faces might have been dehydrated on evacuating 
the samples (a water aspirator was used at room 
temperature (1)) and this might interfere with the 
results. Hence, a set of experiments was carried 
out where the oxide samples were taken freshly 
out of water and the excess water was filtered out 
under suction in an atmosphere of argon. The 
resultant moist material (water = 2.5% by wt. 
oxide) was used for subsequent work. The same 
variation in q+ with respect to ionic strength was 
obtained, as mentioned above, and we feel 
confident that this behavior is reproducible. The 
q+ values (Figs. 2-4) were obtained on moist 
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A O I M  KN03 

4 I M KN03 

6 0 1  ' I 1 
3 4 5 6 )  7 7 9 110 l l p H S  
I 

2 0 0  100 0 -100 - 2 0 0  mv 

PH, M I 0  POTENTIAL IN mV RELATIVE TO Z.PC 

FIG. 4. Variation in charge density (q*)  on magnetite 
wjth final pH, and ,potential relative to the 2.p.c. In- 
different electrolyte IS KNO,. 

samples of oxides except for a few points near the 
z.p.c. This behavior of q' with respect to the 
ionic strength of the solution may be different for 
precipitated iron oxide (2, 3) or slimes, and may 
even be masked if excess of dissolved iron is 
present in solution. 

The differential capacity C(+) of the entire 
double layer was obtained by graphical differen- 
tiation of the smoothed charge-density plots of 
Figs. 2 and 4. The resultant C(+) curves obtained 
for hematite and magnetite in 0.001 and 0.1 M 
KNO, solutions are shown plotted against pH, 
in Fig. 5. The C ( + )  values for magnetite have not 
been included, but they were considerably higher 
than theoretically expected (15, 17) for non- 
specific adsorption of ions on the surface. The 
interfacial energy of the double layer on oxides 
obtained by the graphical integration (1) of the 
charge-density plots of Figs. 2 and 4 were similar 
to those obtained earlier for other oxides (1, 1 1, 
12) and are not reported here. 

CHEMISTRY. VOL. 46, 1968 

70 I I I I I I 

60- 

2 
2 a o -  

r4 
E 
0 

2 
3 40-  
z - 
> 

30- 

2 
9 
J 20- - + 
ki IO- 

LL LL 

FIG. 5. Variation in the differential capacity of the 
double layer on hematite and magnetite (C(-) only) with 
pH,. Indifferent electrolyte is KNO,. 

Discussion 

The Zero Point of Charge 
The z.p.c. of hematite in 0.001, 0.1, and 1 M 

KNO, solutions were found to occur at pH, 
5.3 + 0.05, 5.4 + 0.05, and 5.7 $_ 0.1, respec- 
tively. On increasing the concentradon of KNO, 
in a blank solution from 0.001 to  1 M, the glass 
electrode measured a decrease in pH, of 0.30 + 
0.05 units in the vicinity of the z.p.c., although 
this effect was negligible below pH, = 4. The 
z.p.c. of solid surfaces is known (15, 17) to shift 
towards a more positive or a more negative 
potential when cations or anions, respectively, 
are specifically adsorbed on the surface. However, 
the observed shifts in the z.p.c. of the oxide to a 
higher pH,, on increasing the ionic strength of the 
solution, is to compensate for the above-men- 
tioned change in the cell potential and does not 
seem to indicate specific adsorption of NO,- on 
the oxide surfaces to a noticeable degree. In 
ClO,- (Fig. 3A) and C1- solutions (Fig. 3B) the 
z.p.c. of hematite occurred at pH, equals 6. The 
z.p.c. of magnetite in 0.001 MKNO, solution was 
found to occur at  pH, equals 6.4 + 0.1 and was 
somewhat smeared at higher ionic strengths of 
the solution. The present values for the z.p.c. of 
iron oxides are for the primary equilibrium 
(Fig. 1, first few minutes) that occurs between the 
oxide surfaces and the potential determining ions 
(H' and OH-) in the presence of K', NO,-, 
etc., in solutions that are practically free of the 
dissolved iron complexes. Hence, the pH, values 
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reported here for the z.p.c. of iron oxides are in 
close agreement with some of the values obtained 
on similar samples by streaming potential 
methods (19) where mostly fresh solutions, free of 
dissolved iron complexes, are in contact with the 
surfaces. However, if the oxides are allowed to 
equilibrate with solutions for several hours (15 h) 
(2,20,21) the solutions become saturated with the 
dissolved complexes that may also be adsorbed 
on the surfaces or be precipitated. Under such 
conditions, the experimental z.p.c. of oxides 
should occur at the same pH, as the isoelectric 
point (i.e.p.) of the soluble complexes. Thus, 
Parks and De Bruyn (2) found that the z.p.c. of 
precipitated iron oxide under slow conditions of 
equilibria occurs at the same pH, (8.5) as the i.e.p. 
of the soluble complexes of iron. Specular hema- 
tite, obtained from the same source as in the 
present work, has also been examined by others 
(20) under slow conditions of equilibria and a 
pH, of 8.5 has been reported for the z.p.c. A 
similar coincidence of the z.p.c. of TiO, surfaces 
with the i.e.p. of titanium complexes has also been 
reported (21). It is evident from the above con- 
siderations that the z.p.c. of oxide surfaces, under 
primary equilibrium with H f  and OH-, is 
usually quite different from the i.e.p. of the 
corresponding dissolved complexes in solution. 
Hence, the experimental z.p.c. of oxides will 
depend mainly on the oxide-solution equilibria 
under investigation and the concentration of the 
dissolved complexes in solution. The adsorption 
of metal complexes on solids would itself shift the 
z.p.c. considerably. Thus, for hematite, depending 
on the experimental conditions, the z.p.c. may 
vary from an initial pH, of 5.3 to a final pH, 8.5. 
In addition, the z.p.c. of different forms of iron 
oxide, as reviewed by Parks (22), also depends on 
the oxide composition, crystalline form and size, 
and method of surface preparation. 

The Primary Oxide-Solution Equilibria and the 
Surface Charge 

The negative surface charge on oxides in solu- 
tions of pH, > z.p.c. is attributed (1) to the 
acidic dissociation of the surface OH groups 
which is followed by adsorption of Kf  on the 
oxides. The q- values of hematite and magnetite 

a,+ as well as on the nature of anions present in 
solution. In NO3- and ClO,- solutions (Figs. 2 
and 3A), these qf values are almost independent 
of the anion concentration within the experi- 
mental errors. The positive surface charge under 
these conditions is attributed, mainly, to the 
chemisorption of Hf  on the neutral surface as the 
a,+ in solution is increased with respect to the 
z.p.c. This is schematically shown below 

\ H+ \ 
[7Fe(H20)(OH)~] = OH - [7Fe(H~O)~(OH)]* etc. 

neutral, aquo-complex 
at the z.p.c. 

where only 3 of the 6 co-ordination numbers of 
Fe3 +, including 2 valence states, are assumed to 
be exposed to the solution. In the above reaction, 
NO3- and ClO,- do not replace the surface-OH 
groups. In terms of the double-layer theories (15, 
17), it means that these anions are not specifi- 
cally adsorbed on the surface and stay at the 
outer Helmholtz   lane and in the diffuse double 
layer. Under these conditions, the anions exert 
only a small, indirect influence on the q f  values 
by changing a,+ and by compressing the double 
layer, when the salt concentration is raised. From 
the double-layer theories (23, 24), the q f  values 
in the absence of specific adsorption of anions 
increase only by 2 pC/cm2 on increasing the 1-1 
electrolyte concentration from 0.001 to  1 M, for 
a change of 100 mV in the double layer potential. 
This is in agreement with the qf values of 
hematite obtained in 0.001, 0.1, and 1 M KNO, 
solutions (Fig. 2). In general, the expected 
variations in qf  with increasing anion concen- 
tration are small in the absence of specific adsorp- 
tion of anions and lie within the experimental 
errors of the present work. Hence, under the 
above conditions, the oxide electrode is reversible 
to H f  (8) mainly and the qf values depend 
mainly on a,+. Compared to the above behavior, 
the qf  values (apparent) of hematite in KC1 
solutions (Fig. 3B) are found to increase not only 
with a,+ but also substantially with a,,-. This 
increase in q + (apparent) with a,,-, a t  a given 
pH,, is attributed to the replacement of the 
surface OH groups by C1- (more OH- liberated), 
as shown below schematically 

increase with increasing pH, as well as Kf  \ HC, c1- \ 
concentration (Figs. 2, 4). This behavior is [ 7 ~ e ( ~ 2 0 ~ ( o ~ h ]  ~ [ j ~ e ( ~ 2 0 ) 2 z * c 1 -  OH- 
common to all the oxides (1, 11, 12) investigated. 

I+ + OH- 
The qf values of hematite, however, depend on chloro-complex 
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In terms of the double-layer theories (1 5, 17, 1. S. M. AHMED. Can. J. Chem. 44,1663,2769 (1966). 
2. G. A. PARKS and P. L. DE BRUYN. J. Phys. Chem. 24), C1- in the above reaction is specifically 66, 967 (1962). 

adsorbed on the surface. Such specific adsorption 3. G. Y. ONODA, JR. and P. L. DE BRUYN. Surface 
of anions on polarized, anodic surfaces of solids ~ ~ ~ 4 + ~ ~ $ ~ ~ ~ ) b .  W. FuEwENAu. J. Colloid Sci. 
is known to result in high values of q+ depending 1g,61 (1964). 
on the anion concentration. 5. E. L. MACKOR. Rec. Trav. Chim. 70, 663 (1951); 

70, 747 (1951); 70, 763 (1951). The capacity (Fig. 5, and the 6. J. TH. G. OVERBEEK. Symposium, Electrochemical 
interfacial-energy variations (not reported) with Constants, Nat. Bur. Std. U.S., Circ. NO. 524,213 
pH, are similar to those of other oxides studied (1953). 

7. J. LYKLEMA and J. TH. G. OVERBEEK. J. Colloid Sci. (1, 11). The high values of the differential 16, 595 (1961). 
capacity, C(+), in the q+ region of hematite in 8. G. K O R T ~ ~ M  and J. O'M. BOCKRIS. Text book of 
KNO, and ~ ~ 1 0 ,  may be attributed to electrochemistry. Vol. 1. Elsevier Publ. Co., London. 

1951. p. 293. 
the chemisorption of H +  on the surface. 9. D. J. G. IVES and G. J. JANZ. Reference electrodes, 

The C(-) curves in Fig. 4 show a plateau for theory and practice. Academic Press, Inc., New York. 
1961. p. 322. hematite between pHs 7.5-9.5 ('(-) = 30-40 10. J. T. STOCK, W. C. PURDY, and L. M. GARCIA. 

pF/cm2) followed by a steep rise in C(-). The Chem. Rev. 58, 611 (1958). 
steep rise in C(-), at pH, > 9.5, is similar to that 11. S. M. AHMED and D.  MAKSIMOV. Department of 

Energy, Mines and Resources, Mines Branch, obtained for quartz and ZrO2 (1) in the 9- region Ottawa. Research Report R196. 1968. 
and is most probably due to the specific adsorp- 12. S. M. AHMED and D. MAKSIMOV. J. Colloid Inter- 
tion of cations to the metal atoms of the surface ~ " " ~ ~ i ; G ' ~ U ~ ~ ~ k .  and *. R, SPEDDEN. 
through chemisorbed 0'- bridge, as discussed Proceedings, Second International Congress of 
earlier (I). The plateaux probably correspond to Surface Activity. Vol. 111. Butterworth Scientific 

Publications, London. 1957. p. 202. the characteristic "hump" in the C curves of the 14. A. M. GAUDIN. Flotation. 2nd ed. McGraw-Hill 
polarized Hg surfaces (15, 17, 24) except that in Book CO., Inc., New York. 1958. p. 147, p. 418. 
this work the hump has been smoothed in the 15. D. C. GRAHAME. Chem. ~ e v .  41, 441 (1947). 

16. S. M. AHMED. Department of Energy, Mlnes and graphical differentiation of the q- curves. The R ~ ~ ~ ~ ~ ~ ~ ~ ,  ~i~~~ ~ ~ ~ ~ ~ h ,  Ottawa, Technical 
hump has been attributed (25) to two opposing Bulletin TB 84. 1966. 
effects, the specific adsorption of ions and 17. M. A. V. DEVANATHAN and B. V. K. S. R. A. TILAK. 

Chem. Rev. 65 635 (1965). 
dielectric saturation. If the specific adsorption of 18. G. B ~ ~ ~ ~ ~ M ~ ~ ~  and J. T. CHOW. Acta (-hem. 
ions is intense, e.g. I -  on Hg (15, 17), the hump Scand. 20,1376 (1966). 
is found to be masked. In the case of magnetite, l 9  &ai;.2:h22276d R. W. G. CROPTON. 

the intense specific adsorption of ions appears to 20. G. W. SMITH and T. SALMAN. Can. Met. Quart. 5, 
have masked the effects which give rise to  such 93 (1966). 

humps. 21. G. W. SMITH and T. SALMAN. Can. Met. Quart. 6, 
167 (1967). 
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Electron spin resonance of fluorine-substituted nitro-aromatic anion radicals 

P. H. H. FISCHER AND H. ZIMMERMANN 
Max-Planck-Znstitut, Jahnstrasse 29, Heidelberg, Germar,y 

Received May 13, 1968 

Electron spin resonance spectra have been observed for anion radicals derived from 2-fluoro-nitro- 
benzene, 3-fluoro-nitrobenzene, 2,4-difluoro-nitrobenzene, 2,5-difluoro-nitrobenzene, 4-fluoro-2-nitro- 
phenol, 2-fluoro-6-nitrophenol, and 3-fluoro-6-nitrophenol. All radicals were generated electrolytically 
in dimethoxyethane/acetonitrile solution, acetonitrile, or dimethylformamide. The radicals are generally 
quite stable with the exception of those from 2-fluoro-6-nitrophenol and 3-fluoro-6-nitrophenol, the 
latter decaying with a half-life of approximately 6 min. All spectra can be interpreted completely, and 
coupling constants are assigned by comparison to related compounds and consistency arguments. 

Canadian Journal of Chemistry, 46, 3847 (1968) 

Introduction these parameters we have measured the e.s.r. 

Several fluorine containing radicals have been Spectra of a large number of fluorine containing 

investigated by electron spin resonance (e.s.r.) radicals, includingsome previously recorded. The 

techniques. A~~~~~~ these are the fluoranil anion radicals of o- and m-fluoro-nitrobenzene, 

semiquinone (I), monofluorinated nitrobenzene for instance, have been rerecorded in aprotic 

radicals (2-5), p-fluoro-acetophenone (6), 2,7-di- solvents to exclude strong solvation effects as 

fluoro-fluorenone (7), and recently some highly be found in aqueous 'ystems (5). The 

fluorinated nitro and nitroso radicals (8). By chosen had to obey the 

means of fluorine nuclear resonance investiga- criteria: they should not be too large and un- 

tions (9) on nickel chelate complexes it has been symmetric so as to allow a complete interpretation 

shown that electron delocalization occurs be- of the spectra, and more important7 they must, in 

tween fluorine and neighboring carbon, conclu- addition to the fluorine nuclei, contain aromatic 

sions also reached by e.s.r. crystal studies on protons a check of the 'pin density 

mono~uoroace tam~~e (10) and trifluoroacet- calculations used in the elucidation of the spin- 

amide (1 1). polarization parameters (12). 

initially it was assumed that the fluorine Below are the results obtained for the above- 

splitting could be represented by an equation mentioned nitro-aromatic anion radicals. 

similar to the McConnell equation, namely 
a, = Qpnc, that is, the fluorine coupling constant Experimental 

be determined the 7C 'pin 2,4-Dinitrofluorobenzene (puriss.), 2-fluoro-6-nitro- 
density on the adjacent carbon atom. It was, phenol (purum), 3-fluoro-6-nitrophenol (purum), and 
however, shown for 13C and 14N, that for many 4-fluoro-2-nitrophenol (purum) were obtained from 
electron atoms a more complex form to express 
the coupling constants is required, so that for 
fluorine also we should expect an equation of 
the type 

a, = (Si + QFC) P"F + QCFP"~ 

where the Q's and the pn's are the so called 
spin-polarization parameters and spin densities, 
and Si would take into account any contributions 
from 1s and/or lone-pair electrons. Possibly non- 
diagonal elements should also be considered. 

Fluka ~ ~ / ~ w i t z e r l a n d .  1i3-~initro-4,6-difluoro-benzene, 
melting point 72-74 "C, was purchased f rom Aldrich 
Chemical Co./U.S.A. 2-Fluoro-nitrobenzene, 2,4-di- 
fluoro-nitrobenzene, and 2,5-difluoro-nitrobenzene were 
available from Koch-Light Laboratories/England, while 
3-fluoro-nitrobenzene came from Schuchardt AG/Ger- 
many. 1-Fluoro-4-nitronaphthalene was obtained from 
Ega ChemielGermany, o-nitrophenol was Merck reagent 
grade, and 2,3,4,5-tetrafluoro-nitrobenzene came from 
K. and K. Laboratories/U.S.A. 2,3,4,6-Tetrafluoro- 
nitrobenzene was prepared by the method of Finger et al. 
(13) from 1,2,3,5-tetrafluoro-benzene. All purchased 
substances were used without further purification. The 

feveral attempts at estimation of these Q'S have three fluorinated nitrophenols and 0-nitrophenol were 

been made (4, 8-10), but a set ofvalues applicable converted to the corresponding OD analogues by steam 
distillation of the respective compound with a 100-fold 

a larger group of fluorinated aromatic radicals excess of 99.9% DZO. Deuteration was in excess of 99 % . 
is as yet not available. In an effort to determine as proved by nuclear magnetic resonance spectra. 
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FIG. 1. Electron spin resonance spectrum of Zfluoro-nitrobenzene anion radical. 

The solvents employed were acetonitrile, dimethyl- 
formamide, and dimethoxyethane. Acetonitrile, Merck 
Uvasol grade, was made oxygenfree by repeated freezing, 
pumping, and thawing, and stored on a vacuum rack over 
calcium hydride to remove traces of water. Dimethyl- 
formamide, also Merck Uvasol grade, was distilled from 
anhydrous potassium carbonate and made oxygenfree in 
thesamemanner. Dimethoxyethane, Merck lab. grade, was 
stored on the vacuum rack over sodium and anthracene. 

As supporting electrolyte we used tetra-n-propyl- 
ammonium-perchlorate prepared according to Geske and 
Maki's procedure (14). 

All radicals were generated by reduction at a platinum 
wire cathode in a vacuum electrolytic cell described 
elsewhere (1 5). 

The spectra were recorded with a conventional Varian 
V-4500 e.s.r. spectrometer, using 100 kHz modulation of 
the magnetic field produced by a 6 in. magnet. The field 
was monitored with an  AEG magnetometer. 

Results 
2-Fluoro-nitrobenzene 

When a lo-, M solution of o-fluoro-nitro- 
benzene in a mixture of dimethoxyethane (75%) 
and acetonitrile (25%) is reduced, a reddish- 
brown solution exhibiting the hyperfine pattern 
shown in Fig. 1 results. The spectrum consists of 
62 resolved lines with indications of others. If all 
coupling constants are different and all lines 
resolved, a maximum number of 3 .2, = 96 lines 
is possible. The outside three lines on each side of 
the spectrum are nearly in the intensity ratio 

1 :2:1, the center line showing slight asymmetry 
in each case. Within the linewidth, which is 
-- 0.18 G, two spin 112 coupling constants are 
identical and a maximum number of 72 lines is 
possible. The spectrum can be analyzed in terms 
of the following splitting constants: a, = 9.81, 
a, = 6.36, a, = 4.01, a, = 3.47, and 2-a ,  = 
1.01 G. 

3-Fluoro-nitrobenzene 
Reduction of a M solution of m-fluoro- 

nitrobenzene in dimethoxyethane/acetonitrile 
(3:l) yields a brown solution which exhibits the 
e.s.r. spectrum shown in Fig. 2. I t  consists of 80 
of the 96 theoretically possible lines, the remaining 
16 being hidden by overlap with other lines. Line- 
widths are 0.18 G. The spectrum can be un- 
ambiguously explained with the coupling con- 
stants: a, = 9.23, a, = 3.91, a, = 3.37, a, = 
3.16, a, = 2.92, and a, = 1.01 G.  

2,4-Difluoro-nitrobenzene 
Electrolytic reduction of a lo-, M solution of 

this compound in dimethoxyethane/acetonitrile 
in 3 to 1 ratio, results in a brown solution which 
shows the 50 line e.s.r. spectrum reproduced in 
Fig. 3. As in the case of the o-fluoro-nitrobenzene 
anion radical, a triplet structure in the intensity 
ratio 1 :2: 1 and splitting of 1.1 1 G, limits the 
maximum number of lines to 72. Analysis of the 
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FIG. 2. Electron spin resonance spectrum of 3-fluoro-nitrobenzene anion radical. 

spectrum is possible with the following coupling and 2 .aH(meta) = a,(hydroxyl). We generated a 
constants: a, = 9-81, a, = 8.59, a, = 6.40, radical species from o-nitrophenol in a mixture 
a, = 3.63, and 2 .a, = 1.1 1 G. of dimethoxyethane and acetonitrile, the e.s.r. 

2,5-DiJluoro-nitrobenzene 
When a lo-, M solution of this substance in 

an acetonitrile/dimethoxyethane mixture (1 :3) is 
electrolyzed, a reddish-brown solution results 
and shows the well resolved spectrum reproduced 
in Fig. 4. It shows 78 of the theoretically possible 
96 lines and is interpretable with the following 
coupling constants: a, = 8.44, a, = 6.24, a, = 
4.19, a, = 3.57, a, = 3.03, and a, = 0.92 G. 
The linewidths of well resolved lines towards the 
outside of the spectrum are, as for the other 
anions, 0.1 8 G peak to peak. 

spectrum of which resembled in general that 
published by Nordio et al. However, in  contrast 
to the 45 lines obtained by these authors, our 
spectrum exhibited 57 resolved lines. The spec- 
trum can be adequately interpreted with the 
following coupling constants: a, = 12.21, 2 .a, 
= 3.63, a, = 1.08, and 2 .a, = 0.50 G. The 
splitting constants are similar to those obtained 
previously with the exception of one constant, 
which we obtain as 1.08 G, and which the above 
authors do not quote. With our coupling con- 
stants the line positions are accurately repro- 
duced, though intensities do vary from the 

2-Nitrophenol and 2-Nitrophenol-Hz theoretically calculated ones. This may have 
The parent compound of the three fluorinated several reasons, the most obvious one being the 

nitrophenols investigated in the present paper is fact that the coupling constants of 3.63 and0.50 G 
o-nitrophenol. The anion radical of this com- for two equivalent protons each, may be com- 
pound has been investigated by Nordio et al. (16), posed of two slightly differing splittings, i.e. the 
who interpret a 45 line spectrum in terms of three respective sites do not exhibit an exactly degen- 
coupling constants: a,, a,(ortho) = aH(para), erate coupling. Secondly, one coupling constant is 
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--- 
I "N - 

FIG. 3. Electron spin resonance spectrum of 2,4-difluoro-nitrobenzene anion radical. 

very nearly twice the size of another, and thirdly, 
odd linewidth effects, so particular to nitro 
radicals and already observed and discussed in 
diverse papers, may be playing a role. 

The species deuterated in the hydroxyl position 
yielded a well resolved spectrum of 36 lines and 
was easily interpreted in terms of four coupling 
constants. As for the undeuterated species the 
splitting due to two spin I = 112 nuclei (3.54 G) 
was degenerate within the linewidth. Of great 
importance is the fact that the degenerate 
coupling of 0.50 G in the undeuterated species is 
no longer observed, proving that not two ring 
protons, rather one ring proton and the hydroxyl 
proton give rise to the 0.50 G coupling constant. 

4-Fluoro-2-nitrophenol and 4-Fluoro-2-nitro- 
phenol-Hz. 

When a M solution of 4-fluoro-2-nitro- 
phenol in a dimethoxyethane/acetonitrile mixture 
(3 : 1) is reduced, a yellow solution results showing 
the e.s.r. spectrum reproduced in Fig. 5. The 

spectrum consists of 10 groups of lines, 72 
altogether. If all nuclei are non-equivalent and if 
the phenolic proton is not lost as in 4-nitrophenol 
(1 7), during electrolysis of which the acidic proton 
is dissociated and the spectrum of the dianion 
radical is observed, a maximum of 96 lines is to  be 
expected. As the two outside groups consist of 3 
lines in the intensity ratio of 1 :2 : 1 exactly, two 
spin 112 coupling constants must be identical, and 
a maximum number of 72 lines is ~ossible. This is 
the exact number of lines observed and we 
attribute our spectrum as being due to the anion 
radical of the compound being investigated. This 
is also in agreement with results obtained by us 
and by Nordio et al. (16) on non-fluorinated 
o-nitrophenol. When compared to a 4-nitro- 
phenol, the OH proton is probably hindered from 
being easily dissociated by an internal hydrogen 
bond to the neighboring NO, group. The 
spectrum can be perfectly analyzed with the 
coupling constants a, = 11.08, a,  = 3.89, a, = 
3.51, a, = 2.74, and2 .a4  = 0.50 G. Theradical 
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FIG. 4. Electron spin resonance spectrum of 2,s-difluoro-nitrobenzene anion radical. 

0.H I 7 a~ * 
I 
I 

FIG. 5. Electron spin resonance spectrum of 4-fluoro-2-nitrophenol anion radical. 
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FIG. 6. Electron spin resonance spectrum of 3-fluoro-6-nitrophenol anion radical. 

is very stable and can be monitored over periods 
of hours. 

The corresponding radical having an OD 
substituent instead of OH, yielded a spectrum 
composed of 42 lines, 36 of which were of equal 
intensity and 6 of which showed a relative 
intensity twice that of the others. Obviously an 
accidental superposition of twice six lines is 
observed, and all 48 lines expected from the 
radical, if no deuterium splitting is found, are 
present. The spectrum may be perfectly analyzed 
with coupling constants very similar to those of 
the undeuterated species. Of importance is again 
the fact that the 1 :2:1 triplet due to two protons 
in the non-deuterated species is replaced by a 1 : 1 
intensity doublet of almost identical splitting. 
This proves that the OH proton and one ring 
proton exhibit a degenerate coupling constant, 
definitely not two protons of the aromatic ring. 
Secondly, a coupling constant of 0.50 G can be 
definitely assigned to the OH proton in 4-fluoro- 
2-nitrophenol. 

3-Fluoro-6-nitrophenol and 3-Fluoro-6- 
nitrophenol-Hz 

When we reduced a solution of 3-fluoro-6- 
nitrophenol in a 75% dimethoxyethane and 25% 
acetonitrile mixture, a yellowish solution giving 
an only moderately stable spectrum was obtained. 
By increasing acetonitrile to appjpximately 75%, 
we found that the radical could be stabilized 
sufficiently for a spectrum to be recorded. The 
spectrum thus obtained is shown in Fig. 6. It 
consists of exactly 96 lines, the maximum number 

to be expected if all splittings are non-degenerate 
and all lines resolved. The spectrum is interpreted 
in terms of the following coupling constants: 
a, = 12.68, a ,  = 7.21, a, = 3.78, a, = 0.87, 
a, = 0.73, and a, = 0.52 G. As the maximum 
number of possible lines is actually observed, we 
must, as in the two previous cases, be dealing with 
the monoanion radical. 

Deuteration of the hydroxyl group resulted in a 
simplified spectrum of 36 lines instead of the 
possible 48 lines, as one coupling constant of 
7.48 G is almost exactly twice another coupling of 
3.67 G. The smallest coupling of 0.52 G could be 
definitely shown to be absent, and is thus attribut- 
able to the phenolic proton. 

2-Fluoro-6-nitrophenol and 2-Fluoro-6- 
nitrophenol-Hz 

The radical derived from this species proved to  
be the most elusive of the four nitrophenol anions. 
When a M solution of 2-fluorod-nitro- 
phenol in a mixture of 25% dimethoxyethane and 
75% acetonitrile was reduced, a yellow coloration 
resulted, and the e.s.r. spectrum shown in Fig. 7 
was observed. The spectrum consists of 60 lines 
of nearly equal intensity and was stable for only 
15 to 20 min. To obtain better resolution, slower 
scanning speeds were required and the spectrum 
was recorded.in segments. Under these conditions 
up to 30 additional lines could be observed. In 
any case, we are dealing with a species giving rise 
to  a spectrum of more than 48 lines, so that here 
also the dianion radical can be excluded as para- 
magnetic species. The spectrum is interpreted in 
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FIG. 7. Electron spin resonance spectrum of 2-fluoro-6-nitrophenol anion radical. 

terms of the following coupling constants: 
a,= 11.71, a, =3.97, a ,=3.50,  a , =  1.63, 
a, = 1.04, and a, = 0.57 G. 

Reduction of a solution of 2-fluoro-6-nitro- 
phenol-Hz under identical conditions gave a 
much simplified spectrum of almost identical 
coupling constants a, and a, to a,. It indicated 
very clearly that the smallest splitting of 0.57 G 
was absent, and the latter must consequently be 
due to the OH proton. 

Other Substances 
Reduction of a lop3 M solution of 2,4-dinitro- 

fluorobenzene vielded a reddish-brown solution 
exhibiting a complex e.s.r. spectrum. The signal 
was quite stable and consists of at least 90 
resolved lines. If all coupling constants are non- 
equivalent and all lines resolved, then a total 
number of 144 lines is theoretically possible, and 
it is obvious from the number of lines and 
intensities that considerable overlapping must 
occur. An anomaly in this spectrum appears to be 

the small overall width. The splitting extends 
only over 16.04 G, whereas the m-dinitrobenzene 
anion radical shows an overall splitting of 
roughly 30 G, which, through the fluorine 
substitution of one of the largest coupling protons 
in position 1, we would expect to be increased by 
approximately 4-5 G.  Analysis of the spectrum 
in terms of meaningful coupling constants was 
not possible. At a potential 0.2 V more negative, a 
second species with a completely different e.s.r. 
spectrum of 42 lines divided into 6 groups, could 
be generated. Its identity is not known. 

Although brown coloration was also observed 
when a solution of 1,3-dinitro-4,6-difluoro- 
benzene in various solvents such as acetonitrile, 
acetonitrile/dimethoxyethane, dimethylform- 
amide, or dimethylsulfoxide, was reduced at the 
first half-wave potential, no e.s.r. signal could be 
observed. 

Both 2,3,4,5-tetrafluoro-nitrobenzene and 
2,3,4,6-tetrafluoro-nitrobenzene gave, upon re- 
duction, reddish solutions yielding strong, but 
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continuously changing e.s.r. spectra. The color 
changed rapidly from red to brown and no 
resonances could then be detected. The anion 
radicals, if they are the species giving rise to the 
e.s.r. spectra, appear to be quite unstable, at least 
under the present conditions. Brown and 
Williams (8) have attempted to prepare the anion 
radical of pentafluoronitrobenzene without suc- 
cess. It appears likely that nucleophilic attack on 
highly fluorinated anion radicals may be held 
responsible (1 8). 

Discussion 

Assignment of Coupling Constants and Spin 
Densities 

If sufficiently accurate spin-polarization param- 
eters are available, then the analysis of e.s.r. 
spectra can yield valuable information regarding 
the n: electron spin density distribution of organic 
radicals. The reverse process, the semiempirical 
evaluation of spin-polarization parameters re- 
quires knowledge of assigned coupling constants 
and knowledge of spin densities, calculated via 
molecular orbital methods for instance. A 
detailed calculation of electron spin density dis- 
tribution in fluorinated radicals is to be presented 
elsewhere (12). In the present discussion an 
attempt at assigning the experimentally measured 
coupling constants to specific nuclei will be made, 
employing internal consistency of assignment, 
comparison to non-fluorinated species, in our 
case nitrobenzene and o-nitrophenol anion 
radicals, and experimental knowledge of spin 
distribution behavior in benzene-like anion 
radicals possessing a single, strongly electron 
withdrawing substituent. 

In the spectrum of the anion of 2-fluoro-nitro- 
benzene the triplet structure towards the wings of 
the spectrum is in the approximate ratio of 1 :2:1, 
and assignment of the 1.01 G coupling to the 
meta protons (referred to the nitro group) seems 
very reasonable. The coupling ,of 9.81 G is 
assigned to the nitrogen nucleus, the 6.36 G 
splitting to the fluorine nucleus. Of the two 
remaining coupling constants of 3.47 and 4.01 G, 
the larger is assigned to the splitting from the para 
proton, the smaller to the ortho proton. 

The spectrum of the anion of 3-fluoro-nitro- 
benzene shows a smallest spin 112 splitting of 
1.01 G, which can, with reasonable certainty, be 
assigned to the proton in position 5. The coupling 
of 9.23 G can be unambiguously assigned to the 

14N nucleus. Of the remaining four coupling 
constants it appears reasonable to assign the 
largest coupling of 3.91 G to the para position 
proton, the couplings of 3.16 and 3.37 G to the 
two remaining ortho position protons, and the 
2.92 G splitting to the 19F nucleus. The assign- 
ment of coupling constants in this manner agrees 
with the ordering of splittings of Carrington et al. 
(5). Further confidence in the above assignment 
is given by the work of Kaplan et al. (4) on the 
anion radical of 3,5-difluoro-nitrobenzene. 

For the anion of 2,4-difluoro-nitrobenzene, the 
splitting of 9.81 G may be assigned to 14N. A 
triplet in the approximate ratio of 1 :2:1 and 
splitting of 1.1 1 G arises from hyperfine inter- 
action with two nearly equivalent meta protons. 
If no completely anomalous behavior is exhibited 
by this radical, and there is no reason to suspect 
this, then the smallest coupling of 3.63 G is to be 
assigned to the ortho proton. Of the two remain- 
ing splittings, a preferable choice of assignments 
is aF(para) = 8.58 and aF(ortho) = 6.40 G. 

In the 2,5-difluoro-nitrobenzene anion the 
nitrogen splitting of 8.44 G can be assigned 
positively. A coupling of0.92 G is with reasonable 
certainty due to the single meta position proton, 
whereas the largest of the remaining splittings, of 
6.24 G, may be safely assumed t o  be due to the 
fluorine substituent in position 2. The coupling of 
4.19 G is very similar to the coupling of 4.05 G 
for the para proton of the nitrobenzene anion and 
the ratio of a,/a, of 3.97, were it the fluorine 
splitting, would be considerably larger than ratios 
usually observed. On this basis, assignment to the 
para proton seems very reasonable. For identical 
reasons the coupling of 3.57 G is assigned to the 
hyperfine interaction with the proton ortho to the 
nitro group. The remaining coupling of 3.03 G 
must then be due to the fluorine nucleus. 

The non-fluorinated parent compound of the 
three fluorinated nitrophenols investigated is 
ortho nitrophenol. In the spectrum of its anion, 
only the 12.21 G splitting is unambiguously 
assignable to the 14N nucleus. From a study of 
the spectrum of the hydroxyl-deuterated species, 
a coupling constant of 0.50 G is assigned to 
the hydroxyl proton with certainty, whereas all 
other splitting constants remain unassignable on 
the basis of experimental data alone. If we 
consider the nitrophenol as a substituted nitro- 
benzene, however, assignment of the 3.63 G 
coupling to protons in positions ortho and para 
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TABLE I 
Coupling constants in fluorinated nitrobenzene anions 

Coupling constants at position a 

Radical 2 3 4 5 6 N 

Nitrobenzeneb 3.35 1.06 4.05 1.06 3.35 9.57 
2-Fluoro-nitrobenzene 6.36' 1.01 4.01 1.01 3.47 9.82 
3-Fluoro-nitrobenzene 3 .  37d 2.92' 3.91 1.01 3.16d 9.23 
4-Fluoro-nitrobenzeneb 3.52 1.14 8.61' 1.14 3.52 9.95 
2,4-Difluoro-nitrobenzene 6.40" 1.11 8.59" 1.11 3.63 9.81 
2,5 -Difluoro-nitrobenzene 6.24' 0.92 4.19 3.03' 3.57 8.44 
3.5 -Difluoro-nitrobenzeneb 3.26 2.73' 3.98 2.73' 3.26 8.10 
-. .. 

4-FIUOA-2Gtrophenol 
6-Fluoro-2-ni trophenol 
5-Fluoro-2-nitrophenol ---- 
oNO2 group in position 1, OH group in position 5. 
bWork cited from ref. 4. 
=Fluorine coupling constant. 
*Assignments could be reversed. 

to the nitro group is indicated. The remaining two 
coupling constants of 1.08 and 0.50 G are due to 
the two meta protons. 

In the anion radical of 4-fluoro-2-nitrophenol, 
the coupling of 11.08 G is due to the nitrogen 
nucleus. From deuteration of the OH group, the 
splitting of this proton can be positively assigned 
as 0.50 G. Again treating this fluorinated nitro- 
phenol anion as a substituted nitrobenzene anion, 
the couplings of 3.89 and 3.51 G are assignable to 
para and ortho position protons, respectively. 
These coupling constants are quite similar in size 
and their assignment could well be reversed. The 
coupling constant of 2.74 G is assigned to the 
fluorine substituent in the 3 position, the 0.50 G 
coupling to the position 5 proton. The fluorine 
substitution also sheds some light on the assign- 
ment of coupling constants in the nitrophenol 
anion. Were the 0.50 G splitting in this latter 
species due to the position 3 proton, a ratio of 
a, to a, of 5.5 would result, a value larger by a 
factor of 2 than the commonly observed aF/aH 
ratios. If, on the other hand, the coupling of 
1.08 G is assigned to the proton in ring position 
3, the ratio aF/a, is 2.54, a value commonly 
found and expected. 

In the anion radical of 3-fluoro-6-nitrophenol, 
the coupling constant of 12.68 G is due to the 
14N nucleus and the coupling of 0.52 G to the 
hydroxyl proton on the basis of deuteration 
results. There is further little ambiguity in 
assigning the large splitting of 7.21 G to the 
fluorine nucleus para to the nitro group, and the 
coupling of 3.78 G to the ortho proton. The two 

remaining a, are similar in size and are due to the 
two meta protons. An assignment cannot be 
made. 

As for the other nitrophenols, only the 14N 
splitting of 11.71 G and the OH proton coupling 
of 0.57 G are assignable on the basis of experi- 
mental evidence in the spectrum of the 2-fluor0-6- 
nitrophenol anion. Two coupling constants, 
a ,  = 3.97 and a, = 3.50 G, are considerably 
larger than the remaining splittings and are very 
likely due to the para and ortho position protons. 
The remaining couplings of 1.04 and 1.63 G are 
due to the position 5 fluorine nucleus and the meta 
proton. To preserve internal consistency amongst 
all of the fluorinated anion radicals, the 1.63 G 
splitting must be assigned to the fluorine nucleus. 

Table I summarizes all coupling constants, 
including those of the anions of nitrobenzene, 
4-fluoro-nitrobenzene, and 3,5-difluoro-nitro- 
benzene (4). 

As can be seen, the above set of coupling 
constants presents a fully consistent set of assign- 
ments, although the splittings are not in all cases 
assigned by experimental evidence. 

Fluorine Coupling Constants 
In the fluorine containing radicals investigated 

to date, a ratio of the fluorine splitting to the 
corresponding proton splitting in the similar, but 
non-fluorinated species, was generally found to 
be in the vicinity of 2.5. An exception here is the 
2,7-difluoro-fluorenone ketyl(7), in which a ratio 
of 37.0 is indicated, if the splitting constant 
assignments are correct. Based on the assignment 
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of coupling constants as presented in Table I, the comparison with related species and experimental 
following ratios of a, to a, are obtained: knowledge of behavior of splittings in radicals of 

the benzene type and having a single, strongly 
TABLE I1 electron-withdrawing substituent. Using these 

Ratio of to a, in fluorinated nitrobenzene anions 
- 

Radical anion of OF OH ~ F / Q H  

The ratios vary from 1.86 to 3.26, and all 
compounds show what is considered a normal 
a,/a, ratio. It is to be noted that for fluorine 
substituents in ortho and para position to the 
nitro group, the tendency for a,/a, is towards 
smaller values; for meta substituted fluorines the 
ratio is on the high side of the range. It is con- 
sidered possible that this trend of showing low 
and high a, to a, ratios, depending on whether 
meta or ortholpara substitution has taken place, 
is due to changes in the C-F bonding character, 
more precisely, to changes in the TC electron (i.e. 
double bond) character in the C-F fragment, as 
shown by the relative insensitivity of the remain- 
ing coupling constants to fluorine substitution. 

Conclusions 
The electrolytic reduction of several mono- and 

di-fluorinated nitrobenzenes takes place via one- 
electron addition to yield the corresponding 
anion radicals. 0-nitrophenol and three fluori- 
-nated o-nitrophenols react upon polarographic 
reduction to yield mono-negative radicals, in 
contrast to say p-nitrophenol, in which the OH 
proton is dissociated and the e.s.r. spectrum of 
the di-negative radical is observed. The species 
are all reasonably stable and yield well resolved 
spectra which may be fully analyzed. The assign- 
ment of coupling constants is in some cases 
determined by symmetry and by deuteration 
results. Other coupling constants are assigned by 

two aids, a completely internally consistent set of 
assignments for the compounds investigated can 
be made, as seen in Table I. For all systems 
investigated the ratios of a, to a, cluster around 
the value 2.5, with a tendency to  lower ratios if 
fluorine is substituted in ortho o r  para position to 
the electron-withdrawing group, to higher values 
if the fluorine is meta substituted. Highly 
fluorinated nitrobenzenes do not form anion 
radicals easily. 
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Kinetics of formation of ethylene oxide hydrate. Part I. Experimental 
method and congruent solutions1 

D. N. GLEW AND M. L. HAGGETT 
Exploratory Researclz Laboratory, Dow Clzemical of Canada, Limited, Sarnia, Ontario 

Received June 17, 1968 

A dilatometer was constructed for studying the formation of ethylene oxide hydrate. In unstirred, 
congruent solutions heat transfer appeared to  be the significant rate-controlling factor. Initial hydrate 
formation rates were independent of stirring at  speeds greater than approximately 100 r.p.m. Magnetic 
stirring was inadequate due to hydrate build-up on the walls of the dilatorneter bulb. Mechanical 
stirring eliminated this build-up and gave satisfactory results. 
Canadian Journal of Chemistry, 46, 3857 (1968) 

Introduction 
Most studies that have been made of the rates 

and rate-determining factors of the formation of 
clathrate gas hydrates have been concerned with 
water-insoluble hydrate formers, e.g. propane (I), 
methyl bromide (2), and rare gases (3). However, 
some saturated cyclic ethers, which are miscible 
with water in all proportions, also form hydrates 
(4,5). Pinder (6) has studied the kinetics of forma- 
tion of tetrahydrofuran hydrate from solutions of 
incongruent melting points. He concluded that 
the rates were diffusion controlled. Ethylene 
oxide (EO) also forms a hydrate (5, 7, 8) but no 
previous investigation has been made of its rates 
of formation. 

The freezing point diagram for EO-water 
mixtures has been determined by several workers 
(7-9). According to experiments in this laboratory 
(9), there is a eutectic point at -2.1 "C at 2.0 
mole % EO and a maximum freezing point 
(congruent) at 11.1 "C at 12.7 mole % EO. 
Lippert et al. (4) determined that the EO hydrate 
is not isomorphous with chloroform hydrate, i.e. 
it is not a structure I1 hydrate (10). Structure 
determinations from X-ray powder photographs 
(5) and from single crystals (1 1) showed it to be a 
structure I hydrate with a lattice constant of 
12.0 A. The EO molecules were considered to be 
hindered axial rotors, and a limiting formula of 
2M.  6C2H40 .46H20, where M = EO, O,, or N, 
was suggested (1 1). The variable composition of 
this hydrate was demonstrated from density mea- 
surements (12) and a formula C2H,0.6.89H20 
was obtained at the congruent point. 

In a study of the formation of EO hydrate in 
polyacrylamide gel (13), it was shown that the 

'Contribution No. 164. 

maximum amount of hydrate was formed at 
approximately 26 wt. % EO, i.e. when H 2 0 : E 0  = 
6.95 : 1 (moles). This is the congruent composition 
and is the expected result since it is the only 
solution composition a t  which the amount of 
hydrate formed is independent of the temperature 
of formation. It has been reported (8) that crystals 
several mm in size could be formed at  approxi- 
mately 10 "C. 

Ethylene oxide was chosen as the hydrate 
former because of its ready availability, its. 
complete miscibility with water, and the high 
freezing point of the hydrate at the congruent 
composition. For the reason, that the amount of 
hydrate formed is independent of the applied 
supercooling, we decided to investigate the 
kinetics of hydrate formation initially from solu- 
tions of congruent composition. Since the den- 
sities of the solution and crystals are different but 
invariant at constant temperature, a dilatometric 
method was used. This method had the ad- 
vantages 

1. Several kinetic runs could be made on a 
solution by simply melting the crystals a t  the end 
of a run. 

2. Air could be excluded from the system. 
3. An air-liquid interface could be avoided 

(in preliminary experiments, nucleation often 
occurred prematurely a t  the air interface). 

4. Since EO is highly volatile, a closed system 
was necessary to prevent its loss. 

We have also measured rates of  hydrate 
formation from solutions with compositions 
below the congruent EO concentration (water- 
rich) and compositions above congruent con- 
centration (EO-rich). 

Attempts were made to study the effects of 
various salts on the rate of hydrate formation. 
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However, as will be discussed later, complications 
arose which prevented reproducible results being 
obtained. 

Experimental 
(a) Materials 

Ethyletze Oxide 
99.998 mole % EO was selected from the material 

produced by Dow Chemical of Canada, Limited. 
Water 
Laboratory distilled water was twice redistilled, once 

from alkaline permanganate and once from dilute 
phosphoric acid. Its conductivity was less than 4 x lo-' 
ohm-' 

Mercury 
After filtering, mercury was washed for a few days with 

10% KOH solution, then with water, 2 % HNO, solution, 
and water again. Finally, it was vacuum distilled. 

Sodium chloride, ammonium chloride, and sodium 
nitrate solutions (0.46 M)  were prepared directly from 
Fisher certified reagents; 0.24 M sodium perchlorate 
solution was prepared directly from Fisher laboratory 
chemical. 

( b )  Apparatus 
The dilatometer is shown in Fig. 1. Lower case letters 

refer to Nupro (Nuclear Products Co., Ohio, U.S.A.) 
series BG bellows valves with 114 in. Swagelok (Crawford 
Fitting Co., Ohio, U.S.A.) fittings. Numbers indicate 
high vacuum stopcocks. 

The inverted conical vessel A, for degassing water, is 
connected to ,the apparatus via a joint so that, when 
rotated through 180°, liquid runs into the 100 ml burette 
C. The cylindrical glass vessel B, for degassing EO, is 
sealed with a Swagelok plug and connected to the appa- 
ratus by a short length of 114 in. outer diameter (0.d.) 
nylon pressure tubing (Polypenco Inc., Penna., U.S.A.). 
An in-line filter (Nupro series F, 7 p nominal size) is 
incorporated at H before the 50 ml burette D. Mixing 
vessel E, containing a glass-covered stirring bar, is 
connected to the dilatometer bulb F through a flexible 
coil and stainless steel -glass seal S (0.  H. Johns Glass 
Co., Toronto, Ontario). Dilatometer stem M is a 50 cm 
length of 1.5 mm inner diameter (i.d.) precision-bore 
capillary tubing. The mercury reservoir J is connected to 
the apparatus at h by 118 in. nylon tubing. Similarly, the 
1 ml pipette with reservoir at K is joined at stopcock 2 by 
118 in, nylon pressure tubing. 

Stirring of the contents of dilatometer bulb F was 
achieved using a magnetic stirring bar and three solenoids 
(14). These solenoids G were made by closely winding 
two layers of No. 20 B and S gauge shellaced copper wire 
onto soft-iron rods approximately 6 in. in length and 
1 cm diameter. They were encased in glass tubing, wiring 
being led in through tygon tubing attached to the glass 
enclosures. The three solenoids were arranged sym- 
metrically about the dilatometer bulb which contained a 
teflon-covered stirring bar only slightly shorter than the 
internal diameter of the bulb. The solenoids are energized 
in turn either via a commutator (14) or, as in our case, by 
a cam operating three micro switches. The required d.c. 
power was produced from the a.c. mains via a rectifier 
giving 4 A at 4 V. 

FIG. 1. Dilatometer and filling equipment. 

Details of the dilatometer bulb are shown in Fig. 2. 
Sealed into the top is a 118 in. Kovar-glass seal which is 
silver soldered at the metal end. Also at the top is a 
side-arm, sealed at the bulb, down which liquid nitrogen 
could be added. The bulb is joined at the bottom to 
approximately 4 cm of I cm i.d. precision bore tubing. 
The bulb volume 78.5 ml was calibrated to mark X. 

We observed (vide infra) that hydrate growth inevitably 
stopped the magnetic stirring bar with congruent solu- 
tions, so that a new dilatometer bulb was required in 
which the walls were kept free from hydrate build-up. The 
dilatometer bulb shown in Fig. 3 was constructed for 
this purpose. The stirring arrangement consists of an 

FIG. 2. Magnetically stirred dilatometer bulb. 
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WHITEY V A L V E  

v 
FIG. 3. Mechanically stirred dilatometer bulb. 

inverted Stir-0-Vac (Labline Instruments Inc., Ill., 
U.S.A., Cat. No.1280) unit with an additional seal at  the 
shaft provided by mercury. The commercial cruciform 
impellor was replaced by an H-shaped stirrer, the vertical 
arms of which swept very close to the walls of the bulb. 
A metal stirring bar was also attached to the shaft. The 
bulb volume, calibrated to mark X', was 96.7 ml. 

The complete apparatus (Fig. 1) was fixed to  a metal 
rack which could be immersed in a large thermostat up 
to level L. The thermostat had Lucite (polymethyl 
methacrylate) windows on two sides, one for illumination 
and the other for reading the mercury level in M with a 
cathetometer. Cooling to the thermostat was supplied by 
continuously circulating refrigerant from an auxiliary 
Forma bath (Forma Scientific Inc., Ohio, U.S.A.) 
through a copper coil. A Bayley temperature controller 
(Bayley Instrument Co., Calif., U.S.A., model 251) pro- 
vided variable power to a heating coil in the thermostat. 
Through the center of both coils was positioned the shaft, 
carrying two propellors, of a Lightnin (Greey Mixing 
Equipment Ltd., Toronto, Ontario) portable mixer which 
vigorously circulated the ethylene glycol - water thermo- 
stat fluid. During a crystallization experiment of 4-8 h 
duration, the temperature of the thermostat was constant 
to i 0.002.°C. 

The temperature inside the dilatometer bulb was 
determined to  0.005 "C by a calibrated, single junction 
copper-constantan thermocouple positioned inside the 
Kovar seal. The reference junction was soldered at  the 
end of another Kovar seal which was placed in a hole 
drilled in a stainless steel cylinder suspended in the 
thermostat. The temperature of the thermostat was 
determined to 0.001 "C using a calibrated Tinsley (H. 
Tinsley and Co. Ltd., London, England) platinum 
resistance thermometer, standardized at the triple point 
of water, with a Leeds and Northrup Mueller bridge, 

(Leeds and Northrup, Canada, Ltd., Toronto, Ontario, 
Cat. No. 8069-B) type G-2. Both outputs from the 
thermocouple and resistance thermometer were amplified 
by Keithley (Keithley Instruments Inc., Ohio, U.S.A.) 
nanovoltmeters, model 148, and displayed o n  a Moseley 
(F. L. Moseley Co., Calif., U.S.A.) two-pen, strip-chart 
recorder, model 7100B. The recorder had an event 
marker which was activated by a conveniently positioned 
switch. 

( c )  Method 
The nylon tubing joining K to stopcock 2 and J to 

valve h are kept permanently filled with mercury. 
The apparatus is connected a t  Vp to the vacuum line 

and evacuated to better than Torr. Vessel A, 
containing approximately 120 ml of water previously 
filtered through a 7 p Nupro filter, was then connected. 
The water was freeze degassed at least 5 times, then run 
in to almost fill burette C. Mercury from reservoir J was 
allowed to fill the apparatus to the closed stopcock 5, 
valve j, and to  the bottom of bulb E. After attaining 
temperature equilibrium, the required volume of water 
was measured into bulb E via f. 

Approximately 45 ml o f  ethylene oxide was measured 
from a pre-cooled syringe into vessel B, which was cooled 
in an  acetone - dry ice mixture. After sealing the vessel, 
the cooling mixture was replaced by liquid nitrogen and 
the ethylene oxide freeze degassed as for the water. By 
bending the nylon tubing tlie degassed liquid was run 
through the filter H into burette D from which, after 
reaching the thermostat temperature, the required 
volume was run into the water in vessel E. Mixing was 
accelerated by agitating the spin bar in E with a magnet. 

Mercury from K was admitted to tlie U-tube filling 
to the upper end of dilatorneter stem M and t o  just above 
stopcock 4 which was then closed. The mercury in bulb E 
was then almost completely removed via stopcock 5. 
Valve j was opened and the dilatometer bulb F almost 
filled with the ethylene oxide - water mixture, the bulb F 
being cooled periodically with ice-cold water. With F 
almost full, j was closed, h opened, and mercury allowed 
to rise as far as j which was then reopened. T h e  mercury 
ran into the tubing below F pushing the solution above it. 
When there was only a very small vapor space remaining 
in F above the solution, j was closed and stopcocks 1 and 
4 opened, so that mercury from M pushed the solution 
to completely fill F. The mercury meniscus was finally 
situated close to the calibration mark X. T h e  position 
of the meniscus with respect to X was determined using 
the cathetometer; the volume of the solution could thus 
be calculated. 

Filling of the vessel shown in Fig. 3 was essentially the 
same except that, since the vessel would not hold a high 
vacuum, pressure was quickly applied above the solution 
in E and the liquid pushed into the vessel until it was 
completely filled to a point above the Whitey (Whitey 
Research Tool Co., Calif., U.S.A.) valve N, having 
expelled all air. The process of filling with mercury to a 
point near the calibration mark X' was followed after 
which valve N was closed. 

Since the mercury level in M falls during a crystalliza- 
tion, the pressure on the solution changes and, conse- 
quently, its volume. The effect of pressure o n  a solution 
was determined by first arranging the mercury level near 
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the top of M and evacuating the space above the meniscus, 
the level of which was noted. Stopcock I was then opened 
to the atmosphere and the new (lower) mercury level read. 
The volume change for 1 atm pressure change was thus 
calculated. Assuming a linear change of meniscus level 
with applied pressure, as determined by Hepler, Stokes, 
and Stokes (15) for dilute aqueous electrolyte solutions, 
the change in volume for intermediate changes in pressure 
could be interpolated. 

Cubical coefficients of thermal expansion of the solu- 
tions were also required. These were obtained at 
atmospheric pressure by measuring the change in volume 
as the temperature was raised by small increments over 
approximately 1 "C. The mercury level in M was initially 
arranged to be slightly lower than the meniscus level 
below the solution in F. 

A crystallization experiment was carried out by first 
supercooling the solution to the thermostat temperature. 
A small volume of liquid nitrogen was poured down the 
side-arm of F to initiate nucleation and, if required, the 
stirrer immediately started. The decrease of the mercury 
level in M was measured at intervals, the event marker on 
the recorder being activated each time a reading was 
taken. The temperature inside the bulb was also con- 
tinuously recorded. When the mercury level reached the 
bottom of M, stopcock 2 could be opened, from above the 
thermostat liquid L, and a measured volume of mercury 
admitted from the pipette K to refill M. The crystallization 
was then followed further. 

Results 
(a) General Observations 

Before describing our results, we must establish 
satisfactory units for the rates of hydrate forma- 
tion. A simple moles hydrate time-' is insufficient 
since, obviously, the rate of formation will depend 
on the quantity of solution from which crystals 
are growing. Initially, since the volume of the 
solutions used with the magnetically stirred 
vessel, was approximately constant (S- 573,  com- 
parisons were made with rates expressed as moles 
time-'. The rate constants appeared to increase 
as the EO concentration was increased. However, 
if the rates are recalculated as moles time-' 
(mole E0)-', then the constants decrease as EO 
increases. This ambiguity arises whenever the 
rates are expressed as a function of one com- 
ponent of the solution. Volume is completely 
inadequate since it depends on temperature (note 
Pinder's (6) units). 

We have finally decided to express our rates of 
hydrate formation as mole hydrate time-' 
(g so1n.)-', where the solution is the starting 
mixture in the dilatometer before crystallization 
begins. For a given volume of solution at constant 
temperature, the mass of the solution varies only 
approximately 12% in the range 0-100% EO. 

Other units may be used and sufficient informa- 
tion is given in the Tables for their calculation if 
required. 

The initial supercooling of a solution AT, is 
defined as the difference between the hydrate 
freezing point of the solution TfO and the thermo- 
stat temperature T,. The supercooling is the 
difference between the solution freezing point T f  
and the thermostat temperature T,. To,, is the 
solution temperature determined by the dilatom- 
eter thermocouple. 

The results for rates of hydrate formation for 
congruent solutions containing 12.7 mole % EO 
( E 0  .6.89 H 2 0 )  of freezing point TfO = 11.12 "C 
are now described; the tabulated results are given 
in Part 111'. Results for incongruent solutions are 
described in Part I1 together with the numerical 
interpretation of the results for stirred, con- 
gruent solutions. 

(b)  Magnetically Stirred Vessel 
Using the magnetically stirred dilatometer the 

following observations were made on crystalliza- 
tions from congruent solutions. 

With no stirring, there are two distinct regions 
of supercooling in which the mode of hydrate 
formation differs greatly. When the initial super- 
cooling ATo is less than 1.4 "C, hydrate formation 
is extremely slow and the hydrate grows pre- 
dominantly from the area on the wall where 
nucleation was induced. Large compact crystals 
grow in this region. If AT, << 1.4 "C, the crystals 
agglomerate into a compact mass with some flat 
faces appearing at the solid-solution interface. 
As AT, -, 1.4, fern-like crystals (or dendrites) 
begin to appear from the compact mass and grow 
along the vessel wall. 

With AT, > 1.4, at nucleation a thin layer of 
hydrate forms almost instantaneously around the 
entire dilatometer wall and gradually thickens to  
a transparent crust. 

In Fig. 4 are shown curves obtained at various 
supercoolings in the absence of stirring. The 
shape of the hydrate formation curves changes as 
the supercooling is increased. A t  small super- 

2Photocopies of Part I11 may be obtained free of 
charge, upon request, from: Depository of Unpublished 
Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada. 

CUN stands for congruent, unstirred solutions, CMA 
stands for congruent, magnetically-stirred solutions, 
SUM stands for summary of results, and CME stands 
for congruent, mechanically-stirred solutions. 
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TIME X I O - ~ , S  

FIG. 4. Moles hydrate formed with time for con- 
gruent, unstirred solutions. Run number, supercooling 
ATo ("C): @, CUN6, 0.60; 0,  CUN1, 0.93; 8, CUN4, 
1.47; Q,CUN2,2.12; @,CUN5,2.65; 0,CUN3,3.18. 

coolings they are sigmoid indicating autocatalysis. 
As the supercooling increases, the initial ac- 
celerator~ period becomes shorter, disappearing 
completely at AT, > 3 "C. 

In'stirred solutions, a "slush", of many small 
fern-like crystals, forms at induced nucleation. 
Simultaneously, the mercury meniscus in M 
rapidly falls for a few seconds, slows briefly, and 
then decreases steadily. Gradually, hydrate builds 
up on the walls of the dilatometer bulb and this 
thickening layer of solid eventually stops the 
rotation of the stirring bar. Sometimes the layer 
was completely transparent appearing to be a 
single crystal; at other times it was very "grainy", 
appearing like a mosaic. The layer thickened 
until the solution had completely solidified. 

FIG. 5. Moles hydrate formed ( 0 )  and dilatometer 
temperature (13) versus time curves for run CMA6 at 
320 r.p.m. and ATo = 2.12. 

Also, at nucleation, the temperature inside the 
bulb increased very rapidly to a maximum and 
then irregularly decreased more slowly as hydrate 
formed. Figure 5 shows this behavior and also 
two other features. The arrow at -- 1800 s shows 
where the stirring ceased. The other two arrows 
show the points at which the capillary tube M was 
refilled with mercury; here the pressure on the 
solution increased rapidly from atmospheric to 
atmospheric plus - 50 cm Hg, but no discon- 
tinuities in the hydrate formation curve were 
observed. The rate of hydrate formation is 
independent of pressure in this small range, 

FIG. 6. Moles hvdrate formed with time for solutions 
of congruent com~osition magnetically stirred at 320 
r.p.m. Run number, supercooling ATo: 0, CMA2,0.96; 
8, CMA9, 1.47; 0, CMA6, 2.12; @, CMA11, 2.64; 
0, CMAIO, 3.19. 

In Fig. 6 are shown hydrate formation curves 
obtained for various supercoolings with stirring 
speed 320 r.p.m. There appears to be a regular 
variation of rate with supercooling while the 
stirring is taking place but when stirring ceases, as 
indicated by the arrows in Fig. 6, the rate curves 
become unpredictable and cross over. 

Neglecting the rapid nucleation process, the 
initial rates were estimated from the smooth 
portions of the curves extrapolated to zero time. 

The effect of stirring on the initial rate of 
hydrate formation is shown in Fig. 7 for various 
supercoolings. Above approximately 100 r.p.m. 
the rates are independent of the stirring speed at 
all supercoolings. Also the rate with no  stirring 
approaches that with stirring as the supercooling 
is increased. These results show that, above 100 
r.p.m. under our experimental conditions, diffu- 
sion is not an important factor controlling EO 
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I I I 

100 2 00 300  
STIRRING RATE, R.P.M. 

FIG. 7. Variation of initial rates of hydrate formation 
with stirring speed for congruent, magnetically stirred 
solutions. Run, supercooling AT,: 0, 0.94; 0,  1.47; 
A, 2.12; m, 3.18. 

hydrate formation. This independence of rate on 
agitation above a certain minimum is similar to 
that observed for the growth of ice (16), and of 
ethylene diamine tartrate (17), sodium thiosulfate 
(18), sucrose (19), and CuSO, .5H20 (20) from 
their supersaturated solutions. 

In Fig. 8 we have plotted the initial rates 
against the supercooling AT, for runs with no 
stirring. On the same graph are plotted the results 
of preliminary experiments in which the linear 
velocity of crystallization V along narrow bore 
glass tubing (4 mm o.d., 2 mm i.d.) was measured 
(Part 111, Table SUM1)2. The two curves are seen 
to be of similar form. 

In the capillary growth experiments, it was ob- 
served that at AT, < 1.3 "C, the growth front was 
uniform and compact, whereas at AT, > 1.3 "C, 
the front became unstable and dendritic growth 
occurred. For aqueous solutions of heteropolar 
substances, Yamamoto (21) found similar growth 
rates above which skeletal rather than compact 
forms were produced. At AT, > 1.3 "C, our 

FIG. 8. Variation of rates of hydrate formation with 
supercooling AT, for unstirred solutions. A, initial rates 
in dilatometer; m, rates in capillary tubing. 

results obtained in capillaries conform to a (AT)2 
law, but those obtained in the dilatometer are 
more consistent with a AT growth law. 

Dendritic growth in melts generally occurs 
when large latent heats must be rapidly dissipated 
(22) during crystallization, for which it has been 
shown that crystal growth rates are proportional 
to (AT)' for non-convective steady state condi- 
tions (23). The  AT)^ law is obeyed approximately 
for crystallization of ice (2,16,24-26) and tin (27). 
When convection becomes significant, crystal 
growth rates for ice (2) showed a dependence on 

the exponent having fallen away from 
the ideal value of 2. Our capillary results are 
consistent with rate control by heat conduction 
away from the crystal, whereas convective heat 
transfer is significant in the unstirred dilatometer. 

With AT, < 1.3 "C, the rates are extremely 
slow. This is the range in which compact crystals 
with well-defined faces are formed. Also, there is 
a small range of supercooling, below 0.4 "C, in 
which we were unable to detect any hydrate 
growth. 

The results a t  constant stirring speeds are 
shown in Fig. 9 (Part 111, Table SUM2)'; the 
slope of the line is 7.6 x mole s-' deg-I 
(g soh.)-'. The solid circle represents an experi- 
ment (Part 111, Table c ~ A 1 4 ) ~  in which the 
dilatometer solution volume was 63 ml, being 
made deliberately smaller than the usual 74 ml 
approximately. In this experiment the mercury- 
solution interface was in the dilatometer bulb it- 
self, giving a much larger area of contact between 
the solution and mercury. The linear dependence 
of rate on AT, will be discussed in Part 11. 
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in Fig. 3 was used. This did not keep the walls 
completely free of hydrate but limited its thickness 
to less than 1 mm. At the top of the vessel above 
the stirrer, the hydrate layer grew to greater 

o thickness. 
j m 2 0  - 
5% The results of these experiments are reported 
K T  

rn in full elsewhere (Part 111, Table CMEI-7 and 
SUM3)2. It was noticeable in some runs, particu- 
larly at small supercoolings, that crystals grew 
slowly at first on the stainless steel stirring bar. 
At some point, copious nucleation occurred 
throughout the solution, the rate of hydrate 
formation increased to an approximately con- 
stant value for some time and then started to 

o I 2 3 decrease (e.g. Part 111, Table CME3)'. I n  those 
ATO runs where the induced nucleation immediately 

FIG. 9. Variation of initial rates of hydrate formation produced many in the the 
with supercooling ATo at high magnetic stirring rates: rate very quickly reached a constant value. 
0,320r.p.m.; 0 , 3 2 0  r .~ .m. ,  small volume; A, 100 r.p.m. Simultaneously, the temperature rose to  a con- 

stant value (k0.01 "C) and later fluctuated; this 
(c) Mechanically Stirred Vessel behavior is shown in Figs. 10 and 11 (Part 111, 

According to results obtained for incongruent Table CME5)'. 
solutions reported in Part 11, the rate of hydrate The constant initial rates of formation and the 
formation in congruent solutions is predicted by corresponding average constant temperatures for 
eq. [15] to be constant for a fixed thermostat 
temperature T,. However, this rate law cannot be O 25 

expected to hold for complete solidification of a 
solution since the effectiveness of the stirrer 
changes with the proportion of solid to liquid. 

Our results for congruent solutions have 
indicated progressively falling rates of hydrate 
formation which were partially due to the thick- $ 11.0 ening layer of hydrate on the walls of the g 
dilatometer bulb. To avoid this hydrate build up, g 
the mechanically stirred dilatometer vessel shown ,5 

10 9 

-I 
m 
r 
D 

n 

10 8 

10 7 

0 5 10 15 
FIG. 10. Moles hydrate formed (0) and solution TIME x I o - ~ , S  

temperature (A) versus time curves for the initial stage of 
run CME5 in the mechanically stirred dilatometer. FIG. 11. Complete results of run CME5; experi- 
Stirring speed 220 r.p.m. and ATo = 0.39. mental conditions as for Fig. 10. 
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- 
5 
0 

the sodium perchlorate solution showed no p H  
0 

IS- 
change, the sodium chloride solution became 
more alkaline with pH 3 10. 

Appendix 

Method of Converting the Observed Decrease 
,- in Vohrme to Moles of Hydrate Formed in 

Solutions of Congruent Composition 
Initially the EO-water solution has a volume 

V,,. At time t, let X mole EO and RXmole water 
have combined to form hydrate and let the slurry 
temperature have increased from the thermostat 

o 0.5 1.0 2.0 temperature Tb to To,,, (Tin "C). ATo l 5  

Then, V,, volume of solution at To,, is FIG. 12. Variation of initial rates of hydrate forma- 
tion with supercooling AT, at high mechanical stirring 
rates: 0, 175 r.p.m.; 0, 220 r.p.m. (nA - RX)MA + (n, - X)M, 

P s 
these runs are given in Part 111, Table SUM3' and 
are plotted against AT, in Fig. 12; AT, was 
limited to 2" by spontaneous nucleation on the 
metallic stirrer. The slope of the regression line 
is 8.2 x mole s-' deg-' (g so1n.)-' for the 
mechanically stirred dilatometer which compares 
with the value 7.6 x for the magnetically 
stirred vessel. Detailed discussion of these results 
is given at the end of Part 11. 

(d) Salt Solutions 
In the presence of salts (0.24-0.46 M with 

respect to the water), initial hydrate formation 
rates in stirred congruent solutions were of the 
same order of magnitude as those without salt at 
the same supercooling. Under identical condi- 
tions, successive crystallizations from the same 
EO-water-salt solution gave irreproducible rate 
curves which indicated accelerated EO decom- 
position. Freshly-prepared solutions had pH - 6, 
and whereas after crystallizing several times (- 6) 

where nA = moles of water initially, 
n, = moles of EO initially, 

MA = molecular weight of water, 
MB = molecular weight of EO, 

p, = density of solution at Tb, 
a = coefficient of cubical expansion of 

solution, and 
AT = To,, - Tb. 

Volume of hydrate, Vh, at To,, is 

q = f R X M A P ~  xM') (1 + PAT), 

where ph = density of hydrate at T,, 
P = coefficient of cubical expansion of 

hydrate, and 
R = water:EO mole ratio in the hydrate. 

Defining 
AV = V,  - (V, + Vh) 

nAMA + n,MB (nA - RX)MA + (n, - X)MB A - -------- - ) (I + aAT) 
Ps Ps 

- (RXMAP: XMB - 

Simplifying and solving for X, the number of For a given run, (alp,) (nAMA + nBMB) is a 
moles of hydrate formed, gives constant; also (RM, + MB) is constant with 

R = 6.89. Over the small temperature range 
AV + aAT 

{HAMA + ~ B M B )  investigated p, = 1.06954 g ml-' and P = 
P s x = ----- 91.3 x deg-' were assumed constant (12). 

(1 + aAT) (1 + PAT) Solution densities (g ml-') were calculated from - 
P, P h  p, = 0.997249 - 0.0005867 t 
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with t in "C (9). The solution cubical expansion 
coefficients measured were 

Temperature 
range PC) Mole % EO cc x lo5  (deg-') 
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Kinetics of formation of ethylene oxide hydrate. Part JI. 
Incongruent solutions and discussion1 

D. N. GLEW AND M. L. HAGGETT 
Exploratory Research Laboratory, Dow Chemical of Canada, Limited, Sarnia, Ontario 

Received June 17, 1968 

Equations were developed to describe the experimental rates of formation of ethylene oxide hydrate 
from stirred, incongruent solutions. Heat conduction through the walls of the dilatometer bulb was 
rate-controlling. Results for congruent solutions were consistent with these equations during the early 
stages of hydrate growth. 
Canadian Journal of Chemistry, 46, 3867 (1968) 

General observations 

In Part I the kinetics of hydrate formation from 
congruent solutions were described. Experiments 
on incongruent solutions using the magnetically 
stirred dilatometer were conducted (a) in the 
water-rich region on solutions containing 5.62 
mole % ethylene oxide (EO) which forms a 
hydrate of formula E0.7.05 H 2 0  at freezing 
point TfO = 8.02 "C, and (b) in EO-rich solutions 
containing 34.03 mole % EO which forms a hy- 
drate of formula identical to  that in congruent 
solutions, E0.6.89 H20 ,  at freezing point 
TfO = 8.04 "C (1, 2). The tabulated results are 
given in Part I112. 

The behavior of EO hydrate formation from 
stirred incongruent solutions was entirely dif- 
ferent from that in congruent solutions. The 
crystals appeared as small spheres (3), up to  about 
1 mm in diameter, and did not stick to the glass 
walls, so that all experiments on incongruent 
solutions were made in the magnetically stirred 
dilatometer. Hydrate formation decreased stead- 
ily with time and eventually ceased altogether as 
shown by the results in Fig. 1 for the water-rich 
region (a). Correspondingly, the solution temper- 
ature rose rapidly to a sharp maximum, then 
decreased back to the thermostat temperature. 
Figure 2 shows this behavior together with the 
equilibrium freezing points of the solution of 
changing composition. 

'Contribution No. 165. 
2Photocopies of Part 111 may be obtained free of 

charge, upon request, from: Depository of Unpublished 
data, National Science Library, National Research 
Council of Canada, Ottawa, Canada. 

WMA stands for water-rich, magnetically stirred 
solution, EMA stands for EO-rich, magnetically stirred 
solution, and SUM stands for summary of results. 

At constant thermostat temperature, the rates 
of hydrate formation are practically identical at 
stirring rates of 100 r.p.m. or greater, as shown 
in Fig. 1 by the identical hydrate formation rate 
curves for run WMA42 at 100 r.p.m. and WMA5 
at 320 r.p.m. 

Dependence of hydrate formation rate on 
(Tabs - Tb) 

(a) Water-Rich Solutions 
Results in water-rich solutions revealed that, 

after the maximum temperature increase, there 
was a direct proportionality between the rate of 
hydrate formation and the difference of the solu- 
tion and thermostat temperatures, (To,, - T,): 
the data are plotted accordingly in Fig. 3 (Part 111, 
Table WMA1-12)2. 

This dependence is consistent with the rate of 
hydrate formation depending on the rate of heat 
conduction through the glass walls of the 
dilatometer bulb. Accordingly, we derive an 
expression for this process and compare our 
experimental results with this expression. Assume 
the simplest possible temperature profile through 
the wall as follows: 

Glass 

Thermostat 
Solu t ion  ( i so the rma l )  
( i so the rma l )  

By Fourier's law of heat conduction, the rate 
of heat flow Q out of the dilatometer is given by 
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FIG. 1. Moles of hydrate formed versus time for water-rich solutions at high magnetic stirring rates. Run number, 
supercooling AT,: a, WMA9,0.46; A, WMAIO, 0.79; 0, WMAI, 1.07; 0, WMA8, 1.58; 8, WMA4, @, WMA5, 
1.84; 0, WMA12, 2.25. 

where 
h, = thermal conductivity of pyrex glass, 

Ax = wall thickness, and 
A = dilatometer bulb wall area. 

During the initial heat evolutidn from hydrate 
formation, part of the heat is used in raising the 
temperature of the solution and dilatometer bulb, 
and the remainder is conducted to the thermostat, 
so that 

L dm c, d(AT) h A = - --- + A (AT) 
C21 W d t  W dt WAX 

hydrate = 1 mole of EO + R moles 
H,O; R - 7), . . 

dm 
- = rate of hydrate formation in mole s-l, 
dt 
W = weight of solution in g,  
L = latent heat per mole of hydrate, 
c, = heat capacity of total system, and 

AT = To,, - Tb. 
If (c,/ W)[d(AT)/dt] is comparatively small and 

can be neglected, then the rate of hydrate forma- 
tion is given by 

where 
m = mole of hydrate formed (1 mole of 

[31 
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GLEW AND HAGGETT: KINETICS O F  FORMA? 

I I I 
I 2 3 
TIME X I O - ~ , S  

FIG. 2. Solution temperature, 0, and equilibrium 
freezing point, e, versus time curves for water-rich run 
WMAl at  320 r,p.m. and AT,, = 1.07. 

where k, = hgA/L WAX is the heat transfer reac- 
tion velocity constant, which is found to be rate 
limiting in all experiments. 

Numerical evaluation of h,A/LWAx for the 
magnetically stirred dilatometer (Part I, Fig. 2) 
gives 10.5 x mole s-' deg-' (g so1n.)-', 
assuming that the bulb is a cylinder with spherical 
caps having the dimensions shown. 

The bulb holds 76.6 g water-rich solution, has a 
wall area A of 94 cm2, a wall thickness Ax of 
0.25 cm, and is constructed of pyrex glass of 
thermal conductivity h, of 2.6 x cal cm-' 

'ION OF ETHYLENE OXIDE HYDRATE. PART I1 3869 

deg-' s-' (4). The latent heat of hydrate forma- 
tion L is 12 130 cal (mole hydrate)-' (5). 

Experimental evaluation of k, gives 9.5 x 
mole s-' deg-' (g so1n.)-' determined from the 
dependence of (11 W)(dm/dt) on (To,, - T,) by 
least squares analysis of the data in Fig. 3. The 
agreement between experimental and calculated 
values is good and supports a rate of incongruent 
hydrate formation limited by heat transfer only. 

(b) Ethylene Oxide-Rich Solutions 
Similar results were observed for the EO- 

rich solution measurements (Part 111, Table 
EMA1-4)2. Figure 4 shows hydrate formation 
rate curves and in Fig. 5 the results are plotted 
according to eq. [3]. 

Numerical evaluation of h,A/L WAX gives 
11.2 x mole s-' deg-' (g so1n.)-' with W 
=73.7 g and L = 11 850 cal mole-' (5), and 
values of the other constants as before. Least 
squares evaluation of the experimental measure- 
ments according to eq. [3] gives a k, value of 
10.7 x mole s- ' deg-' (g so1n.)- ', again 
in good agreement with conduction theory. 

Dependence of hydrate formation rate on 
(Tf - To~s) 

We have already established a proportionality 
between the EO hydrate formation rate and 
(To,, - T,). However, the actual driving force 
for crystallization is the difference between the 
solution freezing point and the temperature at 
the crystal surface (or the equivalent concentra- 
tion difference). This crystal temperature is un- 
known and is extremely difficult to measure. But 
it is possible (6) to relate crystal growth to the 
difference between the freezing point and the bulk 
solution temperature as follows. 

Let the temperature of the crystal surface be 
T,, the solution freezing point Tf (Tf > T, (7)), and 
the bulk temperature To,, (T, > To,, (8)). Assume 
that there is a laminar film of liquid of thickness 6 
around the crystal as shown: 

Tf 

Laminar I 
l a y e r  I - - - - - - - I -  ---- 

I 
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FIG. 3. Plot of instantaneous rate of hydrate formation (l/W)(dm/dt) against the instantaneous solution cooling 
differential (To,, - Tb) for water-rich experiments. Run: 0, WMAI;  0,  WMA2;  +, WMA3;  8, WMA4; O, 
WMAS; 0, WMA8; m, WMA9; A, WMA10; a, WMA12. 

Neglecting the heat taken up by the crystal, in so that elimination of Q from eqs. [4] and [5] 
the steady state heat is continuously transferred gives 
to the solution at a rate given by 

[41 
hhC Q = - ( K  - 7 k )  6 

[61 
1 dm hhC -- -- - 
W d t  LW6 (7" - T,,,) 

where Assuming that the crystal growth at the surface 
hh = thermal conductivity of the laminar layer, follows a linear dependence o n  (T, - Tc), the 
6 = the layer thickness, and relation 
C = surface area of crystal. 
Also, 

~ 5 1  
Q L d m  ----  
W - w d t  defining a rate constant K is obtained. 
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1 the 5 lowest values which were obtained in freshly- 
prepared solutions. 

FIG. 4. Moles of hydrate formed versus time for 
EO-rich solutions at  high magnetic stirring rates. Run, 
supercooling AT,: 0 ,  EMA1, 0.57; 0, EMA2, 0.60; 
0, EMA3, 1.11; A, EMA4, 1.86. 

Eliminating T, from eqs. [6] and [7] gives the 
rate of hydrate crystallization, 

= k,(Tf - To,,) 

in which k, is a composite reaction velocity 
constant appropriate to steps other than heat 
transfer through the dilatometer walls. 

(a)  Water-Rich Solutions 
The results of applying eq. [8] to the hydrate 

formation rates in the water-rich region are shown 
in Fig. 6. The values of the slopes k,, are given 
in Table I. Although k,, is seen to vary from 
(2.3-5.8) x mole s-' deg-' (g so1n.)-' it 
generally retains a constant value in each exper- 
iment. We have no explanation of the variation 
between experiments but incline to the mean 
k,, = 2.5 x mole s-' deg-' (g so1n.)-' of 

TABLE I 
Values of k,, in 
water-rich region 

Run kZw x lo6 

WMA8 2.8 
WMA9 2.3 
WMAl 2.6 
WMA2 2.6 

(b)  Ethylene Oxide-Rich Solutions 
The plot of hydrate formation rate against 

(Ti - To,,) in EO-rich solutions is shown in 

FIG. 5. Plot of instantaneous rate of hydrate forma- 
tion (11 W)(drn/dt) against the instantaneous solution 
temperature differential (Tobr - Tb) for EO-rich exper- 
iments. Run: 0,  EMAI;  m, EMA2; A, EMA3; 0, 
EMA4. 
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9 

0 0,  I 0.2 -T 0.3 0.4 
f obs 

RG. 6.  Plot of instantaneous rate of hydrate formation (I/ W)(dm/dt) against the instantaneous (Tf - TobJ for 
water-rich solutions. Run: D, WMA1; a, WMA2; a, WMA3; o, WMA4; @, WMAS; 0,  WMAI; A, WMA9; 
0, WMA10; 8, WMA12. 

Fig. 7. All points fall around a single straight 
line of slope k,, = 9.9 x mole s-' deg-' 
(g so1n.)-l. 

Discussion 

I t  may at first appear surprising that plots of 
rate against (T, - To,,) are linear at all, since, 
presumably K and h, both vary with absolute 
temperature, and also the area C varies as the 
crystals grow. We do not know what kind of 
crystallization process the coefficient Krepresents 
but if, for example, it involves a diffusion 
mechanism (9) then the scatter of our results over 

the small experimental temperature range would 
mask any temperature dependence of K (10). 
Similarly, changes of thermal conductivity of, for 
example, water would be hidden. In stirred and 
unstirred studies (6) of growth of benzophenone 
and salol, it was observed that the heat transfer 
coefficients were constant. 

Barrer and Ruzicka (1 1) observed constant 
rates of argon uptake while growing the tetra- 
hydrofuran-argon double hydrate; they have 
discussed the variation of 6 with increasing 
crystal size. Nancollas and Purdie (12) also point 
out that in many systems the effective growth area 
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of crystals becomes constant even though they [12] !? = k, log [I + k,(q0 - T,)] 
continue to increase in size. W 

Prediction of Rate Curves with k, = 39.20 x lo-, and k, = 1.43. Sub- 
For water-rich and EO-rich solutions, we now stituting for T, in eq. [9] and integrating gives 

which is useful for predicting rates of hydrate 
formation when the solution freezing point is 
known. 

From the hydrate freezing point curve (1) for 
water-rich solutions with T: = 8.02 "C in the 
region 0 "C < T: - Tf < 2.15 "C, we obtainthe 

20 

I- 0 - 
% - 

have two equations of the form: 

0 empirical relationship 

% 15- m 
a - [lo] - W = k3 log [1 + k4(q0 - T,)] - 
L7 

W 
I- 

with k, = 24.92 x and k, = 0.735. Sub- 
a 
K stituting for TF in eq. [9] and integrating gives 
n 
> IO- 
I 

W 
2 
0 
I 

[111 log [l - 
K, exp (mlk, W) 

- - kIWk2Wt 
I- - log (1 - Kl) 

K1k3k4(klw + k2w) 
with 

Kl = 1/(1 + k4(~,O - Tb)), 
klw = 9.5 x (Fig. 3), 
k2, = 2.5 x (Fig. 6), 

0 0.05 0.10 0.1 5 k, = k3/2.303 = 1.082 x lo-,, 
f - O ~ S  which expresses mole of hydrate formed m as a 

FIG. 7. Plot of instantaneous rate of hydrate forma- function of time t for water-rich solutions. 
tion (11 W)(drn/dt).against the instantaneous (Tr - To,,.) Similarly for EO-rich solutions with T F O  = 8-04 
for EO-rich solutions. Run: 0, EMAZ; A, EMA3; OC in the region 0 "C < T: - T, < 2.04 "C we 
Q, EMA4. have the relation 

- 

where 

and 
1 

k2 = W/K + SLW/h,C 

from which Tobs can be eliminated to give 

[l3] log [ (mik8W) ] 
1 - K, exp (rnlk, W) 

- - k~ ek2et - log (1 - K2) 
K2k6k7(kle + k2e) 

with 
K2 = 1/(1 + k7(Tf0 - Tb)), 
kle = 10.7 x lo-, (Fig. 5), 
k,, = 9.9 x (Fig. 7), 
k8 = kJ2.303 = 1.702 x lo-,, 

which expresses the moles of hydrate formed m as 
a function of time t for EO-rich solutions. 

The predicted rate curves for the water-rich 
region are shown by the solid lines in Fig. 1 
evaluated from eq. [ l l ] ;  for the EO-rich region 
those in Fig. 4 are given by eq. [13]. 

I t  is noticeable, particularly for the water-rich 
solutions, that the calculated curves consistently 
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fall below the experimental points during the 
early part of a crystallization but approach the 
points as the reaction reaches completion. We 
have investigated this behavior and find that the 
assumption for eq. [3] 

while true after the maximum temperature 
increase, is incorrect during the initial part of a 
reaction, when the slurry temperature is increas- 
ing. We demonstrate the closer fit of the curves 
to the experimental points taking the full eq. [2] 
with eqs. [8] and [lo] from which we obtain 

expressing m as a function of To,, and dTob,/dt. 

FIG. 8. Comparison of experimental points with 
calculated curves: - - - - using the approximate integrated 
eq. [ l l ] ;  - using the exact differential eq. [14]. For 
water-rich run: A, WMAIO; a, WMA4. 

CHEMISTRY. VOL. 46, 1968 

A value for c, was estimated as 82 f 20 cal deg-I 
using eq. [2] a t  t = 0 where (To,, - T,) = 0 and 

The solid lines for the two curves in Fig. 8 are 
calculated from eq. [14] and the dashed lines 
from eq. [l 1 ] ; the better fit of the solid curves to  
the data is apparent. 

To predict hydrate formation rates, approx- 
imate values of nz may be obtained explicitly from 
eq. [ l l ]  for water-rich solutions or eq. [13] for 
EO-rich solutions. Better approximations for m 
are given for water-rich solutions by eq. [14] 
which requires the knowledge of To,, as a function 
of time t. 

Interpretation of results for congruent 
solutions of Part  I 

The results shown in Fig. 9 (Part 111, Table 
SUM2)2 and Fig. 12 (Part 111, Table SUM3)2 of 
Part I for stirred congruent solutions can now be 
interpreted. 

Using our treatment for incongruent solutions 
according to eq. [9] we are now able to treat 
congruent solutions replacing T, by the constant 
T,' to give 

Cl51 
1 din 
W d t  - KC(T0 - Tb) 

FIG. 9. Variation of initial rates of hydrate formation 
with (To,, - Tb) at high mechanical stirring rates: 0, 
175 r.p.m.; @, 220 r.p.m. 
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in which Kc is the composite first order velocity 
constant. The results of Fig. 12 (Part I) for the 
mechanically stirred dilatometer in eq. [15] give a 
least squares Kc = 8.2 x mole deg-l s-l 
(g so1n.)-l ; according to our analysis Kc is given 
by 20 - 

[I61 
klck2c Kc = "o 

I~lc  + k2c - X 

where klc is the heat transfer velocity constant 2 
h,A/LWAx and is the coefficient of the rate ,5- 
dependence on (To,, - T,,), and k2, is the 2 
coefficient of the rate dependence on (TfO - To,,). 

To evaluate klC the results (Part 111, Table 
t- SUM3)' are plotted according to Q 

1 dm 
-- - - I~lc(~obs - Tb) W dt w 

in Fig. 9 (Part 11) giving a least squares k,, =- 
= 10.5 x mole deg-l s- l  (g so1n.)-l for 
the heat transfer velocity constant. 

Due to the shape of this vessel (Part I, Fig. 3), 
it is difficult to estimate a reliable value for the 
surface area; as an equivalent we have taken the 
simplified shape with the measured dimensions, 

I 

0 0.1 0.2 0.3 0 4 0.5 0.6 0; Tf"-Tob s 

FIG. 10. Variation of initial rates of hydrate forma- 
8.6 c:n + l i . l c rn  5 crn tion with (Tf0 - To,,) at high mechanical stirring rates: 

I 0, 175 1.p.m.; 0, 220 r.p.m. 

so1n.)-', which is in agreement with that 

A = -111 cmZ, 8.2 x mole s- l deg-l (g so1n.)- ' from di- 
rect application of eq. [15] to the measurements. W = -9Og, This excellent agreement shows that the behavior 

h, = 2.6 x cal cm-' deg-' s-', of our congruent solutions is kinetically com- 
Ax = 0.25 cm, parable with that of incongruent solutions and 

L = 11 850 cal mole-' (5); gives, further, a posteriori support for our  kinetic 
which give a calculated value for the heat transfer analysis. 

'Onstant of lo-' Using a similar analysis for congruent solutions 
mole s-' deg-' (g so1n.)-l, in agreement with in the magnetically stirred vessel, we find that the 
the experimental value above. slope of the line in Fig. 9 (Part I) is given by the 

To evaluate k2, the results (Part 111, Table least squares Kc = 7.6 mole s - l  d e g - ~  
SUM3)' are plotted according to (g so1n.)- l from eq. [15]. For the magnetically 

1 d n ~  stirred reaction vessel we have the heat transfer 
-- - 
W dt - kzc(TfO - Tabs) velocity constant k lc  = 10.7 x lo-' mole s-l 

deg-' (g so1n.)-' derived from experiments on 
in Fig. 10 giving a least squares kzc = 35.4 x EO-rich solutions. We take the value of k2, for 

mole s- l deg-' (g so1n.)- '. the magnetically stirred vessel as that kzc 
Using our values of klc  and k2, in eq. 1161 =35.4 x mole s- l  deg-l (g so1n.)-' for 

we obtain Kc = 8.1 x mole s-' deg-' (g the mechanically stirred vessel, since both 
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velocity constants refer to the same process of 
uniform slurry growth in congruent solutions. 
Substituting these klC and k,; values in eq. [16] 
gives Kc = 8.2 x moles-' deg-' (gso1n.)-l, 
in agreement with the experimental value 7.6 x 

obtained directly. Agreement between the 
kinetic constants observed in mechanically and 
magnetically stirred vessels confirms our analysis 
of EO hydrate growth limited by heat transfer 
from the slurry. 

Conclusion 

In summary, it has been concluded that the 
formation of EO hydrate in our experimental 
system can be described by 3 consecutive reac- 
tions: 

k2o 
[I71 EO + RHlO + EO(H2QR + Q surface 

k2 b 
[18] Q surface + Q bulk 

k,  
1191 Q bulk Q thermostat 

where Q represents the heat produced by the 
hydrate crystallization, 

and 

k,  = 
1  

llk2a + llk2b 

Under all our experimental conditions in 
stirred reactions, it has been found that 

and, therefore, heat transfer by conduction 
through the glass walls of the dilatometer bulb 
is the controlling step in the hydrate formation. 

The values of the composite constant k ,  given 
below 

Solution composition k2 x lo7 
wt. % EO mole s-I deg-I (g soh.)-'  

5.62 25 
12.67 35 
34.03 99 

CHEMISTRY. VOL. 46, 1968 

increase as the EO concentration increases. 
Estimations (13) of the temperature and con- 
centration gradients, needed t o  transport heat 
from, and mass to, the growing crystals indicate 
they are very small when stirring at 320 r.p.m. 
This supports our previous conclusion that these 
are not significant rate-controlling steps in our 
system. The variation of k ,  therefore appears to 
reflect a variation of k,, with EO concentration, 
i.e. k,, << k,,. As this constant itself probably 
represents a combination of rate constants for 
several steps, such as nucleation, surface reaction, 
we cannot ascribe the variation of k, un- 
ambiguously. 

In congruent solutions using the mechanically 
driven stirrer, hydrate formation rates for various 
AT,, were constant for some time but later 
decreased. The rates must then be controlled by a 
process other than heat conduction through the 
dilatometer walls. Such a process could be heat 
transfer from crystal to bulk liquid when the 
population of crystals per unit volume of solution 
becomes large and laminar layers around the 
crystals overlap. 

Appendix 
Method of Converting the Observed Decrease in 

Volume to the Mole of Hydrate Formed in 
Solutions of Incongruent Composition 

Several experiments, at different supercoolings, 
were allowed to go to completion i.e. until hydrate 
formation ceased. The total volume decrease was 
measured. After correcting for changes in 
pressure, the volume decrease was plotted 
against the mole of hydrate formed which was 
calculated as follows 

I I 
I I 
xo x 1 

Mole $ EO. 

Let the prepared solution have composition 
x, mole % EO and initial freezing point T:. Also, 
let the thermostat temperature be Tb. With 
hydrate formation, the solution freezing point 
decreases asymptotically to Tb and the composi- 
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tion changes to x ,  mole % EO. Per 100 moles of 
solution, let X moles of hydrate of composition 
H 2 0  : EO = R: 1 be formed between x, and xi. 
Then the solution at T, "C will contain (x, - X) 
mole EO and (100 - x, - RX) mole water, so 
that 

x, - X - x1 
100 - X, - R X  100 - xi  

whence 
10O(x1 - x,) 

X = 
x,(R + 1) - 100 

This amount of hydrate X i s  formed from x, 
mole EO, so that for n, mole EO in the dilatom- 
eter the amount of hydrate formed is Xn,/x,. 

R was taken as 7.05 in water-rich solutions and 
6.89 in EO-rich solutions (2). 

A calibration curve of mole hydrate against 
volume decrease was constructed. Intermediate 
volume changes, after correcting for temperature 
changes within the dilatometer, were interpolated 
from this graph. At the conclusion of this work, 
sufficient data became available (14) to calculate 
the volume decrease on crystallization of hydrate 

from EO-water mixtures; agreement t o  within 
33% between experimental and calculated values 
of AV was obtained when this comparison was 
done for run EMA32. 
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Metal-acetylene complexes. 11.' Acetylene complexes of nickel, 
palladium, and platinum 

E. 0. GREAVES, C. J. L. LOCK, AND P. M. MAITLIS' 
Clietnistry Department, Mc~Master Utziversity, Hatni.'totz, Ontn~io  

Received April 22, 1968 

The preparations of complexes of the type L2M(RC2R1) (where L = Ph,P, M = Ni, Pd, Pt, R = 
R'  = CF,; L = Ph3P, M = Ni, Pt, R = R' = Ph, and R = Ph, R '  = Me; L = Ph3P, M = Pd, Pt, 
R = R' = COOMe; and R = R' = CF3,  M = Pd, Pt, L = n-Bu3P, Me2PhP) are described. From 
their nuclear magnetic resonance spectra these complexes appear to be approximately planar in solution. 
The vcGc observed in their infrared spectra indicate strong bonding of the acetylene to the metal. 

A new approach to the bonding in metal-acetylene complexes is proposed which can be extended to 
other n-complexes and which allows some predictions to be made. 

Canadian Journal of Chemistry, 46, 3879 (1968) 

Introduction 

Some years ago Chatt and his co-workers 
reported the preparation and some properties of 
two types of platinum-acetylene complexes, 
RC,R1PtC1,L, (1) [where L was C1- or an 
amine] and (Ph3P),PtRC2Rf (2) (1-3). Simple 
mono- or di-alkyl or -aryl acetylenes did not form 
complexes of type (1) but reacted further to give 
products which were not characterized. Only 
acetylenes bearing at least one very bulky alkyl 
group, for example, -CMe3, -CMe,OH or 
-CMe,OMe, formed this type of complex. 

From a study of the infrared spectra of the 
complexes (1) Chatt el al. (1-3) deduced that the 
acetylenes were relatively weakly bonded to the 
metal, their criterion being Av,,, (v,,,(free 
acetylene) - v,,,(complexed acetylene)). In 
most disubstituted acetylenes v,,, occurs be- 
tween 2190 and 2260 cm- ' (1), in these complexes 
it varied from about 1994 to about 2046 cm-' 
The decrease in frequency observed, of about 
200 cm-', was therefore comparable to that 
observed on complexing olefins to Pt(I1) in 
complexes such as Zeise's salt, KPtC,H4C13 
(- 150 cm-'). The relatively small AvCEc and 
the low intensity of the v,,, band in the com- 
plexes of symmetrical acetylenes appeared to 
indicate rather weak bonding to the metal with 
only a small distortion of the acetylene from its 
uncomplexed geometry. Hence a structure was 
proposed for these complexes similar to that of 

'Parts of this work have appeared as preliminary 
communications, see refs. 41 and 42. Reference 41 is 
regarded as part I of this series. 

2Fellow of the Alfred P. Sloan Foundation and author 
to whom any correspondence should be addressed. 

Zeise's salt, with the acetylene perpendicular to 
the coordination plane. This conclusion was 
recently verified by the publication in a pre- 
liminary communication by Owston et al. (4) 
of the crystal structure of (ButC,But)PtCI,- 
(NH,C,H,CH,-p), which was found to have 
a geometry similar to that of the olefin complex 
(C,H,)PtCl,(HNMe,), (5). 

The second type of complex, (2), investigated 
by Chatt et al. (1-3) showed a strong band at - 1800 cm-' in the infrared spectrum which 
was ascribed to v,,, of the acetylene coordinated 
to the metal. AvC,, was much larger here and 
Chatt et al. suggested (a), that the bonding of the 
acetylene to the metal (formally Pt(0)) was much 
stronger in (2) and (b), that in (2) the acetylene 
was coplanar (or nearly so) with the two P atoms 
and the ~ t .  This prediction was also recently 
shown to be correct bv the determination of the 
crystal structure of ( P ~ , P ) , P ~ ( P ~ c , P ~ )  by Grim 
et al. (6). 

~ i j k ;  and Herrmann (7) briefly mentioned, 
but with a complete absence of details, the 
preparation of the analogous nickel complexes, 
(Ph,P),Ni(RC,R), where R = Ph or Me; and 
Wilkinson et al. have described (Ph3P),Pt- 
(CF3CzCF3) (8). 

During the past few years we have been very 
interested in the reactions of acetylenes with 
various noble metal compounds, particularly 
palladium chloride (9, 10)' since a variety of 
interesting and as yet quite unexplained reactions 
occur under very simple conditions. One obvious 
path by which this particular problem could be 
attacked was by the preparation and study of 
complexes analogous t o  (I), i.e., acPdC1,L which 
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TABLE I 
vc,, for complexes prepared in this paper 

v c = ~  (cm-I) 

Complex M=Ni  M=Pd M=Pt 

can be expected to be important in the first stage 
of these reactions. Despite a number of attempts, 
however, we have not yet succeeded in isolating 
and characterizing such a complex unambig- 
uously. 

However, since complexes of type (2) were 
known for nickel and platinum, it was reasonable 
to suppose that they could also be made for 
palladium.We therefore set out with the intention 
first, of synthesizing a range of complexes of the 
type (R3P),M(R'C_CR"), secondly of com- 
paring their physical properties, and thirdly of 
investigating their reactions, especially with a 
view to understanding typical metal-catalyzed 
reactions of acetylenes such as hydrogenation, 
polymerization, etc. In this paper we describe the 
preparation and some of the properties of such 
complexes. 

Results 

Three nickel, four palladium, and six platinum 
complexes of the type (R3P),M(RfC_CR") have 
been prepared (Table I). The hexafluoro-2-butyne 
complexes (Ph3P),M(CF3C,CF3), (M = Ni, Pd, 
and Pt) were, however, the only ones where it was 
possible to prepare the whole series. 

Nickel Complexes 
The acetylenebis(tripheny1phosphine)nickel 

complexes (5) were prepared by reaction of 
ethylenebis(tripheny1phosphine)nickel (4) with 
the appropriate acetylene. Ethylenebis(tripheny1- 
phosphine)nickel was prepared by a modification 
of the procedure of Wilke and Herrmann (7) in 
which the more readily available triethylalumin- 
ium was substituted for diethylaluminium eth- 
oxide. Care was taken to wash the ethylene 
complex (4) thoroughly with ether before adding 
an acetylene, otherwise polymerization, especially 
in the case of hexafluoro-2-butyne, was found to 
occur. 

The yellow crystalline diphenyl- and methyl- 
phenylacetylene complexes (5a) and (5b) were 
very air sensitive and too unstable for elemental 
analyses. They were characterized by their 
infrared and nuclear magnetic resonance n.m.r. 
spectra, which were very similar to those of the 
analogous, and fully characterized platinum 
complexes. Attempts to prepare the dimethyl 
acetylenedicarboxylate complex gave an un- 
identified amorphous yellow compound. How- 
ever, hexafluoro-2-butyne gave the more stable 
bright yellow crystalline complex (5c). In the 
solid, this changed color (to a pale green) only 
after exposure to air for several hours. In  
solution, however, it decomposed rapidly and a n  
osmometric molecular weight measurement was 
not possible. 

Attempts to prepare acetylenebis(trialky1phos- 
phine)nickel complexes were all unsuccessful. 
The previously reported ethylenebis(tri-n-butyl- 
phosphine)nickel (7) was obtained as an air 
sensitive oil. With acetylenes this gave gums or 
oils which could not be crystallized or purified 
without decomposition. The relatively stable 
ethylenebis(tricyclohexylphosphine)nickel gave a 
gum with hexafluoro-2-butyne, and trimerized 
diphenylacetylene to hexaphenylbenzene. 

[Ni(acac),], + Et3Al + PPh, + C2H, -t 
3 (Ph3P)ZNi(C2H4) 

4 

(Ph3P),Ni(C2H,) + R-CR' -+ (Ph,P),Ni(RC2R1) 
4 5a, R = R' = Ph 

56, R = Ph, R' = Me 
5c, R = R' = CF3 

Palladium Complexes 
Acetylenebis(tripheny1phosphine)palladium 

complexes could not be prepared by a method 
analogous to that used in the preparation of the 
nickel complexes; addition of small amounts of 
triethylaluminium to bis(acety1acetonato)palla- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GREAVES ET AL.: M E T A L A C E ~ E N E  COMPLEXES. II 3881 

dium and triphenylphosphine (mole ratio 1 :2) 
gave tetrakis(triphenylphosphine)palladium (6). 
Further addition of triethylaluminium caused 
the deposition of metallic palladium. 

Attempts to prepare the complexes by the 
hydrazine reduction of dichlorobis(tripheny1- 
phosphine)palladium in the presence of the 
acetylene, which was successful for the platinum 
complexes (2), here led to the precipitation of 
palladium or the formation of gums. By analogy 
with the platinum complexes, a plausible inter- 
mediate in the reaction is (Ph,P),Pd. 

Some acetylenes bearing electronegative sub- 
stituents (-CF, or -COOMe) replaced two 
molecules of triphenylphosphine in tetrakis(tri- 
pheny1phosphine)palladium (6) to give the 
acetylene complexes (7). Other acetylenes (e.g. 
PhC_CPh, PhC=CMe, and J-N02C6H4C= 
CC6H4p-NO,) did not give isolable complexes. 
Tetrakis(triphenylphosphine)palladium was con- 
veniently prepared by triethylaluminium reduc- 
tion of bis(acetylacetonato)palladium (1 1) in the 
presence of excess triphenylphosphine. A plausi- 
ble intermediate in this reaction is a thermally un- 
stable diethylpalladium complex, [(Ph,P),PdEt,]. 

(Ph,P),Pd + RCkCR + (Ph3P)zPd(RCzR) + 2Ph3P 
6 7a,  R = CF3 

7b,  R = COOMe 

The analogous complexes (n-Bu,P),Pd(CF,- 
C2CF3), (8), and (Me2PhP)2Pd(CF3C2CF3), (9), 
were prepared by addition of the acetylene to the 
hydrazine reduction product of (R,P),PdCI, in 
the presence of excess R,P. The probable inter- 
mediate, (R,P),Pd, was not isolated. 

Platinum Complexes 
The general method used by Chatt et al. (3) for 

the preparation of the platinum complexes (2), 
has been described by Allen and Cook (12). This 
involves the addition of the acetylene to the 
hydrazine reduction product of cis-dichlorobis- 
(tripheny1phosphine)platinum. Dobinson et al. 
(13) have indicated that the reduction may be 
thought of as going via the following reaction 
path 

N2H4 
(Ph3P)zPtClz + N2H4 + EtOH + [ ( P ~ ~ P ) z P ~ N ~ H . ] ~ ~ + ~ C I -  d (Ph3P)2PtH.CI 

N2H4 R k C R '  R W R  ' 
(Ph3P)zPt (Ph3P)2Pt(RC2Rf) t------ (Ph3P)4Pt 

2a, R = R' = Ph 10 
26, R = R' = CF3 
2c. R = R '  = COOMe 

The complexes (2a, 2b, 2d) were prepared by 
this method. As for the palladium complex (6), 
acetylenes bearing electron-withdrawing sub- 
stituents (CF,, COOMe) replaced two molecules 
of triphenylphosphine in tetrakis(tripheny1phos- 
phine)platinum (10); (2b) and (2c) were prepared 
this way. We also attempted to prepare the 
complexes (Bu,P),Pt(CF,C,CF,) (11) and 
(PhMe,P),Pt(CF,C,CF,) (12) by the hydrazine 
reduction method from the appropriate dichloro- 
bis(tert-phosphine)platinum. However, only un- 
characterizable red oils were obtained. These 
complexes were successfully prepared by reducing 
K2PtC14 with ethanolic KOH in the presence of 
an excess of the appropriate phosphine, and 
adding the acetylene to the reduction product, 
presumably (R,P),Pt. 

Spectra 
The infrared spectra of the complexes prepared 

have been measured, and in each case they 
exhibited a band in the region 174&1845 cm-' 
which is ascribed to v,,, of the coordinated 
acetylene. In some cases this band was split; the 
reason for this is not understood. These values 
are presented in Table I ;  Table I1 also gives the 
values of v,,, obtained by other authors for a 
variety of hexafluoro-2-butyne metal complexes. 

The proton magnetic resonance (p.m.r.) 
spectra of the complexes (Ph,P),M(PhC,Ph) 
(M = Ni, Pt), showed only a complex resonance 
at ca. 2.5 z due to phenyl protons. The 60 Mc 
p.m.r. spectrum of methylphenylacetylenebis- 
(triphenylphosphine)platinum (2d) both in ben- 
zene and in chloroform solution at 34" showed a 
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TABLE I1 
vc,, for some hexafluoro-2-butyne metal complexes 

Compound vc- (cm-') Avce c(cm-l) Reference 

C F 3 k C C F 3  2300 (Raman) - 38 
C5H5Mn(CO)Z.C4F6 1919" 381 8 
(Ph3P)2RhCI.C4F6 1917b 383 20 
(Ph,P),PdC,Fs 1811. 1838" 475 d 

nSolutio~~; bNujol mull; CKBr disc; *this paper. 

multiplet at 2.7 z (phenyl protons), and a doublet 
centered at 7.88 z due to methyl protons coupling 
with a phosphorus (JP-, 6.2 c.P.s.). TWO pairs of 
satellite peaks due to coupling of the methyl 
protons with 1 9 5 ~ t  (I = 112, 34% abundance) 
were also observed (JPt-H 41.5 c.p.s.). The 100 
Mc spectrum in chloroform - methylene chloride 
solution at 22.5" showed the same coupling 
constants, but in addition, the resonances noted 
above were further split into symmetrical 
doublets due to coupling with the second 
phosphorus (JP,-, ca. 1.2 c.p.s.). Since it is 
generally agreed that trans-coupling in octahedral 
or  square-planar complexes is larger than cis- 
coupling (14), the larger, Jp-,, is assigned to 
coupling with the trans-phosphorus, and the 
smaller, Jp,-,, to coupling with the cis-phos- 
phorus. 

The spectrum of ( 2 4  in chloroform was 
complicated by the slow appearance of a new 
singlet at 7.99 T; this was shown to be free 
methylphenylacetylene. By carrying out the 
reaction on a larger scale for 48 h at  25", a yellow 
crystalline precipitate of chloro(dichloromethy1)- 
bis(tripheny1phosphine)platinum (13) was ob- 
tained. 

Similar examples of electrophilic attack on 
tetrakis(tripheny1phosphine)platinum (10) by 
alkyl and acyl halides 

e.g. (Ph3P),Pt + MeBr -+ (Ph3P),PtMe.Br + 2PPh3 

have been reported by Cook and Jauhal (15). 

They interpreted their reactions as proceeding 
via primary dissociation of the phosphine 
complex (lo), possibly to (PPh,),Pt, which has 
itself been found to react with alkyl halides in the 
above manner (16). In our case however, the 
p.m.r. spectrum of ( 2 4  in benzene does not show 
any peak attributable to free methylphenyl- 
acetylene, so that we conclude that the equilib- 
rium 

lies well over to the left hand side. Furthermore, 
our observation of both cis- and  trans- P-H 
coupling in ( 2 4  makes it very unlikely that the 
rate of the dissociation is fast, since this would 
imply a fast backreaction and consequent rapid 
exchange of the acetylene. 

The 60 Mc p.m.r. spectrum o f  methylphenyl- 
acetylenebis(triphenylphosphine)nicke1 (5c) was 
similar to that o f  (2d); the methyl protons were 
observed as a symmetrical doublet centered a t  
7.86 z (Jp-, 4.5 c.p.s.) due to coupling with the 
trans-phosphorus and again each resonance 
appeared to be further split into a symmetrical 
doublet (Jpr-, ca. 1 c.p.s.) due t o  coupling with 
the cis-phosphorus. 

The 19F n.m.r. spectra of (Ph,P),M(CF,C,- 
CF,) (M = Ni, Pd, and Pt) were also measured. 
The spectrum of hexafluoro-2-butynebis(tri- 
pheny1phosphine)platinum (2b) in benzene a t  
30" showed a doublet centered a t  10.4 p.p.m. on 
the low-field side of benzotrifluoride due to 
fluorine-phosphorus coupling (JP-, 10.2 c.p.s.). 
Two pairs of satellite peaks due to  coupling of 
the fluorines with 19'Pt were also observed 
(Jp,-, 64 c.p.s.). The n.m.r. spectrum of (2b) was 
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also run in methylene chloride at 30" (Jp-, 10.3 
c.p.s., JP,-, 66 c.p.s.); the coupling constants did 
not change on cooling this solution to - 60 "C, 
nor were the peaks further split. 

The spectrum of hexafluoro-2-butynebis(tri- 
pheny1phosphine)nickel (5c) in benzene at 30 "C 
showed only a doublet centered a t  10.6 p.p.m. on 
the low-field side of benzotrifluoride due to 
coupling with 31P (JP-F 6.1 c.P.s.). Similarly the 
analogous palladium complex (7a) showed a 
doublet centered at 10.7 p.p.m. from benzotri- 
fluoride (JP-, 11.2 c.p.s.). 

The 19F n.m.r. spectrum of hexafluoro-2- 
butynebis(tri-n-butyl-phosphine)platinum (11) 
showed a doublet centered at 8.8 p.p.m. on the 
low-field side of benzotrifluoride (JPpF 10.8 
c.p.s.), with two pairs of satellite peaks due to 
Ig5Pt-F coupling (JPt-, 67 c.p.s.). 

In view of the magnitude of these P-F 
couplings they are assigned to coupling with the 
trans-phosphorus; cis-P-F couplings could not 
be detected. 

The p.m.r. spectra of the palladium and 
platinum dimethyl acetylenedicarboxylate com- 
plexes (7b) and (2c) in deuterochloroform 
showed multiplets at  2.9 T due to the phenyl 
protons and singlets at  6.80 T (Pd) and 6.75 T (Pt) 
due to the ester methyl protons. No coupling, 
either to platinum or to the phosphines, was 
observed. 

Discussion 

Structures of tlze Complexes 
The p.m.r. spectra of the methylphenyl- 

acetylenebis(tripheny1phosphine)-nickel and 
-platinum complexes (5b) and (2c) show coupling 
of the methyl protons to both the trans- and the 
cis-phosphines; hence these molecules must be 
planar or nearly so. The magnitude of the 
smaller (cis-) coupling in (2c) implies that the 
rate of rotation of the acetylene about the Pt- 
acetylene axis is very slow (less than 1.2 s- l )  and 
that this process has a high activation energy 
barrier (17). By contrast, the hexafluoro-2-butyne 
complexes (5c), (7a), (2b), and (11) showed only 
coupling to the trans-phosphines; this was also 
observed by Wilkinson et al. for (2b) (8). Our 
inability to observe cis- coupling here is puzzling 
especially since the trails- P-H coupling is 
smaller than the P-F coupling. However, this 
result still implies a planar or near-planar 
structure for the two phosphorus atoms, the 

metal, and the acetylenic carbons. If, for example, 
the acetylene were at right angles to the plane of 
the metal and the phosphorus atoms or were 
rotating rapidly about the metal-acetylene axis, 
then coupling of the fluorines to two equivalent 
phosphorus atoms would be observed, and the 
19F resonance would appear as a triplet. 

We are thus able to say that the structures of 
these acetylene complexes in solution are very 
similar to  the structures in the solid state; 
Glanville et al. (6) have shown that (Ph3P),Pt- 
(PhC,Ph) (2a) has the two P atoms, the Pt, and 
one acetylenic carbon in a plane, with the 
acetylenic CC bond making an angleof 14" with 
this plane. 

Bonding irz the Complexes 
Chatt et al. (3) have suggested that the bonding 

of acetylenes to platinum might be described in 
two ways, (14) and (15). 

The structure (14) implies that bonding is 
caused by donation of acetylene 71. electron 
density into an empty p- or d-orbital of the metal 
and back-donation of electron density from a 
filled metal d (or dp-hybrid) orbital to an 
acetylene 7c * orbital. 

The structure (15) implies that the electron 
density in the acetylene has been reorganized to 
give an arrangement close to that for an olefin, 
and that the resulting two unpaired electrons 
combine with two unpaired electrons on themetal 
to give two "o" bonds between the acetylene and 
the metal in a "metallacyclopropene" ring. 

This argument was based on the values of 
Av,,, found in the complexes (1) and (2) 
respectively. The smaller value of Av,,,, found 
in (I), was taken to imply weaker bonding of the 
acetylene to the metal, less distortion of the 
acetylenic geometry from linear, and a shorter 
acetylenic CC bond. It  was also assumed that the 
acetylene was bonded perpendicular t o  the co- 
ordination plane of the metal. The larger value of 
Av,,,, found in (2), was taken to imply a stronger 
bonding of the acetylene to the metal, greater 
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distortion of the acetylene from linear, and a 
longer acetylenic CC bond. If it is assumed that 
two Pt-C o bonds are formed in (2), the metal 
is then in the + 2 oxidation state and hence would 
probably be square-planar with the acetylene 
taking up two coordination positions in theplane. 

In a later paper Chatt (18) explicitly pointed 
out the possibility of there existing a series of 
complexes in which a gradual transition occurred 
between bonding of types 14 and 15. He also 
pointed out that the essential difference between 
the two types was due to the electron-releasing or 
-withdrawing character of the group R on the 
acetylenes. 

Later workers extended these suggestions to 
other acetylene-metal complexes. However, they 
hardened the distinctions between the two types 
of bonding, and implied that two different 
structures and two different types of bonding 
were in fact possible. Parshall and Jones (19), for 
example, noted that v,,, in (Ph,P),IrCO.Cl- 
(CF3C2CF3) (16) occurred at 1773 cm- ', 
between v,,, for 

CF,-CF, 
and 

CF3C==C. CF3 (1 820 cm-l) 
v 

CFz 

as might be expected if the iridium in (16) were 
part of a metallacyclopropene ring. Mays and 
Wilkinson (20) suggested that the bonding in 
C,H,Mn(CO),(CF3C2CF3) was described by 
(14) whereas in (Ph,P),RhCl(CF,C,CF,) it was 
of type (15). 

Support for these two descriptions also comes 
from the recent X-ray crystal structures of 
(Ph3P),Pt(PhC2Ph) (6) which is apparently a 
type (15) complex, and (Bu'C2Bui)PtCl,(p- 
toluidine) (4) which is apparently a type (14) 
complex. 

Collman and Kang (21) summarized the 
position in 1967, "At the present time it is an 
unsettled question whether the two bond types 
(i.e. 14 and 15) represent energy minima and 
could be found in valence tautomerism or 
whether these are extreme descriptions of a 
gradual transformation". These aDthors inclined 
towards the second viewpoint on the basis of 
their results using different acetylenes bonded to 
rhodium and iridium. As is shown in Table I, 

CHEMISTRY. VOL. 46, 1968 

when values of vCEC for the same acetylene 
bonded to different metals (or to the same metal 
with different ligands), are compared, a similar 
gradation is observed. 

Although the two descriptions are pictorially 
attractive, we feel that the observations can be 
interpreted completely and more usefully using 
only one model. Similar conclusions, but of less 
generality, have recently been arrived at by 
Pannatoni et al. (22) and by McGinnety and Ibers 
(23) for olefin complexes. 

In this interpretation only Chatt's first model 
is needed; an electron density distribution of the 
type shown in the so-called "o bonded" model 
then arises naturally as one point in a continuous 
range of bond types. The factors determining 
whether any significant bond is formed are (i) 
that orbitals of the same symmetry exist on the 
metal and the acetylene, (ii) that significant 
overlap of the orbitals occurs, (iii) that the energy 
of the two orbitals used is similar. We assume 
that the first two conditions are fulfilled; simple 
group theory arguments show that (i) is true and 
(ii) seems to be well-accepted by other workers in 
discussing bonding of this type. 

Point (iii) is of most interest because we feel 
that this factor, namely the relative energies of the 
acetylene x  and x *  orbitals and the metal s, p, 
and d orbitals, is most important in deciding the 
bonding. To obtain an accurate value of the 
relative energy of the orbitals in the acetylene and 
the remaining metal complex fragment is not 
possible, but one can get approximate estimates 
for the acetylene and the free metal ions. If the 
energy of the ion and the separated electron is 
defined as zero then the two x  levels in acetylene 
are at - 92 000 cm-' and the two x  * levels are a t  
-33 700 cm-' (24). The bonding s, p, and d 
levels in platinum and palladium are estimated to 
be: PtO, -34 000 to -74000 cm-'; Pt+,  
- 87 000 to - 150 000 cm-'; PdO, -24 000 to 
- 67 000 cm-' ; Pd+, - 84 000 to - 157 000 
cm-'; Pd2+, - 148 000 to -266 000 cm-' (25). 
This data shows that the energy levels for a non- 
charged metal atom are expected to lie roughly 
midway between the acetylene n and x*  levels 
and that as electron density is removed from the 
metal, the charge is increased and the metal levels 
fall below those of the acetylene. 

Using such a simple picture, one may draw up 
a general diagram of the type shown (Fig. 1). In 
this, we may consider the relative position of the 
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Acetylene Metal valence shell electrons 

i 

FIG. 1. Energy levels. 

metal bonding orbitals (s, p, and d) as compared 
to n and n * orbitals on the acetylene. 

Five different situations can reasonably be 
postulated to occur, A-E. In case A, the metal 
orbitals lie as high as or above the n * orbitals on 
the acetylene; in B, the metal orbitals lie between 
the n and n * orbitals; in C, the metal orbitals are 
of the same energy as the n orbitals; while in D, 
the metal orbitals lie below the n orbitals, but are 
still sufficiently close in energy for a chemically 
significant bond to be formed. In the fifth case, 
E, the metal orbitals lie a long way below the 
acetylene orbitals and no bond is formed. 

We may now consider what will happen when 
we attempt to write bonding and antibonding 
orbitals using these two sets. In case A, bonding 
orbitals formed from the metal orbitals and the 
acetylene n orbitals will have mostly acetylene 
character, and the antibonding orbitals metal 
character. As a result, there will be very little 
transfer of electron density from the acetylene to 
the metal. However, the bonding and antibonding 
orbitals formed from the metal and acetylene n * 
orbitals will both have large amounts of metal 
and acetylene character and hence "back- 
donation" of electron density from the metal to 
the acetylene should be large. The CC bond order 
will be more than in case B, and the distortion of 
the acetylene will be somewhat less since it 
resembles C2H2- rather than the excited state of 
acetylene (26). 

In case B, where the orbitals of the metal lie 
between the acetylene n and n * orbitals, we may 
write molecular orbitals combining metal orbitals 
with both n and n* orbitals so that all orbitals, 

both bonding andantibonding, will have consider- 
able acetylene and metal character. As a result, 
there will be significant transfer of electron 
density from the acetylene n orbitals to the area 
between the acetylene and the metal and there 
will also be significant back-bonding from the 
metal into the n* orbitals of the acetylene. We 
can expect the metal-acetylene bond order to be 
very high. Since electron density is effectively 
being taken from the n and fed into the n* 
orbitals of the acetylene we would expect the 
acetylene to assume the shape of the excited state 
of acetylene. The first excited state is trans-bent 
at about - 50 000 cm- l. However, calculations 
have shown that there is a cis-bent excited state 
lying at about - 33 000 cm-' (24,27) and this is 
the energy value we have assumed for the n* 
orbitals, since it is known that the acetylene 
adopts a cis-bent configuration in the complexes. 
It has been shown that the following parameters 
are consistent with the observed spectra of free 
acetylene in the excited trans-bent state, LHCC 
= 120°, there is an increase in the CC bond 
length of 0.18 and a corresponding drop in the 
"CEC stretch" of about 900 cm-l. The calcula- 
tions of Kroto and Santry (27) predict a value of 
142" for LHCC in the cis-bent state. 

In case C, the n orbitals of the acetylene are of 
the same energy as the metal valence orbitals and 
bonding will occur; both bonding and anti- 
bonding combinations will have considerable 
amounts of acetylene and metal character. 
Bonding will be fairly strong since both 7c orbitals 
on the acetylene may bond3, and there will be 
considerable sharing of the acetylene n electron 
density between the acetylene and the metal. 
There is a considerable energy difference between 
the acetylene n * orbitals and metal orbitals of the 
correct symmetry, and so interaction between 
these two will be weak and back-donation of 
density from themetal to the acetylene n * orbitals 
will not be large. Therefore the significant part of 
the bonding will be donation of electron density 
from the acetylene to the metal. 

Case D is also interesting since we postulate 
that there will be weak interaction between the 

31t is conventionally assumed that only one x orbital of 
the acetylene will bond to one metal. However, the 
possibility that the other x orbital, at right angles to this 
one, may also have significant overlap with suitable 
metal orbitals cannot be ignored and may contribute 
significantly to the total stabilization energy5. 
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metal and the acetylene. Thus the bonding orbital 
will have mostly metal character and the anti- 
bonding orbital will have mostly acetylene 
character. As a result the pair of electrons origi- 
nally on the acetylene will be transferred to the 
metal, with an effective positive charge being left 
on the acetylene. It should be difficult to isolate 
compounds of this type since the bonding will be 
only dative and hence weak. 

In the fifth case E, the orbitals are of such 
disparate energies that no significant bond is 
formed. 

The four cases A-D therefore represent points 
on a continuum of bond types, the extremes of 
which may be pictorially depicted as shown. In 
the limiting case, complexes of type A would be 
expected to be stabilized by metals in very low 
oxidation states carrying electron-donating li- 
gands, and by acetylenes bearing electron-with- 
drawing substituents4. Other important charac- 
teristics of such complexes include low CEC 
bond orders (and hence low v,,,) and high 
reactivity towards electrophilic reagents (X') at 
the acetylenic carbons. This description of the 
bonding in A is somewhat analogous to that im- 
plied by structure (15) with two M-C o bonds. 

In contrast, complexes whose limiting case is D 
are expected to be formed by metals in higher 
oxidation states carrying electronegative ligands 
and by electron-donating substituents on the 
acetylene4. It is expected that these complexes 
would be weak and would be susceptible to 
nucleophilic attack (X-) at the acetylenic car- 
bons. 

It is probable that no complexes can exist 
which actually correspond to these two extremes. 
However, the two types of platinum-acetylene 
complexes known can be described using A and 
D as models. 

The bonding in complexes RC2RfPtC12L (1) is 
closer to D, the metal is in the Pt(I1) state but the 

4This argument can also be expressed in terms of 
electron-withdrawing substituents on the acetylene raising 
the energies of the x and x* states while electron- 
releasing substituents lower them. 

:HEMISTRY. VOL. 46, 1968 

charge on the metal will not be as great as +2 and 
we postulate that this complex represents our 
case C. Chatt discovered that complexes of this 
type were only stable when at least one substituent 
(R) was a bulky alkyl group (such as t-butyl) and 
that the acetylene was not greatly perturbed on 
complexing. This is shown by the low Avc-, 
observed and also from the recent crystal 
structure of (Bu'C2Bui)PtC1,NH2C,H, where 
LBu'CC is 165". 

The bonding in L2MRC2Rr o n  the other hand 
is probably closer to the other extreme and we 
feel is best described by B. The larger Avc=, 
observed for complexes of this type is in agree- 
ment with this as are our results that for a given 
metal v,,, is decreased by electron-withdrawing 
groups (R and R') and by electron-donating 
ligands (Table I). For L2Pt(CF3C2CF3) the order 
of increasing v,,, is L = Ph3P < PhMe2P < 
n-Bu3P, the expected Lewis basicities of these 
ligands. The preliminary X-ray crystal structure 
of (Ph,P),Pt(PhC,Ph) is also in agreement with 
this since it shows an appreciable lengthening of 
the CEC bond and a large distortion from 
linearity of the acetylene. The angle PhCC (140") 
is in excellent agreement with that predicted for 
the excited cis-bent state of acetylene (27). 

Simple symmetry arguments show that the 
maximum overlap of possible bonding orbitals 
occurs both in (1) and (2) when the acetylene is 
either (a) in the coordination plane5 (case (i), nZ 
with dsp2, n:" with d,,; case (ii), n, with sp2, 
n:.", with d,,) or (b), at 90" to it (case (i), n, with 
dsp2, n;*, with dyZ; case (ii), n, with sp2, n*, with 
d,,). It can easily be shown that overlap is poorer 
when the acetylene makes an angle other than 0 
or 90" with the coordination plane. 

Either arrangement should therefore be pos- 
sible for both (1) and (2). The acetylene is 
probably constrained to the perpendicular ar- 
rangement (b) in (1) as otherwise the halogen to 
acetylenic carbon distance would be much less 

5All these molecules are of CZu or C2 symmetry. The 
following conventions are adopted here : the z direction is 
the C2 axis; the x direction is in the plane of themetal and 
the ligands (other than the acetylene) and perpendicular 
to z; and they  direction is orthogonal to  x and z. The n 
and x* orbitals in the  acetylene will b e  labelled x, and 
x*, where n is the axis perpendicular t o  the nodal plane. 

I n  addition to the overlap of x: and x*: with the metal 
orbitals the other acetylenic orbitals x, and n*, (or x, and 
x*,) will also be able to combine with metal orbitals as 
follows: arrangement (b) cases (i) and (ii): xx with dXZ or  
px, x*, with d,,. 
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than the van der Waals contact distance. The The Hg(I1)-catalyzed hydration of acetylenes 
near-planar arrangement found in complexes (2) may well also proceed by primary nucleophilic 
may also be caused by steric effects; until full attack by H 2 0  on a Hg(I1)-acetylene complex 
details of the crystal structure are available, (33). An interesting contrast also exists in the 
however, their importance cannot be assessed. reactivity of cyclobutadiene complexes of d8 
On electronic grounds, the planar arrangement metals which may well be related to the above 
(a) would be favored. The M-P o bonds in (2) ideas. Thus complexes of the type [R,C,PdBr,], 
will involve interaction with the d,, orbital; since readily undergo nucleophilic attack (to give 
this is filled in (2), a dl0 complex, this would [(R,C,X)PdBr I,) while R,C,Fe(CO), complexes 
result in a destabilization of d,, were it not for the appear inert to these reactions. However, 
stabilization which this orbital achieves by inter- H,C,Fe(CO), readily undergoes electrophilic 
action with the acetylenic n:",. Additional stabili- substitution reactions (34). 
zation by interaction of n, and p, is also possible. Just how widely these ideas can be extended is 
Neither of these additional stabilizations can not at present certain but they seem likely to be a 
occur in the perpendicular arrangement (b)6. useful guideline in predicting stabilities and re- 

Very similar arguments can be used to describe activities of some organometallic n complexes. 
the bonding in other types of n complexes, 
particularly of olefins where the electronic states of the 

are very similar to those described here. Thus, two 0" the basis of the foregoing discussion, it 

types of platinum-olefin complexes are also seems reasonable to assume that for a series of 
known, and K+c,H,P~cI-,. closely related and structurally similarcomplexes, 

Few reactions of the first type of olefin complex AVCEC can be used as an indication of the corn- 

are known. However, as expected, olefin corn- ~a'ative acetylene CC bond The larger 

plexes of the latter type are very susceptible to AVC-C, the stronger the bonding the acetylene 

nucleophilic attack7, to the metal and hence the greater the thermo- 
dynamic stability of the complex. For complexes 

[C2H4PdCl2I2 + 20H- -t 2CHsCHO + 2Pd + (R3P),M(R1C2R") we have shown that for a 
2C1- + 2HC1 constant metal M, the effect on AvCEc of changes 

Y in R, R', and R" are as expected. We were also 
able to investigate the change in AvC,, for one 
series of complexes, (Ph3P),M(CF3C2CF3), with 
change in M. This gave the rather surprising 

M = Pd, Pt, 
result (Table I) that the stability of the complexes 

Y = OR, CHXCOOR etc. decreased in the order Pt > Ni > Pd, an order 
quite different to that generally accepted for the 
relative stabilities of M-C o bonds in (R3P),- [@-fh( j'+ 13134- -+ MR', The whichisPt reason for > Pd this > Ni difference (35). in relative 

CO R stability is not clear, but two points should be 
co made. (1) This reinforces the argument that no 

true M-C o bonds are present in the acetylene 
&{e-FH.CH3 complexes. (2) Other evidence suggests this order 

CO R of stability may be quite general for n complexes 
of transition metals. For example, Bennett et al. 

6The recently determined crystal s t ructure  of  found that for the complexes (16) AvcZc de- 
( P ~ ~ P ) , N ~ ( C ~ H , )  (4) indicates the presence of strong creased in the order M = w > Cr > M O  (36). 
sterlc lnteractlon between the ethylenic carbons and the 
phosphorus atoms (28, 29). Despite this, the complex is 
still very nearly planar. The small distortion from 
planarity observed (12") is presumably due to this. By ,-CR 
analogy, the distortion observed in the structures of M:C' 111 
( P ~ J P ) ~ P ~ ( P ~ C ~ P ~ )  and [(Ph,P)2PtC2(CN)4] are of '.CR 
similar origin. The forces holding the olefin or acetylene 
coplanar in these compounds must be very strong indeed. 

7See refs. 30-32 for the three equations followed. 16 17 
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TABLE 111 
Analyses of (R,P)2M(ac) complexes 

-- 

Found Calcd. 

Mol. Mol. 
Complex C H F P wt. C H F P wt. 

Description of the Bonding Ethylenebis(triphenylphosphine)nickel(4) 
In order to facilitate rational consideration of  so^^^^^'^ ~ ~ ~ a r ~ s  ~ ~ ~ i ~ h ~ ~ ~ , " ~ ~ i ~ n f $ ~ h ~ ~  

the bonding in these we have proposed complexes. Bis(acetylacetonato)nickel (1 1) was dried for 
writing the formula as shown in 17 (37). 24 h at 11O0/o.1 rnm. 

Experimental 
Reactions involving air-sensitive compounds were 

carried out in heavy-walled centrifuge tubes of 30 ml or 
40 ml capacity, sealed with butyl-rubber cap liners and 
crimped bottle caps, the latter having two Q in. diameter 
holes drilled in them to accommodate syringe needles. 
Liquids were introduced and removed by a "Luer-Lok" 
hypodermic syringe, stopcock, and Gauge 20 6 in, needle 
assembly. Gases weFe introduced and removed by Gauge 
20 needles fitted with rubber-hose connectors. Solutions 
were stirred magnetically using 15 mm micro Teflon- 
coated stirring bars, and solids were separated by centri- 
fuging the tubes in a hand-driven centrifuge. Solids were 
isolated by removing the liquor with a syringe. 

Reagent grade benzene, hexane, toluene, and diethyl- 
ether were all sodium-dried and saturated with nitrogen 
before use. Matheson ethylene (C.P. Grade) was used 
without further purification. Nitrogen (Purified Grade) 
was deoxygenated by passage through a vanadium(I1) 
solution and then dried by concentrated sulfuric acid and 
anhydrous silica gel. Triethylaluminium was purchased 
from Texas Alkyls Inc. as a 10 % solution in n-hexane and 
was used as received. 

Infrared spectra were measured on a Perkin-Elmer 521 
spectrophotometer, 60 Mc p.m.r. spectra on a Varian 
A-60 spectrometer, 100 Mc p.m.r. spectra on a Varian 
HR-100 (kindly determined by Professor W. T. Reynolds, 
of the University of Toronto) and "F n.m.r. spectra on 
a Varian H-60 spectrometer. Air-sensitive samples were 
made up under nitrogen. Tetramethylsilane or benzene 
were used as internal standards for p.m.r. spectra and 
benzotrifluoride for 19F n.m.r. spectra. 

Molecular weights were determined osmometrically in 
chloroform on a Mechrolab osmometer. Analytical data 
on the complexes are given in Table 111. 

Melting points were determined in evacuated capillaries. 

Bis(acety1acetonato)nickel (3) (1.0 g, 3.9 mmoles), and 
triphenylphosphine (2.0 g, 7.6 mmoles) were dissolved in 
ether (10mI) and the green solution saturated with 
ethylene at 0". To this stirred solution was then added an  
excess of triethylaluminium (7 ml of a 10% solution in 
hexane) over a period of 30 min; a vigorous effervescence 
occurred, the solution became brown, then yellow, and 
after 1 h yellow crystals began to form. Stirring was con- 
tinued at 0" for 24 h,  and the yellow crystalline material 
was then separated from the red liquor, washed three 
times with ethylene-saturated ether, and finally dried 
under a rapid stream of ethylene to give 2.02 g (85%) of 
yellow ethylenebis(triphenyIphosphine)nickel (4). 

Diphenylacetyletzebis(triphenylphosphine)nickel(5a) 
To 15 ml of benzene containing 2.0 g (3.3 mmoles) of 

ethylenebis(tripheny1phosphine)nickel was added a solu- 
tion of diphenylacetylene (0.90 g, 5 mmoles) in 5 ml of 
benzene. A steady evolution of gas occurred. After stir- 
ring at 25' for 30 min, 15 ml of n-hexane was added, the 
solution cooled to lo0, and the yellow crystalline di- 
phenylacetylenebis(triphenylphosphine)nickel (5a), iso- 
lated in 80% yield. The product was moderately stable 
at room temperature under nitrogen, but was immediately 
decolorized upon contact with air. It was too unstable for 
an analysis to be made. However, the close similarity of 
its infrared spectrum to that of diphenylacetylenebis(tri- 
pheny1phosphine)platinum supported its identification as 
diphenylacetylenebis(tripheny1phosphine)nickel. 

Methylphetzylacetylenebis(tripl1enylphosphitze)nickel(5b) 
This was prepared in a manner analogous to the above, 

but substituting methylphenylacetylene (0.70 g, 6 mmoles) 
for diphenylacetylene. The yellow crystalline complex 
(5h) which was obtained in 80% yield was moderately 
stable at 25" under nitrogen, but was rapidly decolorized 
by air. The compound was too unstable for an analysis 
to be made, but the close similarity of its infrared and 
n.m.r. spectra to those of methylphenylacetylenebis(tri- 
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phenylphosphine)platinum again indicated that the prod- 
uct was methylphenylacetylenebis(triphenylphosphine)- 
nickel. 

Hexafluoro-2-butynebis(triphenylphosphine)nickel(5~) 
Hexafluoro-2-butyne (ca. 4 g) was condensed into a 

trap at -78". The liquid was allowed to warm up and 
the gas then passed into a vigorously stirred solution 
2.2 g (3.6 mmoles) of ethylenebis(tripheny1phosphine)- 
nickel in 20 ml of benzene at 25". A rapid evolution of gas 
occurred, and yellow crystals began to form after 10 min. 
Crystallization was completed by the addition of 15 ml 
of n-hexane and cooling to 10'. The crystals were sep- 
arated from the liquor and recrystallized from methylene 
chloride - methanol to give 1.3 g (48 %) of yellow hexa- 
fluoro-2-butynebis(triphenylphosphine)nickel (Sc), m.p. 
221-222" (decomp.). 

Tetrakis(triplrenylphosphine)palladium (6) 
The preparation and recrystallization of all palladium 

complexes was carried out in an atmosphere of nitrogen. 
Method (a) 
To a stirred suspension of trans-dichlorobis(tripheny1- 

phosphine)palladium (0.7 g, 1 mmole) in 30 ml of ethanol 
and triphenylphosphine (0.52 g, 2 mo le s )  at 40°, was 
added 2 ml of anhydrous hydrazine. The pale cream 
suspension slowly became light green in color, and after 
stirring for 45 min, the mixture was cooled and 0.9 g 
(80%) of the product, tetrakis(tripheny1phosphine)- 
palladium, isolated under nitrogen, m.p. 190-195" 
(decornp.). 

Method (b) 
A solution of bis(acetylacetonato)palladium (11) 

(0.92 g, 3 mo le s )  and triphenylphosphine (3.2 g, 12 
mo le s )  in 15 ml of ether was cooled to 0'. A 10% so- 
lution of triethylaluminium (7 ml) in hexane was added, 
and the mixture stirred for 3 h. The yellow solid was then 
separated and washed three times with ether to give 3.1 g 
(90%) of pale yellow crystals of tetrakis(tripheny1- 
phosphine)palladium, m.p. 194-196" (decornp.). 

This was the method generally used for the preparation 
of this complex. 

~~ra~is(triphen~1~hos~hine)palladium (6) (1.05 g, 1 
mmole) and hexafluoro-2-butyne (ca. 5 g) in 20 ml of 
methylene chloride were stirred for 30 min at 25" under 
a -78" reflux condenser. Methanol (15 ml) was then 
added to the pale yellow solution, and the methylene 
chloride removed on a rotary evaporator to give a grey 
precipitate. This was recrystallized from methylene 
chloride - methanol and washed with a little ether to give 
0.4 g (50%) of colorless crystals of hexafluoro-2-butyne- 
bis(triphenylphosphine)palladium (7a), m.p. 194195" 
(decomp.). 

D i m e t h y l a c e t y l e n e d i c a r b o x y l a t e b i s ( t r i p h e )  - 
palladiunz (76) 

This was prepared in a manner analogous to the above, 
but substituting dimethylacetylenedicarboxylate (0.84 g, 
6 mmoles) for hexafluoro-2-butyne. Recrystallization 
from methylene chloride - methanol gave the white 
crystalline complex (76) (0.45 g, 58%), m.p. 195-196' 

(decomp.). In the solid, the product slowly turned yellow 
on exposure to air; more rapid decomposition occurred in 
solution. 

Hexafluoro-2-butynebis(tri-n-butylphosphine)palladiu1n 
(8 )  

Hydrazine (21x11) in 5 ml of ethanol was added to a 
solution of trarzs-dichlorobis(tri-n-butylphosphine)pal- 
ladium (0 59 g, 1 m o l e )  and tributylphosphine (0.40 g, 
2 m o l e s )  in 20 ml of ethanol. A gas was evolved and the 
yellow color of the solution became less intense. The 
solution was allowed to cool to 25", hexafluoro-2-butyne 
(ca. 5 g) passed into it, and stirring continued under a 
-78" reflux condenser for 1 h. Water (15 ml) was then 
added, and after the solution had been standing at 0" 
for 24 h, the product (8) was obtained as white crystals 
(0.37 g, 55 %), m.p. 34-36" (decomp.). 

HexajYuoro-2-butynebis(dimetl1ylp/1enylphosphine)- 
palladiu~n (9) 

This was prepared in a manner analogous t o  the above, 
but substituting trans-dichlorobis(dimethylphenylphos- 
phine)palladium (0.45 g, 1 rnmole) for trans-dichlorobis- 
(tri-11-butylphosphine)palladium and dirnethylphenyl- 
phosphine (0.28 g, 2 mmoles) for tributylphosphine. The 
crude product was crystallized, with difficulty, from 
aqueous methanol to give white crystals of (9) (0.090 g, 
16%), m.p. 118-119" (decomp.). 

Diphenylacetylenebis(triphenylphosphine)patinum (2a) 
All platinum complexes were prepared under nitrogen, 

but the subsequent workup was performed in open vessels, 
A solution of hydrazine (2 ml) in 5 ml of ethanol was 

added to a stirred suspension of cis-dichlorobis(tripheny1- 
phosphine)platinum (0.79 g, 1 m o l e )  in 15 ml of ethanol 
at 45". A gas was evolved and the suspension dissolved to 
give an intense yellow solution, from which yellow 
crystals rapidly separated. After stirring for 30 min, an 
ethanolic solution of diphenylacetylene (0.72 g, 4 rnrnoles) 
was added. A further evolution of gas occurred, and the 
yellow suspension dissolved to give a pale yellow solution. 
Water (50 ml) was added, and the solution allowed to 
stand for 12 h at O". The white crystals which had formed 
were filtered off, washed with a little aqueous ethanol, and 
recrystallized from 95 % ethanol to give the white crystal- 
line product (0.52 g, 58 %), m.p. 161-164" (decomp.), 
identical to that of an authentic sample provided by 
Dr. C. D. Cook of University of Toronto. 

Methylphenylacetylenebis (triphenylphosphine)platinum 
(2d) 

This was prepared in a manner analogous t o  the above 
but substituiing methylphenylacetylene (0.70 g ,  6 mmoles) 
for di~henvlacetvlene. Recrvstallization from methylene - - 
chloride - methanol under - nitrogen, gave the cream 
colored crystalline product (0.70 g, 84%), m.p. 176-178" 
(decomp.), with a color change from cream to red at 
153-155". 

Hexafluoro-2-butynebis(tr~phenylphosphine)platinum (26) 
Method (a) 
A solution of 2 ml of hydrazine in 5 ml of ethanol was 

added to 15 ml of a stirred ethanolic suspension of cis- 
dichlorobis(tripheny1phosphine)platinum (0.79 g, I m- 
mole) at 45". After 30 min, the solution was cooled to 25" 
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and the yellow crystals which had formed were isolated 
and dissolved in benzene (20 ml) under nitrogen. Hexa- 
fluoro-2-butyne (ca. 5 g) was added and the solution 
stirred at 25' under a -78" reflux condenser for 4 h. 
rz-Hexane (10 ml) was added and the white solid filtered 
off. Recrystallization from methylene chloride - methanol 
gave 0.48 g (54%) of the white crystalline product, m.p. 
212-214" (lit. (8) 215-216"). 

Metllod (6) 
Hexafluoro - 2- butynebis(tripheny1phosphine)platinum 

was also prepared (in 60% yield) in a manner analogous 
to that used to prepare hexafluoro-Zbutynebis(tripheny1- 
phosphine)palladium, but using tetrakis(tripheny1phos- 
phine)platinum (10) (35) instead of tetrakis(tripheny1- 
phosphine)palladium (6). 

Dit~~et/~yylacetylenedicarboxylatebis(friplrenylphosphir~e)- 
plafitlrrtrl /2c) 

This was prepared in a manner analogous to method 
(6) above, but substituting dimethylacetylenedicarboxyl- 
ate (0.57 g, 4 mmoles) for hexafluoro-2-butyne. The grey 
solid obtained from the reaction was recrystallized from 
methylene chloride -methanol to give the white crystal- 
line complex (2c) (0.50 g, 58 %), m.p. 188-190" (decomp.). 

A solution of 0.42 g (1 mmole) of potassium tetra- 
: chloroplatinate(I1) in 5 ml of water was added to a solu- 

tion of 0.112 g (2 mmoles) of potassium hydroxide and 
1.01 g (5 mmoles) of tri-/I-butylphosphine in 5 ml of 
ethanol. The solution was stirred at 25" for 30min, a 
small quantity of metallic platinum was filtered off under 
nitrogen, the solution was transferred to a flask fitted 
with a -78" reflux condenser, and hexafluoro-2-butyne 
(ca. 5 g) was passed into it. After stirring for 4 h water 
(10 ml) was added to give a fine white crystalline precip- 
itate. Recrystallization from aqueous methanol gave 
0.23 g (30%) of white crystals of hexafluoro-2-butynebis- 
(tri-n-butylphosphine)platinum, m.p. 53-54" (decomp.). 
Hexafluoro -2  - butynebis(dimethylphenylphosphine)plat- 
inum, m.p. 141-142" was preparcd in a similar manner in 
6 % yield. 

Cl~loro (dicl~lorort~etl~yl) bis(tripherrylpl~ospIrir~e)plafinur~~ 
(13) 

A benzene solution of 0.42 g (0.5 mmole) of methyl- 
phenylacetylenebis(triphenylphosphine)platinum and 1.5 
g (8 rnmoles) of chloroforn~ was stirred at 25" for 
48 h under nitrogen. A yellow crystalline precipitate 
formed slowly which was filtered off and shown to be 
chloro(dich1oromethyl) bis(triphenylphosphine)platinurn 
(13) (0.28 g, 68 %), m.p. 248-266". 

Anal. Calcd. for C3,H3,C13PZPt: C, 53.60; H, 3.76; 
C1. 12.83; P, 7.47. Found: C, 53.48; H, 3.74; CI, 12.40; 
P, 7.45. 
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Physical nature of the chemical bond. IIIt A quasi-optimized 
1.c.G.t.o.-m.0.-s.c.f. wavefunction for the neon hydride ion 

J. B. MOFFAT 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received June 19, 1968 

Quasi-optimized wavefunctions for the neon hydride positive ion (NeH+) have been obtained for 
various sizes of basis sets of Gaussian orbitals. Theeffect of varying the size of basis set and theexponents 
has been examined. 
Canadian Journal of Chemistry, 46, 3893 (1968) 

Previous reports (1) of the research in quantum 
chemistry in this laboratory have been largely 
concerned with studies of nitriles. Particular 
attention has been given to various means for 
obtaining wavefunctions for nitrile molecules, 
both large and small. Recently the work has 
turned toward an analysis of the nature of the 
nitrile bond (2). This has been done for various 
reasons, some of which have been discussed 
previously (2). However, an additional purpose 
for such analysis rests on the potential applicabil- 
ity of such methods to the testing of the accuracy 
of wavefunctions. The previous paper in the 
present series (3) was concerned with the helium 
hydride positive ion. The present report on the 
neon hydride positive ion provides another set of 
wavefunctions covering a range of accuracy for 
the next largest molecule in the inert gas hydride 
ion series. 

The present paper is intended to provide wave- 
functions for later testing as a function of the 
size of basis set. The molecule NeH' was chosen 
because of its relationship to the HeH' molecule, 
and for the secondary reason that very few 
quantum chemical calculations on NeH' have 
been reported in the literature. No previous 
calculations on NeH' with Gaussian orbitals 
have been found. 

I t  is well known that calculations with Slater 
orbitals'require smaller basis sets than those with 
Gaussian orbitals to achieve the same accuracy 
of results. Substantial efforts have been made 
to either circumvent or a t  least diminish this 
problem with Gaussian orbitals. Clementi (4), 
using a method of contracted basis sets of 
Gaussian orbitals, has studied a number of large 
molecules, including pyrrole, pyridine, and pyr- 
azine. The alternative approach with Gaussian 
orbitals has been to perform calculations on large 

molecules using basis sets which are relatively 
small, at least from the standpoint of number of 
functions per number of electrons. Moskowitz 
and co-workers (5) have applied this technique to 
ethylene and benzene. Of course, it is assumed 
that these wavefunctions, built from small num- 
bers of basis functions, will represent most of the 
molecular properties reasonably well. 

It appeared to be of interest to determine to 
what extent some optimization of exponents 
could improve these wavefunctions obtained with 
small basis sets. The technique of optimization 
used here, which is being called "quasi-optimiza- 
tion", involves two variables, the value of the 
smallest exponent in either or both of the S and P 
type functions, and the multiplicative factor 
which operated to generate the remainder of the 
particular set of exponents. The assumption was 
thus made that the exponents in any given S or P 
series form a geometrical progression. The ad- 
vantage of this simplification was of course, that 
optimization by means of varying each exponent, 
one at a time, was avoided. In its place, the state- 
ment of the value of the initial exponent and the 
multiplicative factor was sufficient to define the 
entire set of exponents. I t  is not claimed that this 
technique is as satisfactory as the more laborious 
one, but rather that what may be referred to as a 
"quasi-optimized" function is hopefully pro- 
duced in a minimum of calculations. Further it 
seemed reasonable to test both the effect of 
optimizing the smaller basis and the method of 
optimizing itself, on molecules small enough so 
that reasonably accurate results could be obtained 
with larger basis sets for comparison purposes. 
There is surprisingly little work reported in the 
literature on the consequences of optimizing 
wavefunctions of smaller basis sets of Gaussian 
orbitals. 
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TABLE I 
Recent calculations on the ground 'C state of NeHi 

----P~P- 

R c  - E  k 
Method (a.u.) (a.u.) (lo5 dyne cm-') Reference 

~ -- 
Modified Platt electrostatic model 1.53 - 5.52 8 
United atom 2.33 127.5703 0.17 7 
Two-center Hartree-Fock-Roothaan 1.83 128.6284 5.29 - 6 
Self consistent field Gaussian orbitals 1.90 128.6029 Present work 

Finally, it was hoped that at some later time 
semi-empirical correlations between the best 
exponent values for various molecules might be 
obtained which would be capable of extrapola- 
tion to other molecules not originally considered. 

The first observation of rare-gas hydride ions 
was made in mass spectrometers. Because of their 
short lifetime it is of some interest to obtain 
accurate wavefunctions for these ions. 

The most accurate calculation on NeH' 
appears to be that of Peyerimhoff (6) who ob- 
tained a Hartree-Fock-Roothaan wavefunction 
using a basis set of 24 Slater-type orbitals (S.t.0.) 
centered on the nuclei. More recently, Banyard 
and Sutton (7) performed a united-atom (u.a.) 
calculation on NeH' but their results were dis- 
appointingly poor, although interesting from the 
standpoint of providing information on the u.a. 
method. The only other report of theoretical work 
on NeH' is that of Moran and Friedmann (8) 
using Platt's electrostatic model. A summary of 
the results of these previous workers together 
with the best value obtained in the present work 
is given in Table I.  

Method 
The Gaussian basis set calculations have been per- 

formed using the Roothaan self-consistent-field (s.c.f.) 
method (9) as described previously (1). A brief survey of 
earlier work involving Gaussian basis sets has been given 
(1) and need not be repeated here. The basis sets employed 
in the present work contained S- and P,-type Gaussian 
functions, of the form Nexp (-ar2) and Nq exp (-ar2), 
respectively, where q may be x, y, or z. The bond in 
NeH+ was taken to be directed along the x-axis with the 
neon atom at the origin. Internuclear distances between 
1.45 and 2.00 bohr were employed in the present work, 
so as to cover the range of values for R, found by most 
of the previous workers, although the united atom work 
mentioned earlier had predicted a value of 2.33. The 
number of S, P,, P,, and P, functions of neon are denoted 
by the first four figures, respectively, those of hydrogen 
by the second four figures, respectively, in the labelling 
used with the tables. The basis sets contained 2, 4, 9, 
11, 17, 21, 31, 37, or 41 functions, but most of the work 

was done with the last three sizes mentioned. Two 
variables were employed in the quasi-optimization tech- 
nique, the value of the smallest exponent in either or both 
of the S and P type functions, and the multiplicative 
factor which was used to generate the remainder of the 
particular set of exponents. Only the exponents for neon 
were varied. The exponents employed for hydrogen were 
those of Reeves (10). 

Results and Discussion 

Approximately 100 calculations were per- 
formed on the positive neon hydride molecular 
ion. Only the results for the largest three basis 
sets are reported here. Other results may be ob- 
tained from the author. All calculations have been 
iterated to an accuracy of hartree. Table I1 
lists the values of the initial exponents and the 
multiplicative factors used in the present work. 
Table 111 shows the calculated values of electronic 
energy for the three largest basis sets used and for 
various sets of exponents. 

Table I11 shows that the basis set of 31 func- 
tions (955514300) is the smallest set, of those basis 
sets employed, which yields a reasonably good 
energy value. The 31 function set appears to yield 
a minimum energy at R = 1.90 bohr, as do the 
37 function and 41 function sets, in contrast with 
the results found earlier for HeH' using Gaussian 
functions (3), where the value of R, appeared t o  
depend on the size of basis set. 

Table 111 further illustrates, at least for 
R = 1.90 bohr, that the exponents labelled 
NeS12, NeP4, produced the lowest energy values 
with the 37-function set (955514333). These ex- 
ponents are those which were used by Huzinaga 
(1 1) in calculations on neon with a similarly sized 
basis set. Exponents NeS10, NeP3 are those 
employed by Harrison (12) in his earlier work on 
neon with a basis set consisting of 9s and 5p 
functions. With Harrison's exponents, the present 
37-function set yields an energy value approx- 
imately 0.02 hartree higher than with Huzinaga's 
exponents, for NeH' at R = 1.90 bohr. Approx- 
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TABLE I1 
Neon atom exponents 

S exponents P exponents 

Exponent Initial Multiplying Exponent Initial Multiplying 
set number exponent factor set number exponent factor 

NeSl 0.0280 3.143 NePl 0.0160 3 
NeS2 0.3000 3.000 NeP2 0.2567 3 
NeS3 0.3000 4.000 NeP3 0.3300 3 
NeS4 0.3500 3.000 NeP4 0.3444 3 
NeS5 0.4000 3.000 NeP5 0.3500 3 
NeS6 0.4000 3.200 NeP6 0.3500 4 
NeS7 0.4000 4.000 NeP7 0.4000 3 
NeS8 0.4063 3.054 NeP8 0.4000 4 
NeS9 0.4200 3.200 NeP9 0.5000 3 
NeSlO 0.4400 3.182 NePlO 0.5780 5 
. .--- .. . 
NeS 12 0.4468 3.338 
NeS13 0.4500 3.500 
NeS 14 0.4600 3.000 
NeSl5 0.4710 3.949 

TABLE 111 

Effect of changes of exponents on the total energy of NeH+ at various interatomic distances and for various basis 
sets of Gaussian functions 

Size 
of Exponent -Total energy (hartree) at interatomic distance of 

basis set 
set numbers 1.70 1.80 1.83 1.85 1.87 1.90 2.00 

-- - - 

3 1 NeSlO, NeP3 128.5577 128.5641 128.5652 - - 128.5664 128.5660 
37 NeSIO, NeP3 128.5616 128.5677 128.5686 - - 128.5696 128.5688 
37 NeS 1 1. NeP4 - - - - - 128.5179 - 

imately the same energy difference exists between (10,66614333). This is 0.0255 hartree above Peyer- 
the results of Harrison (12) and of Huzinaga (1 1) imhoff's lowest value which was found at 
for neon using the same size of basis set. R = 1.83 bohr. Of those sets of exponents tested 

The lowest value of energy for NeH' found in with the 41-function set, Huzinaga's (1 1) ex- 
the present work is - 128.6029 hartree at R = 1.90 ponents again yielded the "best" value.Of course, 
bohr. This was obtained with the 41-function set in all the present work it  is not impossible that 
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TABLE IV 
Gaussian orbital wavefunction for the ground state of NeHf 

(lo22023021114, lZf )  at R = 1.90 bohr* 

Basis function CIS, C ~ U .  K c30. K C l n . ~  

Ne: S 0.003952 -0.370895 -0.149500 
S -0.007854 -0.633112 -0.088610 
S 0.057669 - 0.099096 -0.031476 
S 0.376341 0.185006 0.034468 
S 0.422150 0.133542 0.020678 
S 0.212098 0.054920 0.009280 
S 0.070125 0.016971 0.002676 
S 0.017321 0.004073 0.000674 
S 0.003236 0.000757 0.000121 
S 0.000409 0.000095 0.000016 

Ne: P 0.000524 0.002737 0.096627 0.168479 

S 0.000153 -0.028828 0.067007 
S -0.000035 -0.003586 0.009179 

H: P -0.000125 0.004022 -0.008562 0.004410 
P 0.000334 -0.010506 0.029674 -0.010135 
P 0.000480 0.016884 -0.073126 0.031993 

'Obtained with a basis set of41 functions. 

TABLE V 
Orbital energies for the ground state of NeHf as obtained with various sets of 
Gaussian orbitals and as compared with those from the work of Peyerimhoff (6) 

(R = 1.83 bohr) 
- 

Orbital energies (hartree) 

Number of Gaussian orbitals 

3 1 37 41 

l o  - 33.3511 - 33.3629 - 33.3583 
20 -2.5096 -2.5127 -2.5098 
30 -1.4566 -1.4610 -1.4591 
1 n -1.3880 -1.3935 -1.3916 
Sigma-Pi gap 0.0686 0.0675 0.0675 
Pi-Pi* gapa 1.1291 1.1370 1.1354 
Total energy - 128.5652 - 128.5860 - 128.6017 

Number of 
Slater orbitals (6) 

24 

.Pi* refers to the first unoccupied Pi orbital. 

only relative minima have been found. However, 
it is believed, based on the energy values obtained, 
that this is not likely. 

Table IV shows the molecular orbital co- 
efficients found for the Gaussian wavefunction at 
R = 1.90 bohr with the 41-function set. Com- 
parison of these with those found by Huzinaga 
(1 1) for the neon atom shows a marked similarity, 
as would be expected. 

Table V illustrates the change in orbital energies 
with increasing size of basis set and compares the 
orbital energies obtained with Gaussian functions 
with those found by Peyerimhoff (6) using Slater 
functions. The separation between o and n 
orbitals together with the separation between the 
occupied and unoccupied n orbitals is also shown. 
I t  is readily seen that the sigma-pi gap found 
with any of the Gaussian sets differs substantially 
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from that found with the Slater set by Peyer- apparently possible to represent the wavefunction 
imhoff. This results, of course, from the relatively adequately using a 31-function basis set. 
large difference in n: orbital energies for Gaussian 
and Slater sets. Acknowled~rnents 
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TABLE VI 
Distance x of the center of negative 

charge from the Ne-nucleus for 
different internuclear distance R 

Basis set of Basis set of 
R (bohr) 41 G.t.0. 24 S.t.0. (6) 

In  conclusion, the best Gaussian wavefunctions 
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Diffusive and convective flow in a hydrogen-atom flow system 

PHILIP B. RUDNICK AND SIDNEY TOBY 
School of Cl~etnistry, Rtrtgers, The State Ut~iuersity, New Brrrtlsivick, Neiu Jersey 08903 

Received April 10, 1968 

Diffusive and convective flow was studied in a hydrogen-atom flow system using an isothermal 
calorimetric detector. By varying detector area, total pressure, and linear flow rate, the importance of 
axial diffusion in the system was investigated. Under conditions of predominantly diffusive flow, 
signal-distance plots were independent of flow rate. When convective flow predominated, concen- 
tration-time plots were independent of flow rate. The efficiency of a detector was clearly dependent o n  
its surface area within wide limits, but diffusion gradients produced by the presence of even large 
detectors did not appear to be important. 
Canadian Journal of Chemistry, 46, 3899 (1968) 

Introduction Experimental criteria 

The equation describing the flow and recorn- We neglect radial concentration gradients ( to  be dis- 

bination of atoms in a flow system (1) is cussed later). For hydrogen a t  300 OK for small [H I/[H2] 
the interdiffusion coefficient as given by Weissman and 
Mason (13) reduces to D = u/[H,], where a = 1.58 x 

[I]  D V ~ C  - v,(ac/ax) - ~ k , , c "  = o lo3 cm2 Torrs- '  with [H21 in Torr. Equation [I]  then 
takes the form 

where D is the interdiffusion coefficient, V, is the a d2[H] d[H1 - f k n [ ~ l 1 l  convective flow rate, x is the axial distance, and [2] - - - -- - 
k.. is the rate constant of order n. The atom [Hz] dx2 vf dx 
concentration c is often measured by the use of 
an isothermal calorimetric detector (2-5). Wise 
and co-workers (6,7) have discussed the effects of 
diffusion and detector perturbation. However, 
diffusion effects are often assumed to be negli- 
gible, even for H-atom systems (8-10). 

There does not appear to be in the literature 
any systematic attempt to measure directly the 
relative contributions of mass and diffusive flow 
in an atom flow system other than some isolated 
experiments of Shaw (11) and of Wood, Mills, 
and Wise (12). The present work describes ex- 
periments in which pressure and flow rate were 
systematically varied. The data presented are 
insufficiently precise for detailed evaluation of 
kinetic recombination constants, but the results 
clearly delineate regions of predominantly diffu- 
sive and convective flow. The conditions for 
which diffusion is negligible in an H-atom 
system represent an upper limit for all com- 
parable systems of recombining atoms. To study 
probe effect, a series of isothermal detectors of 
different surface areas with a wide range of 
calibrated efficiencies was used. Since in the 
limit of an infinitely small probe there is no per- 
turbation, a comparison with larger probes 
should indicate the extent of probe perturbation. 

There are two limiting cases. At low pressures and flow 
rates, the diffusive term predominates. Experimentally 
this is shown by plotting detector signal (in W) against 
axial distance for a series of varying flow rates. For any 
given value of detector signal the axial decay should be 
independent of V,. At sufficiently high pressures and 
flow rates, the convective term predominates. We then 
plot atom concentration [proportional to signal/ Vf  under 
conditions of convective flow (14)] against time a t  varying 
flow rates. For any given value of atom concentration, 
the decay rate should be independent of V,. 

Apparatus 
A Welch 1397B pump was connected to a flow system 

provided with inlet needle valves and an exit bellows 
valve. Experiments were conducted at pressures in the 
range 0.1-10 Torr and linear flow rates of 200-1500 
cm s-'. The thermostatted reactor tube was kept at 25' 
and used with either G. E. Dri-Film SC77 or a sleeve of 
thin-walled Teflon tubing as a wall poison. The latter gave 
more reproducible results. 

Two grades of hydrogen were used, Linde Commercial 
(99.8% minimum purity) and Matheson Ultra Pure 
(99.999% minimum purity). The gases were passed 
through a DeOxo purifier and a silica-gel trap a t  - 196'. 
Pressure was measured with a triple-scale McLeod gauge 
(range los5-7.5 Torr) or with an RGI float-type vacuum 
gauge (range 0-10 Torr) which could be connected to the 
system at  various points. Between runs the static system 
pressure was reduced to < Torr by use of a mercury 
diffusion pump. The hydrogen dissociator consisted 
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either of a tungsten filament or the microwave cavity of a 
Raytheon Microtherm generator operating at 2.45 GHz. 
Dissociation of the hydrogen was limited to -5 % or less. 
Measurements were made with 4 different reaction 
chambers with respective lengths of 25, 65, 100, and 
120 cm and all with a radius of 1.1 cm. A tightly wound 
coil of platinum wire, approximately 32 ga., serving as one 
arm of a Wheatstone bridge (located outside) was moved 
along the reaction chamber by means of a poisoned 
support. The platinum coil was used as an isothermal 
calorimetric detector (15). Detector efficiencies were 
checked by mounting a second detector immediately 
downstream from the other. 

When a tungsten filament was used as a dissociator, 
appreciable heat was carried down to the detector at high 
flow rates and pressures, as shown by blanks using 
helium and nitrogen as the carrier gas. A heat-transfer 
correction was made assuming He and Hz behaved 
similarly. The corrections were always less than 10% and 
could be reduced further by increasing the dissociator- 
detector distance or by reducing the dissociator filament 
temperature. 

Results 
Detector Eficiency 

For a given H-atom concentration the detector 
response was found to decrease with detector 
temperature below 190 "C. Above this tempera- 
ture the output was constant up to at least 400°, 
the highest temperature studied. Detector tem- 
peratures were therefore kept at 200". 

A series of detectors with surface areas in the 
range 0.1-10 cm2 was employed consisting of 
spirals of platinum wire up to 160 cm long. Two 
large detectors, one immediately downstream 
from the other, were independently connected to 
the outside power supply. Signal measurements 
were made on both simultaneouslv in a H-atom 
stream, at various pressures and flow rates. The 
assumption was made that all of the atoms re- 
combine on the combination of detectors so that 
the total signal of both front and rear detectors 
corresponded to the total atom flux. The effi- 
ciency, 4, of the front detector was then taken to 
be the ratio of its signal to the total signal and 
this ratio was found to be independent of flow 
rate and pressure. 4 was measured for a variety of 
detectors and the results are plotted as a function 
of detector surface area in Fig. 1. 

Efect of Pressure and Flow Rate on Decay Plots 
Experiments a t  varying pressure and flow rate 

were performed and the results are given as 
diffusive plots (signal, in W, vs. distance) in Figs. 
2A, C, E, and convective plots ([HI vs. time) in 
Figs. 2B, D, F. At 0.8 Torr the diffusive plot is 
independent of flow rate, the convective plot is 

FIG. 1. Detector efficiency as a function of detector 
surface area S. 

not. Conversely, at 3.1 Torr the gradient of the 
convective plot is independent of flow rate, but 
the diffusive plot shows dependence on flow rate. 
Similar data, omitted for brevity, were also ob- 
tained at 5.4, 7.3, and 9.9 Torr and these results 
also showed predominantly convective flow. 
Results at 1.4 Torr shown in Figs. 2C, D repre- 
sent an intermediate case where diffusive and 
convective flow are comparable. 

Effect of Other Variables on Dzffision 
Data in Fig. 2 were obtained using an efficient 

detector (4 = 0.81). A series of experiments was 
performed with an inefficient detector (4 = 0.15) 
and representative results at 0.8 and 5.4 Torr are 
shown in Figs. 3A, B. Although a much smaller 
signal was obtained, the diffusive and convective 
plots remained similar to those obtained with 
detectors of higher efficiency. Altogether a 
variety of detectors with efficiencies ranging from 
0.04 to 0.96 were used. As a further check on the 
effect of the magnitude of an atom sink on the 
profile, some detectors were wired with copper 
just behind the platinum detector. It was found 
that in predominantly convective regions detector 
efficiency had no effect, while in predominantly 
diffusive regions a small effect on  the decay plots 
was noted. 

Runs in which ultra-pure rather than commer- 
cial grade hydrogen was used showed a decrease 
in atom concentration by about a factor of 5. This 
caused appreciably more scatter in the decay 
curves. However, whether diffusive or convective, 
flow obtained was found to be independent of 
gas purity (1 6). 

Discussion 
Detector Eficiency 4 

A criticism of the use of a solid catalytic 
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RUDNICK AND TOBY: HYDROGEN-ATOM FLOW SYSTEM 3901 

FIG. 2A. B. Atom decav d o t s  at 0.8 Torr. 6 = 0.81. 
2A diffushe plot, 2B conbe'ctive plot. Flow iates: 0 ,  
470cms-' ;  0 ,900cms- ' .  

FIG. 2C, D. Atom decay plots at  1.4 Torr, 4 = 0.81. 
2C diffusive plot, 2D convective plot. Flow rates: 0 ,  
500cms-'; 0,104Ocms-' .  

FIG. 2E, F. Atom decay plots at 3.1 Torr, 4 = 0.81. 
2E diffusive plot, 2F convective plot. Flow rates: 0, 
340cms-' ;  0 ,690cms- ' ;  0 ,  1380cms-'. 

surface to measure absolute atom concentrations 
was made by Wood, Mills, and Wise (12) who 
found only a fraction of the energy of atom 
recombination to  be accommodated by the 
catalyst. This leads to the possibility that a 
calorimetric detector could be completely efficient 

FIG. 3A, B. Atom decay plots with inefficient de- 
tector, 4 = 0.15. 3A diffusive plot at  0.8 Torr, flow 
rates: 0 ,  500 cm s- ' ;  0, 850 cm s-'. 3 8  convective 
plot at  5.4 Torr, flow rates: 0 ,  690 cm s- ' ;  0, 1500 
cms-'. 

in recombining atoms but only partially efficient 
in detecting them. However, if the desorbing 
molecules leave the surface energetically excited, 
some of this excess energy should be transferred 
by collision with a second detector placed behind 
the first one. We found that if the surface area of 
the first detector was made sufficiently large, no 
energy was found to be transferred to the second 
one. Therefore, a sufficiently large detector must 
be completely efficient in both recombining atoms 
and in accommodating them. The fall-off in 
detector signal with decreasing detector surface 
area shown in Fig. 1 may reflect both incomplete 
recombination and incomplete accommodation 
(17). In  the limit of an  infinitely small detector, 
atom removal and any perturbation by the 
detector would vanish. 

The assumption of negligible radial concen- 
tration gradients is valid if radial diffusion is 
sufficiently rapid to wipe out gradients caused by 
wall recombination. Under conditions of pre- 
dominantly heterogeneous recombination (i.e. at 
low pressures) the condition for negligible radial 
gradients is given by (1 8) 

[3 1 y << 4RD/fiL2 and y' << 4DlijL 

where y and y '  are the wall and detector recom- 
bination coefficients, 6 is the mean atomic 
velocity, and L is the distance from the atom 
source to detector1. At higher pressures these 

'A somewhat different criterion, based on a less 
rigorous analysis, has been given by W. Smith. See ref. 22. 
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gradients are unimportant because of the in- Acknowledgments 
creased number of hbmogeneous collisions (1). 

An efficient catalytic probe used as a detector 
will set up an axial diffusion gradient the im- 
portance of which has been disputed (1, 2, 19). 
An approximate criterion for negligible probe 
effect has been given (20,21) as 

If we take L,,, = 10 cm as the smallest distance, 
the maximum values of D/LVJ are given in 
Table I. Thus the diffusion effects seen in Figs. 2 
and 3 are presumably not due to the presence of 
the detector, except perhaps at  the smallest 
values of L. 

TABLE I 
Test of criterion for axial diffusion 

due to probe 
-- -- 

P Vf 
(Torr) (crn/s) D I L m i n  J'f 

The relative unimportance of the detector is 
consistent with the calculations of Wise et al. 
Figure 5 of ref. 1 shows that under typical 
operating conditions, an increase in y' by a factor 
of 100 increases the fall-off rate from [H:]/ [H,] = 
1 to [H]/[H.], = 0.2 by afactor of only 1.2. 
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The transmission of polar effects. Part VII.' A proton magnetic resonance spectra 
study of substituted mesitylenes, durenes, anthracenes, and triptycenes 

KEITH BOWDEN, J.  G. IRVING, AND M. J. PRICE 
Department of Cllemistry, The University of Essex, Wivenhoe Park, Colcl~ester, Essex, Englarld 

Received February 16, 1968 

The chemical shifts of the ringprotons in a series of monosubstituted mesitylenes and durenes,and of the 
10-protons of a series of 9-substituted triptycenes and anthracenes have been measured in dimethyl 
sulfoxide, acetone, 2-methoxyethanol, and carbon tetrachloride. The solvent dependence of the sub- 
stituent chemical shifts has been analyzed by linear free energy relations. The systems all show similar 
dependence which increases with increasing dielectric constant of the solvent. This does not result 
from the field effect being transmitted through the medium, but appears to arise from the formation 
of a hydrogen-bonded interaction between the solvent and the hydrogen of the solute. The substituent 
chemical shifts appear to arise from contributions from substituent field, resonance, magnetic anisotropy, 
and solvent effects. 
Canadian Journal of Chemistry, 46, 3903 (1968) 

Introduction 
Recently, many studies have attempted to 

relate the chemical shifts to properties of the 
substituents causing them (1-4). The chemical 
shift, F, of a proton, relative to that in the un- 
substituted compound, can be considered to con- 
sist of several additive factors, as shown below 

The factors are those due to the inductive (F,), 
resonance (S,), electric field (F,), magnetic (F,), 
and solvent (6,01v,) effects. Particular theories of 
the substituent chemical shift have been advanced 
in terms of the electric field (5, 6) and magnetic 
anisotropy (7, 8) effects. For an electric field, the 
substituent field effect at the proton, E, is a func- 
tion of the substituent dipole, p, the distance 
between the dipole and the proton, r, and the 
angle, 0,  between the dipole and r, a s  shown in 
eq. PI. 
PI  

p(1 + 3 C O S ~  01% 
E= 

r3  
The shielding, o,, arising from this field has been 
related by Buckingham (5) to the electric field by 
the eq. [3], where 4 is the angle between the C-H 
bond and the vector E. 

- 

A similar relation has been suggested by Musher 
(6). An anisotropic magnetic field has been shown 
by McConnell(7) to be approximated by the eq. 
[4], where the shielding, o,, is related to the 
anisotropy in the magnetic susceptibility of thegth 

bond, AX,, the distance between the proton and 
that bond, r,, and the angle between r ,  and the 
bond axis, 0,. 

(1 - 3 cos 0,) 
[4] OM = xg 3rg3 I 

Solvent effects on the chemical shifts have 
contributions (9-14) from the bulk magnetic 
susceptibility of the medium (S,), the van der 
Waals interactions (F,), the magnetic anisotropy 
of the solvent (FA), and the solvent reaction field 
effect (FES), as shown in eq. [5] 

Specific local effects such as hydrogen-bonding to 
the solvent will strongly influence the chemical 
shift (14). In considering the substituent chemical 
shifts in large molecules at non-proximate posi- 
tions only FEs and specific local effects can be 
considered to be important. The local solvent 
reaction field treatment of Buckingham (5) im- 
plicitly includes dependence on the medium as 
shown in eq. [6] 

where E represents the dielectric constant of the 
medium and R the reaction field. 

Recent studies of solvent induced chemical 
shift (15) have shown the limitations of the 
reaction field theory. Specific solvent-solute 
complex formation has been suggested as being 
particularly suitable for aromatic solvents but 
has an analogy in hydrogen-bonding for non- 

'For Part VI, see ref. 62. aromatic solvents. 
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Many attempts have been made to correlate 
chemical shifts of protons with Hammett sub- 
stituent constants 0 (16-20), with varying degrees 
of success. These constants express the polar 
effect of the substituent relative to hydrogen and 
are the sum of the "inductive" and resonance 
effects (21). The "inductive" effect probably 
originates from a field effect (22). A recent study 
(23) of substituted styrenes and ethylbenzenes 
has concluded that inductive and resonance 
effects are of greatest importance. 

It  was considered that a study of the sub- 
stituent chemical shifts in model systems, and 
their solvent dependence, would give important 
information about the factors which control 
chemical shifts. This would then enable an 
evaluation of their use in assessing the trans- 
mission of polar substituent effects. The model 
systems selected for this study are those of fixed 
and known geometry, together with simplicity of 
spectra. These are the ring protons of substituted 
durenes (1) and mesitylenes (2), the 10-proton of 
9-substituted anthracenes (3), and the 10-proton 
of 9-substituted triptycenes (4). 

Previously, very complete studies have been 
made of substituted mesitylenes in cyclohexane 
(24), together with very limited studies of durenes 
and mesitylenes in carbon tetrachloride (25), and 
of triptycenes in tetrahydrofuran (26). 

bromination of mesitylene in carbon tetrachloride (29). 
Esterification of 2,4,6-trimethylbenzoic acid with diazo- 
methane in ether gave the methyl ester (30). 

Durene, pentamethylbenzene, and 2,3,5,6-tetramethyl- 
phenol were obtained commercially. Durene was nitrated 
to  give dinitrodurene (31), which was reduced with 
sodium sulfide to nitroaminodurene (32). The diazonium 
salt, prepared from nitroaminodurene, was reduced with 
hypophosphorus acid to give nitrodurene (33). Amino- 
durene was prepared by the reduction of nitrodurene with 
zinc and acetic acid (34). Friedel-Craft acylation of 
durenegave2,3,5,6-tetramethylacetophenone(35). Bromo- 
durene was prepared by bromination of durene with 
bromine in carbon tetrachloride (36). The chlorination of 
durene using an iodine catalyst gave chlorodurene (37). 
The carboxylation of the Grignard compound obtained 
from bromodurene gave 2,3,5,6-tetramethylbenzoic acid, 
which was esterified with diazomethane in ether to form 
the methyl ester (38). 

Anthracene, 9-methylanthracene, 9-acetylanthracene, 
and 9-anthraldehyde were obtained con~mercially. Nitra- 
tion of anthracene with concentrated nitric acid in acetic 
acid gave 9-nitroanthracene (39). 9-Bromoanthracene was 
prepared by bromination of anthracene (40) and gave, o n  
treatment with phenyl lithium and carboxylation, 9- 
anthroic acid (41). Methyl 9-anthroate was obtained by 
esterification of the acid by the action of trifluoroacetic 
anhydride and methanol (42). The reaction of anthrone 
with phenyl magnesium bromide gave 9-phenylanthracene 
(43). 

The triptycenes were synthesized f rom the correspond- 
ing 9-substituted anthracenes by the addition of benzyne. 
The benzyne was generated by a modification of the 
method of Friedman and Logullo (44). A solution of 
anthranilic acid (15 g, 0.109 mole) in acetone (50 ml) was 
added over a period of 1 to 4 h to a refluxing mixture of  
the substituted anthracene (e.g. 9-nitroanthracene; 6.5 g, 
0.0292 mole) in dichloromethane (50 ml) and isoamyl 
nitrite (13.5 g, 0.1 15 mole). The solution was then 
evaporated in a rotary evaporator to form a dark oil. This 
oil was dissolved in  a minimum amount of dry benzene 
and eluted on an alumina chromatographic column with 
benzene. The first fraction was, in all cases, the triptycene 
and the second fraction was the unreacted anthracene. 
The triptycene could be purified by treatment with maleic 
anhydride and then a base, or by N-ethyimaleimide and 

TABLE I 
Physical properties of triptycenes 

Melting points (OC) 

Experimental 9-Substituent This study Literature Reference 

Materials H 249-250 247-248 45 
Mesitylene, 1,2,3,5-tetramethylbenzene, 2,4,6-trimethyl- Me 255-257 253-254 45 

acetophenone, 2,4,6-trimethylaniline, 2,4,6-trimethylphe- Ph* 274-275 - 
nol, 2,4,6-trimethylbenzaldehyde, and 2,4,6-trimethyl- Br 246-247 246-248 45 
benzoic acid wereobtainedcommercially. Nitromesitylene COMe'f 210-211 - 
was prepared by nitration of mesitylene by fuming nitric N02 244 241-243 45 
acid in acetic acid (27). Mesitylene was chlorinated, using *Anal. Calcd. for C 2 6 ~ , a :  C, 94.55; H, 5.55. Found: C, 94.99; 
an anhydrous ferric chloride catalyst, to  give chloro- H.$AL";l. Calcd, for C22H160: C, 89.,7; H, 5.42; 0, 5,41. Found: 
mesitylene (28). Bromomesitylene was synthesized by c, 89.16; H, 5.49; 0,5.41. 
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BOWDEN ET AL.: THE TRANSMISSION OF POLAR EFFECTS. PART V11 

TABLE I1 

Chemical shifts of proton in substituted mesitylenes, durenes, and anthracenes 
- 

Chemical shifts* of 

Mesitylenes in Durenes in Anthracenes in 

Substituent DMSO MCS Acetone CTC DMSO MCS Acetone CTC DMSO MCS Acetone CTC 

~r 7.01 6.88 6 .93 6.82 6.98 6 .92 6.94 6 .83 8 .74 8.58 8 .59 8.40 
CHO 6.96 6.91 6 .92  6.81 - - - - 9.03 8 .85 8 .82 8.58 
C02Me 6.90 6.85 6.89 6.76 7.05 6.98 7.00 6.88 8.81 8.68 8 .70  8.46 
COMe 6.86 6.80 6.85 6.73 7.00 6.95 6 .98  6.85 8.73 8.61 8 . 6 3  8.42 
NO, 7.11 7.04 7.08 6.88 7.21 7 .13 7.16 6.98 9.04 8.85 8 .89  8.59 

'Chemical shifts are accurate to k 0.01 p.p.m. relative to TMS. 
Solvents: DMSO, dimethylsulfoxide; MCS, 2-methoxyethanol; CTC, carbon tetrachloride. 

then chromatography over alumina. After recr~stalliza- As stated oreviouslv. manv attemDts have been 
tion from n~ethylcyclohexane, the triptycenes were ob- made to substit;ent shifts 
tained as colorless solids whose physical properties are 
shown in Table 1. The yields of  triptycenes varied from using linear free energy the 
between 25 to 50X. and the recoverv of unreacted Hammett equation (16-20). Fair correlations 
anthracenes b e t w e e n o  to 30X. have been made between substituent chemical 

The samples used for meashrements were fractionally shifts for the proton para to the substituent in 
distilled or recrystallized to constant melting points. The 
physical constants of these samples were identical o r  close benzene (16), while the correlation fails badly for 
to those in the literature, except 9-methyltriptycene whose the protons meta the substituent in benzene 
calculated and found elemental analvses were in good (19). However, for mesitylenes, durenes, and 
agreement. The elemental analysis for-9-phenyltriptycene sibstituents s;ch as-the nitro group 
was rather less satisfactory. The solvents, dimethyl sulf- will beextensively deconjugated with the aromatic 
oxide and 2-methoxyethanol, were purified in the manner 
previously described (46). Acetone and carbon tetra- ring. Studies On 4-substituted 3,5-dimeth~1ben- 

were ''Analarm grade and were dried over 5 A zoic acids (47) and 9-substituted 10-anthroic acids 
molecular sieves before use. (48, 49) enable the calculation of "effective" o 

N~rclear Mngtfe/ic Resonar~ce Mensureniet~ts 
A Varian A60-A nuclear magnetic resonance (n.m.r.) 

spectrometer operating at  60 Mc/s was used to obtain the 
spectra. These were measured as 0.1 M solutions in 
dimethyl sulfoxide, 2-methoxyethanol, acetone, and 
carbon tetrachloride containing 2 %  tetramethylsilane 
(TMS) as an  internal standard. No significant shifts were 
noted on further dilution. A number of duplicate runs 
were made for each measurement. The uncertainty in peak 
position was considered to be k0.5 c.p.s., relative to 
TMS. The spectra were calibrated by means of a Varian 
Associates standard and the calibration was checked at 
convenient and regular intervals. Standard instrument 
conditions were used throughout the measurements. 

Results and Discussion 

The chemical shifts of the selected protons of 
the durenes, mesitylenes, anthracenes, and trip- 
tycenes in the four solvents are shown in Tables I1 
and 111. 

values which should be a ~ ~ l i c a b l e  to studies of 
A 

substituted durenes and anthracenes. These 
"effective" o values are calculated by dividing 
the observed ApK, values for substituents such as 
the nitro group by the reaction constant obtained 

TABLE I11 
Chemical shifts of proton in substituted triptycenes 
-- -- -- -- 

Chemical shifts* in 

Substituent DMSO MCS Acetone CTC 

-. 

C 0 2 M e  5.69 5.52 5.64 5.29 
COMe 5.67 5.51 5.61 5.24 
NO2 5.82 5.64 5.76 5.29 
Ph 5.72 5.56 5.64 5.29 

'Chemical shifts are accurate to kO.O1 p.p.m. relative to TMS. 
For abbreviations of solvents, see footnote of Table 11. 
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from the unaffected substituents such as the 
halogeno groups. These values are shown in 
Table IV and the correlations for the chemical 
shifts in dimethyl sulfoxide in Table V. The corre- 
lations are only fair. In particular the chemical 
shift for the acetyl group appears to be too low 
and for the phenyl group appears to be too high 
to have resulted from the polar effect of the 
substituent as measured by the o value. The 
failure of the correlation of the chemical shift 
of mesitylenes with meta-o values has been 
ascribed to magnetic anisotropy effects at these 
positions (50). The acetyl and phenyl groups 
could have significant magnetic anisotropy 
effects also at the paraposition. 

TABLE IV 
Substituent constants 

Substituent (R) 0 01 (RCHdt  

-. - 
Br 0.232 0.47 
CHO 0.19* - 
C02Me 0.32* 0.355 
COMe 0.36* 0.29* 

'"Effective" o value (47-49). 
to, values used are those previously used (46) o r  

those derived from reliable pK, values of  substi- 
tuted acetic acids in water at  25'(51.49). 

Aliphatic substituent constants are required to 
correlate the effect of 9-substituents for trip- 
tycenes, where both proton and substituent are 
bonded to saturated carbon atoms. The parallel 
constants o, (46, 51) and o* (52) are available. 
The correlation with ol is shown in Table V for 
dimethyl sulfoxide as solvent and is only fair. 
The acetyl and phenyl groups show the same 
divergencies as shown in the durene and anthra- 
cene series. Both of these substituents have sub- 
stantial magnetic anisotropy contributions (53, 
54). It is very likely that this effect opposes the 
polar contribution for the acetyl group and 
augments that of the phenyl group. 

Specific interactions between the substituents 
and solvents must be considered. The substituents 
and solvents have been chosen to  avoid this. 
However, the hydroxy and amino groups are 
prone to this behavior (55) and the results for 
these groups must be treated with reserve. 

TABLE V 
Linear free energy correlations for chemical shifts in 

dimethyl sulfoxide 
-- 

Reaction 6,* 
System constants (p.p.rn.) r i  ni 

1,4-Durene 0.67(p) 6.81 0.975 9 
9,lO-Anthracene 0.58 (p) 8.65 0.778 8 
9.10-Triotycene 0.23 (0,) 5.64 0.888 7 

*ti0 is the calculated chemical shift for hydrogen. 
t r  is the correlation coefficient. 
$n is the number ofsubstituentsstudied. 

The degree of success obtained for the durenes 
and anthracenes seems to indicate that, like para- 
substituted benzenes (16), the electron densities 
a t  these positions are more directly affected by the 
substituent polar effect (50). The mesitylenes and 
meta-substituted benzenes are less strongly 
affected by the substituent polar effect and mag- 
netic anisotropy effects intervene (50). The partial 
success of the triptycene correlation indicates a 
small and not very significant substituent polar 
effect through systems not directly n-bonded. 
This is in accord with the recent studies of  
substituent effects on fluorine chemical shifts in 
saturated systems (56). 

In the absence of very satisfactory correlations 
with substituent constants, it is necessary to  
suggest another method of analyzing the results 
in different solvents. Thus, the results have been 
analyzed by taking the chemical shift in dimethyl 
sulfoxide (DMSO), SDMSO, as a standard for each 
system. The chemical shifts in the  other solvents 
have been correlated with these values, as shown 
in Table VI. The correlations are very good2 and 
give the susceptibilities, y, of these systems to  the 
solvent effect, relative to that in  dimethyl sulf- 
oxide. However, the significance of these linear 
free energy relations is limited by their derivation 
and their scope. In spite of this, consideration of 
these y values shows that the effect of the solvents 
for each series is almost the same and falls in the 
order: 

dimethyl sulfoxide acetone 
z 2-rnethoxyethanol > carbon tetrachloride 

This is the opposite order to that  expected if the 
effect was due t o  the field effect of  the substituents 
(see Table VII). The transmission of the sub- 
stituent field effect would increase as the di- 

2The sole exception is the triptycene series in carbon 
tetrachloride where the shifts were very small. 
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TABLE VI TABLE VII 

y values for various systems* Solvent parameters 

6 0  E - I  
System Solvent y (p.p.m.) r 11 Solvent E* 2~ + 2.5 

Durene DMSO 
Acetone 
MCS 
CTC 

Mesitylene DMSO 
Acetone 
MCS 
CTC 

Anthracene DMSO 
Acetone 
MCS 
CTC 

Tri~tvcene DMSO - - 
Acetone 
MCS 
CTC 

*So js the calculated chemical shift for hydrogen; r is the correlation 
eoeffic~ent; tr is the number of substituents studied. For abbreviations 
of solvents, see footnote of Table 11. 

electric constant of the medium falls. The di- 
electric constants, as shown in Table VII, 
decrease as y decreases. The function proposed 
by Buckingham (5) does not account for the 
results found in this study. 

The order of the susceptibility of the systems to 
substituent effects can be understood if the 
protons are interacting with the solvent by means 
of hydrogen-bonded interactions (14). These will 
vary in strength with the ability of the hydrogen- 
bond acceptor and will decrease in strength in the 
order (57) : 

dimethyl sulfoxide >> acetone 

> 2-methoxyethanol >> carbon tetrachloride 

The carbon-hydrogen bond will be polarized in 
accord with the strength of the hydrogen bond 
(5). 

\ 

The chemical shift of the hydrogen will have 
increased susceptibility to the polar effect of the 
substituent as the carbon-hydrogen bond be- 
comes more polarized. 

A number of fluorine n.m.r, studies of sub- 
stituted fluoroaromatics have been made in a 
number of solvents (55, 58-60). Considerable 
differences occur in the interpretation of these 
results. I t  would appear that the effect of solvents 
on the fluorine chemical shifts are not interpret- 

Dimethyl sulfoxide 48.9t 0.177 
Acetone 20.5$ 0.435 
2-Methoxyethanol 15.955 0.448 
Carbon tetrachloride 2.23$ 0.478 

'Literature values (GI), E = dieleclric constant, 
tValue at 20". 
SValue at 25". 
§Value at 30'. 

able in terms of a field effect (60), but are better 
expressed in terms of specific interactions be- 
tween solute and solvent (55). The results of 
Wittstruck and Trachtenberg (23) are in general 
agreement with those presented here. The latter 
workers have deduced that the "net effect of 
field effects is insignificantly small". The possibil- 
ity that electric and magnetic field effects cancel 
in their system remains. The present study has 
shown that the magnetic field effect of some 
substituents persists at  remote positions. Witt- 
struck and Trachtenberg emphasize that chemical 
shifts can be used to evaluate conjugation. Our 
study shows that difficulties may arise from the 
intervention of other effects and stresses the 
importance of considering specific solvent inter- 
actions in elucidating the origin of chemical 
shifts. The conclusion of Dewar and Takeuchi 
(50) that "proton chemical shifts cannot be 
interpreted in terms of 'normal' substituent 
theory" seems amply justified. 

Our conclusion from this study is that hydrogen 
n.m.r. shifts are not a good probe for studying 
the polar effects of substituents. Chemical shifts 
arise from complex causes. These causes are not 
always the same or are not governed in the same 
way as those affecting substituent effects on 
chemical reactivity. 
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The transmission of polar effects. Part V1II.l Esterification with 
diazodiphenylmethane and the ionization of ortho-substituted 
trans-cinnamic, phenoxyacetic, 3-phenylpropionic, cis- and 

trans-a-phenylcinnamic acids 

KEITH BOWDEN AND D. C. PARKIN 
Departtnent of Cl~emistry, Tl~e University of Essex, Wivenhoe Park, Colchester, Essex, Etlglat~d 

Received February 16, 1968 

The rate coefficients for the esterification with diazodiphenylmethane in ethanol at 30" and the pK, 
values at 25" of a number of ortho-substituted trans-cinnamic, phenoxyacetic, 3-phenylpropionic, ortho-, 
meta-, and para-substituted cis- and trans-cr-phenylcinnamic acids have been determined. The effects of 
substitution have been assessed by a Hanimett-type correlation. A comparison of the transmission of the 
polar effects of ortho and metalpara substituents indicates the prime importance of the field effect, aug- 
mented where possible by ax-inductive effect. A reversed dipolar substituent field effect has been detected 
for the cis-ortho-substituted cinnamic acids. 
Canadian Journal of Chemistry, 46. 3909 (1968) 

Introduction 

In a search for model systems to distinguish 
between the inductive and field effects (1, 2), a 
previous analysis (3) suggested that for certain 
reaction and substituents, the polar effect of 
ortho-substituents in benzoic acids is trans- 
mitted approximately twice as efficiently as that 
of metalpara-substituents. A very simple test 
presents itself. If the field effect is the main 
means of transmission, the ratio will decrease 
and approach unity as the substituted phenyl 
group becomes more distant from the reaction 
site. This is due to the field effect varying with 
cos 0/r2 for a point dipole (4), where r is the dis- 
tance from the dipole and the reaction site and 
0 is the angle between r and the dipole. However, 
if an inductive effect is mainly responsible, the 
ratio will remain the same. This is because the 
inductive effect decreases by a factor E for each 
intervening link (2, 5). 

In this study, the reactivities of a series of 
ortho-substituted trans-cinnamic, phenoxyacetic, 
3-phenylpropionic, cis- and traiw-ci-phenylcin- 
namic acids in their ionization and their reaction 
with diazodiphenylmethane in ethanol have been 
studied, together with the metalpara-substi- 
tuted a-phenylcinnamic acids. The ortho-sub- 
stituted -systems have been correlated by a 
Hammett-type equation and compared with the 

'For Part VII, see preceding paper. A preliminary 
account of certain aspects of this study has appeared in 
Chem. Commun. 75 (1968). 

corresponding metalpara-substituted systems. 
Charton has previously correlated a number of 
reactions of ortho-substituted systems using 
para-o values (6). Other workers (7, 8) have 
attempted correlations using polar substituent 
constailts obtained from a separation of polar 
and steric effects. In the ortho-substituted ben- 
zoic system, this treatment has been criticized 
(9). An interesting and earlier attempt to use a 
siinilar model system to  test the inductive and 
field theories of the propagation of substituent 
effects was made by Roberts and Carboni (10). 
This study of phenylpropiolic acids has since 
been extended (11). The latter analysis enabled 
the estimation of a series of ortho-o values. 
Both of these studies have been interpreted in 
terms of a field effect. 

Previous st~idies by Hogeveen (12) and our- 
selves (3, 9) have indicated the iinportance of 
dipolar substituent effects in 3-substituted acry- 
lic acids. Hogeveen (1 2) noted a possible specific 
direct field effect for certain ortllo-substituted 
cis-cinnamic acids. This was probably related to 
the observation of a reversed dipolar substituent 
field effect demonstrated recently by Golden and 
Stock (1 3). 

Results and Discussion 

The rate coefficients for the esterification of 
the acids with diazodiphenylmethane in ethanol 
at 30.0" are shown in Tables I and 11. In Tables 
I11 and IV the pK, values of the acids in water or 
80 % w/w 2-methoxyethanol-water are shown. 
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TABLE I 

Rate coefficients for the esterification with diazodiphenylmethane of the ortho-substituted acids 
in ethanol at 30.0" 
-- -- 

Rate coefficients k* 
-- - 

3-Phcny!- trons-a-Phenyl- cis-a-Phenyl- 
Substituent trans-Cinnamic Phenoxyacetic proplonic cinnamic cinnamic 

6 NO, 1.64 10.0 1.08 1.99 9.59 
7 OMe 0.733 5.46 0.539 0.791 6.97 
8 OH 0.594 12.1 0.670 - - 

*The rate coefficients k ( I  mole- 1 min-') are reproducible to  + 3 % o r  better and are the  mean of at  least two determinations. 
tPrevious workers fo;nd k for t rons -c innk ic  acid to  be0.972 (14); phenoxyacetic, 6.60, 6.25 (14.15); and 3-phenylpropionic 

acid, 0.735,0.740 (14. 15). 

TABLE I1 

Rate coefficients for the esterification with 
diazodiphenylmeti~ane of meta- and para- 

substituted a-phenylcinnarnic acids in 
ethanol at 30.0" 

Rate coeffi- 
cients, k* 

Substituent t rolls cis 

*See footnote of  Table I. 

The results have been analyzed by a similar 
method to that previously used for ortho-sub- 
stituted benzoic acids (3, 18). The Hammett 

equation was used with para-o" values (19). 
These values are most applicable to the present 
insulated or partially insulated systems, and 
this scale was used in our previous analysis of 
metalpara-substitution in similar systems (2). 
A value of 0.530 is used for the ortho-nitro 
group to allow for steric deconjugation by the 
proximate link (18) and a o" value of 0.168 for 
the insulated ortho- or para-fluoro substituent 
(20). The results of these correlations are shown 
in Table V. The ortho-hydroxy group was ex- 
cluded from the correlations because of its 
anomalous behavior (to be discussed later). 

The correlations, shown in Table V, vary from 
very good to satisfactory (21), except for the 
cis-ortho-substituted cr-phenylcinnamic acid sys- 
tem. The cr-phenylcinnamic acids show interest- 
ing discrepancies and are discussed in detail 
separately. The available data for phenylpro- 
piolic acids (10, 11) have been analyzed in the 

TABLE I11 
pK, values of the ortho-substituted acids in water or 80% w/w 2-methoxyethanol-water (80% MCS) at 25" 

--pp--pp 

pK,* values of 

3-Phenyl- tt.at~s-u-Phenyl- cis-a-Phenyl- 
trons-Cinnamic Phenoxyacetic propionic in cimamic in 80% cinnamic in 80% 

Substituent in water in water water MCS MCS 

4 ?I 
5 Br 
6 NOz 
7 OMe 
8 OH 

*Mean of a t  least two determinations; reproducible to  + 0.01, (water) o r  k0.03 (80% MCS). 
TLiterature values from ref. 16. 
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TABLE IV 

pK, values of the meta- and para-substituted 
cinnamic acids in 80 % w/w 2-methoxy- 

ethanol-water at  25" 

P K *  

trar~s-a- cis-a- 
Substituent Phenyl Phenyl trarls 

*See footnote of Table 111. 
tPrevious workers found plC, for trafrs-cinnamic acid to be 6.68 

(17). 

same way and the results are also shown in 
Table V. 

benzoic systems, as shown in Table VI. These 
former systems have an average ratio of 1.3 f 
0.1,, compared to 2.2 f 0.2 for the benzoic 
system. The reduction in this ratio indicates that 
the polar substituent effect is mainly transmitted 
by a field effect. As has been stated in the Intro- 
duction, an inductive effect would not have 
altered the ratio. The field effect can be aug- 
mented by a n-inductive effect in appropriate 
cases. The reaction constants for either type of 
substitution or reaction are always in the order 

trans-cinnamic > phenoxyacetic > 3-phenylpropionic 

In the first two systems, the n-inductive effect 
probably causes this increase in transmission 
and only operates efficiently when the reaction 
site and substituent are linked by a continuous 
n-electron system. Similar conclusions arise from 
the analysis of the phenylpropiolic acids. 

In Table VI the reaction constants for ortho and a-Phenylcinnan~ic Acids 
for metalpara-substitution are compared. The The transmission of polar effects for  cis- or 
ratio of the reaction constants, par"'"/ pmet"'p"r" , for trans-metalpara-substituted a-phenylcinnamic 
the dimethylene, oxymethylene, and trans-ethyl- acids is quite normal. The ionization of cis- 
ene links are all very much less than those for the cinnamic acids has been studied (22, 23) since 

TABLE V 
Hammett reaction constants 

System Reaction p log ko r* n i  Substituents 

3-(ortho-Substituted pheny1)propionic Ionization in water, 25" 0.258 4.64 0 9 8 2  6 1-6 
DDM esterification, 30" 0.277 -0.138 0.955 6 1-6 

ortho-Substituted phenoxyacetic Ionization in water, 25" 0.475 3.18 0.969 7 1 -7 
DDM esterification, 30" 0.410 0.781 0.994 7 1-7 

trarzs-ortho-Substituted cinnamic Ionization in water, 25" 0.564 4.40 0.969 7 1-7 
DDM esterification, 30" 0 412 0.001 0.950 7 1-7 

trans-ortho-Substituted a-phenyl- Ionization in 80% MCS, 0.651 6.98 0.968 5 1,3-6 
cinnamic 25" 

DDM esterification, 30" 0.536 0.036 0.959 5 1,3-6 
cis-ortho-Substituted a-phenyl- Ionization in 80% MCS, 0.188 5.61 0.616 5 1,3-6 

cinnamic 25" 
DDM esterification, 30" -0.021 1.014 0.177 5 1,3-6 

rrans-metalpara-Substituted a- Ion~zation in 80% MCS, 0.917 6.98 0.967 8 1-8 
phenylcinnamic 25" 

0.883 6.98 0.950 5 1,5-8 
DDM esterification, 30" 0.540 -0.001 0.991 8 1-8 

0.570 0.000 0.992 5 1,543 
cis-metalpara-Substituted a-phenyl- Ionization in 80% MCS, 0.716 5.61 0.986 5 1,5-8 

cinnarnic 25" 
DDM esterification, 30" 0.291 0.984 0.985 5 1,5-8 

trarzs-metalpara-Substituted cinnamic Ionization in 80 % MCS, 0.743 6.63 0.993 5 1 4 , 8  
25" 

ortho-Substituted-phenylpropiolic Ionization in 50% ethanol, 0.240 3.55 0.801 5 - 
25" 

DDM esterification, 30" 0.330 0.308 0.960 5 - 
metalpara-Substituted-phenylpropiolic Ionization in 50% ethanol, 0.434 3.58 0.960 9 - 

25" 
DDM esterification, 30" 0.327 0.295 0.916 9 - 

*r is the correlation coefficient. 
tn  is the number ofsubstituents studied. 
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TABLE VI 
Reaction constant ratios 

-- 

System Reaction P ~ ~ ' ~ ' ~ ~ ~ ~  porLho porlho/pmclalpara 

Benzoic Ionization in water, 25" 
DDM esterification, 30" 

3-Phenylpropionic Ionization in water, 25" 
DDM esterification, 30" 

Phenoxyacetic Ionization in water, 25" 
D D M  esterification, 30" 

rratls-Cimamic Ionization in water, 25" 
DDM esterification. 30" 

Phenylpropiolic lonizationin 50 % ethanol, 25" 0.43 0.24 0 . 6  
D D M  esterification, 30" 0.33 0.33 1 .0  

our earlier review (2). These results show that 
the transmission is comparable for cis- and rrans- 
cinnamic acids, with the lower value occurring 
for the cis-system for comparable substitution. 
In the a-phenylcinnamic system studied here, 
transmission is more efficient in the trans- than 
in the cis-system. It is very important to note the 
large acid-strengthening effect observed for the 
cis-acids, which amounts to about 1.4 pK, units 
and 1.0 log k units for the unsubstituted acid. 
This is due to the steric effect of the cis-3-phenyl 
group deconjugating the carboxylic acid group 
(24). Catalin models of the a-phenylcinnamic 
acids show that, in the cis-acids, both phenyl 
groups assist in deconjugating the carboxylic 
acid group, and that, in the trans-acids, both 
phenyl groups mutually interact and do not 
affect the carboxylic acid group. 

The trans-ortho-substituted a-phenylcinnamic 
acids present a reasonably similar picture to 
those ortho systems already discussed. The acid- 
strengthening substituents, such as the halogeno 
and nitro groups, operate normally. However, 
the cis-ortho-substituted a-phenylcinnamic acids 
show almost no effect on substituting with the 
usual acid-strengthening groups. This small 
reversal or greatly diminished substituent effect 
has been previously observed in isolated cases for 
cis-ortho-substituted cinnamic acids (25, 12). 
This is considered to arise from a reversed 
dipolar substituent field effect (13, 26). Catalin 
models show that in favorable conformations of 
the cis-cinnamic acids the ortho-substituent can 
be very close to the reaction site (1). The sub- 
stituent effect is normally characterized by that 
end of the dipole embedded in the molecule. The 
proximate position of the "negative" end of the 
dipole allows its field effect to effectively oppose 

or even reverse the normal substituent effect2. 
This discussion depends on the suitable con- 
formations. of the ortho-acids. This seems more 
likely than any other effect which will adequately 
explain the results3. 

=This explanation appears to be preferable to that of 
a competition between opposing direct field and inductive 
effects suggested by Hogeveen (12). 

3Since the preliminary account of some of these results 
(26), Dewar (32) has  commented on them and offered a n  
alternative interpretation of the results for the cis-ortho- 
substituted cc-phenylcinnamic acids. This consists of 
an  acid-weakening caused by hydrogen-bonding stabili- 
zing the acids relative to their conjugate bases. No relevant 
experitttetlml euidetzce appears in Dewar's contribution. 
I n  fact, all the evidence available a t  this time indicates 
that hydrogen-bonding of this type is extremely unlikely 
and does not occur for orrho-substituted benzoic and 
similar acids. The evidence is detailed in a similar note to  
Part X of this series. Dewar also comments on the "steric- 
ally unfavorable orientation" (shown above as 1) and 
describes a more favorable geometry which is in fact 
identical with 1. The  latter surely must be a mistake as a 
probably more favorable geometry exists where the sub- 
stituent is cis-rrat~s to the carboxylic acid (tlof cis-cis as 
in 1). The possibility, however, remains that dipole- 
dipole interactions make conformations similar to 1 more 
stable. Both our interpretation and that of Hogeveen (12) 
require this o r  a similar conforn~ation and appear to be 
the only reasonable explanations offered. Dewar was 
apparently unaware of both the studies of Hogeveen (12) 
and our previous investigations (3, 9) which all indicate 
the importance of normal transmissive routes for dipolar 
substituent effects. Roberts and Carboni (10) were prob- 
ably the first to visualize the possibility of reversed dlpolar 
substituent effects in their study of phenylpropiolic acids. 
Another possible indication may be i n  the somewhat dis- 
similar behavior of the meta- and para-substituted cis- 
cinnamic acids (22). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOWDEN AND PARKIN: THE TRANSMISSION OF POLAR EFFECTS. PART VIII 

TABLE VII 

Previously unreported acids 

% Composition 

Calcd. Found 
Analysis 

Acid m.p. ("C) calcd. for C H Halogen C H Halogen 

3-(0-Fluorophenyl)propionic 82 C9H902F  64.3 5.36 11.3 6 3 . 4 5 . 3 4  11.1 
trar~s-o-Methyl-a-phenylcimamic 164 C16H1402 80.7 5.88 - 80.1 6.00 - 
trat~s-o-Fluoro-a-phenylcinnamic 178 C15H1102F 74.4 4.54 7.85 74.1 4.58 7.80 
cis-o-Methyl-a-phenylcimamic 131 C16H1402 80.7 5.88 - 80.8 5.94 - 
cis-o-Fluoro-a-phenylcinnamic 108 C15H1102F 74.4 4.54 7.85 74.1 4.58 7.67 
cis-o-Chloro-a-phenylcimamic 152 Cl5Hl1O2CI 69.6 4.25 13.7 69.1 4.27 13.5 
cis-o-Bromo-a-phenylcimamic 148 C15H1102Br 59.4 3.63 26.4 59.0 3.68 26.6 
cis-p-Methyl-a-phenylcimanlic 97-99 C16H1402 80.7 5.88 - 80.2 6.03 - 
cis-p-Chloro-a-phenylcimamic 132-133 C15HIIOZCI 69.6 4.25 13.7 69.6 4.28 13.6 

The rather odd acid-strengthening effect of 
the ortho-methyl group in the trans-acids has 
close similarities to results found for related 
systems (12, 27), but has no simple explanation. 

Ortho-Hydroxy Groups 
This substituent has been excluded from these 

correlations. It is strongly acid-strengthening 
in phenoxyacetic acid, strongly acid-weakening 
in trans-cinnamic acid, and mildly acid-weak- 
ening in 3-phenylpropionic acid. The para- 
hydroxy group is always strongly acid-weak- 
ening (21). The opposite effect shown by the 
ortho-hydroxy group in salicylic acid has been 
attributed to the occurrence of a hydrogen- 
bonded stabilization of the anion (18). Such an 
effect is structurally impossible for trans-ortho- 
hydroxycinnamic acid, c.f. the cis-isomer spon- 
taneously cyclizes to form coumarin (28). It 
appears that the ortho-hydroxyphenoxyacetic 
acid anion has a hydrogen-bonded anion (2). 
This might also occur to  some extent for 3- 

2 3 

(ortho-hydroxypheny1)propionic acid. However, 
steric interactions in the necessarily eclipsed 
conformations of the dimethylene link appar- 
ently inhibit the formation of the hydrogen- 
bonded anion (3). 

The ortho-methoxyl groups, like the para- 
isomers (19), are not well behaved. This is be- 
lieved to be due to the important electron- 
releasing resonance effect being almost 
completely thwarted in the isolated systems, 
particularly the 3-phenylpropionic acids. 

This study emphasizes and reinforces our 
conviction that the field effect is of great impor- 
tance in the transmission of polar effects. It is 
important to note that in handling the effects 
of the ortho-substituents it has been necessary 
to make a number of convenient assumptions. 
Though these reduce the certainty of the reaction 
constants obtained, they do not alter the signi- 
ficance of the results themselves. 

Experimental 
Materials 

The 3-phenylpropionic, phenoxyacetic, and  trajrs- 
cinnamic acids were commercial samples o r  were pre- 
pared by standard routes. The a-phenylcinnamic acids 
were prepared by the method of Ketcham and Jambotkar 
(29). The cis-isomers were given in poor yields by this 
method and the appropriate tratrs-isomer was isomerized 
by ultraviolet light according to a method used for con- 
verting trails- to cis-cinnamic acids (23). In our hands, this 
method gave sanlples of cis-ortho-substituted cinnamic 
acids containing the trat~s-isomers, detected by a nuclear 
magnetic resonance (n.m.r.) analysis, which could not be 
separated o n  a sufficient scale to make a study of these 
cis-acids. All the acids studied were recrystallized to con- 
stant melting points (m.p.) which were identical with, or 
very close to, those recorded in the literature. The  equiva- 
lent weight of each acid was determined by titration, and 
was found to be within 1 % of the calculated value. The 
n1.p. and elemental analyses of previously unreported 
acids are given in Table VII. The stereochemistry of 
the a-phenylcinnamic acids was confirmed by p.m.r. 
spectral measurements. The B-hydrogen in cis-cinnamic 
acids occurs at  a higher .r value than in rrans-cinnamic 
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acids, in agreement with the studies of Rappe (30). A 10% 
solution of the acid in dimethyl sulfoxide, containing 2% 
tetramethylsilane (TMS) as an internal standard, was 
measured with a Varian A60-A n.m.1. spectrometer 
operating at 60 Mc/s under standard instrument con- 
ditions. The spectral shifts are given in Table VIII. These 
shifts are comparable to those recently recorded for 
cinnamic acids (31). No isomer impurities were observed 
in the purified acids, i.e. they were at least 98% pure 
isomer. 

TABLE VIII 

Proton magnetic resonance spectral 
shifts for B hydrogen of a-phenyl- 

cinnamic acids 

Substituent trarls cis 

H 2.20 2.97 
o-Me 2.04 2.97 
0-F 2.08 2.90 

Other reagents for the kinetic and equilibrium nlea- 
surements were prepared as previously stated and had 
similar physical constants (15). 

Measurernetlts 
Rate Coeficiet~ts for Diazod@her~ylt,~ethmle Reaction 
These have been determined, at 30' ( i0.05),  spectro- 

photometrically as described previously (15), using a 10- 
fold excess acid concentration (0.06 M ) .  

p K. Values 
These were determined. at 25" ( i0 .1) .  by ootentio- 

metric methods as described (3,'15). ~onization 
constants in water were only measured for acids for which 
reliable values were not available, as indicated in Table 
111. 
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NOTES 

Mechanism of decarboxylation of substituted salicylic acids. 11. Kinetics and 
I3C-carboxyl kinetic isotope effects in nitrobenzene-quinoline mixtures 

A. N. BOURNS 
Departmetzt of Cllemistry, McMaster University, Hamilton, Otztario 

AND 

J. BUCCINI, G. E. DUNN, AND W. RODEWALD 
Departmetzt of Chemistry, Utziversity of Manitoba, Winnipeg 19, Manitobn 

Received August 13, 1968 

The decarboxylation of 4-methylsalicylic acid in dilute solutions of quinoline in nitrobenzene at 200 OC 
is first order with respect to the salicylic acid and first order with respect to quinoline. The pscudo-first- 
order rate constant reaches a maximum a t  0.25 M quinoline, then decreases as the quinoline concentra- 
tion increases. The 13C-carboxyl kinetic isotope effect, 100(k,z/k,3 - l), is 2.2% in pure quinoline and 
0.7% in 0.02 M quinoline. It is therefore concluded that the mechanism proposed in Part I of this series 
involves three steps: ionization of the salicylic acid to a quinolinium salicylate ion pair, reversible 
protonation by quinolinium ion of the salicylate ion at carbon 1 of the aromatic ring, and loss of carbon 
dioxide from the protonated salicylate ion. In  dilute quinoline solution the second step is slow, while in 
pure quinoline the third step becomes rate determining. 

Canadian Journal of  Chemistry, 46, 3915 (1968) 

In Part I of this series (1) it was proposed that more negative than o (applicable to step l), so 
a number of 4- and 5-substituted salicylic acids that for these substituents cancellation is not 
decarboxylate in quinoline solution by the follow- complete. 
ing mechanism The evidence did not permit a decision as to 

COOH COO- 
whether steps 2 and 3 are sequential, as shown, or 

. QH+ concerted. It was, therefore, the object of the 

OH present investigation to  study the kinetics of 
decarboxvlation and the '3C-carboxvl kinetic 

H isotope effect in the "inert" solvent nitrobenzene. 

Experimental 
The apparatus and method used to follow the kinetics 

of the reaction have been described previously (I) ,  as 
k have the methods of sample collection and calculation of 

R a c o o  A RQ + co, the isotope effects (2). 
OH OH 

This mechanism was designed to account for 3 
major experimental observations. (a) Although 
the decarboxylation in nitrobenzene solution is 
second order with respect to salicylic acid, in 
quinoline it is first order, so that the quinoline 
must be a reactant in the decarboxylation. (b) 
Most 4- and 5-substituents have little effect on the 
rate, so that their influence on one process (step 1) 
must be cancelled by that on another (step 2). (c) 
The rate is sharply increased by those substituents 
for which o+ (applicable to  step 2) is distinctly 

Results and Discussion 

The decarboxylation of salicylic acid has been 
shown to be second order with respect to the 
acid in nitrobenzene solution (1). However, in 
nitrobenzene containing quinoline the decarbox- 
ylation of 4-methylsalicylic acid is now found to 
be first order with respect to the acid to more than 
3 half lives, even when the concentration of the 
acid is in considerable excess over that of the 
quinoline. This, of course, is in agreement with 
the proposed mechanism since, according to it, 
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TABLE I 
Rates of decarboxylation of 4-methylsalicylic acid in nitrobenzene-quinoline 

mixtures at 200 "C 

Acid, M* Quinoline, M* kobs x lo4 S-I  x 10'1 mole-I s- l  

0.183 2.45 x lo-' 12.63 I 0 . 1 5  0.52 
0.135 4 . 4 6 ~  lo-' 10.25 k0.14 0.23 
0.123 8 . 0 0 ~  10-I 8.95 f 0 . 0 7  0.11 
0.132 1.61 6.81 kO.08 0.04 
0.165 1.61 7.14 kO.11 0.04 
0.155 pure (-8 M) 3.60 k0.07 0.006 

*Concentrations at  200 'C for all r i ~ n s  except the last are  calculated o n  the assumption t h a t  
the densities o f  the solutions a re thesame  as that  o f  nitrobenzene (r14200 = 1.023). 

quinoline is not consumed but rather acts as a 
catalyst. 

However, the first-order rate constant varies 
with the concentration of quinoline, as shown in 
Table I, and up to about 0.025 M quinoline, the 
reaction is first order with respect to quinoline. 
In that range the second-order constant 1cCaicd 
(column 4, Table I), for the rate law 

averages (1.86 f .08) x lo-' I mole-' s-I at 
200 "C. The much smaller rate constant, 2 x 
1 mole-' s-', found previously (I) for the decar- 
boxylation of salicylic acid in pure nitrobenzene 
according to the rate law 

accounts for the fact that no significant decar- 
boxylation of 4-methylsalicylic acid occurred in 
the absence of quinoline during the time required 
for any of the runs shown in Table I. 

The observed first order with respect to quino- 
line in concentrations up to 0.025 M shows that, 
in this concentration range, the reverse of step 2 
in the proposed mechanism is not important. 
Such would be the case if step 2 werethe slow step 
in the three-step mechanism shown, or if the 
protonation of step 2 and the decarboxylation of 
step 3 were concerted processes - that is, in a 

two-step mechanism where the dipolar species is 
a transition state rather than an intermediate. 

For the two-step mechanism the observed rate 
constant would be given by 

so that at low [Q] the reaction would be first order 
with respect t o  quinoline. In  principle, kobs 
should level off to lc, at high [Q] but, since K 
is likely to be much less than 1, and the maximum 
possible value for [Q] is about 8 M, this levelling 
off is almost certainly unattainable. 

If a steady state is assumed for the concentra- 
tion of the dipolar intermediate in the three-step 
mechanism, its rate expression is 

Once again at low [Q] the reaction will be first 
order with respect to quinoline. However, it is 
quite conceivable that k-,  [Q] >> k, at attainable 
values of [Q] and, therefore, that  the [Q] in the 
numerator of the rate law would be cancelled by 
a [Q] in the denominator. A t  high [Q], k,,, 
would then decrease with increasing [Q]. That is, 
the protonation of step 2 would be rate-control- 
ling at low [Q], but the decarboxylation of step 3 
would become rate-controlling at  high [Q]. 

Table I shows that kobs does, in fact, reach a 
maximum at about 0.25 M quinoline and then 
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NOTES 

TABLE I1 
C-isotope effect in the decarboxylation of 4-methylsalicylic acid 

-- - 
- 

Reaction 
Temperature Acid time 

Solvent CC) ( m d  (rnin) f* Ri  loo(% - 1)  

Quinoline 207.7 33.47 540 0.9932 0.010685 
Quinoline 207.5 34.30 540 0.991 1 0.010692 
Qu~noline 207.7 367.33 9 0.2044 0.010487 2.19 
Quinoline 195.7 374.80 8 0.09331 0.010467 2.24 
Quinoline 195.7 359.32 8 0.010471 2.19 0.08350 
0.0200 M 

quinoline 
in C6H,N02 

---- 
*f = molcs CO2lmoles acid. 
t~ = 1 3 ~ ~ , / L 2 ~ ~ 2 .  

decreases as [Q] increases. The kinetic evidence, 
therefore, strongly favors the three-step mech- 
anism over the two-step one. It is not conclusive, 
however. Increasing the concentration of quino- 
line in the nitrobenzene-quinoline mixtures will 
have a solvent as well as a kinetic effect. Both 
mechanisms involve the formation of highly polar 
intermediates and transition states from neutral 
reactants, and nitrobenzene (&,OO 20) is no 
doubt a better solvent for such polar species than 
is quinoline (&,OO 5). It is therefore possible, 
although perhaps not very probable, that the 
decrease in rate at high quinoline concentrations 
could be accommodated by the two-step mech- 
anism through a combination of the levelling 
tendency previously mentioned and the solvent 
effect. 

It should be possible to distinguish between the 
two-step and three-step mechanisms by means of 
the kinetic isotope effect on carbon-carbon bond 
breaking. In the two-step mechanism, where 
protonation and decarboxylation are concerted, 
carbon-carbon bond breaking is always part of 
the rate-determining step, so there should be a 
carboxyl carbon isotope effect at all quinoline 
concentrations. However, in the three-step 
mechanism k,, the rate constant for carbon- 
carbon bond breaking, cancels out of the rate 
expression in the region of [Q] where the reaction 
is first order with respect to quinoline, but not at 
higher values of [Q]. There should, therefore, be 
a carbon isotope effect a t  high values of [Q] but 
not at low ones. 

Table I1 shows that the i3C-carboxyl kinetic 
isotope effect decreases from 2.2% when the 
solvent is pure quinoline to 0.7% when it is 
0.02 M quinoline in nitrobenzene. This makes it 
evident that protonation and decarboxylation are 
not concerted processes and that the two-step 
mechanism can not be correct. All the kinetic and 
isotopic evidence is readily accommodated by 
the three-step mechanism shown at the beginning 
of this paper and it is therefore the preferred 
mechanism. 

Protonation and decarboxylation of aromatic 
carboxylate ions have previously been shown to 
be sequential rather than concerted when 4- 
hydroxysalicylic (3) and 4-methoxyanthranilic 
acids (2, 4) decarboxylate in aqueous solution. 
The general similarity of the mechanisms for 
decarboxylation of aromatic acids in water and 
quinoline is very striking. 
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from the shape of pendent drops 
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A classical capillary equation is applied to the shape of the portion of a pendent drop on  the opposite 
side to the source, and the interfacial tension is calculated by the use of a simple computer program. 

Canadian Journal of Chemistry, 46, 3918 (1968) 

Methods used for the determination of surface 
and interfacial tensions include drop weight (l), -0'4 - 

drop pressure (2), and the shape of sessile drops 
(3-5). A more convenient method involves the 
shape of pendent drops ( 6 4 ,  with calculations 
based on data-derived or semi-empirical equa- -0.5 - 
tions. 

In the pendent-drop methods described in the 
literature, measurements are taken from the 
portion of the drop near the capillary tip, the 
nature of which affects the shape of the drop. The 2 -0.6 - 

calculations proposed in the present work are 2 
based on the shape of the profile of the drop on the 
opposite side to the tip. The x and y coordinates 
of this curve are given by the classical capillary -0.7 - 
equations (9) 

I 1 I I 

2b -0.8 ' -0.1 0 0.1 

[2] y = - - (1 - k2 sin2 +)* x ,CM 
k 

FIG. 1. Families of curves calculated from the 

T capillary equations with a drop profile superimposed in 
[3] b 2 = -  heavy outline. 

€3' 

F(k, 4) and E(k, +) are the first and second 
order elliptic integrals respectively, k is the 
modulus, T is the surface tension in dyneslcm, 
p is the density differential, and+ is the angle of 
the interface to the horizontal in radians. A 
computer program was written enabling families 
of curves to be plotted (e.g. Fig. 1) for different 
values of k. 

The maximum horizontal radius (R,) and the 
distance between this and the point where the 
tangent to the curve is horizontal (R,) may readily 
be measured. These dimensions are also given by 
the differences between the values of x and of y 

when + is n/2 and n. Equations [l ] and [2] then 
become : 

[q R2 = b g  (I - k2 sin")' - ;] 
3n n 

since sin - = sin - 
4 4 

I t  will be seen from these equations that k is 
only dependent upon R,/R2 and that once k is 
known b can be easily calculated. 

A modification of the computer program was 
written to solve the two equations for k and b. 
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NOTES 3919 

The surface tension is then given from eq. [3] by 

[7 I T = b2gp 

The method described by Andreas, Hauser, and 
Tucker (6) is suitable for the measurement of drop 
dimensions. Drops should be of such a size that 
the ratio R,/R2 > 0.9096 (corresponding to 
k = 1). Profiles of drops were found to corre- 
spond exactly to the calculated curves, and one 
such profile is shown in heavy outline in Fig. 1. 

This method is particularly applicable to 
measurements at high or low temperatures, at 
very low interfacial tension (e.g. when there is a 
tendency for spontaneous emulsification), and 
for measuring the effect of ageing of the surface. 
Equations may also be derived for the case when 
R,/R2 < 0.9096 and for the profile near the tip 
which may have an inflection in the curve (S), but 
the system described above is simpler. 

Copies of the computer program written in 
BASIC are available on request from the author. 
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Estimation of the cohesive energy density of a polymer from 
critical opalescence measurements 
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It has been demonstrated recently by Koningsveld that the concentration dependence of the solvent- 
polymer interaction parameter cannot be neglected in certain systems. By considering this effect in the 
polystyrene-cyclohexane system it has been possible to calculate a value for the entropy parameter v. 
Estimation of the cohesive energy density (c.e.d.) of polystyrene using this corrected v gave a result in 
good agreement with values of the c.e.d. obtained from other sources. 

Canadian Journal of  Chemistry, 46, 3919 (1968) 

In a recent publication, Eskin and Nesterov (1) = (6)2. Substitution of EC = R 0 + 4 1 ~ ~  (using the 
outlined a method of calculatihg the cohesive Flory nomenclature) then gave 
energy density of a polymer from measurements 
of the critical opalescence temperature. Briefly, P I  (6,)' = [6, - (?)'I' 
they related the partial molar heat of mixing dHc 
at the critical temperature to the solubility 
parameter 6, by where 0 is the theta temperature, R is the gas 

constant, and +, the entropy parameter, is ob- 

[I  I mc = (61 - 62)2$22V1 tained from a plot of the critical temperature 
(T,)-l against MPt,  in the usual manner 

where 1 and 2 represent the solvent and polymer (2). Although reasonably good agreement was 
respectively, $ is the volume fraction, V the obtained, using eq. [2], for certain systems, a 
molar volume, and the cohesive energy density value of 6, = 5.9 (cal/cc)+ was calculated for 
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The surface tension is then given from eq. [3] by 

[7 I T = b2gp 

The method described by Andreas, Hauser, and 
Tucker (6) is suitable for the measurement of drop 
dimensions. Drops should be of such a size that 
the ratio R,/R2 > 0.9096 (corresponding to 
k = 1). Profiles of drops were found to corre- 
spond exactly to the calculated curves, and one 
such profile is shown in heavy outline in Fig. 1. 

This method is particularly applicable to 
measurements at high or low temperatures, at 
very low interfacial tension (e.g. when there is a 
tendency for spontaneous emulsification), and 
for measuring the effect of ageing of the surface. 
Equations may also be derived for the case when 
R,/R2 < 0.9096 and for the profile near the tip 
which may have an inflection in the curve (S), but 
the system described above is simpler. 

Copies of the computer program written in 
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Estimation of the cohesive energy density (c.e.d.) of polystyrene using this corrected v gave a result in 
good agreement with values of the c.e.d. obtained from other sources. 
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In a recent publication, Eskin and Nesterov (1) = (6)2. Substitution of EC = R 0 + 4 1 ~ ~  (using the 
outlined a method of calculatihg the cohesive Flory nomenclature) then gave 
energy density of a polymer from measurements 
of the critical opalescence temperature. Briefly, P I  (6,)' = [6, - (?)'I' 
they related the partial molar heat of mixing dHc 
at the critical temperature to the solubility 
parameter 6, by where 0 is the theta temperature, R is the gas 

constant, and +, the entropy parameter, is ob- 

[I  I mc = (61 - 62)2$22V1 tained from a plot of the critical temperature 
(T,)-l against MPt,  in the usual manner 

where 1 and 2 represent the solvent and polymer (2). Although reasonably good agreement was 
respectively, $ is the volume fraction, V the obtained, using eq. [2], for certain systems, a 
molar volume, and the cohesive energy density value of 6, = 5.9 (cal/cc)+ was calculated for 
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polystyrene in cyclohexane. This is considerably and can be related in a general manner to the 
lower than the previously published results (3, 4) polymer molecular weight M by 
which vary between 8.6 and 9.2 (cal/cc)*. 

Inspection of the equations shows that the low [7] 171 = - V 2  M 
value is obtained for polystyrene in cyclohexane V I  
because 6 ,  < 6,. ~ ~ u a t i o n [ 2 ]  should in fact be 
expressed in the general form 

thus allowing both roots to be considered. 
Application of eq. [3] to the polystyrene- 

cyclohexane system yields the alternative value of 
6 ,  - 10.6 (cal/cc)+, which is now somewhat 
higher than the generally accepted value. The 
reason for this can be found in the magnitude of 
Ji calculated from critical opalescence measure- 
ments, which has been reported as 1.056 (5) and 
0.93 (6), both considerably higher than the values 
obtained from other dilute solution studies (7- 
10). The calculation of Ji from critical solution 
data is based on the assumption that the inter- 
action parameter x is independent of both con- 
centration and sample heterogeneity, but Kon- 
ingsveld and Staverman (1 1) and others (12) have 
shown that this is not necessarily true. The con- 
centration dependence of x has also been 
demonstrated experimentally (9, 13), and ob- 
viously this behavior should be considered when 
dealing with critical opalescence measurements. 

Thus the free energy parameter depends on the 
experimental variables and in certain instances 
the solution properties can be accounted for by 
assuming a g function linear in 4 (1 I), then 

(where Koningsveld's nomenclature has now 
been introduced, i.e. g = X, and will be used from 
now on). The critical conditions which follow 
from these assumptions are given by Koningsveld 
and Staverman (1 1) as 

and 

Here 6, is the partial specific volume of the 
polymer. Manipulation of eq. [5] gives 

while eq. [6] can be recast as 

The temperature dependence of g must now be 
considered and it can be written in the usually 
accepted form (Koi~ingsveld's nomenclature) 

go., 
g = go., + T 

which is valid for both dilute and concentrated 
solutions. This may also be expressed in terms of 
the Flory theory as 

Examination of the data reported by Rehage and 
Palmer (13) suggests that the concentration 
dependent part of g is temperature independent 
and so one can write 

Substitution of eqs. [XI and [9] in eq. [12] 
followed by rearrangement leads to 

which for a monodisperse polymer reduces to  

1 1 1 - 6 1 
[I41 T c = j j + -  . -- 

Jig in f 
1 

[61 2(go - g,) = - for critical conditions. 
m,v4c Experimental evidence for the concentration 

[ - g C (  - 4 )  dependence of g in the polystyrene-cyclohexane + -  
(1 - 4c) system has been provided by Krigbaum and 

Geymer (9) who found that 
where m,, and m, are the weight and z-average 
relative chain lengths of a polymer component [15] g = 0.5 + 0.334, 
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was valid up to 4, - 0.3, at the theta tempera- 
ture. This allows g ,  t o  be estimated as 0.165 and 
computation of $ from eq. [14] gives 0.106 from 
the Flory-Schultz (5) data and 0.093 from that of 
Debye and his co-workers (6). Debye used sharp 
fractions of anionically polymerized polystyrene 
which reduces the heterogeneity correction to less 
than 1% but no correction can be applied to  the 
Flory-Schultz data as the molecular weight 
distribution of each sample is unknown. 

The solubility parameter for polystyrene may 
be recalculated using the new values of $, and 
62 - 9.0 (cal/cc)* is obtained which is now in 
good agreement with the published values. Thus 
for this particular system, the corrections in- 
troduced in eq. [14] lead to  acceptable values of 
$ and 6, but it should be stressed that this will not 
necessarily be valid for all systems. Hence for the 
polyethylene - diphenyl ether pair, g  has been 
observed (1 1) to  be concentration independent 
and in that case eq. [14], with g ,  = 0, reduces to  
the original Flory relation (2). Similarly, if g ,  was 
observed to be temperature dependent for any 

system, eq. [14] would assume a different form 
from that reported here. 
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Studies on trifluoroacetoxygermanes 
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The synthesis of various trifluoroacetoxygermanes has been achieved, including Ge(OCOCF3)4, 
CH,Ge(OCOCF,),, (CH,),Ge(OCOCF,),, and CF,Ge(OCOCF,),. These d o  not decarboxylate to 
trifluoromethyl germanium compounds, but some of them react with silver trifluoroacetate to form 
conlplex trifluoroacetoxygermanates such as Ag,[Ge(OCOCF,),], Ag2[CH,Ge(OCOCF3),], and 
Ag, [CF,Ge(OCOCF,),]. 

The ~ r e ~ a r a t i o n  and Droverties of trimethvl(trifluoromethvl~eermane. (CHq)-GeCFq. are described: , .  7 ,  

differeke; between it arid t'he analogous tin c&npound are noted. 
Canadian Journal of Chemistry, 46, 3921 (1968) 

The work of Sartori and Weidenbruch has led 
to the preparation of tetrakis(trifluoroacetates), 
(CF,COO),M, of several Group IV metals. The 
reaction of the appropriate tetrachloride with 
trifluoroacetic acid was successful for silicon, 
titanium, zirconium, and thorium (I), while reac- 
tion of the tetrachlorides with mercury(I1) tri- 
fluoroacetate was used for germanium and tin (2). 

Our interest in these compounds, particularly 
that of germanium, stemmed from the possibility 
of using them as intermediates in the preparation 
of trifluoromethyl derivatives through decar- 
boxylation reactions. Cullen and Walker (3) have 

shown that the decarboxylation of dimethyl(tri- 
fluoroacetoxy)arsine, (CH,),AsOCOCF,, readily 
gives dimethyl(trifluoromethyl)arsine, while Em- 
elCus and Dunn (4) have isolated bis(trifluor0- 
methy1)selenide from the reaction of silver tri- 
fluoroacetate with selenium. However, attempts 
to carry out the same type of reaction with 
phosphorus, sulfur, and mercury were un- 
successful (5). 

We have found that the reaction of germanium- 
(IV) chloride with silver trifluoroacetate is a 
convenient preparative route to tetrakis(tri- 
fluoroacetoxy)germane. Thermal decomposition, 
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was valid up to 4, - 0.3, at the theta tempera- 
ture. This allows g ,  t o  be estimated as 0.165 and 
computation of $ from eq. [14] gives 0.106 from 
the Flory-Schultz (5) data and 0.093 from that of 
Debye and his co-workers (6). Debye used sharp 
fractions of anionically polymerized polystyrene 
which reduces the heterogeneity correction to less 
than 1% but no correction can be applied to  the 
Flory-Schultz data as the molecular weight 
distribution of each sample is unknown. 

The solubility parameter for polystyrene may 
be recalculated using the new values of $, and 
62 - 9.0 (cal/cc)* is obtained which is now in 
good agreement with the published values. Thus 
for this particular system, the corrections in- 
troduced in eq. [14] lead to  acceptable values of 
$ and 6, but it should be stressed that this will not 
necessarily be valid for all systems. Hence for the 
polyethylene - diphenyl ether pair, g  has been 
observed (1 1) to  be concentration independent 
and in that case eq. [14], with g ,  = 0, reduces to  
the original Flory relation (2). Similarly, if g ,  was 
observed to be temperature dependent for any 

system, eq. [14] would assume a different form 
from that reported here. 
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reaction of the appropriate tetrachloride with 
trifluoroacetic acid was successful for silicon, 
titanium, zirconium, and thorium (I), while reac- 
tion of the tetrachlorides with mercury(I1) tri- 
fluoroacetate was used for germanium and tin (2). 

Our interest in these compounds, particularly 
that of germanium, stemmed from the possibility 
of using them as intermediates in the preparation 
of trifluoromethyl derivatives through decar- 
boxylation reactions. Cullen and Walker (3) have 

shown that the decarboxylation of dimethyl(tri- 
fluoroacetoxy)arsine, (CH,),AsOCOCF,, readily 
gives dimethyl(trifluoromethyl)arsine, while Em- 
elCus and Dunn (4) have isolated bis(trifluor0- 
methy1)selenide from the reaction of silver tri- 
fluoroacetate with selenium. However, attempts 
to carry out the same type of reaction with 
phosphorus, sulfur, and mercury were un- 
successful (5). 

We have found that the reaction of germanium- 
(IV) chloride with silver trifluoroacetate is a 
convenient preparative route to tetrakis(tri- 
fluoroacetoxy)germane. Thermal decomposition, 
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however, did not lead to the formation of any 
trifluoromethyl germanium compound, but to 
such decomposition products as trifluoroacetic 
anhydride and trifluoroacetyl fluoride. 

In an attempt to find other germanium com- 
pounds ~ h i c h  offer promise of successful 
decarboxylation, we have prepared methyltris- 
(trifluoroacetoxy)germane, CH,Ge(OCOCF,),, 
dimethylbis(trifluoroacetoxy)germane, (CH,),- 
Ge(OCOCF,),, and trifluoromethyltris(trifluoro- 
acetoxy)germane, CF,Ge(OCOCF,),, by the 
reaction of silver trifluoroacetate with the appro- 
priate chlorogermane. In no case, however, did 
thermal decomposition lead to a trifluoromethyl 
germanium compound. 

The failure of these decarboxylation reactions 
is presumably due to the marginal difference in 
thermal stability between the desired products 
and the starting materials. It was necessary to 
heat the trifluoroacetoxy germanium compounds 
above 220" to obtain decomposition, and known 
trifluoromethyl germanium compounds undergo 
slow breakdown under these conditions. 

The decarboxylation of trimethyl(trifluoro- 
acetoxy)germane, (CH,),GeOCOCF,, a known 
compound (6), was not attempted, since the prod- 
uct, trimethyl(trifluoromet11yl)germane was read- 
ily available from the methylation of trifluoro- 
methyltrichlorogermane. 

An investigation was made of the ability of the 
trifluoroacetoxy derivatives prepared to form 
complexes with further trifluoroacetate ions. It 
was found that silver trifluoroacetate gave silver 
hexakis(trifluoroacetoxy)gern~anate, Ag, [Ge- 
(OCOCF3)6], silver methylpentakis(trifluoroace- 
toxy)germanate, Ag,[CH,Ge(OCOCF,),], and 
silver trifluoromethylpentakis(trifluoroacetoxy)- 
germanate, Ag,[CF,Ge(OCOCF,),], by reac- 
tion with the appropriate trifluoroacetoxy com- 
pound, but no addition occurred with silicon 
tetrakis(trifluor0acetate) or with dimethylbis(tri- 
fluoroacetoxy)germane. With the former com- 
pound, it is presumably the smaller size of the 
silicon atom which prevents the coordination of 
two further trifluoroacetate ions, while in the 
latter case the substitution of methyl groups for 
the more electronegative trifluoroacetoxy groups 
has lessened the acceptor power of the germanium 
atom. 

Sartori and Weidenbruch (2) note the progres- 
sive trend to lower frequency of the C=O stretch- 
ing infrared absorption band as the ionic charac- 
ter of the compound increases from Si(OCOCF,), 

(v = 1815 cm-l) to Sn(OCOCF,), (v = 1750 
cm-l). We find a similar trend in the series 
Ge(OCOCF,), (v = 1800 cm- I ) ,  CH,Ge- 
(OCOCF,), (v = 1770 cm-I), and (CH,),Ge- 
(OCOCF,), (v = 1755 cm-I). For the com- 
pound (CH,),Ge(OCOCF,), the C=O absorp- 
tion frequency has been reported at 1750 cm-l 
(6), so the trend is again to lower frequency as the 
substitution of methyl for trifluoroacetoxy groups 
increases the polarity of the bonds to remaining 
trifluoroacetoxy groups. 

The compound trimethyl(trifluoromethyl)ger- 
mane, (CH,),GeCF,, was found to have proper- 
ties considerably different from those of its tin 
analogue. The two outstanding features of the 
chemistry of the latter compound are its ready 
elimination of difluorocarbene to  give trimethyl- 
tin fluoride (7), and its reaction with boron 
trifluoride to give trimethyltin trifluoromethyl- 
fluoroborate, (CH3),Snf [CF,BF,]-, by hetero- 
lytic cleavage of the trifluoromethyl group (8). 

The germani~im analogue did not undergo 
either of these reactions. Its thermal stability was 
much greater than that of the tin compound, and 
it was recovered unchanged after heating at 185" 
for 48 h. Slight decomposition occurred at 235" 
in 24 h and extensive breakdown at 275", but the 
products did not include compounds such as  
tetrafluoroethylene or perfluorocyclopropane, 
suggesting that difluorocarbene was not formed. 
This difference in behavior may be explained by 
the known difference in structure between tri- 
methyltin fluoride, a fluorine-bridged polymeric 
solid (9), and trimethylfluorogermane, a mono- 
meric gas. It is presumably the favorable lattice 
energy of formation of the former which provides 
the driving force for the difluorocarbene elimina- 
tion. 

No reaction occurred between boron tri- 
fluoride and triinethyl(trifluoromethyl)germane, 
whereas reaction with the tin compound occurs a t  
once on mixing. This difference may be explained 
by the much readier formation of an ionic solid 
with the trimethyltin cation than the trimethyl- 
germanium cation, associated with the more 
electropositive nature oftin, and the greater initial 
polarization of bond from the metal atom to the 
trifluoromethyl group. 

Experimental 
General 

A conventional vacuum system was used for handling 
volatile materials in the absence of air and for separating 
volatile products by trap-to-trap condensation. Infrared 
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spectra were recorded on Beckman IR-5 and IR-10 
spectrophoton~eters. Microanalyses were performed by 
Alfred Bernhardt Laboratories. Mulheim (Ruhr). Ger- 
many, except for silver and germanium, 'which were 
estimated by conventional gravimetric procedures as the 
chloride and the sulfide respectively. 

Silver trifluoroacetate was prepared by dissolving silver 
carbonate in aqueous trifluoroacetic acid and evaporating 
to dryness. It was finely powdered and kept in vacuo over 
phosphorus(V) oxide in the absence of light. 

Reactiorz of Gerlna~~iurn Tetrachloride with Silver 
Trifl~loroacetate 

Germanium tetrachloride (8.5 g, 40 nlmoles) was con- 
densed onto silver trifluoroacetate (42 g, 190 mmoles) in 
an evacuated Carius tube (100 1-111). The tube was sealed 
and allowed to warm to 20°, when an exothermic reaction 
was apparent. After keeping at 20" for 4 h, the tube was 
opened and volatile products removed and distilled to 
give tetrakis(trifluoroacetoxy)germane (20 g, 38 mmoles), 
with boiling point (b.p.) 140-14l0/760 mm. 

Anal. Calcd. for CsFlzGeOs: C, 18.3; F, 43.5; Ge, 
13.8. Found: C, 17.8; F, 43.6; Ge, 13.2. 

Reaction of Metl~yltrichlorogerrna~~e with Silver 
Trifl~toroacetate 

Methyltri-iodogermane was prepared by the reaction of 
methyl iodide with germanium(I1) iodide (10) and con- 
verted to the trichloride by reaction with excess an- 
hydrous silver chloride at 110" for 1 h in a sealed tube. 

Reaction of nlethyltrichlorogermane (4.4 g, 22 nlmoles) 
with silver trifluoroacetate (20 g, 90 mnloles), using the 
procedure described above for germanium tetrachloride, 
gave n~ethyltris(trifluoroacetoxy)germane (9.0 g, 20 
mmoles) with b.p. 167"/760 null. 

Anal. Calcd. for C7H3F9Ge06: C, 19.7; H, 0.71; 
F, 40.1. Found: C, 19.3; H, 0.87; F, 40.4. 

Reactior~ of Di~~~etl~yldicl~loroger~~~a~~e with Silver 
Triflitoroacetate 

Dimethyldichlorogermane (3.7 g, 21 mmoles, supplied 
by Alfa Inorganics Inc., Beverley, Mass.) reacted with 
silver trifluoroacetate (20 g, 90 mnloles), under conditions 
similar to those described above, to yield di~nethylbis(tri- 
fluoroacetoxy)germane (6.4 g, 19 mmoles) with b.p. 
167'1755 mm. 

Anal. Calcd. for C6H6F6Ge04: C, 21.9; H, 1.83; F, 
34.7. Found: C,21.9; H, 1.70; F, 34.8. 

Reactior~ of Trifiioron~etl~yItrichlorogerma~~e with Siluer 
Trifl~ioroacetate 

Trifluoron~ethyltrichlorogern~ane was prepared by the 
method of Clark and Willis (11) and a sample (2.5 g, 
10 mmoles) allowed to react with silver trifluoroacetate 
(9.0 g, 40 mmoles) under conditions similar to  those 
described above. Fractionation gave trifluoromethyl- 
tris(trifluoroacetoxy)gerrnane (4.8 g, 8.2mmoles) with b.p. 
120"/758 mm. 

Anal. Calcd. for C7FlZGe06: C, 17.5; F, 47.4; Ge, 
15.3. Found: C, 17.7; F, 47.3; Ge, 14.8. 

Tlferr~al Deco~npositions 
Studies on the thermal decomposition of the above 

compounds were carried out by heating samples in sealed 
tubes, in the absence of air, to 240" for 24 h. Methyl- 
tris(trifluoroacetoxy)germane was recovered unchanged, 

but the other compounds underwent extensive decomposi- 
tion to give trifluoroacetic anhydride, trifluoroacetyl 
chloride, carbon dioxide, and silicon tetrafluoride. In each 
case a solid residue remained which appeared t o  be mainly 
germanium(1V) oxide. 

Formation of Corlrples Trij7uoroacetoxyger111anates 
The trifluoroacetoxy derivatives described above did 

not react with solid silver trifluoroacetate, as is shown by 
their recovery in high yield from an excess of that com- 
pound in their preparations. The various complex tri- 
fluoroacetoxygermanates were made by reacting the 
trifluoroacetoxy germanium compound in a ratio of 
1 :1.9 with a solution of silver trifluoroacetate in benzene 
in a sealed tube under anhydrous conditions. Removal of 
all volatile material left the complex silver salts as white 
or pale-yellow light-sensitive solids. In this way were 
prepared : 

Silver Hexakis(trifluoroacetoxy)ger~~~a~~ate(ZV) 
Anal. Calcd. for ClzFlsGeOlzAgz: C, 14.8; F, 35.4; 

Ag, 22.3. Found: C, 15.3; F ,  35.4; Ag, 21.8. 

Silver Metlrylper1takis(t1'ij71toroacetoxy)gev,na11ate(ZV) 
Anal. Calcd. for C11H3F1SGeO10AgZ: C, 15.2; H,0.35; 

F, 32.8. Found: C, 15.0; H, 0.30; F, 32.6. 

Silver Trifitorometl~ylpe~~takis(trifl~ioroacetoxy)- 
germa~~ate(ZV) 

Anal. Calcd. for Cl,FlsGeOloAgz: C, 14.3; F, 37.0. 
Found: C, 14.1 ; F, 36.7. 

When tetrakis(trifluoroacetoxy)silane or dimethylbis- 
(trifluoroacetoxy)germane were mixed with benzene 
solutions of silver trifluoroacetate no reaction occurred, 
and removal of volatile materials left unchanged silver 
trifluoroacetate. 

Trirnet/~yltrifl~torornetl~ylgermane 
In a typical preparation, trifluoromethyltrichloro- 

germane (1.65 g, 6.7 mmoles) and dimethylzinc (1.0 g, 
11 nlmoles) prepared by the method previously described 
(12) were condensed into an evacuated Carius tube 
(50 ml) which was sealed and allowed to warm to 20", 
when a vigorous reaction, accompanied by precipitation 
of solid, was apparent. [CAUTION: the reaction of 
dimethylzinc with chlorogermanes may proceed with 
explosive violence on occasions, and should not be 
attempted on a large scale.] 

Fractionation of volatile products gave a trace of 
unreacted dimethylzinc and trirnethyltrifluoromethyl- 
germane (1.2 g, 6.5 mrnoles) with b.p. 71°/760 mm. 

Anal. Calcd. for C4H9F3Ge: rnol. wt., 187. C, 25.7; 
H, 4.83; F ,  30.6. Found: mol. wt. (gas density), 187. 
C. 25.9: H. 4.90: F. 30.9. 

' ~ r i n c ' i ~ a l  infrared absorptions (vapor phase) were at 
3080(w), 3010(m), 2940(m), 2840(w), 1420(m), 1255(n1), 
1185(vs), 1155(s), 1125(m), 1085(vs), 835(s), 760(m), and 
610(s) cm-l.  The 19F nuclear magnetic resonance spec- 
trum (carbon tetrachloride solution) gave a sharp singlet 
at f 61.6 p.p.m. from CC13F (internal). 

Thermal decomposition of trimethyltrifluoromethyl- 
germane was carried out by heating small samples (0.5 g) 
in Carius tubes in the absence of air. Quantitativerecovery 
was made after 48 h at 185" and over 95 % recovery after 
24 h at 235", with a trace of fluoroform as  the only 
decomposition product. After 12 h at 275" none of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3924 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968 

germane was recovered, and volatile decomposition 2. P. SARTORI and M. WEIDENBRUCH. Angew. Chem. 
products included fluoroform, silicon tetrafluoride, and Intern. Ed. 47 1079 (1965). 
unidentified non-condensible gas. 3. W. R. CULLEN and L. G. WALKER. Can. J. Chem. 

38, 472 (1960). In an attempt to obtain a reaction with boron tri- 4. H. J. EMELBUS and M. J. DUNN. J. Inorg. Nucl. fluoride, trimethyltrifluoromethylgermane (0.4 g), and them. 27, 752 (1965). 
boron trifluoride (0.18 g) were kept in solution in carbon 5. R. N. HASZELDINE. J. Chem. sot. 584 (1961). 
tetrachloride (1.5 ml) in a sealed tube (20 ml) for 24 h at H. J. EMELBUS and R. N. HASZELDINE. J. Chem. 
20". No reaction was apparent, and fractionation of the Soc. 2953 (1949). G. A. R. BRANDT, H. J. EMELBUS, 
contents of the tube gave quantitative recovery of un- and R. N. HASZELDINE. J. Chem. Soc. 2198 (1952). 
reacted boron trifluoride. 6. R. H. FISH and H. G. KUIVALA. J. Org. Chem. 31, 

2445 (1966). 
7. H. C. CLARK and C. J. WILLIS. J. Am. Chem. Soc. 

Acknowledgments 82, 1888 (1960). 
8. R. D. CHAMBERS, H. C. CLARK, and C. J. WILLIS. 

We thank the National Research Council of J. Am. Chem. Soc. 82, 5298 (1960). 
Canada for financial assistance and the Ger- 9. H. C. CLARK, R. J. O'BRIEN, and J. TROTTER. J. 

Chem. Soc. 2332 (1964). 
manium Research Council for gifts of germanium 10. E. A. FLOOD, K. L. GODFREY, and L. S. FOSTER. 
compounds. Inorg. Syn. 3, 64 (1950). 

11. H. C. CLARK and C. J. WILLIS. J. Am. Chem. Soc. 
84. 898 (1962). 

1. P. SARTORI and M. WEIDENBRUCH. Angew. Chem. 12. N: K. HOTA' and C. J. WILLIS. J. Organometal. 
76, 376 (1964). Chem. Amsterdam, 9, 169 (1967). 

Role of polynuclear species in the processes following 
nuclear transformations in solids 

A. G. MADDOCK AND K. E. COLLINS 
Departnzetzt of Ctzernistry, Ttze State University of New York at Bllfalo, B ~ ~ f a l o ,  New York 14214 

Received June 19, 1968 

The hypothesis that recoil atoms from nuclear transformations have a high probability of forming 
polynuclear complexes in ionic solids is shown to correlate a wide variety of experimental observations. 
Canadian Journal of Chemistry, 46, 3924 (1968) 

I t  is well established that in most nuclear reac- 
tions, including the radiative thermal neutron 
capture reaction, more than 99% of the events 
rupture the molecule in which the atom under- 
going the transformation was initially bound. 
The products found on radiochemical analysis of 
the irradiated solid are commonly less complex in 
structure than the target material and are often 
those predicted from the fragments produced by 
molecular disruption. When the radionuclide #:M 
is produced by nuclear transformation in an ionic 
solid containing a complex ion, ML,"", and a 
chemically inert co-ion, an aqueous solution of 
the solid commonly gives the radioactive *M in 
acationic form, *Mq+,  the parent form, 4:ML6m*, 
and, perhaps, as aquated ions of the type 
*ML,,(H,O), -,". Redox reactions involving 
reduction of M also occur. As was first pointed 
out by Libby (I), such results can be explained by 
supposing the mechanical recoil following indi- 

vidual nuclear events leads t o  the stripping of 
varying numbers of ligand groups, up to n. The 
rupture of the M-L bonds can take place in two 
ways: to  yield M +  and L- with the preservation 
of the original oxidation state of  M,  or to yield M 
and L, with reduction of M. The annealing reac- 
tions which can commonly be effected in the 
irradiated solid can then be interpreted as a 
recombination of the *:M-containing fragments 
with either its original partners, in the case of 
small mechanical recoil when the partners are not  
greatly separated, or by recombination with L 
fragments generated from inactive ML,"'* units 
toward the end of the recoil track of the <:M 
containing fragment in the lattice. This model 
has survived nearly intact since first proposed by 
Libby (l), although it has recently been shown 
that electronic processes involving point defects in 
the lattice are also important in annealing 
reactions (2,3). 
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The hypothesis that recoil atoms from nuclear transformations have a high probability of forming 
polynuclear complexes in ionic solids is shown to correlate a wide variety of experimental observations. 
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I t  is well established that in most nuclear reac- 
tions, including the radiative thermal neutron 
capture reaction, more than 99% of the events 
rupture the molecule in which the atom under- 
going the transformation was initially bound. 
The products found on radiochemical analysis of 
the irradiated solid are commonly less complex in 
structure than the target material and are often 
those predicted from the fragments produced by 
molecular disruption. When the radionuclide #:M 
is produced by nuclear transformation in an ionic 
solid containing a complex ion, ML,"", and a 
chemically inert co-ion, an aqueous solution of 
the solid commonly gives the radioactive *M in 
acationic form, *Mq+,  the parent form, 4:ML6m*, 
and, perhaps, as aquated ions of the type 
*ML,,(H,O), -,". Redox reactions involving 
reduction of M also occur. As was first pointed 
out by Libby (I), such results can be explained by 
supposing the mechanical recoil following indi- 

vidual nuclear events leads t o  the stripping of 
varying numbers of ligand groups, up to n. The 
rupture of the M-L bonds can take place in two 
ways: to  yield M +  and L- with the preservation 
of the original oxidation state of  M,  or to yield M 
and L, with reduction of M. The annealing reac- 
tions which can commonly be effected in the 
irradiated solid can then be interpreted as a 
recombination of the *:M-containing fragments 
with either its original partners, in the case of 
small mechanical recoil when the partners are not  
greatly separated, or by recombination with L 
fragments generated from inactive ML,"'* units 
toward the end of the recoil track of the <:M 
containing fragment in the lattice. This model 
has survived nearly intact since first proposed by 
Libby (l), although it has recently been shown 
that electronic processes involving point defects in 
the lattice are also important in annealing 
reactions (2,3). 
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It seems justifiable to question the likelihood of 
this model. In the case of hard ionic solids, if L is 
an atom, such as halogen or oxygen, the structure 
of the compound can be approximated by a close 
packed array of L, with M and the co-ion occupy- 
ing appropriate sites in the lattice. Even if L is not 
monatomic, this is a good approximation to the 
lattice. The fragment containing M will therefore 
come to rest, after most events, in close proximity 
to ML,'"' units. Hence, if the ligand group L can 
act as a bridging group, and both oxygen and the 
halogens can fulfil this function, one might expect 
a very appreciable proportion of the recoiling 
fragments to yield polynuclear species. 

Thus, we might write 

In these polynuclear products, the two M atoms 
mav or mav not be in the same oxidation state. 

It is, of course, not suggested that all the radio- 
active atoms end up in polynuclear species. The 
lattice can certainly accommodate a proportion of 
mononuclear fragments. Recent results on the 
radiolysis of solids suggest that even single 
crystals can accommodate about 1019 radical 
fragments per g mole before recombination and 
other reactions prevent further build up (4). 

However, it is important to consider how far 
experimental evidence supports the proposed 
model involving a polynuclear recoil species, in 
contrast to the monatomic species, and to what 
extent the polynuclear species can facilitate an 
interpretation of the post-irradiation behavior of 
these systems. 

First, one must recognize that many of the poly- 
nuclear species formed in a crystal in this way will 
be unstable in solution and therefore may not 
survive for direct analytical detection. There are, 
however, some systems, such as the phosphates, 
where the chemical properties permit survival. 
The experimental data for phosphates show that 
polynuclear species play a very important part; as 
much as 50 % of the 32P can appear in polynuclear 
forms (5, 6). Both PV-0-PV and PI1'-0-PV 
dinuclear species are formed. It seems reasonable 
to suggest that the unusual feature of the phos- 
phate system is not that polynuclear species are 
formed, but that they are stable upon solution of 
the irradiated salt in water. The chromate system 
is another in which polynuclear species have been 

reported (7, 8). Up to 20 % of the recoil (7) "Cr 
appears upon analysis as dinuclear o r  poly- 
nuclear chromium(111) species. Perhaps even 
more significant is the formation of polymeric 
products containing the Mo-0-Cr unit when 
"Cr is introduced into sodium molybdate by ion 
implantation (8). In other systems, the evidence is 
less direct, but suggestive nevertheless. For 
example, in the chloroiridate system, paper 
electrophoretic analysis reveals more products 
than can be accounted for even by assigning peaks 
to all the possible isomers in the IrCI,,(H20)6-I, 
series (9). These extra species tend to disappear, 
yielding increased amounts of the several mono- 
nuclear entities, when solutions of the irradiated 
salt are aged prior to electrophoresis (9). This 
evidence is also strongly suggestive of polyiiuclear 
products. 

Second, even if the polynuclear species pro- 
duced in the lattice are ~~nstable  in solution, it 
might be predicted that the products found on 
dissolution will' depend upon the composition of 
the solvent and upon such conditions of dissolu- 
tion as pH and temperature. For example, a 

unit may, in principle, react in one of three differ- 
ent ways, if it does not survive as such. Thus, 
upon dissolution it may yield the following sets 
of products : 

[i] LnrMS2 + MLs 

[ii] L,,*MLz + S ~ M L J  

[iii] L,,*MLS + SLML, 

where S represents a solvent molecule. Which 
path is chosen will depend on the exact conditions 
of analysis of the irradiated salt. Further, if the 
solvent is a solution containing a potential ligand, 
A (for example, OH-), still further products can 
appear. 

Cobalt complexes seem particularly susceptible 
to the effect of changing solvent. The appearance 
of different products or a change in the observed 
product ratio with a change from an aqueous to a 
nonaqueous solvent system has been reported for 
such diverse complexes as hexamminecobalt(I1I) 
nitrate (lo), potassium trisoxalatocobaltate (lo), 
cobalt(II1) acetylacetonate (10, 1 I), and several 
other cobalt complexes (10, 12). The effects on 
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product distribution of changing the pH of the 
aqueous solution have been reported for the 
cobalt complexes (10, 13) and for several oxy- 
anion systems (14, 15). These data can be con- 
vincingly interpreted in terms of the reactions of 
polynuclear species such as outlined above. 

Thirdly, it is expected that the radioactive 
polynuclear products may play a very important 
part in annealing processes. Such processes will 
arise from either, or both, a redox reaction affect- 
ing the polynuclear complex and/or a rearrange- 
ment of ligand units within the complex. The 
redox step may either involve electron transfer 
between the bridged M atoms or between the 
complex and other entities in the lattice, leading 
to oxidation of the complex. 

There is, indeed, one system in which there is 
clear evidence for the above model. Andersen and 
Srzrrensen (8) have noted that in the chromate 
system, the appearance of chromate through 
annealing in the lower temperature range is 
paralleled by the disappearance of one or more 
of the polynuclear chromium(111) species. This 
finding has recently been confirmed in these 
laboratories where it has also been found that 
monomeric radioactive chromic ions incorpo- 
rated into chromate by co-crystallization appear 
upon analysis, to a substantial extent as a dimeric 
chromium(1II) species, even though the con- 
centration of 51Cr1'1 in the initial solution was 
very small (16). 

Additional evidence for the proposed poly- 
nuclear species comes from other annealing 
experiments. Recent work has confirmed the 
reality of transfer annealing in some of the 
simpler systems in which the effects of nuclear 
changes have been studied (17, 18). For example, 
radioiodine introduced into calcium iodate 
crystals by co-crystallization (17) and radio- 
chromic ions introduced into potassium chro- 
mate, either by implantation (8) or co-crystalliza- 
tion (18) seem to be able to attain the form of the 
host species by a thermal reaction, which is 
effectively the same as the corresponding recoil 
atom annealing process. The polynuclear model 
accounts for such similarity very easily. However, 
at the present time, there does not seem to be 
sufficient evidence to say whether annealing 
processes in the solid are accompanied by break- 
up of the polynuclear entity or simply by its 
transformation by ligand transfer and redox 
reactions, with formation of the observed mono- 
nuclear species upon solution for analysis. 

Lastly, it has been observed on a number of 
occasions that the phase changes accompanying 
hydration or dehydration of irradiated crystals 
usually lead to  reformation of the radioactive 
target substance (19-21). It has been suggested 
that this annealing might arise from recombina- 
tion of fragments accompanying movement in 
the lattice during the phase change. However, it 
has also been observed that further thermal 
annealing is still possible after one or even two 
such hydration-dehydration steps have taken 
place. 

In the proposed model, the recombination 
accompanying the phase change may still arise 
from recombination involving the mononuclear 
fragments, but the phase change could be ex- 
pected to leave the polynuclear species largely 
unchanged and these may still be available for 
subsequent thermal annealing. 

The above points suggest that the role of poly- 
nuclear complexes in the solid state chemistry of 
recoil atoms may be of considerable importance. 
They also indicate several ways in which exper- 
imental tests of the proposed model can be made. 
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Cryoscopic and conductimetric measurements on solutions of 2:4 dinitrobenzene sulfenyl chloride in 
100% H2S04 and dilute oleu~n are found to be more consistent with simple protonation of the sulfenyl 
chloride rather than with sulfenium ion formation as previously reported by Kharasch and co-workers (1) 
in 99 % H2S04. 
Canadian Journal of Chemistry, 46, 3927 (1968) 

Some years ago Kharasch and co-workers (1) 
claimed that 2:4 dinitrobenzene sulfenyl chloride 
1 reacts with sulfuric acid to give the sulfenium 
ion2: 

[I I R-S-Cl + H2S04 % R-S+ + HCl + HS04- 

They observed that 1 gives a stable bright red 
solution in sulfuric acid and freezing point 
depressions corresponding to a van't Hoff 
i-factor between 1.6 and 2.6. It was claimed that 
hydrogen chloride is slowly evolved, that the 
red color migrates to the cathode on electrolysis 
of the solutions, and that its intensity is repressed 
by addition of a base or dry HC1. When the 
solutions were poured onto ice some of the orig- 
inal compound was recovered. 

In view of our recent observation that HC1 
reacts with sulfuric acid (2), ionization according 
to eq. [ l ]  would be expected to go substantially 
to completion in 100% H,S04, in which case a 
cryoscopic v-factor close to 5 would be expected. 

Thus the nature of the red solutions formed 
when 2:4 dinitrobenzene sulfenyl chloride dis- 

solves in sulfuric acid seemed worthy of re- 
investigation since sulfenium ions have been 
claimed to be important reaction intermediates 
(3). 

Results and Discussion 

The results of our studies on solutions of 1 
in 100 % H,S04 are shown in Table I. Cryoscopy 

TABLE I 
Crvosco~ic and conductirnetric measurements on 
soiutio& of 2:4 dinitrobenzene sulfenyl chloride 

in 100% H2S04 

.02 1.066 0.56 [0 ,0301 

.03 1.091 0.52 [O. 0291 

.04 1.119 0.48 0.025 

.05 1.148 0.44 0.024 

.06 1.176 0.42 0.024 

.07 1 ,203 0.40 0.024 

.08 1.232 0.38 0.024 
Mean 0.024 

*a = moles per kg of solution. 
t K ,  = [(RSCI)H+ l[HSO,- ]/[RSCl](moles kg-'). 
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gives a v-factor which changes from 1.7 to 1.5 
over the concentration range 0.02 to 0.08m while 
electrical conductivity measurements in 100 % 
H2S04 show that the number of hydrogen 
sulfate ions produced per molecule of solute (y) 
changes from 0.6 to 0.4 over the same concentra- 
tion range. 

To  a good approximation v - y = 1, con- 
sistent with the simple incomplete protonation of 
1 in sulfuric acid : 

H 
I 

[3] R-S-CI t H2S04+ R-S-CI + HS04- + 

The behavior of 1 as a simple base might be 
anticipated in view of Gillespie and Passerini's 
observation (4) that 4,4'-dinitrodiphenyl sulfide 
behaves as a base in sulfuric acid. 

In order to confirm reaction according to eq. 
[3] a titration with O.lm oleum was carried out 
(5). A conductivity minimum was observed at 
bla (the ratio of the number of moles of base 
added at the minimum to the initial number of 
moles of disulfuric acid) = 1.15, consistent with 
the behavior of 1 as a weak base with a basic 
dissociation constant K: of 0.02 moles kg-' (5). 
Calculation of a K, value from the results in 
100% H2S04 gave a value of 0.024 moles kg-' 
(Table I). 

If 1 had ionized to give a sulfenium ion accord- 
ing to eq. [3] the conductivity minimum in a 
titration with 0. lm oleum would be expected to  
occur at bla = 0.36 (2). 

With regard to Kharasch's observations (I), 
the migration of the red color to the cathode 
would also be consistent with the presence of a red 
protonated species (RSCl)H+ ; addition of a base 
or dry HC1 produces HS04- which would repress 
the ionization of the weak base, and some sulfenyl 
chloride would be expected to be recovered when 
the solutions are poured onto ice. 

The only apparent discrepancy between our 
observations in 100% H2S04 and those of 
Kharasch (1) in 99 % acid is with respect to the 
evolution of HC1. In 100% acid the quantity of 
HCI evolved over several days is very small, while 

in aqueous acid the evolution of HC1 was 
apparently significant (1). 

Thus sulfenium ion formation seems unlikely 
in 100% H2S04 but cannot be definitely ruled 
out in 99 % H2S04  

[4] R-S-CI f HzS04 R-S + + HCI t HS04- 
l < v < 3  

although in the light of the above results this 
reaction seems unlikely. 

In other media, however, sulfenium ions may 
be important. For example, the reaction of 2:4 
dinitrobenzene sulfenyl chloride with silver per- 
chlorate to precipitate silver chloride with the 
formation of a bright red solution, and the 
Friedel-Crafts reactions of sulfenyl chlorides 
have been explained in this way (3). 

Experimental 
Cryoscopic and conductimetric measurements and the 

treatment of the data obtained have been described 
previously (6). 

2:4 Dinitrobenzene sulfenyl chloride was prepared 
according to the method of Lawson and Kharasch (7) 
by the reaction between the corresponding disulfide and 
sulfenyl chloride. The yellow crystals were recrystallized 
from carbon tetrachloride, m.p. 97.5-97.8 "C (8). 
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